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The reactivities of hydrogen atoms of aliphatic amino acids toward hydroxyl radicals in the hydrogen 
atom abstraction reaction have been studied in terms of the energy required for stretching the G-H bond 
which is attacked. The energy required for stretching the C-H bond by 0.5 A from the equilibrium bond 
length has been calculated by the INDO method and compared with the partial rate constants experimentally 
assigned to the hydrogen atoms of aliphatic amino acids. The energy required has been correlated only 
with the partial rate constants of the hydrogen atoms on the ^-carbon atom. For the hydrogen atoms on 
the a-carbon atom, although data was insufficient a similar situation has been observed. The reactivities of 
the hydrogen atoms on the y and ̂ -carbon atom failed to correlate with the stretching energy. The reasons 
are discussed in terms of the effect raised by the configuration of amino acid molecules in solution. The 
stretching energy has also been found to be consistent with the electrophilicity observed in the hydrogen 
abstraction reaction by hydroxyl radical. 

Reactions of hydroxyl radicals with amino acids 
have been investigated by a number of researchers 
with an interest in the radiation-induced damage of 
proteins. Hydroxyl radicals abstract hydrogen atoms 
from aliphatic amino acids and the rate constants 
for the reactions are available. 

Recently, it has been reported1) that the partial rate 
constants for the hydrogen atom abstraction by hydroxyl 
radicals may be estimated from the rate constants 
determined by the />-nitroso-JV,JV-dimethylaniline 
method2 ,3) for primary, secondary, and tertiary hydrogen 
atoms bound to the a, ß, y, and (5-carbon atoms of 
simple aliphatic amino acids. T h e bimolecular rate 
constant for the hydrogen atom abstraction by hydroxyl 
radicals from an aliphatic amino acid has been inter­
preted by summation of the partial reactivities as­
signed to hydrogen atoms in the amino acid molecule. 
However, no theoretical basis of the partial reactiv­
ities has been presented. 

In the present investigation, the energy required 
to stretch the C - H bond by 0.5 Â from the equilibrium 
bond length has been calculated, to ensure a quantum 
chemical basis to the assigned partial reactivity. This 
energy is possibly used as a measure of the reactivity 
of a hydrogen atom toward hydroxyl readicals, since 
it is approximately the same as the energy required 
for hydrogen abstraction calculated from a reacting 
system composed of a hydroxyl radical and an amino 
acid. The energies calculated for several kinds of 
aliphatic amino acids have been partly correlated 
with the assigned parital reactivities. The effect 
raised by configurational changes in solution has been 
discussed. The electrophilic behavior of hydroxyl 
radical observed in the hydrogen abstraction reac­
tion with amino acids has been explained in terms 
of the stretching energy. 

M e t h o d 

The total energies for the isolated molecules as well 

as the reacting systems were calculated by the U H F 
method4) in the I N D O approximation.5) 

R e s u l t s and D i s c u s s i o n 

T h e total energies and the electron distributions were 
calculated for glycine, alanine, 2-aminobutyric acid, 
valine, isoleucine, and leucine. The assumed geom­
etries of the amino acids and hydroxyl radicals are 
given in Fig. 1 and the total energies in Table 1. For 
alanine, 2-aminobutyric acid, valine, isoleucine, 
and leucine, the same bond lengths and bond angles 
as those of glycine were assumed. In order to find 
the stable form of valine, the total energies of the other 
forms were calculated and found to be less stable than 
that shown in Fig. 1. 

Figure 1 shows a model of the hydrogen abstraction 
by hydroxyl radicals from glycine. I t has been assumed 
that the hydroxyl radical approaches the H 9 a tom of 
glycine along the extension of the C x -H 9 bond maintain­
ing the angle H 9 O H at 104.45° (the bond angle of 
water) and abstracts the H 9 a tom. In a previous 
paper,6) the angular dependence of the energy of the 
C H 4 - O H system (0, the angle of H O H was varied 
from 90 to 180°) was studied, and it was confirmed 
that the approach with 0=104.45° is most favored. 

TABLE 1. THE TOTAL ENERGY OF AMINO ACIDS 

AND HYDROXYL RADICALS CALCULATED 

BY THE I N D O METHOD 

Amino acid Total energy (au) 

Glycine -63.6233 
Alanine -72.0652 
2-Aminobutyric acid -80 .5059 
Valine -88 .9413 
Isoleucine — 97.3754 
Leucine -97.7260 

Hydroxyl radical -18.1505 
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Fig 1. The geometries of amino acids and an assumed model for the abstraction by hydroxyl radical 
with amino acid. 

Consequently, this angle has been adopted for the amino 
a c i d - O H system. The hydrogen atom of the hydroxyl 
radical lies in a anti-direction to the C ^ H 1 0 bond with 
regard to the CMD bond. T h e energy dependence 
of the reacting system upon the intermolecular H 9 - 0 
distance, with the C ^ H 9 distance fixed at 1.10 Â was 
examined and the results are given in Fig. 2. The 
minimum quanti ty of energy was obtained between 
the intermolecular distances of 1.36 and 1.46 Â. 
The reacting system is more stable than the isolated 
state, and this is probably due to the stabilization by 
hydrogen-bonding between hydroxyl oxygen and the 
H 9 a tom of glycine. 

T h e reaction path is specified with the notation 
(rl5 r2), where rx represents the distance in Â betweeen 
carbon G1 and hydrogen H 9 which is abstracted, and 
r2 that between H 9 and hydroxyl oxygen. 

Figure 3 illustrates the dependence of the energy 
of the reacting system upon the O - H 9 distance rl5 

when the CMD distance (^1+^2) ^s varied. I t is con­
ceivable that configuration interactions are important 
in lowering the energy for the transition state of the 
reacting system. However, calculation of the inter­
actions by the U H F method is very complicated. 
Thus, it has been tentatively assumed that the effects 
of the configuration interactions are not so different, 
molecule to molecule in the series of aliphatic amino 
acid molecules, and consequently the reactivity may 
be compared with the energy obtained by the U H F 
method for the elongated G ^ H 9 bond. The following 
points A, B, G, and D were taken as possible reaction 
paths for H 9 abstraction, specified respectively by a 
set of r1 and r2 indicated in parentheses. A(1.10, 
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Fig. 2. Potential curve as a function of the distance 
between hydroxyl radical and H9 atom in glycine-
OH system. 

1.46), B(1.20, 1.36), C(1.30, 1.26), D(1.40, 1.16). 
From Fig. 3, it has been inferred that the potential 

curve appears to approach a maximum near D with 
the distance CMD of 2.56 Â, although the absolute 
value of the energy is not available. Therefore, it 
has been assumed that the difference in the total energy 
between the reacting system at D and the isolated 
state is an approximate measure of the reactivity of 
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Fig. 3. Potential curves as a function of C1-H9 distance 
at various G x -0 distances in glycine-OH system. The 
number described near the point is C x -0 distance. 

the H 9 atom (a-secondary). In order to examine the 
suitability of point D for other hydrogen atoms, the 
interaction energy between the hydroxyl radical and 
the H 9 a tom of alanine has been calculated. As shown 
in Fig. 4, the favored reaction path has been found to 
be the same as that observed in the glycine H 9 atom. 
The results of Figs. 3 and 4 suggest that the path with 
r 1 4 - r 2 = 2 . 5 6 Â is favored for hydrogen atoms of any 
type. Thus D has been taken as the reference point to 
compare the reactivities of hydrogen atoms bound to 
a, ß, y, and <5-carbon atoms. 

In chemical reactions, it has been recognized that the 
derea l iza t ion of electrons between a reactant and a 
reagent is a major factor in determining reactivity.7'8^ 
Although the potential curve should be obtained for 
the system including both a hydroxyl radical and an 
amino acid, the interaction energy could not always 
be obtained, because of divergence in the SCF cal­
culation. This divergence may make the absolute 
values of the total energy unreliable. However, the 
relative values of the energy may be useful for a dis­
cussion of the relative reactivity. Thus , it has been 
assumed that the interaction energy could be ap­
proximated by the energy change due to the stretch­
ing of C - H bond. This model was checked in 
detail as follows. Several factors contribute to the 
abstraction reaction, for example, a) the strength of 
the R - H bond broken, b) the strength of forming 
the H - X bond, c) the stabilization energy due to 
derea l iza t ion of electrons, d) solvation, and so on. 
The relative reactivities of hydrogen atoms toward 
the same attacking reagent have been investigated 
in the present study and it appears that factors a) 
and c) dominate. If c) does not vary with types 
of C - H bonds or if a) and c) correlate linearly 
with each other, the reactivities of the hydrogen 
atoms for abstraction may be approximated to the 
strength of the C - H bond. The interaction energy of 
the g lycine-OH system along the reaction path (A, 
B, C, D) has been compared with the total energy of 
glycine obtained by stretching the C^-H9 bond from 
1.10 to 1.40 Â, in the singlet state. From a linear 
correlation between the total energy of the composite 
system and that of glycine at the same bond distance 
of the C^-H9 (Fig. 5), it has been concluded that the 
reactivity of the H 9 atom may be evaluated in terms of 
the energy required to stretch the C x - H 9 bond by a 
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Fig. 4. Potential curves as a function of Cx-H9 distance 
at various G 1 -0 distances in alanine-OH system. The 
number described near the point is C x -0 distance. 
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Fig. 5. The linear relationship between the energy 
changes by elongation of the G-H bond in question in 
presence and absence of OH group for glycine. The 
number described near the point is the bond length 
of the stretching C-H bond. 
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Fig. 6. The linear relationship between the energy 
changes by elongation of the G-H bond in question 
in presence and absence of OH group for alanine. The 
number described near the point is the bond length 
of the stretching G-H bond. 

certain distance from the equilibrium bond length. 
T h e same argument is valid for the H 9 (a-tertiary) atom 
of alanine as shown in Fig. 6. 

T h e conclusion is that the energy change due to 
stretching of the G - H bond interacting the hydroxyl 
radical may be approximated by the energy change 
in the absence of the hydroxyl radical. T h e validity 
of this conclusion has been examined for other types of 
hydrogen-atoms and the results are given in Fig. 7. 
A ^ O H and AE have been difined for the reactivities 
of the hydrogen atoms in the following equations and 
have been calculated by two methods. 

A-EOH = Camino acld-OH a t D ( 1 . 4 0 , 1.16) 

— -Camino acid-OH at (1.10, co) (1) 

AE = -Eamino a c i d ( C - H 1-60) — -Eamino a c i d ( C - H 1.10) 

(2) 

Where D(1.40, 1.16) and (1.10, co) represent the 
points on the reaction path as previously defined and 
(G-H 1.60) and ( C - H 1.10) indicate the C - H bond 
length. The point ( C - H 1.60) has been tentatively 
selected in order that AE might approximate to AE0H, 
although the absolute value of the energy may be 
unreliable. 

The AE for several kinds of hydrogen atoms was found 
to have a close correlation with A£"0H with a few ex­
ceptions. Consequently, AE given by Eq. 2 has been 
used as an index to represent the reactivity of the 
hydrogen atoms of amino acids toward hydroxyl 
radicals in order to avoid the problem of divergency 
in the SCF calculation of AEOH. Here, it should be 
noticed that the hydrogen atoms bound to the same 
carbon atom show different reactivities according to 
the orientation in the amino acid molecule as shown 
for the H1 1 , H1 2 , and H 1 3 atoms of alanine in Fig. 7. 
This will be discussed in detail below. 

q 

A-EOH (kcal/mol) 

Fig. 7. Comparison of AE with AE0H for different 
types of hydrogen atoms. G: glycine, A: alanine, 
2-NH2 : 2-aminobutyric acid. The number in paren­
thesis indicates hydrogen atoms in Fig. 1. 

TABLE 2. THE REACTIVITY OF HYDROGEN ATOMS 

OF AMINO ACIDS CALCULATED BY AE 

Amino acid G-H bond A£(au)b> 

a) a-sec: a-secondary, oc-tert: a-tertiary, /?-prim: ß-
primary, /?-sec: /^-secondary, /?-tert: /^-tertiary, b) 
Atomic unit. 

To compare AE with the experimentally assigned 
values of the partial reactivities of hydrogen atoms, 
AZs's were calculated for various kinds of hydrogen 

Glycine 
Alanine 

2-Aminobutyric acid 

Valine 

Isoleucine 

Leucine 

H9 

H9 

H11 

H 1 2 

H13 

H i 2 

H13 

H14 

H 1 5 

H 1 6 

H 1 2 

H 1 4 

H 1 5 

H16 

H17 

H18 

H 1 9 

H14 

H 1 6 

H 2 0 

H21 

H 2 2 

H11 

H 1 3 

H14 

oc-seca> 
a-tert 
/?-prim 
/?-prim 
jff-prim 
/?-sec 
/?-sec 
y-prim 
y-prim 
y-prim 
£-tert 
y-prim 
y-prim 
y-prim 
y-prim 
y-prim 
y-prim 
y-sec 
y-sec 
(5-prim 
(5-prim 
(5-prim 
/?-sec 
ß-sec 
y-tert 

0.1560 
0.1498 
0.1468 
0.1565 
0.1614 
0.1491 
0.1544 
0.1617 
0.1601 
0.1490 
0.1428 
0.1601 
0.1599 
0.1488 
0.1617 
0.1610 
0.1555 
0.1538 
0.1430 
0.1610 
0.1604 
0.1601 
0.1574 
0.1543 
0.1494 
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atoms. The calculated values of AE are listed in Table 
2. In the case of y-primary hydrogen atoms (H14 , 
H15, H16) of 2-aminobutyric acid or valine, the pre­
diction is that H 1 6 is more reactive than H 1 4 or H1 5 . 

The differences in the reactivities of hydrogen atoms 
bound to the same carbon atom have been neglected 
when the partial reactivities were estimated from the 
observed rate constants. Therefore, the reactivity of 
^-primary hydrogen atoms (also, ^-primary, ^-sec­
ondary, and so on) has been approximated by the 
average reactivity of H1 4 , H1 5 , and H 1 6 atoms assuming 
Maxwell-Boltzmann distribution among the A£"s. 
The results are in Table 3. 

T A B L E 3 . C O M P A R I S O N O F AE W I T H T H E E X P E R I ­

M E N T A L L Y ASSIGNED PARTIAL REACTIVITY 

Type of 
C-H bond 

a-Secondary 
a-Tertiary 
/^-Primary 
^-Secondary 

/^-Tertiary 
y-Primary 

y-Secondary 
y-Tertiary 
^-Primary 

Partial reactivity 
M- 1 s-1 

8.5x10« 
1 .7xl0 7 

2.07X107 

1.77x10* 

3.54x10 s 

4 .85x l0 7 

5.12x10 s 

1.02x10 s 

6.75X107 

AE (kcal/mol) 

97.835 
93.715 
98.188 
93.540a> 
96.862b> 
89.575 
93.465*) 
93.343e) 
89.701 
93.715 

100.597 

a) Obtained from 2-aminobutyric acid, b) From 
leucine, c) From valine. 

The relationship between the logarithm of the ex­
perimental reactivity and AE is shown in Fig. 8. If 
the type of hydrogen atoms is not taken into consid­
eration, no clear correlation can be found. However, 
when the argument is restricted to only ^-hydrogen 
atoms, a correlation betweeen AE and In k is observed, 
though it is not well defined. For a-hydrogen atoms, 
only two points are available, and consequently no 
conclusive statement can be inferred. However, 
the slope is similar to that in the In k~AE correlation 
of ß-hydrogen atoms. In the case of y-hydrogen atoms, 
no correlation was found. To obtain a quantitative 
relation between the experimentally determined rate 
constant and the calculated interaction energy, the 
configurational changes of molecules in solution needs 
to be taken into consideration. In the present pro­
cedure, AE has been calculated for the fixed geometry 
of the amino acid molecule. The effect of the proto-
nated amino group on the reactivity of a given hydro­
gen atom may vary with the position of the atom in 
three-dimentional space. For y-hydrogen atoms, the 
fluctuation of the reactivity due to the configurational 
change is probably larger than the a or ^-hydrogen 
atoms. 

With regard to the values of AE in Table 3, two 
values of AE are given for /^-secondary and y-primary 
hydrogen atoms. T h e AE of the ^-secondary hydrogen 
atom has been evaluated to be 93.540 kcal/mol as the 
average for H 1 2 and H 1 3 atoms of 2-aminobutyric 
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Fig. 8. Comparison of AE with the experimentally 
assigned partial reactivity. O : a-, # : /?-, C : y-, CI : 
a-, p : primary, s: secondary, t: tertiary. s(l) and 
s(2) are obtained from 2-aminobutyric acid and leu­
cine respectively, see Table 3. 

acid, whereas 96.862 kcal/mol has been obtained 
as the average for H 1 1 and H 1 3 atoms of leucine. As 
AE for the H 1 3 a tom of leucine is approximately the 
same as that for the H 1 3 a tom of 2-aminobutyric acid, 
the difference in averaged AE's is at tr ibutable to the 
difference in AE between the H 1 1 a tom of leucine and 
the H 1 2 a tom of 2-aminobutyric acid. T h e value 
for y-primary hydrogen atoms, 93.465 kcal/mol has 
been obtained from H1 4 , H1 5 , and H 1 6 atoms of 2-
aminobutyric acid and it was approximately consis­
tent with 93.343 kcal/mol obtained from the H1 4 , 
H1 5 , and H 1 6 atoms of valine. This suggests that the 
effect of another C H 3 group (G13, H1 7 , H1 8 , H19) of 
valine upon the reactivitiy of y-primary hydrogen 
atoms is not large and the same value may be used 
for 2-aminobutyric acid and valine. If the molecular 
backbone is different, the same value cannot always 
be applied to represent the reactivity as shown in the 
cases of 2-aminobutyric acid and leucine, because 
the reactivity of the hydrogen atom is closely related 
to the orientation in the molecule. As already de­
scribed, there is a remarkable difference in AE among 
primary and secondary hydrogen atoms. For y-
primary hydrogen atoms of 2-aminobutyric acid, for 
example, the large reactivity of the H 1 6 a tom compared 
with that of the H 1 4 and H 1 5 atoms is ascribed to the 
difference in the two-center interaction energy. T h e 
two-center energy in the I N D O method5) is equal to 
that in the GNDO/2 method by Pople et a/.9'10) and 
consists of the three terms with different characters. 

£ A - B = S S 2 P ^ V - - s - E S PI »? AB + [ZAZB^AB- 1 

ft V £ fi V 

- PAAFAB - PBB^BA + ^ A A / W A B ] (3) 

The first term is called the resonance term, the second 
the exchange term and the third the electrostatic term. 
The two-center energies calculated for 2-aminobutyric 
acid are shown in Table 4. AEC_U, defined by the 
following equation, is the local energy required in 
stretching a G - H bond. 
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A-Efi-H = Er -Ea-C-H 1.10> (4) 

where EC_H H O a n d ^ C - H I.60 a r e t n e interatomic inter­
action energies between carbon and hydrogen atoms 
at the C - H distance of 1.10 and 1.60 A, respectively. 
£ O - H ( C - H 1.10) and E0_K ( C - H 1.60) are the inter­
atomic interaction energies between O 3 oxygen and 
hydrogen atoms (H14, H1 5 , H 1 6 of 2-aminobutyric 
acid) obtained at the G - H distance of 1.10 and 
1.60 Â, respectively. AE, defined by Eq. 2, is the total 
energy required for the stretching and gives an index 
of the reactivity of hydrogen atoms. From the view­
point of the energy required to stretch the C - H bond 
AZsc_H, the H 1 6 a tom is expected to the less reactive 
than the H 1 4 and H 1 5 atoms. However, AE gives the 
reverse results. For the interatomic interaction energy 
between O 3 and (H14 , H1 5 , H16) atoms (£ 0 _ H in Table 
4), large stabilization is observed between O 3 and H 1 6 

atoms when the C n - H 1 6 bond is stretched. I n the 
case of H 1 4 and H 1 5 atoms, destabilization occurred. 
In order to clarify the effect of the carboxyl group 
upon the reactivity of the H 1 6 atom, a similar cal­
culation was conducted by rotating the carboxyl 
group around the C x -C 2 bond by 90°. The stabiliza­
tion energy due to the interaction between O 3 and 
H 1 6 atoms then reduces to approximately a tenth com­
pared with the case without rotation of the carboxyl 
group. Accordingly, three hydrogen atoms have ap­
proximately equal reactivity as predicted from the 
magnitude of AEC_H. 

The interatomic interaction energy between O 3 

and H 1 6 atoms was further investigated by decomposing 
it into three components as in Eq. 3. The results 
given in Table 5 indicate that the resonance term 
is the most important and the main reason for the nega­
tive value of the 0 3 - H 1 6 energy. Consequently it 

TABLE 4. INTERATOMIC INTERACTION ENERGY 

OF 2-AMINOBUTYRIC ACID ( a u ) 

(A) Carboxyl group lies on the same plane with C1, 
C2, and N5 atoms. 

G u -H 1 4 C u -H 1 5 C"-H M 

£ C - H 1.10 
£ C - H 1-60 

AEo-n 
AE 

-0 .7536 
-0 .5475 

0.2061 
0.1617 

-0 .7481 
-0 .5433 

0.2038 
0.1601 

-0 .7470 
-0 .5239 

0.2231 
0.1490 

Eo-
E0-

(B) 

0 3 -H 1 4 

H (C-H 1.10) 0.0012 
H (C-H 1.60) 0.0055 

After rotating carboxyl 
C2 bond. 

CH-H14 

0 3 -H 1 5 

0.0018 
0.0050 

group by 90° 

C u -H 1 5 

03-H16 

-0 .0179 
-0 .0717 

around C1-

G"-H1 6 

£ C - H 1-10 
£ C - H 1-60 
A £ C - H 

AE 

-0 .7507 
-0 .5476 

0.2031 
0.1615 

-0.7496 
-0.5467 
0.2029 
0.1610 

-0 .7507 
-0 .5461 

0.2046 
0.1613 

0 3 -H 1 4 0 3 -H 1 5 C.3-H1« 

Eo-n (G-H 1.10) 0.0015 0.0011 -0 .0033 
E0-H (G-H 1.60) 0.0046 0.0047 -0 .0084 

H C 

I 
u 

< 

Cü—Hu 

H— « 
/ 

-C^0J 

H \ 

2-aminobutyrîc acid 

Fig. 9. Carboxyl group lies on the same plane with 
C1, C2, and N5 atoms in A form, whereas in B form, 
the carboxyl group is rotated by 90° around C1-C2 

bond. 

may be concluded that the resonance interaction 
between O 3 and H 1 6 atoms leads to an intramolecular 
hydrogen-bonding and this stabilization results in the 
large reactivity of the H 1 6 a tom despite the large value 
of A£ C _ H of the C n - H 1 6 bond. 

The reaction mechanism of the hydrogen abstrac­
tion by the hydroxyl radical from amino acids will 
now be discussed in terms of the electronic structure. 
T h e bond indices given by Wiberg11) for the glycine-
O H system are listed in Table 6, and the spin density 
and the charge transferred from glycine to the hydroxyl 
radical are listed in Table 7. It has been assumed that 
the hydroxyl readical has four valence electrons of 
a-spin and three valence electrons of /?-spin. As 
shown in Tables 6 and 7, the approach of the hydroxyl 
radical decouples the electron pairing in the C ^ H 9 

bond. The /?-spin electron moves toward the H 9 

atom while the a-spin electron in the opposite direction. 
In accordance with this spin movement, the a-spin 

TABLE 5. T H E DECOMPOSITION OF THE INTERATOMIC 

INTERACTION ENERGY BETWEEN O 3 AND H 1 6 ATOMS (AU) 

Resonance term 
Exchange term 
Electrostatic term 
Eo-n (G-H 1.60) 

-0 .0617 
-0 .0101 

0.0001 
-0.0716a> 

a) The interatomic interaction energy between O3 and 
H16 atoms in Table 4 (A). 

TABLE 6. BOND INDICES FOR THE GLYCINE-OH SYSTEM 

Path point 
Cx-H9 bond indices H 9 - 0 bond indices 

a-Spin /?-Spin a-Spin /?-Spin 

(1 10, 1.56)a> 
(A) 
(B) 
(C) 
(D) 

0.231 
0.227 
0.209 
0.169 
0.103 

0.222 
0.214 
0.195 
0.155 
0.091 

0.007 
0.010 
0.022 
0.061 
0.108 

0.018 
0.027 
0.045 
0.082 
0.150 

a) The values 1.10 and 1.56 denote the Cx-H9 bond 
distance and H 9 - 0 bond distance respectively. 
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T A B L E 7. SPIN DENSITY AND CHARGE TRANSFER 

QUANTITIES FOR THE G L Y C I N E - O H SYSTEM 

Path point 

(1.10, 1. 
(A) 
(B) 
(G) 
(D) 

,56)a> 

Spin density 

G1 H9 O 

0.010 
0.016 
0.029 
0.047 
0.053 

- 0 . 0 4 4 0.015 
- 0 . 0 6 1 0.016 
- 0 . 1 2 0 0.015 
- 0 . 2 0 9 0.011 
- 0 . 2 3 9 0.006 

CTb> 

- 0 . 0 2 0 
- 0 . 0 3 1 
- 0 . 0 4 4 
- 0 . 0 7 1 
- 0 . 1 2 8 

a) The values 1.10 and 1.56 denote the G^H 9 bond 
distance and H 9 - 0 distance respectively, b) The 
charge transfer quantity from glycine to hydroxyl 
radical. 

Œ - H 9 bond is weakened, and the ß-spin H 9 - 0 bond 
begins to form. This can reasonably be explained 
by the three-stage model proposed by Nagase et Ö / . 1 2 - 1 4 ) 

Glycine C^JH 9 + fOH -> Gly C 1 . . . î | . . .H 9 . . . ÎOH 
-> Gly G1! + H 2 0 
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A Computer Program Package for the Analysis, Creation, and Estimation 
of Generalized Reactions—GRACE. I. Generation of Elementary 

Reaction Network in Radical Reactions—A/GRACE(I)t 

Yukio YONEDA 

Department of Synthetic Chemistry, Faculty of Engineering, The University of Tokyo, 
Hongo, Bunkyo-ku, Tokyo 113 
(Received February 1, 1978) 

The system GRACE generates elementary reaction networks for simple reactions including free radicals, 
ions and even active sites in heterogeneous catalysis, and also predicts the overall reaction rates and the 
product distributions in radical reactions in the gas phase where the Arrhenius parameters of elementary 
reactions are available. In this paper, A/GRACE (part A of GRACE) is explained, which prepares ele­
mentary reaction networks for radical reactions. The reactant and the product are represented by square 
symmetric matrices. The off-diagonal elements represent bond multiplicity, or the number of localized elec­
trons, between corresponding atoms, whereas the diagonal elements imply the number of unshared electrons 
on radical atoms. A reacting system, an ensemble of the participating molecules, is composed of atom groups, 
each of which consists of a center atom (usually non-hydrogen) and attached hydrogen atom(s), if any. 
Firstly, all the possible changes in the atom groups are selected, and the permitted combinations are preapred 
bearing in mind the equivalent groups in the system and the restrictions optioned. The major restriction 
is the complexity, i.e., the number of ruptured or formed bonds. A direct sum of matrices are prepared 
from one of the combinations, and the elementary reaction is completed by setting the appropriate numerals, 
1 or — 1 , to the outside elements. Secondly, the procedures are repeated until all the feasible networks are 
prepared. As an illustration the hydrogénation of ethylene over a heterogeneous catalyst has been cited. 

In chemical research and development, both pure 
and applied, computers can be used for creation 
and estimation of chemical facts with the aid of chemical 
logic, as well as mere numerical calculations. Chemical 
facts may be divided into two groups : the static physical 
properties of substances and the reaction characteris­
tics among them. The present author has already 
published1) the outline of a computer program pack­
age, E R O I C A , for the esitimation and the retrieval 
of physical properties of organic molecules. 

Recently several systems of chemical logic with 
programs for the creation, or generation, of chemical 
reactions have been published by Corey,2) Ugi,3) 
Wipke,4) and Bersohn.5) Earlier works include 
D E N D R A L by Feigenbaum et al.5*) T h e features 
and the aims of these systems are rather different, 
reflecting the main interests of the authors. The 
present author has intended to develop a system that 
is capable of creating all of the possible reaction routes, 
or an elementary reaction network, in simpler organic 
reactions, and estimating quantitatively the reaction 
rates and product distribution. The system, G R A C E 
(Generalized .Reaction analysis for Creation and 
estimation) is fundamentally similar to that of Ugi 
et al.,3) although the systems have been developed 
independently, and employs square matrices for mani­
pulation of reacting systems. The outline of our 
system in the earlier stage was first published in 1970 
as a part of a review.6) 

This program package has the ability to create radical 
and ionic reactions and to accurately estimate the 
quantitative values of overall reaction rates and product 
distributions of hydrocarbon pyrolyses in gaseous 
phase. However, the stereochemistry is ignored. 
This system may be extended to find out parasitic re­

actions when a target reaction is given, as well as to 
survey all the possible reaction schemes from given 
raw materials to valuable products. 

Outl ine o f GRACE 

The system of G R A C E consists of three sub-systems, 
A /GRACE, B/GRACE, and C/GRACE, as shown in 
Fig. 1, and may be operated following the arrows 
in the flow chart. The functions of the sub-systems 
are as follows: 

(1) A / G R A C E : A given overall reaction (radical 
or ionic reaction) is analyzed into a network of ele­
mentary reactions, which generates the product system 
from the reactant system through various intermediate 
systems. 

(2) B /GRACE: Arrhenius parameters of all the 
elementary reactions prepared by A/GRACE will 
be searched by information retrieval from a file of 
observed data, estimated by searching the data of 
resembling reactions from the file, or also estimated 
with the aid of empirical linear free energy relation­
ships. However, processing is at present limited to 
radical reactions in gaseous phase due to the lack of 
observed Arrhenius parameters. 

(3) C / G R A C E : Simultaneous differential equ­
ations corresponding to the material balance among 

Z/GRACEl 
T~ 

A/GRACE 
I 

B/GRACE 

t CHEMOGRAM, a Computer Program Package for 
Chemical Logic, Part 2. 

T 
C/GRACE 

Fig. 1. Flow chart of GRACE. 
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species in the network are prepared automatically. 
Overall rate and product distribution are calculated 
with the given initial conditions by direct integration of 
the equations or assuming the stationary state. Both 
flow and batch reactions may be dealt with. 

In addition to these three sub-systems, a minor 
sub-system Z/GRACE, the part Zero of G R A C E , 
may be employed to prepare the input data for A/ 
GRACE concerning the reactant and product from 
a C H E M O input, a linear input of a rational formula 
also proposed by the present author.7) 

Representa t ion o f React ing S y s t e m 
by Matr i ce s 

In this paper, a system is defined as an ensemble'^ 
of molecules which are employed as components of 
a given reaction; a reacting system implies all of the 
systems of the reactant, intermediates and the product. 
The representation method of reacting systems will 
be explained for heterogeneous hydrogénation of 
ethylene, as a simple example. 

__M] , , M2 < M3 M A M5 Me 

- Gz & & Gs Ge G? Gs 

• H 3 -H A • * 5 • * 6 + * 7 + * 8 
-H11 

H 9
V .H11 

H10^CT—C2 —H 1 2 (1) 

HJ , H A 

Equation 1 shows the overall reaction of hydrogéna­
tion, where the asterisks, *, represent the active sites 
over the solid catalyst, e.g., metallic nickel, the dots 
over the symbols indicate radicals, and the super­
scripts over atomic symbols give the atom ordinals in 
this system. Symbols G and M given above in the 
reactant system represent atom groups and molecules, 
respectively. Here, an atom group implies the smal­
lest ensemble of atoms, consisting of a center atom (usual­
ly non-hydrogen atom) and up to six attached hydrogen 
atoms, if any, although both of the hydrogen atoms 
in a hydrogen molecule are the center atoms; the 
reactant in Eq. 1 is thus composed of six molecules 
and eight atom groups. 

Reactant and Product Matrices. A reactant 
matrix, symmetric and very sparse, may be prepared 
from Eq. 1 by appropriately assigning a row and a 
column to each atom. In this way the molecules and 
atom groups may be arranged to follow faithfully the 
order of chemical bonds in the system as shown in 
Fig. 2(a). The matrix elements represent the multi­
plicity of chemical bonds: 1 for a single bond, 2 for 
a double bond, and 3 for a triple bond. At the present 
stage of development, a bond with a bond order of 
1.5, that is, a conjugated double bond, may not be 
entertained. The matrix thus prepared is termed a 
reactant bonding matrix, Xb, where X represents 
the reactant system and b the bonding matrix. It 
can be seen that each element of the matrix represents 
also the number of valence electrons belonging to an 

Gi 

G2 

1C 
9H 

10H 
2C 

11H 
12H 
3H 
4H 
5* 
6* 
7* 

8* 

1 
C 

1 
1 
2 

9 
H 

1 

10 
H 

1 

2 
C 

2 

1 
1 

11 
H 

1 

12 
H 

1 

3 
H 

t 

,1. 

4 
H 

1 

5 

1 

6 

1 

7 

1 

8 
* 

T\ 

G.[ 

G4[ 

Gs[ 
G 6 [ 

G 7 [ 
G* [ -

Fig. 2a. Reactant bonding matrix, Xb-

IC 
9H 

ÎOH 
2C 

11H 
12H 
3H 
4H 

5* 
6* 
7* 

8* 

1 
C 

1 
1 
1 

1 

9 
H 

1 

10 
H 

1 

2 
C 

1 

1 
1 

1 

11 
H 

1 

12 
H 

1 

3 
H 

1 

4 
H 

1 

5 

1 

6 

1 

7 

1 

8 

1 

Fig. 2b. Product bonding matrix, r*(Xb). 

a tom which are localized on a bond designated by the 
matrix. Hence, a radical atom that has at least one 
unshared valence electron should have valence elec­
tron (s) localized on i t ; i.e., there is a numeral in the 
diagonal element. 

A product bonding matrix, Y(Xh) (Fig. 2(b)) , may be 
prepared from Eq. 1 following the arrangement of 
the atom ordinals in Xh, where Y represents a reac­
tant and (Xh) defines the arrangement of atoms in the 
matrix as following the matrix Xh. In the matrix 
Y, two matrix elements having had a value of 2 in 
Xh are changed to 1 due to hydrogénation of the double 
bond. 

Reaction Matrix. A reaction matrix, Äb , may be 
defined as the difference between product Y and reac­
tant X: 

Äb = Y(Xh) — Xh. (2) 

A reaction matrix, Fig. 2(c), is symmetric. The ele­
ments in the matrix represent the appearance or the 
disappearance of the localized valence electrons, 
and indicate bond formation and rupture , including 
changes in the bond multiplicity. Usually in elementa­
ry reactions, changes in the value of the matrix elements 
may not exceed two, since the change by two implies, 
for example, the sudden formation or rupture of a 
double bond in a single elementary step. T h e trans­
formation of the double bond in ethylene to a single 
bond, the rupture of a single bond in a hydrogen 
molecule and the addition of two hydrogen atoms to 
ethylene may be found in Fig. 2(c). The active 
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1 9 10 2 11 12 3 4 5 6 7 8 
C H H C H H H H * * * * 

-1 
1 

r •• 

1 

-1 

1 

•—i 

T 

d 

i 

W i 

Fig. 2c. Reaction matrix, Rh = Y(X\>) — X^ 

sites (i) show no change in overall reaction because 
they are catalysts. 

The sum of the matrix elements in each row as well 
as in each column of a reaction matrix should be 
zero, since the number of total valence electrons 
belonging to each atom does not change during 
reaction as far as radical reactions are concerned. 

Preparat ion o f O n e Step Reac t ion i n the 
E l e m e n t a r y Reac t ion N e t w o r k 

Elementary Reaction Matrix. An elementary 
reaction may be defined as a simple reaction that cannot 
be decomposed further into simpler reactions in the 
sense of the transformation of the bonding. In general, 
only two-centered and there-centered reactions have 
been adopted as elementary reactions, although in 
some cases, such as concerted reactions, four-centered 
reactions may also be allowable. In a reaction matrix, 
the number of non-zero off-diagonal elements in the 
upper-right half implies the number of bonds, formed 
and ruptured. This number is defined as the com­
plexity of a reaction (A;) ; complexity 1 corresponds to 
two-centered, complexity 2 to two- and three-centered, 
complexity 3 to three- and four-centered, and complex­
ity 4 to four-centered reactions, respectively. Here­
after, an elementary reaction will be defined as a 
reaction with complexity not exceeding the maximum 
complexity («m a x) , for which the value of 3 or 4 is 
usually chosen. 

An overall reaction through the r-th route will be 
decomposed into elementary reactions Ä e l rs 3, S 

Ä ™ ' ( r ) = S Ä 8 > f „ (3) 
s 

where Äo v e r(r) represents the matrix of the above-
mentioned overall reaction and s indicates the step 
number in the network. If the intermediate systems 
/ r ,_i and IrtS are the reactant and the product of 
step s in route r, respectively, then 

TrtS = Ä* r , + TrtS.v (4) 

By adding Eq. 4 recursively, Eq. 2 will be derived 
with Eq. 3 ; Rh in Eq. 2 is exactly the same as Ä o v e r 

(r) given in Eq. 3, although the latter clearly indicates 
the component of the network. The strategy there­
fore to develop a network that connects the overall 

reactant and the overall product is to create logically 
the above mentioned elementary reactions. 

Preparation of an Elementary Reaction. During 
an elementary reaction, a change in valence electrons 
takes place within atom groups and between them. 
T h e change within an atom group may depend on the 
structure of that group, whereas the change between 
groups may depend on the change within groups. 
Thus , the following procedures will be employed as 
a tactics to create elementary reaction matrices. 

(a) Restrictions for an elementary reaction should 
be given at first. The major restrictions are the max­
imum complexity of the elementary reaction and the 
maximum number of radicals involved. There may 
also be various minor restrictions such as the prohibi­
tion of hydrogen radicals in the gaseous phase and the 
prohibition of homogeneous reactions in which no 
active sites participate. 

(b) Allowable group reaction matrices are selected 
for each atom group. A group reaction matrix, p, is 
a small matrix whose order is the same as that of the 
atom group matrix, and represents the change within 
the atom group. Each group reaction matrix should 
satisfy the restrictions mentioned in (a). 

(c) Appropriate combinations of p's (one p for 
each group) are selected so that these combinations 
again satisfy the restrictions; for example, odd number 
of radicals cannot be allowed in Eq. 1. In addition, 
the systems commonly have equivalent molecules or 
atom groups; (Gx and G2) , (G3 and G4), and (G5, G6, 
G7, and Gg) in Eq. 1 are equivalent atom groups, and 
M 3 — M 6 are equivalent molecules. Such redundancy 
as imposing the same p repeatedly on equivalent 
a tom groups should be avoided. 

(d) The direct sum of a combination of p's are 
prepared along the diagonal of a blank reaction matrix. 
The remaining procedure is to supply the appropriate 
numerals, 1 or — 1 , in the inter group domain, i.e., the 
domain outside the atom groups, so that the filled 
matrix satisfies the requirement of a reaction matrix 
that the sum of the elements in each row should be 
zero. When the completed elementary reaction 
matrix satisfies all the restrictions, it is used to create 
an intermediate system, otherwise it should be dis­
carded. 

(e) Procedure (d) is repeated until all the combi­
nations prepared in procedure (c) are exhausted. 
Thus all the intermediate systems which are logically 
allowable are created from the preceding intermediate. 

Group Reaction Matrix. In general, there are 
several group reaction matrices which are applicable 
for a specified group ; an example of a set of the group 
reaction matrices is shown in Fig. 3. This set is ap­
plicable for AH 2 groups where A designates an atomic 
species that has a valency not less than 2 like carbon 
and nitrogen; methylene groups in ethylene, dichloro-
ethane or carbene, and an amino group in methyl 
amine or amino radical is represented by an AH 2 

group. 

In Fig. 3, x designates a group matrix representing 
the atom group AH 2 , where n (n=0, 1, or 2) implies 
the number of unshared electrons localized on the 



January, 1979] Generation of Elementary Reaction Network in Radical Reaction 11 

a. Atom group matrix for AH2. 

A H H 
A 

* H 
H 

n 
1 
1 

1 1 
/CH2 , -GH2, :GH2 

-NH2 , NH2 

b. Group reaction matrices for AH2. 

A H H 
A 

Pi H 
H 

Pi 

Po 

Pu 

Pl6 

P22 

P27 

H 
H 

A 
H 
H 

A 
H 
H 

A 
H 
H 

A 
H 
H 

A 
H 
H 

LL 

-1 

|-I 

-1 

1 

IT 

IT 

Li 

-1 

h 

|-i 

-1 

1 

|-i 

No change. 

)CH2 

-NH2 

)CH2 

-NH2 

>CH2 

-NH2 

)CH2 

-NH2 

)CH2 

-NH2 

-CH2 

NH2 -

-» 

—> 

—> 

-

—> 

~> 

_> 

-> 

_> 

>CH + -H 

>NH -f -H 

)GH + H 

)NH + H 

> -GH2 

NH2 

>GH -f -H 

-NH + -H 

)GH + H 

-NH + H 

)GH2 

NH2 

Fig. 3. Group reaction matrices for AH2 group. 

atom A. For example, carbon with n=2 represents 
a carbene molecule, and nitrogen with n=\ represents 
an amino radical. 

A blank matrix px implies that no change takes 
place within this atom group. Matrices p3 to p27 

represent changes illustrated in the right-hand margin, 
where a short bar indicates one localized electron on 
a bond connected to other atoms. Thus two bars 
implies two single bonds or a double bond and a dot 
indicates an unshared electron. The matrix p27 

represents the disappearance of a radical atom, or an 
unshared electron, on the a tom A, because a diagonal 
element, — 1, on A indicates the decrease of the number 
of unshared electrons in the reactant. Naturally, this 
p27 should be applied only for x with n^\. All the 
possible changes in the a tom group A H 2 are represented 
with these seven group reaction matrices, as far as 
it is assumed that only one valence electron on an atom 
moves from the formerly localized position to the new 
one. 

A practical example using Eq. 1 will now be given. 
The following processing will be conducted under the 
restrictions stated in Table 1. Figure 4 shows the 
allowable p's for the methylene group in the overall 
reactant X under the above restrictions, where p9 

and p22 are excluded because the hydrogen radical 
in the gaseous phase is prohibited, and p27 is also 
excluded as the methylene groups in X have no radical 
atom ( n = 0 ) . 

TABLE 1. RESTRICTIONS OPTIONED FOR GENERATION OF 

ELEMENTARY REACTION NETWORK OF THE REACTION 

IN Eq. 1 

1. Complexity of elementary reaction should not 
exceed 3. 

2. Number of reaction centers should not exceed 4. 
3. Molecularity of reaction including active sites 

should not exceed 3. 
4. Number of radical atoms shold not exceed 4. 
5. Number of uupaired electrons on an atom should 

not exceed 1. 
6. No gaseous hydrogen radical is allowed, although 

hydrocarbon radicals may be allowed even in 
gaseous phase. 

7. Number of valence electrons is 4 for carbon, and 
1 for hydrogen and active sites. 

8. At least one active site should participate in each 
elementary reaction. 

9. Recombination of active sites is not allowed, as 
it may be impossible in actual reaction. 

Kg = 0 No change. 
Lg = 0 

We= - 2 
Kg = 1 =dxl . 2 

Lg = 0 

Wg=\ 
Kg = 0 =CH-2 —> —GH2 

Le=l 

Wg = -I 
KS = 1 =CH2 -> )CH + -H 
Le=l 

Wg = 0 
Kg = 0 No chage (H prohibited) 
Lg = 0 

(1) =CH2 

(Gi,G2) pt 

C 
H 
H 

C H 

.. 

H 

._ 

bi 

-1 

11 

c 
Pz H 

H 

C 
Pu H 

H 

C 
Pis H 

H 

(2) "H p HQ 

* 
(3)i Pl *D 
(G5~G8) 

* 
PZ7 *EH 

1 

[-!. 
"M 

No change. 

Wg= - 1 
Kg = 0 

4 = 1 Fig. 4. Allowable group reaction matrices for methy­
lene, hydrogen and active site groups. 

For an atom group which consists of only the center 
a tom without any attached atoms, three group reaction 
matrices of order 1, i.e., pl9 pu, and p27 are allowable. 
However, only one matrix (p^ will be allocated to 
the hydrogen atom groups in X, and two (p1 and p27) 
to active sites, based on the similar reasoning as in 
the case of methylene. 

Direct Sum of Group Reaction Matrices. The direct 
sum of group reaction matrices is a succession of 
an appropriate combination of corresponding group 
reaction matrices placed along the diagonal of a reac­
tion matrix, which is shown surrounded by bold, solid 
lines in Fig. 5. The appropriate combination will be 
selected so that the elementary reaction matrix prepar­
ed satisfies both the chemical logic and given restrictions. 
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12H 
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-1 

1 

11 
H 

12 
H 

3 
H 

4 
H 

-- -

5 

1 

-1 

6 

1 

-1 

7 8 

Fig. 5. An example of elementary reaction matrix. 

The attributes of a group reaction matrix are defined 
as follows: 

Wv 

Wg. 

sum of all the elements, 
complexity. 

Lg: sum of absolute values of diagonal elements. 

Figure 4 illustrates the various values. 
An elementary reaction matrix RGl may be completed 

by placing the appropriate numerals in the intergroup 
domain. Since Ä e l is symmetric, the sum of the 
elements in the intergroup domain is zero or even. 
Therefore it is a necessary condition that the sum of 
the elements within the direct sum should be also 
zero or even, because the sum of the elements of Ä e l 

is zero by definition. Thus , 

S Wg = zero or even. (5) 

A completed direct sum matrix is a direct sum, in which 
the sum of the elements in every row is zero, satisfying 
the criteria of a completed reaction matrix. Except 
for this case, some changes are also necessarily expected 
in the intergroup domain, and their contribution to 
ic is not less than unity. Thus , the sum of £g's of p's 
should be less than or equal to * m a x - — 1 . Hence, 

S Kg ^ ATmax — 1 . (6) 

Finally, since only a pair or pairs of unshared elec­
trons appear or disappear as far as radical reactions 
are concerned, the grand sum of the absolute values 
of the diagonal elements should also be zero or even, 

S Lg = zero or even. (7) 

The three selection rules mentioned above are still 
necessary conditions. Table 2 is thus derived, where 

all the approved combinations of p's are shown for 
each group. 

Completion of Elementary Reaction Matrix. The 
bold lines in Fig. 5 surround the direct sum of combi­
nation No. 1 in Table 2. Then, the appropriate 
numerals, 1 or — 1, are given to the intergroup domain 
so that the resulting matrix satisfies the conditions of 
a reaction matrix. The datails of the tactics how to 
allocate them will be published later. It is worthy 
of mention, however, that more than one set of numerals 
may exist for one combination of p's. The completed 
matrix should be further checked as to whether it 
satisfies the given restrictions such as complexity, 
number of reaction centers, molecularity, and so on. 
In the G R A C E system these critical examinations are 
made by complex and sophisticated algorithms in the 
programs. 

Since the elementary reaction matrix shown in Fig. 5 
satisfies all the restrictions, it will be adopted as a 
component of the reaction network. By adding this 
matrix to the overall reactant matrix given in Fig. 2(a), 
an intermediate matrix Ix will be given as shown in 
Fig. 6. The change from Xb to Ix represents the 
reaction in the chemical formula, 

G2H4 + H2 + 4 ' CH2-CH2 -f H2 + 2^ 
i i * * 

(8) 

These procedures will be repeated on all the combi­
nations given in Table 2 under the restriction of £ ^ 6 , 
and the resulting intermediates from the overall reac­
tant are tabulated in Table 3, where No. la is the 
intermediate shown in Eq. 6. Four intermediates have 
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4 
H 

1 

5 

1 

6 

1 

7 

1 

8 

1 

Fig. 6. An example of intermediate matrix, / l 5 derived 
from the reaction matrix in Fig. 5. 

Combi­
nation 
No. 

1 
2 
3 
4 
5 
6 
7 

Gx 

1 
3 

14 
16 
3 
3 
3 

=CH2 

^ 
G2 

1 
1 
1 
1 
3 

14 
16 

TABLE 2. 

G7 
i 
i 
i 
i 
i 
i 
i 

ALLC 

- H 

)WABLJ 

G4 

E COMBINATIONS OF 

G5 

27 
27 
27 
27 
27 
27 
27 

G6 

27 
27 

1 
1 

27 
1 
1 

GROUP REACTION MATRICES 

* 
"V M/ 2 J Wg 

G7 G8 

1 1 - 2 
1 1 - 4 
1 1 0 
1 1 - 2 
1 1 - 6 
1 1 - 2 
1 1 - 4 

£ * g 

0 
l 
0 
1 
2 
1 
2 

SA* 

2 
2 

2 
2 
2 
2 
2 
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TABLE 3. ELEMENTARY REACTIONS IN THE FIRST 

STEP OF THE OVERALL REACTION 
[A]REACTANT(l) l H S l ' a + lÄSl ' -X+ lÄSl 'W+lKSl ' « + lx;ri2=CH2H + l K t H 

No.a> Created intermediate K Remark 

la CH2-GH2 + H2 + 2 ; 
i i 

* * 

lb CH2=CH2 + 2H + 2; 
i 

* 

lc CH2-CH3 + H + 2; 
i i 

* * 
2 CH=CH2 + H + H2 + 2 ; 

Associative mechanism 
(first step; adsorption 
of ethylene) 
Associative mechanism 
(first step; adsorption 
of hydrogen) 
Associative mechanism 
(second step) 
Dissociative mecha-

3 

4 

5 

6 

7 

i i * * 

GH2-GH2 + H2 + 3.J. 
i 

GH2=GH + H + H2 + 3 ; 
i 

* 
C H H C H + 2 H + H 2 + 2 ; 

I 

* 
H9H3H4G-GH2 + H10 + 3 ; 

i 

* 
CH=CH + 2H2 + 3 ; 

i * 

2 

2 

5 

6 

4 

nism 

Precursor of la and lc 

Precursor of 2 

Direct dehydrogena-
tion 

Redundant exchange 
of hydrogen atoms 

Adsorptive dehydro-
genation 

a) Numerals indicate the combination number in Table 
2, and a to c implies that plural intermediates may 
be created from one combination. 

a K exceeding 3 and must be abandoned at this stage. 
The remaining five intermediates will thus be employed 
as the reactants of the second step. These interme­
diates can be transferred to the memory of the computer 
in two ways. One is in the form of connectivity tables 
which can reproduce the matrices, and the other is 
in the form of canonicalized formulas. The same 
intermediate may be produced at different steps 
through varied routes, and, by these algorithms, the 
same intermediates may be produced even from one 
and the same direct sum. Therefore, always when 
intermediates are created, they should be identified by 
comparing their cannonicalized (unique and unambi­
guous) chemical formulas. When they are found in 
the storage and are judged to be the intermediates 
already created in other step or route, two nodes, or 
intermediates, must be joined. In the G R A C E 
system, the intermediate of Fig. 6 is stored in the form 
of Eq. 9, which is prepared with a sub-system CA N O N , 
whose details will be reported in a forthcoming paper. 

1*S1'-CH2-CH2-S1'* + 1*S1'*+1*S1'* + 1*H-H** (9) 

where SI' denotes an active site ( i ) , whereas * implies 
a delimiter for molecules and an equation. 

Comple t ion o f Reac t ion N e t w o r k 

The procedures described above may be repeated 
step by step until no new intermediate is created from 
the products of the preceding elementary reactions. 
The overall product is also found as one of the created 
intermediate systems. 

Figure 7 shows an example of the output format 
of A/GRACE for the reaction in Eq. 1 under severe 
restrictions. In this case, no radical has been allowed 
except for active sites, as usually postulated by cat-

PRDDUCTC2) 

[B]INTERMEDIATES 
I 
2 

7 
a 
9 

10 

MR0UTE= 5 

[C]REACTI0N ROUTE 
ROUTE 

COMPLETED 
JOINTED 
JOINTED 
DEAD END 
DEAD E\D 

l i m M î n K S l ' s n a S l ' - ï t + U S l ' « + !>• CH3-CH3K-;:-

l«51 , ! f+ lKSl , ÎS + lKS l , X + l;:-Sl ,»+l:1CH2 = CH2« + liiH-!lK.1 

1HS1»S + 1SS1MÎ+1XS1'« + 1HS1'» + 1SCH3-CH3K;S 

lBS l ' -CH2-CH2-S l»xn»Sl»K + l » S l ' » + l îM-H«« 
1 » S 1 I H K + 1 « S 1 , H » + 1 Ä S 1 ' » + 1 » S 1 ' » + 1 » C H 2 = C H 2 » « -
lHSlt-CHsCHZK + UsSl 'Ha+iaSl 'Ä+HtSl Mi + lMll-H:;« 
lKSr -CHZ-CHa-S l 'K + l i iSl 'HK+lMSl 'HSK 
l *S l ' -CH=CH2*+ l»S l 'H»+ l *S l , H«+ l»S i , H«* 
lifSi'-CĤ CH-si'is+iifSi'Ha+iMSi'Hsj+iiJH-H-»-;:-
ISSI'-C^-CHSK+ISSI'HX+IHSI'JÎ+IXSIM;« 

l»Sl'-CH=CH-Sl,»+UcSl,»+H{Sl'K + l»ri-H}S+lÄH-H»« 

ISTEP: NRTSTls 3 

STEPS IDABCK JOINTED 
ROUTE STEP 

4- 2 0 - 0 
1 -
h -

STEP 

( IX 2X 3.X 4X 
9 

0 
c 
0 

1 0 

network of 

[B] 

[G] 

Fig. 7. Computer output of reaction 
catalytic hydrogénation of ethylene. 
[A] Intermediates 1 and 2 denote the canonicalized 

formulas of the overall reactant and product, 
respectively. 
Intermediates No. 3 to 10 which appear in the 
network. 
Description of the network. Captions at the 
right of ROUTE No. imply the sequence of 
elementaly reactions. 
For example, 

COMPLETED. Route No. 1 consists of se­
quence of reactant (1)—intermediate 3—6— 
9—product (2) and leads the system to the 
overall product. 

JOINED. Route No. 2(1—4—6) is joined 
to Route No. 1 at the intermediate 6 in 
th step 2. 

DEAD END. Route No. 4(1—4—7) was 
terminated at the intermediate 7, because 
7 cannot change further under the given 
restrictions. 

1 CH2=CH2*H2 

3 ÇH2-ÇH2+H2 

4 CH2=CH2+2H 

6 CH2-CH2+2H 
i i i 
it I« - * 

9 CH2-CH3+H 

2 CH3-CH3 

5 ÇH=CH2*H + H2 

- 7 CH=CH2 + 3H 

8 CH=CH+2H+H2 1 1 1 

10CH=CH*2H2 
1 1 

Fig. 8. Reaction routes in catalytic hydrogénation of 
ethylene. 

alytic chemists. This output has been interpreted into 
a more readable form in Fig. 8, where two prevailing 
reaction schemes can be found. The left-hand route, 
1, (3 or 4), 6, 9, and 2, represents the associative ad­
sorption mechanism for the hydrogénation by Horiuti 
and Polanyi,8) whereas the right-hand route, 1, 5, 8, 
and 10, represents the dissociative adsorption mech­
anism for isotope exchange between ethylene and 
hydrogen proposed by Farkas and Farkas.9^ 

The computation time to prepare the complete 
network amounted to 21 s on a H I T A C 8800. 
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Option of Restrictions in A/GRACE System. Nu­
merous intermediates were produced even in the simplest 
system like that mentioned above, and hence the 
careful selection of restrictions is necessary to avoid 
the appearance of unrealistic, or thermodynamically 
unstable, molecules in intermediates. For example, 
no triple bond may be expected in the hydrogénation 
of ethylene, and no cyclopropene would be produced 
during the pyrolysis of propane. Only chemical 
knowledge and the experience of chemists will create 
a reasonable reaction network for a given reaction 
with the aid of the opt imum selection of restrictions. 

The author is grateful to Dr. Makoto Misono for 
his valuable discussion and to the Computer Centre 
of The University of Tokyo for the computation on 
a H I T A C 8800. 
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Chemiionization of Excited Mercury Atom with 253.7 nm 
Irradiation in the Presence of N2 and CH4 
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Chemiionization of excited mercury atom with 253.7 nm irradiation was studied. Results on the system 
Hg-N2 previously reported were further confirmed. It was found that CH4 can also induce chemiionization 
of Hg atoms with 253.7 nm irradiation. The dependence of ionization current on CH4 pressure and light 
intensity was investigated, the ionization current being found to be proportional to the square of light 
intensity and to increase with increase in GH4 pressure up to 30 Torr, reaching a constant value. N2 and 
GH4 are considered to show a similar behavior in ionization current against pressure and light intensity, and 
other substances such as H2, He, CO, NO, Ar, C2H4, and 1-butène to give no appreciable ionization current. 
Thus the mechanism in which chemiionization proceeds through the collision of Hg(3P1) with Hg(3P0) is 
further confirmed. 

Ionization of mercury atoms excited with 253.7 nm 
irradiation was first reported by Steubing in 1909,1) 
the history of studies in this field being surveyed in 
detail by Fontijn.2) An extensive study on this reac­
tion was carried out by Berberet and Clark,3) the fol­
lowing mechanism being proposed: 

Hg(3Px) + N2 > Hg(3P0) + N2, 

HgpPj) + Hg(3P0) + N2 > Hg2* + N2, 

In the present study we attempted to further clarify 
the mechanism of the chemiionization. 

Exper imenta l 

Apparatus and Procedure. Vacuum line and gas han­
dling system are conventional ones. For irradiation of 
253.7 nm light a commercial germicidal lamp (Toshiba 
10 W) was used. The reaction cell and optical arrangement 
are schematically shown in Fig. 1. A fused quartz reac­
tion cell was furnished with three windows of 20 mm0, two 
Pt plane electrodes (5x10 mm) for ion collection being 
placed inside parallel to each other 10 mm apart. Exciting 
light was focussed with a fused quartz condensor lens 
through a 5 mmçJ hole defined by Al foil in front of the 
reaction cell to prevent exposure of the electrodes from 
253.7 nm radiation. Photoionization in the Hg-N2 system 
is due to neither ejection of photoelectrons by direct ir­
radiation nor impact of metastable mercury atoms (Hg(3P0)) 

[MHEMHMH 

: # = * CO=b=; 
IB 

Fig. 1. Schematic view of photoionization cell. 
Ljt Lamp for excitation, L2: lamp for absorption 
photometry, B: battery, C: chopper, P : platinum 
electrode, M: monochromator, PM: photomultiplier, 
A: amplifier for ion current measurement, AMP: 
lock-in amplifier. For the ion current measurement, 
chopper is removed. 

on the electrode surface, provided Pt electrodes are used.2) 
We have also confirmed that no appreciable ionization 
current thought to be caused by direct irradiation of the 
electrode surface was detected in the absence of N2. 

Ion current was measured either by a vibrating reed 
electrometer (Yanagimoto GCF 101) or a micro-voltmeter 
(Okura Denki AM 1001) as a voltage across 4.7 k ß ex­
ternal resistor, no difference being observed in the values 
of ionization current measured by the two methods. For 
determination of concentration of Hg(3P0), absorption 
photometry was carried out at 404.7 nm by modulation 
technique. The exciting light from a low pressure mercury 
lamp operated by DC power was chopped with a sector 
at 8 Hz. The light for absorption photometry was obtained 
from a lamp of the same type as that used for excitation. 
Two Vycor lenses, focal length 10 cm, were used, one to 
make the incident light flux parallel through the reaction 
cell and the other to focus the light at the position of a 
slit of monochromator (Fig. 1). The light at 404.7 nm 
was isolated from the transmitted light by a monochromator 
(Ritsu MC 10, grating: 600 grooves per mm). Its intensity 
was determined with a photomultiplier (RCA IP 21) and 
a lock-in amplifier (PAR Model 186) using the chopped 
exciting light as time reference. Since the effective lifetime 
of Hg(3P0) is in the order of ms under the present ex­
perimental condition, it can be assumed no phase delay 
takes place between the exciting light of 8 Hz and the 
transmitted light at 404.7 nm for photometry. The light 
for absorption photometry contains 253.7 nm DC com­
ponent, but we can assume that it does not affect the 
modulation photometry. 

Materials. Two kinds of N2 (stated purity 99.999% 
from a glass bottle; stated purity 99.9% from a cylinder) 
were used. The latter was used after passing through a 
molecular sieve column cooled at liquid nitrogen tempera­
ture. Neither of these N2 shows appreciable difference in 
ionization current in the experiments under comparable 
conditions. Other gasses (CH4, Ar, H2, He, CO, NO, 
C2H4, and 1-butène) were used from commercial glass 
bottles without further purification. 

R e s u l t s a n d D i s c u s s i o n 

1. Collection Efficiency of Ionization Current. T h e 
relationship between photoionization current and ion 
collecting voltage has been studied by many workers, 
its main feature being summarized by von Engel.4) 
At an insufficient voltage the recombination process 
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of the ion pair formed competes with the ion collecting 
process at electrodes, resulting in incomplete ion col­
lection. With increase in voltage, the collecting ef­
ficiency of ions increases, approaching a saturated 
plateau value. In the plateau region, all the ions 
formed in the effective electric field can be collected 
without appreciable recombination, and the total rate 
of ion formation under the present experimental setup, 
Rexp (in number of ions per s) is expressed by the simple 
formula 

Rexp = tie, 

where i is the total ion current in A measured at the 
saturated voltage, and e is elementary charge in G. 

We measured the ionization current, D C voltage 
being varied from 10 to 150 V, keeping the pressure 
of N 2 constant (3.2 and 23 Tor r ) . Saturation of cur­
rent is established when 80—120 V is applied, and a 
higher voltage is required for a higher N 2 pressure. 
Under the present experimental conditions, the multi­
plication effect of electrons can be neglected, since the 
first Townsend coefficient is extremely small (ap­
proximately 7 x l 0 ~ 8 at N 2 pressure of 1 Tor r and 
applied voltage 100 V).4) 

2. Ionization Current and Concentration of Hg(3P0) 
against N2 Pressure and Quantum Yield of Ionization. 
Since it has been pointed out2»3»5) that the ionization 
of H g is closely related with the formation of Hg( 3P 0) , 
we at tempted the determination of ionization current 
and concentration of Hg(3P0) (denoted as N0 hereafter) 
under the same experimental conditions varying the 
pressure of N2 . As Fig. 2 shows, the variations of 
ionization current and N0 vs. N 2 pressure behave in 
a similar way. T h e N 2 pressure dependence of ioni­
zation current would not be expected to be completely 
the same as that of N0 (Sec. 6). I t was confirmed 
that the application of D C voltage across electrodes 
does not affect N0. 

Under the present conditions we can assume that 
all the input photons of 253.7 n m light are absorbed 
by mercury atoms in the reaction cell, and determine 
the quan tum yield of ionization by actinometry. 
Actinometry was carried out in the system H g - N 2 0 
(100 Torr) -G 2 H 6 (60—100 Torr ) , the total number of 

10 40 20 30 
N2 (Torr) 

Fig. 2. Simultaneous determination of ion current and 
concentration of Hg(3P0) vs. N2 pressure in N2-Hg 
system. 

input photons per s (described as / a e x p hereafter) being 
found to be 5 . 0 x l 0 1 4 s _ 1 . The quan tum yield of 
ionization (0=^exp/^aexp) 1S t n u s m t n e range 10 - 6 — 
10~4, depending on the pressure of N2 . 

3. Relationship between Ionization Current and Light 
Intensity in the N2-Hg System and the Effect of Hg Pressure. 
Ionization current was measured varying light intensity 
with neutral density filters of fused quartz in the range 
39—100% at pressures of 1, 5, and 9 Torr of N2 . The 
ionization current was found to be proportional to 
the square of light intensity (Fig. 3), in line with the 
results reported by Houterman,5) and Berberet and 
Clark.3) 

12.0 

10.04d 

ö 
o 

50 100 
Relative light intensity (%) 

Fig. 3. Plots of ion current vs. light intensity in N2-
Hg system. Inserted figure is log-log plot for the 
same quantities. 

Dependence of ionization current on Hg pressure 
was studied only semiquantitatively, since the actual 
pressure of H g in the reaction cell was not measured. 
We measured the ionization current keeping the 
mercury reservoir at 0 °G (reported H g pressure, 
1.85 X l 0 " 4 Tor r ) , room temperature 24—25 °G (Hg 
pressure: 1.7 X 10~3 Tor r at 24 °G) and N 2 pressure 
10 Torr . The observed ionization current at 0 °C of 
mercury reservoir is about one third of that at room 
temperature. We may interpret this decrease of 
ionization current at 0 °G in terms of the decrease of 
radiation imprisonment due to the decrease of H g 
pressure. 

4. Chemiionization of Excited Mercury Atom in the System 
CHf-Hg. In the proposed mechanism of chemi­
ionization it has been assumed that the ionization 
takes place through the collision of Hg(3Pj) with Hg-
(3P0). If this is valid, GH 4 could also induce chemi­
ionization of mercury atom, since CH 4 has a relatively 
large rate constant to produce Hg(3P0) from Hg(3P1) , 
and a small rate constant to quench H g ^ P ^ and 
Hg(3P0) to ground state (Table l).6) Actually we find 
C H 4 gives an ionization current under 253.7 nm ir­
radiation, the magnitude being 1/50—1/100 as com-
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pared with that for N2 . Dependence of ionization cur­
rent on the pressure of C H 4 has a feature similar to 
that for N2(Fig. 4), its dependence on light intensity 
being of second order. We also investigated H 2 , GO, 
N O , Ar, C2H4 , and 1-butene-Hg systems. However, 
none of them gave any appreciable ionization current 
in the experimentally detectable limit (less than 10 - 1 1 A) 
under conditions similar to the cases of N 2 and CH 4 . 

5. Effect of NiSO± Solution Filter. The problem 
is whether radiation other than 253.7 n m light might 
participate in the chemiionization in view of the finding 
that the ionization current is proportional to the square 
of light intensity. An experiment was carried out with 
irradiation of 253.7 nm isolated from total radiation 
of the low pressure mercury lamp using a N i S 0 4 

solution filter.7) Reduction of ionization current to 
3 3 % was observed, but it is due to the absorption of 
light at 253.7 nm by the filter. The pressure depend­
ence of current is similar to that without filter. We 
may conclude that no direct radiation other than 
253.7 nm light contributes to the chemiionization. 

6. Reaction Mechanism of Chemiionization. The 
fact that the ionization current is proportional to the 
square of light intensity is a strong support for the 
assumption that two excited mercury atoms (Hg(3P0) 
and Hg(3P1)) are involved. Since only N 2 and C H 4 

are known to induce chemiionization, and both have 
relatively large cross sections to generate Hg(3P0) from 
Hg(3P1) , it is certain that one atom of Hg(3P0) is at 
least involved in the ionization. The pressure depend­
ence of ionization current is closely related to that 
of N0 in the case of N2 . Simultaneous determination 
of ionization current and N0 vs. CH 4 pressure was 
not possible for the case of CH 4 , since N0 is too small. 
However, the general feature of pressure dependence 
of ionization current is similar to that for H g - N 2 system 
(Fig. 4). 

20 30 40 50 
CH4 (Torr) 

Fig. 4. Plot of ion current vs. GH4 pressure in GH4-
Hg system. 

The steady state concentrations of Hg(3Px) and 
Hg(3P0) are expressed in respective rate constants ac­
cording to the following reaction schemes: 

HgCP,) -

Hg(3P1) + M 

HgpP,) + M 

Hg(iS0) + hvt, 

Hg(»P0) + M 

* 4 

Hg(»P0) + M, 

Hg(%) + M, 

Hg(%) + M, 

Hg(3P„ HgCS,), 
(at wall) 

Hg(3P„) - ^ Hg(iS0), 

(1) 

(2) 

(3) 

(4) 

(5) 
(very small) 

where / a is the number of photons absorbed per cm3 s, 
k{ is effective radiative decay constant of Hg(3Pi) ; 
kx, k2, ks, are quenching rate constants of excited atoms 
by M, £4 is diffusion rate to wall at unit pressure (1 
Torr) and k5 is the disappearing rate of Hg(3P0) by 
quenching by impurity and/or radiative decay. We 
can express Nx (steady state concentration of Hg(3Pj)) 
and N0 by the steady state treatment as follows, neglect­
ing the disappearance process of the excited mercury 
atoms by chemiionization, since the quan tum yield 
of chemiionization is very small: 

N1 = I*l(kt+(k1 + kt)\M\), (I) 

and 

N0 = NMMVik^M] +kjP+k6), (H) 

where P is the total pressure in Torr . 
As Berberet and Clark3) assumed, we may assume 

the following two step ionization mechanism, if the 
chemiionization takes place through the collision 
between H g ^ P j ) , Hg( 3P 0) , and M, 

Hg(3P1) + Hg(3P0) + M - U Hg2* + M, (6) 

Hg2* - ^ > Hg2+ + e-, (7) 

and the rate of ion formation, R(\n number of ions 
c m - 3 s -1) is given by 

R = <f>In = k^NoiM] 

= kM^y^(ki+(k1 + k2)[M]y(k,[M]+kJP+k5). 

(HI) 
Berberet and Clark assumed the two step mechanism, 
considering the fact that the lifetime of Hg 2 * is of the 
order of ms. T h e pressure dependence of i is almost 
similar to that of N0 in the system N 2 -Hg(Fig . 2). 
However, Eq. I l l indicates that i is proportional to 
JVj and the concentration of third body as well as N0. 
In the case kt>(k1+k2)[N^, Nt would be independent 
of the concentration of N2 , and the behavior of i may 
be similar to that of N0. 

Under the high concentration of N2 , R~k1k6Ia
2l(k1 + 

k2)
2(k3[M]+kJP+k5), and we may expect a linear 

relationship between \jR and the concentration of M . 
In order to evaluate the approximate ratio of the 

ionization current in the presence of a certain substance 
M to that for N2 , we derive the following equation 
from Eq. I l l , assuming k6tU is equal to £6 ,N2 , 

. . . _ / * I ,M[M] \ V kt+ (*1>N2 + A;2>N2)[N2] Y 
ZM/?N2 ~ U I , N 2 [ N 2 ] A *f+(* l iM + A;afM)[M] ) 

' * 3 , N 2 [ N 2 ] + A ; 4 / P + V 

Hg^So) + Ar(253.7 nm) HgPPJ , 
X / * 3 , N 2 

V ^ 3 , M [M]+kJP+L -)• 
(IV) 
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TABLE 1. RATIOS OF IONIZATION CURRENT CALCULATED BY Eq. IV AND USED QUENCHING RATE CONSTANTS6) 

OF Hg(3P1) AND Hg(3P0) BY SEVERAL GASES 

N2 

CH4 

G2H6 

G3H8 

NH3 

co 2 
CO 
NO 
H2 

C2H4 

Ratio of ionization 
current,*1) 

Z'MA'N2 

( 1 . 0 ) 

0.18> 
0.03> 

5 . 0 x l 0 - 4 > 
4 . 5 x l 0 - 4 > 
7 . 8 x l 0 - 5 > 
6 . 4 x l 0 - « > 
4 . 6 x l 0 - 8 > 
1 . 9 x l 0 - 8 > 
9 . 9 x l 0 - 9 > 

Quenching 

^i(3Pi-^3Po) 

3 . 9 x l 0 - 1 2 

l.oxio-13 

3 . 3 x l 0 - 1 2 

1.3X10-11 

2 . 2 x 1 0 - " 
8 . 0 x l 0 - 1 3 

1.1 X 10-10 

3.4X10-1 1 

5 . 4 x l 0 - 1 2 > 

s. ixio-1^ 

rate constants (cm 

*«CPi->xs0) 

1 . 5 x l 0 - « > 
4.6X10-1 3 

2 . 0 x l 0 - 1 2 

4 .2x l0" 1 2 

1 . 7 x l 0 - n 

1 .3x10-" 
1.5X10-11 

1.5xl0- 1 0 

1.4xl0- 1 0 

2 . 4 x l 0 - 1 0 

3/molecule s) 

^(•Po^So) 

1 .0xl0- 1 5 > 
2.7X10-15 

2 . 6 x l 0 - 1 4 

6 . 3 x l 0 - 1 3 

2 . 4 x l 0 - 1 3 

3 .9x l0 - 1 3 

9 .1x l0 - 1 2 

1.7xl0- 1 0 

1.1 X 10-10 

6 .5x l0 - 1 0 

a) Since £2)N2 and £3iN2 are given as upper limits, all the calculated ratios should be understood as upper limits. 

In calculating the ratios, we used the values of the 
rate constants given in Table 1, 2 X 105 s_ 1 for ^ (ca lcu­
lated according to the Milne-Samson formula8)), 26 
T o r r s - 1 for k± and 100 s - 1 for k5. The value of k5 

is not definite, but it would not cause serious errors 
in calculating the ratios since the magnitude of k5 

is small as compared with that of £ 3 ) M[M]. T h e 
calculated upper limit of the ratio, /CKU/Z'N2 is 0.18, 
while the experimental value of z'cHi/îNa at 10 Torr is 
0.005, no measurable ionization current being observed 
for the other compounds(H2 , He , GO, N O , C2H4 , 
Ar, and 1-butène). From Table 1 we may expect 
C 2H 6 to induce the chemiionization current in a mea­
surable amount . 

We observed the decrease of ionization current in 
the system N 2 - H g at 0 °G as compared with that at 
room temperature. W e have estimated the ratio of 
ionization current at 0 °C to that at room temperature 
(24 °G) using Eq. I I I . We assume that [N2] and the 
rate constants defined above except k{ are almost the 
same at 0 °G and 24 °G, and interpret the decrease of 
ionization current at 0 °C in terms of the decrease of 
effective radiative decay lifetime(l/£ f) of Hg( 3P 1) , viz., 
the decrease of radiation imprisonment. T h e calculat­
ed values of k{ at 0 °C and 24 °C are 2 X 106 and 2 X 
105 s_ 1 respectively. We obtain N± and NQ at two 
temperatures as follows; Nx: 1.5 x l O 8 at 0 °C and 
3.4 x l O 8 a tom c m - 3 at 24 °C, and N0: 4.3 x l O 1 1 at 
0 ° G and 9.5 x 1011 a tom cm" 3 at 24 °G. Using these 
values of N± and N0 with Eq. I l l , we obtain the ratio 
of the ionization current at 0 °C to that at 24 °G to 
be 0.2, while its experimental value is 0.3. In this 
calculation, we assumed la in Eq. I l l to be the number 
of total incident photons at 253.7 n m in the reaction 
cell, which was determined by actimonetry carried 
out at room temperature.** 

7. Chemiionization of N%-CH^-Hg System and Estima­
tion of the Rate Constant of Excimer Formation. Since 
N 2 and C H 4 are the only substances known to induce 
chemiionization of Hg, we studied the behavior of 

** The authors acknowledge the referee's suggestion on 
the interpretation of the effect of Hg pressure on the 
ionization current. 

ionization current in a mixture of N 2 and CH 4 . Since 
N 2 has a large rate constant to produce Hg(3P0) from 
Hg(3P1) and CH 4 has a large rate constant to quench 
Hg(3P0) (more than three times as large as that of N 2) , 
we expect that N 2 mainly produces Hg(3P0) and GH4 

quenches Hg(3P0) in the mixture (Table 1). For the 
sake of confirmation we measured the ionization current 
in the mixture system varying the pressure of CH 4 

keeping the N 2 pressure constant. The total pressure 
( N 2 + C H 4 + A r ) which may affect the absorption line 
profile of Hg atoms and the diffusion rate of Hg(3P0) 
to wall was also kept constant. Two series of experi­
ments were carried out, (a) N2 , 3 Torr and total pres­
sure, 10 Tor r ; (b) N2 , 6 Torr and total pressure, 20 
Torr . If we take reciprocals of both sides of Eq. I l l , 
we may expect a Stern-Volmer type linear relation 
between \jR and C H 4 pressure at constant N 2 and 
total pressures, noting A;I,N2>A:1,CH4 and AJ2,CH*, as fol­
lows: 

1/Ä - (X/£6P/a2)fe,N2[N2]+i3,CH([CH4] +kJP+k5), (V) 

where 

^ ( ^ + ( ^ 1 N 2 T ^ , N 2 ) [ N 2 ] + (^CH4 + ^CH4)[GH4])V 

(*i,N2[N2] + £1>CH4[CH4])2~constant. 

Figure 5 shows that the linear relation holds. From 
the empirical values of either slope or intercept, we 
can calculate k6 if we substitute the values of other 
rate constants for N 2 and CH 4 and of / a into Eq. V. 
We are aware of the accumulated large errors caused 
by using many rate constants (kti ki,s2, ki,cm> ^2,N2, 
A:2,cHt, £3 ,N2 , £3,CH4) in calculation. Our estimation of 
ke from slope gives the values of 9.6 x 10 - 2 9 cm6 mole­
cules-2 s-1 (series (a)) and 8.3 X lO"29 (series (b)). The 
rate constant of the ternary collision (k6) obtained here 
may be compared with that of an excimer formation 

(Hg2(lu) ^ L H g ( 3 P 0 ) + H g ( i S 0 ) + N 2 ) . Phaneuf et al.V 
gave the values of the rate constant (kiu) reported by 
several workers. They are in the range 10 - 3 0 —10 - 2 9 

cm6 molecule - 2 s_1, differing from that by McAlduff 
et a/.10) which was exceptionally large (1.33 X 10 - 2 7 cm6 

molecule - 2 s_ 1). The value of ke obtained here is 
several times larger than k\u, but we consider it reason-
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A 10Torr(N2=3Torr) 
• 20Torr(N2=6Torr) 

Hg system Hg2 system 

eV 

1.0 2.0 3.0 
GH4 (Torr) 

Fig. 5. Plots of reciprocals of rate of ion formation 
(R) vs. CH4 pressure in the mixture of N2, GH4, and 
Hg for 10 Torr and 20 Torr of total pressure. 

TABLE 2. RATE CONSTANTS OF TERNARY COLLISION 

(£6) IN THE SYSTEMS N2-Hg AND CH4-Hg 

Pressure 
(Torr) 

N2 

GH4 

(cm6 molecule-2 s-1) 

3 

3 .4x l0~ 2 9 > 
1.8X10-29 

6 

2 .8x l0~ 2 8 > 
2 . 3 x l 0 - 2 9 

10 

4 . 9 x l 0 ~ 2 8 > 
4.0X10-2 9 

able. 
The rate constant (k6) can be also calculated by 

means of Eq. I l l instead of Eq. V using the reported 
rate constants and our experimental results in the 
system N 2 - H g or GH 4 -Hg . The results, given in 
Table 2, increase with pressure. For the interpretation 
of this pressure effect and the difference of magnitudes 
of k6 among N 2 -Hg , C H 4 - H g , and N 2 - C H 4 - H g systems 
we might speculate more complex mechanism in the 
ionization, but we feel better to refrain from further 
discussions on this matter, because many pressure terms 
are included in Eq. I I I . In the case of N2 , the value 
of kz which is considered to be the most important in 
the determination of k6 is known only as an upper 
limit. Thus the values of kQ in the system N 2 - H g 
should be taken as upper limits. 

8. Other Possible Mechanisms of Ionization and Energetic 
Consideration. Since we have found that the ioni­
zation current is proportional to the square of light 
intensity, and that at least one atom of Hg(3P0) is 
involved, the following two mechanisms might also be 
considered. (1) To assume the participation of one 
more Hg(3P0) atom instead of H g ^ ^ . If two atoms 
of Hg(3P0) are involved in chemiionization, the recip­
rocal of ionization current would be proportional to 
the square of pressure of CH 4 in the mixture experiment 
of N 2 -CH 4 . However, this is not compatible with 
our result (Fig. 5). In addition, the energy require­
ment for ionization is less favorable with the deficiency 

0 L 

^77-Hg+ io.44 
Jämm% 9.519 

ÏD2 9.515 
3D t 9.508 

6 o \Dz 9.506 
- H Ê - ^ 6.70 

6p 3 p 4 8 6 

ZP0 4.64 . 

-Hg^Hgt+e 
9.5 

' l u 3.9 

-1So0 

Fig. 6. Energy level diagram for Hg and Hg2 systems. 

of 0.22 eV. (2) Ionization proceeds through the 
absorption of another 253.7 nm photon by an excimer 
formed by the collision between Hg(3P0) and ground 
state Hg. The formation of such an excimer (lu) has 
been confirmed.9) However, it is not probable from 
energetic consideration (Fig. 6) that this excimer can 
be ionized by absorption of another 253.7 n m photon. 
Furthermore, the absorption of 253.7 nm photon by 
the excimer is less likely, since the absorption of 253.7 
nm photon by ground H g would be much stronger. 

Since the ionization potential of mercury atom is 
10.44 eV, the sum of energy of Hg(3Pi) and Hg(3P0) 
( 4 .86+4 .64=9 .50 eV) is not enough to give H g atomic 
ion. I t has been assumed3) that the formation of 
molecular ion Hg2+ is more likely. Arnot and Mil-
ligan11) observed mass-spectrometrically the formation 
of Hg2+ in the electron impact of dense mercury vapor, 
and determined its appearance potential to be 9.5 eV. 
They presumed that its formation proceeds through 
the collision of Hg(1D2) generated by electron impact 
with H g in ground state, since the energy level of 
Hg(1D2) is 9.506 eV above ground state and is close 
to the appearance potential of Hg 2

+ . In the optical 
excitation experiments, the formation of Hg(1D2) is 
not possible, and the collision of Hg(3Pj) with Hg(3P0) 
is an acceptable process for the formation of Hg2+ 
from energetic consideration. Berberet and Clark 
assumed the formation of an excimer Hg 2 * as a precur­
sor of Hg 2

+ , considering the decay of ionization current 
after switch-off of exciting light to be very slow. They 
estimated the lifetime of the excimer to be of the order 
of ms. So far we know nothing about the electronic 
state of the excimer. However we presume that such 
an excimer is in a highly excited Rydberg state, since 
the energy level of the excimer should be very close 
to its ionization level. 

From energetic consideration, we should not discard 
the possibility of mercury ion pair formation by the 
collision of H g ^ P ^ with Hg( 3P 0) , if electron affinity 
of H g is 1.53 eV exoergic.12) If this is acceptable, 
the total energy balance of ion pair formation 

Hg(«P1) + Hg(3P0) Hg+ + Hg-

would be 0.59 eV exoergic. However, Makita et al.13) 
pointed out that the value is not based on reliable 
experimental measurement. They estimated it to be 
0 .19±0.3 eV endoergic. When we adopt this value, 



20 A. SiBATA, M. TAKAIIASI, H. MIKUNI, H. HORIGUCI-II, and S. TSUCIIIYA [Vol. 52, No. 1 

mercury ion pair formation by the collision of H g ^ P j ) 
with Hg(3P0) is not possible. 
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Kinetic Studies of Spin Trapping Reactions. 
II. Radiolysis of Cyclohexane 
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Faculty of Engineering, Hokkaido University, Kita-ku, Sapporo 060 

(Received May 8, 1978) 

In order to extend kinetic utilization of the spin-trapping techniques in radiation chemistry, y-radiolysis 
of cyclohexane has been studied at room temperature using pentamethylnitrosobenzene as a spin trap. With 
increasing radiation dose, the cyclohexyl radical spin adduct has been found by ESR to form and then 
decay. Consumption of the spin trap has also been monitored by observing the optical absorption. The 
observed kinetic aspects indicate that the radiation-generated cyclohexyl radicals are completely trapped by 
1.3 X 10~4—6.6 X 10 -4 mol dm - 3 of the spin trap, and their G-value is 3.0. The spin-trapping rate constant 
has been determined to be 1.6x 107 mol - 1 dm3 s_1 at 299 K based on the reported rate constant for the reac­
tion between the cyclohexyl radical and tributylstannane. From the optical absorption study, dimeric penta­
methylnitrosobenzene has been found to dissociate into the monomer, effective in the spin-trapping, with an 
equilibrium constant of 8 x 10~4 mol dm - 3 in cyclohexane at 299 K. The monomer has an absorption co­
efficient of 48 mol -1 dm3 cm - 1 at its absorption peak of 790 nm. 

The spin-trapping technique has been developed 
recently1»2) and widely used for the identification of 
free radical intermediates in radiation-chemical,3-5) 
photochemical,6-8) and thermal reactions.9,10) A recent 
photochemical study11) has revealed the problems 
inherent in this technique: the rate constant of spin-
trapping reactions varies widely,12-17) from 103 to 
5 X 108 m o l - 1 dm 3 s - 1 , they generally compete in a 
complex way with other radical reactions, and spin 
adduct radicals subsequently react with free radicals 
to be spin-trapped.11) Therefore, knowledge of the 
reactivities of spin traps and spin adduct radicals is 
needed for the quantitative utilization of the technique. 

The radiolysis of cyclohexane is one of the simplest 
radiation-chemical reaction systems where only atomic 
hydrogen and cyclohexyl radicals as free radical inter­
mediates are expected. It has been one of the most 
extensively studied systems.18-22) This appears as a 
model reaction system where the validity of the spin-
trapping technique can be tested on a quantitative 
base. Iwahashi et al.23) have applied the technique 
to this system using iV-^-butyl-a-phenylnitrone (phenyl-
/-butyl nitrone, PBN) as a spin t rap and concluded 
that " the utilization of the spin t rap for the quantitative 
estimation of products in the radiolysis of hydrocarbons 
is not a very good technique." In the present study, 
the spin-trapping technique has been applied to the 
radiolysis of cyclohexane by using pentamethylnitroso­
benzene (PMNB). PMNB reacts with alkyl radicals 
with a rate constant two orders of magnitude greater 
than that of PBN so that the kinetic aspects of the 
spin-trapping are expected to be simpler for PMNB 
than for PBN. 

Exper imenta l 

PMNB was synthesized from pentamethylbenzene through 
C6(CH3)5Tl(OCOCF3)2,24.25) and purified by recrystalliza-
tion from acetone solution. Spectrograde cyclohexane was 
used without further purification. The monomer-dimer 
equilibrium and optical absorption of PMNB in cyclo­
hexane solution were studied in the manner as described 
before.25) For spin-trapping experiments, solutions of 
PMNB in cyclohexane were degassed by the freeze-pump-
thaw technique at a vacuum of 10_5Torr and sealed in 

sample cells, which consisted of a quartz ESR tube at one 
end and quartz optical absorption cell at the other. 

Irradiations were conducted with 60Go y-rays at a dose 
rate of 2.0—14krad/min at room temperature, ca. 300 K. 
The concentration of PMNB and that of the spin adduct 
radicals were simultaneously monitored by a recording 
spectrophotometer and an X-band ESR spectrometer, 
respectively. 

R e s u l t s a n d D i s c u s s i o n 

Monomer-Dimer Equilibrium of PMNB in Cyclohexane. 
P M N B dissolved in cyclohexane is in par t present in 
the dimeric form. Monomeric P M N B has a weak 
optical absorption with a maximum at 790 nm, while 
dimeric P M N B has a strong absorption band with 
a maximum at 327 nm. According to the relationship, 
clA = ll2s-^-AIKs2 where c is the total concentration 
of PMNB, A is the absorbance at 790 nm, K the equili­
br ium constant and e the molar absorption coefficient, 
K and e for P M N B are determined to be 8 x 10~4 mol-
dm~3 and 48 mol" 1 dm 3 cm" 1 at 299 K from the ob­
served linear dependence of c\A on A as shown in Fig. 
1. Thus, 45 to 8 0 % of PMNB is in the monomeric 
form and is effective in spin-trapping free radical inter­
mediates, when dissolved in cyclohexane at the total 
concentration of 1 0 - 3 to 1 0 _ 4 m o l d m - 3 . This beha­
vior of P M N B is very similar to that reported previously 

0.02 

< 

0.01h 

0.015 

Fig. 1. The relationship between the absorbance, A, 
at 790 nm and the total concentration of PMNB, c, 
in cyclohexane at 299 K. 
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in benzene solution.25 '26) 
Radiation-Chemical Reactions of Cyclohexane Solutions of 

PMNB. ESR spectra observed from the y-ir-
radiated solutions show a triple-doublet hyperfine 
structure, as shown in Fig. 2, with coupling constants 
of 1.40 and 0.76 m T . These have been attributed to 
the spin adducts of the cyclohexyl radical. Neither 
the spin adduct of hydrogen nor that of other free 
radicals could be observed by ESR. T h e cyclohexyl 
radical spin adducts decay after y-irradiation to ca. 
7 0 % of the initial amount during the first hour, and 
then remain almost unchanged. The decay cannot 
be attributed to either the self-decomposition of the 
spin adducts or their recombination, but is probably 
due to reactions with some radiolytic products. 

T h e dependence of the yield of spin adducts on the 
radiation dose is shown, typically in Fig. 3 for a dose 
rate of 14 krad/min. The yield increases at first with 
the initial slope independent of the P M N B concentra­
tion in the range of 6 . 6 x l 0 - 4 — 1 . 3 X 10~4 mol dm~3, 

h - 1mT—4 

Fig. 2. ESR spectrum of pentamethylphenyl cyclo­
hexyl nitroxide (spin adduct radical) obtained from 
the y-radiolysis of cyclohexane in the presence of 
PMNB at room temperature. 

Dose/ Krad 

Fig. 3. The dependence of the concentration of the 
spin adducts (O) and that of the spin trap (# ) , 
PMNB, on the radiation dose, at the PMNB concen­
tration (A, A') 6.6 X 10-*, (B) 4.4 X10-4, (C) 2.2 X 
10-4, and (D, D') 1.3 X 10"4 mol dm~3. 

reaching a maximum dependent on the PMNB con­
centration, and then decreases to zero. The G-value 
of the spin adduct formation determined to be 3.0 
from the initial slope independent of the PMNB 
concentration. The decrease of the dose rate to 3.3 
krad/min gives no change in the G-value. Thus, the 
cyclohexyl radicals are believed to be effectively spin-
trapped by PMNB, and the recombination reactions 
between themselves is absent at the dose rates examined. 

The G-value of the cyclohexyl radical spin adducts 
has been reported to be 3 for the y-radiolysis of cyclo­
hexane containing PBN as a spin trap.23) In that 
case, the G-value is slightly dependent on the PBN 
concentration in the range 0.1—0.01 mol dm~3 due 
to the low reactivity of PBN towards alkyl radicals.11) 
I t is worth noting that the G-values determined by 
the spin-trapping techniques are generally smaller than 
the G-value of 4.0 determined by using iodine as a 
radical scavenger.19) 

The change of the P M N B concentration with in­
creasing radiation dose is shown in Fig. 3, representa­
tively for the highest and the lowest initial concentra­
tions of PMNB. The spin traps are completely con­
sumed at the time when the spin adduct concentration 
reaches zero. Such an exact coincidence indicates 
that the same entities are responsible for both the 
formation and the decay of the spin adducts. There­
fore, the spin adducts and the spin traps compete with 
each other in reacting with cyclohexyl radicals. Such 
a situation is very much like that previously reported 
for 2-methyl-2-nitrosopropane and f-butyl radical in 
a photochemical reaction system.11) 

Rate Constants and Reaction Kinetics. The change 
in the spin adduct concentration can essentially be 
expressed by the following two processes, 

R - + T - ^ - > A , (1) 

R-4- A > diamagnetic product (s), (2) 

where R- , T, and A represent the cyclohexyl radical, 
the spin trap (PMNB), and the spin adduct, respecti­
vely. Assuming that P M N B is entirely monomeric, 
the rate equation 

d[T] kx [T] [ > 

is readily derived and integrated as 

[T]0 « _ 1 [T]0 I V[T] 0 J \ K } 

with the initial condition that [ A ] = 0 for [T] = [T] 0 . a 
is the ratio of the rate constants, k2jk1. According to the 
above equation, the dependence of [A] on [T] is shown 
by the plots in Fig. 4 for several values of the variable 
parameter a. Figure 4 shows some of the aspects of 
general importance in the spin-trapping technique. As 
the spin-trapping reaction proceeds (the [T ] / [T ] 0 value 
decreases from unity to zero), the adduct radical 
concentration reaches a maximum value which is 
proportional to the initial spin trap concentration. If 
oc is too large, the adduct radical concentration cannot 
be enough for the ESR detection of the adduct radical. 

The dependence of [A] on [TJ has been experimen-
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0.5 

LTJ/LTJo 

Fig. 4. The relationship between the concentration of 
the spin adduct and that of the spin trap, PMNB, 
normarlized by the initial concentration of PMNB. 
Theoretical curves are derived for several a values 
based on the Eq. 4, and experimental results (#) 
are obtained for the initial concentration of PMNB 
of 1.3 X 10~4 mol dm - 3 at room temperature. 

tally examined for the initial P M N B concentration, 
[T]0 , of 1.3 X 1 0 - 4 m o l d m - 3 and the plot is shown 
in Fig. 4. At this [TJ0 value, more than 7 5 % of 
PMNB is monomeric. The plots fall in the range of 
a = 3 to 5. The determined value of a includes errors 
due to the assumptions of totally monomeric PMNB, 
and the disregard of the instability of the spin ad­
duct, but it indicates undoubtedly that ^ 2 > ^ 1 . The 
assumed negligibility of the bimolecular recombination 
of the cyclohexyl radicals (important when the P M N B 
concentration becomes very low) and the possible ef­
fects of hydrogen atoms may also be explain the ex­
perimental plot's derivation from the single curve 
expected from Eq. 4. 

The spin-trapping rate constant, kx, can generally 
be determined by competition experiments with reac­
tions having known rate constant, e.g. the reaction of 
the cyclohexyl radical with tributylstannane, 

C6HU + (C4H9)3SnH • C6H12 + (G4H9)3Sn-, (5) 

was chosen as a reference reaction, for which the rate 
constant has been reported to be 1.2 X 106 m o l - 1 dm 3 s _ 1 

at 298 K in cyclohexane.27) T h e ratio of the initial 
slope of spin adduct concentration vs. radiation dose 
curve in the absence and presence of tributylstannane 
was found to agree with the expected linear relation­
ship, 

d[A] 
- 1 *.[S1 

(6) 
d[A]' • ' *X[T] 

as shown in Fig. 5, where [A] ' represents the concen­
trations of the spin adducts generated in the presence 

Fig. 5. The dependence of the rate of the spin adduct 
formation on the concentration of radical scavenger, 
tributylstannane, in cyclohexane at 299 K. 

of tributylstannane, S. T h e rate constant, kly obtained 
from the slope of the straight line was found to be 
1.6 X l O ' m o l - 1 d m 3 s - 1 . This value is smaller than 
that for the spin-trapping of f-butyl radicals by P M N B 
in benzene solution determined by using the same 
reference reaction, 9 x 107 m o l - 1 dm 3 s-1.11»25) 

Conc lus ion 

Simultaneous monitoring of both the spin traps and 
the spin adducts revealed radiation-chemical processes 
in the y-radiolysis of cyclohexane solutions of PMNB. 
T h e most significant results a re : (1) P M N B is an 
efficient spin t rap such that the cyclohexyl radicals 
generated with G-value of 3.0 are thoroughly spin-
trapped, (2) the cyclohexyl radical spin adducts readily 
disappear in the subsequent reaction with the cyclohexyl 
radicals. The explanation for the G-value of the 
cyclohexyl radical determined by the spin-trapping 
technique being smaller than the generally accepted 
value of « 4 remains unknown.28) The former results 
implies however that the spin-trapping technique has 
a future in the kinetic studies of radiation chemistry 
with the proper choice of the spin trap based on the 
rate data of the spin-trapping reactions to be accu­
mulated further. The latter further complicates the 
kinetic aspects of the spin-trapping. Generally, the 
data on PMNB, such as the absorptivity, the monomer -
dimer equilibrium, and the spin-trapping rate constant, 
serve as a basis to extend the spin-trapping technique 
to study the kinetics of free radical intermediates. 

This investigation was conducted in par t using the 
experimental facilities at the Research Reactor Insti­
tute, Kyoto University. 
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Selectively deuterated PAA's, PAA-^8, and PAA-dg have been studied by proton NMR from 77 K to 
the melting point (390 K). The temperature dependences of Tly the line width, and the second moment 
for these compounds are presented. It has been demonstrated that PAA is in the rigid state at 77 K on 
an NMR time scale, and as the temperature increases the two methyl groups begin to rotate about the G3 

axis, followed by libration about the G-O axis. There is no evidence for motions of the ring protons except 
self-diffusion and/or slow reorientation of the molecular axis in the higher temperature range from 286 K to 
the melting point. 

p,p'- Azoxyanisole (PAA, 4,4'-dimethoxyazoxy-
benzene) is one of the most important compounds 
in nematic liquid crystals and has been widely studied 
by NMR. 1) In the proton resonance, however, it 
is difficult to distinguish the two different types of 
protons, i.e., the ring and the methyl protons, although 
their spin-lattice relaxation times are expected to show 
different dependences on temperature. Thus we have 
synthesized the two selectively deuterated PAA's, 
i.e., the ring-proton-deuterated PAA (PAA-d?8) and the 
methyl-proton-deuterated PAA (PAA-öf6), and already 
reported their proton relaxation times and anisotropic 
molecular motions in the nematic and isotropic liquid 
states.2^ 

In this paper the spin-lattice relaxation times Tl9 

the line widths, and the second moments of the two 
selectively deuterated PAA's are presented from 77 K 
to the melting point. The internal motions of the 
methyl protons are distinguishable from the motion of 
the ring protons, and it is possible to discuss the effects 
of the internal reorientations of the side chains on 7 \ 
of the benzene protons of the central par t of the mole­
cule. 

Proton relaxation times Tx and T1P have been 
studied in the solid state,3) and the molecular motions 
depending on temperatures were discussed. I t has 
been suggested that there is a question about the acti­
vation of the internal rotation around the C - O axis 
for PAA in the solid state. I t will be shown here that 
such hindered rotation about this axis does not exist. 

Exper imenta l 

The method of synthesis and purification of the selec­
tively deuterated PAA's have been described in a previous 
paper.2) The compounds were sealed in a 10 mm o.d. 
glass tube after a number of melt-solidify-pump-thaw cycles. 

The proton NMR spectrum was observed by an NMR 
Specialities PS-60RW spectrometer operating at 55 MHz. 
The temperature control apparatus has been reported in 
the previous paper.2) Tx measurements were carried out 
by the usual 180°-T-90° pulse sequence. The accuracy of 
the semilogarithmic plot was within ± 1 0 % . To obtain 
the cw spectrum the FID signal was digitized by a Bioma-
tion 1010 waveform recorder and then accumulated in a 
FAGOM F-PDT-8 microcomputer. The pulse width for 
90° nutation was approximately 4.5 [is. The sampling time 
was 0.5 to 1 (jLS, data points were about 200 to 600 and 
the accumulation was 1 to 16 times depending on the 

temperature. The accumulated FID signal was punched 
on to paper tape and Fourier-transformed by a FAGOM 
270/30 computer^ The second moment was also calculated 
by the computer from the cw spectrum obtained. 

R e s u l t s a n d D i s c u s s i o n 

T h e Fourier-transformed cw spectra of PAA-öf8 are 
shown in Fig. 1. At 77 K the methyl protons of PAA-
d8 show a triplet, which is the typical pat tern for a 
three-spin system in the rigid lattice. T h e spacing 
between the two outer lines is 14.8 G, which agrees 
well with the theoretical value of 4a, where a = (3/2)#H/r3 

and r = 1 . 7 9 Â . As the temperature increases, each 
line broadens, the triplet collapeses into a broad 
single line at about 92 K, and then the line narrows into 
another triplet with small splitting. T h e change of 
the spectral pat t tern is due to the activation of the 
reorientation of the methyl group about the C 3 axis 
and agrees well with the theoretically calculated 

Z—i i i i 1 
- 1 0 - 5 0 5 10 

Gauss 

Fig. 1. Fourier transformed cw spectra of PAA-</8 at 
(a) 77 K, (b) 86 K, (c) 92 K, and (d) 368 K. 
Throughout this paper 104 G = 1 T. 
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Fig. 2. Fourier transformed cw spectra of PAA-^6 at 
(a) 77 K and (b) 300 K. 

spectra for an isolated methyl group reported by Cobb 
and Johnson.4) T h e spectral pat tern for PAA-d8 

does not change significantly from 103 K to the melting 
point at 390 K (117.5 °C). T h e temperature depend­
ences of the outer spacing of the triplet, the half line 
width of the central line, and the second moment of 
PAA-âf8 are shown in Fig. 3 (a), (b), and (c) respec­
tively. Since the second moment was calculated from 
the Fourier-transformed spectrum, where it was difficult 
to draw a definite base line in the technique employed 
in this paper , the error was rather large, about 10 to 
15 % of the obtained value. This error comes directly 
from the uncertainty of the base line position. 

T h e proton cw spectra of PAA-öf6 are shown in Fig. 2. 
As may be seen, the spectral pat tern is almost unchanged 
from 77 K to the melting point. T h e line width is 
also constant from 77 to 285 K, and a little line 
narrowing is observed below the melting point, as 

shown in Fig. 4. T h e second moment of PAA-öf6 

in Fig. 4 also shows a similar behavior to the line width 
with the change of the temperature. 

In discussing the molecular motions of PAA in the 
solid state, interesting points are the methyl reorienta­
tion around the C 3 axis and the C - O axis, the libration 
of the benzene rings about the C - N axis, the molecular 
overall reorientation, and the self-diffusion. It has 
been suggested from the study of proton T± and T1P of 
PAA,3) that the reorientation of the methyl groups 
about the G3 axis is the predominant relaxation 
mechanism between 77 and 167 K, and that the internal 
rotation about the C - O axis is activated between 
167 and 238 K, and in this temperature range there is 
also proton cross relaxation to the nitrogen. Then as 
the temperature increases the fast random molecular 
reorientation and slow self-diffusion take place. In 
the same paper,3) however, it was written that as an 
opinion of other researchers, there is a question on the 
rotation about the C - O axis in the solid state. 

In this study, the second moment of PAA-öf8 de­
creases from 22.6 to 6.0 G2 at about 103 K, which 
corresponds to the change from the methyl group which 
is isolated in the rigid lattice to the methyl group freely 
rotating about the C3 axis. If the rotation of the methyl 
group around the G - O axis were further activated in 
higher temperatures, the second moment should become 
about 0.56 G2, since the second moment will decrease by 

f / 3cos26>-
a factor ol I — 

T h e angles C O C (0) have been determined as 118.7 
and 118.1° from X-ray analysis.5) However, at 
temperatures just below the melting point, the second 
moment is still 3 .8±0.5 G2. Thus it is concluded that 
the methyl groups do not rotate around the G-O 
axis in the solid state. 

T h e second moment of the ring protons of PAA-
d6 is almost constant from 77 K to about 200 K, and a 
little narrowing is observed near below the melting 
point, as shown in Fig. 4. The second moment of the 

— J by the additional rotation.6) 
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Fig. 3. The temperature dependences of (a) the spacing of the outer 

lines, (b) the half line width of the central line of the triplet, and 
(c) the second moment for PAA-^8. 
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kK/T 
Fig. 4. The temperature dependences of (a) the 

half line width and (b) the second moment for 
PAA-i6. 

ring protons calculated for the rigid lattice is 1.67 
from the protons on the same benzene ring, 0.07 from 
the protons of another benzene ring in the same mole­
cule, 1.14 from the intermolecular ring protons, and 
0.03 from the inter- and intramolecular CD 3 groups 
in the G2 unit. The sum, 2.91 G2 is expected for the 
second moment of PAA-Ü?6 in the rigid lattice with 
random orientation. However, the observed second 
moment is 6.2 G2 at 77 K and 5.8 G2 just below the 
melting point, both of which are larger than the calcu­
lated value. The sample used in this work was heated 
to melt in the nematic state for the purpose of degas­
sing. After the rapid or slow cooling from the nematic 
to the solid states inside or outside the magnetic field, 
the second moment of PAA-*/6 observed at room tem­
perature was almost the same value within experimental 
error. One possible interpretation for this disagreement 
between the observed and calculated second moments 
is that some orientation in the nematic state may still 
remain in the solid state. Another interpretation is 
the polymorphism of PAA in the solid state obtained 
by cooling from the nematic state as suggested by a 
recent study.7) In PAA-Ö?8 the methyl group may be 
regarded as an isolated system, so that the effects of 
the remaining orderness or polymorphism are probably 
very small on the second moment of PAA-</8. 

In the calculated second moment of PAA-Ö?6 , the 
intermolecular contribution is about 4 0 % . When the 
molecular motion, which causes the change of the 
intermolecular proton-proton distance, were activated, 
a decreasing of the second moment should occur. 
Since the second moment of PAA-</6 does not change 
significantly, libration about the C - N axis or the fast 
molecular reorientation suggested before,3) both of 
which bring changes in the intermolecular ring proton 
distances, can not be assumed to take place below 
250 K in the solid state. 

The above discussion concerning the molecular 
motion of PAA can be applied to the Tx behavior 
of PAA-</8, PAA-Û?6 , and PAA. As shown in Fig. 5, 

the plots of Tx vs. \\Thave minimum values at similar 
temperatures. This fact suggests that the motion, 
which gives the Tx minimum, belongs to the same mode 
of molecular motion for all compounds. Considering 
the spectral patterns and the second moments, this 
motion is clearly the reorientation of the methyl groups 
about the C 3 axis. 

Tx of the reorientating methyl protons may be des-

6 7 
kK/T 

Fig. 5. The temperature dependent spin-lattice relaxa­
tions for (a) PAA-ûf8, (b) PAA-J6, and (c) PAA in 
the solid state observed at 55 MHz. 

cribed by 
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where r is the distance betweeen the protons within 
the methyl group, and wu = 2nvn, va being the resonance 
frequency of the protons (55 M H z ) . The condition for 
the Tx minimum is coHrc = 0.616. In the case of the 
ring protons, Tx is very long and the contribution from 
the rotating C D 3 becomes important . Assuming that 
the 2 H relaxation of the C D 3 groups takes place mainly 
by the quadrupolar mechanism and that the correla­
tion time for the reorientation of C D 3 is the same as 
that for GH 3 of PAA-</8 at the same temperature, then 
the magnetic relaxation of the deutrons of the C D 3 

is much faster than that of the ring protons by about 
104 in the vicinity of the Tx minimum. Theoretically, 
the non-resonant spins contribute to the relaxation of the 
resonant spins.8) In this case, however, the relaxa­
tion rate of the non-resonant deuterons of C D 3 is so 
large that it may be assumed that the effect of the 
magnetization of C D 3 on the dipolar relaxation time 
Tx of the ring protons may be neglected. This dipolar 
relaxation time Tx directly arising from the rotating 
C D 3 in the weak collision limit, may be written as8 ,9 ) 

\ J- 1 /Ring * 
-yly^ 2 /D ( /D -

1 

1} Nt Ç * 

+ • 

+ 

2 l + (o>H-a)D)2T^ 2 l+wir 

3T„ 

l + (cou + œB)Hl (2) 

where a)D=27ivD and vB is the 2 H resonance frequency, 
yD and 7D are the gyromagnetic ratio and the spin 
quan tum number of deuteron, and r,lf is the distance 
between the ring proton l and the deuteron j of the 
intra- and intermolecular GD 3 groups, and Nt is the 
number of the ring protons. In Eq. 2, the condition of 
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the minimum Tx is rc = 2 . 7 x l 0 - 9 s ( v H = 5 5 . 0 M H z ) . 
Using the proton-proton distances for PAA obtained 
from X-ray analysis, Eq. 2 gives (Tx m i J R i l l g = 3.8 s, 
and the observed value is 6.4 s, approximately 6 0 % 
of the theoretical value. O n the other hand, the cal­
culated [Tx min)Methyi = 31 nis, compared to the observed 
value of 76 ms, about 4 0 % of the theoretical value. 
In both cases the observed Tx m i n is longer than the 
calculated one. As described later, the agreement is 
considered satisfactory, and it can be said that the 
Tx m l n of the ring protons is interpreted by the rotation 
of the neighboring CD 3 groups. 

The discrepancy between the observed and the 
calculated Tx m i n has already been reported for the 
hindered rotation of the methyl group in an isolated 
system, and interpreted by Johnson10) as the following : 
oscillations of the methyl group, occuring in the re­
orientation through large angles, partially average 
the dipolar Hamiltonian and the efficiency of the 
nuclear relaxation is reduced, leading to a longer 
Tx than given by the theory. Furthermore, it has 
been also shown that if there is cross-correlation, 
the relaxation is not a simple exponential decay and 
Tx obtained by the half-recovery method becomes 
longer. In our experiments, non-exponential decay 
for the relaxation of all the compounds studied was 
not observed, but the discrepancy was a little larger, 
compared with the simple methyl compounds studied 
by Johnson. This is attributed to the coupling of the 
internal rotation of the methyl group about the C3 

axis with another molecular motion. In point of fact, 
the second moment of PAA-</8 is smaller than the value 
of the isolated rotating methyl protons at this tempera­
ture. 

As given in Table 1, the activation energies obtained 
from the slopes of log Tx vs. \jT plots are similar for 
PAA, PAA-i8 , and PAA-</6 in both the low and high 
temperature sides. This is another reason why 
the same mode of the molecular motion affects 7\ 's 
of the ring protons as well as the methyl protons. T h e 
correlation time T0 was obtained from r according to 
the equation r = r 0 e x p (EJRT). T h e values of r0 for 
PAA, PAA-d8, and PAA-d6 in Table 1 are reasonable for 
the rotation of the methyl group about the C 3 axis.11'12) 
The small deviation of T0 for PAA-d& is probably due 
to the assumption contained in Eqs. 1 and 2. 

In order to explain the value of Tx m I n and the 
slight narrowing of the second moment of PAA-Ö?8 

from about 100 K to the melting point, some additional 
process of molecular motion is necessary besides the 
reorientation of the methyl group about the C 3 axis. 
From the study of Tx and T1P of PAA, it has been sug­
gested that in the temperature region between 167 

and 238 K, the slow rotation of the methyl group about 
the C - O axis is activated. However, there is not a 
clear change in the second moment of the methyl 
protons of PAA-d8, corresponding to the dual reorien­
tation of the methyl group. The second moment of 
PAA-rf8 decreases gradually from 6.0 to 3.8 G2 in the 
temperature region betweeen 100 K and the melting 
point. Thus, the slow libration about the C - O axis 
may be considered, after the reorientation of the methyl 
group about the C3 axis is activated. The effect of the 
libration on the second moment of the ring protons of 
PAA-ûf6 is estimated as being negligible, although the 
second moment decreases from 6.2 to 5.8 G2 near the 
melting point. Thus some other molecular motions are 
necessary to understand the narrowing. 

Above 286 K ( 1 / T = 3 . 5 x 10"3), a large change ap­
pears in the Tx of PAA-d6. When the temperature in­
creases, Tx is nearly constant until 364 K, and then 
Tx decreases sharply until the melting point. In this 
temperature range, however, the second moment and 
the line width decrease only to a small extent, and the 
spectral pat tern does not change at all. Such change 
is not apparent in Tx for the rotating methyl protons of 
PAA-d8, but the line width and the second moment 
of this compound decrease to nearly the same extent 
as those of PAA-d%. These facts suggest that motion 
of the whole molecule takes place at these temperatures. 
For such motion, the self-diffusion and the reorienta­
tion of the molecular axis have been assigned from the 
study of Tx and T1P of PAA.3> It should be noted 
that the motion of the whole molecule begins at tempera­
tures about 105 K below the melting point. This 
wide temperature region for the self-diffusion and the 
molecular reorientation, even in the solid state, charac­
terises the nematic liquid crystalline compound PAA. 

Assuming that the relaxation mechanism for Tx 

of PAA, PA<W8, and PAA-d6 is the dipole-dipole 
interaction, 

V^/PAA 14 V ^1 + d ^ T 
PAA-de + PAA-ds & ) 

(3) 

then, \jTx is the relaxation rate mainly due to inter­
actions between the ring and the methyl protons and 
a small contribution from the interactions of the protons 
with deuterons. O n the low temperature side of the 
Tx minimum, ljTx is negeligibly small within experi­
mental error, while on the high temperature side, 
1/7Y has a value larger than the relaxation rate of 
PAA-â?6 at all temperatures. T h e gradient of the 
log Tx vs. l/T plot has almost the same as that of 
log Tx vs. l / T for PAA, PAA-d6, and PAA-d8 which 
are shown in Table 1. Then the molecular motion 

TABLE 1. 

Compound Tx min( s) Temp(K) r0(10-^s) 
Activation energy (kj/mol) 

Low temp High temp 

PAA 
PAA-i8 

PAA-4 

0.11 
0.076 
6.3 

159 
154 
165 

1.9 
1.7 
6.4 

12.1 (±0 .7) 
11.5(±1.5) 
11.8(±0.2) 

14.3(±0.4) 
15.0(±1.9) 
13.6(±0.6) 
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which governs the temperature dependence of the 
interaction between the methyl and the ring protons 
in PAA is the same as that for the ring protons of PAA-
d6, which is considered to be the reorientation of the 
methyl groups and the motion of the whole molecule. 

In conclusion, at 77 K PAA is in a rigid lattice in 
an N M R time scale, and as the temperature increases, 
the methyl groups begins to rotate around the C3 

axis, followed by slow libration about the C - O axis. 
The other motions which change the relative position 
of the ring protons do not occur until the molecular 
overall motions, which may be self-diffusion and slow 
reorientation of the molecular axis, start to take place 
at 286 K. 
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Study of Metal-Polycarboxylate Complexes Employing Ion-selective 
Electrodes. II.1} Stability Constants of Copper(II) Complexes 

with Poly(acrylic acid) and Poly(methacrylic acid) 
Fumitaka YAMASHITA,* Tsuyoshi KOMATSU, and Tsurutaro NAKAGAWA 

Department of Polymer Science, Faculty of Science, Hokkaido University, Sapporo 060 
(Received May 26, 1978) 

The copper (II) complex formation with poly (acrylic acid) and poly (methacrylic acid) in aqueous solu­
tion was studied by Potentiometrie titration employing glass and copper(II) ion-selective electrodes. The 
values of the equilibrium constants of the complex formation and the stability constants were estimated in 
various degree of neutralization. Since the concentration of free copper (II) ions could be determined by em­
ploying the copper (II) ion-selective electrode, the concentrations of two complex species, involving one and 
two carboxylato groups, were determined from stoichiometric equations. The equilibrium and stability con­
stants of the complexes obtained were observed to pass through peaks with increase in the degree of neutral­
ization. The order of magnitude of the equilibrium constant of the poly aery late complex was larger than 
that of the polymethacrylate complex. 

Studies of bivalent metal-poly electrolyte complex 
formations by potentiometry have been reported by 
Gregor and coworkers,2) as well as by Mandel and 
Leyte.3) T h e formation curves, namely the average 
coordination numbers, of the bivalent metal-polyelec-
trolyte systems have a flat region in the range of higher 
degrees of neutralization and the value of the average 
coordination number is equal to 2. This result sug­
gests that the predominant complex in the system is 
the bivalent metal ions chelated by two carboxylato 
groups. 

Marinsky and coworkers4-6) have investigated the 
complex formation of bivalent metal ions with poly-
carboxylic acid. It is concluded, though their systems 
are composed of gels, that two carboxylato groups of 
poly (methacrylic acid) coordinate to copper (II) ions in 
the range of higher degrees of neutralization. T h e 
stability constants of some bivalent metal complexes 
were also calculated. 

O n the other hand, it seems that the results of spectro-
photometric studies have been satisfactorily interpreted. 
When the degree of neutralization is varied, the absorb-
ance of copper(II) complexes with polycarboxylate 
passes through a maximum in the course of neutrali­
zation. This fact shows that the copper(II) com­
plexes partially change in favor of some other form of 
binding, and as pointed out by Mandel and Leyte,7) 
the spectrophotometric and Potentiometrie results 
show a breakdown of the chelate in the higher neutral­
ization region. 

In our previous paper,1) it was shown that the Poten­
tiometrie titration employing ion-selective electrodes 
was available for the investigation of complex formation 
of the bivalent metal ions with polycarboxylic acid, 
especially with poly(itaconic acid). But poly (acrylic 
acid) systems were studied for comparison purposes 
and the discussion was carried out mainly on the 
basis of the formation curves of complexes. In this 
study, then, poly (acrylic acid) (PAA) and poly (meth­
acrylic acid) (PMA) were investigated by p H titration 
and potentiometry employing the ion-selective electrode, 
and the concentrations of the complexes formed and 
the formation constants were evaluated from the 
Potentiometrie data. 

Exper imenta l 

Materials. The preparation of all materials used was 
described previously.1,8) 

Potentiometrie Titration. The pH measurements were 
carried out in nitrogen atmosphere at 25±0.05 °G by use 
of a Yokogawa Model KPH-51A pH meter equipped with 
Toadenpa Model HG-4005 glass and HC-2005 calomel 
electrodes. 

The activities of copper(II) ions were measured with an 
Orion Model 801A digital ion meter equipped with Beckman 
Model 39612 Cupric and Horiba Model 2010-05T calomel 
electrodes, and the concentrations of copper(II) ions were 
estimated with the calibration curve which is obtained by 
measurements of the systems without only polyligands. The 
other conditions and techniques of potentiometry were 
described previously.1) 

R e s u l t s and D i s c u s s i o n 

Potentiometry Employing Copper(II) Ion-Selective Electrode. 
In our previous paper,1) the potentiometry employing 
a copper(II) ion-selective electrode applied to the 
copper(II) ion-polycarboxylic acid systems was dis­
cussed. In this case it was not necessary to consider the 
effect of p H , because the concentration of the bivalent 
metal ions compared with that of the polyacid is so 
low that all the metal ions exist essentially as chelates 
in the p H region where the metal hydroxides are 
formed in the absence of polyacid. 

In the case of the present study, however, nonchelat-
ed copper(II) ions exist in the p H region where the 
metal hydroxides are to be formed in the absence of 
polyacid. Thus, all the Potentiometrie measurements 
were carried out in the p H region less than 6.00. 

Concentrations of Complexes as Functions of Degree of 
Neutralization. Assuming that both monocar-
boxylato and dicarboxylato complexes are formed, and 
that the concentrations of the other complexes are 
negligible even if they are formed, the following equa­
tions hold: 

[Gut] =-- [Gu2+] -|- [CuA+] -l- [CuA2], 

[At] - [A-] + [HA] + [CuA+] + 2[CuA2], 

where [Cu t] is the total concentration of copper (I I) 
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ions and [A t] is that of carboxylato groups. In these 
equations, the values of [CuA+] (designating the 
concentration of monocarboxylato copper (I I) complex), 
of [CuA2] (that of dicarboxylato complex), and of 
[A - ] (that of nonchelating carboxylato groups) are 
unknown. In the present paper, the concentration of 
free copper(II) ions, [Cu 2 + ] , can be determined by 
Potentiometrie measurements employing the copper(II) 
ion-selective electrode. But these equations cannot be 
solved stoichiometrically without the estimation of [A~] 
based on some assumption. 

By use of the reference plot method proposed by 
Mandel and Leyte,3) the concentrations of nonchelating 
carboxylato groups, [ A - ] , can be estimated. When 
the concentrations of free copper(II) ions have been 
determined by employing the copper(II) ion-selective 
electrode, these two stoichiometric equations make it 
possible to know the concentrations of the two complex 
species, [CuA+] and [GuA2]. 

In Figs. 1 and 2, the values of [CuA+] and [GuA2] 
obtained by the above method are plotted against the 
apparent degree of neutralization a'. In Fig. 1, the 
results for the copper( I I ) -PAA system ( 9 . 9 x l 0 ~ 3 

monomol/1 PAA, 1.0 X 10~3 mol/1 C u ( N 0 3 ) 2 , and 1.0 X 
10-1 mol/1 K N 0 3 ) , and in Fig. 2 those for the cop-
p e r ( I I ) - P M A system (1.0 X 10~2 monomol/1 PMA, 
1.0 x IO-3 mol/1 C u ( N 0 3 ) 2 , and 1.0 x 10"1 mol/1 K N 0 3 ) 
are presented. As shown in these figures, the concen-

Fig. 1. Dependence of the concentrations of monocar­
boxylato and dicarboxylato copper (II) complexes, 
[CuA+] (O) and [CuA2] (# ) , on the apparent degree 
of neutralization a' for PAA system. 

!_ r 

li ~s~\ 

°0 02 04 06 a , 

Fig. 2. Dependence of the concentrations of monocar­
boxylato and dicarboxylato copper (II) complexes, 
[GuA+] (O) and [CuA2] (# ) , on the apparent degree 
of neutralization oc' for PMA system. 

trations of the monocarboxylato complex are found to 
be significantly high, though the values of [CuA+] 
are relatively small compared with [CuA2] . As the 
degree of neutralization increases, the concentrations 
of the two complex species, [CuA+] and [GuA2], 
increase and reach maxima in both systems, PAA and 
PMA. T h e values of the degree of neutralization of 
PAA at which the complex concentrations reach a 
maximum are 0.35 for [CuA2] and 0.45 for [CuA+]. 
In the case of P M A two maxima are observed; their 
degree of neutralization values are 0.27 and 0.43 for 
[CuA2] , and 0.35 and 0.60 for [CuA+]. 

It is very interesting that maxima are obtained 
in the Potentiometrie measurements. In most 
studies6,7 '9,10) of spectrophotometric measurement it 
has been observed that the absorbance due to the 
copper(II) complex with carboxylato groups increases 
and passes through a maximum with increase in the 
degree of neutralization, and that the value of the 
degree of neutralization at the maximum of the absorp­
tion is about 0.3 to 0.4 for systems composed of similar 
concentration ratios. In the study of Mandel and 
Leyte,7) it is shown that the disagreement between 
the spectrophotometric and the Potentiometrie results 
appears in the region of higher degree of neutralization. 
In such a neutralization region, the absorbance due 
to the complex formation begins to decrease, whereas 
the formation curve by potentiometry shows constant 
or increasing values. I n the present study, however, 
the variations of [CuA+] and [CuA2] against the 
degree of neutralization show a decreasing tendency; 
this fact is similar to the spectrophotometric results. 
Therefore, Potentiometrie data also show that the 
monocarboxylato and dicarboxylato copper(II) com­
plexes are partially broken or change in favor of 
some other form of binding with increase in the degree 
of neutralization. Since the concentration of hydrox­
ide ions as ligands increases in the high neutralization 
region, some carboxylato ligands may be released and 
the concentrations of the complexes may decrease. 

In Fig. 2, where the coppe r ( I I ) -PMA system is 
treated, two maxima are observed. T h e maximum in 
the region of lower neutralization may be due to the 
conformational transition of P M A which appears in 
the course of Potentiometrie titration. Here, it is 
interesting that the value of the degree of neutralization 
at the maximum agrees with that found by the spectro­
photometric measurement of the similar conditions. 
But it is not clear whether this maximum came from 
the reference plot method or the figure actually reflects 
the fact. 

In Figs. 1 and 2, moreover, in the region of higher 
degree of neutralization the concentrations of dicar­
boxylato complex show an increasing tendency again. 
In such a region, the concentrations of nonchelating 
carboxylato groups are very high, whereas the con­
centrations of free bivalent metal ions are negligibly 
low; such an equilibrium is difficult to treat precisely. 
O n the other hand, the estimation of the concentration 
of nonchelating carboxylato groups by Mandel 's 
reference plot method may become inapplicable because 
of the higher charge density on the polyions. Thus, 
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a precise discussion is impossible in the region of such 
a degree of neutralization. 

Stability and Equilibrium Constants of Complexes. 
The stability and equilibrium constants of the cop-
per(II) complex with PAA calculated from the con­
centrations of the complexes obtained by the above 
mentioned method are shown in Table 1. 

TABLE 1. STABILITY AND EQUILIBRIUM CONSTANTS OF 

Cu(II)-PAA COMPLEXES 

TABLE 2. STABILITY AND EQUILIBRIUM CONSTANTS OF 

Gu(II)-PMA COMPLEXES 

a' A Ä 5, 5, ' 

0.00 
0.05 
0.10 
0.15 
0.20 
0.25 

0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 

9.3X101 

2 . 0 x l 0 2 

1.9x10 s 

3 . 0 x l 0 2 

4 . 1 x l 0 2 

8 . 2 x l 0 2 

1.3x10 s 

2 .5x10 s 

4 . 4 x 1 0 s 

7.3x103 
1.1x10* 

1.5x10* 
1.7x10* 
9.7x103 
3 .5x10 s 

3 . 8 x l 0 5 

3 . 7 x l 0 5 

7 . 2 x l 0 5 

9 .5x10 s 

1.4x10« 
2 .0x10 e 

2 . 8 x l 0 6 

3.7x10« 
4.7x10« 
5.9x10« 
8.0x10« 

1.2x10 ' 
1 .7x10' 
2 . 5 x 1 0 ' 
4 . 0 x 1 0 ' 

6 .5x10-* 
5.1x10"* 
7.8x10-* 
9 .5x10-* 
1.4x10-3 
1.3X10-3 

1.3x10-3 
i . i x i o - 3 
9.6x10-* 
7.9x10-* 
7.2x10-* 

6 .7x10-* 
6 .6x10-* 
7.0x10-* 
7.3x10-* 

1.3X10-6 

9.9x10-« 
1.4x10-* 
1.5x10-* 
1.8x10-* 
1.9x10-* 

1.8x10-* 
1.6x10-* 
1.2x10-* 
8.3x10-« 
7.4x10-« 

6.7x10-« 
5.2x10-« 
4.8x10-« 
4.3x10-« 

T h e parameters ßlt ß2, B2, and B2 in the table will 
be discussed in some detail. When the concentration 
of nonchelating carboxylato groups is estimated, the 
effect of the change in the electrostatic potential on 
the polyion is considered in the reference plot method. 
The stability constants of the momocarboxylato and 
dicarboxylato complexes, ßx and ß2, apparently vary 
with increase in the degree of neutralization. In the 
estimation of such a constant of polymer systems, 
therefore, it seems that the variation of the charge 
density on the polyion must be taken into account, 
as is shown in the series of these constants. 

Then, consider the following equilibrium equation 
and constant: 

Cu2+ + 2HA CuA2 + 2H+, 5 2 = 
[CuA2][H+]2 

[Gu2+][HA]2 

Since the complex formation on the polyion is described 
as an exchange of copper (II) ion with two hydrogen 
ions, the total charge on the polyion remains unchanged 
by the chelate formation. Then, the B2 without the 
effect of the change in the charge density may be 
constant. As is shown in Table 1, the sufficiently 

ßx 5 , 5 / 

0.00 
0.05 
0.10 
0.15 
0.20 
0.25 

0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 

l .OxlO 1 

1.9xl0 2 

2 . 9 x l 0 2 

6 . 4 x l 0 2 

1.2x103 
3.4x103 

8 .0x10 s 

1.5x10* 
1.8x10* 
2.1x10* 
2.4x10* 

4.0x10* 
6.0x10* 
7.5x10* 
7.3x10* 

4.9x10* 
1.6x10« 
2.6x10« 
3.3x10« 
4.0x10« 
5.3x10« 

9.3x10« 
1.2x10« 
1.6x10' 
1 .8x10' 
1.8x10' 

1.5x10' 
1.3x10' 
1 .5x10' 
2 . 2 x 1 0 ' 

4 .8x10-* 
1.1X10-* 
1.3x10-* 
1.2x10-* 
1.0x10-* 
8.3x10-* 

6.6x10-* 
5.5x10-* 
5.4x10-* 
5.3x10-* 
5.0x10-* 

4.0x10-* 
3.2x10-* 
1.8x10-* 
2 . 8 x 1 0 * 

1.0x10-« 
2.2x10-« 
2.5x10-« 
2.5x10-« 
1.6x10-« 
1.3x10-« 

9 .5x10 - ' 
7 . 3 x 1 0 - ' 
7 . 0 x 1 0 - ' 
6 . 0 x 1 0 - ' 
4 . 8 x 1 0 - ' 

3 . 3x10 - ' 
2 . 8 x 1 0 - ' 
1 .8x10- ' 
1 .7x10- ' 

constant values of B2 were not obtained. 
O n the other hand, the following equilibrium equa­

tion and constant have been proposed by Wall and 
Gill:11) 

Gu2+ + H2A2 CuA2 + 2H+, 5 2 ' = 
[CuA2][H+]2 

[Cu2+][H2A2]-

The results by this scheme with the relation of [H2A2] = 
1/2 [HA] are shown in Table 1, and the values of B2 

still failed to be constant. 
In all ways of evaluating the constants, no constant 

values independent of the degree of neutralization 
were obtained, but orders of magnitude of the constants 
may be estimated as 106 for ß2 and 10~3 for B2 in the 
copper ( I I ) -PAA system. 

In Table 2, the results with the copper ( I I ) -PMA 
system obtained by the same scheme of estimation are 
shown. Since the values of the stability and equilib­
r ium constants of the copper(II) complex with PMA 
vary over a wider range, it is rather difficult to deter­
mine the order of magnitude of these constants, and 
the values are roughly 10 - 5 for B2. 

Comparing the values of these constants and their 
dependence on the degree of neutralization, it is seen 
that the PAA complex is relatively more stable than 
the PMA complex. But it is also suggested that the 
effect of the charge density on the polyion is not the 
only predominant factor in such a complicated complex 
formation as polyelectrolytes, and the conformational 
transition must be considered not only by acid dis-

TABLE 3. COMPARISON OF STABILITY AND EQUILIBRIUM CONSTANTS WITH VALUES OBTAINED BY SOME AUTHORS 

Gu(II)-PAA 

Gu(II)-PMA 

[At] 

( 1X10-2 

1 X 10-2 

2.5x10-3 
[ 2x10-3 

1 X 10-2 

2 x l 0 " 2 

5.5x10-3 

[Gut] 

1 X 10-3 
lXlO-3 
2x10-* 
2x10-* 

l x lo- 3 

2x10-3 
4 .4x10-* 

M 

0.1(KNO3) 
0.2(NaNO3) 
0.25(NaNO3) 
0.1(NaNO3) 

0.1(KNO3) 
0.1(NaNO3) 
0.1(NaNO3) 

Constant 

5 2 = 7 x l 0 - * 
5 2 = 4.6x10-3 
5 2 = 1.5x10-* 
5 2 = 4 x l 0 - 2 

5 2 ^10-* 
5 2 = 2 . 5 x l 0 - * 
5 2 = 2 . 5 x l 0 - * 

Ref. 

by present analysis 
2 
12 
13 

by present analysis 
3 
14 



January, 1979] Study of Metal-Polycarboxylate Complexes Employing Ion-Selective Electrodes. II 33 

sociation but also by chelation and the other steric 
factors. 

In Table 3, the stability and equilibrium constants 
reported previously and estimated by the present 
analysis are summarized. Although it is meaningless 
to compare the absolute values of these constants, 
as was stated above, the agreement of the order of 
magnitude of these constants is apparent . 

Thus, the conclusion is as follows. The stability 
and equilibrium constants of the copper (II) complexes 
with PAA and P M A (apparently) change with increase 
in the degree of neutralization ; the order of magnitude 
of these constants can be estimated ; and the B2 values 
of the dicarboxylato copper (II) complex are of the 
order 10~3 for PAA and 10~4 for PMA, respectively. 
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The monolayer properties of chiral and racemic 12-hydroxyoctadecanoic acids (12HOA) have been 
studied. Both acids showed, in each pressure-area isotherm, a pressure plateau. This was interpreted as 
a two-dimensional phase transition region: from the expanded monolayer composed of bent chain molecules 
with both the hydroxyl and carboxyl groups attached to the water surface, to the condensed monolayer 
composed of straight chain molecules oriented steeply to the water surface. It was suggested by measuring 
infrared spectra of the collapsed films and the built-up films that the condensed monolayer involves inter-
molecular hydrogen bonds. Differences between (R)- and rf/-12HOA were found in the plateau pressure 
and its temperature dependence leading to the transition energy. These results were attributed to the 
formation of a recemic molecular compound during condensation of monolayers of <#-12HOA, prior to col­
lapse, followed by a different manner of hydrogen bonding. Electron microscope observation gave strong 
evidence for the two-dimensional racemic compound formation. On the basis of these results and the X-ray 
diffraction data, molecular packing models in the condensed monolayers were proposed. 

A racemic modification forms a racemic molecular 
compound, a solid solution, or a mixture in the crystal­
line solid state, while it behaves as a mixture in the 
liquid state and in solution. Since monolayers at 
the air-water interface show some different phases 
during compression, it is interesting to examine the 
formation of a racemic compound in the monolayer 
state. Lundquist1) found, for 2-alkanols and certain 
derivatives, a monolayer behavior which was interpret­
ed as the formation of a racemic molecular compound 
between enantiomer molecules. For study of this 
problem, 12-hydroxyoctadecanoic acid (12HOA) is 
especially well suited, since both enantiomers and the 
racemic form of this acid are readily prepared and 
they form stable monolayers at the air-water interface. 
Electron microscopic evidence was given in a recent 
communication from our laboratory that the racemic 
compound formation occurs in a monolayer state of 
this acid prior to collapse.2> 

T h e present paper has two main objects. First, 
monolayer studies of (i?)-12HOA3) are described in 
detail, since such studies have hitherto not been pub­
lished. Next, the monolayer data for the chiral form 
and the racemic form are compared. 

E x p e r i m e n t a l 

Materials. (i?)-12HOA was purified from commercial 
products as previously described.4) The tf-enantiomer (the 
^-acid) and the racemic acid (the c?/-acid) were prepared 
by the methods described previously from the methyl ester 
of the Ä-enantiomer (the i?-acid).4> The purity estimated 
from gas chromatography and melting points of these 
samples were as follows: i?-acid, 99.9%, 353.1 K (h\4) 
353.6 K) ; S-acid, 99.0%, 352.7 K; rf/-acid, 99.1%, 349.8 K 
(lit,4) 352.3 K). 

Methods. All films were spread from solutions in 
doubley-distilled benzene on a substrate of 0.01 M hydro­
chloric acid. The water for the substrate was twice dis­
tilled. Surface pressure was measured on a Wilhelmy-
plate balance with an accuracy of ±0 .2 mN m_1. Compres­
sion was done manually and, in certain cases, by a motor-
driven device. The temperature of the substrate was con­
trolled within ±0.1 K of the desired value. The surface 
potential was measured by an ionization method. 

Infrared spectra were recorded with a JASCO IR-A3 

spectrophotometer. Powder X-ray diffraction patterns were 
obtained by a Rigaku Geiger-Flex 2001 diffractometer. 
Samples of collapsed films were transferred from the film 
balance to collodion-covered supports, shadow-cast with Pd-
Pt alloy at an angle of 20° to the surface, and examined 
in a JEM-T6 electron microscope. 

R e s u l t s a n d D i s c u s s i o n 

Monolayer Isotherms of (RJ-12HOA. Molecular 
Conformations in Monolayers: The isotherms are shown 
in Fig. 1. The pressure-area curve (n-A curve) is 
composed of three par ts : (i) a compressible region 
above about 95 Â2 molecule - 1 , a—b, (ii) a plateau, 
b—c, characterized by a nearly constant pressure in 
a range of 25 to 95 Â2 molecule - 1 and (iii) a highly 
incompressible region, c—d, with the extrapolated area 
at zero pressure of 24 Â2 molecule - 1 and a collapse at 
a pressure of about 35 mN m - 1 . The a—b region ap­
pears to be a par t of an expanded film, as has been 
seen with long chain fatty acids having m-double 

0 50 100 

A/A2 molecule-1 

Fig. 1. Monolayer isotherms of (Ä)-12HOA and octa-
decanoic acid (OA). , n-A of (Ä)-12HOA 
(20 °G); , n-A of (/2)-12HOA (27 °G); 
n-A of OA (20 °C). 
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bonds or side chains. The c—d region is part of a 
condensed film ; it is close to the isotherm of a condensed 
film of octadecanoic acid, represented by a dotted line 
in Fig. 1. Thus the isotherm shape indicates that 
the plateau represents not the collapse of the film, but 
a sharp phase transition between the expanded film 
and the condensed film. 

The n-A curve in Fig. 1. could be interpreted in 
terms of an orientation and a conformation of the 
long chain molecule with a hydroxyl group at the 
12 position, as made for isotherms of 2-(10-carboxy-
decyl) - 2 - hexyl - 4,4 - dimethyl - 3 - oxazolidinyloxyl ( 12-
nitroxide stearic acid),5) 9-hydroxyhexadecanoic acid,6) 
and 4-hydroxyoctadecanoic acid,7) which resemble the 
isotherm of 12HOA in shape. Although the 12HOA 
molecule can assume various conformations, it seems 
to be reasonable to take the following two conforma­
tions into consideration: (a) a straight chain molecule, 
in which the long chain is steeply oriented to the water 
surface with only the carboxyl group in the surface 
and the hydroxyl group out of the surface, and (b) a 
bent chain molecule, in which the long chain is bent 
with both the carboxyl group and the hydroxyl group 
attached to the surface. These forms are illustrated 
in Fig. 2. The packing mode of these molecules in 
monolayers was considered using molecular models, for 
which one should refer to the Appendix. The closest 
packing area for the straight chain molecule was 
24.1 Â2 molecule - 1 , assuming that the straight chain 
molecules are steeply oriented to the interface 
and that intermolecular hydrogen bonds are formed 
between the hydroxyl groups of the adjacent molecules. 
This value agrees well with the limiting area, extra­
polated to zero pressure, of 24 .0± 1.0 Â2 molecule - 1 . 
When the bent chain molecules are most closely 
packed with the GH 3 (GH 2 ) 5 — chain oriented steeply 
to the water surface, the minimum area calculated 
from the molecular model was 91 Â2 molecule - 1 , as 

(a) (c) 

Fig. 2. Conformations of (Ä)-12HOA at the air-water 
interface, a) Straight chain molecule; b) bent chain 
molecule; c) occupation of a bent chain molecule at 
the water surface. The close-packed area per mole­
cule is approximated to that of a rectangle, 19.5X 
4.66 = 91 (A2 molecule"1). 

shown in Fig. 2(c). This value is close to the observed 
value of the area at an inflection point, b in Fig. 1, 
92—104 Â2 molecule - 1 (dependent on temperature) , 
at which further compression gives the plateau. It can 
therefore be presumed that the a—b region in Fig. 1 
exhibits an isotherm of the expanded film composed 
of the bent chain molecules, and that the sharp break 
at the point b indicates the expulsion of the hydroxyl 
groups from the interface. Adopting such a picture, 
the plateau region, b—c in Fig. 1, could be regarded 
as a transition state between film phases composed of 
the straight chain molecules and of the bent chain 
molecules. Thus, in this region, coexistence of the 
two phases under a constant pressure and temperature 
can be postulated from the two-dimensional phase rule. 

The above-mentioned explanation was also supported 
by the data of surface dipole moments, //, calculated 
from the surface potential. The ju-A curve is given 
by a broken line in Fig. 1. Here it is seen that the 
values of ju are little changed by compression in the 
same areas as the a—b region of the n-A curve, and 
that they decreased sharply from 490 to 220 m D in 
the plateau of the n-A curve. The final value, 220 m D , 
is comparable with the value reported for octadecanoic 
acid monolayer, 210 mD.8) This result presents evi­
dence that the molecule in the a—b region lies with 
a certain orientation of the polar groups on the surface 
and that the orientation or/and the change of confor­
mation of the molecule occurred during compression in 
the pressure plateau region. Thus, the ju-A isotherm 
confirms the above-mentioned explanation for the 
n-A curve; the plateau is a transition region between 
a film phase composed of close-packing of the bent 
chain molecules and that composed of close-packing 
of the straight chain molecules. A gaseous film would 
presumably exist at pressures lower than those in the 
a—b region. 

Recently, Kellner and Gadenhead6) obtained the 
n-A and ju-A isotherms for âf/-9-hydroxyhexadecanoic 
acid. These are very similar to those for (i?)-12HOA, 
and show the presence of a plateau in the n-A curve 
and the sharp change of ju in that region. This indi­
cates that these two substances behave in a similar 
manner. They also interpreted the point of inflection 
corresponding to the point b in Fig. 1 as the area at 
which there occurs the expulsion of the hydroxyl 
groups from the interface. The value of the area at 
the point estimated from their curve is 68—74 Â2 

molecule - 1 (28.0—8.4 °C) ; this is close to the value 
of the most closely packed area calculated from our 
molecular model of the bent chain molecules, 69 Â2 

molecule - 1 . 

Temperature Dependence'. The temperature depend­
ence of the n-A curves, as shown in Fig. 3, was normal ; 
the plateau pressure rose with increasing temperature. 
As mentioned already, the plateau is the result of a 
phase transition connected with a change in the mo­
lecular conformation. O n the basis of this considera­
tion, the heat of transition, A/ / , from a film of bent 
chain molecules to that of straight chain molecules 
can be calculated from the two-dimensional Clausius-
Clapeyron equation, dntldT=AH/TAA, where nt is 
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Fig. 3. Temperature dependence of n-A curves of (R)-

12HOA. 

the plateau pressure, AA is net change in molar area, 
and AH is the molar enthalpy change accompanying 
the transition at this temperature. T h e calculation 
was made by the same procedure as that of Glazer 
and Alexander,9) who estimated the energy change 
involved in the phase transition of long chain urea 
monolayers. From the thermodynamical equation, 
AH=AE+7iAA, the net change in molar internal 
energy accompanying the transition, AE= —17.1± 
0.3 k j mol - 1 was obtained. T h e value is negative, 
indicating an energy generation during the transition 
from the expanded film to the condensed film. The 
observed value of AE is the sum of the energy for 
breaking hydrogen bonds between the hydroxyl groups 
on the bent chains and the water molecules, and the 
cohesional energy between close-packed steeply-orient­
ed straight chains. I t is interesting to investigate 
whether or not the cohesional energy includes hydrogen 
bond formation energy between the hydroxyl groups 
on the straight chains, in addition to van der Waals 
energy between the methylene groups. This will be 
described in the following section. 

Hydrogen Bonding in Monolayers: As shown in Fig. 1, 
the n-A curve in the condensed film of (Ä)-12HOA 
resembles closely that of octadecanoic acid. However, 
differences were seen for the apparent viscosity and 
the collapse pressure. The condensed film of (R)-
12HOA was very viscous, as compared with that of 
octadecanoic acid. This fact was found by blowing 
talc powder sprinkled on the film surface. The col­
lapse pressure (the maximum pressure attainable) was 
S ö m N m - 1 for (Ä)-12HOA and 42 m N m - 1 for octa­
decanoic acid. These differences should be undoubt­
edly attr ibuted to some effect of the hydroxyl groups 
on the formation of the condensed films. In bulk 
also, the effect of the hydroxyl groups is clearly observ­
ed; the melting point is 10 K higher for (i2)-12HOA 
(353.6 K) than for octadecanoic acid (343.6 K ) . 

The role of the hydroxyl groups in the molecular 
cohesion was investigated by measuring infrared spectra 
for (Ä)-12HOA in various states. Figure 4 shows the 
hydroxyl bands due to the stretching vibrations ac­
companied by bands due to the vibrations of the meth­
ylene and methyl groups. Two sharp bands at 3190 
and 3290 cm" 1 due to the hydrogen bonded hydroxyl 

c 
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Fig. 4. IR spectra of (i?)-12HOA in various states. 
Crystalline powder in hexachlorobutadiene mull. 
Isotropic soin, in GC14 (0.25% (w/v), 25 °C). 
Jelly with GG14 (1.0% (w/v), 25 °C). 
Collapsed films. 
Built-up films on a CaF2 plate. The angle of 

incidence was normal to the plate. 

a) 
b) 
c) 
d) 
e) 

groups10^ are found for the crystalline powder. The 
spectral appearance is very similar to that of crystalline 
methanol,11) in which infinite zigzag chains of hydrogen 
bonds are formed.12) 

O n the other hand, it is particularly noteworthy 
that solutions of (Ä)-12HOA in carbon tetrachloride 
or aromatic solvents form jellies above a certain con­
centration, while octadecanoic acid separates out as 
crystals from the saturated solutions in the same sol­
vents. An isotropic solution of (#) -12HOA in carbon 
tetrachloride exhibited the absorption bands at 3640 
and 3550 c m - 1 due to the free hydroxyl groups and 
the free carboxyl groups, respectively, in addition to 
the absorption bands at 3190 and 3290 cm- 1 due to 
the hydrogen bonded hydroxyl groups. When con­
centration was above 0.4 percent (w/v) at 25 °C, the 
solutions became jellies which gave only the hydroxyl 
bands at 3190 and 3290 cm"1 . This result indicates 
that the jelly is held by molecular association due to 
intermolecular hydrogen bonding in which almost all 
the hydroxyl groups are taking part. Evidently, 
hydrogen bonding plays a prominent role in determin­
ing the intermolecular properties of (R)-\2HOA in 
bulk. 

Infrared spectra were measured also for the collapsed 
films obtained out of the interface, and for the built-up 
films transferred to a calcium fluoride plate from the 
condensed film at a pressure of 16 mN m" 1 on a 0.01 M 
hydrochloric acid substrate by using the Blodgett 
technique.13) Both the collapsed films and the built-up 
films gave almost the same hydroxyl absorption char­
acteristics as did the crystals. The spectral results 
suggest that molecular association in the condensed 
monolayers at the water surface also involves inter­
molecular hydrogen bonding in a similar manner to 
that in the condensed states in bulk. 

Comparison between the Chiral and Racemic Forms. 
The Bulk States: Before the monolayer behavior of 
the chiral form is compared with that of the racemic 
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Fig. 5. IR spectra of (a) collapsed film of dl-\2HOA, 
(b) crystalline powder of d/-12HOA, and (c) that of 
(Ä)-12HOA in hexachlorobutadiene mull. KBr disk 
method sometimes gave the spectra without 3640 cm - 1 

band of <fl-12HOA. 

form, it is necessary to elucidate differences between 
the two forms in the bulk behavior. The phase dia­
gram of the R—S system for 12HOA was reported by 
Uzu and Sugiura,14) who provided evidence that the 
R- and £-acids form a racemic compound in the crystal­
line state. The infrared spectra of the chiral and 
racemic forms in the crystalline state in Fig. 5 exhibited 
a difference in the absorption due to the hydroxyl 
groups; the ö?/-acid exhibited an absorption band at 
3640 c m - 1 due to the free hydroxyl groups in addition 
to that at 3400 c m - 1 due to the hydrogen bonded 
hydroxyl groups, whereas the i?-acid had no absorp­
tion band due to the free hydroxyl groups. This result 
revealed that appreciable numbers of free hydroxyl 
groups exist in the crystalline state of the racemic 
form, in contrast with that of the chiral form. 

Furthermore, a difference was found for the loca­
tion of the hydrogen-bonded hydroxyl bands; they 
shifted to lower frequencies for the i?-acid than for the 
oxacid. As is well known, the hydrogen-bonded 
hydroxyl band shifts to lower frequency when the 
hydroxyl groups form multiple hydrogen bonding. 
For exapmle, such a result was presented for methanol 
by Thiel et al.15) Therefore, the present spectral 
results led to the following interpretations as to the 
arrangement of 12HOA molecules in the crystalline 
state. 
(i) The R-Zicid molecules are favorably located in such 
a way that their hydroxyl groups link them by multiple 
hydrogen bonding, forming long sequences of hydro­
gen bonds. 
(ii) The dl-acid forms a racemic compound, and the 
resulting steric hindrance prevents participation of 
all the hydroxyl groups in the formation of hydrogen 
bonds, leaving free a part of the hydroxyl groups 
and making impossible the development of the hydrogen 
bond sequences. 

The i?-acid sets, as described already, to a jelly in 
carbon tetrachloride solution above a certain concentra­
tion, whereas the âf/-acid separates out as crystals of a 
racemic compound from carbon tetrachloride solution. 
This fact also would be explained by a difference in 
the mode of the hydrogen bonding between the R-
acid and the öf/-acid, since it is well known that a gel 
is composed of a network structure of polymer chains 
in which the solvent is trapped. The âf/-acid behaves 
like octadecanoic acid in carbon tetrachloride solution 
in the point that both acids separate out as crystals 
and do not form jellies. 

The miscibility of the chiral form and the racemic 
form with octadecanoic acid also shows a difference 
of the i?-acid from the âf/-acid in cohesional property. 
This was found by examining X-ray diffraction pat­
terns for powder specimens which were prepared by 
fusing the i?-acid or the t//-acid with octadecanoic 
acid. Figure 6 illustrates the typical patterns for the 
binary systems. It is seen from the results that the 
âf/-acid forms a series of solid solutions with octadeca­
noic acid in a range of up to 25 mole percent of the 
latter, while the i?-acid forms no solid solution with 
octadecanoic acid. Here again one finds a similarity 
of the öf/-acid to octadecanoic acid in cohesional pro­
perty. Probably, in the i?-acid-octadecanoic acid 
system, formation of the solid solution is prevented 
by strong cohesion between the i?-acid molecules due 
to the formation of the hydrogen bond sequences. 

The Monolayer States: The isotherms for the £-acid, 
as one expects, agreed quite well with those of the 
i?-acid. The n-A and //-A isotherms for the öf/-acid 
were essentially similar to those for the enantiomers, 
except that the âf/-acid exhibited higher plateau pres­
sures than did the enantiomers at the same temper-
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Fig. 6. X-Ray diffraction patterns (Cu Kot). 
a) <//-12HOA; b) dl-\2HOA: OA = 77: 23 (mol%); 
c) dl-\2HOA: OA = 64 :36 (mol%) ; d) OA; e) (R)-
12HOA: OA = 97: 3 (mol % ) ; f) (Ä)-12HOA. 
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atures. T h e temperature dependence of the plateau 
pressure revealed the difference more clearly, as seen 
in Fig. 7. The value of AE was —14.0±0.3 k j mol - 1 

for the dl-acid, compared with —17.1 ± 0 . 3 k j m o l - 1 

for the R-acid. Since there is no reason to believe 
that the chiral and racemic forms exhibit a difference 
in the energy which is involved when the film mole­
cules change their conformations from the bent chain 
to the straight chain, detaching the hydroxyl groups 
from the interface, the difference of AE observed may 
be taken as that of the cohesional energy for formation 
of the condensed film from the expanded film. Thus , 
it can be seen that the condensed film of the i?-acid 
is thermodynamically more stable than that of the 
dl-acid. This is consistent with the observation that 
the plateau pressure (i.e. the phase transition pressure) 
at the same temperature is lower for the Z?-acid than 
for the dl-acid. O n the other hand, the chiral form 
(mp 353.6 K) has a higher melting point than the 
racemic form (mp 352.3 K ) , i.e., in the crystalline state, 
the former has stronger cohesion than the latter. The 
similarity of the dl-acid to octadecanoic acid observed 
in bulk was found also for their monolayer behavior; 
addition of 10 mole percent of octadecanoic acid led to 
a pressure rise of 0.7 m N m _ 1 for the plateau pressure 
of the /?-acid, while little rise was found for that of the 
dl-ac\d. O n the basis of these facts, it is supposed 
that the condensed films of the Zü-acid and the dl-a.cid 
respectively have structures corresponding to those 
in bulk. Thus there is a possibility that a racemic 
compound of the dl-acid is formed in the condensed 
monolayer state as well as in the crystalline state. 
In order to investigate this problem, infrared spectral 
observations were made on collapsed films removed 
from the compressed monolayer of the dl-acid. T h e 
same spectra as those for the crystalline powder were 
obtained, as shown in Fig. 5.16) This is taken as 
evidence that a racemic compound is formed in the 
condensed monolayers at the air-water interface. 
At the same time, presumably free hydroxyl groups 
are present in the monolayer as well as in the crystals. 
This explains the weaker cohesion in the monolayer 
of the dl-acid than in that of the R-acid. 

The condensed monolayer states of the Ä-acid and 
the dl-acid respectively were examined by using two-
dimensional packing models of molecules. The models 
demonstrate tha t : (i), the i?-acid molecules are capable 
of forming multiple hydrogen bonds which leads to 
long sequences of hydrogen bonds, and (ii), when the 
dl-acid forms a racemic compound with simultaneous 
formation of intermolecular hydrogen bonds between 
R- and S-acid molecules, steric hindrance imposes 
restraint on the formation of multiple hydrogen bonds 
through the dl-acid molecular compounds and leaves 
some of the hydroxyl groups free. The details will 
be described in the Appendix. These models explain 
satisfactorily the differences between the Z?-acid and 
the öfZ-acid not only in the monolayer state, but also 
in the crystalline state, because X-ray diffraction studies 
showed that the crystals of both the Z?-acid and the 
dl-acid are composed of layer structures. 

Electron Microscope Observation. It has been found 
by electron microscope observation that, when 12HOA 
is crystallized out from solution, the enantiomer pro­
duces helically twisted fibers, the helical sense of which 
is left-handed for the i?-acid and right-handed for the 
»S-acid, and that the racemic dl-acid separates as crystals 
in the form of flat platelets.4) To study whether or 
not similar structures are also found for collapsed frag­
ments of the monolayer, the monolayers were com­
pressed continuously to a certain area at a rate of 18 
Â2 molecule - 1 h _ 1 and immediately thereafter they were 
transferred to collodion supports by using the hori­
zontal lifting method.17) Prior to the transfer, the 
surface of the support had been treated with a dilute 
aqueous solution of Aerosol O T . This treatment 
made the surface hydrophilic and facilitated adhesion 
of the film samples to the support. Collapse structures 
were found to appear when the films were compressed 
below 21 Â2 molecule"1. Figure 8 shows electron 
micrographs at an apparent area of 16 Â2 moleucle - 1 . 
The micrographs for the enantiomers show twisted 
fibers around 800 Â in width, in addition to flat planer 
structures, which have been observed in the monolayer 
collapse of long chain fatty acids.18) Twisting seems 
to occur when collapse structures are very thin ribbon­
like fibers. Special attention was paid to the twisted 
fibers, which are characteristic of the hydroxy acid. 
T h e sense of twist is left-handed for the iü-acid and 
right-handed for the S-acid. This chiral relationship 
is quite the same as that observed for the twisted fibers 
separated from solution. Rapid compression to areas 
smaller than the collapse point yielded no twisted 
fibers but flat structures and amorphous molecular 
aggregates. The twisted fibers observed here seem to 
result from a slow collapse process, as described by 
Neuman.19) 

The dl-acid produced not fibers but platelets, as 
shown in Fig. 8(c), from the monolayer as well as from 
solution. By comparing this result with the phase 
diagram of the R-S system,14) it is reasonable to consider 
that the platelets are composed of a racemic molecular 
compound which appears in the bulk crystalline solid. 
Presumably the two enantiomers exist in a merely 
stoichiometric mixture in the monolayer at large areas 
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Fig. 8. Electron micrographs of collasped films of 12HOA. 
a) (7?)-12HOA, left-handed twist; b) (£)-12HOA, r ight-handed twist; c) J M 2 H O A . 
These photographs were made to show the same sense as that of the twist in the specimen. 

as in t h e b u l k l i qu id phase , 1 4 ) b u t fo rm a r a c e m i c 
m o l e c u l a r c o m p o u n d d u r i n g c o m p r e s s i o n of t h e p l a t e a u 
r eg ion in t h e i s o t h e r m . 

S u m m a r i z i n g these resul ts , t h e p r e s e n t s tudies l e ad 
us to c o n c l u d e t h a t t h e e n a n t i o m e r i c m i x t u r e forms 
a r a c e m i c c o m p o u n d in t h e c o n d e n s e d m o n o l a y e r 
s t a t e , as r ea l i zed in t h e c rys ta l l ine solid. 

A p p e n d i x 

Molecular Packing in Condensed Monolayers of 12 HO A. 
I n considering the molecular packing in the condensed 
monolayers, the arrangement of both the carboxyl groups 
and the hydrogen-bonded hydroxyl groups should be taken 
into account at the same time. It seems reasonable to 
consider the packing models with reference to the bulk 
crystalline data , since a relationship between molecular 
packing in monolayer states and bulk phase structures has 
been recently found for long chain fatty acids20) and 
phospholipids.21) I t was also found for cholesterol that 
the polymorphic crystalline transition was reflected in the 
temperature dependence of the equilibrium spreading pres­
sure.22) For 12HOA, the present studies revealed that 
various properties in the bulk crystalline phases are retained 
in the monolayer states. This fact implies that the mono­
layer structure is closely related to the crystal structure. 

X-Ray analyses for single crystals of 12HOA have not 
been carried out on account of the difficulty of obtaining 
appropriate single crystals. However, the powder X-ray 
diffraction patterns and the infrared spectral results give 
considerable information about the crystal lattice, particu­
larly for the subcell introduced by Vand23> for packing of 
long hydrocarbon chains in unit cells. Powder X-ray 
diffraction patterns showed that side spacings of the /2-acid 
and the rf/-acid were quite different and that , therefore, 
the two acids belonged to different packing modes. Infrared 
absorption spectra for the GH 2 vibration of hydrocarbon 
chains showed that the splittings for C H 2 scissoring (at 
about 1470 cm"1) and GH 2 rocking (at about 720 cm - 1 ) 
vibrations were found for the dl-acid crystals, but not 
for the Ä-acid (Fig. 5) . If this result leads to the same 
relationship as that between the type of subcell and the 
GH2 vibration spectra established for normal paraffins24) 
and for octadecanoic acid,25) it seems reasonable to assume 
tha t : the R-acid belongs to triclinic subcell, as does the 
A-form of octadecanoic acid; the (//-acid belongs to the 
orthorhombic subcell, as do the B- and C-forms of octa­

decanoic acid; and the hydrocarbon chains are, in respec­
tive cases, packed in each subcell. The main difference 
between the two packing modes is that every second chain 
plane is almost perpendicular to its neighbors in the 
orthorhombic subcell, while all chain planes are parallel to 
one another in the triclinic subcell. 

The long spacing was obtained to be 46.7 Â for the 
Ä-acid and 43.8 A (lit,26) 44.3 Â) for the rf/-acid. T h e 
latter value is close to that for the B-form of octadecanoic 
acid (lit,27) 43.85 A) . Fur thermore, it may be mentioned 
that the acute angle between the edges in rhombic plate-
shaped crystallites of the dl-acid in Fig. 7(c) is about 70°. 
T h e B- and C-forms of octadecanoic acid are known to 
give rhombic plate-shaped crystals with acute angles of 
74°27> and of 56°,28) respectively. These facts imply that 
the crystal structure of the dl-acid could be associated with 
tha t of the B-form of octadecanoic acid. 

In the condensed monolayers at the water surface, 
molecules are two-dimensionally close-packed with the 
straight chain oriented steeply to the water surface. In 
this case, the molecular packing will be discussed with 
reference to that in the crystalline states described above; 
the concept of 'subcell' is utilized in order to predict the 
arrangement of hydrocarbon chains close-packed in the 
condensed monolayers. 

Thus , packing models were constructed as follows. 
(i) A projection of a straight chain molecule of the R-acid 

is illustrated in Fig. 9(a) , as suggested by Void.29) The 
iS-acid is a mirror image of it. 
(ii) The extent of a carboxyl group at tached to an end 
of the chain is neglected, when hydrocarbon chains are 
packed in subcells. The assumption that the lateral packing 
in monolayers is similar to that in the crystals leads to 
tilting of the chains, which facilitates packing of carboxyl 
groups.30) 
(iii) A hydrogen atom of a free O H group occupies the 
range enclosed by a dotted line in Fig. 9(a) , because of 
free rotation of the O H bond around the G - O bond axis. 
O n the other hand, when the chains are linked by hydrogen 
bonds, two oxygen atoms on the adjacent chains are 
brought almost into contact and the extent of a hydrogen 
atom, which is located between the oxygen atoms, can be 
neglected. 
(iv) Units of C H 2 C H O (represented by a thick line in 
Fig. 9(a)) are packed in the above-designated subcells; a 
triclinic subcell for the tf-acid and an or thorhombic subcell 
for the dl-acid. 
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(a) 

(b) 

(c ) 

Fig. 9. Molecular models viewed from above. 
a) A projection of a straight chain molecule of (R)-
12HOA on a plane perpendicular to the chain axis; 
b) proposed packing model for (i2)-12HOA in the 
condensed monolayer state; c) proposed packing 
model for the ^Z-12HOA in the condensed monolayer 
state. The a s b s planes are in the sheet of the 
paper , to which the molecular axis is perpendicular 
for dl-\2HOA, but not for (i?)-12HOA. The direc­
tion of a slope of the water surface is denoted by 
an arrow for each model. 

(v) The O H direction is determined by hydrogen bond 
formation between adjacent molecules. 
The proposed packing models for the Z?-acid and the dl-acid 
in each subcell are shown in Figs. 9(b) and (c), respectively, 
where the integers mean the carbon numbers on a hydro­
carbon chain, and broken lines denote hydrogen bonds. 

For the i?-acid, molecules can be closely packed, with 
simultaneous formation of hydrogen bond sequences, in the 
triclinic subcell, whose dimensions (as, bs, and ys) are 4.5 
Â, 5.4 Â, and 120°. Hydrogen bond formation between 
adjacent chains in the triclinic subcell makes the adjacent 
chains shift by one C H 2 unit, as shown by the integers in 
Fig. 9(b). This avoids the overlapping of O H groups and 
leads to the tilting of the molecules to the water surface. 
T h e tilt angle of the molecules with the normal to the 
surface, 6, and the close-packing area per molecule in the 
surface, Ac, are calculated geometrically, assuming the 
remaining subcell dimensions, cs, as, and ßs, to be 2.6 Â, 
70°, and 108°, respectively, which are typical values reported 
for triclinic subcells.31) T h e values of 6 and Ae are obtained 
to be 21° and 24.1 Â2 molecule -1 ,32) respectively. T h e 
former is in good agreement with that estimated from the 
long spacing in the crystals, assuming tha t the bimolecular 
length is 50 A. 

For the dl-acid, molecules are packed in a similar manner 
to tha t in the B-form of octadecanoic acid, the structure 
of which was determined by von Sydow.27> In this case, 
the chains in the condensed monolayer are packed in a 

slightly larger subcell (a6 = 5 .2Â, bs = 8.0 A) than that of 
octadecanoic acid, avoiding any overlapping of oxygen 
atoms of the O H groups. T h e .ff-enantiomer chain and 
the «S-enantiomer chain occupy alternate positions in the 
subcell, forming a racemic compound with an intermolecular 
hydrogen bond. Steric hindrance leaves another hydrogen 
atom free; this is represented by a dotted line in Fig. 9(c). 
This model gives a packing area of 23.3 Â2 molecule - 1 , 
with a tilt angle of 27° with the normal to the surface. 

T h e a u t h o r s wish to express t he i r t h a n k s to Professor 
M a k o t o H a y a s h i of C h i b a U n i v e r s i t y for surface 
p o t e n t i a l m e a s u r e m e n t s . T h e p re sen t w o r k w a s 
p a r t i a l l y s u p p o r t e d b y a G r a n t - i n - A i d for Scientific 
R e s e a r c h f rom t h e M i n i s t r y of E d u c a t i o n . 
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Effects of Pressure on the Cloud Point of Nonionic Surfactant Solutions 
and on the Solubilization of Hydrocarbons 

Shoji KANESHINA,* Osamu SHIBATA, and Makoto NAKAMURA 

College of General Education, Kyushu University-01, Ropponmatsu, Chuo-ku, Fukuoka 810 
(Received June 26, 1978) 

Cloud points in 1.0 wt % aqueous solutions of penta- and hexa(oxyethylene) dodecyl ether increase 
monotonously with an increase of pressure up to 150 MPa. The elevation of the cloud-point temperature 
with pressure was 1.05 xlO"7 and 1.09 x 10~7 K Pa"1 for respective surfactant. Both volume and enthalpy 
changes on the separation of the surfactant-rich phase had the positive values. The rise of cloud points on 
compression is attributable to the enhancement of the hydrogen bonds formation between water and ether 
oxygens of the poly(oxyethylene) group and partly to the disruption of the "hydrophobic bonding." The 
cloud-point temperature at constant pressure and the cloud-point pressure at constant temperature were also 
examined as a function of the amount of solubilizate such as hexane and octane. There was an optimum 
pressure at a given temperature, as well as an optimum temperature at a given pressure, at which the 
solubilizing power of surfactant is maximum. 

So far a few studies have been made about the effect 
of pressure on the properties of surfactant solutions, 
especially on the critical micelle concentration of ionic 
surfactants.1) With respect to the nonionic surfactant, 
however, the effect of pressure on the cloud point 
has only been reported by Suzuki and Tsuchiya.2> 
They found that the cloud point of aqueous solution 
of poly(oxyethylene) /»-nonylphenyl ether had its maxi­
m u m at about 100—200 MPa . 

In this paper some results of the effect of pressure 
on the cloud point of aqueous poly(oxyethylene) 
dodecyl ether solutions are presented, and then the 
pressure dependence of the solubilization will be eluci­
dated from the cloud points in the presence of hydro­
carbons. No information on the pressure dependences 
of the solubilization is available in the literature. 

E x p e r i m e n t a l 

Penta (oxyethylene) dodecyl ether and hexa (oxyethylene) 
dodecyl ether (Tokyo Kasei Kogyo Co., Ltd.,) were used 

rrh// 

Tig. 1. Schematic diagram of the high pressure vessel 
equipped with optical windows. G : Syringe cell with 
Teflon cap in which the solution is filled, H: pressure 
Uibing with which the pressure pump and gauge are 
connected, J : water jacket, T: thermocouple, W: 
quartz window. The pressure was sealed by means 
of an O-ring with a back-up ring of Teflon. 

without further purification. The cloud points in 1.0 wt % 
aqueous solution of respective surfactant were 23.5 and 
48.1 °G. Hexane and octane used as solubilizate were 
extra-pure grade. 

The cloud points under high pressure were determined 
by using the high pressure vessel with optical windows, 
which is shown schematically in Fig. 1. The high pressure 
vessel was made of stainless steel with 140 mm o.d., 20 
mm i.d., and 180 mm hight. The solutions were heated 
or cooled slowly (0.1 °C per minute) by circulation of 
temperature-controlled water to the jacket. The tempera­
ture of the system was determined by the thermocouple 
attached to the pressure vessel. Pressures were generated 
by means of a screw- and hand-pump (Hikari Kikai Co.,) 
and measured within an accuracy of ±0.2 MPa by means 
of a Heise pressure gauge. Ligroin was used as pressure 
transmitting medium. The cloud points were decided by 
observing the appearence and disappearence of turbidity 
during the cource of heating and cooling at a given pres­
sure. Measurements of the transmittance at 540 nm were 
performed with a Hitachi 139 spectrophotometer. The 
difference between the cloud points determined on heating 
and on cooling were within 1 °C. 

R e s u l t s and D i s c u s s i o n 

Effect of Pressure on the Cloud Point. The cloud 
points in l .Owt % aqueous solution of nonionic sur­
factants are shown in Fig. 2 as a function of pressure. 
The cloud points for all the surfactant solutions increase 
monotonously with an increase of pressure up to 150 
MPa. This elevation of cloud points on compression 
is within that caused by an increase of one oxyethylene 
unit in the poly (oxyethylene) chain. In other words, 
the alteration in the hydrophilic-lipophilic balance 
(HLB) of the surfactant by the compression up to 
150 M P a seems to be less than that by the addition of 
one oxyethylene group in the poly (oxyethylene) chain. 
It is clear from Fig. 2 that the pressure up to 150 MPa 
is favorable for the dissolution of surfactant molecules 
in water although most of dissolved-surfactant molecules 
are in the micellar state. The cloud point for aqueous 
solutions of surfactants is generally taken to be the point 
where separation of the surfactant-rich phase is casued 
by the dehydration of ether oxygens of the poly(oxyethy-
lene) group. Le Ghatclier's principle brings about 
the positive volume change on separation of the sur-
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Eig. 2. Effect of pressure on the cloud point of non-
ionic surfactant solutions. Curve A: 1.00 wt % penta-
(oxyethylene) dodecyl ether solution, B: 1.00 wt % 
hexa(oxyethylene) dodecyl ether solution, C: 1.02 wt % 
hexa (oxyethylene) dodecyl ether solution containing 
hexane of 2.42 g/kg H 2 0 , D: 1.02 wt % hexa(oxyethy-
lene) dodecyl ether containing hexane of 4.26 g/kg 
H 2 0 . 

factant-rich phase. From data of apparent molal 
volumes of nonionic surfactants and polyethylene 
glycol (PEG) oligomers with various lengths of poly-
(oxyethylene) chain the apparent molal volume assigned 
for one oxyethylene group can be calculated. The 
values assigned for the group are 37.1 cm3/mol for 
surfactant in micellar state3) and 36.9 cm3/mol for 
PEG,4) which are found to be apparently smaller 
than the molal volume assigned for an oxyethylene 
unit in the state of pure liquids, 38.9—39.1 cm3/ 
mol.4-5) Tha t is, the volume change on formation of 
hydrogen-bonds between water and ether oxygens of 
the poly (oxyethylene) group is negative, and the 
increase of pressure enhances the formation of hy­
drogen bonds. 

In the two-component, two-phase system, the 
Clausius-Clapeyron type equation is written as follows:6) 

:i) 

where subscripts 1 and 2 refer to components 1 and 2, 
x and y the mole fraction in the phase a and ß, re­
spectively. Ah and Ay are the change of partial molal 
enthalpy and volume, respectively, on the transfer 
from phase a to ß. In the present system, we choose 
surfactant as component 2 and the micellar solution 
as the phase a. Assuming y1 <y2, 

(dT\ TAv2 

\ dP A, Ah (2) 

As is seen from Fig. 2, (dTjdP)X2 is positive. Tha t 

is, AÄ2 and Av2 have the same sign. The dehydration 
of the poly(oxyethylene) chain, i.e., the hydrogen 
bond breaking contributes to the positive change in 

both Ah2 and Av2. Further, the positive volume 
change is also caused by the elimination of hydro­

carbon-water contact. This "hydrophobic bonding" 

also brings about the positive contribution to Ah2 

because of the breakdown of ice-like structure around 
the hydrocarbon chain. Therefore, the rise of cloud 
points on compression is at tr ibutable to the enhance­
ment of the hydrogen bonds formation and partly to 
the disruption of the hydrophobic bonding. 

T h e values of (dT/dP)X2 are 1.05(±0.05) X It)-7 K 
Pa" 1 for penta(oxyethylene) dodecyl ether and 1.09-
(±0.03) X IO-7 K P a - 1 for hexa (oxyethylene) dodecyl 
ether. T h e value for poly (oxyethylene) j&-nonyl-
phenyl ether is found to be (0.8—1.3) X 10"7 K Pa" 1 

for the various compositions.2) Assuming that the 
hydrophillic-lipophilic property of surfactant balances 
at the cloud point, the pressure of about 10 M P a is 
required for the temperature rise of 1 °C to keep the 
original HLB. 

Effect of Solubilizate on the Cloud Point. T h e 
cloud points in the presence of solubilizate as hexane 
and octane increase monotonously with an increase 
of pressure. Some results are included in Fig. 2. 

In Fig. 3, the cloud-point temperatures of the solu­
tions containing 1.0 wt % hexa (oxyethylene) dodecyl 
ether at constant pressure are shown as a function of 
the amount of solubilized hexane. T h e solubilization 
end points, below which the excess hydrocarbon se­
parates from micellar solution, are also shown only 
at an atmospheric pressure. As is seen from Fig. 3, 
the region between the cloud-point temperature isobar 
and solubilization curve is a homogeneous transparent 
phase. According to Shinoda,7) in the region (denoted 
by HW_D) above the cloud-point temeperature isobar the 
nonionic surfactant phase containing oil separates. 
O n the other hand, the excess oil separates in the I I W _ 0 

region below the solubilization curve. In Fig. 4, 
the cloud-point temperatures of the system with solu­
bilized octane are shown as a function of the amount 
of octane. T h e pat tern of isobars is analogous in both 
the systems; namely, the isobars are shifted to higher 

5 10 

Amount of hexane (g/kg HaO) 

Fig. 3. The cloud-point temperature as a function of 
the amount of hexane solubilized at 0.1 MPa (curve 
A), 50 MPa (B), 100 MPa (C), and 150 MPa (D). 
The solubilization end points (#) are also shown only 
at an atmospheric pressure. 
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Fig. 4. The cloud-point temperature as a function of 
the amount of octane solubilized at 0.1 MPa (curve 
A), 50 MPa (B), 100 MPa (C), and 150 MPa (D). 
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Fig. 5. The could-point pressure as a function of the 
amount of hexane solubilized. Numerical values refer 
to the temperature in °G. 

temperature as the pressure increases. The cloud-point 
temperature is initially depressed by the addition 
of solubilizate and then approaches a definite tempera­
ture via a minimum. At the definite temperature the 
solubilizing power of surfactant becomes maximum. 
The compression up to 100 M P a elevates the optimum 
temperature by 6.0 and 7.6 °C for the systems with 
solubilized hexane and octane, respectively. 

T h e cloud-point pressure of the solutions containing 
1.0 wt % hexa(oxyethylene) dodecyl ether at constant 
temperature are shown in Figs. 5 and 6 as a function 
of the amount of solubilized hexane and octane, res­
pectively. The cloud-point pressure isotherms for 
all the systems with solubilized hexane and octane 
are similar; the higher the pressure, the larger the 
area of homogeneous phase. The cloud-point pres­
sure of the solution containing solubilized hexane 
more than 6 g/kg H 2 0 is little affected by the additional 
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Fig. 6. The cloud-point pressure as a function of the 
amount of octane solubilized. Numerical values refer 
to the temperature in °C. 

solubilization of hexane. Tha t is, there is the optimum 
pressure for the maximum solubilization at a given 
temperature. The solubilizing power of surfactant 
becomes maximum at a slightly higher pressure than 
the pressure in the plateau region of isotherms. Also 
in the system with solubilized octane, there is an op­
t imum pressure for the solubilization. The higher 
the temperature, the higher the optimum pressure 
in both systems. 

The authors wish to thank Professor R. Matuura 
of the Department of Chemistry, Kyushu University, 
for useful discussion in the preparation of the manu­
script. 
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Dimer and Excimer Fluorescence Spectra of Highly Polar Molecules, 
3,5-Dialkyl-4-methoxybenzylidenemalononitrile 
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Dual fluorescence of the ground state dimer of highly polar molecules of 3,5-dialkyl-4-methoxybenzylidene-
malononitrile in 3-methylpentane solution at low temperature was investigated by steady-state and nonsecond 
fluorescence spectroscopies. The dimerization of these compounds was confirmed by concentration dependence 
of absorption and fluorescence spectra at 77 K. The dimer exhibits dual fluorescence consisting of a 
short-lived dimer fluorescence and a long-lived excimer fluorescence, while the monomer is almost non-
fluorescent at room temperature to 77 K. The excimer formation by an orientational relaxation from the 
excited state of the dimer was discussed in terms of determination of the activation barrier and the fluorescence 
polarization. 

Dual fluorescence of a highly polar molecule, p-
dimethylaminobenzonitrile (MABN), was identified by 
Lippert1) as arising from two different excited states 
in polar solvent. However, Rotkiewicz et al.2) sug­
gested that the dual fluorescence arose from states 
with the same fluorescence polarization, and that the 
two emitting states differed in the orientation of the 
dimethyl amino group with respect to the benzene 
ring. O n the other hand, McGlynn and coworkers3* 
reported that the dual fluorescence of this compound 
was identified as arising from a ground state dimer in 
a number of different solvents and suggested that the 
dual fluorescence consisted of the dimer and an excimer. 
However, Nakashima and Mataga4) claimed that the 
dimer and the excimer assignment could not be correct 
by their concentration dependence of fluorescence 
spectra. 

Very recently, I toh et al.5) reported dual fluorescence 
of a ground state dimer of a highly polar molecule, 
3,5-dialkyl-4-hydroxybenzylidenemalononitrile (dialkyl-
HO-BMN) , in 3-methylpentane (MP) solution at 
low temperature. The dual fluorescence was ascribed 
to the short-lived dimer and to the long-lived excited 
species generated by the duoble proton transfer reac­
tion in the excited state of the dimer. T h e excited-
state proton transfer of 3,5-di-£-butyl-4-hydroxyben-
zylidenemalononitrile (£-Bu2-HO-BMN) in the solid 
state was also reported.6* 

This paper describes the dimer formation of several 
dialkyl-4-methoxybenzylidenemalononitrile (dialkyl-
MO-BMN) in the ground state in M P solution at low 
temperature, and dual fluorescence consisting a short­
lived dimer fluorescence and a long-lived excimer one 
by the steady-state and nanosecond (ns) fluorescence 
spectroscopies. The structure of the dimer is proposed 
to be a sandwich type dimer with a center of symmetry 
by taking account of a crystal structure of £-Bu2-HO-
BMN.6) The excimer seems to be generated by an 
orientational relaxation in the excited state of the 
dimer. The dimer and excimer fluorescence spectra 
are discussed in terms of an activation barrier and 
fluorescence polarization at low temperature. 

Exper imenta l 

Materials. The preparation of the model compounds 
aie as follows. The products were purified by colum chro­
matography and recrystallizations, and chracterized by IR 

and NMR. 
4-Methoxybenzylidenemalononitrile (MO-BMN) was prepared 

from 4-methoxybenzaldehyde with malonitrile in benzene 
solution containing small amount of acetic acid and 
piperidine.7) The product was recrystallized from benzene-
hexane: Mp 113—116 °G. 

Found: G, 71.90; H, 4.20; N, 15.09%. Galcd for G n -
H 8 N 2 0 : G, 71.74; H, 4.35; N, 15.21%. 

3,5 - Dimethyl -4- methoxybenzylidenemalononitrile (Me2 - MO -
BMN) was prepared from 3,5-dimethyl-4-methoxybenzalde-
hyde by the same manner as described above. The prod­
uct was recrystallized from benzene-hexane : Mp 120—122 
°G. 

Found: G, 73.78; H, 5.66; N, 13.01%. Galcd for C13-
H 1 2N 20: G, 73.58: H, 5.66: N, 13.20%. 

3,5-Di-isopropyl-4-methoxybenzylidenemalononitrie (/-Pr2-MO-
BMN) was prepared by the same manner as described 
above. Though the product is noncrystalline syrup, the 
compound was identified by NMR and IR. 

Measurements. Determination of the fluorescence and 
absorption spectra, and fluorescence polarization were 
described previously.8»9) Fluorescence lifetimes and time-
resolved fluorescence were determined by analysing ex­
ponential decay curves measured by an oscilloscope and 
by a coaxial N2 gas-laser excitation. The decay curve 
was analyzed by a deconvolution method using a com­
puter.10) 

R e s u l t s a n d D i s c u s s i o n 

Dimer Formation in the Ground State. The M P 
solution of 4-methoxybenzylidenemalononitrile ( M O -
BMN) shows an absorption band in the 330—360 nm 
region at room temperature, which shows considerable 
red-shift (ca. 10—20 nm) at low temperature ( < 1 5 0 
K ) , as shown in Fig. 1. Figure 2 shows concentration 
dependence of absorption spectra of M P solutions of 
M O - B M N at 77 K. Here, a monomer dimer equili­
br ium of this compound in M P solution is assumed, 
and an association constant (K) can be written as 
follows :2) 

tf=[D]/([C]-2[D]), 

where [C] and [D] are concentrations of M O - B M N 
and dimer. If an absorption band at 390 n m is due 
almost exclusively to the dimer, an absorbance [A] at 
390 n m is expressed as 4̂ = f[D]l, where £ is a molar 
extinction coefficient of the dimer at this wavelength. 
The following equation is obtained:11) 

[C]/A = 2le+(lleK)V2(llA)V2. 
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Fig. 1. Absorption spectra (a—d) of MO-BMN and 
fluorescence spectra (e—g) of dialkyl-MO-BMN : a) 
in MP solution (2.1 X ICh5 M) of MO-BMN at room 
temperature; b) at 77 K (2 .6xlO- 5 M); c) MTHF 
solution (1.7xlO~5M) at room temperature; d) 
MTHF solution (1.3xlfJ-5M) at 77 K; e) fluores­
cence spectra of MO-BMN (1.3xlO"5M) at 77 K; 
f) of Me2-MO-BMN in MP (2.7xlO~5M) at 77 K; 
and g) of ;-Pr2-MO-BMN in MP ( 3 . 3 x l f r 5 M ) . 

An M P solution of M O - B M N exhibits a strong green 
fluorescence at 77 K as shown in Fig. 1, while the 
solution is almost non-fluorescent at room temperature. 
M P solutions of 3,5-dimethyl- and 3,5-di-isopropyl-
4-methoxybenzylidenemalononitrile (Me 2 -MO-BMN 
and i-Pr2-MO-BMN) also show strong fluorescence at 
77 K as shown in Fig. 1. However, an M T H F solution 
of dialkyl-MO-BMN exhibits no significant temperature 
dependence of fluorescence and absorption spectra. 
T h e green fluorescence in the M P solution markedly 
increases in intensity with increasing concentration of 
M O - B M N , but the fluorescence due to the monomer 
does not seem to exhibit even in the dilute solution, 
as shown in Fig. 3. Since intensity (/) of the green 
fluorescence may be proportional to the concentration 
of the dimer [D] , the following equation is obtained 
for the monomer dimer equilibrium; 

[ C ] / / = 2 / * + (l/?if)V«(l//)V», 

where q is a constant including several experimental 

A/nm 350 

Fig. 2. Concentration dependence of absorption spectra 
of the MP solution of MO-BMN at 77 K and plot 
of [G]/A vs. {\jA)\ 
a) 3.2XlO-6M; b) 1.0xlO"5M; c) 2.9x10 5 M ; 
d) 4 .8x lO- 5 M; e) 7.2xlQ- 5M. 

A/nm 

Fig. 3. Concentration dependence of fluorescence 
spectra of the MP solution of MO-BMN at 77 K and 
plot of [G]// vs. (I//)1/2. 
a) 3 .8x lO- 5 M; b) 2.0x10 5 M ; c) 1.1x10 5 M ; 
d) 6.2 X 10-6 M; e) 2.9 X 10-6 M. Flurorescence inten­
sity is q unit (see in the text). 

factors. Plots of [C]/A and [ C ] / / exhibit linear rela­
tionship vs. (1/^4)1/2 and ( l / / ) 1 / 2 , respectively, as shown 
in Figs. 2 and 3. Two straight lines confirm an as­
sumption of the monomer dimer equilibrium, and 

TABLE 1. EQUILIBRIUM CONSTANTS (K) FOR THE DIMERIZATION OF DIALKYL-MO-BMN IN MP AT 77 K, 

AND FLUORESCENCE PROPERTIES OF THE DIMER (D*) AND THE EXCIMER ( E * ) , AND 

THEIR ACTIVATION ENERGY (i?a) 

MO-BMN 
Me2-MO-BMN 
f-Pr2-MO-BMN 

K (M-1) 

1.6X105 

4.5x10* 
2.8x10* 

2 m u (nm) and lifetimes 

D* 

480a> (4) 
470—480a> (4) 

450b) (4) 

(ns) 

470 

in bracket 

E* 

500a> (21) 
490a> (21) 

—480*> (18) 

£a (kcal M- 1 ) 

0.9 
1.1 

a) The fluorescence maxima determined by time-resolved spectra (error appeoximately±5 nm) and lifetimes analyzed 
by a computer deconvolution (error approximately ± 1 ns). b) The fluorescence maximum determined by a 
steady-state spectrum. 
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afford equilibrium constants; K=1.6x 105 M _ 1 from 
absorption spectra and 1.5 X 105 M " 1 from fluorescence 
spectra. Concentration dependence of the absorption 
spectra of the other alkyl-MO-BMN in M P solution 
also shows the dimer formation at 77 K, whose K are 
summarized in Table 1. 

Excimer Fluorescence. Nanosecond time-resolved 
fluorescence spectra of an M P solution of M O - B M N 
at 77 K shown in Fig. 4 demonstrate that the fluores­
cence consists of two fluorescence spectra ; a short-lived 
fluorescence (^max 480—490 nm, r = 4 ns) and a long-
lived one (Amax 500 nm, r=2\ ns). The dual fluores­
cence of the dimer was also observed in the other 
dialkyl-MO-BMN. Figure 4 shows a fluorescence 
decay curve of an M P solution of M O - B M N at 77 K 
in comparison with a computer simulated one. Table 
1 summarizes the fluorescence maxima and lifetimes 
in the dimers of these compounds at 77 K. The 
excitation spectra of the short-lived fluorescence and 
the long-lived one are identical each other, and are 

0 20 t /ns 40 60 

Fig. 4. Time-resolved fluorescence spectra of the MP 
solution of MO-BMN (3.9xlO"5M) at 77 K. A 
fluorescence decay curve monitored at 490 mn, and 
a simulated one; ( ) and ( ) are time-resolved 
spectra of a short-lived and a long-lived components 
depicted on the obtained time constants and pre-ex-
ponential factor (pef). Time indicated in the time-
resolved spectra is virtually after a signal maximum 
of the fluorescence. 

dimethyl MO-BMN 

Fig. 5. Fluorescence (a) and absorption (b) spectra of 
an MP solution of Me2-MO-BMN (5.1xlO~5M) at 
77 K; fluorescence excitation spectra (c) monitored 
at 420 nm and (d) at 520 nm. 

corresponding to the dimer absorption spectra (Fig. 5). 
Taking account of a large Stokes shift of the long-lived 
fluorescence, the fluorescence may be ascribed to the 
excited species (E*) generated from the excited state 
of the M O - B M N dimer (D*), while the short-lived 
one to the dimer (D*). 

The photochemical reaction scheme is as follows: 
hv £3 

D > £)* ; ^ E* 
k4 

/ L / v. 
/^ 1 2 /k* \ 

D + Ai/ D T> + hv" D 
Time dependent concentrations of D * and E* are 
expressed by the following well known equations:12 '13) 

[D*] = d exp (-Xxt) + C2 exp (-X21) , ( 1 ) 
[E*] = C3 exp ( - V ) - C3 exp (-; .a *), (2) 

llyX2 = lßlki + ki + ks + ki + ks + k^ifa + kt + kt 

- ( * 4 + *5 + *6)}a + 4 ^ 4 ) i / « ] . 

Here, if A;3>A;4~0, [D*] may be approximately repres­
ented by the second term of Eq. 1. T h e fluorescence 
lifetimes of D * and E* are expressed as follows: 

T D = A>2~ = («^1 ~b «̂ 2 "I" ""3/ > 

T E = V 1 = A**«)" 1 -

Since two fluorescence decay curves of D * and E* 
at a certain wavelength overlap each other, actual 
decay curves at several wavelengths were analyzed by 
the following equation: 

[D*] + [E*]ocexp ( - * ! t) + °2'~C3 exp ( - ^ t). 
^ 3 

Fluorescence lifetimes of D * and E* of an M P solution 
of M O - B M N at 77 K were determined to be 4 ns and 
21 ns, respectively, by computer simmulation mention­
ed above. Unfortunately, the fluorescence rise of E* 
was not detectable, because the D * fluorescence over­
laps on the decay curve of E*. 

Fluorescence spectra of an M P solution of z-Pr2-
M O - B M N at several temperatures shown in Fig. 6 
reveal remarkable decrease of the short-lived fluores­
cence with increasing temperature (77 to 130 K ) . 
Since no significant shift of the monomer dimer equilib-

I I 1 I 1 I 
400 A/nm 500 

Fig. 6. Temperature dependence of fluorescence spectra 
of an MP solution of f-Pr2-MO-BMN (3xlO~ 5 M); 
a) 100 K; b) 108 K; c) 115 K; d) 120 K; e) 125 K; 
f) 132 K. 
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r ium was detected in this temperature region, and since 
no monomer fluorescence was detected, the remarkable 
temperature dependence may be attr ibutable to a 
dynamic process between D * and E* requiring a small 
amount of activation energy. From the fluorescence 
spectra shown in Fig. 6, the activation energy can be 
obtained to be 1.1 kcal/mol by the aid of the conven­
tional method and assumption reported previously. 8> 
The activation energy in the dimer of Me 2 -MO-BMN 
was also obtained to be 0.9 kcal/mol. However, an 
M P solution of M O - B M N shows no significant temper­
ature dependence of fluorescence spectra which seems 
to imply a very small amount of activation energy in 
this photochemical process. 
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Fig. 7. Fluorescence spectra and their polarizations of 
MP solutions at 77 K; a) MO-BMN (4.6xlO~5M); 
b) Me2-MO-BMN (5.9X10"5M); c) *-Pr2-MO-BMN 
(6.8xlO- 5M). 

Figure 7 shows the fluorescence polarizations of 
M P solutions of M O - B M N and dialkyl-MO-BMN at 
77 K.14) T h e fluorescence polarization were observed 
to decrease from 0.22 to 0.1 with increasing wavelength 
in Me 2 -MO-BMN. Further, a similar behavior of 
the polarization was observed in z-Pr2-MO-BMN, 
though no significant change of the polarization was 
detected in M O - B M N . T h e shorter wavelength (also 
lifetime) fluorescence and the longer wavelength (also 
lifetime) one were ascribed to the dimer and the ex-
cimer, respectively, as mentioned above. Therefore, 
the larger and the smaller polarizations may be at­
tributable to the dimer and the excimer. T h e results 
indicate that the dimer and excimer fluorescence 
spectra have considerably different character of elec­
tronic transition each other. Since these compounds 
are highly polar molecules with strong electron donor 
and acceptor groups, the dimer formation may be 
attr ibutable to the exciton and the charge transfer 
interactions between two component molecules in the 
sandwich dimer with a center of symmetry.6) I t seems 
that the photoexcitation of the dimer leads to an access 
of the electronic polarization of the component mole­
cules including an orientational relaxation in the ex­
cited state, as follows: 

Rv 

MeO 

N g N c . G H - ^ y O M e 

\ R 

R \ 

r M e 0 -0-^"C H^"C <GN 
• R 

NGX G 

N C / U !—GH-/""^>-—Ô OMe 

\ R 

R = H, GH3, and f-CH(GH3)2 

Here, a small amount of activation energy may be 
required in the orientational relaxation in the excited 
state of the dimer. T h e relaxation process leading to 
the formation of the excimer (E*) seems to include 
a rotation of 4 - C H 3 0 - group with respect to the 
benzene ring. T h e rotation of this group may be 
hindered by a steric effect of 3,5-dialkyl groups.15) 
T h e argument is consistent with the activation barriers 
(MO-BMN < Me 2 -MO-BMN < z-Pr2-MO-BMN) as 
summarized in Table 1. However, it is difficult to 
depict the concrete structure of the dimer as well as 
the excimer at this stage. 
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Crystal Structure of 5-Bromocytosine 
M a s u h i r o K A T O , Ak io T A K E N A K A , * a n d Yosh io S A S A D A * 

Laboratory of Chemistry for Natural Products, Tokyo Institute of Technology, 

Nagatsuta, Midori-ku, Yokohama 227 

(Received J u l y 14, 1978) 

The crystal structure of 5-bromocytosine has been determined by X-ray analysis to investigate the bromi-
nation effect on the cytosine moiety. The space group is P2!/a, with dimensions a= 16.943(2), & = 9.155(1), 
c = 3.846(1) A, /? = 99.89(1)°, and Z = 4 , The structure was solved by the heavy-atom method and refined 
by the full-matrix least-squares method. A comparison with the cytosine structure indicates some large 
deviations in bond lengths and angles, which are at tr ibuted to the steric and electronic effects caused by 
bromination. After the V S E P R theory, the slight increase of C(2) -N(3) -C(4) angle (0.8°) is interpreted as 
the decrease of the effective charge of the lone pair on N(3) , and this is related to the difference of pK& 

values between 5-bromocytosine and cytosine. 

I n t h e course of t h e s tudies o n t h e e l e m e n t a r y p a t t e r n 
of i n t e r ac t i ons b e t w e e n p u r i n e - p y r i m i d i n e b a s e a n d 
a m i n o ac id , O h k i , T a k e n a k a , S h i m a n o u c h i , a n d S a s a d a 
h a v e found t h a t t h e h y d r o g e n b o n d s c h e m e b e t w e e n 
5 -b romocy tos ine a n d 7V-acylglutamic ac ids is q u i t e 
different f rom t h a t f ound in t h e c o m p l e x e s b e t w e e n 
cytos ine a n d s o m e a m i n o ac id s . 1 - 6 ) T o e x p l a i n this 
in t e r m s of m o l e c u l a r s t r u c t u r e , t h e crys ta l s t r u c t u r e 
of 5 -b romocy tos ine ha s b e e n d e t e r m i n e d b y X - r a y 
diffract ion m e t h o d . 

E x p e r i m e n t a l a n d S t r u c t u r e 
D e t e r m i n a t i o n 

Colourless, needle-like crystals were obtained from an 
aqueous solution. The crystal density was measured by 
flotation in a mixture of bromoform and carbon tetra­
chloride. Weissenberg photopraphs showed systematic ab­
sences, hOl h = 2n -f 1 and OkO k = 2n + 1 , indicating the space 
group P2!/a. Accurate unit cell dimensions and diffraction 
intensities were measured on a Rigaku four-circle automated 
diffractometer using graphite-monochromated M o Koc radia­
tion (A = 0.71069A). Five reference reflexions monitored 
periodically showed no significant intensity fluctuations dur­

ing the course of da ta collection. T h e intensities collected 
with an co/20 scanning technique were corrected for Lorentz 
and polarization factors. Of the 1337 independent reflexions 
(20^55°) , 1121 had intensities greater than 3 a {I). Grystal-
lographic data are summarized in Table 1. 

The structure was solved by the heavy-atom method and 
refined by the full-matrix least-squares method, the minimized 
function being ^w{ \ FQ \ — \ Fc | }

2 . All the hydrogen atoms, 
found on a difference map , were included in the subsequent 
refinement. In the refinement, the zero-reflexions for which 
\FC\ values were smaller than | F 0 | l i m (3.748) were omitted 

T A B L E 1. CRYSTAL DATA 

5-Bromocytosine 

C 4 H 4 N 3 OBr 

Crystal system: monoclinic 

Systematic absences : hOl h — 2n-\-\, 0£0 k = 2n -f- 1 

Space g roup: P2j/a 

a= 16.943(2) A 

6 = 9.155(1) 

^=3.846(1) 

£=99 .89 (1 ) ° 

£7=587.7(1) A3 

Z = 4 

Z>x = 2 . 1 5 g c m - 3 

Z>m = 2.14 

T A B L E 2. FINAL POSITIONAL AND THERMAL PARAMETERS 

Standard deviations are given in parentheses. The anisotropic thermal factor has the form 

exp [ - {ßjf + ß22k* + ß33P + ß12hk+ß13M + ßz3kl)}. 

Atom 

N ( l ) 

C(2) 

N(3) 

C(4) 

C(5) 
C(6) 

0 ( 2 ) 

N(4) 

Br 

Atom 

H ( l ) 
H (41) 

H (42) 

H (6) 

#* 

21717(40) 

25007(47) 

21061(39) 

14089(41) 

10693(48) 

14585(45) 

31553(44) 

10440(40) 

242( 5) 

*** 

2381(69) 

1295(57) 

583(60) 

1205(93) 

y* 

39815(74) 

26816(90) 

14198(72) 

14615(71) 

28424(76) 
40758(81) 

26479(67) 

1672(75) 

28826( 9) 

iyJIÎJIÎJIî 

457(14) 

-94(11) 

1(11) 

478(18) 

2 * * 

8023(21) 

9284(26) 

8226(21) 

5989(21) 

4690(23) 

5974(23) 

11364(26) 
5129(24) 

2023( 3) 

•rJiÎJiÎJi î 

843(28) 

603(26) 

355(28) 

496(41) 

Ai* 

169(20) 

159(22) 

183(19) 

165(20) 

197(22) 

177(21) 

285(23) 

167(20) 

227( 4) 

£(Â2) 

0.0(1.8) 

0.0(1.6) 

0.0(1.6) 

2.0(2.6) 

A.* 
406(64) 

622(85) 

487(61) 

375(64) 

508(76) 
513(70) 

391(57) 

531(70) 

854(12) 

P33 

653(53) 

674(67) 

665(52) 

513(47) 

523 (56) 

556(52) 

1136(79) 

781(60) 

565( 8) 

A2* 

-162(63) 

3(70) 

-85(61) 

56(63) 

112(67) 

122(69) 

-127(59) 

-72(62) 

62 ( 7) 

A.** 
-7 (16) 

17(19) 

- 4 (16 ) 

47(16) 

31(18) 

30(17) 

-59(22) 
-40(18) 

- 2 2 ( 2) 

A3** 
2(29) 

-60(35) 

49(29) 

-21(29) 

66(30) 

33(32) 

-7 (32) 

5(32) 

42 ( 3) 

* xio5, ** xio4, *** xio3. 
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in each cycle of refinement. The weight functions used 
were: w=l/((Tp

2 + q\F0\
2) for \F0\ ^ | F 0 | l l m , where av is 

the standard deviations based on counting statistics; w = 
w(\F0\ um) for | F01< | F0 | l i m . The coefficient q was 0.883 X 
10~3, derived from the intensity variance of the monitored 
reflexions.7) The refinement was terminated when the 
maximum shifts of positional and thermal parameters were 
less than 0.16(7 and 0.22ö", respectively, for non-hydrogen 
atoms. The final value of R is 0.069 (72 = 0.056 for the 
non-zero reflexions). Atomic scattering factors used were 
taken from "International Tables for X-Ray Crystallo­
graphy."8) Atomic parameters are given in Table 2, and 
observed and calculated structure factors in Table 3.9) 

R e s u l t s a n d D i s c u s s i o n 

Bond lengths and angles are shown in Fig. 1, and 
a comparison with the cytosine values10) is given in 
Fig. 2. Rather large deviations from cytosine bond 
lengths and angles may be attributed to the steric 
and electronic effects caused by bromination. The 
lengthening of C(4)-C(5) and C(5)-C(6) bonds ac­
companied by the decrease of C(5)-C(4)-N(3) and 

Fig. 1. Bond lengths (//A), angles (0/°), and their 
standard deviations. 

C(5 ) -C(6 ) -N( l ) angles are due to repulsions from Br 
to G (4) and G(6) atoms. The marked deviation at 
C(5)-C(4)-N(4) angle is obviously ascribed to the 
repulsion between Br and N(4). After an interpreta­
tion for benzene ring deformation11) on the basis of 
the valence shell electron pair repulsion theory, the 
bromination at G(5) makes the C(4)-C(5)-C(6) angle 
enlarge, but these repulsions cause the opposite effect, 
so that this angle is not so large. Such steric effect 
of bromination may spread to the G(2)-N(3)-G(4) 
and C(2 ) -N( l ) -C(6 ) angles, and further the N ( l ) -
C(2)-N(3) angle, so that they slightly expand. It 
is plausible that the shrinkage of lone-pair lobe on 
N(3) , which is caused by electron-withdrawing prop­
erty of bromine, facilitates the release of constrain by 
opening of the C(2)-N(3)-C(4) angle. Therefore, the 
slight increase of the angle (0.8°) supports the decrease 
of the effective charge of lone pair on N(3) , and this 
is related to the difference of pK& values between 5-
bromocytosine and cytosine [4.58 and 3.04, respec-
tively12-13)]. 

O n the other hand, the C(4)-N(4) length is consider­
ably short, while the C ( 2 ) - 0 ( 2 ) length is rather long, 
as compared with the average distances.14) Such a 
trend which is also found in cytosine10) indicates the 
contribution from the canonical formulae 2, 3, and 4 
in Fig. 3, in which the amino nitrogen and carbonyl 
oxygen carry positive and negative charges, respectively. 
The shortening of G(6) -N( l ) bond is due to the elec­
tronic effect of bromine as described by canonical 
formulae 4 and 5 in Fig. 3. This suggests the ability 
of proton donation of N ( l ) - H to be rather strong. 

The least-squares plane of 5-bromocytosine together 
with the deviations from the plane is listed in Table 4. 
Although the pyrimidine ring with carbonyl oxygen 
0 ( 2 ) and amino nitrogen N(4) is planar within 0.04 Â, 
the bromine atom shifts by 0.18 Â from the mean 
plane to relieve its steric hindrance. 

As shown in Fig. 4, two hydrogen bonds between 
molecules related by the 2X axis, N(4)-H---0(2) and 
N( l ) -H-- -N(3) , constitute a ribbon along [010] 
direction. Hydrogen bond distances and angles are 

H(42) H(41) 

, N ( 4 ) 

Fig. 2. Differences in bond lengths (//Â) and angles 
(<j>l°) between 5-bromocytosine and cytosine: 
(5-bromocytosine values) — (cytosine values). 

Fig. 3. Some possible canonical structures for 5-bromo­
cytosine. 
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T A B L E 4. MOLECULAR PLANE 

X, Y, and Z are in Â along the crystal axes, respec­
tively 

Asterisks denote atoms defining the plane. 
Standard deviations arc given in parentheses. 

Equation to the pyrimidine ring 

-0 .6242(27)^4-0 .0428(31) F + 0 . 8 7 5 7 ( 1 6 ) Z - 0 . 5 8 7 ( 1 5 ) = 0 

Deviations (//A) of atoms from the plane 

N ( l ) * 
G (2)* 
N(3)* 
G (4)* 
G (5)* 
G (6)* 

- 0 . 0 2 5 
0.001 
0.012 

- 0 . 0 0 2 
- 0 . 0 2 6 

0.043 

0 ( 2 ) 
N(4) 
Br 
H ( l ) 
H (41) 
H (42) 
H (6) 

0.008 
0.043 
0.182 

- 0 . 0 8 
0.04 

- 0 . 0 1 
0.00 

Fig. 4. The crystal structure viewed along the c axis. 

T A B L E 5. HYDROGEN BOND DISTANCES AND ANGLES 

Standard deviations are given in parentheses. 

Distance (//A) Angle (0/°) 

N(l)---N(3)a 2.820(10) 
H(l)---N(3)a 2.21(8) 
0(2).--N(4)a 2.890(11) 
0(2)---H(41)t> 1.80(6) 

Symmetry codes 

(a) —-x^+y, 2-z, 

(b) J-X,J+J, 2-z. 

C(2)-N(l). 
C(6)-N(l). 
N( l ) -H( l ) . 
G(2)-N(3). 
C(2)-N(3). 
G(4)-N(3). 
G(4)-N(3). 
G(2)-0(2). 
G(2)-0(2). 
G(4)-N(4). 
N(4)-H(41) 

•N(3)a 

•N(3)* 
••N(3)a 

•N(l)b 

-H(l)b 
•N(l)b 

•H(l)b 

••N(4)a 

• •H(41)* 
•0(2)b 

•••0(2)b 

113.1(6) 
121.6(6) 
157(8) 
111.8(6) 
111(2) 
127.6(5) 
128(2) 
124.9(6) 
131(2) 
115.3(6) 
162(5) 

l isted in T a b l e 5. T h e N - O a n d N - - - N d i s t ances 
a r e shor t as c o m p a r e d w i t h t h e r e l a t e d c o m p o u n d s , 1 5 ) 
t h o u g h t h e h y d r o g e n b o n d s show p o o r l inea r i ty . 
S imi l a r h y d r o g e n b o n d i n g s c h e m e is obse rved in t h e 
crysta l s t ruc tu re s of cytosine,1 0) cy tos ine m o n o h y d r a t e , 1 0 ) 

a n d 5 - b r o m o c y t o s i n e : d i o x a n ( 2 : 1 ) crystal .1 6) S u c h a 
c o m m o n f e a t u r e c a n b e i n t e r p r e t e d b y t h e p r e f e r ence 
o f N - H - O h y d r o g e n b o n d b e t w e e n posi t ive ly c h a r g e d 
a m i n o g r o u p a n d nega t i ve ly c h a r g e d c a r b o n y l g r o u p . 
T h e h y d r o g e n d o n a t i n g p r o p e r t y of t h e r e m a i n i n g 
N ( 4 ) - H b e c o m e s w e a k , so t h a t N ( l ) - H is a h y d r o g e n -
d o n o r to N ( 3 ) . 

T h e p y r i m i d i n e r ings a r e s t acked w i t h t h e s p a c i n g 
of 3 .368 Â a l o n g t h e c axis . T h e r e a r e n o a b n o r m a l 
c o n t a c t s b e t w e e n a t o m s . 

F igu re s 1, 2 , a n d 4 w e r e d r a w n b y T S D : X T A L 
w h i c h is a g r a p h i c d i sp l ay p r o g r a m m e sys tem for 
N O V A 3 m i n i - c o m p u t e r to p r o d u c e c rys ta l a n d m o ­
l e c u l a r s t ruc tures . 1 7 ) T h e p r e s e n t w o r k w a s p a r t i a l l y 
s u p p o r t e d b y a G r a n t - i n - A i d for Scientif ic R e s e a r c h 
f rom t h e M i n i s t r y of E d u c a t i o n . 
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The solid-liquid phase diagrams are presented for binary mixtures of water with various polymethylene-
bis(tributylammonium) difluorides, [(w-C4H9)3N(CH2)nN(n-C4H9)3]F2 (« = 4, 5, 6, 8, and 10); and with 
hexamethylenebis(tributylammonium) dihydroxide and its salts, [(w-C4H9)3N(CH2)6N(n-C4H9)3](X2 or Y) 
(X = OH, Gl, and Br; Y = O O C - C O O and OOC-(CH2)3-COO). It has been found that all the compounds 
form congruently melting hydrates which have large hydration numbers. The hydrates appear to be 
clathrate-like hydrates essentially similar to those formed by many tetrabutyl(or isopentyl) ammonium salts. 
The most stable hydrate found in this study is [(w-C4H9)3N(CH2)6N(w-C4H9)3]F2 hydrate (mp 20.4 °G). 
The melting points of hexamethylenebis(tributylammonium) hydrates have been compared with those of the 
corresponding tetrabutylammonium hydrates. 

Bisquaternary ammonium salts (bolaform salts) 
having various hydrophobic groups have been studied 
from several points of view; the thermodynamic and 
transport properties e.g. molal volumes,1-3) molal heat 
contents and solvation enthalpies,4 '5) heat capacities,3 '6) 
and conductances,7 '8) colloidal properties e.g. micelle 
formation,9) flocculating action,10) and emulsion 
polymerization,11) pharmacological properties12) e.g. 
protein binding,13) resistance to metabolic degradation 
and accumulation in the kidneys,14) affinity to choline 
and its related compounds,15) and curarelike agent 
action.16) 

T h e thermodynamic and transport properties for 
aqueous solutions of bolaform salts as well as numerous 
symmetrical tetraalkylammonium salts17) have exten­
sively been studied in order to examine the structural 
changes in the solvent in the neighborhood of the 
solute particles. Broadwater and Evans1) studied the 
apparent (02) and partial molal volumes of a bolaform 
electrolyte [(«-C4H9)3N(CH2)8N(«-C4H9)3]Br2 _(C8Br2) 
and found the change of <f>2 with concentration for 
C8Br2 was very similar to that observed for («-C4H9)4-
NBr,18) with <j>2 decreasing to a min imum and increas­
ing with concentration. T h e minima in the 0 2 vs. 
concentration curves for («-C4H9)4NBr have been cor­
related with the formation of a stable clathrate-like 
hydrate.19-21) 

In the same context it is of interest to examine the 
ability of bolaform salts to form clathrate-like hydrates. 
Although only a brief note has been given concerning 
the formation of C8F2 hydrate (which melts at 5 °G 
and has approximately 40 water molecules),1) no other 
study has been reported about the formation of clath­
rate hydrates of bolaform salts. It is the purpose of 
this paper, through the examination of the solid-liquid 
phase diagrams, to find the conditions for the formation 
of clathrate-like hydrates of bolaform salts: (1) the 
length of methylene chain (n) between the two nitrogen 
atoms in the salt having the general formula [(C4H9)3-
N(CH 2 ) n N(C 4 H 9 ) 3 ]F 2 ; and (2) the kind of anions in 
the salt [ (G 4H 9) 3N(CH 2) 6N(C 4H 9) 3] (X2 or Y) ( X = 
O H , F, CI, and Br; Y = O O C - C O O and O O C -
( C H 2 ) 3 - C O O ) . T h e six alkyl chains attached to the 
two terminal nitrogen atoms have been restricted to 
butyl groups since it was concluded in a previous 

paper22) that either the butyl or isopentyl chain was 
the most suitable size for the formation of stable clath­
rate hydrates of tetraalkylammonium fluorides. 

The clathrate-like hydrates of bolaform salts may be 
regarded as extended hydrates which have large guest 
molecules rather than tetraalkylammonium salts, 
although tetraalkylammonium hydrates, in a sense, may 
be thought of as extended hydrates compared with 
ordinary gas hydrates. 

Exper imenta l 

Polymethylenebis(tributylammonium) dibromides [(C4H9)3-
N(CH2)nN(C4H9)3]Br2 (n = 4, 5, 6, 8, and 10; which have 
been denoted as C4Br2, G5Br2, G6Br2, G8Br2, and C10Br2 

hereafter) have been prepared by refluxing an excess of 
tributylamine with the corresponding a,co-dibromoalkane in 
ethanol.1) The excess amine was removed by extraction 
with diethyl ether and recrystallizadons were carried out 
either in an acetone/ethyl acetate mixture or an diethyl 
ether/methanol mixture. Since it was fairly difficult to 
obtain pure C10Br2 by recrystallization, the C10-compound 
was obtained as the iodide, C10I2, by the following pro­
cedure: C10I2 was precipitated by adding KI solution to 
aqueous G10Br2 solution which was then extract from the 
reaction mixture and recrystallized from ethyl acetate. 

All the salts were confirmed by IR, NMR, and ele­
mental analysis. 

Found: C, 57.41; H, 10.69; N, 4.81 ; Br, 27.01%. Calcd 
for C28H62N2Br2(n = 4): G, 57.33; H, 10.65; N, 4.78; Br, 
27.24%. Mp 157—158 °C for the bromide and 163—164 °C 
for the iodide. 

Found: C, 58.02; H, 10.69; N, 4.62; Br, 26.90%. Calcd 
for C29H64N2Br2(w = 5): C, 57.99; H, 10.74; N, 4.66; Br, 
26.61%. Mp 170—171 °C. 

Found: G, 58.75; H, 10.99; N, 4.36; Br; 25.22%. Calcd 
for G30H66N2Br2(« = 6): C, 58.62; H, 10.82; N, 4.56; Br, 
25.22%. Mp 167—168 °C. 

Found: G, 59.60; H, 11.04; N, 4.27; Br, 25.32%. Calcd 
for G32H70N2Br2(n = 8): C, 59.80; H, 10.98; N, 4.36; Br, 
24.86%. Mp 121—123 °C (123—124 "C1)). 

Found: C, 53.41; H, 9.68; N, 3.78; I, 32.95%. Calcd 
for C34H74N2I2(n=10): C, 53.40; H, 9.75; N, 3.66; I, 
33.19%. Mp 142.5—144 °C. 

Fluoride solutions (C„F2) have been prepared by the 
triple decomposition of a mixture of BaF2, Ag2S04, and 
the corresponding bromide (or iodide) by using stoichiomet-
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ric amounts of the latter two components and excess of 
the former.20'22) When a small amount of bromide (or 
iodide) ion was found in the filtrate, an aqueous AgF 
solution, obtained by the neutralization of AgOH with 
an aqueous HF solution, was added, and the precipitated 
silver bromide (or iodide) was removed by either filtration 
(pore size 1.0 (xm) or centrifuge (2000G, 30 min). Solutions 
of [(C4H9)3N(CH2)6N(C4H9)3]C12 and [(C4H9)3N(CH2)6-
N(G4H9)3]Y (Yr=OOC-COO and OOC-(CH2)3-COO) 
(which we denote by G6G12, G6Oxa, and G6Glu hereafter) 
were prepared by neutralizing [(G4H9)3N(GH2)6N(G4H9)3]-
(OH)2 (C6(OH)2) solutions with the corresponding acids. 
The hydroxide C6(OH)2 was obtained by treating a solu­
tion of G6Br2 with freshly prepared silver hydroxide, and 
purified by recrystallization from water19»20»23) in the form 
of a clathrate hydrate crystal (see below). Both oxalic and 
glutaric acids were reagent grade commercial materials and 
recrystallized from water. The two fluoride solutions 
prepared by different methods (neutralization of C6(OH)2 

with HF and triple decomposition of G6Br2 with BaF2 and 
Ag2S04) showed exactly the same behavior. 

The experimental procedures for determing the solid-liquid 
phase diagrams for the binary mixtures of these salts with 
water were almost the same as in previous papers.22»23) A 
sample solution (about 1.0—1.5 g) was prepared by weighing 
out water and a concentrated sample solution obtained by 
dehydrating a dilute solution using a rotary evaporator 
and whose water content was determined by the Karl 
Fischer titration method. No attempt was made to remove 
the air dissolved in the solution. 

R e s u l t s 

The solid-liquid phase diagrams for the binary 
mixtures of water with C4F2 , C5F2 , C6F2 , C8F2 , and 
C10F2 are shown in Fig. 1, indicating that all the salts 
form hydrates which melt congruently and have large 
hydration numbers. The formation of these hydrates 
except for GgFg,1) is confirmed for the first time. Judg­
ing from the large hydration numbers, the hydrates 

0.02 0.03 0.04 
Mole Fraction 

Fig. 1. The solid-liquid phase diagrams for the water 
+ [(G4H9)3N(GH2)nN(G4H9)3]F2 (» = 4, 5, 6, 8, and 10) 
systems. 

TABLE 1. THE MELTING POINTS AND THE HYDRATION 

NUMBERS OF [(C4H9)3N(CH2)n(C4H9)3]F2 HYDRATES 

n Melting point (°C) Hydration number 

4 (stable) 
4 (metastable) 
5 
6 
8 

10 

2.8 
- 3 . 1 

12.4 
20.4 
6.8 

- 2 . 2 

39±3 
45±2 
42±2 
46±2 
48±2 
50±2 

appear to be clathrate-like hydrates. The melting 
points and hydration numbers of these hydrates which 
have been read off each phase diagram are summarized 
in Table 1. 

The most appropriate methylene chain connecting 
the two terminal (C4H9)3N groups for the formation 
of a stable hydrate is a hexamethylene chain. The 
stability of the C6F2 hydrate (mp 20.4 °C) is comparable 
to that of several tetrabutyl (or isopentyl) ammonium 
salt hydrates.20»22-24) The melting point and hydration 
number for the C8F2 hydrate are fairly different from 
those reported by Broadwater and Evans (5 °C and 
about 40).1) A detailed comparison of the data is 
impossible because of the lack of experimental infor­
mation. I t has often been noticed that, for many tetra-
alkylammonium salt hydrates, the composition and the 
melting point of a hydrate which is separated from 
its solution phase and exposed to the atmosphere vary 
considerably with time.22) Two types of hydrates 
(stable and metastable phases) have been found for 
the G4F2 salt. The stable phase has less water mol­
ecules (39±3) than the metastable one (45±2) . 

The effect of anions on the formation of clathrate-
like hydrates has been examined for a series of C6-
compounds, whose cation is most suitable in size for 
the formation of stable hydrate as mentioned above. 
In Fig. 2 the solid-liquid phase diagrams for a series 
of C6-compounds (C 6 (OH) 2 , C6F2 , C6C12, C6Br2, 
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Fig. 2. The solid-liquid phase diagrams for the water 
+ [(C4H9)3N(CH2)6N(C4H9)3] (X2 or Y) ( X = O H , 
F, Gl, and Br; Y = O O C - C O O and OOC-(CH2)3-
COO) system. 
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TABLE 2. T H E MELTING POINTS AND THE HYDRATION NUMBERS OF THE HYDRATES OF 

HEXAMETHYLENEBIS(TRIBUTYLAMMONIUM) AND TETRABUTYLAMMONIUM COMPOUNDS 

Cation 

Anion [7c4H9)3N(CH2)6N(C4H9)3]2+' ( Ö Ä ) 4 N + 
, ~ ^ / —~ ^ 

Mp (°C) Hydration number Mp (°C) Hydration number 

Br1 - 0 . 2 48+3 12.5a> 30.5,a> 32.6a> 
CI- 4.9 47±2 15.0 28±3 

15.7a> 32.1,a> 33.8a> 
(OOC-COO)2- 7.3 47±2 16.6b> 5 8 ± P ) 

16.8a> 67,a> 64a> 
[OOC-(CH2)3-COO]2- 12.8 55±2 20.2b> 55±lb> 
O H - 18.4 58±2 28.0 33=fcl 
F - 20.4 46±2 28.3 31±1 

24.9a> 32.8,a> 34.0a> 

a) From Ref. 20. b) From Ref. 23. 

C6Oxa, and C6Glu) are shown and indicates that all 
C6-compounds examined form hydrates similar to those 
found in Fig. 1 : characterized by their high water 
contents and congruent melting points. The melting 
points and hydration numbers obtained are sum­
marized in Table 2, together with those of the cor­
responding te t rabutylammonium salts. 

D i s c u s s i o n 

The Effect of n on the Formation of CnF2 Hydrates. 
As can be seen from Fig. 1 and Table 1, C6F2 forms 
the most stable hydrate (mp 20.4 °C). From the fact 
that, in the clathrate hydrates of tetrabutyl(or isopentyl) 
ammonium salts, 7—8 water molecules are required in 
order to surround one butyl (or isopentyl) group, and 
that the C6F2 molecule has seven hydrophobic groups 
(six butyl groups and one hexamethylene chain), the 
hydration number of 4 6 ± 2 observed for the C6F2 

hydrate is a little bit smaller than expected. This 
indicates that the hydrogen-bonded water framework 
around the C6F2 molecule becomes efficient by the 
sharing of the common faces of adjacent polyhedra. 
Although the solution properties caused by the promo­
tion of additional hydrogen bonding of the water 
molecules in the vicinity of the hydrocarbon groups 
have been studied exclusively in aqueous solutions of 
C8Br2,1,3~5'7) the results here suggest that the structural 
effect in C6-salt (and also C5-salt) solution will be 
greater than that in C8-salt solutions. The enthalpy 
of the H20—>D20 (and also H20—»propylene car­
bonate) transfer for C8-cation clearly indicates that the 
structural effect for this ion in water is considerably 
smaller than that for two tetrabutylammonium ions.5) 

In Fig. 3, the melting points and hydration numbers 
of C n F 2 hydrates have been plotted against n. I t may 
be seen from the figure that both the melting points 
and hydration numbers vary differently with n depend­
ing upon whether n is smaller or larger than 6. When 
n is smaller than 6, both the melting points and the 
hydration numbers increase with increasing n, whereas 
when n is larger than 6, the melting points drastically 
decrease with increasing n while the hydration numbers 
increase in a similar manner as before but less sharply. 

i 1 1 1 1 i I i I 

3 4 5 6 7 8 9 10 II 
Number of Carbon Atoms (n) 

Fig. 3. The melting points and the hydration numbers 
of the [(C4H9)3N(CH2)nN(C4H9)3]F2 hydrates as a 
function of n. 

The hydration number of the metastable C4F2 hydrate 
lies approximately on the extention of the line for 
n>6. 

Although there is no evidence concerning the crystal 
structure of these hydrates, the following structure is 
consistent with the behavior shown in Fig. 3 : the 
principal constituent of the hydrates may be considered 
as a clump consisting of three hydrogen-bonded water 
frameworks (presumably distorted tetrakaidecahedra or 
pentakaidecahedra) each of which surrounds one of 
the butyl radicals in the terminal (C4H9)3N group. 
This unit is schematically depicted in Fig. 4, with the 
assumption that each polyhedron is 14-hedron. The 
(C4H9)3N-group sheath is denoted hereafter by 3P 
(P stands for polyhedron). The C n F 2 hydrate crystal 
is then made up of two 3P's arranged face to face, in 
the interstitial space of which is accommodated a 
polymethylene chain, - ( C H 2 ) n - , which connects the 
two (C4H9)3N-groups. 

In the C4F2 hydrate (stable phase), the two 3P's 
are drawn together since they are covalently combined 
by a short polymethylene chain (the maximum distance 
between the two nitrogen atoms is 6.2—6.3Â). The 
most probable configuration for this would be the 
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I I L 

Fig. 4. The schematic representation of the water 
frameworks which enclathrate a (G4H9)3N-group (3P). 

twisted combination — a rotating 60° about the N - N 
axis as in the staggered ethane molecule conformation. 
The water framework within which the - ( C H 2 ) 4 - chain 
is accommodated is automatically formed when the 
two 3P's approach, in agreement with the observation 
that the hydration number of the C4F2 hydrate is 
considerably small (39±3) . The low melting point 
of this hydrate is presumably due to the strong distor­
tion of the framework. The increase of both hydration 
number and melting point with increasing n from 4 
to 6 is due to the formation of a larger and less distorted 
cage to accommodate a longer polymethylene chain 
( - (CH 2 ) 5 - and - ( G H 2 ) 6 - ) . In the compound G6F2, 
which gives the most stable hydrate, the stretched 
chain-length between the two nitrogen atoms, 8.8 Â, 
is very close to the average cage diameter of a typical 
polyhedron (8.7 Â for a 14-hedron and 9.4 Â for a 
16-hedron25)). 

The slight increase in the hydration numbers and 
the drastic decrease in the melting points with increasing 
n from 6 to 10 reflects the situation that a few more 
water molecules are necessary to form a larger cage 
than in the case of C6F2 hydrate in order to accom­
modate the longer chain. Chain flexibility cancels 
this out to some extent, and furthermore the cage 
thus constructed is inevitably distorted compared with 
the most stable polyhedra such as the 14-hedron and 
16-hedron. As to the structure of the metastable 
G4F2 hydrate, from the experimental results, i.e. a 
considerably low melting point and a hydration number 
(45±2) much larger than that in the stable phase 
(39zt3) and position nearly on the extention of the 
line for n>6 as previously pointed, it appears essentially 
similar to the structure for n>6, but much more strained 
because of the short methylene chain. Presumably 
the two 3P's would take an eclipsed conformation in 
contrast to the staggered conformation which was 
assumed to be the stable phase as discussed earlier. 
Further detailed crystallographic studies of these 
hydrates are needed. 

The Effect of Anion on the Formation of the C^Hydrates. 
The correlation between the melting points of the 
hydrates of C6-compounds with various anions and 
those of the corresponding tetrabutylammonium com­
pounds is shown in Fig. 5. This figure indicates two 
interesting facts: (1) the melting points of the G6-
compound hydrates are about 10 °C lower than those 

10 20 30 
mp(°C) of Bu4N

+" Hydrates 

Fig. 5. The correlation between the melting points of 
the [(C4H9)3N(CH2)6N(C4H9)3]2+ hydrates and those 
of the (C4H9)4N+ hydrates. 

of the te trabutylammonium compound hydrates ir­
respective of the type of anion; (2) there exists approxi­
mately linear relationship between the two sets of 
melting points. T h e former point emerges since the 
formation of the hydrogen-bonded water framework 
around the C6-cation is considerably more difficult 
compared with the case of the te t rabutylammonium 
cation. T h e latter point indicates that the lattice 
distortion caused by the presence of the anion affects 
the stabilities of the hydrates in a similar manner in 
both series of salts. As may be seen from Table 2, 
all the C6-compounds, except C6Glu and C 6 (OH) 2 , 
have the same hydration numbers — around 47. This, 
suggests that they are isostructural, having a strong 
resemblance to the finding that the corresponding 
tetrabutylammonium salt hydrates are isomorphous 
(tetragonal).20) T h e relatively large hydration number 
found for glutarate hydrate may be a consequence of 
the additional water molecules needed in order to sur­
round the large O O C - ( C H 2 ) 3 - C O O anion, a striking 
contrast to the [ ( C 4 H 9 ) 4 N ] 2 O O C - ( C H 2 ) 3 - C O Ô 
hydrate which has a cosiderably small hydration 
number.23) Hydroxide hydrate has also a large hy­
dration number. A similar but less sharp trend is seen 
for te trabutylammonium hydroxide hydrate and this 
may be due in par t to the strong hydration of the 
hydroxide ion. 

This work was supported by a Grant-in-Aid for 
Scientific Research from the Ministry of Education. 
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Studies of the Metal Complexes of Cyclohexane Derivatives. V.1} 

Copper(II) and Nickel(II) Complexes of cîs-l,3-Cyclohexanediamine 
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A series of l,3-chxn(«j-l,3-cyclohexanediamine) copper(II) and nickel(II) complexes have been prepared 
and studied using spectroscopic and magnetic techniques. The violet and red copper(II) complexes of 1,3-
chxn were found to consist of monomeric distorted octahedra and slightly distorted square planers, respectively. 
The nickel(II) complexes have a square planar structure. The conformational change of the ligand from 
diequatorial to diaxial on coordination has been confirmed by infrared analysis. 

cw-l,3-Cyclohexanediamine (abbreviated as 1,3-
chxn2)) is 

I i NH2 NH2 

(a) diequatorial (b) diaxial 
conformation conformation 

known to take exclusively the diequatorial conforma­
tion (a). Assuming that the transformation to the less 
stable diaxial form(b) occurs, this diamine is able to 
form metal complexes containing six membered rings 
as bidentate ligands. The Pd(I I ) and Pt( I I ) complexes 
of 1,3-chxn have been prepared and there is some 
evidence for the square planar structure in which the 
ligand exists as the diaxial conformer(b).3) Kamisawa 
et al.V recently determined the molecular structure of 
[Pd(l,3-chxn)2]Cl2 by X-ray diffraction. A similar 
structure for the mixed Pt(I I ) complex with 1,3-chxn 
and 2,2'-bipyridyl has been reported by Sarneski et al.5) 

The copper (I I) and nickel (II) complexes with cis-
and /ra/w-l,2-cyclohexanediamine (abbreviated to c-
and /-chxn) have been studied and it has been found 
that the structures of the bis complexes of nickel(II) 
were greatly affected by the steric configuration of 
these ligands.1^ In a series of studies examing the 
influence of the stereochemistry of the cyclohexane 
derivatives upon complex formation, the copper(II) 
and nickel (II) complexes of 1,3-chxn were prepared 
and studied. 

Exper imenta l 

Materials. 1,3-chxn was prepared from cis-l ß-cyc\o-
hexanedicarboxylic acid according to the procedure in the 
literature.6) cw-l,3-Cyclohexanedicarboxylic acid used was 
isolated by the method of Skita7) from the mixed eis- and 
trans-didicid resulting from hydrogeneration of isophthalic 
acid. 

Measurements. The magnetic moments were measured 
with a Shimadzu MB-2 magnetic balance at room tem­
perature. Measurements of the absorption spectra were 
carried out using a Hitachi 124-spectrophotometer. The 
reflectance spectra were measured with a Shimadzu MPS-
5000 spectrophotometer. The infrared spectra were recorded 
with a JASCO IR-2A spectrophotometer using a KBr disc. 

Preparation of the Complexes. Cu(1,3-chxn)2Cl2 : Gopper-

(II) chloride dihydrate (2 mmol in 2 ml of MeOH) and 
1,3-chxn (4 mmol in 2 ml of MeOH) were mixed together. 
The resulting violet product was recrystallized from 
methanol-ethanol. 

Cu(1,3-chxn)2ClClO±: Dihydrochloride of 1,3-chxn (6 
mmol) and GuGl2-2H20 (1.2 mmol) were dissolved in H 2 0 
(7.5 ml) and the pH was adjusted to approximately 10 by 
1 mol 1_1 NaOH solution. To this solution NaC104 (6 mmol) 
was added. On warming the solution, a blue violet com­
plex began to precipitate, and this was recrystallized from 
methanol. 

Cu(7,3-chxn)2Br2 (A) and Cu(7,3-chxn)2Br2 (B): Gopper-
(II) bromide (2 mmol in 15 ml of EtOH) and 1,3-chxn (4 
mmol in 2 ml of EtOH) were mixed together. This method 
predominantly produced the violet complex, Recrystalliza-
tion from ethanol gave violet crystalline powder of (A), 
while, recrystallization from methanol afforded the wine 
red needles of (B). 

Cu(7,3-chxn)2(N03)2: Gopper(II) nitrate trihydrate (1 
mmol in 5 ml of H 2 0) and 1,3-chxn (2 mmol in 10 ml of 
MeOH) were mixed and the resulting violet solution was 
warmed. The wine red crystals were recrystallized from 
methanol. 

[Ni(7,3-chxn)2]X2 (X=Ch, Br~, N03~, and ClO^-J: All 
the nickel(II) complexes were prepared in a similar manner 
as described here. To an ethanoic solution of the ligand 
(4—5 mmol), an ethanoic solution of the Ni(II) salt (2 
mmol) was added. The yellow crystals obtained were re­
crystallized from methanol. 

R e s u l t s a n d D i s c u s s i o n 

Properties of the Complexes. The results of the 
elemental analyses, the magnetic moments, and the 
colors of the complexes prepared are listed in Table 1. 
The copper (II) complexes are magnetically normal 
and are assumed to consist of monomeric species. The 
1,3-chxn ligand was found to produce two forms of 
copper(II) complexes, a violet and a red, depending 
on the anion. The copper(II) complexes coordinating 
Br~ exist in two forms, however, the violet complex 
was recrystallized with some difficulty. O n the other 
hand, this ligand afforded only diamagnetic nickel (I I) 
complexes. The tris and bis nickel (I I) complexes 
having octahedral or tetragonally distorted octahedral 
structures were not obtained. 

Electronic Spectra. Some typical electronic 
spectra of the complexes obtained are shown in Fig. 1 
and the numerical data, in Table 2. The band maxima 
of the red copper(II) complexes in the solid state were 
observed at 20400—20600 c m - 1 , higher in energy than 
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TABLE 1. ELEMENTAL ANALYSES, MAGNETIC MOMENTS, AND COLORS OF THE COMPLEXES 

Found (Galcd) % 
V ^ W ± ± J . ^ ± W V 

Gu(l,3-chxn)2Gl2 

Gu(l,3-chxn)2GlG104 

Gu(l,3-chxn)2Br2 (A) 
Gu(l,3-chxn)2Br2 (B) 
Gu (1,3-chxn) 2 (N03) 2 

[Ni(l,3-chxn)2]Gl2 

[Ni(l,3-chxn)2]Br2 

[Ni(l,3-chxn)2](N03)2 

[Ni(l,3-chxn)2](G104)2 

V 
BV 
V 
WR 
WR 
Y 
Y 
Y 
OY 

a) V = violet, BV = blue violet, WR = 

G 

39.61(39.72) 
33.66(33.77) 
32.06(31.91) 
31.63(31.91) 
34.73(34.65) 
39.96(40.26) 
32.10(32.35) 
35.08(35.06) 
29.55(29.66) 

-wine red, Y=yellow, 

H 

7.54(7.78) 
6.71(6.61) 
6.22(6.25) 
5.98(6.25) 
7.06(6.79) 
8.15(7.88) 
6.07(6.32) 
7.03(6.87) 
5.77(5.81) 

OY=orange yellow 

• v , 

N 

15.53(15.44) 
13.35(13.13) 
12.31(12.40) 
12.21(12.40) 
20.52(20.20) 
15.51(15.65) 
12.72(12.54) 
20.64(20.44) 
11.55(11.53) 

(B.M.) 

1.84 
1.86 
1.84 
1.85 
1.83 
dia 
dia 
dia 
dia 

150h 

100 

50 

TABLE 2. ELECTRONIC SPECTRA OF THE COMPLEXES 

^ 2 
5 -
03 

$ 

25 20 15 

Wave number (103cm_1) 

Fig. 1. Electronic spectra of (a) Cu(l,3-chxn)2Br2(B) 
(MeOH soin.), (b) Gu(l,3-chxn)2GlG104 (Solid), (c) 
Gu(l,3-chxn)2(N03)2 (Solid), and (d) [Ni(l,3-chxn)]2 

(Solid). 

those of the violet complexes which were considered 
to have tetragonally distorted octahedral structures. 
The d-d bands of the former were sufficiently high 
compared to the copper(II) complexes of other dia­
mines, e.g., c-chxn,1) ^-chxn,1) and 1,3-propanediamine8) 
thought to have a similar structure to 1,3-chxn. Asum-
ing that 1,3-chxn coordinates to the copper(II) ion as 
a result of interconversion to the diaxial conformation(b) 
and that the chelate ring takes a chair conformation 
in the same way as [Pd(l,3-chxn)2]Cl2 ,4) then the 
considerable large steric hindrance by a H 5 a proton 

Complex 

Gu(l,3-chxn)2Gl2 

Gu(l,3-chxn)2GlG104 

Gu(l,3-chxn)2Br2 (A) 
Gu(l,3-chx)2Br2 (B) 
Cu (1,3-chxn) 2 (N03) 2 

[Ni (1,3-chxn) J Gla 
[Ni(l,3-chxn)2]Br2 

[Ni(l,3-chxn)2](N03)2 

[Ni(l,3-chxn)2](G104)2 

V 

y 

Solid 

19.0 
18.4 
18.9 
20.6 
20.4 
21.5 
21.5 
21.6 
21.4 

W e m " 1 (e) 

Solution 

18.0 (106) a> 
18.0(107)a> 
18.0(107)*) 
18.0 (108) a> 
18.5(133)b> 
21.5(46.2)a> 

_ c ) 

c) 

c) 

c) In MeOH solution, b) In DMF solution, c) The 
absorption spectrum could not be measured because 
of the low solubility of the complex. 

occurs in the z-axis. Consequently, only the anionic 
X group which has strong bond strength would be 
expected to occupy tetragonal positions. As the axial 
field strength weakens, the in-plane field strength 
increases. Tha t the structure of the red form com­
plexes is very close to being square planar is sup­
ported and this is unusual for Cu(diamine)2X2 .9 '10) In 
methanol solution, the copper (I I) complexes of both 
forms, except the nitrate, have essentially the same 
Vax a n d £max- ^ c a n D e s a ^ t n a t t n e equilibrium 
in the methanol solution shifts greatly towards the 
formation of Cu(l ,3-chxn) 2 (MeOH) 2

2+ (Scheme 1). 
With the violet complexes having a distorted octahedral 
structure ligand-substitution reactions between the 
coordinated anions and solvent molecules appears to 
hold, while, in the case of the red complexes, the square 
planar structure appears to transform to the distorted 
octahedral structure by bonding solvent molecules. 

Gu(l,3-chxn)2Gl2 (violet) + 2MeOH 

il 
Gu(l,3-chxn)2Br2(red) + 2MeOH ; = ± Gu(l,3-chxn)2(MeOH)2

2+ + 2X~ 

Cu(l,3-chxn)2Br2 (violet) + 2MeOH 

Scheme 1. 
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As Table 2 shows, the visible spectrum of [Ni (1,3-
chxn)2]Cl2 in methanol is similar to the reflectance 
spectra of all the nickel(II) complexes prepared. The 
spectral properties of the nickel(II) complexes with 
1,3-chxn suggested that only reasonable structure for 
these complexes is square planar. This trend has been 
known for the nickel (II) complexes of the bulky diamine 
involved.11) 

Infrared Spectra. The representative infrared 
spectra of the complexes in the (5NH2, picn2, i°rNH2 

region are shown in Fig. 2, and the main bands are 
listed in Table 3. The three copper (II) complexes 
of the violet form exhibit a very similar infrared spectra. 
The characteristic bands assignable to the rocking 
vibration of N H 2 are observed at 600—750 cm- 1 . For 
the analogue of the violet complexes, the |0rNH2 values 
appear due to the anionic groups bonded in the te­
tragonal positions. Therefore, more than four peaks 
corresponding to prmi2 appear in the spectra of Cu( 1,3-
chxn) 2C1C104. No relationship between the frequen­
cies of |0rNH2 and structures of the red copper (II) and 

1700 600 1500 800 

Wave number (cm-1) 

Fig. 2. Infrared spectra of (a) Cl(l,3-chxn)2Br2 (A), (b) 
Cu(l,3-chxn)2Br2 (B), and (c) [Ni(l,3-chxn)2]Br2 in 
the (5NH2, PIQH2, and ptN1Ii region. 

nickel(II) complexes have been found. 
The (5NH2 of the nickel(II) complexes described here 

show two peaks. The similar frequency separation 
for the red copper(II) complexes is significantly larger 
than that for the violet copper (I I) complexes. The 
splitting of this band may be due to the distortion of 
the chelate ring or the degree of hydrogen bonding 
between the N H 2 groups and the anion. In the spectra 
of a similar type of complexes having stronger meta l -N 
bonds, such as [Pt(l ,3-chxn)2]Cl2 and [Pd( 1,3-chxn)2]-
Gl2, the corresponding band shows no splitting.3) From 
the (5NH2 data, the structure of the red copper (I I) 
complexes is thought very similar to the square planar 
complexes of nickel (I I ) . 

It is generally recognized that the degenerated stretch­
ing mode of the Perchlorate ion splits into two bands 
on coordination.12) As shown in Fig. 3, the infrared 
spectrum of Cu(l ,3-chxn) 2ClC10 4 gives evidence of 
the covalently bonded Perchlorate group. The same 
band of [Ni(l ,3-chxn)2](C104)2 appears to be single 
and broad, reflecting the existence of free ions. The 
infrared spectra of Cu( 1,3-chxn)2(N03)2 shows a broad 
profile of rN_0 ascribable to the free ion13) at 1300— 
1400 cm - 1 , which is very similar to that of [Ni( l ,3-
chxn) 2 ] (N0 3 ) 2 . This suggests that in the former 
complex the copper (I I) ion is present in a planar 
rather than a distorted octahedral configuration. 

1200 1000 1200 1000 

Wave number (cm-

Fig. 3. Infrared spectra of (a) Cu(l,3-chxn)2ClC104 

and (b) [Ni(l,3-chxn)2](C104)2 in the i>cl_0 region. 

TABLE 3. THE MAIN INFRARED BANDS OF THE COMPLEXES (cm-1) 

Complex ^NH PNH2 i°rCH2 j°rNH2 

Cu(l,3-chxn)2Cl2 
Cu(l,3-chxn)2ClC104 
Cu( 1,3-chxn)2Br2 (A) 
Cu(l,3-chxn)2Br2 (B) 

Cu(l,3-chxn)2(N03)2 
[Ni(l,3-chxn)2]Cl2 
[Ni(l,3-chxn)2]Br2 
[Ni(l,3-chxn)2](N03)2 
[Ni(l,3-chxn)2](C104)2 

3230, 
3230, 
3230, 
3230, 
3260, 
3180, 
3170, 
3280, 
3300, 

3110a> 
3110a) 
3120a) 
3130a) 
3150a) 
3100 
3100 
3140a) 
3260, 3200a) 

1590, 
1583, 
1580 
1596, 
1619, 
1607, 
1594, 
1620, 
1601, 

1583 
1577a) 

1567 

1602, 1585 
1584 
1580 
1583 
1580 

817, 
812, 
812, 
810, 
777 
810si 

817, 
810 
778 

777 
773 
775 
777 

, 795 
787 

727, 678, 637, 601 
737, 719, 670, 632, 595a) 
719, 670, 630, 596a) 
738, 709, 690 
740sh, 692, 648, 608 
715, 640 
738, 720, 695 
746, 719, 645a) 

742, 710 

a) A shoulder was observed besides these bands. sh = shoulder. 
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As previously discussed, for coordination of the 1,3-
chxn ligand to the metal ion the interconversion from 
the diequatorial(a) to the diaxial(b) conformer is neces­
sary. In the infrared spectra of the cyclohexane 
derivatives involving axially bonded substituents, the 
weak rocking vibration of CH 2 appears around 800 
cm - 1 .1 4) It has been found that the £-chxn complexes 
show these characteristic bands which are absent in 
the t-chxn complexes. 15> Dihydrochloride of 1,3-chxn 
have no bands in the region of 560—840 c m - 1 . How­
ever, in the spectra of the complexes one or two bands 
were observed around 770—810 c m - 1 as shown in 
Table 3 and Fig. 2. These results support the com­
plexes involve ligands with diaxial conformation (b). 
Similar complex formation of 1,3,5-triaminocyclohexane 
taking conformational inversion have been revealed in 
several investigations.16-18) 

The authors would like to thank Dr. Noboru Naka-
yama and Dr. Haruo Matsui of the Goverment Indus­
trial Institute, Nagoya, for the use of a Shimadzu 
MB-2 magnetic balance and a Shimadzu MPS-5000 
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to Miss Masae Ishiguro and Miss Shizuko Iwauchi 
of the Analytical Center of Nagoya City University 
for the elemental analyses. 
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The six isomers of the [GO(L- or D-asp)(L-his)] complex (asp = aspartate ion and his = histidinate ion) have 
been prepared and the isomerization studied in the absence of any catalyst. The equilibrium mole fractions 
of these isomers in water has been found for L-trans05cisN5, i.-cis05transN5, L-fac, to be 0.53, 0.06, and 0.41, 
respectively, those for r>-cis05cisN5, n-trans05transN5, and n-fac to be 0.48, 0.01, and 0.51 respectively. The 
indication is that the relative positions of the six coordinated atoms around a cobalt atom cause these un­
equal isomer concentration ratios. The isomerisms are dealt with by means of a network of first order 
reversible reactions and the absolute values of the rate constants at 80 °G have been determined. 

In a previous work,1) the isomerzation of D-aspar-
tato(L-2,4-diaminobutyrato)cobalt(III), [Co(D-asp)(L-
2,4-dba)] was studied in the presence of active 
carbon. The relative rate constants of the isomeriza­
tion and the mole fractions of the isomers at equili­
brium were determined. However, those of the [Co-
(L-asp)(L-2,4-dba)] complex could not be determined 
on account of their low solubilities. In this paper, the 
preparation and the isomerization of the isomers of 
the D- or L-aspartato(L-histidinato) cobalt ( III) complex 
are presented. All isomers are soluble in water. 

Exper imenta l 

Preparation of [CO(L- or rt-asp) {L-his)]. TO a solution 
of CoCl2-6H20 (2.4 g) in water (20 cm3) containing 10% 
H 2 0 2 (5 cm3) was added an aqueous solution containing 
L-aspartic acid (1.33 g), L-histidine (1.55 g), and NaOH 
(0.95 g). The pH of this mixed solution became ca. 7. 
The solution was stirred for 24 h at 30 °G, concentrated 
to about 20 cm3 and passed through a column (30 mm0 X 700 
mm) containing a strong acid cation exchange resin (Dowex 
50WX8, Na+ form). By slowly washing the column with 
water, five bands were distinguished, the last three bands 
corresponding to the isomers of the [Go(L-asp)(L-his)] 
complex. The three fractions were violet (HI), brick red 
(H2), and red violet (H3) in that order of elution. In 
order to separate the bands of HI and H2 precisely, the 
fractions were circulated several times in the column using 
a quantitative micropump. The three fractions were eva­
porated to dryness below 30 °G by a rotatory evaporator. 
The isomers of the [Go(D-asp)(L-his)] complex were similarly 
prepared using D-asp insted of L-asp. The three fractions 
were violet (II), brick red (12), and red violet (13) in that 
order of elution. Found: (HI) G, 30.66; H, 4.95; N, 
13.80%. Galcd for GoG10H13O6N4• 3H 2 0 : G, 30.21; H, 
4.81; N, 14.01%. Found: (12) G, 35.08; H, 3.87; N, 
16.63%. Galcd for GoG10H13O6N4• 0.5H2O: G, 34.95; H, 
3.81; N, 16.31%. Found: (H2) G, 33.01; H, 3.81; N, 
14.81%. (H3) G, 32.65; H, 4.15; N, 15.00%. (Il) G, 
32.81; H, 4.18; N, 15.40%. (13) C, 32.35; H, 4.25; N, 
14.89%. Galcd for CoC10H13O6N4-1.5H2O: G, 32.41; H, 
4.35; N, 14.89%. 

The method of isomerization for the [GO(L- or D-asp)(L-
his)] complex was similar to that described in a previous 
paper.1) Since the HI(I I ) , H2(I2), and H3(I3) isomers 
could be easily separated by means of high speed liquid 
chromatography (column contained a strong cation exchange 

resin, TSK LS-212 Toyo Soda Ind., Na+ form), the con­
centrations of these isomers were determined with a UV 
spectrophotometer (at 254 nm) by comparison with the peak 
height of a known concentration of isomer. 

R e s u l t s a n d D i s c u s s i o n 

Char acter rization. Figure 1 shows the possible 
isomers of the [ C O ( L - or D-asp) (L-his)] complex. They 
are denoted by L- or D-series with respect to the asp 
used. Both series of mixed complexes are composed 
of two meridional and one facial about the chromo-
phore [Co(N) 3 (0 ) 3 ] . T h e isomers are denoted by 
considering the 5-membered glycinato N and O atoms. 
The two mer isomers for the L-series are denoted 
by L-trans05 cisN5 and L.-cis05 transN5. Similarly the 
three isomers of [Co(D-asp) (L-his)] are designated 

Fig. 1. The six possible geometrical isomers of the 
[GO(L- or D-asp)(L-his)] complex, a; cis05cisN5, b ; 
trans05transN5, c; D-fac, d; trans05cisN5, e; cis0b-
transNb, and f; L-fac. 
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by T>-cis05cisN5, D-trans05transN5, and T>-fac Figures 
2a and 3a show the electronic absorption spectra. 
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Fig. 2. Absorption (upper) and CD (lower) spectra of 
[Co (L-asp) (L-his)]. HI ( ), H2 ( ), and H3 

( )• 

Table 1 shows the numerical data for the electronic 
absorption spectra of [ C O ( L - or D-asp) (L-his)], together 
with those for the isomers of [ C O ( L - or D-asp) ( L - 2 , 4 -
dba)].1) The absorption spectra of the [ C O ( L - or D-
asp)(L-his)] complexes were similar to those for [Co-
(L- or D-asp) (L-254-dba)]. The ligand L-254-dba 
differs from the histidine only in that it contains 
the NH 2 -CH 2 -g roup in the position occupied by the 
imidazole group in histidine. The charge transfer 
bands which tail into the visible region in the spectra 
of the [ C O ( L - or D-asp) (L-his)] complexes are absent in 
the [ C O ( L - or D-asp) (L-2,4-dba)] complexes. When the 
elution order and the similarity of the visible absorption 
spectra between [ C O ( L - or D-asp) (L-his)] and [Co-
(L- or D-asp) (L-2,4-dba)] are taken into account, the 
isomers H I , H2 , and H 3 are tentatively assigned as 
iu-trans05cisN5, iu-cis05transN5, and L-fac. The isomers 
I I , 12, and 13 are also assigned as D-cis05cisN5, D-
trans05transN5, and r>-fac in the same manner. Figures 
2b and 3b show the CD spectra of the six isomers of 
[Co (asp) (his)]. T h e CD spectrum for a specific 
isomer e.g. the first eluate of the [ C O ( L - or D-asp)-
(L-his)] complex is quite similar to that for the isomer 
being eluted in the same order e.g. the first eluate of 
the [ C O ( L - or D-asp) (L-2,4-dba)] complex. Both 
isomers may have the same configuration as shown in 
Fig. 1. However, the coordination of the L-his in 
place of L-2,4-dba for the [ C O ( L - or D-asp) ( L - 2 , 4 -

TABLE 1. ABSORPTION AND CD SPECTRAL DATA OF [CO(L- OR D-asp) (L-his)] 

Complex 

i.-transObcisNb 

L-cis05transN5 

ia-fac 

D-cis05cisN5 

v-trans05transN5 

D-fac 

Absorp 

^max a ) 

18.0 
(18.2)*» 
20.2 

(20.0) 
17.2 

(16.7) 
20.4 

(20.4) 
19.5 

(19.3) 

18.2 
(18.3) 
21.2 

(20.8) 
17.0 

(16.8) 
20.8 

(20.5) 
19.5 

(19.3) 

I band 

>tion 

loge 

1.78 
(1.92) 
1.83 

(1.92) 
1.78 

(1.44) 
1.78 

(1.97) 
2.12 

(2.23) 

1.85 
(1.75) 
1.65 

(1.55) 
1.20 

(1.38) 
1.68 

(1.75) 
2.20 

(2.13) 

( 

^max 

18.9 
(18.7) 
21.5 

(21.8) 
17.2 

(17.5) 
21.5 

(19.8) 
18.2 

(18.2) 
20.6 

(20.6) 
18.4 

(18.4) 
21.2 

(21.3) 
19.9 

(16.7) 
20.3 

(19.5) 
18.4 

(16.7) 
20.6 

(19.8) 

JD 

Ae 

- 1 . 7 0 
( -2 .50) 

0.60 
(0.80) 
1.55 

(2.28) 
- 0 . 5 0 

( -0 .20) 
1.20 

(1.48) 
- 0 . 9 0 

( -0 .56) 
- 1 . 4 5 

( -2 .80) 
0.95 

(1.08) 
1.50 

(2.75) 
- 1 . 5 5 

( -2 .25) 
0.90 

(0.10) 
- 0 . 5 5 

( -0 .40) 

Absorp 

^max 

27.5 

(27.2) 

ca. 28 
(27.2) 

ca. 27 
(27.3) 

27.5 
(27.3) 

27.5 
(27.4) 

27.5 
(27.2) 

II 

tion 

loge 

1.99 

(2.05) 

2.15 
(1.99) 

2.05 
(1.90) 

2.01 
(1.88) 

2.00 
(1.73) 

2.02 
(1.95) 

band 

CD 

^max 

27.5 

(27.2) 

27.2 
(26.8) 

27.6 
(ca. 27) 

26.5 
(27.8) 

27.7 
(28.0) 

(24.8) 
27.4 

(28.0) 

As 

0.40 

(0.96) 

0.45 
(0.33) 

- 0 . 5 3 
( -0 .11) 

0.25 
(0.80) 

0.55 
(0.26) 

(0.10) 
- 0 . 4 5 

( -0 .20) 

a) Wave numbers are given in 103 cm -1 . 
b) The figures in the parentheses denote the data for [GO(L- or D-asp) (L-2,4-dba)]. 
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x 10 cm" 

Fig. 3. Absorption (upper) and CD (lower) spectra of 
[Go(D-asp)(L-his)]. II ( ), 12 ( ), and 13 
( )• 

7.64 7.06 3.86 3.72 

8.16 7.24, 3.98 368 

<K 

18.00 712 4.22 4.16 |L 

ppm from D55 

Fig. 4. PMR spectra of a; HI , b ; H3, c; II , 
and e: 13. 

d; 12, 

dba)] complex decreases the magnitude of the CD 
peaks of the four mer isomers in the first absorption 
band region. It is interesting that the CD spectrum for 
the H I isomer resembles that for the I I isomer in spite 
of the coordination of the enantiomeric ligand. 

PMR Spectra. Figure 4 shows the P M R spectra 
of the five isomers. The spectrum of 12 could not be 
obtained because of its low solubility. The L-his 
has the patterns of ABX and A X and the L- or D-asp 
that of A X only. T h e peaks near (5 8.0 ppm for the 
five P M R spectra are ascribed to the 2-protons of 
imidazole and the peaks near ô 7 ppm to the 5-pro-

tons of imidazole having a higher electronegativity than 
that for the 2-proton. T h e peaks at ca. 3.4 ppm are 
due to the methylene protons of asp and the peaks higher 
than those to the methylene protons of L-his. The 
peaks at ca. ô 4.2—3.6 p p m are assigned to those of the 
methine protons for L-his and L- or D-asp. T h e distri­
bution of all the peaks for the five isomers agree with 
the prediction based on the empirical rule as devel­
oped by the authors.2) Consequently H I , H2 , and H 3 
were assigned as trans05cisN5, cis05transN5, and L-fac, 
and I I , 12, and 13 as cis05cisN5, trans05transN5, and 
D-fac, respectively. 

Isomerization of the Isomers of \CO(-L- or r>-asp) (L-his)]. 
All the isomers of [ C O ( L - or D-asp) (L-his)] isomerized 
in water without any catalyst. Figure 5 shows a 
series of chromatograms corresponding to the change 
in concentration of each isomer due to the isomeriza­
tion of H 3 . Each isomer can be separated from the 
mixture by high speed liquid chromatography. T h e 
TSK-212 resin is eminently suitable for the separation 
of the isomers of a complex with no charge. Since 
no concentration loss of the complex due to other 
reactions was found within experimental error, it was 
possible to treat the concentration of the complex 
as constant throughout the experiment and so network 
analysis3^ is available for this reaction. The system of 
differential equations representing the behavior of the 
system is shown as follows: 

dajdt = — (k12 + klz)ax -f k21a2 -f 

dü,2/dt — ^12^1 — ( # 2 3 ~ T ^ 2 l ) ^ 2 ~T~ ^32^35 

dajdt = k12ax + k2za2 — (k31 + kz2)a3, 

where al9 a2, and aB are the molar fractions of H I ( I I ) , 
H2(I2) , and H3(I3) 5 respectively. T h e rate constant 
of the reaction, for which the notation of the Hi(Ii)-
(z= 1,2,3) isomer is transformed into H/ ( I / ) , is repre­
sented by k{j. This analysis was applicable for obtain­
ing the relative value of the rate constant (kt/). 
In order to obtain absolute values (ktj), the relative 
rate constans are substituted in a certain differential 
equation, for example, 

da2/dt = k\k12ax — (k2^ -\- k21')a2-\- ks2as], 

Fig. 5. High speed liquid chromatograms indicating 
the isomerization of the H2 isomer, a: Marker, b : 
HI(I I ) , c: H2(I1), and d: H3(I3). 
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where k is the ratio {k12lk12). All the ktj of Hz and 
li systems are shown in Fig. 6. In the case of the 
Hz system, the values of the rate constants decrease 
in the order k2Z> k31,k13,k21> k12,k32. Figure 7 shows 
the experimentally observed compositions for isomeriza-
tion. T h e molar fractions at equilibrium are as follows ; 
HI(0 .53) , H2(0.06), and H3(0.41). T h e free energy 
differences at 25 °C are as follows: AG12=G(H\) — 
G(H2) = - 7 m n ( 5 3 / 6 ) = - 5 . 4 0 k J / m o l and AG23=RT 
ln (41 /6)=4 .76 kj/mol. In case of the If system, 
the values of the rate constants decrease in the order 
k2S>k1B,ksl>k21,kB2>k12. This order closely resembles 

H3 fac 13 fac 

H1 <~ (QAO) H 2 11 < (0.0 A I — 12 
t rans05 cis05 cis05 trans05 
cisN 5 transN5 cisN5 transN5 

X 105sec-' 

Fig. 6. Rate constants of the isomerization at 80 °C. 

HI (0.53) H2(0.06) 11 (0 .48 ) 12(0.01) 
transO. cis05 cisCL trans05 
cisN5 t ransN 5 cisN5 transN5 

Fig. 7. Experimentally observed compositions for the 
isomerization at 80 °G. a: From HI (II), b : from 
H2(I2), and c: from H3(I3). 

the Hz system. T h e molar fractions at equilibrium 
are as follows: 11(0.48), 12(0.01), and 13(0.51). The 
free energy differences at 25 °C are as follows: AG12 

= G ' ( I 1 ) - G ' ( I 2 ) = - Ä T l n ( 0 . 4 8 / 0 . 0 1 ) = - 9 . 7 4 kj/mol 
and A G 2 3 ' = i m n ( 0 . 5 1 / 0 . 0 1 ) = 9 . 7 4 kj/mol. In both 
systems each isomer may have only a little steric hin­
drance and hydrogen bonding between the coordi­
nated his and asp. The fact that the molar fractions 
are in the order trans05cisN5>L-facycis05transN5 

for [Co(L-asp)(L-his)], and r>-fac& eis 05cisN5y trans 05-
transN5 for [Co(D-asp)(L-his)] suggests the existance 
of a common effect determing the molar fractions. 
Firstly the transN5 isomers must be less stable than 
the cisN5 isomers in both systems and secondly the 
trans05 isomers are a little less stable than the cis05 

isomers between mer isomers. In the case of the 
iosmerization of [Co(D-asp)(L-2,4-dba)], the molar 
fraction of the trans05transN5 isomer at equilibrium 
was the smallest of the three, although the molar 
distribution for the fac isomer was smaller than that 
for cis05cisN5 (cis05cisN5, transObtransN5, fac=0.68, 
0.11, 0.21).1* Recently, investigations of the trans 
effect for the cobalt (III) complex containing S-
bonded sulfite ligands have been reported.4) In 
cobal t(III) chemistry, S-bonded sulfite produces a 
specific and dramatic labilization of the ligands 
situated in the trans position. This electronic effect 
which is transmitted through the bonds may apply 
in this our study, i.e. it is suggested that the two a-
nitrogen atoms avoid the trans position around a Co-

(in). 
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Chemical Ionization Mass Spectrometry of Alkyl Nitrates and Nitrites* 
Rebat i C. D A S , ^ Osamu K O G A , and Shin SUZUKI* 

Department of Synthetic Chemistry, Faculty of Engineering, Chiba University, Yayoi-cho, Chiba 260 
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The mass spectrometry of alkyl nitrites and alkyl nitrates with chemical ionization using methane and 
isobutane as reagent gases produces quasi-molecular ions, (M+l )+ and/or (M—1)+. These ions have maximum 
abundance for lower nitrates and nitrites. The chemical ionization mass spectrometry, in conjunction with 
gas chromatography, can be used for quantitative estimation of alkyl nitrates and nitrites in very low 
amounts. 

The behaviors of nitrogeneous compounds formed 
in the photochemical reactions of NO^-hydrocarbon-
0 2 system in the atmospheric smog as well as in the 
chamber model have recently gained much interest.1-3) 
Unfortunately, all compounds have not been completely 
and unequivocally identified.1-3) Alkyl nitrates 
and nitrites, present in the above system, have been 
analyzed in low quantities by GC method using E C D 
detector,4) but many other compounds e.g. chloride 
interfere in the method. Independent confirmation 
is, therefore, necessary. Mass spectrometry is a very 
convenient method of analysis but conventional 
electron impact ionization (El)method is not always 
suitable due to easy fragmentation of unstable com­
pounds by electron beams producing structurally in­
significant low mass fragments. Chemical ionization 
(CI) mass spectrometry, recently developed,5) has been 
used to obtain quasi-molecular peaks [w/<?=(M+l) 
or (M—1)] of many organic compounds of high 
abundance, thus making their identification more 
confirmatory. 

This paper reports our results on the CI mass spectro­
metry of alkyl nitrates and nitrites as a part of our 
overall program of complete identification and analysis 
of all the products formed in the NO^-hydrocarbon-
0 2 system. 

Exper imenta l 

A Shimadzu GG-MS apparatus was used. Mostly com­
mercially available alkyl nitrates and nitrites were used. 
Ethyl nitrate, pentyl and isopentyl nitrate (Tokyo Kasei 
Kogyo) were directly used after having checked their purity 
chromatographically. All other compounds were separated 
from the constituents present with them in the GC column 
consisting of PEG 400 at room temperature using helium 
as carrier gas (flow rate 8—11 ml/min) before introduction 
to the ionization chamber. Ethanolic solutions of ethyl 
nitrite (Wako), pentyl and isopentyl nitrite (Tokyo Kasei 
Kogyo) were used. Ethyl nitrite being a gas at room 
temperature is market as solution in ethanol. Pentyl and 
isopentyl nitrite are market in the mixed form. Methyl 
nitrate is not commercially available. It was prepared by 
gas phase photolysis of ethyl nitrite-02 system6) and se­
parated from other products in the above manner. 

R e s u l t s a n d D i s c u s s i o n 

Figures 1 to 8 give the EI and CI mass spectral 
patterns of some common alkyl nitrates and nitrites. 

t Presented at the 37th National Meeting of the Chemical 
Society of Japan, Yokohama, April 1978. 
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Fig. 1. Mass spectra of methyl nitrate (MW 77). 
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Fig. 2. Mass spectra of ethyl nitrate (MW 91). 

The CI patterns are for C H 4 and /-C4H1 0 as reagent 
gases. T h e conditions of the mass spectra presented 
in Figs. 1 to 8 are as follows. EI spectrum: Ion-source 
temperature 170 °C, Electron energy 70 eV, Pres­
sure W 7 x l 0 ~ 7 T o r r . CI (CH 4 ) spectrum: Ion-source 
temperature 170 °C, Electron energy 500 eV, Pres-
suretîî 3 x l 0 - 5 Torr . CI(i-C4H1 0) spectrum: Ion-
source temperature 170 °C, Electron energy 500 eV, 
Pressurent 0.75 x l 0 ~ 5 Torr . 

T h e main reactant ions are known to be C H 5
+ and 

C2H5+ when methane is used as the reagent gas.5> 
Similarly with /-C4H1 0 as the reagent gas, £-C4H9+ is 
the main reactant ion.5»7) T h e proton and hydride 
transfer reactions of these ions are important for analy­
tical purpose, because they generate the quasi-molecu­
lar ( M + l ) + and (M— 1)+ ions respectively. 

tt Present address: Department of Chemistry, University 
College of Engineering, Burla, Orissa, India. 

ttt Pressure is monitored between the ionization chamber 
and the vacuum pump in the apparatus. This pres­
sure relates only to the reagent gas pressure. 
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Fig. 3. Mass spectra of pentyl nitrate (MW 133). 
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Fig. 4. Mass spectra of isopentyl nitrate (MW 133). 
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Fig. 5. Mass spectra of ethyl nitrite (MW 75). 

RH + CH5+/C2H5+/*-C4H9+ > 

RH2+ + CH4/C2H4/C4H8 (1) 

RH + C2H5+/*-C4H9+ > R+ + G2H6/C4H10 (2) 

A perusal of the figures shows that the mass spectral 
patterns obtained with C H 4 as the reagent gas are 
generally simpler (less fragments) and therefore, CH 4 

is more suitable for the identification and analysis of 
alkyl nitrates and nitrites by CI mass spectrometry. 

Almost all the compounds produce ( M + l ) + ion, 
but only in the lower homologues of nitrates and nit­
rites (with 1 and 2 C-atoms), it is the most abundant 
one. There may be two reasons for this viz.(i) with the 
increase of chain length of the molecule, the bond 
energy decreases causing easy fragmentation of the 
quasi-molecular ion and (ii) Reaction 1 producing 
( M + l ) + ion may be sufficiently exothermic in higher 
homologues to exceed the bond dissociation energies. 
T h e latter explanation is more reasonable, because the 
decrease of bond dissociation energy from 1-C to 5-C 
compounds is not likely to be high.8) Thus , the proton 
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Fig. 6. Mass spectra of butyl nitrite (MW 103). 
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Fig. 7. Mass spectra of pentyl nitrite (MW 117). 
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Fig. 8. Mass spectra of isopenthyl nitrite (MW 117). 

affinity of ethyl nitrates and nitrites may be higher 
for higher homologues, because heat of Reaction 1 
is given by the following equation.7) 

A # i = PA(GH4/G2H4/G4H8)-PA(RH) (3) 

(PA stands for proton affinity) 

The (M—1)+ ions generally do not have high abun­
dance. It is also observed with our limited data that 
these ions are present in relatively greater abundance 
in the nitrite spectra than in the corresponding nitrate 
spectra with any particular reagent gas. 

T h e EI spectra of the compounds reported in this 
paper are consistent with those documented in the 
literature.9»10) Two characteristic ions present in the 
EI spectra of the nitrates are, N O a

+ (m/#=46) and 
C H 2 O N 0 2

+ (m/e=76).t>10) The corresponding ions, 

t Present in normal-type alkyl nitrates and nitrites ex­
cept in GH3ON02 and GH3ONO. 
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NO+(m/*=30) and CH 2 ONO+ (m/*=60)t are also 
present in the EI spectra of the nitrite esters. In 
addition to the above characteristic ions, many frag­
ments from the alkyl carbon chain are also present. 
In higher homologues of the nitrate and nitrite com­
pounds, these mass fragments from the carbon chain 
have relatively high abundance. Details of the EI 
spectra are not intended to be discussed in this paper. 

Influence of Temperature and Pressure. The in­
fluence of temperature and pressure on the CI mass 
spectral pat tern was studied in detail with ethyl nitrate 
as the substrate. Figure 9 shows the fraction of 
the relative abundance of the main ion (m/^=92) vs. 
temperature of the ionization chamber and pressure. 
It can be seen that the quasi-molecular ion has got 
maximum abundance at low temperature (170 °C) and 
pressure of « 3 x l 0 ~ 5 Torr and Ä 0 . 8 X 1 0 ~ 5 Tor r res­
pectively for CH 4 and z-C4H10 as reagent gases. The 
CI mass spectral patterns presented in this paper have, 
therefore, been taken at 170 °C and the above men­
tioned pressures. 
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Fig. 9. Pressure and temperature dependence of mass 
fragments of ethyl nitrate. 

Identification of Major Fragmentation Products. 
Complete identification of all fragments could not be 
made and is difficult. However, some speculations 
may be useful. 

Methyl Nitrate (MW 77)(Fig. 1). ( M + l ) + 
is the ion with maximum abundance. Other major 
ions present are m/e=4l, 46 (N0 2 +) , and 47 (N0 2 H+) 
for CH 4 as reagent gas and m/e=30 (NO+), 41 , 42, 
45 (CH 3ON+), 46 (N0 2 +) , 47 ( N 0 2 H + ) , 55, 61 (CH3-
ONO+) , 69, 72, 73 (C 4 H 9 0+) , 74, 75, and 89(C4H9-
0 2

+ ) for /-C4H1 0 as reagent gas. m\e=13 and 89 ions 
may be formed by the separation of C H 3 O N O (m= 
61) and C H 3 O N (m=45) groups from the cluster ion, 
( R H + C 4 H 9 ) + . Such cluster ions are very common in 
CI mass spectra with /-C4H10.n> Unfortunately 
there are many unassigned ions, but only m/e=4l 
ion has relatively high abundance. 

Ethyl Nitrate (MW 91) (Fig. 2). As in the case 
of methyl nitrate, the ( M + l ) + ion has maximum 
abundance. Other ions present are m/^=30 (NO+), 
45 (C2H sO+), 46 (NO a+), 47 ( N 0 2 H + ) , 64 (H 2 N0 3 +) , 
76 (CH 2 ON0 2 +) , and 137. The m/e=64 ion may be 
formed by the reaction between the reactant ions and 
R H or R H 2

+ by intramolecular rearrangement and frag­
mentation. T h e m\e= 137 ion may also be specu­
lated as [ ( 2 M + 1 ) - N 0 2 ] + ion, derived from ( 2 M + 1 ) + 
ion very often seen in the CI spectra. 

Pentyl and Isopentyl Nitrate (MW 133) (Figs. 3 and 4). 
Quasi-molecular (M—1)+ ion is present in very low 
abundance. (M-j- l ) + ion has still less abundance. 
T h e base peak is due to C 5 H n

+ (m/^=71). Other 
ions produced in significant amounts are m/e=46 
(N0 2 +) , 57 (C4H9+), 69 (C5H9+), 72 (C 5 H 1 2 +/C 4 H 8 0+) , 
73 (C 4 H 9 0+) , 85 (C 5 H 9 0+) , and 87 ( C 5 H n O + ) . 

Ethyl Nitrite (MW 75) (Fig. 5). As in the 
case of ethyl nitrate, ( M + l ) + ion has got maximum 
abundance. T h e ( M + l ) + peak is more prominent in 
this compound than in ethyl nitrate. T h e other 
major ions are m/e=30 (NO+), 45 (C 2 H 5 0+) , 47 
( N 0 2 H + ) , 59 (C 2H 5ON+), 85 (C6H13+), 86 (C6H14+), 
and 87 (C 4 H 9 ON + ) . T h e last three ions are seen mainly 
in the z-C4H10 spectrum. They may be formed by 
the separation of N 0 2 H (m=47) , N 0 2 ( m = 4 6 ) , and 
C 2 H 5 0 (TW=45) groups respectively from the cluster 
ion ( R H + C4H9)+. 

Butyl Nitrite (MW 103) (Fig. 6). Quasi-molec­
ular (M—1)+ and ( M + l ) + ions are present in fairly 
good abundance. In the CH4-spectrum, the former 
is the base peak. Other major ions present are m\e= 
30 (NO+), 43 (C3H7+), 57 (C4H9+), 73 (C 4 H 9 0+) , 86 
(C 4H 8ON+), 88 (C 3 H 6 ONO+) , 113, 115, 118, 129, 
131, 147, and 174. T h e last seven ions are obviously 
cluster ions whose origins are difficult to speculate. 
However, except m/e=\3l and 174 ions, all of them 
are present in relatively low abundance. 

Pentyl and Isopentyl Nitrite (MW 117) (Figs. 7 and 8). 
Both ( M + l ) + and (M—1)+ ions are present in low 
abundance, but the latter ion has comparatively greater 
abundance. Other major ions present are, mje=4\ 
(C3H5+), 43 (C3H7+), 57 (C4H9+), 69 (C5H9+), 71 (C5-
H u + ) , 85 (C 5 H 9 0+) , 86 (C 4 H 8 ON+), 87 ( C 6 H u O + ) , 
and 100 (C 5 H 1 0 ON + ) . M a n y cluster ions are also 
formed in very low abundance. 

Quantitative Analysis by Mass Fragmentography. To 
study the possibility of quantitative analysis of alkyl 
nitrates and nitrites in trace amounts by CI mass 
spectrometry, mass fragmentography was attempted. 
This was measured at m/^=76 and 92 respectively for 
ethyl nitrite and ethyl nitrate using CH 4 as the re­
agent gas. PEG 400 at room temperature was used 
as the column material. I t has earlier been success­
fully used for the separation of many organic materi­
als, including PAN, in the atmospheric smog.12) This 
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Fig. 10. Calibration curve for the analysis of ethyl 
nitrate by GG-CI-MF. 
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Amount of C2H5ONO(x1Ö"lug) 

Fig. 11. Calibration curve for the analysis of ethyl 
nitrite by GC-CI-MF. 

also has been used to separate different alkyl nitrates 
of low molecular weights from one another.12) Helium 
was used as the carrier gas (flow rate 8—l lml /min) . 
Standard solutions of the compounds in ethanol, in 
which they are stable, were injected into the column 
of the GC-MS apparatus and mass fragmentograms 
taken at appropriate GC peaks and mass numbers. 
T h e above column material could adequately sepa­
rate the compounds from ethanol. 

Figures 10 and 11 show the calibration curves (peak 
area of mass fragmentogram vs. amount of the com­
pound injected into the column) at the lowest possible 
limits for both ethyl nitrate and ethyl nitrite respec­
tively to give an idea about the sensitivity of the method. 
Qualitative detection is possible at still lower amounts 
of the samples (picogramme level). Quanti tat ive 
analysis at picogramme level was not successful pre­
sumably due to adsorption of the samples on the glass 

surface of the syringe. A better sampling technique 
may improve the sensitivity limit. 
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The Rates of the Hydrogénation of the Coordinated Styrene and 
Acrylonitrile in a Rhodium-Olefin Complex [RhClH2(ol)(PPh3)2] 

Yoshimi O H T A N I , Akihiko YAMAGISHI, and Masatoshi FUJIMOTO* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received July 21, 1978) 

Kinetics of the hydrogénation of coordinated styrene and acrylonitrile in a rhodium-olefin complex 
RhClH2(ol)(PPh3)2 (ol = styrene or acrylonitrile) was studied by stopped-flow method and by the direct 
measurements of hydrogen-gas uptake. The equilibrium constant of the reaction RhCl(ol)(PPh3)2-|-H2^± 
RhClH2(ol)(PPh3)2, Ku, and the rate of the hydrogénation of the olefin in the complex RhClH2(ol)(PPh3)2, 
£45, were determined to be 3.2 X 103 mol - 1 dm3 and 2.7 s-1 for styrene, and 3.5 X 102 mol - 1 dm3 and 0.50 s - 1 

for acrylonitrile, respectively. The differences in the values for these two olefins were discussed. The 
data for cyclohexene were also briefly mentioned. 

The catalysis of the homogeneous hydrogénation of 
olefins by Wilkinson's complex RhCl(PPh 3 ) 3 has been 
the main subject of many investigations on the homo­
geneous catalyses by transition metals.^ In recent 
years the detailed reaction mechanism of this system 
has been revealed by studying independently the 
individual step of the complex formation processes.2-5) 
However, in most investigations concerning hydrogéna­
tion of olefins, only the overall rate of the catalytic 
reaction has been reported.6 - 8) Since the discussions 
based only on the observed rate constants of the overall 
reaction sometimes leave significant ambiguities, we 
need to elucidate the detailed mechanism involving 
the behavior of the catalytically active intermediate 
species by distinguishing the information on the inter­
mediate species from those on the overall reaction. 

Though no direct evidence was reported so far, the 
catalytic hydrogénation of olefins is believed to proceed 
in the molecule of an intermediate dihydrido-olefin 
complex, RhClH 2 (ol ) (PPh 3 ) 2 (ol=olefin), the rate-
determining step being suggested to be the insertion 
of the coordinated olefin into an R h - H bond to 
yield an alkyl complex (Scheme l).5 '9) Thus the 
direct measurements of the step of production of an 
alkane from the intermediate dihydrido-olefin complex 
RhClH 2(ol)(PPh 3) 2 would be desired. 

1 RhCl(PPh3)3 
JL_ 

oi •N 

-RhClH2(PPh3)3 

OKJ 

k PPh3 
H2 

k PPh3 

3 RhCl(ol) (PPh3)2 ^ S — * - RhClH2(ol) (PPh3)2 4 

Hydrogénation of olefin 5 

Scheme 1. 

Recently Halpern et al. reported the value of £45 

for cyclohexene as an olefin measured in the presence 
of a large excess of the free ligand PPh3.9 '10) Since 
the predominant species involved under this condition 
are 1 and 2, they did not observe directly the process 
4->5. The value estimated by them from the small 
intercept, however, can include a serious error. The 
value obtained by them (£4 5=0.20 ± 0 . 0 4 s - 1 , at 25 °C) 
seems to be too small (vide infra). 

In the previous paper on the catalytic hydrogénation 
of acrylonitrile, we confirmed the formation of RhClH 2 -
(ac)(PPh3)2 (ac = acrylonitrile) in the absence of free 
PPh 3 added, and evaluated the value of £45.n '12) 
However, for the value of KM only the lower limit 
could be determined by the stopped-flow measurements, 
giving consequently only an upper limit for the value 
of £45. 

In the present study, we adopted styrene as an 
olefin having a much lower coordinating ability than 
acrylonitrile. T h e values of KM and £45 were determined 
by the stopped-flow method and the direct measure­
ments of the hydrogen-gas uptake. T h e corresponding 
values for acrylonitrile, which had been estimated only 
from the stopped-flow method,11) were also re-examined 
by the direct measurements of the uptake of hydrogen 
gas. 

E x p e r i m e n t a l 

Ghlorotris(triphenylphosphine) rhodium (I) and chloro-
(ethylene) bis (triphenylphosphine) rhodium (I) were prepared 
according to Osborn et a/.6) Triphenylphosphine was 
recrystallized from ethanol. Benzene was distilled. Acrylo­
nitrile and styrene were distilled under reduced pressure 
and used within a day. Commercial hydrogen and nitrogen 
were used without further purification. The concentration 
and the purity of hydrogen were determined by gas chro­
matography through Molecular sieve 5A. 

All measurements were carried out at 20zfcl °G in oxygen-
free benzene. A solution of RhCl(ol)(PPh3)2 was prepared 
by dissolving RhCl(C2H4) (PPh3)2 in benzene containing 
styrene or acrylonitrile, and by removing the dissociated 
ethylene. The coordinated ethylene was easily replaced by 
the olefin, leaving a pure RhCl(ol)(PPh3)2 in benzene. The 
resultant solution was confirmed to contain no free PPh3.n) 

The equilibria of the reaction were measured at 450 nm 
under an anaerobic condition with a Hitachi EPS-3T 
spectrophotometer or a Union Giken RA-1300 stopped-flow 
apparatus. The rates of the hydrogénation of olefins were 
measured by the uptake of hydrogen-gas as described 
previously.11) 

R e s u l t s a n d D i s c u s s i o n 

Styrene. Equilibria: The mechanism shown in 
Scheme 1 is proposed for the hydrogénation of olefins.11) 
The steps of the complex formations are assumed to 
be in pre-equilibria. The hydrogénation of the 
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coordinated olefin is the rate-determining.5 ,9) T h e 
equilibrium constant for each step of the complex for­
mations was obtained separately from the equilibrium 
measurements. 

The value of K13 was obtained from the measurements 
carried out by the addition of the solution of PPh 3 

little by little to the solution of RhCl(st)L2 (s t=styrene 
and L = PPh3) containing no free ligand PPh3 . Figure 
1 shows the dependence of the absorbance of the solution 
on the concentration of added PPh3 . T h e solid curve 
reproduced with the value X 1 3 = 2 . 4 x 10~4 agrees well 
with the experimental values. 

When a benzene solution containing hydrogen was 
rapidly mixed with the solution of RhCl(st)L2 by 
stopped-flow technique under the condition of [ R h ] < 
[ H 2 ] 0 < [ S t ] , the stepwise changes in the absorbance 
at 450 nm were observed. First, a rapid exponential 
decrease in absorbance owing to the formation of 
RhClH 2 (s t )L 2 was observed. The signal terminated 
within 0.1 s. Then the absorbance slowly increased 
as the hydrogen in the solution was consumed for the 
hydrogénation of the s tyrene. n ) After 20 s the absorb­
ance was again increased to the initial value, showing 
the consumption of all hydrogen molecule and the 

0.44 

a 

S 

< 

0.40 h 

0.36 k 

0 5 10 15 
[PPh3]0/10-3moldm-3 

Fig. 1. The dependence of the absorbance of the 
RhCl(st)(PPh3)2 solution on the concentration of PPh3 

added. [RhCl(st)(PPh3)2]0 = 2.6x 10-4mol dm-3, at 
450 nm, and 20 °C. The solid curve in the figure 
is reproduced with the value Ä"13 = 2.4x 10~4. 

15 5 10 

[Ha]/10-4moldm-3 

Fig. 2. The dependence of the absorbance decrease on 
the concentration of hydrogen in the reaction of 
RhCl(st)(PPh3)2 with hydrogen. The solid line in 
the figure is reproduced using the value üf34 = 3.2x 
lO 'moHdm 3 , which is obtained from the measure­
ments of hydrogen-gas uptake. 

reproduction of RhCl(st)L2 . Figure 2 shows the 
dependence on the concentration of hydrogen of the 
decrease in absorbance in the first step. The value 
of Ku was calculated from the change in absorbance. 
In order to ascertain the validity of the values obtained 
above, we compared these values with those obtained 
from the direct measurements of the hydrogen-gas up­
take. The curve in Fig. 2 is reproduced using the 
value of X 3 4 = 3 . 2 x l 0 3 m o l - 1 d m 3 evaluated from the 
measurements of the hydrogen-gas uptake, showing 
a good agreement with the results of the stopped-flow 
measurements. 

The value of K12 was estimated to be 2.1 X 104 mol"1 

dm3.13) Thus, from the relationship K2i=K13K3JK12 

the value of K24 was calculated to be 3.7 X l 0 - 5 . 
Hydrogen-gas Uptake:11) The rate of the hydrogéna­

tion of styrene was directly measured by the hydrogen-
gas uptake at 1 a tm hydrogen. Figure 3 shows the 
rate constants observed at various concentrations of 
added PPh3 . From the results, the values of K3i and 
£45 can be estimated by the curve-fitting method. 

1 2 
[PPh3]0/10-3moldm-3 

Fig. 3. The plot of the observed rate constant 
"•obsd 

for the hydrogénation of styrene vs. the concentration 
of PPh3 added. The initial rates of the hydrogen-gas 
uptake were measured. [Rh]0 = 6.4x 10-5 (1 .3xl0- 6 

mol), [St] = 2.6, and [H 2 ]=2.8x 10-3mol dm-3. • ; 
RhCl(PPh3)3 without adding PPh3. The solid line 
in the figure is reproduced using K3i — 3.2X 103 mol"1 

dm3 and £45 = 2.7s-1. 

According to Scheme 1, the observed overall rate 
constant is expressed by 

[RhClH2(st)L2] 
= h* 

[Rh], 
(1) 

where [Rh] t denotes the total concentration of rhodium 
species. Since the value of [RhClL3] is about 1/60 
of [RhClH 2L 3] at 1 a tm hydrogen, as calculated from 
the value ^ 1 2 = [ R h C l H 2 L 3 ] / [ R h C l L 3 ] [ H 2 ] = 2 . 1 X 104 

mol- 1 dm3 , the contribution of RhClL 3 can be 
neglected. Therefore, [ R h ] t and the total concentra­
tion of added PPh3 , [L]0 , are approximated as fol­
lows: 

[Rh] t ~ [RhClH2L3] + [RhCl(st)L2] + [RhClH2(st)L2] 

(2) 

[L] ~ [L]0 - [RhClH,L3] (3) 

T h e value of equilibrium constant A'23 is calculated by 
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„ _ „ .„ _ [RhCl(st)La][H2][L] 
A23 - A13/A12 - [ R h G 1 H 2 L 3 ] [ S t ] 

[RhGl(st)L2][H2]{[L]0-|;RhClH2L3]} 

[RhClH2L3][St] 

= 1.2 X 10-8moldm-3 . 

The concentrations of RhClH 2 (s t )L 2 are calculated 
from Eqs. 2 and 4 by estimating an adequate value 
for A-3 4=[RhGlH2(st)L2] /[RhCl(st)L2][H2] . The value 
of ki5 can be determined by introducing the calcu­
lated value of [RhClH2(st)L2] into Eq. 1. A set 
of K3i and £45 used for the calculations, which fit 
well with the experimental values, is evaluated to be 
^ = 3.2 X l 0 3 mol - 1 dm 3 and £ 4 5 =2 .7 s"1, giving the 
solid line depicted in Fig. 3. Disagreement of the 
values obtained under the condition without PPh 3 

added may be caused by the partial decomposition of 
the bis(triphenylphosphine) complex. 

The experiments at varying concentrations of styrene 
were not possible, since at lower concentrations the 
formation of the dimeric species could not be neglected, 
and at higher concentrations other unidentified species 
were formed. 

The equilibrium constant Ke in Eq. 6 was determin­
ed to be 5.5 X l O ^ m o l - 1 dm 3 from the measurements 
of the reaction varying amounts of styrene with the 
dimer. 

(RhClL2)2 + 2St ;=4± 2RhCl(st)L2 (6) 

2RhClL3 ^ ± (RhClL2)2 + 2L (7) 

The value of K13 was determined also from K6 and 
Ay4) to be 2.2 XlO- 4 based on the relationship A~13= 
K^KJ-It'. x h e value agrees well with that obtained 
above. 

Acrylonitrile. Hydrogen-gas Uptake:^ In the pre­
vious paper we reported the values, Ä34>150 m o l - 1 

[PPh3]0/10-3moldm-3 

Fig. 4. The plot of the observed rate constant for the 
hydrogénation of acrylonitrile vs. the concentration of 
PPh3 added. The initial rates of the hydrogen-gas 
uptake were measured. [Rh]0= 1.5 X 10~4 (2.9 x 10~6 

mol), [H2] = 2 .8xl0- 3 , and [Ac] = 0 ; 0.015, 3 ; 
0.031, © ; 0.046, • ; 0.15, 0 ; 0.46 mol dm"3. The 
solid curves in the figure are reproduced using the 
values of A'34 = 3.5x 102mol-1 dm3 and £45 = 0.50 s-1. 

dm 3 and £ 4 5<0.74 s_1. In the present study, the rate 
of the hydrogen-gas uptake was directly measured at 
various concentrations of acrylonitrile and added 
PPh 3 (Fig. 4). T h e values of A~34 and £45 were cal­
culated in a similar manner to the case of styrene, to 
be 350 mol - 1 dm 3 and 0.50 s_1, respectively, the value 
* 2 8 = ^ i Ä 2 = 0 . 2 2 / ( 2 . 1 Xl0 4 ) = 1 . 0 x l 0 - 5 being used. 
T h e solid line in Fig. 4 are reproduced using these 
values of KM and ki5. 

Discrepancies in the data observed without PPh 3 

added may be due to the dissociation of the coordinated 
ligand PPh3 , which causes the formation of some 
catalytically inactive species. 

T h e distinct differences observed in the behavior 
of acrylonitrile and styrene are summarized as follows : 
Whereas the value of K13 for acrylonitrile is about 
103 times as large as that for styrene, the values of 
^ and ki5 for styrene are by several times larger 
than those for acrylonitrile. These differences may be 
attr ibuted to the difference in the coordinating prop­
erties of the two olefins having a cyano and a phenyl 
group as substituents. Acrylonitrile having a strong 
electron-withdrawal cyano group shows a large K13 

because of the strong back-donation from the central 
rhodium atom. Therefore, the addition of hydrogen 
molecule to RhCl(ac)L 2 would become difficult, since 
the electron density on the central rhodium atom is 
decreased owing to the strong back-donation. T h e 
electron-releasing phenyl group in styrene would act 
oppositely. 

Recently Halpern et al. reported the value of k45 

for cyclohexene 0.20±0.04 s"1 at 25 °G in the presence 
of a large excess of PPh3 . Although we intended also 
to obtain the value of A;45 for cyclohexene without PPh 3 

added, the measurements were not possible owing to 
the unfavorable precipitation of the dimeric species 
under the given conditions. T h e value of K13 for 
cyclohexene may be much smaller than that for styrene, 
suggesting a much lower concentration of the resultant 
intermediate dihydrido-olefin complex, RhClH 2 (ol )L 2 , 
than that for styrene. When tris(triphenylphosphine) 
complex, RhClL 3 , is used as the catalyst, the observed 
overall rate constant for the catalytic hydrogénation 
of cyclohexene is about 1/3 as small as that of styrene.7> 
Thus, the value of £45 for cyclohexene is expected not 
to be much smaller than that for styrene. I t may 
be estimated to be at least larger than 0.20 s - 1 . 
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Several dimethyllead(IV) complexes with ONNO quadridentate Schiff base ligands have been prepared. 
The spin-spin couplings between the lead nucleus and the azomethine proton of the ligands, 3y(207Pb-N=CH), 
as well as the lead-methyl proton couplings, 2J (207'Pb-GH3), have been observed in various solvents. Both 
J values inclease with an increase in donor strength of the solvents. The mean excitation energy, the A-E 
term in the Fermi contact term plays a dominating role for the lead-proton spin-spin coupling constants. 
Two methyl proton signals were, for the first time, found to be magnetically non-equivalent in the dimethyl-
lead (IV) complex of sapr. 

The metal-proton spin-spin coupling constants, J(JS/L, 
H ) , in methyl compounds of Sn, Hg, Tl , and Pb have 
been known to sensitively reflect changes in the con­
figuration and electronic state around the central 
metal.1) The various studies on the coupling mech­
anism of y ( M , H ) , have been considered to be mainly 
governed by the Fermi contact interaction as approxi­
mately expressed by2) 

J(M,H) = const. aM
2. aM (/is) • aH ( 1 s) / A£ , ( 1 ) 

where aM
2 is the s character of the metal orbitals in 

the metal-carbon bonds, flM(ns) and flH(ls) are the 
hyperfine coupling constants of the ns electron in a 
metal a tom and the Is electron of a proton respectively. 
AE is the mean singlet-triplet excitation energy. 

It has been reported that in methyltin compounds 
the 2y( 1 1 9Sn-CH 3) values depend almost entirely on 
the s character of the tin orbitals used in the t in-carbon 
bonds,lb»3) and in the methyl compounds of H g and 
Tl, the effective nuclear charge is the dominating 
factor in addition to the s character.4) In dimethyl-
lead (IV) compounds changes of the V( 2 0 7 Pb-CH 3 ) 
values with the solvent depends largely on the AE 
term.5) 

In dimethyllead(IV) complexes, the spin-spin coupl­
ing constants between the lead nucleus and the ligand 
protons have, in most cases, not been observed, for 
example in (CH3)2Pb(acac)2 (acac=acetylacetonato).5 a) 
The 2y( 2 0 7Pb-CH 3 ) values have however been observed. 
One of the possible explanations is ligand dissociation ; 
Eq. 2 and/or intermolecular exchange of the acac; 
Eq. 3 on the *H N M R time scale.6) 

(GH3)2Pb(acac)2 ^==± (GH3)2Pb(acac)+ + acac" (2) 

(GH3)2Pb(acac)2 + (CH3)2Pb(acac*)2 ^==± 

2(GH3)2Pb(acac) (acac*) (3) 

Therefore, the mechanism of the lead-proton spin-spin 
coupling of dimethyllead(IV) complexes has been 
discussed mainly on the basis of changes in the 2 y( 2 0 7 Pb-
CH3) values. l e '5a_f '7) However, observation of the 
lead-ligand protons spin-spin coupling constants are 
of importance to verify our previous assumptions that 
changes of the spin-spin coupling constants of dimethyl-
lead (IV) complexes depend on changes in the AE 
term.5) 

In this work, O N N O quadridentate Schiff base 
ligands, shown below, were selected, since these ligands 
have been known to coordinate storongly to the central 
metal atom8) and a spin-spin coupling constant between 
the lead nucleus and the azomethine proton of the 
ligands, V ( 2 0 7 P b - N = C H ) , may be predicted. 

L 

R = -GH2GH2- ; i\T,iV-ethylenebis(salicylidene-
aminato) : sain 

R = -CH2CH(CH3)- ; i\T,iV,-propylenebis(salicylidene-
aminato) : sapr 

R =<^ \ ; JV,JV'-0-phenylenebis(salicylidene-
;>—<̂  aminato) : saph 

/GH 3 

R=/ \ ; i^ ' -^-methyl- l^-phenylene)-
J>—( bis (salicylideneaminato) : sato 

E x p e r i m e n t a l 

Materials. Dimethyllead dichloride was prepared 
by the chlorination of tetramethyllead in ethyl acetate at 
-10°G.9) Schiff bases, JV,#'-alkyl- or -aryl-substituted-
bis(salicylideneamine)s (H2L) were prepared from dehydra­
tion reactions between salicylaldehyde and the correspond­
ing diamines by refluxing in ethanolic solution.10) The 
solvents used were reagent grade and purified according 
to the standard method except for GDG13 which was used 
as supplied. 

Preparation of (CH3)2PbL>S (L — saln, sapr, saph, and sato; 
S = CH3OH or H20). Dry methanol solution (20 dm3) 
of the sodium salts of an appropriate Schiff base (Na2L), 
prepared from sodium methoxide in methanol (Na; 0.5 g, 
20 mmol) and H2L (10 mmol), was added dropwise under 
stirring to dimethyllead dichloride (2.5 g, 10 mmol) in dry 
methanol (30 dm3) and the mixture was stirred for a few 
hours. The precipitates were filtered, washed with benzene 
and methanol, and recrystallized from hot methanol. The 
crystalline complexes obtained in this manner contained 
one molecule of methanol or water.11) 

Molecular Weight and Conductivity Measurements. The 
molecular weight of (GH3)2Pb(saln) .CH3OH in GHG13 
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(0.5 wt %) was established using a Mechrolab vapor-pres­
sure osmometer at 25 °C and was found to be 562 (504 
calcd for (CH3)2Pb(saln)). This suggests that the methanol 
in the complex is free in solvents.12) Molar conductances 
in DMSO were measured by a Yokogawa F-225A Univer­
sal bridge and a cell with a cell constant of 0.377 cm - 1 at 
25±0.1 °C. The specific conductance of DMSO used was 
«=4.2 X 10~7 ß - 1 cm-1. Molar conductances (Am) of 
(CH3)2PbL-S in DMSO (10~3 mol dm"3) were < 0 . 8 I Î " 1 

cm2 mol - 1 (Table 1). All complexes were found to be 
non-electrolytes. 

The IR, ! / / NMR, and UV Spectra. The IR spectra 
were recorded on a Hitachi 225 spectrophotometer. The 
m NMR studies were conducted on a JEOL-PS-100 spec­
trometer operating at 100 MHz. All data were obtained 
in ca. 4 wt %. Chemical shifts were measured wih TMS 
as internal standard at ambient temperature. The UV 
spectra were recorded on a Hitachi model 356 spectro­
photometer with 0.1 cm quartz cells. 

Analytical data, physical properties, and IR, XH NMR, 
and UV spectral data for the dimethyllead(IV) complexes 
prepared in this study are summarized in Tables 1—6. 

Results and Discussion 

As expected, the spin-spin coupling constants between 
the azomethine proton and the lead nucleus, 3 y ( 2 0 7 P b -
N=CH), were observed for all complexes; (CH 3 ) 2 PbL-S 
(L=sa ln , sapr, saph, and sato; S = C H 3 O H or H 2 0 ) 
(Tables 2—5).13) The chemical shifts of the ligand 
protons, in all cases, moved to a higher magnetic field 

upon complex formation. In the case of the sapr 
complex two azomethine proton signals with different 
V( 2 0 7 Pb-N=CH) values were observed, thought due 
to the effect of the methyl group in the propylene unit 
in sapr and the difference in the strength of coordina­
tion of the two azomethine nitrogen atoms to the lead 
atom. One azomethine proton being closer to the 
methyl group (Ha) is more shielded (up-field shifts 
of ca. 0.05 ppm) and has a larger spin-spin coupling 
to the lead nucleus than the other (Hb) . Similarly, 
in the sato complex two azomethine proton signals 
were observed, the difference in chemical shift being 
smaller than in the sapr complex, and the two 3 y( 2 0 7 Pb-
N=CH) values were equal within experimental error. 
Assignment of two signals is difficult to make from 
this result only. In I R spectra (Table 1), the stretching 
frequencies of the C - N double bond in CH2C12 ( 1608— 
1620 cm - 1 ) and in hexamethylphosphoric triamide 
(HMPA) (1608—1625 cm-1) are almost the same but 
move to lower frequencies from those of the free Schiff 
bases (1618, 1620, 1628, and 1635 cm- 1 for H2saln, 
H2sapr, H2saph, and H2sato in GH2G12 respectively). 
None of these complexes exhibited electric conductivity 
in D M S O (Table 1). Consequently, the ligand in 
these complexes may be assumed to coordinate to the 
lead atom as O N N O quadridentate ligands in all the 
solvents, according to a similar discussion in the dimethyl-
lead complexes series.s> In the U V spectra of (CH3)2-
Pb(sa ln ) -CH 3 OH (Table 6), a blue shift for the longest 
wavelength band was observed in the change from 

TABLE 1. ANALYTICAL DATA, PHYSICAL PROPERTIES, AND IR SPECTRAL DATA OF (CH3)2PbL-S 

(GH,). 

L 

sain 

sapr 

saph 

sato 

2PbL-S 

S 

CH3OH 

CH3OH 

GH3OE 

H 2 0 

a) In DMSO. 

Solvent 

CDC13 

CH2G12 

CH3OH 
(GH30)5 

Pyridine 
DMSO 
HMPA 

[ 

[ 

b) : 

<5(N=CH 
(ppm) 

,PO 

7.86 
7.88 
8.00 
7.98 
7.97 
7.99 
8.16 

Color 

yellow 

yellow 

orange-yello 

orange-yello 

En GHCI3. 

TABLE 2. 

Mp 
(°C) 

180d> 

143d> 

w 148d) 

w 152d> 

c) 5 w t % . 

Found (Calcd) (%) 

C 

42.42 
(42.61) 
44.07 

(43.71) 
47.12 

(47.33) 
47.15 

(47.33) 

H N 

4.13 5.30 
(4.52) (5.23) 
5.02 4.97 

(4.77) (5.09) 
4.06 4.73 

(4.14) (4.80) 
4.00 4.77 

(4.14) (4.80) 

Pb 

38.44 
(36.68) 
37.41 

(37.69) 
35.29 

(35.50) 
35.59 

(35.50) 

Amv 
(H-1 cm2 

mol-1) 

0.75 

0.53 

0.50 

0.71 

d) Decompose, e) Calcd for (CH3)2Pb(saln). 

THE XH NMR SPECTRAL DATA OF 

« <5(ring proton) a> (] 

4-Hb> 

7.24 
7.16 
7.14 
7.07 

— d ) 

7.09 
7.04 

6-Hc> 3-H°) 

7.00 6.60 
7.03 6.53 
7.09 6.60 
7.04 6.36 
—d> 6.54 

7.06 6.43 
7.06 6.36 

ppm) 

~MT°) 

6.42 
6.37 
6.48 
6.25 
6.32 
6.27 
6.17 

Found 
(Calcd) 
mol wtb> 

562 
(504) e) 

— f ) 

—0 

—J) 

v(G=N) 
(cm-1) 

in CH2C12
C> 

(in HMPA)<=) 

1620 
(1625) 
1616 

(1615) 
1607 

(1605) 
1608 

(1606) 

f) Not measured. 

(CH3)2Pb(saln)-CH3OH 

<5(CHa) <5(OCH3) <5(Pb-CH3) V(207Pb-CH3) 
(ppm) (ppm) (ppm) (Hz) 

3.90 3.43 
3.88 3.22 
3.93 

— i ) 

3.67 
3.81 
3.89 

_ d ) 

— d ) 

— d ) 

— d ) 

— d ) 

2.06 
1.99 
2.02 
1.86 
2.03 
1.77 
1.78 

157.8 
162.1 
163.8 
172.8 
180.0 
178.8 
187.5 

V(207Pb-N=CH) 
(Hz) 

23.4 
24.1 
25.9 
27.0 
28.1 
29.0 
29.3 

H 
« 1 a) o / V / C ^ i v r / b) dd signal, c) d signal, d) Obscured by the resonance peaks of the solvents. 

4 \ ^ \ o / 
3 
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non-coordinating solvent to donor solvent. Other 
bands exhibited small changes. This, however, is quite 
different for (CH3)2Pb(ox)2 (ox=8-quinolinolato) in 
which the red shift was obtained at the longest wave­
length50) and this may arise from a difference in co­

ordination to the lead atom. 
The V ( 2 0 7 P D - C H 3 ) values of these complexes in 

CDCI3 (154—158 Hz) are comparable to those of many 
dimethyllead(IV) complexes having a six-coordinate 
configuration with a linear C - P b - C skeleton (for 

TABLE 3. T H E *H NMR SPECTRAL DATA OF (CH3)2Pb(sapr) -CH3OHa) 

CDC13 

CH2CI2 

CH3OH 

(CH30)3PO 

Pyridine 
DMSO 

HMPA 

Solvent 

CDCI3 

CH2C12 

CH3OH 

(CH30)3PO 

Pyridine 

DMSO 

HMPA 

<5(N=CHa) 
<5(N=CHb) 

(ppm) 

7.82 
7.87 
7.82 
7.87 
8.03 
8.08 
7.97 
8.02 

— b ) 

7.96 
8.01 
8.04 
8.09 

ô(GH3y 

(ppm) 

1.32 

1.30 

1.30 

1.27 

1.11 

1.18 

1.19 

4-Hb> 

7.12 

7.14 

7.20 

7.13 

H) 

7.08 

7.05 

r) 

ô (ring proton) (ppm) 

6-Hc) 

7.01 

7.02 

7.16 

6.99 

— & ) 

7.03 

6.98 

<5(Pb-CH3; 

(ppm) 

2.03 
2.06 
1.99 
2.01 
1.93 
1.96 
1.84 
1.85 
1.99 
2.02 
1.75 
1.76 
1.73 
1.75 

3-Hd> 

6.60 

6.56 

6.64 

6.35 

6.62 
6.40 

6.33 

) 

5-He> 

6.41 

6.40 

6.51 

6.24 

6.53 
6.27 

6.14 

V(207Pb-CH3; 

(Hz) 

160.5 

161.4 

164.4 

168.6 

177.6 

181.4 

186.0 

<5(-CH-)f: 
1 

(ppm) 

7, 

7. 

7, 

7. 

7, 

7. 

) 

.12 

.14 

.20 

.13 

—h) 

.08 

.05 

> <5(CH2)f> 

(ppm) 

3.86 

3.85 

— i » ) 

— H ) 

3.60 
— i ) 

—J») 

y(207Pb-N=CHa) 
3 y(207 P b _ N =CH b ) 

(Hz) 

23.2 
22.2 
24.1 
22.1 
24.9 
23.5 
25.1 
23.7 
_n> 

30.0 
27.8 
30.5 
27.9 

b GH3 H a a) H 
6 1 . . 

s / \ s G \ J ^ / C H 2 C H \ N ^ C \ 
4 S V\o/ 

b) dt signal. c) dt signal. d) d signal. e) dd signal. f) m signal, 

g) d signal, coupling constant with the adjacent methine proton is 6 Hz. 

h) Obscured by the resonance peaks of the solvents. 

TABLE 4. THE *H NMR SPECTRAL DATA OF (CH3)2Pb(saph)-CH3OH 

Solvent 

CDCla 

CH2C12 

CH3OH 
(CH30)3PO 
Pyridine 
DMSO 
HMPA 

<5(N=CH) 

(ppm) 

8.23 
8.29 
8.33 
8.32 

— d ) 

8.30 
8.38 

«5 

3-Hb> 

6.69 
6.63 
6.76 
6.53 
6.56 
6.52 
6.44 

(ring proton) a> 

5-Hc> 

6.50 
6.49 
6.60 
6.41 
6.40 
6.36 
6.23 

(ppm) 

Others 

7.4—7.1 
7.4—7.2 
7.4—7.2 
7.4—7.1 

_ d ) 

7.4—7.1 
7.4—7.0 

<5(Pb-CH3) 

(ppm) 

1.93 
1.89 
1.78 
1.71 
1.95 
1.59 
1.60 

V(207Pb-CH3) 

(Hz) 

154.7 
158.4 
165.3 
174.3 
177.2 
175.8 
190.4 

V(207Pb-N=CH) 

(Hz) 

18.8 
19.8 
20.7 
23.4 

— d ) 

25.0 
27.0 

a) H 
1 

b) d signal, c) dd signal, d) Obscured by the resonance peaks of the solvents. 

5 / \ / C X N ' 

3 
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TABLE 5. THE XH NMR. SPECTRAL DATA OF (CH3)2Pb(sato)-H20 

[Vol. 52, No. 1 

<5(N=CH) ô (ring proton) a> (ppm) <5(CH3)
d> (5(Pb-CH3)

 2y(207pb-CH3) V(2 0 7 pb-N-GH) 
OU1VCIU 

CDC13 

CH2G12 

C H 3 0 H 

(CH30). 

Pyridine 
DMSO 

HMPA 

a) 

$PO 

5 / X / 
II 1 II 1 

3 

(ppm) 

8.25 
8.26 
8.25 
8.26 
8.36 
8.38 
8.36 
8 38 

— e ) 

8.38 
8.39 
8.38 
8.42 

H 

C s \ N / 

0 / 

3-H*> 

6.74 

6.61 

6.66 

6.54 

6.56 
6.61 

6.50 

5-Hc> 

6.53 

6.48 

6.56 

6.41 

6.40 
6.44 

6.29 

b) d signal, c) 

by the resonance 

Others 

7.4—7.1 

7.4—7.1 

7.4—7.1 

7.4—7.1 

— e ) 

7.4—7.1 

7.4—7.0 

(ppm) 

2.45 

2.43 

2.44 

2.42 

2.35 
— 0 ) 

e) 

dd signal, d) Methyl proton 

peaks of the solvents. 

(ppm) 

1.94 

1.88 

1.79 

1.72 

1.94 
1.63 

1.62 

of 4-methyl-

(Hz) 

154.4 

158.7 

160.8 

174.8 

177.0 
178.7 

189.1 

1,2-phenylenc group. 

(Hz) 

18.6 

19.1 

19.4 

24.0 

e) 

26.3 

28-4 

e) Obscured 

Solvent 

TABLE 6. THE UV SPECTRAL DATA OF (CH3)2Pb(saln)-CH3OH IN SEVERAL SOLVENTS51) 

X (nm) (loge) 

G6H6 

GHC13 

CH2C12 

Pyridine 
DMSO 
HMPA 

— b ) 

252(4.56) 
252(4.44) 

— b ) 

260(4.24) 
259(4.31) 

b) 

263 (sh)(4.35) 
260 (sh)(4.23) 

b) 

270(sh) (4.15) 
265 (sh)(4.37) 

— b ) 

278 (sh) (4.02) 
270 (sh) (4.03) 

b) 

278(sh) (3.97) 
275(sh) (3.93) 

314(3.14) 
311(3.74) 
316(3.93) 
309(3.67) 
310(3.67) 
318(3.49) 

397(3.90) 
393(3.77) 
388(3.68) 
379(4.00) 
378(3.93) 
379(3.83) 

a) 5 x 10-4moldm - 3 . Wavelengths (A) and absorption coefficients (e (mol-1 cm2)) refer to band maxima and 
shoulders (sh). b) Obscured by absorption of the solvents. 

example, 154.7 and 152.5 Hz in (CH3)2Pb(acac)2
5 a) 

and (CH3)2Pb(ox)2
5c) respectively in CDC13). I t is, 

therefore, reasonable to assume that these complexes 
have a six-coordinate configuration (A) in such non-
coordinating solvents as CDC13 and CH2C12 . 

The proton resonances of the methyl groups at­
tached to the lead atom, <5(Pb-CH3), shift to a higher 
magnetic field and the 2y(207P1}-CH3) values increase 
with an increase in donor strength of the solvents,14) 
as in the case of other dimethyllead(IV) complexes; 
(CH 3 ) 2PbL 2 ( L = o x , acac, OCOC 6 H 5 ) . 6 ) Therefore, 
the present complexes, (CH 3 ) 2 PbL-S, with O N N O 
quadridentate Schiff base ligands take a seven-co­
ordinate configuration (B) in such donor solvents as 
D M S O and H M P A and this is supported by the 
V( 2 0 7 P b-CH 3 ) values (175—190 Hz) which are com­
parable to or larger than those of an isolated seven-
coordinated complex, (CH 3 ) 2 Pb(gbha) (H 2 0) ( g b h a = 
2,2'-(ethanediylidenediimino) diphenolato) (178—181 

ÇH, 

V ^ 

(A) (B) 

D = HMPA, DMSO, pyridine, (CHsO)3PO, GH3OH. 

Hz).15) 
One of remarkable features in 1H N M R spectral 

data shown in Tables 2—5 is that the V ( 2 0 7 I > D - N = C H ) 
values increase with the V ( 2 0 7 p b - C H 3 ) values. The 
V( 1 1 9 Sn-N=CH) values of (CH3)2Sn(saln) have been 
reported to decrease with an increase in donor strength 
of the solvents, although the 2 J ( 1 1 9 S n - C H 3 ) values 
increase.16) Figures 1 and 2 show the linear relation­
ships between the (5(Pb-CH3) values and the V ( 2 0 7 p b -
CH3) and V(207I>t>-N=CH) v a i u e s for t h e dimethyllead 
complexes of sain and sapr respectively in various 
solvents. (The linear relationship was also obtained 
for saph and sato complexes.) In Figs. 3 and 4, the 
higher magnetic field shifts of the phenol ring proton 
resonances in these complexes with the methyl protons 
attached to the lead atom are shown. Interestingly, 
the amount of up-field shifts for 3-H and 5-H (0- and 
^-position to the oxygen atom respectively) are signi­
ficantly larger than those for 4-H and 6-H (m-positions). 
This indicates that coordination of the solvent molecule 
brings about some electron donation to the lead atom 
and ligand, resulting in a decrease of the positive 
charge on the lead atom and an increase of electron 
density on the oxygen atom. 

These results support a previous suggestion that a 
change of the mean excitation energy, AE, in the 
Fermi contact term plays a dominant role on the solvent 
dependence of the V ( 2 0 7 p b - C H 3 ) values.5) Namely, 
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f5(Pb-CH3) (ppm) 

Fig. 1. Plots of the y(2 0 7Pb-CH3) (—O—) and 
3/(207Pb-N=CH) (__$__) VSm <5(Pb-CH3) values for 
(CH3)2Pb)(saln)-CH3OH in several solvents. 

^—s 

(H
z 

m 

C5 

P
b-

o 

> 

190.0 

180.0 

170.0 

160.0 
© / 

. 0 / 0 
*/ 

© / \ 

/ X« -i 

A/^ 
// / . -

fi/°&' • 
GO/' 

•£ 1 
. . . _ . i j 

28.0 N 

26.0 Ö 

.12 
PL, 

^ 

1.80 

<5(Pb-CH3) (ppm) 

Fig. 2. Plots of the V ( 2 0 7 p b - G H
3 ) (—O—) vs. two 

<5(Pb-CH3) values and of the 3y(2 0 7 p b--N=C Ha) 
— C ~ ) and 3y(207pb-N=CHb) ( • ) vs. the 
average of two ö(Pb-CH3) values for (CH3)2Pb(sapr) • 
CH3OH in several solvents. See Table 3, regarding 
sings of azomethine protons. 

the increase of the 2 y( 2 0 7 Pb-CH 3 ) values together with 
the 3y( 2 0 7Pb-N=CH) values depend on a decrease of 
AE, which results from a decrease in the positive charge 
on the lead atom as a result of electron donation from 
the solvent molecules. I t is difficult to interpret the 
results by the d-s mixing scheme, l e ) which has been 
proposed to account for the increase in the 2 y( 2 0 5 Tl -
CH3) values of some dimethylthallium compounds in 
donor solvents. If the d-s mixing scheme were domi­
nating, the s electron of the lead atom in the coordina­
tion plane of the ligands would transfer to the C - P b - C 
bond, resulting in an increase of the s character of the 
lead atom for P b - C bonds and a decrease in the co­
ordination plane of ligands. Therefore, decrease in 
the 3y( 2 0 7Pb-N=CH) values was expected when the 
V( 2 0 7 Pb-CH 3 ) values increased, and vice versa. This 

<5(Pb-CH3) (ppm) 

Fig. 3. Plots of the ô (phenol ring proton) vs. <5(Pb-
CH3) values for (CH3)2Pb(saln) .CH3OH in several 
solvents; 5-H (—O—), 3-H (—•—), 6-H (—A—), 
and 4-H (—•—). Signs of these protons are written 
in Table 2. 

o 
S 

xi 

(5(Pb-CH3) (ppm) 

Fig. 4. Plots of the ô (phenol ring proton) vs. (5(Pb-
CH3) values for (CH3)2Pb(sapr).CH3OH in several 
solvents; 5-H (—O—), 3-H (—#—), 6-H (—A—), 
and 4-H (—•—). Signs of these protons are written 
in Table 3. 

is not consistent with the results reported here. Simi­
larly, the results can not be explained in terms of the 
change of aPb(6 s) term in Eq. 1 which decreases with 
decreasing positive charge on the lead atom. 

From Tables 2—5, it may be seen that the <5(N=CH) 
values shift to a lower magnetic field with an increase 
in donor strength of the solvents. This change may 
be accounted for by two compensating factors; 1) the 
down-field shift due to hydrogen bonding with oxygen 
atom of the solvents, which grows stronger with an 
increase of donor strength of the solvents, (the down-
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field shift of the azomethine proton for free H2saln is 
as follows: 8.32, 8.53, 8.60, 8.73, 8.73, and 9.04 in 
CDC13 , CH2C12 , CH3OH, ( C H 3 0 ) 3 P O , D M S O , and 
H M P A respectively.) and 2) the up-field shift caused 
by the coordination of the solvent molecules to the 
lead atom. Indeed, the down-field shift of the N=CH 
proton in the sain complex from in CDC13 to in H M P A ; 
0.30 ppm was observed and is much smaller than that 
in H2saln; 0.72 ppm. (These behaviors were ob­
served also in sapr, saph, and sato complexes.) 

It shoud be noted that the two methyl groups at­
tached to the lead atom show different chemical shifts 
in the case of (CH3)2Pb(sapr) - C H 3 O H , although the 
2 y( 2 0 7 Pb-CH 3 ) values were the same within experi­
mental error. In the other three complexes only one 
methyl signal was observed. The magnetic non-
equivalence of the methyl protons is attr ibuted to the 
rigidity of the N - C - C - N skeleton of the sapr ligand 
and to no dissociation of the ligand attached to the 
lead atom. The location of the methyl group of the 
propylene unit outside the coordination plane, induces 
magnetic non-equivalence above and below the co­
ordination plane. T h e sapr complex is the first exam­
ple of a dimethyllead(IV) complex that has magneti­
cally non-equivalent methyl protons, a similar observa­
tion found in the case of [(CH.s)2Tl(cis-syn-cis-6,7,9,-
10,17,18,20,21 -octahydrodibenzo[Za][ l , 4 ,7,10,13,16]-
hexaoxacyclooctadecin) ]+[picrato] ". 17> 

In conclusion, from the present work on dimethyl-
lead (IV) complexes with O N N O quadridentate Schiff 
base ligands, together with a series of spectroscopic 
studies for several other dimethyllead(IV) complexes 
previously reported,5) the AE term in the Fermi contact 
term plays a dominant role in the solvent dependence 
of the indirect spin-spin coupling between the lead 
nucleus and proton, y ( M , H ) . 
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A series of complexes or geometrical isomers, [Co(/?-ala or gly)(en)2]2+, [Co(/?-ala or gly)a(en)]+, [Co(/?-
ala or gly) (ox)2]2-, and [Co(/?-ala or gly)2(o x)] - , were prepared and their 13C NMR spectra were measured. 
Assignments of their structures and 13C NMR signals were made. The /?-alaninate carbons in the complexes 
resonate at 33.6±0.5, 38.3±0.6, and 183.0±1.5ppm and the glycinate carbons at 46.3±1.3 and 187.4± 
1.4 ppm. The 13C chemical shifts of the mixed (/?-alaninato) (glycinato) complexes consist of those of the 
corresponding isomers of bis(/?-alaninato) and bis (glycinato) complexes. 

*H N M R has been widely used to study the structures 
and reactions of the cobalt(III) complexes containing 
amino carboxylate as the chelate ligands. Recently, 
13C N M R has been applied to the study of cobalt(III) 
complexes, and it has been found that the 13C N M R 
is useful to determine the geometrical structures of 
the cobalt ( I I I ) complexes with organic ligands. 2_15> 
Determination of the geometrical structure of the 
complex by XH N M R is sometimes difficult because 
of the complicated signals caused by spin-spin couplings. 
In most case, since carbon atoms are closer to cobalt-
(III) atom than hydrogen atoms in the complexes, 
13G N M R makes it possible to obtain more useful 
information than XH N M R concerning the structures 
of the cobalt (I II) complexes. However, 13C N M R 
data of the cobalt(III) complexes are few for satis­
factory discussion of the relation between the chemical 
shifts and the stereochemical structure of the complex. 

In the present study, we attempted the preparation 
of the complexes, [Co(ß-ala or gly)(en)2]2+, [Co(ß-ala 
or gly)2(en)]+, [Co^-a la or gly)(ox)2]2-, and [Co(ß-ala 
or gly)2(ox)]- (C2- and G1-m(0)-[Go(^-ala)2(en)]+ and 
trans(O)-, eis (0) trans (Ng,0)-, eis(O)trans(N)-, and cis-
(0)^ra^(7V j3,0)-[Co(/5-ala)(gly)(en)]+ are new com­
plexes), and measured their 13C N M R spectra. In this 
paper we report on their preparation, absorption and 
13G N M R spectral data, and assignments of the struc­
tures. 

Exper imenta l 

Preparation of the Complexes. Isomers of Bis(ß-alaninato)-
(ethylenediamine) cobalt (HI) Chloride: An aqueous solution con­
taining 19 g of /^-alanine, 6 g of ethylenediamine, and 4 g 
of sodium hydroxide in 100 cm3 of water was added to an 
aqueous solution containing 24 g of cobalt (II) chloride 
hexahydrate in 80 cm3 of water. The mixed solution was 
oxidized with 20 g of lead dioxide at 75 °C for about 30 
min with stirring, and cooled to room temperature. After 
removal of insoluble matter by filtration, the filtrate was 
poured into a column (30 mm X 800 mm) containing a cation 
exchange resin (Dowex 50WX8, 200—400 mesh, K+ form). 
After the column had been swept with 3 dm3 of water, 
the adsorbed band was eluted with 0.05 M aqueous solution 
of potassium chloride. The band separated into three bands, 
another violet-red band remaining at the top of the column. 
The eluted solution from each band was concentrated to a 
few milliliters in a vaccum evaporator at 30—35 °C. To 
the concentrated solution was added a large amount of 

methanol, potassium chloride deposited being filtered off. 
Acetone was added to the filtrate in order to deposit crude 
complex. Each crude complex obtained was recrystallized 
from aqueous solution by addition of methanol and acetone. 
The first eluted band was confirmed to be trans(O)-[Co(ß-
ala)2(en)]Gl from its absorption spectrum.16) Isomer from 
the second eluted band: Found: G, 27.12; H, 6.44; N, 
15.89%. Calcd for [Co(^-ala)2(en)]Cl- 1.5H20: C, 26.86; 
H, 6.48; N, 15.66%. Isomer from the third eluted band: 
Found: G, 26.22; H, 6.64; N, 15.33%. Calcd for [CoQff-
ala)2(en)]C1.2H20: C, 26.20; H, 6.60; N, 15.28%. 

Isomer of (ß-Alaninato) (glycinato) (ethylenediamine) cobalt (HI) 
Chloride: 10 cm3 of 60% perchloric acid was gradually added 
to a suspension of 5.0 g of mer(iV)-(carbonato) (glycinato) -
(ethylenediamine)cobalt(III) monohydrate in 50 cm3 of water. 
After vigorous evolution of gas had subsided, the solution 
was adjusted to pH 9 by addition of 2 M NaOH, and then 
5 g of /^-alanine was added to the alkaline solution. The 
solution was kept at 65 °C for 3 h and then cooled to room 
temperature. The resulting solution was poured into a 
column (30 mm X 800 mm) containing a cation-exchange 
resin (Dowex 50WX8, 200—400 mesh, K+ form). After 
the column had been swept with 3 dm3 of water, the ad­
sorbed band was eluted with 0.05 M KCl. The band 
separated gradually into four violet-red ones, a red-violet 
band remaining at the top of the column. Each eluted 
solution was concentrated to a few milliliters in a vacuum 
evaporator at 35—40 °C. A large amount of methanol was 
added to the concentrated solution, potassium chloride 
deposited being filtered off. Acetone was added to the 
filtrate and then crude complex deposited was collected. 
Each crude complex was recrystallized from aqueous solution 
by addition of methanol and acetone. Isomer from the first 
eluted band: Found: C, 24.97; H, 5.98; N, 16.56%. 
Calcd for [Co(yff-ala)(gly)(en)]Cl.H20: C, 25.12; H, 6.02; 
N, 16.74%. Isomer from the second eluted band: Found: 
C, 25.11; H, 6.00; N, 16.61%. Calcd for [CoQ?-ala)(gly)-
(en)]Cl-H20: C, 25.12; H, 6.02; N, 16.74%. Isomer 
from the third eluted band: Found: C, 27.07; H, 6.07; 
N, 16.87%. Calcd for [CoQff-ala)(gly)(en)]C1.0.5MeOH: 
C, 27.08; H, 6.06; N, 16.84% (methanol containing in this 
ratio was checked by *H NMR). Isomer from the fourth 
eluted band: Found: C, 26.22; H, 5.55; N, 17.67%. 
Calcd for [Co(£-ala)(gly)(en)]Cl: C, 26.55; H, 5.73; N, 
17.70%. 

C1-cis(0)- (Glycinato-2,2-d2) (glycinato) (ethylenediamine) cob alt-
(III) Chloride : d -cis(O) - bis (glycinato) (ethylenediamine)-
cobalt(III) chloride (150 mg) was dissolved in 9 cm3 of 
deuterium oxide, and then deuterium oxide solution of 
sodium carbonate (1 M, 1 cm3) was added to the solution. 
The solution was allowed to stand at 40 °C until the XH 
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NMR signal at 3.44 ppm, assigned to the methylene proton 
of I-position glycine (see Results and Discussion), dis­
appeared (about 3 h).17> To the solution was added 0.5 
cm3 of 2 M deuteriochloric acid, and a large amount of 
acetone. The red crystals deposited were collected and re-
crystallized from deuterium oxide solution by addition of 
acetone. 

Cj-cisfOJ-, C2-cis(0)-, and trans(O)-Bis(glycinato-2,2-d2)-
(ethylenediaamine) cobalt (III) Chloride and (Glycinato-2,2-d2)-
bis(ethylenediamine)cobalt(III) Dichloride: The complexes were 
prepared in a similar way to that described above. Chloride 
of each complex (150 mg) was dissolved in 10 cm3 of 0.1 
M sodium cabonate-deuterium oxide solution. The solu­
tion was allowed to stand at 50 °C for ca. 3 h. To this 
was added 0.5 cm3 of 2 M deuteriochloric acid, followed 
by a large amount of acetone, and the deuterated complex 
deposited was collected. l H NMR spectra of the deuterated 
glycinato complexes are shown in Fig. 1 with those of the 
non-deuterated complexes. 

[Co(gly)(en)2]3 

Jk 

(b) Ci-cf*(0)-
[Co(gly)2(en)]-

U\_ 
(c) 

J V 

—A 

C 2 -C7S(0) -

[Co(gly)2(en)] + 

(f) 

(B) 

trans(0) " 

[Co(gly)2en] + 
(h) 

3.5 3.0 2.5 ppm 3.5 3.0 2.5ppm 

Fig. 1. 1H NMR spectra of the glycinato complexes. 
(a), (b), (c), and (d) : Non-deuterated complexes, 
(e), (f), (g), and (h) : deuterated complexes. 

The other complexes examined were prepared by the 
methods reported.1-18-20) 

Measurements. The electronic absorption spectra of 
the complexes were measured with a Hitachi EPS-3T 
spectrophotometer in aqueous solution. The 13C NMR 
spectra were measured on a JEOL Model MFT-100 spec­
trometer in pulse Fourier transform/proton noise decoupled 
mode at 25.15 MHz in deuterium oxide solution. The 13C 
chemical shifts were measured relative to benzene (in 
capillary) and converted into chemical shifts from TMS 
by means of the relation <5TMS = ^benzene—128.5 ppm. The 
errors were about ±0.15 ppm. The ! H N M R spectra were 
recorded on a JEOL Model MH-100 spectrometer with 
DSS as an internal standard. 

R e s u l t s and D i s c u s s i o n 

Both [Go(gly)2(en)]+ and [CoQ5-ala)2(en)] + ions 
provide three geometrical isomers, trans (0 ) , C1-cw(0), 
and Cg-cis(O). O n the other hand, the mixed complex 
ion, [Co(/3-ala)(gly)(en)]+, exists in four geometrical 
isomers of trans(0), eis (0) trans (Nß,0), (Nß represents 
the coordinated nitrogen atom in /^-alanine), cis(O)-
trans(Ng,0) (Ng represents the coordinated nitrogen 
atom in glycine), and eis (0) trans (Nß,Ng) (Fig. 2). 
Absorption spectral data are given in Table 1. 

gty^? giy/'Ç A - V ? giy^1 

N - N N - N .N- -N . 0 - -N 
/ co / ; / co /) / co / ; /co /) 

N r N / 0 r - N ^ 0 r-N-/ 0 r - N ^ 
/5-alaV^ /9-alaV^ 9 l y V ^ ^ a l a V . f j 

trans(O) eis (0)t runs (NßO) cis{0)trans{NsO) eis (0) trans (N) 

Fig. 2. The geometerical structures of possible four 
isomers in the [Co(/7-ala)(gly)en)]+ complex ion. 

Absorption Spectra. T h e visible absorption band 
at lower energy side (so-called first absorption band) 
of trans(0) isomers of [Go(0) 2 (N) 4 ] type complexes 
shows a marked split as compared with that of the 
corresponding cis(O) isomers. The marked split of 
the first absorption band was observed for the complex 
obtained from the first eluted band in chromatographi-
cal separation of the [Co(/?-ala)2(en)]+, the absorption 
spectrum of the complex quite agreeing with that of 
the trans (0)-[Co(ß-ala)2(en)] + in the Ref. 16. Thus, we 
concluded that the isomer from the first eluted band 
takes the trans(O) configuration. O n the other hand, 
the second and third eluted isomers are expected to 
take the cis(O) configuration since no marked split 
in the first absorption band was observed. 

Matsuoka et al.21) found that DljDu value in C2-
cis(O) isomer of bis(amino acidato)(ethylenediamine)-
cobal t(III) is smaller than that in C1-cw(0) one, where 
Z)j and Dn are the optical densities at the absorption 
maxima of the first and second absorption bands, 
respectively. As shown in Table 1, DI/DII value of 
the second eluted isomer of bis (/?-alaninato) (ethylene-
diamine) complex is smaller than that of the third 
eluted isomer. Thus, we assigned the geometrical 
structures of the second and third eluted isomers to 
C2-cis(0) and G 1 - m ( 0 ) , respectively. These assign­
ments are in line with those from the 13C N M R data. 

The structure of the first eluted isomer in chroma-
tographical separation of [Co(/5-ala)(gly)(en)]+ can be 
assigned to trans(0), since a marked split was observed 
in the first absorption band, which is characteristic of 
the complex of trans(0)-[Co(O)2(N)4] type. The 
structure of the third eluted isomer of [Co(/?-ala)(gly)-
(en)] + might be assigned to eis(0)trans(N) (C2 sym­
metry if the chelate rings of /?-ala and gly are neglected), 
since the Bl[DIl value of the third eluted isomer is 
smaller than that of the second and fourth eluted 
isomers (Table 1). 

13C NMR Spectra. The 13C chemical shifts of 
carboxy carbons (C0), a-carbons (G«), and ß-carbons 
(G^) of the glycinato and /9-alaninato complexes are 
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TABLE 1. ABSORPTION SPECTRAL DATA OF BIS (AMINO ACIDATO) COBALT (HI) COMPLEXES 

Elution 
order Complex ion I Band 

10 cm-1 (logf) 
II Band 

10 cm-1 (loge) 

Intensity ratio 
of I band to 
II band (Di/Dn) 

GG-1 10 taww(0)-[Co(gly)2(en)]+ 

GG-2 6 C1-m(0)-[Co(gly)2(en)]+ 
GG-3 3 C2-m(0)-[Co(gly)2(en)]+ 
AG-1 11 *rö7u(0)-[CoQ5-ala)(gly)(en)]+ 

AG-2 8 cis{0)trans(Ng,0)-[Co(ß-a\a)(g]y)(en)]+ 
AG-3 4 cis(0)trans(N)-[Co(ß-a\a)(g\y)(en)]+ 
AG-4 7 cis(0)trans(Nß,0)-[Co(ß-a\a)(g\y)(en)]+ 
AA-1 12 fra^(0)-[Co(y9-ala)2(en)]+ 

AA-2 5 Gi-m(0)-[Co(^-ala)2(en)]+ 
AA-3 9 G1-cw(0)-[Co(^-ala)2(en)]+ 

18.87(1.94) 
ca. 22 (ca. 1.64) 
19.97(2.09) 
19.93(2.04) 
18.61(1.97) 
ca. 22 {ca. 1.68) 
19.85(2.16) 
19.88(2.06) 
19.43(2.18) 
18.40(2.00) 
21.93(1.61) 
19.96(2.10) 
19.47(2.20) 

27.77(2.12) 

27.70(2.13) 
28.00(2.11) 
27.78(2.06) 

27.71(2.06) 
27.78(1.99) 
27.68(2.03) 
27.60(1.94) 

27.47(1.83) 
27.31(1.90) 

0.91 
0.85 

1.24 
1.17 
1.43 

1.88 
2.02 

TABLE 2. 

Complex ion 

13C CHEMICAL SHIFTS OF THE COORDINATED GLYCINATE AND /?-ALANINATE 

Position of Carboxy carbon Methylene carbon 
the chelate , ~ v ^ 
ring Glycinate /?-Alaninate Glycinate yS-Alaninate 

1 

2 
3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

[Co(gly)(en)J»+ 
[Co(/?-ala)(en)2]

2+ 
C2-m(0)-[Co(gly)2(en)]+ 
cis{0)trans{N)-\Co{ß-a\a) (gly) (en)]+ 
C2-w(0)-[CoQ3-ala)2(en)]+ 

C1-m(0)-[Co(gly)2(en)]+ 

eis (0)trans(Nß,0) -[Co (0-ala) (gly) (en)]+ 

eis(0)trans(Ng,0)-tCo(ß-a\a) (gly) (en)]+ 

Cj-m (0) -[Co Qff-ala) 2 (en) ]+ 

taww(0)-[Co(gly)2(en)]+ 
trans (0)-[Go(ß-a\a) (gly) (en)]+ 
trans (0)-[Co(ß-ala)2(en)]+ 
trans(NHCo(g\y)2(ox)]-
trans(N)-[Co(ß-a\a) (gly) (ox)]-
trans ( N) - [Co (jff-ala) 2 (ox) ] -

C1-m(iV)-[Co(gly)2(ox)]-

cis(N)trans(Oß)N)-[Co(ß-a\a) (gly) (ox)]~ 

cis(N)trans(Og,N)-[Co(ß-a\a) (gly) (ox)]-

C1-cis(N)-[Co{ß-a]a)2(ox)y 

C2-m(iV)-[Co(gly)2(ox)]-
C2-m(^)-[Co(^-ala)2(ox)]-
[Cofely) (<*),]«-
[Co(^-ala)(ox)2]2-

— 

— 

O 

O 

O 

{«^ 
{i 
15 
15 
— 

— 

— 

— 

— 

/ I * 
to* 
(I* 

to* ] I * 

to* 
( I * 

to* 
o* 
o* 
— 

— 

186.7a> 
— 

187.4b) 
187.4 

— 
186.0b.o 
187.2b) 

187.2 
186.0 

— 

187.6b) 
187.2 

— 

188.6 
188.7 

— 
186.8 
187.2 

187.2 
186.7 

— 

187.0 
— 

187.2 
— 

— 

182.0 
— 

184.2 
184.1 

— 

182.0 

183.7 
181.8 
184.0 

— 

181.9 
181.5 

— 
184.4 
184.4 

— 

184.3 

183.1 
184.2 
183.1 

— 

183.3 
— 

183.7 

45.8*) 
— 

46.5b) 
46.0 

— 
46.0b.«) 
46.0b) 

46.5 
45.9 

— 

45.0b) 
45.0 

— 

46.1 
45.9 

— 

47.6 
46.1 

46.1 
47.5 

— 

46.2 
— 

46.5 
— 

— 

33.3 
— 

33.3 
33.1 

— 

33.3 

33.6 
33.5 
33.3 

— 

33.5 
33.1 

— 
33.7 
33.9 

• — • 

34.1 

33.7 
33.7 
33.7 

— 

33.6 
— 

33.4 

— 

38.5 
— 

38.4 
38.0 

— 

37.8 

38.4 
37.7 
38.2 

— 

38.2 
38.0 

— 

38.1 
38.3 

— 

38.8 

37.9 
38.6 
38.0 

— 
38.0 

— 

37.7 

a) Weakened in the [Co(ND2CD2COO)(en)2]2+ complex ion. b) 
complex ion. c) Weakened in the C1-tû(0)-[Go(ND2CD2GOO)(ND! 

Weakened in the [Co(ND2CD2COO)2(en)]+ 
,CH2COO)(en)]+ complex ion. 

summarized in Table 2. The chemical shifts of G0, 
Ca, and C,9 in the complexes (in which the glycinate 
and ß-alaninate coordinate to cobalt (I II) in the chelat­
ed form) are represented by <5ch(G0), ôcil(Ca), and 
<5eh(C/3), respectively. Symbols <5(G0), <5(C«), and 

o(Cß) represent the chemical shifts of Co5 C«, and C^, 
respectively, of free glycine and /^-alanine in acidic 
solutions. 

T h e carboxy carbon resonances of the chelated 
glycines (<5ch(C0)) were observed in the range 186.0— 
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188.7 ppm. O n the other hand, the <5(C0) of free 
glycine was 171.1 ppm. Thus, the zlch(G0) values 
(<5ch(C0) minus ô(C0)) of these glycinato complexes 
are found in the range 14.9—17.6 ppm. T h e ô(Ca) 
of free glycine was 40.4 p p m and the <5ch(Ca) of glyci­
nato complexes were observed in the range 45.0— 
47.6 ppm. Consequently, the Zlch(C«) values of the 
glycinato complexes are found in the range 4.6—7.2 
ppm. The ^ c h (C 0 ) and Aeh(Ca) values of glycinato 
complexes are comparable to those of the other a-amino 
acids.2> 

T h e <5(C0), <5(C«), and o(Cß) values of free ^-alanine 
are 175.9, 31.2, and 35.6 ppm, respectively. T h e 
^Ch(C0), <5ch(Ca), and <5ch(Qs) values of the chelated 
^-alanine were observed in the ranges 181.5—184.4 
ppm, 33.1—33.9 ppm, and 37.7—38.8 ppm, respective­
ly. The ^ c h (C 0 ) values of /?-alaninato complexes 
are ca. 7 ppm, smaller than those of a-amino acidato 
complexes. Similarly, the Aeh(Ca) values (1.9—2.7 
ppm) of /?-alaninato complexes are smaller than those 
of the a-amino acidato complexes. In this manner, 
the chemical shift changes caused by chelation can 
be used to differentiate ß- and a-amino acids.2) 

In [Co(/?-ala)2(ox)]_ complex ion, one and two 
resonance lines of the carboxy carbons were observed 
for the isomers 21 and 19 (Table 2), respectively, since 
the chemical environments of the carboxy carbons of 
the two /9-alaninate are equivalent in the former isomer 
but not in the latter one.1) A similar relationship 
can be applied to the structural assignments of the 
two isomers of 5 and 9 in the [Co(/?-ala)2(en)] + complex 
ion. T h e second and third eluted isomers in chro-
matographical separation of [Co(/?-ala)2(en)] + show 
respectively one and two resonance lines arising from 
the carboxy carbons of /?-alaninates. Thus, the 
structures can be assigned to C2-cis(0) for the former 
(5) and C^cisÇO) for the latter (9), respectively. 

Yoneda et al.22) pointed out the importance of the 
effect of magnetic anisotropy induced on the central 
cobal t(III) chromophore. Application of this magnetic 
anisotropy to the 6 and 3 complexes leads to the fol­
lowing prediction. Two chelated glycinates in the 
6 complex do not occupy equivalent positions; one is 
present in the plane formed by the coordinated oxygen 
atoms of glycinates and cobalt (I II) (I-position), and 
the other is out of plane (O-position). O n the other 
hand, the chelated glycinates in 3 at the O-position 
and their steric relation to the cobal t (III) chromophore 
( [Co(0) 2 (N) 4 ] ) are identical with the O-position 
glycinate of 6. T h e O-position glycinate in 6 is expect­
ed to show nearly equal chemical shifts of the carboxy 
carbon to those in 3. A similar relation is expected 
between 9 and 5. In 16, one glycinate is in the plane 
formed by the nitrogen atoms of the glycinates and 
cobalt ( III) (Imposition), and another glycinate out 
of the N - C o ( I I I ) - N plane (Opposi t ion) . Two glyci­
nates in 20 present at the O*-positions and their relation 
to the cobalt(III) chromophore (cw(iV)-[Co(0)4(N)2]) 
are identical with the O*-position glycinate of 16. 
In this manner, the following assignments are possible. 
In 6, the carbon resonances at 46.0 and 187.2 p p m 
are for the O-position glycinate, at 46.0 and 186.0 p p m 

for the I-position glycinate. In 9, those at 33.5, 37.7, 
and 181.8 p p m are for the I-position /?-alaninate. In 
16, those at 46.1 and 182.2 ppm are for the Opposi t ion 
glycinate, at 47.8 and 186.8 ppm for the Imposition 
glycinate. In 19, those at 33.7, 38.0, and 183.1 are 
for the Oppos i t ion ß-alaninate, at 33.7, 38.6, and 
184.2 p p m for the Imposition ß-alaninate. 

The chemical shifts of the glycinate carbons in 11 
are in fair agreement with those of the glycinate carbons 
in 10. The chemical shifts of the /?-alaninate carbons 
in 11 agree with those of the ß-alaninate carbons in 
12. Similar agreements in chemical shifts were observed 
among the same geometrical isomers of bis(/?-alani-
nato), bis (glycinato), and (/3-alaninato) (glycinato) 
complexes. In the case of the 17 or 18 complex ion, 
the following consideration, in line with the above 
observations, is possible. When the Imposition (O*-
position) glycinate of 16 is exchanged by ß-alaninate, 
forming 17 (18), the carbon resonances of the Im­
position (0*-position) glycinate will disappear and 
those of the imposition (0*-position) /?-alaninate will 
appear. As we expected, the glycinate carbons in 
17 resonates at 187.2 and 46.1 ppm and these chemical 
shifts consist of those of the 0*-position glycinate in 
16 (187.2 and 46.1 ppm) . T h e chemical shifts of ß-
alaninate carbons in 17 are nearly equal to those of 
the imposition /?-alaninate in 19. A similar relation 
can be expected for the cis(O) of the second eluted 
isomer (8) in chromatographical separation of [Co(/?-
ala)(gly)(en)] + ; the resonance peaks at 186.0 and 
45.9 p p m for glycinate carbons and at 33.6, 38.4, and 
183.7 ppm for the ß-alaninate carbons consist of those 
of the O-position ß-alaninate in 9 and I-position gly­
cinate in 6, respectively. The structure of the second 
eluted isomer can be assigned to eis(0)trans(Ng,0). 
As the chemical shifts of the fourth eluted isomer (7), 
resonating at 46.5 and 187.2 p p m (glycinate), and at 
33.3, 37.8, and 182.0 ppm (0-alaninate), consist of 
those of O-position glycinate and I-position /9-alaninate. 
T h e structure of this isomer can be assigned to cis(O)-
trans(Nß,0). 

In the present work, the 13C chemical shifts were 
measured in 1 H noise decoupled mode. Since the 
signal of the carbon bonding to hydrogen is enhanced 
due to the nuclear Overhauser effect from XH atom 
and no splitting resonance is observed in noise decoupled 
mode, the resonance peak of the methylene carbon 
(a-carbon) of the glycinate is expected to be fairly 
intense. O n the other hand, the resonance of the 
deuterated methylene carbon of the glycine will be 
very weak, since the signal of the carbon bonding to 
deuterium is split due to the carbon-deuterium coupl­
ing, no enhancement due to the N O E from XH atom 
being expected.8) In the chelated glycine, the reso­
nance of the carboxy carbon (which neighbors methylene 
carbon) is enhanced by the N O E from the methylene 
protons, but the deuteration of the methylene group 
results in weakening of the carboxy carbon resonance. 
Consequently, it is possible to confirm which glycinate 
possesses the deuterated methylene group by comparing 
the 13C N M R spectra of the deuterated complex with 
that of the non-deuterated complex. 



January, 1979] WG NMR of Go (III) Complexes Containing ^-Alanine and Glycine 83 

The methylene protons in the chelated glycine are 
easily deuterated in basic deuterium oxide solution.23) 
We succeeded in preparing five glycinato-2,2-^2 com­
plexes, ( [Go (ND 2 CD 2 COO) (en) 2]

 2+, Cj-cis ( 0) - [Co-
(ND 2 CD 2 COO)(ND 2 CH 2 COO)(en) ]+ , and CVm(O)- , 
C2-cis(0)-, and /m^(0) - [Co(ND 2 CD 2 COO) 2 (en) ]+ , 
by leaving each corresponding glycinato complex in 
basic deuterium oxide solution to stand for an ap­
propriate time. 

It is difficult to distinguish the methylene carbon of 
glycinate from that of the ethylenediamine, since the 
chemical shifts of the methylene carbons in chelated 
ethylenediamine are close to those of the methylene 
carbon of the chelated glycinate. The 13C N M R 
measurements of these deuterated glycinato complexes 
make it possible to distinguish the signals of the carbons 
in the deuterated glycinate ring from those of the 
carbons in chelated ethylenediamine. 

Yoneda et al.22) showed for the 6 complex that the 
1 H N M R signal resonating at 3.44 p p m arises from 
the methylene protons of the I-position glycinate. It 
was found that the I-position methylene protons are 
deuterated more rapidly than the O-position methylene 
protons (Fig. 1 (b)).17> Since the methylene carbon 
resonance at 46.0 ppm and the carboxy carbon reso­
nance at 186.0 ppm in 6 are weakened in the C^cis(0)-
[Co(ND 2 GD 2 COO)(ND 2 CH 2 COO)(en) ]+ , it is con­
cluded that these methylene and carboxy carbons belong 
to the I-position glycinate, and methylene carbon at 
46.0 ppm and carboxy carbon at 187.2 p p m in 6 to 
the O-position glycinate. The assignments of the 13G 
N M R spectra based on the deuteration method are 
consistent with the assignments concluded from the 
comparison of the bis (glycinato) complexes with (ß-
alaninato) (glycinato) complexes. 

The 13G chemical shifts of the coordinated glycinate 
in bis (glycinato) complexes remained unchanged by 
the replacement of one of the two glycinates with ß-
alaninate. The 13C chemical shifts of the /?-alaninate 
in bis(ß-alaninato) complexes also remained unchanged 
by the replacement of one of the ß-alaninates with 
glycinate. These observations suggest that the main 
factor which determines the chemical shifts of the 
coordinated glycinate or /?-alaninate is the steric position 
of the ligands to the central cobalt (III) chromophore. 
This recalls the theory of the magnetic anisotropy 
arising from the cobalt ( III) chromophore.22) How­
ever, the Co(III) magnetic anisotropy does not ac­
count for all the behavior of the chemical shifts of 
the ligands. It is expected from the Co (III) magnetic 
anisotropy in complex 6 that the 13C chemical shift 
of the O-position methylene carbon of glycinate is 

located at lower magnetic field than that of the I-
position methylene carbon, but really both carbon 
resonances were observed at 46.0 p p m as an overlap­
ping signal. The carboxy carbon resonances of 10 
should be located at much higher magnetic field than 
the observed ones, according to the cobal t (III) magnetic 
anisotropy. 
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Luminescence spectra of M3[Co(CN)6] ( M = K , Rb, Gs), m-K3Na2[Co(CN)4(S03)2], and *raw.y-Na5[Co-
(CN)4(S03)2] were measured at 20 K. Single crystal luminescence spectra of the hexacyanocobaltates(III), 
centered at 14100—14200 cm -1, exhibited vibrational structure associated with three components, and the 
separation between the members of the progression was about 400 cm -1. Luminescence spectra of powdered 
m-K3Na2[Co(CN)4(S03)2] and *r^-Na5[Co(CN)4(S03)2] were structureless and broad centered at 13200 and 
14400 cm -1 , respectively. Comparison of these luminescence spectra with the corresponding spin-forbidden 
bands indicated that the 0-0 transition lies at 18300—18600 cm-1 for hexacyanocobaltates(III), at 16500— 
17000 cm-1 for m-K3Na2[Go(GN)4(S03)2], and at 17700—18200 cm"1 for *ra/25-Na5[Co(CN)4(S03)2]. The 
vibrational structure in luminescence spectra of hexacyanocobaltates(III) can be interpreted in terms of the 
''s? *'9J 1̂23 a n d vi3 ungerade skeletal modes, a lattice mode, and the totally symmetric r2 vibrational mode. 
Analysis of the relative intensity of the vibrational structure in the luminescence spectra gave information 
about the change in the Go-C internuclear equilibrium distance from the ground state to the excited 
luminescent state. The relationship between luminescence and photochemical behavior of cobalt (III) com­
plexes was also considered. 

In recent years, there has been a rapidly expanding 
interest in the luminescence of transition-metal coordi­
nation compounds.1^ A luminescence spectrum pro­
vides a great deal of useful information not only about 
an excited state but also about a ground state. There 
have been many studies on luminescence spectra of 
chromium(II I ) complexes from the viewpoints of both 
their spectroscopic and photochemical aspects.1»2) O n 
the other hand, although there have also been extensive 
spectroscopic and photochemical studies of cobalt ( III) 
complexes, there has been few papers on their lumines­
cence. 

Luminescence of cobal t (III) complex was first report­
ed on K 3 [Co(CN) 6 ] by Porter and Mingardi3) in 1966. 
They observed a broad and structureless band centered 
at 14400 c m - 1 , and assigned it as sTlg->

1Alg phos­
phorescence on the basis of the band position and 
the lifetime. Later, the luminescence spectrum of 
[Co(CN) 6 ] 3 _ was studied by some workers,4-9) but 
most of them have also only reported it to be structure­
less and broad. T h e author has reported vibrational 
structure of the luminescence spectrum of powdered 
K 3[Co(GN) 6] at 20 K, which exhibited a progression 
with about 400 c m - 1 spacing interpreted in terms of 
the Co-C stretching frequency for the first time.7) 
Recently, Hipps and Crosby9) have also reported vi­
brational structure whose spacing between the members 
of the progression was 420 c m - 1 in the luminescence 
spectrum of K 3 [Go(CN) 6 ] at 4.2 K. 

Another example of luminescence of cobalt (III) 
complex was fro^-Na5[Co(CN)4(S03)2] reported by 
Zuloaga and Kasha.10) They reported a broad and 
structureless spectrum centered at 14300 c m - 1 at 77 K 
and assigned it as the 3T l g->1A1g(Oh) phosphorescence. 
As mentioned above, investigations of luminescence 
of cobalt(III) complexes have been very limited. 

This paper deals with the luminescence of cobalt(III) 
complexes, the luminescence of one among them, cis-
K 3 Na 2 [Go(CN) 4 (S0 3 ) 2 ] , having been observed for the 
first time. For single crystals of K 3 [Co(CN) 6 ] , Rb 3 -
[Co(CN) 6] , and Cs3[Co(GN)6] , the luminescence 

spectra were measured with particular care for the 
fine structure to make clear what kind of vibration 
was responsible for the intensity. Also, the position 
of the 0-0 transition of the T i ^ A ^ O J of hexa-
cyanocobaltates(III) and of eis- and frmy-tetracyano-
disulfitocobaltates(III) are presented. 

Finally, the possible relationship between photo­
chemical behavior and luminescence is discussed. 

E x p e r i m e n t a l 

Preparation of Materials. K3[Go(GN)6],
11) Rb3[Co-

(CN)6],
12) Cs3[Co(CN)6],

12> m-K3Na2[Co(CN)4(S03)2],13> 
*ra7u-Na5[Co(CN)4(S03)2],

14) >c-[Go(GN)3(NH3)3],15) cis-
[Co(CN)2(en)2]C104,

16> [Co(CN)(NH3)5]Cl2,
17> and [Go-

(NH3)6]C13
18> were prepared according to the published 

methods. These compounds, except for fac-[Go(CN)3-
(NH3)3], were recrystallized several times. Single crystals 
of K3[Go(GN)6], Rb3[Co(GN)e], and Gs3[Go(GN)6] were 
obtained by slow evaporation of aqueous solutions. 

Measurement of Luminescence Spectra. Excitation light 
from a Ushio UM-102 mercury lamp (120 W) was isolated 
by a Spex Micromate grating monochromator (10 cm, f 
2.5, blazed at 300 nm, 1200 1/mm), then passed through a 
Toshiba UV-D25 filter, and projected on the sample at an 
incident angle of 45°. Luminescent light at right angles 
to the excitation light was passed through a yellow cut-off 
filter to reduce scattered excitation light, and was dispersed 
by a JASCO GT-100 grating monochromator (100 cm, f 
8.6, blazed at 750 nm, 12001/mm). The light from the 
monochromator was detected by a cooled Hamamatsu R-
649S (S-20) photomultiplier, a Hamamatsu G-716 pream­
plifier, and a Hamamatsu G-767 photon counter, and 
recorded by a Yokogawa 3051 recorder equipped with a 
Yokogawa 3053-12 DC unit. Sometimes a set of a 
Hamamatsu R-666 photomultiplier, with GaAs photocathode, 
and a JASGO L-125 lock-in amplifier was used for the 
detection system. The sample was cooled with an Air 
Products and Chemicals Gryo-Tip AC-2 for measurements 
at liquid hydrogen temperature and with the optical 
cryostat designed in our laboratory for those at liquid 
nitrogen temperature. The sample temperature was meas­
ured using a chromel/constantan and a chromel/Au-0.07%Fe 
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thermocouple. 
Spectral slit width was about 8 cm-1 for hexacyano-

cobaltates(III) and /raw j-Na6 [Co (CN)4(S03)2], and about 
16 cm - 1 for other compounds. 

The luminescence spectra thus obtained were corrected 
by the standard lamp method. 

Measurements of Visible and Ultraviolet Absorption, Diffuse 
Reflectance, Infrared, and Raman Spectra. The absorption 
spectra of aqueous solutions were measured with a Hitachi 
EPS-3T spectrophotometer. The spin-forbidden band of 
a single crystal of K3[Go(GN)6J was measured with a 
JASGO CT-50 grating monochromator (50 cm, f 5.6, blazed 
at 300 nm, 12001/mm) equipped with a Hamamatsu R-
649S photomultiplier connected with the photon counting 
system at liquid helium temperature. The sample was 
cooled with the optical cryostat. 

The diffese reflectance spectra were measured with a 
Hitachi EPS-3T spectrophotometer, using a diffuse reflect­
ance accessory, at room temperature. 

The infrared spectra in the 200—700 cm"1 region were 
obtained with a JASGO IR-F far-infrared spectrophotometer 
using the Nujol mull method. 

Raman spectra were measured on powdered samples 
with a He-Ne laser Raman spectrophotometer.19) 

R e s u l t s a n d D i s c u s s i o n 

Luminescence Spectra of Kz[Co(CN)6]. The 20 
and 77 K, 313 nm excited luminescence spectra meas­
ured on a single crystal are shown in Fig. 1. The 
peak position of 14200 c m - 1 was almost the same as 
that of other authors,4"9) and the half band width 
of the total band was about 2600 cm"1 . The lumines­
cence band increased gradually in intensity with a 
lowering in the temperature from room temperature 
to about 30 K, and decreased slightly with lowering 
in the temperature from about 30 to 20 K. This can 
be explained as having been caused by the competition 
between non-radiative relaxation and sharpening of 
the each component bands; that is, from room temper­
ature to about 30 K, the dominant effect is depression 
of the non-radiative process, which increases lumines­
cence intensity, and from about 30 to 20 K, sharpening 
of each component band is dominant, which decreases 
luminescence intensity. Even at room temperature, 
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Fig. 1. Luminescence spectra of K3[Co(CN)e"]. 
, 20 K; , 77 K. 

Fig. 2. Energy differences between cn peaks, Avc = 
vCn+1-vCn, in K3[Go(GN)6] at 20 K. 

a structureless and very weak spectrum was observed. 
At 77 K, the spectrum exhibited vibrational structure 
with about 400 c m - 1 spacing between the members 
of the progression. When the temperature was lowered 
from 77 to 20 K, the A n progression at 77 K was 
resolved into two components, an and b n progressions; 
moreover, a weak cn progression appeared between 
the Aw progression. T h e average spacing of 394 c m - 1 

between the members of each progression was slightly 
decreased with increase in n, and the fundamental 
vibrational frequency was extrapolated to about 405 
c m - 1 as shown in Fig. 2. 

Luminescence Spectra qfRb3[Co(CN)6] and Css[Co(CN)6]. 
The 313 nm excited luminescence spectra of the rubi­
dium and caesium salts were measured on single crys­
tals at 20, 77 K, and room temperature. T h e spectral 
pat tern was practically the same as that of the potassium 
salt. At 20 K, the maximum positions of the total 
bands were at 14100 and 14200 cm" 1 for the rubidium 
and caesium salts, respectively. The vibrational 
structure, consisting of three components, was observed, 
but it was not so clear as in the potassium salt. The 
energy separation between the members of the progres­
sion was about 400 c m - 1 as in the potassium salt. 
Even at 77 K, the spectra showed vibrational structure. 

Position of the 0-0 Transition. Since the three 
salts of hexacyanocobaltates(III) showed the same 
vibrational pattern, the potassium salt, whose spectrum 
was the best resolved of the three, will be discussed. 

The 8 T l g «- 1 A l g spin-forbidden band of K 3 [Co-
(CN)6] has been reported at different peak energy by 
some authors. Kida et al.20) found a shoulder at 
24000 cm"1 , while Porter and Mingardi,3) and Ja in 
et al.21) observed weak bands at 18500 and 20833 cm"1 , 
respectively; and these three bands have been assigned 
as the 8 Tj ->1A l g spin-forbidden transition. Recently, 
this spin-forbidden band was carefully reexamined 
by Kataoka8) by microspectrophotometry at 77 K. 
A small shoulder, which was not observed at room 
temperature, appeared clearly at 26000 cm" 1 when the 
temperature lowered to 77 K, and was assigned as 
the ^ g ^ A j g spin-forbidden band. 

The first component of the luminescence band, 
which lies at highest energy, was observed at ca. 18200 
c m - 1 in the 20 K sepctrum obtained. This indicates 
that the 0-0 transition lies at some 100 c m - 1 higher 
than 18200 cm- 1 . Comparison of the absorption peak 
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values with a position of the 0-0 transition obtained 
from the luminescence spectrum clearly shows that 
the positions of 18500 and 20833 c m - 1 in absorption 
are too low in energy; while the peak positions observed 
at 24000 and 26000 c m - 1 are consistent with the 0-0 
transition obtained from this luminescence measure­
ment. O n the other hand, the calculated value for 
3 T l g <-!A l g spin-forbidden band is ca. 27000 cm-1.22) 
Consequently, it is more probable to assign the 26000 
and/or 24000 cm- 1 band than the 18500 and 20833 cm- 1 

bands as the zT-i^
1Als spin-forbidden band. 

It is expected that the 0-0 transition would not 
obtain any appreciable intensity either in luminescence 
or in absorption. Thus, in order to obtain a more 
exact position of the 0-0 transition, vibrational struc­
ture measurement in the spin-forbidden absorption 
band is required. Tha t is, comparison of the vibra­
tional structures in both the luminescence and absorp­
tion spectra can be expected to give the 0-0 band 
position between their first components. 

To determine the position of the 0-0 transition, the 
4.2 K single crystal absorption was measured, but no 
vibrational structure was observed in the 17000— 
23000 c m - 1 region. Consequently, the position of the 
0-0 transition was not exactly determined, but would 
lie between 18300 and 18600 cm- 1 . 

Assignment of Vibrational Structure. T o assign the 
vibrational structure associated with the luminescence 
spectrum, the normal modes of vibration of [Co(CN) 6 ] 3 _ 

must be considered. R a m a n and infrared spectra of 
this complex have been studied by many workers,23-29) 
but there has been some uncertainty in position and 
assignment, especially for low energy region skeletal 
vibration. T h e assignments of some workers are listed 
in Table 1. 

There are five vibronic active skeletal modes, v7(t l n) , 
r s ( t l u ) , "9(tin)» " i 2 ( 0 > a n d ^is(t2u); thus the fine 
structure of the spectrum would consist of (v7, v%, 
v9> v12^v19)-\-nv2(alg) (n = 0, 1, 2, . . . ) peaks.30) In 
these vibrational modes, it can be considered that the 
contribution of the deformation modes, v8, vd, v12, and 
vlz, to the intensity would be large.31-33) I t is possible 
that the lattice motion would couple with the electronic 
level; but its contribution to the intensity, which is 
proportional to the degree of destruction of the center 
of symmetry, would be much weaker than that of the 
ungerade skeletal vibration. 

T h e luminescence spectra seem to consist of three 

kinds of progressions, and members of each progres­
sion have about 400 c m - 1 spacing. These progres­
sions may be vibronic bands originated from one or 
more electronic levels. The ground state, *A lg, is not 
split by any perturbation, but the excited luminescent 
state, 3 T l g , splits into E, T2 , T l 5 and A± by spin-orbit 
interaction. For K 3 [Co(CN) 6 ] , the separation between 
the E and other upper levels, T 2 , T l 5 and A1? have 
been reported as 30, 318, and about 500 cm - 1 , and 
the lifetimes of the E, T 2 , and T x as 463, 2615, and 
28.3 [is, respectively, determined from the temperature 
dependence analysis of the lifetime.9) O n the basis 
of these separations and lifetimes, the contribution to 
the luminescence intensity of each level, Il} is given 
by34) 

IiOckrgracpi-AEIkT) = l/rrgrexp(-AEIkT), (1) 

where k% is the rate constant of the luminescence process, 
Tt is the lifetime, and gi is the multiplicity. Thus the 
calculated intensity ratios of /r2 / /E and 7TI/ / E are 2.1 X 
10-2 and 2.9 x l O - 9 at 20 K and 1.5 x l O - 1 and 6.6 x 
10-2 at 77 K. This indicates that, at 20 K, the lumines­
cence from the T 2 and other upper levels would con­
tribute less to the spectrum. Thus it is possible to 
neglect the T 2 , T l 5 and A1 levels as luminescent ones. 

Comparison of the energy separations betweeen ad­
jacent components of the luminescence spectrum with 
those of the ungerade skeletal vibrations indicates 
that the most reasonable assignments are as follows. 
T h e most intense component, a„ progression, can be 
assigned as the transition to (v9-\-nv2) or (v13-\-nv2) 
level, or it may consist of two peaks corresponding 
to those, since the v9 and vlz modes have nearly the same 
energy. Similarly, b n progression is assigned as the 
transition to (v8-\-nv2) or (v12-\-nv2) level, or again it 
may consist of two peaks corresponding to those; 
while the weak component, cn progression, cannot be 
assigned as any of the skeletal vibrational modes. 
T h e energy difference between the an and cn progres­
sion is about 175 c m - 1 ; and the lattice modes appeared 
strongly at 172 and 189 cm - 1 ,2 6) hence the cn progres­
sion can be assigned as the transition to the (aw+lat t ice 
mode) level. 

Calculation of the Relative Intensity of the Luminescence 
Band. T h e intensity ratio of the individual 
component bands from the 0-th vibrational state in 
the electronic state A to the n-ih vibrational state in 
the electronic state B is given by35) 

TABLE 1. RAMAN AND INFRARED SPECTRA OF [Co(CN)6]3~ (v/cm~ 

K3[Go(GN)6] 

Rb3[Co(GN)6] 
Gs3[Go(CN)6] 

^ ( a i g ) 
vGo-G 

404 
408 

408 
406 
413 

^ 3 ( e g) 
vCo-C 

394») 
330 

(358) 

^ ( t i u ) 
*>Co-C 

565 
564 

562 

562 
561 
560 

^8 (tin) 
<5Co-C-N 

414 
416 

414 

415 
414 
415 

fB(tlu) 
<5C-Co-C 

129 
90a> 

128 
92 

Vitien) 
(5Co-C-N 

380 
440 

443 
437 

vn(hn) 
(5C-Co-C 

104 
69*) 

108 
72 

Ref 

26) 
23) 

27) 
28) 

This work 
This work 
This work 

a) Calculated value. 
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/(Bra<-A0 

/(B0<-A0; 
-a(Ar) 

In 1 

, t ' 
(2) 

where oc=4jz2mvclh and Ar is the difference in the 
equilibrium nuclear distance between the A and B 
states. 

Setting -y-a(Ar)2 = K, 

In 
Kn_ 

n\ 
(3) 

The relative intensity of individual members of the 
an progression in the luminescence band, calculated 
from Eq. 3, is shown in Fig. 3 together with the observed 
spectrum of K 3[Co(CN) 6] at 20 K. The calculated 
relative intensities shown by the heights of vertical 
lines in Fig. 3 are the one when # = 1 0 . 7 , and those of 
the other marks are the ones when #==11.7 and 12.7. 
When the maximum of the band occures at the rc-th 
component, it can be seen that n=K in Eq. 3, so 
that # = 1 0 . 7 means that the first component of 18200 
c m - 1 in the luminescence spectrum should involve 
no v2 vibration. It is clear from Fig. 3 that the intensity 
ratio when # = 1 0 . 7 is the best fit; thus it is highly 
probable that the 0-0 transition lies at 18300—18600 
cm - 1 . 
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Fig. 3. Calculated relative intensity of K3[Go(GN)6]. 
Broken line indicates the observed spectrum. Vertical 
line, # = 1 0 . 7 ; O, # = 1 1 . 7 ; X, #=12 .7 . 

By fitting the relative intensities of the individual 
components in the observed luminescence band to 
the calculated ones, the change in the C o - C equilib­
rium nuclear distance, Ar, between the luminescent 
excited state and the ground state can be computed. 
The calculated change in the distance is 0.3 Â, when 
# = 1 0 . 7 . This value can be compared to 0.20—0.23 
Â in P t -F distance in [PtF6]2~.36> 

Luminescence Spectrum of ck-KsNa2[Co(CN)4i(S03)2\. 
The 20 K, 365 nm excited luminescence spectrum is 
shown in Fig. 4. A broad and structureless band 
was observed at 13200 cm - 1 , and its half band width 
was about 2000 cm - 1 . The higher energy threshold 
value of the luminescence band was observed at 16500 
cm - 1 . The intensity of the luminescence was somewhat 
weaker than that of the hexacyanocobaltates(III) . 

14 15 16 17 

Wave number/103 cm - 1 

Fig. 4. Luminescence spectrum of aVK3Na2[Co(CN)4-
(S03)2] at 20 K. 

1.0 

-J 1 L_ 

Wave number/103 cm - 1 

Fig. 5. Spin-forbidden bands of a) m-K3Na2[Go(GN)4-
(S03)2] and b) *r«wj-Na6[Co(CN)4(SOd)2] measured 
by diffuse reflectance method. 

O n the other hand, in the absorption spectrum obtained 
by the diffuse reflectance method, a weak shoulder 
was observed at ca. 20000 c m - 1 , as shown in Fig. 5. 
In the figure the reflectance spectrum of trans-Na5-
[Co(CN) 4 (S0 3 ) 2 ] is also shown. 

The luminescence can be assigned as the transition 
from the lowest triplet state, 3 T l g ( O h ) , to the xA l g -
( O J ground state, on the basis of its position and in­
tensity. It is consistent with the position of the lumines­
cence band that the weak shoulder at ca. 20000 c m - 1 

in absorption was regarded to be the spin-forbidden 
band, hence it can be assigned as the ^ g ^ A j 
(Oh) spin-forbidden transition, which is the reverse 
process of luminescence. The 0-0 transition would 
lie at 16500—17000 c m - 1 on the basis of the threshold 
value of the luminescence band and the maximum 
position of both luminescence and absorption. 

Luminescence Spectrum of trans-Na5[Co(CN)4(SOz)2]. 
The 20 K, 365 nm excited luminescence spectrum is 
shown in Fig. 6. A broad and structureless band 
as in the eis salt was observed at 14400 c m - 1 , and its 
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14 15 16 17 18 

Wave number/103 cm - 1 

Fig. 6. Luminescence spectrum of /ran^-Na5[Go(CN)4-
(SOs)a] at 20 K. 

half band width was about 2300 cm - 1 . The threshold 
value was observed at ca. 17700 c m - 1 . Intensity 
of the luminescence was comparable to that of the 
hexacyanocobaltates(III) . T h e diffuse reflectance 
spectrum showed a weak shoulder at ca. 20000 cm - 1 , 
as shown in Fig. 5. 

T h e luminescence spectrum of this complex salt 
has already been measured at 77 K by Zuloaga and 
Kasha,10) and the spectrum obtained in the present 
work was essentially the same as that in this previous 
investigation. T h e luminescence can be assigned as 
3 T l g -^ 1 A l g (0 1 1 ) phosphorescence and the weak shoul­
der observed in the absortpion spectrum can be assigned 
as the reverse process of the luminescence, that is the 
3 T l g «- 1 A l g (O h ) transition. T h e 0-0 transition would 
lie at 17700-18200 c m - 1 on the basis of the threshold 
value of the luminescence band and the maximum 
position of both luminescence and absorption bands. 
Finally, it is interesting to note that there is some 
difference in ligand field strength between this com­
plex and hexacyanocobaltates(III) , but the lu­
minescence of both appeared at almost the same po­
sition in spite of their defference in energy of the 3 T l g <-
1 A l g (O h ) spin-forbidden band. 

Luminescence of Other Cobalt(III) Complexes. Lu­
minescence spectra of yöc-[Co(CN)3(NH3)3] , eis-
[Co(CN)2(en)2] C104 , [Co(GN) ( N H , ) J Cl2, and 
[Co(NH3)6]Cl3 , excited by 365 and 313 nm light 
were measured in the 12000—20000 c m - 1 region, but 
no luminescence was observed even at 20 K. Thus 
the luminescent complexes are probably restricted 
to those having four or more cyano ligands. 

Relationship between Luminescence and Photochemical 
Behavior. Photochemical reaction of cobalt(III) 
complexes in aqueous solution have been extensively 
studied by many authors.lb>lc>37) Generally, they can 
be classified into the following two types: 

(A) Redox reaction from Co(I I I ) to Go(II) with 
release of ligands, 

(B) Ligand substitution reaction without reduction 
of central cobalt atom. 

Cobal t ( I I I ) complexes almost all belong to type 
(A), for example, [Co(NH3)6]3+,38) [Go(en)3]3+,38) 

[CoCl(NH3)5]2+,39 '40) [CoBr(NH3)5]2+,40 ,41) [Gol-
(NH3)5]2+,42 ,43) [Co(ox)3]3-,44) etc. But to date there 
have been reported a few that belong to type (B), for 
example, [Co(CN)6]3- ,4 5 ) [CoCl(CN)5]3- ,4 0 '4 6 ) [CoBr-
(CN)5]3-,40 '46> and [Co(CN)5I]3-,4 6) as listed in Table 
2. I t is interesting to note that all of them that belong 
to type (B) contain five or more cyano ligands. 

In the photochemical reaction of type (A), the 
oxidation state of the cobalt atom changes from + 3 
to + 2 , hence it is considered that the reaction occurs 
from a ligand-to-metal charge transfer(LMCT) state. 
This means that the L M C T level mainly is the most 
populated state after irradiation of ultraviolet light 
and that the potential minimum of the L M C T level 
is lower than that of the ligand field levés, as shown 
in Fig. 7a). In the complexes of type (A), ligand 

TABLE 2. RELATIONSHIP BETWEEN PHOTOCHEMICAL 

BEHAVIOR AND LUMINESCENCE OF C O B A L T ( I I I ) 

COMPLEXES 

Complex 
Type of 

photochemical 
reaction*) 

Phosphores­
cence1") 

[Co(NH3)6]3+ 
[Co(en)3]3+ 
[GoGl(NH3)5]2+ 

[CoBr(NH3)5]
2+ 

[CoI(NH,)5]=+ 
[Co(CN)(NH3)5]2+ 
cw-[Go(CN)8(en)2]+ 
>>[Co(CN)3(NH3)3] 
«j-[Go(GN)4(SO,)J«-
tom5-[Co(CN)4(S03)2]

5-
[GoGl(GN)5]3-
[GoBr(CN)5]3-
[Go(CN)5I]3-
[Go(CN)6]3-
[Co(ox)3]3-

A 
A 
A 
A 
A 
X 
X 
X 
X 
X 
B 
B 
B 
B 
A 

— 
-
-
— 
-
— 
-
-
+ 
+ 
+ e) 
+ c) 
+ c) 

+ 
— 

a) A, Type (A); B, Type (B) ; x , Not investigated. 
b) + , Phosphorescent; —. non-phosphorescent. 
c) Unpublished data. 

<0 Type (A) bl Type (Bl 

Fig. 7. Schematic diagram of potential curves of type 
(A) and type (B) cobalt(III) complexes. 
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substitution reaction also may occur, the cobalt atom 
maintaining its oxidation state of + 3 when the complex 
is irradiated with a ligand field absorption band ; but 
even in those cases when this reaction has occured, 
the quantum yield is lower than in the redox reaction 
by from 10 to 100 times. In the solid state, although 
there are only a few cobalt ( I I I ) complexes that undergo 
photochemical reaction,47 '48) the situation of electronic 
level of these complexes does not differ as much as 
in an aqueous solution. Thus in the solid state, the 
irradiated energy may be finally populated also to the 
L M C T level and would deactivate non-radiatively. 
Therefore, it may be concluded that the complexes of 
type (A) do not luminesce the 3T l g~>1A l g phos­
phorescence. 

O n the other hand, in complexes that belong to 
type (B), the cobalt (III) atom is not reduced, but the 
ligand substitution reaction does occur; hence it is 
considered that the energy irradiated is not populated 
to the L M C T level, but to the ligand field level, 
and a photochemical reaction occurs from this level 
in aqueous solution. This indicates that the lowest 
ligand field triplet level, 3 T l g ( O h ) , would be the main 
populated state and lower than the L M C T level, 
as shown in Fig. 7b). Hence, in the solid state, the 
3 T l g -> 1 A l g (O h ) luminescence would be observed. 
Actually, the luminescent complexes belong to type 
(B), as shown in Table 2. 
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this work. H e is also indebted to Mr . Hiroshi Saito 
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Solubility Isotherms of Reciprocal Salt-Pairs of Optically Active 
Cobalt(III) Complexes 

A k i r a F U Y U H I R O , * K a z u a k i Y A M A N A R I , a n d Y o i c h i S H I M U R A 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 

(Received J u n e 13, 1978) 

Two kinds of four-component solubility isotherms consisting of (yl-[Co(ox)(en)2]+
3 Zl-[Go(ox)(en)2]+)-(Gl_ , 

X - ) - H 2 0 , where X~ stands for Zl-[Go(edta)]~ or (Ä,Ä)-G 4 H 5 0 6 - , have been determined experimentally at 
25 °G. I t has been found that neither double salt nor solid solution exists and no configurational activity 
is observed in these systems. The applications of these phase diagrams to the practical optical resolutions 
are discussed. 

Seve ra l so lubi l i ty i s o t h e r m s of r e c i p r o c a l sa l t -pa i r s 
w h i c h h a v e t w o ca t ions a n d t w o a n i o n s s u c h as (Na+ , 
N H 4 + ) - ( C l - , H C 0 3 - ) - H 2 0 a n d ( K + , M g 2 + ) - ( C l - , 
S 0 4

2 - ) - H 2 0 h a v e b e e n r e p o r t e d 1 - 3 ) a n d a p p l i e d to 
t h e a lka l i i n d u s t r y . H o w e v e r n o s u c h i s o t h e r m has 
b e e n r e p o r t e d for t h e sys tem of m e t a l c o m p l e x e s . T h e 
f o u r - c o m p o n e n t so lubi l i ty i s o t h e r m s of r e c i p r o c a l sal t-
p a i r s c o n t a i n i n g a p a i r of d i a s t e r e o m e r s a r e especia l ly 
i n t e r e s t i n g in a v i e w p o i n t of o p t i c a l r e so lu t ion . 

I n th is c o n n e c t i o n , s o m e of t h e t h r e e - c o m p o n e n t 
so lubi l i ty i s o t h e r m s of c h i r a l c o b a l t ( I I I ) comp lexes 
h a v e a l r e a d y b e e n r e p o r t e d f rom o u r l a b o r a t o r y . 4 ) 

T h e p r e s e n t p a p e r dea l s w i t h t h e so lubi l i ty i s o t h e r m s 
(a t 25 °G) of t w o k i n d s of r e c i p r o c a l sa l t -pa i r s , {A-
[ C o ( o x ) ( e n ) J + 4 - [ C o ( o x ) ( e n ) J + ) - ( C l - , X ~ ) - H 2 0 , 
w h e r e X ~ s t a n d s for J - [ C o ( e d t a ) ] - o r ( + ) 5 8 9 - ( Ä , Ä ) -
C 4 H 5 0 6

- ( a b b r e v i a t e d to ä f -H 3 t a r t _ ) . T h e s e four-
c o m p o n e n t sys tems p r o v i d e t h e m o d e l cases of t h e 
op t i c a l reso lu t ions of ra£-[Co(ox)(en)2]Cl w i t h reso lv ing 
a g e n t s c o n t a i n i n g t h e c h i r a l a n i o n X - . 

E x p e r i m e n t a l 

Materials. [Co(ox)(en)2\X, X=CI>H20 and d-Hztart-
nH20: Racemic chloride mono hydrate and racemic acetate 
were prepared and optically resolved by the methods of 
Dwyer et al.h"> and J o r d a n et al.,^ and that improved by 
Koine.7) The Zl-[Co(ox) ( e n ) 2 ] C l - H 2 0 complex was ob­
tained from the filtrate from the less soluble diastereomer 
y l - [Co(ox)(en) 2 ] ( t / -H 3 ta r t ) -H 2 0 in these procedures by add­
ing 12 M HG1, and was optically purified by repeated cry­
stallizations from warm water. The more soluble dia­
stereomer Zl-[Co(ox)(en)2]( t / -H3 tar t)-2H20 was prepared 
from Zl-[Go(ox)(en) 2 ]Gl-H 20, </-H4tart, and Ag2(</-H2tart) 
in the mole ratio of 2 : 1 : 1, and recrystallized from warm 
water. Found : C, 26.42; H , 5.56; N , 12.40%. Galcd for 
Zl-[Go(ox)(en) 2 ] ( t / -H 3 tar t ) .2H 20: G, 26.56; H , 5.57; N, 
12.39%. The J - [ G o ( o x ) ( e n ) 2 ] G l - H 2 0 complex was ob­
tained by adding 12 M HG1 to a warm solution of the 
less soluble diastereomer. 

&-K\Co(edta)']'2H20: This complex was resolved by the 
method of J o r d a n et al.QS> and optically purified by fractional 
crystallization after treating with a cation exchange resin 
K+ form. 

[Co(ox)(en)2]A-[Co(edta)]-nH20: The less soluble dia­
stereomer Zl-[Go(ox)(en)2]Zl-[Go(edta)]-H20 was obtained 
by the method of Dwyer et al.5) The more soluble dia­
stereomer was prepared from yl-[Co(ox) (en) 2 ] (CH 3 COO) 
and / l - K [ G o ( e d t a ) ] - 2 H 2 0 and recrystallized from warm 
water. Found : G, 28.97; H , 5 .11; N, 12.70%. Galcd for 
J - [Go(ox) (en) 2 ]Z l - [Go(ed ta ) ] .3H 2 0: G, 28.75; H , 5.13; N , 
12.57%. 

Measurements. Solubility was measured at 25 °G as 
follows: a mixed aqueous solution containing an excess of 
one, two, or three solid complex salt(s) in a conical flask 
was stirred mechanically for ca. 1.5 h at 25 °G in a ther­
mostat regulated within ± 0 . 1 °G. After the resulting 
saturated solution had been left to stand for a while, a 
portion of the supernatant solution was sucked into a 
weighing bottle through a cotton plug and then weighed. 
The amount of each ion in the saturated solution was 
determined as follows. The sample was diluted with water 
to a known volume, and its optical density and GD were 
measured. In the cases of containing Zl-[Co(edta)]~ ion, 
optical densities were measured at 470.0 and 580.0 nm, and 
GD at 540.5 and 590.0 nm. The concentrations of {A-
[Go(ox)(en)2]++^l-[Go(ox)(en)2]+} and Zl-[Go(edta)]" were 
derived from the observed optical densities, referring to the 
established values for the molar absorption coefficients of 
the component ions: e(470.0 n m ) = 89.1 and e(580.0nm) = 
11.7 for A- and Zl-[Go(ox)(en)2]+, and e(470.0 n m ) = 93.2 
and e(580.0nm) = 199 for J - [ G o ( e d t a ) ] - . The concentra­
tions of {J- [Go(ox)(en) 2 ]+-Zl- [Go(ox)(en) 2 ]+} and Zl-[Go-
( e d t a ) ] - were also derived from the observed GD values, 
referring to the da t a : Ae(540.5 nm) = ± 2 . 3 1 and Ae(590.0 
nm) = ± 0 . 2 5 5 for A- and Zl-[Go(ox)(en)2]+ ( + and - for 
A and A, respectively), and Ae(540.5 nm) = 0 and Ae(590.0 
n r a ) = - 1 . 6 6 for Zl-[Go(edta)]_ . The concentrations of A-
and Zl-[Co(ox)(en)2]+ were separately calculated from those 
of {J-[Go(ox)(en) 2 ]+ + Zl-[Go(ox)(en)2]+} and {J - [Go(ox) -
(en)2]+ —J-[Go(ox)(en) 2 ]+}. The concentration of Zl-[Go-
(edta)]~ was obtained from the mean values through the 
absorption and GD measurements. In the cases of not con­
taining Zl-[Co(edta)]~, optical densities and GD of the diluted 
sample solutions were measured at 497.0 and 523.0 nm, 
respectively, and the concentrations of A- and Zl-[Go(ox)-
(en)2]+ were separately derived, referring to the da ta : 
e(497.0nm) = 119 and Ae(523.0nm) = ± 2 7 . 5 for A- and A-
[Go(ox)(en)2]+ ( + and — for A and A, respectively). In 
the cases of containing t/-H3 tart_ and Gl" ions, a titration 
method was combined with the spectral one in order to 
determine the amount of d-H3 tar t": the sample solution, 
which was sucked up and then weighed, was diluted to an 
appropriate volume and titrated with a 0.01 mol d m - 3 

N a O H solution to the end point of p H j u m p of the second 
step dissociation of the dicarboxylic acid. 

In these ways, the amounts of all the cations and anions 
and then the amount of water in the saturated solution 
were obtained. Thus the concentrations of all the complex 
salts were calculated in molality. From a few reference 
experiments, it was confirmed that the optical densities and 
GD of the present cobalt (III) complex ions were not in­
fluenced by the coexistence of the counter ions, and that 
the absorption or GD value obtained for a mixed solution 
of several complex ions at a given wavelength was equal 



January, 1979] Solubility Isotherms of Reciprocal Salt-Pairs 91 

to the sum of those measured for the individual complex 
ions. 

The solid phases were identified from the elemental anal­
yses, the absorption and CD spectra, and so on. Optical 
densities were measured with a JASGO UVIDEO-1 spectro­
photometer and CD with a JASGO MOE-1 spectropolari-
meter. 

R e s u l t s a n d D i s c u s s i o n 

Definition of Solubility Diagrams of Reciprocal Salt-Pairs. 
Solubility isotherms of reciprocal salt-pairs, (A+, B+)-
( X - , Y -)-solvent , can be drawn in space as shown in 
Fig. I.1) Four vectors along four axes starting from 
an origin O show the solubilities of AX, AY, BX, 
and BY in a solvent. In this definition, the mutual 
nearest neighbor axes are situated at an angle of 60° 
and have a common-ion. The angle between an axis 
and the opposite one becomes 90°. Any saturated 
solution can be expressed as a point defined by sum­
ming up the position vectors of the solubilities of the 
salts contained. So the points of the solubilities of the 
binary and ternary systems are situated on the axes 
and the side faces of the tetragonal pyramid, respectively, 
except for the two ternary systems such as A X - B Y -
solvent and AY-BX-solvent which have only the solid 
phases of Ai>B1__pXpY1__p-n(solvent) and AgBx_g-
Xi_gYg-rc' (solvent), respectively (O^jfr^l and 0 ^ 
q^Y). In the four-component system, there are two 
ways to attribute a solution to three salts and the solvent, 
assuming the concentrations of all the salts to be posi­
tive; for example, the choice is possible between the 
sets A X + B X + A Y + s o l v e n t and A X + B X + B Y + 
solvent. However, the points of these two systems are 
the same in space, when each axis is graduated in mo­
lality. 

AX 

N^ 

AY 

2 ^ ^ B X y 

/ T i / 

BY 

Fig. 1. Solubility diagram of reciprocal salt-pairs (A+, 
B+)-(X-, Y-)-solvent. 

In this way, the phase diagram of reciprocal salt-
pairs is strictly determined,8) and the isotherms can 
be drawn by three kinds of plane figures : they are the 
plane projection on the horizontal base, the side eleva­
tion projected by parallel light along S ^ or T{T2, 
and the clinographic projection with a light source 
at the origin O in Fig. 1. The clinographic projection 
has the property that the abscissa and ordinate 
indicate the mole fractions of B+ and Y~, respectively, 
to all the cations or anions (see Figs. 3 and 5). 

Solubility Isotherms of (A-[Co(ox)(en)2]
+, A-[Co(ox)-

(en)2]+-(Cl-, X-)-H20; X-=A-[Co(edta)]~ and 
d-Hstart~. The solubility data obtained are given 
in Tables 1 and 2, and in Figs. 2—5. Neither double 
salt including racemic compound nor solid solution 

Fig. 2. The plane projection (upper) and the side ele­
vation of the solubility isotherm of the reciprocal 
salt-pairs (yl-[Co(ox)(en)2]+, J-[Co(ox)(en)2]+)-(Cl-, 
Zl-[Co(edta)]-)-H20 at 25 °C: solubility is presented 
in molality m of anhydrous salt ; (1) yl-[Co(ox)(en)2]-
Gl, (2) zl-[Go(ox)(en)2]Gl, (3) Zl-[Co(ox)(en)2]Zl-
[Go(edta)], (4) yl-[Co(ox)(en)2]Zl-[Co(edta)]; Q 
solubility of four-components; O, solubility of two-
or three-components. 

F-1.0 

r0.8 

Fig. 3. The clinographic projection of the solubility 
isotherm of the reciprocal salt-pairs (yl-[Co(ox)(en)2]+, 
Zl-[Co(ox) (en)2]+) - (Gl", A - [Go(edta)]") - H 2 0 at 
25 °G: a, mole fraction of A-[Go(ox) (en)2]+ to all the 
cations; ß, mole fraction of Zl-[Co(edta)]~ to all the 
anions; (1) A-[Go(ox)(en)2]Gl, (2) Zl-[Go(ox)(en)2]Gl, 
(3) Zl-[Go(ox)(en)2]Zl-[Go(edta)], (4) J-[Go(ox)-
(en)2]Zl-[Go(edta)]; D5 solubility of four-components ; 
Oj solubility of two- or three-components. 
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TABLE 1. EQUILIBRIUM OF (/l-[Co(ox)(en)2]+, /J-[Co(ox)(en)2]+)-(Cl-, /J-[Co(edta)]-)-H20 SYSTEM AT 25 °G 

In liquid phases, solubility is presented in molality m of anhydrous salt. Abbreviations are as follows: 
/l-[Co(ox)(en)2]Cl.H20 = /lCl, J-[Go(ox)(en)2]Gl-H20 = JGl, J-[Go(ox)(en)2]Zl-[Go(edta)]-3^0 = ^ 1 ^ , 
Zl-[Go(ox) (en)2]Zl-[Co(edta)] -H20=AR1. 

Liquid phased 
m/lO^molkg"1 

ACl ACl AR1 ARX 

Solid 
phase a ) b) 

Liquid phasec> 
m/lO^molkg-1 

AC\ ACl J R j AR1 

Solid 
phase 

A 
I 
E 

B 
I 
E 

E 

Pi 

G 

G 
I 
G 

D 

G 

G 
I 

P. 

f 7.57 
{(±0.09; 09) 

3 I 

7.32 
6.90 
6.96 
7.04 
6.77 
6.58 
6.29 
6.00 

0.41 
1.60 
2.24 
2.88 
3.69 
3.90 
4.91 
5.30 

0.63 
1.75 
1.79 
1.93 
2.34 
2.92 
4.19 
5.44 

7.57 
(±0.09) 

7.45 
6.98 
6.92 
6.78 
6.42 
6.44 
6.08 
5.96 

5.89 5.89 
(±0.10) (±0.10) 

6.06 
(±0.11) (z 

5.68 
:0.12) 

0.31 
0.65 
0.96 
1.02 
1.47 
1.82 
2.42 
2.92 
2.96 
3.31 
3.59 
3.93 

0.37 
(±0.06) 

0.89 
(±0.02) 

0.75 
0.65 
0.55 
0.57 
0.48 
0.44 
0.36 
0.34 
0.32 
0.33 
0.32 
0.30 

4.49 
(±0.04) 

4.33 0.28 
(±0.01) (±0.01) 

4 

0.58 
1.46 
2.58 
3.69 
3.48 
4.46 
5.35 
6.21 
6.79 

7.38 
(±0.32) 

4.23 
3.90 
3.51 

20 
07 
93 
74 
56 

2.45 

0.20 
0.27 
0.32 
0.38 
0.45 
0.51 
0.58 
0.62 
0.66 

2.39 0.72 
(±0.15) (±0.15) 

ACl 

ylGl 

ylGl 

AC 

ylGl 
+ /JG1 

ACl 
+/JG1 
+ AR, 

AR1 

/JRj 

ylRj 
+ AR, 

AR1 

+ ^ R 2 

ACl 
+ /IR! 
+ARt 

D 
I 

H 

A 
I 

H 

H 

G 
I 
F 

F 
I 

Pi 

Pi 
I 
I 

I 
I 

P2 

G 
I 
I 

3 < 

3 

3 

0.93 
2.26 
3.55 
4.38 
5.63 
6.47 
7.44 
7.28 
7.06 
6.96 

. (±0.13) 

1.18 
2.49 

4.13 
3.71 
3.43 
3.26 
3.08 
2.97 
0.65 
1.56 
2.50 
2.92 

(±0.04) 
0.74 
1.65 
2.31 
2.94 
3.67 
4.34 

93 
08 
34 
49 
93 

6.49 
7.65 

(±0.07) 
7.49 
7.04 
6.78 
6.44 
6.33 
6.08 
5.94 
5.27 
4.88 
4.80 
4.44 
4.06 
3.86 
3.65 
3.58 
3.25 
2.82 
2.35 
1.80 
1.51 
1.14 
0.86 
0.42 

0.30 
0.87 
1.19 
1.51 
1.83 

0.65 
0.47 
0.39 
0.34 
0.31 
0.27 
0.26 
0.25 
0.24 
0.26 
0.24 
0.23 

0.22 
(±0.02) 

0.21 
0.23 
0.26 
0.28 
0.29 
0.31 
0.33 
0.37 
0.38 
0.42 
0.42 
0.44 
0.45 
0.54 
0.48 
0.51 
0.57 
0.64 
0.76 
0.81 
0.91 
1.02 
1.20 

1.36 
(±0.02) 

1.26 
1.01 
0.92 
0.86 
0.80 

0.99 
1.08 

ylR! 

ylGl 

ylGl 
+ ARt 

/JRj 

ACl 
-MRi 

ACl 
+ AK, 

ACl 
+ AR, 

ylCl 
+AK, 

ACl 
+AK, 

ARX 

a) Positions of the points in Figs. 2 and 3. In these expressions A<-»E, for example, does not contain the points 
A and E. b) Number of components, c) The values in parentheses are estimated errors and were calculated 
from twice the standard deviations of the experimental measurements, which were repeated 3—25 times. 
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TABLE 2. EQUILIBRIUM OF (yi-[Co(ox)(en)2]+, zl-[Co(ox)(en)2]+)-(Cl-, rf-H3tart-)-H20 SYSTEM at 25 °G 

In liquid phases, solubility is presented in molality m of anhydrous salt. Abbreviations are as follows: 
yl-[Go(ox)(en)2]Gl.H20 = ylGl, zl-[Co(ox)(en)2]Cl-H20 = zICl, J-[Co(ox)(en)2](rf-H3tart) H 2 0 = AR2, 
J-[Go(ox)(en)2](i-H3tart).2H20=zlR2. The data for A, B, E, A^»E, and B<->E are listed in Table 1. 

a ) 

G 

G 
I 
G 

D 

D 

I 
G 

G 

G 
X 

P2 

P2 

B 
X 
F 

G 
I 
F 

F 

F 
X 

Pa 

E 
X 

Pi 

b ) 

2 

3 

2 

3 

3 

4 ( 

4 

3 < 

3 

3 

4 

4 

ACl 

i 

i 

i 

/ 

/ 

i 
i 
/ 

\ 

, 5.49 
4.98 
4.50 
3.71 

* 3.17 

Liquid phase0) 
TH/10-2I 

zlGl 

0.82 
0.84 
1.73 
2.63 
3.30 
3.99 
5.03 
5.51 
5.90 

6.78 

nol kg - 1 

AR2 

1.13 

4.67 
4.26 
3.84 
3.34 
3.08 
2.85 

2.89 

AR2 

10.52 
(±0.11) 

10.19 

1.03 
2.89 
4.99 
7.00 
8.58 

9.85 
(±0.10) (±0.33) 

2.91 
2.98 
3.07 
3.25 
3.33 
3.44 
3.48 
3.56 
3.71 

3.89 

9.06 
9.16 
8.63 
8.25 
7.98 
7.70 
7.51 
7.21 
7.05 

6.69 
(±0.18) (±0.14) (±0.28) 

7.22 
6.94 
6.58 
6.46 
6.10 
5.78 

1.39 
3.66 

5.70 
(±0.20) 

6.03 
6.07 
6.39 
6.75 

6.23 
6.57 
6.78 
7.20 
7.58 

0.93 
1.79 
2.77 
3.44 

0.74 
1.59 
2.28 
3.48 
4.41 

1.10 
2.16 
3.12 
4.16 
5.57 
7.15 

9.98 
9.26 

8.84 
(±0.08) 

8.15 
7.80 
7.26 
6.84 

Solid 
phase 

^R 2 

AR2 

AR2 

AR2 

AR2 

+ ^R 2 

AR2 

+ ^R 2 

zlGl 
+ AR2 

+ ^ R 2 

zlCl 

AR2 

ziCl 
+ AR2 

zlGl 
+ ^JR2 

AGI 
+ ZJG1 

a ) 

Pi 

A 
I 

H 

D 
: 

H 

H 

H 
X 

p. 
1 

Pi 
: 

pa 

b) 

4 

3 

3 

3 

4 < 

4d) < 

/ AGI 

Liquid phase0) 
m/10"2 

zlGl 

mol kg - 1 

AR2 

j 2.97 7.76 4.78 
(±0.06) (±0.09) (±0.05) 

, 7.30 
7.10 

J 7.02 
1 6.80 
\ 6.80 

( 1.55 
2.75 

\ 3.41 
4.45 

^ 5.14 

( 6.72 
t(±0.28) 
' 6.27 

5.87 
5.55 
5.41 
4.85 
4.61 
4.48 
4.01 

, 3.44 

/ 0.68 
0.65 

s 

0.82 
1.54 
1.90 
2.35 
3.43 
4.01 
4.38 
5.46 
6.61 

8.69 
8.74 
8.92 
8.84 
8.96 
8.79 
8.61 
8.60 
8.57 
8.49 
8.16 
8.17 
8.10 
8.06 
7.70 
7.62 
7.63 
7.39 
6.83 

0.78 
1.62 
1.96 
2.44 
2.65 

4.12 
3.74 
3.56 
3.33 
3.23 

2.98 
(±0.04) 

3.10 
3.27 
3.37 
3.44 
3.73 
3.82 
3.94 
4.17 
4.50 

5.72 
5.73 
5.98 
5.89 
5.92 
5.79 
5.62 
5.66 
5.55 
5.48 
5.24 
5.13 
5.08 
4.99 
4.84 
4.71 
4.64 
4.42 
4.12 

AR2 

0.14 
0.28 
0.28 
0.46 
0.88 
0.89 
1.17 
1.27 
1.83 
2.10 
2.18 
2.49 
3.06 
3.25 
3.72 
4.48 
5.97 

Solid 
phase 

AGI 
+ ACI 
+ AR2 

ylGl 

ylR2 

AGI 
+ AR2 

ACl 
+ AR2 

AGI 
+ AR2 

a) Positions of the points in Figs. 4 and 5. A<-»E, for example, does not contain the points A and E. b) 
Number of components, c) The values in parentheses mean the same in Table 1. d) The point I, where P1<->P2 

intersects the OBD plane, has exceptionally number of components 3. 

exists in these systems. In the areas of AEPjPaH, 
B F P ^ , C G P ^ F , and D H P 2 G in Figs. 2 and 3, the 
saturated solutions are in equilibrium with the solids, 
yl-[Co(ox)(en)2]Cl-H20, Zl-[Co(ox)(en)2]Cl-H20, A-
[Co(ox)(en)2]zl-[Co(edta)]-H20, and yl-[Co(ox)(en)2]-
z l - [Co(edta)]-3H 20, respectively. In the areas of 
AEPiH, BFPaPiE, CGP 2F, and D H P ^ G in Figs. 4 
and 5, the saturated solutions are in equilibrium with 

the solids, y l - [Co(ox)(en) 2 ]Cl-H 20, J - [Co(ox)(en) , ] -
C1-H 2 0 , Zl-[Co(ox)(en)2](rf-H3 tart) .2H20, and yl-[Go-
(ox) (en) 2] (d-H3tart) • H 2 0 , respectively. 

In the region along the G<->P2 line (Figs. 3 and 5) 
which has four-components containing ylX and ZlX 
as solid phases (X = RX or R2 , and the abbreviations 
are the same as those in Tables 1 and 2), it was observed 
experimentally that the mole ratio of A+ to A+ in 
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Fig. 4. The plane projection (upper) and the side ele­
vation of the solubility isotherm of the reciprocal 
salt-pairs (yI-[Co(ox)(en)2]+, Zl-[Go(ox)(en)2]+)-(Gl-, 
t/-H3tart")-H20 at 25 °G: solubility is presented in 
molality m of anhydrous salt; (1) yl-[Go(ox)(en)2]Gl, 
(2) J-[Co(ox)(en)2]Cl, (3) Zl-[Co(ox)(en)2](</-H3tart), 
(4) yf-[Co(ox)(en)2](ûf-H3tart); Q solubility of four-
components; O, solubility of two- or three-compo­
nents. 

Fig. 5. The clinographic projection of the solubility 
isotherm of the reciprocal salt-pairs (.J-[Co (ox)-
(en)2]+, Zl-[Co(ox)(en)2]+)-(Cl-, </-H3tart-)-H20 at 
25 °C: a, mole fraction of Zl-[Co(ox)(en)2]+ to all the 
cations; /?, mole fraction of öf-H3tart_ to all the an­
ions; (1) yI-[Co(ox)(en)2]Cl, (2) Zl-[Co(ox)(en)2]Cl, 
(3) J-[Co(ox)(en)2](t/-H3tart), (4) yl-[Co(ox)(en)2](^-
H3tart); G5 solubility of four-components ; O, solubil­
ity of two- or three-components. 

the liquid phase was almost constant. The analogous 
situations exist in the regions of E<->Pl5 F<->PX and 
H ~ P 2 ( X = R 1 ) , and E ~ P l 5 H ^ P j and F ~ P 2 (X 
= R 2 ) . In other words, when two solids having a 
common-ion are in equilibrium with a solution, the 
mole ratio between the counter ions in its solution 

does not change by adding the fourth ion; thus no 
configurational activity9-11) was observed in the pre­
sent systems. 

Applications to Optical Resolution. (1) (A-\Co-
(ox)(en)2]+,A-[Co(ox)(en)2]+)-(Cl-,A-[Co(edta)]-)-
H20 System: The J - [Co(ox) (en) 2 ]^ - [Co(ed ta ) ] -H 2 0 
diastereomer is predominant in the solid phases (Figs. 
2 and 3), and this system can be applied successfully 
to the practical optical resolution. One mole of rac-
[Co(ox)(en) 2 ]Cl-H 2 0 is dissolved in an excess of water 
and x mol of zl-Ag[Co(edta)] is added to it (O^x^ 
1). After the resulting precipitate AgCl has been 
filtered off, the filtrate is concentrated at 25 °C. Ig­
noring the dissolved AgCl, this operation produces 
just the same condition as that of the above solubility 
isotherm (Figs. 2 and 3). 

There are several cases about the values of x : in the 
case of 0 ^ x < 0 . 0 3 , the situation corresponds to the 
region of E<->PX in Figs. 2 and 3, giving no success in 
the optical resolution because of the precipitation of 
the racemic mixture [Co(ox)(en) 2 ]Cl-H 2 0. The 
value, x=0.03, corresponds to the point P ^ the optical 
resolution is also unsuccessful because of the simul­
taneous precipitations of the A-\-A mixture of [Co-
(ox)(en) 2 ]Cl-H 2 0 and the diastereomer zl-[Co(ox)-
(en)2]^-Go[(edta) ] -H 2 0. In the case of 0 . 0 3 < * < 
0.62, which relates to the region of P1<-^P2, the optical 
resolution is possible since the precipitation of the dia­
stereomer A - [Go (ox) (en) 2] A - [Go (edta) ] • H a O occurs 
firstly and that of J - [Co(ox) (en ) 2 ]C l -H 2 0 later, but 
the yield of the pure less soluble diastereomer is not 
maximum. If an unsaturated solution having the 
composition U ' (x=0.4) in Fig. 3 is concentrated at 
the constant temperature 25 °G, the composition of 
the solution will remain at the point U ' so long as the 
solution is unsaturated. When the solution becomes 
saturated, the precipitation of the less soluble diaste­
reomer will appear in this system and the point will 
move along the line U ' -» I ' . At the point I ' the second 
precipitation ^i-[Go(ox)(en)2]Gl-H20 will begin to 
appear, and the trace of the point will proceed along 
I '-»Pi- Finally at the invariant point Fx the third 
solid J - [Co(ox) (en) 2 ]Gl -H 2 0 will appear. If we start 
from the point U (x=0 .5 ) , the solution composition 
will finally reach the point I (the invariant point 
in the ternary system, zl-[Co(ox) (en)2]^4-[Co(edta)]-
yl - [Co(ox)(en) 2 ]Cl-H 2 0) , and then the composition 
of the liquid phase will never change. And if we 
start from U " (x=0.62) , the solution composition will 
finally reach the invariant point P2 , where the solids, 
zl-[Co(ox)(en)2]zl-[Co(edta)]-H20, yI-[Co(ox)(en)2]Cl-
H 2 0 , and J - [Co(ox) (en) 2 ]^ - [Co(ed ta ) ] -3H 2 0 , coexist. 
T h e yield of the pure less soluble diastereomer will 
become maximum in the range 0 . 6 2 ^ x ^ 1 . From 
the viewpoint of saving the resolving agent, the 
condition, A:=0.62, which relates to the point P2 is the 
most desirable. The calculated yield of the pure 
diastereomer is 9 3 % of J-[Co(ox)(en)2]+ (47% of 
the racemic one). 

I t has been reported that the solubility ratio 
of yl-[Co(ox)(en)2]/1-[Co(edta)]-3H20 to z1-[Co(ox)-
(en) 2 ]^ - [Co(ed ta ) ] -H 2 0 in the ternary system be-
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comes larger with increasing temperature.4) There­
fore, more desirable conditions of the optical resolution 
may be found at higher temperatures. 

(2) (A-[Co(ox)(en)2]+, A-[Co(ox)(en)2]+)-(Cl-, d-
Hztart~)-H20 System: In this system (Figs. 4 and 5), 
all the complex salts have comparable solubilities in 
contrast to the case (1) containing J - [Co(ed ta ) ]~ ion. 
This system can be also applied in the same manner 
as mentioned above; the resolving agents practically 
used are x\2 mol of öf-H4tart and x\2 mol of Ag2(d-
H 2 tar t ) . The optical resolution will be successful 
in the range 0 . 3 1 < ^ 1 which correlates to the regions 
of P1

<-^P2 and P2
<-*G in Figs. 4 and 5. The yield of 

the pure less soluble diastereomer becomes maximum 
in the range 0 . 7 5 ^ * ^ 1 and reaches 7 1 % of A-[Co-
(ox)(en)2] f ( 35% of the racemic one). 
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The Formation of the Oxidized Fe304-Fe2Ti04 Solid Solution 
by the Air Oxidation of the Aqueous Suspension 

Takashi KATSURA,* Yutaka TAMAURA, and Gyong Sun C H Y O 

Department of Chemistry, Tokyo Institute of Technology, Ookayama, Meguro-kn, Tokyo 152 
(Received July 14, 1978) 

The oxidized Fe304-Fe2Ti04 solid solution with the spinel type structure was synthesized by means of 
ferrite methods at pH 9.0 and 65 °C. When the solid solution thus obtained was heated at 200 or 300 °G 
in air for 20 h, it was completely oxidized to form a ferromagnetic product, which retained the spinel type 
structure for Ti/Fe t o t a l ratios from 0 to 0.5. 

Akashi et al.1) proposed a "Ferri te Me thod" to elim­
inate many kinds of heavy metal ions in waste waters 
with concentrations as high as 1000 ppm. It should 
be emphasized that the ferromagnetic sludges thus 
formed are completely separated from solutions by 
a magnet. Katsura et al.2) have examined this method 
for treating concentrated laboratory waste waters, 
and have succeeded in establishing a station for elimi­
nat ing the harmful heavy metal ions. Of course, 
the background of the ferrite method is greatly indebted 
to many previous fundamental studies of the formation 
of F e 3 0 4 by the air oxidation of a ferrous hydroxide 
suspension in slightly alkaline solution. During these 
investigations, Kiyama3) established the stability field 
for the formation of F e 3 0 4 with respect to the tempera­
ture and alkalinity of the aqueous suspensions. 
Yasuoka et al.,4) H a m a m u r a et al.,5) and Kiyama6>7> 
have synthesized M n F e 2 0 4 , Z n F e 2 0 4 , BaFe 2 0 4 , and 
Mn- and Co-ferrites, respectively. Katsura et al.2) 
and Kaneko and Katsura8) have also studied the forma­
tion of a solid solution of F e C r 2 0 4 - F e 3 0 4 and the 
M g F e 2 0 4 - F e 3 0 4 solid solution by the ferrite method, 
respectively. T a m a u r a et al.9) have studied the forma­
tion of F e 3 0 4 in the presence of a dispersing reagent. 
The formations of solid solutions between F e 3 0 4 and 
the double oxides are of much interest not only for the 
ferrite method, but also for the fundamental studies. 

T h e presnet objectives are to : (1) ascertain whether 
or not a F e 3 0 4 - F e 2 T i 0 4 solid solution having the spinel 
type structure could be formed in its complete compo­
sition range by the ferrite method, and to (2) obtain 
a strongly oxidized F e 2 0 3 - F e 2 T i 0 5 solid solution having 
the ferromagnetic spinel type structure by heating 
the samples synthesized by the ferrite method at some 
higher temperatures. T h e latter objective is especially 
valuable for studying the magnetic or geomagnetic 
properties of highly oxidized ti tanomagneite found 
in igneous rocks. 

E x p e r i m e n t a l 

Reagents. The guaranteed reagent grade of FeS04-
7H 2 0 and the reagent grade of Ti(S04)2-raH20 were 
employed for preparing solutions with various Ti/Fe t o t a l 

ratios ranging from 0 to 0.5. 
Chemical Analysis. To determine Ti content in the 

reagent Ti(S04)2-«H20 and the Ti4+, Fe2+, and Fe3+ 
contents in the ferrites obtained, the improved method of 
Iwasaki et al.10) was used. But the ferrites containing 
various amounts of Ti4+ were easily dissolved by the 4 mol 
dm - 3 sulfuric acid solution. Thus, there was no need to 
use the mixed acid solution of sulfuric acid and hydro­

fluoric acid. 
Apparatus. The reaction vessel was a beaker with 

a capacity of 1 dm3, as shown in Fig. 1. The temperature 
of the vessel was kept constant to 65±0.5 °G by a 
mantle heater controlled by an electric temperature con­
troller. A glass tube (8) with a flat end having eight 
holes (0.1 cm in diameter) at equal intervals is kept in 
contact with the bottom of the beaker. A platinum elec­
trode, and a calomel elctrode with a double junction are 
1, 5, and 6 in Fig. 1. A thermister to control the tem­
perature is 3 in Fig. 1, and 4 is a condenser. 

Procedures. Re-distilled water (800 cm3) was added 
to a separable beaker, and was flushed, using nitrogen gas 
free from carbon dioxide and oxygen for about 1 h. After 
the separable beaker was sealed, the solution was heated 
at 65±0.5 °G while the nitrogen gas bubbling was 
continued. FeS0 4 -7H 20 (14.4 g) and a desired amount 
of the titanium (IV) sulfate solution were then added still 
continuing the flow of the nitrogen gas. Then, a 2 mol dm - 3 

sodium hydroxide solution free from carbon dioxide was 
added; the pH-stat controller was used to adjust the pH 
value at 9.0 or any desired value. After the solution stood 
for about 1 h, the pH value and the oxidation potential 
(ORP) became constant without further addition of the 

Fig. 1. The reaction vessel used in this study. The 
reaction vessel is separable. 1 : Platinum electrode, 
2: thermometer, 3: thermister, 4: condenser, 5: 
glass electrode, 6: calomel electrode with double 
junction 7, 8: glass tube with a flat end having eight 
holes (0.1 cm in diameter). 
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Fig. 2. Magnetic separator used in this experiment. 
The product is attracted by the four magnets with 
1600 Oe and separated from the solution within 
2—5 min. 

2 mol dm - 3 sodium hydroxide solution. Then, pre-purified 
air free from carbon dioxide was passed at a rate of 3 dm3 

min - 1 through the solution in place of the nitrogen gas 
for a desired period of time. The temperature and the 
pH were kept constant during the course of the air oxida­
tion. The end of the oxidation which completed the 
formation of the ferromagnetic spinel type product was 
easily recognized by mean of an oxidation potential meas­
urement, as pointed out in previous studies.8) The rela­
tionship between the ORP value and the Fe2+/Fetotal ratio 
will be seen later. The oxidation product was separated 
from the solution in the nitrogen atmosphere by a magnetic 
separator devised specially for the present experiment. The 
magnetic separator used is illustrated in Fig. 2. The prod­
uct attracted by the magnet was then washed with re­
distilled water several times, then with acetone to remove 
the water in the precipitate as completely as possible. The 
precipitate thus obtained was dried by the freeze-dry tech­
nique. The product was analyzed chemically to determine 
the contents of Fe2+, Fe3+, and Ti4+. The dried product 
was examined by the powder X-ray diffraction method, 
infrared spectroscopy, and electron microscopy to identify 
the phases present in the product. The 20 angles of the 
diffraction peaks were calibrated against the standard Si 
powder by using the Mn-filtered Fe Koc radiation. The 
magnetic susceptibility and the Mössbauer spectra were also 
obtained for extremely oxidized Fe203-Fe2Ti05 solid solu­
tion having the spinel type structure. The results obtained 
from these magnetic and Mössbauer studies will be publised 
in the near future. 

In order to determine the oxidation rate in the aqueous 
suspension, an aliquot portion of the suspended solution 
containing oxide and/or hydroxide was taken out by a 
syringe in the course of the air oxidation, as seen in Fig. 
1, without any air contamination. 

R e s u l t s a n d D i s c u s s i o n 

(1) The Hydrolysis of Titanium in the Presence of the 
Fe2+ Ion in Aqueous Suspension. Kaneko and 
Katsura8) pointed out that the process of hydrolysis 
is important for producing the ferrite solid solution. 
In this paper, the acidic solution containing titanium-
(IV) and iron(II) ions (Ti/Fe ratio of 0.304) was titrated 
with a 2 mol dm" 3 sodium hydroxide solution. The 
result is shown in Fig. 3. As seen here, the titanium-
(IV) ions were almost completely hydrolyzed at about 
p H 9. So, at p H 9.0, all ions of t i tanium(IV) and 

10 60 70 20 30 40~ 50 

2 M NaOH/cm3 

Fig. 3. The titration curve for Ti4+ and Fe2+. The 
Ti/Fe totai ratio is 0.304, and the concentration of the 
NaOH solution is 2 M. 

iron(II) were in the hydrous state. This suggests 
that the complete solid solution of F e 2 T i 0 4 - F e 3 0 4 

could be produced by the ferrite method at a p H of 
9.0 and at 65 °G, provided that the hydrolysis is one 
of the definite steps needed to form the ferrite, as pointed 
out in the previous paper.8) 

(2) The Oxidation Rate to Form the Fe304-Fe2TiOA 

Solid Solution. Figure 4 shows the relationship 
between the Fe 2 + /Fe t o t a l ratio in the suspended solution 
and the reaction time (min) in the case of the ferrous 
hydroxide alone ( T i / F e t o t a l = 0 ) . T h e measurements 
were performed at p H 9.0 and 11.0 at 65 °G. T h e 
O R P dependence of the Fe 2 + /Fe t o t a l ratio is also plot­
ted in Fig. 4. As seen here, the O R P values changed 
abrupt ly from about —800 to —50 m V at p H 
values 9.0 and 11.0, as pointed by the letters a and b . 
In the early stage of the oxidation, which ranged from 

60 90 120 
Oxidation time/min 

Fig. 4. The oxidation rate of the Fe(OH)2 suspension 
by the air and the change of the oxidation potential 
(Pt-Calomel couple). The Ti/Fe t o t a l molar ratio is 0. 
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point s to a or b , as is clear in Fig. 4, the oxidation 
rate was high, and the rate seems to be a zero order 
reaction. However, considering the present accuracy 
of chemical analysis, we may say that the oxidation 
rate in the early stage is constructed by two somewhat 
different straight lines; one is from s to d the other is 
from d to b at p H 9.0, and from s to c and c to a at 
p H 11.0. According to the results of the X-ray dif­
fraction method and the electron microscopy, there 
was a large amount of ferrous hydroxide in the suspen­
sions produced during the course from s to c or d, 
then gradually the amount of ferrous hydroxdie was 
decreased to form a large amount of ferrite in the 
course from d or c to b or a. At point a or b , no ferrous 
hydroxide crystals were found in the suspension. The 
oxidation rate changed greatly at just the same point 
as where the O R P value changed abruptly by a or b 
in Fig. 4. The electrochemical discussion on this 
phenomenon will be presented in the near future. 

Figures 5 and 6 show the same relationship between 
the Fe 2 + /Fe t o t a l ratio in the suspended solution and 
the reaction time in cases of the Ti /Fe t o t a l ratios of 
0.071 and 0.304, respectively. As seen in Figs. 5 and 6, 
the great changes in the O R P values correspond to the 
end points of the oxidation reaction for producing 
the ferrite containing ti tanium. Because of these 
results, the oxidation by the air was stopped just 10 
min after the abrupt change of the O R P value, and the 
ferromagnetic suspension was separated and dried 
as described before. We call the dried product 
thus obtained series A. 

(3) The Nonstoichiometry in Composition. As 
seen in Figs. 4, 5, and 6, the compositions of the series 
A are not stoichiometric and the deviation from the 
stoichiometric composition increases with increasing 
the Ti /Fe t o t a l ratio. For example, in the case of the 
Ti /Fe t o t a l ratio of 0.304, the Fe 2 + /Fe t o t a l ratio should 
be 0.739 if the composition is stoichiometric, but as 

1.0J-

60 90 120 

Oxidation time/min 

The oxidation rate of the suspension by the Fig. 5 
air (Pt-Calomel couple), 
is 0.071. 
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Fig. 6. The oxidation rate of the suspension by the 
air (Pt-Calomel couple). The Ti/Fe to ta l molar ratio 
Is 0.304. 

seen in Fig. 6, the real ratio was only 0.290. This 
means that the series A is oxidized. The X-ray dif­
fraction pattern of each product showd only a typical 
spinel type structure. 

(4) Synthesis of the Extremely Oxidized Fe2TiOà-
FezO± Solid Solution. The series A was subsequently 
heated at a temperature range from 80 to 400 °G in 
air by an electrical furnace for desired periods of 
time. The product thus obtained is called the series B. 
T h e series B was examined by the X-ray diffraction 
method, infrared spectroscopy, electron microscopy, 
and the Mössbauer method. Chemical analysis was 
also performed to determine the contents of FeO, 
F e 2 0 3 , and T iO a . Here we will discuss the results 
obtained from the chemical analysis and the X-ray 
diffraction method. The other results will be discussed 
in the near future. 

It is convenient to show the chemical composition 
of the series B together with the series A as a ternary 
system: FeO, F e 2 0 3 , and T i 0 2 . Figure 7 shows the 
chemical composition of the series A and B. It is well 
known that there exist three solid solution series in the 
F e O - F e 2 0 3 - T i 0 2 system at high temperatures: F e 3 0 4 -
Fe 2Ti0 4( t i tanomagnet i te with spinel type), F e 2 0 3 -
FeTiO ? ( rhombohedral) , and Fe 2 Ti0 5 -FeTi 2 0 5 (o r tho -
rhombic). These are shown in Fig. 7 as straight 
lines. The oxygen reaction lines are also drawn by 
straight lines. For example, if the stoichiometric 
composition M in Fig. 7 is oxidized, then the compo­
sition moves along the oxygen reaction line to a point N. 
Some chemical compositions deviate from these oxygen 
reaction lines. These are due to errors in the chemical 
analysis. The points on the curved dotted line give 
the chemical compositions of the series A. The letter 
x means the mole fraction of F e 2 T i 0 4 in the F e 3 0 4 -
F e 2 T i 0 4 solid solution. The values of the Ti /Fe t 0 t a l 

ratio of 0.071 and 0.304 which were seen in this paper 
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Fe2Ti20: 

FeTi20 Fe2Ti05 

FeO 

FeoTiO 

Fe 20, 

Fig. 7. The chemical composition of the series A and 
B expressed as FeO, Fe203 , and Ti0 2 . Three solid 
solutions of Fe304-Fe2Ti04 , Fe 20 3-FeTi0 3 and Fe2-
Ti0 5-FeTi 20 5 are given by three straight lines. The 
oxygen reaction lines are also shown by the straight 
lines. 

correspond to the mole fractions of 0.2 and 0.7, 
respectively. As seen in Fig. 7, it is clear that the 
series A is oxidized, and the chemical composition of 
the series B is strongly oxidized, depending on the 
heating temperature and time. When we heated the 
series A at 200 or 300 °G for 15—20 h, then the products 
were completely oxidized. At high temperatures, 
the phase obtained by the complete oxidation of x= 
1 should be pseudobrookite (Fe 2TiO s) , and the compo­
sitions in between Fe 2 TiO s and F e 2 0 3 should be com­
posed of both hemati te(Fe 20 3) and pseudobrookite, 
if the system is in an equilibrium state. 

(5) The Identification of Phases in the Series A and B. 
The X-ray powder diffraction method was adopted 
to identify the phases present. Infrared spectros­
copy was also used to identify the presence of the 
a -FeOOH phase. Some examples of the diffraction 
patterns are shown in Fig. 8. Sample series A and B 
have a spinel type structure irrespective of the oxida­
tion degree and of the Ti /Fe t o t a l ratio. 

Recently, Readman and O'Reilly11) and Nishikawa 
et al.12) have studied the magnetic properties of oxidized 
(cation-deficient) titanomagnetite (the Fe 3 0 4 -Fe 2 -
T i 0 4 solid solution which naturally occurs). They 
have synthesized the oxidized titanomagnetite by 
grinding the stoichiometric solid solution prepared 
at high temperatures, and have determined the relation­
ships among the chemical composition, the magnetic 
susceptibility, and lattice constant of the oxidized 
titanomagnetite. However, it was very hard to obtain 
any extremely oxidized titanomagnetite with relatively 
large particles. Thus, the peak intensity of the powder 
X-ray pattern was very weak, and some people13) 
do not believe in the existence of the extremely oxi­
dized titanomagnetite. The particle size of the series 
A and B ranges from 1000 to 2000 Â,** and the peak 
intensity is strong enough to determine the precise 
lattice constant. 

(6) The Relationship between the Lattice Constant and 
the Oxidation Degree of the Spinel Type Solid Solution. 
In this paper, we define the oxidation degree(OD) of 

** Â=0.1 nm. 
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Fig. 8. The X-ray diffraction of the series A and B 
with radiation of Fe Ka (Mn filtration). A: series A 
with x=0. A': Heated the sample A at 200 °G for 
15 h in air, B: series A with #=0.5, B': Heated the 
sample B at 200 °G for 15 h, G: Series A with * = 1 , 
C : Heated the sample G at 300 °G for 15 h. 

each oxidized spinel type solid solution as follows: 
O D = n u m b e r of vacant sites/maximum number 
of vacant sites when completely oxidized. 

Table 1 shows the relationship between the mole 
fraction of F e 2 T i 0 4 in the solid solution and the max­
imum number of the vacant sites when the stoichio­
metric solid solution was completely oxidized. The 
lattice constants of completely oxidized samples are 
also given in Table 1. As seen here, the lattice con­
stant is almost identical in spite of the different mole 
fractions of Fe 2 Ti0 4 . This fact was suggested qualita-

TABLE 1. THE MAXIMUM NUMBER OF THE VACANT SITES, 

IN THE SPINEL TYPE STRUCTURE OF THE COMPLETELY 

OXIDIZED Fe2Ti04-Fe304 SOLID SOLUTION (BASED ON 

4 OXYGEN) AND THE LATTICE CONSTANTS MEASURED 

IN THIS STUDY (Â = 0.1 nm) 

Mole fraction of Max. number of Lattice constant/Â 
Fe2Ti04( = a) vacant site( = M) ±0 .001 

0 
0.200 
0.235 
0.348 
0.500 
0.512 
0.695 
0.700 
0.782 
1.000 

0.333 
0.391 
0.401 
0.433 
0.474 
0.477 
0.524 
0.526 
0.547 
0.600 

8.342 
8.344 
8.345 
8.342 
8.344 
8.345 
8.345 
8.343 
8.344 
8.345 (±0.003) 
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8.504-

8.46 

h-1 

8.42 

8.38 

8.34 

Oxidation degree 

Fig. 9. The relationship between the lattice constant 
of the series A and B and the oxidation degree. 
Numbers mean the value x. 

tively by R e a d m a n and O'Reilly.10) Figure 9 shows 
the relationship between the oxidation degree of the 
series B and the lattice constant. As seen here, the 
lattice constant decreases gradually with increasing 
the oxidation degree in each sample with the same 
mole fraction of F e 2 T i 0 4 . T h e precise lattice constants 
of the stoichiometric F e 2 T i 0 4 - F e 3 0 4 solid solution 
have been determined by Katsura et a/.14) When we 
extrapolate the present results to the stoichiometric 

composition (OD—0), all curves fit the points for the 
stoichiometric solid solution. 

The authers are greatly indebted to Drs. T. Nishi-
kawa of the University of Tokyo and T . Sugihara of 
the Tokyo Institute of Technology for the cooperation 
in completing this study. 
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Bridges in Polynuclear Complexes. I. The Reaction and Reaction 
Products of ^(NH2,02) Dicobalt Complexes with Nitrites1 
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Department of Chemistry, Faculty of Science, Osaka City University, 
Sugimoto-cho, Sumiyoshi-ku, Osaka 558 

(Received August 17, 1978) 

The IR spectroscopy of the //-amido-//-nitro complex, [(NH2,N02){Co(NH3)4}2]Cl4-2H20 obtained from 
normal and lsO-labeled [(NH2,02){Go(NH3)4}2](N03)4 has revealed that the O atom in the Co-N-O-Co 
chain comes from the 0 2 bridge of the starting complex, whereas the O atom attached to the N atom from 
outside the chain comes from the nitrite used in the bridge conversion, //02-^>//N02. A reaction mechanism 
involving N2Oa as the reacting species is proposed. The reaction of [(NH2,02){Go(NH3)4}2]X3 with the 
nitrite in neutral solution gave a non-electrolytic //-hyperoxo dicobalt complex, [(NH2,02)Go2(NH3)4(N02)4] 
(I). Treatment of I with perchloric acid gave a triple-bridged complex, [(NH2,N02,02)Co2(NH3)4(N02)2]+, 
which reproduces I when treated with sodium nitrite. 

Dioxygen-bridged dicobalt complexes may be clas­
sified into two series, one of which includes brown 
//-peroxo complexes, and the other green //-hyperoxo 
complexes. Both react with nitrite ion but the reac­
tion features are quite diverse depending on the nature 
of the starting complex and the condition of the reaction. 
In the case of [0 2{Co(NH 3) 5} 2] n+, in an acidic solution 
there occurs reduction of the //-hyperoxo complex 
(n=5) to the //-peroxo complex (n=4) followed by 
cleavage of the 0 2 bridge and formation of the mono­
nuclear complex.1) In the case of the ethylenediamine 
analog [02{Co(en)2NH3}2]n+, oxidation of the //-per­
oxo complex (n=4) to the //-hyperoxo complex (n=5) 
occurs in an acidic solution, whereas in a neutral 
solution substitution of the ammine ligands by nitro 
groups takes place.2) 

The double-bridged complex also reacts with the 
nitrite ion, and in an acidic solution, conversion of 
the 0 2 bridge into the N 0 2 bridge occurs without 
any change on the N H 2 bridge:3) 

/ N H 2 X / N H 2 X 

Go Go > Go Go . 

\ o2 / \ N O , / 
The kinetic study of the reaction of the //-amido-

//-hyperoxo complex, [ (NH 2 ,0 2 ){Co(en) 2 } 2 ] 4 + , by 
Edwards et al. suggested that reduction (//02~-^//02

2~) 
and bridge conversion ( / /02-^/ /N02) should occur 
successively.4) The first par t of the present paper is 
concerned with the investigation into the reaction 
mechanism of such bridge conversion (/ /02-»//N02) 
by the combined use of l sO-labeling and the I R study 
of the reaction product. 

The work on the reaction of the / / -NH 2- / / -0 2 complex 
with the nitrite ion in a neutral or a basic solution still 
seems to be meager2) especially with the ammine com­
plex. The remaining part of the present paper describes 
the study of such a reaction and some new dicobalt 
complexes obtained as the reaction product, one of 

t Presented at the 29th Annual Meeting of the Chemical 
Society of Japan, Hiroshima, Oct. 1973, and the 25th 
Symposium on Coordination Chemistry, Tokyo, Oct. 1975. 

tt Present address: Department of Chemistry, Okayama 
University of Science, 1-1 Ridaicho, Okayama 700. 

which is a non-electrolytic //-amido-//-hyperoxo complex. 

E x p e r i m e n t a l 

Materials. 1 8 0 2 (180 atom % = 92) gas was obtained 
commercialy from International Chemistry and Nuclear 
Corp. 

Analyses. Ammoniacal N was determined by titration 
of ammonia after distillation from aqueous sodium hydroxide 
with arsenic (III) oxide;5) total N was determined similarly 
except for use of Devarda's alloy in place of arsenic (III) 
oxide; CI in Perchlorate was determined as silver chloride 
after decomposition of the sample with melted sodium 
nitrite in a nickel crucible.6) Other elements were analysed 
by the standard methods. 

Reaction and Preparation. 1. Preparation of 180-Sub-
stituted [(NH2,02){Co(NHJé}2\(NOJi: This lsO-labeled 
dicobalt complex was prepared by the adaption of the 
usual method7) by using a closed system: A 100-ml flask 
containing 2.5 g of cobalt (II) nitrate hexahydrate, 15 ml of 
water previously boiled and cooled under nitrogen, and a 
magnetic bar coated with Teflon was connected to a vacuum 
line. The flask was degassed by three freeze-pump cycles, 
then filled with ca. 1 atm ammonia gas from cylinder con­
nected to the line. The content was stirred with a magnetic 
stirrer until the blue precipitate which had once appeared 
redissolved and the solution turned red. Although some 
temperature rise was observed during the absorption of am­
monia, it was allowed to be, because absorption of too large 
excess of ammonia by cooling is unfavorable for the succeed­
ing dioxygen-bridging reaction. After the supply of ammonia 
gas was stopped the reaction flask was cooled in an ice 
bath, and 100 ml (N. T. P.) of 1 8 0 2 gas was introduced 
into it via a Toeplar pump, and was allowed to be absorbed 
by the solution for 3 h. The mercury of the pump was 
previously covered with liquid paraffine because it is easily 
oxidised in the presence of ammonia. At this stage, black 
crystals of [02{Co(NH3)5}2](N03)4 were precipitated. The 
reaction mixture was exposed again to 1 atm ammonia gas, 
and kept at 35 °C for 2 h to introduce the NH2 bridge; ad­
dition of potassium hydroxide was omitted in this experiment 
to minimize the contamination by normal oxygen. After 
the reaction mixture was freezed, the flask was removed 
from the vacuum line, and succeeding procedures were 
carried out under air. Upon the freezed mixture, 3.5 g of 
ammonium cerium(IV) nitrate, 30 ml of nitric acid, and 
50 g of ice was placed. The whole mixture was melted and 
stirred. The precipitate was separated from the solution, 
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and purification via practically insoluble sulfate gave 380 mg 
of i80-subst i tuted [ ( N H 2 , 0 2 ) { G o ( N H 3 ) 4 } 2 ] ( N 0 3 ) 4 ; in addi­
tion, 160 mg of l sO-labeled [ 0 2 { G o ( N H 3 ) 5 } 2 ] ( N 0 3 ) 5 was 
obtained as a co-product in the course of the purification 
of the former. The complexes were examined by the I R 
spectroscopy. 

2. Reaction of [(NH2,
1802) {Co(NHJé}2](NOJ^ with N02~ 

in an Acidic Solution and Isolation of Product : The procedure 
was modified from the method of Werner3) owing to the 
scantiness of the reactant complex available for the experi­
ment. 

T o a solution of 500 mg of sodium nitrite in 10 ml of 
water, 100 mg of the complex was added, and then 1.5 ml 
of 14 M nitric acid was added dropwise with stirring. T h e 
mixture was cooled in an ice bath, and the precipitated 
orange //-amido-//-nitro dicobalt complex nitrate was filtered 
with suction, washed with methanol , and dissolved in 1.5 ml 
of 12 M hydrochloric acid. After filtration, 3 ml of ethanol 
was added to it, and the mixture was cooled in an ice 
bath . T h e precipitate (complex chloride) was filtered, and 
recrystallized in the same manner . T h e product was washed 
with ethanol, and dried by aerat ion; yield 70 mg. 

T h e product with normal oxygen prepared by the same 
procedure was submitted to chemical analysis; each product 
obtained in the experiments with 1 8 0 2 and with normal 
oxygen respectively gave the identical X-ray diffraction 
pat tern and I R spectrum except for the isotopic shift. 
Found : Go, 23.81; N(total) , 28.08; N(ammoniacal ) , 25.23; 
Gl, 28.54; H , 6 .02%. Galcd for [ (NH 2 ,N0 2 ){Go(NH 3 ) 4 } 2 ] -
G 1 4 . 2 H 2 0 : Go, 23.86; N(total) , 28.35; N (ammoniacal) , 
25.52; Gl, 28 .71 ; H , 6 . 2 1 % . 

3. Reaction of \x(NH2,02) Complex with NH±N02 in a 
Neutral Solution (Preparation of [(NHz,02)Co2(NHJe(N02)4]) : 
T o 750 ml of 10% ammonium nitrite, 20 g of [ ( N H 2 , 0 2 ) -
{Go(NH 3) 4} 2]Na(G10 4) 4 (prepared by the method in Ref. 
7) was added with stirring, and the mixture was allowed 
to stand at ca. 5 °C in a refrigerator. F rom the next day, 
1 g of ammonium persulfate was added every day until the 
solution assumed a reddish orange color and no more 
precipitate increased (It took ca. 20 days). T h e green 
precipitate was filtered, washed with water and then with 
acetone, and dried by aeration ; yield 8 g. 

T h e product obtained was insoluble in any solvents so 
far examined, and could not be recrystallized by the usual 
method. For the purification, the crude product was once 
changed to [ (NH 2 ,NO 2 ,O 2 )Go 2 (NH 3 ) 4 (NO 2 ) 2 ]GlO 4 . 0 .5H 2 O 
by the process described in the next section, and brought 
back to the original compound by the following procedure : 
T o a solution of 1 g of the Perchlorate dissolved in 130 ml 
of water was added 10 ml of 10% aqueous sodium nitrite. 
T h e mixture was allowed to stand in a refrigerator over­
night. T h e precipitate was filtered, washed with water and 
then with acetone, dried by aeration, and kept over cal­
cium chloride. Green powder ; yield 0.6 g. Found : Go, 
27.92; N(total ) , 29.66; N (ammoniacal) , 16 .31%. Galcd for 
[ ( N H 2 , 0 2 ) G o 2 ( N H 3 ) 4 ( N 0 2 ) 4 ] : Go, 28.20; N (total), 30.16; 
N (ammoniacal) , 16.75%. 

4. Preparation of [(NH^NO^OJCo^NHJ^NOJ^ClO^ 
0.5H2O: Six grams of the crude [ (NH 2 , 0 2 )Go 2 (NH 3 ) 4 -
( N 0 2 ) 4 ] (described above) were added to 150 ml of ice-cold 
perchloric acid (60%) and the mixture was stirred under 
reduced pressure of aspirator for 2 h for dissolution. (With­
out reduced pressure it took longer t ime for dissolution 
and decomposition to form by-products was more pro­
nounced.) T h e cold green solution was filtered with a sin-
tered-glass filter and added in small portions to 900 ml of 
ether wihch had been cooled in an ice bath , care being 

taken to minimize the temperature rise. T h e flocky precip­
itate was filtered and washed with ether. After the 
ether was eliminated with aeration, the product was washed 
with two small portions of cold water and air dried. The 
green material was dissolved in 150 ml of acetone and an 
equal volume of ether was added to it. T h e mixture was 
allowed to stand in an ice ba th for ca. 1 h and the precip­
itate was filtered, washed with ether, and air-dried. Green 
thin plates; yield 1.9 g. Found : Go, 24.85; N(total) , 23.16; 
N(ammoniacal) , 14.60; Gl, 7.45; H , 3.16%. Galcd for 
[ (NH 2 ,NO 2 ,O 2 )Go 2 (NH 3 ) 4 (NO 2 ) 2 ]GlO 4 . 0 .5H 2 O: Go, 24.53; 
N(total) , 23.32; N (ammoniacal) , 14.58; Gl, 7.38; H , 3.14%. 

5. Preparation of l(NH2,N02ß2)Co2(NHz)i(N02)2Y:h T o 
a solution of 3 g of the Perchlorate (described above) dis­
solved in 400 ml of water, 80 ml of 6 M hydrochloric acid 
was added, and the mixture was cooled in an ice bath. 
T h e precipitate was filtered, and washed with cold 2 M 
hydrochloric acid and then with acetone. The product 
was dissolved in 700 ml of cold water, and 70 ml of 6 M 
hydrochloric acid was added. The precipitate was filtered, 
washed with 0.5 M hydrochloric acid and then with acetone, 
and dried by aeration. Green thin prisms; yield 1.6 g. 
Found : Go, 29.02; N(total) , 26.96; N (ammoniacal), 17.02; 
Gl, 8 . 8 1 % . Galcd for [ ( N H 2 , N 0 2 , 0 2 ) G o 2 ( N H 3 ) 4 ( N 0 2 ) 2 ] G l : 
Go, 28.93, N(total) , 27.50; N (ammoniacal), 17.19; Gl, 
8.70%. 

6. Preparation of [(NH2,N02,02)Co2(NH3)t(N02)2]Br: T o 
a solution of 2 g of the Perchlorate (described above) dis­
solved in 400 ml of water, 50 ml of 2 4 % hydrobromic acid 
was added, and the mixture was allowed to stand in an 
ice bath . The precipitate was filtered, and washed with 
cold water and then with acetone. The product was 
recrystallized from the aqueous solution by addition of 
hydrobromic acid and dried by aeration after filtration and 
washing. Green needles; yield 1.7 g. Found : Go, 26.20; 
N(total) , 24.30; N (ammoniacal) , 15.37; Br, 17.69%. Galcd 
for [ ( N H 2 , N 0 2 , 0 2 ) G o 2 ( N H 3 ) 4 ( N 0 2 ) 2 ] B r : Go, 26.08; N(total) , 
24.79; N (ammoniacal) , 15.50; Br, 17.68%. 

Apparatus. I R spectra were recorded with samples 
in Nujol on a J A S G O I R - E or I R - G spectrometer. Recording 
of absorption spectra was carried out with a Hitachi 124 
spectrometer, and that of reflectance spectra with the same 
appara tus by use of an integration sphere at tachment . ESR 
spectra were recorded on a J E O L JES-3B spectrometer at 
room temperature . Magnetic susceptibilities were determined 
by the Faraday technique with a Shimadzu MB-2 balance. 
Powder X-ray diffraction patterns were recorded on a Ri-
gaku 2171 diffractometer with the Ni Kcc radiation. 

R e s u l t s a n d D i s c u s s i o n 

IR Spectroscopy of 18C*-Labeled Complexes. 1. u.-

(NH2,02) Complex: T h e I R spec t r a of n o r m a l a n d 
i so topica l ly l a b e l e d [ ( N H 2 , 0 2 ) { C o ( N H 3 ) 4 } 2 ] ( N 0 3 ) 4 in 
t h e r e g i o n of ca. 7 0 0 — 1 2 0 0 c m - 1 a r e s h o w n in F ig . 1. 
T h e fact t h a t t h e l a b e l e d c o m p l e x shows n o p e a k cor­
r e s p o n d i n g to 1 6 0 2 s t r e t c h i n g v i b r a t i o n p roves t h a t 
t h e r e h a s b e e n n o shuffling of o x y g e n b e t w e e n 0 2 a n d 
H 2 0 o r N 0 3 ~ in t h e f o r m a t i o n process of t h e single-
b r i d g e d c o m p l e x [ 0 2 { C o ( N H 3 ) 5 } 2 ] 4 + , as wel l as in t h e 
t r a n s f o r m a t i o n process to t h e d o u b l e - b r i d g e d c o m p l e x . 
T h e possibi l i ty of s c r a m b l i n g of o x y g e n a t o m s a m o n g 
t h e o x y g e n molecu les a n d t h e 0 2 - m o i e t i e s of c o m p l e x 
ions also w a s e x c l u d e d b e c a u s e a s a m p l e p r e p a r e d b y 
us ing a m i x t u r e of 1 8 0 2 a n d 1 6 0 2 s h o w e d n o p e a k of 
i8Q_i6Q s t r e t c h i n g v i b r a t i o n . 
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1200 1000 800 
Wave number/cm -1 

Fig. 1. IR spectra of [(NH2502){Go(NH3)4}2](N03)4 

(a) with lsO-labeled 02-bridge and (b) with normal 
Oa-bridge. 

2. [i(NH2,N02) Complexes: Werner3) reported two 
hydrates of [ (NH 2 ,N0 2 ){Co(NH 3 ) 4} 2 ]Cl 4 , one of which 
was monohydrate crystallized from dilute hydro­
chloric acid and the other tetrahydrate crystallized 
from aqueous solution containing some pyridine. The 
I R spectrum and the X-ray powder pattern of the 
l sO-labeled complex chloride prepared as described 
showed that it was a third form; the chemical analysis 
of the corresponding normal complex conformed to 
the formula of dihydrate. The authors later knew 
that this dihydrate was reported in 1975 by Huang 
et al.8) who crystallized it from 6 M hydrochloric acid. 
Not only the I R peaks due to water of crystallization 
the content of which is different in these three forms, but 
also the I R peaks due to nitro bridge and ammonia 
ligand showed slight differences in their frequency and 
intensity, such differences in some cases being of com­
parable magnitude to those due to isotopic effect. 
The variation in the I R spectrum owing to the difference 
in the crystal form was noticed in this laboratory, with 
[ (NH 2 ,0 2 ){Co(NH 3 ) 4 } 2 ] (N0 3 ) 4 . 9 ) Thus in the de­
tailed examination of I R spectra and especially in 
the discussion of their isotopic shifts, one must make 
sure of the identity of the number of crystal water or 
the crystal form of the complexes compared. 

The I R spectrum of [(NH2 , N0 2 ){Co(NH 3 ) 4 } 2 ]Cl 4 was 
reported by Gatehouse10) although it is not clear which 
type of the above three hydrates was examined. He 
assumed an asymmetric structure of the nitro bridge 
and assigned two strong I R peaks as shown below: 

Î 
O 

II 
N — O 

/I \ 
M M 

1470 cm-1 

O-

N- -O 

M M 
1220 cm-1 

ö o 

1400 1200 1000 
Wave number/cm -1 

Fig. 2. IR spectra of [(NH2,N02){Go(NH3)4}2]Gl4. 
2H 2 0 prepared (a) from lsO-labeled //(NH2,02) 
complex and (b) from normal complex. 

Nakamoto et al.11) examined a similar nitro-bridged 
compound [ (N0 2 ,OH,OH){Co(NH 3 ) 3 } 2 ]C l 3 and made 
the same sort of assignment. 

T h e X-ray structural study of [ (NH 2 ,N0 2 ){Co-
(NH3)4}2]C14-4H20 by Thewalt and Marsh12) and 
that of [ (NH 2 ,N0 2 ){Co(NH 3 ) 4 } 2 ]C l 4 -2H 2 0 by Huang 
et al.8) both proved the correctness of the formula pos­
tulated by Gatehouse, and his assignment of the two 
I R bands also seems to be a sound one. 

T h e I R spectra of two samples of [ ( N H 2 , N 0 2 ) -
{Co(NH 3 ) 4 } 2 ]Cl 4 -2H 2 0, one derived from ^ - s u b s t i ­
tuted [ (NH 2 , 0 2 ){Co(NH 3 ) 4 } 2 ] (N0 3 ) 4 and the other 
from the same complex with natural isotopic abundunce 
are shown in Fig. 2, and relevant frequencies are 
listed in Table 1. As the band in the normal / /(NH2 , 
N 0 2 ) complex at 1180 c m - 1 which is assigned to the 
vibration mainly consisting of the stretching of N O 
bond in the C o - N - O - C o chain shifts to 1170 cm" 1 

in the 1 80-labeled complex, the O atom in the C o - N -
O - C o chain is concluded to have come from the 0 2 

bridge of the starting complex. O n the other hand, 
the O atom attached to the N atom from outside the 
chain must have come from the nitrite ion since the 
band at 1492 c m - 1 mainly attr ibutable to the stretching 
of N O bond that makes the branch does not show 
appreciable shift. 

The above results bear some resemblance to the case 
of nitrosation of aquapentaammine complex, and seems 
to be equally explained by assuming N 2 0 3 as the 

TABLE 1. IR FREQUENCIES OF [(NH2,N02){Co(NH3)4}2]Cl4.2H20 IN cm"1 

lsO-enriched 

Normal oxygen 

*as(N02) 

1493 s 

1492 s 

<5S(NH3) 
1350 m 1304 m 

1351 m 1305: 

*s(N02) 
1170 s 
1180sh 
1180 s 

1138 w 

1146 w 

<5(N02) 
853 m 
879 sh 
879 w 

^r(NH3) 

843 sh 

843 m 
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reacting species as13) 

/ N H 2 \ 
Co Co 

No — o 
NvN

+_0 -
II li 
0 0 

/ N H 2 \ 
Co ^—o Co 

Y o 
L -
N — 0 

0 0 

N03 
/ m 2 \ 

Co Co 

0 — N 
II 
0 

The new situation here is that the reaction seems to 
occur more homolytically, and that the remaining 
nitrite group is oxidized to a nitrate ion. 

Although the ^ ( N H ^ O H ) complex which is formed 
by reduction of / / (NH 2 ,0 2 ) complex is also known to 
react with the nitrite to form the /*(NH2 ,N02) complex, 
such a reaction is reported to be very slow14) and 
bridge conversion y u O ^ ^ N O a through this pa th may 
be excluded. 

T h e I R spectra of the [(NH2 ,N02){Co(en)2}2]Br4-
5 H 2 0 is somewhat more complicated, but the positions 
and intensities of peaks assignable to N O a stretching 
vibration (1492 and 1151cm- 1 ) are very similar to 
those of the corresponding ammine complex and this 
I R feature again is explicable only on the assumption 
of a nitro bridge as shown by Gatehouse and by 
Nakamoto et al. for ammine complexes. One of the 
reasons which led Garbett and Gillard15) to assume a 
nitrito bridge instead of a nitro bridge was the high 
resistivity to acids, but our l sO-labeled yU-amido-^-
nitro-octaammine complex also showed high stability, 
retaining l s O in the G o - N - O - G o chain even after two 
cycles of recrystallization from hydrochloric acid. The 
other reason on which they based their conclusion was 
the formation of hydroxo complex ions on base hydro­
lysis, but nitro complexes also are known to form 
hydroxo complexes on base hydrolysis. 

Thus the general similarity of the behavior of the 
ammine and the corresponding ethylenediamine com­
plex seems to be present also in the present case of the 
reaction of the ^ ( N H 2 , 0 2 ) complex to form the /i(NH2 , 
N 0 2 ) complex. 

The I R absorption band due to the bending mode 
of the coordinated nitro group and that due to the 
rocking mode of ammonia ligand appears in the region 
of 900—750 c m - 1 , and when both are present it is 
difficult to discriminate them. O n the basis of 1 8 0 
isotope shift, the absorption at 879 c m - 1 could be 
assigned to <5(N02) for [ (NH 2 ,N0 2 ){Co(NH 3 ) 4 } 2 ]Cl 4 -
2 H 2 0 . 

Reaction in Neutral or Basic Solutions. Trea tment 
of [ (NH 2 , 0 2 ){Co(NH 3 ) 4 } 2 ]X 3 with an aqueous solu­
tion of ammonium nitrite followed by oxidation with 
ammonium persulfate gave green powder of composi­
tion, C o 2 0 2 N H 2 ( N H 3 ) 4 ( N 0 2 ) 4 ( I) . T h e ammonium 

nitrite was replaceable by an equimolar mixture of 
sodium nitrite and ammonium salt, but not by sodium 
nitrite alone, in which case the mixture turned red 
showing decomposition. 

The I R spectrum of the green product (Table 2) 
indicated the existence of nitro ligands as well as am­
mine ligands and a peroxo bridge,9) but no peaks 
corresponding to a nitro bridge nor those corresponding 
to a free nitrite ion were observable (cf. the preceding 
section). The compound is thus considered to be 
[ (NH 2 , 0 2 ){Co(NH 3 ) 2 (N0 2 ) 2 } 2 ] or [ (NH 2 ,0 2 ){CoNH 3 -
(N0 2 ) 3 }{Co(NH 3 ) 3 N0 2 } ] , and is the first example of 
non-electrolytic ;U-hyperoxo dicobalt complex. 

TABLE 2. IR ABSORPTION FREQUENCIES OF 

[(NH2,02)Co2(NH3)4(N02)4] (I) AND 
[(NH2,N02,02)Go2(NH3)4(N02)2]X (II-X) IN cm-1 

I 

3320) 
3260 s 
3210) 

1630 m 

1410 s 

1328 s 

1275 s 

1078 w 

822 m 

783 vw 

II-ClCv 

0.5H2O 

3550 w 

3310) 
3240fs 
3170) 

1630 m 

1495 s 

1410 s 

1335 s 

1305 s 

1180 m 

1089 s 

853 w 

820 s 

780 w 

II-G1 

3340 
3330 
3180 

• s 

1630 m 

1495 s 

1410 s 

1340 s 

1317 s 

1280 m 

1190 s 

1078 m 

996 w 

857 w 

825 s 
807 w 
773) 
759} w 

II-Br 

3290) 
3240 s 
3160) 

1627 m 

1485 s 

1409 s 

1334 s 

1308 s 

1170s 

1095 w 

1013vw 

849 w 

822 m ' 

788 w 

Assignment 

v(OH) 

v(NH) 

<5as(NH3) 

vasGu-N02) 
^as(N02) 

*s(N02) 

<5S(NH3) 

^ - N 0 2 ) 

v(M-02) 
v(G104) 

<5(A-N02) 

/>r(NH3) 
' <5(NOa) 

15 .20 25 30 
Wave number/103 cm - 1 

Fig. 3. Absorption spectrum of [(NH2,N02,02)Co,-
(NH3)4(N02)2]G104 (in 0.5 M acetic acid, ") and 
diffuse reflectance spectrum of '[(NH,,02)Go.,(NH3)4-
(N02)4] (in K2S04 , — - ) . 
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The presence of the amido bridge was inferred from 
the consideration of the composition, balance of charge, 
and the high stability of / / (NH 2 ,0 2 ) dicobalt moiety 
usually observed. The possibility of the formula 
[ (NH 2 ,0 2 ){Co(N0 2 ) 4 }{Co(NH 3 ) 4 }] seems to be ex­
cluded from the consideration of the reaction with 
perchloric acid [cf. next section). 

The electronic spectrum obtained from diffuse 
reflectance measurement (Fig. 3) showed peaks of 
comparable intensities at 1 5 . 8 x l 0 3 c m _ 1 (djrCo3+-
7i*(u02-)) and at 2 2 . 3 x l 0 3 c m - 1 C ^ - 1 ^ " ) . 1 6 ) 
Such intensity relation is usually encountered when 

Tha t only the terminal ammine ligands are replaced 
by nitro ligand and the 0 2 bridge remains unattacked 
in the reaction of [ (NH 2 ,0 2 ){Co(NH 3 ) 4 } 2 ]X 3 with the 
nitrite in neutral solution is in the same line as the 
similar reaction of [0 2 {CoNH 3 (en) 2 } 2 ]X 4 which gave 
[0 2{CoN0 2(en) 2} 2]X 2 . 2) I t indicates that the bridge 
conversion, JI02-*MN02 does not proceed through the 
reaction of the peroxo bridge with the nitrite ion but 
with some other chemical species present only in acidic 
solutions of nitrites, such as N 2 0 3 as suggested in the 
preceding section. 

Reaction of [(NH2,02)Co2(NHJ4(N02)4] with Per­
chloric Acid. I t has not been successful to find a 
proper solvent of I which dissolves it without decom­
position. Sixty-percent perchloric acid dissolves it 
with a loss of one nitrite group, the species in solution 
being [ (NH 2 ,N0 2 , 0 2 )Co 2 (NH 3 ) 4 (N0 2 ) 2 ]+ ( I I ) , which 
can be isolated as the Perchlorate by treatment with 
ether. 

The aqueous solution of I I reacts with sodium nitrite 
to reproduce I with a capture of one nitrite group. 
These reactions are very peculiar and seem to deserve 
closer studies. The structure of I I was inferred from 
the chemical analysis and I R spectra (Table 2) which 
showed peaks assignable to a hyperoxo bridge, a nitro 
bridge, terminal nitro ligands, and ammine ligands. 
The amido bridge is considered to be present because 
it is usually very resistant to acids, and also because 
I I reproduces I on treatment with sodium nitrite. 
The formation of nitro bridge in 60 % perchloric acid 
in the reaction I—»II again proves the stability of the 
nitro bridge in acids. 

The absorption spectrum of I I -C10 4 solution (Fig. 3) 
showed peaks at 15.8 X 103 cm- 1 (e=320) (djtCo3+-
n*(fi02-)), 2 2 . 8 x l 0 3 c m - i ( ' ^ A ^ T ^ " ) , and 29.8 x 
103 c m - 1 (specific band of nitro ligand). 

Magnetic Properties. The magnetic susceptibility 
measurements of I, I I - C l O 4 0 . 5 H 2 O , II-C1, and II-Br 
proved the existence of one unpaired electron in each 
complex (Table 3). 

The ESR spectrum of I in powder gave g = 2 . 0 3 5 , 
and that of I I -C10 4 in solution exhibited a symmetrical 
pattern at g=2 .027 with well-resolved fifteen hyperfine 

the ammine complex has a second bridge such as N H 2 

in addition to the hyperoxo bridge; in single-bridged 
i«-hyperoxo dicobalt ammine complexes the band at 
ca. 1 5 x l 0 3 c m _ 1 is distinctly more intense than that 
at ca. 2 0 x l 0 3 c m - 1 . 

Compound I can also be obtained in a somewhat 
lower yield by the treatment of /«-hyperoxo complexes 
such as [ (NH 2 ,0 2 ){Go(NH 3 ) 4 } 2 ]X 4 or [ (NH 2 ,OH, 
0 2 ){Co(NH 3 ) 3 } 2 ]X 3 with ammonium nitrite solution. 
In this case oxidizing agent is unnecessary: Probably 
the starting ^-hyperoxo complex itself acts as an oxidiz­
ing agent as represented by the following scheme; 

T A B L E 3. M A G N E T I C SUSCEPTIBILITIES OF 

[(NH2,02)Co2(NH3)4(N02)4] (I) AND 
[(NH2 ,N02 ,02)Co2(NH3)4(N02)2]X (II-X) 

Complex jWeffa)/B- M. 

I 1.60 (24.5 °C) 
II-C1 1.88 (22.6 °G) 
II-Br 1.83 (24.9 °C) 
II-ClO40.5H2O 1.91 (24.5 °C) 

a) Corrected for diamagnetic susceptibilities of terminal 
ligand, anion, and crystal water. 

lines (^4Co=11.8) such as is observed with many ju-
amido-//-hyperoxo dicobalt ammine complexes.17) 

The authors thank Mr. Kazuyoshi Kawashima for 
his able assistance with some of the experimental 
work. They are grateful also to Dr. Hanako Kobayashi 
(Univ. of Kyoto) for her kind guidance on the measure­
ments of magnetic susceptibility, to Dr. Yôzô Miura 
for the ESR measurements, and to Mr . Junichi Goda 
for the elemental analyses. 
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Structure of 5-Hydroxy-2-hydroxymethyl-4-pjridones 
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5-Hydroxy-2-hydroxymethyl-4-pyridone and its JV-methyl, iV-ethyl, and iV-phenyl derivatives were prepared 
from kojic acid. The UV spectra in neutral, acid, and alkaline solutions showed that the neutral species and 
the conjugate acids existed in the pyridone and the pyridine form, respectively. The conjugate bases may 
exist in both forms. The acid dissociation constants and the halochromism have been measured and discussed. 

In the protonation of the 4-pyridone (A), structure 
(B) represents the O-protonated form and (C) the N-
protonated form. 

H H 

o 

(A) 

OH 

:B) 

H 

V 
OH 

(B') 

H H 
\ / 

O 

(C) 

The theory of mesomerism predicts that the two catio-
nic forms of B, B ^ B ' should be greatly stabilized 
relative to type G, and their predominance has been 
assumed. The similarity among the ultraviolet spectra 
of the conjugate acids of 4-methoxypyridine, 1-methyl-
4-pyridone, and 4-pyridone was taken to support such 
an assumption.1) The N M R spectra also support 
the structure of type B<->B'.2-3) However, the infrared 
and Raman spectra of these cations have been inter­
preted in favor of the structure of type C.4'5) 

The structure of 5-hydroxy-2-hydroxymethyl-4-
pyridone in the acidic and alkaline solutions and the 
halochromism of its iV-substituted derivatives are 
reported together with the acid dissociation constants. 

R e s u l t s a n d D i s c u s s i o n 

Synthesis. 5 - Hydroxy - 2 - hydroxymethyl-4-pyri­
done (IIa)6) and its iV-substituted derivatives ( l ib7) 
and l i d ) were obtained by the reaction of kojic acid 
(I) with the corresponding amines, while the iV-ethyl-
substituted compound (He) was prepared from I via 
5-benzyloxy-2-hydroxymethyl-4-pyrone (HI)8) and 5-
benzyloxy-l-ethyl-2-hydroxymethyl-4-pyridone ( IV) . 2-
Hydroxymethyl-5-methoxy-4-pyridone (Via)9) and its 
^-substi tuted derivatives (VIb9) and Vic) were ob­
tained from kojic acid methyl ether (V)9) by the reac­
tion with the corresponding amines. T h e reaction of 
H a with diazomethane gave 3,4-dimethoxy-6-hydroxy-
methylpyridine (VII) in 3 3 % yield. 

Acid Dissociation Constants. T h e acid dissocia­
tion constants of 5 -hydroxy-2 -hydroxymethy l -4 -
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t Present address: Fundodai Shoyu Co., Ltd., Hokubu-machi, Houtaku-gun, Kumamoto 861-55. 
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p y r i d o n e s I I a — d w e r e d e t e r m i n e d s p e c t r o p h o t o m e t r i c -
a l ly in w a t e r a t 25 °C . T h e resul ts a r e s u m m a r i z e d 
in T a b l e 1, w h e r e t h e pK2 a n d pK± va lues r e p r e s e n t 
t h e ac id d i ssoc ia t ion e x p o n e n t (pA"a) of a n e u t r a l 
c o m p o u n d a n d t h a t of its c o n j u g a t e ac id , respec t ive ly . 
T h e p i^ j va lues a r e c o m p a r a b l e t o t h e pK& va lues 
for t h e c o n j u g a t e ac ids of s o m e 4 - p y r i d o n e s , 1 0 ' n ) a n d 
t h e pK2 va lues to t h e pK& va lues for s o m e 3 -hyd roxy -
4 -py rones . 1 2 ) T h e s e va lues a r e i nc r ea sed b y i n t r o ­
d u c t i o n of a n e l ec t ron d o n a t i v e s u b s t i t u t e n t o n t h e 
n i t r o g e n a t o m , b u t d o n o t g ive a g o o d H a m m e t t 
r e l a t i o n s h i p . 

UV Spectra. T h e U V spec t r a l d a t a of t h e 

c o n j u g a t e ac ids , n e u t r a l species , c o n j u g a t e bases of 
5 - h y d r o x y - 2 - h y d r o x y m e t h y 1-4-pyridone ( H a ) a n d its 
iV-subst i tuted de r iva t ives ( l i b — d ) a n d 2 - h y d r o x y m e t h -
y l - 5 - m e t h o x y - 4 - p y r i d o n e ( V i a ) a n d its iV-subst i tuted 
de r iva t ives ( V I b a n d V i c ) a r e s u m m a r i z e d in T a b l e s 
2 a n d 3 , respec t ive ly . T h e s p e c t r a of 5 - h y d r o x y - 2 -

TABLE 1. pK& VALUES OF iV-SUBSTITUTED 5-HYDROXY-

2-HYDROXYMETHYL-4-PYRIDONES 

Compd 

H a 

l i b 

l i e 

l i d 

iV-Substituent p Ä i P # 2 

H 

C H 3 

C 2 H 5 

Ph 

3.26 
3.37 
3.31 
2.64 

9.18 
8.97 
8.82 

h y d r o x y m e t h y l - 4 - p y r i d o n e ( H a ) , t h e iV-methyl de r iva ­
t ive ( H b ) a n d 3 , 4 - d i m e t h o x y - 6 - h y d r o x y m e t h y l - p y r i d o n e 
( V I I ) in w a t e r a n d M / 1 0 h y d r o c h l o r i c ac id a r e p r e ­
s en t ed in Figs . 1 a n d 2 as e x a m p l e s . T h e s p e c t r a of 
5 - m e t h o x y de r iva t ives V i a a n d V I b a r e also p r e sen t ed 
t o g e t h e r w i t h t h e s p e c t r a of V I I in Figs. 3 a n d 4 . 
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Fig. 2. The U V spectra of the cationic species. 
: H a , : I I b , : V I I . 
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Fig. 3. The U V spectra of the neutral species. 
: V i a , : V I b , : V I I . 

T A B L E 2. U V SPECTRA OF ^-SUBSTITUTED 5-HYDROXY-2HYDROXYMETHYL-4-PYRIDONES 

Compd 
^-Subst i ­

tuent 

Conjugate acid 

% a x 

Neutral species Conjugate base 

-(loge) 
cm - l n m 

(loge) 
cm~ n m 

-(loge) 
cm~ 

Av 

c m -

H a 

I I b 

I l e 

l i d 

H 

C H 3 

G2H5 

Ph 

276(3.70) 

281(3.75) 

281(3.72) 

284(3.92) 

36230 
35590 
35590 
35210 

278(3.90) 
285(4.08) 
286(4.08) 
290(4.24) 

35970 
35090 
34970 
34480 

298(3.75) 
312(3.96) 
312(4.00) 
316(4.10) 

33560 
32050 
32050 
31650 

-2410 
-3040 
-2920 
-2830 
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TABLE 3. UV SPECTRA OF TV-SUBSTITUTED 2-HYDROXY-

METHYL-5-METHOXY-4-PYRIDONES 

Compd 

Via 
VIb 
Vic 

^-Sub­
stituent 

H 
CH3 

C2H5 

Conjugate 

nm 

275(3.63) 
275(3.70) 
281(3.72) 

acid 

V 

cm - 1 

36360 
36360 
35590 

Neutral species 

^ m a x (\ncr\ " 
nm cm - 1 

277(3.99) 36100 
278(4.04) 35970 
285(4.11) 35090 

Fig. 4. The UV spectra of the cationic species. 
: Via, : VIb, : VII. 

It may be seen from Figs. 1 and 3 that the spectra 
of the neutral species of H a and V i a are similar to those 
of l i b and V I b , but are different from the spectrum 
of V I I , indicating that the 4-pyridones exist predomi­
nantly in the NH-form. 

As Figs. 2 and 4 illustrate, the spectra of the conjugate 
acids of 5-hydroxy-4-pyridones I I a and l i b and 5-
methoxy-4-pyridones V i a and V I b are very similar 
to the spectrum of the conjugate acid of V I I . This 
shows that the protonation of the 4-pyridones occurs 
at the oxygen atom at the 4-position in agreement with 
Katritzky and Lagowski's results.^ 

The N M R spectral data were also examined. In 
deuterium oxide, the positions of the peaks of the a-
and jS-protons of V i a (7.61 and 6.52 ppm) are con­
siderably different from those of V I I (7.93 and 7.00 
ppm), while in 2 0 % sulfuric acid those of V i a (8.72 and 
7.30 ppm) are close to those of V I I (8.31 and 7.57 
ppm). This indicates the O-protonation to be in 
agreement with the results of Katritzky et a/.2'3) 

The U V spectra of the conjugate bases of the 4-
pyridones H a and l i b are shown in Fig. 5 together 
with that of the neutral species of V I I . As shown in 
Fig. 5 and Table 2, the maximum absorption band 
of I Ia is shifted to a shorter wavelength from those of 
the TV-substituted 4-pyridones. The spectral pat tern is 
also different from those of the JV-substituted deriva­
tives, in that a broad shoulder exists at 270—280 nm. 
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Fig. 5. The UV spectra of the anionic species. 
: Ha, : IIb, : VII (neutral). 

This shoulder closely corresponds to the maximum 
absorption band of the pyridine derivative V I I . Thus, 
H a might exist not only in the pyridone form but also 
in the pyridine form. 

Halochromism. Rapopor t et al.13) measured the 
absorption spectra of 4-substituted 2-nitrophenols in 
neutral and alkaline solutions, and showed that the 
difference in wave number between the maxima 
of the longest-wavelength absorption bands in the two 
solutions is quantitatively related to the dissociation 
constant. T h e wave number shift is also propor­
tional to the Hammet t substituent constant. This 
phenomenon of halochromism is well documented and 
the degree of halochromism of a compound may be 
defined as the wave number difference (Av) between 
the longest-wavelength band of the neutral species 
and that of its conjugate acid or base. 

T h e Av values (Table 2) of the 4-pyridones plotted 
against the pK& (=piT2) values, produces a straight 
line as shown in Fig. 6, giving the following equation 
by the least-square method. 

A * = -583piCa - 2311 (r= 1.000, s=l) 
T h e slope was comparable to that reported for the 
phenols. 13> 
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Fig. 6. The relationship between A? and pA"2. 
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E x p e r i m e n t a l 

All the melting points were measured on a Yanagimoto 
micro-melting point apparatus and are uncorrected. The 
I R and N M R spectra were taken on J A S C O IRA-1 
spectrophotometer and a Hitachi-Perkin-Elmer R-24 (60 
M H z ) spectrometer, respectively. The U V spectra were 
recorded on a Hitachi EPS-2U and EPS-3T spectropho­
tometer. The p H values were measured by a Hitachi-
Hor iba F-5 p H meter. The pK& determination was 
conducted according to Albert-Serjeant's method.14) 

Materials. All the known compounds were prepared 
according to the methods described in the references: H a , 
m p 232—234 °G (lit,6) 237—238 °G) ; l i b , m p 220 °G (lit,7) 
225—227 °G) ; I I I , m p 132 °G (lit,8) 133 °G) ; V, m p 165— 
166 °G (lit,9) 165 °G); V i a , m p 170 °G (lit,9) 173—175 °C) ; 
V I b , m p 203—205 °G (lit,9) 203—204 °G). 

5-Benzyloxy-1-ethyl-2-hydroxymethyl-4-pyridone (IV). A 
mixture of 5-benzyloxy-2-hydroxymethyl-4-pyrone(III)8) (2 g) 
and 7 0 % ethylamine solution (4 ml) was heated in a 
sealed tube at 130 °G for 5 h. The excess amine was 
evaporated off and the residue recrystallized from meth­
anol to afford I V (1.8 g, 80.6%) as colorless needles, m p 
183 °G. F o u n d : G, 69.25; H , 6.87; N , 5 .32%. Galcd for 
G 1 5 H n N 0 3 : G, 69.48; H , 6 .61 ; N, 5.40%. I R (KBr) : 
1620cm- 1 . U V (MeOH) l m a x / n m ( loge) : 225 (4.35), 286 
(4.16). 

1-Ethyl-5-hydroxy-2-hydroxymethyl-4-pyridone (Ile). A 
mixture of 5-benzyloxy-l-ethyl-2-hydroxymethyl-4-pyridone 
(IV) (2 g) and 5 % pal ladium carbon (0.8 g) in methanol 
(20 ml) was stirred for 2 h at room temperature under a 
hydrogen atmosphere. After removal of the catalyst the 
solvent was evaporated off and the residue recrystallized 
from ethanol to afford H e (0.9 g, 69.0%) as colorless 
needles, m p 187 °G. Found : G, 56.68; H , 6.67; N, 8 .18%. 
Galcd for G 8 H u N 0 3 : G, 56.79; H , 6.55; N , 8 .28%. I R 
(KBr) : 1640cm" 1 . U V (MeOH) 2 m a x / n m ( loge) : 226 
(4.22), 290 (4.10). 

5-Hydroxy-2-hydroxymethyl-1 -phenyl- 4-pyridone (lid). A 
mixture of kojic acid (I) (1.5 g) and aniline (2 ml) in water 
(5 ml) was heated on a water-bath in the presence of 
12 M hydrochloric acid (0.7 ml) in a sealed tube for 3 h. 
Wate r was added to the reaction mixture, which gave a 
red-brown precipitate. This precipitate was recrystallized 
from methanol to afford l i d (0.85 g, 37.1%) as colorless 
needles, m p 238 °G. Found : G, 66.00; H , 5.33; N , 6.44%. 
Galcd for G 1 2 H n N 0 3 : G, 66.35; H , 5.10; N , 6 .45%. I R 
(KBr) : 1645cm" 1 . U V ( M e O H ) A m a x /nm ( loge) : 292 
(4.24). 

1-Ethyl-2-hydroxymethyl-5-methoxy-4-pyridone (Vic). 2-
Hydroxymethyl-5-methoxy-4-pyrone (V)9) (l«5g) was 
heated with 7 0 % ethylamine solution (3 ml) in a sealed 
tube at 140 °G for 4 h. After evaporation of the excess 

amine and water, the residue was recrystallized from 
methanol to give V i c (1.6 g, 90.9%) as colorless needles, 
m p 177 °G. Found : G, 58.93; H , 7.22; N , 7 .81%. Galcd 
for G 9 H 1 3 N 0 3 : G, 59.00; H , 7.15; N , 7 .65%. I R (KBr): 
1635cm- 1 . U V (MeOH) A m a x /nm ( loge) : 224 (4.21), 
287 (4.13). 

3,4-Dimethoxy-6-hydroxymethylpyridine (VII). An excess 
of diazomethane in ether was added to a solution of 5-
hydroxy-2-hydroxymethyl-4-pyridone (IIa) ( l g ) in methanol 
(600 ml) , and the mixture allowed to stand in a refrigerator 
until the purple color with iron (III) chloride disappeared. 
After evaporation of the solvents, the residue was recrystallized 
from ethanol and sublimed to afford V I I (0.4 g, 33%) as 
colorless needles, m p 121—122 °G. Found : G, 56.61 ; H , 
6.55; N , 8.20%. Galcd for G 8 H n N 0 3 : G, 56.79; H , 6.55; 
N, 8 .28%. I R (KBr) : 1595cm" 1 . U V (MeOH) 2 m a x / n m 
( loge) : 234 (3.77), 274 (3.44). N M R (GDG13) : 3.90 (s, 
6H) , 4.66 (s, 2H) , 6.91 (1H), 7.97 (s, Î H ) . 

W e wish t o t h a n k Professor S a t o r u Y o k o t a of 
K u m a m o t o I n s t i t u t e of T e c h n o l o g y for t h e supp ly 
of kojic ac id . 
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Substituent Effects on 6-Substituted 3-Hydroxy-l-methyl-4-pyridones 
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Acid dissociation constants and UV and NMR spectra of a series of 6-substituted 3-hydroxy-l-methyl-4-
pyridones have been measured. The acid dissociation constants have been analyzed in terms of the Hammett 
equation to give linear relationships, with p = l.l6 for the conjugate acids and ,0 = 1.06 for the neutral com­
pounds. Halochromism in the UV spectra gave the equation: A? = 689 pK& — 9399, and the Hammett plots 
of the chemical shifts of the 2-H, 5-H, and GH3 protons gave linear relationships, with ,0 = 1.78, 2.56, and 
1.39, respectively. 

In 1967 Choux and Benoit1) reported the substi­
tuent effects on the physical properties such as the 
acid dissociation constants and U V and N M R spectra 
of 4-pyrone derivatives. However, little is known about 
the 4-pyridone derivatives. T h e substituent effect 
on tautomerism of 6-substituted 3-methoxy-4-pyri-
dones has been examined and it has been reported that 
the tautomeric ratios are affected by the substituents.2) 

In this paper the substituent effects on the acid 
dissociation constants and U V and N M R spectra of 
6-substituted 3-hydroxyl-l-methyl-4-pyridones will be 
reported in which tautomerism does not exist. 

GH3 

II II 
\ / \ O H 

H 

O 

R e s u l t s and D i s c u s s i o n 

Acid Dissociation Constants. T h e acid dissociation 
constants of five 6-substituted 3-hydroxy-1 -methyl-
4-pyridones have been determined spectrophotometric-
ally in water at 25 °G. The results are summarized 
in Table 1, where the pK2 and pKx values represent 
the acid dissociation exponent (pK&) of a neutral com­
pound and that of its conjugate acid, respectively. 
The pKx values are comparable to the pKx values for 
4-pyridone (3.37)3> and JV-methyl-4-pyridone (3.33).4) 
The pK2 values are slightly larger than the pK2 values 
for the S-hydroxy-4-pyrones,1) i.e. the 3-hydroxy-1-
methyl-4-pyridones are less acidic than the 3-hydroxy-
4-pyrones. 

A correlarion between pK2 and the Hammet t op 

constants5* has been established for the 6-substituted 
3-hydroxyl-1 -methyl-4-pyridones, as shown in Fig. 1, 

TABLE 1. pK& VALUES 

No.a> R a pKx pK2 

1 GH, - 0 . 1 7 0 3~743 9.29 
2 H 0 3.07 9.15 
3 GH2OH 0.08b) 3.07 9.07 
4 COO- 0.132 9.03 
5 GH2G1 0.184 3.02 8-88 

a) Numbers correspond to those in Fig. 1. b) Ref. 1. 

t Present address: Prefectural Office of Hiroshima, 
Hiroshima 730. 

and gives the following equation by the least-squares 
method : 

pK2 = 9.13 - I.O60- (r=0.969, 5 = 0.03) 

The reaction constant (jO = 1.06) is apparently smaller 
than that for the proton loss of 6-substituted 3-methoxy-
4-pyridones (p = 4.94).2) In the latter case tautomerism 
produces the 4-pyridinols but since tautomerism does 
not exist in the former, transmission of the substituent 
effect is decreased. 

9.4h 

o 
8.8k 5 

a 

Fig. 1. The Hammett plot of pK% values. 

T h e Hammet t plots of the pX, values gave the equation : 

pKt = 3.17 - 1.160- (r=0.860, 5 = 0.06) 

Although the correlation is not good, the transmission 
of the substituent effect is enhanced by the existence 
of a conjugated double bond, but is considerably 
smaller than that in the 3-methoxy-4-pyridones (j0 = 
3.01).2> 

Halochromism in UV Spectra. T h e U V spectra 
of the 6-substituted 3-hydroxy-l-methyl-4-pyridones 
have been measured in neutral and alkaline solutions. 
The wavelengths and wave numbers are listed in Table 
2 as AHA and vHA for the neutral species and 2.A- and 
vA- for the conjugate bases, respectively. T h e Av 
values are the differences between the vA- and vHA 

values. 
A general relationship between the electronic spectra 

and dissociation constants has been established for 
4-substituted 2-nitrophenols.6) Plots of the Aî* values 
against pK& (=pK2) values give a linear relationship as 
shown in Fig. 2, which is represented by the following 
equation. 

Av = 689pXa - 9399 (r=0.959, 5 = 31) 
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1 

2 

3 

4 

5 

R 

C H 3 
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C H 2 O H 

G O O -

GH2C1 

Kimiaki 

n m 
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284 
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T A B L E 2. 
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35970 

35460 

35340 

35210 

35340 

and Hisashi MATSUMURA 

U V SPECTRAL DATA 

log£HA 

4 . 0 8 

4 .12 

4 .11 

4 . 0 4 

4 .00 

n m 

304 

309 

311 

312 

312 

Conjugate 

VA-

c m _ 1 

32890 

32360 

32150 

32050 

32050 

base 

log eA-

3.96 

3.97 

3.99 

3.90 

3.89 
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Av 

c m - 1 

- 3 0 8 0 

- 3 1 0 0 

- 3 1 9 0 

- 3 1 6 0 

- 3 2 9 0 

a) Numbers correspond to those in Fig. 2. 

TABLE 3. NMR SPECTRAL DATA 

No a> 

1 

2 

3 

4 

5 

R 

GH 3 

H 

C H 2 O H 

G O O H 

CH2C1 

2-H 

7 . 4 3 ( s ) 

7 . 5 9 ( d ) b > 

7 . 7 1 ( s ) 

7 . 8 8 ( s ) 

8.11 ( s ) 

5-H 

6 . 4 0 ( s ) 

6 . 5 8 ( d ) c > 

6 . 8 0 ( s ) 

7 . 1 3 ( s ) 

7.31 ( s ) 

ô 

1-CH3 

3 . 6 1 ( s ) 

3 . 8 2 ( s ) 

3 . 8 9 ( s ) 

3 . 9 8 ( s ) 

4 . 1 4 ( s ) 

Others 

2 . 3 0 ( s ) for 6-GH3 

7.58(dd)d> for 6-H 

e ) 

e ) 

a) Numbers correspond to those in Fig. 3. b) y2 i 6 = 3Hz. c) y5>6 = 7Hz. d) y6>2 = 3Hz andy 6 > 5 = 7Hz. e) 
The ö values for 6-GH2OH and 6-GH2Cl could not be measured accurately because of overlapping with the 
signal of HOD. 
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Fig. 2. The relationship between A? and pK2. 

NMR Spectra. The X H-NMR spectral data in 
deuterium oxide are listed in Table 3. T h e chemical 
shifts of 3-OH could not be determined becasue of 
hydrogen exchange with deuterium in the solvent. The 
chemical shifts of 2-H, 5-H, and 1-CH3 have been 
plotted against the respective op constants (Fig. 3). 
T h e plots have yielded the following equations. 

(52.H = l-78<7 + 7.66 (r=0.937, j = 0.05) 

<55.H = 2.56<7 + 6.73 (r=0.939, 5=0.11) 

<5CH3 - 1.39a + 3.83 (r=0.977, s=0.03) 

From this data the substituents have a stronger effect 
on the chemical shifts of the 5-H proton than on that 
of the 2-H proton. T h e chemical shifts of the 1-CH3 

are less sensitive to the substituent effects than those 
of the 2-H and 5-H protons. Transmission of the 
substituent effects was apparently larger than for the 
4-pyrones.1) 

Fig. 3. The relationships of the chemical shifts with 
a constants. O: <52.H, ©: <55-H, ©: <5CH3-

Exper imenta l 

All the melting points were measured on a Yanagimoto 
micro-melting point apparatus and are uncorrected. The 
IR, UV, and NMR spectra were taken on JASCO IRA-1, 
Hitachi EPS-3T, and Hitachi-Perkin-Elmer R-24 (60 MHz) 
spectrometers, respectively. The pH values were measured 
by a Hitachi-Horiba F-5 pH meter. The püfa values were 
obtained by the method of Albert and Serjeant.7) 

Materials. All the known compounds were prepared 
from kojic acid according to the methods in the literature: 
3-hydroxy-l-methyl-4-pyridone, mp 215—217 °G (lit,8) 212— 
216 °C); l,2-dimethyl-5-hydroxy-4-pyridone, mp 270—274 °G 
(lit,8) 273—274 °G) ; 5-hydroxy-2-hydroxymethyl-l-methyl-4-
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pyridone, mp 220 °C (lit,8) 225—227 °G). 
2-Chloromethyl-5-hydroxy-1-methyl-4-pyridone was obtained by 

the treatment of 5-hydroxy-2-hydroxymethxl-l-methyl-4-
pyridone8) (1.0 g) with thionyl chloride (4.0 ml) at 60— 
70 °G for 30 min. Yield, 0.38 g (34.0%); mp 220—230 °G 
(from methanol-ethyl acetate); IR (KBr): 1628 cm-1. 
Found: G, 48.36; H, 4.87; N, 8.06%. Galcd for G7H8-
C1N02: G, 48.43; H, 4.64; N, 8.07%. 

2-Carboxy-5-hydroxy-1-methyl-4-pyridone was obtained by reac­
tion of comenic acid (1.1 g) with 48% methylamine solu­
tion (2.5 g) at 60—80 °G for 4h . Yield, 0.28 g (23.5%); 
mp 224—230 °G (dec) (from water); IR (KBr): 1630, 
1607cm-1. Found: G, 49.68; H, 4.37; N, 8.27%. Galcd 
for G7H7N04: G, 49.71; H, 4.17; N, 8.28%. 

The authors are grateful to Professor Satoru Yokota 
of Kumamoto Institute of Technology for the supply 
of kojic acid. 
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Volatile and odorous components were isolated from anaerobically or aerobically digested liquid swine 
manure by direct solvent-extraction and flash-distillation under reduced pressure. The concentrations of indole, 
oxindole, dimethylsulfoxide, phenol, and a few carboxylic acids increased, and o-aminoacetophenone decreased 
during digestion. Alkaline components were not so important for the odor. Offensive odor was formed by 
mixing phenols and carboxylic acids. Complete aeration resulted in a remarkable decrease of lower carboxylic 
acids. 

Research on malodor has attracted only few re­
searchers in contrast to studies concerned with flavor 
and perfume, and therefore, it is retarded. In J a p a n 
a piggery is one of the most malodor-evolving sources. 
Measurements have been carried out for ammonia, 
trimethylamine, hydrogen sulfide, methyl mercaptan, 
dimethyl sulfide, etc. which are controlled by the 
Japanese law on malodor, but there are only a few 
studies that have investigated other compounds or 
have considered the nature of the malodor. In research 
on malodor, it is very important and difficult to isolate 
odorous substances from samples effectively. Broadly 
speaking, there are three malodor-evolving sources in 
a piggery, that is, pig itself, solid manure , and liquid 
manure. A series of past studies have been concerned 
with liquid manure which had accumulated, rotted, 
and evolved a strong malodor.1 '2) 

Carboxylic acids and many other compounds have 
already been detected in liquid swine manure by steam 
distillation.1-2) It may be true that some substances 
decompose thermally during steam distillation, although 
it is a very useful method to separate volatile compounds 
from nonvolatiles. In this study direct solvent-extrac­
tion and flash-distillation under reduced pressure were 
used for isolation of odorous compounds in order to 
avoid thermal decomposition. 

This paper deals with the isolation and the identifica­
tion of odorous compounds having a medium or high 
boiling point in liquid swine manure and with the 
change of these odorous compounds under anaerobic 
or aerobic digestion. 

Exper imenta l 

Material and Procedure, Liquid swine manure was col-
lcted from a drain under pigsties near Takezono, Tsukuba 
New Town, Ibaraki Prefecture, at an inlet of a pit. 

Two experiments were carried out. In the first experi­
ment the air-flow rate was adjusted so that liquid manure 
was not digested completely in order that information on 
intermediate changes of some components due to chemical 
or microbial action was obtained. An aim of the second 
experiment was to obtain information on the relative ratio 
of typical odorous components between anaerobic digestion 
and completely aerobic digestion. The latter experimental 

conditions were similar to situation of odor control for liquid 
manure in pigsty. 

In the first experiment the liquid swine manure was 
divided into three parts. One part (2.5 1) was shaken with 
dichloromethane (400 ml) for 15 min and the lower slurry 
containing the organic layer was separated. The other 
two parts (each 2.5 1) were digested at 35 °G for a week 
under bubbling of nitrogen (100 ml/min) or air (100 ml/ 
min) respectively. Then the respective digested liquid 
manure was shaken with dichloromethane (400 ml) for 15 
min, and the lower slurry was separated. Each slurry was 
centrifuged at 10000 rpm for 10 min and the organic layer 
was separated. The extract was fractionated into three 
fractions as described in Fig. 1. 

Extracted Solution 
1.2M HCl (90 ml) 

Aq. Layerf ->0rg. Layer 

-sl> 

57o NaOH 
L__, (90 ml) 

Aq. Layer Org. Layer 
10% NaOH 

Alkaline 
Fraction 

2.AM HCl 

Acidic 
Fraction 

Neutral 
Fraction 

Fig. 1. Fractionation of liquid swine manure extract. 

In the second experiment the liquid swine manure was 
divided into two parts. One part (50 1) was kept in glass 
bottles and digested at 20—25 °G for a week. The liquid 
manure became dark green and the surface was covered 
with a black for my film after a day, so the manure cor­
responded to anaerobic digestion. In the case of anaerobic 
digestion an inert gas such as nitrogen was not passed, 
when the experimental conditions approached the same 
situation where piggery liquid manure was stored in an 
anaerobic situation. The other part (each time 21, total 
181) was aerobically digested by bubbling air at a rate of 
2 1/min in a glass vesel at 20—25 °G for a week and then, 
malodor became very weak. Both parts of the rotten swine 
manure were flash-distilled under reduced pressure by means 
of the apparatus shown in Fig. 2. The receiver was chilled 
with ice, the two traps were cooled with Dry Ice and 
methanol to condense water vapor and volatiles completely, 
and the third trap chilled with liquid nitrogen was used 
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Fig. 2. Apparatus for flash-distillation under reduced 
prssure. 
a, Water-bath; b, magnetic stirrer; c, funnel; d, 
Graham condenser; e, receiver; f, trap. 

to prevent contamination from oil of the vacuum pump. 
The distillate was extracted continuously for 24 h with 
ethyl ether after saturation with sodium chloride. The 
extract was fractionated into three fractions as shown in 
Fig. 1. 

Each fraction in both experiments was evaporated, after 
drying with anhydrous sodium sulfate, by means of a 
Kvrderna-Danish concentrator under atmospheric pressure. 

Gas Chromatography. A Shimadzu Model GG-5A gas 
Chromatograph was used. The flame detectors were operated 
using a hydrogen-flow rate of 50 ml/min and an air-flow 
rate of 0.5 1/min. Thermoconductivity detectors were used 
for the organoleptic tests. For the acidic fraction the gas-
chromatographic conditions were as follows: injector and 
detector temperatures, 250 °G; column, 3 m x 3 m m i.d. 
glass column packed with 2% DEGS + 0.5% H 3 P0 4 on 
60- to 80-mesh, acid-washed, DMGS-treated Ghromosorb 
W; column temperatures, 50 to 190 °G by an increase at 
a rate of 8°G/min; carrier-gas (nitrogen) flow rate, 30 
ml/min at 5 kg/cm2. For alkaline and neutral fractions the 
gas-chromatographic conditions were as follows : injector and 
detector temperatures, 300 °G; column, 3 mX3 mm i.d. glass 
column packed with 2% OV-17 on 60- to 80-mesh, acid-
washed, DMGS-treated Ghromosorb W; column tempera­
tures, 100 to 250 °G with temperature increase of 10 °C/min; 
carrier-gas (nitrogen) flow rate, 30 ml/min at 5 kg/cm2. 

Organoleptic Test for Odor. This test was carried out 
by means of smelling the odor of compounds progressively 
eluted from the outlet of the gas Chromatograph. 

Mass Spectrometry. A JEOL Model JMS-D 100 mass 
spectrometer was connected with a JEOL JGC-20 K gas 
Chromatograph and a JEOL JMA-2000 mass data analysis 
system. The gas-chromatographic conditions were the same 
as above except for the size of the column. The size of 
the column was 3 m X 2 mm i.d. The mass-spectrometric 
conditions were as follows: ion-source temperature, 140 °C; 
ion-source pressure, 1.2X 10~6 Torr; ionizing corrent, 3 x 10~4 

A; ionizing energy, 75 eV; accelerating voltage, 3kV; mass 
range, m\e 10 to 450; scan time, 2.7 s; scan interval, 5 s. 
The mass data analysis procedures were subtraction of the 
background mass spectra, normalization by the most intense 
peak, and a search of mass spectra catalogue. 

R e s u l t s a n d D i s c u s s i o n 

Digested liquid swine manure gave a p H of 8—9 
regardless of anaerobic or aerobic digestion. T h e odors 
from digested liquid manure under anaerobic and 
aerobic conditions were very different each other. 
Though sulfur-containing compounds would be as­

sumed to contribute to the difference of odor, studies 
on sulfur-containing components are in progress and 
the results will be reported at a later date. Many 
odorous compounds were isolated and identified from 
anaerobically stored piggery liquid manure by steam 
distillation/'2) but the odor of the steam-distillate has 
been different from the original odor. T h e reason 
for this is that some compounds are thought to decom­
pose during steam distillation. A direct extraction has 
the benefit of minimizing those losses and decomposition 
and to keep the content ratio of many components 
identical to the original manure . Gentrifuging above 
5000 rpm was very effective for separating the organic 
layer of the slurry formed by shaking liquid manure 
with dichloromethane. T h e odor of the organic layer 
resembled that of the original manure . Typical gas 
chromatograms of fractions in the first experiment are 
shown in Fig. 3 to Fig. 5. The identification of each 
peak in the gas chromatogram was carried out by gas 
chromatography-mass spectrometry and the quantifi­
cation was done by gas chromatography. T h e results 
of identification and quantification of the components 
related to the odor are shown in Table 1. In perform­
ing fractionation, removal of the alkaline fraction did 
not change the odor of the extracted solution, but 
removal of the neutral or acidic fraction, particularly 
the latter fraction, greatly altered the odor. T h e 
organoleptic test showed that the alkaline fraction did 
not contribute so much to the odor of swine liquid 
manure . Of course, ammonia and trimethylamine 
play an important role on the malodor,3) but they 
cannot be detected by the method used in this study. 

Indole and di-2-ethylhexyl phthalate decomposed 
easily, and skatole decomposed slowly under aerobic 
conditions. Indole concentration increased but for 
skatole the concentration hardly changed under anaer­
obic conditions. T h e results show that indole was 
formed from protein or its decomposed products under 

Q U 

( A ) 
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Time (min) 

(B ) 

L^-— 
i i i—r~i—i i "i—i i i 
20 30 

Time (min ) 

Fig. 3. Gas chromatograms of alkaline fractions. 
(A), Raw liquid swine manure; (B), aerobically 
digested liquid swine manure. 
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Fig. 4. Gas chromatograms of acidic fractions. 
(A), Raw liquid swine manure; (B), aerobically digested liquid swine manure. 

(A) 

TABLE 1. IDENTIFICATION AND QUANTIFICATION 

OF VOLATILE AND ODOROUS COMPONENTS1) 

10 20 30 40 50 
Time (min) 

0 10 20 30 40 
Time (min ) 

50 

Fig. 5. Gas chromatograms of neutral fractions. 
(A), Raw liquid swine manure; (B), aerobically 
digested liquid swine manure. 

anaerobic conditions and agreed with the results report­
ed by Spoelstra.4) Oxindole may be supposed to be 
formed from indole by microbial action. Dimethylsul-
fide may also be supposed to change to dimethylsulf-
oxide. Indole, skatole, and dimethylsulfoxide were 
malodorous among neutral components. 

In alkaline fraction, aniline, methylquinazoline, di­
methyl- or ethylquinazoline, isatin, and o-aminoaceto-
phenone were detected. Quinazoline derivatives and 
isatin were assumed to be formed during aerobic 
digestion. o-Aminoacetophenone which existed in 
relatively large quantities at first decreased in the same 
way for both digestion conditions. T h e odor qualities 
of aniline, quinazoline derivatives, and o-aminoaceto-
phenone were significantly less than the odor qualities 
of other components. 

I t has been reported that concentrations of phenol, 

Peak 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

Compound 

Aniline 

o-Aminoacetophenone 

Methylquinazoline 

Dimethyl- or 
ethylquinazoline 

Isatin 

Acetic acid 

Isobutyric acid 

Butyric acid 

Isovaleric acid 

Dimethylsulfoxide 

Valeric acid 

Hexanoic acid 

Phenol 

/»-Cresol 

/>-Ethylphenol 

Benzoic acid 

Pheny lace tic acid 

R a w 
wt/1 

8 . 2 ( i g 

294 jig 

— 

— 

— 

— 

— 

— 

28 (ig 

3 .8 (ig 

3.2(xg 

6 .4 (xg 

1.23 mg 

2 8 . 4 mg 

2.22 mg 

63 (xg 

50 (xg 

3-Phenylpropionic acid 48 (ig 

Oxindole 

o-Methoxyphenol 

Indole 

Skatole 

Di-2-ethylhexyl 
phthalate 

— 

4 .1 (ig 

0.87 mg 

2.05 mg 

0 .24 mg 

Anaerobic 
wt/1 

16 (ig 

20 (ig 

trace 

— 

— 

1.3 (ig 

5 .2 (ig 
8 . 4 (ig 

28 (ig 

32 (ig 
4 . 8 (ig 

9 .2( ig 

2 . 5 m g 

26 mg 

2 .22 mg 

39 (ig 

42 (ig 

27 (ig 

41 (ig 

— 

1.63 mg 

1.89 mg 

0 .14 mg 

Aerobic 
wt/1 

15 (ig 

30 (ig 

16 (ig 

4 . 8 (ig 

3 .0 (ig 

2 .6 (ig 

5 .6 (ig 

5 .2 (ig 

16 (ig 

17|xg 

1.9 (ig 

6 .0 (ig 

0 .44 mg 

16 mg 

2 .08 mg 

48 (ig 

45 (ig 

10 (ig 

7 .6 (ig 

— 

trace 

1.46 mg 

0 .06 mg 

a) These values are not corrected with extraction coef­
ficients. 

jö-cresol, and /j-ethylphenol have increased in anaero-
bically stored piggery wastes.4) The change of phenol 
in this study was identical with the above result. Acetic 
acid, isobutyric acid, and butyric acid were not detect­
ed in raw manure, but they were found at almost the 
same concentrations in both anaerobically and aerobic­
ally digested manure . In this experiment there was 
little difference in contents of carboxylic acids among 
raw, anaerobically digested, and aerobically digested 
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manures. McGill and Jackson5) reported the content 
ratio of carboxylic acids in pig slurry filtrates that 
showed acetic acid as a major component (65.5%). 
This experiment gave different results, but an exact 
comparison was not possible since the above study5) 
did not report quantitative values, but relative values. 
In this experiment the acidic fraction did not have an 
irritating odor such as acetic acid and propionic acid, 
but had a sweaty and putrid odor. This odor was 
a little different from the odor of each carboxylic acid 
such as butyric or isovaleric acid and phenol. The 
organoleptic test showed that G4—G6 carboxylic acids 
and phenylacetic acid were malodorous and that 
phenols had a characteristic odor. However, an of­
fensive odor was strengthened by mixing carboxylic 
acids and phenols and phenols added an adhensive 
nature to the total odor. 

Strong aeration used in the second experiment is 
one of the most useful methods for deodorization. 
Strong malodor from liquid manure almost disap­
peared and the odor attributed to skatole remained 
when air was passed at a rate of 2 1/min for a week. 
A complete digestion under anaerobic conditions needs 
more than two months.4) Gas-chromatographic anal­
ysis is facilitated by removing nonvolatile substances 
from sample. Therefore, a distillation method is very 
convenient, but steam distillation is not so good for 
this purpose. Distillation under reduced pressure, 
although it would be expected to be a useful method, 
was unsuccessful because of the violent frothing of the 
sample. In such a case flash-distillation under reduced 
pressure is very valuable and it was used successfully in 
this experiment. This method is suitable for isolating 
relatively volatile compounds, although it is time con­
suming. Continuous extraction with ethyl ether was 
used in order to avoid an accumulation of impurities 
from the large volume of solvent. 

The gas chromatograms of each fraction were es­
sentially identical. Each peak in the gas chromato­
grams was assigned by gas chromatography-mass 
spectrometry. The quantifications of fractions were 
carried out by gas chromatography and their results 
are shown in Table 2. The quantities of alkaline 
components did not change so much. The odor of 
anaerobically stored manure was attributed to the 
acidic components. T h e odor of indole and skatole 
from the anaerobically stored manure was felt a little, 
but it was fairly strong from aerobically digested 
manure. The aerobically digested manure did not 
exhibit the odor of phenols and carboxylic acids. This 
fact is compatible with the result of quantification. 
In particular, the concentrations of lower carboxylic 

T A B L E 2. QUANTIFICATION OF ODOROUS COMPONENTS 

IN ANAEROBICALLY AND AEROBICALLY DIGESTED 

LIQUID SWINE MANUREA) 

Compound 

Aniline 

o-Aminoacetophenone 

Methylquinazoline 

Dimethyl- or 

ethylquinazoline 

Phenol 

p-Cre$o\ 

/?-Ethylphenol 

Isovaleric acid 

Valeric acid 

2-Methylbutyric acid 

4-Methylpentanoic acid 

Hexanoic acid 

2-Methylpentanoic acid 

4-Methylhexanoic acid 

Heptanoic acid 

Octanoic acid 

a) These values are not 
ficients. 

Anaerobic 
wt/1 

76 fig 

248 (ig 

46 jig 

44 (ig 

3 .6 mg 

29 .2 mg 

3 .8 mg 

60 (ig 

44 (ig 

12 [xg 

54 (ig 

166 (ig 

18 (ig 

92 (ig 

166 (ig 

166 (ig 

corrected with 

Aerobic 
wt/1 

41 ^ig 

129 (ig 

29 (ig 
18 (ig 

0 .79 mg 

0 .85 mg 

0 .55 mg 

— 

— 

4 (ig 

— 

6[^g 

3[xg 

9[^g 
18 (ig 

37 (ig 

recovery coef-

acids decreased or were not detected after aeration. 
As the concentration of the valeric acid did not decrease 
significantly by bubbling nitrogen gas into the aqueous 
solution of the acid, its disappearance during aeration 
would be presumed to be caused by microbial action. 
The function of phenols with regard to odor diminished 
with decreasing carboxylic acids. As indole and skatole 
did not decrease so much and their threshold values 
for odor were very low, the odor of aerobically digested 
manure was dominated by them. 

T h e authors wish to thank Mr. Minoru Kur iyama, 
a hog raiser near Tsukuba New Town, Ibaraki Prefec­
ture, for his offer of liquid swine manure . 
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DL-Validamine and its amino deoxy and deoxy analogs were synthesized as the acetyl derivatives from 
tfWo-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid, the Diels-Alder adduct of acrylic acid and furan. 

In a previous paper2) a report was given on the first 
synthesis of penta-TVjO-acetyl-DL-validamine starting 
from the Diels-Alder adduct of furan with acrylic acid, 
^o-7-oxab icyc lo[2 .2 .1 ]hep t -5 -ene-2-carboxyl ic acid 
(l).3) Acetolysis of tri-0-acetyl-2,3-dihydroxy-6-hy-
droxymethyl-7-oxabicyclo[2.2.1]heptane gave a poor 
yield of the desired intermediate, penta-0-acetyl-( 1,3,5/ 
2,4)-5-hydroxymethyl-l,2,3,4-cyclohexanetetrol(pseudo-
/?-D-glucopyranose),4> since anhydro ring formation 
occurs simultaneously to give a dioxatricyclo com­
pound.5) Thus, bromination of the substituted 2-
hydroxymethyl-7-oxabicyclo[2.2.1]heptane with hydro­
gen bromide in acetic acid has been studied in order 
not only to open the 1,4-anhydro ring, but also to 
introduce a bromine substituent into the cyclohexane 
ring, which can be replaced by an amino function. 
In the present paper, we report on the alternative 
synthesis of acetyl derivatives of DL-validamine and 
its several analogs starting from the substituted bromo-
hydroxymethylcyclohexanes derived from 1. 

Hydrogénation of 1 with palladium black gave endo-
7-oxabicyclo[2.2.1]heptane-2-carboxylic acid (2)3) in 
high yield. This was reduced by lithium aluminum 
hydride (LAH) in tetrahydrofuran (THF) followed by 
acetylation with acetic anhydride in pyridine to give 
<?m/o-2-acetoxymethyl-7-oxabicyclo[2.2.1]heptane (3) as 
a syrup in 8 0 % yield. 

Reaction of 2 with 15 % hydrogen bromide in acetic 
acid in a sealed tube overnight at 85—90 °C resulted 
in cleavage of the 1,4-anhydro ring to give rise to a 
mixture of acetoxybromocyclohexanecarboxylic acids, 
from which crystalline (l,5/2)-2-acetoxy-5-bromocyclo-
hexanecarboxylic acid (4) was isolated in 5 9 % yield. 
In its 1H N M R spectrum, a triplet of doublets at ô 

•A? - A? -J^ 
C00H R C 

1 2 R=COOH 4 R=COOH 
I 3 R = CH2OAc 5 R=CH2Br 

6 R - B r 8 R = Br 10 R = Br 
7 R ^ H 9 R = II 11 R = H 

Scheme 1. 

5.00 having 4.5, 10, and 10 Hz-splittings could be 
ascribed to H-2, in line with the 1,2-trans configuration 
between the acetoxyl and carboxyl groups. Under 
similar reaction conditions, 3 afforded crystalline di-
bromo compound (5) in an isolated yield of 3 5 % . 
In this case, the primary acetoxyl group was replaced 
by a bromide ion in addition to opening the anhydro 
ring. The 1 H N M R spectrum of 5 contained a pattern 
of the signals due to methine protons very similar to 
that of 4. T h e structure of 5 was tentatively assigned 
to (l/2,4)-4-bromo-2-(bromomethyl)cyclohexyl acetate. 

O n the other hand, bromolactonization of 1 pro­
ceeded smoothly to give the bromolactone (6) in 9 1 % 
yield. Reduction of 6 with L A H in T H F followed 
by acetylation gave (?nû?o-2-acetoxy-^/2ûfo-6-acetoxymeth-
yl-6W-3-bromo-7-oxabicyclo[2.2.1]heptane (8) in 8 4 % 
yield. Hydrogenolysis of 8 with Raney nickel in the 
presence of Amberlite IRA-45 (OH~) gave the cor­
responding debromo compound (9) in 9 4 % yield, 
which was also obtained analogously from the lactone 
(7) derived by hydrogenolysis of 6. 

The same treatment of 8 with hydrogen bromide 
in acetic acid gave selectively a single crystalline 
tribromide (10) almost quantitatively. Similarly, 
dibromide (11) was obtained from 9 in 7 5 % yield. 
T h e structures of 10 and 11 were deduced on the 
basis of analytical data and 1H N M R spectroscopy. 
Thus, the XH N M R spectrum of 10 revealed two one-
proton relatively wide triplets coupled with each other 
at ô 4.92 and 5.22, respectively, indicating the presence 
of two acetoxyl groups in vicinal trans positions. These 
were accounted for by opening of the anhydro ring 
at C-4 by a bromide ion, the structure being tenta­
tively assigned to di-0-acetyl-(l,3/2,4,6)-3,4-dibromo-6-
bromomethyl-l,2-cyclohexanediol. In the 1H N M R 
spectrum, 11 showed a triplet of doublets at ô 4.76 
having 3.5, 8.5, and 8.5 Hz-splittings and a doublet 
of doublets at ô 4.96 having 8.5 and 10 Hz-splittings 
attr ibuted to H- l and H-2, respectively. Thus, 11 
was assigned to di-0-acetyl-(l,3,5/2)-5-bromo-3-bromo-
methyl-l,2-cyclohexanediol. 

Accordingly, the 1,4-anhydro ring was cleaved by 
a bromide ion regioselectively in 8 or 9 at the carbon 
atom adjacent to the methylene group, while, in the 
case of 2 and 3, the selectivity appears to decrease, 
somewhat presumably, owing to the stereoelectric 
effects. 

Dideoxyvalidamine and Its Analog. Reduction of 
4 with L A H in T H F followed by acetylation gave 
the corresponding di-O-acetyl-bromohydroxymethyl-
cyclohexanol (12) as a syrup in 4 6 % yield, which, 
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without purification, was treated with sodium azide 
in boiling 9 0 % aqueous 2-methoxyethanol for 2 days 
to give the crude azido compound (13). Its 1H N M R 
spectrum showed a relatively narrow multiplet due 
to the proton attached to the carbon atom bearing 
the azido group, suggesting that the bromine group 
was replaced by an azide ion with inversion of the 
configuration. Compound 13 was hydrogenated with 
Raney nickel followed by acetylation to give crystalline 
tri -N,0- acetyl - ( 1,4/2 ) - 4 -amino-2-hy droxymethyl-1 -cy-
clohexanol (dideoxyvalidamine) (14) in 2 5 % yield. 

The similar treatment of 5 with sodium azide gave 
a syrupy diazido compound (15), which was hydro­
genated and successively acetylated to give tri-iV,0-
acetyl-( l ,4/2)-4-amino-2-aminomethyl-1 - cyclohexanol 
(16) in 3 0 % overall yield. 

Deoxyvalidamine and Its Analog. Compound 11 
was treated with 2 molar equiv. of sodium acetate in 
9 0 % aqueous 2-methoxyethanol at 90 °C overnight 
and then the product was acetylated to give tri-
0-acetyl-(l ,3,5/2)-5-bromo-3-hydroxymethyl-l ,2-cyclo-
hexanediol (17) in 7 8 % yield. T h e XH N M R spectrum 
was compatible with the proposed structure, in which 
only C-7 bromine atom of 11 was replaced by an 
acetoxyl group. Thus, in 17, C-7 methylene signal 
shifted downfield as compared with that of 11. Reac­
tion of 17 with an azide ion gave a syrupy azido com­
pound (18) with inversion of the configuration at C-5, 
which was directly hydrogenated followed by acetyla­
tion to give a crystalline tetra-iV,0-acetyl-( 1,3/2,5)-5-
amino - 3 - hydroxymethyl -1,2 - cyclohexanediol (deoxy­
validamine) (19) in 4 0 % yield. The structure was 
fully supported by the XH N M R spectrum (see Experi­
mental) . 

Analogously, 11 was converted to the diazido com­
pound (20) which was hydrogenated and then acetylat­
ed to give tetra-JV,0-acetyl-(l,3/2,5)-5-amino-3-amino-
methyl-l,2-cyclohexanediol (21) in 5 8 % overall yield. 
Its 1 H N M R spectrum showed a pattern of ring proton 
signals very similar to that of 19. 

Validamine and Its Analog. Treatment of 10 with 
sodium acetate (2 molar equiv.) in 9 0 % aqueous 2-
methoxyethanol at 90 °C for 2 days led to the selective 
displacement at C-7 with an acetate ion affording 
tr i-0-acetyl-( l ,3/2,4,6)-3,4-dibromo-6-hydroxymethyl-
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1,2-cyclohexanediol (22) as the major product in 5 0 % 
yield.6) Similarly, on treatment with sodium azide 
(2 molar equiv.), 10 gave the corresponding 7-azido 
compound (23) in 9 1 % yield. Reaction of 22 with 
excess methanolic sodium methoxide in chloroform 
followed by acetylation gave di-0-acetyl- l ,2-anhydro-
( 1,2,4,6/3)-6-bromo-4-hydroxymethyl-1,2,3-cyclohex-
anetriol (24) in a quantitative yield. The XH N M R 
spectrum revealed a doublet due to H-3 having 9 Hz-
splitting at ô 4.88, which confirmed the assigned struc­
ture of 24, excluding the 2,3-anhydro structure resulting 
from an oxirane ring migration under basic conditions. 
Under the same conditions, 23 gave the corresponding 
epoxide (25) in 7 8 % yield. 

The reaction of 24 with 1.5 molar equiv. sodium 
azide in A^iV-dimethylformamide at 90 °C was monitor­
ed by TLC.7> After 24 had been consumed in 2.5 h, 
one major component was formed together with four 
minor components. Separation of the mixture by 
column chromatography gave the epoxy azide (26) 
in 3 0 % yield as a homogeneous syrup. In its 1H 
N M R spectrum, the signal due to proton on a carbon 
atom attached to the azido group appeared as a doublet 
of doublets having 3 and 9.5 Hz-splittings at ô 4.19. 
Lack of a coupling between H- l and H-6 suggests 
that the azido group is located in the trans position 
to the adjacent anhydro ring. Hydrogénation of 26 
with Raney nickel in methanol containing acetic an­
hydride gave the epoxy amide (28) which, without 
purification, was successively treated with boiling 8 0 % 
aqueous acetic acid followed by acetylation to give a 
crystalline penta-iV,0-acetyl-( 1,3,4/2,6)-4-amino-6-hy­
droxymethyl-1,2,3-cyclohexanetriol (validamine) (30) 
in 3 0 % yield. The compound was identical with 
an authentic sample8) except for an optical activity. 
The anhydro ring in 28 seems to be cleaved at C-l 
preferentially by an anchimeric assistance of the 
neighboring acetamido group, giving rise to the triol 
with the desired configuration. 

By an analogous sequence of reactions (27-»29-H> 
31), the 7-amino-7-deoxy analog (31) of validamine 
was prepared in an overall yield of 2 1 % . T h e struc­
ture was supported by comparison of its 1 H N M R 
spectrum with that of 30. 
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E x p e r i m e n t a l 

Unless otherwise noted, melting points were determined 
on a Mi t amura Riken micro hot stage and are uncorrected. 
Solutions were evaporated under reduced pressure at 40— 
50 °C. 1 H N M R spectra were measured at 60 M H z on a 
Var ian A-60D spectrometer in deuteriochloroform (CDG13) 
or dimethyl-rf6 sulfoxide (DMSO-d6) with reference to tetra-
methylsilane as an internal s tandard, the peak positions 
being given in <5-values. Values given for chemical shifts 
and coupling constants are of first-order. T L C was per­
formed on silica gel (Wakogel B-10, Wako Pure Chemical 
Industries, Ltd.) using a mixture of butanone and toluene 
as an eluent. Column chromatography was carried out on 
Wakogel C-200. 

endo-2-Acetoxymelhyl-7-oxabicyclo[2.2.1]heptane (3). T o 
a solution of the acid (2)3> (6.0 g) prepared by catalytic 
reduction of éwio-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxylic 
acid (l)2 b) in tetrahydrofuran (THF) (100 ml) was added 
a slurry of l i thium a luminum hydride (LAH) (2.1 g) in 
T H F (20 ml) , and the mixture was stirred at an ambient 
temperature for 4 h. A mixture of T H F (4.2 ml) and water 
(4.2 ml) was added to the reaction mixture and it was left 
to stand overnight. A white solid was removed by filtra­
tion and washed with hot T H F (20 ml). The filtrate and 
washings were combined and evaporated to give a colorless 
syrup (5.4 g) , whose T L C showed a single spot in bu t anone -
toluene ( 1 : 1 , v/v). A 2.3 g-portion of this syrup was 
treated with acetic anhydride (10 ml) in pyridine (20 ml) 
overnight at an ambient temperature . The reaction mixture 
was evaporated to dryness and the residue was dissolved 
in ethyl acetate and washed with 0.5 M hydrochloric acid, 
aqueous saturated sodium hydrogencarbonate solution, and 
water , successively. The solution was dried over anhydrous 
sodium sulfate and then evaporated to give 3 (2.7 g, 89%) 
as a homogeneous syrup. 

Found : C, 63.60; H , 8.20% Calcd for C 9 H 1 4 0 3 : C, 
63 .51 ; H , 8 .29%. 

Trea tment of the alcohol with p-nitrobenzoyl chloride in 
pyridine at 70 °C for 30 min gave a crystalline p-mtvo-
benzoate. An analytical sample was obtained by recrystal-
lization of the crude product from ethanol, mp 104—105 
°C. 

Found : C, 60.79; H , 5 .61 ; N , 5.12%. Calcd for C1 4H1 5-
N 0 5 : C, 60.65; H , 5.45; N, 5 .05%. 

( 1,5/2) -2-Acetoxy-5-bromocyclohexanecarboxylic Acid (4). 
A mixture of 23> (0.2 g) and 15% hydrogen bromide in 
acetic acid (2 ml) was heated at 80—85 °C in a sealed 
tube for 17 h, the reaction mixture being then poured into 
ice-water (40 ml) . The resulting gum was collected by 
décantation and dissolved in chloroform. The solution was 
washed with water, dried, and evaporated to give a partially 
crystalline product . Recrystallization from ethanol-hexane 
gave 4 (0.23 g, 59%,): m p 156—158 ° C ; XH N M R (CDCLJ 
ô 1.23—2.90 (7H, m, H-1 and the six methylene protons), 
2.02 (3H, s, OAc) , 3.97 (1H, tt, y 4 a* ,5=y 5 , 6e ( 1 =l l Hz , 
Jie<l,5^J5,6efl = ^5Uz, H-5) , 5.00 (1H, td, J1<2=J2l3aii = 
10 Hz , y 2 i 3 e q = 4 . 5 H z , H-2) , 9.35 (1H, s, C O O H ) . 

Found : C, 40 .51; H , 4.77; Br, 30 .45%. Calcd for C9-
H 1 3 0 4 B r : C, 40.78; H , 4.94; Br, 30.14%. 

(1 j2,4)-4-Bromo-2-(bromomethyl)cyclohexyl Acetate (5). 
Compound 3 (1.6 g) was treated with hydrogen bromide 

in acetic acid in the same way as for 4. The reaction 
mixture was poured into ice-water and extracted with 
chloroform, and the extracts were processed in the usual 
manner . The crude product was crystallized from ethanol 

to give 5 (1.03 g, 3 5 % ) : m p 110.5—112 °C; XH N M R 
(GDG18) ô 1.23—2.90 (7H, m, H-2 and the six ring 
methylene protons), 2.05 (3H, s, OAc) , 3.32—3.45 (2H, 
m, CH 2 Br) , 3.99 (1H, tt, y 3 a x , 4 = 7 4 , 5 a x - l l Hz , J 3 e q , 4 -
y4 i 5 e ( 1 = 4 . 5 H z , H-4) , 4.77 (1H, td, A i = . / i . t « = 1 0 H z , 
y l l 6 e 4 = 4 . 5 H z , H-1) . 

Found : C, 34.37; H , 4.48; Br, 5 1 . 1 1 % . Calcd for C„-
H 1 4 0 2 Br 2 : C, 34.42; H , 4.49; Br, 50.89%. 

exo-9-Bromo-2,7-dioxabicyclo[4.2.1' .0i>6'\nonan-3-one (6). 
Compound l3) (10 g) was dissolved in water (300 ml) 
containing sodium hydrogencarbonate (7.2 g). Bromine (4 
ml) was added dropwise to this solution under vigorous 
agitation. After completion of the addition, the mixture 
was stirred for 1 h, and precipitates were collected by filt­
ration and washed with water thoroughly. Recrystallization 
of the crude product from ethyl acetate gave 6 (14.2 g, 
91%) as prisms: m p 155—156 °C ; XH N M R (DMSO-rf6) 
Ô 2.00—2.29 (2H, m, C-5 methylene), 2.69 (1H, m, H-4), 
4.37 (1H, s, H-9) , 4.75 (1H, m, H-6) , 4.95 (1H, d, 
y l l 8 = 5 H z , H-1) , 5.53 (1H, t, y4 > 8 = 5 H z , H-8) . 

Found : C, 38.11; H , 3.26; Br, 36.34%. Calcd for C7-
H 7 O a Br : C, 38.39; H , 3.22; Br, 36.48%. 

2,7-Dioxabicyclo[4.2.1.0i'8]nonan-3-one (7). A solution 
of 6 (1.1 g) in ethyl acetate (20 ml) was hydrogenated in 
the presence of Raney nickel T-49) and Amberlite IR-45 
( O H - ) (7.5 ml) in the initial hydrogen pressure of 3.4 kg-
cm~2 at an ambient temperature overnight. T h e catalyst 
and resin were removed by filtration and the filtrate was 
evaporated. T h e residue was crystallized from ethyl aceta te-
hexane to give 7 (0.46 g, 65%) as needles: m p 85.5—87 
°C; *H N M R (CDC13) ô 1.42—2.46 (4H, m, C-5 and 
C-9 methylene), 2.71 (1H, broad five-line peak, Jn,wv,a0= 
4.5 Hz , y 4 i 5 e x o = 8 . 5 H z , H-4) , 4.65—4.92 (2H, m, H-1 and 
H-6) , 5.31 (1H, t, 7x ,8=y4, 8 = 5 H z , H-8) . 

Found : C, 60.20; H , 5.82%. Calcd for C 7 H 8 O a : C, 
60.00; H , 5 .75%. 

endo -2-Acetoxy-endo-6-acetoxymethyl-exo-3-bromo-7-oxabicyclo-
[2.2.7]heptane (8). T o an ice-cooled solution of 6 (10 
g) in T H F (250 ml) was added dropwise a slurry of L A H 
(2 g) in T H F (30 ml) with vigorous agitation. The reaction 
mixture was stirred at an ambient temperature for 3 h 
and worked up in the usual manner to give a syrup, 
which was directly acetylated by the conventional method. 
T h e product was crystallized from ethyl acetate-hexane to 
give 8 (11.7 g, 83.5%) as colorless needles: mp 61—62 °C ; 
m N M R (CDCLJ ô 1.35 (1H, dd, J5gem= 12.5 Hz , J5end0,6 = 
5.5 Hz , H-5endo), 1.63—2.79 (2H, m, K-5exo and H-6), 
2.02 (3H, s) and 2.06 (3H, s) (OAc), 3.85 (1H, d, y2 > 3 = 
3 Hz , H-3) , 4.19 (1H, dd) and 4.32 (1H, dd) ( y 6 i 7 = y 6 t j , = 
3 Hz , y7ffeTO = 7 H z , CH 2 OAc) , 4.61 (1H, d, y 4 l 5 M O = 6 H z , 
H-4) , 4.65 (1H, t, y l i 2 = 5 H z , H-1), 5.36 (1H, broad dd, 
H-2) . 

Found : C, 42.88; H , 4.82; Br, 26.14%. Calcd for C u -
H 1 5 O s Br: C, 43.12; H , 4 .92; Br, 26.02%. 

endo - 2 - Acetoxy-ç.ndo-6-acetoxymethyl-7-oxabicyclo [2.2. T\heptane 
(9). a) A solution of 8 (10 g) in ethyl acetate (20 
ml) was hydrogenated with Raney nickel and Amberlite 
IR-45 (OH~) in the same way as for 7. The product was 
crystallized from ethyl acetate-hexane to give 9 (7 g, 94%) 
as needles: m p 48—49 ° C ; XH N M R (CDC13) ô 1.12—1.51 
(2H, m, H-3endo and H-5endo), 2.02 (6H, s, two OAc) , 
1.67—2.66 (3H, m, HSexo, H-5exo, and H-6), 4.21—4.67 
(4H, m, H - 1 , H-4, and CH 2 OAc) , 5.04 (1H, m, H-2) . 

Found : C, 57.67; H , 6 . 9 1 % . Calcd for G n H 1 6 0 , : C, 
57.88; H , 7.06%. 

b) Compound 9 was also prepared, in 5 2 % yield, by 
reduction of 7 with L A H in T H F as in the preparation 
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of 8. 
The di-/>-nitrobenzoate was prepared by the usual method. 

An analytical sample crystallized from ethanol melted at 
206 °G. 

Found: C, 57.11; H , 4.27; N, 6 .19%. Calcd for C21-
H 1 8 N 2 0 9 : C, 57.02; H , 4.10; N , 6 .33%. 

Di-O-acetyl- (1,312,4,6) -3,4-dibromo-6-bromomethyl-1,2-cyclo-
hexanediol (10). Compound 8 (1.6 g) was treated with 
hydrogen bromide in acetic acid in the same way as for 4. 
Recrystallization of a crude crystalline product (2.2 g) gave 
10 (1.75 g, 74%) as prisms: m p 153—154 ° C ; XH N M R 
(GDG13) <5 1.79—2.85 (3H, m, G-5 methylene and H-6) , 
2.04 (3H, s) and 2.08 (3H, s) (OAc), 3.22 ( I H , dd, 7 6 i 7 = 
3.5 Hz, y 7 , e m = 1 0 H z , H-7), 3.45 ( I H , dd, y , l 7 ' = 1.5 Hz , 
H-7'), 4.02 ( I H , m, H-4) , 4.10 ( I H , t, y 2 i 3 = y 3 i 4 = 9 Hz , 
H-3), 4.92 ( I H , t, y 1 > 2 = y 1 > 6 = 9 H z , H - l ) , 5.22 ( I H , t, 
H-2). 

Found: G, 29.22; H , 3.33; Br, 52 .96%. Calcd for C n -
H 1 5 0 4 Br 3 : C, 29.30; H , 3.35; Br, 53 .16%. 

Di-O-acetyl-(1,3,5/2)-5-bromo-3-bromomethyl-1,2-cyclohexanediol 
(11). Compound 9 (1 g) was treated with hydrogen 
bromide in acetic acid in the same way as for 4. T h e 
crude product was recrystallized from ethanol to give 11 
(1.2 g, 7 5 % ) : m p 136—137 ° C ; XH N M R (CDC13) Ô 1.63 
—2.8Ô (5H, m, H-3 , and C-4 and C-6 methylene), 2.01 
(3H, s) and 2.05 (3H, s) (OAc), 3.26—3.40 (2H, m, 
CH2Br), 4.00 ( I H , nine-line peak, H-5) , 4.76 ( I H , td, 
yi ,2=y1 ,6ax = 8 .5Hz , y l i 6 e q = 3 .5Hz , H - l ) , 4.96 ( I H , dd, 
7 2 i 3 = 1 0 H z , H-2) . 

Found: C, 35.50; H , 4.27; Br, 43 .07%. Calcd for C n -
H 1 6 0 4 Br 2 : C, 35.51; H , 4 .33; Br, 42 .95%. 

Tri - N , O - acetyl - (7,4/2)-4-amino-2-hydroxymethyl-1 -cyclohexanol 
(14). T o a solution of 4 (0.53 g) in T H F (10 ml) 
was added a suspension of L A H (0.09 g) in T H F (6 ml) 
at 0 °C, and the reaction mixture was stirred at an ambient 
temperature for 1.5 h, and then worked up in the usual 
manner. T h e syrupy product was acetylated and purified 
by chromatography on silica gel with chloroform to give 
di-O-acetyl- ( 1 /2,4) -4-bromo - 2 - hydroxymethyl-1 -cyclohexanol 
(12) (0.27 g, 46%) as a homogeneous syrup; XH N M R 
(CDC13) Ô 1.19—2.57 (7H, m, H-2, and C-3, C-4, and 
C-5 methylene), 2.03 (3H, s) and 2.06 (3H, s) (OAc), 
4.00 ( I H , tt, y 3 a x , 4 = y 4 , 5 a x = 1 3 H z , y 3 e ( 1 , 4 =y 4 , 5 e ( 1 = 4 . 5 H z , 
H-4), 4.01 (2H, d, CH 2 OAc) , 4.65 ( I H , td, JXt^=Jlt^ = 
4 H z , H - l ) . 

A mixture of crude 12 (0.21 g), sodium azide (0.2 g), 
and 90% aqueous 2-methoxyethanol (10 ml) was heated at 
reflux for 45 h, and then evaporated to dryness. T h e res­
idue was directly acetylated in the usual manner and the 
product was purified by chromatography on alumina with 
chloroform to give di-O-acetyl-(1,4/2)-4-azido-2-hydroxy-
methyl-1-cyclohexanol (13) as a homogeneous syrup: XH 
N M R (GDGI3) ô 1.45—2.41 (7H, m, H-2, and C-3, C-5, 
and C-6 methylene), 2.04 (6H, s, two OAc) , 3.76—3.99 
( IH , m, H-4) , 3.96—4.11 (2H, m, CH 2 OAc) , 4.65 ( I H , 
td, A 2 = y i , 6 a x = 1 0 H z , ; l i 6 e 4 = 4 . 5 H z , H - l ) . 

A solution of crude 13 (0.16 g) in ethanol (6 ml) was 
hydrogenated with Raney nickel at an ambient temperature 
overnight. T h e product was acetylated in the usual manner . 
Recrystallization of the crude product from ethanol-ether 
gave 14 (0.043 g, 25%) as needles: m p 111—112.5 ° C ; XH 
N M R (CDCI3) Ô 1.19—2.21 (7H, m, H-2, and C-3, C-5, 
and C-6 methylene), 1.99 (3H, s, NAc), 2.05 (6H, s, two 
OAc), 3.88—4.26 (3H, m, H-4 and CH 2 NHAc) , 4.73 ( I H , 
td, y 1 , , = J i . . a x = 8 .5Hz , y l l 6 e q = 4 . 5 H z , H - l ) , 5.73 ( I H , d, 
J = 6 Hz, N H ) . 

Found: C, 57.23; H , 7.58; N, 5.29%. Calcd for C13-

H 2 1 N 0 5 : C, 57.55; H , 7.80; N , 5.16%. 
Tri - N , 0 -acetyl- (1,4/2)-4-amino-2-aminomethyl-l-cyclohexanol 

(16). A mixture of 5 (0.47 g) , sodium azide (0.59 g) , 
and 9 0 % aqueous 2-methoxyethanol (15 ml) was heated at 
110°C for 17h , and then evaporated to dryness. T h e res­
idue was acetylated in the usual manner and the product 
was purified by chromatography on alumina to give (1,4/ 
2)-4-azido-2-(azidomethyl)cyclohexyl acetate (15) as a homo­
geneous syrup: *H N M R (CDC13) «5 1.21—2.41 (7H, m, 
H-2, and C-3, C-5, and C-6 methylene), 2.06 (3H, s, OAc) , 
3.32 (2H, d, 7 = 4 . 5 Hz , CH 2 N 3 ) , 3.78—3.96 ( I H , m, H-4) , 
4.95 ( I H , td, 7 i ,2=7i ,6ax = 9 .5Hz , 71>6e<1 = 5 H z , H - l ) . 

Crude 15 was hydrogenated in ethanol with Raney nickel 
as in the case of crude 13. T h e product was acetylated 
in the usual manner . Recrystallization of the crude product 
from ethanol gave 16 (0.12 g, 3 0 % based on 5 used) as 
needles: m p 189—190 °C; XH N M R (CDC13) 6 1.10—2.38 
(7H, m, H - l , and C-3, C-5, and C-6 methylene), 1.97 (6H, 
s, two NAc) , 2.06 (3H, s, OAc) , 2.83—3.72 (2H, m, CH„-
N H A c ) . 

Found : C, 57.53; H , 8.12; N, 10.12%. Calcd for C13-
H 2 2 N 2 0 4 : C, 57.76; H , 8.20; N , 10.36%. 

Tetra-N,0-acetyl- (1,3/2,5) -5-amino-3-hydroxyrnethyl-l ,2-cyclo­
hexanediol (19). A mixture of 11 (1.86 g), anhydrous 
sodium acetate (1.23 g) , and 9 0 % aqueous 2-methoxyethanol 
(35 ml) was heated at 90 °C with stirring overnight. The 
reaction mixture was evaporated and the residue was ex­
tracted with hot chloroform (50 ml) . The extracts were 
passed through a short a lumina column and then evaporated 
to give tr i-0-acetyl-( l ,3,5/2)-5-bromo-3-hydroxymethyl-l ,2-
cyclohexanediol (17) (1.37 g, 78%) as a homogeneous syrup: 
m N M R (GDGI3) «5 1.62—2.87 (5H, m, H-3 , and C-6 
methylene), 2.01 (3H, s), 2.03 (3H, s), and 2.06 (3H, s) 
(OAc), 3.75—4.27 (3H, m, H-5 and CH 2 OAc) , 4.76 ( I H , 
td, A a = 7 i , , a x = 9 .5Hz , 7 1 ) 6 e ( 1 = 5 H z , H - l ) , 4.96 ( I H , t, 
7 2 > 3 = 9 .5Hz , H-2) . 

A mixture of crude 17 (1.05 g), sodium azide (0.6 g), 
and 9 0 % aqueous 2-methoxyethanol (30 ml) was refluxed 
for 20 h. The reaction mixture was evaporated and acetyl­
ated in the usual manner . T h e product was purified by 
chromatography on alumina to give tri-0-acetyl-( 1,3/2,5) -5-
azido-3-hydroxymethyl-l,2-cyclohexanediol (18) (1.05 g) as 
a homogeneous syrup: 1U N M R (CDC13) ô 1.52—2.57 
(5H, m, H - 3 , and C-4 and C-6 methylene), 1.99 (3H, s) 
and 2.03 (6H, s) (OAc), 3.72—4.28 (3H, m, H-5 and 
CH 2 OAc) , 4.72—5.25 (2H, m, H- l and H-2) . 

Compound 18 (1.0 g) was hydrogenated in ethanol (20 
ml) containing acetic anhydride (0.5 ml) with Raney nickel 
in the same way as for 7. The product was crystallized 
from ether to give 19 (0.37 g, 4 0 % based on 17 used) as 
needles: m p 193—194 ° C ; XH N M R (CDC13) ô 1.49—2.48 
(5H, m, H-3 , and C-4 and C-6 methylene), 1.99 (6H, s), 
2.02 (3H, s), and 2.03 (3H, s) (OAc), 3.88 ( I H , dd, 
y7 f l e m = 11 .5Hz, 7 3 > 7 = 4 . 5 H z , H-7) , 4.15 ( I H , dd, J3tl,=4 
Hz, H-7 ' ) , 4.28 ( I H , m, H-5) , 4.88 ( I H , t, Jlti=J2t3 = 9 
Hz, H-2) , 4.97 ( I H , td, 7 l i 6 a x = 9 Hz , 71>6e<1 = 3 Hz , H - l ) , 
6.38 ( I H , d, 7 5 , N H = 7 H Z , N H ) . 

Found : C, 55.00; H , 7 .01; N , 4 .27%. Calcd for C15-
H 2 3 N 0 7 : C, 54.70; H , 7.04; N, 4 .25%. 

Tetra - N , 0 -acetyl- (1,3/2,5) - 5-amino-3-aminomethyl-1,2-cyclo­
hexanediol (21). A mixture of 11 (0.74 g), sodium 
azide (0.78 g), and 9 0 % aqueous iV,iV-dimethylformamide 
(20 ml) was heated at 125 °C for 20 h. T h e reaction 
mixture was processed by the usual method and the syrupy 
product was purified by alumina column to give di-0-acetyl-
(l,3/2,5)-5-azido-3-azidomethyl-l,2-cyclohexanediol (20) (0.61 
g> 97%) as a homogeneous syrup. The compound was di-
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rectly hydrogenated as in the case of 18 and the product 
was crystallized from ethanol to give 21 (0.39 g, 59%) as 
needles: m p 236—237 °G (capil) ; *H N M R (DMSO-dG) Ô 
1.36—2.46 (5H, m, H-3 , and C-4 and C-6 methylene), 1.88 
(3H, s) and 1.92 (3H, s) (NAc), 2.02 (3H, s) and 2.08 
(3H, s) (OAc), 3.2—3.56 (2H, m, CH 2 NHAc) , 4.08—4.39 
(1H, m, H-5) , 4.85 (1H, t, y l i a = A 8 = 9 .5Hz , H-2) , 5.22 
(1H, td, A 6 a x = 9 .5Hz , A 6 e q = 5 H z , H - l ) , 7.93 (1H, t, 
A N H = J 7 ' , N H = 5 . 5 H Z , G H 2 N H A C ) , 8.27 (1H, d, J 5 , N H = 

6.5 Hz, GHNHAc) . 

Found : G, 54.63; H , 7.28; N , 8.54%. Galcd for G15-
H 2 4 N 2 0 6 : C, 54.87; H , 7.37; N , 8.53%,. 

Tri-O-acetyl- (1,3/2,4,6) -3,4-dibromo-6-hydroxymethyl-1,2-cyclo-
hexanediol (22). A mixture of 10 (9.0 g), anhydrous 
sodium acetate (4.9 g), and 9 0 % aqueous 2-methoxyethanol 
(100 ml) was heated at 90 °G for two days. The reaction 
mixture was worked up by the usual method and the 
product was directly acetylated. T L G indicated the forma­
tion of one major and three minor components. Crystal­
lization of the mixture from ethanol gave the main product, 
22 (4.3 g, 50%o) as prisms: m p 128—129 °G; 1H N M R 
(GDG13) ô 1.77—2.71 (3H, m, H-6 and G-5 methylene), 
2.01 (3H, s) and 2.06 (6H, s) (OAc), 3.74—4.26 (4H, m, 
H-3 , H-4, and GH 2 OAc) , 4.91 (1H, dd, J l i 2 = 9 H z , y l t 6 = 
10 Hz , H - l ) , 5.20 (1H, t, J 2 , 3 = 1 0 H z , H-2) . 

Found : G, 36.42; H , 4.17; Br, 37.65%,. Galcd far C13-
H 1 8 0 6 B r 2 : G, 36.30; H , 4.22; Br, 37.16%. 

Di-O -acetyl- (1,3/2,4,6) -6-azidomethyl-3,4-dibromo-1,2-cyclo-
hexanediol (23). A mixture of 10 (4.5 g), sodium azide 
(1.95 g), and 9 0 % aqueous 2-methoxyethanol (60 ml) was 
heated at 95 °G for 90 min. The reaction mixture was 
worked up by the usual method. The product was recry-
stallized from ethanol to give 23 (3.8 g, 91%) as needles: 
m p 114—115 °G; 1H N M R (GDG13) ô 1.71—2.73 (3H, m, 
H-6 and G-5 methylene), 2.04 (3H, s) and 2.07 (3H, s) 
(OAc), 3.18 (1H, dd, J7gem=\\Hz, J 6 , 7 = 3 .5Hz , H-7), 
3.44 (1H, dd, J 6 , 7 ' = 2 H z , H-7 ' ) , 3.94—4.18 (2H, m, H-3 
and H-4) , 4.86 (1H, t, Jlt2=JltG=lO Hz , H - l ) , 5.19 (1H, 
t, J 2 , 3 = 1 0 H z , H-2) . 

Found : G, 32.08; H , 3.68; N , 10.26; Br, 38.78%,. Galcd 
for C n H 1 5 N 3 0 4 B r 2 : G, 31.99; H , 3.66; N , 10.17; Br, 
38.69%,. 

Di-O-acetyl- 1,2 - anhydro- ( 1,2,4,6 /3 ) -6-bromo-4-hydroxymethyl-
1,2,3-cyclohexanetriol (24). T o a solution of 22 (2.15 g) 
in methanol (20 ml) was added 1 M-methanolic sodium 
methoxide (10 ml, 2 molar equiv.) and the mixture was 
stirred at an ambient temperature for 3 h. The solution 
was neutralized with 1 M-hydrochloric acid and then evap­
orated to dryness. The residue was treated with acetic 
anhydride (5 ml) and pyridine (10 ml) overnight. The 
product was purified by a lumina column to give a syrup 
which crystallized spontaneously to give 24 (1.5 g, 98%) 
as prisms: m p 58—59.5 °G; *H N M R (GDG13) ô 1.54—2.19 
(3H, m, H-4 and G-5 methylene), 2.05 (3H, s) and 2.11 
(3H, s) (OAc), 3.26 (1H, d, J l i 2 = 3 .5Hz , H-2) , 3.52 (1H, 
broad d, y l i 6 = 2 H z , H - l ) , 3.90—4.02 (2H, m, CH 2 OAc) , 
4.37 (1H, eight-line peak, J^i6=J5eq,6 = 6 Hz , H-6) , 4.88 
(1H, d, J3 ,4 = 9 H z , H-3) . 

Found : G, 42.92; H , 4.90; Br, 26.12%. Galcd for C u -
H 1 5 O s Br : G, 43.02; H , 4.92; Br, 26.02%. 

O -Acetyl-1,2-anhydro- (1,2,4,6/3 )-4-azidomethy1-6-bromo-1,2,3-
cyclohexanetriol (25). T o a solution of 23 (3.3 g) in 
methanol (30 ml) was added 1 M-methanolic sodium 
methoxide (16 ml, 2 molar equiv.) and the mixture was 
left to stand at an ambient temperature for 5 h. The 
reaction mixture was processed as in the preparat ion of 24. 
The product was chromatographed on silica gel (85 g) with 

butanone-toluene (1 : 12, v/v) as an eluent to give 25 
(1.82 g, 78%) as a homogeneous syrup: XH N M R (GDG13) 
ô 1.56—2.19 (3H, m, H-4 and G-5 methylene), 2.13 (3H, 
s, OAc) , 3.20—3.35 (3H, m, H-2 and CH 2 N 3 ) , 3.51 (1H, 
broad q, A 2 = 4 H z , J 1 > 6 = 2 H z , H - l ) , 4.36 (1H, eight-
line peak, J 5 a x , 6 = l l H z , J 5 e q , 6 = 6 H z , H-6) , 4.84 (1H, 
broad d, J 3 , 4 = 9 H z , H-3) . 

Found : G, 37.19; H , 4.14; N, 14.41; Br, 27.27%. Galcd 
for G 9 H 1 2 N 3 0 3 Br: G, 37.26; H , 4.17; N , 14.48; Br, 27.54%. 

Di-O-acetyl-1,2-anhydro-(1,2,4/3,6)-6-azido-4-hydroxymethyl-
1,2,3-cyclohexanetriol (26). A mixture of 24 (0.92 g), 
sodium azide (0.59 g), and iV,iV-dimethylformamide (15 ml) 
was heated at 90 °G for 2.5 h. T L G indicated the forma­
tion of one major component, together with 24 and three 
minor components. The reaction mixture was processed 
by the usual method and the product was purified in the 
same way as for 25 to give the main product , 26 (0.25 g, 
31%) as a homogeneous syrup: XH N M R (GDG13) ô 1.51 
—2.55 (3H, m, H-4 and C-5 methylene), 2.05 (3H, s) and 
2.12 (3H, s) (OAc), 3.10 (1H, d, J l i 2 = 3 H z , H-2), 3.23 
(1H, t, A 6 = 3 H z , H - l ) , 3.94—4.01 (2H, m, GH 2 OAc), 
4.19 (1H, broad q, J5^,Q=J5eq,6 = 3 Hz , H-6) , 4.87 (1H, 
d, J 3 , 4 = 9 .5Hz , H-3) . 

Found : G, 48.83; H , 5.56; N, 15.37%. Galcd for G n -
H 1 5 N 3 0 5 : G, 49.07; H , 5.62; N, 15 .61%. 

Penta-TSl,0- acetyl- (1,3,4/2,6) -4 - amino-6-hydroxymeihyl-1,2,3-
cyclohexanetriol (validamine) (30). A solution of 26 
(0.47 g) in methanol (14 ml) containing acetic anhydride 
(0.5 ml) was hydrogenated in the presence of Raney nickel 
as in the preparat ion of 7 to give a crude syrup of tri-
iV,0-acetyl-l ,2-anhydro-( 1,2,4/3,6)-6-amino-4-hydroxymethyl-
1,2,3-cyclohexanetriol (28). The compound was treated with 
refluxing 8 0 % aqueous acetic acid (10 ml) for 13 h and 
the reaction mixture was evaporated to dryness. The res­
idue was acetylated in the usual manner and the product 
was crystallized from ethanol to give 30 (0.2 g, 30%) as 
prisms: m p 197—198°G. The compound was identified 
with an authentic active sample8) by comparison of XH 
N M R (CDC13) and I R spectra. 

Penta-N,0- acetyl- (1,3,4/2,6) -4-amino-6-aminomethyl-1,2,3-
cyclohexanetriol (31). A mixture of (0.87 g), sodium 
azide (0.59 g), and iV^iV-dimethylformamide (15 ml) was 
heated at 90 °G for 2 h. T L G indicated the formation of 
one major and five minor components. The products were 
fractionated by silica gel column (50 g) with bu tanone-
toluene (1 : 12, v/v) as an eluent. The major fraction gave 
0-acetyl-l ,2-anhydro-(l ,2,4/3,6)-6-azido-4-azidomethyl-l ,2,3-
cyclohexanetriol (27) (0.37 g, 50%) as a homogeneous syrup: 
m N M R (CDCI3) ô 1.48—2.30 (3H, m, H-6 and C-5 
methylene), 2.14 (3H, s, OAc) , 3.09 (1H, d, 7^2 = 3 . 5 ^ , 
H-2) , 3.17—3.55 (3H, m, H- l and GH 2N 3 ) , 4.19 (1H, q, 
A 6 = y 5 a X , 6 = / 5 e q , 6 = 2 .5Hz , H-6), 4.83 (1H, d, y3 > 4 = 9.5 
Hz , H-3). Gompound 27 decomposed on being left to 
stand at an ambient temperature , no satisfactory analytical 
da ta being obtained. Thus, crude 27 was directly used in 
the next step. 

A solution of 27 (0.34 g) in methanol containing acetic 
anhydride (0.5 ml) was hydrogenated with Raney nickel 
in the same way as for 7, and the reduction product was 
treated with aqueous acetic acid as in the preparation of 
30. The acetylated product was crystallized from ethanol-
ether to give 31 (0.11 g, 21%) as needles: m p 246—248 
°G; XH N M R (CDC13) ô 1.41—2.38 (3H, m, H-6 and 
G-5 methylene), 2.01 (6H, s, two NAc), 2.03 (3H, s) 2.17 
(3H, s), and 2.19 (3H, s) (OAc), 2.66—3.11 (1H, m) and 
3.41—3.88 (1H, m) (GH 2 NHAc) , 4.35—4.76 (1H, m, H-4), 
4.78 (1H, t, A 2 = J i , 6 = 9 .5Hz , H - l ) , 4.91 (1H, dd, J 2 , 3 = 
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9.5 Hz, J 3 , 4 = 4 H z , H-3) , 5.30 ( I H , t, H-2) , 6.00—6.28 
(2H, broad d, two N H ) . 

Found: G, 52.52; H , 6.65; N , 7 .18%. Galcd for C17-
H 2 8 N 2 0 8 : G, 52.84; H , 6.78; N , 7 .25%. 

T h e a u t h o r s express t h e i r s incere t h a n k s to M r . 
S a b u r o N a k a d a for his e l e m e n t a r y ana lyses . 
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High performance liquid chromatographic analyses of individual bile acids (cholic, chenodeoxycholic, 
deoxycholic, and lithocholic acids), free and conjugated with glycine and taurine, are described. The 
analyses of the free and glycine-conjugated bile acids are based on the esterification of the car boxy 1 group 
of bile acids with 0-(/?-nitrobenzyl)-iV,iV-diisopropylisourea(PNBDI). T h e bile acids in the biological samples 
were extracted by an Amberlite XAD-2 column, and separated by DEAE-Sepharose CL-6B into free, glycine-
and taurine-conjugated bile acids. After separation, the free and glycine-conjugated bile acids were directly 
esterified with PNBDI . Taurine-conjugated bile acids are unable to be esterified with PNBDI, the bile acids 
were hydrolyzed with N a O H to produce the free bile acids, and then esterified. T h e jfr-nitrobenzyl ester of 
bile acids has a characteristic ultraviolet absorption. Consequently the compounds were separated into the 
individual bile acids by high performance liquid chromatography, and detected by an UV-dctcctor. An 
analysis of the individual bile acids in h u m a n bile is given for an example. 

D e s p i t e t h e progress in g a s - c h r o m a t o g r a p h i c ana lys is 
for t h e e s t i m a t i o n of free b i l e acids,1»2) i n d i v i d u a l 
c o n j u g a t e d b i l e ac ids c a n n o t b e s e p a r a t e d b y th is 
m e t h o d . M o r e o v e r , t h e p r e p a r a t i o n of s a m p l e s for 
g a s - c h r o m a t o g r a p h y is c o m p l i c a t e d , i n c u r r i n g dif­
ficulties b o t h in prec i s ion a n d a c c u r a c y . A m e t h o d 
h a s b e e n d e v e l o p e d us ing h i g h p e r f o r m a n c e l i q u i d 
c h r o m a t o g r a p h y 3 ) to g ive d a t a o n c o n j u g a t e d as we l l 
as free b i le ac ids in c l in ica l m e d i c i n e . 

T h e j&-nitrobenzyl esters of g l y c i n e - c o n j u g a t e d a n d 
free b i le ac ids possess c h a r a c t e r i s t i c u l t r av io l e t a b s o r p ­
t ion s p e c t r a , a n d b a s e d o n this a n a t t e m p t to a p p l y 
th is spec ia l q u a l i t y for t h e ana lys i s of these b i l e ac ids 
h a s b e e n c o n d u c t e d . T a u r i n e - c o n j u g a t e d bi le ac ids 
h a v e b e e n s e p a r a t e d f rom free a n d g l y c i n e - c o n j u g a t e d 
bi le ac ids b y a n i o n e x c h a n g e c o l u m n - c h r o m a t o g r a p h y 
w i t h D E A E - S e p h a r o s e C L - 6 B . After co l lec t ion of t h e 
t a u r i n e - c o n j u g a t e d b i le ac ids , hydro lys i s w i t h N a O H 
a t 120 ° C , es ter i f icat ion w a s c o n d u c t e d w i t h P N B D I 
as wel l as t h e free a n d g l y c i n e - c o n j u g a t e d b i l e ac ids . 

E x p e r i m e n t a l 

Apparatus. A Var ian LG 8500 liquid Chromatograph 
was used throughout this work and fitted with an U V 
detector ( JASGO U V I D E G 100), and a gradient elution 
accessory. A juBondapak C18 column, commercially available 
from Waters Associates, was used for the analysis of the 
j!>-nitrobenzyl esters of bile acids. 

Materials. The bile acids were obtained from Sigma, 
Galbiochem, and K a t a y a m a Kagaku Kogyo. PNBDI was 
obtained from Regis Chem. Amberlite XAD-2 and Am­
berlyst A-15 from R o h m and Haas . Amberlite XAD-2 was 
washed with methanol , acetone, and water. Amberlyst A-15 
was thoroughly washed with 2 M N a O H in 70% aqueous 
ethanol and followed by 7 0 % ethanol until the elutant was 
neutral . I t was subsequently washed with 2 M H C l in 
7 0 % ethanol and followed by 7 0 % ethanol until the 
elutant was again neutral . DEAE-Sepharose GL-6B was 
made into the acetic form with acetic acid in 7 0 % ethanol. 

Procedure. Figure 1 outlines the analytical procedure. 
T h e mixture of 12 each individual bile acids (1 mg) , free, 
glycine and taurine-conjugated, was dissolved in 0.1 M 
N a O H (10 ml) in saline and the solution agitated ultra-

sonically for 15 min. T h e solution was then applied to the 
column of Amberli te XAD-24) in water (1.0 g). T h e 
sample was allowed to flow through the column (100 mm/ 
5 m m i.d.) at a rate of about 0.2 ml/min. T h e column 
was then washed with water until neutal and the bile acids 
eluted with methanol (30 ml) . T h e elutant was then 
evaporated to dryness in vacuo at 50 °G, and the residue 
dissolved in 7 2 % ethanol (30 ml) . This was filtered 
through a column of Amberlyst A-15 in the H + form 
which removed interfering cations. T h e effluent from the 
column was passed through a column of DEAE-Sepharose 
GL-6B in the acetate form. Free bile acids passed directly 
through this column and were recovered in the first frac­
tion (A). Glycine-conjugated and a small amount of the 
free bile acids were eluted with 0.1 M acetic acid in 72% 
ethanol (B). The taurine-conjugated bile acids were eluted 
with 0.15 M ammonium acetate (pH 6.6) in 7 2 % ethanol 
(C). T h e separation was quantitative with minimal overlap 
between groups. T h e fractions were taken to near dryness 
on a rotary evaporator. 

Fractions A and B were dissolved in 0.1 M N a O H (10 
ml) in saline. T h e mixture of fraction A and B was 
allowed to flow through the column XAD-2 and after 
elution with methanol (30 ml) , the elutant was evaporated 
to dryness. T h e residue was dissolved in water (10 ml) , 
and the solution passed over a column of CM-Cellulose 
(1.0 g) in order to obtain the free acid from sodium salt. 
T h e flask used in the evaporation was washed subsequently 
with water (10 ml) , ethanol (2 ml) and water (10 ml), and 
then each fraction passed through the column. T h e final 
volume of collected elutant was 30 ml. T h e solution was 
evaporated to dryness in vacuo. 

Fraction C was dissolved in 7 .5% N a O H (15 ml) , and 
then hydrolyzed in a sealed tube at 120 °G for 4 h, since 
taurine-conjugated bile acids are unable to be esterified 
with PNBDI . After the hydrolysis, the hydrolysate was 
directly applied to the column of XAD-2, and the bile 
acids extracted with methanol (30 ml) . After evaporation 
of the extract, the residue was dissolved in water (10 ml), 
and passed through a column of CM-Cellulose. The 
elutant was collected and evaporated to dryness. The 
bile acids in the mixture of fraction A and B, and the 
bile acids in fraction C were esterified with PNBDI in t-
butyl alcohol (1 ml) for 24 h at room-temperature, as shown 
in Fig. 2. 

The bile acid derivatives were treated with 0.1 M HCl 
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PROCEDURE 

Sample 
dilute 10 fold with 0. IM NaOH in saline 
ultrasonication for 15 min. 

Amberlite XAD-2 column 
extract with methanol 
evaporate to dryness 
dissolve in 72%ethanol 

Amberlyst À-I5 column ( H+form ) 

DEAE-Sepharose CL-6B column ( Acetate form ) 

filtrate 

(A) 

extract with 0. IM acetic acid 
in 72%ethanol 

evaporate to dryness 
dilute 10 hold with 0. IM NaOH 
in saline 

Amberlite XAD-2 column 
extract with methanol 
evaporate to dryness 

CM-Cellulöse column 
| evaporate to dryness 

Esterification with O-(p-nitrobenzyl)-
N, N'-diisopropylisourea in t-butyl alcohol 
for 24 h at room temperature 

HPLC 

extract with 0.I5M ammonium acetate 
in 72%ethanol ( pH6.6 ) 

( C ) 
evaporate to dryness 
dissolve in 7.5% NaOH 

Hydrolysis at I2(fc for 4 h (autoclaving) 
Amberlite XAD-2 column 

extract with methanol 
evaporate to dryness 

CM-Cellulose column 
| evaporate to dryness 

Esterification with O-(p-nitrobenzyl)-
N, N -diisopropylisourea in t-butyl alcohol 
for 24 h at room temperature 

HPLC 

Free and Glycine-conjugated bile acids Taurine-conjugated bile acids 

Fig. 1. The outline of analytical procedure of bile acids. 

and water, and then analyzed by high performance liquid 
chromatography. 

Operating Conditions. The conditions are shown in 
Table 1. The sample was injected with a microsyringe. 

O ^NCH (CH3)2 9 

CH20-C • H O - C - R -
NNHCH (CH3)2 

R e s u l t s a n d D i s c u s s i o n 

High Performance Liquid Chromatographic Analysis of Bile 

Acids. T h e h i g h p e r f o r m a n c e l i q u i d c h r o m a t o ­

g r a p h i c s e p a r a t i o n of t h e ^ - n i t r o b e n z y l esters of t h e 
i n d i v i d u a l free a n d g l y c i n e - c o n j u g a t e d b i le ac ids is 
s h o w n in F ig . 3 . T h e q u a n t i t y of e a c h b i le a c i d w a s 

°2*-çy 
/NHCH (CH3)2 

C H , - 0 ~ C - R + 0 = C 
XNHCH (CH3)2 

Fig. 2. T h e esterification reaction of bile acids with 
PNBDI. 

TABLE 1. OPERATING CONDITIONS OF HIGH PERFORMANCE 

LIQUID CHROMATOGRAPHY FOR THE DETERMINATION 

OF BILE ACIDS 

Instrument 

Column 

Mobile phase 

Flow rate 

Temperature 

Detector 

Pressure 

Recorder 

Initial b % 

Gradient b % 

Varian L C 8500 
/jBondapak G18 30 cm X 3 .9 m m i.d. 

Solvent A K H 2 P 0 4 (0.01 M) : 
Methanol 1:1 

Solvent B K H 2 P 0 4 (0.01 M) : 
Methanol 1:4 

60 ml/h 

ambient 

J A S C O U V 1 D E C 100 U V 0 .02 2 5 4 n m 

1250 psi 

10 m V 2 .5 mm/min 

6 5 % 0—80 min 

0 . 4 % / m i n 80 min—final 

120 

Time (min) 

Fig. 3. High performance l iquid-chromatographic sep­
aration of individual free and glycine-conjugated bile 
acids. 
Bile acids 
1. glycocholic acid GG 
2. glycochenodeoxycholic acid GGDG 
3. glycodeoxycholic acid GDG 
4. cholic acid G 
5. glycolithocholic acid GLG 
6. chenodeoxycholic acid GDG 
7. deoxycholic acid DG 
8. lithocholic acid LG 
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6 pig. E a c h p e a k w a s ident i f ied b y t h e a d d i t i o n of 
t h e />-ni t robenzyl ester of e a c h a u t h e n t i c b i le ac id 
respec t ive ly . T h e s e p a r a t i o n b e t w e e n deoxycho l i c ac id 
a n d c h e n o d e o x y c h o l i c a c i d h o w e v e r w a s n o t sufficient. 

High Performance Liquid Chromatographic Analysis of 

Bile Acids in Human Bile. Bile (1 m l ) , o b t a i n e d 

b y a u t o p s y f rom a p a t i e n t w i t h o b s t r u c t i v e j a u n d i c e 
d u e to c a n c e r of p a n c r e a s h e a d , w a s used in th is expe r i ­
m e n t . F i g u r e 4 shows t h e c h r o m a t o g r a m of t h e free 
a n d g l y c i n e - c o n j u g a t e d b i le ac ids in b i le . T h e p e a k s 
w e r e ident i f ied b y t h e r e t e n t i o n t imes . F i g u r e 5 shows 
t h e c h r o m a t o g r a m of t a u r i n e - c o n j u g a t e d b i le ac ids in 
h u m a n b i le . S ince t a u r i n e - c o n j u g a t e d b i le ac ids w e r e 
h y d r o l y z e d , e a c h p e a k of t h e t a u r i n e - c o n j u g a t e d bi le 
a c id a p p e a r s as t h e p e a k of t h e c o r r e s p o n d i n g free bi le 
ac id . T h e c o n c e n t r a t i o n of i n d i v i d u a l b i le ac ids in 
h u m a n b i le is s h o w n in T a b l e 2 . T h e to t a l b i le ac id 
c o n c e n t r a t i o n in b i le w a s 14.64 fxM/ml, free 3 .74 [xM/ 
m l , g l y c i n e - c o n j u g a t e d 8.08 [xM/ml, t a u r i n e - c o n j u g a t e d 
2 .82 [xM/ml . A c c o r d i n g l y g lyc ine - a n d t a u r i n e - c o n ­
j u g a t e d b i le ac ids o c c u p i e d 7 4 % of t h e t o t a l b i le ac id 
in th is h u m a n b i le . T h e r a t i o of g l y c i n e - c o n j u g a t e d 
b i le a c id to t a u r i n e - c o n j u g a t e d b i le a c i d ( G / T ) w a s 2 .78 . 

T h e a b b r e v i a t i o n s of i n d i v i d u a l t a u r i n e - c o n j u g a t e d 
b i le ac ids a r e expressed as fol lows: 

taurcholic acid (TG) 

taurochenodeoxycholic acid (TGDG) 

taurodeoxycholic acid (TDG) 

taurolithocholic acid (TLG) 

C + G C + T C 

CDC-f G C D C - f T C D C 
= 1.46 

w 
lh 2h 3h 

Fig. 4. High performance l iquid-chromatographic anal­
ysis of free and glycine-conjugated bile acids in hu­
man bile. 

W 
CDC 

lh 2h 3h 

Fig. 5. High performance l iquid-chromatographic anal­
ysis of taurine-conjugated bile acid in h u m a n bile. 

T A B L E 2. BILE ACID IN BILE OF A PATIENT WITH 

OBSTRUCTIVE JAUNDICE DUE TO PANCREAS 

H E A D CANCER 

Concentration in bile 
(i.M/ml 

GG 

GGDG 

T G 

TGDG 

G 

GDG 

Total 

4 . 9 3 

3.15 

8 .08 

1.89 

0 .93 

2 .82 

1.86 

1.88 

~3774~ 

14.64 

^ 0 .99 
GDG 

GG + TG 

G C D C + T C D C 

Conjugated 

Tota l 

GG 

G C D C 

1.67 

0 .74 

1.57 
T C 

T C D C 

C + G C + T C 

2.03 

CDC + G C D C + T C D C 

G 

1.46 

2.78 

Signi f icant ly it m e a n s in obs t ruc t ive j a u n d i c e t h a t 

G + G C + T G 

CDC + G C D C + T C D C 

is g r e a t e r t h a n 1.0. 

C o n c l u s i o n 

T h e p r o c e d u r e s de sc r ibed h e r e m a k e possible t h e 
i n d i v i d u a l s e p a r a t i o n of t h e c o n j u g a t e d a n d free bi le 
ac ids . H o w e v e r , i n o r d e r to c o m p l e t e t h e s e p a r a t i o n 
b e t w e e n D C a n d C D C in free bi le ac ids , i t is necessary 
to e x a m i n e t h e c o n d i t i o n s of t h e m o b i l e p h a s e a n d 
c o l u m n . T h e inves t iga t ion for t h e m i c r o - d e t e r m i n a ­
t i o n of i n d i v i d u a l b i le ac ids is in p rogress . 

T h e d e v e l o p m e n t of t h e q u a n t i t a t i v e analysis of 
i n d i v i d u a l c o n j u g a t e d a n d free b i le ac ids b y h i g h 
p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h y m a y e x t e n d t h e 
v a l u e of b i le a c id s tudies in t h e c l in ica l inves t iga t ion 
of h e p a t o b i l i a r y disease. 

R e f e r e n c e s 

1) D . H . Sandberg, J . Sjövall, K. Sjövall, and D. A. 
Turner , J. Lipid Res., 6, 182 (1965). 

2) J . Roovers, E. Evrard , and H . Vanderhaeghe, Clin. 
Chim. Acta, 19, 449 (1968). 

3) S. Okuyama, D. Uemura , and Y. Hira ta , Chem. Lett., 
1976, 679. 

4) I. Makino and J . Sjövall, Anal. Lett., 5, 341 (1972). 



January, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 5 2 ( 1 ) , 1 2 7 — 1 3 4 (1979) 127 

Synthetic Studies of Laurencin and Related Compounds. IV.1} Synthesis 
of c/s-2-Ethyl-8-formyl-3,4,7,8-dihydro-2fi-oxocin-3-one 3-Ethylene 

Acetal and Related Compounds 
Tadashi MASAMUNE,* Hajime MATSUE, and Hisashi MURASE 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received May 11, 1978) 

The synthesis of m-2-ethyl-8-formyl-3, 4, 7, 8-dihydro-2//-oxocin-3-one and its derivatives, key intermedi­
ates for synthesis of laurencin, from methyl 2-ethyl-2,5-dihydro-2-furoates is described. The structure and 
configuration of these compounds and the synthetic intermediates are defined clearly on the basis of the 
chemical and spectral evidence. 

Laurencin2) (1) and related compounds are a group 
of naturally occurring halogeno compounds with 
(a) medium-sized ether ring(s) as well as an enyne 
moiety, and the structure and configuration have been 
established well.3) In recent communications1 '4) we 
reported the synthesis of the title compound (2) and its 
transformation into (±)-laurencin. T h e present paper 
describes details of the synthesis of the key intermediate 
(2) and related compounds. 

\ I «XSCHJI 

"CHO 

<J; 

conditions (room temp, p H 5, 2 d ) . Total basic 
products were treated with acetic anhydride in pyri­
dine and then purified by chromatography, giving 
a 3:2:1 mixture of the relevant oxaazabicyclononanones 
(4a, 4b , and 4c) in 7 .8% yield from 6. Further puri­
fication by column chromatography and subsequent 
preparative T L C effected isolation of each stereo­
isomer (4a), mp 76—78 °C, (4b), oil, and (4c), oil, in 
2.2, 0.4, and 0 .2% yields, respectively. In accordance 
with the assigned (planar) structure, each compound 
had the same molecular formula C 1 3 H 2 1 0 4 N, and dis­
played ester and ketone carbonyl bands near 1730 and 
1710 c m - 1 and the same fragmentation peaks at mje 
225 (M+), 196, 138, 111, and 110 in the I R and mass 
spectra. T h e configuration in question of these bi-
cyclononanones was elucidated on the basis of the 
N M R spectra, which are summarized in Table 1 with 
those of the related compounds, 2-(acetoxymethyl)-
oxaazabicyclononanones (7a and 7b) {cf., Experi­
mental) . 

"C 2 H, 

C2H5 

3 a eis 
3 b trans 

The synthesis of m-2-ethyl-8-formylhydrooxocinone 
ethylene acetal (2) and related compounds was carried 
out in an analogous manner to that of the corre­
sponding eis- and ^r<2^-2,8-diethylhydrooxocinones5) 
(3a and 3b) , and hence required preparation of 4-ethyl-
2-formyl-9-methyl-3 - oxa - 9 - azabiocyclo [3.3.1] nonan-7-
ones or their synthetic equivalents, e.g., 2-acetoxymeth-
yl-4-ethyloxaazabicyclononanones (4). These relevant 
intermediates were finally prepared by the Robinson-
Schöpf condensation as described below. 

The Birch reduction of 5-ethyl-2-furoic acid followed 
by esterification produced a 1:1 mixture of methyl 
eis- and frß72J--5-ethyl-2,5-dihydro-2-furoates6) (5), 
which were reduced with lithium aluminium hydride 
to give the corresponding alcohols (6) in good yield. 
The alcohols (6) were submitted to ozonolysis at — 70 °G 
in methanol, and the resulting dialdehyde mixture 
was immediately treated with methylamine and ace-
tonedicarboxylic acid under the Robinson-Schöpf 

CoH, 

4a 
4b 
4c 
7a 
7a' 
7b 
7b' 
8 
9a 
9b 

R1 = • • • C2H5, 
R i - . - C A , 

R2=.. .CH2OAc 
R2=--CHoOAc 

R ! = H , R2=.. .CH2OAc 
R ! = H , R 2 =. . .CH 2 OH 
R ! = H , R 2 = — CH2OAc 
R! = H, R 2 =— CH2OH 
R! = R2 = H 
Ri = R3 = ...G2H5 

Ri=.. .G,HB , R 2 = - C2H5 

R = COOCH3 

(eis and trans) 
R = CH2OH 
(eis and trans) 

As shown in Table 1, all compounds (4a—4c, 7a 
and 7b) revealed the following coupling constants; 

A 8 a = y 5 , 6 a = 6 H Z a n d Jl, 8e=Jo, 6 e - 0 H z . T h e s e 

constants indicated that the dihedral angles between 
the proton at Cx (G5) and the equatorial and axial 
protons at G8 (G6) would be about 90 and 30°, res­
pectively. Judging from these values as well as the 
previous result,5 '7) the piperidone ring would exist as 
a slightly deformed chair form. O n the other hand, 
the coupling constants Jli2e, Jh2&, J5Ae, and J5A& were 
small for these compounds. Such constants were 
also observed in the N M R spectra of several 3-oxabi-



128 Tadashi MASAMUNE, Hajimc MATSUE, and Hisashi MURASE [Vol. 52, No. 1 

cyclo[3.3.1]nonane derivatives,8) which also adopt 
a double-chair conformation. T h e spectral similarity 
between these compounds, coupled with our previous 
result on the conformation of 9-methyl-9-aza-3-oxa-
bicyclo[3.3.1]nonan-7-one (8) and its 2,5-diethyl 
derivatives5^ (9a and 9b) , indicated that all the com­
pounds would probably take a double-chair conform­
ation. This assignment was confirmed by the X-ray 
crystallographic analysis of 2-acetoxymethyl-4-ethyl-
oxaazabicyclononanone (4a),9) one of the most impor­
tant key compound; namely, in spite of the presence 
of 2,4-diaxial substitutents, the compound (4a) exists 
in the double-chair conformation, as illustrated in 
Fig. 1. 

Fig. 1. 

Stereochemistry of the substituent (s) at G3 and/or 
G4 in compounds 4b , 4c, 7a, and 7b was deduced 
from the chemical shift and signal pat tern of the ethyl 
methylene and acetoxy methyl methylene protons. 
Signals due to the acetoxymethyl methylene protons 
of 4a, 4b , and 7a were very similar each other; two 
double doublets (one with J= 11 and 5—6 Hz and 
another with y = l l and 7.5—8 Hz, cf, Table 1) ap­
peared at Ô 4.38 and 4.18, at «5 4.69 and 4.22, and at 

ô 4.68 and 4.23, respectively. To the contrary, the 
corresponding protons of 4c and 7b were observed as 
broad singlets at higher field, ô 4.00 and 3.98, respective­
ly. The striking difference in chemical shift and split­
ting pattern indicates that the acetoxymethyl methylene 
protons of the former three oxaazabicyclononanones 
(4a, 4b , and 7a) are disposed 1,3-diaxially with the 
nitrogen lone pair electrons10) and free rotation of the 
acetoxymethyl group would be hindered. T h e same 
discussion holds for the ethyl groups of compounds 
4a—4c, 9a, and 9 b ; absorption peaks due to the ethyl 
methylene protons of 4a, 4c, and 9a were observed 
at lower field than ô 1.58, while those of 4b and 9b 
at higher field than ô 1.40. In summary, all the 
compounds in Table 1 are represented by the respec­
tive assigned configurations and conformations, which 
would be interpreted well as the result of interaction 
between the ether oxygen and carbonyl carbon atoms.11) 

Treatment of m-2-acetoxymethyl-4-ethyloxaazabi-
cyclononanone (4a) with tosylhydrazine in acidic 
tetrahydrofuran under reflux arid then with methyl-
lithium in benzene and ether12) produced olefinic 
alcohols (10), which were converted into a crystalline 
mixture of methiodides (11a and l i b ) in good yield. 
T h e methiodides, when eluted through Amberlite 
IRA-400 and then heated at 60—80 °G, underwent 
the Hofmann elimination with concurrent facile 1,5-
sigmatropic hydrogen transfer to give a mixture of 
dienamines (12a and 12b). The dienamine mixture, 
without isolation, was hydrolyzed in 7% fluoroboric 
acid under reflux to yield a mixture of keto alcohols 
(13a and 13b), which were purified by column chro­
matography to give 13a and 13b in pure state in 32 

T A B L E 1. T H E N M R SPECTRA OF 9 - M E T H Y L - 3 - O X A - 9 - A Z A B I C Y C L O [ 3 . 3 . l]NONAN-7-ONEsa) 

Proton 

Chemical shifts (<5)b> 

Compounds J 

Coupling constans (Hz)c>d) 

Compounds 

4a 4b 4c 7a 7b 4a 4b 4c 7a 7b 

H, 
H5 

H2e 

H4e 

H2a 

H4a 

Hce 

H8e 

Hfio 

3.12 br d 
3.06 d 
3.69 br do 
3.39 t 

2.18 
2.18 
2.80 do d 

CH3CH2 1.70 qui 

3.06 br d 
2.99 m 
3.83 br do 

3.80 br m 
2.23 d 
2.17 d 
2.55 do d 

1.38 m 

3.10 br 
3.04 br 

d — 
3.56 do 
4.00 m 

.19 d 

.19 d 

.75 do 

3.08 br 
3.08 br 
3.80 do 
3.51 d 

4.03 br 
2.20 d 
2.20 d 
2.53 do 

3.10 br 
3.10 br 

,78 br 
.98 m 
.89 br 
.16 br 
.24 br 
,72 do 

1.58 

J1,26 

Jb,ie 

J 1,2a 

Ja,ia. 

J1,86 

J5,6Q 

Jl,sa. 

J5,6a 

1.5 
0.0 

0.0 
0.0 
6.0 
6.0 
8 

5 
7 

0.5 

1.0 
0.5 
1.5 
6.0 
6.0 

0.5 
1.0 

0.0 
0.0 
6.0 
6.0 

small 

0.0 
0.0 

2.0 
0.0 
0.0 
6.0 
6.0 
8 

0.5 
0.5 
1.0 
0.0 
0.0 
6.0 
6.0 

small 

CH2OAc 4.38 do d 4.69 do d 4.68 do d 
4.00 br s 3.98 br s 

4.18 do d 4.22 do d 4.23 do d 

a) The spectra were measured in CDC13 at 100 MHz, and the abbreviations "H2 e and Jlt2t>" refer to "equatorial 
proton at C2 and coupling constant between Hx and H2e ," respectively. b) The chemical shifts of N-CH3 

(s), acetoxyl methyl (s) and ethyl methyl protons (t, / = 6.5—7.0Hz) fell within ô 2.49—2.61, 2.02—2.05, 
and 0.85—0.93, respectively, c) The coupling constans were estimated by first-order approximations, d) The 
geminal couplings followed as: y6a ,6b and / 8 a , 8 e were 15—16 Hz for all compounds, y4a,4o H—11.5 Hz for 7a 
and 7b, and JAB (CHAHBOAc) 11 Hz for 4a, 4b, and 7a, respectively. 
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and 1 3 % yields (from the total methiodides), respec­
tively. The structure of these ketones was assigned 
on the basis of the spectral data. 

CoH3 
CHoOAc Coll-. 

11a 

,11b 

CH?.0Ac 

A7 

A" 

(CH02N 
+ 

( / ^ C H 2 0 H \ _ 0 ^ ^-CHoOH 

CoHr. C ?H5 

12a 12b 

Compound 13a, G1 0H1 6O3 [MS, m je 184 (M+)], 
exhibited absorption maxima at 294 nm (e 147, sh), 
303 (173), 312 (161), and 323 (84, sh) with enhanced 
intensity due to the n-zz* transition, characteristic 
for /^/-unsaturated carbonyl chromophores, and those 
at 3480 (OH) , 1720 (G=0) , and 1645 (G=G) cm" 1 

in the U V and I R spectra, respectively. Compound 
13b also displayed essentially the same mass, U V , and 
IR spectra as 13a, indicating both the compounds to 
be isomers. The N M R spectra, coupled with the 
spin decoupling studies, provided definite evidence 
for disposition of the carbonyl groups in both the 
compounds (13a and 13b). In the spectrum of 13a, 
a double doublet (J=5 and 7 Hz) at 6 3.82 [G2H5-
C H ( O ) - ] was simplified to a singlet on irradiation 
at 6 1.70 (CH 3 CH 2 - ) , but remained unchanged on 
that near 6 2.3 ( -CH 2 CH=CH-) . O n the other 
hand, a double double doublet (J=2, 6, and 12 Hz) 
at 6 3.40 [ C 2 H 5 C H ( 0 ) - ] in the spectrum of 13b was 
collapsed to a broad doublet C / = 6 Hz) and to a double 
doublet (J=6 and 12 Hz) on irradiation at (5 1.62 
(CH 3 CH 2 - ) and near 6 2.3 ( -CH 2 CH=CH-) , res­
pectively. The result reveals the presence of partial 

formulas C 2 H 5 C H ( - 0 - ) C ( = 0 ) - and C 2 H 5 C H - 0 -
C H 2 C H = C H - in 13a and 13b, respectively, confirm­
ing the assigned structures. 

13a 
15a 
13c 
14a 
14b 

A ( ^ \ 
o^y^ 

R1 

R ^ - W , R2 = 
Ri=.. .C aHB , R 2 -
R '=- -C 2 H 5 , R2 = 
Ri = R2=...C2H5 

R ^ . . . C 2 H 5 , R 2 = . 

—CH2OH 
—CH2OAc 
. .CH 2 OH 

—C2H5 

CT 
\ — 0 %CH20R 

C2II, 

13b R = H 
15b R = Ac 

Repetition of the aforementioned sequence on a 
2:2:1 mixture of the oxaazabicyclononanones (4a, 
4b, and 4c), free from pure 4a, led to formation of a 
mixture of /?,y-unsaturated ketones, from which com­
pounds 13a and 13b and a new compound (13c) were 
isolated in 6, 3, and 2 % yields, respectively. The 
compound (13c) revealed essentially the same mass, 
UV, and I R spectra as 13a, and also exhibited two 

characteristic double doublets (one with J =14 and 
4 Hz and another with 7 = 1 4 and 2 Hz) at 6 3.08 and 
3.44 in the N M R spectrum. These signals are corre­
sponding to the following peaks due to the C4-protons 
of 13a, eis- and /ra/2.y-2,8-diethyltetrahydrooxocins5) 

14a and 14b: 13a, 6 2.82 and 3.86 (each 7 = 1 2 and 
6 H z ) ; 14a, 6 2.77 and 3.82 (each 7 = 1 3 and 6 Hz) ; 
14b, 6 2.93 and 3.52 ( 7 = 1 6 , 3 and 16, 2 Hz).5) T h e 
spectral similarity indicated that the new compound 
(13c) would be a stereoisomer of 13a. Indeed, com­
pound 13c was converted by treatment with base under 
mild conditions into 13a quantitatively. T h e low 
yields of these unsaturated ketones would result from 
difficult separation of the products and also incomplete 
1,5-hydrogen transfer in aminodienes (to dienamines 
corresponding to 12 derived from the trans-oxaaza­
bicyclononanones (4b and 4c). 

Before proceeding with the synthesis, we examined 
the stereochemistry of reduction of the carbonyl group 
of the tetrahydrooxocinones. Compound 13a was 
converted into the acetate (15a), which on treatment 
with sodium borohydride gave hydroxy acetate (16) 
in 6 0 % yield as an isolable main product. T h e com­
pound (16) showed a double doublet (J=12 and 8 Hz) 
at 6 2.62 in the N M R spectrum, which was attributed 
to one of the C4-protons. In view of the different 
signal pat tern due to the corresponding proton of 
laurencin (1) (6 3.2, do do d, 7 = 3 , 7, and 13 Hz),2) 
the alcohol (16) was suggested to possess all eis-con-
figuration concerning the substituents at C2, C3, and G8. 
In order to ascertain this assignment, the isomeric 
a>-2-hydroxymethyl-8-ethyltetrahydrooxocinone (13b) 
was likewise converted into the acetate (15b) and 
then reduced with the hydride reagent to give a 
1:1 mixture of new hydroxy acetates (17a and 17b), 
which could be isolated by column chromatography. 
T h e N M R spectrum of more polar alcohol (17b) 
revealed two characteristic peaks at 6 2.81 (do do d, 
7 = 3 , 7, and 13 Hz) and 3.80 (do t, 7 = 9 , 3, and 
3 Hz) , which were ascribed to one of the C4-protons 
and a proton on the carbon (G3) bearing the hydroxyl 
group, respectively. These absorption patterns were 
practically the same as those of the corresponding 
protons (do do d, J=3, 7, and 13 Hz, and do t, J= 
9, 3, and 3 Hz)2) of laurencin (1). O n the other hand, 
the relevant proton at C4 of less polar alcohol (17a) 
appeared at 6 2.64 as a double doublet ( 7 = 1 2 and 
8 Hz) in the spectrum. All these splitting patterns, 
combined with the previous result [the C4-proton 
in question of two reduction products, major (18a) 
and minor (18b), from cù-diethyltetrahydrooxocinone 
(14a) [6 2.63 (do d, 7 = 8 and 12 Hz) for 18a, and 
6 2.82 (do do d, 7 = 3 , 7, and 13 Hz) for 18b]5) indicate 
that all-cis assignment to the three substituents at 

A_ -, 
HO V ° R 

R1 

= CH2OAc, 3a-OH 
18a R ^ R ^ G A , 3a-OH 
18b R 1 - R 2 - C 2 H 5 , 3^-OH 

17a 3a-OH 
17b 3^-OH 
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G2, C3, and G8 of alcohol 16 is correct. T h e pre­
dominant formation of all-cw-substituted alcohol (16) 
would be convenient for substitution of the hydroxyl 
group to a bromine atom with the desired configura­
tion by triphenylphosphine and carbon tetrabromide, 
because the bromination usually proceeds in ^ 2 
manner.13) 

Compound 13a was transformed into several deriva­
tives including the title compound (2). Acetalization 
of 13a under usual conditions gave the ethylene 
acetal (19) in quantitative yield. T h e N M R spectrum 
revealed two double doublets (each J=13 and 8 Hz) 
due to the G4-protons at ô 2.89, indicating that the 
double bond at G5 and G6 did not migrate during 
the reaction. Oxidation of 19 with chromium(VI) 
oxide and pyridine in dichloromethane14) afforded 
crystalline aldehyde, the title compound (2), mp 
73—74 °G, in quantitative yield, whose spectra were 
completely consistent with the assigned structure. 
O n the other hand, treatment of 2 with 1 equiv of 
1,2-ethanedithiol in the presence of boron trifluoride 
in dichloromethane resulted in thioacetalization with 
concomitant hydrolysis of the acetal group at C3 to 
give monothioacetal (20), showing a /?,y-unsaturated 
carbonyl band at 1720 c m - 1 in the I R spectrum. 
T h e compound (20) also exhibited two double doublets 
(each J= 13 and 6 Hz) due to the relevant C4-protons 
at Ô 2.86 and 3.82, indicative of retention of the 
relative configuration of the substituents at G2 and 
G8.

5) T h e same treatment of 2 with 2 equiv of ethane-
ditiol led to formation of bis(dithioacetal) (21), while 
the mono(dithioacetal) (20) was converted into acetal 
dithioacetal (22), showing two double doublets (each, 
7 = 1 3 and 9 Hz) at 5 2.15 and 2.89 in the N M R 
spectrum. All these compounds (2, 20—22) possess 
all functional groups convertible into those of laurencin 
(1), and hence the present result implies the synthesis 
of most appropriate intermediates leading to the natural 
product (1) as described in the following paper. 

C'H« 

2 R^OCHaCHgO, R 2 = — H, -GHO 
19 R ^ O C H a C H - A R 2 = — H, ...GH,OH 

/ S - , 
20 R l = 0 , R 2 =—H, -GH 

/ S - , 
21 R^SCrLjCHsS, R = — H , ..-GH 

\ S — ' 

22 R ^ O C H a C H a O , R 2 =—H, . G H 
NS—I 

E x p e r i m e n t a l 

All the mps and bps were uncorrected. The homogeneity 
of each compound was always checked by TLC over silica 
gel (Wakogel B-5) and/or GLG (Hitachi K-53) over 10% 
SE-30. Column chromatography was carried out over 
silicic acid (Merck, Kieselgel 60, 70—230 mesh) and/or 
alumina (Merck, standard, Active I and II—III). The 

UV, IR, and NMR ( 100 MHz) spectra were measured in 
2,2,4-trimethylpentane, in liquid state, and in chlorofornW, 
respectively, unless otherwise stated. The abbreviations "s, 
d, t, q, qui, m, br, do, and sh," in the NMR and IR 
spectra denote "singlet, doublet, triplet, quartet, quintet, 
multiplet, broad, double, and shoulder," respectively. 

5-Ethyl-2,5-dihydrofurfuryl Alcohols (6). To a stirred 
slurry of lithium aluminum hydride (LAH, 6 g) in an­
hydrous ether (1.2 1) at 0 °G was added dropwise a solution 
of methyl 5-ethyl-2,5-dihydro-2-furoates6> (5, 28 g) in ether 
(200 ml). The mixture was stirred at room temperature 
for 20 h, cooled, mixed with water (7.5 ml), 30% aq 
sodium hydroxide (7.5 ml) and then water (7.5 ml). The 
resulting inorganic salts were removed by filtration, and 
the filtrate was dried over anhydrous sodium sulfate and 
evaporated to leave oil, which was distilled to give 6 (11.3 
g), bp 72—73 °C/15 Torr; MS, mje 128 (M+) and 99: IR 
(GG14), x>max 3410, 1075, and 1030 cm-1; NMR, «5 0.90 
and 0.91 (total 3H, each t, 7 = 7 Hz, CH3CH2), 1.57 (2H, 
qui, 7 = 7 Hz, CH3CH2), 3.45 (1H, br, OH), 3.57 (2H, br 
s, CH2OH), 4.85 (2H, m, 2H at G2 and C5), 5.78 and 
5.91 (2H, ABq, 7 = 6 Hz, 2H at G3 and G4). Found: C, 
65.59; H, 9.47%. Galcd for G7H1202: C, 65.59; H, 9.44%. 

(2R,4R)-, (2S,4R)-, and (2R,4S)-2-Acetoxymethyl-4-ethyl-9-
methyl-3-oxa-9-azabicyclo[3.3.1~\nonan-7-ones (4a, 4b, and 4c). 
Into a solution of 6 (29 g) in methanol (300 ml) or di­
chloromethane (300 ml) containing three drops of pyridine, 
cooled at — 70 °G in a Dry Ice-ethanol bath, was passed 
ozonized oxygen gas, until the reaction mixture became 
blue. The mixture, while still at —70 60 °G, was 
flushed with nitrogen for 10 min, when the blue color dis­
appeared. After addition of dimethyl sulfide (20 ml) at 
the temperature, the mixture was stirred at —70 30 °G 
for 30 min, then at ice-bath temperature for 2 h, and finally 
at room temperature for 1 h, and evaporated below 45 °G 
to leave oily residue containing dimethyl sulfoxide, which 
was treated with 25% aq acetic acid (40 ml) under reflux 
for 45 min and cooled to room temperature. To the solu­
tion was immediately added an aqueous solution (300 ml) 
containing sodium monohydrogenphosphate (4.25 g) and 
potassium dihydrogenphosphate (2.43 g), acetonedicarboxylic 
acid (36 g) and methylamine hydrochloride (16 g). The 
whole solution was adjusted to pH 5 with 6 M aq sodium 
hydroxide and stirred at room temperature for 2 d, the pH 
being maintained at 5.0 by occasional addition of citric 
acid. The solution was concentrated under reduced pressure 
to one-half of the volume, made acidic strongly by addition 
of coned hydrochloric acid and washed with ether (2x200 
ml). The acidic aqueous solution was then made strongly 
basic with coned aq potassium hydroxide and extracted with 
chloroform (4 x 300 ml). The chloroform solutions were 
combined, dried and evaporated to leave oil (17.3 g). The 
oil was passed through a short alumina column (Merck, 
Active II—III, 60 g, benzene) to give oil (11.8g), which 
was treated with acetic anhydride (48 g) and pyridine (120 
ml). The resulting acetate mixture (14 g) was again 
passed through a short alumina column (45 g) to give oily 
basic material (12.3 g), which was purified by chromato­
graphy over silica gel (Merck, 250 g, benzene : acetone = 
10 : 1) to yield a 3 : 2 : 1 mixture (3.55 g) of 4a, 4b, and 
4c (estimated by measurement of the NMR signals due to 
the G2-protons). The mixture was further chromatographed 
over silica gel to give crystalline base, which was recrystal-
lized from ether to yield 4a (1.0 g), mp 76—78 °C. This 
was recrystallized from ether for analysis, mp 77—78.5 °G; 
mass (the text); IR (Nujol), vmKX 1730, 1710, 1240, 1160, 
and 1038 cm-1; NMR (Table 1). Found: G, 60.98; H, 
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8.36; N, 5 .51%. Calcd for C 1 3 H 2 1 0 4 N : G, 61.15; H , 
8.29; N, 5.49%. 

A part (700 mg) of the residual oil (a 2 : 2 : 1 mixture 
of 4a, 4b , and 4c) , free from pure 4a, was separated into 
two fractions by repeated preparative T L G over silica gel 
(benzene : acetone = 9 : 1 ). Fractions ( 100 mg) with higher 
R{ value gave 4 b (95 mg), oil, showing a single spot; M S 
(the text), I R , r m a x 1730, 1710, 1240, 1160, and 1038 
cm-1 ; N M R (Table 1). Found: G, 61.28; H , 8.10; N, 
5.31%. Calcd for G 1 3 H 2 1 0 4 N : C, 61.15; H , 8.29; N , 
5.49%. Fractions (520 mg) with lower R{ value were again 
purified by repeated preparative T L G (benzene : acetone = 
9 : 1) to give 4c (40 mg) , oil, showing a single spot; M S 
(the text) ; IR , x>max 1743, 1712, 1240, 1160, and 1038 
cm-1 ; N M R (Table 1). Found: C, 60.99; H , 8.32; N , 
5.61%. Calcd for C ^ H ^ C ^ N « : C, 61.15; H , 8.29; N , 
5.49%. 

2,5-Dihydrofurfuryl Alcohol. To suspension of ether (1 
1) and L A H (4.7 g) was added dropwise methyl 2,5-dihydro-
2-furoate (20 g) in ether (100 ml). The mixture was allowed 
to stir overnight and then refluxed for 2 h. To the mixture 
were added water (5 ml), 3 0 % aq sodium hydroxide (5 
ml) solwly. After removal of the resulting inorganic salts 
by nitration, the filtrate was evaporated to leave oil, which 
was distilled to give the alcohol (11.3g) , bp 51—52 °C/15 
Torr; M S , m/e 83 ( M + - C H 2 O H ) ; I R (CG14), vmax 3400, 
1090, and 1040 c m - 1 ; N M R , Ô 3.12 ( I H , br s, O H ) , 3.45 
(2H, m, C H 2 O H ) , 4.56 (2H, m, H at C5), 4.70 ( I H , m, 
H at C2), 5.74 and 5.90 (2H, ABq, 7 = 6 . 5 Hz , 2H at C 3 

and C4). Found: C, 59.87; H , 8.00%. Calcd for C 5 H 8 O a : 
C, 59.98; H , 8.05%. 

2-Acetoxymethyl-9-methyl-3-oxa-9-azabicyclo [3.3.7] nonan-7 -ones 
(7a and 7b). Into a solution of 2,5-dihydrofurfuryl 
alcohol (11.3 g) and two drops of pyridine in dichloro-
methane (400 ml) , cooled at —60 70 °C, was passed 
ozonized oxygen, and the resulting blue reaction mixture 
was flushed with nitrogen at the temperature for 15 min. 
After addition of dimethyl sulfide (10 ml) at - 6 0 °C, the 
mixture was stirred at —10 °C for 1 h, then at ice-bath 
temperature for 1 h and, finally, at room temperature for 
1 h, washed with water (2 X 50 ml) and dried over sodium 
sulfate. No reaction product was obtained after removal 
of the dichloromethane. The aqueous washings were mixed 
with an aqueous solution (1.8 1) containing sodium mono-
hydrogenphosphate (25.6 g), potassium dihydrogenphosphate 
(15 g), methylamine hydrochloride (26.4 g) and acetonedi-
carboxylic acid (53.2 g). The whole solution was adjusted 
to p H 5 by addition of 4 0 % aq sodium hydroxide, and 
then stirred at room temperature for 2 d, the p H being 
maintained at 5.0 by occasional addition of citric acid. 
After being concentrated to one-half of the volume, the 
solution was made strongly acidic by addition of coned 
hydrochloric acid and washed with ether 2 x 2 0 0 ml) . The 
aqueous solution was then made basic strongly with coned 
aq potassium hydroxide and extracted continuously with 
chloroform (1.61) for 48 h. The chloroform solution was 
washed with water, dried and evaporated to give oily residue 
(34.1 g), showing several spots on T L C (benzene : acetone = 
3 : 1 ) . T h e residue was separated into two fractions by 
column chromatography over alumina (500 g, benzene : 
methanol = 60 : 5). Early fractions, eluted with benzene, 
gave 2-methylene-9-methyl-3-oxa-9-azabicyclo[3.3.l]nonan-7-
one (23, 9.3 g), oil, showing a single spot on T L C ; M S , 
m/e 167 (M+), 124, and 110; IR , v m a r 1710, 1660, 1130, 
1070, 1020, and 915 c m - 1 ; N M R , Ô 2.34 and 2.40 (each 
IH , br d, y = 1 6 H z , H 8 e and H 6 e ) , 2.60 (3H, s, N C H 3 ) , 
2.78 and 2.82 (each I H , do d, J = 1 6 and 6 Hz , H 6 a and 

H 8 a ) , 3.12 and 3.48 (each I H , br d, y = 6 H z , H 3 and H , ) , 
3.80 and 4.19 (each I H , br d, J= 11 Hz, 2H at C4), 4.25 
and 4.50 (each I H , ABq, y = 9 Hz , CH 2=C 2) . Rechromato-
graphy of the oil under the same conditions afforded an 
analytical sample of 23. Found : C, 64.65; H , 7.84; N, 
7 .83%. Calcd for C 9 H 1 3 0 „ N : C, 64.85; H , 8.07; N , 
7 .03%. 

Later fractions, showing two major spots on T L C 
(benzene : acetone = 3 : 1), gave oily substance (7.3 g), which 
was treated with acetic anhydride (30 ml) and pyridine 
(50 ml) at room temperature for 24 h. T h e acetates (7.8 
g) were separated by chromatography over silica gel with 
benzene and acetone ( 9 : 1 ) to yield crystalline acetate 
(7a, 1.12 g), m p 105.5—108 °C, as an initial eluate. Re-
crystallization from hexane and ethanol gave an analytical 
sample of 7a, m p 108—109 °C ; M S , m/e 227 (M+), 168, 
124, and 110; I R (CHC13), vm^ 1730, 1710, and 1230 
c m - 1 ; N M R (Table 1). Found : C, 57.83; H , 7.50; N , 
6 .14%. Calcd for C n H 1 7 0 4 N : C, 58.13; H , 7.54; N , 
6 .16%. Oily acetate (7b), showing a single spot on 
T L C , was then eluted and purified by rechromatography 
to give an analytical sample of 7 b ; M S , m/e Til ( M + ) , 
168, 124, and 110; I R (CHC13), vm&x 1730, 1710, and 
1220cm- 1 ; N M R (Table 1). Found : C, 57.83; H , 7.50; 
N , 6.14%,. Calcd for C n H 1 7 0 4 : C, 58.13; H , 7.54; N, 
6 .16%. 

Acetates 7a and 7 b were converted into the correspond­
ing alcohols (7a ' and 7b ' ) by the method described below. 
T o an ice-cooled solution of 7a (280 mg) in ethanol (25 
ml) was added sodium borohydride (NBH, 50 mg) , and 
the mixture was stirred for 4 h at 0 °C. After addition of 
acetic acid ( 100 mg) and one drop of coned hydrochloric 
acid to decompose excess of NBH, the mixture was con­
centrated, made basic with aq sodium hydroxide and ex­
tracted with chloroform ( 2 x 4 0 ml). The chloroform solu­
tion was worked up as usual to give 7 a ' ( 168 mg) , which 
crystallized on tr i turation with ether and then recrystallized 
from ether to yield an analytical sample of 7a ' , m p 100— 
102 ° C ; M S , m/e 185 (M+), 154, 128, and 110; I R (CHC13), 
î'max 3330, 1710, 1100, and 1060 c m - 1 ; N M R , Ô 2.26 (2H, 
d, 7 = 1 5 H z , H 8 e and H 6 e ) , 2.60 (3H, s, N C H 3 ) , 2.75 and 
2.80 (each 1H, do d, y = 1 5 and 6 Hz , H 6 a and H 8 a ) , 3.58 
(1H, d, y = H H z , H 4 e ) , 3.65 (1H, do d, / = 4 and 6 H z , 
H 2 e ) , 3.87 and 4.15 (each 1H, do d, J=4, 12 and 6, 12 
Hz , C H 2 O H ) , and 4.23 (1H, br d, J= 11 Hz , H 4 a ) . Found : 
C, 58 .11 ; H , 8.23; N , 7 .43%. Calcd for C 9 H 1 5 0 3 N : C, 
58.36; H , 8.16; N , 7.56%. 

The isomeric acetate (7b, 240 mg) was converted into the 
alcohol (7b ' , 130 mg) , oil, in the same manner as described 
above, and showed the following spectra; M S , m/e 185 
(M+), 154, 128, and 110; I R (CHC13), i<max 3330, 1710, 
1100, and 1060 c m - 1 ; N M R , Ô 2.22 and 2.25 (each I H , 
br d, J= 15 H z , H 6 e and H 8 e ) , 2.62 (3H, s, N C H 3 ) , 2.67 
and 2.71 (each I H , do d, 7 = 1 5 and 6 H z , H 6 a and H 8 a ) , 
3.13 (2H, br d, J = 6 H z , 2H at Cj and C5) , 3.60 (3H, 
m, H 2 a and C H 2 O H ) , 3.79 and 3.93 (each I H , br d, J= 
11 Hz , H 4 e and H 4 a ) . 

2 -Hydroxy - 2,9 - dimethyl -3- oxa -9- azabicyclo [3.3.7] nonan-7-one 

OH 

23 24 
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(24). This compound was isolated in one run of the 
preceding Robinson-Schöpf condensation experiments, and 
the structure was confirmed by the hydrat ion of 23 des­
cribed below. Compound 23 (90 mg) in chloroform (30 ml) 
was treated with coned hydrochloric acid (2 ml) at room 
temperature for 20 min. After removal of the chloroform 
and subsequent addition of water (5 ml) , the resulting 
aqueous solution was made basic with 6 M aq sodium 
hydroxide and extracted with chloroform ( 2 x 2 0 ml) . The 
chloroform solution was worked u p as usual to give cry­
stalline alcohol (24, 71 mg) , mp 97—99 ° C ; M S , m\e 185 
(M+) and 142; I R (GHG13), v m a x 3420, 1715, 1070, 1020, 
and 915 c m - 1 ; N M R , Ô 1.30, (3H, s, C H 3 at G2), 2.19 
(2H, br d, J= 15 Hz H 8 e and H 6 e ) , 2.52 and 2.63 (each 
1H, br do d, 7 = 1 5 and 6 Hz , H 6 a and H 8 a ) , 2.55 (3H, 
s, N C H 3 ) , 2.99 (1H, d, 7 = 1 1 Hz , H 4 e ) , 4.12 (1H, do do 
d, 7 = 1 , 2.5, and 11 Hz , H 4 a ) , and 4.95 (1H, br, O H ) . 
An analytical sample of 24 was prepared by recrystalliza-
tion from ether and hexane, mp 100—101 °G. Found : G, 
58.14; H , 8.19; N , 7.69%. Galcd for C g H 1 5 0 , N : C, 58.36; 
H , 8.16; N , 7.56%. 

c i s - 3 - Ethyl - 2- hydroxymethyl-9-methyl-3-oxa-9-azab icy do [3.3.1 ] -
nonenes (10). A solution of 4 a (2.98 g) and tosyl-
hydrazine (3.64 g) in T H F (70 ml) containing a few drops 
of coned hydrochloric acid was heated under reflux for 12 
h in a three-necked flask, fitted with a condenser and a 
magnetic stirring bar. After addition of benzene (250 ml) 
and removal of the condenser, the solution was concent­
rated to 70—80 ml, when the temperature of distillates had 
became near 80 °G, and then cooled in an ice-bath. T o 
the concentrated solution was slowly added a solution of 
methylli thium, prepared from lithium (2.0 g) and methyl 
iodide (13 ml) , in ether (210 ml) . T h e whole mixture 
was stirred at room temperature for 20 h, and then washed 
with water. T h e aqueous washings were extracted with 
chloroform. All the organic (ether, benzene, and chloro­
form) solutions were combined, dried and evaporated to 
leave crude olefinic alcohol (3.1 g) , most of which was 
used for the next reaction without further purification. A 
part of the crude sample of 10 was purified by preparative 
T L C (benzene : acetone = 1 : 1) to give an almost pure 
sample, showing the following spectra; v m a x 3395, 1120, 1092, 
1054, and 1040 c m - 1 ; N M R , Ô 0.96 (3H, t, y = 7 Hz , CH 3 -
GH 2 ) , 1.62 (2H, m, GH 3 GH 2 ) , 2.40 and 2.42 (total 3H, 
each s, NGH 3 ) , and 5.75 (2H, br m, ^ = 7 Hz , GH=CH) . 

cis-2-Ethyl-8-hydroxymethyl- and cis-8-Ethyl-2-hydroxymethyl-
3,4,7,8-dihydro-2H-oxocin-3-unes (13a and 13b), and Their 
Acetates (15a and 15b). 1) A solution of the crude 
olefinic alcohol (10, 3.0 g) in ethanol (80 ml) was refluxed 
with methyl iodide (62 ml) for 2 h and then evaporated to 
leave crystalline methiodides (3.65 g). Recrystallization from 
ethanol afforded a 1 : 8 mixture (crystals A, 1.33 g) of the 
methiodides (11a and l i b ) , m p 213—124°G, as the first 
c rop ; M S , mje 197 ( M + - G H 3 I ) , 142, 127, 108, and 94 ; 
I R (Nujol), *>max 3330, 1200, 1172, 1140, 1108, 1045, and 
995 c m - 1 ; N M R ( D 2 0 ) , ô 1.28 (3H, t, 7 = 7 Hz, CH 3 GH 2 ) , 
2.05 (2H, m, CH 3 GH 2 ) , 3.42 and 3.76 (each 3H, s, 
2NGH 3 ) , and 6.3 (2H, m, WH = 7 Hz, CH=CH) . Found : 
G, 42.24; H , 6.56; N , 3.29; I, 37.19%. Galcd for G12H25-
0 2 N I : G, 42.47; H , 6.48; N , 3.13; I, 37 .45%. 

An aqueous solution (20 ml) of crystals A (1.30 g) was 
passed through a column of Amberli te IRA-400 (basic form). 
The eluate was collected until it was no longer alkaline 
and evaporated under reduced pressure below 45 °C. The 
residual qua ternary methohydroxides were decomposed by 
heating at 60—80 °G under reduced pressure for 45 min to 
give oil, which was extracted with ether (100 ml) and 

chloroform (100 ml). The solutions were combined, dried 
and evaporated to yield a 1 : 8 oily mixture (0.86 g) of 
m-2 -e thy l -8 -hyd roxyme thy l -3 -d ime thy lamino - and cis-
8 - ethyl-2-hydroxymethyl - 3 - dimethylamino- 7,8 - dihydro - 2H-
oxocins (12a and 12b); I R , t-max 3420, 1604 (dienamine), 
1140, 1115, 1103, 1078, and 1043 c m - 1 ; N M R , ô 0.96 (3H, 
t, 7 = 7 Hz, C H 3 C H 2 ) , 2.56 [6H, s, N(CH 3 ) 2 ] , 5.08 and 
5.24 [total 1H (1 : 8) , each d, 7 = 4 Hz, H at G4] , 5.76 
(1H, m, H at G5), and 6.16 (1H, do d, 7 = 4 and 10 Hz, 
H at G6). 

T h e mother liquors, obtained on removal of crystals A, 
were evaporated to give an 8 : 1 semi-crystalline mixture 
(crystals B, 2.20 g) of 11a and l i b , which was submitted 
to the same treatment as crystals A to yield an 8 : 1 oily 
mixtre (1.94g) of 12a and 12b; I R , vm&x 3420, 1064 
(dienamine), 1140, 1115, 1103, and 1078 c m - 1 ; N M R , ô 
1.00 (3H, t, 7 = 7 Hz, C H 3 C H 2 ) , 1.72 (2H, m, CH 3 CH 2 ) , 
2.56 [6H, s, 2N(CH 3 ) 2 ] , 5.08 and 5.24 [total 1H (8 : 1), 
each d, J = 4 Hz, H at G4] , 5.70 (1H, m, H at G s), and 
6.18 (1H, do d, 7 = 4 and 10 Hz, H at C6). 

2) An aqueous solution (7 ml) of the 1 : 8 mixture (0.85 
g) of 12a and 12b, obtained from crystals A, was refluxed 
with 4 2 % fluoroboric acid (1.5 ml) for 15 min. The reac­
tion mixture was cooled, neutralized with saturated aq 
sodium hydrogencarbonate, and extracted with ether ( 2 x 
100 ml) and dichloromethene ( 2 x 2 0 0 ml). The combined 
organic solution was dried and evaporated to leave oil 
(601 mg) , showing two spots on T L G (benzene : ethyl 
acetate = 3 : 1). The oil was separated roughly into three 
fractions by column chromatography over silica gel (20 g, 
benzene : ethyl acetate = 7 : 1 ). More mobile fractions gave 
13b (180 mg) , oil, showing a single spots; M S , mje 184 
(M+), 155, and 125; U V , Am a x 304 n m (e 132) (sh), 312 
(165), 321 (161), and 332 (95) (sh) ; I R ; v m a x 3480, 
1718, 1642, 1115, and 1055 cm" 1 ; N M R , ô 1.00 (3H, t, 
7 = 7 Hz , GH 3 GH 2 ) , 1.62 (2H, m, CH 3 CH 2 ) , 2.40 (3H, 
m, 2H at G7 and O H ) , 2.86 and 3.96 (each 1H, do d, 
7 = 1 2 and 6 Hz, 2H at G4), 3.40 (1H, do do d, 7 = 1 2 , 
6, and 2 Hz , H at G8), 3.80 (2H, m, G H 2 O H ) , 4.00 (1H, 
do d, 7 = 5 and 7 Hz, H at G2), and 5.70 (2H, m, 2H at 
G5 and C6). An analytical sample of 13b was obtained 
by re chromatography over silica gel. Found: G, 64.94; 
H , 8 .65%. Galcd for G 1 0H 1 6O 3 : G, 65.19; H , 8.75%. 
Middle fractions (99 mg) was found to be a 1 : 1 mixture 
of 13a and 13b. Less mobile fractions afforded 13a (43 
mg) , showing a single spot, oil; M S , m/e 184 (M+), 155, 
and 125; U V (the text ) ; I R , vmlLX 3480, 1720, 1645, 1115, 
1095, and 1055 c m - 1 ; N M R , ô 1.00 (3H, t, 7 = 7 Hz, 
GH 3 GH 2 ) , 1.70 (2H, m, GH 3 GH 2 ) , 2.30 (3H, m, 2H at 
G3 and O H ) , 2.82 and 3.86 (each 1H, do d, J= 12 and 
6 Hz , 2H at G4), 3.62 (3H, m, H at C8 and G H 2 O H ) , 
3.82 (1H, do d, 7 = 7 and 5 Hz, H at G2), and 5.70 (2H, 
m, 2H at G5 and G6). The oil was rechromatographed 
over silica gel for analysis. Found: G, 65.33; H , 8.95%. 
Galcd for G 1 0H 1 6O 3 : C, 65.19; H , 8.75%. 

An aqueous solution (10 ml) of the 8 : 1 mixture (1.93 
g), of 12a and 12b, obtained from crystals B, was likewise 
treated with 4 2 % fluoroboric acid (2 ml) under reflux for 
15 min. The reaction mixture was cooled, neutralized with 
saturated aq sodium hydrogencarbonate, and extracted with 
ether ( 2 x 2 0 0 ml) and then with chloroform ( 2 x 2 0 0 ml). 
T h e combined organic solution was worked up as usual to 
leave oil (954 mg), which was purified by repeated chro­
matography over silica gel (25 g) with benzene and ethyl 
acetate ( 8 : 1 ) to yield 13a (181 mg) and 13b (24 mg) in 
pure state with a 1 : 1 mixture (48 mg) of 13a and 13b. 

3) Compound 13a (62 mg) was treated with acetic an-
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hydride (0.6 ml) and pyridine ( 1 ml) at room temperature 
overnight. The solution was poured into ice-water (5 ml) 
and extracted with ether ( 2 x 2 0 0 ml) . The ether solutions 
were combined, washed with 2 M hydrochloric acid ( 2 x 1 0 
ml) and water ( 2 x 1 0 ml), dried and evaporated to leave 
oil (15a, 69 mg), showing a single spot; IR , î>max 1750, 
1725, 1230, 1115, and 1040 cm" 1 ; N M R , Ô 1.00 (3H, t, 
7 = 7 Hz, CH 3 CH 2 ) , 1.64 (2H, m, CH 3 CH 2 ) , 2.10 (3H, s, 
O C O C H 3 ) , 2.30 (2H, m, 2H at G7), 2.80 ( IH , do d, 7 = 
12 and 6 Hz, H at G3), 3.68 ( IH , m, H at C8), 3.76 ( IH , 
do d, J=l and 4 H z , H at G2), 3.84 ( IH , do d, J= 12 
and 6 Hz, H at C4), 4.15 (2H, m, C H 2 O C O C H 3 ) , and 

5.75 (2H, m, 2H at G5 and G6). 
Compound 13b (104 mg) was likewise converted into the 

acetate (15b, H O m g ) ; IR, *>max 1750, 1725, 1225, and 
1115 cm- 1 ; N M R , Ô VoO (3H, t, 7 = 7 Hz, CH 3 CH 2 ) , 1.56 
(2H, m, CH 3 CH 2 ) , 2.05 (3H, s, O C O C H 3 ) , 2.31 (2H, m, 
2H at C7), 2.84 (2H, do d, 7 = 6 and 12 Hz, H at C4), 
3.34 ( IH , m, H at C8), 3.99* ( IH , do d, 7 = 6 and 12 Hz, 
H at C4), 4.23 (3H, m, H at G2 and C H 2 O C O C H 3 ) , and 
5.78 (2H, m, 2H at G5 and C,) . 

tram-2-Ethyl-8-hydroxymethyl-3,4,7\8- d Hydro - 2 H - oxocin -3-one 
(13c). The 2 : 2 : 1 mixture (16 g) of oxaazabicyclo-
nonanones 4a, 4b , and 4c, described in the previous section, 
was transformed in almost the same manner as 4a to give 
a mixture of tetrahydrooxocinones, from which 4 a (0.6 g), 
4 b (0.3 g), and a new compound (13c, 0.2 g) were isolated 
by repeated chromatography. Compound 13c showed the 
following spectra: M S , m/e 184 (M+), 155, and 125; U V , 
Xm&x 292 n m (s 80), 303 (95), 313 (85), and 324 (40) (sh) ; 
IR, vmSiX 3360, 1715, 1665, 1110, and 1050 c m - 1 ; N M R , 
ô 1.02 (3H, t, 7 = 7 Hz, CH 3 CH 2 ) , 1.71 (2H, m, CH 3 CH 2 ) , 
2.15 (3H, m, 2H at C7 and O H ) , 3.08 and 3.44 (each 
IH , do d, J = 1 4 , 5 and 14, 2 Hz , 2H at G4), 3.52 and 

3.76 (each IH , do d and d, J=l\, 7 and 11 Hz, C H 2 O H ) , 
3.93 ( IH , m, H at C8), 3.96 ( IH , do d, 7 = 5 and 7 Hz, 
H at G2), and 5.65 (2H, m, 2H at G5 and C6). An analy­
tical sample of 13c was prepared by rechromatography over 
silica gel. Found: G, 64.92; H , 8.16%. Galcd for C10-
H 1 6 0 3 : C, 65.19; H , 8.75%. 

Compound 13c (9 mg) was stirred with 5 % potassium 
hydroxide in methanol (4 ml) at room temperature for 20 
min. The solution was diluted with water (20 ml) and 
extracted with ether ( 2 x 3 0 ml). The ether solution, after 
being worked u p as usual, afforded oil ( 8mg) , which was 
identical with 13a in all respects (TLC, IR , and N M R ) . 

8-Acetoxymethyl-2-ethyl-3,4,7,8-tetrahydro-2'H-oxocin-3-ol (16). 
Compound 15a (72 mg) in methanol (12 ml) was reduced 
with sodium borohydride (NBH, 50 mg) at 0 °G for 40 
min. The solution was made acidic with 2 M hydrochloric 
acid, concentrated and extracted with ether. The ether 
solution, after usual work-up, left oil (65 mg) , which was 
purified by chromatography over silica gel (2 g) with 
benzene and ethyl acetate (6 : 1) to give 16 (36 mg) , oil, 
showing a single spot on T L G ; M S , m/e 170, 168 (M+— 
CH3GOOH) , 125, and 116; IR , vm&x 3400, 1745, 2130, 
and 1035 c m - 1 ; N M R , ô 0.96 (3H, t, 7 = 7 Hz , C H 3 C H 2 ) , 
1.55 (2H, m, CH 3 CH 2 ) , 1.85 ( IH , s, O H ) , 2.96 (3H, s, 
OCOCH3) , 2.29 (3H, br m, 3H at C4 and G7), 2.62 ( IH , 
do d, J = 1 2 and 8 Hz, H at C4), 3.43 ( IH , do do d, J= 
8, 5, and 1.5 Hz , H at C2), 3.67 (2H, m, 2H at C3 and 
C8), 4.08 (2H, m, C H 2 O C O C H 3 ) , and 5.78 (2H at C5 

and C6). The sample was rechromatographed for analysis. 
Found: C, 63.25; H , 8 .85%. Calcd for C 1 2 H 2 0 O 4 : C, 
63.13; H , 8 .83%. 

2-Acetoxymethyl-8-ethyl-3,4,7,8-tetrahydro-2Iï-oxocin-3-ols (17a 
and 17b). Compound 15b (120 mg) was reduced with 

N B H (68 mg) in methanol (15 ml) at 0 °C for 40 min. The 
reaction mixture was made acidic (pH 4—5) with 2 M 
hydrochloric acid, concentrated and extracted with ether 
(2 X 50 ml) . The ether solution was worked u p as usual to 
leave oil (114mg) , showing two spots on T L C , which was 
separated roughly into three fractions by column chromato­
graphy over silica gel (3 g, benzene : ethyl acetate = 7 : 1). 
Fractions with higher i?f value gave 17b (25mg), oil, showing 
a single spot; M S , m/e 170, 168 ( M + - C H 3 C O O H ) , 125, 
and 116; IR , *>max 3480, 1745, and 1235 cm" 1 ; N M R , ô 
0.96 (3H, t, J = 7 Hz , C H 3 C H 2 ) , 1.46 (2H, m, C H 3 C H 2 ) , 
2.05 (3H, s, O C O C H 3 ) , 2.06 (1H, s, OH), 2.26 (3H, br 
m, 3H at C4 and C7) , 2.64 (1H, do d, 7 = 1 2 and 8 Hz , 
H at C4), 3.03 (1H, m, H at C8), 3.78 (2H, m, 2H at 
C2 and C3), 4.16 (2H, m, C H 2 O C O C H 3 ) , and 5.76 (2H 
at C5 and C6). Rechromatography afforded an analytical 
sample of 17b. Found : C, 62 .91; H , 8.90%. Calcd for 
C 1 2 H 2 0 O 4 : C, 63.13; H , 8 .83%. Middle fractions (38 mg) 
were a 1 : 1 mixture of 17b and 17a. 

Fractions (24 mg) with lower Rf value gave 17a (24 mg) , 
oil, showing a single spot: M S , m/e 170, 168 (M+ — 
C H 3 C O O H ) , 125, and 116; IR , *>max 3480, 1740, and 
1230 c m - 1 ; N M R , ô 0.96 (3H, t, 7 = 7 Hz , C H 3 C H 2 ) , 1.47 
(2H, m, C H 3 C H 2 ) , 2.07 (3H, s, O C O C H 3 ) , 2.08 (1H, s, 
O H ) , 2.26 (3H, br m, 3H at C4 and C7), 2.81 (1H, do 
do d, 7 = 3 , 7, and 13 Hz, H at C4), 3.30 (1H, m, H at 
C8) , 3.50 (1H, do d, 7 = 4 . 5 and 9 Hz, H at C2) , 3.80 
(1H, do t, 7 = 9 , 3, and 3 Hz , H at C3) , 4.24 (2H, d, 7 = 
4.5 Hz, C H 2 O C O C H 3 ) , and 5.83 (2H, m, 2H at G5 and 
G6). An analytical sample of 17a was prepared by re­
chromatography. Found : C, 63.25; H , 8.80%o. Galcd for 
C 1 2 H 2 0 O 4 : C, 63.13; H , 8 .83%. 

cis-2-Ethyl-3,3-ethylenedioxy-8- hydroxymethyl - 3,4,7,8 - tetrahydro-
2~H-oxocin (19). Compound 13a (35 mg) in benzene 
(13 ml) was refluxed with ethylene glycol (30 mg) and p-
toluenesulfonic acid (2 mg) for 18 h, water being removed 
by azeotropization. The solution was worked up as usual 
to give 19 (34 mg) , oil; M S , m/e 228 (M+), 130, and 125; 
I R , vm&x 3460, 1160, 1120, and 1022 c m - 1 ; N M R , ô 1.00 
(3H, t, 7 = 7 Hz, C H 3 C H 2 ) , 1.46 (2H, m, C H 3 C H 2 ) , 2.00 
(1H, do d, 7 = 1 3 and 8 Hz , H at C4), 2.32 (3H, m, 2H 
at C7 and O H ) , 2.89 (1H, do d, 7 = 1 3 and 8 Hz, H at 
C4) , 3.60 (2H, br s, C H 2 O H ) , 3.63 (2H, m, 2H at C2 

and C8) , 3.98 (4H, m, H / H = 1 0 H z , O C H 2 C H 2 0 ) , and 
5.83 (2H, m, 2H at C5 and C6). An analytical sample 
was prepared by rechromatography. Found : C, 63.35; H , 
8 .75%. Calcd for C 1 2 H 2 0 O 4 : C, 63.13; H , 8 .83%. 

c\s-2-Ethyl-3,3-ethylenedioxy-3,4,7,8-tetrahydro-2H-oxocin-8-carb-
aldehyde (2). A viscous mixture, prepared by addition 
of chromium(VI) oxide (1.0 g) to anhydrous pyridine (1.6 
g) in dichloromethane (25 ml) under stirring, was stirred 
at room temperature for 15 min. To the mixture was added 
a solution of 19 (0.40 g) in dichloromethane (5 ml) , when 
a tarry black deposit separated immediately. The whole 
mixture was further stirred for 15 min at room temperature 
and then decanted. The supernatant solution thus obtained, 
was washed with 5 % aq sodium hydroxide ( 3 x 1 0 ml) and 
5 % hydrochloric acid (20 ml) , dried and evaporated to 
yield crystalline aldehyde (2, 0.39 g), m p 7 1 — 73 °C, which 
was recrystallized from ether and hexane to give 2 (0.35 g), 

m p 7 3 — 7 4 ° C : M S , m/e 197 ( M + - C H O ) and 168; I R 
(Nujol), vm&x 2820, 1735, 1160, 1140, 1110, and 1025 c m - 1 ; 
N M R , ô 0.99 (3H, t, 7 = 7 Hz , C H 3 C H 2 ) , 1.55 (2H, m, 
C H 3 C H 2 ) , 2.20 and 2.88 (each 1H, do d, 7 = 1 3 , 6 and 
13, 8 Hz , 2H at C4), 2.41 (2H, m, 2H at C7), 3.64 (1H, 
do d, 7 = 8 and 5 Hz, H at C2), 3.70 (1H, t, 7 = 6 Hz, H 
at C8), 3.99 (4H, m, O C H 2 C H 2 0 ) , 5.83 (2H, m, 2H at 
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C 5 and G6), and 9.76 ( I H , s, C H O ) . Found : C, 63.88; 
H , 7 .99%. Galcd for C 1 2 H 1 8 0 4 : G, 63.70; H , 8.02%. 

cis-2-Ethyl-8- (ethylenedioxymethyl) -3,4,7,8-tetrahydro -2H-oxocin-
3-one (20), and Its 3,3-Ethylenedithio-(21) and 3,3-Ethylenedioxy-
(22) Derivatives. A solution of 2 (181 mg) and 1,2-
ethanedithiol (74 mg, 1 equiv) in dichloromethane (30 ml) 
was treated with boron trifluoride etherate (74 mg) for 3 h 
at 0 °C, and then poured into 5 % aq sodium hydrogen-
carbonate. The dichloromethane solution was washed with 
saturated brine ( 2 x 1 0 ml) , dried and evaporated to leave 
oil, showing three spots on TLG. The oil was separated 
into three fractions by column chromatography over silica 
gel (5 g, benzene). Fractions with higher R{ value gave 
21 (11 mg) , oil, showing a single spot on T L G ; M S , m/e 
334 (M+) and 305; IR , *>max 1099, 1065, and 1025 c m - 1 ; 
N M R , Ô 1.12 (3H, t, 7 = 7 Hz, CH 3 CH 2 ) , 1.85 (2H, m, 
C H 3 C H 2 ) , 2.31 ( IH , do d, 7 = 1 2 and 8 Hz , H at G4), 
2.56 (2H, m, 2H at G7), 3.24 and 3.28 (each 4H, br s, 
2SGH 2 GH 2 S), 3.31 ( I H , do d, J=12 and 8 Hz, H at G4), 
3.51 ( I H , m, H at G8), 3.70 ( I H , do d, J=9 and 2 Hz, 
H at G2), 4.65 ( I H , d, 7 = 6 Hz, SCHS) , and 5.88 (2H, 
m, 2H at G5 and G6). T h e compound was obtained from 
2 in 8 0 % yield, when 2 equiv of ethanedithiol was used. 

Middle fractions gave 20 (122 mg), oil, showing a single 
spot on T L G ; M S , m/e 258 (M+) and 229; IR , *>max 1720, 
1645, 1100, and 1020 c m - 1 ; N M R , Ô 1.00 (3H, t, 7 = 7 Hz, 
C H 3 C H 2 ) , 1.70 (2H, qui, 7 = 7 Hz, C H 3 C H 2 ) , 2.45 (2H, 
do d, J=l and 4 H z , 2 H at G7), 2.86 ( I H , do d, 7 = 1 3 
and 6 Hz , H at G4), 3.21 (4H, s, SCH 2 CH 2 S) , 3.34 ( I H , 
do d, J=l and 4 Hz, H at G8), 3.80 ( I H , t, 7 = 7 Hz, H 
at G2), 3.82 ( I H , do d, J - 1 3 and 6 Hz, H at G4), 4.58 
( I H , d, J = 8 Hz, SCHS) , and 5.70 (2H, m, 2H at G5 and 
G6). 

Fractions with lower Rf value afforded 22 (30 mg), oil, 
showing a single spot; M S , m/e 302 (M+) and 273; IR , 
*>max 1159, 1130, 1103, and 1020 c m - 1 ; N M R , ô 1.04 (3H, 
t, 7 = 7 Hz , C H 3 C H 2 ) , 1.54 (2H, qui, 7 - 7 Hz, C H 3 C H 2 ) , 
2.15 (1H, do d, 7 = 1 3 and 6 Hz, H at G4), 2.45 (2H, m, 
2H at G7), 2.89 (1H, do d, 7 = 1 3 and 9 Hz , H at G4), 
3.20 (4H, s, SCH 2 CH 2 S) , 3.44 (1H, do do d, 7 = 8 , 6.5, 
and 3 Hz, H at G8), 3.63 (1H, t, 7 = 7 Hz, H at C2) , 3.95 
(4H, m, O C H 2 C H 2 0 ) , 4.62 (1H, d, 7 = 7 Hz , SCHS) , and 
5.78 (2H, m, 2H at G5 and G6). T h e compound (22) 
was obtained from 20 in 6 5 % yield by the procedure 
similar to that used for the conversion of 13a into 19. 
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Transformation of cis^-Ethyl-S-formyl-S^^jS-dihydro^fi-oxocin-S-one 

3-Ethylene Acetal into ( ± )-Laurencin 
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Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received May 11, 1978) 

Transformation of the title starting material into (±)-laurencin, which implies synthesis of the natural 
product, is described. The structure and configuration of synthetic intermediates are defined on the basis 
of the spectral evidence. 

In the preceding paper1) we reported the synthesis 
of m-2-ethyl-8-formyl- 7 ,8 -d ihydro-2 / / -oxoc in-3(4 / / ) -
one 3-ethylene acetal (1). The present paper describes 
transformation of the aldehyde (1) into (rfc) -laurencin 
(±-2),2a) which constitutes the first synthesis25) of a 
representative member of a group of naturally occur­
ring halogeno compounds with (a) medium-sized cyclic 
ether skeleton(s) as well as an enyne moiety.3) 

-C1IÜ Br 
^ H 

CzH5 

The transformation requires (i) conversion of the 
G3-carbonyl group protected as the ethylene acetal 
in 1 into a bromine atom with the desired configuration 
{trans to the G2-ethyl group), and (ii) that of the C8-
formyl into a 1-acetoxy-3-hexen-5-ynyl group (3). T h e 
former transformation (i) would probably proceed 
smoothly, apart from the yield, as had been illustrated 
in the synthesis of £-3-bromo-r-2,c-8-diethyl-3,4,7,8-
tetrahydro-2//-oxocin4) (3). O n the other hand, many 
preparative methods for enyne units ( -CH=CH-C=CH) 
have recently been reported,5) because the groups are 
characteristic of a number of natural products. A 
survey of literatures reveals that procedures applicable 
to the latter transformation (ii) are classified into three 
categories as shown in Scheme 1. T h e first route 
(iia) consists of at least two steps and involves groups 
of - C H ( O R ) C H 2 C H = C H X ( R = H or Ac, and X = 
Br, I, Cu, B, and so on) as the intermediates (A), 
which would be converted smoothly into the aimed 
group by various elegant methods5a) (step 2). How­
ever, preparation of the intermediates (A), e.g., by 
reaction of 3-halogeno-2-propenyl anions with the 
formyl group of 1 or by addition of 2-propynyl anion 
to the group followed by hydroboration, appeared to 
be considerably difficult owing to the possibility of 
allylic rearrangement or facile hydroboration to the 
cw-double bond in l.6) This conceivable trouble led 
us to undertake syntheses by other routes. 

The second route (iib) concerns the Grignard-type 
reaction of the formyl group with pentenynyl anions, 
obtained from 2-penten-4-ynyl halides and metals (Mg, 
Zn, and so on).7) However, the reaction was reported 
to proceed with allylic rearrangement to give 2-ethynyl-
l-hydroxy-3-butenyl groups, none of the products 
formed by expected addition of 2-penten-4-ynyl groups 

i»r<:-f>o-{xH
OH-{x 

OAc 
ii) Co-CHO — - — » — - - C \ ^ x / ^ 

H 3 

Br 

5a) 
Step 1 Step 2 

a)R-CHO Î-—- R-CH-CH9-CH=CHX •• 3 

OR' t 
M C H 2 = C H - C H 2 X (A) { ^ Ac B J 

or MCH2C=CH and B2H6 

7) b)RCHO 

t 
MCH2CH=CH-C=CH 

c) RCHO QQ R-rw-rn_rnn 5ç l R-CH-CH2CHO 

OR' 

(B, R=H, Ac) 

t 
(C6H5)3P=CHCHCH 

Scheme 1. Possible routes from the aldehyde (1) into 
(±)-laurencin (±2) . 

being detected.7) Nevertheless, in view of the fact 
that only a small amount of the starting aldehyde 
(1) is available, the route was very attractive in the 
sense of one-step synthesis of the aimed group, and 
the following model experiments were carried out. 
2-Penten-4-yn-l-ol8) (4) was converted into the pent­
enynyl phenyl sulfide (5) by reaction of the correspond­
ing bromide8) with sodium benzenethiolate, or into 
the 5-trimethylsilypentenynyl phenyl sulfide (5a) by 
bromination of 5-trimethylsilyl-2-penten-4-yn-l-ol9) 
(4a) followed by reaction with sodium thiophenolate. 
Treatment of butanal with trimethylsilypentenynyl 
anions, prepared by reaction of 5a with butyllithium 
(1 mol equiv) in tetrahydrofuran (THF) at —30 °C 
in the presence of l,4-diazabicyclo[2.2.2]octane 
(Dabco),10) at —50 °G for 1 h and subsequent removal 
of the trimethylsilyl group of the resultant addition 
products led to formation of a 1:5 (estimated by N M R ) 
mixture of the expected alcohol, 5-phenylthio-6-non-
en-8-yn-4-ol (6), and its rearranged isomer (7) in 2 6 % 
yield from 5a. O n the other hand, the same treatment 
of butanal with pentenynyl anions, prepared from 5 
and butyllithium (2 mol equiv) under almost the same 
conditions, produced a 1:1 mixture of 6 and 7 in 49 ° 0 

yield, from which Irans-isomer (t-6) and m-isomer 
(c-7) were isolated as the main products of the respec-
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tive diastereoisomers. Compound t-6 exhibited the 
following spectra as expected: U V , ^ m a s 217 nm (e 
16000); N M R , Ô 2.96 (1H, d, 2 Hz, C=CH), 5.32 and 
6.10 (each 1H, do d, 7 = 1 6 and 2 Hz, trans-CH=CH\. 
T h e improved yield of 6 would be caused by dianionic 
character formed from the reactant (5). However, 
at tempted selective reduction of the phenylthio group, 
e.g., the Birch reduction, catalytic hydrogénation over 
Raney nickel, chemical t reatment with aluminium 
amalgam or zinc and acetic acid, and so on, all failed; 
the reactions resulted in reduction of the triple bond 
or recovery of the starting material. 

R1CH2-CH=CH-CsCR2 

A R1=0H, R2=H 

Aa, R 1=0H, R2=Si(CH3)3 

5 RT=SCgH5l R2=H 

5a_ R1=SC6H5 , R2=Si(CH3)3 

C3H7-CH(OH)-CH(SC6H5)-CH=CH-C=CH 

C3H7-CH(OH)-CH(C=CH)-CH=CH-SC6H5 

7 

The desired transformation was achieved by the final 
route (iic), a stepwise synthesis by a modification of 
the Corey procedure.50) Before proceeding with the 
title aldehyde (1), several preliminary model experi­
ments were carried out. T h e route (iic) in Scheme 1 
involves /S-acetoxy aldehydes as the key intermediates 
(B). Reaction of 3-acetoxy-3-phenylpropanaln) (8), 
one of the ^-acetoxy aldehydes, with triphenyl(3-
trimethylsilyl-2-propynylidene)phosphorane at —78 °C 
in T H F proceeded smoothly without elimination of acetic 
acid to give a trimethylsilyl enyne compound (9a) in 
5 8 % yield, which on treatment with sodium hydroxide 
followed by acetylation afforded acetoxy /raw^-hexenyne 
(9) in 7 7 % yield. T h e N M R spectrum was consistent 
with the structure: Ô 2.80 (1H, d, 7 = 2 Hz, C=GH), 
5.50 and 6.10 (each 1H, do d and do t, 7 = 1 6 , 2 
and 16, 7, 7 Hz, l r a^ -CH=CH) . T h e route (iic) also 
requires extension of a formyl group to l-acetoxy-3-
oxopropyl group(s), |Ö-acetoxy aldehyde(s) (B). Treat­
ment of 3,4-dihydro-2//-pyran-2-carbaldehyde ("acryl-
aldehyde dimer") (10), which possesses an ether oxygen 
atom at ^-position to the formyl group and hence is 
suitable for a model compound of the title aldehyde 
(1), with dimethyls ulfinylmethanide in dimethyl 
sulfoxide (DMSO) or with dimethylsulfonium methan-
ide in D M S O and THF,1 2) produced a mixture of 
diastereoisomeric 2-(epoxyethyl)-dihydropyrans (11) in 
34 or 17% yield, respectively. The low yields would 
result from instability of the "acrylaldehyde dimer." 
Hydrogénation of 11 over plat inum gave 2-(epoxy-
ethyl)tetrahydropyrans (12), which on further treatment 
with 2-lithio-l,3-dithiane in T H F at - 5 0 20 °GU.18) 
followed by acetylation afforded /?-acetoxy aldehyde 
trimethylene dithioacetals (13) in 6 2 % yield from 11. 
T h e 1,3-dithiane (13) was smoothly hydrolyzed with 
mercury (I I) oxide and boron trifluoride etherate to 

give /S-acetoxy aldehydes (14) in 8 3 % yield, which 
in turn was converted by the same treatment as describ­
ed above into the corresponding acetoxy hexenynes 
(15) in 4 8 % yield. T h e N M R spectrum indicated 
the trans-configuration of the double bond in question : 
ô 5.52 and 6.20 (each 1H, do d and do t, 7 = 1 6 , 2, 
and 16, 7, 7 Hz) . T h e successful result of these model 
experiments led us to apply these methods for construc­
tion of the relevant side chain of laurencin (2). 

C6H5-CH(OAc)CH2-CHO 

C 6 H 5 - C H ( O A C ) C H 2 C H = C H C E C R 

â R=H 

9a, R = Si(CH3)3 

Clio 

0 -" ^CH(OAc)CIUt ^ 0 - ^ciKOAcOCILClI-ClIC-CK 

S-

S-

14 R=CH0 15aR=Si(CHj)j 

13 --O 15 R=H 

Treatment of the title tetrahydrooxocincarbaldehyde 
(1) with dimethylsulfinylmethanide in D M S O at room 
temperature12) afforded epoxyethyl hydrooxocin (16), 
mp 87—88 °C, showing a single spot by GLC and 
T L C , in 6 6 % yield, as a sole isolable epoxide. In 
the N M R spectrum the epoxy protons appeared with 
the G8-proton as two multiplets at ô 2.72 and 3.25. 
T h e epoxide (16), when treated with 2-lithio-1,3-dithi­
ane in T H F at - 7 0 20 °C,13) was converted into 
2-(2-hydroxyalkyl)-1,3-dithiane (17), which was isolat­
ed as its acetate (17a), mp 161—162 °G, in 8 0 % yield. 
Fortunately, the acetoxymethine proton was observed 
at ô 5.24 with almost the same splitting pattern (do 
t, 7 = 9 , 4, and 4 Hz) as that (Ô 4.98, do t, 7 = 8 , 5, 
and 5 Hz) of laurencin23-) (2), indicating that the 
relevant acetoxymethine carbon atom possesses the 
same relative configuration as the corresponding carbon 
in the natural product (2). Treatment of the dithiane 
(17a) with mercury (I I) oxide and boron trifluoride 
etherate in 1 5 % aqueous T H F at room temperature11) 
effected only hydrolysis of the l,3-dithiano-2-yl group 
to yield /5-acetoxy aldehyde (18), which was imme­
diately submitted to the Wittig reaction with tri-
phenyl (3 - trimethylsilyl- 2 -propynylidene) phosphorane, 
prepared from triphenyl(3-trimethylsiliyl-2-propynyl)-
phosphonium bromide and butyllithium (1 mol equiv) 
in THF.5 c) The reaction took place without elimina­
tion of acetic acid as expected to give acetoxy trans-
trimethylsilylhexenyne (19a), which was converted 
readily into acetoxy trans-hexenyne (19), oil, in 9 4 % 
yield, by treatment with ammonium fluoride in N,N-
dimethylformamide (DMF) at room 1empcrature.5c>14) 
In good accord with the assigned structure and con­
figuration, compound 19 exhibited parent and frag­
mentation peaks at m je 334 and 274 in the mass spect-
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rum and also absorption maxima at 223 and 230 nm 
(e 13000 and 10500) and at 3300, 2110, 1740, 1645, 
1247, 1160, 1105, 1027, and 960 cm- 1 in the U V and 
IR spectra, respectively. The N M R spectrum confirm­
ed the structure: Ô 0.98 (3H, t, J = 7 H z , CH 2 CH 3 ) , 
2.03 (3H, s, OGOGH3), 2.80 ( IH , d, J=2 Hz, G E G H ) , 
2.50 and 3.50 (6H and 2H, each m, 3GH2GH=GH, 
and 2H at G2 and G8), 3.93 (4H, m, O G H 2 G H 2 0 ) , 
5.01 [ IH, do t, y = 9 , 4, and 4 Hz, GH(OAc)] , 5.50 
and 6.14 (each IH , do d and do t, J=\5, 2, and 15, 
8, 8 H z , trans-CH=CH), and 5.78 (2H, m, *w-CH=CH). 
A series of the reactions from the aldehyde (1) to the 
acetoxy hexenyne (19) via the epoxide (16) implies 
synthesis of the C8-side chain (3) of laurencin (2). 

R=CH0 

16 R_= — . ^ — ^ 
H 

OH s 

H b 

OAc s— 

H b 

OAc 

18 R - - - | s ^ ^ C H 0 
H 

OAc y, 

JI 

The final stage of laurencin synthesis consists in 
introduction of a bromine atom at C 3 with the trans­
configuration to the ethyl group at G2. Deacetaliza-
tion of the tetrahydrooxocinone ethylene acetal (19) 
with jfr-toluenesulfonic acid in aqueous acetone under 
reflux proceeded smoothly to give ketone (20), oil, 
in 74% yield, which displayed a new absorption 
maximum at 1720 c m - 1 and also a one-proton double 
doublet ( 7 = 1 1 and 8 Hz) at ô 3.86 due to one of the 
two C^protons.1 '4) Reduction of the ketone (20) with 
sodium borohydride in methanol at 0 0G1>4^ produced 
a mixture of alcohols, from which a major alcohol (21), 
oil, with three «^-oriented substituents at G2, G3, and 
C8 of the hydrooxocin ring, and a minor alcohol (22), 
oil, a G3-epimer of 21 , could be isolated in 50 and 
3 0 % yields, respectively. The configurations of the 
hydroxyl groups at G4 in the respective compounds 
(21 and 22) were deduced by analogy of the N M R 
data with those of the corresponding diethyltetrahydro-
oxocins4) and related compounds ;*•) namely, the hydroxy-
methine proton in question of the former (21) ap­
peared as a broad signal with half-width of 20 Hz 
at ô 3.64, while the corresponding proton of the latter 
(22) was observed as a clear double triplet with J= 
9, 3, and 3 Hz at ô 3.72.1'4* Contrary to the expecta­
tion that the bromination would take place easily, 

the major alcohol (21), when treated with triphenyl-
phosphine and tetrabromomethane in dichloromethane 
at room temperature,4 '15) gave a complex mixture. 
However, an aimed bromo compound, mp 45—47 °C, 
could be isolated after careful chromatography in 14% 
yield along with the starting material (21, 2 0 % ) . The 
bromo compound exhibited the following spectra : MS, 
m\e 356, 354 (M+), 296, and 294; IR , vm&x 3285, 2100, 
1735, 1230, 1168, 1080, 1035, and 950 cm- 1 ; N M R , 
ô 0.98 (3H, t, 7 - 7 Hz, GH 2 GH 3 ) , 2.03 (3H, s, 
O C O G H 3 ) , 2.83 (1H, d, 7 = 2 Hz, C E C H ) , 4.07 (1H, 
do t, 7 - 9 , 3, and 3 Hz, GHBr), 4.98 [1H, do t, 7 = 8 , 
5, and 5 Hz, GH(OAc) ] , 5.52 and 6.15 (each 1H, 
do d and do t, J= 15, 2, and 15, 7, 7 Hz, trans-GH=CH) 9 

and 5.90 (2H, m, a,y-CH=CH). These spectra were 
completely identical with those of natural laurencin 
(2), indicating completion of the synthesis of ( ± ) -
laurencin. The overall yield amounted to 1.1% from 
the tetrahydrooxocincarbaldehyde. 

OCOCH3 

C2HS 

19 R=0CH2CH20 

20 R = 0 

21 R = ~ 0 H , — H 

22 R — O H , - H 

± 2 R = —Br, - I I 

E x p e r i m e n t a l 

All the mps and bps were uncorrected. The homogeneity 
of each compound was always checked by TLG over silica 
gel (Wakogel B-5) and/or GLG (Hitachi K-53) over 10% 
SE-30. Column chromatography was carried out over 
silicic acid (Merck, Kieselgel 60, 70—230 mesh) and/or 
alumina (Merck, Standard, Active I and II—III). The 
UV, IR, and NMR (100 MHz) spectra were measured in 
ethanol, in liquid state, and in chloroform-^, respectively, 
unless otherwise stated. The abbreviations "s, d, t, sex, m, 
br, do, and sh," in the NMR and IR spectra denote 
"singlet, doublet, triplet, sextet, multiplet, broad, double, 
and shoulder," respectively. 

2-Penten-4-ynyl Phenyl Sulfides (5) and Their Trimethylsilyl 
Derivatives (5a). a): Into a suspension of sodium thio-
phenolate in THF, prepared from sodium hydride (96 mg) 
and benzenethiol (424 mg) in THF (5 ml), was added a 
1:1 mixture of eis- and £ra;w-2-penten-4-ynyl bromides8) 
(290 mg) in THF (1 ml) at 0 °G under stirring. The mix­
ture was stirred at room temperature for 2 h, then mixed 
with water (10 ml) and extracted with ether (3x10 ml). The 
ether solution was washed with water, 5% aq potassium 
hydroxide and water, dried over sodium sulfate (or magne­
sium sulfate) and evaporated to leave yellow oil (466 mg). 
The oil was purified by chromatography over silica gel (20 
g) with benzene and hexane (1:4) to give eis- and trans-
pentenynyl phenyl sulfides (c-5, 62 mg, and |f-5, 86 mg) 
with the mixture (82 mg), bp 85—90 °G/2 Torr: c-5, MS, 
m/e 174 (M+), 109, 77, and 65; IR, vm&x 3280, 2090, 1687, 
and 775 cm-1: NMR, 6 3.13 (IH, d, y = 2 H z , G E G H ) , 
3.79 (2H, d, J = 8 H z , CH2), 5.50 and 6.00 (each IH, do 
d and do t, J - 1 0 , 2, and 10, 8, 8 Hz, cis-CH=CH), and 
7.30 (5H, m, C6H5) : t-5, MS, m\e 174, 109, 77, and 65; 
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I R , "max 3286, 2096, 1687, and 954 c m - 1 ; N M R , «5 2.84 
f lH , d, 7 = 2 Hz) , 3.55 (2H, d, 7 = 7 Hz) , 5.48 and 6.22 
(each I H , do d and do t, J—15, 2 and 15, 7, 7 Hz) , and 
7.30 (5H, m) . 

b) : In to an ice-cooled solution of 5-trimethylsilyl-2-
penten-4-yn-l-ol alcohol9) (4a) in ether (3 ml) containing 
pyridine (0.2 ml) was added dropwise phosphorus tr ibromide 
(1.9 g) in ether (3 ml) during a period of 15 min. T h e 
mixture was stirred at room temperature for 75 min and 
then mixed with ether (50 ml) . The whole solution was 
washed with water, 5 % aq sodium hydrogen carbonate and 
saturated brine, dried over magnesium sulfate, evaporated 
and then distilled to yield the corresponding bromides (2.0 
g, eis: trans =1 : 2), which were used for the next reaction 
without further purification. 

In to a suspension of sodium benzenethiolate, prepared 
from sodium hydride (72 mg) and thiophenol (330 mg) in 
T H F (7 ml) , was added the bromide mixture (300 mg) in 
T H F (1 ml) . T h e mixture was stirred a t room temperature 
for 2 h and then worked up as described in (a) to leave 
oil (396 mg) , which was purified by chromatography over 
silica gel (20 g, hexane) to give eis- and trans-hom.cvs (c-5a, 
77 mg and f-5a, 177 mg) with the mixture (28 mg), bp 
98—100°G/2 T o r r : c-5a, M S , mje 246 (M+), 173, 137, 
109, 73, and 59 ; IR , vm&x 2146, 1690, 1250, and 760 c m - 1 ; 
N M R , Ô 0.22 [9H, s, Si (CH 3 ) 3 ] , 3.80 (2H, d, 7 = 8 Hz, 
CH 2 ) , 5.52 and 5.94 (each I H , do d and do t, 7 = 10, 2 
and 10, 8, 8 Hz , m - C H = C H ) , and 7.20 (5H, m, C 6 H 5 ) : 
*-5a, M S , mje 246, 173, 137, 109, 73, and 59 ; IR , vmlLX 

2136, 1685, 1240, and 953 c m - 1 ; N M R , ^ 0.18 (9H, s), 
3.55 (2H, d, J = 7 Hz) , 5.54 and 6.18 (each I H , 7 = 1 6 , 2, 
and 16, 7, 7 Hz) , and 7.26 (5H, m) . 

5-Phenylthio-6-nonen-8-yn-4-ols (6) and 1 -Phenylthio-3-ethynyl-
1-hepten-4-ols (7). a) In to a solution of 1:1 mixture 
of c-5 and f-5 (870 mg, 5 mmol) in T H F (50 ml) con-
taing Dabco (560 mg, 5 mmol) was added butylli thium (12 
mmol) in a 1 5 % hexane solution (6.7 ml) at — 30 °C under 
stirring. T h e mixture was further stirred for 1 h at —30— 
- 2 0 °G, and cooled to - 5 0 °G. Butanal (0.45 ml, excess) 
was added to the cooled solution and stirred at —50— 

- 3 0 °C for 30 min and then at - 3 0 20 °G for 30 min. 
T h e reaction mixture was poured into water (200 ml) and 
extracted with ether (3 X 100 ml). T h e ether solution was 
washed with water and saturated brine, dried and evapo­
rated to leave oil (1.2 g) , which was purified by chromato­
graphy over silica gel (40 g, benzene) to give a 1:1 mixture 
(452 mg) of 6 and 7 with the starting material (5, 220 mg) . 
A par t (60 mg) of the mixture was further separated by 
preparative T L G (Wakogel B-5F, benzene) to yield a trans-
isomer (f-6, 25 mg) and a w-isomer (c-7, 5 mg) in pure 
state: *-6, M S , mje 246 (M+) ; U V , A m a s 217 n m (e 16000); 
I R , "max 3400, 3280, 2090, 1600, and 958 c m - 1 ; N M R , Ô 
0.92 (3H, br s, CH 3 ) , 1.52 (4H, m, CH 2 CH 2 ) , 2.54 ( I H , 
s, O H ) , 2.86 ( I H , d, 7 = 2 Hz, C E C H ) , 3.6 (2H, br m, 

G H ( O H ) and GH(SC 6 H 5 ) ] , 5.32 and 6.10 (each IH , do 
d, / = 1 6 , 2, and 16, 10 Hz , *ra/u-CH=CH), and 7.30 (5H, 
m, SC 6 H 5 ) : c-7, M S , m/e, 246; U V , A m a x 266 n m (e 10000); 
IR , "max 3420, 3096, 2114, and 1678 cm" 1 ; N M R , ô 0.94 
(3H, br s), 2.56 (4H, m ) , 2.20 ( I H , 7 = 2 Hz) , 3.66 (2H, 
br m ) , 5.80 and 6.30 (each I H , do d and d, 7 = 1 0 , 10, 
and 10 Hz, m - G H = G H ) , and 7.35 (5H, m) . 

b) : In to a solution of a 1:2 mixture of c-5a and tf-5a 
(492 mg, 2 mmol) in T H F (20 ml) containing Dabco (224 
mg, 2 mmol) was added butylli thium (2.4 mmol) in 15% 
hexane (1.36 ml) at — 30 °G. The solution was stirred for 
l h at - 3 0 20 °C and cooled to - 5 0 °C. Butanal 
(0.45 ml, excess) in T H F (0.5 ml) was added to the cooled 

solution and stirred as described in (a). The reaction 
mixture was worked u p as usual to leave oil (827 mg) , 
which was purified by chromatography over silica gel (30 
mg, benzene) to give acetylene compounds (307 mg). A 
par t (80 mg) of the mixture in methanol (2.5 ml) was 
treated with 5 M aq sodium hydroxide (0.13 ml) at room 
temperature (25 °C) for 5 min. The reaction mixture was 
neutralized by addition of 2 M hydrochloric acid, evapo­
rated and extracted with ether (2 X 50 ml) . The ether 
solution was worked up as usual to leave oil (51 mg), 
which was separated by preparative T L C over silica gel 
with benzene and ethyl acetate ( 9 : 1 ) to yield a 1 : 5 
mixture (by N M R ) of 6 and 7 (30 mg) and 5 (10 mg). 
The mixture was not further purified. 

trans-7-Pheny-3-hexen-5-yn-1-yl Acetate (9) and Its 6-Trimeih-
ylsilyl Derivative (9a). Into a suspension of triphenyl-
(3-trimethylsilyl-2-propynyl)phosphonium bromide5c> (305 
mg, 0.67 mmol) in T H F (5 ml) cooled at - 7 8 °C was 
added butylli thium (0.78 mmol) in 15% hexane (0.5 ml) 
under stirring. T h e mixture was stirred at —45 40 °C 
for 30 min and cooled to — 78 °C. 3-Oxo-l-phenylpropyl 
acetate11) (8, 87 mg, 0.45 mmol) in T H F (0.8 ml) was added 
to the cooled mixture and stirred at ice-bath temperature 
for 1 h. On addition of hexane (20 ml) the reaction mix­
ture formed precipitates, which were removed by filtration. 
T h e procedure was repeated three times to give brown oil 
(150 mg) , which was separated by chromatography (1.5 g, 
benzene) to yield 9a (78 mg), oil; M S , mje 280 (M+) and 
226; I R , vm&x 2150, 1748, 1245, 1233, 1085, 1025, and 
955 c m - 1 ; N M R , <5 0.16 [9H, s, Si (CH 3 ) 3 ] , 2.04 (3H, s, 
O C O C H , ) , 2.62 (2H, br t, 7 = 7 Hz, CH 2 ) , 5.52 and 6.02 
(each I H , br d and do t, J—1 and 16, 7, 7 Hz , trans-
CH=GH) , 5.74 ( IH , t, 7 = 7 Hz, C H ( O A c ) ] , and 7.26 (5H, 
s, G6H5) . The sample was rechromatographed for analysis. 
Found : C, 71.11; H , 7 . 7 1 % . Calcd for C 1 7 H 2 2 0 2 Si : C, 
71.28; H , 7.74%. 

Compound 9a (43 mg) in methanol (1.5 ml) was stirred 
with 5 M sodium hydroxide (0.75 ml) at room temperature 
for 10 min. The mixture was acidified with 2 M hydro­
chloric acid, extracted with hexane repeatedly. The hexane 
solution was worked up as usual to give crude alcohol 
(25 mg) . T h e alcohol (22 mg) was treated with acetic 
anhydride (0.2 ml) and pyridine 0.5 ml to give crude 
acetate, which was purified by preparative T L G (benzene) 
to yield 9 (22 mg) , oil, in pure state: M S , mje 154 (M+ — 
C H 3 C O O H ) ; IR , î>max 3300, 2100, 1748, 1230, and 958 
c m - 1 ; N M R , ô 2.08 (3H, s, O C O C H 3 ) , 2.66 (2H, t, J= 
7 Hz, GH 2 ) , 2.80 ( I H , d, 7 = 1.5 Hz , G E G H ) , 5.50 and 

6.10 (each I H , br d and do t, 7 = 1 6 and 16, 7, 7 Hz , 
trans-CH=CH), 5.77 [ I H , t, 7 = 7 Hz, C H ( O A c ) ] , and 7.28 
(5H, s, G6H5) . Found: G, 78.47; H , 6.50%. Calcd for 
C 1 4 H 1 4 0 2 : C, 78.48; H , 6 .58%. 

2-(Epoxyethyl)-3,4-dihydropyranes (11). a): A suspen­
sion of sodium hydride (0.06 mol) (50% mineral oil disper­
sion, 2.9 g) and trimethyloxosulfonium iodide (13.2 g, 0.06 
mol) in dry D M S O (60 ml) was stirred at room tempera­
ture under sitrring for 10 min, when evolution of hydrogen 
stopped. A solution of 3,4-dihydro-2//-pyran-2-carbaldehyde 
(10, 5.6 g, 0.05 mol) in D M S O (5 ml) was added to the 
aforementioned dimethylsufinylmethanide solution during a 
period of 5 min and then stirred at room temperature for 
1.5 h. T h e reaction mixture was mixed with water (130 
ml) and extracted with ether ( 4 x 1 0 0 ml) . The ether solu­
tion was washed with water and saturated brine, dried, 
evaporated and distilled to give 11 (2.16 g), bp 68—70 °C/ 
15 T o r r ; M S , mje 126 (M+), 83, and 4 3 ; IR , i-max 1646, 
1237, and 1070 c m - 1 ; N M R , Ö 2.00 (4H, br, m, 4 H at G3 
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and C4), 2.80 and 3.25 (2H and 1H, each m, 3H in 
epoxyethyl), 3.65 (1H, m, H at C2), 4.70 and 6.35 (each 
1H, m, GH=GH). Found: C, 66.15; H , 7.99%. Galcd 
for G 6 H 8 0 2 : C, 66.65; H , 7.99%. 

b) : Into a solution of sodium methylsulfinylmethanide, 
prepared by treatment of D M S O (60 ml) with sodium 
hydride (0.06 mol) (50% mineral oil dispersion, 2.9 g) at 
80 °C for 1 h, was added T H F (60 ml) and then a solution 
of trimethylsulfonium iodide (12.4 g, 0.06 mol) in D M S O 
at 0 °C during a period of 5 min under stirring. T o the 
resultant dimethylsulfonium methanide solution was added 
10 (5.6 g, 0.05 mol) in D M S O (5 ml) , and the whole solu­
tion was stirred at room temperature for 1 h. The reac­
tion mixtuie was poured into water and extracted with 
ether (4 x 200 ml) . T h e ether solution was worked up as 
usual to give 11 (1.04 g), bp 64—68 °G/15 Torr . The N M R 
spectrum showed complex signals similar to those of 11 
obtained in (a), indicating both the samples (11) to be a 
mixture of diastereoisomers. In the following experiments 
were used the sample (11) obtained in the section (a). 

2 - (Epoxyethyl) - 3,4,5,6 - tetrahydropyrans (12). Com­
pounds 11 (2.1 g) were hydrogenated over plat inum (60 
mg as P t 0 2 - H 2 0 ) for 14.5 h, when 430 ml (1.02 mol equiv) 
of hydrogen had been consumed. After removal of the 
catalyst, the solution was evaporated and distilled to give 
oil (12, 1.7 g), bp 70—74 °C, showing a single spot on 
T L C ; MS, mje 128 (M+) and 8 5 ; I R , *>max 1255, 1110, 
1094, and 1050 cm" 1 ; N M R , Ô 1.60 (6H, br m, 6H at C3, 
C4 and C5), 2.80 and 2.95 (2H and 1H, each m, 3H at 
C2 and C6). Found: C, 65.22; H , 9.64%. Calcd for 
C 7 H 1 2 0 2 : C, 65.60; H, 9.44%. 

3-Oxo-1-(2-tetrahydropyranyl)propyl Acetate (14) and Its 1,3-
Trimethylene Dithioacetal (13). a): To a. solution of 
2-lithio-l,3-dithiane in T H F , prepared from 1,3-dithiane 
(1.41 g, 11.7 mmol) and butylli thium (14 mmol) in T H F 
(45 ml) at - 3 0 20 °C for 2 h, was added 12 (1.5 g, 
11.7 mmol) in T H F (2 ml) under cooling at - 6 0 °C. T h e 
mixture was stirred at - 5 0 30 °C for 1 h, at - 3 0 20 
°C for 1 h, and then at - 2 0 °C for 16 h, and mixed with 
ether (150 ml) . T h e ether solution was worked up as 
usual to leave amorphous residue (3.1 g), which was purified 
by chromatography over silica gel (90 g, benzene) to yield 
white solid (2.2 g). A part (54 mg) was further purified 
by preparative T L C to give solid substance (43 mg) , show­
ing a single spot on T L C . T h e solid (43 mg) was con­
verted under usual conditions into the acetate (13), oil; 
MS, mje 290 (M+), 230, 119, and 8 5 ; I R , vm&x 1742, 1240, 
and 1090 c m - 1 ; N M R , Ô 1.50 (6H, m, 6 H at C3, C4, and 
C5), 2.20 (2H, m, SCH 2 CH 2 CH 2 S) , 2.11 (3H, s, O C O C H 3 ) , 
2.85 (4H, m, SCH 2 CH 2 CH 2 S) , 3.42 and 4.00 (each 2H, 
m, 3H at C2 and C6, and SCHS) , and 5.18 [1H, m, 
CH(OAc)] . 

Into a suspension of mercury (II) oxide (0.6 g) and boron 
trifluoride etherate (0.35 ml) in 15%, aq T H F (4 ml) was 
added 13 (0.20 g, 6 .9 mmol) in T H F (0.2 ml) under 
stirring during a period of 15 min. T h e mixture was 
stirred at room temperature for 1 h. O n addition of ether 
(10 ml) to the mixture, precipitates were separated and 
removed by filtration. T h e filtrate was washed with 10% 
aq sodium carbonate and saturated brine, dried and evapo­
rated to give oil [crude 14 (0.115 g) ] , which was used for 
the next reaction without further purification: IR , i>mas 

2760, 1746, 1240, 1095, and 1045 c m - 1 ; N M R , Ô 2.08 (3H, 
s, OCOCHg) , 2.76 (2H, m, C H 2 C H O ) , 5.30 [1H, do t, 
. / = 3 , 6 and 6 Hz , C H ( O A c ) ] , 9.66 (1H, t, 7 = 1.5 Hz , 
C H O ) . 

1-(2-Tetrahydropyranyl)-3-hexen-5-ynyl Acetate (15) and Its 

Trimethylsilyl Derivative (15a). a) : In to a suspension 
of triphenyl(3-trimethylsilyl-2-propynyl)phoshonium bromide 
(0.34 g, 0.75 mmol) in T H F (5 ml) cooled at - 7 0 °C was 
added butyll i thium (0.78 mmol) (15% hexane solution, 0.5 
ml) under stirring. T h e mixture was stirred at —40— 
- 3 0 °C for 30 min and again cooled to - 7 0 °C. Aldehyde 
14 (0.11 g, 0.55 mmol) in T H F (0.5 ml) was added to the 
cooled mixture, stirred at the temperature for 5 min and 
then at ice-bath temperature for 1 h. O n addition of 
hexane (20 ml) , precipitates were formed and removed by 
filtration. The procedure was repeated three times to 
yield oil (0.145 g), which was purified by chromatography 
over silica gel (4.5 g, benzene) to give 15a (0.124 g), color­
less oil; M S , mje 294 (M+), 234, and 8 5 ; IR , *>max 2170, 
1748, 1248, 1235, 1090, 1050, 1040, and 960 c m - 1 ; N M R , 
ô 0.16 [9H, s, Si (CH 3 ) 3 ] , 2.04 (3H, s, O C O C H 3 ) , 2.44 
(2H, t, 7 = 7 Hz, C H 2 C H = C H ) , 4.80 [1H, m, C H ( O A c ) ] , 
5.52 and 6.10 (each 1H, br d and do t, 7 = 1 6 and 16, 7, 
7 Hz , trans-CU=GU). Found: C, 64.92; H , 8 .82%; Calcd 
for C 1 6 H 2 8 0 3 S : C, 65.26; H , 8.90%. 

b) : A solution of 15a (60 mg, 0.2 mmol) in methanol 
(2 ml) was stirred with 5 M aq sodium hydroxide (1 ml) 
at room temperature for 5 min. T h e solution was made 
acidic by addition of 2 M hydrochloric acid and extracted 
with hexane ( 4 x 2 ml) . T h e hexane solution was worked 
up as usual to give alcohol (35 mg) , oil. T h e oil was 
acetylated under usual conditions and purified by prepara­
tive T L C over silica gel to give 15 (39 mg) , oil; M S , mje 
222 (M+) and 162; I R , *-max 3300, 2100, 1748, 1240, 1100, 
1050, and 960 c m - 1 ; N M R , ô 1.52 (6H, m, C H 2 C H 2 C H 2 ) , 
2.03 (3H, s, O C O C H 3 ) , 2.48 (2H, t, 7 = 7 Hz, CH 2 CH= 
C H ) , 2.82 (1H, d, 7 = 2 Hz , C^CH) , 3.35 and 4.00 (2H 
and 1H, each m, C H 2 O C H ) , 4.86 [1H, do t, 7 = 1 2 , 6, 
and 6 Hz, C H ( O A c ) ] , 5.52 and 6.20 (each 1H, do d and 
do t, 7 = 1 6 , 2 and 16, 7, 7 Hz , trans-CH=CH). Found : C, 
69.97; H , 8.02%. Calcd for C 1 3 H 1 8 0 3 : C, 70.24; H , 8.16%. 

eis - 2 - Ethyl -8- epoxyethyl -3,4,7,8- dihydro - 2K-oxocin -3-one 3-
Ethylene Acetal (16). A suspension of sodium hydride 
(3.12 mmol) (50% mineral oil dispersion, 0.15 ml) and 
trimethyloxosulfonium iodide (690 mg, 3.12 mmol) in D M S O 
(15 ml) was stirred at room temperature under nitrogen. 
A solution of 1 (593 mg, 2.6 mmol) in D M S O (5 ml) was 
added dropwise to the dimethylsulfinylmethanide solution 
and stirred at room temperature for 1 h. T h e reaction 
mixture was mixed with water (50 ml) and extracted with 
ether ( 3 x 2 0 ml) and then with ethyl acetate ( 2 x 2 0 ml) . 
All the organic solutions were combined, washed with water 
( 3 x 2 0 ml) and saturated brine, dried and evaporated to 
leave oil (555 mg) , which was purified by chromatography 
over silica gel ( 12 g, benzene : ethyl acetate = 9:1) to give 16 
(418 mg), white solid. A part (145 mg) was crystallized and 
recrystallized from hexane and ether for analysis to give 
a pure sample (128 mg) , m p 87—88 ° C ; M S , 240 (M+) and 
2 1 1 ; I R (Nujol), *>max 1648, 1380, 1252, 1162, 1107, and 
1080; N M R , ô 1.00 (3H, t, 7 = 7 Hz, C H 2 C H 3 ) , 1.44 (2H, 
m, C H 2 C H 3 ) , 2.72 and 3.25 (2H and 1H, each m, 3H in 
epoxyethyl), 2.94 (1H, do d, 7 = 1 3 and 8.5 Hz , H at C4) , 
3.60 (1H, do d, 7 = 7 and 6 Hz , H at C2), 4.00 (4H, m, 
O C H 2 C H 2 0 ) , and 5.82 (2H, m, m - C H = C H ) . Found : C, 
64.98; H , 8.39%. Calcd for C l 3 H 2 0 O 4 : C, 64.86; H , 8 . 3 1 % . 

cis-2-Ethyl-8 - [7 -hydroxy- 2- (1,3-dithian-2-yl)ethyl] -3,4,7,8-
tetrahydro-2H-oxocin-3-one 3-Ethylene Acetal (17) and Its Acetate 
(17a). T o a solution of 2-lithio-1,3-dithiane in T H F , 
prepared from 1,3-dithiane (418 mg, 3.48 mmol) and butyl­
lithium (4.2 mmol) (15%, hexane solution, 2.8 ml) at —30 

20 °C for 2 h under stirring, was added dropwise 16 
(418 mg, 1.74 mmol) in T H F (3 ml) at - 7 0 °C. T h e mix-
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ture was stirred at — 20 °G for 14 h, and shaken with ether 
(50 ml) and saturated brine (20 ml) . After separation of 
the ether solution, the aqueous solution was extracted with 
chloroform ( 3 x 2 0 ml) . All the ether and chloroform solu­
tions were combined, washed with saturated brine, dried 
and evaporated to leave oil (822 mg), which was purified 
by chromatography over silica gel (30 g, benzene) to give 
17 (564 mg) , viscous oil. T h e oil was treated with acetic 
anhydride (5.6 ml) and pyridine (12 ml) at room tem­
perature overnight and then worked up as usual to give 
17a (557 mg) , m p 145—150 °G. A part (66 mg) of the 
sample was recrystallized from benzene and hexane for 
analysis to yield 17a (45 mg) , m p 161—162 °G, in pure 
state; M S , m/e 402 (M+), 373, and 342; I R (Nujol), i>max 

1740, 1640, 1230, 1125, 1110, and 1090 cm" 1 ; N M R , Ô 1.00 
(3H, t, 7 = 7 Hz , C H 2 C H 3 ) , 1.38 (2H, m, C H 2 C H 3 ) , 2.03 
(3H, s, O C O C H 3 ) , 3.50 (2H, m, 2H at Ca and C8), 3.90 
(5H, m, O C H 2 C H 2 0 and SCHS) , 5.24 [ I H , do t, 7 = 9 , 
4 and 4 Hz , C H ( O A c ) ] , and 5.74 (2H, m, w - C H = C H ) . 
Found: C, 56.79; H , 7 . 5 1 % . Calcd for C 1 9 H 3 0 O 5 S 2 : G, 
56.69; H , 7 . 5 1 % . 

cis-#- (1 -Acetoxy-3-oxopropyl) -2-ethyl-3,4,7,8-tetrahydro-2H-
oxocin-3-one 3-Ethylene Acetal (18). T o a vigorously 
stirred mixture of mercury(I I ) oxide (387 mg, 1.79 mmol) 
and boron trifluoride etherate (0.22 ml, 1.79 mmol) in 15% 
aq T H F (2.4 ml) was added 17a (240 mg, 0.597 mmol) in 
T H F (2 ml) at room temperature during a period of 10 
min. The mixture was stirred for 15 min at room tem­
perature and mixed with ether (10 ml) . After removal of 
precipitates by filtration, the reaction mixture (filtrate) was 
washed with saturated aq sodium carbonate and then with 
saturated brine, dried and evaporated to leave oily sub­
stance (20, 111 mg) , which was used for the next reaction 
without further purification; N M R , 2.08 (3H, s, O C O C H 3 ) , 
4.00 (4H, m, O C H 2 G H 2 0 ) , 5.54 [ I H , do t, 7 = 8 , 4, and 
4 Hz , C H ( O A c ) ] , 5.86 (2H, m, m - G H - C H ) , and 9.78 ( I H , 
t, 7 = 2 H z , C H O ) . 

cis-#- ( 1 -Acetoxy-6-trimethylsilyl-3-hexen-5-ynyl) -2 - ethyl - 3,4,7,8-
tetrahydro-2H-oxocin-3-one 3-Ethylene Acetal (19a). In to 
a suspension of tri phenyl (3-trimethylsilyl-2-propynyl)phos-
phonium bromide (242 mg, 0.534 mmol) in T H F (2 ml) 
cooled at — 78 °C was added butylli thium (0.543 mmol) 
(15% hexane solution, 0.33 ml) . The mixture was stirred 
at - 4 0 °G for 30 min and again cooled to - 7 8 °G. A 
solution of 18 ( l l l m g , 0.356 mmol) in T H F (1.5 ml) was 
added to the cooled mixture, and the whole mixture was 
stirred at ice-bath temperature for 1 h. After addition of 
ether, precipitates were formed and removed by filtration. 
The filtrate was evaporated to leave oil, which was sepa­
rated by preparative T L C over silica gel (benzene : ethyl 
acetate = 10:1) to give 19a (99 mg), oil, showing a single 
spot on T L G ; M S , m/e 406 (M+), 391, 363, and 346; U V , 
Amax 227 n m (e 16600), 236 (22700), and 246 (17000); I R , 
*>max 2160, 1740, 1248, and 960 c m - 1 ; N M R , ô 0.15 [9H, 
s, Si (GH,) J , 2.05 (3H, s, O C O G H 3 ) , 3.50 (2H, m, 2H at 
C2 and C8), 3.94 (4H, m, O G H 2 G H 2 0 ) , 5.02 [ I H , do t, 
7 = 9 , 4, and 4 H z , C H ( O A c ) ] , 5.45 and 6.08 ( I H , br d 
and do t, 7 = 1 5 and 15, 7, 7 Hz , trans-GH=CR), and 5.80 
(2H, m,cw-GH=GH) . Found : C, 64.55; H . 8.49%. Galcd 
for G 2 2 H 2 4 0 5 Si : C, 64.98; H , 8 .43%. 

cis-#- ( 1 -Acetoxy-3-hexen-5-ynyl) -2- ethyl - 3,4,7,8 -tetrahydro-2H-
oxocin-3-one 3-Ethylene Acetal (19). A solution of 19a 
(166 mg, 0.419 mmol) in D M F (17 ml) was treated with 
ammonium fluoride (1.7 g, excess) at room temperature 
under stirring. T h e reaction mixture was treated with 
water (40 ml) and extracted with ether ( 3 x 5 0 ml) . T h e 
combined ether solution was worked up as usual to leave 

oil (190 mg) , which was purified by preparative TLG 
(benzene : ethyl acetate = 10:1) to give 19a (130 mg), oil, 
showing a single spot on T L C ; M S , U V , IR , and N M R , 
in the text. Found : G, 68.13; H , 7.87%. Calcd for 
G 1 9 H 2 6 0 5 : C, 68.24; H , 7.84%. 

cis-#- (1 -Acetoxy-3-hexen-5-ynyl) -2- ethyl - 3,4,7,8 - tetrahydro - 2H-
oxocin-3-one (20). A solution of 19 (120 mg, 0.359 
mmol) in acetone (50 ml) and water (8 ml) was heated 
with /Koluenesulfonic acid (90 mg, 0.474 mmol) under reflux 
for 24 h. After being cooled, the reaction mixture was 
treated with water (50 ml) and extracted with ethyl acetate 
( 3 x 3 0 0 ml). The acetate solution was washed with 5 % 
aq sodium hydrogencarbonate and saturated brine, dried 
and evaporated to leave oil (144 mg), which was purified 
by preparative T L G (benzene : ethyl acetate = 10:1) to give 

20 (31 mg), oil, and the starting acetal (19, 68 m g ) ; MS, 
m/e 290 (M+) and 230; U V , 2 m a x 322 n m (e 194), 310 
(279), 300 (300), 293 (323), 230 (sh) (11400), and 224 
(14000); I R , *>max 3310, 2110, 1740, 1720, 1236, and 960 
c m - 1 ; N M R , ô 0.96 (3H, t, 7 = 8 Hz, CH 2 CH 3 ) , 2.06 (3H, 
s, O C O C H 3 ) , 2.81 (1H, d, 7 = 2 Hz, C E C H ) , 3.44 (1H, 

m, H at C8), 3.72 (1H, t, 7 = 7 Hz, H at C2), 3.86 (1H, 
do d, 7 = 1 1 and 8 Hz, H at C4), 5.00 [1H, do t, 7 = 8 , 
5, and 5 Hz, C H ( O A c ) ] , 5.52 and 6.14 (each 1H, do d 
and do t, 7 = 1 5 , 2, and 15, 7, 7 Hz, trans-CH=CH), and 
5.64 (2H, m, m - C H = C H ) . Found: C, 69.98; H , 7 .91%. 
Calcd for C 1 7 H 2 2 0 4 : C, 70.32; H , 7.64%. 

r-2,c-8- ( 1-Acetoxy-3-hexen-5-ynyl) -3,4,7' ,8-tetrahydro-2H- oxocin-
3-ol and Its 3-Epimer (22). Compound 20 (36 mg, 
0.12 mmol) was treated with NaBH 4 (18 mg) in methanol 
(3 ml) at 0 °G for 20 min. The reaction mixture was made 
acidic with 2 M hydrochloric acid, concentrated and ex­
tracted with ethyl acetate ( 5 x 3 ml). The acetate solution 
was worked up as usual to leave oil (52 mg), showing two 
spots on T L C , which was separated by preparative TLG 
(benzene:ethyl acetate = 4:1) to yield 22 (11 mg), oil, and 
21 (18 mg), oil, as less and more polar fractions: 21 , M S , 
m/e 292 (M+), 274, and 232; IR , i>max 3440, 3300, 2120, 
1740, 1645, 1235, 1130, 1075, 1048, 1030, and 960 cm" 1 ; 
N M R , ô 0.92 (3H, t, 7 = 7 Hz, GH 2 CH 3 ) , 1.86 (1H, br s, 
O H ) , 2.05 (3H, s, O G O G H 3 ) , 2.82 (1H, d, 7 = 2 Hz, C E 
C H ) , 3.40 (2H, m, 2H at G2 and G8), 3.64 [1H, br, Wn 

= 20 Hz , C H ( O H ) ] , 4.98 [1H, do t, 7 = 8 , 5, and 5 Hz, 
C H ( O A c ) ] , 5.52 and 6.16 (each 1H, do d and do t, 7 = 
16, 2, and 16, 7, 7 Hz , trans-CH=CH), and 5.74 (2H, m, 
m - C H = C H ) : 22, M S , m/e 292 (M+), 274, and 232; IR , 
*max 3440, 3300, 2110, 1740, 1235, 1120, 1090, 1070, 1050, 
1025, and 960 c m - 1 ; N M R , ô 0.98 (3H, t, 7 = 7 . 5 Hz, 
C H 2 C H 3 ) , 2.05 (3H, s, O C O G H 3 ) , 2.80 (1H, d, 7 = 2 Hz, 
C=CH) , 3.10 and 3.44 (each 1H, m, 2H at C2 and G8), 
3.72 [1H, do t, 7 = 9 , 3, and 3 Hz , G H ( O H ) ] , 4.98 [1H, 
do t, 7 = 8 , 5, and 5 Hz , C H ( O A c ) ] , 5.52 and 6.16 (each, 
1H, do d and do t, 7 = 1 5 , 2, and 15, 7, 7 Hz, trans-GH= 
C H ) , and 5.58 (2H, m, w - C H = C H ) . 

r-2,c-8-(1-Acetoxy-3-hexen-5-ynyl) -t-3-bromo-3,4,7' ,8 - tetrahydro-
2H-oxocin Acetate [(±)-2]. Into a solution of 21 (15 
mg, 0.05 mmol) and te t rabromomethane (125 mg, 0.375 
mmol) in dichloromethane (4 ml) was added dropwise 
triphenylphosphiiie (65 mg, 0.25 mmol) in dichloromethane 
(6 ml, dried through Molecular Sieves 4A) at room tem­
perature under stirring during a period of 3 h, and the 
whole solution was stirred at room temperature for 12 h. 
T h e reaction mixture was evaporated to leave resinous 
material , which was purified by preparative T L C (benzene) 
to yield ( ± ) - 2 (2 mg), which crystallized spontaneously 
and had m p 45—47 °C, with the starting alcohol (21, 3 
mg). The spectral data (described in the text) were com-
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pletely identical with natural laurencin (MS, U V , IR , 
N M R , and T L G ) . 
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The reaction between (dimethylaminomethyl) ruthenocene with lithium tetrachloropalladate(II) in the 
presence of sodium acetate gave di-/j-chloro-bis[2- (dimethylaminomethyl) ruthenocenyl]dipalladium(II) (2). 
The ^-bonded structure of 2 has been confirmed by IR analysis and the reactions of 2 with triphenylphos-
phine, thallium (I) acetylacetonate, and lithium aluminum deutende. The reactions of chloro [2-(dimethyl­
aminomethyl) ruthenocenyl](triphenylphosphine) palladium (II) with carbon monoxide and 2 with methyl vinyl 
ketone, phenyl vinyl ketone, and styrene have been examined. 1, 2-Disubstituted ruthenocene derivatives have 
been obtained in higher yields than those of the corresponding ferrocene derivatives. 

Cope has reported the first intramolecular ortho-
palladation of azobenzene1) and #,iV-dimethylbenzyl-
amine.2) For the regioselective syntheses of ortho-
substituted aromatic compounds, there has been 
considerable interest in the intramolecular or^Ao-metal-
ation by transition metals of aromatic compounds 
containing donor ligands such as nitrogen, phosphorus 
and sulfur.3) In addition, the reactions of ferrocene 
derivatives with palladium (II) halides have been 
studied.4) Generally, there have been few synthetic 
investigations of the ruthenocenes in contrast to those 
of the ferrocenes. This paper will deal with the 
intramolecular or^Ao-palladation of (dimethylamino­
methyl) ruthenocene and the reactions of the palla­
d ium complexes. 

R e s u l t s a n d D i s c u s s i o n 

The reaction between (dimethylaminomethyl) -
ruthenocene (1) with lithium tetrachloropalladate(II) 
in the presence of sodium acetate5) gave di-^-chloro-
bis [ 2 - ( dimethylaminomethyl ) ruthernocenyl ] dipalla-
d ium(II ) (2) in 7 8 % yield. The complex 2 was 
shown to be an intramolecularly ort/zo-palladated 
complex on the basis of the reactions of 2 and the 
microanalytical and spectroscopic results. Measure­
ment of the molecular weight using a vapor pressure 
osmometer was not conducted because of the low 
solubility of 2 in all common solvents. T h e treatment 
of 2 with triphenylphosphine and thallium (I) acetyl­
acetonate afforded the monomeric triphenylphosphine 
(3) and acetylacetonate (4) complexes, respectively 
(Fig. 1). In the I R spectrum of 2, the three bands 
at 323, 258, and 216 c m - 1 have been assigned to the 
bridged Pd -C l stretching absorption.6) T h e single 

<^CH 2 N(CH3) 2 

Ru 

^ - C H 2 N ( C H 3 ) 2 
Li2PdClzf , CH3C00Na T \ ^ / 

Ru Pd 

LiAIH, 

PPh<: 

TIAcac Li AID/ 

^ - C H 2 N ( C H 3 ) 2 <0^-CH2N(CH3)2 <^>-CH2N(CH3)2 

^ ^ " J R u ^ P d - 0 Ru D Ru ?d-pph, 
# Cl # % 1>CH3 

4 "3°- % 
Fig. 1. Syntheses of palladium(II) complexes. 

band at 357 c m - 1 of 3 has been assigned to the terminal 
Pd-Cl stretching absorption. Thus, it has been 
confirmed that 2 is a typical chlorine-bridged binuclear 
complex. The low solubility of 2 in all common 
solvents precluded any N M R studies at room tempera­
ture. However, the 1H N M R spectra of 3 and 4 clearly 
demonstrated that a palladium-carbon o bond and 
a palladium-nitrogen coordinated bond existed in these 
complexes (Table 1). iV-Methyl and iV-methylene 
protons of 1 appear as a singlet, whereas the iV-methyl 
protons appear as two broad singlets and the iV-meth-
ylene protons as two doublets in 3 and 4. The non-
equivalence of the iV-methyl and iV-methylene protons 
in 3 and 4 can be explained in terms of a cyclic system 
in which the nitrogen is coordinated to the palladium 
and a palladium-carbon o bond is involved.7) To 
ascertain the formation of the tf-bond between pal-

TABLE 1. THE 1H NMR SPECTRA OF COMPLEXES 3 AND 4 (<5) 

Compound -N-CH, Rc-CH 2-N- Ruthenocene 
ring proton Others 

Pd complex (3) 

Pd complex (4) 

(Dimethylaminomethyl) -
ruthenocene (1) 

2.97(brs)t>) 3 .74(d) c ' e) 4.3—4.4(m)d> 7.2—7.7(m) PPh3 

3.07 (br s) 
2.82(s) a> 
3 . 0 2 ( s ) 
2 . 2 0 ( s ) 

4.02(d)e> 
3.13(d) f) 
3.52(d) f) 
3 .10(g) 

4.3-

4.5-

.7(m) 

.6(m) 

1.91 ( g ) GH3 of acac group 
5.21 ( g ) -GH- of acac group 

a) Singlet, b) Broad singlet, c) Doublet, d) Multiplet, e) y = 1 . 8 H z . f) J=7.8 Hz. 
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TABLE 2. THE XH NMR SPECTRA OF 1,2-DISUBSTITUTED RUTHENOCENES (Ô) 

Ruthenocene -N-GH, Rc-CH 2-N- Ruthenocene 
ring proton Others 

l-(2-Acetylvinyl)-
2-(dimethylaminomethyl)- (6) 

1 -(2-Benzoylvinyl) -
2-(dimethylaminomethyl)- (7) 

1 - (Dimethylaminomethyl) -
2-styryl- (8) 

1 - (Dimethylaminomethyl) -
2-(ethoxycarbonyl)- (9) 

2.15(s) a> 

2 . 1 6 ( a ) 

2 . 1 8 ( s ) 

2.4—3.1 (m 

3.08 (d)b> 
3 .37(d) 

( J = 1 4 Hz) 

3 .09(d) 
3 .42(d ) 

( 7 = 13 Hz) 

3 .12 (d ) 
3 .39(d ) 

( 7 = 13 Hz) 

) 

H a 

H b 

H c 

Hd 

H a 

H b 

H c 

Hd 

H a 

H b 

H c 

Hd 

H a 

H b 

H c 

Hd 

4.70(m)*> 
4.92(m) 
4.70(m) 
4 . 4 5 ( s ) 

4.71 (m) 
4.98 (m) 
4.71 (m) 
4 . 4 5 ( s ) 

4.60 (m) 
4.91 (m) 
4.60 (m) 
4 . 4 3 ( s ) 

4.85 (m) 
5.18(m) 
4.85 (m) 
4 . 6 0 ( s ) 

2.18(s, -GOGH3) 
6.32(d, 7 = 16 Hz, -G=GH-GO-) 
7.40(d, 7 = 16Hz, Rc-CH=C-CO-) 

7.16(d, 7 = 16Hz, -C=CH-CO-) 
7.51 (d, 7 = 16 Hz, Rc-GH=C-GO-) 
7.3—8.0(m, Ph) 

6.63(d, 7 = 16 Hz, -C=CH-Ph) 
6.85(d, 7 = 16 Hz, Rc-CH=C-Ph) 
7.1—7.3 (m, Ph) 

1.25(tc>, 7 = 6 Hz, CH3 of GOOEt) 
2.4—3.1 (m, -GH 2- of COOEt) 

a) Singlet, b) Doublet, c) Triplet, d) Multiplet. 

ladium and the cyclopentadienyl ring in 2, 3 , and 
4, 2 was reduced with lithium aluminum deuteride 
to give 1- (dimethylaminomethyl) ruthenocene-2-</ (5) 
quantitatively. Again, the starting material (1) was 
obtained by the lithium aluminum hydride reduction 
of 2. The presence of deuterium in 5 was established 
by a comparison of the 1 H N M R and mass spectra 
of 5 with those of the undeuterated sample (1). T h e 
intramolecular palladation of a-aryl nitrogen deriva­
tives gave the or^Ao-palladated complexes.3 '4) It ap­
pears therefore that the deuterium exists at the ortho-
position of the dimethylaminomethyl group in 5. 

The evidence indicates a five-membered chelate-
ring exists between palladium and the ruthenocene 
moiety in 2, 3, and 4. A simple model for 2, 3, and 4 
suggests that the chelate-ring may be five-membered 
rather than six-membered. This conclusion has been 
unambiguously supported by the reactions of 2 and 3 
with various reagents (Fig. 2). T h e reactions of ortho-
palladation products from numerous a-aryl nitrogen 
derivatives with carbon monoxide,8) halogens,9) alkyl-
lithium,10) Grignard reagents,10) and olefins11) have 
been reported. Recently, the or^Ao-palladation com-

C H 2 = C H R
 H \ | ^ H 2 N ( C H 3 ) 2 

2 - - H c R U XH = CHR 
^k> 6 , R = COCH3 

j£, 7 , R = COPh 
8 ,R = Ph 

Et3N 

Hd 

CO 

EtOH 

Ha 
Hb^e>-CH2N(CH3]2 

H c Ru COOEt 

<§> 
Hd 

Fig. 2. Reactions of palladium(II) complexes. 

plexes of ferrocene derivatives have been converted 
into a variety of 1,2-disubstituted ferrocenes.4'12) 
Complexes 2 and 3 failed to react with bromine or 
butyllithium. However, 2 reacted with methyl vinyl 
ketone, phenyl vinyl ketone and styrene in the presence 
of triethylamine to readily give l-alkenyl-2- (dimethyl­
aminomethyl) ruthenocenes (6, 7, 8) in 89—94% yields. 
The yields of these ruthenocene derivatives were higher 
than those of the corresponding ferrocene derivatives.12) 
1 -(Dimethylaminomethyl) - 2 - (ethoxycarbonyl) rutheno­
cene (9) was obtained by the carbonylation of 3 in 
ethanol ; the carbonylation of 2 was unsuccessful. T h e 
1 H N M R , IR , and mass spectra of these products were 
all consistent with those of the proposed structures. 

1,2-Disubstituted ferrocenes exhibited one peak, 
while the 1,3-isomers showed two peaks in the region 
near 900 cm - 1 , as the characteristic absorption band of 

TABLE 3. PROPERTIES AND ANALYSES OF 1,2-DISUBSTITUTED 

RUTHENOCENES (6 9) 

~~6 Pale yellow oil. Found: C, 57.18; H, 5.80; N, 
3.74%. Galcd for C17H21NORu: C, 57.40; H, 
5.92; N, 3.91%; mol wt, 356. IR(Nujol): 1655 
(G=0); 1615, 965cm-1 (trans -CH=CH-). MS: 
M+ 356. 

7 Pale yellow heavy oil. Found: G, 63.28; H, 5.41; 
N, 3.16%. Galcd for G22H23NORu: G, 63.52; H, 
5.53; N, 3.34%; mol wt, 418. IR(Nujol): 1660 
(G=0); 1605, 965cm-1 (trans -CH=CH-). MS: 
M+ 418. 

8 Pale yellow oil. Found: G, 64.22: H, 4.80; N, 
3.37%. Calcdfor G21H23NRu: G, 64.59; H, 4.93; 
N, 3.58%; mol wt, 390. IR(Nujol): 1625, 955 
cm-1 (trans -CH=CH-). MS: M+ 390. 

9 Pale yellow oil. Found: C, 53.15; H, 5.71: N, 
3.66%. Calcd for G16H21N02Ru: G, 53.32; H, 
5.87; N, 3.88%; mol wt, 360. IR(Nujol) : 1715 
cm-1 (GOOEt). MS: M+ 360. 
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t h e G - H ou t -o f -p l ane b e n d i n g m o d e o n t h e fe r rocene 
r ing. 1 3 ) T h e I R s p e c t r a of c o m p o u n d s 6, 7 , 8 , a n d 9 
s h o w e d o n e p e a k a t ca. 910 c m - 1 . T h e in f r a r ed fre­
q u e n c i e s of t h e C - H b e n d i n g m o d e s of r u t h e n o c e n e 
a r e s imi l a r to those of f e r rocene . 14> T a k i n g t h e evi­
d e n c e s i n t o a c c o u n t , it h a s b e e n c o n f i r m e d t h a t 6 , 
7 , 8, a n d 9 a r e 1 ,2-d isubs t i tu ted r u t h e n o c e n e s . F u r ­
t h e r m o r e , i n t h e X H N M R s p e c t r a of 6 , 7 , a n d 8, t h e 
iV-methy lene p r o t o n s a p p e a r as d o u b l e t s i n c o n t r a s t 
t o those of 1 c o n t a i n i n g n o s u b s t i t u e n t a t t h e ortho-

position of t h e d i m e t h y l a m i n o m e t h y l g r o u p ( T a b l e s 1 
a n d 2 ) . T h i s resu l t , i n t i m a t i n g t h e s ter ic h e t e r o g e n e i t y 
of t h e JV-methylene p r o t o n s i n 6 , 7 , a n d 8 , s u p p o r t s 
t h e a b o v e conc lus ions . T h e c o u p l i n g c o n s t n a t s of t h e 
d o u b l e t s c o r r e s p o n d i n g to olefinic p r o t o n s a r e 16 H z , 
a n d t h e a b s o r p t i o n b a n d s of t h e C = C l i n k a g e a r e l o c a t e d 
a t ca. 1600 a n d 960 c m " 1 in 6, 7 , a n d 8 ( T a b l e s 2 a n d 
3 ) . T h i s i nd i ca t e s t h a t t h e olefinic p r o t o n s o c c u p y a 
trans pos i t i on r e l a t ive to e a c h o t h e r . 

E x p e r i m e n t a l 

Materials. All the melting points are uncorrected. 
(Dimethylaminomethyl) ruthenocene (1) was prepared ac­
cording to the method described by Hofer and Schlögl.15) 

Measurements. T h e XH N M R spectra were determined 
in GDGlg with a J E O L J N M - P M X - 6 0 spectrometer (60 
MHz) and a Hitachi R-22 spectrometer (90 MHz) at room 
temperature . All the chemical shifts are expressed in ô 
(ppm; downfield from the internal s tandard Me4Si). T h e 
I R spectra were measured using KBr disks, Nujol mulls 
(4000—650 cm - 1 ) and Nujol mulls mounted on thin polythene 
windows (700—200 cm"1) with Hitachi 215 and ÉPI -L 
spectrometers. T h e mass spectra were obtained on a J E O L 
J M S - 0 7 S mass spectrometer and a Hitachi R M U - 6 M mass 
spectrometer, using a direct insertion probe at an ionization 
energy of 70 eV. T h e molecular weight was determined in 
GHGI3 with a Hitachi 115 vapor pressure osmometer. 

Di - (x - chlor0-bis[2- (dimethylaminomethyl) ruthenocenyï]dipalla-
dium(II) (2). A mixture of l i thium tetrachloropalla-
da te( I I ) (2.28 g, 8.7 mmol) and sodium acetate t r ihydrate 
(1.18 g, 8.7 mmol) in ethanol (50 ml) was stirred for 20 min 
at room temperature . T o the reaction mixture, a solution 
of (dimethylaminomethyl)ruthenocene (1) (2.5 g, 8.7 mmol) 
in ethanol ( 100 ml) was added, and the mixture was stirred 
for 5 min at room temperature . T h e yellow precipitate 
was filtered and dried, and the crude product was column-
chromatographed on silica gel. T h e first band, eluted with 
chloroform, yielded di-/j-chloro-bis [2- (dimethylaminomethyl) -
ruthenocenyl]dipal ladium(II) (2) (2.9 g, 7 8 % ) . T h e solid 
(2) was insoluble in all common solvents; m p 163—166 °G 
(dec). I R (Nujol): 323, 258, and 216 cm" 1 (bridged P d -
Gl). 

Chlor o\2- (dimethylaminomethyl)ruthenocenyï] (triphenylphosphine)-
palladium (II) (3). A mixture of the complex 2 (1.9 g, 
2.2 mmol) and tr iphenylphosphine (1.16 g, 4.4 mmol) in 
benzene (50 ml) was stirred for 12 h at room temperature . 
After removal of the solvent in vacuo, the column chromato­
graphy of the residue on silica gel (chloroform) gave 
chloro[2- (dimethylaminomethyl) ruthenocenyï] (triphenylphos­
phine) pal ladium (II) (3) (2.7 g, 8 8 % ) ; m p 220—225 °G 
(dec) (chloroform). I R (Nujol): 357 c m - 1 (terminal P d -
Gl). Found : G, 53.84; H , 4 .39; N , 2 .20%. Galcd for 
G 3 1 H 3 1 GlRuPPd: G, 53.85; H , 4 .52; N , 2 . 0 3 % ; mol wt, 
691. 

Acetylacetonato [2 - (dimethylaminomethyl) ruthenocenyï]palladium-

(II) (4). A suspension of the complex 2 (1.0 g, 1.16 
mmol) and thall ium(I) acetylacetonate (0.07 g, 2.3 mmol) 
in benzene (50 ml) was stirred for 3 h at room temperature, 
and filtered. T h e filtrate was evaporated in vacuo, and the 
residue was purified by column chromatography on silica 
gel (chloroform) to give acetylacetonato [2-(dimethylamino­
methyl) ruthenocenyï] pal ladium (II) (4) (0.68 g, 6 0 % ) ; m p 
162—165 °G(dec) (chloroform). I R ( K B r ) : 1620 and 1550 
c m - 1 (acac group). Found : G, 43.66; H , 4 .75; N , 2 . 9 1 % . 
Galcd for G 1 8 H 2 3 RuNPd: G, 43.87; H , 4.70; N , 2 .84%; 
mol wt, 493. 

Reduction of Complex 2 with Lithium Aluminum Hydride. 
A mixture of the complex 2 (1.0 g, 1.16 mmol) and lithium 
a luminum hydride (0.044 g, 1.16 mmol) in dry ether (100 
ml) was stirred for 4 h at room temperature . After the 
addition of moist ether and water, the reaction mixture 
was extracted three times with ether which had been washed 
with water and brine, and then dried over anhydrous 
sodium sulfate. T h e removal of the solvent gave 1 in 9 5 % 
yield as brownish plates from petroleum ether ; m p 38— 
41 °G (lit,15) 39—42 °G). T h e *H N M R , IR , and mass 
spectra of 1 were consistent with those of an authentic 
sample. 

Reduction of Complex 2 with Lithium Aluminum Deuter ide. 
T h e reduction of the complex 2 (1.0 g) with lithium alumi­
n u m deuteride (0.044 g) in dry ether (100 ml) was con­
ducted under the same conditions as in the proceeding 
experiment. After recrystallization from petroleum ether, 
the product (mp 39—42 °G) was identified as 1 - (dimethyl­
aminomethyl) ruthenocene-2-*/ (5) on the basis of the follow­
ing evidence: XH NMR(CDC1 3 ) : Ô 2.20 (s, 6 H , - N ( G H 3 ) 2 ) ; 
3.10 (s, 2H, - C H 2 - ) ; 4.5—4.6 p p m (m, 8H, ruthenocene 
ring protons). M S : M+ 289. Found : G, 54.08; H , 5.43; 
N . 4 . 9 1 % . Galcd for G 1 3 H 1 6 DRuN: C, 53.96; H , 5.57; 
N, 4 . 8 4 % ; mol wt, 289. 

General Procedure for the Reaction of Complex 2 with Olefins. 
In a closed vessel, a mixture of the complex 2 (1.0 g, 1.16 
mmol) and an olefin (5 mmol) and triethylamine (0.30 g, 
3 mmol) in toluene (50 ml) was stirred for 5 h at 80 °G 
under a nitrogen atmosphere. The reaction mixture was 
cooled and filtered to remove precipitated palladium, and 
the filtrate was evaporated in vacuo. T h e residue was dis­
solved in chloroform which had been washed with water 
and brine, and dried over anhydrous magnesium sulfate. 
After removal of the solvent, purification of the crude 
product by column chromatography (silica gel-chloroform) 
gave l-alkenyl-2-(dimethylaminomethyl) ruthenocenes (6, 7, 
8) in 91 , 89, and 9 4 % yields, respectively. 

Carbonylation of Complex 3 in Ethanol. I n an auto­
clave, a suspension of the complex 3 (1.3 g, 1.9 mmol) in 
ethanol (50 ml) was stirred for 50 h at 100 °G under a 
carbon monoxide pressure of 80 a tm. T h e reaction mixture 
was filtered to remove precipitated pal ladium, and the 
filtrate was evaporated in vacuo. The residue was dissolved 
in chloroform and column chromatographed on silica gel 
(chloroform) to afford 1-(dimethylaminomethyl)-2-(ethoxy-
carbonyl)ruthenocene (9) (0.27 g, 4 0 % ) . T h e structure of 
the 1,2-disubstituted ruthenocenes has been confirmed by 
elemental analysis and the XH N M R , I R , and mass spectra 
(Tables 2 and 3). 
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Alkoxocopper and phenoxocopper complexes ROGu (PPh3)w (PPh3 = triphenylphosphine ; n=l for R = n-
C3H7 or *'-C3H7; « = 2 for R = CH3, G2H5, GH2=GHGH2, G6H5GH2, or C6H5) react with esters undergoing 
exchange of the RO group with carboxylic esters. The alkoxocopper and phenoxocopper complexes are found 
to be excellent catalysts for the trans-esterification of carboxylic esters, dimethyl carbonate, and trimethyl 
phosphite with alcohols and phenols. A comparison of the ability of the isopropoxocopper complex as trans-
esterification catalyst with that of aluminum isopropoxide and titanium isopropoxide shows the superiority of 
the isopropoxocopper complex. The rate of trans-esterification between /»-nitrophenyl acetate and phenol 
follows the second-order rate law .R=£[/>-nitrophenyl acetate] [phenol], the activation energy of the reaction 
being estimated to be 12.4 kcal/mol. A mechanism comprising a nucleophilic attack on the copper-bound 
carbonyl group of the ester by alcohol is proposed. 

Although metal alkoxides and phenoxides are 
widely utilized as reagents and catalysts for organic 
syntheses, reports on the utilization of copper alkoxides 
for organic syntheses are limited.1) This seems to be 
due to the availability of only a few stable and well-
characterized alkoxocopper and phenoxocopper com­
pounds. In the preceding paper a report was given 
on the preparation of a series of stable alkoxocopper 
and phenoxocopper complexes formulated as ROGu-
(PPh 3) n (PPh 3=tr iphenylphosphine) by the reaction 
of CH3Cu(PPh3)2(ether)0 > 5 with alcohols and phenol.2) 

In this paper we describe the utilization of the alkoxo­
copper and phenoxocopper complexes ROCu(PPh 3 ) „ 
as the trans-esterification catalyst. 

Results and Discussion 

Alkoxo and Phenoxo Group Exchange Reactions between 
ROCu(PPh3)n and Esters. Prior to exploration 

of the catalytic activities of the alkoxocopper and 
phenoxocopper complexes for trans-esterification, stoi­
chiometric exchange reactions betweeen R O C u ( P P h 3 ) n 

and esters were examined in order to find the general 
trend of the exchange reactions of the R O - C u com­
plexes against esters. T h e following exchange reac­
tions were carried out between ROCu(PPh 3 )„ and 
acetic esters: 

ROGu(PPh3)n + CH3COOR' -^-> 

R'OCu(PPh3)n + GH3COOR (1) 

R : CH, ( la ) , G aH 6( lb) , n-G,H 7 ( lc) , a l lyl( ld) , i-
C 3 H 7 ( l e ) , benzyl( l f ) , G 6 H 5 ( lg ) , n=\ for l c and l e , 
n = 2 for the others, l a , l c , and I f have diethyl ether 
as the solvent of crystallization. The results are sum­
marized in Table 1. 

Yields of the exchanged esters were determined by 
means of gas chromatography and those of R 'OCu-

TABLE 1. ALKOXO AND PHENOXO GROUP EXCHANGE REACTION BETWEEN ROCu(PPh3)w AND CH3COOR'a> 

ROCu(PPh3)n + CH3COOR' • R'OGu(PPh3)„ + GH3COOR 

ROCu(PPh3)w 

R = GH3 
(la) 

R = G2H5 

(lb) 
R = n-C3H7 

(lc) 
R = allyl 

(Id) 
R = z-C3H7 

(le) 
R = benzyl 

(If) 
R = C6H5 

(lg) 

R' = G6H5 

92 
(89) 
78 

(70) 
87 

(84) 
96 

(91) 
82 
(75) 
95 
(92) 
— 

%-Yieldsb> 

R' = vinyl 

96 
(75) e) 
93 

(22) c> 
76 
— 
32 

(15) c) 
82 
— 
84 
(69) 

N O ) 

of products R'OGu(PPh3)n and GH3COOR 

R' = benzyl R' = allyl 

82 
(75) 
78 

(69) 
75 
d ) 
48 

(50) 
51 
d ) 

— 
— 

NOe> 

76 
(61) 
74 

(56) 
56 
d ) 
— 
— 
42 
d ) 
33 
d ) 

NO> 

R' = G2H5 

46 
d ) 
— 
— 
25 
d ) 
20 
d ) 
18 
d ) 
17 
d ) 

N O ) 

a) Reaction conditions: —5 °G for 12 h for complexes la—If: room temperature for 12 h for complex lg. b) 
Upper figures, %-yield of CH3GOOR; figures in parentheses, % yield of the isolated R'OCu(PPh3)„. c) G-
Bonded acetoxyvinylcopper complex with formation of acetaldehyde. d) A mixture of the starting complex and 
produced complex was obtained but separation of the mixture was difficult, e) The starting PhOGu(PPh3)2 

was recovered unreacted after 1—2 days. 
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(PPh3)„ were calculated from the weights of the isolated 
complexes. The starting alkoxocopper and phenoxo-
copper complexes are arranged in the increasing order 
of stability of the complexes, l a < l b < l c < l d < l e < 
If < l g , 2 ) as judged by the decomposition points of the 
alkoxocopper complexes. Acetic esters are arranged 
in the decreasing order of the stability of the produced 
complexes R 'OCu(PPh 3 ) n . 

I t is seen that, in most cases, the R O group of 
ROGu(PPh 3 ) w can be exchanged with the R ' O group of 
C H 3 C O O R ' even at — 5 °C and the yield of the product 
apparently depends on the relative stability of the 
complex R'OGu(PPh 3) 7 l produced. The considerably 
high yields of products on employment of vinyl acetate 
seem to be due to high stability of the six-membered 
C-bonded acetoxyvinylcopper complex formed in the 
reaction.2 '3) When the starting complex is very 
stable such as the phenoxocopper complex l g , the 
exchange reaction with alkyl and alkenyl acetates 
scarcely proceeds. The reaction of l c and l e with 
phenyl acetate gave a new phenoxocopper complex 
containing only one PPh 3 ligand C 6 H 5 OCuPPh 3 , 
whereas C 6 H 5 OCu(PPh 3 ) 2 has been obtained by the 
reaction of CH 3 Cu(PPh 3 ) 2 -0 .5Et 2 O with phenol.2) 
The alkoxo and phenoxo group exchange reaction 
between R O C u ( P P h 3 ) n and ester is not restricted to 
the esters of acetic acid. Employment of other various 
alkyl and aryl carboxylates also leads to the exchange 
reaction below room temperature indicating that the 
R O ligands bonded to copper have high lability to­
ward the attack of esters. 

The alkoxo and phenoxo group exchange reaction 
on copper may proceed through one of the concerted 
four center mechanisms as shown by Eqs. 2 and 3 
or through an oxidative addition of esters to copper 
(Eq. 4). 

CH3COOR' + ROCuL„ 

O 

C-CH 3 

> R ' o / ^ O - R • CH3COOR + R'OCuLn 

\ / W 
I 

CH3COOR' + ROCuLn 

r% + /OR' 
> CH3C=0 -> Cu(OR)Ln > CH 3 -C< 

I I X ° R 

OR' O x |_ 
X C u 

II (3) 
OR' 
I -\ 

> CH 3 -C-0-CuL„ > CH3COOR + R'OCuLw 

CH 3COOR + ROCuL„ 

CH3CO 

• RO-CuL„ > CH3COOR + R'OCuLw (4) 
/ 

R'O 
III 

The existence of carboxylic ester-coordinated metal 
complexes is well known and Lappert showed that the 
carbonyl group in esters is bonded to metal.4) Equ­
ations 2 and 3 show that the ester coordination to 
the alkoxocopper complex facilitates the nucleophilic 
attack on the carbonyl group by the alkoxo group. 
Since esters can add oxidatively to transition metal 
compounds such as Ni(0)5) and Mo(0)6) complexes 
with the cleavage of the bond between acyl and alkoxyl 
groups, the mechanism expressed by Eq. 4 is also 
conceivable. 

Trans-esterification Catalyzed by Alkoxocopper and Phen­
oxocopper Complexes. Alkoxocopper and phenoxo­
copper complexes catalyze trans-esterification of carbo­
xylic esters, dialkyl carbonates, and trialkylphosphines 
under mild conditions. The results are summarized 
in Table 2. 

When an equimolar amount of an ester and an al­
cohol is used and the free energy change in the trans-
esterification is small, as in the ester interchange be­
tween methyl carboxylates and ethanol (Table 2, 
Nos. 1 and 4,), about half of the starting ester is inter­
changed with alcohol. The extent of ester interchange 
increases with increase in the amount of alcohol (Nos. 
4, 5, and 19). An ester with a bulky alkyl group such 
as f-butyl acetate did not undergo the interchange 
reaction smoothly (No. 3). 

The trans-esterification of alkenyl carboxylates 
presents a special case. Vinyl acetate and isopropenyl 
acetate were converted into alkyl acetate in high 
yields by the exchange reaction with alcohols. In 
these cases, however, alkenols which may be produced 
as intermediates are considered to have been converted 
into their stabler tautomers, acetaldehyde and acetone. 

CuOR(PPh3)„ 

CH2=CH(R) + R"OH > 

OCOCH3 

CH2=CH(R') + CH3COOR" (5) 

OH 
i 

CH3-C-R' 
ii 

O 

Since the amount of acetaldehyde was much smaller 
than that of methyl acetate in No. 5, the major part 
of acetaldehyde seems to be further converted into poly-
aldols by copper complex.7) When the starting ester 
has more than two alkoxyl groups as in dimethyl 
fumarate, dimethyl carbonate, and trimethyl phosphite, 
a mixture of partially and fully interchanged prodcuts 
was obtained, the ratio between the products depend­
ing upon the relative amount of alcohol to ester. 

A comparison of the catalytic activity of z'-C3H7-
O C u P P h 3 with that of typical trans-esterification 
catalysts at 0 °G is given in Table 3. We see that 
z-C3H7OCuPPh3 has much higher activity than the 
corresponding a luminum and ti tanium alkoxides and 
an activity comparable to that of / -C 3 H 7 ONa which 
is a much stronger base than {-C3H7OCuPPh3 . Thus 
the present system is expected to provide synthetic 
utility specially when applied to systems which are 
susceptible to attack of strong base. 
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TABLE 2. TRANS-ESTERIFICATION OF CARBOXYLIC ESTERS 

[Vol. 52, No. 1 

No. Ester (mmol) A1 , , Molar ratio ^ ^ t iB, Temp Time A l c o h o 1 (alcohol/ester) Catalyst-) {0(* ( h ) 

Products 
[%-yield/starting ester) 

1 
2 
3 
4 
5 
6 

7 

8 

GH3COOGH3 (20) 
G6H5GOOGH3 (10) 
CH3COO-J-C4H9 (10) 
GH2=G(GH3)GOOGH3 

CH2=C(CH3)COOCH3 

GH3GOOGH=GH2 (60) 

GH3GOOG(GH3)=GH2 

CHCOOCH3 

(10) 
(6.8) 

(30) 

(10) 

G2H5OH 
C2H5OH 
G2H5OH 
G2H5OH 
G2H5OH 
GH3OH 

G2H5OH 

C2H5OH 

1.0 
2.0 
6.0 
1.0 
9.0 
1.0 

2.0 

2.0 

l b (0.16) 
l b (0.32) 
l b (0.32) 
l b (0.32) 
l b (0.32) 
l a (0.32) 

l b (0.32) 

l b (0.32) 

- 5 
0 
0 
0 
0 

- 5 

0 

0 

12 
12 
12 
12 
24 
12 

12 

12 

CH,OCOCH 

CHCOOCH, (10) G2H5OH 10.0 l b (0.32) 12 

CH„OCOCH 

CH3COOC2H5 (41) 
C6H5COOG2H5 (59) 
GH3GOOG2H5 (6) 
GH2=G(GH3)GOOG2H5 (48) 
GH2=G(GH3)GOOG2H5 (73) 
GH3GOOGH3 (91), 
CH3GHO (20) 
GH3GOOG2H5 (100), 
GH3COCH3 (100) 

GHGOOG2H5(49), 

C2H5OCOCH 
GHGOOG2H5 (42) 

CH3OGOGH 
GHCOOCoH5(73), 

C2H5OCOCH 
GHGOOC2H5 (10) 

GH3OGOGH 
10 

11 

12 

13 

14 
15 
16 
17 
18 
19 

a) 

(GH30)2GO (20) 

(GH30)2GO (20) 

P(OGH3)3 (10) 

P(OGH3)3 (20) 

GH3GOOGH2C6H5 (20) 
GH3GOO-/>-G6H5N02 (20) 
CH3COO-/>-C6H5OCH3 

GH3GOOG2H5 (20) 
GH3GOOGH3 (20) 
CH2=G(GH3)GOOGH3 

(20) 

l a = GH3OGu (PPh3) 2 • 0. 5EtaO, 

G2H5OH 

G2H5OH 

G2H5OH 

G2H5OH 

f-C3H7OH 
G6H6OH 
G6H5OH 
C6H5OH 
G2H5OH 
G2H5OH 

lb=G2H5OC 

2.0 

10.0 

4.0 

10.0 

3.0 
2.0 
2.0 
1.0 
1.0 

20.0 

}u(PPh3)2, 

l b (0.32) 

l b (0.32) 

l b (0.32) 

l b (0.32) 

l e (0.32) 
l g (0.30) 
l g (0.30) 
l g (0.30) 
l g (0.30) 
l g (0.30) 

0 

0 

0 

0 

0 
r.t.b> 
r.t.O 

50d) 
r.t. 
55«) 

l e = z-C3H7OCuPPh3, 

12 

12 

12 

12 

12 
12 
12 
10 
12 
1 

(C2H60)2GO (7), 
G2H50(GH30)GO (48) 
(G2H50)2GO (63), 
C2H50(GH30)GO (34) 
P(OEt)3 (18), 
P(OEt)2OMe (37), 
P(OMe)2OEt (41) 
P(OEt), (60), 
P(OEt)2OMe (37), 
P(OMe)2OEt (2) 
GH3GOOGH(GH3)2 (70) 
GH3GOOG6H5 (57) 
GH3GOOG6H5 (17) 
no reaction proceeds 
GH3COOC2H6 (55) 
GH2=G(GH3)GOOG2H5 (94) 

lg=G6H5OCu(PPh)2 . b) In 15 
ml of toluene, c) In 10 ml of toluene, d) In 5 ml of toluene, e) In 10 ml of THF. 

TABLE 3. COMPARISON OF CATALYTIC ACTIVITIES OF 

ï-C3H7OCuPPh3 l e WITH THOSE OF Al(0-£-C3H7)3, 

Ti(0-z-G3H7)4, AND i-C3H7ONa FOR THE TRANS-
ESTERIFICATION OF GH3GOOGH2G6H5 WITH z'-C3H7OHa) 

Catalyst Yield of CH3COO-*-C3H7 (%) 

;-C3H7OCuPPh3 

Ti(0-i-G8H7)4 

Al(0-i-C3H7) s 

z-C3H7ONa 

70 
20 

negligible 
76 

a) The reactions were carried out at 0 °G for 12 h using 
0.32 mmol of the catalyst, 20 mmol of benzyl acetate 
and 60 mmol of isopropyl alcohol. 

Figure 1 shows the time course of the trans-esteri­
fication of jö-nitrophenyl acetate with phenol catalyzed 
by G 6 H 5 OGu(PPh 3 ) 2 under the conditions where the 
ratio of j6-nitrophenyl acetate to phenol or that of phenol 
to jö-nitrophenyl acetate was kept at 100. T h e data 
obtained under the two different situations fit the same 
curve. T h e first-order plot (log Co/G vs. t) of the data 

in Fig. 1 gives a straight line indicating that the rate 
of trans-esterification is proportional to both the con­
centration of j&-nitrophenyl acetate and that of phenol : 

R = £[/>-nitrophenyl acetate] [phenol] (6) 

When the molar ratio of jb-nitrophenyl acetate to 
phenol is unity, the time course of conversion follows 
the second-order rate law supporting the validity 
of Eq. 6. From the temperature dependence of the 
second-order rate constant k (Table 4) the activation 
energy for trans-esterification was calculated to be 
i ? a =12 .4 kcal/mol. The rate of trans-esterification 
increases linearly with increase in the catalyst concen­
tration. 

Mechanism of Trans-esterification. A simple ex­
tension of the observation on stoichiometric exchange 
reactions between esters and the alkoxocopper com­
plexes to catalytic trans-esterification promoted by the 
alkoxocopper complexes leads to the following mech­
anism comprising two steps, ( 1 ) the exchange between 
the ester and the alkoxocopper, and (2) the exchange 
between the alcohol used and the newly formed alkoxo-
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500 
Time/s 

1000 

Fig. 1. Trans-esterification of jfr-nitrophenyl acetate with 
phenol catalyzed by C 6 H 5 OCu(PPh 3 ) 2 . (a) O , CH 3 -
COO-/>-C 6 H 4 N0 2 = 0.5 mmol (90 mg), C 6 H 5 O H = 
50 mmol (4.70 g), catalyst = 85 mg, in this case the 
conversion is based on CH 3 COO-/>-C 6 H 4 N0 2 . (b) A , 
CH 3 COO-/>-C 6 H 4 NO 2 = 5 0 m m o l (9.00 g), C 6 H 5 O H = 
0.5 mmol (47mg) , catalyst = 85 mg, in this case the 
conversion is based on C 6 H 5 O H . Solvent = toluene 
(10 ml) T e m p = 5 0 ° C . 

C H 3 C O O ^ ~ ~ ^ > - N 0 2 + ^ ~ ^ O H 

> C H 3 C O o / ~ ~ \ + N 0 2 - / ~ \ 0 H 
CuOPh(pph3)2 x y \ v 

T A B L E 4. TEMPERATURE DEPENDENCE OF THE SECOND-

ORDER RATE CONSTANT k IN THE TRANS-ESTERIFICATION 

OF CH 3 COO-/>-C 6 H 4 N0 2 WITH C6H5OHa> 

Temp (K) 

323 
353 
383 

i V 

IJT 

3.10X10-3 

2.84X10-3 

2.61x10-3 
= 12.4kcal/mol 

^(l-mol-Ls-1) 

0 . 8 x l 0 - 4 

4 . 0 x l 0 - 4 

17.0X10-4 

a) Catalyst = C 6 H 5 OCu (PPh3) 2 (0 .13 mmol) . 
[CH 3 COO-/>-C 6 H 5 N0 2 ] = [C 6 H 5 OH] = 1.0 mol/l. 
Solvent = toluene. 

c o p p e r c o m p l e x . : 

R ^ O O R 2 + R 3 OCuL„ 

R 2 OCuL w + R 3 O H — 

> R 2 OCuL w + R i C O O R 3 

R 3 O C u L n + R 2 O H 

R ^ O O R 2 + R 3 O H 
ROCuLn 

R ^ O O R 3 + R 2 O H (7) 

S u c h a t rans-es ter i f ica t ion r e a c t i o n does n o t s e e m to 
cons t i t u t e t h e m a i n m e c h a n i s t i c p a t h w a y for t h e fol­
lowing reasons , (a) T h e p h e n o x o c o p p e r c o m p l e x 
l g , w h i c h u n d e r g o e s e x c h a n g e r e a c t i o n w i t h n e i t h e r 
a l i p h a t i c esters n o r a lcohols , ca ta lyzes t h e t r ans -es te r i ­
fication b e t w e e n m e t h y l a c e t a t e a n d e t h a n o l . (b) 
T h e e x c h a n g e r e a c t i o n b e t w e e n j & - N 0 2 - G 6 H 4 O G u -
( P P h 3 ) 2 a n d p h e n o l is e x t r e m e l y slow as c o m p a r e d 
to t h e re la t ive ly fast t rans-es te r i f ica t ion b e t w e e n p-
n i t r o p h e n y l a c e t a t e a n d p h e n o l c a t a l y z e d b y l g . (c) 
T h e k ine t ic resul ts expressed b y E q . 6 a r e n o t c o m p a t i b l e 
w i t h t h e s tepwise m e c h a n i s m s h o w n b y E q . 7. 

F r o m t h e a v a i l a b l e e x p e r i m e n t a l e v i d e n c e w e p r o p o s e 
t h a t t h e t rans-es ter i f ica t ion r e a c t i o n p r o c e e d s t h r o u g h 
t h e copper -ass i s ted nuc l eoph i l i c r e p l a c e m e n t m e c h a n i s m 

as s h o w n b e l o w : 

R x C O R 2 + R 3 O C u L w 
H 

O 

R 1 

R 2 O H 

+ 
R l C O O R 4 ^ 

R 2 O H 

G 

I 
O 

R 3 0 

O R 2 

"CuLn 

R 1 

C — O R 4 

R40H 

R 1 O R 2 

o 

R 3 0 

O 

CuL w 

R 3 0 

C u L n 

/ 

I n v i ew of t h e loosen ing of t h e c a r b o n y l g r o u p in esters 
o n t h e i r c o o r d i n a t i o n to m e t a l c o m p o u n d s as s h o w n 
b y in f r a red w o r k b y Lapper t , 4 c > t h e n u c l e o p h i l i c a t ­
t a c k of t h e c a r b o n y l c a r b o n w h o s e e l e c t r o n dens i t y 
dec reases b y c o o r d i n a t i o n of t h e c a r b o n y l g r o u p to 
m e t a l is p l aus ib l e . T h e m e c h a n i s m is in l ine w i t h t h e 
s e c o n d - o r d e r r a t e e q u a t i o n , p r o v i d e d t h a t t h e a t t a c k 
of a l coho l o n t h e m e t a l - c o o r d i n a t e d es ter is t h e r a t e -
d e t e r m i n i n g s t ep . A c c o r d i n g to t h e r e a c t i o n m e c h a ­
n i s m t h e a c t i v a t i o n e n e r g y for t h e t r ans -es te r i f i ca t ion 
consists of t h e e n e r g y for t h e c o o r d i n a t i o n of R 1 C O O R 2 

to R 3 O C u ( P P h 3 ) w a n d t h a t for t h e n u c l e o p h i l i c a t t a c k 
of R 4 O H to t h e r e a c t i o n i n t e r m e d i a t e . 

E x p e r i m e n t a l 

General. Preparat ion and the reaction of copper 
complexes were carried out in Schlenk type flasks under 
deoxygenated nitrogen or argon, or in a vacuum. Solvents 
were dried by the usual procedure, distilled, and stored in 
argon or nitrogen. I R spectra were recorded on a Hitachi 
Model 295 spectrophotometer. Microanalysis of carbon, 
hydrogen and nitrogen was carried out by Mr . T . Saito 
in our laboratory with a Yanagimoto C H N Autocorder 
Type M T - 2 . 

Materials. Esters used in the reaction were suffi­
ciently pure as checked by gas chromatography. Alkoxo­
copper and phenoxocopper complexes l a — l g were prepared 
as reported in the preceding paper.2) /?-Nitrophenoxocopper 
complex />-0 2 NC 6 H 4 OCu(PPh 3 ) 2 was prepared similarly; 
yield = 9 0 % . Found : C, 69.7; H , 4.69; N , 2 .10%. Calcd 
for C 4 2 H 3 4 C u N 0 3 P 2 : C, 69 .5 ; H , 4 .68; N , 1.93%. I R 
(KBr) : 1580, 1505, 1307, 1280 cm"1 . N M R (C6D6) : Ô 6.48 
(d, 2H) , 7.0 (m, 18H), 7.4 (m, 12H), 8.04 (d, 2H) . 

Stoichiometric Exchange Reactions between ROCu(PPhz)n and 
Carboxylic Esters. Phenyl acetate (64 mg, 0.47 mmol) 
was added to l c (200 mg, 0.47 mmol) suspended in 2 ml 
of diethyl ether at —5 °C. Stirring of the mixture at 
~ 5 ° C for 12 h gave 0.41 mmol (87% per l c ) of propyl 
acetate and a white precipitate. The white precipitate was 
recrystallized from toluene and dried in a vacuum to give 
a new phenoxocopper complex having one PPh 3 ligand, 
C 6 H 5 O C u P P h 3 (172 mg, 8 4 % per l c ) . Found : C, 68 .3 ; H , 
4 .50%. Calcd for C 2 4 H 2 0 Cu O P: 68.8; H , 4 .78%. IR(KBr) : 
1580, 1270 c m - 1 . Other stoichiometric exchange reactions 
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of alkoxocopper and phenoxocopper complexes with car-
boxylic esters were carried out in a similar manner . 

Catalytic Trans-esterification. Methyl acetate (1.48 g, 
20 mmol) was added to an ethyl alcohol (0.92 g, 20 mmol) 
solution of l c (68 mg, 0.16 mmol) at — 5 °G. Stirring of 
the solution at the temperature for 12 h afforded 8.2 mmol 
of ethyl acetate as determined by gas chromatography. 
Trans-esterification of carboxylic esters and trimethyl phos­
phite was carried out in a similar manner . 

Kinetic Study. Kinetic study on the trans-esterifica­
tion of C H 3 C O O - / > - C 6 H 4 N 0 2 by G 6 H 5 O H was carried out 
in a Schlenk type flask immersed in a thermostatted oil 
bath. T h e solvent, reactants, and catalyst were transferred 
in an atmosphere of nitrogen. T h e time-dependent conver­
sion was measured by pipetting out each fraction of the 
solution at a set time and analyzing it by gas chromato­
graphy. 
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Reactions of Spiro[2.6]nona-4,6,8-triene Derivatives with Acids and Bases. 
Rearrangement to a Heptafulvene Derivative and Formation 

of Ether Linkage Compounds 
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Reaction of dimethyl ïra/u-spiro[2.6]nona-4,6,8-trien-l,2-dicarboxylate with phenyllithium afforded irans-
l,2-bis(hydroxydiphenylmethyl)spiro[2.6]nona-4,6,8-triene (2) in a good yield. Spirotriene 2 is very sensitive 
to acids and gave 8-(2,2-diphenylvinyl)heptafulvene accompanied with a quantitative amount of benzophenone 
by acid treatments. Although 2 is stable to basic reagents, upon treating with sodium hydride, 2 afforded 
ll-hydroxydiphenylmethyl-8-oxa-9-diphenyltricyclo[5.4.0.01,10]undeca-2,4-diene, and its double bond isomers. 
Mechanisms of the above reactions are discussed. 

Spiro[2.6]nona-4,6,8-triene system is of interest from 
the view point of spiro conjugation.1 '2) Although some 
spiro[2.6]nonatriene derivatives have been synthesiz­
ed,3"9) chemical properties of this class of compounds 
have not been well known in detail .7~n) We designed 
to introduce hydroxyl groups to this system and to 
investigate its properties to acids and bases. We wish 
to report here the results obtained and discuss about 
mechanisms of these reactions. 

Reductions of dimethyl fr<my-spiro[2.6]nona-4,6,8-
trien-1,2-dicarboxylate (l)7 '8) by lithium aluminium 
hydride gave several unidentified mixtures, and reac­
tions of 1 with Grignard reagents (benzylmagnesium 
chloride or methylmagnesium iodide) also gave several 
intractable products which did not possess a cyclopro­
pane moiety or a cycloheptatriene ring. Presumably 
skeletal rearrangements took place by the actions of 
the Grignard reagents or lithium aluminium hydride 
as Lewis acids. However, /rawj--l,2-bis(hydroxydiphen-
ylmethyl)spiro[2.6]nona-4,6,8-triene (2) was obtained 
in 8 0 % yield by reaction of 1 with excess phenyllithium. 

Spirotriene 2 is very sensitive toward acidic reagents. 
When 2 was treated with organic or mineral acids, 
or even with silica gel, the colorless solution of 2 turned 
to dark red, and it gave a product (3) which possesses 
a strong absorption band at 385 nm in its U V spectrum, 
and is a very unstable entity. When 3 was allowed 
to stand at room temperature in neat, the color of 3 
disappeared within one hour as shown in Fig. 1, and 
a mixture of resinous substances and one mole of 
benzophenone were obtained. 

Considering that spiro [2.6] nonatriene derivatives 
have been known to give heptafulvene derivatives by 
acid treatments3-4) and the U V spectrum of 3 is similar 
to those of heptafulvene derivatives,12) structure of 3 
was supposed to be 8-(2,2-diphenylvinyl)heptafulvene. 
Exhaustive catalytic hydrogénation of a freshly prepar­
ed reaction mixture of 2 with silica gel gave a hydro­
carbon (4) in 7 5 % yield and benzophenone in a good 
yield, after consumption of five mole of hydrogen. 
Hydrocarbon 4 shows the following spectral properties. 
Mass: mje, 292 ( 9 % , molecular ion peak, C22H28) and 
mje, 167 (base peak, Ph 2 CH+). N M R (in CC14) : 
Ô p p m ; 1.8—2.3 (multiplet, 17 H ) , 3.8 (triplet, 1 H , 
benzyl proton) , and 7.2 (broad singlet, 10 H ) . These 
data suggest that the structure of 4 is 1-cycloheptyl-
3,3-diphenylpropane, confirming the structure of 3 
to be 8-(2,2-diphenylvinyl) heptafulvene. Scheme of 
these reactions is shown in Fig. 2. 

CXC 
(0 

C02Me 

C02Me 

Ph 

P h - L i CPh2OH 

- C P h 2 0 H 

(2) 

H+ 

Ph 
Pd/C o~< Ph 

Ph + 
Ph> 

P h ' 

(4) (3) 

Fig. 2. 

Fig. 1. 

Spirotriene 2 is stable toward basic reagents. Reac­
tions of 2 with refluxing pyridine, triethylamine, or 
4 M sodium hydroxide in refluxing dioxane resulted 
in complete recovery of 2. O n the other hand, treat­
ment of 2 with excess sodium hydride in dry dioxane 
afforded colorless crystalline substances (5, 6, and 7). 
Products ratios depended on the temperature and 
the reaction period as shown in Table 1. 

Physical data of 5, 6, and 7 are summarized in Table 
2—4. These products show the same elemental analy­
ses (C35H30O2) and molecular ion peaks in mass spectra 
(M+, 482). Acid treatments of these products gave 
3 and benzophenone, suggesting the structures of them 
to be analogous to that of 2. The I R and N M R 
spectral studies in deuterium oxide cleared that each 
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TABLE 1. 

Condition 

Room temp 

Reflux 

Reflux 

U V 
A%£1 nm 
(log e) 

300 h 

6.5 h 

20 h 

I R 
VKBT 

c m - 1 

Product yie 

2 5 
(recv.) 

12 63 

0 4 

0 0 

T A B L E 2. 

Mass 
m/e (%) 

Ids (%) 

6 

0 

44 

0 

7 

0 

17 

43 

5 255(4.18) 3550 482(M+, 3), 269(9), 197(16), 
1600 196(100), 167(8), 105(40) 

6 260(4.07) 3595 482(M+, 2), 269(9), 196(100) 
1590 118(17), 105(78) 

7 277(4.10) 3600 482(M+, 5), 286(100), 105(84) 
1600 

compound possesses one hydroxyl group and the other 
oxygen is in an ether linkage. 

Structures of 5, 6, and 7 were determined to be 
11 -hydroxydiphenylmethyl-8 - oxa - 9,9 - diphenyltricyclo-
[5.4.0.01 '10]undeca-3,5-diene, 2,4-diene, and 4,6-diene, 
respectively, as shown in Fig. 3, from their N M R 

- - C P k O H 

spectra with double and triple resonance techniques. 
Assignment of the N M R spectra were deduced from 
their coupling patterns which clearly showed each 
proton's relations in the seven membered rings of them 
as shown in Tables 3 and 4. Investigation of their 
Dreiding model indicated that the chemical shifts of 
H n should appear more lower fields than those of 
H 1 0 by the different anisotropy effect of the phenyl 
groups at G9 and G12. 

These structures could reasonably be explained also 
by their U V spectra. The absorption maxima of 
them shift to longer wavelength in the order of 5, 6, 
and 7, being well coincident with that 5 has only one 
isolated diene chromophore, but 6 and 7 possess diene 
systems conjugated with a cyclopropane and a terminal 
vinyl ether linkage conjugated with a cyclopropane, 
respectively. 

Thermal reactions of these three products under 
the basic conditions cleared the relation of them that 
the isomerization took place between 5 and 6, and 
5 isomerized to 7, but 7 did not isomerized to 5 or 6 
as shown in Fig. 3, and these facts confirmed the struc­
tures of them. 

Although the best model compound a,a-diphenyl-
/3-(7-cycloheptatrienyl) ethyl alcohol could not be pre­
pared in pure state, as models of the ether linkage 
formation of 2, reactions of 7-cycloheptatrienylmethyl 

C^CH'°" C ^ 
R 

CHaCHOH 

(9) R = H 
(9a) R - P h 

Cl%OH 
(10) CPliüOH 

Fig. 3. 
Fig. 4. 

CPhaOH 

TABLE 3. NMR SPECTRAL DATA (CHEMICAL SHIFTS, ppm, AND COUPLING PATTERN) 

5 

6 

7 

O H 

( 1.65 

1 (1
S
H) 

( 1.93 
( IH) 

s 

[ 1.62 

I (1
S
H) 

a 

H 2 

b 

2.52 2 .92 
( IH) ( IH) 

d d , d 

5.92 
( IH) 
d, d 

1.9 
(2H) 

m 

H , 

5 

H 4 

.21 
(2H) 

m 

2.25 
(2H) 

m 

5 . 5 
(3H) 
m 

5.41 
(1H) 
d , d , d 

H , 

5.46 
(1H) 
d , d , d 

5.87 
(1H) 
d , d 

H 6 

a b 

5.92 
(1H) 
d , d 

2.60 2 .85 
( IH) (1H) 

d, d, d d, d, d 

5.63 
(1H) 

d 

H 7 

4 .55 
(1H) 
d , d 

4 .22 
(1H) 
d , d 

1.84 
(1H) 

d 

1.67 
(1H) 

d 

2.02 
(1H) 

d 

H n 

2.78 
(1H) 

d 

2 .95 
(1H) 

d 

2.80 
(1H) 

d 

6 .9—7.6 
(20H) 

m 

6 . 8 — 7 . 5 
(20H) 

m 

6 . 9 — 7 . 5 
(20H) 

m 

8 9 ,Ph 

•CPhaOH 

s: singlet, d: doublet, d, d: double doublet, d, d, d: triple doublet, m: multiplet. 
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TABLE 4. COUPLING CONSTANTS (HZ) 

Jz-2 
Jz-z 
J 2-4 

Jz-i 
Ji-5 
J5-6 

J5-7 

«/6-6 

J 6 - 7 

Jio-u 

5 

20 (2a—2b) 
3. 

0. 
4 

11 

2 

2 

4 

5 (2b—3) 

5 (2b—7) 

6 

11 
3 

(3 (5—6a) 
(4 .5 (5—6b) 

18 (6a—6b) 
|9(6a—7) 
(5 (6b—7) 
4.5 

7 

(4 (2a -4 ) 
| 6 ( 2 b - 4 ) 

12 

4.5 

alcohol (8),13) /?-(7-cycloheptatrienyl) ethyl alcohol 
(9),14) a-phenyl-/?-(7-cycloheptatrienyl) ethyl alcohol 
(9a), and m-Wo-l,2-bis(hydroxydiphenylmethyl)-
bicyclo[2.2.1]hept-5-ene (10)11) with sodium hydride 
under the same conditions as the case of 2 were inves­
tigated, but resulted in the complete recovery of the 
starting alcohols. Reactions of cycloheptatriene with 
benzyl alcohol or triphenylmethyl alcohol under the 
same conditions also resulted in the complete recovery 
of the starting substances. 

D i s c u s s i o n 

Mechanism of the rearrangement of 2 to 3 by acid 
treatments can be considered as shown in Fig. 5 by 
following reasons. First of all, ring creavage reactions 
of cyclopropane derivatives by acidic reagents are 
well known, and furthermore, a cycloheptatrienium ion 
(11) is a very stable ion. Secondary, dehydration 
reaction of 2 should proceed readily, because 2 is a 
benzyl alcohol. Finally, benzophenone is a stable 
compound: thus, elimination of benzophenone from 
11 should not need high energy. From these reasons, 
the rearrangement of 2 to 3 seems to proceed readily. 

^ = a - -CPh 2 -CPhzOH 

OH 

\V 
. -CPh20H 

(2) 

- P R 2 C O 

(3) 

-tf-

Fig. 5. 

(It) Ph 

There are several plausible explanations about 
reaction mechanisms of the formation of 5 from 2. 
The first one is direct alkoxidc anion attack on double 
bonds. However, the reactions of 8, 9, and 10 did not 
give any ether compounds as descrived before. Steric 
requirements of 8, 9, and 10 are good enough for an 
ether linkage formation, because sterically analogous 

compounds such as a-(diazomethyl)-a'-(7-cyclohepta-
trienyl) methyl ketone gave a corresponding bond for­
mation product by its decomposition reaction.15) Also, 
it is well known that «n</o-bicyclo[2.2.1]hept-5-en-2-
carboxylic acid afforded the lactone derivative by 
acid treatments. These results indicate that direct 
alkoxide anion attack on double bonds of 2 is not 
reasonable. 

The second is an explanation by radical mechanisms. 
Color of the reaction mixture of 2 become deep blue 
during the reactions suggesting a formation of some 
radical species. ESR spectrum measurement of this 
reaction mixture did not show, however, any evidence 
of a radical formation. Also, if alkoxide radical or 
cycloheptatrienyl radical formed under the reaction 
conditions, the corresponding radicals would form in 
the reactions of 8, 9, and 10, and some reactions should 
take place in these cases. So that radical mechanisms 
can not be negrected completely, but not very likely. 

The third and the most probable one is a mechanism 
via norcaradiene intermediate. Valence tautomerism 
between cycloheptatriene and norcaradiene systems is 
well known phenomenon.16»17) This tautomerism is 
also possible between 2 and its valence isomer (2a) 
which should be very strained one. Therefore, if once 
this strained tricyclic system formed in the reaction 
mixture, the intramolecular alkoxide anion attack takes 
place readily to give the ether compound 5. T h e 
Dreiding model of 2a indicates that the ether linkage 
formation is possible between alkoxide oxygen and 
Cx (ac. 2.4 A) . Also, the most favorable conformer of 
2a is that the alkoxide oxygen comes nearby norcara­
diene and the big phenyl groups stick to the outside 
of norcaradiene. 

CPh20H 

CPH2 

(2) 

/ 
(2. 

/ 

CPh20H 

CPh2 

Fig. 6. 

Recently, some examples of addition reactions of 
anionoid reagents with unsaturated or strained com­
pounds have been reported.18-19) Especially, addition 
reaction of amines to strained double bonds such as 
9,9'-difluolenyridene20) is a good example of this type 
of reaction. 

The interconversions of 5, 6, and 7 are thermal 1,5-
hydrogen shift reactions.21) The diene system of 7 
is conjugated with ether linkage constructing the vinyl 
ether skeletone, and therefore, 7 seems to be the most 
stable isomer of all of them. 

Exper imenta l 

All melting and boiling points were uncorrected. IR 
spectra were measured in carbon tetrachloride solutions or 
potasium bromide disks, and UV spectra, in methanol solu­
tions. PMR spectra were measured with Varian T-60 or 
HA-100 spectrometer with deuteriochloroform or carbon 
tetrachloride as solvent and tetramethylsilane as internal 



154 Takashi T O D A , Katsuhiro SAITO, and Toshio M U K A I [Vol. 52, No. 1 

s tandard. Mass spectra were measured with Hitachi R M U 
6D spectrometer at 70 eV by direct method. 

Reactions of 1 with Grignard Reagents and Lithium Aluminium 
Hydride. (a) Reaction of 1 (468 mg, 2 mmol) with 
benzylmagnesium chloride (16 mmol) in anhydrous ether 
(30 ml) with ordinal method gave an yellow oil ( 1.436 g). 
Distillation of the oil afforded benzyl alcohol (50—60 °G/ 
0.5 Torr , 300 mg) , diphenylethane (65—70 °C/0.5 Torr , 
85 mg) , and an yellow oily residue (950 mg) . Silica gel 
T L C (hexane, benzene, and methanol ; 6 : 3 : 1) gave 
colorless oily mixtures (381 mg) which showed a broad 
absorption band at 1775 c m - 1 in its I R spectrum, (b) 
Reaction of 1 (234 mg, 1 mmol) with methylmagnesium 
iodide (8 mmol) also gave none of clear products, (c) 
Reaction of 1 (300 mg, 1.3 mmol) with l i thium aluminium 
hydride (1.2 g, 32 mmol) in boiling anhydrous tetrahydro-
furan (30 ml) with ordinary method gave unidentified oily 
mixtures (162 mg) which still showed a broad carbonyl 
band at 1730 c m - 1 in its I R spectrum. 

Reaction of 1 with Phenyllithium. A solution of 1 (936 
mg, 4 mmol) in anhydrous ether (30 ml) was added to a 
solution of phenylli thium (30 mmol) in anhydrous ether 
(20 ml) at 0 °G during 30 min with stirring. After further 
stirring for 13 h at room temperature , the reaction mixture 
was decomposed with water, and extracted with ether. 
Evaporat ion of the solvent and recrystallization of the 
residue from acetone gave 2 (1.58 g, 8 4 % ) , m p 223—225 
°G. Found : G, 87.16; H , 6.30%. Galcd for G 3 5 H 3 0 O 2 : 
G, 87.06; H , 6 .05%. 

Reactions of 2 with Acids. A solution of 2 (1.0 g, 2.1 
mmol) in 0.1 N sulfuric acid-dioxane (50 ml) was stirred 
for l h at 0 ° G , and then added water (100 ml) . T h e 
reaction mixture was extracted with benzene. A brown 
tarry material (1.0 g) obtained by evaporation of the solvent 
was chromatographed on alumina to give benzophenone 
(377 mg, 98%) by petroleum ether-benzene ( 9 : 1 ) and 
intractable unidentified tarry materials (600 mg) . Trea t ­
ments of 2 with hydrochloric acid, acetic acid, or silica 
gel gave the almost identical results with that of the case 
of sulfuric acid. 

Hydrogénation of 3. A mixture of 2 (1.0 g, 2 . 1 m 
mol), silica gel (10 g, 60—100 mesh), and benzene (70 ml) 
was stirred at room temperature for 1.5 h. Separation of 
the silica gel, and following hydrogénation of the filtrate 
with pa rad ium carbon (10%, 400 mg) gave a pale yellow 
oil ( 1.0 g) after absorption of hydrogen (250 ml, 11 mmol) . 
Alumina column chromatography of this oil gave a colorless 
oil (540 mg) by petroleum ether, benzophenone (278 mg, 
74.5%) by petroleum ether-benzene ( 8 : 2 ) , and diphenyl-
methyl alcohol (73 mg, 20%) by ether. Distillation of the 
colorless oil (bath t emp 110°G/0.2 Torr) gave 4 (454 mg, 
74 .7%) . F o u n d : G, 90.16; H , 9 .63%. Galcd for C 2 2H 2 8 : 
G, 90.35; H , 9 .65%. 

Reactions of 2 with Sodium Hydride. (a) A mixture 
of 2 (200 mg, 0.4 mmol) , 5 5 % sodium hydride (400 mg, 
9 mmol) , and anhydrous dioxane (10 ml) was stirred at 
room temperature for 330 h. The reaction mixture was 
filtered and the residual solid was decomposed with water 
and extracted with benzene. Combined organic layer was 
washed with water and dried over sodium sulfate. Evap­
oration of the solvent afforded an yellow oily material 
(335 mg) . Purification of this oil with silica gel T L G 
(benzene) gave recovery of 2 (25 mg, 12%, i?f = 0.5) and 
an yellow tarry material (156 mg, i?f = 0.75). Crystalliza­
tion of the tar from petroleum ether-benzene, and further 
recrystallization from ethyl acetate yielded pure 5 (125 mg, 
6 3 % ) , m p 115°G. Found : C, 86.74; H , 6.54%. Calcd 

for G 3 5 H 3 0 O 3 : C, 87.10; H , 6.27%. (b) A mixture of 2 
(800 mg, 1.6 mmol) , 5 5 % sodium hydride (1.6 g, 37 mmol), 
and anhydrous dioxane (50 ml) was refluxed for 6.5 h. 
T h e same treatment as above afforded 5 (34 mg, 4 .2%, 
£f = 0.75), colorless crystals of 6 (mp 150—155 °G, 351 mg, 
4 4 % , £ f = 0 . 8 5 ) , and 7 (mp 170—174 °G, 136 mg, 17%, 
Rt = 0.9). Recrystallization of 6 and 7 from ethyl acetate 
raised their mps to 164 and 180 °C, respectively. Found: 
G, 87.10; H , 6 .33% for 6. Found : C, 86.76; H , 6.43% 
for 7. (c) A mixture of 2 (1.0 g, 2.1 mmol) , 5 5 % sodium 
hydride (3.0 g, 70 mmol) , and anhydrous dioxane (50 ml) 
was refluxed for 20 h. After the same treatment as above, 
the obtained yellow oil was chromatographed on alumina. 
An yellow oily resinous material (460 mg) which was eluted 
with benzene was recrystallized from ethyl acetate to give 
pure 7 (430 mg, 4 3 % ) . 

Acid Treatments of 5, 6, and 7. A solution of 5 (10 
mg, 0.02 mmol) in methanol (5 ml) containing a drop of 
cone sulfuric acid was allowed to stand at room temperature 
for 6 h. U V spectrum of this solution was identical with 
that of 3, and gas chromatographic study showed existence 
of benzophonone. Treatments of 6 and 7 under the same 
conditions as above showed the identical results as the case 
of 5. 

Inter conversion of 5, 6, and 7. A solution of 5 (15 
mg, 0.03 mmol) and 5 5 % sodium hydride (30 mg, 7 mmol) 
in anhydrous dioxane (2 ml) was refluxed for 9 h. Silica 
gel T L G (benzene) showed three spots at the parts coin­
cident with 5 OR f=0.75), 6 ( ^ = 0.85), and 7 ( i? f=0.9) . 
By the same procedure, reaction of 6 showed the same 
three spots as the case of 5 on silica gel T L C , but reaction 
of 7 showed no other spot except one due to itself, and 
this spot diminished by prolonged refluxing (about one day). 

Reactions of 8, 9, and 10 with Sodium Hydride. (a) A 
solution of 8 (1.34 g, 11 mmol) and 5 5 % sodium hydride 
(2.4 g, 56 mmol) in anhydrous dioxane (10 ml) was stirred 
for 230 h at room temperature . The starting alcohol 8 
(1.32 g, 98%) was recovered by the same treatment as the 
case of the reaction of 2 with sodium hydride, (b) Reac­
tion of 9 (1.41 g) with sodium hydride under the same 
conditions as above resulted in recovery of the starting 
alcohol (1.34 g, 9 5 % ) . (c) Reaction of 10 (500 mg) with 
sodium hydride under the same conditions as above resulted 
in recovery of the starting alcohol (485 mg, 97%) . 

Reactions of Cycloheptatriene with Benzyl Alcohol and Triphenyl-
methyl Alcohol. (a) A mixture of cycloheptatriene (1.8 
g, 20 mmol) , benzyl alcohol (16 g, 148 mmol) , 5 5 % sodium 
hydride (3.0 g, 70 m mol), and anhydrous dioxane (10 ml) 
was refluxed for 17 h. The starting alcohol was recovered 
quantitatively by the same treatments as above, (b) By 
the same procedure as above, reaction of cycloheptatriene 
with triphenylmethyl alcohol resulted in almost quantitative 
recovery of triphenylmethyl alcohol. 

Preparation of u.-Phenyl-ß-(7-cycloheptatrienyl)ethyl Alcohol. 
T o a solution of phenyl magnesium bromide prepared from 
3.58 g of bromobenzene in 30 ml of ether, a solution of 
2.0 g of (7-cycloheptatrienyl)acetaldehyde22> in 20 ml of ether 
was added dropwise with stirring and under nitrogen atoms-
phere. After 5 h, an ordinal workup gave 1.40 g of the 
colorless needles of 9 a : m p 41—43 °G from hexane-ether. 
Found : C, 84.89; H , 7.64%. Calcd for C 1 5 H 1 6 0 : G, 84.87; 
H , 7.60%. 

W e a r e i n d e b t e d to Prof. Y u s a k u I k e g a m i for E S R 
s p e c t r u m m e a s u r e m e n t s . 
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Direct Synthesis of 2,2-Diaryl-3-methyl-2,3-dihydrobenzothiazoles from 
3-Methyl-2,3-dihydrobenzothiazole-2-thione and Some Mechanistic Aspects 

K i n - y a A K I B A , * H i r o a k i S H I R A I S H I , a n d N a o k i I N A M O T O 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Tokyo 113 

(Received J u n e 9, 1978) 

Reactions of 3-methyl-2,3-dihydrobenzothiazole-2-thione (1) and 3-methyl-2-(methylthio)benzothiazolium 
iodide with Grignard reagents gave 2,2-disubstituted 3-methyl-2,3-dihydrobenzothiazole (2) as a major product 
as well as 2,2 /-disubstituted 3,3 /-dimethyl-2,2 / ,3,3 /-tetrahydrobi(2-benzothiazolyl) (3). Reactions of 1 with 
organolithiums gave 2 as a major product. The results demonstrate that the formation of 3 is due to the 
presence of transition metals as an impurity in magnesium. 

As previously reported,1) reactions of 3-substituted 2-
nitrosoimino-2,3-dihydrobenzothiazoles with Grignard 
reagents have been shown to give 2,2,3-trisubstituted 
2,3-dihydrobenzothiazoles as well as other types of 
products. 

It is known that Grignard reagents and organo­
lithiums can react with thiocarbonyl group at sulfur 
atom.2) O n the other hand, Beak et #/.3) have reported 
that phenyllithium attacks on carbon atom of the 
thiocarbonyl group on 7V,7V-dimethylthiobenzamide. 
Thus, occurrence of C-2 attack with Grignard reagents 
is expected in 3-methyl-2,3-dihydrobenzothiazole-2-
thione (1) among other possibilities. O n the other 
hand, reactions of 3-methy 1-2-(methyl thio)benzothiazo-
lium salt (8) with Grignard reagents can be expected 
to give also 2,2-disubstituted 2,3-dihydrobenzothiazoles. 
This paper describes synthesis of 2,2-disubstituted 3-
methyl-2,3-dihydrobenzothiazoles (2) from 1? 8? and 
related compounds. 

T h e reaction of 3-methyl-2,3-dihydrobenzothiazole-
2-thione (1) with excess Grignard reagents in refluxing 
benzene for 1.5—4 h under nitrogen afforded 2,2-
disubstituted 3-methyl-2,3-dihydrobenzothiazole (2) 
together with 252'-disubstituted 3,3'-dimethyl-2,2',3,3'-
tetrahydrobi(2-benzothiazolyl) (3) as a minor product. 

The presence of unchanged magnesium did not 
affect considerably the product ratio of 2 to 3 (see Table 

T A B L E 1. REACTIONS OF 1 WITH GRIGNARD REAGENTS 

I II c = s 

Me 

2 RM /f\/ $ \ / x ,/K 

M-MgBr X / X N / \ R 
or Li ^ , 

Me 

' S \ / 
+ 1 II G 

Me 

R 

a: R - P h , b : R ^ - G l G 6 H 4 , c: R ^ - M e G 6 H 4 

d: R=/>-MeOC6H4, e: R ^ E t , f: R = Bu 

X / x N H M e ^ ' \NHMe 

5 a: R = Et 
b : R ^ P h 

I II G 

Me 

T h e reaction of 1 with ethylmagnesium bromide 
gave also 2e along with bis [o-(methylamino) phenyl] 
disulfide (4) and ethyl o-(methylamino) phenyl sulfide 
(5a). Refluxing of 1 with /-butylmagnesium bromide 
in benzene for 42 h gave 2-/-butyl-3-methyl-2,3-di-
hydrobenzothiazole (6) in 16% yield together with 
the recovered 1 (77%). Formation of the by-product 

R 

Ph 

Pha> 

/>-ClC6H4 

/>-MeC6H4 

/>-MeOC6H4 

Eta> 

*-Bu 

2 (%) 

2a, 67 

2a, 60 

2b , 58 

2c, 84 

2d, 84 

2e, 54 

6, 16 

3 (%) 

3a, 23 

3a, 19 

3b , 21 

— 

— 
— 

— 

Other (%) 

4, 19: 5a, trace 

recovered 1, 77 

a) In the presence of unchanged magnesium. 

T A B L E 2. 

R 

Ph 

Et 

Bu 

REACTIONS 

2 

2a, 

2e, 

2f, 

OF 1 WITH 

(%) 

42 

65 

58 

ORGANOLITHIUMS 

Other (%) 

5 b , 19 

7, 12 

(3) was encountered when phenyl and />-chlorophenyl 
Grignard reagents were employed. 

Reactions of 1 with organolithiums proceeded at 
room temperature and gave mainly 2. The results 
are summarized in Table 2. In the cases of phenyl-
and butyllithiums, 5b1»4) and 2-butylidene 3-methyl-
2,3-dihydrobenzothiazole (7) were also isolated. The 
formation of 7 is explained by deprotonation of an 
intermediate (A) by butyllithium5) as mentioned later. 

Table 3 summarizes the results of reactions of 8 
with Grignard reagents. 

A / S s 
I || + G -SMe 

RMgBr 

2 + 3 

Me I -
8 

T A B L E 3. REACTIONS OF 8 WITH GRIGNARD REAGENTS 

R 

Ph 

Ph 

/>-MeC6H4 

/>-MeC6H4 

/>-ClC6H4 

/>-MeOC6H4 

Condition 

r.t., 1.5 h ; 
then 80°G, 0 .5 h 

r.t., 0 .5 h ; 
then 80 °G, 0 .5 ha> 

r.t., overnight 

r.t., 0 . 5 h ; 
then 80°G, 0 .5 h 

r.t., overnight 

r.t., overnight 

2 (%) 

2a, 54 

2a, 48 

2c, 50 

2c, 43 

2b , 41 

2d, 85 

3 (%) 

3a, 25 

3a, 37 

— 

3c, 28 

3b , 7 

— 

2 / 3 

2.1 

1.3 

>io 
1.5 

a) In the presence of unchanged magnesium. 

file://'/NHMe
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The results reveal that the jtara-methoxyphenyl 
Grignard reagent bearing an electron-donating group 
tends to give 2 preferentially, whereas electron-with­
drawing groups attached to the aromatic ring of 
Grignard reagents and also higher temperature would 
stimulate producing the compound 3. 

In the case of /-butylmagnesium bromide, 6 was 
obtained in 3 1 % yield. The salt (8) can react with 
the Grignard reagents at room temperature, but the 
yield of 2 was less than those with reaction of 1 because 
of heterogeniety of the system. 

Formation of 2 in the reactions of 1 or 8 can be 
rationalized by assuming the intermediacy of benzo-
thiazolium salt (A) as follows. 

RMgBr A , / S \ / R 

1 or 8 > | || G 

Me 

A / S \ 
J \\ + G - R 

Me X -
A X = SMgBr, SMe 

Dimerized products have also been obtained by the 
reaction of 3-methylbenzothiazolium,6) 2-substituted 
1,3-benzoxathiolium,7) and 1,3-benzodithiolium salts8) 
with Grignard reagents. Thereupon, reactions of 3-
methyl-2-phenylbenzothiazolium iodide (9a) with aryl 
Grignard reagents were examined. The results are 
summarized in Table 4. 

J*\/ S \ Ar2MgI3r 
| || + C-Ari 
\ A N / 

Me X -
9: X = I 

10: X = C104 

a: A r ^ P h 
b : A r ^ - C l C « ^ 
c: A r ^ - M e O C Ä 

2 + 3 

a: A r ^ A r ^ P h 
g: A r ^ P h , Ar2 = £-MeC6H4 

h: Ar^/j-GlGjH«, 
Ar2 = p-MeC6H4 

i : Ar^-MeOCßH.! , 
Ar2=/>-MeC6H4 

TABLE 4. REACTIONS OF 9a WITH ARYL GRIGNARD 

REAGENTS 

Ar1 

Ph 
Ph 

Ph 

Ar2 

Ph 
Ph 

/>-MeC6H4 

Condition 

r.t., overnight 
r.t., 0.5 h; 
then 60 °G, 
0 .5h 
r.t., 0.5 h; 
then 60 °G, 
0 .5h 

2 (%) 

2a, 31 
2a, 39 

2g, 43 

3a (%) 2/3a 

6 5.2 
51 0.76 

31 1.4 

The yield of 3 also increased at a higher temperature. 
A possible pathway for the formation of 3 would 

involve reduction of the intermediate A or 9 with 
an Mg-MgBr 2 complex in the reaction mixture. In 
fact, 9a could be reduced to 3a with the Mg-MgBr 2 

complex in refluxing benzene in almost quantitative 

A or 9 + RMgBr 
A / S N 
I II 

Me 

Phi l clilUise 

G - R + R. 

B 

3 + R-Ph 

yield. Another possibility is that one-electron transfer 
from the Grignard reagent to A or 9 would provide 
the radical intermediate (B), which may give 2, 3 , 
and the corresponding biphenyl derivative. 

Indeed, the formation of biphenyl ( 2 1 % after cor­
rection) was observed, when 9a was treated with 
phenylmagnesium bromide in refluxing benzene. T h e 
interesting results from jfr-tolylmagnesium bromide 
solutions prepared from two kinds of magnesium metals 
[reagent grade: Mg-1 and 99 .9% puri ty: Mg-2] , which 
were treated with 9 and 10 in refluxing benzene, are 
summarized in Table 5. 

TABLE 5. EFFECT OF PURITY OF MAGNESIUM ON REACTIONS 

OF 9 OR 10 WITH /»-TOLYLMAGNESIUM BROMIDE 

M g 9 or 10 2 (%) 3 (%) Bis-p-toiyl 
(%)a ) 

Mg-1 

Mg-2 

9a 
9b 
9d 

10c 

9a 
10a 
10b 
10c 
10cb> 

2g, 
2h, 

2i, 
2i, 

2g, 
2g, 
2h, 
2i, 
2i, 

39 
76 
63 
39 

82 
81 
82 
86 

9 

3a, 
3b, 
3d, 
3d, 

3a, 
3a, 
3b, 
3d, 
3d, 

28 
15 
20 
42 

trace 
trace 
trace 
2 

41 

20 
5 

16 
14 

0 
0 
0 
0 

55 

a) After correction of blank experiment, b) In the 
presence of a microspatula of anhydrous cobalt(II) 
chloride. 

The results clearly showed that the pure magnesium 
(Mg-2) provided 2 preferentially and bis-/>-tolyl was 
not detected. However, 3 could be obtained as a 
major product together with a significant amount of 
bis-jö-tolyl when the reaction of 10 was carried out 
in the presence of a small amount of cobalt (II) chloride. 

The fact that 3 is always accompanied by a significant 
amount of bis-/>-tolyl using Mg-1 or Mg-2 plus cobalt-
(II) chloride shows that these two products are formed 
catalyzed by some transition metals present in magne­
sium as an impurity. This is supported by the fact 
that />-methylbiphenyl was not detected in the reaction 
mixture by careful gas chromatographic analysis which 
means that free /?-toyl radical was not generated during 
the reaction, thus, in turn, eliminating one-electron 
transfer mechanism. 

In the reaction of 10a with /»-tolymagnesium bromide 
prepared from Mg-2, the presence of an excess magne­
sium showed no effect, indicating that the reduction 
of A or 9 with the Mg-MgBr 2 complex to give 3 does 
not take place under the reaction conditions using 
pure magnesium. 

In order to prepare 2,2-diaryl derivatives of 2, the 
present reaction of 1 with aryl Grignard reagents is 
recommended and magnesium of higher purity should 
be used for selective formation of 2 and for suppression 
of 3 as a by-product. 

E x p e r i m e n t a l 

3-Methyl-2,3-dihydrobenzothiazole-2-thione (I),9) mp 92—94 
°C (lit, 88—89 °G), 3-methyl-2-(methylthio)benzothiazolium 
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iodide (8),10> m p 147—148 °G (lit, 148 °G (dec)), and 3-
methyl-2-phenylbenzothiazolium iodide (9a),11) m p 217— 
218 °G (lit, 218 °G (dec)), were prepared according to the 
reported methods. 

2-Aryl-3-melhylbenzothiazolium Iodide (9). ^-Substi tuted 
benzaldehyde (80 mmol) was allowed to react with o-
aminobenzenethiol (80 mmol) in ethanol (50 ml) for 1 h at 
0 °G with stirring to afford 2-arylbenzothiazoline. T h e 
resulting thiazoline (60 mmol) was treated with dibenzoyl 
peroxide (60 mmol) in dichloromethane (250 ml) to give 
2-arylbenzothiazole.12) The benzothiazole (12 mmol) was 
heated with methyl iodide (40 mmol) at 100 °G in a sealed 
tube for 20 h to give 2-aryl-3-methylbenzothiazolium iodide 
(9) which was recrystallized from methanol ; p-chloro 
derivative (9b), yield 8 0 % , m p 253—256 °G (dec) (lit,13) 
224—225 °G) and />-methoxy derivative (9d), yield 8 7 % , 

m p 197—198 °G (dec) (lit,13) 199 °G). 

2-Aryl-3-methylbenzothiazolium Perchlorates (10).vs) A 
solution of o-(methylamino)benzenethiol (69 mmol) and p-
substituted benzoyl chloride (69 mmol) in benzene (60 ml) 
was stirred at room temperature for 0.1—1 h and then 
refluxed for 0.5 h. The resulting precipitates were collected; 
/>-chloro chloride, m p 225 °G (dec) and />-methoxy chloride 
m p 191—196 °G (dec). T o an aqueous solution of the 
chloride was added an excess amount of sodium Perchlorate 
and the resulting precipitates were recrystallized from 
methanol ; />-chloro (10b), yield 8 5 % , m p 239—243 °G, 
and />-methoxy Perchlorates (10c), yield 8 0 % , m p 195.6— 
196.7 °G. 

The following reactions were carried out under nitrogen. 
Reactions of 3-Methyl-2,3-dihydrobenzothiazole-2-thione (1) 

with Grignard Reagents. General Procedure. An ethereal 
solution (20—30 ml) of the Grignard reagent (20—25 mmol) , 
which was filtered through a glass filter, was added to a 
solution of 1 (905 mg, 5 mmol) in benzene (25—35 ml) 
and the mixture was refluxed for a time shown below. After 
addition of 10% aq ammonium chloride, the reaction 
mixture was extracted with dichloromethane, the extract 
was dried ( M g S 0 4 ) , and the solvent was removed. The 
residue was submitted to dry column chromatography (DGG : 
SiOa) to separate reaction products. 

1 ) With Phenylmagnesium Bromide: T h e mixture was re­
fluxed for 3 h. After addition of 10% aq sulfuric acid, 
evolved hydrogen sulfide was passe dthrough aq lead(II) 
acetate to give lead(II) sulfide (814 mg, 6 8 % ) . Separa­
tion of the residue by DGG (GH2G12 : h e x a n e = 1 : 4) gave 
3-methyl-2,2-diphenyl-2,3-dihydrobenzothiazole (2a; 1.021 g, 
6 7 % ) , m p 142—143 °G (from E t O H ) (lit, la) 142—143 °C), 
and 3,3 /-dimethyl-2,2 /-diphenyl-2,2 / ,3,3 /-tetrahydrobi(2-ben-
zothiazolyl) (3a; 259 mg, 2 3 % ) , m p 166—167 °G (from 
E t O H ) ; N M R (GDG13) : 6 2.24 (s, 6H) and 6.0—8.2 (m, 
18H). 

Found : G, 74.19; H , 5.26; N , 6 . 2 1 % , Galcd for C28-
H 2 4 N 2 S 2 : G, 74.30; H , 5.34; N , 6.19%. 

2) With p-Chlorophenylmagnesium Bromide: T h e mixture 
was refluxed for 4 h. Separation by DGG (CH2C12 : 
h e x a n e = 1 : 4) gave 2,2-di-/?-chlorophenyl-3-methyl-2,3-
dihydrobenzothiazole (2b ; 1.079 g, 58%) and 2,2'-di-/>-
chlorophenyl - 3,3' - dimethyl - 2 , 2 ' , 3 ,3 ' - tctrahydrobi (2 - benzo-
thiazolyl) ( 3b ; 281 mg, 2 1 % ) . 

2 b : did not solidify and was purified by molecular distilla­
t ion; N M R (GDG13): (5 2.58 (s, 3H) and 6.3—7.5 (m, 12H). 

Found : G, 64.76; H , 3.99; N , 3 .63%. Galcd for C20-
H1 5NG12S: G, 64.52; H , 4.06; N , 3.70%. 

3 b : m p 203—204 °G (from P h H - E t O H ) ; N M R (GDG13) : 
r5 2.71 (s, 6H) and 6.0—8.1 (m, 16H). 

Found : G, 64.33; H , 4.00; N, 5.37%. Galcd for G28-

H22N2G12S2: G, 64.48; H , 4.25; N, 5.37%. 
3) With p-Tolylmagnesium Bromide: The mixture was 

refluxed for 3 h. Separation by DGG (CC14) gave 3-methyl-
2,2-di-^-tolyl-2,3-dihydrobenzothiazoIe (2c; 1.398 g, 8 4 % ) , 
m p 143—144 °G (from E t O H ) (lit,la> 141—141.5 °G). 

4) With p-Aîethoxyphenylmagnesium Bromide: The mixture 
was refluxed for 1.5 h. Separation by DGG (GH2G12: 
h e x a n e = l : 1) gave 2,2-di-/?-methoxyphenyl-3-methyl-
2,3-dihydrobenzothiazole (2d; 1.532 g, 8 4 % ) , m p 87— 
88 °G (from E t O H ) ; N M R (GDG13) : (5 2.61 (s, 3H) , 3.85 
(s, 6H) , 6.3—7.2 (m, 4H) , and 7.29 (ABq, A<5=32 Hz, 
7 = 9 . 5 Hz, 8H) . 

Found : G, 72.72; H , 5.86; N, 3.90%. Galcd for C22-
H 2 1 N 0 2 S : G, 72.70; H, 5.82; N, 3 .85%. 

5) With Ethylmagnesium Bromide: Filtration of the Grig­
nard reagent was not carried out. The mixture was refluxed 
for 4 h . Separation by DGG (CH2C12 : h e x a n e = 1 : 4) 
and then preparative thin layer chromatography (PTLG) 
(S i0 2 , CH2C12 : h e x a n e = l : 4) gave 2,2-diethyl-3-methyl-
2,3-dihydrobenzothiazole (2e; 555 mg, 5 4 % ) , bis[o-(methyl-
amino)phenyl] disulfide (4; 133 mg, 19%), m p 66 °G (lit,11) 
64—68 °C), and ethyl o-(methylammo)phenyl sulfide (5a; 
6 m g ) (by I R and NMR 1 5 ) ) . 

2 e : oily mater ial ; N M R (GDG13) : (5 0.95 (t, 7 = 7 . 5 Hz, 
6H) , 1.3—2.2 (m, 4H) , 2.70 (s, 3H) , and 6.12—7.12 (m, 
4 H ) ; M S : m/e 207 (M+, 8%) and 178 (M+- - E t , 100). 

6) With t-Butylmagnesium Bromide: The mixture was 
refluxed for 42 h. Separation by DGG (GH2G12 : h e x a n e = 
1 : 4) gave recovered 1 (700 mg, 77%) and oily 2-^-butyl-
3-methyl-2,3-dihydrobenzothiazole (6; 166 mg, 16%) (by 
NMR l a >) . 

Reaction of 1 with Organolithiums. 1 ) With Phenyllithium: 
Phenyllithium (40 mmol) in ether (30 ml) was added to 

1 (905 mg, 5 mmol) in benzene (30 ml) and the mixture 
was stirred at room temperature for 15 min. After addition 
of 10% aq ammonium chloride and then usual work-up, 
the residue was submitted to DGG (Si0 2 , GH2G12 : h e x a n e = 
1 :4 ) and then P T L G (S i0 2 , GH2G12 : h e x a n e = 1 : 4) to 
afford 2a (635 mg, 42%) and oily o-(methylamino)phenyl 
sulfide (5b ; 206 mg, 19%) (by I R and NMR 1 6 ) ) . 

2) With Ethyllithium: T o ethyllithium (20 mmol) in pen-
tane (20 ml) was added 1 (905 mg, 5 mmol) in benzene 
(30 ml) and the mixture was stirred for 1 h. After usual work­
up, 2e (672 mg, 65%) was obtained by DGG (Si0 2 , CH2C12 : 
hexane = 1 : 4). 

3) With Butyllithium : T o butyllithium (50 mmol) in 
hexane (31 ml) was added 1 (1.812 g, 10 mmol) in benzene 
(30 ml) and the mixture was stirred for 1 h. After usual work­
up, oily 2 ,2-dibutyl -3-methyl-2 ,3-dihydrobenzothiazole 
(2f ; 1.536 g, 58%) (by I R and NMR l c ) ) and oily 2-butylidene-
3-methyl-2,3-dihydrobenzothiazole (7; 238 mg, 12%) were 
isolated by DGG (S i0 2 , CH2C12 : h e x a n e = l : 1) and then 
P T L G (SiO a , GHGI3). 7 gradually changed to a solid on 
standing. 

7 : N M R (GDGI3) :ô 0.6—1.9 (m, 7H) , 3.01 (s, 3H), 
4.65 (br s, 1H), and 6.9—7.4 (m, 4H) ; M S : m/e 205 (M+, 
100%) and 162 ( M + - P r , 46). 

Reactions of 3-Methyl-2-(methylthio)benzothiazolium Iodide 
(8) with Grignard Reagents. General procedure was 
almost the same as that for 1. 

1 ) With Phenylmagnesium Bromide: T h e mixture was stirred 
at room temperature for 1.5 h and then refluxed for 0.5 h. 
By DGG (GH2G12 : h e x a n e = l : 4), 2a (818 mg, 54%) and 
3a (273 mg, 25%) were obtained. 

2) With p-Chlorophenylmagnesium Bromide: The mixture 
was stirred overnight. By DGG (GH2G12 : h e x a n e = 1 : 4), 
2 b (763 mg, 41%) and 3 b (86 mg, 7%) were obtained. 
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3) With p-Toly [magnesium Bromide: T h e mixture was stir­
red overnight. By DGG (CCLJ, 2c (823 mg, 50%) was 
obtained. 

Similar reaction was carried out using 8 (808 mg, 2.5 mmol) 
and the Grignard reagent (10 mmol) under stirring for 
0.5 h at room temperature and then refluxing for 0.5 h. 
2c (359 mg, 43%) and 3,3'-dimethyl-2,2'-di-/>-tolyl-2,2',3,3'-
tetrahydrobi(2-benzothiazolyl) (3c: 166 mg, 2 8 % ) , m p 
163—165 °C (from E t O H ) ; N M R (CC14) : «5 2.29 (s, 6H) , 
2.94 (s, 6H) , and 5.8—7.9 (m, 16H). 

Found: G, 74.87; H, 5.86; N, 5 . 81%. Calcd for C30-
H 2 8N 2S 2 : C, 74.96; H, 5.87; N , 5 .83%. 

4) With p-Methoxyphenytmagnesium Bromide: T h e mixture 
was stirred overnight. By D C C (CH 2C1 2 : h e x a n e = l : 1), 
2d (1.515 g, 83%) was obtained. 

5) With t-Buty[magnesium Bromide: T h e mixture was 
stirred overnight, and 6 (325 mg, 31%) was obtained by 
DGC (CHgCla : h e x a n e - l : 4). 

Reactions of 3-Meihyi-2-pheny[benzothiazolium Iodide (9a) with 
Grignard Reagents. 7) With Phenyhnagnesium Bromide: 

Phenylmagnesium bromide (2 mmol) in ether (5 ml) was 
added to 9 a (353 mg, 1.0 mmol) in benzene (15 ml) and the 
mixture was stirred overnight. After usual work-up and 
P T L C (SiOä , CCLJ, 2a (93 mg, 31%) , and 3a (13 mg, 6%) 
were obtained. 

Similar reaction was carried out using 9a (883 mg, 2.5 
mmol) and the Grignard reagent (5 mmol) under stirring 
at room temeperature for 0.5 h and then refluxing for 0.5 h, 
and 2a (295 mg, 39%) and 3a (289 mg, 51%) were obtained. 

2) With p-Toly [magnesium Bromide: />-Tolylmagnesium 
bromide (3 mmol) in ether (3 ml) was added to 9a (353 mg, 
1.0 mmol) in benzene ( 15 ml) and the mixture was stirred 
for 0.5 h and then refiuxed for 0.5 h. After usual work-up 
and P T L C (SiOa , GC14), 3-methyl-2-phenyl-2-/>-tolyl-2,3-
dihydrobenzothiazole (2g; 137 mg, 43%) and 3a (70 mg, 
31%) were obtained. 

2g : m p 110.5—112.0 °C (from E t O H ) ; N M R (CDC13); 
(5 2.30 (s, 3H) , 2.52 (s, 3H) , and 6.1—7.4 (m, 13H); M S ; 
m/e 317 (M+, 37%) , 240 (100), and 226 (76). 

Found: G, 79.46; H , 6.03; N , 4 . 33% . Calcd for G21-
H 1 9 NS: C, 79.45; H , 6.03; N, 4 . 4 1 % . 

Reaction of 9a with Mg-MgBr2. To a mixture of M g 
and MgBr2 , prepared from magnesium (122 mg, 5 mmol) 
and 1,2-dibromoethane (470 mg, 2.5 mmol) in ether (10 ml), 
was added 9a (883 mg, 2.5 mmol) in benzene (10 ml) and 
the mixture was stirred for 14 h and then refiuxed for 1 h. 
After usual work-up, the residue was recrystallized from 
methanol to give 3a (550 mg, 9 7 % ) . 

Determination of Biphenyi. An ethereal solution (10 ml) 
of phenylmagnesium bromide (8 mmol) was prepared. 
The Grignard solution (2.6 ml) and naphthalene as an 
internal standard were added to 9a (353 mg, 1 mmol) in 
benzene ( 10 ml) and the mixture was refiuxed for 49 min. 
Separately, the Grignard solution (2.6 ml), benzene (10 ml) , 
and naphthalene were refiuxed for 40 min. Based on gas 
chromatographic analysis (OV-1 , 2m, 120 °C), the amount 
of biphenyi was 0.352 mmol and 0.142 mmol, respectively, 
indicating the net formation of biphenyi (0.210 mmol, 2 1 % ) . 

Reactions of 2-Ary[-3-methy[benzothiazoiium Satts (9 or 10) 
with p-Toiy[magnesium Bromide. Gênerai Procedure: j!?-Tolyl-
magnesium bromide was prepared from magnesium (2.431 g, 
0.1 mol) and /»-bromotoluene (17.104 g, 0.1 mol) in ether 
(100 ml) , using magnesium of reagent grade (Mg-1) and 
99.9% magnesium (Mg-2), respectively, and filtered through 
glass wool. 

To a suspension of 9 or 10 (2.5 mmol) in benzene (20 ml) 
was added the Grignard solution (5 mmol) at 78 °C and the 

mixture was heated as 76—80 °G for 1 h under stirring. 
A small aliquot was taken for gas chromatography. After 
addit ion of 1.5 M sulfuric acid, the reaction mixture was 
extracted with benzene, the extract was dired ( M g S 0 4 ) , 
and evaporated. T h e residue was submitted to DGG (SiO a , 
CH 2 C1 2 : h e x a n e = l : 4 ; 1 : 1 for Mg-1 and 9c) . W h e n the 
separation was incomplete, the yields were calculated based 
on the peak area of the N M R . T h e yields of bis-/>-tolyl 
were determined by gas chromatography (OV-1 , 120 °C) 
using biphenyi as an internal s tandard, and corrected by 
the amount produced after heating the Grignard solution in 
benzene without 9 or 10 under the same conditions. T h e 
results were listed in Table 5. 

Physical da ta of new products are as follows. 
2 h : m p 145—146 °C (from M e O H - p e n t a n e ) ; N M R 

(CDG13) : r5 2.27 (s, 3H) , 2.51 (s, 3H) , and 6.15—7.42 (m, 
12H); M S : 353 (M+ + 2 , 11%), 351 (M+, 25), 262 (22), 
260 (58), and 240 (100). 

Found : C, 71.77; H , 5.19; N, 3 .82%. Calcd for C21-
H 1 8NSG1: C, 71.68; H , 5.16; N, 3.98%>. 

2i, m p 120.5—122.0 °G (from E t O H - p e n t a n e ) ; N M R 
(CDCI3) : Ô 2.33 (s, 3H) , 2.59 (s, 3H) , 3.75 (s, 3H) , and 6.24— 
7.50 (m, 12H) ; M S : 347 (M+, 4 6 % ) , 256 (100), and 240 
(92). 

Found : C, 76.01; H , 6.19; N, 3 .85%. Calcd for C2 2H2 1-
N O S : C, 76.05; H , 6.09; N, 4 . 0 3 % . 

3 d : m p 182.0—183.5 °C (from M e O H - p e n t a n e ) ; N M R 
(CDCI3): «5 2.65 (s, 6H) , 3.72 (s, 6H) , and 5.90—7.95 (m, 
16H); M S 512 (M+, 0 .8%) , 256 (100), 241 (67), 226 (28), 
198 (30), and 150 (16). 

Found : C, 70.06; H , 5.54; N , 5.16%. Calcd for C30-
H 2 8 N 2 0 2 S 2 : C, 70.28; H , 5.50, N , 5.46%. 
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Reactions of 4//-l-Benzothiopyran-4-ones and Related Compounds 
with Dimethyl Sulfate* 
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4H-1 -Benzothiopyran-4-ones (thiochromones) and isomeric 2//-l-benzothiopyran-2-ones (thiocoumarins) have 
been allowed to react with dimethyl sulfate (DMS) to study the differences in reactivity on methylation. 
Methylat ion of 2-methyl(thiochromones) with D M S afforded the blue colored dimerization products, 4-(4-meth-
oxy-l-benzothiopyran-2-ylidenemethyl)-2-methyl-l-benzothiopyrylium Perchlorates, while that of 7-methoxy-
4-methyl(thiocoumarin) gave the O-methylated yellow salt, 2,7-dimethoxy-4-methyl-l-benzothiopyrylium Per­
chlorate. Methylations of oxa analogues (coumarins) and aza analogues (2-quinolones) of thiocoumarins 
with D M S have also been examined. I t has been found that the ease of formation of methylation products 
is affected by the hetero a tom and carbonyl group. 

In a p r e v i o u s p a p e r , 1 ) t h e spec t r a l c h a r a c t e r i z a t i o n 
of 4 / / - l - b e n z o t h i o p y r a n - 4 - o n e s ( t h i o c h r o m o n e s ) w a s 
p r o p o s e d to d i s t ingu i sh t h e m f rom 2H-1 - b e n z o t h i o p y -
r a n - 2 - o n e s ( t h i o c o u m a r i n s ) . H o w e v e r , it w a s v e r y 
difficult to d i s t ingu i sh on ly o n t h e basis of spec t r a l 
d a t a . T h e m e t h y l a t i o n of these c o m p o u n d s w i t h d i ­
m e t h y l sulfa te ( D M S ) is a n a t t e m p t to d i s t ingu i sh 
t h e m . T o l m a c h e v et al.2) r e p o r t e d t h e m e t h y l a t i o n of 
2 - m e t h y l ( t h i o c h r o m o n e ) , h o w e v e r , t h e sys t ema t i c s t u d y 
of t h e m e t h y l a t i o n of t h i o c h r o m o n e s , t h i o c o u m a r i n s a n d 
t h e o x a a n a l o g u e s ( c o u m a r i n s ) a n d t h e a z a a n a l o g u e s 
(2 -qu ino lones ) w i t h D M S h a v e n o t b e e n r e p o r t e d . 
I n th is p a p e r , t h e differences in m e t h y l a t i o n of these 
he t e rocyc l i c c o m p o u n d s w i t h D M S will b e r e p o r t e d . 

E x p e r i m e n t a l 

All the melting points are uncorrected. Infrared spectra 
were recorded on a Hitachi ESI-S2 spectrophotometer using 
KBr pellets. 1 H - N M R spectra were taken on a Hitachi 
R-24A spectrometer with tetramethylsilane as an internal 
s tandard. Elemental analyses were recorded on a Yanaco 
G H N recorder MT-2 . D T A - T G analysis was taken on a 
Rigaku D T A - T G instrument at 10 °C/min under nitrogen. 

4-(4-Methoxy-1 -benzothiopyran-2-ylidenemethyl) -2-methyl-1 -
benzothiopyrylium Perchlorate Derivatives (2a—2c). 2-
Methyl(thiochromone)1) l a (3.5 g) was added to dimethyl 
sulfate (2 ml) . The mixture was stirred at 70 °G for 5 h 
and after cooling, H 2 0 (2 ml) was added to the reaction 
mixture, followed by the addition of 6 0 % H C 1 0 4 (4 ml) . 
T h e resulting solid was separated, and washed with M e O H , 
GHG13, and E t O H , and recrystallized from glacial acetic 
acid to give 2a in 32% yield. From the first filtrate, starting 
material l a was recovered in 15% yield. 

T h e other 1-benzothiopyrylium Perchlorates (2b and 2c) 
were similarly prepared in 30—40% yield together with 
the starting materials ( l b and l c ) . 2 a ( X = H ) : m p 225 °G; 
Am a x (acetone) 590 nm (e 6.28 x 104) ; N M R ( C F 3 C O O H ) 6 = 
3.35 (3H, s), 4.65 (3H, s), 5.78 (2H, s), and 8.20—8.90 
( « 9 H , m ) ; Found : G, 56.19; H , 3 .70%; Galcd for G21H17-
0 5 S 2 G1: G, 56.19; H , 3.79%. 2 b ( X = O C H 3 ) : m p > 3 0 0 °G; 
4 a x (acetone) 596 nm(e 6.92 x l O 4 ) ; N M R ( G F 3 G O O H ) 6 = 
3.20, 4.05, 4.25, 4.65, 5.55, and 7.60—8.80 (integral values 
could not be measured due to the poor solubility of 2b) ; 

t A preliminary report of this work was presented at 
the 10th Congress of Heterocyclic Chemistry, Tsukuba, 
October 1977. 

Found : G, 54.49; H , 4 . 1 8 % ; Calcd for G 2 3 H 2 1 0 7 S 2 C1: G, 
54.28; H , 4 .13%. 2 c ( X = G l ) : m p > 3 0 0 ° C ; ; .m a x (acetone) 
590 nm(e 5 . 2 2 x l O 4 ) ; N M R ( C F 3 G O O H ) 0 = 3 . 3 5 (3H, s), 
4.65(3H, s), 5.75 (2H, s) and 7.80—8.90 ( « 7 H , m ) ; Found: 
C, 48.12; H , 2 . 7 3 % ; Galcd for C 2 1H 1 50 5S 2G1 3 : C, 48.70; 
H , 2 .90%. 

4-( 1 -Benzothiopyran-2-ylidenemethyl) -2-methyl-1 - benzothiopyry­
lium Perchlorate (3). A suspension of A1G13 (2.6 g) 
in T H F (40 ml) was added to a solution of LiAlH4 (0.8 g) 
in T H F . To the resulting solution, a solution of 2-methyl-
(thiochromone) (3.5 g) in T H F (40 ml) was added dropwise 
at 25—30 °G. After standing for 30 min at 30 °C, H 2 0 
(4 ml) and then 6 M - H 2 S 0 4 (10 ml) was added to the reaction 
mixture. After filtration, the filtrate was condensed and 
extracted with ether. T o the extract 70% H C 1 0 4 (5 ml) 
and H 2 0 (10 ml) were added, and the resulting solid was 
washed with ether and methanol to give 3 : m p 250 °G; 
N M R ( C F 3 G O O H ) 6 = 2 . 8 5 (3H, s), 5.40 (2H, s), and 7.80— 
8.10 ( Ä 10H, m ) ; Am a x (acetone) 616 n m ( e 6 . 1 4 x 104); Found: 
C, 57.47; H , 3 .78%; Galcd for C2 0H1 5S2O4Cl: C, 57.35; H , 
3 .58%. 

2,7-Dimethoxy-4-methyl-1-benzothiopyrylium Perchlorate (6). 
Compound 6 was prepared from 41) by a method similar to 
that for compound 2a and a reaction time of 10 h in 10% 
yield with the starting materials. M p 166—168 °C; Am a x 

(acetone) 386 nm(e l . l O x l O 4 ) ; N M R ( G F 3 C O O H ) 6 = 3 . 0 9 
(3H, s), 4.14 (3H, s), 4.60 (3H, s), 7.60—7.80 (3H, m) , and 
8.57 (1H, m ) ; Found : G, 44.92; H , 4 .1 2 % ; Calcd for C12H13-
0 6 S G 1 : C, 44.93; H , 4 .06%. 

4-Methoxy-2~H.-7-benzothiopyran-2-one (7). Compound 
7 was prepared from 4-hydroxy-2//-1-benzothiopyran-2-one 
53> by a method similar to that for compound 2 a : yield 3 3 % ; 
m p 126—128 °G; *>Co 1635 c m - 1 ; M S (80 eV), m/*(rel inten­
sity), 192 (100), 164 (64), 149 (85), and 136 (10); N M R 
(CDC13)6=4.00 (3H, s), 6.10 (1H, s), 7.40—7.50 (3H, m) , 
and 8.15 (1H, m) ; Found : C, 62.58; H , 4 .1 2 % ; Galcd for 
C 1 0 H 8 O 2 S: G, 62.50; H , 4 .17%. 

2,7-Dimethoxy-4-methylquinolinium Perchlorate (11). 
Compound 104> (1.0 g) was added to dimethyl sulfate (8.4 g) 
with stirring. T h e mixture was heated at 70 °G for 4 h and 
after cooling, H 2 0 (7 ml) was added, followed by 60% 
H G 1 0 4 ( 10 ml) . T h e resulting solid was filtered after stand­
ing at room temperature for several hours. Recrystallization 
from E t O H gave quinolinium Perchlorate 1 1 : yield 4 1 % ; 
dec 245 °C; N M R (CF 3 GOOH) 6 = 3 . 0 0 (3H, s), 4.10 (3H, 
s), 4.30 (3H, s), 7.20—7.55 (3H, m) , and 8.30 (1H, m ) ; 
Found : C, 47.15; H , 4.57; N , 4 . 2 5 % ; Galcd for C 1 2 H 1 4 N0 6 G1: 
C, 47.45; H , 4 .61 ; N , 4 . 6 1 % . 

2,7-Dimethoxy-4-methylquinoline (12). Quinolinium 
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salt 11 (0.1 g) was dissolved in MeOH (5 ml), and 10% 
aqueous NaOH was added to this solution until the pH was 
10. The resulting solid was collected and recrystallized 
from MeOH-H 2 0 solution to give 2,7-dimethoxy-4-methyl-
quinoline 12: mp 67—68 °G; NMR(GDG13) 6=2.60 (3H, 
s), 3.95 (3H, s), 4.05 (3H, s), 6.63 (1H, s), and 7.20—7.80 
(3H, m); Found: G, 70.68; H, 6.40; N, 6.47%; Galcd for 
G12H13N02: G, 70.94; H, 6.40; N, 6.90%. 

1,4-Dimethyl-2-methoxyquinolinium Perchlorate (15), 
Compound 15 was prepared from 135> by a method similar 
to that for compound 11: yield 54%; mp 161—162 °G; 
NMR(CF3COOH) 6=3.00 (3H, s), 4.30 (3H, s), 4.50 (3H, 
s), 7.45 (1H, s), and 7.80—8.45 (4H, m) ; Found: G, 50.01; 
H, 4.84; N, 4.73%; Galcd for G12H14N05G1: G, 50.09; H, 
4.87; N, 4.78%. 

4-Methyl-2-methoxyquinolinium Perchlorate (16). Com­
pound 146) was allowed to react with DMS by a method 
similar to that for compound 11. After treating with 60% 
HG104, the reaction mixture was allowed to stand overnight 
at room temperature. The resulting solid was separated 
by filtration, and recrystallization from MeOH afforded 
quinolinium Perchlorate 15 (yield 11%). Another quinoli-
nium Perchlorate 16 was isolated by the evaporation of the 
filtrate of compound 15 and purified by repeated recrystal­
lization from MeOH. It was found that compound 16 
contained one molecule of water of crystallization by means 
of TG and DTA. Yield 50%; mp 157 °G; NMR(CF3-
COOH) 6=3.05 (3H, s), 4.45 (3H, s) 7.45 (1H, s), and 
7.70—8.40 (4H, m); Found: G, 45.79; H, 4.84; N, 5.27%; 
Calcd for C n H 1 2 N 0 5 C l H 2 0 : C, 45.28; H, 4.80; N, 4.80%. 

4-Methy1-2- (methylthio) quinolinium Perchlorate (17) and 7-
Methoxy-4-methy 1-2-(methylthio) quinolinium Perchlorate (18). 
Compound 17 was prepared by a method similar to that 
for compound 11 from 4-methylquinoline-2-thione:7> yield 
26%, mp 226—228 °C; NMR(CF3COOH) 6=2.95 (6H, s) 
and 7.60—8.40 (5H, m); Found: G, 45.53; H, 4.30; N, 
5.11%; Calcd for G A 4.15; N, 

from 7-
Found: 

iSCl: G, 45.60; H, 
4.84%. Compound 18 was similarly prepared 
methoxy-4-methylquinoline-2-thione (mp 240 °C 
G, 64.60; H, 5.44; N, 7.08%) which was obtained by the 
reaction of 7-methoxy-4-methyl-2-quinolone with P2S5 in 
benzene for 6 h under reflux: yield 38%; dec 250 °C; NMR 
(GFgCOOH) 6=2.95 (6H, s), 4.10 (3H, s), and 7.45—8.30 

(4H, m); Found: G, 44.79; H, 4.46; N, 4.69%; Calcd for 
C12H14N05SG1: C, 45.07; H, 4.38; N, 4.38%. 

7 -Methoxy- 4-(7 - methoxy -4- methylbenzopyran - 2 -ylidenemethyl) -
2-(methylthio)benzopyrylium Perchlorate (19). 7-Methoxy-
4-methyl-2//-benzopyran-2-thione was obtained by the 
reaction of 7-methoxy-4-methyl(coumarin) with P2S5 in 
benzene: yield 64%; mp 135 °G; lit,8) 136 °G. Treatment 
of the thiocarbonyl derivative with DMS at 70 °G and then 
with 60% HC104 gave a red product. Recrystallization 
from glacial acetic acid gave 19: yield 23%0; NMR(GF3-
GOOH) 6=3.10 (6H, s), 4.20 (6H, s), 5.20 (2H, s), and 
7.50—8.50 ( « 7 H , m); Amax (acetone) 556 nm (e5 .98xl0 4 ) ; 
Found: C, 56.85; H, 4.46%; Galcd for C23H2108SG1: C, 
56.04; H, 4.26%. 

R e s u l t s a n d D i s c u s s i o n 

The Methylation of Thiochromones and Thiocoumarins. 
Traverso9) has reported that 4-methoxythiopyrylium 
Perchlorate, as the O-methylated product, was formed 
when 4//-thiopyran-4-one reacted with D M S followed 
by treatment with perchloric acid. In the case of 
2-methyl(thiochromone) l a , a blue salt was found under 
the same conditions. T h e structure of this blue salt 
2a has been determined as 4-(4-methoxy-l-benzo-
thiopyran-2-ylidenemethyl)-2-methyl- 1 - benzothiopyry-
lium Perchlorate, on the basis of the N M R spectrum 
and elemental analyses. T h e structure has been also 
supported by ESC A.10) The reactions of 7-methoxy-
2-methyl- and 7-chloro-2-methyl(thiochromones) with 
D M S also gave blue 1-benzothiopyrylium salts 2 b and 
2c, respectively, with the starting materials. T h e blue 
1-benzothiopyrylium salts have visible absorption 
maxima in the region 590—596 nm similar to that of 
a thiacyanine dye, which was prepared by the cyclode-
hydration of 4-(phenylthio)-2-butanone with polyphos-
phoric acid.11) Tolmachev et al.2) have reported that a 
similar 1-benzothiopyrylium salt was obtained by the 
reaction of 2-methyl(thiochromone) l a with methyl 
o-nitrobenzenesulfonate in toluene. A possible mech­
anism for the formation of 2a—c is given in Scheme 1 : 

0 

1 ' 
la X=H 
lb X=OCH, 
1c X=C1 

OCH 

OCH3 OCHs 

Scheme 1. 
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i.e. an initial attack of D M S to 2-methyl(thiochromone) 
derivatives leading to the O-methylated derivative A. 
Deprotonation could then occur to give B. The con­
densation of B with A would lead to C, and an anion 
exchange of 0 0 4 ~ would afford the products 2a—c. 

Furthermore, 2-methyl(thiochromone) l a was reduced 
by a luminum hydride to 2-methyl-4//-l-benzothio-
pyran-4-ol, and the latter converted to the blue 1-
benzothiopyrylium salt 3 with perchloric acid (Scheme 
2). From these results, it appears that the methyl 
group at the 2-position of thiochromone derivatives 
has activated hydrogens. 

Scheme 2. 

Methylation of 7-methoxy-4-methyl(thiocoumarin) 
4, the isomer of 7-methoxy-2-methyl (thiochromone) 
l b , with D M S gave a yellow salt. This yellow salt 
was identified with 2,7-dimethoxy-4-methyl-l-benzothio-
pyrylium Perchlorate 6 as the O-methylated product 
of 4. In the case of 4-hydroxy(thiocoumarin) 5, 4-
methoxy(thiocoumarin) 7 was isolated as the O-methyl­
ated product at the 4-position of 5 (Scheme 3). The 
different methylation mechanisms between 2-methyl-
(thiochromone) and 4-methyl(thiocoumarin) deriva­
tives may be utilized to distinguish them. 

X 

AÀ 

( 1 0 h ) 

4 X = CH3, Y = O C H 3 

5 X = O H , Y = H 

( 5 h ) 

GH3 

, / \ A cio4e 
i il e i * 

CH3CK X / X S ^ O G H 3 

OCH3 

\ / x s ^ o 

CH3 

y\A 
1 11 1 

Y / X / x O ^ O 
8 Y = H 
9 Y = O C H , 

DMS, (14h) 

-> no reaction 
HCIO4 

GH3 

I I . 
1 

x 

10 X = H , Y = OCH, 
13 X = CH3, Y = H 
14 X = H, Y = H 

DMS, (4h) 

CH3 

^ \ A cio4e 
C H p / V ^ N ^ O C H , 

H 

11 

cio4e 

CH3 

AA _ 
1 « e 1 " 1 W 4 15 
X / x N ^ \ O G H 3 

CH3 

GH, 

A Â Gio e 
1 ne 1 4 i6 

H ' + 
15 

Scheme 4. 

Scheme 3. 

The Methylation of Oxa and Aza Analogues of Thiocou-
marins with DMS. A comparison of the methyla­
tion of oxa analogues (coumarins) and aza analogues 
(2-quinolones) of 4-methyl(thiocoumarin) derivatives 
with D M S is summarized in Scheme 4. No methyla­
tion reaction occur, however, between coumarin 
derivatives (8 and 9) and D M S , even under the pro­
longed reaction time. In the cases of 2-quinolone 
derivatives (10, 13, and 14), 0 - and/or TV-methylated 
products were obtained. The structures of quinolinium 
salts 11 and 16 could be identified by the treatment 
of 11 or 16 with base. For example, the 2-methoxy-
quinoline derivative 12 was obtained by the treatment 
of 11 with 10% aqueous N a O H . Similarly, 1,4-
dimethyl-2-quinolone 13 gave the O-methylated 2-
methoxy derivative 15. In the case of 4-methyl-2-
quinolone 14, the 2-methoxy derivative 16 and the 
dimethylated quinolinium salt 15 were obtained. This 
result showed that the competitive 7V-methylation and 
O-methylation of 14 proceeded. From a comparison 
of the methylation of these heterocyclic compounds, 
it may be seen that methylation at the carbonyl group 
of heterocyclic compounds containing a nitrogen and/or 
sulfur atom readily occurs, but in the case of heterocyclic 
compounds containing an oxygen atom no methylation 

X = NH 

GH3 

/T\/\S DMS, (4h) 

Y / X / x x / N * s HCIO4 

GH3 

y \ A Y=H ^ 
I 1 © I C104e Y=OGH 3 18 

Y / X / X N ^ N S G H 3 
GH3 

y\A 
Y = O C H 3 
X = ° GH,OA^AOÀXÎH 

1 
cio.e 

. e il "i 19 
G H 3 S ^ O / V ^ O G H 3 

Scheme 5. 
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occurs. 
The Methylation of Heterocyclic Compounds Containing a 

Thiocarbonyl Group with DMS. Reactions of 2-
quinolone and coumarin derivative (s) with phosphorus 
pentasulfide in benzene afforded the thiocarbonyl 
derivatives, which were subsequently treated with 
DMS (Scheme 5). In the cases of the quinoline deriva­
tives, colorless ^-methylated products 17 and 18 were 
obtained, respectively. While 7-methoxy-4-methyl-
2//-benzopyran-2-thione afforded a red compound, 7-
methoxy-4- ( 7 - methoxy - 4 - methylbenzopyran-2-ylidene-
methyl) -2- (methylthio)benzopyrylium salt 19, the struc­
ture of which was assigned by analogy of 2a—c, based 
on the N M R spectrum and elemental analyses. This 
observation shows that the formation of the benzo-
pyrylium salt proceeds easier in the case of 2i/-benzo-
pyran-2-thione containing a thiocarbonyl group than 
in the case of coumarins containing a carbonyl group. 

The authors wish to acknowledge the assistance of 
Kohzo Higuchi and Tohru Ohtsuki. 
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Dry ozonation of friedelane afforded 18/?,19/?-epoxyfriedelane, 19-oxofriedelane, 16-oxofriedelane, 21-oxo-
friedelane, friedelin, and a new compound, 15-oxofriedelane. Friedelin, on dry ozonation, gave 3,16-
dioxofriedelane, 3,19-dioxofriedelane, and new compounds, 18/?,19/?-epoxyfriedelan-3-one and 3,15-dioxofriedelane. 
It was shown that the oxidation occurred at D and E rings regioselectively in the dry ozonation. 

It has been known that ozone reacts slowly with 
saturated hydrocarbons in solution to give alcohols 
and ketones.2) Mazur et a/.3-6) and Beckwith et al?'8) 
have demonstrated that ozone adsorbed on silica gel 
reacts efficiently with saturated hydrocarbons,3 '4) t-
alcohols,4) bromides,5) acetates,4 '7 '8) bromo acetate,6) 
and ketone.8) This procedure, named dry ozonation, 
has been developed as a useful synthetic method for 
stereoselective hydroxylation of tertiary carbon atoms 
of organic compounds. Recently this dry ozonation 
reaction has been shown to be also applicable to oxi­
dative conversion of primary amines to nitro com­
pounds.9) 

Hitherto only a few investigations on functionali-
zation of unactivated carbon atoms in triterpene skele­
tons have been reported10 '11) in contrast with investi­
gations on the steroidal compounds.12) In connec­
tion with the studies on synthesis of friedelane deri­
vatives, the dry ozonation reaction was applied to 
functionalization of an unactivated carbon atom of 
a friedelane skeleton. I t is shown that friedelane 
(1) and its 3-oxo derivative, friedelin (2), on dry 
ozonation, gave 15-, 16-, and 21-oxo derivatives. 

Friedelane (1)13) was adsorbed on silica gel (ca. 
100 times weight of 1). T h e silica gel was then cooled 
to —78 °C and saturated with ozone at this temperature. 
After warming to room temperature, the reaction 
products were eluted from the silica gel and examined 
by T L C . It was shown that the starting material 
was completely consumed and only a complex mixture 
of unidentified polar products with extremely low 
Rt value was detected. No spot corresponding to 
mono-oxygenated products such as tertiary alcohols or 
ketones was observed on the T L C . Beckwith et al?) 
reported that a substrate adsorbed on silica gel was 
oxidized with ozone generated by desorption from the 
silica gel, and not directly with adsorbed ozone. And 
they pointed the importance of the maintenance of 
a high partial pressure of ozone during the warm-up 
period. 

To obtain opt imum conditions for the formation of 
the mono-oxygenated products, dependence of reaction 
temperature and ozone concentration on their yields 
was examined. The reaction at higher temperature 
increased in the conversion of friedelane and in the 
formation of the unidentified products, but decreased 
in the yields of the mono-oxygenated products. It was 
found that the following reaction temperature gave 

a fairly good result for the formation of the mono-
oxygenated products, although the conversion yield of 
friedelane was less than 2 0 % . The silica gel saturated 
with ozone at —78 °C was kept at —65 to —60 °C and 
ozone was desorbed gradually by sweeping with a slow 
stream of nitrogen at this temperature range, and then 
the silica gel was warmed up to room temperature. 
Ozone concentration was shown to be independent of 
the yields and silica gel (Wakogel C 200; 10 g) was 
saturated enough with a flow of 3 % ozone in oxygen 
at flow rate of 50 ml/min for 1 h at —78 °C. 

Under these conditions, friedelane ( 1 ; 100 mg) 
adsorbed on silica gel (10 g) was oxidized with ozone. 
T h e unchanged friedelane ( 1 : 82 mg) was recovered 
and a mixture {ca. 19 mg; corresponding to 18% 
conversion) of mono-oxygenated products was obtained 
and was subjected to separation by preparative T L C , 
alumina column, and/or H P L C . 

18^,19^-Epoxyfriedelane14) (3 ; yield15) 48%) , 19-
oxofriedelane14) (4; yield15) 2%) , 16-oxofriedelane16) 
(5; yield15) 11%), and friedelin (2; yield15) 0.8%) 
were obtained and identified by comparison with their 
authentic samples, respectively. Two new carbonyl 
compounds (6 and 7) were also obtained in 11 and 1 % 
yields,15) respectively. 

The compound (6), C3 0H5 0O, mp 239—240 °C, 
showed a carbonyl absorption at 1700 c m - 1 in the I R 
spectrum and an AB quartet signal at ôA 2.15 and ôB 

Rl R 2 R3 R4 Rf) g TT 

1 H2 H2 H2 H2 H2 T O O 
2 0 H2 H2 H2 H2 

4 H2 H2 H2 0 H2 

5 H2 H2 0 H2 H2 •""-si 
6 H2 0 H2 H2 H2 | [ 
6-dz H2 0 D2 H2 H2 ^ N / T N M 

7 H2 H2 H2 H2 0 [ T T 
8 H2 0 0 H. H2 > ^ T ^ 

11 0 H2 H2 0 H2 I 
12 0 H« 0 H2 IL 9 
1 3 0 O H» IL II2 
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2-50 ( y A B = 1 8 H z ) in the P M R spectrum. These 
observations indicate the presence of a grouping B - C O -
C H 2 - B ( • refers to a quaternary carbon atom). The 
carbonyl group of this compound was inferred to be 
located either at C-15 or C-16 from the characteristic 
fragment peaks in the high resolution mass spectrum17) 
(Fig. 1). The spectral data of the carbonyl compound 
(6) was different from those of 16-oxofriedelane (5).16) 
Therefore, the ketone (6) was deduced to be 15-oxo-
friedelane. 

m/e 194 

C13H22C) 

m/e 149 

, C11H17 

Q /m/e 302 
X21H34O 

- 1 5 " 2 5 u 

m/e 221 
m/e 355' C1RH;>R0 
C2 5H390-

Fi-. 1. 

This conclusion was confirmed by spectral and chemi­
cal evidence. The intact friedelane-framework with­
out skeletal rearrangement during the reaction was 
shown for 6 by its reduction under forced Wolff-Kishner 
conditions to afford friedelane (1). The carbonyl 
group at C-15 is so hindered that a half amount of 
6 was left unchanged even though under these reduction 
conditions. O n tretament with sodium deuterioxide, 
the compound (6) gave a deuteriated product (6-d2), 
whose molecular ion peak was observed at mje 428. 
In P M R measurement of 6 using Eu(fod)3-t/27 as a 
shift reagent, a doublet due to a secondary methyl 
group at C-4 suffered an upheld shift and a multiplet 
due to a methylene group caused condsierable down-
field shift, which was much larger than that for the 
a-methylene protons (at C-16) adjacent to the carbonyl 
group (Fig. 2). Provided that the carbonyl group 
locates at C-15 and the shift reagent is associated with 
the carbonyl oxygen atom, these observations were 
reasonably expalined. The secondary methyl group 
at C-4 which would be placed outside of a cone area 
suffered upfield shift. The methylene group which 
caused downfield shift could be assigned to C(7)-H2 

because of the nearest proximity of the shift reagent. 

Oxidation with selenium dioxide, the compound 
(6) gave 15,16-dioxofriedelane (8), mp 280—281 °C, 
I R 1720 and 1700 cm"1 , M S mje 440 (M+). The dione 
(8) was shown to be identical with that obtained from 
16-oxofriedelane (5) by the same treatment. 

The other carbonyl compound (7), mp 237—240 
°C, [a ] D +117° , was shown to possess a grouping 
• - C O - C H 2 - B based on the I R spectrum (1720 
cm - 1 ) and on an appearance of a doublet as an HA-
part ((5 2.60, d, / = 1 2 H z ) of an AB quartet in the 
P M R spectrum. In the P M R spectrum using Eu-
(fod)3-t/27 as a shift reagent, an HB-part of the AB 

7X/-CÜ3 

0.2 0.4 0.6 0.8 

Eu(fod)8-</27/6 (M/M) 

Fig. 2. Induced paramagnetic shifts for 15-oxofriede-
lane (6) in a 5% (w/v) in CDC13. 

1-TX m/e 139 
D 1 "X-C 9**15 O 

+11 
m/e 287 

C20H.3lO_^ 

Fig. 3. 

quartet was observed. The investigation on the frag­
mentation pat tern in the high resolution mass spectrum 
revealed that the carbonyl group of 7 must locate 
on either D or E ring, that is, on either 15-, 16-, 19-, 
21- , or 22 carbon atom17) (Fig. 3). Thus the structure 
of 7 could be either 21- or 22-oxofriedelane, because 
the remaining three compounds had been already identi­
fied as the products of this reaction. 

Courtney and Gascoigne isolated several friedelane 
derivatives from Siphonodon australe Benth., 18) one of 
which was shown to be 3,21-dioxofriedelane.19) In 
this structure determination, 21-oxofriedelane was 
prepared and the melting point (241—242 °C), [a]D 

value ( + 152°), and the main fragment peaks {mje 
259, 177, and 149) were described.18»20) O n the 
other hand, 22-oxofriedelane has not been reported 
yet. Unfortunately direct comparison could not be 
made because no authentic 21-oxofriedelane left in 
Courtney's laboratory. However, the physical con­
stants and mass fragmentation pattern were nearly 
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the same as those of the authentic 21-oxofriedelane. 
From these facts together with the spectral data, it 
is probable that the compound (7) would be 21-oxo-
iriedelane (7), not 22-oxofriedelane. 

Although 1 Sß, 19/9-cpoxyfriedelane (3) was obtained 
as the main product in the dry ozonation of friedelane 
(1), the epoxide (3) could be considered to be a se­
condary reaction product formed from friedel-18-ene 
(9) by oxidation with ozone. Initial attack of ozone 
to a methine hydrogen atom at C-18 would give un­
stable 18/?-hydroxyfriedelane, which could be imme­
diately dehydrated to form friedel-18-ene (9). It 
is known that the methine hydrogen atom at C-18 
is susceptible to reaction with bromine to give friedel-
18-ene (9)13'21> through 18-bromofriedelane which 
could not be isolated, and that friedel-18-ene (9) in 
solution is easily epoxidized by ozone.14,22) 

Dry ozonation of friedel-18-ene (9) under the same 
conditions as above, gave the epoxide (3) in 5 3 % 
yield together with the unchanged 9 (in 12% yield) and 
unidentified polar materials. 19-Oxofriedelane (4), 
however, could not be detected in the reaction mixture. 
This implies that 19-oxofriedelane (4) would be pro­
duced by direct insertion of ozone into C( 1 9 )-H followed 
by oxidation, not through friedel-18-ene (9). 

Friedelin (2) was then subjected to dry ozonation 
under the same conditions as above. However eaxmi-
nation of the reaction mixture by T L C showed that most 
of the starting material (2) remained unchanged. 
The low reactivity seems to be due to the presence of 
an electron-withdrawing carbonyl group at G-3.4>5> 
After saturation with ozone at —78 °C, the silica gel 
was warmed to —15 °C and ozone was desorbed by 
sweeping with a stream of nitrogen at this temperature. 
The reaction mixture was separated as before. 

Friedelin (2) was recovered in 3 2 % yield. 3,16-
Dioxofriedelane16) (12; yield15) 3%) , a new epoxy 
ketone (10; yield15) 12%), and a mixture of two dike-
tones (11 and 13) were obtained. T h e epoxy ketone 
(10), C30FI48O2, m p 266—269 °C (with decomposition), 
showed a carbonyl absorption band at 1710 c m - 1 

and a singlet at ô 2.56 in the P M R spectrum, which 
could be easily assignable to a 19a-H by comparison 
with that ((5 2.56, s) of 18/?, 19^-epoxyfriedelane (3). 
The epoxy ketone (10) was subjected to the Birch 
reduction, the Jones oxidation, and then the Huang-
Minion reduction to afford 19-oxofriedelane (4). 
Thus the epoxy ketone (10) was shown to be for­
mulated as 18/?,19/?-epoxyfriedelan-3-one. 

The mixture of diketones (11 and 13), giving one 
spot on T L C , was separated by H P L C to afford 11 
(yield15) 1%), m p 264—266 °C, I R 1708 and 1680 
cm" 1 and 13 (yield15) 3%) , m p 280.5—281.5 °C, I R 
1710 and 1700 cm"1 . O n the Huang-Minion re­
duction, the mixture (11 and 13) gave a mixture of 
19-oxofriedelane (4) and 15-oxofriedelane (6). There­
fore, the structutes of the diketones (11 and 13) were 
determined to be 3,19- and 3,15-dioxofriedelanes, 
respectively. 

The dry ozonation of both friedeleane (1) and 
friedelin (2) resulted in the preferential introduction 
of a carbonyl group into hindered positions such as 

15-, 16-, 19-, and 21-carbon atoms. These findings 
seem to be important and useful for synthesis of these 
carbonyl compounds hitherto unaccessible by other 
synthetic procedures. The reason why these steric-
ally hindered ketones were produced is explained as 
follows.7'8) If A ring moiety of friedelane (1) is pre­
ferentially adsorbed on the surface of silica gel due 
to sterical accessibility and a carbonyl group on A ring 
of friedelin (2) is apt to combine with the adsorbent, and 
if these molecules are ordered ideally in a close-packed 
array, it would be expected that the terminal moiety 
of these molecules, D or E ring, would be exposed for 
the attack by ozone. 

Exper imenta l 

General Procedures. IR spectra were measured in KBr 
disk using a Hitachi EPI-G2 spectrometer. CD and ORD 
measurements were carried out on a JASGO Model J-20 
spectrometer. Optical rotations were measured on a JASCO 
DIP-SL Polarimeter. Mass spectra were taken on a Hitachi 
RMU-6-Tokugata mass spectrometer and high resolution 
mass spectra on a Hitachi RMH-2 mass spectrometer operat­
ing at 70 eV with a direct inlet system. The relative intensity 
observed in low resolution mass spectra was expressed in 
% in the parentheses. PMR spectra were measured using 
a JEOL 4H-100 (100 MHz) or a Hitachi R-20 (60 MHz) 
spectrometer. Chemical shifts were expressed in ô downfield 
from TMS as an internal standard, and coupling constants 
in Hz. HPLC analyses were carried out at room temperature 
using a Liquid Chromatograph Model ALC/GPC 202/401 
(Waters Assoc.) with an RI detector (column: fx-Porasil 
1/8(inch) X 1 (foot); pressure ca. 500 psi). GLC was carried 
out using a Shimadzu Gas Chromatograph 4APF equipped 
with a hydrogen flame ionization detector (column: OV-1 
at 280 °C). Ozone was generated from an Ozonizer Model 
0-1-2 (Nippon Ozon) and silica gel (Wakogel C-200) was 
used for adsorbent. Analytical TLC was carried out on 
Kieselgel G (E. Merck, Darmstadt) and Alumina B-10-F 
(Wako) in 0.25 mm thickness, and preparative TLC on 
Kieselgel PF254 (E. Merck, Darmstadt) in 0.5 mm thickness. 
Wakogel C-200 (Wako) and Activated Alumina (Showa 
Chem.) were used for column chromatography. Melting 
points were measured on a Mel-temp capillary melting point 
apparatus (Laboratory Devices) and were uncorrected. 

Dry Ozonation of Friedelane (1). Silica gel (10 g) was 
mixed with a solution of friedelane (1; 100 mg) in hexane 
(20 ml) and shaken well. After the solvent was removed 
in a rotary evaporator, the silica gel was heated at 100 °C 
for 1 h and then deactivated with water (0.4 ml). The 
silica gel was placed in a reaction vessel, cooled to — 78 °C 
and saturated with ozone at a flow rate of 50 ml/min for 
1 h. The reaction vessel was maintained at —65 to —60 °C 
and a slow stream of nitrogen was passed through the silica 
gel for 1.5 h and then the vessel was warmed gradually to 
room temperature. The silica gel, on which the reaction 
products were adsorbed, was placed on the top of a column 
of silica gel (1 g), and hexane (200 ml) was eluted to afford 
the unchanged friedelane (1; 82 mg). Successive elution 
with benzene (150 ml) gave a mixture {ca. 19 mg) of mono-
oxygenated friedelanes, which showed six spots on TLC 
(Si02). The mixture was further separated by preparative 
TLC (3 plates (20x20 cm), developed with hexane-benzene 
(1:1); detection : iodine) to give six components with Rt 

0.7, 0.65, 0.5, 0.4, 0.25, and 0.2. The least polar fraction 
[9 mg; mp 268—271 °C; IR 1000, 940, and 920 cm-1; PMR 
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Ö 2.56 (1H, s) ; M S mje (%) 426 (M+; 33), 411 (11), 297 
(17), 257 (28), 149 (78), and 135 (100)] was identified to 
be 18/?,19/?-epoxyfriedelane (3) by comparison with an 
authentic sample.14) The structure of the second component 
was left undetermined because of paucity of the material . 
The third product [0.4 m g ; m p 230—231 °C; I R 1675 cm" 1 ; 
P M R Ö 2.17 (1H, s); M S m/e (%) 426 (M+; 10), 411 (18), 
259 (36), 217 (30), 139 (100), and 149 (28)] was shown to 
be 19-oxofriedelane (4).14> 

The fourth component with i?f 0.4 (6; 2 mg) was shown 
to be 15-oxofriedelane (6) based on spectral data and chemical 
conversion {vide infra). T h e fifth component (5) was found 
to contain a small quanti ty of unidentified material by T L C 
(A1203) and the mass spectrum. This dry ozonation was 
repeated seven times and the component with i?f 0.25 was 
collected. T h e combined material (23 mg) was subjected 
to separation by column chromatography on alumina (10 g). 
Elution with hexane-benzene (2:1) afforded 16-oxofriede­
lane16) [5 ; 14 mg, m p 270—272 °C; I R 1680 c m - 1 ; P M R 
à 0.78, 0.84, 0.95, 1.05, 1.17, 1.28 (each 3H, s; / -Me), 2.15 
and 2.37 (2H, ABq, / = 1 9 H z ; C ( 1 B ) -H a ) ; M S m/e 426 (M+; 
21), 411 (17), 274 (8), 259 (20), 149 (100), and 109 (75)] 
and a mixture of unidentified alcohols ( 7 m g ) . 

Although the sixth component was inferred to be a mixture 
from the P M R spectrum, no separation could be at tained 
by T L C (A1203). T h e H P L C examination (solvent system: 
1.5% ether-hexane; flow ra te : 0.9 ml/min) revealed that the 
fraction consisted of 21-oxofriedelane (7; 0.2 mg, Rt 17 min) 
and friedelin (2; 0.15 mg, Rt 20 min) . The material (18 mg) , 
obtained by repeating the dry ozonation of friedelane (each 
250 mg, 12 times), was subjected to separation by H P L C 
under the same conditions as above to afford friedelin (2; 
4 m g ) and 21-oxofriedelane [7; 6 mg, m p 237—240 °C ; [ a ] D 

+ 117° (c 0.12, CHC13); O R D [a]2 8 0 - 2 3 2 0 ° and [a] 3 2 5 

+ 3490°; I R 1720cm- 1 ; P M R Ô 2.60 (1H, d, y = 1 2 H z ; 
C ( 2 2 ) - H ) ; M S m/e (%) 426 (M+; 3), 411 (7), 259 (22), 217 
(16), 177 (15), and 149 (100); High resolution mass spectrum: 
m\e 426.3878 (C 3 0H 5 0O), 411.3646 (C 2 9 H 4 7 0) , 287.2383 
(C3 0H3 1O), 260.2483 (C1 9H3 2) , 259.2420 (C1 9H3 1) , 219.1835 
(C 1 5 H 2 3 0) , 177.1602 (C1 3H2 1), 149.1330 ( C u H 1 7 ) , and 
139.1115 ( C 9 H 1 5 0 ) . The fragmentation patterns were 
shown in Fig. 3] . 

15-Oxofriedelane (6). M p 239—240 °C (recrystallized 
from ethyl acetate) ; [ a ] D + 3 8 ° (c 1.5, CHC13) ; CD [0]3OO 

- 2 1 5 (c 0.1, dioxane); I R 1700 c m - 1 ; P M R ô 0.77, 0.86, 
0.89, 0.95, 1.00, 1.20, 1.32 (each 3H, s, / -Me), 2.15 and 
2.50 (2H, ABq, y = 1 8 H z ; C ( 1 6 ) - H a ) ; M S m/e (%) 426 
(M+; 19), 411 (90), 393 (64), 355 (10), 221 (54), 194 (100), 
177 (20), and 149 (41); High resolution mass spectrum: 
m/e 426.3874 (C 3 0H 5 0O), 411.3681 (C 2 9 H 4 7 0) , 355.2912 
(C 2 5 H 3 9 0) , 302.2569 (C 2 1 H 3 4 0) , 221.1941 (C 1 5 H 2 5 0) , 
194.1646 (C 1 3 H 2 2 0) , 177.1665 (C1 3H2 1) , and 149.1343 
(C U H 1 7 ) . Found: C, 84.73; H , 11.89%. Calcd for 
C 3 0 H 5 0 O: C, 84.44; H , 11.81%. T h e fragmentation pat­
terns in the high resolution mass spectrum and P M R spectral 
data using Eu(fod)3-rf27 as a shift reagent were given in Figs. 
1 and 2. 

Wolff-Kishner Reduction of 15-Oxofriedelane (6). A 
mixture of sodium (100 mg) in diethylene glycol (5 ml) was 
heated at 180 °C under a nitrogen atmosphere. T o the 
solution, anhydrous hydrazine (1 ml) and 15-oxofriedelane 
(6 ; 13 mg) were added and the mixture was refluxed over­
night. After excess of hydrazine was removed by distil­
lation, the reaction mixture was heated under reflux at 
210 °C overnight. After usual treatment, the reaction prod­
uct was subjected to separation by preparative T L C , develop­
ed with hexane-benzene (1:1) to afford friedelane ( 1 ; 2 mg) , 

m p 248.5—249 °C together with the unchanged starting 
material (6; 2 mg) . 

Treatment of 15-Oxofriedelane (6) with Sodium Deuterioxide. 
A mixture of 15-oxofriedelane (6; 2 mg) and sodium deu­
terioxide prepared from sodium (10 mg) and deuterium 
oxide (0.5 ml) in dioxane (1ml) was heated under reflux 
for 14 h under nitrogen. T h e reaction mixture was poured 
into water, extracted with benzene-ether , washed with dilute 
hydrochloric acid and successively with aqueous sodium 
hydrogencarbonate, and then dried over magnesium sulfate. 
This procedure was repeated twice to give deuteriated 15-
oxofriedelane, which was found to consist of 15-oxofriedelane-
d2 ( 6 - 4 ; 90 .2%) , -d, (7 .1%), and -d0 (2.6%) by mass spectro­
metry. 

Conversion of 15-Oxofriedelane (6) into 75,16-Dioxofriedelane 
(8). A mixture of 15-oxofriedelane (6 ; 5 mg) and 
selenium dioxide (17 mg) in acetic acid (5 ml) was heated 
under reflux for 6 h. Since T L C examination of the reaction 
mixture showed that a considerable amount of the starting 
material was left unchanged, heating was continued for 
16 h after addition of selenium dioxide (5 mg) . After cooling 
and removal of metallic selenium, the reaction mixture was 
extracted with ether and worked up as usual to give a residue, 
which was subjected to separation by preparat ive T L C 
(developed with benzene). T h e unchanged 15-oxofriedelane 
(6; ca. 1 mg) was recovered and 15,16-dioxofriedelane [8 ; 
2 m g , m p 280—281 °C; I R 1720 and 1700 c m - 1 ; P M R 
ô 0.78, 0.86, 0.96, 1.02, 1.20, 1.39, and 1.54 (each 3H, s, 
/ -Me) ; M S m/e (%) 440 (M+; 94), 412 (70), 288 (98), 260 
(100), and 177 (53)] was obtained. 

Conversion of 16-Oxofriedelane (5) into 15,16-Dioxofriedelane 
(8). i) A mixture of 16-oxofriedelane (5 ; 4 mg) and 
selenium dioxide (17 mg) in acetic acid (5 ml) was heated 
under reflux (bath temperature 135 °C) for 6 h. After ad­
ditional selenium dioxide (10 mg) was added, the reaction 
mixture was heated under reflux (bath temperature 150 °C) 
overnight. T h e same treatment and purification as above 
gave unchanged 16-oxofriedelane (5; ca. 1 mg) and 15,16-
dioxofriedelane [8; 2 m g , m p 280—280.5 °C; I R 1720 and 
1700 c m - 1 ; P M R ô 0.78, 0.86, 0.96, 1.02, 1.20, 1.39, and 
1.54 (each 3H, s, / -Me) ; M S m/e (%) 440 (M+; 94), 425 (9), 
412 (70), 288 (98), 260 (100), and 177 (53)]. ii) A mixture 
of 16-oxofriedelane (5 ; 5 mg) , selenium dioxide (18 mg) , 
and dioxane (2 ml) in a sealed tube was heated at 180 °C 
for 4 h. After usual t reatment , 15,16-dioxofriedelane (8) 
was obtained nearly quantitatively. 

Dry Ozonation of Friedel-18-ene (9). Friedel-18-ene 
(9) was prepared from friedelane (1) according to the known 
procedures13) and purified by passing through a column of 
silica gel impregnated with 3 0 % silver nitrate. T h e purity 
of the friedel-18-ene (9) was examined by G L C , which con­
firmed the absence of friedelane (Rt 4.3 and 3.7 min for 
1 and 9, respectively). 

Friedel-18-ene (9; 125 mg) was adsorbed on silica gel 
(13 g) and oxidized with ozone by the same procedures as 
above. T h e reaction product (127 mg) , obtained from the 
silica gel-product mixture by elution with ethyl acetate, was 
subjected to separation by column chromatography of silica 
gel (15 g) and elutcd with hexane (100 ml), hexane-benzene 
(3 :1 , 40 ml) , benzene (100 ml) , and then with ethyl acetate 
(100 ml) . From the hexane fraction, friedel-18-ene (9; 
15 mg) was recovered and the fraction eluted with h e x a n e -
benzene gave 18/?,19/?-epoxyfriedelane (3 ; 60 mg) . A 
mixture (ca. 5 mg) , obtained from the benzene fraction, 
showed three spots on T L C , but none of the products cor­
responding to these spots was identical with any one of the 
products obtained by the dry ozonation of friedelane (1). 
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Dry Ozonation of Friedelin (2). Friedelin (2 ; 420 mg) 
in chloroform (150 ml) was adsorbed on silica gel (50 g) 
and the solvent was removed in a rotary evaporator. The 
silica gel was cooled to — 78 °G and saturated with ozone 
for 2 h under the same conditions as above. A slow stream 
of nitrogen was passed through the silica gel kept at — 15 °G, 
and the temperature was raised to room temperature. 

T h e reaction product (450 mg) , eluted from the silica gel 
with ethyl acetate, was dissolved in benzene and passed 
through a column of silica gel (40 g). Elution was carried 
out with the following solvents: benzene (500 ml) , benzene-
ether (10:1, 500 ml), and ethyl acetate (500 ml) . F rom the 
benzene fraction, friedelin (2; 70 mg) was recovered. The 
fraction (168 mg), eluted with benzene-ether, gave three 
spots on T L C (Si0 2 ) and subjected to separation by prepar­
ative T L C (15 plates ( 2 0 x 2 0 cm), developed with benzene-
chloroform-ether (20:2:1), detection: iodine) to afford three 
fractions with Rt 0.45, 0.38, and 0.25. 

T h e least polar fraction gave an epoxy ketone (10; 50 mg), 
m p 266—269 °G (with decomposit ion); [ a ] D - 6 ° (c 1.2, 
CHC13) ; I R 1710, 1115, 1080, 920, and 835 cm" 1 ; P M R 

Ô 2.0—2.5 (3H, m, - C H 2 - C O - C H - ) and 2.56 (1H, s; G ( 1 9 ) -
H ) ; M S m/e (%) 440 (M+; 24), 425 (7), 368 (16), 311 (17), 
154 (100), and 127 (99); Found : G, 81.65; H , 10.93%. 
Galcd for C 3 0 H 4 8 O 2 : G, 81.76; H , 10.98%. 

T h e second fraction with R{ 0.38 was shown to be a mixture 
of two components by H P L C (solvent system: 15% ether-
hexane, flow ra te : 0.5 ml/min) and separated into 3,19-
dioxofriedelane (11 ; 4 mg, Rt 21 min) and 3,15-dioxofriede-
lane (13; 12 mg, Rt 24 min) . 3,19-Dioxofriedelane (11) : M p 
264—266 °G; I R 1708 and 1680 cm" 1 ; P M R Ô 2.0—2.5 

(3H, m ; - C H 2 - C O - C H - ) and 2.20 (1H, br s; G ( l 8 ) -H) ; 
M S m/e (%) 440 (M+; 9), 425 (11), 422 (5), 407 (3), 273 
(25), 231 (16), 191 (11), and 139 (100). 3,15-Dioxofriedelane 
(13): M p 280.5—281.5 °G; [ a ] D + 2 0 ° (c 0.67, CHC13) ; 
I R 1710 and 1700 cm" 1 ; P M R ô 2.16 and 2.55 (2H, ABq, 
J = 1 9 H z ; C ( l 6 ) - H 2 ) ; M S m/e (%) 440 (M+; 52), 425 (59), 
422 (12), 407 (29), 355 (48), 201 (58), and 194 (100). 

T h e third fraction with Rf 0.25 was identified to be 3,16-
dioxofriedelane16) (12; 13 mg) , m p 294—295.5 °G; I R 1720 
and 1690 cm" 1 ; P M R ô 0.73, 0.97, 1.05, 1.20, 1.29 (each 
3H, s, f-Me), 0.90 (6H, s, 2 x * - M e ) , and 1.8—2.6 (5H, m ; 
C ( 2 ) -H 2 , C ( 4 ) - H , and C ( l 5 ) -H 2 ) ; M S m/e (%) 440 (M+; 
48), 425 (52), 355 (36), 273 (29), 220 (43), 219 (33), 163 
(31), and 109 (100). 

Conversion of 18ß,19ß-Epoxyfriedelan-3-one (10) into 19-
Oxofriedelane (4). A solution of 18/?, 19/?-epoxyfriedelan-
3-one (10; 19 mg) in ethylamine (30 ml) was placed in a 
flask equipped with a Dry Ice-condenser, and lithium (30 mg) 
and £-butyl alcohol (1 drop) were added with stirring. Blue 
color of the solution faded within 1 h and aqueous solution 
of ammonium chloride (300 mg) and then water were added. 
T h e reaction product was extracted with chloroform and 
washed with dilute hydrochloric acid, sodium hydrogencar-
bonate solution, and brine, and dried over sodium sulfate. 
Evaporat ion gave a residue (20 mg) , which was dissolved 
in benzene-ether (10:1) and filtered through a column of 
silica gel to give a diol ( 19 mg) . 

A solution of the diol (19 mg) in acetone (50 ml) was 
cooled with ice-bath and the Jones reagent (0.2 ml) was 
added to the solution with stirring at 2 °G for 2 h and the 
stirring was continued at 20 °G for 3 h. Excess of the oxidiz­
ing reagent was destroyed by addition of methanol and the 
product was extracted with chloroform. T h e crude material , 
obtained by usual t reatment , was purified by preparative 
T L C (2 plates ( 2 0 x 2 0 cm), developed with benzene-ether 

(10:1), detection:iodine) followed by recrystallization from 
ethyl acetate to give 3,19-dioxofriedelane (11 ; 14.5 mg), 
m p 255—257 °G; I R 1708 and 1680 cm" 1 ; P M R ô 2.20 (1H, 
br. s; C ( l 8 ) - H ) and 2.0—2.5 (3H, m ; C ( 2 ) - H 2 and C U ) - H ) . 

A mixture of 3,19-dioxofriedelane (11 ; 13 mg), above 
obtained, hydrazine hydrate (2 ml), and sodium hydroxide 
(200 mg) in diethylene glycol (30 ml) was heated under 
reflux for 3 h. Excess of the hydrazine was removed by 
slow distillation until the temperature of the vapor reached 
to 205 °G, and the heating was continued for 4.5 h. After 
usual work-up, the product was dissolved in benzene and 
purified by passing through a column of alumina to afford 
19-oxofriedelane (4; 4 m g ) , m p 230—231 °G; I R 1675 cm" 1 ; 
P M R ô 2.20 (1H, s; C ( 1 8 ) - H ) ; MS m/e (%) 426 (M+; 9), 
411 (18), 259 (36), 217 (29), 149 (27), and 139 (100). 

Reduction of a Mixture of 3,19- and 3,15-Dioxofriedelanes (11 
and 13). A mixture (6 mg) of 3,19- and 3,15-dioxo-
friedelanes (11 and 13), obtained as the second fraction with 
Rt 0.38 in the dry ozonation of friedelin (2) {vide supra), was 
heated under reflux with hydrazine hydrate (2 ml), potas­
sium hydroxide (200 mg) , and diethylene glycol (20 ml) for 
2 h under a nitrogen atmosphere. Excess of the hydrazine 
was distilled off until the vapor temperature reached to 
205 °G, and the mixture was refluxed for 4.5 h. Usual 
t reatment and separation by preparative T L C (1 plate (20 X 
20 cm), developed with hexane-benzene (1:1), detection: 
iodine) gave 19-oxofriedelane (4; 1 mg) and 15-oxofriedelane 
(6; 2 m g ) . 19-Oxofriedelane (4): M p 230.5—232 °G; I R 
1675 c m - 1 ; M S m/e (%) 426 (M+; 10), 411 (17), 259 (36), 
217 (30), 149 (30), and 139 (100). 15-Oxofriedelane (6): 
M p 238—238.5 °G; I R 1700 cm" 1 ; M S m/e (%) 426 (M+; 
20), 411 (90), 393 (65), 355 (10), 221 (53), 194 (100), 177 
(20), and 149 (39). 

T h e a u t h o r s a r e gra te fu l to Professor T o h r u K i k u c h i , 

T o y a m a U n i v e r s i t y for a gift of spec t r a l c h a r t copies 

of 16-oxofr iedelane (5) a n d 3 ,16-d ioxofr iede lane (12) . 
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cycloocta[rfe]naphthalenes and Their 9-Oxo Derivatives 
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A novel and convenient method for the synthesis of the 8,9,10,1 l-tetrahydro-7//-cycloocta[^] naphthalene 
ring system is described. Reaction of diethyl acetonedicarboxylate and l,8-bis(bromomethyl)naphthalene gave 
the eight-membered pericyclized compound, diethyl 9-oxo-8,9,10,ll-tetrahydro-7//-cycloocta[^]naphthalene-
8,10-dicarboxylate, which was then converted, through several steps, into various kinds of 8- and 10-
methyl-substituted 8,9,10,1 l-tetrahydro-7//-cycloocta[^]naphthalenes and their 9-oxo derivatives, as well as 
the unsubstituted compounds, 8,9,10,1 l-tetrahydro-7//-cycloocta[^]naphthalene and 8,9,10,11-tetrahydro-7i/-
cycloocta [</<?] naphthalen-9-one. The hydrocarbon, 8,8,10,10-tetramethyl-8,9,10,1 l-tetrahydro-7//-cycloocta [</*?] -
naphthalene was prepared from 8,8,10,10-tetrakis(tosyloxymethyl) -8,9,10,11 -tetrahydro-7//-cycloocta[^]naph­
thalene. 

Despite considerable current interest in the chemistry 
of peri-substituted naphthalenes,1) few studies have 
been made on the eight-membered pericyclized naph­
thalene derivatives, 8,9,10,11-tetrahydro-7//-cyclo-
octa[ök] naphthalenes (1). The only compound of 
this ring system so far known is the unsubstituted 
hydrocarbon l a , which was synthesized by Nelsen 
and Gillespie in five steps from acenaphthylene.2 ) 

Recently, as a part of studies on the chemistry of peri-
cyclic naphthalene derivatives, a report was given on 
the syntheses of some derivatives of l a starting from 
1,8-naphthalenedicarboxylic anhydride.3 ) A novel and 
convenient method was worked out for the synthesis 
of the tetrahydrocycloocta[âk] naphthalene ring 1, which 
can be applied to the syntheses of various substituted 
compounds of this ring system besides l a . This paper 
deals with the syntheses of several 8- and 10-methyl-
substituted 8,9,10,11-tetrahydro-7//-cycloocta[öfe] naph­
thalenes (2a—7a) as well as some 9-oxo derivatives 
( lb—7b) which do not seem to have been reported. 

(a) (b) 

1; R1 = R2 = R3 = R4 = H 
2; R1 = GH3, R2 = R3 = R4 = H 
3 \ Rj = R3 = GH3, R2 = R4 = H 
4 ; Rj — R4 = GH3, R2 = R3 = H 
5 ; Rj = R2 = GH3, R3 = R4 = H 
6 ; Rj = R2 = R3 = GH3, R4 = H 
7; R1 = R2 = R3 = R4 = GH3 

For the formation of the tetrahydrocycloocta[âfe]-
naphthalene skeleton 1, diethyl acetonedicarboxylate 
(8) was allowed to react with l,8-bis(bromomethyl)-
naphthalene (9) prepared from 1,8-naphthalenedicar­
boxylic anhydride.3> By the reaction between equi-
molar amounts of 8 and 9 in refluxing ethanol, using 
sodium ethoxide as a condensing agent, diethyl 9-oxo-
8,9,10,11 -tetrahydro- 7//-cycloocta [de] naphthalene-8,10-
dicarboxylate (10) with the desired peri-eight-membered 
ring was obtained. Compound 10, when treated with 

10 11 12 

a; R = H, b ; R = C H 3 

sodium ethoxide in ethanol, underwent deethoxycarbon-
ylation to yield ethyl 9-oxo-8,9,10,11-tetrahydro- 1H-
cycloocta[âk]naphthalene-8-carboxylate ( l i a ) . Alka­
line hydrolysis of the /?-keto esters 10 and 11a was ac­
companied by decarboxylation to afford 8,9,10,11-tetra­
hydro- 7//-cycloocta[âk]naphthalen-9-one ( l b ) . The 
Clemmensen reduction of ketone l b gave the parent 
hydrocarbon l a identical with that previously re­
ported.2) 

Methylation of the /?-keto ester 10 gave a mixture 
from which diethyl 8-methyl-9-oxo-8,9,10,11-tetrahy­
dro - 1H- cycloocta [de] naphtha lene-8 ,10- dicarboxylate 
(12a) and diethyl 8,10-dimethyl-9-oxo-8,9,10,11-tetra­
hydro - 1H- cycloocta [de] naphthalene-8,10 - dicarboxylate 
(12b) were isolated by fractional crystallization in 60 
and 2 2 % yields, respectively. Repeated methylation 
of 10 with excess of the reagents afforded only 12b. 
By alkaline hydrolysis and concurrent decarboxylation 
the monomethyl keto diester 12a was converted almost 
in a quantitative yield into 8-methyl-8,9,10,11-tetra­
hydro- 7//-cycloocta[âk]naphthalen-9-one (2b), which 
afforded the corresponding hydrocarbon 2a on Clem­
mensen reduction. 

O n the other hand, alkaline treatment of dimethyl 
keto diester 12b in boiling dioxane yielded a mixture 
of geometrical isomers, which was separated by re-
crystallization to give m-8,10-dimethyl-8,9,10,ll-
tetrahydro-7//-cycloocta[âk]naphthalen-9-one (3b) and 
its trans isomer 4b in 64 and 23 % yields, respectively. 
4 b was also prepared more efficiently from keto diester 
10 having a trans structure by the following reaction. 
10 was reduced by lithium aluminum hydride to give 
triol 13a, which was converted by treatment with meth-
anesulfonyl chloride in pyridine into dimesylate 13b. 
Treatment of 13b with excess lithium aluminum 
hydride in boiling ether afforded c-8,£-10-dimethyl-
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8,9,10,11 -tetrahydro- 7//-cycloocta [de] naphthalen -r- 9 - ol 
(13c), which, on Jones oxidation, gave the desired 
frmy-8,10-dimethyl ketone 4b in a 4 0 % overall yield 
from 10. 

Monomethyl keto diester 12a was then converted 
into 8,8,10-trimethyl-8,9,10,11-tetrahydro-7//-cycloocta-
[âfe]naphthalen-9-ol (14c) through the same steps 
as in the preparation of 13c from the keto diester 
10. Reduction of 12a with lithium aluminum hydride 
gave a triol 14a, which, on treatment with 2 mol 
of methanesulfonyl chloride in pyridine, was converted 
into 14b. Subsequent hydrogenolysis of 14b with 
lithium aluminum hydride afforded a 5 9 % overall 
yield of the trimethyl alcohol 14c. Similarly, 8,8,-
10,10 - tetramethyl -8,9,10,11 - tetrahydro - 1H- cycloocta-
[âfe]naphthalen-9-ol (15c) was derived from the di­
methyl keto diester 12b in a 7 8 % yield by the succes­
sive reduction, mesylation and hydrogenolysis (12b-> 
15a->15b->15c). O n the other hand, methylation of 
the keto monoester l i a gave ethyl 8-methyl-9-oxo-
8,9,10,11- tetrahydro - 1H- cycloocta [de] naphthalene - 8 -
carboxylate ( l i b ) , which was then converted, on 
reactions similar to the above through a diol 16a 
and a monomesylate 16b, into 8,8-dimethyl-8,9,10,l 1-
tetrahydro-7//-cycloocta[âte]naphthalen-9-ol (16c) in 
only 12% overall yield from 11a. Each of the 
methyl alcohols 14c, 15c, and 16c was oxidized by 
Jones reagent to give the corresponding a-methyl 
ketones, 6b, 7b , and 5b, respectively. 

13 14 15 16 

a; R = CH2OH, b ; R = CH2OMs, c; R = CH3 

a5-8,10-Dimethyl ketone 3b underwent Giemmensen 
reduction to give only the corresponding hydrocarbon 
3a, while the trans-dimethyl ketone 4b gave, on Clem-
mensen reduction, a mixture of three compounds, 
which was isolated by chromatography on alumina 
to yield the desired ^ r a ^ ^ l O - d i m e t h y l - S ^ l O , ! 1-
tetrahydro-7//-cycloocta[ûfe] naphthalene (4a) ( 4 8 % 
yield) along with the trans-dimethyl alcohol 13c (8%) 
and its acetate 17 (26%), the acetoxyl group being 
derived from the solvent (acetic acid). The carbonyl 
groups of the g^/n-dimethyl ketone 5b and the trimethyl 
ketone 6b were smoothly reduced by Wolff-Kishner 
reactions to afford the corresponding hydrocarbons, 8,8-
dimethyl - 8,9,10,11- tetrahydro - 7H- cycloocta [de] naph­
thalene (5a) and 8,8,10-trimethyl-8,9,10,ll-tetrahydro-
7//-cycloocta[öfe] naphthalene (6a), respectively. 

An attempt to transform 6b into 6a by Clemmensen 
reduction resulted in the formation only of intractable 
substances with a small amount of 6b. O n the other 
hand, Giemmensen reduction of the tetramethyl 
ketone 7b produced only the tetramethyl alcohol 
15c instead of the hydrocarbon 7a, while by the Wolff-
Kishner procedure 7 b was recovered unchanged with 
a small amount of alcohol 15c. Hydrogenolysis of 

OAc OMs 

17 18 19 

the mesylate ester of the tetramethyl alcohol 15c 
(18) using the same conditions as in the transformation 
of 13b into 13c caused only O-mesyl bond cleavage 
to regenerate 15c. The great difficulty in effecting 
these reactions might be caused by steric hindrances,4 '5) 
expected to greatly increase in highly methylated 
compounds such as 6 and 7, as compared to those 
in the lower homologs (1—5). 

8,8,10,10-Tetrakis (tosyloxymethyl) -8 ,9,10,11 -tetra­
hydro- 7//-cycloocta[ök] naphthalene (19), which is ex­
pected as another precursor of compound 7a, was 
prepared according to the method previously reported.3) 
Treatment of the tosylate 19 with lithium aluminum 
hydride in ether led to hydrogenolysis of the tosyloxy 
groups to yield, with an unidentified compound, the 
desired hydrocarbon, 8,8,10,10-tetramethyl-8,9,10,11-
tetrahydro-7//-cycloocta [ok] naphthalene (7a). 

E x p e r i m e n t a l 

All the melting points were uncorrected. The IR spectra 
were determined on a JASGO IR-G spectrometer calibrated 
with polystyrene. The proton NMR spectra were determined 
on a Varian HA-100D spectrometer (at 100 MHz) using 
chloroform-*/, acetone-d6 and pyridine-^ as solvents, and tetra-
methylsilane as an internal standard ; the spectra of compounds 
4a, 4b, and 10, which changed markedly around or below 
room temperature, were measured under cooling, while other 
samples were measured at room temperature. Mass spectra 
were determined on a CEC 21-110B instrument. 

Diethyl 9-Oxo-8,9,10,11-tetrahydro-7H-cycloocta[de]naphthalene-
8,10-dicarboxylate (10). l,8-Bis(bromomethyl)naphthalene 
(9) was prepared from 1,8-naphthalenedicarboxylic an­
hydride.3) 

To a stirred and cooled (at 0 °G) solution of sodium ethoxide 
in ethanol (prepared from 11.6 g of sodium and 1.14 1 of ab­
solute ethanol) was added quickly a solution of diethyl ace-
tonedicarboxylate (8) (52 g) in dry dimethyl sulfoxide (0.14 1, 
distilled on calcium hydride) and absolute ethanol (0.141). 
After 8 min stirring a solution of the dibromide 9 (80 g) 
in dry dimethyl sulfoxide (0.86 1) was added over a period 
of 3 min and the mixture was stirred under reflux for 30 min. 
The reaction mixture was then poured into cracked ice 
and water (ca. 5 1) and the resulting cloudy solution was left 
at room temperature for 3 days. The precipitated solid 
was collected and crystallized from ethanol, giving the desired 
peri-eight-membered ring compound 10 as colorless fine 
needles (28 g, 31%); mp 146—147 °G; MS : m/e 354.146 
(M+ (12G21

1H22
1605) = 354.147); IR (Nujol) : * w 1707 

(ketone C=0), 1742 cm"1 (ester C=0) ; NMR (GDG13) : Ô 
1.26 and 1.33 (each 3H, t, J=7A Hz, GH3). 
Found: G, 70.83; H, 6.15%. Galcd for G21H2205: G, 71.17 : 
H, 6.26%. 

The crude keto diester 10 (20 g) was refluxed with a solution 
of sodium hydroxide (12 g) in ethanol (400 ml) and water 
(600 ml) for 30 h. After treatment with hydrochloric acid, 
the precipitated solid was collected and recrystallized from 
methanol to give 8,9,10,11-tetrahydro-7ïï-çycolocta[de]naph-
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thalen-9-one (lb) (10.8 g, 92%) as colorless needles; m p 
195—196 °G; M S : 4 210.103 (M+ ( " C ^ H ^ O ^ 
210.103) ; I R (Nujol) : *>max 1695 cm" 1 (C=0) ; N M R (GDG18) : 
(5 2.80 (4H, t, 7 = 7 . 1 Hz, 8,10-H), 3.77 (4H, t, 7 = 7 . 1 Hz, 
7,11-H). 
Found : G, 85.80; H , 6.56% Galcd for G 1 5 H 1 4 0 : G, 85.86; 
H , 6 . 7 1 % . 

Ethyl 9-Oxo-8,9,10} 11-tetrahydro-7H-cycloocta[de]naphthalene-
8-carboxylate (11a). 2.5 g of the keto diester 10 was 
treated with a solution of sodium ethoxide in ethanol (pre­
pared by dissolving 7.0 g of sodium in 500 ml of absolute 
ethanol) and the mixture was stirred vigorously for 3 days. 
The reaction mixture was then acidified, diluted with water 
{ca. 2 1) and left at room temperature for 16 days. The 
crystals formed were removed by filtration and recrystallized 
from ethaonl to give the keto monoester l i a (1.48 g, 75%) as 
colorless needles; m p 128—129 °G; M S : m/e 282.126 (M+ 
(1 2C1 8

1H1 8
1 603) = 282.126); I R (Nujol): *>max 1705 (ketone 

G = 0 ) , 1744 c m - 1 (ester G - O ) ; N M R (GDG13) : Ô 1.32 (3H, 
t, 7 = 7 . 0 Hz , GH 3 ) , 4.28 (2H, q, 7 = 7 . 0 Hz, CH 2 CH 3 ) . 
Found : G, 76.27; H , 6 .33%. Galcd for G 1 8 H 1 8 0 3 : G, 
76.57; H , 6 .43%. 

Diethyl 8-Methyl-9-oxo-8,9,10,11-tetrahydro-7H-cycloocta [de] -
naphthalene-8,10-dicarboxylate (12a). A solution of the 
crude keto diester 10 (18.5 g) in dry dimethyl sulfoxide 
(50 ml) was added to a solution of sodium ethoxide prepared 
by dissolving 1.44 g of sodium in 300 ml of absolute ethanol. 
T o this mixture was added a solution of methyl iodide (6 ml) 
in absolute ethanol (40 ml) over a period of 5 min and the 
mixture was stirred overnight at room temperature . The 
reaction mixture was poured into water and the resulting 
solid was collected. Recrystallization of this solid from 
ethanol (500 ml) gave 11.2 g (60%) of the monomethyl com­
pound 12a as colorless needles; m p 129—130 °G; I R (Nujol) : 
*>max 1715 (ketone G = 0 ) , 1733, and 1738 c m - 1 (ester G = 0 ) ; 
N M R (GDG18): «5 1.01 (3H, s, GH 3 ) , 1.20 and 1.28 (each 
3H, t, 7 = 6 . 7 and 7.1 Hz , respectively, GH 3 ) . 
Found : G, 71.80; H , 6 .36%. Galcd for 0 > 2 H 2 4 0 5 : G, 71.72; 
H , 6 .57%. 

The mother liquor from the above was concentrated to 
yield 4.4 g (22%) of diethyl 8,10-dimethy1-9-oxo-8,9,10,11-
tetrahydro-7H-cycloocta [de] naphthalene-8,10-dicaroboxylate (12b). 
T h e compound was prepared more efficiently (80%) by re­
peating the methylation procedure described above and 
obtained as colorless prisms by recrystallization from ethanol; 
m p 162—163.5 °G; I R (Nujol): *>max 1709 (ketone G = 0 ) , 
1734 c m - 1 (ester G = 0 ) ; N M R (GDG13) : Ô 0.95 and 1.76 
(each 3H, s, GH 3 ) , 1.22 and 1.31 (each 3H, t, 7 = 6 . 8 and 
7.1 Hz , respectively, GH 3 ) . 

Found : G, 72.50; H , 6 .80%. Galcd for G 2 3 H 2 6 0 5 : G, 
72.23; H , 6 .85%. 

Ethyl 8-Methyl-9-oxo-8,9,10,11 -tetrahydro-7H-cycloocta[de]-
naphthalene-8-car boxy late (lib). T o a stirred solution 
of sodium ethoxide in ethanol (prepared by dissolving 0.18 g 
of sodium into 25 ml of absolute ethanol) was added a solution 
of the keto monoester l i a (0.26 g) in dry dimethyl sulfoxide 
( 10 ml) and the mixture was stirred for 2 h a t room tempera­
ture. A solution of methyl iodide (2 ml) in absolute ethanol 
(10 ml) was then added and the mixture was stirred for 20 h 
at room temperature. T h e reaction mixture was concentrat­
ed, mixed with saturated salt solution and extracted with ethyl 
acetate. T h e extracts were washed with saturated salt solu­
tion and dried over sodium sulfate, the solvnet then being 
evaporated. T h e residue was chromatographed on alumina 
with hexane as eluant to give the monomethyl keto ester 
l i b (0.26 g, 9 4 % ) . This was recrystallized from ethanol 
for analysis (needles); m p 106—106.5 °G: I R (Nujol): vm3LX 

1705 (ketone G = 0 ) , 1728 and 1721 cm" 1 (ester G = 0 ) ; N M R 
(GDGI3): ô 1.26 (3H, s, GH 3 ) , 1.30 (3H, t, 7 = 7 . 0 Hz, GH 3) , 
4.28 (2H, q, 7 = 7 . 0 Hz, OGH 2 GH 3 ) . 
Found : G, 76.87; H , 6 .50%. Galcd for G 1 8 H 1 8 0 3 : G, 76.57; 
H , 8 .43%. 

8-Methyl-8,9,10,11-tetrahydro-7H-cycloocta[de]naphthalen-9-one 
(2b). Methyl keto diester 12a (1.53 g) was refluxed with 
a solution of potassium carbonate (1.5 g) in dioxane 
(35 ml) and water (25 ml) for 3 days. The reaction mixture 
was treated with hydrochloric acid and the precipitated 
solid was collected. T h e solid was recrystallized from ethanol 
to give 0.93 g (99%) of the monomethyl ketone 2b as color­
less needles; m p 158—159 °G; I R (Nujol) : *>max 1694 cm- 1 

( G = 0 ) ; N M R (GDG18) : ô 1.20 (3H, d, 7 = 6 . 8 Hz, GH3) . 
Found : G, 85.79; H , 7 .23%. Galcd for G 1 6 H 1 6 0 : G, 85.68; 
H , 7 .19%. 

cis-8,10-Dimethyl -8,9,10,11-tetrahydro- 7H-cycloocta[de]naphtha-
len-9-one (3b). Dimethyl keto diester 12b (9.83 g) was 
refluxed with a solution of sodium hydroxide (6 g) in 
dioxane (0.5 1) and water (0.5 1) for 3 days. After treatment 
with hydrochloric acid the precipitated solid was collected 
and recrystallized from ethanol, giving 4.0 g (64%) of the 
a^-dimethyl ketone 3b as colorless needles; m p 230—231 °G; 
I R (Nujol): *>max 1694 c m - 1 ( G = 0 ) ; N M R (GDG13) : ô 0.97 
(6H, d, 7 = 6 . 8 Hz , GH 3 ) . 
Found : G, 85.70; H , 7 . 9 1 % . Galcd for G 1 7 H 1 8 0 : G, 85.67; 
H , 7 .61%. O n concentration of the above mother liquor, 
1.43 g (23%) of the trans isomer 4 b was obtained. The 
compound was prepared more efficiently from the keto 
diester 10 as follows. 

trans-<9,1 O-Dimethyl-8,9,10,11 -tetrahydro- 7 H - cycloocta [de] naph­
thalene-one (4b). Keto diester 10 (11 g) was stirred 
under reflux with li thium a luminum hydride (6 g) in dry 
ether (0.5 1) and dry benzene (0.1 1) for 12 days. T h e reac­
tion mixture was treated with hydrochloric acid and the 
precipitated solid was collected and dried in vacuo to give 
6.32 g (75%) of 8,10-bis(hydroxymethyl)-8,9,10,11-tetrahydro-
7H-cycloocta[de]naphthalen-9-ol (13a); m p 165—166 °G; 
I R (Nujol) : * m a x 3250 and 3420 (sh) cm" 1 (OH) ; N M R 
(pyr id ine-^) : ô 5.82 and 6.20 (br, O H ) . 

T o a stirred solution of triol 13a (2.6 g) in pyridine (15 
ml) was added dropwise a solution of methanesulfonyl chloride 
(1.5 ml) in pyridine (6 ml) over a period of 1 min. The 
mixture was stirred for 40 h at room temperature. The 
reaction mixture was then poured into ice water and the re­
sulting solid was collected. Recrystallization of this solid 
from ethanol yielded 2.75 g (68%) of c-8,t-10-bis(mesyloxy-
methyl) -8,9,10,11 - tetrahydro-7H-cycloocta[de]naphthalen-r-9-ol 
(13b) as a colorless microcrystalline solid; m p 167.5— 
169 °G; I R (Nujol) : *>max 3540 ( O H ) , 1171 and 1350 cm- 1 

(mesyl ester); N M R (pyridine-</5-CDGl3 ( 2 : 1 ) ) : «3 6.14 
(br, O H ) , 3.02 and 3.14 (each 3H, s, mesyl group). 

T o a stirred and boiled suspension of lithium aluminum 
hydride {ca. 6 g) in dry ether (0.3 1) was added a solution of 
the dimesylate 13b (6.5 g) in dry benzene (0.11) over 
a period of 5 min. The mixture, after further addition of 
dry ether (0.1 1), was stirred under reflux for 14 days. 
T h e reaction mixture was then poured into ice-hydro­
chloric acid {ca. 4 1) and the mixture was allowed to stand 
at room temperature for 30 days. T h e precipitated solid 
was collected and chromatographed on alumina with 
benzene as eluant, yielding 2.65 g (73%) of c-8 ,t-10-dimethyl-
8,9,10,11 -tetrahydro -7H-cycloocta[de]naphthalen-r -9 -ol (13c). 
The compound was further pruified by recrystallization from 
benzene-petroleum ether ; m p 135—135.5 °G; I R (Nujol): 
* m a x 3440 and 3570 cm" 1 (OH) ; N M R (GDG13) : ô 0.85 
(3H, d, 7 = 7 . 0 Hz, GH 3 ) , 1.18 (3H, d, 7 = 6 . 9 Hz, GH3) 



January, 1979] Synthesis of 8,9,1Ö, 11 -Tetrahydro-7/ / -cycloocta[^]naphthalenes 173 

and 1.26 (s, O H ) . 
Found: G, 84.80; H , 8.50%. Galcd for G 1 7 H 2 0 O: G, 84.95; 
H, 8.39%. 

To a stirred and cooled (at 0 °G) solution of the dimethyl 
alcohol 13c (0.747 g) in acetone (75 ml) was added dropwise 
the Jones reagent (prepared from 13.4 g of chromic anhydride 
in 25 ml of water and 12 ml of concentrated sulfuric acid) 
over a period of 5 min. The resulting mixture was stirred 
at 0 °G for 30 min. After addition of 2-propanol, the insolu­
ble substance was removed by filtration and washed with 
acetone. The filtrate and washings were combined, concen­
trated, mixed with water and left to stand overnight. The 
solid precipitated was collected and chromatographed on 
alumina (deactivated on exposure to air) with benzene 
as eluant to give the trans-dimethyl ketone 4b (0.59 g, 8 0 % ) . 

Ketone 4b was recrystallized from aqueous ethanol to 
give colorless needles; m p 126—127 °G; I R (Nujol) : *>max 

1692 c m - 1 ( G = 0 ) ; N M R (GDG13) : Ô 0.94 and 1.45 (each 
3H, d, y = 6 . 5 Hz, GH 3 ) . 
Found: G, 85.60; H , 7 .71%. Galcd for G 1 7 H 1 8 0 : G, 85.67; 
H, 7 .61%. 

Using the same sequence of reactions as in the preparat ion 
of 4b from 10, compounds 6b, 7b, and 5b were prepared 
from the corresponding keto esters 12a, 12b, and l i b , through 
the steps, (12a->14a->14b->14c->6b), (12b->15a->15b-> 
15c->7b), and ( l lb->16a->16b->16c->5b) , respectively. 

8-Methyl-8,10-bis(hydroxymethyl) -8,9,10,11-tetrahydro- 7H-cyclo-
octa[de]naphthalen-9-ol (14a) (Yield, 87%0); m p 168— 
169 °G; I R (Nujol): *>max 3220 and 1030 cm" 1 ( O H ) ; N M R 
(pyridine-^) : Ô 1.58 (s, GH 3 ) , 5.6 (br, O H ) . 8-Methyl-
8,10-bis(mesyloxymethyl) -8,9,10,11 -tetrahydro-7H-cycloocta [de]-
naphthalen-9-ol (14b) (Yield, 7 1 % ) ; m p 103—104 °G; I R 
(Nujol): *>max 3560 ( O H ) , 1344 and 1175 cm" 1 (mesyl ester); 
N M R (GDG13): ô 1.22 and 1.21 (each s, GH 3 ) , 2.77, 3.02, 
2.98 and 3.06 (each s, mesyl group) , the complex methyl 
signals indicate that 14b is a mixture of isomers. 8,8,10-
Trimethyl - 8,9,10,11 - tetrahydro - 7 H - cycloocta[de]naphthalen -9-ol 
(14c) (Yield, 9 5 % ) ; m p 114.5—116 °G; I R (Nujol): *>max 

3335 c m - 1 ( O H ) ; N M R (GDG13) : 6 0.75, 1.05, 1.18, 1.21, and 
1.27 (each s, GH 3) , the unexpectedly complicated methyl 
proton signals of 14c suggest that 14c is a mixture of isomers ; 
Found: G, 85.20; H , 8.69%. Galcd for G 1 8 H 2 2 0 : G, 84.99; 
H, 8.72 %. 8,8,10- Trimethy 1-8,9,10,11-tetrahydro-7H-cycloocta-
[de]naphthalen-9-one (6b) (Yield, 8 5 % ) ; colorless needles 
(from benzene-petroleum ether) ; m p 124.5—125 °G; I R 
(Nujol): v m a x 1696 cm" 1 ( G = 0 ) ; N M R (GDG13): ô 0.99 (3H, 
d, 7 = 6 . 8 Hz, GH 3) , 0.92 and 1.43 (each 3H, s, GH 3 ) . 
Found: G, 85.89; H , 8.09%. Galcd for G 1 8 H 2 0 O: G, 85.67; 
H, 7.99%. 

8,10-Dimethyl-8, W-bis(hydroxymethyl) -8,9,10,11-tetrahydro - 7H-
cycloocta[de]naphthalen-9-ol (15a) (Yield, 9 3 % ) ; m p 171— 
172 °G; I R (Nujol): *>max 3275 and 1030cm" 1 ( O H ) ; 
N M R (pyr id ine-^) : ô 1.42 and 1.72 (each 3H, s, GH 3 ) , 
5.78 (br, O H ) . 8,10-Dimethyl-8,10-bis (mesyloxymethyl)-
8,9,10,11 - tetrahydro - 7 H - cycloocta [de] naphthalen -9-ol (15b) 
(Yield, 92%) ; m p 155—156 °G; I R (Nujol) : » m a x 3570 ( O H ) , 
1376 and 1174cm- 1 (mesyl ester); N M R (ace tone-^) : ô 
1.12 and 1.34 (each s, GH 3 ) , 3.01 and 3.15 (each s, mesyl 
group) and 4.08 (br, O H ) . 8,8,10,10-Tetramethyl-8,9,10,11-
tetrahydro-7H-cycloocta[de]naphthalen-9-ol (15c) (Yield, 9 0 % ) ; 
mp 177—178 °G; I R (Nujol): *>max 3460 and 3600 c m - 1 

( O H ) ; N M R (GDG13) : ô 0.90 and 1.21 (each 6H, s, GH3) 
and 1.41 (s, O H ) ; Found : G, 85.30; H , 9 .23%. Galcd for 
G 1 9 H 2 4 0 : G, 85.02; H , 9 . 0 1 % . 8,8,10,10-Tetramethyl-
8,9, 10,11- tetrahydro - 7 H - cycloocta [de] naphthalen -9-one (7b) 
(Yield, 8 2 % ) ; colorless needles (from benzene-petroleum 
ether) ; m p 133—133.5 °G; I R (Nujol): *>max 1683cm- 1 (G=0) ; 

N M R (GDG13): ô 0.92 and 1.48 (each 6H, s, G H 3 ) ; Found : 
G, 85.86; H , 8.27%. Galcd for G 1 9 H 2 2 0 : G, 85.67; H , 
8 .33%. 

8 - Methyl -8- hydroxymethyl - 8,9,10,11 - tetrahydro - 7 H - cycloocta -
[de]naphthalen-9-ol (16a) (Yield, 6 0 % ) ; m p 138—139 °G; 
I R (Nujol): * m a x S S S O c m - ^ O H ) ; N M R (CDCl3-pyridine-
d5 (2 :1)) : ô 1.34 (s, GH 3 ) , 5.20 and 5.74 (each br, O H ) . 
Trea tment of 16a with 1 mol of methanesulfonyl chloride 
in pyridine under the same conditions as in the preparat ion 
of 13b from 13a afforded 8-methy1-8'-mesyloxy methy1-8,9,10,11-
tetrahydro-7H-cycloocta[de}naphthalen-9-ol (16b) ; I R (neat) : 
^max 3530 ( O H ) , 1340 and 1170 c m - 1 (mesyl ester). 8,8-
Dimethyl - 8,9,10,11 - tetrahydro - 7H-cycloocta[de]naphthalen-9-ol 
(16c) (Yield, ca. 2 0 % from 16a); m p 114.5—115.5 °G; 
I R (Nujol): *>max S S O O c m - ^ O H ) ; N M R (GDG13) : ô 0.92 
and 1.09 (each 3H, s, GH 3 ) , 1.24 (s, O H ) ; Found : G, 84.70; 
H , 8.45%. Galcd for G 1 7 H 2 0 O: G, 84.95; H , 8.39%0. 8,8-
Dimethyl - 8,9,10,11 - tetrahydro - 7 H - cycloocta [de] naphthalen -9- one 
(5b) (Yield, 6 6 % ) ; m p 110—111 °G; I R (Nujol): *>max 

1695 c m - 1 ( G = 0 ) ; N M R (GDG13) : ô 0.93 and 1.42 (each 
3H, s, G H 3 ) ; Found : G, 85.78; H , 7.80%. Galcd for 
G 1 7 H 1 8 0 : G, 85.67; H , 7 .61%. 

8,9,10,11-Tetrahydro-7H-cycloocta[de]naphthalene (la), 8-
Methyl - 8,9,10,11 - tetrahydro - 7 H - cycloocta [de] naphthalene (2a), 
eis- 8,10- Dimethyl - 8,9,10,11 - tetrahydro - 7 H - cycloocta\de\ naphtha­
lene (3a) and trans-<9,10-Dimethyl-8,9,10,11-tetrahydro-7H-
cycloocta[de]naphthalene (4a). T h e compounds were 
prepared by Giemmensen reductions of the corresponding 
9-ketones, l b , 2b, 3b, and 4b, respectively, by the following 
procedure. 

T h e ketone (1.0 g) in benzene (30 ml) was stirred under 
reflux for 30 h with amalgamated zinc (34 g), concentrated 
hydrochloric acid (100 ml) and acetic acid (150 ml) . The 
mixture was cooled and extracted with ether repeatedly. 
T h e ether extracts were worked up as usual to leave a brown 
oil, which was purified by chromatography on alumina with 
hexane as eluant. T h e products were obtained as colorless 
needles by recrystallization from aqueous alcohol. 

Compound l a (Yield, 9 2 % ) ; m p 57.5—58 °G (lit, m p 
55—56 °G2)); M S : m/e 196.126 (M+(12G15

1H16) = 196.125) 
(Found: G, 91 .71; H , 8 .26%); the compound showed spectral 
features similar to those reported by Nelsen and Gillespie.2) 

Compound 2a (Yield, 74%0); m p 40—41 °G; N M R 
(GDGI3): ô 1.02 (GH 8 ) ; Found : G, 91.50; H , 8.60%. Calcd 
for G1 6H1 8 : C, 91.37; H , 8 .63%. 

Compound 3a (Yield, 6 3 % ) ; m p 116—117 °C; N M R 
(GDGI3): ô 0.84 (6H, d, 7 = 6 . 8 Hz, C H 3 ) ; Found : G, 90.80; 
H , 8.90%. Calcd for C 1 7H 2 0 : G, 91 .01; H , 8.99%. 

Compound 4a (Yield, 48%0); m p 65—66 °G; N M R 
(GDGI3): ô 0.80 (3H, d, 7 = 6 . 7 Hz, GH3) and 1.22 (3H, d, 
7 = 7 . 0 Hz , C H 3 ) ; Found : G, 91.30; H , 9 .03%. Calcd for 
G1 7H2 0 : C, 91.01; H , 8.99%. After 4a had been obtained, 
further elution with benzene afforded the acetate ester of 
the ftwu-dimethyl alcohol 13c (17) (Yield, 2 6 % ) ; m p 141.5— 
142 °G, whose I R spectrum (Nujol) showed absorptions at 
1734 and 1241 c m - 1 characteristic of the acetate ester group, 
and whose N M R spectrum [(CDG13) : ô 0.77 and 1.18 (each 
3H, d, 7 = 7 . 0 Hz, CH3) and 1.85 (3H, s, acetyl GH3)] was 
in line with the structure. Fur ther elution with ethyl acetate 
gave the trans-dimethyl alcohol 13c (Yield, 8%) , whose 
melting point and spectral da ta were identical with those 
of the authentic sample prepared from 13b. 

8ß- Dimethyl - 8,9,10,11 - tetrahydro - 7 H - cycloocta [de] naphthalene 
(5a). gé?m-Dimethyl ketone 5b (0.22 g) , potassium 
hydroxide (0.4 g), hydrazine hydrate (0.5 ml) and diethylene 
glycol (7 ml) were combined and refluxed at 130—140 °C 
for 1.5 h. The condenser was then removed and the reddish 
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solution heated until the temperature reached 200 °G. After 
15 h reflux at this temperature, the cooled reaction mixture 
was diluted with water, acidified and extracted with ethyl 
acetate. The organic extracts were washed with saturated 
brine solution, dried over sodium sulfate and finally con­
centrated to give a light brown solid. Chromatography on 
alumina using hexane as eluant yielded 0.18 g (86%) of 
the 8,8-dimethyltetrahydrocycloocta[^]naphthalene 5a; mp 
69—70 °G; NMR (GDG13) : Ô 0.80 and 1.16 (each 3H, s, 
GH3). Found: G, 91.25; H, 8.80%. Galcd for G17H20: 
G, 91.01; H, 8.99%. 

8,8,10- Trimethyl-8,9,10,11 -tetrahydro- 7H-cycloocta[de]naph­
thalene (6a). Trimethyl ketone 6b (0.3 g) was subjected 
to WolfF-Kishner reduction using the same procedure as in 
the preparation of 5a. The crude product was chromato-
graphed on alumina with hexane as an eluant to give 0.2 g 
(70%) of the hydrocarbon 6a; mp 89—90 °G; NMR (GDG13) : 
Ô 0.80 (3H, d, 7 = 6 . 8 Hz, GH3), 0.81 and 1.16 (each 3H, 
s, GH3). Found: G, 90.56; H, 9.46%. Galcd for G18H22: 
G, 90.70; H, 9.30%. 

8,8,10,10 - Tetramethyl-8,9,10,11 - tetrahydro-7H-cycloocta[de]-
naphthalene (7a). 8,8,10,10-Tetrakis (tosyloxymethyl) -
8,9,10,1 l-tetrahydro-7//-cycloocta[^] naphthalene (19) was 
prepared from tetraethyl 1,1,3,3-propanetetracarboxylate 
and l,8-bis(bromomethyl)naphthalene (9).3> 

To a stirred and boiled slurry of excess lithium aluminum 
hydride in dry ether (0.3 1) was added a solution of the tosylate 
19 (2.0 g) in dry ether (0.1 1) over a period of 5 min. The 
mixture, after further addition of dry ether (0.1 1), was stirred 
under reflux for 3 days and cooled. The reaction mixture 
was poured onto ice-hydrochloric acid and the mixture was 
extracted with ether. The ethereal extracts were combined, 

washed with saturated brine solution and dried over sodium 
sulfate. After removal of the solvent the residue was taken 
up in a small amount of hexane-benzene and chromatograph-
ed on alumina. Elution with hexane gave 0.24 g (44%) of 
the desired tetramethyltetrahydrocyclooctaj/fc] naphthalene 
7a. Further elution with benzene yielded an unidentified 
compound (0.14 g), which, after recrystallization from 
hexane, melted at 160—161 °G Hydrocarbon 7a was 
recrystallized from aqueous ethanol to give colorless needles; 
mp 112—113 °G; NMR (GDG13) : ô 0.74 and 1.29 (each 
6H, s, GH3). Found: G, 90.68; H, 9.34%0. Galcd for 
G19H24: G, 90.41; H, 9.59%. 

The author wishes to thank Dr. Yo-ichiro Mashiko, 
ex-director of this Laboratory, and Dr. Osamu 
Yamamoto for their encouragement and valuable 
discussions. The author also thanks Dr. Nobuhide 
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Photolysis of (£')-l-hydroxyimino-2,4,5-tri-f-butyl-6-methyl-2,4-cyclohexadiene (1) and the corresponding 
(Z)-isomer in methanol, benzene, or pentane afford l,3,5-tri-£-butyl-5-cyano-l,3-cyclohexadiene (3), 5-i-butyl-7-
cyano-2,2,3,8,8-pentamethyl-3,4,6-nonatriene (4), 5-f-butyl-3-cyano-2,2,7,8,8-pentamethyl-3,4,6-nonatriene (5), 
5-£-butyl-7-cyano-2,3,3,8,8-pentamethyl-l ,4,6-nonatriene (6), 5 -1 - butyl - 3 - cyano- 7 - methoxy - 2,2,7,8,8 - penta-
methyl-3,5-nonadiene (7), 5-^butyl-7-cyano-7-methoxy-2,2,3,8,8-pentamethyl-3,5-nonadiene, and 2,4-di-J-butyl-
6-cyano-7,7-dimethyl-l,3,5-octatriene (9). The presence of an oxaziridine in the reaction mixture has been 
confirmed by iodometry. The photoreaction in the presence of 1,3-pentadiene or oxygen gives essential­
ly the same results, suggesting the involvement of the singlet excited state in these photoreactions. Thermal 
Beckmann rearrangement of 1 has been conducted for comparison to give only 6, 7, and 9. The photochemical 
formation of 3—9 has been rationalized in terms of the "free" cyclopentadienyl cation formed by ionic a-cle-
avage of the oxime. Photoreaction of l-hydroxyimino-2,4,6-tri-f-butyl-2,4-cyclohexadiene with one alkyl 
group at 6-position gives 5-f-butyl-7-cyano-2,3,8,8-tetramethyl-l,4,6-nonatriene, 5-£-butyl-3-cyano-8-methoxy-
2,2,7,8-tetramethyl-4,6-nonadiene, 5-f-butyl-7-cyano-2-methoxy-2,3,8,8-tetramethyl-3,5-nonadiene, and 1,3-di-f-
butyl-5-cyano-3-methoxy-6,6-dimethyl-1,4-heptadiene. 

Since the first report on photo-Beckmann rearrange­
ment by de Mayo in 1963,1) there have been numerous 
reports on the photoreaction of oximes.2) There are 
also many investigations concerning cyclohexadien­
ones.3,4) O n the contrary, however, there has been 
no report on the photoreaction of cyclohexadienone 
oximes, probably because of the limited availability 
of the material. 

Since we recently discovered the facile one-step 
synthesis of oximes of cyclohexadienones from the 
reactions of 2,4,6-tri-/-butylnitroso(or nitro) benzene 
with Grignard reagents,5 '6) we undertook the study on 
the photoreaction of these sterically hindered cyclo­
hexadienone oximes7) and a full account is described 
in this paper. 

Reaction Products. Irradiation of (JE)-l-hydroxy-
imino-2,4,6-tri-£-butyl-6-methyl-2,4-cyclohexadiene (1) 
in solution (methanol, pentane, or benzene) (medium 
pressure mercury lamp, Pyrex-filter) afforded 1,3,5-tri-
t-butyl-5-cyano- 1,3-cyclohexadiene (3), 5-£-butyl-7-
cyano-2,2,3,8,8-pentamethyl-3,4,6-nonatriene (4), 5-t-
butyl - 3 - cyano - 2,2,7,8,8 - pentamethyl - 3,4,6- nonatriene 
(5), 5-£-butyl-7-cyano-2,3,3,8,8-pentamethyl-l,4,6-nona-
triene (6), 5-/-butyl-3-cyano-7-methoxy-2,2,7,8,8-penta-
methyl-3,5-nonadiene (7), 5-/-butyl-7-cyano-7-methoxy-
2,2,3,8,8-pentamethyl-3,5-nonadiene (8), and 2,4-di-f-
butyl-6-cyano-7,7-dimethyl-l,3,5-octatriene (9) along 
with some recovered 1 and the isomer 2. The yields of 

the products and the reaction conditions are shown in 
Table 1. 

When (Z)-oxime (2) was irradiated under the iden­
tical conditions, isomerization into 1 was observed at 
first and the final products and their yields were es­
sentially the same as those from 1. 

Formation of oxaziridine (10), which is considered 
to be an intermediate leading to an amide in photo-
Beckmann rearrangement2) and in some cases charac­
terized in solution,8) was also observed in the reaction 
of 1 in methanol ; treatment of the reaction solution, 
after irradiation for 3.8 h, with sulfuric acid and potas­
sium iodide, followed by titration of the liberated 
iodine and the subsequent titration of the consumption 
of the acid,9) indicated the yield of the oxaziridine was 
about 6%. 

T h e structural assignment of 3, 7, and 9 is straight­
forward from their analytical and spectral data, and 
it was confirmed by the chemical behavior as shown in 
Scheme 1. 

Trea tment of 7 with trifluoroacetic acid in benzene 
led to formation of 9 (95%), which was also obtained 
in irradiation of 1 in benzene for 4 h (14%). Triene 
(9) underwent cyclization to give 3 (96%) upon ir­
radiation with Pyrex-filtered light for 6 h in methanol, 
suggesting that 3 is a secondary product formed via 
9. 

Ether (7) is not a precursor of other products, be-

Starting 
material 

1 
2 
1 
1 
1 
1 

Solvent 

Methanol 
Methanol 
Pentane 
Benzene 
Methanol4) 
Methanol15) 

TABLE 1. 

Reaction 
time (h) 

7.5 
7.5 
9.3 
4.0 
7.5 
7.5 

YIELDS » (%) 

/ 
1 

11 
0 

— 
9 
8 

OF PRODUCTS IN 

2 

6 
6 

-—• 
4 

10 
7 

3 

19 
33 

5 
11 
12 
19 

PHOTOREACTIONS 

4 

11 
5 

11 
tr 
6 

13 

Yields ( 

5 

7 
— 

7 
6 
8 
8 

OF 1 

:%) 

AND 2 

6 

5 
3 

— 

2 
3 

7 

16 
22 
— 

17 
16 

8 

2 
3 

— 

2 
2 

9 

1 
•— 
— 
14 
— 

1 

a) In the presence of 1,3-pentadiene. b) In the presence of oxygen. 
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^ 

^ xU 

X^X^ 

MeOH 

No reaction 

MeOH 

Scheme 1. 

cause no change was observed in the irradiation of 
7 for 7.5 h in methanol. 

The N M R spectrum of 6 showed two ^-butyl groups 
(ô 1.08 and 1.19), two methyl protons attached to 
the saturated carbon (1.19), methyl protons bound 
to the olefinic carbon (1.68) splitting with a small 
coupling constant, two equivalent olefinic protons 
(4.70) appeared as multiplet, and two olefinic protons 
(5.42 and 6.38) appeared as a doublet. T h e I R spec­
t rum showed the presence of cyano (2235 cm - 1 ) and 
terminal methylene (889 cm - 1 ) groups. The U V 
spectrum of 6 had an absorption maximum at 257 nm 
which is consistent with the structure of a conjugated 
diene. 

T h e N M R spectrum of 8 showed three £-butyl 
groups (ô 1.02 and 1.15 (1:2)), methyl protons bound 
to the olefinic carbon (1.83), methoxyl protons (3.35), 
and olefinic protons (5.04 and 5.42). The signal of thç 

methyl protons shows a small coupling constant, sug­
gesting that the methyl group may be attached to a 
fully substituted olefinic carbon. The I R spectrum 
showed the existence of a cyano group (2225 cm - 1 ) , 
although absorption intensity was very week. This 
phenomenon suggests that the cyano group is located 
on the carbon to which an ether group attaches10). 
The U V spectrum of 8 had absorption maxima at 
234(sh) and 262(sh) nm which indicated a conjugated 
diene and ruled out the structure (11). 

11 

The long range coupling of two olefinic protons indi­
cates the presence of a double bond between these 
protons and is consistent with this assignment. 

T h e I R spectra of 4 and 5 indicated the existence 
of an allenic group (1950 cm- 1 ) . Their X H-NMR 
spectra showed three ^-butyl groups ((5 1.08 (18 H) 
and 1.21 ( 9 H ) for 4, (5 1.05, 1.10, and 1.28 for 5), 
a methyl group on sp2 carbon (d 1.81 for 4, 1.72 for 5), 
and an olefinic proton (ô 6.36 for 4, 6.56 for 5). Since 
both of the methyl protons appeared as singlet and the 
coupling constant between the olefinic proton and the 
methyl protons was estimated to be very small, it is 
impossible from 1 H - N M R spectra to determine whether 
the methyl groups are bound to an olefinic carbon 
or an allenic carbon. The mass spectra of those prod­
ucts were similar to each other. The 1 3G-NMR 
spectrum of 4 showed an allenic carbon at 198.5 ppm, 
a cyano group at 117.5 ppm, and a methyl group on 
sp2 carbon at 14.4 ppm. Single resonance spectrum 
showed the signal of the cyano carbon splitted to doublet 
( V C H — 1^.8 Hz) . This coupling suggested the existence 
of ^-proton, therefore, the cyano and methyl groups 
must be bound to olefinic and allenic carbons, respec­
tively. These facts support the structure 4. Therefore, 
5 is considered to be an isomeric aliène as shown, 
although satisfactory elemental analysis and 13C-
N M R spectrum could not be obtained because of 
paucity of the sample. Tha t 4 and 5 have an allenic 
structure isomeric each other, was also established 
by catalytic hydrogénation. 

A "'/M-°> 

>^x * ̂  CN 

^ 
13 

Thus, hydrogénation of 4 afforded conjugated diene 
12a as a result of the reduction of the allenic group 
followed by 1,5-hydrogen shift, while hydrogénation 
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of 5 afforded 12b and 13. T h e signal pattern of N M R 
spectra of 12a and 12b resembled each other but 
their chemical shifts were slightly different, suggesting 
they are geometric isomers having the same gross 
structure. They are probably (12A) and (12B), al­
though the spectral data are insufficient to establish 
which is which. 

v > H C N 

H 

V^HCN 

12A 12B 

Thermal Beckmann Rearrangement. Reaction of 1 
with 2-chloro-l-methylpyrimidinium fluorosulfate11) fol­
lowed by quenching with methanol, gave 6 (9%) , 7 
(6%) , and 9 (46%). 

N.FSO3-

Me 
fYFî 

DME Me 
6 + 7 4-9 

FSO3-

N MeQH 

^7_ 

Reaction Mechanism. T h e products (3—9) are 
considered to be formed via heterolytically produced pen­
tadienyl cation as depicted in Scheme 2. Since the 
photoreaction of 1 was not quenched by 1,3-pentadiene 
and oxygen, it probably proceeds via the singlet state. 

Isomerization between oximes 1 and 2 occurs at 
first, as generally observed in the reaction of oximes. 
From this photochemical equilibrium mixture is formed 
oxaziridine (10), which probably reverts to the oxime 
mixture photochemically, thermally, and/or during the 
treatment with silica gel. Heterolytic a-cleavage and 
fission of the N - O bond of the oxime afford pentadienyl 
cation (14), with formal canonical structures (14a), 
(14b), and (14c). Whether these bond cleavages are 
simultaneous or stepwise could not be established ex­
perimentally, but involvement of ni trenium ion (15) 

1 hJr 

1 ^ 

10 

^ V ^ 
K tN 

1 * 
MeOH 

CN * 8 

14b H e 

Scheme 2. 

seemes unlikely in view of the known propensity of 
this kind of nitrenium ion to undergo intramolecular 
C - H insertion.12) However, the possibility that ox­
aziridine (10) is a direct precursor of 14 can not 
be eliminated completely, although it appears quite 
unlikely. 

T h e most obvious feature of this photoreaction is 
that all the products are formed via ionic processes. 
Contrary to frequent observations of nitrile formation 
in the ground state Beckmann rearrangement, photo-
Beckmann fission is observed only rarely,2) and more 
importantly the formation of nitriles in the excited 
state reaction has been explained by a homolytic 
process.13»14) 

T h e present reaction represents the first and un­
equivocal example of a heterolytic a-cleavage of an 
oxime. There seem two reasons for the facile hetero­
lytic a-cleavage; one is that the carbonium ion formed 
is a stabilized pentadienyl cation with two alkyl groups 
on its terminal and the other is that oxaziridine, even 
if it is formed, would suffer strain by bulky £-butyl 
groups, thus reverting to the starting oxime. 

T h e heterolytic pa thway seems to be operative even 
in nonpolar solvent such as pentane, although the 
reaction is apparently more complex; the products 
identified were 3, 4, and 5 (Table 1). 

T h e discrepancy in the products between the excited 
and ground state reactions is most likely due to the 
difference in nature of an intermediate in both reactions. 
T h e products of the thermal Beckmann fission are 
only those that are formally derived from canonical 
structure 14a, suggesting the participation of the solvent 
(for 7) and neighboring bonds (for 6 and 9) in the 
product forming process. O n the contrary, in the 
photoreaction, the pentadienyl cation 14 appears to 
be formed as a "free" carbonium ion without such 
assistance. T h e formation of the products (4, 5, and 
8), characteristic of the excited state reaction, is reason­
ably explained in terms of canonical structures (14b) 
and (14c), that is, deprotonation from 14b affords 
4 and 5 and addition of methanol to 14c gives 8. This 
reactivity is most likely accounted for in the light of 
characteristics of a "free" (or "ho t" ) carbonium ion15) 
that reactions occur at a position (s) other than that 
where a carbonium ion is initially generated. 

This sort of "free" carbonium ions have recently 
been invoked in the photoreactions of alkyl and vinyl 
halides in order to rationalize the difference in reactivity 
between the photochemical and solvolytic reactions.16»17) 

Photoreaction of 2,4-Cyclohexadienone Oxime with One 
Alkyl Group at 6-Position. In order to examine 
the relationship between structure and reactivity in 
the photoreaction of 2,4-cyclohexadienone oximes, the 
photoreaction of the oxime with only one alkyl group 
at the 6-position was carried out. 

Irradiation of l-hydroxyimino-2,4?6-tri-£-butyl-2,4-
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cyclohexadiene (16) in methanol (medium pressure 
mercury arc, Pyrex-filter) for 17.5 h afforded 5-^-butyl-
7-cyano-2,3,8,8-tetramethyl-l,4,6-nonatriene (17), 5-t-
butyl-3-cyano-8-methoxy-2,2,7,8-tetramethyl-4,6-nona-
diene (18), and recovered oxime 16. When the 
reaction time was prolonged to 36.5 h products obtain­
ed were 17, 18, 5-£-butyl-7-cyano-2-methoxy-2,3,8,8-
tetramethyl-3,5-nonadiene (19), and l,3-di-£-butyl-5-
cyano-3-methoxy-6,6-dimethyl-1,4-heptadiene (20). 

T h e yield of the products and the reaction conditions 
are shown in Table 2. 

TABLE 2. YIELDS (%) OF PRODUCTS IN PHOTOREACTION 

OF 16 

Solvent 

Methanol 
Methanol 

Reaction 
time (h) 

17.5 
36.5 

16 

6 
0 

Yields ! 

17 

20 
19 

18 

18 
8 

{%) 

19 

14 

20 

5 

""" OMe 

- 17 18 

OMe 
19 20 

Irradiation (Pyrex-filtered light in methanol, 11.5 h) 
of 18 led to formation of 19 (94%). This suggests 
that 19 is a secondary product from 18 via photochemi-
cally allowed antarafacial 1,5-hydrogen shift.18) 

Elimination of methanol from 18 by trifluoroacetic 
acid in benzene, which converted 7 to 9, was unsuc­
cessful, probably because stabilization of carbonium 
ion formed is not sufficient in this case. 

Although satisfactory elemental analysis could not 
be obtained, the structure of the products were confirm­
ed by their spectral data. 

T h e 1 H - N M R spectrum of 18 showed two £-butyl 
groups (ô 1.09 and 1.25), two methyl groups (1.00), 
methine proton with intricate splitting (1.85—2.46), 
methoxyl protons (3.08), and two olefinic protons (5.34 
and 6.41), one methyl signal appearing as a doublet 
at Ô 0.98. 

T h e 1 3 G-NMR spectrum showed the presence of 
a cyano carbon at 117.4, three methyl carbons (ô 23.3, 
21.6, and 14.2), a methoxyl carbon (48.8), and a 
tertiary carbon a to oxygen (77.1). 

Molecular ion peak on the mass spectrum of 18 
was not observed, but the fact that the base peak was 
m/e 73, assignable to [ (CH 3 ) 2 (OCH 3 )C] + , is consistent 
with the structure proposed in view of high stability 
of [ (CH 3 ) 2 (OCH 3 )C]+ and pentadienyl radical. 

T h e easy 1,5-prototropy of 18 leading to 19 remains 
to be accounted for. Considering interactions between 
bulky £-butyl groups, configuration of 18 may be 

favorable for such a 1,5-hydrogen migration. It is 
interesting that similar phenomenon was observed in 
the hydrogénation of aliène (4) as described before. 
T h e signal patterns of the N M R spectra of 12 and 19 
resemble each other. 

Formation of 20 can be explained formally by the 
reaction of methanol with pentadienyl cation with a 
canonical structure similar to 14b shown in Scheme 2. 

Therefore, the reaction of oxime (16) is essentially 
the same as that of 1 in the sense that it proceeds mainly 
via heterolytic a-cleavage, although the reaction is 
more complex. 

Exper imenta l 

All melting points were not corrected. The IR and UV 
spectra were recorded with Hitachi EPI-G2 and EPS-3 
spectrophotometers respectively. The XH-NMR and 13C-
NMR spectra were measured with Hitachi R-20B (60 MHz) 
and JEOL JNM-FX60 spectrometers using tetramethyl-
silane as an internal standard. The mass spectra were re­
corded with a Hitachi RMU-6L mass spectrometer. The 
photolyses were carried out using a 100 W medium pressure 
mercury lamp with a Pyrex filter, and nitrogen gas was 
passed through the solution before (about 15 min) and during 
irradiation unless otherwise noted. Gas chromatographic 
separation was performed using a JEOL-750 (versamide 
900) unless otherwise noted. 

Photolysis of (^)-1-Hydoxyirnino-2,4,6-tri-t-butyl-6-rnethyl-2,4-
cyclohexadiene (1) in Methanol. Oxime 16> (450 mg, 
1.55 mmol) in methanol (90 ml) was irradiated at 0—5 °C 
for 7.5 h. The solvent was removed under reduced pressure 
and the residue was subjected to preparative thin layer 
chromatography (TLC) (SiOa, hexane-dichloromethane 
(4 :1) ) to be divided into five fractions. 

The first fraction gave 28 mg (6%) of (Z)-isomer of (1).6) 

The second (white crystals) was a mixture of 4 (42 mg), 
6 (16 mg), 8 (10 mg, 2%), and 9 (5 mg, 1%) according to the 
peak area on the gas chromatogram. Each product was 
isolated by means of gas chromatography (GLC) ( in glass 
column at 135 °C). 4: mp 54.0—55.0 °C (from methanol); 
IR (KBr) :2220 (CN) and 1950 cm"1 (G=G=G); XH-NMR 
(CC1J : «5 1.08 (s, 18H), 1.21 (s, 9H), 1.81 (s, 3H), and 
6.36 (s, IH); 13CNMR (CDC13) : 198.5 ppm, 136.4, 122.7, 
117.5, 112.9, 109.9, 35.6, 34.3, 34.0, 29.5, 29.1, 28.8, and 
14.4; Amax (hexane) : 270.5 nm (e 9060) ; MS : m/e 273 (M+, 
22%), 258 (17), 217 (40), 202 (100), 160 (29), and 57 (59). 
Found: C, 83.72; H, 11.71; N, 5.00%. Calcd for C19H31N : 
C, 83.45; H, 11.43; N, 5.12%. 6: mp 48.5—49.5 °C (from 
methanol); IR (KBr) : 2235 (CN) and 889 cm"1 (C=CH2); 
NMR (CC14) : «5 1.08 (s, 9H), 1.19 (s, 15H), 1.68 (d, J= 
0.8 Hz, 3H), 4.07 (m, 2H), 5.42 (d, J= 1.5 Hz, IH), and 
6.38(d, 7=1 .5 Hz, IH); Amax (hexane) : 257 nm (el530); 
MS : m/e 273 (M+, 6.7%), 258 (14), 216 (38), 202 (37), 160 
(30), and 57 (100). 8 : oil; IR (CHC13) :2225 cm"1 (CN) ; 
NMR (CC14) : «5 1.02 (s, 9H), 1.15 (s, 18H), 1.83 (d, 7 = 
1.3 Hz, 3H), 3.35 (s, 3H), 5.04 (d, 7 = 2 . 3 Hz, IH), and 5.42 
(m, IH); Amax (hexane) : 234(sh) (e 4060) and 262(sh) nm 
(1500); MS :m/e 305 (M+, 0.4%), 202 (13), 160 (12), and 
57 (100). 9 :oil; IR (neat) : 2225 (CN), 1609, and 899 
cm"1 (C=CH2); NMR (CC14) : «5 1.09 (s, 9H), 1.13 (s, 9H), 
1.18 (s, 9H), 4.68 (dd, 7 = 1.5 Hz, 1H), 4.95 (d, 7 = 1.5 Hz, 
1H), 6.09 (dd, 7 = 1 . 5 Hz, 1H), and 6.50 (d, 7=1 .5 Hz, 
1H); Amax (hexane): 262 nm (e 6700); MS: m/e 273 (M+, 
1.5%), 217 (23), 160 (64), 57 (100), and 41 (46), 

The third farction was a mixture of 3 (80 mg, 19%), 5 
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(31 mg, 7%) , 4 ( 3 m g , total yield 11%), and 6 (6 mg, total 
yield 5%) according to the peak area on the gas chromato-
gram, and they were purified by preparat ive G L C to give 
each product in a pure state. 3 : m p 137.1—137.8 °C (from 
methanol) ; I R (KBr) : 2235 cm" 1 (CN) ; N M R (GG14) : Ö 
1.10 (s, 18H), 1.14 (s, 9H) , 2.22 (d, 7 = 2 . 4 Hz, 1H), 2.31 
(s, 1H), 5.29 (d, 7 = 1 . 7 Hz , 1H), and 5.95 (m, 1H) ; Am a x 

(hexane): 261 n m (e 5950) ; M S : m/e 273 (M+, < 1 % ) , 
160 (13), and 57 (100). Found : G, 83.15; H , 11.67; N , 
5.28%. Galcd for G1 9H3 1N : G, 83.45 : H , 11.43; N , 5.12%. 
5 : oil; I R (neat) : 2225 (CN) and 1950 c m - 1 (C=C=G) ; 
N M R (CG14) : 5 1.05 (s, 9H) , 1.10 (s, 9H) , 1.28 (s, 9H) , 
1.72 (s, 3H) , and 6.56 (s, 1H) ; Am a x (hexane) : 258 n m 
(e 14900); M S : m/e 273 (M+, 6 % ) , 217 (43), 202 (100), 
160 (22), and 57 (80). 

T h e fourth fraction (144 mg) was a mixture of 7 (78 mg, 
16%) and recovered oxime 1 (48 mg, 11%) according to the 
signal intensity on the N M R spectrum. 7 : oil; I R (neat) : 
2220 c m - 1 (GN); N M R (CG14) : «5 0.88 (s, 9H) , 1.12 (s, 
9H) , 1.18 (s, 3H) , 1.22 (s, 9H) , 3.16 (s, 3H) , 5.55 (d, J= 

1.8 Hz, 1H), and 6.50 (d, 7 = 1 . 8 Hz , 1H) ; Am a x (hexane): 
259(sh) ( e 3380) , 306(sh) (1530), and 325(sh) n m (920); 
M S : m / * 273 ( M + - C H 3 O H , < 1 % ) , 160 (16), and 57 
(100). 

Photolysis of (Z) -1 -Hydroxyimino-2,4,6-tri-t-butyl-6-methyl-2,4-
cyclohexadiene (2) in Methanol. Methanol solution (80 ml) 
of oxime (2) (394 mg, 1.35 mmol) was irradiated for 
7.5 h under the same conditions as those of the photolysis 
of oxime 1. After the removal of the solvent, the reaction 
products were analyzed by a combination of preparat ive 
T L G and GLG as described above for 1 (see Table 1). 

Photolysis of Oxime (1) in Pentane or Benzene. Oxime 
1 (450 mg, 1.55 mmol) in pentane or benzene (90 ml) was 
irradiated (9.3 h for the pentane solution and 4 h for the 
benzene solution) under the same conditions as those of the 
photolysis in methanol. T h e products were purified by 
TLG (see Table 1). 

Photolysis of Oxime (1) in the Presence of 1,3-Pentadiene. 
Oxime (1) (450 mg, 1.55 mmol) and 1,3-pentadiene (608 mg, 
8.9 mmol) in methanol (90 ml) was irradiated for 7.5 h. 
The reaction products were analyzed by T L C and G L C as 
above (see Table 1). 

Photolysis of Oxime (1) in the Presence of Oxygen in Methanol. 
Oxime (1) (450 mg, 1.55 mmol) was dissolved in methanol 
(90 ml). After being flashed with oxygen, the solution was 
irradiated for 7.5 h at 0—5 °G, during which oxygen was 
passed through. T h e identification and determination 
of the yields of the reaction products were carried out by T L G 
and G L C (see Table 1). 

Determination of the Oxaziridine Concentration and " 5 . 0 . value" 
in the Photolysis of Oxime (1) in Methanol. Oxime (1) 
(450 mg, 1.55 mmol) in methanol (90 ml) was irradiated 
under the same conditions as those of the photolysis in 
methanol. After irradiation for 3.8 h, a par t of the solution 
(10 ml) was treated with sulfuric acid (0.01767 N, 50 ml) 
and potassium iodide (1 g), and then the liberated iodine 
was titrated with a standard solution of sodium thiosulfate 
(0.010029 N, 1.95 ml) . Then the amount of the acid con­
sumed to liberate iodine was determined by back titration 
with 0.009280 N potassium hydroxide. T h e amount of the 
species which liberated iodine was 0.00978 mmol (6%) and 
that of consumed acid was 0.036 mmol, thus the " B . O . 
value" being 3.68. This value suggested that the species 
was oxaziridine9). 

Reaction of 7 with Trifluoroacetic Acid. T o a benzene 
solution (40 ml) of 7 (39 mg, 0.13 mmol) , a drop of tri­
fluoroacetic acid was added with stirring. After additional 

stirring for 26 h at room temperature , the solvent was removed 
under reduced pressure to give 33 mg (95%) of 9 as yellow 
tar (by N M R ) . 

Photoreaction of 9 in Methanol. A mixture of trienes 
(9) and (6) (64.8 mg) , which contained 57.6 mg (0.21 mmol) 
of 9 according to the GLG (DOS column, 180 °C) was dis­
solved in methanol (13 ml) in a Pyrex glass tube, flashed 
with nitrogen, and was externally irradiated for 6.3 h at 
0—5 °C. T L C purification afforded 12 mg of 6 as white 
crystals and 55 mg (96%) of 3 (by N M R ) . 

Test for Photostability of 7 in Methanol. Product 7 
(99 mg, 0.32 mmol) in methanol (90 ml) was irradiated for 
7.8 h under the same conditions as those of the photolysis 
of oxime 1 in methanol . Removal of the solvent resulted 
in almost complete recovery of 7 (97 mg) according to G L C . 
Some very small peaks other than that of 7 were observed 
by GLG, but they were not 3, 4, 5, 6, 8, and 9. 

Hydrogénation of 4. A solution of 4 (78 mg, 0.29 mmol) 
in ethanol (8 ml) and acetic acid (0.05 ml) was hydrogenated 
over 10% pal ladium on charcoal (30 mg) under atmospheric 
pressure for at room temperature . After the mixture was 
filtered and the catalyst was washed with ethanol, the solvent 
was evaporated from the combined filtrates under reduced 
pressure. T h e residue was chromatographed on alumina 
with carbon tetrachloride as eluent to give 51 mg of colorless 
tarry material , which was purified by preparat ive G L G to 
give 11 mg (14%) of 12a as a colorless oil: N M R (GC14) : 
<5 1.01 (s, 9H) , 1.13 (s, 18H), 1.84 (d, 7 = 1.6 Hz, 3H) , 3.17 
(d, 7 = 10.8 Hz , 1H), 5.18 (dd, 7 = 2 . 2 and 10.8 Hz, 1H), 
and 5.41 (m, 1H). 

Hydrogénation of 5. A solution of 5 (40 mg, 0.15 mmol) 
in ethanol (6 ml) containing a few drops of acetic acid was 
hydrogenated over a spatula of 10% palladium on charcoal 
under atmospheric pressure for 22 h at room temperature . 
After t reatment similar to that mentioned above was obtained 
26 mg of colorless tarry material , which was further purified 
by the preparat ive GLG to give 11 mg (27%) of 13 as colorless 
crystals and 8 mg (19%) of 12b as colorless tar. 13 : N M R 
(CCLJ: <5 0.90 (s, 9H) , 1.07 (s, 9H) , 1.19 (s, 9H) , 1.71 (d, 
7 = 1 . 5 Hz , 1H), 3.24 (dd, 7 = 9 . 8 and 10.6 Hz , 1H), 5.09 
(dd, 7 = 1 . 5 and 9.8 Hz , 1H), and 5.86 (d, 7 = 1 0 . 6 Hz, 
1H) ; Am a x (hexane): 240(sh) n m (e 8200) ; M S : m/e 275 (M+, 
1%). 12: N M R (CCLJ: Ô 0.99 (s, 9H) , 1.08 (s, 9H) , 1.15 
(s, 9H) , 1.62 (d, 7 = 1 . 5 Hz, 3H) , 2.94 (d, 7 = 1 1 . 2 Hz , 1H), 
5.25 (dd, 7 = 1 . 5 and 11.2 Hz , 1H), and 5.61 (m, 1H) ; M S : 
m/e 275 (M+, < 1 % ) . 

Reaction of Oxime (1) with 2-Chloro-T -methylpyrimidinium 
Fluorosulfate. A mixture of 179 mg (0.62 mmol) of oxime 
(1) and 173 mg (0.68 mmol) of pyrimidinium salt in anhydrous 
1,2-dimethoxyethane (6 ml) was stirred at room temperature 
under argon atmosphere. After 8.3 h, absolute methanol 
(20 ml) was added. After stirring for 17.4 h at room temper­
ature, the reaction mixture was poured into water, and the 
mixture was extracted with dichloromethane. T h e extract 
was washed with water and dried over anhydrous magnesium 
sulfate. Removal of the solvent afforded 156 mg of yellow, 
partly crystalline material , which was subjected to prepar­
ative T L C (SiO a , hexane-dichloromethane (5:1)) to give 
9 (79 mg, 4 6 % ) , 6 (15 mg, 9%) , and 7 (12 mg, 6 % ) . 

Photolysis of 1 -Hydroxyimino-2,4,6-tri-t-butyl-2' ,4-cyclohexadiene 
(16) in Methanol. a) Oxime (16)19) (450 mg, 1.62 mmol) 
in methanol (90 ml) was irradiated at 0—5 °C for 17.5 h. 
The solvent was removed in vacuo, and the residue was subject­
ed to preparative T L C (S i0 2 , hexane-dichloromethane (4:1)) 
to give two fractions. 

O n e fraction was 129 mg of yellow, partly crystalline 
material. According to the peak area on the G L C , it seemed 
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to be a mixture of 17 (85 mg, 2 0 % ) , recovered oxime (16) 
(28 mg, 6%) , and 16 mg of unidentified materials. 17 was 
isolated by G L C as colorless tarry material . 17 : I R (neat) : 
2220 (CN) and 889 cm" 1 (G=GH a ) ; N M R (CC14) : Ô 1.10 
(s, 9H) , 1.19 (d, / = 7 Hz, 3H) , 1.26 (s, 9H) , 1.63 (dd, J= 
1.2 Hz, 3H) , 2.8 (m, 1H), 4.60 (m, 2H) , 5.27 (dd, J=9 
and 1.2 Hz , 1H), and 6.46 (d, J= 1.2 Hz, 1H) ; M S : m/e 
259 (M+, 2 .5%) , 203 (21), 202 (21), 188 (36), 146 (23), 
and 57 (100). 

Another fraction was 197 mg of brown tar, which was 
again purified with preparat ive T L C (S i0 2 , hexane-dichloro-
methane (1:1)) to afford 18 (84 mg, 18%) as pale yellow 
ta r ; I R (neat ) : 2220 cm" 1 (CN) ; X H-NMR (CC14) : ô 0.98 
(d, 7 = 7 Hz, 3H) , 1.00 (s, 6H) , 1.09 (s, 9H) , 1.25 (s, 9H) , 
1.85—2.46 (m, 1H), 3.08 (s, 3H) , 5.34 (dd, J - 1 0 . 5 and 
2.2 Hz, 1H), and 6.41 (d, 7 = 2 . 2 Hz , 1H) ; 1 3 C-NMR 
(CDC13): 143.9 ppm, 140.0, 128.5, 127.8, 117.4, 77.1, 48.8, 
40.3, 36.6, 35.3, 29.3, 28.9, 23.2, 21.6, and 14.2; Am a x (hex-
ane ) : 250 n m (e 2580); M S : m/e 276 ( M + - C H 3 , < 1 % ) , 73 
(100), and 57 (31). 

b) Oxime (16) (343 mg, 1.24 mmol) in methanol (80 ml) 
was i r radiated as described in a) except tha t the reaction 
time was 36.5 h. Similar t reatment gave 38 mg (19%) of 
17, 19 mg (5%) of 20, 50 mg (14%) of 19, and 29 mg (8%) 
of 18. 19 was purified by G L C . 19: I R (neat) : 2225 cm" 1 

( C N ) ; N M R (CC14) : ô 0.99 (s, 9 H ) , 1.12 (s, 9H) , 1.29 (s, 
6H) , 1.81 (d, 7 - 2 . 4 Hz , 3H) , 3.08 (s, 3H) , 3.17 (d, J= 
10.2 Hz , 1H), 5.13 (dd, 7 - 1 0 . 2 and 2.4 Hz , 1H), and 5.55 
(m, 1H) ; Am a x (hexane): 293(sh) n m (e 970) ; M S : m/e 259 
( M + - C H 3 O H , 6%) , 244 (15), 202 (25), 188 (21), 146 (39), 
and 57 (100). 20 : I R (neat ) : 2220 cm" 1 (CN) ; N M R 
(CC14): ô 0.99 (s, 9 H ) , 1.14 (s, 9H) , 1.25 (s, 9H) , 3.27 (s, 
3H) , 5.24 (d, J= 14.4 Hz , 1H), 5.75 (d, 7 - 1 4 . 4 Hz, 1H), 
and 6.28 (s, 1H) ; M S : m/e 276 ( M + - C H 3 , 1%), 234 (54), 
202 (21), 193 (32), 188 (13), 178 (32), 146 (14), and 57 
(100). 

Photoreaction of 18 in Methanol. Diene (18) (56 mg, 
0.19 mmol) in methanol (80 ml) was irradiated for 11.5h 
under the same conditions as those of the photolysis of oxime 
(16). Removal of the solvent afforded 53 mg (94%) of 19 
and a trace of recovered 18 (by G L C ) . 
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Studies on Biologically Active Pteridines. I. The Synthesis of 
6-(lÄ)[and (lS)Ml-Hydroxyethyl)- and 6-(lS)[and (lÄ)]-(l,2-Dihydroxyethyl)-

2-amino-4-hydroxypteridines 
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2-Amino-4-hydroxy-6-[(l£)-l , 2-dihydroxyethyl] pteridine has been synthesized by the condensation of 
2, 4, 5-triamino-6-hydroxypyrimidine and D-threose phenylhydrazone, followed by oxidation of the intermediate 
carried out by adding the condensate to a mixture of K 3 [ F e ( G N ) e ] , K I , and H 2 0 2 in an acidic solution. 
The 6-(LR)-l, 2-dihydroxyethyl isomer and the 6-(lÄ) [and (IS)] -1-hydroxyethyl analogues have also been 
synthesized in a similar way. By applying the present method, biopterin has been obtained in 2 8 % yield. 

The 5,6,7,8-tetrahydro derivatives of various 2-
amino-4-hydroxypteridines with an alkyl or polyhy-
droxyalkyl substituent at the 6-position act as a cofac-
tor for tyrosine hydroxylase. l j2) However, the cofactor 
activities of the pteridines vary depending on the 
structure of the side chain ; tetrahydrobiopterin having 
an L-£r^Är0-l,2-dihydroxypropyl side chain has been 
found to be the most active cofactor.1'3»4) Indeed, 
tetrahydrobiopterin is the natural cofactor of phenylala­
nine hydroxylase5^ and is also thought to be the natural 
cofactor of tyrosine hydroxylase.6) Recently the four 
stereochemical isomers of biopterin, i.e. ß-'L-erythro-, 
6-D-erythro-, 6-h-threo-, and 6-D-^ra?-l,2-dihydroxypro-
pyl-2-amino-4-hydroxypteridines have been synthesiz­
ed7) and the cofactor activities of their 5,6,7,8-tetra­
hydro derivatives for tyrosine hydroxylase examined.4) 
The h-erythro and B-threo isomers, both of which have 
the same configuration at the 1 -position(C-l) of the 
side chain, exhibited similar cofactor characteristics. 
The ^-erythro and *L-threo isomers, both of which have 
the same, though reversed C-l configuration compared 
to the others, behaved in a similar fashion as cofactor. 
However the latter pair were less active than the former 
pair. These results suggest that the cofactor activities 
are controlled to a fair extent by the configuration at 
C-l of the side chain.4) Consequently an examination 
of the cofactor characteristics of several tetrahydro­
biopterin analogues having a side chain at the 6-position 
with an asymmetric carbon only at the 1-position(C-l) 
is required. This paper describes the synthesis of 6-
[(\S)-1,2-dihydroxyethyl]- and 6-[(1Ä)-1,2-dihydroxy­
ethyl] -2-amino-4-hydroxypteridines (4a and 4b) and the 
6-(lÄ)[and (16*)]-1-hydroxyethyl analogues (4c and 

Previously biopterin (4e) was prepared in 8 % yield 
by the condensation of 2,4,5-triamino-6-hydroxypyri-
midine(l) with 5-deoxy-L-arabinose phenylhydrazone 
(2e) and the subsequent oxidation of the intermediate 
tetrahydropteridine(3e).7) This method has been one 
of the best methods for the synthesis of biopterin and 
its analogues. The first a t tempt to synthesize the 
required (1,2-dihydroxyethyl) pteridine (4a), in analogy 
to the above method, was by the condensation of 1 
with D-threose phenylhydrazone (2a) and oxidation of 
the intermediate (3a). The main product was, however, 
the 6-unsubstituted 2-amino-4-hydroxypteridine(4f), 
formed by the loss of the 6-side chain during the oxida-

OH 
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tion of the tetrahydropteridine intermediate (3a), most 
probably, via a quinonoid dihydropteridine.7 - 9) The 
same pteridine (4f) was also formed as the main prod­
uct from 1 and 4-deoxy-D-erythrose phenylhydrazone 
(2c). These results suggested that the 1-hydroxyethyl 
or 1,2-dihydroxyethyl side chain of 3 is more susceptible 
to cleavage than the 1,2-dihydroxypropyl or 1,2,3-
trihydroxypropyl group and hence the different oxi­
dation conditions are required. By examining the 
oxidation conditions, it was found that cleavage could 
be reduced to a great exent by adding the solution of 
3a quickly into an aqueous acidic solution (pH 2—3) 
of K 3 [Fe(CN) 6 ] , K I , and H 2 O a ; a reverse addition, 
that is the addition of the oxidizing agents to the solu­
tion of 3a, gave the 6-unsubstituted pteridine (4f) as 
the main product together with a small amount of 4a. 

Heating D-threose phenylhydrazone (2a) with 1 gave 
an orange red solution of, probably, the intermediate 
tetrahydropteridine (3a). Additional heating resulted 
in the development of a dark red solution, from which 
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T A B L E 1. T H E p7£a VALUES AND U V SPECTRA OF 6-( 1-HYDROXYETHYL) - AND 6-(1 ,2-DIHYDROXYETHYL) 

2-AMINO-4-HYDROXYPTERIDINES 

Compound PK, 
p H of aqueous buffer 
and ionic speciesa> (loge)b> 

4a 

4b 

4c 

4d 

2.45±0.02 

8.05±0.02 

2 .41±0.02 

8.00±0.02 

2.57±0.02 

8.14±0.02 

2 .52±0.02 

8.10±0.02 

0.0( + ) 

5 . 5 ( 0 ) 
1 0 . 5 ( - ) 

0.0( + ) 

5 . 5 ( 0 ) 
1 0 . 5 ( - ) 

0.0( + ) 

5 . 5 ( 0 ) 
1 0 . 5 ( - ) 

0.0( + ) 

5 . 5 ( 0 ) 
1 0 . 5 ( - ) 

247(3.92), 

235(3.95), 

254(4.24), 

247(3.91), 

235(3.92), 

254(4.21), 

247(3.89), 

235(3.91), 

253(4.19), 

246(3.89), 

235(3.93), 

253(4.19), 

321(3.78) 

274(4.02), 

363(3.73) 

321(3.77) 

274(3.99), 

363(3.70) 

321(3.75) 

273(3.98), 

363(3.69) 

320(3.76) 

273(3.99), 

263(3.70) 

345(3.66) 

345 (3. bo) 

345 (3.b*) 

345(3.64) 

a) Ionic species are shown by -f- (monocation), O (neutral molecule), and — (monoanion) 
b) Wavelength in nm measured in aqueous buffer of given pH. 

the pteridine(4a) could be obtained only in a poor 
yield. Oxidation of the intermediate(3a) to 4a was 
most effective by adding the solution of 3a quickly 
into an acidic solution of the above oxidizing agents, 
followed by stirring under oxygen; paper chromato-
grams showed that 4a was formed as the main product 
together with a trace of 4f. Column chromatographic 
isolation on Florisil gave 4a as ivory needles (27%), 
which were shown to be free from the possible 7-substi-
tuted isomer by oxidation to the known 2-amino-4-
hydroxypteridine-6-carboxylic acid by potassium per­
manganate . 10) The structure of the product was con­
firmed to be 4a from the pK& values and U V spectra 
(Table 1 ), which were very similar to those of biopterin 
(4e).7> 

T h e o t h e r t h r e e p t e r i d i n e s ( 4 b , 4 c , a n d 4 d ) w e r e 
s imi la r ly p r e p a r e d f rom t h e p y r i m i d i n e ( l ) a n d a cor ­
r e s p o n d i n g t e t rose p h e n y l h y d r a z o n e ( 2 b , 2 c , o r 2 d ) . 
T h e p r e s e n t m e t h o d w a s a p p l i e d to t h e synthes is of 
b i o p t e r i n (4e) w h i c h w a s o b t a i n e d in t h e p u r e c rys ta l ­
l ine s t a t e i n 2 8 % yie ld . 

E x p e r i m e n t a l 

T h e elemental analyses were conducted at the Analytical 
Section, Meijo University, Nagoya, T h e pKK values were 
determined spectroscopically and the U V spectra measured 
on a Shimadzu UV-300 spectrophotometer. 

2-Amino-4 - hydroxy -6-[(1S)-1,2-dihydroxyethyf]pteridine (4a). 
T o a solution of D-^Ar^o-5,5-bis(ethylsulfonyl)-4-pentene-
1,2,3-triol11) (5.0 g) in water (50 ml) , concentrated aqueous 
ammonia (0.5 ml) was added. After stirring at p H 9—10 
and at room temperature for 10 h, the resulting suspension 
was adjusted to p H 3—4 with formic acid and filtered. Phen­
ylhydrazine (1.8 g) was added to the filtrate and the solution 
stirred at p H 2—3 and 25 °G for 1 h. T h e solution of the 
formed phenylhydrazone (2a) was added to a solution of 
2,4,5-triamino-6-hydroxypyrimidine (1) dihydrochloride12) 
(2.5 g) dissolved in a mixture of water (100 ml) and methanol 
(150 ml) . T h e solution was stirred under nitrogen at 25 °G 
for 1 h and then under reflux for 20 min. The orange red 
solution, after being chilled in an ice bath, was poured into 
an ice chilled aqueous solution ( 150 ml) containing potassium 

hexacyanoferrate(III) (15 g), potassium iodide (2.5 g), 
3 5 % hydrogen peroxide (10 ml), and formic acid (5 ml). 
The mixture was stirred vigorously under bubbling oxygen at 
5—10 °G for 1 h and at 25—30 °G for 3 h. The mixture 
was evaporated to dryness under reduced pressure and the 
residue extracted with 2 % aqueous ammonia (500 ml). 
T h e extract was concentrated to about 200 ml under reduced 
pressure, adjusted to p H 2—3 with hydrochloric acid, and 
placed on a Florisil column ( 4 . 5 x 3 5 cm). The column was 
first eluted with 0.25 M formic acid (4 1) until the inorganic 
salts, blue colored materials, and small amount of blue fluo­
rescent compounds were removed from the column. The 
column was then eluted with water (4 1). Evaporation of 
the eluate under reduced pressure gave a solid which was ex­
tracted with 2 % ammonia (150 ml). The extract was evap­
orated to dryness under reduced pressure and the residue 
extracted with 2 % ammonia (150 ml) . Concentration of 
the extract to about 70 ml under reduced pressure and acidi­
fication with formic acid (pH 3—4) gave a solid, which crystal­
lized from water to give ivory needles (710 mg) of 4a, m p > 
300 °G (Found: G, 41.98; H , 3.98; N , 30.85%. Galcd for 
C 8 H 9 N 5 O 3 0 . 3 H 2 O : G , 41.98; H , 4.24; N, 30.61%). 

2-Amino-4-hydroxy-6- [ ( 1RJ - 7,2-dihydroxyethyl]pteridine (4b). 
L-Arabinose diethyl dithioacetal13) (5.0 g) was degraded tc 
L-erythrose according to the method of Hough and Taylorn> 
by oxidation to L-^rv^ro-5,5-bis(ethylsulfonyl)-4-pentene-
1,2,3-triol with aqueous peroxypropionic acid and by sub­
sequent t reatment with dilute ammonia. After treatment 
with Phenylhydrazine, condensation of the resulting L-eryth­
rose phenylhydrazone (2b) with 1 in a similar manner to 
that for 4a gave the (li?)-l ,2-dihydroxyethyl compound 
(4b) as ivory needles in 2 2 % yield, m p > 3 0 0 ° C (Found: 
G, 41.98; H , 3.95; N, 30.77%. Galcd for C 8 H 9 N 5 O 3 0 . 3 H 2 O : 
G, 41.98; H , 4.24; N , 30.61%). 

2 - Amino -4- hydroxy -6-[(1 R ) - 7 - hydroxyethyl\pteridine (4c). 
5-Deoxy-D-arabinose diethyl dithioacetal (5.5 g), prepared 
according to the method of Green and Rembold13) by lithium 
aluminium hydride reduction of 5-tosyl-D-arabinose diethyl 
dithioacetal, was degraded to 4-deoxy-D-erythrose as above. 
The erythrose was treated with equimolar Phenylhydrazine 
(2.4 g) and the resulting phenylhydrazone (2c; unisolated) 
was condensed with 1 (dihydrochloride, 4.5 g) and sub­
sequently oxidized in the same way as that used for 4a to give 
ivory needles (650 mg, 15% yield) of 4c, m p > 3 0 0 ° C (from 
water ) (Found: G, 43.33; H , 4 .61; N , 31.82%. Galcd for 
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C 8 H 9 N 5 O 2 0 . 8 H 2 O : G , 43.35; H 4.87; N , 31.61%). 
2 - Amino -4- hydroxy -6-[(1S) - 7 - hydroxyethyf] pteridine (4d). 

By replacing 5-deoxy-D-arabinose diethyl dithioacetal by 
5-deoxy-L-arabinose diethyl dithioacetal13) in the foregoing 
procedure, the (liS')-l-hydroxyethyl compound (4d) was 
obtained as ivory needles in 9 % yield, m p > 3 0 0 ° G (from 
water) (Found: G, 42.54; H , 4.48; N, 30.86%. Galcd for 
C 8 H 9 N 5 0 2 H 2 0 : G, 42.66; H , 4 .93; N , 31.10%). 

Biopterin (4e). The condensation of 2,4,5-triamino-
6-hydroxypyrimidine(l) dihydrochloride (5.0 g) and 5-
deoxy-L-arabinose phenylhydrazone (2e) (5.5 g), followed 
by oxidation and chromatographic isolation in a manner 
similar to that used for 4a, gave biopterin (1.56 g, 2 8 % yield) 
as colorless needles. 

T h e a u t h o r s w o u l d like to t h a n k M r s . N . N i s h i o k a 
for t h e m e a s u r e m e n t of pK& va lues . 
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Allylic oxidation of methyl 2-alkenoates with chromium trioxide in a mixture of acetic anhydride and 
acetic acid afforded methyl 4-oxo-2-alkenoates. 

T h e allylic oxidation of cycloalkenes to cycloal-
kenones with chromium trioxide in acetic acid has 
been reported.V However, the oxidation of methyl 2-
alkenoates with the above reagent has not yet been 
reported. 

We wish to report the allylic oxidation of methyl 
2-alkenoates with a modified reagent prepared from 
chromium trioxide in a mixture of acetic anhydride 
and acetic acid. This reagent has the advantage that 
it is readily available and the reaction is rapid and 
efficient. T h e resulting product gave methyl 4-oxo-
alkanoates, which can be converted into cyclopente-
nones,2) by reduction with zinc in acetic acid3) or tita­
nium trichloride.4) 

T h e methyl 2-alkenoates ( l a—f) were prepared by 
a Wittig reaction using methoxycarbonylmethylenetri-
phenylphosphorane5) of the corresponding aldehydes 
in good yields. 

When methyl 2-decenoate ( l a ) was treated by the 
chromium trioxide- (pyridine) 2-dichlorome thane sys­
tem6) or ^-butyl Chromate reagent7) under several reac­
tion conditions, the oxidation product was not obtained. 
O n the other hand, l a was more slowly oxidized 
with chromium trioxide in acetic acid to give methyl 
4-oxo-2-decenoate (2a). T h e addition of acetic an­
hydride to the above solution, however, resulted in a 
rapid oxidation. Consequently, the oxidation of l a 
was carried out in a mixture of acetic anhydride and 
glacial acetic acid (1:2) with chromium trioxide. 

T h e oxidation of l a for 50 min with chromium tri­
oxide in acetic anhydride and acetic acid (1:2) con­
taining 1:1, 1.5:1, 3 :1 , 3.5:1, and 5:1 molar ratios of 
chromium trioxide to l a gave conversions to 2a of 
10, 20, 38, 57, and 8 0 % , respectively. I t is clear 
from the data that 5 mol equivalents of the reagent 
are required for complete conversion to ketone. With 
less than the 5:1 molar ratio extremely slow oxidation 
occurs. 

Preparation of methyl 4-oxo-2-alkenoates (2a—f) 
was carried out by this method (Table 1). 

T h e reagent was prepared by addition of chromium 
trioxide (50 mmol) in small portions to a mixture of 
acetic anhydride and glacial acetic acid under ice-
cooling. Into the solution of the above reagent, methyl 
2-alkenoates ( l a—f) (10 mmol) were added with stir­
ring. The optimal conditions for formation of methyl 
4-oxo-2-alkenoates (2a—f) with minimum recovery of 
starting material were maintained by keeping a tem­
perature at 15—25 °G for moderate times; if the temper­
ature was allowed to rise to 30 °G, the desired product 
was obtained in a poor yield in the same reaction 

TABLE 1. ALLYLIC OXIDATION OF METHYL 2-ALKENOATES 

(1) WITH CHROMIUM TRIOXIDE 

Cr03 

R-CH2-CH=CH-COOCH3 • 
Ac20-AcOH 

(i) 
R-C-CH=CH-COOCH3 

II 

o 
(2) 

Substrate Molar ratio Time Product 

l a 
l a 
l a 
l a 
l a 
l b 
lc 
Id 
le 
If 

R 

w-C6H13 

w-C6H13 

w-C6H13 

w-G6H13 

w-G6H13 

QU* 
w-G3H7 

w-C4H9 

«-CBHU 

GH3OOG(GH2) 

of 1 : 

1 
1 
1 
1 
1 
1 
1 
1 
1 

7 1 

Gr0 3 

: 1 
: 1.5 
: 3 
: 3.5 
: 5 
: 5 
: 5 
: 5 
: 5 
: 5 

(min) 

50 
50 
50 
50 
50 
30 
30 
40 
40 
60 

(% yield) a'b> 

2a 
2a 
2a 
2a 
2a 
2b 
2c 
2d 
2e 
2f 

10 
20 
38 
57 
80 
50 
72 
77 
86 
78 

a) Isolated yields, b) The products were gas chromato-
graphically pure (>99%). 

period. It was determined by gas chromatography 
that methyl 4-oxo-2-alkenoates (2a—f ) were the sole 
reaction products. 

In each case the product was the conjugated un­
saturated ketone in which the double bond is located 
in its original position. Also, the fact that methyl 
l l-methoxycarbonyl-2-undecenoate (If) gave only the 
corresponding 4-oxo-2-undecenoate (2f) [IR, 1740, 
1710 cm- 1 ; N M R à 3.63, 3.79 (each 3H, s), 2.24, 2.60 
(each 2H, br t, J=l Hz) , 6.53, 7.02 (each 1H, d, 
J= 16 Hz) ppm] shows that the methylene group next 
to the double bond is selectively oxidized. 

O n the other hand, the oxidation of 3-alkene-2-ones 
with chromium trioxide under the same conditions 
gave 3-alkene-2,5-diones in poor yields (26—34%) 
(w-C7—n-Cn), along with aliphatic acids resulting from 
cleavage of the double bond in the original ketones. 

T h e resulting 2a—f were easily reduced with tita­
nium trichloride4) to give methyl 4-oxoalkanoates (3a— 
f ) in good yields. They are key intermediates for the 
preparation of cyclopentenone derivatives.2) From the 
above results, the syntheses of 3a—f can be achieved 
in three steps from the corresponding aliphatic alde­
hydes in moderate yields. 
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T A B L E 2. C H A R A C T E R I S T I C S O F M E T H Y L 

4-OXO-2-ALKENOATES ( 2 a e ) 

Compd 

2a 

2b 

2c 

2d 

2e 

Bp, °C/Torr 

135.0— 
136.0/13 

80.0— 
81.5/16.5 

103.0— 
105.0/13 

115.0— 
116.0/10.5 

126.0— 
126.5/12 

Mp, °C 

44.0— 
46.5 

33.5— 
35.0 

38.0— 
39.5 

35.5— 
37.0 

46.0— 
47.5 

Mass, mje 

198 
167 
128 
113 

142 
128 
113 
111 

156 
128 
125 
113 

170 
139 
128 
113 

184 
153 
128 
113 

(M+) 

(M+) 

(M+) 

(M+) 

(M+) 

IR, cm 

1735 
1710 
1175 

1735 
1710 
1175 

1735 
1710 
1175 

1735 
1705 
1175 

1735 
1705 
1170 

- i iH-NMR, Ö ppm 

3.78 (3H,s) 
6.53 (lH,d,J= 16Hz) 
7.01 ( l H , d , / = 1 6 H z ) 

3'. 82 (3H,s) 
6.57 ( l H , d , J = l 6 H z ) 
7.05 ( lH ,d ,y=16Hz) 

3.82 (3H,s) 
6.55 ( l H , d , / = 1 6 H z ) 
7.03 ( lH,d , , /=16Hz) 

3.82 (3H,s) 
6.53 ( l H , d , J = 1 6 H z ) 
7.02 ( l H , d ; / = 1 6 H z ) 

3.78 (3H,s) 
6.50 ( lH ,d„ /=16Hz) 
6.98 ( lH ,d ,y=16Hz) 

T A B L E 3 . S E M I C A R B A Z O N E S O F M E T H Y L 

4-OXO-2-ALKENOATES ( 2 a f ) 

Compd 

2a 
2b 
2c 
2d 
2e 
2f 

L Mp, °Ca> 

128.5—130.0 
149.0—149.5 
162.5—164.0 
150.0—151.5 
125.0—126.5 
97.0— 99.0 

Formula 

C12H2103N3 

C8H1303N3 

C9H1503N3 

G10H17O3N3 

CnHJ903N3 
C15H2505N3 

Found (Calcd), 

G 

56.35(56.45) 
48.40(48.23) 
50.85(50.69) 
53.11(52.85) 
54.73(54.75) 
55.08(55.03) 

H 

8.32(8.29) 
6.64(6.58) 
7.14(7.09) 
7.61(7.54) 
7.89(7.94) 
7.7(X(7.70) 

(%) 
N 

16.61(16.46) 
21.21(21.10) 
19.93(19.71) 
18.68(18.49) 
17.50(17.41) 
12.56(12.84) 

a) AU the semicarbazones were purified by recrystallization from methanol. 

E x p e r i m e n t a l 

Boiling points are uncorrected and melting points were 
determined on a Yanagimoto micro hot-stage and are un­
corrected. The mass spectra were determined on a Hitachi 
RMS-4 mass spectrometer at 70 eV. T h e I R spectra were 
recorded with a Hitachi E P I - G 3 grating spectrometer. All 
1 H - N M R spectra were measured in a GG14 solution using a 
Varian T-60 N M R spectrometer with T M S as an internal 
standard. T h e GLG was carried out on a Shimadzu GG-
4B, with SE-30 (2%) (3 m m X 2 m) and at a temperature 
140 °C, unless otherwise noted. 

Preparation of Methyl 2-Alkenoates (la—f). T o a 
solution of methoxycarbonylmethylenetriphenylphosphorane5) 
(22 mmol) in anhydrous benzene (ca. 60 ml) , was added 
an appropriate aldehyde (20 mmol) in anhydrous benzene 
(ca. 5 ml) under nitrogen atmosphere. T h e solution was 
refluxed for 6 h and then cooled to room temperature . After 
evaporating the solvent in a reduced pressure, hexane was 
added to give precipitates. T h e precipitates were collected 
by filtration and washed with hexane. T h e combined sol­
vents were evaporated and the resulting residue was distilled 
under reduced pressure. Yield; l a , 8 2 % (bp 126—128 °G/ 
14 T o r r ) ; l b , 9 1 % (bp 63—65 °G/16 T o r r ) ; l e , 9 0 % (bp 
7 7 _ 7 9 ° G / / 1 6 T o r r ) ; I d , 7 8 % (bp 103—104 °G/24 T o r r ) ; 
l e , 8 5 % (bp 108—109 °G/12 Tor r ) . T h e structures of l a — 
e were confirmed by examining their mass, I R , and N M R 
spectra. 

Methyl 11-Methoxycarbonyl-2-undecenoate (If)'. Yield, 9 7 % 
[from methyl 9-formylnonanoate (bp 122 °G/3 Torr)8)] . 

Bp 152—154°G/2 T o r r ; M S m/e 256(M+), 225, 157, 87 ; 
I R 1745, 1735, 1665, 1180, 1145 c m - 1 ; N M R Ô 1.33 (12H, 
br s), 1.98—2.45 (4H, m) , 3.60, 3.65 (each 3H, s), 5.70 (1H, 
dt, J = 1 6 , 1.5 Hz ) , 6.84 (1H, dt, 7 = 1 6 , 7 Hz) . 

General Oxidation Procedure. T h e reagent was prepared 
by addition of chromium trioxide (50 mmol) in small portions 
to a mixture of acetic anhydride (12.5 ml) and glacial acetic 
acid (25 ml) , followed by dilution with benzene (25 ml) 
under ice-cooling. In to the solution of the above reagent, 
1 (10 mmol) in benzene (5 ml) was added dropwise with 
stirring. T h e reaction temperature was kept below 20 °G. 
T h e methyl 2-alkenoates were consumed in moderate times 
(the times required are shown in the Table 1) as confirmed 
by T L G T h e reaction mixture was diluted with water, 
neutralized with aqueous sodium hydroxide solution, and 
extracted with ether. After being dried over anhydrous 
sodium sulfate, the extract was concentrated and the resulting 
residue was distilled under reduced pressure or crystallized 
from hexane to give 2 (Tables 1, 2, 3, and below). 

Methyl 11-Methoxycarbonyl-4-oxo-2-undecenoate (2f): M p 
54—55 °G (colorless needles from hexane) ; M S mje 239 
( M - 3 1 ) , 157, 128, 113; I R 1740, 1710, 1175 c m - 1 ; N M R 
Ô 1.12—1.95 (10H, br s), 2.24, 2.60 (each 2 H , br t, 7 = 7 Hz) , 
3.63, 3.79 (each 3H, s), 6.53, 7.02 (each 1H, d, 7 = 1 6 Hz) . 
G L G : temperature p rogram: 5 °G/min, from 150 to 200 ° G 
Found : G, 62.19; H , 8.40%o. Galcd for G 1 4 H 2 2 0 5 : G, 62.20; 
H , 8.20%. 

Reduction of Methyl 4-Oxo-2-alkenoates (2a—f). In to 
a solution of 2 (3.5 mmol) in acetone (ca. 20 ml) cold t i tanium 
trichloride aqueous solution (20%, 8 mmol) was added under 
nitrogen atmosphere. T h e mixture was stirred for 40 min 
at room temperature, then poured into 50 ml of brine, and 
extracted with ether. T h e extract was concentrated and 
the residue was chromatographed on a silica gel column, 
eluting with ethyl e ther-hexane (1 : 1). Yield, 3a , 9 1 % (M+ 
m/e 200) ; 3 b , 8 8 % (M+ m/e 144); 3c , 93%0 (M+ m/e 158); 
3d , 9 0 % (M+ m/e 172); 3e, 8 7 % (M+ m/e 186); 3f, 8 7 % 
( M + m/e 272). T h e structures of 3 a — f were confirmed by 
examining their I R and N M R spectra. 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y a 
G r a n t - i n - A i d for Scientif ic R e s e a r c h f rom t h e M i n i s t r y 
of E d u c a t i o n . 
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Conformational Effect on the Bridgehead Reaction of Bicyclo[3.3.1]nonan-2-ones. 
A Facile Bridgehead Deuteration of a Bicyclo[3.3.1]nonan-2-one Derivative 

with the Cyclohexanone Ring Locked in the Boat Conformation 
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Five bicyclo[3.3.1]nonan-2-ones, two known (1, 3) and three new ones (2, 4, 5) were prepared. The 
hydrogen-deuterium exchange reaction at the bridgehead position of the bicyclo[3.3.1]nonan-2-one system 
was examined under mild basic conditions (2 M NaOMe-MeOD, 33 °G, 22 h) using these five bicyclo[3.3.1]-
nonan-2-ones. Virtually no deuteration took place at the bridgehead in each case of the bicyclic ketones (1, 2, 
3,4), whereas one deuterium was incorporated into the bridgehead of the ketone (5). 13G NMR spectroscopy 
was employed for the unambiguous determination of the site(s) of deuteration in all cases studied. The 
enhanced bridgehead acidity of (5) could be explained in terms of the locked boat conformation of the 
cyclohexanone ring contained in (5). 

Schaefer and Lark1) observed in 1965 that deutera­
tion of the bridgehead position of bicyclo[3.3.1 jnonan-
2-one (1) occurred under basic conditions (e.g., 77 .2% 
deuterat ion: 0.1 M N a O D - D 2 0 , 95 °C, 40 days), and 
discussed the importance of the boat conformation of 
the ketone-bearing ring for stabilization of the bridge­
head enolate. In 1975, Nickon and his coworkers2) 
demonstrated that the bridgehead acidity of brendan-
2-one (6) possessing the boat-locked bicyclo[3.2.1]-
octan-2-one system was largely enhanced, resulting 
in the hydrogen-deuterium exchange at C-3 in 6 under 
mild conditions (92% deuterat ion: 4.84 M N a O D in 
M e O D , 25 °C, 69 h) . Further they revealed that the 
enhanced bridgehead acidity of 6 was neither due to 
the " s " character of the carbon in the bridgehead 
C - H nor due to inductive stabilization of the carbanion 
by the carbonyl, but due to the facile formation of 
the corresponding enolate, which could be rationalized 
in terms of the Wiseman's postulate.3) 

We herein describe our results on the hydrogen-
deuterium exchange reaction at the bridgehead position 
of the bicyclo[3.3.1]nonan-2-one system under the basic 
conditions milder than those1) of Schaefer and Lark. 
The bicyclo[3.3.1]nonan-2-ones employed in the pres­
ent studies are 1, 2, 3, 4, and 5, among which the 
last one is a 4-homoisotwistane derivative and contains 
the cyclohexanone ring held rigidly in the boat con­
formation by the two-carbon bridge. The two known 
compounds, l4) and 36) were prepared by the modified 
procedures of Cope and his coworkers5) and of Marvell 
and his colleagues,6) respectively. Other three new 
compounds (2, 4, 5) were synthesized as follows. The 
acetal ketone (2) was synthesized from a diastereomeric 
mixture (exo-ol:endo-ol, 7:4) of the keto alcohol (7)5) 
by the following sequence: (i) acetylation to give the 
keto acetate (8) ; (ii) acetalization affording the acetal 
acetate (9) ; and (iii) alkaline hydrolysis to yield the 
acetal alcohol (10) and subsequent oxidation (chromium 
trioxide-pyridine). Methylation of 2 with methyl 
iodide-sodium hydride in 1,2-dimethoxyethane gave 
the ketone (4). T h e tricyclic ketone (5) was synthesiz­
ed from the keto alcohol (11) ,7) which was converted 
to the corresponding thioacetal alcohol (12). Desul-
furization of 12 with Raney nickel afforded the alcohol 

(13), oxidation of which with chromium trioxide in 
pyridine gave the tricyclic ketone (5) (The numbering 
system shown in 5, although it differs from that based 
on the I U P A C rule, is used in the present paper for 
convenience of comparing 13C chemical shifts with 
those of other bicyclo[3.3.1]nonan-2-ones). 

6 S <» 

0 

R = H 

R = Me 

6 S !» 

, / M « 7< ^ r ^ 3 

S X ^ 

<S 
OR 

9 R = Ac 

10 R = H 

11 R = 0 

12 R =-S(CH2)2S-

13 R = H2 

Bridgehead Hydrogen Exchange. The hydrogen-
deuterium exchange reaction for each of the bicyclo-
[3.3.1]nonan-2-ones (1, 2, 3, 4, 5) was carried out in 
deuteriomethanol in the presence of sodium methoxide 
(2.0 M N a O M e - M e O D ) at 33 °C for 22 h, and the 
extent of deuteration was determined by mass spectro­
metry.8) The results are summarized in Table 1. 
The location of the deuterium(s) in each product was 
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TABLE 1. DEUTERIUM INCORPORATION BY BICYCLO-

[3.3. 1]NONAN-2-ONES 

(2.0 M NaOMe-MeOD at 33 °G for 22 h) 

Compound 

1 
2 
3 
4 
5 

Mass 
x 
dQ 

33 
30 
97 

100 
5 

spectral d 

dt 

45 
44 

3 
0 

95 

assay 
_̂  

T (rel ( 

d2 

19 
23 

%±l)a> 
~. 
d3 

3 
3 

a) Average of five mass spectral scans; corrected for 13C. 

proved by 13C N M R spectroscopy (cf. Table 2). 
Most of the 13C N M R chemical shift assignments for 
the bicyclo[3.3.1]nonan-2-ones, shown in Table 2, 
were made by the application of chemical shift 
theory9-11) and single frequency off-resonance decoupl­
ing (sford) experiments, and further in some cases 
[in particular in 5] with the aid of deuter ium isotope 
shifts12-15) and comparisons with structurally related 
compounds.15»16) Although assignments of some signals 
remained uncertain for each compound (Table 2), 
there was no ambiguity as to the determination of 
the site(s) of deuteration. 

Under the present exchange conditions the ketone 
(2) was shown to incorporate up to 2 equivalents of 
deuterium (2-dx 4 4 % and 2-d2 2 3 % ) , the site of deute­
ration being shown to be C-3 as expected (vide post), 
and the incorporation of deuterium into the bridgehead 
position (C-l) was found to occur to an extremely 
small extent (3%) . The site of deuteration in 2 was 
proved by the deuterium isotope effects in proton-noise 
decoupled 13C N M R spectra :12~14) on deuteration of 2 
the singlet at ô 37.99 (C-3) was shifted upfield by 
0.32 ppm to become a triplet due to 1 3 C-D coupling 

( y c _ D = 1 9 . 6 H z ) , and the singlet at Ô 23.73 (C-4) was 
broadened and shifted upfield by ca. 0.06 ppm. The 
result on the deuteration of the ketone (1) was virtually 
the same as that of the ketone (2) (see Table 1 ). The 
ketone (3), which possesses the gem dimethyl groups 
at C-3, was deduced to have the different conforma­
tion (s) regarding the cyclohexanone ring from that 
of the ketone (1). I t was thus expected that the 
ketone (3) might exhibit reactivity at the bridgehead 
different from that of 1. However, there was no 
significant incorporation of deuterium into the ketone 
(3) under the exchange conditions. No deuterium was 
incorporated into the bridgehead of the ketone (4) 
which has the gem dimethyl groups at C-3. 

In contrast to the bicyclic compounds, 3 and 4, the 
ketone (5) was found to be monodeuterated ( 9 5 % d-^, 
and further it was established by 13C N M R spectroscopy 
(vide post) that the deuterium was located at the bridge­
head position (C-l) of 5, excluding the possibility of 
deuteration by the mechanism of homoenolization.13) 
I t is known that homoenolization can only be effected 
under conditions (e.g., *-BuOK-*-BuOH, 185 °C, 150 h) 
much more vigorous than those employed in the present 
studies. In the 13C N M R spectrum of the monodeute­
rated compound (5-^) the signal at ô 52.28 assigned 
to the bridgehead (C-l) apparently disappeared. The 
13C chemical shift differences between 5-d± and 5 
[(5(5-^)—^(5)] are shown in 5A, and these magnitudes 

T A B L E 2. 13C CHEMICAL SHIFTS OF B I C Y C L O [ 3 . 3 . l]NONAN-2-ONEsa»b> 

Carbon 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Ketal CH2 

Ketal CH2 

3-Me 
3-Me 
9-Me 

1 

45 .06(d) 
217.06(s) 
3 9 . 0 8 ( t ) 
2 7 . 4 3 ( t ) 
26 .16(d) 
31.95( t )c> 
2 0 . 1 2 ( t ) 
29 .79 ( t ) c ) 
32.55 ( t ) c ) 

2 

54 .65(d) 
213.73(s) 
3 7 . 9 9 ( t ) 
2 3 . 7 0 ( t ) 
35 .41(d) 
30.47 ( t ) c ) 
1 8 . 7 6 ( t ) 
27.45 ( t ) c ) 

109.77(s) 

6 4 . 2 3 ( t ) 
6 4 . 5 0 ( t ) 

3 

42 .89(d) 
220.28(s) 
4 2 . 8 9 ( s ) 
4 0 . 9 5 ( t ) 
26 .50(d) 
35.00 ( t ) c ) 
1 9 . 4 0 ( t ) 
32.81 ( t )c> 
29.52 ( t ) c ) 

26 .77(q) 
31 .28(q) 

4 

53 .17(d) 
221.22(s) 
4 1 . 7 4 ( s ) 
3 9 . 9 8 ( t ) 
36 .61(d) 
31.85( t )c> 
18.31 ( t ) 
3 0 . 0 8 ( t ) c ) 

109.48(s) 

6 4 . 1 8 ( t ) 
6 4 . 3 3 ( t ) 
29 .06(q) 
32 .77(q) 

5 

52 .28(d) 
221 .89(s ) 
43 .40(d) 
2 9 . 3 9 ( t ) 
35 .04(d) 
2 4 . 6 9 ( t ) 
1 6 . 6 8 ( t ) 
2 4 . 0 2 ( t ) 
3 4 . 1 3 ( t ) 
33.40 ( t ) 
2 7 . 9 2 ( t ) 

23 .00(q) 

5-dx 

"disappeared" 
221 .89(s ) 
43 .40(d) 
2 9 . 3 9 ( t ) 
35 .00(d) 
2 4 . 7 0 ( t ) 
1 6 . 6 6 ( t ) 
2 3 . 9 2 ( t ) 
3 4 . 0 2 ( s ) 
33 .36( t ) 
2 7 . 9 2 ( t ) 

22 .96(q) 

a) Spectra taken in CDC13 at 20 MHz on a Varian CFT-20 spectrometer; chemical shifts are in parts per million 
relative to te trame thy Isilane. b) The letter in parentheses refers to the signal multiplicity obtained from single 
frequency off-resonance decoupling experiments: s = singlet, d = doublet, t = triplet, q = quartet, c) Assignments 
may be interchanged among these signals in each vertical column. 
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of the upfield shifts for sp3 carbons both geminal and 
vicinal to deuterium are in good agreement with 
those reported for deuterated 4-homoisotwistanes,15> 
which has the same carbon skeleton as 5, and for 
some bicyclic compounds120'12*1'13'14) {e-g-, isotope shifts 
of carbons geminal to deuterium, 0.12±0.04 ppm12c>). 
Further some signals in the 13C N M R spectrum of 
the deuterated ketone (5-^) were shown to be 
broadened by geminal (C-8 and C-9) and vicinal 
(G-5, C-7, C-10, and C-12) 1 3 C-D couplings. Thus 
the site of deuteration in 5 was proved to be C-l . 
I t should be noted in this case that the XH N M R spectral 
analysis was not a reliable method of determining the 
deuterated site of 5, because the signal due to H- l 
could not unambiguously be identified. 

Among the five bicyclo[3.3.1]nonan-2-ones (1, 2, 3, 
4, 5) examined, the ketone (5) was a sole member 
that underwent deuteration at the bridgehead position 
under the exchange conditions of the present studies. 
As in the case of brendan-2-one (6),2) the enhanced 
bridgehead acidity of 5 would be ascribed to the locked 
boat conformation of the cyclohexanone ring, in which 
the dihedral angle between the C ( l ) - H bond and 
the p-orbital of the carbonyl carbon is as small as 
ca. 30° from the examination of Dreiding models: 
this small value of the dihedral angle between the 
interacting orbitals would not only be favorable for 
removal of the proton at C-l but result in the stabiliza­
tion of the bridgehead enolate formed. O n the other 
hand, the ketonic ring is conformationally flexible in 
each of the bicyclic analogs (1, 2, 3, 4). Under the 
exchange conditions the flexible ketonic ring presum­
ably can not assume the genuine boat conformation 
like that in 5 owing to the steric compression within 
the molecule, but exist as an another conformer such 
as a deformed boat (or as an equilibrium mixture of 
conformers other than boat) , in which the dihedral 
angle discussed above is not so small as that {ca. 30°) 
in 5, making removal of the bridgehead proton more 
difficult. 

From the present studies it is concluded that the 
bicyclo[3.3.1]nonan-2-one system with the ketonic ring 
kept rigidly in the boat form shows the enhanced 
bridgehead acidity in comparison with that possessing 
the conformationally flexible ketonic ring. 

E x p e r i m e n t a l 

Melting points and boiling points are uncorrected. IR 
spectra were taken with a JASGO Model 1RS or JASGO 
DS-402G spectrometer in GHG13.

 XH-NMR spectra were 
obtained in GDG13 using a Varian HA-100D (100 MHz) 
or NV-21 (90 MHz) instrument : chemical shifts (<5) are 
reported in ppm downfield from internal TMS. 13G-NMR 
spectra were obtained in GDG13 (concentration, 0.3—0.4 
mmol/ml) on a Varian GFT-20 spectrometer operating 
20 MHz in the Fourier transform mode : chemical shifts are 
given in relative to internal TMS. Low resolution mass 
spectra were determined on a Hitachi RMU-6C mass spectrom­
eter equipped with a heating inlet system as well as a direct 
inlet system and operating with an ionization energy of 
70 eV. High resolution mass spectra were determined on 
a JEOLGO GMS-01SG mass spectrometer. Silica gel 60 F254 

(No. 5715) and 60 PF254 (No. 7747) (E. Merck, A. G., 
Germany) were used for TLG: thickness employed was 
1.50 mm for preparative TLG. Organic solutions were 
washed with saturated NaCl solution, dried over anhydrous 
Na2S04 , and evaporated by a vacuum rotary evaporator. 

Bicyclo[3.3.7~\nonan-2-one (1). A solution of a diastereo­
meric mixture {exo-o\ :endo-o\, 4:7) of the keto alcohol (7)5> 
(350 mg) and BF3-OEt2 (0.15 ml, distilled from CaH2) in 
7,2-ethanedithiol (5 ml) was stirred at room temperature for 
40 min and diluted with ether (150 ml). The mixture was 
washed with 5 M NaOH (5x6 ml) and water (6 ml), and 
dried. On evaporation of the solvent there remained a 
colorless oil, which was purified by preparative TLG (GHG13-
EtOAc, 3:1), giving 510 mg (98%) of a diastereomeric mixture 
of the thioacetal alcohol as a colorless liquid: IR 3460 cm"-1; 
XH-NMR (90 MHz) 3.10—3.50 (4H, complex m), 4.04 and 
4.41 (total 1H, m each); MS 230 (M+). To a solution of 
the diastereomeric mixture of the thioacetal alcohol (510 mg) 
in EtOH (12 ml) was added W-2 Raney nickel {ca. 8g) . 
The suspension was refluxed for 40 min and filtered. The 
filtrate was evaporated, affording a solid, which was purified 
by preparative TLG (GHCl3-EtOAc, 3:1), affording a 
diastereomeric mixture of the alcohol (299 mg, 96%) as a 
colorless solid: IR 3650 cm-1; XH-NMR (90 MHz) 3.60 and 
3.90 (total 1H, m each) ; MS 140 (M+). Found: mje 140.1212. 
Galcd for C9H1 60: 140.1201. A suspension of Gr0 3 (420 mg) 
in dry pyridine ( 11 ml) was added to a cooled (0 °G) solution 
of the diastereomeric mixture of the alcohol (299 mg) in dry 
pyridine (3.6 ml) with stirring. The mixture was stirred 
at room temperature for 12 h and diluted with ether (250 ml). 
The precipitates were filtered through a pad of Super Gel 
and washed with ether thoroughly. The combined filtrates 
were washed with 2 M HCl and water, dried, and concentrat­
ed. Purification of the oily residue by preparative TLG 
(GHG13) gave 1 (160 mg, 54%) as colorless crystals: mp 
127—132 °G (sealed tube) (lit, mp 135—137 °C17> and 129— 
137°G4b)); IR 1695 cm-1; XH-NMR (100 MHz) 2.40—2.70 
(3H, complex m); MS 138 (M+). Found: mje 138.1052. 
Galcd for G9H1 40: 138.1045. 

3,3-Dimethylbicyclo[3.3.1]nonan-2-one (3). A solution of 
1 (185 mg, 1.34 mmol) in dry 1,2-dimethoxyethane (DME, 
1.1 ml) was added to a stirred suspension of NaH [250 mg 
of 55% mineral oil dispersion {ca. 4.5 mmol), three times 
washed with dry hexane and dried in vacuo] in dry DME 
(5.6 ml) under nitrogen. Methyl iodide (1.67 ml, 26.6 mmol) 
was added to the suspension, and the mixture stirred at 
room temperature for 26 h. After an excess amount of 
NH4G1 was added, the mixture was concentrated, cooled 
(0 °G), diluted with water (4 ml), and extracted with GHG13 

(3x10 ml). The combined GHC13 extracts were washed 
with water (3 ml), dried, and evaporated, giving a residue, 
purification of which by preparative TLG (GHG13) afforded 
3 (104 mg, 47%) as a colorless liquid: IR 1686 cm-1; 
^ - N M R (90 MHz) 1.12 (3H, s), 1.17 (3H, s), 2.44 (1H, 
m); MS 166 (M+). Found: mje 166.1361. Calcd for 
G n H 1 8 0 : 166.1358. 

9-Oxobicyclo[3.3.1]non-2-yl Acetate (8). A solution of a 
diastereomeric mixture {exo-o\ :endo-ol, 4:7) of the keto alcohol 
(7)5) (150 mg) in acetic anhydride (1.2 ml) and dry pyridine 
(2.9 ml) was stirred at room temperature for 12 h, and con­
centrated. The residue was purified by preparative TLG 
(GHCl3-EtOAc, 5:1) to give the diastereomeric mixture of 
8 (188 mg, 98%) as a colorless liquid: bp 178—181 °G/ 
1 mmHg; IR 1733, 1723 cm-1; XH-NMR (90 MHz) 2.01 
and 2.06 (total 3H, s, each), 5.11 and 5.33 (total 1H, m 
each); MS 196 (M+). Found: mje 196.1085. Galcd for 
G n H 1 6 0 3 : 196.1099. 
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9,9-Ethylenedioxybicyclo[3.3.7~\non-2-yl Acetate (9). T o a 
solution of the diastereomeric mixture of 8 (198 mg) in 
toluene (7 ml) were added ^-toluenesulfonic acid monohydrate 
(7 mg) and ethylene glycol (0.9 ml) . T h e stirred mixture 
was refluxed for 4 h using a Dean-Stark water separator to 
remove the water. After cooling, the mixture was washed 
with saturated N a H G O a solution (5 ml) , dried, and con­
centrated. T h e residue was purified by preparative T L G 
(CHClg-EtOAc, 5:1), affording the diastereomeric mixture 
of 9 (234 mg, 97%) as a colorless l iquid: I R 1723 c m ' 1 ; 
J H - N M R (90 MHz) 2.04 (3H, s), 3.80—4.30 (4H, complex 
m) , 5.01 and 5.25 (total 1H, m each) ; M S 240 (M+). Found : 
m/e 240.1366. Galcd for G 1 3 H 2 0 O 4 : 240.1362. 

9,9-Ethylenedioxybicyclo[3.3.7]nonan-2-ol (10). T o a 
solution of the diastereomeric mixture of 9 (234 mg) in 
tetrahydrofuran ( T H F , 5.8 ml) was added a mixture of 
H 2 0 ( 1 . 2 m l ) - 1 0 % N a O H ( 1 . 6 m l ) - M e O H (5.8 ml) . T h e 
mixture was stirred at room temperature for 40 min and 
passed through a column of ion-exchange resin (H form, 
Amberlite GG-50 Type-I) (3.5 g) . T h e column was further 
washed with M e O H (20 ml) for complete elution of the 
product. The combined mixtures were concentrated and 
the residue was dissolved in E t O H (30 ml) . T h e solution 
was evaporated to give a residue, purification of which by 
preparative T L G (GHGl 3 -EtOAc, 7:1) yielded the diastereo­
meric mixture of 10 (191 mg, 99%) as a colorless l iquid: 
I R 3580, 3500 (broad) c m - 1 ; X H - N M R (90 MHz) 3.70--*. 10 
(4H, m, A2B2 type), 3.90 and 4.20 (total 1H, m each) ; M S 
198 (M+). Found : m/e 198.1247. Galcd for C n H 1 8 0 3 : 
198.1256. 

9,9-Ethylenedioxybicyclo[3.3.1]nonan-2-one (2). T o a 
stirred solution of the diastereomeric mixture of 10 (191 mg) 
in dry pyridine (2.9 ml) was added under cooling (0 °G) 
a suspension of G r 0 3 (260 mg) in dry pyridine (7.1 ml) in 
one portion. The mixture was stirred at room temperature 
for 13 h, diluted with ether (150 ml) , and filtered through a 
pad of Super Gel. T h e solid residue was washed with ether 
(40 ml) . T h e combined filtrates were washed with water 
repeatedly until the washing became colorless, dried, and 
concentrated. T h e residue was purified by preparative T L G 
(CHCl 3 -EtOAc, 7:1), giving 2 (160 mg, 85%) as a colorless 
l iquid: I R 1700 c m - 1 ; X H-NMR (100 MHz) 3.95 (4H, s ) ; 
M S 196 (M+). Found : m/e 196.1108. Galcd for G u H 1 6 0 3 : 
196.1099. 

9,9 - Ethylenedioxy -3,3- dimethylbicyclo[3.3'. 1]nonan -2-one (4). 
T o a stirred suspension of N a H [276 mg of 5 5 % mineral 
oil dispersion (ca. 5 mmol) , three times washed with dry 
hexane and dried in vacuo] in dry D M E (6.1 ml) was added 
a solution of 2 (290 mg, 1.48 mmol) in dry D M E (1.2 ml) 
under nitrogen. T o the suspension M e l (1.84 ml, 29.3 mmol) 
was added, and the mixture stirred at room temperature for 
29 h. An excess amount of NH4G1 was added and, after 
10 min, the mixture was concentrated. T h e residue was 
cooled, diluted carefully with water (5 ml) , and extracted 
with GHG13 ( 4 x 1 0 ml) . T h e combined GHG13 extracts 
were washed with water (5 ml) , dried, and concentrated to 
afford an oily residue, purification of which by preparative 
TLG (GHG13) yielded 4 (164 mg, 50%) as colorless crystals: 
m p 54—56 °G; I R 1685 c m - 1 ; X H-NMR (90 MHz) 1.20 
(3H, s), 1.24 (3H, s), 2.47 (1H, m) , 3.93 (4H, s) ; M S 224 
(M+). Found : m/e 224.1408. Galcd for G 1 3H 2 0O 3 : 224.1412. 

Tricyclic Thioacetal Alcohol (12). A mixture of the 
crystalline keto alcohol (11)7> (179 mg) and BF 3 -OEt 2 (0.1 ml, 
distilled from CaH 2 ) in 7,2-ethanedithiol (4 ml) was stirred 
at room" temperature for 30 min, and diluted with saturated 
N a H G 0 3 solution (5 ml) under cooling (0 °C). The mixture 
was extracted with GHC13 (4 X 10 ml) . T h e combined GHG13 

extracts were dried and concentrated. T h e residue was 
dissolved in toluene and the solution evaporated: this proce­
dure was repeated for complete removal of 7,2-ethanedithiol 
present in the residue. T h e resulting residue was purified 
by preparative T L G (GHGl 3 -E tOAc, 8:1), giving the tricyclic 
thioacetal alcohol (12) (268 mg, 97%) as colorless crystals: 
m p 77—78 °G; I R 3400 (broad) c m - 1 ; X H - N M R (90 M H z ) 
0.90 (3H, s), 3.20—3.70 (4H, m, A2B2 type), 4.05 (1H, m) ; 
M S 2 7 0 ( M + ) . Found : m/e 270.1120. Galcd for G 1 4 H 2 2 OS 2 : 
270.1112. 

Tricyclic Alcohol (13). A suspension of 12 (265 mg) 
and W-2 Raney nickel (ca. 4 g) in E t O H (25 ml) was refluxed 
for 45 min and filtered. T h e filtrate was concentrated to 
afford 13 (176mg, 99%) as colorless crystals: m p 145— 
147 °C (sealed t ube ) ; I R 3660, 3440 (broad) c m - 1 ; i H - N M R 
(90 MHz) 0.87 (3H, s), 3.85 (1H, broad s) ; M S 180 (M+). 
Found : m/e 180.1497. Galcd for C 1 2 H 2 0 O: 180.1514. 

Tricyclic Ketone (5). U n d e r cooling (0 °G) a suspen­
sion of C r O s (247 mg) in dry pyridine (6.2 ml) was added 
to a stirred solution of 13 (210 mg) in dry pyridine (2.8 ml) 
at one time. T h e mixture was stirred a t room temperature 
for 13 h, diluted with ether (80 ml) , and filtered through a 
pad of Super Gel. T h e solid residue was washed with ether 
repeatedly. T h e combined filtrates were washed with 1.5 M 
H C l ( 4 x 15 ml) and water ( 4 x 10 ml) , dried, and concentrat­
ed. The resulting oily residue was purified by preparat ive 
T L G (GHG13) to yield the tricyclic ketone (5) (170 mg, 
82%) as colorless crystals: m p 130—133 °G (sealed tube ; 
sublimed at 40 °G/20 mmHg) ; I R 1714 c m - 1 ; i H - N M R 
(90 MHz) 1.01 (3H, s), 1.87 (1H, m) , 2.34 (1H, m ) ; M S 
178 (M+). Found : m/e 178.1353. Calcd for G 1 2 H 1 8 0 : 
178.1358. 

Deuterium Exchange Reaction. In each run a ketone 
(0.05—0.5 mmol) was dissolved in a 2.0 M N a O M e solution 
in M e O D ( > 9 9 % , GEA, France) containing 9.4 molar 
equivalents of N a O M e and the solution was stirred at 33 °G 
for 22 h under nitrogen. The exchange reaction was repeated 
at least twice for each ketone, and it was confirmed that 
the extent of deuteration was reproducible. An example 
of the representative procedure follows. A solution of the 
ketone (5) (12.8 mg, 0.072 mmol) in 0.34 ml (0.68 mmol of 
N a O M e ) of 2.0 M N a O M e in M e O D was stirred at 33 °G 
for 22 h under nitrogen, and then diluted with 1 ml of D 2 0 
( > 9 9 . 7 5 % , GEA, France) . T h e mixture was extracted with 
hexane ( 4 x 8 ml) . T h e combined organic extracts were 
washed with D 2 0 (5 ml) , dried over anhydrous N a 2 S 0 4 , 
and concentrated. T h e residue was purified by preparative 
T L G (GHGI3), affording 9.4 mg (74%) of pure 5 as colorless 
crystals. T h e sample was analyzed for deuter ium content 
by mass spectrometry. 
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Nitration of Hexamethylbenzene and Hexamethylbenzene-c?i8 in Acetic Acid. 
Deuterium Isotope Effect on the Product Distribution. 

Mechanism of Side-chain Substitution of Arenes1} 
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Higashi-sendamachi, Hiroshima 730 
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The reaction in acetic acid of hexamethylbenzene and hexamethylbenzene-öf18 with nitric acid in the dark 
has been investigated under various conditions using a high-pressure liquid chromatographic method. Penta-
methylbenzyl nitrate, pentamethylphenylnitromethane, pentamethylbenzyl acetate, and pentamethylbenzyl alco­
hol were formed immediately after the mixing of reactants; their relative amounts remained almost un­
changed up to nearly 50% conversion. The addition of sodium nitrite gave little influence on the composition 
of the product mixture, while urea was found to depress somewhat the formation of nitromethane. In the 
presence of lithium nitrate, the reaction was modestly accelerated and the nitrate formation seems to be 
slightly favored over the nitromethane formation. Hexamethylbenzene-<f18 reacted with nitric acid at the same 
rate as the non-labeled hydrocarbon did, but the benzyl nitrate/phenylnitromethane ratio in the product 
mixture was considerably higher in the former. Based on the quantitative data obtained, the mechanism for 
the side-chain substitution has been discussed in terms of the .S^l' pathway: nitronium ion makes an ipso 
attack on the substrate to form the arenium ion, which releases a proton from the activated methyl group 
para to the site of attack to give the 3-methylene-6-nitro-l, 4-cyclohexadiene intermediate (7). Heterolytic 
fission of the C-N bond in 7 will form a benzyl cation-nitrite anion pair, which recombines at the benzylic 
carbon atom via a C-N bond or via a C-O bond, giving benzyl nitrite or phenylnitromethane, respectively. 
Benzyl nitrite will be further converted into benzyl nitrate and benzyl alcohol, while benzyl acetate will arise 
from the incorporation of solvent molecules into the ion-pair. 

When treated with an electrophile at low or room 
temperature, polyalkylated aromatic compounds often 
undergo substitution on a side-chain to yield benzylic 
compounds. T h e recent literature contains a variety 
of examples of such unusual substitution, which include 
chlorination,2»3) bromination,4) nitration,5) nitrooxyl-
ation,6) acetamidation,6) sulfonation,7) thiocyanation,8) 
and others.9»10) Although the first report on the side-
chain nitration of polyalkylbenzenes under hetero­
lytic conditions appeared nearly seventy years ago,11) 
the mechanistic aspect of this unique reaction had re­
ceived little attention until very recently, probably 
because of the wide-spread misbelief that all the side-
chain substitutions of arènes should proceed through 
the homolytic process. In the past decade, however, 
increasing attention has been focused on this aspect 
of non-conventional electrophilic substitutions. The 
accumulation of experimental evidence now provides 
substantial support for the view that alkylbenzenes 
may undergo side-chain substitution through a hetero­
lytic mechanism involving a primary electrophilic 
attack at the aromatic ring : an ipso attack of an electro­
phile to form a benzenium ion is followed by a proton 
loss from the alkyl substituent to yield a methylene­
cyclohexadiene intermediate, which is then trans­
formed into benzylic compounds. This type of reaction 
usually takes place in competition with the normal 
ring substitution and could be classified as a branched-
off process of the ordinary SE2 reaction. 

Based on the product studies and kinetic evidence, 
several mechanistic propositions have been made for 
the side-chain substitution,7,12,13) but the actual me­
chanism is not yet fully understood. For nitration, 
the two propositions shown in Schemes 1 and 2, both 
referring to a methylenecyclohexadiene intermediate 
(7), appear to merit consideration; 

Mechanism A:1*) nucleophilic attack of nitrite or 
nitrate ions to the terminal methylene carbon atom 
in 7, redistribution of electrons to regain the aromatic 
system, and departure of the nitro group as an anion. 

?H /""NO,-

Mechanism A I K CHpNO, 
Me>pPjVMe M Y ^ M e 

MfeJsAAMe „ _ - MeJ^sJ^Me 

NO- -r M e C ™ 2 
CH2 / (3) 

M e ^ v . M e / 

MeiLJJsMe \ ^ 
Me N0 2 N. 

(7) O N ° 2 ~ \ C H ^ N O J 
^ J l J 5 2 ÇH2ON02 

Me.AÇMe M e ^ S y M e 

MeJIClW _ No_ * MeX^JlMe 
Me Q J O 2

 2 Me 

(2) 

Scheme 1. 

Mechanism i?:15) he t e ro ly t i c fission of t h e C - N b o n d 

in 7 to form a benzyl cation-nitrite anion pair (8) 
and subsequent recombination of these ions at the 
benzylic carbon atom either via a C - N bond or via 
a C - O bond. 

In order to differentiate between these two possi­
bilities, we have reinvestigated the nitration of hexa­
methylbenzene (1) and its perdeuterated derivative 
using the high-pressure liquid chromatographic method 
and now present the first quantitative data, which 
provide support for the mechanism B in which the 
side-chain substituted products are formed from the 
methylenecyclohexadiene intermediate through the 
intervention of an ion-pair, 
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CH20NO2 

HN0o 

JL 

M e y ^ y M e 
M e ^ A M e 

Me 

(3) 

E x p e r i m e n t a l 

All melting points were taken on a hot stage apparatus 
and are uncorrected. T h e IR , P M R , U V , and mass spectra 
were obtained using the same procedure and apparatus 
described in the previous paper20) of this series, unless other­
wise stated. 

Acetic acid and nitric acid (d— 1.5) of guaranteed grade 
were dried over phosphorus pentaoxide and carefully redistil­
led before use. Hexamethylbenzene ( 1 ; m p 163—164 °C),21> 
pentamethylbenzyl nitrate (2; m p 95—97 °C),22> pentamethyl-
phenylni t romethane (3 ; m p 86—88 °C),22> pentamethylbenzyl 
acetate (4; m p 84—86 °C),23> and pentamethylbenzyl alcohol 
(5 ; m p 160—161 °G)23> were prepared as described in the 
literature. Pentamethylbenzyl nitrite (9; m p 23.5—24 °G; 
bp 88 °C/3 mmHg) 2 4) was obtained by the reaction of alcohol 
5 with nitrosyl chloride in pyridine. 

Hexamethylbenzene-d18 was prepared according to the pro­
cedure of Koptyug and Shubin25) with the indicated modifi­
cation; a solution of l ,2,4,5,6,6-hexamethyl-3-methylene-l,4-
cyclohexadiene (1.5g)26> in trifluoroacetic acid-fi? (10 ml) was 
allowed to stand at 70 °G for 15 min under nitrogen and 
then the solvent was removed under reduced pressure. A 
fresh 10 ml portion of trifluoroacetic acid-fi? was added to 
the solid residue and the solution was again worked up in 
a similar manner . This process was repeated until a total 
of seven exchanges had been performed. T h e progress of 
the isotopic exchanges was monitored by P M R spectroscopy. 
T h e solution was then diluted with deuter ium oxide (6 ml) 
and kept under nitrogen for 72 h. T h e resulting oil was 
extracted with benzene and the organic layer was washed 
with saturated aqueous sodium carbonate and water, dried 
over sodium sulfate, and the solvent removed under reduced 
pressure. T h e crude solid obtained was placed on the top 
of an alumina column and eluted with light petroleum. 
Evaporat ion of the early eluate followed by recrystallization 
of the residue from methanol gave perdeuterated hydrocarbon 
as colorless plates, 0.16 g (10%) . T h e deuter ium content 
determined by mass spectroscopy was 99.3 a tom % . M p 
165—166 °G. I R (Nujol): vm&x 2240, 2190, 2110, 2070, 
1410, 1030, and 900 cm- 1 . 

Product analyses were performed with a high-pressure liquid 
Chromatograph J A S G O Model FLG A-700, equipped with 
a U V detector (Model UVIDEG-100) and a maximum 
700 kg/cm2 solvent delivery system with constant-flow capaci­
ties. T h e separations were made on a 500 x 2 m m stainless-

steel column packed with JASGO-Pack SS-05 (available 
from J a p a n Spectroscopic Go., Hachioji, Tokyo). A com­
puterized reporting integrator, Hewlett-Packard Model 3380-
A, was used to estimate the concentration of each com­
ponent. T h e eluting solvent was a water-saturated mixture 
of dichloromethane and hexane; the flow rate was 1.0 ml/min 
at a pressure of 180 kg/cm2 ; the column temperature was 
ambient ; and the injection volume was 2 (xl. A 10 (xl 
precision sampling pressure-lock syringe was used for sample 
injection. Determinations were made at 275 n m with U V 
units full scale. T h e difference in absorbance between the 
ordinary and fully deuterated compounds was negligible. 
Minor peaks which appeared at higher conversion were 
neglected. 

All kinetic measurements were started by adding 10 ml of 
a solution of nitric acid (0.20 M) in acetic acid at 15 °G 
to 10 ml of a solution of hexamethylbenzene (0.02 M) 
and 3,5,6-trinitro-l,2,4-trimethylbenzene as internal standard 
(0.001 M) in the same solvent preequilibrated to the same 
temperature . T h e mixture was left at 15.0±0.1 °G for a 
suitable time which depended on the reaction rate. The 
products of reaction were identified by isolation and direct 
comparison with the authentic specimens. All products are 
known. 

At predetermined times, each aliquot (5 ml) was drawn 
from the kinetic sample and transferred to a 50 ml separatory 
funnel containing ether (20 ml) ; the mixture was immediately 
washed with two 20 ml portions of cold distilled water, a 
suspension of calcium carbonate (ca. 0.5 g) in water (20 ml) , 
and again distilled water (20 ml) . T h e organic layer was 
separated and dried over anhydrous sodium sulfate, and the 
solvent was removed by flash rotary evaporation. T h e 
residual oil was dissolved in 4 ml of a 4:6 mixture of dichlo-
romethane and hexane. An aliquot of the solution was 
withdrawn and injected immediately for analysis. This 
procedure should be carried out as quickly as possible to 
minimize errors arising from partial hydrolysis of the prod-

T A B L E 1. CORRECTION FACTORS FOR THE PRODUCT 

DETERMINATION 

Compound 

Hexamethylbenzene 

Pentamethylbenzyl nitrate 

Relative molar 
extinction 
coefficient 

at 275 nma> 

0 .13 

0.61 

Pent amethy lpheny lnitrome thane 0 .67 

Pentamethylbenzyl acetate 

Pentamethylbenzyl alcohol 

3,5,6,-Trinitro-l,2,4-trimethyl-
benzeneb> 

0.41 

0 .36 

1.00 

Relative 
extraction 
efficiency 

1.61 

1.04 

1.05 

1.06 

0.813 

1.00 

a) In a water-saturated 4 :6-mixture of dichloromethane 
and hexane. b) Of over fifty compounds examined, 
this compound was found to be best as the internal 
s tandard for liquid chromatography, since it satisfied 
the following requirements: to be soluble in reaction 
medium, extracting solvent, and eluant ; to be stable 
throughout the reaction and work-up; to have no effect 
on the course of the reaction; to be well resolved from 
all the components of the product mixture on the 
chromatogram and have an elution order which pro­
motes accuracy in the determination with two dif­
ferent solvent systems; and to have an appropriate 
intensity of U V absorption at the wavelength used for 
determinat ion. 
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ucts. When a kinetic sample to be analyzed was first dis­
charged into water and the products were extracted with 
ether from the aqueous layer, significant amounts of nitrate 
were hydrolyzed to alcohol. All the determinations were 
checked against the control experiments. 

Appropriate corrections were made for the errors arising 
from the difference in loss of each component during the 
sample preparation, the correction factors being determined 
using the mixed standard solutions of authentic specimens. 
The relative molar extinction coefficient at 275 nm and 
the relative extraction efficiency of each component are 
shown in Table 1, with the internal standard as unity. 

R e s u l t s a n d D i s c u s s i o n 

Before beginning our work, we made a systematic 
search for a substrate and an analytical method which 
could afford reliable quantitative data for side-chain 
nitrations of arènes. From the many alkyl aroma tics 
examined, hexamethylbenzene (1) was chosen as the 
best, since it was found to give a clean, simple product 
mixture at low conversion. For the quantitative 
determination of the nitration product from 1, the 
high-pressure liquid chromatographic method was 
found to be best; none of the other chromatographic 
procedures, such as GLG, TLG, and column, was 
found to give reliable and reproducible data, owing to 
the side reactions which inevitably took place during 
the separation. 

Several reports have appeared on the nitration of 
1, but quantitative data are not yet available. Will-
stätter and Kubli treated 1 with benzoyl nitrate in 
carbon tetrachloride and obtained bis(pentamethyl-
benzyl) ether (12) and a bis(nitromethyl)tetramethyl-
benzene in an unspecified yield.11) Smith and Harris 
carried out the nitration of 1 with fuming nitric acid 
in the presence of sulfuric acid and obtained as much 
as 2 2 % yield of 5,6-dinitro-l,2,3,4-tetramethylben-
zene (14).27> A significant proportion of the starting 
material that had remained unaccounted for in their 
work was found by one of the present authors to be 
a complicated mixture of 2, 3, nitropentamethyl-
benzene (13), 6-nitro-2,3,4,5-tetramethylbenzyl ni­
trate (14), 5,6-bis(nitrooxymethyl)-l,2,3,4-tetramethyl-
benzene (16), pentamethylbenzaldehyde (17), and 
several other unidentified carbonyl compounds, nitrites, 
and aliphatic nitro compounds.22) Il luminati and 
his coworkers nitrated 1 in acetic acid and obtained 
a mixture of 2, 3, and pentamethylbenzyl acetate (4).28> 
Detsina and Koptyug reported the formation of 2,3,-
4,5,6,6-hexamethyl-2,4-cyclohexadien-l-one (18) from 
the reaction of 1 with nitric acid in fluorosulfuric 
acid at —70 °C.10) Fischer and his coworkers in­
vestigated the nitration of 1 in acetic anhydride at 
low temperature and obtained, besides various aro­
matic products, several extremely labile addition 
products, one of which was identified as 1,2,3,4,5,6-
hexamethyl-3,6-dinitro-1,4-cyclohexadiene (19) .29> 

The reaction of 1 with an excess of nitric acid was 
carried out in acetic acid at 15.0 °G in the dark. After 
aqueous work-up a mixture of nitrate 2, nitromethane 
3, acetate 4, and alcohol 5 was obtained as initial 
products. AH these four products werç formed im­

mediately after the mixing of reactants and their 
relative amounts studied as a function of time remained 
almost unchanged up to nearly 50 % conversion (Fig. 1 ). 
T h e sum of the concentration of 1 and these four 
products accounted for nearly all of the stoichiometric 
concentration, showing that even if some products 
other than 2 to 5 were formed, their concentrations 
were very small. T h e relative distribution of the prod­
ucts is given in Table 2. At higher conversions, these 

40 

Time (min) 

Fig. 1. Reaction of hexamethylbenzene with nitric acid 
in acetic acid. 
Q : Hexamethylbenzene, 
O : pentamethylbenzyl nitrate, 
# : pentamethylbenzyl acetate, 
A : pentamethylphenylnitromethane, 
A : pentamethylbenzyl alcohol. 

(a) (b) 

' t ' i i U mm rrnrrrmin 
Fig. 2. Liquid chromatograms of the nitration prod­

uct of hexamethylbenzene. 
(a) With a water-saturated 4:6 mixture of dichloro-

methane and hexane as eluant. 
(b) With a water-saturated 8: 2 mixture of dichloro-

methane and hexane as eluant. 
1 : Hexamethylbenzene, 
2: pentamethylbenzyl nitrate, 
3 : pentamethylphenylnitromethane, 
4: internal standard, 
5: pentamethylbenzyl acetate, 
Ç: pentamethylbenzyl alcohol, 
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TABLE 2. PRODUCT DISTRIBUTION AND PRODUCT RATIO IN THE REACTION OF HEXAMETHYLBENZENE 

WITH NITRIC ACID IN ACETIC ACIDA> 

Standard0) 
Sodium nitrite 

0.0039 M 
0.0143 M 

Urea added 
0.0127 M 
0.0507 M 

Lithium nitrate 
0.200 M 

Reaction 
time 
(min) 

60—73 
added 

70 
70 

72 
72 

added 
66 

Conver­
sion 
(%) 

61—68 

70 
69 

61 
52 

81 

Product distribution 

Nitrate 2 
and 

alcohol 5 

44 .3±2 .0 

44 
44 
(43) d) 

50 
52 

(44) 

48 
(44) 

Nitro-
methane 

3 

26 .0±2 .2 

27 
26 

(27) 

17 
15 

(26) 

23 
(28) 

(%)b> 
-v 

Acetate 
4 

29 .8±1 .3 

30 
30 

(30) 

33 
33 

(30) 

29 
(28) 

Product 

(2 + 5)/3 

1.74±0.25 

1.6 
1.7 

(1.6) 

2.9 
3.5 

(1.7) 

2.1 
(1.6) 

ratio 

(2 + 3+5)/4 

2.35±0.17 

2.4 
2.3 

(2.3) 

2.0 
2.0 

(2.3) 

2.4 
(2.6) 

Other solvent added 
12% Acetic anhydride 

30 
20% Dichloromethane 

73 
40% Dichloromethane 

73 

Hexamethylbenzene-rf18
e> 
60 

90 

93 

65 

50 

66 
(65) 
73 

(72) 

38 

49 

53 
(45) 

55 
(42) 
57 

(42) 

29 

28 

29 

(25) 

14 
(28) 
12 

(27) 

33 

23 

18 
(30) 

31 
(30) 
32 

(31) 

1.3 

1.8 

1.8 

(1.8) 

3.9 
(1.5) 
4.8 

(1.6) 

2.0 

3.3 

4.6 
(2.3) 

2.2 
(2.3) 
2.1 

(2.2) 

a) Hexamethylbenzene, 0.01 M ; nitric acid, 0.10 M ; reaction temperature, 15.0±0.1 °C. b) Mole percentages 
determined by high-pressure liquid chromatography using digital integration, c) Averaged value of eight runs, 
d) Numerals in parentheses refer to the values obtained by control experiments, e) Control experiments demon­
strated that deuterium was not exchanged with solvent under any reaction conditions employed. 

initial products gradually underwent further reaction 
with the reagent or solvent. Mechanism A requires 
that the nitro compound 3 be formed as the main 
product at sufficiently high nitrous acid concentration; 
that is, the amount of 3 would be multiplied during 
the progress of the reaction, as nitrous acid accumulates. 
According to Scheme 1, the increase in the concentra­
tion of nitrite ions in the reaction system is expected 
to favor the formation of ni tromethane 3. Added 
sodium nitrite, however, gave little influence on the 
composition of the product mixture. T h e role of urea 
as an added material was somewhat perplexing. Al­
though the yellow coloration of the reaction mixture 
due to the liberated nitrogen dioxide was suppressed 
by the addition of small amounts of urea, the product 
composition remained little affected. However, in the 
presence of large amounts of urea, the nitrate formation 
seems to be favored, as shown in Table 2. Urea 
itself or its salt might be involved in the reaction process, 
but the situation is not clear at present. 

Added lithium nitrate in low concentrations has 
little effect on the product composition. However, 
in the presence of large amounts of lithium nitrate 
(>0 .1 M ) , the reaction was modestly accelerated and 
the nitrate formation seems to be favored over the 

nitromethane formation. These findings are not con­
sistent with mechanism A, which assumes the reaction 
of triene intermediate 7 with external nitrate and 
nitrite ions for the respective formation of benzyl 
nitrate and phenylnitromethane. Mechanism B as­
sumes the recombination of a benzyl cation with an 
ambident nitrite ion in the ion-pair. Thus, replace­
ment of protium by deuterium in the cationic portion 
of the ion-pair is expected to increase the localized 
positive charge at the benzylic carbon atom due to 
the decrease in hyperconjugative electron release, as 
well as due to the more electronegative character of 
the perdeuteriomethyl group as compared to methyl 
group. Such an effect will favor the recombination 
at the oxygen atom of the ambident nitrite ions, leading 
to the preferential formation of benzyl nitrate or nitrite, 
while the secondary isotope effect would be of less 
significance in the product determination step in the 
mechanism A. In order to use the deuterium labeling 
as a probe into the ion-pair intermediate 8, hexamethyl-
benzene-^18 was prepared from 1,1,2,3,4,5,6-heptamethyl-
benzenium chloride26) by the exchange of hydrogens 
with trifluoroacetic acid-<i and subjected to nitration 
under the same conditions as applied to 1. The 
perdeuterated hydrocarbon reacted with the reagent 
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at the same rate as the non-labeled one did. In this 
case, however, the amount of nitrate was found to 
increase considerably at the expense of nitromethane, 
while the amount of acetate did not change very much 
(Table 2). These results are compatible with Scheme 
2, but not with Scheme 1. 

It is noteworthy that the molar ratio of acetate 4 
to the sum of other three products ( 2 + 3 + 5 ) remains 
almost unaffected by the presence of sodium nitrite, 
urea, and lithium nitrate, as well as by the replacement 
of protium in 1 by deuterium. Similarly, the molar 
ratio of nitromethane 3 to the sum of nitrate and 
alcohol ( 2 + 5 ) is not very much affected. These trends 
may be taken to indicate that recombination of initially 
formed intermediates in 8 is a major pathway to nitrate 
and nitromethane, while acetate is formed through 
the nucleophilic capture of carbenium ion intermediate 
by solvent, possibly via a solvent-separated ion-pair 
(11). Pentamethylbenzyl nitrite (9) is known to be 
readily converted into a mixture of nitrate and alcohol 

in the presence of nitric acid.24) Part of the nitrate 
may arise also from the reaction of ion-pair 8 with 
nitric acid, possibly via ion-pair (10), since the increase 
in the concentration of lithium nitrate was found to 
have a positive effect on the nitrate formation.30) 
Alcohol 5 is probably formed partly from the reaction 
of 9 with nitric acid and partly from the hydrolysis 
of 2 and 9 during the aqueous work-up. Polymethyl-
benzyl nitrites are not highly stable and readily undergo 
hydrolysis to benzyl alcohols in aqueous media. How­
ever, they solvolyse quite slowly in anhydrous acetic 
acid. 

Generally speaking, the side-chain nitration and 
nitrooxylation of arènes in acetic acid are not sensitive 
to addenda such as sodium nitrite, urea, and lithium 
nitrate as long as their concentrations are not very 
high. In contrast, acetic anhydride exhibited a strong 
accelerating effect on the reaction and produced a 
profound effect on the product distribution. Even at 
the first stages of the reaction, liquid chromatograms 
of the product revealed a complicated pattern of 
composition, suggesting the occurrence of various 
competing side reactions. T h e addition of dichloro-
methane to the reaction system, as expected, depressed 
the acetate formation in favor to the formation of 
nitrate and nitromethane, leading to the increase in 
the molar ratio ( 2 + 3 + 5 ) / 4 . However, the ratio 
( 2 + 5 ) /3 remained unchanged again. Thus, all the 
results obtained in our study may be rationalized in 
terms of the heterolytic mechanism involving the 
formation of ion-pairs and their conversion to the 
benzylic compounds, as shown in Scheme 4. 

Recently Kochi has made the suggestion of a pos­
sible intervention of radical cationic species in the 
side-chain chlorination of alkyl aromatics, on the 
basis of his observation of ESR signal during the 
chlorination of 1.13> He extended his idea to the 
side-chain nitration,31) suggesting a mechanism in 
which one electron is transferred from the aromatic 
substrate to a nitronium ion to form an arene 
cation radical and nitrogen dioxide (Scheme 5). 
However, this scheme does not explain the results of 
our product study : the cation radical derived from 1,-
2,3,5-tetramethylbenzene (20) has a positive charge 
distribution on the ring carbons in the decreasing 
order: C 2 > C 5 > C 1 5 C 3 > C 4 , C6.

32> Thus, the proton 
loss should occur preferentially at the 2-methyl group 
to form 2,4,6-trimethylbenzyl radical and yield its 
descendents as major products. This is consistent with 
the result obtained by anodic oxidation of 20 to a 
mixture of heptamethyldiphenylmethanes,32) and the 
results obtained by the reaction of 20 either with 
iV-bromosuccinimide under homolytic conditions33) or 
with cerium ammonium nitrate in acetic acid.33) How­
ever, it is not consistent with the results obtained by 
the nitration of 20, where the only side-chain substi­
tuted product was 3,4,5-trimethylbenzyl nitrate (21) 
or its derivative.34) With 2-ethyl-l,3,5-trimethylben-
zene (22) and 2-propyl-l,3,5-trimethylbenzene (23), 
side-chain substitution occurs exclusively at the 5-
methyl group.35) 

3,6-Dinitro-l,2,4,5-tçtramethylbenzene (24),36) 1,2,-
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(3) 

4 , 5 - t e t r a m e t h y l b e n z e n e - 3 , 6 - d i c a r b o n i t r i l e (25),20> a n d 
te t rachloro- />-xylene (26) 37> a r e all q u i t e s t ab le t o w a r d s 
t h e a c t i o n of t r a n s i t i o n m e t a l l i c ox id i z ing agen t s w h i c h 
a r e t h o u g h t t o r e a c t via e l ec t ron - t r ans fe r m e c h a n i s m , 
b u t these c o m p o u n d s still u n d e r g o a s m o o t h r e a c t i o n 
w i t h c o n c e n t r a t e d n i t r i c a c id a t r o o m t e m p e r a t u r e , 
g iv ing t h e c o r r e s p o n d i n g b e n z y l n i t r a t e s i n g o o d y ie lds . 
T h e l o w efficacy of n i t r o n i u m t e t r a f l u o r o b o r a t e to 
p r o d u c e s ide -cha in s u b s t i t u t e d p r o d u c t s f rom 1 p r o v i d e s 
fu r the r e v i d e n c e a g a i n s t t h e sugges ted s c h e m e 5 . T h e r e ­
fore, t h e e l ec t ron - t r ans fe r m e c h a n i s m does n o t s eem to 
possess a s o u n d g r o u n d o n w h i c h t h e f o r m a t i o n of a 
v a r i e t y of s i de - cha in n i t r a t i o n a n d n i t r o o x y l a t i o n p r o ­
d u c t s s h o u l d b e r a t i o n a l i z e d . 

T h e p r e s e n t findings a r e h i g h l y sugges t ive of a 
p a t h w a y i n v o l v i n g a n i o n - p a i r i n t e r m e d i a t e ; n i t r a t e 
2 a n d n i t r o m e t h a n e 3 a r e f o r m e d f rom a n i n t i m a t e 
i o n - p a i r 8, a n d a c e t a t e 4 arises f rom a s o l v e n t - s e p a r a t e d 
i o n - p a i r 11 . F u l l d iscuss ion of th is p r o b l e m a w a i t s 
m o r e d e t a i l e d d a t a , i n p a r t i c u l a r , d i r ec t e v i d e n c e of 
i so la t ing t h e t r i e n e i n t e r m e d i a t e , 

W e a r e gra te fu l to t h e M i n i s t r y of E d u c a t i o n a n d 
t h e S a n e y o s h i Scientif ic F o u n d a t i o n for financial s u p ­
p o r t of this w o r k . 
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An improved synthesis of antimycin A3 was accomplished by a suitable lactonization of 3-O-benzyl or 
3-O-isovaleryl derivative (10a or 10b) of (2R, 3R, 4£)-4-(iV-benzyloxycarbonyl-L-threonyloxy)-2-butyl-3-hydroxy-
pentanoic acid, which was synthesized by starting from the corresponding 3-O-benzyl or 3-O-isovaleryl derivative 
(4a or 4b) of methyl 2-C-butyl-2, 5-dideoxy-/?-L-arabinofuranoside, respectively. Acid hydrolysis of 4a or 4b 
followed by reduction with sodium borohydride afforded 3-O-benzyl or 3-O-isovaleryl-l, 3,4-pentanetriol (5a 
or 5b), respectively. Tritylation of 5a or 5b followed by succesive 4-O-acylation with iV-benzyloxycarbonyl-
O-ï-butyl-L-threonine, detritylation, oxidation with chromium trioxide-acetic acid-pyridine, and de-f-butylation 
gave the hydroxy ester acid 10a or 10b, respectively. Lactonization of 10a or 10b through its 2-pyridine-
thiol ester 11a or l i b activated with silver Perchlorate afforded the corresponding nine-membered dilactone 
derivative 12a or 12b in 33 or 13% yield, respectively. Removal of iV,0-protecting groups of 12a by 
hydrogenolysis, followed by successive N- and O-acylation gave the antimycin A3 precursor, (3S, AR, 1R, 8R, 
9»S')-3-(2-benzyloxy-3-nitrobenzoylamino)-4, 9-dimethyl-7-butyl-8-isovaleryloxy-l, 5-dioxonane-2, 6-dione derived 
from 12b. 

Antifungal antibiotic antimycin A complex has 
a unique nine-membered dilactone structure. In the 
first total synthesis1 >2) of antimycin A3 (1), one of the 
major components of the complex, the dilactone inter­
mediate, (3S,4/?,7/?,8i?,9£)-3-benzyloxycarbonyl-amino-
7-butyl-4,9-dimethyl-8-isovaleryloxy-1,5-dioxonane -2,6-
dione (12b) was synthesized by lactonization of (2R, 
3/?,4S)-4-(iV-benzyloxycarbonyl-L-threonyloxy)-2-butyl-
3-isovaleryloxypentanoic acid (10b) prepared by the 
condensation of (±)-2,3-threo-3,4:-erythro-2-butyl-4-hy-
droxy-3-isovaleryloxypentanoic acid i-butyl ester with 
iV-benzyloxycarbonyl-O-f-butyl-L-threonine. T h e lac­
tonization of 10b was effected only with trifluoroacetic 
anhydride in hot benzene, but the yield of 12b was 
extremely poor.2) 

We briefly communicated3) the synthesis of deiso-
valerylblastmycin (2) which constitutes a new route 
for the stereospecific synthesis of antimycin A involving 
an improved lactonization step. W e now describe 
in full the improved synthesis of antimycin A3.3) Since 
the first synthesis of antimycin A3, studies have pro­
gressed in the field of macrolide synthesis, new lactoniza­
tion methods being found to be effective for the synthesis 
of large lactone compounds.4) I t was expected that 
the yield of the medium lactone ring formation such 
as lactonization of the hydroxy ester acid 10b would 
also be enhanced by appropriate modification in the 
structure of the reactant or by choice of a more suitable 
method for lactonization of the reactant. 

T h e structural modification undertaken was an 
exchange of the 3-isovaleryloxy group of 10b by benzyl-
oxy group convertible into the former after lactoniza­
tion. T h e modified hydroxy ester acid, (2R,3R,4S)-
4- ( #-benzyloxycarbonyl-L - threonyloxy) - 3 - benzyloxy-2-
butylpentanoic acid (10a) was synthesized through 
the stereospecific route (Fig. 1) starting from the sugar 
derivative 3.5) T h e route was utilizable for the stereo­
specific synthesis of 10b. 

Lactonization of 10a or 10b through its 2-pyridine-
thiol ester 11a or l i b activated with silver Perchlorate 
by the method of Gerlach and Thalmann 6 ) effectively 
afforded the corresponding dilactone intermediate 

12a or 12b in 33 or 1 3 % yield, respectively. The 
comparatively high yields are in contrast with the 
0 .8% yield2) of 12b obtained by the trifluoroacetic 
anhydride method. The dilactone derivative 12a 
was converted into the 3-(2-benzyloxy-3-nitrobenzoyl-
amino)-8-hydroxydilactone 15, a synthetic precursor 
of the antibiotic deisovalerylblastmycin (2).3) Iso-
valerylation of 15 afforded the antimycin A3 precursor 
16 which had been derived from 12b via the amino 
dilactone derivative 13b2) (Fig. 3). The synthesis of 
antimycin A3 was thus improved through the route 
via 12a effectively provided by suitable lactonization 
of the modified hydroxy ester acid 10a. Moreover, 
the previous route via 12b was also useful in the anti­
mycin A 3 synthesis by the improved lactonization 
of 10b. 

R e s u l t s and D i s c u s s i o n 

Methyl 2-C-butyl-2,5-dideoxy-/?-L-arabinofuranoside 
(3) was converted into the 3-O-benzyl derivative 4a 
with benzyl bromide and sodium hydride in T H F or 
into the 3-O-isovalerate 4 b with isovaleric anhydride 
in pyridine. Acid hydrolysis of 4a followed by sodium 
borohydride reduction gave (2S,3R,4S)-3-0-henzy\-
-2-butyl-l,3,4-pentanetriol (5a) in 9 4 % yield. Acid 
hydrolysis of 4b followed by reduction with sodium 
borohydride in 70 % ethanol at — 10 °C afforded an 
8:1 mixture of desired 3-O-isovaleryl triol (5b) and its 
positional isomer, 4-O-isovalerate (5b')in a total yield 
of 9 7 % . The formation of 5 b ' was probably due to 
the 3->4 O-acylmigration proceeding under basic con­
ditions in the borohydride reduction step. 

Tritylation of 5a with triphenylmethyl chloride in 
pyridine at 40 °C gave the 3-0-benzyl-l-0-tri tyl-l ,3,4-
pentanetriol (6a) quantitatively. Acylation of the 4-
hydroxyl group of 6a with excess iV-(benzyloxycarbon-
yl)-0-£-butyl-L-threonine in the presence of dicyclo-
hexylcarbodiimide (DCCI) and pyridine afforded the 
condensation product 7a in 74% yield. Tritylation of 
the 8:1 mixture of 5b and 5 b ' at room temperature 
gave 3-0-isovaleryl-l-0-trityl-l?3,4-pentançtriol (6b) i n 
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74% yield after being subjected to chromatography. 
However, when the reaction with 5 b was conducted 
at 40 °G, the major product was the isomer, 4-O-iso-
valeryl-l-0-trityl-l,3,4-pentanetriol (6b ' ) , presumably 
formed from 6 b by the 3->4 O-acyl migration. Con­
densation of 6b with the threonine derivative by the 
DGGI method afforded the ester 7b in 6 5 % yield. 

Detritylation of 7a and 7b with 9 0 % acetic acid 
gave the corresponding alcohols, 8a and 8 b in 95 and 
62.2% yields, respectively. Oxidation of 8a and 8b 
with a mixture of chromium trioxide, acetic acid and 
pyridine7) afforded the corresponding ester acids, 
9a and 9b in 76 and 9 6 % yields, respectively. 

The £-butyl groups of 9a and 9b were removed by 
treatment with trifluoroacetic acid to give (2R,3R, 
4S) -4- (iV-benzyloxycarbonyl-L-threonyloxy) -3-benzyl-
oxy-2-butylpentanoic acid (10a) and (2R,3R,4S)A-(N-
benzyloxycarbonyl-L-threonyloxy)-3-isovaleryloxy-2-bu-
tylpentanoic acid (10b), respectively. 

In contrast with 10b, the modified hydroxy ester 
acid 10a afforded no cyclization product on treat­
ment with trifluoroacetic anhydride in hot benzene 
by the same procedure as that for 10b.2) I R spectro­
scopy revealed that the major product of the reaction 
was the O-trifluoroacetyl derivative of 10a. 

The hydroxy acids 10a and 10b were converted into 
the corresponding 2-pyridinethiol esters, 11a and l i b 
by action of di-2-pyridyl disulfide and triphenylphos-
phine according to Mukaiyama et a/.8) in good yields 
after being subjected to chromatography. By the 
method of Gerlach and Thalmann,6) the intramolecular 
cyclization of 11a and l i b was effected in about 0.01 M 
benzene solution with a 1.5 equivalent amount of silver 
Perchlorate to yield the corresponding dilactone deriva­
tives, 12a and 12b in 33 and 13.4% yields, respectively. 
In the cyclization of 11a with silver Perchlorate, no 
formation of intermolecular cyclization product was 
observed, the hydroxy ester acid 10a being recoverd in 
good yield. Cyclization of 11a carried out in a 0.00 M 
solution showed no improvement in the yield of 12a. 

According to the method of Corey and Nicolaou,9) 
the crude 2-pyridinethiol ester 11a was refluxed in a 
0.005 M xylene solution to afford the sole intramolec-
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ular cyclization product in 13.7% yield. T h e product 
was distinguishable from 12a in the ring coupling 
constants C/7 ,8=4.0 and J8 Q = 9.2 Hz) , suggesting that 
the product might be 12a', the 7-epimer of 12a. 

Hydrogenolysis of 12a with pal ladium black in 
methanol under hydrogen atmosphere at 50 p.s.i. 
afforded the 7V-debenzyloxycarbonylated dilactone 
13a, O-debenzylation of which was effected via the 
7V-acetyl derivative 17a to afford 18, the 7V-acetyl 
derivative of the amino hydroxy dilactone 14. Hydro­
genolysis of 12a with pal ladium black in methanol 
containing a small amount of hydrogen chloride under 
hydrogen atmosphere at 50 p.s.i. gave the hydro­
chloride of 14, which was selectively 7V-acylated with 
2-benzyloxy-3-nitrobenzoic acid 7V-hydroxysuccinimide 
ester10) to afford 15 in 7 2 % yield. O n the other 
hand, hydrogenolysis of 12a with pal ladium black 
in methanol at 40 °G under hydrogen atmosphere at 
50 p.s.i. yielded the dimethylamino hydroxy dilactone 
19 whose structure was determined by its P M R and 
mass spectrum. 

12a 
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16: R=BVCO 
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Fig. 3. 

The 7V-acylamino hydroxy dilactone 15 was O-iso-
valerylated with isovaleric anhydride in pyridine to 
afford (36*,4i2,7i2,8i2,9,S*)-3-(2-benzyloxy-3-nitrobenzoyl-
amino) -4,9- dimethyl - 7 - butyl-8-isovaleryloxy-1,5-dioxo-
nane-2,6-dione (16),2) the antimycin A 3 precursor, in 
8 8 % yield. 

Exper imenta l 

Melting points were determined on a micro hot stage and 
are uncorrected. IR spectra were taken on a Hitachi 225 
Spectrophotometer, Mass spectra on a JMS-D-100, and PMR 
spectra on Varian A-60D and HA-100D Spectrometers 
using TMS as an internal standard. Optical rotations were 
measured with a Zeiss Photoelectroic Precision Polarimeter. 
CD spectra were taken on a JASGO J-20 Spectropolarimeter. 
TL G was carried out on Wakogel B-5 and silica gel column 
chromatography on Wakogel C-200 which was activated 
at 110 °G for 1 h. Concentration was carried out at reduced 
pressure below 40 °G. 
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Methyl 3-0-Benzyl-2-C-butyl-2,5-dideoxy-ß-L-arabinofuranoside 
(4a). A suspension of 5 5 % N a H (450 mg, 10.3 
mmol) in T H F (9 ml) was added to a solution of methyl 
2-C-butyl-2,5-dideoxy-jft-L-arabinofuranoside (3)5> (1.29 g, 
6.83 mmol) and stirred at room temperature for 2 h. Benzyl 
bromide (1.22 ml, 10.3 mmol) was added to the mixture 
and stirred at room temperature overnight. T h e reaction 
mixture was poured into cold water (50 ml) and extracted 
with ethyl acetate. T h e organic layer was washed with sat­
urated aqueous NaCl solution, dried, and evaporated. The 
residue was chromatographed on silica gel (150 g) with benzene 
-e thyl acetate (30 : 1) to afford a colorless syrup of 4a (1.54 g, 
81%) : [a]S -98°(c 1.1, GHGlg); PMR(CDC1 3 ) Ô 1.32 
(d, 4-GH3, 7 = 6 . 4 Hz) , 3.44(s, OGH3), 3.36 (dd, H - 3 , J2t3= 
4.0, J3 4=6 .1 Hz) , 4.25 (dq, H-4) , 4.68 (s, GH 2 Ph) , and 4.76 
(d, H - l , y l i 2 = 1 . 8 H z ) . 

Found : G, 73.65; H , 9 .27%. Galcd for G 1 7 H 2 6 0 3 : G, 
73.34; H , 9 . 4 1 % . 

Methyl 3-0-Isovaleryl-2-0-butyl-2,5-dideoxy-ß-^-arabinofurano-
side (4b). A mixture of 3 (1.08 g, 5.71 mmol) , isovale­
ric anhydride (1.72 ml, 8.1 mmol) and pyridine (10 ml) 
was kept at room temperature for 2 days. T h e reaction mix­
ture was poured into cold water (20 ml) and extracted with 
chloroform. T h e combined extracts were washed with 
saturated aqueous N a C l solution, dried, and evaporated. 
T h e residue was chromatographed on silica gel (150 g) with 
benzene-ethyl acetate (50 : 1) to afford an essentially pure 
sample of 4 b as a pale yellow syrup (1.52 g, 9 8 % ) : P M R 
(GDGI3) Ô 0.97[d, 6H, GH(GH 3 ) 2 , 7 = 6 . 6 H z ] , 1.33 (d, 
3H, 4-GH3, 7 = 6 . 5 Hz) , 3.40 (s, 3H, O G H 3 ) , 4.08 (dq, H-4, 
7 3 , 4 = 5 . 9 H z ) , 4.61 (dd, H-3 , 7 2 , 3 = 3 . 9 H z ) , and 4.70 (d, 
H - l , y l i 2 = 1 . 8 H z ) . 

(2S,3R,4S) -3-0-Benzyl-2-butyl-1,3,4-pentanetriol (5a). 
A solution of 4 a (1.53 g) in a mixture of dioxane (44 ml) 
and 1 M HG1 ( 11 ml) was kept at room temperature for 3 
days. T h e reaction mixture was neutralized with solid 
N a H G 0 3 , the filtrate being evaporated. T h e residue was 
chromatographed on silica gel (150 g) with benzene-ethyl 
acetate ( 6 : 1 ) to give the free sugar (1.14 g) . Unchanged 
4a recovered on chromatography was again subjected to 
hydrolysis and chromatography to afford an addit ional 
amount of the free sugar (260 mg) . T h e total yield was 
1.40 g (97%) . 

T h e free sugar (1.40 g, 5.30 mmol) was dissolved in 70% 
ethanol (28 ml) , NaBH 4 (100 mg, 2.65 mmol) being added 
to the solution. The solution was stirred at room temperature 
for 2 h and then concentrated.The residue was taken in ethyl 
acetate (50 ml) , and the mixture was washed with saturated 
aqueous NaGl solution, dried, and evaporated to afford 
a colorless syrup of 5a (1.37 g, 9 4 % overall yield based on 
4a ) . A portion of this product was chromatographed on 
silica gel with benzene-ethyl acetate ( 6 : 1 ) to give an ana­
lytical sample: M S + 1 ° , MS5 - 1 8 ° (c 0.4, GHG13); P M R 
(GDGI3) ô 1.31 (d, 4-GH3 , 7 = 6 . 4 Hz) , 3.52 (dd, H-3 , 7 2 , 3 = 
3.4 and 7 3 , 4 = 6 . 0 Hz) , and 4.73 (s, GH 2 Ph) . 

Found : G, 72.22; H , 9 .77%. Galcd for G 1 6 H 2 6 0 3 : G, 
72.14; H , 9 .84%. 

(2S,3R,4S) -2-Butyl-3-0-isovaleryl-1,3,4-pentanetriol (5b). 
A solution of 4 b (1.55 g) in a mixture of dioxane (36 ml) 
and 2 M HG1 (10.7 ml) was kept at 40 °G for 2 days. T h e re­
action mixture was neutralized (pH 4) with solid N a H G 0 3 

and evaporated. T h e residue was extracted with ethyl 
acetate and the extract was evaporated. T h e residual syrup 
was chromatographed on silica gel (35 g) with benzene-
ethyl acetate (15 : 1) to afford a colorless syrup of the free 
sugar (941 mg, 64%) and 4 b (395 mg, 25 .5%) . Free sugar: 
P M R (GDGI3) ô 0.98[d, GH(GH 3 ) 2 , 7 = 6 . 8 H z ] , 1.33 (d, 

4-GH3 , 7 = 6 . 3 Hz) , 4.25 (dq, H-4, J3ti=4.6 Hz) , 4.65 (dd, 
H-3 , y 2 , 3 = 3 . 2 H z ) , and 5.22 (d, H - l , 7 1 , 2 = 1 . 9 H z ) . A 
solution of NaBH 4 (124mg , 2.17 mmol) in 70% ethanol 
(2.5 ml) was added under stirring to a solution of the free 
sugar (847 mg, 3.28 mmol) in 70% ethanol (17 ml) cooled 
at —10 °G. After being stirred at 0 °G for 1 h, the reaction 
mixture was neutralized with 2 M HG1 and evaporated to 
dryness. T h e residue was extracted with ethyl acetate, the 
combined extracts being washed with saturated aqueous 
NaGl solution, dried, and evaporated to afford a crude syrup 
of 5b(826 mg, 9 7 % ) , which was used for subsequent synthesis. 
A portion of this sample (54.5 mg) was chromatographed 
on silica gel (5.5 g) with benzene-ethyl acetate (3 : 1) to give 
5b(Ä f 0.12, 43.3 mg, 81%) and its positional isomer, 2-
butyl-4-0-isovaleryl-l,3,4-pentanetriol (5b') (Rf 0.26, 10 mg, 
19%) . 5 b : PMR(GDG13) ô 0.98[d, GH(GH 3 ) 2 , 7 = 6 . 2 H z ] , 
1.21(d, 4-GH3 , 7 = 6 . 3 Hz) , 2.51 (s, 2H, O H ) , ca. 3.6(m, 
2H, H-1,1 ') , 4.00(dq, H-4, 7 3 , 4 = 7 . 0 H z ) , and 4.91 (dd, 
H-3 , y 2 , 3 = 3 . 8 H z ) . Isomer of 5 b : PMR(GDG13) ô 0.98[d, 
GH(GH 3 ) 2 , J = 6 . 5 H z ] , 1.32(d, 4-GH3 , 7 = 6 . 3 Hz) , ca. 2.1 
(m, 2H, O H ) , ca. 3.8(m, 3H, H-1,1' ,3), and 5.07(dq, H-4, 
7 3 , 4 = 5 . 9 H z ) . 

(2S,3R,4S) -4-0-(N-Benzyloxycarbonyl-0-t-butyl-L-threonyl)-3-
O-benzyl-2-butyl-l -O-trityl-1,3,4-pentanetriol (7a). Tr i -
phenylmethyl chloride (1.68 g, 6.02 mmol) was added to 
a solution of 5a (1.34 g, 5.03 mmol) in dry pyridine (6.7 ml) 
and the solution was allowed to stand at 40 °G overnight. 
Water (30 ml) was added to the reaction mixutre under 
cooling and the mixture was extracted with chloroform 
(20 m i x 3). The combined extracts were washed with 
saturated aqueous NaGl solution, dried and evaporated 
to afford 1-O-tritylated product 6a (2.56 g, 100%), which 
was used in the next reaction without purification. A solu­
tion of 6a (2.56 g, 5.03 mmol) in dry ether (3.8 ml) and dry 
pyridine (0.43 ml) was added to a solution of DGGI (1.14 g, 
5.54 mmol) in dry ether (3 .1ml) under ice-cooling. T o 
this solution was added slowly a solution of iV-benzyloxy-
carbonyl-O-^-butyl-L-threonine (1.71 g, 5.52 mmol) in dry 
ether (3.1 ml) under cooling and stirred at 5 °G for 3 days. 
A solution of DGGI (1.14 g) and pyridine (0.43 ml) in dry 
ether (3.8 ml) and a solution of the threonine derivative 
(1.71 g) in dry ether (3.1 ml) were then added successively 
and the mixture was kept at 5 °G for 3 days. After removal 
of JV,iV'-dicyclohexylurea (DGU) by filtration, the filtrate 
was washed with saturated aqueous N a H G 0 3 solution and 
saturated aqueous NaGl solution, dried, and evaporated. 
T h e residue (9 g) was chromatographed on silica gel (450 g) 
with benzene-ethyl acetate (50 : 1) to give a pure sample 
of the condensation product 7 a : colorless syrup (2.96 g, 
7 4 % ) ; M S + 3 ° , M i + 2 6 ° {c 0.39, GHG13); PMR(GDG13) 
(5 1.07 (s, OBu ' ) , 1.20(d, 4-GH3 , 7 = 6 . 3 Hz) , 1.29[d, GH 3 

of threonine, 7 = 6 . 7 H z ] , 3.16(d, H - l , 7 l f 2 = 5.2 Hz) , 3.72 
(dd, H-3 , 7 2 , 3 = 5 . 5 , 7 3 , 4 = 2 . 8 H z ) , 4.56 (ABq, GH 2 Ph) , 
5.06(ABq, GH 2 Ph of benzyloxycarbonyl), 4.54(dq, H-4), 
and 5.60(d, N H , 7 = 9 . 2 Hz) . 

Found : G, 76.76; H , 7.78; N , 2 .02%. Galcd for G51H61-
N 0 7 : G, 76.56; H , 7.69; N , 1.75%. 

(2S,3R,4S) - 2 - Butyl-3-O-isovaleryl-1 - O - trityl-1,3,4-pentanetriol 
(6b). a) A solution of the crude 5b(796 mg, 3.05 
mmol) and triphenylmethyl chloride (1.70 g, 6.10 mmol) 
in dry pyridine (8 ml) was kept at room temperature for 
3 days. T h e reaction mixture was poured into water and 
extracted with chloroform. T h e extracts were washed with 
saturated aqueous NaGl solution, dried, and evaporated 
to afford a yellow syrup (1.7 g), which was chromatographed 
on silica gel (150 g) with benzene-ethyl acetate (50 : 1) to af­
ford a homogeneous sample of 6 b [R£ 0.70 (6 : 1 benzene-
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ethyl acetate), 1.13 g, 7 4 % ] : P M R (GDG13) ô 0.95[d, 
GH(GH 3 ) 2 , 7 = 6 . 8 H z ] , 1.21 (d, 4-CH3 , 7 = 7 . 5 Hz) , ca. 3.1 
(m, 2H, H-1,1 ' ) , 5.07(dd, H-3 , J2t3=4.7, A 4 = 6 . 3 Hz) , 
and ca. 7.3(m, 15H, GPh 3) . 

Found: G, 78.48; H , 8.30%. Galcd for G 3 3 H 4 2 0 4 : G, 
78.85; H , 8.42%. 

b) A homogeneous sample of 5 b (11.6 mg, 0.0445 mmol) 
was treated with triphenylmethyl chloride (49.6 mg, 0.178 
mmol) in dry pyridine (0.23 ml) at 40 °G for 2 days and the 
mixture was worked up in the same manner as described 
above and chromatographed with the same solvent system 
to afford 6h(Rf 0.70, 9.7 mg, 43.3%) and its isomer, 4 - 0 -
isovalerate 6b ' (Ä f 0.80, 12.3 mg, 55%>) : PMR(GDG13) Ô 
0.92[d, GH(GH 3 ) 2 , y = 6 . 4 H z ] , 1.24(d, 4-GH3 , 7 = 6 . 1 Hz) , 
ca. 2.8(m, 1H, O H ) , ca. 3.3(m, 2H, H-1,1 ' ) , ca. 3.8(m, 1H, 
H-3), 4.97(dq, H-4, A 4 = 5 . 2 Hz) , and ca. 7.3(m, 15 H , 
GPh3) . 

(2S}3R,4S ) -4-0- (N-Benzyloxycarbonyl-O-t-butyl-i^-threonyl) -2-
butyl-3-0-isovaleryl-1-O-trityl-1,3,4-pentanetriol (7b). A 
solution of iV-benzyloxycarbonyl-O-^-butyl-L-threonine (319 
mg, 2.28 mmol) in dry ether (0.7 ml) was added dropwise 
under stirring to a cooled solution of DGGI (231 mg, 1.12 
mmol) , 6 b (471 mg, 0.937 mmol) , and dry pyridine (0.075 
ml, 2.07 mmol) in dry ether (0.62 ml) . T h e mixture was 
stirred at 0 °G for 3 days, dur ing which time the same amount 
of DGGI, pyridine, and the threonine derivative were added 
twice. T h e reaction mixture was worked up in the same 
manner as described in the preparat ion of 7a . T h e crude 
product (5.11 g) was chromatographed on silica gel (80 g) 
with benzene-ethyl acetate (50 : 1) to afford 7 b (484 mg, 
65%) as a syrup: PMR(GDG1 3 ) , <5 0.99 [d, GH(GH 3 ) 2 , 
7 = 6 . 6 H z ] , 1.09 (s, OBuÉ), 1.19(d, GH 3 of threonine, J= 
6.5 Hz) , 1.21 (d, 4-GH3 , J = 7 . 6 H z ) , 3.09 (m, 2H, H-1,1 ' ) , 
4 . 1 — 4.2(m, 2H, H-2 ' ,3 ' ) , 5.15(ABq, GH 2 Ph) , 5.2—5.3(m, 
3H, N H , H-3,4), and ca. 7.4(m, Ph) . 

Found : G, 74.69; H , 8.00; N , 1.78%. Galcd for G30-
H 4 9 N 0 8 : G, 74.12; H , 8.00; N , 1.76%. 

(2S,3K,4S) -4-0- (N'- Benzyloxycarbonyl-O-t-butyl-L-threonyl) -
3-0-benzyl-2-butyl-1}3,4-pentanetriol (Sa). A solution of 
7a (1.97 g, 2.47 mmol) in 9 0 % aqueous acetic acid (40 ml) 
was kept at 40 °G for 15 hr and then evaporated to afford 
a pale yellow syrup (1.84 g) . Chromatography of the syrup 
on silica gel ( 100 g) with benzene-ethyl acetate (15:1) gave 
a colorless syrup of 8a (1 .30g , 9 5 % ) : [<x]2 + 3 ° , [ a ]^ 6 

+ 18° {c 0.95, GHG13). 
Found: G, 69.08; H , 8.43; N , 2 .44%. Galcd for G32-

H 4 7 N 0 7 : G, 68 .91; H , 8.49; N , 2 . 5 1 % . 
(2S,3R,4S) - 4 - O - (N - Benzyloxycarbonyl-O-t-butyl-^-threonyl) -

2-butyl-3-0-isovaleryl-1,3,4-pentanetriol (8b). Trea tment 
of 7b (736 mg) with 9 0 % aqueous acetic acid (16.6 ml) at 
room temperature for 1 day followed by evaporation afforded 
a yellow syrup (920 mg) , which was chromatographed on 
silica gel (60 g) with benzene-ethyl acetate (6:1) to give 
a pure sample of 8 b as a colorless syrup (318 mg, 6 2 . 2 % ) : 
[a]2

D
2 - 1 0 ° ( c 2.4, G H G l 3 ) ; I R m a x ( G H G l 3 , 0 . 1 M ) 3500(OH), 

3430(NH), and 1715 c m - 1 (ester and amide) ; PMR(GDG13) 
ô 1.00[d, GH(GH 3 ) 2 , 7 = 6 . 5 H z ] , 1.16(s, OBuÉ), ca 1.2 
(m, 6H, 4-CH3 , 3 ' -CH3) , 3.6 (m, 3H, H-1 ,1 ' , O H ) , ca 4.2 
(m, 2H, H-2 ' ,3 ' ) , 5.16 (s, GH 2 Ph) , 5.2—5.7 (m, 3H, N H , 
H-3,4), and 7.39 (s, Ph) . 

Found: G, 65.23; H , 8.78; N , 2 . 4 1 % . Galcd for G30-
H 4 7 N 0 8 : G, 65 .31; H , 8.95; N , 2 .54%. 

(2R,3R,4S) -4- (N-Benzyloxycarbonyl-O-t-butyl-L-threonyloxy)-
3-benzyloxy-2-butylpentanoic Acid (9a). A solution of 8a 
(1.18 g, 2.11 mmol) in a chromium trioxide-acetic ac id-
pyridine reagentt (26.2 ml, 8.44 mmol) was kept at room 
temperature overnight. T h e reaction mixture was diluted 

with cold water (50 ml) and extracted with ether (20 ml X 3). 
T h e combined extracts were washed with saturated aqueous 
NaCl solution, dried, and evaporated. T h e residual syrup 
(1.19 g) was chromatographed on silica gel (100 g) with 
hexane-benzene-acetone-acet ic acid (40 :20 :1 :2 ) to afford a 
pure sample of 9 a ; colorless syrup (920 mg, 7 6 % ) : [a]S + 3 ° , 
[oc]ll + 1 4 ° (c 2.4, GHG18), PMR(GDG13) ô 1.09 (s, OBuÉ), 
1.19(d, 4-GH3 , y = 6 . 5 Hz ) , 1.31(d, GH 3 of threonine, 
7 = 6 . 8 Hz) , 3.78(dd, H - 3 , y 2 i 8 = 8 . 0 , A 4 = 4 . 2 Hz) , 4.66 
(ABq, GH 2 Ph) , 5.10(dq, H-4) , 5.11(ABq, GH 2 Ph of benzyl-
oxycarbonyl), and 5.62(d, N H , J= 10.0 H z ) . 

Found : G, 67.27; H , 7.95; N , 2 .32%. Galcd for G32-
H 4 5 N 0 8 : G, 67.23; H , 7.93; N , 2 .45%. 

(2K}3K}4S) -4-(N-Benzyloxycarbonyl-0-t-butyl-*L-threonyloxy)-
2-butyl-3-isovaleryloxypentanoic Acid (9b). A sample of 8 b 
(292 mg, 0.53 mmol) was oxidized with the chromium trioxide 
reagent (6.6 ml, 2.13 mmol) at room temperature for 1.5 h . 
Work-up of the product in the same way as in the preparat ion 
of 9a afforded a brown syrup (299 mg) , which was chroma­
tographed on silica gel (30 g) with hexane-benzene-ace tone-
acetic acid (40 :20 :1 :2 ) to give a pure sample of 9b(287 mg, 
96%) as a colorless syrup: [a]2

D
2 +5.1°(c 1.4, GHG13) ; 

PMR(GDG13) ô 0.99[d, GH(GH 3 ) 2 , 7 = 6 . 5 H z ] , 1.13(s, 
OBu<), ca. 1.2(m, 6H, 4-GH3 , 3 ' -GH3) , ca. 4.2 (m, 2H, 
H-2 ' ,3 ' ) , 5.19(s, GH 2 Ph) , 5.0—5.6(m, 3H, N H , H-3,4), 
6.5(br, 1H, G O O H ) , and 7.40(s, Ph) . 

Found : G, 63.59; H , 8.44; N , 2 . 6 1 % . Galcd for G30-
H 4 7 N 0 9 : G, 63.69; H , 8.38; N , 2 .48%. 

Hydroxy Ester Acid (10a). A solution of 9a (855 mg) 
in trifluoroacetic acid (10 ml) was allowed to stand at room 
temperature for 10 min and then evaporated below 10 °G 
to afford 10a (770 mg, quanti tat ive) , which was used in 
the next reactions after being thoroughly dried at 0.01 Torr . 

Hydroxy Ester Acid (10b). Trea tment of 9b(287 mg) 
with trifluoroacetic acid (3.5 ml) at room temperature for 
10 min gave 10b (248 mg, 96%) after evaporat ion: I R 
(GHGI3) 3600—2800(GOOH), and 1730 c m - t e s t e r and 
amide) ; PMR(GDG13) ô 1.03[d, GH(GH 3 ) 2 , 7 = 6 . 4 H z ] , ca. 
1.3(m, 6H, 4-GH3 , 3 ' -GH3) , 4.2—4.5(m, 2 H , H-2 ' ,3 ' ) , 5.20 
(s, GH 2 Ph) , 5 .1— 5.4(m, 2H, H-3,4), ca. 5.9(br, 1H, N H ) , 
7.1—7.5(br, 1H, G O O H ) , and 7.41 (s, 5H, Ph) . 

(3S,#R,7R,#R,.9S ) - <9 - Benzyloxy -3- benzyloxycarbonylamin o-7 -
butyl-4}9-dimethyl-1}5-dioxonane-2}6-dione (12a). A sample 
of 10a (300 mg, 0.582 mmol) was dissolved in dry benzene 
(3 ml) , triphenylphosphine (458 mg, 1.75 mmol) and di-2-
pyridyl disulfide (385 mg, 1.75 mmol) then being added to 
the solution. After the mixture had been kept for 30 min 
at room temperature, the reaction mixture was evaporated 
and the residue (1.2 g) was chromatographed on silica gel 
(40 g) with benzene-acetone (10:1) to afford the 2-pyridine-
thiol ester 11a (160 mg) as a yellow syrup. A solution of 
silver perchloratett (53.5 mg, 0.235 mmol) in dry benzene 
(0.5 ml) was added to a stirred solution of 11a (143 mg, 
0.235 mmol) in dry benzene (23.5 ml) and the mixture was 
stirred at room temperature for 1 h. T h e precipitates were 
filtered off and washed with benzene. T h e combined filtrate 
and washings were evaporated and the residue was chromato­
graphed on silica gel (15 g) with benzene-ethyl acetate (50:1) 
to afford 12a (38.6 mg, 33%) as colorless crystals and 10a 
(94 mg, 6 6 % ) . Analytical sample of 12a was obtained by 
recrystallization from ethyl acetate as colorless needles: m p 
118.5—119.5 °G; [a]2

D
2 + 53°(c o.73, GHG13); IR(GG14 , 

t T h e reagent consists of chromium trioxide ( 1 g), acetic 
acid (30 ml) and pyridine (1 ml) . 

ft T h e silver Perchlorate used was thoroughly dried over 
P 2 0 5 at 50—60 °G under reduced pressure (1 Torr) for 10 h. 
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0.1 M) 3432 and 1744 c m - 1 ; PMR(GDC13) Ô 1.28(d, 4-CH3 , 
7 = 6 . 8 Hz) , 1.43(d, 9-CH3 , 7 = 6 . 5 Hz) , 2.46(m, H-7) , 
3.46(dd, H-8, 7 7 i 8 = 9 . 5 H z ) , 4.65(s, O C H 2 P h ) , 4.90(dq, 
H-9, 7 8 l 9 = 9 . 5 H z ) , 4.91(dd, H-3 , 7 3 > N H = 9 . 0 Hz) , 5.12(s, 
C O O C H 2 P h ) , and 5.54(dq, H-4, 7 3 > 4 = 7 . 5 H z ) ; Found : 
m/e 497.244. Calcd for C 2 8 H 3 5 N 0 7 : M , 497.2413. 

Found : C, 67.50; H , 7.04; N , 2 .66%. Calcd for C28-
H 3 5 N 0 7 : C, 67.58; H, 7.09; N , 2 .82%. 

Lactonization of 10a by Corey-method. (Formation of 7-
Epimer 12a'). Triphenylphosphine ( 130 mg, 0.494 
mmol) and di-2-pyridyl disulfide (109 mg, 0.494 mmol) were 
added to a solution of 10a (170 mg, 0.229 mmol) in dry 
xylene(0.85 ml) , which was then stirred at room temperature 
for 5 h under argon atmosphere. T h e resulting solution 
was diluted with dry xylene (60 ml) and refluxed for 72 h 
under argon. T h e reaction mixture was evaporated and 
the residue (400 mg) was chromatographed on silica gel 
(20 g) with benzene-ethyl acetate (50:1) to afford a syrup 
of 12a' (22.4 mg, 13.7%). This was chromatographed twice 
on silica gel with hexane-acetone (5:1) to give an analytical 
sample: [a]2

D
3 0°(c 1.65, CHG13); IR(CC1 4 , 0.1 M ) , 3435 and 

1732 c m - 1 ; PMR(CDC1 3 ) Ô 1.29(d, 4-GH3 , 7 = 6 . 8 Hz) , 1.32 
(d, 9-CH35 7 = 6 . 2 Hz) , 2.85(m, H-7) , 3.72(dd, H-8 , 7 7 > 8 = 
4.0, 7 8 > 9=9.2 Hz) , 4.55(ABq, H-9) , 5.11(s, G O O G H 2 P h ) , 
and 5 . i5 (dq, H-4) . 

Found : m/e 497.2405. Calcd for C 2 8 H 3 5 N 0 7 : M , 497.2413. 
Found : C, 67.68; H , 7.27; N , 2 .58%. Calcd for C2 8H3 5-

N 0 7 : G, 67.58; H , 7.09; N , 2 .82%. 
(3S,4R,7R,8R,9S) -3-Benzyloxycarbonylamino - 7 - butyl - 4,9 - di-

methyl-8-isovaleryloxy-1,5-dioxonane-2,6-dione (12b). Tr i ­
phenylphosphine (224 mg, 0.930 mmol) and di-2-pyridyl di­
sulfide (205 mg, 0.930 mmol) were added to a solution of 
10b (237 mg, 0.465 mmol) in dry benzene (2.4 ml) . After 
being kept at room temperature for 1 h, the reaction mixture 
was evaporated and the residue (423 mg) was chromato­
graphed on silica gel (15 g) with benzene-acetone (10:1) to 
afford a yellow syrup of l i b (280 mg) containing a small 
amount of pyridone. T h e sample of l i b (130 mg) was 
dissolved in dry benzene (21.5 ml) , a solution of anhydrous 
silver Perchlorate (67 mg) in dry toluene (0.35 ml) being 
added to the solution. T h e mixture was stirred at room 
temperature for 1 h and the insoluble mat ter was filtered 
off and washed with benzene. T h e combined filtrate and 
washings were evaporated and the residue (159 mg) was 
chromatographed on silica gel (15 g) with benzene-ethyl 
acetate (30:1) to afford a crystalline mass of 12b (14.1 mg, 
13.4%). Recrystallization from ether-petroleum ether gave 
colorless needles: m p 109—110 °C ; [a]2

D
2 + 5 5 ° (c 1.24, 

CHC1 3) ; I R (KBr) 1760, 1738, and 1693 c m - 1 ; [0]^8 - 6 8 8 
(in M e O H ) ; PMR(CDC1 3 ) ô 0.98[d, C H ( C H 3 ) 2 , 7 = 6 . 5 H z ] , 
1.26(d, 9-CH3 , 7 = 6 . 2 Hz) , 1.28(d, 4-CH 3 , 7 = 7 . 0 Hz) , 
2.46(m, 1H, H-7) , 4.94(dq, H-9, 7 8 i 9 = 9 . 8 H z ) , 4.96(dd, 
H-8 , 7 7 , 8=9-8 Hz) , 5.05(dd, H-3 , 7 3 , 4 = 7 . 8 , 7 3 > N H = 8 . 5 Hz) , 
5.12(s, CH 2 Ph) , 5.50(d, N H ) , 5.55(dq, H-4) , and 7.34 (s, 
Ph) . 

Found : C, 63.74; H , 7.58; N , 2 .76%. Calcd for C26-
H 3 7 N 0 8 : C, 63.52; H , 7.59; N , 2 .85%. 

(3S,4R,7R,8R,9S)-3-Amino-7-butyl-4,9-dimethyl-8-hydroxy-1,5-
dioxonane-2,6-dione (14) Hydrochloride. A solution of 12a 
(59.7 mg) in methanol (1 ml) was adjusted to p H 3 with a 
methanolic hydrogen chloride. T h e solution was shaken 
with freshly prepared pal ladium black in a Paar apparatus 
under a hydrogen atmosphere (50 p.s.i.) for 1 h. T h e filtered 
solution was evaporated to afford the crystalline hydrochloride 
of 14 (37.3 mg) quantitatively. 

(3S,4R,7R,8R,9S) -3- (2- Benzyloxy-3- nitrobenzoylamino) - 4,9 -
dimethyl - 7-butyl-8-hydroxy-1,5-dioxonane-2,6-dione (15). A 

solution of 14 hydrochloride (37.3 mg, 0.120 mmol) , 2-
benzyloxy-3-nitrobenzoic acid JV-hydroxysuccinimide ester 
(49.3 mg, 0.133 mmol) in dry T H F (0.38 ml) was adjusted 
to p H 8 with triethylamine and kept at 40 °C for 2 days 
and then evaporated. T h e residue was chromatographed 
on silica gel (11 g) with benzene-acetone (6:1) to afford 15 
(45.6 mg, 72%) as colorless crystals: m p 164.5—165.5 °C 
(ethyl acetate-petroleum ether) ; [a]2

D° + 3 5 ° (c 0.71, GHC13). 

Found : C, 61.42; H , 6.19; N, 5 .15%. Calcd for C27-
H 3 2 N 2 0 9 : C, 61.35; H , 6.10; N, 5.30%. 

(3S,4R,7R,8R,9S) -3- (2- Benzyloxy - 3 - nitrobenzoylamino) - 4,9 -
dimethyl-7-butyl-8-isovaleryloxy-1,5-dioxonane-2,6-dione (16). A 
solution of 15 (9.0 mg, 0.017 mmol) and isovaleric anhydride 
(0.007 ml, 0.034 mmol) in dry pyridine (0.1 ml) was allowed 
to stand at room temperature for 5 h and then evaporated. 
T h e residue was chromatographed on silica gel with benzene-
acetone (6:1) to give 16 (9.1 mg, 88%) as colorless crystals: 
m p 164.5—165.5 °C; [a]]

D
8 + 5 5 ° (c 0.40, CHC13) ô 0.99 

[d, CH(CH 3 ) 2 , 7 = 6 . 4 H z ] , 1.29 (d, 9-GH3, 7 = 5 . 8 Hz) , 
1.1 l (d , 4-CH3 , 7 = 6 . 8 Hz) , 2.5(m, 1H, H-7) , 4.86(dq, H-9, 
7 8 i 9 = 9 . 9 H z ) , 5.06(dd, H-8, 7 7 i 8 = 9 . 8 H z ) , 5.19(dd, H-3 , 
7 3 , 4 = 7 . 5 H z ) , 5.16(s, CH 2 Ph) , 5.56(dq, H-4) , 7.35 (dd, 
H-5 ' ) , 8.05 (d, 3-NH, 7 3 ( N H = 7 . 2 Hz) , 7.96(dd, H-4 ' or H-6 ' , 
7 4 \ 5 ' or 7 5 ' 6 ' = 8-0 Hz) , and 8.26 (dd, H-6 ' or H-4 ' ) . 

Found : C, 61.93; H , 6.74; N, 4 .29%. Calcd for C32-
H 4 0 N 2 O 1 0 : C, 62.73; H , 6.58; N, 4 .57%. 

(3S,4R,7R,8R,9S) -3-Acetylamino-7-butyl-4,9-dimethyl- 8 - hydro-
xy-1,5-dioxonane-2,6-dione (18). A sample of 12a (30 mg) 
was hydrogenolyzed with pal ladium black in methanol at 
room temperature for 15 min under a hydrogen atmosphere 
(50 p.s.i.) to afford a colorless syrup of 13a (21.7 mg). 
Acetylation of 13a (21.7 mg) with acetic anhydride (0.012 ml) 
in methanol (0.44 ml) a t room temperature for 2 h gave 
the 3-iV-acetyl derivative 17a (22.1 mg, 91%) as colorless 
crystals: m p 156—157 °C (ethyl acetate-petroleum ether) ; 
[0]2°2 - 1 0 6 6 0 ( M e O H ) . 

Found : C, 65.16; H , 7.68; N , 3.40%. Calcd for C22-
H 3 1 N 0 6 : C, 65.16; H , 7.71; N, 3 .45%. 

A sample of 17a (9.9 mg) was hydrogenolyzed for 3 h by 
the same procedure as described above to afford 18 (7.7 mg) 
as a colorless solid. Recrystallization from ethyl aceta te-
petroleum ether gave colorless needles: m p 148 °C (decomp) ; 
[a]2

D
2 + 6 8 ° (c 0.54, CHC13) ; [0]2J7 - 1 6 0 0 0 ( M e O H ) ; I R 

(CC14, 0.1 M) 3540, 3430, 1735, and 1677 c m - 1 ; P M R 
(CDC13) ô 1.27(d, 4-CH3 , 7 = 6 . 8 Hz) , 1.43(d, 9-CH3 , J= 
6.2 Hz) , 2.07(s, JV-Ac), 2.32(m, H-7), 3.56(dd, H-8, 7 7 8 = 
9.5, 7 8 > 9 = 9 . 5 H z ) , 4.81(dq, H-9) , 5.10(dd, H-3 , 7 3 > 4=7.8 , 
7 3 , N H = 7 . 8 H Z ) , 5.55(dq, H - 4 ) ; <5(CD3OD) 1.26(d, 4-CH3 , 
7 = 6 . 5 Hz) , 1.37(d, 9-CH3 , 7 = 6 . 2 Hz) , 2.02(s, OAc) , 2.25(m, 
H-7) , 3.35 (dd, H-8 , J7,s=9.7, 7 8 > 9 =10 .0 Hz) , 4.66(dq, 
H-9) , 5.06(d, H-3 , 7 3 > 4 = 7 . 5 H z ) , and 5.43(dq, H-4) . 

Found : C, 57 .11; H , 7.91; N, 4 .37%. Calcd for C15-
H 2 5 N 0 6 : C, 57.13; H , 7.99; N , 4 .44%. 

(3R,4R,7R,8R,9S) -7-Butyl-4,9-dimethyl-3 - dimethylamino-8-hy-
droxy-1,5-dioxonane-2,6-dione (19). A sample of 12a 
(42.5 mg) was hydrogenolyzed with palladium black in 
methanol at 40 °C for 1 h under a hydrogen atmosphere 
(50 p.s.i.). The product was purified by silica gel chro­
matography with hexane-acetone (5:1) to give a colorless 
syrup of 19 (26 m g ) : m/e 301 (M+); PMR(CDC1 3) Ô l Al 
(d, 4-CH 3 , 7 = 6 . 2 Hz) , 1.41(d, 9-CH3 , 7 = 6 . 0 Hz) , 2.25[s, 
6H, N(CH 3 ) 2 ] , 3.45(dd, H-8, 7 7 , 8 = 9 . 3 , 7 s ,9=9 .3 Hz) , 3.45 
(d, H-3 , 7 3 > 4 = 6 . 8 H z ) , 4.66(dq, H-9), and 5.22(dq, H-4). 

T h e a u t h o r s wish to t h a n k D r . H i r o s h i N a g a n a w a , 
I n s t i t u t e of M i c r o b i a l C h e m i s t r y , for t h e m e a s u r e m e n t s 
of P M R spec t r a , M r . S a b u r o N a k a d a for c a r r y i n g 
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out the microanalyses, and Mr. Hiromitsu Matsuzaki 
for his technical assistance. Financial support by the 
Asahi Glass Foundation for Contribution to Industrial 
Technology is acknowledged. 
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Methylation of Pyrimidine 2'-Deoxynucleosides with Trimethyl Phosphate 
Toshizumi T A N A B E , * Kiyoshi YAMAUGHI, and Masayoshi KINOSHITA 

Department of Applied Chemistry, Osaka City University, Sumiyoshi-ku, Osaka 558 
(Received July 10, 1978) 

The reactions of thymidine, deoxyuridine, and deoxycytidine with trimethyl phosphate (TMP) were studied 
in a homogeneous water solution at 37—60 °G and pH 7—10. Three pyrimidine deoxynucleosides were 
methylated mainly at the N-3 position to afford their 3-methyl derivatives. The methylation rate at the N-3 
position was found to be dependent on the pH of reaction medium. At pH 10, thymidine and deoxyuridine 
were methylated much faster than deoxycytidine, the tendency being reversed at pH 7. 

Most chemical carcinogens such as polycyclic aro-
matics, aromatic amines, and azo compounds have 
recently been found to be activated in vivo by oxidizing 
enzymes to alkylate nucleic acids, causing mutagenic 
or carcinogenic effects.^ Since intrinsic alkylating 
agents such as dialkyl sulfates, alkyl alkanesulfonates, 
and diazo alkanes also have mutagenicity or carcino­
genicity, many studies have been carried out on their 
actions on nucleic acids and their components.2 - 7) 

We reported the alkylation of five main nucleic 
acid-bases with trialkyl phosphates such as trimethyl,8) 
triethyl,9) and triallyl phosphates10) ( T M P , T E P , 
and TAP) . From the results, T M P and T E P appear 
to be suitable for the alkylation of nucleic acids and 
their components because of their high solubility in 
water and moderate reactivity which enables the alkyl­
ating reactions to take place homogeneously in an 
aqueous phase. Methylation study with T M P seems 
to be worthy of further studies, since many methylated 
nucleosides are present in nucleic acids from various 
sources. 

We have studied the methylation of pyrimidine 
deoxynucleosides such as thymidine (1), deoxyuridine 
(2), and deoxycytidine (3) with T M P in homogeneous 
aqueous phase of p H 7—12 at 37 and 60 °G. 

T h e characterization of the products from these 
reactions is given in the following. The effect of 
p H of reaction mixtures on methylation rate is also 
discussed. 

R e s u l t s a n d D i s c u s s i o n 

The reactions were carried out at 37 and 60 °G by 
stirring a mixture of a deoxynucleoside and T M P in 
water at an appropriate p H . The products were 
isolated by extraction and column chromatography 
and identified by means of U V and N M R spectra. 
Melting point and Rf value were also employed for 
the identification of products. The yields of the pro­
ducts were determined by means of U V spectra. The 
results are summarized in Tables 1 and 2. 

Thymidine (1) and Deoxyuridine (2). Most meth­
ylation studies on thymidine (1) so far reported were 
conducted using diazomethane in water-ether3) or 
methanol-ether2»5) solution. The results indicate that 
diazomethane methylated 1 at the N-3 position chiefly 
to afford 3-methylthymidine (4) with co-formation of 
a small amount of 04-methylthymidine. Treatment of 
DNA with TV-methyl-TV-nitrosourea, a possible source of 
diazomethane in vivo, has been reported to afford 3-

TABLE 1. METHYLATION OF THYMIDINE (1) AND DEOXYURIDINE (2)a> 

Deoxynucleosides Temp 
(dNu) (°C) pH 

Mole ratio 
(TMP/dNu) Product 

6h 

0 
13 
24 

35 (30) c> 

— 
— 
— 

46 
42 
trace 
— 

83 
— 

16 
37(34)c) 

67 

Yield (%) 

12h 

0 
17 
34 

42 (43) 

37 
71 
84 
65 
63 
trace 

14 
96 
11 
28 
55 (53) 

77 

b) 

24 h 

0 
22 
50 
76 (63) 

55 
89 

90 
83 
80 
3 
15 
— 

16 
47 
73 (72) 

86 

48 h 

trace 

26 
61 
81 (81) 

78 
97 

100 
93 
87 
5 
22 
— 

23 
71 
88(88) 

95 

Thymidine (1) 

Deoxyuridine (2) 

2 
2 
2 

37 
37 
37 
37 
37 
37 
37 
37 
37 

60 
60 
37 
37 
37 
37 

7 
8 
9 
10 
10 
10 
10 
11 
12 

7 
10 
8 
9 
10 
11 

15 3-Methylthymidine(4) 
15 4 
15 4 
15 4 
7.5 4 

30 4 
60 4 
15 4 
15 4 

3,05 ' -Dimethylthymidine 
15 4 
15 4 
15 3-Methyldeoxyuridine (5) 
15 5 
15 5 
15 5 

a) Reaction size: a deoxynucleoside (0.25 mmol) + TMP (1.9 mmol, 3.8 mmol, 7.5 mmol, or 14.3 mmol) + H 2 0 
(5.0 ml) at 37 or 60 °C. b) Spectroscopic yield, c) The yields in parentheses are those of the reactions of 1 
and 2 with TMP in the same vessels. 
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T e m p 
(°C) 

37 

37 

37 

37 

37 

37 

37 

60 

60 

p H 

7 

7 

7 

10 

10 

10 

12 

7 

10 

Methylat ion of Pyrimidine Deoxynucleosi 

T A B L E 2. 

Mole ratio 
(TMP/3) 

15 

30 

60 

15 

30 

60 

30 

15 

15 

M E T H Y L A T I O N OF DEOXYCYTIDINE 

Product 

3-Methyldeoxycytidine (6) 

6 

6 

6 

3-Methyldeoxyuridine (5) 

6 

5 

6 

5 

5 

Ox ' -Methyldeoxycytidine 

6 

5 

3 , 0 x ' -Dime thy ldeoxyuridine 

des 

(3) a) 

2 4 h 

4 

12 

17 

4 

0 

6 

0 

13 

3 

0 

1 

37 

33 

0 

Yield (%)b> 

48 h 

9 

15 

23 

6 

trace 

9 

1 

18 

2 

trace 
4 

59 

53 

4 

205 

TSUi 

13 

25 

30 

7 

4 

13 

4 

21 

4 

1 

5 

68 

63 

5 

a) Reaction size: deoxycytidine (0.25 mmol) + TMP (3.8 mmol, 7.5 mmol, or 14.3 mmol) + H 2 0 (5.0 ml) at 37 or 
60 °C. b) Spectroscopic yield. 

methyl- and 04-methylthymidines in addition to several 
methylated purine nucleosides.n) O n the other hand, 
little is known about the alkylation of deoxyuridine 
(2) which is present merely as the precursor of 1 in 
living systems. 

The present reactions of 1 with T M P in an aqueous 
phase gave the results as shown in Table 1. Methyla­
tion occurs at the N-3 position of 1 to afford 3-methyl-
thymidine (4) as the sole product at p H 7—11. How­
ever, when the p H is raised to 12, thin-layer chromato­
graphy of the reaction mixture shows two spots. One 
product (low Rt) was isolated and identified as 4, 
the other product being assigned as 3,05 ' -dimethyl-
thymidine by comparison of its U V spectrum and 
Rf value with those of an authentic sample. 

o 

H O Y Y 
OH 

1: R - C H 3 

2: R = H 

„ X 0 »•«0C"J,J Yx"3 
H20 HOy\) 

OH 

A: R = CH3 

5: R=H 

The methylation rate of 1, particularly the formation 
of 4, was found to be dependent on the p H of reaction 
medium. In the p H region 7—11 at 37 °C, the higher 
the p H , the faster the methylation rate. For instance, 
4 was produced quantitatively in the reaction at p H 
11, while the reaction hardly proceeded at p H 7. 
However, when the p H of reaction mixture was raised 
from 11 to 12, no noticeable increase in methylation 
rate was observed at the N-3 position of 1. The results 
suggest that methylation of 1 occurs most likely in a 
bimolecular fashion between the anionic form of 1 
and T M P , since the dissociation of the N-3 proton of 
1 (piCa:9.8)12) gradually increases in the p H range 
7—11. At p H 11, the N-3 proton dissociates nearly 
completely, the methylation rate at the N-3 position 

under present conditions becoming maximum. The 
p H change from 11 to 12 might not affect the methyla­
tion rate at the N-3 position of 1. 

The formation of a small amount of 3,05 ' -dimethyl-
thymidine in the reaction at p H 12 may also be attri­
buted to the dissociation of 5 ' -OH group (pK&>\3) 
to the oxido anion and its subsequent reaction with 
T M P . 

The rise in reaction temperature and increase in 
the mole ratio of T M P to 1 also accelerated the methyl­
ation rate (Table 1). 

Methylation of deoxyuridine (2) with T M P gave 
almost the same result as that of methylation of 1, 2 
being methylated at the N-3 position to give 3-methyl-
deoxyuridine (5), whose yields increased gradually 
with the rise of p H of the reaction mixture. How­
ever, the reaction of T M P with a mixture of 1 
and 2 at p H 10 showed that 2 is methylated at the 
N-3 position faster than 1, probably because the pl(& 

value of the former is smaller, e.g. 9.2 and 9.8, res­
pectively.12) 

Deoxycytidine (3). Several reports have ap­
peared on the alkylation of cytidine and deoxycyti­
dine (3).3-7) Trea tment of cytidine with diazomethane 
in water-ether3) and dimethyl sulfate in DMF 4 ) caused 
methylation at the N-3 position of cytosine ring. 
However, 3 remains unchanged in the reaction with 
diazomethane in methanol-ether solution.5) Sun and 
Singer studied methylation and ethylation of cytidine 
and 3 in detail using alkyl iodide, ethyl methanesulfo-
nate, and diethyl sulfate, and observed the formation of 
3-alkyl derivatives along with a small extent of alkyl­
ation at exocyclic 4-amino group of cytosine ring.6) 

In the present reactions, methylation took place 
smoothly at the N-3 position to afford 3-methyldeoxy-
cytidine (6) at p H 7, while the reaction at p H 10 gave 
a mixture of 6 and 3-methyldeoxyuridine (5) (Table 2). 

The production of 5 under alkaline conditions can 
be at tr ibuted to alkaline hydrolysis of 6, since the 
analogous compound, 1,3-dimethylcytosine was trans-
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W2 NH2 

OH OH 1 
OH" 

3 6 

f o r m e d i n t o 1 ,3 -d ime thy lu rac i l a n d t h e conve r s ion of 
3 i n t o 2 w a s n o t o b s e r v e d u n d e r s imi la r cond i t i ons . 
S ince t h e d e p r o t o n a t i o n of t h e p y r i m i d i n e r i n g of 3 , 
e s t ab l i shed to exist i n t h e a m i n o form,1 3) does n o t t a k e 
p l a c e u n d e r t h e p r e s e n t c o n d i t i o n s , t h e f o r m a t i o n of 
6 w o u l d o c c u r m o s t l ikely b y t h e a t t a c k of T M P o n t h e 
n e u t r a l N - 3 pos i t ion of t h e a m i n o fo rm of 3 . 

T h e m e t h y l a t i o n r a t e a t t h e N - 3 pos i t ion s h o w e d 
a s l ight d e p e n d e n c e o n t h e p H of r e a c t i o n m e d i u m , 
w h i c h is, h o w e v e r , o p p o s i t e t o t h a t o b s e r v e d in t h e 
m e t h y l a t i o n of 1. T h a t is, t h e m e t h y l a t i o n r a t e d e ­
c rea sed w i t h t h e i nc r ea se of p H . Espec ia l ly , a t p H 
12, m e t h y l a t i o n h a r d l y o c c u r r e d a t t h e N - 3 pos i t ion of 
3 , w h i l e d e o x y r i b o s e m o i e t y w a s m e t h y l a t e d in a smal l 
a m o u n t . A s imi la r t r e n d of 3 o r c y t i d i n e t o resist 
m e t h y l a t i o n a t t h e N - 3 pos i t ion u n d e r a lka l i ne c o n d i ­
t ions h a s r e c e n t l y b e e n r e p o r t e d b y K u s m i e r e k et al?) 

T h e a b o v e r e a c t i o n s t h u s r evea l t h a t 1 a n d 2 m o r e 
easi ly u n d e r g o m e t h y l a t i o n t h a n 3 u n d e r a l k a l i n e con­
d i t ions , w h e r e a s 3 is m e t h y l a t e d s m o o t h l y u n d e r n e u t r a l 
c o n d i t i o n s . T h i s r e m a r k a b l e d e p e n d e n c e of t h e r e ­
ac t iv i t y of 1, 2 , a n d 3 o n t h e p H of r e a c t i o n m i x t u r e 
is useful in v i ew of synthes is , a l l o w i n g select ive m e t h y ­
l a t i o n of these d e o x y nuc leos ides ( 1 , 2 , a n d 3) b y t r e t a -
m e n t w i t h T M P a t a s u i t a b l e p H . S m o o t h m e t h y ­
l a t i o n of 3 a t t h e N - 3 pos i t ion a t p H 7 is n o t e w o r t h y 
f rom a b io log ica l p o i n t of v iew, s ince a l k y l a t i o n a t t h e 
N - 3 pos i t ion of cy tos ine res idues in nuc l e i c ac ids is 
be l i eved to b e o n e of t h e m o s t h a r m f u l r e a c t i o n s to 
resu l t i n m u t a g e n i c i t y o r c a r c i n o g e n i c i t y o n mice, 1 4 ) 
p h a g e T 4 V 1 5 ) etc. A p p a r e n t l y , a W a t s o n - C r i c k t y p e 
of b a s e p a i r i n g b e t w e e n cy tos ine bases a n d g u a n i n e 
bases is n o l o n g e r poss ib le b y m e t h y l a t i o n of t h e fo rmer 
a t t h e N - 3 pos i t ion . 

E x p e r i m e n t a l 

Melting points are uncorrected. U V spectra were meas­
ured with a Hitachi 3 T spectrometer. N M R spectra were 
recorded on a Hitachi Perkin-Elmer R-20 with a dilute solu­
tion in deuterioxide and tetramethylsilane as an outside 
s tandard or 3- (trimethylsilyl) propionic acid-c/4 sodium salt 
as an internal s tandard. Thin-layer chromatography was 
performed on silica gel [GF2 5 4 (type 60), Merck] or a luminum 
oxide [PF2 5 4 (type 150), Merck] using a mixture of chloroform 
and methanol . Column chromatography was carried out 
using silica gel (Merck, Art . 7734, 70—230 mesh) or alumi­
n u m oxide (Merck, Art . 1097). 

Commercial thymidine (1), deoxyuridine (2), and deoxy-
cytidine (3) as well as T M P were used without further puri­
fication. 

Spectroscopic Determination of Yields. A mixture of 
deoxynucleoside (0.25 mmol) and T M P (1.9 mmol , 3.8 mmol, 
7.5 mmol, or 14.3 mmol) in water (5.0 ml) was stirred at 
37 or 60 °C at an appropriate p H maintained throughout the 

reaction by occasional addition of 2 M sodium hydroxide, 
with an error of about ± p H 0.3. At an appropriate reaction 
time, 4 pd of reaction mixture was spotted on a thin-layer 
chromatography plate, which was developed immediately 
with chloroform-methanol (5 : 1 for the reaction of 1 and 
2, and 5 : 2 for that of 3) . 

T h e reaction mixture of 1 with T M P at p H 7—11 showed 
two spots (1 and 4) on T L C (Rf; 1 : 0.07, 4 : 0.23), and a 
new spot (Rt; 0.38) at p H 12. This was found to be 3 ,0 5 ' -
dimethylthymidine by comparison of U V spectrum and 
Rf value of authentic sample; U V Am a x ( H 2 0 ) n m : p H 1, 
266.0, p H 7, 267.0, p H 13, 267.0. In the reaction of 2 with 
T M P at p H 7—11, two spots corresponding to 2 and 5 were 
observed (Rf ; 2 : 0.25, 5 :0 .46) . Thin-layer chromato­
graphy of the reaction mixture of 3 with T M P at 37 °C showed 
two spots (3 and 6) at p H 7 and three spots (3, 6, and 5) 
at p H 10 (Rf; 3 : 0.22, 6 : 0.10, 5 : 0.79). 

After each spot on T L C was scraped separately from the 
plate, the substance on the spot was extracted with 3 ml 
of water. From the absorbance of the solution, the yield of 
each product was calculated by means of a procedure simi­
lar to that described in a previous paper.8) 

Isolation of Products. 3-Methylthymidine (4) : A mixture 
of 1 (1.20 g, 5.0 mmol) and T M P (10.5 g, 75.0 mmol) in 
water (15 ml) was stirred at 60 °C and p H 10. After 12 h, 
the spot of 1 disappeared on thin-layer chromatography 
of the reaction mixture. T h e reaction mixture was then 
neutralized with concentrated hydrochloric acid. After water 
had been removed from the reaction mixture, the residue 
was purified by silica gel column chromatography (2.5 X 35 
cm). Elution with chloroform afforded unchanged T M P , 4 
being obtained by subsequent elution with chloroform-
methanol (7 : 1). Evaporat ion of the solvent afforded 4 as 
viscous liquid which crystallized on the addition of diethyl 
ether (1.13 g, 8 9 . 0 % ) ; m p 132—133.5 °C (from water) (when 
recrystallized compound was dried imperfectly, it melted 
at 84—86 °C) (lit,16) 132.5—134.0 °C), N M R ( D 2 0 ) 6= 
1.88 (3H, d, 7 - 1 . 2 Hz , 5-CH3) , 2.33 (2H, complex m, 
2 ' -CH 2 ) , 3.28 (3H, s, N 3 - C H 3 ) , 3.81 (2H, complex m, 5'-
CH 2 ) , 4.03 ( I H , complex m, 4 ' -CH) , 4.45 ( I H , complex m, 
3 ' -CH), 6.31 ( I H , t, 7 - 7 Hz , l ' - C H ) , and 7.69 ( IH , d, 
J= 1.2 Hz , H 6 ) ; U V Am a x ( H 2 0 ) n m : p H 1, 265.5, p H 7, 
266.0, p H 13, 266.0 (lit,5) p H 1, 265.0, p H 7, 266.0, p H 13, 
267.0). 

3-Methyldeoxyuridine (5) : Compound 3 hydrochloride 
(0.52 g, 2.0 mmol) and T M P (4.2 g, 30.0 mmol) were 
stirred in water (20 ml, p H 10, N a O H ) at 60 °C for 48 h. 
T h e reaction mixture was then neutralized with concentrated 
hydrochloric acid and extracted with chloroform to remove 
unchanged T M P . T h e water layer was concentrated to 
give a residue, which was then purified by silica gel column 
chromatography (2 X 33 cm). Elution with chloroform-
methanol (7 : 1) provided 5 (120 mg, 2 5 % ) ; m p 109—110 °C 
(from ethyl acetate-hexane) (lit,17) 98—100 °C), N M R (D 2 0) 
(5-2.41 (2H, complex m, 2 , -CH 2 ) , 3.32 (3H, s, - C H 3 ) , 3.85 
(2H, complex m, 5 ' -CH 2 ) , 4.10 ( I H , complex m, 4 ' -CH) , 
4.45 ( I H , complex m, 3 ' -CH) , 6.03 ( I H , d, 7 = 8 H z , H 5 ) , 
6.39 ( I H , t, 7 = 7 Hz, l ' - C H ) , and 7.97 ( I H , d, 7 = 8 
Hz , H 6 ) ; U V Am a x ( H 2 0 ) n m : p H 1, 262.5 (loge 4.12), 
p H 7, 262.5 ( loge 4.12), p H 13, 263.0 ( loge 4.13). 

3-Meihyldeoxycytidine (6) : A mixture of deoxycytidine 
hydrochloride (1.30 g, 5.0 mmol) and T M P (18.8 g, 134 
mmol) in water (50 ml, p H 7) was stirred for 100 h. Alumina 
thin-layer chromatography of the reaction mixture developed 
with methanol showed a faint spot of 3 (Rf : 0.12) and a dis­
tinct spot of 6 (Rf : 0.72). T h e reaction mixture was ex­
tracted with chloroform in order to remove unchanged 
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T M P . The water layer was concentrated to give a residue, 
which was then purified by alumina column chromatography 
(2 .5x40 cm). Elution with methanol afforded the salt of 
3-methyldeoxycytidine with dimethyl hydrogen phosphate. 
Since the phosphate salt was hygroscopic, it was converted 
into the hydrochloride salt according to the procedure of 
Furukawa et al.18) (0.78 g, 5 7 % ) ; m p 250 °C (dec); N M R 
(D 2 0) 6 - 2 . 5 5 (2H, complex m, 2 ' -CH 2 ) , 3.67 (3H, s, - C H 3 ) , 
3.95 (2H, complex m, 5 ' -CH 2) , 4.22 (1H, complex m, 4 '-
CH), 4.60 (1H, complex m, 3 ' -CH), 6.30 (1H, d, / = 8 H z , 
H5) , 6.49 (1H, t, J=l Hz , l ' - C H ) , and 8.26 (1H, d, J=8 Hz , 
H 6 ) ; U V A m a x (H a O) n m : p H 1, 279.0, p H 7, 279.0, p H 13, 
269.0. T h e free form of 6 was obtained by subsequent 
treatment of the hydrochloride salt with anionic exchange 
resin (Dowex 1 x 2 , 100—200 mesh, O H form); m p 169— 
171 °C; Found : C, 49.94; H , 6.24; N , 17.29%. Calcd for 
C 1 0H 1 5N 3O 4 : C, 49.78; H , 6.27; N , 17.42%. 
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3,7-Dihydroxy- and 3-substituted 7-hydroxypyrazolo[4,3-d]pyrimidines were synthesized from diethyl 
oxaloacetate and ethyl acylpyruvates via ethyl 4-amino-5-oxo-2-pyrazoline-3-carboxylate hydrochloride and ethyl 
5-substituted 4-amino-3-pyrazolecarboxylates, respectively. 

Purine antagonists have been shown to be chemo-
therapeutic agents against various tumors.2> Some of 
pyrazolo [4,3-<^] pyrimidine derivatives, which are pu­
rine analogue, have been also found to have this 
antagonism.3) I t thus seemed desirable to investigate 
the synthesis of the pyrazolo [4,3-</] pyrimidine ring 
system. 

Recently, some carbon linked nucleoside antibiotics 
have been found in nature. Among these, formycin and 
formycin B4) were characterized as 7-amino- and 7-
hydroxy-3-/? - D - ribofuranosylpyrazolo [4,3-d] pyrimidine, 
respectively. The structural characterization of the 
antibiotics has also regenerated a great interest in the 
synthesis of the pyrazolo[4,3-d]pyrimidine ring system. 

T h e first reported sytnthesis of the ring system was 
that of Behrend,5) who utilized 5-amino-6-methyl-
uracil for the preparation of 5,7-dihydroxypyrazolo-
[4,3-d]pyrimidine. Rose6) has accomplished the syn­
thesis of the ring system by diazotization of 4-alkyl-5-
amino-6-methylpyrimidine followed by an intramolec­
ular coupling. This method is quite satisfactory but 
definitely restricted to the substituent at position 7 
of pyrazolo[4,3-<f]pyrimidine, since 5-amino-6-methyl-
pyrimidine substituted at position 4 with a hydroxyl, 
mercapto, or amino group upon diazotization couples 
to give the oxadiazole, thiadiazole, or triazole ring. 
Robins and his coworkers7) synthesized the ring system 
from 4-nitro-3-pyrazolecarboxylic acid, and Townsend 
and his coworkers8) have also synthesized 5,7-disub-
stituted 3-methylpyrazolo[4,3-^/]pyrimidines from ethyl 
5-methyl-4-nitro-3-pyrazolecarboxylate. But these ni-
tropyrazole methods do not seem to be applicable for 
the synthesis of sugar derivatives, because nitration 
was performed in fuming sulfuric acid. The investiga­
tion of the synthesis of oxoformycin has appeared in 
the literature.9) Formycin B was totally synthesized by 
Acton and his coworkers10) in 1971 from 2,3,5-tri-O-
benzyl-/?-D-ribofuranosyldiazomethane as a key inter­
mediate. Arabinosyl analogue was also synthesized 
by a similar method.11) 

In this paper, we describe a convenient synthesis 
of 3,7-dihydroxy- and 3-substituted 7-hydroxypyrazolo-
[4,3-^]pyrimidines starting from diethyl oxaloacetate 
and ethyl acylpyruvates, respectively, under mild 
conditions in high yields. 

Trea tment of diethyl oxaloacetate (1) with hydrazine 
hydrate (1 equiv) in ethanol at room temperature 
gave ethyl 5-oxo-2-pyrazoline-3-carboxylate (2) in 
8 8 % yield. Introduction of N 2 0 3 gas into an ethanol 
solution of 2 resulted in the formation of ethyl 4-nitroso-
5-oxo-2-pyrazoline-3-carboxylate (3) in 9 5 % yield. 
Catalytic hydrogénation of this nitrogo compound 

3 over 20 % Pd-G in ethanol in the presence of hydro­
chloric acid at room temperature afforded ethyl 4-
amino-5-oxo-2-pyrazoline-3-carboxylate hydrochloride 
(4) in 88 % yield. When 3 was hydrogenated in acetic 
acid in the presence of acetic anhydride at room tem­
perature, ethyl 4-acetamido-5-oxo-2-pyrazoline-3-car-
boxylate (5) was obtained in 7 5 % yield. Treatment 
of the hydrochloride 4 with formamidine acetate (3 
equiv) and triethylamine (5 equiv) in boiling 2-ethoxy-
ethanol gave 3,7-dihydroxypyrazolo[4,3-öT]pyrimidine 
(6) in 9 2 % yield. The structure was confirmed by 
spectral data and elemental analysis. 

C02Et C02E C02Et 

0 
1 2 

C02Et 

3 P d - C / A c 2 0 - A c O H i A c H ^ ^ 

Pd-C/HCl 0 

C02Et 5 

0 
3 

QH H 

HCM2NOL HN<HNH2,ACOH'Et3N' C O 
0 ^ OH 

Scheme 1. 

Ethyl 5-methyl-3-pyrazolecarboxylate (8a)12> could 
not be nitrosated at position 4 of the pyrazole ring by 
the introduction of N 2 0 3 gas. Therefore it was de­
cided to introduce the nitroso group prior to the 
ring closure. Ethyl acetopyruvate (7a) was nitrosated 
to the corresponding hydroxyimino derivative (9a) 
with N 2 0 3 gas in ethanol at room temperature. The 
reaction of this hydroxyimino derivative 9a with hydra­
zine dihydrochloride (1 equiv) in water at 0 °G gave 
blue crystalline ethyl 5-methyl-4-nitroso-3-pyrazole-
carboxylate (10a). By treatment with excess sodium 
dithionite in ethyl acetate and water at room tempera­
ture, this nitroso compound 10a was readily reduced 
to ethyl 4-amino-5-methyl-3-pyrazolecarboxylate ( H a ) 
in 4 7 % yield, based on ethyl acetopyruvate 7a. Ace-
tylation of this amino compound 11a with acetic 
anhydride in pyridine gave ethyl 4-acetamido-l-acetyl-
5-methyl-3-pyrazolecarboxylate (13a) in a quantitative 
yield. O n the other hand, when acetylation was car­
ried out in acetic acid, ethyl 4-acetamido-5-methyl-3-
pyrazolecarboxylate (12a) was obtained in a quantita­
tive yield. T h e reaction of the amino compound 11a 
with formamidine acetate (3 equiv) in boiling 2-
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ethoxyethanol afforded a quantitative yield of 7-hy-
droxy-3-methylpyrazolo[453-d]pyrimidine (14a). 

Similarly, 7-hydroxy-3-phenylpyrazolo[4,3-^]pyrim-
idine (14b) was obtained as follows. Ethyl benzo-
pyruvate (7b) was nitrosated to its hydroxyimino 
derivative (9b). This hydroxyimino derivative 9 b was 
converted to greenish blue crystalline ethyl 4-nitroso-
5-phenyl-3-pyrazolecarboxylate (10b) by the reaction 
with hydrazine dihydrochloride (1 equiv). Reduction 
of the nitroso compound 10b by excess sodium dithi-
onite gave ethyl 4-amino-5-phenyl-3-pyrazolecarboxy-
late ( l i b ) in 4 6 % yield, based on ethyl benzopyruvate 
7b. Acetylation of l i b with acetic anhydride in 
pyridine gave a complex result. When acetylation 
was carried out in acetic acid, however, ethyl 4-
acetamido-5-phenyl-3-pyrazolecarboxylate (12b) was 
obtained in a quantitative yield. The reaction of the 
amino compound l i b with formamidine acetate (3 
equiv) in boiling 2-ethoxyethanol gave 7-hydroxy-3-
phenylpyrazolo[4,3-d]pyrimidine (14b) in a quanti ta­
tive yield. The structure was confirmed by spectral 
data and elemental analysis. 

R^XoEt™2^2 0 , 
C02Et 002Et 

7a,b 

C S H ^ 2 " 0 ^ NH 
R 

10a,b 
R 
8a 

N2°3»s > R J s X o E t "H2NH2-2HCI Î 
HON 0 

9a,b 
C02Et OH H 

l 0 a b N a 2 S 2 O A j H 2 M y ^ y _HN=CHNH2AcOH^^VN^ / ^ N HN=CHNH2-AcOH N ^ V " N \ 

VNH •kJL/" 
R R 

11a,b 14a,b 
CC^Et 

y AczO^OH n A c . O - P y r l d i n e ^ H / ^ ^ 
\^NAc 

C02Et 

a ;R=Me 
b;R=Ph 

Scheme 2. 

TABLE 1. UV ABSORPTION DATA FOR CERTAIN SUBSTITUTED PYRAZOLES AND PYRAZOLO[4,3-^]PYRIMIDINES 

Compound 

2 

3 

4 

5 

6 

10a 

10b 

11a 

lib 

12a 

12b 
13a 

14a 

14b 

pH 

Amax(nm) 

211 
256 
261 
357 
281 

245 
288 
230 
271 
288 
332 
273a> 
303 

237 
332 
218 

223 

217 
259a> 
225 
221 
265 
281 

232 

1 (HCl) 
_--v s 

emax 

8910 
4020 
9460 
3660 
8100 

6450 
4480 
10830 
3910 
4600 
4080 

6130 
10020 

12450 
4060 
6540 

18980 

8140 
4620 
21790 
8040 
3720 
6470 

11590 

95°/ 
• ^ 

Amax(nm) 

223 
260 
261 
357 
281 

245 
290 
231b> 
288b) 

332b> 

212 
275a> 
303 
237 
332 
208 
296 
228 
309 
217 
254a> 
225 
221 
265 
226 

214a> 
231 

i EtOH 
N 

emax 

10080 
2920 
8590 
4130 
7920 

6580 
4550 
10530b> 
4680b> 
6200b> 

8370 
6420 
10110 
12490 
4340 
5720 
4900 
20680 
9430 
7900 
4240 
21630 
8740 
3830 
6450 

10760 
12040 

pH 

^ ImaxM 

225 
295 
300 
369 
253 
288a> 
234 
302 
238 
285a> 
315 
332 
329 
333 

229 
341 
236 

255 
288a> 
230 
253 
247 
257 

226 
281 
288 
300a> 

248 

ll(NaOH) 

^ emax 

11580 
2460 
10400 
5190 
7600 
5460 
5710 
2950 
10360 
3800 
5120 
7040 
14740 
15950 

13860 
8010 
6380 

22690 
10340 
9200 
13000 
24380 
8290 

9000 
8560 
8690 
5600 
13380 

a) Shoulder, b) These values were measured in water. 
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T A B L E 2. ELEMENTAL ANALYSES OF CERTAIN SUBSTITUTED PYRAZOLES AND PYRAZOLO[4,3-</]PYRIMIDINES 

Found (%) Galcd (%) 

2 
3 
4 
5 
6 

10a 
10b 
11a 
l i b 
12a 
12b 
13a 
14a 
14b 

\_JU I I i p U Uli.«-i 

G6H803N2 

C6H704N2 

C6H10O3N3Cl*> 
C 8 H u 0 4 N 3 

C5H402N4 

G7H903N3 

C12Hn03N3*> 
C7HnO aN2 

Gi2H1302N3 

G9H1303N3 

G14H1503N3 

G uH 1 50 4N 3 

G6H6ON4 

G uH 8ON 

C 

46.36 
39.14 
35.17 
44.93 
39.61 
45.84 
59.90 
49.62 
62.36 
51.27 
61.62 
52.05 
47.76 
62.14 

H 

5TÏ8 
3.85 
5.14 
5.21 
2.64 
4.76 
4.67 
6.61 
5.69 
6.22 
5.61 
6.04 
4.05 
3.84 

N 

18.08 
22.96 
21.01 
19.60 
37.04 
23.22 
17.95 
25.09 
18.32 
19.86 
15.65 
16.80 
37.54 
26.61 

C 

46.15 
38.92 
34.71 
45.07 
39.48 
45.90 
58.77 
49.69 
62.32 
51.17 
61.53 
52.15 
48.00 
62.25 

H 

5Tl6 
3.81 
4.85 
5.20 
2.65 
4.95 
4.52 
6.55 
5.67 
6.20 
5.53 
5.97 
4.03 
3.80 

N 

17.94 
22.70 
20.24 
19.71 
36.84 
22.94 
17.14 
24.84 
18.17 
19.90 
15.38 
16.59 
37.32 
26.40 

a) These compounds were unstable. 

U V a b s o r p t i o n d a t a a n d e l e m e n t a l ana lyses of these 
py razo l e s a n d p y r a z o l o [ 4 , 3 - ^ ] p y r i m i d i n e s a r e l is ted 
i n T a b l e s 1 a n d 2 . 

E x p e r i m e n t a l 

All the melting points are uncorrected. 
Ethyl 5-Oxo-2-pyrazoline-3-carboxylate (2). T o a solu­

tion of diethyl oxaloacetate (1) (19.8 g, 0.1 mol) in 50 ml of 
ethanol, 8 0 % hydrazine hydrate (6.25 g, 0.1 mol) in 50 ml 
of ethanol was added dropwise at room temperature . After 
the solution was stirred for 2 h, the solvent was removed 
under diminished pressure. T h e residual solid was recrystal-
lized from ethyl acetate to yield 13.7 g (88%) of 2. An 
analytical sample was obtained by an additional recrystal-
lization from ethyl acetate, m p 183—184 °G. 

Ethyl 4-Nitroso-5-oxo-2-pyrazoline-3-carboxylate (3). 
In to a solution of 2 (15.6 g, 0.1 mol) in 100 ml of ethanol, 
N 2 0 3 gas generated by dropping coned hydrochloric acid to 
sodium nitrite was introduced at room temperature until 
the disappearance of 2 was confirmed by T L G . Then the 
solvent was removed under diminished pressure, and the resi­
dual yellow crystals of 3 were recrystallized from ethyl acetate, 
yield 17.6 g (95%) . An analytical sample was obtained 
by two addit ional recrystallizations from ethyl acetate, m p 
170—172 °G (dec). 

Ethyl 4-Amino-5-oxo-2-pyrazoline-3-carboxylate Hydrochloride 
(4). T h e nitroso compound 3 (1.85 g, 0.01 mol) was 
dissolved in 50 ml of ethanol containing 2 ml of coned hydro­
chloric acid. A small amount of 2 0 % P d - G was added and 
stirred under hydrogen atmosphere. After 450 ml of hy­
drogen was absorbed, the solution was filtered and evapo­
rated in vacuo. T h e residue was dissoved in a small amount of 
ethanol and 1.83 g (88%) of 4 was precipitated by the addition 
of ether. An analytical sample was obtained by an additional 
reprecipitation from ethanol and ether, m p 160 °C (dec). 

Ethyl 4-Acetamido-5-oxo-2-pyrazoline-3-carboxylate (5). 
T h e nitroso compound 3 (3.70 g, 0.02 mol) was dissolved 
in 150 ml of acetic acid and 6 ml of acetic anhydride. A 
small amount of 2 0 % P d - G was added and stirred under 
hydrogen atmosphere. After 900 ml of hydrogen was ab­
sorbed, the solution was filtered and evaporated in vacuo. 
When ether was added to the residue, white crystals of 5 

were precipitated, 3.20 g (75%). An analytical sample was 
obtained by recrystallization from water, m p 189.5—190 °G. 

SJ-Dihydroxypyrazololé^-dJipyrimidine (6). A mixture 
of 4 (519 mg, 2.5 mmol) , formamidine acetate (780 mg, 
7.5 mmol) , and triethylamine (1.26 g, 12.5 mmol) in 10 ml 
of 2-ethoxyethanol was refluxed for 1 h under argon atmos­
phere. Crystals were precipitated when the solution was 
allowed to stand at room temperature. T h e precipitate was 
filtered and recrystallized from water to yield 350 mg (92%) 
of 6. An analytical sample was obtained by an additional 
recrystallization from water, m p > 3 0 0 °G. 

Ethyl a-(Hydroxyimino)acetopyruvate (9a) and Ethyl <x-(Hydroxy-
imino)benzopyruvate (9b). In to a solution of 7a (15.8 g, 
0.1 mol) in 100 ml of ethanol, N 2 O a gas was introduced at 
room temperature until the disappearance of 7a was con­
firmed by T L G . Then the solvent was removed under dimin­
ished pressure and water was added. T h e aqueous solution 
was extracted three times with ether and the combined 
organic layer was dried over anhydrous sodium sulfate. 
Evaporation of ether in vacuo gave a yellow oil of almost pure 
9a. T h e oily 9a was used for the next step without further 
purification. T h e benzoyl derivative 9 b was obtained as 
an oil from ethyl benzopyruvate 7 b in a similar manner. 

Ethyl 5-Methyl-4-nitroso-3-pyrazolecarboxylate (10a). T o 
a solution of 9a obtained from 7a (3.16 g, 0.02 mol) in 50 
ml of water, hydrazine dihydrochloride (2.08 g, 0.02 mol) 
in 50 ml of water was added dropwise and stirred at 0 °G 
until the disappearance of 9a was confirmed by T L C . Then 
the solution was extracted with ether and the organic layer 
was dried over anhydrous sodium sulfate. When the solvent 
was removed under diminished pressure below 40 °G, blue 
crystals of 10a were obtained. An analytical sample was 
obtained by using silica-gel column chromatography eluted 
with benzene-ethyl acetate ( 9 : 1 ) , m p 95—98 °G (dec). 

Ethyl 4-Nitroso-5-phenyl-3-pyrazolecarboxylate (10b). 
Greenish blue crystals of 10b were obtained from 9 b in a 
manner similar to that described for 10a when the removal 
of the solvent was carried out under an ice-cooled ba th . An 
analytical sample was obtained by using silica-gel column 
chromatography eluted with benzene-ethyl acetate (5 : 1), 
m p 2 6 ° G (dec). 

Ethyl 4-Amino-5-methyl-3-pyrazolecarboxylate (Ha). 
T o a mixture of 10a obtained from 7a (3.16 g, 0.02 mol) in 
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50 ml of ethyl acetate and 50 ml of water, sodium dithionite 
was added to the mixture until the disappearance of 10a 
was confirmed by T L G . Then the organic layer was se­
parated and the aqueous layer was extracted with ethyl 
acetate. T h e combined organic layer was dried over an­
hydrous sodium sulfate and the solvent was removed under 
diminished pressure. T h e crude product was recrystallized 
from benzene to yield 1.60 g (47% from 7a) of 11a. An 
analytical sample was obtained by an additional recrystalliza-
tion from benzene, m p 96—96.5 °G. 

Ethyl 4-Amino-5-phenyl-3-pyrazolecarboxylate (lib). I n a 
manner similar to that described for 11a, l i b was obtained 
from 7b (2.20 g, 0.01 mol) and recrystallized from benzene 
to yield 1.06 g (46% from 7b) . An analytical sample was 
obtained by an additional recrystallization from benzene, 
m p 145—146 ° G 

Ethyl 4-Acetamido-5-methyl-3-pyrazolecarboxylate (12a). 
A solution of 11a (85 mg, 0.5 mmol) in acetic acid (5 ml) and 
acetic anhydride (26 mg, 2.5 mmol) was stirred at room tem­
perature for 30 min. T h e solution was neutralized with 
aqueous sodium hydrogencarbonate solution and extracted 
with ethyl acetate. T h e organic layer was dried over an­
hydrous sodium sulfate and evaporated in vacuo to yield 106 
mg (quantitative) of 12a. An analytical sample was obtained 
by recrystallization from ethyl acetate, m p 176—177 °G. 

Ethyl 4-Acetamido-5-phenyl-3-pyrazolecarboxylate (12b). 
In a similar manner , 12b was obtained in a quanti tat ive yield 
(137 mg) from l i b (116mg, 0.5 mmol) . An analytical 
sample was obtained by recrystallization from ethyl acetate, 
m p 182.5—183 °G. 

Ethyl 4-Acetamido-1-acetyl-5-methyl-3-pyrazolecarboxylate (13a). 
A solution of 11a (169 mg, 1 mmol) in pyridine (5 ml) and 
acetic anhydride (510 mg, 5 mmol) was stirred at room 
temperature for 2 days and then the solvent was removed 
under diminished pressure. T h e crude product was recry­
stallized from benzene-hexane to yield 253 mg (quantitative) 
of 13a, m p 152—153 ° G 

7 - Hydroxy -3- methylpyrazolo \4,3-d\ pyrimidine (14a). A 
mixture of 11a (338 mg, 2 mmol) and formamidine acetate 
(624 mg, 6 mmol) in 10 ml of 2-ethoxyethanol was refluxed 
for 1 h under argon atmosphere. Then the solvnet was 
removed under diminished pressure and the residue was re­

crystallized from water to yield 300 mg (quantitative) of 14a. 
An analytical sample was obtained by an addit ional recry­
stallization from water, m p > 3 0 0 °G (lit,7) > 300 °G). 

7 - Hydroxy - 3 -phenylpyrazolo [4,3 - djpyrimidine (14b). 
Grude 14b was obtained from l i b (231 mg, 1 mmol) in a 
similar manner . Recrystallization of crude 14b from N,N-
dimethylformamide gave 211 mg (quantitative) of 14b. 
An analytical sample was obtained by an addit ional recrystal­
lization from iV,iV-dimethylformamide, m p > 3 0 0 ° G 

T h i s r e s e a r c h w a s s u p p o r t e d i n p a r t b y a K u r a t a 
R e s e a r c h G r a n t . 
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A Simple Total Synthesis of ( + )-Ferruginol, ( + )-Sempervirol, 
and ( + )-Podocarpa-8(14)-en-13-one 

Takashi MATSUMOTO* and Shuji Usui 
Department of Chemistry, Faculty of Science, Hiroshima University, 

Higashisenda-machi, Hiroshima" 730 
(Received July 20, 1978) 

The Wittig reaction of {R)-{ — )-a-cyclocitral with (3-isopropyl-4-methoxy benzyl)-, (4-isopropyl-3-methoxy-
benzyl)-, and (3-methoxybenzyl)triphenylphosphonium chloride afforded the styryl derivatives which were 
partially hydrogenated to the corresponding dihydro derivatives (18,26, and 27). Intramolecular cyclization 
of 18 and 26 with anhydrous aluminium chloride followed by demethylation with boron tribromide gave ( + )-
ferruginol and ( + )-sempervirol. The similar cyclization of 27 gave ( + )-13-methoxypodocarpa-8, 11, 13-triene. 
This was reduced with lithium in liquid ammonia in the presence of ethanol and then treated with dilute 
hydrochloric acid to give ( + )-podocarpa-8(14)-en-13-one, a versatile intermediate for natural diterpene 
synthesis. 

In previous papers,1 - 3) we have reported the syntheses 
of highly-oxygenated tricyclic diterpenes, i.e. taxodione 
(1), royleanone (2), 7-oxoroyleanone (3), taxoquinone 
(4), horminone (5), 7a-acetoxyroyleanone (6), dehydro-
royleanone (7), cryptojaponol (8), and inuroyleanol 
(9), using ferruginol (10) as an useful key intermediate. 
We also reported the synthesis of sempervirol (11), 
which is a rare tricyclic diterpene phenol possessing 
an isopropyl group at the C-12 position. All these 
syntheses started from natural (—)-abietic acid (12). 
To complete these previous works, we planned to 
devise a more efficient and general synthetic method 
for the optically active tricyclic diterpenes to achieve 
the total syntheses of the above natural products. 
This paper will describe the simple total syntheses of 
(+)-ferruginol (10), ( + )-sempervirol (11), and ( + ) -
13-methoxypodocarpa-8,11,13-triene (13) ,4) which was 
easily converted into ( + )-podocarpa-8(14)-en-13-one 
(14),5-9> a versatile intermediate for naturally-occur­
ring diterpenes. 

2 R=H 2 

3 R = 0 
4 R=p-0H 
5 R = a-0H 
6 R = oi-OAc 

8 R=H 

9 R = 0H 

(/?)-(—)-a-Cyclocitral (15)10) prepared from (± ) - a -
cyclogeranic acid was chosen as a starting material. 
The Wittig reaction of 15 with (3-isopropyl-4-metho-
xybenzyl)triphenylphosphonium chloride (16) in hexane 
in the presence of butylli thium gave 3-(3-isopropyl-4-

3 ethoxystyryl) -2,4,4-trimethyl-1 -cyclohexene (17). 
The stereochemistry of the newly formed double bond 
in 17 was assigned as the foz/i.y-configuration because 
of the vicinal coupling constant (J= 15 Hz) between 
the olefinic protons in the N M R spectrum. The com­
pound 17 in ethanol was submitted to partial catalytic 
hydrogénation over P d - G at room temperature to give 
the corresponding phenethyl derivative (18). This was 
treated with anhydrous aluminium chloride in benzene 
and gave a mixture of two intramolecular cyclization 
products. The chromatographic purification of the 
mixture afforded ferruginyl methyl ether (19) and its 
m-isomer (20) in a ratio of 1:1. The m-configuration 
of the A/B ring junction in 20 was supported by its 
N M R spectrum, which showed a signal due to the 
Ctß methyl group in the high field, ô 0.40 ppm, because 
of the shielding effect of the aromatic ring. The 
demethylation of 19 with boron tribromide in dichloro-
methane gave ferruginol (10). However, since the 
optical rotation ([a]D+33.2°) was somewhat lower than 
that of the natural product,2) this was further purified 
via the benzoate (21) to give the optically pure com­
pound (10), [a ] D +55.0° . 

CHO 

15 

CH2PPh3CI 

16 R=0Me,R=i-Pr 
22 R=i-Pr,R=0Me 

23 R = H, R'=0Me 

17 R=0Me,R=i-Pr 

24 R=i-Pr,R=0Me 

25 R = H,R'=0Me 

18 R=0Me,R=i-Pr 
26 R = î-Pr,R=0Me 
27 R=H, R=0Me 

'B 

20 R=0Me,R=i-Pr 
29 R=i-Pr,R=0Me 
31 R = H, R = 0Me COPh 

Similarly, 15 was condensed respectively with (4-
isopropyl-3-methoxybenzyl) triphenylphosphonium chlo-
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OMe 

13 14 

ride (22) and (3-methoxybenzyl)triphenylphosphonium 
chloride (23) in the presence of butyllithium to 
afford the styryl derivatives (24 and 25), which were 
then hydrogenated in the presence of Pd -G to yield 
the corresponding phenethyl derivatives, 26 and 27, 
respectively. The intramolecular cyclization of 26 with 
anhydrous aluminium chloride gave semperviryl methyl 
ether (28) and its aV-isomer (29).3> T h e trans-com­
pound (28) was demethylated with boron tribromide 
to give sempervirol (11), [a ] D +38.0° . The purifica­
tion of 11 via the acetate (30) gave the optically pure 
sample (11), [a ] D +60.2° . The compound 27 was also 
cyclized with anhydrous aluminium chloride to give 
13-methoxypodocarpa-8,ll ,13-triene (13),4) which was 
purified by crystallization along with its cis-isomer (31). 
The conversion of racemic 13 into racemic podocarpa-
8(14)-en-13-one (14) has already been reported by 
Barltrop and Rogers11) and Church et al.12) The 
synthetic optically-active 13 was similarly reduced with 
lithium in liquid ammonia in the presence of ethanol 
and then treated with dilute hydrochloric acid to give 
the a,ß-unsaturated ketone (14), m p 61.5—62.5 °G, 
[a] D +40.4° , a degradation product of natural diter-
penes, e.g. isophyllocladene (32)5) and manool (33).5»6»9) 
The optically-active ketone (14) has already been 
transformed into isophyllocladene (32), 13) manool (33), 7> 
phyllocladene (34),13) hibaone (35),14) sclareol (36), 7> 
manoyl oxide (37),7) anticopalic acid (38),15»16) trans-
abienol (39),17) and isoabienol (40).17) Therefore, the 
present work can be regarded as the total syntheses 
of the above natural diterpenes. 

E x p e r i m e n t a l 

All melting points are uncorrected. The IR spectra and 
optical rotations were measured in chloroform, and the NMR 
spectra in carbon tetrachloride at 60 MHz, with tetramethyl-
silane as the internal standard, unless otherwise stated. The 
chemical shifts are presented in terms of ô values ; s : singlet, 
bs: broad singlet, d: doublet, bd: broad doublet, dd: double 
doublet, t: triplet, m: multiplet. Column chromatography 
was performed using Merck silica gel (0.063 mm). 

(R)-(-)-oc-Cyclocitral (15).10> (-)-a-Cyclogeranioi10'18> 
(4.11 g, [a]D —117° (EtOH)) prepared from (±)-a-cyclo 
geranic acid, and dicyclohexylcarbodiimide19) (16.5 g) 
were dissolved in dimethyl sulfoxide (15 ml) and benzene 
(15ml). Anhydrous phosphoric acid20) (7ml, I M solution 
in dimethyl sulfoxide) was added at 5 °C, and the mixture 
was stirred at this temperature for 4 h. Dry ether (50 ml) 
was added, followed by a solution of oxalic acid (6.72 g) in 
methanol (7 ml). After 30 min, the iV,iV'-dicyclohexylurea 
was removed by filtration and washed with ether. The 
filtrate was washed with water, dried over sodium sulfate, 
and then evaporated. The crude product was purified by 
column chromatography on silica gel using hexane-benzene 
(1:4) as the eluent to yield 15 (2.90 g : 72%), [a]D -711° 

(EtOH), NMR: 0.89 and 0.97 (each 3H and s, -C(CH3)2), 

1.60 (3H, d, J= 1.5 Hz, =CCH3), 5.69 (1H, bs, -CH=G-), 
9.34 (1H, d, 7 = 5 Hz, -CHO). 

(3-Isopropyl-4-methoxybenzyl) triphenylphosphonium Chloride (16). 
A solution of 3-isopropyl-4-methoxybenzyl chloride21) (5.71 g) 
and triphenylphosphine (7.54 g) in dry benzene (10 ml) 
was refluxed for 5 h and the precipitate (16) (7.80 g, mp 
253—259 °G) was collected. The filtrate was further re-
fluxed for 3 h to give some additional salt ( 1.20 g, mp 
251—254 °C). 

3- (3-Isopropyl-4-methoxystyryl) -2,4,4-trimethyl-1 -cyclohexene 
(17). A solution of butyllithium in hexane (15%; 
2.9 ml) was added at room temperature to a suspension of 
16 (2.660 g) in hexane (13 ml) under a stream of nitrogen. 
The mixture was stirred for 1 h and a solution of 15 (549 mg) 
in hexane (2.0 ml) was added at 5 °C. After stirring at 
5—10 °C for 4 h, the mixture was acidified with dilute 
hydrochloric acid, extracted with ether, and the extract was 
washed with brine, dried over sodium sulfate, and then 
evaporated. The residue was triturated with hexane, and 
the precipitated triphenylphosphine oxide was removed by 
filtration. The filtrate was evaporated and the residue 
( 1.208 g) was purified by column chromatography on silica 
gel (50 g) using hexane as the eluent to give 17 (852 mg : 
79%) as an oil, [a]D -273° , NMR: 0.90 and 0.94 (each 

3H and s, -C(CH3)2), 1.21 (6H, d, J=7 Hz, -CH(CH3)2), 

1.63 (3H, bs, =CCH3), 3.27 (1H, m, -CH(CH3)2), 3.79 (3H, 

s, -OCH3) , 5.40 (1H, m, -CH=C-), 5.76 (1H, dd, J=S 

and 15 Hz, -GH-CH=CH-), 6.25 (1H, d, y = 1 5 H z , - G H -
CH=CH-), 6.63 (1H, d, J=9 Hz), 7.04 (1H, d, J=2 Hz), 
and 7.04 (1H, dd, J =2 and 9 Hz) (aromatic protons). 
Found: C, 84.62; H, 10.10%. Galcd for C21H30O: G, 
84.51; H, 10.13%. 

3- (3-Isopropyl-4-methoxyphenethyl) - 2,4,4 - trimethyl -1 - cyclohexene 
(18). A suspension of 17 (852 mg) and 5% Pd-C 
(300 mg) in ethanol (8.0 ml) was stirred at room temperature 
in an atmosphere of hydrogen. After one equivalent of 
hydrogen had been absorbed (ca. 80 min), the mixture 
was filtered. The filtrate was evaporated and the residue 
(828 mg) was purified by column chromatography on silica 
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gel (80 g) using hexane as the eluent to afford 18 (790 m g : 
92%) as an oil, [ a ] D - 8 9 . 3 ° , N M R : 0.88 and 0.99 (each 

3 H and s, - C ( C H 3 ) 2 ) , 1.19 (6H, d, 7 = 7 Hz , - C H ( C H 3 ) 2 ) , 

1.68 (3H, bs, =CCH 3 ) , 3.26 (1H, m, - C H ( C H 3 ) 2 ) , 3.77 (3H, 

s, - O C H 3 ) , 5.28 (1H, m, - C H = C - ) , 6.59 (1H, d, 7 = 9 Hz) , 
6.83 (1H, dd, y = 2 and 9 Hz ) , and 6.88 (1H, d, 7 = 2 Hz) 
(aromatic protons). Found : C, 83.66; H , 10.73%. Calcd 
for C 2 1 H 3 2 0 : C, 83.94; H , 10.73%. 

Intramolecular Cyclization of 18. Anhydrous aluminium 
chloride (370 mg) was added at 30 °G to a solution of 18 
(814 mg) in dry benzene (8.0 ml) . T h e mixture was stirred 
at 30—33 °G for 30 min, decomposed with dilute hydrochlo­
ric acid, and then extracted with ether. T h e ether extract 
was washed with brine, dried over sodium sulfate, and 
evaporated. T h e crude product was chromatographed on 
silica gel (80 g) using hexane as the eluent to give the cis-
isomer (20) (363 m g : 45%) as an oil, [ a ] D - 2 8 . 0 ° , N M R : 
0.40 (3H, s, C V - C H 3 ) , 0.93 (3H, s, C 4 „ -CH 3 ) , 1.14 (3H, 
s, G 1 0 -GH 3 ) , 1.16 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 3.19 (1H, 
m, - C H ( C H 3 ) 2 ) , 3.78 (3H, s, - O C H 3 ) , 6.63 and 6.69 (each 
1H and s, C n - H and C 1 4 - H ) . Found : C, 84.21 ; H , 10.85%. 
Galcd for G 2 1 H 3 2 0 : C, 83.94; H , 10.73%. Fur ther elution 
gave the trans-ïsomer (19) (352 m g : 43%) as an oil, [ a ] D 

+ 35.9°, N M R : 0.95 (6H, s, - C ( C H 3 ) 2 ) , 1.16 (6H, d, J= 
7 Hz , - C H ( C H 3 ) 2 ) , 1.19 (3H, s, C 1 0 -CH 3 ) , 3.18 (1H, m, 
- G H ( G H 3 ) 2 ) , 3.74 (3H, s, - O G H 3 ) , 6.55 and 6.67 (each 1H 
and s, C n - H and G 1 4 -H) . Found : G, 84.24; H , 10.96%. 
Calcd for G 2 1 H 3 2 0 : C, 83.94; H , 10.73%. 

Ferruginyl Benzoate (21). A solution of 19 (384 mg) 
and boron tr ibromide (0.30 ml) in dichloromethane (4.0 ml) 
was allowed to stand at 0—5 °C for 2 h. T h e solution was 
then poured into water and extracted with ether. The 
extract was washed with brine, dried, and then evaporated 
to dryness. T h e crude product was purified by column 
chromatography on silica gel (40 g) using hexane-benzene 
(1:1) as the eluent to give ferruginol (10) (349 m g : 9 5 % ) , 
M D + 3 3 . 2 ° , as an oil. T h e I R and N M R spectra were 
identical with those of an authentic sample.2) 

T h e above ferruginol (349 mg) was benzoylated at 50— 
55 °C for 3 h with benzoyl chloride (0.3 ml) in pyridine 
(3.5 ml) . After the usual work-up, the crude product was 
chromatographed on silica gel (40 g) using hexane-benzene 
(1:1) as the eluent to give ferruginyl benzoate (21) (409 mg) 
which was recrystallized from ethanol, m p 154.5—156 °G, 

M D + 6 0 . 1 ° , I R : 1728 cm"1 , N M R : 0.96 (6H, s, - C ( C H 3 ) 2 ) , 
1.18 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 1.21 (3H, s, C 1 0 -CH 3 ) , 
6.86 and 6.89 (each 1H and s, C n - H and C 1 4 - H ) , 7.3—7.7 
(3H, m) and 8.1—8.3 (2H, m) (aromatic protons). The 
I R and N M R spectra were identical with those of authentic 
benzoate which was prepared from natura l ferruginol. 
Found : G, 83.32; H, 9 .02%. Calcd for C 2 7 H 3 4 0 2 : C, 83.03; 
H , 8 .78%. 

Ferruginol (10). A mixture of 21 (134 mg) and lithium 
aluminium hydride (15 mg) in dry ether (2.0 ml) was refluxed 
for 1 h. After the usual work-up, the product was purified 
by column chromatography on silica gel ( 10 g) using hexane -
benzene (1:1) as the eluent to give ferruginol (10) (93 m g : 
94%0) as an oil, [ a ] D + 5 5 . 0 ° (lit,2) M D + 5 7 . 5 ° ) ; I R : 3605, 

3350 c m - 1 ; N M R : 0.91 (6H, s, - C ( C H 3 ) 2 ) , 1.10 (3H, s, 
C 1 0 -CH 3 ) , 1.19 (6H, d, 7 = 7 Hz , - C H ( C H 3 ) 2 ) , 3.09 (1H, 
m, - C H ( C H 3 ) 2 ) , 4.73 (1H, bs, - O H ) , 6.41 and 6.68 (each 
1H and s, C n - H and C 1 4 - H ) . Found : G, 84.13; H , 10.49%. 
Galcd for G 2 0 H 3 0 O: C, 83.86; H , 10.56%o. 

(4-Isopropyl-3-methoxybenzyl)triphenylphosphonium Chloride (22). 

A solution of 4-isopropyl-3-methoxybenzyl chloride22) (3.34 g) 
and triphenylphosphine (4.41 g) in dry benzene (5 ml) was 
refluxed for 6 h. T h e precipitate was collected and recrys­
tallized from chloroform-benzene to give crystals (6.40 g : 
8 2 % ) , m p 222—225 °C. 

3 - (4 - Isopropyl- 3 - methoxystyryl) - 2,4,4 -trimethyl -1 - cyclohexene 
(24). A suspension of 22 (4.460 g) in hexane (22 ml) 
was treated with a solution of butyllithium in hexane ( 1 5 % ; 
4.8 ml) under a stream of nitrogen and then with a solution 
of 15 (921 mg) in hexane (2.0 ml) , as described for the pre­
parat ion of 17. T h e crude product was chromatographed 
on silica gel (100 g) using hexane as the eluent to give 24 
(956 m g : 5 3 % ) , M D - 3 2 0 ° , N M R : 0.89 and 0.95 (each 

3 H and s, -G(CH 3 ) 2 ) , 1.17 (6H, d, 7 = 7 Hz, -GH(CH 3 ) 2 ) , 

1.63 (3H, bs, =CCH 3 ) , 3.25 (1H, m, - C H ( C H 3 ) 2 ) , 5.42 (1H, 

m, - C H = C - ) , 5.83 (1H, dd, 7 = 8 and 15 Hz, - C H - C H = C H - ) , 

6.28 (1H, d, 7 = 1 5 Hz, - C H - C H = C H - ) , 6.69 (1H, overlap), 
6.75 (1H, dd, 7 = 2 and 8 Hz) , and 7.02 (1H, d, 7 = 8 Hz) 
(aromatic protons). Found : C, 84.71; H , 10.10%. Galcd 
for C 2 1 H 3 0 O: C, 84 .51; H , 10.13%. 

3- (4-Isopropyl-3-methoxyphenethyl) - 2,4,4 - trimethyl-1 - cyclohexene 
(26). A mixture of 24 (956 mg), 5 % P d - C (300 mg), 
and ethanol (10 ml) was subjected to catalytic hydrogéna­
tion at room temperature for ca. 60 min as described for 
the preparat ion of 18. After the usual work-up, the crude 
product was purified by column chromatography on silica 
gel (90 g) using hexane as the eluent, to afford 26 (765 mg : 
80%) as an oil, M D - 9 8 . 7 ° , N M R : 0.88 and 0.99 (each 

3H and s, - C ( C H 3 ) 2 ) , 1.16 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 

1.69 (3H, bs, =CCH 3 ) , 3.22 (1H, m, - C H ( C H 3 ) 2 ) , 3.78 (3H, 

s, - O C H 3 ) , 5.27 (1H, m, - C H = C - ) , 6.50 (1H, overlap), 
6.58 (1H, dd, 7 = 2 and 8 Hz) , and 6.97 (1H, d, 7 = 8 Hz) 
(aromatic protons). Found : C, 84.22; H , 10.66%. Calcd 
for G 2 1 H 3 2 0 : C, 83.94; H , 10.73%. 

Intramolecular Cyclization of 26. A mixture of 26 
(395 mg), anhydrous a luminium chloride (180 mg), and dry 
benzene (4.0 ml) was treated at 30 °C for 30 min. After the 
usual work-up, the crude product was chromatographed on 
silica gel (40 g) using hexane as the eluent, to give the cis-
isomer (29) (188 m g : 48%>), M D - 2 4 . 7 ° , N M R : 0.37 (3H, 
s, C 4 r G H 3 ) , 0.92 (3H, s, C 4 a - C H 3 ) , 1.11 (3H, s, C 1 0 -CH 3 ) , 
1.17 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 3.22 (1H, m, - C H -
(CH 3 ) 2 ) , 3.74 (3H, s, - O C H 3 ) , 6.32 and 6.96 (each 1H and 
s, G 1 4 -H and G n - H ) . Found : C, 83.67; H , 10.84%. Calcd 
for G 2 1 H 3 2 0 : C, 83.94; H , 10.73%. 

Fur ther elution gave semperviryl methyl ether (28) (151 

m g : 3 8 % ) , M D +35 .0° , N M R : 0.95 (6H, s, -C (CH 3 ) 2 ) , 
1.15 (3H, s, C 1 0 -CH 3 ) , 1.16 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 
3.19 (1H, m, - C H ( C H 3 ) 2 ) , 3.73 (3H, s, - O C H 3 ) , 6.32 and 
6.94 (each 1H and s, C 1 4 -H and C n - H ) . Found : C, 83.92; 
H , 10.79%o. Galcd for C 2 1 H 3 2 0 : C, 83.94; H , 10.73%. 

Semperviryl Acetate (30). A solution of 28 (283 mg) 

and boron tribromide (0.20 ml) in dichloromethane (3.0 ml) 
was allowed to stand at 0 °C for 2 h. T h e crude product 
was purified by column chromatography on silica gel (30 g) 
to give sempervirol (11) (249 m g : 9 2 % ) , M D +38 .0° , which 
was treated at 50 °C for 2 h with acetic anhydride (0.20 ml) 
and pyridine (2.5 ml) . T h e product was chromatographed 
on silica gel (25 g) using hexane-benzene (1:1) as the eluent 
and then recrystallized from ethanol to give the acetate 
(30), m p 92—94 °C, M D +55 .4° (lit,23) m p 92—93 °C, 

[ a ] D + 5 1 ° ) , I R : 1750 cm- 1 , N M R : 0.93 (6H, s, -C (CH 3 ) 2 ) , 
1.15 (6H, d, 7 = 7 Hz , - C H ( C H 3 ) 2 ) , 1.18 (3H, s, C 1 0 -CH 3 ) , 
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2.21 (3H, s, - O C O G H 3 ) , 6.52 (1H, bs, C 1 4 -H) , 7.04 (1H, 
s, C n - H ) . Found : G, 80.41; H , 9.90%. Galcd for C22-
H 3 2 0 2 : C, 80.44; H, 9 .83%. 

Sempervirol (11). A mixture of 30 (105 mg) and 
lithium aluminium hydride (15 mg) in dry ether (2.0 ml) 
was refluxed for 1 h. After the usual work-up, the product 
was purified by column chromatography on silica gel (10 g) 
using hexane-benzene (1:1) as the eluent, to afford semper­
virol (11) (90 m g : 9 8 % ) , [ a ] D + 6 0 . 2 ° ; I R : 3605, 3340 cm" 1 ; 

N M R : 0.92 (6H, s, - C ( C H 3 ) 2 ) , 1.13 (3H, s, G 1 0 -GH 3 ) , 1.19 
(6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 3.10 (1H, m, - C H ( C H 3 ) 2 ) , 
4.59 (1H, bs, - O H ) , 6.18 (1H, s, C 1 4 -H) , 6.92 (1H, s, C n - H ) . 
Found: C, 83.78; H, 10.50%. Galcd for C 2 0 H 3 0 O: C, 83.86; 
H , 10.56%. 

3- (3-Methoxystyryl) -2,4,4-trimethyl- 7 -cyclohexene (25). 
A solution of butyllithium in hexane ( 1 5 % ; 2.8 ml) was 
added to a suspension of (3-methoxybenzyl)triphenylphos-
phonium chloride (23)24> (mp 159—165 °G, 2.39 g) in dry 
benzene (20 ml) under a stream of nitrogen and stirred at 
room temperature for 15 min. After the addition of a solu­
tion of 15 (434 mg) in dry benzene (2.0 ml) , the mixture 
was stirred for 6 more hours and then treated as described 
for the preparat ion of 17. The crude product was purified 
by column chromatography on silica gel (40 g) using hexane -
benzene (4:1) as the eluent to give 25 (411 m g : 56%) as an 
oil, [ a ] D - 3 4 5 ° , N M R : 0.89 and 0.94 (each 3H and s, 

-C(CH 3 ) 2 ) , 1.63 (3H, bs, =CCH 3 ) , 3.76 (3H, s, - O G H 3 ) , 

5.42 (1H, m, - C H = C - ) , 5.92 (1H, dd, 7 = 8 and 15 Hz , 

- G H - C H = C H - ) , 6.32 (1H, d, 7 = 15 Hz , - C H - C H = G H - ) . 
Found: G, 84.03; H , 9 .29%. Calcd for C 1 8 H 2 4 0 : C, 84.32; 
H, 9.44%. 

3-(3-Methoxyphenethyl)-2,4,4-trimethyl-1-cyclohexene (27). 
A mixture of 25 (1090 mg), 5 % P d - G (600 mg) , and ethanol 
(10 ml) was subjected to catalytic hydrogénation as described 
for the preparat ion of 18. After the usual work-up, the 
product was purified by column chromatography on silica 
gel (100 g) using hexane-benzene (95:5) as the eluent to 
give 27 (785 m g : 71%) as an oil, [ a ] D - 1 1 3 ° , N M R : 0.88 

and 0.99 (each 3 H and s, - C ( C H 3 ) 2 ) , 1.68 (3H, bs, =CCH 3 ) , 

3.73 (3H, s, -OGH3) , 5.28 (1H, m, - C H = C - ) . Found : 
G, 83.72; H , 10.19%. Galcd for G 1 8 H 2 6 0 : G, 83.66; H , 
10.14%. 

Intramolecular Cyclization of 27. A mixture of 27 
(780 mg), anhydrous aluminium chloride (450 mg), and dry 
benzene (10 ml) was stirred at 30 °C for 30 min. After 
the treatment by a method similar to that used for 18, the 
crude product was chromatographed on silica gel (80 g) 
using hexane-benzene (9:1) as the eluent to give the cis-
isomer (31) (285 m g : 36%) as an oil, [ a ] D - 2 1 . 9 ° , N M R : 
0.38 (3H, s, C 4 / 3 -CH 3 ) , 0.92 (3H, s, C 4 a - C H 3 ) , 1.11 (3H, 
s, C 1 0 -CH 3 ) , 3.70 (3H, s, - O G H 3 ) , 6.44 (1H, overlap, G 1 4 -H) , 
6.53 (1H, dd, 7 = 2 . 5 and 8.5 Hz, G 1 2 -H) , 7.06 (1H, d, J= 
8.5 Hz, C n - H ) . Found : C, 83.37; H , 10.23%. Galcd for 
G 1 8 H 2 6 0 : C, 83.66; H , 10.14%. 

Further elution gave the trans-homzr (13) (291 m g : 3 7 % ) , 
[a ] D +41 .4° , which was recrystallized from methanol to 
afford an optically pure sample (138 mg) , m p 84.5—86 °C, 
[ a ] D +53 .9° (lit,4) m p 86—88 °G, [ a ] D + 5 4 ° ) , N M R : 0.93 

(6H, s, -G(GH 3 ) 2 ) , 1.13 (3H, s, G 1 0 -CH 3 ) , 3.67 (3H, s, 
- O C H 3 ) , 6.40 (1H, overlap, G 1 4 -H) , 6.51 (1H, dd, 7 = 3 
and 8 Hz, C 1 2 -H) , 7.01 (1H, d, 7 = 8 Hz, G n - H ) . Found : 
C, 83.42; H, 10.18%. Galcd for G 1 8 H 2 6 0 : C, 83.66; H , 
10.14%. 

(-\r)-Podocarpa-8(14)-en-l3-one (14). According to 

the method of Church et al.,12') the compound 13 (138 mg) 
in dry ether (7.0 ml) was reduced with lithium (110 mg) 
in liquid ammonia (ca. 20 ml) in the presence of ethanol 
(5.0 ml) and then treated with dilute hydrochloric acid. 
T h e crude product was purified by column chromatography 
on silica gel (5.0 g) using ether-benzene (3:97) as the eluent, 
followed by recrystallization from petroleum ether to afford 
the enone (14), m p 61.5—62.5 °C, [ a ] D + 4 0 . 4 ° (lit,8) m p 
62—65 °C, [a ] D + 4 1 ° ) ; I R : 1656, 1617 c m - 1 ; N M R : 0.83, 

0.90, and 0.94 (each 3 H and s, - C ( C H 3 ) 2 and G 1 0 -CH 3 ) , 
5.73 (1H, bs, G 1 4 -H) . Found : G, 83.00; H , 10.78%. Galcd 
for C 1 7 H 2 6 0 : C, 82.87; H , 10.64%,. 
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Ethyl 2-acetyl-4, 9-decadienoate, easily obtained by the palladium catalyzed telomerization of butadiene 
with ethyl acetoacetate, was selectively hydrogenated to ethyl 2-acetyl-9-decenoate using RuCl2 (PPh3)3 as a 
catalyst. Deacetylation, followed by hydrolysis produced 4-decenoic acid, which was converted into acid 
chloride. The AlCl3-promoted cyclization gave 2-pentyl-2-cyclopentenone, from which methyl dihydrojasmonate 
was prepared. 

Methyl dihydrojasmonate (7) is an important frag­
rant compound. A number of synthetic approaches 
for this ester have been reported.1»2) We now wish to 
report a simple synthetic method for methyl dihydro­
jasmonate starting from an easily available butadiene 
telomer, which has functionality suitable for the syn­
thesis of jasmonate. Palladium catalyzed telomeriza­
tion of butadiene with various nucleophiles affords a 
variety of interesting telomers,3) which can be used 
for syntheses of various natural products. We have 
already reported the syntheses of queen substance,4) 
royal jelly acids,5'6) civetone,7) Matsutake alcohol,8 '9) 
pellitorine,10) Recifeiolide,11) and diplodialide12) from 
various telomers. Butadiene and ethyl acetoacetate 
react readily using a palladium catalyst to give ethyl 
2-acetyl-4,9-decadienoate (1) in a high yield.13) This 
compound has the right carbon numbers and suitable 
functionality for a facile synthesis of 2-pentyl-2-cyclo-
pentenone, an important precursor of dihydrojasmonate. 
Thus the compound 1 is a good starting compound 
for dihydrojasmonate. 

R e s u l t s a n d D i s c u s s i o n 

T h e synthesis of methyl dihydrojasmonate using the 
butadiene telomer 1 was carried out by the following 
sequence of reactions. 

C0oR 

, C 0 2 E t 

•COCH3 

COC1 

N a O E t 

A l C l - , 

3a R = E t 

3b R = H 

S , 

R 

R 

/ C 0 2 R 

\ : O 2 R 

= Me 

= H 

Fig. 1. 

Regioselective hydrogénation of the terminal double 
bond of ethyl 2-acetyl-4,9-decadienoate (1) without 
attacking the internal double bond was achieved easily 
by homogeneous hydrogénation using RuGl2(PPh3)3 
as a catalyst under mild conditions.14) T h e acetyl 
group of 2 was removed by the treatment with sodium 

ethoxide in ethanol to give ethyl 4-decenoate (3a) in 
8 3 % yield. Then the ester 3a was hydrolyzed with 
a base to give 4-decenoic acid (3b) in 8 9 % yield. 
T h e acid has a double bond at the position suitable 
for an acid catalyzed intramolecular cyclization to 
form a cyclopentenone ring. At first, the direct cycli­
zation of the acid 3 b was attempted by using polyphos-
phoric acid, but the yield of the cyclopentenone was 
only 2 0 % . In order to carry out the more efficient 
cyclization, the acid 3 b was converted to the more 
reactive acid chloride 4. Then the intramolecular 
acylation of the double bond was carried out by using 
A1C13 in dichloromethane. By this method, the desir­
ed 2-pentyl-2-cyclopentenone (5) was obtained in 5 3 % 
yield. T h e structure of 5 was confirmed by elemental 
analysis, and mass and N M R spectra. The conversion 
of 5 to methyl dihydrojasmonate (7) is the known 
reaction.15) The Michael addition of dimethyl malo-
nate (65.5% yield), followed by hydrolysis produced 
the diacid 6b . Decarboxylation and methylation gave 
methyl dihydrojasmonate (7), which was identified by 
comparing its N M R and I R spectra with those of an 
authentic sample. 

Exper imenta l 

NMR spectra were recorded by a Hitachi R-24A spectrom­
eter at 60 MHz. Chemical shifts (ô) are given in ppm 
relative to an internal standard of TMS. IR spectra were 
recorded with a JASCO IRA-2 spectrometer. Ethyl 2-
acety 1-4,9-decadienoate (1) was prepared according to the 
method of Hâta et a/.13) 

Regioselective Hydrogénation of Ethyl 2-Acety 1-4,9-decadienoate 
(1). A mixture of 1 (5.55 g, 23.3 mmol) and RuCl2 

(PPh3)3 (87.6 mg, 0.09 mmol) in dry ethanol (15 ml) and 
dry benzene (15 ml) was pressured to 30 atm with hydrogen 
in a 100 ml autoclave and stirred at room temperature for 
5 h. When the hydrogen pressure decreased to 19 atm, the 
autoclave was opened and the solvent was evaporated. 
Distillation of the residue afforded ethyl 2-acetyl-4-decenoate 
(2), bp 105—106 °G/1 Torr; 5.28 g (94% yield): IR (neat) 
2920, 1740, 1718 cm-1; NMR (GC14) 0.87 (t, y=4 .8 Hz, 
3H), 1.25 (t, y = 7 . 2 H z , 3H), 1.04—1.65 (m, 6H), 1.75— 
2.05 (m, 2H), 2.09 (s, 3H), 2.20—2.55 (m, 2H), 3.27 (t, 
y = 7 . 2 H z , 1H), 4.08 (q, y = 7 . 2 H z , 2H), 5.15—5.45 (m, 
2H). 

Ethyl 4-Decenoate (Sa). Sodium metal (412 mg, 
17.9 mmol) was dissolved in dry ethanol (50 ml) to which 
the ester 2 (8.62 g, 35.9 mmol) was added. The resulting 
mixture was refluxed for 6 h and neutralized with acetic 
acid. Ethanol was evaporated, and the residue was extracted 
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with ether. T h e extract was washed with brine and dried 
over sodium sulfate. After removal of ether, distillation of 
the residue gave 3a, bp 1 1 4 ° C / 6 T o r r ; 5.9 g ( 8 3 % yield): 
I R (neat) 2920, 1734 cm" 1 ; N M R (CC14) 0.87 (t, y = 4 . 8 Hz, 
3H) 1.05—1.50 (m, 6H) , 1.22 (t, y = 7 . 2 H z , 3H) , 1.55— 
2.13 (m, 4H) , 2.13—2.33 (bs, 2 H ) , 8.02 (q, y = 7 . 2 H z , 
2H) , 5.15—5.45 (m, 2 H ) . 

4-Decenoic Acid (3b). An aqueous K O H solution 
(2.51 g, 44.8 mmol in 20 ml) was added to a solution of 3a 
(5.9 g, 29.8 mmol) in methanol (20 ml) . T h e resulting 
mixture was stirred for 6 h at room temperature . T h e 
reaction mixture was washed with hexane and acidified 
with 6 M HCl . Methanol was evaporated and the aqueous 
phase was extracted with dichloromethane. T h e extract 
was dried over magnesium sulfate. T h e crude acid 3 b was 
obtained after evaporation of the solvent (4.1 g, 8 1 % yield): 
I R (neat) 3000, 2930, 1705 cm" 1 ; N M R (CC14) 0.87 (t, 
7 = 4 . 8 Hz, 3H) , 1.05—1.53 (m, 6H) , 1.53—2.13 (m, 4H) , 
2.20—2.48 (bs, 2H) , 5.24—5.53 (m, 2 H ) , 10.84 (bs, 1H). 

Cyclization of 3b with Polyphosphoric Acid. A mixture 
of the acid 3 b (510 mg, 3 mmol) and polyphosphoric acid 
(1.6 g) was stirred at 95 °C for 4 h. Crushed ice and water 
were then added. T h e mixture was stirred until it became 
homogeneous and ether extraction was carried out. T h e 
extract was washed with saturated NaHCOg solution and 
brine, and dried over sodium sulfate. After evaporation 
of ether, the cyclized product was isolated by column chrom­
atography (silica gel using hexane/ether as an eluent) (95 mg, 
2 1 % yield. 

4-Decenoyl Chloride (4). A mixture of acid 3 b ( 1.5 g, 
8.82 mmol) and thionyl chloride (1.26 g, 10.6 mmol) was 
heated at 60 °C under nitrogen for 5 h . T h e chloride 4 
was obtained by distillation at 62.5 °C/1.5 T o r r ; (1.52 g, 
9 1 % yield): I R (neat) 2940, 1800cm" 1 ; N M R (CC14) 0.88 
(t, y = 4 . 8 H z , 3H) , 1.07—1.75 (m, 6H) , 1.77—2.65 (m, 
4H) , 2.74—3.07 (m, 2 H ) , 5.26—5.55 (m, 2 H ) . 

Cyclization of 4 by AlClz. A mixture of 4 (600 mg, 
3.18 mmol) and A1C13 (506 mg, 3.81 mmol) in dry dichloro­
methane (10 ml) was stirred at 0 °C for 2 h. Ice water 
(20 ml) was added and the aqueous phase was extracted 
with ether. T h e extract was washed sequentially with cold 
saturated NaHCOg and brine, and dried over sodium sulfate. 
The pure enone 5 was obtained by column chromatography 
(silica gel using hexane/ether as an eluent) after removal 
of ether (255 mg, 53%, yield): I R (neat) 2920, 1700, 1630 
cm" 1 ; N M R (CC14) 0.89 (t, y = 4 . 8 H z , 3H) , 1.08—1.80 
(m, 6H) , 1.80—2.35 (m, 4H) , 2.35—2.70 (m, 2H) , 7.04— 
7.23 (m, 1H). Found : C, 78.56; H , 10.44%,. Calcd for 
C 1 0 H 1 6 O: C, 78.90; H , 10.59%. M S m/e 152 (M+). 

The Michael Addition of 5. Sodium metal (23.5 mg, 
1.02 mmol) was dissolved in dry methanol (3 ml) and di­
methyl malonate (261 mg, 1.98 mmol) was added under 
nitrogen at 0 °C. After 15 min, the enone 5 (171 mg, 
1.13 mmol) in dry methanol (3 ml) was added dropwise 
during 15 min at —10 °C. After the addition, the reaction 
mixture was poured into a cold saturated NH 4C1 and the 

aqueous phase was extracted with ether. T h e combined 
organic layer was washed with brine and dried over magne­
sium sulfate. T h e addition product 6a was isolated by 
column chromatography (silica gel using hexane/ether as 
an eluent) (209 mg, 65 .5% yield): I R (neat) 2930, 1755, 
1735 cm" 1 ; N M R (CC14) 0.90 (t, y = 4 . 8 Hz , 3H) , 1.05— 
1.58 (m, 8H) , 1.80—2.30 (m, 6H) , 3.40 (d, y = 7 . 2 H z , 
1H), 3.71 (s, 6H) . 

Methyl Dihydrojasmonate (7). T o aqueous N a O H 
(36.8 mg, 0.92 mmol) in 1 ml was added 6a (125 mg, 0.44 
mmol) in T H F (2 ml) . T h e resulting mixture was stirred 
for 1 h at room temperature . T h e solution was acidified 
with sulfuric acid, and refluxed for 3 h . Then , the product 
was extracted with ether. T h e extract was dried over sodium 
sulfate. After evaporation of ether, crude dihydrojasmonic 
acid was obtained. This crude acid was dissolved in dry 
methanol (2 ml) and the solution was heated at 40 °C for 
3 h in the presence of a catalytic amount of sulfuric acid. 
Methanol was evaporated and the residue was extracted 
with ether. T h e ether extract was washed with cold saturat­
ed N a H C O g and brine, and dried over sodium sulfate. After 
evaporation of ether, pure methyl dihydrojasmonate 7 was 
isolated by column chromatography (silica gel using hexane/ 
ether as an eluent) (70 mg, 70%, yield): I R (neat) 2940, 
1740, 1440, 1170 c m - 1 ; N M R (CC14) 0.88 (t, 7 = 4 . 8 Hz , 
3H) , 1.07—1.60 (m, 8H) , 1.85—2.65 (m, 8H) , 3.60 (s, 3 H ) . 
M S , m/e 226 (M+). T h e I R and N M R spectra were identical 
with those of an authent ic sample. 
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A continuous wastewater treatment system was developed for the Lime Sulfurated Solution Process which 
had already been tested in a batch, stirred tank and ascertained to be an effective chemical precipitation 
process. The removability of heavy metals was investigated with the continuous treatment system, consisting 
of a plant composed of H2S desorber, reactor, thickener, sand filter, and H2S desorber. The sulfide ion dissolved 
in treated water was desorbed as H2S by a mixed gas of air and G0 2 and recycled in the reactor to preci­
pitate heavy metals. It has been found that : ( 1 ) by the recycling use of H2S, the continuous treatment system 
can remove heavy metals with less coagulant than in the batch, stirred vessel, (2) desorption of the dissolved 
sulfide ion by the mixed gas decreases the sulfide ion concentration in the treated water below 0.2 ppb, and 
(3) the conditions for the removal of heavy metals can be detected immediately by a sulfide ion electrode 
meter. 

T h e development of a continuous processing system 
is of great practical importance to economically treat 
wastewater. In previous work,1 - 3) an effective heavy 
metal removal process, i.e., the CaS^. process, which 
utilized the lime sulfurated solution as a single coagu­
lant, had been proposed and investigated kinetically,1) 
for the removal condition for heavy metals, 2> and the 
simultaneous removal of heavy metal, phosphate, and 
C O D substances.3^ These investigations had, however, 
been conducted in a batch, stirred vessel. O n the 
engineering scale, i.g., the wastewater treatment plant, 
continuous operation has been desirable, since con­
tinuous processing reduces the operating costs. I t is, 
therefore, necessary to devise a suitable continuous 
processing system for the CaS^. process. The removal 
of heavy metals from the system also needs investigation. 

According to a previous work,1) reaction scheme for 
the CaSj. process is represented by Eqs. 1 to 4. 

GaSx + 3/2 0 2 • GaS203 + (*-2)S, (1) 

CaS* + G 0 2 + H 2 0 • CaC0 3 + H2S + ( * - l ) S , (2) 

M2+ + GaS203 + H 2 0 • MS + GaS04 + 2H+, (3) 

M2+ + H2S • MS + 2H+. (4) 

In the batch operation, the H 2 S liberated by Eq. 2 
is partly lost to the gas (air or C 0 2 ) blown into the 
water to decompose the coagulant (CaS^.),2) and so 
an amount of coagulant, more than the stoichiometric 
amount calculated from Eqs. 1 to 4 is required. In 
the present study, a continuous treatment system suited 
to the CaSj. process was realized on the bench scale. 
The plant was devised to recycle the H 2 S in Eq. 2. 
In the plant, the H 2S liberated was scrubbed by the 
wastewater, and the dissolved sulfide ion recovered as 
H 2 S from the treated water and re-used to precipitate 
heavy metals. The efficiency of the H 2 S recycling 
plant was investigated with regard to the removal of 
heavy metals and the recycling of H 2 S. The desorption 
of the dissolved sulfide ion from the treated water was 

t Present address: Matsushita Electric Works Co., Ltd., 
Kitashinkai, Yokkaichi 510. 
tt Present address: Ataka Kogyo Co., Ltd., Sueyoshi-

bashi, Minami-ku, Osaka, 542. 

also investigated. 

Exper imenta l 

Continuous Processing Plant. Figure 1 shows the total 
system for the continuous GaS^ process. Simulated waste­
water containing heavy metal was continuously fed to the 
top of the reactor. The reactor was made of a multistage 
vibrating disc column (MVDG) consisting of 15 stages (100 
mm in height pet stage and 100 mm in inner diameter). 
The MVDG was used as the reactor, since it had excellent 
gas-liquid contacting ability even in the presence of suspended 
solid particles.4) The coagulant, GaSx solution was continu­
ously injected into the 7th stage of the MVDG reactor. At 
the upstream stages from the injection point (1st to 7th stage), 
H2S gas generated at the downstream stages (8th to 15th 
stage) was scrubbed by the wastewater and caught on re­
acting with the heavy metals in the wastewater. The GaSx 

decomposed when it came into contact with the gas introduced 
from the bottom of the reactor. The precipitation of heavy 
metals by the decomposed GaSx proceeded mainly at the 
downstream stages. The suspended solid particles were 
sedimented in the thickener of 300 mm both in diameter 
and height. The supernatant liquid was further clarified by 
a sand filter (150 mm diameter and 200 mm depth), packed 
with 120 mesh silica sand of 100 mm thickness. The clari­
fied water was stripped of dissolved sulfide ions in the desorber, 
where the clarified water was contacted in countercurrent 
with the gas blown for the GaSx decomposition. The gas 
used for the desorption was a mixture of air and G0 2 at 
predetermined volume ratio. The effluent water (treated 
water) from the desorber was removed as regards heavy 
metals and sulfide ions. The desorber was made up of an 
irrigated packed bed with 1/2" Rasching ring.5) The bed 
had a diameter of 150 mm and a height of 1 m. Air, accord­
ing to a previous paper,2) requires 60 to 90 min to decompose 
the GaSx solution. The long processing time in the batch 
operation was known to require a large volume of the reactor 
for continuous operation. A mixed gas of air and G0 2 

at various volume ratios was tested to determine the optimum 
conditions for heavy metal precipitation. The exit gas from 
the H2S desorber was blown into the bottom of the reactor, 
and with this flow of gas, the H2S, which was recovered by 
blowing gas into the desorber, was re-used to precipitate 
the heavy metals in the reactor. The other gas exiting from 
the top of the reactor was removed perfectly for H2S, at the 
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Fig. 1. Continuous heavy metal treatment system for 
the CaS# process. 

H2S absorber (the same dimension of irrigated packed bed 
as the H2S desorber was used). As the absorbing liquor, 
5% NaOH aqueous solution was used. 

Method. The simulated wastewater was prepared 
by dissolving the heavy metal nitrates into ordinary water, 
and stored in a tank (500 dm3). The simulated waste­
water was not temperature controlled, since the removal 
of heavy metals with the CaSx process had already been found 
to be not severely affected by temperature.2) First, the 
whole space of the plant, except the absorber and desorber, 
was filled with ordinary water. Continuous operation was 
started by the injection of the coagulant (CaS# solution), 
followed by blowing of the gas for the CaS^ decomposition. 
Finally, the simulated wastewater was introduced. Samples 
were taken at predetermined time intervals from the outlets 
of the reactor, thickener, sand filter, and desorber. The 
samples from the reactor and thickener were filtered by mem­
branes of various pore sizes, and the heavy metal concentra­
tions were determined on an atomic absorption spectrophoto­
meter. Samples from the sand filter and the desorber were 
directly determined for heavy metal concentrations. The 
sulfide ion concentration was measured by an ion meter with 
sulfide ion electrodes (Orion Research Inco., Model 94-16 
and 90-02). Since the pH of the sample affects the detected 
sulfide ion concentration, the pH's of the samples were adjusted 
by adding a portion of 2 M-NaOH to give a pH of 10.0. The 
ion meter was calibrated with Na2S of known concentration 
at p H = 10.0. The flow rates of the wastewater and the 
blowing gas were set at 500 cm3/min and 14 dm3/min re­
spectively. Liquid hold-up's in the reactor, thickner, sand 
filter, and desorber were measured to be 20, 20, 5, and 1 dm3, 
respectively. With the base of these flow rates, the retention 
times of the reactor, thickener, sand filter, and desorber were 
calculated, respectively, as 40, 40, 10, and 2 min (the sum 
total was 92 min). The vibrating frequency of the disc 
in the MVDC reactor was set at 1.5 Hz with an amplitude 
of 19 mm, that is, at a vibrating speed of 2.85 cm/s, effective 
for the fine dispersion of the gas.4) 

Resu l t s and D i s c u s s i o n 

The preliminary investigation was with simulated 

wastewater contaminated solely with Cd 2 + . Figure 2 
shows the change in Cd 2 + concentration in the treated 
water from the start of the operation. Approximately 
four times the total retention time (92 min X 4 = 3 6 8 
m i n = 6 h) was found sufficient for the steady state to 
be attained. In Fig. 3, the steady state concentration 
of Cd 2 + has been plotted against the C 0 2 vol % to 
air of the blowing gas. 8.5 vol % of C 0 2 was found 
to be the opt imum condition for the removal of Cd 2 + , 
when Rm (the mole ratio of sulfur in the injected GaS^. 
per Cd 2 + in the simulated wastewater) was 10 or 15, 
for C in (the inlet concentration of Cd2 +) = 7 5 p p m . 
Consequently, the blowing gas containing 8.5 vol % 
of C 0 2 was utilized in the following experiments. 
Figure 4 shows the steady state concentration of Cd 2 + 

in the treated water plotted against Rm. T h e con­
tinuous plant can remove Cd 2 + , even with Rm = 5.0 
for C i n = 1 0 0 p p m , i.e., closely at the stoichiometric 
amount of the coagulant (7?m=4.7 to 5.4).2) This 
compares to the batch processing which needs more 
units of coagulant as shown by the dotted line in Fig. 
4, for C o = 1 0 0 p p m . T h e economization of coagulant 
is mainly at tr ibuted to the recycling of H 2 S. 

Figure 5 shows the sulfide ion concentration detected 
by the ion meter against Rm. The keys in Fig. 5, 
i.e., R0, T0, and O indicate the samples taken from the 
reactor, thickener, and desorber, respectively. The 
treated water (key: O) was found to be desorbed as 
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to have the sulfide ion concentration below 0.2 ppb. 
In water, H 2 S is known to dissociate as shown by Eqs. 
5 and 6, with dissociation constants of iCl = [H + ] [HS~] / 
[H a S] a q =10-™ and K2 = [H+][S*-]l[HS-] = \0-^ at 
20 °C.6> 

(H2S) 

H S -

a q < 

K2 

=± H S - + H+, 

S2- + H+. 

(5) 

(6) 

From Eqs. 5 and 6, the mole fractions of (H2S) a q , 
H S - , and S2~ are represented as functions of p H ; 

[H2S]aQ/CTDS = 1 / 0 , , (7) 

[HS-]/CTDS = IO- ' - I+PH/Q, 

[S2-]/CTDS = 10-»-»+»*H/a, 

(8) 

(9) 

where CL=l + 10- 7 - 1 + p H+10-w - 6+ 2 p H and CTDS is the 
total molar concentration of the dissolved sulfides 
(CTDS = [ H 2 S ] a Q + [ H S - ] + [S*-]). The p H of the 
treated water with the blowing gas with 8.5 vol % of 
C 0 2 was measured as 6.1. At p H = 6 . 1 , the mole 
fractions of (H2S) a q , H S " , and S 2 - calculated from 
Eqs. 7, 8, and 9 are 0.909, 0.09, and 10~7, respectively. 
As reported by Ohkawa and Sakai,7> H2S in water 
can be desorbed better on the acidic side, since (H2S)a q 

is more readily stripped than H S " and S 2 - which need 
to pass through the associating reaction to (H2S)a q 

(Eqs. 5 and 6). 90 .9% of CTDS was found to be (H2S)a q 

at p H = 6 . 1 ; the low p H is a direct consequence of the 
acidity of the C 0 2 gas. Thus, the use of C 0 2 mixed 
gas for the CaS^ decomposition is desirable from the 
view point of H2S desorption. The reason for the 
adjustment of the samples p H to 10.0 can be explained 
from Eqs. 7, 8, and 9 as follows. At p H = 1 0 . 0 , the 
mole fractions of (H2S) a q , H S - , and S 2 - are estimated 
as 0.001, 0.995, and 0.004, respectively. Therefore, 
the detected sulfide ion by a pair of electrodes can be 
said to be almost equal to CTDS. 

Figure 5 indicates that the Rm values crossing down 
the criterion for Cd 2 + in Fig. 4 for C i n = 5 0 and 100 ppm 
agrees closely with the Rm values of Fig. 5 when the 
sulfide ion concentration shows steep increase. This 
good agreement of Rm values suggests that the optimum 
conditions for Cd2+ removal can be detected imme­
diately by measuring the sulfide ion concentration at 
the outlet of the reactor. 

The agglomeration of precipitates is known to be 
accelerated by the solid particle concentration, or the 
number of particles existing in the water. To increase 
the solid particle concentration in the reactor, the 
precipitated sludge was recycled from the thickener 
to the top of the reactor by a peristaltic pump at 30 
cm3 /min. Figure 6 shows a result of Cd 2 + removal with 
and without the sludge recycle. The sludge recycle 
was found to be effective in reducing the amount of 
coagulant as can be seen from Fig. 7. In Fig. 7, the 
abscissa is converted from Rm in Fig. 4 to Cs=RmxCin, 
Cs being defined as the total sulfur atom concentration 
injected with the coagulant. Since the sulfur atoms 
added give rise to equivalent moles of metal sulfide 
and solid sulfur particles, as seen from Eqs. 1 to 4, 
Cs can be interpreted as the solid particle concentration 
generated by the CaS^. process. Since the Cd 2 + con­
centration in Fig. 7 shows a single correlation with 
the solid particle concentration, Cs, the precipitation 
of heavy metals may depend solely on the solid particle 
concentration of the water. The recycling of the sludge 
will increase the solid particle concentration and may 
work effectively to precipitate heavy metals with less 
coagulant. 

Figure 8 shows the result of the continuous processing 
of wastewater simultaneously contaminated with 25 
p p m of Cd2+, 100 p p m of Pb2+ and Zn2+, 40 ppm of 
Cu2+, and 5 ppm of Cr(VI) and Hg2+. Figure 8 
indicates that Z?m = 5.0, i.e., nearly stoichiometric 
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Fig. 6. Removal of Cd2+ with and without sludge 
recycle. 
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Fig. 7. Cd2+ vs. solids particle concentration or the 
sulfur atom concentration. 

amount of coagulant is sufficient for the removal of 
contaminants. The removal concentrations are ap­
proximately proportional to the solubilities of the 
respective sulfides; 6 . 0 x l 0 ~ 1 8 p p b for HgS, 1.62 X 
10- 1 0 ppb for CuS, 2 . 5 8 x l 0 - 6 p p b for CdS, 2 . 0 x l 0 ~ 6 

ppb for PbS, 1.1 X 10-3 ppb for ZnS, and 8.3 X 10~2 ppb 
for C r ( O H ) 3 at p H = 7.0.6> Cr (VI) , Pb2+, and Zn2+ 
show deviations from the order of solubility. The batch 
processing data shows a higher residual concentration 
for Z n 2 + ; the reason for this is not evident at present, 
but it is felt that the particle size of the precipitate 
may be concerned. 

The samples taken from the outlets of the reactor 
and the thickener were filtered by membranes of 
various pore sizes, and the residual heavy metals con­
centrations were determined by atomic absorption, the 
results of which are shown in Fig. 9. Cr(VI) and 
Pb2+ are found to be finer in gain size. T h e growth 
of precipitates was shown to take place in the thickener. 
Figure 9 also shows that the precipitates grow to about 
8 [Am and this is thought sufficient for sand filtration. 
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Fig. 8. Simultaneous removal of heavy metals by the 
continuous GaS^ process. 
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Fig. 9. Residual concentration of heavy metals vs. pore 
size of membrane filter. 

Conc lus ion 

Continuous CaS^. process study has lead to the 
following conclusions. 
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1) The amount of coagulant needed for the heavy 
metal removal can be lowered by recycling H 2 S in 
the continuous operating plant. 

2) The solid particle concentration in the reactor 
depends on the removability, which may explain the 
effective precipitation of Cd 2 + by the recycling of the 
sludge. 

3) The condition for removal of heavy metals can 
be detected by an electrode type ion meter. This 
simple method may enable the plant to be operated 
automatically with the least amount of coagulant. 

4) The desorption of sulfide ions from the treated 
water can be effectively attained by the blowing gas 
or air containing C 0 2 . 
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On the Mechanism of Formation of Furotropones from 
(4-Halogeno-2-butenyloxy)tropones 

Hitoshi TAKESHITA,* KOZO T A J I R I , and Isao K O U N O 

Research Institute of Industrial Science, 86, Kyushu University, Hakozaki, Fukuoka 812 
(Received July 21, 1978) 

Synopsis. Pyrolysis of 2-[(2s)-4-bromo-3-butenyloxy]-
tropone and 2-[(2s)-4-bromo-2-methyl-2-butenyloxy] tropone 
produced 3 - methyl - 3 - vinyl -2,3- dihydro - SH-cyclohepta [b] -
furan - 8 - one and 3 - isopropy lidene -2,3- dihy dro - 8H- cy clo­
hepta [£]furan-8-one, which established the involvement of 
3,3-sigmatropy for furotropone formation. 

Previously, the one-step production of furotropones 
and difurotropones by application of the Claisen 
rearrangement to some bifunctional troponyl allyl 
ethers has been reported.1»2) There are two possible 
mechanisms, i.e., route a, 3,3-sigmatropy followed by 
dehydrohalogenation, and route b , a direct 6^2'-type 
elimination from the allyl ethers.3) 

R = H, OH or 0-CH2CH=H-CH2Cl 

Chart L 

It is important to establish the mechanism to dis­
cover the synthetic versatility for furotropones. Using 
an unsymmetrical halogenide, (£')-l,4-dibromo-2-
methyl-2-butene (1), route a was shown to be correct 
by the following experiments.4) 

1 was introduced into an anhydrous solution of 
potassium tropolonate, prepared from tropolone (2), 
potassium hydroxide and 18-crown-6-(CE) in benzene, 
and refluxed for 7 h to form the isomeric ethers, 3 

and 4. T h e ethers were separated by high-pressure 
liquid chromatography. The major product (3), a 
colorless liquid, 3 5 % , was shown to be 2-[(£)-4-bromo-
3-methyl-2-butenyloxy]tropone [(55):1.89(3H, d, J=\ 
Hz) , 3.97(2H, s), 4.68(2H, d, 7 = 6 Hz) , 5.89(1H, tq, 
7 = 6 , 1Hz), and 6.6—7.3(5H, m)] and 4, a colorless 
liquid, 1 8 % identified as 2-[(£)-4-bromo-2-methyl-2-
butenyloxy]tropone [<3:1.83(3H, d, 7 = 1 Hz) , 4.01 (2H, 
$), 4.57(2H, s), 5.91(1H, tq, 7 - 8 , 1 Hz) , and 6.6— 
7.2 (5H, m ) ] . 

T h e o-dichlorobenzene solution of 3 when heated 
at 180 °G for 10 min gave product 5, a colorless liquid, 
1 3 % yield other than the deallylation product, 2. 
T h e N M R spectrum of 5[<3:1.47(3H, s), 4.42(1H, d, 
7 = 1 3 Hz) , 4.49(1H, d, 7 = 1 3 Hz) , 5.19(1H, d, J= 
17 Hz) , 5.27(1H, d, 7 = 1 0 Hz) , 6.98(1H, dd, J=\7, 
10 Hz) , and 6.8—7.2(4H, m)] was deduced as 3-meth-
yl - 3 - vinyl-2,3 - dihydro - 8 / / - cyclohepta [b] furan - 8 - one. 
Similarly, 4 afforded 6, a colorless liquid, 2 4 % , together 
with 4 5 % of deallylated 2. The N M R spectrum of 6 
[Ô: 1.80(3H, t, 7 = 2 Hz) , 2.12(3H, t, 7 = 3 Hz) , 5.20 
(2H, m) , and 6.6—7.2(4H, m)j was compatible with 
3-isopropylidene-2,3-dihydro- 1H- cyclohepta [6]furan-8-
one. 

The specific formation of 5 from 3 and 6 from 4 
established the involvement of 3,3-sigmatropy followed 
by dehydrobromination. Consequently the previous 
results may be interpreted in terms of a 3,3-process. 

The absence of primary rearrangement products is 
thought to be a facile cyclization into the dihydrofuran 
derivatives. Ki tahara et ß/.6) observed the spontaneous 
cyclization of 3-allyltropolone when treated with 
bromine. 

E x p e r i m e n t a l 
Reaction of Tropolone (2) with (TL)-1,4-Dibromo-2-methyl-2-

butene (1) : Formation of Isomeric Ethers, 3 and 4. The 

Chart 2. 
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potsasium salt of 2 (275 mg), the crown ether (GE, 450 mg) 
and 17> (1.0 ml) were mixed in benzene (20 ml) and refluxed 
for 7 h. The mixture was, after removal of the solvent, 
fractionated on a silica gel column to give colorless liquids, 
4, 46 mg (10%) [Found: m/e, 268, 270 (M+, double peaks for 
C12H1302Br). v: 2980, 1625, 1595, 1580, 1490, 1285, 1190, 
1090 cm"1], from benzene-ether (80:20) , and 3, 170 mg 
(37%) [Found: 268, 270 (M+). v: 2980, 1625, 1595, 1580, 
1490, 1290, 1195, 1092 cm"1], from the same solvent. 
Analytical samples were obtained by high-pressure liquid 
chromatography (Micropolasil, hexane-ethyl acetate). 

Thermal Reaction of 3 : Formation of 5. An o-dichloro-
benzene solution (5 ml) of 3 (35.8 mg) was heated on an oil 
bath and refluxed for 10 min. Silica gel column chromato­
graphy of the mixture produced 2, 3.5 mg (37%), and sub­
sequently a colorless oil, 5, 1.9 mg (13%) [Found: G, 76.30; 
H, 6.59%. Calcd for G12H1202: C, 76.57; H, 6.43%. v: 
2900, 1615, 1565, 1480, 1430, 1000 cm"1]. 

Thermal Reaction of 4: Formation of 6. Similarly, 
4 (22 mg) was heated in o-dichlorobenzene (5 ml), and re­
fluxed for 10 min. Silica gel chromatography of the mixture 
gave a colorless oil, 6, 2.2 mg (24 %) [Found: m/e, 188.0722 
(M+). Galcd for G12H1202: 188.0769. v: 2980, 1615, 
1570, 1480, 1430 cm"1], together with hydrolyzed 2, 2.7 mg 

(45%). 
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Effect of Inorganic Additives on the Reactions of Isomeric Transition-
Activated 80Br and 82Br in the Gaseous HBr-CH4 System 
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Synopsis. The effects of various inorganic additives 
with and without dipole moments on the product yield 
distributions have been examined in the GH4-H80mBr and 
GH4-H82mBr systems. Indications were that the ion-clusters 
formed in the reactions of IT-activated 80Br and 82Br play 
an important role in determining individual product yield 
distributions. 

It has been reported that isomeric transition ( I n ­
activated 80Br and 82Br undergo only thermal ionic 
reactions in the H 8 0 m Br-CH 4 and H 8 2 m Br-CH 4 systems, 
and that the large isotope effect observed can be ex­
plained in terms of the difference in decay schemes 
between 80mBr and 82mBr,1 '2) The y-transition of 82mBr 
to the ground state is attained in a single transition and 
fully converted. The 80mBr has two successive transi­
tions through the intermediate with a half-life of 7.4 ns, 
and the first stage is fully converted and the second is 
partially converted (61%). T h e organic yield of 80mBr 
therefore can be classified into the following two types;2) 
Processes A ( 3 9 % ) : internal conversion ( I C ) + 3 7 k e V 
y-ray emission; Process B (61 %) : I C + I C . The chemical 
effect due to Process A is essentially identical to that 
of 82mBr. The above isotope effect has been explained 
by assuming that complex ions CH4Br+ or HBrBr+ 
produced via the thermal ionic process interact with 
the surroundings to form an ion-cluster, and that the 
second IC in Process B occurs in such a cluster.2) 
This has been qualitatively supported from the experi­
mental results obtained in the condensed phase.2) The 
aim of this paper is to confirm the presence of ion-
clusters in the reactions of IT-activated 80Br and 82Br 
in the CH 4 -H 8 0 m Br and CH 4 -H 8 2 m Br systems by the 

addition of polar and/or nonpolar molecules, since 
the polarizability of molecules is one of the most impor­
tant controlling factors in ion-cluster formation. T h e 
ratio of HBr to C H 4 and total pressure in all samples 
were kept constant at 0 .1±0.01 and 6 6 0 ± 3 0 m m H g 
respectively. Details of experimental procédures may 
be found elsewhere.1_3) 

R e s u l t s a n d D i s c u s s i o n 

The effects of inorganic additives (0.3 mf) on the 
yield distribution in both systems are shown in Table 
1. Here, X and Y in the Table are CH2BrCl and 
CH 3 CHBrCl respectively in the HCl additive experi­
ment. In the case of the H 2 S additive, X is thought 
to be CH 2BrSH. The minor products in low yields 
( « 0 . 1 % ) in other additive experiments have not been 
identified. CH3Br yields were larger with 80mBr than 
82mBr, while CH2Br2 yields with 82mBr were much 
greater than with 80mBr. Table 2 shows the normaliz­
ed yields Y due to Process B, which have been calculat­
ed by the following equation:2) 

100 
Y(%) 

61 
_(80mBr-yield-0.39 of 82mBr-yield). 

As previously reported, the isotope effect in both systems 
can be elucidated by comparing the yields due to 
Process B with 82mBr yields.2) T h e yield ratios of 
CH3Br to CH2Br2 were 0.2—0.7 for 82mBr and more 
than unity for Process B. CH3Br yields in both systems 
were not affected by the addition of non-polar molecules 
without dipole moments, while a slight decrease in 
CH3Br yields was observed in the system of polar ad-

TABLE 1. EFFECT OF INORGANIC ADDITIVES ON THE YIELD DISTRIBUTION OF ORGANIC PRODUCTS 

FORMED BY THE IT-ACTIVATED 80BR AND 82BR REACTIONS WITH G H 4 

(H80mBr or H82mBr/CH4 = 0.1 ±0 .01 , total pressure: 660±30 mmHg) 

Addit 
(0.3 n 

none 
Kr 
Xe 
GOa 

o2 
N2 

GO 
HBr 
H2S 
HG1 

so2 

ive Org. 

80mß r 

472~ 
3.9 
4.0 
4.0 
4.1 
4.0 
2.9 
3.1 
2.9 
4.2 
2.1 

yield (%) 

82mß r 

4^5 
4.4 
4.2 
4.1 
4.1 
4.3 
2.6 
3.1 
4.2 
4.0 
2.2 

GH3Br 

80mß r 

Të 
1.4 
1.6 
1.5 
1.5 
1.6 
1.3 
1.3 
1.1 
1.2 
1.5 

(%) 
82mß r 

0.8 
0.7 
0.9 
0.7 
0.9 
0.9 
0.9 
0.5 
0.5 
0.7 
0.8 

X 

80mß r 

Ö 
0 
0 
0.1 
0.1 
0 
0.1 
0 
1.3 
1.0 
0.1 

(%) 

82mß r 

0 
0 
0 
0.1 
0.1 
0 
0 
0 
2.6 
1.5 
0.1 

GH2Br2 

80mß r 

2.6 
2.6 
2.4 
2.4 
2.3 
2.4 
1.4 
1.8 
0.4 
1.5 
0.5 

(%) 

82mß r 

3.7 
3.7 
3.3 
3.3 
3.0 
3.4 
1.7 
2.6 
1.1 
1.8 
1.2 

Y 

80mß r 

Ö 
0 
0 
0 
0.2 
0 
0.1 
0 
0.1 
0.5 
0 

(%) 
82mß r 

0 
0 
0 
0 
0.1 
0 
0 
0 
0 
0 
0.1 

The experimental errors were 7—15% for 80mBr and less than 10% for 82mBr. 
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TABLE 2. EFFECT OF ADDITIVES ON THE YIELD DISTRIBUTION 

OF ORGANIC PRODUCTS FORMED VIA PROCESS (B) IN THE 

H80mBr-CH4 SYSTEM 

(H80mBr/CH4 = 0.1 ±0.01, total pressure: 660±30 mmHg) 

Ionization Dipole Org. ^.TT g v 
potential moment yield ,0/\ / 0 /x 

(eV) (Debye) (%) ^/o) ^/o) 

none 
Kr 
Xe 
COa 

o8 
N2 

CO 
HBr 

— 
13.9 
12.1 
14.1 
12.5 
15.5 
14.1 
11.6 

— 
0 
0 
0 
0 
0 

0.112 
0.82 

4.0 
3.7 
3.8 
3.9 
4.1 
3.8 
3.0 
3.1 

2.1 
1.8 
2.0 
2.0 
1.9 
2.0 
1.6 
1.8 

0 
0 
0 
0.1 
0.1 
0 
0.1 
0 

i l . 9 
1.9 
1.8 
1.8 
1.9 
1.8 

1.2 
1.3 

0 
0 
0 
0 

0.2 
0 
0.1 
0 

H2S 10.4 0.97 2.1 1.5 0.5 0 0.1 
HCl 13.8 1.08 4.4 1.6 0.7 1.3 0.8 
SOa 13.1 1.47 2.0 1.9 0.1 0 0 

Br 11.8 0 
CK< 12.9 0 

ditives with dipole moments. CH2Br2 yields in both 
systems showed a sharp decrease by the addition of 
polar molecules, contrary to the results for non-polar 
additives. 

T h e 80Br+ and 82Br+ ions formed by I T processes 
react with CH 4 and/or HBr to form collision complex 
ions, CH4Br+ and/or HBrBr+ at first, as has been 
reported previously.1 '2) Further, these thermal ions 
are thought to have ample opportunity to form ion-
clusters. Loeb has proposed the following equation 
indicating that an ion-cluster is formed when the 
potential energy between the ion and molecule is 
greater than the relative kinetic energy of the ion,4) 

where D is the dielectric constant of additive molecules, 
N, the number of molecules per cm3, r, the distance 
between the ion and molecule, ß, the statistical weight 
factor and KE, the relative kinetic energy of the ion. 
The ratio was found to be 3.4 for C H 4 at 660 m m H g 
(D= 1.00094, r ^ x l O ^ c m 1 ) and 0.5 assumed for ß) 
and therefore it is reasonable to presume the formation 
of ion-clusters in the 82Br and 80Br reactions. Since 
the potential energies between the ion and nonpolar 
additives are smaller than for CH 4 , and moreover 
the concentration of C H 4 is larger than those of the 
additives, the ion-cluster thus formed in the case of 
nonpolar additives contains mainly C H 4 and/or HBr 
molecules. In addition polar additives play an im­
portant role in cluster formation since the potential 
energies between the ion and additives are much greater 
than those for nonpolar additives. Consequently, the 
ion-cluster thus formed contains an appreciable number 
of additives as constituents. 

The formation of CH3
8 2Br in the CH 4 -H 8 2 m Br 

system has been explained energetically by the H+ 

transfer reaction from CH4
82Br+ to CH 4 and/or HBr 

as previously reported.2) 
Similarly, the fact that CH3

82Br yields were almost 
constant in the present experiment can be explained 
on the basis of the exothermicity of the H+ transfer 
reaction from CH4

82Br+ to CH 4 and/or additives. O n 
the other hand, the CH82BrBr+ ion formed by the ion-
molecule reaction of CH4

82Br+ with HBr is considered 
to be a precursor for CH2

82BrBr. CH82BrBr formed 
by charge neutralization of CH82BrBr+ undergoes H-
abstraction to give CH2Br82Br.1 '2) In the presence of 
polar additives, CH4

82Br+ is effectively surrounded by 
these molecules in the process of ion-cluster formation, 
therefore the concentration of HBr in the vicinity of 
CH4

82Br+ decreases, and eventually the above reaction 
leads to the CH2

82BrBr formation being hindered by 
the addition of polar molecules. Thus the remarkable 
decrease in CH2

82BrBr yields in polar additives can 
be explained qualitatively. 

The second IC in Process B proceeds in an ion-
cluster like a condensed phase. Therefore, the molec­
ular explosion following the second IC is responsible 
for the chemical effect due to Process B. Although 
no precise information on the I T activated 80Br reactions 
under such condition is available, both the ion-mole­
cule reactions and primary radical recombinations 
in the clusters appear to be responsible for product 
formation. Previously it has been pointed out that 
radical reactions are not concerned with the formation 
of CH3Br and CH2Br2.1 '2) This does not always mean 
however that the primary recombination involving 
80Br-radicals does not occur. In Process B that CH3-
Br>CH 2 Br 2 may be qualitatively interpreted by the 
above assumption since similar results were obtained 
in the solid CH 4 -H 8 0 m Br system.2) Furthermore, it 
is assumed that ion-molecule reactions also contribute 
to product formation, judging from the similarity of 
reaction products in both 82mBr and Process B. The 
effect of additives on the CH3Br and CH2Br2 yields 
in Process B may be explained in terms of the difference 
in concentration of polar and nonpolar molecules 
contained in the clusters in the same manner as 82mBr. 
However the details of the reaction mechanisms must 
await until further experiments are conducted. 
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Synopsis. Far-infrared absorptions of some non-
dipolar liquid mixtures have been observed. The changes 
of the intensities with mixing ratio were examined on the 
basis of a formula derived for the difference between absorp­
tion intensities before and after mixing, to get information 
about the mixing state. 

The far-infrared absorption of a non-dipolar liquid 
arises mainly from the bimolecular collisions and thus 
the absorption of a mixture of the non-dipolar liquids 
contains valuable information about the mixing state.1 '2> 
In the present study, the far-infrared absorptions were 
measured for benzene+cyclohexane, benzene+carbon 
disulfide, benzene+l ,4-d ioxane , and carbon disulfide+ 
cyclohexane mixtures. The results were examined by 
means of a refined formula derived for the difference 
between the absorption intensities before and after 
mixing, to get information about the mixing state. 

E x p e r i m e n t a l 

The spectral measurements were performed at room 
temperature with the apparatus described previously.3) 
The absorption coefficients were obtained by the equation: 

«(») = lntfJIJIil, - /,), (1) 

where Ix and I2 are the transmitted intensities for the two 
sample thicknesses, lx and l2, respectively. Thus the effects 
of the surface- and internal-reflection were minimized. The 

integrated intensities, A= I a(v)dv, were estimated in a range 

from 10 to 220 cm -1, except for samples containing 1,4-
dioxane, for which integrations were performed over a range 
from 10 to 170 cm -1. Spectroscopic grade samples were used 
for carobn disulfide, benzene, cyclohexane, and 1,4-dioxane. 
The observed spectra for pure liquids were consistent with 
the results previously reported.1'2'4) 

Theoret ica l 

If the absorption arises from the bimolecular col-
lisional process1'2) in addition to the intramolecular 
process, the absorption intensity for a neat liquid is 
expressed as follows: 

A = AJüa, + AaJv&
2, 

where #a is the molar volume and A& and A&SL denote 
the absorptions due to the intramolecular vibrations 
and the bimolecular collisions respectively. Let us 
consider the mixture of a and b components with 
volume ratio of #/(l— x). The excess volume of mixing 
is ignored, since it is less than 1 vol % for ordinary 
organic liquids.5) The absorption intensity before 
mixing is provided by the average of those of the neat 
liquids concerned as follows: 

A0 = xiAjui + AiJuS) + (l-x)(Ah!vh + Ahh/vh
2), (2) 

where subscripts a and b indicate the two components. 
After mixing, the collision between the different species 
also takes par t in the absorption and the intensity is 
expressed as follows: 

Am = xiAjva + cp^xA^Jva2) 

+ ( i - ^ ) [ ^ b K + ^ b b ( i - ^ ) ^ b b K 2 ] 

+ 2x( 1 - x) tf>ab AbK*>b, (3) 

where #>aa, <phh, and #>ab are the relative ease of the 
three types of collision. These quantities represent 
the mixing state of the mixture. In the case of random 
mixing, all the three values are equal to unity. In 
general, however, these values are dependent upon 
the mixing ratio and are different from each other. 
They can probably be replaced by the probabilities 
of the intermolecular bond formation. Then the num­
ber ratio of the three types of bond, a-a , b - b , and a -b , 
is given by / f y a a : ( l ~ / ) V b b

: V(l~/)Pab> w h e r e / is 
the mole fraction of component a. According to 
Schulze,6) these values are interrelated as follows: 

<Piib = 9> ^ a a 
1-p + p/ 

^ b b 
1-9/ (4) 

t Present address: Canon Inc., Torite, Ibaragi. 

/ ' rUU 1 - / ' 

Since #>aa, <phh, and <p are all positive, 0 < ^ < m i n ( / - 1 , 
(1—y) _ 1 ) . Besides, the limit of <p{/) is unity as f ap­
proaches 0 or 1. The relationships among f, x? and 
the number of moles in unit volume, N, a,ref=vhxl[vhx-\-
» a ( l - * ) L and N=[fva + (l-f)vb]-\ From Eqs. 2, 
3, and 4 the difference between the absorption inten­
sities before and after mixing is given by 

= -N*f(l-f)[(<p + vb/v&-l)A&& 

-\-{<p-\-vJvh-l)Ahh-2(pASih]. (5) 

Hereafter, AAm is referred to as the absorption of 
mixing, by analogy with the heat of mixing. 

In the case of random mixing, in which the <P value 
is unity, Eq. 5 becomes: 

AAm = ^Cf{\ - / ) L / b a + (1 - / K l " 2 , (6) 

where 

C = (z>bK)Aa + (vJub)Abh - 2Ab-
If the molar volumes of the components are equal, 
i.e., v&=vh, the / -dependence of A^4m is simply para­
bolic. 

R e s u l t s a n d D i s c u s s i o n 

The integrated intensities obtained are plotted 
against the mole fraction f in the upper parts of Fig. 
l ( a—d) . The standard errors for spectral measure­
ments are indicated by the vertical bars. The solid 
line shows the intensity before mixing, AQ. For a 
mixture of two components with different molar 
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volumes, the mole fraction is nonlinear to the volume 
fraction. The molar volumes of benzene, cyclohexane, 
carbon disulfide, and 1,4-dioxane are 88.9, 108.1, 60.3, 
and 85.2 cm3/mol, respectively. Then the A0 curve 
for the benzene + 1,4-dioxane mixture is almost straight, 
whereas that for the carbon disulfide+cyclohexane 
mixture shows the largest deviation from a straight 
line. 

The absorptions of mixing, AAm, are shown in the 
lower parts of Fig. l (a—d) on an expanded scale. 
As may be seen in Eq. 5, the absorptions due to the 
monomolecular processes, A^ and Ab, are cancelled 
out in AAm. Thus the intramolecular vibrational 
bands, such as the bands at 150 c m - 1 of 1,4-dioxane 
and at 240 c m - 1 of cyclohexane, contribute little 
to the values of AAm. The broken lines in Fig. 1 
show the values calculated from Eq. 6 with C values 
adjusted. For the benzene+cyclohexane and ben­
zene + c a r b o n disulfide mixtures, good fits were obtain­
ed between the observed and calculated values of AAm. 
Therefore, the condition of random mixing may hold 

Fig. 1. The mole fraction dependency of the integrated 
absorption intensity (the upper part) and the absorp­
tion of mixing (the lower part) of liquid mixtures: 
(a) benzene -f- cyclohexane, 
(b) benzene -f- carbon disulfide, 
(c) benzene -f- 1,4-dioxane, 
(d) carbon disulfide + cyclohexane. 
The vertical bars indicate the standard errors. The 
solid lines represent the intensities before mixing. 
The broken lines represent the values calculated from 
Eq. 6 with the adjusted C values. 

for these mixtures. The sign of AAm for the benzene+ 
cyclohexane mixture is negative, whereas that for the 
benzene+carbon disulfide mixture is positive. For 
the a + b mixture, the sign of AAm is determined by 
the sign of C, i.e., (vJvSi)ASiSi+(vJvb)Abb~2A&b. For 
the benzene+cyclohexane system, the molar volumes 
of the two components, v& and vb, are approximately 
equal and the benzene-benzene absorption, A&&, is 
much stronger than the cyclohexane-cyclohexane 
absorption, Abb. Therefore, the positive value of C 
shows that A&& is the dominant absorption. For the 
benzene+carbon disulfide system, the negative value 
of C means that A&b is larger than the average of A&& 

and Abb, which is approximately equal to that of 
(vJv^A^ and (vJvb)Abb. Davies and Chamberlain2) 
considered that the positive sign of AAm was due to a 
complex or sticky collision interaction between different 
species. However, as mentioned above, the sign of 
AAm depends upon the magnitudes of the three types 
of binary absorption, A^, Abb, and A&b, which does not 
necessarily represent directly the strength of the inter-
molecular bondings. 

For the benzene + 1,4-dioxane and carbon disulfide+ 
cyclohexane mixtures, the observed values of AAm 

seem to deviate from a symmetrical parabolic curve. 
Because of a moderately strong interaction between 
benzene and 1,4-dioxane,7) the value of <p may change 
with mole fraction and cause the deviation from the 
random mixing model.6) O n the other hand, if the 
absorption due to trimolecular collisions is taken into 
account, the analytical form for the absorption of 
mixing will contain a term which has its maximum at 

y = 2 / 3 or 1/3. This term might also bring about the 
asymmetry of the AAm curve. Although, at the present 
stage, it is not clear how much the trimolecular col­
lision contributes to the absorption, it seems probable 
that the trimolecular absorption is considerably smaller 
than the bimolecular absorption8) and that the main 
features of AAm curve are governed by the latter. 
Then the deviation in the ^ d e p e n d e n c e of AAm from 
Eq. 6 may be ascribed to the deviation in the mixing 
state from the random mixing. In order to get further 
insight into the mixing state, theoretical studies about 
the ^dependence of <p are needed. 
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Synopsis. The molecular structure of the title com­
pound has been determined by means of the X-ray method. 
The A, B, and G rings take half-chair, chair, and chair con­
formations, respectively, while the heterocyclic ring is of 
envelope form. 

We report herewith on an X-ray study of the molec­
ular structure of 5/?,6/^isopropylidenedioxy-15,16,17-
trinorgrayan-10(20)-ene-3,14-dione (1), obtained from 
the tetracyclic diterpene grayanotoxin I I (2). Com­
pound 1 was used as a link in the relay total synthesis 
of 2.1) The present study was undertaken in order 
to know the exact stereostructure and conformation 
of 1. 

1 0H AH 
1 2 

Exper imenta l 

Single crystals of 1 were obtained as colorless plates or 
columns from an ethereal solution. A crystal with dimensions 
of 0.2 X 0.2 X 0.4 mm3 was used for the X-ray measurement. 
The crystal data are as follows : G20H28O4, mp 208—211 °G ; 
space group P212121; a=9.500(3), £ = 21.524(4), £=8.758(3) 
A; Z = 4 , Z)c= 1.233 g-cm-3. Both the cell dimensions 
and diffraction intensities were measured on a Rigaku four-
circle diffractometer using Gu Koc radiation (A= 1.5418 A) 
monochromatized with an LiF crystal. The intensities 
obtained were corrected for the Lorentz and polarization 
factors, but not for the absorption or the extinction effect. 
In the range of 26-values up to 140°, 1871 unique structure 
factor magnitudes above ff(F0) were selected for the structural 
study. 

Structure D e t e r m i n a t i o n 

The structure was determined by means of the 
Monte Carlo direct method.2) The starting set was 
composed of the 10 strongest reflections given in Table 
1. Tentative phase values for these reflections were 
derived from successively generated random numbers. 
In order to extend this tentative phase set, 10 cycles 
of the tangent procedure were performed using 380 
E-values above 1.30. In this manner, the 40th phase 
set was extended to 367 phases, showing a low Äk-value 
of 23 .5% ( Ä k = S | | £ 0 | - * | £ c | | / S | £ 0 | ) . 8 ) An £ - m a p 
computed with these phases revealed the locations of 
all 24 non-hydrogen atoms. 

I t is of interest to compare the 40th random phase 
set with the correct phases calculated with the final 

TABLE 1. THE 40th PHASE SET AND CORRECT PHASES 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

h 

1 
3 
2 
4 
0 
1 
3 
2 
0 
5 

k 

1>2 
18 
16 
3 
18 
2 
0 
19 
9 
13 

/ 

0 
0 
4 
7 
7 
8 
7 
3 
8 
3 

(IN 10-3TT) 

1̂ 1 
3.47 
3.26 
3.03 
2.98 
2.84 
2.84 
2.67 
2.61 
2.60 
2.58 

Correct 

500 
1500 
330 
1384 
1000 
1915 

1500 
66 
500 
632 

No. 40 

500 
1500 
500 
1500 
1000 
250 
500 
500 
500 
500 

atomic parameters. All the 10 reflections are not 
assigned phase values close to their correct phases 
(see Table 1). Great differences of 0.335TT, n, and 
0.4347T can be seen for the (1 2 8), (3 0 7), and (2 19 3) 
reflections, respectively. I t should be noted that , 
in spite of such great errors, this random phase set 
could lead to the correct structure. T h e structure thus 
obtained was refined by the block-diagonal-matrix 
least-squares method, first with isotropic temperature 
factors and then with anisotropic ones. T h e value R= 
S l l ^ o l - ^ J I / S I F J was reduced to 9 .5%. After 28 
hydrogen atoms had been found in a difference Fou­
rier map , the least-squares refinement was repeated 
including these hydrogen atoms with isotropic tem­
perature factors. For the refinement, the following 
weighting scheme was used: 

W= l/{(T(F0)2exp (AX2 + BY2+CXY+ DX+EY)}, 

where X===|F0| and F = s i n 0/A. Coefficients A, B, C, 
D, and E were determined from (AF) 2 values in each 
cycle. In this way, the R value reached 4 . 5 % . T h e 
final parameters for the non-hydrogen atoms are given 
in Table 2. 

The calculations for the present study were carried 
out on a F A G O M 230-75 computer at the Computing 
Center of Hokkaido University, using our own pro­
grams. The atomic scattering factors were taken 
from International Tables for X-Ray Crystallography 
(1962), Vol. I I I . T h e tables of the observed and 
calculated structure factors are kept at the Chemical 
Society of J a p a n (Document No. 7911). 

R e s u l t s a n d D i s c u s s i o n 

T h e molecular framework of 1 and the torsion 
angles for the tetracyclic system are shown in Figs. 
1 and 2, respectively. Of the two five-membered 
rings, the A ring takes a somewhat distorted half-
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TABLE 2. FINAL ATOMIC PARAMETERS AND ESTIMATED STANDARD DEVIATIONS 

The ß22 values are multiplied by 105 and the others by 104. The temperature factors 
are defined as exp ( — ßnh

2 — ß22k
2 — ß^l2 — ßwftk — ßnhl — ß2Jtl). 

Atom 

O(l) 
0(2) 
0(3) 
0(4) 
G(l) 
G(2) 
G(3) 
G(4) 

G(5) 
G(6) 
G(7) 
G(8) 
G(9) 

G(10) 
G(ll) 
G(12) 
G(13) 
G(14) 

C(15) 
G(16) 
G(17) 
G(18) 
G(19) 
G (20) 

xja 

1638(4) 

-1272(2) 
-1514(3) 
-2260(3) 
-454(3) 
-192(3) 
985 (3) 
1215(3) 
-166(3) 
-198(3) 
-112(3) 
-1483(3) 
-1780(3) 
-1815(3) 
-790(3) 
-876(4) 
-539(4) 
-1483(3) 
2520 (3) 
1513(4) 

-2975(4) 
-1958(3) 
-1539(5) 
-3538(4) 

y/b 

4094 (2) 
4424(1) 

4342(1) 
2721(1) 
3359(1) 
3478(1) 
3947(1) 
4210(1) 
4015(1) 
4055(1) 
3447(1) 
3061 (1) 
2669(1) 
3055(1) 
2107(1) 
1700(1) 
2078 (2) 
2630(1) 
3872 (2) 
4906(1) 
3098 (2) 
4697(1) 
5374(1) 
4635 (2) 

z/c 

7025 (3) 
3950 (2) 
1389(2) 

-1629(2) 
4168(3) 
5885 (3) 
5905 (3) 
4292 (3) 
3477 (3) 
1721(3) 
816(3) 
825 (3) 

2284 (3) 
3734(3) 
2396 (3) 
970 (4) 

-459(4) 
-549(3) 
3622 (5) 
4358 (4) 
4551 (4) 
2661(4) 
2478 (5) 
2830 (5) 

ßu 
209 (4) 

110(2) 
177(3) 
155(3) 

92(2) 
134(3) 
119(3) 
98(3) 

92(2) 
126(3) 
102(3) 

81(2) 
87(2) 
105(3) 
136(3) 
151(4) 

123(3) 
88(3) 
91(3) 
151(4) 
124(3) 
144(4) 
224 (6) 
142(4) 

ß*2 

401 (7) 
175(3) 
192(4) 
355 (6) 
164(4) 
200 (5) 
219(6) 
188(5) 
150(4) 
169(4) 
197(5) 
195(5) 
175(4) 
158(4) 
167(5) 
192(5) 
288(7) 
259 (6) 
339 (8) 
219(6) 
273 (7) 
189(5) 
183(6) 
360(10) 

A« 
151(3) 

106(2) 
116(2) 
107(3) 
87(3) 
90(3) 
120(3) 
131(3) 
91(3) 
96(3) 
88(3) 
93(3) 
105(3) 
97(3) 
131(3) 
183(5) 
147(4) 
102(3) 
187(5) 
167(4) 
138(4) 
132(4) 
208 (5) 
225 (7) 

ßl2 

-36(3) 

16(2) 
29(2) 

-15(2) 

1(2) 
7(2) 
9(2) 

-5(2) 
-1(2) 

-17(2) 
-20(2) 

0(2) 
-13(2) 
-11(2) 
-7(2) 
3(3) 

-7(3) 

-27(2) 
-9(3) 
-38(3) 
-27(3) 

20(2) 
27(3) 
35(4) 

ßn 
-153(7) 
-14(4) 
-72(5) 
-41 (5) 
-5(5) 
-23(6) 
-52(6) 
-15(6) 

2(5) 
11(5) 
23(5) 
-1(5) 
0(5) 
12(5) 

-39(6) 
-26(8) 

15(6) 
19(5) 
13(7) 

-25(8) 

72(6) 
-48(7) 
-69(11) 
-96(10) 

p23 

-6(3) 

2(2) 
8(2) 

-4(2) 
8(2) 

7(2) 
-10(3) 
-9(2) 

2(2) 
16(2) 

7(2) 
6(2) 
3(2) 
15(2) 
5(2) 

-22(3) 
-48(3) 

-2(2) 
-34(4) 
-11 (3) 
-16(3) 

4(2) 
17(3) 
-2(4) 

Fig. 1. The molecular framework of 1. 

chair form with an approximate two-fold rotation 
axis through the G(3) a tom; the G(16) and 0 ( 2 ) 
atoms are equatorial and axial, respectively. O n the 
other hand, the D ring takes an almost exact envelope 
form with an approximate mirror plane through the 
0 ( 3 ) a tom; the G(19) atom is axial. As a result 
of such ring conformations, the C(16) and C(19) 
atoms maintain a distance of 3.482(6) Â from each 
other. T h e seven-membered B ring takes a chair­
like form and is nearly symmetrical with respect to a 
plane which runs through the G (9) atom, bisecting 
the C(5)-C(6) bond nearly perpendicularly. The 
six-membered C ring has a somewhat flattened chair 
form in which the axial positions in the C ring of 
the grayanane skeleton become equatorial and vice 

Fig. 2. The torsion angles (°) for the tetracyclic system. 
For the sake of clarity, only the torsion angles relevant 
to atoms which form the same ring are given in the 
ring. 

versa. All the observed bond distances and angles 
are normal ; the average values for G(sp3)-G(sp3), 
C(sp2)-C(sp3) , C=C, G - O , and C = 0 bond distances 
are 1.54, 1.51, 1.32, 1.43, and 1.21 Â, respectively. 

References 

1) S. Gasa, N. Hamanaka, S. Matsunaga, T. Okuno, 
N. Takeda, and T. Matsumoto, Tetrahedron Lett., 1976, 553. 

2) A. Furusaki, Acta Crystallogr., in press. 
3) J. Karle and I. L. Karle, Acta Crystallogr., 21, 849 

(1966). 



January, 1979] N O T E S 231 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 ( 1 ) , 231 2 3 2 (1979) 

The Principle of Corresponding States at Elevated Pressure 
Kenji K U B O T A * and Kazuyoshi O G I N O 

Department of Pure and Applied Sciences, College of General Education, University of Tokyo, 
Komaba, Meguro-ku, Tokyo 153 

(Received June 14, 1978) 

Synopsis. The principle of corresponding states 
was examined at elevated pressure, and the validity of the 
assumption that the external degrees of freedom of the 
solution are given by linearity in the weight fraction of the 
components was examined without any model by use of the 
superposition method. 

The principle of corresponding states1,2) has been 
investigated extensively. Especially, the theory of 
moderately concentrated polymer solution thermo-
dynamics3 ,4)has shown newer development and made 
great success by the aid of the free volume theory.5) In 
this theory, themodynamic quantities of the solution 
are represented by the characteristic parameters and 
the interaction energy parameter. This theory em­
phasizes the importance of the volume dependence 
of the free energy, and it is the elementary problem 
how the quantities characterizing the properties of 
the mixture are related to those of the respective com­
ponents.6) In this point, several model theories have 
been presented,2-4) but , it is scarce that the characteris­
tic parameters of the mixture are determined directly 
form P-V-T relations of it and are compared with 
those of respective components.6 '7) Moreover, it is 
of great importance that the volume dependence of 
the free energy should be examined from the pressure 
effect.7) In this note, we examined the validity both 
of the principle of corresponding states at elevated 
pressure and of the assumption that the external 
degrees of freedom of the solution are given by 
linearity in the weight fraction of the components by 
use of the superposition method. 

The examined systems are nitrobenzene,8) aniline,8) 
their mixture,9) bromobenzene,8) chlorobenzene,8) 
/r<ms--decalin,10) and poly(dimethylsiloxane)11) for the 
investigation of the principle of corresponding states 
at elevated pressure, and nitrobenzene-aniline,9) poly-
(dimethylsiloxane)-benzene,7) and poly(isobutylene)-
benzene12) for the investigation of the assumption for 
the external degrees of freedom. 

According to the principle of corresponding states, 
the equation of states is represented by 

f(P, V, f) = 0, P = P/P*, V = VIV*, T = T/T*, 

(1) 

where tilde and asterisk signify respectively the reduced 
quantities and the characteristic parameters. These 
characteristic parameters are related to each other by 
the relation 

P*V* = T*S*, S* = ck, (2) 

where c is the external degrees of freedom, and V* 
and c are expressed in per gram. 

Using these relations, thermal expansion coefficient 

and isothermal compressibility can be made to be 
dimensionless and reduced as follows: 

« r = (3 In V/d In T)P = (d In V/d In f)p = Zf, (3) 

ßP = (3 In V/d In P)T = (d In V/d lnP)f= ßP. 

Accordingly, ocT and ßP are the universal functions 
of reduced quantities and should be expressed by a 
master curve. Since P ~ 0 at atmospheric pressure, 
because P * for these substances are few thousands 
bars, a T at atmospheric pressure plotted against InT 
or In V can be superposed by shifting along the ab­
scissa. As ßP=ßP gives lnß=\nß—\nP*, the curves 
of In/? vs. In Tjar* can be superposed by shifting along 
the ordinate, since for the same value of T/aT*, T is 
same each other. From these shift factors, aT* from 
<xT vs. \nT, av* from aT vs. InF, and ap* from In/? 
vs. lnTjaT*, the ratios of the characteristic parameters 
to those of the reference substance are obtained: 

aP* = P*IP1*t av* = V*IVX*, aT* = T * / ^ * , (4) 

where 1 implies the reference substance. T h e ratio of 
the external degrees of freedom are given from these by 

c/cx = aP*av*laT*. (5) 

Moreover, at the same value of P/aP*, aT vs. In77 
aT* should give the well superposed one curve. By 
use of aT* and av*, the universal relation of Vjav* 
vs. T/aT* is also obtained. This correspeonds to the 
intersection of f(P,V,T) with T-V surface of P-V-T 
space. In this way, without any model theory the 
characteristic parameter (ratio) is determined and the 
principle of corresponding states at elevated pressure 
is examined. 

The superposed curves of ccT vs. lnT/aT* at 1, 400, 
and 800 bar for nitrobenzene (reference substance)—Px 

in Figs. 1 and 2—are shown in Fig. 1. They are well 
superposed and show that a*'s in Eqs. 4 determined 
at atmospheric pressure is proper even for elevated 
pressure and does not change with pressure. This 
is shown also in Fig. 2 for the relation between T\ 
aT* and V/av* at various pressures. Though it is 
not shown in Figs. 1 and 2 (since the range of a T is 
beyond that of these Figs.), the superposition is well 
performed for poly(dimethylsiloxane)-benzene and 
poly(isobutylene)-benzene mixtures. Therefore, at ele­
vated pressure the principle of corresponding states is 
valid and the superposition is applicable. 

The relation of the external degrees of freedom for 
nitrobenzene-aniline, poly (dimethylsiloxane)-benzene, 
and poly(isobutylene)-benzene mixtures determined as 
the above with the weight fraction could not be ex­
pressed by linearity. For example, c/ct vs. weight 
fraction of aniline for nitrobenzene-aniline mixture 
is shown in Fig. 3. In all cases, negative discrepancy 
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Fig. 1. The superposed curve of a 7* plotted against 
\nT/aT*. The indicated pressure, P1} is for nitro­
benzene (reference substance). 
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Fig. 2. The superposed curve of \nV/av* vs. \nT/aT*. 
The symbols for the substances are same as in Fig. 1. 

was observed. In poly(dimethylsiloxane)-benzene the 
discrepancey is about 1.4% at 5 0 % weight fraction 
and in poly(isobutylene)-benzene that is about 0 .9% 
at 5 0 % . This discrepancy corresponds to Q12, entropy 
correction term of the new Flory theory.3> This implies 
that the relation of the external degree of freedom with 
concentration much influences to the theoretical predic-

0 0.25 0.50 0.75 

WEIGHT FRACTION OF ANILINE 

1.00 

Fig. 3. The relation of the ratio of the external degrees 
of freedom of nitrobenzene-aniline mixture with weight 
fraction of aniline. 

TABLE 1. CHARACTERISTIC PARAMETERS AT 30 °G AND 

ATMOSPHERIC PRESSURE DETERMINED BY USE 

OF THE NEWER F L O R Y THEORY 

p * 
(Bar) (cm3/g) 

j1* 

(K) 

Nitrobenzene 7198 0.6898 5863 
trans-T>eca\m 5063 0.9487 5726 
Poly(dimethylsiloxane) 3390 0.8410 5563 

tion for the solution thermodynamics, and the assump­
tion of linearity is open to further consideration. 

For comparison, the characteristic parameters de­
termined by the newer Flory theory for nitrobenzene, 
trans-decalin, and poly (dimethylsiloxane) are tabu­
lated in Table 1. These are the values obtained at 
30 °G and atmospheric pressure. 
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A Refinement of the Crystal Structure of Creatine Monohydrate 
Yoshihiro K A T O , * Yoshitaka HAIMOTO, and Kiichi SAKURAI 
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Synopsis. The crystal structure of creatine mono-
hydrate has been refined from three-dimensional X-ray data. 
This refinement introduces minor modifications to the posi­
tional and thermal parameters and confirmed the zwitter 
ion structure. 

Mendel and Hodgkin1) have determined the crystal 
structure of creatine monohydrate from three-dimen­
sional X-ray data and inferred that the structure of 
the molecule corresponds to that of a zwitter ion. 
They calculated the hOl structure factors including 
hydrogen atoms placed at the probable positions, but 
the intensity data were not accurate enough to war­
rant the hydrogen atom positions. The present paper 
describes a refinement of the structure, which has 
determined the positions of the hydrogen atoms and 
confirmed that the molecule adopts a zwitter ion form. 

Exper imenta l 

The intensities of 1411 independent reflections were mea­
sured visually from Gu K<x Weissenberg photographs taken 
about b (k = 0—4) and c (/=0). The cross-section of the 
crystal used was 0.35 X 0.35 mm. Corrections for Lorentz and 
polarization factors were applied in the usual way, but no 
correction for absorption was made. The lattice constants 
were determined from photographs taken with a Buerger's 
back-reflection Weissenberg camera calibrating the camera 
radius by using a silver wire. The crystal data are as follows : 

T A B L E 1. ATOMIC COORDINATES AND THEIR STANDARD DEVIATIONS 

N, 
N2 

N3 

c, 
c2 
c3 
c4 
o, 
o2 
o3 
H(N1) 
H(N,) 
H(N2) 
H(N2) 
H(C2) 
H(C2) 
H(C2) 
H(C3) 
H(C.) 
H(03) 
H(0 3) 

X 

0.2894(2) 
0.1184(2) 
0.2255(2) 
0.2113(2) 
0.3308(3) 
0.1507(3) 
0.1705(2) 
0.2568(2) 
0.0981(2) 
0.4848(2) 
0.362 
0.278 
0.111 
0.051 
0.354 
0.395 
0.325 
0.069 
0.156 
0.402 
0.496 

M & Ha> 

0.289 
0.119 
0.224 
0.211 
0.331 
0.148 
0.170 
0.256 
0.098 
0.484 

y 

0.4702 
0.3678 
0.7147 
0.5217 
0.8674 
0.7429 
0.5408 
0.3950 
0.5289 
0.3577 
0.550 
0.340 
0.226 
0.422 
0.935 
0.723 
1.010 
0.717 
0.920 
0.395 
0.555 

(8) 
(8) 
(8) 
(9) 
(H) 
(9) 
(9) 
(7) 
(7) 
(8) 

M & Ha> 

0.472 
0.370 
0.715 
0.520 
0.874 
0.744 
0.542 
0.397 
0.529 
0.356 

z 

0.3083(2) 
0.3277(2) 
0.4351(2) 
0.3582(2) 
0.4719(3) 
0.5049(3) 
0.6012(2) 
0.6250(2) 
0.6520(2) 
0.6891(3) 
0.322 
0.243 
0.270 
0.345 
0.404 
0.511 
0.526 
0.450 
0.535 
0.674 
0.729 

M & Ha> 

0.306 
0.329 
0.434 
0.358 
0.472 
0.502 
0.600 
0.625 
0.651 
0.689 

a) The coordinates given by Mendel and Hodgkin. 

a-12.510(6), 6 = 5.048(1), c= 12.191(1) Â, ß= 108.9(3)°, 
P2i/c, Z = 4 . 

Ref inement o f the Structure 

Using the positional and thermal parameters taken 
from the previous determination,1) the three-dimen-

Fig. 1. A composite representation of the three-dimen­
sional difference map on (010). Contours are at 
intervals of 0.1 e Â - 3 begining with 0.1 e Â - 3 . 
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TABLE 2. ANISOTROPIC TEMPERATURE FACTORS AND THEIR STANDARD DEVIATIONS ( x 104) EXPRESSED IN THE FORM 

exp {-{Buh
2 + B22k

2 + B.J2 + B12hk+B13hl+B23kl)} 

N, 
N2 

N3 

Ci 

c2 
c3 
G4 

o1 
o2 
0 3 

N r 

N2-
N3-
N3-
N3-

c3-
c4-
c-o,-

Cx 

-c. 
-Ci 

-c, 
-c3 
c4 
o1 
o2 
-o3 

Bn 

35(2) 
30(2) 
40(2) 
32(2) 
52(2) 
42(2) 
30(2) 
36(1) 
33(1) 
35(2) 

1.334(6) 
1.346(6) 
1.324(6) 
1.466(7) 
1.462(6) 
1.514(6) 
1.260(6) 
1.253(6) 
2.709(6)b> 

# 2 2 

664(21) 
671(21) 
555(18) 
525 (20) 
688 (28) 
602 (23) 
540(21) 
719(19) 
802(19) 
783(21) 

TABLE 3. INTERATOMIC 

M & Ha> 

1.35 
1.32 
1.32 
1.49 
1.46 
1.51 
1.25 
1.25 
2.71b> 

B3Z 

57(2) 
60(2) 
44(2) 
38(2) 
78(3) 
47(2) 
38(2) 
75(2) 
56(2) 

107 (3) 

DISTANCES ( Â ) 

N A N , 
N A N , 
N.C.N, 
N3C3C4 

C.NaC, 
CjN.C, 
C2N3Ca 
0 , 0 , 0 , 
G3G402 

OAO 2 

Bi2 

- 2 5 ( 9) 
- 3 6 ( 9) 
- 1 7 ( 9) 

12 ( 9) 
-108(13) 

35(10) 
7( 9) 

125( 8) 
33 ( 8) 

- 6 5 ( 9) 

AND BOND ANGLES 

117.1(4) 
121.1(4) 
121.8(4) 
114.3(4) 
120.3(4) 
121.3(4) 
116.9(4) 
118.9(4) 
116.9(4) 
124.1(4) 

# 1 3 

52(3) 
43(3) 
39(3) 
23(3) 
62(4) 
43(3) 
26(3) 
52(3) 
51(2) 
42(3) 

(°) 

M & Ha> 

118 
121 
121 
113 
121 
119 
117 
121 
118 
123 

# 2 3 

-34(10) 
-74(10) 
- 7 ( 9 ) 

7(10) 
-53(14) 
-12(11) 
- 3 0 ( 9) 
144(10) 
65 ( 9) 

-20(12) 

a) The values given by Mendel and Hodgkin. The standard deviations in all bond lengths are 0.01 A and those 
in bond angles are 4°. b) Hydrogen-bond distances. 

sional refinements were carried out by the block-
diagonal least-squares method for non-hydrogen atoms. 
The weighting scheme of the type 1 —exp ( — 15 s2) with 
s=sinO/A was used. At a later stage of the refinement, 
hydrogen atoms were included in the calculations 
with a fixed thermal parameter (B=3.5 Â2) and fixed 
positional parameters deduced from an FQ-FC Fourier 
synthesis (Fig. 1). T h e final R value was 0.096. The 
final positional parameters are given in Table 1 together 
with those reported by Mendel and Hodgkin.1) The 
thermal parameters are given in Table 2. A list of 
the observed and calculated structure factors are 
kept in the office of the Chemical Society of J a p a n 
(Document No. 7906). 

The calculations were carried out on a NEAC 
S Y S T E M 800 computer of the Computat ion Center of 
Osaka University using the program HBLS V written 
by Y. Okaya and T. Ashida for the least-squares 
refinement. 

De s c r ip t ion a n d D i s c u s s i o n 
o f the Structure 

The atoms N l 5 N2 , C l 5 and N 3 of the guanidine 

group are on the plane 0 .2226X-~0 .6380F+0.7371Z-
1.6408=0, and C3, C4, O l 5 and 0 2 are on the plane 
0 . 3 1 7 7 X + 0 . 6 7 7 4 7 + 0 . 6 6 3 4 Z - 6 . 3 6 9 5 = 0 , where X, Y, 
and Z are referred to the orthogonal axes a, b, and c* 
(Â). These planes intersect at an angle of 82.7° with 
each other. The interatomic distances and bond angles 
are listed in Table 3, which shows that these values 
are in good agreement with those reported by Mendel 
and Hodgkin.1) 

The F0-Fc Fourier synthesis indicated clearly all 
the hydrogen atoms (Fig. 1). The four hydrogen 
atoms attached to the guanidine group are about 1 Â 
away from Nx and N 2 atoms, while there appears no 
hydrogen peak around the carboxyl group, which shows 
that the hydrogen atom of the carboxyl group is transfer­
red to the guanidine group. The molecule of creatine, 
therefore, corresponds conclusively to that of a zwitter 
ion in the crystal. 
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Radical-Ion Interaction. Diphenylmethyl and Triphenylmethyl 
Radicals Generated by the Dissociative Electron Attachment 

to Halogenated Compounds in Rigid Matrices 
Tatsuo IZUMIDA, Yoshio TANABE, Tsuneki ICHIKAWA, and Hiroshi YOSHIDA* 

Faculty of Engineering, Hokkaido University, Kita-ku, Sapporo 060 
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Synopsis. Dissociative electron attachment to 
diphenylmethyl halides and triphenylmethyl halides in a 
y-irradiated 3-methylhexane matrix at 77 K generates free 
radicals temporarily associated with a counterpart halide 
ion. The association is indicated by changes in the fluores­
cence and excitation spectra of the radicals as well as the 
charge-transfer excitation band of the radical-ion complexes. 

Temporary radical-ion association has been indicated 
by the fluorescence spectrophotometric method for 
benzyl radicals1-3* and the methyl-substituted deriv­
atives (at the phenyl ring2) and at the methylene 
position4)) generated by the dissociative electron at­
tachment to the corresponding halogenated compounds 
such as benzyl halides in organic glassy matrices y-
irradiated at 77 K. The radical-ion interaction causes 
the wavelength shift and the change in the vibration 
band structure of the benzyl spectra as well as the 
decrease in the fluorescence lifetime. T h e interaction 
has also been indicated by the charge-transfer band of 
the benzyl radical-halide ion complexes in nonpolar 
hydrocarbon matrices. The interaction is absent in a 
polar ethanol matrix probably because of the solvation 
of the halide ions. The temporary radical-ion as­
sociation before complete dissociation appears as a 
general feature in solid state radiation chemistry and 
adds a new aspect to the molecular spectroscopy of 
radical intermediates. The study was extended to 
diphenylmethyl and triphenylmethyl radicals, because 
they show a similar absorption character to that of 
the benzyl radicals.5-8) The triphenylmethyl radical 
shows an intense near-UV absorption due to the al­
lowed A 2 "<-E" transition and a weak visible absorption 
due to the forbidden A 1 "<-E" transition. The as­
signment is based on the assumed D 3 h symmetry of 
the radical. The forbidden transition is observable 
because of a slight deviation from the assumed planar 
configuration.7) A similar assignment may be ap­
plicable to the diphenylmethyl radical. 

Exper imenta l 

Diphenylmethane, dephenylmethyl chloride (Ph2CHCl) and 
bromide (Ph2CHBr), and triphenylmethyl chloride (Ph3-
CC1) and bromide (Ph3CBr), of analytical grade, were used 
as received. The solvents, 3-methylhexane (3MHx) and 
ethanol (EtOH), were purified as described elsewhere.2) 
The solutions (10-2—10~3 mol-dm -3) were prepared under 
vacuum of ca. 10~5Torr, sealed in quartz tubes (i.d. 4 mm), 
frozen by liquid nitrogen into the glassy state, and irradiated 
at 77 K with 60Co y-rays to a dose of ca. 5 x 104 rad or with 
unfiltered light from a high pressure mercury lamp. The 
fluorescence and fluorescence excitation spectra of the ir­

radiated samples were recorded with a conventional fluores­
cence spectrophotometer (Hitachi, Model MPF-2A) at 77 K. 

R e s u l t s and D i s c u s s i o n 

Diphenylmethyl Radical. When the diphenylmeth­
yl (Ph2CH) radical is generated by the dissociative 
electron a t tachment to Ph 2 CHCl in the y-irradiated 
E t O H matrix, the highest peak in the fluorescence 
spectrum is at 523 nra and the highest peak in the 
excitation spectrum is at 337 nm as shown in Fig. 1A. 
These spectra are essentially the same as those reported 
previously.5-7) T h e excitation spectrum in the visible 
region is however too weak to be recorded. Although 
the vibration band structure is not well resolved, as 
is usually the case for glassy matrix samples, the peaks 
mentioned above indicate the wavelength of the 0-0 
band for the electronic transitions in the near -UV and 
visible regions. The photolysis of Ph 2 CH 2 gives also 

Excitation Ruoresc. 

A/nm 
500 500 

Fig. 1. Fluorescence and excitation spectra of (A) 
Ph2GH radical generated from Ph2GHCl and (B) 
Ph3G radical generated from Ph3GCl ( ) in the 
EtOH matrix and ( ) in the 3MHx y-irradiated 
at 77 K. The spectral shape in the wavelength 460— 
500 nm shown by the dashed curve in A could not 
be determined because of the resonance lines of the 
Xe lamp used as a excitation source. Th excitation 
wavelengths and the monitoring one are generally at 
the highest peak of the fluorescence spectra and the 
excitation ones. 
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TABLE 1. FLUORESCENCE AND EXCITATION SPECTRA OF 

DIPHENYLMETHYL AND TRIPHENYLMETHYL RADICALS 

GENERATED BY DISSOCIATIVE ELECTRON ATTACHMENT 

TO THE CORRESPONDING HALO-COMPOUNDS IN 

3-METHYLHEXANE AND ETHANOL MATRICES AT 77 K 

Radical Source Matrix 
Wavelength (nm) 

Fluorescence^ Excitationb> CT-bandc> 

CH(C6H5)2 

C(C6H5)3 

CH(CaH5)2Cl 3 MHx 
EtOH 

CH(C6H5)2Br 3 MHx 
EtOH 

C(C6H5)3Cl 

C(C6H5)3Br 

3 MHx 
EtOH 
3 MHx 
EtOH 

526 342 
523 337 
526 341 
523 336 
520 (515) d> 344 (341) 
514 (513) 341 (342) 
519 (515) 345 (340) 
514 (513) 341 (341) 

405 

460e> 

a) The 0-0 band of the fluorescence spectrum, b) The 0-0 band of 
the near-UV excitation spectrum, c) The peak of the CT excitation 
spectrum, d) The figures in parentheses give the wavelength after melting 
and refreezing of the irradiated samples, e) A satellite peak was observed 
at 395 nm. 

the same spectra except that they overlap with the 
spectra of the benzyl radical at tr ibuted to the loss of 
a phenyl ring from the parent molecule. T h e Ph 2 GH 
radical generated from Ph 2 CHCl in the y-irradiated 
3 M H x matrix gives a different spectra from those 
observed from the E t O H matrix (Fig. 1A) : the spectra 
shift to the red, and the vibration band structure so 
changes that the 0-0 band comparatively increases 
in intensity. T h e visible excitation spectrum becomes 
intense enough to be recorded. These features are 
the same as those observed for the benzyl radicals 
and have been interpreted as the effect of the proximity 
of the halide ions to the radicals.2) A similar phenom­
enon has been observed for the Ph 2 GH radical from 
Ph 2CHBr, as representatively shown for the spectral 
red-shift in Table 1. In the E t O H matrix, the halide 
counter-ion is solvated with polar matrix molecules, 
so that the radical-ion interaction no longer affects 
the spectra of the Ph 2 CH radical. 

The radical-ion interaction has also been indicated 
by the presence of a broad unstructured excitation band 
at 405 n m observed from Ph 2 CHCl in the 3 M H x 
matrix (Fig. 1A). A similar band has been recorded 
for Ph 2 CHBr at 460 n m with a satellite peak at 395 nm. 
Assignment has been made to the C T band of the 
P h 2 C H radical-halide ion complexes; the former having 
a large electron affinity acts as an electron acceptor, 
and the latter with a small ionization energy (the 
electron affinity of CI and Br a tom is 3.61 and 3.36 eV9>) 
as an electron donor. T h e C T transition energy ap­
proximates to, hvCT=IP(X-)-EA(R-)+Es(R— X - ) -
£ g ( R - — X ) , where IP and EA represent the ionization 
energy and the electron affinity, and Es is the solvation 
energy before and after the transition. ES(K X - ) 
can be expressed approximately by Born's formula, 
£ s ( X - ) = (e2/2r)(l —1/£>), where r is the effective radius 
of the halide ion and D is the dielectric constant of 
the matrix. The difference in the C T transition energy 
between 3.1 eV (405 nm) and 2.7 eV (460 nm) of 
0.4 eV for Cl~ and Br~ as a counter-ion agrees well 
with 0.45 eV, the difference of IP(X.-)+EB(X.-) cal­
culated from the dielectric constant, 2.0, for 3MHx10> 
and the ionic radius, 0.164 and 0.180 nm for Cl~ and 
B r-# i i) T h e energy difference between the main peak 

and the satellite one, 0.44 eV, observed for the P h 2 C H -
Br~ complex may be interpreted as being due to the 
splitting of the C T excited state caused by the large 
separation between the 2P3 /2 and 2Pi/2 states of the 
bromine atom, 0.459 eV. 

Triphenylmethyl Radical. Triphenylmethyl (Ph3C) 
radicals generated from Ph3CCl and Ph3CBr in the 
y-irradiated E t O H and 3 M H x matrices give the 
spectra, as shown in Fig. IB, of which the spectro­
scopic parameters are given in Table 1. The "free" 
Ph 3C radical in the E t O H matrix shows a visible 
fluorescence spectrum as well as a weak excitation 
spectrum in the visible region and an intense one in 
the near U V region. T h e Ph3C radical in the 3MHx 
matrix shows a red-shift of the spectra (see Table 1) 
and an increase in spectral intensity in the visible 
region. The above observations indicate a radical-ion 
interaction for the Ph 3C radical. 

Removal of the halide counter-ion produces further 
evidence for the interaction. The Ph3C radical is so 
stable that it persists on melting the irradiated samples. 
T h e spectra of the Ph 3C radical in the 3 M H x matrix 
changes and becomes identical with the spectra observ­
ed from the E t O H matrix, when examined after melting 
and refreezing. This change has been attributed to 
the removal of the counter-ion. The spectra observed 
from the E t O H matrix show no change upon melting 
and refreezing, since the radical is initially "effectively 
free" from the counter-ion in the matrix. 

No C T band was recorded for the Ph 3C radical-
halide ion complex in the 3MHx matrix. The inter-
molecular conformation adequate to the C T interaction 
is sterically inhibited for the bulky Ph 3C radical. 
However, the present investigation gives spectroscopic 
evidence for the temporary radical-ion association for 
the Ph 3C radical, as well as for the Ph 2 CH radical, 
generated by the dissociative electron at tachment in 
the irradiated nonpolar 3MHx matrix at 77 K. 
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Synopsis. A metastable modification of SrSi03 

was formed at 850—910 °G from mixed powders prepared 
by the alkoxy-method. Crystallization isotherms were best 
described by the first-order equation and the activation 
energy was determined as 130 kcal/mol. The kinetics on 
the transformation of metastable to stable SrSi03 was also 
studied. 

Though S r S i 0 3 is known only in the pseudo-wol-
lastonite modification,1) Takahashi and Roy2) reported 
that a new modification is obtained by heating the 
S r S i 0 3 glass prepared by the splat-cooled method. 
It was found that this compound, apparently meta­
stable, is formed during the course of heating of alko­
xy-derived SrSi0 3 . The present study is concerned 
with the kinetics on the formation of metastable 
S r S i 0 3 and the transformation of metastable into stable 
SrSiOg. 

Exper imenta l 

Silicon ethoxide used was of guaranteed purity. Stron­
tium methoxide was prepared by the reaction of strontium 
metal and dehydrated methyl alcohol. The purity of stron­
tium metal used was 99%. A mixture of these alkoxides 
with the mole ratio Sr2+/Si4+=1 : 1 was prepared, and then 
poured into aqueous solution of ammonia at ca. 30 °G. The 
temperature was slowly raised up to 90 °G with stirring. 
The mixed powders hydrolyzed in this way were washed 
repeatedly with hot distilled water and dried at 40 °G under 
reduced pressure. The average particle size of the mixed 
powders is approximately 400—500 Â. 

R e s u l t s a n d D i s c u s s i o n 

The T G of the mixed powders was carried out in 
the air from room temperature to 1000 °C(Fig. 1). 
The weight loss of 11 % up to 650 °G is attributed to 
the loss of absorbed H 2 0 , NH 3 ( aq ) , and organic residue 
from the parent alcohol. D T A of the mixed powders 
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Fig. 1. TG and DTA curves of alkoxy-derived powder. 
Arrows show the temperatures at which the starting 
material was heated to obtain three specimens for X-
ray diffraction. 

was also performed. Two exothermic reactions were 
observed at 850—910 °G and 950—1020 °G. From 
the results of X-ray diffraction, the reactions were 
found to be the crystallization of metastable SrSiOg 
from an amorphous phase and the transformation of 
metastable into stable SrSiOg, respectively. 

Figure 2 shows the variation of X-ray diffraction 
patterns of S r S i 0 3 with increasing temperature. T h e 
mixed powders as a raw material were amorphous, 
no significant changes being observed up to 820 °G. 
T h e peaks corresponding to metastable SrSi03

2) ap­
peared after heat t reatment at 850 °G for 20 min, and 
the intensity increased rapidly up to 900 °G. The 
specimen heated at 1050 °G showed an X-ray diffraction 
pat tern of only stable SrSi03.3> 

Figure 3 shows the fraction of the metastable S r S i 0 3 

30 40 50 

2(9 (CuÜTa) 

Fig. 2. X-Ray diffraction patterns for alkoxy-derived 
SrSiOg powder. 
A: 780 °G, B: 920 °C, G: 1050 °G. 
Heating rate: 600 °G/h. 

20 30 40 

Time (min) 

Fig. 3. Formation of metastable SrSiOg 
of time at different temperatures. 
O : 850 °G, • : 870 °G, 3 : 890 °G. 

as a function 
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crystallization determined for 850, 870, and 890 °C. 
The mixed powders were pre-heated at 400 °G for 
15 min. T h e fraction of crystallization of each speci­
men was determined from the height of d=3.28 Â(20 = 
27.2°) which is the strongest line of the metastable 
SrSiOg spectrum. A well-crystallized specimen was 
obtained by heating the alkoxy-derived mixed powders 
at 900 °G for 30 min. Calcium fluoride was used as 
a standard material. Induction periods were observed, 
attempts being made to fit the results to kinetic laws 
by considering the induction periods. The data can 
be interpreted in terms of the first-order equation. 
Figure 4 shows the first-order plots of —In (1 —a) against 
t, where a is the fraction of crystallization and t time. 
The rate constants were determined from the slopes 
of straight lines. The value of activation energy cal­
culated from the Arrhenius plot was ca. 130 kcal/mol. 
This represents the activation energy employed for 
establishing active nucleation centers.4) 

Figure 5 shows the fraction of the transformation 
of metastable into stable SrSiOg as a function of time 
at different temperatures. The specimens heated at 
900 °G for 30 min were used as starting material. The 
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Fig. 4. First-order plots of the data of Fig. 3. 
O : 850 °C, • : 870 °C, 3 : 890 °G. 

10 20 30 40 50 

Time (min) 

Fig. 5. Phase transformation from metastable to stable 
SrSiOg as a function of time at different temperatures. 
O: 950 °C, • : 970 °C, 3 : 990 °G. 

fraction of transformation was established by deter­
mining the decrease of height of the strongest line (d= 
3.28 Â) in the metastable diffraction pattern. Trans­
formation isotherms were described by the zero-order 
equation oc=kt, where a is the fraction of transformation, 
t time and k the rate constant of propagation.4) The 
result suggests that the transformation, which might 
take place in two processes (Fig. 5, broken line), is 
due to only a rearrangement of atoms or ions within 
the crystal, no penetration of a new phase from the 
surface being required. The values of activation en­
ergy were ca. 143 kcal/mol and 44 kcal/mol for initial 
and final stages, respectively. 
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Synopsis. Reduction of cobalt(II) in thiocyanate 
solutions at mercury electrodes has been greatly accelerated 
in the presence of small amounts of gelatin. This accelera­
ting effect results in an inhibition of the amalgamation of _6h 
electrodeposited Co(0)SCN_, which reacts chemically to 
yield GoS and GN~. Both GoS and CN~ further stimulate 
the reduction of cobalt(II). 

Recently, it has been shown that the reduction of 
cobalt(II) in thiocyanate solution at a hanging mercury 
drop electrode(HMDE) is accelerated by the reduction 
products of thiocyanate ions, cyanide and sulfide ions, 
produced by the chemical reduction of thiocyanate 
ion with the electroreduced metallic cobalt.1* It 
is expected that the reduction rate of cobalt(II) in 
thiocyanate solution is further stimulated by the pre­
sence of surfactants, because the amalgamation of the 
electrodeposited cobalt is known to be inhibited by 
the presence of some surfactants.2'3* It was indeed 
found that the reduction of cobalt(II) in thiocyanate 
solutions at dropping and stationary mercury electrodes 
was greatly accelerated in the presence of low con­
centrations of gelatin. This paper deals with the 
characteristics of the reduction wave of the above-
mentioned system. 

Exper imenta l 

The dropping mercury electrode(DME) had a flow rate 
of 0.956 mg s-1 at the controlled drop time of 4.95 s in de-
aerated 0.5 mol dm"3 NaN0 3 solution at -0 .65 V vs. SGE 
for a mercury height of 60 cm. All the other experimental 
details were the same as previously described.1) In Fig. 1, 
"current" means the maximum current observed just before 
the fall of the mercury drop. 

R e s u l t s a n d D i s c u s s i o n 

The influence of gelatin on the dc polarograms is 
shown in Fig. 1. Cobalt(II) in dilute thiocyanate 
solution gave a pre-wave which was produced at 
potentials more negative than those for the usual 
hydrated cobalt (II) reduction wave. This pre-wave 
increased in height with increase in thiocyanate con­
centration up to ca. 0.1 mol dm~3. The present ex­
periments, however, were performed with dilute thio­
cyanate solution, because the most significant effect 
of gelatin has been observed at a thiocyanate concentra­
tion below 0.03 mol dm"3 . Upon the addition of 
gelatin to the solution, the pre-wave increased in height 
with increase in concentration of gelatin up to ca. 
5 x l 0 ~ 3 % . With further addition of gelatin above 
1 X 10"2 %, the opposite effect was observed. When 
trace amounts of gelatin was added, the maximum 
wave accompanying the hydrated cobalt(II) reduction 
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Fig. 1. Effect of concn of gelatin on the d.c. polaro­
grams of 1 mmol dm~3 cobalt(II) in 0.01 mol dm-3 

NaSGN and 0.49 mol dm"3 NaC104 at 25 °G. Gel­
atin concentration/%: (a), 0; (b), l x l O - 3 ; (c), 2X 
10-3; (d), 5 x l 0 " 3 ; (e), 2 x l 0 " 2 . 

wave observed at potentials more negative than —1.20 
V was completely suppressed, and the hydrated cobalt-
(II) reduction wave shifted to somewhat less negative 
potentials. Such a shift of the reduction potential 
appears to be generally characteristic of the hydrated 
cobalt(II) reduction wave. There have been several 
investigations on the positive shift of the hydrated 
cobalt(II) reduction wave in the presence of low con-

1 

tjs 

Fig. 2. Effect of concn of gelatin on the i-t curves 
with a DME at —1.05 V vs. SGE. Conditions are 
the same as Fig. 1. 
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cent rations of some surfactants.2»3* 
The influence of gelatin on the current-time (i-t) 

curves for the pre-wave during the life of a mercury 
drop is shown in Fig. 2. The instantaneous current 
in a dilute thiocyanate solution in the absence of gelatin 
varies exponentially. This clearly indicates that the 
reaction mechanism of the pre-wave in dilute thio­
cyanate solution is autocatalytic in nature. The theo­
retical treatment of Laviron4) predicts that the i-t 
curve varies exponentially for the catalytic Polaro­
graphie wave involving a product of the electrode 
reaction. In the presence of gelatin, the i-t curves 
exhibit a sigmoid shape. 

Figure 3 illustrates the influence of gelatin on the 
i-t curve obtained with a H M D E . In the potential 

- 1 0 

i 

Fig. 3. i-t curves with a HMDE for the reduction of 
1 mmol dm-3 cobalt(II) in 0.01 mol dm"3 NaSCN and 
0.49 mol dm - 3 NaC104 solutions in the absence (a) and 
presence (b) of 5XlO~3% gelatin. Electrode potential 
-1 .05 V. 

region corresponding to the Polarographie pre-wave, 
the i-t curves exhibited a maximum. With trace 
amounts of gelatin present, the diffusion-controlled 
current level is reached within several seconds. The 
falling portion after a maximum in the presence of 
gelatin follows an i-t~l/2 relationship, indicating a 
diffusion-controlled mechanism. 

I t has been recognized that the amalgamation of 
freshly deposited iron-group metals is inhibited by the 
presence of some surfactants.2»3) The increase of the 
pre-wave height in the presence of small amounts of 
gelatin is accounted for by assuming an inhibition of 
the amalgamation of electrodeposited Co(0)SCN~, 
which in part reacts chemically to yield GoS and CN~~. 
Cobalt sulfide as well as cyanide ion stimulates fur­
ther reduction of cobal t(II) . Co( I I ) -CN~ complex is 
more easily reduced at the mercury electrode than 
the G o ( I I ) - S G N - complex.1) With large concen­
trations of gelatin present, the pre-wave becomes 
suppressed, gelatin then replacing the adsorbed thio­
cyanate ions from the surface of the electrode. 
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Synopsis. The dynamic calibration of the F~ ion 
selective electrode was briefly evaluated in terms of the 
memory effect of the electrode by analyzing the NBS urine 
standard. 

Liberti and Pinto1) reported the "dynamic" cali­
bration for the iodide ion selective electrode, where 
the electrode response after a selected time is compared 
with a calibration curve obtained by contacting the 
electrodes with standard solutions for the same time. 
Thus we can continuously monitor quickly changing 
concentrations, although the response is not necessarily 
rapid. For most of the solid membrane electrodes 
such as the fluoride ion electrode, the response time 
is less than 30 s when we define the response time as 
the time necessary to cover 9 5 % of the equilibrium 
potential. T h e 9 5 % attainment of the equilibrium 
potential involves about 3 0 % error in the concentration 
at around 10 - 5 M of F~ ions. If we define the res­
ponse time as the time to reach 0.2 m V pre-equilibrium 
potential, for example, the resulting error is 0 .2% 
in terms of concentration, but causes much longer 
response time as shown in Table 1. This result implies 
that in the case of ordinary analysis, we are inherently 
using the dynamic calibration procedure, because final 
potentials are read in several minutes at longest. O n 
the other hand, one of the main factors which affects the 
accuracy of results for ion selective electrodes at lower 
concentration range seems to be the "memory effect." 
Usually, the calibration curve is constructed by chan­
ging the concentration from low to high. In most 
cases, the concentration of the sample is located at 
around the middle of the calibration curve. This 
means one has to come back from higher concentra­
tion to lower one to measure the analyte concentra-

TABLE 1. RESPONSE TIME FOR F - ION SELECTIVE 

ELECTRODE a > 

Conen of F - ion(M) Response time (min) b> 

2 x 1 0 - ' 200 
5 x l 0 " 7 40 
1 x 10-6 24 
5x10-« 22 
1x10- 5 18 
2 x l 0 - 5 11 
1x10-* 5 
1 x 10-3 2 

a) F - ion selective electrode of DKK. b) Necessary 
time to reach 0.2 mV pre-equilibrium potential. 

t Present adress: Denki Kagaku Keiki Co., Kichijoji-
kitamachi 4-13-14, Musashino-shi, Tokyo 180, 

tion in the sample right after making calibration curves. 
Hence, the electrode inevitably remembers the higher 
concentrations of the previous runs causing an error 
in analysis even when the electrode surface is tho­
roughly rinsed after each run. This would also hold 
true for continuous analyses where the concentration 
could change up and down in a short time. 

In the present study, the dynamic calibration pro­
cedure was briefly evaluated in terms of the memory 
effect of the fluoride ion selective electrode by estimating 
the minimum time required for accurate F - ion de­
termination in the NBS human urine standard as 
illustrative example for natural samples. If the dy­
namic calibration works also satisfactorily for the 
natural systems, it would be extremely useful for cli­
nical or environemental analysis where rapid and 
continuous measurements are highly desirable. 

E x p e r i m e n t a l 

In order to obtain precise and accurate hard copies of the 
potential vs. time profile of the ion selective electrodes, a 
special experimental set-up was made.2) The analog out­
put from the ion selective electrode is first converted into 
frequencies followed by counting, serialization, and finally 
data acquisition with a minicomputer. The precision of 
analog to digital conversion is 0.1 mV. 

The dried urine fluoride standard sample (NBS SRM No. 
2671) was dissolved in TISAB (Total ionic strength adjust­
ment buffer) solution. The TISAB solution was prepared 
by dissolving 1 M NaCl, 0.25 M CH3COOH, 0.75 M CH3-
COONa, and 0.001 M sodium citrate in 1 litre of deionized 
and distilled water. The value recommended by NBS 
for the fluorine content in this solution is (4.39±0.43) X 10 -5 M 
(reliability 95%). The result of determination of fluoride 
ion in this NBS sample by fluoride ion selective electrode 
coincides with the value recommended by NBS. The total 
fluorine for the same solution by A1F molecular absorption 
spectrometry in carbon rod furnace3) coincides with that of 
ion selective electrodes and of the NBS value within experi­
mental error.4) It seems that very little matrix effect exists 
and almost all fluorine containing species are of the form 
of free fluoride ion in the dissolved NBS standard sample. 
The magnitude of the error in the NBS value is rather large 
presumably due to the average of different lots. Thus, each 
bottle from the NBS probably contains a homogenous 
sample and the resulting analytical value should have higher 
precision. The response time of the fluoride ion selective 
electrode was examined with four electrode specimens, one 
from TOA and the other three from DKK. It was found 
that except for one from DKK which exhibited slightly 
slower response, three showed almost equal response time 
(Table 1 ). Therefore, the experiment concerning the memory 
effect was performed by using two electrode specimens from 
DKK, both of which gave virtually the same results (Tables 2 
and 3). 
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Chemicals of analytical grade were used. Water was 
deionized and distilled. Fluoride ion selective electrodes 
from Denki Kagaku Keiki Co. (DKK) and TOA Dempa 
Co., Ltd., were used. An Ag/AgCl electrode of TOA Model 
HS 305 DP was used as a reference electrode. All fluoride 
ion selective electrodes were rinsed, excess water being wiped 
off before and after each run. For the dissolved NBS sample, 
the response time obtained is virtually equal to or slightly 
shorter than that of the ordinary F - ion standard solution. 

The measurement was performed in a constant temperature 
bath in a constant temperature room, both thermostated at 
20±0.5 °C. The sample solution was stirred with a magnetic 
stirrer. 

R e s u l t s a n d D i s c u s s i o n 

Table 2 shows the apparent concentration of F _ 

ions in the NBS standard urine sample obtained through 
the dynamic calibration curves at different waiting 
times. We deal with two cases : Analysis of the NBS 
sample is made after the measurements of 1) 1 x 10~4 M 
and 2) 1 X 10 - 5 M of the standard solutions for the 
calibration curves. T h e F _ ion concentrations for 
the NBS sample lies between these concentrations. 
T h e apparent concentration of F _ ions obtained in 
the NBS standard urine sample is initially higher than 
the NBS value for case 1) and gradually decreases to a 
nearly steady state value, C1} in about 9 min. This 
value is consistent with the NBS value, indicating that 
the memory effect is completely removed. For actual 
analyses where the concentration of the analyte is not 

TABLE 2. DETERMINATION OF F - ION IN NBS URINE 

SAMPLE8-) THROUGH DYNAMIC CALIBRATION PROCEDURE 

FOR F ~ ION SELECTIVE ELECTRODE (see t e x t . ) 

Waiting time 
(s) 

6 
9 

12 
15 
18 
30 
60 

120 
300 
420 
540 
600 

1200 
1800 
3600 

Analysis 
(x io- 5 : 

5.40 
5.20 
5.15 
5.05 
4.95 
4.90 
4.65 
4.55 
4.50 
4.50 
4.45 
4.45 
4.45 
4.45 
4.35 

A1» 
M) 

Analysis Bb) 
( X l 0 - 5 M ) 

3.40 
3.65 
3.75 
3.90 
3.85 
4.25 
4.35 
4.40 
4.45 
4.45 
4.45 
4.40 
4.45 
4.45 

a) The NBS value: (4.39±0.43) X 10~5 M. b) Apparent 
concentrations A and B obtained after measurement of 
1 X 10-4 M and 1 X 10-5 M, respectively, of standard 
solutions. 

TABLE 3. DETERMINATION OF F - ION IN DILUTED NBS 

URINE SAMPLE0-) THROUGH DYNAMIC CALIBRATION 

PROCEDURE FOR F ~ ION SELECTIVE ELECTRODE 

Waiting time(s) 

30 
60 

300 
600 

1200 
1500 
1800 
2400 
3000 

Apparent concn( 

8.05 
5.68 
4.70 
4.30 
4.30 
4.25 
4.25 
4.20 
4.15 

a) Concentration, one order of magnitude lower than 
that of Table 2. The same NBS sample but different 
lot from that of Table 2. b) Obtained after the 
measurement of 1 X 10~* M standard solution. 

known, it is not clear whether the error from the me­
mory effect is still involved in the Cx value. Thus 
the following experiment corresponding to case 2) 
was performed. The apparent F - concentration 
obtained in the NBS standard is initially lower than 
that of the NBS recommended value in contrast to 
case 1, increasing gradually to a steady state value, 
C2, in about 6 min. T h e value is also consistent with 
the NBS value. From these results, it can be concluded 
that the most accurate method to remove the memory 
effect completely is to obtain the value C0 which lies 
on the asymptotic line between the two concentration-
time profiles, nearly equal to both Cx and C^C^C^. 
This procedure may be called "double calibration." 
T h e memory free accurate result can be obtained 
when the waiting time exceeds 6—9 min. The lower 
the concentration of the analyte, the lower the accuracy 
(Table 3). However, even in the presence of the 
memory effect, we can still obtain fairly accurate re­
sults with a ca. 20 % error for 10 - 5 M NBS urine stan­
dard solution at a waiting time of 6 s. 

T h e authors thank Prof. K. Fuwa and Mr. K. 
Tsunoda, T h e University of Tokyo, for valuable com­
ments on the NBS standard sample. Thanks are 
also due to Denki Kagaku Keiki Co., for the use of 
several electrode specimens. 
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Synopsis. New bis (ethylenediamine) cobalt (III) com­
plexes containing various 1,3-diamines have been prepared 
and resolved (or separated) into optical isomers. The pre­
ferred conformations of six-membered 1,3-diamine chelate 
rings in these complexes seem to be reflected on the absorption 
and circular dichroism spectra. 

In the previous papers,2 '3) we reported that the stable 
conformations of flexible six-membered chelate rings 
in some tris(l ,3-diamine)cobalt(III) complexes can be 
elucidated from their absorption and circular dichro-
ism(CD) spectra in the region of the first absorption 
band. In this note, we have extended such studies to 
cobalt(III) complexes of the type, [Co(en)2(l ,3-di-
amine)]3 + . The diamines used here are (R,R)- and 
(Ä,S)-2,4-pentanediamine(ptn), (S,S)- and (R,S)-l,3-di-
phenyl-l ,3-propanediamine(dppn), (S)-1,3 -butanedia-
mine(bn), and (S)-l-phenyl-l ,3-propanediamine(phtn). 

Exper imenta l 

Ligands. 1,3-Diamines were prepared by the methods 
described previously; (R,R)- and (R,S)-ptn,^ (S,S)- and 
(i?,S)-dppn,5> (S)-bn,6) and (1S*)-phtn.7> 

Complexes. The [Co(en)2(l,3-diamine)]3+ complexes 
were prepared from 1,3-diamine and tom.5--[CoCl2(en)2]Cl 
in dimethyl sulfoxide according to a method similar to 
that for [Co(en)2(tn)]3+ (tn = trimethylenediamine).8> The 
separation (or resolution) of diastereomers (or enantiomers) 
except the A,.S'-dppn complex were achieved by SP-Sephadex 
column chromatography using a 0.2 mol-dm-3 Na,S0 4 

or a 0.2 mol-dm-3 sodium ( + )r,89-tartrate solution as the 
eluent. The racemic [Co(en)2(i?,S-dppn)]Br3-3H20 complex 
was resolved with K^Co^-cysuy -6H20(cysu=cysteinesul-
finato(2 — )-SN).9> The addition of an aqueous solution 
(30 cm3) of the resolving agent ( 1.4 g) to an aqueous solution 
(30 cm3) of the complex (1.5 g) gave immediately orange 
precipitate, which was recrystallized from hot water several 
times. The product was suspended in water and 1 mol • dm - 3 

hydrobromic acid(20 cm3) was added to the suspension. 
The solution became orange and insoluble material ([Co-
(S-Hcysu),,]) was filtered off. The filtrate was evaporated 
to dryness and the residue was recrystallized from water 
to give yI-[Co(en)2(i?,lS

,-dppn)]Br3-3H20. 

The results of elemental analysis are given in Table 1. 
Measurements. Absorption and CD spectra were 

recorded on a Hitachi 323 spectrophotometer and a JASCO 
J-20 Spectropolarimeter, respectively. 

R e s u l t s and D i s c u s s i o n 

Table 2 shows that the peak positions of the first 
absorption bands for diastereomeric complexes of a 
given 1,3-diamine shift to higher energies in the order 
of the meso-diamine complex, A- and zl-isomers of the 
optically active diamine. The meso and active diamine 

TABLE 1. ANALYTICAL DATA OF THE COMPLEXES 

Complex 
c/% H/% N/% 

Found Calcd Found Calcd Found Calcd 

J-[Co(en)2(A,.R-ptn);](CI04)3 18.48 18.65 5.07 5.22 14.50 14.50 
J-[Co(en)a(Ä,Ä-ptn)](C104)3 18.70 18.65 5.21 5.22 14.69 14.50 
J-[Co(en)2(Ä,,S'-ptn)](CIOi)3 18.80 18.65 4.96 5.22 14.58 14.50 
J-tCo(en)!!(5,>S'-dppn)]Br3.3H20 33.06 32.64 5.82 5.77 11.87 12.02 
J-[Co(en)2(5,5-dppn)]Br3.2.5H20 32.81 33.06 5.20 5.70 12.10 12.18 
J-[Co(cn)2(Ä,5-dppn)]Br3.3H20 32.85 32.64 5.54 5.77 12.11 12.02 
J-[Co(en)2(S-bn)](CI01)3.H20 16.60 16.46 4.89 5.18 14.42 14.40 
J-[Co(en)2(S-bn)](C104)3.H20 16.59 16.46 5.21 5.18 14.37 14.40 
/l-[Co(en)2(S-phth)]Cl3.0.5H2O 35.32 35.11 7.16 7.02 19.11 18.90 
J-[Co(en)2(S-phtn)]Cl3.2.5H20 32.47 32.48 7.40 7.34 17.37 17.48 

TABLE 2. DATA OF THE FIRST ABSORPTION AND CD 

BANDS OF THE COMPLEXES IN WATER 

[Co(en)2(L)P+ 

L = Ä , Ä - p t n 

R, if-ptn 
R, S-ptn 

S, S-dppn 

S, 5-dppn 

R, 5-dppn 
Ä-bnb> 
Ä-bnb> 
•S-phtn 

S-phtn 

Configuration 
(Conformation of L)»> 

A (X) 

A{X) 
A{ch) 

A{X) 

A{X) 
yl(ch) 

A(ch, X) 

J ( c h , X) 
A(ch, X) 

A(ch, X) 

Absorption. 
v / lO'cm- 1 (e) 

21.19(88.2) 

21 .10(98 .8) 
21.05(97.5) 
21 .03(98 .1) 
20.94(129) 

20.90(124) 

21 .10(92 .9) 
21 .05(94 .6) 
21.00(104) 

20.94(113) 

CD 
5/10' c m - ' (Ae) 

20.01 ( - 1 . 4 2 ) 
22 .88 ( + 0 . 1 6 ) 
20.49 ( + 1 . 6 1 ) 

20.41 ( + 1 . 2 1 ) 
2 0 . 0 4 ( - 1 . 7 I ) 

2 0 . 7 0 ( + 1 . 8 2 ) 
2 0 . 3 6 ( + 0 . 9 3 ) 
2 0 . 2 8 ( - 1 . 1 8 ) 

20.28 ( + 1 . 0 5 ) 

20 .16 ( - 1 . 2 9 ) 
20 .37( + 1.08) 

a) The conformations of L(l,3-diamine) are those with equatorially 
disposed substituents, and the A and ch represent the A-skew and the chair 
conformations, respectively, b) The absolute configuration of S-bn used 
in the Experiment was changed to its enantiomorph, R-bn, since the 
skew conformations of the other 1,3-diamine chelate rings studied here 
are all stabilized in the A-form. 

chelates listed in Table 2 will be stabilized in the chair 
and the A-skew conformations, respectively, since these 
conformers have substituents disposed equatorially. 
T h e R-bn and ^-phtn chelate rings can also take the 
chair conformation with an equatorial substituent 
(vide infra). T h e A-skew conformers in the A- and 
yl-configurations form the lei and the ob structures, 
respectively.10) Thus, the order of the shift in the 
absorption bands corresponds to that of chair, A(X)-
(ob), and A(X)(lel) structures. This order agrees with 
the results obtained for some tris ( 1,3-diamine) cobalt-
(III) complexes.2'3^ These findings will also be uti­
lized for determining the absolute configuration of 1,3-
diamine ligands. 

T h e energy differences in the absorption bands 
between each pair of diastereomers of the R-hn and S-
phtn complexes are smaller than those of cases of the 
ptn and dppn complexes. This fact suggests that the 
R-bn and /S-phtn chelate rings are in equilibrium 
between the /l-skew and the chair conformations. 
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-) and in 0.2 mol» Fig. 1. CD spectra of [Co(en)2(L)]3+ in water (-
dm-3 Na2S04 ( ). L; (a) .S^-dppn, (b) R,R-ptn, (c) S-phtn, (d) 
R-bn, (e) R,S-dppn, and (f) R,S-ptn. 

Fig. 2. The envelope conformation 
of a 1,3-diamine chelate ring. 

As stated above, these chelate rings can also take the 
chair conformation. Molecular models suggest that 
the difference in the structure between the A(ch) and 
A (eh) isomers is smaller than that between the A (X) (ob) 
and A(X)(lel) isomers. Hence, the former two isomers 
give the first absorption bands with a small energy 
difference from each other. 

In Fig. 1 are shown the C D spectra in water in the 
absence or the presence of sulfate ions. All the com­
plexes show a typical C D pat tern for a tris-diamine 
complex, and their absolute configurations can be as­
signed on the basis of the C D sign as shown in Table 2. 
In the presence of sulfate ions, all the complexes dimin­
ish the C D strength. Such a phenomenon is known 
to be caused by increase in the amounts of the lels(A-
(XXX) or A(ôôô)) conformer due to ion-association 
between a complex and a sulfate ion; the lels conformer 
is the most effective structure in forming an ion-pair 
through hydrogen bonding between the amino protons 
and the sulfate ion,11) and since the C D sign due to 
the vicinal effect of a A ligand is positive opposite to 
that due to the configurational effect of a A isomer, 
the C D strength of the lels(A(XXX)) conformer should be 
smaller than those of other conformers such as lel2-
ob (A(XXô)) or lelob2(A(Xôô)).2^ For the present com­
plexes of the optically active diamines, the A -isomers 
will be stabilized in the A(XXX)(lels) conformer and re­
duced their CD strengths in the presence of sulfate 
ions. O n the other hand, the J-isomers can form the 
A(ôôô)(lels) conformer with difficulty, since the ô forms 
of the present 1,3-diamine chelate rings involve axially 
disposed substituents. Similar conformers with one ax­
ial substituent are fomed for the m^o-diamine com­
plexes in the lels form. These conformers will be 
unstable because of large steric interactions between the 
substituent and the ethylenediamine ligand. However, 
when these 1,3-diamine chelate rings take a conforma­
tion as shown in Fig. 2, the complex can have the same 
set of three N - H bonds as that in the leld conformer, 

and can form a stable ion-pair with a sulfate ion. 
Such a conformer involves a eis form around a skeletal 
carbon-carbon bond (envelope type), and will be un­
stable compared with typical chair and skew forms. 
However, it seems to be much more stable than con­
formers with axial substituents in an octahedral com­
plex. Although the vicinal contribution of this con-
former to CD is unknown at present, the CD change 
of the A- and m^ö-diamine complexes caused by the 
addition of sulfate ions will also be related to such 
a conformational change of the 1,3-diamine chelate 
rings. 

The authors wish to thank the Ministry of Education 
for Scientific Research Grant-in-Aid No. 243013. 
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Synopsis. It has been found that W 0 3 is soluble in 
Laj/3Nb03 up to ca. 35 mol %. The solid solutions showed 
an ordered perovskite structure. The orthorhombic dis­
tortion changes into a tetragonal one at 20 mol %. The 
temperature dependence of the tetragonality of typical 
samples has been examined and the nature of the tetragonal 
distortion discussed. 

L a 1 / 3 N b 0 3 is an orthorhombically distorted structure 
containing two perovskite subcells.1) Iyer et al. reported 
that the perovskite-type unit cell contains a preferential 
distribution of La 3 + ions on alternate c-planes, as 
shown in Fig. 1.2> W 0 3 , on the other hand, is well-
known to have a perovskite structure without A-site 
ions. A-site deficient perovskites with a wide range 
of non-stoichiometry, such as La^ /T iOg 3 ) ( # = 0 . 0 3 — 
0.33) and S r ^ N b O g 4 ) (#=0.05—0.30), have been 
reported to be of simple perovskite structure type. 
La 2 / 3 Ti03 is an exception and has the same ordered 
structure as La1 / 3Nb03 .5> I t is of interest crystal-
lographically to understand how solid solutions between 
L a 1 / 3 N b 0 3 and W 0 3 can be formed and whether 
such ordered arrangement is maintained. T h e present 
paper describes the structural properties of this system. 

E x p e r i m e n t a l 

The samples were prepared by conventional ceramic 
techniques, using La2Oa, Nb2Os, and W 0 3 as starting mate­
rials. Two-cycle firing was carried out in air at 1050—1270 
°G for several hours, the samples being left to cool in the 
furnace. The products were analyzed by X-ray diffraction 
method, using Gu Ktx radiation. The lattice constants were 
determined from the best resolved lines of (004), (020), and 
(200), which appeared at 20 = 46—47°. Observed intensities 
were obtained from the diffractometer tracing by weighing 
the relative areas under the peaks. The theoretical intensities 

La3+ ion 

/ \ I \ vacancy 
— i ; K-* 

*\ 
A Nb5+ ion 

o- ion 

of the reflection lines were calculated according to a method 
previously reported.6) 

R e s u l t s a n d D i s c u s s i o n 

T h e L a l / 3 N b 0 3 - W 0 3 system showed single-phase 
patterns similar to that for L a l / 3 N b 0 3 up to a composi­
tion containing 35 mol % W 0 3 . I n a 40 mol % W 0 3 

sample, a further phase appeared in small amounts 
besides the perovskite-like compound. T h e room 
temperature lattice constants are shown in Fig. 2. 
T h e crystal lattice became contracted by the partial 
substitution of W 6 + ions for Nb5+ ions. T h e c/2a ratio 
decreased with increasing amounts of W 0 3 . T h e 
orthorhombic distortion changed into a tetragonal one 
at 20 mol % W 0 3 and the tetragonality decreased with 
further increase of W 0 3 , but the perovskite subcell 
did not become cubic. T h e decrease in crystal distor­
tion is probably attr ibutable to the size effect of B-site 
ions. T h e intensities of superstructure lines were also 
observed to decrease with increasing amounts of W 0 3 . 
The relative intensities of the typical lines of (001), 
(011), and (111) are shown by the solid lines in Fig. 3, 
the intensities of which depend on the L a 3 + ion con­
centration in this type of perovskite structure. It is 
impossible, however, to neglect the effect of high 
scattering power of the W 6 + ion on intensity. In this 
respect the partial substitution of M o 6 + ions is more 
favored since the two scattering powers of the N b 5 + 

and M o 6 + ions are nearly equal. Unfortunately at­
tempts to prepare solid solutions in the L a 1 / 3 N b 0 3 -
M o 0 3 system failed. In order to examine the cation 
distribution, the theoretical intensities of superstructure 
lines were calculated using Iyer's crystal data,2) the 
results of which are shown by the broken lines in Fig. 3 
in comparison with the observed values. Good agree­
ment between the calculated and the observed in­
tensities was obtained. Therefore, the ordered ar-

3.96i 

10 20 30 

W 0 3 mol % 

Fig. 1. Crystal structure of La^NbO. Fig. 2. Lattice constants in the La^NbC^-WOg system. 
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W 0 3 mol % 

Fig. 3. Observed intensities vs. those caluculated for 
typical superstructure lines in this system. 

O: /obsd(OOl), • : /calcd(001), 
A : /obsd(OH), A : /caicd(011), 
D : /obsd(Hl) , • : /calcd(Hl) . 

•̂ obsd(OOl) represents observed intensity of (001) line, 
and icaicd(lll) represents the sum of the calculated 
intensities of (111) and (003) lines which appeared 
at the nearly same value of 20. 

rangement of La3+ ions as shown in Fig. 1 is completely 
maintained in the solid solution in the L a 1 / 3 N b 0 3 -
W 0 3 system. This is quite different from the situa­
tions showing simple perovskite phases of composition 
L a ^ T i O g (x=0.03—0.30), except L a 2 / 3 T i 0 3 (*=0.33) 
with the ordered structure. 

Figure 4 shows the variation of lattice constants 
of L a 1 / 3 N b 0 3 with temperature. The orthorhombic 
subcell changes into a tetragonal one above ca. 190 °G. 
The cj2a ratio is almost independent of temperature. 
For the 20 mol % W 0 3 sample, the crystal lattice 
gradually expands with temperature, and the tetrago­
nahty remains almost unchanged. The superstructure 
lines for both samples did not disappear even at 1000 °C. 
Generally, the low symmetry of ordinary perovskites 
is expected to improve at high temperatures. It is 
likely that L a l / 3 N b 0 3 and its solid solutions differ 
from ordinary perovskites in the nature of tetragonal 
distortion. In L a 1 / 3 N b 0 3 two N b 5 + ions are located 
at ± ( 1 / 2 , 1/2, z), z=0 .262 . T h e intensities of the 
superstructure lines are relatively sensitive to the atomic 

800 1000 200 400 600 

Temperature (°C) 

Fig. 4. Temperature dependence of lattice constants 
for La1/3Nb03. 

z parameter from the structure factor. With increase 
in the z value, the (001) line tends to become weaker 
while the (011) line becomes stronger. For example, 
the calculated values of (001) and (011) lines for the 
20 mol % W 0 3 sample were 16.0 and 9.9 at z = 0 . 2 5 , 
and 14.7 and 14.9 at z=0 .262 , respectively. The 
corresponding observed values were 12.4 and 11.8, 
respectively. It becomes apparent that the differences 
between the calculated and observed intensities decrease 
by the deviation of N b 5 + and W 6 + ions from the B 
positions of ± ( 1 / 2 , 1/2, 1/4). In terms of charge 
balance, this antiparallel displacement of N b 5 + and 
W 6 + ions with high valency is considered an important 
role for the formation of this type of superstructure, 
where the corner sites are occupied by corresponding 
amounts of La 3 + ion and the vertical edge centre sites 
are vacant. It might be related to the origin of super­
structure that the tetragonahty in L a 1 / 3 N b 0 3 and its 
solid solution remains nearly unchanged with temper­
ature. 
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Synopsis. The kinetic parameters, ks for several 
metal ions are decreased down to 1/10—1/50 in the presence 
of sodium polyacrylate, although the diffusion of metal ions 
in the same system differs little with and without sodium 
polyaclylate. 

The electrochemical behavior of proteins and raac-
romolecules has been gaining popularity in recent 
years.1'2) In a preceding paper,3) the diffusion coef­
ficient of transition metal ions in polyelectrolyte solu­
tions has been studied polarographically. However, 
due to the complexity of overall reactions involved, 
we could not discuss the following two effects separately; 
i) adsorption of polyelectrolytes on the surface of the 
mercury electrode, ii) complex formation of metal ions 
with polyelectrolytes. 

In the present study, the effect of polyacrylate on 
the reduction process of transition metal ions at the 
surface of the dropping mercury electrode (DME) will 
be studied briefly in terms of the adsorption, complex 
formation with metal ions, and the influence on the 
kinetic parameters of metal ions. 

Sodium polyacrylate (M.W. 2500—7500) purchased 
from W A K O Chemicals Go. was purified as reported 
previously.3) In all cases, 1 M NaC10 4 was added to 
5 m M polyacrylate aqueous solution in order to make 
the I R drop of the solution minimum. A saturated 
calomel electrode (SCE) was used as the reference 
electrode. The flow rate of mercury was 7.52 mg/s 
at a mercury column height of 40 cm in 1 M NaC10 4 

solution at an open circuit. All measurements were 
performed at (25.0±0.5) °G. The standard rate con­
stant (kB) and the transfer coefficient (a) were deter­
mined using F T polarography, where details of the 
analysis were also described in the previous paper.4) 
Two kinds of the AC potentials with the frequencies 
of 55.8 and 173.6 Hz and an amplitude (A£) of 5 m V 
were used. Simulations for obtaining kB and a were 
performed on a H I T A C 8700/8800 system at the 
Computer Center, The University of Tokyo, using 
the F O R T R A N program written and kindly given by 
Prof. D. E. Smith. 

Adsorption of Polyelectrolyte on DME. From the 
electrocapillary curves for 1 M NaC10 4 solutions with 
and without sodium polyacrylate, poly (acrylic acid) 
adsorbs on the D M E only when the concentration of 
proton reaches a value of ca. 10 m M . The differential 
capacity of the interface with and without poly (acrylic 
acid) were obtained from the fundamental AC current 
measured by the Fourier Transform A C polarography 
using the equation 

where A £ is the amplitude of the applied AC voltage, 
/ the resulting fundamental AC current and f the 
frequency in Hz. T h e great decrease in the value of 
capacitance was observed in the presence of polyacrylic 
acid. This is interprétable in terms of the decrease 
in the double layer charge due to the adsorption of 
neutral poly (acrylic acid). No frequency dependence 
was observed from 55.8 to 173.6 Hz. This result im­
plies that the adsorption equilibrium is fast enough 
as compared with the time scale of 0.02—0.006 s. 

Diffusion Current. As shown in Table 1, the 
magnitude of diffusion currents of metal ions in 5 m M 
sodium polyacrylate is dependent on the proton ion 
concentration of the sample solution. When the value 
of p H decreases, the magnitude of diffusion currents 
increases to reach the value in 1 M N a C 1 0 4 solution 
without sodium polyacrylate. 

TABLE 1. pH DEPENDENCE OF DIFFUSION CURRENTS FOR 

METAL IONS WITH AND WITHOUT SODIUM POLYACRYLATE 

(Diffusion current (xA) 

No polyacrylate 5 mM polyacrylate 
H N 0 3 added y . . . 

0 mM 0 mM 1 mM 3 mM 10 mM 

MnCl2 

GoGl2 

ZnS0 4 

Pb(N03)2 

Gd(N03)2 

8.2 
9.4 
9.6 

11.0 
9.8 

6.3 
5.3 
N 
N 
N 

7.1 
6.3 
N 
N 
N 

8.3 
8.1 
N 
N 
N 

Na> 
N 
9.3 

10.8 
9.6 

a) N: The diffusion currents could not be measured 
due to the interference of the hydrogen wave and pre­
cipitation of hydroxides for Mn (II), Go(II) and Zn(II), 
Pb(II), Cd (II), respectively. 

Possible mechanisms for change in diffusion currents 
in the presence of sodium polyacrylate are : i) decrease 
in diffusion coefficient of metal ions due to the complex 
formation with polyacrylate and/or ii) blocking effect 
of poly (acrylic acid) adsorbed layer on the diffusion 
of metal ions. Of these two, the mechanism ii) 
should be pronounced when the p H values decrease, 
because the formation of the adsorbed blocking layer, 
if any, is enhanced in lower p H ranges. However, 
the observed phenomenon is opposite to expectation 
from the mechanism ii). From these results, it is 
concluded that the increase in diffusion currents of 
metal ions with lower p H is explained in terms of the 
increase in the diffusion constant through dissociation 
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3 

I 

(A) 
TABLE 2. KINETIC PARAMETERS (ks, a) WITH AND 

WITHOUT SODIUM POLYACRYLATE 

-0.6 

(Edc-E(SCE))/V 

Fig. 1. The second harmonic AG polarogram of cad-
mium(II) ion with and without sodium polyacryate. 

O : In-phase component, # : quadrature component 
2 m M Gd(II) and 1 M NaC104, (A) no sodium 
polyacrylate. (B) 5 mM sodium polyacrylate and 
10 mM HN0 3 . 

of polyacrylate ligand from metal ions in acidic media. 
Kinetics. Although the adsorbed layer of poly-

acrylic acid on the D M E did not affect the diffusion 
current of metal ions at low p H regions (see preced­
ing section), the kinetic parameters for the electrode 
reaction of these metal ions were greatly influenced 
by this adsorption layer. The kinetic parameters of 
electrode reactions with and without sodium polyacry­
late was obtained through the second harmonic AG 
polarogram. Typical examples of the second harmonic 
polarogram for Cd(I I ) ion with and without sodium 
polyacrylate in acidic media are shown in Fig. 1, where 
the computer simulation were performed on these 
curves using the theoretical equation for the quasi-
reversible 2nd harmonic polarogram.7) The second 
harmonic polarograms with and without sodium poly-

a t c ) / c m s " 

CdS04 

Pb(N03)2 

Zn(N03)2 

{ b) 
( a ) 
{ b) 

1 a) 
{ b) 

0.15d> 
0.30±0.02 

0.61e) 
0 .70±0.06 

0.30±0.04 

0.45d> 
0.0083±0.0005 

10.2e) 
0 .19±0.08 

(3.0±1.0) Xl0- 3 

(4±2) x l0" 4 f ) 

a) No sodium polyacrylate. b) 5 mM sodium poly­
acrylate, [HNO3] — 10 mM. c) Observed rate constant. 
d) Values from Ref. 5. e) Values from Ref. 6. f) 
A well-defined second harmonic polarogram were not 
obtained. Therefore, ks values roughly estimated from 
DC polarography. 

acrylate differ appreciably each other. 
The kinetic parameters obtained are summarized 

in Table 2. I t is seen that in the presence of 5 m M 
polyacrylic acid, the value of ks decreases down to 
1/10—1/50 of those obtained without poly (acrylic 
acid). The shift of half-wave potential and the change 
in the slope for log (i/(i&—i))vs. E relation were obtained 
upon the addition of poly (acrylic acid). It is interesting 
to note that even if the value of kinetic parameters for 
Pb(I I ) and Cd (II) decreased upon adding poly (acrylic 
acid), the DC Polarographie parameters such as AZ^/g 
and log (il(id — i)) vs. E plot for those ions with and 
without sodium polyacrylate exhibit little change, 
indicating the electrode reaction for those system is still 
fast enough as compared with the D C Polarographie 
time scale ( < 5 X 10 - 4 cm s_1). 

In conclusion, an electron transfer from the electrode 
to the metal ions becomes restricted appreciably in 
the presence of sodium polyacrylate, although the 
diffusion of metal ions in the same system differs little 
with and without sodium polyacrylate. 
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Synops i s . T h e titled compounds have been synthe­
sized by a template reaction of aminoalkylphosphonic acids 
or glycylaminoalkylphosphonic acids and salicylaldehyde 
with copper(II) ion. T h e square-planar structures have 
been proposed by analogy with corresponding structures of 
iV-salicyclideneglycine or JV-salicylideneglycylglycine chelates. 
T h e deprotonated peptide nitrogen coordination was con­
firmed by IR-spectra for the phosphonopeptides chelates. 

S ince ( 2 - a m i n o e t h y l ) p h o s p h o n i c ac id has b e e n dis­
covered f rom s o m e l iv ing o r g a n i s m s , 1 - 6 ) t h e a m i n o ­
a l k y l p h o s p h o n i c ac ids h a v e a t t r a c t e d c h e m i c a l a n d 
bio logica l in te res t in t h e r e c e n t yea r s . Seve ra l inves t i ­
ga t ions h a v e b e e n r e p o r t e d for t h e syntheses of p h o s -
p h o n o p e p t i d e s 7 - 9 > a n d phosphonol ip ids 1 0 > as wel l as 
a m i n o a l k y l p h o s p h o n i c ac ids . 1X~XZ) 

I t is wel l k n o w n t h a t a m i n o ac ids o r p e p t i d e s fo rm 
Schiff bases w i t h s a l i cy l a ldehyde i n t h e p r e s e n c e of 
a m e t a l i on as a t e m p l a t e a n d t h e s t a b l e c o p p e r ( I I ) 
che la tes h a v e b e e n i so la ted . 14> Because a m i n o a l k y l ­
p h o s p h o n i c ac ids a n d p h o s p h o n o p e p t i d e s a r e p h o s p h o -
n ic a n a l o g u e s of a m i n o ac ids a n d p e p t i d e s , s imi la r 
m e t a l c h e l a t e f o r m a t i o n c a n b e e x p e c t e d for these 
c o m p o u n d s . I n t h e p r e s e n t i nves t iga t ion w e h a v e 
isola ted sa l icy l idene de r iva t ives of ( a m i n o m e t h y l ) p h o s -
p h o n i c ac id , ( 2 - a m i n o e t h y l ) p h o s p h o n i c ac id , (glycyl-
a m i n o m e t h y l ) p h o s p h o n i c ac id , a n d [ 2 - ( g l y c y l a m i n o ) -
e t h y l j p h o s p h o n i c ac id as a c o p p e r ( I I ) c h e l a t e . T h i s 
p a p e r dea l s w i t h synthesis of t h e c o p p e r (I I ) che la t e s 
a n d c h a r a c t e r i z a t i o n of the i r s t r u c t u r a l s imi la r i ty w i t h 
those of a m i n o ac ids a n d p e p t i d e s b y m e a n s of e l ec t ron ic 
a n d in f ra red spec t roscopy . 

E x p e r i m e n t a l 

Reagents. (Aminomethyl)phosphonic acid,12) (2-ami-
noethyl)phosphonic acid,11) (glycylaminomethyl)phosphonic 
acid,8) and [2-(glycylamino)ethyl]phosphonic acid8) were 
prepared by slight modification of the previous reports. 

Sodium [2-(N- Salicylideneamino) ethyl]phosphonatocuprate(II), 
Na\Gu(saepo)]. (2-Aminoethyl)phosphonic acid (0.63 g, 
5 mmol) and salicylaldehyde (0.61 g, 15 mmol) were 
dissolved in 50 ml of 5 0 % ethanol containing sodium hy­
droxide (0.6 g, 15 mmol) and powdered copper (II) acetate 
monohydrate (1.0 g, 5 mmol) was added. T h e mixture was 
heated on a water ba th for a few minutes and bright green 
crystals were formed. They were recrystallized from hot 
water and air dried. Yield 0.4 g. Found : C, 31.45; H , 3.68; 
N, 4 .16%. Calcd for C 9 H n N 0 5 P C u N a • H a O : C, 30.98; 
H, 3.76; N , 4 .02%. 

Sodium [ {Salicylideneamino) methyl]phosphonatocuprate (II), Na-
[Cu(sampo)]. T h e procedure was the same as given 
for the preparat ion of Na[Cu(saepo)] , using (aminomethyl)-
phosphonic acid in place of (2-aminoethyl)phosphonic acid 

and bright green crystals were obtained in a yield of 0.5 g. 
Found : C, 30.12; H , 2 .93; N, 4 .34%. Calcd for C 8 H 7 N 0 4 -
P C u N a H 2 0 : C, 30.34; H , 2.87; N , 4 .42%. 

Barium [ (N-Salicylideneglycylamino) ethyl\phosphonatocuprate (II), 
Ba[Cu(sgaepo)]. [2-(Glycylamino)ethyl]phosphonic acid 
(0.18 g, lmmol) and salicylaldehyde (0.12 g, 1 mmol) were 
suspended in 20 ml of water and aqueous sodium hydroxide 
was added to give a clear solution. T o this was added copper-
(II) acetate monohydrate (0.2 g, 1 mmol) and the mixture 
was heated on a water ba th , while aqueous sodium hydroxide 
was added to adjust a p H of 9. After ten minutes, the 
insoluble precipitate was filtered off and saturated bar ium 
chloride solution was added to the filtrate. T h e resulting 
blue-violet crystals were filtered and recrystallized from 
hot water and air dried. Yield 0.4 g. F o u n d : C, 26.57; 
H , 2 .67; N , 5.50%. Galcd for C u H n N 2 0 5 P G u B a . H a O : G, 
26.36; H , 2.62; N , 5 .59%. 

Barium [(N - Salicylideneglycylamino) methyl] phosphonatocuprate-
(II), Ba[Cu(sgampo)]. T h e procedure was the same 
as employed for the preparat ion of Ba[Gu(sgaepo)] , but 
with (glycylaminomethyl)phosphonic acid in place of [2-
(glycylamino)ethyl]phosphonic acid. Violet needles were 
obtained in a yield of 0.4 g. Found : C, 24.39; H , 2 .51 ; 
N , 5 .65%. Galcd for C 1 0 H 9 N 2 O 5 PGuBa • H 2 0 : G, 24.66; 
H , 2.28; N , 5 .75%. 

Measurements. T h e infrared spectra were determined in 
potassium bromide disks by means of a Hitachi EPI-S2 
spectrophotometer, while the electronic spectra were measured 
with a Hitachi EPS-3T spectrophotometer. 

R e s u l t s a n d D i s c u s s i o n 

As d e s c r i b e d in t h e e x p e r i m e n t a l sec t ion , c o p p e r ( I I ) 
c h e l a t e f o r m a t i o n is a t y p i c a l t e m p l a t e r e a c t i o n a n d 
p r o c e e d e d s m o o t h l y w i t h e q u i m o l a r a m i n o a l k y l p h o s ­
p h o n i c ac id o r g l y c y l a m i n o a l k y l p h o s p h o n i c a c i d , sali-

Na[Cu(sampo)] Na[Cu(saepo)] 

Bo 

Ba[Cu(sgampo)] Ba[Gu(sgaepo)] 

Fig. 1. Structures of sodium [(salicylideneamino)alkyl]-
phosphonatocuprate(II) and bar ium [(JV-salycylidene-
glycylamino)alkyl]phosphonatocuprate(II) . 
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TABLE 1. ABSORPTION SPECTRA OF THE COPPER(II) CHELATES IN WATER 

Chelate 2 m a x (nm) log e Chelate l m a x (nm) log e 

Na[Cu(sampo)] 680 1.99 Ba[Cu (sgampo)] 566 2.10 
Na[Cu(saepo)] 700a> — Ba[Cu(sgaepo)] 596 2.08 
Cu(sg)b> 662 1.98 Na[Cu(sgg)] 575 2.20 

a) Refrecting spectrum, b) Ref. 14. 

TABLE 2. INFRARED SPECTRA OF PHOSPHONOPEPTIDES 

AND THEIR COPPER(II) CHELATES (CM - 1) 

Compound Amide I Amide II (P<o) ( P < o ) 

H3(gampo)a) 1 6 6 5 1 5 5 2 JJJ6 _ 

Ba[Cu(sgampo)] 1590 — — }^y 

H3(gaepo)b) 1693 1584 j i g _ 

Ba[Cu(sgaepo)] 1580 — — 1 Q 4 5 

a) (Glycylaminomethyl)phosphonic acid, b) [2-(Glycyl-
amino) ethyl]phosphonic acid. 

cylaldehyde, and copper(II) acetate in an alkaline 
medium. T h e probable structures of these chelates 
are formulated in Fig. 1 by analogy with the correspond­
ing structures of the amino acid and peptide chelates. 
T h e elemental analyses also agreed with these formula­
tions. 

The electronic spectra of the copper (I I) chelates 
exhibit one broad band due to d-d transition in the 
visible region. They are shown in Table 1 and com­
pared with those of 7V-salicylideneglycinatocopper(II)? 

Gu(sg) and sodium JV-salicylideneglycylglycinatocup-
ra te( I I ) , Na[Gu(sgg)] . The close similarity in the 
absorption maximum and the intensity between the 
phosphonatocopper and the glycinatocopper clearly 
indicates the same geometry around the metal ion, 
i.e. square-planar as previously discussed.14) It is 
interesting to note that the ligand field strength of 
the amine-phosphonate coordination is nearly equal 
to that of amine-carboxylate coordination. In the 
case of the phosphonopeptide chelates, Ba[Gu(sgampo)] 
and Ba[Cu(sgaepo)], the amide nitrogen coordinates 
to the metal ion by deprotonation. This conclusion 
is supported by the similarity of the ligand field strength 
to that of Na[Gu(sgg)] in which the coordination of 
the deprotonated amide nitrogen has been recognized.14) 

Kim and Martell15) have studied infrared spectra 
of coordinated peptide in D 2 0 by varying pD, and 
assigned the carbonyl band at different solution condi­
tions. The peptide carbonyl band of glycylglycine 
which exists as a zwitter ion appears at 1665 c m - 1 

and it shifts to 1625 c m - 1 on coordination through the 
carbonyl oxygen to the copper(II) ion in acidic solution. 
The 1625 c m - 1 band further shifts to 1610 c m - 1 in 
alkaline solution and this was interpreted as direct 
evidence for the ionization of the peptide N H hydrogen. 
Similar spectral changes were observed in the solid 

state for the phosphonopeptide chelates as shown in 
Table 2, and peptide nitrogen coordination in these 
complexes is indicated. The amide I band (C=0 
stretching vibration) in the free ligands shifts to lower 
wave number and the amide I I band (NH deformation 
vibration) disappears on metal chelate formation. 
This indicates the deprotonation of the amide nitrogen 

and the resulting dereal izat ion of charge in the N=G^ 
linkage. The P - O stretching bands of the monoanion 
in the free ligands also shift to lower wave number on 
metal chelate formation because of proton ionization 
to form the dianion. 

I t is concluded from the present investigation that 
aminoalkylphosphonic acids and their peptides with 
amino acids have properties that are similar to those 
of amino acids and peptides in metal chelate formation 
so far as copper(II) ion is concerned. Although amino-
phosphonate peptide derivatives have been described 
in this paper, there is another fundamentally different 
type of phosphonopeptide that may be formed; such 
as H 2 N ( C H 2 ) n P ( 0 ) ( O H ) N H C H 2 C O O H having a P -N 
linkage. Synthesis of such phosphonopeptides and 
investigation of their metal-chelating property are in 
progress at our laboratories. 
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Synopsis. The reaction of benzene with 2-phenyl-
pentanedioic anhydride in the presence of A1C13 afforded a 
mixture of l,2,3,4-tetrahydro-4-oxo-l-naphthalenecarboxylic 
acid, 4-benzoyl-2-phenylbutanoic acid and the isomeric 4-
benzoyl-4-phenylbutanoic acid. The relative yields among 
the products were markedly affected by a change in the 
polarity of the solvent. 

In a previous paper1) the AlCl3-catalyzed acylation 
of benzene with 2-phenylbutanedioic anhydride (1) 
was reported. Competitive inter- and intramolecular 
acylations were reported in the above reaction system. 
It was also reported that either the oxonium compound 
or the acylium ion, which were derived from the 
interaction between 1 and A1C13, were the actual 
acylating agents. Therefore, in order to obtain more 
information on the actual acylating agent in the Frie­
del-Crafts reaction with the dibasic acid anhydride, it 
was necessary to investigate the Friedel-Crafts reaction 
with a higher dibasic acid anhydride. 

Only a few works between benzene and 2-phenyl-
pentanedioic anhydride (2) have so far been describ­
ed2'3) that 2 acylated intermolecularly benzene to give 
only 2-phenyl substituted keto acid under Friedel-
Crafts conditions, although intramolecular reaction 
took place with sulfuric acid as catalyst. 

In the present study the Friedel-Crafts reaction of 
benzene with 2 was conducted in various solvents 
having different polarities, and the solvent effect ex­
amined in connection with the reaction mechanism. 

The reaction of 2 with A1C13 in a large excess of 
benzene gave a mixture of l,2,3,4-tetrahydro-4-oxo-l-
naphthalenecarboxylic acid (3), 4-benzoyl-2-phenylbu-
tanoic acid (4) and the isomeric 4-benzoyl-4-phenyl-
butanoic acid (5), as is shown in Table 1. However, 
the total yield of these keto acids was lower than that 
obtained from the acylation of benzene with 1 under 
similar reaction conditions, and the yield of 3 was 
always over the sum of those of 4 and 5. This sug­
gested that the intramolecular acylation of 2 with A1C13, 
even in a large excess of benzene, predominates over 
the intermolecular reaction of 2 on benzene in the 
presence of A1C13. A decrease in the amount of A1C13 

from 20 to 10 mmol did not largely affect the distri­
bution of products. 

In more polar solvents such as 1,2-dichloroethane, 
the reaction of 2 with a limited amount of benzene 
predominantly gave 3 using 20 mmol of A1C13, ac­
companied by a small amount of 5 and a trace of 4. 
Furthermore, in the case of 10 mmol of A1C13 on the 
reaction in 1,2-dichloroethane, 3 was exclusively obtain­
ed with a trace amount of 5. 

In nitrobenzene, the most polar solvent used, the 
reaction of 2 with benzene, in the presence of 30 mmol 
of A1C13, gave 3 almost exclusively. The intramolec­

ular acylation of 2 with A1C13 in nitrobenzene over­
whelmingly predominated over the intermolecular 
acylation of 2 on benzene in the presence of A1C13. 
The use of 30 mmol of A1C13 without benzene increased 
the yield of 3 to 7 9 % . 

These results imply that the solvent variations in 
the reaction of 2 with benzene in the presence of A1C13 

markedly affect the relative yield among, 3, 4, and 5 ; 
thus, an increase of polarity of solvent led to an increas­
ing yield of 3 and the decreasing yields of 4 and 5. 
From this, the following reaction paths may be formu­
lated in consideration of the results obtained in the 
acylation of benzene with l.1) 

Ph-CH-C^ 

CHo 0 4 - AlCU 

\2 / ' 5 

(2 ) 
S-

Ph-CH-C^ 3 

\2 / 

PhH 

Ph-CH-CO-Ph / 
CHo 
\Z 

CH2C02H 

( 5 ) 

( 5a.) 

V Ph-CH-C^ 

' CH2 0 

- \ s+/ c 
CH^0:W 

( 4 a ) 
A 

AlCU 

PhH 

Ph-CH-C02H 

iAICU C'H' "I \ 

PhH 
Ph-CH-C0-ALCl4 

CHo 
\Z 

CH2C02ALC12 

( 5b ) 

Ph-CH-C02ALC12 

CH2C0-AIC14 

CH2C0-Ph 

( 4 ) 

PhH 

( 4b ) 

( 3 ) 

Scheme 1. 

As delineated in Scheme 1, the oxonium compounds 
(4a and 5a) possibly intermolecularly acylate benzene 
to give 4 and 5, and also the acylium ions (4b and 
5b) afford 3, 4, and 5 by the intra- and intermolecular 
acylations. Since the above reaction gives 3 as the 
main product , which is obtained by way of 4 b and 
since the yield of 3 increases with increasing polarity 
of solvent, it may be assumed that the actual acylating 
agent in the reaction using 2 is a type of acylium ion. 
This is because the acylium ion bearing a more centered 
positive charge than the oxonium compound appears 
to be markedly influenced by a change of the polarity 
of solvent; hence, 4 b and 5 b reacted intermolecularly 
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TABLE 1. ACYLATION OF BENZENE WITH 2-PHENYLPENTANEDIOIC ANHYDRIDE AT 30 °G 

Solvent 

Noneb> 

(G1CH2)2 

25 ml 

C 6 H 5 N 0 2 

25 ml 

Noneb) 

Noneb> 

Reaction 
time 
( h ) 

2 
2 

5 
5 
5 

24 
5 
5 

24 
24 
24 
24 

2 

2 

AlCIg 
(mmol) 

20 
10 

5 
10 
20 
20 
20 
20 

20 
30 
30 
30 

coned H 2 S 0 4 

100 

CF3SO3H 
5 

G6H6 

(mmol) 

550 
550 

10 
10 
10 
10 
20 
— 
10 
10 
20 
— 

550 

550 

3 

38 
23 

11 
44 
50 
51 
51 
66 

66 
70 
65 
79 

6 

23 

Product yields (%)a) 

4 

11 
5 

0 
0 

trace 
trace 
trace 
— 

0 
0 

trace 
— 

0 

0 

5 

26 
13 

trace 
trace 

8 
7 

14 
— 

trace 
trace 

1 
— 

0 

0 

a) Calculated on the basis of the amount of 2-phenylpentanedioic anhydride used (10 mmol), b) The reaction 
was carried out at 60 °G, excess benzene being used as solvent. 

with benzene to give 4 and 5, respectively, although 
4 b afforded 3 intramolecularly. 

In nonpolar solvents such as benzene, the intermo­
lecular acylations with 4 b and 5 b on the benzene 
molecule are possibly due to the low solvation of ben­
zene, although the intramolecular acylation of 4 b 
predominates over the intermolecular acylations of 
4 b and 5 b on benzene even in a large excess of benzene. 
In the intermolecular acylations, 5 b having an electron-
attracting phenyl group closer to the acylium cation 
is preferred to 4b . Hence the formation of 5 is more 
favored than 4. 

The highly charged acylium ions (4b and 5b) may 
be strongly solvated by nitrobenzene to form a bulky 
acylating agent, and consequently the attack by such 
bulky agents upon benzene becomes intermolecularly 
difficult. Indeed, only the intramolecular acylation 
of 4 b occurred in nitrobenzene to give 3, since the 
effect of solvent on the closely-located internal acylium 
ion and benzene ring is small. 

If the phenyl group occupies a quasi axial position 
in 4a, the formation of 3 should proceed with a direct 
intramolecular cyclization as follows: 

>C3) 

h&a, 

Scheme 2. 

However, the observed solvent effect can not be 
explained, because the effect of solvent upon the oxo-
nium compound (4a) should be much less marked 
than for the acylium ion (4b). Moreover, the strained 
transition state, being caused by the intramolecular 

3+ 0-
approach of )C=0:A1C1 3 to the benzene ring in 4a, 
would have so high an energy that it would be im­
probable. 

Since it is known4) that trifluoromethanesulfonic acid 
is a very effective catalyst for the acylation of arènes, 
the reaction of 2 with a large excess of benzene in the 
presence of trifluoromethanesulfonic acid or coned 
sulfuric acid was attempted. However, only the intra­
molecular acylation of 2 occurred and the yield of 3 
was considerably lower compared with the case using 
AICI3. 

Exper imenta l 

Material. Compound 2 was prepared according to 
the method of Horning et al. 

Acylation of Benzene with 2 in the Presence of AlClz. The 
procedure paralleled the acylation with 1 described in an 
earlier paper.1) 

Analyses of the Products. All keto acids were esterified 
with an ethereal solution of diazomethane and then analyzed 
by GLPG employing a Yanagimoto G-800T model on a 
1.5 m X 3 mm column packed with Apieson Grease M (5 wt %) 
on Celite 545 of 80—100 mesh with a He flow of 40 ml/min 
at 228 °C. All methyl esters were identified by comparison 
of their retention times with those of authentic samples. 
The retention times of the methyl esters of 2,2>3,2)4,2'5> and 
55,6) w e r e 1.0, 1.4, 4.2, and 5.6 min, respectively. 4-Chlo-
robenzophenone was used as the internal standard for the 
GLPC determination. 

The author wishes to thank Professor Yoshiro Ogata, 
Nagoya University, for his valuable discussions. 

References 

1) I. Hashimoto and R. Takatsuka, Bull. Chem. Soc. Jpn., 
50, 2495 (1977). 

2) E. C. Horning and A. F. Finelli, J. Am. Chem. Soc, 
71, 3204 (1949). 

3) E. Berliner, "Organic Reactions," John Wiley & 
Sons, New York (1949), Vol. 5, p. 247. 

4) F. Effenberger and G. Epple, Angew. Chem. Int. Ed. 
Engl., 11, 299 (1972). 

5) I. Heilbron, "Dictionary of Organic Compounds," 
4th ed, Eyre and Spottiswoode Publishers, London (1965), 
Vol. 1, p. 364. 

6) E. Knoevenagel, Ber., 21, 1351 (1888). 



January, 1979] N O T E S 253 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 5 2 ( 1 ) , 2 5 3 2 5 4 (1979) 

Preparation and Spectra of 9^p-Vinylphenyl)anthracene 
Akio M U K O H , * Sukekatsu NOZAKI,T Akira HAGITANI,* and Hirosada MORISHITA 

Hitachi Research Laboratory, Hitachi Ltd., Hitachi, Ibaraki 319 
1Department of Chemistry, College of Science, St. Paul's University, Toshima-ku, Tokyo 171 

(Received March 7, 1978) 

Synopsis. A novel vinyl monomer containing the 
polyaromatic ring, 9- (/>-vinylphenyl) anthracene, was pre­
pared by the Grignard reaction of anthrone and ^-vinylphen-
ylmagnesium halides which could be obtained either from 
jb-bromostyrene or />-chlorostyrene. The results and the 
spectra of products are discussed. 

Recently, many investigations of organic polymers1) 
with polyaromatic rings in the side-chains have been 
carried out from the optical and electrical interests. 
9-(/»-Vinylphenyl) anthracene (IV) is a promising new 
vinyl monomer which can be used to prepare one such 
organic polymer. T h e authors wish to report on the 
preparation of IV by the Grignard reaction as follows. 

O 

+ 

GH=CH2 

A 
H H MgX 

IIa X ; Br 
IIb X ; Cl 

GH=CH9 CH=CH2 

A 
[/OH 

H / S H 
III 

I II I I 

IV 

jfr-Vinylphenylmagnesium halide (IIa) was synthe­
sized by the Grignard reaction of /»-bromostyrene and 
magnesium in accordance with Gazes' report.2) A 
method using inexpensive jfr-chlorostyrene in place of 
j&-bromostyrene was also investigated. 

The results are given in Table 1. I t was observed 
that />-vinylphenylmagnesium halides can be produced 
in yields of more than 80 % either from /»-bromostyrene 
or />-chlorostyrene. In the case of /»-chlorostyrene the 
yield increased remarkably with the rises in the reac­
tion temperature. 

The reaction mixture of j&-vinylphenylmagnesium 

TABLE 1. YIELDS OF GRIGNARD REAGENTS FROM 

STYRYL HALIDES 

Styryl halide 
0.1 mol 

Mg 
mol 

THF 
ml 

Reaction 
temp 

°C 

Reaction 
time 

h 

Grignard reagent 
(IIa, IIb) 
yield, %»> 

/-Bromo 
jfr-Bromo 
/»-Chloro 
/i-Chloro 

0.1 

0.1 

0.1 

0.2 

80 

80 

70 

140 

GO—G5 

70—75 

60—65 

70-75 

1.5 

1.5 

1.5 

1.5 

90.5 (Ha) 

95.5 (IIa) 

80.5 (IIb) 

94.9 (IIb) 

halides with I was analyzed by thin layer chromato­
graphy (TLC) on alumina, and six spots were detected 
at Rt 0.94, 0.58, 0.49(main spot), 0.36, 0.25 and at 
the starting point. These spots were observed in the 
cases both chlorostyrene or bromostyrene was used. 
They were assigned to IV, anthraquinone (V), un-
reacted I, major product III, bianthrone-9-yl (VI) 
and the polymer of IV, respectively. T L C was pre­
sumed to produce V and I V by oxidation or hydration.3) 
The spot at Rt 0.25 was identical with that which ap­
peared when purified I was allowed to stand in a 
benzene solution for several days. I t has been reported 
that I produces bianthrone-9-yl in benzene by photo-
reaction.4) Bianthrone-9-yl (VI) was prepared by a 
known method,5) and was found to be identical with 
the product (Rf 0.25) which formed in the reaction 
mixture. The spots at Rf 0.94 and at the starting point 
showed a strong blue fluorescence under U V irradiation 
(366 m m ) , and therefore, were characterized as poly­
aromatic compounds. 

T h e overall yield of I V based on I was about 2 0 % 
when III was separated, purified and then treated 
with phosphorus pentaoxide (Method A). O n the other 
hand, when the reaction mixture from the reaction 
of I and j&-vinylphenylmagnesium halide was directly 
treated with phosphorus pentaoxide without separating 
or purifying III, the yield of I V increased to about 
4 0 % (Method B). I V was also recrystallized from 
isopropyl alcohol after t reatment with phosphorus 
pentaoxide without using column chromatography, 
and a high yield of I V was obtained as shown in Table 
2 (the maximum overall yield 44%) (Method C). 
Table 2 shows the relation of the molar ratio of I to 
/>-vinylphenylmagnesium halide and the yield of IV. 
The yield is maximum at a molar ratio of about 1.3. 

In the N M R signals of I V quartet 1H at T = 3 . 2 4 , 
doublet 1H at T = 4 . 2 9 and doublet 1H at r = 4 . 8 2 
coincide well with the signals of the a,ß-proton of the 
vinyl group of styrene. Further, the spin-spin coupling 
constants Jaß=1.72, Jaß' = 10.8 and Jßß> = \.7 for the 

TABLE 2. YIELDS OF 9-(/»-VINYLPHENYL) ANTHRACENE (IV) 

BY DIRECT SYNTHESIS (METHOD C) 

Starting 
material 

Anthrone (I)/ 
(Ha or lib)») 
Molar ratio 

Reaction 
time 

h 

Reaction 
temp 

°C 

Yield of IV 
0/ 
/o 

Crude Pure 
Ha 
IIa 
IIa 
IIa 
IIa 
IIa 
IIb 

1 
1 
1.3 
1.5 
2.0 
2.5 
1.5 

3 
3 
4 
4 
4 
4 
4 

20—25 
Reflux 
Reflux 
Reflux 
Reflux 
Reflux 
Reflux 

19 
36 
52 
52 
45 
13 
51 

36 

44 

a) Determined by acid titration method. 
a) Assuming that Grignard reaction of styryl halide with magnesium gives 
Ha (or lib) in quantity. 
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T A B L E 3. ULTRAVIOLET SPECTRA OF 9-PHENYLANTHRACENE AND ITS DERIVATIVES 

Compound Solvent n m (loge) 

9-Phenylanthracenea) 

9-Phenylanthraceneb) 

9-(/>-Vinylphenyl)-
anthracene (IV) 
9- (/>-Vinylphenyl) -
anthracene (IV) 

CH2C12 

C 2 H 5 O H 

CH 2C1 2 

C o H . O H 

9- (/»-Toryl) anthraceneb) C 2 H 5 O H 

259(5.13) 

256(5.09) 

258(5.12) 

256(5.09) 

255(5.12) 

318(3.09) 332(3.46) 
331(3.44) 

332(3.45) 

350(3.78) 
347(3.77) 

368(3.97) 

365(3.94) 

387(3.93) 
385(3.94) 

349(3.81) 367(4.01) 387(3.97) 

331(3.44) 348(3.79) 365(3.96) 384(3.98) 

331(3.54) 346(3.84) 364(4.00) 383(3.97) 

a) S. C. Dikerman, D. de Souza, and P. Wolf, J. Org. Chem., 30, 1981 (1965). b) D. Mosnaim, Tetrahedron, 25, 
3485 (1969). 

v iny l g r o u p of I V also co inc ide wel l w i t h t h e c o u p l i n g 
c o n s t a n t s of s tyrene . 6 ' 7 ) 

I t is k n o w n t h a t , w h e n p h e n y l g r o u p s a r e i n t r o d u c e d 
i n t o a n t h r a c e n e r ings , t h e overa l l u l t r av io l e t a b s o r p t i o n 
shifts to t h e l o n g e r w a v e l e n g t h reg ion 8 ' 9 ) a n d is scarce ly 
affected b y t h e pos i t ion of t h e p h e n y l g r o u p o r t h e k i n d 
of subs t i tu t e s b o n d e d t o t h a t g r o u p . As s h o w n in 
T a b l e 3 , I V shows t h e s a m e a b s o r p t i o n as o t h e r 9-
m o n o p h e n y l a n t h r a c e n e de r iva t ives in t h e U V spec t r a . 

E x p e r i m e n t a l 

All compounds were shown to be pure by T L C with alu­
mina B-5 or silica gel C-100 (Wako Pure Chemicals Co., 
Ltd. , Tokyo) as absorbent on glass plates using benzene as 
the eluent, and with U V and iodine vapor for visualization. 
I R spectra were recorded using a Hitachi Model EPI-2 
I R spectrometer. N M R spectra were recorded on Hitachi 
Model H-60 N M R spectrometer in deuteriobenzene. 

p-Chlorostyrene and p-Bromostyrene10^ : />-Chlorostyrene and 
/?-bromostyrene were synthesized by dehydrat ion of p-hah-
(a-hydroxyethyl) benzene with K H S 0 4 . /»-Chlorostyrene 
was obtained in yield 6 7 . 9 % : bp 50.5—51 °C/2 m m H g (lit, 
65 °C/4 m m H g ) . /»-Bromostyrene was obtained in yield 
7 2 . 7 % : bp 85—85.5 °C/11 m m H g (lit, 87—88 °C/12 m m H g ) . 

9-(p-Vinylphenyl)-9-hydroxy-9,10-dihydroanthracene (III) : 
A solution of 2.75 g of/»-bromostyrene in 6 ml of T H F was 
added dropwise dur ing 1 h to a mixture of metal magnesium 
r ibbon (0.37 g) and 10 ml of dry T H F under mild refluxing. 
After the magnesium had disappeared, a solution of 2.91 g 
of I dissolved in 60 ml of dry T H F was dropped into the 
above Grignard reagent (Ha) solution with stirring. T h e 
mixture was refluxed for 5 h, cooled and then hydrolyzed 
with 24 ml of 1.5 M H C l containing ice. An organic layer 
was extracted with ethyl ether and evaporated to dryness. 
Recrystallizations with methanol , and petroleum e ther -
benzene (9:1) in that order, gave 1.12 g (25.1%) of I I I : 
m p 132—135 °C ; I R bands at 3300 and 1150 c m - 1 ( - O H ) , 
907 and 990 c m - 1 ( -CH=CH 2 ) . Calcd for C 2 2 H 1 8 0 : C, 
88.56; H , 6 .08%. Found : C, 88.16; H , 6 .74%. 

9-(p-Vinylphenyl)anthracene (IV) Method A): Ten grams of 
phosphorus pentaoxide was added to a solution of 1.12 g of 
I I I dissolved in 22 ml of carbon tetrachloride with stirring 
at room temperature . Stirring was continued overnight. 
A solution was then extracted with ethyl ether was evaporated 
to dryness, taken up in toluene and chromatographed over 
a 2.5 X 30 cm column containing 42 g of silica gel. Elution 
of the column with isopropyl alcohol gave a crude product 
of IV, which was recrystallized twice with isopropyl alcohol, 

giving 0.77 g (73.2%) of I V : m p 166—168 °C; I R bands 
at 910 and 995 c m - 1 (GH=GH 2) , N M R signals (C6D6 , internal 
T M S ) T: 1.67 (s, 1 anthracene ring G-10H), 1.99—2.20 (m, 
4 anthracene ring C-l , C-4, C-5, and C-8H), 2.59—2.85 
(m, 8 aromatic H ) , 3.24 (q, 1 vinyl a-H) , 4.29 (d, 1 vinyl 
ß-H), 4.82 (d, 1 vinyl ß'-H). Calcd for C2 2H1 6 : C, 94.25; 
H , 5 .75%. Found : C, 94.26; H , 5 .56%. 

Method B) : In the method described for I I I , a crude 
solid of I I I which was obtained by reaction I I a with I was 
dissolved in anhydrous benzene containing phosphorus penta­
oxide ( 2 % by weight of the benzene) and stirred overnight 
at room temperature . A solution was then extracted with 
ethyl ether and evaporated to dryness. The residue was 
chromatographed as in Method A, giving a crystalline of 
I V in yield of 40 .5% which was recrystallized with isopropyl 
alcohol. 

Method C): In the method described for I I I , 15.8 g of 
I in anhydrous benzene (125 ml) was added dropwise to 
Grignard reagent (Hb) prepared from 14.7 g of/»-chlorosty-
rene in T H F (50 ml) . T o the reaction mixture was added 
7.6 g of phosphrous pentaoxide in 150 ml of anhydrous benzene 
with stirring overnight at room temperature. Subsequently, 
the addition of 332 ml of hexanc and filtration left 13.5 g 
of a solid, which was insoluble in hexane. The filtrate was 
evaporated to dryness, giving a crude solid of I V which 
gave 10.0 g (43.7%) of pure product after recrystallization 
with isopropyl alcohol. 
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Synopsis. Chlorination of long-chain aliphatic acids 
with a Gl2-02 mixture in the presence of chlor osulfuric acid 
at 85 °C gave the corresponding a-chloro acids in good 
yields {ca. 90%) along with a little amount of aliphatic a-
sulfo acids, but no a,a-dichloro acids. 

Halogenation of aliphatic acids can occur via either 
a free-radical2) or a acid-catalyzed mechanism.3»4) 
The radical halogenation occurs at random positions, 
while the acid-catalyzed halogenation tends to give 
cc-halo acid. Hell-Volhard-Zelinsky (H-V-Z) proce­
dure using phosphorus tribromide gives exclusively 
a-bromo acid. However, the application of H-V-Z 
reaction to chlorination of long-chain aliphatic acids 
often gives a,a-dichloro acids along with a-chloro 
acids; the extent of a,a-dichlorination increases with 
the progress of reaction.5 '6) 

We have reported that aliphatic acids can be a-
chlorinated by molecular chlorine in the presence of 
strong protic acids such as chlorosulfuric7-9) or fuming 
sulfuric acid7) and a radical trapper such as molecular 
oxygen. Here we wish to report the application of 
this chlorination method to higher fatty acids, e.g., 
dodecanoic acid. 

R e s u l t s a n d D i s c u s s i o n 

Dodecanoic acid was chlorinated in the presence of 
chlorosulfuric acid with a gaseous mixture of molecular 
chlorine and oxygen which acts as a radical trapper.10) 
The effect of reaction time on the yield is shown in 
Fig. 1. Within initial one hour, the yield of a-chloro-
dodecanoic acid increased with progress of the reaction, 
but after one hour the yield was no more increased, 
but kept constant {ca. 90%) . The substrate acid 
disappeared gradually until only a trace remained 
after 1 h. 

The resulting mixture was extracted with ether and 
washed with water containing sodium chloride. The 
washing, after standing for a few days, afforded color-

0 40 160 

Time (min) 

Fig. 1. Effect of reaction time on «-chlorination of 
dodecanoic acid (50 mmol) in the presence of chloro­
sulfuric acid (12.5 mmol) at 85 °G. • : a-Chloro-
dodecanoic acid, O: dodecanoic acid. 

less crystals (0.1—0.6 g) of sodium 1-carboxy-l-undec-
anesulfonate, [ C H 3 ( C H 2 ) 9 C H ( S 0 3 N a ) C 0 2 H ] , which 
is an expected product in view of the known formation 
of a-sulfo acid in the reaction of aliphatic acid with 
sulfur trioxide,11-13) fuming sulfuric acid,11) or chloro­
sulfuric acid.11) 

Even the chlorination of dodecanoic acid for more 
than one hour gave a-monochlorododecanoic acid 
with no a,a-dichloro acid; further, no a,a-dichloro 
acid was detected in the at tempted chlorination of 
a-chlorododecanoic acid as a substrate. Whereas, 
a,a-dichlorination occurs as easy as a-chlorination by 
H-V-Z procedure.5 '6) Thus our procedure has the 
advantage that there is no contamination by dichloro 
acid, which is due to the low reactivity of a-chloro 
acid as well as gradual consumption of G1S03H with 
the progress of reaction. 

The mechanism may involve the addition of molec­
ular chlorine to a ketene intermediate.14) 

R-CH-CCLH 
H + , - H 2 0 

R-GH-G=0 R-C=C=0 

Y 
c i . 

R-CC1-COC1 ^ ^ R-CCl-CO,H 

When Y = H and R = G 1 0 H 2 1 , alkyl substituted ketene 
is formed, while a-chloro acid (Y = C1) gives chloro 
substituted ketene, which is less reactive to electro-
philic chlorine addition; hence the reaction gives only 
a-monochlorination. 

Figure 2 shows that the a-chlorination increases 
with increasing amount of catalyst acid, while the total 
yield of a-chlorinated product decreases, since there 
is a considerable amount of loss as a-sulfonated com­
pound. In short, the optimum conditions for the 
highest yield and the lowest loss of the substrate are 
obtained with ca. 10 mmol of chlorosulfuric acid ( 1 /5 
equivalent of substrate). 

T h e effect of reaction temperature on the yield is 

5 10 15 20 

Chlorosulfuric acid (mmol) 

Fig. 2. Effect of amount, of chlorosulfuric acid on a-
chlorination of dodecanoic acid (50 mmol) at 85 °C 
for 30 min. # : a-Chlorododecanoic acid, O : do­
decanoic acid. 
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TABLE 1. YIELDS AND PHYSICAL PROPERTIES FOR OC-CHLORO ACIDS 

[Vol. 52, No. 1 

a-Chloro acid Yield % Mp (°C) IR 
vc=Q (cm-1) 

NMRC> 
a-H (<5ppm) 

CH3(CH2)5CHC02H 

CI 
CH3(CH2)7CHC02H 

CI 
CH3(CH2)9CHC02H 

CI 
CH3(CH2)11CHC02H 

k 
CH3(CH2)13CHC02H 

I 
CI 

90 

89 

90 

91 

92 

liquid 

liquid 

36—37 

41—42 

52—53 

1720a> 

1720a> 

1720b> 

1715b> 

17201» 

4.17 

4.15 

4.17 

4.15 

4.15 

a) Neat, b) KBr. c) CC14. 

!~6= a—a 

70 85 100 120 140 

Temperature (°C) 

Fig. 3. Effect of temperature on a-chlorination of do-
decanoic acid (50 mmol) in the presence of chloro-
sulfuric acid (12.5 mmol) for 30 or 120 min. • : a-
Chlorododecanoic acid (30), • : dodecanoic acid (30), 
# : a-chlorododecanoic acid (120), and O: dodecanoic 
acid (120 min). 

less important (Fig. 3), probably because the favorable 
effect of increasing rate is compensated with the reverse 
effects of a decrease of chlorine solubility and an ac­
celeration of a-sulfonation with increasing temperature. 

This method can generally be applied to a-chlori­
nation of other long-chain aliphatic acids with satis­
factory yields. T h e opt imum conditions for a-chlori­
nation are as follows : A mixture of 50 mmol of sub­
strate acid and 12.5 mmol of chlorosulfuric acid is 
heated at 85 °C for 60 min. The yields and physical 
properties for identification of a-chloro acids are listed 
in Table 1. Little effect of structure, i.e., length of 
the chain, on the yield was observed. 

The mechanism may involve the addition of molec­
ular chlorine to a ketene intermediate.14) 

Experimental 

Chlorosulfuric acid (1.45 g 12.5 mmol) was added gradually 
with stirring to substrate acid (50 mmol) and the mixture 
was heated slowly to 85 °C. The mixture of chlorine and 
oxygen in a molar ratio of 2:1 was bubbled into it for 60 min. 
After completion of the reaction chlorine was removed by 

introducing nitrogen, the mixture was cooled to room temper­
ature, and extracted with ether (60 ml). The extract was 
washed with aqueous sodium chloride (20 ml) for three times. 
Ether was removed at 60 °C under reduced pressure. The 
residual material was cooled to freeze and dried in vacuo. 
The product was esterified with diazomethane15) in ether 
and analyzed on a Yanagimoto G 180 gas Chromatograph 
using a copper column packed with PEG 20 M 10% on 
Chromosorb WAW or Apiezon Grease L 15% on Celite 545. 

The isolated a-chloro fatty acids (C8—C16) were identified 
by comparing the 1H NMR and IR spectra with those of 
authentic samples. NMR and IR spectra were measured 
by means of a Hitachi R-24B NMR spectrometer and Perkin-
Elmer Model 337 IR spectrophotometer, respectively. 
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Synopsis. The title compound has been prepared 
from 2,6-dimethyl-3,5-nonamethylenepyrylium Perchlorate 
and from l,2,6-trimethyl-3,5-nonamethylenepyridinium iodide 
in low yield by reaction with sodium cyclopentadienide. The 
UV, visible and PMR spectra of the title compound are 
correlated with the structure. 

Electrophilic substitution was used to prepare the 
intermediate for cyclization to a 1,3-meta-bridged 
azulene, 1,3-(5-cyano-6-oxoundecamethylene) azulene.1) 
This route was not possible for the formation of a 5,7-
bridge. The later synthesis of 3,5-bridged pyrylium 
Perchlorate (1) and pyrydinium iodide (2)2) made 
available compounds needed for a 5,7-bridged azulene 
by the Hafner route. 

Reaction of sodium cyclopentadienide with 1 or 
2 gave a low ( < 0 . 3 % ) yield of the title compound 
(3) as violet crystals. T h e P M R spectrum of 3 in 
trifluoroacetic acid corresponded well to the structure 
of the conjugate acid (4). 

A molecular model of 3 did not show steric strain 
such that appreciable distortion of the azulene ring 
would occur. Distortion of the ring should cause a 
larger bathochromic shift of the ultraviolet absorption 
than is caused by the tetraalkyl substitution, and ring 
distortion would also probably cause lower intensity 
of absorption and loss of fine structure.3) Comparison 
of the ultraviolet spectrum with those of the best model 
compounds in the literature (4,8-,4) 4,5-,5) and 4,7-
dimethylazulenes6)) showed a shift to longer wavelengths 
for 3, but the principal maximum at 581 nm agreed 
well with 578 nm calculated by Plattner's rule.6) The 
absence of ring distortion was also indicated by the high 
intensities (log e 3.87 to 4.87) and the retention of 
fine structure. 

The model of 3 showed the c methylenes over the 
pi-electron cloud of the aromatic ring in the sterically 
favoured conformations. The model also showed 
significant steric restrictions to rotational conversions 
from the many unsymmetric to the two symmetric 
conformations of the bridge. In agreement with the 
model, the P M R signal for the c methylenes (<5 1.25) 
is at higher field7) than that for the b methylenes (<5 

1.78) which are nearer to the plane of the azulene 
ring. Comparison with the spectrum of 5,7-dimethyl-
azulene8) showed a shift inversion for the 2- and 6-hydro-
gens: <5 7.48 and 7.61, respectively, for 3, vs. <5 7.81 
and 7.42. This may be explained by two factors: 
the very small concentration of 3 in the P M R solution 
would cause the 6-H signal to shift downfield, but 
would have little effect on the 2-H signal,9) and the 
effective shielding of the 6-H would be decreased by 
the asymmetrical interaction with the bridge hydro­
gens.10) The observed nonequivalence of 1-H and 3-H 
(Ô 7.19 and 7.28) seems due to the asymmetrical mag­
netic anisotropy effect of the bridge. The small 
amount of material obtained did not permit experiments 
concerned with this point. 

E x p e r i m e n t a l 

PMR spectra (<5) were taken on a Hitachi R-22 spectrom­
eter with TMS as internal standard, for 3, with a Hitachi 
A-1600 signal averaging analyzer. MS were obtained at 
70 eV on a Hitachi RMS-4 instrument. UV and visible 
spectra were recorded on a Hitachi 624 digital spectrometer 
with a Hitachi 056 recorder. IR spectra were taken on a 
JASGO A-3 spectrometer. Mps are uncorrected. 

2,6-Dimethyl-3,5-nonamethylenepyrylium Perchlorate (1). 
This compound was prepared from cyclododecene [166 g 
(1 mol) purified by distillation; bp 111—116 °C/12 Torr] 
and acetic anhydride (511 g, 5 mol) in the presence of 70% 
perchloric acid2) except that stirring was continued for 2 h 
at room temperature after addition of the acid. Recrystal-
lization of the product from 1% perchloric acid gave 41.3 g 
(12.4%) of 1 as pale yellow crystals, mp 181—182 °G (lit,a> 
170 °G). IR (KBr) 3020, 2890—2940, 2855, and 1606 cm-1. 
PMR (CFgGOOH) <5=2.94 (6H, s, GH3), 3.02 (4H, t, J= 
6.0 Hz, a), 2.00 (4H, symmetrical m, b), 1.28 (10H, unsym-
metrical m, c), and 8.80 (1H, s, pyrylium H). 

1,2,6-Trimethyl-3,5-nonamethylenepyridinium Iodide (2). 
Dry ammonia gas was bubbled into a suspension of 50.8 g 
(0.153 mol) of vacuum-dried 1 in 300 cm3 of dry £-butyl 
alcohol for 2 h2> to give 24.26 g (68.6%) of 2,6-dimethyl-
3,5-nonamethylenepyridine, bp 140—142 °G/3 Torr; UV m a x 

(cyclohexane) 197 (loge 4.3), 217 (3.9), 273 (3.5) and 280sh 

nm (3.5); IR (liquid film) 2930, 2855, and 1445 cm-1; PMR 
(GDGla) 0=1.04 (10H, m, c), 1.64 (4H, m, b), 2.64 (4H, 
t, 7 = 6 . 5 Hz, a), 2.41 (6H, s, GH3) and 7.20 (1H, s, 4-H). 

The pyridine [5.13 g (0.222 mol)] was mixed with 5 cm3 

(0.08 mol) of methyl iodide. After 12 h, an additional 5 cm3 

of methyl iodide was added. After 12 h, removal of excess 
methyl iodide (reduced pressure) left 2 as a yellowish hygro­
scopic crystalline mass. 

4,8-Dimethyl-5,7-nonamethyleneazulene (3). A. From 1. 
To sodium cyclopentadienide prepared from 4.6 g (0.07 mol) 
of cyclopentadiene and 2.9 g (0.06 mol) of sodium hydride 
in 30 cm3 of THF under dry nitrogen, was added 6.7 g (0.02 
mol) of 1 in 15 cm3 of THF (30 min) and the mixture stirred 
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for 2 h. Two-thirds of the solvent was removed, 300 cm3 

of water was added, and the whole was extracted several 
times with petroleum ether. T h e solvent was evaporated 
and the residue chromatographed on 20 g of silica gel (petro­
leum ether e luant) . Extraction of the blue-green fraction 
with 8 5 % phosphoric acid, dilution of the extracts with ice 
water, extraction of the aqueous solution with petroleum 
ether, evaporation of the solvent, and chromatography with 
petroleum ether of the residue on 25 g of silica gel gave 
16.7 mg (0 .3%) , m p ca. 89 °C. 

T h e crude product (66.8 mg, 0.239 mmol) in petroleum 
ether was retreated with 8 5 % phosphoric acid as described 
above. Chromatography on 25 g of silica gel (petroleum 
ether) and rechromatography on 7 g of silica gel (hexane-
benzene, 9:1) gave 23.4 mg of 3 as blue-violet crystals. Pas­
sage over Amberli te IRC-50 (CG-50 type) (80% ethanol) 
gave 9.82 mg (0.04%) of violet plates from 8 0 % ethanol, 
m p 109—110 °C; pure by G L C , U V m a x (cyclohexane) 253 
(log e 4.71), 292 (4.87), 298 (4.85), 340 (3.97), 350 (4.06), 
and 365 n m (3.87); 565 s h (e 829), 581 (875), 600 (816), 
627 s h (666), 660 s h (361), and 690 nm (196). I R (CC14) 
2920, 2850, and 1460 cm- 1 . P M R (CC14, 90 M H z ) , 0= 
1.25 (10H, broad s, c), 1.78 (4H, m, b), 2.88 (6H, s, CH 3 ) , 
3.05 (4H, m, J - 6 . 0 Hz, a), 7.19 (1H, dd, J =4.0 and 1.5 Hz, 
1- or 3-H), 7.28 (1H, m, overlapping 7.19 signal, 1- or 3-H), 
7.48 (1H, q, 7 = 4 . 0 Hz , 2-H) and 7.61 (1H, s, 6-H). M S 
m/e 280 (M+ for G21H28 , base peak) [M+=280 .218 (C2 1H2 8 = 
280.219)]. 

B. From 2.11) Sodium cyclopentadienide (from 3.8 g 
(0.078 mol) of sodium hydride and 7.4 cm3 (0.09 mol) of 
cyclopentadiene) in 10 cm3 of T H F was added to the vacuum 
dried (GaCl2) pyridinium iodide (2) from 0.222 mol of 
pyridine. T h e mixture was stirred for 2.5 h and the solvent 
was removed. A petroleum ether solution of the violet 
solid was washed ( H 2 0 ) , dried ( N a 2 S 0 4 ) , separated from 
the solvent, and chromatographed on 80 g of silica gel (pe­
troleum ether-benzene, 9 :1 ) . T h e green zone (86.23 mg) 
was purified as described for the crude product in A to give 
2.12 mg (0.034%) of 3 . 

A solution of 3 in trifluoroacetic acid showed P M R signals 
corresponding to 4, <5=1.33 (10H, c), 2.10 (4H, b), 3.05 (6H, 
4 -CH 3 and 8-CH3), 3.46 (4H, a), 4.20 (2H, 1-CH2), 7.68 
(2H, 2-H and 3-H), and 8.78 (1H, 6-H). 

T h e a u t h o r s wish to express t he i r t h a n k s to Profes­

sor Y u h o T s u n o a n d Professor H i t o s h i T a k e s h i t a 
of K y u s h u U n i v e r s i t y for k i n d m e a s u r e m e n t s of F T -
N M R spec t r a . T h a n k s a r e also d u e to D r . M i t s u r u 
N a k a y a m a of H i r o s h i m a U n i v e r s i t y for k i n d m e a s ­
u r e m e n t s of mas s spec t r a . T h e p r e sen t w o r k was 
p a r t i a l l y c a r r i e d o u t in t h e D e p a r t m e n t of C h e m i s t r y , 
U n i v e r s i t y of W a s h i n g t o n , a n d p a r t i a l l y s u p p o r t e d 
b y a G r a n t - i n - A i d for Scientific R e s e a r c h f rom t h e 
M i n i s t r y of E d u c a t i o n . 
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Synopsis. Triallyl phosphate alkylated uracil (N-1), 
thymine (N-1), cytosine (N-1), adenine (N-3 and N-9), and 
guanine (presumably N-1 or N-7) in a water solution at 
60 °C (pH values were 10—10.5 for uracil, thymine, cytosine, 
and adenine, and 12 for guanine), giving the corresponding 
allyl derivatives in considerable yields. 

Many modified nucleosides are present in various 
tRNAs and have been considered to play important 
roles in their biogenesis.*) Since most of the modified 
nucleosides are methylated at nitrogen atoms of base 
moieties, methylation studies of nucleic acid-bases or 
nucleosides have been carried out using various alkylat­
ing agents, such as dimethyl sulfate,2-4) diazomethane,5) 
and methyl iodide.6 '7) Previously, we reported meth­
ylation8) and ethylation9) of nucleic acid-bases in an 
aqueous phase by means of trimethyl and triethyl 
phosphate ( T M P and T E P ) . 

In this paper, we wish to describe the reactions of 
nucleic acid-bases such as uracil (1), thymine (2), 
cytosine (3), adenine (7), and guanine (10) with trial­
lyl phosphate (TAP) in an aqueous phase. These 
reactions may be interest since there is a class of nucleic 
acid components which are substituted by allyl or 
isopentenyl groups like triacanthine.10) Moreover, the 
present reactions are considered to resemble the biosyn­
thesis of cytokinin which involves a transfer of an allylic 
group from zl2-isopentenyl pyrophosphate to the 6-
amino group of adenine ring.11) 

The reactions were carried out at 60 °C by stirring 
a mixture of a base and 2 molar excess of T A P in water. 
(The p H values were maintained at 10—10.5 for 1, 2, 
3, and 7, and 12 for 10 throughout the reactions by 
the occasional addition of 4 M sodium hydroxide.) 

Generally, 1 and 2 have been known to be alkylated 
with alkyl halides to give mainly 1-alkyl derivatives.12 '13) 
In the present reactions of 1 and 2 with TAP, 1-allyl-
uracil (4) and 1-allylthymine (5) were obtained in 
12 and 1 3 % yields, respectively. The preference for 
the alkylation at the N-1 position was also observed 
in the ethylation of 1 and 2 with TEP,9) while T M P 
methylated these two pyrimidine bases at both the 
N-1 and the N-3 positions in almost equal amounts.8) 

O O 
H H 

H N / \ / R O=P(OCH2CH=CH2)3 H N / \ / R 

H 
O ^ N / 

i 

1: R = H 4: R = H 12% 
2: R = M e 5: R = Me 13% 

In cytosine (3), alkylation has been reported to take 
place mainly at the N-3 position in the reaction with 
dimethyl sulfate in DMF,2) while T M P and T E P 
alkylated 3 at the N-1 position predominantly.8»9) T h e 
present reaction of 3 with T A P occurred at the N-1 
position to provide 1-allyl derivative (6) in 1 5 % yield. 

NH2 

I II 
TAP 

NH2 

H 
6 15% i 

Thus, triallyl phosphate was found to alkylate the 
above pyrimidines (1, 2, and 3) mainly at the N-1 
position to give 1-allyl derivatives. T h e difficulty in 
alkylation at the N-3 position is at tr ibuted to the 
steric hindrance around the N-3 position of 1, 2, and 
3 by two adjacent carbonyl or amino groups. 

Meanwhile, adenine (7) was alkylated by T A P at 
the N-3 and the N-9 positions to afford 3-allyladenine 
(8) and 9-allyladenine (9) in 35 and 3 1 % yields. 
Although 7 is generally known to be alkylated at the 
N-3 position under neutral conditions3 '4 '14 '15) and at 
the N-9 position under alkaline conditions,7) alkyla-
tions with trialkyl phosphates such as TMP, 8 ) TEP,9) 
and T A P in alkaline aqueous phase tend to take place 
at the N-3 and the N-9 positions in almost equal ratios. 

NH, 

N * \ 
I I .. 
^ N ^ N ' 

H 

NH, 

N TAP 

+ 
i 

CtHoCtH^ OH« 

NH2 

N / ' \ — N 
I I n 

i 

G r i 2 C H = G r i 2 

7 8 35% 9 31% 
Most of guanine (10), on the other hand, remained 

unchanged in the reaction with TAP , because of the 
sparing solubility of 10 and T A P in water. (More 
than 7 0 % of 10 was recovered.) But the reaction 
mixture, which was obtained after removing the un­
changed 10, showed eight product-spots on its thin-
layer chromatography. Identification of these prod­
ucts, however, remained unsolved; the spectra of the 
isolated compounds did not resemble those of any 
known alkylated guanines. 

Based on the above experiments, T A P was found to 
alkylate all five main nucleic acid-bases at various 
positions. This rather strong alkylating property of 
T A P may originate from its conjugated structure. The 
reactivity order of nitrogen atoms in each nucleic 
acid-base except 1016) toward T A P in weakly alkaline 
aqueous phase was found as follows; uracil, thymine, 
and cytosine: N - l > N - 3 ; adenine:N-9, N - 3 > N - 7 , N - 1 . 

E x p e r i m e n t a l 

Melting points are uncorrected. The UV spectra were 
measured with a Hitachi EPS-3T spectrometer. The NMR 
spectra were recorded on a Hitachi 3T spectrometer, with 
a dilute solution in deuterium oxide, deuteriochloroform, 
or dime thy \-d6 sulfoxide. Te trame thy lsilane was used as 
the internal and outside standard. Mass spectra were obtain­
ed using a JEOL 01SG-2 spectrometer. Column chro­
matography was carried out using silica gel (Merck, Art. 
7734, 70—230 mesh). 

Commercially available uracil, thymine, cytosine, adenine, 
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and guanine were used without further purification. Triallyl 
phosphate was prepared by the procedure of Toy and 
Costello.17) 

1-Allyluracil (4). A mixture of 1 (1.23 g, 1.1 mmol) 
and T A P (5.10 g, 30.0 mmol) in water (15 ml) was stirred 
at 60 °C. T h e suspension was maintained at p H 9—10 
throughout the reaction by the occasional addit ion of 4 M 
sodium hydroxide. After stirring for 48 h, the reaction 
mixture was neutralized with concentrated hydrochloric acid 
and extracted with chloroform. Unchanged 1 was recovered 
from the water layer (0.76 g, 6 3 % ) . T h e organic layer was 
concentrated to give a residue which afforded crystalline 
1-allyluracil (4, 0.20 g, 12%) by the addition of hexane; 
m p 106—108 °C; N M R (CDG13) (5=4.40 (2H, complex m, 
- C H 2 - C H = C H 2 ) , 5.08—5.57 (2H, complex m, - C H 2 - C H = 
CH 2 ) , 5.60—6.40 (1H, complex m, - C H 2 - C H = C H 2 ) , 5.78 
(1H, d, 7 = 7 Hz , H 5 ) , 7.28 (1H, d, J=l Hz , H 6 ) , and 10.48 
(1H, bs, N 3 - H ) ; U V , Am a x ( H 2 0 ) n m : p H 1, 266.0 (loge 
4.05), p H 7, 266.0 ( loge 4.00), p H 13, 265.0 (log e 3.84) ; 
Found : C, 55.35; H , 5.04; N , 18.62%. Calcd for C 7 H 8 N 2 0 2 : 
C, 55.25; H , 5.30; N , 18 .41%. 

1-Allylthymine (5). A reaction of 2 (1.20 g, 10.0 mmol) 
with T A P (5.10 g, 30.0 mmol) in water (15 ml) at 60 °C 
for 48 h afforded 5 (0.20 g, 13%) after a procedure similar 
to that described above ; m p 96—97 °C (from methanol) ; 
N M R (CDC13) (5=1.94 (3H, d, 7 = 1 . 2 Hz , - C H 3 ) , 4.35 (2H, 
complex m, - C H 2 - C H = C H 2 ) , 5.02—5.50 (2H, complex m, 
- C H 2 - C H = C H 2 ) , 5.50—6.30 (1H, complex m, - C H 2 - C H = 
CH 2 ) , 7.02 (1H, d, 7 = 1 - 2 Hz, H 6 ) , and 9.80 (1H, bs, N 3 - H ) ; 
U V , Am a x (H a O) n m : p H 1, 272.0 ( loge 3.96), p H 7, 272.0 
( loge 3.95), p H 13, 272.0 ( loge 3.82); Found : C, 57.76; 
H , 5.98; N , 16.75%. Galcd for C 8 H 1 0 N 2 O 2 : C, 57.82; H , 
6.07; N , 16.86%. Unchanged 2 was recovered in 6 7 % 
yield (0.80 g) . 

1-Allylcytosine (6). A mixture of 3 (1.00 g, 0.9 mmol) 
and T A P (5.10 g, 30.0 mmol) was stirred in water (10 ml, 
p H 9—10, N a O H ) at 60 °C for 48 h. T h e reaction mixture 
was then neutralized by concentrated hydrochloric acid and 
extracted with chloroform to remove the unchanged T A P . 
T h e water layer was concentrated to give a residue, which 
was then separated by silica gel chromatography (2 X 50 cm). 
Elution with chloroform-methanol (5:2) provided the salt 
of 6 with diallyl hydrogen phosphate (0.46 g) and unchanged 
3 diallyl hydrogen phosphate (1.52 g, 5 9 % ) . T h e salt of 

6 was subsequently treated with an anionic exchange resin 
(Dowex 1 x 8 , 200—400 mesh, O H form). Elution with 
water gave the free form of 6 (0.20 g, 15%) ; m p 245—247 °C 
(sublime) ; N M R ( D 2 0 ) (5=4.37 (2H, complex m, - C H 2 - C H = 
GH 2 ) , 4.85—5.48 (2H, complex m, - C H 2 - C H = C H 2 ) , 5.52— 
6.30 (1H, complex m, - C H 2 - C H = C H 2 ) , 5.99 (1H, d, J= 
7 Hz , H 5 ) , and 7.48 (1H, d, 7 = 7 Hz, H6) ; U V , / m a x ( H 2 0 ) 
n m : p H 1, 282.0 ( loge 4.19), p H 7, 274.0 ( loge 4.01), 
p H 13, 274.0 ( loge 4.00); Found : C, 54.38; H , 5.76; N, 
2 7 . 2 1 % . Galcd for C 7 H 9 N 3 0 • 0 .2H 2 O: G, 54.33; H , 6.08; 
N , 27 .13%. 

3- and 9-Allyladenines (8 and 9). Compound 7 (1.35 g, 
10.0 mmol) and T A P (5.20 g, 31.0 mmol) was stirred in 
water (10 ml, p H 10, N a O H ) at 60 °G for 48 h. After the 
reaction mixture was neutralized by hydrochloric acid, the 
resulting solution was concentrated to give a residue which 
was subsequently mixed with ethanol and separated from 
undissolved substances. T h e residue which was obtained 
after concentrating the ethanolic solution was then purified 
with a silica gel column ( 3 x 5 0 cm). Elution with chloro­
form-methanol (10:1) provided 9 (0.57 g, 3 1 % ) ; m p 162 °C 
(from benzene) (lit,18> 163 °C) ; N M R (CDC13) (5=4.75— 
5.00 (2H, complex m, - C H 2 - C H = C H 2 ) , 5.05—5.53 (2H, 
complex m, - C H 2 - C H = C H 2 ) , 5.75—6.55 (1H, complex m, 

- C H 2 - C H = C H 2 ) , 6.32 (2H, bs, - N H 2 ) , 7.88 (1H, s, H 2 ) , 
and 8.46 (1H, s, H8) ; U V , Am a x ( H 2 0 ) n m : p H 1, 259.5 (log 
e 4 . 1 1 ) , p H 7, 261.0 ( loge 4.11), p H 13, 261.0 (loge 4.11). 
T h e subsequent elution with the same solvent afforded crude 
8 contaminated with some phosphate, which was then treated 
with an anionic exchange resin (Dowex 1 X 8, 200—400 mesh, 
O H form). Elution with water gave 8 (0.64 g, 3 5 % ) ; mp 
207—210 °C (from methanol) (lit,15) 199—201 °C) ; N M R 
( D 2 0 ) (5=4.40—5.06 (2H, complex m , - C H 2 - C H = C H 2 ) , 5.06 
—5.50 (2H, complex m, - C H 2 - C H = C H 2 ) , 5.58—6.50 (1H, 
complex m, - C H 2 - C H = C H 2 ) , 7.80 (1H, s, H 2 ) , and 8.06 
(1H, s, I P ) ; UV,"A m a x ( H 2 0 ) n m : p H 1, 274.0 (loge 4.22), 
p H 7, 274.0 (loge 4.10), p H 13, 274.0 (loge 4.06). 

Allylation of Guanine (10). Compounds 10 (2.50 g, 
16.6 mmol) was suspended in a mixture of T A P (10.2 g, 
60.0 mmol) and water (100 ml, p H 12, N a O H ) at 60 °C. 
After stirring for 48 h, undissolved 10 (1.83 g, 73%) was 
recovered by filtration and the resulting solution was extracted 
with toluene to remove unchanged T A P . T h e water layer 
was developed on silica gel [GF2 5 4 (type 60), Merck] thin-
layer chromatography using chloroform-methanol (5:1), and 
showed eight unidentified spots. After concentrating the 
water solution, the residue was mixed with ethanol and 
separated from the undissolved substances. T h e residue 
which was obtained after concentrating the alcoholic solution 
was purified by silica gel chromoatography (3 X 55 cm). Two 
kinds of effluents were obtained, using chloroform-methanol 
(8:1) as the developing solvent. O n e of them showed a 
single spot on silica gel T L C , which turned out to be monoal-
lylguanine from its mass spectrum (0.03 g, 1%); m/e: 191; 
U V Am a x ( H 2 0 ) n m : p H 1, 251, 275(s), p H 13, 280.0. The 
other effluent (0.01 g) seemed to be a mixture of monoallyl-
and diallylguanines, since there were two spots on its silica 
gel T L C and its mass spectrum showed m/e 231 and 191. 
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Synopsis. cis-(-)-Thujopsene has been autoxidized 
by perculation molecular oxygen through carboxylic acid 
solution, giving mayurone and 3-thujopsanone in fair yields. 
An investigation on the reaction conditions is described. 

In a previous paper,1) the autoxidation of thujopsene 
(1) to mayurone and other carbonyl compounds was 
reported utilizing metal chelate catalysts in dioxane. 
T h e reaction of thujopsene however, with a bismuth-
(III) sulfate catalyst in carboxylic acid media gave 
a neopentyl type ester (2),2> which differed from the 
general reactions of olefins.3) This paper reports the 
autoxidation of 1 in carboxylic acid media to give 
mayurone and 3-thujopsanone in fair yields. 

Exper imenta l 

Melting points were determined with a Shimadzu micro 
melting point apparatus and are uncorrected. The NMR 
spectra were recored on a JEOL JNM-PMX spectrometer 
using TMS as the internal standard. The IR spectra were 
determined on a Shimadzu IR-400 spectrometer and optical 
rotations on a Shimadzu polarisacchari meter. GLC analyses 
were performed on a Shimadzu GG-4B apparatus with a 
1.5 m glass column packed with 10% OV-17, at 200 °G. 
The thujopsene used was purified by distillation of Gedar 
H oil (Takasago Perfumery Co., Ltd.) through a concentric 
column; bp 120 °G/10 Torr. The organic acids used were 
commercial, extra-pure reagents. 

General Procedure for Autoxidation of Thujopsene (1) in Car­
boxylic Acid. Into a stirred solution of 1 (4.09 g, 20 mmol) 
in an organic acid or dioxane (0.4 mol), was passed a stream 
of dry oxygen at a rate of 66 ml/min at 75 °G for 20 h, using 
a catalyst in some cases. After removal of the organic acid 
under reduced pressure, the solution of the resulting residue 
was washed with water, the ether layer dried over anhydrous 
sodium sulfate, and the solvent removed. The reaction 
mixture was analyzed by GLG. In the case of preparation 
of main products, the reaction mixture was distillated. The 
corresponding fractions were collected and subsequently 
recrystallized. 

Isolation of (—)-3-Thujopsanone (4). Into a stirred 
solution of thujopsene 1 (30.7 g, 0.15 mol) in propionic acid 
(333 g, 4.5 mol), a dry stream of oxygen was passed at the 
rate of 200 ml/min at 75 °G for 30 h. After removal of 
propionic acid under reduced pressure, the reaction mixture 
was distilled through a concentric column to collect the 
distillate with a bp of 138—139 °C/8 Torr on chilling a 
crystalline matter deposited. Recrystallization of the crystals 
from pentane gave 2.6 g of 4 as colorless crystals, further 
purified by sublimation; mp 71.3—71.8 °G; [a]2D° -85.5° 
(c 16.4, CC14); IR (CC14) 1712 cm"1 (C=0); NMR (CDC13) 
Ô 0.61 (3H, s, CH3), 1.10 (3H, s, CH3), 1.23 (6H, d, 2CH3, 
J = 6 Hz), 1.66 (1H, d, 4-CH2(a), 7 = 14 Hz), 2.22 (1H, 
d, 4-CH2(0), J= 14 Hz), 2.45 (1H, q, 2-H, J = 7 Hz). 

Found: G, 81.61 ; H, 10.88%. Calcd for C1 5H2 40: C, 81.76; 
H, 10.98%. 

R e s u l t s a n d D i s c u s s i o n 

The oxidation of cis-(-)-thujopsene (1) with molec­
ular oxygen in a series of organic acids from acetic 
to isovaleric gave mayurone (3) and (—)-thujopsanone 
(4) in yields as shown in Fig. 1. The reactions always 
gave 3, 4, and 5, regardless of the carboxylic acid used. 
T h e highest yields were obtained in propionic acid 
which has the highest pKa value in the series of organic 
acid used. Addition of C o C l 2 - 6 H 2 0 in the above 
reaction system (in C 2 H 5 C 0 2 H ) did not influence the 

02, B i* (S04 )3 

f 
cfr 

in RC02H 

B i 2 ( S 0 4 ) j 

_^. Au tox i da t i on p roduc t 

CH20CR 

0 
in RC02H 

0- or a i r 

in RC02H 

V CH20C 

— $ > 5 

2 

3 main 

££r 

0 

4 main 

+ Others 

Scheme 1. 

r—I 

Me Et n-Pr iso-Pr n-Bu iso-Bu 
pK«. 4.76 4.88 4.82 4.82 4.81 4.85 

R C 0 2 H 

o 5 
in 

Fig. 1. Yield of carbonyl compounds—carboxylic acid 
profiles for the autoxidation in carboxylic acid media. 
Thujopsene 20 mmol, R C 0 2 H 0.4 mol, 0 2 66 ml/min, 
at 75 °G for 20 h. 
O: Mayurone, # : 3-thujopsanone, A : sum of car­
bonyl compds. 
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yields of 3 and 5 but decreased the yield of 4. Benzoyl 
peroxide did not give catalytic effect. 

The autoxidation without catalyst in dioxane was 
significantly different from the same reaction in organic 
acid media. The addition of Co (I I) complex catalyst 
in the system gave a higher yield of 3 and only a little 
of 4,1) the results of which are summarized in Table 1. 

TABLE 1. AUTOCATALYTIC OXIDATION OF THUJOPSENE 

(20 mmol) AT 75 °C FOR 20 h UNDER PERCULATING 

OXYGEN (66 ml/min) 

Distribution of products, % 

Reaction , , 
Mayurone 

3 

In C2H6C02H 
In G2H5C02H, 

CoGl2 .6H20 2 mmol 
4 mmol 
6 mmol 

10 mmol 
In C2H5C02H, 

BPO 0.2 mmol 
1 mmol 

In dioxanea> 
In dioxane 

Co(II) complexe 

20.2 

16.7 
20.9 
22.1 
20.8 

17.4 
17.0 
1.7 

27.4 

(-)-3-Thu-
jopsanone 

4 

13.2 

1.1 
1.1 
1.2 
1.0 

12.3 
11.0 
2.1 

5.6 

Thu-
jopsenal 

5 

0.6 

0.3 
0.6 
0.6 
0.5 

0.4 
0.6 
0.6 

4.9 

a) This work, cf. Ref. 1. 

2 13 

Fig. 2. Yield of carbonyl compounds—reaction tem­
perature profiles for the autoxidation in carboxylic 
acid media. 
Thujopsene 20 mmol, propionic acid 0.4 mol, 0 2 or 
air 66 ml/min for 20 h. 
O: Mayurone, # : 3-thujopsanone, A : sum of car­
bonyl compds, o2, air. 

S 

10 20 30 40 50 60 ~ ^ 
C2H5C02H/Thujopsene 

mol/mol 

Fig. 3. Yield of carbonyl compounds—amount of car­
boxylic acid used profiles for the autoxidation in 
propionic acid media. 
0 2 66 ml/min, at 75 °C for 20 h. 
O : Mayurone, # : 3-thujopsanone, A : sum of car­
bonyl compds. 

The optimum conditions for autoxidation were found 
in propionic acid. To obtain higher yields of carbonyl 
compounds, the reaction must be conducted at 70 °C 
using 40—30 mole parts of thujopsene as shown in 
Figs. 2 and 3. 

The G L C of the reaction product (propionic acid/ 
thu jopsene=40/ l , oxygen 66 ml/min, 75 °C for 20 h) 
indicated that the main products were 3 and 4. The 
I R and N M R spectra of products 3 and 5 were coinci­
dent with those of authentic samples. The structure 
of 4 was confirmed by analytical and spectral analysis 
and also by the L A H reduction of 4 which afforded 
( + )-3-neothujopsanol which have been prepared by 
the hydroboration of thujopsene.4) It was found that 
an unidentified product of the autocatalytic oxidation1) 
of thujopsene with metal chelate catalyst was identical 
with ( — )-3-thujopsanone (4). 

The authors wish to express their gratitude to Taka-
sago Perfumery Co., Ltd., for the donation of crude 
thujopsene. 
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Synopsis. Reactions of 2-hydroxyimino-3-methyl-
2,3-dihydrobenzothiazole derivatives (1) with Grignard 
reagents gave 2-hydroxyimino (le) and 2-(substituted imino)-
3-methyl-2,3-dihydrobenzothiazoles as major products, where 
le was reduced by excess Grignard reagents to 2-imino 
derivative. On the other hand, reactions of 1 with organo­
lithiums afforded o-(methylamino)phenyl sulfides as a major 
product. 

As reported previously, reactions of 3-substituted 2-
nitrosoimino-2,3-dihydrobenzothiazoles with Grignard 
reagents1) and organolithiums2) give products through 
attacks on the G-2 and the sulfur atom in the ring 
and the nitrogen atom of the nitroso group, depending 
on the type of nucleophiles.3) Therefore, it is inter­
esting to examine reactions of 2-hydroxyimino-3-methyl-
2,3-hydrobenzothiazole derivatives (1) with the same 
kind of nucleophiles, expecting to see whether these 
can be controlled to effect ring-expansion4»5) by chang­
ing the nature of leaving groups. 

Reactions of 2-hydroxyimino-3-methyl-2,3-dihydro-
benzothiazole derivatives (1) with Grignard reagents 
gave 2-hydroxyimino- ( l e ) , 2-imino- (2), and 2-
(substituted imino) -3-methyl-2,3-dihydrobenzothiazoles 
(3), bis[o-(TV-cyanomethylamino)phenyl] disulfide (4), 
bis [o-(methylamino) phenyl] disulfide (5), and o-(meth-
ylamino) phenyl sulfide (6), depending on the substi­
tuent of 1 and reaction conditions. The results are 
summarized in Table 1. 

The tosyloxyimino ( la ) and benzoyloxyimino deriv­
atives ( lb ) reacted easily in ether-benzene at room 
temperature, whereas the trimethylsilyloxyimino ( l c ) , 

TABLE 1. REACTIONS OF 1 WITH GRIGNARD REAGENTS 

R Condition lc(%) 2(%) 3(%) 4(%) 5(%) 6(%) 

l a />-MeC6H4 Et20-PhH, r. t. 

l a Et 
l b >MeC6H4 

l e Et 
Id Et 
l e Et 

Et20-PhH, r. t. 
Et20-PhH, r. t. 
PhH, reflux 
PhH, reflux 
PhH, reflux 

_ - _ - 69 — — — 
— — 72 12 — — 
78 — — ~ — — 
— 78 4 — 3 — 

_- 85 — — 6 6 

methoxyimino ( Id ) , and hydroxyimino derivatives ( le) 
reacted only in refluxing benzene. 

The possible reaction centers in 1 are a) the nitrogen 
atom in the imino group, b) the a-atom in the X group, 
c) the sulfur atom, d) the G-2 atom on the ring. 

The formation of 2 is due to in situ reduction of l e 
by excess Grignard reagent, which is formed through 
an attack on the X group (path b) . The formation 
of 4 and 5 is at tr ibutable to the presence of ring-opening 
equilibrium of Grignard type reagent of 2, which was 
established in a previous paper.4) The sulfide 6 is 
formed through an attack on the sulfur a tom in the 
ring (path c). 

Thus , l a reacts mainly by pa th a showing high 
ability of /?-toluenesulfonate as a leaving group,6) l b , 
l c , and I d do almost exclusively by pa th b producing 
Grignard type reagent of l e in situ. 

The interesting point in the reaction of 1 with orga­
nolithiums is that pa th c is observed in a comparable 
extent with paths a and b , respectively, in the cases 
of l a and l c , which was not the case with Grignard 
reagents.2) Moreover, I d reacts exclusively by pa th 
c in dramatic contrast to the result with ethylmagnesium 
bromide which followed pa th b almost exclusively. 
The results are summarized in Table 2. 

The high thiophilicity of organolithiums compared 
with Grignared reagents has been observed in the 
reaction of the nitrosoimino derivatives with these 
organometalloids2) and also in that of thioketones.7) 
Conversion of an intermediate, o-(iV-cyanomethyl-
amino)phenyl sulfide (A), in to 6 was confirmed by 
the formation of benzophenone of the corresponding 
amount in the reaction with phenyllithium. 

TABLE 2. REACTIONS OF 1 WITH ORGANOLITHIUMS 

~ ï R le(%) 3(%) 5(%) 6(%) Ph2GO(%) 

l a 
lc 
Id 
Id 

Bu 
Ph 
Bu 
Ph 

12 
42 

16 12 34 
36 
90 
91 

32 

89 

c 
I a b 

J?\/S\ I I RMgBr 
| || G = N - 0 - X • 

Me 
1 a: X=S02C6H4Me-/> 

b : X = C O P h + 
c: X=SiMe 3 
d: X = M e 
e: X = H 

| | G =NH 
X/ X N/ 

i 
Me le 

A / S - i 
I II 
V / X N - R / 

Me . 

R' = CN 
R ' ^ H 

+ 

+ 

I || G=NH + 
X/ X N/ 

Me 2 
y \ / S R 
I II 
% / \ N H M e 
6 a: R=£-MeC6H4 

b : R = E t 

| 1 G =NR 
X/ X N/ 

Me 
3 a: R=/>-MeC6H4 

b : R = Et 

I II 
X / \ N - G N 

Me 
A 
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E x p e r i m e n t a l 

2-Hydroxyimino- 3-methyl-2,3-dihydrobenzothiazole ( le) 
was prepared by the reported method,9) m p 203—204 °C 
(lit, 202—203 °G). 

3 - Methyl - 2 - tosyloxyimino- ( l a ) , 2 - benzoyloxyimino-3-
methyl- ( l b ) , 3-methyl-2-trimethylsilyloxyimino- ( l c ) , and 
3-methyl-2-methoxyimino-2,3-dihydrobenzothiazole ( Id) were 
prepared from l e and the corresponding halides with 
base (triethylamine or sodium methoxide) in yields of 80, 
69, 87, and 5 9 % , respectively, with correct elemental analyses. 

l a : m p 167—169 °C (from benzene-hexane) . N M R 
(GDG13): Ô 2.44 (s, 3H) , 3.34 (s, 3H) , 6.65—7.95 (m, 8H) . 

l b : m p 140—142 °C (from methanol) . N M R (GDC13) : 
Ô 3.55 (s, 3H) , 6.90—7.55 (m, 7H) , 8.10—8.25 (m, 2H) . 

l c : bp 152 °G/3.5 m m H g , m p 49—50 °C. N M R (GDC13) : 
Ö 0.15 (s, 9H) , 3.39 (s, 3H) , 7.4—7.6 (m, 4H) . 

I d : bp 125—127 °C/115 m m H g , m p 47—48 °C (from 
hexane) . N M R (CCLJ : ô 3.30 (s, 3H) , 3.82 (s, 3H) , 6.62— 
7.30 (m, 4 H ) . 

T h e following reactions were carried out under nitrogen. 
Reaction of Tosyloxyimino Derivative (lei). 1) With 

p-Tolylmagnesium Bromide: ^-Tolylmagnesium bromide (4.5 
mmol) in ether (15 ml) was added dropwise to a solution of 
l a (1.00 g, 3.0 mmol) in benzene (15 ml) at room temper­
ature , and the mixture was stirred for 0.5 h. T h e reaction 
mixture was treated with 10% aq ammonium chloride (25 ml) , 
extracted with dichloromethane and the dried extract was 
evaporated. T h e residue was submitted to dry column 
chromatography (DCC) (S i0 2 , hexane: CH 2 C1 2 =1:1) to 
afford 3-methyl-2-j!>-tolylimino-2,3-dihydrobenzothiazole (3a), 
yield 523 mg, (69%) , m p 92—93 °C (from M e O H ) . 
N M R (CDCI3): ô 2.34 (s, 3H) , 3.55 (s, 3H) , and 6.80—7.42 
(m, 8 H ) ; M S : m/e 254 (M+, 100%). 

T h e compound (3a) was identical in every da ta with the 
authentic sample prepared from p-toludine and 3-methyl-2-
methylthiobenzothiazolium iodide.10) 

2) With Ethylmagnesium Bromide: Ethylmagnesium bro­
mide (3.9 mmol) in ether (15 ml) was added dropwise to 
l a (1.00 g, 3 mmol) in benzene (30 ml) and the mixture 
was stirred for 1 h. After usual work-up and DGG (SiO a , 
CH 2 Cl 2 :AcOEt -4 : l ) , 274 mg of l a was recovered, and oily 
2-ethylimino-3-methyl-2,3-dihydrobenzothiazole (3b) (302 
mg, 72%) and bis[o-(iV-cyanomethylamino)phenyl] disulfide 
(4) (42 mg, 12%), m p 141 °C (lit,11) 140—141 °C), were 
isolated. 

3 b : N M R (CDC13) : ô 1.30 (t, J= 7 Hz , 3H) , 3.25 (q, 
7 = 7 Hz, 2H) , 3.40 (s, 3H) , and 6.79—7.40 (m, 4 H ) . 

Reaction of Benzoyloxyimino Derivative (lb) with p - Tolylmag-
nesium Bromide in benzene at room temperature afforded, 
after usual work-up, l e in 7 8 % yield. 

Reaction of Hydroxyimino Derivative (le) with Ethylmagnesium 
Bromide. Ethylmagnesium bromide ( 17 mmol) in ether 
(15 ml) was added to l e (500 mg, 2.8 mmol) in warm benzene 
(30 ml) and the mixture was refluxed for 3 h. After usual 
work-up and D C C (S i0 2 , C H 2 C l 2 : A c O E t = 4 : 1) followed 
by preparat ive thin-layer chromatography (PTLC) (SiOa , 
C H 2 C l 2 : h e x a n e = l :1), 40 mg of l e was recovered, and 2-
imino-3-methyl-2,3-dihydrobenzothiazole (2) (357 mg, 85%) 
m p 122—123 °C (lit,12) 123 °C), bis[o-(methylamino)phenyl] 
disulfide (5) (22 mg, 6 % ) , m p 66—67 °C (lit,13) 67—68 °C), 
and ethyl o-(methylamino)phenyl sulfide (6b) (24 mg, 6%) 
were obtained. 

6 b : I R (neat) : 3 3 5 0 c m - 1 ; N M R (CDC13): ô 1.18 (t, 

7 = 7 Hz, 3H) , 2.72 (q, / = 7 H z , 2H) , 2.85 (s, 3H) , and 
6.5—7.5 (m, 4 H ) ; M S : m/e 167 (M+, 100%). 

Reaction of Trimethylsilyloxyimino Derivative (lc) with Ethyl­
magnesium Bromide in refluxing benzene (1.5 h) gave, after 
the same procedure as the preceding one, 2 (78%), 3 b (4%) , 
and 5 (3%) . 

Reaction of Methoxyimino Derivative (Id) with Ethylmagnesium 
Bromide in refluxing benzene (3 h) gave, after usual work-up, 
2 (72%). 

Reaction of la with Butyllithium. Butyllithium (10 
mmol) in hexane (6 ml) was added to l a (836 mg, 2.5 
mmol) in benzene (35 ml) and the mixture was stirred for 
2 h. After usual work-up, the residue was submitted to 
D C C (Si0 2 , CH2C12) and then P T L C (Si0 2 , CH 2 Cl 2 : 
A c O E t = 1 0 : l and then CH 2 Cl 2 : hexane= 1:1) to give l e 
(53 mg, 12%), butyl o-(methylamino)phenyl sulfide (6d) 
( 165 mg, 34 % ), 2 - butylimino-3-methyl-2,3-dihydrobenzo-
thiazole (3d) (86 mg, 16%), and bis[o-(methylamino)phenyl] 
disulfide (5) (42 mg, 12%). 

3 d : oily mater ia l ; N M R (CDC13) : Ö 0.8—1.8 (m, 7H), 
3.20 (t, 7 = 7 Hz , 2 H ) , 3.39 (s, 3H) , and 6.7—7.4 (m, 4H) . 

6 d : oily mater ia l ; I R (neat) : 3360 c m - 1 ; N M R (CDC13) : 
Ö 0.7—1.0 (m, 3H) , 1.2—1.7 (m, 4H) , 2.71 (t, y = 7 H z , 
2H) , 2.89 (s, 3H) , 4.80 (bs, I H ) , and 6.5—7.5 (m, 4H) . 

Reaction of lc with Phenyllithium. Phenyllithium (36 
mmol) in ether (20 ml) was added to l c (756 mg, 3.0 mmol) 
in benzene (30 ml) and the mixture was stirred for 1 h. 
After usual work-up, l e (225 mg, 4 2 % after recrystallization 
from methanol) precipitated from the residue. D C C of 
the filtrate gave benzophenone (173 mg, 32%) , mp 47 °C, 
and o-(methylamino)phenyl phenyl sulfide (6c)2) (233 mg, 
36%) (by I R and NMR 2 ) ) . 

Reaction of Id with Butyllithium in benzene afforded, after 
usual work-up and D C C (S i0 2 , CH 2 Cl 2 : hexane= 1:4), butyl 
o-(methylamino)phenyl sulfide (6d) (90%). 

Reaction of Id with Phenyllithium in benzene afforded, after 
usual work-up, benzophenone (89%) and 6c (91%). 
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Synopsis. Carbon-13 NMR spectra have been 
observed for 11- and 13-ew-retinals and their Schiff base 
linkage compounds with butylamine as a model compound 
of visual chromophore. The chemical shift changes on 
going from retinal to Schiff base. The changes in chemical 
shifts of polyene carbons were discussed in correlation with 
the changes of rc-electron densities. 

The visual mechanism in the vertebrate is mainly 
controlled by rhodopsin composed of the vitamin At 

aldehyde isomer, 11-cw-retinal, and the lipoprotein, 
opsin. Absorption of the photon by a visual pigment 
induces immediate isomerization of the retinal from 
the 11 -eis- to all-trans-isomer. This isomerization act 
as a trigger for stimulating the nerve. 

When the 11-ay-retinal, which has an absorption 
maximum at 380 nm, forms the visual pigment by 
combination with opsin, a large bathochromic shift 
is observed.1) In order to understand the origin of 
this spectral shift, it is necessary to know the electro­
nic structure of polyene chain of retinal. Since ex­
perimental results suggest that the retinal is bonded 
through a Schiff base linkage to the £-amino group of 
a lysine residue in a opsin,2-5) the Schiff base compound 
of retinal with butylamine, iV-retinylidenebutylamine 
(NRB), have been used as a model for the rhodopsin. 
The change in carbon-13 chemical shifts of the conju­
gated polyene carbon atoms on going from all-trans-
retinal to all-trans-NRB can be correlated quite well 
with that in ^-electron density.6 '7) 

We have investigated the changes in the rc-electron 
densities of polyene carbon atoms on going from 11-
cis and 13-öy-retinals to their Schiff base linkage com­
pounds with butylamine by observing the carbon-13 
N M R chemical shifts. The polyene aldehyde 13-ôy-
retinal is considered the chromophores of the mem­
brane protein, bacteriorhodopsin.8) 

Exper imenta l 

11- and 13-a.y-retinals were prepared by the photoisomeri-
zation of all-trans-retma\s in ethanol in the sunlight. The 
resulting mixture of retinal isomers was fractionated on a 
column of sodium aluminosilicate by eluting with petroleum 
ether. Each crude isomer was purified by repeated crystal­
lization from petroleum ether at —15 °C. Details of the 
methods of preparation for the all-trans-retinal and the Schiff 
base compound of retinal isomer have been reported.7) 

Carbon-13 NMR spectra were observed on a JEOL JNM 
PS-100 spectrometer linked with a PFT-100 Fourier transform 
system at 25.14 MHz. All measurements were carried out 
immediately after dissolution of sample in CC14 in 8 mm 
o.d. glass tubes in the dark. Chemical shifts were measured 
as downfield shifts from internal tetramethylsilane. The 
carbon-13 NMR spectra of 11- and 13-m-retinals were as­
signed according to the results published.9'10) All peaks in 

the carbon-13 NMR spectra of NRB have been assigned by 
use of various techniques.7) 

R e s u l t s a n d D i s c u s s i o n 

The chemical shifts of the conjugated polyene chain 
carbons in cw-retinal isomers and their Schiff base 
linkage compounds are given in Table 1 together 
with the data of a//-/ra«.y-retinal and all-trans-NRB 
for the sake of comparison. T h e chemical shifts of the 
N R B are expressed as the chemical shift differences 
Aô, the differences between chemical shifts of retinal 
and those of corresponding NRB, in which the positive 
and negative signs indicate the downfield and upheld 
shifts, respectively. T h e numbering of the carbons, 
for example in all-trans-NRB, is given as shown in the 
following. 

17 18 19 20 
\ / I I 

2 / J \ 6 / ^ 8 / ^ M 0 / 1 1 M 2 / 1 ^ M 4 / * 5 ^ N / ^ v 2 2 / ^ x 2 4 
I II 
3 \ 4 / 5 M 6 

For all isomers the peaks assigned to the odd-num­
bered carbons show large upfield shifts and the peaks 
assigned to the even-numbered carbons show small 
downfield shifts by formation of the Schiff base com-

TABLE 1. THE CARBON-13 CHMICAL SHIEFTS OF CONJUGATED 

CHAIN CARBONS ON RETINAL ISOMERS AND THEIR 

SCHIFF BASE COMPOUNDS ( N R B ) 

Carbon 
No. 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

11-
/ "~ 
Retinala 

131.5 
139.8 
130.9 
139.8 
142.6 
128.0 
132.6 
132.6 
155.5 
131.9 
191.5 

•eis 

) NRBb> 

- 0 . 7 
0.1 

- 1 . 9 
0.5 

- 2 . 6 
1.3 

- 3 . 8 
1.8 

- 1 0 . 5 
0.9 

- 3 0 . 8 

13- eis 

Retinal*) NRBb) 

131.7 
139.4 
130.9 
139.8 
142.3 
131.8 
134.5 
129.0 
154.2 
129.8 
190.2 

- 0 . 6 
0.5 

- 1 . 6 
0.2 

- 2 . 9 
0.8 

- 4 . 0 
1.0 

- 1 0 . 4 
1.0 

- 3 0 . 7 

all-trans^ 

Retinal^ 

131.7 
139.8 
130.9 
139.4 
142.1 
131.7 
133.5 
137.1 
154.7 

131.2 
191.5 

» NRBb) 

- 1 . 0 
- 0 . 1 
- 2 . 2 

0.3 
- 3 . 6 

0.6 
- 4 . 9 

1.4 
- 1 0 . 6 

1.1 
- 3 1 . 3 

a) Chemical shifts were measured as downfield shifts 
from internal tetramethylsilane and are expressed in 
terms of ppm. The estimated error in chemical shifts 
is less than 0.1 ppm. b) Chemical shifts of NRB are 
expressed as downfield (plus) and upfield (minus) shifts 
from the corresponding carbon of retinal. c) The 
chemical shifts of all-trans-retinal and all-trans-NRB 
were taken from Refs. 6 and 7. 
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pounds. Table 1 also indicates the presence of the 
gradients in the chemical shifts differences A<5 along 
the polyene chain from C(15) to C(5). 

T h e carbon-13 chemical shifts of conjugated n-
electron systems are generally dominated by the con­
tribution from the paramagnetic term, being related 
to the rc-electron density and rc-bond order.11) Accord­
ing to the data of X-ray analysis12) and resonance-
enhanced R a m a n spectra,13) and the results of CNDO/2 
M O calculation,7) there are neither collapse of the 
bond alternation nor remarkable difference of the 
7r-bond order between all-trans-retinal and all-trans-
NRB. T h e constancy of the rc-bond order may be 
also valid in the eis-isomers. Thus the changes of the 
chemical shifts can be explained by those of ^-electron 
densities on the polyene chain.7 '11) 

When the terminal a tom of the polyene chain changes 
from oxygen to nitrogen, the total rc-electron density 
of the conjugated polyene carbons of N R B increases 
due to the decrease in electronegativity at the polyene 
terminal. T h e carbon-13 chemical shifts differences 
show that an increase in total ^-electron density leads 
to the increase in ^-electron density at the odd-num­
bered carbons of NRB. I t is noticeable that the 
chemical shifts in the conjugated polyene carbons of 
N R B are distributed in a relatively narrow range of 
approximately 30 ppm, whereas those of corresponding 
retinal isomers are in a range of 60 ppm. T h e decrease 
in the chemical shift range indicates that the de rea l i ­
zation of rc-electron on the polyene chain is induced 
by the formation of Schiff base linkage. 

T h e chemical shift differences Aô of the odd-num­
bered polyene carbons of all-trans-NKB are slightly 
larger than those of the corresponding carbons in 11-
and 13-cû-NRB's. This result may reflect the fact 

that the changes in ^-electron density induced by the 
formation of the Schiff base are slightly larger on the 
all-trans polyene chain than on the cis-chain. 

The authors are grateful to Dr. Yasuhiro Miyoshi 
of the Department of Botany, The University of Tokyo, 
for his valuable discussion. 
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A Convenient Synthesis of a-(2-Benzothiazolylthio)alkanoates by 
Cleavage of /3-Keto Esters with 2-Benzothiazolesulfenamides 

Sigeru T O R I I , * Hideo TANAKA, and Hiroshi OKUMOTO 

Department of Industrial Chemistry, School of Engineering, Okayama University, Okayama 700 
(Received June 26, 1978) 

Synopsis. a-(2-Benzothiazolylthio)alkanoates were 
prepared by the reaction of /?-keto esters with 2-(morpholino-
thio)benzothiazole in refluxing alcohols. Sulfenylating 
cleavage of a-methoxycarbonylcycloalkanones afforded the 
corresponding a>-alkoxycarbonyl- and/or co-carbamoyl-a-(2-
benzothiazolylthio) alkanoates. 

In a previous paper, it has been shown that the direct 
cross-coupling reaction of disulfides with amines by 
an electrochemical procedure provides a variety of 
sulfenamides 2 in high yields.1) Several investigations 
demonstrate that the sulfenamides 2 and their related 
compounds can be used for sulfenylation of active 
hydrogen compounds.2»3) I t was previously reported 
that sulfenylation of ethyl acetoacetate (1, R 1 = M e , 
R 2 = H , R 3 = E t ) with sulfenamides 2 ( Y = P h , R4, 
R 5 =alky l ) in CH2CJ2 gives ethyl a-(phenylthio) aceto­
acetate (4, R ! = M e , R 2 = H , R 3 = E t , Y = P h ) via the 
intermediate 5.3> However, sulfenylating cleavage of 
/?-keto esters 1 with 2 into the corresponding oc-
sulfenyl esters 3 has not yet been realized. In this 

COOFT 
M—S-Y 

Ref lux ing i n 

MeOH (or EtOH) 
R< 

Ri /S—Y 

Y ^COORJ 

0 

5—Ph 

f ^COOEt 

HJ< 

Y - S ^ ^COOR 

3 

Ph—Sv ,S—Ph 

"COOMe 

paper, we wish to report an efficient synthesis of a-
sulfenylalkanoates 3 from /?-keto esters 1 by the action 
of 2-benzothiazolesulfenamides 2. 

T h e reaction of equimolar amounts of methyl aceto­
acetate ( l a , R 1 = R 3 = M e , R 2 = H ) with sulfenamide 
2a ( Y = P h , R4 , R 5 = ( C H 2 C H 2 ) 2 0 ) in refluxing 
methanol for 7 h afforded methyl (phenylthio) acetate 
(3a) along with disulfenylated product 6 (8%) (Table 
1, entry 1). O n the other hand, the reaction of l a 

TABLE 1. REACTION OF METHYL ACETOACETATE WITH SULFENAMIDES 2 

a) 

8% 

Entry 

1 

2 

3 

4 

5 

6 

Isolated yield 

, yield. 

Entry 

7 

8 

9 

10 

11 

12 

13 

14 

l b 

l c 

l c 

l c 

l c 

I d 

I d 

l e 

2 a 

2 b 

2c 

2d 

2e 

2f 

. b) BT = 

T A B L E 2. 

ß-t 

R 1 

Me, 

- ( C H 2 ) 3 -

- ( C H 2 ) 3 -

- ( C H 2 ) 3 -

- ( C H 2 ) 3 -

- ( C H 2 ) 3 -

- ( C H 2 ) 3 -

- ( C H 2 ) 4 -

Yb> 

Ph 

BT 

BT 

BT 
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- ( C H 2 ) 5 -
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Product 3 
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Yie lds 

% 
61c> 

92 

81 

73 
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-N V c) Disulfenylated compound 6 was also produced in 
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M e O H 

M e O H 

E t O H 

Benzene 

CH2C12 

M e O H 

E t O H 
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BENZOTHIAZOLE) SULFENAMIDE 

3 d 

3e 

3f 

3g 

3g 

3 h 

3i 

3 j 

Product 3 (Y = 

R 2 

tt-C6H13 

( C H 2 ) 3 C O O M e 

(CH 2 ) 3 COOEt 

(CH 2 ) 3 CON O 
\ / 

(CH 2 ) 3 CON O 
\ / 

( G H 2 ) 3 C O O M e 

( C H 2 ) 3 C O O E t 

( C H 2 ) 4 C O O M e 

2 b 

BT) 

R 3 

M e 

M e 

M e 

M e 

M e 

Et 

Et 

M e 

Yield») 

% 
98 

99 

73 

97 

87 

92 

58 

99 

a) Isolated yield. 



268 N O T E S [Vol. 52, No. 1 

with various 2-benzothiazolesulfenamides 2b—d ( Y = 
2-benzothiazolyl (BT)) furnished 3 b ( Y - B T , R 2 = H ) 
as a sole product in high yields (entries 2—4). In 
contrast, thiocarbamoylsulfenamide 2e (entry 5) afford­
ed only 21 % of the desired a-sulfenyl ester 3c as 
well as complex materials. In entry 6, most of N-
(phenylthio)phthalimide (2f) was recovered. 

Above all, it was found that 2-benzothiazolesul-
fenamide 2 b is the most effective reagent for the con­
version of l a into the corresponding a-sulfenylacetates 3 . 
The results of sulfenylation of a-substituted /?-keto 
esters 1 (R1, R 2 =a lky l ) with 2 b in refluxing alcohols 
are shown in Table 2. Thus, a-alkoxycarbonyl-
cycloalkanones 1 afforded the corresponding co-alkoxy-
carbonyl-a-sulfenylalkanoates 3 ( R 2 = ( G H 2 ) n G O O M e 
(or GOOEt) ) (entries 8, 9, 12, 13, and 14), indicating 
that regioselective nucleophilic attack with alcohols, 
providing the co-ester groups, was encountered. 

When the reaction of 2-methoxycarbonylcyclopenta-
none (1c) with 2 b was carried out in benzene or GH2-
Cl2, the corresponding methyl 5-morpholinocarbonyl-
2-sulfenylpentanoate 3g was isolated in good yields 
(entries 10 and 11). This result demonstrates that 
nucleophilic attack of morpholine provided by the 
sulfenylation to the ketonic carbonyl of 4 [ Y = B T , R1, 
R 2 = ( C H 2 ) 3 , R 3 = M e ] would occur preferentially in 
aprotic solvent. 

E x p e r i m e n t a l 

All the melting and boiling points are uncorrected. IR 
spectra were determined with a JASGO IRA-I infrared 
spectrometer. NMR spectra were obtained at 100 MHz 
with a JEOL MH-100 spectrometer. 

Methyl (Phenylthio) acetate (3a). A MeOH solution 
(3 ml) of AcCH2GOOMe (70 mg, 0.6 mmol) and 2a (110 mg, 
0.6 mmol) was heated to reflux for 7 h. The solution was 
concentrated in vacuo and the residue was chromatographed 
(Si02, benzene-hexane-AcOEt, 10/10/1). The first coming 
elute gave 6 (16 mg, 8%): bp 119—123 °C/0.003 Torr; 
IR (neat) 3060, 3030 (HC=C), 1723, 1712 cm"1 (G=0); 
NMR (CDC13) Ô 2.30 (s, 3, CH3), 3.59 (s, 3, CH 3 0) , 7.10— 
7.82 (m, 10, HC=C). Found: C, 61.50; H, 4.99%. Calcd 
for C17H I603S2: C, 61.42; H, 4.85%. 

The second fraction afforded 3a (67 mg, 61%): bp 38— 
40 °C/0.007 Torr (lit,4a> bp 87—90 °C/0.3 Torr) ; IR (neat) 
3046 (HC=C), 1734 cm-1; NMR (GDG13) Ô 3.70 (s, 2, CH2), 
3.76 (s, 3, CH 30) , 7.30—7.72 (m, 5, HC=C). 

Methyl (2-Benzothiazolylthio) acetate (3b). A MeOH 
solution (3 ml) of AcCH2COOMe (116mg, 1.0 mmol) and 
2b (252 mg, 1.0 mmol) was heated to reflux for 7 h. Evapo­
ration of the solvent followed by column chromatography 
(Si02, benzene-hexane-AcOEt, 10/10/1) gave 3b (219 mg, 
92%): mp 74—75 °G (Et20-hexane, 1/2); IR (Nujol) 3050 
(HC=C), 1743 cm-1 (G=0); NMR (GDC13) ô 3.70 (s, 3, 
CH3O), 4.12 (s, 2, CH2), 7.06—7.86 (m, 4, H O C ) . Found: 
C, 50.20; H, 3.81%. Calcd for C10H9NO2S2: C, 50.19; H, 
3.79%. 

The reaction of /?-keto esters 1 with 2b—c was carried out 
in a similar manner to that above (Tables 1 and 2). Physical 
properties and spectral data of the products 3c—j are as 
follows. 

Compound 3c: Bp 64—68 °C/0.006 Torr; IR (neat) 1734 
cm-1 (G=0); NMR (CDC13) Ö 1.72 (br, 6, CH2), 3.75 
(s, 3, CH 3 0) . 3.92—4.40 (m, 4, CH2N), 4.18 (s, 2, CH2S). 
Found: C, 46.14; H, 6.23%. Calcd for C9H15N02S2: C, 
46.32; H, 6.48%. 

Compound 3d: Bp 123—126 °C/0.005 Torr; IR (neat) 3053 
(HC=C), 1739 cm-1; NMR (CDC13) ô 0.87 (t, 3, 7 = 6 Hz, 
CH3), 1.05—2.19 (m, 10, CH2), 3.72 (s, 3, CH3), 4.61 (t, 
1, J = 7 Hz, CH), 7.11—7.91 (m, 4, HC=C). Found: C, 
59.38; H, 6.42%. Calcd for C16H21N02S2: C, 59.41; H, 
6.54%. 

Compound 3e: Bp 124—126 °C/0.008 Torr; IR (neat) 3050 
(HC=C), 1732 cm-1 (G=0); NMR (CDC13) ô 1.58—2.27 
(m, 4, CH2), 2.35 (t, 2, 7 = 7 Hz, CH2CO), 3.61 (s, 3, CH30), 
3.72 (s, 3, CH 30) , 4.66 (t, 1, 7 = 7 Hz, CH), 7.14—7.90 
(m, 4, HC=C). Found: C, 53.03; H, 4.87%. Calcd for 
C15H17N04S2: C, 53.08; H, 5.05%. 

Compound 3f : Bp 121—123 °C/0.009 Torr; IR (neat) 3050 
(HC=C), 1732 cm-1 (G=0) ; NMR (CDC13) ô 1.22 (t, 3, 
CH3), 1.62—2.26 (m, 4, CH2), 2.35 (t, 2, J--1 Hz, CH2CO), 
3.73 (s, 3, CH 30) , 4.07 (q, 2, GH20), 4.66 (t, 1, J = 7 Hz, 
CH), 7.09—7.94 (m, 4, HC=C). Found: C, 54.32; H, 
5.41%. Calcd for C16H19N04S2: C, 54.37; H, 5.42%. 

Compound 3g: Bp 147—150 °C/0.006 Torr; IR (neat) 3060 
(HC=C), 1733, 1640 cm-1 (G=0); NMR (CDG13) ô 1.65— 
2.31 (m, 4, CH2), 2.40 (t, 2, 7 = 7 Hz, CH2CO), 3.28—3.78 
(m, 8, NCH2CH20), 3.79 (s, 3, CH 30) , 4.76 (t, I, 7 = 7 Hz, 
CH), 7.24—8.06 (m, 4, HC=C). Found: G, 54.64; H, 
5.52%. Calcd for C18H22N204S2 : C, 54.80; H, 5.62%. 

Compound 3h: Bp 124—126 °C/0.009 Torr; IR (neat) 3065 
(HC=C), 1735 cm-1 (G=0); NMR (CDC13) ô 1.25 (t, 3, 
CH3), 1.63—2.25 (m, 4, CH2), 2.37 (t, 2, 7 = 7 Hz, CH2CO), 
3.62 (s, 3, CH 30) , 4.19 (q, 2, CH 20) , 4.63 (t, I, 7 = 7 Hz, 
CH), 7.11—7.95 (m, 4, HC=C). Found: C, 54.24; H, 
5.59%. Calcd for C16H19N04S2: C, 54.37; H, 5.42%. 

Compound 3i: Bp 124—126 °C/0.006 Torr; IR (neat) 3050 
(HC=C), 1730 cm-1 (G=0); NMR (CDC13) ô 1.24 (t, 3, 
CH3), 1.26 (t, 3, CH3), 1.67—2.28 (m, 4, CH2), 2.38 (t, 2, 
7 = 7 Hz, CH2CO), 4.14 (q, 2, CH 20) , 4.26 (q, 2, CH20), 
4.70 (t, 1, 7 = 7 Hz, CH), 7.24—8.03 (m, 4, HC=C). Found: 
C, 55.65; H, 5.86%. Calcd for C17H21N04S2: C, 55.56; 
H, 5.76%. 

Compound 3j: Bp 125—128 °C/0.006 Torr; IR (neat) 
3058 (HG=G), 1739 cm-1 (G=0); NMR (CDC13) ô 1.32— 
2.22 (m, 6, CH2), 2.31 (t, 2, 7 = 7 Hz, CH2CO), 3.63 (s, 
3, CH 3 0) , 3.73 (s, 3, CH 3 0) , 4.64 (t, 1, 7 = 7 Hz, GH), 
7.08—8.04 (m, 4, HC=C). Found: C, 54.20; H, 5.43%. 
Calcd for C16H19N04S2 : C, 54.37; H, 5.42%. 
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The Photo-Beckmann Rearrangement of A-Nor-5a-cholestan-3-one Oxime1 

Hiroshi SUGINOME,* Hiroshi TAKEDA, and Tadashi MASAMUNE 
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Synopsis. The photo-Beckmann Rearrangement of 
A-nor-5a-cholestan-3-one oxime affords 4-aza-5a-cholestan-
3-one and 3-aza-5a-cholestan-4-one as the only lactams. 

In previous papers,2) we reported the photo-
Beckmann rearrangement of some cholestanone oximes 
and A-nor-5j5-cholestan-3-one oxime. 

In this paper, we report on an investigation of the 
photo-Beckmann rearrangement of A-nor-5a-cholestan-
3-one oxime (3) which is complementary to the pre­
vious communications.2^ 

The parent ketone, A-nor-5a-cholestan-3-one (2),2b ,6 ) 

has been prepared either by oxidative decarboxyla­
tion of 3-hydroxy-A-nor-5a-choles tane-3-carboxyl ic 
acid,4) prepared via three steps from cholest-4-en-
3-one, with sodium bismuthate5) or by ozonization 
of 3-isopropylidene-A-nor-5oc-cholestane (1) prepared 
via 4 steps from cholest-4-en-3-one.6) In the present 
experiment, the 3-one (2) was prepared by the latter 
method which afforded a significantly better overall 
yield from cholest-4-en-3-one. We have found that 
the reported yield for the ozonization step (12%) 
could be significantly improved by a modified proce­
dure (64%, see Experimental). 

The new oxime (3), prepared by the standard meth­
od, exhibited no deshielded proton signal due to 
the 2-H or the 5-aH at ca. r 6.6 in the 1H N M R 
spectrum as for the 5/?-isomer.2b) This is expected 
since no proton eclipsed by the C=N bond of the hydro-
xyimino group is present in the oxime (3). T h e 
Beckmann rearrangement with thionyl chloride af­
forded 4-aza-5a-cholestan-3-one (4) as the sole product, 
indicating the configuration of the hydroxyimino 
group as depicted. 

The photo-Beckmann rearrangement of the oxime 
(3) in methanol was carried out under the same pro­
cedure as for the photo-Beckmann rearrangement of 
cholestanone oxime previously reported.213) As in the 
case of A-nor-5/?-cholestan-3-one-oxime, irradiation of 
the oxime led to a mixture of products from which 4-aza-
5a-cholestan-3-one (4) (6%) and 3-aza-5a-cholestan-4-
one (5) (4%) were isolated as the only lactams to­
gether with A-nor-5a-cholestan-3-one (2) (4%) and 

unchanged oxime (3) (9%) by careful preparative 
TLG. Examination by T L C proved that no 5ß isomers 
of the lactams (4) or (5) [e.g.,(6)] were formed. 

Thus, it was again proved that the chirality of the 
migrating group in the oxime is retained during the 
photo-rearrangement.2 •7) 

The lactam (5) has been prepared by a method3) 
which involved 5 steps from 3,4-secocholest-5-ene-
3,4-dioic acid. The present result may provide another 
route for this rather inaccessible lactam. 

1 

rs 
0 ^ 

II 2 

II H 

- * r - H O s 
i r 

H H 

Scheme. 

E x p e r i m e n t a l 

For instruments used and general procedure see Ref. 2b. 
The mass spectra were taken with a Hitachi JMS-D 300 

spectrometer using a direct inlet system (source temperature 
ca. 180 °G) in the Faculty of Pharmaceutical Sciences. Only 
fragment peaks of the relative intensities of over 20% are 
described. The infrared spectrum was taken with a model 
260-10 Hitachi infrared spectrophotometer. 

A-Nor-5 a-cholestan-3-one (2).2h>6) This ketone was 
prepared either by the procedure of Gamerino et al.5) or by 
the procedure of Biellmann and Ourisson.6> A modified pro­
cedure for ozonization of 3-isopropylidene-A-nor-5a-cholestane 
by Biellmann afforded a better yield of the ketone. Namely, 

TABLE 1. NMR PARAMETERS (100 M H Z ) FOR THE KETONE, THE OXIME AND THE LACTAMS IN GDG13 SOLUTION 

[Chemical shifts (T) and splittings (Hz; in parentheses)] 

Compound 

2 
3 

4 

5 

18-H 

9.32 
9.32 

9.32 

9.33 

19-H 

9.24 
9.29 

9.10 

9.10 

2-CH2 

a ) 
a ) 

7.59 (dd) 
(4 and 9) 

6.68 br ( d ) 
(9) 

5-aH 

a ) 
a ) 

6.95 (dd) 
(6 and 10) 

a ) 

Others 

OH 1.79 br ( s ) 
NH 3.80 ( s ) 
{Wlh 4.8) 

a) Unassignable. 
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3- i sopropyl idene-A-nor-5a-choles tane (2 g) in a mixed 
solvent of dichloromethane and methanol was ozonized 
at —72 °G. T h e temperature of the solution was raised 
to room temperature without adding sodium borohydride. 
After removal of the solvent, the residue (2.2 g) was subjected 
to column chromatography (silica gel, Wako G-200, 150 g). 
Elution with hexane afforded the starting material (41 mg) . 
Fur ther elutions with a 3 : 1 mixture of benzene and hexane 
afforded the ketone (1.21 g, 6 4 % ) . This was recrystallized 
from methanol (1.12 g). M p 103—106 °G (lit,6) m p 
106 °G). Biellmann6) reports a yield of 12% for this 
ozonization step. 

A-Nor-5oc-cholestan-3-one Oxime (3). T h e 3-ketone 
(2) (270 mg) , hydroxylamine hydrochloride (193 mg) and 
sodium acetate tr ihydrate (386 mg) in methanol (35 ml) and 
water (5 ml) were stirred for 3h. T h e solution was neutralized 
with 10% sodium hydrogencarbonate and was extracted 
with ether. T h e ethereal solution was worked u p in usual 
way. T h e residue was recrystallized from methanol to 
yield the oxime (265 mg) . M p 167—168 °G; [a]22 + 1 8 . 4 
(c 1.0 GHG13); Found : G, 80.17; H , 11.87; N , 3 .31%. 
Galcd for G 2 6 H 4 5 NO: G, 80.56; H , 11.70; N , 3 . 6 1 % ; I R 
3288 ( O H ) , 970, 934, and 905 c m - 1 ; M S (70 eV), m/e (rel. 
intensity), 41 (24.2), 43 (32.0), 55 (33.1), 109 (21.4), 112 
(42.0), 217 (24.8), 233 (35.8), 356 (21.7), 370 (100), 371 
(32.9), 372 (28.0), 387 (32.4, M+) . 

The Beckmann Rearrangement of the Oxime (3). A 
stirred solution of the oxime (200 mg) in dioxane (6 ml) 
and ether (2 ml) was cooled to 5 °G. T o this solution was 
added thionyl chloride (1 ml) and the solution was stirred for 
1 min. T h e crystals which appeared in the solution were 
collected by filtration to afford the crude lactam (112 mg) . 
T h e filtrate was extracted with ether-water . T h e ethereal 
solution was washed with aq sodium hydrogencarbonate 
solution and with water and dried ( N a 2 S 0 4 ) . T h e crude 
product was subjected to preparat ive T L G with a 4 : 1 mix­
ture of dichloromethane and diethyl ether to afford the crude 
lactam (53 mg) as a least mobile fraction. T h e combined 
crude lactam (4) (165 mg, 83%) was recrystallized from 
methanol . M p 252—255 °G (lit,3) 253—255 °G) ; [a]2

D
2 

+ 43.1 {c, 1.0 GHGI3). M S (70 eV), m/e (rel. intensity), 
41 (20.2), 43 (32.1), 55(28.3), 56 (40.5), 57 (24.0), 98 (37.4), 
112 (26.0), 232 (82.4), 233 (50.9), 234 (23.3), 248 (21.3), 
372 (24.3), 387 (100, M+) , 388 (30.2). 

The Photo-Beckmann Rearrangement of the Oxime (3). 
T h e oxime (570 mg) in methanol (500 ml) was irradiated 
with a 15-W low pressure mercury arc in an atmosphere of 
nitrogen for 68 h. After removal of the solvent, the residue 
was extracted with ethyl acetate and the solution was worked 

up as usual. T h e T L G has shown the products to be a 
complex mixture. T h e crude photolyzate was subjected 
to preparative T L G (Wakogel B-5F) with a 4 : 1 mixture 
of dichloromethane and diethyl ether. Seven fractions A, 
B,G,D,E,F and G were obtained in order of decreasing mobil­
ity. T h e fraction A (37 mg) was the crude parent ketone 
and this was purified by preparative T L G (a 4 : 1 mixture 
of benzene and diethyl ether) followed by two recrystalliza-
tions to yield pure ketone (20 mg, 4 % ) . T h e fractions B 
(20mg), D (28mg), E (23mg), and G (164mg) were an intrac­
table mixture and they were not identified. T h e crystal­
line fraction G (90 mg) was recrystallized to yield the recovered 
oxime (50 mg, 9 % ) . T h e fraction F (209 mg) was a mixture 
of two lactams and this was again subjected to preparative 
T L G with a 1 : 1 mixture of ethyl acetate and diethyl ether. 
Developments were made twice. The more mobile crystal­
line lactam (30 mg, 5%) was recrystallized from methanol 
to yield the lactam (5), (20 mg) in two crops. M p 225 °G. 
(lit,3) 225—227 °C). T h e less mobile crystalline lactam 
(34 mg, 6%) was recrystallized from methanol to yield the 
lactam (4) (25 mg) . M p 252—255 °G (lit,3) m p 253—255 
°G); [a]2

D
2 + 4 3 . 1 (c 1.0 GHG13); M S (70 eV), m/e (rel. inten­

sity). 41 (19.7), 43(27.0), 55 (28.1), 57 (20.1), 99 (25.5), 
112 (42.3), 125 (42.2), 232(78 .5) , 233(34 .0) , 234(23 .1 ) , 
372 (21.9), 287 (100, M+), and 388 (30.3). 

W e t h a n k M r s . T . O k a y a m a a n d Miss H . M a k i 

for H 1 N M R m e a s u r e m e n t s . 
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The Selective Elimination of Secondary Alkyl Group from Trialkylborane 
by the Successive Treatments with Anisole and Dimethyl Sulfoxide. 

A Supply of the Synthetic Intermediate for Primary Alkyl Derivatives 
Yuzuru MASUDA, Masayuki H O S H I and Akira ARASE* 

Department of Applied Chemistry, Kitami Institute of Technology, Kitami, Hokkaido 090 
(Received July 7, 1978) 

Synopsis. Secondary alkyl group of trialkylborane, 
derived from terminal olefin and borane, was selectively 
eliminated by the successive treatments with anisole and di­
methyl sulfoxide. By the use of the resulting trialkylborane 
as the synthetic intermediate for primary alkyl derivatives, 
the contaminations of secondary alkyl derivatives were great­
ly reduced. 

In the hydroboration of simple straight-chain ter­
minal olefins, boron atom is placed on the terminal 
carbon atom, 9 5 % , and on the internal carbon atom, 
5%,x) giving a mixture of trialkylboranes. For ex­
ample, 1-pentene gives a mixture of tripentylborane 
(91%), dipentyl(l-methylbutyl) borane (6%) , and 
pentylbis ( 1 -methylbutyl) borane and tris ( 1 -methylbu-
tyl)borane (3%).2) Accordingly, when these trialkyl­
boranes are used as the synthetic intermediates, in 
some cases, contamination of the secondary alkyl 
derivative to the primary alkyl derivative is unavoid­
able.3) 

The authors previously reported that the mixed trial­
kylborane, which contained the primary and the 
secondary alkyl groups on the same boron atom, elimi­
nated the secondary alkyl group preferentially to the 
primary alkyl group on heating in dimethyl sulfoxide 
(Eq. 1).*) 

O 
1 

GH3GH3 

(CH3CH-CH-)2BCH2(CH2)3CH3 + yCH 3 SCH 3 

GH3GH3 

CtLCH-CH \ B 
kGH3(GH2)3GH2/ 

GH3 

20 + G= 
GH, 

GH3 

i 1 
GH -f —GH3SGH3 

(1) 
The present work was undertaken with a view to 

obtain trialkylboranes in which the amount of the 
secondary alkyl group was considerably small by the 
selective elimination of the secondary alkyl group of 
the trialkylboranes, prepared from terminal olefins by 
the hydroboration with borane. 

To achieve the selective and effective elimination 
of the secondary alkyl group from the mixed trialkyl­
borane, several reaction procedures were examined 
by using the reaction of trihexylborane, prepared from 
1-hexene, with dimethyl sulfoxide. After the reaction, 
the amounts of hexyl and 1-methylpentyl group were 
estimated from the amounts of hexanols obtained by 
the alkaline hydrogen peroxide oxidation of the reac­
tion mixture. 

By the direct reaction only with dimethyl sulfoxide, 
it was not able to obtain a satisfactory result (Table 1). 
This insufficient result seemed to be caused by the 

TABLE 1. RESIDUAL HEXYL GROUPS AFTER THE REACTION 

WITH DIMETHYL SULFOXIDEA> 

Anisoleb> 
(ml) 

DMSO / R3B 
(mmol) (mmol) 

Temperature, °C 
(treatment with 

DMSO) 

Residual 
hexyl group 

(%) 
Hexyl/ 1-Methyl-

pentyl 

None 
None 
None 
None 

2 
2 
2 

a) Carried 

0.5 / 4 
1 / 4 
4 / 4 

12 / 4 
0.2 / 4 
0.2 / 4 
0.5 / 4 

out for 2h. 
170 °C for 2h. 

b) 

160 
160 
160 
160 
160 
170 
170 

Pretreatment 

87.1 
85.1 
81.8 
67.0 
97.5 
97.5 
84.3 

with anisole was 

95 / 5 
95 / 5 
96 / 4 
97 / 3 
98 / 2 
99 / 1 
99 / 1 

carried out at 

progress of the isomerization of the pr imary alkyl 
group to the secondary alkyl group in nearly neat 
trihexylborane during the elimination reaction with 
dimethyl sulfoxide.5) Accordingly, anisole, which had 
a significant effect on the migration of the boron atom 
from the terminal carbon atom to the internal carbon 
atom,5) was used as shown in Scheme 1. Thus, tri­
hexylborane was heated in anisole followed by the 
reaction with dimethyl sulfoxide. 

1 1) anisole 
1-hexene + —BH3:THF 

3 2) A 

H202 / -OH 

1) DMSO 
> 

2) A 

hexanols 

Scheme 1. 

By this procedure, the ratio of hexyl group and 1-
methylpentyl group was greatly improved to 99 :1 , 
and 9 7 . 5 % of hexyl group remained on the boron 
atom (Table 1). 

By the same procedure, high proportions of the pri­
mary alkyl group were also realized in the reactions 
of trialkylboranes derived from other terminal olefins. 
The results are listed in Table 2. 

Actually, the 1-alkanols thus formed by the oxida­
tion with alkaline hydrogen peroxide, could be sepa­
rated from the reaction mixtures effectively by column 
chromatography. For example, 1-octanol was ob­
tained in 8 9 % yield accompanied by only 0 .5% of 
2-octanol. 

O n the other hand, neat trialkylboranes could be 
distilled from the reaction mixtures. For example, 
essentially pure tripentylborane was distilled from the 
reaction mixture in 8 5 % yield (75—76 °G/12 m m H g ) . 

Then we undertook another reactions to confirm 
the usefulness of this procedure. Thus , after the 
treatments with anisole and dimethyl sulfoxide, trihexyl­
borane was allowed to react with aqueous i ron(III) 
chloride, aqueous copper (I I) bromide and aqueous 



272 N O T E S [Vol. 52, No. 1 

T A B L E 2 . R E S I D U A L A L K Y L G R O U P O F SOME T R I A L K Y L ­

B O R A N E S AFTER THE SUCCESSIVE TREATMENTS WITH 

ANISOLEa> AND DIMETHYL SULFOXIDE13) 

R3B (4 mmol) 
from olefin 

Residual alkyl 
group (%) prim-Alkyl/sec-Alkyl 

1-Butène 
1-Pentene 
1-Octene 
1-Dodecene 

86.3 
95.2 
92.7 
93.3 

99 / 1 
99 / 1 
99 / 1 
99 / 1 

a) Carried out by using 2 ml of anisole at 170 °G for 
2h. b) Carried by using 0.2 mmol of DMSO at 
170 °C for 2h. 

TABLE 3. REACTIONS OF TRIHEXYLBORANE*) WITH AQUEOUS 

IRON ( I I I ) CHLORIDE,B> AQUEOUS COPPER ( I I ) BROMIDE0) 

AND AQUEOUS METHYL VINYL KETONED) AFTER THE 

TREATMENTS6) WITH ANISOLE AND DIMETHYL SULFOXIDE 

Reagent 
(mmol) 

Iron (III) chloride 
(24) 
Copper (I I) bromide 
(24) 
Methyl vinyl ketone 
(6) 

Product, mmol 

1 -Chlorohexane 5.80 
2-Chlorohexane 0.09 
1 -Bromohexane 6.31 
2-Bromohexane 0.09 
2-Decanone 2.41 
5-Methyl-2- 0.05 

nonanone 

Hexyl/1-Methyl-
pentyl 

98 / 2 

99 / 1 

98 / 2 

a) 4 mmol of trihexylborane was used, b) The reaction 
was carried out at 55 °C for 48 h. c) The reaction was 
carried out at 55 °C for 48 h. d) The reaction was 
carried out at 20 °C for 2 h. e) The treatments were 
carried out by using 2 ml of anisole at 170 °C for 2 h, 
and then by using 0.2 mmol of DMSO at 170 °C for 2 h. 

methyl vinyl ketone. T h e results are presented in 
Table 3. 

As previously reported, the reactions of trialkyl­
boranes with these reagents provide simple and con­
venient synthetic methods for chloroalkane,3b) bromo-
alkane3b) and 2-alkanone3a) from various types of 
olefins. These reactions have a characteristic that the 
secondary alkyl group reacts with these reagents pre­
ferentially to pr imary alkyl group when both alkyl 
groups are on the same boron atom. Accordingly, 
in the direct reactions of these reagents with trialkyl-
borane, prepared from terminal olefin and borane, 
appreciable amounts of secondary alkyl derivatives 
were involved in the reaction mixtures, that is, 8 % 
of 2-chlorohexane, 5 % of 2-bromohexane and 15% 
of 5-methyl-2-nonanone in the respective reactions. 
However, after the treatments with anisole and dimethyl 
sulfoxide, the proportions of the secondary alkyl deriv­
atives were greatly reduced in the reactions with the 
same reagents. 

We have not fully examined how trialkylboranes 
changed by the treatment with anisole. However, 
this procedure seems to have a practical value when 

trialkylboranes, derived from terminal olefins, are used 
as the synthetic intermediates for primary alkyl deriv­
atives. 

Exper imenta l 

Materials. Commercial 1-butène, 1-pentene, 1-hexene, 
1-octene, 1-dodecene, anisole and dimethyl sulfoxide were 
dried over molecular sieve-5A and distilled before use. Com­
mercial iron (III) chloride and copper (II) bromide were 
used without any purification. 

Successive Treatments of Trialkylborane with Anisole and Di­
methyl Sulfoxide. The following procedure is repre­
sentative. A dry 50-ml flask, equipped with a magnetic 
stirring bar, a septum inlet and a reflux condenser, was flushed 
with argon. In the flask, 12 mmol of 1-hexene was hydro-
borated with 4 mmol of borane in tetrahydrofuran in the 
usual procedure.6) After the addition of a 2 ml portion of 
anisole, tetrahydrofuran was removed under reduced pres­
sure. Then the solution was heated at 170 °C for 2 h, followed 
by the reaction with 0.2 mmol of dimethyl sulfoxide at 170 °C 
fro 2 h. Then 4 ml of tetrahydrofuran was added to the solu­
tion and the solution was oxidized with alkaline hydrogen 
peroxide. The lower aqueous layer was separated and 
extracted with ethyl ether. The combined extracts and upper 
layer were analyzed by GLC, demonstrating that 11.6 mmol 
of 1-hexanol (96.7%) was obtained accompanied by 0.10 
mmol of 2-hexanol (0.8%). 

Isolation of 1-Octanol. From the organic layer, derived 
from 24 mmol of 1-octene in a similar manner as above, 
tetrahydrofuran and ethyl ether were removed. Then 
the reaction mixture was put on a dry silica gel column 
(Wako Q.-50). Anisole was first eluted by benzene and 
then octanols were eluted by ethyl ether. Thus, 21.4 mmol 
of 1-octanol and 0.12 mmol of 2-octanol were obtained. 

Reactions of Trihexylborane with Iron(III) Chloride, Copper(II) 
Bromide and Methyl Vinyl Ketone. After the treatments 
of trihexylborane with anisole and dimethyl sulfoxide as 
above, the aqueous solutions of these reagents were added 
to the solution respectively, and the reactions were carried 
out in similar manners as described in the previous reports.3) 
The amounts of the reaction products were estimated by 
GLC. 
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Simple and Practical Routes to 4,5-Benzocycloheptenone. Ring 
Enlargement of 3,4-Dihydro-2-ethoxynaphthalene and 

2-Alkoxynaphthalenes with Dichlorocarbene 
Tadao , U Y E H A R A , * Akio ICHIDA, Makoto FUNAMIZU,1" Hirofumi NANBU, and Yoshio K I T A H A R A ^ 
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Synopsis. An addition of dichlorocarbene generated 
by a phase-transfer reaction, to 3,4-dihydro-2-ethoxynaph-
thalene gave 7,7-dichloro-6-ethoxy-2,3-benzobicyclo[4.1.0]-
hept-2-ene, from which 4,5-benzocycloheptenone was de­
rived in preparative yield. 2-Methoxy- and 2-ethoxynaphtha-
lene were converted into 2-chloro-4,5-benzotropone in 33 and 
66% yield, respectively, by treatment with large excess of 
ethyl trichloroacetate and sodium methoxide. 

4,5-Benzo-4-cyclohepten-l-one (1) is an important 
compound to obtain 4,9-methano[l l ]annulenone (2),1) 
a ten-pi-electron analog of tropone. During investiga­
tion of polycondensed novel aromatics containing a 
methano-eleven-membered ring, we were in need of 
large amount of 1. 

Standard synthetic methods of 1 are intramolec­
ular acylations of diethylbenzene derivatives (3, Z = 
C0 2 R, 2 ) CN,3) and C0 2 -M+ 4 ) ) , derived from o-xylene 
via once or twice of elongation of the side chains, under 
the basic conditions followed by decarboxylation. 
The other procedure is ring enlargement of /?-tetralone 
enamine (4) using dichlorocarbene, generated from 
sodium trichloroacetate, to give 2-chloro-4,5-benzo-
2,4-cycloheptadien-l-one (5), from which the ketone 
1 is derived by catalytic hydrogénation.5) The latter 
is relatively simple to handle, but the yield of the 
crucial compound 5 is not high enough. Parham 
et al. have reported that 2-chloro-4,5-benzo-2,4,6-
cycloheptatrien-1-one (6) is obtained from 2-methoxy-
naphthalene by the treatment with ethyl trichloro­
acetate and sodium methoxide.6) The benzotropone 
6 should be converted into the desired ketone 1, easily. 
However, the optimum conditions to obtaine 6 were 
not established. We wish to describe a simple route 
to the ketone 5 in a practical yield and a reaction to 
give 6 more than 6 5 % yield. 

00 
CI 

o 

In order to use dichlorocarbene generated from in­
expensive reagents: chloroform, 5 0 % aqueous sodium 

t Present address: Department of Chemistry, College of 
General Education, Yamagata University, Koshirakawa, 
Yamagata 990. 

tt Deceased February 4, 1976. 

hydroxide and a phase-transfer catalyst: and to avoid 
multiple additions of the carbene to a 1:1 adduct, 
we chose 2-ethoxy-3,4-dihydronaphthalene (7) as the 
substrate. The addition of dichlorocarbene to the 
enol ether 7, which was derived easily from /?-tetralone, 
proceeded smoothly to give the adduct (8), as colorless 
oil, which decomposed slowly on silica gel T L C . An 
at tempt of purification of the adduct by distillation 
in vacuo was not successful: elimination of hydrogen 
chloride proceeded under the conditions to form 
1,2-benzo-4-chloro-5-ethoxy-1,3,5-cycloheptatriene (9). 
Compound 9 was obtained cleanly in 8 6 % yield 
(from 7), when a solution of the adduct 8 in pyridine 
was heated under reflux for 90 min under a nitrogen 
atmosphere. Conversion of the enol ether 9 into the 
ketone 5 was performed with heating under reflux 
for 90 min in a mixture of methanol and hydrochloric 
acid. Catalytic hydrogénation of 5 in the presence 
of potassium acetate gave 4,5-benzo-4-cyclohepten-
1-one 1 in an excellent yield.5) 

I t has been reported that a treatment of 2-methoxy-
naphthalene with 0.75 equiv of the carbene source 
(ethyl trichloroacetate) and sodium methoxide gives 
the benzotropone 6 in 13 % yield with recover of 73 % 
of the naphthalene.6) In order to know synthetic 
utility of the ring enlargement, we changed the ratios 
of the carbene source and the base to the substrate. 
When 7 equiv of the carbene source and sodium meth­
oxide were used, 6 was obtained in 3 3 % yield with 
unexpected by-products (10, 11 and 12; in 6.0, 23.0 
and 0 .2%, respectively).7) Replacement of the sub­
strate to 2-ethoxynaphthalene (13) gave better results. 
The yield of 6 was increased to 6 6 % , when 13 was 
treated with 7 equiv of ethyl trichloroacetate and 8 
equiv of sodium methoxide. Catalytic hydrogénation 
of the tropone 6 gave the ketone 1 in 9 7 % yield. 

10 R = Me 
11 R = CH2CHC12 

12 R = CH(CHC12)2 

E x p e r i m e n t a l 

Instruments. Melting points were determined on 
Thomas Hoover MP Apparatus using an uncorrected ther­
mometer. NMR spectra were recorded with a JEOL JNM-
PMX-60 spectrometer or a Varian Model A-60 spectrometer 
using tetramethylsilane as an internal standard. IR spectra 
were measured with a Hitachi Model 215 grating infrared 
spectrophotometer. 
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2-Ethoxy-3,4-dihydronaphthalene (7).^ A solution of 
/?-tetralone (15.2 g, 0.104 mol) , ethyl orthoformate (41.6 g, 
0.312 mol) and />-toluenesulfonic acid (50 mg) in ethanol 
(60 ml) was heated under reflux for 40 min. Removal of the 
solvent followed by distillation gave 7 (16.95 g, 93.7%) : b p 
84—86 °G/0.2 Tor r ; N M R (GG14) (5=1.34 (3H, t, J= 
7.0 Hz) , 2.21—3.0 (4H, m) , 3.89 (2H, q, 7 = 7 . 0 Hz) , 5.63 
(1H, s) and 6.72—7.02 (4H, m ) . 

1,2-Benzo-4-chloro-5-ethoxy-1,3,5-cycloheptatrine (9). T o 
a solution of 7 (16.54 g, 95 mmol) and benzyl trimethyl-
ammonium chloride (262 mg) in chloroform (38.7 ml) was 
added dropwise 50% aqueous sodium hydroxide (38.4 g) 
at 0 °G under an inert atmosphere (N2). T h e mixture was 
allowed to warm to room temperature and stirred for 14 h. 
T h e mixture was diluted with dichloromethane and water, 
and the organic layer was separated. After dried over mag­
nesium sulfate, evaporation of the solvent to dryness in vacuo 
(0.06 Torr , 4 h) gave 8 (24.03 g) as brown oil: N M R (CC14) 
6 = 1 . 2 4 (3H, t, 7 = 7 . 0 Hz) , 2.15—2.94 (4H, m) , 2.64 (1H, s), 
3.74 (1H, q, 7 = 7 . 0 Hz) , 3.77 (1H, q, 7 = 7 . 0 Hz) and 6.95— 
7.26 (4H, m ) . A mixture of 8 (24 g, 93.5 mmol) and 
dry pyridine (36.5 ml) was heated under reflux for 90 min. 
Pyridinium hydrochloride was removed by filtration and the 
filtrate was diluted with water and extracted with three 
portions of ether (60 ml each). T h e extract was washed 
successively with 10% hydrochloric acid, water and brine, 
and dried over magnesium sulfate. Evaporat ion of the 
solvent followed by distillation gave 9 (17.8 g, 86.4%) as pale 
yellow o i l : b p 113 °G/0.05 T o r r ; I R (neat) 1684 (m), 1630 
c m - 1 (s); N M R (GG14) (5=1.20 (3H, t, 7 = 7 . 0 Hz) , 2.85 
(2H, d, 7 = 7 . 4 Hz) , 3.60 (2H, q, 7 = 7 . 0 Hz) , 4.88 (1H, t, 
7 = 7 . 4 Hz) , 7.08—7.19 (4H, m) , 7.23 (1H, s). 

2-Chloro-4,5-benzo-2,4-cycloheptadien-1-one (5). A sus­
pension of 9 (17.6 g, 80.1 mmol) in a mixture of coned hydro­
chloric acid (0.143 ml) , methanol (20 ml) and water (5.7 ml) 
was heated under reflux for 90 min. Whi te precipitate was 
formed, after addition of ice (30 g) followed by vigorous 
stirring. T h e product was filtered, washed with water, 
dried over calcium chloride in vacuo and recrystallized from 
hexane (13.66 g, 88 .6%) . 5 : m p 66.5—67.5 °G (lit,5) 6 3 — 
65 °G) 

2-Chloro-4,5-benzo-2,4,6-cycloheptatrien-one (6). T o a 
mixture of dry sodium methoxide (21.6 g, 0.4 mol) , 2-
ethoxynaphthalene (8.6 g, 0.05 mol) and dry ether (50 ml) 
was added dropwise with vigorous stirring a solution of ethyl 
trichloroacetate (62.76 g, 0.35 mol) in ether (50 ml) under 

a nitrogen atmosphere below 0 °G. T h e reaction mixture 
was kept at 0 °G for an additional hour, and then allowed 
to stand over night at room temperature, whereupon water 
was added and extracted with ether. T h e extract was dried 
over sodium sulfate, concentrated and chromatographed 
on a dry column of silica gel (240 g, Wako G-200). Elution 
with hexane gave a mixture of 2-ethoxynaphthalene, ethyl 
trichloroacetate and less polar products (ca. 10 g). 2-Chloro-
benzotropone 6 was eluted with hexane-benzene ( 2 : 1 ) 
and benzene, and recrystallized from hexane (6.3 g, 6 6 % ) . 
6 : m p 103—104 °G (lit,6) 105—106 °G). 

4,5-Benzo-4-cyclohepten-7-one (1). Hydrogénation of 5: 
T h e chloro ketone 5 (25 g, 0.130 mol) and potassium acetate 
(14 g, 0.143 mol) were suspended in ethanol (150 ml) and 
hydrogenated at atmospheric pressure over 5 % Pd on char­
coal (0.9 g). After 20 h the catalyst was filtered, the solvent 
was removed in vacuo and the residue was dissolved in ether. 
T h e etherial solution was washed with water, aqueous sodium 
hydrogencarbonate and brine, and dried over sodium sulfate. 
Evaporat ion of the ether to dryness gave white solid (20.2 g, 
9 7 % ) . 1 : m p 41—42 °G (lit,4) 41—42 °G). 

Hydrogénation of 6: A mixture of 6 (3.2 g, 16.6 mmol) , 
potassium acetate (2.1 g, 21.4 mmol) and methanol (50 ml) 
was hydrogenated over 5 % P d - G (0.1 g) for 96 h. T h e 
product 1 was obtained as colorless needles (2.6 g, 98%) 
from hexane. 
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The Reaction of Copper(I) Methyltrialkylborates with 
l-(l-Pyrrolidinyl)-6-chloro-l-cyclohexene 

Kinji YAMADA, Takashi YANO, Norio MIYAURA, and Akira SUZUKI* 

Faculty of Engineering, Hokkaido University, Sapporo 060 
(Received August 3, 1978) 

Synopsis. The reaction between copper (I) methyl­
trialkylborates readily obtainable from organoboranes and 
l-(-l-pyrrolidinyl)-6-chloro-l-cyclohexene was found to give 
corresponding alkylation products which are readily hydro-
lyzed to alkylated cyclohexanones. 

Recently, we have reported that lithium methyl­
trialkylborates readily undergo cation exchange re­
action by copper (I) halides to give copper (I) methyl­
trialkylborates, which in turn successfully add to acrylo-
nitrile, ethyl acrylate, l-acyl-2-vinylcyclopropane1) and 
ethyl propiolate.2) These borate complexes also react 
with benzylic bromides,3) aroyl chlorides,4) allylic chlo­
rides, propargylic bromides,5) and ethyl /?-bromoacry-
lates.6) In an at tempt to develop the reaction of such 
borate complexes, we examined the possibility of a 
coupling reaction with l-(l-pyrrolidinyl)-6-chloro-l-
cyclohexene. 

To a solution of copper (I) methyl tripropylborate 
obtained from lithium methyltripropylborate and cop­
per (I) iodide (Eq. 1), l-(l-pyrrolidinyl)-6-chloro-l-
cyclohexene was addde at 0 °C and stirred at room 
temperature. After the reaction was complete, the 
residual organoborane was oxidized with alkaline 
hydrogen peroxide under the usual conditions. V P C 
analysis revealed the formation of 2-propylcyclo-
hexanone (3) and 2-methylcyclohexanone (4) in 31 
and 1 1 % yields, respectivley (Eq. 2). Although the 

R3B + MeLi -> (R3BMe)Li 
CuX 

1 + 6C' 
Co] 

(R3BMe)Cu 

1 

u u 

(1) 

(2) 

TABLE 1. REACTION OF COPPER(I) METHYLTRIALKYLBORATES 

WITH 1 - ( 1 -PYROLIDINYL) -6-CHLORO-1 -CYCLOHEXENE 

R3B 

Propyl 

Butyl 
Isobutyl 
Hexyl 
Propyl 

CuX Solvent 

Gui THF 
GuBr THF 
GuGl THF 
GuGN THF 
GuGN DME 
GuGN DME 
GuGN DME 
GuGN DME 
GuGN DME 
GuGN DME 
GuGN DME 

R'X 

Allyl bromide 
Benzyl bromide 
Dimethyl sulfate 

Yield (%)») 
of 3 or 6 

31 (11) 
32 (10) 
29 ( 7) 
53 ( 6) 
60 (13) 
81 (n. a.)b> 
83 (n. a.)b> 
70 (n. a.)b> 
59 (n. a.)b) 
59 (n. a.)b> 
37 (n. a.)b) 

a) Based on the chloroenamine (2) employed and the 
yields of methylcyclohexanone are shown in parentheses. 
b) Not analyzed. 

ketones, a-halo esters, and a-halo nitriles give good 
results, but yields are only fair with saturated alkyl 
halides7). O n the other hand, the present reaction 
overcomes such a difficulty, which makes possible to 
introduce saturated alkyl groups at the a-carbon 
atom of cyclohexanones. 

Recently, Cantacuzene et a/.,8) reported the alkylation 
of l-(l-pyrrolidinyl)-6-chloro-l-cyclohexene (2) with 
Grignard reagents, For example, 2-butylcyclohexa-
none and 6-butyl-6-(l-pyrrolidinyl)bicylo[3.1.0]hexane 
were obtained in the ratio of 30:70: the ratio varied 
with different Grignard reagents (Eq. 3). However, 
any formation of such a cyclopropane derivative was 
not observed in the present reaction of copper (I) 
borates. 

formation of an undesirable by-product, 2-methyl­
cyclohexanone (4) formed by attack of methyl group 
in the borate was observed, it was found that such 
yields are markedly dependent upon copper(I) halides 
and solvents employed, as shown in Table 1. The 
reaction using copper(I) cyanide and 1,2-dimethoxy-
ethane (DME) as a solvent was effective for the circum­
vention of formation of the by-product. This reaction 
is applicable to other representative organoboranes. 
In each case, the desired alkylated cyclohexanones 
were obtained in good yields (Table 1). 

It is well known that enamines formed from cycla-
nones react with reactive alkyl halides at the /^-carbon 
atom to afford an immonium salt, which is readily 
hydrolyzed to the monoalkylated ketone. Allylic, 
propargylic and benzylic halides as well as a-halo 

O 
Cl + BuMgBr 

H3O-

à 
Bu V-/* ' 

A*" (\ 
o (3) 

T h e present reaction, although the mechanism is 
still unknown, appears to proceed through the enamine 
(5) as an intermediate, because treatment of the reac­
tion mixture, without alkaline hydrogen peroxide oxi­
dation, with relatively active alkyl halides such as 
allylic and benzylic bromides or dimethyl sulfate pro-

1 + 2 
^ - Rfx fo] R\JvR 9» 
5 

Y J ^ H u (4) 
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d u c e d t h e c o r r e s p o n d i n g d i s u b s t i t u t e d c y c l o h e x a n o n e 

(6) (Eq._4) ._ 

C o m b i n a t i o n of t hese t w o r eac t i ons , n a m e l y , t h e 

r e a c t i o n of b o r a t e c o m p l e x e s w i t h c h l o r o e n a m i n e (2) 

a n d s u b s e q u e n t a l k y l a t i o n b y a lkyl ha l i de s , p r o v i d e s 

a c o n v e n i e n t s y n t h e t i c p r o c e d u r e for d i s u b s t i t u t e d 

c y c l o h e x a n o n e s f rom o r g a n o b o r a n e s . 

E x p e r i m e n t a l 

Materials. Commercial copper(I) halides and alkyl 
halides were used. T h e solvents were purified by distillation 
before use. 1 - ( 1 - Pyrrolidinyl) - 6 - chloro-1 -cyclohexene was 
prepared from 2-chlorocyclohexanone and pyrrolidine by 
the Blazejenski's method.8) Trialkylbroanes were prepared 
from diborane and olefins via hydrobroation.9) 

T h e I R and N M R spectra were taken on a Hitachi-Perkin 
Elmer Model 125 spectrophotometer and a Hitachi R-22 
spectrometer at 90 M H z using tetramethylsilane as an internal 
s tandard. 

General Procedure. T h e following procedures for the 
preparat ion of 2-propylcyclohexanone and 2-allyl-6-propyl-
cyclohexanone are representative. 

A dry 100 ml-flask equipped with a septum inlet and a 
magnetic stirring bar was flushed with dry nitrogen. T h e 
flask was charged under dry nitrogen atmosphere with 0.89 g 
(9 mmol) of copper (I) cyanide and 12 ml of dry 1,2-dimetho-
xyethane. T o this mixture was added l i thium methyltri-
propylborate1) (9 mmol in T H F ) at 0 °G and stirred for 5 min. 
Then 0.84 ml (6 mmol) of 1-(1-pyrrolidinyl)-6-chloro-l-
cyclohexene was gradually added and the mixture was stirrred 
for 2 h at room temperature . After the reaction was complete, 
the residual organoborane was oxidized with 3 ml of 3 M 
aqueous N a O H and 3 ml of 3 0 % - H 2 O 2 a t room temperature 
for 2 h. T h e products were extracted with ether. T h e 
combined extracts were washed with saturated NaCl solution 
and dried over anhydrous sodium sulfate. T h e ether solution 
thus obtained was analyzed by VPG, revealing the formation 
of 2-propylcyclohexanone (5.4 mmol, 6 0 % ) . 

T h e procedure for the preparat ion of 2-allyl-6-propyl-
cyclohexanonone is as follows: T o the reaction mixture 
obtained by the same procedure described above was added 
allyl bromide (3.06 g, 18 mmol) , followed by refluxing for 
3 h and allowed to stand over night at room temperature . 
Analysis by VPG after alkaline hydrogen peroxide oxidation 
indicated the presence of 3.54 mmol (59% yield) of 2-allyl-
6 - propyleyclohexanone. Although 2 - allyl - 6 - methylcyclo-
hexanone formed as a by-product was not analyzed, the 
quant i ty was little. 

Identification of the Products. I n all cases analytically 
pure samples were obtained by preparat ive VPG with Var ian 
autoprep Model-2800 and characterized by N M R , I R , and 
mass spectra, refractive indices, and elemental analyses. 

2-Propylcyclohexanone: w2
D°= 1.4558 (lit,10) 1.4538). Found : 

G, 76.96; H , 11.50%. Galcd for C 9 H 1 6 0 : G, 77.09; H , 
11.50%. Mass ; m/e=\40 (M+). I R (CC14) ; 1710 cm"1 . 
N M R (GG14); Ô, 0.91 (3H, t, 7 = 6 Hz) , 1.09—1.45 (4H, 

m) , 1.46—2.50 (9H, m) . 
2-Butylcyclohexanone: w2

D°= 1.4576 (lit,10) 1.4545). Found: 
G, 77.30; H , 11 .61%. Galcd for G 1 0 H 1 8 O: G, 77.56; H , 
11.76%. Mass; m/e=\54 (M+). I R (GG14); 1710 cm- 1 . 
N M R (GG14); Ô, 0.90 (3H, t, 7 = 6 Hz) , 1.05—1.55 (6H, 
m) , 1.60—2.50 (9H, m ) . 

2-Isobutylcyclohexanone: w2
D°= 1.4477. Found : G, 77.52; H , 

11.62%. Galcd for G 1 0 H 1 8 O: G, 77.86; H , 11.76%. Mass; 
m/e=154 (M+). I R (CC14); 1710 cm- 1 . N M R (GG14) ; Ô, 
0.87 (6H, d, 7 = 5 . 5 Hz) , 1.1—2.4 (12H, m ) . 

2-Hexylcyclohexanone: w2
D°= 1.4580. Found : G, 78.74; H, 

11.90%. Galcd for G 1 2 H 2 2 0 : G, 79.06; H , 12.16%. Mass; 
m/e=\82 (M+). I R (GG14); 1700 cm- 1 . N M R (GG14); Ô, 
0.90 (3H, t, y = 6 Hz) , 1.15—1.45 (8H, m) , 1.50—2.40 (9H, 
m ) . 

2-Allyl-6-propylcyclohexanone: Found : G, 79.43; H , 10.94%. 
Galcd for G 1 2 H 2 0 O: G, 79.74; H, 11.18%. Mass; m/e= 
180 (M+). I R (GG14); 1700 cm- 1 . N M R (GG14); Ô, 0.90 
(3H, t, 7 = 6 Hz) , 1.15—1.55 (4H, m) , 1.55—2.60 (10H, 
m) , 4.8—5.15 (2H, m) , 5.5—6.0 (1H, m ) . 

2-Benzyl-6-propylcyclohexanone: n™= 1.5210. Found: G, 
83.47; H , 9 .52%. Galcd for G 1 6 H 2 2 0 : G, 83.43; H, 9 .63%. 
Mass; m/e=230 (M+). I R (GG14); 1700 cm- 1 . N M R 
(CC14); Ô, 0.90 (3H, t, 7 = 6 Hz) , 1.10—1.40 (4H, m) , 
1.55—2.60 (8H, m) , 7.20 (5H, m) . 

2 - Methyl - 6 - propyIcyclohexanone : w2
D° = 1.4561. Found : G, 

78.04; H , 11.77%. Galcd for G 1 0 H 1 8 O: G, 77.86; H , 
11.76%. Mass; m/*=154 (M+). I R (GG14); 1710cm- 1 . 
N M R (CC14); Ô, 0.96 (3H, t, 7 = 6 Hz) , 0.94 (3H, d, J= 
5.5 Hz) , 1.1—1.5 (4H, m) , 1.5—2.4 (8H, m) . 
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In the dissociative electron capture reaction of benzyl chlorides, all the substituents in the para position except 
for /-butyl group tend to decrease the activation energy, those in the meta position having no influence on the 
activation energy. This can be explained in terms of the contribution of a para substituent to the stabilization 
of the incipient radical in the transition state resulting from the derealization of the odd electron. The resonance 
effect of the para substituent was compared with that obtained in the phenylation of substituted benzenes with 
phenyl radical, where phenylcyclohexadienyl radical is formed as an intermediate. The resonance effects in 
these two reactions agree, supporting the reaction mechanism proposed. 

The principle of electron capture detection is based 
on the electron at tachment to a molecule. Since an 
electron capture detector (ECD) gives data concerning 
only the probability of electron at tachment to a mole­
cule, the information obtained is not useful. However, 
if the temperature dependence of the electron capture 
coefficient is measured and analyzed, we can obtain 
useful information on the chemical structure of the 
molecule.1-3) 

Wentworth and coworkers studied the electron 
attachment phenomenon on kinetics using the steady-
state approximation, giving the electron capture response 
to the concentration of a capturing species in terms of 
electron capture coefficient iT.4-6) According to 
Wentworth's theory, the molecular electron affinity or 
activation energy for an electron at tachment accom­
panying a bond dissociation is obtained from K. 

We proposed that the dissociative electron capture 
reaction of alkyl and aryl halides proceeds by a mecha­
nism similar to that of ^ 2 reaction.1 - 2) In the case 
of alkyl halides the magnitude of the activation energy 
is determined by the stability of the transition state, 
which depends upon the extent to which the odd 
electron on the a-carbon atom is delocalized by reso­
nance. Although reports have appeared on the relative 
electron at tachment coefficients for different organic 
compounds, little is known about the electron capture 
reaction in view of nucleophilic reaction. I t is interest­
ing to test this reaction model with various classes of 
compounds. 

In the present paper, the results of measurements of 
activation energy in the electron capture reaction of 
benzyl chlorides are given, the substituent effect on the 
activation energy being discussed in terms of the reaction 
mechanism proposed for alkyl halides.1) 

Exper imenta l 

A modified Shimadzu GC-2C model gas Chromatograph 
was used. The ECD employed was of a concentric type with 
15 mCi nickel-63 as radioactive source. Applied voltage was 
supplied as a pulse through a pulse generator with an ampli­
tude of 28 V, a pulse period of 3200 (JLS, and a pulse width of 
3.2 (xs; the electron capture reaction proceeded under field free 
conditions. 

Glass columns (0.4 cmx 100 cm and 0.4 cmx40 cm) were 
packed with Durapak (Carbowax 400/Porasil C), temperature 

being maintained at 70 or 100 °C. Nitrogen was used as 
a carrier gas. The oxygen in the carrier gas was removed by 
passing the gas through a tube packed with copper(I) Chromate 
pellets. Another tube packed with Molecular Sieve 5A was 
used for the removal of moisture. The tubes were inserted 
between the cylinder of the carrier gas and the GC inlet. 

Reagents except for commercial ones were synthesized. 
/n-Methoxybenzyl chloride and jW-butylbenzyl chloride: 
m-Methoxy- and />-f-butylbenzoic acids were reduced to the 
corresponding benzyl alcohols with lithium aluminum hydride 
in ether solution. They were converted into benzyl chlorides 
by chlorination with coned hydrochloric acid at 80 °C for 2 h. 
Alkylbenzyl chlorides were synthesized by the chlorination of 
alkyl toluenes with chlorine gas or sulfinyl chloride. 

The compounds synthesized were identified by GC-MS 
technique. The sample solution was prepared by dilution with 
benzene to a concentration such that the detector current 
decreases to about a half of the back ground current. 

The electron capture coefficient K was calculated by the 
following equation derived by Wentworth and Chen:5* 

where F is the flow rate of the carrier gas in 1/min, S the chart 
speed in cm/min, n the amount of sample injected in moles. 7b 

and le are the detector current without and with a capturing 
species in the detector, respectively. Since the detector signal 
proportional to (Ib—Ie) was converted into the signal propor­
tional to (7b—7e)/7e through an analog converter,3) the inte­
gral term of the above equation corresponds to the peak area 
on the chromatogram. 

R e s u l t s a n d D i s c u s s i o n 

T h e mode of the electron capture reaction for a 
halogen compound depends upon the organic group 
bonding to the halogen atom. An aklyl halide captures 
a free electron dissociatively (Eq. 2), while an aryl halide 
dose so before the bond dissociation of the carbon-
halogen bond (Eq. 3).2>4> 

RX + e~ > R- + X - (2) 

ArX + e~ • ArX^ • Ar- + X" (3) 

The type of reaction can be judged by means of the 
Arrhenius plot of In K. According to Wentworth 's 
theory,5) the temperature dependence of K is expressed 
by the following equations : 

In K = In Z - E*/RT (dissociative), (4) 
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In KT3/2 = In Z + EA/RT (nondissociative), (5) 

where E* and EA are activation energy and molecular 
electron affinity, respectively; R is the gas constant, T 
the absolute temperature of the detector and Z the pre-
exponential factor. T h e Arrhenius plot of In K might 
be linear with a negative slope of E*jR for the dissocia­
tive case and with a positive slope of EA/R for the 
nondissociative case. 

In a previous paper,1) it was proposed that the 
dissociative electron capture reaction of an alkyl halide 
can be assumed to be similar to the SN2 reaction in 
solution and the sp3 orbital on the «-carbon atom 
changes to an sp2 orbital with the approach of a free 
electron to an alkyl halide. T h e linear relationship 
observed between the activation energy and the change 
in internal energy was explained. 

22 i-

14h 

L i j [ 

1.5 2.0 2.5 3.0 
T-VkK-1 

Fig. 1. Arrhenius plots of electron capture coefficients 
for benzyl chlorides. 
0 Benzyl chloride, + /n-methylbenzyl chloride, 
O/'-methylbenzyl chloride, A />-£-butylbenzyl chloride, 
A m-chlorobenzyl chloride, 3 /»-chlorobenzyl chlo­
ride, • m-methoxybenzyl chloride, f) />-methoxy-
benzyl chloride, 0 /»-phenylbenzyl chloride, A p-cy-
anobenzyl chloride, 0 m-nitrobenzyl chloride, • 
/>-nitrobenzyl chloride. 

I t is of interest to see if this reaction model is adequate 
in the electron capture reaction of benzyl chlorides. I t 
will be useful if the variation of activation energies for 
benzyl chlorides with various substituents is explained. 

T h e Arrhenius plots of In K for benzyl chlorides with 
various substituents in the aromatic ring are shown in 
Fig. 1. Since all the plots are linear with negative 
slopes, benzyl chlorides capture free electron dissocia-
tively as in the case of alkyl halides. The activation 
energies E* calculated by the least-squares method are 
given in Table 1. 

A question may be raised whether the a-carbon atom 
is the reaction center, or the «-carbon atom is attacked 

T A B L E 1. ACTIVATION ENERGIES FOR BENZYL CHLORIDES 

Compound 

Benzyl chloride 
/rc-Methy] benzyl chloride 
/»-Methylbenzyl chloride 
/7-EthylbenzyI chloride 
/»-Isopropylbenzyl chloride 
jW-Butylbenzyl chloride 
m-Chlorobenzyl chloride 
/>-Chlorobenzyl chloride 
m-Methoxybenzyl chloride 
/>-Methoxybenzyl chloride 
/>-Phenylbenzyl chloride 
/>-Cyanobenzyl chloride 
m-Nitrobenzyl chloride 
/»-Nitrobenzyl chloride 

£'*a) 
kcal mol - 1 

3.6±0.1b> 
3 .4±0 .2 
3 .2±0 .2 
3 .1±0 .2 
3 .2±0 .2 
3 .6±0 .1 
3.5 + 0.2 
3.0 j-0.1 
3.6 + 0.1 
3.0 + 0.1 
2 . 5 h 0 . 2 
2.6H0.1 
3 .5+0 .2 
2 .0+0 .1 

a) Activation energy, b) Standard deviation. 

by a free electron. The activation energy of 8.6 kcal/ 
mol2) or 9.25 kcal/mol7) observed for chlorobenzene 
corresponds to the energy of the barrier for electron 
at tachment to the benzene nucleus of the compound. 
When the benzene nucleus is substituted by a more 
electron-withdrawing group, the electron attachment to 
the benzene nucleus occurs more easily.2) Therefore, 
when a free electron attacks the benzene nucleus of 
benzyl chloride, the activation energy should be greater 
than 8.6 kcal/mol. However, the activation energy of 
benzyl chloride is only 3.6 kcal/mol (Table 1). I t can 
be concluded that in analogy with alkyl halides, the 
«-carbon atom is attacked by a free electron in the 
electron capture reaction of benzyl chloride. 

All the activation energies of benzyl chlorides in Table 
1 are smaller than those of alkyl chlorides by 6—8 kcal/ 
mol. A comparison of K shows that benzyl chloride 
reacts with a free electron faster than alkyl chlorides by 
a factor of 1000—3000. The enhanced reactivity of 
benzyl chloride over the corresponding alkyl chloride 
has also been observed in S^2 reaction in solution.8) 

I t seems that the transition state of the dissociative 
electron capture reaction for benzyl chloride has a 

H H H H 

e 0Y° : Ç ; i r Y "^ 
Scheme A. 

structure as shown in Scheme A. It is expected from 
the structure that the accepted odd electron on the 
a-carbon atom is delocalized by the overlapping of the 
n orbital on the benzene ring with the p orbital on the 
a-carbon atom and the stabilization of the transition 
state due to such resonance affords the enhanced reac­
tivity for benzyl chloride. 

In the substituted benzyl chlorides, it is necessary to 
take into account the contribution of substituents to the 
resonance through the benzene r ing. The substituent 
effect in the electron capture reaction can be illustrated 
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Fig. 2. Relationship between activation energy and 
Hammett substituent constant. 

by a plot, AE* (—EK*—EX*) vs. the Hammet t o 
constant, where the subscripts H and X are used to 
represent benzyl chloride and the benzyl chloride substi­
tuted by a group X, respectively (Fig. 2). The relation­
ship between the electron capture coefficient K and the 
rate constant k in the dissociative electron capture reac­
tion is given by 

In K = In k12 — In kD, (6) 

where kD is the rate constant of the reaction between a 
positive ion produced from a molecule of the carrier gas 
and a free electron, k12 is the rate constant of the disso­
ciative process of benzyl chlorides as given by Eq. 2.5-7) 
Using the Arrhenius equation, we have 

ln£12 = l n Z ' - - | ^ . (7) 

kD is almost temperature independent as pointed out by 
Wentworth and Chen.5) Hence, ln(KxIKH) is nearly 
equal to ln(A:12>x/A;12>H) • Since it is reasonable to presume 
that the pre-exponential factor Z' is nearly equal for all 
the benzyl chlorides investigated, AZs* (ordinate, Fig. 2) 
is approximately equal to the difference in In k12 between 
the benzyl chloride substituted by a group X and benzyl 
chloride. Thus, Fig. 2 can be considered to be Hammet t 
plot which enables us to evaluate the substituent effect 
in the electron capture reaction. 

We see that the plots for meta-substituted benzyl chlo­
rides are linear with a slope near to zero. This can be 
explained as follows. In the transition state for benzyl 
chlorides, the negative charge is localized on the chlorine 
atom as shown in Scheme A. Consequently, a group in 
meta position does not contribute t o the stabilization of 
the transition state by the inductive effect. The odd 
electron can conjugate only with the n electrons in the 
aromatic ring and the conjugative system can not be 
extended to meta substituents. The resonance effect, 
therefore, for all meta-substituted benzyl chlorides 
should be equal to that for benzyl chloride itself. 

O n the other hand, no simple relation exists between 
AE* and the Hammet t a constant for para-substituted 
benzyl chlorides. The plot is concave downward. Both 
electron releasing groups except for ^-butyl group and 
electron withdrawing groups tend to decrease the activa­
tion energy. This indicate that, in the transition state of 
para-substituted benzyl chlorides, the odd electron 

accepted on the a-carbon atom can conjugate not only 
with the n electrons in the aromatic ring, but with the 
electrons in the para substituent through the n electron 
system of the aromatic ring. Consequently, para sub­
stituents contribute to the stabilization of the transition 
state through hydrogen atom hyperconjugation and 
electron donating or electron accepting resonance as 
shown in Scheme B. The resonance effect of the para 

C M <-> Qc^ ~ QCH2 
H« 

CH3-<>CH2~ CH3-Q^CH2^ C H ^ - Q 0 ^ Cr^Q--CH2 

° 2
N O e H 2 ^ ° ;K> C H

2 ~ °2N 0 C H 2 ~ 0;*O=CH
2 

Scheme B. 

substituents decreases in the order: N 0 2 > C N , C 6 H 5 

> C H 3 0 , C1>W0-C3H7, C2H5 , C H 3 > H . As *-butyl 
group has no hydrogen atom capable of participating in 
the hyperconjugation, the resonance effect for ^-butyl-
benzyl chloride is equal to that for benzyl chloride itself. 
The order is in line with that of the substituent effect 
found in Polarographie reduction of benzyl halides.9 '10) 

A similar substituent effect has been reported in the 
phenylation of substituted benzenes with phenyl radical. 
I to and coworkers observed that for all benzene com­
pounds the ortho and para positions are more reactive 
than the meta position. The relative reactivity of the 
para position does not satisfy the Hammet t relation, 
being usually larger than that expected from the 
Hammet t equation by an increment of rp as expressed by 

log (*X<P)/*H) = P°v + TP> (8) 

where kX(p)lku is the partial rate constant of the para 
position of the benzene substituted by a group X in 
phenylation, p is the Hammet t reaction constant for the 
phenylation estimated from the Hammet t plot for the 
meta substituent and <JV is the Hammet t substituent 
constant for para position.11) rp is regarded as a measure 
of the conjugative effect. 

The value of rp for a substituent is approximately 
constant for each substituted benzene irrespective of the 
nature of attacking radical. I t is accepted that the 
homolytic phenylation proceeds through the rate deter­
mining step of the addition of a phenyl radical to the 
aromatic ring, a phenylcyclohexadienyl radical being 
formed as an intermediate. When the substitution occurs 
in the para position to a substituent, the odd electron in 
the transition state can conjugate with the electrons in 
the substituent. Consequently, the value of rp indicates 
the extent to which the incipient radical in the transition 
state of the addition of a phenyl radical to a substituted 
benzene is stabilized by resonance. 

Thus, AE* and rp can be considered to show identical 
character, and the validity of our proposal on the 
mechanism of the dissociative electron capture reaction 
for benzyl chlorides should be judged by a comparison 
of AE* and rp. As shown in Table 2, the conjugative 
effect expressed in energy term 2.3RTrp is almost equal 
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TABLE 2. COMPARISON OF THE CONJUGATIVE EFFECT OF 

PARA-SUBSTITUENTS OBSERVED IN ELECTRON CAPTURE 

REACTION OF BENZYL CHLORIDES WITH THAT 

OBSERVED IN PHENYLATION OF SUBSTITUTED 

BENZENES BY PHENYL RADICAL 

Substituent 

CH3 

Gl 
CH 3 0 
N 0 2 

A£*a> 
kcal mol-1 

0.4 
0.5 
0.6 
1.6 

v> 
0.09 
0.16 
0.14 
0.9 

2.3Ä7*TP
C> 

kcal mol -1 

0.2 
0.3 
0.3 
1.8 1 M W 2 1 .V U . ^ 1 . O 

a) The conjugative effect of para substituents observed i 
electron capture reaction of benzyl chlorides, b) Valut 
taken from Ref. 11. c) T=423 K. 

to AE* at 423 K, the average temperature of EGD. The 
agreement between AE* and rp shows that our proposal 
is valid. Thus , the substituent effect is explained by 
assuming the reaction mechanism of the electron capture 
reaction for benzyl chlorides analogous to that of alkyl 
halides. 

Conc lus ion 

An extensive study has been made on the substituent 
effect on the electron capture reaction of benzyl chlo­
rides. We concluded that the electron capture reaction 
of benzyl chlorides is a kind of S^2 reaction in analogy 
with alkyl halides. The enhanced reactivity of a para-

substituted benzyl chloride over the corresponding meta 
isomer and benzyl chloride itself can be explained on 
the basis of a mechanism similar to the £N2 reaction. 
Our proposal on the mechanism of the electron capture 
reaction will be useful for understanding the relationship 
between the activation energy measured and the chemi­
cal structure of the sample molecule and for identifying 
peaks on the chromatogram for separation of halogen 
compounds by GC-EGD system. 
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Effect of Pressure on Iodine Complexes. I. Absorption Spectra of 
the Visible Iodine Bands with Diethyl Ether, Diethyl 

Sulfide, and Diethyl Selenide in Heptane 
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(Received April 13, 1978) 

Absorption spectra of the visible I2 band of I2 complexes with EtaO, Et2S, and Et2Se in heptane have been 
measured up to 3300 bar at 25 °C. The equilibrium constants and volume changes accompanying complex 
formation, the molar extinction coefficients and the absorption maxima have been estimated. The volume changes 
were found comparable with those estimated from the X-ray data of the I2 complexes in the crystalline state. The 
enhancement of the molar extinction coefficient and the blue shift of the visible I3 band with increasing pressure 
have been established. The results suggest a decrease in the bond distance between an n-donor and I2, compared 
with the spectroscopic properties of the I2 complex at 1 bar. The decrease has been estimated as 0.008 nm with 
increasing pressure up to 3300 bar. 

There have been several investigations of iodine (I2) 
complexes as examples of charge transfer (GT) com­
plexes from both the experimental and theoretical 
point of view.1) Pressure effects on the I 2 complexes 
with 7r-donors such as benzene, toluene, and mesitylene 
have been studied by Ham,2) and K w u n and Lentz,3) 
where it was concluded that the equilibrium constants 
accompanying complex formation increased with in­
creasing pressure. There has yet been no investigation 
of I2 complexes with n-donor such as ether or amines 
under high pressure. 

In the study of the I2 complex at 1 bar, not only a 
CT band but also a I2 band in the visible region (visible 
I2 band) has been reported.1) The I2 band shifts to 
blue (to shorter wavelength) very largely with complex 
formation, and the shift is larger with stronger n-donors. 
Thus the blue shift in the visible I2 band has been a 
useful indication of C T interaction. Furthermore, 
the molar extinction coefficients of the visible I 2 bands 
increase with stronger n-donors. Consequently the 
investigation of the visible I 2 bands of the I 2 complexes 
with n-donors under high pressure has been interesting. 
Recently by measuring the visible absorption spectra 
pressure effect on I2 complex with diethyl ether (EtaO) 
in heptane has been studied.4) The present report is 
an extention of the work using diethyl sulfide (Et2S) 
and diethyl selenide (Et2Se) as n-donors in heptane. 

Exper imenta l 

The purification of I2 and heptane has been described in a 
preceding paper.4) Et2S (Wako Pure Chemical Co., Ltd.) was 
dried with calcium chloride and fractionally distilled, bp 91 — 
92 °C (lit,5) bp 92 °C). Et2Se was synthesized by the method 
of Bird and Challenger,6) n™ 1.4790, bp 107—108 °C (lit,7.*) 
fig» 1.4768, bp 108 °C). The method of measuring the absorp­
tion spectra under high pressure has been described in a 
preceding paper.4> 

R e s u l t s a n d D i s c u s s i o n 

The absorption spectra of the Et 2 S-I 2 complex in 
Fig. 1 show an isosbestic point at 490 nm. The absorp­
tion band at 522 nm decreases and at 438 nm increases 
with increasing pressure. The former band has been 

0l . . . _ 
400 500 

Â / nm 

Fig. 1. Visible I2 absorption spectra of mixed solution of 
Et2S and I2 in heptane at 25 °C and various pressures. 
Et2S: 1.4xl0-3moldm-3 , I , : 5.0X 10-* mol dm"3. 
The absorptions are not corrected for compression. 

ascribed as free I2 (I2 in heptane) and the latter the 
complexed I 2 with Et2S.6) In the Et 2 Se-I 2 complex 
absorption spectra similar to Fig. 1 were observed with 
an isosbestic point at 470 nm. The absorption spectra 
of the E t 2 0 - I 2 complex have been described previously.4) 

Equilibrium Constants. The equilibrium con­
stants accompanying complex formation and the molar 
extinction coefficients have been estimated by the 
Benesi-Hildebrand equation10) 

A Kel XD el' K ' 

where K is the equilibrium constant in mole fractions 
accompanying complex formation, A the absorbance 
of the mixed solution of I 2 and donor, e the molar 
extinction coefficient of the complex, / the path length, 
XA and XD the initial mole fractions of I2 and donor, 
respectively, and V the molar volume of the solution 
which has been assumed to be equal to that of the 
solvent under each pressure.11) The value of the initial 
concentration of I 2 in units of mol d m - 3 ([I2]) used by 
Benesi and Hildebrand1 0) depends on the pressure. 
The value in mole fraction units (XA) has been utilized 
in Eq. 1 with the following relation: 

* A = E W (2) 
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TABLE 1. EQUILIBRIUM CONSTANTS (K), MOLAR EXTINCTION 

COEFFICIENTS ( e m a x ) AND ABSORPTION MAXIMA ( A m a x ) OF 

VARIOUS I 2 COMPLEXES IN H E P T A N E A T 2 5 ° C 

K^a) £ m a x ^ m a x 

bar mol - 1 dm3 cm - 1 nm 

a) In mole fraction units, b) I2 in heptane, c) Ref. 4. 
d) Ref. 9. f) Ref. 13, in CC14. 

The values of K and e have been evaluated from the 
intercept and the slope of the plot of XA\A vs. \/XD, 
the results of which are shown in Table 1 together with 
the spectroscopic data. 

The volume changes, AV, accompanying formation of 
the I2 complexes have been calculated from the fol­
lowing equation and the slopes of the In K vs. P plot 
as shown in Table 2 : 

(d\nK\ _ _AV^ . 
\8P~)T~ RT' {) 

TABLE 2. VOLUME CHANGES (AV) ACCOMPANYING THE 

FORMATION OF I 2 COMPLEXES AT 2 5 ° C ( c m 3 m o l - 1 ) 

AKvis
b> 

AFtheor
b> 

Et 2 0-I 2 

-6 .7±1 .0 C > 
-6.4C> 

Et2S-I2 

- 8 . 1 ± 1 . 2 
- 8 . 9 

Et2Se-I2 

- 1 4 . 6 ± 4 . 0 
- 9 . 8 

a) From visible I2 band and Eq. 3. b) From Eq. 4. 
c) Ref. 4. 

In the preceding paper4) the volume change ac­
companying the formation of the E t a O - I 2 complex was 
estimated from Eq. 4, assuming that the I 2 complex is 
formed along the axis of cylinder having a radius equal 
to the van der Waals radius for the iodine atom : 

AV= {m°-Ad)NA, (4) 

where NA is Avogadro's number, r the radius of the 
cylinder, and Ad the contraction of the cylinder ac­
companying complex formation estimated by the fol­
lowing equat ion: 

Ad=dx-(dD + dA), (5) 

where dx is the bond distance of the complex estimated 
from the X-ray data of the crystal, and dD and dA 

are van der Waals radii for the donor atom (O) and 
the acceptor atom (I) , respectively. In the same man­
ner the volume changes for the Et 2 S-I 2 and Et2Se-I2 

complexes have been estimated with the bond distance 
for 1,4-dithiane-I2

14) and l,4-diselenane-I2
15) complexes 

in the crystal for dx, van der Waals radii16) of the sulfur 
and selenium atoms for dD, and van der Waals radius 
of the iodine atom for dA and r, the results of which are 
shown in Table 2. These values are comparable with 
those estimated from the pressure dependence of the 
equilibrium constants. 

Spectroscopic Properties. Absorption maxima 
(Amax) of the visible I2 band are shown in Table 1. 
The values of Àma.x for free I 2 were determined directly 
from the observed absorption. In the Et 2 S-I 2 and 
Et 2 Se-I 2 complexes, these were determined from the 
observed absorptions under the condition that Z D > Z A , 
where the absorption of free I 2 could be neglected. The 
^max values of the E t a O - I 2 complex have been estimated 
from the observed absorption by subtracting the absorp­
tion of the free I 2 calculated from the equilibrium con­
stant of the E t 2 0 - I 2 complex and the molar extinction 
coefficient of free I2 . All of the ^max values shifted 
to blue with increasing pressure; H a m failed to observe 
any blue shift in the visible absorption spectra of I2 

in heptane up to 2000 bar.2) The molar extinction 
coefficients (£max) of the visible I 2 band at Amax in­
creased with increasing pressure in Et 2 S-I 2 and Et 2Se-I 2 

complexes (Table 1). In the E t 2 0 - I 2 complex and free 
12, however, £max was not enhanced. 

The pressure effect of the increase in £max accompany­
ing the blue shift of Amax is similar to the property of 
12 complexes with n-donors at 1 bar as shown in Fig. 2, 
where the value of £max is larger in the I 2 complex 
whose Xma.x is at shorter wavelength. Mulliken and 
Person explained this as follows.1) The visible I2 band 
corresponds to the excitation of an electron from the 
ns M O to the <Jn M O of I 2 molecule. Since the latter 
M O is strongly antibonding, the size of the <ru M O 
must be larger than that of the TIS M O . When the 
12 molecule, coupled with a donor in a I 2 complex, 
is excited by absorption of visible light, its suddenly 
swollen size (ÖV<—Jig) increases the repulsion energy 
between I 2 and the donor, which causes the blue shift 
of the visible I2 band. The shift should be greater, 
the more compact the I2 complex. The enhanced in­
tensity of the visible I 2 band is presumably explained in 
terms of the increased mixing of the excited state of 
the visible I2 band with the higher excited states of the I2 

complex, as a result of the shift of the excited state 
of the visible I2 band to higher energy. Such a ex­
planation may be suited for the pressure effects on the 
12 complex, that is, the blue shift of /lmax and the 
enhancement of £max of the visible I 2 band, implying 
a decrease in the bond distance between I2 and the 
n-donor. 

The values of the slope in Fig. 2 have been estimated 
to be 0.01, 0.12, 0.81, and 0.95 mol - 1 dm 3 cm-L/cm-1 

at band maxima of free I2 , E t 2 0 - I 2 , Et 2 S-I 2 , and Et 2Se-

Free I2
b> 
1 

1100 
2200 
3300 

Et 2 0-I 2 

1 

1100 
2200 
3300 

Et2S-I2 

1 

1100 
2200 
3300 

Et2Se-I2 

1 

1100 
2200 
3300 

6.1±1.0C> 
5.9d> 
8.4±1.2C> 

11.0±1.2C> 
12.1±1.6C> 

1320±210 
1430e) 
2010±670 
2480±600 
3360 ±1200 

6600±900 

13500 ±6000 
20900 ±10000 
26300±11000 

900 ±30 
900 ±30 
900 ±30 
900 ±30 

980 ±60 
950d> 
980 ±60 
980 ±60 
980 ±60 

1820 ±70 
1960°) 
1830 ±70 
1970±70 
2120±70 

2730±60 

2780±60 
2930 ±60 
3020 ±60 

522.0±0.5 
520.5±0.5 
519.5±0.5 
518.0±0.5 

462 .5±1.5 
462d> 
460.0±1.5 
458.0±1.5 
456.0±1.5 

438 .0±0.5 
435d> 
435 .5±0.5 
433.5±0.5 
432.0±0.5 

435.5±0.5 
436f) 
433 .0±0.5 
431.5±0.5 
430.0±0.5 



February, 1979] Effect of Pressure on Iodine Complexes. I 283 

20 21 22 23 24 

Î W *10~3 / cm"1 

Fig. 2. Relation between emax and £max at visible I2 band 
of I2 complexes with n-donors at 1 bar. 
and 17 were utilized. vm&x=lßm&x. 

References 1 

T A B L E 3. T H E INCREASES IN THE MOLAR EXTINCTION 

COEFFICIENTS A T A m a x OF VISIBLE I 2 BANDS 

W I T H INCREASING PRESSURE U P TO 

3300 bar (mol-1 dm3 cm-1) 

Free L E t , 0 - I , Et„S-L Et,Se-L 

Ae0bsd 

Aeest 

0 
1.4 

0 
36 

300 
267 

290 
285 

Ae=£toax (at 3300 bar) — emax (at 1 bar). The subscripts 
"obsd" and "est" represent the observed value in Table 
1 and the estimated one from Fig. 2, respectively. 

I2 complexes, respectively.. The blue shifts of the visi­
ble I2 bands with increasing pressure up to 3300 bar 
have been estimated as 140 c m - 1 for free I2 , 300 c m - 1 

for E t 2 0 - I 2 and Et 2 Se-I 2 complexes, and 330 c m - 1 for 
Et 2 S-I 2 complex from Table 1. The amount of in-

\ 

0.05 F 

Fig. 3. Relation between — Ad and Pmax of visible I2 

bands with several n-donors at 1 bar. O: EtaO-I2 , 
S: Et2S-I2, Se: Et2Se-I2, N: Me3N-Ia, Ad: see Eq. 5. 
For the estimation of Ad, van der Waals radii16) of O, S, 
Se, N, and I atoms and X-ray data of l,4-dioxane-I2 

(0),18> l,4-dithiane-I2 (S),14> 1,4-diselenane-I2 (Se),15) 
and Me3N-I2 (N)19) complexes in their crystals were 
utilized. 

crease in emax corresponding to the blue shift of the 
visible I2 band with increasing pressure up to 3300 bar 
may be estimated from the slope of the curve in Fig. 2. 
These values shown in Table 3 are comparable with 
the observed ones. This result may support that 
Mulliken's explanation is suited for the pressure effect 
on 12 complexes. 

In I2 complexes with n-donors at 1 bar, it has been 
found that the decreases in distance between the n-
donors and I 2 accompanying complex formation are 
larger with stronger n-donors.14»15'18'19) These values 
are also related to the absorption maxima of the visi­
ble I 2 bands in Fig. 3, suggesting the blue shift of the 
visible I 2 band by the increase in the repulsion force 
between a n-donor and I2 . The value of —Ad in 
Fig. 3 represents a decrease in the interatomic distance 
between an n-donor atom and an iodine atom ac­
companying formation of the I 2 complex (refer to 
Eq. 5). A linear relation between —Ad and the absorp­
tion maxima (vm&x) of the visible I2 band has been 
obtained, and the slope has been estimated to be 
2.7 X 10-5 nm/cm- 1 . The blue shift of 300 c m - 1 in the 
visible I2 band of Et 2 Se-I 2 complex with increasing 
pressure up to 3300 bar has been observed. The value 
of —Ad corresponding to this blue shift may be estimated 
as 0.008 nm from the slope in Fig. 3. 

We wish to thank Professor H . Tsubomura of Osaka 
University for his useful discussion and advice. 
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Effect of Pressure on Iodine Complexes. II. Absorption Spectra of 
the Charge Transfer Bands with Diethyl Ether, Diethyl 

Sulfide, and Diethyl Selenide in Heptane 
Seiji SAWAMURA, Yoshihiro TANIGUCHI, and Keizo SUZUKI* 

Department of Chemistry, Faculty of Science and Engineering, Ritsumeikan University, Kita-ku, Kyoto 603 
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Absorption spectra of the CT bands of I2 complexes with Et 20, Et2S, and Et2Se in heptane have been measured 
up to 4400 bar at 25 °C. The equilibrium constants and the volume changes accompanying complex formation, 
and the molar extinction coefficients and absorption maxima have been estimated. The volume changes were 
comparable with those estimated by the visible I2 bands and by the X-ray data of the I2 complexes in the crystalline 
state. In the CT bands of Et2S-I2 and Et2Se-I2 complexes inversion of shift from red to blue has been observed 
with increasing pressure though the CT band of Et 2 0-I 2 complex shifted only through red. This inversion appears 
to be characteristic of the strong CT complex. Enhancement of the molar extinction coefficient of the CT band has 
been found with increasing pressure suggesting enhancement of the CT interaction between I2 and the n-donor. 

In previous papers1»2) I2 complexes with diethyl ether 
( E t 2 0 ) , diethyl sulfide (Et2S), and diethyl selenide (Et2-
Se) have been studied as an example of a n-tf complex 
under high pressure measuring the visible I2 band. En­
hancement of the molar extinction coefficient and the 
blue shift of the visible I2 band have been observed 
with increasing pressure, and the decrease in bond dis­
tance between the n-donor and I2 with increasing pres­
sure up to 3300 bar was estimated as 0.008 nm. The 
I2 complex has not only a visible I2 band but also a 
charge transfer (CT) band. Then information about 
the pressure effect on the I2 complex can be also found 
by measuring the latter band. The pressure effect on 
the C T band of the I2 complexes with E t 2 0 , Et2S, and 
Et2Se in heptane has consequently been studied. 

E x p e r i m e n t a l 

The purification of reagents and the method of measuring 
the absorption spectra under high pressure are the same as 
described previously.1'2) 

R e s u l t s and D i s c u s s i o n 

Equilibrium Constants. The C T absorption spec­
tra of the E t 2 S- I 2 complex are shown in Fig. 1, and as 
can be seen the absorption spectra are free from com­
ponent bands. Similar distinct C T absorption spectra 
have been observed in the Et 2 Se-I 2 complex. The 
equilibrium constants (K) accompanying complex for­
mation and the molar extinction coefficients (sm&x) of 
these C T bands have been estimated from the Benesi-
Hildebrand equation.2) The C T band of the E t 2 0 - I 2 

complex overlaps the I2 band in the ultraviolet region 
(Fig. 2). For the estimation of K and £max of the 
E t 2 0 - I 2 complex, a modified Benesi-Hildebrand equa­
tion has been used as previously described.1) These 
results are shown in Table 1 together with the spectro­
scopic data . 

The volume changes, AV, accompanying complex 
formation have been calculated from the pressure de­
pendence of In K.1'2) These are shown in Table 2. 
T h e volume changes estimated from the C T band of 
the 12 complex in the present work is comparable with 
that previously estimated from the visible I2 band in 

each complex2) and furthermore comparable with that 
estimated from the X-ray data of the I 2 complex.2) 

Spectroscopic Properties. The absorption maxima 
(Amax) of the C T bands of several I2 complexes are 

< 

330 

A / nm 

Fig. 1. CT absorption spectra of mixed solution of Et2S 
and I2 in heptane at 25 °C and various pressures. Et2S : 
2.4xl0~3 mol dm~3, I2: 5.5 X 10~5 mol dm"3. The 
absorptions are not corrected for compression. 

Fig. 2. CT absorption spectra of mixed solution of Et20 
and I2 in heptane at 25 °C and various pressures. Et20 : 
0.57 mol dm"3, I2: 3.0 X 10~4 mol dm"3. Dotted lines 
indicate absorption spectra of I2 (3.0 x 10~4 mol dm-3) 
in heptane. 1: 3300 bar, 2: 2200 bar, 3: 1100 bar, 4: 
1 bar. The absorptions are not corrected for compres­
sion. 
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TABLE 1. EQUILIBRIUM CONSTANTS (K), MOLAR EXTINCTION 

COEFFICIENTS ( e m a x ) AND ABSORPTION MAXIMA (A m a x ) 

OF VARIOUS I 2 COMPLEXES IN HEPTANE AT 2 5 ° C 

*• jça.) £max _ W _ 
bar mol - 1 dm3 cm - 1 nm 

a) In mole fractions, b) Mean value of K at 250 and 
254 nm. c) Ref. 3. d) Ref. 4. e) Ref. 5 in CC14. 

TABLE 2. VOLUME CHANGES (AV) ACCOMPANYING THE 

FORMATION OF I 2 COMPLEXES AT 2 5 ° C ( c m 3 m o l - 1 ) 

A F C / ) 
AFvls") 
AFtheor

e) 

E t 2 0-I 2 

- 7 . 5 ± 1 . 0 
- 6 . 7 ± 1 . 0 
- 6 . 4 

Et2S-I2 

- 1 0 . 0 ± 1 . 2 
- 8 . 1 ± 1 . 2 
- 8 . 9 

Et2Se-I2 

- 1 3 . 5 ± 3 . 0 
- 1 4 . 6 ± 4 . 0 

- 9 . 8 

a) From CT band (this work), b) From visible I2 band 
(Ref. 2). c) From a theoretical estimation (Ref. 2). 

shown in Table 1. In E t a O - I 2 complex the ^max values 
of the C T band have been estimated from the observed 
absorption by subtracting that of the free I2, which 
has been calculated from the equilibrium constant of 
this complex and the molar extinction coefficient of 
free I2 . In E t 2 0 - I 2 complex Amax showed a red shiftt 
with increasing pressure. The red shift has been gen­
erally observed in n-n complexes.6-11* Two explana­
tions have been proposed for the red shift of the C T 
band with increasing pressure. One is the enhancement 
of the dielectric constant of the solvent by com­
pression. e.11-12) This effect stabilizes the excited state 
of the C T complex rather than the ground state as 
the dipole moment of the former state is much larger 
than that of the latter. T h e other reason is the de­
crease in the bond distance between a donor and an 
acceptor,8 '9) supposing that the distance between a 
donor and an acceptor at the potential minimum of 
the ground state is larger than that of the excited state. 

In Et 2 S-I 2 and Et 2Se-I 2 complexes the Amax of the 
CT band shifted to red with increasing pressure, and 
then to blue (Table 1). Such an unusual pressure 
shift from red to blue has been observed only in C T 

complex between hexamethylbenzene (HMB) and 
tetracyanoethylene (TCNE).7-8-11) Gott and Maisch 
attr ibuted the blue shift in the H M B - T C N E complex 
under high pressure to the onset of steric hindrance 
between the nitrogen atoms of T C N E and the methyl 
groups of HMB.7) This explanation does not appear 
to be valid for E t 2 S- I 2 and Et 2 Se-I 2 complexes because 
of the absence of steric hindrance. The bond energies 
of these complexes in nonpolar solvents are 33, 41 , and 
3 2 k J m o l - 1 f o r E t 2 S - I 2 , 4 > Et2Se-I2 ,5) and H M B - T C N E 
complexes,13) respectively. These values are larger 
than those of other C T complexes («»20 k j mol - 1 ) which 
indicate normal red shifts of the C T bands with increas­
ing pressure.6-11) Therefore the unusual pressure shift, 
namely the inversion of shift with increasing pressure 
up to several thousand bars may be a character of the 
complex with strong C T interaction. 

The increases in emax of the C T bands up to 3300 bar 
are shown in Table 3 as Aeob£d. The same magnitude 
of Ae0bsd value has been generally observed in n-n 
complexes.7-11) The enhancement of e m a x of the C T 
band may be ascribed to the decrease in the bond 
distance between a donor and an acceptor with in­
creasing pressure as the overlap integral increases due 
to the decrease in bond distance as expected by 
Mulliken,14) implying enhancement of the C T inter-
raction. This explanation supports the preceding con­
clusion, tha t is, a decrease in the bond distance of 
0.008 nm between I2 and an n-donor with increasing 
pressure up to 3300 bar.2) Furthermore the amount of 
increase in the overlap integral accompanying de­
crease in the bond distance is expected to be larger 
in the stronger C T complex since the overlap integral 

T A B L E 3 . T H E I N C R E A S E S I N T H E M O L A R E X T I N C T I O N C O E F F I ­

C I E N T S AT THE C T ABSORPTION MAXIMA WITH INCREASING 

PRESSURE UP TO 3300 bar (mol-1 dm3 cm -1) 

A^obsd 

AeeSt 

E t 2 0- I 2 

100±1200 
2200 

Et2S-I2 

1000±1200 
2400 

Et2Se-I2 

3000±1000 
2200 

As —£ (at 3300 bar) — e (at 1 bar), where e is the molar 
extinction coefficient at the CT absorption maximum. 
The subscripts "obsd" and "est" represent the observed 
value in Table 1 and the estimated value from Fig. 3, 
respectively. 

f o 

Ah -

Et2Sz 
EtOH Q X 
MeOH y ^ 

Ey) 

Et2Se 
O 

B^CT 
O 

Et3N 

20 22 

HnaxXlO"3 / 

24 

Fig. 3. Relation between emax of CT band and vmeLX of 
visible I2 band of I2 complexes with n-donors at 1 bar. 
References 15 and 16 were utilized. £m a x= lMmax-

Et 2 0-I 2 

1 

1100 
2200 
3300 

Et2S-I2 

1 

1100 
2200 
3300 
4400 

Et2Se-I3 

1 

1100 
2200 
3300 
4400 

4.1±1.0b) 
5.9C> 
6.9±1.0b) 
8.6±1.3b) 

10.3±1.3b) 

1460±170 
1430d) 
2170±340 
3420 ±530 
4570 ±860 

10400 ±1600 

19000 ±4500 
25000±6700 
38100 ±8900 

7100±1200 
5650e) 
7200 ±1200 
7200±1200 
7200 ±1200 

21600±1200 
29800d> 
21900±1200 
22200±1200 
22600± 1200 

31400±1000 

32000±1000 
33900 ±1000 
34400 ±1000 

250.8±0 
252e) 
252.2±0 
252.6±0 
252.8±0 

302.7±0 
302d) 
303.2±0 
303.3±0 
303.2±0 
302.4±0 

314.2±0 
315e) 
314.6±0 
315.0±0 
314.8±0 
314.1±0 
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increases exponentially with decrease in bond distance. 
This may explain the A£obsd values in Table 3 being 
larger with stronger n-donors (0<CS<^Se). 

A relation between emax of the C T bands and Amax 

(or vffiax) of the visible I2 bands of the I2 complexes with 
n-donors is expected at 1 bar since it is established that 
the former values are larger and the latters are at 
shorter wavelengths with stronger n-donors.15) This 
relation is shown in Fig. 3 with a straight line of slope 
7.3 m o l - 1 dm 3 cm_ 1 /cm~1 . From this slope we can 
estimate the increases in £max of the C T bands cor­
responding to the previously observed blue shifts of the 
visible I2 bands, that is, 300 c m - 1 for E t 2 0 - I 2 and Et2-
Se- I 2 complexes and 330 c m - 1 for E t 2 S-I 2 complex with 
increasing pressure up to 3300 bar.2) These blue shifts 
suggest enhancement of the C T interaction with in­
creasing pressure. The results are shown in Table 3 
as Aeest and compared with the observed values. The 
values of A£est appear to be the same order of magni­
tude as the A£obsd values and this supports the hy­
pothesis tha t the increase in £max of the C T band with 
increasing pressure is due to the enhancement of the 
C T interaction between I2 and the n-donor. 

We wish to thank Professor H . Tsubomura of Osaka 
University for his useful discussion and advice. 
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We tried to explain the electrophilicity of radical reagents such as H and OH radicals in the aromatic substitu­
tion reaction by using the molecular orbital theory. The derealization energy of n electrons was decomposed 
into two parts : one is the energy due to the derealization from a substrate to a reagent and another is that from a 
reagent to a substrate. The former was considered to be a measure of the electrophilicity and the latter of the 
nucleophilicity. The decomposition of the derealization energy into two parts was carried out by modifying 
the relevant core resonance integrals as appropriate. The result indicated that the derealization energy for the 
electrophilicity was much larger than that for the nucleophilicity for both radicals. Thus, H and OH radicals should 
be electrophilic in nature, in good agreement with the experimental facts. Finally, the origin of the electrophilicity 
was discussed in connection with the height of the relevant energy levels by following a perturbational approach. 

Chemical reactivities of O H and H radicals have been 
extensively studied in connection with the radiobiologi­
cal reaction mechanism.1"-6) In many studies of the 
reaction mechanisms of O H and H radicals, it has been 
shown that O H and H radicals are electrophilic in 
nature.1»2) A beautiful proof for the electrophilicity of 
the O H radical was published by Anbar et al. :2) they 
measured the relative rates of reaction of O H radicals 
with many benzene derivatives and substituted benzoate 
ion, and found that a plot of the reaction rate against 
Hammett ' s a value is nearly linear, with p=— 0.41, 
indicating the electrophilicity of the O H radical. 

Molecular orbital studies of the reaction mechanism 
of the O H radical have also been carried out by many 
researchers.10-12) In these studies, the electrophilicity of 
the O H radical was indicated by the electron transfer 
quantity from the substrate to the O H radical. This 
quantity, however, can only be used as a qualitative 
measure of the electrophilicity, since this quantity should 
be the difference of two electron transfer quantities, 
from substrate to O H radical and vice versa. 

In the present paper, we used the unrestricted SCF 
method in the I N D O approximation and calculated, 
separately, the stabilization energies due to the d e r e a l i ­
zation of electrons from radical reagent to substrate and 
those due to the dereal iza t ion of electrons from sub­
strate to radical reagent. Obviously, the former can be 
considered to be a measure of the nucleophilicity of the 
radical reagent and the latter a measure of the electro­
philicity. From the results obtained, O H and H radicals 
were found to have much more electrophilicity than 
nucleophilicity, in good agreement with the experimen­
tal data.1-2) 

M e t h o d of Calculat ions 

First of all, we assumed that the transition state of 
the reaction between benzene and the radical reagent 
is the tetrahedral intermediate, as shown in Fig. 1. This 
model for the transition state has been used in many 
theories for the chemical reactivity, especially in the 
frontier electron theory of Fukui et al.7'8) The geometry 
of the tetrahedral intermediate was tentatively assumed 
at follows: C-C b o n d = 1.397 Â, C - H b o n d = 1.084 Â, 
G-O b o n d = 1.360 Â, O - H b o n d = 0 . 9 6 7 Â , all bond 

model 

Fig. 1. The model for the tetrahedral intermediate. 
The orbital at the most right is the pseudo n orbital. 

angles except for those including the tetrahedral carbon 
= 120°, bond angles including tetrahedral carbon — 
109°28', Z C O H = 1 0 7 ° 1 8 ' , and the H atom of the O H 
group and the H atom of the GH bond are assumed to 
be in the trans form. Although the G - O and C - H bond 
lengths of the tetrahedral carbon atom in the transition 
state may be different from those used in the present 
article, it is difficult to determine the bond lengths in 
the transition state. However, the relative magnitude 
of the stabilization energies for derea l i za t ion of elec­
trons from the substrate to the reagent and vice versa can 
probably be estimated by using the above-mentioned 
geometry. 

It has been well known that the chemical reactivity 
of aromatic substitution is mainly governed by the 
magnitude of the stabilization energy due to the d e r ­
ealization of TT electrons between benzene n orbitals and 
the pseudo n orbital which is formed from the attacking 
radical reagent and the remaining hydrogen atom.7 '8) 
In order to estimate the derea l iza t ion energy of n 
electrons, first, the total energy of the molecule was 
calculated by using the unrestricted SCF method with 
I N D O approximation9) after dropping all core resonance 
integrals between n atomic orbitals on the benzene 
moiety and the pseudo n orbital. This gives the total 
energy without the derea l iza t ion of n electrons. Next, 
the total energy of the molecule was calculated after 
partially including the core resonance integrals between 
n atomic orbitals and the pseudo TT* orbital, so as to 
include only the effect of the derea l iza t ion of n electrons 
from the substrate to the radical reagent, and not from 
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the radical reagent to the substrate. T h e difference 
between these two total energies can be considered to 
be a measure of the electrophilicity of the radical reagent 
in question: 

-E'eiectrophiiieity = E (including the derealization from 

the substrate to the radical reagent) — E (without 

the derealization of n electrons), (1) 

where E is the total energy calculated under the restric­
tion described in the parentheses. In a similar manner, 
we can obtain a measure of the nucleophilicity of the 
radical reagent by the following equat ion: 

^Wieopiiiiicity = -^(including the derealization from 

the radical reagent to the substrate) — E (without 

the derealization of n electrons). (2) 

In calculating a measure of the electrophilicity as well 
as the nucleophilicity, the core resonance integrals 
between n atomic orbitals on the benzene moiety and 
the pseudo n orbital should be modified in order to 
include the derea l iza t ion of n electrons from the sub­
strate to the radical reagent or vice versa. T h a t is, for a 
measure of the electrophilicity, the core resonance inte­
grals between atomic orbitals in question should be 
modified so that the core resonance integrals between 
the occupied n molecular orbitals on the benzene moiety 
and the vacant pseudo n* molecular orbitals have the 
same value as those obtained by using the usual core 
resonance integrals between atomic orbitals, and the 
resonance integral between other molecular orbitals is 
always zero. Of course, the molecular orbitals which 
are used for calculating the core resonance integral have 
to be those obtained without the effect of the de rea l i za ­
tion of n electrons, namely, by dropping the core reso­
nance integrals between n and pseudo n atomic orbitals. 
T h e values of the core resonance integrals required can 
be calculated by the procedure described below. 

Molecular orbitals obtained by dropping all the core 
resonance integrals between n atomic orbitals on benzene 
and pseudo n orbitals can be classified into two groups : 
one is those containing only n atomic orbitals on a 
benzene moiety and the other, the pseudo n orbitals as 
well as cr atomic orbitals of benzene. Thus, the molecu­
lar orbitals can be represented as follows : 

<!>H = EG*,rZ» (3) 
r 

4>.j = 2Xw,.z» (4) 
s 

where ^ffJ- denotes a molecular orbital containing only 
n atomic orbitals on the benzene ring, and <J)Vj denotes 
that containing pseudo n orbitals as well as o atomic 
orbitals of benzene. From Eq. 3, an atomic orbital, xr> 
can be represented by a linear combination of molecular 
orbitals </>xi, as shown in the following. Equat ion 3 is 
multiplied by the coefficient Cff/.n and the resulting 
equations are added for all i: 

i r I r i 

= XlZr^r r , = Zr„ (5) 
r 

where rx designates one of the n atomic orbitals {x r }. 
Thus , we have 

Xr = C M « . (6) 
Similarly, 

X, = ^C'J'd'J' (7) 

By using Eqs. 6 and 7, we can represent a core resonance 
integral between atomic orbitals xr

 a n d Xs
 a s the S u m 

of core resonance integrals between molecular orbitals 
(pm and <pvji 

= ^P^rC.j^tfi (8) 

where Irs and 1^ are the core resonance integral 
between the atomic orbitals Xr a n c l ls-> a n d that 
between the molecular orbitals <J>xi and <paj, respectively, 
and h° means the one electron Hamiltonian. By modify­
ing Eq. 8, we can obtain the value of the core resonance 
integral between atomic orbitals which gives the core 
resonance integrals between any specified molecular 
orbitals fan and faj, correctly and gives zero for the 
core resonance integrals between other molecular orbit­
als. Tha t is, 

1rs = J] C«ltrC.JltJUJli (9) 

where (ii—j\) means that the summation should cover 
only some specified molecular orbitals <pn-tl and <j>v-}l. 
It is proved below that the core resonance integrals, Irs, 
in Eq. 9 give the core resonance integrals between 
molecular orbitals <j)n-u and </vy, correctly and give zero 
values for others. Consequently, when the vacant 
molecular orbitals localized in the radical moiety and 
the occupied molecular orbitals are chosen for ix a n d j , , 
respectively, we can calculate the dereal iza t ion energy 
for the electrophilicity given by Eq. 1. The proof is as 
follows : 

r s J r s 

= XE^W.rW,/,« XI C„il)rCajligIiljl 
r s (.ii-jil 

= X l Illjl^jCxi rC„i r){2jCaj gCgl g) 
(.ix-jù r s 

= aJ}JujMjr (10) 

Equation 10 indicates that / y is equal to the correct 
value only when i=i1 and j=jx and is zero otherwise. 
Consequently, when molecular orbitals f̂fJ-, cover all 
occupied orbitals, and vVy, cover all vacant pseudo ?r* 
orbitals, the SCF calculations with the core resonance 
integrals of Eq. 9 should give a measure of the electro­
philicity. O n the other hand, when molecular orbitals 
<Pnu cover all vacant orbitals, and ̂ y , cover all occu­
pied pseudo n orbitals, a measure of the nucleophilicity 
must be given. 

T h e procedure of the calculations can be summarized 
as follows, (i) T h e total energy of the molecule in the 
transition state is calculated with the unrestricted SCF 
method in the I N D O approximation after dropping all 
the core resonance integrals between the n atomic orbit­
als on the benzene moiety and the pseudo n orbital. 
(ii) By using the molecular orbitals obtained in step (i), 
the core resonance integrals between n atomic orbitals 
and pseudo n atomic orbitals are modified according to 
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Eq. 9 in order to take the electrophilic or the nucleo-
philic nature into account, (iii) The modified core 
resonance integrals are employed to calculate the total 
energy of the molecule in the transition state with the 
delocalization of n electrons, which corresponds to the 
electrophilic or the nucleophilic nature, (iv) A measure 
of the electrophilicity or the nucleophilicity of the radical 
reagent can be obtained by calculating the difference 
between energies obtained in steps (i) and (iii). 

R e s u l t s and D i s c u s s i o n 

The electrophilicity of H and O H radicals was studied 
according to the procedure described. However, the 
procedures for H and O H radicals are slightly different 
owing to the symmetrical character of the pseudo n 
orbital ; that is, in the case of the H radical, the pseudo 
n orbital is antisymmetric with respect to the reflection 
in the plane containing the benzene ring, but is lacking 
in the symmetry for the O H radical. Consequently, the 
results for H and O H radicals will be shown separately 
in the following. 

H Radical. The unrestricted SCF method is 
applied to the tetrahedral intermediate of the benzene 
attacked by the H radical (see Fig. 1) in the I N D O 
approximation. The obtained energy levels are as 
indicated in Fig. 2 when the delocalization of n 
electrons is prohibited. As is clearly shown in Fig. 2, 
the energy level of the pseudo n orbital for a-spin is 
much lower than that for /?-spin owing to the effect of 
the spin polarization. The delocalization energy for the 
measure of the nucleophilicity of the H radical is obtain-

ö 
(D 

> 
ma 

spin c 

•3 

.1 
(b) (c) 

ß-spin 
• 0 . 5 

( 

- 0 . 5 < = ! 

• - I .0 

(a) (b) (c) 

Fig. 2. Energy level diagrams of n molecular orbitals 
for the tetrahedral intermediate attacked by H radical. 
(a) The energy levels obtained by the usual UHF 
calculation. (b) The energy levels of benzene n 
molecular orbitals obtained by the UHF calculation 
after dropping core resonance integrals shown in Fig. 1. 
(c) The energy levels of pseudo n orbital obtained by 
the procedure in (b). The arrows in the figure indicate 
the direction of electron delocalization. 

T A B L E 1. T O T A L ENERGIES OF TETRAHEDRAL 

INTERMEDIATE ATTACKED BY H RADICAL WITH 

VARIOUS TYPES OF DELOCALIZATION EFFECTS 

Interacting Interacting Total Delocalization 
MOa> (a-spin) MOa> (/?-spin) energyb> energyb> 

aU all -46 .312 0.315 
none none -45 .998 0.0 

pseudo 7r-all n* none - 46.060 0.063 
none all 7T-pseudo 7T* —46.161 0.164 

pseudo 7r-all n* all 7r-pseudo n* -46 .236 0.238 

pseudo 7r- ĵj none -46 .096 0.098 

none *}{ Vpseudo n - 46.180 0.182 

a) Interacting MO means molecular orbitals which 
retain the core resonance integrals between themselves. 
b) In a.u. 

ed when the core resonance integrals are retained only 
between the pseudo n orbital and the vacant JZ* molecu­
lar orbitals on the benzene moiety for «-spin, as shown 
by arrows in Fig. 2 . O n the other hand, the measure 
of the electrophilicity can be calculated by retaining the 
core resonance integrals between the pseudo JZ* orbital 
and the occupied n molecular orbitals on the benzene 
moiety for /?-spin. 

The obtained results are listed in Table 1. T h e third 
line indicates the nucleophilicity and the fourth line the 
electrophilicity of the H radical. Obviously, the delocal­
ization energy for the electrophilicity is much larger 
than that for the nucleophilicity. Consequently, it 
should be concluded that the H radical is electrophilic 
in nature for the radical reaction with benzene, in 
accordance with the experimental fact that the H radical 
behaves like an electrophilic reagent in the abstraction 
reaction1) (although this reaction is somewhat different 
from the model used in the present article). T h e fifth 
line of Table 1 includes the delocalization energy obtain­
ed by retaining core resonance integrals for the electro­
philicity as well as the nucleophilicity. The delocaliza­
tion energy in the fifth line is nearly equal to the sum of 
the delocalization energies in the third and the fourth 
lines, that is, the dereal izat ions of «-spin and /?-spin 
electrons affect each other only slightly. The delocali­
zation energy in the sixth line was obtained by including 
the core resonance integrals between the pseudo n 
orbital and all the n molecular orbitals on benzene 
moiety for «-spin, that is, the effect of the nucleophilicity 
as well as the redistribution of «-spin electrons were 
included in the value of the delocalization energy. 
Similarly, the delocalization energy in the seventh line 
includes the effect of the electrophilicity as well as the 
redistribution of the /?-spin electrons. By comparing the 
values in the sixth and the seventh lines with those in the 
fourth and fifth lines, the redistribution effect is found 
not to be negligibly small, although the delocalization 
energy corresponding to the nucleophilicity and the 
electrophilicity are somewhat larger than those for the 
redistribution effect. In conclusion, for the H radical 
the delocalization energy for the electrophilicity was 
found to be the most important contribution to the 
total delocalization energy. 
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TABLE 2. CHARGE DISTRIBUTIONS OF TETRAHEDRAL INTERMEDIATE ATTACKED 

BY H RADICAL WITH VARIOUS TYPES OF DELOCALIZATION EFFECTS1) 

Interacting MOb ' 
(a-spin) 

all 
none 

pseudo 7r-all n* 
none 

pseudo 7r-all n* 
j a l l Ti pseudo 7r-al] n% 

Interacting MO b ' 

all 
all 

08-spin) 

all 
none 
none 

7T-pseudo 71* 

7r-pseudo n* 

none 

Hx H, H, Cx C, c4 H 

all an n J + 
all ̂ -Pseudo 7t* 

-0.021 -0.027 -0.024 0.118 -0.007 0.032 0.008 -0.029 
-0.024 -0.026 -0.024 0.039 0.018 0.024 0.024 -0.011 
-0.031 -0.030 -0.027 -0.035 0.007 0.029 0.012 0.049 
-0.012 -0.020 -0.019 0.193 0.040 0.015 0.046 -0.133 
-0.012 -0.024 -0.022 0.112 0.027 0.021 0.032 -0.066 

-0.033 -0.035 -0.029 -0.002 -0.050 0.052 -0.036 0.099 

-0.012 -0.018 -0.018 0.158 0.069 0.001 0.076 -0.148 

a) The numbering of the atom is as below: b) The meaning of "Interacting M O " is given in Table 1. 
H2 H, 

In Table 2, charge distributions of the tetrahedral 
intermediate were given for the various cases corre­
sponding to the calculations in Table 1. I t is obvious 
tha t the charges on the hydrogen atoms bonded to the 
tetrahedral carbon atom can help in determining the 
direction of the electron derea l iza t ion . The charge on 
the hydrogen atom in the third line is positive, in accord­
ance with the fact that the calculations of the third line 
give a measure for the nucleophilicity. Similarly, the 
negative charge on the hydrogen in the fourth line corre­
sponds with the calculations for the electrophilicity. The 
charges listed in the sixth and the seventh lines indicate 
that the inclusion of the redistribution effect makes the 
positive hydrogen more positive and the negative hydro­
gen more negative. As a result, the sum of the charges 
of the hydrogen atom in the sixth and seventh lines 
leads to a slightly negative charge, which corresponds to 
the value of the charge in the first line. 

OH Radical. For the calculation of the electro­
philicity of the O H radical, the tetrahedral intermediate 
of the benzene attacked by an O H radical (see Fig. 1) 
was subjected to the unrestricted SGF calculations in 
the I N D O approximation. However, this intermediate 
has no symmetry for the reflection in the plane contain­
ing the benzene ring. In other words, the pseudo n and 
n* orbitals don ' t localize in the parts of the H atom 
and O H group attached to the tetrahedral carbon atom, 
but these orbitals spread over the a skeleton of the whole 
molecule. Because of the delocalizing character of the 
pseudo n and n* orbitals, it becomes rather difficult to 

discriminate the pseudo n and n* orbitals from other 
orbitals. In addition to this, the core resonance integrals 
between the 2pn atomic orbitals and the other 2s or 2p 
atomic orbitals of the same atom are apparently non­
zero, using Eq. 9, since the values of Crj, s for a pseudo 
n or n* orbital are non-zero because of the spreading 
character of the pseudo n or TI* orbital. 

In order to overcome these undesirable developments, 
the molecular orbitals <pVj given by Eq. 4 were trans­
formed into the localized molecular orbitals according 
to the procedure of Edmiston and Ruedenberg.13) After 
this procedure, it becomes quite easy to pick up the 
pseudo n or n* orbital. Furthermore, if the transformed 
orbital is localized completely, the core resonance inte­
gral between 2p7r and 2s or 2p<? atomic orbitals, which 
is apparently non-zero if one uses canonical molecular 
orbitals, becomes completely zero if one uses localized 
molecular orbitals, since the value of Caj.s in Eq. 9 
vanishes. Usually, transformed orbitals don' t localize 
completely, and hence the undesirable development 
cannot be completely excluded, but its contribution is 
expected to be significantly diminished. Therefore, the 
degree of localization given by Eq. 11 was calculated to 
check the validity of the calculations. 

Degree of localization = ^ J Qr> :ir 

where r in the summation covers all atomic orbitals on 
the O H group and H atom attached to the tetrahedral 
carbon atom. 

TABLE 3. THE DEGREE OF LOCALIZATION OF CANONICAL AND LOCALIZED MOLECULAR ORBITALS8) 

Molecular orbital^ 

Canonical MO (a-spin) 
Localized MO (a-spin) 
Canonical MO (/?-spin) 
Localized MO (/?-spin) 

1 

0.782 
0.980 
0.988 
0.956 

2 

0.533 
0.962 
0.474 
0.766 

3 

0.506 
0.908 
0.414 
0.519 

4 

0.464 
0.786 

5 

0.411 
0.767 

a) The degree of localization was calculated by using Eq. 11. 
the decreasing order of the degree of localization. 

b)The numbering of molecular orbitals is in 
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T A B L E 4 . T O T A L E N E R G I E S O F T E T R A H E D R A L I N T E R ­

M E D I A T E ATTACKED BY O H RADICAL WITH VARIOUS 

TYPES OF DELOCALIZATION FEFECTS USING 

LOCALIZED MOLECULAR ORBITALS 

Interacting 
MO«) (a-spin) 

all 

none 

pseudo 7r-all n 

none 

Interacting 
MO 1 ) (jff-spin) 

all 

none 

none 

all 7T-pseudo n* 

Tota l 
energyb> 

- 6 3 . 8 7 9 

- 6 3 . 4 5 1 

- 6 3 . 5 3 8 

- 6 3 . 6 2 3 

Delocalization 
energyb) 

0 .428 

0 . 0 

0 .087 

0.171 

a) The meaning of "interacting M O " is the same as 
that in Table 1. b) In a.u. 

T A B L E 5 . T O T A L E N E R G I E S O F T E T R A H E D R A L I N T E R ­

M E D I A T E ATTACKED BY O H RADICAL WITH VARIOUS 

TYPES OF DELOCALIZATION EFFECTS USING 

CANONICAL MOLECULAR ORBITALS 

Interacting 
M O 1 ' (a-spin) 

all 

none 

pseudo 7r-all n 

none 

Interacting 
M O 1 ' 0?-spin) 

all 

none 

none 

pseudo 7T-all 7r* 

Tota l 
energyb) 

- 6 3 . 8 7 9 

- 6 3 . 4 5 1 

- 6 3 . 5 1 7 

- 6 3 . 6 2 6 

Delocalization 
energyb) 

0.428 

0 . 0 

0.066 

0.175 

a) The meaning of "interacting M O " is the same as that 
in Table 1. b) In a.u. 

The degree of the localization for some transformed 
molecular orbitals is listed in Table 3, and compared 
with that for the corresponding canonical molecular 
orbitals. Obviously, the degree of localization increases 
remarkably by the transformation of the molecular 
orbital. The measure of the electrophilicity of the O H 
radical was calculated in a similar manner to that of the 
H radical by using the transformed molecular orbitals. 
The results thus obtained are collected in Table 4. I t 
is clearly indicated that the O H radical is quite electro-
philic in nature, in agreement with the experimental 
data.1 '2) In order to investigate the effect of the locali­
zation of molecular orbitals, the same calculations were 
carried out by using canonical molecular orbitals. Table 
5 contains the results which indicate the essential features 
of the electrophilicity of the O H radical. Tha t is, by 
comparing Tables 4 and 5, the delocalization energy for 

the measure of the electrophilicity is much larger than 
that for the nucleophilicity, regardless of the degree of 
the localization. In other words, the conclusion that 
the O H radical is electrophilic in nature is valid inde­
pendently of the degree of the localization for the 
molecular orbitals in question. In Table 6, charge 
distributions corresponding to the calculations of Table 
4 are listed. This indicates that the electrophilicity of 
the O H radical is reflected in the negative charges of 
the H atom and O H group attached to the tetrahedral 
carbon atom. Tha t is, when the conjugation of n 
electrons is completely prohibited between pseudo n or 
n* orbital and benzene n molecular orbitals, the charge 
on the tetrahedral group is somewhat negative ( — 0.110). 
When the effect of the nucleophilicity is taken into 
account, it becomes slightly positive (+0 .003) , and when 
the effect of the electrophilicity is taken into account, it 
becomes quite negative ( — 0.352). As a sum of these 
two effects, the considerable negative charge on the 
group results. This feature for O H radicals is quite 
similar to that for H radicals. 

Concluding Remarks. In the present article, the 
electrophilicity of H and O H radicals was quantitatively 
evaluated by separating the delocalization energy in 
the nucleophilic and the electrophilic ones. T h e obtain­
ed result is in good agreement with the experimental 
fact that H and O H radicals are electrophilic in nature. 
In the present paragraph, we will discuss briefly the 
origin of the electrophilicity of H and O H radicals. 
Since the measure of the electrophilicity is a kind of 
delocalization energy, it should be very effective for the 
analysis of the electrophilicity of H and O H radicals to 
use the concept of the perturbation method. 

In Figs. 2 and 3, the energy levels for zero-th order 
wave functions are given for H and O H radicals. As is 
well known, the delocalization energy is approximately 
proportional to the core resonance integral between 
pseudo n or n* orbital and benzene n molecular orbitals, 
and is inversely proportional to the energy difference 
between pseudo n and benzene unoccupied n* molecular 
orbitals or pseudo n* and benzene occupied n orbitals. 
The above-metioned reasoning is applicable only when 
the uncoupled approximation14 '15) in the SGF perturba­
tion method is valid. T h e present approach has its 

TABLE 6. CHARGE DISTRIBUTIONS OF TETRAHEDRAL INTERMEDIATE ATTACKED BY OH RADICAL 

WITH VARIOUS TYPES OF DELOCALIZATION EFFECTS USING LOCALIZED MOLECULAR ORBITALS 

Interacting MOb> Interacting MOb) 

(a-spin) (/?-spin) C i G, C, C4 H O H(0)c> (H, OH)d> 

ail 
none 

pseudo TT-all n 
none 

all 
none 
none 

all 7r-pseudo n* 

0.292 - 0 . 0 4 2 0.034 
0.166 - 0 . 0 1 6 0.028 
0.103 - 0 . 0 2 8 0.032 
0.309 0.007 0.019 

0.011 - 0 . 0 5 3 - 0 . 3 1 7 0.164 - 0 . 2 0 6 
0.020 - 0 . 0 0 8 - 0 . 2 8 9 0.187 - 0 . 1 1 0 
0.008 0.069 - 0 . 2 6 4 0.198 0.003 
0.045 - 0 . 1 5 0 - 0 . 3 6 1 0.159 - 0 . 3 5 2 

a) The numbering of the atom is as below : 

H 

b) The meaning of "Interacting M O " is the same as that in 
Table 4. c) The hydrogen atom in the group, d) The sum 
of the charges on the group of H and OH atoms. 
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b) (C) 

Fig. 3. Energy level diagrams of n molecular orbitals for 
the tetrahedral intermediate attacked by OH radical. 
The meaning of (a), (b), and (c) is the same as that in 
Fig. 2. 

Î 
pseudo n * 

AE--
| pseudo n / 

• average 

71 

Fig. 4. Schematical energy levels for the perturbational 
approach to the present method. 

special characteristics in the feature of the distribution 
of energy levels : that is, by using the unrestricted SCF 
method the energy level for an odd electron splits into 
two different values, for occupied «-spin and unoccupied 
/?-spin levels. Thus, the dependence of the derea l iza t ion 
energy upon the height of the energy levels should be 
classified into two factors; one is the average height of 
the two split levels for an odd electron and the other is 
the magnitude of splitting of these two levels. This 
situation is schematically shown in Fig. 4. As is evident 
from this figure, the lower the average height of the two 
energy levels is, the more electrophilic the radical 
reagent is. O n the other hand, a large magnitude of 
splitting of the two energy levels results in large values 
for the measures of both the electrophilicity and the 
nucleophilicity.16) From the heights of the energy levels 
in Figs. 2 and 3, H and O H radicals can be inferred to 
be electrophilic in nature, although the quantitative 
evaluation of the derea l iza t ion energy is not accessible, 
owing to the contribution of the core resonance integral 

between pseudo n or JZ* orbital and benzene n molecular 
orbitals. In conclusion, the electrophilicity of the radical 
reagent may qualitatively be predicted by the average 
of the two energy levels of pseudo n and jr* orbitals and 
the magnitude of their splitting. As to other radical 
reagents, analysis will soon be carried out in order to 
investigate whether the above-mentioned conclusion 
holds or not. Furthermore, the abstraction reaction of 
a hydrogen atom, as well as a halogen atom, by the 
reagent was subjected to an analysis similar to that in 
the present article and was published.17) 

The authors are very grateful to Prof. T . Masuda 
of Tokyo Metropolitan University for suggesting this 
problem and for stimulating discussion. We are also 
grateful to Dr. T . Minato for his considerable assistance 
with the computer program of localized molecular 
orbitals. The numerical calculations were carried out 
on the F A C O M 230-75 at the Computer Center of 
Kyoto University. This research was supported in part 
by a Scientific Grant from the Ministry of Education. 
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The diffraction of liquid CCJ4 was measured by using the energy-dispersive X-ray diffractometer. The fine 
structure was observed for the first time in the present study. The existence of the fine structure in the diffraction 
pattern shows the long-range correlation "directly." The bcc cluster model for liquid CC14 is presented on the 
basis of the long-range correlation. The calculated intensity of the model is in good agreement with the observed 

We constructed an energy-dispersive X-ray diffrac­
tometer using a solid state detector for the détermina 
tion of liquid structure. The details were reported in 
a previous paper.1) 

The energy-dispersive method has various merits in 
comparison with the traditional angle-dispersive method. 
First, a higher resolution of the r v a l u e (S=4TZ sin 0/A, X: 
wavelength, 20: scattering angle) can be obtained. The 
resolution of the r v a l u e is determined by the following 
equation: 

Asj's = AE/E + cot 6 • A0. ( 1 ) 

In the energy-dispersive diffractometer, the first term 
on the right side of Eq. 1 is nearly 0.01 and much larger 
than in a conventional angle-dispersive one. The 
second term in the angle-dispersive one, on the other 
hand, is several times as large as that in the energy-
dispersive one. Since cot0»A0 is less than 0.01 in our 
apparatus, the resolution As/s is consequently a half 
of that in the conventional angle-dispersive diffractom­
eter. Second, in the energy-dispersive method the 
scattering intensity is hardly affected by fluctuation in 
the primary beam intensity. Thirdly, it is possible to 
expand the observable region of the r v a l u e , and hence 
the intensity data over the range of ^=0.15—30 Â - 1 

can be obtained by our energy-dispersive X-ray diffrac­
tometer. Fourth, such accessories as a sample holder 
operated at high or low temperature can be mounted 
easily, since the design of the diffractometer is simple. 

The scattering intensity from liquid CC14 was measur­
ed by taking advantage of the energy-dispersive method. 
Carbon tetrachloride has been studied well by the angle-
dispersive method,2 - 7) and several models for liquid CC14 

have been proposed by Narten et A/.,5) Egelstaff et A/.,9) 
Reichelt et Û/.8) and Narten.7) We reported the scattering 
intensity of liquid CC14 and its electron radial distribu­
tion function in a previous paper,1) but the analysis of 
the data obtained by energy-dispersive method was 
described mainly. In the present study it is shown that 
liquid CC14 has a long-range correlation at room 
temperature. A new model which explains the observed 
scattering intensity and the long-range correlation is 
presented. 

Scattering Intens i ty and Radia l 
Dis tr ibut ion Funct ion 

Details of the measurement and data analysis were 
described elsewhere.1) The absorption and Compton 

correction are more difficult in the energy-dispersive 
method than in the angle-dispersive one and these may 
be thought to be a demerit in energy-dispersive diffracto-
metry, but these difficulties were resolved.1) The reduced 
intensity i(s) was obtained in electron units after these 
corrections. The weighted structure function si(s) is 
shown in Fig. 1 and agrees fairly well with the recent 
data for CC14 obtained by Narten7) except for the fine 
structure. 

Fig. 1. Weighted structure function si(s) for liquid CC14 

at room temperature. 

The electron radial distribution function from which 
the bulk density is subtracted, 4m2(p — p0), is obtained 
by the Fourier transformation of si(s), 

2r 
4nr2(p-p0) = 

*y*s 
-^]si(s) • sin (sr) • As, (2) 

where p is the radial distribution function, p0 the bulk 
density and Zj the atomic number of a component atom 

j . The radial distribution function derived from Eq. 2 
includes the distribution of the electron cloud. The 

t Present address : The Institute for Solid State Physics, 
The University of Tokyo, Roppongi, Minato-ku Tokyo 106. 

Fig. 2. Electron radial distribution function from which 
the bulk density was subtracted, 4nr2(p — p0). 
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T A B L E 1. INTRAMOLECULAR DISTANCES AND ASSOCIATED 

ROOT MEAN-SOUARE AMPLITUDES 

The values in parentheses indicate 
the standard deviations. 

i j rij{Â) hj(A) Reference 

C CI 1.768(6) 0.069(9) Present work > 
1.773(3) 0.079(9) Ref. 5 I ( i i q u id) 
1.767(3) 0.055(8) Ref. 6 I 
1.766(3) 0.043(4) Ref. 7 J 
1.765(2) 0.051(2) Ref. 8 (gas) 

Cl Cl 2.889(2) 0.086(6) Present work ^ 
2.896(5) 0.092(3) Ref. 5 ( ( u i d ) 

2.886 0.070(9) Ref. 6 
2.884 0.078(3) Ref. 7 1 
2.886(2) 0.070(1) Ref. 8 (gas) 

electron radial distribution function of CC14 at room 
temperature is shown in Fig. 2. 

The intramolecular parameters of CC14 were obtained 
by the least-squares fit of the calculated intensity of the 
free molecule to the observed intensity of the liquid at 
rva lues larger than 8 A - 1 . These parameters are listed 
in Table 1 with those obtained by other experiments.5-8) 
The interatomic distances are in good agreement with 
each other within experimental errors. 

T h e Fine Structure i n the Scatter ing 
Intens i ty a n d the Long-Range 

Corre lat ion 

Figure 2 shows that liquid CC14 at room temperature 
has long-range correlation. The information on the 
long-range correlation in liquid is confined in the region 
of s<^2. A - 1 , but it is also recognized elsewhere. Figure 1 
shows that the intensity curve has fine structure of short 
periodicity at small .y-values.îï The fine structure near 
the top and the bottom of the halos at ^ = 3 . 2 and 
4.7 A - 1 was reproducible not only in repeated measure­
ments but also in measurements at different scattering 
angles. The separation between the peaks in this fine 
structure were 0.2—0.3 A - 1 , which was larger than 
the estimated resolution in the r v a l u e (As^0A4 Â~l at 
those ^-values) in our experiment. The difference 
between the collected counts at the top and the bottom 
of these small waves was about 500 counts, which were 
larger than the statistical random error (A/1T= 170, where 
total counts n = 3 x l 0 4 ) . In the energy-dispersive 
method, the scattering intensity is hardly affected by 
fluctuations of the incident beam intensity. Therefore, 
the statistical random error given by the square root 
of the total counts at each position is the main origin 
of the noise. 

T o examine the relation between the fine stricture 
and the long-range correlation in liquid CC14, the 
inverse Fourier transformation of the experimental data 
was conducted. Each peak in the observed radial 
distribution function was expressed approximately by 

tt The fine structure at large ^-values is random noise, since 
the ratio of the reduced intensity i (s) to the total scattering 
intensity is small. 

G(r) = A exp [ -4( ln 2 ) ( r - r 0 ) > 2 ] - B, (3) 

where A is the peak height measured from the average 
values at the minimum points, w the full width at half 
maximum, and B the difference between the zero line 
and the average minimum values. Figure 3 shows the 
curve for the inverse Fourier transformation for each 
Gaussian function G(r). The curve (1), (2), (3), (4), 
(5), and (6) in Fig. 3(a) correspond to the peaks at the 
maximum positions r0 = 3.8, 6.3, 8.3, 11.4, 16.3, and 
21.5 A, respectively. The summation of these curves is 

Fig. 3. (a) The inverse Fourier transformation function 
of the Gaussian function given by Eq. 3. Curves (1), 
(2), (3), (4), (5), and (6) correspond to the functions with 
r0=3.8, 6.3, 8.3, 11.4, 16.3, and 21.5 A, respectively. 
(b) The uppermost curve (I) is the inverse Fourier 
transformation function of the intramolecular part. 
Curve (n) is the sum of curves (1), (2)—(n) of Fig. 3(a) 
and curve (I). 
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shown in Fig. 3(b). The uppermost curve (I) is the 
inverse Fourtier transformation of the intramolecular 
contribution. Curve (n) in Fig. 3(b) represents the sum 
of curves (1), (2),*--(n) of Fig. 3(a) and curve (I) . The 
fine structure indicated by the small arrows is in good 
agreement with the experimental intensity (Fig. 1), e.g., 
the shoulder peak on the left side of the fourth halo, at 
s—4 Â - 1 , appears due to the peaks at r 0 = 6 . 3 and 8.3 Â. 
The two small waves on the top of the third halo at 
S — 3.2Â-1 may be due to the scattering intensities 
corresponding to peaks at r 0 = 16.3 and 21.5 Â. 

It has been concluded that the long-range correlation 
is not caused by experimental error nor by errors in the 
data analysis and this is supported by the following 
consideration. The electron radial distribution function, 
4nr2(p—pQ), computed using the intensity data obtained 
by Narten7) shows a long-range correlation similar to 
Fig. 2. However, fine structure was not been observed 
in the intensity data. The fine structure represents 
"directly" that the molecules in the liquid phase have a 
long-range order in the arrangement. The presence of 
this fine structure had never been detected until the 
energy-dispersive method was applied to liquids in the 
present experiment. 

Structure o f Liquid CC14 

The molecular arrangement in liquid CC14 was drawn 
on the basis of the following experimental results; (1) 
the small peak around 3.8 Â in the electron radial 
distribution function shows the nearest neighbor distance 
between chlorine atoms belonging to different molecules, 
and (2) the peaks with respect to the long-range correla­
tion of molecular arrangement appear at integral 
multiples of about 5.7 A, i.e. r 0 =11 .4 , 16.3, and 21.5 Â. 
The peak at 3.8 Â is assigned to the Cl-Cl pair in the 
partial distribution function derived from X-ray and 
neutron diffractions by Narten.7) T h a t the peaks appear 
in equal intervals may show that CC14 molecules are 
arranged linearly. Consequently it is assumed that the 
three-fold axes of the CC14 molecules are linear. A 
chlorine atom of one molecule lies in the hollow formed 
by the three off-axis chlorine atoms of the other 
molecules. The distance between chlorine atoms 
belonging to different molecules is 3.8 Â, as shown in 
Fig. 4(a). Moreover, it is assumed that the average 
orientation is set in the eclipsed form for the chlorine 
atoms. In this arrangement, molecules form a body-
centered cubic lattice, hereafter called a bec cluster 
model. Since the nearest neighbor distance between 
chlorine atoms is 3.8 Â, the nearest neighbor distance 
referred to the molecular centers, i.e. the carbon atoms, 
is given by 5.77 Â and the second nearest neighbor 
distance is 6.77 Â, which corresponds to the lattice 
constant of the bec lattice. Figure 4(b) shows the bec 
cluster containing 15 CC14 molecules. The packing 
shown in Fig. 4(a) is similar to the "Apollo model" 
presented by Egelstaff et ö/.9) They assumed that both 
molecules were freely oriented about the three-fold axes. 
However, neither the scattering intensity nor the 
distribution function was calculated for this model. 

Of course, the liquid can never be the crystal. The 

( a ) : 

• - - "* 

5.77 A * 

Fig. 4. (a) Packing model for liquid CC14. Small circles 
denote carbon atoms and large circles chlorine atoms. 
Van der Waals spheres of chlorine atoms are shown by 
dotted circles, (b) The bec cluster model for liquid 
CC14 with 15 molecules. CC14 molecules are shown 
by circles. The orientation of all molecules is same as 
that described in the circles. The cube shown by 
broken lines forms the bec unit cell. 

molecule in the liquid phase lies around the equilibrium 
position, which forms the cluster. T h e cluster must have 
the same density as the actual liquid. We never mean 
that clusters with a density different from uniform 
medium exist actually—here "cluster" means a represen­
tation of the region where one molecule "feels" the 
"s t ructure ." The cluster is not rigid, but the structure 
becomes gradually loose as the molecules separate from 
the center of the cluster, i.e. the distance between 
molecules in the cluster is smeared as they are separated 
from each other. The smearing effect is treated with the 
increase of the root mean-square ampli tude /,•_, of the 
interatomic distance r,-y. The structure outside the 
cluster is a uniform medium. 

The reduced intensity function may be computed from 
the equation, 

. . . 1 - . sin (srtJ) 
•W i+j srt1 

exp ( - / yV/2 ) + ic (4) 

where N is the number of CC14 molecules contained in 
the cluster. In the cluster model, the first term series in 
Eq. 4 must be terminated at the end of the cluster. T h e 
second term in Eq. 4 complements a fault due to this 
termination. This correction corresponds to placing a 
uniform and structureless medium outside the cluster. 
This is depicted in Fig. 5. The sphere surrounded by 
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Fig. 5. A schematic illustration of the model used for 
the calculation of the correction term ic in the reduced 
intensity i(s). 

the solid line is the cluster, in which the structure exists 
and the stripped region is the uniform medium. The 
continuous medium of the unit volume has a scattering 
factor <CF^>p0, where p0 is the number density of CC14 

in the liquid and < C ^ > is the average scattering factor 
of CC14 in the continuous medium. The scattering 
intensity due to interference between the cluster and 
the continuous medium becomes, 

». = -jj-Mfi<F>Po<*P ( - / , V / 2 ) j « p (iis-r-b^dv,}, (5) 

where the origin is taken at the center of the cluster, 
bi is the position vector of the i-th atom with a scattering 
factor fi and /,- is the root mean-square amplitude of 
bi. The integration in Eq. 5 is performed beyond the 
sphere of the cluster to infinity, that is over the stripped 
region of Fig. 5. The average scattering factor < F > is 
given by 

< ^ > = / c + 4 / c 
sin (JTC ,CI; 

srt c-ci 
(6) 

In Eq. 5 the atom around the periphery of the 
cluster effectively "feels" a much smaller cluster size 
than the atom at the center. O n the other hand, the 
cluster means the representation of the region where 
one molecule ' 'feels" the "s t ructure ." All molecules in 
the liquid must sit at the center of the cluster, when the 
second term of Eq. 4 is estimated. The surrounding of a 
molecule in a liquid is spherically symmetric except for 
near positions, and then the cluster radius R should be 
the same for all molecules. When the z-th atom is 
located at P (Fig. 5), the second term of Eq. 4 is inte­
grated over the continuous medium beyond the dotted 
sphere. Therefore, it is reasonable to modify Eq. 5 : 

h = - ^ S / t < ^ > o < e x p < 

X \ exp (is-r)dvr 

- ^ ) > e x p ( - / , V / 2 ) 

- ^ ^ ^ ^ o - ^ ^ e x p ( - / ,V/2) 

4TI 

This equation is an extension of the formula derived by 
Warren.10) 

With a cluster radius R equal to 8.4 Â, the best 
agreement between the calculated and experimental 
intensities was obtained. This value, 8.4 Â, is reasonable, 
since the effective radius of the cluster containing 15 
CC14 molecules, namely, the distance between the center 
of the cluster and the farthest chlorine atom is 8.54 Â. 
The weighted structure function, si(s), with respect to 
the bcc cluster model with 15 CC14 molecules was 
calculated and is shown over the range from ,r=0—6 

( c ) 

500 

^ 0 

U) 

•500 

1 il\\ 
V / r 

2// \Jr^\ 
1 /: ^ f . V. 
'/: I*. V. 
/: 3-.../ \ 

// S4-

1 jf 
y* 

.... • 

1 XL 
1 \ 
5 \ 

X-^-[sin (sR)—sRcos (sR)]. (7) 

Fig. 6. Weighted structure function si(s) for liquid CC14. 
(a) Solid line: experimental intensity. Dotted line: 
calculated intensity for the bcc cluster model with 15 
CC14 molecules, (b) Solid line : experimental intensity. 
Dotted line: calculated intensity for the bcc cluster 
model neglecting the root mean square amplitude. 
(c) Solid line: experimental intensity. Dotted line: 
calculated intensity for the bcc model modified by the 
freely rotating molecules. 
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TABLE 2. ROOT MEAN-SQUARE AMPLITUDES ASSUMED FOR 

THE CALCULATED INTENSITY OF FlGS. 6 ( a ) AND (c) 

rtJ(A) 

1.77 (C-Cl, intramolecule) 
2.89 (Cl-Cl, intramolecule) 

3—4 
4—6 
6—8 
over 8 

'«/(A) 
0.069 
0.086 
0.25 
0.30 
0.35 
0.40 

A - 1 in Fig. 6(a). The intensity curve in .y-values larger 
than 6 A - 1 is almost the same as that of the free molecule 
of CC14. The full line is the observed intensity, and the 
dotted line shows the calculated intensity, where the 
root mean-square amplitude Uj used is listed in Table 2. 
The fine structure on the fourth halo does not appear 
in the dotted line in Fig. 6(a). However, if the smearing 
effect is neglected, that is, /,-y is assumed to be zero in 
Eq. 4, the fine structure appears as shown in Fig. 6(b) . 
The periodicity in the calculated intensity agrees well 
with the fine structure of the experimental intensity 
indicated by the full line. Therefore, the molecular 
arrangement of the bcc cluster explains the fine structure 
in the scattering intensity. 

The dotted line in Fig. 6(c) corresponds to the bcc 
cluster model modified by the freely rotating molecules. 
In the model of the free rotation, the halo at 3.3 Â - 1 

splits into two peaks at 2.9 and 3.6 A - 1 , which differs 
from the experimental intensity. The possibility of a 
free rotation model is excluded by the distance between 
the nearest neighbor molecules, 5.77 A, which is 
smaller than the van der Waals diameter of CC14, 7 Â. 
Consequently the barrier is too high for the molecule to 
rotate independently. 

In the calculated intensity two small peaks appear at 
,y=0.4 and 0.9 A - 1 as shown by the dotted line in Fig. 
6(a) and this represents a discrepancy between the 

'•ir 

xlO 

8 

6 

<3?4f 

2 

n 
Uf 

-il 
•i t 

I.,.,. i/\ 2 / \ 

\J s/iT 

calculated and observed intensities. These peaks are, 
however, not significant. The intensity calculated by use 
of only the first term of Eq. 4 agrees well with the dotted 
line of Fig. 6(a) in the region of s^>\ A - 1 . O n the other 
hand, the second term of Eq. 4 dominates the region 
of .y=0—1 A - 1 . In this region the weighted intensity 
curve without ic has a strong peak, as shown by the 
solid line in Fig. 7. The dotted line in Fig. 7 shows the 
correction term, —sie. These large values were sub­
tracted in the calculation of the reduced intensity in the 
region of ^ = 0 — 1 A - 1 . 

The calculated intensity of the bcc cluster model is 
in good agreement with the observed intensity, not only 
in the main peaks at s— 1.2 and 2.3 A - 1 but also in the 
fine structure around s=3—4 A - 1 (Fig. 6(a)) . However 
disagreement in the intensity around s=3 Â-1 was 
observed. This discrepancy may be caused by the 
analysis, since it is difficult to derive the reduced 
intensity i(s) from the total scattering intensity in this 
region.1) Further possible source of the discrepancy may 
be the small cluster size and the large root mean-square 
amplitude assumed in this model. 

In the present model, the peak in the radial distribu­
tion at 6.3 A consists of two kinds of radial distances 
refering to the molecular centers, 5.77 and 6.77 A, in 
which 8 and 6 molecules are contained, respectively. 
T h e equal interval in the peak in the radial distribution, 
i.e. 5.77, 11.4, 16.3, and 21.5 A, is explained from the 
bcc cluster model. 

T h e first and second nearest neighbor distances of the 
molecular center, 5.77 and 6.77 A, happen to coincide 
with the model presented by Narten et Ö/.,5) as shown 
in Table 3 in spite of a different model. Narten et al. 
assumed at first the "crystal" of the space group Pa3, 

TABLE 3. THE DISTANCE BETWEEN MOLECULAR CENTERS 

r AND THE NUMBER OF THE PAIR n IN THE 

TWO MODELS OF LIQUID CC14 

bcc cluster model 

'(A) 
5.77 
6.77 

n 

8 
6 

Pa3 model 

r(A) n 

5.77 6 
6.13 1 
6.77 6 

Fig. 7. The effect of the correction of Eq. 7. The full 
line is the weighted intensity neglecting the correction 
term ic. The dotted line shows the correction term, 
—siR. 

Fig. 8. Weighted structure function for liquid CC14. 
Solid line: bcc cluster model with 15 CC14 molecules. 
Dotted line: Pa3 model with 14 CC14 molecules. 
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which is the space group in the close-packing structure 
of Group IV halides e.g. Snl4 .n> Next, the "ideal 
s t ructure" was distorted by the least-squares fit to the 
observed diffraction data of the liquid. In order to 
compare the bcc cluster model with the distorted close-
packing model, si(s) of the close-packing model (Pa3 
model) was calculated using Eq. 4 and the parameters 
given by Nar ten et al. T h e result is shown in Fig. 8 
together with the intensity calculated from the bcc 
model. T h e agreement between both intensities fairly 
well in the positions of the main peaks, but differences 
exist in the region J ~ 2 . 5 — 3 . 5 Â" 1 and in the fine 
structure. Therefore, the long-range correlation 
demonstrated by the present study is important for 
estimating the liquid structure, and the measurements 
including the fine structure are necessary. For this 
purpose the energy-dispersive method is superior to the 
angle-dispersive one. 

We are indebted to Prof. T . Iijima of Gakushuin 
University for helpful disscussions and reading of the 
manuscript. The present work was partially supported 
by Grant-in-Aid for Scientific Research from the 

Ministry of Education. 
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The /-Ray Induced Oxidation of Cyclohexene in the Liquid 
Dinitrogen Oxide at -18 °C 
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The y-radiolysis of a cyclohexene-dinitrogen oxide mixture in the liquid phase at —18 °C has been studied 
and the results compared with that of the radiolysis of a cyclohexene-carbon dioxide mixture in the liquid phase.5) 
The oxidation reaction initiated by oxygen atoms produced in the direct radiolysis of dinitrogen oxide or carbon 
dioxide is common for both solutions, the products being cyclohexene oxide, cylohexanone, and cyclopentane-
carbaldehyde. In the dinitrogen oxide solution, however, two other oxidation processes have to be considered in 
order to interpret the material balance of products and the formation of other oxygenated compounds : cyclohexanol, 
2-cyclohexenol, and 2-cyclohexenone. A possible reaction mechanism is discussed. 

Recently the liquid phase y-radiolysis of the carbon 
dioxide solution of hydrocarbons has been extensively 
investigated.1-6) I t is now believed that the liquid phase 
y-radiolysis of carbon dioxide provides a conventional 
source of oxygen atoms. However, in this system, the 
formation of a small amount of cyclohexanol with a 
G-value of 0.2 has been observed under opt imum 
conditions. This compound has not been observed in 
the gas phase reaction of oxygen atoms with cyclohexene. 
There has been much speculation on the precursor of 
cyclohexanol, one of which is the O - ion. 

Dinitrogen oxide is a well-known electron scavenger, 
widely used in radiation chemistry and 0 ~ or N 2 0 ~ 
ions are believed to be formed by electron scavenging.7) 
Since dinitrogen oxide, like carbon dioxide, is a good 
solvent for hydrocarbon, the y-radiolysis of a cyclo-
hexene-dinitrogen oxide mixture at — 18 °C has been 
studied and compared with the results obtained with a 
carbon dioxide solution.5) 

The experimental procedure is the same as that described 
in a previous paper.5) Impurities in cyclohexene (Tokyo Kasei 
Co.) were less than 0.5%, estimated by gas chromatography 
with a 2-m PEG-600 column of 20% w/w on celite. Dinitrogen 
oxide (Takachiho Shoji Co.) contained no detectable impuri­
ties, confirmed by gas chromatography with a 5 m dimethyl 
sulfolane column of 20% w/w on celite. In order to calculate 
the C-value, the absorbed dose was estimated by Fricke dosi­
metry assuming a proportionality between the absorbed dose 
and the electron density of the solution. 

R e s u l t s 

The G-values of the noncondensable products, 
nitrogen and hydrogen, are shown in Fig. 1 as a function 
of the electron fraction e of N a O . The result is similar 
to that of the radiolysis of mixtures of various hydro­
carbons and dinitrogen oxide.1'8) 

Figure 2 shows the G-values of cyclohexene oxide, 
cyclohexanone, and cyclopentanecarbaldehyde. In the 

t Present address: Faculty of Pharmaceutical Sciences, 
Toyama Medical and Pharmaceutical University, Sugitani, 
Toyama 930-01. 

It Present address : Institute of Isotopes of the Hungarian 
Academy of Sciences, H-1525, Budapest, P. O. B. 77. 

Fig. 1. The G-values of nitrogen (O) a n°l hydrogen 
( 0 ) from a cyclohexene-dinitrogen oxide mixture as a 
function of the electron fraction s of dinitrogen oxide. 

o. 

o 

0l-X-g-rr-Tri~ n. n a • n ,£• . S 
0 0.2 0.4 0.6 0.8 1.0 

e 

Fig. 2. The G-values of cyclohexene oxide (O)» cyclo­
hexanone ( 0 ) , and cyclopentanecarbaldehyde (Q) as 
a function of the electron fraction of dinitrogen oxide. 
The dashed curve was drawn by assuming G (cyclo­
hexanone)/G (cyclohexene oxide+cyclohexanone) — 0.2, 
the ratio which was obtained in the radiolysis of a 
cyclohexene-carbon dioxide mixture. 

y-radiolysis of a cyclohexene-CO 2 mixture, the three 
products were explained in terms of the addition reac­
tion of oxygen atoms to cyclohexene. T h e electron 
fraction dependence of G (cyclohexene oxide) in Fig. 2 
is very similar to that obtained with a cyc lohexene-C0 2 

mixture;5) however, G (cyclohexanone) deviates from the 

Exper imenta l 
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curve drawn on the assumption that G(cyclohexanone)/ 
G(cyclohexene oxide+cyclohexanone) = 0 . 2 , the ratio 
obtained in the y-radiolysis of a cyclohexene-CO a 

mixture. T h e deviation suggests that there is another 
process for the formation of cyclohexanone. 

Ö 

Fig. 3. The G-values of cyclohexanol (Q), 2-cyclohex-
enol ( 0 ) , and 2-cyclohexenone (A) as a function of 
the electron fraction of dinitrogen oxide. 

Figure 3 shows the G- values of other oxygen containing 
compounds : cyclohexanol, 2-cyclohexenol, and 2-cyclo­
hexenone, the yields of which were very small in the 
radiolysis of the carbon dioxide solution. 

e> 

Fig. 4. The G-values of bi(2-cyclohexenyl) ( O ) J cyclo-
hexane (Q), 2-cyclohexenylcyclohexane ( • ) , bicyclo-
hexyl (B) , and 2-cyclohexenyl-1 -cyclohexene (A) a s a 

function of the electron fraction of dinitrogen oxide. 

Figure 4 shows the G-values of hydrocarbon products. 
Bi (2-cyclohexenyl) shows a peculiar dependence on the 
electron fraction of N 2 0 ; at low concentration of N 2 0 , 
the G-value increases with increase in the electron 
fraction of N 2 0 until it reaches a maximum at e = 0 . 1 
after which it decreases. 

D i s c u s s i o n 

Oxygen Atom Reactions. The dependence of 
G (cyclohexene oxide) on the electron fraction of N 2 0 
(Fig. 2) is similar to that for the G-value of this com­
pound on the electron fraction of C 0 2 obtained in the 
y-radiolysis of a cyc lohexene-C0 2 mixture. O n the other 
hand, cyclohexene oxide is known to be one of the main 
products in the gas phase reaction of oxygen atoms with 
cyclohexene.5) T h e formation of cyclohexene oxide in 

the present experiment, therefore, may be ascribed to 
the reaction of oxygen atoms produced in the direct 
radiolysis of N a O with cyclohexene. 

NaO > N2 + O (1) 

/ \ / \ /KfO / \ / C H O 
I y + o — | £;o, | , | | 2) 

\y v v — 
Gyclopentanecarbaldehyde is a minor product among 
the three compounds. 

At high electron fractions, above 0.6, of N 2 0 , a slight 
deviation is observed from the linearity between G-
(cyclohexene oxide) and e. This deviation may be due 
to another process for the formation of oxygen atoms 
which is interrupted by the presence of cyclohexene : 

N aO+ + N a O- • N2 + O + N 2 0 , (3) 
N 2 0 + + cyclo-C6H10 • N 2 0 + cyclo-C6H10

+. (4) 

A similar process has been discussed in the case of the 
cyclohexene-C0 2 mixture.5) 

Reactions of N20~ (or 0~) Ions. Dinitrogen oxide 
is a well-known scavenger. Nitrogen molecules are 
produced as the consequence of electron scavenging. 
However, the detailed mechanism for the formation of 
nitrogen has not been established.9-11) 

According to the discussion of Wakeford and 
Freeman,12) the main reactions initiated by ionization in 
the y-radiolysis of cyclohexene may be described as 
follows : 

cyclo-C6H10 • cyclo-C6H10
+ + e" (5) 

cyclo-G6H10
+ + e 

H + cyclo-C6H 

(6) 

(7) 

(8) 

(9) 

(10) 

(H) 

(12) 

(13) 

When a small amount of N 2 0 is present in this system, 
N 2 0 interrupts the neutralization reaction. According 
to the mechanism proposed by Sambrook and Freeman 
for the radiolysis of hydrocarbons containing N 2 0, 8 ) the 
succeeding reactions may be written as follows : 

e" + NaO > N a O- (or N2 + O") (14) 

N 2 0 " + cyclo-C6H10 > N2 + OH" + | f (15) 
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OH" + eyclo-C6H10
+ 

,OH 

+ 

,OH 
+ I T 

H20 + | 

A/OH 

V 
/ \ / O H 

X y O H 

/ \ / O H 

y \ / O H 

r 

+ A 

+ A 

+n 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

A /OH / \ , 0 
+ I I (26) 

The increase of G(bi(2-cyclohexenyl)) and the decrease 
in G-values of other hydrocarbon products upon addition 
of N 2 0 can be explained by this reaction mechanism. 
However, the increase of G(N2) with the increase in e 
is too great to be explained by the above mechanism.10) 
The neutralization reaction which does not lead to the 
formation of any products, 

cyclo-C6H10
+ + e- • cyclo-C6H10, (22) 

may play an important role in the present reaction 
system. The fraction of the neutralization reaction not 
leading to the formation of any products has not been 
determined even in the radiolysis of cyclohexane for 
which numerous studies have been published. There is 
some evidence to show that this fraction is negligibly 
small.13) 

When s is larger than 0.1, N 2 0 suppresses the forma­
tion of bi(2-cyclohexenyl) (Fig. 4) . This suggests that 
the N 2 0 ~ or O " ions are reactive to N 2 0 molecules. 
For this reaction, two processes are energetically 
possible;9) 

N 2 0 " + NaO • N2 + NO + NO", (23) 

> 2N2 + 0 2 " . (24) 

In mass spectrometry,14) Reaction 23 is the main 
process and if the same is true here, then the G-value 
of the electrons from cyclohexene should be of the order 
of G(N2) ; i-e., about 5—7, since one nitrogen molecule 
corresponds to one electron captured by N a O . O n the 
other hand, if Reaction 24 is the main process, the 
G-value of the electrons should be in the range 2.5—3.5. 
The latter value is consistent with the W-value obtained 
in the gas phase,15) Reaction 22 not being necessarily 
involved in the reaction mechanism. From the present 
experiment it is impossible to determine which Reaction, 
23 or 24, is more dominant. However, in order to 
explain the deviation of G(cyclohexanone) from the 
dashed curve (Fig. 2), Reaction 24 has been tentatively 
used as follows: 

cyclo-C6H10
+ + 0 2 - + HO a . (25) 

+ H02- + C ^ 

At present, no completely self-consistent reaction scheme 
for the formation of all oxygen containing products can 
be proposed. 

Material Balance. Since the origin of oxygen 
atoms in the present system is dinitrogen oxide, the 
G-value of nitrogen should be equal to the sum of the 
G-values of oxygen containing products. However, the 
observed G-value of oxygen containing products does 
not reach 20% of the G-value of nitrogen. Sambrook 
and Freeman suggested that most of the oxygen contain­
ing product is water.8) T h e G-value of water in the 
present experiment could not be measured because of 
experimental difficulties. However, if the rest of the 
oxygen containing products is water, hydrocarbon 
products such as bi(2-cyclohexenyl) should not decrease 
with an increase in e, since two hydrogen atoms in water 
molecule should be supplied from cyclohexene. No 
material balance was given by Sambrook and Freeman 
for hydrocarbon products in their experiments. 

In conclusion, the y-ray induced oxidation of cyclo­
hexene in liquid dinitrogen oxide occurs through three 
processes. The precursor in the first process is the 
oxygen a tom produced by the direct radiolysis of 
dinitrogen oxide. T h e second process proceeds by the 
reaction of N 2 0 ~ or O " ions, produced by the electron 
scavenging of the N a O molecule. T h e third process is 
not clear ; the precursor may be produced in the reaction 
of N 2 0 ~ or 0 ~ ions with N 2 0 . It might be 0 2 ~ ions. 
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Cumene has been passed over a silica-alumina bed at low temperature (210 to 254 °C) and at cumene pressures 
of 0.003 to 0.023 atm. Both dealkylation and disproportionation occurred simultaneously and independently of 
each other. The disproportionation/dealkylation ratio increased with decrease in temperature and/or an increase 
in cumene pressure. The dealkylation and disproportionation reactions followed a Langmuir-Hinshelwood model 
with inhibition by the reactant. The dealkylation has been interpreted in terms of a unimolecular surface reaction, 
while the disproportionation reaction in terms of a bimolecular surface reaction. The heat of adsorption of cumene 
and the entropy loss of cumene on adsorption were much larger for the dealkylation sites than for the dispropor­
tionation sites. These results indicated that dealkylation was catalyzed by strong acid sites, while disproportion­
ation by weak acid sites. The dealkylation had a much higher activation energy than the disproportionation 
reaction. The activation energy for dealkylation (33.5 kcal mol-1) was in good agreement with that predicted 
on the assumption that the previously reported LFER (linear free-energy relationship) in the alcohol dehydration 
holds for alkylbenzene dealkylation. 

The catalytic dealkylation of cumene has been 
employed as a standard test for characterizing acidic 
cracking catalysts. The kinetics have been investigated 
in detail at high temperatures (above 300 °G) by Prater 
and Lago,2) Horton and Maatman, 3) and Wojciechowski 
and coworkers.4»5) Under the conditions where the 
reverse reaction is negligible, the accepted kinetic scheme 
of this reaction is 

C + S ç = ± CS > products, (1) 

where C represents cumene, S, an active site, and GS, 
cumene adsorbed on an active site. I t has been shown 
that the bond-breaking step, CS-^products, is the rate-
determining step.2'6'7> 

Cumen is known to undergo disproportionation to 
benzene and diisopropylbenzenes in the presence of a 
Friedel-Crafts catalyst.8 '9) Therefore, under favorable 
conditions, cumene disproportionation may take place 
on acidic cracking catalysts. However, little attention 
has been paid hitherto to this reaction over acidic 
cracking catalysts. T h e present study intends to obtain 
kinetic data on the nature of the active sites for cumene 
dealkylation and disproportionation, as well as about 
the nature of the two reactions, under the conditions 
where both reactions take place simultaneously. 

Recently, it has been reported that the activation 
energy for the bond-breaking step in the catalytic 
dehydration of alkanols ( R O H ) on silica-alumina has a 
linear relationship with the heterolytic bond dissociation 
energy for the C - O bond in alcohols, D(R+OH-).1 0> 
Mochida and Yoneda7) reported that the apparent 
activation energy for the dealkylation of monoalkyl-
benzenes (RPh, where R = a l k y l and P h = p h e n y l ) over 
silica-alumina had a linear relationship with the 
enthalpy change of the hydride abstraction from the 
corresponding paraffin, Aif c+(R). This enthalpy 
change, in its turn, linearly correlates with D(R+Ph~) 
for R P h . Therefore, the present study also intends to 
establish whether the L F E R (linear free-energy relation­
ship) obtained in the alcohol dehydration holds in the 
catalytic dealkylation of monoalkylbenzenes. 

Exper imenta l 

Materials. The silica-alumina (SA~1, 13% AI3O3) was 
obtained from the same source.6»7'10) Cumene of GR grade 
from Tokyo Kasei was percolated through two columns packed 
with silica gel and active alumina, and stored over a mixture 
of active alumina and Molecular Sieve 4A under nitrogen. 
Gas-chromatographic analysis of the cumene indicated a purity 
of 99.2 mol % ; the impurities were in- and ̂ -xylenes which did 
not affect the reactions to any detectable extent. Hydrogen, 
used as a diluent gas, was purified by passing it through a 
Deoxo column and then a Dry Ice-ethanol temperature trap. 

Apparatus and Procedures. Experiments were conducted 
in a continuous flow-type reactor, the details of which have 
been given in a previous paper.10) Catalyst charges of 0.19— 
0.26 g were used depending mainly on the reaction tempera­
ture. The catalyst was activated in a hydrogen stream with a 
flow rate of 40 STP ml min"1 for 2 h at 450 °C. The tempera­
ture was then lowered to the reaction temperature (210—254 
°C) and additional hydrogen was admitted from another inlet. 
After the total flow rate of hydrogen had been adjusted to 
about 300 STP ml min -1 , cumene was introduced from a 
microfeeder. The desired partial pressure was attained about 
30 min later. 

Subsequently, a portion of the effluent gas was led through 
a 6-way sampling-valve to a gas-liquid Chromatograph with a 
flame ionizing detector for analysis at intervals of 5—10 min. 
An analysing column of Silicone DC-11 (2-m long) was used 
at 140 °C. In some experiments, a column of VZ-7 (6-m long) 
was also used at 0 °C for analysis of lighter hydrocarbon 
products. 

A total of five kinetic runs were made at 210—254 °C. In 
each run lasting for 7—8 h at constant temperature, the run 
was divided into several periods in which the partial pressure 
of cumene was altered over the range of 0.003—0.023 atm (by 
changing the feed rate). Each period lasted for 60—80 min, 
including an initial 30 min period for the attainment of steady-
state conditions (no samples taken). In the subsequent period 
of 30—50 min, the effluent gas was analysed at least four times. 

Treatment of Data. A plot of the cumene conversion to 
each product against the reciprocal space velocity was linear 
through the origin in the region of total conversion below 8%, 
indicating that the differential-reactor conditions were met. 
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Since the total conversion of cumene was kept below this level 
in all runs, the rate of formation of the i product, vl9 was 
calculated by 

v{ = xf/W, (2) 

where xt is the fractional conversion to the i product, F, the 
feed rate of cumene (mol min -1) and W> the catalyst weight(g). 

Slow catalyst aging occurred during the run, necessitating 
correction of the data on a common basis. The bracketing 
sequence of Sinfelt11) was adopted for this purpose : periods at 
a chosen standard condition were repeated between periods at 
other conditions. The rates of formation of the dealkylation 
and disproportionation products were plotted separately as a 
function of run time. Smooth curves were drawn through the 
data of the standard periods to obtain the aging curves. Inter­
mediate run periods were then corrected to a common refer­
ence time using the following relationships, since the aging 
curves were linear as will be stated below : 

a= (vr
6-vt

6)/vT
6, 

vT = vj(l-a), 

where a is the degree of catalyst aging, vT
s and vt

8, the reaction 
rates for standard conditions at reference time r and another 
time t, respectively, and vT and vt) the reaction rates for other 
conditions at times r and t, respectively. 

Sample analyses in each period consistently gave the same 
product composition, implying that the catalyst aging was 
negligible in that period. Therefore, each period was repre­
sented by the reaction rates and run time averaged over that 
period. Typical plots of the rates of formation as a function of 
run time are presented in Fig. 1. Other temperature condi­
tions gave a similar catalyst aging pattern, indicating that the 
catalyst activity declined slowly and linearly with increasing 
run time. The standard periods were operated at a cumene 
pressure of 0.003—0.004 atm. The reference time was t/min= 
50 in Fig. 1. 
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Fig. 1. Catalyst aging for run at 220 °C. 
O and 0 denote the rates of dealkylation and dispro­
portionation, respectively, (s), the standard period. 

R e s u l t s 

Diffusion Effects. The mass transfer effects were 
assessed by running at constant partial pressure (0.023 
atm) and temperature (250 °C) and by varying the 
total flow rate of the diluent gas over the range of 100 
to 400 STP ml min - 1 . The reaction rates for dealkyla­

tion and disproportionation did not change when the 
total flow rate was higher than 180 STP ml min - 1 , 
indicating that the external diffusion effects were 
negligible under such conditions. The diluent gas has 
therefore been passed at a flow rate of about 300 STP 
ml m i n - 1 in all kinetic runs. 

The internal diffusion effects have been examined 
using the Weisz formula,12) 

dN 1 W 
dt C0 Veff 

where dN/dt is the reaction rate in mol s - 1 cm - 3 , C0, 
the reactant concentration in mol c m - 3 , R, the catalyst 
particle radius in cm, and Deîîi the effective diffusion 
constant in cm2 s - 1 . I n the present study, the limits for 
these coefficients are as follows: dN/dt=5 X 10~7 

mol s - 1 c m - 3 as the total reaction rate of cumene, C 0 = 
1 x 10-7 mol cm- 3 , R=5 X 10"3 cm, and Deff= 10"3 

cm2 s _ 1 for the system of silica-alumina and cumene.12) 
These values give a 0 of 1.3 X 10_1 , from which the 
effectiveness factor is evaluated to be very close to 1 for 
zero- to second-order reactions.12) Consequently, the 
internal diffusion effects on the reaction rates have been 
concluded to be negligible. 

TABLE 1. PRODUCT COMPOSITION FROM CUMENE 

ON SILICA-ALUMINA 

t 

°c 
210 
230 
254 
254 

pa) 
atm 

0.02 
0.02 
0.02 
0.01 

P 

0.59 
0.70 
0.80 
0.85 

Molar ratios of products1* > 
DPB 

0.39 
0.33 
0.19 
0.12 

P+DPB 

0.98 
1.03 
0.99 
0.97 

B 

1.00 
1.00 
1.00 
1.00 

c) 
DPB/P 

0.66 
0.47 
0.24 
0.14 

a) Cumene partial pressure, b) P=propene, DPB=m-
and ^-diisopropylbenzenes, B=benzene, c) Normalized 
to benzene = 1.00. 

Reaction Products. T h e reaction products were 
propene (P), benzene (B), and m- and /?-diisopropyl-
benzenes (DPB); ö-diisopropylbenzene was not formed 
to any detectable extent. Table 1 presents typical data 
on the product composition. Other temperature and 
partial pressure conditions gave a similar product 
composition. O n the basis of these data , the following 
points emerge: (a) propene is consistently smaller in 
the amount of formation than benzene, indicating 
reactions other than dealkylation, (b) the amount of 
propene plus diisopropylbenzenes is equal to that of 
benzene, (c) the DPB/P ratio changes depending upon 
the temperature and cumene pressure, i.e., the lower-
temperature and/or higher-cumene pressure conditions 
favor the formation of diisopropylbenzenes. 

The formation of propene undoubtedly results from 
the dealkylation of cumene. T h e possible reactions which 
form diisopropylbenzenes are the disproportionation of 
cumene, the alkylation of cumene with propene, and the 
alkylation of benzene with propene. T h e existence of 
one of the three reactions, in addition to that of dealkyla­
tion, accounts for observation (b), P + D P B = B . As 
mentioned in Experimental, a plot of the cumene 
conversion to each product against the residence time 
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was linear through the origin, indicating that the two 
isomers of diisopropylbenzene are primary products. 
Therefore, the last two of the three reactions are unim­
portant for the formation of diisopropylbenzenes under 
these experimental conditions. The rates of formation 
of diisopropylbenzenes and propene thus give the rates 
of disproportionation, r/D, and dealkylation, Vc, respec­
tively. In some experiments, the difference in the 
amounts of benzene and propene was taken as the 
amount of diisopropylbenzenes formed. T h e ratio of 
the meta to the para isomers was 1.3—1.6 for all runs. 

Kinetics. The rate data were first subjected to a 
simple power low rate equation. The plots of log vc 

and log Vu versus log /> (cumene pressure) indicated that 
the kinetic expressions were more complex than a simple 
first- or second-order reaction. 

Subsequently, the data was analysed using the 
Langmuir-Hinshelwood theory. Best fits were found 
when dealkylation was assumed to be controlled by a 
single-site surface reaction, namely, 

TABLE 2. RATE AND ADSORPTION-EQUILIBRIUM CONSTANTS 

FOR CUMENE DEALKYLATION AND DISPROPORTIONATION 

VC = 
1+KcP' (3) 

and disproportionation by a dual-site surface reaction, 

t 

210 
220 
230 
240 
254 

Dealkylation 
' " ^ V 

KQ KQ 

(xmol min - 1 g-1 

5.33 
12.7 
20.4 
40.6 

105 

atm-1 

175 
93.5 
84.0 
54.0 
27.4 

Disproportionation 

A:D 

(xmol min - 1 g - 1 

7.31 
12.7 
16.6 
25.0 
39.1 

* D 

atm-1 

114 
88.9 
79.0 
71.4 
53.3 

where kc and kD are the rate constants for dealkylation 
and disproportionation, respectively, Kc and KD, the 
adsorption equilibrium constants of cumene for the 
dealkylation and disproportionation sites, respectively. 
Figures 2 and 3 show typical plots for these equations. 
T h e proposed fit to the equations is good and the values 
for the rate and adsorption-equilibrium constants 
obtained from each plot are given in Table 2. The'plots 
of log k and log K versus l/T were ideally linear. The 
activation energies (EA), the pre-exponential factors (A), 
the heats of adsorption (Qa)>

 a n d the entropies of 
adsorption (A5a) were calculated from the plots, the 
results of which are included in Table 3. 

100 200 
atm//> 

300 

Fig. 2. Correlation of dealkylation rates with Eq. 3. 
O : 2 1 0 ° C , # : 2 5 4 ° C . 

100 200 

atm//) 

Fig. 3. Correlation of disproportionation rates with 
Eq. 4. 
O : 2 1 0 ° C , # : 2 5 4 ° C . 

TABLE 3. ARRHENIUS PARAMETERS, HEATS OF ADSORPTION, 

AND ENTROPIES OF ADSORPTION FOR CUMENE 

DEALKYLATION AND DISPROPORTIONATIONA) 

Dealkylation Disproportionation 

EA/kcal mol-1 

log (A/yxnol min-1 g-1) 
QJkcalmol-1 

ASa/cal K- 1 mol-1 

33.5 
15.9 
20.1 

- 3 1 . 4 

19.4 
9.67 
8.1 

- 7 . 4 

a) EA is the activation energy, A, the pre-exponential 
factor, Q,a and ASa, the heat and entropy of adsorption, 
respectively. 

D i s c u s s i o n 

The Nature of the Dealkylation, Disproportionation, and 
Active Sites. T h e kinetic model which best correlates 
the rate data on the dealkylation at low temperatures is 
identical with that which has generally been accepted 
for the same reaction at higher temperatures (Eq. 1). 
This implies that the low-temperature dealkylation of 
cumene is rate-determined by a unimolecular surface 
reaction of cumene adsorbed on an active site. The 
disproportionation of cumene has kinetically been shown 
to be rate-determined by a bimolecular surface reaction 
of the adjacent, absorbed molecules of cumene. The 
cumene disproportionation is therefore the same in the 
kinetic model as the disproportionation of toluene13) and 
mesitylene14) over acidic solid catalysts. The reactions 
are clearly different from each other in the number of 
cumene molecules which participate in the respective 
rate-determining steps. This difference gives rise to an 
increase of the disproportionation/dealkylation ratio with 
an increase in the partial pressure of cumene. In addi­
tion, the dealkylation has a higher activation energy 
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than the disproportionation, as shown in Table 3 and 
the disproportionation/dealkylation ratio, therefore, 
decreases steeply with increase in temperature (Table 1 ) . 

For the dealkylation, the adsorbed cumene has 
generally been supposed to be a ^-complex with the 
proton attached at the substituted position. According­
ly, the rate-determining step in the kinetic model 
corresponds to a break of the C (phenyl)-C(isopropyl) 
bond in the tf-complex. Previous L F E R studies on the 
dealkylation of monoalkylbenzenes6 '7) has shown that 
bond-breaking in the rate-determining step is heteroly-
tic. The alkylbenzene disproportionation in the presence 
of Friedel-Crafts catalysts has been accepted as rate-
determined by the nucleophilic attack of an arene on an 
arene cation.8-9'15) The nature of the arene cation 
does not seem to have been established: a ^-complex8) 
of the same type as proposed for the alkylbenzene 
dealkylation and a sr-complex9) have been suggested; a 
benzyl cation has also been proposed for the dispropor­
tionation of primary alkylbenzenes.15) 

Since the adsorption equilibrium constant measures 
the strength of the interactions of an adsorbing molecule 
with an active site, the nature of active sites should be 
reflected in the constant. If the dealkylation and 
disproportionation occurred, respectively, via a uni-
molecular and a bimolecular reaction of the surface 
species present on the same active sites, the same 
adsorption equilibrium constant would kinetically be 
observed for the two reactions. The data in Table 2 
clearly shows that the adsorption equilibrium constants 
for the two reactions are different in magnitude. This 
difference in the adsorption equilibrium constant is 
emphasized by the data in Table 3, where the Q,a and 
AjSa values are clearly different for the two reactions. 
The heat of adsorption of cumene is notably smaller 
for the disproportionation sites than for the dealkylation 
sites. These results, therefore, indicate that the active 
sites differ in nature, probably in acidic nature . Deal­
kylation is catalyzed by strong acid sites, while dispropor­
tionation by weak acid sites. 

The difference in the heat of adsorption also suggests 
that the surface species on the disproportionation sites 
are more mobile than those on the dealkylation sites 
and this is confirmed by a comparison of the entropy 
data in Table 3. As shown, cumene in the gas phase has 
an entropy loss of about 31 cal K - 1 m o l - 1 when it is 
adsorbed on the dealkylation sites, while the entropy 
loss markedly decreases when cumene is adsorbed on 
the disproportionation sites. An entropy loss of 31 cal 
K - 1 m o l - 1 is comparable to that for immobile adsorp­
tion, which has been estimated to be 39 cal K - 1 m o l - 1 

under the present experimental conditions.16) I t has 
therefore been deduced that cumene molecules adsorbed 
on the disproportionation sites are, probably, relatively 
free on the surface. This viewpoint is in line with the 
nature of the disproportionation reaction, since a 
bimolecular surface reaction necessitates mobile ad­
sorbed molecules. 

Finally, it must be said that the correct kinetics for 
disproportionation were not obtained assuming the 
following two possible mechanism: a Rediel-type 
mechanism with the rate-determining step involving 

reaction between an adsorbed cumene molecule and 
another cumene molecule in the gas phase, a Langmuir-
Hinshelwood mechanism with the rate-determining step 
in which a cumene molecule chemisorbed on the 
dealkylation site reacts with another cumene molecule 
chemisorbed on the adjacent site which differs in nature 
from the dealkylation sites. 

Activation Energy for Dealkylation. Recently, it 
has been found that, in the catalytic dehydration of 
alkanols over silica-alumina, the activation energy for 
the bond-breaking step has a linear relationship with the 
heterolytic bond dissociation energy for the C - O bond 
in the alcohols, Z)(R+OH~).1 0) The activation energy 
for the bond-breaking step in the cumene dealkylation 
has consequently been determined. T h e silica-alumina 
catalyst used for both dehydration and dealkylation was 
from the same batch and was activated in the same way. 
T h e alcohol dehydration and the alkylbenzene dealkyla­
tion belong to an olefin-forming elimination reaction 
catalyzed by acids. Therefore, it is necessary to establish 
whether the L F E R obtained in the alcohol dehydra­
tion holds in the alkylbenzene dealkylation. T h e 
D(R+Ph _ ) value for cumene has been calculated to be 
220 kcal m o l - 1 using the reported values for the standard 
heats of formation of cumene, the isopropyl cation, and 
the phenyl anion, as shown in Table 4. This Z)(R+Ph-) 

TABLE 4. HETEROLYTIC BOND DISSOCIATION ENERGY 

AND RELATED THERMODYNAMIC QUANTITIES** 

R 

Et 
n-Pr 
f-Pr 
n-Bu 
i-Bu 
s-Bu 
t-Bu 

A#°f(R+)b> 
kcal mol - 1 

219.0 
207.8 
191.7 
200.7 
198.7 
183.3 
166.6 

A#°f(RPh)c> Z>(R+Ph-)d> 
kcal mol - 1 kcal mol - 1 

7.12 241 
1.87 235 
0.94 220 

- 3 . 3 0 233 
- 5 . 1 5 233 
- 4 . 1 7 216 
- 5 . 4 2 201 

AH°i(Ph-)e>/kcal mo l - 1 -29 .0 

a) AH°t is the standard heat of formation, D, the hetero­
lytic bond dissociation energy, EA, the electron affinity, 
Et=ethyl; Pr=propyl; Bu=butyl ; Ph=phenyl, b) See 
Ref. 10 and references cited therein, c) D. S. Stull, E. 
F. Westrum, Jr., and G. C. Sinke, "Chemical Thermo­
dynamics of Organic Compounds," John Wiley & Sons, 
New York (1969). d) Calculated according toZ>(R+Ph-) 
= A//0

f(R+) + A/ / ° f (Ph- ) -At f° f (RPh) . e) Calculated 
according to AH°t (Ph~) =AH° f(Ph) -EAÇPh) using 
Atf°f(Ph)/kcal m o l - ^ 8 0 . 0 ' ) and J5L4(Ph)/kcal m o l - ^ 
51.0.*> f) D. M. Golden and S. W. Benson, Cheat. Rev., 
69, 125 (1969). g) A. F. Gaines and F. M. Page, Trans. 
Faraday Soc, 59, 1266 (1963). 

value is equal in magnitude to the Z)(R+OH_) value 
for j -butyl alcohol. The assumption that the L F E R 
in the alcohol dehydration holds in the alkylbenzene 
dealkylation predicts an activation energy of 32 kcal 
m o l - 1 for the bond-breaking step in the cumene dealkyla­
tion. The predicted value is very close to the observed 
one (33.5 kcal mol- 1 , Table 3). 

T h e apparent activation energies for the monoalkyl-
benzene dealkylation have been reported by Mochida 
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and Yoneda,7) under the conditions where the reaction 
was nearly first-order in the reactant using silica-alumina 
taken from the same batch as used in the present work. 
T h e numerical values of the apparent activation energies 
reported in Ref. 7 are as follow (in kcal m o l - 1 ) : 1 7 ± 4 
(ethylbenzene) ; 1 4 . 5 ^ 2 (propylbenzene) ; 14 .5±1.5 
(butylbenzene); 11 ± 3 . 5 (cumene); 11 ± 2 (j-butyl-
benzene); 10:1:1 (^-butylbenzene). T h e assumption6) 
that the heat of adsorption is approximately the same 
for all the alkylbenzenes used has been used here. 
Using the observed value for the heat of adsorption 
of cumene on the dealkylation sites (Table 3), the 
activation energies for the zero-order dealkylation, 
namely, for the bond-breaking step in the dealkylation 
may be calculated as the sum of the apparent activation 
energies and the heat of adsorption of cumene. T h e 
calculated values and the values predicted from the 
L F E R in the alcohol dehydration and the Z)(R+Ph-) 

190 200 210 220 230 240 250 
Z)(R+X-)/kcal mol"1 

Fig. 4. Correlation of activation energies for alcohol-
dehydration and alkylbenzene-dealkylation over silica-
alumina with heterolytic bond dissociation energies for 
the C-X bond. Q: Alcohol-dehydration;10) O and 
<• : observed and calculated activation energies, respec­
tively, for alkylbenzene-dealkylation (see text). 

values shown in Table 4 are (given in kcal m o l - 1 as the 
calculated, the predicted): 3 7 ^ 4 , 37 (ethylbenzene); 
3 5 ± 2 , 35 (propylbenzene); 3 5 ± 1 . 5 , 35 (butylbenzene); 
31 ± 3 . 5 , 32 (cumene); 31 ± 2 , 31 (^-butylbenzene); 
3 0 ± 1 , 28 (^-butylbenzene). The activation energy 
calculated for the cumene dealkylation is in good 
agreement with that observed in the present study. 
Also, the agreement between the calculated and the 
predicted values is excellent for all the alkylbenzenes 
used, though the equality in the heat of adsorption has 
been assumed as above. Therefore, it is likely that the 
L F E R observed in the alcohol dehydration holds, at 
least approximately, in the alkylbenzene dealkylation, 
as shown in Fig. 4. 
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The character of the B-X bond (X=C1, Br, and I) in BX3-TMA complexes (TMA==trimethylamine) has 
been studied on the basis of the results of the nuclear quadrupole resonance (NQR). The ionic character of the 
B-X bond decreased in the order as expected from the electronegativity of the halogen atoms. The temperature 
dependence of the halogens on the NQR frequencies has been examined for BBr3- and BI3-TMA. For BBr.}-
TMA, all the observed resonance lines faded out far below the melting point and this has been attributed to the 
hindered rotation of the BBr3 group about the B-N bond, as with BC13-TMA. 

The crystal structure of B X 3 - T M A complexes has 
been recently determined by X-ray analysis1) and the 
atomic arrangement about the boron atom is shown to 
be approximately tetrahedral and that the B-N bond 
distance decreases with increasing atomic weight of the 
halogen atom. I t is of interest to examine the character 
of the B - X and B-N bonds in these complexes. Further­
more, for BCI3-TMA, the reorientation of the methyl 
and trimethylammonio groups is known to affect the 
temperature dependence of the 35C1 N Q R frequencies2) 
and consequently a study of the temperature dependence 
of the N Q R frequencies for BBr3- and B I 3 - T M A will 
elucidate dynamic properties of the crystals. 

Exper imenta l 

BC13 and BBr3 were prepared by heating a mixture of potas­
sium tetrafluoroborate with aluminum(III) chloride or bro­
mide, respectively, up to 140—170 °C.3> BI3 was prepared 
from sodium hydroborate and iodine according to the method 
of Schumb et «/.*> The complexes BC13- and BBr3-TMA were 
prepared by the dropwise addition of a dichloromethane 
solution of BX3 to a dichloromethane solution of TMA under 
dry nitrogen. For the complex BI3-TMA, a similar procedure 
was conducted using benzene as a solvent. BC13- and BBr3-
TMA were recrystallized from ethanol and BI3-TMA from 
benzene. The compound obtained was dried in a vaccum 
desiccator. The elemental analyses of these complexes agreed 
well with theoretical values. Found: C, 20.47; H, 5.26; N, 
7.75%. Calcd for C3H9NBG13: C, 20.44; H, 5.14; N, 7.94%. 
Found: C, 11.86; H, 3.01 ; N, 4.56%. Calcd for C3H9NBBr3: 
C, 11.64; H, 2.93; N, 4.52%. Found: C, 7.96; H, 2.05; N, 
3.09%. Calcd for C3H9NBI3: C, 8.00; H, 2.01; N, 3.10%. 

NQR spectra were observed on an oscilloscope using a super-

regenerative oscillator with frequency modulation. NMR were 
observed using a broad line NMR spectrometer, JES-ME 1 
from JEOL Co., Ltd. 

R e s u l t s and D i s c u s s i o n 

NQR of BX3-TMA. The N Q R frequencies of 
boron trihalides and their complexes are listed in Table 
1. Each N Q R line for BBr3, BI3, and their complexes 
was split into a doublet by the boron isotope, 10B and 
nB.6) However, the frequencies are listed only for the 
halogen atoms linked to the n B atom. Each complex has 
two resonance lines with an intensity ratio of 1 to 2 and 
this is consistent with the X-ray analysis.1) The weaker 
resonance line in each complex is due to the halogen 
atom on the symmetry plane and the stronger to the 
two halogen atoms symmetrically located with respect 
to this plane. 

I t has been established that the B - X bond in BX 3 has 
a considerably large double bond character.5»6) When 
BX 3 forms a complex with T M A , the BX 3 molecule is 
deformed from a planar to a pyramidal configuration. 
As a direct consequence most of the double bond 
character of the B - X bond is lost i.e., the asymmetry 
parameter of the halogen atoms becomes very small 
as shown in B I 3 - T M A . For 35C1 and 81Br atoms, the 
quadrupole coupling constant, e2Qqjh, is obtained from 
the equation, 

v = (1/2) (é*Q,q/h) ( l+f ' /S) 1 », 0) 
where v is the resonance frequency and y the asymmetry 
parameter. For BC1 3- and BBr 3 -TMA, the asymmetry 
parameter has been assumed to be zero. For 127I atom, 

TABLE 1. NQR PARAMETERS AT 77 K 

Compound 

BCl3
tt> 

BCl3-TMAb> 

BBr3
e> 

BBr 3 -TMA 

BI, 

B I 3 - T M A 

Nucleus 

35C1 

«CI 

8 1 B r 

"Br 

1271 

1271 

Frequency (MHz) 

v% 
Vi 
vt 

Vi 
v2 

21.582 
21.532 
21.779 

146.43 
144.28 
147.20 
214.00 
342.95 
186.65 
371.19 
190.48 
378.84 

Intensity ratio 

1 
2 

1 
2 

2 

1 

V 
0.54 

0.45 

0.453 

0.066 

0.066 

e*Qqjh (MHz) 

41.208 
43.064 
43.558 

283.45 
288.56 
294.40 

1186.3 

1238.4 

1263.9 

a) Ref. 5. b) Ref. 2. c) Ref. 6. 
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the quadrupole coupling constant and asymmetry 
parameter can be derived from the frequency ratio, 
vilv2 (?i a n d v2 a r e t n e frequencies corresponding to the 
±l /2<->±3/2 and ±3/2<->±5/2 transitions, respective­
ly). The quadrupole coupling constants thus obtained 
are listed in Table 1. 

The Character of the B-XBond. The amount of the 
unbalanced p-electron, £/p, is given by7) 

up = i*2a?/*2a?0|, (2i 

where e2QqJh is the quadrupole coupling constant for 
the free halogen a tom (—109.746, 643.032, and 
- 2 2 9 2 . 7 1 2 M H z for 35C1, 81Br, and 1 2 7I , respectively). 
Assuming that the B - X bond is represented by the 
resonance between B-X , B~=X+, and B+X~, Up is 
then related to the ionic character, z, and the double 
bond character, f expressed by6 '8) 

Up= (l-i)(l-s)-(f/2){l-(l-2s)e}, (3) 

where s is the fractional s character of the B - X bond and 
e the correction for the increase in field gradient at­
tributed to the positive fractional charge at the halogen 
atom.8) In addition, the double bond character is 
related to the asymmetry parameter expressed by 

V= (3/2)/(l+«)/tfp. (4) 

Thus , £/p, t, a n d / c a n be deduced from Eqs. 2—4, by 
selecting s=0.\5 and e to be 0.14, 0.13, and 0.12 for CI, 
Br, and I, respectively,9) the results of which are listed 
in Table 2. 

TABLE 2. THE NATURE OF THE B-X BOND 

Compound 

BC13 

BCl3-TMAa> 
BBr3 

BBr3-TMAa> 
BI3 

BI3-TMAa> 

v* 
0.376 
0.395 
0.441 
0.455 
0.517 
0.544 

»'(%) 
50 
54 
42 
47 
32 
35 

/ ( % ) 

12 
0 

12 
0 

14 
2 

a) For each complex, the weighted-mean value of the 
two resonance lines is listed. 

I n each complex, Up is greater than that of the 
halogens in BX 3 caused largely by the loss of double 
bond character upon complex formation. I n addition, 
the ionic character of the complexes decreases in the 
order, chloride^>bromide^>iodide which is consistent 
considering the electronegativity of the halogen atoms. 

Attempts to obtain the quadrupole coupling constant 
of the n B atom at 13 M H z in each complex gave 
neither first-order nor second-order splitting. The 
quadrupole coupling constant of the n B atom in each 
complex was however estimated to be less than 500 kHz 
from the line-width of the poly crystalline sample. 
This value was far less than ca. 2.5 M H z for BX3.10) 
Consequently, in the complex, the B-N bond and the 
three B - X bonds are arranged almost tetrahedrally 
and thus each bond may be regarded as equivalent. 

The Temperature Dependence of the NQR Frequencies. 
For BCI3-TMA, it has been established that the reorien­
tation of the methyl and trimethylammonio groups 
affects the 35C1 N Q R line, i.e., the temperature coefficient 

Koji YAMADA, and Hisao NEGITA [Vol. 52, No. 2 

of the N Q R frequency varied at 100 and 204 K, 
respectively.2) A similar phenomenon was however not 
observed for both BBr3- and BI 3 -TMA. 

For BBr 3 -TMA, the resonance lines faded out in the 
noise level at about 285 K, which far below the melting 
point, 511 K, as seen for BC13-TMA. The resonance 
lines became increasingly broad from 260 K, although 
the accurate evaluation of line-widths could not be 
made, since each N Q R line was a doublet. The disap­
pearance of the N Q R line may be caused by the hindered 
rotation of the BBr3 group. I t is known that the activa­
tion energies of the reorientation of trimethylammonio 
group in BC13- and BBr 3 -TMA are greater than those 
of B H 3 - and B F 3 - T M A . n ) This suggests that in BC13-
and BBr 3 -TMA, the molecule rotates as a whole, that 
is, the triemethylammonio and BX 3 groups do not 
rotate independently. For BBr 3 -TMA, the frequency 
of this motion or the rotation of the BBr3 group reaches 
10 4—10 5Hz in the vicinity of 285 K and approaches 
the N Q R frequency.12) Therefore, rotation of the BBr3 

group or the whole molecule is thought to induce 
broadening of N Q R lines. Moreover, at a particular 
rate of rotation, averaging of the field gradient will occur 
along the axis of rotation reducing the N Q R frequency 
to13) 

vT = vQ(3cos20-l)/2, (5) 

where vT is the averaged N Q R frequency, vQ the N Q R 
frequency of the stationary molecule, and 0 the angle 
between the B-Br bond and the axis of rotation. An 
at tempt to observe the resonance lines above room 
temperature however was unsuccessful. 

2 0 J « 

9. I 

m 

100 200 300 

Temperature/K 

Fig. 1. Temperature dependence of the second moment 
of 1H NMR spectrum for BI3-TMA. 

TABLE 3. CALCULATED SECOND MOMENTS FOR BL-TMA 

Group 
CH3 N(CH3)3 

Static Static 
Rotating Static 
Rotating Rotating 

Second moment (G2) 

28.6 
9.7 
1.6 

For B I 3 -TMA, the resonance lines could be observed 
up to 353 K at which time the sample began to turn 
brown. For this complex, the second moment of 1 H 
N M R spectrum was approx. 7.5 G2 from 113 to 300 K 

Tsutomu OKUDA, Hideta ISHIHARA, 
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as shown in Fig. 1. The theoretical second moment was 
calculated on the basis of the crystal structure1) based 
on the same assumptions for the hydrogen position as 
for Ref. 11, the results of which are listed in Table 3. 
The reorientation of the trimethylammonio group is 
not expected in this temperature range, from a com­
parison of the observed with the calculated values. 
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Magnetic Studies on Basic Salts of Copper, Dicopper Arsenate Hydroxide, 
Dicopper Hydroxide Phosphate, and Dicopper Oxide Sulfate 

Takeshi A S M , * Hiroshi SAHEKI,1 and Ryôiti KIRIYAMA™ 

The Institute of Scientific and Industrial Research, Osaka University, Yamadakami, Suita 565 
(Received June 10, 1978) 

Magnetic susceptibilities, #, of Gu2As04(OH), Cu2(OH)P04 , and Gu2OS04 have been measured from 4.2 to 
360 K to establish the role of the O H - and O 2 - ions in the magnetic superexchange interaction. The former two 
compounds showed a broad maximum for £ at 118 and 110K, respectively. Although the crystal structure is 
three-dimensional, only a tetramer model with two parameters can explain the temperature dependence of %> 
since the hydroxide anion causes a strong magnetic interaction which is limited to four copper atoms between 
which the anion is intermediary. The magnetic susceptibility of Cu2OS04 obeyed the Curie-Weiss law above 
140 K with a Weiss constant of — 56 K. At 16 K the compound transformed into a ferrimagnetic phase, the 
effective megneton number of which is 0.11 at 4.2 K. A canted ferrimagnetic structure has been proposed and 
the canting angle estimated. In the superexchange interaction, only hydroxide and oxide anions are significant 
and both anions behave similarly. 

Copper oxide compounds are a group of substances 
whose magnetic behavior has been widely studied. The 
magnetic properties of many oxoacid copper salts have 
also drawn much interest and have been examined 
theoretically and magnetochemically. However, little 
work has been published on hydroxide compounds. 
Escofner and Gauthier published the Curie and the 
Weiss constants for 15 basic copper salts.1) Diot et al. 
studied copper hydroxide and found its transition to an 
antiferromagnetic phase at about 20 K from measure­
ments of magnetic susceptibility and specific heat.2) 
Abrahams et al. reported that C u I O s ( O H ) showed signs 
of a phase transition into an antiferromagnetic state at 
162 K.3) Hatfield and coworkers found a linear relation­
ship between the exchange energy 2 J and the bridging 
angle of the O H " anion for a series of di-^-hydroxo-
copper(II) complexes.4) The observed correlation was 
explained quantitatively5) as well as qualitatively6) by 
means of MO' s . All experiments indicated that the 
hydroxide anion has the potential to bring about a 
stronger magnetic interaction between copper(II) spins. 

I n order to elucidate the superexchange interaction 
via the hydroxide anion, the magnetic susceptibilities 
of three basic salts of copper, C u 2 A s 0 4 ( O H ) , Cu 2 (OH) -
P 0 4 , and C u 2 O S 0 4 , have been measured from 4.2 to 
360 K. T h e compounds have similar chemical composi­
tions, and contain, as a common structural feature,7 '8) 
a trigonal bipyramid and an octahedron of oxygen 
atoms around a central copper atom. They were chosen 
as a suitable series of compounds to establish the mag­
netic behavior of the hydroxide and the oxide anions. 

E x p e r i m e n t a l 

Preparation. Samples of Gu2As04(OH) and Cu2(OH)-
P 0 4 were prepared hydrothermally at 130—140 °C9> and 
identified by X-ray diffraction.7) Dicopper oxide sulfate, 
Gu2OS04, was obtained by the thermal decomposition of 
CuS0 4 -5H 2 0 at 650 °G over 10 h.10> During this process the 
reacting material was removed from the furnace, ground and 
re-heated several times. This technique was found necessary 

t Present address : Mitsui Aluminum Co., Ltd., 80 Yotsu-
yama-cho, Omuta 836. 

tt Emeritus professor of Osaka University. 

because, otherwise, the decomposition reaction proceeded only 
at the reagent surface owing to sintering of the product, 
Cu2OS04 , resulting in a mixture of CuS04 , Gu2OS04, and 
CuO. The product was identified by powder X-ray diffrac­
tion.8) The reagent used are of superpure grade (Wako Pure 
Chemical Industries, Ltd.). Found: Gu, 44.89; As, 26.03%. 
Galcd for Gu2As04(OH) : Gu, 44.90; As, 26.47%. Found: 
Gu, 53.00; P, 12.88%. Galcd for Gu2(OH)P04 : Cu, 53.16; 
P, 12.96%. 

Magnetic Measurements. The magnetic susceptibility was 
measured from 4.2 to 360K using powder samples. A Faraday 
balance was employed and calibrated for GoHg(SGN)4.

11) 
Susceptibility values were corrected for diamagnetism; the 
values were - 1 . 1 8 , -1 .02 , and -0 .93 mm3 mol-1 for the 
arsenate, phosphate, and sulfate, respectively.12) The tempera­
ture of the sample was measured by a calibrated 0.03% Go: 
Au or constantan vs. Gu thermocouple. 

R e s u l t s and D i s c u s s i o n 

Crystal Structures.7'9) The crystal structures of 
C u 2 ( O H ) P 0 4 and C u 2 O S 0 4 are projected in Fig. 1. As 
a common structural feature, they contain two kinds of 
oxygen polyhedra coordinating to the copper atoms; a 
trigonal bipyramid and an octahedron. In this paper 
the center of the trigonal bipyramid will be designated 

(a) (b) 

Fig. 1. Projection of the crystal structures of (a) Gu2-
(OH)P0 4 and (b) Gu2OS04 . Symbols are Cu: middle 
circle, O: large circle and P or S: small solid circle. 
Oxygen atoms belonging to the hydroxide or the oxide 
anions are shaded. The octahedron in Cu2(OH)P04 

has the diad axis along the c axis, while that in Cu2-
OS0 4 has a center of symmetry. They form a linear 
chain perpendicular to the projection plane. 
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as site A and that of the octahedron as site B. The 
octahedron shares two opposite edges with two neigh­
boring octahedra to form a linear chain. The two 
trigonal bipyramids constitute a dimer by sharing an 
edge. The dimeric unit, the linear chain of the octa­
hedra, and the anion tetrahedra share corners thereby 
forming a three-dimensional network. 

An oxide anion has the tendency to form tetrahedral 
bonds with four metallic cations.13) Consequently, the 
oxide anion in C u 2 O S 0 4 can occupy the position which 
lies on the shared edge of the linear chain and simul­
taneously on that of the dimer. The dimeric unit 
connects two linear chains by the oxide anions. Since 
other oxygen corners of the dimer are shared with the 
same linear chains, the two kinds of coordination 
polyhedra construct a two-dimensional network. This 
network is joined with neighboring ones only by the 
tetrahedra of an S 0 4

2 ~ anion, and as a result, each 
copper atom has 5 or 6 copper neighbors through the 
intermediate oxide anions. 

In contrast, the hydroxide anion can make bonds 
with, at most, three metal atoms.14) This limitation 
brings about a remarkable difference in the manner of 
linkage of the polyhedra between C u 2 ( O H ) P 0 4 and 
C u 2 O S 0 4 . The hydroxide anion in C u 2 ( O H ) P 0 4 lies 
on a shared edge of the linear chain, but in the dimer it 
is located on a corner not belonging to the shared edge. 
The dimer joins two linear chains by the hydroxide 
anions and two more chains by other oxygen atoms. 
In this case, therefore, a three-dimensional network is 
built of the coordination polyhedra, independent of the 
phosphate tetrahedra. Also in the phosphate the copper 
atom has 5 or 6 copper neighbors, two or three of which 
are connected with the copper atoms by the hydroxide 
anions. 

The crystal structure of Cu 2 As0 4 (OH) is isomorphous 
with that of Cu 2 (OH)P0 4 . 1 5 ) The phosphate, however, 
belongs to the space group Pnnm and the arsenate to 
P21nm,16) a subgroup of Pnnm, and so it appears 
necessary to take into account some deformation of the 
coordination polyhedra in C u 2 A s 0 4 ( O H ) . 

Magnetic Properties of Cu2AsO±(OH) and Cu2(OH)PO^. 
The magnetic susceptibilities, xVm) of Cu 2 As0 4 (OH) 
and C u 2 ( O H ) P 0 4 have been plotted as a function of 
temperature in Figs. 2 and 3. The two compounds 
exhibit a similar temperature dependence on xVml a 

broad maximum around 110 K accompanied by a large 
decrease below that temperature. The sharp increase 
of %Vm with decreasing temperature below 10 K has 
been attributed to paramagnetic impurities. There was, 
however, a distinct difference between the maximum 
susceptibilities, X m a x ^ f o r t n e arsenate and the phos­
phate, which were 39.8 and 49.7 mm 3 mol - 1 , respec­
tively. The temperature, Tmax, at which the suscep­
tibility is a maximum, was 118 K for Cu 2 As0 4 (OH) and 
110 K for C u 2 ( O H ) P 0 4 . Such large values of T m a x 

indicate that the magnetic interaction between copper-
(II) spins is very strong in these compounds. Since the 
two values of Tmax are similar, the large difference in 
Zmax^m n a s been attributed to differences in the magnetic 
interaction and the g-factor. 

The susceptibility obeyed the Curie-Weiss law, lVm— 

400 
T/K 

Fig. 2. Temperature dependence of the magnetic sus­
ceptibility of Cu2As04(OH). The solid line shows the 
calculated susceptibility for the tetramer model with 
parameters of £=2.02, 7 = - 6 8 K and 7 7 7 = - 3 . 0 
plus a contribution from paramagnetic impurities. 

Fig. 3. Temperature dependence of the magnetic sus­
ceptibility of Cu2(OH)P04 . The solid line shows the 
calculated susceptibility for the tetramer model with 
parameters of £=2.16, 7 = - 6 2 K and 7 7 7 = - 2 . 4 
plus a contribution from paramagnetic impurities. 

CftT— 0), above 200 K. However, in the course of the 
analysis given below, the temperature of measurement 
was found so low that only formal values of the Curie 
and the Weiss constants were obtained. 

Several magnetic models have been tested in order to 
investigate the magnetic interaction in these hydroxide 
compounds. However, since the susceptibility below 
!Tmax decreases significantly, only cluster models con­
taining an even number of copper(II) spins are admis­
sible. Furthermore, the possible models has been 
confined to the following two cases taking into account 
the symmetry relationship between the copper atoms. 

(1) T h e tetramer model in which two copper atoms 
at site A and two at site B are connected by two 
hydroxide anions as depicted in Fig. 4. The interaction 
energy for this spin system may be written as follows: 

H= -2J(SXS2 + S2S3 + S3S4 + S4S1)-27'(S1S3). (1) 

Solving the equation for the case of S= 1/2 for all spins, 
the magnetic susceptibility is given by Eq. 2:17) 
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exp (x) + exp (2*—x') + exp (2x) + 5 exp (3s) 
1 + 3 exp (*) + 4 exp (2*-*') + 3 exp (2A:) + 5 exp (3*) ' 

where x=2JjkT and x'=2J'lkT.18) 

Fig. 4. Schematic drawing of the tetramer unit (left), 
and interaction scheme in it (right). The unit has a 
point symmetry of G3h with the diad axis passing 
through the GuB atoms. 

(2) Two kinds of dimers. One of the dimers is 
composed of two copper atoms on site A and the other 
on site B. T h e susceptibility for this system is obtained 
by adding the two Bleaney-Bowers equations with the 
respective values for the ^-factor and y.17>18> 

XVm = (LMBV3kT)^g^l + i e x p (-2Jt/kT)y (3) 

The former model gave good agreement between the 
calculated and observed values, whereas in the latter 
C u 2 ( O H ) P 0 4 gave an unreasonable value for the g-
factor and Cu 2 As0 4 (OH) poorer agreement than in 
the tetramer model. Consequently the tetramer model 
has been thought suitable for these compounds. The 
values of g, J, and J'jJ, which gave the best fit to the 
observed susceptibility, are 2 .02±0.04 , — 6 8 ± 1 K and 
< — 1 . 5 for the arsenate, and 2 .16±0 .04 , — 6 2 ± 2 K 
and — 2 . 4 ^ 1 . 5 for the phosphate. The susceptibilities 
calculated from these parameters are shown in Figs. 2 
and 3. The large standard deviation of J'jJ arises from 
Eq. 2 in that %Vm shows low sensitivity to J'jJ when 
this parameter is less than — 1. I n the case of Cu 2 As0 4 -
(OH) the small g value further diminished the sensi­
tivity to J'I J, which prevented the absolute value of this 
parameter being found. 

As the large values of Tm3iX suggest, the deduced 
values of J are very large. Such strong magnetic 
interaction must be brought about by a superexchange 
interaction via intermediate anions, since the separation 
between copper atoms exceeds 2.96 Â. I t is also 
noteworthy that J and J' have opposite signs; the 
interaction between a copper spin on site A and that 
on site B is antiferromagnetic, whereas the interaction 
between two copper spins on site B is ferromagnetic 
(Fig. 4) . I t is widely recognized that there is a correla­
tion between the parameter J and interatomic angle 
relevant to the superexchange interaction. T h e angle 

of C U B - O H - C U B ' is 95.1° and that of C u A - O H - C u B is 
121.1° in C u 2 ( O H ) P 0 4 (Fig. 4), and consequently the 
signs expected from this correlation are consistent with 
those obtained from the present study. 

As described earlier, the coordination polyhedra form 
a three-dimensional network and no isolated clusters 
are found in the crystal structure. Nevertheless, only 
the tetramer model could explain the temperature 
dependence of the magnetic susceptibility. This indicates 
that the hydroxide anion, which joins three copper atoms 
in the tetramer unit, makes the main contribution to the 
magnetic interaction between copper(II) spins, whereas 
the phosphate oxygen atoms have a negligible effect on 
the interaction. I t is surprising that the difference 
between the roles is very large, because the interatomic 
distances and angles relevant to the superexchange 
interaction are similar for both types of oxygen atoms. 

The susceptibility of Cu 2 As0 4 (OH) can be explained 
on the basis of the tetramer model. The magnitude of 
the obtained J value is similar to that of the phosphate 
and the signs of both J and J' are the same as those 
of the phosphate. This supports the assertion that the 
two compounds are isomorphous. Agreement between 
the observed and calculated susceptibility values was 
poorer for Cu 2 As0 4 (OH) than for C u 2 ( O H ) P 0 4 . 
Introduction of the anisotropic parameters, Jlh Ju Ju'} 

and J±', into Eq. 1 proved no appreciable improvement. 
I t appears, therefore, that the superexchange interaction 
through an arsenate oxygen atom makes some contribu­
tion to the magnetic behavior of Cu 2 As0 4 (OH) . 

In contrast with the values of J and J', the values of 
the ^-factor differ from each other and this difference 
largely accounts for the difference in Zmax^m between 
the two compounds. This indicates that the local 
environment at the copper site, and thus at the sites 
of the intermediary oxygen atoms in Cu 2 As0 4 (OH) 
vary considerably from those in C u 2 ( O H ) P 0 4 . This 
may explain the different effects of the arsenate and 
the phosphate oxygen atoms on the magnetic interaction. 
Further structural study is both necessary and desirable. 

Magnetic Properties of Cu^OSO^ The magnetic 
susceptibility of C u 2 O S 0 4 is shown in Figs. 5 and 6. 
I t may be seen that as the temperature decreases, the 

200| 1 , r 

o Ü i I i I i I i lo 
0 100 200 300 400 

T/K 

Fig. 5. Temperature dependence of the magnetic sus­
ceptibility (O) and its inverse ( £ ) of Gu2OS04 in the 
paramagnetic region. The solid line shows the Curie* 
Weiss relation obtained by the least-squares fit. 
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Fig. 6. Temperature dependence of the apparent mag­
netic susceptibility of Gu2OS04 in the ordered phase. 
The arrow shows the transition temperature. 0 : 22 
kAm-1 , Ä r ö ö k A m - 1 . 

0.15, 

0.10 

£ 
0.05h 

100 200 
H/kA m-1 

Fig. 7. Magnetization as a function of the magnetic 
field strength. Quantity N is a number of copper 
atoms per unit volume. 

susceptibility increases monotonically and the Curie-
Weiss law is obeyed above 140 K. The effective number 
of Bohr magnetons, p, and the Weiss constant, 9, have 
been deduced to be 1.96 ± 0 . 0 1 and - 5 6 ± 2 K. Below 
30 K the susceptibility increases rapidly and finally 
becomes dependent on the magnetic field strength, 
indicating a transition to an ordered phase with spon­
taneous magnetization. T h e transition temperature was 
found to be 16 ± 1 K. In Fig. 7 the magnetization, M, 
at 4.2 K is plotted as a function of the magnetic field 
strength, H, and from this plot the effective magneton 
number, nB, has been evaluated as 0.11 ± 0 . 0 1 . 

The small value of nB and the negative value of 6 
indicate that the spin-ordered state is ferrimagnetic. 
In order to determine the ferrimagnetic structure, it 
has been assumed that the magnetic space group of 
C u 2 O S 0 4 can be obtained by changing each element 
of the crystallographic space group, C2/m, for a primed 
or unprimed magnetic symmetry element. Thus the 
spontaneous magnetization can only arise in the magnet­
ic space groups of C2/m and C27m'.19> In Fig. 8 the 

\ " 

6 axis 
(a) •(b) 

Fig. 8. Arrangement of the magenetic moments in the 
two possible magnetic space groups of (a) C2/m and 
(b) C2 ' / m ' ' Angles are the interatomic ones about 
the intermediary oxide anion. 

arrangement of the magnetic moments is shown for the 
two space groups. I n the case of C2/m, the moments 
of the copper cations on sites A, mA, are all parallel 
to the b axis. Those on sites B, mB, are divided into 
two sublattices. The components perpendicular to the 
b axis compensate for each other, whereas the com­
ponents along the b axis remain unchanged. T h e net 
moment from mB must be antiparallel to mA so tha t 
the compound is ferrimagnetic. From the observed nB 

the canting angle, <p, has been estimated as 38.7°, 
assuming that both mA and mB are equal to one [iB. 
T h e discussion also holds in the case of C2'lm', except 
for the direction of the spontaneous magnetization and 
the value of <p (Fig. 8b).20) Therefore this compound 
probably has a canted ferrimagnetic structure.21) 

As cited earlier, the coordination polyhedra in 
C u 2 O S 0 4 form a two-dimensional network. In this 
network layer the copper atoms form a kagomé-like 
lattice and the oxide anion is intermediate in every pair 
of adjacent copper atoms. T h e magnetic interaction can 
extend through the layer, as expected from the presence 
of the ordered state, assuming the oxide anion plays an 
important role. Since the interatomic distance between 
copper atoms exceeds 2.9 Â, the superexchange interac­
tion governs the magnetic behavior of C u 2 O S 0 4 . T h e 
sulfate oxygen atoms afford interaction paths with long 
G u - O separations of 2.14 and 2.52 Â. O n the other 
hand, the interatomic distances of C u - O (oxide anion) 
are short; 1 .87(x2) , 1.91, and 2.01 Â. In addition, 
judging from the C u - O distances in the coordination 
polyhedra, three copper atoms with a half-filled 3d 
orbital direct their lobes towards the oxide anion. For 
the magnetic interaction in C u 2 O S 0 4 , therefore, the 
oxide anion assumes important role, whereas the sulfate 
oxygen atoms contribute a negligible effect. 

Since the four C u - O (oxide anion) distances are 
similar, the sign and magnitude of the superexchange 
interaction appears to mainly depend on the interatomic 
angles C u - O - C u ' . T h e n the following relations hold 
among the parameters, J-^ : 

\Ju\ > I/is! = \Jm\> / l2 «* / l4 = J*i> 

and J12, y i3, y23 < 0, and JZ4L > 0 
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where the suffixes, i and j , refer to the numbering given 
in Fig. 8a. The statement that the interaction between 
copper(II) spins on sites B, J12, is strong and antiferro-
magnetic appears, at first sight, to be conflicting with 
the ferrimagnetic structure discussed above, in which 
the main components of the mB's are arranged ferro-
magnetically. However, this ferrimagnetic structure is 
a direct result of competing antiferromagnetic interac­
tions. If the magnetic moments mB are ordered anti-
ferromagnetically, the interaction of mA with two mBs 
cancels out. Canting of mB's brings the moment raA 

some energy gain, which accompanies some energy loss 
for a pair of mBs. The canting angle is thus determined 
by delicate balancing between energy loss and gain. 
T h e following simple formalism explains the canting 
angle quantitatively and supports the arguments made 
above. O n the basis of the ferrimagnetic structure in 
Fig. 8 and including the interaction between the four 
copper moments, the interaction energy of the system, 
E, is given as a function of the angle, ^ j , between the 
moments m, and /«,. 

E = 2(N13 + Nu)m*cos (180°-p) 

+ N12m* cos (2<p) + N3im* (4) 

The parameter, Nii} is proportional to J^. T h e 
relationship of N13=N23 and Nu=N2i holds on the 
basis of the symmetry, and m1 — m2—mz—m^=m is 
assumed. Setting dE/d<p=0, the canting angle is 
obtained. 

^ = cos-i{(^13 + iV14)/2^12} (5) 

Substituting ^ = 38.7°, deduced from the magnetic space 
group of C2/m, and N14*>Nlit ratio of N13/N12 is 
calculated to be 0.5. I n the case of C2 ' /m ' it is in the 
range from 0.95 to 0.5 depending on the value of ^.20) 
These values are comparable with the value of 0.5, 
obtained by application of the relationship between 2 J 
and the bridging angle for the di- i«-hydroxo-copper(II) 
complexes.4 '6) T h e calculated values mean that both 
J12 and Jls have the same sign and that the interaction 
J12 is stronger than J13. 

Comparison of the Hydroxides and the Oxide. T h e 
magnetic behavior of the hydroxides, Cu 2 As0 4 (OH) 
and C u 2 ( O H ) P 0 4 , and the oxide, C u 2 O S 0 4 , are 
remarkably different; the former behaves like a cluster, 
whereas the latter like an ordered phase. This difference 
does not stem from the different roles in the magnetic 
behavior between the hydroxide and the oxide anions. 
O n the contrary, the magnetic interaction induced by 
both anions has been explained qualitatively on the 
same principle. Rather the different magnetic behavior 
has its origin in the following: (1) mainly hydroxide or 
oxide anions contribute to the magnetic interaction, 
and (2) they are arranged in a different manner in 
the coordination polyhedra. T h e oxide anions occupy 
the trans positions in the octahedron and participate in 
every shared edge. Thus the interaction pa th extends 

infinately in the layer parallel to the (001) plane. The 
hydroxide anions occupy the eis positions in the octa­
hedron and participate in every two shared edges. 
Moreover, it makes three bonds with copper atoms. 
Since other oxygen atoms give no appreciable effect, the 
magnetic interaction is localized within the four copper 
atoms bridged by two hydroxide anions. This explains 
the success of the tetramer model in spite of the three-
dimensional network structure. 
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Changes in the electrical conductivity of synthetic a-, ß-, and y-FeOOH crystals with the amount of adsorbed 
water were measured at 30 °G and various frequencies (dc, 100—10 MHz). The conductivity variations of water-
adsorbed FeOOH with temperature were also examined over the range from — 140 to 140 °G. For the adsorption 
coverages between 0 and 0.5, the electronic conduction increased with the coverage due to the transfer of electrons 
from chemisorbed water molecules to the FeOOH crystal. The decrease in activation energy for conduction 
with chemisorption was observed. The conductivity increase due to the chemisorption is related to the charac­
teristic surface structure of each FeOOH polymorph. In the coverage range 0.7—2, protons in the adsorbed water 
layer transport electrical charges. The linear relationships between the logarithm of conductivity and the logarithm 
of the relative pressure of water vapor suggest the presence of clusters of physisorbed water molecules on FeOOH 
surfaces. A steep change in pro tonic conductivity by a factor of 102—104 was observed at a temperature close to 
— 5 °C. The change seems to be caused by an order-disorder transition of protons in the adsorbed water layer. 

Both O and O H on the surfaces of semiconductors 
and metal oxides play an important role in chemisorp­
tion.1-2) Iron hydroxide oxide (FeOOH) crystal 
containing O and O H offers an ideal system for inves­
tigating the mechanism of chemisorption, since the 
geometrical positions of the surfaces O and O H can be 
derived by X-ray diffraction3-5) and neutron diffrac­
tion6-8) in crystallographic studies. «-, ß-, and y-
F e O O H are found as minerals and as the main com­
ponents in atmospheric corrosion products of iron. 
Electronmicroscopic observation reveals the presence 
of the predominant plane for each F e O O H , the index 
of which has been determined by selected-area electron 
diffraction.9) With reference to these results, the surface 
characteristics of each F e O O H can be discussed by 
examining the structure of the predominant plane. I t 
is anticipated that the adsorption sites for gaseous 
molecules are the characteristic O and O H on the 
predominant planes. 

F e O O H is produced through an electrochemical 
process on the iron surface in the atmospheric environ­
ments, when water film of necessary thickness exists. 
The rust formed further promotes the adsorption of 
water on the iron surface. There is no doubt that water 
exhibits a particular activity to the F e O O H surface. 

Kaneko et al. examined the adsorption process of 
water molecules on synthetic «-, ß-, and y-FeOOH by 
dielectric measurements.10) They postulated that water 
molecules are adsorbed on two kinds of O H in (100) 
planes for «-FeOOH, O H and tunnels for /S-FeOOH, 
and O H in (010) planes for y - F e O O H ; the adsorbed 
water layer forms a regular structure. The adsorption 
process was supported by thermodynamic study.11) 
However, they were unable to discuss the electronic 
factors in the water adsorption. In the present work, the 
changes in electrical conductivity of synthetic F e O O H 
crystals with the amount of adsorbed water have been 
measured in order to elucidate the mechanism of 
chemisorption and the structure of adsorbed water. 

Exper imenta l 

a-, ß-, and y-FeOOH were synthesized by procedures similar 
to those described in an earlier paper.12) The X-ray diffraction 

of the samples gave patterns of pure, well-crystallized crystals. 
The BET surface areas obtained by use of N2 adsorption at 
liquid nitrogen temperature were 69, 34, and 66 m2/g for a-, 
ß-, and y-FeOOH, respectively. 

Adsorption of Water and Electrical Conductivity. Sample 
disks made by applying a pressure of 150 kg/cm2 were set 
between silver-plated brass electrodes in a glass cell of 215 
cm3. The sample disk was evacuated under a pressure of 10~s 

Torr at 100 °C for 14 h prior to the adsorption measurement. 
The amount of adsorbed water was measured at 30 °G with 
use of a conventional volumetric apparatus with a silicone-oil 
manometer in the range of relative pressure 0—0.7. The 
water vapor was evolved from BaCl2-2H20. It took an hour 
to reach the adsorption equilibrium. Variations of electrical 
conductivity with the amount of adsorption at 30 °C and 
various frequencies (dc, 100—10 MHz) were measured by the 
same method as reported previously.13) The conductivity of 
water-adsorbed FeOOH was also examined at different tem­
perature in the range —140—140 °C. For the dc conductivity 
measurements, voltage in the range 0.1—100 V was applied. 
The current-voltage relationship for samples with submono-
layer-adsorbed water obeyed Ohm's law, while that for samples 
with adsorbed water exceeding the monolayer deviated from 
the law. 

R e s u l t s a n d D i s c u s s i o n 

F e O O H crystals exhibit an n-type electronic conduc­
tion in vacuo,1*'15) i.e., the negative sign in Seebeck 
voltage and a conductivity decrease caused by introduc­
ing oxygen. The conductivity of samples with adsorbed 
H 2 0 of the coverage below 0.5 decreased by more than 
2 5 % of the initial value within a minute after the 
introduction of oxygen. The decrease is an evidence of 
electronic conduction. O n the other hand, the exposure 
of samples with H 2 0 coverage above 0.7 to the oxygen 
gas brought about an instantaneous increase in conduc­
tivity. A fact of particular interest is that the water-
adsorbed /?-FeOOH (coverage 1.0) evolved hydrogen 
gas by applying dc 100 V at 30 °C for 265 h, which was 
detected by a mass spectrometer (Hitachi R M U - 7 M ) . 
No hydrogen gas was evolved from the water-adsorbed 
y - F e O O H under the same conditions as those for the 
above-mentioned /?-FeOOH specimen. No evolution of 
H 2 seems to be due to the progress of the reductive 
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reaction of y - F e O O H to F e 3 0 4 consuming the protons 
at the specimen-electrode interface.16) Thus, the protonic 
conduction is assumed for water-adsorbed F e O O H of 
coverage above 0.7. In view of the facts mentioned 
above as well as the dependence of conductivity on 
frequency, temperature, and adsorption of water 
described later, it is suggested that the electrical trans­
port in the water-adsorbed F e O O H consists of electronic 
and protonic conductions. The total electrical con­
ductivity of the specimen is assumed to be the sum of 
the electronic conducitivity ael and the protonic one op. 

0 = oel + <xp. (1) 

a is nearly equal to ffel for the samples of adsorption 
coverage less than 0.5. In the coverage range 0.7—2, 
a is close to ap. In the range 0.5—0.7, ffel is comparable 
t O <Tn. 

3 4 

log ( / /Hz) 

Fig. 1. Frequency dependence of electrical conductivity 
of y-FeOOH at 30 °G at various coverages of adsorbed 
water ( O : 0=0 , f j : 0=0.5, + : 0=0.9, 0 = 0= 1.1, 
• : 0=1.3, and <>: 0=1.7) . 

The frequency dependence of conductivity of y-
F e O O H measured at 30 °C for different values of 
coverage 0 of adsorbed water is shown in Fig. 1. The 
logarithm of conductivity of pure y - F e O O H (0=0) 
shows linear dispersion with the logarithm of frequency, 
suggesting the hopping of d-electrons in the t2g-orbital 
of Fe2+ to that of adjacent Fe3+.17,18> In the coverage 
range 0.5—1, it appears that the more water is adsorbed, 
the more vague is the dispersion in the lower frequency 
range, probably because of the contribution of the 
protonic conduction to the dc conduction. T h e disper­
sion of conductivity in the lower frequency range 
disappeared for samples with adsorbed water exceeding 
the monolayer; dc protonic conduction through adsorb­
ed water layer overwhelms the dc electronic conduction. 
Water molecules seem to be partly chemisorbed in the 

coverage range 0—0.5, and physisorbed in the coverage 
range 0.7—2. Discussion is given in two parts, chemi-
sorption and physisorption. 

C h e m i s o r p t i o n 

Change of Physisorption to Chemisorption. The 
excess d-electrons of Fe2+ in pure F e O O H crystals move 
in a hopping process with mobility proportional to 
exp(— Wn/kT), where W-& is the hopping energy. The 
activation energy E for conduction of pure F e O O H 
crystals is nearly equal to the hopping energy Wn, if the 
Fe2+ concentration n does not change with temperature. 
Taking into account the interaction between Fe 2 + ions, 
E can be given by 

E ** Wn = W°- c-
d' 

(2) 

where W£ is the hopping energy in the case where there 
is no interaction between carriers, e the electronic 
charge, c a constant, and d the average Fe2+-Fe2+ 
distance. T h e value d is approximately given by14) 

\ \nn J (3) 

It is accepted that the water molecule with negative 
electron affinity is apt to give an electron to the oxide 
surface.19-20) A portion of water molecules physisorbed 
on the F e O O H crystals by hydrogen bonding can be 
chemisorbed through a charge-transfer interaction.21) 
The chemisorbed water molecule donates an electron 
to the t2g orbital of Fe3+ according to the thermal 
excitation process: 

H 2 0 (chemisorbed) • 

H 2 0 + (chemisorbed) + e(t2g), (4) 

where e(t2g) denotes the electron in the t2g orbital. The 
ionization energy of the chemisorbed water molecule is 
denoted by E-x hereafter. The electron-transfer from 
water to the F e O O H surface results in an increase of 
the carrier concentration n; the activation energy for 
conduction decreases with increase in the amount of 
chemisorption owing to shallowing of the polarization-
well of the carrier. T h e Fe2+-Fe2 + distance d (Eq. 2) 
changes with the chemisorption of water. When the 
initial number of carriers, «0, is much larger than the 
number of electrons donated from chemisorbed water, 
the hopping energy for the water-chemisorbed F e O O H 
is given by 

ce2 I \nn* W 3 

2 I 3 J 
An W 3 

> o 2 

WH = W° -

ce~ 

~6~ 
N^cxpi-EJkT), (5) 

where Nm is the number of adsorbed water molecules in 
monolayer at 30 °G. Equation 5 can be simplified to 

Wn = WK(none) - gO, (6) 

where M^H(none) is the hopping energy for F e O O H 
without water-chemisorption, 

!̂ („one) = WS-f^J", 
and g is given by 

(7) 
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Fig. 2. Relationship between the activation energy and 
the coverage of adsorbed water for y-FeOOH. 

g 
4n V* = ce* ( 4n \ NmCxp(-EJkT). (8) 

Equation 6 shows that the hopping energy decreases in 
proportion to the coverage 6 at a certain temperature. 

Equation 6 holds for y - F e O O H (Fig. 2) ; the activa­
tion energy for dc conduction at 30 °C decreases 
linearly with coverage; the slope of the straight line 
gives a g value of 0.71 eV. Taking the values £=0 .6 , 
n 0 = 2 x l 0 2 0 c m - 3 , and Nm = 7 X 1014 cm" 2 in Eq. 8 we 
obtain Z i^O .03 eV. Thus, it is concluded that water 
molecules less than 15% of monolayer give electrons to 
y-FeOOH at 30 °C, since the factor of exp(-E-JkT) 
is about 0.3 and the upper limit of coverage for the 
chemisorption is 0.5. 

Effect of the Surface Structure. Equation 6 requires 
a linear relationship between the logarithm of conduc­
tivity, log a, and coverage 6, since log a is proportional to 
the activation energy E (log a <x ( WH —gd) \k T). Figures 
3—5 show the linear relationships between log o at dc 
and 6 for y-, a-, and /?-FeOOH. The linear relationships 

0.5 1.0 1.5 
Coverage 

Fig. 3. Relationship between dc electrical conductivity 
and the coverage of adsorbed water at 30 °C for 
y-FeOOH. 
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Fig. 4. Relationship between dc electrical conductivity 

and the coverage of adsorbed water at 30 °C for 
a-FeOOH. 

a 

in tunnels 0 0.5 
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Fig. 5. Relationship between dc electrical conductivity 
and the coverage of adsorbed water at 30 °C for 
ß-FeOOH. 

break at an inherent coverage for each F e O O H , which 
can be ascribed to the change in E{. T h e coverage at 
which the line breaks relates to the number of the 
particular adsorption sites on the crystal surface. 

Ewing3) postulated that the crystal structure of y-
F e O O H is built up of layers parallel to the (010) plane, 
each layer being made up of octahedra embracing iron 
atoms at centers of octahedra and linked together by 
sharing corners (Fig. 6(A)) ; the layers are joined to 
each other by hydrogen bonds. The linear relationship 
for y - F e O O H (Fig. 3) in a wide range of coverage up 
to 0.8 is in line with the fact that the predominant (010) 
plane of y - F e O O H has only one kind of O H as the 
water-adsorption site. However, the linearity breaks at 
the coverage of 0.8, since the protonic conduction 
through the bilayer of adsorbed water prevails over the 
electronic conduction. 

The surface structure of a - F e O O H is shown in Fig. 6 
(B).4) Water molecules up to a coverage of 0.3 are 
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( A ) ( B ) 

( C ) 
Fig. 6. Structure of the predominant surface of y-Fe-

OOH (A), a-FeOOH (B), and ß-FeOOH (G). Large 
circle denotes O H - and small circle O 2 - . 

adsorbed on the hydroxyls in the groove of the (100) 
plane of a - F e O O H ; the line in Fig. 4 breaks at 0.3. 

Mackay5) showed that /5-FeOOH has a hollandite 
structure having tunnels parallel to the c-axis, in which 
CI- and H 2 0 can be occluded (Fig. 6(C)) . The vacant 
par t in the tunnel, produced by the removal of Cl _ , 
is the most active site for water adsorption, and the 
number of the adsorption site can be determined by the 
Cl~ content in the tunnel. T h e adsorption begins when 
water molecules enter the tunnels. T h e abscissa in Fig. 5 
represents the coverage of the sites in tunnels and that 
of the outer surface (coverage: 0—1.3). We see that the 
conductivity-increase of/3-FeOOH due to the adsorption 
in the tunnel is less conspicuous than that due to the 
adsorption on the outer surface. The linear relationship 
between log a and d in the coverage range from 0 to ca. 
0.5 is ascribed to the transformation of physisorbed 
water molecules with bifurcated hydrogen bonding to 
chemisorption. 

When water is desorbed from each F e O O H sample 
at 30 °C under a pressure of 10 - 5 Tor r for several hours, 
the conductivity is reduced to the order of the original 
value for the sample without adsorbed water ; the 
chemisorption of water appears to be reversible. I t 
seems that the chemisorbed water molecules are connect­
ed to the F e O O H surface by both hydrogen bonds and 
weak charge-transfer bonds. 

P h y s i s o r p t i o n 

Clusters of the Physisorbed Water Molecules. The 
protonic conduction through the physisorbed water 
layer seems to predominate over the d-electron conduc­
tion in a restricted coverage range. In the coverage 
range 0.7—2, log a is proportional to the logarithm of 
relative pressure, log(P/P0), at 30 °C, where P and P0 

are the vapor pressure and the saturated one, respec­
tively. Figure 7 shows the relationship between log a 
at dc and log(P/P0) for ß- and y - F e O O H . The lines 
on the right side of the bending point (indicated by an 
arrow, Fig. 7) correspond to the region of protonic 

(A) (B) 
6 | 1 I 

8[— A U 

I J 

S 7 
° 9r~ / h A 

r* I / V 
CS / / 

S îoU / L / 
M / o 

-2 / / 

3 2 1 0 3 2 1 0 
- l o g (P/P0) - l o g (P/P0) 

Fig. 7. Proportionality between log a at dc and log 
(PIP0) for ß-FeOOH (A) and y-FeOOH (B). 

conduction. When the linear relationship is expressed 
by 

a cc (PJPoy, (9) 

s values obtained from the slope of each line are : a-
F e O O H , 1.1; ß -FeOOH, 4 . 1 ; and y -FeOOH, 2.2. 

The adsorbed water layer is supposed to consist of 
solid-like two-dimensional clusters of water molecules. 
T h e relation given by Eq. 9 is interpreted by the 
presence of the clusters of adsorbed water molecules. 
T h e protonic conduction in the adsorbed water layer 
requires the production of protons by the ionic dissocia­
tion of water molecules. The dissociation of H 2 0 is 
determined by two bonding states, i.e., the bonding 
between an adsorbed molecule and the surface, and that 
between adsorbed molecules. The proton formation 
from associated water molecules should differ from that 
of a single molecule. The association of m molecules 
on the F e O O H surface can be expressed by 

mH20(g) = mH20(ads); * a d s , (10) 

mH20(g) = (H20(ads))m; K&ss. (11) 

T h e number of association, m, is determined by the field 
strength of the surface. The dissociation equilibrium 
of a proton can be written as 

(H20(ads))m = H+ + (H20(ads))m_xOH-; K,is, (12) 

where (g) and (ads) denote gaseous water molecule and 
adsorbed one, respectively. The equilibrium constants 
for Eqs. 10, 11, and 12 are denoted by ^ads> ^ass> a n d 
i^dis, respectively. From Eqs. 10—12 the concentration 
of protons, p, is given by 

P = */K^sK&ssKäi&P™'\ (13) 

We see that op is proportional to P w / 2 , the mobility 
changing slightly with the adsorption of water, m is 
found to be 2s from a comparison of Eqs. 13 and 9. 

The number of association m suggests a model of the 
cluster on the surface of each F e O O H , as shown in 
Fig. 8. For a - F e O O H (Fig. 8(A)), two molecules in the 
b-axis direction (dark circles) tend to form a dimer 
( m = 2 ) . When all grooves exposed on the ß -FeOOH 
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surface are filled with H 2 0 at a coverage of 0.3, H 2 0 
molecules can come into contact with the six nearest 

- > a >a 
( C ) 

Fig. 8. Associated structures of water molecules physi-
sorbed on «-FeOOH (A), y-FeOOH (B), and ß-FeOOH 
(C). Large and small circles denote O H - and O 2 - , 
respectively. Hatched circle and dark one denote the 
adsorbed water molecule contributing to the electronic 
conduction and to the protonic conduction, respectively. 

T/°C 

120 60 30 

i i I—r 
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~ i—r 
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lOT-VK- 1 

Fig. 9. Temperature dependence of electrical conduc­
tivity of y-FeOOH with adsorbed water of various 
coverages, 
dc: 0 = 0 O , 0=0.3 (O), 0=0.5 (A), 0=0.7 (V), 
0=1 ( # , 0 ) , a n d 0=1-5 ( # ) . 0=1 (#,<D) = 1 k H z 

(a), 100 kHz (b), and 7 MHz (c). 

neighbors; in this case m equals 7 (Fig. 8(C)) . T h e 
adsorbed water molecules on y - F e O O H surfaces (Fig. 
8(B)) are connected to each other by tetrahedral 
hydrogen bonding (Fig. 11), the m value approaching 5. 

Phase Transition of Adsorbed Water Layer. T h e 
proton conduction through the adsorbed layer shows 
characteristic temperature dependence. Figure 9 shows 
the temperature dependence of the dc electrical conduc­
tivity of y - F e O O H with adsorbed water of different 
coverages (0=0—1.5 at 30 °C). The coverage deter­
mined at 30 °C increases with a lowering in temperature 
due to the condensation of vapor on the samples below 
30 °C. It decreases with rise in temperature due to the 
desorption above 30 °C. The linear log a vs. l/T 
relationships for the coverage above 0.5 become nearly 
vertical in the range from —40 to —5 °C. T h e higher 
the coverage, the lower the temperature at which 
conductivity jumps . The log o vs. \[T relationships of 
water-adsorbed samples ( 0 = 1 and 1.5) have maxima 
at 10 °C. T h e log a vs. l/T relationships of y - F e O O H 
( 0 = 1 at 30 °C) at different frequencies are also shown 
in Fig. 9. The higher the frequency, the smaller the 
change in conductivity with temperature. T h e conduc­
tivities at 1 and 10 kHz reach maxima at 10 °C with 
rise in temperature. O n the other hand, the conduc­
tivity at 7 M H z has no maximum at 10 °C, but at 
— 7 ^ 3 °C, where dc and lower frequency conductivities 
increase vertically with rise in temperature. T h e 
hysteresis of conductivity-temperature change was 
observed at all frequencies. 

The steep change in conductivity in the temperature 
range from —40 to — 5 °C may be due to a phase 
transition of the adsorbed water layer. All the phe­
nomena observed appear to be similar to a solid-liquid 
transition of water in porous solids, which shows 
freezing-point depression.23-25) However, the phase 
transition does not seem to be the solid-liquid transition 
for two reasons: (1) The adsorbed water layer of 

T/°C 
_JT50 0 50 100 

A4 

400 

Temperature/K 

Fig. 10. Temperature dependence of the increment of 
the dielectric constant at 1 kHz of y-FeOOH covered 
with adsorbed water (0 = 1 at 30 °C), 
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cQ 
<0 <P4CDOH- ) 
onentational defects ^ / 

ionic defects 
( A ) 

<& ,A A a 
cQ A & 

( B ) 
Fig. 11. Hydrogen-disordered (A) and hydrogen-ordered 

(B) structures of bilayer of water adsorbed on 
y-FeOOH. Small, open circle denotes a hydrogen 
atom. Small, black circle denotes the misplaced 
hydrogen atom (or ion). Large circle denotes an 
oxygen atom (or ion). 

thickness less than three molecular layers can not be 
regarded as a liquid phase. (2) The phase transition 
between ice I and liquid water causes no significant 
conductivity changes, since the electrical conductivity 
of ice I at - 2 0 °C is 10-*—10~10 Q"1 c m - 1 26> and that 
of liquid water 10~9 Q _ 1 cm -1 .27) The variations of dielec­
tric constant with temperature should also be taken 
into consideration. Figure 10 shows the temperature 
dependence of the dielectric constant for y - F e O O H at 
1 kHz ( 0 = 1 at 30 °C). T h e results are referred to the 
dielectric studies on polymorphs of ice by Whalley 
et a/.,28'29) who argued that an order-disorder transition 
of the position of hydrogen atoms affects the dielectric 
constant. It seems that the phase transition of the 
adsorbed water layer on the F e O O H surface is not a 
solid-liquid transition but an order-disorder transition 
of hydrogen atoms. A model of the order-disorder 
transition of hydrogen atoms in the adsorbed water 
layer on y - F e O O H is shown in Fig. 11. T h e disordered 
adsorbed-water layer containing many orientational and 
ionic defects would result in high dielectric constant and 
high conductivity. The electrical conduction at dc and 
that at frequencies higher than 100 kHz arise from the 
migration of ionic (protonic) defects and the formation 
of orientational defects, respectively.30) Most orienta­
tional defects appear at the temperature of order-
disorder transition; the conductivity at 7 M H z reaches 
maximum at the transition temperature. The fact that 
H aO-adsorbed F e O O H ( 0 = 1 or 1.5) has the highest 
protonic conductivity at 10 °C might be related to 
the maximum of the adsorbed water in the disordered 
state at the temperature. T h e hysteresis observed can be 
at tr ibuted to a strong interaction between the adsorbed 
water and the F e O O H surface. T h e strong interaction 
also promotes the dissociation of water. Gallagher and 

Phillips31-32) observed the hydrogen-exchange between 
hydroxyls of F e O O H and water. 

The authors wish to acknowledge the Special Research 
Grant for Environmental Science (R-32-303020) from 
the Ministry of Education. 
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ESR Study of Se(>2~ Radical in an Irradiated Single Crystal of 
Triglycine Selenate in the Vicinity of Phase 

Transition Temperature 
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Detailed observations of the angular dependence of ESR spectra of SeO^ radicals formed by X-ray 
irradiation of a single crystal of ferroelectric triglycine selenate were carried out. Two kinds of SeO^ radicals 
were produced due to the difference in manner of selenium-oxygen bond scission. In spite of the difference in 
stability of radicals in TGSe and those in TGS, the behavior of SeO^ radicals in the phase transition region is in 
line with that expected from the result of X-ray diffraction study of TGS. 

Various aspects of ferroelectric phase transition have 
been clarified by ESR technique with use of paramagnet­
ic probes such as radiation damage and doped metal 
ions. As regards triglycine sulfate (TGS), X- or y-ray 
irradiation has been effective for producing paramagnet­
ic probes which are stable up to the transition tempera­
ture.1-7) However, the stability of the resulting radicals 
in TGS and isomorphous triglycine selenate differs a 
great deal. In TGS, radicals from glycines I I and I I I 
are stable while in TGSe those from acid ions are stable, 
indicating that the environments of radicals differ from 
each other. It is interesting to see whether the difference 
influences the behavior of radicals upon phase transition, 
resulting in a behavior differing from that expected 
from the result of X-ray diffraction study on T G S . 

In view of the fact that the radicals are good probes 
for watching microscopic behavior of phase transition, 
the difference in the behavior of yielded radicals in 
isomorphous crystals might supply useful information. 

In the mechanism of the phase transition in TGS, 
Hoshino et al.8) postulated that acid ions change their 
structure and orientation at the phase transition point, 
and that they are located on the mirror planes at 6 = 1 / 4 
and 3/4 in the paraelectric phase. In isomorphous 
triglycine fluoberyllate (TGBe) the behavior of fluoberyl-
late ion has been studied by making use of 9Be quadru-
pole perturbed N M R in deuterated crystals.9) T h e 
results were in line with those of the X-ray diffraction 
study, the fluoberyllate ions being on the mirror planes 
at 6 = 1 / 4 and 3/4 in the paraelectric phase. 

No ESR study using paramagnetic probes has been 
reported for such behavior of acid ions mainly because 
of the lack of suitable probes. 

The objective of this work is to clarify whether the 
stable radical produced from acid ions in TGSe reflects 
the general behavior of acid ions in T G S and its isomor­
phous crystals. 

Exper imenta l 

Single crystals of TGSe were grown from aqueous solutions 
by slow cooling. After being irradiated by X-ray at room 
temperature for 1 h, the crystal was aged at room temperature 
for several weeks in order to reduce the unstable radicals 
produced from glycines. 

The ESR spectrometer employed was operated at X-band, 
the second derivative signal being recorded. The position of 
the absorption line was determined by using DPPH as a 

standard. The temperature of the sample was controlled by 
a nitrogen gas stream and measured by a copper-constantan 
thermocouple attached to the crystal. 

R e s u l t s and D i s c u s s i o n 

Stability of Radicals. In T G S two radical species 
are observed immediately after irradiation at room 
temperature.3) They are assigned to C H 2 C O O ~ 
produced from glycine I and NH 3

+ ÔHCOO~ from 
glycines I I and I I I . C H 2 C O O ~ radicals have a half 
life of about one week at room temperature, while 
NH 3

+ GHCOO~ is stable for a long period of time. In 
the case of TGSe, Se02~~ radicals are formed from 
selenate ions in addition to radicals from glycines. T h e 
yield of the radicals from glycines is low, and they have 
a half life of several weeks. Se02~ radicals are quite 
stable, no decrease in signal intensity being observed. 
The difference in the stability of radicals formed from 
acid ions might be ascribed to the reactivity of the 
radical. However, the difference in the stability of the 
N H 3

+ G H C O O - radical indicates that the hydrogen-
bonded network which stabilizes the radical is different. 
The radicals located in the network might give micro­
scopic information on the difference in the surrounding 
which cannot be obtained from macroscopic properties 
such as Curie temperature and transition entropy. 

Angular Dependence of SeOl Radicals. The stable 
radical species produced in irradiated TGSe has been 
assigned to SeOr radicals by Suzuki and Abe10) by 
comparison of the principal values of hf-tensors of 77Se 
with those of various oxy radicals of selenium. However, 
the structure and alignment of the radical has not been 
clarified in connection with the crystal structure. 

The present results of angular dependence show that 
there are two major radicals which give eminent peaks 
in all of the three perpendicular planes. Figure 1 shows 
the observed angular dependence of the two species 
denoted by S1 and S2 in both the para- and ferroelectric 
phases. Weaker signals appear in certain directions. 

The results of the tensor analysis with repect to a 'bc 
orthogonal coordinate are given in Table 1, where a' ± c 
lies in the ac plane. Both species SI and S2 change the 
alignment upon phase transition. However, the principal 
values remain unchanged. Though there is a con­
siderable discrepancy in the direction cosines, the 
principal values coincide with those of Suzuki and Abe.10) 
I n view of the difference in the angular dependence in 
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Fig. 1. Angular dependence of the ESR spectra of SeO^ 
radicals in the para- (40 °C) and ferroelectric (0 °G) 
phases. The magnetic field is applied parall to the 
crystallographic planes : (1) a'b plane, (2) be plane, and 
(3) ca' plane. 

TABLE 1. ^-TENSORS OF SeO^ RADICALS IN IRRADIATED 

T G S e CRYSTALS IN THE FERRO- (0 ° C ) AND THE 

PARAELECTRIG (40 °G) PHASES 

SI 0 °C 

SI 40 °C 

S2 0°G 

S2 40 °G 

028 
009 
999 
027 
013 
994 
,024 
,007 

12.000 
•2.026 
2.006 

12.001 

0.067 
-0.591 
0.804 
0.0 

-0.585 
0.811 
0.365 

-0.573 
0.733 
0.290 

-0.600 
0.739 

±0.995 
±0.022 
±0.096 

1.0 
0.0 
0.0 

±0 .898 
±0.012 
±0.439 
±0.829 
±0.217 
±0.516 

0.076 
0.803 
0.586 
0.0 
0.811 
0.585 
0.246 
0.819 
0.518 
0.470 
0.769 
0.432 

A 

1 ?*> 

* * ^ 
Q:St 

Fig. 2. Possible spatial configurations of S e 0 2
- radicals 

produced from Se04
2 _ ion in TGSe crystals. The hori­

zontal line shows the b-axis. SI was assigned to B and 
S2 to E or F. 

both the para- and ferroelectric phases, the most 
striking feature is that the site splitting of SI in the 
ferroelectric phase disappears in the paraelectric phase. 

There are six possible spatial configurations for SeOr 
radicals in the paraelectric phase of TGSe crystals as 
shown in Fig. 2. Two of them (A, B) have mirror 
planes perpendicular to the b-axis. From the fact that 
the direction of the maximum principal value of the 
^-tensors in Se02~ corresponds to the direction combining 
two oxygen atoms11-12) SI is assigned to Se02~ of configu­
ration B. The direction cosines of S2 have no such 
characteristics of SI (Table 1) and are ascribed to 
configurations E and F in Fig. 2. The two configurations 
are crystallographically equivalent in the paraelectric 
phase. In the ferroelectric phase ESR spectra of configu­
rations E and F should give a slightly different angular 
dependence caused by the different bond lengths of the 
two selenium-oxygen bonds, but this was not shown by 
experimental results. 

The direction cosines of SI and S2 show that SI 
almost exactly keeps the configurations of the mother 
selenate ions even after the loss of two oxygen atoms. 
T h e direction cosines of SeOr radicals calculated on the 
X-ray diffraction data for configurations B and F are 
given in Table 2. There is a considerable displacement 
of S2 from the site of the mother selenate ions as compar-

TABLE 2. CALCULATED DIRECTION COSINES 

FOR CONFIGURATIONS B AND F 

, , Difference8 > 
(degree) 

Configuration 

B Ui 

F 1 

int 

ömin 

s'max 

S Int 

5min 

0 
-0.44 
0.89 
0.39 

-0.89 
0.24 

1 
0 
0 

± 0 . 5 3 
±0 .44 
±0 .72 

0 
0.89 
0.44 
0.76 
0.15 
0.63 

0 
11 
11 
24 
41 
34 

a> The angular deviation of the observed direction of 
SI from B and that of S2 from F. 
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ed with the case of S1. This is reasonably explained 
by the fact that SI has mirror symmetry but not S2. 
The selenate ions are stabilized by a network having a 
mirror symmetry because of the symmetry of the crystal. 
After the loss of two oxygen atoms S2 is forced to have 
asymmetric hydrogen bond system possibly causing 
displacement to seek a stable position. 

Scission of Selenium-Oxygen Bonds. According to 
the crystal structure determined by X-ray diffraction8) 
and neutron diffraction,13) glycine I and one of the 
oxygen atoms in a sulfate ion are bonded by a short 
hydrogen bond (0.254 nm) in the T G S crystal. This 
is the shortest hydrogen bond connecting sulfate ion and 
neighboring glycines, the involved sulfur-oxygen bond 
having the longest bond length (0.148 nm) in a sulfate 
ion. In TGSe one of the lost oxygen in SeOr corre­
sponds to the oxygen atom with the longest sulfur-
oxygen bond. The scission behavior of the selenate ion 
is in line with the fact that in a single crystal the breakage 
of the bond by irradiation tends to occur along the 
shortest hydrogen bond.14) 

Behavior of SeOi Radical upon Phase Transition. 
As shown by the angular dependence of the g-value of 
the Se02" radical, the orientations of radicals in the para-
and ferroelectric phases differ. Particularly in the case 
of SI disappearance of the site splitting was clearly 
observed in the a 'b plane. In the be plane the site 
splitting was too small as compared with linewidth even 
in the ferroelectric phase. 

In the ferroelectric phase, the direction combining 
two oxygen atoms in SeOz" of configuration B has a 
finite angle with the b-axis, due to the lack of mirror 
symmetry. X-Ray diffraction study has shown that in 
TGS the sulfate ions do not have tetrahedral symmetry 
in the ferroelectric phase. In isomorphous TGSe, two 
selenium-oxygen bonds in SeOz~ are thought to have a 
different bond length, causing the slightly different 
configurations of B in the ferroelectric phase. O n the 
other hand, in the paraelectric phase the change of the 
structure makes the angle zero, resulting in mirror 
planes perpendicular to the b-axis. The result of tensor 
analysis shows the behavior to be consistent with that 
predicted by the result of X-ray diffraction study.8) I t 
should be noted that the behavior of radicals shows 
no influence expected from the difference in the stability 
of radicals. The magnitude of the site splitting gradually 
tends to zero without line broadening. I t is hard to 
explain the absence of the line broadening in terms of 
the dynamic order-disorder mechanism.15) I t this 
system, the dynamic order-disorder mechanism assumes 
the interchange of two sites of SI by thermal motion. 
When the interchange rate becomes greater, the site 
splitting should become smaller with exchange 
broadening. 

The magnitude of the site splitting of S1 is not large 
enough as compared with the linewidth in the phase 
transition region. I t was found that the alignment of SI 
and S2 has a suitable relation for the observation of the 
change of the spectral feature in the critical region. 
In a certain direction, i.e. when the external field is 

Fig. 3. Temperature dependence of the separation of 
ESR signals of SI and S2. The magnetic field is 
applied slightly off from the b- and c-axis. 

slightly off from the b- and c-axis, each component of 
the signals from SI and S2 completely collapses in the 
paraelectric phase because of the different temperature 
dependence of the alignment. The doublet splitting 
in this direction is sufficiently large in the ferroelectric 
phase to observe the temperature dependence. Figure 3 
shows the difference between the resonance fields of the 
signals of SI and S2 as a function of temperature. The 
plot shows that the change has a second order nature, 
the behavior of the radicals being in line with that of 
TGS.16) 
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The title compound crystallizes in the trigonal space group R3m with a=7.171, c=21.952 Â, and Z = 3 at 
298 K. The crystal structures at 298 and 120 K, as well as the lattice parameters in the temperature range 113—298 
K, have been determined by X-rays, in order to elucidate the mechanism of the phase transition occurring at Tt= 
156 K. The structure of the high-temperature phase is essentially the same as that determined by Wyckoff, except 
for the discrimination between C and N atoms. No change in the space group nor in the basic structure was 
detected over the temperature range studied, in spite of a strong suggestion from previous 35C1-NQR measurements. 
A small but significant anomaly associated with the transition is recognized in the c axis, which retains almost the 
same length near and below Tt. As a result, the lattice shrinkage below Tt becomes increasingly anisotropic 
as the temperature is lowered, whereas the thermal expansion above it is relatively isotropic. 

I n a series of hexahalo complexes of quadrivalent 
metal ions, A 2 MX 6 , the compounds of methylammonium 
cations, A = C H 3 N H 3 + , are of much interest, because 
dumbell-like cations and octahedral anions co-exist 
in their structures. According to Wyckoff, a crystal of 
methylammonium hexachlorostannate(IV) has an anti-
fluorite type structure which is deformed by elongation 
of the cubic unit-cell parallel to [111].1) A phase 
transition in this compound was found at 156 K from an 
anomaly in the frequency of chlorine-35 N Q R (nuclear 
quadrupole resonance) measured by K u m e et al?) In 
our laboratory, molecular motions of both cation and 
anion have been studied by means of magnetic resonance 
of 1 H and 35C1 nuclei. The results of P M R (proton 
magnetic resonance) revealed that the total cations are 
rapidly reorienting about their three-fold axes even at 
very low temperatures.3) I t was also suggested that the 
motion of cations makes a minor contribution to the 
occurrence of the phase transition. O n the other hand, 
the 3 5C1-NQR spin-lattice relaxation time, 7 \ , showed 
a distinct reduction in the vicinity of the phase transition 
temperature, 7\ .4 ) This anomalous behavior of Z5C\-TX 

has been explained in terms of the softening of some 
rotary lattice mode of anion octahedra, [SnCl6]2~, in 
analogy with K2PtBr6.5) 

The present X-ray study was undertaken to make 
clear the change in crystal structure and/or in lattice 
constants on passing through the phase transition and 
to check the transition mechanism suggested from the 
N Q R results. Discrimination between C and N atoms 
of the cation will be accomplished as well. 

E x p e r i m e n t a l 

Polycrystalline (CH3NH3)2SnCl6 was prepared by the same 
method as in the previous paper.3) Single crystals were obtain­
ed as hexagonal plates by the slow cooling of a 6 mol/dm3 HCl 
solution. 

All single crystals used were sealed in glass capillary tubes 
to protect them from moisture. Cooling was achieved by 
blowing a stream of cold nitrogen gas over a crystal. The 
temperature of a sample was stabilized within ±0 .5 K during 
measurements of the lattice constants and within ± 1 . 0 K 
during exposure of X-ray photographs and also throughout 
the intensity data collection at 120 K. 

A single crystal with dimensions 0.3 X 0.3 X 0.15 mm was 

used throughout the measurements described below. The 
crystal was mounted on a Rigaku four-circle diffractometer 
with the a-axis along the çi-axis of the goniostat. Intensity 
data at 120 and 298 K and the lattice parameters from 113 
to 298 K were measured with graphite monochromatized 
Mo Ka. radiation. Diffraction peaks were centered automati­
cally in the measurement of the cell constants. The lattice 
parameters at a given temperature were refined by a least-
squares method based on the setting angles (20, co, %, and <p) 
of nine reflections. The results are summarized in Table 1. 

TABLE 1. LATTICE PARAMETERS FOR (CH3NH3)2 

SnCL AT VARIOUS TEMPERATURES 

r/K 
298 
293 
233 
213 
193 
173 
153 
133 
120 
113 

a/A 
7.171 
7.169 
7.137 
7.130 
7.119 
7.108 
7.098 
7.090 
7.082 
7.077 

c/k 

21.952 
21.944 
21.859 
21.828 
21.810 
21.790 
21.790 
21.791 
21.790 
21.789 

e.s.d/s for a and c are less than 0.004 and 0.009 A, 
respectively. Space group : R3m (throughout the 
temperature range). Z = 3 , F.W. = 395.54 g mol-1, 
F(000) = 570 e cell-1, pobBä=l .989 g cm-3 (at 293 
K), ^ , ^ = 2 . 0 1 8 g cm-» (at 293 K). 

The intensity data at the two temperatures were collected in 
a 20 range of 0—60° by using the 20-co scan technique. Of 
402 independent reflections at 298 K and of 392 ones at 120 K, 
383 reflections at 298 K and 364 ones at 120 K were observable 
(F0^>3<Tcg) ; these were used in the present analysis and refine­
ment. No correction was made for absorption (fi for Mo Ktx = 
31.3 cm-1). 

Structure D e t e r m i n a t i o n and Ref inement 

Weissenberg and precession photographs of zero- and 
upper-layers showed that the space group is either R32, 
R3m, or R 3 m at both 120 and 298 K, and that no change 
in crystal symmetry occurs on passing through the 
phase transition. By judging from the solutions of the 
structure, the space group was determined to be R3m 
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for b o t h phases . 

T h e pos i t i ona l p a r a m e t e r s of t h e C I a t o m r e p o r t e d 
b y WyckofT,1) t o g e t h e r w i t h t h e i so t rop ic t h e r m a l 
p a r a m e t e r s of t h e S n a n d C I a t o m s , w e r e re f ined b y 
leas t - squares m e t h o d s w i t h t h e in t ens i t y d a t a co l lec ted 
a t 298 K . U s i n g t h e in tens i ty d a t a p h a s e d w i t h these 
coo rd ina t e s , t h r e e - d i m e n s i o n a l e l e c t r o n dens i ty m a p s 
w e r e c a l c u l a t e d . T h e pos i t ion of t h e C a t o m w a s c lea r ly 
d i s t ingu i shed f rom t h a t of t h e N a t o m ; t h e p e a k s 
ass igned to C a n d N a t o m s w e r e as h i g h as 8.0 a n d 11.0 
e/Â3 , respec t ive ly . Successive d i f ference F o u r i e r syn­
theses d id n o t y ie ld a n y h y d r o g e n pos i t i on . T h e b lock -
d i a g o n a l l eas t - squares r e f i n e m e n t w i t h a n i s o t r o p i c 
t h e r m a l p a r a m e t e r s w a s c o n t i n u e d u n t i l t h e m a x i m u m 
shift of a n y p a r a m e t e r w a s less t h a n one-fifth of i ts 
associa ted e.s.d. T h e s t r u c t u r e i n t h e l o w - t e m p e r a t u r e 
p h a s e w a s d e t e r m i n e d a t 120 K b y a l m o s t t h e s a m e 
p r o c e d u r e as de sc r ibed a b o v e . 

T h e a t o m i c s c a t t e r i n g factors for Sn 4+, C I - , C , a n d N 
a n d t h e a n o m a l o u s d i spers ion co r r ec t i ons f a n d f" for 
S n a n d CI w e r e t a k e n f rom t h e I n t e r n a t i o n a l T a b l e s for 
X - R a y C r y s t a l l o g r a p h y , V o l . IV . 6 ) T h e q u a n t i t y 
m i n i m i z e d i n t h e r e f i nemen t w a s ^lw{\FQ\—k\Fc\)

2 

w i t h u n i t w e i g h t for al l ref lect ions. T h e final r e s i d u a l 
va lues , R[=^}\\F0\-\FC\\IJ\\F0}], of 0 .052 a n d 0 .062 
w e r e o b t a i n e d a t 298 a n d 120 K , respec t ive ly . T h e 
final pos i t iona l a n d t h e r m a l p a r a m e t e r s of n o n - h y d r o g e n 

T A B L E 2. POSITIONAL (XJ) AND THERMAL PARAMETERS 

(BJA2) FOR (CH 3 NH 3 ) 2 SnCl6 IN HEXAG­
ONAL COORDINATE SYSTEM 

Estimated s tandard deviations are given in parentheses. 
T h e anisotropic thermal factors are of the form : 

T=exp[-l/4(h2a**Bll+... + 2klb*c*B23)]. 

T A B L E 3. INTERATOMIC DISTANCES 

(//A) AND ANGLES (0/°) 

Atom W r t
k o f f 

notation 
120 K 298 K 

Sn 

CI 

3 a *= jy= 

B33 

B„ = 

18h 

J 1 3 

*( = 

z 

B 

z=0 

-B22=2B12) 0.32(4) 
1.20(5) 

B23=0 

-y) 

=B22) 

33 

N 6 c = v = 0 

C 

H(N)a> 

H(C)a> 

6c 

18 h 

18 h 

^ 1 2 

* i s ( 

x=y 

z 

* i i ( = 

^ 3 3 

x=y= 

z 

B11( = 
5 3 3 

-#13 = 

*( = 
z 
* ( = 
z 

= -B0 

0.1617(4) 
0.0632(1) 
2.29(16) 
1.40(7) 
1.90(9) 

- 0 . 0 7 ( 6 ) 

0.2738(8) 
= B22=2B12) 5.14(71) 

5.21(69) 
B23=0 

= 0 

0.2039(9) 
= B22 = 2B12) 4.51(121) 

0.95(61) 

#23 = 0 

-y) - 0 . 0 7 9 2 
0.2895 

•y) 0 .0838 

0.1872 

1.98(5) 

4.17(7) 

0.1599(4) 
0.0628(1) 
3.52(17) 
4.59(11) 
2.37(10) 

-0.32(9) 

0.2729(9) 
7.74(84) 

8.56(92) 

0.2051(11) 
5.69(126) 

4.10(102) 

-0.0782 
0.2885 
0.0827 
0.1886 

120 K 298 K 

(a) [Sn Cl c ] 2 - octahedron 

Sn -C l 

Cl -Sn-Cl 1 

C l - S n - C l u 

Cl-Cl1 

Cl-Cl111 

(b) C H 3 - N H 3 + i o n 
C - N 

(c) Between ions 
Cl--.Cl l v 

C - C l 
c-.-cr1 

N-.-Cl v 

N - - C l v i 

N-G. . .G1 
C-H(C)- . .C1 
N - C . - C l v i 

C - H ( G ) - C r 1 

C - N - . - C P 
N-H(N) v l l - - -Cl v 

C - N - . C l v l 

N-H(N) v l l - - -C l v i 

Symmetry code 

6 times 

6 times 

6 times 

6 times 

6 times 

twice 

3 times 

6 times 

3 times 

6 times 

3 times 

3 times 

6 times 

6 times 

3 times 

3 times 

6 times 

6 times 

2.415(2) 
90.71(6) 
89.29(6) 

3.436(2) 
3.394(3) 

1.522(25) 

2.417(3) 
90.72(7) 
89.28(7) 

3.439(3) 
3.396(2) 

1.487(30) 

none 
i 
ii 
iii 
iv 
v 

vi 
vii 

*, 
*, 

— x, 
2x, 

x, 

2 / 3 - 2 * , 
2 / 3 - * , 

-2x, 

.646(16) 

.652(16) 

.824(7) 

.404(13) 

.542(2) 
147.09(17) 
129.0 
67.82(27) 

113.3 
141.80(17) 
135.4 

88.73(27) 
132.4 

-x, 

2x, 

-2x, 

x, 
- 1 + 2 * , 

1 / 3 - * , 

1/3+*, 

732(19) 
703(20) 
863(9) 
458(14) 

587(2) 
147.57(20) 

128.6 
17(33) 
6 
46(19) 
1 
19(29) 

68 
113 
141 
136 

89 

133.3 

z, 

z, 

— z, 

— z, 

z, 

1/3 + z, 

1 / 3 - * , 
z, 

a) This position is assumed. See text. 

a t o m s a t t h e t w o t e m p e r a t u r e s a r e p r e s e n t e d i n T a b l e 2 . 
T h e c o o r d i n a t e s for al l H a t o m s w e r e c a l c u l a t e d b y 
a s s u m i n g t h e i r ex i s tence o n t h e c r y s t a l l o g r a p h i c m i r r o r 
p l a n e s , t h e s t a g g e r e d c o n f o r m a t i o n of t h e C H 3 N H 3 + 
ions , a n d t h e b o n d l e n g t h s a n d a n g l e s : N - H = 1 . 0 3 Â , 
G - H = 1 . 0 9 Â , C - N - H = 109.47° , a n d N - G - H = 109.47° . 
T h u s t h e a s s u m e d pos i t ions a r e also i n c l u d e d i n T a b l e 2 . 
T h e m a i n i n t e r a t o m i c d i s t ances a n d ang les a r e g i v e n i n 
T a b l e 3 . A list of t h e o b s e r v e d a n d c a l c u l a t e d s t r u c t u r e 
factors a t 120 a n d 298 K h a s b e e n d e p o s i t e d w i t h t h e 
C h e m i c a l Soc ie ty of J a p a n ( D o c u m e n t N o . 7904) . 

Al l c o m p u t a t i o n s w e r e m a d e o n a N E A C 2 2 0 0 / 7 0 0 
a t t h e c o m p u t e r c en t e r , O s a k a U n i v e r s i t y , u s i n g l oca l 
mod i f i ca t ions of R S S F R - 5 , H B L S - I V , a n d R S D A - 4 i n 
t h e U N I C S p r o g r a m system, 7) a n d t h e s te reoscop ic 
d r a w i n g p r o g r a m O R T E P . 8 ) 

R e s u l t s a n d D i s c u s s i o n 

Crystal Structure. T h e s t r u c t u r e d e s c r i b e d b y 
Wyckof f 1 ) w a s con f i rmed to b e essent ia l ly c o r r e c t . T h e 
p r e s e n t s t u d y s h o w e d t h a t t h e r e is n o c h a n g e i n t h e 
bas ic s t r u c t u r e i n m o v i n g b e t w e e n t h e h i g h - a n d low-
t e m p e r a t u r e p h a s e s . T h i s finding is a n i m p o r t a n t p i e c e 
of s t r u c t u r a l i n f o r m a t i o n a b o u t t h e p h a s e t r a n s i t i o n 
w h i c h wil l b e discussed l a t e r . 
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Fig. 1. Stereoscopic drawings of the crystal structure of (CH3NH3)2SnCIG. 

The crystal consists of dumbell-like CH3NH3+ ions 
and octahedral [SnCl 6 ] 2 _ ions. These ions are arranged, 
in principle, in an antifluorite-type structure like 
K2PtCl6 , but the real unit cell is deformed rhom-
bohedrally by elongation along one body-diagonal of 
the cube. T h e C - N axes of cations are parallel to the 
hexagonal c-axis thus obtained. The packing of both 
ions and the relation between the unit cell in the 
hexagonal coordinate system ( Z = 3 ) and that in the 
rhombohedral coordinate system (Z= 1 ) are illustrated 
in Fig. 1. I t is clear that each ion species forms separate 
layers parallel to the hexagonal basal plane. The 
octahedron layer seems to be stabilized by electrostatic 
interaction between the negatively charged octahedra 
and the positively charged NH3+ groups of cations. 
Then the layers of octahedra are held together by van 
der Waals interactions between C H 3 residues and CI 
atoms. Because the locations of the CI atoms do not 
deviate largely from a close-packing of CI atoms, the 
stacking sequence of chlorine sheets can be regarded as 
ABCABC along the hexagonal c-axis. 

In the crystal lattice, each cation is tetrahedrally 
surrounded by four complex anions, while each anion 
has eight cation neighbors. The C H 3 group of a cation 
faces the triangle of CI atoms coming from the same 
octahedron. The equivalent three C---C1 distances 
(3.70 Â) are shorter than the van der Waals distance 
( 2 . 0 + 1 . 8 = 3 . 8 Â), and much shorter than the corre­
sponding value (3.90 À) found in CH3NH3C1.9> How­
ever, a reasonable assumption of tetrahedral angles 
around a methyl carbon atom leads us to speculate 
that the C - H bond should deviate greatly from the 
C--C1 direction; the C-H-"CI angle is estimated to be 
129° from the coordinates given in Table 2. Therefore, 
the methyl group of a cation only has contact with three 
CI atoms, and can scarcely form C-H-"CI type hydrogen 
bonds. 

T h e other end of the cation, i.e. the N H 3 group, has 
nine CI neighbors, three from each of the three [SnCl 6 ] 2 -

ions. The nine N- -C1 distances (three 3.46 and six 
3.59 Â) are rather long compared with those in such 
chloride compounds as: CH 3NH 3C1 ( N - G 1 = 3 . 1 8 A),9> 

NH4C1 (3.35 Â),10) N H 4 H g C l 3 - H 2 0 (3.31— 3.41 A),11) 
C 4 N 2 0 3 H 9 Cl-HoO (3.18—3.30 À),12> and C 5H 1 0O 4N-C 
(3.16—3.21 Â).13) O n the other hand, the N - C l 
distances in the present (CH 3NH 3) 2SnCl 6 are com­
parable to the 3.55 Â reported for (NH4)2SnCl6.14) As 
evidenced by the Sn-Cl distance of 2.417 A at 298 K, 
as well as the 35C1-NQR frequency of 15.815 MHz at 
300 K,2) the Sn-Cl bond nature is far less ionic and, 
consequently the effective charge on the C I - ion may 
be appreciably reduced. Furthermore, each hydrogen 
atom of an N H 3 group is probably pointed toward nearly 
the center of a triangle of CI atoms, forming a trifurcated 
hydrogen-bond. However the average H - C l distance 
(2.75 A) is too large, and also the average N - H - - C 1 
angle (134°) is too small, for a significant hydrogen-
bond interaction. Such an arrangement of the H atoms 
or a very weak hydrogen-bonding scheme is supported 
by the P M R results described previously.3) Thus, the 
CH3NH3+ ion can exhibit the reorientation about its 
three-fold axis as a whole, instead of the individual or 
uncorrelated motions of CH 3 and N H 3 groups with 
different activation energies which are recognized in 
typical CH 3NH 3C1 and other related compounds.15-16) 

The C - N distances were determined to be 1.49 and 
1.52 A at 298 and 120 K, respectively. Each value, 
especially the room temperature one, is quite usual for 
normal single-bond lengths between carbon and 
quaternary nitrogen atoms, in comparison with those in 
(CH3NH3)2MnCl4 ,1 7) (CH3NH3)2ZnCl4 ,18) and CH3-
NH3C1.9) It may be noted that the C - N distance in 
the high-temperature phase is a little shorter than in the 
low-temperature one. Such a tendency has been 
established in chloride perovskite-layer-compounds and 
interpreted in terms of a change in motion of methyl-
ammonium ions.17'19) But a tilting motion of the C-N 
bond relative to the c-axis expected above Tt cannot 
be confirmed by the present study, because the difference 
in C-N distance is only twice the associated e.s.d. 
(Table 3). 

Thermal Expansion. The lattice constants and the 
unit-cell volumes are plotted against temperature in 
Fig. 2, where the ordinate scales are normalized to the 
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Fig. 2. Variation of aja29S, c/c298 and V/V2<JS with tem­
perature, where a298 etc. stand for the lattice constants 
at 298 K. 

respective values at 298 K. T h e a-axis length increases 
steadily with a thermal expansion coefficent (l /a)da/d!T 
of 0.7 x l O - 5 over the whole temperature range. O n 
the other hand, the c-axis remains at almost the same 
length between 120 and 180 K (across Tt), above which 
it starts to increase with a linear coefficient (\jc)dcjdT 
of 0.6 X 10~5. Although this anomaly should be reflected 
in the volume change, its effect may be largely masked 
by the more effective expansion of the a-axis. Conse­
quently the unit-cell volume appears to change continu­
ously near Tt, indicating that the phase transition is 
approximately of a higher order. I t is therefore con­
cluded that the detectable change in structure on the 
phase transition is only the anomaly of the c-axis length. 
This finding may help us to understand the mechanism 
of the phase transition. 

Very recently, we have found a similar structural 
phase transition in the trigonal phase of the tellurium-
(IV) complex, (CH3NH3)2TeCl6 , which is isomorphous 
with the tin(IV) complex.20) 

Phase Transition. The present X-ray work showed 
that the basic structures are identical above and below 
Tt. Among the three space groups allowed for a 
diffraction symmetry of 3m, only R3m was preferred 
for both phases. The 35C1-NQR results, however, 
suggested the softening of some rotary phonon of the 
anion octahedra as a mechanism of the phase transi­
tion.2'4) If this is the case, the appearance of a super­
structure and/or a small deviation from the space 
group R3m would be expected in the low-temperature 
phase. The first possibility was easily excluded because 
no extra spot nor superstructure spot was detected on 
the X-ray photographs in spite of long exposure. O n the 
other hand, the second possibility is likely to happen 
if the rotary mode of [SnCl 6] 2 _ octahedra about the 
c-axis, i.e. their three-fold axes, softens at the r point 
of the Brillouin zone. 

Hence, this possibility was checked by permitting 

the lowering of the diffraction symmetry. I t is evident 
that all the CI atoms are equivalent even below Tt, 
because a single 35C1-NQR line is observable in the 
low-temperature phase.2) Accordingly, the diffraction 
symmetry should be 3 and then the space group is 
limited to R 3 . Actually the refinement of the low-
temperature structure in R 3 yielded a rather poor R-
value of 0.066. In this trial, however, the CI atom is 
displaced only by 0.004 Â, which corresponds to a 
0.13° rotation of the [SnCl 6 ] 2 - octahedra about the 
c-axis. Such a very small displacement is of no signifi­
cance, since it is less than twice of its associated e.s.d. 
Additionally, taking into account the thermal ellipsoid 
of the CI atom, which was rather spherical in the low-
temperature phase, we cannot pick out the rotation of 
[SnCl 6 ] 2 _ octahedra, at least positively. 

In this connection, there arose a new question of 
whether or not the single crystal might be twinned 
when it was cooled down below Tt. T h e shift of the CI 
position to either side of the mirror plane in R 3 m will 
produce the identical structure, regardless of its orienta­
tion. If such twinning occurs, both individual crystals 
must be related to each other by a 180° rotation about 
the [210] direction, followed by a 180° rotat ion about 
the c-axis. The diffraction intensity in this case can be 
expressed by xF2(hkl) -{-yF^Çkhl) instead of the usual 
F2(hkl), where x and y stand for the volume fractions 
of both individuals. Therefore, when the twin effect is 
neglected, the refinement of the low-temperature 
structure may lead us to unreasonable positional param­
eters or incredible thermal parameters, especially for 
the CI atom. However, as described previously, the 
results refined in R 3 m (Table 2) as well as the electron 
density maps are good enough to exclude the occurrence 
of any twinning. 

In conclusion, the X-ray study cannot provide any 
evidence to support the transition mechanism which 
has been ascribed to a softening of some rotary lattice 
mode of the anion octahedra. I t is therefore conceivable 
that the rotation angle of the [SnCl 6 ] 2 - ion expected for 
the low-temperature phase is too small to be detected 
by the present X-ray experiments. O n the other hand, 
an alternative mechanism was proposed from the 
structural anomaly in the c-spacing. T h a t is, the phase 
transition in this compound may be primarily triggered 
by softening of some acoustic mode at the zone center, 
because it is accompanied by the bulk deformation but 
not by any change in the structure. 

The authors wish to express their thanks to Professor 
Emeritus Ryôiti Kir iyama for his continuous encourage­
ment and fruitful discussion. This work was partially 
supported by a Grant-in-Aid for Scientific Research 
from the Ministry of Education (No. 154141). 
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The very broad absorption band of 1,4-dichloroanthraquinone, which corresponds to the allowed 1 B 2 U TT,^* 
band of anthraquinone ( A Q ) , is shown to consist of two n,n* bands with comparable intensities. T h e band 
which corresponds to the 1Ag forbidden band of AQ, is at longer wavelengths than the band corresponding to the 
xB2a band of AQ.. M O calculations were made, and M C D spectra and 77 K absorption spectra were measured. 
The very broad absorption band of 1,4-dimethyl-AQ can probably be similarly interpreted. The strong visible 
n,n* bands of 1,4- and 1,5-disubstituted AQ's are shown to arise from the xAg and 1 B 8 a bands of AQ. respectively. 

I n t h e 7c,7i* S-S a b s o r p t i o n s p e c t r u m of a n t h r a q u i n o n e 
( A Q ) t h e ^ a u b a n d n e a r 330 n m is t h e on ly o n e so 
far found i n t h e w a v e l e n g t h r e g i o n l o n g e r t h a n 300 
n m . 1 - 3 ) A c c o r d i n g to t h e P - P - P m e t h o d 4 ) c a l cu l a ­
t ions,2 , 3) a f o r b i d d e n *Ag level is p r e d i c t e d to b e l o c a t e d 
close to th is a l l owed 1B2u level . H o w e v e r , few expe r i ­
m e n t a l facts a b o u t this *Ag f o r b i d d e n s t a t e h a v e b e e n 
repor ted . 5 ) R e c e n t l y , w e n o t i c e d t h a t 1 , 4 - d i m e t h y l - A Q 
seems to s h o w a r a t h e r i n t ense b a n d c o r r e s p o n d i n g to 
t h e ^ g b a n d o n t h e l o n g e r w a v e l e n g t h s ide of t h e b a n d 
c o r r e s p o n d i n g to t h e ^ u b a n d , a n d t h a t t h e P - P - P 
m e t h o d ca l cu l a t i ons s u p p o r t t h i s i n t e r p r e t a t i o n . W e 
h a v e therefore s t u d i e d t h e 7t,n* S-S a b s o r p t i o n s p e c t r a 
of va r ious s y m m e t r i c a l l y s u b s t i t u t e d d i m e t h y l - A Q ' s a n d 
d i c h l o r o - A Q ' s i n th is w a v e l e n g t h r e g i o n . 

O 
8 I 1 

L, VYV 
o 

( A Q ) 

E x p e r i m e n t a l 

Measurements. T h e absorption spectra were measured 
with a Cary 14 M recording spectrophotometer, using cyclo-
hexane as solvent. A Dewar vessel and 1 mm-pa th cells6) were 
used to obtain the absorption spectra at 77 K, using heptane 
as solvent. The magnetic circular dichroism (MCD) spectra 
were obtained by a J-40 circular dichroism spectrometer of 
the J a p a n Spectroscopic Co., Ltd.,7) with a magnetic field of 
3500 Gauss, using cyclohexane as solvent. 

Materials. Commercially-available A Q was zone-
refined (mp 286.6—287.2 °C). Commercially-available 
1,4-dimethyl-AQ and 1 -chloro-AQ were purified by vacuum 
sublimation (mp 141.0—142.0 °C and 159.0—160.5 °C). 
Commercially-available 2,3-dimethyl-AQ and 1,5-dichloro-
A Q w e r e twice recrystallized, from a toluene and cyclohexane 
(1 :2 ) mixture a n d from acetic acid respectively (mp 207.5— 
208.8 °C and 243.3—244.0 °C). According to the method 
described in the literature,8) 1,4-dichloro-AQ was synthesized, 
purified by liquid chromatography on alumina using toluene 
as developer, and obtained as yellow crystals9) (mp 190.5— 
191.0 °C). Commercially-available heptane and cyclohexane 
of spectrograde quality were used. 

Results. The absorption and M C D spectra obtained 
are shown in Figs. 1—4. T h e wavelengths and molar absorp­
tion coefficients of the absorption maxima in these absorption 
spectra are shown in Table 1. T h e M C D spectra were obtain-

v!104 c m - 1 

Fig. 1. Absorption spectra of A Q , 2,3-dimethyl-AQ, 
and 1,4-dimethyl-AQ in solutions. 
1) A Q , 2) 2 ,3-dimethyl-AQ, 3) 1,4-dimethyl-AQ, 4) 
1,4-dimethyl-AQ. Solvent: 1)—3) cyclohexane, 4) 
heptane . T e m p e r a t u r e : 1)—3) room temperature , 4) 
77K. The ordinates for 2) and 4) are arbi t rary . 

v / l O ^ m - 1 

Fig. 2. Absorption spectra of 1,4-dichloro-AQand 1,5-di-
ch lo ro -AQin solutions. 
1) l ,4-Dichloro-AQ,2) 1,5-dichloro-AQ, 3) 1,4-dichlo-
r o - A Q . Solvent; 1), 2) cyclohexane, 3) heptane . Tem­
pera tu re : 1), 2) room temperature , 3) 77 K. The 
ordinate for 3) is arbi t rary. 
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3.0 

v/104 cm"1 

Fig. 3. Absorption and MCD spectra of AQ, 1,4-dimeth-
yl-AQ, and 1,4-dichloro-AQ in the cyclohexane solu­
tions. 
1), 2) AQ, 3), 4) 1,4-Dimethyl-AQ, 5), 6) 1,4-Dichloro-
AQ. The solid and dotted curves are the absorption 
and MCD spectra respectively, where the left and 
right side ordinates are used respectively. 

0.6 

0.4 

0.2 

M 
" 1 /~j\ 

\ y W 
- \ / / ^ \ 

\ — / \ 1 
- \ ^ _ ^ / \\ 

i i i i i i i i i ^ - 1 i 

3.5 3.0 

v/10* cm"1 

Fig. 4. Absorption spectra of 1-chloro-AQin the heptane 
solutions. 
1) Room temperature, 2) 77 K. The ordinate is 
arbitrary. 

ed with a relatively high noise-level, because of using the low 
magnetic field. However, their accuracy is thought to be not 
so low as to affect the discussion in this work. 

Calculations 

Method. T h e electronic integral values for AQ, 
in the P-P-P method4) were the same as those3) previous­
ly used. To account for the effect of methyl-group 
substitution, the core Coulomb integral of the substituted 

TABLE 1. WAVELENGTHS AND MOLAR ABSORPTION COEFFICIENTS OF THE ABSORPTION MAXIMA 

A Q 

1,4-Dimethyl-AQ 

2,3-Dimethyl-AQ 

1,4-Dichloro-AQ 

1,5-Dichloro-AQ 

1-Chloro-AQ 

K (nm) 

co o 
oo 

C
O

 
C

M
 

O
 

C
O

 
C

O
 

C
O

 

346 
^331.5(sh) 

366.5 
347.5 
336.5 
320 

«*344(sh) 
328.5 
321.5 

^361.5(sh) 
348 

^ 3 3 7 (sh) 
369.5 
354.5 
350.5 
346 
340 

^351 (sh) 
339.5 

^349(sh) 
335 

«*323(sh) 
355 
350 
340.5 
337 

«*326 (sh) 

e 

3680 
4870 

4850 

4120 

6330 

Solvent 

Cyclohexane 

Cyclohexane 

Heptane 

Cyclohexane 

Cyclohexane 

Heptane 

Cyclohexane 

Heptane 

Heptane 

Temperature 

Room temp 

Room temp 

77 K 

Room temp 

Room temp 

77 K 

Room temp 

Room temp 

77 K 
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ÄQ 

1,4-Dimethyl-AQ, 

1,5-Dimethyl-AQ 

1,8-Dimethyl-AQ 

2,3-Dimethyl-AQ. 

2,6-Dimethyl-AQ 

2,7-Dimethyl-AQ 

Absorption 

TABLE 2. 

NOT r 
2 
3 

1 
2 
3 

1 

2 
3 
1 

2 
3 

1 
2 
3 

1 

2 
3 
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2 
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Spectra of 1,4-Disubstituted Anthraquin 

CALCULATED RESULTS FOR THE DIMETHYL 

Symmetry 

Ä 
'B.u 
^ S g 

^ 
^ 
XB2 

*Ag 

^ u 

^ 
^ 
% 
1B2 

^ 
^ 
* , 
^ 
^ u 

*Ag 

^ 
% 
^ 2 

£(eV) 

4.17 
4.25 
4.42 
4.09 
4.22 
4.42 
4.13 
4.19 
4.43 
4.13 
4.19 
4.43 
4.17 
4.25 
4.35 
4.16 
4.25 
4.38 
4.17 
4.22 
4.39 

ones 

A Q s 

fy 

0 
0.081 
0 
0.076 
0.075 
0 
0 
0.149 
0 
0 
0.148 
0.002 
0.000 
0.065 
0 

0 

0.065 
0 
0 
0.054 
0.003 

/ . 
0 
0 
0 

0 
0 
0.001 
0 

0.002 
0 
0.001 
0 

0 
0 
0 
0.044 
0 

0.011 
0 
0.000 
0 
0 
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carbon atoms was taken as —9.00 eV, considering only 
the inductive effect of the methyl group, as in the 
previous work.3) The core Coulomb integral and two-
center electron repulsion integral of chlorine atoms and 
the core resonance integral of the C-Cl bonds were taken 
as - 2 5 . 0 0 , 14.30, and - 0 . 7 5 eV respectively.10) In the 
calculations, the lowest thirty singly-excited configura­
tions were included. The dimension of the A Q skeleton 
in the A Q derivatives was that of AQ. 3 ) The bond 
length of the C-Cl bonds was assumed to be 1.75 Â. 

Results. The calculated results for the three 
lowest-energy singlet excited states of A Q and the 
symmetrically substituted d imethyl -AQs are shown in 
Table 2 : the first column indicates the numbering of the 
states in order of increasing excitation energies 
(calculated). In Fig. 5, the calculated results for 1,4-

*S 

B 3 g | 

B 4 ' 

L L _ 

I B 2 U | 

i 

1 

, A« 

^ ' J i 

A _ 

i i 

\[Ai , 

\ . 

1 L 

(a) 

i 

(b) 

i 

\ (c) 

1 ^ 

4.4 4.2 4.0 

eV 

Fig. 5. Comparisons of the calculated excitation energies 
and oscillator strengths of the low-energy n,7i* states 
of AQ, and 1,4-dichloro-AQ,. 
a) AQ., b) 1,4-dichloro-AQ (ß(C-Cl) = - 0 . 7 5 eV), c) 
1,4-dichloro-AQ (/ff(G-Cl) = -1 .50 eV). 

dichloro-AQ,, taking —0.75 and —1.50 eV for the core 
Coulomb integral values of the C-Cl bonds, are shown 
together with that for AQ,. 

D i s c u s s i o n 

T h e absorption band of A Q in Fig. 1 has been 
theoretically and experimentally assigned to the 1 B 2 u 

band by many authors.1 - 3) In the absorption band of 
1,4-dimethyl-AQ in Fig. 1, the absorption maximum 
is at far longer wavelengths than those for A Q and 2,3-
d imethyl -AQ, and the half-width (5170 cm-1) is far 
larger than those for the latter (3850 and 4210 c m - 1 

respectively). In Fig. 2, the absorption spectrum of 
1,4-dichloro-AQ, which is far broader than that of 
1,5-dichloro-AQ, is similar to that of 1,4-dimethyl-AQ 
in position and shape. The absorption spectra of 1,8-
dichloro-AQ11) and 2,6-dichloro-AQ12) reported by 
other authors in this wavelength region are similar to 
those of 1,5-dichloro-AQ and A Q respectively in position 
and shape. From these facts, it may be considered that 
in 1,4-dimethyl-AQ and 1,4-dichloro-AQ, a band 
corresponding to that xAg band appears with a con­
siderable intensity on the longer wavelength side of the 
band corresponding to the 1B 2 u band. 

In Table 2, the three lowest-energy jr,7t* states, the 
Nos. 1—-3 states, of all the d imethyl-AQs correspond 
to the Nos. 1—3 states of A Q : the !Ag, ^ ^ and ^g 
states respectively. As may be seen in Table 2, only 
in 1,4-dimethyl-AQ does the No. 1 state have a relatively 
large oscillator strength; there its energy is considerably 
lower than that of the *Ag state of A Q . Similar calculat­
ed results were obtained for 1,4-dichloro-AQ. These 
calculated results support the above assignment of the 
n,7i* spectra of 1,4-dimethyl-AQ and 1,4-dichloro-AQ. 
In these two A Q s , on the basis of the calculated results, 
it has been proved that the excitations to the Nos. 1 and 
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2 states have the character of a charge-transfer from the 
carbon atoms of the 1 - and 4-positions and the 5- and 
8-positions, respectively, to the carbonyl groups. 

In the absorption spectra of 1,4-dimethyl-AQ and 
1,5-dichloro-AQ, the two 1A1 bands corresponding to 
the excitations to the Nos. 1 and 2 states can not be 
discriminated by the usual dichroism measurements. I n 
this work, therefore, their M C D spectra and that of 
AQ13) in this wavelength region have been measured. 
Since these compounds have no electronic degenerate 
states, all the M C D spectra obtained are B-type.13,14) 
In Fig. 3, the M C D spectrum of 1,4-dichloro-AQ 
consists of a negative and a positive band in the longer 
and shorter wavelength regions, respectively, while 
those of A Q and 1,4-dimethyl-AQ show only a positive 
spectrum. O n the basis of these results, the absorption 
spectrum of 1,4-dichloro-AQ may be concluded to 
consist of two absorption bands, one of which is at longer 
wavelengths than the other. This result proves the 
previous assignment of the spectrum of 1,4-dichloro-AQ 
to be correct. O n the other hand, the sign of the M C D 
in the longer wavelength region of the absorption 
spectrum of 1,4-dimethyl-AQ is opposite to that for 
1,4-dichloro-AQ. In general, the M C D for originally 
forbidden bands may be expected to depend strongly 
on the substituents, as in the case of the L b bands of 
benzene derivatives.15) I n 1,4-dimethyl-AQ,, the 
calculated results show that the electron-donative 
inductive effect of the two methyl groups plays an 
important role in the intensity enhancement of the longer 
wavelength XAX band. O n the other hand, in 1,4-
dichloro-AQ, the calculated results show that the 
electron-attractive resonance effect of the two chlorine 
atoms does so. Therefore, this difference of the electronic 
property between these two substituents may be expected 
to bring about the above mentioned difference of the 
M C D sign. 

I n the absorption spectra of 1,4-dichloro-AQ (Fig. 2) 
and 1-chloro-AQ (Fig. 4) in the heptane solutions at 
77 K, four sharp peaks16* are observed in the longer 
wavelength region; they may be assigned to the XAX 

band corresponding to the ^ g band of A Q . In the 
absorption spectrum of 1-chloro-AQ in the heptane 
solution at room temperature (Fig. 4), therefore, the 
shoulder on the longer wavelength side may also be 
assigned in the same way. In the absorption spectrum 
of 1,4-dimethyl-AQ at room temperature (Fig. 1), a 
small but relatively sharp shoulder is observed near 
330 nm on the broad absorption curve; this may be 
considered to belong to the 1A1 band corresponding to 
the 1 B 2 u band of A Q . This peak may correspond to 
Peak I I I in the 77 K spectrum (Fig. 1), and the sharp 
Peak I in the latter spectrum may be considered to 
belong to the ^Aj band corresponding to the *Ag band 
of A Q , as in the case of 1,4-dichloro-AQ. O n the basis of 
the theoretically and experimentally obtained results 
for the absorption spectrum of 1,4-dimethyl-AQ, it may 
be considered that the assignment of that spectrum is 
also likely to be correct. 

In Fig. 5, an increase of the absolute value of the 
core Coulomb integral of the C-Cl bonds means an 
increase of the electron-donative power of the chlorine 

atoms. In 1,4-dichloro-AQ (Fig. 5), the lower *A± level 
(the No. 1 level) drops significantly and its oscillator 
strength becomes strikingly larger, with an increase in 
the absolute value of that integral, while the higher XAX 

level (the No. 2 level) shows almost no change and its 
oscillator strength becomes considerably smaller. O n 
the other hand, in 1,5-dichloro-AQ, the xAg levels 
are the forbidden levels, and the XBU level drops con­
siderably and its oscillator strength becomes markedly 
larger with an increase in the absolute value of that 
integral. O n the basis of these calculated results, the 
strong n,n* bands of 1,4-dihydroxy-AQ17) and 1,4-
diamino-AQ18»19) and 1,5-dihydroxy-AQ17) and 1,5-
diamino-AQ18) in the visible range may be concluded 
to arise from the 1Ag<—xAg and 1B2u<—1Ag transitions 
of A Q respectively, and the relatively weak 71,71* bands 
of 1,4-dihydroxy-AQ and 1,4-diamino-AQ near 330 nm 
to arise from the 1B2U<—xAg transition of A Q . This 
conclusion about the spectra of these 1,4-disubstituted 
A Q ' s is consistent with the polarized absorption spectra 
of 1,4-diamino-AQ reported by Inoue et al.19) and 
Labhart.20) 

The author is grateful to Mr . A. Takakuwa of the 
J a p a n Spectroscopic Co., Ltd., and to Prof. M. Miwa 
and Dr. T . Komiyama of Seikei University for their 
helpful cooperation in obtaining the M C D spectra. 
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Ab initio LCAO MO SCF and limited CI calculations are carried out on the electronic structure of the C3H3+ 
ion. Two kinds of basis sets are used, namely the minimal STO's and the minimal STO's plus 3d orbitals on 
each carbon atom. With the latter basis, the equilibrium C-C distance is calculated to be 1.389 Â. It is predicted 
that the C-C bond distance of C3H3+ is shorter than that of C6H6. The calculated C-C stretching force constant 
is 7.92 mdyn/Â and is close to the experimental value 6.59 mdyn/Â. Contour diagrams of the charge distribution 
of valence electrons are drawn and it is revealed that the calculated C-C bonds are bent and have two maxima in 
charge density. In terms of population analysis of localized MO's, it is shown that the C-H bond in this molecule 
has a higher s-character than the C-H bonds in C2H4 and C6H6 and is close to an sp hybrid. This is in accord with 
a very large NMR coupling constant Jri3c_H. From CI calculations of low lying excited states, singlet a-n* states 
^A/ ' , iE", iAjj") are calculated to be lower than the singlet JT-JI* state ̂ E ' ) . 

The cyclopropenyl cations are the smallest ring 
systems which have two jr-electrons and satisfy the 
Hückel An+2 rule. Their electronic structures are of 
great interest since the molecules are highly strained. 
The simplest one, C3H3

+ , has been synthesized by 
Breslow and Groves.1) The D 3 h configuration of the 
ion is indicated on the basis of the I R and N M R 
spectra.1) One might think that the C-C bonds in this 
system would be weaker than the usual C-C bonds such 
as those in C6H6 and thus the equilibrium C-C bond 
distance would be longer and the C-C stretching force 
constant smaller. Apparently, this is not the case. 
X-Ray diffraction shows that trisdimethylaminocyclo-
propenyl cation has a regular triangle cyclopropenyl 
ring with a C-C bond length of 1.363 Â2) and that the 
C-C bond length of triphenylcyclopropenyl cation is 
1.373 Ä.3) These values are significantly smaller than 
the C-C bond distance of 1.397 Â4> in C6H6 . From I R 
spectra, the Urey-Bradley force constant of the ring 
C-C stretching of C3H3+ has been estimated to be 
6.590 mdyn/Â,** , 5 ) which is larger than the C6H6 value 
of 5.78 mdyn/Â.6) 

In spite of these immense theoretical interest, there 
have been only three ab initio all-electron calculations 
on C3H3+ as far as the authors are aware. Clark carried 
out ab initio L C A O SCF M O calculations on both 
C3H3+ and C3H3~ and discussed the aromaticity and 
antiaromaticity.7) Ha , Graf and Günthard reported an 
extensive ab initio L C A O SCF M O investigation on 
C3H3+, C3H3 , and C 3 H 3

_ and discussed the geometry and 
stability of these species.8) Their basis set consists of 
Gaussian lobe functions and is approximately of the 
double zeta quality. Radom, Har iharan , Pople, and 
Schleyer also carried out ab initio L C A O SCF M O 
calculation on C3H3+ using STO-3G and 6-31G and 
obtained the equilibrium structure of the ion.9) 

In this paper, the results of ab initio L C A O M O SCF 
CI calculations on C3H3+ are reported. The C-C bond 
distance is varied and the equilibrium C-C distance and 
the C-C stretching force constant are calculated and are 

** This value is obtained by assuming that the C-C bond 
distance of C3H3

+ is equal to that of triphenylcyclopropenyl 
cation. 

compared with experiment. The occupied MO's are 
transformed into localized M O ' s and the nature of the 
C - C and C - H bonds is discussed in terms of the contour 
diagrams of the charge distribution and the population 
analysis of these localized MO's . CI calculations of the 
low lying excited states are carried out for the first time 
and the character of these states is discussed. 

M e t h o d o f Calculat ions 

The wave functions of C3H3+ are obtained by ab initio 
L C A O M O SCF and CI calculations. Two kinds of 
basis sets are used. One is the minimal STO's . The 
other is the minimal STO's plus 3d orbitals on each 
carbon atom. One reason for add ing the 3d orbitals 
is to hope for a better description of the bent C-C bonds. 
The former basis is called Min. and the latter M i n . + 
C3d, hereafter. The orbital exponents adopted are 
shown in Table 1. The values of H i s and Cls, 2s 
and 2p orbitals are optimized for C6H6 by Hehre, 
et Ö/.10) The exponents of C3d orbitals are optimized 
for C O by Nesbet.11) In the evaluation of molecular 
integrals, these STO's are expanded in terms of GTO' s ; 
the H i s and Cls , 2s and 2p orbitals are expanded by 
five GTO' s and the C3d orbitals by three GTO's , 
respectively. The expansion coefficients are those given 
by Stewart.12) 

TABLE 1. ORBITAL EXPONENTS 

HÏÏ ÏT2I 
Cls 5.67 

2s, 2Pv,
a> 2Ph,

b> 2pz 1.71 
3dz„ 3dh,_v„ 3dhv 1.895 
3dhz, 3dvz 1-429 

a) The v axis is pointing towards the partner H atom. 
b) The h axis is in the molecular plane and perpendic­
ular to the v axis. 

In the CI calculations, configuration state functions 
are constructed as follows. All single and double 
excitations are considered from 2a!', 2e', 3 a / , 3e', and 
la2" to le", la2 ' , 4e', 4 a / , 2e", 2a2", 5e', 5 a / , and 3e" 
orbitals (These orbitals are indicated by * in Table 2 in 
Section 3.). Other molecular orbitals are excluded, that 
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is, l a / and l e ' as core and the orbitals whose energies 
are greater than 1.0 a.u. This is called occupation 
Scheme I . I n another choice, occupation Scheme I I , 
only single and double excitations from the four highest 
occupied MO' s 3 a / , 3e', and la2" to the six lowest 
unoccupied MO' s le", l a / , 4e', and 4 a / are taken into 
account. The method of the first order interacting 
space proposed by McLean and Liu13) is employed in 
order to reduce the number of configuration state 
functions without sacrificing the accuracy too much. 

The D 3 h configuration is assumed in the present 
calculations. This configuration is indicated on the 
basis of the I R and N M R spectra1) and is supported 
theoretically by H a and others.8) The C - H internuclear 
distance is fixed at 1.09 Â which is the observed C - H 
distance in G6H6.14) The calculation is repeated for 
the following six G-C distances, 1.300, 1.350, 1.375, 
1.400, 1.425, and 1.500 Â. The calculated energy curve 
is expressed as a fifth degree polynominal of the C - C 
distance and the minimum energy, the equilibrium C - C 
distance and the C-C stretching force constant are 
determined. 

In order to investigate the nature of C-C and C - H 
bonds of the system, the resulting MO' s are transformed 
into localized MO's by a unitary transformation. The 
measure of localization proposed by Hall15) and applied 
extensively by Edmiston and Ruedenberg16) is adopted. 
This is to maximize the total self-energy of the orbitals. 
The unitary transformation is applied only to the valence 
MO's . Namely the three lowest MO's , l a / and le ' , 
are omitted since, in our opinion, the distinction between 
valence electrons and inner-shell electrons is more 
fundamental than the requirement of "localization." 

R e s u l t s a n d D i s c u s s i o n 

T h e calculated potential curves are illustrated in 
Fig. 1. I n the ground state CI calculations, the occupa­
tion Scheme I is used. The orbital energies are given 
in Table 2. T h e values in the parentheses are those 

-114.7000 ¥ 

3 
KJ -114.8000 

-115.0000 4-

1.300 1.350 1.400 1.450 1.500 

Äo-c/A 

Fig. 1. Potential curves of C3H3+. 
* Dimension of CI solved in C2v symmetry. 

TABLE 2. MOLECULAR ORBITAL ENERGIES OF C3H3
+ (a.u.) 

Occupation 

I II 

Present study 
RG_G= 1.375Â(i?c_c= 1.400 Â) 

Min. 

11.6167(-
11.6154(-
1.5260 (-
1.0651 (-
0.9813 (-
0.7956 (-
0.7735 (-
0.0612 
0.2160 
0.2411 
0.2951 

— 
— 

0.6826 
— 
• — 

— 
— 
• — 

• — 

— 

11.6113) 
11.6102) 
-1.5017) 
-1.0614) 
-0.9754) 
-0.7874) 
-0.7571) 

Min. + C3d 

-11.5898(-11.5878) 
— 11.5886(— 11.5869) 
-1.4983 (-1.4755) 
-1.0602 (-1.0573) 
-0.9711 (-0.9659) 
-0.7799 (-0.7728) 
-0.7574 (-0.7430) 
-0.0905 
0.1912 
0.2245 
0.2269 
0.5249 
0.5755 
0.6306 
0.6639 
0.6921 
1.0808 
1.1593 
1.2783 
1.5378 
1.7914 

Re 
Ha 

, = 1.400A 

occ. la/ 
le/ 
2a/ 
2e' 
3a/ 
3e' 
la/' 

unocc. le" 
la/ 
4e' 
4a/ 
2e" 
2a/' 
5e' 
5a/ 
3e" 
6a/ 
la/' 
6e' 
7e' 
2a/ 
8e' 

2 
2 
* 
* 
* 
sK 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
0 
0 
0 
0 
0 
0 

2 
2 
2 
2 
* 
* 
* 
* 
* 
* 
* 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-11 .8156 
-11.8137 
-1 .6192 
-1 .1359 
-1 .0588 
-0 .8770 
- 0 . 8 3 8 5 

2.0630 
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TABLE 3. G-G EQUILIBRIUM BOND DISTANCE AND G-G STRETCHING FORCE CONSTANT OF C3H3
+ 

SGF 

This work 

GI 

This work 

Min. Min. + C3d Haa> Radomb> Min. Min. + G3d 

Obsd 

Total energy(a.u.) -114.6549 -114.7388 -114.7442 -115.00369 -114.8444 
G-G eq. bond dis. (A) R°_c 1.383 1.365 1.40 1.377 1.413 
Force constant (mdyn/A) kc_c 9.56 9.19 — — 8.07 

•114.9466 — 
1.389 1.373c>, 1.363d) 
7.92 6.59e) 

a) See Ref. 8. b) See Ref. 9. c) See Ref. 3. d) See Ref. 2. e) See Ref. 5. 

for the C - C bond distance of 1.400 Â, which is used by 
H a and others.8) Although their absolute values are 
larger than our values by 0.08—0.23 a.u., the order is 
the same and the relative positions are very similar 
between the two calculations. 

Equilibrium C-C Bond Distance and the C-C Stretching 
Force Constant. By using the results shown in Fig. 1, 
the equilibrium C - C bond distance Rc-c and the 
stretching force constant kc-c are determined. First, 
Rc-c and kkl> (stretching force constant of totally 
symmetric vibrational mode) are calculated by expand­
ing the potential curves in terms of a polynominal of 
fifth degree. Next, if we neglect the cross terms such 
as ArjAr2 in the expansion, kc-c is one third of kkl>. 
By using this relation, kc-c is estimated. T h e R%-c 
and kc-c are given in Table 3 with the results of the 
previous calculations. I t is noted that the C - C bond 
distance becomes larger and the C - C stretching force 
constant smaller by the CI calculation in comparison 
with the SCF results. The calculated C - C distance by 
CI with the Min. + C3d basis is close to the observed 
values at the substituted cyclopropenyl cations.2»3) The 
equilibrium C - C distance of C 6H 6 is calculated to be 
1.39 Â in the SCF calculation by Newton and others.17) 
Since the calculated value of Rl-c of C3H3+ at the SCF 
level is smaller than this value, the equilibrium C - C 
distance of C3H3+ is expected to be smaller than that of 
C6H6 . The C - C bond distance of C3H3+ has not been 
determined experimentally so far. 

The calculated C - C stretching force constants are 
improved by CI and the CI results are in fair agreement 
with experiment. However, it is difficult to say whether 
the C - C stretching force constant of C3H3+ would be 
greater than that of C6H6 , or not. One will have to 
calculate the stretching force constant of C 6H 6 in the 
same manner and to compare the result with that of 
G3H3+. 

Charge Distribution and Localized Molecular Orbitals. 
The cr-bonds of three membered ring molecules would 
have the maxima of charge distribution outside the ring, 
that is, the bonds are bent. X - R a y diffraction showed 
that cyclopropane has such bent bonds.18) In order to 
examine whether the calculated C - C bonds of C3H3+ 
are bent or not, the contour diagrams of the charge 
distribution of the valence electrons are drawn, using 
the ground state wave functions obtained by the Min. 
and Min.-f-C3d SCF calculations and are shown in 
Figs. 2 and 3, respectively. The contributions of the 
three lowest molecular orbitals, l a / and le ' , are 
excluded since they consist of mainly carbon core 
orbitals. According to these figures, the C - C bonds of 

Fig. 2. Valence electron density (e/a.u.3) in 
obtained from Min. SGF. 

Fig. 3. Valence electron density (e/a.u.3) in C3H3 

obtained from Min. + C3d SCF. 
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C3H3
+ are bent having the two maxima of charge 

density. H a and others also reported a similar diagram 
of C3H3

+.8) However, because of the existence of the 
inner-shell electrons, the positions of the maxima of C - C 
and C - H bonds and the degree of the bending were not 
so clear. I t is interesting to note that the charge density 
in the C-C and C - H bond regions increases by the 
addition of 3d orbitals, as is clear from Figs. 2 and 3. 

The localized MO's have certain advantages over 
cannonical MO' s in describing a bond. The occupied 
MO's are thus transformed into the localized MO' s 
by the Edmiston and Ruedenberg procedure.16) This 
is carried through with the Min. basis. The contour 
diagrams of charge distribution of the localized MO' s 

Fig. 4. Electron density (tf/a.u.3) of two electrons in a 
localized C-G orbital in C3H3+. 

Fig. 5. Electron density (e/a.u.3) of two electrons in a 

TABLE 4. RATIOS OF THE HYBRID 

ORBITALS AND J13c_H 

C2H4 

C6H6 

C3H3+ 

C-C 

1.74 
1.73 
2.28 

sp* 

C-H 

1.85a> 
1.87a> 
0.99 

7 " C - H ( H Z ) 

157b> 
159b> 
265c> 

a) See Ref. 20. b) See Ref. 21. c) See Ref. 1. 

corresponding to the C - C and C - H bonds are illustrated 
in Figs. 4 and 5, respectively. 

The ratio of 2s and 2p orbitals in a hybrid sp* is 
estimated by the coefficients of these localized MO's . 
The values of x are given by (Clph-{-Clpv)ICls, where 
Cas, Caphj and C2pv are the coefficients of STO's in the 
localized MO's . Newton and others reported the ratio 
for several molecules determined by the same 
procedure.19»20) The ratio for C3H3+ is compared with 
their results of C 2H 4 and C 6H 6 in Table 4. I t is seen 
that the localized MO's of C 2H 4 and C 6 H 6 are rather 
similar to the sp2 hybrid orbitals in the region around 
the carbon nuclei. In the same region, the C - H bond 
orbital of C3H3+ has a higher s-character than C2H4 

and C 6H 6 and is closer to an sp hybrid. Breslow pointed 
out that the 1 3 C - H coupling constant J™c-n of N M R 
spectra of C 3 H 3

+ is quite large.1) The values of coupling 
constant of C2H4 , C6H6,21) and C3H3+ are also included 
in Table 4. As was shown by Ramsey,22) the Fermi 
contact term which gives a dominant contribution to the 
constant, is proportional to the density of s-electrons at 
the two nuclei. I n Table 4, this relation is seen to hold 
approximately, namely, 1/3: 1/2—159:265. 

Low Lying Excited States. The electronic structure 

15.Of 

> 

Singlet states Triplet states 

A, ( l a ^ l a j 

V d a ^ l e " ) 

^ O e ' + l e " ) 

V'Oe'+le") 

^ 'Oe'+ le") ': 3E"(3e'-le") 

' 3A^(3e'vie") 

V d a ^ l e " ) 

5.0 + 

0.0+ A,(ground state) 

Fig. 6. Excitation energies of C3H3+. 
* —114.8003 a.u. obtained by CI calculation with 
occupation II basis. Dimension of CI is 140 in C2v 

symmetry. 
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of excited states in highly strained molecules is of 
considerable experimental and theoretical interest. The 
excitation energies of C3H3+ has never been measured, 
probably because of its instability. CI calculations of 
the low lying excited states of C 3 H 3

+ are carried out 
for the geometry with the C - C bond distance of 1.400 Â 
and the results are given in Fig. 6. In these calculations, 
the occupation Scheme I I is used. T h e values in Fig. 6. 
are the excitation energies of the TWZ* ( 1 a2"—>le"), 
7*-tf*(la2"->la2 '), <T-7**(3e'->le"), and <T-<T* (3e'->la2 ' ) 
states. I t should be noted that the singlet o-n* states 
(1A1

,/, 1E , / , 1A2
,/) are lower than the singlet n-n* state 

(1E /). All excited states are represented well by a 
single configuration except for the singlet o~o* state 
(1E /) and in these states the weights of the leading 
configurations are as big as 82—96%. In the singlet 
o-o* state (1E /), the weight of leading configuration is 
4 7 % and that of (3a 1

, ) 2 (3e , ) 3 ( l a / ) 2 (4e / ) 1 is 3 6 % . 

Conc lus ions 

T h e L C A O M O SCF and CI calculations are carried 
out on the electronic structure of C 3 H 3

+ and the following 
conclusions are obtained. 

1. T h e calculated C - C bond distance of C 3 H 3
+ is 

1.389 Â. This is close to the experimental values of 
the substituted cyclopropenyl cations. T h e C - C 
distance of C 3 H 3

+ is expected to be shorter than that 
of C6H6 . The C - C stretching force constant is calculated 
to be 7.92 mdyn/Â, and is close to the experimental 
value of 6.59 mdyn/Â. 

2. The contour diagram of the charge distribution 
of valence electrons indicates that the tf-bonds of C 3 H 3

+ 

are bent outwardly. 
3. The ratio, x of a hybrid orbital sp* to be found 

in C3H3+ is estimated by the coefficients in the localized 
MO's . The value x of the C - H bond is 0.99 reflecting 
that the bond has a larger s-character, compared with 
the C - H bonds in C 2H 4 and C6H6 . This is in accord 
with the very large N M R coupling constant J^C-H of 
the ion. 

4. The low lying excited states of C 3 H 3
+ are calculat­

ed by the CI calculations. The singlet o-n* state 
^ A / , 1E , / , 1A^') are lower than the singlet n-n* state 
( iE ' ) . 
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Hiroshi Kashiwagi, Dr. Kiyoshi Tanaka, and Dr. 
Hiroshi Tatewaki for helpful suggestions and discussions. 
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Molecular Motion in Ammonium Hydrogendifluoride 
Studied by Pulsed NMR 
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The proton and fluorine-19 spin-lattice relaxation times, 7\ and Tlf>, in polycrystalline ammonium hydrogen­
difluoride were measured in the temperature range 142—345 K to elucidate the molecular motion of cation and 
anion. Below 200 K, the relaxation rates of both nuclei can be accounted for by dipolar interactions modulated 
via the isotropic reorientation of NH4+ ions. The log Tlp versus \jTcurves above 200 K exhibit two distinct minima, 
suggesting that two crystallographically nonequivalent HF2~ ions undergo 180°-flips about their two-fold axes 
with different correlation times. The activation energy of the NH4+ reorientation was determined to be 25.5± 1.0 
kj/mol from the Tx data, while those of the 180°-flips were estimated from the Tlp data to be about 40 and 60 kj/mol 
for the two types of anions. These relaxation mechanisms have been confirmed by further experiments on a 
partially deuterated sample. 

A series of alkali-metal hydrogendifluorides have 
occasioned much interest in the very short, nearly 
symmetric hydrogen-bond of the [ F - H - F ] ~ ion and in 
the motional state of such a dumbbell-like anion. T h e 
hydrogendifluorides of heavy alkali-metals, such as K, 
Rb , and Cs, transform to cubic phases at high tempera­
tures because rapid, random reorientations of linear 
HF2~ ions give rise to an effectively cubic symmetry.1) 
I t was also recognized from the previous N M R measure­
ments that the HF 2 ~ ions are 180°-flipping in the low-
temperature phase.2 '3) O n the other hand, the com­
pounds of light alkali-metals such as Li and Na, and of 
NH4+, have no phase transitions, suggesting that even 
if the 180°-flip motion takes place, it persists up to their 
melting points. The NH4+ ion has some freedom of 
reorientation and a possibility of forming another type 
of hydrogen bond between N(NH4+) and F(HF2~) in 
addition to the hydrogen bond in an [ F - H - F ] - ion just 
described. I t is therefore worthwhile to investigate the 
ionic motions of nearly spherical NH4+ and dumbbell­
like HF 2~ ions in N H 4 H F 2 crystals and to compare the 
results obtained with those in potassium hydrogen­
difluoride.3) 

The crystal structure of N H 4 H F 2 contains four 
chemical formula units in its orthorhombic cell; the 
HF2~ ions are distinguished between two crystal­
lographically nonequivalent HF2~(1) and HF2~(2), 
whereas the ammonium ions are all equivalent.4) T h e 
crystal structure can be described as a superstructure 
of the caesium chloride type, although it is distorted by 
the presence of rod-shaped HF 2 ~ ions and by interionic 
hydrogen bonds. 

In this paper, the results of pulsed N M R of both XH 
and 19F nuclei in N H 4 H F 2 are reported, and models of 
the isotropic reorientation of the NH4+ ion and the two 
types of 180°-flipping of the HF 2 ~ ions are proposed. 

Exper imenta l 

Powdered NH4HF.2 was prepared from an aqueous solution 
of NH4F and a slight excess of HF acid; it was then recrystal-
lized twice from the aqueous solution. The sample used was 
identified from its X-ray powder diffraction pattern.4) 

A Bruker B-KR 322s frequency-variable, pulsed NMR 
spectrometer was employed to determine the magnetic relax­
ation times, 7\ and Tlp, of 1H and 19F nuclei. The spin-

lattice relaxation time, Tx, was measured by use of the 180°-
£-90° pulse sequence at 60 and 20 MHz for XH and at 56.442 
and 18.814 MHz for 19F nuclei. The relaxation time in the 
rotating frame, Tlp, was determined by the spin-locking 
method. The temperature of the sample was controlled to 
within ±0.5 K by using an Ohkura EG 61 temperature con­
troller and was measured with a copper-constantan thermo­
couple calibrated before measurements. 

R e s u l t s 

Figure 1 shows the temperature dependences, as a 
semilogarithmic plot versus inverse temperature, of 
proton 7 \ (H) and fluorine-19 7\(F) obtained at 60 and 
56.442 M H z respectively, together with the T1P(H) at 
the r.f. field strength 10 G. T h e T1P(F) could not be 
measured because of its poor signal, resulting from a 
very short free-induction-decay (FID) . Below about 
200 K, the magnetization-recovery curve for the 7 \ 
process of either nucleus became markedly non-exponen­
tial, owing to heteronuclear H - F dipole interaction.5) 
T h e recovery curve was, therefore, resolved into two 
exponential terms, according to the equation <ll0—I^>j 
2IQ=A exp( — tjT^+B exp( — t/T^') ; here Iz and IQ are 
the z-components of the I-spin (1H or 19F) magnetization 
at time t and at thermal equilibrium, respectively, A and 
B are constants, and Tx' and 7 \ " denote the short and 
long relaxation times, respectively.3) Above 200 K, 
although the recovery curve was slightly non-exponen­
tial, the 7 \ value as well as the T1P one was approximated 
by a single relaxation time, which was defined as the 
time necessary for the <^/0—/z^>/2/0 to fall to l je of its 
initial value. T h e frequency dependence of the 7 \ value 
was examined by additional measurements at 20 M H z 
for 1H and 18.814 M H z for 19F nuclei; these plots were 
omitted from Fig. 1 for simplicity. 

The log 7 \ (H) vs. \fT curve at 60 M H z exhibits a 
deep Tx minimum at kK/ ÜT«*4.4 ; the corresponding T1P 

minimum occurs at kK/T'«*6.6. Two additional T1P 

minima are recognized at kK/T"«»3.0 and 4.0, indicating 
that the molecular motions of NH4+ and/or H F 2

_ ions 
are rather complex within the crystal lattice. 

In order to uncover further details of the ionic motion 
in the high-temperature region, the measurements of 
the 7\(F) and T1P(F) were extended to a sample of 
partially deuterated N H 4 H F 2 . T h e results are shown as 
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Fig. 1. Temperature dependences of spin-lattice relax­

ation times in NH4HF2 : ( # ) 7\(H) at 60 MHz, (O) 
7\(F) at 56.442 MHz, and ( • ) 7\p(H) at 10 G. The 
solid lines indicate the calculated temperature depend 
ences of 7\ and ^ ( H ) for randomly reorienting NH4+ 
ions. 

experimental points in Fig. 2. T h e deuterium content 
was estimated to be about 6 5 % from the ratio of the 
J T ^ F ) min imum value for the nondeuterated sample 
to that for the partially deuterated one; these minima 
will be assigned to the NH4+ isotropic reorientation later. 

3 4 
k K / r 

Fig. 2. Temperature dependences of spin-lattice relax­
ation times in 65% rf-NH4HF2: (O) 7\(F) at 56.442 
MHz, (A) 7\(F) at 18.814 MHz, and (Q) T,p(F) at 
6.5 G. The lines are drawn to guide the eye. 

Isotropic Reorientation of NH^ Ions. The relaxa­
tion process for 7 \ below room temperature is ascribable 
to NH4+ isotropic reorientation, because such a short 
T ^ H ) minimum as 14 ms is characteristic of NH4+ 
reorientation. In this case, the XH relaxation rate is 
governed mainly by the intraionic H - H dipolar interac­
tion and partially by the interionic dipolar interactions, 
H(NH 4 +)-H(NH 4 +) and H(NH 4 +)-H(HF 2 ~) , and the 
heteronuclear H(NH 4 +) -F(HF 2

_ ) one. Among these, 
the contribution of the homonuclear H - H interaction 
to the 1H relaxation rate is expressed as follows: 

7\(HH)-i = (2/3)yH^AMH H /(% ) rH), (la) 

/ (Û), T) = T/(1 +(O2T2) + 4T/(1 +4ÛJ2T2). (lb) 

The quanti ty AM H H is the reduction in the second 
moment of the 1 H absorption spectrum due to the H - H 
dipolar interaction associated with the NH4+ reorienta­
tion; T H stands for the correlation time for the NH4+ 
motion; the other symbols have their usual meaning. 

O n the other hand, the relaxation due to heteronuclear 
dipole interaction between 1 H and 19F nuclei can be 
expressed by the following pair of coupled equations:5) 

d</z>/d* = -«.-IoyfT&S) - <SZ-S0>/7Y(IS), (2a) 

d<Sz}/dt = - < / z _ / 0 > / 7 Y ( S I ) - <S z -£0>/7\(SI) , (2b) 

where I and S stand for H and F, respectively. Each 
relaxation time in Eq. 2 can be calculated in the same 
manner as with (NH4)2BeF4.5> Thus, 

^ ( F H ) " 1 = (3/16)yF
aAMPH£(û>F, <oKi r„), (3a) 

7y(FH)-i = (3/16)y F
2AMF H£'K, o>w T H ) , (3b) 

*(<»!, a)3, r) = T / C H - ^ J - Û I S J V ] + 3 T / ( 1 + < T 2 ) 

+ 6T/[1 + (<UI+Û>S)2T2], (3c) 

g'ifû» (os, r) = - T / [ 1 + (<WI-<ÜS)2T2] 

+ 6r/[l + («I+c«s)
2T2]. (3d) 

The A M F H is again the reduction in the 19F second 
moment due to the F - H dipolar interaction via the NH4+ 
reorientation. By taking into account the abundances 
of 1 H and 19F nuclei in the crystal,5) the *H relaxation 
rates due to the heteronuclear H - F interaction, Tx 

( H F ) - 1 and ^ / ( H F ) - 1 , can be easily related to Eq. 3. 
The J H ^ F F ) - 1 of course, need not be considered because 
the F - F dipole interaction is not modulated via the NH4+ 
reorientation. The observed relaxation rates are given 
by the eigenvalues of the relaxation matr ix: 

^ ( H H ) " 1 4- ^ ( H F ) - 1 ^ / ( H F ) - 1 

7V(FH)- T^FH)- 1 

T h e A M H H value was first evaluated from the atomic 
positions as determined by X-rays.4) It was too large 
to explain the observed T ^ H ) minimum, because of 
the rather short N - H distance (0.88 Â) used. So the 
values of A M H H and AM F H were recalculated by taking 
the r ( N - H ) distance as 1.059 Â (corresponding to 1.73 
Â for the r(H---H) distance in a tetrahedral NH4+ ion)6) 
and the two nonequivalent r (F-F) distances as 2.297 
and 2.291 A in both hydrogen-centered [ F - H - F ] - ions.7) 
For the rigid lattice model, the theoretical second 
moments thus obtained are M H H = 4 1 . 8 0 , AfHF = 30.01 
G2 for *H and M F F = 4 . 1 8 , M F H = 8 4 . 9 7 G2 for 19F 
nuclei. O n the other hand, a model of the NH4+ 
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isotropic reorientation yields M H H = 5 . 5 5 , M H F = 26.56, 
M F F = 4 . 1 8 , and M F H = 7 5 . 2 0 G2. By substituting the 
calculated second moments into Eqs. 1 and 3 and by 
diagonalizing the relaxation matrix, one can calculate 
the following 7 \ minimum values for the two nuclei: 
7 \ ( H ) m i n = 14.3 and T ,

1(F)m i n = 79.5 ms. The experi­
mental values to be compared with these Tx minima 
were 13.5 and 73 ms, respectively. T h e good agreement 
between the calculated and experimental values indi­
cates that the NH4+ isotropic reorientation is responsible 
for the relaxation process in this temperature region. 
The activation energy, Ea, of the NH4+ reorientation was 
determined to be 2 5 . 5 ^ 1 . 0 kj/mol from the slope of 
the log T / (or T^') vs. \jT line on its low-temperature 
side, by assuming that T = T 0 exp(Ea/RT). The solid 
lines for T ^ H ) and 7\(F) in Fig. 1 were calculated from 
Eqs. 1 and 3 with the relaxational parameters, r 0 and 
E-, listed in Table 1. 

T A B L E 1. RELAXATIONAL PARAMETERS IN N H 4 H F 2 

NH4+ 
HF2-(1) 
HF,-(2) 
HF 2 - in KHF2

a> 

EJkJ mol-* 

25 .5+1.0 
«*60 
^ 4 0 
50.5 

T0 /S 

2 . 5 x l 0 - 1 6 

*»10-15 

^ 1 0 - 1 4 

6 . 4 x l 0 - 1 5 

Motion 

isotropic 
180°-flip 
180°-flip 
180°-flip 

a) Ref. 3. 

In the weak collision limit, T1P(H) is given by the 
equation corresponding to Eqs. 1 and 3 for 7 \ ( H H ) , 
etc:5> 

7\P(H)-i = ( l / 3 )y H
2 AM H H /> H , rH) 

+ (3 /32) îVAM H F £>„ , <oF, T H ) , (4a) 

/ P K , r) = 3TI(1+4Ù>UH*) + 5x1(1+0)^) 

+ 2T/(1+4<Ü I
2T2) , (4b) 

gP(o>i, <os, T) = 4T/(1+Û>H
2T2) + T/[1 + K-ft>s)

2T2] 

+ 9T/(1 + < T 2 ) 4- 6T/[1 + K + « S ) 2 T 2 ] . (4c) 

Although our experimental condition (//1=co1H/yH = 
10 G) wasn't sufficient for the weak collision limit, we 
tried to approximate the problem by this limit. Thus , 
the theoretical log T1P(H) vs. \jT curve was calculated 
from Eq. 4 with the same relaxational parameters as 
those in the 7 \ calculation. As compared in Fig. 1, 
the overall agreement between the calculation and the 
observation is good, except for the temperature range 
above 200 K. 

180°-Flipping of HF2~ Ions. The relaxational 
behavior above 200 K is rather complicated. The T1P 

data in Figs. 1 and 2 clearly suggest the presence of 
other relaxational processes. The F I D signals of both 
nuclei show no lengthening due to self-diffusion of the 
NH4+ or HF 2 ~ ions, even at the highest temperature of 
measurement (345 K ) . Hence, the 180°-flip motion 
of the HF 2~ ion becomes of much interest, because it can 
contribute to the relaxation rates of both nuclei in the 
high temperature region, as evidenced in the low-
temperature phase of potassium hydrogendifluoride.2 '3) 

If that is the case, at temperatures higher than 200 K 
the T1P(H) in N H 4 H F 2 may be governed by the H - F 
dipolar interaction modulated via the 180°-flips of the 
H F 2

_ ions. The two crystallographically nonequivalent 

H F , - ions may have different correlation times, T15 

and r2 , for their individual 180°-flips. If these correla­
tion times are greatly different from each other, then 
the two corresponding T1P minima would be well 
separated, as can be seen in Fig. 1. T h e XH relaxation 
rate due to the H - F dipolar interaction via the 180°-
flip is given in a spatial average form as follows:3) 

7\,(HF)-i = yH2yF2^/80S[rHF^)-« + rHF(,5)-« 
F 

- W ß ) " 3 r H F ( d ) - 3 ( 3 cosM,,ä-l)]£p(u>H, (oF, rt), (5) 

where %i stands for rx and r2 , ß and ô denote two 
positions of a given F atom, rHF(ß) is the distance between 
the hydrogen and the fluorine atom at a /?-site, and Aßs 

is the angle between two H - F internuclear vectors. In 
the actual calculation based on Eq. 5, four hydrogen 
atoms of a rapidly rotating NH4+ ion were located at 
the center of the ion, in the usual manner . 

O n the other hand, the T1P(F) in the 6 5 % </-NH4HF2 

may be governed by the homonuclear F - F dipolar 
interaction. T h e relaxation rate due to 180°-flipping of 
water molecules has been derived by Look and Lowe.8) 
In order to apply the Look and Lowe equation to the 
present case, the equation was modified to hold for two 
independent correlation times. T h e results are presented 
only in the T^-1 form for a single crystal: 

7\,(FF)-i = 3 y F ^ 2 / F ( / F + l ) / 6 4 ^ [ C ^ y ( 2 û , 1 F , rt) 

+ lOC^J(o)F,ri) + ^J(2<oF,ri) 

+ $wJ(2(o1F, T,) + 10e<V(a»F, Xj) 

+ ÇVJ(2a>F, T,)+3?WJ(2Ö>1F5 rtJ) 

+ 10ç<V(«>F, rtJ) +VVJ(2a>F, Ty)], (6a) 

C w = \Zi,m(ßu ß,)+Ztji9Hßt, 9j)-Ztjm{8<, ßj) 

-*</«(** W (6b) 

-ZijWQi'W, (6c) 

vm = \Zijw(ßi, ßj)-zt/9Hßi, öj-ztjWQ* ßj) 

+ZtjmQi>àj)\; (6d) 

lif1 = vf1 + rf\ (6e) 

J(CD,T) = r/(l+a>H*), (6f) 

where Zij{q) ( ^ = 0 , 1, and 2) is the usual orientation 
function.8) When T,-=T,-, of course, Eq. 6 is identical 
with the Look and Lowe equation. As a powdered 
sample was used in this study, Eq. 6 was spatially 
averaged before use.9) 

I n addition, the interionic F - H dipolar interaction 
also contributes to T1P(F). This contribution can be 
estimated from Eq. 5, taking into account the extent 
of the deuteration. T h e contribution from 2 H nuclei 
was neglected because yF is very large compared with 
yD . 

The summations in Eqs. 5 and 6 were carried out up 
to six or eight neighboring ions around a central HF 2

_ (1) 
or HF2~(2) ion, respectively. By using the parameters 
thus obtained, and Eqs. 5 and 6 for T1P's, the minimum 
values of T1P were evaluated. In this calculation, the 
correlation time for the 180°-flip of the HF2~(2) ions 
was assumed to be shorter than that of the HF2~(1) 
ions, for a reason to be described later. These values 
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TABLE 2. CALCULATED AND EXPERIMENTAL VALUES 

OF Tlp MINIMA DUE TO THE 180°-FLIPS 

OF THE HF 2~ IONS 

Tlp(H) was measured at 10 G in NH4HF2 and 
Tlp(F) was at 6.5 G in the 65% </-NH4HF2. 

7 \p(H)m in /ms 

Calcd Exptl 

Tlp(F)mJms 

Calcd Exptl 

HF2-(1) 
HF2-(2) 

2.4 
2.5 

2.2 
1.9 

1.2 
1.1 

1.7 
1.2 

are compared with the experimental ones in Table 2. 
The agreement is fairly good, supporting the idea that 
the 180°-flip motions of the nonequivalent, linear HF 2 ~ 
ions are separately excited at high temperatures. The 
values of Ea and the pre-exponential factor r 0 were 
roughly estimated in a conventional way; these results 
are included in Table 1 together with those for the 
NH4+ ions. 

D i s c u s s i o n 

The Tx observed at all temperatures and the T1P in 
the low-temperature region were well explained by the 
random reorientation of the NH4+ ion, rather than by 
its C2 reorientation predicted from the site symmetry 
(2) of the ammonium nitrogen. An activation energy 
Ea of 25.5 kj/mol in the present N H 4 H F 2 suggests that 
the hydrogen-bonds between N(NH4+) and F(HF2~) 
atoms are rather strong, as was anticipated from the 
short N - F distances (2.797 Â twice and 2.822 Â twice)4) 
and also from the highly ionic charge on the F atom 
(-0.83*).10> The values of Ea and the N ( H ) - F 
distance in N H 4 H F 2 are intermediate between those 
found in N H 4 F (42 kj/mol, 2.71 Â)11) and NH 4 BF 4 

(6.3 kj/mol, 2.92 Â) ;12> an Ea value of 3—5 kj/mol in 
N H 4 P F 6 is the lowest one,13) but the N—F distance 
(2.4 Â) seems to be too small to compare with the above 
three, possibly owing to the highly disordered struc­
ture.14) These comparisons indicate that the activation 
energy for the N H 4

+ reorientation strongly depends on 
the NH---F hydrogen-bond distance as well as on the 
dimensions of a combined anion. 

O n the other hand, the T1P da ta above 200 K could 
be interpreted in terms of the stepwise 180°-flip motions 

OK) 

«.2.797A / 0 2 . 8 2 2 Â \ 

PX. yFm V .A. 

OK3 
a 1A m m m 

Fig. 3. The crystal structure of NH4HF2 projected along 
the c axis after McDonald.4) 

of the two nonequivalent HF 2 ~ ions. According to the 
X-ray results, the intraion F - ( H ) - F bond distances 
in both HF 2 ~ ions are nearly the same within the 
experimental errors, whereas the interionic hydrogen-
bond distances F---(H)N significantly differ from each 
other (2.797 for HF2~(1) and 2.822 À for HF2~(2) 
ions).4) I t was therefore expected that the latter HF2~(2) 
ion would be more mobile and be characterized by a 
lower activation energy, i.e. a shorter correlation time. 
The preceding analysis of the T1P data based on this 
assumption yielded approximate Ea values of 60 for 
HF 2 - (1) and 40 kj/mol for HF 2 "(2) , both of which are 
roughly comparable to the 50 kj/mol obtained in K H F 2 

(Table l).3) However, the difference of Ea in the 
ammonium salt seems to be too large to arise from the 
difference in the hydrogen-bond strength alone. This 
finding leads us to point out that the different HF 2 ~ 
ions take different pathways of flipping. For an isolated 
molecular ion, the two-fold (C2) axis of flip cannot be 
defined uniquely on the molecular mirror plane, 
because the symmetry of the ion is oo/m (Dooh). Fur­
thermore, the X-ray results, especially the strongly 
anisotropic temperature factors, provided valuable 
information on the ionic motion. Tha t is, the maximum 
amplitude of either fluorine atom due to ionic libration 
is observed perpendicular to the mean plane of the three 
hydrogen-bonds, one of which is intraionic and the 
other two interionic.4) As can be seen in Fig. 3, both 
types of HF 2 ~ ions locate at the sites of the same sym­
metry 2/m, but the ionic axis of HF 2

_ (1) is perpendicular 
to the mirror plane (100), while the axis of HF2~(2) ion 
lies on this mirror plane. Under these circumstances, 
the HF 2

_ (2) ion may rotate about the ionic and crystal-
lographic C2 axis, i.e. on the plane (100), without 
destroying any initial site symmetry. In contrast to 
this, the flipping pathway of the HF2~(1) ion about the 
C2-axis, which lies on the hydrogen-bonded plane, 
does break down the site symmetry and then the motion 
is highly hindered by the repulsion from the neighboring 
fluorine atoms, when the linear anion goes across the 
crystal mirror plane. Although this explanation is 
only a simple and tentative one, it seems likely that such 
a steric hindrance contributes to the difference in the 
activation energies. 
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The Raman and infrared spectra of 2-chloro- and 2-bromoethyl methyl sulfides CH3SCH2CH2X (X=C1 and 
Br) were measured for the liquid and crystalline solid states. The vibrational frequencies of these molecules were 
calculated by the use of the force constants transferred from unbranched alkyl sulfides and alkyl halides. The 
rotational isomerism was studied on the basis of the spectral observations and the calculations, and the following 
conclusions were obtained. (1) In the crystalline solid state, both the chloride and the bromide take the molecular 
form with the gauche conformation about the (C)S-C(C) axis and the trans conformation about the (S)C-C(X) axis. 
(2) In addition to this form (GT), three other forms (TG, GG, and TT) coexist in the liquid state, the GT form being 
the most stable. (3) The sulfur atom is suggested to lower the energy of the trans conformation of the (S)C-C(X) 
axis. 

T h e vibrational spectra of unbranched alkyl halides 
have been studied extensively by many investigators. 
The rotational isomerism of these molecules was thor­
oughly examined in recent studies1,2> by analyzing the 
spectra in conjunction with the systematic calculations 
of normal coordinates. These studies provided us with 
essential knowledge on the conformational stability of 
the halide molecules. In the present study, we deal 
with 2-halogenoethyl methyl sulfides C H 3 S C H 2 C H 2 X 
( X = C 1 and Br), in which halogen and sulfur atoms are 
simultaneously involved, in order to examine the effect 
of the sulfur a tom on the conformation of the halide 
part . Another interest is the reversed effect, namely the 
effect of the halogen atom on the conformation of the 
sulfide part . The rotational isomerism of alkyl sulfides 
has also been investigated systematically in a series of 
recent studies.3-5) 

E x p e r i m e n t a l 

2-Chloroethyl methyl sulfide was purchased from Tokyo 
Kasei Kogyo Co., Ltd. and was distilled prior to the Raman 
and infrared measurements. 2-Bromoethyl methyl sulfide was 
prepared from 2-methylthioethanol (Tokyo Kasei Kogyo Co., 
Ltd.) and phosphorus tribromide and was distilled under 
reduced pressure (bp 64 °C at 25 mmHg). 

The measurements of Raman spectra were made on a JEOL 
JRS-400D spectrophotometer with a Coherent Radiation CR-
2 or CR-3 argon ion laser. The Raman spectra were obtained 
for the liquid state at various temperatures and the crystalline 
solid state at liquid nitrogen temperature. The infrared 
spectra were recorded on a Perkin-Elmer 621 spectrophotom­
eter and Hitachi EPI-G2 and EPI-L spectrophotometers. 
The crystalline solid sample for the infrared measurements was 
obtained by depositing vapor of the substance onto a cooled 
window and annealing it repeatedly. 

N o r m a l Coordinate T r e a t m e n t 

The calculations of the normal coordinates for 2-
chloro- and 2-bromoethyl methyl sulfides were carried 
out by an M V I B system,6) which is a program system 
consisting of various program units combined func­
tionally with one another to calculate vibrational 
frequencies, modes and other information on the normal 

vibrations from minimal input data of only a name of 
the molecule and its conformation. This program 
system is adapted for a H I T A C 8800/8700 Computing 
System at the University of Tokyo. 

The force constants associated with the sulfur and 
halogen parts were transferred from the unbranched 
alkyl sulfides6) and alkyl halides.7) The force constants 
for the (S)G-C(X) stretching and the methylene-
methylene interactions were transferred from the 
corresponding alkyl halides. No further adjustment of 
the force constants was made. The transferred values 
were found to be accurate enough for determining the 
existing rotational isomers from their vibrational 
frequencies. Structural parameters used in the calcula­
tions were the same as those of the corresponding parts 
of the sulfides and halides.6 '7) 

R e s u l t s 

The R a m a n spectra of 2-chloro- and 2-bromoethyl 
methyl sulfides are shown in Figs. 1—4, and the observed 
and calculated frequencies and the vibrational assign­
ments based on the potential-energy distributions are 
listed in Tables 1 and 2. Considering possible molecular 
forms to be in the staggered conformations, we have for 
a 2-halogenoethyl methyl sulfide molecule five rotational 
isomers, T T , T G , GT , GG, and GG' , where the first 
and second conformation symbols in each isomer 
designation are those for the (C)S-G(G) and (S)C-C(X) 
axes, respectively. The symbols T and G imply trans 
and gauche, respectively, in accordance with the conven­
tion generally accepted.8) 

The following general spectral features are observed 
for the two halogeno sufildes. (1) As expected, the 
spectra have combined features of alkyl halides and 
sulfides. (2) The number of the bands observed in the 
crystalline solid state is less than that in the liquid state. 
The former corresponds to what is expected for one 
molecular form. (3) T h e relative intensities in the 
liquid-state R a m a n spectra vary with the change of 
temperature. 

T h e rotational isomers existing in each state of 
aggregation and their relative stabilities will be con­
sidered below. The results are summarized in Table 3. 
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2-Chloroethyl Methyl Sulfide. T h e key b a n d s for 

s t u d y i n g m o l e c u l a r c o n f o r m a t i o n s of th is m o l e c u l e a r e 
t h e b a n d s d u e to t h e S - C H 2 s t r e t c h i n g , C - C l s t r e t c h i n g 
a n d skeleta l d e f o r m a t i o n v ib ra t i ons . 1 , 4 ' 5 ) T h e C - S 

s t r e t c h i n g ( C H 3 - S a n d S - C H 2 ) a n d C - C l s t r e t c h i n g 
f r equenc ies a r e e x p e c t e d to b e i n t h e r a n g e b e t w e e n 
800 a n d 600 c m - 1 , w h e r e t h e C H 2 r o c k i n g f r equenc ie s 
a r e also l ikely to b e . 

UI-JI1LL_J^_A 
1400 1200 1000 800 600 

Wave n u m b e r / c m - 1 

Fig. 1. R a m a n spectra of 2-chloroethyl methyl sulfide, 
a: Liquid, b : crystalline solid. 

1400 1200 1000 800 600 

Wave n u m b e r / c m - 1 

Fig. 3. R a m a n spectra of 2-bromoethyl methyl sulfide, 
a: Liquid, b : crystalline solid. 
O '• Spurious emission line from the Ar + laser. 

700 600 800 700 600 

Wave n u m b e r / c m - 1 

Fig. 2. R a m a n spectra of 2-chloroethyl methyl sulfide 
in the liquid state, 
a : 110°C, b : - 5 5 °C. 

Wave n u m b e r / c m - 1 

Fig. 4. R a m a n spectra of 2-bromoethyl methyl sulfide 
in the liquid state, 
a: 25 °C, b : - 3 0 °C. 

T A B L E 1. OBSERVED AND CALCULATED FREQUENCIES AND ASSIGNMENTS OF 2-CHLOROETHYL METHYL SULFIDE 

Observed frequency ( cm - 1 -l\a) 

Liquid 

R a m a n Infraredc ) 

Crystalline solid Assignment1^ 

R a m a n Infraredc ) 

1442 W,sh 1443 S 
1436 W 1438 S 
1425 W 1428 S 

1407 V W , sh 1406 W 

1512 V W 
1491 V W 
1450 W 
1447 W 
1443 W 
1439 W 
1427 W,sh 
1423 M 

1451 W,sh 
1445 W,sh 

1439 M 

1421 M 

Overtones 

CH2(C1) scis (TG 1450, G G 1442, G T 1433, T T 1433), C H 3 

ip-d-deform ( T T 1444, G T 1442, G G 1441, T G 1440), C H 3 

op-d-deform (GT 1432, T G 1432, G G 1432, T T 1432), (S) 
CH 2 scis (TG 1420, T T 1420, G G 1415, G T 1410) 
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T A B L E 1. Continued 

Observed frequency (cm 1 ) a ) 

Liquid 

R a m a n Infraredc ) 

Crystalline solid Assignment^ 

R a m a n Infraredc ) 

1322 V W 1327 W 

1293 M 

1271 V W 

1218 V W 

1198 V W 

1144 V W 

1132 V W 

1038 W 

1027 VW,sh 

1006 V W 

975 V W 

960 V W 

922 V W 

863 V W 

845 V W 

763 S 

745 W, sh 

724 S, sh 

710 VS 

688 M 

663 W 

648 S 

632 W 

422 V W 

412 VW, sh 

332 M 

282 W, sh 

265 S 

226 W 

218 W,sh 

»100 sh 

1306 M,sh 
1296 M 

1280 M 

1219 S 

1144 VW,sh 

1130 W 
1040 W 
1028 W 
1008 W 
977 W 

961 W 

927 W 

866 V W 
848 W 
764 W 
746 W 

712 S 

688 S 

667 W, sh 

651 W 

634 V W 

415 W 

328 V W 

258 V W 

1322 V W 
1316 W 

1295 M 
J1270 M 
11260 V W 
1218 W 

1135 V W 

1046 M 

1016 W 

969 V W 

933 V W 
927 W 

763 S 

745 M 

703 VS 
695 V W 

680 S 

667 V W 

333 M 

274 M 

228 W 
188 V W 
140 W,sh 
132 M 
120 W 
107 W 
78 V W 
65 M 
60 M 
53 S 
40 W 
28 S 

1324 W 
1318 W 

1301 M 

1272 W 

1221 M 

1135 M 
1046 W 

1016 M 

970 M 

929 W 

764 W 
745 W 

705 S 

686 S 
679 S 
668 W 

329 W 

267 W 

CH3 s-deform (TG 1325, GG 1324, TT 1323, GT 1322) 

CH2(C1) wag (TG 1318, GG 1316) 
CH2(C1) wag (GT 1307, TT 1306) 
(S)CH2 twist (TT 1280, G T 1277), (S) C H 2 wag (TG 1277, 
G G 1277) 
(S)CH 2 wag (GT 1219, T T 1217) 

(S)CH 2 twist (GG 1199, T G 1198) 

C H 2 (Cl) twist (GG 1149) 

CH2(C1) twist (GT 1147, T G 1147, T T 1147) 

C C stretch ( T T 1030, T G 1023, G T 1019) 

C C stretch (GG 1008) 

CH2(C1) rock ( T T 986, G T 975) 

C H 3 ip-rock (GG 972, T G 968, T T 965) 
C H 3 ip-rock (GT 960), C H 3 op-rock (TG 958, G G 957, T T 

956) 

C H 3 op-rock (GT 957), CH2(C1) rock (TG 948, GG 941) 

(S)CH 2 rock (TG 881) 

(S)CH 2 rock (GG 863) 

SC(H 2) stretch (GT 773, T T 770) 

(S)CH2 rock ( T T 754, G T 742), C(H 3 )S stretch ( T T 736) 

C(H 3 )S stretch (TG 726, G G 723) 

CCI stretch (GT 719) 

C(H 3 )S stretch (GT 697), CCI stretch ( T T 697) 

13CC1 stretch ? (GT) 

SC(H 2) stretch (TG 669) 

SG(H2) stretch (GG 659), CCI stretch (TG 651) 

CCI stretch (GG 643) 

SCC deform (TG 423) 

CCC1 deform (GG 387) 

CSC bend (GT 337, T T 335, GG 327) 

CCC1 deform ( T T 288) 

CCC1 deform (TG 266, G T 257) 

CSC bend (TG 216) 

SCC deform (GT 204, G G 200) 

Torsions and lattice vibrations 

a) VS : very strong, S : strong, M : medium, W : weak, V W : very weak, sh : shoulder, b) All the calculated 
frequencies for the individual rotational isomers are given in parentheses except for those of the C H stretching 
and torsional vibrations and the lowest skeletal deformation frequency for the T T form (133 c m 1 , SCC 
deform) which are not included in the table, 
not measured. 

c) T h e infrared spectra in the region below 250 c m - 1 were 
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The Ra m a n and infrared spectra of the crystalline 
solid state exhibit four distinct bands at 763, 745, 703, 
and 680 cm - 1 , the fourth being a doublet in the infrared 
spectrum. Since a single molecular form exists in this 
state as is evident from the number of the bands observed 
in the whole region, the four bands are assigned to the 

C-S or C-Cl stretching vibration are generally stronger 
than those for the rocking vibration. Previous studies 
indicated that the G-S stretching frequencies for the 
P c conformation (the sulfur atom is trans to a carbon 
atom) and the PH conformation (the sulfur atom is 
trans to a hydrogen atom) are 745—760 and 645—670 

CH 3 -S , S-CH 2 , and C-Cl stretching, and one of the cm - 1 , respectively,9) and that the C-Cl stretching 
two CH 2 rocking vibrations. The least strong R a m a n 
band at 745 c m - 1 is assignable to the CH 2 rocking 
vibration by considering that R a m a n intensities for the 

frequencies for the P c conformation (the chlorine atom 
is trans to a carbon atom) and the PH conformation (the 
chlorine a tom is trans to a hydrogen atom) are 720—730 

TABLE 2. OBSERVED AND CALCULATED FREQUENCIES AND ASSIGNMENTS OF 2-BROMOETHYL METHYL SULFIDE 

Observed frequency (cm4) ' ) 

Liquid 

Raman Infrared0) 

Crystalline solid Assignment1^ 

Raman Infrared0) 

.1490 VW 

1437 W 
1427 W 

1433 S 

1408VW,sh 1409 W,sh 

1323 W 1322 W 

1270 M 

1259 M, sh 

1193 W 
1177 VW 
1121 VW 
1112 VW 
1036 W 
989 VW 
975 VW 
960 VW 

911 VW 

896 VW 
828 VW 
752 S 
739 M,sh 
725 W 
718 W 

697 VS 

1282 W,sh 
1268 M 

1255 M 

1192 S 

1107 M 
1035 W 
989 W 
972 W,sh 
959 M 

908 W 

891 VW,sh 
827 W 
751 W,sh 
738 W 
723 VW,sh 

691 W 

675 VW,sh 
655 W 651 V W 

613 VS 607 S 

1503 V W 
1493 V W 
1479 V W 
1446 V W 
1434 W 
1424 W 
1417 M 

1323 V W 
1316 W 

1276 M 
1256 M 
1252 M,sh 
1197 W 

1116 VW 
1045 M 
998 W 
970 VW 

920 VW 
913 W 

750 S 
741 M 

695 VS 
683 VW 

601 VS 

585 W 
565 M 
555 W,sh 
401 V W 
392 V W 
313 W 
228 S 
215 M,sh 
207 S 

557 W 

389 V W 
313 V W 320 W 

242 M 

207 S 

1492 VW 

1449 W N 

1435 M 
1432 M,sh 
1419 M 

1323 VW 
1316VW,sh 

1277 M 

1255 W 

1198 S 

1114 M 
1043 W 
999 M 
969 M 

600 S 
595 S 
579 VW 

320 VW 

\ Overtones 

CH2(Br) scis (TG 1451, GG 1443, GT 1435, TT 1435), CH3 

ip-d-deform (TT 1444, GT 1442, GG 1442, TG 1441), CH3 

op-d-deform (GT 1432, GG 1432, TG 1432, TT 1432), (S) 
CH2 scis (TG 1418, TT 1418, GG 1413, GT 1408) 

CH3 s-deform (TG 1323, TT 1323, GT 1322, GG 1322) 

(S)CH2 wag (GG 1288, TG 1288) 
(S)CH2 wag (GT 1272, TT 1269) 

(S)CH2 twist (GG 1267, TG 1267, TT 1265, GT 1262) 

CH2(Br) wag (GT 1200, TT 1199) 
CH2(Br) wag (GG 1179, TG 1179) 
CH2(Br) twist (TT 1127) 
CH2(Br) twist (GT 1126, GG 1118, TG 1117) 
CG stretch (TT 1020, TG 1014, GT 1009, GG 1000) 
CH3 ip-rock (GG 970, GT 969, TG 967, TT 965) 
CH3 op-rock (TT 960, GT 958, GG 958, TG 958) 
(S)CH2 rock (TT 947) 

914 W CH2(Br) rock (GT 931, GG 917), (S)CH2 rock (TG 928) 

CH2(Br) rock (TG 866) 
(S)CH2 rock (GG 850) 

751 W SC(H2) stretch (GT 759, TT 751) 
738 W CH2(Br) rock (TT 748), (S)CH2 rock (GT 737) 

C(H3)S stretch (TT 727, TG 726) 
C(H3)S stretch (GG 723) 

695 W C(H3)S stretch (GT 698) 

SC(H2) stretch (TG 665) 
SC(H2) stretch (GG 653) 

CBr stretch (GT 630, TT 625) 
13GBr stretch ? (GT) 
CBr stretch (TG 556) 
CBr stretch (GG 553) 
SCC deform (TG 405) 
SCC deform (GG 363) 
CSC bend (TT 329, GG 321, GT 318) 
CCBr deform (TG 246, GT 216), SCC deform (TT 235) 
CSC bend (TG 214) 
SCC deform (GT 200) 
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TABLE 2. Continued 

Observed frequency (cm 1)a^ 

Liquid 

Raman InfraredC) 

Crystalline solid 

R a m a n 

177 VW 
136 W 
122 M 
117M,sh 
109 M 
84 VW 
61 M 
45 S 
37 VS 
32 S 
25 S 

Infrared0) 

^ 

Assignment^ 

^100 sh 
Torsions and lattice vibrations 

a) See a) of Table 1. b) All the calculated frequencies for the individual rotational isomers are given in 
parentheses except for those of the CH stretching and torsional vibrations and the lowest skeletal deformation 
frequencies for the TT form (125 cm -1, CCBr deform) and for the GG form (89 cm-1, CCBr deform) which 
are not included in the table, c) See c) of Table 1. 

and 650—660 c m - 1 , respectively.10 '11) These frequency-
conformation correlations show that the 763 c m - 1 band 
of 2-chloroethyl methyl sulfide corresponds definitely 
to the C-S stretching of P c , and therefore is assigned 
to the C-S stretching of PC1. Thus , the (S) G-G(Gl) 
axis in this molecule is determined to be in the trans 
conformation and the molecular conformation is either 
T T or GT . No observation of the C-Cl stretching band 
of PH also suports this conformation. The band at 
703 c m - 1 (710 c m - 1 in the liquid state) is assigned to the 
C-Cl stretching of the P s conformation with reference 
to the P c frequency of 720—730 c m - 1 . The remaining 
band at 680 c m - 1 is then assigned to the C H 3 - S stretch­
ing vibration. All of these vibrational assignments are 
confirmed by the normal coordinate calculations as 
shown in Table 1. 

The conformation about the (C)S-C(C) axis is found 
to be in gauche in the solid state by examining the 
skeletal deformation vibrations as mentioned below. The 
R a m a n bands are observed in this state at 333, 274, 
and 228 c m - 1 between 500 and 180 c m - 1 (the corre­
sponding frequencies in the liquid state are 332, 265, 
and 223 c m - 1 ) . O n the other hand, the normal coor­
dinate calculations give the frequencies of 335 and 288 
c m - 1 in the same range for the T T form and 337, 257, 
and 204 c m - 1 for the G T form. The number of the 
observed bands and their frequencies are explained only 
by the G T form. The R a m a n band at 282 cm"1 , which 
is observed in the liquid state but disappears on solidifi­
cation, is in fact assigned to the T T form. 

Close examinations of the observed R a m a n and 
infrared spectra, incorporated with the results of the 
normal coordinate calculations (Table 1), indicate that 
the T G , GG, and T T forms coexist in the liquid state 
in addition to the G T form. The frequencies of the 
observed bands which are assigned only to a single 
molecular form are 863, 663, and 422 cm" 1 (TG form), 
845, 632, and 412 c m - 1 (GG form), and 282 c m - 1 ( T T 
form). The existence of the G G ' form is not certain but 
this conformation is quite unlikely to exist as suggested 

from the expected large steric repulsions. 
The liquid-state R a m a n spectra were measured at 

higher and lower temperatures in order to study the 
relative conformational stabilities among the existing 
rotational isomers (Fig. 2). Although most of the 
individual R a m a n bands are more or less overlapped 
by other bands, it is evidently shown that the bands due 
to the G T form increase at lower temperature as 
compared with the bands due to the other forms. The 
G T form is thus found to be the most stable in the liquid 
state. The relative conformational stability for the 
other forms is not definitive from the present spectral 
measurements. 

2-Bromoethyl Methyl Sulfide. The S-CH 2 and 
C-Br stretching frequencies are useful in determining 
the conformation about the (S)C-C(Br) axis, similarly 
to the case of 2-chloroethyl methyl sulfide for which the 
S-CH 2 and C-Cl stretching frequencies have been used. 

In the crystalline solid state, the distinct bands are 
observed at 750, 741, 695, and 601 cm- 1 in the range 
between 800 and 500 cm- 1 . The 601 c m - 1 band (613 
c m - 1 in the liquid state) is assigned to the C-Br stretch­
ing vibration of the P s conformation, since the C-Br 
stretching frequencies for the P c and PH conformations 
of alkyl bromides are 635—645 and 555—565 cm - 1 , 
respectively,12) and the corresponding frequency for the 
P s conformation is expected to be lower than the P c 

frequency on account of a heavier atom of sulfur. The 
PH frequencies of the C-Br stretching vibration is 
observed, in fact, at 565 and 557 cm" 1 in the liquid state. 
Thus, the (S)C-C(Br) axis is determined to be in the 
trans conformation and the molecular conformation in 
the solid state is either T T or GT. The 741 cm- 1 band, 
which is the least strong of the four R a m a n bands and 
corresponds to the 745 c m - 1 band of the chloride, is 
assigned to the CH 2 rocking vibration. The band at 
750 c m - 1 is associated with the S-CH 2 vibration of the 
PBr conformation in accord with the P c frequency of 
745—760 cm - 1 , and the band at 695 cm™1 is assigned 
to the CH 3 -S stretching vibration. It is noted that the 
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TABLE 3. ROTATIONAL ISOMERS OF 2-HALOGENO-

ETHYL METHYL SULFIDES 

CH3SCH2CH2C1 CH3SCH2CH2Br 

Liquida GT, TG, GG, TT GT, TG, GG, TT~ 
Crystalline solid GT GT 

a) For both 2-chloro- and 2-bromoethyl methyl sulfides, 
the GT form is the most stable in the liquid state. 

C-Br stretching R a m a n band is stronger than the C-S 
stretching R a m a n band. For the chloride, a similar 
observation is also made that the C-Cl stretching 
vibration gives rise to a stronger R a m a n intensity than 
the C-S stretching vibration. 

In the solid-state spectra, the bands are observed at 
320, 242, and 207 cm- 1 in the region between 500 and 
180 cm - 1 . 1 3 ) The T T form gives two calculated 
frequencies of 329 and 235 c m - 1 in this region and the 
G T form three calculated frequencies of 318, 216, and 
200 cm - 1 . The comparison of the observed and calculat­
ed frequencies readily leads to the conclusion that the 
molecular conformation in the solid state is the G T 
form. Thus, the normal coordinate calculation is 
shown to be important in determining the conformation 
about the (C)S-C(G) axis in both cases of the chloride 
and the bromide. 

In the liquid-state spectrum, there appear several 
bands which are not found in the solid-state spectrum. 
These are reasonably assigned to the rotational isomers 
other than the G T form on the basis of the spectral 
analyses and the results of the normal coordinate 
calculations. Of the bands observed only in the liquid 
state, the following bands are associated exclusively with 
a single rotational isomer: 960 c m - 1 ( T T form), 896, 
675, 565, 401, and 218 cm" 1 (TG form), and 828, 718, 
655, 555, and 392 cm" 1 (GG form). The GT, T G , GG, 
and T T forms are thus found to coexist in the liquid 
state, but the G G ' form is again unlikely to exist. If the 
GG' form existed, the R a m a n spectrum would exhibit 
a band around 270 cm - 1 , since the normal coordinate 
calculation on this form gives this frequency for a quasi-
totally symmetrical deformation of the molecular 
skeleton. 

The Ra m a n spectra in the liquid state at higher and 
lower temperatures (Fig. 4) show the relative intensities 
of the bands assigned to the G T form are stronger at 
lower temperature than those assigned to the other forms. 
Accordingly the G T form is the most stable in the liquid 
state similarly to the case of the chloride. 

D i s c u s s i o n 

The rotational isomerism of 2-chloroethyl methyl 
sulfide has been studied by Hayashi14) and the molecular 
form in the solid state has been reported to be either 
G T or T T . 

In the present study, the following results on the 
rotational isomerism have been obtained for 2-chloro-
and 2-bromoethyl methyl sulfides in common. (1) The 
molecular form in the crystalline solid state is the G T 
form. (2) The GT, T G , GG, and T T forms coexist 
in the liquid state, the G T form being the most stable. 

For both 2-chloro- and 2-bromoethyl methyl sulfides, 
the G T form is the most stable in the liquid state, the 
(G)S-G(G) and (S)C-C(X) axes being in the gauche 
and trans conformations, respectively. The previous 
studies on unbranched alkyl sulfides indicated that the 
gauche conformation about the (C)S-C(C) axis is 
slightly more stable than the trans conformation3-5 '16 '16) 
and for ethyl methyl sulfide the enthalpy différence 
between the trans and gauche conformation was shown to 
be A # T - G = 1 4 0 ^ 5 0 cal m o l - 1 in the liquid state.15) 
Accordingly, the conformational stability of the ( C ) S -
G(C) part in the halogeno sulfides is in line with that for 
other sulfides. 

The most stable isomer of the halogeno sulfide 
molecules takes the trans conformation about the 
(S)C-C(X) axis. For unbranched alkyl halides, the 
gauche (C)C-C(X) axis was found to be slightly more 
stable than the trans axis.1) The conformational stability 
of the ( O ) C - C ( X ) axis in halogeno ethers was also 
studied and the gauche conformation was found to be 
more stable than the trans conformation.17) Accordingly, 
the stability of the (S)C-C(X) axis is different from that 
of the (C)C-C(X) or ( O ) C - C ( X ) axis. 

The R a m a n spectrum of 2-bromoethyl methyl sulfide 
in the liquid state (Fig. 3) shows that the C-Br stretch­
ing band at 613 cm" 1 due to the trans (S)G-C(Br) confor­
mation is much stronger than the corresponding bands 
at 565 and 555 c m - 1 due to the gauche conformation.18) 
For 2-bromoethyl methyl ether, however, the C-Br 
stretching R a m a n band of the trans (O)C-C(Br) 
conformation at 668 c m - 1 is weaker than that of the 
gauche conformation at 571 c m - 1 (Fig. 4 of Ref. 17) in 
contrast with the case of 2-bromoethyl methyl sulfide. 
This spectral difference for the two molecules suggests 
the difference of the conformational stability of the 
(S)C-C(Br) and (O)C-C(Br) axes as mentioned above, 
on the assumption that the ratio of the R a m a n intensity, 
per molecule, of the trans conformation to that of the 
gauche conformation does not change for these molecules. 
The validity of this assumption may be diagnosed in 
pa r t by examining the coupling of these C-Br stretching 
vibrations with other vibrations. The calculated 
potential-energy distributions indicate that the bands 
assigned to the C-Br stretching have contributions from 
other vibrations less than 2 0 % in any case of 2-bromo­
ethyl methyl sulfide and 2-bromoethyl methyl ether. 
Accordingly, the assumption can be approximately valid 
for discussing the relative conformational stability. 

For 1-bromobutane, the C-Br stretching R a m a n band 
of the trans (C)C-C(Br) conformation is weaker than the 
corresponding band of the gauche conformation (Fig. 11 
of Ref. 1 ), similarly to the case of 2-bromoethyl methyl 
ether, but the intensity ratio of the trans to gauche band 
is larger than that of 2-bromoethyl methyl ether. 
Hence, the gauche conformation of the (O)C-C(Br) axis 
is shown to be more stabilized than the gauche conforma­
tion of the (C)C-C(Br) axis on the assumption of the 
constant R a m a n intensity ratio. The spectral observa­
tions on the above-mentioned molecules give a sugges­
tion that a sulfur atom lowers, as compared with a 
carbon atom, the energy of the trans conformation but 
an oxygen atom lowers the energy of the gauche confor-
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mation of the (A)G-G(X) axis, where A is S or O and X 
is a halogen atom. 

Part of the R a m a n and infrared measurements for 
2-chloroethyl methyl sulfide was made on the spectrom­
eters in the laboratory of Professor Mitsuo Tasumi, 
the University of Tokyo, to whom the authors wish to 
express their grati tude. 
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The Photochemical Reaction of Benzo[c]cinnoline. II. 
Photo-reduction in Acidic 2-Propanol 
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The photochemical reduction of benzojVJcinnoline in strongly acidic 2-propanol (4 M HCl) has been studied 
using light of wavelength longer than 400 nm. The photoproduct has been identified as 5,6-dihydrobenzo[c]-
cinnoline. The quantum yields for product formation, which are the same as that for the disappearance of the 
reactant, have been measured under various conditions. In contrast to the poor phosphorescent property of 
benzo[c]cinnoline, the protonated species has been found to phosphoresce with significant efficiency. The lowest 
triplet state energy has been estimated to be 51 kcal/mol. The results of the quenching showed that the photo-
reduction was attributed to the lowest excited triplet state of protonated benzo[c]cinnoline. The pK& value in 
the reactive state is lower than that in the ground state. 

Several nitrogen heterocyclic compounds in electro­
nically excited states have been shown to undergo 
hydrogen atom abstraction from solvent molecules. T h e 
photo-reductions of acridine and phenazine, for example, 
have been extensively studied, and the reactive states in 
the photo-reduction shown to be the lowest excited rut* 
singlet states.1)2> The photo-reduction of phenazine has 
also been studied in acidic media, and the rur* singlet 
state mechanism proposed.3) For quinoline and pyrimi-
dine derivatives in acidic alcohol solutions, however, 
photoalkylation has been observed.4 '5) 

In a previous paper6) it was reported that the photo-
irradiation of benzo[c]cinnoline in strongly acidic (4M 
HCl) alcoholic solution led to the formation of 2,2'-
diaminobiphenyl or carbazole as the final product 
depending on the excitation wavelength and the alcohol 
used as the solvent. In both reactions the final products 
are formed by the subsequent reactions of the initially 
formed intermediate which is characterized by absorp­
tion bands at 240, 270, and 316 nm. In the case of 
benzo[c]cinnoline in acidic 2-propanol, irradiation with 
light of a wavelength longer than 400 nm gives the 
intermediate compound, but no subsequent reaction 
occurs.7) 

In this paper, the initial photoreaction of benzo[c]-
cinnoline under certain conditions will be reported. 
Although some results indicate that the photoproduct 
is 5,6-dihydrobenzo[c]cinnoline, further evidence will 
be given for the identification of the product. This will 
be followed by a discussion of the reactive state of the 
reactant on the basis of the quan tum yields for the 
reaction under various conditions. 

Exper imenta l 

Materials. Benzo|V]cinnoline was obtained from Aldrich 
Chemical Co. and recrystallized from ethanol; mp 155 °C 
(lit,8) 156 °C). 2-Propanol, a Kokusan Works reagent, was 
purified by refluxing in sodium hydroxide solution and subse­
quent distillation. Purified 2-propanol was shown to be free 
from aldehydes by GLC analysis.9) Anthracene, pyrene, 
fluoranthene, fra>w-l,3-pentadiene, and naphthalene, which 
were used in quenching experiments, were purified by recrys-
tallization or distillation. 

Light Source and Irradiation. A 500 W high pressure 
mercury arc lamp (Ushio USH-500) was used as the visible 
light source with a Corning glass filter (CS3-73) which cut off 

light shorter than 400 nm. All irradiations were carried out 
at room temperature. The solution of the reactant was flushed 
with nitrogen passed through a pyrogallol solution for 30 min 
prior to and during the irradiation. Acidities of the solution 
were adjusted with HCl. 

Actinometry and Analysis. The intensities of light trans­
mitted by the sample solution and solvent respectively were 
measured to determine the quantum yields of the photoreac­
tion using a potassium ferrioxalate solution as actinometer.10) 
Two cylindrical cells (diameter: 4.5 cm, length: 3 cm) were 
used in the actinometry. The disappearance of benzojV]-
cinnoline and the appearance of the product were determined 
spectrophotometrically. The molar extinction coefficients of 
the ultraviolet absorption bands of the photoproduct have 
been determined previously.6) 

Measurements. Ultraviolet absorption spectra were taken 
with a Shimadzu UV-200 spectrophotometer using 1 cm 
quartz cells. Emission spectra were recorded on a Shimadzu 
RF-500 spectrofluorimeter. 

Chemical Reduction of Benzo[c]cinnoline with Lithium Aluminium 
Hydride. Benzo[c]cinnoline was chemically reduced by a 
large excess of lithium aluminium hydride in tetrahydrofuran 
under nitrogen at room temperature. After 30 min the solu­
tion was acidified by the addition of HCl and the absorption 
spectrum of the reduced compound was measured. 

R e s u l t s and D i s c u s s i o n 

Photoproduct in Acidic Aqueous 2-Propanol. Figure 1 
shows the spectral change caused by irradiation of the 
reactant ( 6 . 7 x l 0 ~ 5 M ) in acidic ( 4 M HCl) aqueous 
2-propanol. The photo-reaction was completed in 140 
min giving rise to a photoproduct having bands at 
240, 270, and 316 nm. T h e existence of three isosbestic 
points at 235, 270, and 324 nm and the quantitative 
recovery of benzo[c]cinnoline by aeration of the irradiat­
ed solution indicate the absence of a side reaction. 

In order to identify the product as 5,6-dihydrobenzo-
[cjcinnoline (monoprotonated form in strongly acidic 
solution), the chemical hydrogénation of the reactant 
was at tempted. The hydrogénation was performed by 
treating the tetrahydrofuran solution of benzo[c]-
cinnoline with lithium aluminium hydride. The solution 
of the resulting reduced compound was acidified and the 
absorption spectrum determined. T h e observed spec­
t rum is presented in Fig. 2. The chemically reduced 
compound has been considered to be 5,6-dihydrobenzo-



352 Hiroyasu INOUE, Yukimi HIROSHIMA, and Norio MAKITA [Vol. 52, No. 2 

6r 

300 350 

Wavelength (nm) 

Fig. 1. Spectral change of the 4 M HCl 2-propanol solu­
tion of benzo[c]cinnoline (6.7xlO _ 5M) caused by 
irradiation with light longer than 400 nm. Irradiation 
time (min); 1:0, I I : 30, I I I : 60, IV: 140. 

Wavelength (nm) 

Fig. 2. Absorption spectrum of the acidified tetrahydro-
furan solution of the compound prepared by reduction 
of benzo[c]cinnoline with LiAlHj. 

[c]cinnoline. As seen from Figs. 1 and 2, the absorption 
spectra of the products formed by the two methods 
show good agreement. Consequently, the photoproduct 
has been identified as 5,6-dihydrobenzo[c]cinnoline. 

Quantum Yields for the Photo-reduction under Various 
Conditions. The quan tum yield for the disap­
pearance of the reactant coincides with that for product 
formation, thus indicating that 5,6-dihydrobenzo[c]-
cinnoline is the only photoproduct from the reactant 
in the present experimental conditions. As seen from 
Fig. 3, the quan tum yield remained constant with 
variation in the irradiation time (15—120 min) and in 
the initial concentration of the reactant (4.0 X 10~5— 
5.2 X 10~4 M ) . The average quan tum yield has been 
determined to be 5.5 X 10~3. For the photo-reduction of 
phenazine in alcoholic solution, the concentration 
dependence of the quan tum yield has been established 
and interpreted in terms of self quenching.11) However, 
the result shown in Fig. 3b indicates that such self-
quenching is absent in the present photo-reduction in 
the concentration range studied here. 

^ 4 
X 
® 2 

'" O 

o 

-

o° 
o o 

(a) 

50 100 150 
Irradiation time (min) 

1 2 3 4 5 6 
Concentration of benzo[c]-

cinnoline (M) 

Fig. 3. Dependence of quantum yields for the photo-
reduction : (a) on the initial concentration of the react­
ant; (b) on irradiation time. 

^ 

1.0 0.5 0 -0.5 -1.0 

-log[HCl] 

Fig. 4. Quantum yields for the photoreduction (I) and 
absorption intensity of the 360 nm band (II) at various 
concentrations of HCl. 

I t has been found that the quantum yield changes 
with variation in the acidity of the solution. Curve I in 
Fig. 4 shows the quan tum yield at various concentra­
tions of hydrochloric acid. In Fig. 4 the absorbances of 
protonated benzo[c]cinnoline at 360 nm have also been 
plotted against the acid concentration (curve I I ) . From 
this curve the apparent pKa of the conjugate acid of 
benzo[c]cinnoline in the ground state has been deter­
mined to be 0.1 in a mixed solvent of 2-propanol and 
water ( 1 : 1) at 20 °C. Since only the protonated species 
of the reactant can be excited with visible light, curve I 
may be regarded as reflecting the equilibrium situation 
of the protonation at the reactive state in the photo-
reduction. From curve I the pKa at the reactive state, 
which can be assigned as the lowest triplet state as 
described below, has been estimated to be —0.4. 
Therefore, the basicity of the reactant in the lowest 
triplet state is considered to be lower than that in the 
ground state and this behavior is in contrast to that for 
other nitrogen heterocyclic compounds which have 
higher pKa values in the lowest triplet states than in the 
ground states.12-14) 

Since hydrochloric acid was used to acidify the 
solution the quenching effect of chloride ion needs 
to be examined in view of the fact that in some cases 
halide ions act as fluorescence quenchers15) and exibit 
a quenching effect as in the photo-reduction of 
acridine.16) I n the present case, the quantum yield has 
been found to be unaffected on addition of sodium 
chloride in the concentration range up to 0.05 M. 
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Fig. 5. Phosphorescence spectrum of protonated benzo­
yl cinnoline in 4 M HCl aqueous 2-propanol at 77 K. 
Excitation wavelength 420 nm. 

Therefore, it is not necessary to correct the results 
concerning the effect of acid concentration on the 
quantum yield presented in Fig. 4 for changes in chloride 
ion concentration. 

Emission Spectra of Protonated Benzo[c]cinnoline. I t 
has been established that benzo[c]cinnloine exibits fluo­
rescence, but does not phosphorescence with a signifi­
cant quan tum yield.17) The lowest triplet state has been 
assigned as of the JIJI* type and the energy determined 
to be 52.0 kcal/mol from the S0—^Tj absorption 
spectrum.18) O n the other hand, little is known concern­
ing the excited states of the protonated species. In order 
to study the behavior of protonated benzo[c]cinnoline in 
electronically excited states, the emission spectra have 
been measured. In contrast to the non-phosphorescent 
property of the unprotonated species, the phosphores­
cence emission could be observed for the protonated 
species by means of a conventional spectrofluorimeter at 
77 K, the observed phosphorescence band is shown in 
Fig. 5. O n the other hand, the intensity of the fluores­
cence band at 490 nm decreased with increasing acid 
concentration. Since the phosphorescence band has 
no fine structure, the position of the 0-0 transition can 
not be determined precisely. Nevertheless, the wave­
length of the peak (560 nm) may indicate the approxi­
mate energy of the lowest triplet state (ET), that is, 2?T 

has been estimated to be 51 kcal/mol. Recently, Lin 
et al.19) have observed the enhanced phosphorescence 
band in isopentane solution containing fluorinated 
alcohols which can form hydrogen bonds with benzo[c]-
cinnoline. T h e spectra have fine structure and the 
shortest wavelength peaks are at approximately 550 nm. 

Quenching in the Photo-reduction. In order to 
investigate the reactive state of the reactant in the photo-
reduction, quenching experiments were conducted. 
Quenching during the photo-reduction has been studied 
quantitatively through measurements of the quan tum 
yields. In consideration of the estimated value of the 
lowest triplet state of the reactant (£",,,=51 kcal/mol), 
the following compounds have been employed in the 
quenching experiments, naphthalene ( E T = 6 0 . 9 kcal/ 
mol), /rarc.ï-l,3-pentadiene (ET = 59.2 kcal/mol), fluoran-
thene (ET=52.9 kcal/mol), pyrene ( £ T = 4 8 . 2 kcal/mol), 
and anthracene (£"T=42.7 kcal/mol).20) Under the 
present experimental conditions, none of these com­
pounds can absorb the irradiated light. 

2 6 10 14 
Concentration of quencher (10~4 M) 

Fig. 6. Stern-Volmer plots for the photoreduction. 
O • Anthracence, 0 : pyrene, V .* fluoranthene, 
A- tom.y-l,3-pentadiene, •* . naphthalene. 

The quenching experiments were performed using a 
fixed concentration of the reactant and variations in the 
quencher concentration. The quenching data are 
presented in Fig. 6, where 0o/0 have been plotted 
against the quencher concentrations. The quantities 0 
and 0O are the quan tum yields with and without 
quencher, respectively. As can be seen from Fig. 6, 
pyrene and anthracene act effectively as quenchers for 
the photo-reduction and the Stern-Volmer plots give 
straight lines, thus indicating that a single excited state 
participates in the photo-reduction. Fluoranthene, trans-
1,3-pentadiene, and naphthalene exibited no influence 
on the quan tum yield. Taking into account the lowest 
triplet state energies of the reactant and the quenchers, 
the triplet-triplet energy transfers from the protonated 
benzo[c]cinnoline donor to the pyrene and anthracene 
acceptors are considered possible, whereas such energy 
transfer are impossible in other cases. These situations 
reflect the results obtained here. Therefore, the observed 
quenching effects have been interpreted in terms of the 
triplet-triplet energy transfer. This is also indicated 
by the phosphorescence quenching data as shown in 
Fig. 7, where IJI has been plotted against the concent­
ration of pyrene acceptor. The quantities / and I0 

are phosphorescence intensities at 560 nm with and 

2 4 6 

[Pyrene] 

Fig. 7. Phosphorescence quenching plots of protonated 
benzo[V|cinnoline by the pyrene acceptor. 
Excitation wavelength : 362 nm. Concentration of 
benzol]cinnoline: 1.04 x 10-4 M. 
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without pyrene. It is evident that pyrene acts as a 
triplet quencher. 

The lowest excited singlet state energy of the 
protonated benzo[c]cinnoline has been estimated to be 
68 kcal/mol from the longest wavelength absorption 
band at 420 nm. This value is lower than that of any 
compound used in the quenching experiments,20) and 
therefore, the singlet-singlet energy transfer may be 
dismissed as responsible for the observed quenching. 
From the absorption and emission spectra, no evidence 
was obtained for the ground state complexing and the 
exciplex formation between the reactant and the 
quenchers. 

Consequently, the results suggest that the reactive 
state in the photo-reduction in strongly acidic aqueous 
2-propanol is the lowest excited triplet state of protonated 
benzo [c] cinnoline. 
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CNDO/2 Parametrizations and the Applications to Some Organo-
sulfur Molecules: (CH2SH)2, (CH2SCH3)2, CH3SCH2SH, 

and CHsSCHaSCH^ 
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The CNDO/2 spd" parametrizations of K& ßc, Çs, and ßs have been performed. Some of the valence and 
torsional angles of 1,2-ethanedithiol (GH2SH)2, l,2-bis(methylthio)ethane (CH2SCH3)3, methanethiol, ethanethiol, 
(methylthio)methanethiol GH3SGH2SH, and bis(methylthio) methane GH3SGH2SGH3 have been optimized. 
In order to obtain further information on the rotational isomerism, CNDO/2 spd' and sp calculations have been con­
ducted for the molecules with variations in torsional angle. 

Recently semi-empirical M O calculations have been 
widely applied and subsequently modified, e.g., to the 
molecules including 2nd- and 3rd-row elements.2 '3) T h e 
authors have previously investigated the vibrational 
spectra of 1,2-ethanedithiol (CH2SH)2,4> l,2-bis(alkyl-
thio) ethane R S C H 2 C H 2 S R ( R = M e , Et, n-Pr, and 
n-Bu),5'6> bis(alkylthio)methane RSCH 2 SR ( R = M e , Et, 
n-Pr, and n-Bu),7-9) and (methylthio) methanethiol 
CH3SCH2SH.10> With (CH 2 SH) 2 , electron diffraction11) 
and EHMO 1 2 ) studies have been reported. The molec­
ular structure of ethanethiol EtSH has appeared 
recently,13-16) while for methanethiol M e S H and EtSH, 
the M I N D O / 3 calculations were performed;17) however 
the M I N D O / 3 calculations do not always faithfully 
reproduce the experimental geometries. With oxygen 
analogs such as dimethoxymethane C H 3 O C H 2 O C H 3 , 
the experimental structural analysis18) and the theoretical 
conformational analyses by the semi-empirical and non-
empirical methods have been attempted.19) 

In the present paper, to avoid the complexity of ab 
initio calculations, several of the CNDO/2 parameters 
have been reasonably optimized and the CNDO/2 
method applied to examine the stable geometries of the 
molecules concerned. The CNDO/2 calculations have 
also been conducted on the oxygen analogs, 1,2-
ethanediol (CH 2 OH) 2 , 1,2-dimethoxyethane (CH2-
OCH 3 ) 2 , and 1-methoxy-2-methylthioethane CH3-
OCH 2 CH 2 SCH 3 . The results of the CNDO/2 calcula­
tions will be compared with the observed values. 

Opt imiza t ion o f P a r a m e t e r s 

The Fock matrix20) in the CNDO/2 method21-22) can 

be expressed by 

FPfl = - ( l /2)( /„-M„) + UPAA-ZA)-{ll2){P„-l)-]yAA 

+ J}(P™-ZB)yAB (/* on A), 
B#A 

iV = (1/2)JÜ^(/3A+|8B) - ( l / 2 ) / > A B {fi on A, v on B), 

where the notations are the same as those used by Pople 
et al.21) The constant K of the off-diagonal core matrix 
element has been given by Pople et ö/.21) as unity in 
relation to the first-row elements, and 0.75 in the 2nd-
row elements. In this paper, hereafter Kd will replace 
K in relation to the 2nd-row elements. The constant ß 
is the bonding parameter, and this will be estimated 
reasonably. The orbital exponent C is included in the 
radial distance r multiplied by a decaying exponential 

exp( —Cr). 
SCF calculations using the parameters of Pople 

etal.21) (POPLE) sometimes diverge for certain molecules 
having more than two 2nd-row elements. Moreover 
the P O P L E method gives the organo-sulfur molecules 
rather larger dipole moments and higher energy 
barriers for internal rotation than observed. In order 
to overcome the first difficulty, the density matrix 
method,2 3 - 2 5) and others have been used, but suffer 
from the disadvantage of requiring a lot of computation 
time. Consequently the value of the constant Kd has 
been varied. With reference to previous works,26-28) 
Kd has been assumed to be 0.492 on the basis of the 
smoothness of the SCF using the molecular geometry of 
(SiH3)20.2 9) T h e C and ß values have been optimized in 
relation to carbon and sulfur atoms. In the course of 
the parametrizations, the molecular geometry of T-
EtSH,13) and initial parameters reported21) have been 
adopted. T h e optimizations have been made in the 
order : 

i) ßc has been estimated using Cc as the Slater value 
to reproduce the observed r (C-C) of ethane.30) 

ii) Cs was then deduced using the revised ßc to fit 
the observed r (C-S) of T-EtSH.1 3) 

iii) ßs was optimized using the revised Cs to 
reproduce the observed çi(CSH) of T-EtSH.1 3) 

iv) Steps ii) and iii) were repeated until the two 
parameters, Cs and ßs, did not vary very much. In the 
present case, nine cycles were repeated. T h e parameters 
finally obtained are summarized in Table 1 together 
with those reported,3»21) and the relation between Cs 

and ßs is shown in Fig. 1. The orbital exponents 
previously estimated by Clementi et a/.31) and Burns32) 
are included. The Cs obtained here is larger than that 

TABLE 1. CNDO/2 PARAMETERS, ß IN eV 

Present work Poplea) Hqjerb> 

YA 0.492 0/75 TO 
ßn - 9 . - 9 . - 7 . 0 0 
ßc - 1 6 . 9 7 - 2 1 . - 1 5 . 0 0 
ßs - 3 1 . 7 9 - 1 8 . 1 5 - 1 1 . 3 9 
CH 1.2 1.2 1.2 
Ce 1-625 1.625 1.6083e) 
Cs 1.867 1.8167 2.1223e) 

a) From Ref. 21. b) From Ref. 3. c) Transferred from 
Ref. 31. 
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Fig. 1. Correlation plot of ßs vs. £s. 
Figures show the number of the repeated cycles. 

used by Pople et al.21) and smaller than that used by 
Clementi et <z/.31> For ßs, a fairly small value was 
obtained. Hereafter, the method with the revised 
parameters will be employed as the M C N D O method. 
T h e method with Kd set at 0.492 and the others as the 

original ones21) is named the K C N D O method. These 
methods have been applied to some of organo-sulfur 
molecules, and an at tempt has been made to obtain 
information on the molecular conformations of these 
molecules. 

R e s u l t s a n d D i s c u s s i o n 

Molecular geometries used were as follows: for 
(CH 2 SH) 2 — the geometry reported11) except 0(CSH), 
for (CH 2SCH 3) 2 , CH 3 SCH 2 SH, and CH 3SCH 2SCH 3 , 
r (C-H) = 1.09Â, r(C-S) = 1.82 Â, r (C-C) = 1.54 Â, r (S -
H) = 1.335 Â. The angles around the carbon atom 
have been assumed as tetrahedral, and for MeSH33> and 
EtSH13 ,15) those observed. The dihedral angles were 
180° and 60° for the T and G forms, respectively. The 
angles calculated and observed, and the stability of the 
molecules are summarized in Tables 2 and 3. 

(CH2SH)2 and (CH2SCHB)2. Using the molecular 
geometry reported above, optimizations were made on 
0(CSH) o f ( C H 2 S H ) 2 a n d 0 ( C S C ) of (CH 2SCH 3) 2 . The 
calculated çJ(GSH) are 95.5 and 96.5° for the M C N D O 
and P O P L E methods respectively. T h e observed 
0(CSH) has been reported as 90.5°n> which is much 
smaller than those of the other thiols; M e S H : 0(CSH) = 
96.5°,33> and T - E t S H : 96°13'.13> With the 0(CSC) of 

TABLE 2. CALCULATED AND OBSERVED ANGLES 

Molecule 

(CH2SH)2 

(CH2SCH3)2 

MeSH 

T-EtSH 

G-EtSH 

H2S 

H2S2 

n-PrSH 
CH3SCH2SH 

CH3SCH2SCH3 

MeOMe 
CH3OCH2OCH3 

POM 

MeSMe 
PES 
PTM 

çi(CSH) 
çi(CSC) 
çi(CSH) 

çKCSH) 

0(CSH) 

T ( G - S ) 

0(HSH) 

0(SSH) 

0(CSH) 
0(CSC) 
çi(CSH) 
T ( C - S ) 

0(CSC) 
T ( C - S ) 

0(COC) 
ç5(COC) 
T ( C - O ) 

0(COC) 
r(C-O) 
0(CSC) 
çi(CSC) 
0(CSC) 
T ( C - S ) 

MCNDO 

95.5° 
115.5° 
94.4° 

96.2° 

97.7° 

67° 

92.7° 

96.2° 

96.6° 
1 1 3 o b ) 

99° 
75° 

113° 
75° 

KCNDO 

64° 

107° b> 
<93.5° 

c) 
107° 
77° 

POPLE 

96.5° 

94.5° 

97° 

98.5° 

65° 

99° a> 
92.8° 

95.7° 

97.2° 
1 1 3 o b ) 

99.5° 
76° 

113° 
75° 

sp 

101.9° 

101.1° 

102.7° 

101.9° 

<60° 

99.5° 

102.2° 

106.5° 
103° 
101.5° 

<40° 
103° 
63.5° 

MINDO/3d> 

111.9° 

105.1° 

97° 

102.9° 

96.4° 

115.4° 

Obsd 

90.5° 

96.5° 
96°13' 
95.23° 
96° 
95.23° 
61°45' 
58.75° 

92.06° 

95° 
91°21' 

111°43' 
114.2° 
66.3° 

110°53' 
77°23' 
98°52' 

109.5° 
106°52' 
65°59' 

Ref. 
_ 

33 
13 
14 

15,16 
14 

15,16 
14 

e) 

f) 
g) 

43 
18 
18 
45 
45 
44 
34 
35 
35 

a) From Ref. 26. b) Assumed, c) Not performed, d) From Ref. 17. e) R. L. Cook, F. C. De Lucia, and P. 
Helminger, J. Mol. Struct., 28, 237 (1975). f) D. P. Stevenson and J. Y. Beach, J. Am. Chem. Soc, 60, 2872 
(1938). g) G. Winnewisser, M. Winnewisser, and W. Gordy, J. Chem. Phys., 49, 3465 (1968). Geometries; 
(CH2SH)2: TGT, (CH2SCH3)2: TGT, MeSH: from Ref. 33, EtSH: from Refs. 13 and 15, H2S: e), H2S2: g) in 
G, n-PrSH: r(C-H) = 1.09 Â, r(C-C) = 1.54 Â, r(C-S) = 1.82 A, r(S-H) = 1.335 Â, 0(CSH)=96.5°, angles 
around carbon atom=tetrahedral in TT, CH3SCH2SH: GT, CH3SCH2SCH3: G G 
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T A B L E 3. STABILITY AS A FUNCTION OF INTERNAL ROTATION ANGLE 

Molecule Stability 

H O G H 2 G H 2 O H 
Galcd 

Obsda> 

HSCJTjCH^SH 
Calcd M C N D O 

sp 

Obsd 

G H 3 O C H 2 C H 2 O C H 3 

Calcd 

Obsdd> 

C H 3 O C H 2 C H 2 S C H 3 

Galcd M C N D O 

sp 

Obsde> 

Crd3oCrl2CH.2SLjri.3 

Calcd M C N D O 

sp 

Obsd 

CH 3 SCH 2 SH 

Calcd M C N D O 

sp 

Obsdh> 

CH 3 SCH 2 SCH 3 

Calcd M C N D O 

sp 

Obsd1 » J) 

T T T > T G T > T G G > G G G > G T G ' > G T G 
0.03 1.88 1.81 0.25 0.01 

- G - , - T -

T G T > T G G > G G G > T T T > G T G > G T G ' 
0.18 3.03 14.9 0.31 0.20 

T G T > T T T > T G G > G T G > G T G ' > G G G 
0.32 1.17 1.30 0.01 0.17 

- T - , -G-b> 

T G T , T G G , G T G ' , T T T , GGG, G T G , one or more other rotamersc> 

T G T > T T T > T G G > G G G > G T G ' > G T G 
0.05 2.83 2.78 0.06 0.21 

T G T , T T T , one or more other rotamers 

GGT > TGG > TTG > GTT > GTG > TGT > GGG > TTT > GTG' 
2.01 6.24 0.91 0.87 0.27 6.26 1.23 3.68 

TGT > TTT > TGG > TTG > GGT > GTT > GGG > GTG' > GTG 
0.25 1.55 0.25 1.00 0.35 1.40 0.44 0.03 

TTG, TGG, TGT, TTT, GTG or GTG', GGT 

TGG > GGG > TGT > GTG > TTT > GTG' 
9.73 1.51 0.58 9.28 2.37 

TGT-TTT > TGG > GTG' > GTG > GGG 
2.20 1.71 0.01 0.45 

G T G ' , GGG, one or more other rotamersf> 
T G T , T T T , G T G ' , GGG, one or more other rotamersg> 

G T > G G > G G ' > T G > T T 
0 18 0.97 18.8 0.96 

T T > G T > T G > G G > G G ' 
0.99 0.45 1.61 1.31 

GG, G T , GG' , T G , T T 

G G > T G > T T > G G ' 
18.7 16.5 229. 

T T > T G > G G > G G ' 
1.06 1.73 265. 

GG, T G , T T 

Small figures indicate the energy difference, in kcal/mol. —, stable form in the crystalline solid state. a) From Ref. 
36. b) From Ref. 4a. c) From Ref. 4b. d) From Ref. 37. e) From Ref. 38. f) From Ref(s). 5 (and 38). g) From 
Ref. 6. h) From Ref. 10. i) From Ref. 7. j) From Ref. 8. Geometries; ( C H 2 O H ) 2 : from Ref. 12, ( C H 2 O C H 3 ) 2 

and C H 3 O G H 2 C H 2 S C H 3 : r ( C - 0 ) = 1.41 A, çi(COC) = 111°49', referred from M . Hayashi and K. Kuwada , Preprint 
of the 32nd National Meeting of the Chemical Society of J a p a n , Vol. 1, (1975) p . 121, and assumed r ( C - H ) = 1.09 
Â, r (C-C) = 1.54 Â, r(C-S) = 1.82 Â, ç5(CSC) = 9 9 ° , angles around carbon a t o m = t e t r a h e d r a l . 

( C H 2 S C H 3 ) 2 , 115.5° w a s o b t a i n e d w h i c h c o r r e s p o n d s 
wel l to t h e 115.4° of M e S M e a n d 115.6° of M e S E t 
e s t ima ted b y t h e M I N D O / 3 m e t h o d . 1 7 ) H o w e v e r , t h e 
c a l cu l a t ed v a l u e 115.5° is s o m e w h a t l a r g e r t h a n t h a t 
obse rved for po ly ( e thy l ene sulfide) ( P E S ) 109.5°34> a n d 
p o l y ( t h i o m e t h y l e n e ) ( P T M ) 106°52'.35> 

T h e ca l cu l a t ions w e r e c o n d u c t e d for e a c h of six 
typ ica l forms w i t h $ > ( C S H ) = 9 5 . 5 ° in ( C H 2 S H ) 2 a n d 
0 ( C S C ) = 115.5° in ( C H 2 S C H 3 ) 2 . T h e s tab i l i ty f rom 
t h e c a l c u l a t e d e n e r g y is i n t h e o r d e r , T G G > G G G > 
T G T > G T G > T T T > G T G ' for ( C H 2 S C H 3 ) 2 . I t h a d 
b e e n p rev ious ly conc luded 6 ) t h a t t h e c o n f o r m a t i o n a b o u t 
t h e C - C b o n d in t h e c rys ta l l ine s t a t e is t h e G c o n f o r m a ­
t ion . F r o m t h e C N D O / 2 ca l cu l a t i ons ( K C N D O ) 
a s s u m i n g t h e four t y p i c a l forms, T G T , G G G , T T T , a n d 
G T G ' , t h e conc lus ion d r a w n is t h a t t h e T G T f o r m is 

t h e bes t f o r m to e x p l a i n t h e s t ab l e c rys ta l l ine solid 
s tate . 6) T h e m a i n r e a s o n for t h e d i f ference i n s t ab i l i t y 
b e t w e e n t h e p r e s e n t a n d p r e v i o u s c a l c u l a t i o n s is d u e 
to t h e d i f ference i n g e o m e t r y used . F o r ( C H 2 S H ) 2 

n e a r l y t h e s a m e o r d e r to t h a t of ( C H 2 S C H 3 ) 2 w a s 
o b t a i n e d . T h e sp ca lcu la t ions 2 2 ) h a v e a lso b e e n c o n d u c t ­
ed for these mo lecu l e s . W i t h ( C H 2 S H ) 2 , t h e C N D O / 2 
s p d ' o r sp c a l c u l a t i o n suggests t h a t t h e m o s t s t a b l e fo rm 
is t h e T G T form. F r o m th is , it a p p e a r s t h a t t h e p r e v i o u s 
conc lus ion , 4 3 ) i n w h i c h m a i n l y t h e T T T a n d T G T 
m o l e c u l a r fo rms exist i n t h e gaseous a n d l i q u i d s ta tes 
a n d t h e T T T fo rm a l o n e persis ts in t h e solid s t a t e , is 
of d o u b t f u l va l id i ty . As a resu l t , it m a y b e c o n c l u d e d 
t h a t t h e s t a b l e f o rm in t h e c rys ta l l ine solid s t a t e is t h e 
T G T f o r m . 

W i t h ( C H 2 S C H 3 ) 2 , if t h e o b s e r v e d s p e c t r a d e m o n -
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strate5 '38) the mutua l exclusion rule between the I R and 
R a m a n spectra, the actual molecular form in the 
crystalline solid state should be either the T T T or the 
G T G ' form. However, the CNDO/2 spd' calculation 
does not support this conclusion, although the T T T 
form has been shown to be the fairly stable form from 
the sp calculation. 

(CH2OH)2, (CH2OCH3)2, and CH3OCH2CH2SCH3. 
The vibrational spectra, normal coordinate treatments, 
and conformational analyses of (CH2OH)2

3 6) and 
(CH2OCH3)2

3 7) have been studied extensively. Recently, 
the vibrational spectra and rotational isomerism of 
C H 3 X C H 2 C H 2 Y C H 3 (X, Y = 0 or S) have been 
published.38) T h e C N D O / 2 calculations for these 
molecules have been conducted assuming the typical 
forms, the results of which are summarized in Table 3. 
The stability, determined with the aid of the CNDO/2 
calculations for ( C H 2 O C H 3 ) 2 agree excellently with the 
observed, T G T > T T T > T G G > T T G , 3 8 > although the 
present calculation was not performed on the T T G form. 
With C H 3 O C H 2 C H 2 S C H 3 , the observed frequencies38) 
in the crystalline solid state can be well explained by 
the G G T form—the most stable form calculated from 
the M C N D O method—as well as by the T T G form, 
which was concluded as the stable form in the crystalline 
solid state.38) 

MeSH and EtSH. T h e relations between the 

0.280-] 1 

/ \ 
c 0.275-J g ' 

! X4' 
Z 0.270-4 U S 

£ 1 m / 

o 0.265-J y 6 

y 

0.260H , , ' 

I ! ! 1 
2500 2550 2600 2650 

Frequency (cm ) 

Fig. 2. Correlation plot of P l s H 3sS vs. vSH—POPLE. 
1: (CH2SH)2, 2: MeSH, 3: EtSH, 4: H2S, 5: H2S2, 
6: n-PrSH, 7: CH3SCH2SH. 
IR data (observed in the gaseous state except 7) ; 1 : 
from Ref. 4a, 2: I. W. May and E. L. Pace, Spectrochim. 
Acta, Part A, 24, 1605 (1968), 3: N. Sheppard, J. Chem. 
Phys., 17, 79 (1949), 4: J . W. Nibler and G. C. Pimentel, 
J. Mol. Spectrosc, 26, 294 (1968), 5: M. K. Wilson and 
R. M. Badger, J. Chem. Phys., 17, 1232 (1949), 6: M. 
Hayashi, Y. Shiro and H. Murata, Bull. Chem. Soc. Jpn., 
39, 112 (1966), 7: from Ref. 10. 
Geometries; 1: TGT, 1': TTT, 2: from Ref. 33, 3: 
from Ref. 13 in T, 3 ' : from Ref. 15 in G, 4: e of Table 
2 with r(S-H) = 1.3362 Â, 5: g of Table 2 in T, 6: see 
geometry listed in Table 2, 7 : TT. (CH2SH)2 : we have 
at first carried out the calculations using r(S-H) = 1.4 Â 
then we have obtained an extraordinarily low value of 
^ISH,3SS: 0.2554. On the other hand the infrared 
frequency does not lie off the ordinary value. There­
fore, we have assumed r(S-H) = 1.335 Â only in these 
calculations (bond order calculations). 

bond order, bond lengths, and force constants have 
been reported by Coulson.39 '40) I t has been previously 
shown that a linear relationship exists between the 
bond length r ( X - H ) and the X - H stretching frequency 
and the bond order matrix elements, Plsu,n$x calculated 
by the P O P L E method, where n is 2 or 3, and X is C, 
N, or Si.41) The same is true in this case as shown in 
Fig. 2. These results, therefore, imply that most of the 
X - H stretching force constant K(X-H) can be explained 
in terms of the relation between the Is A O of hydrogen 
and the ns A O of the X atom. 

The angles 0 (CSH) , 0 (HSH) , and ç5(SSH) of the 
molecules having the S-H bond are excellently repro­
duced, both by the P O P L E and M C N D O methods 
(Table 2). The torsional angle is also fairly well repro­
duced. However, the sp calculations, in general, do 
not agree with the observed ones very well. With 
EtSH, the energy difference has been found and is 
summarized in Table 4. The experimental value 
obtained from the calorimetric data gives the stability 
G > T and the difference 0.3 kcal/mol,42) and recent 
microwave data14) the value 0.406 kcal/mol. The 
observed values are well explained by the calculations. 
T h e M C N D O method is refined a little in the energy 
difference. 

TABLE 4. ENERGY DIFFERENCE (AE, kcal/mol), ENERGY 

BARRIER HEIGHT (V, k c a l / m o l ) , AND DIPOLE MOMENT 

(D.M., Debye) OF MeSH AND EtSH 

MCNDO KCNDO POPLE Obsd 

A £ , T - E t S H - ^ , n ß « 9 0 ~TZ7 0.406*) 
G-EtSH 1 U b ZM Uii7 0.3b> 

F-SH, MeSH 1.38 0.91 1.75 1.27c> 
3.260d) 

F-Me, EtSH 9.42 6.84 14.25 3.305a) 
3.75b> 
1.305d> 

F-SH, EtSH 4.41 2.65 6.17 1.258a> 
1.42b> 

D.M., MeSH 2.345 1.893 2.443 1.48c> 

T-EtSH 2.139 2.238 2.454 J ^ g l f 

G-EtSH 2.223 2.248 2.512 1.61a> 

a) From Ref. 14. b) From Ref. 42. c) From Ref. 33. 
d) From Ref. 16. e) From Ref. 13. Geometries; Me­
SH: from Ref. 33, T-EtSH: from Ref. 13, G-EtSH: from 
Ref. 15, EtSH: from Ref. 13. 

CH3SCH2SH and CH3SCH2SCH3. The optimized 
angles are shown in Table 2 along with the observed 
values for dimethyl ether (MeOMe),4 3) dimethyl 
sulfide (MeSMe),44) CH3OCH2OCH3 ,1 8> poly(oxymeth-
ylene) (POM),4 5) PES,34) and PTM.3 5) For the 0(CSC) 
of the molecules now of interest, it can be expected that 
the value is larger than that of MeSMe44) and smaller 
than that of PTM.3 5) T h e sp calculations reproduce 
the values as expected except for the T ( C - S ) of CH3-
SCH 2 SH, but the spd' calculations are somewhat too 
large. The CNDO/2 calculations were then performed 
with variations in the torsional angle. From the analyses 
of the vibrational spectra it has been concluded that 
for CH 3 SCH 2 SH only one form exists, the GG form 
in the crystalline solid state as compared with five 
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forms, GG, GT, T G , GG' , and T T , which coexist in 
the liquid and gaseous states.10) With CH 3 SCH 2 SCH 3 , 
the order of the stability has been reported as : G G > 
TG>TT>GG' . 7 > 8 > By the M C N D O method using the 
assumed geometry ç5(CSC)=99° and ç5(CSH)=96.5°, 
the order for CH 3 SCH 2 SH has been established as: 
G T > G G > G G ' > T G > T T , and for CH 3 SCH 2 SCH 3 as: 
G G > T G > T T > G G ' . With CH 3 SCH 2 SCH 3 , the most 
stable form G G is well explained by the M C N D O 
method, the stable structure corresponding with that 
of the oxygen analog, CH3OCH2OCH3 .1 8>1 9) Wi th 
CH 3 SCH 2 SH, however, the most stable form has been 
calculated as G T by the M C N D O method, but this 
does not agree perfectly with the observed one.10) In the 
course of the analyses of the I R spectra of this molecule, 
the most stable form expected was the G G or G T form. 
From the frequency shift of the S-H stretching vibration 
by D substitution it has been concluded that the most 
stable form is the GG. In the molecule CH 3 SCH 2 SH, 
the conformation about the bond C H 3 S C H 2 - S H is 
indeed very difficult to explain, since hydrogen is a very 
light and small atom. It may be concluded that the 
conformation about the bond C H 3 S - C H 2 S H is repro­
duced by the spd' calculations. In the case of CH 3 SCH 2 -
SCH3 , it has been previously stated that the G G ' form 
is not the stable form even in the liquid state.7 '8) O n the 
other hand the G G ' form has been taken into consid­
eration for CH3SCH2SH.1 0) These situations are well 
reproduced by the CNDO/2 method. 

The sp calculations explain fairly well the geometries 
of CH 3 SCH 2 SH and CH 3 SCH 2 SCH 3 as reported above, 
but do not explain the stability. In the case of two 
sulfur atoms in a molecule, the interactions between 
the d-orbitals may play an important role in the confor­
mational stability. Therefore, it is better to use the 
spd' calculation for the molecules having more than 
two sulfur atoms in a molecule than the sp calculation. 

The conclusions drawn are that the use of the P O P L E 
and M C N D O parameters give fairly good ^(CSH) and 
internal rotation angles for simple aliphatic thiols. T h e 
present calculations also show that the molecular 
geometry reported for (CH2SH)2

11) appears ambiguous, 
in particular in ^(CSH) and r ( S - H ) . The energy 
barrier is better reproduced by the M C N D O method 
than by the P O P L E one (Table 4). The dipole moment 
in general decreases in the order: P O P L E > M C N D O > 
K C N D O and in these respects, the M C N D O method is 
better than the original CNDO/2 method. The angle 
0(CSH) for R S H is better reproduced by the CNDO/2 
spd' method than by the M I N D O / 3 method.17) 

The CNDO/2 method now used, however, may not 
reproduce the energy difference itself between the 
rotational isomers which is very important in the analysis 
of rotational isomerism. Therefore in the C N D O / 2 
parameters there may be still some ambiguities, in 
particular relating to the 2nd-row elements. Generally, 
from the vibrational data and normal coordinate 
treatment, it is very difficult to determine which rota­
tional isomer is more stable when the calculated frequen­
cies of the rotational isomers are almost identical. I n 
order to overcome this difficulty, the CNDO/2 method 
is helpful. 

The authors wish to thank Prof. Akira Imamura of 
Shiga University of Medical Science for his kind advice. 
All calculations were performed at the Computing 
Center of Hiroshima University. 
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Conformational Transition of Poly(L-glutamic acid) in Aqueous 
Decylammonium Chloride Solution 
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The cooperative binding of decylammonium chloride to poly(L-glutamic acid) (PLG) was studied by the 
Potentiometrie measurement of the binding isotherm at pH 7.9. Circular dichroism spectra were also measured 
as a function of the degree of binding of surfactant ion (x). It was shown that the coil to a-helix transition of PLG-
surfactant complex takes place with a change in x. PLG did not undergo an appreciable conformational change 
in the range of x below 0.55. But the helical content increased suddenly with further increase in x. An abrupt 
increase in the helical content of PLG-surfactant complex can be well interpreted in terms of the hydrophobic 
interaction among bound surfactant ions. On the basis of the theoretical analysis of the cooperative binding 
isotherm, it was concluded that the formation of a micelle-like cluster consisting of at least eight surfactant ions is re­
quired for the stabilization of a surfactant induced helical structure. 

The conformational transition of polypeptide in 
surfactant solution is of special interest in connection 
with the effect of surfactant on protein structure. 
Although most studies so far reported have been confined 
to the conformational changes of poly(L-ornithine) 
(PLO) homologs with side chain R = - ( C H 2 ) M N H 2 , 
some interesting features of such transition have been 
clarified. 

PLO (w = 3)1'2) and its homologs (n = 5—7)3> adopt 
helical conformation in neutral solution of sodium 
dodecyl sulfate (SDS). The coil to helix transition of 
PLO is also noted in solution of sodium rc-alkyl sulfate 
with 8 to 16 carbon atoms.2) In contrast, however, 
poly(L-lysine)(PLL, w=4) assumes ^-structure in neutral 
solutions of sodium decyl sulfate (SDeS) and its longer 
chain homologs,2 '4-8)while it assumes helical structure 
in sodium octyl sulfate solution.2) Upon raising the p H 
of SDS solution, PLL undergoes a reversible ß to helix 
transition.7-9) These conformational changes occur 
even in the concentration of SDS much lower than the 
critical micelle concentration (CMC), suggesting a 
highly cooperative binding of surfactant ions to poly­
peptide. 2'7»8»10) An acidic solution of SDS causes poly-
(L-arginine) to undergo a coil to helix transition and 
poly(L-histidine) to change from a coil to ^-structure.11) 
In view of these observations, it is likely that the hydro­
phobic interaction between electrostatically bound 
surfactant ions plays a predominant role in the conforma­
tional change of charged polypeptide in surfactant 
solution. However, little is known about the factors 
which influence the type of a resulting conformation. 

One might expect a similar conformational change of 
anionic polypeptide in cat ionic surfactant solution. The 
purpose of the present paper is to determine the binding 
isotherm of decylammonium ion to poly(L-glutamic 
acid) (PLG) and to find a correlation between the 
degree of binding and a resulting conformational change 
as inferred from circular dichroism (CD) spectra. 

Exper imenta l 

Materials. PLG (Miles-Yeda Ltd., molecular weight 
50000) was converted to sodium salt by dissolving it into dilute 
sodium hydroxide solution and then dializing against distilled 

water. The polypeptide concentration was determined by 
micro-Kjeldahl nitrogen analysis. Decylammonium chloride 
(DeAG) was prepared from 99% decylamine (Nakarai Chemi­
cals Ltd.) according to a method described by Kolthoff and 
Strickes.12) The pi:a of DeAG in 10-2 mol/dm3 KCl solution 
was determined from pH titration to be 10.4 at 25 °G. 

Binding Isotherm Measurement. Since PLG is a typical 
polyelectrolyte, the apparent dissociation constant (K) depends 
not only on the degree of dissociation (a), but on added salt 
concentration. For instance, in 5 x 10 -3 mol/dm3 NaCl, the 
pK value varies from 4.45 at a = 0 to 6.0 at a^?0.9.13) This 
means that about 10% of car boxy lie acid groups remain still 
undissociated even at pH 7. In order to secure the complete 
dissociation of PLG, therefore, all experiments were performed 
with buffered solution at pH 7.9, which contains 4.32 X 10~3 

mol/dm3 sodium borate and 7.36 X 10~3 mol/dm3 hydrochloric 
acid. The binding isotherm of DeAG to PLG was determined 
potentiometrically at 25 °G, using a poly (vinyl chloride) (PVG) 
plastic electrode which had been shown to respond to tetra-
alkylammonium ions.14) The cell constructed was as in the 
following. 

Reference electrode (Ag-AgCl)|l mol/dm3 NH4NO s 

Agar bridge | Reference solution (DeAG, 5.238 X 

10~4 mol/dm3) |PVG membrane|Sample solution 

(Cp = 3.18X10"4 residue mol/dm3; DeAG, Ct; 

Borate buffer) 11 mol/dm3 NH4NO s Agar bridge | 

Reference electrode (Ag-AgCl), 

where, Cp denotes the concentration of PLG in residue mol/ 
dm3 and Ct, the total concentration of DeAG, respectively. 
The PVG membrane was prepared by dissolving 0.6 g of PVG 
into mixed solution of 2.4 cm3 of bis(2-ethylhexyl) phthalate 
and 2.4 cm3 of 10"4 mol/dm3 DeAG in tetrahydrofuran. The 
solution was then poured onto a covered glass dish and allowed 
tetrahydrofuran to evapolate slowly. A resulting film 0.30 mm 
thick was fixed to a PVG tube of 9 mm diameter by the use 
of a tetrahydrofuran solution of PVG. The electromotive 
force (EMF) (E) of the cell was measured with a Corning 
Digital 112 Research pH Meter with an accuracy of ±0.1 mV. 
Prior to the measurements on PLG solutions, the PVG mem­
brane was calibrated with solutions of De AC. Figure 1 shows 
the semilogarithmic plots of EMF vs. DeAC concentration. 
A linear relation with a slope of 57.9 mV suggests that the 
PVG membrane responds to surfactant ion exclusively in the 
concentration range studied. The concentration of PLG was 
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kept constant throughout a series of experiments. 
Circular Dichroism. The CD spectra were obtained at 

25 °G with a JASCO Automatic Recording Spectropolarimeter 
J-40A, using 1 cm path length cell equipped with water-
circulating jacket. The spectra were recorded 3.5—4 h after 
mixing, because an appreciable time dependence was found 
during first 2—3 h. 

R e s u l t s a n d D i s c u s s i o n 

In order to estimate the degree of binding (x) of 
decylammonium ion to PLG, it is necessary to assume 
that the polypeptide ions in an excess salt solution do 
not affect appreciably the activity coefficient of free 
surfactant ion.10) O n this assumption, which is compati­
ble with a theoretical prediction,15) x may be given as 

X = CJCp=(Ct-Ct)/Cp, (I) 

where, Cb represents the bound surfactant ion concentra­
tion and Q , the free surfactant ion concentration which 
can be determined from Fig. 1. 

- 5 0 h 

- 4 . 0 - 2 . 0 -3 .0 
log(Ct/mol-dm-3) 

Fig. 1. Plots of EMF (E) of the cell vs. the logarithm of 
decylammonium chloride concentration in the absence 
o f P L G a t 2 5 ° C . 

0 0.5 1.0 1.5 
103Ct/mol-dm-3 

Fig. 2. Plots of Ct and Cb vs. Ct at 25 °C. 
X 10~4 residue mol/dm3. Arrows indicate the ordinate 
to be applied. 

Cp = 3.18 

In Fig. 2, Q and Cb observed with constant PLG 
concentration of 3.18 x 10~4 residue mol /dm 3 are plotted 
against the total concentration of DeAC, Ct. Through a 
broad kink at about 7 X 10~4 mol/dm3 , Ct first increases 

103Cf/mol.dm-3 

Fig. 3. The binding isotherm of decylammonium chlo­
ride to PLG at 25 °C. 

almost linearly with increasing Ct and then increases 
gradually with further increase in Ct. In accordance 
with the change in C f, Cb shows a sigmoidal increase 
with Ct and approaches eventually to PLG concentra­
tion, Cp. Figure 3 shows the binding isotherm of DeAC 
to PLG calculated from Fig. 2. Since the carboxylic 
acid groups of PLG are completely ionized at p H 7.9, 
decylammonium ion can interact electrostatically with 
carboxylate group, giving rise to an ion pair. As was 
pointed out by Satake and Yang,10) however, the binding 
process of surfactant ion to polypeptide ion becomes 
cooperative because of an additional hydrophobic 
interaction among bound surfactant ions. In these 
circumstances, the bound surfactant ions will cluster 
side by side onto polypeptide chain even in small 
degree of binding and cause the binding isotherm to 
rise steeply in narrow range of Q . This is indeed the 
case for the present result shown in Fig. 3, where x 
increases more rapidly than predicted by simple statis­
tical binding model. In this connection, it is interesting 
to compare the present binding isotherm with those 
of sodium decyl sulfate to PLL and PLO.1 0 ) In the case 
of PLL, the binding isotherm was found to rise almost 
vertically at a certain value of Q , indicating a highly 
cooperative binding of decyl sulfate ion. This in turn 
results in a micellar clustering on the polypeptide chain 
similar to the micelle formation process of the surfactant 
alone above its C M C . O n the other hand, the binding 
isotherm for P L O is not so sharp as for PLL,10) but is 
still sharp as compared with the present result. These 
facts imply that the cooperativity in surfactant ion 
binding to polypeptide depends virtually on the total 
alkyl chain length of the complex species, i.e., the sum of 
alkyl chain length of bound surfactant ion and poly­
peptide side group. The type of ionic group seems to 
play, if any, a minor role. 

O n the basis of Zimm-Bragg theory16) for helix-coil 
transition, Satake and Yang10) derived the following 
expression for the cooperative binding of small ions to 
polymer ; 

2 * - l = ( J - 1 ) / [ ( 1 - J ) 2 + 4 J M - 1 ] ^ , (2) 
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where 
j=C f / (C f ) x = 0 . 5 . (3) 

In Eqs- 2, and 3, u denotes a parameter , which is a 
measure of cooperativity, defined by 

u = exp[(2E01-Eu-E00)lkT], (4) 

where, E-^ represents the interaction energy between 
neighboring i-j pairs, and suffix 0 and 1 refer to an 
unbound and a surfactant-bound polypeptide side chain 
respectively. The estimation of u can easily be attained 
by using a relation, 

(d*/dlnC f)x=0.5 = MV2/4. (5) 

y 
Fig. 4. Comparison of calculated and observed binding 

isotherm for PLG at 25 °C. O J observed; solid line, 
calculated isotherm from Eq. (2) with u=40. 

The most reliable value of u for the present system 
was found to be 40, reflecting well the cooperative 
nature of the binding process. The value of u=40 
corresponds to an interchange energy (2E01—E11—E00) 
of 9.12 k j at 25 °C. Figure 4 shows the comparison of 
the calculated binding isotherm from Eq. 2 with « = 4 0 
with the observed one. The agreement is quite satis­
factory over nearly whole range of x. As would be 
anticipated, the value of« obtained above is considerably 
small as compared with that of 77 for SDeS-PLO 
system.10) This may reasonably be ascribed to a change 
in hydrophobic interaction between neighboring groups, 
arising from a difference in the alkyl chain length of 
polypeptide side group. According to a foregoing 
treatment,10) the average cluster size (m) of bound 
surfactant ions, i.e., the average number of bound 
surfactant ions which constitute a one-dimensional 
micellar cluster on the polypeptide chain, is given as 

fh = 2x ( M - l ) / [ {4*( l -x ) (u - l ) + l} 1 /2_ l ] . (6) 

In Table 1, the calculated values of fh from Eq. 6 with 
a = 4 0 are given as a function of*. It should be noted 

TABLE 1. THE CALCULATED VALUE OF m 

AS A FUNCTION OF X 

bo 
V 

T3 

- I k 

-2h 

-3h 

- 4 

\ 

1 /3E>^>^ 1 
\[A^^^^\ 

- \\J/ e // 
s\X/f^y / 

' j X J 

i — i — i i , i . . . i . . 

190 210 230 250 

A/nm 

x 0.1 0.2 0.3 0.4 0.5 0.55 

m 2.7 3.8 4.9 6.0 7.3 8.1 

0.6 0.7 0.8 0.9 

9.0 11.4 15.2 24.4 

Fig. 5. The change in CD spectrum of PLG with respect 
to x at 25 °C. 
a, 0; b, 0.35; c, 0.56; d, 0.64; e, 0.72; f, 0.80; g, 1 
(Ct=0.1515 mol/dm3). 

that the cluster size of bound surfactant ions increases 
rapidly with increasing x. 

It is of great interest to find an interrelation between 
the degree of binding (x) or the average cluster size (m) 
and the conformational change induced by surfactant 
ion binding. T o this end, CD spectra were measured 
under the same experimental conditions as for binding 
isotherm measurement. Figure 5 shows the change in 
CD spectrum with respect to x. In the absence of 
surfactant, the CD spectrum of P L G is characterized 
by two extrema, a maximum centered at 217 nm with 
mean residue ellipticity, [0]217, of 4300 and a deep 
minimum at 196 n m with [0]196 of —39000. An addi­
tional shallow minimum is also observed at around 
235 nm. These features agree well with the CD spectra 
observed for PLG17) and PLL18>19> in their random 
conformations. With increasing degree of binding, the 
CD spectrum of P L G tends to approach progressively 
to a typical spectrum which has a double minimum 
characteristic of «-helical conformation. A similar 
change in CD spectrum with surfactant concentration 
has been found for PLL in SDS solution2 '7) as well as for 
P L O in solutions of SDS2) and SDeS.10) At a concent­
ration above C M C , where x may virtually be regarded as 
unity, the CD spectrum shows a deep minimum centered 
at 224 nm with [0]224 of —25000 and a well defined 
shoulder located at 209—210 nm with [0]2O9 of — 17000. 
Hence, the ordered conformation of PLG in DeAC 
solution can reasonably be identified as an «-helical 
structure. I t must be kept in mind, however, that the 
CD spectrum of surfactant induced helical conforma­
tion is somewhat different in shape and magnitude from 
those of helical P L G and PLL in water.1'2»11) In the 
absence of surfactant, a double minimum of helical 
P L G or PLL has been found to locate at 221—222 n m 
with [0]222 of - (32000—40000) and at 207—209 nm 
with [0]2O7-2O9 of -(33000—39000).1 7-2°) Unfortunate-
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ly, there is no conclusive evidence that accounts for the 
observed decrease in C D minima of helical polypeptide 
in surfactant solution. Grourke and Gibbs1* have 
assumed that the environment produced by the bound 
surfactant ions affects the rotatory strengths of n-?r* and 
7Z-7Z* transitions. Nevertheless, it seems equally probable 
that the surfactant induced helical structure contains 
small amounts of random conformation. I t is true that 
the above situation makes it difficult to estimate the 
precise percentage of helix in P L G - D e A C complex, 
but [0]222 i

s s t n l available for a measure of helix content. 

l , 1 

1. o 

bO — 1 

v 

i—i 

i i 

O " 2 

Fig. 6. Plots of [0]222 vs. x at 25 °C. Value at x= 1 is 
that in 0.1515 mol/dm3 decylammonium chloride 
solution. 

I n Fig. 6, [0]222 is plotted as a function of*. A clear 
kink occurs at A ^ O . 5 5 , through which the magnitude 
of [0]222 increases sharply with further increase in x. 
This implies that P L G does not undergo an appreciable 
coil to helix transition unless more than 50% of carboxyl 
groups are bound to decylammonium ions and that a 
helical structure of the complex become stable only 
when x exceeds this critical value. An abrupt increase 
in [0]222 with x was also observed by Satake and Yang10) 
for P L O in SDeS solution. In this case, however, the 
kink point locates at #=0 .3—0.4 , which corresponds to 
the average cluster size (m) of bound decyl sulfate ions 
of 7—8.10) This, in turn, corresponds to the number 
of residues included in two helical turns of a-helical 
structure. O n the basis of these observations, they 
assumed that the hydrophobic interaction of each bound 
surfactant ion with another one locating one turn above 

or below is essential for the formation of a stable helical 
structure. If this is also valid for PLG-DeAC system, 
the kink point in [0]222 vs. x plot should appear at x 
which corresponds to m = 7 — 8 . In addition, the critical 
x value for the present system will be slightly large as 
compared with that for PLO-SDeS system, since the 
binding process is less cooperative in the former than in 
the latter. The estimation of m given in Table 1 supports 
well the above predictions. As would be expected, the 
critical value of # = 0 . 5 5 corresponds to m ^ 8 . 

The authors wish to thank Prof. M. Tanaka and Prof. 
G. Sugihara, both of Fukuoka University and also to 
Prof. T . Inaba of Saga University for their helping in 
CD measurements. 

References 

1) M. J . Grourke and J. H. Gibbs, Biopolymers, 5, 586 
(1967). 

2) I. Satake and J . T. Yang, Biochem. Biophys. Res. Commun., 
54, 930 (1973). 

3) Y. W. Tseng and J . T. Yang, Biopolymers, 16, 921 (1977). 
4) P. K. Sarkar and P. Doty, Proc. Natl. Acad. Sei. U.S.A., 

55, 981 (1966). 
5) L. K. Li and A. Spector, J. Am. Chem. Soc., 91, 220 

(1969). 
6) W. Mattice and W. H. Harrison I I I , Biopolymers, 15, 

559 (1976). 
7) M. M. Feldshtein, A. B. Zezin and J . J . Gragerova, 

Biokhimiya, 37, 305 (1972). 
8) A. B. Zezin, M. M. Feldshtein, V. P. Merzlov and J. J . 

Maletina, Molekulyarnaya Biologia, 7, 174 (1973). 
9.) I. Satake and J. T. Yang, Biopolymers, 14, 1841 (1975). 

10) I. Satake and J. T. Yang, Biopolymers, 15, 2263 (1976). 
11) R.W. McCord, E. W. Blakeney, Jr., and W. L. Mattice, 

Biopolymers, 16, 1319 (1977). 
12) I. M. Kolthoff and W. Stricks, J. Phys. Colloid Chem., 52, 

915 (1948). 
13) M. Nagasawa and A. Holtzer, J. Am. Chem. Soc, 86, 538 

(1964). 
14) T. Higuchi, C. R. Illian and J . L. Tossounian, Anal. 

Chem., 42, 1674 (1970). 
15) G. S. Manning, J. Chem. Phys., 51, 924 (1969). 
16) B. H. Zimm and J. K. Bragg, J. Chem. Phys., 31, 526 

(1959). 
17) "Conformation of Biopolymers," ed by G. N. Rama-

chandran, Academic Press, New York (1967), Vol. 1, p. 157. 
18) R. Townend, T. F. Kumosinski, S. N. Timasheff, G. D. 

Fasman and B. Davidson, Biochem. Biophys. Res. Commun., 23, 
163 (1966). 
19) N. Greenfield and G. D. Fasman, Biochemistry, 8, 4108 

(1969). 
20) G. Holzwarth and P. Doty, J. Am. Chem. Soc, 87, 218 

(1965). 



February, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (2), 365—369 (1979) 365 

The Crystal and Molecular Structure of Benzanilide 
Setsuo KASHINO,* Kuniaki ITO,* and Masao HAISA 

Department of Chemistry, Faculty of Science, Okayama University, Tsushima, Okayama 700 
(Received August 7, 1978) 

The crystal structure of benzanilide has been determined from Weissenberg photographs using Gu KOL radia­
tions and refined to an R value of 0.075 for 766 independent reflections. The crystals are monoclinic, space group 
G2/c, Z=4, with ^=24.34(4), £=5.325(3), ^=8.012(8) Â, ß= 107.2(3)°, Dm= 1.32 andD x = 1.321 g cm-3. Dihedral 
angle between the benzene rings is 62.6°, and each benzene ring makes dihedral angle of 31.3 and 31.6° with the 
plane of amido group as found in Kevlar and Nomex polymers. The molecules related by a 6-translation are 
linked together by N - H - O hydrogen bond [N—O 3.112(6), H - O 2.03 A, N - H - O 157°] to form a chain along 
ft. The chains are held together primarily by dipole forces of carbonyl groups of the molecules related by inversion 
centers to form a sheet parallel to the be plane. The sheets are stacked along a with disorder by van der Waals 
interactions. 

The present work forms a part of studies on the 
relationship between molecular conformation and 
crystal structure of aromatic compounds containing 
amido group.1) One particular interest is in a com­
parison of the compounds in which two benzene rings 
are separated by two bonding atoms. Another aspect 
is of a model compound of the polymer chains in poly-
(/>-phenyleneterephthalamide) (Kevlar) and poly(m-
phenyleneisophthalamide) (Nomex). Their conforma­
tions have been explained to be governed primarily by 
torsion about the exocyclic bonds.2-4) 

Exper imenta l 

Crystals were grown from an ethanol solution by slow 
evaporation as hexagonal plates with developed (100) and 
bounded by {001} and {011}. Systematic absences were hkl 
with h-\-k odd, and hOl with / odd, hence the space group 
was Gc or G2/c. During the analysis Gc was ruled out. 
The density was measured by flotation in aqueous KI solution. 

Crystal Data: Benzanilide, G13HnNO, Mr =197.2, mp 
161—162 °C, monoclinic, space group G2/c, a=24.34(4), b = 
5.325(3), c=8.012(8) Â, ß = 107.2(3)°, F=992(3) A3, Dm= 
1.32, Dx= 1.321 g cm-3, Z = 4 , ju(Cu Kx) = 6.89 cm"1, F(000) 
=416. 

Intensity data were collected on Weissenberg photographs 
for the layers hOl to h4l by using a specimen of dimensions 0.3 
X 2.0 x 0.4 mm. The intense reflections, particularly 002, were 
accompanied by diffuse streaks elongated along a*. Inten­
sities of 766 independent reflections were visually estimated 
and corrected for Lorentz and polarization factors and for spot 
shape. Inter-layer scaling was made according to the exposure 
time (about 40 h for each layer). Wilson's plot gave J B = 6 . 9 9 
Â2. Distribution of E-values preferred to centrosymmetrical 
space group. 

Structure D e t e r m i n a t i o n and 
Ref inement 

The structure was solved from a Patterson map and 
refined by block-diagonal least-squares calculations. 
Analysis based on the space group Cc gave extraordinary 
values of bond lengths and angles even at the stage of R 
value of 0.087. Therefore the space group C2/c was 
adopted by assuming the disorder with occupancy factor 

t Present address: Marugo Kogyo Co., Ghayamachi, 
Kurashiki 710. 

Fig. 1. Difference Fourier map at the stage of R=0.10. 
Contours are depicted for positive x region, at intervals 
of 0.1 e A~3 starting at 0.1 e A~B. The molecular 
frames are based on the final positional parameters. 

0.5 about the twofold rotation axis. A difference 
Fourier map (Fig. 1) at the stage of R=0A0 revealed 
the H atoms. For further refinements the H atoms were 
included with their thermal parameters (-0=6.99 Â2) 
and fixed positional parameters deduced from the 
geometry of the molecule. T h e weighting scheme used 
was: w=l.O for 0 < | F o | ^ 5 . 0 , w = (5 .0 / |F o | ) 2 for | F 0 | > 
5.0. T h e final R value was 0.075 for 766 non-zero 
reflections. 

TABLE 1. THE FINAL POSITIONAL PARAMETERS (xlO4) 
OF T H E N O N - H Y D R O G E N ATOMS W I T H STANDARD 

DEVIATION IN PARENTHESES 

For all the atoms the occupancy factor is 0.5. 

x y z 
G(l) 
G(2) 
G(3) 
G(4) 
G(5) 
G(6) 
G(7) 
G(8) 
G(9) 
G(10) 
G(ll) 
G(12) 
G(13) 
N 
O 

771(2) 
985(3) 

1540(3) 
1901(2) 
1718(2) 
1140(2) 

-175(2) 
-778(2) 
-904(2) 

-1497(2) 
-1906(2) 
-1757(3) 
-1196(2) 

188(2) 
0 

2764(10) 
4802(11) 
4834(14) 
3029(12) 
1036(10) 
843(10) 

1083(11) 
1640(10) 
3817(9) 
4215(11) 
2396(12) 

283(12) 
-58(11) 
3020(9) 
-1197(6) 

2581(6) 
1826(7) 
1881(9) 
2742(7) 
3547(6) 
3461(6) 
2435(7) 
2377(7) 
3197(6) 
3132(7) 
2224(8) 
1433(9) 
1494(8) 
2533(6) 
2500 
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TABLE 2. THE POSITIONAL PARAMETERS ( X 103) 

OF THE HYDROGEN ATOMS 

x y 

T A B L E 3 . T H E L E A S T - S Q U A R E S P L A N E S A N D D I S P L A C E ­

M E N T S (Â) OF THE ATOMS FROM THE PLANES 

X= ax+cz cos ß, Y— by, Z— cz sin ß. 

H(l) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 
H(9) 
H(10) 
H(l l ) 

66 
169 
231 
204 
99 

- 5 7 
-163 
-232 
-208 
-106 

0 

617 
633 
317 

- 3 8 
- 5 8 
504 
575 
258 

-104 
-167 

500 

109 
128 
281 
428 
409 
388 
378 
219 

75 
84 

250 

Atomic scattering factors were taken from Interna­
tional Tables for X-Ray Crystallography.5) T h e 
computations were carried out on an N E A C 2200-500 
computer at the Okayama University Computer Center. 
The programs used were HBLS-5 and DAPH.6> The 
final atomic parameters are listed in Tables 1 and 2.7) 

R e s u l t s a n d D i s c u s s i o n 

Molecular Structure. Bond lengths and angles 
are given in Fig. 2. The least-squares planes of the 
benzene rings and the amido group and the displace­
ment of the atoms from the planes are listed in Table 3. 
T h e dihedral angles of two benzene ring-planes with 
respect to the amido group plane are 31.3 and 31.6°. 
These values are close to those in Kevlar and Nomex 
and consistent with the value calculated from the Ti-bond 
energy and the steric interaction.4) 

Fig. 2. The molecular structure: (a) bond lengths (Â) 
and numbering of atoms, (b) bond angles (°). 

I t is interesting to compare the competitive interac­
tions between the resonance effect of the benzene ring 
and the steric hindrance of attached atoms to the ring. 
Table 4 lists the torsion angles about the exocycHc 

(I) Amido 
0.0447X-
C(l)a> 
Na> 
C(7)b> 

oa> 
C(8)a> 

group 
-0.0016 7-0 .9992 Z+1.9276= 

0.0083 
-0 .0182 

0.0205 
-0 .0094 
-0 .0008 

(II) Benzene ring (1) 
0.0626Z-
C(l)a> 
C(2)a> 
C(3)a> 
C(4)a> 

H( l l ) 
C(2) 
G(6) 
C(9) 
C(13) 

•0.52037-0.8517Z+2.3766=0 
0.0075 

-0 .0209 
0.0180 

-0 .0007 

(III) Benzene ring (2) 

C(5)a> 
C(6)a> 
N 
G(7) 

0.1099X+0.51737-0.8488Z+1.3545 = 0 
C(8)a> 
C(9)a> 
C(10)a> 
C(ll)a> 
C(12)a> 

-0 .0076 
0.0036 

-0 .0008 
0.0018 

-0 .0059 

C(13)a> 
C(7) 
N 
O 

Dihedral angles (°) between the planes 
(I) and (II) (I) and 

31.3 31.6 
(III) (II) and 

62.6 

0 
-0 .0145 

0.6152 
-0 .6317 
-0 .6525 

0.6319 

-0 .0133 
0.0098 

-0 .1203 
0.4270 

0.0091 
-0.0390 

0.5250 
-0 .6643 

(HI) 

a) Atoms used for the calculation of the planes. 

bonds in the series of compounds, />-R-Ph-XY-Ph-R'-/>, 
where the central part X Y is such as CH=N, N=N, 
CH=CH (these are isoelectronic), and so on, and the 
substituents R and R ' are confined to relatively small 
groups for the sake of brevity A survey of the crystal 
structures of this series shows that the molecules in the 
crystals are classified into either centrosymmetrical or 
non-centrosymmetrical group, the present one belonging 
to the latter T h e former is visualized only when X and 
Y are identical or isoelectronic and R and R ' are also 
identical. The torsion angles are in general very small, 
suggesting the electronic dereal iza t ion extended over 
the central part between benzene rings. Large torsion 
angles occur only when X and Y are attached by bulky 
substituents {e.g. CN) or of sp3 hybrid type missing 
conjugation. Even in this case parallelism of two 
benzene rings is maintained. 

O n the other hand, when X and Y or R and R ' are 
different the two benzene rings lose the parallelism and 
make in general large dihedral angle near 60°. In the 
non-centrosymmetrical group the torsion angles about 
each exocycHc bond differ greatly from each other in 
general. T h e disordered structure is, however, observed 
only when these torsion angles are similar to each other 
as in the present compound. 

It is of interest to note that JV-Qö-chlorobenzylidene)-
/»-chloroaniline shows dimorphism where the Pccn 
form8) belongs to the non-centrosymmetrical group while 
P Ï form9) belongs to the centrosymmetrical one. They 
are conformational dimorphs, showing disorder about 
twofold rotation axis and inversion center respectively. 

Crystal Structure. The crystal structure viewed 
along c is illustrated in Fig. 3. The four possible cells 
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T A B L E 4. MOLECULAR CONFORMATIONS OF THE SERIES OF COMPOUNDS, /> -R-Ph-XY-Ph-R ' -p 

T h e torsion angles (°) about X - C (aromatic) and Y - C (aromatic) bonds are denoted by X P h and YPh 

respectively, and the dihedral angles (°) between the benzene rings are by PhPh. T h e values were 
calculated based on the atomic coordinates in the literatures 
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Compound R X Y 

Centrosymmetrical group 

(I) 
(H) 

(HI) 
(IV) 
(V) 

(VI) 

(VII) 

(VIII ) 
( I X ) 
(X) 
(XI) 

(XII) 
(XI I I ) 

CI 
CI 
Br 
Br 

Me 

Br 

Me 

Me 

CH=N 
N=N 

CH=N 
N=N 
C H = C H 

CH=N 

N=N 
CF=CF 

N=N 
C(CN)=C(CN) 
CH2—CH2 

CH2—CH2 

C F 2 - C F 2 

Non-centrosymmetrical group 
(XIV) 
(XV) 

(XVI) 
(XVII ) 
(XVI I I ) 
( X I X ) . 
(XX) 

(XXI) 

(XXI I ) 
( X X I I I ) 

( X X I V ) 
(XXV) 

(XXVI) 

E t O O C 
E t O 
0 2 N 
M e O 
Me 2 N 
CI 

M e a N 

M e O 

Me 

H O O C 

N O = N 
N=N 
CH=N 
N O = N 
N O = N 
CH=N 
CH=N 

C O - O 
C H a - C O 
C O - N H 
CH=N 
CH=N 

CH=N 

R ' 

CI 
CI 
Br 
Br 

Me 

Br 
Me 

M e 

C O O E t 
O E t 

N M e 2 

O M e 

CI 
N 0 2 

O M e 

N 0 2 

Space 
group 

P Ï 

P2JC 
P21/a 

P21/c 
P2i/a 

P2JC 

P21/a 
Pccn 

P21/a 
C2/c 
I2/a 

P2i/a 
P21/a 

P Ï 
P2x/c 

M i / c 
P21/a 
P2x/c 
Pccn 

P Ï 

P2x/c 
P2x/c 
C2/c 

P2x/c 
P2x/c 
K j / c 

Z 

1 

2 

2 
2 
4a) 

2 

4 a ) 

4 

2 
4 
4 

2 
2 

2 
4 
4 
4 
4 

4 
4a) 

4 

4 
4 
4 
4 

4 

Disordered 
about 

Ï 

Ï 

Ï 

static positional 
disorder 

ï 

1 

2 

2 

/ s 
X P h 

0 .1 
1.0 

2 .2 
1.5 
2 . 8 
6 .6 

3 .5 
6 .6 
5 .8 
9 .0 

11.2 
25 .2 
71 .8 
72 .7 
85 .1 

- 1 . 5 
6.7b> 

- 4 . 2 
3 .6 
2 .1 

2 6 . 5 
10.3 

5.2 
65 .1 

63 .6 
2 9 . 4 

9 .9 
6 .3 

13.8 

YPh 

- 0 . 1 
- 1 . 0 

- 2 . 2 
- 1 . 5 
- 2 . 8 
- 6 . 6 
- 3 . 5 
- 6 . 6 
- 5 . 8 
- 9 . 0 

- 1 1 . 2 
- 2 5 . 2 
- 7 1 . 8 

- 7 2 . 7 
- 8 5 . 1 

1.5 
8.8b> 
8.9 

20 .1 
31 .3 

2 6 . 5 
4 1 . 4 
50 .7 

- 9 . 8 
- 0 . 8 
37 .3 
56 .8 
5 3 . 4 

4 1 . 4 

PhPh 

0 
0 

0 
0 
0 
0 

0 
0 

0 
0 
0 
0 
0 

0 
0 

0 . 4 
2b) 

5 .1 
22 .6 
32 .6 

49 .6 

52 .9 
5 6 . 3 
55 .7 

62.2 
62 .6 
65 .5 
59 .0 

54 .6 

(I) iVr-(/)-Chlorobenzylidene)-/)-chloroaniline (metastable form) .9) (II) £ra?tf-/>,//-Dichloroazobenzene.10) ( I I I ) N-
(/>-Bromobenzylidene)-/>-bromoaniline.n) (IV) fra;w-/>,/>/-Dibromoazobenzene.12) (V) trans-Stilhene.13) (VI) N-
(/>-Methylbenzylidene)-£-methylaniline (form III).14> (VII) fom-r-Azobenzene.15) (VI I I ) j^/ / -Dibromo-a,a ' -dif iu-
orostilbene 16> ( IX) />-Azotoluene.17> (X) fra«.î-a,^-Dicyanostilbene.18> (XI) 4,4'-Dimethyldibenzyl.19> (XI I ) 
Dibenzyl.20) (XI I I ) l,2-Diphenyltetrafluoroethane.21> (XIV) Ethyl/>-azoxybenzoate.22> (XV) 4,4'-Azodiphe-
netole.23> (XVI) /)-Nitrobenzylidene-/)-dimethylaminoaniline.24) (XVII ) />-Azoxyanisole.25> ( X V I I I ) ß-p-
Dimethylaminoazoxybenzene.26) ( X I X ) iV-(/>-Chlorobenzylidene)-/>-chloroaniline (stable form).8> (XX) />-Di-
methylaminobenzylidene-/)-nitroaniline.24) (XXI ) Phenyl benzoate.27> ( X X I I ) Deoxyanisoin.28> ( X X I I I ) Benz­
anilide (this work). (XXIV)[Benzylidenaniline.29> ( X X V ) j!>-Methylbenzylidene-/>-nitroaniline.29> ( X X V I ) 
Benzylideneaniline-/>-carboxylic acid.29) 

a) T h e unit cell contains two kinds of molecules. 1 

Space 
group 

P2x/n 
CI 

P2x/c 
Cc 

Mode of 
sheet 

formation 

ï 
1 

c-glide 
c-glide 

Resulting 
sheet 

A 
A 
B 
B 

T A B L E 5. 

Short 
contacts (Â) 
in the sheet 

C - . - H 

2 . 7 3 , 2 . 7 6 

2 . 5 1 , 2 .54 

b) Dihedral angles reported in 

FOUR POSSIBLE CELLS 

Energy of 
dipole 

interactions 
(kcal/mol) 

- 2 . 9 

- 2 . 0 

Mode of 
sheet 

stacking 

2i 
1 

2 i 
w-glide 

the literature. 

Short 
contacts (Â) 

between 
the sheets 

H - H 

2 .52 
2 .39 

2 .52 
2 .39 

G — H 

3 .13 

3.02 
3 .13 

3.02 

Interaction 
energya> 

(kcal/mol) 

- 3 2 . 1 

- 3 2 . 0 
- 3 1 . 5 
- 3 1 . 5 

a) Intermolecular interaction energy for twelve nearest neighbors calculated by assuming the universal potential of 
Kitaigorodsky30> for the intermolecular contacts smaller t han 10 Â. 



368 Setsuo KASHINO, Kuniaki ITO, and Masao HAISA [Vol. 52, No. 2 

TABLE 6. CHARACTERISTIC FEATURES OF THE CHAINS OF AMIDO GROUPS RELATED BY A TRANSLATION 

Compound Space group 
Dimension (Â) of 
axis along which 

the chain extends 

N---0 hydrogen 
bond length (Â) 

Dihedral angle (°) 
between the amido 

group and benzene ring 

3.112 31.3 
— 30 
— 30 

2.868 39.8 
2.954 42.4 
3.050 46.4 

(I) Benzanilide (this work). (II) Nomex.4> (III) Kevlar.4> (IV) 4-Chloro-dipropylacetanilide. (V) 2-Acetyl 
aminofluorenone (Haisa et al., unpublished data). (VI) Phenylurea.32) 

(I) 
(II) 
(III) 
(IV) 
(V) 
(VI) 

C2/c 
PI 
Ki/n 
P212121 

Cc 
P2X 

£=5.325 
c -5 .27 
£=5.19a> 
c=4.972 
6=4.83 
c=4.66 

a) The first setting is chosen. 

1 I 
Fig. 3. The crystal structure viewed along c. Arrange­

ment of the molecules shown by solid lines corresponds 
to that in the P2j/n cell. The disordered molecules 
about twofold rotation axis are shown by dotted lines. 

SHEET A SHEET B 

Fig. 4. Two possible arrangements of the chains in the 
sheets. Short intermolecular contacts are shown by 
dotted lines, and hydrogen bonds by broken lines. 

which generate the apparent space group C2/c by 
adding the symmetry operation 2 for disordering are 
listed in Table 5. In the cells, the molecules related by 
a 6-translation are linked together by N - H - - - 0 hydrogen 
bond [ N - O 3.112(6), H - O 2.03 A, N - H - O 157, 
H - - 0 = C 161°] to form a chain along b. T h e chains 
are held together primarily by dipole interactions of the 

carbonyl groups of the molecules related by inversion 
centers or c-glide plane to form a sheet A or B parallel 
to the be plane. Packing arrangement of the chains 
in the sheets is illustrated in Fig. 4. T h e sheets are 
stacked along a by van der Waals forces. 

As seen from Table 5 and Fig. 4, the sheet A seems 
to prefer to the sheet B from the viewpoint of the 
molecular interactions. Concerning to the inter-sheet 
interactions, there are no significant differences among 
the stacking modes. 

Disordered Structure. Disordering in the chain is 
not plausible, because it would result in an unexpectedly 
short intermolecular C- -C contact of 3.03 A. The 
disorder can be explained by a random stacking of the 
sheets A by two kinds of operations, 2j and T, with an 
equal probability. In fact, the continuous streaks are 
elongated along a* and no doubling of cell dimension 
a is observed. 

The disordering of the present compound and the 
Pccn form of i\r-(/>-chlorobenzylidene)-^-chloroaniline is 
similar in the axis about which disorder occurs, and the 
torsion angles around the central bond, but in the 
latter the disordering occurs by random arrangement of 
the molecular units. 

Comparison of the Crystal Structure with the Related 
Compounds. T h e chains of amido groups related 
by a translation have been observed also in the related 
compounds as shown in Table 6. The dimension of the 
axis along which the chain extends becomes smaller 
with increasing the dihedral angle between the amido 
group and benzene ring. I t is noted that the arrange­
ment of the chains in the sheet (Fig. 4) is similar to that 
of Kevlar,4) irrespective of the difference in the symmetry 
operation relating the chains. 
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Chemical Reactivity of Wiirster's Salts at Very High Pressure 
Akifumi ONODERA,* Tadayoshi SAKATA,1" Hiroshi TSUBOMURA, and Naoto KAWAI 

Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560 
(Received August 9, 1978) 

The electrical and chemical properties of some Wiirster's salts have been studied under the static pressure of 
up to 250 kbar. In most cases the resistances of the salts decreased to the respective minima and then rose 
irreversively with increasing pressure. Spectral observations on the recovered specimens revealed that such behavior 
is associated with chemical reaction induced by the pressure. This reaction takes place more readily in the salts of p-
phenylenediamine cation radical than in those of Wiirster's red or Wiirster's blue radicals. 

Recent high-pressure studies on organic solid materials 
have shown that a number of charge transfer com­
plexes1-5) and ion radical salts6-9) cause chemical changes 
above one hundred kilobars^ or so. The occurrence 
of chemical reaction is unequivocally indicated by the 
peculiar behavior in electrical resistance of the specimen 
showing a minimum on the way of increasing pressure 
and monotonie rise on the way of decreasing pressure. 
The samples recovered after the application of pressure 
were chemically analysed and the reaction mechanisms 
were elucidated.2 - 4) 

In a previous paper4) we reported the pressure-induced 
chemical reactions in three charge transfer (CT) 
complexes ofp-chloranil with aromatic diamines. In the 
crystalline state of GT complexes the donor and acceptor 
molecules are generally stacked alternately in columns. 
The crystals of ion radical salts, on the other hand, are 
made up of columns of ion radicals. The interactions 
between adjacent molecules within a column are strong 
while the interaction between columns are much weaker. 
Therefore, the chemical reactivities of ion radical salts 
would be different from those in C T complexes. 

The present investigation was undertaken to see 
chemical reactivity at very high pressure in a series of 
ion radical salts derived from/>-phenylenediamine (PD), 
JV,7V-dimethyl-/>-phenylenediamine and N,N,N',N'-
tetramethyl-/>-phenylenediamine The counter ions were 
iodide, bromide and Perchlorate. T h e electrical resis­
tance measurements of the radical salts were carried out 
under various pressures and the reaction products 
recovered after the application of high pressure were 
analysed spectroscopically. 

E x p e r i m e n t a l 

Materials. jfr-Phenylenediamine bromide (PDB) and 
/>-phenylenediamine iodide (PDI) were prepared by the re­
action of /»-phenylenediamine with the respective halogens in 
methanol. Wiirster's red bromide (WRB) and Wiirster's 
red iodide (WRI) were obtained by the reaction of N,N-
dimethyl-/>-phenylenediamine with the respective halogens in 
methanol. /»-Phenylenediamine Perchlorate (PDP), Wiirster's 
red Perchlorate (WRP) and Wiirster's blue Perchlorate (WBP) 
were prepared by the oxidation of dissolved amine Perchlorate 
and sodium Perchlorate with bromine in ethanol.10) The 
radical salts were submitted for elementary analyses on for­
mation and were compressed within a week. 

High-pressure System. The materials described above 
were compressed in a split sphere-type apparatus.11) The 
apparatus is composed of cube, sphere and cylinder, all split 
up and assembled in a layered structure as shown in Fig. 1. 
A sphere made of hardened steel is equally divided into six 
segments, each with a square face at the front. Three out 
of the six segments are placed in a hemispherical space on 
the upper part of a cylinder. Similarly, the second assemblage 
is constructed using the remaining three segments. The 
two assemblages are set opposed and joined so that a cubic 
cavity whose <111> direction is parallel to the axis of cylinders 
is formed in the center of the join. 

Spacer 

\ -Sample 
chamber 

Cubic anvil 

Cylinder 

f> 

t Present address: Institute for Molecular Science, 
Olazaki, Aichi 444. 

tt l b a r = 1 0 5 P a . 

Fig. 1. A schematic drawing of the high-pressure 
apparatus. 

An assemblage of eight cubic anvils made of cemented 
tungsten carbide is placed in the cubic cavity. A corner of 
each cubic anvil is truncated to form a triangular face. When 
the eight cubic anvils are put together an octahedral hollow 
space is formed in the center of the assemblage. Into this 
space is placed an octahedral pressure-transmitting medium 
made of pyrophyllite (Al203-4Si02-H20). Crushable 
spacers made of cardboard are sandwiched in the gaps among 
the eight cubic anvils. When the two cylinders containing a 
split sphere and cubes are compressed in a uniaxial press, 
the thickness of the spacers decreases and quasi-hydrostatic 
high pressure is generated in the octahedral chamber. The 
pressures are calibrated by measuring the sharp resistance 
changes at the phase transitions of Bi (Bij_n at 25 kbar, 
Biv_VI at 74 kbar), ZnTe (127 kbar), Pb (132 kbar), ZnS 
(153 kbar), GaAs (177 kbar) and GaP (222 kbar).12"16) 

As shown in Fig. 2 the sample is enclosed within a Teflon 
capsule which is inserted into a hole drilled from a face to 
face of the ocatahedral chamber. Two platinum electrodes 
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Octahedral 
^ A pressure-
J"_ t ransmi t t ing 

medium 

-Sample 

Platinum electrode 

1 mm 

Fig. 2. A cross section of the octahedral pressure 
chamber. 

for resistance measurements are taken out of the octahedron 
and are in contact with the top faces of the two of the eight 
cubic anvils. Electrical insulation between the anvils is 
provided by cardboard spacers and also by thin sheets of mica. 

Measurements. The electrical resistance of the samples 
under pressure is measured via two cubic anvils with a Keithley 
160B digital multimeter. The resistance of the cubic anvils 
is low enough to be neglected. On the other hand, the 
resistance of the pressure-transmitting medium is higher than 
that of any of the present samples by more than one order of 
magnitude. Thus the observed resistance reflects substan­
tially the behavior of the sample. For the recovered 
samples after the application of pressure, the electronic spectra 
are obtained on the KBr disks with a Shimadzu Model MPS-
50L multipurpose spectrometer. The vibrational spectra are 
obtained on a JASCO JRA-1 type diffraction grating infrared 
spectrometer using a similar KBr method. 

R e s u l t s 

PD Cation Radical Salts. In Fig. 3 the electrical 
resistance of PDP is plotted on a logarithmic scale as a 
function of pressure. The resistance drops rapidly with 
pressure up to about 130 kbar. At higher pressure the 

100 200 
Pressu're/kbar 

300 

Fig. 3. Electrical resistance versus pressure for PDP. 

2000 1600 1200 
Wave number/ cm - 1 

Fig. 4. Infrared spectra. 
A: PDP at 1 bar, B: the sample recovered after the 
application of 140 kbar, C: the sample recovered after 
the application of 180 kbar, D: the sample recovered 
after the application of 220 kbar. 

resistance begins to rise. A noticeable upward drift 
of the resistance continues while the pressure is kept 
fixed. Beyond 200 kbar the resistance begins to decrease 
slowly. The resistance changes on the unloading process 
as shown by a dotted line in the diagram. 

Figure 4 shows the infrared (IR) spectra of PDP 
before and after the compression. It should be noted 
that there was no appreciable change in the spectrum 
for the specimen compressed to pressures lower than 
130 kbar, where a minimum appears in the electrical 
resistance. At 140 kbar new bands become to appear 
on the I R spectrum B, and at 180 kbar they become 
stronger as shown by the spectrum C. The bands 
indicated by arrows in Fig. 4, at 3420, 3330, 2590, 
1505, 1300, 1195, 820, and 505 cm"1 , are assigned to 
4-aminophenylammonium Perchlorate, [PDH+] [C104~]. 
This was confirmed by the comparison of the bands 
with those in the I R spectrum of the synthesized authen­
tic sample. The spectrum D is quite simple, suggesting 
that the product at higher pressure is polymeric. In 
the spectra of the high-pressure products in Fig. 4, 
there remain the bands responsible for the starting 
material , showing that the reaction in this system is 
rather slow. 

Figure 5 shows the electronic absorption spectra of 
PDP and its reaction products recovered after the 
application of pressure, all specimens containing equal 
amounts of PDP in each of the KBr pellets. In the 
spectrum of PDP at 1 bar , the band at 13000 c m - 1 is 
assigned to the charge transfer between cation radicals, 
whereas the peaks at 28800 and 35500 c m - 1 are due to 
the local excitation between cation radicals.17) As seen 
in Fig. 5 the band at 13000 c m - 1 becomes weaker and 
shifts to blue with increasing pressure. The intensities 
of the peaks at 28800 and 35500 c m - 1 decrease and the 
peaks shift to red with increasing pressure. The spectrum 
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20 30 

Wave number/103 cm - 1 

Fig. 5. Electronic absorption spectra. 
A: PDP at 1 bar, B: the samle recovered after the 
application of 140 kbar, C: the sample recovered after 
the application of 180 kbar, D: the sample recovered 
after the application of 220 kbar. 
The weight concentration of the above samples are 
epual to each other. 

100 200 
Pressuré/kbar 

Fig. 6. Electrical resistance versus pressure for PDB and 
PDI. 

C in Fig. 5 is well accounted for by a formation of 
[PDH+] [ C 1 0 4

- ] . I n coincidence with the I R spectrum 
D in Fig. 4, the spectrum D in Fig. 5 is quite simple. 

Figure 6 shows the electrical resistance versus pressure 
curves for PDB and P D I . The resistance of P D I is 
lower than that of PDB by about one order of magnitude 
throughout the pressure range covered. The resistance 
of PDB decreases by approximately four orders of 
magnitude when pressurized to 150 kbar, where 
a minimum appears. Above this pressure the electrical 
resistance of PDB begins to increase. As the pressure 
is released the resistance increases monotonously, 
suggesting that chemical reaction takes place in PDB 
above 150 kbar. T h e electrical resistance of P D I 

decreases by compression to about 120 kbar, above which 
it begins to rise. The behavior is irreversible on unload­
ing process. This again suggests that chemical reaction 
takes place. T h e recovered PDI specimens were 
inspected after the application of pressures up to 200 
kbar. Both the I R and electronic absorption spectra of 
compressed PDI were quite similar to those of com­
pressed PDP. This shows that the high-pressure product 
of PDI is [PDH+][ I - ] . 

100 200 
Pressure/kbar 

300 

Fig. 7. Electrical resistance versus pressure for WRP, 
WRB, and WRI. 

WR Cation Radical Salts. Figure 7 shows the 
electrical resistance of W R P , WRB, and W R I as 
a function of pressure. The resistance of these 
W R radical salts at high pressure are higher than 
those of PD radical salts. For W R P there appears 
a broad minimum around 190 kbar. The electrical 
resistance of W R P changes on unloading process in a 
different way from that shown on compression, indicat­
ing chemical reaction. The resistance of W R B decreases 
monotonously up to the highest pressure applied in this 
work. There might be a minimum in resistance at 
higher pressure. T h e resistance of W R I first increases to 
about 40 kbar, then decreases and after a broad minimum 
it increases again. The first increase of resistance is not 
well understood at present. From the resistance-pressure 
curve, the solid-state reaction in W R I seems to take 
place at a pressure of 180 kbar. No attempt was made 
to recover the specimen after the application of pressure 
and to carry out its spectral inspection. 

WB Cation Radical Salt. Figure 8 shows the 
change of electrical resistance of WBP as a function of 
pressure. There appear two minima, the first at about 
25 kbar, and the second around 220 kbar. WBP 
transforms at ambient pressure from the orthorhombic 
to monoclinic structure near 190 K. The pressure 
dependence of this transition temperature is reported to 
be 10 deg/kbar.18) The linear extrapolation to room 
temperature locates the transition pressure at about 
11 kbar, which is much less than the first minimum 
pressure. I t is not certain whether or not the first 
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Fig. 8. 

100 200 300 
Pressure/kbar 

Electrical resistance versus pressure for WBP. 

minimum reflects the phase transition. Since the 
resistance drifts upward after the second minimum and 
increases irreversibly on decreasing pressure, the second 
minimum is attr ibutable to chemical reaction, as in the 
case of PD radical salts, W R P and W R I . 

D i s c u s s i o n 

The product of the high-pressure reaction in PDP is, 
as described earlier, [PDH+] [C10 4

_ ] . A possible scheme 
for the reaction to [PDH+] [CIO4-] from PDP is as 
follows. 

i) Proton transfer between C104~ and PD cation 
radicals, yielding semi-quinone type radical and H C 1 0 4 . 

H 2 N - / T Y N H 2 + cio4- —• 

H,N- -NH + H+C104-

ii) Disproportionation between two radicals to form 
neutral PD and />-benzoquinone diimine. 

H S N - Z ^ V N H 

H „ N - ^ ~ V N H 

H,N- -NH2 + HN=< =NH 

iii) Addition of H C 1 0 4 to PD. 

H a N - Z ^ - N H a + H+C104- • 

H a N - < f = V - N H a • H+C104-

When PDP crystal is heated at 120 °C under vacuum, 
a solid-state reaction takes place within several hours. 
The products are PD, 4,4'-diaminoazobenzene (AZ), 
N1, iV4 - bis (p - aminophenyl) - 2 ,5 - diamino - 1 , 4 - benzo -
quinone diimine (Bandrowski's base, BB) and its 
polymer, among which BB-polymer and PD are predom­

inant.19) These materials are not recognized in the 
spectra of the high-pressure product of PDP. In order 
that BB20) be produced by the linkage of three adjacent 
PD molecules in the crystalline state, the PD molecule 
to be centered should rotate to a certain amount 
because they are stacked in parallel face to face positions. 
This rotation will be facilitated in solids at higher 
temperature in vacuo, while it will be rather retarded 
under high pressure. BB is also synthesized by the 
reaction of PD cation radical with the parent molecule 
in ethanol solution.21) The requisite linkage of three 
molecules for the formation of BB would be much 
easier in the solution than in the solid state. 

TABLE 1. PRESSURE AT WHICH A MINIMUM APPEARS 

IN THE ELECTRICAL RESISTANCE OF RESPECTIVE 

WÜRSTER'S SALTS 

Counter ion 

PD+ 
WR+ 

WB+ 

a) Not measured. 

cio4-

130 
190 
25 

220 

Br-

Pmîn/kbar 
150 

>230 

a) 

I -

120 
180 

a) 

Table 1 lists Pm-m, the pressure at which the electrical 
resistance shows minimum. As described earlier, Pm-m 

reflects the commencement of solid-state reaction. In 
PD radical salts P m i n increases with the order; iodide, 
Perchlorate and bromide. The reactivity19) of the PD 
radical salt in the thermal reaction at ambient pressure 
becomes lower in the same sequence, indicating that 
the chemical reactivity in PD radical salts at high 
pressure is similar to the thermal reaction at 1 bar, 
although the products and hence the mechanisms are 
different. In the W R radical salts, the chemical reac­
tivity at high pressure decreases with the order; W R I , 
W R P and W R B , in coincidence with the salts of PD 
radical. The counter ions are, therefore, very effective 
in the chemical reactivity in PD and W R radical salts 
at high pressure. 

For PDP, W R P , and WBP, on the other hand, the 
chemical reactivity decreases at high pressure as the 
cation radical changes in the order PD, W R , and WB. 
The order holds also for salts of bromide and iodide. 
This sequence of chemical reactivity may be at tr ibuted 
to the difference in the number of active protons in 
PD, W R , and WB molecules, respectively. 

In some of the present radical salts the interplanar 
spacing of cation radicals is quite short with respect 
to that calculated from the van der Waals distances. 
The separation is 3.105 Â in WRB22) and 3.550 Â in 
WBP,23) respectively, which is to be compared with 
that of tetrathiafulvalenium (TTF) cation radical in 
T T F salts. The spacing of T T F molecules is 3.57 Â in 
TTFBr0>8,24> 3.56 Â in TTF7I5

25> and 3.48 A in T T F -
T C N Q , (tetracyanoquinodimethane),26) respectively. 
These T T F cation radical salts undergo chemical reac­
tions at pressures below 50 kbar,8-9) whilst much higher 
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pressures are required for the reactions in Würster 's 
salts. Therefore, the short spacing of the cation radicals 
does not necessarily facilitate the chemical reactivity 
of the compressed radical salts. Partial charge transfer, 
prevailing in the T T F cation radical salts,24»27) seems to 
be more effective in causing the chemical changes at 
high pressure. This is evidenced by the pressure-induced 
chemical reaction of T C N Q anion radical salts7-9) in 
which is also observed part ial charge transfer. 

This work was supported in part by the Ministry 
of Education under the Grant-in-Aid for Scientific 
Research, No. 054164. 
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Magnetic Susceptibility and Low-field ESR of an Organic Ion-
radical Salt, Tri-p-tolylaminiumyl Chloroantimonate 
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The static magnetic susceptibility and the low-field ESR spectra (33.6 and 135 MHz) of powder samples of 
tri-^-tolylaminiumyl chloroantimonate were measured above 1.7 K. A broad maximum in the susceptibility, 
which indicates an antiferromagnetic interaction, was observed at 6.0 K; this is consistent with the results of the 
proton NMR measurements. In the low-field ESR spectra, broadening of the g=2 absorption line and distinct 
appearance of the g = 4 absorption line were observed in the temperature region below Tm, the temperature at 
which the susceptibility is maximum. The results are interpreted by assuming that the magnetic behavior is due 
to antiferromagnetic Heisenberg linear chains. An abrupt decrease in the g=2 absorption intensity and a rapid 
increase in the g=2 absorption linewidth were also found in the temperature range from 3.5 to 2.5 K, while a slight 
rise in the susceptibility was observed below 2.5 K. These anomalies may imply a magnetic-phase transition in 
the vicinity of 2.5 K. 

There have been many investigations regarding the 
magnetic properties of the stable organic free radicals. 
A deviation from the Curie-Weiss law and a broad 
maximum in the susceptibilities of some ion-radical 
salts with plate-like structures have been observed above 
the temperature of liquid nitrogen.1) The anomalous 
behavior arises from the strong interaction between 
adjacent radicals and has been interpreted in terms of 
the exchange-coupled pair model or the linear Ising 
model. The mechanism of such a strong interaction is 
considered to be the charge-transfer stabilization. 
However, the magnetic behavior of ion-radical salts 
which have small Weiss constants had never been 
studied in the low-temperature region. 

In triarylaminiumyl radical salts, the cations are 
considered to have propeller-like structures similar to 
those of triarylmethylium salts,2) so that the exchange 
interaction between adjacent radicals is expected to be 
small compared with that of plate-like ion-radical salts. 
The static magnetic susceptibilities from 77 to 300 K 
and the proton N M R spectra from 1.5 to 77 K have 
been measured on powder samples of some triarylami­
niumyl radical salts by the present author and his co­
workers.3) The static magnetic susceptibilities of tri-p-
tolylaminiumyl chloroantimonate (TTA-SbCl5) obeyed 
the Curie-Weiss law, with a Weiss constant of 0 = — 10 K, 
and a broad maximum in the paramagnetic shift of its 
proton N M R spectra was found in the vicinity of 6.0 K. 
The broadening of the shifted lines was also observed 
below 4.2 K. This behavior cannot be explained by the 
anisotropic broadening.3-4) In order to clarify the 
magnetic behavior of TTA-SbCl 5 at low temperatures, 
the static magnetic susceptibility and low-field ESR 
(33.6 and 135 MHz) measurements were carried out 
for temperatures above 1.7 K. Precise and absolute 
values of susceptibility can be obtained from the static 
magnetic measurements. Information concerning the 
dynamical behavior of the spin system near the zero 
field can be obtained from the low-field ESR (LF-ESR) 
measurements. In this paper the author will report the 
results of these measurements and discuss the exchange 

t Present address: Fibers Research Laboratories, Toray 
Industries, Inc., Sonoyama, Otsu 520. 
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Fig. 1. Molecular structure of the tri-/?-tolylaminiumyl 
cation, TTA. 

interaction, spin correlation, and abnormal ESR 
behavior in the TTA-SbCl 5 salt. The tri-p-tolylami­
niumyl cation, T T A , has the molecular structure shown 
in Fig. 1. 

E x p e r i m e n t a l 

The tri-p-tolylamine was prepared by the method of Walter 
and was purified by repeated recrystallization.5) The TTA« 
SbCl5 was prepared according to the method of Wieland.6) 
To a solution of the tri-/>-tolylamine in benzene was added 
a chloroform solution of SbCl5 under cooling. By addition 
of benzene a deep blue crystalline product with a metallic 
luster was obtained from the solution. After filtration, the 
product was quickly washed with benzene and dried in vacuo, 
mp 114—116°C. The results of the elementary analysis 
were described in the previous paper.3) 

The static magnetic susceptibilities were measured for 
powder samples of 70—90 mg in a field of 8.8 kG from 1.7 
to 100 K by means of the torsion balance described elsewhere.7) 
No ferromagnetic impurities were found in samples by check­
ing the field dependence of magnetization up to 12 kG at 
4.2 K. The temperatures were measured with an AuCo-Cu 
thermocouple and a carbon resistor calibrated by measuring 
not only the magnetic susceptibility of Mn-Tutton salt, but 
also the vapor pressures of liquid helium, liquid hydrogen, 
and liquid nitrogen. The LF-ESR spectra (33.6 and 
135 MHz) were observed using a Robinson type spectro­
meter8) and a Benedek-Kusida type spectrometer,9) respec­
tively. Details of the apparatus for the LF-ESR measure­
ments have been described elsewhere.10) The sensitivity of 
the Robinson type spectrometer with respect to temperature 
variations was checked by measuring the absorption intensity 
of the proton NMR, which is inversely proportional to the 
temperature. A conventional cryostat was used, and tem-
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TABLE 1. RESULTS FROM SUSCEPTIBILITY MEASUREMENTS 

Xa JL Ik Xm " M 
10-4 emu-mol-1 K K 10-4 emu-mol-1 P K 

TTA.SbCl5
a> = 2L4 =^Tu O Î88 Ö794 =477 

TANOLb ' - 1 . 1 - 6 6.5 226 1.00 - 5 . 0 
/>-Cl-BDPAb> - 2 . 8 - 6 5.6 196 1.00 - 4 . 4 

a) This work. b) Ref. 12. 

peratures were determined using an Allen-Bradley carbon 
resistor calibrated against the vapor pressures of liquid helium, 
hydrogen, and nitrogen. 

R e s u l t s a n d D i s c u s s i o n 

Susceptibility. The diamagnetic correction was 
made using Pascal's constant. T h e diamagnetic suscep­
tibility, Xd> is listed in Table 1. In the temperature 
range above 15 K, the paramagnetic susceptibility, %p, 
of T T A - S b C l 5 follows the Curie-Weiss law, with a 
Weiss constant of 6 = — 10 K and a spin concentration 
of j&=0.94. As the temperature is lowered below 15 K, 
it deviates from the Curie-Weiss law and reaches a 
broad maximum at 6.0 K, as is shown in Fig. 2. After 
passing through the maximum, it decreases comparative­
ly slowly down to 2.5 K. However, below 2.5 K it 
increases slightly as the temperature is lowered. In the 
region from 3.0 to 77 K, the behavior of the suscep­
tibility is consistent with that of the relative susceptibility 
obtained from the proton paramagnetic shift.3) 

The g-value of T T A - S b C l 5 is nearly isotropic, so that 
it is not appropriate to discuss its magnetic properties 
on the basis of the linear Ising model. Therefore, the 
susceptibility data have been analyzed using the pair 
model and the one-dimensional Heisenberg model based 
on Bonner and Fisher's calculation.11) The kTmjJ ratio 
is 1.28 for the one-dimensional Heisenberg model and 
1.25 for the pair model, where Tm is the temperature 
at which the susceptibility reaches its maximum value 
and J is the exchange coupling constant. The J value 
for each model can be estimated from the Tm value 

m 1 1 1—I i i i i | 1 1—I—i i i i i | 1 

Ï L 4 

I E / \ 3 

Fig. 2. Magnetic molar susceptibility of TTA'SbCl5. 
The open circles represent the experimental values. 
The solid line and the dashed line are the theoretical 
curves for the one-dimensional Heisenberg model of 
J = - 4 . 7 K and for the pair model of J = - 4 . 9 K , 
respectively, which are fitted at r m = 6.0 K. 

obtained experimentally. In Fig. 2, the paramagnetic 
susceptibility is compared with the theoretical curves 
for the one-dimensional Heisenberg model o f / = —4.7 K 
and for the pair model of J=~4.9 K, which are fitted 
at the temperature Tm. I t can be seen from Fig. 2 
that the observed value above 2.5 K fits the one-
dimensional Heisenberg model better than the pair 
model. However, the maximum value of the observed 
susceptibility, xm = 1 8 8 X 10 - 4 emu/mol, is 20% lower 
than the former theoretical x m = 2 2 5 X 10 - 4 emu/mol; it 
is 40% lower than the latter theoretical x m = : 2 9 6 x 10~4 

emu/mol. The difference between the experiment and 
the theory is not due to a poor spin concentration, but 
to the some other effect, for the spin concentration is 
equal to 0.94 in the temperature range above 15 K. 
The one-dimensional Heisenberg interaction has not 
been observed in ion-radical salts. I t is interesting that 
the ion-radical salt, TTA-SbCl 5 , studied here exhibits 
a one-dimensional Heisenberg interaction. In the 
crystalline state, the cation radicals with a propeller­
like configuration may form chain-like arrays of mole­
cules. The propeller-like structure of the cation radical, 
T T A , may restrict pairing of electron spins and dimeri-
zation of molecules in the crystalline state compared 
with a plate-like structure. The resulting parameters 
are summarized in Table 1, together with those of one-
dimensional Heisenberg antiferromagnets typical of 
organic neutral radicals, 2,2,6,6-tetramethyl-4-hydroxy-
1-piperidinyloxyl (TANOL) and 9-(a-fluorenylidene-/>-
chlorobenzyl)-9-fluorenyl Q&-C1-BDPA).12) The ex­
change parameter J for TTA«SbCl 5 is as large as that 
for the organic neutral radicals. The mechanism of such 
a weak interaction may be attr ibutable to the overlap 
of TT-orbitals occupied by the unpaired electron rather 
than to the charge-transfer stabilization. The slight rise 
in the susceptibility below 2.5 K may be attributable to 
a magnetic-phase transition rather than to paramagnetic 
impurities. Such a slight rise in the susceptibility has also 
been found near a magnetic-phase transition into an 
antiferromagnetic state in the case of some organic 
neutral radicals.12 '13) This will be discussed below on 
the basis of the LF-ESR results. 

LF-ESR. The LF-ESR absorption spectra of 
TTA«SbCl 5 exhibit a single line which has an exchange-
narrowed Lorentzian shape at room temperature. The 
temperature dependences of the 33.6 M H z ESR and 
135 M H z ESR spectra are shown in Figs. 3 and 4, 
respectively. The linewidth, which was taken to be 
the peak-to-peak linewidth of the first derivative of the 
g—2 absorption spectrum, started to increase as the 
temperature was decreased below Tm, where the 
susceptibility went through a broad maximum. The 
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Fig. 5. Temperature dependence of the LF-ESR line-
width (~0~) a n d signal intensity (-©-) measured at 
33.6 MHz. 

Fig. 3. The LF-ESR spectra of TTA.SbCl5 measured 
at 33.6 MHz. The 2.4 K signal is amplified thirty 
three times compared with the 4.2 and 3.1 K signals. 

Fig. 4. The LF-ESR spectra of TTA.SbCl5 measured 
at 135 MHz. 

signal intensity, which was defined as the product of the 
square of the linewidth and the ampli tude of the first 
derivative of the g=2 absorption line, measured at 
33.6 MHz , was almost constant in the region from 4.2 
to 3.5 K. In the temperature range from 3.5 to 2.5 K, 
an abrupt decrease in the signal intensity and a rapid 
increase in the linewidth were found. The temperature 
dependence of the linewidth and signal intensity 
measured at 33.6 M H z is shown in Fig. 5. Below 2.5 K 
the linewidth measured at 135 M H z decreased rapidly, 
as is shown in Fig. 6. The g=4 absorption could not be 
observed at room temperature or at liquid nitrogen 
temperature. Below the temperature at which the 
susceptibility deviated from the Curie-Weiss law, the 
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Fig. 6. Temperature dependence of the LF-ESR line-
width measured at 135 MHz. 

g = 4 absorption was detected as the temperature was 
lowered. At fixed temperature, the ratio of the intensity 
of the g=4 resonance absorption to that of the g—2 
absorption was larger in the 33.6 M H z ESR spectrum 
than in the 135 M H z ESR spectrum. 

I t is well-known that the signal intensity of the ESR 
absorption line is proportional to the magnetic suscep­
tibility in the paramagnetic state. The relative suscep­
tibility, obtained from the signal intensity, agrees 
qualitatively with the static magnetic susceptibility for 
temperatures above 3.5 K. In Fig. 7, the relative 
susceptibility, obtained from the signal intensity, is 
compared with the static magnetic susceptibility and the 
theoretical curves for the one-dimensional Heisenberg 
model of J= —4.7 K and the pair model ofJ= —4.9 K, 
which are normalized at 4.2 K . In a one-dimensional 
Heisenberg system, a rapid decrease in the signal 
intensity is not observed below the temperature of 
maximum susceptibility.14) In a pair-like system, the 
signal intensity decreases in direct proportion to the 
static magnetic susceptibility below the temperature of 
maximum susceptibility. The observed deviation from 
the static magnetic susceptibility below 3.5 K, consisting 
in an abrupt decrease in the signal intensity of the ESR 
line, indicates the occurrence of a reorganization of the 
energy spectrum involving a decrease in the number of 
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Fig. 7. Comparison between the static magnetic suscep­
tibility ( - O - ) a n d the relative susceptibility obtained 
from the LF-ESR signal intensity ( - # - ) . The solid 
line and the dashed line represent the theoretical curves 
for the one-dimensional Heisenberg model of J=— 4.7 
K and the pair model of J=— 4.9 K, respectively. 
The experimental plots and the theoretical curves are 
normalized at 4.2 K. 

spins possessing a paramagnet ic property. Recent 
magnetic resonance measurements revealed that some 
organic neutral radicals go into a long-range ordered 
antiferromagnetic state in a sufficiently low temperature 
region.15) T h e abrupt decrease in the signal intensity 
of the ESR line of T T A - S b C l 5 may imply a magnetic-
phase transition from the short-range ordered state to 
the long-range ordered state in the vicinity of 2.5 K. 
In the temperature range from 3.8 to 3.2 K, such an 
abrupt decrease in the signal intensity of 33.6 M H z 
ESR line has also been observed for /»-Cl-BDPA,16) 
which undergoes a magnetic-phase transition to an 
antiferromagnetic state at 3.25 K.17) Derea l iza t ion of 
the unpaired electron on the three p-to\y\ rings or the 
chloroantimonate anion with a diamagnetic formula3) 
may play some role in an exchange interaction leading 
to a long-range ordered state, such as the interchain 
exchange interaction. 

In the case of LF-ESR, precise linewidth data can be 
obtained even in powder samples, because any contribu­
tion to the linewidth from the anisotropy of the ^-values 
is excluded. The LF-ESR line is narrowed by the 
strong exchange interaction in the high-temperature 
region. It has been reported that , in several organic 
neutral radicals, the LF-ESR linewidth versus tempera­
ture below Tm of maximum susceptibility can be fitted 
to the following empirical relation:14) 

1.0 

JfkT 
Fig. 8. LF-ESR linewidth {AH) versus JjkT. 

O : 33.6 MHz, # : 135 MHz. 

AH=aexp(ßJ/kT), (1) 

where a and ß are constant and where J means the 
absolute value of the exchange coupling constant. The 
parameters of temperature dependent LF-ESR linewidth 
for TTA-SbClg are summarized in Table 2, together 
with those for some organic neutral radicals.14 '16) The 
ß values for TTA-SbCl 5 were determined to be 0.50 
in the region from 6.0 to 3.5 K and to be 2.30 in the 
region from 3.5 to 2.5 K, by plotting the linewidth 
against the reciprocal of the temperature, as is shown 
in Fig. 8. The ß value is considered to be associated 
with the correlation mechanism of exchange motion, 
which may be related to the magnetic interaction of 
the system. It is interesting that the first ß value for 
T T A - S b C l 5 is nearly equal to the ß value for T A N O L , 
which has a one-dimensional Heisenberg interaction.12) 
The broadening of the resonance with the first ß value 
is at tr ibutable to an increase in the correlation for 
exchange motion because of short-range magnetic 
ordering below the temperature of maximum suscep­
tibility. Such a broadening was not found above 1.7 K 
in tri-/>-tolylaminiumly Perchlorate (TTA-C10 4 ) ; its 
susceptibility obeyed the Curie-Weiss law with a Weiss 
constant of 6 = - 0 . 5 K . 3 > The second ß value for 
TTA-SbCl 5 is much larger than the ß values for the 
radicals with one-dimensional Heisenberg or pair-like 
interaction. The rapid increase in linewidth with the 
second ß value may be the result of the critical fluctua­
tion of electron spins in the vicinity of the transition 
temperature, which may simultaneously cause the 
abrupt decrease in the signal intensity in the range from 
3.5 to 2.5 K. It may be appropriate to use one para­
meter in place of ßjjk in Eq. 1, because the y parameter 
is considered to be insignificant in this temperature 

TABLE 2. PARAMETERS FOR TEMPERATURE DEPENDENT LF-ESR LINEWIDTH AND MAGNETIC INTERACTION 

TTA.SbCV- { \\ J l l 
TANOLb> 
Porphyrexideb) 

Cl-porphyrexideb >c > 
Solvent-free DPPHd> 

a 
G 

0.1 
1.2 
3.6 
3.0 
1.1 
0.7 

ß 

2.30 
0.50 
0.48 
0.95 
0.93 
0.70 

K 

4.7 
4.7 1 
5.0 J 
5.9 i 

18.2 
8.8 ; 

Magnetic interaction 

one-dimensional 
Heisenberg interaction 

pair-like interaction 

a) This work. b) Ref. 14. c) Monochloroporhyrexide. d) a,a-Diphenyl-/?-picryl hydrazyl recrystallized 
from ether. Refs. 16 and 18. 
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range. The behavior of the g—2 resonance can be 
related to the broadening of the shifted lines in the 
proton N M R spectra below 4.2 K. The residual 
resonance measured at 135 M H z below 2.5 K is proba­
bly due to paramagnetic impurities. 

In the high-temperature region, the g=4 resonance, 
which is probably caused by a forbidden transition due 
to dipolar interaction, cannot be detected,14«19) for the 
strong exchange interaction averages the dipolar 
coupling.20) The appearance of the g=4 resonance at 
low temperatures can be explained by an increase in 
the correlation time for exchange motion, as is expected 
from the linewidth of the g—2 resonance and the 
susceptibility data . Below 3.5 K the behavior of the 
g=4 resonance was independent of the temperature in 
spite of the anomalies of the g=2 resonance. This 
cannot be explained now. 

Conc lus ions 

1. The static magnetic susceptibility of TTA-SbCl 5 , 
as well as the relative susceptibility obtained from 
the paramagnetic shift, can be described by the one-
dimensional Heisenberg model of Jjk = — 4 . 7 K in the 
temperature range above 2.5 K, although the maximum 
value of the observed susceptibility is 2 0 % lower than 
the theoretical value. 

2. The broadening of the g—2 absorption line and 
the distinct appearance of the g=4 absorption line in 
the LF-ESR spectra are at tr ibutable to the effects of 
short-range magnetic ordering below the temperature 
of the susceptibility maximum. 

3. The following anomalies may imply a magnetic-
phase transition in the vicinity of 2.5 K : 1) the rise 
of the susceptibility below 2.5 K, 2) the abrupt decrease 
in the g=2 absorption intensity and the rapid increase 
in the g=2 absorption linewidth in the temperature 
range from 3.5 to 2.5 K, 3) the broadening of the 
shifted lines in the proton N M R spectra below 4.2 K. 
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The gas and solid phase UV photoelectron spectra of rubrene were measured. In the molecule there is little 
conjugation of jr-electrons between four substituent phenyl groups and the naphthacene skeleton owing to the 
effect of the steric hindrance of the phenyl groups. Therefore, the lower IP bands in the gas phase spectrum 
could be correlated to the jr-bands in the photoelectron spectra of benzene and naphthacene. The features of 
the solid phase spectrum are similar to those of the gas phase one except for a large peak due to inelastically scattered 
electrons. The polarization energy due to the molecular ion in the solid, the peak to peak difference between the 
gas and solid phase spectra, was observed to be 0.6 eV, which is about half the polarization energy for naphthacene. 
This means that rubrene molecules are loosely packed in the solid as a result of the steric hindrance of four phenyl 
groups. 

T h e compound 5,6,11,12-tetraphenylnaphthacene 
(rubrene) has aroused considerable chemical interest, 
since Moureu et al.1) observed that its solution became 
colourless when irradiated in the presence of air. 
Subsequently, it was established that the change in 
colour is due to the formation of a t ransannular 
compound:2) 

+ 02 
hv 

rubrene rubrene peroxide 

Recently we have studied the photooxidation process 
(1) in solid phase by ultraviolet photoelectron spectro­
scopy.3) In the course of the study, it was necessary 
to assign the bands in the photoelectron (PE) spectrum 
of rubrene. 

We therefore present the PE spectra of rubrene for 
gas and solid phases, and a subsequent analysis of the 
electronic structure in comparison with that of the 
unsubstituted compound, naphthacene. 

E x p e r i m e n t a l 

Rubrene was purified by vacuum sublimation. The gas 
phase He I spectrum was recorded on a Perkin-Elmer PS-18 
photoelectron spectrometer. The temperature of the sample 
was kept at 280 ° G during the experiment. 

The He I spectrum of solid rubrene was measured using an 
ultra high vacuum spectrometer constructed at our laboratory 
(the University of Tokyo), the details of which will be describ­
ed elsewhere.3' A 180° hemispherical analyzer of 5 cm mean 
radius was used for electron energy analysis. The solid 

t Throughtout this paper 1 eV= 1.62 X ÎO"19 J . 
tt The conformation of rubrene has not been determined 

experimentally. 

phase photoelectron spectrum was also obtained with 7.75 
eVt monochromatic light which was provided by a 0.5 m 
Seya-Namioka type monochromator fitted with a hydrogen 
discharge lamp. In this case a spherical retarding type 
analyzer was used with an ac-modulation method. Rubrene 
films were prepared by vacuum sublimation in situ onto 
copper substrates. The thickness of the films was controlled 
by means of a quartz osicillator monitor and was about 15 nm. 

R e s u l t s a n d D i s c u s s i o n 

Gas Phase Spectrum. Figure 1 shows the gas phase 
spectrum of rubrene. The observed lower ionization 
potentials {IP's) are listed in the first column of Table 1. 
Since four substituent phenyl groups in the rubrene 
molecule are considered to be rotated out of the molec­
ular plane owing to the effect of steric hindrance,*t 
little conjugation of ^-electrons between the phenyl 
groups and the naphthacene skeleton is expected. 
Therefore, bands in the lower IP region of the rubrene 
spectrum can be correlated to the ^t-bands in the 
photoelectron spectra of benzene4 '6) and naphthacene.5) 

T h e correlation is listed in Table 1 for the bands 1 to 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

IP/eV 

Fig. 1. Gas phase He I photoelectron spectrum of 
rubrene. 
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TABLE 1. VERTICAL IONIZATION POTENTIALS OF RUBRENE 

AND RELATED COMPOUNDS WITH ASSIGNMENT 

Rubrene 

(D 6.52 
® 8.05 

<D 8.30 

® 8 . 7 5 

© 9.15 
® 9.4 
® 9.6 

Vertical IP/éV 

Benzenec) Naphthacened) 

6.97(2au;r) 
8.41(3blu7r) 
8.41(2b2g7r) 

9.24 (lelg7T3) 
9.24 (lelg7r2) 9.56(lau7r) 

9.70(2b3g7r) 
10.25(lb2g7r) 

MPI 
eVa> 

0.45 
0.36 

0A, 

0.41 
0.3 
0.65 

Partial 
electron 
density15) 

0.148 
0.048 
0.000 

0.044 
0.034 
0.112 

a) The difference between the IP value of naphthacene 
and that of rubrene b) partial 7T-electron density due to 
the orbital of naphthacene at one of the substituted posi­
tions (5-, 6-, 11-, and 12-positions). c) Refs. 4 and 6. d) 
Ref. 5. 

Fig. 2. The lelg:rc-orbitals of benzene. X represents a 
substituent. 

7 in Fig. 1. The 9.24 eV band of benzene has been 
assigned to the degenerate n2 and nz orbitals.6) At the 
point of substitution, the n2 orbital has a node, while 
the 7r3 has its maximum electron density (Fig. 2). 
Accordingly, on substitution, the n2 orbital may be 
relatively unaffected, whereas the nz may have its 
energy lowered relative to the n2. Thus , in Table 1 
we assign the bands at 8.75 and 9.15 eV of rubrene 
to the nz and n2 orbitals, respectively. This assignment 
is supported by the fact that the bands ascribable to 
the n2 and ns orbitals are also found in the IP region 
8.8—9.3 eV of the photoelectron spectrum of 5,10-
diphenylanthracene.7) Moreover, it has been observed 
that the bands corresponding to the 8.75 and 9.15 eV 
bands of rubrene remain in the photoelectron spectrum 
of a rubrene peroxide film (cf. Eq. I).3) Although the 
intensities of the bands ® and © involving the ionization 
of four benzene rings are much stronger than those of 
the bands ® and © , they are not strong enough in 
comparison with the intensities of the bands (D to ® . 
The transmission coefficient (ocAE/E; E, the energy of 
photoelectrons) of the energy analyzer used may partly 
account for this efifect. 

When the naphthacene molecule is substituted by 
phenyl groups, similar efifect as above can be expected ; 
the shift of the 7r-orbital energy may become greater, 
the larger the partial 7r-electron density due to the 

orbital at the position of subst i tu t ion. m In Table 1 
the differences between the IP values of naphthacene 
and those of rubrene (rc-orbital energy shifts) are shown 
in comparison with the ^r-electron densities of naph­
thacene at one of the substituted positions (5-, 6-, 11-, 
and 12-positions). The electron densities were calculated 
on the basis of the Pariser-Parr-Pople method. I t can 
be seen from Table 1 that the correlation of the IP 
shift with the 7r-electron density is satisfactory. This 
supports the present assignment of the bands in the 
lower IP region of the rubrene spectrum. 

5 6 7 
/P/eV 

Fig. 3. Solid phase photoelectron spectrum of rubrene 
for hv=7.75 eV. 

10 15 
/P/eV 

Fig. 4. Solid phase photoelectron spectrum of rubrene 
for/^=21.22eV. 

ttt When a n LCAO MO, <pi=J}Cikxki is perturbed bv 
k 

a substituent X, the first-order perturbation energy of the 

MO is expressed by AEt= \<ptH'<f>idv=J}C&CuHkli where 
J k,l 

H' is the perturbation operator and H'kl= \x*H'xAv- L e t 

s be the number of the carbon atom substituted by X, H'ss 

is considered to be much larger than the other H'kl's. Neg­
lecting them, we have AEi=?\Cis\

2Hf
ss; the MO energy shift 

is proportional to the partial ^-electron density |QS |2 due to 
(pt at the position of substitution. 
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Solid Phase Spectrum. Figures 3 and 4 show the 
photoelectron spectra of solid rubrene for photon energies 
of 7.75 and 21.22 eV, respectively. T h e numbers on the 
abscissas indicate the ionization potential, which could 
be obtained by a spherical retarding type analyzer for 
Ay=7.75 eV. In Fig. 3 only the first band located at 
6.0 eV appears in the spectrum because of the small 
photon energy. The value of its adiabat ic IP (threshold 
energy) is 5.3 eV. As can be seen from Figs. 1 and 4, 
the appearance of the solid phase spectrum for 21.22 eV 
is similar to that of the gas phase one except for a large 
peak due to inelastically scattered electrons. This 
behaviour means that the features of the solid phase 
spectrum are mostly associated with the valence bands. 
Further, it is found from Figs. 1 and 4 that the peak 
positions of the solid phase spectrum are lowered by 
ca. 0.6 eV relative to those of the gas. The shift corre­
sponds to the polarization energy due to the molecular 
ion left in solid after a photoelectron is removed. In 
the case of naphthacene the polarization energy is 
observed to be around 1.1 eV,8) which is about twice 
as large as that for rubrene. Being non-planar as a 
result of the steric hindrance of four phenyl groups, 
rubrene molecules are considered to be loosely packed 
in solid. This seems to be the reason for the small 
polarization energy for rubrene.* 

T h e authors are grateful to Dr. Koichi Ohno , the 

University of Tokyo, for his helpful discussion. The 
jr-electron densities of the naphthacene molecule were 
calculated by him. 
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Fourier transformed infrared absorption spectrum of gaseous C102 has been obtained with the resolution of 
0.06 cm -1. The rotational structure of the bending fundamental band (v2=l<—0) was analyzed. Rotational 
constants determined were in good agreement with previous microwave results. The band center was now fixed 
at 447.675±0.030 cm -1, and five centrifugal distortion constants for the v 2 = l state were also newly determined. 

Extensive spectroscopic and kinetical studies have 
been started on photochemically produced molecules 
originating from chlorofluorocarbons, since it was 
disclosed that they are partially on charge of destruction 
of ozone in the upper atmosphere.1) G102 is one of the 
reaction products which appears in the final step in the 
CI and O chain, and is considered to exist in the lower 
layer of the stratosphere, but has never been detected 
yet.2) 

It is thought to be important to study C10 2 spectro-
scopically in the various regions of radiation in the 
laboratory system to give more detailed understanding 
of stratospheric reactions. Curl et al. have intensively 
studied the microwave spectrum, and determined a 
number of molecular parameters involving spin-rotation 
interaction constants.3-8) Since infrared spectrum had 
first been observed by Bailey and Cassie,9) some infrared 
works10-12) were reported without any high resolution. 
The higher vibrational levels of the electronic ground 
state were mainly obtained by means of the electronic 
absorption spectrum13) or fluorescence spectrum.14) 

We have recently observed the infrared spectrum by 
a Fourier transform spectrometer and partially by a 
diode laser spectrometer. This is a report of an analysis 
of the bending fundamental band (v2=l<—0) in the 
415—510 c m - 1 region. 8 rotational transitions of v 2 = l 
state were observed in the microwave spectrum by 
Mariella and Curl.8) T h e results of our infrared 
analysis will be compared with the microwave results. 

Exper imenta l 

C103 was prepared by the reaction of oxalic acid and 
potassium chlorate in dilute sulfuric acid at 60 °C.15> The 
product was condensed in a dry ice bath, and then distilled 
in vacuum. The sample with the vapour pressure (about 1 
mmHg) at dry ice temperature was introduced into a multiple 
reflection cell, whose optical path length was 10 m. 

The spectrum was obtained by a Nicolet 7199 Fourier 
transform spectrometer. 128 scans of interferometer were 
accumulated (38 sec per scan) to construct an interferogram, 
and this was Fourier-transformed (it took about 30 min.) 
into an ordinary spectrum of 4000—400 cm - 1 region. The 
maximum distance of the moving mirror is 8 cm, and by the 
use of Happ-Genzel apodization function to remove the 
ripple of the spectral curve the actual width (full width at 
half miximum) was found to reach 0.07 cm -1 . The peak 
separation of 0.05 cm - 1 was found to be recognizable. To 
confirm the accuracy of the wavenumber scale, some of the 
atmospheric C 0 2 and H 2 0 lines overlapped on the C102 

spectrum were compared with the standard spectral data.16) 

The wavenumber precision was found to be better than ±0.02 
cm - 1 . 

A n a l y s i s 

Neglect of the Spin-Rotation Interaction. T h e spin-
rotation constants for the v 2 = l state are known to be 
almost the same as those for the ground state.8) In 
Fig. 1, the spin splitting patterns in the ground state 
are shown, on the basis of the following equations : 

Fx = ïïa-a0±±-bôUK*JN(N+l)-3aK* 

+ 9 f l 2 X{1"WiF]/4^}/2 ( i v r + 1 ) ' (1) 

F2 = -ïïa-a0±jbôltKjN(N+l)-3aK* 

+^Ki}-^\/A~B)/2N> (2) 

where 
a0 = g-^aa + ^bb + Scc)) 

a = - -g - (2e a a -e b b -e c c ) , 

b = 2"(ebb — e c c ) s 

and B=±(B + C). 

Fig. 1. Spin splitting pattern of 35C102 in the ground 
state. Deviations, Fx and F2, caused by the spin 
rotation interaction, from pure rotational levels are 
shown. F, is for N=J—S, and F2 for N=J-\-S, where 
N is the quantum number of rotational angular 
momentum, S is the quantum number of electron spin 
angular momentum, and J is the quantum number of 
total angular momentum. The calculations were 
made on Eqs. 1 and 2, where it was assumed that 
öo=0.017798, «=0.014262, and 0 = 0.003679 cm -1. 
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e's are spin-rotation interaction constants defined by 

**.*. = * a a ^ a + « b l W b + eeeNJSe, (3) 

where J^B.T, is the Hamil tonian for the spin-rotation 
interaction. As may easily be seen in Fig. 1, the spin-
splitting should reach as much as 0.1 c m - 1 , for lines of 
PR- and KP-branches if K is as high as 10 or so. These 
lines, however, have practically no intensity to be 
detected. The next largest spin-splitting is expected to 
occur in the lines of R Q r and pQ-branches, but these 
are so badly overlapped on one another. Absorption 
lines in the RR- and pP-branches are well separated 
from one another and intense enough. T h e spin-
splittings for these lines are, however, always less than 
0.05 c m - 1 (our resolution). We, therefore, neglect the 
spin-rotation interaction in our present analysis. 

Assignments of the Observed Peaks. The assignments 
were made on the basis of a comparison of the observed 
and calculated spectra. In the calculation, rotational 
matrices were trancated so as to include the elements 
with the K value which is higher by three than the 
maximum K we need. This makes the eigenvalues 
significant at least for 7 decimal digits. The ground 
state energy levels were calculated with the constants 
given by the microwave spectroscopy.18) In an early 
stage of the analysis, the rotational constants A, B, and 
C of the v 2 = l state given by Mariella and Curl8) were 
used to predict the J structures of low K sub-branches. 
Here essentially no single lines were detected, but most 
of the strong transitions were reasonably assigned to the 
observed peaks. In Fig. 2, part of the calculated spec­
t rum is shown along with the observed spectrum. 

At first sight, we can see R Q r and pQ-branches that 
make clusters: especially, FQK with Ä ' ^ 7 give narrow 
and intense absorption peaks. These confirm the K-
numbering. W e can next recognize the strong absorp­

tions formed by the turning head of the progressions 
in the P Q 2 , PQ,3, *Q1} and R Q 2 branches. The J-
numbering for these progressions is of great merit for 
the following assignments in the low K region, because 
this allows us to fix the size of asymmetry, B—C. The 
absorption lines with 7 = 1 0 — 3 0 in the RR0 and p Rj 
branches in the higher frequency region than the band 
center, and those in the FPX and R P 0 branches in the 
lower frequency region than the band center are the 
most intense ones in the whole band. They form 
progressions with nearly equal spacings. 

Towards the high frequency end of the band, some 
of the RR branch lines are piled up to construct a 
progression with fairly regular spacing of about 0.6 cm - 1 . 
From this we can determine the ß'—\j2{B'-\-C') value. 
T h e ^-number ing of this progression is rather straight­
forward, because we can use the ground state combina­
tion differences with the PP branch lines located in the 
other end of the band . The assignments are proceeded 
to reach reasonable intensity pattern. 

We used the sample of C10 2 with isotopes of natural 
abundance. This means that 3 5C10 2 is mixed with 
8 7C10 2 with the rat io 3 : 1 . Hence difficulty was that 
not all absorption lines should necessarily be assigned to 
any transition of 3 5C10 2 . Also it happened that some 
fairly strong absorption was buried behind the 8 7C102 

absorption and made no apparent peak. No attempt 
was made to analyze 3 7C10 2 spectrum in our present 
work. 

Determination of the Molecular Constants. Upper 
state term values were calculated by adding the ground 
state rotational levels to the observed frequencies. The 
ground state rotational and centrifugal constants were 
fixed, as given in Table 1, in this work. Then, the term 
values were used for the least squares fitting to obtain 
the parameters of the following Hamiltonian :17) 
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TABLE 1. MOLECULAR CONSTANTS OF 35C109
a> 

»0 

A 
B 
C 

AJ 

àjK 

AK 
dj 

ÖK 

(000) b> 

1.737225(50) 
0.331982(7) 
0.277993(6) 
2.335(334) x 10-7 

-4.003(1000) x lO- 6 

6.905(300) x lO- 5 

7.67(100) x lO- 8 

5.67(300) XlO-7 

This work (010) 

447.675(11) 
1.77052(24) 
0.332021(59) 
0.277215(46) 
1.127(224) x lO- 7 

-2.714(222) x lO- 6 

7.580(107) x lO- 5 

-2.714(222) x lO- 9 

-4.72(1365) x lO- 6 

Previous data 

447.3c>/447.9d> 
1.77052 (20) e> 
0.331682(60) 
0.277202(60) 

a) Units are in cm -1 . Uncertainties (3<r) in parentheses are in units of the last significant figure, b) The 
higher order centrifugal distortion constants Hj=7 x 10-7, HJK=2x 10"5, HKJ= — 1 X 10-4, HK=l X 10-3, 
Aj=3x 10-7, hJK= — 3x 10-4, in units of MHz, were used to calculate the ground state rotational energies, 
and the same values were assumed for v 2 = l state, c) Ref. 11 from IR spectrum, d) Ref. 11 from UV 
spectrum, e) Ref. 8. 

tf = v0 + AP,* + BPf + CP* - AjP* - AJKP*P,* 

- A*Pa
2 - 2,5,P2(Pb

2-Pc
2) - SKIP^W-PC*) 

+ W-P^P*2] + HjP« + HJKP*PS + HKJP*P* 

+ HKP* + 2hjP*(Ph*-PS) + ^ P 2 [ P a
2 ( P b

2 - P c
2 ) 

+ (Pb
2-Pc

2)Pa
2] + hK[PSW-PS) 

+ (P b
2 -P c

2 ) iY] . (4) 

From totally 452 term values, ranging J up to 47, and 
K up to 15, first 9 parameters were determined. T h e 
parameters of P6- term were fixed to the ground state 
values. There could not seen any systematic deviation 
in the residuals (observed-calculated) in the final least 
squares fit. Therefore, it has been concluded that the 
higher centrifugal distortion constants are not necessary 
to be included as variables. 

Discussion 

In Table 1, the final set of parameters are compared 
with the previous results. As described in the preceding 
chapter, the precision of the observed line position is 
better than ± 0 . 0 2 c m - 1 . Therefore, (in combination 
with the calculated error ± 0 . 0 1 c m - 1 ) , the standard 
error is estimated to be ± 0 . 0 3 c m - 1 for the band center. 

The rotational constant B has a meaningful discre­
pancy between the microwave and our infrared analysis. 
This may be attributed to the fact that, in microwave 
analysis, Curl et al. assumed the same centrifugal 
distortion constants in v 2 = l state as in the ground 
state, and used only 4 rotational transitions of low J's 
of K=0 and 1 in their least squares fit. 

As was pointed by Pliva and Telfair,19) the term 
values of the upper state are strongly correlated with 
the ground state parameters. We should realize, 
therefore, that from an infrared term value analysis, 
such as what we have done in the present work, the 
differences AA, AB, AC, etc. of the parameters in the 
upper and ground states are determined rather than 
their absolute values of the parameters themselves. 
Even if the ground state parameters are revised in 
future, AA, AB, AC,•••values fixed here will remain 
significant. 

T h e authors wish to express their deep appreciation 
to Dr. S. Saëki and Dr. S. Kondo for their kindness in 
affording us their Fourier transform infrared facilities 
in the National Chemical Laboratory for Industry. 
Their thanks are also due to Dr. T . Nakagawa for his 
computer program in calculating the absorption 
intensities. 
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The interdiffusion coefficients D of Zn2+ ions in aluminium cobalt(II) oxide (cobalt aluminate) and alumi­
nium nickel (II) oxide (nickel aluminate) were measured. In the former D is independent of the concentration 
of the composition-dependent cation vacancies, while in the latter it decreases with increase in the concentration 
of cation vacancies. The difference in the distribution of cations and cation vacancies in the spinel lattice has a 
great effect on the interdiffusion coefficients of Zn2+ ions. The results were interpreted by means of the vacancy 
mechanism for Co2+ and Ni2+ ions and the interstitial or interstitialcy mechanism for Zn2+ ions. The activation 
energy is independent of the concentration of Zn2+ ions or cation vacancies; 355 kj mol - 1 for cobalt aluminate 
and 364 kj mol - 1 for nickel aluminate. 

The vaporization rate of Z n O from the spinel solid 
solution of the Z n O - C o O - A l 2 0 3 system was more 
pronounced than from that of the Z n O - N i O - A l 2 0 3 

system above 1300 °C in air.1) I t was suggested that the 
diffusion of Zn 2 + ions in the spinel phase might be a 
rate determining process dur ing the course of vaporiza­
tion of Z n O . Thus the measurements of the diffusivity 
of Zn2+ ions and its dependence on the concentration 
of the composition-dependent cation vacancies in 
a luminium cobalt(II) oxide (cobalt aluminate) and 
aluminium nickel(II) oxide (nickel aluminate) were 
undertaken in the present work. 

When (A 2
r

+ Bfî x )0-M 2
3 +0 3 forms a solid solution of 

(A j CB1_ J . )0 'nM203 with M 2 0 3 , the concentration of the 
composition-dependent cation vacancies is (n— 1)/ 
(9«+3) X 100 cation site percent, increasing with the 
increase of n up to the solubility l imit . 

Studies have been carried out on the ionic diffusion 
in spinels. However, most of them are concerned with 
perfect spinels having no composition-dependent cation 
vacancies. Only a few studies on the defective spinels 
have appeared. Ando and Oishi2) reported that the 
self-diffusion coefficients of oxygen ions in MgO« 1.2A12-
0 3 and MgO«2 .2Al 2 0 3 single crystal spinels are close 
to those in M g O - A l 2 0 3 spinel. Morkel and 
Schmalzried3) found for various kinds of spinels that the 
self-diffusion coefficients of cations in perfect spinels 
differ from those in defective spinels. Dieckmann and 
Schmalzried4) measured the dependence of self-diffusion 
coefficient of iron ions in magneti te on oxygen part ial 
pressure and found that the diffusion mechanism changes 
with the change in P 0 l . Yamaguchi et a/.5) proposed a 
vacancy mechanism of Ni2+ ion diffusion in magnesium 
aluminate on the basis that the interdiffusion coefficient 
of Ni 2 + ions increases in proportion to the increase in 
the concentration of the composition-dependent cation 
vacancies. 

The dependence of interdiffusion coefficients of Zn 2 + 

ions on the concentration of the composition-dependent 
cation vacancies was found to differ in the two systems 
investigated in the present study. T h e mechanism of 
cation diffusion is also discussed. 

Exper imenta l 

Material. The spinel powders of compositions (Znx-
Co^JO-tfAlgOg and (Z^Nij .JO-fiAljO, (*=0, 0.2; 
n=1.0—1.2) were synthesized from basic zinc carbonate, 
basic cobalt carbonate, basic nickel carbonate, and gibbsite 
of reagent grade. The pellets, diam. 10 mm and thickness 
2—4 mm, were obtained by hot-pressing the spinel powders 
in a carbon mold under the pressure 260 kg/cm2 at 1000 °C 
for 2 h. The pellets were further sintered densely for 1—2 h 
at 1700 °C to give the relative density colse to that of a single 
crystal. They were polished with SiC abrasives and diamond 
paste, and the diameters and thicknesses were measured with 
a micrometer. The sintering degrees, apparent density/theo­
retical density, calculated for a cation vacancy model, were 
80—85%. 

Diffusion Measurements. Interdiffusion between pure 
polycrystalline cobalt aluminate (or nickel aluminate) (#=0) 
and the spinel solid solution containing Zn2+ ions (#=0.2) 
was studied, the concentration of the composition-dependent 
cation vacancies being the same in both compositions (n is 
equal). The diffusion couple, made by giving the polished 
surfaces an intimate contact, was interposed between alumina 
plates. Annealing was carried out in the air in a vertical 
tube furnace with a SiC heating element. Temperature was 
measured with a calibrated Pt-Pt 13% Rh thermocouple. 
Although ZnO vaporized from the diffusion couples during 
the course of annealing, its amount was almost negligible in 
the diffusional zone near the interface. Annealing was car­
ried out at 1320—1540 °C over a period of 24—96 h. 
After annealing, the diffusion couple was embedded in epoxy 
resin and cut perpendicular to the diffusion interface with a 
diamond cutter. The cut surface was polished carefully with 
SiC grains and diamond paste and then coated with gold by 
vacuum sputtering. The specimens were mounted on the 
sample holder and analyzed by an electron probe micro-
analyzer. They were moved perpendicular to the diffusion 
interface at 50 [xm/min while the electron beam was kept 
fixed; the intensity profile of Zn Ka radiation was then ob­
tained. The microprobe was calibrated using standard 
samples having compositions (ZnJCCo1_x)0'Al203 and (Znx-
Ni i . JO-ALA, , where x=0.05, 0.1, and 0.2. The standards 
were mounted and polished following the procedure for the 
diffusion couples. The relative intensity of Zn Ka radiation 
to that of Al Ka radiation showed good linearity as regards 
the concentration of Zn2+ ions in both cases. 
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R e s u l t s a n d D i s c u s s i o n 

The intensity profile of Zn Ka. radiat ion obtained by 
electron microprobe analysis was smoothed so as to 
average the statistical fluctuations. T h e curve thus 
obtained was considered to represent the concentration 
distribution of Zn2+ ions in the diffusion couple as the 
intensity of AI Ken radiat ion was constant throughout 
the diffusional zone. A typical profile is shown in 
Fig. 1. The concentration curves were not apparently 
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Fig. 1. Concentration profile of Zn2+ ions in CoO-1.1-
Al2Os annealed at 1540 °G for 48 h. 

symmetrical as regards the original interface, and the 
Matano interface in all cases was determined graphical­
ly. The concentration-dependent diffusion coefficients 
were calculated by the Boltzmann-Matano solution: 

Z>(0 = (-l/20(d*/dc)c=c ,£*dc , 

where t is the annealing time, x the distance, and c, c' 
the concentration of Zn 2 + ions. When Matano 's method 
is used, the molar volume change caused by diffusion 
should be taken into acount as pointed out by PragerG> 
and Balluffi.7) In the present diffusion couples, however, 
the maximum molar volume changes due to the diffusion 
of Zn 2 + ions were 0.14 and 0 .48% for cobalt a luminate 
and nickel aluminate, respectively, as calculated from 
the lattice constants reported by Romeijn.8) The changes 
were not significant and the effect of the molar volume 
change on diffusion coefficients was negligible. _ 

Cobalt Aluminate. Interdiffusion coefficients D of 
Zn2+ ions in cobalt aluminate are plotted against the 
concentration of Zn 2 + ions in Fig. 2. T h e coefficient 
decreased with the increase in the concentration of Zn 2 + 

ions in the perfect spinel which has no composition-
dependent cation vacancies, while that of Zn 2 + ions in 
the defective spinels turned out to be approximately 
independent of the concentration of Zn2+ ions. The 
value remained almost unchanged with the change in 
the concentration of cation vacancies. 

Morkel and Schmalzried3) found that the self-diffusion 
coefficient of Co2+ ions in Co0.85Al2>10O4 ( = C o O 1.235-
A1203) is larger than that in CoAl 2 0 4 ( = C o O A l 2 0 3 ) . 
This suggests the vacancy mechanism for the diffusion 
of Co2 + ions in cobalt aluminate. If the diffusion of Zn 2 + 

ions were also to occur by the vacancy mechanism in 
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Fig. 2. Interdiffusion coefficients of Zn2+ ions in CoO« 
«A1208 as a function of the concentration of Zn2+ ions. 
n=1.0: A (1540 °C), Q (1470 °G), • (1400 °G), 
A (1320 °G); » = 1 . 1 : O (1540 °C), € (1470 °G), 
3 (1400 °C), # (1320 °G). 

cobalt a luminate, the interdiffusion coefficients would 
increase with the increase in the concentration of the 
composition-dependent cation vacancies, but this was 
not the case. 

According to Darken's b inary diffusion equation, 
when two kinds of ions interdiffuse, the effect of diffusion 
of the first ions on the interdiffusion coefficient increases 
with the increase in the concentration of the second 
ions. Thus, the diffusion of Zn2+ ions comes to play an 
important role as the concentration of Zn2+ ions decreases 

10* K/7* 

Fig. 3. Arrhenius plots of interdiffusion coefficients of 
Zn2+ ions for CoO-«Al203. 
O : eZn<2.5 ( « = U , 1.2), C ^ z n = 0 . 0 («=1.0), 3 : cZn 

= 1.0 («=1.0), # : cZa=2.0 («=1,0), where cZn is the 
concentration of Zn2+ ions in atomic percent. 
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(the concentration of Co 2 + ions increases). T h e so-called 
impuri ty diffusion coefficients of Zn 2 + ions for both 
perfect and defective spinels obtained by extrapolating 
interdiffusion coefficients to zero concentration of Zn 2 + 

ions were the same within experimental errors. The 
Arrhenius plot shown in Fig. 3 is expressed as follows: 

Di = 2.1 X 102 exp ( - 355000/ÄT) (cm2/s), 

where Z); is the impuri ty diffusion coefficient, R the 
molar gas constant, and T the absolute temperature. 
These results give no evidence for the vacancy mecha­
nism of Zn2+ ion diffusion. 

In general, the spinel structure consists of cubic 
close-packed oxygen ions with 1/8 of tetrahedral and 1/2 
of octahedral interstices occupied by cations. T h e rest 
of the interstices are vacant as no-cation sites or inter­
stitial sites. T h e structural formula for (Zn0 5Co0 5 ) 0 
2A1203 spinel can be written as1) 

[Zn0#28Co0-28Al0-44] (Al1>86n0.i4) 0 4 , 

where • denotes cation vacancies, and [ ] and ( ) 
tetrahedral and octahedral sites, respectively. Thus, 
even though the concentration of the composition-
dependent cation vacancies increases as « > 1 . 0 , the 
cation vacancies tend to occupy octahedral sites having 
little influence on the diffusion of Zn 2 + ions on tetra­
hedral sites. The above formula represents only 
approximate distribution of cations and cation vacancies 
in the spinel lattice. There still remains the possibility 
of the existence of interstitial cations (especially Zn 2 + 

ions) and octahedral Co2+ ions which could not be 
detected by the X-ray diffraction method. Consequ­
ently, the present result in which the interdiffusion 
coefficient is essentially independent of the concentra­
tion of the composition-dependent cation vacancies in 
cobalt aluminate could be explained on the assumption 
that Zn 2 + ions diffuse through the spinel lattice via 
interstitial sites and not via octahedral sites. 

Nickel Aluminate. Interdiffusion coefficients D of 

0.6 1.2 1.8 
c/atom% 

Fig. 4. Interdiffusion coefficients of Zn2+ ions in NiO« 
»A1203 at 1470 °G as a function of the concentration of 
Zn2+ ions. 
O : H = 1 - 0 , © : » = 1 . 1 , 3 : »=1.15, # : »=1.2. 

Zn 2 + ions in nickel aluminate obtained at 1470 °C are 
plotted as a function of the concentration of Zn2+ ions 
in Fig. 4. The interdiffusion coefficient is strongly 
dependent on the concentration of Zn2+ ions in each 
spinel with different concentration of cation vacancies. 
This is also the case for other annealing temperatures. 

As is clear from Fig. 4, the interdiffusion coefficient 
decreases with increase in the concentration of the 
composition-dependent cation vacancies within the 
range of at least 1.45 cation site percent (corresponding 
to n = 1 . 2 ) at low concentration of Zn 2 + ions. It should 
be considered, as Yamaguchi et al?> reported, that the 
diffusion of Ni 2 + ions in nickel aluminate occurs by the 
vacancy mechanism. The fact that Î) increases with the 
increase in the concentration of Zn 2 + ions in the cases 
of n= 1.15 and 1.2 may support this suggestion. How­
ever, the present results deny the vacancy mechanism 
for the diffusion of Zn 2 + ions in nickel aluminate. 

The approximate structural formula of (Zn0-5Ni0-5)O* 
2A1203 spinel is given by1) 

[Zno.a8Nio,14Alo.4«Do.iJ(Nio.i4Ali.M)04. 

This indicates that both Zn 2 + ions and cation vacancies 
prefer tetrahedral sites in nickel aluminate. Thus, 
when the concentration of the composition-dependent 
cation vacancies increases in nickel aluminate, they 
predominantly occupy tetrahedral sites causing the 
decrease in the interdiffusion coefficient of Zn 2 + ions 
on tetrahedral sites. The decrease in the interdiffusion 
coefficient of Zn 2 + ions should correspond to the decrease 
in the concentration of interstitial Zn 2 + ions which are 
considered to be mobile as compared to those at normal 
cation sites, if the interstitial or interstitialcy mechanism 
for the diffusion of Zn2+ ions is assumed. 

T h e activation energy obtained from the Arrhenius 
plots in Fig. 5 is nearly independent of the concentration 
of Zn 2 + ions and the composition-dependent cation 

Fig. 5. Arrhenius plots of interdiffusion coefficients of 
Zn2+ ions for NiO-»Al203. 
O : n=1.0, © : «=1.1 , 3 : n=1.15, # : »=1.2. 
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vacancies, the average value calculated being 364 k j 
mol - 1 . 

Contribution of Grain Boundary Diffusion. T h e 
contribution of grain boundary diffusion to the diffusion 
coefficients should be considered when polycrystalline 
specimens are used for diffusion measurements. The 
contribution can be detected by measuring the difference 
in diffusion coefficients between a single crystal and a 
polycrystal in an experiment on the coupling of two 
crystals. By this method, Yamaguchi et al.5) found no 
contribution for the diffusion of Ni2 + ions in magnesium 
aluminate. In the present work, it was difficult to obtain 
single crystals of aluminates containing Zn 2 + ions 
because of the high vapor pressure of Z n O at high 
temperatures, so that the contribution of grain boundary 
diffusion could not be made clear. 

Enhancement of anion diffusion at grain boundaries 
has been reported for A1203,9> MgO,10) and alkali 
halides.11) However, no evidence has been found for 
grain boundary enhancement of cation diffusion in 
spinels. The contribution of grain boundary diffusion 
was not taken into consideration in interpreting the 
present results. 

The authors wish to thank Messrs. T . O h t a and T . 
Akiba of Chichibu Cement Co. , Ltd. for their assistance 
in the electron microprobe analysis. 
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The Crystal and Molecular Structure of Dichloro[l,3-bis(di-/-butyl-
phosphino)propane]platinum(II) Chlorobenzene Solvate 

Masahiro HARADA, Yasushi KAI, Noritake YASUOKA, and Nobutami KASAI* 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 
(Received September 9, 1978) 

X-Ray crystal structure analysis of [PtCla{(*-Bu)2P(CH2)3P(*-Bu)2}] • 0.5G6H5G1 has been carried out. Crystals 
belong to monoclinic system: a= 11.532(2), b= 14.984(5), c= 16.455(4) Â, ß = 106.96(2)°, space group P2x/c 
with Z = 4 . The structure, solved by the heavy-atom method, has been refined anisotropically by least-squares 
procedure to R=0.056 for 5019 non-zero reflections. The coordination around the platinum atom is approxi­
mately square-planar, however, it showed a slight deviation toward the tetrahedral geometry; Pt-P=2.281(3) 
and 2.282(3), Pt-Cl=2.359(3) and 2.362(3) Â, P-Pt-P=99.05(9) and Cl-Pt-Cl-83.18(11)°. 

In co-operation with the studies on a series of bis(di-
substituted phosphino)alkaneplat inum complexes by 
Sei Otsuka and his coworkers,1) we have carried out 
the determination of X-ray molecular structures of these 
complexes. Recently, we have reported the crystal and 
molecular structures of dichloro[l,2-bis(di-£-butylphos-
phino) ethane] p la t inum(II ) (1) and its chlorobenzene 
solvate.2) We report here the crystal structure analysis 
of dichloro [ 1,3-bis (di-^-butylphosphino) propane] plat i-
num(I I ) (2) chlorobenzene solvate. 

t-Bu 

Y 
t-Bu 

CH9-CH2 t-Bu 

Y 
/ \ 

Cl Cl 

GH2 

/-Bu CH^ CH2 f-Bu 
\ / \ / 
P P 

/ --^ ^ - \ 
t-Bu Pt t-Bu 

/ \ 
CI CI 

(1) (2) 

E x p e r i m e n t a l 

Crystals of [PtCl2{(*-Bu)2P(CH2)3P(*-Bu)2}] • 0.5CRHaCl 
were kindly provided by Professor Sei Otsuka and co-workers. 
The space group was uniquely determined as P2 t/c from the 
preliminary Weissenberg photographs. Accurate unit-cell 
dimensions were determined at 20 °C by a least-squares fit 
of 20 values of high order reflections measured on a Rigaku 
automated, four-circle diffractometer. The crystal data are 
given in Table 1. 

TABLE 1. CRYSTAL DATA OF [PtCl2({*-Bu)2-

PC(H2)P(*-Bu)2}] • 0. 5C6H5G1 

C,iHo RP,Cl25Pd ",14J"L26.5J 

Monoclinic 
a=\ 1.532(2) Â 
b= 14.984(5) 
c = 16.455(4) 
ß = 106.96(2)° 
£7=2719.8(12) Â3 

F.W. 654.77 
Space group P2JC 
2)= 1.61 gem- 3 

Z = 4 
Z>=1.599gcm-3 

iU(MoÄ'a) = 57.94cm-1 

A crystal with dimensions of ca. 0.2 X 0.2 X 0.3 mm, sealed 
in a thin-walled glass capillary tube, was mounted on the 
diflfractometer for the intensity data collection. Graphite-
monochromatized MoKa. radiation was used. The 6—20 
scan technique was employed. The integrated intensity was 
determined by scanning over the peak at a rate of 4° min -1 , 
and substracting the background obtained by averaging the 
two values measured for 6 s at both ends of a scan. The 
scan width was calculated by the equation: Zl(20) = (2.4+ 

0.69 tan 0C)°, where 6C is the calculated value of the Bragg 
angle using A (Mo KOLJ) = 0.70926 Â. The starting angle of the 
scan was (20c— 1.2)°. Usual Lorentz and polarization cor­
rections were applied, but absorption correction was ignored. 
Throughout the data collection four standard reflections were 
measured after every 60 reflections, which remained constant 
within the error limits. A total of 5936 independent re­
flections was measured out to a 26 value of 54°, and of these 
917 reflections were less than 3a (F) and they were recorded 
as Fo=0. 

Solut ion a n d Ref inement 
o f the Structure 

The structure was solved by the heavy atom method 
and was refined by the block-diagonal least-squares 
procedure. HBLS V program was used,3) the function 
minimized being 2 J W ( | F 0 | — k\Fc\)

2. Starting from 
isotropic temperature factors, anisotropic thermal param­
eters were introduced in the refinement. When the 
R value decreased to 0.086 the Fourier map calculated 
revealed an existence of the chlorobenzene molecule 
disordered near a crystallographic center of symmetry, 
and they were then included in the refinement. How-

C(S5) 

(a) 

C(S2)/C(S5)' C(S3) 
1.51(3) 

CL(S)/C(S<0' 
C ( S W C I ( S ) ' 

C(S3)' 
1.47(3) 

C(S5)/C(S2)' C(S5) 

(b) 
Fig. 1. Disordered structure of chlorobenzene (a) Elec­

tron density map. (b) A pair of disoldered half 
molecules. 
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Atom 

TABLE 2. ATOMIC FRACTIONAL COORDINATES AND THERMAL PARAMETERS ALONG WITH THEIR ESTIMATED 

STANDARD DEVIATIONS IN PARENTHESES 

Anisotropic temperature factors are expressed in the form: cxp[—(ß11h
2jrß22k

2-\-ß33l
2-\-ß12hk+ß13hl+ß23kl)'\. 

x y z ßxx ß22 ß33 ßl2 ßVi 

Pt 
Cl(l) 
(2(2) 
P(l) 
P(2) 
G(l) 
G(2) 
G(3) 
C(10) 
G(ll) 
C(12) 
G(13) 
C(20) 
C(21) 
G(22) 
C(23) 
C(30) 
C(31) 
G(32) 
G(33) 
G (40) 
G(41) 
G(42) 
G(43) 
C(S1) 
G(S3) 
G(S5) 
G(S2) 
G1(S)/ 
C(S4') 

0.45637(3) 
0.3692(2) 
0.6166(2) 
0.2785(2) 
0.5758(2) 
0.2843(9) 
0.3725(10) 
0.5034(9) 
0.1574(9) 
0.0359(11) 
0.213(2) 
0.1278(13) 
0.2175(9) 
0.1365(10) 
0.3302(10) 
0.1444(12) 
0.7022(9) 
0.7799(11) 
0.6435(10) 
0.7877(10) 
0.6356(10) 
0.6556(14) 
0.5402(11) 
0.7574(11) 
0.976(2) -
1.007(2) 
1.157(2) -
0.9251(11) 

0.18692(2) 
0.1125(2) 
0.0851(2) 
0.2609(2) 
0.2610(2) 
0.3507 8) 
0.3387(9) 
0.3562(7) 
0.1817(8) 
0.2296(11) 
0.1365(14) 
0.1019(9) 
0.3260(7) 
0.4050(8) 
0.3671(9) 
0.2682(9) 
0.3233(7) 
0.3773(8) 
0.3876(8) 
0.2644(8) 
0.1878(7) 
0.2409(10) 
0.1136(8) 
0.1423(8) 
0.0136(15) 
0.073(2) 
0.0281(14) 
0.0517(8) 

0.24936(2) 
0.3435(2) 
0.3039(2) 
0.19134(15) 
0.18284(15) 
0.1152(7) 
0.0646(7) 
0.1153(7) 
0.1241(7) 
0.0794(11) 
0.0567(10) 
0.1745(9) 
0.2689(7) 
0.2284(8) 
0.3366(8) 
0.3149(9) 
0.2627(7) 
0.2171(8) 
0.3120(8) 
0.3308(7) 
0.1086(8) 
0.0334(8) 
0.0726(8) 
0.1549(9) 
0.5247(11) 
0.4075(14) 
0.4872(15) 
0.4618(7) 

0.00567(2) 
0.0095(2) 
0.0079(2) 
0.0058(2) 
0.0059(2) 
0.0078(9) 
0.0097(10) 
0.0075(8) 
0.0065(8) 
0.0077(11) 
0.020(2) 
0.016(2) 
0.0080(9) 
0.0091(10) 
0.0098(11) 
0.0130(13) 
0.0067(8) 
0.0108(11) 
0.0087(10) 
0.0092(10) 
0.0095(10) 
0.018(2) 
0.0115(12) 
0.0107(11) 
0.009(2) 
0.012(2) 
0.007(2) 
0.0129(13) 

0.00346(1) 
0.00612(15) 
0.00516(13) 
0.00452(12) 
0.00387(11) 
0.0062(6) 
0.0073(7) 
0.0054(5) 
0.0070(7) 
0.0081(9) 
0.0145(15) 
0.0063(7) 
0.0058(6) 
0.0053(6) 
0.0065(7) 
0.0068(7) 
0.0047(5) 
0.0063(7) 
0.0054(6) 
0.0054(6) 
0.0053(6) 
0.0088(9) 
0.0061(7) 
0.0058(7) 
0.0059(11) 
0.0051(11) 
0.0050(11) 
0.0048(6) 

0.002841(13) 
0.00496(12) 
0.0067(1) 
0.00314(9) 
0.00336(9) 
0.0043(5) 
0.0040(5) 
0.0052(5) 
0.0044(5) 
0.0099(10) 
0.0062(8) 
0.0059(7) 
0.0043(5) 
0.0068(7) 
0.0054(6) 
0.0079(8) 
0.0052(5) 
0.0065(7) 
0.0068(6) 
0.0049(5) 
0.0053(5) 
0.0047(6) 
0.0060(6) 
0.0075(7) 
0.0026(7) 
0.0037(9) 
0.0061(12) 
0.0048(5) 

0.00059(3) 
0.0010(3) 
0.0038(3) 
0.0009(2) 
0.0006(2) 
0.0040(12) 
0.0019(14) 
0.0011(11) 
0.0015(12) 

-0.003(2) 
-0.017(3) 
-0.005(2) 
0.0034(11) 
0.0046(12) 
0.0010(14) 
0.001(2) 

-0.0008(10) 
-0.0063(14) 
0.0001(12) 
0.0004(12) 
0.0020(12) 
0.003(2) 

-0.0034(15) 
0.0042(14) 

-0.005(2) 
0.002(3) 
0.002(2) 
0.0006(14) 

0.00189(3) 
0.0059(3) 
0.0040(3) 
0.0021(2) 
0.0032(2) 
0.0042(10) 
0.0040(11) 
0.0058(11) 

-0.0001(10) 
-0.004(2) 
0.010(2) 
0.001(2) 
0.0066(11) 
0.0048(13) 
0.0025(13) 
0.014(2) 
0.0038(10) 
0.0072(14) 
0.0056(13) 
0.0000(12) 
0.0061(12) 
0.012(2) 
0.0068(14) 
0.009(2) 
0.001(2) 
0.000(2) 
0.002(2) 
0.0018(13) 

0.00180(2) 
0.0049(2) 
0.0049(2) 
0.0025(2) 
0.0016(2) 
0.0056(9) 
0.0040(9) 
0.0062(9) 
0.0021(9) 
0.005(2) 

-0.011(2) 
0.0033(11) 
0.0021(8) 
0.0022(10) 

-0.0004(10) 
0.0045(12) 
0.0015(8) 
0.0007(11) 

-0.0019(10) 
0.0002(9) 
0.0008(9) 
0.0012(12) 

-0.0038(11) 
-0.0011(11) 
-0.0009(14) 
-0.001(2) 
-0.005(2) 
-0.0013(9) 

1.1146(6) 0.0376(5) 0.4136(4) 0.0176(7) 0.110(4) 0.0062(3) -0.0127(9) 0.0114(8) -0.0058(6) 

ever, peaks assigned for C1(S), C(S2), C(S4), and C(S6) 
(or C(S4)' , C(S6)', C1(S)', and C(S2)') could not be 
resolved (Fig. 1), and the unresolved C1(S)/C(S4)' (or 
C(S4)/C1(S)') and C(S2)/G(S6) ' (or C(S6)/C(S2)') 
atoms were treated as peaks of a hypothetic ( C l + C ) / 2 
and a single carbon atoms, respectively. 

The final R value is 0.080 (0.056 for non-zero reflec­
tions). The weighting scheme employed was: w = 
(<r(F) 2 +0.03289 |F o |+0 .00159 |F o | 2 ) - 1

 f o r | / g > o and 
Z Ü = 0 . 0 6 0 3 6 for \Fo\=0. The atomic scattering factors 
used were those of neutral atoms given in International 
Tables for X-Ray Crystallography, Vol . IV,4) and those 
for the hypothetic ( C l + C ) / 2 atom were assumed as the 

mean value of those for CI and C. T h e effect of the 
anomalous dispersion of Pt, CI, and P atoms was 
included in the calculation : the values of A/*' a n d A / " 
being also taken from the Internat ional Tables for 
X-Ray Crystallography.5) 

T h e final positional and thermal parameters are 
listed in Table 2.+ 

R e s u l t s a n d D i s c u s s i o n 

Molecular Structure. A stereoscopic drawing of 
the molecule is given in Fig. 2. Bond lengths and bond 
angles are listed in Table 3 . Selected bond lengths and 

Fig. 2. Stereoscopic drawing of [PtCl2{(*-Bu)2P(CH2)3P(*-Bu)2}]. 

t The table of observed and calculated structure factors is kept as Document No. 7910 at the Chemical Society of Japan. 
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C(1) i W ( 2 ) 

CW1) 

C(33) 

(a) (b) 

Fig. 3. Selected bond lengths and bond angles in (a) [PtCl2{(f-Bu)2P(CH2)3P(*-Bu)2}] compared with 
those in (b) [PtCl2{(/-Bu)2P(CH2)2P(/-Bu)2}]. 

Fig. 4. Stereoscopic drawing of molecular packing in the unit cell. 
Disordered chlorobenzene molecules are shown. 

bond angles are compared with those of l2) in Fig. 3 . 
The co-ordination around the pla t inum atom can 

be described as approximately square-planar, however, 
the remarkable feature is that, different from 1, there 
observed a slight distortion towards the tetrahedral 
geometry (Table 4). The dihedral angle between two 
planes defined by P ( l ) , Pt, and P(2) and C l ( l ) , Pt, and 
Cl(2) is 12.0°. 

The P t - P bond lengths [2.281(3) and 2.282(2) Â] are 
significantly longer, whereas the Pt -Cl bond lengths 
[2.359(3) and 2.362(3) Â] are slightly shorter than those 
observed in 1 (Fig. 3). T h e shortening of the Pt -Cl 
lengths in the present complex indicates that the trans-
influence of the phosphorus atoms is somewhat less 
than that in 1 because of the distortion of the 5d6s6p2 

hybrid orbitals of the pla t inum atom.6) 
The P ( l ) -P t -P (2 ) angle [99.05(9)°] is considerably 

greater than the corresponding angle in 1 [89.42(2)°], 
and other three angles around the pla t inum atom are 
smaller than the corresponding angles in 1. This 
widening of the P - P t - P angle in the present complex is 
probably due to an increased number of methylene 
groups in bis(di-£-butylphosphino)alkane ligand, which 
results in a distortion of dsp2 hybrid orbitals of the 
plat inum atom. Similar coordination geometry is 
observed in [a>-PtCl2(PMe3)2],7) in which there seems 
to exist a steric repulsion between cw-PMe3 groups. 

As is found in 1 two P-C(CH 2 ) bond lengths [1.853(12) 

and 1.850(11) A] are shorter than four P-C(*-Bu) bonds 
[1.919(12), 1.898(11), 1.900(12) and 1.914(13) A ] . 

The P t - P - C ( C H 2 ) angles [115.5(4) and 115.7(4)°] 
are about 10° larger than the corresponding angles in 1. 
This is also probably affected by the increased number 
of methylene groups. 

In the central propane moiety, the C( l ) -C(2) and 
C(2)-G(3) bonds [1.50(2) and 1.52(2) A] have normal 
single bond length, and bond angles around the C ( l ) , 
C(2), and C(3) show slight deviations from the tetra­
hedral angle, however these are not significant except 
the P ( l ) - C ( l ) - C ( 2 ) [116.9(8)°]. The conformations 
about the C( l ) -C(2 ) and C(2)-C(3) bonds are both 
nearly gauche. The torsion angles P ( l ) - C ( l ) - C ( 2 ) - C ( 3 ) 
and P (2 ) -C(3 ) -C(2 ) -C( l ) are - 7 5 . 7 and 80.3° respec­
tively. The displacements of three methylene carbon 
atoms, C ( l ) , C(2), and G(3) from the plane defined by 
Pt, P ( l ) , and P(2) are 0.01, - 0 . 6 7 , and 0.13 A, respec­
tively. 

Bond lengths and bond angles in f-butyl groups are 
normal values [1.55 A and 109.4°]. Two £-butyl groups 
attached to the same phosphorus atom are mutually in a 
staggered position. 

Solvated Chlorobenzene Molecule. In the crystal 0.5 
chlorobenzene molecule per one plat inum complex 
is contained. There observed a disorder of chloro­
benzene molecules: a pair of molecules with 0.5 occu­
pancy being related by a crystallographic center of 
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TABLE 3. BOND LENGTHS AND BOND ANGLES 

Bond lengths [//Â] 
Pt-P(l) 
Pt-P(2) 
Pt-Cl(l) 
Pt-Cl(2) 
P(l)-C(l) 
P(2)-C(3) 
P(l)-C(10) 
P(l)-C(20) 
P(2)-C(30) 
P(2)-C(40) 
C(l)-C(2) 
C(2)-C(3) 

Bond angles [0/°] 
P(l)-P-Pt(2) 
P(l)-Pt-Cl(l) 
P(l)-Pt-Cl(2) 
Pt-P(l)-C(l) 
Pt-P(l)-C(10) 
Pt-P(l)-C(20) 
C(l)-P(l)-C(10) 
G(l)-P(l)-C(20) 
C(10)-P(l)-C(20) 
P(l)-C(l)-C(2) 
C(l)-C(2)-C(3) 
P(l)-C(10)-C(ll) 

P(l)-C(10)-C(12) 
P(l)-C(10)-C(13) 

P(l)-C(20)-C(21) 
P(l)-C(20)-C(22) 

P(l)-C(20)-C(23) 
C(ll)-C(10)-C(12) 
C(ll)-C(10)-C(13) 
C(12)-C(10)-C(13) 
C(21)-C(20)-C(22) 
C(21)-C(20)-C(23) 

G(22)-C(20)-C(23) 

2.281(3) 
2.282(2) 
2.359(3) 
2.362(3) 
1.853(12) 
1.850(11) 
1.919(12) 
1.898(11) 
1.900(12) 
1.914(13) 
1.501(17) 
1.519(17) 

99.05(9) 
90.07(9) 

168.79(10) 
115.5(4) 
110.8(4) 
115.7(4) 
102.9(5) 
100.1(5) 
110.8(5) 
116.9(8) 
113.5(8) 
113.0(9) 
107.0(10) 
114.0(9) 
113.8(8) 
106.6(8) 
113.7(8) 
111.1(12) 
107.5(11) 
104.0(12) 
106.2(10) 
107.1(10) 
109.2(10) 

C(10)-C(ll) 
C(10)-C(12) 
C(10)-C(13) 
C(20)-C(21) 
G(20)-G(22) 
G(20)-C(23) 
C(30)-C(31) 
C(30)-C(32) 
C(30)-C(33) 
C(40)-C(41) 
C(40)-C(42) 
C(40)-C(43) 

Cl(l)-Pt-Cl(2) 
P(2)-Pt-Cl(l) 
P(2)-Pt-Cl(2) 
Pt-P(2)-C(3) 
Pt-P(2)-C(3) 
Pt-P(2)-C(40) 
C(3)-P(2)-C(30) 
C(3)-P(2)-C(40) 
G(30)-P(2)-C(40) 
P(2)-G(3)-G(2) 

P(2)-C(30)-C(31) 
P(2)-G(30)-G(32) 
P(2)-C(30)-G(33) 
P(2)-C(40)-C(41) 
P(2)-C(40)-C(42) 
P(2)-G(40)-C(43) 
G(31)-G(30)-C(32) 
C(31)-C(30)-C(33) 
C(32)-C(30)-G(33) 
C(41)-C(40)-G(42) 
C(41)-G(40)-C(43) 
C(42)-G(40)-G(43) 

1.56(2) 
1.59(2) 
1.549(19) 
1.534(17) 
1.570(17) 
1.551(19) 
1.554(18) 
1.538(18) 
1.537(17) 
1.54(2) 
1.556(18) 
1.547(19) 

83.18(11) 
167.87(9) 
88.96(10) 

115.7(4) 
110.9(4) 
114.1(4) 
99.1(5) 

104.0(5) 
112.1(5) 
113.5(8) 

110.9(8) 
107.8(8) 
115.0(8) 
112.5(9) 
107.8(9) 
112.5(9) 
109.5(10) 
108.3(10) 
105.2(10) 
108.6(11) 
107.2(11) 
108.2(11) 

TABLE 4. LEAST-SQUARES PLANES THROUGH VARIOUS 

GROUPS OF ATOMS, THE DEVIATIONS (Z/Â) OF THE 

ATOMS FROM THE PLANE AND THE DIHEDRAL 

ANGLES BETWEEN THE SELECTED PLANES 

Equation of the plane is of the form AX-\- BY-\-CZ-\-
D=0, where X, 7, Z, and D are measured in Â unit: 
X=ax+cz cos ß, Y=by, Z—cz sin ß. 

a. Coordination plane Pt, Cl(l), Cl(2), P(l) and P(2) 
- 0 . 1 2 8 4 ^ - 0 . 6 5 9 5 7 - 0 . 7 4 0 7 Z + 5 . 2 8 2 1 = 0 

Pt Cl(l) Cl(2) P(l) P(2) 
0.006 - 0 . 1 6 9 0.173 0.179 - 0 . 1 6 9 

b. Plane defined by C(l), C(2), and C(3) 
0.0312X-Q. 9634 7+0.2663Z+ 4 .4943-0 

c. Plane defined by Pt, P(l) , and P(2) 
- 0 .0284*- 0 .66247- 0.7486Z+ 4.9089=0 

d. Plane defined by Pt, Gl(l), and Gl(2) 
-0.2356JT-0.6508 7-0 .7218Z+5.6135=0 

Dihedral angles [0/°] 
between planes a and b 64.3 

candd 12.0 

symmetry. Figure 1 (b) shows a drawing of a disordered 
molecular pair . Owing to the difficulty resolving each 
of the overlapped peaks in two (Fig. 1(a)), the C1(S)/ 
C(S4) ' (or C(S4)/C1(S)') and G(S2)/G(S6) / (or C(S(6)/ 
C(S2)') atoms are drawn as a single hybrid (Cl + C)/2 
and single carbon atoms. Consequently, bond lengths 
and bond angles shown in Fig. 1 (b) are less satisfactory. 

Crystal Structure. T h e crystal structure is shown 
in Fig. 4 as a stereoscopic drawing. Pairs of disordered 
chlorobenzene half molecules are also shown on the 
center of symmetry. All the intermolecular a tomic 
contacts are the usual van der Waals distances. 

Computations throughout the present study were 
carried out on a NEAC 2200-700 computer at Osaka 
University. Figures 2, 4, and 5 were drawn on a 
N U M E R I C O N 7000 systems at Osaka University with 
a local version of ORTEP. 8 ) 

The authors wish to express their deep thanks to 
Professor Sei Otsuka and his coworkers for providing 
crystals and helpful discussions. 
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Thermodynamic Studies on Phase Transitions of Potassium 
Thiocyanate and Ammonium Thiocyanate Crystals 

Yoshio KINSHO,1" Natsuo ONODERA,^ Minoru SAKIYAMA, and Syûzô SEKI* 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received September 16, 1978) 

Heat capacities of KSCN and NH4SCN crystals were measured by adiabatic calorimetry in the temperature 
range between 13 K and the melting points. Molar volume of NH4SCN was also determined above room tempera­
ture. Entropy change for the II-I transition of KSCN (414.54 K, essentially higher order but accompanied with 
the first order component) is 6.26 J K - 1 mol -1 (=1.09/2 In 2), which is of similar magnitude with our previous 
value {Bull. Chem. Soc. Jpn., 36, 1025 (1963)). Entropy change for the III-II transition of NH4SCN (360.1 K, 
first order) is 10.01 J K"1 mol -1 and apparent entropy change for the II-I transition of NH4SCN (392.8 K, higher 
order) is 2.85 J K - 1 mol - 1 (=0.49 R In 2) in spite of possibly similar nature of the transition with the II-I transition 
of KSCN. A possibility has been suggested that the entropy change might be approximately R In 2 if the transition 
was not interfered with the III-II trasition and the premelting. 

In the previous paper,1) thermodynamic studies were 
reported which had been carried out on potassium 
thiocyanate (KSCN) crystal by use of a conduction 
calorimeter above room temperature in combination 
with the infrared studies and its apparently higher order 
transition at 414.5 K was interpreted in terms of 
orientational disorder of thiocyanate ions in the higher 
temperature phase1"1"1' of the crystal. In parallel wi th 
these studies X-ray diffraction study was also reported 
by Yamada and Watanabe.2* 

In the present paper we have studied the thermo­
dynamic behavior of NH 4 SCN crystal and reinvestigated 
that of KSCN crystal. Ammonium thiocyanate crystal, 
which consists of two kinds of polyatomic ions, undergoes 
two phase transitions below the melting point.1"1'1' A 
significant volume decrease on heating was observed for 
the I I I - I I transition by Bridgman in his high pressure 
experiments.3) X-Ray diffraction study on phase I I I 
showed that the crystal is monoclinic with four pairs 
of ions per unit cell (0=97 .4° , a = 0 . 4 3 nm, Z>=0.72 nm, 
c=1 .30 nm) arrayed in a layered structure.4) A thermo-
analytical study on the system K S C N - N H 4 S C N showed 
that both compounds formed solid solution in phases 
I and I I over the entire composition range.6) Hence, 
both crystals are possibly isomorphous with each other 
in these phases and the I I - I transitions in these crystals 
are possibly of similar nature. Pressure dependence of 
the I I - I transition temperature for these crystals were 
studied and its thermodynamic implication was 
discussed.6«7) 

Heat capacity measurements for ammonium thio­
cyanate crystal above room temperatures by conduction 
calorimetry and for ammonium thiocyanate and potas­
sium thiocyanate crystals below 300 K by adiabatic 
calorimetry had been completed before 1969.8) Heat 
capacities obtained by conduction and adiabatic 
methods for the both compounds showed discrepancies 
at 300 K. Subsequently, Vanderzee and Westrum 
reported the results of heat capacity measurements below 

t Present address: Kurosaki Plant, Mitsubishi Chemical 
Industries Ltd., Yahata-nishi-ku, Kitakyushu, Fukuoka 806. 

tt Present address : Japan Information Center of Science 
and Technology, Chiyoda-ku, Tokyo 100. 

tt1" Crystalline phases are denoted as I, II , (and III) from 
higher temperature side for both crystals. 

340 K for both salts.9) Their results also showed discrep­
ancies with our results obtained by conduction 
calorimetry. Further measurements of heat capacities 
above ordinary temperature were carried out by 
adiabatic calorimetry for these crystals, in order to 
examine the validity of our previous conclusion on the 
phase transition of potassium thiocyanate and to 
elucidate the mechanism of phase transitions of ammo­
nium thiocyanate. In this paper, heat capacities of these 
crystals at temperatures above 13 K and below the 
melting points and molar volumes of ammonium 
thiocyanate above room temperatures are reported. 

E x p e r i m e n t a l 

Materials. Commercial potassium thiocyanate (Wakö, 
special grade) was purified by repeated recrystallization from 
methanol solutions followed by drying under vacuum (Ä>0.1 
Pa) at 373 K and loaded into the calorimeters under dry 
nitrogen atmosphere. The nitrogen was exchanged with 
helium, when helium was used as heat exchange gas. 

Commercial ammonium thiocyanate (Wakö, special grade) 
used for calorimetry and dilatometry was purified by repeated 
crystallization from 50% aqueous methanol solution and 
methanol solutions. The crystal was dried under vacuum 
(«»0.1 Pa) through heating and cooling cycles around the 
III-II transition temperature. In spite of the precaution, 
examination of the heat capacity behavior indicated the pres­
ence of a small amount of methanol occluded in the crystals 
by showing an excess heat capacity at 176 K with magnitude 
similar to that observed by Vanderzee et a/.9> The anomaly 
was attributed to the melting of CH3OH-NH4SCN eutectic 
mixture by them. Loading into the calorimeters and sub­
stitution of nitrogen with helium were carried out as for the 
potassium salt. 

Calorimetric Procedures. Measurements between 13 and 
300 K for both compounds were carried out by adiabatic 
calorimetry using a cryostat, a gold calorimeter cell, and a 
control system described elsewhere.10) The calorimetric 
sample of potassium thiocyanate had a mass corrected to 
buoyancy of 30.141 g and its heat capacity ranged from 35% 
of the total at 13K to 59% at 300 K. The contribution from 
nitrogen (heat exchange gas except in series IV of Table 1) 
including the effects of its melting and vaporization or that 
from helium (heat exchange gas in series IV) was subtracted 
properly. The mass of the calorimetric sample of ammonium 
thiocyanate corrected to buoyancy was 22.227 g and contri-
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bution of its heat capacity to the total ranged from 44% at 
13 K to 66% at 298 K. Contribution of helium packed in the 
calorimeter was corrected properly. The original heat ca­
pacities for both compounds, determined in 1968 in terms of 
NBS-55 temperature scale below 90 K and in terms of Inter­
national Temperature Scale of 1948 (IPTS-48) between 90 
and 300 K, were converted to the values in terms of IPTS-68 
in this paper.11'12) 

Measurements above 300 K for both compounds were per­
formed by adiabatic calorimetry using a calorimetric system 
described elsewhere,13) and a gold calorimeter-cell equipped 
with eight internal radial vanes and two silver shields. Tem­
perature was measured by a Tinsley type 5187-L platinum 
resistance thermometer calibrated in terms of IPTS-68 against 
a Leeds-Northrup type 8163 platinum resistance thermo­
meter. Lead wires in the calorimetric system were replaced 
with copper wires (0.2 mm in diameter) covered with glass-
fiber. The mass of calorimetric sample (corrected for buoy­
ancy) was 32.799 g for the potassium salt and 23.485 g for the 
ammonium salt. Contribution of the heat capacity to the 
total was 46—50% for the former and 52—55% for the 
latter in the temperature range where no heat capacity 
anomaly was observed. Contribution from helium enclosed 
in the calorimeter was corrected properly. 

Dilatometry. A glass dilatomer with internal volume of 
ca. 10 cm3 was used. Confining liquid was mercury. The 
mass of ammonium thiocyanate crystal packed in the dilato-
meter was 6.262 g. Temperature of the dilatometer was 
detected by a copper-constantan thermocouple. Molar volume 
for phase III was calculated on the basis of the molar volume 
at 295 K obtained from X-ray diffraction data.15) For other 
phases X-ray diffraction data15) at 362 K was employed for 
the calculation. 

R e s u l t s and D i s c u s s i o n 

Potassium Thiocyanate. Enthalpy increase per 1 K 
is presented in Tables 1 and 2 for temperatures below 
and above 300 K, respectively. Molar heat capacity 
was obtained by applying curvature correction and 
shown in Fig. 1 over the entire temperature range. The 
curves for both temperature ranges are smoothly 
connected with each other at 300 K. The molar heat 
capacity below 330 K is in agreement with the values 
reported by Vanderzee et ß/.9> within 1%. 

Relative enthalpy [H°(T)-H°(400 K) ] plotted 
against temperature is shown in Fig. 2. Enthalpies from 
the three series of measurements are in good agreement 
with each other except for those above 414.5 K for 
Series V I , in which temperature increments around 
414.5 K were small. A small but distinct discontinuity 
is observed at 414.54 K, which was assigned to the 
transition temperature as given in Table 3. A small 
discontinuity (0.20 cm 3 mol - 1 ) is found at the same 
temperature also in the molar volume vs. temperature 
curve as shown in Fig. 7. These findings indicate 
unambiguously that the transition is a higher order 
transition accompanied with the first order component 
as suggested by Klement.7) The transition was inter­
preted as a higher order transition previously by the 
present authors1) and by Yamada and Watanabé2) and 
as a first order one with a small volume change by 
Bridgman.3) Both conclusions are partly correct in view 
of the present findings. 

As shown in Fig. 1, a straight line connecting the 
points at 300 and 438 K on the heat capacity curve was 
drawn for the estimation of a "normal" heat capacity 
in the transition region..- Vanderzee and Westrum 
showed that the difference between experimental and 
calculated heat capacities of potassium thiocyanate 
crystal deviates from ± 1 % limits above 310 K.9> This 
fact is in harmony with the present selection of 300 K 
as the lower temperature limit of the transition region. 
Transit ion enthalpy and entropy thus determined are 
given in Table 3 together with contributions from the 

TABLE 1. ENTHALPY INCREMENTS PER 1 K OF POTASSIUM 

THIOCYANATE CRYSTAL BELOW 300 K 

T AH/AT 
K J K"1 mol-: 

12.81 
15.94 
19.23 
20.84 

17.38 
19.37 
21.48 
23.77 
26.33 
29.12 
32.40 
35.72 
38.60 
41.56 
44.63 
47.63 
50.23 

71.11 
74.43 
77.58 
80.65 
83.65 
86.59 
89.32 
92.15 
94.94 
99.03 

104.41 
109.65 
114.79 
119.84 
125.55 
130.84 
135.42 
139.93 
145.04 
149.14 
153.20 

Series I 

1.109 
2.312 
4.075 
5.186 

Series II 

2.998 
4.197 
5.689 
7.522 
9.743 

12.330 
15.699 
18.625 
21.60 
24.32 
27.07 
29.48 
31.84 

Series III 

45.22 
46.81 
48.14 
49.49 
50.60 
51.72 
52.74 
53.57 
54.50 
55.76 
57.33 
58.75 
60.00 
61.20 
62.42 
63.53 
64.44 
65.33 
66.28 
67.06 
67.80 

Ar 
1 K 

3.473 
2.775 
1.627 
1.619 

1.873 
2.111 
2.097 
2.482 
2.647 
2.943 
3.600 
3.061 
2.694 
3.224 
2.924 
2.692 
2.523 

3.432 
3.196 
3.111 
3.033 
2.971 
2.913 
2.854 
2.810 
2.768 
5.433 
5.303 
5.189 
5.093 
5.006 
5.336 
5.256 
3.895 
5.136 
5.077 
3.145 
4.987 

T AHjAT 
K J K"1 mol"1 

159.69 
165.57 
171.39 
177.15 
182.85 
188.51 
194.12 
199.68 
205.18 
216.04 
221.41 
226.75 
232.04 
237.30 
242.53 
247.79 
253.01 
258.14 
266.54 
272.61 
278.63 
284.61 
290.54 
296.42 
301.17 

24.87 
27.92 
31.31 
34.18 
36.75 
39.94 
43.21 
46.17 
48.90 
52.01 
55.47 
58.72 
61.82 
64.78 
67.63 
70.40 
73.08 
75.70 

68.93 
69.85 
70.74 
71.68 
72.50 
73.32 
74.16 
74.96 
75.90 
77.48 
78.20 
78.94 
79.78 
80.41 
81.10 
81.77 
82.51 
83.10 
84.50 
85.31 
86.22 
87.10 
88.00 
89.00 
89.83 

Series IV 

8.527 
11.230 
14.467 
17.389 
19.752 
22.86 
25.85 
28.45 
30.74 
33.14 
35.65 
37.88 
39.87 
41.83 
43.39 
44.78 
46.12 
47.22 

AT 
[ K 

5.912 
5.850 
5.793 
5.736 
5.684 
5.633 
5.579 
5.535 
5.486 
5.401 
5.353 
5.321 
5.281 
5.248 
5.215 
5.311 
5.148 
5.119 
6.098 
6.054 
6.005 
5.959 
5.914 
5.866 
3.641 

2.801 
3.311 
3.542 
2.214 
2.948 
3.460 
3.095 
2.831 
2.639 
3.588 
3.350 
3.167 
3.027 
2.905 
2.805 
2.721 
2.649 
2.592 
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TABLE 2. ENTHALPY INCREMENTS PER 1 K OF POTASSIUM 

THIOCYANATE CRYSTAL ABOVE 300 K 

T AH/AT 
K J K ^ m o H 

317.40 
320.37 
323.33 
326.26 
329.25 
332.55 
335.83 
339.09 
342.34 
345.76 
349.42 
353.07 
356.68 

363.83 
367.37 
370.86 
374.32 
377.75 
381.13 
384.42 
387.72 
390.96 
394.17 
397.30 
400.36 
403.37 
406.43 

408.11 
410.85 
413.21 
414.62 
416.66 
420.15 
423.70 

Series I 

92.26 
92.89 
93.70 
94.95 
95.09 
95.45 
97.07 
96.43 
98.05 
99.32 

100.06 
101.21 
102.55 

Series II 

104.43 
106.53 
108.25 
110.09 
112.20 
114.56 
117.82 
119.32 
124.68 
127.41 
132.39 
138.25 
146.30 
158.43 

Series III 

168.35 
194.18 
271.4 
942.2 
119.03 
114.51 
110.40 

AT 
L K 

3.007 
2.993 
2.978 
2.957 
3.340 
3.326 
3.294 
3.302 
3.272 
3.706 
3.687 
3.663 
3.636 

3.606 
3.553 
3.516 
3.481 
3.446 
3.409 
3.353 
3.330 
4.249 
3.211 
3.142 
3.066 
3.178 
3.030 

2.920 
2.668 
2.130 
0.774 
3.531 
3.601 
3.661 

T 
K 

413.03 
414.21 
415.31 
417.40 
420.08 

301.27 
305.85 
308.85 
311.82 
314.79 

406.60 
408.10 
409.54 
410.91 
412.19 
413.34 
414.05 
414.39 
414.53 
414.55 
414.63 
415.78 
418.10 
420.46 
422.71 
425.12 
427.53 
429.93 
432.23 
434.62 
437.03 
439.42 

AH/AT 
J K - i m o l -

Series IV 

254.9 
775.6 
291.3 
118.85 
114.42 

Series V 

88.99 
89.72 
90.25 
91.20 
91.59 

Series VI 

158.74 
167.29 
178.49 
193.79 
220.0 
266.3 
356.3 
568.0 

4404 
4176 

939.6 
125.47 
116.88 
113.87 
112.73 
110.25 
109.53 
109.25 
108.86 
107.82 
108.44 
108.92 

AT 
i K 

1.716 
0.709 
1.562 
2.726 
2.776 

6.713 
3.023 
3.015 
2.995 
2.987 

1.562 
1.514 
1.455 
1.381 
1.272 
1.117 
0.429 
0.296 
0.045 
0.047 
0.191 
2.340 
2.425 
2.456 
2.461 
2.487 
2.493 
2.494 
2.497 
2.506 
2.498 
2.490 

first order component of the transition. The total entropy 
change of 6.26 J K" 1 mol" 1 is equal to 1.09 R In 2. 
The previous conclusion of the present authors1) that 
the transition entropy may be interpreted principally in 
terms of two-fold orientational disorder of thiocyanate 
ions in phase I I need not be altered at all. 

Volume thermal expansion coefficient was calculated 
from the dilatometric data given in Appendix. Plots 
of the heat capacity below the transition temperature 
against the thermal expansion coefficient is shown in 
Fig. 3. The plots below 412.2 K was approximated 
with a straight line as shown in the figure. Pressure 
dependence of transition temperature (dT/dp)tr was 

200 

300h 

300 r/K 4 0 0 

* 200h 

100h 

200 

r / K 

Fig. 1. Molar heat capacity of potassium thiocyanate 
crystal in the regions 12—300 K(O) and 300—410 
K ( 0 ) . Estimated normal heat capacity is drawn 
with a broken line. 
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Fig. 2. Relative enthalpy [H°(T)-H° (400 K) ] of potas­
sium thiocyanate crystal around the II-I transition 
temperature. 
O : Series II and III , # : Series IV, • : Series VI. 

TABLE 3. TRANSITION TEMPERATURES, ENTHALPIES, AND 

ENTROPIES OF POTASSIUM THIOCYANATE AND 

AMMONIUM THIOCYANATE CRYSTALS 

Crystal 

KSCN 

Transi­
tion 

II-I 

T 
K 

414.54±0.02 

AHtT 

kj mol-1 

2.53 

AStT 

J K - 1 m o l 1 

6.26 
(0.50)a> (1.21)a> 

NH4SCN III-II 360.1 ± 0 . 1 3 .61±0.03 10.01±0.08 
II-I 392.8 ± 0 . 1 1.14 2.85 

a) Contribution from the first order component. 
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Fig. 3. Molar heat capacity vs. thermal expansion coef­
ficient plot of potassium thiocyanate crystal below 
414.5 K. 

calculated from the slope of the straight line on the 
basis of the Pippard 's relation,14) 

= (M Vm
TtA + COnSt, 

where Cp, the molar heat capacity, Vm, the molar 
volume, oc, the thermal expansion coefficient and Ttr, 
the transition temperature. T h e calculated value for 
(dT/dp)tr is 0.134 K MPa- 1 , while the observed value6) 
is 0.172 K M P a - 1 . 

For the first order component of the transition, the 
Clausius-Clapeyron equation was applied with the 
volume change of 0.20 cm3 m o l - 1 and the entropy 
change of 1.21 J K - 1 mo l - 1 . The calculated value for 
(dTldp)tr is 0.165 K M P a - 1 , which is rather in good 

agreement with the observed value.6) 
Ammonium Thiocyanate. Plot of the molar volume 

against temperature is shown in Fig. 4. Molar volumes 
calculated from the X-ray diffraction data by Pistorius15) 
is also shown in the figure. As stated above, the dilato-
metric values were calculated with reference to the X-
ray diffraction data at 295.2 and 361.7 K. Agreement 
is especially good for the temperature dependence of 
molar volume in phase I I . Part of the molar volume 
vs. temperature curve around the I I - I transition 
temperature is enlarged and presented in the enclosed 
portion. It is not clear whether a discontinuity in molar 
volume is present at the transition temperature or not. 
In the I I I - I I transition, a discontinuous volume 
decrease (ca. 6% of the molar volume) took place on 
heating. Significant superheating and supercooling 
were also observed as will be explained below. 

Changing topics to the discussion of heat capacity 
data , the effect of thermal decomposition upon the heat 
capacity values will be given. One of the principal 
reactions which ammonium thiocyanate crystal under­
goes at higher temperatures may be the dissociation 
reaction into gaseous ammonia and gaseous isothio-
cyanic acid : 

NH4SCN(c) • NH3(g) + HNCS(g). (1) 

The dissociation pressure comes up to 101.325 kPa at 
443 K.16) Now, for the dissociation effect molar heat 
capacities were corrected approximately by using the 
following equation : 

ACP = AHX°(T). 
MV„ JJP. (2) 

2mRT\dT 
where ACP is the correction to molar heat capacity, m, 
the mass of the sample in the calorimeter, M, the molar 
mass, Vg, the volume available for the gaseous species 
in the calorimeter, and AHt(T), the standard enthalpy 
of reaction. In the derivation of the equation, the gases 
were assumed to be ideal and only the direct effect of 
the dissociation was taken into account. Here, Vg was 
found to be 18.0 cm3. AH°T(T) for each of the phases 

300 350 
r /K 

400 

Fig. 4. Molar volume of ammonium thiocyanate in the crystalline and 
liquid phases. 

Q : Dilatometric data, + : X-ray diffraction data.15) 
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was assumed to be independent of temperature for 
simplicity, i.e. 140 k j m o l - 1 for the liquid phase, 149, 
152, and 160 k j mol" 1 for the phases I , I I , and I I I , 
respectively. These values were evaluated from standard 
enthalpies of formation at 298.15 K of the relevant 
species,17) relative enthalpy [H°(T)-H°(298.15 K) ] of 
ammonium thiocyanate, and molar heat capactites of 
the gaseous species.17) The relative enthalpy of ammo­
nium thiocyanate was calculated from the observed 
(uncorrected) molar heat capacities for the crystal below 

TABLE 4. ENTHALPY INCREMENTS PER 1 K OF AMMONIUM 

THIOCYANATE CRYSTALS BELOW 300 K 

T 
K 

AH/AT 
J K ^ m o l - 1 

Ar 
K 

T 
K 

AH/AT 
J K - i m o l - 1 

Ar 
K 

101.84 
105.06 
108.22 
112.23 
117.07 
121.81 

79.58 
82.89 
86.11 
89.25 
92.31 
95.31 
98.25 
101.13 

124.55 
130.26 
135.83 
141.29 
146.64 
151.89 
157.05 
162.12 
167.12 
172.04 
176.90 
181.69 
186.79 
192.36 
197.85 
203.26 
208.60 
213.87 

Series I 

57.71 
59.20 
60.63 
62.38 
64.50 
66.45 

Series II 

46.55 
48.30 
50.02 
51.61 
53.10 
54.56 
55.98 
57.46 

Series III 

67.69 
70.01 
72.21 
74.35 
76.43 
78.48 
80.38 
82.09 
84.33 
85.56 
87.25 
88.86 
90.62 
92.51 
94.30 
96.14 
97.88 
99.39 

243 
181 
129 
902 
785 

4.683 

359 
261 
173 
097 
029 
967 
910 

2.855 

.776 

.638 
,515 
,403 
300 
204 
.117 
040 
.959 
.895 
.827 
.764 
.613 
.533 
.456 
.381 
.313 

5.246 

13.11 
16.16 
18.66 
20.96 
23.41 
26.10 
29.19 
31.95 
34.63 
37.94 
41.30 
44.33 
47.12 
49.72 
52.73 
56.15 
59.37 
62.42 
65.32 
68.17 
70.91 
73.57 
76.14 
78.64 
81.08 

215.16 
220.84 
226.43 
231.97 
237.44 
242.84 
248.18 
253.46 
258.69 
263.86 
269.33 
275.14 
280.89 
286.58 
292.22 
297.79 

Series IV 

1.812 
3.208 
4.755 
6.305 
8.106 

10.255 
12.641 
14.896 
17.141 
19.655 
22.14 
24.41 
26.37 
28.31 
30.37 
32.57 
34.63 
36.69 
38.53 
40.10 
41.81 
43.33 
44.73 
46.04 
47.37 

Series V 

100.04 
101.87 
103.63 
105.59 
107.28 
109.08 
110.78 
112.49 
114.08 
115.70 
117.48 
119.13 
120.93 
122.82 
124.15 
125.70 

328 
822 
162 
458 
451 
957 
217 
315 
057 
562 
171 
893 
683 
517 
527 
307 
133 
990 
869 
770 
717 
599 
531 
469 

2.413 

.726 

.652 

.582 

.508 

.445 

.381 

.321 

.262 

.207 

.154 

.851 

.790 
,726 
.653 
612 

400 K, while the molar heat capacities of the crystal 
above 400 K and of the l iquid phase were assumed to be 
130 J K - 1 mo l - 1 . The observed enthalpies of transition 
as will be given below, and the enthalpy of melting 
(9.2 k j mol - 1 ) determined by conduction calorimetry8) 
were also utilized to estimate AHÏ. Dissociation pressure 
and its temperature dependence given in Eq. 2 were 
derived with reference to the dissociation pressure of 
101.325 kPa at 443 K on the basis of the Van ' t Hoff's 
equation, 

In/, = -A*£gL + const. (3) 

The correction term to molar heat capacity, ACp, 
amounted to 0.10, 0.29, 0.61, and 1.21 J K - 1 m o l - 1 at 
360, 378, 393, and 407 K, respectively. Enthalpy 
increase per 1 K of the crystal corrected as above for 
the dissociation effect are tabulated for temperatures 
below 300 K and above 278 K in Tables 4 and 5, 
respectively. No correction was made upon the da ta of 
Table 4 for the effect of eutectic melting of N H 4 S C N -
G H 3 O H mentioned above. Molar heat capacities were 
calculated by applying curvature correction for the 

TABLE 5. ENTHALPY INCREMENTS PER 1 K OF AMMONIUM 

THIOCYANATE CRYSTAL ABOVE 300 K 

T AH/AT 
K J K - i m o l - 1 

Ar 
K 

T 
K 

AH/AT AT 
J K ^ m o l - 1 K 

298.84 
302.44 
306.05 
311.40 
316.73 
320.25 
321.96 
324.31 
325.52 
326.73 

320.55 
322.58 
326.53 
328.46 

326.80 
328.76 
330.65 
332.56 
334.46 
336.37 
338.24 

Series I 

124.9 
126.1 
126.8 
129.0 
130.6 
131.1 
131.7 
132.0 
132.5 
133.1 

Series II 

132.3 
132.4 
135.1 
135.2 

Series III 

133.6 
134.5 
135.5 
134.6 
137.8 
137.7 
139.0 

Series IV 

635 
622 
607 
130 
542 
529 
489 
216 
216 

1.214 

011 
117 
977 

1.978 

.093 

.939 

.968 

.964 
,946 
.945 
.943 

339.62 
343.30 
346.94 
350.56 
352.71 
354.54 
356.37 
358.19 
360.74 

368.06 
371.51 
375.03 
378.41 
381.67 
384.92 
387.96 
390.71 
392.47 
393.86 
396.53 
399.17 

138.7 
139.1 
140.2 
141.3 
140.0 
141.9 
143.0 
143.2 
142.7 

Series V 

145.8 
149.7 
157.8 

718 
712 
695 
679 
910 
888 
879 
877 

0.607 

168. 
171 
179. 
201 
257. 
374.0 
152.1 
146.0 
144.4 

Series VI 

.390 

.540 

.560 

.314 

.285 
174 
.969 
.525 

0.994 
1.797 
3.566 
1.744 

396.94 
400.46 
403.90 
407.20 
409.39 

146 
146, 
148. 
154, 

537 
556 
525 
444 

167.5 1.695 
5.560 335.96 137.3 3.737 
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Fig. 5. Molar heat capacity of ammonium thiocyanate 

crystal. Experimental values are shown by empty and 
filled circles for the regions 13—300 K and 300—410 
K, respectively. Estimated normal molar heat capaci­
ties at 300 and 400 K for phase II are shown by filled 
squares. For dotted and broken lines, see the text. 

enthalpy increments and shown in Fig. 5 for the entire 
temperature range. 

Another reaction to be taken into consideration will 
be the decomposition of ammonium thiocyanate in the 
solid state. The decomposition reaction in the l iquid 
state was studied above 423 K by Kodama et al. in some 
detail.24) T h e equilibrium composition of the reaction 
product at 423 K was 6 7 % in ammonium thiocyanate, 
30% in thiourea and 3 % in other products. In the 
following discussion, only the isomerization 

NH4SCN (NH2)2CS 

will be considered. This reaction is exothermic at 
298.15 K with the standard enthalpy of reaction of 
—9.6 k j mol- 1 , which has been calculated from 
enthalpies of formation of the both compounds in the 
solid states.17) In the present study, the significant 
increase of temperature drift of the calorimeter in the 
cooling direction was observed above 402 K, which 
brought about difficulty in the precise measurement of 
molar heat capacity. Two molar heat capacity data 
above 402 K tabulated in Table 3 were obtained under 
the abnormal condition and would be influenced 
significantly with the isomerization reaction. 

Increase in molar heat capacity above 402 K may be 
interpreted in the following way. Molar heat capacity 
of thiourea crystal at 298.15 K (108.91 J K" 1 mol"1)19) 
is considerably lower than that of ammonium thio­
cyanate crystal (ca. 125 J K _ 1 mol"1) at the same 
temperature and the former crystal shows no phase 
transition between 298 and 400 K, while the latter 
undergoes two phase transitions in the same temperature 
range. Accordingly, the above-mentioned isomerization 

reaction as a solid state reaction would certainly continue 
to be exothermic up to 400 K. However, the system 
NH 4 SCN-(NH 2 ) 2 CS shows a eutectic point at 373 K 
with the mole fraction of thiourea of 0.3.5) Thus a small 
amount of crystalline thiourea formed by the solid-state 
isomerization would melt immediately together with 
ammonium thiocyanate to give a melt rich in ammonium 
thiocyanate. From the analysis of equilibria between 
ammonium thiocyanate and thiourea in the liquid 
phase, enthalpy of reaction for the isomerization in the 
l iquid state was determined to be — 9.1 k j mol - 1 .2 4) 
A thermochemical cycle involving both the species in 
the l iquid and solid states shows that net change in 
enthalpy from ammonium thiocyanate crystal to 
thiourea l iquid via thiourea crystal is almost neutral. 
O n the other hand, ammonium thiocyanate in the 
l iquid state would be converted to thiourea more rapidly 
than in the solid state, but the conversion is only of the 
order of 1% after 1 h even at 413 K.18) Although the 
enthalpies of melting of ammonium thiocyanate and of 
isomerization in the l iquid state into thiourea are of 
similar magnitude with opposite sign, realized net result 
would be the predominance of endothermic effect due 
to the melting of ammonium thiocyanate. Summerizing, 
the increase in molar heat capacity above 402 K may 
be interpreted in terms of premelting of ammonium 
thiocyanate crystal, triggered and accelerated by the 
isomerization into thiourea. 

Transition temperature for I I I - I I transition was 
determined to be 360.15=t;0.1 K by monitoring the 
temperature of the calorimeter under the adiabatic 
condition when the crystal transformed partially. 
Superheating and supercooling of the crystal were 
observed, when the crystal was heated up or cooled 
down through the transition range by a small tempera­
ture head between the calorimeter and the adiabatic 
jacket. Transition enthalpy and entropy are given in 
Table 3. The above-mentioned findings together with 
the discontinuous volume change in this transition reveal 
that the transition is of the first-order type. In phases I 
and I I , the crystal forms mixed crystal with potassium 
thiocyanate crystal over the entire composition range5) 
and they are possibly isomorphous. The crystal of 
ammonium thiocyanate in phase I I I is characterized 
with open structure with hydrogen bonding between 
essentially stationary ammonium ions and thiocyanate 
ions. In phase I I , the orientation of the ammonium 
ions would be statistically disordered so that the crystal 
may be isomorphous with the potassium salt. 

Application of the Clausius-Clapeyron equation for 
the I I I - I I transition with the volume change of 3.42 
cm3 m o l - 1 (from X-ray diffraction15)) and the entropy 
change of 10.0 J K _ 1 m o l - 1 (the present study) gave 
- 0 . 3 4 2 K M P a - 1 for (dT/d/Om-n, which agreed with 
the observed value of Bridgman,3) —0.334 K MPa- 1 . 

Transition temperature of the I I - I transition of the 
ammonium salt was determined to be 392 .8^0 .1 K 
from the plot of relative enthalpy [H°(T)—H°(36l K)] 
against temperature. I t is not certain from the relative 
enthalpy plot whether the transition is accompanied 
with a first-order component as observed for the potas­
sium salt. Thermal expansion coefficient a of ammonium 
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Fig. 6. Molar heat capacity vs. thermal expansion coef­
ficient plot of ammonium thiocyanate crystal below 
392.8 K in phase II . 

thiocyanate crystal in phase II was calculated from the 
dilatometric data in Fig. 7 and the heat capacities were 
plotted against the thermal expansion coefficient as 
shown in Fig. 6. The plots below 385 K was approxi­
mated with a straight line. The value of (dTldp)u-i 
calculated from the slope of the straight line with the 
value of Vm of 57.0 cm3 m o l - 1 on the basis of the 
Pippard's relation14) is 0.155 K M P a " 1 , while the 
observed value7) is 0.126 K MPa" 1 . 

It is difficult to draw a reasonable "no rma l " molar 
heat capacity curve for phase II in Fig. 5. An obvious 
but tentative solution is to draw a straight line between 
the points at 360 and 398 K on the smoothed curve as 
shown by a dotted line in the figure. Transition enthalpy 
and entropy thus obtained are tabulated in Table 3. 
As stated above, the II-I transition in potassium 
thiocyanate and ammonium thiocyanate crystals should 
be similar in nature . Although the II-I transition of the 
ammonium salt is of essentially higher-order type as 
indicated in the heat capacity curve, the transition 
entropy 0.49 R In 2 calculated as above is considerably 
lower than the expected value, R In 2. 

One possible interpretation of the apparent smallness 
of this transition entropy is that the crystal transforms 
from phase III into phase II which has been disordered 
to some extent with respect to the orientation of thio­
cyanate ions. A support to this is that thermal expansion 
coefficient of the ammonium salt at the lowest tempera­
ture in phase II is considerably higher than the corre­
sponding value for the potassium salt at 300 K (see 
Figs. 3 and 6). The entropy change for the III-II 
transition is 10.0 J K _ 1 mol - 1 , which is of sufficient 
magnitude to include a part of the contribution from 
the disordering process of thiocyanate ions in addition 
to the entropy change related with the orientational 
disorder of ammonium ions. In this respect, the adop­
tion of the normal heat capacity as given above is in 
conflict with the supposition that orientation of thio­
cyanate ions has been disordered to some extent even 
at the lowest temperature in phase II. 

This supposition leads to the suggestion that hypo­

thetical heat capacity for phase II below the III-II 
transition temperature is lower than the one observed 
for phase III. Furthermore it is to be recalled that 
normal heat capacities have not been determined 
adequately for phase I by the interference with the 
premelting described above. Thus, the normal heat 
capacities for phase I should be lower than the observed 
values above 402 K. 

Application of the Kopp's law using ("normal") heat 
capacities of ammonium chloride,20) potassium thio­
cyanate, and potassium chloride20) gave 125 and 153 
J K - i m o l - 1 for heat capacities at 300 and 400 K, 
respectively, which agree rather well with heat capacities 
of phase III observed at 300 K and extrapolated to 
400 K and are therefore higher than expected for 
phase II. 

Chihara and Nakamura2 1) showed that heat capacity 
of ammonium chloride at 300 K was anomalously 
higher than the value calculated as a sum of Debye heat 
capacity and contributions from internal vibrations and 
harmonic (or anharmonic) vibration of ammonium ions. 
The anomaly had been pointed out earlier by 
Sakamoto.22) Linear extrapolation of heat capacities of 
ammonium chloride at 500 and 600 K,20) where the 
crystal is in the higher temperature phase, to 300 and 
400 K gives 80 and 82 J K - 1 m o l - 1 for heat capacities 
of ammonium chloride, respectively. Adoption of these 
values leads to 118 and 133 J K - 1 m o l - 1 at 300 and 400 
K, respectively, for ammonium thiocyanate. 

Potassium and ammonium thiocyanate crystals are 
of cesium chloride type structure, while potassium and 
ammonium chloride crystals are of sodium chloride 
structure, in the relevant phases. This fact seems to lend 
support to the latter estimation of "no rma l " heat 
capacities. 

A possible hypothetical "no rma l " heat capacity curve 
is thus drawn in Fig. 5 by a broken line, which is 
obtained by assuming that "no rma l " heat capacities 
are 118 and 133 J K - 1 m o l - 1 at 300 and 400 K as shown 
by filled squares, respectively, and that it changes 
linearly between these temperatures. Anomalous heat 
capacities are also extrapolated smoothly to lower and 
higher temperatures as shown in the figure with broken 
lines. Hypothetical total entropy of transition for II-I 
transition thus obtained is 5.22 J K - 1 mo l - 1 , which is 
equal to 0.91 R In 2. Klement discussed the apparent 
entropy decrease with increasing polarizability of the 
cation observed for corresponding transitions of KSCN, 
RbSCN, NFLJSCN, and T1SCN.V> However, the present 
analysis suggests a possibility that transition entropy 
for the ammonium salt would be compatible with the 
value of the isomorphous potassium salt, if the transition 
was not interfered with the III-II phase transition and 
the premelting. 

Appendix 

The molar volume of potassium thiocyanate crystal from 
300 to 460 K has been reported only briefly in a previous 
paper.23) Temperature dependence of the molar volume 
around 415.5 K (II-I transition temperature) is shown in 
detail in Fig. 7. Obviously, a small discontinuity of the molar 
volume can be observed in the small interval of 415.5—415.7 
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Fig. 7. Molar volume of potassium thiocyanate crystal 
around the I I - I transition temperature . 

K. Magni tude of the discontinuity amounts to 0.20 cm 3 

m o l - 1 , which corresponds to 0 .39% of the molar volume. T h e 
presence of the discontinuity had been shown implicitly as 
AVt in Tab le 1 of the previous paper23) before Klement pointed 
out from an analysis of molar volume da ta supplied by the 
authors.75 However, the values of AVJVt, AVt and t .p. 
given in the Table23) are not correct and should read 0 .39%, 
0.20 cm3 mol- 1 , and 141.4 °C, respectively. 
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The Crystal Structure of fac(iV>J-Tris(L-asparaginato)-
cobalt(III) Trihydrate 

Masao SEKIZAKI 

College of Liberal Arts, Kanazawa University, Marunouchi, Kanazawa 920 
(Received May 9, 1978) 

The crystal structure of tris(L-asparaginato)cobalt(III) trihydrate, [ C O ( L - H 2 N C O C H 2 C H N H 2 C O O ) 3 ] -3H20, 
has been determined by the X-ray diffraction method, and refined by a block-diagonal least-squares method to 
give i?= 0.055 for 1302 non-zero reflections. The crystals are orthorhombic with a space group P212121, a= 
39.082(4), £ = 7.523(2), £=6.643(2) A, and Z = 4 . The complex molecule has a slightly distorted octahedral 
coordination with fac(N)-A geometry. The three bidentate ligand ions form five-membered planar chelate rings 
with coordination through amino nitrogen and carboxyl oxygen atoms. The amide groups of the two side-chains 
approach the central atom, and the oxygen atoms are connected through intramolecular hydrogen bonds. Another 
amide group is, however, far from the central atom. The complex molecules are hydrogen-bonded to one another 
to form layers parallel to the (100) plane. These layers are piled up through hydrogen bonds to complete a three-
dimensional network. 

Transition metal complexes of L-asparaginate ion 
(L-2-aminosuccinamate ion, L - H 2 N C O C H 2 C H N H 2 -

COO~) have been widely investigated,1-5) and it has 
been concluded that the ligand ion is terdentate or 
bidentate. The terdentate l igand occupies the facial 
positions of the octahedron and the amide group is of 
iV-3) or O-coordination.4) The coordination modes of 
the bidentate ligand are various.2»5) According to the 
spectroscopic investigation by Takenaka and Shibata2) 
on the stereochemistry of trivalent cobalt complexes, 
the bidentate ligand may coordinate through amino 
nitrogen and carboxyl oxygen atoms forming a five-
membered chelate ring, and the amide group may 
remain free. If this assumption is correct, the bulky 
side-chain including the amide group is expected to 
have considerable effects on the neighboring molecules 
in the crystal. To ascertain these effects and to confirm 
the assumed structure, a single-crystal structure analysis 
of tris(L-asparaginato)cobalt(III) tr ihydrate has been 
carried out. 

Exper imenta l 

The crystals which were prepared by Professor Muraji 
Shibata of Kanazawa University were dark pink needles. 
A crystal was shaped into a ball with the diameter of ca. 
0.05 mm, and the intensities were measured on a Philips 
PW1100 four-circle diffractometer with Gu KVL radiation (A= 
1.5418 Â) monochromated by a graphite plate. The 6-26 
scan technique was used at a scan rate of 0.0666°/s in 6 
with a scan width of (1.20+0.20 tan 6)°. The intensities of 
the three reference reflections were monitored every 2 h and 
remained constant within experimental error during data 
collection. Of 1392 independent reflections measured up to 
0=65°, 1302 with |i?|]>3<j were used for the structure analysis. 
No corrections were made for absorption and extinction 
effects (ßj,r=0.2). Cell dimensions were obtained by a least-
squares method based on 17 26 values measured by diffracto-
metry. 

Crystal data : 
Co(H2NCOCH2CHNH2COO)3.3H20. F.W. = 506.3l. a= 
39.082 (4), 6=7.523 (2), and £=6.643 (2) Â. U= 1953 (2) Â3. 
Z = 4 . Z>x= 1.722 g cm -3. Orthorhombic. Space group 
P2A2J. ^ = 7 8 cm-1 (Gu KOL radiation, A= 1.5418 Â). 

D e t e r m i n a t i o n a n d Ref inement 
o f the Structure 

The coordinates of the cobalt a tom were determined 
from a Patterson map ; successive Fourier syntheses gave 
the approximate skeletal structure. The block-diagonal 
least-squares refinement was carried out based on 1302 
reflections with a unit weight. The atomic scattering 
factors were taken from the International Tables for 
X-Ray Crystallography.6) 

After several cycles of refinement with isotropic 
temperature factors the i?-value became 0.077. At this 
stage the oxygen and nitrogen atoms of each amide 
group could be distinguished by interatomic distances. 
Anisotropic temperature factors were, then, introduced 
for all the non-hydrogen atoms with the anomalous 
scattering factor of the cobalt atom for Cu Ken radiat ion 
( / ' = - 2 . 4 6 4 , f" = 3.608).«) The tf-value was reduced 
to 0.064. Of all 27 hydrogen atoms, 23 appeared in a 
difference Fourier map . Their positional parameters 
were refined with isotropic temperature factors of 4.0 Â2 . 
Four hydrogen atoms attached to G(3) and O ( l w ) could 
not be found. The final i?-value was 0.055. The final 
atomic parameters are listed in Table 1, and a list 
of the observed and calculated structure amplitudes has 
been deposited with the Chemical Society of J a p a n 
(Document No. 7903). 

Fig. 1. The molecular structure and the absolute 
configuration with the anisotropic thermal ellipsoids of 
the atoms at 50% probability level. 
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The absolute configuration of the complex was 
determined by a comparison of the absolute configura­
tion of the coordinated ligand ion with that of the free 
ligand molecule, and by a comparison of the ^-values 
between the correct structure (0.055) and the mirror 
image (0.116). To confirm the result, another set of 
reflections (hkl) was measured by diffractometry with 
Cu KOL radiation. All 363 Friedel pairs satisfying 

\F(hkl)\l\F(hkl)\ < 0 . 9 or > 1 . 1 gave coincident intensity 
relations with those calculated, except for 14 weak pairs. 

The refinement of the structure and the drawing of 
thermal ellipsoids were carried out with HBLS-IV7 ) 

and ORTEP 8 ) programs, respectively. Other calcula­
tions were carried out with programs written by the 
author. A F A C O M 230-35 computer at the Data 
Processing Center of Kanazawa University and a 

TABLE la. FINAL ATOMIC PARAMETERS AND THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Thermal parameters are in the form: expl—i^ß^+k^+Pß^+hkß^+hlß^+klß^)]. 
Values are multiplied by 104. 

Atom 

Cki 
O(lc) 
O(l) 
G(l) 
C(2) 
N(2) 
C(3) 
C(4) 
0(4) 
N(4) 
O(l lc) 
O( l l ) 
G(ll) 
C(12) 
N(12) 
C(13) 
C(14) 
0(14) 
N(14) 
0(21c) 
0(21) 
C(21) 
C(22) 
N(22) 
C(23) 
C(24) 
0(24) 
N(24) 
0(lw)a> 
0(2w)a) 
0(3w)a> 

X 

1143(1) 
1206(2) 
1610(2) 
1522(3) 
1786(3) 
1595(3) 
2049(3) 
2411(3) 
2491(3) 
2649(3) 
1349(2) 
1408(2) 
1325(3) 
1156(3) 
1097(3) 
1365(3) 
1731(3) 
1852(3) 
1901(3) 
710(2) 
161(2) 
460(3) 
528(3) 
890(3) 
271(3) 
241(3) 
396(2) 

31(3) 
2356(3) 

833(3) 
536(3) 

y 

7107(3) 
6236(11) 
5560(13) 
5883(15) 
5990(16) 
6105(14) 
4504(16) 
5188(18) 
6769(12) 
3845(16) 
9295(11) 

12103(11) 
10520(16) 
10060(15) 
8132(11) 

10695(18) 
9973(16) 
9264(12) 

10198(16) 
8081(11) 
7429(11) 
7012(16) 
5119(15) 
4979(14) 
4475(15) 
5707(15) 
7161(11) 
5202(14) 
224(12) 

3849(12) 
1360(13) 

z 

9043(3) 
6376(11) 
4173(13) 
5896(19) 
7615(18) 
9571(14) 
7542(21) 
7863(19) 
7983(15) 
7966(18) 
8326(12) 
9303(14) 
9666(18) 

11624(17) 
11720(14) 
13462(19) 
13476(17) 
11946(13) 
15170(17) 
8297(12) 
7882(13) 
8397(16) 
9092(20) 
9782(15) 

10665(18) 
12455(18) 
12512(12) 
13931(17) 
9105(16) 

13945(15) 
6448(21) 

a) Oxygen atoms of the water molecules. 

H(C2) 
H(N2-a ) 
H(N2-b) 
H(N4-a ) 
H(N4-b) 
H(C12) 
H(N12-a) 
H(N12-b) 
H(C13-; a) 
H(C13-b) 
H(N14-; a) 
H(N14-b) 

TABLE lb. 

x y 

"Ï94 7Ö2~ 
178 716 
158 484 
267 428 
258 173 
88 1080 

125 753 
79 785 

120 1038 
139 1215 
219 1024 
176 981 

POSITIONAL 

The e.s 

z 
740 

1061 
996 
884 
812 

1181 
1232 
1200 
1463 
1346 
1512 
1664 

fin 
2(1) 
3(1) 
4(1) 
2(1) 

1(1) 
2(1) 
3(1) 
1(1) 
4(1) 
5(1) 
3(1) 
4(1) 
4(1) 
3(1) 
4(1) 
3(1) 
4(1) 
5(1) 
4(1) 
3(1) 
3(1) 
2(1) 
3(1) 
3(1) 
3(1) 
2(1) 
3(1) 
5(1) 
6(1) 
5(1) 
7(1) 

fiz2 

56(3) 
88(15) 

179(20) 
83(20) 
90(22) 

117(20) 
88(23) 

128(25) 
94(17) 

136(23) 
78(15) 
54(13) 
86(23) 
75(20) 
26(15) 

130(26) 
80(21) 

138(20) 
165(25) 
63(14) 
84(17) 
96(21) 
65(20) 
99(19) 
67(21) 
56(20) 
77(14) 

122(21) 
111(18) 
136(18) 
104(19) 

fiiZ 

87(4) 
92(20) 
95(20) 

129(28) 
126(29) 
65(23) 

196(36) 
135(32) 
246(27) 
168(30) 
128(21) 
198(24) 
117(32) 
91(25) 
93(21) 

117(32) 
66(26) 

126(22) 
164(30) 
151(22) 
152(22) 
58(24) 

133(29) 
90(24) 
88(28) 

132(29) 
126(19) 
109(24) 
213(26) 
157(23) 
518(50) 

PARAMETERS OF HYDROGEN ATOMS 

.d.'s are 15—17 (xlO3) . 

H(G22) 
H(N22-a) 
H(N22-b) 
H(C23-a) 
H(C23-b) 
H(N24-a) 
H(N24-b) 
H(2 
H (2 
H(3 
H (3 

w-a) 
w-b) 
w-a) 
w-b) 

ßiz 

0(2) 
- 2 ( 5 ) 

-16(6) 
0(7) 
6(7) 

-11(6) 
8(7) 

-12(7) 
6(6) 

-30(8) 
-2 (5 ) 
-0 (6 ) 
-9 (8 ) 
-8 (8 ) 
-0 (6 ) 

-11(8) 
7(8) 

-6 (6 ) 
19(8) 

-3 (5 ) 
0(5) 

-9 (7 ) 
5(7) 

-14(7) 
-1 (7 ) 

-10(6) 
11(5) 
15(7) 
3(6) 

-5 (6 ) 
6(7) 

(xlO3) 

X 

49 
85 
99 
34 
0 

17 
3 

89 
108 
57 
75 

ßl3 

-0 (2 ) 
-10(5) 
-7 (7 ) 
-2 (8 ) 
- 8 ( 8 ) 
-8 (6 ) 

-15(9) 
-8 (8 ) 

7(7) 
4(9) 

-4 (6 ) 
1(7) 

-9 (9 ) 
9(9) 

-3 (7 ) 
-5 (8 ) 
-1 (8 ) 
-2 (7 ) 

16(8) 
-2 (6 ) 
-2 (6 ) 
-2 (7 ) 

-13(9) 
-12(7) 

8(8) 
10(8) 

-4 (6 ) 
-25(8) 
-12(9) 

6(8) 
-29(11) 

y 

445 
464 
393 
317 
421 
413 
588 
485 
436 

- 1 0 
288 

fin 
0(8) 

34(31) 
23(41) 

101(53) 
-34(49) 
-16(37) 

88(54) 
115(51) 

-80(40) 
-18(50) 

40(33) 
72(38) 
18(46) 
3(40) 

27(33) 
-97(50) 

-9(41) 
-13(39) 
-11(50) 

61(33) 
-32(34) 
-85(46) 
-10(52) 

28(39) 
-45(44) 

5(43) 
-71(36) 

21(47) 
39(46) 

-89(43) 
75(55) 

z 

775 
1133 
899 

1117 
991 

1359 
1528 
1493 
1402 
679 
583 
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F A C O M 230-75 computer at the Computat ion Center 
of Nagoya University were used. 

Descr ip t ion o f the Structure 
and D i s c u s s i o n 

The molecular structure is shown in Fig. 1, together 
with the thermal ellipsoids of the non-hydrogen atoms. 
The bond distances and angles are listed in Table 2. 
The projections of the crystal structure on the (010) and 

(100) planes are shown in Figs. 2 and 3, respectively. 
The hydrogen bonds are shown in these figures and in 
Table 3. 

The three ligand ions act bidentately through amino 
nitrogen and carboxyl oxygen atoms forming three five-
membered chelate rings in the A configuration. The 
cobalt atom is, thus, surrounded by three nitrogen 
atoms and three oxygen atoms in fac(N) geometry. 
This structural feature agrees with the assumption based 
on the spectroscopic investigation by Takenaka and 

T A B L E 2. INTERATOMIC DISTANCES AND ANGLES WITHIN THE COMPLEX MOLECULE 

Co-O(lc) 
Go-N(2) 
G(l) -0( lc) 
C(l)-0(1) 
C(l)-C(2) 
C(2)-N(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-0(4) 
C(4)-N(4) 

0 ( l c ) - C ( l ) - 0 ( l ) 
0(lc)-C(l)-C(2) 
0(1)-C(1)-C(2) 
C(l)-C(2)-C(3) 
C(l)-C(2)-N(2) 
C(3)-C(2)-N(2) 
C(2)-C(3)-C(4) 
G(3)-C(4)-0(4) 
C(3)-C(4)-N(4) 
0(4)-C(4)-N(4) 

Co-O(lc)-C(l) 
Go-N(2)-G(2) 
0(lc)-Co-N(2) 
O(lc)-Go-O(l.lc) 
N(2)-Co-N(12) 

1.90(1)A 
1.95(1) 
1.30(2) 
1.22(2) 
1.54(2) 
1.50(2) 
1.52(2) 
1.52(2) 
1.23(2) 
1.38(2) 

122(2)° 
116(2) 
121(2) 
113(2) 
108(1) 
114(1) 
112(2) 
125(2) 
113(2) 
122(2) 

115(1) 
109(1) 
85(1) 
91(1) 
94(1) 

Co-O(llc) 
Co-N(12) 
C ( l l ) - 0 ( l l c ) 
C(l l ) -0(11) 
C(ll)-G(12) 
G(12)-N(12) 
C(12)-C(13) 
G(13)-C(14) 
G(14)-0(14) 
C(14)-N(14) 

0 ( l l c ) - G ( l l ) - 0 ( l l ) 
0( l lc ) -C( l l ) -C(12) 
0(11)-C(11)-C(12) 
C(ll)-C(12)-C(13) 
G(ll)-G(12)-N(12) 
C(13)-G(12)-N(12) 
G(12)-C(13)-C(14) 
C(13)-C(14)-0(14) 
C(13)-C(14)-N(14) 
0(14)-G(14)-N(14) 

Go-0( l l c ) -C( l l ) 
Co-N(12)-C(12) 
0(llc)-Co-N(12) 
O(llc)-Go-O(21c) 
N(12)-Co-N(22) 

1.89(1)A 
1.95(1) 
1.28(2) 
1.26(2) 
1.50(2) 
1.47(2) 
1.54(2) 
1.53(2) 
1.24(2) 
1.32(2) 

122(2)° 
118(2) 
120(2) 
112(1) 
110(1) 
111(1) 
113(1) 
120(2) 
116(2) 
124(2) 

115(1) 
110(1) 
86(1) 
89(1) 
93(1) 

Co-0(21c) 
Co-N(22) 
C(21)-0(21c) 
C(21)-0(21) 
C(21)-C(22) 
G(22)-N(22) 
G(22)-C(23) 
C(23)-C(24) 
G(24)-0(24) 
C(24)-N(24) 

0(21c)-C(21)-0(21) 
0(21c)-G(21)-C(22) 
0(21)-C(21)-C(22) 
G(21)-G(22)-G(23) 
C(21)-C(22)-N(22) 
G(23)-G(22)-N(22) 
C(22)-C(23)-G(24) 
C(23)-C(24)-0(24) 
C(23)-G(24)-N(24) 
0(24)-G(24)-N(24) 

Co-0(21c)-C(21) 
Co-N(22)-C(22) 
O(21c)-Co-N(22) 
0(21c)-Go-0(lc) 
N(22)-Co-N(2) 

1.91(1)A 
1.94(1) 
1.27(2) 
1.26(2) 
1.52(2) 
1.49(2) 
1.53(2) 
1.51(2) 
1.25(2) 
1.33(2) 

123(2)° 
118(2) 
119(2) 
113(2) 
109(1) 
113(2) 
113(1) 
121(2) 
117(2) 
122(2) 

115(1) 
110(1) 
86(1) 
90(1) 
96(1) 

Fig. 2. Projection of the structure on the (010) plane. Dashed lines exhibit hydrogen bonds. 
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\ 
V, % yt 

Fig. 3. Projection of the structure on the (100) plane. 

TABLE 3. SHORT CONTACTS DUE TO HYDROGEN BONDS 

Key to symmetry operations 
i x y 

ii x y 
iii x — 1 +y 
iv - * l/2+y 
v 1/2-x \-y 

D-
N'(2) 
N'(12) 
N"(12) 
0'(3w) 
Ou(2w) 
N"(14) 
N"(24) 
N*(2) 
N'(22) 
O^w) 
Niv(24) 
N*(4) 
Nv(14) 

-H--
Ha 
Hb 
Ha 
Hb 
Ha 
Hb 
Hb 
Hb 
Hb 
Ha 
Ha 
Hb 
Ha 

.......Aa> 
0'(14) 
0»(24) 
O'(l) 
0"(2w) 
O'(lc) 
O'(llc) 
0^21) 
O i U( l l) 
O u i (H) 
Oui(21c) 
0'(24) 
C"(14) 
O^lw) 

D-A 
3.02Â 
2.88 
3 
2 
2 
3 
3 
3 
2. 
2. 
2. 
3. 

23 
76 
82 
09 
15 
10 
98 
84 
99 
12 

3.00 

z 
- 1 + 2 

z 
5/2-z 

- 1 / 2 + « 
D-H 
1.28Â 
1.23 
0.86 
1.47 
1.02 
1.17 
1.03 
0.98 
1.02 
1.13 
0.99 
1.62 
1.13 

hydrogen bonds (Fig. 2 and Table 3). The side-chain 
of ring [A] is far from the central atom, and N(4) is 
hydrogen-bonded with 0 ( 1 4 ) of the neighboring 
molecule v. 

The molecules 
another through 

A-H 
1.83Â 
1.66 
2.37 
1.49 
1.87 
1.98 

14 
22 
16 
78 
75 
46 
93 

a) D, hydrogen donor; A, hydrogen acceptor. 

Shibata.2) 
The C o - N bond lengths are 1.94—1.95 Â, which are 

longer than the C o - O bond lengths (1.89—1.91 Â) . 
The coordination bond angles of the chelate rings are 
85—86°. Thus the octahedron is slightly distorted. 
Each of the three five-membered chelate rings is nearly 
planar within 0.15 Â. Two side-chains of chelate rings 
[B] and [C] turn their amide groups toward the central 
atom, so that 0 ( 1 4 ) and 0 ( 2 4 ) are connected with 
N(2) and N(12), respectively, through intramolecular 

i and ii are connected with one 
several hydrogen bonds to form 

columns parallel to the c axis. These columns are 
combined with each other by hydrogen bonds between 
molecules i and iii (Fig. 3), thus forming layers along 
the (100) plane. A three-dimensional network is 
completed by piling up of an infinite number of these 
layers through hydrogen bonds. 

The author is grateful to Professor Muraji Shibata 
of Kanazawa University for the supply of crystals, and 
also to Professor Seiji Sugiura, Department of Miner­
alogy, Kanazawa University, for the use of the diffrac-
tometer. 
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Stereochemistry of Cobalt(III) Complexes with Sulfur-containing 
Amino-carboxylate. Mixed Cobalt (III) Complexes with 

L-Methioninate or S-Methyl-L-cysteinate 
and L- or D-Aspartate 

Takashi ISAGO, KOZO IGI,1" and Jinsai HIDAKA* 

Department of Chemistry, University of Tsukuba, Ibaraki 300-31 
(Received May 29, 1978) 

Four kinds of [Co(N)a(0)3(S)] type mixed complexes, (L- or D-aspartato)(L-methioninato), and (L- or D-
aspartato) (.S'-methyl-L-cysteinato)cobalt(III) complexes have been prepared and chromatographically separated 
into their three geometrical isomers, trans (N), trans(SO) and trans (SN), respectively. The isomers were identified 
from their electronic absorption and PMR spectra. The absolute configurations of sulfur atoms in the ligands 
after coordination were suggested on the basis of their PMR spectra. The circular dichroism spectra of the isomers 
were considered in relation to their geometrical configurations. 

Bis(terdentate) type Co(II I ) complexes containing 
a-amino-carboxylates have been extensively investigated 
during the past several years.1-9) However, the relation­
ship between their geometrical configurations and CD 
spectra remains unsolved because of the peculiarity of 
configurational chirality. For example, [Co(L-asp)2] -

(L-asp=L-aspartate) was prepared and separated into 
their three geometrical isomers,1) but their configura­
tional assignments on the basis of their CD spectra 
were unsuccessful.1'10'11) As for the isomers of [ C O ( L -
met)2]+ and [Co(L-smc)2]+ (L-met=L-methioninate and 
L-smc=-S ,-methyl-L-cysteinate),3'12'13) which have bio­
chemically important functions and quite similar 
frameworks to those of [Co(L-asp)2] - , their three 
isomers have been assigned on the basis of their absorp­
tion spectral behavior due to the coordinated sulfur 
atom of the ligand, though the sulfur atom takes R or S 
configuration after coordination. Recently, Yamanar i 
et a/.14) reported the preparation and separation of the 
isomers of two kinds of mixed type cobalt(III) complexes, 
[(2-aminoethylthio)acetato](L-methioninato) and [3-
(2-aminoethylthio) propionato] (L-methioninato)cobalt-
( I I I ) , and suggested the vicinal CD contribution due 
to the chiral sulfur atom of L-methioninate by applying 
an additivity rule for the CD curves of their diastereo-
meric pairs. In these circumstances, it is significant to 
investigate the properties of the mixed Co (III) com­
plexes with L- or D-aspartate and L-methioninate or 
»S-methyl-L-cysteinate. In the present work, the mixed 
Co(III) complexes, [Co(L-asp)(L-met)], [Co(D-asp)(L-
met)] , [Co(L-asp)(L-smc)], and [Co(D-asp)(L-smc)]5 

have been prepared and chromatographically separated 
into their three geometrical isomers, respectively. The 
isomers have been characterized from their electronic 
absorption and P M R spectra. The absolute configura­
tions of sulfur atoms after coordination were also 
suggested on the basis of their P M R spectra. Their 
CD spectra were discussed mainly in relation to the 
geometrical configurations of the isomers. 

Exper imenta l 

Preparation and Separation of Isomers. (\.-Aspartato) (L.-

t Present address: Department of Chemistry, Washing­
ton State University, Pullman, Washington 99164. 

methioninato) cobalt (III), [Co(L-asp)(iL-met)~\: A solution con­
taining 0.9 g of L-aspartic acid and 1.1 g of L-methionine in 
20 cm3 of water was adjusted to pH 8 by the addition of 
sodium hydroxide aqueous solution. This was added to a 
a hot solution (ca. 65 °C) containing 1.6 g of cobalt(II) 
chloride hexahydrate in 30 cm3 of water. 3.0 g of lead di­
oxide and 0.5 g of activated charcoal were gradually added 
to the solution, which was then stirred at 65 °C for 30 min, 
the color of the solution turning violet. The mixture was 
filtered in order to remove the excess of lead dioxide and 
charcoal after cooling to room temperature. The filtrate was 
passed through an anion-exchange column of Dowex 1-X8 
(CI- form, 200—400 mesh, 4.5 X 20 cm) and successively 
through a cation-exchange column of Dowex 50W-X8 (Na+ 

form, 100—200 mesh, 4.5x20 cm) in order to obtain a 
solution containing the neutral species which are the isomers 
of [Co(L-asp)(L-met)]. The eluate was concentrated to 
5—10 cm3. Chromatographic seapration was then carried 
out through a cation-exchange column of Dowex 50W-X8 
(Na+ form, 2 0 0 ^ 0 0 mesh, 3.0 X 120 cm). The adsorbed band 
was eluted with water at a rate of 0.4 cm3/min. Three colored 
bands, dark violet (F-l), purple (F-2) and reddish violet 
(F-3) were eluted in succession. Here the F-2 isomer followed 
closely after the F-l isomer. • The three eluates were separate­
ly concentrated to dryness in a rotary evaporator below 30 °C. 
The F-2 isomer was recrystallized from hot water, and the 
F-l and F-3 isomers were recrystallized from as little water 
as possible by adding ethanol. The F-2, isomer was less 
soluble in water. The F-l isomer formed needle crystals, 
the F-2 isomer flaky crystals and the F-3 isomer hexagonal 
crystals. Found for F- l : C, 28.21; H, 5.25; N, 7.31%. 
Calcd for [Co (L-asp) (L-met) ] • 2.5H20=CoC9H1 5N208S • 
2.5H20: C, 28.20; H, 5.26; N, 7.31%. Found for F-2: 
C, 31.57; H, 4.52; N, 8.24%. Calcd for [Co(L-asp)(L-
met)] = CoC9H15N206S: C, 31.96; H, 4.42; N, 8.24%. 
Found for F-3: C, 30.24; H, 4.85; N, 7.85%. Calcd for 
[Co (L-asp) (L-met) ] .H 2 0=CoC 9 H 1 5 N 2 0 6 S .H 2 0 : C, 30.34, 
H, 4.81; N, 7.86%. 

(•D-Aspartato) (iL-methioninato) cobalt (III), [Co ( n-asp) (\,-met) ] : 
Preparation was carried out according to a method similar 
to that for [Co(L-asp) (L-met)] by using an anion-exchange 
column (Dowex 1-X8, Cl~ form) and a cation-exchange 
column (Dowex 50W-X8, Na+ form). Chromatographic 
separation was carried out through a column of QAE-
Sephadex A-25 (CI - form, 3.3 X 250 cm) instead of Dowex 
50W-X8 (Na+ form, 200-^00 mesh, 3.0x120 cm). The 
adsorbed band was eluted with water at a rate of 0.3 cm3/min. 
Three colored bands, gray-violet (G-l), reddish violet (G-2), 
and pink-violet (G-3) were eluted in succession. The G-2 
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isomer followed colsely after the G-l isomer. The three 
eluates were separately concentrated to dryness in a rotary 
evaporator below 30 °C. The G-l and G-3 isomers were 
recrystallized from hot water and the G-2 isomer was re-
crystallized from as little water as possible by adding ethanol. 
The G-l and G-3 isomers were sparingly soluble in water 
and the G-2 isomer was very soluble in water. The G-l 
isomer formed needle crystals and the G-3 isomer rod crystals 
whereas the G-2 isomer was powdery. Found for G-l : G, 
30.51; H, 4.95; N, 7.80%. Calcd for [Co(D-asp)(L-met)]. 
H 2 0=CoC 9 H 1 5 N 2 0 6 S.H 2 0 : C, 30.34; H, 4.81; N, 7.86%. 
Found for G-2: C, 26.78; H, 4.85; N, 6.92%. Calcd 
for [Co(D-asp) (L-met)] • 2H 2 0 • 0.5NaCl = CoC9H15N206S. 
2H2O.0.5NaCl: C, 26.79; H, 4.75; N, 6.94%. Found for 
G-3: C, 28.82; H, 4.68; N, 7.49%. Calcd for [Co(D-asp)-
(L-met)] • 2H 2 0 = CoC9H15N2OeS • 2H 2 0 : C, 28.88 ; H, 5.12 ; 
N, 7.49%. 

( L - Aspartato) (^-methyl- L -cysteinato) cobalt (HI), [Co(L-asp) 
(L-smc)] : A solution containing 1.2 g of L-aspartic acid and 
1.2 g of S-methyl-L-cysteine in 20 cm3 of water was adjusted to 
pH 6 by the addition of sodium hydroxide aqueous solution. 
This was added to a hot solution (ca. 65 °C) containing 2.0 g 
of cobalt(II) chloride hexahydrate in 30 cm3 of water. 3.0 g 
of lead dioxide and 0.5 g of activated charcoal were gradually 
added to the solution which was then stirred at 65 °C for 
30 min, the color of the solution turning violet. After the 
mixture had been filtered, the filtrate was passed through an 
anion-exchange column and then a cation-exchange column 
in order to obtain a solution containing the neutral species 
which are the isomers of [Co(L-asp)(L-smc)]. Chromato­
graphic separation was carried out by a method similar to 
that for [Co(D-asp)(L-met)], using a column of QAE-Sepha-
dex A-25 (CI- form, 3.3x250 cm). Three colored bands, 
purple (H-l), dark violet (H-2), and light purple (H-3) were 
eluted in succession. The H-2 isomer followed closely after 
the H-l isomer. The three eluates were separately concen­
trated to dryness in a rotary evaporator below 30 °C. Each 
crude product was recrystallized from as little water as pos­
sible by addition of ethanol. The H-3 isomer formed needle 
crystals whereas the H-l and H-2 isomers were powdery. 
Found for H- l : C, 25.42; H, 4.69; N, 7.30%. Calcd for 
Co(L-asp)(L-smc)] • 3H20=CoC8H1 3N206S• 3 H 2 0 : C, 25.40; 
H, 5.06; N, 7.41%. Found for H-2: C, 24.76; H, 4.68; 
N, 7.27%. Calcd for [Co(L-asp) (L-smc)].3.5H20 = Co-
C8H13N206S-3.5H20: C, 24.81; H, 5.20; N, 7.23%. Found 
for H-3: C, 26.27; H, 4.76; N, 7.64%. Calcd for [CO(L-
asp) (L-smc)]-2H 20=CoC 8H 1 3N 20 6S2H 20: C, 26.67; H, 
4.76; N, 7.78%. 

{o-Aspartato)(S-methyl-L-cysteinato)cobalt(III), \Co(~D-asp)(h-
smc)] : The preparation was carried out according to a 
method similar to that for [Co(L-asp)(L-smc)]. Chromato­
graphic separation was accomplished according to a method 
similar to that for [Co(L-asp) (L-met)], using a column of 
Dowex 50W-X8 (Na+ form, 200—400 mesh, 3.0x120 cm). 
Three colored bands, purple (1-1), gray-violet (1-2), and light 
purple (1-3) were eluted in succession. The 1-2 isomer fol­
lowed closely after the 1-1 isomer. The three eluates were 
separately concentrated to dryness in a rotary evaporator 
below 30 °C. The 1-2 and 1-3 isomers were recrystallized 
from hot water and the 1-1 isomer was recrystallized from as 
litlte water as possible by adding ethanol. The 1-2 isomer 
was sparingly soluble in water. The 1-2 isomer formed needle 
crystals and the 1-3 isomer cubic crystals whereas the 1-1 
isomer was powdery. The yields of the 1-1 and 1-2 isomers 
were rather small. Found for 1-1 : C, 26.50; H, 4.90; N, 
7.72%. Calcd for [Co(D-asp) (L-smc)]. 2H20=CoC8H1 3-
N206S • 2H 2 0 : C, 26.67 ; H, 4.76; N, 7.78%. Found for 1-2 : 

C, 29.31; H, 4.08; N, 8.57%. Calcd for [Co(D-asp)(L-
smc)] = CoC8H13N206S: C, 29.64; H, 4.04; N, 8.64%. 
Found for 1-3: C, 27.78; H, 4.58; N, 8.22%. Calcd for 
[Co(D-asp)(L-smc)]-H20=CoC,H13N206S.H20: C, 28.08; 
H, 4.42; N, 8.19%. 

Measurements. Electronic absorption spectra were 
measured with a JASCO UVIDEC-1 spectrophotometer in 
aqueous solution. CD spectra were recorded with a JASCO 
J-20 spectropolarimeter. Proton magnetic resonance spectra 
were recorded in deuterium oxide or trifluoroacetic acid 
(CF3COOH) on a JEOL JUM-MH-100 NMR spectrometer 
with DSS as an internal reference. All measurements were 
carried out at room temperature. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra and Configurational Assignment. 
Three geometrical isomers are possible for the present 
[Co(N)2((D)3(S)] type complex because of the stereo-
specific regulation by the coordinated terdentate 
ligands. The three isomers for each of [Co(L-asp)(L-
met) ] , [Co(D-asp) (L-met)], [Co (L-asp) (L-smc)], and 
[Co(D-asp)(L-smc)] are shown in Fig. 1. The isomers 
are designated as trans (N), trans (SO), and trans (SN) with 
respect to the coordinated atoms, N, O, and S. The 
absorption spectra of the isomers of [ C O ( L - or D-asp)(L-
met)] are shown in Fig. 2 and their data are summarized 
in Table 1. For all the isomers the first absorption bands 
are located at around 19000 c m - 1 and the charge 
transfer bands due to the coordinated sulfur atoms at 
around 33000 c m - 1 . The second absorption bands 
appear as shoulders on the lower energy side of the 
thioether charge transfer bands. The shape of the first 
absorption band for each of the isomers can be expected 
from the semi-empirical calculation15) on the basis of 
the ligand field order N > S > 0 . 1 6 ~ 1 8 ) The first absorp­
tion band of the trans(N) isomer is expected to show a 
well separated minor component on the lower energy 
side of the major one, that of the trans (SN) isomer a 
broad band, and the trans(SO) isomer a sharp band. As 
seen in Fig. 2 and Table 1, the F-l isomer of [Co(L-asp) -
(L-met)] shows an explicit shoulder on the lower energy 
side of the major peak (19600 c m - 1 ) , and the G-l 
isomer of [Co(D-asp) (L-met)] a peak on the lower energy 
side of the major one (19600 c m - 1 ) . Thus F-l and G-l 
isomers are assigned to trans(N) form. The similar 
splitting pattern was also observed for the trans(N) 
isomers of [Co (L-met) 2]+, 3> [Co (L-smc) 2]+,12) and [ C O ( L -
asp) 2 ] _ . 1) The F-2 isomer of [Co(L-asp) (L-met)] shows 
a broad band and the G-2 isomer of [Co(D-asp) (L-met)] 
a broad band with a vague shoulder on the higher 
energy side, while the F-3 isomer of [Co(L-asp) (L-met)] 
and the G-3 isomer of [Co(D-asp) (L-met)] show ap­
parently a sharp band. These absorption patterns 
indicate that the F-2 and G-2 isomers are trans (SN) 
form and the F-3 and G-3 ones trans (SO) form in 
accordance with the expected splittings which were 
estimated semiempirically.15) A similar treatment was 
successfully applied to the isomers of bis[(2-aminoethyl-
thio)acetato]cobalt(III) complex.18) The present assign­
ment is in line with that based on the P M R spectra 
(vide post). The absorption spectra of the isomers of 
[ C O ( L - or D-asp) (L-smc)] are shown in Fig. 3 and their 
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Fig. 1. Three geometrical isomers of [Go(L-asp)(L-met)] (a), [Go(D-asp)(L-met)] (b), 
[Go(L-asp)(L-smc)] (c) and [Go(D-asp)(L-smc)] (d). 

TABLE 1. ABSORPTION DATA OF ISOMERS OF [GO(L- or D-asp)(L-met)] AND [GO(L- or D-asp)(L-smc)] 

Wave numbers and log e values (in parentheses) are given in 103 cm - 1 and mol - 1 dm3 cm -1 , respectively. 

Isomer 

trans (N)-[Co (h-asp) (L-met)] 

*ra>w( JV)-[Co(D-asp) (L-met)] 

trans (N)-[Co (L-asp) (L-smc)] 

trans (N)-[Co (r>-asp) (L-smc)] 

trans (SN)-[Co (L-asp) (L-met)] 

trans (SN)-[Co(D-zisp) (L-met)] 

*ra>w(»SW)-[Co(L-asp) (L-smc)] 

trans (SN)-[Co (D-asp) (L-smc)] 

trans (SO)-[Co (L-asp) (L-met)] 

trans (SO)-[Co {o-asp) (L-met)] 

trans (SO)-[Co (L-asp) (L-smc)] 

trans(SO)-[Co{o-asp) (L-smc)] 

First 
absorption 

band 

16.8(1.60)a> 
19.6(1.93) 

16.7(1.76) 
19.6(1.97) 

16.7(1.73)a> 
19.6(1.99) 

16.4(1.67) 
19.6(1.93) 

18.9(2.15) 

18.2(2.00) 

19.2(2.22) 

18.5(2.14) 

18.5(2.15) 

18.9(2.28) 

18.2(2.22) 

18.7(2.29) 

Second 
absorption 

band 

26.3(2.13)a> 

26.3(2.23)a> 

26.3(2.09)a> 

26.3(1.99)a> 

26.7(2.34)a> 

26.3(2.27)a> 

26.7(2.33)a> 

26.3(2.26)a> 

26.3(2.07)a> 

26.3(2.14)a> 

26.3(2.06)a> 

26.7(2.05)a> 

Charge 
transfer 

band 

33.0(3.94) 
41.7(4.03)a> 
46.9(4.11) 
32.5(3.98) 
42.6(4.13)a> 
46.5(4.18) 
33.9(3.93) 
41.7(4.04)a> 
47.6(4.11) 
33.3(3.93) 
43.5(4.05)a> 
47.2(4.08) 
33.6(3.95) 
43.5(4.08)a> 
45.5(4.09) 
33.3(3.95) 
43.5(4.10)a> 
45.2(4.11) 
34.5(3.93) 
43.5(4.10)a> 
46.7(4.17) 
33.9(3.94) 
42.6(4.13)a> 
47.8(4.16) 
32.9(4.02) 
45.5(4.18) 
33.2(4.02) 
45.2(4.13) 
33.1(3.95) 
45.7(3.95) 
33.6(3.93) 
45.0(4.10) 

a) A shoulder. 



410 Takashi ISAGO, KOZO IGI, and Jinsai HIDAKA [Vol. 52, No. 2 

a/103 cm-1 

Fig. 2. Absorption spectra for the isomers of [Co(L-asp)-
(L-met)] (A); F-l ( ), F-2 ( •), and F-3 ( ) 
and [Co(D-asp)(L-met)] (B); G-l ( ), G-2 ( • ) , 
andG-3 ( ). 

a/103 cm-* 

Fig. 3. Absorption spectra for the isomers of [Co (L-asp)-
(L-smc)] (A); H-l ( ), H-2 ( ) and H-3 ( ) 
and [Co(D-asp)(L-smc)] (B); I-l ( •), 1-2 ( ), and 
1-3 ( )• 

data are summarized in Table 1. The splitting behavior 
of their first absorption bands is very similar to that of 
the corresponding isomers of L-methioninato complex. 
Thus the H - l , H-2, and H-3 isomers of [Co(L-asp)(L-
smc)] are assigned to trans(SN), trans(N), and trans(SO) 
forms, respectively. As for the [Co(D-asp)(L-smc)]} the 

I - l , 1-2, and 1-3 isomers are assigned to trans(SN), 
trans(N), and trans{SO) forms, respectively. 

Proton Magnetic Resonance Spectra. Proton magnetic 
resonance spectra of the isomers isolated were measured 
in D 2 0 or trifluoroacetic acid. Representative spectra 
are shown in Fig. 4. The sulfur atom of a thioether 

(a) 

AK>J Njv* 

(f) 

vV/Aj 
(5/ppm from DSS 

Fig. 4. The representative PMR spectra for the isomers of [GO(L- or D-asp)(L-met)] 
and [CO(L- or D-asp)(L-smc)] : (a) *ra^(,SO)-[Co(L-asp)(L-met)] in CF3COOH, 
(b) *ran^(£0)-[Co(L-asp)(L-smc)] in D 2 0 , (c) tom.r(JV)-[Co(L-asp)(L-met)] in D 2 0 , 
(d) fra>w(iV)-[Co(L-asp)(L-smc)] in D 2 0 , (e) trans (SN)-[Co (n-asp)(L-met)] in DaO 
and (f) trans(SN)-[Co(T>-asp) (L-smc)~\ in D 2 0 . 
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ligand becomes chiral by coordination, leaving on itself 
a single lone-pair which can give a fixed configuration 
for the donor center at ordinary temperature.14) The 
sulfur atom of L-methioninate or S-methyl-L-cysteinate 
should take R or S configuration after coordination. 
Taking the chiral sulfur atom into consideration, two 
isomers of another type are expected for each of the 
three geometrical isomers. Each reacted solution was 
separated chromatographically into three bands (trans-
(N), trans (SN), and trans (SO) isomers), the detailed 
fractions of each separated band showing similar CD 
spectra. This suggests that the isomers due to the 
configuration R or S of the chiral sulfur atom are not 
separable from each other by the present procedure or 
the sulfur atom is coordinated stereoselectively. As seen 
in Figs. 4 and 5, the F-3, G-3, H-3 , and 1-3 isomers 
assigned to trans (SO) from their absorption spectra 
show a single peak (1.87[1.88] ppm for F-3 , [2.00] ppm 
for G-3, 1.90 ppm for H-3 and 1.98 ppm for 1-3. 
Chemical shifts in trifluoroacetic acid are shown in the 
brackets) in the 5-methyl proton region, respectively. 
It seems that sulfur atoms of these isomers selectively 
take either R or S configuration. Molecular model 
constructions indicate that the S-methyl group of 
trans (SO) isomer has a significant steric interaction with 
the amino group of L- or D-aspartate chelate when the 
sulfur atom takes R configuration, while no interaction 
arises for S configuration. A similar result was obtained 
for the sulfur atoms of trans(S)-[Co('L-^mc)^Jr 12,13> which 
has a similar framework to the present trans (SO) isomers. 
On the other hand, the F-2, G-2, H - l , and 1-1 isomers 
assigned to trans (SN) show two peaks (2.27, 2.16 p p m 
for F-2; 2.13, 2.25 ppm for G-2; 2.19, 2.33 ppm for H - l , 
and 2.21, 2.26 ppm for 1-1) in the S-methyl proton 
region, respectively (Figs. 4 and 5). The results indicate 
that each of the isomers contains the sulfur atoms of 
both R and S configurations. Molecular models reveal 
that the sulfur atoms of trans (SN) isomers can easily 
coordinate in both configurations R and S (Fig. 1). The 
F-l and G-1 isomers assigned to trans(N) show a single 
peak (1.82 ppm for F-l and 1.79 ppm for G-1) due to 
the ^-methyl protons of L-methioninate, respectively. 
These trans(N) isomers seem to take R configuration, 
since the ^-methyl group is S configuration interacts 
with the amino group of L- or D-aspartate (Fig. 1). 
However, the H-2 and 1-2 isomers assigned similarly 
to trans(N) show two peaks (1.91, 1.80 ppm for H-2 and 
1.90, 1.78 ppm for 1-2) due to the S-methyl protons of 
S-methyl-L-cysteinate, respectively (Figs. 4 and 5). This 
indicates that both of the isomers contain the sulfur 
atoms of both R and S configurations. The difference 
between the /ra«.y(JV)-L-metriioninato and S-methyl-L-
cysteinato isomers is attr ibuted to the situation in which 
the steric interaction between the »S-methyl group in 
^-configuration and the adjacent amino group of 
aspartate is more serious in orientation of ^-methyl 
group for the six-membered chelate ring of L-methio-
ninato isomers than for the five-membered ring of S-
methyl-L-cysteinato isomers (Fig. 1). T h e consideration 
on the basis of their P M R spectra and molecular model 
constructions is in line with the structural arguments 
from their first absorption band patterns. 

2.3H 

2.2 \ 

2.1 J 

2.0 \ 

1.9-1 

1.8 

1.7 J 
(a) 

htrans(SN) J } 

•trans(SO) 

•trons(N) 

-trans(SO) H 

J 
trans(SO) 

trans(N) 

}trans[SN) 

Ltrons(SO) 
trans(N) 

(b) (c) (d) (e) (f) 

(5/ppm from DSS 

Fig. 5. The distribution of the S-methyl protons' chemi­
cal shifts: (a) [Co (L-asp) (L-met)],! (b) [Co(D-asp)-
(L-met)], (c) [Co(L-asp)(L-smc)], (d) [Co(D-asp)-
(L-smc)], (e) [Go(ida)(L-met)], and (f) [Co(ida)(L-
smc)]. 

The chemical shifts of S-methyl protons of the twelve 
isomers isolated are summarized in Fig. 5 with those of 
six isomers of (iminodiacetato)(L-methioninato) and 
(iminodiacetato) (S-methyl-L-cysteinato) cobalt (III).20) 
The P M R spectra were measured in D 2 0 except for 
trans (SO)-[Co(r>-asp)(iJ-met)~] which was measured in 
trifluoroacetic acid because of its low solubility in D 2 0 . 
The values can be arranged in order in accordance with 
their geometries (Figs. 1 and 5). The chemical shifts 
of the trans(N) isomers (F- l , G-1, H-2, and 1-2) and 
trans(SO) isomers (F-3, G-3, H-3 , and 1-3) appear in a 
higher magnetic field (1.7—2.0 ppm) than those of the 
trans(SN) isomers (F-2, G-2, H - l , and 1-1) (2.1—2.4 
ppm) . The chemical shifts of trans (SO) isomers are 
similar to those of trans(N) ones, though the former has 
a tendency to a slightly lower field (Fig. 5). This is 
understandable from the fact that the oxygen atom 
occupies the trans position to the sulfur atom for the 
trans (N) and trans (SO) isomers, whereas the nitrogen 

a/103 cm-1 

Fig. 6. CD spectra of trans(N) complexes: 
(L-met)] ( ), [Co(D-asp) (L-met)] ( ) 
(L-smc)]( ), and [Co(D-asp)(L-smc)] ( 

[Co (L-asp) -
[Co(L-asp)-

• ) • 
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TABLE 2. CD DATA OF ISOMERS OF [GO(L- or D-asp)(L-met)] AND [GO(L- or D-asp) (L-smc)] 

Wave numbers and Ae values (in parenthèse) are given in 103 cm-1 and mol"1 dm3 cm-1, respectively. 

Isomer 
First 

absorption 
band 

Second 
absorption 

band 

trans(SN) -[Go (D-asp) (L-smc)] 

trans(SO)-[Co(L-asp) (L-met)] 

trans (SO)-[Co {o-asp) (L-met)] 

trans (SO)-[Co (L-asp) (L-smc)] 

trans (SO) -[Go (D-asp) (L-smc)] 

20.0 (+1.04) 
17.2(-1.44) 
20.5 (+0.98) 

17.6(+1.48) 
20.6(-0.46) 
17.3(+0.43) 
20.2 (-0.83) 
17.5(4-2.52) 
20 .4 ( -0 .70 ) 
17.3(4-1-36) 
20.2 ( -0 .83) 

25.5(+0.24) 

26 .3 ( -0 .73 ) 

26 .8 ( -0 .59 ) 

25.1 (—1.05) 

24 .5 ( -0 .89 ) 

Charge 
transfer 

band 

trans (N)-[Co (L-asp) (L-met)] 

trans(N)- [Co (D-asp) (L-met)] 

trans (N)-[Co (L-asp) (L-smc)] 

trans (N)- [Co (D-asp) (L-smc)] 

trans (SN)-[Co (L-asp) (L-met)] 

trans(SN)- [Co (D-asp) (L-met)] 

trans (SN)-[Co (L-asp) (L-smc)] 

16.9(4-1.47) 
19.4(+1.90) 

16.6(4-1.86) 
19 .5( -0 .07) 
21.3(+0.07) 
16.9(+0.93)a> 
19.2(4-1.75) 
16.4(4-1.25) 
19 .2( -0 .52) 

16.5(+0.66) 
18.3(—1.55) 
20.5(+0.78) 
17.8(—1.29) 
20.5(+0.90) 

16.5(4-0.15) 
18 .0 ( -0 .20 ) 

24.4(+0.29) 

27.8(+0.33) 

24.1 (+0.44) 

25.0(+0.18) 
27.2(4-0.31) 

26.2 (+0.66) 

25.0(+0.34) 

26.7(+0.44) 

31.3(+2.65) 
35 .7( -8 .54) 
42.0 ( -0 .46) 
45.9(+12.7) 
29.9 (+0.38) 
35 .7 ( -6 .67) 
41.2(+8.26) 
35.5 ( -2 .33) 
40.0(+4.15) 
31.5 ( -0 .98) 
39.2 (+4.35) 
47.2 ( -2 .97) 
31.1 (+1.44) 
35.7 ( -5 .74) 
44.4(+19.5) 
30.3(+0.53) 
34.5 ( -6 .20) 
39.2 (+5.72) 
34.5 ( -5 .83) 
43.9(+14.2) 

34.4(-6.75) 
40.0+8.41) 
47.6(-8.41) 
38.5(+1.22) 
45.0(+12.5) 
34.5 ( -1 .90) 
44.1(4-13.1) 
32 .8 ( -13 .0 ) 
42.9(4-17.1) 
33 .3 ( -13 .5 ) 
42.9(+18.6) 

a) A shoulder. 

atom occupies the trans position for the trans(SN) 
isomers. The results are in line with the P M R spectra 
for the isomers of (L- or D-aspartato) (L-2,4-diamino-
butyrato) cobalt (III) complexes.19) In these complexes, 
the carbon proton adjacent to the coordinated nitrogen 
atom resonates at a higher magnetic field when oxygen 
atom occupies trans position to the nitrogen atom than 
when nitrogen atom occupies the same position. 

Circular Dichroism Spectra. The CD curves of 
trans(N)-[Co(h- or D-asp) (L-met)] and [ C O ( L - or D-asp)-
(L-smc)] are shown in Fig. 6 and their da ta are sum­
marized in Table 2. In the first absorption band region, 
the two L-aspartato complexes, [Co(L-asp) (L-met)] and 
[Co(L-asp) (L-smc)], show two positive CD bands which 
correspond to their absorption components (Table 1). 
This CD pattern is similar to that of trans(N)-[Co(L-
asp)2]~ x> and of ^w.S'(7V)-[Co(L-met)2].+ 3> T h e replace­
ment of the ligand L-aspartate by D-aspartate reveals 
a negative CD component at the higher energy side, 
though the positive CD band at the lower energy side 
remains unchanged. A similar CD behavior was ob­
served for the curves of trans(SN) isomers (Fig. 7 and Table 
2). In this isomer, however, the replacement of the D-
aspartate to L-aspartate reveals a positive CD component 
at the lower energy side in contrast with the case of 
trans(N) isomers, the CD band at the higher energy side 

remaining unchanged. The CD curves of trans (SO) 
isomers show a similar CD pattern ( + and — from the 
lower energy) to each other in the corresponding region, 
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Fig. 7. CD spectra of trans(SN) complexes : [CO(L-
(L-met)] ( ), [Co(D-asp) (L-met)] ( ), [CO(L-
(L-smc)] ( ), and [Co(D-asp) (L-smc)] ( •). 
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i i i i i i i » » » 

16 20 24 28 32 36 40 44 

cr/103 c m - 1 

Fig. 8. C D spect ra of trans(SO) complexes : [Co(L-asp)-
(L-met ) ] ( - • - • - ) , [ Co (D-asp) (L-met)] ( ) , [Co(L-asp)-
(L-smc)]( ), a n d [Co(D-asp)(L-smc)]( ) . 

though the positive CD band intensities significantly 
differ from each other (Fig. 8 and Table 2). This 
pattern might be related to the situation where the 
first absorption components of trans (SO) isomer are close 
to each other. These observations approximately 
suggest that the LL mixed or DL mixed type complexes 
of each of three isomers show a similar CD pattern 
regardless of L-methioninate coordination or S-methyl-L-
cysteinate one, the CD pattern depending mainly on 
the L- or D-aspartate coordination in the first absorption 
band region. 

The three isomers of [Co (L-asp) (L-met)] are very 
similar in framework to the corresponding isomers of 
[Co(L-asp)2]~ or [Co (L-met) 2]+. As an example, the 
trans (N) isomer of the mixed complex corresponds to 
frmy(7V)-[Co(L-asp)2]-, the trans (SN) isomer to trans-
( 05)-[Co (L-asp) 2 ] ~ and the trans (SO) isomer to trans (06) -
[Co(L-asp)2]~, respectively. The trans (SN) and trans (SO) 
isomers of [Co (L-asp) (L-met)] are quasiantipodal in 
framework as in the case of the trans(0$) and trans(06) 
isomers of [Co(L-asp)2]~. In fact, the CD curves of the 
trans (SN) and trans (SO) isomers reflect their antipodal 
relationship in the first and second absorption band 
region, though the trans (SN) isomer shows a positive 
CD band (16500 c m - 1 ) , which suggests a lowering of 
molecular symmetry or the vicinal CD contributions 
(Fig. 9). A similar consideration is also applicable to 
each pair of the trans (SO) and trans (SN) isomers of 
[Co(D-asp)(L-met)] or [ C O ( L - or D-asp)(L-smc)] (Figs. 7 
and 8). The quasiantipodal relationship in framework 
and CD curve is better for the DL mixed complexes than 
for the LL mixed ones, being especially good for the 
trans(SO) and trans(SN) isomers of [Co(D-asp)(L-met)]. 
From these observations in the first and second absorp­
tion band regions, it seems that the CD patterns of the 
complexes are understandable in relation to their 
frameworks so far as the present terdentate ligands are 
concerned. I t was suggested that the sulfur chirality of 

(A) 

- l h - \ / 

I I *• 
3 r / \ 

T ; \ (B) 

I \ I ' / I 
I ''• /* I 

-2h 1 f t f I 
16 20 24 28 

a/103 cm-1 

Fig. 9. The CD spectra for isomers of [Co(L-asp) (L-met)] 
(A) , [trans(N)( ) , trans(SN)( •), a n d trans(SO) 
( )] and [Co(L-asp)2]- (B), [trans(N)( ), cw(i\T)-
trans(05)( ), and cis(N)trans(06)( )]. 

the coordinated L-methioninate has large vicinal CD 
contribution in the first absorption band region.14) In 
the present case, however, the CD curves of trans(N)-
[Co(L-asp)(L-met)], in which the coordinated sulfur 
atom is assigned to R configuration, are similar to those 
of trans(N)-[Co(ia-a.sp)(L-smc)] which contains two 
kinds of chiral sulfur atoms, R and S configurations 
(Fig. 4 and Table 2). I t seems that in the present mixed 
complexes the framework of isomer determines 
dominantly the CD pat tern in the first absorption band 
region. In the thioether charge transfer band region 
(30000—35000 c m - 1 ) , the CD curves of the twelve 
isomers are classified apparently into two groups. 
L-Methioninato complexes show a positive CD band 
regardless of L- or D-aspartate coordination, though it 
is only a trend for the trans (SO) isomers. In contrast, 
no CD band appears for the S-methyl-L-cysteinato 
complexes (Figs. 6—8). The sulfur atoms of trans(N)-L-
methioninato complexes take R configuration and 
/raw<y(7V)-6'-methyl-L-cysteinato one contain two kinds of 
chiral sulfur atoms, R and S configurations. The 
trans (SN) isomers contain the sulfur atom of both R 
and S configurations for both the L-methioninato and 
S-methyl-L-cysteinato complexes. T h e trans (SO) isomers 
take only S configuration. From the information on 
their P M R spectra, it is assumed that the CD spectra 
in this region apparently depend mainly on L-methioni­
nate coordination or S-methyl-L-cysteinate one, though 
the influence of the CD bands in the highest energy 
region (35000—44000 cm - 1 ) should be taken into 
consideration. 
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From X-ray scattering measurements on ammoniacal aqueous solutions of copper(II) chloride at the NH3/Cu 
mole ratios of 4.8 and 5.0, four ammonia molecules at the equatorial position and other two water molecules at 
the axial one were found to be coordinated to a copper(II) ion at the distance of 2.03 and 2.33 A, respectively. 
The radial distribution curve obtained for an aqueous solution of copper(II) chloride saturated with ammonia 
(NH3/Cu=- 11.2) showed that a higher ammine copper(II) complex than the tetraamminecopper(II) ion is formed 
in the solution. The complex has a distorted octahedral form in which the equatorial Cu-N bond distance is 
1.93 A. The axial apices of the octahedron at the distance of 2.30 A are occupied by either an ammonia molecule 
and a water molecule or two ammonia molecules. The present study shows that the structures of the tetra- and 
higher-ammine copper(II) complexes in solution are different from those in crystal. 

A number of methods have been applied for inves­
tigating the formation of ammine complexes of copper-
(II) ion. For a long t ime the tetraamminecopper(II) ion 
has been believed to have a square planar structure. 
In 1968 Tomlinson and Hathaway1) studied the struc­
tures of pentaammine- and hexaamminecopper(II) salts 
in the solid state by means of electronic, ESR, and 
infrared spectra, together with magnetic moment 
measurements, and they suggested that the configuration 
of the pentaammine complex of copper(II) ion is a 
tetragonal pyramid and that the hexaammine complex 
has also the pentaammine moiety so that the complex 
should be described as Cu(NH 3) 5X. 2-NH 3 having a free 
ammonia molecule in the lattice. Romano and Bjerrum2) 
also proposed the tetragonal pyramid form for the 
pentaammine complex in aqueous solution. 

While numerous crystal structures have been reported 
for the tetraammine complexes of copper(II) ion,3-6) no 
structural data have been reported for the complex 
in solution. For penta- and hexaamminecopper(I I ) 
complexes, many powder X-ray data have been 
reported,7,8) but few crystallographic data are available 
because of low stability of the crystals. 

The present X-ray diffraction study for ammoniacal 
aqueous solutions of copper(II) chloride with the NH 3 / 
Cu mole ratios of 4.8 and 5.0 has been undertaken in 
order to clarify the structure of the tetraamminecopper-
(II) complex in solution. An aqueous solution of copper-
(II) chloride saturated with ammonia has also been 
examined to determine the structure of a higher-ammine 
complex of copper(II) . 

Exper imenta l 

Preparation and Analysis of Sample Solutions. The tetra­
ammine copper(II) chloride solutions were prepared by dis­
solving recrystallized copper(II) chloride (Wako Pure Chem­
icals. Co., reagent grade) into concentrated ammoniacal 
aqueous solutions (Wako Pure Chemicals. Co., reagent grade) 
and by adding gaseous ammonia (99.99%) to the solutions 
(A and B) in order to obtain prescribed stoichiometric ratios 
of NHj/Cu, in which the tetraaminecopper(II) ion is expected 
to be predominant in the solutions according to the formation 
constants of ammine copper(II) complexes.9) The dis­
tribution of the ammine complexes of copper(II) ion is shown 

n rAS y X,\ \—^T^ n 1 1—J 
-5 -4 - 3 - 2 - 1 0 1 2 
log {[L]/mol dm-*}, (L=NH3) 

Fig. 1. The distribution of copper(II) ammine complexes 
as a function of the free ammonia concentration by 
assuming the formation constants in the literature16) to 
be valid. 

in Fig. 1. An ammoniacal copper(II) chloride solution (C) 
of a high ammonia concentration was also prepared by intro­
ducing gaseous ammonia into a tetraammine copper(II) 
chloride solution to saturation (the NH,/Cu mole ratio was 
about 11). 

The concentration of the copper (I I) ion was determined 
both by EDTA titration using a BT indicator and by electro-
gravimetry as metallic copper on a platinum gauze. The 
results of the two different methods agreed each other within 
0.2%. The concentration of total ammonia was determined 
by the Kjeldahl method. The concentration of the chloride 
ion was determined from the stoichiometry of copper (I I) 
chloride. 

The density of the solutions was determined pycnometri-
cally. 

The compositions of the solutions are given in Table 1. 
X-Ray Scatterings. The X-ray diffractometer used, 

methods of measurements and data treatment have been 
previously described.10-12) Mo Ka radiation (A=0.7107Â) 
was used for the measurements. The measurements were 
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TABLE 1. THE COMPOSITION (g-atoms/dm3) AND THE STOICHIOMETRIC VOLUME V 

P E R C O P P E R ATOM IN T H E SOLUTIONS 

Solution 

A 
B 
G 

Cu 

2.108 
2.180 
1.541 

CI 

4.217 
4.360 
3.083 

N 

10.21 
10.87 
17.30 

O 

39.60 
39.91 
30.70 

H 

109.9 
112.4 
113.3 

NH3 

Cu 

4.8 
5.0 

11.2 

V 

7* 
787.6 
761.6 

1077.0 

Density 
g cm - 3 

1.171 
1.171 
1.055 

carried out over the range of 10<7?<^700 (20 is the scattering 
angle), corresponding to the range 0.31 Â_1<^j<^16.6 Â - 1 

^=4?rsin 6ß). Times required to accumulate 40000 counts 
at each angle were recorded. The whole angle range was 
scanned twice. The scattered intensities were corrected for 
background, polarization, absorption and Compton modified 
radiation, and then scaled to absolute units by conventional 
ways.10-12) The values of coherent, incoherent and anoma­
lous scatterings were the same as those used in previous 
papers.11»12) The reduced intensities i(s) obtained by sub­
traction of independent atomic scatterings from the scattered 
intensities thus deduced, were Fourier transformed into radial 
districution functions, D(r), after smoothing correction.12) 
Residual systematic errors appearing in the small r region 
of the D(r) curves were also corrected. The theoretical peak 
for a given atom pair i-j was calculated in the previous man­
ner.12) 

R e s u l t s a n d D i s c u s s i o n 

T h e scaled coherent intensity curves, the observed 
S'i(s) values, the Z)(r), and (D(r)— 4m2p0) curves where 
p0 is the bulk electron density obtained for solutions A, 
B, and C are shown in Figs. 2—5, respectively. 

Solutions A and B. As can be seen in Fig. 1, the 
tetraamminecopper(II) ion is the predominant species 
in solutions A and B. The D (r) and (D(r) —4nr2p0) cur­
ves obtained for the both solutions are very similar except 
for r > 5 Â and show four peaks around 1.0, 2 .1 , 3.3, and 
4.3 Â. T h e smallest broad peak around 1 Â is at tr ibuted 
to both O - H and N - H bonds within water and ammonia 
molecules, respectively. The peak centered at 3.3 Â is 
mainly at tr ibuted to the interaction between chloride 
ions and water molecules.13) 

T h e location of the second major peak at about 2.1 Â 
is consistent with interatomic distances between Cu(II ) 
and nitrogen atoms within the square-planar tetraam-
minecopper(II) ion in the crystalline state.3-6) However, 
the area under the peak was found to be larger than the 
area calculated from only four C u - N bonds. Therefore, 
it is expected that the copper complex may have an 
octahedral structure and the axial copper-l igand bond 
within the octahedral coordination may also contribute 
to the area under the peak. By assuming that the 
equatorial C u ( I I ) - N bonds are the same as those in 
the crystalline state, the interactions due to the four 
C u - N bonds were subtracted from the D(r) and (D(r) — 
4m2p0) curves. T h e values of 2.03 Â for the C u - N 
distance and 0.0020 Â2 for the temperature factor 
calculated from spectroscopic data14) were adopted for 
the calculation. T h e result is shown in Fig. 6 (fine solid 
line). A h u m p still remaining around 2.3 Â may be due 
to the axial copper(I I ) - l igand bonds. The location of 
this h u m p ruled out the possibility of axial C u ( I I ) - C l 

bonding, since the Cu-Cl distance was reported to be 
about 2.6 Â.15) It is therefore assumed that water 
molecules occupy the axial sites of Cu( I I ) . The C u -
OH2(axial) distance, as well as the Cu-NH3(equatorial) 
one, within the tetraamminecopper(II) complex were 
determined by the trial-and-error method so that 
subtraction of the calculated peaks of the assumed 
structure of the tetraamminecopper(II) complex from 
the D(r) and (D(r)—4:7ir2p0) curves led to a smooth 
background curve with no indication of any other 
intramolecular interactions in the first coordination 
sphere of copper(II) ion. From the analysis, we found 
that two water molecules should coordinate to the 
tetraamminecopper(II) ion in solutions A and B. 

Table 2 gives the final values estimated from the 

s/A-1 

Fig. 2. Scaled coherent intensity functions (circle) and 
calculated independent scatterings (solid line) for 
ammoniacal aqueous solutions of copper (I I) chloride. 
A. NH3 /Cu=4.8; B. NH3 /Cu=5.0; C. NH3/Cu=11.2. 
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Fig. 3. Observed s>i(s) values of solutions A, B, and C. 

2 r / Â 3 

Fig. 4. Radial distribution functions D(r) (solid line) 
and 4nr2p0 (dashed line) for solutions A, B and C. 

shape of the D{r) curve in Fig. 6. The broad peak at 
around 2.9 Â still left in the residual radial distribution 
curve (broken line) may be ascribed to the O - O bonds 
of bulk water. The maximum at 4.3 Â in the D(r) and 
(D(r)—4nr2p0) curves (Figs. 4 and 5) may include the 

r/Â 

Fig. 5. The (D(r)—47tr2p0) curves for solutions A, B, 
and C. 

25 

Fig. 6. (a). The D(r) curve for solution A (NH3/Cu= 
4.8). The fine solid line shows the residual curve 
obtained subtraction of theoretical peak shape for four 
Cu-Neq bonds from the D{r) curve and the broken 
curve the difference between the D(r) curve and 
theoretical peak shapes shown in (c). (b). The corre 
sponding (D(r)— 4m2p0) curve, (c). The theoretical 
peak shapes with the parameters given in Table 2. 

interaction between Cu(I I ) and water molecules within 
the secondary hydration shell,16) as well as the interac­
tion of trans-N'-N. 
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TABLE 2. THE FINAL PARAMETER VALUES FOR THE 

DISTORTED OCTAHEDRAL STRUCTURE OF THE 

TETRAAMMINE C O P P E R ( I I ) COMPLEX. 

T H E VALUES IN PARENTHESES A R E 

T H E I R ESTIMATED ERRORS 

Cu(NHs)I(OH,) t«+ 
Cu-Neq 

C u - O « 
cis-N^-N-^ 

N . - O 
Cl(H20) f i-

Cl-O 

ru 
A 

2.03(±0.02) 
2.33(±0.03) 
2.87(^0.05) 
3.09(±0.05) 

3.20(:h0.05) 

*u 
A* 

0.003 
0.005 
0.01 
0.01 

0.01 

w iJ 

4 
2 
4 
8 

6 

i 

•< 
IM 

o 

D
(r

 

Solution C. Figure 1 shows that the predominant 
species is a pentaamminecopper(II) ion in solution C. 
As can be seen in Figs. 4 and 5, the D{r) and (D(r) — 
4jcr2p0) curves for solution C show double peaks in the 
range of r=2.0—2.5 Â. The double peaks may be easily 
resolved into a peak with the maximum at about 1.95 Â 
and another one at about 2.3 A. Other peaks at 3.3 Â 
and 4.2 A also appeared in the curve C. 

The first small peak located at 1.0 A is due to the 
O - H bonds within water molecules and partly due to 
the N - H bonds within ammonia molecules. The peak 
at about 1.95 A may be ascribed to the C u ( I I ) - N 
bond in the square-plane and the peak at about 2.3 Â 
may be ascribed to the interaction between Gu(II) and 
the ligands at the axial sites. The peaks located at 3.3 A 
and 4.2 Â are mainly related to the C l - O and to the 
G u - O H 2 (in the second coordination layer) interactions, 
respectively, as previously described. 

After subtracting the appropriate intramolecular 
interactions within the tetraamminecopper(II) ion 
present, as well as O - H and N - H interactions in 
solution C, the second and third peaks of the residual 
curves (fine solid line in Fig. 7) were analyzed for 
determining the structure of a higher-ammine complex 
of copper ion as illustrated in Fig. 7. The clearly defined 
peak at 1.93 A was assigned to the equatorial C u - N 
distance and the area under this peak gave four C u - N 

TABLE 3. THE FINAL PARAMETER VALUES FOR THE 

DISTORTED OCTAHEDRAL STRUCTURE OF THE 

Cu(NH3)5X2+ ( X = N H 3 or H 2 0) 
T H E VALUES IN PARENTHESES A R E 

T H E I R ESTIMATED ERRORS 

Gu(NH,)BX»+ 
Cu-Neq 

Cu-Nax 

Cu-X a x 

m-Neq...Neq 

N e q - N a x 

N e q - X a x 

C1(H20)6-
Cl-O 

A 

1.93(±0.02) 
2.30(±0.03) 
2.30(±0.03) 

2.73(+0.05) 
3.00(±0.05) 
3.00(±0.05) 

3.20(±0.05) 

A» 

0.003 
0.005 
0.005 

0.01 
0.01 
0.01 

0.01 

nu 

4 
1 
1 

4 
4 
4 

6 

< 

r 

(c) 
N- -H 

Cu 

0 -

- N a 

-H 

Cu-

Xv ^ 
-Noq 

^ C u -

\5U 
Naxo 

- o a x 

Cl-O 

^Neq-Oax 

^ClsNeq — Neq 
~Neq— Na* 

r/A 

Fig. 7. (a). TheZ)(r) curve for solution C (NH3/Cu= 
11.2). The fine solid line ( •) shows the residual 
curve obtained by subtracting the contribution of the 
tetraamminecopper(II) ion from the D{r) curve, the 
chain line (-•-•-) gives the difference between the 
residual curve and the calculated peak shape for four 
Cu-Neq bonds and the broken line ( ) the residual 
curve obtained by subtraction of the theoretical peak 
shapes shown in (c) from the residual curve. 
(b). The corresponding (D(r)—47ir2p0) curve, (c). The 
theoretical peak shapes with the parameters given in 
Table 3. 

bonds per Cu( I I ) . The distance and the number of 
the axial copper(II) - l igand bonds were estimated after 
subtraction of the four equatorial C u - N interactions 
from the D(r) curve. The resulting curve is drawn by 
the chain line ( ) in Fig. 7. The area under the 
peak at 2.3 Â corresponded to the C u - N H 3 and C u - O H 2 

bonds with an equal distance (see Fig. 7c), if it is 
assumed that the pentaamminecopper complex is 
formed. However, it must be noted that another 
assumption of the formation of the hexaamminecopper 
complex can equally well explain the data . The final 
parameter values thus determined are summarized in 
Table 3. The residual radial distribution curve after 
subtraction of all the intramolecular interactions of the 
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species is shown in Fig. 7 with dashed lines. The broad 
peak remaining at about 2.9 Â in the residual radial 
distribution curve may be due to the O - O interactions 
within bulk water. The maximum at 4.3 Â in the 
D(r) curve (Fig. 4, curve C) may be at tr ibutable to the 
interaction between Cu(II) and water molecules within 
the secondary hydration shell. 

Although it is not conclusive whether the copper(II) 
ion combines with five ammonia molecules and a 
water molecule or with six ammonia molecules in 
solution G, it is obvious that the complex present in the 
solution has not a tetragonal-pyramidal form, but a 
distorted octahedral structure. 

In the hexaaquacopper(II) ion the C u - O H 2 -
(equatorial) distance is 1.94 Â17> and the C u - N H 3 -
(equatorial) one within the te t raamminecopper(II) 
complex is 2.03 A. However, we observed that the 
Cu-NH3(equatorial) distance is shortened to 1.93 Â by 
further combination of ammonia molecules with the 
tetraamminecopper(II) complex. Although the reason 
of the change in the bond distance is not clear yet, it 
may be due to the lowering of the symmetry of the 
complex ion. The electron density of the bonds between 
the central copper(II) ion and the ammonia molecules 
at the equatorial position may also be changed with 
varyingligand molecules at the axial position. This may 
reflect to the change in the bond distances between the 
copper(II) ion and ligand molecules. 
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Single Crystal Growth of Zirconium Nitride by Modified Filament-Method 
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Single crystals of zirconium nitride (ZrN) have been grown by the modified filament-method from a gas 
mixture of ZrCl4 , N2 , H 2 , and Ar. T h e cubic crystals grew at 2000—2200 °C with a gas flow ratio 2N2 /ZrCl4 of 
2—6, and evaporation of ZrN took place above 2400 °G. Linear growth rates along the < 1 0 0 > direction have 
been measured in terms of sequential micrographs, and at tained a maximum of 60—75 ^m/min at 2100—2200 °G. 
T h e atomic ratio N/Zr of grown crystals increased with an increase of the flow ratio 2N2 /ZrCl4 , and reached a 
constant of 0.93 above the flow ratio of 3. 

Z i r c o n i u m n i t r i d e , a r e p r e s e n t a t i v e in te r s t i t i a l c o m ­
p o u n d of NaC. l - type s t r u c t u r e , lias d e s i r a b l e p r o p e r t i e s 
such as h i g h m e l t i n g p o i n t (2982 °C^ 3700 ± 7 0 °C 
a t P N i 60 a t m 2 ) ) , h i g h h a r d n e s s ( ^ 2 5 0 0 kg/mm 2 ) , 3 > 
m e t a l l i c c o n d u c t i v i t y a n d h i g h resis t ivi ty a t h i g h 
t e m p e r a t u r e . 

T h e p r e p a r a t i o n of s ingle crys ta ls of re f rac to ry 
c o m p o u n d s is difficult b e c a u s e of the h i g h m e l t i n g p o i n t . 
C r y s t a l g r o w t h u s ing a floating zone t e c h n i q u e 4 ) is t h e 
on ly w a y b y w h i c h s ingle crys ta ls h a v e b e e n successfully 
g r o w n . S ing le crys ta ls of t h e n i t r ide , 5 ) d i b o r i d e , 6 ) a n d 
c a r b i d e 7 ) of t i t a n i u m h a v e b e e n g r o w n b y t h e a u t h o r s 
u s i n g a mod i f i ed filament-method, w h i c h ha s t h e 
a d v a n t a g e s of s i m p l e p r o c e d u r e a n d a p p a r a t u s . I n th is 
p a p e r , t h e s ingle c rys ta l g r o w t h of z i r c o n i u m n i t r i d e 
b y t h e modi f i ed f i l a m e n t - m e t h o d wi l l b e d e s c r i b e d . 

E x p e r i m e n t a l 

Apparatus and Growth Procedure. The appara tus is ana­
logous to tha t used in previous experiments on t i tanium nitride 
crystal growth.5* A tungsten filament (99.0% pure) 30 m m 
long and 0.3 m m thick was tightly bound to iron electrodes 
5.8 m m thick. Another short tungsten wire of 0.3 m m diam­
eter was twisted around the tungsten filament (one and a 
half turns) and the tips cut slantwise with a separation of 
0.3—1.0 m m from the filament and pointing towards the gas 
inlet. T h e filament was located in a horizontal reaction tube 
(24 m m in i.d.) which was heated to 400 °C by a nichrome 
heater thereby keeping zirconium tetrachloride in the vapor 
phase. Zirconium tetrachloride was prepared by the chlorina-
tion of zirconium sponge (99.9% pure) at 550 °G, and carried 
into the reaction zone by argon gas. T h e flow rate of zirco­
nium tetrachloride was calculated assuming quanti tat ive 
chlorination to the tetrachloride. Hydrogen and nitrogen 
were mixed with the zirconium tetrachloride stream near 
the filament. T h e surface tempera ture of the growing crystals 
was measured by an optical pyrometer through an observation 
window. 

Measurement of Linear Growth Rate. T h e growing crys­
tals were photographed using a stereoscopic microscope every 
10—20 s. A series of sequential micrographs is shown in 
Fig. 1. T h e linear growth ra te along the <^100^> direction 
was obtained as the gradient from the plot of edge length 
versus growth t ime. 

Atomic Ratio (N/Zr) in Crystals and the Lattice Constant. A 
collection of zirconium nitr ide crystallites was pulverized, and 
oxidized to zirconium dioxide at 1000 °G for 5 h in an oxygen 
flow. T h e atomic rat io N / Z r was calculated from the weight 
of zirconium nitride crystallites WZrli and zirconium dioxide 
WZr0t using the following equat ion; 

Fig. 1. Sequential micrographs of the growing crystals. 
Tempera tu re : 2000 °G, 2N 2 /ZrCl 4 : 5.4, 2H 2 /ZrCl 4 : 10, 
total flow ra t e : 3,0 cm3/s, growth t ime : (A) 0 min 
(starting of measurement) , (B) 4 min, (C) 15 min. 

N / Z r = 8 . 7 9 7 2 ( ^ Z r N / ^ Z r 0 l ) - 0 .7403. (2) 

T h e lattice constant was determined by X-ray diffraction 
using annealed silicon powder as internal standard. 

Micro-hardness. Micro-hardness was measured by a Vickers 
micro-hardness tester (Akashi, MVK-G) on the (100) and 
(111) facets of cubic and tetragonal pyramid crystals, re­
spectively. 

R e s u l t s a n d D i s c u s s i o n 

Crystal Morphology. T h e effect of g r o w t h t e m p e r a ­
t u r e a n d source gas flow r a t i o 2 N 2 / Z r C l 4 ( " N / Z r r a t i o " 
hereaf te r ) o n crys ta l m o r p h o l o g y is s h o w n in F i g . 2, in 
w h i c h t h e s u m of t h e flow ra tes of z i r c o n i u m te t r a -
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1600 1800 2400 2000 2200 
Temperature (°C) 

Fig. 2. Effect of the temperature and the flow ratio (2N2/ZrCl4) 
on crystal morphology. Total flow rate: 3.0 cm3/s, ZrCl4-fN2: 0.1 
cm3/s, 2H2/ZrCl4:3. 
( # ) Coatings or fine crystals, (A) tetragonal pyramid crystals, ( • ) 
polyhedral crystals, (Q) cubic crystals, (/\) arrow-like or dendritic 
crystals, ( X ) no-deposition. 
[A] Coating or fine crystal growth region, [B] tetragonal pyramid 
crystal growth region, [C] cubic crystal growth region, [D] arrow­
like or dendritic crystal growth region, [E] no deposition region. 

chloride and nitrogen was kept at 0.1 cm3/s and the 
gas flow ratio 2H2 /ZrCl4 ( "H/Zr ra t io" hereafter) kept 
at 3. The crystal morphology varied with increase in 
growth temperature in the following order; polycry-
stallite or fine crystal, tetragonal pyramid, cubic, and 
arrow-like or dendritic. Cubic crystals grew in the 
temperature range of 2000—2200 °C and at a N/Zr 
ratio of 2—6. Above 2400 °C, the crystals did not grow 
and crystallites which had been deposited at a lower 
temperature gradually disappeared. Concerning the 
evaporation of zirconium nitride, Hoch et al.8) have 
investigated the evaporation in the temperature range 
of 2236—2466 K. Extrapolating the data of Hoch et al. 

to 2400 °C, the evaporation rate is given by the curve B 
in Fig. 8, and is as fast as 85 urn/min at 2400 °C. This 
evaporation temperature is 200 °C higher than that of 
t i tanium nitride.5) 

The effect of growth temperature and H/Zr ratio on 
crystal morphology is shown in Fig. 3, in which the 
N/Zr ratio was kept constant at 4. The growth regions 
of the pyramidal and arrow-like or dendrit ic crystals 
spread to the hydrogen-rich region (Fig. 3, regions B 
and D) . Cubic crystals grew in the temperature range 
of 2100—2300 °C under a H/Zr ratio below 40. 

In Figs. 4 and 5, the representative morphologies of 
zirconium nitride crystals are shown. Large cubic or 
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Fig. 3. Effect of the temperature and the flow ratio (2H2/ZrCl4) on 
crystal morphology. Total flow rate: 3.0 cm3/s, 2N2/ZrCl4: 4. [F] 
polyhedral crystal growth region. Signes and other notations are 
the same as those of Fig. 2. 
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(A) 

(B) 

(G) 

(D) 

Fig. 5. Cubic crystal grown on the tip of tungsten wire. 

Fig. 6. Square pillar crystals. 

Fig. 4. Representative morphologies of zirconium nitride 
crystals. (A) cubic crystal, temperature: 2000 °C; 
2N2/ZrCl4:4, (B) tetragonal pyramid crystals, (C) 
tetragonal pyramid crystal, temperature: 1800 °C; 
2H2/ZrCl4 : 4, (D) arrow-like and dendritic crystals, 
temperature: 2300 °C; 2N2/ZrCl4: 4. 

tetragonal pyramidal crystals grew from the tips of the 
tungsten wire, after initial deposition of a few nuclei 
(Fig. 5). The largest single crystals obtained in this 
work were 3 m m in edge length for cubic crystals and 
3.5 mm for tetragonal pyramids for 90 min growth under 
a condition of G- and B-regions in Fig. 2, respectively. 
Square pillar crystals of 10 [im thickness and 1 m m 
length, on which short pillar crystals branched perpen­
dicularly, were obtained by chance on the filament 
close to the bound point of the electrodes (Fig. 6). 
X-Ray diffraction profiles of the pillar crystals are 
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Fig. 7. X-Ray diffraction profiles (A) ZrN-ASTM (No. 
2-956), (B) pulverized from crystallites, (C) a square 
facet of cubic crystal, (D) square pillar crystals set aside 
along the growth axis. 

shown in Fig. 7D, together with those of pulverized 
crystallites (Fig. 7B) and the square facet of a cubic 
crystal (Fig. 7C). The pillar crystal was suspended in a 
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growth rate in <^100^> direction. Total flow rate: 
3.0 cm3/s, 2N2/ZrCl4: 4, 2H2/ZrCl4: 15. (B) Evapora­
tion rate.8) 

drop of water, poured on to a holder plate and dried. 
Thus, the growth axis of the pillar crystals may be 
regarded as parallel to the holder plate. The two strong 
peaks in Fig. 7D have been assigned as (200) and (220) 
of the cubic lattice and thus, the growth direction is 
considered to be < 1 0 0 > . 

Linear Growth Rate. Dependence on Temperature: 
The linear growth rate along the < O 0 0 > direction of a 
cubic crystal was measured in the temperature range 
of 1700—2400 °C as shown in Fig. 8, in which the N/Zr 
and H/Zr ratios were kept constant at 4 and 15, respec­
tively. The growth region for tetragonal pyramid 
crystals is below 1900 °C and for arrow-like crystals 
above 2250 °G, as seen in Fig. 2. T h e linear growth rate 
along the < 1 0 0 > direction in the temperature range 
was measured as follows; a few small cubic crystals 
were deposited on the tip in the temperature range C 
in Fig. 2, followed by decreasing or increasing the 
temperature to that of measurement. The growth rate 
increased with the increase of temperature and reached 
a maximum (about 75 um/min) in the temperature 
range 2100—2200 °G, and decreased above 2200 °C. 
Dispersion of the data may be attr ibuted to fluctuation 
of the nucleation site, the size and the orientation of the 
crystals, and the temperature of the growing crystals. 

Dependence on N/Zr Ratio: The effect of the N /Zr 
ratio on the linear growth rate along the <100]> 
direction was examined, where the sum of the flow 
rates of zirconium tetrachloride and nitrogen, and the 
H/Zr ratio were kept constant at 0.1 cm3/s and 10, 
respectively. The maximum growth rates of 60 and 
35 [xm/min were measured under a N/Zr ratio of 2—3 
at 2100 °C and 1.5—2.5 at 1900 °C, respectively. These 
values are in agreement with that of the poly crystalline 
growth of zirconium nitride from the same gas mixture 
at 1150 °C.9> 

Dependence on H/Zr Ratio : The effect of the H /Zr ratio 
on the linear growth rate was examined, where the 
N/Zr ratio was kept constant at 4. T h e linear growth 
rate increased with increase of the H /Zr ratio and the 

maximum was at a ratio as high as 15—18 at 2100 °C, 
the rate decreasing abruptly above these ratios. At a 
H/Zr ratio above 40, that is, a low flow ratio of zirconium 
tetrachloride, the growth rate along the < 1 1 1 > 
direction predominated resulting in arrow-like or 
dendritic growth. 

Dependence on the Total. Flow Rate : T h e effect of the 
total flow rate on the growth rate along the <C100^> 
directions was examined, where N/Zr and H/Zr ratios 
were kept constant at 4 and 10, respectively, and the 
temperature at 2000 °C. The growth rate increased 
with increase of the total flow rate approaching a 
constant value of 45 (xm/min above a flow rate of 
3 cm3/s which corresponds to a linear velocity at the 
growth temperature of about 5 cm/s. 

1.0 

2 0.9 

•" 0.8 L 

0.7 

« o_ o _ 0 JL_ 
4.5830 

^4.5810 

14.5790 

4.5770 
2.0 4.0 6.0 

2[N2]/[ZrCl4] 
8.0 

Fig. 9. Effect of flow ratio (2N2/ZrCl4) on the atomic 
ratio (N/Zr) and the lattice constant in ZrN crystals. 
Temperature: 2000—2100°C, total flow rate: 3.0cm3/s, 
2H2/ZrCl4: 15. 

The Atomic Ratio N/Zr in Crystals and Lattice Constant. 
The influence of the N/Zr ratio in input gas on the 
atomic ratio N/Zr in crystals and the lattice constant 
are shown in Fig. 9, in which the crystals were grown 
in the temperature range of 2000—2100 °C and with a 
H/Zr ratio of 15. The atomic ratio N/Zr in crystals 
increased with the increase of N/Zr ratio in input gas 
attaining a constant value of 0.93 at a flow rat io above 3. 
Zirconium nitride exists over a broad composition range 
corresponding to Z r N , , ^ ^ 0

10> and Z r N 1 5 4 - j 0 at 
1500 °C. n ) The stoichiometric composition of ZrN 
could not be obtained in the present work and the 
lowest atomic ratio N/Zr was about 0.83. 

The lattice constants of zirconium nitride crystals 
were 4.579 Â for a sample of N / Z r = 0 . 8 3 and 4.580 Â 
for that of 0.93. These values are slightly larger than 
those reported in the l i terature; i.e. 4.5755 Â ( N / Z r = 
0.89),12> 4.564 A (N/Zr = 1.0), 13> and 4.5755 Â ( N / Z r = 
0.93).14> The deviations of the constants from the 
li terature may arise from the presence of oxygen in the 
crystal lattice,15) although the presence of oxygen in the 
crystal was below the detectable l imit of electron probe 
microanalysis. 

Micro-hardness. Micro-hardness was measured 
on the (100) and (111) facets of cubic and tetragonal 
pyramid crystals, respectively. T h e hardness varied 
from 1500 to 1600 kg/mm2 , irrespective of the crystal 
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Fig. 10. Typical marks impressed on the (100) facet of 
a cubic crystal by a pyramidal diamond indenter in 
Vickers microhardness tester. 

facets. These values are somewhat smaller than fthat 
reported by Hill et #/.3) Typical marks impressed on the 
(100) facet of cubic crystals by a pyramidal d iamond 
indenter are shown in Fig. 10. Slip lines can be seen 
in the <^110^> direction irrespective of the orientation 
of the indenter, which is in agreement with the slip 
direction of t i tanium nitride.16) 
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Polysoap as a New Titrant for the Determination of Sodium 
Dodecylbenzenesulfonate by Colloid Titration 

Toshiro ONO, Haruo MIYATA, and Kyoji TÔEI* 
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(Received J u n e 12, 1973) 

A colloid ti tration method for the determination of sodium dodecylbenzenesulfonate (LAS) with poly(4-vinyl-
1-pentylpyridinium bromide) (polysoap) is described. The end-point detection is based on the measurement of 
turbidity, the transmittance at 420 nm or 680 nm being used for the determination. The most successful results 
were obtained by ti trat ing LAS (1—7.5 X 10 - 4 N) with 2.5 X 10 - 3 N polysoap solution. The puri ty of commercial 
LAS was found to be 31—84%. 

Col lo id t i t r a t i o n is w i d e l y used for t h e d e t e r m i n a t i o n 
of po lye lec t ro ly tes . U s u a l l y , C a t - F l o e ( p o l y ( d i a l l y l d i -
m e t h y l a m m o n i u m ch lo r ide ) ) a n d P V S K ( p o t a s s i u m 
poly (vinyl sulfate)) a r e used as p o l y c a t i on ic a n d po ly -
a n i o n i c t i t r a n t s , respect ively . 1 ) A n i o n i c su r f ac t an t s , 
howeve r , c a n no t b e t i t r a t e d w i t h C a t - F l o e , s ince 
C a t - F l o e c a n n o t fo rm p o l y i o n complexes w i t h a n i o n i c 
sur fac tan ts s t o i c h i o m e t r i c a l l y . 

W h e n a l o n g a l i p h a t i c c h a i n is i n t r o d u c e d i n t o t h e 
p o l y c a t i o n to e n h a n c e t h e b o n d i n g s t r e n g t h of po ly -
ca t i on i c t i t r a n t s w i t h s o d i u m d o d e c y l b e n z e n e s u l f o n a t e , 
t h e c h a i n is c o m b i n e d f i rmly w i t h t h e d o d e c y l g r o u p of 
t h e su r f ac t an t b y h y d r o p h o b i c b o n d i n g . A n a t t e m p t 
was m a d e to synthes ize a c a t i o n i c t i t r a n t b y i n t r o d u c i n g 
m e t h y l , e t hy l , p r o p y l , b u t y l , p e n t y l , h e x y l , o r oc ty l 
g r o u p in to p o l y ( 4 - v i n y l p y r i d i n e ) in o r d e r to fo rm po ly (4-
v i n y l - 1 - a l k y l p y r i d i n i u m h a l i d e ) . T h e l o n g e r t h e c h a i n , 
t h e s t ronge r t h e b o n d i n g s t r e n g t h , t h e so lub i l i t y in 
w a t e r d e c r e a s i n g . N o s t a n d a r d so lu t ion of hexy l a n d 
octyl de r iva t ives ( 2 . 5 X 1 0 - 3 N ) c a n b e p r e p a r e d s ince 
t hey a r e h a r d l y so luble i n w a t e r . T h u s , p o l y ( 4 - v i n y l - 1 -
p e n t y l p y r i d i n i u m b r o m i d e ) (po ly soap ) , syn thes ized b y 
M e n s c h u t k i n ' s reac t ion , 2 ) w a s used as a n e w c a t i o n i c 
t i t r a n t . I t c a n c o m b i n e w i t h s o d i u m d o d e c y l b e n z e n e ­
sulfonate (LAS) s t o i c h i o m e t r i c a l l y . F o r t h e t i t r a t i o n of 
L A S , t u r b i d i m e t r y 3 ) w a s used to obse rve t h e e n d - p o i n t 
a t w a v e l e n g t h s 420 or 680 n m . T i t r a t i o n w a s c a r r i e d 
ou t slowly n e a r t h e e n d - p o i n t . 

E x p e r i m e n t a l 

Synthesis of Polysoap. Poly(4-vinyl-1 -pentylpyridinium 
bromide) was synthesized as follows : An equimolecular mix­
ture of pentyl bromide(3 M) and 4-vinylpyridine(3 M) in 
nitrobenzene was refluxed a t 100 °C for several hours. After 
steam distillation to remove the nitrobenzene and the un-
reacted reagents, polysoap was obtained as a solid. 

Apparatus, Turbidi ty was measured with a Met rohm 
Spectrocolorimeter E 1009 equipped with a t i tration cylinder 
cell (diameter 35 mm) , t i tration curve being recorded with a 
Metrohm Potentiograph E 336. p H was measured with a 
Hitachi-Horiba M 5 p H meter. 

Reagents. P V S K solution. Potassium poly (vinyl 
sulfate) (Wako Pure Chemical Industries Ltd. , degree of 
esterification 92.6%) was dissolved in distilled water to prepare 
a 2 . 5 X 1 0 " 3 N solution. The factor of the P V S K solution 
was determined by t i t rat ing a standard solution of 2.5 X 10~3 

N hexadecylpyridinium chloride monohydrate,4) stored for 
several days over a silica gel desiccator, using Toluidine Blue 
as an indicator. 

Polysoap solution. Poly(4-vinyl-l-pentylpyridinium bro­
mide) was dissolved in distilled water to prepare a 
2 . 5 X 1 0 _ 3 N solution. The solution (10 ml) was diluted to 
50 ml with distilled water in a 100 ml cylinder cell and ti trated 
automatically with the standardized P V S K solution using 
Toluidine Blue as an indicator. The t i t rat ion speed was 
0.37 ml m i n - 1 . The end-point was indicated by the in­
flection point of the transmit tance at 630 nm. 

Sample Solutions. S tandard LAS solution. Standard 
LAS (Wako Pure Chemical Industries Ltd. , p u r i t y > 9 9 % ) 
was dried in vacuo a t about 50 °C, and weighed. The s tandard 
LAS solution was prepared by dissolving the LAS in distil­
led water to a constant volume. 

Othe r LAS sample solutions were prepared in the same way 
as described above. 

Titration Procedure of LAS. LAS solution was ti trated 
directly with 2.5 X 10~3 N polysoap solution. A sample solu­
tion (2.5 x 10~3 N, 10 ml) in a 100 ml cylinder cell was diluted 
to 50 ml with distilled water, and t i trated with the polysoap 
solution under mechanical stirring. In order to follow the 
course of t i trat ion, the transmittance at 420 or 680 nm 
was measured and recorded automatically. I t is impor tant 
to mainta in a t i tration speed of 0.37 ml m i n - 1 near the end-
point. 

R e s u l t s a n d D i s c u s s i o n 

Standardization of Polysoap. F i g u r e 1 shows t h e 
in f luence of p H o n t h e t i t r a t i o n of p o l y s o a p w i t h a 
s t a n d a r d so lu t i on of P V S K . T h e va lues of m e q g - 1 a r e 
c o n s t a n t (3 .77 m e q g - 1 ) in t h e p H r a n g e 5 . 0 — 9 . 5 , 
d e c r e a s i n g g r a d u a l l y a b o v e 9 . 5 . S ince t h e p o l y s o a p is 
q u a t e r n a r y a m m o n i u m sal t , t h e va lues of m e q g - 1 

s h o u l d b e c o n s t a n t o v e r t h e w h o l e p H r a n g e 0 — 1 4 . 
A c t u a l l y , h o w e v e r , t h e p H r a n g e is r e s t r i c t e d . T h i s 

p H 

Fig. 1. Colloid t i tration results of polysoap. T i t r an t : 
1 X 10"3 N PVSK. Ti t ra t ing solution: 2 X 10~4 N polysoap. 
O Colorimetric, A conductometric. 
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TABLE 1. TITRATION VALUES OF STANDARD LAS SOLUTION 

[Vol. 52, No. 2 

LAS 
total concn 

Polysoap normality (NX 103) 

2.5 1.25 1 0.5 0.25 0.125 

7 5 X 1 0 - 5 N 

50 
25 
20 
15 
12.5 
10 
7.5 
5 
2.5 

2.84meqg-1(99.1%) 
2.85(99.!) 
2.85 (99.5) 

2.85(99.2) 

2.85(99.0 

2.78(97.!) 

2.78(97.!) 

2.77 (96.5) 
2.79(97.,) 

2.76(96.4) 

2.74(95.5) 
2.73(95.2) 
2.74(95.5) 
2.72(94.8) 2.68(93.5) 

2.69(93.,) 

Standard LAS (Wako Pure Chemical Industries, Ltd.; purity: more than 99%). 

suggests that the quaternarized reaction is incomplete, 
the t i tration results of 3.77 meq g _ 1 corresponding to 
96.7% of the expected value, 3.90 meq g _ 1 . T h e results 
obtained by the conductometric method4) with plat inum 
electrodes coincide with those of the photometric 
method as shown in Fig. 1. 

5 10 
Volume of titrant (ml) 

Fig. 2. Turbidimetric titration curve. Titrant: 1 X 10-3 

N polysoap. Titrating solution: 2 x 10~4N LAS (purity: 
more than 99%). 

Turbidimetric Titration of LAS. Figure 2 shows a 
ti tration curve for LAS (50 ml of 2 X 1 0 ~ 4 N ) ti trated 
with polysoap solution ( 1 X 1 0 ~ 3 N ) . The turbidity 
measured at 420 nm increases gradually with the 
progress of t i tration. Near the end-point the trans-
mittance decreases abruptly. The end-point was 
determined by the point where the reaction between 
polysoap and LAS finishes completely and the trans-
mittance becomes zero. T h e ti tration curve is repro­
ducible. The titration speed is 0.55 ml m i n - 1 until 
point (a) in Fig. 2, and subsequently, 0.37 ml m i n - 1 . 
When the ti tration speed is faster than 0.37 ml m i n - 1 

near the end-point, the results are not reproducible 
since the rate of reaction between polysoap and LAS 
is slow. When the concentration of LAS is above 2.5 X 
10 - 3 N LAS, the wavelength 680 nm is preferable. 

The ti tration results at various p H values are shown 
in Fig. 3. A constant value was obtained in the p H range 
4.5—10.5. For determination of the purity of LAS, 

PH 

Fig. 3. Coloid titration results of LAS. Titrant: 1 x 1 0 3 

N polysoap. Titrating solution: 2 X 10~4 N LAS. 

the LAS solution can be used as it is because of its 
neutrality. Titrat ion values of the standard LAS 
solution are given in Table 1. The concentration of 
LAS and polysoap is shown to have an effect on the 
titration value, when lower than 7.5 X 10 - 5 and 1.25 X 
10 - 3 N respectively, the results becoming lower than the 
calculated value. Titrat ion is impossible when the 
concentration of polysoap and LAS becomes higher 
than 10 - 2 and 10 - 3 N , respectively, since the solution 
becomes strongly turbid from the beginning of titration. 
The concentration of polysoap and LAS should be 
2.5 X 10-3 and 1—7.5 X 10~4 N, respectively. 

Purity of LAS. The purity of samples was 
determined under the conditions described above with 
a 2 . 5 x l 0 _ 3 N polysoap solution. The results of the 
analysis of commercial LAS are given in Table 2. The 

TABLE 2. DETERMINATION OF THE PURITY OF LAS SAMPLES 

Sampl 

A 

Bx 
B2 

G 
D 
E 
F 

LAS 

con­
centra­

tion 
mg/ml 

88.2/100 
432.2/500 
89.5/100 

218.8/250 
85.6/100 
91.3/100 
90.6/100 

" 
amount 

ml 

10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 

Polysoap 

normal-
. amount JYna mla) 

NX 10J 

2.402 3.74±0.01 
2.434 9.99±0.01 
2.402 8.85:10.01 
2.434 8.45±0.02 
2.434 8.23±0.01 
2.434 8.96±0.02 
2.402 9.03±0.01 

LAS 
purity 

/o 

35.3 
98.0 
82.8 
81.9 
81.6 
83.2 
83.4 

a) Average value of three determinations. 
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purity of Sample A, over twenty years old, was an 
abnormally low 3 5 . 3 % . Bx was an ultra pure reagent 
(Tokyo Kasei Kogyo Co. , L td . ) . The others were of 
chemical pure grade, the puri ty being 81—84%. 

Other Anionic Surfactants. As described in J I S K 
0102-1974, sodium bis(2-ethylhexyl) sulfosuccinate (SSS) 
is used as a standard substance for the determination 
of anionic surfactants in water. SSS can also be titrated 
by the present method. The purity of SSS was found 
to be 95 .7%. This is in line with the value 96 .3% 
confirmed by the J a p a n Oil Chemists' Society. 

O n the other hand, the titration values of sodium 
dodecyl sulfate (LS) varied with the concentration of 
LS. The titration curve of sodium myristate show no 

clear end-point. These anionic surfactants can not 
form stable poly ion complexes with polysoap. 

This work was supported in part by a Grant-in-Aid 
for Scientific Research from the Ministry of Education. 
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A Synthetic Study of the Solid Solutions in the Systems 
La2(C03)3-8H20-Ce2(C03)3-8H20 and La(OH)COa-Ce(OH)C03 

Hisanobu WAKITA* and Setsuko KINOSHITA 
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The solid solutions in the systems La2(C03)3-8H20-Ce2(C08)3 .8H20 and La(OH)C0 3-Ce(OH)C0 3 have 
been synthesized by the hydrolysis of the lanthanum-cerium trichloroaçetates. The X-ray diffraction data of 
the solid solutions of La^CO^g »81120-062(003)3*8H20 indicated a lanthanite-type structure while the data of 
La (OH) C03-Ce(OH) 0 O 3 indicated a bastnaesite-type structure. The correlations between lanthanite, bastnaesite, 
and calkinsite, and the lanthanite-bastnaesite transformation are discussed. 

Rare-earth carbonate minerals being mainly compos­
ed of l an thanum and cerium which have been reported 
are lanthanite, ( L a , C e ) 2 ( C 0 3 ) 3 ' 8 H 2 0 , calkinsite, (La, 
C e ) 2 ( C 0 3 ) 3 - 4 H 2 0 , and bastnaesite, (La,Ce)(F,OH) 
COg.1) Several double carbonate minerals, e.g., ancylite, 
(La,Ce) j t r(Sr,Ca)2- j t r(C03)2(OH) j t r-(2-A;)H20, have also 
been described. However, because of the rare occurence 
and preparatory difficulties the existence and relation­
ships between the minerals have not always been clear. 
The crystal structures of l an thanum carbonate octa-
hydrate, L a 2 ( C 0 3 ) 3 ' 8 H 2 0 , 2 ) and lanthanite, (La,Ce)2 

(C0 3 ) 3 -8H 2 0 , 3 ) have been determined from X-ray 
diffraction studies. Despite differences in the representa­
tions of the unit cell parameters and space group, they 
were found to be isostructural. The principal structural 
features are infinite layers of R E - 0 ( R E = L a , C e ) 
coordination polyhedra and C 0 3

2 ~ groups. However 
the disordering of l an thanum and cerium has not been 
confirmed in the lanthanite-type carbonates. Further­
more, in spite of the existence with lanthanite, calkinsite 
which is considered to be the solid solution of lan thanum 
and cerium has not yet been the subject of chemical 
and mineralogical studies. I t is not always apparent 
whether the structure of hydroxy-bastnaesite is isostruc­
tural with fluoro-bastnaesite or with ancylite (#=2).4 '5,13> 
Moreover, the existence of hydroxy-bastnaesite has not 
always been proposed. 

In order to investigate the above mentioned points, 
solid solutions of the carbonates, changing the molar 
ratio of l an thanum to cerium have been synthesized at 
various temperatures and pressures, and the products 
examined by X-ray diffractometry, thermal analysis, 
and infrared spectroscopy. 

E x p e r i m e n t a l 

Synthesis of Rare-earth Carbonates. There are several 
précipitants for preparing rare-earth carbonates: alkali carbo­
nates and bicarbonates, trichloroacetic acid, urea, etc.6*1*) Tri­
chloroacetic acid was used as a precipitant in the present 
work, since it gives good crystalline products. An appro­
priate amount of 0.1 mol dm - 3 lanthanum chloride solution 
and of 0.1 mol dm - 3 cerium chloride solution were mixed 
together, maintaining a total volume of 10 cm3. After the 
addition of a 5 cm3 portion of 2.0 mol dm - 3 trichloroacetic 
acid solution, the solution was adjusted with ammonia to 
pH 5—6 and the volume made up to 50 cm3 with water. The 
solutions were placed in a thermostatted bath for a week at 
temperatures ranging from 50 to 80 °G and in glass auto­
claves for four days at 100, 115, and 150 °G. The precipi­

tates were filtered off, washed with water and air-dried. 
X-Ray Powder Diffractometry. The X-ray powder dif­

fractions were recorded on a Rigaku Denki Geigerflex Dif-
fractometer, using Ni-filtered Gu Ken. radiation. 

Chemical Analysis. The carbonates were analyzed by 
igniting weighed samples in a muffle furnace at a temperature 
of ca. 1000 °G. Loss on ignition corresponds to the C02-f 
H 2 0 content of the sample. Both C 0 2 and H 2 0 were 
determined by the routine procedure for elemental analysis 
for organic compounds. The ignited oxides were dissolved 
in perchloric acid. The determination of lanthanum and 
cerium in the dissolved solution was conducted according to 
the conventional method. 

Infrared Spectra. The infrared absorption spectra of 
the carbonates were obtained by means of a JASGO IRA-1 
spectrophotometer, using KBr pellets and the nujol mull 
techniques. 

Thermal Analysis. The thermal decomposition proces­
ses of the carbonates were investigated with a Rigaku Denki 
Thermoflex thermalanalyzer. About twenty milligramme 
samples in shallow platinum crucibles were heated in air or 
in a stream of nitrogen at a heating rate of 5 °C/min. 

Electron Probe Microanalysis. The compositional ana­
lyses of the carbonates were conducted by means of a JEOL 
JXA-5 scanning electron microscopic analyzer, using the 
characteristic X-rays of La Let and Ce La. 

R e s u l t s and D i s c u s s i o n 

X-Ray Powder Diffractometry. The carbonates 
synthesized at 50 and 65 °G gave patterns similar to 
that of lanthanite, while the carbonates synthesized at 
100 °C (5.5 atm) and 115 °C (8 atm) gave patterns 
similar to that of bastnaesite. The carbonates synthe­
sized from lanthanum-rich solutions at 80 °C gave 
patterns consisting of those of lanthanite and bastnaesite. 
The molar ratio of lan thanum to cerium in the 
lanthanum-rich solutions was 6 or more. No precipitates 
appeared when the mixed solutions were kept at 150 °C. 
The X-ray data of the carbonates synthesized at 100 °C 
(5.5 atm) are shown in Table 1. An observed increase in 
d values with increasing molar ratio of lanthanum 
indicates that the carbonates formed solid solutions. 
Furthermore, when samples of the synthesized 
carbonates were physically mixed with the two end-
members {i.e. bastnaesite lanthnum and cerium car­
bonate) the position and intensity of the diffraction 
peaks from the synthesized material could be described 
as just the average and sum, respectively, of the two 
end-members. The electron probe microanalysis also 
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TABLE 1. X-RAY POWDER DATA FOR BASTNAESITE-TYPE CARBONATES 

rf(A) 
fUU 

002 
300 
302 
004 
330 
304 
332 
600 
602 
334 

«(A) 
<(A) 

LalO 

5.031 
3.661 
2.955 
2.504 
2.112 
2.066 
1.944 
1.827 
1.716 
1.612 

12.68 
10.06 

La8Ce2 

5.022 
3.655 
2.952 
2.505 
2.107 
2.064 
1.942 
1.825 
1.714 
1.611 

12.66 
10.04 

The abbreviations used in this table 
solutions (1 A=0.1 nm). 

La6Ce4 

5.002 
3.642 
2.942 
2.497 
2.100 
2.058 
1.936 
1.818 
1.709 
1.607 

12.62 
10.01 

are the figures 

La5Ce5 

5.000 
3.639 
2.939 
2.497 
2.098 
2.057 
1.934 
1.817 
1.707 
1.605 

12.61 
10.00 

? of molar 

La4Ce6 

4.994 
3.635 
2.936 
2.494 
2.096 
2.055 
1.933 
1.815 
1.706 
1.604 

12.59 
9.988 

La2Ce8 

4.991 
3.627 
2.932 
2.491 
2.092 
2.052 
1.929 
1.812 
1.702 
1.602 

12.56 
9.982 

CelO 

4.988 
3.622 
2.927 
2.489 
2.090 
2.051 
1.926 
1.810 
1.700 
1.601 

12.55 
9.976 

ratios of lanthanum and cerium in the 

*I*Q 

70 
90 

100 
15 
30 
45 
25 
10 
15 
10 

starting 

TABLE 2. CHEMICAL ANALYSIS OF SYNTHESIZED CARBONATES 

Lanthanite-type Bastnaesite-type 

La : Ce 
Mixed 

10 : 0 
8 : 2 
6 : 4 
5 : 5 
4 : 6 
2 : 8 
0 : 10 

La : Ce 
Found 

10 : 0 
7.88 : 2.12 
6.00 ; 4.00 
5.00 : 5.00 
3.95 : 6.05 
1.96 : 8.04 

0 : 10 

M 2 0 3 

1,00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

: C0 2 

: 3.09 
: 3.14 
: 3.18 
: 3.09 
: 3.10 
: 3.06 
: 2.98 

: H 2 0 

: 7.40 
. 7.74 
: 7.64 
: 7.91 
: 7.78 
: 7.79 
: 7.68 

La : Ce 
Mixed 

10 : 0 
8 : 2 
6 : 4 
5 : 5 
4 : 6 
2 : 8 
0 : 10 

La : Ce 
Found 

10 : 0 
8.02 : 1.98 
5.92 : 4.08 
5.02 : 4.98 
3.98 : 6.02 
2.00 : 8.00 

0 : 10 

M 2 0 3 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

: C0 2 

: 2.19 
: 2.12 
: 2.03 
: 2.08 
: 2.05 
: 2.15 
: 2.11 

: H 2 0 

: 1.84 
: 2.13 
: 2.39 
: 1.87 
: 2.15 
: 2.20 
: 2.27 

M 2 0 3 is the sum of lanthanum and cerium oxides. 

indicated that the bastnaesite-type carbonates formed 
solid solutions over the whole series. Assuming a 
hexagonal symmetry,12) the unit cell parameters, a and 
c, were calculated from 300 and 002 diffractions respec­
tively (Table 1). These cell parameters indicated, 
semiquantitatively, the molar ratios of lanthanum and 
cerium in bastnaesite-type carbonates. The shift of the 
diffraction peaks of the lanthanite-type carbonates were 
too small to analyze, however, the results of the electron 
probe microanalysis indicated that lanthanite-type 
carbonates formed solid solutions. 

Chemical Analysis. From the results shown in 
Table 2, the molar ratios of lanthanum to cerium 
contained in the synthesized carbonates were almost 
equal to those in the starting solutions. In addition, 
it was found that the molar ratio M 2 O a : C 0 2 : H 2 0 was 
almost 1 : 3 : 8 for the carbonates synthesized at 50 °C 
under atmospheric pressure and 1 : 2 : 2 for those 
synthesized at 100 °C, 5.5 atm. The chemical composi­
tion of the carbonates synthesized at 50 °G agreed with 
the composition of lanthanite, while the composition 
of those synthesized at 100 °C, 5.5 atm agreed with 
the composition of hydroxy-bastnaesite, assuming one 
water molecule of adhesive moisture. From the results 
of X-ray diffractometry and chemical analysis, it became 
apparent that L a 2 ( C 0 3 ) 3 - 8 H 2 0 and Ce 2 (C0 3 ) 3 *8H 2 0 
form a complete series of lanthanite-type solid solutions 
by the isomorphous replacement of lanthanum by 

cerium, and that L a ( O H ) C 0 3 and C e ( O H ) C 0 3 form 
a complete series of bastnaesite-type solid solutions by 
the isomorphous replacement of lanthanum by cerium. 

Infrared Spectroscopy. The infrared spectra of the 
lanthanite-type and bastnaesite-type carbonates are 
shown in Fig. 1. The frequencies for the four modes of 
the free carbonate ion are: v-,. 1063 c m - 1 ; r«, 879 c m - 1 ; 

and 

yl9 i w j m i , f2 , 

1415 c m - 1 ; and r4, 680 c m - 1 . The vibrations vz 

î>4 are degenerate while vx is infrared-inactive for 

2000 1500 

Wave number/cm""1 

Fig. 1. Infrared absorption spectra of synthesized carbon­
ates. 
(a) Lanthanite-type (in KBr disk and in Nujol mull), 
(b) bastnaesite-type (in KBr disk). 
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the free ion.8) For the lanthanite-type carbonate, the v1 

mode was just detectable while the vz mode split, 
indicating that the D 3 h symmetry of the free carbonate 
ion was lowered either to C2 v or to C s . T h e bands in 
the region 2900—3500 c m - 1 , appeared even in nujol 
mull , and were assigned to the absorption of water. 
Bands marked by a star (*) in Fig. 1 are the absorptions 
at t r ibutable to Nujol. For the bastnaesite-type car­
bonate, the v± mode appeared faintly and the degenerate 
mode, î>3, split. The splitting of the non-degenerate 
mode, v2, indicated that non-equivalent carbonate 
groups existed.9) The sharp absorption bands at 3630 
and 3480 c m - 1 were at t r ibuted to absorptions by the 
O H group.5) The shifts and changes of the absorption 
spectra caused by the formation of solid solutions were 
not observed over all the absorptions. 

Thermal Analysis. The thermal analysis of the 
carbonates having various molar ratios of lan thanum 
and cerium are shown in Fig. 2-a. O n the thermogravi-
metric curve (TG) for the lanthanite-type La 10 car­
bonate, the following abbreviations are used: La 10, 
L a 2 ( C 0 3 ) 3 - 8 H 2 0 ; CelO, C e 2 ( C 0 3 ) 3 - 8 H 2 0 ; La5Ce5, 
(La1 # 0 0Ce1 # 0 0)2(CO3)3'8H2O. Initially there was loss 
of water, which corresponded to the formation of the 
anhydrous carbonate. Continuous raising of the 

x 
8 
8 

1ÖÖ 200 3 Ö Ö 4 0 0 500 600 7ÔÔ 80Ö 900 1000 1100 1200 

t/°C 
Fig. 2a. TG and DSC curves of lanthanite-type carbon­

ates (in air). 

1Ö0 2Ö0 30Ö 400 5Ö0 60Ö 70Ö 800 900 1000 1100 1200 

*/°C 
Fig. 2b. TG and DSC curves of bastnaesite-type carbon­

ates (in air). 

100 200 300 400 500 600 700 800 

t/°C 

Fig. 2c. TG and DSC curves of lanthanite-type and 
bastnaesite-type carbonates (in nitrogen stream). 
(a) Ce2(C03)3 .8H20, (b) Ce(OH)C0 3 .H 2 0. 

temperature led to the formation of the dioxide car­
bonate. The final product of the decomposition was 
La 2 O a . From the differential scanning calorimetric 
curve (DSC) for the La 10 carbonate, it has been 
established that the dehydration and decarbonatation 
in this decomposition process were endothermic. As 
for the lanthanite-type CelO carbonate, the loss of the 
C 0 2 molecules after dehydration was accompanied by 
the oxidation of Ce3 + . T h a t no peaks appeared in the 
DSC at ca. 250 °C appear to be the net result of an 
endothermic decomposition due to decarbonation coupl­
ed with an exothermic reaction due to the oxidation of 
Ce3+ to Ce4 + . Although the continuous raising of the 
temperature in air did not lead to the formation of the 
dioxide carbonate, it did lead to the formation of the 
dioxide carbonate, C e 2 0 2 C 0 3 at ca. 400 °C in a stream 
of nitrogen (Fig. 2-c). However, the dioxide carbonate 
decomposed immediately to C e 0 2 . The lanthanite-
type La5Ce5 carbonate lost eight water molecules at 
one t ime under the heating rate used here (5 °C/min), 
while the formation of the dioxide carbonate did not 
appear in air. I t did, however, appear in a stream of 
nitrogen. No clear peak attr ibutable to decarbonatation 
appeared in the DSC at ca. 450 °C. As in the course 
of the decomposition of the CelO carbonate, this is 
the net result of endothermic and the exothermic 
reactions. The results of the thermal analysis of the 
lanthanite-type carbonates of other molar ratios were 
similar to that of the La5Ce5 carbonate. The end 
product of the La5Ce5 carbonate was a mixed La ( I I I ) -
-Ce(IV)-oxide. T h e intermediate L n 2 0 3 * # C 0 2 ( * < i ) 
reported by other workers was not observed.9) 

In a i r : 

ca. 80 °C ca. 400 °C 
La2(C03)3-8H20 • La2(C03)3 • 

ca. 680 °C 
La202C03(IA type) • La 2 0 3 

ca. 80 °C 
(La1.00Ce1.oo)2(G03)3.8H20 

ca. 330 °C 
(La1#00Ce1#00)2(CO3)3 • • La 2 0 3 + CeOa 

ca. 70 °C ca. 210 °C 
Ce2(C03)3 .8H20 — * Ce2(C03)3 • CeO 

I n a stream of nitrogen : 
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ca. 60 °C ca. 400°C 
Ce2(C03)3-8H20 > Ce2(C03)3 • 

ca. 500 *C 
Ce 2 0 2 C0 3 --» Ce0 2 

ca. 70 °C 
(La1<00Cel!00)2(CO3)3.8H2O • 

c«.430°C 
(La1#00Ge1#00)2(CO3)3 -> 

ca. 540 °C 
ÇL2H,QQ0C1M)2O^{CO^) • La2Oa + CeOa 

Figure 2-b shows the decomposition of bastnaesite-
type carbonates. For the bastnaesite-type La 10 carbon­
ate, the following abbreviations are used here: La 10, 
L a ( O H ) C 0 3 - H 2 0 ; CelO, C e ( O H ) C 0 3 - H 2 0 ; La5Ce5, 
(La0 # 5 0Ce0 # 5 0)(OH)CO8-H2O. The bastnaesite-type 
La 10 carbonate started losing adhesive moisture ca, 
100 °C and the main decomposition occurred at ca. 
430 °C accompanying the formation of the dioxide 
carbonate. The evolution of the remaining one mole 
of C 0 2 began at ca. 740 °C. The decomposition of the 
Ce 10 carbonate was accompanied by the oxidation 
of Ce3 + . The small peak that appeared in the DSÇ at 
ca. 300 °C appeared to be the net result of an endother-
mic decomposition reaction due to the dehydration and 
decarbonatation and an exothermic reaction due to 
the oxidation of Ce3 + to Ce4 + . The La5Ce5 carbonate 
continuously lost weight from ca. 70 °C. The dioxide 
carbonate decomposed from the lanthanite-type and 
bastnaesite-type samples showed different infrared and 
X-ray powder diffraction srjectra. According to the 
literature, the former was found to be IA type (mono-
clinic) and the latter, to be I I type (hexagonal).9) 

In air : 
ca. 100 °C ca. 430 °C 

La(OH)C0 3 .H 2 0 • La(OH)C0 3 • 
ca. 740 °C 

La 2 0 2 C0 3 ( I I type) • La 2 0 3 

ca. 70 °C 
(La1.00Ce1.00)(OH)CO3.H2O > 

ca. 290 °C 
(La100Ce1.oo)(OH)C03 • La 2 0 3 + Ce0 2 

ca. 70 °C ca. 230 °C 
Ce(OH)C0 3 .H 2 0 • Ce(OH)C03 • Ce0 2 

In a stream of nitrogen : 
ca. 70 °C ca. 370 °C 

Ce(OH)C0 3 .H 2 0 • Ce(OH)C03 > 
ca. 510 °C 

Ce 2 0 2 C0 3 ^ CeOa 

L- I 

30 [jim 

Fig. 3a. The compositional figure of the bastnaesite-type 
La4Ce6 carbonate. 

ca. 100 °C 
(La i .ooCeLooJ^HJCO,^^ • 

ca. 390 °C 
(La1.00Ce1.00)(OH)CO3 > 

ca. 550 °C 
(Lax 00Ce1#0o)202C03 • La 2 0 3 + CeOa 

[ i 

30 [Jim 

30 (xm 

Fig. 3b. The characteristic X-ray figures of the 
bastnaesitetype La4Ce6 carbonate. 
(a) La La, (b) Ce La. 

30 (xm 

Fig. 3c. The line profiles of the bastnaesite-type La4Ce6 
carbonate in A-A' section. 
Upper line : Ce La, lower line : La La. 
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Calkinite10) was discovered as a late mineral associat­
ed with lanthanite in the veins in Bearpaw Mountains 
of Montana . Although its occurrence is very similar 
to that of lanthanite and the other hydrated rare earth 
orthocarbonate minerals synthesized, calkinsite has not 
been obtained as a product of the La5Ce5 carbonate 
or as an intermediate of the thermal decomposition of 
any of the synthesized rare-earth carbonates. 

Lanthani te is usually rarely found associating with 
bastnaesite. The reason for its rare occurrence becomes 
clear from the above discussions and experiments. 
Lanthani te changed its structure and chemical composi­
tion from lanthanite- to bastnaesite-type when heated 
with water at 100 °C. n»12> Thus, it is presumed that 
lanthanite is lacking in nature due to this thermal 
metamorphism. 

Electron Probe Microanalysis. The compositional 
figure of the bastnaesite-type La4Ce6 carbonate and 
its characteristic X-ray figures of L a Leu and Ce Zoc 
are shown in Fig. 3. From the characteristic X-ray 
figures of La La and Ce LOK. and the line profiles in a 
grain of the La5Ce5 carbonates, the same grain was 
found to contain equal molar ratios of lan thanum and 
cerium, indicating that the carbonate formed a solid 
solution. Semiquanti tat ive analysis suggested that 
there was a slight difference in the composition of 
each grain, which might be a reflection of some ''fluc­
tua t ion" in this solution. T h e molar ratio of l an thanum 
to cerium contained in the crystal was also micro­
scopically equal to that of the starting solution. 

We wish to express our deep grati tude to Professor 

Isao Masuda, Fukuoka University and Professor Kozo 
Nagashima, The University of Tsukuba, for their 
encouragement through the course of this work. 
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Preparation and Optical Resolution of [Co(en)jc(dmbpy)3-.*]3+ 

(JC=0, 1) and Related Complexes 

ToshîshigeM. SUZUKI 
Government Industrial Research Institute, Tohoku, Nigatake, Haranomachi, Sendai 983 

(Received June 28, 1978) 

The optical resolution of [Co(dmpy)3]
3+, [Co(en)(dmbpy)2]3+, [Co(en)(bpy)2]3+, and [Rh (dmbpy)3]3+(dmbpy 

= 3,3'-dimethyl-2,2'-bipyridine) has been achieved using ( — )D tris (L-cysteinsulfinato)cobal täte (III). The dmbpy 
complexes consist of a pair of stereo-selective enantiomers. The absorption and CD spectra of two series of com­
plexes, [Co(en)x(dmbpy)3_J3+ and [Co(en)ar(bpy)3_J3+ (x=0, 1, 2, 3) and also [Rh(dmbpy)3]3+ have been 
investigated. The complexes containing more than two aromatic ligands showed an exciton CD in the ligand 
n-n* transition region and the band has been related to the absolute configuration of the complexes. The spectral 
features of dmbpy Complexes are different from those of the bpy complexes and such differences have been 
discussed with reference to the twisting nature of dmbpy chelates. 

T h e metal chelates of 3,3'-dimethyl-2,2'-bipyridine 
(dmbpy) are expected to take a non-coplanar conforma­
tion owing to the steric interactions of the substituted 
methyl groups. Some bis (diamine) and tetramine 
cobalt ( III) complexes with dmbpy have been prepared 
and resolved.1) I t has been found that dmbpy coor­
dinates to the cobalt ( III) ion with a stereospecific 
conformation depending on the given configuration.1) 
The absolute configurations of (+) D [Co(en) 2 (dmbpy)] 
C1(C104)2-H202> and ( -r-)t> [Co (R,R-chxn)2 (dmbpy)] 
Br (C104) 2 • H 2 0 3 ) (en=enthylenediamine, chxn = 1,2-
cyclohexanediamine) have been determined by an 
X-ray method to be ^l(5-dmbpy) and ^f(A-dmbpy),4) 
respectively. The empirical assignments of the absolute 
configurations on the basis of the Cotton effects in thé 
first d-d absorption band region5) are consistent with 
the X-ray results. 

Recently, [Co(dmbpy)3]3+, [Co(en)(dmbpy)2]3+, [Co-
(en)(bpy)2]3+, and [Rh(dmbpy)3]3+ (bpy=2,2 ' -b ipyr i -
dine) have been prepared and resolved. T h e resolution 
of the series of complexes, [Co (eii)* (dmbpy) 3 - . * ] 3 + and 
[Co(en)^(bpy)3-J3 + where x=0, 1, 2 , 3 has now been 
completed. T h e absolute configuration of the bis and 
tris(diimine) cobalt(III) complexes, can be estimated 
from the sign of the CD bands- in the d-d absorption 
region5) as well as in the ligand JWT* transition region.6) 
Data for the complete series of mixed complexes is 
necessary to elucidate the electronic state, optical 
activity and absolute configuration of the complexes. 

In order to understand the twisted effects of dmbpy 
chelates, the absorption a n d CD spectra of dmbpy 
complexes have been compared with the corresponding 
bpy complexes, in which chelate conformation is believed 
to be planar. 

Exper imenta l 

Materials. 3,3'-Dimethyl-2,2'-bipyridine was pre­
pared as stated previously.1) 

[Co(dmbpy)3](ClOJz. This was prepared by air oxi­
dation as described in a previous paper.1) Oxidation with 
Pb0 2 in place of bubbling air improved the yield. Ap­
proximately 50 mg of the complex was adsorbed on a SP-
Sephadex column (02.5x50 cm) and eluted with 0.15 mol» 
dm*3 potassium (+)D-tartrâtoantimoriate(III). The eluate 
was fractionated and the visible absorption spectra measured. 

All the fractions showed very similar spectra, indicating the 
absence of geometrical isomers. 

(—)j)[Co(dmbpy)z](ClOJZ'H20. The complex Per­
chlorate (3.6 g) was converted into the bromide by treatment 
with an anion exchanger, Dowex 1-X8 in the bromide form. 
A mixture of the solution of the bromide (50 cm3) and K3-
[Co(L-cysu)3](cysu=cysteinsulfinato)7)(1.0 g) was stored in 
a refrigerator overnight. Needlelike crystals of the ( — )D-
diastereoisomer were filtered, washed with water and acetone 
(1.4 g). The second crop of crystals (0.3 g) was obtained 
by concentrating the filtrate to half volume. The first and 
the second crystal crops were combined, recrystallized twice 
from hot water to give a reproducible CD spectrum. The 
( —)D-diastereoisomer in water (20 cm3) was treated with con­
centrated hydrochloric acid (1 cm3). Yellow precipitate of 
H3[Co(L-cysu)3] was filtered off. The filtrate was treated 
with 70% perchloric acid (2 cm3) and the yellow crystals of 
the Perchlorate salt were collected and recrystallized from 
hot water. Found: C, 46.38; H, 4.25; N, 8.84%. Calcd 
for C3 6H3 6N6Cl301 2Co.H20: C, 46.59; H, 4.13; N, 9.06%. 

Preparation of [Co(en)(dmbpy)2](ClOJz. To a solu­
tion of [Co(dmbpy)3](C104)3(1.83 g in 400 cm3 of water) was 
added a 10% solution of ethylenediam ine (1.2 g) and activat­
ed charcoal (0.5 g). The solution was stirred at room tem­
perature for 15 min and then filtered. The filtrate was acidi­
fied with a few drops of concentrated hydrochloric acid and 
poured onto a column of SP-Sephadex (03.0x40 cm). The 
adsorbed band was washed with water and eluted with 0.15 
mol •dm - 3 sodium sulfate solution. The column gave four 
separate bands in the order of elution, I, I I , I I I , and IV, 
which were [Co(en)3]

3+, [Co(en)2(dmbpy)]3+, [Co(dmbpy)3]3+, 
and [Co(en)(dmbpy)2]3+, respectively. The eluatant of 
band IV was fractionated and the absorption spectra recorded. 
No indication for the presence of the geometrical isomer 
was found. The fractions were collected, evaporated to 
dryness and the yellow residue extracted with methanol (50 
cm3) and the extract was evaporated to dryness. The re­
sidual solid was dissolved in water (20 cm3) and 70% perchloric 
acid was added (1 cm3). The orange-yellow precipitate was 
filtered off and recrystallized from hot water (30Ö mg) 
Found: C, 39.52; H, 4.41 ; N, 10.34%. Calcd for C26H32N6-
Cl3012Co: C, 39.74; H, 4.10; N, 10.69%. 

(+)i>\C°(en)(dmbpy)2](C10J2. 1.2 g of Perchlorate 
was converted into the bromide using the anion exchanger 
Dowex 1-X8 in the bromide form. To the solution of the 
bromide (50 cm3) was added K3[CO(L-CVSU)3](0.64 g in 10 
cm3 of water) and the solution stored in a refrigerator for 
3 h. The yellow crystals of the ( —)D-diastereoisomer were 
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filtered off, washed with a small amount of ethanol and 
finally ether, (400 mg). The filtrate was evaporated to half 
volume and stored in a refrigerator overnight and a second 
crop of crystals (60 mg) were obtained. The crystals were 
combined and recrystallized from hot water (300 mg). The 
(+)D-diastereoisomer was suspended in water (5 cm8) and 
stirred for 1 h with 3 mol • dm - 3 hydrochloric acid (1 cm3). 
The yellow precipitate was filtered off and the filtrate was 
treated with 70% perchloric acid (0.5 cm3). The orange 
crystals of ( + )D[Co(en) (dmbpy)2](C104)3 were collected and 
recrystallized from hot water. Found: C, 39.74; H, 4.34; 
N, 10.71%. Calcd for C26H32N6Cl3012Co: C, 39.74; H, 
4.10; N, 10.69%. 

[Co(en)(bpy)2\(ClOJZ'4H20. To a solution of [Co-
Cl2(bpy)2]Cl (3.8 g in 100 cm3 of water) was added 10% 
ethylenediamine solution (4.8 g) and the mixture warmed at 
60 °C for 3 h. Concentrated hydrochloric acid (0.5 cm3) was 
added to the solution and resulting solution diluted to 1000 
cm3 and poured onto a column of SP-Sephadex (<f> 3.5 x 80 
cm). The adsorbed band was washed with water and eluted 
with 0.2 mol •dm - 3 hydrochloric acid. The column gave 
three separate bands, I, II , I II , in the order of elution, which 
were [Co(bpy)3]

3+, [Co(en)(bpy)2]3+, and [Co(en)2(bpy)]3+, 
respectively. The effluent of band II was evaporated to 
dryness, the residue dissolved in water (10 cm3) and filtered. 
After the addition of 70% perchloric acid (2 cm3), the solution 
was placed in a refrigerator overnight and the yellow crystals 
were collected and recrystallized from hot water (1.3 g). 
Found: C, 33.16; H, 3.74; N, 10.59%. Calcd for C22H24Ntt-
Cl 30 1 2Co.4H 20: C, 32.96; H, 3.99; N, 10.47%. 

(+)j)[Co(en)(bpy)2](ClOJ3. This complex was re­
solved by a similar method as that for [Co(en)(dmbpy)2]3+ 

using K3[Co(L-cysu)3]. Found: C, 35.20, H, 3.28; N, 11.36%. 
Calcd for C22H24N6C13012.H20: C, 35.34; H, 3.47; N, 
11.23%. 

(—)n[Rh(dmbpy)^\(ClOlk)z. This complex was pre­
pared by a similar method to that for [Rh(bpy)3](C104)3 

using dmbpy instead of bpy.8> Optical resolution was 
achieved using K3[Co(L-cysu)8]. Found: C, 45.29; H, 3.75; 
N, 8.92%. Calcd for C36H36N6Cl3012Rh: C, 45.33; H, 
3.68; N, 8.81%. 

Measurements, Absorption and CD spectra were re 
corded at room temperature on a Shimadzu Double 40-R 
spectrometer and a JASCO J-20 spectropolarimeter, respec­
tively. PMR spectra were measured with a JNM-PMX60 
and a JEOL Model 4H-100 spectrometer using DSS as the 
internal standard. 

R e s u l t s a n d D i s c u s s i o n 

A 3,3 /-dimethyl-2,2 /-bipyridine chelate can assume 
dissymmetric conformations (a and A) and consequently 
eight optical isomers arise from the conformational and 
configurât ional dissymmetry are possible for a tris 
complex. T h e P M R spectra of [Co(dmbpy) 3 ] 3 + and 
[Rh (dmbpy) 3 ] 3 + in D 2 0 gave a single methyl signals 
at 2.55 and 2.67 ppm, respectively, indicating all the 
methyl groups in the complex are equivalent. Chromato­
graphic separation of the isomers of [Co(dmbpy) 3 ] 3 + 

suggests that the complex consists of only one geometrical 
isomer; i.e., a pair of enantiomers. Four of the eight 
possible isomers, Zl(AAA), A(ôôô), A(ôôô), and A(1XX), 
two pairs of enantiomers have D 3 symmetry in which 
all the methyl groups are equivalent. Figure 1 shows a 
schematic drawing of the two isomers, (a) A(ôôô) {lel) 

(a) (b) 

Fig. 1. Schematic drawings of the two isomers of [Co-
(dmbpy)3]3+; (a) yl(dM)(M), (b) A(m)(ob). 

and (b) A{XXX) (ob). The 2 C - 2 C bond of each dmbpy 
chelate in (a) is pseudo-parallel (lel) to the three-fold 
axis whereas in (b) it is oblique. A molecular model 
examination suggests that the (b) configuration has 
appreciable non-bonded atomic interactions between 
dmbpy chelates in contrast to the (a) configuration. 
Clearly the same relationship holds for A(ôôô) and 
A(ôôô). Thus the tris complexes are most likely to 
consist of a pair of enantiomeric forms, Zl(AAA) and 
A(ôôô). 

T h e bis (dmbpy) complex, [Co(en)(dmbpy)2]3 + was 
obtained by treating the tris complex in aqueous 
solution with ethylenediamine in the presence of 
activated charcoal. Other species, such as [Co(en)2-
(dmbpy)] 8 + , [Co(en)3]3 + formed by d i s p r o p o r t i o n a t e 
were separated on a Sephadex column. No indication 
for the presence of more than a pair of enantiomers was 
found for the bis (dmbpy) complex. Two dmbpy 
chelates in [Co(en)(dmbpy) 2] 3 + are expected to take 
the (lel, lel) form exclusively owing to similar steric 
requirements as described for the tris complexes. 

In addition to the series of dmbpy complexes, the 
optical resolution of the bpy complex series, [Co(en)x 

(bpy)3-*]3+ was completed by the resolution of [Co(en) 
(bpy)2]3 + . Figures 2 and 3 show the absorption and 
CD spectra of the series where [Co(en)3]3 + has been 
excluded to avoid complications. T h e numerical data 
is listed in Table 1. T h e first absorption maximum for 
the dmbpy complex appears always at longer wave­
lengths than that of the corresponding bpy complex. 
Since the first d-d peak positions for the dmbpy complex 
series do not significantly vary with x (see Table) , except 
for the [Co(dmbpy) 3 ] 3 + ion, dmbpy appears to lie close 
to ethylenediamine in the spectrochemical series. The 
torsional strain of the dmbpy chelate induced by twisting 
about the 2 C - 2 C bond should more or less affect the 
strength of the coordination bond. 

For the dmbpy complexes, strong bands have been 
observed in the region, 27000—31000 cm"1 , I n the 
case of [Co(dmbpy) 3 ] 3 + , the first absorption band is 
obscured by overlapping. The nature of the band 
should be a charge transfer transition, since the free 
l igand does not have a band in this region.9) The peak 
maxima shifts to lower energy and the intensities 
decrease in the order, [Co (en) 2 (dmbpy) ] 3 + , [Co(en)-
(dmbpy) 2 ] 3 + , and [Co(dmbpy) 3 ] 3 + . This is also the 
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TABLE 1. ABSORPTION (AB) AND CIRCULAR DICHROISM 

(CD) SPECTRAL DATA IN 10 cm-1, (log e) AND (e1—er) 

P/\0Z cm-1 

Fig. 2. Absorption and CD spectra of ( )^[Co(en)2-
(dmbpy)]3+, ( ) (+)D[Co(en)(dmbpy)2]3+, and 
(-.-.-)(—)D[Co(dmbpy)3]3+ in water. 

H+io 

to o 

^/103cm-1 

Fig. 3. Absorption and CD spectra of ( ) (4~)D-
[Co(en)2(bpy)]3+, ( ) ( + )D[Co(en)(bpy)2]

3+, and 
( ) (+)D[Co(bpy)3]3+ in water. 

Complex 

(+)D[Co(en)3]3+a> 

(+)D[Co(en)2-
(dmbpy)]3+b) 

(+)D[Co(en)-
(dmbpy)2]

3+ 

( " ) D [ C O -

(dmbpy)3]
3+ 

(+)D[Co(en)2-
(bpy)]+b> 

(+)D[Co(en)-
(bPy)2]3+ 

( + ) D [ C O -

(bPy)3]3+c> 

( - ) D [Rh-
(dmbpy)3]

3+ 

(+)D[Rh-
(bpy)3]3+c) 

AB 

21.40(1.97) 

29.50(1.93) 
47.10(4.36) 
21.28(2.21) 
30.30(3.77) 
33.67(3.91) 

44.24(4.73) 
21.28(2.12) 

sh 28.57(3.63) 
33.33(4.15) 

sh 40.32(4.49) 
43.48(4.77) 

sh 20.62(1.95) 
27.78(3.55) 
32.89(4.33) 

42.74(4.89) 

21.74(1.99) 
sh 31.25(4.03) 

32.46(4.12) 
45.87(4.68) 
21.83(1.96) 
31.44(4.34) 
32.57(4.41) 

sh 40.82(4.60) 
45.45(4.88) 

22.22(1.89) 
31.45(4.49) 
32.68(4.53) 

45.05(4.84) 

sh 30.49(4.41) 
31.45(4.46) 

sh 42.37(4.73) 
sh 47.62(4.99) 

31.45(4.56) 
32.79(4.54) 

41.67(4.60) 

CD 

20.40(+1.89) 
23.30(-0.12) 
28.60(+0.25) 
47.40(-31.0) 
21.05(+7.45) 
28.17(-5.84) 
33.78(-4.72) 
39.37(—21.1) 
47.17(+35.7) 
20.41(+5.81) 
25.97(+1.10) 
31.75(+5.40) 
34.48(-12.4) 
40.98(-23.1) 
45.87(+36.2) 
20.83(-12.9) 
25.12(+15.6) 
32.05(+27.2) 
34.84(-90.2) 
39.37(+71.0) 

sh42.02(+16.9) 
46.30(-137.0) 
20.70(+3.02) 
32.47(-6.64) 

sh45.87(-24.8) 
49.50(+28.9) 
20.62(+3.04) 
30.96(+48.7) 
33.00(-27.2) 
40.48(-28.1) 
47.62(+64.4) 
19.80(+0.35) 
22.22(-3.33) 
31.15(+104) 
33.44(-59.2) 
39.68(+23.6) 
43.10(-4.22) 
46.51(+84.3) 
29.85(+19.7) 
32.68(-35.6) 
36.50(-14.3) 
40.98(4-59.8) 
46.51(-62.1) 
31.15(4-145) 
32.36(4-52.1) 

sh33.33(-37.7) 
34.38(-57.9) 
41.67(4-15.0) 
45.45(-72.5) 

a) Ref. 17. b) Ref. 1. c) Ref. 7. 

order of increasing steric interaction. In the case of the 
bpy complexes, such bands are less marked than for 
dmbpy complexes. 

T h e intense absorption at about 32000—33000 cm" 1 

for all complexes is ascribed to the l igand TC-TI* transi­
tion.9»10) T h e band maxima for the dmbpy complexes 
always have lower intensities and appear at shorter 
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wavelengths compared with those of the bpy complexes. 
Single bond twisting in a conjugated system away from 
coplanarity is known to affect the position and/or the 
intensities of the -n-n* absorption bands.11) Therefore, 
the spectral differences between the bpy and dmbpy 
series are mainly at t r ibutable to the differences in 
conformation of the chelate rings. 

?/103 cm-1 

Fig. 4. Absorption and CD spectra 
[Rh(dmbpy)3]3+, and ( ) ( + )D[Rh(bpy),l»+ 
water. 

of ( ) ( - ) D -

All the CD spectral da ta given in T a b l e 1 and Figs. 
2—4 are for isomers derived from the less soluble 
diastereoisomeric salt with [CO(L-CVSU) 3 ] 3 _ ion. Of 
these, the absolute configuration of (+)D[Co(en) 3] 3 + 1 2) 
and ( + ) D [ C o (en) 2 (dmbpy ) ] 3 + 2) have been assigned A 
by X-ray method. T h e empirical assignment of the 
absolute configuration on the basis of the dominant CD 
peaks in the first d-d region are consistent with A. T h e 
complexes containing two or three bpy or dmbpy units 
always give a positive-negative CD couplet from the 
longer wavelength side in the ligand TI-TI* region. The 
exciton couplet CD of the n-n* transition has been 
related nonempirically to the absolute configurations 
of the complexes; when the configuration is A, the 
negative component of the n-n* couplet lies at a higher 
energy, while it lies at lower energy when the chirality 
is J . 6 ) From this rule, the present complexes have been 
assigned the ^-configuration. 

T h e bis complexes, (-f-)D[Co(en)(bpy)2]3 +and ( + ) D -
[Co(en) (dmbpy) 2 ] 3 + exibit one positive CD band in the 
first d-d absorption band region, giving an assignment of 
^-configuration which is consistent with that predicted 
from the n-n* exciton CD bands. O n the contrary, 
(+)D [Co(bpy) 3 ] 3+ 13> and ( - ) D [ C o ( d m b p y ) 3 ] 3 + gave the 
negative C D in the first absorption band region, which 
contradicts the configuration predicted from the exciton 
C D . T h e charge-transfer bands have however been 
located close to or overlapping the first absorption 
band region for the present tris complexes leading that 
the CD bands in this region would be complicated by 

the CD components associated with the charge-transfer 
bands. T h e d-d absorption bands of the bis and mono 
(bpy or dmbpy) complexes are relatively clear compared 
with those of the tris complexes and the CD bands 
beneath the d-d absorption appear less affected by 
adjacent transitions. Many bis(bpy or 1,10-phenan-
throline) complexes of cobalt (III) ,1 3 - 1 6) whose d-d 
absorption bands are rather isolated from adjacent 
bands give CD consistent with the ligang exciton CD 
for assigning the absolute configuration. The CD in the 
first absorption band region is at times greately affected 
by the steric and electronic circumstances of surrounding 
ligands,17»18) whereas the exciton CD of tris complexes 
is usually very intense and not significantly affected by 
other transitions.60) Comparing the exciton CD of the 
present tris and bis pairs, the absolute configurations 
of (+)D[Co(bpy)3]3+, (+)D[Co(en)(bpy)2]3+, ( - ) D -
[Co(dmbpy)3]3+, and (+)D[Co(en)(dmbpy) 2] 3+ have 
been assigned as A 

T h e absorption and CD spectra of (—)D[Rh-
dmbpy) 3 ] 3 + are shown in Fig. 4 along together those 
of (+ ) D [Rh(bpy ) 3 ] 3 + . 7> T h e CD patterns of the two 
complexes are quite similar over all the wavelength 
region. The intense exciton couplet CD is centered at 
about 33000 cm" 1 for the bpy complex and 32000 
c m - 1 for the dmbpy complex. The patterns indicate 
that the absolute configuration of the complexes are 
assignable to A. 
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Kinetics of the Oxidative Addition Reaction of Iodine to (Dimethyl-
dithiocarbamato)bis(2,4,6-trimethylphenyl isocyanide)rhodium(I) 
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The reaction of Rh(dtc)L2 (dtc=S2CN(CH3)2, L=2,4,6-(CH3)3C6H2NC) with an equimolar amount of 
iodine yields a trans adduct, RhI2(dtc)L2. The rate of this reaction was measured in benzene, employing a stopped-
flow technique under pseudo-first-order conditions with excess iodine. The result indicates that the reaction 
proceeds via a charge transfer complex Rh(dtc)L2«I2, which is rearranged in two consecutive zero-order reactions 
with respect to the I2 concentration; the rearrangement of Rh(dtc)L2-I2 to a cis adduct followed by isomerization 
to the trans adduct. This mechanism is supported from kinetic data for the reaction of Rh(acac)L2 (acac=CH3CO-
CHCOCHg) with I2. It is also described that RhI(I3)(dtc)L2 and RhI(I3)(acac)L2 were obtained by reactions 
of Rh(dtc)L2 and Rh(acac)L2 with excess iodine, respectively. 

Coordinatively unsaturated rhodium (I) complexes 
undergo oxidative addition reactions with various 
organic and inorganic molecules.1»2) The interest in 
these reactions stems partly from their catalytic impli­
cations.3) Recently, kinetic studies have been reported 
for the reactions of Rh( I ) substrates with hydrogen,4-5) 
oxygen,6) organic halides,5-7) and olefins.5»8»9) However, 
little is known concerning the mechanism of the addit ion 
reactions of halogen, although various halogen adducts 
of Rh(I ) have been isolated.2»10"14) 

This paper reports the kinetic study on the reactions 
of (dimethyldithiocarbamato)bis(2,4,6-trimethylphenyl 
isocyanide) rhodium (I), Rh(dtc)L 2 , and (acetylaceto-
nato)bis(2,4,6-trimethylphenyl isocyanide) rhodium (I), 
Rh(acac)L2 , with iodine giving towz.y-RhI2(dtc)L2 and 
-RhI2(acac)L2 , respectively. The isolation of RhI ( I 3 ) -
(dtc)L2 and RhI( I 3 ) (acac)L 2 is also described. 

Exper imenta l 

Materials. Rh(dtc)L2
15) and Rh(acac)L2

16> (L=2,4,6-
(CH8)3CaHaNC, dtc=S2CN(CH3)2, acac=CH3COCHCO-
CH3) were prepared as described previously. Iodine was 
sublimed three times. Benzene was purified by the usual 
method.17* 

Equimolar Reactions of Rh (dtc) L2 and Rh (acac) L2 with Iodine. 
Iodine (0.74 mmol) was added to a suspension of Rh(dtc)L2 

(0.74 mmol) in diethyl ether (70 ml), and the mixture was 
stirred for 10 h. The resulting precipitate was recrystallized 
from a mixture of benzene and cyclohexane to give reddish 
brown crystals of RhI2(dtc)L2 in a 69% yield. Found: C, 
36.38; H, 3.63; N, 5.41%; mol wt, 798 in CHC13 at 37 °C. 
Calcd for C23H28I2N3S2Rh : C, 36.00; H, 3.68; N, 5.48% ; mol 
wt, 767. 

The analogous acac complex, RhI2(acac)L2, was similarly 
obtained by the reaction of Rh (acac) L2 with an equimolar 
amount of I2 in a 68% yield. Found: C, 40.48; H, 3.97; N, 
3.83% ; mol wt, 754 in CHC13 at 37 °C. Calcd for C25H29I2-
N2OaRh: C, 40.24; H, 3.92; N, 3.75%; mol wt, 746. 

Reaction of Rh (dtc) L2 or Rh (acac) L2 with Excess Iodine. To 
a suspension of Rh (dtc) L2 (0.74 mmol) in diethyl ether (40 ml) 
was added large excess iodine (7.4 mmol), and the mixture was 
stirred for 15 h. The resulting precipitate was washed with 
diethyl ether to remove unreacted iodine and recrystallized 
from tetrahydrofuran (THF)-petroleum ether to give dark 
brown crystals of RhI4(dtc)L2-3/4THF in a 64% yield. 
Found: C, 28.85; H, 3.13; N, 3.79%. Calcd for C26H34I4-
N30,/4S2Rh: C, 29-04; H, 3.19; N, 3.91%. This compound 

was prepared also by the reaction of RhI2(dtc)L2 with excess 
iodine in diethyl ether, and recrystallized from THF-petroleum 
ether. 

The corresponding acac complex, RhI4(acac)L2, was simi­
larly obtained by the reaction of Rh (acac) L2 with excess 
iodine in a 41% yield. Found: C, 29.84; H, 2.91 ; N, 2.87%. 
Calcd for C25H29I4N202Rh: C, 30.03; H, 2.92; N, 2.80%. 

Kinetic and Other Measurements. Kinetic runs were 
performed by using a Union RA-413 stopped-flow spectro­
photometer equipped with a 0.2 cm quartz cell in a cell 
holder thermostated to ±0-2 °C, under pseudo-first-order 
conditions by mixing a benzene solution of the Rh (I) sub­
strate ( l . O x l O ^ M ) with excess iodine in benzene (1.0— 
4.0xlO~3M). The rate of reaction was measured by fol­
lowing the decay of absorbance at 370 nm with time. At 
least five reaction curves were accumulated by a Union 
System-71 kinetic data processor and an average curve was 
recorded on a National VP-6421A X-Y recorder. 

Molecular weights, infrared, and XH NMR spectra were 
measured as described elsewhere.18) Electronic spectra in 
benzene or toluene were recorded on a Hitachi 124 spectro­
photometer. 

R e s u l t s a n d D i s c u s s i o n 

Characterization of Reaction Products. Table 1 
shows relevant infrared frequencies (in CHC13) and XH 
N M R chemical shifts (in GDC13) of the four adducts 
obtained here. The 1: 1 adducts exhibit two v(N=C) 
bands, whose frequencies are higher than those of the 
Rh( I ) substrates, confirming the occurrence of oxidative 
addition reactions10»12»13) with the retention of mutual 
eis positions of the two isocyanide ligands. The 1 H 

TABLE 1. y(N=C) FREQUENCIES (in CHC13, c m 4 ) 

AND 1H NMR CHEMICAL SHIFTS (in CDC13, 

p p m ) OF THE ADDUCTS 

v(N=C)*> of(adcac- ^2'6" ^ 4 " ^ 3 ' v(IN-U) or™*Ç- Me) Me) 5_H) Adduct 

RhI2(dtc)L2 

RhI2(acac)L2 

RhI4(dtc)L2. 
3/4THF 
RhI4(acac)L2 

2187,2203 
2199,2215 

2181,2197 

2200, 2215 

3.32 
2.11 

3.36 

2.12 

2.51 
2.52 

2.50 

2.51 

2.30 
2.32 

2.33 

2.32 

6.88 
6.92 

6.97 

6.95 

a) Rh(dtc)L2: 2057 and 2120 cm-
1, Rh(acac)L2: 2082 

and 2147 cm-1. 
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N M R spectrum of RhI 2 (d tc )L 2 shows only a signal for 
the dtc-methyl and the isocyanide protons, respectively 
(Table 1), suggesting that both of the two dtc-methyl 
groups and the two isocyanide ligands are magnetically 
equivalent, respectively. These results imply that 
RhI 2 (d tc )L 2 assumes an octahedral geometry, in which 
dtc and two isocyanides are located in an equatorial 
plane with the two iodide ligands in axial positions. 
The same geometry is suggested for RhI 2 (acac)L 2 on the 
basis of infrared and 1H N M R spectra. The 1H N M R 
spectrum of a benzene-d?6 solution containing equimolar 
amounts ( 5 . 0 x l O ~ 2 M ) of R h (dtc) L 2 or Rh(acac)L 2 

and I 2 showed no signal other than those assignable to 
RhI 2 (d tc )L 2 or RhI 2 (acac)L 2 . Thus, the stoichiometry 
for the addit ion reaction of equimolar iodine to the 
rhodium substrate is expressed by 

I 

f / Rh / + I2 l E z /L 
Rh / , 

^Ez - j - A 
I 

where E - E stands for dtc (E = S) or acac (E = 0 ) . 
The RhI 4 (d tc )L 2 and RhI 4 (acac)L 2 complexes may 

be formulated as RhI ( I 3 ) (d tc )L 2 and RhI( I 3 ) (acac)L 2 

respectively, both of which involve a triiodide anion, 
since trivalent rhodium is known to assume a hexa-
coordinated geometry. Coordination of I3~ to metal 
ions has been proposed for some Pt(II)1 9 '2 0) and Fe-
(III)21) complexes. 

Kinetics and Mechanism, As shown in Fig. 1, 
benzene solutions of Rh(d tc )L 2 and I2 exhibit absorption 
maxima at 352 (e 14000) and 500 nm (e 1200) in the 
electronic spectra, respectively. Immediately after 
mixing of these solutions, however, appeared an absorp­
tion max imum at 370 nm, which decreased with a 
half-life of about 3 ms, as shown in Fig. 2. This Figure 
was obtained by plotting At—A* at nine different 
wavelengths in the 340—400 n m range against t ime, 

« i r 

350 400 450 500 

Wavelength/nm 

Fig. 1. Electronic spectra of Rh (dtc) L2 (a), I2 (b), and 
tow.y-RhI2(dtc)L2 (c) in benzene (l.Ox 10-f.M) at 25.1 
°C; cell length 1.0 cm. 

0.03 h 

0.02 h 

0.01 h 

340 360 380 400 

Wavelength/nm 

Fig. 2. Decay of the absorption band with time after 
mixing Rh(dtc)L2 (l.Ox 10"4 M) with I2 (l.Ox 10"3 M) 
in benzene at 10.0 °C. 

where At and A* are absorbances at a given wavelength 
at the time " / " and at the end of reaction. This result 
indicates the formation of a transient intermediate 
during the dead t ime of the instrument, followed by its 
rapid degradation. The mixing of R h (acac) L2 with 
excess I2 in benzene also gave a similar short-lived 
absorption maximum at 360 nm (half-life; about 4 ms 
at 25.1 °C). In view of the fact that the absorption 
maxima observed in the two reaction systems do not 
coincide in wavelength with each other, those bands 
may not be associated with a common chemical species, 
such as the I3~ anion, although this anion formed by 
mixing (n-C4H9)4NI with I 2 in benzene22) exhibited 
an absorption max imum at 367 nm. Alternatively, the 
370 nm band which occurred in the Rh(d tc )L 2 - I 2 

system may be assigned to the charge transfer (GT) 
transition from the dtc-sulfur atom to the I 2 molecule, 
by analogy with the fact that both (CH3)2Sn-{S2GN-
(C2H5)2>2

23) and Z n ^ C N ^ - C ^ ) , } , 2 4 ) react with I2 

to yield short-lived absorptions at 385 and 360 nm, 
respectively, assignable to C T transitions of the same 
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Fig. 3. Electronic spectra of toluene solutions containing 
equimolar quantities of Rh (dtc) L2 and I2 at — 60 °C; 
a and b are those of the solutions prepared at —60 °G 
and at room temperature, respectively. 
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type. Similarly, the 360 n m band observed in the 
Rh(acac)L 2 - I 2 system may be due to the C T transition 
from the acac-oxygen to I2 . This is supported from the 
fact that ethanol, iV,iV-dimethylformamide5 and related 
oxygen-containing compounds have been reported to 
form C T complexes with iodine; the C T bands were 
observed around 250 nm.25) 

Figure 3 shows the electronic spectra of two toluene 
solutions both containing equimolar quantities of 
Rh(dtc)L 2 and I2 at —60 °C; one was prepared at 
—60 °C (solution a) and the other at room temperature 
followed by cooling (solution b ) . No absorption 
maximum is observed around 370 nm for these solutions, 
indicating that the C T complex had already decomposed 
even at — 60 °C. It is to be noted, however, that the 
absorbance in the 370 nm region is different between 
the spectra of solution a and b , despite the similarity in 
those spectra. In addition, the same spectrum as 
solution b was observed in solution a which was allowed 
to stand at room temperature for several minutes, 
followed by cooling down to — 60 °C. The spectrum of 
solution b can be ascribed to frmy-RhI2(dtc)L2, because 
it showed no change at all even in prolonged standing 
at room temperature. Thus, the spectrum of solution a 
may arise from another intermediate frozen at — 60 °C. 
No direct evidence has been obtained for the configura­
tion of the intermediate, because in nonpolar solvents 
such as toluene Rh(dtc)L 2 is not soluble at low tempera­
tures enough to measure the 1 H N M R and infrared 
spectra. The intermediate is presumably assigned to 
m-RhI 2 (d tc )L 2 . A similar eis addition was reported 
to occur in the reaction of hydrogen with some Vaska-
type complexes, IrX(CO){P(C6H5)3>2 (X=halide).2 6> 

The two intermediates in the present reaction were 
confirmed to exist also from kinetic measurements. A 
typical decay curve of the absorbance at 370 nm after 
mixing Rh(dtc)L 2 and excess I2 in benzene at 10.0 °C 
is depicted in Fig. 4, which indicates the reaction 
proceeds via two consecutive processes with the half-lives 
of about 3 ms and 3 s, respectively. These two processes 
were followed by a much slower one in which the 

0.16 h 

TABLE 2. OBSERVED RATE CONSTANTS11) FOR THE TWO 

CONSECUTIVE PROCESSES IN THE REACTIONS OF 

Rh(dtc)L2 (1 .Ox 10-4 M) WITH EXCESS 

I 2 AT VARIOUS TEMPERATURES 

0.12 

0.10 h 

Temp 
°G 

10.0 

14.5 

20.1 

25.1 

[I2]/[Rh(dtc)L2] 

10 
20 
30 
40 

10 
20 
30 
40 

10 
20 
30 
40 

10 
20 
30 
40 

z-co 
^obsd 

S" 1 

206±1 
212±1 
213±1 
216±1 
(212±3) 

331±2 
317±2 
318±2 
304±2 

(318±7) 
543 ± 4 
568±4 
544±4 
528±3 

(546±11) 

785 ± 8 
779±14 
722 ± 7 
746±4 

(758±20) 

s-1 

216±1 
183±1 
223±1 
183±0 

(201 ±14) 

318±2 
303 ± 2 
278±1 
280±1 

(295 ±13) 

579±4 
524±4 
551±3 
531±3 

(546±17) 

1095±9 
1103±5 
1020±9 
1083±11 

(1075±25) 

a) Average values in parentheses. k$8d and 103 k^^ 
are 197±1 and 83 .2±0 .6 , respectively, for the reac­
tion of Rh(acac)L2 ( l .OxlO" 4 M) with I2 ( l .Ox 
10-3M) at 25.1 °G. 

frmr-RhI2(dtc)L2 further reacted with excess I 2 to give 
RhI( I 3 ) (d tc )L 2 . T h e last process, however, has not 
been kinetically analyzed, because there was little 
change in absorbance. The reaction rate in the two 
initial processes is different from each other sufficiently 
enough to allow the graphical determination of rate 
constants.27) Plots of \n(At—Aœ) vs. t ime for each 
process were found to be linear. Pseudo-first-order rate 
constants, ASld and A l̂sd were obtained by the least-
squares method. The results are shown in Table 2; 
the ASid and ASad are both essentially independent of 
the concentration of I 2 at a given temperature. Thus , 
the equimolar reaction of Rh(d tc )L 2 with I 2 is suggested 
to proceed via the C T complex, Rh(dtc)L 2*I 2 , which 
undergoes a rapid rearrangement probably to give 
£w-RhI2(dtc)L2 , followed by isomerization to the trans 
adductj as shown in the following scheme. The isomeri­

c s / ?L K / S y 7L 

Time/s 

Fig. 4. Decay of the absorbance at 370 nm with time 
for the reaction of Rh(dtc)L2 (l.Ox 10"4 M) with I2 

(l.Ox 10-3 M) in benzene at 10.0 °G. 

I I 

f/Rh / —— / Rh / 
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zation of the eis adduet to the trans one may be a site 
exchange between the equatorial iodide ligand and the 
axial dtc-sulfur atom via a rhombic twist or by a metal-
sulfur bond rupture mechanism. According to this 
reaction scheme, ASài can be expressed by Eq. 1. 

o b 8 d " l + t f p j [) 

When K[l2] is much greater than unity, £äsd can be 
reduced to k0). This is consistent with the present 
result that ^äid is little dependent on the I2 concentra­
tion. Since the cis-trans isomerization proceeds intra-
molecularly, the scheme also predicts A$id being 
independent of [ I 2 ] , which is in agreement with the 
results obtained. Activation parameters obtained by 
the Arrhenius plots for the two processes a re : AH29V= 
5 7 . 7 ± 2 . 0 k j m o l - 1 , A « 9 T = 4 . 0 ± 6 . 9 J mol" 1 K - 1 for 
the decomposition of C T complex, and A//29ff)=75.5= |= 

3.9 k j mol- 1 , A « 9
(

8
1 ) = 8 . 0 ± 9 . 9 J m o l - 1 K - 1 for the cis-

trans isomerization. The small positive values of AS 29V 
and AS tip are consistent with the two proposed intra­
molecular processes. In addition, the AH 29V value is 
comparable to the activation enthalpies (75 to 104 
k j mol - 1 ) of cis-trans isomerizations of Cr(CO) 4 -
{C(OCH 3 )CH3}(PR 3 ) ( R = C 2 H 5 , CeH^),28* R u ( C O ) 4 -
(SiCl3)2,29) and Os(CO)4{Si(CH3)3}2,29) which have 
been proposed to proceed via intramolecular manners, 
supporting the formation of the eis isomer as a short-lived 
species as suggested above. 

The authors are grateful to the Ministry of Education 
for support of this work through Grant-in-Aid for 
Scientific Research. 
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Proton Magnetic Resonance Studies of 4-(2-Pyridylazo)resorcinol 
(PAR) and Its Cobalt(III) Cômplexest 

Katsura MOCHIZUKI, Tasuku lTo, n and Masatoshi FUJIMOTO* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received July 6, 1978) 

The 1H NMR spectra of PAR, [Co111 (par) J - , and [Go111 (par) (dien)]+ were measured in D 2 0 solutions. 
The signals were assigned. The deuteration of H7 was observed in D 2 0 solutions of free ligand PAR around 
pD 9—10, where PAR exists in the form of LH~ having an intramolecular hydrogen-bond. The significant up-field 
shift for the resonance of Hx was observed in LCom(par)2]- but not in [Go111 (par) (dien) ]+. The shift was 
interpreted in terms of the magnetic anisotropy due to the ^-electron system of the neighboring PAR molecule in 
the complex. The down-field shift for the resonance of the H5 signal of the cobalt(III) complexes reflects the 
structural change of PAR upon chelate-ring formation. PAR coordinates to cobalt(III) ion in planar terdentate 
fashion, viz., in a mer configuration. 

4-(2-Pyridylazo)resorcinol (PAR, Fig. 1(a)) has 
widely been used as a metallochromic indicator.1) A 
number of data on the compositions and the stability 
constants of the PAR-chelates have been reported.1 - 5) 
I n a previous paper,6) we confirmed in the course of the 
reactions between Co2 + and PAR and its analogs the 
fast formation of a transient intermediate co ta i t ( I I ) 
complex and the subsequent slower oxidation to cobalt -
(III) complex. The measurements of magnetic suscep­
tibility have also confirmed the formation of cobalt(III) 
complex in the solution prepared from Co 2 + and PAR.7) 

Hs H6 

(a) (b) 

Fig. 1. Structural formulae of (a) PAR with numbering 
of the protons and (b) its cobalt (III) complex. 

As a part of serial studies on the metal chelates of 
PAR and its analogs,6"8) the 1H N M R spectra of PAR 
and its cobalt(III) complexes were studied in the 
present paper. Figure 1 shows the suggested^ Structures 
of a free ligand PAR and the metal complexes of PAR. 
A form with an intramolecular hydrogen-tiond (Fig. 
1(a)) has been suggested for a free ligand PAR in 
solutions.1»9) O n the other hand, no direct evidence on 
the structures of the PAR chelates has been reported 
so far. The crystal structures of [Cu(pan) (OH 2 ) ] -
CKV°> CNi(tan)J,"> [Fe (tan) J , « ) [PdC^ tan ) ] , ^ ) 
[Go(tan)2]C104,14> and [Gu(tan)(OH 2) 2]C10 4

1 5) have 
been reported, where pan and tan denote l-(2-
pyridylazo)-2-naphthol and l-(2-thiazolylazo)-2-naph-
thol, respectively. The results of the X-ray analyses of 
these complexes suggest that the cobal t -PAR complex 
has the structure shown in Fig. 1(b), since PAN and 

t Presented in part at the 1976 Summer Meeting in 
Hokkaido of the Chemical Society of Japan and the Japan 
Society for Analytical Chemistry, Kitami, July 19, 1976, 
Abstracts p. 12. 

tt Present Address: Institute for Molecular Science, 
Okazaki 444. 

TAN, as well as PAR, are o-hydroxy azo compounds 
and the PAR complexes can have the same chelate 
structure as the PAN and T A N complexes. Therefore, 
a structural change of the ligand PAR occurs upon 
coordination; breaking of the intramolecular hydrogen-
bond and subsequent internal rotation of the resorcinol 
r ing around the C - N bond by 180°. T h e main interest 
of the present work is to elucidate the structures of PAR 
and its cobalt(III) complexes in solutions by 1 H N M R 
measurements. 

Experimental 

Materials. PAR and [Co"r(par)2] were prepared as 
reported in the previous paper.6) Deuterium oxide (99.7%), 
DMSO-öf6 (99.5%), and ca. 40% NaOD in D 2 0 were pur­
chased from E. Merck, Ltd. Reagent grade materials were 
used unless otherwise specified. 

A new complex [Co111 (par) (dien)] CI» NaCl was prepared 
from [ComCl3(dien)] after the synthetic route described 
for the preparation of [Com(ida)(dien)] from [ComCl3* 
(dien)]16> (ida=iminodiacetate ion). Two grams of the 
monosodium salt of PAR in 75 ml H 2 0 were added to 50 ml 
of suspended aqueous solution containing 2.1 g of [ComCl3-
(dien)] and 0.6 g of charcoal at 50 °C with stirring. The 
addition of 20 ml of 20% aqueous solution of AgN0 3 pro­
duced a deep red solution. The reaction mixture was stirred 
for 2 h at 50 °C and cooled. After the further addition of 
0.3 g of NaCl, the solution was filtered. The pH of the 
filtrate was adjusted to 7—8 with NaOH and the solution was 
diluted to 400 ml with water. One hundred milliliters of 
this solution were passed through a column of a cation-
exchange resin SP-Sephadex C-25 in the Na-form (400 mmX 
30 mm i.d.) and eluted with a 0.1 mol dm - 3 aqueous solu­
tion of NaCl at pH 7—8 (NaOH). The eluates from the 
main band were collected and evaporated to a small volume 
at 40—50 °C. The precipitated sodium chloride was filtered 
off and the filtrate was evaporated to dryness. A small 
amount of ethanol was added to the residue. The extract 
was filtered to remove sodium chloride. Successive filtration 
and extraction yield ca. 30 mg of deep red black crystals with 
golden luster. The yield was very low because of the high 
solubilities of the product in H aO and ethanol. Found: C, 
38.44; H, 4.74; N, 17.96%. Calcd for C15H21N602Cl2CoNa: 
C, 38.40; H, 4.30; N, 17.91%. The elemental analysis shows 
that the isolated complex contains one mole of sodium chlo­
ride. 
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[PdnGl(par)] was synthesized by the reaction between 
monosodium salt of PAR and palladium(II) chloride in an 
aqueous solution at pH 1—2 (HCl). The precipitate which 
formed upon mixing of the stoichiometric amounts of the 
reagents was filtered off, washed with water, and dried in 
a desiccator over silica gel. Found: C, 36.09; H, 2.65; N, 
11.43%. Galcd for CnHsNgOaClPd• 0.5H2O: G, 36.19; H, 
2.49; N, 11.51%. 

Measurements. 100 MHz 1H NMR spectra were meas­
ured with a JEOL PS-100 spectrometer. Tetramethylsilane 
(TMS) and sodium trimethylsilylpropanesulfonate (DSS) were 
used as internal standards in DMSO-rf6 and D 2 0 solutions, 
respectively. The pD (pH-meter reading + 0.40)17* of the 
D 2 0 solutions was adjusted with NaOD and measured in 
nitrogen atmosphere with a Horiba pH-meter model M-7 
equipped with a small glass electrode type 1826 05T and a 
reference electrode type 2410. 

The 1U NMR spectra of [Com(par)2] and [Com(par)-
(dien)] in D 2 0 solutions were measured at pD ca. 10, where 
the coordinated PAR in [Go111 (par) 2] and [Go111 (par)-
(dien)] exists in the same chemical form (vide infra) and the 
solubilities of the complexes were enough for the XH NMR 
measurements. 

The 1H NMR spectra of the 1:1 PAR-complexes, [Lam-
(par)] and [Znn(par)], were measured with the alkaline-
DMSCW6-D20 solutions. The mixture of the monosodium 
salt of PAR and about fifty-fold excess of anhydrous La-
(N03)3 or anhydrous ZnCl2 was dissolved as much as possible 
in 50%(v/v) DMSO-</6-D20. One drop of 10% D 2 0 solu­
tion of NaOD was added. The solution was filtered. The 
red filtrate was subjected to the measurements.18) 

The 1H NMR spectrum of [PdnGl(par)] was measured 
with a red DMSO-öf8-D20 solution, which was prepared by 
adding a small amount of 10% D 2 0 solution of NaOD to 
a green solution of the complex in 50%(v/v) DMSO-rf6-
D20.21> 

Absorption spectra were measured at 25 °G and 7=0.1 
(NaC104) with a Hitachi recording spectrophotometer Model 
EPS-3T. The pH of the aqueous solution of [Co111 (par) -
(dien)]Gl was measured with a Radiometer pH-meter 4d 

(Copenhagen) equipped with a glass electrode type G 202B 
and a reference electrode type 410. 

R e s u l t s and D i s c u s s i o n 

XH NMR Spectra of the Free Ligand. The 100 MHz 
spectrum of the monosodium salt of PAR in DMSO-*/6 

at 90 °C is given in Fig. 2. Under these conditions the 
spectrum was highly resolved. Since the observed 
signals were well-separated from each other as compared 
with the coupling constants, the first-order analysis of 
the spin-spin coupling constants and the values of the 
chemical shifts allowed the assignments of the signals. 
T h e assignments were further confirmed by applying 
the method of double irradiation at the resonance 
frequencies for the protons, H l 5 H 2 , H 3 , H 4 , and H 6 . 
In Table 1 are listed the values of the chemical shifts 
measured for band centers or maxima and the coupling 
constants evaluated from the spacings of the split 
signals (for numbering of the protons, see Fig. 1(a)). 
The significant difference in the values of J12 and J2Z 

permitted the unambiguous assignments of H 2 and H 3 . 
Though no direct evidence has been reported so far, 
the following facts suggest the presence of intramolecular 
hydrogen-bond for the free ligand PAR (Fig. 1(a)) in 
solutions: The pKa value of the o-hydroxyl group 
(12.31) is much higher than that of the jb-hydroxyl group 
(5.6) 1> and also higher than the value of pKa2 for 
resorcinol (11.06) ;22> the proton-transfer reaction of 
the o-hydroxyl group of PAR proceeds slowly;9) the 
I R spectrum of 4-(phenylazo) resorcinol in GC14 shows 
a broad band due to an intramolecular hydrogen-bond 
- O H - N = around 2860 c m - 1 . 23> Furthermore, we 
observed the following facts : The resonance for the H 8 , 
the proton of the o-hydroxyl group, appeared at very 
low field at 25 °C (see Table 1); The chemical shift of 
this resonance was not affected on dilution; The 
resonance disappeared by addition of one portion of 

H7 

J67 

8 7 6 5 ppm 

Fig. 2. 100 MHz m NMR spectrum of the monosodium salt of PAR in DMSO-rf6 at 90 °G. 

TABLE 1. XH NMR SPECTRAL DATA OF THE FREE LIGAND PARa) 

Chemical shiftb> 

Coupling constant0) 

H t 

8.17 

Jl2 

4.9 

H2 

6.90 

J23 

7.0 

H3 

7.68 

»734 

8.4 

H4 

7.38 

Jb6 
9.7 

H5 

6.69 

Jiz 
2.0 

H6 H7 

5.99 5.18 

J21 J 67 J14 

1.4 2.3 1.1 

H8 

16.59d> 

J 57 

- 0 

a) Data for the monosodium salt in DMSO-</6 at 90 °C. b) In ppm referred to TMS. c) In Hz. d) At 25 
°C. The resonance for H„ diminished at 90 °C. 
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D 2 0 . These results directly show the presence of an 
intramolecular hydrogen-bond in the free PAR.24) 

1 H N M R spectra of PAR in D 2 0 solutions were 
measured in the range of pD 9—14, where PAR exists 
in the form of L D _ and L 2 _ as revealed in the electronic 
absorption spectra. W * In the p D range, where two 
species of PAR are in equil ibrium, only the averaged 
1 H N M R spectrum of LD~ and L 2 _ was observed 
instead of the simple sum of each spectrum. The 
chemical shifts of the protons H l 5 H 5 , and H 7 moved to 
lower field with increasing concentration of N a O D , 
while that of H 6 was almost invariable with varying p D . 
Figure 3 shows the plots of the chemical shifts of H 5 and 
H 7 vs. p D . From these plots, the pKa value for the acid-
dissociation of the o-hydroxyl group in D 2 0 

H5 H6 

LD-
KK 

L2~ + D+ 

was determined to be 1 2 . 8 ^ 0 . 3 , which is reasonable 
compared with the literature value 12.31 determined 
spectrophotometrically in H2O.1) Figure 4(a) shows the 
1H N M R spectrum of the free l igand PAR in D 2 0 
solution at pD 9.3, which corresponds to the spectrum 
of L D _ as is clear from Fig. 3. 

pD 

Fig. 3. Plots of the chemical shifts corresponding to H5 

and H7 vs. pD. 

In the course of the experiments on the pD-
dependency of the 1 H N M R spectra, it was found that 
the proton H 7 was deuterated in D 2 0 solutions. The 
intensity of the signal for H 7 decreased with the lapse of 
t ime. At the same t ime, the signal shape of the H 6 

resonance changed gradually. The rate of the deutera-
tion depended strongly on the pD of the solution. The 
deuteration of H 7 can be distinctly observed in Fig. 4(a) . 
The integrated intensity for the signal of H 7 in the 
spectrum (a) is considerably less than that for one 
proton. In addition the H 6 - H 7 coupling observed in 
the resonance for H 6 has almost disappeared (see the 

ttt Hereafter, "PAR" stands for L2~, LH~, LH*-, LHH*, 
and/or LD~~, where H* denotes the proton of the jfr-hydroxyl 
group. 

ppm 
Fig. 4. 1U NMR spectra in D 2 0 solution of (a) PAR 

at pD 9.3, (b) [Com(par)2], and (c) [Go111 (par) (dien)] 
at pD ffl. 10. 

signal shape of the H 6 resonance in Fig. 2). T h e plot 
of the integrated intensity of the H 7 signal vs. t ime 
allowed the kinetic measurements of the deuteration. 
The half-times of the deuteration at room temperature 
at p D 9.3 and ca. 14 were found to be 80 min and 2.5 
day, respectively. T h e deuteration proceeds much faster 
in L D _ than in L2~. T h e LD~ species of PAR has an 
intramolecular hydrogen-bond, which may affect the 
electronic state of the carbon atom bonded to H 7 so as 
to facilitate the H - D exchange in D 2 0 . In fact, no 
corresponding deuteration was observed in L 2 _ , [ C o m -
(par)2] , and [Co m (pa r ) (d ien) ] containing no intra­
molecular hydrogen-bond. 

XH NMR Spectra of the Cobalt (HI) Complexes. 
Figure 4(b) shows the 1H N M R spectrum of [ C o m -
(par)2] in D 2 0 solution at pD ca. 10. Under this 
condition [Co111 (par) 2] exists in the form of 
[ C o m L 2 ] - . 6 ) The spectrum indicates that two ligand 
molecules in [ C o i n L 2 ] _ are magnetically and chemical­
ly equivalent. T h e 1H N M R spectrum of [Co111 (par)-
(dien)] at pD ca. 10 is shown in Fig. 4(c). T h e integrated 
intensities of the signals showed the presence of seven 
aromatic protons and six methylene protons (complex 
multiplet centered at ca. 3.2 ppm) corresponding to the 
coordinated ligands PAR and dien, respectively. As 
will be described later, [Co111 (par) (dien)] exists in the 
form of [ComL(dien)]+ at p D ca. 10. 

Small couplings were not clearly observed in the 
spectra of [ C o m L 2 ] - and [Co i nL(dien)]+ because of 
the low solubilities of the complexes in D 2 0 . However, 
comparison of the spectrum of the free l igand with 
those of the cobalt(III) complexes revealed that the 
spin-spin couplings in PAR remained essentially 
unchanged upon coordination, though the chemical 
shifts of some protons changed considerably. All the 
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signals of [ C o m L 2 ] - and [ComL(dien)]+ were 
unambiguously assigned by the analysis of the coupling 
constants. T h e coupling constant J12 is smaller than 
J2Q in the cobalt(III) complexes as well. The assign­
ments are given in Table 2. 

TABLE 2. 1H NMR CHEMICAL SHIFTS OF LH-, 

[GomL2]-, AND [GomL(dien)]+ a) 

Hx H2 H3 H4 H5 H6 H7 

LH- b ) 7.90 6.86 7.56 7.13 6.63 6.00 5.40 
[GomL2]- c) 7.23 6.75 7.70 7.41 7.98 6.37 5.56 

(Sen)l+d) 8*1 4 7*16 7*92 7*4 8 7*6 4 6*2 3 5*7 8 

a) In D 2 0 . Chemical shifts in ppm referred to DSS. 
b) Monosodium salt. At pD 9.3. c) At pD ca. 10. 
d) Chloride. At pD ca. 10. 

T h e resonance of H1 in [ C o n i L 2 ] _ shows a definite 
up-field shift compared with that in free PAR. O n 
the other hand, such an up-field shift was not observed 
for the H x resonance of [Co i nL(dien)]+ (see Table 2). 
In order to clarify whether the difference in chemical 
shift of H j is caused by the number of P A R molecules 
in the complex, we measured 1 H N M R spectra of the 
PAR chelates of other metal ions containing only one 
PAR ligand, [ P d n C l L ] - , [La m L]+, and [Zn nL]° , 
in 50%(v/v) DMSO-d?6-D20 mixed solvents containing 
one drop of ca. 10% NaOD.18*21) No up-field shift of 
the H j signal was observed for these complexes. Spectral 
pat tern of these complexes was very similar to that of 
[Co m L(dien)]+ but not to that of [ C o m L 2 ] - . A 
careful inspection of molecular models reveals a plausible 
explanation for the up-field shift of the H x signal of 
[Co111 (par) 2 ] . The proton H x of one PAR molecule 
in [Co m (par ) 2 ] is disposed close to and above the azo 
group of the other PAR molecule, only when two PAR 
molecules coordinate to cobalt(III) ion in planar 
fashion as terdentate ligands. In view of this fact and 
the above-mentioned observations, the large up-field 
shift can reasonably be explained as being caused by 
the magnetic anisotropy due to the ^-electron system of 
the azo group in the neighboring l igand PAR. The 
up-field shift of the H 2 signal would not be expected for 
free PAR, [ComL(dien)]+, [ P d n C l L ] - , [La m L]+, 
and [ Z n n L ] , since the proton H1 in these compounds 
cannot experience the chemical environment as describ­
ed above. 

Similar up-field shifts have been observed for the 
ortho-protons of pyridyl nitrogen in [M(phen)3]w + 2 5> 
( M = F e ( I I ) , R u ( I I ) , Zn ( I I ) , and Go(I I I ) ) , in [ C o m -
(phen)2(en)]3+,26) and in [Fen(bipy)3]2+.27) One of the 
/^-methylene protons in tris-(JV,JV'-dibutyl-2,3-butanedi-
imine)iron(II) complex has been also reported to show 
similar large up-field shifts.28) The up-field shifts 
observed in these complexes have been interpreted in 
terms of the ring current of the neighboring aromatic 
ligands26»27) or in terms of the magnetic anisotropy due 
to the imine bonds of the neighboring ligands.28) 

Another remarkable feature found in the 1 H N M R 
spectra of coba l t ( I I I ) -PAR complexes in comparison 
with that of the free PAR is a large difference in the 

chemical shift of the proton H 5 . The H 5 signal appears 
at 6.63 ppm in the free ligand at pD 9.3, while the 
corresponding signal appears at 7.98 ppm in [ C o m L 2 ] -

and 7.64 ppm in [Co m L(d ien ) ] + at pD ca. 10. As was 
discussed before, around pD 10 the free ligand PAR and 
the cobalt(III) complexes have the structures shown in 
Figs. 1(a) and 1(b), respectively. The terdentate and 
planar coordination of PAR molecule is accompanied 
by an internal rotation of resorcinol ring moiety around 
C - N axis by 180°. The molecular model suggests that 
the coordination of PAR causes a fairly strong strain 
in the complexes especially for the bond angle around 
cobalt(III) ion. T h e bond angles, N(pyr id ine) -Go-
N(azo) and N ( a z o ) - C o - 0 , are expected to be signifi­
cantly smaller than 90°. As a result, a fairly close 
contact appears between the proton H 5 and the azo 
group. The proton H 5 in such a chemical environment 
would be susceptible to the effect of the magnetic 
anisotropy due to the ^-electron system of the azo group 
in addition to the effect of the ring current of the 
resorcinol r ing. The location of the proton H 5 in such 
an environment causes a down-field shift when the 
complexes are in the magnetic field. 

Very similar situation has been found in the crystal 
structure of [Com(tan)2] .1 4) The X-ray analysis of 
[Co111 (tan) 2] shows that the bond angles around the 
cobalt atom within the chelate ring are compressed to 
84.9 and 81.6° and that the coordinated T A N is de­
formed due to the in-plane close contact around the azo 
group. The significant down-field shift of the H 5 signal 
observed for the cobal t (III) complexes of PAR can be 
ascribed to the structural change of PAR upon chelate-
ring formation. 

O n the basis of the 1 H N M R studies, it is concluded 
that PAR coordinates to cobalt(III) ion in planar 
fashion as a terdentate ligand, namely, in the mer 
configuration. 

Acid-Base Behavior of [CoIU(par)(dien)]. In order 
to confirm the chemical species of [Co111 (par) (dien)] 
present under the conditions of the 1 H N M R measure­
ments, the absorption spectra were measured in aqueous 
solutions at various p H . Figure 5 shows the pH-

1.01 1 1 1 i 1 1 1 

A00 500 600 

Wavelength/nm 

Fig. 5. Absorption spectra of the aqueous solution of 
[Com(par)(dien)] as a function of pH at 25 °C and 
7=0.1 (NaC104). pH=8.88 (1), 5.79 (2), 5.06 (3), 
4.60 (4), 4.33 (5), 4.01 (6), 3.67 (7), 3.34 (8), and 
2.36 (9). 
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dependence of the absorption spectrum of [Co111 (par) -
(dien)]. Well-defined isosbestic points were observed 
at 359,447, and 576 nm, which demonstrate the presence 
of a simple equil ibrium. The spectral change with 
varying p H was fully reversible. In view of the inertness 
of the cobalt(III) complexes against the ligand dissocia­
tion, the pH-dependence of the spectrum can be 
attributed to the protonation-deprotonation equil ibrium 
of a /?-hydroxyl group of the coordinated PAR in 
[Co111 (par)(dien)] . From the plot of absorbance at 
500 nm vs. p H , the value of pKa for the acid-dissociation 

[ComLH*(dien)]2+ <=^> [ComL(dien)]+ + H + 

was determined to be 4.52 ± 0 . 0 3 . The average value 
of the acid-dissociation constants for p ^ a i ( [ C o l n -
(LH*)al+) and p # a 2 ( [ C o m L ( L H * ) ] ) has been reported 
to be 4.1.6> Around p H 10, where the 1H N M R 
measurements were carried out, [Co111 (par) (dien)] 
exists only in the form of [ComL(dien)]+. 
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The dimeric molybdenum(II) complex, Mo2(GF3COO)4, forms Mo2(CF3COO)4-(CH3CN)2 in acetonitrile, 
where solvent molecules are attached to positions trans to the metal-metal bond (apical positions). The rate of 
ligand exchange between Mo2(CF3COO)4 ((1.31—8.28) x 10~2 M; M=mol dm-3) and CF3COONa ((1.31—4.56) 
X 10 -1 M) was measured in acetonitrile by the use of 19F NMR spectroscopy. The rate is independent of the total 
concentration of CF3COONa and is linearly dependent on that of Mo2(CF3COO)4. The first-order rate constant 
(Äex) is ( l . l ± 0 . 2 ) x l 0 4 s - 1 (25 °C), and the activation parameters are AH*= (8.2±0.8) kcal mol"1 and AS* = 
(—15^3) cal K - 1 mol -1. Under the given conditions the complex seems to exist as Mo2(CF3COO)4-CF3COO_, 
where the underlined ligand occupies one of the apical positions, and the following mechanism is proposed (solvent 
molecules are omitted; asterisks indicate the molecule substituting for the coordinated ligand). 

fast 

Mo2(CF3COO)4-CF3COO- + *CF3COO" <=± Mo2(CF3COO)4.*CF3COCr + CF3COO" 

TheAB 

Mo2(CF3COO)4.*CF3COO-

corresponds to kB. 

Mo2(CF3COO)3(*CF3COO) • CF3COQ-

Bivalent molybdenum forms diamagnet ic compounds 
having strong metal -metal bonds such as M o 2 ( R C O O ) 4 

( R = C H 3 , CF3 , etc.), Mo 2 X 8
4 - ( X " = G 1 - and Br") , and 

Mo 2 (S 0 4 ) 4
4 - , with bond distances of about 2.1 À.1"5) 

Their structures in the crystalline state1»2»4) and their 
spectroscopic properties2»5) have been widely studied, 
but little attention has been drawn to their reactivities 
in solution.6»7) The first and only report on the kinetics 
of the substitution reaction describes the substitution of 
acetate ions for the chloride ligands of Mo2Cl8

4~ to give 
M ö 2 ( C H 3 C O O ) 4 , and a dissociative mechanism was 
suggested.7) 

We have examined the solubility and stability of 
several dimeric molybdenum(II) complexes in various 
solvents in search of a simple system suitable for elucidat­
ing the substitution properties still further. Tetrakis-
(//-trifluoroacetato)dimolybdenum(II), M o 2 ( C F 3 C O O ) 4 
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Fig. 1. Various forms of Mo2(CF3COO)4 in solution. 
Mo2(CF3COO)4 [I], Mo2(CF3COO)4.(CH3CN)2 [II], 
Mo2(GF3COO)4-(CF3COO)(CH3CN)- [III], and 
Mo2(CF3COO)4.(CF3GOO)2

2- [IV]. 

[I] (Fig. 1), in acetonitrile seemed suitable for our 
purpose. The M o - M o bond length of this compound 
is 2.090 Â, and the four trifluoroacetate ligands are 
equivalent in the crystalline state.8) This paper reports 
on the results of a kinetic study of its ligand exchange 
reaction with sodium trifluoroacetate in acetonitrile by 
the use of 19F N M R spectroscopy. 

E x p e r i m e n t a l 

Materials. Tetrakis (^-trifiuoroacetato) dimolybdenum-
(II) was prepared by the known method,8) and sublimed 
before measurement of the 19F NMR and electronic absorp­
tion spectra. Sodium trifluoroacetate (special grade reagent) 
was used without further purification. Acetonitrile was dis­
tilled twice over diphosphorus pentaoxide. Dichloro-
methane was distilled twice. Methanol (special grade rea­
gent) was used without distillation. Each solvent was stored 
in vacuo over Linde 4a molecular sieves. The water content 
in each solvent was estimated to be as low as 5 x l O _ 3 M 
(M=mol dm -3) using a Karl-Fischer titration. 

Measurements. Electronic absorption spectra were mea­
sured using a Hitachi 323 Recording Spectrophotometer. 
The 19F NMR spectra were recorded with a JEOL JNM-PM-
100 high resolution NMR spectrometer operating at 94 MHz, 
with a variable temperature probe. Chemical shifts are re­
corded with respect to the internal standard GF2C12 (Freon 12). 

Sample Preparation. Weighed samples of the complex 
and sodium trifluoroacetate were placed in an NMR tube, into 
which the solvent was introduced through a vacuum line. 
The molar concentration of each component was calculated 
from the volume of the prepared sample solution at room 
temperature, and expressed as [Mo2(GF3COO)4]T and [CF3-
COO~]T. Sample solutions were stored in liquid nitrogen 
for as long as a month without deterioration. 

Evaluation of the Mean Life Time of the Coordinated and Free 
Ligands. A general method for studying a system involv­
ing two exchange sites9) was applied to the present system. 
In the slow exchange region where two separate peaks are 
observed, the following equations were used: 

To"1 = {Wa-W°), (1) 
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xf* = (Wt-Wt), (2) 

where TC and rf are the mean life times of the coordinated and 
free ligands, and Wc and Wc° (or Wt and Wt°) are the half 
line widths in Hz at half-height of the signal of the coordinated 
(or free) ligand of the sample solution and of the solution 
without free (or coordinated) ligand, respectively. In the 
fast exchange region where the two peaks coalesce completely, 
the following equation was used: 

_ -i = 4npept*(Avy ,,v 
Wat-peW°-ptWt° ' * > 

where pc and pf are the mole fractions of two exchanging 
species, Wet is the half line width in Hz at half-height of the 
signal of the coalesced peak, and Ay is the chemical shift 
difference in Hz between the signals of the coordinated and 
the free ligand (yc and vt) both measured in the absence of 
each other. The following equation should hold. 

Pj**=Ptl*t (4) 

In the region of intermediate exchange, TC
- 1 was obtained 

by comparison of the observed spectra with the calculated 
spectra.10) A Nihon-minicon NOVA-01 was used for the cal­
culation. 

The Wc° and Wt° values showed small temperature depen­
dence. The values at any temperature between —40 and 70 
°G were estimated from the calibration curves for the tempera­
ture dependence. The yc and vf gave no appreciable tem­
perature dependence over the temperature range from —40 
to 70 °G. The Av value was 306 Hz at all temperatures. 

R e s u l t s a n d D i s c u s s i o n 

Structure of the Complex in Acetonitrile. Various 
compounds are known which have the general formula : 
M o 2 ( G F 3 G O O ) 4 - L / * - ( » = 1 , m = 0 , L=(G 6 H 5 ) 3 P; 1 1 ) 
n = 2 , m=0, L = p y r i d i n e (py)12> and G H 3 O H ; n ) n=\, 
m=l, L - = G 1 - , GF3GOO- etc.; n=2, m=2, L r = B r -
and Gl - 1 3)) . X-Ray crystallography disclosed that 
Mo 2 (GF 3 GOO) 4 ' ( py) 2 has two weakly coordinated 
pyridine molecules at both positions trans to the me ta l -
metal bond (hereafter called apical positions).12) The 
other L's are believed to coordinate similarly to the 
molybdenum ion.11»13) 

The y (Mo-Mo) stretching frequency observed by 
Raman spectroscopy is sensitive to the apical l igand. 
The y(Mo-Mo) value of solid Mo 2 (GF 3 GOO) 4 is 397 
cm - 1 ,8) while those of the compounds containing apical 
ligands are between 386 ( n = 2 , L = G H 3 O H ) and 368 
c m - 1 (n=2, L = p y ) in the solid state.11-13) The value 
for the solid Mo 2 (GF 3 GOO) 4 - (GH 3 OH) 2 is 386 cm"1.13) 
O n the other hand Mo 2 (GF 3 GOO) 4 has y(Mo-Mo) 
values of 397 and 383 c m - 1 in dichloromethane and 
methanol respectively.12) The two apical positions must 
be occupied by solvent molecules in methanol and 
remain vacant in dichloromethane. The y (Mo-Mo) 
values in acetone and diethylether are 385 and 383 c m - 1 

respectively,12) and these solvent molecules are also 
likely to occupy the apical positions. Acetonitrile 
solution could not be used in similar studies because 
the solvent itself gives strong R a m a n bands in the 
region of interest. O n the other hand, Gotton and 
Norman found that the energy of the electronic transi­
tion of Mo 2 (GF 3 GOO) 4 at ca. 430 nm in various solvents 
decreases as the y(Mo-Mo) decreases.12) Thus the 

25 30 
v/103cm"1 

Fig. 2. The electronic absorption spectra of Mo2(CF3-
GOO)4 in CH2C12 ( ), methanol ( ), acetonitrile 
( ) and in acetonitrile containing 4 . 6 x l O _ 2 M of 
CF3COONa ( ). 

coordination of solvent molecules at the apical positions 
lowers the energy of electronic transition. T h e electronic 
absorption spectra of Mo 2 (GF 3 GOO) 4 in dichloro­
methane, methanol and acetonitrile are shown in 
Fig. 2. The peak positions are at 428 (e, 95 c m - 1 M _ 1 ) , 
434 (118), and 434 n m (112), respectively. From these 
spectra it is concluded that Mo 2 (GF 3 GOO) 4 is present 
as Mo 2 (GF 3 GOO) 4 - (GH 3 GN) 2 (II) (Fig. 1) in aceto­
nitrile. 

The Species in the Presence of the Free Ligand. A 
complex, [ (G 2 H 5 ) 4 N][Mo 2 (GF 3 GOO) 4 - (GF 3 GOO)] , has 
been isolated from an equimolar mixture of Mo 2 -
(GF 3 GOO) 4 and [ (G 2H 5 ) 4N][GF 3GOO] in dichloro­
methane.12) O n addit ion of sodium trifluoroacetate to 
an acetonitrile solution of Mo 2 (GF 3 GOO) 4 , the peak 
position at 434 n m shifts to slightly longer wavelengths 
with an increase in strength (Fig. 2). This change may 
be caused by the substitution of trifluoroacetate ion(s) 
for acetonitrile in apical position (s). The following 
reactions are believed to be involved, 

[Mo2(CF3COO)4. (GH3GN)2] + GF3GOO- < = • 

(II) 

[Mo2(GF3GOO)4»(GF3GOO)(GH3GN)]- + GH3GN, (5) 

(III) 

[Mo2(CF3COO)4. (CF3COO) (CH3CN)]- + CF3COO-

(III) 

[Mo2(GF3GOO)4. (CF3COO)2]2- + GH3GN. (6) 

(IV) 

The underlined ligands denote the l igand at the apical 
positions. The change in electronic absorption spectra 
is too small to enable the evaluation of Kj and K2. 
However, as Fig. 3 shows, appreciable amounts of I I I 
and/or I V (Fig. 1), must be present when the free l igand 
concentration is > 0 . 0 1 M in the ca. 5 X 10~3 M complex 
solution. 

1 9 F NMR Spectra in Acetonitrile. The 19F N M R 
spectrum of the complex in acetonitrile (ca. 4 x 10 - 2 M) 

K, 
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TABLE 1. 19F NMR CHEMICAL SHIFTS (WITH RESPECT TO GF2C12 AS AN INTERNAL STANDARD) OF ACETONITRILE 

SOLUTIONS OF Mo2(GF3GOO)4 AND CF3COONa, AND RECIPROCALS OF MEAN LIFE TIME OF THE 

COMPLEXED LIGAND A N D ACTIVATION ENERGIES FOR THE LIGAND EXCHANGE REACTION 

Run 
[Mo2(GF3GOO)4]T 

10-2M 
[GF3GOO-]T 

lO-iM 

Chemical shift/ppmb) rc-
1(25 °G)C) E&

d> 

at - 4 0 °G at 70 °G 103s- kcal mol -

1 
2 
3 
4 
5 
6 
7 a ) 

8 

4.85 
5.26 
5.81 
1.51 
2.82 
8.28 
5.46 
4.90 

3.41 

31 
46 
56 
10 
68 
71 
67 

8.68 

10.40 

67 
67 
67 
67 
67 
67 
67 
67 
67.6e) 
67.7, 

70.5 
70.8 
70.8 
70.9 
70.9 
70.9 
70.0 
70.8 

71.1 

68.9 
69.1 
70.7 
70.5 
69.8 
68.8 
69.2 
70.8 

70.6 

a) ( G 2 H 5 ) 4 N G 1 O . J = 0 . 7 M. b) Error, ± 0 . 3 . c) Error, ± 0 . 3 . d) Error, ± 0 . 5 . e) Doublet. 

9.6 
8.2 
9.1 
8.0 
8.4 
9.1 
9.0 

CCF3COO*] / M 

Fig. 3. The change in apparent molar absorption 
coefficient (e) at 390 nm of Mo2(GF3GOO)4 in 
acetonitrile with a change in concentration of added 
CF3COONa. 

shows one sharp peak upfield From the reference peak 
at 67.6 p p m over a temperature range of —40 to 70 °G, 
suggesting that the four trifluoroacetate ligands are 
magnetically equivalent. Hence, no significant change 
in the basic structure of I occurs, except for coordination 
of the solvent molecules at the apical positions. Sodium 
trifluoroacetate (ca. 0.58 M) has one sharp band at 
71.0 ppm in acetonitrile. 

The temperature dependence over the temperature 
range from —40 to 70 °G of the 19F N M R spectra of 
the solutions (Table 1) containing both the complex 
and the free l igand is exemplified in Fig. 4 (run 2 in 
Table 1). A similar dependence was observed for 
runs 1 and 3—7. The following observations were made 
for these solutions: (a) the positions of the two peaks 
(67.2—67.5 and 70.8—70.9 ppm) at a low temperature 
(—40 °G in Fig. 4) coincide with those of the complex 
and of the free l igand; (b) the pc and pf values obtained 
from the rat io of the integral strengths of the two peaks 
can be expressed by 

pjp{ = 4[Mo4(CF3COO)4]T/[CF3COO-]T; (7) 

67 68 69 70 71 
chemical shift /ppm 

Fig. 4. An example of the temperature dependence of 
the 19F NMR spectra of an acetonitrile solution of Mo2-
(CF3COO)4 and GF3GOONa ([Mo2(CF3COO)4] = 
5.26x 10-2Mand[CF3COONa]=0.146M). Chemical 
shifts are shown with respect to CF2G12 as an internal 
reference. 

(c) the chemical shift of the coalesced peak at a high 
temperature (68 °G in Fig. 4) is close to the value 
determined from the expression, 67.6x/>c+71.0xjfrf ; 
(d) the r c

_ 1 values estimated from each of the two 
separate peaks (Eqs. 1 and 2) are in reasonable agree­
ment with each other; (e) plots of log (T C

_ 1 ) against T _ 1 

give straight lines (Fig. 5). All of these observations 
support the conclusion that the temperature dependence 
of the 19F N M R spectra can be interpreted by chemical 
exchange of the bridging trifluoroacetate with "free" 
GF3GOO- ("free" includes both the apical and the free 
ligands). 

The values of r c
_ 1 at 25 °G and the activation energy 

(Ea) were calculated from the best fit lines of Arrhenius 
plots, and are summarized in Table 1. In order to see 
the kinetic salt effect, (G2H5)4NG104 was added to the 
reaction mixture (run 7). Addition of 0.7 M (C2H5)4-
N C 1 0 4 did not change the pattern of the temperature 
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10 " K 
Fig. 5. An example of a plot of log (T^-1) VS. T~X. r^1 

values were obtained from Eq. 5 from the coalesced 
peak ( O ) J by spectral simulation (&), from Eq. 1 from 
the peak in the coordinated ligand region ( • ) , or from 
Eqs. 2 and 3 from the peak in the free ligand region 
(O) ([Moa(GF3COO)4] = 5 .81xlO- 2 M and [CF3-
COONa] = 0.456 M). The solvent is acetonitrile. 

70 °C 

67 68 69 70 71 72 
chemical shift / ppm 

Fig. 6. Temperature dependence of the 19F NMR spec­
tra of an acetonitrile solution of Mo2(CF3COO)4 (3.41 
X10-2 M) and CF3COONa (1.04 M) (run 9 in 
Table 1). 

dependence of the signals, but gave a slight increase in 
rc-\ 

The Arrhenius plot for run 8 gave a concave curve. 
In run 9, the signal peak in the coordinated l igand 
region splits at a low temperature (Fig. 6). Thus, the 
19F N M R spectra of the solutions containing more than 
0.8 M sodium trifluoroacetate cannot be interpreted by 
simple chemical exchange. 

Rate Law for the Exchange Reaction. The result of 
run 7 indicates that the kinetic salt effect is not significant 
over the range of concentrations of reactants in runs 
1—6. Sodium trifluoroacetate is almost completely 
dissociated into sodium and trifluoroacetate ions in 
acetonitrile (dielectric constant: 35.95 a t 25 °C).13) 

The TC
 1 values in Table 1 are almost equal to one 

another, and seem to be independent of both 
[ C F 3 C O O - ] T and [Mo 2 (CF 3 COO) 4 ] T . T h e r r

l value 
depends linearly on the ratio pjpf, as is expected from 
Eq. 4. This was confirmed from the Tf~

x values obtained 
from the peak in the free l igand region by Eq. 2. Thus 
the rate (R) of the exchange reaction is independent 
of [ C F 3 C O O _ ] T and is linearly dependent on [Mo2-
( C F , C O O ) J T , 

R = 4 T C - 1 [ M O ( C F 3 C O O ) 4 ] T 

= *ex[Mo2(CF3COO)4]T, (8) 

where R and kex are the rate and the first order rate 
constant of the exchange, respectively, of one of the 
four coordinated ligands. The rate constant and 
activation parameters were determined to be kex~ 
(1.1 ± 0 . 2 ) X 104 s-1 (25 °C), A H * = ( 8 . 2 ± 0 . 8 ) kcal mo l - 1 

and AS* = (-\5±3) cal K" 1 mol"1 . 
Mechanism of Ligand Exchange. T h e electronic 

absorption spectra showed that an appreciable amount 
of I I I and/or I V is present in the solutions of runs 1—7. 
Therefore, more than three non-equivalent circum­
stances are involved for the trifluoroacetate. Only two 
19F N M R signals were observed at — 40 °C, however, 
for runs 1—7. T h e ratios of the integral strengths of 
the two signals (Eq. 7) suggest that the signal due to 
the apical l igand must be included in the peak in the 
free l igand region. 

T h e solution of run 9 which contained a larger 
amount of the "free" l igand, gives two peaks in the 
complex region. The two peaks are most likely due to 
the bridging ligands of I I I and IV, and the single peak 
of runs 1—7 in this region to the bridging ligand of 
III.14) 

Equat ion 9 can be applied to the runs 1—7. 

[GF3COO-]T = [CF3COO"]F + [CF3COO-]A 

= [CF3COO-]F + [Mo2(CF3COO)4]T, (9) 

where the suffices A and F denote the apical l igand of 
I I I and uncoordinated free l igand, respectively. An 
appreciable amount of added trifluoroacetate exists 
as the apical l igand (48.4% for run 6). T h e peak 
position of the apical l igand is very close to that of the 
free l igand, since, at —40 °C, no shift of the "free" 
ligand peak (coalesced peak of the free and the apical 
ligand) is observed upon addit ion of the complex 
(Table 1). This suggests very weak coordination at the 
apical positions. 

The following mechanism is proposed for runs 1—7. 
fast 

[Mo2(CF3COO)4 .CF3COO]- + *CF3COO~ «=± 

[Mo2(CF3COO)4• *CF3COO]- + CF3COCr, (10) 

[Mo8(CF3COO)4.*CF3COO]- - ^ 

[Mo2(CF3COO)3(*CF3COO).CF3GOO]-J (11) 

where the asterisks indicate the molecule substituting 
for the coordinated l igand. T h e first process is proposed 
to be fast, and the exchange rate is expressed by 

R = As[Mo2(CF3COO)4.CF3COO-] 

= *s[Mo2(CF3COO)4]T. (12) 

This equation is of the same form as the experimentally 
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[13) 

obtained equation (Eq. 8). The observed rate constant, 
£ex , is equal to ks. 

An alternative assignment for the 19F N M R spectra 
of runs 1—7 could be proposed by considering that both 
I I and I I I are present in the solutions and that their 
interconversion (Eq. 5) was fast with respect to the 19F 
N M R t ime scale (so that the signals of coordinated 
C F 3 C O O - of I I and I I I coalesced completely). 
However, such a consideration does not account for the 
rate law (Eq. 8), unless I I and I I I give identical ex­
change rates. 

Comparison with Other Reactions. Few kinetic 
studies are reported on the substitution reactions of the 
compounds containing strong meta l -meta l bond such 
as M o n - M o n or R e i n - R e m . Mureinik studied the 
reaction of acetate ions with [Mo2Cl8_w(H20)M] ( 4~M )~ 
(partially aquated form of Mo2Cl8

4~) to give Mo2-
( C H 3 C O O ) 4 in aqueous acid solutions ( [H+]=0 .05 — 
1.95 M with H C l or ^-toluenesulfonic acid) at 25 °C 
by the stopped-flow method.7) T h e entry of the first 
and the third acetate ions was kinetically analyzed. At 
a constant [H+], the following rate law (Eq. 13) was 
obtained for the first step. 

é[CH3COOH][Mo aCl8_w(H20)w^)-] 
obsd l+a[CH 3 COOH] 

The rate law was explained by the following dissociative 
mechanism. 

[Mo2Cl8_n(H20)J (*-)- * = » 

[ M b 1 a 8 ^ ( H i O ) n _ J ( « - ) - + H 2 0 

[Mo2Cl8_„(HaO)„_1]<
4-'l>- + CH3COOH • 

[Mo2Gl8_n(H20)n_2(CH3COO)] » - > - + H 3 0 + (14) 

A similar proposal was also put forth for the third step. 
W e suggest that the rate law (Eq. 13) may also b e 
explained by the following mechanism, which is similar 
to that proposed for our reaction. 

fast 
[Mo2Cl8_n(H20)J <*-»>- + CH3COOH <—• 

[Mo8Cl8-n(H2Q)n • CH3COO] <s-"> - + H + 

[Mo2Cl8_w(H2Q)w. GH3GOO] » - > - • 

[MoaGl8_n(HaO)B_a(GH.GOO)]»-»)- + 2HaO (15) 

Further information, such as activation parameters, 
would be necessary to make a more definitive conclusion 
about the mechanism of this reaction. 

T h e kinetics of the substitution of tributylphosphine 
or thiourea for the halide ligands of R e 2 X 8

2 - ( X _ = C l ­
or B r - ) , and of chloride ions for the bromide ligands of 
Re2Br8

2 _ in methanol at 25 °C, have been studied by 
the stopped-flow method.16) The following general rate 
law was given : 

. _ ke+khK[L] 
o b s d ~ 1 + # [ L ] ' 

where L is the incoming l igand. The following mecha­
nism was proposed (the charges are omitted, and S 
denotes methanol) . 

ReaX8(S) -U ReaX7(S) + X" 

(16) 

'1 + L + L fast 

Re9XfiL -> product 

Although the detailed structure of the species Re 2X 8L 
was not given, L coordinates most likely at the apical 
position. Thus, we suggest that the rate-determining-
step is the intramolecular rearrangement between X and 
either S or L, for the k$ or £L pa th , respectively. Such a 
mechanism is similar to that proposed for our reaction. 

Mono-oxo metal ions, such as M o v 0 3 + and V I V 0 2 + 

have strong metal-oxygen bonds comparable to the 
metal-metal bond M o - M o , and their trans (apical) 
sites are vacant or weakly coordinated. The substitu­
tion of CI - for OP(C 6 H 5 ) 3 in MovOCl3{OP(C f lH5)3}2 

and for OP{N(CH 3 ) 2 } 3 in MovOCl3[OP{N(CH3)2>3]2 

was claimed to occur first at the apical position followed 
by an intramolecular rearrangement to the basal 
position.17) This process is similar to that of our ligand 
exchange. A similar mechanism is also proposed for the 
substitution reactions of oxovanadium(IV) complexes 
at the basal site.18) The activation parameters for these 
reactions are close to those of our reaction. A substitu­
tion mechanism involving initial attack at the apical 
position, followed by rearrangement to the basal position 
would be a common feature of complexes containing 
strong metal-metal and metal-oxo bonds. 

The rate of halide substitution at the apical positions 
of Re 2 (C 2 H 5 COO) 4 -X 2 ( X " = G 1 - or Br-) in acetonitrile 
was reported to be ca. lO"3 s-1 at 25 °C.19) O n the other 
hand, the rate of process (10) for our Mo(I I ) complex is 
fast O 1 0 4 s - 1 ) . I t is difficult to explain such a big 
difference at the present stage. The difference in the 
oxidation state of metal ions, the electronic charge of 
the M 2 ( R C O O ) 4 unit, and/or the d-orbitals involved 
(3d or 4d) may be important . 

We are grateful to the Ministry of Education for a 
Grant-in-aid. We thank Mrs. R . Tanaka of the Institute 
of Non-aqueous Solution, for operating the N M R 
spectrometer, and Professor N . Tanaka and Dr. Y. 
Kato of the Department of Chemistry for simulation 
of the N M R spectra. 
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Synthesis and Structure of a Hexa-coordinated Vanadium (IV) Complex 
Aquaoxo[iV-(2-pyridylmethyl)iminodiacetato]vanadium(IV) Dihydrate 
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A new complex, aquaoxo[iV-(2-pyridylmethyl)iminodiacetato]vanadium(IV) dihydrate [VO(pmida)(H20)]* 
2H 2 0 has been synthesized and its crystal structure determined by the X-ray method. The triclinic crystals 
obtained from water or aqueous ethanol solution are twinned and contain 2 mol of lattice water. The unit 
cell contains four formula units and the structure was analyzed on the assumption that the space group is PÏ. The 
positional and thermal parameters were refined to /2=0.115. The vanadium atom has a distorted octahedral 
coordination and deviates by 0.39 Â from the equatorial plane, which is composed of two eis carboxylate oxygens, 
a water molecule and the pyridine nitrogen. Vanadyl oxygen and tertiary nitrogen occupy the axial sites. Absorp­
tion spectra indicated that the structure is maintained in an aqueous solution of pH 3.0 to 4.9. This geometrical 
isomer seems to be formed selectively in an aqueous medium. 

Many vanadium(IV) complexes have strong V = 0 
bonds1) and exhibit characteristic distorted molecular 
structure. X-Ray crystallography has disclosed that the 
V = 0 bond length (1.56 to 1.63 A)2"11) is shorter than 
that of the trans l igand to vanadium (2.18 to 2.51 Â) . 
Sometimes the trans site remains vacant . The vanadium-
(IV) ion is above the equatorial plane by 0.26 to 0.41 
and 0.48 to 0.58 Â in the complexes with coordination 
numbers 62-11) and 5,12) respectively. 

\ I py 0^ L 

o 

& -0 

N* 
(I II) 

Fig. 1. The possible geometrical isomers of [VO(pmida) 
(H.O)]. 

Wi th a view toward studying the kinetics of direct 
l igand substitution at the equatorial site,13) we have 
synthesized a new complex aquaoxo[iV-(2-pyridylmeth-
yl)iminodiacetato]vanadium(IV) dihydrate [VO(pmida) 
( H 2 0 ) ] ' 2 H 2 0 . There can be four geometrical isomers 
depending on the coordination mode of the quadriden-
tate pmida 2 - ion (Fig. 1). The structure has been 
determined by the X-ray method, and the properties 
in aqueous solution have been studied spectroscopically. 

E x p e r i m e n t a l 

Materials. The ligand, 2-pyridylmethyliminodiacetic 
acid H2pmida,14) and bis(acetylacetonato)oxovanadium(IV) 
[VO(acac)2]15) were synthesized by known methods. Equi-
molar amounts of [VO(acac)2] and H2pmida (0.01 mol) were 

heated in acetonitrile (200 cm3) at 83 °C for 30 min with 
vigorous stirring. The blue violet precipitate was filtered off, 
washed with aqueous ethanol and recrystallized by the fol­
lowing two methods. When a large amount of ethanol was 
added to the aqueous solution of the raw product, a pale 
violet powder was obtained within a few hours, which was 
washed with aqueous ethanol (1 + 1, v/v) and ethanol, and 
dried in vacuo at room temperature. (Yield 60%) Found C. 
38.86; H, 4.11; N, 8.98%. Calcd for C10H12N2O8V: G, 
39.10; H, 3.91; N, 9.12%. 

When a small amount of ethanol was added to the aqueous 
solution, blue violet crystals precipitated very slowly (e.g. 10 
days) with 2 mol of lattice water. Found C, 34.70; H, 
4.64; N, 8.12%. Calcd for C10H16N2O8V: G, 35.00; H, 4.67; 
N, 8.17%. 

The magnetic moment of the dihydrate was 1.7 Bohr mag­
netons at room temperature. This value is normal to those 
of V 0 2 + complexes with a 3d1 configuration. 

Structure Determination. Crystal Data: C10H16N2O8V, 
M=343.19, Triclinic, a= 19.54(2), 0=10.846(4), c=6.829(3) 
Â, <x=102.56°(4),i5=87.64o(8), y=92.84°(9), D m =1.62,D 0 = 
1.62 g/cm3, Z = 4 , ^(CuiCa)^ 149.9 cm-1, space group PI or 
PI. The structure analysis was carried out on the basis of 
the PI space group. 

The Laue symmetry was determined from the Weissenberg 
and precession photographs. The unit cell dimensions were 
obtained by a least-squares analysis of fifteen 20 values measur­
ed on a Philips PW 1100 four circle diffractometer by the 
use of Cu-Koc radiation. 

The blue violet plate-like crystals of the dihydrate were 
usually twinned. Recrystallization was repeated in an at­
tempt to obtain single crystals by taking precession photo­
graphs, but all the efforts were unsuccessful. 

The precession photographs showed clearly the presence of 
two individuals in twin orientation. Both have a common 
a* axis and the reciprocal lattice of one crystal of the twin is 
related to that of the other by a rotation of 180° about the 
a* axis. This was confirmed by the intensity measurements 
(20<^4OO) for each constituent in a twinned crystal. The in­
tensities of the corresponding reflections were different from 
each other in every twin crystal ; in the crystal used for X-ray 
data measurements, the intensity ratio was found to be 6.88: 1. 

Data Collection: Intensity data for the major individual of 
the twin were collected on the diffractometer by use of nickel-
filtered Cu KOL radiation. A crystal with dimensions 0.07 X 
0.10x0.13 mm3 was mounted so that the a axis is roughly 
parallel to <j> axis. The crystal-to-detector distance and the 
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detector aperture were 195 mm and 3 x 3 mm, respectively. 
The scan rate and the scan width are 0.030° s_1 and (0.7 + 
0.2 tan 0)°, respectively. Background counts were measured for 
(scan time/2)>v//b//int at each side of the scan range (Ib, mean 
background intensity obtained from the preliminary back­
ground measurements for 5 s at each side of the peak; 7int 

is the total number of counts divided by total scan time). A 
total of 3080 reflections having It—2^//t^>/b were collected 
in the 20^120° range (It, intensity at the top of the peak), 
but 2584 reflections for which I^>2o(I) were used in the struc­
ture analysis. Intensity data were corrected for the Lp factor161 

but not for absorption. 
For each reflection no estimation was made of the error 

derived from the diffraction due to the minor crystal. How­
ever, a tentative calculation suggested that under these experi­
mental conditions the intensity from a reciprocal lattice point 
is liable to suffer from disturbance due to the diffraction from 

TABLE 1. POSITIONAL AND THERMAL PARAMETERS 

x y z B/Az 

the minor individual; the disturbance is possibly significant 
unless a reciprocal lattice point of the major is separated from 
the neighboring point due to the minor by more than 0.013 
A - 1 . Of the 2584 reflections 1027 were under such circum­
stances but the error induced in the structure amplitude is 
about 8% on an average.17) Therefore, all 2584 reflections 
were used for the structure analysis in the initial stage. 

Structure Determination and Refinement: The positions of V 
atoms were obtained from the Patterson map and those of the 
remaining nonhydrogen atoms were found from successive 
Fourier syntheses. The positional and isotropic thermal param­
eters were refined by the least-squares method. The mini­
mized funct ion was XI ̂  ( I ̂ o I ~ I -̂ c I )2 • The weighting 
scheme was as follows: W=0.3 for F0<^9.8 and W=\û for 
Foy>9.8. Several cycles of the least-squares calculations re­
duced R to 0.109. In the subsequent refinement, zero weight 
was assigned to the 1027 reflections. The structure converged 
with R—0.115. In the final cycle no parameters were varied 
by more than 0.3 a. 

Atomic scattering factors of V°, O, N, and C were taken from 
Ref. 18. Observed and calculated structure factors are avail­
able (Document No. 7902 ; in the FQ-FC table those reflections 
for which zero weight was given in the leasts quares calcula­
tion, are marked with asterisks). Table 1 lists final atomic 
parameters. All computations were carried out on the FA-
GOM 230-60 computer of Osaka City University, by the use 
of the RSSFR-5, HBLS-IV, and DAPH programs in the 
UNIGS.19) 

Other Measurements. The electronic spectra were re­
corded with a Hitachi 323 Spectrometer in aqueous solution 
and by the reflectance method. Infrared spectra were record­
ed with a JASGO IR-A1 Spectrometer in KBr disks. The 
pH titration was performed with a Metrohm E300B titrator 
under nitrogen atmosphere. The Magnetic susceptibility was 
measured by the Gouy method. 

R e s u l t s a n d D i s c u s s i o n 

Crystal Structure. The crystal structure viewed 
down from the c axis is shown in Fig. 2. Although no H 
atoms were found in the structure analysis, possible 
hydrogen bonds are indicated by dotted lines. The 
unit cell comprises two crystallographically independent 
complexes which are discerned by atom numberings 
primed and unpr imed. They are very similar in geom­
etry and have virtually equal dimensions, except that 
they are enantiomeric to each other. Table 2 indicates 
that chemically equivalent bond lengths and angles are 
in reasonable agreement with each other. The elevation 
and projection of the complex are shown in Fig. 3 in 
which one antipode is depicted. The vanadium ion has 
a distorted octahedral coordination; the vanadyl 
oxygen and tertiary amino nitrogen occupy axial 
positions, while the equatorial plane consists of the 
pyridine nitrogen, water oxygen and two eis carboxylate 
oxygen atoms. The bond lengths and angles are listed 
in Table 2, and the deviation of the atoms from the 
least-squares plane in Table 3. 

The V atom deviates from the equatorial plane by 
0.39 Â toward the oxo l igand. This value is comparable 
with that (0.39 Â) in Na2[(VO)2( t tha)]-10H2O2> (Hfl 

t tha, triethylenetetraaminehexaacetic acid), in which 
the complex has a centrosymmetric dimer structure but 
is similar to the present complex in the context that each 
V atom is surrounded octahedrally by 4 0 and 2N (eis 

V(l) 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
N(l) 
N(2) 
G(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
G(7) 
C(8) 
C(9) 
C(10) 
V'(l) 
O'(l) 
0'(2) 
0'(3) 
0'(4) 
0'(5) 
0'(6) 
N'(l) 
N'(2) 
C'(l) 
C'(2) 
C'(3) 
C'(4) 
C'(5) 
C'(6) 
C'(7) 
C'(8) 
C'(9) 
C'(10) 
O(WA) 
O(WB) 
O(WC) 
O(WD) 

0.1605(1) 
0.3681(5) 
0.2575(4) 
0.1589(4) 
0.2502(5) 
0.1785(5) 
0.1148(5) 
0.0832(5) 
0.2176(5) 
0.0171(7) 

-0.0341(8) 
-0.0136(8) 

0.0549(8) 
0.1038(7) 
0.1780(7) 
0.2900(7) 
0.3068(7) 
0.2197(7) 
0.1924(6) 
0.3376(1) 
0.1292(5) 
0.2408(4) 
0.3373(4) 
0.2914(5) 
0.3191(5) 
0.3844(5) 
0.4139(5) 
0.2797(5) 
0.4807(8) 
0.5310(9) 
0.5110(9) 
0.4418(8) 
0.3937(7) 
0.3187(7) 
0.2083(7) 
0.1902(7) 
0.2776(7) 
0.3022(7) 
0.3886(6) 
0.0356(6) 
0.0994(5) 
0.4787(9) 

0.4260(2) 
0.4497(10) 
0.4672(8) 
0.5910(7) 
0.7082(10) 
0.2468(8) 
0.4710(9) 
0.3517(10) 
0.3796(9) 
0.3698(13) 
0.3318(15) 
0.2732(15) 
0.2515(14) 
0.2912(12) 
0.2647(13) 
0.3413(14) 
0.4265(13) 
0.4915(12) 
0.6041(12) 
0.9451(2) 
0.9378(9) 
0.9751(8) 
1.1036(8) 
1.2068(10) 
0.7663(8) 
1.0044(9) 
0.8669(10) 
0.8759(10) 
0.8836(14) 
0.8337(17) 
0.7595(15) 
0.7458(14) 
0.7964(12) 
0.7646(12) 
0.8345(12) 
0.9247(12) 
0.9848(13) 
1.1039(12) 
0.5687(10) 
0.9014(11) 
0.0435(9) 
0.4074(14) 

0.3791(3) 
0.3641(14) 
0.4494(12) 
0.2898(11) 
0.0858(15) 
0.3967(13) 
0.5793(13) 
0.1752(15) 
0.0721(14) 
0.2201(20) 
0.0760(22) 

-0.1179(22) 
-0.1643(22) 
-0.0161(19) 
-0.0490(20) 

0.1188(21) 
0.3249(19) 

-0.0151(19) 
0.1255(18) 
0.8745(3) 
0.9001(14) 
0.9626(12) 
0.7673(12) 
0.5559(15) 
0.9144(13) 
1.0622(14) 
0.6624(15) 
0.5779(14) 
0.6961(22) 
0.5561(26) 
0.3773(24) 
0.3344(23) 
0.4832(19) 
0.4571(19) 
0.6466(19) 
0.8495(19) 
0.4793(20) 
0.6083(19) 
0.7734(17) 
0.6045(17) 
0.3022(14) 
0.1131(22) 

.00(4) 
•7(2) 
.3(2) 
.9(1) 
.1(2) 
.7(2) 
.9(2) 
.4(2) 
.0(2) 
.9(3) 
.8(3) 
.8(3) 
.4(3) 
5(2) 
.9(3) 
.1(3) 
,5(2) 
4(2) 
•1(2) 
03(4) 
2(2) 
1(2) 
0(2) 
0(2) 
7(2) 
2(2) 
2(2) 
0(2) 
3(3) 
0(4) 
3(3) 
9(3) 
6(3) 
5(2) 
4(2) 
5(3) 
0(3) 
5(2) 
9(2) 
1(3) 
6(2) 
1(4) 
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èsina 

O(WB) VUT^/ y ^ s 
0(4) . . . . Ö - ^ S v ^ O 

Fig. 2. The crystal structure viewed down the c axis. The dotted lines 
indicate possible 0 -H- - -0 hydrogen bonds. 

TABLE 2. INTERATOMIC DISTANCES AND BOND ANGLES 

Bond lengths (//A) 

V-0(2) 
V-0(3) 
V-0(5) 
V-0(6) 
V-N(l) 
V-N(2) 
N(2)-C(6) 
C(6)-C(5) 
C(5)-N(l) 
N(2)-C(7) 
C(7)-C(8) 
C(8)-0(2) 
C(8)-0( l ) 
N(2)-C(9) 
C(9)-C(10) 
C(10)-O(3) 
C(10)-O(4) 
N(l)-C(l) 
C(l)-C(2) 
G(2)-G(3) 
C(3)-C(4) 
C(4)-C(5) 
Bond angles (0/°) 

0(2)-V-N(l ) 
0 (3) -V-0(5) 
0(6) -V-0(2) 
0(6) -V-0(3) 
0(6) -V-0(5) 
0(6)-V-N(l ) 
0(6)-V-N(2) 
0(2) -V-0(3) 
0(3)-V-N(l ) 
N( l ) -V-0(5) 
0(5) -V-0(2) 
V-N(2)-C(6) 
V-N(2)-C(7) 
V-N(2)-C(9) 

1.98(1) 
2.02(1) 
2.02(1) 
1.60(1) 
2.11(1) 
2.30(1) 
1.53(2) 
1.49(2) 
1.38(2) 
1.56(2) 
1.55(2) 
1.29(2) 
1.24(2) 
1.46(2) 
1.49(2) 
1.30(2) 
1.23(2) 
1.33(2) 
1.42(2) 
1.39(2) 
1.38(2) 
1.40(2) 

152.6(4) 
163.7(4) 
107.2(4) 
95.4(4) 

100.9(4) 
100.2(5) 
172.1(4) 
88.5(4) 
89.2(4) 
88.1(4) 
86.6(4) 

105.1(7) 
104.7(8) 
108.6(8) 

V , -0 , (2) 
V'-0 ' (3) 
V' -0 ' (5) 
V'-0 ' (6) 
V ,-N ,( l ) 
V ,-N ,(2) 
N ,(2)-C ,(6) 
C ,(6)-C ,(5) 
C'(5)-N'(l) 
N /(2)-C /(7) 
C ,(7)-C ,(8) 
C /(8)-0 ,(2) 
C'(8)-0 ' ( l ) 
N ,(2)-C ,(9) 
C ,(9)-C ,(10) 
C ,(10)-O ,(3) 
C ,(10)-O ,(4) 
N'( l ) -C' ( l ) 
C /(l)-C ,(2) 
G,(2)-G,(3) 
C ,(3)-C ,(4) 
C ,(4)-C ,(5) 

0 , (2)-V / -N , ( l ) 
0 , (3) -V , -0 , (5) 
0 , (6) -V / -0 , (2) 
0 , (6) -V , -0 , (3) 
0 , (6) -V / -0 , (5) 
0 , (6)-V , -N , ( l ) 
0 ,(6)-V ,-N ,(2) 
0 , (2) -V , -0 , (3) 
0 , (3)-V / -N , ( l ) 
N ' ^ - V ' - O ' ^ ) 
0 , (5 ) -V , -0 , (2 ) 
V ,-N ,(2)-C ,(6) 
V /-N /(2)-C /(7) 
V ,-N ,(2)-C ,(9) 

1.98(1) 
2.01(1) 
2.03(1) 
1.60(1) 
2.11(1) 
2.32(1) 
1.53(2) 
1.50(2) 
1.36(2) 
1.53(2) 
1.55(2) 
1.30(2) 
1.23(2) 
1.49(2) 
1.47(2) 
1.31(2) 
1.27(2) 
1.33(2) 
1.39(2) 
1.37(3) 
1.39(3) 
1.40(2) 

152.4(4) 
163.0(4) 
107.4(4) 
95.7(4) 

101.3(5) 
100.1(5) 
172.0(5) 
87.5(4) 
92.3(4) 
85.8(4) 
86.5(4) 

106.2(7) 
104.0(7) 
107.4(8) 

Bond angles (çty°) 

C(6)-N(2)-C(7) 
C(7)-N(2)-C(9) 
C(6)-N(2)-C(9) 
N(2)-C(6)-C(5) 
C(6)-G(5)-N(l) 
C(5)-N(l)-V 
N(2)-C(7)-C(8) 
C(7)-C(8)-0(2) 
C(8)-0(2)-V 
C(7)-C(8)-0(l) 
0( l ) -C(8)-0(2) 
N(2)-C(9)-C(10) 
C(9)-C(10)-O(3) 
C(10)-O(3)-V 
C(9)-C(10)-O(4) 
O(4)-C(10)-O(3) 
N(l)-C(l)-C(2) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
G(3)-G(4)-G(5) 
C(4)-C(5)-N(l) 
C(5)-N(l)-C(l) 

Possible hydrogen 

110(1) 
113(1) 
115(1) 
107(1) 
117(1) 
117.5(9) 
105(1) 
119(1) 
121.2(8) 
118(1) 
123(1) 
113(1) 
120(1) 
119.7(8) 
118(1) 
122(1) 
122(1) 
118(1) 
120(1) 
120(1) 
120(1) 
120(1) 

bonds (I/A) 
Symmetry code 

I 1—A:, 1-
III x, \+y, 
V x>y> 1 + 

O(l) . . 
o(i) . . 
0(5) . . 
0(5) . . 
O'(l)» 
O'(l)-. 
0 '(5). . 
0 '(5). . 

-y, l—«: 
1 + z; 
z 
O(WA) 
O(WD) 
O(WC) 
0'(4IV) 
•O(WB) 
. 0 ( W C m ) 
•O(WA) 
•0(4V) 

0(WA)..-0(WD I) 
0(WB ). . .0(WCn) 

C'(6)--N,(2)-C/(7) 
C ,(7)-N /(2)-C /(9) 
C7(6)--N,(2)-C,(9) 
N ,(2)-C ,(6)-C ,(5) 
G ,(6)-G ,(5)-N ,(l) 
G'CSJ-N'CIJ-V7 

N7(2)-
G'(7)-

-C ,(7)-C ,(8) 
-C ,(8)-0 ,(2) 

C ,(8)-0 ,(2)-V / 

G'(7)-
O'(l)-
N7(2)-
G'(9)-

-C ,(8)-0 ,(l) 
-C /(8)-0 ,(2) 

-cy^-cyoo) 
-C/(10)-O,(3) 

C /(10)-O ,(3)-V / 

G'(9)-
0'(4)-
N'(l)-
G'(l)-
G'(2)-
G'(3)-

-C,(10)-O,(4) 
-C ,(10)-O ,(3) 
-C ,(l)-C /(2) 
-C/(2)-C/(3) 
-C,(3)-C,(4) 
-G,(4)-G,(5) 

C ,(4)-C /(5)-N ,(l) 
G'CSJ-N'CIJ-C'CI) 

II 
IV 

-x, \-y, 1-
*> -1+^, z\ 

2.85(2) 
2.70(2) 
2.61(1) 
2.59(1) 
2.73(2) 
2.79(1) 
2.58(1) 
2.59(1) 
2.72(2) 
2.75(2) 

112(1) 
112(1) 
114(1) 
108(1) 
118(1) 
118.3(9) 
107(1) 
118(1) 
121.6(8) 
118(1) 
124(1) 
113(1) 
121(1) 
119.4(8) 
118(1) 
121(1) 
123(1) 
118(2) 
119(2) 
119(2) 
121(1) 
119(1) 

-z; 
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Fig. 3. The elevation and projection of the complex. 

TABLE 3. DEVIATIONS (Ad)A) OF ATOMS FROM 

SEVERAL MEAN PLANES 

(1) [N(l), 0(2) , 0(3) , 0(5)] plane 
N(l) 0.15, 0(2) 0.07, 0(3) - 0 . 1 2 , 0(5) - 0 . 0 6 , 
V - 0 . 3 8 

(10 [N7(l), 07(2), 07(3), 07(5)] plane 
N7(l)0.09,O7(2)0.10,O7(3) -0 .10 ,O 7 (5) - 0 . 0 9 , 
V7 - 0 . 3 9 

(2) [V,N(1),N(2)] plane 
G(5) 0.28, G(6) 0.78 

(27) [V , ,N ,( l ) ,N /(2)] plane 
C7(5) - 0 . 2 6 , C7(6) - 0 . 7 0 

(3) [V,N(2),0(2)] plane 
G(7) 0.73, G(8) 0 .31,0(1) 0.33 

(30 [V7, N7(2), 07(2)] plane 
C7(7) - 0 . 6 9 , C7(8) - 0 . 2 8 , O'(l) - 0 . 3 1 

(4) [V,N(2), 0(3)] plane 
G(9) - 0 . 0 2 , G(10) 0.12, 0(4) 0.40 

(47) \V', N7(2), 07(3)] plane 
C7(9) 0.04, C7(10) - 0 . 1 4 , 07(4) - 0 . 3 7 

positions) atoms. In square pyramidal oxovanadium(IV) 
complexes the deviation of V atom from the equatorial 
plane ranges from 0.48 to 0.58 Â,12> whereas in the 
octahedral complexes this deviation is in the range 
0.26—0.41 Â. 

The axial ligation thus decreases the deviation, with 
the O donor giving more marked effect than the N 
donor. This is in accord with the larger mean L e q - V - L e q 

angles for trans(0) than for trans(N). The V = 0 bond 
length (1.60 Â) agrees well with that in the t tha 
complex.2) The lengths in the 6-coordinate complexes 
range from 1.56 to 1.63 A, differing little from those 
in the 5-coordinate complexes.12) The salpn complex 
[VO(salpn)] (salpn, iV,iV-disalicylidene-l,2-propanedi-

amine) has V = 0 - V = 0 chain in the crystals, and a 
rather strong intermolecular interaction is expected. 
Even in this compound the V = 0 length (1.633(9) A) is 
not significantly different from those in the 5-coordinate 
complexes. 

Selbin et al. summarized I R frequencies of various 
oxovanadium(IV) complexes and indicated that the 
v(V=0) depends on the variety of ligands.20) However, 
there seems to be an overall trend as follows: (1) V 0 2 + 

complexes with coordination number 5 give i>(V=0) 
higher than 995 cm"1;21) (2) on the other hand, V 0 2 + 
complexes with coordination number 6 give lower 
r ( V O ) ' s ; e.g., 976, 955,22) and 854 c m - 1 for(NH4)2-
[VO(oxala to) 2 (H 2 0)] - H 2 0 , [VO(acac) 2(4-phenylpyri-
dine)] and [VO(salpn)] , respectively. The present 
complex with coordination number 6 gives vÇV-O) at 
985 c m - 1 . I t appears as if V 0 2 + complexes with coordi­
nation number 5 and 6 have vÇV-O) values higher 
than and lower than 990 c m - 1 , respectively, and this 
figure can serve as a criterion for discriminating the 
coordination number of V 0 2 + complexes.23) Correlation 
could be also expected between the V = 0 bond length 
and v(V=0). However, the variat ion of the bond 
length should be very small and a more accurate 
measurement is desirable. 

The axial V-N(2) bond with the tert iary amino 
nitrogen agrees in length with the corresponding value 
in [ (VO) 2 ( t tha)] 2 ~ but is longer by 0.15 A than the 
equatorial V-N(sp3) bond in the t tha complex. Such a 
difference is at t r ibuted to the trans influence of the 
oxo l igand. 

The 5-membered chelate rings are of the envelope 
conformation, the r ing composed of 0 ( 3 ) , C(10), C(9), 
N(2) , and V has relatively planar structure. However, 
the other two rings are considerably puckered u p . 
Figure 4 shows, as an example, the projection and 
elevation of the chelate r ing which includes the pyridine 
moiety. The firm disposition of the equatorial bonds 
may be responsible for such a puckering. Bond lengths 
and angles in the pmida l igand are normal . The length 
of the hydrogen bonding (Table 2) range from 2.59 to 
2.85 A, which are normal for lattice waters in coordina­
tion compounds. 

Fig. 4. The projection and elevation of the chelate ring 
in which pyridine moiety participates. 
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TABLE 4. SOME STRUCTURAL PARAMETERS OF 6-COORDINATE OXOVANADIUM(IV) COMPLEXES 

[VO(pmida)(H20)] -2H2Oa) 

Na2[(VO)2(ttha)]. 10H2O
2) 

[VO (2,6-pyridinedicarbox­
ylato) (HaO)a].2HaO») 
(NH4)2VO(NCS)4.5H20*> 
VOS04 .5H205> 

Deviation6) 
(d/A) 

0.39 

0.39 
0.408 

0.26 
0.281 

(NH4)2[VO(ox)2(H20)].H20«> 0.302 

VOS04.3H207> 

VOS04
8) 

VO(acac)2(4-Ph-py)9) 
[VO(acac)2]2(dioxane)1«» 
VO(salpn)1!) 

0.36 

0.31 
0.22 

0.31 

L „ - V - L < 
W°) 
157.9 

156.6 
156.6 

163 

161.9 

159.4 

162.2 

') V=0 
(//A) 

1.60(1) 

1.605(8) 
1.59(1) 

1.62(6) 
1.591(5) 

1.594(3) 

1.559(8) 

1.59(2) 
1.58(1) 
1.62 
1.633(9) 

v-oeq
d) 

(//A)4 

O(COO-) 2.00 
0 ( H 2 0 ) 2.02(1) 
O(COO-) 1.933 
O(COO-) 2.02(2) 
0 ( H 2 0 ) 2.03(1) 

0 ( H 2 0 ) 2.040 
0(S0 4 ) 1.983(5) 
O(COO-) 2.004 
0 ( H 2 0 ) 2.033(3) 
0 (S0 4 ) 2.017 
0 ( H 2 0 ) 2.065 
O(SO4)2.03 

O(acac) 1.99 
O(C-O-) 1.945(9) 

V-Neq 

(//A)q 

2.11(l)(sp») 

2.163(5) (sp») 

2.04(3)(sp) 

2-H(l)(sp2) 

V-La x 

(//A) 
N(sp3) 2.31(1) 

N(sp3) 2.294(7) 
N(sp2) 2.18(1) 

0 ( H 2 0 ) 2.22(5) 
0 ( H 2 0 ) 2.223(5) 

0(COO-)2.184(3) 

0 ( H 2 0 ) 2.284(8) 

0 (S0 4 ) 2.28(2) 

0(dioxane)2.51 
0(V=0) 2.213(9) 

a) Present work, b) The deviation of the V atom from the equatorial plane ; in every complex four atoms 
defining the equatorial plane are disposed in a more or less tetrahedral configuration with respect to the plane. 
The four atoms in the 2,6-pyridinedicarboxylato complex have significant deviations (±0.196 Â), and hence 
it might be inadequate here to define an "equatorial" plane. However, as is seen in the Table, the "devia 
tion" of the V atom as well as the Leq-V-Leq value in the 2,6-pyridinedicarboxylato complex have features 
similar to those of the other complexes with an axial N ligand. c) Mean value of two Leq-V-Leq angles ; the 
two Leq's denote the ligand atoms which are trans to each other in the equatorial plane, d) In case there are 
more than two chemically equivalent bonds, the average value of their lengths is listed. 

Of the four possible isomers of this complex, the 
present product seems to involve the least strain, 
because coordination of the two acetate oxygens in 
trans positions (II and I I I in Fig. 1) brings about a 
larger strain in the chelates. The pyridine r ing is 
parallel to the z-axis. T h e d1 electron of V O ( 2 + ) is 
believed to occupy dx y orbital and the derea l iza t ion 
of this electron to the Tt-orbital of the pyridine moiety 
should be favorable. 

Structure in the Aqueous Solution. T h e complex 
gave a pKa value 6.4 at 25 °C and an ionic strength of 
1.0 (NaC10 4 ) . Hence, the complex is mostly ( > 9 8 % ) 
present in the aqua from below p H 4.7. T h e electronic 
absorption peaks are at 258, 350, 572, and 765 nm with 
molar extinction coefficients of 4940, 304, 16, and 27 
c m - 1 M _ 1 , respectively at p H 3.0 to 4.9. The reflectance 
spectrum of the solid dihydrate in the range from 340 to 
700 nm gave peaks at 354 and 570 nm, suggesting that 
the complex maintains the same skeletal structure in 
aqueous solution of p H below 4.7 as in the crystalline 
state. 

Complex formation between the aqueous solution of 
oxovanadium(IV) sulfate (0.008 M) and p m i d a 2 -

(0.01 M) is indicated by the visible absorption peaks at 
572 and 765 nm with molar extinction coefficients 15 
and 26 c m - 1 M _ 1 , respectively (vide supra) at p H 3.0. 
T h e visible peaks are so sensitive to the environment of 
oxovanadium(IV) ions as to be useful for identifying 
the complexes.1) Therefore, it appears as if the present 
product was formed selectively from among the four 
possible structures. 

T h e authors wish to thank Dr. Hiroshi Yokoi, 
Chemical Research Institute of Non-aqueous Solutions, 

Tohoku University for the measurement of the magnetic 
moment . 
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Phase Equilibria in the ErgOs-V^s-VaOs System at 1200 °C 
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The phase equilibria in the EraOg-VaOg-VjjOg system have been established at 1200 °G. In this system, 
Er203 , Er8V201 7(4Er203 .V205), ErV0 3 , ErV0 4 , Vn02n_1(n: 2 to 7), and V 0 2 found to be stable, Er8V2017, 
ErV04 , V 2 0 3 , and V 0 2 of which had non-stoichiometric compositions. On the basis of the phase equilibria, 
the standard Gibbs energies for the reactions, 

ErVC-3 + 1/20, = ErV0 4 , (1) 
3Er203 + 2ErV03 + 0 2 = Er8V2017, (2) 

have been determined to be — 121 ± 1 and — 256 ± 1 kj , respectively. It has been shown that the standard Gibbs 
energy for Sm, Er, and Lu in Eq. 1 decreases linearly with increasing ionic radius of lanthanoid. 

In previous papers,1 '2) the phase equilibria in the 
S m 2 0 3 - V 2 0 3 - V 2 0 5 and the L u 2 0 3 - V 2 0 3 - V 2 0 5 systems 
were reported at 1200 °G. In both systems, the existence 
of the V M 0 2 M - ! (n: 2 to 7) phases were confirmed. I n 
the former system, Sm1 0V2O2 0(5Sm2O3- V 2 0 5 ) , S m V O s , 
and S m V 0 4 , and in the latter, L u V 0 3 , L u V 0 4 , Lu7-
V 3 0 1 6 , L u 2 V 2 0 7 , and L u V 4 O g were stable as ternary 
compounds. O n the basis of these phase equil ibria, 
the standard Gibbs energies for the reactions related 
to the ternary compounds have been determined. 

I t has been reported that E r V 0 3 is only the stable 
ternary compound in the E r 2 0 3 - V 2 0 3 system, and that 
it belongs to the orthorhombic crystal system.3,4) 

Recently, Brusset et a/.5»6) have studied the phase 
equil ibria in the E r 2 0 3 - V 2 0 5 system in the temperature 
range from 600 to 1500 °G, and found the existence of 
4 E r 2 0 3 - V 2 0 5 and 5 E r 2 0 3 - V 2 0 5 in addit ion to the 
established tetragonal E r V 0 4 phase, and concluded that 
4 E r 2 0 3 - V 2 0 5 is stable at temperatures from 1350 to 
1500 °C, and 5 E r 2 0 3 - V 2 0 5 from 1250 to 1500 °C.5> 
Brusset et al.7) reported that the 4 E r 2 0 3 « V 2 0 5 phase 
belongs to the monoclinic system, and determined the 
relative intensities, spacings and assignments of the index 
of this phase. The precise phase equil ibria in the 
E r 2 0 3 - V 2 0 3 - V 2 0 5 system have, however, not been 
investigated. 

The objectives of the present study have been (1) to 
establish the detailed phase equil ibria in the E r 2 0 3 -
V 2 0 3 - V 2 0 5 system at 1200 °G in order to clarify the 
stable ternary compounds, (2) to calculate the Gibbs 
energies of the reactions for ternary compounds, and 
(3) to ascertain, prior to pursuing the complete studies 
of the L n - V - O system (Ln : La , Ce, Pr, Nd, Sm, Eu, 
Gd, T b , Dy, Ho , Er, T m , Yb , Lu, and Y) , wether or 
not there exists a l inear relationship between the 
standard Gibbs energy of reaction and the ionic radius 
of the lanthanoid, as found in the L n - F e - O system.8) 
E r 2 O s has been selected as one of the lanthanoid 
sesquioxides in this paper . 

E x p e r i m e n t a l 

Analytical grades of Er 2 0 3 (99.9% purity) and V205 , made 
by heating guaranteed reagent grade NH 4 V0 3 in air for 24 h 
at 500 °C, have been employed as starting materials. The 
desired ratios of Er 20 3 /V 20 5 were obtained by mixing the 
appropriate quantities thoroughly in an agate mortar under 

ethyl alcohol. The mixtures thus obtained were treated by 
procedures previously described.1) 

Apparatus and procedures for controlling the partial pres­
sure of oxygen, for keeping the temperature constant, the 
method of thermogravimetry, the criterion for establishing 
equilibrium, the method of identification of solid phases after 
quenching, of lattice constant determination, the method of 
measurement of the actual oxygen partial pressure, and the 
method of wet chemical analysis are the same described in 
previous papers.1'9-11) On the basis of the previous results,1) 
the weight of sample measured at an oxygen partial pressure of 
10-12 atm has been chosen as the standard reference weight 
for thermogravimetry. 

R e s u l t s a n d D i s c u s s i o n 

Phase Equilibria. Seven starting samples with 
different E r 2 0 3 / V 2 0 5 ratios of 5.67, 4.00, 2.33, 1.50, 
1.00, 0.667, and 0.250 were prepared. Figure 1 illu­
strates, as an example, the relationship between the 
oxygen part ial pressure and the composition change, 
WOIIWT, for samples with E r 2 0 3 / V 2 0 5 ratios of 5.67, 
1.50, and 0.250. Wot represents the weight gain of the 
samples assuming the reaction, V 2 0 3 + 0 2 = V 2 0 5 , were 
completed. Table 1 gives the results of the phase 
identification after quenching, and Fig. 2 illustrates the 
phase diagram. The following phases were found to be 
stable under the present experimental conditions; 
E r 2 O s (R) , E r V 0 4 ( B ) , E r V 0 3 ( G ) , V 2 0 3 ( D ) , V 3 0 5 ( E ) , 
V 4 0 7 ( F ) , V 5 0 9 ( G ) , V 6 O n ( H ) , V 7 0 1 3 ( l ) , V 0 2 ( J ) , and 
Er 8 V 2 0 1 7 (N) ( 4 E r 2 0 3 - V 2 0 5 ) . The letters in paren­
theses are the abbreviations of compounds. The existence 
of the 4 E r 2 0 3 « V 2 0 5 phase contradicts the results of 
Brusset et al.5) T h e stoichiometric existence of E r 2 0 3 

has been certified by Ki tayama and Katsura.12) As 
seen in Fig. 2, the phases E r V 0 4 , V 2 0 3 , V 0 2 , and 
E r 8 V 2 0 1 7 are of non-stoichiometric composition. The 
relationship between NojNd and log P0, values for the 
solid solutions has been obtained using the results of 
thermogravimetric analysis and the method of least 
squares. Here, No/Nd indicates the deviation of the 
oxygen atoms from the stoichiometric composition d.1>10) 
T h e empirical equations for E r 8 V 2 0 1 7 and E r V 0 4 have 
been obtained as 

tfo/WEr.v,o„ = 0.0443 logPo, + 0.108 

and 

tfcÄrvo. = 0.0236 logP0 , + 0.180, 
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Fig. 2. Phase equilibria in the Er 2 03-V 2 0 3 -V 2 0 5 system 
at 1200 °G. Numerical values in three solid phases 
regions are the oxygen partial pressures in terms of 
—log P0t. Abbreviations are the same as those in 
Table 2. 

TABLE L IDENTIFICATION OF PHASES 

Starting material 
(mol %) 

Er 2 0 3 V 2 0 5 

0.85 0.15 

0.70 0.30 

0.40 0.60 

0.20 0.80 

—log 

(atm) 

12.00 
9.50 
9.00 
8.50 
0.68 

12.00 
9.50 
8.50 
0.68 

12.00 
9.50 
9.00 
8.50 
8.00 
7.00 
5.75 
5.50 
5.30 
5.10 
4.50 

12.00 
9.50 
9.00 
8.50 
8.00 
7.00 
5.75 
5.50 
5.30 
5.10 
4.50 

Time 
(h) 

5 
18 
24 
25 
19 
5 

18 
25 
19 
5 

18 
24 
25 
27 
25 
34 
34 
40 
44 
48 

5 
18 
24 
25 
27 
25 
34 
34 
40 
44 
48 

Phase 

Er 2 0 3 + E r V 0 3 

Er 2 0 3 + E r V 0 3 

Er 2 0 3 +Er 8 V 2 0 1 7 

Er 2 0 3 +Er 8 V 2 0 1 7 

Er 2 0 3 +Er 8 V 2 0 1 7 

Er 2 0 3 + E r V 0 3 

Er 2 0 3 + E r V 0 3 

ErV0 4 + Er8V2017 

ErV0 4 +Er 8 V 2 0 1 7 

E r V 0 3 + V 2 0 3 

E r V 0 3 + V 2 0 3 

E r V 0 3 + V 2 0 3 

E r V 0 4 + V 2 0 3 

E r V 0 4 + V 2 0 3 

E r V 0 4 + V 3 0 5 

E r V 0 4 + V 4 0 7 

E r V 0 4 + V 5 0 9 

E r V 0 4 + V 6 O n 

E r V 0 4 + V 7 0 1 3 

E r V 0 4 + V 0 2 

E r V 0 3 + V 2 0 3 

E r V 0 3 + V 2 0 3 

E r V 0 3 + V 2 0 3 

E r V 0 4 + V 2 0 3 

E r V 0 4 + V 2 0 3 

E r V 0 4 + V 3 0 5 

E r V 0 4 + V 4 0 7 

ErV0 4 +V 5 V 9 

E r V 0 4 + V 6 O n 

E r V 0 4 + V 7 0 1 3 

E r V 0 4 + V 0 2 
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TABLE 2. COMPOSITIONS, STABILITY RANGES IN 

OXYGEN PARTIAL PRESSURES, AND ACTIVITIES 

IN SOLID SOLUTIONS 

Com­
ponent 

Er8V2017 

ErV0 3 

ErV0 4 

Composi­
tion 

Er8V2O17.0 

Er8V2016-8 

ErVC-3 00 

ErVO4 0 0 

ErV03 - 9 8 

Symbol 

N 
Nx 

C 
B 
Bx 

- l o g P o , 

0.68a>—2.44b> 
9.08 

8.55 —12.00e) 
0.68a>—7.63b> 

8.55 

log a, 

0.489 
0 
0 
5 x l 0 - 3 

0 

a) Stability range in log P0l may be higher than 
— 0.68. b) These values were obtained by extra­
polation using the thermogravimetric values, c) Sta­
bility range in log P 0 ( may be lower than —12.00. 

respectively. 
In Table 2, the compositions, the stability ranges in 

oxygen part ial pressures, and the abbreviations of the 
compounds are tabulated. As given in Table 2, E r 8 V 2 0 1 7 

has a composition ranging from Er 8 V 2 O i e - 8 at log Po«= 
- 9 . 0 8 to E r 8 V 2 O 1 7 0 at log P 0 , = - 2 . 4 4 . E r V 0 3 

exhibites no deviation from the stoichiometric composi­
tion within the limits of experimental error. The 
deviation from the stoichiometric composition of E r V 0 4 

extends up to E r V 0 3 - 9 8 at log P0,= — 8.55. 
T h e lattice constants for E r V 0 4 , E r V 0 3 , and 

E r 8 V 2 0 1 7 are given in Table 3 together with the previous 
data .3 - 5 '7 '1 3) The values obtained in this study are in 
reasonable agreement with previous results. As seen 
from Table 3, the non-stoichiometric dependence of the 
lattice constants for E r 8 V 2 0 1 7 has not been observed, 
and this may be due to compensation of the V 4 + ion for 
the V5+ ion and the corresponding oxygen deficiency 
on the cell volume. The results for the V - O binary 
system have been reported in a previous paper.1) 

Calculation of Standard Gibbs Energy of Reaction. 
O n the basis of the phase equilibria, the standard Gibbs 
energy of reaction to form the E r V 0 4 and E r 8 V 2 0 1 7 

compounds can be calculated by referring to the 
following reactions: 

E rV0 3 + l /20 2 = ErV04 , (1) 

3Er203 + 2ErV03 + Oa = Er8V2017 . (2) 

The standard Gibbs energies of these reactions can be 
directly calculated by adopting the equil ibrium oxygen 
part ial pressures corresponding to Eqs. 1 and 2. Here, 
the activity of each component, E r V 0 4 and E r 8 V 2 0 1 7 a t 
the composition of Bx and Nj in Fig. 2, respectively, was 
set equal to unity. The standard Gibbs energy of each 

reaction was calculated from the equation, AG°=—RT 
InK, where R is the gas constant, T the absolute 
temperature, and K the equil ibrium constant. The 
detailed method of obtaining the equilibrium constant 
K, has been described by Kimizuka and Katsura.14) In 
this study, the standard Gibbs energy for Reactions 1 
and 2 found to be —121 ± 1 and — 256 ± 1 k j , respec­
tively. 

In similar studies,1'2) Ki tayama and Katsura deter­
mined the standard Gibbs energies of reaction for 
S m V 0 4 and L u V 0 4 to be — 1 2 7 ± l and —116±1 k j , 
respectively. Thus by utilizing this data, the relationship 
between the standard Gibbs energy of reaction 
(expressed as L n V 0 3 + l / 2 0 2 = L n V 0 4 (Ln; Sm, Er, 
and Lu)) and the ionic radius of Ln3+ ion may be found. 
The value of each ionic radius has been determined by 
Shannon and Prewitt15) to be Sm3+ 1.09, Er3+ 1.00, and 
Lu 3 + 0.97À with a coordination number of 8. Although 
the data was limited, the standard Gibbs energy of 
the reaction was found to decrease linearly with increas­
ing ionic radius. A similar trend in the Fe-lanthanoid-
perovskite system has been established.8 '16) It is con­
ceivable that the thermodynamic properties of L n - V - O 
compounds are closely related to the structural stability. 
In order to demonstrate this the study of the phase 
equilibria in the L n - V - O system needs further research. 

The authors wish to thank Dr. Tadao Kanzaki , 
Tokyo Institute of Technology, for the reading of this 
manuscript . 
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Reaction of Bis[2-hydroxy-l-(2,6-dimethyl-4-methoxyphenyl)ethyl] 
Ethers with Tosyl Chloride 
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In the reaction with tosyl chloride in pyridine, the meso isomer (2a) of bis[2-hydroxy-l-(2,6-dimethyl-4-
methoxyphenyl)ethyl] ether rearranged to give arylacetaldehyde (3) and 2-arylmethyl-4-aryl-1,3-dioxolane (4), and 
the racemic isomer (2b) afforded 3, 4, and 2,6-diaryl-l,4-dioxane. The aryl migration in this reaction has been 
confirmed by the use of the deuterated compounds, 2a-D and 2b-D, respectively, substituted with deuteriums at 
the 2,2-positions. 

The meso ( l a ) and racemic ( l b ) isomers of bis(2-
hydroxy-1-mesitylethyl) ether gave the corresponding 
tosylates with tosyl chloride in pyridine at 80 °C in 
high yields, respectively.1) The reaction of the p-
methoxy compounds, 2a and 2b, with the same reagent, 
on the contrary, gave no tosylate. At 80 °C or higher, 
these compounds afforded the rearranged products, in 
which migration of a />-anisyl group was observed. 
Under reflux, l a and l b were also observed to give 
results similar to those of 2a and 2b, except for the 
formation of the tosylates. The reaction of 2a and 
2b with tosyl chloride by a mechanism similar to that 
reported by earlier investigators for the solvolysis of p-
methoxyneophyl tosylate will be reported.3 ') 

CU 

CH3 
CR 2*-

(R—(/V-CH-VO 
CH3 

a, b 

1; R= CH3, R' = H 

2; R= OCH3, R'= H 

2-D; R= OCH3, R'= D 

Fig. 1. 

R e s u l t s a n d D i s c u s s i o n 

Synthesis of Bis\2-hydroxy-l-(2,6-dimethyl-4-methoxyphen-
yl)ethyl] Ethers (2). The meso 2a and racemic 
compound 2b have been synthesized from 2,6-dimethyl-
4-methoxybenzaldehyde2) by a method similar to the 
synthesis of bis(2-hydroxy-l-mesitylethyl) ethers ( l a and 
lb) . 1) Deuterated compounds 2a-D and 2b-D were 
prepared by the reduction of meso- and ö?/-bis(a-meth-
oxycarbonyl-2,6-dimethyl-4-methoxybenzyl) ethers with 
l i thium aluminium deuteride. Wi th a large excess 
of the deuteride, 3,3,5,5-tetradeuterio-2,6-bis(2,6-di-
methyl-4-methoxyphenyl)-l ,4-dioxanes (5a-D and 5b-
D) were obtained as by-products, respectively. From a 
comparison of the P M R spectra of 2a and 2b with 
those of the /»-methyl compounds, l a and l b , it became 
clear that the low-melting isomer, 2a, is meso and the 
high-melting one, 2b, is racemic. 

Reaction of Bis\2-hydroxy-l-(2,6-dimethyl-4-methoxyphen-
yl)ethyl] Ethers (2) with Tosyl Chloride in Pyridine. 
T h e mild refluxing of 2a with five equivalents of tosyl 
chloride in pyridine afforded 2,6-dimethyl-4-methoxy-
phenylacetaldehyde (3) in a 5 7 % yield, and 2-(2,6-
dimethyl-4-methoxyphenylmethyl) -4- (2 ,6-dimethyl-4-
methoxyphenyl)- 1,3-dioxolane (4) in a 4 2 % yield. A 

CN 
CHa0—f^-C-( 

CH3" 

- (CH3OHÖ-CH-VO 

CH3 
a, b 

I 3C02CH3 2a, 2b 

> ( C H 3 0 - < Q - C H ^ r O > 2 a_D , 2b_D 

CH3 

a, b 

Fig. 2. 

similar treatment of the racemic isomer 2b gave 3(5%) , 
4(24%) and 2,6-bis(2,6-dimethyl-4-methoxyphenyl)-l,4-
dioxane (5) in a 4 2 % yield. The I R spectrum of 3 
shows the presence of a formyl group (1716, 2720, and 
2830 cm - 1 ) and the P M R spectrum the presence of two 
benzyl protons (ô 3.55 ppm) coupling (2 Hz) to a formyl 
proton (ô 9.60 ppm) . 

Since the I R spectra of 4 and 5 show no absorption 
band attr ibutable to hydroxyl and carbonyl groups, the 
oxygen atoms are probably present as ether linkages. 
The P M R spectrum of 4 revealed the acetal moiety. 
The signal (d 5.00 ppm) for the proton at C-2 is coupled 
(4 Hz) to the benzyl protons (ô 3.10 ppm) , whereas the 
C-4 proton (ô 5.28 ppm) is coupled (each 8 Hz) to C-5 
protons (<5 3.75 and 3.99 ppm) which are coupled (8 Hz) 
to each other. These nuclear spin-spin interactions have 
been confirmed by spin-decoupling techniques. Treat­
ment of 4 with hydrochloric acid gave 3 . The P M R 
spectrum of 5 shows a overlapped ABX system for the 
protons on C-3 and C-5 (AB par t ) , and C-2 and C-6 
(X part) (see Experimental) which led to the tentative 
assignment of the 2,6-diarylsubstituted-l,4-dioxane 
structure, 5. This structure was confirmed by the 
reaction of 2b with coned hydrochloric acid to give 5 

The route to 3 and 4 must involve a /»-anisyl migration 
to the adjacent carbon atom, and this assumption has 
been proved by the use of deuterated compounds, 2a-D 
(meso) and 2b-D (racemic). The reaction of 2a-D with 
tosyl chloride gave a mixture of two aldehydes (the ratio 
of 3-D-l and 3-D-2 was 1: 1) ; 3-D-l [ P M R : ô 9.97 ppm 
(br s, A r - C D 2 C H O ) ] and 3-D-2 [ P M R : <5 3.55 (br s, 
A r - C H D - C D O ) ] , a 1,3-dioxolane 4-D and a small 
amount of tosylate (7%) with a composition of C36H38-
D 4 0 9 S 2 , mp 118 °C. The reaction of 2b-D also afforded 
3-D-l , 3-D-2, 4-D, and a tosylate (14%), mp 115 °C, 
but did not give 5-D. Compared with the reaction of 
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CH3O-0-C-C43 

C H 3
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3 J R.. , RQ , " Q ~ 

3 - D - l ; R j , R2= D, Rg= H 

3 - D - 2 ; R 1 , R3= D, R2= H 

CHc 0-CR2 ÇJJa 
CH3O H ; O > - C R 2 - C H - O - C H - 0 - O C H 3 

CH, CH, 

C M 7 \ 3 U - ^ _ 

CHo _ CHo 
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C H - O - C H — & V> 

Œ, 

OCH. 

CH3 

Fig. 3. 

4 ; R= H 

4 - D ; R= D 

5 ; R= H 

5 a - D ; R= D 

5b-D; R= D 

2a and 2b, there may be present the isotope effect of 
deuterium in these reactions, but no conclusion may be 
drawn from these experimental results. The hydrolysis 
of dioxane 4-D with coned hydrochloric acid in methanol 
afforded a mixture of the aldehydes (the ratio of 3-D-l 
and 3-D-2 was 1:1), 2,2-dideuterio-2-(2,6-dimethyl-4-
methoxyphenyl)ethanal dimethyl acetal (6), and 1,1-
dideuterio- 2-methoxy- 2- (2,6- dimethyl-4-methoxyphen-
yl)ethanol (7). The mass spectrum of the mixture of 
3-D-l and 3-D-2 showed a molecular ion peak at mje 180 
and these ratios of the 3-D-l and 3-D-2 aldehydes were 
established by estimating the peak areas of the signals 
due to benzyl and formyl protons in the P M R spectra. 
Structure 6 and 7 have been assigned on the basis of the 
spectral data . T h e mass spectrum of 6 displayed 
fragment peaks which have been assigned to 

_ / M e O M e 

M e O - / N - C D + {mje 151) and +CH {m\e 75). 

<Me X ° M e 

The P M R spectrum showed the proton [b 4.50 ppm) at 
G-l and two equivalent methoxyl groups (ô 3.39 ppm) 
in the dimethyl acetal moiety, but did not show a 
benzyl proton. The mass spectrum of 7 however 
showed a fragment peak which has been assigned to 

_ / M e 

M e O < ^ > - + C H O M e (mje 179) and the P M R 
NMe 

spectrum showed one benzyl proton (ô 4.86 ppm) . This 
structure has been confirmed by direct comparison with 
a specimen synthesized by an established route. The 
tosylate of 2b-D afforded a mixture of the aldehydes 
(the ratio of 3-D-l and 3-D-2 was ca. 1:1) in pyridine 
under reflux. 

Many studies have been reported on the aryl migra­
tion in the solvolysis of tosylates.3) Winstein et al.3i) 
investigated the solvolysis rates of />-methoxyneophyl 
tosylate on various solvents and established that it 
underwent ionization in pyridine to give a rearranged 
product. In these experiments, it may be assumed that 
the tosylate formed from 2 undergoes ionization followed 
by the migration of the /?-anisyl group to the adjacent 
carbon atom to give the rearranged products, 3 and 4. 
Although there may be several mechanisms by which 
the formation of 3 , 4, and 5 can be explained, Scheme 1 
is the simplest. 

Exper imenta l 

All the melting points are uncorrected. IR and UV spectra 
were recorded with Shimadzu IR-27C and Shimadzu UV-
210A spectrophotometers. PMR spectra were measured with 
JEOL JNM 60 and J N M 100 apparatus (with TMS as an 
internal standard). 

Cyanohydrin of 2)6-Dimethyl-4-methoxybenzaldehyde. A 
mixture of 2,6-dimethyl-4-methoxybenzaldehyde2> (2 g) and 
anhydrous HCN (2 ml) was kept with CaO (400 mg) in a 
sealed tube at 50 °C for 2 h. The reaction mixture was acidifi­
ed with dil H 2S0 4 followed by extraction with ether to give 
the cyanohydrin (1.8 g, 79%) as needles, mp 122—123 °C 
(acetone-petroleum ether). Found: C, 69.23; H, 6.91; N, 
7.30%. Calcd for G n H 1 3 N0 2 : C, 69.09; H, 6.85; N, 7.33% 
IR (Nujol); 3380 and 2250cm"1. PMR (CDG13); Ö 2.53 
(6H, s, Ar-CH3), 3.02 (1H, s, -OH) , 3.82 (3H, s, -OCH3) , 

5.83 (1H, s, -CHOH), and 6.60 ppm (2H, s, Ar-H). From 
the mother liquor, yellow crystals were obtained in a 2% 
yield, mp 215 °C. Found: C, 66.11; H, 5.66; N, 22.23%. 
Calcd for C14H14N40: C, 66.12; H, 5.55; N, 22.04%. IR 
(Nujol) : 3580, 3400, 2360, and 2306 cm"1. UV (EtOH)max : 
251.5 (e 13500), 260 (15900), and 277 nm (18900). PMR 
(DMSO): <5 2.50 (6H, s), 3.43 (2H, br), 3.82 (4H, s), 6.72 
(2H, s), and 7.35 ppm (2H, br). 

Bis(a-cyano-2,6-dimethyl-4-methoxybenzyl) Ethers. The 
cyanohydrin (2 g) was refluxed with a catalytic amount of 
TsOH in dry benzene (500 ml) for 6 h. The crude product 
gave a mixture of ethers in a 65% yield (the ratio of meso and 
racemic forms was 5:7), which was recrystallized from EtOH 
to give the racemic isomer as plates, mp 132—133 °C. Found: 
C, 72.74; H, 6.58; N, 7.97%. Calcd for C22H24N203: C, 
72.50; H, 6.64; N, 7.69%. IR (Nujol): 1378, 1140, and 
1050 cm-1. PMR (CDC13) : <5 2.38 (12H, s, Ar-CH3), 3.80 
(6H, s, -OCH3) , 5.75 (2H, s, - C H - 0 - ) , and 6.59 ppm (4H, 
s, Ar-H). 

m e s o - and dl-Bis(a.-methoxycarbonyl-2,6-dimethyl-4-methoxy-
benzyl) Ethers. Into a mixture of the above ethers (2 g) 
in abs EtOH (100 ml), dry HCl gas was passed for 5 h at 
45—50 °C. The solvent was removed in vacuo, and the residue 
hydrolyzed with 30% aq KOH in ethylene glycol for 3 h. 
After acidification with dil HCl, the reaction mixture was 
extracted with ether and the ether extract methylated with 

OTs 

I 
CHo 

Ar-CH-
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diazomethane. The crude product was chromatographed 
over silica gel. Elution with CHG13 containing acetone (0.5% 
v/v) gave a meso ester (1.3 g, 52%) as prisms from EtOH, 
mp 123—124 °C. Found: G, 66.79; H, 7.08%. Calcd for 
C24H30D7: C, 66.96; H, 7.02%. IR (Nujol): 1765, 1745, 
1380, 1200, 1140, and 1070 cm-1. PMR (CDC13) : Ô 2.16 
(12H, s, Ar-CH3), 3.71 (6H, s, -COaCH3), 3.77 (6H, s, Ar-
OCH3), 5.45 (2H, s, Ar-CH-O-) , and 6.54 ppm (4H, s, Ar­
i l ) . Further elution with CHC13 containing acetone (3% 
v/v) gave the racemic isomer (0.9 g, 39%) as prisms from 
EtOH, mp 173—174 °C. Found: C, 67.04; H, 7.13%. IR 
(Nujol) : 1750, 1380, 1220, 1190, 1140, and 1065 cm"1. PMR 
(CDC13): ô 2.19 (12H, s, Ar-CH3), 3.68 (6H, s, -C0 2 CH 3 ) , 
3.79 (6H, s, Ar-OCH3), 5.24 (2H, s, Ar-CH-O-) , and 6.56 
ppm (4H, s, Ar-H). 

Bis[2-hydroxy-1-(2,6-dimethyl-4-methoxyphenyl)ethyl] Ethers(2a 
and 2b). The meso and racemic ethers (1 g) were re­
duced with LiAlH4 (0.5 g) in ether to give 2a (760 mg, 87%) 
and 2b (810 mg, 93%) respectively as needles from acetone-
hexane. 2a; mp 114—115 °C. Found: C, 70.31; H, 8.20%. 
Calcd for C22H30O5: C, 70.56; H, 8.08%. 

IR (Nujol) : 3300, 1195, 1145, 1100, and 1067 cm"1. PMR 
(CDCla) : <5 2.20 (12H, br s, Ar-CH3), 2.92 (2H, br s, -OH) , 

H 
3.63 (2H, dd, J = 4 . 5 and 12 Hz, - C H - £ - O H ) , 3.72 (6H, 

H 
H 

s, -OCH3) , 4.15 (2H, dd, 7 = 9 and 12 Hz, -CH-C^-OH), 
H 

OH — 
5.07 (2H, dd, 7 = 4 . 5 and 9 Hz, Ar-CH 2 ) , and 6.43 ppm 

\o-
(4H, s, Ar-H). 2b; mp 167—168 °C. Found: C, 70.51; 
H, 8.12%. IR (Nujol): 3250, 1310, 1196, 1140, 1090, 1068, 
and 1045 cm"1. P M R (CDG13) : <5 1.50 (6H, br s, Ar-CH3), 
2.51 (6H, br s, Ar-CH3), 2.17 (2H, br s, -OH), 3.66 (2H, 

H 
dd, J=5 and 11.5 Hz, -CH-£-OH), 3.72 (6H, s, -OCH3), 

H 
H 

4.05 (2H, dd, 7=9 and 11.5 Hz, -CH-£-OH), 4.70 (2H, 
H 

/ C H 2 -
dd, 7 = 5 and 9 Hz, Ar-CH ), and 6.53 ppm (4H, br s, 
Ar-H). 

Reduction of meso- and dl-Bis(a.-methoxycarbonyl-2,6-dimethyl-4-
methoxybenzyl) Ethers with Lithium Aluminium Deuteride. i) 
The meso and racemic ethers (430 mg, 1 mmol) were reduced 
with LiAlD4 (76 mg, 2 mmol) in ether under reflux to give 
2a-D (352 mg, 93%) and 2b-D (349 mg, 92%),'respectively. 
2a-D; mp 114—115 °C. PMR (CDC13) : ô 2.20 (12H, br s, 
Ar-CH3), 2.75 (2H, br s, -OH) , 3.73 (6H, s, -OCH3) , 5.09 

/CD 2 -
(2H, s, Ar-CH ), and 6.52 ppm (4H, s, Ar-H). 2b-D; 

\o-
mp 166—167 °C. PMR (GDC1,) : ô 1.57 (6H, br s, Ar-CH3), 
2.27 (1H, s, -OH) , 2.57 (1H, s, -OH) , 2.58 (6H, br s, Ar-

/ C D 2 -
CH3), 3.75 (6H, s, -OCH3) , 4.74 (2H, s, Ar-CH ), 

\o-
and 6.58 ppm (4H, br s, Ar-H). 

ii) The meso ether (200 mg, 0.47 mmol) was allowed to 
react with LiAlD4 (180 mg, 4.7 mmol) in ether under reflux 
and the complex decomposed with dil HCl to give 2a-D 
(163 mg, 91%) and 5a-D (8 mg, 5%). 5a-D; mp 243—244 
°C. Found: C, 73.52; H, 7.77%. Calcd for CMHMD 40 4 : 
C, 73.31; H, 8.03%. IR (Nujol): 1306, 1280, 1142, 1100, 

and 1060cm-1. MS: m/e (rel intensity) 360 (M+, 1),164 
(100), 148 (18), 135 (23), 121 (29), 105 (25), and 91 (35). 
The racemic isomer (200 mg, 0.47 mmol) was treated with 
LiAlD4 (180 mg, 4.7 mmol) in a manner similar to that de­
scribed above to give 2b-D (142 mg, 72%) and 5b-D (37 mg, 
22%). 5b-D; mp 252—253 °C. Found: C, 73.35; H, 
7.71%. IR (Nujol): 1306, 1280, 1150, 1135, 1090, 1062, and 
1000cm-1. MS: m!e (rel intensity) 360 (M+, 4), 180 (1), 
164 (100), 148 (13), 135 (17), 121 (23), 105 (14), and 91 (25). 

Reaction of Bis[2-hydroxy-l-(2,6-dimethyl-4-methoxyphenyl) ethyl] 
Ethers (2a and 2b) with Tosyl Chloride. i) The ether 2a 
(110 mg, 0.29 mmol) was mildly refluxed with tosyl chloride 
(550 mg, 2.3 mmol) in pyridine (10 ml) for 1 h. The re­
action mixture was poured into ice water and extracted with 
ether. The ether layer was washed with dil HCl and water, 
and dried. The crude product afforded an oily 3 (29 mg, 
56%) and 4 (43 mg, 42%), mp 113—114 °C. 3; IR (CHC13) : 
2830, 2720, 1716, 1200, 1140, and 1060 cm-1. PMR (CD-
Cl3): <5 2.17 (6H, s), 3.55 (2H, d, 7 = 2 Hz), 3.64 (3H, s), 
6.49 (2H, s), and 9.6 ppm (1H, t, 7 = 2 Hz). 2,4-Dinitro-
phenylhydrazone of 3; mp 168—169 °C. Found; C, 56.91; 
H, 5.04; N, 15.61%. Calcd for C17H18N405: C, 56.98; H, 
5.06; N, 15.64%. Oxidation of 3 with chromium(VI) oxide 
in acetic acid gave 2,6-dimethyl-4-methoxy-phenylacetic acid, 
mp 144—145 °C. Found: C, 68.13; H, 6.55%. Calcd for 
C n H 1 4 0 3 : C, 68.02; H, 6.74%. 4; Found: C, 74.23; H, 
8.09%. Calcd for C22H2804: C, 74.13; H, 7.92%. IR 
(CHC13): 1180, 1140, 1118, and 1040cm"1. MS: m/e (rel 
intensity) 356 (M+, 2), 207 (25), 179 (28), 162 (10), 149 (100), 
138 (11), 119 (18), 105 (8), and 91 (18). PMR (CDC13) : 
ô 2.39 (12H, s), 3.10 (2H, d, 7 = 4 Hz), 3.75 (1H, t, 7 = 8 
Hz), 3.78 (6H, s), 3.99 (1H, t, 7 = 8 Hz), 5.00 (1H, t, 7 = 4 
Hz), 5.28 (1H, t, 7 = 8 Hz), and 6.68 ppm (4H, br s). Both 
evaporation to dryness of the water layer and acetylation of 
the residue did not give any isolable product. 

ii) The racemic isomer 2b (110 mg, 0.29 mmol) was treated 
with tosyl chloride (550 mg, 2.3 mmol) in a manner similar 
to that described above to give 3 (5 mg, 10%), 4 (24 mg, 
23%) and 5 (43 mg, 42%). 5; mp 244 °C. Found: C, 
73.96; H, 7.86%. Calcd for C22H2804: C, 74.13; H, 7.92%. 
IR (CDCI3): 1190, 1177, 1148, 1100, and 1065 cm"1. MS: 
m/e (rel intensity) 356 (M+, 15), 178 (14), 163 (34), 162 (100), 
149 (88), 105 (6), and 91 (13). PMR (CDC13) : <5 2.46 (12H, 
s), 3.66 (6H, s), 3.79 and 3.88 (4H, AB in ABX, 7A X=10, 
7 B X =6 Hz,7A B~0),4.99 (2H, X in ABX, 7 A X = 1 0 and7 B X = 
6 Hz), and 6.46 ppm (4H, s). 

Reaction of Bis[2,2-dideuterio-2-hydroxy-l-(2,6-dimethyl-4-
methoxyphenyl) ethyl] Ethers (2a-D and 2a-D) with Tosyl Chloride. 

i) The meso compound, 2a-D (210 mg, 0.56 mmol), was 
allowed to react with tosyl chloride (1.1 g, 4.6 mmol) in pyri­
dine (20 ml) for 1 h. After the usual work-up, when the 
crude product was dissolved in a solution of benzene-hexane 
(1: 1), a tosylate (28 mg, 8%) precipitated, mp 128 °C from 
EtOH. Found: C, 63.31; H, 6.39%. Calcd for C36H38-
D409S2 : C, 62.94; H, 6.29%. PMR (CDC13) : Ö 1.94 (6H, 
br s, Ar-CH3), 2.04 (6H, br s, Ar-CH3), 2.48 (6H, s, Ar-CH3), 
3.78 (6H, s, -OCH3) , 5.20 (2H, s, Ar-CH-O-) , 6.57 (4H, 
br s, Ar-H), 7.58 (4H, d, 7 = 9 Hz, Ar-H), and 8.05 ppm 
(4H, d, 7 = 9 Hz, Ar-H). The mother liquor afforded a 
mixture (79 mg) of 3-D-l and 3-D-2, and 4-D (42 mg, 21%). 
The mixture of 3-D-l and 3-D-2; PMR (CDC13): ô 2.27 
(6H, s), 3.55 (0.5H, br s), 3.79 (3H, s), 6.71 (2H, s), and 
9.97 ppm (0.5H, s). 4-D; PMR (CDC13) : ô 2.41 (12H, s), 
3.80 (6H, s), 5.13 (1H, s), 5.42 (1H, s), and 6.73 ppm (2H, s). 

ii) The racemic isomer 2b-D (214 mg, 0.57 mmol) afforded 
a mixture (50 mg) of 3-D-l and 3-D-2 (1:1), 4-D (52 mg, 
26%), and a tosylate (55 mg, 15%), mp 115 °C. Found: 
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C, 62.77; H , 6 .03%. P M R (CDC13): Ô 1.47 (6H, br s, 
A r - C H 3 ) , 2.38 (6H, br s, A r - C H 3 ) , 2.43 (6H, br s, A r - C H 3 ) , 
3.77 (6H, s, - O C H 3 ) , 4.70 (2H, s, A r - à l J - O - ) , 6.50 (2H, br 
d, J=2 Hz , A r - H ) , 6.59 (2H, br d, J=2 Hz , A r - H ) , 7.40 
(4H, d, 7 = 8 . 5 Hz , A r - H ) , and 7.80 p p m (4H, d, 7 = 8 . 5 Hz , 
A r - H ) . 

Hydrolysis of Acetal (4-D) with Hydrochloric Acid in Methanol. 
Acetal 4-D (30 mg) was refluxed with 4 M H C l (6 ml) in 

M e O H (10 ml) for 1 h. T h e crude product afforded a 
mixture (7 mg) of 3-D-l and 3-D-2, and an oil 6 (8 mg) and 
7 (15 m g ) . 6 ; Found: C, 68.72; H , 8.80%. Calcd for C13-
H 1 8 D 2 0 2 : G, 69.00; H , 9 .06%. M S : m/e (rel intensity) 226 
(M+, 2), 151 (9), and 75 (100). I R (CHC13) : 1315, 1180, 
1145, 1130, 1065, and 1000 (sh) cm"1 . P M R (CDC13) : Ô 
2.38 (6H, s), 3.39 (6H, s), 3.83 (3H, s), 4.50 (1H, b r s), and 
6 .74ppm (2H, s). 7 ; Found : C, 67.52; H , 8 .53%. Calcd 
for C 1 2 H 1 6 D 2 0 3 : C, 67.90; H , 8.70%. M S : m/e (rel intensity) 
213 ( M + 1 + , 2), and 179 (100). I R (CHC13): 3580, 3460, 
1305, 1140, 1095, 1085, 1000, and 963 cm"1 . P M R (CDC13) : 
ô 2.33 (1H, br s), 2.42 (6H, s), 3.30 (3H, s), 3.83 (3H, s), 
4.86 (1H, s), and 6.72 p p m (2H, s). 

Preparation of 1,1-Dideuterio- 2- methoxy-2-( 2,6- dimethyl- 4-
methoxyphenyl)ethanol (7). oc-Cyano-2,6-dimethyl-4-
methoxy benzyl alcohol (1.3 g) was refluxed with a catalytic 
amount of T s O H in abs M e O H for 12 h. T h e crude product 
gave 0.72 g (52%) of a-cyano-2,6-dimethyl-4-methoxybenzyl 
methyl ether, bp 204—206 °C/27 m m H g . Found : C, 70.19; 
H , 7.39; N , 7.17%. Calcd for C 1 2 H 1 5 N 0 2 : C, 70.22; H , 
7.37; N , 6.82%. P M R (CDC13) : ô 2.45 (6H, s), 3.48 (3H, s), 
3.76 (3H, s), 5.41 ( I H , s), and 6.69 p p m (2H, s). T h e methyl 
ether (500 mg) was hydrolyzed in abs E t O H (50 ml) with 
dry H C l at 50 °C for 3 h . T h e crude product gave 420 
m g (75%) of a-methoxy-(2,6-dimethyl-4-methoxyphenyl)-
acetamide, m p 156—157 °C from benzene. Found : C, 64.59; 
H , 7.70; N , 6.16%. Calcd for C 1 2 H 1 7 N 0 3 : C, 64.55; H , 
7.68; N , 6 .27%. I R (Nujol): 3350, 3130, and 1675 cm" 1 . 
P M R (CDC13): ô 2.38 (6H, s), 3.30 (3H, s), 3.83 (3H, s), 
5.20 ( I H , s), 6.74 (2H, s), and 6.5—7.1 p p m (2H, br s, - N H 2 ) . 
T h e amide (240 mg) was hydrolyzed in ethylene glycol (10 ml) 

with aq 3 0 % K O H to give a-methoxy-(2,6-dimethyl-4-metho-
xyphenyl)acetic acid, m p 101—102 °C from benzene—hexane. 
Found : C, 64.12; H , 7 . 2 1 % . Calcd for C 1 2 H 1 6 0 4 : C, 64.27; 
H , 7.19%. I R (Nujol): 3300—2200 and 1718cm" 1 . P M R 
(GDG13) : ô 2.00—2.40 (1H, - O H ) , 2.40 (6H, s), 3.37 (3H, s), 
3.82 (3H, s), 5.30 (1H, s), and 6.73 p p m (2H, s). T h e car-
boxylic acid (85 mg) was reduced with LiAlD4 (40 mg) in 
ether to give 68 mg (81%0) of 7. 

Trea tmen t of the tosylate of 2b-D in pyridine. T h e tosyl-
ate (70 mg) of 2b-D was boiled in pyridine (10 ml) for 4 h 
and gave a mixture (17 mg) of 3-D-l and 3-D-2 ( 54 :46 ) . 

T h e a u t h o r s w o u l d l ike to express t h e i r d e e p g r a t i t u d e 
to D r . M . N a k a y a m a , H i r o s h i m a U n i v e r s i t y , for t h e 
m a s s s p e c t r a a n d D r . K . S h i b a t a , O s a k a C i t y U n i v e r s i t y , 
for t h e e l e m e n t a l ana lyses . 
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Reaction of dimethyl phosphonate with phenylketene dimethyl dithioacetal derivatives have been investigated 
to prepare 5-alkylphosphonates. The addition reactions of phosphonate were accelerated in dithioacetal derivatives 
in the following order: -SMe<^-SOMe<^-S02Me. The reaction of/?,^bis(methylsulfonyl)styrene (7) with di­
methyl phosphonate followed by the catalytic reduction afforded dimethyl a-methylbenzylphosphonate in 74% 
yield from compound 7. The reaction of l-methylsulfinyl-l-methylthio-4-phenyl-l -butène with dimethyl phos­
phonate gave dimethyl (2-methylthio-l-phenethylvinyl)phosphonate in 21% yield. 

Dialkyl phosphonates rapidly add to strongly activated 
C=C double bonds in the presence of basic catalysts, and 
the initial adducts are generally protonated to give 
phosphonates.1) In previous papers, the reaction of 
phosphorus compounds with the 5,6-unsaturated 
6-nitro-^/o-hexofuranose derivatives to give the 5-
phosphino and 5-phosphinyl derivatives of D-glucose, 
that were .y-alkylphosphorus derivatives, were reported.2) 
The present paper deals with an alternative preparat ive 
method for j-alkylphosphonate. 

R e s u l t s a n d D i s c u s s i o n 

T h e reaction of (is)-/^methylsulfinyl-/?-methylthio-
styrene (1)3) with dimethyl phosphonate in the presence 
of sodium methoxide under a nitrogen atmosphere at 
room temperature for a month afforded dimethyl (Z)-
(2-methylthio-l-phenylvinyl)phosphonate (3) in 10% 
yield, but no corresponding initial adduct 2 was isolated. 
T h e photochemical reaction of compound 1 with 
dimethyl phosphonate or 0 ,0-dimethyl thiophos-
phonate4) afforded no such addition products as 
compound 2, but gave the (Z)-isomer 4,3a) where the 
SMe signal in the N M R spectrum shifted from ô 2.25 
to 2.45. 

Phx /SMe 
C__C 

H/ NSOMe 

HP(0)(OMe)2 Phs 

hv 
HP(0)(OMe)s 

or 
HP(S)(OMe)a 

Phx /SOMe 
c=c 

H ' xSMe 

/SMe 
GH-GH 
/ ^SOMe 

P(0)(OMe)2 

2 

Phx / H 
C = C 

/ NSMe 

P(0)(OMe)2 

3 

(1) 

/?,/?-Bis(methylsulfinyl) styrene (5) has been prepared 
from compound 1 by the action of hydrogen peroxide 

acetic acid.5) T h e reaction of 5 with dimethyl m 
phosphonate in the presence of sodium methoxide at 

ft Present address: Department of Chemistry, Faculty of 
Science, Okayama University, Tsushima, Okayama 700. 

room temperature for 2 weeks gave dimethyl (2-methyl-
sulfinyl-1-phenylvinyl) phosphonate (6, 10% yield), 
which contained E and Z stereoisomers in the ratio of 
1 : 1 . T h e acid catalyzed reactions (tf.g.,/>-toluenesulfonic 
acid) of compounds 1 and 5 with dimethyl phosphonate 
were unsuccessful. 

Oxidation of 1 with hydrogen peroxide in refluxing 
acetic acid afforded /?,/?-bis(methylsulfonyl) styrene (7) in 
30% yield.6) Compound 7 reacted with ethanol to 
give l-ethoxy-2,2-bis(methylsulfonyl)- 1-phenylethane 
(8) in excellent yield. The reaction of 7 with dimethyl 
phosphonate under a nitrogen atmosphere at 60 °C 
for 16 h gave the corresponding adduct 9 in 9 5 % yield. 
I t appears that the addit ion of phosphonate to ketene 
dimethyl dithioacetal derivatives is accelerated in the 
order - S M e < - S O M e < - S 0 2 M e bearing in mind the 
reaction conditions. 

H 2 0 , P h x / S O M e HP(0)(OMe)2 P h x 

1 • C = C > C=CH(SOMe) 
A C O H . R T H / V S O M e NaOMe p ^ ^ 

6 a , b 

H2Os P h \ EtOH P h x 

• C=C(S02Me)2 • CH-CH(S02Me)2 
AcOH, A H / EtCK 

7 8 
(2) 

HP(0)(OMe)a Phs 

( / \ / C O a H 

V W i Phv/Ox 
> C—C(S02Me)2 

10 

CH-CH(S02Me)2 

p /(0)(OMe)2 

9 

[H] 

PhCH-CH3 

P(0)(OMe)2 

13 

The oxidation of 1 with hydrogen peroxide in acetic 
anhydride-acetic acid (1 : 1 v/v), or monoperoxyphthalic 
acid in ether gave the epoxide 10 in moderate yields. 
The reaction of l-methylsulfinyl-l-methylthio-4-phenyl-
1-butène (11)7) with dimethyl phosphonate at 120 °G 
for 30 h afforded dimethyl (2-methylthio-1-phenethyl-
vinyl)phosphonate (12) in 2 1 % yield. The catalytic 
reduction of 3, 6, and 9 with Raney nickel gave dimethyl 
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a - m e t h y l b e n z y l p h o s p h o n a t e (13) i n 7 0 — 9 0 % y ie ld s . 
T h e M i c h a e l is- A r b u z o v a n d M i c h a e l i s - B e c k e r r e a c ­

t ions a r e i m p o r t a n t processes to p r e p a r e c o m p o u n d s 
h a v i n g p h o s p h o r u s - c a r b o n bonds . 8 ) H o w e v e r , i n s o m e 
ins tances t h e r eac t i ons h a v e b e e n unsuccessful e.g., t h e 
r e a c t i o n of 3 - 0 - b e n z y l - 5 - b r o m o - 5 , 6 - d i d e o x y - l , 2 - 0 - i s o -
propyl idene- /? -L- idofuranose w i t h s o d i u m m e t h y l p h o s -
p h i d e g a v e on ly olefinic p roduc t s . 9 ) T h e a d d i t i o n 
r eac t ions of p h o s p h o n a t e s to ke tones o r h y d r a z o n e s 
fol lowed b y 1 o r 2 s teps a f forded j - a l k y l p h o s p h o n a t e s i n 
m o d e r a t e yields.1 0) T h e r e a c t i o n d e s c r i b e d i n th i s 
p a p e r is a n a l t e r n a t i v e m e t h o d for t h e p r e p a r a t i o n of 
.y-alkylphosphonates f rom esters as we l l as a l d e h y d e s . 

T h e r e a c t i o n of 1 a n d 5 w i t h d i m e t h y l p h o s p h o n a t e 
to g ive c o m p o u n d s 3 a n d 6 m a y b e w r i t t e n as E q . 1, i.e., 
t h e i n i t i a l l y f o r m e d a d d u c t s p o n t a n e o u s l y loses m e t h a n e -
sulfenic ac id . 1 1 ) C o m p o u n d 7 g a v e t h e c o r r e s p o n d i n g 
a d d u c t 9 a t t r i b u t e d to t h e s low d e p a r t u r e of m e t h a n e -
sulfinic a c i d in th i s r e a c t i o n c o n d i t i o n . 

E x p e r i m e n t a l 

Material. Methyl methylthiomethyl sulfoxide was sup­
plied by Nippon Soda Company, L td . 

Measurements. Melt ing and boiling points were un­
corrected. The 1 H - N M R spectra were run on Hitachi-
Perkin-Elmer R-20 (60 MHz) and Hi tachi R-24 (60 MHz) 
spectrometers with tetramethylsilane as an internal s tandard. 
T h e I R spectra were measured by Hitachi-Perkin-Elmer 337 
and J a p a n Optics Laboratory A-3 infrared spectrophotom­
eters. 

Reaction of (E) -ß-Methylsulßnyl-ß-methylthiostyrene (1) with Di­
methyl Phosphonate. Compound 13> (1.5 g) was added to 
the mixture of dimethyl phosphonate (2 g) and sodium meth-
oxide ( 1 g) . After the introduction of nitrogen gas, the mix­
ture was allowed to stand for 1 month at room tempera ture . 
Neutralization of the reaction mixture followed by extraction 
of the chloroform solution with saturated sodium chloride 
solution and evaporation of the volatile materials in vacuo 
afforded a syrup (R{ value 0.2, silica gel, eluent; benzene: 
ethyl acetate = 1: 1 v/v). Purification of the syrup by column 
chromatography afforded 0.2 g of dimethyl (Z)-(2-methyl-
thio-1-phenylvinyl)phosphonate (3, 10% yield). I R (neat) 
1250 c m - 1 (P=0) ; N M R (CDC13) «5 2.43 (s, 3H, SMe) , 3.73 
(d, 7 P O C H = 1 2 . 0 H Z , 6H, P O M e ) , 7.24 ( d , / P C C H = 4 4 . 3 Hz , 
1H, C H ) , and 7.34 (5H, Ph) . 

Synthesis of ß,ß-Bis(methylsulßnyl)styrene (5).^ Treat ­
ment of 1 (5 g) with 3 5 % aqueous hydrogen peroxide (4 ml) 
in acetic acid (15 ml) at room temperature for 30 h afforded 
the oxidation product , which was extracted with chloroform. 
Evaporation of the solvent followed by recrystallization from 
ethanol afforded 2.7 g of compound 5 (meso form, 5 1 % yield), 
m p 113—115 °C (lit,5) m p 112—113 °C). 

Synthesis of ß,ß-Bis(methylsulfonyl)styrene (7).6*> Trea t ­
ment of 1 (1.3 g) with 3 5 % aqueous hydrogen peroxide (2.5 
ml) in refluxing acetic acid (5 ml) for 6 h followed by neutral i­
zation of the reaction mixture, extraction of the chloroform 
solution with water, and evaporation of the solvent in vacuo 
afforded 1.3 g of a crude product (87% yield). Recrystalliza­
tion from benzene-hexane gave 0.47 g of the pure compound 
7 (30% yield), m p 136—137 °C. I R (KBr) 1330 and 1160 
c m - 1 (SO a ) ; N M R (CDC13) Ô 3.20 and 3.30 (s, 6H, SO a Me) , 
7.6 (5H, Ph) , and 8.48 (s, 1H, C H ) . 

Found: C, 45.83; H , 4 .66%. Calcd for C 1 0 H 1 2 O 4 S 2 : C, 
46.15; H , 4 .65%. 

Synthesis of l,l-Bis(methylsulfonyl)-2-phenyloxirane (10). 
Trea tment of 1 (6 g) with 3 5 % aqueous hydrogen peroxide 
(10 ml) in acetic anhydride (25 ml)-acet ic acid (25 ml) for 
5 days at room temperature followed by the same work-up 
as cited above afforded 3.5 g of 10 (42% yield), m p 158—160 
°C. I R (KBr) 1330 and 1160 c m - 1 ( S 0 2 ) ; N M R (CDC13) 
Ô 2.55 and 3.08 (s, 6H, S O a M e ) , 4.98 (s, 1H, C H ) , and 7.38 
(5H, Ph) . 

Found : C, 43.33; H , 4 .54%. Calcd for C 1 0 H ] 2 O 5 S 2 : C, 
43.48; H , 4 . 3 5 % . 

Oxidat ion of 1 (3 g) with monoperoxyphthalic acid (5.6 g) 
in ether at room temperature for 4 days afforded 10 (2.6 g) 
in 7 0 % yield. 

Reaction of 5 with Dimethyl Phosphonate. The mixture 
of dimethyl phosphonate (4.7 g) , sodium methoxide (0.6 g) , 
and 5 (1.5 g) in tetrahydrofuran (8 ml) under a nitrogen 
atmosphere was allowed to react for 2 weeks at room tem­
perature . After the work-up as described for 1 with di­
methyl phosphonate, the E and Z isomers of dimethyl (2-
methylsulfinyl-1-phenylvinyl)phosphonate (6a and 6b , 0.14g) 
were obtained in 10% yield. N M R (CDC13) ô 2.30 and 2.58 
(s, 3H, S O M e ) , 3.63 and 3.65 (d, y p o C H = 1 2 . 0 Hz, 6H, 
P O M e ) , and 6.70—7.68 (m, 6H, Ph and C H ) . 

Reaction of 7 with Dimethyl Phosphonate. A mixture of 7 
(0.5 g) wi th an excess of dimethyl phosphonate (2 g) was 
heated for 16 h at 60 °C under a nitrogen atmosphere in a 
sealed tube. T h e removal of excess phosphonate in vacuo 
afforded dimethyl 2 ,2 - bis (methylsulfonyl) - 1 - phenylethyl -
phosphonate (9, <#-form, 0.67 g) in 9 5 % yield, m p 154—157 
°C. N M R (CDC13) <5 3.13 and 3.48 (s, 6H, S 0 2 M e ) , 4.15 
and 4.35 (d, / P O C H = 1 2 . 0 Hz, 6H, P O M e ) , 4.50—6.00 (m, 
2H, C H - C H ) , and 7.75—8.75 (m, 5H, Ph) . 

Found : C, 38.86; H, 5 .17%. Calcd for C 1 2 H l u 0 7 P S 2 : C, 
38.92; H , 5.14%. 

Reaction of 7 with Ethanol. React ion of 7 (1.3 g) with a 
large excess of hot ethanol (10 ml) afforded 1.36 g of adduct 8 
(87% yield) in 72% yield from compound 1, m p 145—149 °C. 
N M R (CDCI3) ô 1.34 (t, J H H = 7 . 5 H z , 3H, C - M e ) , 3.40 
(s, 6H , S 0 2 M e ) , 3.83 (q, / H H = 7 .5Hz , 2 H , 0 - C H 2 ) , 4.45 
and 5.84 (m, 2H , C H - C H ) , and 7.65 (m, 5H, Ph) . 

Found : C, 46.92; H , 5 .96%. Calcd for C 1 2 H 1 8 0 5 S 2 : C, 
47.04; H , 5 .92%. 

Reaction of 11 with Dimethyl Phosphonate. T h e reaction 
of l l 7 ) (0.4 g) with dimethyl phosphonate (2.0 g) proceeded 
at 120 °C for 30 h. Evaporat ion bf excess dimethyl phos­
phonate in vacuo afforded a syrup, which on separation by 
preparat ive T L C (silica gel, e luent : ethyl acetate) afforded 
phosphonate 12 in 2 1 % yield. T h e reaction in the presence 
of /»-toluenesulfonic acid gave a similar result. N M R (CC14) 
ô 2.12 (s, 3H, SMe) , 2.00—2.90 (m, 4H , C H 2 C H 2 ) , 3.73 (d, 
y p o C H = 1 2 . 0 H z , 6H, P O M e ) , and 7.05—7.50 (m, 6H, Ph 
and C H ) . 

Catalytic Hydrogenolysis of 9. Trea tment of 9 (0.50 g) 
with hydrogen in the presence of Raney nickel (W-2) for 6 h 
in refluxing ethanol (20 ml) followed by filtration and evapo­
ration afforded an oily material . T h e product in chloroform 
was washed with aqueous sodium hydrogencarbonate, and 
then dried over sodium sulfate. Evaporat ion of the solvent 
in vacuo gave dimethyl a-methylbenzylphosphonate (13) in 
7 8 % yield, bp 119—120 °C/1.5 m m H g (lit,10b> bp 150—152 
° C / 2 m m H g ) . N M R (CC14) «5 1.40 (dd, y p C C H = 1 8 . 6 H z 
and yHH = 7.5 H Z , 3H, C - M e ) , 3.00 (dq, / P C H = 2 3 . 0 Hz and 
y H H = 7 .5Hz , 1H, C H ) , 3.30 and 3.48 (d, y p o C H = 1 0 . 3 Hz , 
6H, P O M e ) , and 7.16 (m, 5H, Ph) . 

Similar t rea tment of 3 and 6 afforded the same phosphonate 
in 70 and 9 0 % yields, respectively. 
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1,2-Diketones with Benzenethiol Mediated 
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Iron polyphthalocyanine (Fe-poly PC) has been found to act as an electron-transfer reagent in the reductions 
of a-substituted ketones, a-bromodeoxybenzoin (la) , 2-bromopropiophenone (lb), a,a-bis(phenylthio)deoxybenzoin 
(4), and 1,2-diketones, benzil (5) and 4,5-octanedione (8), with benzenethiol. The a-bromo ketones ( la and 
lb) have been debrominated to their parent ketones. 4 has been reduced to a-(phenylthio)deoxybenzoin and 
deoxybenzoin via the cleavage of the carbon-sulfur bond, and 5 and 8 to the corresponding a-hydroxy ketones. 
The ability of Fe-poly PC to perform these reactions is superior to that of iron phthalocyanine (Fe-PC), particularly 
those reactions in dry benzene. The catalytic action of Fe-poly PC and Fe-PC becomes evident when methanol 
or 80 vol % aqueous methanol is used as solvent. Furthermore, the reductions of related compounds by the Fe-
poly PC-benzenethiol system are described. 

Iron polyphthalocyanine (Fe-poly PC) is an electro-
conductive polymer which has iron(II) ions in a 
conjugated system.1) It has been shown that Fe-poly 
PC is catalytically active for the oxidation of hydro­
carbons with oxygen2) and the reductive dehalogenation 
of a-halo ketones with 1-benzyl-1,4-dihydronicotin-
amide.3) In these reactions, Fe-poly PC assists the 
transfer of the electron from an electron donor to an 
electron acceptor to promote the reduction of the 
electron acceptor coupled to the oxidation of the electron 
donor. Furthermore, the catalytic effects increase with 
an increase in the degree of the conjugation of the 
phthalocyanine polymer. The function of Fe-poly PC 
may be due to the nature of iron ions bridged with an 
electron-transferring ligand.4) Similar phenomena have 
been observed in the catalytic action of copper poly­
phthalocyanine on the decomposition of hydrogen 
peroxide5) and the exchange reaction between hydrogen 
and deuterium.6) 

To further explore the catalytic behavior of Fe-poly 
PC, the reactions of «-substituted ketones and 1,2-
diketones (electron acceptors) with benzenethiol 
(electron donor) have been conducted in the presence 
of Fe-poly PC . In this paper, the characteristic of Fe-
poly PC as an electron-transfer reagent is reported. 
Some of the results described here have been com­
municated in a preliminary report.7) 

R e s u l t s and D i s c u s s i o n 

The Properties of Fe-PC and Fe-poly PC. The 
visible absorption spectrum of Fe-PC and Fe-poly PC 
using a KBr disk showed absorption maxima at 677 and 
725 nm respectively which agrees with previous data.2) 
The absorption of Fe-poly PC is shifted towards the 
longer wavelength by 48 nm at 725 nm compared with 
Fe-PC. Thus, Fe-poly PC is a stronger electron donor 
than Fe-PC. 

The value of /02O of the electrical conductivity of 
Fe-poly PC was 2 X 106 ohm-cm and it is apparent that 
Fe-poly PC has a better electron-conducting property 
than Fe-PC ( > 1 0 9 ohm-cm8)). Furthermore, the 
catalytic activity of Fe-poly PC in the oxidation of 
acetaldehyde ethylene acetal with oxygen at room 

temperature was similar to that of the previously 
prepared Fe-poly PC.2) O n the other hand, Fe-PC did 
not show any activity. In this paper, Fe-PC and Fe-poly 
PC which have these properties have been used. 

Reductive Dehalogenation of a-Halo Ketones. Function 
of Fe-poly PC: In the absence of Fe-poly PC, a-bromode­
oxybenzoin ( l a ) and 2-bromopropiophenone ( lb ) did 
not react under nitrogen with benzenethiol in dry 
benzene at 80 °C. In 80 vol % aqueous methanol, a-
phenylthio ketones (2a and 2b) were obtained in high 
yields, as Table 1 shows. The reaction of 2-bromoaceto-
phenone ( lc) with benzenethiol gave 2-(phenylthio) -
acetophenone (3c) even in dry benzene. In these 
reactions, the reductive debromination of l a , l b , and 
l c did not occur. Furthermore, Fe-poly PC did not react 
under similar conditions with l a , l b , and l c . When 
Fe-poly PC (iron ion: a-bromo ketone molar rat io = 1 : 1) 
was suspended in a solution containing a-bromo ketones 
(1) and benzenethiol in dry benzene or 80 vol% aqueous 
methanol and the solution heated at 80 °C (under 
conditions similar to those used in the absence of Fe-poly 
PC), the debromination products (2) were produced 
(Table 1). 

Br 
I Fe-poly PC 

PhCOCHR + PhSH > 
1 SPh 

PhCOCH2R + PhCOCHR + PhSSPh 

2 3 

(a, R = Ph; b, R = CH3; c, R = H) 

The product yields decreased in the following order; 
2 a > 2 b > 2 c , while those of the a-phenylthio ketones 
increased inversely. Benzenethiol was oxidized to 
diphenyl disulfide when the a-bromo ketones were 
reduced to the parent ketones, respectively. However, 
the amount of diphenyl disulfide was ambiguous, since 
benzenethiol was readily oxidized to diphenyl disulfide 
in air in the presence of Fe-poly PC . 

The reaction of l a with benzenethiol in the presence 
of Fe-poly PC conducted at a molar ratio of iron ion 
to l a of 1: 10 selectively produced 2a, as shown in 
Table 1. From this it is apparent that Fe-poly PC acts 
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T A B L E 1. T H E EFFECTS OF Fe-poly PC ON THE REACTIONS OF OC-BROMO KETONES WITH BENZENETHIOL*) 

a-Bromo ketone Solventb) Molar ratio, Fe ion/1 T ime , h 
Yield, %e> 

l a 
l a 
l a 
l a 
l a 
l a 
l b 
l b 
l b 
l b 
l c 
l c 

B 
B 
B 
WM 
WM 
WM 
B 
B 
WM 
WM 
B 
WM 

0 
0.1 
1 
0 
0.1 
1 
0 
1 
0 
1 
0 
1 

24 
120 

12 
1/12 

2 
1/12 

24 
96 

1/12 

1/2 
24 
24 

0 
34 
67 
0 

67 
87d> 

0 
56 
0 

58 
0 

16 

0 
0 
0 

96 
0 
0 
0 
7 

80 
24 
34 
62 

89 
49 
— 

< 1 
23 
— 

100 
22 
20 

0 
66 
22 

a) a-Bromo ketone; 2 . 8 x 10~2 mol/1. P h S H : a-bromo ketone molar ra t io; 4 : 1. Solvent; 6 cm3 , 80 °C. b) B; 
benzene. W M ; 80 vol % aqueous methanol , c) T h e amounts were determined by means of G L C . Based on 
1. d) Isolated yield; 7 0 % . 

as a catalyst for the reductive debromination. I t has 
been reported that the organic halogen compounds are 
reduced by iron porphyrins9) and thiols are oxidized 
by Fe(CN)6

3~ and iron(III ) octanoate to disulfides.10) 
Furthermore, the carbon-halogen bond reductions with 
metals and metal complexes and electrolysis have been 
explained in terms of an initial conversion of RBr to 
R« by one-electron reduction.11) The formation of the 
ketone (2) along with diphenyl disulfide indicates that 
Fe-poly PC undergoes cleavage of the C-Br bond of the 
a-bromo ketones (1), followed by hydrogen abstraction 
from benzenethiol to give the parent ketone (2). This 
reaction is coupled to the reduction of the oxidized 
Fe-poly PC with benzenethiol giving the original Fe-
poly PC and diphenyl disulfide. For l a and l b , the 
rate of reduction of the C-Br bond 

1 + Fe-poly PC [PhCOCHR] [Fe-poly PC]0 x dBr 

PhSH 

2 + Fe-poly PC + HBr 

promoted by Fe-poly PC is considerably faster than that 
for the formation of the a-phenylthio ketones (3a and 
3b) . 

The function of Fe-poly PC accelerating the reductive 
debromination of l a was compared with that of Fe-PC. 

T A B L E 2 . A C O M P A R I S O N O F T H E C A T A L Y T I C A C T I O N 

BETWEEN Fe-POLY P C AND F e - P C IN THE 

REDUCTION OF l a WITH BENZENETHIOL8) 

Fe-complex 

Fe-poly PC 
Fe-poly PC 
Fe-poly PC 
Fe-PC 
Fe-PC 
Fe-PC 

Solvent 

B 
WM 
WM 
B 
WM 
WM 

Temp, °C 

80 
80 
25 
80 
80 
25 

Time, h 

12 
1/12 
1/2 
24 

1/12 
1/2 

Yield, 

2a 

67 
87 
47 
37 
59 
31 

%b> 

3a 

0 
0 
0 

17 
40 
13 

a) l a ; 2.8 X 10 -2 mol/1. PhSH : l a molar ratio ; 4 : 1. Fe 
ion: l a molar ratio; 1:1. Solvent; 6 cm3, b) The amounts 
were determined by means of GLC. Based on la . 

As Table 2 shows, Fe-PC underwent the reduction of l a 
with benzenethiol to 2a, but the reduction rate was 
slower than that in the case of Fe-poly PC. In addition, 
the reaction was accompanied by the formation of 3a. 
Thus, it has been concluded that Fe-poly PC is more 
effective than Fe-PC as an electron-transfer reagent in 
the reductive debromination of l a . 

Acceleration Using Ethyl Iodide: In order to make 
possible the reduction of l c with benzenethiol in dry 
benzene in the presence of Fe-poly PC, ethyl iodide was 
added to the reaction system, since the exchange of the 
bromo substituent with iodine was expected to facilitate 
the reduction by Fe-poly PC . As is to be expected, 
after a reaction of 72 h, 2c was obtained in 8 8 % yield, 
along with 3c in 16%, yield ( l c ; 2.8 X 10-2 mol/1, PhSH; 
1.1 X 10-1 mol/1, the ethyl iodide: l c molar ra t io; 10: 1, 
the iron ion: l c molar ra t io ; 1 :1 , and 80 °C). The 
reaction of l c with ethyl iodide in the presence of Fe-
poly PC without benzenethiol in dry benzene gave 
2-iodoacetophenone in a quantitative yield after a 
reaction time of 6 h ( l e ; 2.8 X 10-2 mol/1, the ethyl 
iodide: l c molar ra t io ; 10: 1, the iron ion: l c molar 
ra t io ; 1: 1, and 80 °C). When Fe-PC, Cu-PC, K 2-PC, 
and H 2 -PC were used instead of Fe-poly PC, 2-iodo­
acetophenone was not obtained under similar conditions. 
2-Iodoacetophenone was reduced instantaneously with 
benzenethiol in the absence of Fe-poly PC at room 
temperature to give 2c 

Fe-poly PC 
lc + EtI > PhCOCH2I + EtBr 

C.H, 

quantitatively. Thus, Fe-poly PC performs the reduc­
tion of l c to 2c by promoting the exchange reaction 
of the bromo substituent with iodine of ethyl iodide. 

PhCOCH2I + PhSH • PhCOCHg + PhSSPh + HI 

Reductive Cleavage of Carbon-Sulfur Bond of a,a-Bis-
(phenylthio)deoxy benzoin (4). Fe-poly PC and Fe-PC 
made possible the reduction of 4 with benzenethiol in 
dry benzene to give mainly 3a, as illustrated in Table 3 . 
Furthermore, in the case of Fe-poly PC, 2a was produced 
in addit ion to 3a, although the yield of 2a was lower. 
The ability of Fe-poly PC to form 2a and/or 3a was 
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T A B L E 3. T H E REDUCTION OF 4 WITH BENZENETHIOL 

IN THE PRESENCE OF FE-POLY P C OR F E - P C 

IN DRY BENZENE ( 2 4 h)a> 

Fe-complex Temp, °C 2a %c> 3a %c> Unreacted 
4 %c> 

None 
Fe-poly PC 
Fe-poly PC 
Fe-PC 
Fe-PCb) 

14—16 
14—16 

80 
14—16 

80 

0 
0 

15 
0 
0 

0 
19 
84 
16 
46 

98 
75 

0 
83 
53 

a) The concentation of 4 ; 5 x 10 - 2 mol/1, Fe ion: 4 
molar ra t io; 1:1; and the P h S H : 4 moar ra t io ; 10:1. 
b) T ime of 72 h ; 3 a and 2 a : 93 and 0. c) Isolated 
yields. Based on 4. 

s u p e r i o r to t h a t of F e - P C . W h e n t h e r e a c t i o n w a s 
c o n d u c t e d u s i n g m e t h a n o l as a so lven t , h o w e v e r , 2 a 
was n o t p r o d u c e d even i n t h e p r e s e n c e of Fe -po ly P C 
(3a w a s o b t a i n e d in 4 8 % y ie ld af ter a r e a c t i o n of 24 h a t 

SPh 

P h C O C P h + P h S H 
Fe-poly PC 

SPh 

2a + 3a + PhSSPh 

4 

14—16 ° C ) . I n these r e a c t i o n s , b e n z e n e t h i o l w a s 
ox id i zed to d i p h e n y l d isul f ide . Fe -po ly P C a n d F e -
P C a c t e d as a ca ta lys t in r e a c t i o n s c o n d u c t e d i n a n 
i ron i o n : 4 m o l a r r a t i o of 1: 10 in m e t h a n o l . 

I n a n a n a l o g y w i t h a - h a l o ke tones , t h e r e a c t i o n 
p roceeds via t h e r e d u c t i v e c l eavage of t h e c a r b o n - s u l f u r 
b o n d of 4 b y F e - p o l y P C o r F e - P C , fo l lowed b y t h e 
r e a c t i o n w i t h b e n z e n e t h i o l t o g ive 3 a . 

4 + Fe-poly P C • 

[ P h C O C (SPh) Ph] [Fe-poly PC] 0 X d PhS-

PhSH 
> 3a + PhSSPh + Fe-poly PC 

Reduction of 1,2-Diketones and Their Related Compounds. 
Benzi l (5) w a s r e d u c e d w i t h b e n z e n e t h i o l in t h e p r e s e n c e 
of Fe-po ly P C ( the i r o n i o n : 5 m o l a r r a t i o ; 1: 1) in d r y 
b e n z e n e a t 80 °C to afford b e n z o i n (6) as t h e r e d u c t i o n 
p r o d u c t . T h e a m o u n t of 6 p r o d u c e d inc rea sed s lowly 
w i t h t i m e u n t i l a n a lmos t c o n s t a n t v a l u e . T h e m a x i m u m 
yie ld of 6 w a s 7 0 % w i t h F e - p o l y P C a n d 1 6 % w i t h 
F e - P C . T h i s p h e n o m e n o n w a s n o t obse rved w h e n 
m e t h a n o l w a s s u b s t i t u t e d for b e n z e n e w h e r e t h e r e a c ­
t i o n p r o c e e d e d m u c h m o r e r a p i d l y t h a n in b e n z e n e . 

As T a b l e 4 i l lus t ra tes , resul ts a t t h e i r o n i o n : 5 m o l a r 

Fe-poly PC 
P h C O C O P h + P h S H > 

O H 

P h C O C H P h + PhSSPh 

r a t i o of 1: 10 i n d i c a t e t h a t F e - p o l y P C a n d F e - P C a c t 
as ca ta lys t s for t h e r e d u c t i o n of 5 w i t h b e n z e n e t h i o l 
in m e t h a n o l . T h e r a t e of t h e f o r m a t i o n of 6 c a t a l y z e d 
b y F e - p o l y P C w a s faster b y a f ac to r of a b o u t 2 5 . 
F u r t h e r m o r e , t h e r e d u c t i o n of 5 b y t h e F e - p o l y P C - o r 
F e - P C - b e n z e n e t h i o l sys t em in d r y b e n z e n e w a s p r o m o t ­
e d b y t r i e t h y l a m i n e , as s h o w n in T a b l e 5 . 

T A B L E 5. T H E EFFECT OF TRIETHYLAMINE ON THE 

REDUCTION OF 5 BY THE FE-POLY P C OR 

Fe-PC-BENZENETHIOL SYSTEMa> 

Fe-complex Molar ratio T e m p , Yield,b> Unreactedb> 
E t 3 N / F e i o n °C 6 , % 5 , % 

Fe-poly PC 
Fe-poly PC 
Fe-poly PC 
Fe-poly PC 
Fe-PC 
Fe-PC 
Fe-PC 
Fe-PC 

0 
5 
1 
5 
0 
5 
1 
5 

r.t. 
r.t. 
80 
80 
r.t. 
r.t. 
80 
80 

10 
38 
85 
90 

< 3 
11 
72 
88 

87 
60 
10 
8 

> 9 7 
89 
27 
12 

a) 5 ; 0 . 5 mmol. P h S H / 5 molar ra t io ; 10. n=l. Solvent; 
C 6 H 6 (10 cm 3 ) . T i m e ; 24 h. b) Isolated yields. Based 
on 5. 

T h e c a t a l y t i c r e a c t i o n is bes t r a t i o n a l i z e d b y a s s u m i n g 
e i t h e r a p a r t i a l o r c o m p l e t e e l e c t r o n t r ans fe r t o f o r m 
e i t h e r a c h a r g e - t r a n s f e r c o m p l e x o r t h e ion r a d i c a l (7 ) , 
fol lowed b y t h e r e a c t i o n of 7 w i t h b e n z e n e t h i o l g i v i n g 
6 a n d t h e o r i g i n a l F e - p o l y P C . T h e b e n z e n e t h i o l a t e 
a n i o n p r o d u c e d b y t r i e t h y l a m i n e fac i l i ta tes t h e r e g e n e ­
r a t i o n of t h e o r i g i n a l F e - p o l y P C f r o m 7 . 

5 + Fe-poly PC • [ P h C O C P h ] [Fe-poly PC]° x d 

6- m 
PhSH 

6 + Fe-poly PC 

4 , 5 - O c t a n e d i o n e (8) a n d e t h y l b e n z o y l f o r m a t e (9) 
w e r e r e d u c e d to t h e c o r r e s p o n d i n g a - h y d r o x y c a r b o n y l 
c o m p o u n d s b y t h e F e - p o l y P C - b e n z e n e t h i o l sys tem in 
m e t h a n o l a t 80 °C ( T a b l e 6 ) . T h e r e d u c t i o n of 9 

T A B L E 4. T H E REDUCTION OF 5 W I T H BENZENETHIOL IN THE PRESENCE OF Fe-POLY PC OR Fe-PCa> 

Fe-complex Molar ratio 
Fe ion/5 Solvent1») T e m p , °C Time, h Yield,c> 

6 , % 
Unreacted 0 ) 

5 , % 

Fe-poly PC 
Fe-poly PC 
Fe-poly PC 
Fe-poly PC 
Fe-PC 
Fe-PC 
Fe-PC 
Fe-PC 

1 
1 
1 
0.1 
1 
1 
1 
0.1 

B 
M 
M 
M 
B 
M 
M 
M 

80 
50 
80 
80 
80 
50 
80 
80 

72 
3 

24 
3 

168 
3 

24 
72 

60 
74 
97 
64 
16 
20 
95 
58 

38 
23 
0 

30 
83 
75 
0 

36 

a) 5 ; 0 . 5 mmol. Solvent; 10 cm3 . P h S H / 5 molar r a t io ; 10. b) B ; C6H6 . M ; M e O H . c) Isolated yields. Based on 5. 
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TABLE 6. THE REDUCTION OF 8, 9, 10, AND 11 BY THE Fe-POLY PC-BENZENETHIOL SYSTEM*) 

Compd Time, h Product (Yield, %)b> 

C3H7GOCOC3H7 (8) 24 G3H7GH(OH)GOC3H7 (69) 
PhCOCOOC2H5 (9) 120 PhCH(OH)COOC2H5(37) 
PhCOCH=CHCOPh (10) 24 PhCOCH2CH2COPh(21), PhCOCH2CH(SPh)COPh(73) 
PhCO(Ph)C=NPh (11) 24 PhCO(Ph)CHNHPh(78) 

a) 8, 9, 10, and 11; 0.5 mmol. Solvent; MeOH (10 cm3). PhSH/Substrate molar ratio; 10. Fe ion: Substrate molar 
ratio; 1: 1. 80 °C. b) Isolated yields. Based on substrate. 

proceeded very slowly. l ,4-Diphenyl-2-butene-l,4-
dione (10) was reduced under similar conditions to 
1,4-diphenyl-1,4-butanedione in low yield, because of 
the addit ion of benzenethiol to the double bond of 10 
giving l ,4-diphenyl-l-phenylthio-l ,4-butanedione. Fur­
thermore, the Fe-poly PC-benzenethiol system was 
favorable for reducing the >C=N- bond of the Schiff's 
base (11) of 5, as illustrated in Table 6. 

A Characteristic of Fe-poly PC. As described above, 
Fe-poly PC and Fe-PC assisted the transfer of an electron 
from benzenethiol to the electron-accepting group at 
the a-position in the carbonyl group. However, Fe-poly 
PC differed from Fe-PC in the following respects: 

(1) T h e electron-transfer reduction by Fe-poly PC 
proceeded more smoothly than by Fe-PC and in 
particular, a remarkable difference in reactivity was 
observed in the reduction of the 1,2-diketone 5 in 
aprotic solvents such as benzene. 

(2) Fe-poly PC showed higher selectivity than Fe-
PC for the reductive debromination of the «-bromo 
ketone l a giving the parent ketone 2a . 

(3) The reduction of 4 with the benzenethiol-Fe-
poly PC system gave 2a in addit ion to the a-phenylthio 
ketone 3a, while, in the case of Fe-PC, 2a was not 
obtained. 

The last observation, (3) cannot be explained by the 
difference in oxidation-reduction potential between 
Fe-poly PC and Fe-PC. In the case of Fe-poly PC, there 
is the possibility that the reduction of 4 and the oxida­
tion of benzenethiol may occur on a separate iron site 
with the assistance of the electron-transfer between iron 
ions bridged by the conjugated l igand. This probable 
function of Fe-poly PC may permit the reduction of 4 
to 2a. 

Exper imenta l 

Materials. a-Bromo ketones (1), a-phenylthio ketones 
(3), 4, 8, 10, 11, and Fe-PG were prepared as described in 
the literature.12) 5 and 9 were purchased. Fe-poly PC was 
prepared by the method described in a previous paper2) : C, 
53.16; H, 2.72; N, 17.71; Fe, 6.6%: Amax (KBr method); 
725 nm: p20; 2 X 106 ohm-cm. Powdered Fe-poly PC and 
Fe-PC, reprecipitated from sulfuric acid solution with water, 
were used for the above reactions. 

General Procedure for Reaction and Isolation of Product. All 
reactions were performed similarly in reaction tubes (90-cm3 

total capacity). A typical reaction is described: a solution 
of a mixture of 5 (0.105 g; 0.5 mmol) and benzenethiol (0.551 
g; 5 mmol) in dry benzene (10 cm3) was placed in the reaction 
tube and cooled with liquid nitrogen; the air was removed 
under a reduced pressure of 1 mmHg and, after melting the 
tube, was filled with nitrogen gas. The replacement by 

nitrogen gas procedure was repeated 4—5 times. The re­
sulting solution was cooled with liquid nitrogen and to the 
frozen solution. Fe-poly PC (432 mg) corresponding to 0.5 
mmol of Fe was added under nitrogen and degassed under a 
reduced pressure of 1 mmHg. After the reaction tube was 
sealed, the solution was melted and vigorously stirred at 80 °C. 
After a reaction time of 72 h, the Fe-poly PC was filtered 
and washed with dry benzene. The filtrate was extracted 
with a 10% sodium carbonate solution, dried over magnesium 
sulfate, and the benzene removed. The residue was submitted 
to chromatography on silica gel. Elution with benzene and 
chloroform gave 0.143 g of diphenyl disulfide (mp 58—59 °C), 
0.040 g (38% recovery) of 5 (mp 94—95 °C), and 0.017 g 
(60%) of 6 (mp 131—132 °C). When methanol was used 
instead of benzene as a reaction solvent, and excess of benzene 
was added to the filtrate and the resulting solution worked 
up in a similar manner to that described for benzene. 

The reactions of 1 with benzenethiol in the absence or 
presence of Fe-poly PC and Fe-PC in 80 vol % aqueous metha­
nol were conducted as follows. Benzenethiol was added under 
nitrogen to degassed 80 vol % aqueous methanol dispersed by 
Fe-poly PC or Fe-PC. The resulting solution was frozen, 
the a-bromo ketones (1) added the reaction tube sealed. 
After the reaction, the products were isolated in a manner 
similar to that described above. 

Analyses. The determination of the products and the 
unreacted materials in most experiments were conducted by 
means of GLC, using a silicone HV grease, 80—100 mesh 
column. After the Fe-poly PC or Fe-PC was removed by filtra­
tion, the filtrate was treated with a 10% sodium carbonate 
solution and submitted to GLC analysis, with biphenyl or 1,2-
diphenylethane as an internal standard. The amounts of the 
products derived from 4, 5, 8, 9, 10, and 11, respectively, were 
determined satisfactorily by means of chromatography on 
silica gel. The products were eluted with carbon tetrachloride, 
benzene, and chloroform, and identified by comparing the 
IR and NMR spectra with that authentic specimens. 
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Ligand Effects of Amine Chelates in the Decomposition of 1,2,3,4-
Tetrahydro-1-naphthyl Hydroperoxide Catalyzed 
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The ligand effects of 2,2'-bipyridine, ethylenediamine, and diethylenetriamine on the rate of decomposition 
of 1,2,3,4-tetrahydro-l-naphthyl hydroperoxide catalyzed by cobalt(II) decanoate and copper(II) decanoate in 
chlorobenzene were kinetically studied. The results were compared with the redox potentials measured in nonaque­
ous media and the spectral data of cobalt(II) and copper(II) complexes. It was found that the catalytic activity 
of Me(II) decanoate-ethylenediamine, or -diethylenetriamine complex (Me=Co, Cu) becomes maximum at 
1/2 the molar ratio of ethylenediamine to Me(II), or at 1/3 that of diethylenetriamine to Me(II), and that further 
addition of these amines deactivates the catalysts. The activity of copper (II) decanoate increased from k=0 to k= 
1.4xl0-3 s-1 on addition of 2,2'-bipyridine when the molar ratio of 2,2'-bipyridine to copper(II) decanoate was 
0—4. No maximum activity was observed in copper(II) decanoate-2,2'-bipyridine system. A large excess of 2,2'-
bipyridine, 150 times the quantity of copper (II) salt, did not decrease the decomposition rate in contrast to the case 
of the cobalt(II) decanoate-2,2'-bipyridine system. The difference in ligand effect of ethylenediamine, diethylene­
triamine and 2,2'-bipyridine on cobalt(II) ion and copper(II) ion was discussed on the basis of the properties of 
these complexes. 

T h e decomposition reaction of hydroperoxide cata­
lyzed by transition metal complex, regarded as an 
important initiation reaction in autoxidation, has been 
extensively studied1) dur ing the last decade. Most of 
the studies afforded kinetic data presenting many kinds 
of reaction schemes and disclosing the outline of the 
reaction. However, no detailed account was given, and 
the relation between the structure and property of metal 
complex and its catalytic activity in the decomposition 
of hydroperoxide not being made clear. Clarification 
of this problem would be profitable not only for indus­
trial chemistry but also for a new field of autoxidation in 
life science. 

In a previous paper,2) we reported the new finding 
of max imum activity in the decomposition reaction of 
1,2,3,4-tetrahydro-l-naphthyl hydroperoxide catalyzed 
by cobalt(II) decanoate-2,2 '-bipyridine in chloro­
benzene, giving explanation on the basis of the change 
of redox potentials, spectral data and structural varia­
tions of catalysts. In this paper we report the l igand 
effect of 2,2'-bipyridine and aliphatic amines such as 
ethylenediamine, diethylenetriamine on cobalt(II) 
decanoate and copper(II) decanoate. 

E x p e r i m e n t a l 

Materials. Cobalt (II) decanoate (GoDe2) and copper 
(II) decanoate (CuDe2) were prepared by the conventional 
method3) and used after being dried in a vacuum at 70 °C 
for 5 h. Elemental analyses were carried out on CoDe2 and 
CuDe2. Found: C, 58.2; H, 10.0%. Calcd for CoDe2[Co-
(C10H19O2)2] : C, 59.8; H, 9.0%. Found: C, 58.0; H, 9.6%. 
Calcd for CuDe2[Cu(C10H19O2)2] : C, 59.1 ; H, 9.4%. 1,2,3,4-
Tetrahydro-1-naphthyl hydroperoxide (THP) was prepared 
by the autoxidation of 1,2,3,4-tetrahydronaphthalene (tetralin) 
and recrystallized from heptane.4) Ethylenediamine (en), di­
ethylenetriamine (dien), 1,6-hexanediamine, 1,4-butanedi-
amine, 2,2'-bipyridine (bpy) and 2,2': 6',2"-terpyridine (tpy) 
were purified before use. A mixed solution of the metal 
decanoate and the amine chelate were allowed to stand at 
room temperature for 15 h to equilibrate and then subjected 

to reactions and measurements. 
Measurements. The decomposition of THP proceeded 

in chlorobenzene at 45 °C, the rate of decomposition being 
determined by iodometry. The redox potentials of catalysts 
were measured by cyclic voltammetry in dichloromethane at 
room temperature with use of tetrabutylammonium Per­
chlorate as a supporting electrolyte. A saturated calomel 
electrode was used as a reference electrode. The concen­
tration of complex was less than 10 mM. Infrared spectra 
were recorded as Nujol mulls on a JASCO-IRA 2 spectro­
photometer. Details of experimental procedures were re­
ported.2) 

R e s u l t s a n d D i s c u s s i o n 

Effect of Ethylenediamine and Diethylenetriamine on Cobalt-
(II) Salt. The effect of ethylenediamine and that 
of diethylenetriamine on the rate of the CoDe2-catalyzed 
decomposition of T H P in chlorobenzene are shown in 
Figs. 1 and 2, respectively. The rate of decomposition 
increases with the addition of the amines, maximum 
activities being found at the molar ratio [en]/[CoDe2] = 

1/2 1 
[en]/[CoDe2] 

Fig. 1. Effect of ethylenediamine on the rate of decom­
position of THP catalyzed by CoDea in chlorobenzene 
at 45 °C. 
[CoDe2] = 2 X 10-4 M, [THP] = 5 x 10~2 M. 
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1/3 2/3 1 

[dien]/[GoDe2] 

Fig. 2. Effect of diethylenetriamine on the rate of 
decomposition of THP catalyzed by GoDe2 in chloro-
benzene at 45 °G. 
[CoDe2]=2 X 10-4 M, [THP]=5 x 10~2 M. 

1/2, [dien]/[CoDe2] = l / 3 . The maximum value, almost 
the same in both systems, is one third of that of CoDe 2 -
bpy system. Unlike the case of the CoDe 2 -bpy system, 
the CoDe2 catalyst was deactivated by the amines at 
the raios [en]/[CoDe2] , [dien]/[CoDe2] higher than 2. 

The difference in activation of catalyst between the 
CoDe2-bpy system and the CoDe2-en, - d i en systems can 
be attributed to the difference in electron donative force 
between 2,2'-bipyridine and two aliphatic amines; 
coordination of 2,2'-bipyridine having strong electron 
donative force causes an increase in the reductive force 
of cobalt (II) ion and weakening in the C o - O (decanoate) 
bond strength, resulting in facile coordination of hydro­
peroxide to the central cobalt (I I) ion as well as the 
acceleration of cleavage of hydroperoxide molecule. 
Since ethylenediamine and diethylenetriamine do not 
have such a strong electron donative force as 2,2'-
bipyridine, they can only change the reductive force 
of cobalt (I I) ion moderately and not weaken the C o - O 
(decanoate) bond strength, resulting in smaller catalytic 
activities of the CoDe2-en, -d i en than that of the 
CoDe2-bpy system. The I R data of the CoDe 2-en and 
CoDe2-dien complexes given in Table 1 support our 
view. The shift of C - O stretching band to a higher 
wave number with an increase in the amount of 2,2'-

bipyridine added as in the case of CoDe 2 -bpy system 
shows the weakening in the C o - O (decanoate) bond 
strength. No shift of C - O stretching band upon the 
addition of ethylenediamine or diethylenetriamine 
suggests a very small effect due to the amines on the 
C o - O (decanoate) bond strength. The redox potentials 
of the CoDe 2-en complexes and the CoDe 2 -dien 
complexes in dichloromethane or in iV,iV-dimethyl-
formamide could not be obtained. No new C-T band 
or remarkable change in visible and ultraviolet spectra 
could be found. 

The difference in the deactivation of catalyst between 
the CoDe 2 -bpy complex and the CoDe 2-en, -d i en 
complexes can be at tr ibuted to the difference in their 
steric factors. In the CoDe 2 -bpy system, the steric 
hindrance makes it difficult for the second 2,2'-bipyridine 
to coordinate to a cobalt (I I) ion. But in the CoDe 2-en, 
-d ien systems, the steric hindrance of the amines smaller 
than that of 2,2'-bipyridine makes easier the coordina­
tion of the second ethylenediamine, diethylenetriamine 
to a cobalt(II) ion. Occupat ion of the coordination site 
by the amines may inevitably result in the deactivation 
of the CoDe2 catalyst. 

1 
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Fig. 3. Proposed structure of GoDe2-en, -dien complexes. 
1) GoDe2, 2-a) GoDe2-en (1: 1/2), 2-b) GoDe2-dien 
(1: 1/3), 3) GoDe2-en (1: 1). 

TABLE 1. INFRARED ABSORPTION BANDS AND DECOMPOSI­

TION RATES OF THP FOR GoDe2-en, GoDe2-dien 
AND GoDe2-bpy COMPLEXES 

Complex 

CoDe2 

CoDe2-en(l: 1/2) 
(1:1) 
(1:2) 

CoDe2-dien(l: 1/3) 
(1:2/3) 
(1:1) 
(1:2) 

CoDe2-bpy(l: 1/2) 
(1:1) 
(1:2) 

C-O s t . . cm-1 

1550 
1550 
1550 
1550 
1550 
1550 
1550 
1550 
1570 
1590 
1595 

AJ/10-3 S-1 

0.5 
1.1 
0.7 
0.0 
1.1 
0.9 
0.5 
0.0 
3.7 
1.3 
1.3 

The appearance of max imum suggests that the same 
structural variation2) as that of the CoDe 2 -bpy system 
occurs. Figure 3 shows the proposed structures of 
CoDe 2-en, -d i en complexes. CoDe2 (Structure 1) has 
a lower activity, which can be at t r ibuted to its poor 
reductive force. CoDe 2-en (1 :1 /2) or CoDe 2 -dien 
( 1 : 1/3) (Structure 2-a, 2-b) has the highest activity. 
This structure has a vacant coordination site and an 
adequate reductive force. CoDe 2-en (1 :1 ) (Structure 3) 
shows relatively low activity, the structure having a 
strong reductive force bu t no vacant coordination site. 

From the value of the ratio [Chelate]/[Metal] of 
max imum activity in CoDe 2-bpy, CoDe 2-en, and 
CoDe 2-dien systems, one metal to one N atom complex 
seems to have the highest activity. An exceptional case 
is the CoDe 2 -2 ,2 ' : 6 / ,2 / /-terpyridine system. A max imum 
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value was found at the ratio [tpy]/[CoDe2] = l/2 instead 
of 1/3. Steric difficulty would not allow all the pyridine 
rings to coordinate to a cobalt (II) ion. 

Figure 4 shows the effect of the length of carbon chain 
in aliphatic amine on the rate of the CoDe2-catalyzed 
decomposition of T H P in chlorobenzene. The ability 
of activation or deactivation of the added amines 
decreases with an increase in the carbon number of the 
carbon chain. This can be explained by the fact that 
their chelate effect decrease with increase in the carbon 
number of the carbon chain ; the decrease of the chelate 
effect would decrease the ability of activation and 
deactivation. 

Effect of 2,2'-Bipyridine on Copper(II) Salt. The 
effect of 2,2'-bipyridine on the rate of the CuDe 2 -
catalyzed decomposition of T H P in chlorobenzene is 
shown in Fig. 5. The catalytic activity of CuDe2 

increases monotonously with the addition of 2,2'-
bipyridine, the activity curve becoming a gradual slope 
in the ratio [bpy]/[CuDe2] higher than 1. The k value 
at [bpy]/[CuDe2] = l—2 is close to that of the CoDe 2 -
bpy complexes at [bpy]/[CoDe2] = l— 2 (Table 2). 

The redox potentials of CuDe2-bpy complexes 
measured in dichloromethane by cyclic voltammetry 
are given in Table 2 with the values of CoDe2-bpy 
complexes. The shift of redox potentials to the negative 
direction with the addition of 2,2'-bipyridine, a tendency 
similar to the case of CoDe2-bpy system, will help to 
elucidate the increase in activity. The decomposition 
of hydroperoxide by copper (I I) complex has been 
studied extensively.5) Some workers reported that the 
coordination of 2,2'-bipyridine to copper(II) ion 
increases the catalytic activity of copper(II) complex.6) 
The decomposition reaction of hydroperoxide by 
copper(II) ion proceeds with Cu(II)/Cu(I) redox reac­
tion, the difficulty of reproduction of copper(I) ion 
giving new schemes differing from those of cobalt (I I) 
and manganese(II) systems. The rate-determining step 
seems to be the decomposition process of the copper-

1/2 1 

[Amine]/[GoDe2] 
Fig. 4. Effect of aliphatic amines on the rate of decom­

position of THP catalyzed by GoDe2 in chlorobenzene 
at 45 °G. 
( - 0 - ) 1,6-Hexanediamine, (-(J-) 1,4-butanediamine, 
(~0~) ethylenediamine. 
[CoDe2]=2 X 10-4 M, [THP] = 5 x 10~2 M. 

1 2 3 4 
[bpy]/[GuDe2] 

Fig. 5. Effect of 2,2/-bipyridine on the rate of decom­
position of THP catalyzed by GuDe2 in chlorobenzene 
at 45 °G. 
[GuDe2] = 2 x 10-4 M, [THP] = 5x 10~2 M. 

TABLE 2. COMPARISON OF VOLTAMMETRIC DATA WITH THE DECOMPOSITION RATES OF 

THP FOR GuDe2-bpy AND GoDe2-bpy COMPLEXES 

Complex Electrode reaction ^1/2? va> k/10 - 3 S - 1 

CuDe2 

CuDe2-bpy(l: 

(1: 

(1 

CoDe2 

CoDe2-bpy(l: 

(1: 

(1: 

1/2) 

1) 

2) 

1/2) 

1) 

2) 

Gu(II) + e— 
Cu(I ) -e 1 
Gu(II)+e— 
Cu(I ) -e . 
Cu(II) + e— 
Cu(I ) -e . 
Cu(II) + e— 
Cu(I ) -e 1 
C o ( I I ) - e — 
Go(III) + e— 
G o ( I I ) - e — 
Go(III) + e -
G o ( I I ) - e — 
Go(III) + e -
C o ( I I ) - e — 
Go(I I I )+e -

>Cu(I) 
Gu(II) 
•>Cu(I) 
Gu(II) 
-Cu(I) 
Gu(II) 
-Cu(I) 
Gu(II) 
>Go(III) 
->Go(II) 
>Go(III) 
— Go(II) 
>Go(III) 
— Co(II) 
*Co(III) 
— Co(II) 

-0.43b> 
-0.36b> 
- 0 . 5 6 
- 0 . 4 0 
- 0 . 6 4 
- 0 . 4 3 
- 0 . 6 7 
- 0 . 4 3 

0.80 
0.84 
0.67 
0.70 
0.60 
0.63 
0.59 
0.59 

0.0 

0.4 

1.3 

1.4 

0.5 

3.7 

1.3 

1.3 

a) Potential sweep rate: 0.05 V/s. 
GuDe2 to dichloromethane. 

(V vs. SGE). b) Decanoic acid (10-3 M) added to raise the solubility of 
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hydroperoxide complex. The redox force of copper ion 
might be the main factor of catalytic activity. The shift 
of redox potential to the negative direction shows an 
increase of reductive force of copper (I) ion which 
accelerates the cleavage of the hydroperoxide molecule, 
and also an increase of electron density of the copper 
ion which stabilizes7) the copper-hydroperoxide com­
plex. The increase in activity can be at tr ibuted to the 
change of the redox potential of catalyst. 

The fact that the redox potential of copper(II) 
complexes is smaller than that of cobalt (I I) complex is 
reasonable from their ionization potentials. The 
increase of catalytic activity upon the addition of 2,2'-
bipyridine in the CuDe 2 -bpy system or in the CoDe 2 -
bpy system can be explained by the change of their 
redox potentials. From a comparison of the activity 
of copper(II) complexes with that of cobalt(II) com­
plexes, the small defference between the two activities 
can not be explained by the large difference between 
their redox potentials; the CuDe 2 -bpy (1 :2) complex 
has almost the same activity as that of the CoDe 2 -bpy 
(1 :2) complex, in spite of the large difference in the 
redox potential between the CuDe 2 -bpy (1 :2) complex 
and the CoDe2-bpy (1 :2) complex. This suggests that 
the CuDe 2 -bpy system has a reaction mechanism 
differing from the CoDe 2-bpy system. 

A maximum activity observed in the CoDe 2 -bpy 
system2) was absent in the CuDe 2 -bpy system This is 
explained as follows: With an increase of added 2,2'-
bipyridine the concentration of the inactive CuDe 2 may 
change to the active CuDe 2 -bpy complex having a 
different structure from the five coordination CoDe 2 -
bpy ( 1 : 1/2) type complex. Formation of the five 
coordination complex with 2,2'-bipyridine will be 
difficult for CuDe2 . In acetic acid, no catalytic activity 
was found on both Cu(OAc) 2 and Cu(OAc) 2 -bpy ( 1 : 1) 
complex. 

The effect of a large amount of 2,2'-bipyridine on 
CoDe2 and CuDe 2 is given in Table 3. The activity of 
CoDe2 decreases to half the value of CoDe2 with the 
addition of one hundred times of 2,2'-bipyridine. 
However, CuDe2 could not be deactivated by the 
addition of one hundred fifty times of 2,2'-bipyridine. 
This can be explained by the difficult addit ion of three 
2,2'-bipyridine to copper(II) ion. The CuDe 2 -bpy ( 1 : 1) 
complex has no absorption band in the 350 —400 nm 

TABLE 3. DECOMPOSITION RATES OF THP FOR CoDe2-bpy 

AND GuDe2-bpy COMPLEXES IN CHLOROBENZENE AT 45 °G 

Complex 

GoDe2 

CoDe2-bpy(l: 1) 
(1:50) 
(1: 100) 
(1: 150) 

GuDe2 

CuDe2-bpy(l: 1) 
(1:50) 
(1: 100) 
(1: 150) 

Ä/lO^s-1 

0.49 
1.32 
0.56 
0.28 
0.27 
0.00 
1.40 
0.91 
1.76 
1.78 

1/2 1 
[en]/[CuDe2] 

Fig. 6. Effect of ethylenediamine on the rate of decom­
position of THP catalyzed by GuDe2 in chlorobenzene 
at 45 °G. 
[CuDe2] = 2 X 10~4 M. [THP] = 5 x 10~2 M. 

[Metal] = 2 X 10-4M, [THP] = 5 x 10 ~2 M. 

1/3 2/3 1 

[dien]/[GuDe2] 

Fig. 7. Effect of diethylenetriamine on the rate of 
decomposition of THP catalyzed by GuDe2 in chloro­
benzene at 45 °G. 
[CuDe2] = 2 x 10~4 M, [THP] = 5 x 10~2 M. 

region. However, C-T band (A m a x =380 nm) was found 
on the CuDe 2 -bpy ( 1 : 100) complex. 

Effect of Ethylenediamine and Diethylenetriamine on Copper-
(II) Salt. The effect of ethylenediamine and that 
of diethylenetriamine on the rate of the CuDe2-catalyzed 
decomposition of T H P in chlorobenzene are shown in 
Figs. 6 and 7, respectively. They show the same pat tern 
as that of the CoDe2-en and CoDe 2-dien systems. The 
rate increases with the addition of ethylenediamine or 
diethylenetriamine, the max imum activities being found 
at the ratio of [en]/[CuDe2] = l/2 and [dien]/[CuDe2] = 
1/3. CuDe 2 was deactivated by the amines at the ratio 
[en]/[CuDe2] , [dien]/[CuDe2] higher than 2. The 
max imum values were one third of those of the CoDe 2 -
en, -d i en systems. Appearance of a max imum in these 
systems suggests that the same structural variat ion occurs 
as in the CoDe 2 -bpy system in CuDe 2 -en, - d i en systems. 
The order of max imum values is C o D e 2 - b p y > C o D e 2 -
en, - d i e n > C u D e 2 - e n , -d i en . 

The following conclusions on the ligand effect were 
obtained from our results. 1) The catalytic activities 
of cobalt (I I) ion and copper (I I) ion in the deocmposition 
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of T H P change with the concentration of amine chelate 
added. 2) Aliphatic amine chelate acts as a deactivator 
and aromatic amine chelate as an activator. 3) In most 
cases a max imum activity was found at the molar ratio 
of [Chelate]/[Metal] = 1/(Number of N atom of chelate). 
4) All the effects of chelate ligands can be explained in 
terms of the variation of structure or electrochemical 
and spectral property of catalyst. 
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The effect of iodide ion was examined in methanol carbonylation with use of Co-, Rh-, and Ir-catalysts. Sodium 
iodide gives no noticeable effect on carbonylation catalyzed by Rh-catalyst to give acetic acid, and retards that 
catalyzed by Ir-catalyst. Methyl iodide is effective for methanol carbonylation with Co-catalyst in the presence of 
hydrogen to give mainly acetaldehyde, which is readily hydrogenated to ethanol during the course of carbonylation 
on addition of a catalytic amount of Ru3(CO)12. Sodium iodide is also effective for acetaldehyde formation, 
although it strongly retards the hydrogénation of acetaldehyde with Ru-catalyst. The different effect of iodide 
ion on methanol carbonylation catalyzed by Co-, Rh-, or Ir-catalyst is discussed in terms of neucleophilicity of the 
active catalyst species. 

Methyl iodide is known as an efficient promoter for 
methanol carbonylation with Co-, Rh- , or Ir-catalyst. 
A reaction scheme involving an oxidative addit ion of 
methyl iodide has been accepted in Rh- or Ir-catalyzed 
carbonylation.1) I t has been pointed out that the 
presence of iodide ion promotes the oxidative addit ion 
of methyl iodide to rhodium(I) complexes.2) T h e rate 
of methanol carbonylation with Co-catalyst increases 
with addition of iodide ion,3) although no detailed 
discussion has been made on the role of iodide ion. I t 
has not been clarified why Co- catalyst gives preferen­
tially acetaldehyde when methanol carbonylation is 
performed in the presence of hydrogen,4) while all 
attempts for acetaldehyde formation were unsuccessful 
with the use of Rh- or Ir-catalyst. 

The present work was undertaken to elucidate the 
effect of iodide ion on methanol carbonylation as well 
as the significance of Co-catalyst in the acetaldehyde 
formation. 

E x p e r i m e n t a l 

Carbonylation was carried out according to the procedure 
described in a previous paper.6) Co2(CO)8, RhCl3 .3H20, 
and IrCl4«H20 were used as catalyst precursors. Co2(CO)8 

was prepared by reduction of cobalt carbonate suspended in 
toluene with a synthesis gas (CO/H 2 =l , 150 kg/cm2) at 170 
°C. Methyl iodide (extra pure grade, Tokyo Kasei), Ru3-
(CO)12 (Strem Chemicals) and all the other materials were 
commençai products and used without purification. Aceto-
phenone has been found to be useful solvent for preventing 
the formation of dimethyl ether during the course of Rh- of 
Ir-catalyzed methanol carbonylation.5) However, it was 
readily hydrogenated to give 1-phenylethanol and ethyl-
benzene during the course of carbonylation when a mixture 
of carbon monoxide and hydrogen was used. Thus, methyl 
benzoate was used as the solvent in the present work. It was 
also partially transformed into benzoic acid during the car­
bonylation. The amount of benzoic acid formed was taken 
into account to evaluate the methyl-balance of product solu­
tions. 

The product solutions were analyzed by means of gas chro­
matography (carrier gas of He). A glass column of Di-
ethylene Glycol Succinate Polyester (3 mmçJ, 3 m) was used 
at 100—200 °C for carboxylic acids, and two copper columns 
of 3,3'-oxydipropionitrile (3 mm0, 5 m) and PEG-400 (3 mmçJ, 
3 m) were separately used at 70 °C for acetaldehyde, methyl 

iodide, acetaldehyde dimethyl acetal, methyl acetate, ethyl 
acetate, methanol, and ethanol. Methane in gaseous products 
was also analyzed by gas chromatography using a copper 
column of VZ-7 (3 mm0, 3m) at room temperature. 

R e s u l t s a n d D i s c u s s i o n 

Carbonylation with Co2(CO)8. The carbonylation 
of methanol (125fmmol) with Co 2 (CO) 8 (1 mmol) in 
the presence of methyl iodide (10 mmol) was carried 
out in methyl benzoate (20 ml) at 173 °C under 30—75 
kg/cm2 of carbon monoxide (CO 98%) for 3 h, giving 
practically no acetic acid. Under the same reaction 
conditions, both R h - and Ir-catalysts almost quanti ta­
tively converted methanol into acetic acid (115 mmol, 
9 0 % yield) within a shorter reaction period (0.5 h) . 
When a mixture of carbon monoxide and hydrogen 
(100 kg/cm2 , C O / H 2 = l ) was used for the Co 2 (CO) 8 -
catalyzed carbonylation of methanol under similar 
conditions, appreciable amounts of C2-oxygenated 
compounds such as methyl acetate, acetaldehyde and 
ethanol were obtained. T h e results are shown in Fig. 1. 
Analytical results of product solutions are represented 
by S l9 S2, and M with the following definitions. 

total AcOH (mmol) = [AcOH] + [AcOMe] + [AcOEt] 

total AcH (mmol) = [AcH] + [DMA] 

(DMA = acetaldehyde dimethyl acetal) 

total EtOH (mmol) = [EtOH] + [AcOEt] 

total C2 (mmol) = [total AcOH] + [total AcH] 

+ [total EtOH] 

Sx (%) = 100 X {([total AcH] + [total EtOH])/[total C2]} 

M (%) = 100 x {([AcOH] + [EtOH] + 2[AcOEt] 

+ 2[AcOMe] + 3[DMA] + [CH3I] + [CH3OH] )/ 

([CH3OH]0 + [CH3I]0 + [PhCOaH] )} 

S2 (%) = 100 X [total EtOH]/[total C2] 

Sĵ  and S2 are the selectivities to total C2-oxygenated 
products and ethanol respectively, and M is the percent 
methylbalance, where [ C H 3 O H ] 0 and [CH 3 I ] 0 are 
molar amounts of methanol and methyl iodide initially 
charged. T h e amount of methyl group introduced from 
methyl benzoate during the course of carbonylation is 
evaluated from the amount of benzoic acid, [ P h C 0 2 H ] , 
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100 h 

o 
H 

T3 
Ö 
CS 

1 2 
Go2(GO)8(mmol) 

Fig. 1. Effect of the amount of Go2 (GO)8 on methanol 
homologation in methyl benzoate solvent. 
Total C2(mmol)-0, S s (%)-# M(%)-A, and S^/oJ-A-

remaining in the product solutions. A low methyl-
balance indicates an increase in dimethyl ether and 
methane formed, since neither C 3 nor C4-compounds 
were detected in product solutions. Figure 1 shows that 
the selectivity to ethyl alcohol (S2) increases with increase 
in the amount of Co 2 (CO) 8 , despite no increase in total 
C2-compounds, suggesting that the Co-catalyst mostly 
works as a hydrogénation catalyst for the acetaldehyde 
formed. In fact, Co 2 (CO) 8 and its tertiaryphosphine 
derivatives are known to be active for the hydrogénation 
of aldehydes under oxo reaction conditions,6) where the 
active species is the hydridocarbonyl. 

A rapid hydrogénation of the acetaldehyde formed 
is desirable in order to examine the effects of methyl 
iodide and iodide ion on the methanol carbonylation 
to give acetaldehyde, otherwise the acetaldehyde is 
readily transformed into dimethyl acetal, resulting in 
consumption of 3 mol of methanol for a dimethylacetal 
formation ( 2 C H 3 0 H + C H 3 C H O - > C H 3 C H ( O C H 3 ) 2 + 
H 2 0 ) . Since the hydrogénation catalyst should work in 
the presence of carbon monoxide, some carbonyl 
compounds were examined. I t was found that Ru3-
(CO) 1 2 is much more efficient for the hydrogénation of 
acetaldehyde than Co 2 (CO) 8 under the methanol 
carbonylation conditions7) as shown in Table 1. It is 
apparent that the selectivity to ethanol is remarkably 
increased by the addit ion of a catalytic amount of 
Ru 3 (CO) 1 2 . Although Ru 3 (CO) 1 2 shows a small 

TABLE 1. EFFECT OF R U 3 ( G O ) 1 2 ON THE HYDROGÉNATION 

OF ACETALDEHYDE FORMED G H 3 O H 125 m m o l , G H 3 I 5 

mmol, Co2(CO)8 1 mmol. PhC02CH3 20 ml, 
press. 100kg/cm2 (GO/H2= 1) at room temp, 

temp 173 °G, and react, time 2 h. 

Ru3(GO)12 (mmol) 
Total AcH (mmol) 
(DMA mmol) 
Total EtOH (mmol) 
(Acetate mmol) 
Total AcOH (mmol) 
(Acetate mmol) 
GH3I (mmol) 
Total G2 mmol 
Sx (%) 

Run 1 

0 
30.4 
(8.8) 
8.2 
(tr.) 
3.9 
(tr.) 
2.5 

42.5 
19 

Run 2 

0.038 
17.0 
(2.5) 
25.4 
(1.0) 
4.0 
(tr.) 
3.2 

46.4 
55 

Run 3 

0.075 
4.5 

(0.9) 
29.8 
(0.9) 
4.6 
(tr.) 
3.6 

38.9 
75 

Run 4a> 

0.075 
0.5 
(tr.) 
5.5 
(tr.) 
1.8 

(tr.) 
4.4 
7.8 

71 

a) Without Co2(CO)8. 

activity for methanol carbonylation (run 4), its contribu­
tion can be neglected in runs 2 and 3. The effects of 
methyl iodide and sodium iodide on the Co-catalyzed 
carbonylation were then examined in the presence of 
Ru 3 (CO) 1 2 . The results are summarized in Table 2. 
The favorable effect of methyl iodide on methanol 
carbonylation levels off at higher concentration as shown 
by the change in total C2-compounds (runs 1—3). The 
increase in methyl iodide lowers the methyl-balance, 
presumably due to an increase in dimethyl ether forma­
tion. Sodium iodide is also effective for carbonylation 
without lowering the methyl-balance (runs 4—6), where 
small amounts of methyl iodide were detected in the 
product solutions. The amount of total C2-compounds 
is the largest when both methyl iodide and sodium 
iodide are added (runs 7 and 8). It should be noted, 
however, that the Ru3(CO)1 2-catalyzed hydrogénation 
of acetaldehyde is almost completely inhibited by the 
addition of sodium iodide. Since the Ru 3 (CO) 1 2 -
catalyzed hydrogénation of acetaldehyde takes p a k e in 
the absence of sodium iodide (runs 1—3), it can be 
concluded that methyl iodide supplies no appreciable 
amount of iodide ion during the course of Co-catalyzed 
methanol carbonylation, the rate of which is enhanced 
by both methyl iodide and iodide ion (runs 7 and 8). 

In this respect, the chemical reaction of Co2(CO)8 , 
the catalyst precursor, with iodides should be referred 

Run 

TABLE 2. EFFECT OF IODIDE ION ON THE Go2(GO)8-Ru3(GO)12 CATALYZED METHANOL HOMOLOGATION 

CH3OH 125 mmol, press. 100 kg/cm2 (CO/H 2 =l) at room temp, Go2(GO)8 1 mmol, 
Ru3(CO)12 0.075 mmol, PhCOOCH3 20 ml, temp 173 °G, and time 2 h. 

CH3I 
(mmol) 

Nal 
(mmol) 

Residual 
CH3I 
(mmol) 

Total 
AcH 

(mmol) 

Total 
EtOH 

(mmol) 

Total 
AcOH 
(mmol) 

Total 
C2 

(mmol) 

Methyl-
balance 

(%) 

CH4 

(mmol) 

1 
2 
3 
4 
5 
6 
7 
8 

5 
10 
15 
0 
0 
0 
5 
5 

0 
0 
0 
5 

10 
15 
5 

10 

2.7 
7.0 

10.5 
0.5 
0.6 
0.5 
2.8 
3.0 

1.8 
5.8 
9.6 

19.0 
26.5 
42.1 
50.8 
74.1 

29.8 
33.3 
29.5 

7.8 
2.9 
6.9 
2.5 
1.9 

4.6 
6.0 
3.9 
1.5 
1.6 
3.9 
3.7 
7.3 

36 
45 
43 
28 
31 
53 
57 
83 

88 
63 
58 
95 

104 
105 
101 
104 

14.0 
— 
3.3 
2.5 
2.0 
3.3 
— 
5.3 
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to. I t is known that Co 2 (CO) 8 undergoes disproportion 
in polar solvents to give C o ( C O ) 4 - (3Co 2 (CO) 8 +2wL-* 
2 [ C o L J [ C o ( C O ) 4 ] 2 + 8 C O , L=solvent).8> In fact, 
Co 2 (CO) 8 dissolves in methyl benzoate with evolution 
of carbon monoxide. When sodium iodide is present 
in the solution, the carbon monoxide ligands of Co(CO) 4~ 
may be partly replaced by iodide ion giving rise to an 
increase in nucleophilicity of the complex. It is also 
known that methyl iodide undergoes an oxidative 
addition to C o ( C O ) 4 - to give CH3Co(CO)4 ,9) the oxida­
tion state of which is lower than that of methyl rhodium-
(III) and i r id ium(II I ) complexes. T h e difference of 
oxidation state seems to constitute the main reason why 
cobalt catalyst behaves differently. 

CH3Co(CO)4 + I -CH3I + Co(CO)4-

CH3COCo(CO)3 

If the methanol carbonylation with Co-catalyst proceeds 
through a nucleophilic attack of the anion complex on 
the carbon of methyl iodide, the observed enhancement 
with iodide ion is reasonable. In view of the low oxida­
tion state of the cobalt intermediate, an electrophilic 
oxidative addit ion of hydrogen would take place readily 
giving rise to the predominant formation of acetal-
dehyde. 

Carbonylation with Rh- or Ir-catalysts. In the acetic 
acid synthesis catalyzed by Rh-complex, kinetic5 '10) and 
spectroscopic studies2) have made it clear that the rate-
determining step is the oxidative addit ion of methyl 
iodide to Rh( I ) complex. T h e oxidative addition seems 
to take place through a nucleophilic attack of rhodium-
(I) species on the carbon of methyl iodide to give 
methyl rhodium(II I ) complex, which is readily trans­
formed into the acetyl complex. Coordination of iodide 
ion evidently produces a highly nucleophilic rhodium(I) 
anion, resulting in an increase in the rate of oxidative 
addition of methyl iodide. T h e enhancement by iodide 
ion has been found by Forster upon addition of Bu4NI 
in the oxidative addition of methyl iodide to [Rh-
(AsPh3)2(CO)I] or [Rh(SbPh 3 ) 2 (CO)I] in dichloro-
methane solvent.11) 

The effect of iodide ion on the rate of Rh-catalyzed 
methanol carbonylation was examined by adding 
sodium iodide under the conditions given in Table 3 
except that RhCl 3 «3H 2 0 was used instead of I r C l 4 « H 2 0 
as the catalyst precursor. No appreciable effect of iodide 
ion was found on the rate of carbonylation. T h e 

inconsistency, however, can be understood by taking 
into account the fact that the predominant species 
dur ing the course of the Rh-catalyzed carbonylation in 
the presence of an excess methyl iodide is anionic 
rhodium(I) complex, [Rh(CO) 2 I 2 ]~ , spectroscopically 
verified by Forster.11) Thus , no appreciable enhance­
ment was observed by the addit ion of sodium iodide. 

O n the other hand, in the acetic acid synthesis with 
Ir-catalyst in acetophenone solvent, the predominant 
species is an I r ( I I I ) complex, acetyl i r id ium(I I I ) being 
a plausible form with its methanolysis being rate-
determining.12) If the methanolysis proceeds via an 
electrophilic attack of the acetyl i r id ium(I I I ) complex 
on the oxygen of methanol , replacement of the neutral 
ligands such as carbon monoxide and solvent molecule 
by iodide ion should lower the rate of methanolysis 
because of the decrease in the electrophilicity of i r idium-
(I I I ) species. Thus the effect of iodide ion on the Ir-
catalyzed acetic acid synthesis was examined (Table 3). 
It is apparent that the addit ion of sodium iodide 
decreases the yield of acetic acid. The observed retarda­
tion of acetic acid synthesis by iodide ion is reasonably 
explained by the electrophilic attack of acetyl i r idium-
(III) species on methanol being the rate-datermining 
step as discussed in a previous paper.12) 

As regards the lack of hydrogen activation by Rh-
and Ir-catalysts in methanol carbonylation in spite of 
their high catalytic activities for olefin hydroformylation, 
the carbonylation of ethylene with R h - or Ir-catalyst 
was carried out under methanol carbonylation condi­
tions. T h e results are summarized in Table 4. Methanol 
carbonylation as well as ethylene hydroesterification 
which forms methyl propionate (propionic acid was not 
detected) take place (runs 1 and 2). Hydrogen, however, 
gives no appreciable effect on either carbonylation 
(runs 3 and 4), since the amounts of total acetic acid 
and methyl propionate are almost the same regardless 
of introduction of hydrogen. Hydroformylation of 
ethylene proceeds under the same conditions (runs 5 
and 6), while it is completely suppressed by addition 
of methyl iodide (runs 7 and 8). T h e results are explain­
ed by the following simplified scheme on the assumption 
that the oxidative addition of methyl iodide takes place 
on rodium(I) and i r idium(I) complexes and that acetyl 
complexes of high oxidation state(III) thus formed are 
more rapidly attacked by methanol than hydrogen 
molecule. Preferential formation of methyl propionate 
can also be realized by an electrophilic attack of pro-
pionyl rhod ium(I I I ) and i r id ium(I I I ) complexes, 

T A B L E 3. E F F E C T OF IODIDE ION ON THE Ir-CATALYZED ACETIC ACID SYNTHESIS 

CH3OH 125 mmol, IrCl4 .HaO 0.25 mmol, P c o 30 kg/cm2 at room 
temp, temp 173 °C, and time 2 h. 

Run CH3I 
(mmol) 

Nal 
(mmol) 

Residual 
CH3I (mmol) 

Total 
AcOH (mmol) 

Yield 
(%) 

1 
2 
3 
4 
5 
6 

0.75 
1.25 
0 
0 
0.75 
1.25 

0 
0 
1.25 
2.50 
1.25 
1.25 

0.22 
0.51 
0.35 
0.59 
0.89 
1.24 

51 
54 
44 
25 
37 
44 

41 
43 
35 
20 
30 
35 
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TABLE 4. CARBONYLATION OF ETHYLENE UNDER METHANOL CARBONYLATION CONDITIONS 

P c 2 ' 40 kg/cm,2a> P c o 20 kg/cm2,a> PhCOCH3 20 ml,b> temp 156 °C, and time 1 h. 

Run 

1 
2 
3 
4 
5 
6 
7 
8 

Catalyst 
(mmol) 

RhCl3 .3H20 (0.5) 
IrCl 4 .H 20 (0.25) 
RhCl3 .3HaO (0.5) 
IrCl4-H20 (0.25) 
RhCl3 .3HaO (0.5) 
I iCl 4 .H 2 0 (0.25) 
RhCl3 .3H20 (0.5) 
IrCl4-H20 (0.25) 

CH3I 
(mmol) 

10 
10 
10 
10 
0 
0 

10 
10 

CH3OH 
(mmol) 

125 
125 
125 
125 

0 
0 
0 
0 

P a) 
H 2 (kg/cm) 

20 
20 
0 
0 

20 
20 
20 
20 

Total 
AcOH(mmol) 

23 
27 
21 
29 

0 
0 
0 
0 

EtC02CH3
c> 

(mmol) 

63 
29 
59 
24 
0 
0 
0 
0 

EtCHO 
(mmol) 

12 
5.1 

tr. 
tr. 
14 
7.4 

tr. 
tr. 

a) Partial pressure at room temperature, b) No hydrogénation of benzophenone observed at this temperature. 
c) No propionic acid observed. 

3) T. Mizoroki and M. Nakayama, Bull. Chem. Soc Jpn., 
41, 1628 (1968). 

4) J. Berty and L. Marko, Chem. Tech. (Berlin), 8, 260 
(1965); T. Mizoroki and M. Nakayama, Bull. Chem. Soc. 
jpn., 37, 236 (1964); 39, 1477 (1966). 

5) T. Matsumoto, K. Mori, T. Mizoroki, and A. Ozaki, 
Bull. Chem. Soc. Jpn., 50, 2337 (1977). 

6) E. R. Tucci, Ind. Eng. Chem. Prod. Res. Dev., 7, 125 
(1968); F. E. Paulik, Catal. Rev., 6, 49, (1972). 

7) Patent (USA 3285948) claims that the addition of 
ruthenium chloride increases the selectivity to ethanol in the 
methanol homologation with Co-catalyst. 

8) I. Wender, H. W. Sternberg, and M. Orchin, J. Am. 
Chem. Soc, 74, 1216 (1952); F. Calderazzo, R. Ercoli, and 
G. Natta, "Organic Syntheses via Metal Carbonyls Vol. 1," 
Interscience Publishers, New York, London, Sydney (1968), 
p. 83. 

9) R. F. Heek and D. S. Breslow, J. Am. Chem. Soc, 84 
2499 (1962); 85, 2779 (1963). 

10) J. Hjortkjaer and V. W. Jensen, Ind. Eng. Chem. Prod. 
Res. Dev., 15, 46 (1976). 

11) D. Forster, J. Am. Chem. Soc, 98, 846 (1976). 
12) T. Matsumoto, T. Mizoroki, and A. Ozaki, J. Catal., 

51, 96 (1978). 

formed from ethylene and the corresponding hydride 
complexes, on methanol , as shown in the scheme. 

C2H6- M (III) 

I 

C,H,C0M(III) 

-C 2 H, 

H-M(III) 

C2H5C02CH3 / ' \ .CH 3 C0 : 

CH30ri ^ / 
c2H5coM (nn CH3coM(.n) cH3coM(m) 

1 I \ I 
I CH3OH 

Scheme 1. Reaction scheme on the Rh- or Ir-catalyzed 
carbonylation in the presence of methyl iodide 
( M = R h or Ir). 
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Thermolysis of the title dihydrotetrazine in boiling toluene gives benzenesulfonic anhydride, »S-phenyl benzene-
thiosulfonate, and small amounts of diphenyl disulfide and a rearrangement product, 3,6-diphenyl-l,2-bis(phenyl-
sulfonyl)-l,2-dihydro-l,2,4,5-tetrazine, together with 3,6-diphenyl-l,2,4,5-tetrazine. On the other hand, the 
treatment with concentrated sulfuric acid affords 3,6-diphenyl-l,4-dihydro-l,2,4,5-tetrazine in good yield. On 
the basis of the kinetic parameters obtained for the thermolysis, the mechanism was discussed. 

3 ,6-Diphenyl-1 ,4-bis (/>-tolylsulfonyl) - 1 , 4 - d i h y d r o -
1,2,4,5-tetrazine (1), obtained by the reaction of 5-
phenyltetrazole with />-toluenesulfonyl chloride, yields 
3,6-diphenyl-l,2,4,5-tetrazine (2) when heated at its 
melting point or treated with ethanolic potassium 
hydroxide at room temperature, and /»-toluenesulfonic 
acid alone was isolated as a by product.2) 

The thermal decomposition of 2-/>-tolylsulfonyl-5-
phenyltetrazole3) was also reported:4) this reaction gave 
traces of 2 together with other products and should 
not proceed via 1 as an intermediate, and further 
details are unavailable for the decomposition reaction of 
1 and its homologs. 

The present paper deals with the thermolysis and the 
acid-catalyzed dephenylsulfonylation of 3,6-diphenyl-
l,4-bis(phenylsulfonyl)-l,4-dihydro-l,2,4,5-tetrazine (3). 

R e s u l t s a n d D i s c u s s i o n 

Preparation and Thermolysis of Dihydrotetrazine. 
Dihydrotetrazine (3) was obtained in good yields by 
treating JV-(phenylsulfonyl)benzohydrazonoyl chloride 
with triethylamine in THF4-5) (Scheme 1). 

2 PhC=N-NHS02Ph 
i 

CI 

- 2 HCl 

Ph 
I 

> N ^ N - S 0 2 P h 

Et8N PhS0 2 -N N 

Ph 

(3) 
Scheme 1. 

In the I R spectra, dihydrotetrazine 3 exhibits a 
characteristic peak at 1320 c m - 1 (strong) which should 
be assigned to the 1,4-dihydrotetrazine ring vibration. 
Compound 3 is thermolabile and melt with decomposi­
tion to give tetrazine 2 ; a partial decomposition is also 
observed below the melting point. Furthermore, 3 
altered gradually to 2 at room temperature when 
dissolved in a polar solvent such as D M F or D M S O . 

The thermolysis of 3 was carried out in the following 
two procedures: (A) Keeping at 150—155 °G for 30 min 
in a sealed tube without solvent; (B) refluxing a toluene 
solution for 20 h. The I R spectrum of the resulting 
dark red solid from Procedure A showed the formation 
of benzenesulfonic anhydride (4), a portion of which 
could be isolated as a sparingly soluble part in benzene. 

T h e precipitation of anilinium benzenesulfonate (5) 
was observed when aniline was added to the chloroform 
solution of the product from Procedure A or the reaction 
mixture in toluene from Procedure B. Work-up gave 
3,6- d iphenyl -1 ,2 - bis (phenylsulfonyl) - 1 , 2 - d i h y d r o -
1,2,4,5-tetrazine (6), ^-phenyl benzenethiosulfonate (7), 
diphenyl disulfide (8), and benzenesulfonanilide (9) 
along with 3,6-diphenyl-1,2,4,5-tetrazine (2) and anili­
nium benzenesulfonate (5). The results are summarized 
in Table 1.») 

TABLE 1. THERMOLYSIS OF DIHYDROTETRAZINE 3 

Reaction 
condition1* 

A 
B 

2 

98 
88 

Yield (%) of product1») 

6 7 8 9 

0 24 6 62 
3 26 3 58 

5 

70 
52 

a) A: Kept at 150—155 °C for 30 min in a sealed tube 
without solvent with subsequent treatment with aniline. 
B : Refluxed in toluene for 20 h with subsequent treatment 
with aniline, b) Yield as mole per cent based on 3. 

When ethanol was added to the pr imary reaction 
mixture from Procedure A or B, ethyl benzenesulfonate 
was obtained. Compounds 5 and 9 or ethyl benzene­
sulfonate should be derived from 4 formed in the 
reaction. Thus , the thermal decomposition reaction 
may be formulated as follows (Scheme 2). 

Ph 
1 

N ^ N - S 0 2 P h 

PhS0 2 -N N 

Ph 

(3) 

Ph Ph 
i I 

N N N N-S0 2 Ph 
N N + N N-S0 2 Ph 

Ph Ph 

(2) (6) 

+ PhSOaSPh + PhSSPh + (PhS02)20 
(7) (8) (4) 

Scheme 2. 

Compound 6 decomposed when heated at its melting 
point, giving the same products as those obtained from 
3 . No promotion of reaction was observed when 
benzoyl peroxide was added in the thermolysis of 3 in 
toluene 

Kinetics and Mechanism. In order to obtain some 
kinetic data , the thermolysis of 3 in toluene was conduct­
ed in Pyrex tubes under nitrogen atmosphere at 110, 
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Fig. 1. First order plots for the thermolysis of dihydro 
tetrazine 3 in toluene. 
O : 130 °C, # : 120 °C, 3 : 110 °C; [3]0-1.95 mmol-
l-1. 

120, and 130 °C. The course of decomposition was 
followed by measuring the tetrazine absorption at 
550 nm. 

Since the reaction is not simple as has been shown 
above, the integral method cannot be employed for 
the kinetic determinat ion: thus any good linear rela­
tionship may be hardly found in the first order plots 
(Fig. 1 ) and also in the second order ones for the reaction. 

o.o 

-4 .0 

-4 .5 

-5 .0 

I • ~[ 

- \ -

1 _ 1 - . . 
2.4 2.6 2.5 

r-vkK-1 

Fig. 2. Arrhenius plots for the thermolysis of dihydro-
tetrazine 3 in toluene. 

The decomposition reaction of 3 to 2 was analyzed 
by the initial rate method, which showed the reaction 
to obey good first order kinetics and gave A;1(h

_1) = 
0.493(130 °C) ; 0.162(120 °C) ; 0.0447(110 °C). T h e 
plots of log kx vs. \jT are given in Fig. 2, from which 
the Arrhenius parameters, Ea(= 154 kj/mol) and AS*( = 
61 J / ( K mol)) , were obtained. 

When the solvent toluene was replaced by D M S O , 
plots of yield of tetrazine vs. t ime gave a curve with an 
inflection point (Fig. 3, Curve I I ) , but almost no 

Fig. 3. Plots of yield of tetrazine 2 vs. time for the 
thermolysis of dihydrotetrazine 3. 
# : In toluene/N2, O - in DMSO/N2, ©•* in DMSO 
with TosOH/N2, 3 : in DMSO with TosOH/02 ; [3]0 

= 1.95 mmol I"1, [TosOH] =2.0 mmol 1"1; temp: 120 
°G. 

difference in the reaction rate at the initial period 
between D M S O and toluene could be detected. 

In view of the fact that the reaction is not promoted 
by a radical initiator and that the AS* value is positive, 
the following route can be given as a possible mechanism 
for the thermolysis of 3 , in which benzenesulfonic 
benzenesulfinic anhydride (10) is postulated as an 
intermediate for 4 and 7. 

Ph 
i 

NX XN-SO aPh 
t ii 

N N 

Ph 

(H) 

PhSOa 

(12) 

O 

2 + PhS0 20-SPh 

(10) 

Scheme 3. 

Since, as has been described, little difference in the 
rate at the initial reaction period is found between 
D M S O (polar) and toluene (less polar) , the inter­
mediate, [11*12], should exist as an intimate ion pair.8) 
The formation of 6 can be explained by the recombina­
tion of 11 and 12 (internal return) . 

The thermolabili ty of 3 is possibly due to the non-
aromaticity of eight-electron dihydrotetrazine system, 

O O 
II it 

PhS-O-SPh 
II II 

o o 

12 o o 
PhS03" + PhS—SPh 

II 

(10) 

ÎI 

13 

PhSOa- + PhSOa
+ 

(12) (13) 

PhSOaSPh + PhS0 3 -

(7) 

(PhS02)20 

(4) 
13 

o 
(14) 

O 
PhS-O-SPh 

II 

o 
(15) 

Scheme 4. 
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which alters to a stable aromatic six-electron one by 
releasing 12.9) Mass spectroscopic data (vide post) may 
be consistent with the collapse of 3 to 11 and 12. 

The formation of .S-phenyl benzenethiosulfonate (7) 
and benzenesulfonic anhydride (4) can be well inter­
preted by the intermediacy of benzenesulfonic benzene-
sulfinic anhydride (10) (Scheme 4). 

/»-Toluenesulfonic />-toluenesulfmic anhydride has 
been postulated as the pr imary intermediate in the 
reaction of /»-toluenesulfonyl chloride with sodium p-
toluenesulfinate, from which S-p-to\y\ /»-toluenethio-
sulfonate and sodium jö-toluenesulfonate are formed.10) 
Anhydride 10 corresponds to carboxylic/>-toluenesulfinic 
anhydride which has been proposed as an intermediate 
for the formation of carboxylic anhydride and S-p-to\y\ 
j&-toluenethiosulfonate in the reaction of sodium p-
toluenesulfinate with acyl chloride.11) 

The intermediacy of sulfinyl sulfone 14 and sulfenic 
sulfonic anhydride 15 and the rearrangement 14 to 15 
have been also proposed for the formation of .S-p-tolyl 
/»-toluenethiosulfonate in the disproportionation of p-
toluenesulfinic acid under acidic conditions.12) 

From Scheme 4, the following stoichiometric formula 
can be obtained : 

3[PhS02
+ + PhS02"] > 2(PhS02)20 + PhSOaSPh 

(4) (7) 

This formula is consistent with that of the disproportio­
nation of j&-toluenesulfinic acid,12) and in agreement 
with the experimental results obtained (Table 1). The 
formation of diphenyl disulfide (8) can be explained in 
terms of the air oxidation of benzenethiolate ion13) 
generated by the hydrolysis of thiosulfonate 7.12) 

The characteristic feature of Curve I I shown in Fig. 3 
suggests that the reaction in D M S O may involves an 
autocatalyzed process as a parallel one,14) which may 
be due to benzenesulfonic acid formed from traces of 
moisture and 4 . In the initial presence of p-to\uene-
sulfonic acid a pronounced catalysis took place (Fig. 3, 
Curve I I I ) , and a further promotion of reaction was 
observed under oxygen atmosphere (Curve IV) . 

In general, D M S O accelerates ionic processes and 
can also function as an oxidizing agent itself, thus the 
primary product of the acid-catalyzed reaction in 
D M S O may be dephenylsulfonylated dihydrotetrazine, 
which would be oxidized to 2 by DMSO.1 5) The acid-
catalyzed dephenylsulfonylation will be discussed later. 

An acceleration of reaction was observed also when 
a small amount of />-toluenesulfonic acid was added in 
the thermolysis of 3 in toluene, but this effect of acid 
was less remarkable than when D M S O was used as 
the solvent. 

Structure Assignment of 6. Compound 6 also 
decomposes somewhat higher temperature, giving the 
same products as those of 3 . T h e I R spectrum of 6 is 
simpler than that of 3 , and shows a medium peak at 
1284cm- 1 ( v S 0 2 : 1370, 1171 cm-1) and none at near 
1320 cm- 1 . The peak at 1284 c m - 1 might be at tr ibuted 
to the 1,2-dihydrotetrazine ring vibration. 

The mass spectrum of 6 also differs from that of 3 
in some respects : it is particularly characteristic that the 
peaks of m/e 105, 222, and 244 of 6 are far weaker than 
those of 3 in intensity (Table 2). The fragment ions 

TABLE 2. MASS SPECTRAL DATA OF DIHYDROTETRAZINES 

3 AND 6 (MAJOR PEAKS) 

m/e Assignment 

516 M+ 
+ S02Ph 

375 Ph-< X - P h 

250 [PhSOa-S-Ph] + 

244 Ph-C+N-SOaPh 

234 ph-< y p h 

222 
" N—N • 

. Ph^CKNPh _ 

+• 

141 PhSOa+ 
125 PhSO+ 
109 PhS+ 
105 PhCEO+ 
103 PhCEN+ 
77 Ph+ 
65 G5H5+ 
51 C4H3+ 

Relative abundance*' 

$ 
0.8 

47 

2.1 
15 

+ 

8.0 

3.8 

69 
9.3 
3.4 

23 
56 

100 
3.0 

19 

^ 
6 

0.3 

83 

4.5 
0.2 

19 

0.3 

71 
9.4 
5.7 
2.0 

93 
100 

4.3 
26 

a) Ionizing energy : 75 eV. 

of m/e 105, 222, and 244 as assigned in Table 2 may be 
produced from the 1,4-dihydrotetrazine structure as 
shown in Scheme 5. In conclusion, compound 6 must 
be a structural isomer of 3, thus 6 can be assigned to be 
3 ,6 - diphenyl - 1,2 - bis (phenylsulfonyl) - 1 , 2 - d i h y d r o -
1,2,4,5-tetrazine. T h e peak of m Je 250 is possibly 
the parent peak of iS-phenyl benzenethiosulfonate (7) 
formed by the part ia l thermolysis of 3 and 6 in the 
ionization chamber, which may be supported by the 
appearance of its fragment ions, mje 125, 109, and 
65.16,17) 

Ph 

N7^N-S02Ph N-S02Ph 

P h S 0 2 V -"p^P h S 0 2"^N -^2 
Ph Ph -PhS02 ' 

PhS02-N=CPh 
m/e 244 

Ph 0 
Ä i P h _ 

Ph 

>hS0j 

Ph 

Ph 
%Z 

0 Ph 
N2 PK 

N—N 

Scheme 5. 

'-PhSO- m / e 222 
-PhS02-

^ PhC=0+ 

m/e 105 

Acid-catalyzed Decomposition of 3. When 3 was 
treated with concentrated sulfuric acid at room tempera­
ture, 3,6-diphenyl-l,4-dihydro-1,2,4,5-tetrazine (16: 
86%) and benzoic acid (12%) were obtained. Treat­
ment of 3 with refluxing 1-butanol gave 4-amino-3,5-
diphenyl-l,2,4-triazole (as benzenesulfonate, 17: 54%) , 
butyl benzoate (42%), and 2 (24%) together with small 
amounts of butyl benzenesulfonate, benzenesulfonic acid, 
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and 7. T h e formation of dibutyl ether was also confirmed 
(Scheme 6). 

Ph 
i 

3 — 

BuOH TV 
-» 2 + i N - N H 2 P h S 0 3 H + PhCOOBu 

Ph (17) 

+ PhS03Bu + PhS03H + 7 + BuaO 

Ph 
(1) H2S04 ' 
(2) HsO N N H 

• i i ^ + PhCOOH 

i 
Ph 

(16) 

Scheme 6. 

The formation of 16 can be interpreted in terms of the 
iV-pro to nation of 3 followed by the removal of benzene-
sulfonyl ion. The reaction in refluxing 1-butanol is 
explained as follows: the thermal decomposition of 3 
takes place in part to give 2 and benzenesulfonic 
anhydride (4), and acid catalysis by benzenesulfonic 
acid generated from 4 leads to the formation of 16 as an 
intermediate The acid-catalyzed rearrangement18) and 
hydrolysis19) of the intermediate 16 should afford 17 and 
benzoic acid, respectively. A part of 2 obtained here 
may be derived from 16 by air-oxidation. 

E x p e r i m e n t a l 

Melting points were determined with a Yanagimoto micro-
melting point apparatus Model MP-S3 and are uncorrected. 
The microanalysis was performed on a Perkin-Elmer ele­
mental analyzer Model 240. The IR, VIS, and MS spectra 
were recorded with a JASCO DS-301, a Hitachi EPU-2A, 
and a JEOL JMS-013G-2 spectrometer, respectively. N-
(Phenylsulfonyl)benzohydrazonoyl chloride was prepared by 
the method reported.20) 

Preparation of 3. A solution of triethylamine (5.5 g, 
54 mmol) in THF (20 ml) was added dropwise to a solution 
of iV-(phenylsulfonyl)benzohydrazonoyl chloride (14.8 g, 50 
mmol) in THF (60 ml) under cooling (ice water) and stirring. 
The reaction mixture was stirred additionally for 1 h at room 
temperature. After removal of the separated triethylamine 
hydrochloride by filtration, the THF solution was concentrated 
and washed with aqueous ethanol to give fairly pure dihydro-
tetrazine 3 as yellow solids. The product was purrified by 
crystallization from benzene-hexane (Yield : 11.6 g, 22 mmol, 
45mol%) . 

Mp 151—156 °G (dec), IR (KBr, cm-1): 1320 (Ring); 
1367, 1183 (vS08). Found: G, 60.21; H, 3.93; N, 10.81%; 
M+, 516. Galcd for C20H20N4O4S2 : G, 60.44; H, 3.90; N, 
10.84%; M, 516. 

Thermolysis of 3. Procedure A: Dihydrotetrazine 3 
(2.58 g, 5 mmol) was heated in a sealed tube at 150—155 °C 
for 30 min. The resulting dark red mass was dissolved in 
chloroform (50 ml). To the chloroform solution, aniline (2 g) 
was added and the mixture was allowed to stand for a few 
hours. The separated precipitates (anilinium benzenesul-
fonate, 5: 0.89 g, 3.5 mmol) were filtered, and the filtrate 
was washed with 10% sodium hydroxide solution followed 
by dilute hydrochloric acid and dried. After removal of the 
solvent, the residue was dissolved in hot ethanol. Diphenyl-

tetrazine 2 (1.11 g, 4.7 mmol) separated upon cooling was 
filtered, and the filtrate was concentrated and then chromato-
graphed on a silica gel (15 g) column, using hexane and 
benzene as the eluents, to give diphenyl disulfide (8: 0.06 g, 
0.3 mmol), 2 (0.05 g, 0.2 mmol), and S-phenyl benzenethio-
sulfonate (7: 0.30 g, 1.2 mmol). Benzenesulfonanilide (9: 
0.72 g, 3.1 mmol) was isolated by acidification from the aque­
ous sodium hydroxide washings above obtained. Treatment 
of the primary product (dark red mass) with benzene gave 
a small amount of benzenesulfonic anhydride (4) as a sparingly-
soluble matter. 

All the products obtained were identified by comparison 
with authentic specimens. 

Procedure B: A solution of 3 (2.58 g) in 15 ml of toluene 
dried over sodium wire was refluxed for 20 h. Addition of 
a solution of aniline (2 g) in toluene (5 ml) to the red re­
action mixture led to the precipitation of 5 (0.64 g, 2.6 mmol), 
which was filtered from the hot toluene solution. Removal 
of the solvent from the toluene filtrate followed by treat­
ment with chloroform gave pale cream-colored precipitates 
(6: 0.07 g, 0.14 mmol) which after recrystallization from 
DMF-ethanol melted at 168—171 °C with decomposition. 

IR (KBr, cm-1): 1284 (Ring); 1370, 1171 (vS02). Found: 
G, 60.45; H, 3.92; N, 11.00%; M+, 516. Galcd for C2aH20-
N404S2 : C, 60.44; H, 3.90; N, 10.84%; M, 516. 

The chloroform filtrate was worked up in the same manner 
that used in Procedure A. 2: 1.04 g (4.4 mmol); 7: 0.32 g 
(1.3 mmol); 8: 0.03 g (0.14 mmol); 9: 0.68 g (2.9 mmol). 

The results of thermolysis are summarized in Table 1. 
Thermolysis of 6. Compound 6 (0.52 g, 1 mmol) was 

heated in a sealed tube at 170—173 °G for 20 min. The 
resulting dark red mass was treated in the same manner that 
used in the thermolysis of 3 (Procedure A). 2: 0.21 g (0.90 
mmol); 5: 0.18 g (0.72 mmol); 7: 0.04g (0.16 mmol); 8: 
trace; 9: 0.14 g (0.60 mmol). 

Kinetic Measurement. Rates for the formation of 2 in 
toluene (and in DMSO21)) were determined spectrophoto-
metrically by the usual sealed-ampoule technique. In a 
typical experiment, 10 ampoules each containing ca. 6.5 ml 
of solution of 3 in dry toluene were prepared. They were 
sealed after being flashed with dry nitrogen. The reaction 
mixture was taken out from each ampoule after quenching 
by cooling, and the absorbance of the mixture was determined 
at 550 nm. The rate constants were obtained by means of 
the initial rate method. 

Reaction of 3 with Sulfuric Acid. A solution of 3 (2.58 g, 
5 mmol) in chloroform (15 ml) was stirred vigorously with 
concentrated sulfuric acid ( 10 ml) for 1 h at room temperature. 
The sulfuric acid layer was poured into water to give light 
fine needles, which were filtered and identified to be 3,6-
diphenyl-l,4-dihydro-l,2,4,5-tetrazine (16). Yield: 1.01 g 
(4.3 mmol); mp 194—195 °C (lit,22) mp 191—193 °C). 

From the aqueous filtrate, salting-out with sodium sulfate 
followed by extraction with ether gave benzoic acid (0.07 g, 
0.6 mmol). 

Reaction of 3 with Boiling Butanol. A solution of 3 (2.58 
g) and 1-butanol (15 ml) was refluxed for 15 h. Dibutyl 

ether was detected from the reaction mixture by means of 
GLC. Addition of ethanol (15 ml) followed by cooling the 
solution led to the precipitation of 2 (0.28 g, 1.2mmol). 
Removal of the solvent from the alcohol filtrate gave a residue, 
which was treated with ether and filtered. The solids (17: 
1.07 g ; 2.7 mmol) obtained were confirmed to be fairly pure 
by IR spectroscopy, and melted at 193—195 °C after re-
crystallization from ethanol. 

IR (KBr, cm-1): 3240 (brd)(vNH3+); 1240, 1158, 1120 
(vS02). Found: C, 60.68; H, 4.56; N, 14.41%. Calcd for 
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C20H,8N4O3S: C, 60.90; H, 4.60; N, 14.20%. Dissolution 
of this product in pyridine followed by dilution with water 
gave 4-amino-3,5-diphenyl-l,2,4-triazole, mp 260—262 °C. 
(lit,18) mp 263 °C). 

Benzenesulfonic acid was removed by washing with water 
from the ether filtrate above obtained; butyl benzoate (0.37 g, 
2.1 mmol), butyl benzenesulfonate (0.02 g, 0.09 mmol), 7 
(0.04 g, 0.16 mmol), and 2 (trace) were determined by means 
of gas or liquid (column) chromatography. 
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T h e main reactions of pyridinecarboxylic esters induced by Co-60 y-rays in acidic alcoholic solutions are : 
1) substitution on the pyridine ring by alkyl or hydroxyalkyl groups derived from solvent alcohols, and 2) reduction 
of carboxylic esters to alcohol (hydroxymethyl group) . Substitution is dominant in methanol solutions and reduc­
tion is dominant in 2-propanol solutions. Carboxylic esters at the 2- and 4-positions are selectively reduced to 
alcohols. Alkylation results from the at tack by hydrogen atoms and hydroxylalkyl radicals. Reduct ion of car­
boxylic esters to alcohol is effected by the hydroxyalkyl radicals derived from the radiolysis of alcohols. 

R a d i a t i o n - i n d u c e d r e a c t i o n s of p y r i d i n e c a r b o x y l i c 
a c i d d e r i v a t i v e s i n c l u d i n g b i o l o g i c a l l y i m p o r t a n t n i c o t i n ­
a m i d e a n d n i c o t i n i c a c i d h a v e n o t y e t b e e n t h o r o u g h l y 
i n v e s t i g a t e d a t leas t o n t h e bas i s of p r o d u c t ana ly s i s . 
S c h a c h i n g e r a n d H e i n d l e r e p o r t e d t h e r a d i a t i o n - i n d u c e d 
h y d r o x y l a t i o n for t h e m o d e l c o m p o u n d s of N A D (n i ­
c o t i n a m i d e a d e n i n e d i n u c l e o t i d e ) in a q u e o u s solut ions . 2 ) 
S w a l l o w sugges ted t h e f o r m a t i o n of a " d i m e r " d u r i n g 
t h e X - r a y i r r a d i a t i o n of c e r t a i n m o d e l c o m p o u n d s for 
N A D . 3 ) By m e a n s of p u l s e r ad io lys i s t e c h n i q u e , i n t e r ­
m e d i a t e s f o r m e d b y t h e r e a c t i o n of p y r i d i n e c a r b o x y l i c 
a c i d d e r i v a t i v e s w i t h r e a c t i v e species f rom t h e r a d i o ­
lysis of w a t e r a n d w i t h t h e h y d r o x y a l k y l r a d i c a l s 
f o r m e d d u r i n g t h e i r r a d i a t i o n of a q u e o u s a l c o h o l h a v e 
b e e n i n v e s t i g a t e d . 4 ' 5 ) 

T h e r a d i a t i o n - i n d u c e d r e a c t i o n s of esters of 2 - , 3 - , 
a n d 4 - p y r i d i n e c a r b o x y l i c a c i d s a n d of 2 , 5 - p y r i d i n e d i -
c a r b o x y l i c a c i d h a v e b e e n s t u d i e d a n d c o m p a r e d w i t h 
t h e w o r k of M i n i s c i et al. o n t h e free r a d i c a l s u b s t i t u ­
t ion , 6 ) a n d o u r w o r k o n t h e p h o t o c h e m i c a l reac t ions . 7 ) 

E x p e r i m e n t a l 

Materials. 2-Pyridinecarboxylic esters were synthesized 
by the reaction of acid chloride prepared from 2-pyridine­
carboxylic acid (GR grade reagent of Tokyo Kasei Co.) with 
alcohols. T h e esters were purified by means of vacuum dis­
tillation and finally by preparat ive T L C before use. Com­
mercial methyl and ethyl esters of 3- and 4-pyridinecarboxylic 
acid (GR grade reagent of Tokyo Kasei Co.) were purified 
by vacuum distillation. Dimethyl 2,5-pyridinedicarboxylate 
prepared by the esterification of 2,5-pyridinedicarboxylic acid 
(GR grade reagent of Tokyo Kasei Co.) in the presence of 
hydrogen chloride was used after recrystallization from metha­
nol (mp 158 °C) . 

Gamma-irradiation. Solutions containing 0.03 mol d m - 3 

of pyridinecarboxylic esters and 0.05 mol d m - 3 of sulfuric acid 
were deaerated by bubbl ing nitrogen gas for 20 min before 
irradiat ion. T h e solutions were i rradiated with the Co-60 
y-irradiation facility of J a p a n Atomic Energy Research In­
stitute in Takasaki. T h e normal dose rate and dose were 
5 x 105 rad h - 1 and 1.0 X 107 rad , respectively. 

Isolation of Products. T h e i r radiated solutions (each ca. 
100 cm3) were concentrated under reduced pressure to about 
3 cm3 . After the neutralization with aqueous sodium hydro-
gencarbonate or sodium carbonate solutions, the products 
were extracted 7 times each with 5 cm3 of dichloromethane. 

T h e extract was dried over anhydrous sodium sulfate. After 
concentrating the solution, the products were separated by 
means of T L C . Except for the methylated products of methyl 
3-pyridinecarboxylate, products were obtained in pure form. 

Identification of Products. Reduction Products: The iden­
tification of 2- and 4-hydroxymethylpyridine was carried out 
by the comparison of their N M R and I R spectra with those 
of authent ic ones. 

Methyl 6-hydroxymethyl-3-pyridinecarboxylate from di­
methyl 2,5-pyridinedicarboxylate was identified from the fol­
lowing basis. I R (KBr disc) 3350 ( O H ) , 1725 cm" 1 (ester 
C = 0 ) ; N M R (CDC13) (5=9.26 (1H, d, 7 = 2 . 1 Hz, H at 2-
position), 8.38 (1H, dd, 7 = 8 . 0 and 2.1 Hz, H at 4-position), 
7.46 (1H, d, 7 = 8 . 0 Hz , H at 5-position), 4.90 (2H, s, C H . r 

O H ) , 4.02 (3H, s, C H 3 O C O - ) ; MS (70 V) m/e (relative 
intensity) 167 (77), 166 (100), 138 (57), 137 (23), 136 (36), 
108 (15), 106 (11), 79 (35), 78 (45), 59 (11), 53 (12), 52 (15), 
51 (30), and 50 (16). 

T h e position of the reduction was confirmed by M S . The 
difference of the mass-spectrometric behavior between methyl 
esters at the 2- and 3-positions on the pyridine ring is seen 
in the following fragmentation patterns. 

sf 
NtOOCHj 

QCOOCH3 

For the methyl ester of 2-pyridinecarboxylic acid, McLaf-
ferty-type fragmentation (intramolecular hydrogen abstrac­
tion by the N atom of pyridine) occurs and the peak of (M— 
30)+ and (M —58)+ are observed, whereas for the methyl ester 
of 3-pyridinecarboxylic acid the intramolecular hydrogen 
abstraction cannot occur and the peaks of (M—31)+ and 
(M—59)+ are observed. This assignment was supported by 
using methyW3-2-pyridinecarboxylate. 

In the mass spectra of the reduction product from di­
methyl 2,5-pyridinedicarboxylate, the (M —59)+ peak was 
observed but the peak of (M —58)+ was very low and the 
peak of (M —31)+ was higher than that of (M —30)+. Peaks 
of ( M - 2 9 ) + , ( M - 3 0 ) + , and ( M - 3 1 ) + can be partly as­
cribed to the decomposition of the hydroxymethyl moiety of 
the product . This fact indicates that the reduction occurred 
at the 2-position. 
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Alkylation Products: Methyl 6-methyl-3-pyridinecarboxylate 
was identified by comparison with the authentic sample syn­
thesized by the method of Graf.8) 

Methyl esters of 4-methy 1-2-pyridinecarboxylic, 6-methyl-
3-pyridinecarboxylic and 2-methyl-4-pyridinecarboxylic acids 
were identified by the accordance of their NMR spectra with 
those obtained by Deady et al.9) The alkylated products in 
the reaction in alcohols other than in methanol were identified 
by the comparison of NMR spectra with the corresponding 
methylated products from the reaction of methyl esters in 
methanol solutions. 

The structures of methyl 4,6-dimethyl-2-pyridinecarboxylate 
which was obtained only in a small amount and methyl 4,6-
dimethyl-3-pyridinecarboxylate which was obtained only 
in a mixture was presumed on the basis of NMR spectra. 

Methyl 4,6-dimethyl-2-pyridinecarboxylate, NMR (CDC13) 
(5=7.75 (1H, s, H at 3-position), 7.12 (1H, s, H at 5-position), 
3.98 (3H, s, CH3OCO-), 2.60 (3H, s, CH3), and 2.38 (3H, 
s, CH3) 

Methyl 4,6-dimethyl-3-pyridinecarboxylate, NMR (CDC13) 
(5=8.88 (1H, s, H at 2-position), 6.95 (1H, s, H at 5-position), 
3.90 (3H, s, CH3OCO-), 2.59 (3H, s, CH3), and 2.54 (3H, 
s, CH3). 

Methyl 2-hydroxymethyl-4-pyridinecarboxylate was identi­
fied by the comparison of its spectral data with those obtained 
by Ninomiya et al.10) 

Methyl 6-hydroxymethyl-4-methyl-2-pyridinecarboxylate : 
mp 27.0—28.5 °C; IR (KBr disc) 3350 (OH) and 1725 c m 1 

(ester C=0); NMR (CDC13) 5 = 7.81 (1H, d, J = l H z , H 
at 3-position), 7.30 (1H, d, J=\ Hz, H at 5-position), 4.79 
(2H, s, HOCH2-) , 3.98 (3H, s, CH3OCO-), 2.45 (3H, s, 
CH3-) ; MS (70 V), mle (relative intensity), 181 (38), 180 
(57), 166 (13), 152 (8), 151 (9), 148 (11), 124 (8), 123 (100), 
122 (11), 121 (10), 120 (14), 119 (7), 105 (35), 93 (8), 92 (8); 
Found: C, 60.80; H, 4.87; N, 7.68%; M+, 181 Calcd for 
C9H10NO3: C, 59.94; H, 5.59; N, 7.77%; M, 181. 

Determination of the Yields of Products. For the determi­
nation of the yields of the alkylated and hydroxyalkylated 
products the gravimetric method after the separation by TLC 
was applied. The composition of the methylation products 
from methyl 3-pyridinecarboxylate, which could not be sepa­

rated by means of TLC was estimated by NMR. For the study 
of the effect of the acid concentration on the reaction of ethyl 
2-pyridinecarboxylate in ethanol, the yields of the products 
were determined by means of gas-chromatography (column, 
Carbowax 20M or Triton Qß 15; temperature, 160—180 °C). 
For the determination of the yields of hydroxymethylpyridines, 
gas-chromatography was employed. 

Calculation of the Electronic States. The electronic states 
of pyridinecarboxylic esters were calculated using the CNDO/2 
program (Q.C.P.E. 141) prepared by Pople, Beveridge and 
Dobosh and arranged by Kihara, Fujikawa, and Aoyama. 
The structural parameters obtained for 3-pyridinecarboxylic 
acid11) was used as a basis. For the other structural param­
eters, the generally accepted values are substituted, and the 
structure of the ester group in 3-pyridinecarboxylic ester is 
assumed for 2- and 4-pyridinecarboxylic esters. 

R e s u l t s a n d D i s c u s s i o n 

The main reactions of pyridinecarboxylic esters in 
acidic alcoholic solutions under Co-60 y-irradiation a re : 
1) the substitution on the pyridine r ing by alkyl and/or 
hydroxyalkyl groups which originate from the solvent 
alcohols, and 2) the reduction of alkoxycarbonyl group 
to hydroxymethyl group. Whether reduction or alkyl­
ation (or hydroxyalkylation) is predominant depends on 
the structure of the substrates and on the alcohols used 
as the solvents. 

COOR1 • R2R3CHOH 
r- rays 

H* 

^CH^Jj-COOR1 Rt COOR QCH 2 0H 

Alkylation and Hydroxyalkylation. Results on the 
radiation-induced alkylation and hydroxyalkylation in 
2-, 3-, and 4-pyridinecarboxylic esters are summarized in 
Table 1. Except for 4-pyridinecarboxylic ester, alkyla-

TABLE 1. RADIATION-INDUCED ALKYLATION AND HYDROXYALKYLATION OF PYRIDINECARBOXYLIC ESTERS 

[Substrate] = 0.03 mcl dm-3; [H2S04] = 0 . 0 5 mol dm-3; dose rate, 5x 105 rad h-1 ; dose, 107 rad. 

Substrate Alcohol Additive 
(Conen of additive) 

Position and group 
introduced G- value 

Methyl 2-pyridinecarboxylate 

Ethyl 2-pyridinecarboxylate 

Butyl 2-pyridinecarboxylate 

Isopropyl 2-pyridinecarboxylate 
Methyl 3-pyridinecarboxylate 

Ethyl 3-pyridinecarboxylate 
Methyl 4-pyridinecarboxylate 

MeOH 

MeOH 
EtOH 

EtOH 
n-BuOH 

*-PrOH 
MeOH 

MeOH 
EtOH 
MeOH 

MeOH 

I2(0.015moldm-3) 

FeCl3 (0.03 mol dm-3) 

I2 (0.015 mol dm-3) 

I2 (0.015 mol dm-3) 

4-Methyl-
4,6-Dimethyl-
4-Methyl-6-hydroxymethyl-
No methylated product 
4-Ethyl-
6-Ethyl-
4-Ethyl-
4-Butyl-
6-Butyl 
6-Isopropyl 
4-Methyl-
6-Methyl-
4,6-Dimethyl-
No methylated product 
6-Ethyl-
2-Methyl 
2-Hydroxymethyl 
No methylated product 

1.29 
0.10 
0.16 

0.12 
0.01 
0.02 
0.10 
0.08 
0.02 
0.21 
0.58 
0.31 

1.42 
0.16 
0.23 
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Fig. 1. Effect of the concentration of sulfuric acid on 
the radiation-induced ethylation and reduction of ethyl 
2-pyridinecarboxylate. 
- A - Ethyl 4-ethyl-2-pyridinecarboxylate, -Q~ 2-hy-
droxymethylpyridine. [Ethyl 2-pyridinecarboxylate] = 
0.03 mol dm-3 ; dose rate, 4 x 10s rad h"1; dose, 8 x 106 

rad. 

tion is dominant over hydroxyalkylation. Figure 1 
shows that the alkylation occurs in an acidic environ­
ment where pyridinecarboxylic ester is in the cationic 
pyridinium form. 

T h e fact that the alkylation is completely inhibited 
by iodine and i ron(II I ) chloride shows that the reaction 
proceeds via free radical intermediates. However, there 
is a difference between the radiât ion-induced reaction 
and the free radical reaction of pyridine derivatives in 
alcohol, where hydroxyalkylation is dominant over 
alkylation.6) In both cases hydroxy alky 1 radicals are 
expected to play an important role. 

Free radical substitution of pyridinium compounds 
has been investigated by Minisci and his coworkers.6) 
According to them, alkyl radicals br ing about alkylation 
and hydroxyalkyl radicals hydroxyalkylation. 

R2 

HOC; 
R3 

T*3 

Reported G-values (radiation-chemical yield) for 
pr imary reactive species from the radiolysis of methanol 
are 2.0 for electron, 1.1 for H - , 0.2 for - O H , 0.2 for 
•GH3 , and 2.7 for - C H 2 O H , respectively.12) The fact 
that alkylation is favored over hydroxyalkylation in 
radiation-induced reactions is not consistent with the 
higher G-value of -CHaOH and lower G-value of ' C H 3 . 

The difference between the radiat ion-induced reac­
tion and the free radical-initiated reaction in alcohol 
is the part icipat ion of hydrogen atoms in the former. 
(Under the acidic conditions which we employed, elec­
trons should be very effectively converted to hydrogen 
atoms and the formation of 3.1H« per 100 eV of absorb­
ed radiation energy is expected.) Radiat ion-induced 
alkylation can be explained by the initial attack of H 

0.4498 

0.251?CH3 

crCH3 
0.4700 I 0.2467 

0.3863 r M j828*0 

0.4290 t^+JJ0.4399 
"N 0.5171 

H 

0.4049 

0.4225 . + J 0.4214 
N0.5276 

H 
Fig. 2. Free valence in jr-electronic systems of pyridine 

car boxy lie esters calculated by GNDO/2. 

atoms to the nitrogen atom, which has the greatest free 
valence among the atoms constituing the pyridine ring 
(Fig. 2), followed by the attack of hydroxyalkyl radicals 
and the elimination of water. 

* - ßcOOR' •? H R 2 R 3 < 2 ) 

A (,) 

ri 
OH, , 

HCtfR3 

Q C O O R 1 • RZ t fg r^cOOR 1 

riNH H * t f 

| -H 2 0 

CH^R3 

7u 
-H 2 0 

H H 

As to the alkylation and hydroxyalkylation, the radia­
tion induced reaction is similar to the photoreaction;13) 
alkylation is predominant over hydroxyalkylation and 
the alkylation occurs at a- and y-position of pyridine 
nucleus. Photochemically excited pyridinium abstracts 
a hydrogen atom from alcohol to give the intermediate 
(1) and hydroxyalkyl radical (2). This should be the 
reason of the similarity between the radiation-induced 
reaction and the photochemical reaction. 

Reduction of Carboxylic Ester to Alcohol. The re­
markable reaction induced by ionizing radiat ion is the 
reduction of the carboxylic ester group to the hydroxy-
methyl group. In Table 2, G-values for the reduction 
of methyl esters of pyridinecarboxylic acids in several 
alcohols are summarized. 

Among the esters of monocarboxylic acids, 2- and 
4-pyridinecarboxylic esters are reduced to alcohols, 
whereas 3-pyridinecarboxylic ester is not reduced. In 
dimethyl 2,5-pyridinedicarboxylate, the carboxylic 
ester at the «-position is selectively reduced. The ef­
ficiency of the reduction is higher in the secondary alco­
hol than in the pr imary alcohols. 

As to the intermediacy of the aldehyde, no conclusion 
has been made : among the products from methyl 2-
pyridinecarboxylate we could not identify 2-pyridine-
carbaldehyde and the irradiation of 2-pyridinecarbalde-
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TABLE 2. DEPENDENCE OF G-VALUES FOR REDUCTION 

OF ALKYL PYRIDINECARBOXYLATES TO H Y D R O X Y -

METHYLPYRIDINES ON A L C O H O L 

[Substrate] = 0.03 mol dm-3 ; [H2SOJ = 0.05 mol dm-3 ; 
dose rate, 5 X 105 rad h"1; dose, 107 rad. 

Substrate 

Methyl 2-pyridinecarboxylate 

Ethyl 3-pyridinecarboxylate 

Ethyl 4-pyridinecarboxylate 
Dimethyl 

2,5-py ridinedicarboxy latea> 

Alcohol 

M e O H 

E t O H 

n-PrOH 

n-BuOH 

î -PrOH 

M e O H 

E t O H 

E t O H 

M e O H 

î -PrOH 

G(Hydroxy-
methylpyri-
dine) 

0.012 

0 .54 

0 .46 

0 .40 
0 .93 

0 .0 

0 .0 

0 .13 

0 .03 

0 .26 

a) Reduction product is methyl 6-hydroxymethyl-3-pyri-
dinecarboxylate (the product reduced at 2-position of 
the substrate). 

hyde in 2-propanol gave only small amount of 2-hy-
droxymethylpyridine. 

The reduction is brought about by free radicals pro­
duced by ionizing radiation, because the reduction is 
inhibited by iodine and i ron(III) chloride. As is seen 
in Fig. 1, the reduction occurs in acidic conditions. 

As the reducing species, hydroxyalkyl radicals and 
hydrogen atoms should be taken into consideration. 
Solvated electrons cannot part icipate in the reduction, 
because they should react with H+ rather than with the 
substrate. 

A small amount of 2-hydroxymethylpyridine was ob­
tained in the sun-light irradiation of methyl 2-pyridine­
carboxylate in ethanol in the presence of acetone. In 
this system, the formation of hydroxymethyl radicals is 
expected. 

TABLE 3. PAI-ELECTRON DENSITY AND 7T-BOND ORDER OF 

THE CARBONYL MOIETY IN PYRIDINECARBOXYLIC 

ESTERS CALCULATED BY C N D O / 2 

^-Electron density 
Compound , --• . 

C O 

Methyl 2-pyridine­
carboxylate 0.8243 
(neutral form) 

Methyl 2-pyridine­
carboxylate 0 .85 76 
(pyridinium form) 

Methyl 3-pyridine­
carboxylate 0.8468 
(pyridinium form) 

Methyl 4-pyridine­
carboxylate 0.8546 
(pyridinium form) 

1.3043 

1.2553 

1.2769 

1.2419 

7T-Bond 
order 

0.8818 

0.8885 

0.8885 

0.8913 

The above fact suggests that the reducing species are 
hydroxyalkyl radicals. The series ofElj2 vs. SCE — 1.30 
V ( (CH 3 ) 2 COH) , - 1 . 1 8 V ( C H 3 - C H O H ) , and - 0 . 9 8 
V (-CH2OH)1 4) correlates well with the G-values for 
the reduction. 

The correlation between the reactivity for the re­
duction and the electronic state of pyridinecarboxylic 
esters (Table 3) is not so significant. Among the cal­
culated 7r-electron densities and jr-bond orders, the n-
electron densities at O atoms of the carbonyl moiety of 
the substrates show the correlation to the reactivities. 
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In order to elucidate the reaction mechanism of coal dissolution in the hydrogen-donating solvent, twenty 
aromatic compounds related to coal were treated at 450 °C in the presence of tetralin. Diphenylmethane and 
bibenzyl slowly decomposed giving alkylbenzenes almost quantitatively. Diphenylmethanol and benzophenone 
were hydrogenated to diphenylmethane, and benzyl phenyl ketone to a mixture of diphenylmethane and bibenzyl. 
Diphenyl ether and dibenzofuran are very stable, di-2-naphthyl ether decomposing slowly and benzyl phenyl 
ether or dibenzyl ether very rapidly. The conversion of aromatic compounds by thermolysis can be correlated 
as a function of bond dissociation energy. The bond rupture of coal-related poly nuclear aromatic compounds at 
450 °C was concluded to occur mainly at methylene or ether structures. Addition of phenolic compounds or 
quinoline is very effective for the decomposition of di-2-naphthyl ether. The effect of phenolic compounds and 
quinoline on the thermal decomposition of aromatic ether was discussed on the basis of stabilization of transition 
state due to solvation. 

Thermal treatment of coal at 400—450 °C in 
hydrogen-donating solvent results in successful dissolu­
tion of coal and high yield of solvent refined coal1) (SRC) 
containing small amounts of sulfur compounds and 
mineral matters. This is a most promising coal liq­
uefaction process because of very simple and non-cat­
alyzed reaction. 

However, the fundamental chemistry of coal lique­
faction has received little attention, a very limited num­
ber of compounds2 '3) being subjected to thermal treat­
ment . Recently, the thermolysis4-6) of a number of 
diarylalkanes and phenolic compounds was studied to 
elucidate the reaction mechanism. 

The most important and interesting reaction in coal 
liquefaction7 '8) should be the deoxyganation and sub­
sequent dissolution reaction of coal, which starts at 400 
°C and almost finishes at 450 °C, resulting in the forma­
tion of the solvent refined coal with carbon contents of 
86—88% on maf basis independent of coalification grade 
o f the feed coal. Oxygen containing structures should 
play an important part in the coal liquefaction reaction. 
It is essential to know what kinds of oxygen containing 
structure are decomposed and what kind of structure is 
formed at coal liquefaction temperatures. 

We wish to report in this work on the thermal de­
composition of diaryl ethers along with other types of 
coal model structure, and also on the additive effect 
of phenols and quinoline for the scission of ether linkage. 
We found that a diaryl ether with polynuclear aro­
matic is decomposed at coal liquefaction temperature, 
and that phenols9) accelerate the liquefaction of coal 
strongly depending on the character of coal. The effect 
of additives would be most important for finding out 
good solvent character for coal liquefaction. 

E x p e r i m e n t a l 

Tetralin and 1 -methylnaphthalene of leagent grade were 
used after washing with sulfuric acid, alkali, and water and 
the subsequent distillation at 70 ° G under reduced pressure. 
Various additives and model compounds were of grade. Some 
of them were used after recrystallization. 

Samples were put into a 300 ml magnetic stirring (500 rpm) 
autoclave. After being pressurized with 15 kg/cm2 of hydro­

gen, the autoclave was heated to the reaction temperature 
within 45 min and maintained at the temperature for the 
desired reaction time. 

At the completion of a run, the autoclave was cooled by an 
electric fan to room temperature and the autoclave gases were 
vented through a gas meter and analyzed by gas chromato­
graphy. Liquid portions of the samples were subjected to gas 
chromatographic analysis in order to determine the compo­
sition of solvent. 

R e s u l t s a n d D i s c u s s i o n 

Thermal Treatment of Tetralin and 1-Methylnaphthalene. 
In order to investigate the stability of solvent, thermal 
treatment of tetralin and 1-methylnaphthalene was car­
ried out at 450 °C for 30 min. Their conversion was 
3.0 and 1.5%, respectively, indicating that they are 
very stable under the reaction conditions. 

The consumed tetralin was explained to be converted 
into naphthalene (23%), decalin (40%) and alkyl­
benzenes (30%), although thermal decomposition of 
tetralin has been reported by many workers6 '10 '11) to 
yield dihydronaphthalene, decalin, methylindane and 
ethylbenzene. Only 4 4 % of consumed 1-methyl­
naphthalene was recovered as naphthalene, indicating 
considerable formation of polymerized products accord­
ing to GLC analysis. 

Thermal Treatment of Various Aromatic Compounds. 
In order to study the reaction of coal structure, twenty 
aromatic compounds were chosen as the coal model and 
treated at 450 °C. Conversion o f the reaction and the 
detected products are given in Table 1. 

Polynuclear aromatic was found to be partially hydro­
genated by tetralin. Heredy and coworkers12) demon­
strated that - C H R - , - C H 2 - , and - C H 2 - C H 2 - bridges 
connect aryl groups in coal. However, diphenyl­
methane and bibenzyl were thermally decomposed 
slowly giving benzene and toluene almost quantitatively. 

Recently, the thermal decomposition of diarylalkanes 
such as bibenzyl and 1,3-diphenylpropane has been 
studied by Sato and coworkers6) and Collins and co­
workers.4 '5) These compounds were confirmed to de­
compose into alkylbenzenes very slowly as a function 
of carbon chain length at 400 °C. 
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TABLE 1. REACTION PRODUCTS FROM THE THERMAL TREATMENT OF AROMATIC 

COMPOUNDS RELATED TO COAL IN THE PRESENCE OF TETRALIN 

Char 

/ 
Model compound 

Naphthalene 
1 -Methylnaphthalene 
Phenanthrene 
Dipheny 1 methane 
Bibenzyl 
Bibenzyl 
Diphenyl ether 

Benzyl phenyl ether 

Dibenzyl ether 

Di-2-naphthyl ether 
Dibenzofuran 
Benzyl benzoate 
Benzophenone 
Benzyl phenyl ketone 

1-Naphthol 
2-Naphthol 
Diphenylmethanol 
1,4-Naphthoquinone 
2-Naphthoic acid 
Diphenylamine 
Diphenyl sulfide 

ge (mmol) 

Tetralin 

78.1 
141.0 

16.9 
6.1 

16.6 
27.5 

5.9 

5.4 

5.1 

11.2 
6.1 
4.7 
5.7 

16.2 

7.1 
6.9 
5.7 
6.4 
5.5 
6.1 
5.6 

226 
217 
301 
220 
217 
300 
220 

287 

220 

228 
218 
219 
224 
435 

223 
214 
218 
218 
218 
218 
222 

1-Methyl-
naphthalene 

— 
— 
— 

141 
140 
— 

141 

80 

141 

141 
141 
141 
141 
— 

141 
141 
141 
141 
141 
141 
141 

Reai 
condi 

Temp 
(°C) 
450 
450 
450 
450 
450 
450 
450 

400 

400 

450 
450 
450 
450 
450 

450 
450 
450 
450 
450 
450 
450 

ction 
itions 

Time 
(min) 

~~eö 
30 
60 
30 
30 
60 
30 

30 

30 

60 
30 
30 
30 
30 

30 
30 
30 
30 
30 
30 
30 

Converse 

Model 
compound 

2T8 
3.3 
0.8 
1.7 

31.1 
54.1 
0 

100 

65 

12.6 
3.3 

100 
29.4 
25.3 

1.4 
1.4 

79 
100 
100 

8.2 
10.7 

on (%) 

Tetralin 

7.2 
8.3 
9.1 
8.0 

11.2 
21.4 
8.0 

12.7 

9 

11.9 
12 
13.1 
11.2 

9.1 

10.7 
11.2 
10.2 
16.2 
9.3 

12.4 
10.8 

Product (mol % to reacte 
model compound) 

— 
— 

9,10-Dihydrophenanthrene 70 
Benzene 100, Toluene 95 
Toluene 207 
Toluene 194 

— 
Toluene 71, Phenol 66, Benzyl 
phenol 17 
Toluene 100, PhCHO, PhH, 
PhCH2OH 
2-Naphthol 84 

— 
Benzene 53, Toluene 98 
Diphenylmethane 100 
Bibenzyl 37, Diphenylmethane 
37, Benzene 5, Toluene 7 

— 
— 

Diphenylmethane 96 
1-Naphthol 74, Naphthalene 
Naphthalene 
Benzene 60, Aniline (trace) 
Benzene 183 

When the molar ratio of tetralin to a mixture of 1-
methylnaphthalene and tetralin were increased from 
zero to 1.0, the conversion of bibenzyl increased from 
14 to 3 0 % . This can be attr ibuted to the capabili ty 
of hydrogen donation of solvent, since the conversion 
reaches almost a constant value at the equimolar mix­
ture of tetralin and 1-methylnaphthalene. 

Although diphenyl ether and dibenzofuran were very 
stable at 450 °C, di-2-naphthyl ether decomposed 
slowly and benzyl ethers completely. 

The apparent activation energy for the thermal de­
composition of benzyl phenyl ether was calculated to 
be about 50 kcal/mol from the data obtained at 320 
—350 °C, since the first order rate constants were 
1 . 3 9 x l 0 ~ 4 a t 320 °C, 5 . 1 9 x l 0 " 4 a t 340 °C and 9.52 X 
10-4S-1 at 350 °C, respectively. 

These results indicate that highly aromatic ether 
linkages will be broken to a great extent at coal lique­
faction temperatures resulting in a main source of phe­
nolic groups of the dissolved coal. 

Naphthols were confirmed to be very stable against 
thermal treatment. Diphenylmethanol and benzo­
phenone were stable against decomposition but hydro-
genated to form diphenylmethane quantitatively. 
Benzyl phenyl ketone was found to be paritally hydro-
genated or decarbonylated to form diphenylalkanes. 
1,4-Naphthoquinone was completely eliminated and 
hydrogenated to naphthol and dihydroxynaphthalene 
as reported by Brower.13) 

Carboxylic acid and carboxylate were completely de-

carboxylated to the parent hydrocarbons. Carboxylic 
acid is quite stable in a glass apparatus, but decomposes 
completely in a stainless steel autoclave.13) 

Generally, the conversion of aromatic compounds by 
thermal treatment can be correlated as a function of 
bond dissociation energy of the weakest structure of the 
substrate as shown in Table 2 and Fig. 1. A few ex­
ceptions observed in the cases of benzophenone, benzyl 
benzoate and naphthoic acid can be ascribed to hydro­
génation or the wall effect. 

Effect of Phenolic Compounds on the Thermal Decomposition 
of Aromatic Ethers. According to the results given 
in Table 1, the bond scission of oxygen containing poly-
nuclear aromatic structure of coal at coal liquefaction 

TABLE 2. BOND DISSOCIATION ENERGIES OF 

TEN AROMATIC COMPOUNDS 

Structure of bond Bond dissociation 
energy (kcal/mol) Remark 

PhCH2-Ch2Ph 
PhCH2-Ph 
PhO-Ph 
PhO-CH2Ph 
PhCOO-CH2Ph 
PhCO-Ph 
Naph-CH3 

Ph2CH-OH 
Ph-Ph 
PhCH2CO-CH2Ph 

64.5 
78.4 
86.0 
50 
66.4 
87.5 

100 
78 

118.1 
65.4 

Ref. 14, 15 
Ref. 15 
Ref. 14, 15 
Ref. 16 
Ref. 14 
Ref. 16 
Ref. 14 
Ref. 14 
Ref. 16 
Ref. 14 
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60 70 80 90 100 

Bond dissociation energy (kcal/mol) 

Fig. 1. Relation between the bond dissociation energy 
and the conversion of aromatic compounds. 
1 : Benzyl phenyl ether, 2 : bibenyl, 3 : benyl benzoate, 
4: diphenylmethanol, 5: diphenylmethane, 6: benzo-
phenone 7: diphenyl ether, 8: naphthol, 9: diphenyl-
amine, 10: 2-naphthoic acid, 11: 1-methylnaphthalene. 

temperature 400—450 °C seems to occur mainly at 
methylene or ether structures. Thus, a study of the 
characteristics of these structures in the thermolysis is 
important . 

I t has been proposed that the units of coal structure 
are linked by ether linkages.17 '18) Recently, Ruber to 
and his coworkers19) concluded that a significant por­
tion of the oxygen in solid subbituminous coal occurs 
in saturated ether functional groups a- or ß- to the aro­
mat ic moieties or as furan systems. Ignasiak and 
Gawlak20) concluded from the increase in hydroxyl func­
tions in the protonated coal concentrate that for each 
4.6 ruptured covalent bond two were ether linkages. 

As shown in Table 1 the decomposition of di-2-
naphthyl ether proceeds slowly. We have chosen this 
ether and studied in detail the effect of various phenols 
on the decomposition of the aromatic ether since phenols 
remarkably enhance coal dissolution among the several 
types of oxygenated compounds.9) 

The thermal decomposition of bibenzyl is not affected 
by the addition of phenol or p-creso\ (Table 3). In 
contrast, the decomposition of di-2-naphthyl ether in­
creases remarkably in the presence of phenolic com­
pounds (Table 4). The effect seems to increase with 
increase in the electron donating property of sub­
stituent on the benzene nucleus. 

The effect of hydroquinone and j&-methoxyphenol is 
remarkable. However, no decisive argument can be 
made since they can not be recovered sufficiently, indi­
cating that very complicated side reactions take place. 

Although 1-naphthol is quite stable against thermal 
decomposition (Table 1), its recovery after the ther­
molysis of dinaphthyl ether is not successful. This is 
in line with our previous findings9) that about half the 
amount of naphthol can be recovered after the dis­
solution of coal in contrast to the very high recovery of 
phenol andjö-cresol. This indicates that a naphthyloxyl 
radical is decomposed into alkylbenzene or alkylnaph-
thalene after reacting with some other free radicals. 

Phenolic compounds might enhance the rate of de­
composition of aromatic ether by solvating transition 
state of the scission of ether linkage and by hydrogen 
transfer to the formed alkoxyl radicals. 

Effect of Quinoline. Quinoline shows no effect on 
the decomposition of bibenzyl, but considerably in­
creases the conversion of dinaphthyl ether as in the 
cases of phenols (Tables 3 and 4). 

The yield of 2-naphthol from dinaphthyl ether was 

TABLE 3. EFFECT OF PHENOL AND QUINOLINE ON THE THERMAL DECOMPOSITION OF BIBENZYL AT 450 °G FOR 60 min 

Charge (mi 

Phenol 

1 -Methylnaphthalene 70.2 
Phenol 107.1 
Quinoline 76.8 

mol) 

Bibenzyl 

16.7 
16.5 
16.6 

Tetralin 

225.7 
226.2 
226.1 

Bibenzyl 

35.5 
33.1 
35.6 

Conversion (%) 

Tetralin 

12.3 
12.2 
10.9 

Phenol 

5.7 
1.5 

18.6 

TABLE 4. EFFECT OF PHENOLS AND QUINOLINE ON THE THERMAL DECOMPOSITION OF 

DI-2-NAPHTHYL ETHER At 4 5 0 ° C FOR 60 m i n 

Cr 

Phenols or 
quinoline 

1 -Methylnaphthalene 
Phenol 
/?-Cresol 
jfr-Methoxyphenyla) 

/>-Phenylphenol 
2,4,6-Trimethylphenol 
1-Naphthol 
Hydroquinone^ 
Quinoline 

large (mmol) 

Di-

141 

210 

135.3 
117.6 
147.0 
138.7 
182 
154 

2-naphthyl 
ether 

11.2 
11.1 

14.5 
11.1 
11.3 
11.2 
11.2 
11.2 

Tetralin 

228.4 
230.0 

225.5 
225.7 
226.1 
225.7 
225.8 
226.5 

Conversion (%) 

Dinaphthyl 
ether 

11.5 
17.1 
21.0 
49.5 
34.1 
26.0 
33.7 
63.4 
23.6 

Phenol or 
quinoline 

5.0 
1.5 

100 

0 
3 .5 

22.1 
57.7 
22.1 

Yield (mol % to 
reacted ether) 

2-Naphthol 

67.4 
57.2 

61.3 
54.2 
30.0 

— 
24.0 

7.0 

a) jfr-Methoxyphenol was converted into phenol, hydroquinoline, and benzene, b) Hydroquinone was mostly 
converted into phenol and benzene. 
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lowered in the presence of quinoline, suggesting that 
a considerable amount of naphthyloxyl radical was re­
acted with quinoline as a result of close interaction 
between the ether and quinoline during the course of 
thermal decomposition reaction. 

Accelerating Effect Due to Additives on the Rupture of Ether 
Linkage. Phenols are weak acids and polar solvent, 
and often enhance the thermal decomposition of covalent 
bond. However, we could observe no accelerating 
effect due to phenol on the decomposition of bibenzyl. 
Pyridine bases accelerate the depolymerization of 
coal.10'21) Thus, phenols and quinoline should par­
ticipate directly in the scission of ether linkage. 

Huyser and Van Scoy22) observed that the thermal 
decomposition of di-^-butyl peroxide is remarkably ac­
celerated in acetic acid or £-butyl alcohol. They as­
cribed this effect to the solvation of J-butoxyl radical 
by the solvents. 

Mahoney and Da Rooge23) found that the hydrogen 
abstraction from phenols by phenoxyl radicals proceeds 
very rapidly in spite of very low enthalpy change. 
Howard and Furimsky24) suggested that the hydrogen 
atom transfer between peroxyl radical and phenol in­
volves the formation of a hydrogen bonded free radical 
reactant complex. 

A phenoxyl radical from the thermal decomposition 
of aromatic ether can be stabilized by solvation or 
hydrogen bonding with phenolic compounds, giving rise 
to the subsequent hydrogen transfer reaction from phe­
nols or hydrogen donor solvents. 

Stabilization of the transition state of bond disso­
ciation or the formed alkoxyl radical might be the best 
explanation for the rate enhancement, since quinoline 
also remarkably accelerates the decomposition of di-
naphthyl ether. Alkoxyl radical would be electron 
donor and phenols or quinoline electron acceptors. 

In view of bond dissociation energy, phenolic com­
pounds having electron supplying substituent such as 
naphthol and />-methoxyphenol can be easily converted 
into phenoxyl radicals by reacting with the phenoxyl 
radicals resulting from the thermal decomposition of 
ether structure, and will result in further decomposi­
tion reaction including deoxygenation reaction. 

Easiness of bond rupture of an ether depends strongly 
on its chemical structure. Diphenyl ether and dibenzo-
furan are quite stable against thermal treatment at 450 
°C, while dibenzyl ether and benzyl phenyl ether can 
be completely decomposed at 400 °C. 

Almost all - C H 2 - 0 - linkages in coal structure would 
be ruptured at temperatures below 400 °C and diaryl 
ether with polynuclear aromatic moderately at coal liq­
uefaction temperatre. Some coals containing aliphat­

ic ether structure would be decomposed remarkable at 
lower temperatures and their decomposition would not 
be affected by the addit ion of phenols or pyridine bases. 
Some coals containing polynuclear aromatic diaryl 
ethers would be decomposed effectively by the addit ion 
of phenolic compounds or pyridine bases. 

Financial support from the Sunshine Project Pro­
motion Headquarters , Agency of Industrial Science and 
Technology, is acknowledged. 
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Photoreactions of l,2-benzodithiole-3-thione with olefins (cyclopentene, cyclohexene, cyclooctene, and 2,3-
dimethyl-2-butene) afforded deep blue o-thioquinonemethides (4) in high yields. The thione 4 is equilibrated 
with a colorless head-to-head dimer having an eight-membered ring. The mode of the dimerization has been 
discussed in comparison with other o-quinonoid compounds. Cycloaddition reactions of 4 with electron-deficient 
acetylenes and olefins gave rise to [4+2] adducts. It was confirmed that these cycloadditions proceeded stereo-
selectively as well as regioselectively. Reactions of 4 with diphenylketene, phenyl isocyanate, and phenyl isothio-
cyanate led to six-membered 1: 1 adducts. Reduction by hydride reagents has been also described. 

Chemistry of o-quinonoid compounds has extensively 
been investigated in recent years because of the inter­
esting chemical and physical properties and the syn­
thetic application.1 '2) However, there had been no re­
port concerning o-thioquinonemethides, when we start­
ed this study, except those which described their ex­
istence as a transient species.3) 

O u r previous study on the photochemical reactions of 
l,2,4-dithiazole-3-thiones or l,2-dithiole-3-thiones (1) 
with olefins leading to the corresponding 1: 1 adducts 
(2)4) suggested tha t a similar ring-opening-cycload-

TABLE 1. ELECTRONIC SPECTRA OF 4b 
IN VARIOUS SOLVENTS a> 

X = N , CH, CPh 

dition reaction with l,2-benzodithiole-3-thione (3) 
would give 6-methylene-2,4-cyclohexadiene-l-thione 
(referred to o-thioquinonemethide hereafter) (4) (see 
below), and indeed this expectation was fulfilled.5»6) 
T h e purpose of this paper is to describe a detailed ac­
count of the preparat ion and some reactions of o-thio­
quinonemethides (4) thus formed. 

R e s u l t s a n d D i s c u s s i o n 

Synthesis of o-Benzothioquinonemethides and Equilibrium 
with Dimers. I r radiat ion of benzo-l,2-dithiole-3-
thione (3) in the presence of an olefin (cyclopentene, 
cyclohexene, cyclooctene or 2,3-dimethyl-2-butene) 
afforded deep blue o-thioquinonemethide (4). The 
structure of 4 was established by its cycloaddition lead­
ing to [ 4 + 2 ] adduct (see below) and analogy wi th the 
photoproducts from 1 and olefins.4) T h e color of the 

4 

a: RR=(CH 2 ) 3 R ' = H 68% 
b : RR=(CH 2 ) 4 R ' = H 89% 
c : R R = ( C H 2 ) 6 R ' = H 84% 
d; R - R ' = C H 3 87% 

Dimer 

Solvent U M (*)b> 
cyclohexane 262(5010) 355 ( 700) 580(^0) 
benzene 354(1460) 585(915) 
ethanol 264(6100) 350(1940) 580(1180) 
dichloromethane 269(10900) 351(4050) 584(2610) 

a) Concentration: 1.23x 10-4 mol/1 (as a monomer). 
b) Apparent molar extinction coefficient. 

TABLE 2. ELECTRONIC SPECTRA OF 4 IN DICHLOROMETHANE a> 

^max (nm)(e) 

4a 
4b 
4c 
4d 

267(7480) 
269(10900) 
269(10000) 

_ k ) 

350(2200) 
351(4050) 
350(3720) 
351(10500) 

585(1390) 
584(2610) 
584(2380) 
585(6660) 

a) Concentration: 1.23—1.27 x 10-4 mol/1 (as a monomer). 
b) Could not be determined at this concentration. In 
0.492 X 10-4mol/l, Amax 269 nm (e 23500). 

solution of 4 depends on solvent, temperature, and ir­
radiation with light (Tables 1 and 2). For example, 
the color of 4 b is deep blue in dichloromethane or tetra-
hydrofuran (THF) at room temperature, but in cyclo­
hexane it is almost colorless. Recrystallization of 4 b 
from carbon tetrachloride at —23 °C affords white crys­
tals, the dissolution of which in an appropriate solvent, 
however, leads to a deep blue solution. The colorless 
cyclohexane solution of 4 b turns blue on heating or 
irradiation, but the blue color is discharged when the 
solution is left at room temperature. These facts and 
the dependence of the U V spectrum of 4b on the con­
centration suggest that 4 is equilibrated with a color­
less aggregate. I t was found that the aggregate was 
a dimer on the basis of cryoscopic measurement of the 
molecular weight for the adduct with cyclohexene (5b) 
in cyclohexane (Found 542, Calcd 532). Other o-thio­
quinonemethides 4a, 4c, and 4 d behave similarly, al­
though the blue color of the solution of 4d is the strong­
est in any solvent as expected by the highest apparent 
molar extinction coefficient among 4a—4d (Table 2) . 
I t is obvious that the 580 n m band responsible for the 
blue color is due to the monomer. Although the value 
of 580 nm is in the range of n-n* band of conjugate 
thiones,4 '7) the absorption of 4 is considered to be of n-
7i* nature, because the extinction coefficient is too high 
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for n-7i* bands. In this connection, it is interesting 
that the visible absorption of 4 bears a close resemblance 
to that of 6-allylidene-2,4-cyclohexadiene-l-thione (6) 
generated from a photoreaction of 2//-thiochromene at 
77 K in a rigid matrix (a broad band with its center 
around 570 nm) , though no molar extinction coeffi­
cient was given for the latter.3b> 

CO 
6 

Since the intensity change of the 270 and 350 nm 
bands parallels that of the 580 nm band, the former 
two are also due to the monomer. 

When 4 b was heated in refluxing xylene for 45 min 
under argon, 3 was formed in a quantitative yield. 

Structure of the Dimer. Since the N M R spectrum 
of the cyclohexene adduct (5b) in carbon tetrachloride 
at —20 °C, where it is almost colorless and hence es­
sentially dimeric, shows eight proton signals between 
ô 7.3—9.0 ascribed to aromatic or olefinic protons, the 
dimerization should occur using the thiocarbonyl and/or 
ketene thioacetal units. The absence of the 580 nm 
band in the spectrum of 5 b in cyclohexane suggests 
that it represents that of the dimer, which shows no 
strong absorption above 300 nm. These facts imply 
that [ 4 + 2 ] and [ 2 + 2 ] type adducts can be eliminated 
among many possible structures of the dimer, because 
they must have a conjugated ketene thioacetal(s) which 
should have a strong band above 350 nm [e.g., for 7, 
2 m a x 345 nm (e 6760)]8> or a conjugated thione(s) 
which should have an absorption in the visible region.4 '7) 
The dimer, therefore, must be 8 or 9 of [ 4 + 4 ] type. 

S-S. 

< $ > 

8 

Since it is reasonably assumed that 4a—4d have almost 
identical molar extinction coefficients each other, ir­
respective of the substituents of the 1,3-dithiolane ring, 
the data in Table 2 show that the proportion of the 
monomer increases with increasing bulkiness of the add­
ed olefins, that is, the dissociation into the monomer 
increases with bulkiness of the thioacetal moiety of the 
dimer 5. This fact is more compatible with a head-
to-head dimer (8) than a head-to-tail dimer (9) in view 
of the higher steric repulsion between the two dithiolane 
rings in the former. 

Desulfurization of 4 b with Raney nickel leading to 
bibenzyl (5%) along with toluene (41%) is another 
piece of evidence for the head-to-head structure, al­
though the possibility can not be excluded that the 
former may be formed from the monomer.9) 

More confirmative evidence comes from isolation of 
another [4+4]d imer of 4d,5b) When 4 d was allowed 

to react with enamine (10) at 60 °C in THF-ace to -
nitrile, a colorless crystalline compound (11) with a 
molecular formula of (C13H16S3)2 (from elemental ana­
lysis and molecular weight determination) was obtained 
in 3 8 % yield. 

Ad 

CH2 = C<f z(10) 
\ i - P r 

The N M R spectrum of the dimer (5d) obtained from 
the photochemical reaction showed four singlets due to 
the methyl groups (<$ 1.22, 1.33, 1.57, and 1.76), while 
the new dimer (11) from above reaction had a singlet 
(ô 1.52) in the methyl region along with aromatic mul­
tiplet (ô 7.0—8.3). The difference can be readily ac­
counted for if we consider that the l l i / ,12 i / -d ibenzodi -
thiocin ring of 5d is less symmetric than that of 11 
because of the steric interaction between the two di­
thiolane rings. Thus , we conclude that the photodimer 
(5d) and the new dimer (11) are a head-to-head and 
a head-to-tail [ 4 + 4 ] type dimers, respectively, although 
X-ray analysis will be necessary for the final answer. 

Dimer (11) is thermally stable and does not show 
thermal equil ibrium with the monomer, although it dis­
sociates into an equil ibrium mixture of 4d and 5d as 
evidenced by U V and N M R spectra. 

I t should be noted here that the mode of dimerization 
of 4 under normal conditions (i.e, the formation of a 
head-to-head dimer) parallels that of o-quinodimethanes 
(12a-c)8 '1 0 'n) rather than that of benzothietes (13a, b) 
leading to 14a,b,12 '13) which might proceed via o-thio-
quinonemethide. 

a: X=CONHR10> 
b : X=SMe8> 
c : X=P(0)(OMe)a

11> 

a: 100°C 
b: -40 °C 

13 

a: X = H 2 

b : X = 0 

It has been reported that quinodimethane (15) 
stable at —40 °C in JV,iV-dimethylformamide but under 
goes dimerization, followed by elimination of methane 
thiol, to give 16,14) 

i s 

file:///i-Pr
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CN T 
Yme 

NMe2 

- 2 MeSH 
^ ^r 

NÇ NMe; 

f t t \ f 
kJ\_/\ 

Me2N CN 

16 15 

The reason for these different chemical behaviors is 
not clear, but one possible explanation is involvement 
of homolytic processes in the dimerization of 4 and 12. 

Reactions of o-Thioquinonemethides. a) Reactions 
with Acetylenes or Olefins : The o-thioquinonemethide (4) 
is a strong enophile and rapidly reacts with acetylenes 
and olefins having electron-withdrawing groups at room 
temperature to afford 1,4-cycloaddition adducts. The 
reaction of 4 b with dibenzoylacetylene and iV-phenyl-
maleimide gave 17 (83%) and 18 (93%) respectively. 
The regioselectivity and stereoselectivity of the cyclo­
addition were examined with mono- and di-substituted 
olefins, respectively. Reaction of 4 b with methyl vinyl 
ketone in refluxing benzene for 5 min afforded only one 
kind of 1: 1 adduct (19) in a quanti tat ive yield. Raney 
nickel desulfurization of the product gave 3-methyl-4-
phenyl-2-butanone (20, 64%) and 3-methyl-4-phenyl-
2-butanol (21, 12%), thus establishing the regioselec­
tivity of the reaction. Acrylamide reacted with 4 b to 
give 1: 1 adduct (22 ,64%), the similarity of whose N M R 
spectrum to that of 19 suggested the same regioselec­
tivity also in this case. 

N-Ph 

19: X = C O C H 3 

22: X = C O N H 2 

20: X = 0 
21: X = H , OH 

When maleonitrile and fumaronitrile were allowed 
to react with 4 b in dichloromethane at room tempera­
ture for 1 or 2 days, eis- (23a) and fomy-adducts (23b) 
were obtained in 66 and 8 8 % yields, respectively. The 
N M R spectra of the crude reaction products from both 
dicyanoolefins showed the presence of two methine pro­

tons a to a cyano group which appeared as two sets 
of double doublets of A X type. The intensity ratio 
of the two double doublets was about 4 : 1 ( J A x=3 .4 
Hz for the both doublets) for 23a and about 5 : 1 (JAX= 
9.1 Hz for the both doublets) for 23b. In light of the 
reported values10) of 4.5 ( /HRO and 10 Hz (JH.R«) 
for similar compounds 24 and 25 respectively, the 
coupling constants observed for 23a and 23b indicate 
they are eis- and trans-adducts respectively, the stereo­
selectivity of the cycloaddition thus being established. 

24: R ! = H , R2=C1 
25: R ^ C l , R 2 = H 

T h e stereoselectivity for cycloaddition of 4 with olefins 
is noteworthy, because it means the cycloaddition of 4 
proceeds probably in a concerted manner , although 
possible contribution of ionic canonical structure (26) 
might lead to a stepwise ionic reaction resulting in non-
stereoselective addition. 

The two sets of the spectra for 23a and 23b are con­
sidered to correspond to two isomers with respect to 
the direction of the cyclohexane ring. We previously 
isolated such a sort of isomers in cycloadditions of simi­
lar conjugated systems.15) Recrystallization of 23a and 
23b gave pure specimens of the corresponding major 
isomers. 

We previously reported that 4 also reacted with elec­
tron-rich olefins (i.e., enamines) to give [4+2]ad -
ducts.16) 

b) Reactions with Heterocumulenes : Reaction with di-
phenylketene proceeds very rapidly at room temperature 
to afford a mixture of 27 and 28 in 7 3 % yield. The 
pr imary product (27) is unstable and easily isomerizes 
to 28 or decomposes to 4 b when heated or left on silica 
gel for a long t ime. The thioester (28) is stable and 
purified by usual work-up. 

4 b reacts with phenyl isocyanate at room temperature 
for 6 days to afford 29 in 8 8 % yield. 

Major reaction product with phenyl isothiocyanate 
in benzene at 80 °C for 21 h was 31 (73%). Although 
31 is stable in the presence of the excess isothiocyanate, 

a : R ^ C N , R2 = H 
b : R! = H, R 2 = C N 27 28 
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OCX 
R 

29: X = 0 
30: X = S 

-Ph 

^ 

y 
31 

it decomposes mainly to 4 b and phenyl isothiocyanate 
when the isothiocyanate is removed. A compound ten­
tatively assigned as 30 was also isolated in the decom­
position product. 

c) Reduction and Other Reactions: Reduction with hy­
dride reducing reagents (lithium aluminum hydride and 
sodium bis(2-methoxyethoxy)dihydridaluminate) fol­
lowed by methylation were carried out in order to get 
32 which would be formed from the dimer (5b). The 
product, however, was not an expected one but 33 
(64%) when quenched with aqueous alkali and methyl 
iodide or 34 (24%) when quenched with dilute sulfuric 
acid. The formation of these products can be ex­
plained in terms ofthe preferential attack ofthe hydride 
on 4 b because of much higher reactivity of 4 b than that 
of 5b and/or of facile decomposition of intermediate 
35, even if it is formed from the dimer 5b . 

^ y S C H 3 

32 

Ab 

w 
5b 

Thiophenol (34) was unstable and was gradually 
oxidized by atmospheric oxygen to afford 4 b . 

4b did not react with diphenyldiazomethane or 
phenyldiazomethane, which readily reacts with thiones 
to afford episulfides.17) This is in marked contrast with 
the reactivity of similar conjugate thiones 2 (X=CH, 
GPh) which react with diphenyldiazomethane to give 
36.15> 

Ph 
Ph 

Ph 

36: R ' = H , Ph 

Inertness of 4 b toward these diazomethanes is indi­
cative of a greater contribution of the ionic resonance 
structure of type 26 for 4 as expected from its aromatic 
stabilization. 

E x p e r i m e n t a l 

NMR spectra were recorded with a Hitachi R-20B or R-24 
spectrometer using tetramethylsilane as an internal standard. 
UV and visible absorption spectra were recorded on a Hitachi 
ESP-3 spectrophotometer. IR spectra were taken with a 
Hitachi EPI-G2 spectrometer (beam energy 70 eV). Molec­
ular weights were measured with a Hitachi 117 Molecular 
Weight Apparatus (vapor pressure osmometry in benzene at 
40 °C). All the melting points were not corrected. 

Synthesis ofo- Thioquinonemethides (4). A solution of 1,2-
benzodithiole-3-thione (3)18> (460 mg, 2.5 mmol) and cyclo-
hexene (7 ml) in ether (70 ml) was irradiated under nitrogen 
for 45 min with 100 W medium pressure mercury lamp 
through Pyrex filter. After 35 or 40 min the color of the 
solution turned deep blue. The reaction mixture was subject­
ed to dry column chromatography (DCC) (Si02, 2: 1 benzene-
hexane) to give 4b (614 mg, 89%). Essentially the same 
result was obtained when benzene was used as solvent. Re-
crystallization from carbon tetrachloride at — 23 °C afforded 
white crystals, whose color gradually changed pale blue upon 
standing under diffused light. Mp 166—167 °C (dec) ; NMR 
(GG14) : Ô 1.0—2.5 (br s, 8H), 3.3—4.4 (m, 2H), and 6.8—7.8 
(m, 4H); UV (cyclohexane at 7 °C) : Amax 260 nm (s 1.04 x 
104). For the spectra in other solvents, see Table 2. Found: 
C, 58.99; H, 5.20; S, 35.59%. Calcd for C13H14S3: C, 58.60; 
H, 5.30; S, 36.10%. There formed slightly green crystals 
when the reaction solution in ether was stood overnight at 
— 5—0 °C. The crystals thus formed, after filtration and wash­
ing with ether, were pure enough for further use without 
purification. The yield of the crystals was about 60%. 

Photoreactions of 3 with cyclopentene, cyclooctene, and 
tetramethylethylene were carried out in a similar way, the 
yield, after DCC, being 68, 84, and 87%, respectively. In 
the case of the last olefin, the color of the reaction solution 
turned deep blue after 10 minutes' irradiation. These o-thio-
quinonemethides were purified by recrystallization from di-
chloromethane and methanol. 4a: mp 159—161 °C (dec); 
NMR (CDClg): Ô 1.7—2.3 (br s, 6H), 3.8—4.4 (m, 2H), 
and 6.8—7.9 (m, 4H). Found: C, 57.65; H, 4.90; S, 37.35%. 
Calcd for C12H12S3: C, 57.10; H, 4.79; S, 38.10%. 4c: mp 
153—154 °C (dec); NMR (CDC13) : ô 1.1—2.4 (m, 12H), 
3.3—3.9 (m, 1H) 4.0—4.4 (m, 1H), 6.9—7.1 (m, 2H), and 
7.25—7.90 (m, 2H). Found: C, 61.46; H, 6.30; S, 32.22%. 
Calcd for C15H18S3: C, 61.18; H, 6.16; S, 32.66%. 4d: mp 
137—140 °C (dec); NMR (GDG18) : ô 1.22, 1.33, 1.57, and 
1.76 (s, 3H each), 6.8—7.4 (m, 3H), and 7.8—8.0 (m, 1H). 
Found: C, 58.38; H, 6.33; S, 35.06%. 
C, 58.16; H, 6.01; S, 35.83%. 

Desufurization of 4b. Tetrahydrofuran (THF) solu-
ion (8 ml) of 4b (576 mg, 2.16 mmol) and 5 g of Raney 
nickel (W-4) were stirred for 6 h at room temperature and then 
refluxed for 4 h. The reaction solution was analyzed by high 
speed liquid chromatography (Hitachi 634; column: Hitachi 
3010; solvent: 10: 1 methanol-28%NH4OH (v/v)) for toluene 
(41%) and bibenzyl (4.6%). 

Reaction of 4d with 2-Dimethylamino-3-methyl-l-butene. 
To 4d (523 mg, 1.95 mmol) in a mixture (13 ml) of THF and 
acetonitrile (1:3) was added 2-dimethylamino-3-methyl-l-
butene (10; 410 mg, 3.6 mmol) and the solution was heated 
at reflux temperature for 6.5 h. DCC (SiOa, 1: 1 hexane-

Calcdfor C13H16S3: 
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dichloromethane) afforded 11 (200 mg, 0.745 mmol, 38%) as 
white crystals. M p 190—191 °C (from hexane) ; N M R (CD-
Cl 3 ) : Ô 1.52 (s, 24H) , 7.1—7.6 (m, 6H) , and 7.9—8.1 (m, 
2H) . U V ( E t O H ) : Amax (log s) 250 (sh) n m (4.22); mol 
wt : Found 568. Calcd for (C1 3H1 0S3)2 537. Found : G, 58.02; 
H , 6.26; S, 35 .75%. Calcd for C 2 6 H 3 2 S 6 : C, 58.16; H, 6 .01; 
S, 35 .83%. 

Reaction of 4b with N-Phenylmaleimide. A benzene solu­
tion (4 ml) of 4 b (55 mg, 0.21 mmol) and iV-phenylmaleimide 
(38 mg, 0.22 mmol) was stood overnight at room temperature . 
After evaporation of the solvent, the residue was purified by 
preparat ive layer chromatography (PLC) (SiOa , benzene) to 
give white crystals 18 (82 mg, 9 3 % ) . M p 217—218 °C (eth-
anol ) ; N M R (CDC13) ô 1.0—2.2 (m, 8H) , 3 . 6 - ^ . 0 (m, Î H ) , 
4.0—4.3 (m, 1H), 4.45 (s, 2H) , 6.8—7.4 (m, 8H) , and 8.1—8.4 
(m, 1H). I R (KBr ) : 1710 cm" 1 ( C = 0 ) ; M S : mje 439 (M+, 
5%) , 326 (45), and 184 (100). Found : C, 62.98; H , 4.80; N, 
3.08; S, 21 .67%. Calcd for C 2 3 H 2 1 N 0 2 S 3 : C, 62.84; H , 4.82; 
N, 3.19; S, 21 .88%. 

Reaction of 4b with Dibenzoylacetylene. A solution of di-
benzoylacetylene (51 mg, 0.22 mmol) and 4 b (53 mg, 0.20 
mmol) in benzene (4 ml) was stood overnight at room tem­
perature . Purification by P L C (SiO a , benzene) and re-
crystallization from benzene-ethanol gave 17 (83 mg, 83%) 
as pale yellow crystals: m p 181—183 °C; N M R (CDC13) : Ö 
0.9—2.3 (m, 8H) , 3.7—4.1 (m, 2 H ) , and 7.0—8.2 (m, 14H); 
I R (KBr) : 1650 and 1665 c m - 1 ( C = 0 ) ; M S : mje 500 (M+, 
4 % ) , 370 (100), and 105 (80). Found : C, 69.59; H , 4.95; 
S, 19 .13%. Calcd for C 2 9 H 2 4 0 2 S 3 : C, 69.57; H , 4 .83; S, 
19 .21%. 

Reaction of 4b with Methyl Vinyl Ketone. A benzene 
solution (100 ml) of the ketone (0.82 ml, 10 mmol) and 4 b 
(1.01 g, 3.8 mmol) was refluxed for 5 min . T h e solvent was 
evaporated and the residue was recrystallized from benzene to 
afford 19 (835 mg) . T h e filtrate was subjected to P L C (S i0 2 , 
1:1 dichloromethane-hexane) to afford 19 (438 mg) . T h e 
total yield was 1.273 g (100%). M p 155—156 °C (from 
benzene) ; N M R (CDC13) : ô 1.0—2.5 (m, 8H) , 2.25 (s, 3H) , 
2.8—4.4 (m, 5H) , 6.8—7.4 (m, 3H) , 8.1—8.4 (m, 1H) ; I R 
(KBr) : 1715cm" 1 ( C = 0 ) ; M S : mje 336 (M+, 2 % ) , 184 (81), 
and 43 (100). Found : C, 60.79; H , 6.07; S, 28 .49%. Calcd 
for C 1 7 H 2 0 OS 3 : C, 60.67; H , 6.00; S, 28 .58%. 

Raney Nickel Desulfurization of 19. T o a solution of 19 
(803 mg, 2.4 mmol) in benzene (50 ml) was added Raney 
nickel (W-4) prepared from Raney alloy (7 g) and the mix­
ture was refluxed for 2.5 h with stirring. Raney nickel was 
removed by filtration and the filtrate was evaporated under 
reduced pressure. T h e residue was subjected to D C C (S i0 2 , 
1: 1 dichloromethane-hexane) to afford oily compounds 20 
(246 mg, 63.5%) and 21 (45 mg, 11.5%). 20 : N M R (CC14) : 
ô 1.04 (d, 7 = 6 Hz , 3H) , 1.95 (s, 3H) , 2.1—3.0 (m, 3H) , and 
7.0—7.3 (m, 5 H ) ; M S : mje 162 (M+, 5.9%) and 43 (100); 
I R (neat) : 1710 c m - 1 ( C = 0 ) . 21 : N M R (CCLJ : ô 0.79, 0.83 
(a pai r of doublet due to diastereomers, J=l Hz, 3H) , 1.15 
(d, 7 = 5 Hz, 3H) , 1.64 (br s, 1H, disappeared by D 2 0 ) , 
2.0—3.1 (m, 3H) , 3.4—3.9 (m, 1H), and 7.1 (br s, 5 H ) ; 
MS: m/e 164 (M+, 2 .3%) and 91 (100); I R (nea t ) : 3100—3600 
c m - 1 ( O H ) . 

Reaction of 4b with Acrylamide. A dichloromethane solu­
tion (50 ml) of acrylamide (1.163 g, 16.4 mmol) , 4 b (248 mg, 
0.94 mmol) , and a small amount of hydroquinone was allowed 
to stand at room tempera ture for a week. T h e solution was 
washed with water, dried (Na 2 S0 4 ) , and the solvent was 
evaporated. The residue was washed with a small amount 
of dichloromethane to give white crystals 22 (198 mg, 63 .8%) . 
M p 242.5—243.0 °C (dec) (from ethanol) ; N M R ( D M S O -
d6): ô 1.0—2.3 (m, 8 H ) , 2.9—4.2 (m, 7H) , 6.7—7.6 (m, 3H) , 

and 8.0—8.4 (m, 1H) ; M S : m/e 337 (M+, 11%), 184 (84), 
and 179 (100) ; I R (KBr) : 3480,3370 (NH), 1695 cm- 1 (C=0) . 
Found : C, 56.95; H , 6.09; N, 4.10; S, 28 .11%. Calcd for 
C 1 6 H 1 9 NOS 3 : C, 56.94; H , 5.67; N, 4.15; S, 28.50%. 

Reactions of 4b with Fumaronitrile and Maleonitrile. 
Fumaronitr i le (238 mg, 3.05 mmol) and 4 b (396 mg, 1.48 
mmol) dissolved in dichloromethane (30 ml) were stood for 
2 days a t room temperature . After removal of the solvent, 
the N M R (in CDC13) of the residue was taken for methine 
protons of the dihydrobenzothiopyran ring. The two methine 
protons appeared as two sets of A X type double doublet 
whose intensity ratio was 5 : 1; the major one: ô 3.69, 3.84, 
4.67, and 4.82; the minor one: ô 3.80, 3.54, 4.52, and 4.67. 
No signal due to m-isomer 23a was observed. In order to 
remove excess fumaronitrile the crude reaction mixture was 
twice washed with ethanol giving 23b (453 mg, 8 8 % ) . Since 
some isomerization was observed during purification by T L C 
(S i0 2 ) , 23b thus obtained was purified by repeated recrystal-
lization from ethyl acetate to give a pure specimen of the 
major isomer; m p 154—157 °C ; N M R (CDC13) : ô 1.78 (m, 
8H) , 4.27 (m, 2H) , 3.76 (d, 7 = 9 . 1 Hz, 1H), 4.74 (d, 7 = 9 . 1 
Hz , 1H), 7.25 (m, 3H) , and 8.25 (m, 1H) ; I R (KBr) : 2240 
c m - 1 (CN) ; M S : m/e 344 (M+, 17%) and 184 (100). Found: 
C, 59.43; H , 4.57; N, 8.26; S, 27 .87%. Calcd for C17H16-
N a S 3 : C, 59.27; H , 4.68; N, 8.13; S, 27.92%. 

Dichloromethane solution (20 ml) of maleonitrile (154 mg, 
1.97 mmol) and 4 b (263 mg, 0.99 mmol) was stood for 1 day 
a t room temperature . The crude reaction mixture was check­
ed for the methine protons by N M R as above. There were 
found two sets of double doublets, the chemical shifts being 
ô 4.06, 4.12, 5.07, and 5.13 for the major one, and 4.12, 4.19, 
4.92, and 4.99 for the minor one with no signal of 23b. The 
reaction mixture was washed with ethanol to afford 23a (276 
mg, 6 6 % ) , which was recrystallized from ethyl acetate to give 
the major isomer contaminated with a small amount of the 
minor isomer (by N M R ) ; m p 168—170 °C; N M R (CDC13): 
ô 1.84 (m, 8H) , 3.98 (m, 2H) , 4.04 (d, 7 = 3 . 4 Hz, 1H), 5.08 
(d, 7 = 3 . 4 Hz, 1H), 7.15 (m, 3H) , and 8.17 (m, 1H); IR 
(KBr) : 2 2 4 0 c m " 1 ( C N ) ; M S : mje 344 (M+, 17%) and 184 
(100). Found : C , 5 9 . 5 4 ; H , 4 . 7 6 ; N , 8.20; S, 27 .68%. Calcd 
for C 1 7H 1 6N 2S 3 : C, 59.27; H , 4.68; N, 8.13; S, 27.92%. 

Reaction of 4b with Diphenylketene. Diphenylketene 
(260 mg, 1.34 mmol) in benzene (10 ml) was added slowly 
to a solution of 4 b (261 mg, 0.98 mmol) in benzene (20 ml). 

The color of the solution turned very rapidly from deep blue 
to yellow, but slowly reverted to blue. After all the solution 
was added the color did not revert to blue. The solution 
was kept at 40 °C for 30 min. After removal of the solvent, 
the residue was subjected to D C C (S i0 2 , 1: 3 chloroform-
carbon tetrachloride) at about 0 °C to give two fractions, one 
(201.8 mg) containing 27 and 28 and the other (126.8 mg) 
containing 28. P L C (S i0 2 , 1: 1 hexane-ether) was twice car­
ried out at about 0 °C to obtain 27, bu t it was unstable because 
of isomerization to 28 or decomposition to 4 b when heated in 
solution or left on silica gel for a long t ime. T h e total yield 
of 27 and 28 was 7 3 % . 28 was stable and purified by re-
crystallization from ethanol. 2 8 : m p 222.0—223.5 °C (from 
ethanol) ; N M R (CDC13): ô 1.0—2.5 (m, 8H) , 2.5—3.0 (m, 
1H), 3.2—4.6 (m, 1H), 6.7—7.6 (m, 13H), and 8.3—8.7 
(m, 1H); M S : m/e 460 (M+, 3%) and 184 (100); I R (KBr): 
1670 c m - 1 ( C = 0 ) . Found : C, 69.92; H , 5.20; S, 20.56%. 
Calcd for C 2 7 H 2 4 OS 3 : C, 70.40; H , 5.25; S, 20 .88%. 27: 
N M R (CDC13): ô 1.0—2.3 (m, 8H) , 3.3—3.7 (m, 2H) , 
6.7—7.5 (m, 13H), and 7.6—8.1 (m, 1H) ; I R (KBr) : 1587 
1580 c m - 1 (G=G). 

Reaction of 4b with Phenyl Isocyanate. A benzene solu­
tion (50 ml) of 4 b (536 mg, 2.0 mmol) and phenyl isocyanate 
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(242 mg, 2.0 mmol) was allowed to stand for 6 days at room 
temperature. The solvent was evaporated under reduced 
pressure and the residue was subjected to D C C (S i0 2 , chloro­
form) to give 29 (677 mg, 8 8 % ) . M p 164.5—166.0 °C (from 
benzene); N M R (CDC13) : Ô 1.0—2.3 (m, 8H) , 3.5—3.9 (m, 
2H) , 7.1—7.6 (m, 8H) , and 8.1—8.4 (m, 1H) ; I R (KBr) : 
1650cm- 1 ( C = 0 ) ; M S : mle 385 (M+, 0.4%) and 119 (100). 
Found: C, 62.20; H, 4.86; N, 3.53; S, 24 .70%. Calcd for 
C 2 0 H 1 9 NOS 3 : C, 62.30; H, 4.97; N, 3.63; S, 24 .95%. 

Reaction of 4b with Phenyl Isothiocyanate. A solution of 
4 b (246 mg, 0.92 mmol) and phenyl isothiocyanate (249 mg, 
1.84 mmol) in benzene (25 ml) was refluxed for 21 h under 
argon atmosphere. T h e solvent was evaporated and the 
residue was subjected to PLC (SiO a , benzene) to give crude 
31 (269 mg, 7 3 % ) . Although 31 was stable in solution in 
the presence of excess phenyl isothiocyanate, it was unstable, 
if the isothiocyanate was removed, and slowly decomposed 
to 4 b and phenyl isothiocyanate, thus precluding the isola­
tion of an analytically pure specimen. Among the decom­
position product there was formed a small amount of product 
(15 mg, 4%) tentatively assigned as 30. 31 : m p 46—52 °C 
(white crystals from hexane) ; N M R (CCLJ : <5 1.0—2.4 (m, 
8H) , 3.6—4.1 (m, 2H) , 6.7—7.5 (m, 8H) , and 7.9—8.3 (m, 
1H); U V (cyclohexane) : Amax (e) 318 (7330), 275 (11400), 
and 244 (sh) n m (17200); I R (KBr) : 1565 c m - 1 (CN) . 30 : 
N M R (CCLJ: Ô 1.0—2.0 (m, 8H) , 3.6—3.9 (m, 2H) , 7.1—7.5 
(m, 8H) , and 7.9—8.3 (m, 1H) ; I R (KBr) : no band due to 
G=N. 

Reduction of 4b with Lithium Aluminum Hydride. L i th ium 
aluminum hydride (120 mg, 3.2 mmol) was added to a T H F 
solution (50 ml) of 4 b (269 mg, 1.0 mmol) with stirring under 
nitrogen atmosphere, and the mixture was refluxed for 5 h. 
Though a small amount of 4 b still remained, 10% aq sodium 
hydroxide and methyl iodide (0.5 ml) were added succes­
sively with stirring. T h e solvent was evaporated under re­
duced pressure, and ether was added. T h e ethereal solution 
was washed with water, dried and the ether was evaporated. 
The residue was subjected to D C C (SiO a , 1: 1 hexane-ether) 
to give 33 (184 mg, 64.4%) and a trace amount of 2-methyl-
thiobenzyl alcohol (by N M R ) . When the reaction mixture 
was treated with dil sulfuric acid instead of aq sodium hydrox­
ide and methyl iodide, the product was 34 ( 24%) , which was 
unstable and was rapidly oxidized by air to afford 4b . 33 : 
m p 107.0—109.0 °C (from ethanol) ; N M R (CDC13): ô 
1.0—2.5 (m, 8 H ) , 2.49 (s, 3H) , 3.7—4.1 (m, 2H) , 6.38 (s, 1H), 
7.1—7.4 (m, 3H) , and 7.8—8.2 (m, 1H) ; M S : mje 282 (M+, 
19%) and 153 (100). Found: C, 59.60; H , 6.17; S, 33 .89%. 
Calcd for C1 4H1 8S3 : C, 59.53; H , 6.42; S, 34.05%. 34: 
N M R (CDCLJ: ô 1.0—2.5 (m, 8 H ) , 3.55 (s, 1H), 3.6—4.0 
(m ,2H) ,6 .14 ( s , 1H), 7.0—7.5 (m, 3H) , and 7.7—8.2 (m, 1H). 
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Although bis[2(l//)-pyridinethionato]zinc (1) is prepared by the reaction of 2(l//)-pyridinethione with zinc 
chloride in the presence of stoichiometric amount of sodium hydroxide, a similar reaction in the presence of a 
large excess amount of the base gave ia4-oxo-hexakis-ia-[2(l//)-pyridinethionato-(iV,5,)]-tetrazinc (2) which is the 
first example of L6Zn40 (L = ligand) type complexes having heterocyclic thiolato groups as ligands. The complex 
2 was also prepared by several routes, which involve hydrolysis of 1 and the reaction of 1 with zinc oxide. In 
these complexes 2(li/)-pyridinethionato ligand acts as a bidentate or bridging ligand. Attempts to convert bis-
(4,6-dimethyl-2-pyridylthio)zinc or bis(l-oxido-2-pyridylthio) zinc into a complex of L6Zn40 type were failed. 
Complexes of L6Zn40 type were also prepared when L were 2-thiazolidinethionato, 5-methyl-2-thiazolidine-
thionato, and l-methyl-4-imidazoline-2-thionato. 

In the previous papers,1-2) the synthesis and the mo­
lecular structure of dichlorobis[2(l / /)-pyridinethionato]-
t in(IV) were reported. The 2( l / / ) -pyridinethionato 
ligands act as bidentate ligands in the complex, which 
has an octahedral structure resulted from the intra-mo-
lecular four-membered (Sn, S, C, and N) chelate rings 
formation. 

Several metal (Ru,3>4) Ir,5> Fe,6) Rh,7) Hg8)) deriva­
tives of 2( l / / ) -pyr idinethione have been reported. The 
2-pyridylthio group acts as a bidentate,3»5) uniden-
tate,6 - 8) or bridging ligand.4) 

We have studied zinc derivatives of 2( l / / ) -pyr id ine-
thione. This paper deals with the transformation of 
bis[2(l / / )-pyridinethionato]zinc (1) into a new zinc 
complex, //4 - oxo -hexakis-ß - [2 (1 / / ) -pyr idmethionato-
^ ^ j - t e t r a z i n c (2) and an observation on the coordi­
nation of 2( l / / ) -pyr idinethionato ligand in 1 and 2. 
This paper also describes syntheses of several new zinc 
derivatives of heterocyclic thiols. 

R e s u l t s a n d D i s c u s s i o n 

Syntheses. Bis [2 ( l / / ) -pyr id ine th ionato]z inc (1) 
is briefly reported in a patent,9) but no characterization 
of 1 is described. The zinc derivative 1 was obtained 
as a sole product when the molar ratio of the three 
reactants was stoichiometric (2: 1: 2), as shown in Eq. 1. 

2PySH + ZnCl2 + 2NaOH • 

(PyS)2Zn + 2NaCl + 2H 2 0 (1) 

8PySH + 4ZnCl2 + lONaOH • 

(PyS)6Zn40 + 8NaCl + 2PySNa + 9H 2 0 (2) 

When the reaction was performed in the presence of a 
large excess amount of sodium hydroxide, a new com­
plex ixx - oxo-hexakis-//- [2(1/ /) -pyridinethionato -(N,S)]-
tetrazinc (2) was found to be formed according to Eq. 2. 

The complex 2 was best prepared by the reaction in 
a molar ratio of 3 : 2 : 4 as shown in Scheme 1. The 
composition of 2 was determined by elemental analyses, 
alternative synthetic reactions, and the reaction with 
2( l / / ) -pyridinethione giving again 1. The complex 2 
was alternatively prepared by several routes as shown 
in Scheme 1. 

-8NaCl, - 7 H 2 0 
6PySH 4- 4ZnCl2 4- 8NaOH > 2 

3 1 + ZnO > 2 
-3H aO 

6PySH + 4ZnO > 2 

Scheme 1. Syntheses of i«4-oxo-hexakis-/u-[2(l//)-
pyridinethionato-(JV,6')]-tetrazinc (2). 

When a suspension of 1 in water was refluxed for 1 h, 
2 was obtained as an insoluble product and 2(1 / / ) -
pyridinethione was recovered from the aqueous solu­
tion in a quantitative yield based on the equation shown 
in Scheme 1. A treatment of 1 with zinc oxide in a 
molar ratio of 3 : 1 in refluxing acetonitrile also gave 2. 
A reaction of 2(l / / ) -pyridinethione and zinc oxide in a 
molar ratio of 3 : 2 in 1,2-dichloroethane yielded 2. In 
contrast, complex 1 was obtained by the reaction of 
the same reagents in a molar ratio of 2 : 1 in boiling 
benzene with azeotropical removal of water formed.10) 

When 2 was treated with twice molar amount of 
2( l / / ) -pyridinethione in boiling benzene under azeo­
tropical removal of water produced, 1 was again ob­
tained in a quantitative yield. 

Bis(4,6-dimethyl-2-pyridylthio)zinc (3) was prepared 
from 4,6-dimethyl-2(l//)-pyridinethione by a reaction 
similar to Eq. 1 and by a reaction of bis(4,6-dimethyl-
2-pyridyl) disulfide with zinc dust.11) Transformations 
of 3 and bis (l-oxido-2-pyridylthio) zinc into the com­
plexes of L 6 Z n 4 0 (L=l igand) type were attempted by 
heating L2Zn compounds in water, but the major 
amount of starting materials was recovered, and the 
expected complexes could not be obtained. 

Although a large number of bis(organo ligand) zinc 
are known, there have been reported only four types 
of L 6 Z n 4 0 complex formed with alkanecarboxylato,12) 
O,0-dialkyl(or diaryl)phosphorodithioato,13) dialkyl-
phosphinothioato,14) and 1,3-diphenyltriazenato.15) 
The complex 2 is the first example of oxotetrazinc com­
plex, where the ligand is a heterocyclic thiolato group. 
Syntheses of several other complexes of L 6 Z n 4 0 type 
where L is a heterocyclic thiolato group were examined. 
Complexes of L 6 Z n 4 0 type were synthesized by the re-
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TABLE 1. HEXAKIS-/*- (HETEROCYCLIC THIOLATO)-^4-OXO-TETRAZINC 

Product 

•-N 

' -S 
- S 6Zn40 

Mp IR (cm-1) 

1590s, 1545m, 1455s, 1410s, 1270m, 1155m, 
6Zn40 1135s(sh), 1130s, 1085m, 1050m, 1010m, 

XN^X S / above 340 °C (dec)25> 775m, 765m, 755m, 725m, 645w, 540m, 
530m, 515m, 495w, 445w, 415w, 360w, 

above 170 °C (dec) 

I V S I Z n O 175-220 °C(dec) 
L S / |e^n4U [EtOHl 

\CH3 / 

^ N ^ S 6Zn40 

I CH, / 
above 255 °C (dec) 

265m(br) 

1500s, 1450w, 1310m, 1200w, 1040s, 980s, 
940m, 510m (br), 435w, 325w 

1505s, 1440m, 1375m, 1305m, 1195m, 1025s, 
1005s (sh), 920m, 510m (br), 460w (sh), 
385w, 350w, 305w 

1535w, 1455s, 1415m, 1370s, 1315m, 1285m, 
1145s, 735m (br), 690s, 515m (br), 315w, 
220m (br) 

c 

38.61 
38.40 

22.01 
21.91 

27.09 
26.91 

29.92 
30.14 

Found 
Calcd 
(%) 

H 

2.47 
2.58 

2.41 
2.45 

3.29 
3.39 

2.89 
3.16 

N 

8.74 
8.96 

8.43 
8.52 

7.64 
7.85 

17.65 
17.57 

S 

20.33 
20.50 

38.85 
38.99 

36.15 
35.92 

20.33 
20.11 

action of 2-thiazolidinethione (4), 5-methyl-2-thiazoli-
dinethione (5), l-methyl-4-imidazoline-2-thione (6) 
with zinc chloride in the presence of sodium hydroxide 
(molar ratio of 3 : 2: 4) in an aqueous solution. T h e 
results are shown in Table 1. However, L2Zn deriva­
tives of these five membered heterocyclic thiols could 
not be prepared by the reaction of the thiols with zinc 
chloride in the molar ratio of 2: 1. Bis(l-methyl-4-
imidazoline-2-thionato)zinc (7) could be prepared only 
by the reaction of hexakis-//-(l-methyl-4-imidazoline-2-
thionato)-^4-oxo-tetrazinc (8) with the thione 6. At­
tempts to prepare L2Zn derivatives of 4 and 5 were un­
successful by analogous reactions from the correspond­
ing L 6 Z n 4 0 type complexes. 

Observation on Structure. The MS spectrum (dou­
ble focus) of 1 exhibits a very weak dizinc-containing 
polyisotopic molecular ion (mje 568) as the highest mass 
feature, which corresponds to the parent peak of the 
dimer. Three dizinc-containing molecular ions observ­
ed at mje 490 (M —Py), 458 (major peak, M —PyS), 
426 (M —PyS—S) seem to be fragments derived from 
the dimer, and a monozinc-containing molecular ion 
at mje 316 [(PyS)2ZnS] is also indicative for dimeric 
structure of 1. Molecular weight measurement (osmo­
metry) showed that 1 was dimeric in 4-methyl-2-penta-
none.16) 

The I R spectrum of 1 exhibits bands due to r ing 
vibration at 1595 (s), 1545 (s), 1455 (s, doublet), 1420 
(s, doublet), 1020 (m), 645 cm" 1 (w), and the bands 
due to C - H bending vibration at 765 (sh) and 755 c m - 1 

(s).1'17) The bands at 1020 and 645 cm" 1 have shoul­
ders. The absorption pattern is close to that of di-
chlorobis [2 (1 H) -pyridinethionato] tin (IV).18) This 
fact suggests that 2(1//)-pyridinethionato ligands act as 
bidentate ligands. These bands all shifted in higher 
frequency region in comparison with the corresponding 
bands of di-2-pyridyl disulfide.1) The shift can be inter­
preted by the coordination of pyridine nucleus through 
nitrogen to tin atom. A strong intensity absorption 
band appears at 1135 c m - 1 in the spectrum of 1, which 

can be assigned to C=S stretching since 2( l / / ) -pyr id ine-
thione shows the strong absorption of C=S stretching 
at the same position.19) This band indicates the pres­
ence of 2(1/ / ) -pyridinethionato ligand of thione form, 
whose coordination to zinc through sulfur atom is weak 
as in the i r idium complex.5) Based on these spectral 
data 2(1//)-pyridinethionato ligands act as bidentate or 
bridging one and 1 seems not monomeric. 

Molecular weight of 2 could not be determined owing 
to the low solubility to the ordinary solvent for osmo-
metric measurement. The M S spectrum (chemical 
ionization with isobutane) of 2 exhibits the zinc-con­
taining, polyisotopic molecular ion {mje 839) as the 
highest mass feature which corresponds to species re­
sulting from loss of one pyridyl group and one oxygen 
atom from [ M + H ] . The remaining major peaks (mje 
743, 568, 459) in the spectrum can be assigned to species 
resulting from loss of one or more 2( l / / ) -pyr id inethio-
nato groups, zinc atoms, and oxygen atom from [ M + H ] 
or [M] . 

The I R absorption pat tern of 2 in the region higher 
than 600 c m - 1 is very close to that of 1, except that 
the bands at 1455, 1410, 1010, and 645 c m - 1 in 2 are 
all single peaks. This fact seems to suggest that six 
2(1//)-pyridinethionato ligands in 2 are in chemically 
similar states. The characteristic absorption band of 
2 is a broad triplet with medium intensity, whose peaks 
are at 540, 530, and 515 c m - 1 . The broad and strong 
intensity absorption bands of zinc oxide in the 540—400 
c m - 1 spectral region were replaced with the triplet 
bands, when zinc oxide was allowed to react with 1 to 
give 2. The triplet bands can be ascribed to Z n - O 
bond, since the absorptions of zinc-sulfur vibrations 
have been described to appear in the region lower than 
401 c m - 1 in several compounds containing Z n - S bond,20) 
and the absorptions due to Z n - N bond are found be­
tween 250 and 200 c m - 1 in complexes of pyridine com­
pound with zinc halides.21) The band at 526 c m - 1 in 
hexa- ia-acetato-(0,0')-//4-oxo-tetrazinc has been assign­
ed to y(Zn40).2 2) 
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The structures of L 6 Z n 4 0 complexes where L is AcO, 
(BuO)2PS2 , or Ph 2N 3 have been determined by X-ray 
analyses. 12a»13a'15) The replacement o f - O - C - O - , - S -
- P - S - , or - N - N - N - moiety in the structures of those 
complexes with - S - C - N - moiety gives a possible struc­
ture for 2 as shown in Fig. 1. The I R spectral observa­
tion mentioned above supports the structure for 2. 

Fig. 1. A possible structure for 2. 

The transformation of 1 into 2 can be explained by 
the substitution of one 2( l / / ) -pyr idinethionato ligand 
in the dimer of 1 with oxygen of water or zinc oxide 
and the simultaneous or subsequent coupling of two 
(PyS)3Zn2 group through the oxygen, as shown in Eq. 3 
or 4. 

2(PyS)3Zn2(SPy) + H 2 0 • 

[(PyS)3Zn2]20 + 2HSPy (3) 

2(PyS)3Zn2(SPy) + ZnO • 

[(PyS)3Zn2]20 + Zn(SPy)2 (4) 

[2Zn(SPy)2 — (PyS)3Zn2(SPy)] 

Bis(4,6-dimethyl-2-pyridylthio) zinc (3) is monomeric 
based on the molecular weight (osmometry) and MS 
spectrum. No remarkable difference is observed in the 
I R spectrum of C=C/C=N stretching region and C=S 
stretching region between 3 and bis(4,6-dimethyl-2-
pyridyl) disulfide. Furthermore, there was not recog­
nized such a shift of bands due to ring vibration and C - H 
bending vibration as observed between 1 and the cor­
responding disulfide. These data show that 3 is a 
simple zinc salt of a thiol and no such strong coordina­
tion of pyridine r ing through nitrogen on metal is ob­
served as in the case of 1. This may be a reason why 3 
could not be converted to a complex of L 8 Z n 4 0 type. 

E x p e r i m e n t a l 

All the melting points were determined in a liquid bath 
placing a cut edge of capillary outside of the bath, and were 
uncorrected. The IR spectra were measured with a Hitachi 
Perkin-Elmer 225 and a Hitachi EPI-G2 Grating Infrared 
Spectrometer. The molecular weight was determined in 4-
methyl-2-pentanone with a Hitachi 115 Vapor Pressure Osmo­
meter. The MS spectra were measured with a Hitachi M60 
Mass Spectrometer equipped with computer system 002B, a 
Hitachi M52 Mass Spectrometer, or a JMS-01SG-2 Double 
Focus Mass Spectrometer. 

Materials. Commercial anhydrous zinc chloride was 
used after drying over phosphorus pentaoxide. Commercial 

2(1//)-pyridinethione, 2-thiazolidinethione (4), and 1-methyl-
4-imidazoline-2-thione (6) were used after recrystallization. 
5-Methyl-2-thiazolidinethione (5) was prepared by the pro­
cedure previously reported.23) 

Bis[2(1Ü) -pyridinethionato] zinc (1). a) Reaction oj 
2( 1H) -Pyridinethione with Zinc Chloride in the Presence of Base : To 
an aqueous solution of sodium hydroxide (1/2 M, 20 ml) was 
added 2(l//)-pyridinethione (1.11 g, 10 mmol). To the re­
sulting solution was added drop by drop a solution of zinc 
chloride (95%, 0.72 g, 5 mmol) in water (15 ml) with stir­
ring at 20 °C and the mixture was stirred at 20 °C for 2 h. 
The resulting slightly yellowish precipitate was filtered and 
washed with water (50 ml) to give 1.41 g (99%) of 1; mp 
248—251 °C.24> Mol wt, Found: 603; Calcd (dimer): 571. 
Found: C, 42.07; H, 2.75; N, 9.68; S, 22.46%. Calcd for 
C10H8N2S2Zn: C, 42.04; H, 2.82; N, 9.81; S, 22.45%. 

b) Reaction of 2'(1H)-Pyridinethione with Zinc Oxide: To a 
suspension of zinc oxide (0.81 g, 10 mmol) in benzene (150 ml) 
was added 2(1//)-pyridinethione (2.44 g, 22 mol). A mix­
ture was stirred at room temperature for 1 h and then refluxed 
for 5 h, during which boiling benzene was gradually distilled 
out to remove water azeotropically, while dried benzene was 
supplied to the mixture at intervals. The precipitate was 
collected by filtration and washed with benzene (60 ml) to 
give 2.73 g (96%) of slightly yellowish powder. The IR 
spectrum of the powder was identical with that of 1. 

(x4-Oxo-hexakis-y.-[2( 1H)-pyridinethionato-(N,S)]tetrazinc (2). 
a) Reaction of 2'( 1H) -Pyridinethione with Zinc Salt in the 
Presence of Base in Water: A solution of zinc chloride (95%, 
0.72 g, 5 mmol) in water (30 ml) was added drop by drop 
to a solution of 2(1//)-pyridinethione (0.83 g, 7.5 mmol) in 
1/2 M aqueous sodium hydroxide (20 ml) with stirring at room 
temperature. After stirring the mixture at room temperature 
for 22 h, the precipitate was collected by filtration and washed 
with water (50 ml) to give 1.12 g (96%) of colorless crystalline 
powder: mp above 340 °C (gradually dec).25) MS (CI) : m/e 
839 [(PyS)5Zn4SH], 820 [(PyS)5(Py)Zn3], 743 [(PyS)5Zn3H], 
727 [(PyS)4(Py)Zn3OH], 664 [(PyS)4Zn3S], 632 [(PyS)4Zn3], 
608, 568 [(PyS)4Zn2], 554 [(PyS)3Zn3S], 536 [(PyS)3(Py)Zn2], 
491 [(PyS)3Zn2SH], and 459 [(PyS)3Zn2H]. 

b) Hydrolysis of 1: A suspension of 1 (10.0 g, 35 mmol) in 
water (200 ml) was refluxed for 1 h. The precipitate was 
collected by filtration and washed with water (50 ml) to give 
8.13 g (99%) of colorless crystalline powder. The IR spec­
trum of the solid was identical with that of 2. The filtrate 
separated from 2 and washings were combined and concen­
trated under reduced pressure. The residue was extracted 
with acetone (100 ml). The acetone extract was concen­
trated under reduced pressure to give 1.95 g (100%) of 2(1//)-
pyridinethione as yellow crystals; mp 124—126 °C (lit, mp 
125 °C26)). When 1 was treated in boiling water for 28 h, 
the same product was obtained without further decomposi­
tion. Found: C, 38.48; H, 2.66; N, 8.96; S, 20.25; Zn, 
27.43%. Calcd: Zn, 27.87%. 

c) Reaction of 1 with Zinc Oxide: A mixture of 1 (4.29 g, 
15 mmol) and zinc oxide (0.41 g, 5 mmol) in acetonitrile 
(100 ml) was refluxed for 4 h. The precipitate was collected 
by filtration and washed with acetonitrile (40 ml) to give 
4.54 g (97%) of colorless crystalline powder. The IR spec­
trum of the solid was identical with that of 2. 

d) Reaction of 2( lîî)-Pyridinethione with Zinc Oxide: Zinc 
oxide (1.63 g, 20 mmol) was added to a solution of 2(1//)-
pyridinethione (3.34 g, 30 mmol) in 1,2-dichloroethane (100 
ml) and the mixture was stirred at room temperature for 
5 h. The precipitate was collected by filtration and washed 
with 1,2-dichloroethane (40 ml) to give 4.41 g (94%) of 
crystalline powder. The IR spectrum of the solid was iden-
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tical with that of 2. 
Reaction of 2 with 2( ltl)-Pyridinethione. To a solution 

of 2( l i / ) -Pyr idinethione (0.53 g, 4.8 mmol) in benzene (100 
ml) was added 2 (1.88 g, 2 mmol) and the mixture was re-
fluxed for 5 h, during which boiling benzene was gradually 
distilled out in order to remove water azeotropically, while 
dried benzene was supplied to the mixture at intervals. The 
precipitate was collected by filtration and washed with benzene 
(50 ml) to give 2.22 g (97%) of slightly yellowish solid. T h e 
I R spectrum of the solid was essentially identical with that 
o f l . 

Bis (4,6-dimethyl-2-pyridylthio) zinc (3). a) Reaction of 
4,6-Dimethyl-2( 1H) -pyridinethione with Zinc Chloride in the Pres­
ence of Base: T o an aqueous solution of sodium hydroxide 
(1/2 M, 4.6 ml) was added 4,6-dimethyl-2(l / / )-pyridinethione 
0.28 g, 2 mmol) . To the resulting solution was added drop 
by drop a solution of zinc chloride (95%, 0.14 g, 1 mmol) in 
water (20 ml) with stirring at 20 °C and the mixture was 
stirred for 2.5 h. The precipitate was collected by filtration 
and washed with water to give 0.29 g of colorless solid. The 
solid was recrystallized from 90 ml of ethanol to give 0.10 g 
(29%) of prisms; m p 250—252 °C (dec). I R (KBr) : 1595s, 
1545 s, 1450 m, 1395 m, 1370 m, 1275 m, 1205 m, 1135 m, 
875 m, 840 m, 825 m, 535 w, 530 m, 430 w, 2 7 0 w ( b r ) , and 
235 m(br) c m - 1 . Mol wt, Found: 364; Calcd (monomer) : 
342. M S ( E I ) : m/e 340 (M), 325, 307, and 202. Found: 
C, 49.15; H, 4.65; N , 8.24; S, 18 .81%. Calcd for C14H16-
N 2S 2Zn: C. 49.20; H , 4.72; N, 8.20; S, 18.76%. 

b) Reaction of Bis(4,6-dimethyl-2-pyridyl) Disulfide with Zinc 
Dust: A mixture of bis(4,6-dimethyl-2-pyridyl)disulfide 
(5.00 g, 18 mmol) and zinc dust (1.18 g, 18 mg atom) in 
benzene (100 ml) was refluxed for 26 h. The reaction mix­
ture was filtered to give 4.53 g of a mixture of white powdery 
solid and zinc dust, which was extracted by Soxhlet's ex­
tractor with benzene for 10 h. Colorless crystals were ob­
tained from the extract. Yield 3.08 g ( 5 0 % ) ; m p 251—252 
°C (dec). The I R spectrum of the crystals was identical 
with that of 3 obtained in a) . 

Bis ( l-methyl-4-imidazoline-2-thionato) zinc (7). A mix­
ture of hexakis- i«-(l-methyl-4-imidazoline-2-thionato)- ia4-oxo-
tetrazinc (8) (0.96 g, 1 mmol) and l-methyl-4-imidazoline-
2-thione (6) (0.46 g, 4 mmol) in benzene (100 ml) was re-
fluxed for 15 h, during which benzene was gradually distil­
led out in order to remove water azeotropically, while dried 
benzene was supplied to the mixture at intervals. The pre­
cipitate was collected by filtration and washed with benzene 
(50 ml) to give 1.11 g of colorless solid. T h e solid (0.48 g) 
was added again to a solution of 6 (0.46 g, 4 mmol) in benzene 
(200 ml) . The mixture was refluxed for 2.5 h, during which 
benzene was distilled out and supplied in the same manner 
mentioned above. The precipitate was collected by filtra­
tion and washed with benzene (50 ml) to give 0.44 g of 
colorless solid ; m p above 300 °C (gradually dec). I R (KBr) : 
1575w, 1535m, 1455s, 1410m, 1370s, 1315m, 1285s, 1145s, 
1085w, 955m, 725m (br), 690s, 510m, 435w, 315w, and 250w 
cm- 1 . M S ( G I ) : m/e 853 [(LS)5Zn4S] ( L S H = 6 ) , 837 [(LS)5 

L Z n 3 - H ] , 547 [ (LS) 3 LZn 2 -H] , 467 [(LS) 3Zn 2] , 403 [(LS)-
L 2Zn 2 ] , 331, 291 [ (LS) 2 ZnH] , and 115 [LSH 2 ] . Found : C, 
33.16; H, 3.25; N, 19.26; S, 21 .84%. Calcd for C8H1 0N4S2-
Zn : C, 32.94; H , 3.46; N, 19.26; S, 21 .98%. 
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Cyclohexanone (1) and one of its 2-alkyl (methyl, ethyl, or propyl) derivatives (2) were hydrogenated com­
petitively at 30 °C in cyclohexane over platinum group metals. The alkyl derivatives 2 were all less reactive 
than 1 on all the catalysts used. The relative reactivity R2jRx was given by logu(R2/Rl)=a**-\-K, with a** depend­
ing only upon the substituent and K upon the catalyst. The greater the substituent size, the more negative was the 
substituent constant a**. The catalyst-dependent constant tc was in general more negative for a catalyst metal 
having a smaller atomic radius. The above empirical rate expression has been interpreted based on the absolute 
reaction rate theory. The a** values calculated on this theoretical ground were in excellent agreement with the 
observed values. 

Substituent effects in homogeneous reactions have 
been extensively studied, but relatively little work on 
heterogeneous catalysis has been reported. Especially, 
the influence of catalyst properties on the substituent 
effects is still to be explored. Although the application 
of Hammett-type equations to heterogeneous catalysis 
was attempted by Kraus,1) it was successful for only 
half of the data tested. Besides, it is not always clear 
why the relative hydrogénation rate should correlate 
with a or a*. Thus it seems desirable to seek a new 
approach to the substituent effects in heterogeneous 
catalysis. The present series of studies has this primary 
aim. In the first paper2) of this series, methyl sub­
stituent effects in cyclohexanone (1) hydrogénation were 
investigated by means of competitive reactions of cyclo­
hexanone and one of its methyl derivatives over platinum 
group metals. The relative rates observed were discus­
sed in relation to the reaction mechanism and the atomic 
radius of the catalyst metal. 

The present work extends this comparative study to 
include 2-ethyl- and 2-propylcyclohexanone (2e and 
2p). The main purpose of this extension is to see how 
the substituent size affects the hydrogénation rate. The 
experiments with 2-methylcyclohexanone (2m) were 
repeated to make a comparison with 2e and 2p under 
strictly identical conditions including catalyst prepara-
ion and preservation. 

Experimental 

Materials. Cyclohexane (Wako Pure Chemical Ind., 
"special grade") was used without further purification after 
determining its purity to be 99.96% by GLPC on an Apiezon 
Grease L column. 1 and 2m were also commercial products 
and distilled before use. 2e was prepared by hydrogénation 
of 2-acetylphenol over Raney-Ni3) followed by chromic acid 
oxidation.4) Distillation under reduced pressure gave 2e as 
a liquid: bp 71.0 °C/17 mmHg. 2p was prepared in a similar 
manner using 2-allylphenol as the starting material. Distil­
lation under reduced pressure gave 2p as a liquid: 86.7 °C/17.5 
mmHg. The purity of these ketones was greater than 99% 
by gas chromatography. 

All the catalysts used were unsupported metal powders, and 
prepared by reduction of the corresponding metal oxides or 
hydroxides. The procedure for the preparation was described 
previously2) except for Pt. The Pt catalyst was prepared 

using PtCl2 (Mitsuwa Yakuhin Kagaku KK) as a starting 
material. To a hot suspension of PtCl2 (1 g) in dilute HCl 
(2000 ml) was added 5—10% aqueous NaOH in small portions 
until the pH reached 8. The resulting black hydroxide sus­
pension was simmered for 30 min and then filtered off. The 
hydroxide was washed repeatedly with water until the wash­
ings were neutral, transferred into a 100 ml autoclave, and 
about 20 ml of water was added. The hydroxide was reduced 
with stirring for 20 min at temperatures up to 30 °C and an 
initial hydrogen pressure of 80 atm. The resulting metal 
black was filtered off, washed with water until the washings 
were neutral, dried under reduced pressure, and stored over 
silica gel. 

Kinetic Procedures. Competitive hydrogénations were 
conducted at 30 °C and in hydrogen of atmospheric pressure 
using an equimolar mixture of 1 and 2 in cyclohexane (0.5 
mol/1 of each ketone). Reaction mixtures were analyzed by 
gas chromatography on a column of 10 wt % bis(2,3-di-
hydroxypropyl) ether on 60—80 mesh C-22 SK. Of the two 
peaks due to the isomer mixture of any eis- and trans-2-alkyl-
cyclohexanols, the one having the shorter retention time was 
assigned to the eis isomer and the other to the trans.5) Details 
on the experimental procedure and the design of the glass 
reaction vessel have been given before.2) 

Data Treatments. In dealing with competitive reac­
tions on solid catalysts it is usual to assume (i) that the reaction 
rate is proportional to the surface concentration of the adsorbed 
substrate, and (ii) that the substrate adsorption during re­
action obeys the Langmuir isotherm. Applying these as­
sumptions to our reaction systems leads to the following two 
rate expressions: 

-dCJdt = k1K1CJ(l+K1C1+K2C2), (1) 

-dCJdt = ksKtCJil+K^+KM, (2) 

where C is the concentration, t is the time, k is the rate con­
stant, and K is the adsorption equilibrium constant. Combin­
ing Eqs. 1 and 2 and defining R by 

Rx = -dCJCjdt, (3) 

R2 = -dC2jC2dt, (4) 

we obtain a relative rate expression such as 

R, KaJ\.o 

R1 kjKj. 
= log '2 0) log Cu 

<h 
(5) 

where subscript (i) refers to the initial state at t=0. Equation 
5 serves to calculate relative rates from competitive hydrogé­
nation data. 
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For more rigor, the role of hydrogen should be taken into 
account in Eqs. 1 and 2. However, we can ignore this 
because whatever the involved hydrogen kinetics, we are 
always led to Eq. 5 by cancellation. 

R e s u l t s 

Reaction Products. Wi th respect to the cis/trans 
ratio for the product alcohol, Pd was rather eis selective 
(c is%; 85 for 2 m , 73 for 2e, and 77 for 2p) . T h e 
other metals were less selective, and the observed cis% 
fell in the rather narrow range 58—73 for all the sub­
strates 2 m , 2e, and 2p. 

In the hydrogénation of 1 and 2 over Pt, more hydro­
gen was consumed than expected from stoichiometry 
for complete hydrogénation to the corresponding alco­
hols. This is probably due to accompanying hydro-
genolysis. However, the extent of hydrogenolysis did 
not exceed 5 % of the total conversion of the ketone. 
In the case of Pd, two unidentified gas chromatographic 
peaks (one from 1 and one from 2) developed as the 
hydrogénation proceeded, but each of the by-products 
was always less than 2 % of the corresponding alcohol. 
For the rest of the catalysts, there were no indications 
of any side reactions. Thus it is reasonable to evaluate 
R2fRx based on Eq. 5 which ignores side reactions. 

02 

CT 0-1 

o 

0 * • • • • 

0 0.01 0.02 0.03 

log c2(i)/c2 

Fig. 1. A typical linear plot according to Eq. 5, observed 
for 1 and 2e in competitive hydrogénation on Ir. 

Substituent Effects. The log-log plots drawn ac­
cording to Eq. 5 were linear, with the exception o f tha t 
for Pt catalyst, which exhibited a slight curvature. 
Figure 1 shows a typical l inear log-log plot observed 
on Ir . T h e values for relative reactivity R2jRi were 
determined from the slope of the straight lines or from 
the tangent to the curved line at zero conversion. In 
repeated runs using the same reaction mixture and cat­
alyst, the R2[Ri values observed were usually reproduci­
ble to within 5 % . All the R2jRx values for the same 
catalyst were averaged, and log(i?2/i?1) was plotted in 
Fig. 2a against the atomic radius of the catalyst metal. 
Here the atomic radius is one-half the internuclear 
distance between nearest neighbors in the metal crystal 

Ru Os Rh Ir Pd Pt Ru Os Rh Ir Pd Pt 

0.132 0.134 0.136 0.138 0.132 0.134 0.136 0.138 

Atomic radius ( nm ) 

Fig. 2. Alkyl substituent effects in cyclohexanone hydro­
génation. 
0 : 2 m , A : 2 e , n : 2 p . 
K: catalyst-dependent constant, a**: substituent con­
stant. 

which is stable under room conditions. In regard to 
the 2 m / l system, the general trend observed earlier 
(Fig. 2, Ref. 2) was reproduced here: the greater the 
atomic radius the greater the relative reactivity. In 
general the agreement on the R2mIRi value itself is fairly 
good between the present and earlier experiments. 

Of particular interest in Fig. 2a is the parallelism 
of the three correlation lines for the 2 m / l , 2e / l , and 
2p/ l systems with almost identical spacings. The 
distances between the adjacent data points for Ir also 
resemble these spacings. In what follows we are mainly 
concerned with explaining these apparent identities. 

D i s c u s s i o n 

Empirical Formulations. Figure 2b is a reproduc­
tion of Fig. 2a with omission of the data points. In 
order to derive an empirical expression for the observed 
relative rates, let us draw a reference line, shown as a 
dotted line in Fig. 2b : although the location and phys­
ical meaning of this reference line is defined later by 
our reaction model, at this point suffices it to say that 
the reference line lies between the horizontal line at 
log10(i?2/JR1)=0 and the correlation line for the 2 m / l 
system. We refer to the distance between the horizon­
tal and reference lines as K (catalyst-dependent con­
stant) and the distances between the reference and cor­
relation lines as a** (substituent constant): the sub­
script to Ö-** indicates the substituted ketone. Ob­
viously, the relative reactivity can be written as 

log10 (RJRJ = o** + K. (6) 

One may speculate that <r** is related to the substrate 
size and K to the catalyst property. I t will be demon­
strated below that such speculation may indeed be 
justified on the basis of the absolute reaction rate theory. 

Theoretical Treatment. Now we aim at deriving 
Eq. 6. The argument developed herein is not intended 
to be very rigorous. Since we are dealing with hetero­
geneous catalysis in the liquid phase, we will be forced 
to be rather speculative and to employ a few ad hoc 
approximations. One of the basic assumptions we 
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make is that when converted to the activated complex, 
ketones 1 and 2 are adsorbed on the catalyst and are 
" immobi le" with complete loss of translational and 
rotational freedom. 

In deriving Eq. 5 we have assumed that both 1 and 
2 are in adsorption equilibrium during reaction. Then, 
the overall hydrogénation rate must be controlled by 
one of the following steps : (i) the reaction of adsorbed 
ketone with adsorbed hydrogen to form a half-hydro-
genated intermediate, (ii) the reaction of this inter­
mediate with adsorbed hydrogen to form adsorbed alco­
hol, or (iii) the desorption of the adsorbed alcohol. If 
step (i) is rate-determining, the overall rate will be 
given by6) 

f* P ™ l=h 
kT 

dig _ r\/2n n k* 

_i^k = cu2c,cB— f* 

exp [HT)' (7) 

exp 
- g 2 

kT 

where factor kTjh has its usual meaning, f is the 
complete parti t ion function, F is the parti t ion func­
tion per unit volume, e is the apparent activation 
energy, i.e., the true activation energy subtracted by 
the heat of adsorption, subscript s indicates a vacant 
dual site that can accommodate both an adsorbed 
ketone molecule and a hydrogen atom, subscript / re­
fers to the liquid state, and superscript ^ indicates the 
activated complex. I t is to be noted that we are deal­
ing with competitive reactions and that 1 and 2 are 
not very much different in molecular size. This permits 
us to make an approximation that the adsorption site 
s is common to reactions of both 1 and 2. Hence we 
can regard quantities Cs a n d / s as identical for Eqs. 7 
and 8. Combining Eqs. 7 and 8 and referring to Eqs. 3 
and 4 we have 

Even if we consider step (ii) or (iii) as the rate-determin­
ing, we will still be led to Eq. 9 by cancellation. Thus, 
Eq. 9 can be regarded as a general expression which 
is applicable to different kinetics or different rate-de­
termining steps. 

Since the activated complex has been assumed to 
possess no translational and rotational freedom, we need 
to consider merely its vibration. Thus 

r=ft*. (io) 
We are not aware of any theories of liquids which permit 
us to formulate Ft exactly. However, what is needed 
herein is merely the ratio Fxuj/iVo, not the Ft formulation 
itself. The ratio can be estimated by an extension of 
Keii 's idea.7) As a rough approximation, let us suppose 
that Henry's law holds for the dissolution of 1 and 2 
in cyclohexane and also that the Henry's-law constant 
is the same for these two ketones. Then 

Fiü)/F2(o = ^i(g)/^2(g)3 ;n) 
where subscript g refers to the gas phase. The sub­
stitution of Fg for Fi underlies the conventional theo­
retical treatments of isotope effect problems in l iquid 
phase reactions. A fair success in such treatments8»9) 
gives indirect further support to Eq. 11. The Fg is 
usually expressed by 

where m is the mass, / is the product of the three prin­
cipal moments of inertia, and o is the symmetry number . 
Applying Eq. 12 to both ketones 1 and 2, taking Eqs. 9, 
10, and 11 into account, and omitt ing the symmetry 
number10) we obtain 

m2 

3/2 

m s d - H ^ 1 } - <i3> 
Let us consider the magnitude of the quanti ty in the 
square brackets. Most stretching and bending mo­
lecular vibrations related to the C - C , C - H , and C = 0 
bonds absorb at frequencies higher than 1000 c m - 1 , and 
hence their contributions to the parti t ion function are 
negligible. Some skeletal and adsorption-bond vibra­
tions probably absorb at lower frequencies, thus con­
tributing somewhat to the parti t ion function. How­
ever, these contributions are expected to cancel out 
almost completely in the square brackets. Therefore, 
it might not be a serious error to set the quanti ty in 
the square brackets equal to unity. Based on this ap­
proximation Eq. 13 can be reduced to 

3 1 
logio (RJRi) = Y l o g l ° (wi/™2) + ~2 lo§io Ci/A) 

2.303kT' 
(14) 

RJRi = (Flü)f*jF2{l)f+) exp { - (ez-eJ/kT}. (9) and 

The first and second terms of the right side of Eq. 14 
depend only upon the substrates, while the third term 
probably reflects the catalyst property. O u r empirical 
expression 6 becomes identical to the theoretical Eq . 14, 
if we put 

a** - _ iog l0 (mjm^ + -j log« (A/A). (15) 

K = - ( e 2 - e 1 ) /2 .303^r . (16) 

Substituent Constants. As evident from Eq. 15, a** 
depends only upon the m and / values of the substrates 
under comparison. In order to calculate / exactly, all 
the probable conformations of the cyclohexanone ring 
and the substituted alkyl group should be considered 
with the appropriate statistical weight. However, ow­
ing to a lack of necessary data for such a rigorous treat­
ment, we had to be content with an approximation 
in which only the most likely conformation is considered. 
The actually assumed conformation was the chair form 
with the alkyl substituent in the equatorial position. 
For the sake of convenience, all the carbon atoms of 
the substituent were set so as to lie in the C ( 2 ) - C ( l ) = 0 
plane. The bond lengths and bond angles used were: 
r ( C = C ) = 0 . 1 2 4 n m , r(G-G) = 0 . 1 5 4 nm, r(C-H) =0 .109 
n m ; # C ( 2 ) - C ( 1 ) - C ( 6 ) } = 1 1 7 ° , # C ( 1 ) - C ( 2 ) - C ( 7 ) } = 
113.25°, any other ci ( C - C - C ) = 109.5°, ç>(H-C-H) = 

TABLE 1. THEORETICAL VALUES FOR Ö-** 

Paired 
substrates 

5. mx y l o g u 7 - a ** 

2m/l 
2e/l 
2p/l 

-0.087 
•0.16 
•0.23 

- 0 . 2 0 
- 0 . 4 1 
- 0 . 6 1 

- 0 . 2 9 
- 0 . 5 7 
- 0 . 8 4 

( « 
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109.5°. The details of / calculations based on these 
data will be published elsewhere, and the Ö-** values 
and related da ta are summarized in Table 1. 

Turn ing back to F ig . 2b, it is seen that one can cal­
culate A<7** values (#**— <?*£ and a**— of*) from the 
experimental data . In Table 2 the experimental and 
theoretical Aa** values are compared. The agreement 
between theory and experiment is remarkable except 
for Pd. The exceptional result with Pd is not un­
expected since the reaction mechanism is complex for 
this metal.11-13) 

TABLE 2. COMPARISON OF EXPERIMENTAL AND 

THEORETICAL A ö - * * 

Atf** 
Catalyst 

r R u 
Rh 
Pd 
Os 
Ir 
Pt 

I Averagea) 

Eq. 15 

<#•*-*££ 
- 0 . 2 7 
- 0 . 2 5 

(-0.074) 
- 0 . 2 7 
- 0 . 2 8 
- 0 . 2 7 
- 0 . 2 7 
- 0 . 2 8 

<rf?-o*£ 
- 0 . 5 4 
- 0 . 5 4 

(-0.153) 
- 0 . 5 3 
- 0 . 5 5 
- 0 . 5 6 
- 0 . 5 4 
- 0 . 5 5 

a) Averaged over all the metals except Pd. 

Catalyst-Dependent Constant. We are now brought 
to the question why K is invariant among the three 
reaction systems: 2 m / 1 , 2e / l , and 2p / l . This con­
stancy means that s is the same for the three 2's. The 
constancy of e is explained by assuming a particular 
model for the activated complex of 2 that is adsorbed 
on the catalyst. Figure 3 illustrates the assumed model. 

^-catalyst surface for 2 

Fig. 3. Adsorption model for substituted (2) and unsub-
stituted cyclohexanone (1). R = H, methyl, or ethyl. 

Impor tant in this assumption is that in the case of 2 m 
one hydrogen at the C(7) position points away from 
the catalyst surface while the other two hydrogens point 
toward it. I t must be this "point ing away" hydrogen 
that is replaced by a methyl or ethyl group upon going 
from 2 m to 2e or 2p. In this situation, no significant 
difference is expected among these 2's either in the heat 
of adsorption or in activation energy. As for 1, how­
ever, it lacks the excess repulsive interaction between 
the substituent and the catalyst surface. Consequently, 
as shown in Fig. 3, the adsorption bond for 1 is probably 
shorter and hence stronger compared with that for 2. 

For both 1 and 2, there must be two different forms 
of adsorption depending upon which face of the six-
membered ring is directed toward the catalyst surface. 

By cis-addition of two hydrogen atoms from the catalyst 
side, one form is converted to the eis alcohol, and the 
other to the trans alcohol. In general both forms must 
be quite different from each other in adsorption strength. 
Thus, in principle, one should treat the rates of cis-
and trans-alcohol formation separately in a theoretical 
consideration such as the one we made above. Never­
theless, we have been quantitatively successful in Aa** 
correlation without such a separation. This is pre­
sumably aided by the observed fortuitous practical 
constancy of cis/trans ratio for different substrate ketones. 

Concluding Remarks. Looking back at Eq. 14, let 
us remember that relative reactivity R2jRx in a com­
petitive reaction depends only upon the masses and the 
moments of inertia provided that e 1 =e 2 . Such con­
ditions would be brought about if the substituent 
neither affects the functional group nor interacts with 
the catalyst surface. In other words, these conditions 
will be realized when the polar, steric, and "anchor" 
effects of the substituent are absent or negligible. The 
requirement for such substituent inertness may be ful­
filled by an inactive substituent like alkyls unless they 
interact with the catalyst surface upon adsorption. 
Thus, the theoretical treatment presented in this paper 
would be expected to find a wider use even beyond 
ketone hydrogénation. 

Measuring R2/Ri at various temperatures would pro­
vide a means to test the validity of our reaction model 
and its theoretical t reatment: in Eq. 14 \og(R2IR1) 
should vary linearly with the reciprocal of absolute 
temperature if s^s^ and be temperature independent 
if e1=£2. 

We are indebted to Mr . Okio Nomura of this la­
boratory for his help in deriving Eq. 14 and in making 
numerical calculations of the moment of inertia. It is 
a pleasure to acknowledge the helpful discussions with 
Dr. Takayoshi Kobayashi and Mr. Yasuaki Kawamura, 
both of this Institute, Professor Samuel Siegel of Uni­
versity of Arkansas, and Professor Robert W. Taft, Jr. , 
of University of California at Irvine. Thanks are also 
extended to Dr. John M . Morris of University of 
Melbourne and Dr. F. Scott Howell of Sophia Uni­
versity for their linguistic comments on the original 
manuscript of this paper. 
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Estimations during Competitive Hydrogénation of 

Cyclohexanone and Its 2-Alkyl Derivatives 
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Cyclohexanone (1) and its 2-alkyl derivatives (2-methyl-, 2-ethyl-, and 2-propylcyclohexanone (2m, 2e, and 
2p)) were hydrogenated both individually and competitively in pairs (1 + 2) in cyclohexane using Ru/Al203, 
Rh/Al203, and Pt/Al203 as catalysts. For all the catalysts, the reaction rates in competitive reaction decreased 
in the sequence, l^>2m^>2e^>2p, while those in individual reaction were in the relation, l^>2mÄ>2e^2p. By 
the analysis of these kinetic data, the relative values of adsorption equilibrium constants have been estimated for 
2m, 2e, and 2p. These experimental values are in good agreement with' the theoretical ones which have been 
derived on the basis of statistical mechanics using an adsorption model characterized by immobile adsorption of 
the substrate ketones. 

The first1) and third papers2* of this series dealt with 
alkyl substituent effects in cyclohexanone (1) hydro­
génation catalyzed by pla t inum group metals. The 
substituent effects were studied by means of competitive 
hydrogénation of 1 and its alkyl derivatives (2-methyl-, 
2-ethyl-, and 2-propylcyclohexanone abbreviated sub­
sequently to 2 m , 2e, and 2p) . The logari thm of the 
observed relative rates was expressed as the sum of sub­
stituent constant ff** and catalyst-dependent constant fc; 

logic (Ä«/*i) = *** + *• (1) 

A theoretical relative-rate expression corresponding to 
this empirical one (1) was derived on the basis of 
Eyring's rate equation using a simple reaction model 
in which the substrate ketones lose the translational and 
rotational freedom at the transition state. Comparing 
the empirical and theoretical relative-rate expressions, 
<?** was quanti tat ively correlated as a function of the 
mass and the moment of inert ia of the two substrate 
ketones under comparison. O n the other hand, it is 
generally accepted in heterogeneous catalysis that the 
relative rate RJRi in competitive reaction can be ex­
pressed as 

* « / * ! = (*«/*l)(*| /*l) , (2) 

where k is the rate constant referred to the unit fraction 
of the surface covered and K is the adsorption equili­
br ium constant. 

Thus we can now question whether k^kx or K2\KL makes 
the chief contribution to <?**. The main purpose of 
the present work is to resolve this question by estimat­
ing these relative values. The results are considered 
in the light of a statistical-mechanical t reatment of 
adsorption equilibrium. 

I t is more or less conventional to compare the ad­
sorption of the two reaction substrates by subjecting 
them to both individual and competitive reactions and 
by analyzing the obtained comparative data. This 
conventional technique was used in the present work. 
The catalysts chosen were R u / A l 2 0 3 , R h / A l 2 0 3 , and 
P t /Al 2 0 3 , all in the form of pellets. At the begin­
ning, adsorption estimations on the same powder metal 
catalysts that were used in the previous work were at­
tempted but failed owing to the difficulty in obtaining 
a good reproducibility in catalytic activity. 

Exper imenta l 

Materials and Apparatus. Commercial cyclohexane 
(Wako Pure Chemical Ind., "Special grade") was used as 
received. Compounds 1 and 2m were also commercial prod­
ucts and distilled before use. The preparation of 2e and 2p 
has been described previously.2) The catalysts chosen were 
Ru/Al203, Rh/Al203, and Pt/Al203, each containing 0.5 wt % 
of the metal. They were all purchased from Engelhard In­
dustries in the form of pellets ( 1 /8 inch diameter). The glass 
reaction vessel has already been illustrated in detail.1* 

Kinetic Procedure. In order to obtain reliable kinetic 
data from a series of individual reaction runs using the same 
kind but different batches of catalyst, the catalytic activity 
must be very similar for all the runs. Such a requisite was 
realized by pretreating the catalyst in the following fashion. 
One to ten catalyst pellets were weighed into a small glass 
test tube, and about 10 ml of cyclohexane was added. The 
test tube was placed in a 100-ml autoclave. The autoclave 
was charged with hydrogen to about 80 atm, heated to 80 °C, 
and allowed to stand at that temperature for 20 min with 
occasional gentle swirling by hand. No significant hydrogen 
consumption was observed during this pretreatment. 

Then, the catalyst pellets were transferred to the glass re­
action vessel pre-charged with cyclohexane that had already 
been made air-free by hydrogen flushing, care being taken to 
minimize the time of exposure of the catalyst to air. The 
reaction vessel was connected to a hydrogen reservoir and 
flushed repeatedly with hydrogen. Freshly distilled 1 and/or 
2 were introduced into the reaction vessel by a syringe. The 
volume of the reaction solution thus prepared was made to be 
exactly 5 ml by adjusting the volume of the cyclohexane pré­
charge and by standardizing the flushing procedure. The 
reaction was allowed to start by shaking the reaction vessel 
at 30 °C and in hydrogen of atmospheric pressure, and the 
reaction mixture was sampled at appropriate time intervals 
for the following 2 h (up to a conversion of ca. 5%). The 
activity of all the catalysts remained constant during this 
initial period of reaction. The reaction mixtures sampled 
were analyzed using a gas Chromatograph. 

R e s u l t s 

Relative Rates. Under our reaction conditions the 
rate of individual hydrogénations of 1 or 2 was propor­
tional to the catalyst weight but unaffected by the fre-
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Competil 

Ketone 
pair 

l + 2m 
l+2e 
l + 2 p 

l + 2 m 
l + 2 e 
l + 2 p 

l + 2m 
l + 2e 
l + 2p 

tive reaction 

RJR, 

0.086 
0.051 
0.029 

0.134 
0.072 
0.040 

0.45 
0.23 
0.13 

TABLE 1. THE OBSERVED RATES 

Ketone 

1 
2m 
2e 
2 P 

1 
2m 
2e 
2p 
1 
2m 
2e 
2p 

lO 8 ^ 
mol/s g-

0.5a> 

3.63 

21.7 

60 

Individual 

cat 

3.27 

18.2 

58 

reaction 

106R2 

mol/s g-

0.5a> 

1.40 
1.57 
1.38 

9.2 
9.7 
7.8 

30 
33 
30 

r 

cat 

1.40 
1.55 
1.38 

8.0 
10.0 
9.2 

30 
32 
27 

Ä . W 

0.41 
0.45 
0.40 

0.43 
0.49 
0.43 

0.51 
0.55 
0.48 

Catalyst 

Ru/Al203 

Rh/Al203 

Pt/Al203 

a) Initial concentration of substrate ketone in mol/1. 

quency at which the reaction vessel was shaken. I t 
has also been observed that the hydrogénation rate is 
practically independent of ketone concentrations down 
to 0.5 mol/1 or less for all the catalysts. The data on 
individual hydrogénations in Table 1 were all obtained 
in this concentration-independent region. Let us as­
sume that R{, the rate of individual hydrogénation of 1, 
may be expressed by 

Rx' = klK1Cxl{\+K1C1), (3) 

where k is the rate constant. From the above-men­
tioned zero order kinetics in Cl5 it follows that KXC^>\ 
in Eq. 3. Thus we have 

Rx> = kv (4) 

Since the same argument holds for ketone 2, we are led to 

R2'jRx' = *•/*!• (5) 

Numerical values for R! were all estimated from the 
linear plot of product alcohol concentrations against re­
action time. I t is to be noted that Ä, ' represents the 
sum of the rates of eis- and trans-alcohol formation. 
The observed cis/trans ratio of product alcohols did 
not significantly differ for the three substrate ketones 
on a certain catalyst. 

The observed values for Rx and R.2' are given in 
Table 1. Interestingly enough, on each catalyst the 
R2' values for 2 m , 2e, and 2p agree to within experi­
mental error. In contrast i ? / is twice as great as R2'. 

Also included in Table 1 are the RJRi values, the 
relative rates in competitive reaction. The two charac­
teristic features observed previously for unsupported 
metal catalysts were reproduced here with the A1203-
supported catalysts. One of them is that , for all the 
catalysts, i?2/-^i decreases in the sequence 2 m > 2 e > 2 p , 
i.e., as the substituent size becomes larger. The other 
is that the R^jRx value for a part icular 2 decreases in 
the sequence P t /Al 2 0 3 , Rh /Al 2 0 3 , R u / A l 2 0 3 , i.e., in the 
order of decreasing atomic radius of the catalyst metals. 
This indicates that the alkyl substituent effect in cyclo-
hexanone hydrogénation is more pronounced for a 
metal having a shorter atomic radius. 

Relative Adsorption. Let us derive equations 
which will serve to obtain some relative adsorption data . 
Applying Eqs. 2 and 5 to the l - 2 m pair system and 
combining the resulting equations yields 

log (KtJKJ = log (R2JRt) ~ log (Ä£m/Ä/). (6) 

Similarly for the l -2e pair system we have 

log {KJKX) = log (RJRJ - log (ÄJ./Ä/). (7) 

In these two equations we can equate the last terms 
to each other, as the fair agreement was obtained be­
tween R'2m and R'2e. Then, from Eqs. 6 and 7, 

log (K2JK2J = log (RJRJ - log (R2JRX). (8) 

Analogous considerations with respect to the l - 2 m and 
l -2p pairs lead to 

log (K2p/K2J = log (RJRJ - log (/?2m/*i). (9) 

Equations 8 and 9 indicate that the relative adsorption 
equilibrium constants can be estimated experimentally 
using the relative rate da ta listed in Table 1. The re­
sults of actual calculations are given in Table 2 under 
the heading "Observed." 

T A B L E 2. OBSERVED AND CALCULATED RELATIVE 

ADSORPTION EQUILIBRIUM CONSTANTS 

Catalyst 

Ru/Al203 

Rh/Al203 

Pt/Al203 

m/ 
ioElo(K2plK2m) 
loglo(^2e/^2m) 
loglo(^2p/^2m) 

^°Elo{K2elK2m) 
loglo(^2p/^2m) 

Obsd 

- 0 . 2 4 
- 0 . 4 6 

- 0 . 2 7 
- 0 . 5 3 

- 0 . 2 8 
- 0 . 5 4 

Calcd 

- 0 . 2 8 
- 0 . 5 5 

- 0 . 2 8 
- 0 . 5 5 

- 0 . 2 8 
- 0 . 5 5 

D i s c u s s i o n 

We intend herein to derive theoretical expressions 
corresponding to Eqs. 8 and 9, based on statistical mech­
anics employing a simple model for competitive ketone 
adsorption during hydrogénation. Let us recall that 
our reaction systems consist of a solid catalyst and a 
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cyclohexane solution of 1 and 2 under hydrogen of 
atmospheric pressure. We assume that dur ing reac­
tion both 1 and 2 are in adsorption equilibrium com­
peting for the same adsorption sites. We also assume 
that the adsorption of the solvent and the product alco­
hols is negligible. The latter assumption seems reason­
able in view of the use of nonpolar cyclohexane as the 
solvent and of our concern about only the initial stage 
of reactions up to a conversion of 5 % . 

Employing the Langmuir adsorption model, the part i­
tion function Qa for the adsorbed phase is given by 

&a = {L\IMX\M2\{L-Mx-M2)\}q^q^, (10) 

where L is the number of adsorption sites, M is the 
number of adsorbed molecules, q is the molecular part i­
tion function, and subscript a refers to the adsorbed 
state. T h e chemical potential of adsorbed molecules 1 
is expressed as 

A u = {-dkT\nQ,JdMx)LtMttTtT 

= -kT{-\nMx + ln(L-Mx-M2)+lnqx(&)}. (11) 

Similarly for adsorbed molecules 2, 

/*2(a) = -kT{-\nM2 + ln(L-Mx-M2)+lnq2U)}. (12) 

O n the other hand, the part i t ion function Q_t for a 
ternary solution containing Nx, N2, and iV s ( o l v e n t ) mo­
lecules of the indicated constituents is approximately 
described by3 '4) 

Q-i — N \N \N* ft«>ft«)ft«)> (13) 

where the subscript I refers to the liquid state. Based 
on Eq. 13 the chemical potentials of 1 and 2 in the solu­
tion are given by 

A(0 = -kT{\n (NX + N2 + NB)-In Nx + lrxqx(l)} (14) 

and 

ft2ü) = -kT{\n (NX + N2 + NB)-In N2 + lnq2(l)}. (15) 

Since at adsorption equilibrium the relations 

Ml(0 = Mltoi M2Ü) = i"2Ca) (16) 

hold, Eqs. 11, 12, 14, and 15 yield 

M2/N2 ^ K^ _ ft(»ft(a) /17N 
MJNX Kx ?2 a )? l ( a ) " 

We now come to the problem of how to express the 
molecular part i t ion functions in Eq. 17. If the adsorbed 
1 and 2 are immobile with loss of translational and 
rotational freedom, only <7vib (ration) should be con­
sidered. Thus 

ft (a)/ft (a) = ( f t . v lbw/ f t , v lb to ) e X P { - (W2-Wl)lkT}} (18) 

where w is the heat of adsorption. O n the other hand, 
until now no theories of liquids have been developed 
which allow one to express exactly the molecular part i­
tion function q for a molecule in the liquid phase. As 
an approximation, however, it is often assumed that 
the internal molecular motions of a molecule in the 
liquid phase are identical with those of the same mo­
lecule in the gas phase.5 '6) Employing this assumption 
for our reaction solutions would not be seriously in error, 
because nonpolar cyclohexane is used as the solvent 
and we eventually deal with only relative values of like 

olecules. T h e problem of seeking a qz expression now 

reduces to that of evaluating merely the translational 
parti t ion function qtru)- According to Eyring and 
Hirschfelder5) qtru) can be expressed as #trCgas) t r m e s 

v{, where vf represents the free volume. Then we have 

ft = 
ÇbimkT)V* ün*(frfiI)V*(kTyi* 

oh3 ftlbs (19) 

where m is the mass, / is the product of the three prin­
cipal moments of inertia^ and o is the symmetry number. 
Applying Eq. 19 to both ketones 1 and 2 we obtain 

ft») = (m2y
/2f i2 \ i / 2 / ^ , 2 \ / f t , v i b \ , 2 0 ) 

ft CD \mll \ h I \ »M / \ ft.vlb / 
where the symmetry numbers are omitted since we are 
eventually concerned with rate processes.7»8) An ap­
proximation 

»M = »f.2 (21) 

reduces Eq. 20 to 

ftü) - m'w 1/2 
ft.vlb 

ft.vib 
(22) 

Alternatively, one can derive Eq. 22, as was done in the 
preceding paper,2) by assuming Henry's law and the 
identical Henry's-law constants for the dissolution of 1 
and 2 in cyclohexane. Inserting Eqs. 18 and 22 into 
Eq. 17 yields 

Kx \m2) \ I2 ) \ q2>yibqx^ 

-(w2-wx) 

,vlb(a) 

,vib(a) 

X exp kT 
(23) 

Applying Eq. 23 to substrates 2 m and 2e and combining 
the resulting equations gives 

K2e _ I m2m\3'2/ I2m \1/2/<?2m,vibfte,vlb(a) \ 
K2m \ m2e I \ he I \ fte,vibftm,vib(a) / 

-(w2&-w2m) 
X exp kT 

(24) 

In Eq. 24 we assume as an approximation tha t 

^2m = W2e> (25) 

ftm,vlbfte,vib(a)/fte,vib?2m,vib(a) = 1- (26) 

Approximation 25 is consistent with the observed iden­
tity -ß '2m=^'2e because this identity can be interpreted 
as indicating that 2 m and 2e are similar not only in 
the transition state but also in the adsorbed state. Ap­
proximation 26 also seems to be justified based on this 
resemblance in the adsorbed state although we can 
hardly develop rigorous arguments based on the concept 
of normal vibrations. Let us divide each substrate mo­
lecule into two par ts : the carbonyl group and the rest. 
The rest par t would undergo little or no change when 
the substrate molecule goes from the dissolved to the 
adsorbed state. Thus, merely considering the carbonyl 
group will suffice for estimating the value for the left-
hand side of Eq. 26. Wi th this in mind we could equate 
?2m.vib t o ?2e.vib since there seems to be no significant 
difference between 2 m and 2e in the nature of the 
carbonyl group. Nor can we expect any significant 
difference between <?2m.vib(a) a n d </2e,vib(a) m view of 
the above-discussed resemblance between the adsorbed 
2 m and 2e. Thus we are led to approximation 26. 
Approximations 25 and 26 reduce Eq. 24 to 
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log (KJK2m) = A log (m2m/m2e) + j log (72m//2e). (27) 

By applying a similar argument to the 2m-2p pair 
system we are led to 

log (K2JK2J = | log (m2m/m2p) + i - log (J2m//2p). (28) 

Equations 27 and 28 correspond to Eqs. 8 and 9, re­
spectively. In Table 2, the theoretical values for rel­
ative adsorption equilibrium constants predicted by Eqs. 
27 and 28 are compared with the observed values based 
on Eqs. 8 and 9. The agreement between theory and 
experiment is excellent. 

Concluding Remarks. The most important experi­
mental results are summarized in two reactivity se­
quences : l^>2m^>2e^>2p in competitive hydrogénation 
and l>2m«*2e<sw2p in individual hydrogénation. The 
identity of the three 2's in the latter sequence suggests 
that the reactivity of the carbonyl group itself and the 
interaction of the substituent with the catalyst surface 
remain unchanged when the methyl is replaced by the 
ethyl or propyl group. In other words, these three 
substituents are very similar in their chemical nature, 
and can be considered as "pseudo-isotopes." The ob­
served reactivity sequence in competitive reaction is 
regarded as reflecting the effect of these pseudo-isotopes 
upon substrate adsorption. Indeed, the results in com­
petitive reaction have been quantitatively accounted for 
based on this concept by means of a statistical mecha­

nical t reatment. As for the immobile adsorption model 
employed in this theoretical treatment, it was referred 
to by Glasstone et ä/.9> as early as 1941 as the "entropy 
of activation in adsorption." 

We thank Dr. F. Scott Howell of Sophia University 
for his linguistic comments on the original manuscript 
of this paper. 
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or/Äo-Disubstituted F-Benzenes. I. Preparation of (F-Benzo)heterocyclic 
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With the intention of achieving the selective ortAo-disubstitution of F-aniline via intramolecular nucleophilic 
cyclization, syntheses of some requisite intermediate (F-phenyl) amino compounds and (F-benzo) heterocyclic 
compounds were investigated. 2-Phenyl-F-benzoxazole, 2-phenyl-F-benzimidazole, and 2,3-dihydro-l,4-(F-denz)-
oxazin-3-one were obtained from the respective precursors: benz-F-anilide, iV-(F-phenyl) benzami dine, and hy-
droxyacet-F-anilide. 2-Phenyl-F-benzothiazole was obtained by treating benz-F-anilide with phosphorus penta-
sulfide. Hydrolytic dehalogenation of haloacet-F-anilide failed to give hydroxyacet-F-anilide, but it was obtained 
successfully by catalytic debenzylation of benzyloxyacet-F-anilide. The reactions of iodoacet-F-anilide with 
silver nitrate and acetate yielded 2-nitrate and 2-acetate, respectively. The reaction with diamminesilver(I) 
nitrate resulted in a reductive deiodination which gave acet-F-anilide. This exceptional reactivity was ascribed 
to the strong electron-withdrawing effect of the F-phenyl group. 

There have been reports of several procedures for 
at taining or/Ao-disubstituted F-benzenes j1) rather inac­
cessible starting substances were used, however.2) The 
reactions of monosubstituted F-benzenes with nucleo-
philes yielded predominantly />ara-disubstituted deriva­
tives.3) The or^o-disubstitution by nucleophilic reac­
tions occurred only in a few cases where the attacking 
nucleophile was chemically bonded to the preceding 
substituent group so as to be oriented to the ortho-
position.4) This might constitute another useful pro­
cedure for obtaining or^Ao-disubstituted benzenes from 
readily available monosubstituted ones, if a wide varie­
ty of actual or potential nucleophiles could be bonded 
to the preceding substituent. The nucleophiles include 
not only actual nucleophilic agents but also their pro­
tected derivatives and the functional groups which are 
readily convertible to effective nucleophilic agents. As 
shown in Scheme 1, the nucleophile to be introduced 
into the ortho-position is linked to the substituent with 
one to three atoms in between, so that a five- to seven-
membered heterocyclic ring is formed as an inter­
mediate by nucleophilic cyclization. The resulting 
heterocyclic ring is cleaved to the final ortho-dhub-
stituted F-benzene.5>6) 

Scheme 1. 

This paper will report on the F-benzo-heterocyclic 
compounds and precursory (F-phenyl) amino com­
pounds which were obtained in the course of the in­
vestigation of the or^o-substitution on F-aniline (1) via 
intramolecular nucleophilic cyclization. 

R e s u l t s a n d D i s c u s s i o n 

Preparation of Precursory (Y-Phenyl) amino Compounds. 
Nucleophiles such as amine nitrogen, oxylate oxygen, 

t Presented in part before the 8th International Sympo­
sium on Fluorine Chemistry at Kyoto, Japan, 1976. 

and thiolate sulfur are regarded as the most effective 
cyclizing agents for replacing the fluorine atom on an 
F-phenyl nucleus. On the other hand, F-aniline nitro­
gen is also an actual nucleophile, and the linkage for­
mation of F-aniline onto a ligand to prepare the pre­
cursory (F-phenyl) amino compounds can be achieved by 
nuclephilic attack of F-aniline nitrogen onto the carbo-
cationic site of a ligand carrying a nucleophile, In a 
reaction of this type, the oxygen nucleophile has to be 
protected in the form of a carbonyl, ester, ether, or 
some other group containing oxygen, lest it should 
interfere with the F-aniline nitrogen nucleophile. The 
terminal halides can also be taken as equivalents, be­
cause they are hydrolyzable into a hydroxyl group. 

mmi J S L ®*t 
( 1 ) ha l = CI or Br ( 2 ) J R = C ^ ( 5 ) : R = C H j O C ^ C g ^ 

( 3 ) : = CH2CI ( 6 ) ; = OCjHg 

( 4 ) ; * CHjBr 

Scheme 2. 

Acylation was one of the most convenient methods 
to afford the requisite precursors. F-Aniline (1), whose 
amine nitrogen is much less basic than the ordinary 
one,7) reacted with various acyl halides to give the 
corresponding amides (2—5) and carbamate (6) in a 
similar manner to that for ordinary aromatic primary 
amines. The reactions proceeded in the presence of 
bases such as pyridine or aqueous alkali generally in 
good yield. 

< 1 ) ( 7 ) 

Scheme 3. 

Upon ethoxycarbonylmethylation on the amine nitro­
gen, F-aniline had to be activated by deprotonation ; 
in practice, chloroacetate gave N- (F-phenyl)glycinate 
(7) by being refluxed with sodium hydride in D M F . 
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( 0 f N H 2 + C6H>CN ( 0 T NC-C6H5 

( 1 ) (ft) 
Scheme 4. 

The reaction with the nitrile carbon proceeded by the 
protonation of the nitrile; thus benzonitrile afforded 
iV-(.F-phenyl)benzamidine (8) in the presence of an­
hydrous /»-toluenesulfonic acid.8) 

Intramolecular Nucleophilic Cyclization. The car-
bonyl oxygen in benz-F-anilide (2) and the imino nitro­
gen in benzamidine (8) could work as nucleophilic 
agents at the cyclization step. Upon being refluxed 
in the presence of sodium hydride in D M F , these two 
compounds gave strongly fluorescent 2-phenyl-F-benz-
oxazole (9) and 2-phenyl-F-benzimidazole (10), re­
spectively, presumably by the nucleophilic attack of 
anionic intermediates to the or^o-fluorine on the F-
phenyl nucleus. Since acet-F-anilide (11) yielded 2-
methyl-F-benzoxazole (12) in much lower yield,9) the 
phenyl group on the side chain favored the intramo­
lecular cyclization reaction, probably due to the steric 
effect of its bulkiness and the resonance stabilization of 
the conjugated structure of the benzylideneamine type. 
The same effects have been invoked, in part , to explain 
the similar trend in the relative ease of formation of 
polyfluorinated benzofuran and indole derivatives from 
the base-catalyzed cyclization of the precursory ß-(F-
phenyl) ketones.1 °) 

(2): x = o (9): x = o 
( 8 ) ; =NH 00): »NH 

Scheme 5. 

Introduction of sulfur atom as a nucleophilic agent 
was effected by replacing the carbonyl oxygen of benz-
.F-anilide (2) by refluxing with phosphorus pentasulfide 
in pyridine. The reaction proceeded to give directly 
the cyclized 2-phenyl-F-benzothiazole (13), without 
isolation of an expected intermediate, thiobenz-F-anilide 
(14). 

( 2 ) (U) (13) 

Scheme 6. 

The present heteroaromatic compounds were isolated 
in fairly good yields, but against our purpose they were 
so stable that the cleavage of these five-membered rings 
was unsuccessful. 

H 

( 5 ) (15) (16) 

Scheme 7. 

Formation of six-membered heterocyclic rings was at­
tained by the cyclization of hydroxyacet-jp-anilide (15), 
which was derived from benzyloxyacet-F-anilide (5) by 
reductive debenzylation. Nucleophilic cyclization of 
the 2-hydroxy compound (15) gave 2,3-dinydro-l,4-(F-
benz)oxazin-3-one (16) by way of alcoholate anionic 
intermediate. The ring fission of this compound seems 
more facile than the simple 2,3-dihydro-l,4-(.F-benz)-
oxazine (17), whose heterocyclic ring could not be 
cleaved.5) 

o 
(3 ) : hat = Cl 
U ) I = Br (1ft) 

09): * i 

Scheme 8. 

Reactions of Haloacet-F-anilides with Nucleophiles. 
Searching for a shorter route from F-aniline to the 2-
hydroxy compound (15), we at tempted to hydrolyze 
haloacet-i^-anilides under various conditions. In the 
reactions of chloroacet-F-anilide (3) with potassium 
carbonate in anhydrous D M F , as well as that of bromo-
acet-F-anilide (4) with te t rabutylammonium hydroxide 
in a benzene-water mixture, the only isolated solid pro­
duct was l,4-di(F-phenyl)-2,5-piperazinedione (18). 
The at tempted hydrolysis of haloacet-F-anilides (3) and 
(4) to the 2-hydroxy compound (15) in aqueous alkaline 
media afforded no definite products. Iodoacet-i*1-
anilide (19), which was derived from chloroacet-i*1-
anilide (3) by treatment with sodium iodide in acetone-
gave the same result as above when treated with alkali 
in an aqueous solvent. In the reactions with silver 
nitrate and acetate, the haloacet-F-anilides (19) and (4) 
gave the respective esters (20) and (21). Hydrolytic 
fission at the O - N or O-G bond of the esters, however, 
did not proceed either in acidic or in basic media ; in­
stead the amide N - C bond was cleaved to give the 
parent F-aniline (1). 

H H 
f ^ r - N - c o A 9 ° X f^V N ^CO hydrolysis f^v -NHj 
W CH2hc, W CH20X ^ „ ^ W 

( A ) : hal = Br (21): X = COCH3 ( 1 ) 

(i9): = 1 (20): = NO2 

Scheme 9. 

O n the other hand, when treated with diamminesil-
ver(I) in aqueous T H F at room temperature in the 
dark, the 2-iodo compound (19) afforded unexpectedly 
acet-F-anilide (11), accompanied by immediate precip­
itation of yellow silver iodide, the yield being almost 
quantitative. This reductive dehalogenation seemed to 
proceed specifically in aqueous T H F ; otherwise, for 
example in aqueous dioxane, the 2-iodo compound (19) 

f Ä r ^ C O Aq(NH3)2N03 r ^ r ^ C O 
l @ J CH2I aq.THF ' l @ ) CH3 

(19) (ID 
Scheme 10. 
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g a v e on ly t h e p i p e r a z i n e d i o n e d e r i v a t i v e (18) in p o o r 
y i e ld . 

T h i s u n u s u a l r e a c t i v i t y of t h e i o d o a c e t - F - a n i l i d e (19) , 
i n c o m p a r i s o n w i t h u n f l u o r i n a t e d iodoace tan i l ide , 1 1 ) 
sugges ted t h a t t h e F - p h e n y l g r o u p e x e r t e d i ts e l ec t ron -
w i t h d r a w i n g effect u p t o t h e y -pos i t i on . E v i d e n c e 
m i g h t b e a d d u c e d for th i s i n t h e r e a c t i o n of d i ( F - p h e n y l ) -
m e t h y l b r o m i d e 1 2 ) a n d b r o m o m e t h y l F - p h e n y l ke tone 1 3 ) 
w i t h nuc l eoph i l e s . F u r t h e r s tud ies of t h e c l e a v a g e of 
t h e h e t e r o c y c l i c r i ngs a n d t h e effects of t h e F - p h e n y l 
g r o u p a r e u n d e r w a y i n th i s l a b o r a t o r y . 

E x p é r i m e n t a 1 

Melting points were uncorrected. I R spectra were ob­
tained with a J A S C O DS-403G spectrometer. 1H-chemical 
shifts were recorded on a Var ian A-60 against the internal 
TMS reference. 19F-NMR shifts were recorded on a J E O L 
PS-100 as the positive values downfield from the internal F-
benzene reference. M S were obtained with J E O L JMS-07 
and 01SG spectrometers. Electronic absorption and fluo­
rescence spectra were recorded^ on H I T A C H I 200-20 and 
M D F - 4 spectrometers, respectively. F-Aniline (1) was pre­
pared according to the methods by Forbes14) and Birchall.15) 

Benz-F-anilide (2). A mixture of F-aniline (2.00 g, 
11 mmol) , benzoyl chloride (5.00 g, 40 mmol) , and 2 0 % aque­
ous potassium carbonate (50 ml) was heated under reflux for 
2 h . T h e cooled mixture was poured into ice-water and a 
solid product was collected by filtration. Recrystallization 
from benzene gave white plates of benz-F-anilide (2) melting 
at 188—189 °C (2.45 g, 7 8 % ) . I R (KBr) : 1670 cm" 1 ( C = 0 ) . 
Found : C, 54.28; H , 2.29; N , 4 . 8 9 % . Calcd for C 1 3 H Ç N F 5 0 : 
C, 54.37; H , 2 .11 ; N , 4.88%,. 

Chloroacet-F-anilide (3). Into a mixture of F-aniline 
(4.00 g, 22 mmol) , anhydrous pyridine (4.05 g, 51 mmol) , and 
absolute ether (70 ml) , chloroacetyl chloride (7.00 g, 62 mmol) 
was added dropwise over 30 min with stirring. T h e mixture 
was refluxed for an addit ional 1 h , cooled, and filtered. The 
filtrate was washed with water , 10% aqueous sodium hydrox­
ide, and water, successively, a n d evaporated to dryness after 
being dried over magnesium sulfate. Recrystallization of the 
residual solid from cyclohexane gave white needles, m p 
108—109 °C, of chloroacet-F-anilide (3) (4.67 g, 8 8 % ) . I R 
(CC14): 2950 a n d 2920 ( C H ) , 1720 cm-* ( C = 0 ) . Found: 
C, 37.02; H , 1.17; N , 5 .40%. Calcd for C 8 H 3 N C 1 F 5 0 : C, 
37.07; H , 1.27; N , 5 .26%. 

Bromoaceto-F-anilide (4). F-Aniline (5.00 g, 27 mmol) 
was worked up with bromoacetyl bromide (14.56 g, 72 mmol) 
in a manner similar to the above. Recrystallization from 
cyclohexane gave white needles, m p 113—114°C, of bromo-
acet-F-anilide (4) (7.55 g, 9 1 % ) . I R (CC14): 2950 and 2920 
(CH) , 1715 c m - 1 ( C = 0 ) . F o u n d : C, 31.67; H , 1.02; N, 
4.49%,. Calcd for C 8 H 3 N B r F 5 0 : C, 31.61; H , 1.00; N , 
4 . 6 1 % . 

Benzyloxyacet-F-anilide (5). Into a mixture of F-ani-
line (5.00 g, 27 mmol) , anhydrous pyridine (13.7 g, 173 mmol) , 
and absolute ether (50 ml) , benzyloxyacetyl chloride16) (10.8 g, 
58 mmol) was added dropwise over 30 min with stirring. The 
reaction mixture was refluxed for an addit ional 1 h, then 
cooled to room tempera ture and filtered. T h e filtrate was 
washed with water, 10% aqueous sodium hydroxide, diluted 
hydrochloric acid, and water , successively, and then dried 
over magnesium sulfate. T h e residue obtained after evapo­
ration was recrystallized from cyclohexane to give benzyloxy-
acet-F-anilide (5) (8.30 g, 92%) of white plates, m p 129—130 
°C. I R (KBr) : 3000 ( C H ) , 1670cm" 1 ( C = 0 ) . ^ - N M R 

(CDC13): 4.2 (s, 2H , C O C H 2 0 ) , 4.7 (s, 2H , O C H 2 ) , 7.4 
(s, 5H, arom.) , 7.8—8.1 p p m (br s, 1H, N H ) . Found: C, 
54.62; H , 3.19; N , 4 . 0 3 % . Calcd for C 1 5 H 1 0 NF ö O,: C, 
54.39; H , 3.04; N , 4 . 2 3 % . 

Ethyl (F-Phenyl) carbamate (6). Into an ice-chilled 
solution of F-aniline (2.00 g, 10.9 mmol) in ethanol (20 ml) 
was added with stirring the separate solutions of ethyl chloro-
formate (2.00 g, 18.4 mmol) in ethanol (5 ml) and aqueous 
sodium carbonate (1.20 g in 2 ml) simultaneously over 10 min. 
The resulting solution was kept stirring for an additional 
30 min at 0 °C. I t was then diluted with ethanol and the 
resulting precipitates were filtered out. The filtrate was 
poured into a large amount of water to give crude precipitates, 
which were recrystallized from petroleum ether (bp 40—60 °C) 
to afford white fibrous ethyl (F-phenyl) carbamate (6), mp 
81 °C (sublimable). The yield was up to 4 0 % . Found: C, 
42.37; H , 2.37; N , 5.49%. Calcd for C 9 H 6 N F 5 0 2 : C, 42.36; 
H , 2 .51 ; N , 5.45%. 

Ethyl N-(F-Phenyl)glycinate (7). A D M F solution ol 
F-aniline (5.00 g, 27.3 mmol in 30 ml) was added dropwise 
into a suspension of sodium hydride (27.1 mmol) in D M F 
(20 ml) with stirring. In to the resulting green mixture, after 
the evolution of hydrogen ceased, was added ethyl chloro-
acetate (5.00 g, 40.8 mmol) . The mixture was refluxed for 
1 h with stirring, then cooled and extracted with ether. The 
ethereal extract was washed with di luted hydrochloric acid 
and water, successively, and dried over magnesium sulfate. 
T h e dried extract was distilled under reduced pressure, and 
the fraction boiling at 100—135 °C/5 Torr was crystallized 
from cyclohexane-ethanol to give ethyl iV-(F-phenyl)glycinate 
(7) (1.56 g, 21%) of white needles, m p 64—65 °C. IR(KBr) : 
2990 (CH) , 1728 ( C = 0 ) , 1265 and 1230 cm" 1 ( O N ) . Found: 
C, 44.90; H , 3.11; N , 4 . 9 8 % . Calcd for C 1 0 H 8 NF 5 O 2 : C, 
44.62; H , 3.00; N , 5.20%. 

N-(F-Phenyl)benzamidine (8). A mixture of F-aniline 
(3.00 g, 16.4 mmol) , benzonitrile (2.70 g, 26.2 mmol) , and an­
hydrous ^-toluenesulfonic acid (26.5 mmol) was kept stirring 
at 180—200 °C for 5 h. T h e resulting solid was washed with 
ether, 2 0 % aqueous sodium hydroxide, and water, succes­
sively, and was recrystallized from cyclohexane-ethanol to 
give iV-(F-phenyl)benzamidine (8) (2.55 g, 55%) in white 
needles melting at 127—128 °C. I R (CC14) : 3500 and 3400 
(NH) , and 1640 cm" 1 (C=N). ^ - N M R (CDC13): 4.8—5.2 
(br s, 2 H , N H ) , 7.0—8.0 p p m (m, 5H, arom.) . Found: C, 
54.47; H , 2 .63; N , 9.76%. Calcd for C 1 3 H 7 N 2 F 5 : C, 54.56; 
H , 2.47; N , 9.79%. 

2-Phenyl-F-benzQxazole (9). Benz-F-anilide (2) (0.50 g, 
1.75 mmol) dissolved in anhydrous D M F (15 ml) was added 
dropwise into a mixture of sodium hydride (2.5 mmol) and 
anhydrous D M F ( 15 ml) over 30 min under a dry nitrogen 
atmosphere. The mixture was refluxed for an additional 2 h, 
then extracted with ether. The ethereal extract was washed 
with diluted hydrochloric acid and water, successively, dried 
over magnesium sulfate, and evaporated to dryness. The 
residual solid was chromatographed on a neutral alumina 
column. From the fraction eluted with benzene, 0.43 g (92%) 
of 2-phenyl-F-benzoxazole (9) was obtained. Recrystalliza­
tion from methanol gave white needles melting at 125.2—125.7 
°C.17) I R (KBr) : 1540 cm" 1 (C=N). U V : Amax (EtOH) ; 293 
(log e 4.40), 287.5 (4.40), 283 (4.40), 236 n m (3.99). Flu­
orescence spectra (E tOH) : emission Am a x ; 349 n m and exita-
tion Am a x ; 295 nm. 1 9 F - N M R (CDC13) : 0.4 ( IF) , 2.5 (IF) , 
3.1 ( IF ) , 11.2 p p m ( I F ) . Found : C, 58.68; H , 2.09; N , 5.28; 
F , 29.3%,; M+, 267. 

2-Phenyl-F-benzimidazole (10). The benzamidine (8) 
(0.50 g, 1.75 mmol) dissolved in anhydrous D M F (15 ml) was 
added dropwise into sodium hydride (2.5 mmol) in anhydrous 
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D M F (15 ml) over 30 min under a dry nitrogen atmosphere. 
The mixture was refluxed for an addit ional 2 h, and subse­
quently worked up in a manner similar to that described in 
the oxazole (9). A chromatographic fraction eluted with 
T H F gave white needles of 2-phenyl-F-benzimidazole (10) 
(0.25 g, 5 4 % ) , m p 2 2 1 — 222 °C after recrystallization from 
ethanol. U V : ;.max ( E t O H ) ; 293 (log e 4.25), 288 (4.24), 
242 nm (4.14). Fluorescence spectra (E tOH) : emission ^ m a x ; 
332 n m and exitation Am a x ; 312 nm. " F - N M R (ethyl ac­
e ta te) : 5.1 (2F), 8.0 p p m (2F). Found : C, 58.60; H , 2.39; 
N, 10.41; F, 2 8 . 4 % ; M+, 266.055. Calcd for C 1 3 H 6 N,F 4 : 
C, 58.66; H, 2.27; N, 10.52; F, 2 8 . 6 % ; M, 266.058. 

2-Phenyl-F-benzothiazole (13). A mixture of benz-F-
anilide (2) (1.45 g, 5.0 mmol) , phosphorus pentasulfide (2.20 
g, 10.0 mmol), and anhydrous pyridine (20 ml) was refluxed 
for 12 h. The cooled mixture was poured into water. The 
resulting solid was filtered off, washed with water, and then 
chromatographed on a silica gel column. Evaporation of the 
solvent from a hexane-benzene fraction, and recrystalliza­
tion from cyclohexane resulted in 2-phenyl-F-benzothiazole 
(13) (1.10 g, 77%) in a white powder, m p 133.0—133.5 °C. 
I R (KBr) : 1640 c m - 1 (C=N), U V : Amax ( E t O H ) ; 295 (log e 
4.30), 253 n m (4.08). 1 9 F-NMR (CDC13) : 3.2 ( IF) , 4.1 ( IF) , 
15.4 (IF), 25.1 p p m (IF). Found : C, 55.19; H , 1.97; N, 4.77; 
F, 2 6 . 3 % ; M+, 283. Calcd for C , 3 H 5 NF 4 S: C, 55.13; H , 
4.95; F, 26 .8% ; M, 283. The sulfur test using sodium nitro-
prusside was positive. 

2,3-Dihydro-l,4-(¥-benz)oxazine-3-one (16). The 2-
benzyloxy compound (5) (5.40 g, 16 mmol) dissolved in ethyl 
acetate (50 ml) was hydrogenated in the presence of 5 % pal­
ladium on charcoal (1.00 g) under atmospheric pressure at 
room temperature . The catalyst was filtered out and the 
filtrate was evaporated to dryness. Recrystallization from 
benzene gave hydroxyacet-F-anilide (15) (3.50 g, 89%) in a 
white powder, m p 99—100 °C. I R (KBr) : 3240 cm" 1 ( O H ) . 
X H-NMR (CDCLj) : 3.0—3.4 (br s, 1H, O H ) , 4.3 (s, 2H, CH 2 ) , 
7.9—8.3 ppm (br s, 1H, N H ) . Found : C, 39.86; H , 1.81; 
N, 5.64%. Calcd for C 8 H , N F 0 0 2 : C, 39.85; H , 1.67; N, 
5 .81%. 

A mixture of hydroxyacet-^-anilide (15) (2.00 g, 8.3 mmol) , 
anhydrous potassium carbonate (2.00 g, 14 mmol) , and an­
hydrous D M S O (50 ml) was kept stirring at 110 °C for 22 h. 
Then the cooled mixture was poured into ether. T h e ethereal 
solution was washed with diluted hydrochloric acid and water, 
dried over magnesium sulfate, and evaporated to dryness. 
The resulting solid was purified by chromatography on a 
silica gel column. A fraction eluted by benzene was re-
crystallized from benzene to give 2,3-dihydro-l,4-(i*'-benz)-
oxazin-3-one (16) (0.66 g, 36%) in white needles, mp 194.0— 
195.5 °C measured in a sealed tube. 1 H - N M R (acetone-rfG) : 
4.7 (s, 2H, CH 2 ) , 9.5—10.3 ppm (br s, 1H, N H ) . U V : Amax 

( E t O H ) ; 240 (log e 4.83), 209 n m (4.18). Found : C, 43.50; 
H, 1.53; N , 6 . 1 5 ; > , 3 5 . 5 % ; M+, 221. Calcd for C 8 H 3 N F 4 0 2 : 
C, 43.46; H , 1.37; N, 6.33; F, 3 4 . 4 % ; M , 221. 

Iodoacet-F-anilide (19). Chloroacet-F-anilide (3) (2.00 
g, 8.2 mmol) dissolved in anhydrous acetone (10 ml) was treat­
ed with sodium iodide (2.00 g, 13 mmol) in anhydrous acetone 
(10 ml) for 3 h in the dark. T h e mixture was poured into 
ether and filtered. T h e filtrate was evaporated to give a 
solid, which was sublimed at 150—160 °C. The sublimate 
was recrystallized from benzene to give white needles, m p 
152.5—153.0 °C, of iodoacet-F-anilide (19) (2.10 g, 8 0 % ) . 
I R (CC14) : 2910 and 2840 (CH) , 1720 cm" 1 ( C = 0 ) . Found : 
C, 27.67; H, 0.89; N, 3 .91%. Calcd for C 8 H 3 N F 5 I O : C, 
27.37; H, 0.86; N, 3.99%. 

( Nitrooxy)acet-F-anilide (20). In to the iodoacet-F-
anilide (19) (1.00 g, 3.0 mmol) in T H F (10 ml) was added 

silver ni t ra te (1.00 g, 5.9 mmol) dissolved in water (10 ml) . 
The solution was left s tanding in the dark for 9 h a t room 
temperature . T h e mixture was then filtered and the filtrate 
was extracted with ether. Evaporation of the dried extract 
and recrystallization of the residue from aqueous methanol 
resulted in (nitrooxy)acet--F-anilide (20) (0.35 g, 41%) in 
white needles, m p 156.8—158.8 °C. I R (KBr) : 3080, 3040, 
and 3000 (CH) , 1690 ( G = 0 ) , 1640 and 1630 c m - 1 ( O N 0 2 ) 
! H - N M R (CDC13): 5.2 (s, 2H, CH 2 ) , 7.2—7.5 p p m (br s, 
1H, N H ) . Found : C, 33.67; H, 1.18; N, 9 .87%. Calcd for 
C 8 H 3 N 2 F 5 0 4 : C, 33.58; H, 1.06; N, 9 .79%. 

A mixture of bromoacet-F-anilide (4) (0.50 g, 1.6 mmol) 
dissolved in T H F (10 ml) and silver ni t rate (0.80 g, 4.7 mmol) 
dissolved in water (10 ml) was refluxed for 5 h in the dark 
wi th stirring. The subsequent working up gave the nitrate 
(20) (0.07 g, 15%), while 0.18 g (36%) of the start ing material 
was recovered. 

When chloroacet-F-anilide (3) was treated in the same man­
ner as above, it remained unreacted and was recovered almost 
quantitatively. 

Acetoxyacet-F-anilide (21). A mixture of bromoacet-F-
anilide (4) (2.00 g, 6.6 mmol) , silver acetate (2.00 g, 12 mmol) , 
and acetic acid (32 ml) was refluxed wi th stirring for 5 h in 
the dark, and then left s tanding at room temperature over­
night. The resulting precipitates were filtered out and the 
filtrate was evaporated to give an oily residue, which was 
solidified immediately. T h e residue was chromatographed on 
a neutral a lumina column. An eluate with benzene-acetone 
(10: 1) was evaporated and the residue was recrystallized from 
benzene to give acetoxyacet-F-anilide (21) (1.40 g, 75%) in 
white needles, m p 85.5—87.0 °C. I R (KBr) : 3000 (CH) , 
1760 (ester C = 0 ) , 1690 c m - 1 (amide C = 0 ) . X H - N M R (ace-
tone-4.) : 2.1 (s, 3H, CH 3 ) , 4.8 (s, 2H, CH 2 ) , 9.0—9.4 p p m 
(br s, 1H, N H ) . Found : C, 42 .23; H , 2.29; N, 4 .80%. 
C 1 0 H 6 NF 5 O 3 : C, 42 .41 ; H , 2.14; N, 4 .96%. 

Reactions of Haloacet-F-anilides with Bases. 1: A mix­
ture of chloroacet-F-anilide (3) (1.00 g, 4.1 mmol) , anhydrous 
potassium carbonate (0.25 g, 1.8 mmol) , and anhydrous D M F 
(20 ml) was refluxed for 1 h with stirring. T h e cooled mixture 
was poured into ether. T h e ethereal solution was washed 
with diluted hydrochloric acid and water, successively, and 
evaporated to dryness. The residue was chromatographed 
on a neutral a lumina column. T h e benzene eluate was evapo­
rated and the residue was recrystallized from aqueous meth­
anol to afford l ,4-di(F-phenyl)2,5-piperazinedione (18) (0.35 
g, 41%) in white plates, m p 178—179 °C. Fur ther puri­
fication was effected by recrystallization from cyclohexane-
benzene to afford a specimen of white needles melt ing at 
180.0—180.5 °C.10b> I R (KBr) : 2900 (CH) , 1690 ( C = 0 ) , 
1330 and 1130 c m - 1 ( C - N ) . ^ - N M R (CDC13) : 4.5 p p m 
(s, CH 2 ) . Found : C, 43.28; H, 1.09; N, 6.10% ; M+, 446.009. 

When t reated with potassium hydroxide in aqueous dioxane, 
chloroacet-F-anilide (3) was recovered unchanged almost 
quantitatively. 

2: A mixture of bromoaceUF-anilide (4) (0.50 g, 1.6 
mmol) , benzene (15 ml) , and aqueous tetrabutyl am­
monium hydroxide (1.6 mmol, 10 ml) was heated for 4 h 
with stirring. T h e benzene layer was separated and the aque­
ous layer was extracted with ether. T h e organic layer were 
combined and evaporated to give 0.23 g (63%) of the pipera-
zinedione (18) after recrystallization from cyclohexane-ben-
zene. 

3: In to the iodoacet-F-anilide (19) (0.50 g, 1.5 mmol) 
in 50% aqueous T H F (10 ml) was added diamminesilver(I) 
ni t rate (5.0 mmol) in 5 0 % aqueous T H F (50 ml) ; the solu­
tion was left s tanding for 20 h in the dark. T h e mixture was 
filtered and the filtrate was extracted with ether. Evapo-
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ration of the dried extract (crude yield 0.35 g) and recrystal-
lization of the residue from aqueous methanol afforded acet-
F-anilide (11) (0.17 g, 51%) in white needles, mp 135—136 °C. 
I R ( K B r ) : 3240 (NH) , 3060, 3020, and 2980 (CH) , 1685 c m - 1 

( C = 0 ) . *H-NMR (CDC13) : 2.2 (s, 3H, CH 3 ) , 7.2—7.5 p p m 
(br s, 1H, N H ) . Found : C, 42.82; H , 1.81 ; N, 6.36%. The 
product was identified by comparison with an authentic speci­
men.18) 

4: Bromoacet-i^-anilide (4) (0.50 g, 1.6 mmol) in 5 0 % 
aqueous T H F (10 ml) was added into diamminesilver ni­
trate (4.2 mmol) in 50%o aqueous T H F (10 m l ) ; the mixture 
was refluxed for 5 h in the dark with stirring. After being 
worked up in the same manner as above, 0.06 g (16%) of the 
piperazinedione (18) was obtained. 

5: When treated in the above manner , chloroacet-F-anilide 
(3) remained unreacted to be recovered almost quantitatively. 

W e wish to express o u r s ince re t h a n k s to Professor 
K e i h e i U e n o of K y u s h u U n i v e r s i t y for his c o n t i n u o u s 
e n c o u r a g e m e n t t h r o u g h o u t th i s s t u d y . W e a r e also 
gra te fu l to Professor N o b u h i k o I s h i b a s h i of K y u s h u 
U n i v e r s i t y for use of t h e fluorescence s p e c t r o p h o t o m e t e r 
a n d to Messrs . A k i r a K i t o a n d At sush i l y o d a of t h e 
G o v e r n m e n t I n d u s t r i a l R e s e a r c h I n s t i t u t e a t O s a k a for 
t h e m e a s u r e m e n t s of t h e 1 9 F - N M R s p e c t r a . 
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Bonding in iV-Substituted Salicylamides 
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It has been found from absorption and emission spectra that the intramolecular hydrogen bonds between 
the phenolic hydroxyl and carbonyl group of iV-methylsalicylamide and iV-methyl-5-chlorosalicylamide survive 
in DMSO as well as in 1,2-dichloroethane, whereas those of iV,iV-dimethylsalicylamide and iV,iV-dimethyl-5-
chlorosalicylamide are disrupted in DMSO. The solvent dependence of the XH and 13G chemical shifts of these 
compounds are also well related to the intramolecular hydrogen bonding. 

The first absorption bands of benzoic acid, benz-
amide, phenol, and salicylic acid are located at 280 
(heptane),1) 279 (solvent not identified),2) 278 
(hexane),3) and 303 nm (0.1 M HClOj),4) respectively. 
The red shift of the first band of salicylic acid, compared 
with those of the other three compounds, have been 
ascribed to the intramolecular hydrogen bonding be­
tween the phenolic hydroxyl and carbonyl groups. 

In salicylamide and JV-methylsalicylamide, the first 
absorption bands are located very close to that of sali­
cylic acid, suggesting a planar structure involving intra­
molecular hydrogen bonds as in salicylic acid molecules. 
In the case of iV,iV-dimethylsalicylamide, on the other 
hand, steric interaction between the ring proton-6 and 
the N - C H 3 group distorts the planar structure. 

D M S O is known as a powerful solvent capable of 
forming intermolecular hydrogen bonds with various 
polar groups of solute molecules. An almost exclusive 
intermolecular hydrogen bond between the phenolic 
hydroxyl and D M S O molecules has been assumed for 
a number of o-substituted phenols.5) 

It is well established that a molecule having intra­
molecular hydrogen bonds, such as methyl salicylate6) 
or iV-methylsalicylamide,7) undergo the so-called proton 
transfer in the excited singlet state, resulting in a sig­
nificantly red-shifted emission band. 

These observations suggest that the absorption and 
emission spectra of salicylamides are dependent upon 
the solvent wherein the intramolecular hydrogen bond 
is replaced by intermolecular hydrogen bonds with 
solvent molecules or not. In this paper, the spectro­
scopic behavior of iV-methylsalicylamide (1), N,N-di-
methylsalicylamide (2) and the corresponding amides 
of 5-chlorosalicylic acid (3 and 4) will be reported in 
the binary solvent system of 1,2-dichloroethane (DCE) 
and D M S O . The XH and ^ C N M R spectral changes 
of these compounds, upon changing the solvent from 
CDC13 to D M S O , will also be described. 

Il H X = NHCH3 N(CH3)2 

X 

Exper imenta l 

iV-methyl- and iV,iV-dimethylsalicylamide were prepared by 
the condensation of methyl salicylate with the appropriate 
amine in methanol. 5-Chlorosalicylamides were also pre­

pared in a similar way. The absorption and emission spectra 
were recorded on a Hitachi spectrophotometer, Model 356, 
and a Hitachi fluorescence spectrophotometer, Model MPF-2, 
respectively. The XH and 13G NMR spectra were recorded 
on a Varian XL-100A-15 spectrometer at room temperature. 
The sample concentrations were 2% for XH NMR and 5—10% 
w/v for 13C NMR measurements, unless otherwise noted. The 
13C NMR spectra were recorded at FT mode operation. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra. In Fig. 1 are shown the ab­
sorption spectra of 1 and 2 in the binary solvent system 
of D C E and D M S O . The first absorption band of 2 
in D C E has a peak at 297 nm and comparison of this 
value with that for phenol and salicylic acid, suggests 
the existence of intramolecular hydrogen bonds. With 
increase in D M S O content, this band shows a pro­
gressive decrease in intensity accompanied by the ap­
pearance of a new band at 280 nm, an isosbestic point 
being clearly seen at 285 nm. This observation sug­
gests the existence of an equil ibrium between two mo­
lecular species in solution. Therefore, the new absorp-

250 300 350 

nm 

Fig. 1. The absorption spectra of 1 ( ; 1.1 X 10~* M) 
and 2 ( ; 1.1 X 10-4 M) in binary solvent system of 
DCE and DMSO. The numbers given on the curves 
indicate the contant of DMSO (% v/v). 
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ion band may reasonably be ascribed to molecules of 
which the intramolecular hydrogen bond is replaced 
by intermolecular hydrogen bonds with D M S O mo­
lecules. As anticipated the absorption spectrum of the 
methyl ether of 2 did not show any variation with the 
change in solvent composition. 

A D C E solution of 1 shows the first absorption band 
at 304.5 nm, suggesting intramolecular hydrogen bond­
ing. Addit ion of D M S O to this solution caused no 
appreciable change in both the position and intensity 
of this band . Even in a solution composed of 90% 
D M S O , the absorption maximum of 1 was located at 
302 nm, with a trivial decrease in absorbance. The 
absorption spectrum of the methyl ether of 1 was almost 
independent of solvent composition and the first ab­
sorption band was located at 287 nm, much lower than 
that of 1 in 90% D M S O and higher by about 10 nm 
than that of benzamide. I t may be concluded from 
these observations that the intramolecular hydrogen 
bond in 2 is almost disrupted in D M S O but not in 1. 

Similar behavior was observed for 3 and 4 in the same 
binary solvent system. 

Emission Spectra. In D C E solution, the emission 
bands of 1, 2, 3 , and 4 are located at about 440, 460, 
450, and 465 nm respectively. The large Stokes' shifts 
may be ascribed to the intramolecular proton transfer 
in the lowest excited state— often observed for many 
compounds having intramolecular hydrogen bonds.6 - 8) 

In 90% D M S O solution, 1 and 3 exhibited emission 
spectra similar to those in D C E solution, both in peak 
positions (429, 436 nm) and intensities. This simi­
larity suggests that strong intramolecular interactions 
between the two substituents of 1 and 3 survive in the 
lowest excited singlet state in D M S O as well as in DCE 
and that intramolecular proton transfer takes place. 
The emission spectra of 2 and 4 in 90% D M S O solution 
were located at 348 and 400 nm, respectively and these 
large blue shifts suggest species without intramolecular 
hydrogen bonding between the phenolic O H and the 
carbonyl oxygen. 

XH NMR Spectra. The XH N M R spectral meas­
urements were conducted on 3 and 4 because of easier 
analysis of the ring proton signals. The results are 
summarized in Table 1. 

The phenolic hydroxyl proton of 3 appeared as a 
sharp signal at about the same field in CDC13 and 
D M S O (ô 12.11 and 12.68, respectively), much lower 
than the fields where 4 resonates, implying that the 

TABLE 1. XH CHEMICAL SHIFTS IN ppm 

DOWNFIELD FROM T M S 

Compd Solvent OH NH NCH3 H-3 H-4 H-6 

, CDC13 12.11s 6.24b 3.02 ca6.9 7.33 7.26 
DMSO 12.68s 8.95b 2.83 6.92 7.40 7.89 
CDCI3 9.6b — 2.74 6.86 7.28 7.79 
DMSO 8.8b — 2.59 6.67 7.17 7.63 

s: Sharp, b : Broad. 

intramolecular hydrogen bond of 3 survives even in 
D M S O . The phenolic O H proton of 4 dissolved in 
CDC13 was observed as a very broad signal at about 
ô 9.6, indicating that the intramolecular hydrogen bond 
in 4 is much weaker than that in 3 . The broadness of 
this signal may be ascribed to the average of two mo­
lecular conformations, one with intramolecular hydro­
gen bonds and the other without, on the N M R time 
scale. Conversely in D M S O , the phenolic O H proton 
resonates at (5 8.8 as a broad signal. I t can be said 
therefore that intermolecular hydrogen bonds between 
the phenolic O H of 4 and D M S O molecules exist ex­
clusively. 

The N - C H 3 signal for 4 was observed as a singlet in 
both solvents, CDC13 and D M S O . Hirota et al.9) 
observed a singlet signal for the N - C H 3 groups of 2 
in CD2C12 at room temperature but at low temperature 
discovered two discrete signals. The signal coalescence 
at room temperature was ascribed to the rapid rotation, 
on the N M R time scale, of the N(CH 3 ) 2 group around 
the amide bond, C O - N . From the M O calculation 
the bond, C O - N , is expected to have a reduced double 
bond character owing to the intramolecular hydrogen 
bonding of the carbonyl group with the phenolic O H 
group.9) In D M S O the intramolecular hydrogen bond 
of 2 and 4 are considered to be disrupted from the U V 
spectroscopic point of view. Therefore, in terms of XH 
N M R spectroscopy it is expected that 2 and 4 dissolved 
in D M S O are very similar to iV,7V-dimethylbenzamide 
(5). I t has been reported for 5 that N - C H 3 is a broad 
singlet at room temperature, when dissolved in CDC13.10) 
However, two discrete signals were observed for an 
aqueous solution of 5.11) The methyl ether of 2, the U V 
spectrum of which is very similar to that of 2 in D M S O , 
showed two discrete signals for the two N - C H 3 groups 
in both solvents, CDC13 and D M S O , at room tempera­
ture. This indicates that the intramolecular interaction 
of the phenolic O H with the CON(CH 3 ) 2 group in 2 

TABLE 2. 13C CHEMICAL SHIFTS IN ppm DOWNFIELD FROM TMS 

Carbon 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 

c=o 
N-CH3 

CDCI3 

114.6 
161.8 
118.8 
134.5 
119.0 
125.7 
171.1 
26.5 

1 
DMSO 

115.2 
160.4 
117.5 
133.6 
118.5 
127.5 
169.8 
26.0 

2 
CDCl3

a> 

117.3 
159.2 
118.0 
132.5 
118.3 
128.6 
171.9 
38.2 

DMSO 

124.4 
153.2 
115.6 
129.9 
118.9 
127.8 
168.6 

b ) 

3 
CDCI38) 

115.3 
160.1 
120.2 
134.0 
123.3 
124.9 
169.5 
26.5 

DMSO 

116.6 
158.6 
119.3 
133.1 
122.2 
127.0 
168.1 
26.0 

4 
CDC13>> 

118.5 
157.7 
119.4 
132.4 
123.2 
128.0 
170.6 
38.4 

DMSO 

126.3 
152.1 
117.3 
129.5 
122.5 
127.3 
166.9 

b ) 
a) Saturated solution, b) A very broad signal. 
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and 4 can not be neglected even in D M S O . 
When the solvent was changed from CDCl a to D M S O 

the ring proton-6 of 3 shifted downfield, whereas that 
of 4 shifted a little upfield. With the same solvent 
change the amide proton signal of 3 shifted downfield 
as much as 2.71 ppm, while the phenolic O H signal 
shifted downfield much less. This indicates that strong 
intermolecular interactions of this compound with 
D M S O molecules occur through the amide proton. 
This intermolecular hydrogen bonding makes the ring 
proton-6 subject to the electric field due to the polar 
S-O group of the intermolecularly hydrogen bonded 
D M S O molecule, resulting in the lower field resonance 
of this proton. For the r ing proton-6 in 4, this type of 
deshielding may be negligible in D M S O . Possible 
internal rotation around the C r i n g - C O bond, induced 
by the disruption of the intramolecular hydrogen bond, 
may be responsible for the slight upfield shift of proton-6. 

13C NMR Spectra. The 13C chemical shifts of the 
four compounds are given in Table 2. Signal assign­
ments for 3 and 4 could be readily made on the basis 
of the chemical shifts given for methyl salicylate in 
CDC13,

12) the chlorine-substituent constant, and the 
relative intensities. However, identification of the C-3 
and C-5 signals of 1 and 2 is not so simple because of 
the close proximity. Fortunately, the C-3 signal showed 
additional fine splitting due to long range spin coupling 
with the O H proton when it was fixed by the intra­
molecular hydrogen bond with the carbonyl oxygen. 
This identified the C-3 signal in CDC13 . Recording 
several 13C spectra of 2 in mixed solvent systems of 
CDClg and D M S O with varied compositions was 
applied to correlate the two sets of signals of C-3 and 
C-5 in CDC13 and D M S O solutions. 

The pronounced DMSO-induced shifts (Table 3) 
were observed for C-1, C-2, and C - O in 2 and 4 ; the 
carbonyl carbon and C-2 shifted upfield while the C-1 
shifted downfield. These shifts can not be at tr ibuted to 
the usual solvent effects and since these carbons are 
closely related to the intramolecular hydrogen bond, 
it is reasonable to at tr ibute the observed shifts to the 
replacement of intramolecular hydrogen bonds by the 
formation of intermolecular hydrogen bonds with 
D M S O molecules. I t is reasonable to explain the 
observed upfield shifts of the carbonyl carbons in terms 
of the disruption of the intramolecular hydrogen bonds, 
since the carbonyl carbon of salicylaldehyde was shown 

TABLE 3. 

Carbon 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 

c=o 
N-CH3 

DMSO-

1 

0.6 
- 1 . 4 
- 1 . 3 
- 0 . 9 
- 0 . 5 

1.8 
- 1 . 3 
- 0 . 5 

•INDUCED SHIFTS 

2 

7.1 
- 6 . 0 
- 2 . 4 
- 2 . 6 

0.6 
- 0 . 8 
- 3 . 3 

— 

(ÖDMSO " 

3 

1.3 
- 1 . 5 
- 0 . 9 
- 0 . 9 
- 1 . 1 

2.1 
- 1 . 4 
- 0 . 5 

~ ^CDCli) 

4 

7.8 
- 5 . 6 
- 2 . 1 
- 2 . 9 
- 0 . 7 
- 0 . 7 
- 3 . 7 

— 

to resonate at lower fields by 3.6 and 3.0 ppm than 
those of the m- and p- isomers, respectively.13) Similarly, 
the upfield shifts of the carbonyl carbon, upon changing 
from acid to ester, has been ascribed to impossibility of 
hydrogen bond formation in the latter.14) 

Secondary effects, such as changes in the degree of 
conjugation between the r ing and the substituents 
induced by the disruption of the intramolecular 
hydrogen bond, may be responsible for the observed 
shifts for the other carbons. 
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Reduction of 6,6-Disubstituted Fulvenes and 1,2-Benzoheptafulvene 
by Naphthalene Radical Anion 
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Structural effects of fulvenes in the electron transfer reaction were examined by using naphthalene radical anion 
(1) as a homogeneous electron source in aprotic media. The reduction of 6,6-diphenylfulvene (2) with 1 in THF 
at —78 °G gave 3-benzhydrylcyclopentadiene (34%) and its 2-isomer (13%). The structures were determined 
by hydrogénation and by the reaction with iV-phenylmaleimide. The reaction of 6,6-dimethylfulvene (3) with 
1 gave bi(2-isopropylidene-3-cyclopentenyl) as the major product (39%) besides bi(2-isopropyl-l,3-cyclopenta-
dienyl) (5%). The reaction of S^'^^S^^e^'-heptamethyl-l^-benzoheptafulvene (4) with 1 gave 3,3',4,4',5,5',-
o'^-octamethyl-l^-benzo-l^^-cycloheptatriene (32%) and 3,3^4',5,5',6,6^7-octamethyl-l,2-benzo-l,3,5-cyclo-
heptatriene (18%). These product structures as well as the CH3I- and D20-quenching of the reduction inter­
mediates indicate that 2 is reduced by the EEC-mechanism and 3 by the ECC-mechanism, whereas the results 
are rather complicated in the case of 4 to distinguish between EEC and EGG mechanism. 

In the study of chemical reactions via electron transfer 
mechanism, it often turns out necessary to clarify the 
specificity of the reaction and correlate it with electroche­
mical processes. In the reduction of olefins by means of 
Birch-type reductions1) and stable aromatic hydrocarbon 
radical anions2) which proceeds quite rapidly under 
homogeneous and aprotic conditions,3) the following 
mechanisms have hitherto been accepted: (i) two suc­
ceeding electron transfer steps followed by a chemical 
reaction (EEC mechanism), and (ii-) an electron transfer 
step followed by two chemical reactions (ECC mecha­
nism).4) T h e ECE mechanism (two electron transfer 
steps intercepted by protonation) generally involved in 
electrolytic reductions is negligible in the case of reduc­
tions by aromatic radical anions. Nevertheless, radical 
anion RT is the initially formed common chemical 
species in all these routes, but its behavior thereafter 
varies depending upon the reaction conditions5) and the 
structure of substrates. 

2H+ 

R- R T / 

( > [ R ] 2 - > R H 2 

H- H+ 
> [ R H ] " — - R H , 

H+ e H+ 

• [ R H ] • • [ R H ] " • R H 2 

e R 
• [ R ] 2 " • [ R - R ] 2 " 

1 2H+ 
• R H - R H . . . 

coupling 2H+ 
, • [ R - R ] 2 " • R H - R H . . . 

• ••EEC 

. • E G G 

• ••ECE 

. . .EEGC 

. . . E C C 

In order to ascertain the structural-effects that control 
the reaction paths and product structures, the authors 
chose some fulvenes as one type of olefin models, i.e., 
6,6-diphenylfulvene (2), 6,6-dimethylfulvene (3), and 
1,2-benzoheptafulvene (4), and examined their behav­
ior in chemical electron transfer reactions in aprotic 
media. Sodium naphthalene (1) in tetrahydrofuran 
(THF) was employed as a homogeneous electron source 
and was used with the reactant ratio of [reductant] / 
[fulvene]=2 in all reactions. 

R e s u l t s a n d D i s c u s s i o n 

Reduction of 6 fi-Diphenylfulvene (2) by Sodium Naph­
thalene. The reaction of diphenylfulvene (2)6) 

with sodium naphthalene (l)7) in T H F at —78 °C gave 
a viscous oil as the major product (47%). Its mass 
spectrum showed the parent ion peak at m/e=232 which 
is equivalent to a hydrogenated structure, 2 + 2 H . The 
N M R spectrum indicated that the product molecule 
involves two allylic methylene hydrogen and has an 
unsymmetrical geometry. Therefore, among five possi­
ble [2+2H]-structures 5—9, only 5 and 6 satisfy the 
N M R observations. In addition, V P C as well as N M R 

Ph Ph Ph Ph PhPh PhPh PhPh 

à h Ù o o 
analysis indicated that the product consisted of two 
components with the ratio of ca. 3/1. Their separation 
was unsuccessful and the product was treated as a mix­
ture in elucidating their structures in the following 
chemical transformations. 

In catalytic hydrogénation (Pd/C), the mixture 
absorbed exactly 1 mol hydrogen per the molecular 
weight 232, giving the hydrogenated product 10 as the 
sole product. This supports that the structures of prod­
ucts are 5 and 6, though the question of choosing the 
major isomer still remains unsolved. To know this 
answer, the mixture was treated with iV-phenylmale-
imide (11). The structure of the obtained adduct 
(isolated yield 40%) was ascribed to 12 with the support 
of mass spectrum (M+=405) and N M R (the number 
of olefinic hydrogen per molecule was one), and conse­
quently the major isomer was proved to be 5, but not 6. 
This structure agrees with the one previously proposed 
for the single reduction product isolated in the reaction 
of 2 with sodium metal in diethyl ether.8) 

not 
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The D 2 0-quenching technique in this reaction system 
seems inadequate to elucidate the carbanion intermedi­
ates, because cyclopentadiene hydrogens are so suscepti­
ble to the H / D exchange that excessive amount of 
deuterium incorporated in 5 and 6 (</3 2 8 % , dA 18%).9> 
Instead, the reaction was quenched by methyl iodide 
(which was added until the reaction mixture was decol­
orized) to give methylated products, which consisted of 
dimethylated ( 2 + 2 M e ) , and monomethylated ( 2 + M e 
+ H ) products with the ratio of 88 : 12 (isolated total 
yield was 4 2 % after repeated column chromatography). 
In contrast, no methyl group was introduced into the 
H 2 0-quenched products in the treatment with methyl 
iodide under basic conditions. These results support 
that the trapped intermediate is a dianion. Additionally, 
the product structures 5 and 6 are indicative of the 
formation of dianion 14 as their precursor in which 
negative charges are separated so that the repulsive force 
can be minimized and both benzhydryl and cyclopenta-
dienyl systems are contributing to stabilizing the sepa­
rated charge (Scheme 1 ). The intermediacy of 14 is also 
compatible with the Polarographie data of 2 (1E1f2= 
- 1 . 3 0 , 2 £ 1 / 2 = - L 7 8 V vs. SCE; cf. naphthalene —2.6 
V),10) although the structures of the electrolytic reduc­
tion products have not been reported yet. 

2 - ^ 2 ^ 
H+ Ph 

Ph 
• 5 , 6 

Scheme 1. 

Reduction of 6,6-Dimethylfulvene (3) by Sodium Naphtha­
lene. When 6,6-dimethylfulvene (3)11) was treated 
under the same conditions as in the case of 2 ( —78 °C 
in T H F ) , only one product was detectable by VPC 
analysis (isolated yield 3 9 % , air-sensitive) in addition 
to the formation of resinous solids. The mass spectrum 
showed M+ peak at mje=214, which is equivalent to the 
formula, 2 x 3 + 2 H . In the N M R spectrum, the proton 
spin coupling pairs a re : i) allylic methyl protons at 1.80 
with olefinic proton at 5.90, ii) methylene protons at 
2.20 with both olefinic protons at 5.90 and 6.26.12) 
However, no coupling was observed between methine 
proton at 3.1 and olefinic proton at 6.26. Therefore, 
among several possible structures, 16 seems to be most 
explainable of the above-mentioned N M R observation. 

Before isolating products, the crude reaction mixture 
was mixed with maleimide 11 at —50 °C and the 
mixture was warmed up to ambient tempeature. A 
solid product was isolated (5%) , M+ was 560. In its 
N M R spectrum, the absorption at 0.97 is ascribable to 
isopropyl methyl protons which couple with the methine 
proton ( y = 7 . 5 Hz) concealed in other protons around 
2.0; this methine proton also couples with the olefinic 
proton at 5.90; a pair of doublet (AB-Type) appears at 
1.45—2.10 which is ascribable to the apical methylene 
protons ; the integrated intensity of the olefinic proton 
relative to the methyl is 1/6. These spectral data support 
the adduct structure 18, thus proving the presence of 
another product 17 as a minor component. 

When 3 was treated with 1 at 0 °C, a new product 19 

(65%) was obtained in addition to 16 (15%). This 
product (mp 156 °C) showed the M+ peak at 342 which 
is equivalent to [2 X 3 + 2 H + n a p h t h a l e n e ] , but the 
structure is not elucidated yet. The same product was 
also formed when 3 was added into 1 at —78 °C (inverse 
dropping method). 

11 

In contrast to the reaction of 2, 3 is anticipated to 
show an entirely different behavior and give different 
product due to the methyl substituents at C-6 position. 
In fact, no possible monomeric product was formed, but 
dimeric products 16 and 17 were obtained. These struc­
tures are entirely different from the reported one in the 
reduction of 3 by sodium metal.8) The formation of 
dimers can be most reasonably explained in terms of 
E C C mechanism (route a) or E C E C mechanism (route 
b)V (Scheme 2), although the averaged Polarographie 
two-electron reduction potential of 3 was reported to be 
— 1.90 V vs. SCE,13) so far not low enough to rule out 
an E E C C mechanism. In this Scheme, the C - C bond 

3 

•1 
coupling 

vC*16 

addition 
20 \ _ to 3 

" W 

Scheme 2. 

formation by either radical coupling (route a) or addi­
tion (route b) takes place more favorably between C-l 
positions rather than between C-6 positions, because the 
latter position is sterically more crowded and the bond­
ing at C-l positions results in the formation of stable 
dienyl conjugation in 22 (or 21). Another evidence 
against E E C mechanism was obtained in the reaction 
using an inverse dropping method (in which 3 was added 
into 1 at —78 °C) ; no monomeric product was obtained 
but 16, 17, and 19. If any E E C mechanism had been 
involved, then a significant change in the products 
would have been observed. Scheme 2 postulates the 
derivation of 16 and 17 from an identical intermediate 
22 ; probably the protonation on the C-2 position of 22 
takes place more favorably than on C-6 due to the 
difference in the stability between secondary and tertiary 
carbanions. 

Reduction of 1,2-Benzoheptafulvene (4) by Sodium Naph­
thalene. Unsubstituted heptafulvene and its simple 
homologues are usually unstable and difficult to pre­
pare.14) In the present study, 3,3',4',5,5',6,6'-hepta-
methyl-l,2-benzoheptafulvene (4)15) was chosen as a 
model of seven-membered fulvene system, though not 
the most suitable, bu t because it is stable and has the 
unsymmetrically substituted structure easy to elucidate 
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the reduction products. 
The reduction of 4 with 1 was carried out at —40 °C 

and two isomeric products, 3,3' ,4,4' ,5,5' ,6 ' ,7-o c tamethyl-
l,2-benzo-l,3,6-cycloheptatriene (23) and 3,3',4',5,5',6, 
6 ' ,7-octamethyl- 1,2-benzo-1,3,5-cycloheptatriene (24), 
were isolated (total yield 5 0 % , 23 /24=64/36) . Both of 
them showed the identical M+ peaks in their mass spectra 
(254, equivalent to 4 + 2 H ) and their N M R spectra did 
not show the presence of exo methylene protons. Thus 
the exo double bond was preferably reduced. These 
isomers were able to be separated by V P C and their 
structures were determined independently by the N M R 
analysis (see the Experimental section). Consequently, 

4 23 24 

the major product was ascribed to the structure 23 and 
the minor to 24. The fact that the isomer ratio 23/24 
stayed almost unchanged (63—66/37—34) throughout the 
reaction period (3 h at —40—0 °C) and that deuter ium 
was not incorporated when a mixture of 23 and 24 was 
treated by N a O D in D 2 0 , rules out the possibility of 
base-induced isomerization between products. 

TABLE 1. ^-DISTRIBUTION IN THE D20-QUENCHED 

PRODUCTS 23 AND 24 

Run 

1 
2 
3 
4 

Compound 

23 
24 
23 
23 

Treatment 

a) 

—a) 
D/Hb> 
H/Dc> 

^-Distribution, % 

d0 

19 
26 
20.1 
20.2 

d\ d2 

43.5 37.5 
40 34 
45.4 34.2 
45.2 34.6 

a) After D 2 0 quenching, b) The D20-quenched product 
was treated with 15% NaOD/D20 at 25 °C for 10 h. 
c) The D20-quenched product was treated with 15% 
NaOH/H 2 0 at 25°C for 10 h. 

The geometrical and electronic structure of benzo-
heptafulvene 4 is essentially different from pentafulvenes 
and its immediate comparison with 2 and 3 in the 
reduction behavior seems complicated. The D 2 0 
quenching technique of the reaction of 4 incorporated 
34—37% d2 and 40—44% d1 in both products 23 and 
24 (see Table 1), whereas the standard experiment in 
which the mixture of 23 and 24 was treated with 15 % 

Scheme 3. 

N a O D / D 2 0 or N a O H / H 2 0 did not show any appreci­
able H / D exchange. In so far as the formation of these 
dideuterio compounds is concerned, a rational species 
to be protonated seems to be dianion intermediate 27 
which can be formed by the EEC mechanism (route a 
in Scheme 3). However, the extent of the ^- incorpora­
tion was not high enough to exclude the ECC (route b 
or b' in Scheme 3) or ECEC mechanism. 

Exper imenta l 

General. The NMR spectra were measured by Varian 
T-60A and HA-100 spectrometers and chemical shifts were 
expressed in ô units. The mass spectra were measured by 
Hitachi RU-6L GC-MS spectrometer with the chamber volt­
age of 80 eV. Generally, the reductions were carried out 
by the method of dropping the reductant into fulvenes (normal 
dropping method) unless otherwise stated. 

Sodium Naphthalene (1). Under the atmosphere of 
purified nitrogen, a THF solution of 1 was prepared from 
sodium metal and naphthalene, the latter recrystallized re­
peatedly from methanol before use. The amount of reagents 
which were charged initially for the preparation of 1 was 
kept constant at 0.5 g atom Na/0.5 mol naphthalene/liter 
THF throughout all experiments.16) 

Pentafulvenes. 6,6-Diphenylfulvene (2) and 6,6-di-
methylfulvene (3) were prepared from cyclopentadiene ac­
cording to the reported methods.6»11) 

3,3',4 ' ,5,5' ,6,6'-Heptamethyl-l ,2-benzoheptafulvene (4). 
Heptafulvene 4 was prepared by the reduction of the cor­
responding 4-C1 derivative (4a) which was obtained by the 
reaction of octamethylnaphthalene (OMN) with dichloro-
carbene. The alternative 4-Br derivative (4b)17) can also be 
used though the reaction of OMN with CBr2 yielded 6-Br 
isomer as a by-product.15) 

Under a gentle stream of purified N2, a THF solution of 1 
(10 ml) was added dropwise to a cooled ( — 78 °C) solution of 
4a (1.28 g, 4.5 mmol) in THF (50 ml) over 10 min. After 
additional stirring for 20 min, the solution was decolorized 
by a mixture of H 2 0 and THF (2+10 ml). Solvent was 
removed and the residue, dissolved in Et 2 0, was washed with 
aq NaCl and dried. Naphthalene was removed by sublima­
tion and the residue was chromatographed through a silica 
gel column (pet. ether) to yield 0.55 g of 4 (49%); mp 104— 
105 °C, M+ 252. XH-NMR (CCI,) Ï.66 and 1.92 (3H each, 
q, 7 = 0 . 5 Hz, 5- and 6-Me), 2.06 (3H, d, 7 = 1.4 Hz, 3-Me), 
2.18 (3H, s), 2.20 (3H, s), 2.21 (3H, s), 2.29 (3H, s), 4.75 and 
5.03 (1H each, dd, 7=2 .2 Hz, exo CH2), 5.99 (1H, bs, 7 = 1.4 
Hz, 4-H). 

Reduction of 6,6-Diphenylfulvene (2) by 1. 2 (4.7 g, 20.4 
mmol) was dissolved in 50 ml of dry THF and the solution 
was bubbled through by N2 for 10 min at ambient tempera­
ture. The solution was cooled to —72 78 °C and a THF 
solution of 1 (40 mmol) was added dropwise over 30 min. 
After additional stirring (1 h at — 78 °C) of the colored solution 
(dark crimson purple), a mixture of H 2 0 and THF (3+10 ml) 
was added and the solution was warmed up to ambient tem­
perature. The solution was diluted by Et 2 0 (100 ml), washed 
with water repeatedly till the aq layer showed pH=7.0, and 
dried over anhyd MgS04 . After removing solvents, the re­
sidue was chromatographed through a silica gel column (pet. 
ether). The first fraction consisted mainly of naphthalene 
and the second one contained reduction products 3-benz-
hydrylcyclopentadiene (5) and its 2-isomer (6) as a mixture. 
A resinous substance trapped in the column was incapable 
of being identified. The products 5 and 6 could not be 
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separated satisfactorily by such a t tempted means as T L C and 
VPC. Yield of the mixture , 2.2 g (47%) . Isomer ratio 
5 /6=34/13 (by N M R ) . M+, 232. N M R (CC14) 2.80—3.00 
(2H, m + m ' , coupling with H at 5.15 and 5.7—6.0), 5.15 
(1H, m, coupling with H at 2.80—3.0 and 6.45), 5.70—6.00 
(1H, m + m ' , coupling with H at 2.80—3.0 and 6.2—6.45), 
6.20—6.45 (2H, d + m ' , coupling wi th H at 5.70—6.0 and 
5.15), 7.20 (10H, bs). 

Reduction of 2 by 1, D20-Quenching: T h e procedure was 
essentially the same with tha t described above except that 
99.9% D 2 0 was used as the quencher instead of H 3 0 . The 
product mixture showed an analogous V P C chromatogram 
to tha t of the H 2 0-quenched products. The deuterium con­
tent of the products was determined by mass spectrometry: 
4 5.0, dx 14.6, d.2 26.1, 4 28.8, rf4 18.2%. 

Reduction of 2 by 1, CH.J-Quenching: T h e solution of the 
reaction mixture of 2 (4.7 g, 20 mmol) and 1 (50 mmol) was 
quenched by methyl iodide (5.7 g, 40 mmol in 30 ml of T H F ) 
at — 78 °C. After stirring for 40 min, the temperature was 
gradually raised to 0 °C and the mixture was worked-up with 
water and E t a O . The organic residue was chromatographed 
three times through silica gel columns (pet. ether) to isolate 
methylated products, 2.9 g (42%). The VPC-mass spectral 
analysis showed tha t this consisted of dimethylated (88%) and 
monomethylated product (12%) . T h e N M R showed methyl 
protons (6H at 1.8—2.0) relative to other aliphatic protons 
(2H at 2.6—2.8 and 2 H at 5.5—6.5) and aromatic protons 
(10H at 7.15). The mass spectral analysis of the isolated 
dimethyl-product showed the M+ peak at 260 (2 + 2Me) con­
sistent with the dimethylated structure and tha t of the mono-
methylated product at 246 ( 2 + M e + H ) , al though the methy­
lated positions were not elucidated. 

Catalytic Hydrogénation of the Mixture 5-\-6: A mixture of 5 
and 6 (0.64 g, 2.8 mmol) was hydrogenated over Pd /C (0.13 g) 
in E t O H (13 ml) at 25 °C. T h e solution absorbed 61.3 ml H 2 

(calcd 61.6 ml for one double bond) over 6.5 h to afford 1-
benzhydryl cyclopentene (10). I R (C=C) 1600 cm" 1 (CC14). 
N M R (CC14) 1.5—2.3 (6H, m) , 4.7 (1H, bs), 5.2 (1H, dd, 
7 i = 4 , f2=2 Hz ) , 7.1 (10H, s). Only one eluting spot was 
shown by T L C . 

Reaction of the Mixture (5+6) with N-Phenylmaleimide (11) : 
Under N 2 atmosphere, a solution of 11 (0.53 g, 3 mmol, in 
5 ml of benzene) was mixed with a benzene solution of 5 
and 6 (0.70 g, 3 mmol in 5 ml) , (slightly exothermic). T h e 
mixture was heated in a sealed tube at 60 °C for 2 h to give 
colorless solids of adduct 12. 0.49 g (40%), mp 247.0—248.5 
°C. N M R (acetone-^) 1.60 and 2.00 (1H each, dd, J=9 Hz, 
apical CH 2 ) , 3.23 (1H, m ) , 3.45—3.55 (3H, m, coupling wi th 
H at 1.60, 2.00, and 5.52, br idgehead), 4.60 (1H, d, f=2 Hz, 
coupling with H at 5.52, benzhydryl) , 5.52 (1H, m, olefinic), 
6.70—7.60 (15H, m, A r H ) . Found : C, 82.85; H , 5.64; N , 
3 .34%; M+, 405. Calcd for C 2 8 H 2 3 N 0 2 : C, 82.94; H , 5.72; 
N, 3 .45%; M , 405. 

Reduction of 6,6-Dimethylfulvene (3) by 1. U n d e r N 2 

stream, 1 (51 mmol in 92 ml of T H F ) was added over 30 min 
to a freshly distilled 3 (2.70 g, 25.5 mmol, in 50 ml of T H F ) 
at — 76 °C. The rate of decoloration of the radical anion 
was slow compared with that in the case of 2. After additional 
stirring for 30 min, H 2 0 (0.9 ml in 25 ml of T H F ) was added 
and the solution was warmed up to ambient temperature . 
After working-up, the obtained mixture showed three T L C 
spots. The ethereal solution of the products, 210 ml, was 
divided into two parts , 160 and 50 ml, and the former was 
chromatographed first through a silica gel column (pet. ether) 
to remove polymeric products, and then by V P C (PEG 20M) 
to separate three fractions corresponding to the T L C spots. 
The first two fractions were di- and tetrahydronaphthalene, 

and the third fraction, l iquid, was determined to be a dimeric 
product 16, bi(2-isopropylidene-3-cyclopentenyl), 1.05 g 
(39%), by the following spectral da ta . N M R (CCl t) 1.80 
(6H, bs, allylic Me , slightly coupling with H at 5.90), 2.20 
(2H, m, coupling with H at 3.10, 5.90, and 6.26), 3.10 (1H, 
m, coupling with H at 2.20), 5.90 (1H, m, coupling with H 
a t 2.20, 6.26 by 7 = 6 Hz, and slightly with 1.80), 6.26 (1H, 
a pair of t, coupling with H at 5.90 by 7 = 6, with H at 2.20 
by 7 = 2 H z ) . M+ 214. 

Reaction of the Product Mixture Obtained from 3 with 11 : T h e 
latter of the divided solution (50 ml) prepared in the preceding 
experiment was mixed with 11 (0.65 g, 3.8 mmol) under N 2 

at 0 °C and the mixture was stirred for 15 h. White solids 
of adduct 18 separated, 0.12 g (5 .3%) , m p 300 °C. N M R 
(CDC13) 0.97 (12H, splitted d, 7 = 7 . 5 Hz , isopropyl Me) , 
1.62 and 1.93 (2H each, dd, 7 = 8 Hz, apical) , 1.45—2.10 
(2H, concealed, coupling with Me) , 3.46 (6H, m, coupling 
with H at 5.90, br idgehead) , 5.90 (2H, m, olefinic, coupling 
with H at 1.45—2.10 and 3.46), 7.30 (10H, m, A r H ) . Found : 
C, 77.31 ; H , 6.59; N , 4 . 8 1 % ; M+, 560. Calcd for C 1 8 H 1 8 N 0 2 : 
C, 77.12; H , 6.47; N , 5 .00%; M , 560. 

Reduction of 4 by 1. A solution of 4 (200 mg, 0.83 mmol) 
in dry T H F (30 ml) was treated by a T H F solution of 1 
(1.8 mmol) at - 4 0 °C for 1 h under N 2 . The initially dark-
green colored solution turned brown-red, which was then de­
colorized by a mixture of H 2 0 and T H F (1 + 3 ml) at - 3 0 °C. 
T h e mixture was extracted with E t 2 0 , washed with water 
and dried ( M g S 0 4 ) . After removing naphthalene by sub­
limation, the residue was analyzed by V P C (PEG 20M, 2 m) 
to show two products . They could not be separated by T L C 
but by preparat ive V P C , where the first eluting fraction was 
23 and the second was 24 (total yield 5 0 % , 23 /24=64 /36) . 
23, l iquid, M+ 254. N M R (CC14) 1.10 (3H, d, 7 = 1 2 Hz) , 
1.80 (6H, bs), 1.85 (3H, d, 7 = 1.2 Hz) , 2.1—2.25 (12H, m, 
plus concealed 1H coupling with M e at 1.10 as well as with 
H at 5.54), 5.54 (1H, dq, 7 = 7 . 0 and 1.2 Hz) . 24, liquid, 
M+ 254. N M R (CC14) 1.10 (3H, d, 7 = 1 2 Hz) , 1.63 (3H, 
bs), 1.79 (3H, bs), 2.04 (3H, d, 7 = 1.5 Hz) , 2.11 (3H, s), 
2.17 (6H, s), 2.24 (3H, s), 3.75 (1H, q, 7 = 1 2 Hz) , 6.05 
(1H, bs, coupling with M e at 2.04). T h e product ratio 23/24 
stayed almost constant (63—66/37 — 34) dur ing the reaction 
period. 

T h e f i nanc i a l s u p p o r t of t h i s w o r k f rom t h e Asahi 
Glass Foundation for the Contribution to Industrial Technology 
is a c k n o w l e d g e d w i t h g r a t i t u d e . W e a r e also g ra t e fu l 
for t h e G r a n t - i n - A i d for Scient i f ic R e s e a r c h f rom t h e 
M i n i s t r y of E d u c a t i o n ( N o . 3 5 5 3 7 2 ) . 
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Reactions of 2'-Hydroxyisoflavone and 2'-Hydroxy-2-methyl-
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Reactions of four 2/-hydroxy-2-methylisoflavones with lead(IV) acetate gave the corresponding 10b-acetoxy-
5a-methyl-5a,10b-dihydrobenzofuro[2,3-^][l]benzopyran-ll-ones in 21—25% yields and 2-(2-methyl-4-oxo-
4//-chromen-3-yl)-/>-benzoquinones in 27—46% yields. Reactions of the isoflavones with manganese(III) acetate 
gave the ketones in 1—25% yields. Reaction of 2'-hydroxy-4',7-dimethoxyisoflavone with lead(IV) acetate gave 
10b-acetoxy-3,8-dimethoxy-5a, 1 Ob-dihydrobenzofuro[2,3-b] [ 1 ]benzopyran-11 -one, and 3,8-dimethoxybenzofuro-
[2,3-&] [l]benzopyran-l 1-one. 

In the lead (IV) acetate oxidation of organic 
compounds in which a hydroxyl group and a double 
bond or a hydrogen are located in a spatially suitable 
position, an oxidative cyclization has been found. 1,3_7> 
Manganese(III) acetate oxidations of the compounds 
have also been reported to give cyclic products.2~5»7) I t 
could be expected that the reaction of 2'-hydroxy-2-
methylisoflavone with metal salts might give a dehydro-
rotenoid by the removal of hydrogens from the hydroxyl 
and methyl groups. The dehydrorotenoid can be 
transformed into a rotenoid, which is known as a fish 
poison. I t is also expected that the reaction of 2'-
hydroxyisoflavone with metal salts would give benzofuro-
[2,3-£][l]benzopyran-l 1-one, which has been found in 
natural sources as Lisetin.8) Lisetin was synthesized 
from Piscerythrone, which was also a natural product, 
by the oxidation with potassium hexacyanoferrate.8) 
However, this method is not applicable to water insoluble 
2'-hydroxyisoflavones (described later). 

2'-Hydroxy- and 2'-hydroxy-2-methylisoflavones 
(la—e) were prepared by part ial demethylation of the 
corresponding 2'-methoxyisoflavones with aluminium 
chloride. The structures of new isoflavones were 
determined by examining their N M R and I R spectra, 
and by elemental analyses. 

The reaction of 2'-hydroxy-4',7-dimethoxy-2-methyl-
isoflavone (lb) with lead (IV) acetate in hot acetic acid 
gave two products, l i b and I l l b (Table 1, entry 3). 
The N M R spectrum of l i b (C2 0H1 8O7 , m p 186—188 
°C) indicated that it is an acetate (ô 2.20) with a methyl 
group (ô 1.79), two methoxyl groups (ô 3.71 and 3.81), 
and six aromatic protons {<5 6.3—6.8 (4H, m) , 7.35 
(1H, d, / = 8 . 5 Hz) and 7.75 (1H, m)} . T h e I R 
spectrum showed carbonyl absorptions at 1710 and 
1760 cm - 1 . These spectroscopic properties are consistent 
with the structure of 1 Ob-acetoxy-3,8-dimethoxy-5a-
methyl-5a, 1 Ob-dihydrobenzofuro[2,3-b] [1] benzopyran­
i l -one ( l ib ) (Fig. 1). The N M R spectrum of I l l b 
(C 1 8 H 1 4 0 6 , m p 237 °C) indicated the presence of a 
methyl group (ô 2.29), two methoxyl groups (ô 3.90 
and 3.95), two singlet protons (ô 6.11 and 6.72), and 
three aromatic protons {<5 6.85—7.05 (2H, m) and 8.13 
(1H, d, 7 = 8 . 5 Hz)} . T h e I R spectrum exhibited 
multiple absorptions at 1630—1660 c m - 1 and a carbonyl 
absorption at 1700 cm - 1 . The spectroscopic evidence 
suggested that the structure o f l l l b is to be,2-(7-meth-
oxy-2-methyl-4- oxo-4 / / -chromen- 3-yl) - 5-methoxy-/>-
benzoquinone ( I l l b ) . The reactions of l b with lead(IV) 

acetate in acetic acid at room temperature and in 
benzene at reflux temperature gave less satisfactory 
results (entries 4 and 5). When l b was treated with 
aqueous potassium hexacyanoferrate, the starting 
mater ial was recovered unchanged. 

Three other 2'-hydroxy-2-methylisoflavones ( la , Ic, 
and Id) also gave the corresponding 10b-acetoxy-5a-
methyl-5a, 1 Ob-dihydrobenzofuro [2,3-6] [1] benzopyran-
11-ones (Ha , He , and Hd) and 2-(4-oxo-4//-chromen-3-
yl)-/>-benzoquinones ( I l i a , HIc 5 and H i d ) , respectively, 
in the oxidation wi th lead(IV) acetate. T h e reaction 
of l b with manganese (I II) acetate gave a dimeric 
compound, IV (C4 0H3 4O1 4 , m p 300 °G), together with 
l i b (entries 6, 7, and 10). I l l b was not obtained in 
these cases. The N M R spectrum of I V was similar to 
that of l i b , except for the presence of /wra-related 
protons {<5 7.24 (s) and 6.35 (s)} instead of the one 
set of three aromatic protons in l i b . The reactions of 
l a , Ic, and Id with manganese (111) acetate gave H a , 
He , and H d , respectively, in less satisfactory yields 
(entries 2, 12, and 14). 

The reaction of 2'-hydroxy-4',7-dimethoxyisoflavone 
(le) with lead(IV) acetate yielded two products, H e 
and V. When the reaction was conducted at room 
temperature , H e was the major product (entry 15). At 
reflux temperature, however, V was the major product 
(entry 17). The structures of these products were again 
elucidated by examining their N M R and I R spectra, 
and are shown in Fig. 1. I t appears tha t the removal 
of acetic acid from H e would give V and, in fact, the 
heat ing of H e up to 250 °C yielded V in quanti tat ive 
yield. The thermal elimination of acetic acid from H e 
H e suggests that the stereochemistry of the 5a-hydrogen 
and the 10b-acetoxyl group would be eis. This also 
leads to the prediction tha t the stereochemistry of 5a-
methyl and 10b-acetoxyl groups in H a — d would be 
eis, which is the more stable conformation predicted 
from molecular models. 

In conclusion, the reactions of 2'-hydroxy-2-methyl-
isoflavones ( la—d) wi th lead (IV) acetate and 
manganese (HI) acetate did not yield the expected 
dehydrorotenoids, bu t gave new dihydrobenzofuro-
[2,3-£][l]benzopyran-l l-ones (Ha—d) , while the reac­
tion of 2'-hydroxyisoflavone gave benzofuro[2,3-6][l]-
benzopyran-11-pne (V). The latter reaction can be 
utilized as a synthetic method for benzofuro[2,3-£][l]-
benzopyran-11-one. 
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T A B L E 1. T H E REACTIONS OF 2'-HYDROXYISOFLAVONES WITH METAL SALTS 

Entry 

Î 
2 
3 
4 
5 
6 

7 
8 
9 

10 

11 
12 
13 
14 
15 
16 
17 
18 

Gompd 

la9) 
la 
lb 
lb 
lb 
lb 
lb 
lb 
lb 

lb 

Ic 
Ic 
Id 
Id 
le10) 

le 
le 
le 

Oxidant 

Pb(OAc)4 

Mn(OAc)32H20 
Pb(OAc)4 

Pb(OAc)4 

Pb(OAc)4 

Mn(OAc)32H20 
Mn(OAc)32H20 
Mn(OAc)32H20 
Mn(OAc)32H20 

Mn(OAc)32H20 

Pb(OAc)4 

Mn(OAc)32H20 
Pb(OAc)4 

Mn(OAc)32H20 
Pb(OAc)4 

Pb(OAc)4 

Pb(OAc)4 

Mn(OAc)32H20 

Reaction conditions 

Molar ratio 
of I : oxidant 

1: 1.5 

1:3 
1: 1.5 
1: 1.5 
1: 1.5 
1: 1 
1:3 
1:3 
1:3 

1:6 

1: 1.5 
1:3 
1: 1.5 
1:3 
1: 1.5 
1: 1.5 
1: 1.5 
1:3 

Solvent 

AcOH 

AcOH 
AcOH 
AcOH 
benzene 
AcOH 
AcOH 
AcOH 
benzene 

AcOHb> 

AcOH 
AcOH 
AcOH 
AcOH 
AcOH 
AcOH 
AcOH 
AcOH 

Temp 
(°G) 

100 
100 
100 
R.T. 

80 
100 
100 
R.T. 

80 

100 
100 
100 
100 
100 
R.T. 

100 
reflux 

100 

Time 
(h) 

0.5 

1.0 
0.5 
2.0 
1.0 
0.5 
0.5 

72 
720 

4.5 

0.5 
0.5 
0.5 
0.5 
2.0 
0.5 
0.5 
0.3 

Product (% yield)a> 

IIa (25) 

IIa ( 1) 
IIb (25) 
IIb (21) 
IIb ( 5) 
IIb (16) 
IIb (25) 
IIb ( 7) 
IIb ( 9) 

IIb (14) 
IIc (22) 
IIc ( 9) 
Ild (24) 

Ild (10) 
He (22) 
Ile (19) 

Ile (10) 

I l ia (45) 

I l lb (46) 
I l lb (28) 
I l lb (17) 

IIIc (27) 

Hid (43) 

IV 
IV 

IV 

(3 ) 
(29) 

(9 ) 

V ( 8 ) 

V(17) 
V(35) 

V ( 7 ) 

a) Yield is based on the amount of isoflavone consumed, b) Two equivalents of A c 2 0 were added. 

CH30, 
CH3 

OCH: 

IIIa-d IV 

0CH3 

a R 1 = C H 3 , R 2 = R 4 = H j R 3 = O G H 3 

b R J = G H 3 J R 2 = H , R 3 = R 4 = O G H 3 

c R 1 = G H 3 J R 2 = R 3 = O C H 3 , R 4 = H 
d R 1 = G H 3 J R 2 = R 3 = R 4 = O G H 3 

e R 1 = H , R«>=H, R 3 = R 4 = O G H 3 

Fig. 1. 

E x p e r i m e n t a l 

All XH N M R spectra were recorded wi th a Hi tachi N M R 
spectrometer with T M S as an internal s tandard. T h e I R 
spectra were recorded with a J S A G O grating spectrometer. 
T h e U V spectra were recorded with a Hi tachi EPS-3T spectro­
photometer , while the mass spectrum was recorded with a 
J E O L JMS-01 SG-2 mass spectrometer. Melt ing points were 
determined on a Yanagimoto hot-stage and are uncorrected. 

Preparation of 2-Methylisoflavones. A typical procedure 
for the preparat ion of 2-methylisoflavone was as follows. A 
mixture of a phenyl benzyl ketone (0.5 g), sodium acetate 
(0.5 g) acetic anhydride (2 ml), and acetic acid (2 ml) was 
heated under reflux for 12 h. The reaction mixture was 
poured into ice water and the precipitates were collected. 

2-Hydroxy-4,5-dimethoxyphenyl 2-methoxybenzyl ketone11* 
gave 2-methyl-2 /,6,7-trimethoxyisoflavone, m p 172—173 °G 
(EtOH) in a 3 1 % yield. I R (CHC13) 1640 cm" 1 ( C = 0 ) ; 
U V (MeOH) Amax (e) 288 (11900) and 324 n m (10200); 
N M R (GDGI3) (5=2.18 (3H, s, CH 3 ) , 3.72 (3H, s, OCH 3 ) , 
3.92 (6H, s, 2 x O C H 3 ) , 6.83 (1H, s, H ( 8 ) ) , 6.95—7.43 (4H, m, 
H (3/_6/)), and 7.51 (1H, s, H ( 5 ) ) . Found: G, 69.94; H , 5.60%. 
Galcd for C 1 9 H 1 8 0 5 : G, 69.92; H , 5.56%. 

2-Hydroxy-4,5-dimethoxyphenyl 2,4-dimethoxybenzyl ke­
tone12) yielded 2-methyl-2 /,4 /,6,7-tetramethoxyisoflavone, 
m p 175—177 °G (E tOH) in a 3 1 % yield. I R (CHC13) 1635 
c m - 1 ( C = 0 ) ; U V ( M e O H ) Amax (e) 291 (12200) and 325 nm 
(9700); N M R (CDC13) (5=2.20 (3H, s, CH 3 ) , 3.78 (3H, s, 
O G H 3 ) , 3.82 (3H, s, O C H 3 ) , 3.95 (6H, s, 2 x O C H 3 ) , 6.4—7.4 
(2H, m, H(3/) and H f t/>), 6.89 (1H, s, H ( 8 ) ) , 7.18 (1H, m, 
H(„/)), 7.57 (1H, s, H ( 5 ) ) . Found : G, 67.10; H , 5.82%. 
Galcd for C 2 0 H 2 0 O 6 : G, 67.40; H , 5.66%. 

Preparation of 2'-Hydroxy-2-methylisoflavones (lb—d). A 
typical procedure for the preparat ion of 2'-hydroxy-2-methyl-
isoflavone was as follows. A mixture of a 2'-methoxy-2-
methyl isoflavone (10 mmol) , a luminium chloride (20 mmol), 
and nitrobenzene (50 ml) was heated a t 100 °G for 1 h . After 
the removal of the nitrobenzene under reduced pressure, the 
resulting mixture was t r i turated with 2 M hydrochloric acid. 
The precipitates were collected and recrystallized. 

2'-Hydroxy-4' ,7-dimethoxy-2-methylisoflavone (lb) : Mp 224— 
225 °G (CHC13); 4 4 % yield; I R (KBr) 3300 (OH) and 
1620 c m - 1 ( C = 0 ) ; U V (MeOH) Amax (e) 247 (25000), 251 
(25300), and 290 n m (15700); N M R (CF 3 COOH) (5=2.70 
(3H, s, CH 3 ) , 4.02 (3H, s, O C H 3 ) , 4.17 (3H, s, OCH 3 ) , 
6.75—7.59 (5H, m) , and 8.59 (1H, m, H ( 5 ) ) . Found: G, 
69.42; H , 5 .05%. Galcd for C 1 8 H 1 6 0 5 : G, 69.22; H ; 5.16%. 

2'-Hydroxy-6,7-dimethoxy-2-methylisoflavone (Ic): Mp 251— 
253 °G (GHGI3); 2 7 % yield; I R (KBr) 3240 (OH) and 
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1630 cm- 1 ( C = 0 ) , U V (MeOH) Amax (e) 298 (13600) and 
324 nm (11700); N M R ( C F 3 C O O H ) (5 = 2.79 (3H, s, CH 3 ) , 
4.20 (3H, s, O C H 3 ) , 4.28 (3H, s, O C H 3 ) , 7.21—7.53 (4H, 
m> H ^ . , / ) ) , 7.58 ( I H , s, H ( 8 ) ) , and 7.86 ( I H , s, H ( 5 ) ) . Found : 
C, 69.50; H, 5.20%. Calcd for C 1 8 H 1 6 0 5 : C, 69.22; H , 
5.16%. 

2'-Hydroxy-2-methyl-4',6,7-trimethoxyisoflavone (Id) : M p 241 
°C (CHCl 3 -C 6 H f i ) ; 2 3 % yield; I R (KBr) 3200 (OH) and 
1620 c m - 1 ( C = 0 ) ; U V ( M e O H ) X m a x(e) 291 (16100) and 
324 n m (12900); N M R ( C F 3 C O O H ) 0 = 2 . 7 1 (3H, s, GH 8 ) . 
4.03 (3H, s, OCH3), 4.19 (3H, s, O C H 3 ) , 4.25 (3H, s, O C H 3 ) , 
6 . 7 2 - 6 . 9 8 (3H, m, H ( 3 / ) 3 H ( s 0 and H ( 6 / , ) , 7.51 ( IH , s, H ( 8 ) ) , 
and 7.80 ( IH , s, H ( 6 ) ) . Found: C, 66.36; H , 5 .35%. Calcd 
for G 1 9 H 1 8 0 6 : C, 66.66; H, 5.30%. 

Oxidations of 2'-Hydroxy-2-methylisoflavanoes (la—d) and 2'-
Hydroxyisoflavone with Lead(IV) Acetate. A typical oxida­
tion of 2'-hydroxyisoflavone was as follows. A mixture of 
a 2'-hydroxyisoflavone (1 mmol) , lead(IV) acetate13) (1.5 
mmol), and a solvent (20 ml) was heated at an appropriate 
temperature for the t ime shown in the Table 1. After the 
removal of the solvent, the resulting reaction mixture was 
tr i turated with water and extracted with chloroform. T h e 
chloroform solution was evaporated and separated on T L G 
using chloroform as developing solvent. 

l a yielded 10b-acetoxy-3-methoxy-5a-methyl-5a, 10b-di-
hydrobenzofuro[2,3-£][l]benzopyran-ll-one ( I I a ) : m p 136— 
137 °C ( E t O H ) ; 2 5 % yield; I R (CHC13) 1700 (G=0) and 
1760 cm- 1 (OAc) ; U V (MeOH) Amax (e) 287 n m (16900); 
N M R (GDCI3) 5 = 1 . 7 9 (3H, s, CH 3 ) , 2.20 (3H, s, OAc) , 3.79 
(3H, s, O C H 3 ) , 6.51—7.50 (6H, m) , and 7.68 ( I H , d, 7 = 8 . 5 
Hz, H ( 1 ) ) (Found: C, 66.92; H , 4 . 7 3 % . Calcd for C 1 9 H 1 6 O e : 
C, 67.05; H , 4 . 75%) ; and 2-(7-methoxy-2-methyl-4-oxo-4//-
chromen-3-yl)-/>-benzoquinone ( I l i a ) : m p 180 °C (C 6 H 6 -
l igh tpe t ro leum) ; 4 5 % yield; I R (CHC13) 1650 and 1680 c m - 1 

( C = 0 ) ; U V (MeOH) Amax(e) 226 (30500), 246 (30400), 252 
(30000), and 297 n m (14700); N M R (CDC13) 0 = 2 . 3 0 (3H, 
s, CH 3 ) , 3.91 (3H, s, O C H 3 ) , 6.75—7.06 (5H, m, H ( 3 ) , H ( 5 ) , 
H( , ) , H ( 6 0 , and H ^ ) , and 8.05 ( I H , d, 7 = 8 . 5 Hz, H (5/)) 
(Found: C, 68.80; H , 4 .10%. Calcd for C 1 7 H 1 2 0 5 : C, 68.91 ; 
H , 4 . 0 8 % ) . 

l b gave 10b-acetoxy-3,8-dimethoxy-5a-methyl-5a,10b-di-
hydrobenzofuro[2,3-£][l]benzopyran-l l-one ( l i b ) : m p 186 
—188 °C ( E t O H ) ; 5—25% yields; I R (CHC13) 1710 
(C=0) and 1760cm- 1 (OAc) ; U V (MeOH) Amax (e) 233 
(13700) and 284 n m (15800); N M R (CDC13) (5=1.79 (3H, 
s, CH 3 ) , 2.20 (3H, s, OAc) , 3.71 (3H, s, O C H 3 ) , 3.81 (3H, 
O C H 3 ) , 6.31—6.71 (4H, m, H ( 2 ) , H ( 4 ) , H ( 7 ) , and H ( 9 ) ) , 7.37, 
( IH , m, H ( 1 0 ) ) , and 7.73 ( I H , d, 7 = 8 . 5 Hz, H ( 1 ) ) (Found: C 
64.65; H, 4 .90%. Calcd for C 2 0 H 1 8 O 7 : C, 64.56; H, 4.90%) ; 
and 2-(7-methoxy-2-methyl-4-oxo-4i/-chromen-3-yl)-5-meth-
oxy-/>-benzoquinone ( I l l b ) : m p 237 °C ( E t O H ) ; 17— 
4 6 % yields; I R (CHC13) 1630—1660 and 1700 c m - 1 

( G = 0 ) ; U V (MeOH) Amax (e) 223 (23700), 247 (25400), 
252 (27200), and 298 n m (15900); N M R (CDC13) 5 = 2 . 2 9 , 
(3H, s, GHj) , 3.90 (3H, s, O C H 3 ) , 3.95 (3H, s, OCH 3 ) 
6.11 ( IH , s, H ( 6 ) ) , 6.72 ( I H , s, H ( 3 ) ) , 6.85—7.05 (2H, m, H { e 0 

and H ( 8 / } ) , 8.13 ( I H , d, 7 = 8 . 5 Hz , H ( 5 / } ) (Found: C, 65.96; 
H , 4 .32%. Calcd for C 1 8H 1 40, ? : C, 66.25; H , 4 .32%). 

Ic yielded 10b-acetoxy-2,3-dimethoxy-5a-methyl-5a,10b-di-
hydrobenzofuro[2,3-£][l]benzopyran-ll-one ( H e ) : mp 207 
—209 °C ( E t O H ) ; 2 2 % yield; I R (CHC18) 1700 (C=0) 
and 1760cm- 1 (OAc) ; U V ( M e O H ) Amax (e) 286 (14200) 
and 347 n m (8800); N M R (CDC13) 5 = 1 . 7 9 (3H, s, CH 3 ) , 
2.21 (3H, s, OAc) , 3.82 (3H, s, O C H 3 ) , 3.91 (3H, s, O C H 3 ) , 
6.61 ( IH, s, H ( 4 ) ) , 7.22 ( IH , s, H ( 1 ) ) , 6.70—7.50 (3H, m, H ( 7 ) , 
H ( 8 ) , a n d H ( 9 ) ) , and 7.56 (IH» m, H ( 1 0 ) ) (Found: C, 64.63; 
H , 4 .92%. Calcd for C 2 0 H 1 8 O 7 : C, 64.86; H , 4 . 90%) ; and 

2- (6,7-dimethoxy-2-methyl-4-oxo -4//-chromen-3-yl) -p - benzo-
quinone ( I I I c ) : m p 192—193 °C ( E t O H ) ; 2 7 % yield; I R 
(CHCI3) 1650 and 1680 c m - 1 (G=0) ; U V ( M e O H ) AmaK (e) 
289 (12000) and 323 n m (13400); N M R (CDG18) 5 = 2 . 3 0 
(3H, s, CH 3 ) , 3.95 (3H, s, O C H 3 ) , 3.98 (3H, s, O C H 3 ) 
6.79—6.83 (4H, m , H ( 3 ) , H ( 5 ) , H ( 8 ) , and H ( 8 / , , and 7.45 ( I H , 
s , H ( 5 0 ) (Found: C, 66.10; H, 4 . 3 1 % . Calcd for C 1 8 H 1 4 O e : 
C, 66.25; H , 4 .32%) . 

Id gave 10b-acetoxy-5a-methyl-2,3,8-trimethoxy-5a,10b-
dihydrobenzofuro[2,3-£][l]benzopyran-l l-one ( l i d ) : m p 180 
—183 °C ( E t O H ) ; 2 4 % yield; I R (KBr) 1700 (G=0) and 
1760cm- 1 (OAc) ; U V (MeOH) Axam (e) 286 (14900) and 
347 nm (9300); N M R (GDC18) 5 = 1 . 7 9 (3H, s, CH 3 ) , 2.20 
(3H, s, OAc) , 3.75 (3H, s, O C H 3 ) , 3.82 (3H, s, O C H 8 ) , 
3.91 (3H} s, O C H 3 ) , 6.57 ( I H , s, H ( 4 ) ) , 7.18 ( I H , s, H ( 1 ) ) , 
6.29—6.59 (2H, m, H{ 7 ) and H ( 9 ) ) , and 7.38 ( I H , m, H ( 1 0 ) ) 
(Found: C, 62.80; H, 5 .08%. Calcd for C 2 1 H 2 0 O 8 : C, 62.99; 
H , 5 .04%); and 2 - (6 ,7 -d imethoxy-2-methy l -4 -oxo-4 / / -
chromen-3-yl)-5-methoxy-/>-benzoquinone ( H i d ) : m p 222—• 
227 °C ( E t O H ) ; 4 3 % yield; I R (KBr) 1630 and 1700 
c m - 1 ( C = 0 ) ; U V (MeOH) Amax (e) 322 n m (14900); N M R 
(CDC3) 5 = 2.29 (3H, s, CH 3 ) , 3.85 (3H, s, O C H 3 ) , 3.92 
(3H, s, O C H 3 ) , 3.98 (3H, s, O C H 3 ) , 6.02 ( I H , s, H ( 6 ) ) , 6.73 
( I H , s, H ( 8 , , ) , 6 . 84 ( I H , s, H ( 3 ) ) , and 7.45 ( I H , s, H ( 5 0 ) 
(Found: C, 63.74; H , 4 .55%. Calcd for C 1 ( ) H 1 6 0 7 : C, 64.04; 
H, 4 .53%) . 

Ie yielded 10b-acetoxy-3,8-dimethoxy-5a,10b-dihydro-
benzofuro[2,3-£][ l ]benzopyran- l l -one(IIe) : m p 150 °C 
( E t O H ) ; I R (CHC18) 1710 (C=Q) and 1 7 6 0 c m - 1 (OAc) ; 
U V (MeOH) Amax (e) 233 (13900), 283 (15500), and 311 n m 
(inf.) (8760); N M R (CDC13) 5 = 2 . 1 8 (3H, s, OAc) , 3.77 
(3H, s, O C H 3 ) , 3.81 (3H, s, O C H 3 ) , 6.45—6.70 (5H, m, 
H ( 2 ) , H ( 4 ) , H ( 5 a ) , H ( 7 ) , and H ( 9 ) ) , 7.29 ( I H , m, H ( l 0 ) ) , and 
7.71 ( I H , d, / = 8 . 5 Hz, H ( 1 ) ) (Found: C, 63.95; H , 4 .54%. 
Calcd for C 1 9 H 1 6 0 7 : C, 64.04; H , 4.53%) ; and 3,8-dimethoxy-
benzofuro[2,3- i ] [ l ]benzopyran-l l -one (V) : m p 235 °C (CH-
Cl 3 ) ; I R (KBr) 1658 c m - 1 ( C = 0 ) ; U V (MeOH) Amax (e) 
261 (30500), 287 (16600), and 311 n m (inf.) (9330); N M R 
(CF 3 COOH) 5 = 4 . 0 8 (3H> s, O C H 3 ) , 4.15 (3H, s, O C H 3 ) , 
7.10—7.60 (4H, m, H ( 2 ) , H ( 4 ) , H ( 7 ) , and H ( 9 ) ) , 8.10 ( I H , d, 
7 = 8 . 5 Hz, H { 1 ) ) , and 8.52 ( I H , d, 7 = 8 . 5 Hz, H ( 1 0 ) ) (Found: 
C, 68.80; H , 4 .10%. Calcd for C^H^O. , , : C, 68.91; H , 
4 .08%) . 

Oxidations of la—e with Manganese (III) Acetate. A typ­
ical oxidation of 2'-hydroxyisoflavone with manganese (111) 
acetate was as follows. A mixture of 2'-hydroxyisoflavone 
(1 mmol) , manganese (I I I) acetate dihydrate14) (3 mmol) , and 
a solvent (20 ml) was hea ted at an appropria te temperature 
for the t ime shown in Table 1. After the removal of the 
solvent, the resulting mixture was t r i turated with water and 
extracted wi th chloroform. The chloroform solution was 
evaporated and the resulting mixture was separated on T L C 
using chloroform as developing solvent and by recrystal-
lization. 

l a gave I I a : m p 136—137 °C, 1% yield. l b yielded l i b : 
m p 186—188 °C, 7—25% yields; and I V : m p 300 °C ( E t O H -
CHC13), 3—29% yields; I R (CHC13) 1710 ( C = 0 ) and 1760 
c m - 1 (OAc) ; U V (MeOH) Amax (e) 289 n m (33400) ; N M R 
(CDC13) 5 = 1 . 8 1 (3H, s, OCH3) , 2.20 (3H, s, OAc) , 3.60 
(3H, s, O C H 8 ) , 3.82 (3H ; s, O C H 3 ) , 6.35 ( I H , s, H ( 7 ) ) , 6.53— 
6.70 (2H, m, H ( 2 ) and H ( 4 ) ) , 7.24 ( IH , s, H ( 1 0 ) ) , and 7.75 ( IH , 
m, H ( 1 ) ) (Found: C, 64.79; H , 4 .64%. Calcd for C 4 0 H 3 4 O 1 4 : 
C, 65.03; H , 4 .64%) , mje 738 (M+). Ic gave l i e : m p 207— 
209 °C, 9 % yield. Id yielded H d : m p 180—183 °C, 10% 
yield. Ie gave H e : mp 150 °C, 10% yield; and V : m p 235 °C, 
7% yield. 

The Thermal Decomposition of lie. 10b-Acetoxy-3,8-di-
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methoxy-5a, 1 Ob - dihydrobenzofuro [2,3-&] [1] benzopyran-11-
one (He) (0.1 mmol) was heated at 250 °G for 10 min. The 
NMR spectrum of the residue was identical with that of V 
in every respect. 

The authors wish to thank Mr . Shuichi Ueda at 
Ta iho Pharmaceutical Co., Ltd., Tokushima, for 
measuring the mass spectrum. 
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N-(p- or m-Vinylpheny^-iV'-isopropyl- and cyclohexylcarbodiimides (3) have been synthesized in reasonable 
yields by first synthesizing the substituted ureas by the reactions of/)- or »z-vinylaniline with isopropyl or cyclohexyl 
isocyanate in THF and the subsequent dehydration with /»-toluenesulfonyl chloride in pyridine. The monomers 
3 were found to polymerize smoothly with AIBN to afford vinyl polymers bearing the corresponding carbodiimide 
units as pendants in more or less cross-linked forms. The cross-linked insoluble polymers thus obtained can act 
as a dehydrative coupling agent in reactions such as the formation of peptide linkages. 

Carbodiimides are one of the most versatile dehydra­
tive coupling agents, especially for use in peptide 
syntheses.1^ An at tempt to use carbodiimide units as 
pendants of vinyl polymers prepared by polymer reac­
tions has been reported,2) thereby assuring ready se­
paration of carbodiimide reagents after reaction. 

The authors have been interested in the syntheses of 
vinyl carbodiimide monomers and the preparat ion of 
vinyl polymers bearing carbodiimide units as pendants 
by the radical polymerization of the monomers thus 
synthesized. The carbodiimide polymers thus synthe­
sized can act as polymer reagents in dehydration and 
other reactions characteristic of low molecular weight 
carbodiimides such as dicyclohexylcarbodiimide. 

Results and Discussion 

Carbodiimide monomers have been synthesized as 
follows. 

CH=CH, 

-NH, 

CH=CH!, 

RNCO 

T H F \x 
la : para isomer 
lb : meta isomer 

NHCNHR 
n 

O 

2a 1 : /»-isomer ; R = isopropyl 
2a2: /»-isomer; R = cyclohexyl 
2a3: /»-isomer; R = phenyl 
2b 1: m-isomer; R = isopropyl 
2b2: m-isomer; R = cyclohexyl 
2b3: m-isomer: R = phenyl 

CH=CH2 
i 

CH,V^>-SO 2 CI 

~ ^ 7 ( - H 2 O ? \XN=C=NR 
3a 1 : /»-isomer ; R = isopropyl 
3a2: /»-isomer; R = cyclohexyl 
3bl: m-isomer; R = isopropyl 
3b2: m-isomer; R = cyclohexyl 

Substituted ureas (2) have been readily synthesized 
from vinylanilines (1) and isocyanates in tetrahydrofuran 
(THF) in satisfactory yields, as indicated in Table 1. 
The conversions of ureas to the corresponding carbodi­
imides (3) were however not successful in all cases. 
Thus, ureas 2a3 and 2b3 did not provide the correspond­
ing carbodiimides in pure forms, presumably due to the 
poor stability of the products : the yields of other carbo­

diimides, as indicated in Table 1, were not high. The 
synthetic route described here however appears to be 
useful, since it can be easily conducted and, starting 
from the readily available 1, the desired products (3) 
are obtained in two steps. 

TABLE 1. SUBSTITUTED UREAS AND CARBODIIMIDE 

MONOMERS SYNTHESIZED 

Compound 

2a 1 
2a2 
2a3 
2b 1 
2b2 
2b3 
3a 1 
3a2 
3b 1 
3b2 

Yield, % 

88.2 
73.8 
80.3 
81.2 
87.3 
90.9 
62.8 
29.0 
48.1 
40.7 

Mp, °C 

148—150 
178—180 
203—204 
118—120 
149—150 
162—163 

— 
— 
— 
— 

Bp, °C/mmHg 

— 
— 
— 
— 
— 
— 

97/0.7 
105/3.0 
98/1.0 

128/1.0 

As indicated in Table 2, the solution polymerization 
of the monomer 3, alone and in the presence of styrene, 
proceeded smoothly to give homogeneous polymer solu­
tions. Monomers 3 a l and 3a2 were exceptional in that 
the solutions gave gels. The homopolymers of 3b became 
insoluble in T H F once precipitated into methanol , indi­
cating that the N=C bonds of the carbodiimide portions 
in the monomers and polymers part icipated, more or 
less, in the polymerizations. The I R spectra of the 3a 
polymers indicated a decrease in the intensities of the 
-N=C=N- absorptions at 2100 cm" 1 compared with those 
of the corresponding monomers, together with charac­
teristic absorptions for vinyl polymers containing carbo­
diimide units as pendant . Copolymerizations with 
styrene overcame the poor solubility characteristic: 
copolymers Nos. 4 and 7 in Table 2 are completely 
soluble in organic solvents, although the contents of the 
carbodiimide units are considerably lower than those 
calculated for the monomers employed. I t appears, 
however, that the practical merits of the carbodiimide 
polymers are displayed when they are employed in the 
cross-linked insoluble forms and compensate for this 
fault. 

The dehydrative coupling functions of the carbodi­
imide polymers have been investigated especially for the 
following amino acid combination : 
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T A B L E 2. SOLUTION POLYMERIZATION OF 3 MONOMERS^ 

No. Monomer Conversion 
% 

3-Contentc> in 
polymer, % dl/g 

Remark on polymer 

1 

2 
3 
4 
5 
6 
7 

3a2 

3bl 
3bl-St (50) b> 
3bl-St (33)b> 

3b2 
3b2-St (50) b> 
3b2-St (33)b> 

52.2 

52.0 
64.8 
44.2 
30.2 
55.2 
49.9 

100 

100 
44 
15 

100 
48 
19 

— 

0.22 
0.18 
0.23 
0.22 
0.22 
0.20 

Homogeneous polymerization but 
converted to an insoluble gel 
Soluble in hot pyridine 
Soluble in pyridine 
Soluble in organic solvents 
Soluble in hot pyridine 
Soluble in hot pyridine 
Soluble in organic solvents 

a) 30% Total monomers and 1% AIBN/monomers in T H F ; 70 ° C x 2 4 h . 
styrene). c) By C H N analyses (mol % ) . d) In T H F at 25 °C. 

b) 3 mol % in monomers ( S t = 

T A B L E 3. FORMATION OF PEPTIDE LINKAGE 

WITH 3 POLYMER 

No. 

1 
2 
3 

Polymer 

3bl-St (1:1) copolymer4) 
3a 1 Homopolymerb) 
3al-St (1:1) copolymer1^ 

6 obtained, mol 
g-polymer 

0.33 
0.25 
0.22 

a) Obta ined by solution polymerization, 
by precipitation polymerization. 

C H 3 

- C H 2 O C N H C H C O H + H 2 N C H 2 - C O E t 
» ii ii 
o o o 

b) Obta ined 

- H , 0 A — 
ÇH3 

- C H 2 O C N H C H C N H C H 2 C O E t 
II II II 

O O O 

T a b l e 3 i n d i c a t e s t h e r e su l t s o b t a i n e d w h i c h i n d i c a t e 
t h a t t h e c ross - l inked i n s o l u b l e p o l y m e r s of 3 p l a y t h e 
ro le of p o l y m e r r e a g e n t i n d u c i n g t h e des i r ed r e a c t i o n in 
a h e t e r o g e n e o u s sys tem. As e x p e c t e d , t h e c a p a c i t y as 
a p o l y m e r r e a g e n t is d e p e n d e n t u p o n t h e o r i g i n of t h e 3 
p o l y m e r . T h u s , N o . 1 p o l y m e r i n T a b l e 3 w i t h a gel 
s t r u c t u r e is s u p e r i o r t o N o . 3 w i t h a s o m e w h a t m a c r o -
r e t i c u l a r s t r u c t u r e . A m o r e d e t a i l e d i n v e s t i g a t i o n is 
h o w e v e r r e q u i r e d for a c o m p l e t e e v a l u a t i o n of t h e effects 
of b o t h c h e m i c a l a n d phys i ca l s t r u c t u r e s . 

E x p e r i m e n t a l 

T h e I R , 1 H - N M R , and mass spectra were recorded on a 
Hitachi 215 spectrophotometer, a J N M - P M X 60 spectrophotm-
eter, and a Hitachi R M U - 6 M G spectrometer, respectively, 
under s tandard measurement conditions. Elemental analyses 
were conducted using a Perkin-Elmer 250 instrument. 

N-(p-Vinylphenyl)-N'-isopropylurea (2al). To a solution 
of jf>-vinylaniline (2.0 g, 17 mmol) , prepared by the alkaline 
dehydrat ion of 2-(/>-aminophenyl)ethanol,3) in anhydrous T H F 
(20 ml) , isopropyl isocyanate (1.5 g, 17 mmol) was added 
gradually at room temperature with stirring, the resulting 
solution being allowed to stand overnight at room temperature . 
The solvent was then removed by evaporation in vacuo at 50 
°C, followed by recrystallizations from T H F - p e t r o l e u m ether 
which gave white needles. 

Found : C 70 .54 ;H, 7.78;N, 13.24%. Calcd for C 1 2 H ] 6 N 2 0 : 
C, 70.56; H , 7.90; N , 13 .71%. IR(KBr) 3300 (NH) , 2860— 

3000 (alkyl), 1620 ( C = 0 ) , 1580 (phenyl), 990, 900 (vinyl) 
cm" 1 ; N M R (CDC13) Ö 1.1 (d, 6 H , Me) , 3.8 (m, 1 H, CH) , 
5.1 (d, 1 H , C H 2 = C H - ) , 5.5 (d, 1 H , C H 2 = C H - ) , 5.7 (s, 1 H, 
N H C H M e 2 ) , 6.6 (q, 1 H, C H 2 = C H - ) , 7.2 (s, 4 H , ArH) , 7.8 (s, 
1 H , N H A r ) p p m ; Mass {mle) 207 (M+, 67), 118, 119 (100). 

iV-^-Vinyl-pheny^- iV'-cyclohexylurea (2a2) and N-(p-
vinylphenyl)- iV'-phenylurea (2a3) were synthesized in the 
same manner to afford fine colorless needles and a colorless 
powder, respectively, their analytical data being also satisfac­
tory. 

N-(m-Vinylphenyl)-N'-cyclohexylurea (2b2). By apply­
ing the same reaction procedure as that for the synthesis of 
2al, cyclohexyl isocyanate (5.2 g, 42 mmol) and m-vinylaniline 
( l b : 5.0 g, 42 mmol) , prepared by the A1 20 3 dehydration of 
l-(m-aminophenyl)ethanol,4 ) produced a white powder (2b2) 
which was recrystallized from THF-pe t ro l eum ether. 

Found : C, 73.25; H , 8.39; N , 11.50%. Calcd for C15H20-
N 2 0 : C, 73.37; H , 8.52; N , 11.48%. IR(KBr) 3350 (NH) , 
2860, 2940 (cyclohexyl), 1620 ( C = 0 ) , 1560 (phenyl), 995, 
910 (vinyl) c m - 1 ; N M R (DMSO-</c + CDCl3) Ô 1.1—1.9 (m, 

10 H , 5 CH 2 ) , 2.8 (s, 1 H , - C H \ V 5.2 (d, 1 H, CH 2 =CH-) , 

5.7 (d, 1 H , C H 2 = C H - ) , 5.7 (s, 1 H , - N H - / \ V 6.6 (q, 1 

H , C H , = C H - ) , 6.8—7.6 (m, 4 H , A r H ) , 8.oTs, 1 H, ArNH) 
p p m ; Mass (m/e) 244 (M+, 18), 119 (100). iV-(m-Vinylphenyl)-
iV'-isopropylurea (2bl) and iV-(m-vinylphenyl)-JV'-phenylurea 
(2b3) were synthesized in the same manner to afford fine 
colorless crystals with satisfactory analytical da ta in both 
instances. 

N-(p-Vinylphenyl)-N'-isopropylcarbodiimide (3al). To a 
solution of 2al (1.5 g, 7.4 mmol) and 4-f-butylcatechol (0.1 g) 
in anhydrous pyridine (20 ml) /»-toluenesulfonyl chloride (2.8 
g, 15 mmol) was added dropwise and the resulting solution 
heated at 70 °C for 2 h. The reaction mixture was then poured 
into iced water and extracted with ether (200 ml) , the organic 
layer being washed with water and dried over anhydrous 
sodium sulfate, followed by distillation in vacuo to afford a pale 
brown liquid. Found : C, 77.91; H , 7.50; N , 14.58%. Calcd 
for C 1 2H 1 4N a : C, 77.38; H , 7.58; N , 15.04%. I R (CHC13) 
2870—2920 (alkyl), 2120 ( -N=C=N-) , 1600 (phenyl), 990, 900 
(vinyl) c m - 1 ; N M R (CDC13) Ô 1.3 (d, 6 H , 2 Me) , 3.7 (m, 1 
H , C H ) , 5.2 (d, 1 H, C H 2 = C H - ) , 5.6 (d, 1 H , C H 2 = C H - ) , 6.6 
(q, 1 H , C H 2 = C H - ) , 6.8—7.5 (m, 4 H , ArH) p p m ; Mass (mle) 
186 (M+, 100). i\T-(^-Vinylphenyl)-JV'-cyclohexylcarbodiimide 
(3a2) was synthesized in the same manner to afford a colorless 
l iquid. 

N-(m-Vinylphenyl)-W-cycbhexylcarbodiimide (3b2). The 
same reaction procedure as that for 3 a l was applied to afford 
a colorless liquid. 

Found : C, 79.60; H3 8.18; N , 12.23%. Calcd for C1 5H1 8N2 : 
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C, 79.61, H , 8.02, N, 12.38%. I R (CHC13) 2860—2930 (alkyl), 
2120 ( -N=C=N-) , 1580 (phenyl), 990, 900 (vinyl) c m - 1 ; 

N M R (CDCL) Ô 1.1—1.9 (m, 10 H , 5 CH 2 ) , 3.5 (m, 1 H , 

- C H \ 5.3 (d, C H 2 = C H - ) , 5.8 (d, 1 H , C H 2 = C H - ) , 6.7 

(q, 1 H , C H 2 = C H - ) , 6.9—7.6 (m, 4 H , ArH) ppm. Mass 
{m/e) 226 (M+, 13), 144 (100). 

iV^m-Vinylpheny^-iV'-isopropylcarbodiimide (3bl , a color­
less liquid) was synthesized in the same manner . 

The analytical da ta for the synthesized carbodiimide 
monomers not shown above were satisfactory. 

Solution Polymerization of 3 Monomers. A solution of the 
total monomers (1.0 g) and 2,2'-azobisisobutyronitrile (AIBN: 
0.01 g) in T H F (2.3 ml) was placed in a Pyrex glass ampoule, 
which was evacuated, flushed with nitrogen, sealed, and 
allowed to stand for 24 h at 70 °C. Precipitation of the contents 
into methanol provided the polymer. All polymers of 3 thus 
synthesized indicated I R absorptions at 2860 and 2930 c m - 1 

at tr ibutable to vinyl polymer backbones together with sharp 
peaks at 2100 c m - 1 characteristic of - N = C = N - bonds. For 
the determination of intrinsic viscosities \rj\, 2 0 % of the 
contents were set aside without precipitation and diluted with 
T H F for use in viscosimetry (Ostwald). 

Precipitation Polymerization of 3 Monomers. A solution of 
total monomers (5 g) containing 10% divinylbenzene and 

AIBN (0.05 g) in heptane (8—15 ml) was stirred at 70 °G for 
6—8 h under a nitrogen atmosphere. After 3—4.5 h, heptane 
(8—10 ml) was further added and stirring continued. T h e 
precipitated polymer was washed with petroleum ether and 
extracted overnight with ether using a Soxhlet extractor. 
Yields of 60—75% were obtained. 

Formation of Peptide Linkage with 3 Polymer. Typically, 
iV-benzyloxycarbonyl-L-alanine (4: 0.8 g, 4 mmol) and glycine 
ethyl ester (5 : 0.4 g, 4 mmol) were dissolved in T H F (50 ml) . 
T h e No. 1 copolymer in Tab le 3, extracted with anhydrous 
T H F , was then added and the mixture stirred at room tem­
pera ture overnight. The reaction mixture was centrifuged, the 
supernatant solution evaporated in vacuo at 50 °C, the residue 
dissolved in chloroform, and the resulting solution washed first 
with aqueous hydrochloric acid, then with aqueous sodium 
carbonate, followed by evaporation in vacuo to give colorless 
crystals. 
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Three types of zinc complexes, chlorotris [2(1//)-pyridinethionato] dizinc (3), dichlorotetrakis[2(l//)-pyridine-
thionato]trizinc (4), and chloro [2(1//)-pyridinethionato] zinc (5) were produced by the reactions of bis[2(l//)-
pyridinethionato]zinc (2) and zinc chloride. The product in the reactions varies depending on the solvent. The 
mutual transformation reactions among 3, 4, 5, 2, and oxohexakis [2 (1/f)-pyridinethionato] te trazinc were 
described. The formations of 5, 4, and 3 were explained by stepwise additions of 2 to zinc chloride based upon a 
view that these complexes are the adducts of 2 with zinc chloride in molar ratios of 1: 1,2: 1, and 3 : 1 . Analogously, 
the correlation of the known polynuclear zinc complexes was systematically rationalized by stepwise additions of 
L2Zn (L=ligand) to ZnX2 (X=C1 or OH) or ZnO. 

In a previous paper,1) we reported on the formation 
of oxohexakis [2(1 H)-pyridinethionato] tetrazinc (1) from 
bis [2(1//)-pyridinethionato] zinc (2)2) and on the mutual 
transformations between 1 and 2. Various types of 
polynuclear zinc complexes have been reported. They 
include L 8 Z n 5 0 ( L = l i g a n d group),2) L 6Zn 40, 3 ) L2Zn2-
0,4> L 5 Zn 3 X (X = chlorine atom or hydroxyl group),5) 
L4Zn4X4,6) L4Zn3X2 ,7) and L3ZnaX8) type complexes. 
The types of complexes are different depending on the 
kind of the ligand. Correlations between these types of 
complexes have not been elucidated, probably owing to 
the lack of report on the formation of different type of 
polynuclear zinc complexes formed with the same 
ligand.9) 

This paper describes the syntheses of chlorozinc com­
plexes, L3Zn2Cl, L4Zn3Ct2 , and LZnCl where L is 
2( l / / ) -pyr idinethionato group, and mutual transforma­
tions among the three complexes and the complexes 1 
and 2, which contribute a systematization of polynuclear 
zinc complexes. 

Results and Discussion 

The transformation of 2 into oxocomplex 1 has been 
explained by the fission of one of four 2( l / / ) -pyr id ine-
thionato ligands in the complex 2.1'2) When 2 was 
treated with a half-molar equivalent of benzoyl chloride 
in 1,2-dichloroethane (EDC), one of four 2 ( l / / ) -py r i -
dinethionato groups was removed as the ^-benzoyl 
derivative, and chlorotris[2(l/ /)-pyridinethionato]dizinc 
(3) was obtained quantitatively. The complex 3 is a 
new complex and the characterization will be described 
later. T h e complex 3 was also obtained by a reaction 
of 2 with zinc chloride in a molar rat io of 3 : 1 in diethyl 
ether. A t reatment of 2 wi th a large excess molar 
amount of zinc chloride (in a molar rat io of 1: 1 ) in 
ethanol gave 3, but the same reaction in acetone afforded 
another product, dichlorotetrakis[2(l / / )-pyridinethio-
nato]trizinc (4). The complex 4 could be obtained by 
the reaction of 3 with an excess molar amount of zinc 
chloride (in a molar ra t io of 2 : 3) in acetone. When 2 
was treated with an excess molar amount of zinc chloride 
(in a molar rat io of 1:2) in ethyl acetate, the third 
complex, chloro [2(1//)-pyridinethionato] zinc (5) was 
isolated. The complex 5 could be obtained also by the 
treatment of 4 with zinc chloride in ethyl acetate. The 

complexes 4 and 5 are also new compounds and the 
characterization will be described later. When 5 was 
treated in acetone, 4 was recovered. The treatment of 
4 in ethanol gave 3. The complexes 3, 4, and 5 all 
could be converted to oxocomplex 1 when they were 
treated in boiling water. 

The experimental results for the formation of the 
complexes can be rationalized as shown in Scheme 1. 

6[(PyS)2Zn] 
2 

.2EtOH-ZnCl2 

l2EtOH 

4[(PyS)3Zn2Cl] 
3 

EtOH ) 
. Acetone • ZnCL 

'Acetone 

3[(PyS)4Zn3Cl2] 
4 

3 Acetone • ZnCl2 

3Acetone 

3AcOEt.ZnCl2 

'3AcOEt 

12[(PyS)ZnCl] 
5 

PyS = 2(1//) -pyridinethionato 

Scheme 1. 

The formation of a product in a specific solvent can be 
rationalized by a ligand exchange reaction of zinc 
chloride between the reactant and the solvent. 

The complexes 3, 4, and 5 can be viewed as adducts 
of bis[2(1 H)-pyridinethionato]zinc with zinc chloride in 
molar ratios of 3 : 1, 2 : 1, and 1 :1 , respectively. The 
complex 1 is on a same level with the complex 3, since 
1 is an adduct of bis[2(1//)-pyridinethionato]zinc with 
zinc oxide in a molar ratio of 3 : 1. 

In a similar idea various types of polynuclear zinc 
complexes reported hitherto can be made systematic as 
shown in Scheme 2, in which a thick arrow signifies an 
addition of a unit of L2Zn. A stepwise addition of L2Zn 
to Z n X 2 or Z n O leads to a formation of each level 
of zinc complexes. The several types of complexes put 
in brackets are not yet reported. The stability of 
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complex could be depend on the kind of the ligand and 
the conditions under which the formation was performed. 
The solvent is a very important factor as illustrated in 
Scheme 1 for 2( l / / ) -pyr idinethionato zinc complexes. 
From Scheme 2, one can predict the presence of com­
plexes containing four and five units of (PyS)2Zn, (PyS)8-
Zn5Cl2 or (PyS)8Zn sO and (PyS)10Zn6Cl.2 or (PyS)5-
Zn3Cl, but they are not yet isolated. One may be able 
to isolate them when appropriate solvents are found. 

Number of 
L2Zn Unit 

5 2L5Zn3X 

t 
2L3Zn2X 

t 

[L10Zn6X2] 
t 

[L8Zn5X2] 
t 

[L6Zn4X2] 
t 

L4Zn3X2 

t 
[L2Zn2X2] 

L8Zn50 
t 

L6Zn40 
t 

[L4Zn30] 
t 

L2ZnaO 
t 

ZnO 

t 
2LZnX ; 

t 
ZnX2 

Scheme 2. Complex types (complexes in brackets 
are unknown). 

In a previous report,1) we have described a probable 
formation of oxobis[2(li /)-pyridinethionato]dizinc in the 
reaction of 2( l / / ) -pyr idinethione and zinc oxide in a 
molar rat io of 2 : 1 in water. Oxotetrakis[2(l / / ) -pyri-
dinethionato]trizinc can be estimated to be produced in 
an appropriate solvent, since the same level chlorocom-
pound 4 is moderately stable. 

Characterization of the Complexes. The compositions 
of the three complexes 3, 4, and 5 were determined by 
elemental analyses (C, H , Gl, N, and S). T h e complexes 
3, 4, and 5 were obtained as powdery crystals, respec­
tively. The powder X-ray analyses showed the inde­

pendent spectrum for the three complexes and the 
contamination of free zinc chloride in the complexes 
was not observed. 

Thermal analysis curves of 3, 4, and 5 show single and 
sharp endothermic peaks at 297, 303, and 295 °C, 
respectively. The mixture prepared by mixing any two 
of the complexes 2, 3, 4, and 5 give thermal analysis 
curves showing broad endothermic peaks at tempera­
tures different from those of the endothermic peaks for 
2, 3 , 4, and 5, except the mixture of 4 and 5 whose 
curve shows a sharp endothermic peak bu t at 287 °C. 
These facts indicate for the three complexes 3, 4, and 5 
to be independent compounds, respectively. 

The I R spectrum of the complex 3 exhibits bands due 
to G=C/C=N stretching vibration at 1595 (s), 1555 (s), 
1445 (s), and 1420 cm" 1 (s), a band due to C=S stretch­
ing vibrat ion at 1135 c m - 1 (s), bands due to r ing vibra­
tion at 1020 (m) and 650 c m - 1 (w), and bands due to 
C - H bending vibration at 770 (s), 765 (sh), and 760 
c m - 1 (sh). The absorption patterns of the correspond­
ing bands in 1, 2, 4, and 5 are similar to tha t of bands 
in 3, except tha t the spectrum of 2 shows doublet peaks 
or peaks wi th a shoulder at 1455, 1420, 1020, and 645 
c m - 1 and that the spectrum of 4 and 5 show a doublet 
peak or a peak wi th a shoulder at 650 c m - 1 . The fact 
thet the absorption patterns of these bands of 3, 4, and 5 
are similar to that of the bands of 1 indicates that 
the 2( l / / ) -pyr id inethionato ligands act as bidentates 
and bridging ligands in the complexes 3, 4, and 5.1) 

The mass spectra of 3, 4, and 5 exhibit several frag­
mentation ions containing zinc, 2( l / / ) -pyr id inethionato 
ligand, and/or chlorine. The peak pat tern of the M S 
spectra of 3, 4, and 5 differ depending on the tempera­
ture of the inlet par t to which the samples were intro­
duced. T h e peak pat tern of the M S feature higher than 
mje 209[(PyS)ZnCl] are shown in Table 1. The changes 
of peak patterns of the three compounds depending on 

TABLE 1. MASS SPECTRAL DATA FOR THIONATOZINC COMPLEXES {mje) 

Compound 
Temperaturea> 

120 °C 150 °C 180 °C 

(PyS)3Zn2Cl 3 

(PyS)4Zn3Cl2 4 

[(PyS)ZnClL 5 

458[(PyS)3Zn2] 
284[(PyS)2Zn] 
209[(PyS)ZnCl)] 

284[(PyS)2Zn] 
209[(PyS)ZnCl] 

458[(PyS)3Zn2] 
284[(PyS)2Zn] 
209[(PyS)ZnCl] 

458[(PyS)3Zn2] 
284[(PyS)2Zn] 
209[(PyS)ZnCl] 

284[(PyS)2Zn] 
209[(PyS)ZnCl] 

490[(PyS)3Zn2S] 
458[(PyS)3Zn2] 
284[(PyS)2Zn] 
220[(PyS)2] 
209[(PyS)ZnCl] 

490[(PyS)3Zn2S] 
458[(PyS)3Zn2] 
394[(PyS)3Zn] 
383[(PyS)2Zn2Cl] 
362[(PyS)2(py)Zn] 
284[(PyS)2Zn] 
220[(PyS)2] 
209[(PyS)ZnCl] 

458[(PyS)3Zn2] 
383[(PyS)2Zn2Cl] 
362[(PyS)2(py)Zn] 
284[(PyS)aZn] 
209[(PyS)ZnCl] 

a) The temperature at which the spectra were measured. 
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t h e t e m p e r a t u r e a r e c lea r ly d i f ferent , r e spec t ive ly . T h i s 
p h e n o m e n a c a n n o t b e r a t i o n a l i z e d a t p r e sen t , b u t t h e 
resul ts i n d i c a t e t h a t t h e c o m p l e x e s 3 , 4 , a n d 5 a r e 
i n d e p e n d e n t c o m p o u n d s . A l t h o u g h t h e r e is n o c e r t a i n 
e v i d e n c e , 5 seems t o b e n o t m o n o m e r i c . T h i s is suggest­
ed b y t h e h i g h m e l t i n g p o i n t of 5 a n d b y M S p e a k of 5 
a t mje 284[(PySN ) 2Zn] w h i c h w a s obse rved i n t h e s p e c t r a 
m e a s u r e d even a t 120 n C . 

E x p e r i m e n t a l 

All melting points were determined in a liquid bath unless 
otherwise mentioned and were uncorrected. The powder 
X-ray diffraction was measured on a Rigaku D 2 X-ray dif-
fractometer. The thermal analyses were performed on a 
Rigaku 8085 differencial scanning calolimeter. T h e I R 
spectra were measured in KBr disks with a Hi tachi Perkin-
Elmer 225 and a Hitachi EPI-G2 grat ing infrared spectrom­
eter. The mass spectra were measured with a Hi tachi M52 
mass spectrometer. 

Materials. Commercial anhydrous zinc chloride was 
used after drying over diphosphorus pentaoxide. B i s [2 ( l / / ) -
pyridinethionato]zinc (2) was prepared by the method previ­
ously reported.1) Commercial benzoyl chloride was distilled 
before its use. 

Chlor otris\2(lYi)-pyridinethionato'\di zinc (3). a) Reaction of 2 
with Zinc Chloride in Ethanol : A solution of zinc chloride (95 
% , 0.43 g, 3.0 mmol) in ethanol (30 ml) was added to a 
suspension of 2 (0.86 g, 3.0 mmol) in ethanol (40 ml) with 
stirring at room temperature and the mixture was stirred at 
room temperature for 12 h. T h e precipitate was collected by 
filtration, washed with ethanol (80 ml) , and dried at 70 °C for 
24 h under reduced pressure to give 0.98 g (98%) of colorless 
crystalline powder ; m p 294—298 °C. Found : C, 36.35; H , 
2.57; CI, 7.09; N , 8.16; S, 19.14%. Calcd for C1 5H1 2 C1N3S3-
Zn 2 : C, 36.27; H , 2.44; CI, 7.14; N , 8.46; S, 19.37%. Molecu­
lar weight of the product could not be determined owing to 
the poor solubility in most organic solvent except iV,iV-dimeth-
ylformamide, in which the product was part ly hydrolyzed with 
a slight amoun t of water contained in the solvent. 

b) Reaction of 2 with Zinc Chloride in Diethyl Ether: Zinc 
chloride (95%0, 0.72 g, 5.0 mmol) was treated with 2 (4.29 g, 
15.0 mmol) in diethyl ether (100 ml) at room temperature for 
17 h. T h e precipitate was collected by filtration and washed 
with diethyl ether (20 ml) to give 4.93 g (99%,) of 3 as colorless 
crystalline powder; m p 294—298 °C. The I R spectrum of the 
powder was identical wi th tha t of the product obtained in a ) . 
Thermal analysis curve of the solid exhibits an endothermic 
peak at 297 °C . n ) 

c) Reaction of 2 and Benzoyl Chloride: A solution of benzoyl 
chloride (2.81 g, 20 mmol) in 1,2-dichloroethane (EDC) (40 
ml) was added drop by drop to a suspension of 2 ( 11.43 g. 40 
mmol) in E D C (110 ml) with stirring a t room temperature 
and the mixture was st i rred for 18.5 h. T h e precipitate was 
collected by filtration and washed with E D C (20 ml) to give 
9.90 g (100%) of 3 as colorless crystalline powder. T h e I R 
spectrum of the powder was identical with tha t of the product 
obtained in a ) . The filtrate separated from 3 and washings 
were combined and concentrated under reduced pressure. 
Diethyl ether (70 ml) was added to the residue and filtered 
leaving insoluble materials. A solution of zinc chloride ( 95%, 
1.38 g, 9.6 mmol) in diethyl ether (50 ml) was added to the 
filtrate and the mixture was stirred at room tempera ture for 
21.5 h. The precipitate was collected by filtration and washed 
with diethyl ether (20 ml) to give 4.74 g (84%) of bis(2-ben-
zoylthiopyridine)dichlorozinc (6) as colorless solid. T h e I R 

spectrum of the solid was identical with that of authentic 
sample. 

Bis (2-benzoylthiopyridine) dichlorozinc (6). A solution of 
zinc chloride ( 95%, 0.72 g. 5 mmol) in diethyl ether (30 ml) 
was added drop by drop to a solution of 2-benzoylthiopyri­
dine12) (2.15 g, 10 mmol) in diethyl ether (20 ml) with stirring 
at room temperature . The precipitate was collected by filtra­
tion and washed with diethyl ether (20 ml) to give 2.73 g (96 
%) of colorless powder; m p 182—185 °C. Found: C, 50.76; 
H , 3.05; CI, 12.67; N , 4.70; S, 11.19%. Calcd for C2 4H ] 8C12-
N 2 0 2 S 2 Z n : C, 50.85; H , 3.20; Cl, 12.51; N , 4.94; S, 11.31%. 

Dichlorotetrakis [2 ( 1H) -pyridinethionato] tri zinc (4). a) Reaction 
of 2 with Zinc Chloride: A solution of zinc chloride (95%, 4.30 
g, 30 mmol) in acetone (45 ml) was added to a suspension of 
2 (8.57 g, 30 mmol) in acetone (150 ml) with stirring at room 
temperature and then the mixture was stirred at room tempera­
ture for 4 h. The precipitate was collected by filtration and 
washed with acetone (90 ml) to give 10.48 g (99%) of colorless 
crystalline powder; m p 305—308 °C. Thermal analysis curve 
of the powder exhibits an endothermic peak at 303 °C. Found: 
C, 33.72; H , 2 .28; Cl, 10.13; N , 7.75; S, 17.89%. Calcd for 
G a oH1 6Gl aN4S4Zn3 : C, 33.94; H , 2.28; Cl, 10.02; N, 7.94; S, 
18.12%. Molecular weight of the product could not be deter­
mined owing to the poor solubility in most organic solvent 
except iV,iV-dimethylformamide, in which the product was 
part ly hydrolyzed with a slight amount of water contained in 
the solvent. 

b) Reaction of 3 with Zinc Chloride: Zinc chloride (95%, 
0.27 g, 1.8 mmol) was treated with 3 (0.60 g, 1.2 mmol as 
monomer) in acetone (110 ml) at room temperature . The 
mixture was refluxed for 3 h and stirred at room temperature 
for 7 h. T h e precipitate was collected by filtration and washed 
with acetone (50 ml) to give 0.63 g (99%) of 4 as colorless 
solid; m p 304—307 °C. T h e I R spectrum of the solid was 
identical with the product obtained in a). 

Chloro[2(1H)-pyridinethionato] zinc (5). a) Reaction of 2 with 
Zinc Chloride: A solution of zinc chloride ( 95%, 0.44 g, 3.0 
mmol) in ethyl acetate (50 ml) was added to a suspension of 
2 (0.43 g, 1.5 mmol) in ethyl acetate (40 ml) with stirring at 
room temperature and then the mixture was refluxed for 5 h. 
T h e precipitate was collected by filtration and washed with 
ethyl acetate ( 100 ml) under dried nitrogen atmosphere to 
give 0.62 g (98%) of colorless crystalline powder ; m p 296— 
298 °C. Thermal analysis curve of the powder exhibits an 
endothermic peak at 295 °C. Found : C, 28.65; H , 1.66; CI, 
16.95; N , 6.50; S, 15 .31%. Calcd for C 5 H 4 ClNSZn: C, 28.46; 
H , 1.91; Cl, 16.80; N , 6.64; S, 15.20%.13> 

b) Reaction of 4 with Zinc Chloride: Zinc chloride (95%, 
0.43 g, 3.0 mmol) was treated with 4 (1.06 g, 1.5 mmol as 
monomer) in ethyl acetate (80 ml) at room temperature . The 
mixture was refluxed for 4 h and stirred at room temperature 
for 9 h. T h e reaction mixture was treated in the similar 
manner as in a) to give 1.19 g (94%) of 5 as colorless crystal­
line powder; mp 296—298 °C. The I R spectrum of the 
powder was identical wi th the product obtained in a). 

Transformation of 5 into 4 in Acetone. A suspension of 5 
(4.22 g, 20 mmol as monomer) in acetone (100 ml) was refluxed 
for 35 h. T h e precipitate was collected by filtration and washed 
with acetone to give 3.43 g (5 mmol, 97%) of 4 as colorless 
crystalline powder; m p 304—307 °C. T h e I R spectrum of the 
powder was identical with tha t of 4 obtained above. A solution 
of tr iphenylphosphine oxide (1.26 g, 4.5 mmol) in acetone (50 
ml) was added to a port ion (30.0 g) of the combined solution 
(85.9 g) of the filtrate separated from 4 and washings. The 
mixture was concentrated under reduced pressure and the 
residue was treated with ethyl acetate (50 ml) . T h e insoluble 
materials were collected by filtration and washed with ethyl 
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acetate (30 ml) to give 1.08 g of colorless solid; m p 236—241 
°C (on a hot p la te) . T h e I R spectrum of the solid was identical 
with tha t of authent ic dichlorobis(triphenylphosphine oxide) -
zinc.14) This result shows tha t at least 4.5 mmol (89%) of zinc 
chloride is generated by the above t rea tment of 5 in acetone. 

Transformation of 4 into 3 in Ethanol. A suspension of 4 
(4.25 g, 6 mmol as monomer) in ethanol (100 ml) was refluxed 
for 9 h. T h e precipitate was collected by filtration and washed 
with ethanol (50 ml) to give 3.83 g (7.7 mmol, 96%) of 3 as 
colorless crystalline powder; m p 298—300 °C. T h e I R spec­
t rum of the powder was identical with tha t of 3 obtained above. 
A solution of triphenylphosphine oxide (1.45 g, 5.2 mmol) in 
ethanol (20 ml) was added to the combined solution of the 
above filtrate and washings. The mixture was concentrated 
under reduced pressure and the residue was treated with ethyl 
acetate (50 ml) . T h e insoluble materials were collected by 
filtration and washed with ethyl acetate to give 1.36 g of color­
less solid; m p 236—240 °C (on a hot plate) . The I R spectrum 
of the solid was identical with tha t of authent ic dichlorobis-
(triphenylphosphine oxide) zinc.14> This result shows tha t 2.0 
mmol (100%) of zinc chloride is generated by the above 
treatment of 4 in ethanol. 

Hydrolysis of 3 in Water. A suspension of 3 (1.49 g, 3 
mmol as monomer) in water (100 ml) was refluxed for 1 h. T h e 
precipitate was collected by filtration and washed with water 
(40 ml) to give 1.06 g (1 .1 mmol) of 1 as colorless crystalline 
powder; m p above 340 °C (gradually dec).15) T h e I R spec­
t rum of the powder was identical with tha t of authent ic sample 
1. The filtrate separated from 1 and washings were combined 
and the mixture was concentrated under reduced pressure. 
Ethyl acetate (50 ml) was added to the residue and the mixture 
was stirred. T h e insoluble materials were collected by filtration 
and washed with ethyl acetate (15 ml) to give 0.38 g (1.1 mmol, 
of dichlorobis [2 ( l / / ) -pyr id ine th ione] zinc (7) as slightly 
yellowish crystalline powder; m p 248—256 °C (on a hot plate) . 
The I R spectrum of the powder was identical with tha t of 
authentic sample 7.16) The filtrate separated from 7 and wash­
ings were combined and mixed with a solution of triphenyl­
phosphine oxide (0.31 g, 1.1 mmol) in ethyl acetate (30 ml) . 
The precipitate was collected by filtration and washed with 
ethyl acetate to give 0.27 g (0.4 mmol) of dichlorobis(triphenyl­
phosphine oxide)zinc as slightly yellowish solid; m p 235—239 
°C (on a hot plate). T h e I R spectrum of the solid was identical 
with that of authentic sample.14) 

Hydrolysis of 4 in Water. A suspension of 4 (4.25 g, 6 
mmol as monomer) in water (100 ml) was refluxed for 2 h. 
The reaction mixture was treated in a similar manner as in the 
hydrolysis of 3 . T h e products were 2.76 g (2 .9 mmol) of 1; 
mp above 340 °C (gradually dec),15) 1.00 g (2.8 mmol) of 
7 ; m p 246—254 °C (on a hot plate) , and 2.11 g (3.0 mmol) 
of dichlorobis (triphenylphosphine oxide)zinc; m p 236—239 °C 
(on a hot plate) . T h e I R spectra of the products were identical 
with those of authentic samples. 

Hydrolysis of 5 in Water. A suspension of 5 (1.69 g, 8 
mmol as monomer) in water (70 ml) was refluxed for 1 h. 
T h e reaction mixture was treated in a similar manner as in 
the hydrolysis of 3 . T h e products were 0.93 g (1 .0 mmol) of 
1; m p above 340 °C (gradually dec),15) 0.32 g (0.9 mmol) of 7 ; 
m p 245—255 °C (on a hot plate) , and 2.04 g (2.9 mmol) of 
dichlorobis(triphenylphosphine oxide)zinc; m p 238—242 °G 
(on a hot plate) . T h e I R spectra of the products were 
identical with those of authentic samples. 
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Synthesis of Viscumamide and Its Analogs 
Atsushi SAKURAI* and Yasuaki OKUMURA 

Department of Chemistry, Faculty of Science, Shizuoka University, Ohya, Shizuoka 422 
(Received July 26, 1978) 

Viscumamide, cyclo(-L-Leu-L-Ile-L-Leu-L-Ile-L-Leu-) (la) and its three analogs, cyclo (-L-Leu-L-Leu-
L-Leu-L-Leu-L-Leu-), cyclo (-L-Leu-L-Ile-L-Leu-L-Leu-L-Leu-), and cyclo (-L-Ile-L-Ile-L-Leu-L-Leu-L-Leu-) 
were synthesized by the iV-hydroxysuccinimide ester method. The yields in the cyclization step were low due to a 
strong intermolecular association even at high dilution, which causes cyclodimerization and other polymerization. 
Chromatographic and spectroscopic comparison of synthetic l a with natural viscumamide showed their 
identity. The structure of viscumamide was confirmed to be la . 

In a paper on the constituents of the mistletoe, Viscum 
album Linn. var. coloratum Ohwi , we reported on the 
isolation and structure of viscumamide, a new cyclic 
pentapeptide, which was assigned to be cyclo (-L-leucyl-
L-isoleucyl-L-leucyl-L-isoleucyl-L-leucyl) ( l a ) .^ 

In order to confirm the structure of viscumamide, we 
at tempted to synthesize the cyclic peptide l a and three 
analogous cyclic peptides which consist of L-leucine and 
L-isoleucine. 

This paper deals with the synthesis of these cyclic 
pentapeptides, and the chromatographic and spectro­
scopic comparison of. synthetic l a with natural viscum­
amide. 

Z-Leu-ONSu (2a) H-Ile-OH 

L - L e u L - L e u 

L-Ile L-Ile 

L-Leu-L-Leu 

(la) 

L-Leu 
/ \ 

L-Leu L-Ile 
L-Leu-L-Leu 

L-Leu L-Leu 
\ / 

L-Leu-L-Leu 

(ib) 

L-Leu 

L-Leu L-Leu 
\ / 

L-Ile-L-Ile 

(lc) (Id) 

T h e synthesis of l a is outlined in Scheme 1. The 
Af-hydroxysuccinimide ester method2) was employed 
throughout the coupling reactions, the removal öf 
benzyloxycarbonyl (Z) groups of the intermediates being 
performed by the action of hydrogen bromide in acetic 
acid.3) Z-L-Leucine 7V-hydroxysuccinimide ester ( -ON-
Su) (2a)2) was coupled with L-isoleucine in the presence 
of sodium hydrogencarbonate to yield needles of 
Z-L-leucyl-L-isoleucine (3a) in 9 2 % yield. Z-Dipeptide 
3a was then transformed into Z-L-leucyl-L-isoleucine 
iV-hydroxysuccinimide ester (4a) as an oil by t reatment 
with 7V-hydroxysuccinimide (HONSu) and dicyclohexyl-
carbodiimide (DGG) in dioxane. Purification of the 
substance by crystallization was unsuccessful. Z-Dipep­
tide ester 4 a was coupled with L-leucine in the same 
way as described above to yield Z-L-leucyl-L-isoleucyl-
L-leucine (5a) as fine crystals in 6 7 % yield based on 
3a . After removal of the Z group of the Z-tripeptide 
5a by the action of hydrogen bromide in acetic acid, 
the resulting tripeptide hydrobromide (6a) was coupled 
with Z-dipeptide ester 4a to yield Z-L-leucyl-L-isoleucyl-
L-leucyl-L-isoleucyl-L-leucine (7a) as fine crystals in 5 6 % 
yield. Z-Pentapeptide 7a was transformed into the 
corresponding 7V-hydroxysuccinimide ester (8a) as fine 

NaHC08 

Z-Leu-Ile-OH (3a) 
HONSu 
DCC 

Z-Leu-Ile-ONSu (4a) H-Leu-OH 

I NaHCO, 

Z-Leu-Ile-Leu-OH (5a) 

I HBr/AcOH 

Z-Leu-Ile-ONSu (4a) HBr • H-Leu-Ile-Leu-OH (6a) 
1 | 

I NaHCO, 

Z-Leu-Ile-Leu-Ile-Leu-OH (7a) 

i HONSu 
DCC 

Z-Leu-Ile-Leu-Ile-Leu-ONSu (8a) 

I HBr/AcOH 

HBr • H-Leu-Ile-Leu-Ile-Leu-ONSu (9a) 

pyridine 

.—Leu-Ile-Leu-Ile-Leu—i / | x 

Scheme 1. 

Z-Leu-Leu-ONSu (4b) 

HBrH-Leu-Leu-Leu-OH (6b) 
Z-Leu-Ile-ONSu (4a) 

Z-Ile-Ile-ONSu (4c) 

Z-Leu-Leu-Leu-Leu-Leu-OH (7b) • 
Z-Leu-Ile-Leu-Leu-Leu^OH (7c) • 
Z-Ile-Ile-Leu-Leu-Leu-OH (7d) • 

Z-Leu-Leu-Leu-Leu-Leu-ONSu (8b) • 
Z-Leu-Ile-Leu-Leu-Leu-ONSu (8c) • 
Z-Ile-Ile-Leu-Leu-Leu-ONSu (8d) • 

HBr • H-Leu-Leu-Leu-Leu-Leu-ONSu (9b) 
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Scheme 2. 
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crystals in 7 1 % yield by the reaction with 7V-hydroxy-
succinimide and dicyclohexylcarbodiimide in N,N-di-
methylformamide (DMF) followed by separation from 
A^Af'-dicyclohexylurea (DGU) by extraction with ethyl 
acetate. After removal of the Z group of the Z-penta-
peptide ester 8a in the same way as described above, the 
pentapeptide hydrobromide (9a) thus obtained was 
cyclized in pyridine at 40 °C by the high dilution 
method.1) Purification through silica gel column, fol­
lowed by chromatography on alumina, gave cyclo (-L-
leucyl-L-isoleucyl-L-leucyl-L-isoleucyl-L-leucyl) ( l a ) as 
colorless needles in 6 .5% yield. 

Cyclic pentapeptides ( l b , l c , and Id ) were synthe­
sized in the same way as described for the preparat ion 
of l a (Scheme 2). 2a was chosen as the starting material 
and the peptide chains were extended stepwise to yield 
Z-L-leucyl-L-leucyl-L-leucine (5b). After removal of the 
Z group, the resulting tripeptide hydrobromide (6b) was 
coupled with the Z-dipeptide esters 4 b , 4a , and 4c to 
yield Z-pentapeptides 7b , 7c, and 7d, respectively. The 
Z-pentapeptides were transformed into the correspond­
ing 7V-hydroxysuccinimide esters 8b , 8c, and 8d . After 

removal of the Z-groups, the resulting pentapeptide ester 
hydrobromides (9b, 9c, and 9d) were respectively 
cyclized and purified in the same way as described for 
the preparat ion of l a affording cyclic pentapeptides l b , 
l c , and I d as colorless needles in 6 . 5 % , 4 . 5 % , and 4 .4% 
yields, respectively. 

Cyclodimerization has been shown to occur predomi­
nantly with tripeptides and with pentapeptides.5 - 7) 
Significant differences in the yield of cyclization have 
been observed to depend on the configuration of the 
amino acids in the open peptide chain.8 - 1 0) 

The yields in the cyclization step were low due to 
dimerization and other polymerization, since the penta­
pept ide esters (9a, 9b , 9c, and 9d) consist of five L-amino 
acids, undergoing strong intermolecular association even 
at high dilution. 

Racemization dur ing this synthesis seems negligible, 
since the specific rotat ion value of synthetic l a is —56° 
which is identical with that of natura l viscumamide.1:L) 

Synthetic l a was identical with natural viscumamide in 
the infrared absorption spectrum (Fig. 1), the proton 
magnetic resonance spectrum (Fig. 2), and th in layer 

100 
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Fig. 1. Infrared absorption spectra of synthetic l a (heavy line) and natural 
viscumamide (light line) in KBr disk. 

9 .0 7.0 
- I 
4 . 0 1.0 6 . 0 5 . 0 

«5 (ppm) 

Fig. 2. Proton magnetic resonance spectra of synthetic l a (lower) and natural 
viscumamide (uper) in DMSCW6 at 30 °C. 
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chromatography with various solvent systems (Table 1 ). 
T h e results indicate that the structure of viscumamide 
is confirmed to be cyclo(-L-leucyl-L-isoleucyl-L-leucyl-
L-isoleucyl-L-leucyl) ( la) . 

E x p e r i m e n t a l 

All melting points are uncorrected. The proton magnetic 
resonance spectra were measured with a JEOL JNM PFT-60 
NMR spectrometer at 60 MHz with tetramethylsilane as an 
internal standard. The infrared absorption spectra were 
measured with a Hitachi EPI-G3 recording spectrophotom­
eter. The optical rotations were measured with a Union 
PM-101 Polarimeter. Thin layer chromatography (TLG) was 
carried out on silica gel (Wakogel B-10). 

Z-i.-Leii--L-Lle-OH (3a). A solution of Z-L-Leu-ONSu2> 
(2a) (72.5 g, 0.2 mol) in ethanol (1 1) was added to a solution 
of L-isoleucine (26.4 g, 0.2 mol) and sodium hydrogencarbon-
ate (33.6 g, 0.4 mol) in water (11). After being stirred at room 
temperature overnight, the solution was acidified with 2M 
hydrochloric acid, and then ethanol was removed under 
reduced pressure below 40 °C. The precipitate separated from 
aqueous solution was dissolved in ethyl acetate (300 ml), and 
the solution was washed with water and dried over sodium 
sulfate. Hexane (300 ml) was added and the solution was 
chilled in a refrigerator. 3a was obtained as colorless needles : 
mp 125—126 °G (lit,9) 101—101.5 °G); yield, 62.8 g (83%); 
[a]l5 - 5 . 0±0 .2° (c 1.0, EtOH). (Found: G, 63.53; H, 8.19; 
N, 7.37%). 

Z-L-Leu--L-Leu-OH (3b). 3b was obtained in the same 
way as described above from 2a (72.5 g, 0.2 mol) and L-leucine 
(26.4 g, 0.2 mol); colorless needles: mp 117—118 °G (lit,9) 
97.5—98.5 °C); yield, 63.5 g (88%); [oc]£5 -25 .0±0 .2° {c 1.0, 
EtOH). (Found: C, 63.51; H, 8.22; N, 7.34%). 

Z-L-Ile-L-Ile-OH (3c). 3c was obtained in the same 
way as described above from Z-L-Ile-ONSu2) (2b) (18.9 g, 
50 mmol) and L-isoleucine (6.6 g, 50 mmol); colorless needles: 
mp 128—129 °C; yield, 16.7 g (88%); [a]?,5 - 8 . 9±0 .2° (c 1.0, 
EtOH). (Found: C, 63.54; H, 8.20; N, 7.37%). 

Z--L-Leu--L-Ile-ONSu (4a). DGC (30.9 g, 0.15 mol) was 
added at 0 °C to a solution of 3a (56.8 g, 0.15 mol) and HONSu 
(17.3 g, 0.15 mol) in dry dioxane (300 ml). After being stirred 
at 0 °G for 4 h and then at room temperature overnight, DCU 
separated was filtered off and washed with dioxane. The 
combined filtrate and washings were evaporated to dryness 
under reduced pressure. 4a was obtained as a colorless oil: 
yield, 67.8 g (95%); IR 1815 and 1785 (succinimide), and 
1740 cm-1 (ester C=0). 

Z-i,-Leu--L-Leu-0NSu (4b). 4b was obtained in the 
same way as described above from 3b (62.5 g, 0.17 mol), 
HONSu (19.0 g, 0.17 mol), and DCG (34.0 g, 0.17 mol); 
colorless oil: yield, 76.9 g (98%); IR 1817 and 1787 (succin­
imide), and 1743 cm - 1 (ester C=0). 

Z-L-Ile-i,-Ile-ONSu (4c). 4c was obtained in the same 
way as described above from 3c (15.1 g, 40 mmol), HONSu 
(4.6 g, 40 mmol), and DCC (8.3 g, 40 mmol); colorless oil: 
yield, 18.1 g (95%); IR 1817 and 1787 (succinimide), and 
1742 cm-1 (ester C=0). 

Z--L-Leu-i,-Ile-i,-Leu-OH (5a). L-Leucine (5.2 g, 40 
mmol) and 4a (15.0 g, 40 mmol) were treated in the same 
way as described for the preparation of 3a. Concentration 
of the mixture under reduced pressure followed by chilling 
in a refrigerator gave the precipitate, which was collected and 
washed with water. Recrystallization from ethanol gave 13.2 
g (67%) of 5a as colorless fine crystals: mp 182—183 °C; [a]f,5 

-53 .4±0.4° (c 0.5, EtOH). Found: C, 63.25; H, 8.52; N, 
8.36%. Calcd for C26H41N306: C, 63.52; H, 8.41 ; N, 8.55%. 

Z-~L-Leu-i,-Leu-i,-Leu-OH (5b). 5b was obtained in 
the same way as described above from 4b (59.4 g, 0.13 mol) 
and L-leucine (16.4 g, 0.13 mol); colorless fine crystals: mp 
102—104 °C; yield, 39.9 g (65%); [a]*5 -51.0±0.4° (c 0.5, 
EtOH). Found: C, 63.53; H, 8.63; N, 8.24%. Calcd for 
C26H41N306: C, 63.52; H, 8.41; N, 8.55%. 

Z--L-Leu--L-Ile--L-Leu--L-Ile--L-Leu- OH (7a). 5a ( 12.3 g, 
25 mmol) was treated with 30% hydrogen bromide in acetic 
acid (25 g) at room temperature for 1 h, dry ether (100 ml) 
and dry hexane (200 ml) being added to the solution. Chilling 
of the solution gave the precipitate which was collected by 
filtration, washed with dry hexane, and dried in a desiccator 
over sodium hydroxide overnight; yellowish powder 6a: yield, 
11.9 g. 

To a solution of 4a (11.9 g, 25 mmol) in ethanol was added 
a solution of the tripeptide hydrobromide (6a) (11.9g) and 
sodium hydrogencarbonate (6.3 g, 75 mmol) in a mixture of 
water (250 ml) and ethanol (200 ml). The mixture was 
treated in the same way as described for the preparation of 
5a. Recrystallization from 2-propanol gave 7a as colorless 
fine crystals: mp 262—265 °C (dec); yield, 10.1 g (56%, 
based on 5a); [a]»8 - 5 7 ± 2 ° (c 0 .1 , EtOH). Found: C, 
63.39; H, 9.04; N, 9.63%. Calcd for C38Hö3N508: C, 63.57; 
H, 8.85; N, 9.76%. 

Z--L-Leu-i,-Leu-i,-Leu-i.-Leu-i,-Leu-OH (7b). 7b was 
obtained as colorless fine crystals in the same way as described 
above from the tripeptide hydrobromide (6b) prepared from 
5b (12.3 g, 25 mmol) and 4b (11.9 g, 25 mmol) : mp 263— 
266 °C (dec) ; yield, 12.4 g (69%, based on 5b) ; [a]f,5 - 6 7 ± 2 ° 
(c 0.1, EtOH). Found: C, 63.29; H, 9.08; N, 9.58%. Calcd 
for C38H63N508: C, 63.57; H, 8.55; N, 9.76%. 

Z-'L-Leu-i.-Ile-i.-Leu-'L-Leu-i.-Leu-OH (7c). 7c was 
obtained as colorless fine crystals in the same way as described 
above from the tripeptide hydrobromide (6b) prepared from 
5b (12.3 g, 25 mmol) and 4a (11.9 g, 25 mmol) : mp 243—246 
°C (dec); yield, 9.7 g (54%, based on 5b); [a]*6 - 3 1 ±2° (c 
0.1, EtOH). Found: C, 63.33; H, 9.07; N, 9.61%. Calcd 
for C38HC3N508: C, 63.57; H, 8.55; N, 9.76%. 

Z-~L-Ile-~L-Ile-i,-Leu--L-Leu-i,-Leu-OH (7d). 7d was 
obtained as colorless fine crystals in the same way as described 
above from the tripeptide hydrobromide (6b) prepared from 
5b (12.3 g, 25 mmol) and 4c (11.9 g, 25 mmol) : mp 256—258 
°C (dec); yield, 9.5 g (53%, based on 5b); [a]»8 - 4 2 ± 2 ° (c 
0.1, EtOH). Found: C, 63.13; H, 9.13; N, 9.62%. Calcd 
for C38He3N508: C, 63.57; H, 8.55; N, 9.76%. 

Z--L-Leu--L-Ile--L-Leu--L-Ile--L-Leu-ONSu (8a). DCC (2.7 
g, 13 mmol) was added at 0 °C to a solution of 7a (8.6 g, 12 
mmol) and HONSu (1.7 g,15 mmol) in DMF (500 ml). After 
being stirred at 0 °C for 8 h and then at room temperature 
for 16 h, deposited DCU was filtered off and washed with 
DMF. The combined filtrate and washings were evaporated 
to dryness under reduced pressure. The residue was extracted 
twice with hot ethyl acetate (150 ml) to remove DCU and 
then recrystallized from 2-propanol. 8a was obtained as color­
less fine crystals: mp 249—250 °C (dec); yield, 6.9 g (71%); 
[a]»8 - 5 5 ± 2 ° (c 0.1, EtOH); IR (Nujol) 1819 and 1789 
(succinimide), and 1746 cm - 1 (ester C=0). Found: C, 67.67; 
H, 8.41; N, 10.04%. 

Calcd for C42H66NGO10 : C, 61.89; H, 8.16; N, 10.31%. 
Z-L-Leu--L-Leu-i.-Leu-i,-Leu-L-Leu-ONSu (8b). 8b was 

obtained as colorless fine crystals in the same way as described 
above from 7b (8.6 g, 12 mmol), HONSu (1.7 g, 15 mmol), 
and DCC (2.7 g, 13 mmol) : mp 237—238 °C (dec); yield, 6.4 
g (65%); [a] « _ 6 7 ± 2 ° (c 0.1, EtOH); IR (Nujol) 1817 and 
1790 (succinimide), and 1746 cm - 1 (ester C=0). 

Found: C, 61.75; H, 8.55; N, 10.13%. 
Calcd for C42H66N6O10: C, 61.89; H, 8.16; N, 10.31%, 
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Z-L-Leu-L-Ile-L-Leu-L-Leu-L-Leu-ONSu (8c). 8c was 
obtained as colorless fine crystals in the same way as described 
above from 7c (8.6 g, 12 mmol), HONSu (1.7 g, 15 mmol), 
and DCC (2.7 g. 13 mmol): mp 248—250 °C (dec); yield, 
6.7 g (69%); [a]»6 - 6 9 ± 2 ° (c 0.1, EtOH); IR (Nujol) 1819 
and 1790 (succinimide), and 1742 cm"1 (ester C=0). Found: 
C, 61.82; H, 8.49; N, 10.14%. Calcd for C42H66NcO10: C, 
61.89; H, 8.16; N, 10.31%. 

Z--L-Ile-i,-Ile-i,-Leu--L-Leu--L-Leu~ONSu (8d). 8d was 
obtained as colorless fine crystals in the same way as described 
above from 7d (8.6 g, 12 mmol), HONSu (1.7 g, 15 mmol), 
and DCC (2.7 g, 13 mmol) : mp 243—245 °C (dec) ; yield, 6.8 
g (70%); M 8 - 5 1 ±2° {c 0.1, EtOH); IR (Nujol) 1817 and 
1788 (succinimide), and 1745 cm"1 (ester C=0). Found: C, 
61.80; H, 8.41 ; N, 10.20%. Calcd for C42H66N6O10: C, 61.89; 
H, 8.16; N, 10.31%. 

Cyclo<(-L-Leu-L-Ile-L-Leu-L-Ile-L-Leu-) (la). 8a (5.7 
g, 7 mmol) was treated with 20% hydrogen bromide in acetic 
acid (15 g) in the same way as described for the preparation 
of 6a. The pentapeptide ester hydrobromide (9a) (yellowish 
powder; yield, 5.1 g (96%)) thus obtained was dissolved in 
DMF (11), and the solution was added dropwise into pyridine 
(2 1) with stirring at 40 °C over a period of 12 h ; stirring at 
room temperature was then continued for 12 h. The solvent 
was removed under reduced pressure, and the residue was 
dissolved in hot chloroform (250 ml). The solution was subject 
ed to chromatography on a column of silica gel (100 g). After 
the column had been eluted with chloroform (400 ml), elution 
with a mixture of ethyl acetate and ethanol (19: 1) (400 ml) 
gave the desired product, as determined by TLC. The effluent 
was evaporated to dryness under reduced pressure, giving a 
brownish powder which was dissolved in chloroform (100 ml) 
and then further purified by column chromatography on 
alumina (100 g). The column was washed with chloroform 
(200 ml) and successively with ethyl acetate (200 ml). Elution 
with a mixture of ethyl acetate and ethanol (19: 1) (200 ml) 
followed by recrystallization from ethanol gave 257 mg (6.5 
%) of cyclic pentapeptide (la) as colorless needles: mp ^>300 
°C; [a]«» - 5 6 ± 2 ° (c 0.1, EtOH); MS (70 eV), M+ m/e 565; 
PMR (DMSO-</6, amide protons, at 30 °C) .5=8.68 (1H, d, 
7=6 .6 Hz), 8.58 (2H, d, 7=7 .2 Hz), 8.15 (1H, d, 7 = 9 . 0 
Hz), and 6.97 ppm (1H, d, 7 = 9 . 0 Hz); IR (KBr) 3300, 3050, 
and 1535 (amide NH), 1680, 1661, and 1638 cm-1 (amide 
C=0). Found: C, 63.39; H, 9.89; N, 12.22%. Calcd for 
C30H55N5O5: C, 63.68; H, 9.80; N, 12.38%. 

Cyclo(-L-Leu-L-Leu-L-Leu-L-Leu-L-Leu-) (lb). l b (238 
mg, 6.0% based on 8b) was obtained and purified in the same 
way as described above via HBr • H-L-Leu-L-Leu-L-Leu-L-
Leu-L-Leu-ONSu (9b) (yellowish powder; 5.2 g (98%)) from 
8b (5.7 g, 7 mmol) ; colorless needles: mp >300 °C; [a]£° - 6 7 
±2° (c 0.1, EtOH) ; MS (70 eV), M+ m/e 565; PMR (DMSO-
a\, amide protons, at 30 °C) ö=8.71 (1H, d, 7=7 .2 Hz), 8.53 
(1H, d, 7 = 6 . 6 Hz), 8.18 (1H, d, 7 = 6 . 6 Hz), 7.63 (1H, d, 
7=9 .0 Hz), and 7.23 ppm (1H, d, 7 = 9 . 0 Hz); IR (KBr) 
3290, 3060, and 1540 (amide NH), and 1659, 1651, and 1640 
cm-1 (amide C=0). Found: C, 63.85; H, 9.68; N, 12.40%. 
Calcd for C30H55N5O5: C, 63.68; H, 9.80; N, 12.38%. 

Cyclo (-L-Leu-L-Ile-L-Leu-L-Leu-L-Leu-) (le). l e (178 
mg, 4.5% based on 8c) was obtained and purified in the same 
way as described above via HBr«H-L-Leu-L-Ile-L-Leu-L-Leu-
L-Leu-ONSu (9c) (yellowish powder; yield, 5.1 g (95%)) from 
8c (5.7 g, 7 mmol) ; colorless needles: mp >300 °C; [a]15 - 7 1 
±2° (c 0.1, EtOH); MS (70 eV), M+ m/e 565; PMR (DMSO-
d6, amide protons, at 30 °C) 5=8.59 (1H, d, 7 = 7 . 8 Hz), 8.40 
(1H, d, 7 = 8 . 4 Hz), 8.33 (1H, d, 7 = 7 . 8 Hz), 8.04 (1H, d, 
7=8 .4 Hz), and 7.19 ppm (1H, d, 7 = 8 . 4 Hz); IR (KBr) 
3350, 3310, 3050, and 1520 (amide NH), and 1658 and 1652 

cm-1 (amide C=0). Found: C, 63.59; H, 10.03; N, 11.98%. 
Calcd for C30H55N5O5: C, 63.68; H, 9.80; N, 12.38%. 

Cyclo(--L-Ile--L-Ile--L-Leu--L-Leu-L-Leu-) (Id). Id (175 
mg, 4.4% based on 8d) was obtained and purified in the same 
way as described above via HBr-H-L-Ile-L-Ile-L-Leu-L-Leu-
L-Leu-ONSu (9d) (yellowish powder; yield, 5.3 g (99%)) from 
8d (5.7 g, 7 mmol) ; colorless needles: mp >300 °C; [a]15 - 5 2 
±2° (c 0.1, EtOH) ; MS (70 eV), M+ m/e 565; PMR (DMSO-
d6, amide protons, at 30 °C) <5=8.53 (1H, d, 7 = 7 . 8 Hz), 8.33 
(1H, d, 7 = 7 . 8 Hz), 8.11 (1H, d, 7 = 9 . 0 Hz), 8.06 (1H, d, 
7 = 7 . 8 Hz), and 7.67 ppm (1H, d, 7 = 9 . 0 Hz); IR (KBr) 
3300, 3050, and 1530 (amide NH), and 1658 and 1650 cm-1 

(amide C=0). Found: C, 63.66; H, 10.01 ; N, 12.26%. Calcd 
for C30H55N5O5: C, 63.66; H, 9.80; N, 12.38%. 

Comparison of Viscumamide with Synthetic Cyclopentapeptides. 
The specific rotation value, mass spectrum, proton magnetic 
resonance spectrum, and infrared absorption spectrum of 
synthetic viscumamide l a were identical with those of the 
authentic sample. A thin layer chromatographic comparison 
of viscumamide with the synthetic cyclopentapeptides is given 
in Table 1. 

TABLE 1. THIN LAYER CHROMATOGRAPHY OF 

CYCLOPENTAPEPTIDES 

Solvents*5 

I 
II 

Viscumamide 

0.36 
0.50 

l a 

0.36 
0.50 

Substances 

l b 

0.36 
0.55 

Î 

l c 

0.38 
0.57 

Id 

0.44 
0.58 

a) Solvents: I = chloroform-methanol (95:5), 11 = ethyl 
acetate. 

The authors wish to express their thanks to Dr. 
Takayuki Naito, Bristol-Banyu Research Insti tute, and 
to Dr. Shosuke Yamamura , Meijo University, for the 
microanalyses. 
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The Diels-Alder reaction of thiophene with maleic anhydride has been investigated under conditions of very 
high pressure. The Diels-Alder adduct was obtained in dich lor omethane at 100 ° G and 15 kbar; above a pressure 
of 15 kbar the reaction was highly accelerated. From the spectral data and chemical evidence it has been suggested 
that the adduct has the ̂ co-configuration. The reactions in various solvents and with other dienophiles have also 
been examined. 

Recently much at tent ion has been focused on the 
application of high pressure techniques in the field of 
synthetic organic chemistry.2) In general, the pressure 
dependence of the rate constant on the reaction may be 
wri t ten as follows : 

d\nk 
ÖP RT 

where AV*, the activation volume, represents the differ­
ence in volume between the reactants and the transition 
state. If AV* is negative, i.e., the volume of the transi­
tion state is smaller than the volume of the reactants, 
the ra te k will increase with increasing pressure. The 
activation volume for a number of organic reactions has 
been determined and [ 4 + 2 ] cycloaddition reactions, 
typically the Diels-Alder reaction, are known to have a 
relatively large activation volume (—25 50 cm3/ 
mol)2»3) being the most favorable case at high pressure. 

In line with this theory the [ 4 + 2 ] cycloaddition 
reactions at high pressures have been investigated and 
i t has been shown that the use of high pressure (10—40 
kbar) is a very valuable tool for synthetic organic 
chemistry.4 - 6) 

In a prel iminary paper i t was reported that the Diels-
Alder reaction of thiophene wi th maleic anhydride, 
which had never undergone reaction under the usual 
conditions, had effectively proceeded at very high pres­
sures.113) This paper will report à more detailed inves­
tigation. 

R e s u l t s a n d D i s c u s s i o n 

Cycloaddition between Thiophene and Maleic Anhydride. 
I t is well documented that thiophene itself does not 
undergo the Diels-Alder reaction.7) Recently, however, 
there have been reports tha t some thiophene derivatives 
do combine with extremely reactive dienophiles such as 
dicyanoacetylene and dimethyl acetylenedicarboxylate.8) 
T h e only recorded thiophene derivatives which are able 
to react with maleic anhydride in a Diels-Alder manner 
are thiophene 1,1-dioxide9) and 2,5-dimethoxythio-
phene.10) 

T h e authors anticipated that thiophene would react 
with maleic anhydride if the reaction were performed 
under high pressure conditions overcoming the high 
aromatic character. 

Initially, the reaction of thiophene with maleic anhy­
dride in dichloromethane at 15 kbar and room tempera­
ture was at tempted considering the thermal lability of 
the cycloadduct or the enhancement of the reverse 
reaction. After 3 days, however, reaction had not 
occurred and reaction without solvent or with a Lewis 
acid catalyst (e.g. MgCl2) was also fruitless. This demon­
strates a striking absence of diene character in thiophene 
and contrasts remarkably with furan.4b) T h e reaction 
was examined at higher temperatures at 15 kbar for 3 h 
in dichloromethane when the reaction did occur (Table 
1). Inspection of Table 1 reveals tha t the most favorable 

TABLE 1. TEMPERATURE DEPENDENCE OF THE YIELD1* IN 

THE ADDUCT 3 BETWEEN THIOPHENE 

AND MALEIC ANHYDRIDE 

Room 
temp 40 °G 80 °G 100 °G 120 °G 150 °G 

No 
reaction 

No 
reaction 8% 37—47% 18% Decomposi­

tion 

a) The yield based on the isolated materials. 

results are obtained at 100 °G. Thus, from the reaction 
mixture a highly crystalline compound 3,11) m p 159.5— 
161.5 °G, of molecular formula C 8 H 6 0 3 S (MS, M+ 182) 
was obtained in yields of 37—47% after recrystallization 
from ether or chloroform. I t is suggested that 3 has an 
^^-configuration from the spectral da ta and chemical 
evidence as follows. In the 1 H N M R spectra (Table 2), 
the G2 and G3 protons appear at ô 3.63 as a doublet 
(J=l Hz) and when the dihedral angle between the 
protons at Cx and G2 (G3 and C4) is considered the 
indication is that 3 has an ^ö-configuration. This 
assignment is in good agreement with the data of the 
adducts between furan and maleic anhydride, showing 
that the £#ö-adduct 6 resembles 3 ra ther than the endo-
adduct.12) 

Fur ther supporting evidence has been obtained as 
follows. Adduct 3 was subjected to methanolysis to give 
the monomethyl ester 4. As expected 4 did not undergo 



February, 1979] Diels-Alder Reaction of Thiophene at High Pressure 545 

TABLE 2. 1H NMR SPECTRAL DATA (<5 ppm) 

Gompd 

3a> 
4b) 

5C> 

6a> 

8C) 

G15G4-H 

4.59 (2H, m) 
4.29 (2H, m) 

4.29 (2H, d d , 7 = 
2, 2.5 Hz) 

5.34 (2H, m) 
5.34d> 
5.12 (2H,m) 
5.10e) 

^ J ^ - H 

3.63 (2H, d, 7 = 1 Hz) 
3.15 (1H, d, J = 9 H z ) 
3.24 (1H, d , / = 9 H z ) 

3.16 (2H, s) 

3.26 (2H,s) 
3.25d> 
3.43 (2H, dd, / = 2 , 3 Hz) 
3.41e) 

6.61 
6.51 

6,48 

6.56 
6.53d) 
6.54 
6.52e) 

C5,C6-H 

(2H, d d , 7 = 2 , 3 Hz) 
(2H, d d , y = 2 , 2.5 Hz) 

(2H, d d , y = 2 , 2.5 Hz) 

(2H, m) 

( 2 H , d , / = l H z ) 

-GOOMe 
-GOOH 

-GOOMe 

-GOOMe 

3.63 
8.81 

3.68 

3.63 
3.62e) 

a) CDCI3-DMSO-4. (1: 1), b) CDCl3-Acetone-</6 (2: 1). c) GDG13. d) Ref. 12. e) Ref. 13. 

% 

.COOR1 

00R2 .H 
tOOMe 

tOOM? 

X = S 3 X = S , R 1 = M e , R 2 = H 4 8 
X = 0 6 X = S , R ^ R ^ M e 5 

X = 0 , R 1 = R a = H 7 

iodolactonization (I2-KI).1 3) The corresponding 
dimethyl ester 5, which is formally regarded as the 
Diels-Alder product of thiophene with dimethyl maleate, 
was prepared from 4 by careful methylation with diazo-
methane.14) In the *H N M R spectra of 5 (Table 2) the 
C2 and C 3 protons appeared at ô 3.16 as a singlet. In 
the 1 H N M R spectra of the &*ö-adduct 7 between furan 
and maleic acid the C2 and C3 protons were reported 
to appear at ô 2.61 as a singlet.13 '15) Moreover, in the 
case of the endo-adduct 8 between furan and dimethyl 
maleate, which was prepared under similar conditions 
as reported by Dauben and Krabbenhoft,4 b) the C« and 
C 3 protons appear at ô 3 A3 as a doublet of doublets 
(J=2, 3 Hz)16) and contrasts remarkably wi th these 
results. 

The exclusive formation of the &*ö-adduct 3 in the 
Diels-Alder reaction of thiophene with maleic anhydride 
is predictable on the basis of the preferential production 
of the thermodynamically stable adduct at higher tem­
perature.17) However, it would be premature to say 
whether 3 represents the kinetic product . 

Since the reaction of thiophene with maleic anhydride 
has been proven efficient in giving an adduct , an inves­
tigation of the reactions between thiophene and other 
dienophiles has been undertaken. However all a t tempt­
ed reactions of thiophene with dimethyl maleate, 
dimethyl fumarate, methyl acrylate, acrylonitrile, or 
acrylaldehyde under the same conditions (100 °G, 15 
kbar, 3 h, the concentrations of the reactants were 3 M 
in CH2C12) were unsuccessful and no adduct formation 
was observed. At higher temperatures the reaction was 
too vigorous to give the adduct , thus dimethyl maleate 
isomerized completely to dimethyl fumarate. Acrylo­
nitrile and acrylaldehyde readily polymerized even in 
the presence of an inhibitor such as hydroquinone. 
. Thus sole criterion of high pressure is insufficient to 
bring about the reaction of thiophene with dienophiles 
jess reactive than maleic anhydride. 

Effect of Solvent. I t is usually recognized that the 
conventional Diels-Alder reaction is little affected by the 

solvent.17) However, under high pressure conditions the 
choice of solvent becomes important and there have 
been various studies on the kinetic solvent effects in 
Diels-Alder reactions.3»18) Unfortunately these studies 
have been l imited to relatively low pressures (ca. 2 kbar 
max.) , and little information is available in the pressure 
range from 10 to 20 kbar. Consequently an investigation 
of the solvent effect in the Diels-Alder reaction of thio­
phene with maleic anhydride has been undertaken and 
the results are summarized in Table 3. In a previous 
paper the low yield in benzene (Run 11) was assumed 
to be due to the freezing of the reaction medium at 15 
kbar. l b) According to the Simon equation the freezing 
temperature of substances is dependent on pressure.19) 
T h e estimated freezing point of benzene at 4 kbar is ca. 
100 °C, so that freezing of the reaction medium appears 
to be probable. T h e interpretat ion based on freezing 
temperature of solvent is plausible in the cases of dichlo-
romethane, chloroform, and carbon tetrachloride (Runs 

TABLE 3. SOLVENT DEPENDENCE OF THE YIELD IN 

THE ADDUCT 3 (100 °G, 3 h) 

Run Solvent Pressure (kbar) Yield(%)a) 

1 
2 GH2G12 

3 
4 
5 GHGI3 
6 

7 
8 GG14 

9 
10 GHG12GHG12 

11 G6H6 

12 G6H5GH3 

13 G6H5G1 
14 G6H5Br 
15 G6H5GN 
16 G6H5GOGH3 

17 GH3GN 
18 AcOEt 
19 Et 2 0 
20 GH3GOGH3 

r 10 
.15 

I 20 

[ 10 

15 
I 20 
r 10 

15 
i 20 

15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 

6 
43 
47 

3 
42 
42 

No reaction 
12 
21 
47 

7 
Tracec) 

20 
5 

29 
Tracec>d) 

39 
17 

Tracec) 

No reactiond) 

22 kbarb) 

12 kbarb) 

4 kbarb) 

a) The values are the average of two or more runs. 
b) The estimated freezing point is 100 °G at this 
pressure. See Ref. 19. c) Only trace amounts of 
adduct were detected by TLG. d) A considerable 
amount of polymeric substances was obtained. 
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1—9). i n this connection it can be seen that at pressures 
above 15 kbar the reaction is highly accelerated ! T h e fact that 
at 20 kbar, a respectable increase of product yield was 
observed in carbon tetrachloride (Run 9) leads to the 
assumption that the reaction proceeds to some extent in 
the frozen state,20) al though further experiments were 
necessary. In addit ion the results in Table 3 suggest that 
the adduct formation should increase in aromatic 
solvents having an electron withdrawing substituent 
(Runs 13 and 15) ra ther than ones having an electron 
donat ing substituent (Runs 11 and 12). This may be 
explained in terms of the specific solute-solvent interac­
tions such as the charge transfer complex formation 
between maleic anhydride and benzene or toluene which 
would become significant at high pressure.21»22) 

T h e very low yield of product in ether, acetone, and 
acetophenone can not be explained. 

E x p e r i m e n t a l 

Apparatus, Figure 1 shows a schematic version of the 
high pressure apparatus used which consists essentially of a 
press frame, the upper and bottom drive cylinders, an induc­
tion heater and a sample cylinder. The sample cylinder, 
shown in Fig. 2, has been fabricated from a SUS-27 multiplex 
cylinder subject to autofret tage and a hardened S-3 tool steel 
cylinder or sintered tungsten carbide cylinder (80 mm long 
and 50 mm diameter). The piston made from hardened S-3 
tool steel or sintered tungsten carbide has a diameter of 12 
mm. The reaction vessel has been made from Teflon which 

upper hydraulic press 

SUS-27 spacer 

upper lid 

high pressure 
cylinder 

induction heater 

lower lid 

lower hydraulic press 

Fig. 1. Schematic version of high pressure apparatus. 

iron steel 

7 talc 

stainless steel sheet 

— Teflon capsule 

piston 

Fig. 2. Detailed schematic version of the sample 
cylinder. 

is a good container for most organic substrates and pressure 
transmitter at elevated temperatures (below 300 °G). Talc and 
stainless steel disks have been used to prevent leakage from the 
Teflon vessel. The pressure generated in the reaction vessel 
can not be directly read on the pressure gauge and so has been 
calibrated using the change in volume of AgNOs (9.8 kbar) 
and KBr (17.9 kbar) and the resistivity of Bi I - I I (25.3 kbar) 
at room temperature. The leakage from the Teflon vessel 
containing the reactants and solvent has been checked and 
appears to be negligible. 

The procedure for a high pressure reaction is as follows. 
The reaction vessel (ca. 0.85 ml capacity) is filled completely 
with the reactants dissolved in an appropriate solvent and 
covered with Teflon lid. The reaction vessel and the piston 
are forced into the bore of a sample cylinder by synchronously 
raising the upper and bottom drive cylinders hydraulically 
until the desired pressure is attained. To conduct a reaction 
at elevated temperatures, the sample cylinder system is inserted 
into the induction heater and heated to the desired tempera­
ture measured by an alumel-chromel thermocouple. After the 
experiment the sample cylinder is cooled to room temperature 
by a fan and the pressure released. A representative tempera-
tureirpressure diagram is shown in Fig. 3 in the experiment at 
150 °G and 15 kbar for 3.5 h. 

Temperature 

15S 

10 ! 

10 210 20 180 190 200 

Time/min 

Fig. 3. Representative temperature-pressure diagram at 
150 °G and 15 kbar for 3.5 h. 

All high pressure reactions were performed at a concentra­
tion of 3 M of the reactants in the dried solvents. 

General. All melting points are uncorrected. 1H NMR 
spectra were obtained on a JEOL-MH-100 spectrometer using 
TMS as the internal standard. 13G NMR spectra were 
obtained at 25.05 MHz on a JEOL-FX-100 spectrometer. 
The IR spectra were measured with a JASGO infrared spectro­
photometer Model IRA-1 and the mass spectra on a Hitachi 
Model M-52 spectrometer. 

TL G was conducted using Merck's precoated Kieselgel 60 
(5721) and for column chromatography, Wakogel G-200 
(74—149 [i) was employed. 

Dieh-Alder Reaction of Thiophene with Maleic Anhydride. 
The general procedure is as follows. A GH2G12 solution ( 1 ml) 
of thiophene (3 mmol) and maleic anhydride (3 mmol) was 
injected into the Teflon reaction vessel. The reaction vessel 
was heated to 100 °G at 15 kbar for 3 h. After cooling of the 
reaction mixture and the release of pressure, the solvent was 
evaporated and the product recrystallized from ether or chloro­
form to give pure 3 in 37—47% yield: mp 159.5—161.5 °G 
(from GHG13), 159—160 °G (from Et 2 0) ; IR (Nujol) 1850, 
1795, 1085, 943, and 920 cm"1; 1H NMR spectrum (Table 2) ; 
13C NMR spectrum (Table 4) ; MS (20 eV), m/e (rel intensity), 



February, 1979] Diels-Alder Reaction of Thiophene at High Pressure 547 

TABLE 4. 13C NMR SPECTRAL DATA OF 3 AND 5 

(in CDCl3)
a> 

_ _ 

C-l, C-4 54.2(d) 54.0(d) 
C-2, C-3 52.0(d) 50.2(d) 
C-5, C-6 139.8(d) 139.8(d) 

C=0 169.2(s) 171.8(s) 
CH3 52.2(g) 

a) Chemical shifts are expressed in ppm downfield 
from the 13C NMR of TMS. 

182 (36, M+), 110 (27), 84 (44), 78 (100), 66 (25), 45 (12). 
Found: C, 52.80; H, 3.32%. Calcd for C8H603S: C, 52.74; 

H, 3.32%. 
Methanolysis of Adduct 3. Two ml of an absolute MeOH 

solution of adduct 3 (200 mg) was stirred at 40 °C for 5 days 
under a N2 atmosphere.23) After removal of excess MeOH the 
crude product, which still contained a small amount of starting 
anhydride (Rf 0.61, 4: 1 C6H6-AcOEt) on TLC, was obtained 
as a viscous oil. A pure sample of the monomethyl ester 4 
was obtained in crystalline form after column chromatography 
on silica gel: mp 123—124 °C (from EtaO) ; IR (Nujol) 3200— 
2600, 1740, 1710, 1245, 1210, and 1185 cm"1; *H NMR 
spectrum (Table 2); MS (30 eV), m/e, 214 (M+). 

Found: C, 50.42; H, 4.66%. Calcd for C9H10O4S: C, 
50.46; H, 4.70%. 

Methylation of the Monomethyl Ester 4. The monomethyl 
ester 4 (123 mg) was treated conventionally with a small 
excess of diazomethane. After the renewed addition of diazo-
methane succeeded in producing a pale yellow coloration (ca. 
1 min on standing at 0 °C), the excess of reagent was instantly 
decomposed with the minimum amount of AcOH and the 
solution evaporated in vacuo (below 45 °C).14> The crude 
product with an unpleasant odor was purified by column 
chromatography on silica gel (eluted with CHC13) and 100 mg 
of dimethyl ester 5 was obtained as a colorless and odorless 
oil which crystallized on standing in the refrigerator : mp 73— 
73.5 °C (from Et20-petroleum ether); IR (Nujol) 1745, 1585, 
1335, 1225, 1215, 1160, and 1035 cm-1; 1H NMR spectrum 
(Table 2); 13C NMR spectrum (Table 4); MS (70 eV), mje, 
228 (M+). 

Found: C, 52.67; H, 5.28%. Calcd for C10H12O4S: C, 
52.62; H, 5.30%. 
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Light-induced Conformational Changes of Polypeptides. 
Photoisomerization of Azoaromatic Polypeptides 
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Copolymers of ß-benzyl L-aspartate with ß-m- or />-(phenylazo) benzyl L-aspartate were prepared in order to 
investigate the effect of side-chain photoisomerization on their conformations. These polymers in 1,2-dichioro-
ethane show a CD band at 222 nm characteristic of left-handed a-helices. After irradiation, remarkable changes 
of the 222 nm band were observed for both meta and para copolymers with more than 50 % azo residues. The 
decrease in ellipticity observed for the meta copolymers indicates that photoisomerization induces a significant 
instability in the left-handed a-helical conformation. On the other hand, the para copolymers change their sign 
from positive to negative by irradiation, confirming the reversal in the helix sense. In the course of subsequent 
relaxation of the irradiated para copolymer with 59% azo residues, an abrupt change in the CD spectra was found 
above 50% eis followed by a gradual change on decreasing the content of eis isomers. Concerning the polymers 
with azoaromatic side chains including copolymers with y-benzyl L-glutamate, the helical: sense seems to affect 
appreciably the sign of the side-chain CD bands. 

The conformation of substituted benzyl esters of poly-
(aspartic acid) is determined by the nature and position 
of the substituent. Revesal in the helix sense from left-
to r ight-handed a-helix is induced by the para substitu­
tion of the benzene ring of poly(/?-benzyl L-aspartate) 
(PBLA) with a methyl, cyano, or nitro group.1) Further­
more, the chlorine substituted PBLAs assume different 
handed helices depending on the position of the chlorine 
atom attached to the benzene ring.2) From these obser­
vations a geometrical change such as cis-trans isomeriza-
tion of the appropriate side chains might be expected to 
reverse the helix sense. Such a system, if realized, can 
be compared with visual purple, rhodopsin, since its 
polypeptide par t (opsin) undergoes a conformational 
change induced by cis-trans photoisomerization of its 
chromophoric par t (retinal). In nature, this light-
induced conformational change is a trigger which excites 
the nerve cells of the retinal rods. From this view point, 
we prepared some copolymer series containing azoben-
zene moieties in their side chains. Photoisomerization 
of a polypeptide side chain itself was reported for the 
copolymers of L-jfr-(phenylazo) phenylalanine3) and also 
for poly(y-cinnamyl L-glutamate).4) However, no con­
formational change could be induced by irradiat ion 
probably because of their conformational stability. In 
a previous paper,5) we reported the results of the copoly­
mer series of y-benzyl L-glutamate with ß-m- or/>-(phen-
ylazo)benzyl L-aspartate, and showed evidence support­
ing the following processes which occur independently. 

hv 

random coil < > right-handed helix (1) 
A 

hv 

left-handed helix < > random coil (2) 
A 

Reversal in helix sense could be attained for 
these copolymer series. In this paper, the results of 
copolymer series of ß-benzyl L-aspartate with ß-m- or 
jfr-(phenylazo) benzyl L-aspartate {meta or para copolymer 
series) are described. The following process which 
involves reversal in the helix sense has been confirmed 
to occur for some of these polymers. 
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The side-chain eis isomer, formed by irradiation, under­
goes subsequent relaxation in the dark back to the 
original trans form. The light-induced conformational 
changes are, therefore, reversible, and provide a unique 
system which responds to light signals in an on-off 
fashion. 

R e s u l t s a n d D i s c u s s i o n 

T h e ultraviolet and visible spectrum of poly [ß-m-



550 Akihiko UENO, Jun-ichi ANZAI, Tetsuo OSA, and Yoshinori KADOMA [Vol. 52, No. 2 
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Fig. 1. CD and ultra violet-visible spectra of mPALA in 
1,2-dichloroethane before ( •) and after ( ) 
irradiation. 

(phenylazo) benzyl L-aspartate] (mPALA) is essentially 
that of azobenzene itself (Fig. 1).7> The band at 320 
n m is a t t r ibuted to TZ-TZ* transition (e=22000) and that 
at 450 n m to n-7t* transition (e ==700).8> The irradiated 
polymer shows a spectrum resembling tha t of eis-azoben­
zene reported by Gerson et al.1) The impor tant aspect 
of the spectrum after i r radiat ion is the decrease in 
absorption intensity in the TZ-TZ* transition region. All 
of the meta and para copolymer series show similar spectra 
with various intensities corresponding to their content 
of azo residues. 

The circular dichroism (CD) spectra of meta copoly­
mer series before and after i rradiat ion show dichroic 
bands associated with the II-TZ* transitions of the main-
chain amide and side-chain azo chromophores at 222 
n m and 420—450 nm, respectively. No dichroic band 
was observed in the region of the TZ-TZ* transition of the 
chromophore. The values of [0] at the extrema are 
plotted against the content of azo residues (mol % of 
(phenylao)benzyl L-aspartate in copolymers) (Fig. 2). 

oh 

r o ^^^ ^ •—t 

20 40 60 80 
•/•Azo residues 

100 

Fig. 2. Variation of maximum ellipticities associated 
with the side-chain n-7i* ( • , • ) and the amide n-7i* 
( # , 0 ) transitions before ( • , # ) and after (O>C0 
iradiation for meta copolymer series as a function of the 
azo content. 

Molar ellipticities of the side-chain band were calculated 
with use of the molar concentration of azo residues. 
The spectra around 222 n m before irradiation are 
almost independent of the copolymer composition, and 
are very similar to those of poly(/?-methyl L-aspartate) 
which assumes a left-handed a-helical conformation.9) 
These observations suggest that overlapping of allowed 
transitions of side-chain chromophores with those from 
the peptide backbone is either small or absent in the 
polymers.10) The values of [0] at 222 n m do not seem 
to be affected by irradiation for the copolymers with 
azo residues of smaller than 50%. However, the values 
decrease for the copolymers of 67 and 9 2 % azo contents 
and mPALA (Figs. 2 and 7). The value of [0] at 222 
n m is generally used to characterize the helicity, the 
decreased values indicating the increase in instability 
for the left-handed a-helices of the polymers. The value 
of [0] 222=:28000 for mPALA is reduced to 13000 by 
irradiation (Figs. 1 and 2), confirming the formation 
of an appreciable amount of random-coil form. Its 
reduced specific viscosity, rjsvjc (c=0.\ in 1,2-dichloroe­
thane) , measured at 25 °C changes from 0.23 to 0.49 by 
photoirradiation. This suggests the increased volume 
induced by collapse of the helical form. 

Proton N M R spectra at 100 M H z were measured for 
mPALA (Fig. 3) in order to obtain further evidence for 
the part ial helix-coil transition. The spectrum of the 
fully helical mPALA in 0 . 3 % v/v trifluoroacetic acid/ 
deuteriochloroform (TFA/CDC13) solution shows a peak 
at 4.37 ppm from a -CH proton and a broad doublet at 
3.28 and 2.76 ppm from the ß-CH 2 protons. The spec­
t rum of the random-coil form of mPALA in 3 % v/v 
TFA/CDCI3 solution shows a peak at 4.86 ppm from the 
a -CH proton (shoulder of the peak from the benzyl CH 2 

ppm 

Fig. 3. 100-MHz NMR Spectra of mPALA. a; a-Helix 
(0.3% v/v TFA/CDCI3), b ; random coil (3% v/v 
TFA/CDCI3), c; mPALA after irradiation (CDC13). 
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protons) and a single peak at 3.01 ppm from the ß-CH 2 

protons. The chemical shifts are close to those reported 
for the L-aspartate polymers.11) The spectrum of 
mPALA after irradiation in CDC13 shows a complex 
pattern. The two #-CH chemical shifts observed at 4.40 
and 4.90 ppm correspond to the tf-helix and the random-
coil peaks, respectively. Another change to be noted is 
that for the ß-CH2 resonance, which shows a sharp 
peak at 2.66 ppm probably from the random-coil form 
overlapped by the high field component of the ß-CH2 

doublet of the helix. Compared with the chemical shift 
of the random coil caused by T F A addition, it is shifted 
upfield. The cause of the shift is unknown, bu t it might 
be due to the absense of T F A or a r ing current effect of 
formed eis isomers. The results of N M R spectra might 
be in line with those of CD spectra. 

The signs of the n-rc* CD band of the side-chain azo 
chromophores are always positive, not changing on 
photoirradiation (Fig. 2). The values of [0] before and 
after irradiat ion are independent of the content of azo 
residues, which confirms side chain-main chain interac­
tions as the origin of the dichroism band. 

— i — i — i — i — i i i — i i 
20 40 60 80 100 

°/o Azo residues 

Fig. 4. Variation of maximum or minimum ellipticities 
associated with the side-chain n-jz* ( > , • ) n-n* (A»A) 
and the amide n-Ji* ( # , 0 ) transitions before ( • , • , # ) 
and after (D?A?0) irradiation for para copolymer 
series as a function of the azo content. 

The CD spectra of para copolymer series show dichroic 
bands associated with the side-chain TC-JZ* transition as 
well as the n-Ti;* transitions of the main chain amide 
and side-chain azo chromophores. The values of [0] at 
the extrema before and after i rradiat ion are plotted 
against the content of azo residues (Fig. 4). All the 
spectra around 222 nm before irradiation are essentially 
those for the left-handed «-helices. The spectra after 
irradiation differ remarkably from those before irradia­
tion for the copolymers of 59 and 8 1 % azo contents 
(Fig. 7). These copolymers before irradiat ion display 

maxima with the values of [0]222—28000 for 5 9 % azo 
copolymer and [0]215—29000 for 8 1 % azo copolymer,12) 
after i rradiat ion minima with the values of [0]224 = 
— 14000 for the former and [0]2 2 2= —19000 for the 
latter. These observations demonstrate the reversal in 
the helix sense of these copolymers. Some indication of 
double trough is also consistent with helix reversal. 
Since the absolute values of [0] are appreciably smaller 
than the value of ^ 4 0 0 0 0 reported for r ight-handed 
«-helices,13) the copolymers after i rradiat ion cannot be 
entirely r ight-handed helices. In contrast to the above 
polymers, the effect of irradiation on conformation is 
negligible for the polymers with smaller amount of azo 
residues. Certain amount of azo residues is necessary to 
cause the pronounced conformational changes. A criti­
cal azo content seems to exist at about 5 0 % . 

I L_ I I I 
300 400 500 nm 

Fig. 5. CD spectra associated with the side-chain tran­
sitions of para copolymer series in 1,2-dichloroethane. 
Before irradiation: azo content 43% ( ). After 
irradiation: azo content 7.4% ( ), 26% (-•-•-), 
43% ( ). 

— 1 I I I I 

300 400 500 nm 

Fig. 6. CD spectra associated with the side-chain tran­
sitions of para copolymer series in 1,2-dichloroethane. 
Before irradiation: azo content 59% ( - ) , 81% 
( ). After irradiation: azo content 59% ( ), 
81% ( ). 

The CD spectra associated with the side-chain n-jr* 
and 7T-7T* transitions of para copolymer series before and 
after i rradiat ion are shown in Figs. 5 and 6.14> Before 
irradiat ion, the CD spectra of the two copolymers with 
azo residues of 7.4 and 2 6 % exhibit no dichroism in 
the region of the side-chain n-n* transition, whereas the 
spectra of the copolymers with more azo residues exhibit 
distinct dichroism bands in the region. A distinct differ­
ence in the observed TZ-TZ* CD bands exists between the 
copolymer with 4 3 % azo residues and the copolymers 
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with more azo residues. A simple positive band is 
observed for the former while the spectra of the latter 
are ra ther complicated, showing a peak in the 340-nm 
region and a trough in the 295-nm region with a cross­
over near 310 nm. The separation of these bands is 
small, confirming the assignment of the band to exciton 
resonance coupling15) of spatially adjacent azoaromatic 
chromophores.16) The side chains of these polymers are 
allowed to arrange themselves in close packing in favor 
of the derea l iza t ion of the electronic excitation. Such 
exciton resonance coupling was also observed in the TZ-JZ* 
transition region of azo chromophores by Goodman et 
al.1Q) for some azoaromatic polypeptides composed of 
(phenylazo) phenylalanine or its analogues. In the case 
of (phenylazo)benzyl L-aspartate polymers, the exciton 
resonance coupling seems to be very difficult because of 
the allowed movement of the side chains and the rela­
tively large distances between the side chains. In fact, 
it does not appear for other copolymer series of (phenyl­
azo) benzyl L-aspartate involving the copolymer series 
with y-benzyl L-glutamate. Thus it might be possible 
only when some steric requirements are satisfied concern­
ing the side-chain conformation. 

In the region of the side-chain n-jr* transition, circu­
lar dichroism is absent or small before i rradiat ion for the 
copolymers with azo residues smaller than 4 0 % . O n 
further increase in azo residues, there appears a positive 
band and subsequently a negative band. I t is difficult 
to explain the complicated spectral behavior. Neverthe­
less, we believe that the origin of the band is side chain-
main chain interaction since there must be a profound 
difficulty for the electronic interactions between the 
adjacent side chains due to a small value for the transi­
tion moment of the n-rc* transition and the large distance 
between the side chains. 
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Fig. 7. CD spectra 
transition before (-

associated with 
'), and after (-

the amide n-jz* 
•) irradiation in 

1,2-dichloroethane for the polymers which undergo 
light-induced conformational changes. a, b ; para 
Copolymers with azo residues of 81 and 59% respec­
tively, c, d, e; meta Copolymers with azo residues of 
100, 92, and 67% respectively, f; Copolymer of 
ß-m- (phenylazo) benzyl L-aspartate and y-benzyl L-glu­
tamate (89: 11). 

Photoirradiation causes significant changes in the 
side-chain CD bands of the para copolymers. The 
dichroic band associated with the TT-TT* transition van­
ishes. O n the other hand, a positive band appears in 
the region of the n-jr* transition. The complete disap­
pearance of the 7Z-7C* CD band, in spite of the presence 
of about 2 0 % trans isomers in the photostationary state, 
indicates the importance of trans-trans side-chain interac­
tions for this CD band. The intensity of the azo II-JI* 
transition after irradiation does not depend on the 
content of azo residues in the copolymers (Fig. 4), which 
assumes side chain-main chain interactions as the origin 
of this band. 

The CD spectra associated with the peptide n-jr* 
transition of the polymers which undergo light-induced 
conformational changes are summarized in Fig. 7. The 
spectral changes induced by irradiation can be classified 
into three types ; left-handed to right-handed helix (para 
copolymers with azo residues of 59 and 81%) , left-
handed helix to random coil (meta copolymers with azo 
residues of 100, 92, and 67%) and random coil to 
r ight-handed helix (copolymer of ß-m- (phenylazo)ben­
zyl L-aspartate and y-benzyl L-glutamate; 89: 11). W e 
cannot obtain the spectra of pure eis azoaromatic poly­
peptides since 100% conversion could not be attained in 
our experimental conditions (about 8 0 % eis in the 
photostationary state). Thus the conformational chang­
es cannot be regarded as those occurring between pure 
trans and pure eis polypeptides. 

TABLE 1. CD SIGNS OF THE SIDE-CHAIN 

n-7T* A N D 7T-7T* BANDSa) 

Copolymer 
seriesb) 

meta 
meta 
para 
para 

Helix 
sense 

right 
left 
right 
left 

Before 
irradiation 

n-7T* 7C-7C* 

— 

+ 
— 
+ 

— 
+ 

After 
irradiation 

n-7T* 

— 

+ 
+ 
+ 

a) Signs for the copolymers showing exciton resonance 
coupling are not included, b) Copolymer series of 
y-benzyl L-glutamate with ß-m- and p- (phenylazo) -
benzyl L-aspartate are also designated as meta and 
para copolymer series. 

The signs of the side-chain CD bands are summarized 
in relation to the helical senses in Table 1. Konishi and 
Ha tano showed that the CD signs of the a-band on 
aromatic side-chain chromophores in many ester deriva­
tives of poly (glutamic acid) and poly(aspartic acid) are 
determined by the helical sense of polymers, positive for 
left-handed helices and negative for r ight-handed heli­
ces.17) Concerning the (phenylazo)benzyl L-aspartate 
copolymers including copolymers with y-benzyl L-gluta­
mate , we also find that the CD signs of the side-chain 
n-7T* and TC-TC* bands are determined by the backbone 
conformation of the polymers, positive for left-handed 
helices and negative for r ight-handed helices though 
some exceptions are present. Exceptional behavior is 
encountered for the para copolymers which show exciton 
resonance coupling and the right-handed para copoly-
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Fig. 8. CD Spectra of para copolymer with 59% azo 
residues at different eis contents in the course of relax­
ation. 

mers after irradiation. So far there is no explanation 
for these exceptions. 

The relaxation process back to the original state was 
studied for the para copolymer with 5 9 % azo residues 
by CD spectra.18) The CD spectra associated with the 
amide n-jï* transition change in a complicated manner 
in the course of relaxation (Fig. 8) ,19) T h e behavior of 
the CD change can be at t r ibuted to the mixing of differ­
ent conformations. After complete decay of the side-
chain chromophores into the trans isomers the original 
CD spectrum was again obtained. The values of [0] at 
222 n m in the course of relaxation are plotted against 
the eis content (Fig. 9). I t shows an abrupt change of 
[0]222

 a t m o r e than 50% eis. I t should be noted that 
the transition is caused by variation in the ratio of 
different configurations of the side chains. The usual 
conformational transitions involving reversal in helix 
sense have been shown on copolymers composed of 
different amino acids such as ß-benzyl L-aspartate and 
substituted benzyl L-aspartate by variation in the mono­
mer ratios.1) The present result demonstrates tha t the 
energy required for the conformational change comes 

1800 1700 1600 1500 

Fig. 9. Variation of [6] values around 222 nm for para 
copolymer with 59% azo residues as a function of eis 
content. 

Fig. 10. Infrared spectra of the para copolymer with 
59% azo residues before (a) and after (b; 0 min, c; 20 
min, d; 50 min, e; 20 h) irradiation. 

from eis forms in the side chain, or light energy. 
The infrared spectra of the para copolymer with 5 9 % 

azo residues in the course of relaxation are shown in 
Fig. 10. Before irradiat ion, the spectrum of the copoly­
mer shows the amide I at 1665 c m - 1 , the amide I I at 
1560 c m - 1 and the ester carbonyl at 1738 c m - 1 charac­
teristic of left-handed a-helices.lc> O n the other hand, the 
spectrum after i rradiat ion shows shifted bands, the amide 
I at 1655 cm^1, the amide I I a t 1558 cm" 1 and the ester 
carbonyl at 1744 cm - 1 , characteristic of r ight-handed 
a-helices. In the spectrum, absorptions at t r ibutable to 
the left-handed helix remain as shoulders. Thus the 
polymer after i rradiat ion is not purely r ight-handed 
helical but contains left-handed conformation. The 
spectrum after 20 min shows comparable absorption 
intensities of both helices. The spectrum is finally 
restored to the original one. 

Conclus ion 

The light-induced reversal in polypeptide helix sense 
was observed for the para copolymers which contain 
more than 5 0 % azo residues. T h e conformational 
change occurs abruptly at more than 5 0 % eis. Thus, 
the light-induced conformational change enables the 
polypeptides to act as elements which response to light 
in an on-off fashion. The system as well as systems such 
as left-handed helix to random coil and random coil to 
r ight-handed helix can be compared with visual purple, 
rhodopsin. Re turn to the original state is promoted by 
an isomerase for rhodopsin, bu t occurs spontaneously in 
these systems. 
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E x p e r i m e n t a l 

All polymers were prepared according to the procedure 
described previously5) with various ratios of /S-benzyl L-aspart-
ate iV-carboxy anhydride (NGA) and ß-m- or /»-(phenylazo)-
benzyl L-aspartate NCA. Mole percentage of azo residues in 
the copolymers was estimated from their nitrogen contents 
obtained by elemental analyses. T h e reduced specific viscosity, 
7]sp/c, of each polymer was measured for a 0 . 1 % 1,2-dichloro-
ethane solution at 25 °C. Viscosity measurement could not 
be carried out for poly [/3-/>-(phenylazo) benzyl L-aspartate] and 
the para copolymer with 8 1 % azo residues due to their poor 
solubility in 1,2-dichloroethane. T h e d a t a on these polymers 
are summarized in Table 2. 

T A B L E 2. YIELDS AND VISCOSITIES OF AZOARO-

MATIC POLYPEPTIDES 

Copolymer 
series 

meta 
meta 
meta 
meta 
meta 
meta 
para 
para 
para 
para 
para 
para 

mol % 
azo 

NCAa) 

Ï0~ 
30 
50 
70 
90 

100 
10 
30 
50 
70 
90 

100 

mol % 
azo 

residues b) 

9/7 
32 
49 
67 
92 

100 
7.4 

26 
43 
59 
81 

100 

Yield 

mg 

235 
125 
65 
41 
28 

218 
216 

79 
103 
80 
66 
63 

% 
54 
77 
63 
52 
42 
75 
69 
65 
62 
29 
47 
61 

W c C ) 

1.13 
0.66 
0.44 
0.79 
0.23 
0.23 
0.55 
0.71 
0.59 
0.66 

d) 
e) 

a) mol % of ß-m- or/?-(phenylazo) benzyl L-aspartate 
NGA reacted with /?-benzyl L-aspartate NCA. 
b) Determined from the nitrogen content of elemental 
analysis, c) Measured for 0 .1 % 1,2-dichloroethane 
solutions at 25 °C. d) Almost insoluble, e) Insoluble. 

Photoirradiat ion was carried out with a 500-W xenon l amp. 
A Corning 7-37 filter was used to pass the light of 320—380 
nm. T h e eis content was calculated from the absorbance a t 
320 n m assuming tha t the absorbance is essentially proport ion­
al to the concentrat ion of the trans isomer in view of the low 
extinction of the eis isomer for the wavelength.20) Ultraviolet 
and visible spectra were measured with a J A S C O U V I D E C - 1 
spectrophotometer using 3 X 10 - 5 M (azo residues) solutions. 
N M R spectra were recorded on a J E O L PS-100 spectrometer. 
Solutions of ca. 10 mg/ml were prepared in CDC1 3 containing 
tetramethylsilane as an internal reference. C D spectra were 
recorded on a J A S C O J-20 circular dichrograph apparatus at 
25 °C with cell thickness 0.1 and 0.01 cm using 0.3—1 mg/ml 
solutions. Due to the absorption of solvent, no spectra could 
be obtained below 210 n m . Molar ellipticities were calculated 
for the band around 222 n m by use of molar concentrat ion of 
the amide group, while the molar concentration of the azo 
residues was used for the calculation of the ellipticities associ­
ated with the extrinsic bands. No C D spectrum of poly[ß-/>-
(phenylazo) benzyl L-aspartate] could be measured due to its 
insolubility in 1,2-dichloroethane. As for the para copolymer 
wi th 8 1 % azo residues, soluble pa r t was used. O n the i r radiat­
ed solutions, special care was taken in order to accomplish the 
spectral measurements quickly. 
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3-Acylthiazolidine-2-thiones, easily prepared from carboxylic acids and readily available thiazolidine-2-
thione, were reduced to the corresponding aldehydes either with diisobutylaluminum hydride in toluene at — 78— 
— 40 °C in 70—90% yields or with lithium tri-/-butoxyaluminum hydride in tetrahydrofuran at —20—0 °C in 
80—90% yields. The present method appears to be applicable to the synthesis of aldehydes from both aromatic 
and aliphatic derivatives having chloro, bromo, nitro, and noncojugated double bond, except for the reduction of 
<x,/?-unsaturated derivatives with lithium tri-f-butoxyaluminum hydride and of cyano derivative with diisobutyl­
aluminum hydride. Completion of the reduction is indicated by disappearance of the original yellow color of 
the reaction mixture. 

One of the most convenient synthetic routes to alde­
hydes is the utilization of readily available carboxylic 
acids. Many methods have been reported for the 
partial reduction of such acid derivatives to the corre­
sponding aldehydes by catalytic hydrogénation (the 
Rosenmund reduction) or by use of various hydride 
reducing agents. For example, carboxylic esters were 
converted into the corresponding aldehydes with alumi­
num hydride reagents, such as diisobutylaluminum 
hydride (DIBAH), la> sodium aluminum hydride, lb> 
sodium bis(methoxyethoxy) a luminum hydride,10) and 
bis(dialkylamino) aluminum hydride. l d) The part ial 
reduction of various carboxamides was also carried out 
with li thium aluminum hydride, l e) l i thium di- and 
triethoxyaluminum hydride, l f) or bis (dialkylamino) alu­
minum hydride. lg> Moreover, the l i thium tri-if-butoxy-
aluminum hydride (LTBA) reductions of acyl halides lh) 
and of phenyl esters11) provided mild synthesis of alde­
hydes. The reduction is widely applied to the syntheses 
of natural products.2) However, in most cases the 
desired aldehydes are often contaminated by further 
reduced products, i.e., alcohol and/or amine. 

In the preceding communications,3 '4) we reported 
preliminary results of the part ial reduction of 3-acyl-
thiazolidine-2-thiones 1 to aldehydes 2 with DIBAH or 
with LTBA. We now wish to describe the reaction in 
detail. 

In order to determine the opt imum conditions for the 
synthesis of 3-phenylpropanal (2a) from 3-(3-phenylpro-
pionyl)thiazolidine-2-thione ( l a ) , the effect of molar 
ratio of the reducing agents to l a was studied first. The 
reduction with the hydrides, DIBAH and LTBA, was 
carried out in toluene at —78 40 °C, and in tetra­
hydrofuran (THF) at - 2 0 — 0 °C, respectively. T h e 
results are summarized in Table 1. 

The table shows that no decrease in the yield of 2a 
can be found with change in the molar rat io of DIBAH 
to l a from 1.2 to 2.1 equivalents. 2a was isolated in 
67% yield even when 4.0 equivalents of DIBAH were 
employed. The results are reasonably ratioalized by 
considering an aluminum-contained six-membered che­
late intermediate 3 produced by the reaction of 1 with 
DIBAH. The chelate complex of the resulting alumi­
num alkoxide 3 is inert toward the further reduction 
under the reaction conditions. Thus, aldehyde 2 is 

TABLE 1. EFFECTS OF MOLAR RATIOa) OF REDUCING 

AGENT TO 1 

s 
A DIBAH/toluene 

PhCH9CH9CON S • PhCH,CH,CHO 

l a 
\ — / or LTBA/THF 

2a 

DIBAH?) LTBAC) 

Molar 
ratio 

1.2 
1.2 
1.5 
2.1 
4.0 

Mode of 
addn.d) 

N 
R 
N 
N 
N 

Yield 
(%)c) 

91 
85 
93 
90 
69 

Molar 
ratio 

1.1 
1.15 
1.2 
2.4 

Mode of 
addn.d> 

N 
N 
R 
N 

Yield 
(%)e> 

87 
89 
85 
57 

a) Hydride/la. b) Reduction carried out at —78 °C 
for 0.25—4.5 h and then at - 5 0 40 °C for 1— 
1.5 h. c) Reduction carried out at —20 °C for 1— 
1.5 h and then at 0 °C for 1—4 h. d) N: normal 
addition (addition of l a in a solid state to hydride in 
solution) ; R : reverse addition (addition of DIBAH 
in solution or of LTBA in a solid state to l a in solu­
tion), e) Isolated yield by TLC (silica gel) or by 
distillation. 

R^-isüa-i. 
i-Bu i-Bu 

0 * 5 

H v_/ 
3 

H30* 
-> RCHO • H N A S 

liberated after quenching the reaction mixture with 
dilute acid. On the other hand, in the case of LTBA, 
employment of a slight excess amount of reducing agent 
gave the best results. The yield of 2a decreased to 57% 
when 2.4 equivalents of LTBA were introduced. This 
is explained by assuming that the reduction of l a is 
much faster than that of 2a generated in the reaction 
mixture before hydrolysis, in contrast with the case of 
D I B A H ; the employment of excess LTBA causes the 
overreduction of 2a. Moreover, longer reaction time 
and the mode of addit ion of the reactants did not 
significantly affect the yields of aldehydes. When a 
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stoichiometric amount of reducing agents was employed, 
the desired aldehyde was always contaminated with a 
small amount of starting material . 

Thus, 3-acylthiazolidine-2-thiones 1 derived from 
representative carboxylic acids were converted into the 
corresponding aldehydes 2 with D I B A H by employing 
the opt imum reduction conditions. In the case of 
DIBAH, when 1 is a solid mass, normal addit ion 
generally gave slightly better results than the reverse one 
(normal addi t ion: 1 in a solid state added to DIBAH 
in toluene; reverse addi t ion : D I B A H in toluene added 
to 1 in toluene). And when an oily substance, reverse 
addit ion gave better results than the normal one. O n 
the other hand, in the case of LTBA, the mode of 
addit ion did not significantly affect the yields of alde­
hydes 2 (normal addi t ion : 1 in a solid state added to 
LTBA in T H F ; reverse add i t ion : LTBA in a solid state 
added to 1 in T H F ) . The results are summarized in 
Table 2. 

TABLE 2. PREPARATION OF ALDEHYDEES 2 IN THE 

REDUCTION OF 3-ACYLTHIAZOLIDINE-2-THIONES 1 

WITH D I B A H AND WITH L T B A 

s 
A DIBAH/toluene 

RCON S •• RCHO 
\ — / or LTBA/THF 

1 2 

DIBAH LTBA 

a 

b 
c 
d 
e 
f 

S 

h 
i 
J 
k 
1 
m 
n 

PhCH2CHa 

PhCH2 

CH3CH2PhCH 
PhCH2CHaCH2 

CH3(CH2)15CH2 

CH2=CH(CH2)7CH2 

CH3(CH2)3-
(PhCH20)CH 

Br(GH2)9CH2 

NC(CH2)9CH2 

Ph 
/>-ClC6H4 

/>-02NC6H4 

PhCH=CH 
/>-ClC6H4CH=CH 

addn. 

~N*) 
Rc) 
N 
R 
N 
N 
R 

R 

N 
N 
N 
N 
N 
R 
N 

(%) 
93 
85 
64 
75 
90 
82 
74 

80 

88 
g) 

(49) 
84 
89 
74 
70 

addn. 

IV 
R 
R 
R 
N 
N 
R 

R 

R 
R 
R 
N 
R 
R 
R 

(%) 
89 

(85) 
(69)d) 
(86) 
86 
85e) 

(78) 

(91)0 

80 
71 

(83) 
86 
88 
— g ) 

— g ) 

a) Isolated yield by TLC (silica gel). Numbers in 
parentheses indicate the yield by distillation. Bp 
(bath temp) °C/mmHg; 2a: 120—140/20, 2b: 105— 
135/24, 2c: 110—130/21, 2f: 130—140/30, and 2j: 
120—140/95. Bp o f2g : 101—105 °C/0.9 mmHg. 
b) N: normal addition, c) R: reverse addition, d) 
Reaction carried out at —20 °C for 5 h. e) Reaction 
carried out at 0 °C for 4 h and then at room temp 
for 4 h. f) Reaction carried out at - 4 0 °C for 2 h. 
g) Isolation of aldehydes not tried. 

The yields of the reduction of 3-acylthiazolidine-
2-thiones 1 to aldehydes 2 with DIBAH and with LTBA 
are generally good to high, i.e., 70—90 and 80—90%, 
respectively, both in the cases of aliphatic and aromatic 

derivatives with a few exceptions. When the reduction of 
3-(phenylacetyl)thiazolidine-2-thione ( lb ) with LTBA 
was carried out under similar conditions, only a poly­
merized product was obtained. Phenylacetaldehyde 
(2b) was isolated in 6 9 % yield by keeping the reaction 
temperature —20 °G throughout the reduction. The 
a-benzyloxy derivative l g was very susceptible to the 
reduction with LTBA even at —40 °G to give 2-benzyl-
oxyhexanal (2g) in 9 1 % yield. T h e reduction of 
3-(ll-cyanoundecanoyl)thiazodine-2-thione (li) with 
LTBA proceeded smoothly to afford 11-cyanoundecanal 
(2i) in 7 1 % yield, but the same reaction was not ob­
served with use of 1.2 equivalents of DIBAH and, when 
2.2 equivalents of DIBAH were employed, 5 1 % yield of 
dodecanedial was isolated. In the case of «^-unsatu­
rated derivatives, l m and I n , the reduction with LTBA 
gave no satisfactory results. 

Various aldehydes possessing other substituents in the 
same molecules, such as bromo, chloro, nitro, and 
nonconjugated double bond, were easily obtained in 
good yields. 

I t is concluded that the present method is widely 
applicable to the part ial reduction of various carboxylic 
acids via 3-acylthiazolidine-2-thiones, and the yields of 
the corresponding aldehydes are comparable or prefera­
ble to those of the conventional methods.1) Further 
advantages of the present procedure is simplicity of the 
reaction, 3-acylthiazolidine-2-thione 1 being simply 
added to the reducing agent or vice versa, and that the 
completion of the reaction is clearly indicated by disap­
pearance of the original yellow color of the reaction 
mixture. 

E x p e r i m e n t a l 

General. Melting and boiling points are uncorrected. 
XH NMR spectra were recorded on a Hitachi R-24 spectrom­
eter with Me4Si as an internal standard. IR spectra were 
taken on a Hitachi EPI-G2 spectrophotometer. MS data were 
obtained on a Hitachi RMU-6L at 70 eV. CH2C12 was dried 
over P205 , distilled over CaH2, and stored over molecular 
sieves 4A. Toluene was distilled over Na and then stored over 
molecular sieves 4A. THF was distilled over Na, followed by 
redistillation over LiAlH4 before use. 

DIBAH was synthesized by the pyrolysis of f-Bu3Al accord­
ing to the procedure of Ziegler et al.^ LTBA was prepared 
from LiAlH4 and f-BuOH according to a similar method of 
Brown and McFarlin.6) 

Reduction was carried out under argon atmosphere, all the 
apparatus being dried before use. 

Materials. Acyl chlorides were either obtained 
commercially or synthesized from carboxylic acids and SOC1., 
according to standard methods. 

Preparation of3-Acylthiazolidine-2-thiones la—In. A: A 
CH2C12 (5 ml) solution of acyl chloride (20 mmol) was added 
dropwise to an ice-cooled, stirred CH,C12 (20 ml) suspension 
of thiazolidine-2-thione (2.38 g, 20 mmol) and Et3N (2.12 g, 
21 mmol) over the period of 1 h. The resulting mixture was 
stirred at room temperature for 1 h, and then washed with 
H 2 0 and brine, the organic layer being dried (Na2S04) and 
concentrated. Purification of the products la—n was accom­
plished by recrystallization or by column chromatography on 
silica gel using PhH as an eluent: yields 80—95%. The 
physical data for la—n are given in Table 3. 
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TABLE 3. PHYSICAL DATA OF 3-ACYLTHIAZOLIDINE-2-THIONES 1 

Mp Found (Calcd), % IR 

l a 

l b 

lc 

Id 

l e 

If 

is 

°C 

66.0—67.5 
(CH2C12-Et20)a> 

84.5—85.5 
(CHaCl2-Et20) 
oil 

85.5 
(CH2C12-Et20) 
54—63 
(hexane) 
oil 

oil 

lhb> 66.0—66.5 

l i 

ii 

i k 

i i 

(Et20-hexane) 
75.5—76.5 
(CH2C12-Et20) 

112.5—113.5 
(CH2C12-Et20) 
118.0—119.0 
(CH2C12-Et20) 
168.5—170.0 
(THF-Et20) 

l m 84.5—85.5 

In 

(CH2C12-Et20) 

132.0—132.5 
(CH2C12-Et20) 

C 

57.59 
(57.34 

55.38 
(55.67 
59.00 

(58.88 

59.05 
(58.88 
65.94 

(65.40 
59.08 

(58.91 

59.22 
(59.41 

45.03 
(45.89 
57.88 

(57.67 

53.63 
(53.79 
46.47 

(46.60 
45.00 

(44.78 

57.56 
(57.81 

50.73 
(50.79 

H 

5.21 
5.21 

4.60 
4.67 
5.77 
5.70 

5.76 
5.70 

10.34 
10.19 
8.35 
8.12 

6.71 
6.54 

6.92 
6.60 
8.04 
7.74 

4.09 
4.06 
2.97 
3.13 
2.86 
3.01 

4.30 
4.45 

3.41 
3.55 

N 

5.51 
5.57 

5.71 
5.90 
5.39 
5.28 

5.09 
5.28 
3.76 
3.63 
4.90 
4.91 

4.54 
4.33 

3.71 
3.82 
8.90 
8.96 

6.26 
6.27 
5.40 
5.43 

10.67 
10.44 

5.60 
5.62 

5.13 
4.94 

S 

25.22 
25.48) 

26.93 
26.98) 
23.94 
24.13) 

23.97 
24.13) 
16.26 
16.60) 
22.03 
22.43) 

20.09 
19.80) 

17.15 
17.48 
20.84 
20.49) 

28.30 
28.68) 
24.56 
24.88 
23.79 
23.87) 

25.56 
25.68) 

22.57 
22.57 

20 
21 

13 
13 

12. 
12. 

X 

.77 

.81) 

.86 

.75) 

.98 
,49) 

v c o cm 

1685 

1700 

1700 

1690 

1705 

1705 

1705 

1695 

1690 

1675 

1680 

1670 

1670 

1670 

NMR 
<5(CDC13) 

3.0 (t, 7 = 7 Hz, 2H), 3.2 (t, 7 = 7 Hz, 2H), 
3.6 (t, 7 = 7 Hz, 2H), 4.5 (t, 7 = 7 Hz, 2H), 
7.25 (s, 5H) 
3.1 (t, 7 = 7.5 Hz, 2H), 4.45 (t, 7 = 7 . 5 Hz, 
2H) ,4 .6 (s , 2H), 7.25 (s, 5H) 
0.85 (t, 7 = 8 Hz, 3H), 1.5—2.5 (m, 2H), 
3.05 (t, 7 = 7 . 5 Hz, 2H), 4.4 (t, 7 = 7 . 5 Hz, 
2H), 5.75 (t, 7 = 7 . 5 Hz, 1H), 7.3 (s, 5H) 
1.95 (m, 2H), 2.65 (m, 2H), 2.9—3.4 (m, 
4H), 4.45 (t, 7 = 7 . 5 Hz, 2H), 7.15 (s, 5H) 
0.8 (t,3H), 1.25 (m, 30H), 3.2 (m,2H),3.25 
(t, 7 = 7 Hz, 2H), 4.55 (t, 7 = 7 Hz, 2H) 
1.2—2.5 (m, 14H), 3.25 (t, 7 = 7 Hz, 2H), 
3.3 (t, 7 = 8 Hz, 2H), 4.6 (t, 7 = 8 Hz, 2H), 
4.8 (m, 1H), 5.05 (m, 1H), 5.5—6.2 (m, 1H) 
0.9 (t, 3H), 0.9—2.1 (m, 6H), 3.15 (t, 7 = 8 
Hz, 2H), 4.4 (t, 7 = 8 Hz, 2H), 4.5 (s, 2H), 
5.75 (m, 1H), 7.3 (s, 5H) 
1.2—2.1 (m, 16 H), 3.1—3.6 (m, 6 H), 4.6 
( t , 7 = 7 H z , 2 H ) 
1.1—2.05 (m, 16 H), 2.35 (t, 7 = 7 Hz, 2H), 
3.25 (t, 7 = 7 Hz, 2H), 3.3 (t, 7 = 7 Hz, 2H) 
4 . 6 ( t , 7 = 7 H z , 2 H ) 
3.4 (t, 7 = 7 Hz, 2H), 4.5 (t, 7 = 7 Hz, 2H), 
7.2—8.0 (m, 5H) 
3.4 (t, 7 = 7 Hz, 2H), 4.5 (t, 7 = 7 Hz, 2H), 
7.3 (d, 7 = 8 Hz, 2H), 7.7 (d, 7 = 8 Hz, 2H) 
3.5 (t, 7 = 7 Hz 2H), 4.55 (t, 7 = 7 Hz, 2H), 
7.75 (d, 7 = 18 Hz, 2H), 8.25 (d, 7 = 18 Hz, 
2H) 
3.3 (t, 7 = 7 Hz, 2H), 4.55 (t, 7 = 7 Hz, 2H), 
7.4 (m, 5H), 7.65 ( d , 7 = 1 5 . 5 H z , 1H), 7.95 
(d, 7 = 15.5 Hz, 1H) 
3.4 (t, 7 = 7 Hz, 2H), 4.6 (t, 7 = 7 Hz, 2H), 
7.45 (m, 5H), 7.55 (d, 7 = 1 5 Hz, 2H), 7.9 
(d, 7 = 15 Hz, 1H) 

a) Recrystallization solvents, b) MS, mje, 367 and 365 (M+), 249 and 247, 120, and 119. 

TABLE 4. SPECTRUM DATA OF ALDEHYDES 2 

Alde- IR 
hyde vco cm" 

NMR 
<5(CCl4) 

Aide- IR 
hyde vco cm" 

NMR 
<5(CC14) 

2a 1730 2.5—3.0 (m, 4H), 7.15 (s,5H), 9.7 (t, 
7 = 1 . 5 Hz, 1H) 

2b 1730 3.5 (d, 7 = 2 . 5 Hz, 2H), 7.2 (m, 5H), 
9.6 (t, 7 = 2 . 5 Hz, 1H) 

2c 1730 0.85 (t, 7 = 8 Hz, 3H), 1.85 (m,2H), 
3.3 (dt, 7 = 2 , 8 Hz 1H), 7.2 (m, 5H), 
9.55 (d, 7 = 2 Hz, 1H) 

2d 1730 1.9 (m,2H), 2.1—2.8 (m,4H), 7.2 (s, 
5H),9.55 (t, 7 = 1 . 5 Hz, 1H) 

2e 1730 0.9 (t, 7 = 6 Hz, 3H), 1.3 (m, 30H), 
2.4 (m, 2H) ,9 .8 (t, 7 = 1 . 5 Hz, 1H) 

2f 1730 1.2—2.6 (m, 16H), 4.75 (br s, 1H), 
5.0 (br d, 1H), 5.7 (m, 1H), 9.7 (br 
s, 1H) 

2g 1730 0.9 (t,3H), 0.9—1.9 (m,6H), 3.6 (m, 
1H), 4.4(d, 7 = 1 2 Hz, 1H), 4.65 (d, 
7 = 1 2 Hz, 1H), 7.25 (s, 5H), 9.55 (br 
s, 1H) 

2h 1710 1.1—2.1 (m, 14H), 2.35 (m, 2 H), 
3.35 (d, 7 = 6 . 5 Hz, 2H), 9.7 (t, 7 = 
1.5 Hz, 1H) 

21 1720 1.1—2.1 (m, 14H), 2.1—2.6 (m,4H), 
9.75 (t, 7 = 1.5 Hz, 1H) 

2j 1700 7.2—7.6 (m, 3H), 7.6—8.0 (m, 2H), 
9.5 (s, 1H) 

2k 1690 7.5 (d, 7 = 8 . 5 Hz, 2H), 7.75 (d, 7 = 
8.5 Hz, 2H), 9.5 (s, 1H) 

21 1705 8.15 (d, 7 = 8 . 5 Hz, 2H), 8.45 (d, 7 = 
8.5 Hz, 2H), 10.2 (s, lH)a) 

2m 1680 6.45 (dd, 7 = 1 6 , 7.5 Hz, 1H), 7.4 (d, 
7 = 16 Hz, 1H), 7.4 (m, 4H), 9.7 (d, 
7 = 7 . 5 Hz, 1H) 

2n 1690 6.6 (dd, 7 = 1 6 , 7.5 Hz, 1H), 7.4 (d, 
7 = 16 Hz, 1H), 7.4 (m, 4H), 9.7 (d, 
7 = 7 . 5 Hz, 1H) 

a) CDC13 used as a sovent. 

B: A CH2C12 (1 ml) solution of Et3N (2.23 g, 22 mmol) 
was added at —20 °C to a stirred CH2C12 (20 ml) suspension 
of carboxylic acid (10 mmol), thiazolidine-2-thione (1.19 g, 

10 mmol), and 2-chloro-l-methylpyridinium iodide (2.81 g, 
11 mmol), and the mixture was stirred at room temperature 
for 1.5 h—overnight. The resulting mixture was washed with 
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H 2 0 , I M HCl and brine, dried ( N a 2 S 0 4 ) . and evaporated. 
Purification of the products was performed by the method 
described above. 

General Procedure for the Reduction with DIB AH. Normal 
Addition: 3-Acylthiazolidine-2-thione 1 (1.0 mmol) in a solid 
state was added in one portion to a stirred toluene (2 ml) 
solution of D I B A H (171 mg, 1.2 mmol) at - 7 8 °C. The 
mixture was stirred for 0.25—2 h at this temperature , and 
then at —50 40 °C till the yellow color of the reaction 
mixture disappeared (0.5—3 h ) . T o the mixture were succes­
sively added I M H 2 S 0 4 (ca. 0.5 ml) , petroleum ether (ca. 20 
ml) (or CH2C12 (ca. 20 ml) in the cases of l i , I k , 11, and I n ) , 
and N a 2 S 0 4 (ca. 1 g) , and the resulting white precipitate was 
filtered off. The organic filtrate was dr ied (Na 2 S0 4 ) and 
concentrated in vacuo, and the desired aldehyde 2 was purified 
by thin layer chromatography on silica gel using P h H and/or 
CH2C12 as a developing solvent. 

Reverse Addition: A toluene solution (0.5 ml) of DIBAH 
(171 mg, 1.2 mmol) was injected to a stirred toluene (2 ml) 
suspension or solution of 3 at —78 °C, and the mixture was 
stirred at this temperature unt i l completion of the reaction 
(1—2 h) , followed by repeti t ion of Normal Addition to give 
product 2. T h e results and physical da ta for 2 a — n are given 
in Tables 2 and 3, respectively. 

General Procedure for the Reduction with LTBA. Normal 
Addition: Crystalline 3 (1.0 mmol) was added at once to a 
stirred T H F (2 ml) solution of LTBA (305 mg, 1.2 mmol) at 
— 20 °C. T h e mixture was stirred for 0.5—5 h at this tem­
perature and then at 0 °C unti l the orginal yellow color of 
the reaction mixture disappeared (0.5—7 h ) . After successive 
addi t ion of I M H 2 S 0 4 (ca. 0.5 ml) , petroleum ether (ca. 20 ml) 
(or CH2C12 (ca. 20 ml) in the case of l i , I k , 11, and I n ) , and 
saturated N a 2 S 0 4 solution (ca. 0.5 ml) , the organic layer was 
separated from the white pasty mass by décantat ion, dried 
(Na 2 S0 4 ) , and evaporated in vacuo. Th in layer chromatog­
raphy of the residue on silica gel developed with P h H and/or 
CH2C12 gave aldehyde 2. 

Reverse Addition-A: Powdered LTBA (305 mg, 1.2 mmol) 
was added in one portion to a stirred T H F (2 ml) solution or 

suspension of 3 (1.0 mmol) at —20 °C, followed by repetition 
of the procedure described above to afford compound 2. 

Reverse Addition-B: The preceding reaction was repeated 
with use of LTBA (1.53 g, 6.0 mmol) , 3 (5.0 mmol) , and T H F 
(10 ml) . After completion of the reaction, 1 M H 2 S 0 4 (ca. 2 
ml) , petroleum ether (ca. 80 ml) , and saturated N a 2 S 0 4 solu­
tion (ca. 4 ml) were successively added to the resulting mixture, 
and the organic layer was decanted, washed with H 3 0 and 
brine, and dried (Na 2 S0 4 ) . Removal of the solvent in vacuo, 
followed by short-path distillation of the residual oil afforded 
aldehyde 2. The results are given in Table 2, the physical 
da ta being identical wi th those of 2 prepared by the reduction 
with DIBAH. 
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Electrochemically Generated Solvated Electrons 

Mikio M I Y A K E , * Yoshihiro NAKAYAMA, Masakatsu NOMURA, and Shöichi KIKKAWA 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 
(Received June 23, 1978) 

The reduction of some sulfides and ethers has been investigated in 0.5 M LiCl-HMPA solutions with and 
without alcohol (methanol, ethanol, and 2-propanol). Diphenyl sulfide underwent cleavage to produce benzene 
as the main product. The hydrogenated products of benzene have been obtained in 35 and 50 mol % alcohol 
solutions, and the increased dependence on ethanol {i.e., H+) concentrations in the solutions has been established. 
The cleavage reaction was affected by the ease of a-hydrogen abstraction from the alcohol. The cleavage reaction 
has been elucidated as proceeding via a one-electron transfer mechanism, while the hydrogénation proceeded via 
a two-electron transfer mechanism. The estimation of current efficiencies supports this mechanism. Hexyl 
phenyl sulfide cleaved in the manner similar to that for diphenyl sulfide with a current efficiency of about 80% 
whereas only the hydrogenated products were obtained from benzo[£]thiophene and dibenzothiophene. Fission 
of the C-S bond of tetrahydrothiophene has been achieved by this method. Some ethers examined exhibited 
approx. the same behavior as the corresponding sulfides. 

Aromatic clusters have been effectively reduced in 
hexamethylphosphoric tr iamide (HMPA)-e thanol solu­
tions by electrochemically generated solvated elec­
trons;1-4) cyclohexane,2) dihydronaphthalene,3) and 
cyclooctane4) were obtained mainly from benzene, 
naphthalene, and cyclooctadiene, respectively. The 
solvent system with H M P A and proton donor appears 
to provide the most strongly reducing conditions which 
cannot be achieved by ammonia and amine solvents.5) 
Itoh et al. have reported the cleavage reactions of aryl 
decyl ethers in alkali m e t a l - H M P A - T H F systems.6) 
From these reports, it appears that the solubilization of 
pitch and coal is efficiently conducted in H M P A solu­
tions by solvated electrons in a manner similar to 
Benkeser reductions7) and reductive alkylations.8) 

Prior to the investigation of the reactions of pitch and 
coal, it is necessary to obtain fundamental information 
about the reactions using model substances, i.e., the 
factors which influence the two competitive reactions 
(the hydrogénation of aromatic clusters and the cleavage 
of G-X bonds where X denotes oxygen and sulfur atoms) 
and the reaction mechanisms. To this end, the reduc­
tion of some sulfides and ethers which contain aromatic 
rings has been performed using electrochemically gener­
ated solvated electrons in 0.5 M li thium chlor ide-HMPA 
solutions with and without alcohol. The reduction of 
diphenyl sulfide has been investigated thoroughly, since 
diphenyl sulfide is considered to be the simplest com­
pound containing both aromatic rings and C - X (X: O , 
S) bonds. 

In the investigation, the solvated electrons have been 
generated electrochemically, since this method achieves 
the desired rate and amount of solvated electrons easily 
by controlling the electrolytic current and the quanti ty 
of electricity passed, respectively. This feature is a great 
advantage for mechanistic investigations. 

Exper imenta l 

Reagents. HMPA was dried on calcium oxide under 
vacuum and subsequently distilled from calcium hydride at 
267 Pa. The middle fraction collected was then stored over 
molecular sieves 3A in a desiccator containing diphosphorus 
pentoxide. Methanol, ethanol, and 2-propanol were distilled 

from magnesium powder activated with iodine, and stored in 
the same manner as HMPA. The second distillation of the 
solvents was conducted prior to use. Lithium chloride was 
dried at 200 °C for 6 h prior to use. 

Reactants such as diphenyl sulfide, benzo[£]thiophene, 
dibenzothiophene, tetrahydrothiophene, diphenyl ether, diben-
zofuran, and tetrahydrofuran were obtained commercially. 
Isobenzofuran9) and hexyl phenyl sulfide10) were synthesized 
according to the general procedures. Dibenzothiophene and 
dibenzofuran were purified by recrystallization from methanol, 
and the others by distillation. The purity was checked by GLC. 

Apparatus. The electrolytic vessel was a special H-type 
cell of 30 cm3 total capacity. On the side wall, there were 
gas outlets with taps and a connecting glass tube to maintain 
the pressure of gas between the two rooms. 

Pt electrodes ( l x l and 3 x 3 cm) served as cathode and 
anode, respectively. Before use, they were dipped in saturat­
ed sodium hydroxide solution, aqua resia, washed with de-
ionized water, and dried in a desiccator under vacuum. 

To generate the solvated electrons, a constant current of 5 
mA/cm2 was supplied by a galvanostat (Hokuto Denko Co., 
HA-104). When high currents (25 and 50 mA/cm2) were 
needed, a DC power supply (Yamabishi Electric Co., Ltd, 
YVR-550) was used in place of the galvanostat. A linear-
scanning unit (Hokuto Denko Co., LS-2D) and a HA-104 
potentiostat were employed for cyclic voltammometry experi­
ments. The voltammograms were recorded by an X-Y record­
er (Yokogawa Electric Works Ltd., 3077). In this case, the 
potential was measured against Ag/0.1 M AgC104 in HMPA 
with a sweep rate of 3.3 mV/s. 

Procedure. The preparation of the solution and the 
electrolysis were performed in a drybox containing diphospho­
rus pentoxide. The reactant (6 mmol) and HMPA or 
HMPA-alcohol solution (6 cm3) containing 0.5 M lithium 
chloride was poured into each compartment of the cell and 
immediately the rubber stoppers with the electrodes and gas 
inlets were set. The cell was placed in a paraffin liquid bath 
containing Dry Ice and the temperature of the electrolyte 
maintained at 15 °C. Before electrolysis, dried nitrogen gas 
was bubbled through the cell for about 30 min, and then the 
cell was sealed and the catholyte agitated with a magnetic 
stirrer. The electrolysis was performed with a constant 
current of 10 mA for 18 h, except when specified otherwise. 
The amount of electricity passed was checked by a copper 
coulomb meter. During electrolysis, the cathode potential 
was not measured, since it was reported as reasonably constant 
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in a similar system.2) 
Analyses of Products. The products were analyzed 

mainly by GLC without any treatment. The GLG analyses 
were performed on a Shimadzu GC-4BPTF with a 4.5 m X 
3 mm column packed with 20% Silicone SE-30 on Uniport B. 
On occasion, GC-MS (GC: Hitachi M5201, column: Silicone 
OV-1 on Uniport KS, MS: Hitachi RMU-6MG) spectra 
were taken to identify the products. To obtain further infor­
mation about the products, most of the catholytes were hydro-
lyzed by hydrochloric acid, and the aqueous solutions extracted 
with ether. The presence of lithium sulfide was examined by 
colorimetry using sodium pentacyanonitrosylferrate (III). 
Hydrogen sulfide and hydrogen gas were analyzed by GLG 
(Shimadzu GC-3AH with a 3 m x 3 mm column packed with 
Silica gel 60—80 mesh). 

R e s u l t s a n d D i s c u s s i o n 

Cyclic Voltammometry. The electrolytic decomposi­
tion of ethanol in H M P A solution is thought to be 
suppressed by the preferential adsorption of H M P A on 
the electrode surface.2) However, when the ethanol 
concentration becomes high, the ethanol decomposes, 
and the current efficiency for the generation of solvated 
electrons decreases. Therefore, in order to study the 

si <r 

-40 -10 -30 -20 

£/Vw.Ag/0.1 M Ag+ 

Fig. 1. Cyclic voltammograms on the Pt electrode in 
0.5 M LiCl-HMPA-ethanol solutions. Ethanol concen­
tration; a: 0, b : 14, c: 35, d: 50, and e: 67 mol %. 
Sweep rate: 3.3 mV/s. 

maximum alcohol concentration where the alcohol is 
not decomposed electrolytically, cyclic voltammograms 
were measured on the Pt electrode in 0.5 M lithium 
chlor ide-HMPA-ethanol solution with various ethanol 
concentrations, and the results are given in Fig. 1. The 
reduction waves at approx. —3.4V vs. Ag/0.1 M Ag+ 
are at tr ibuted to the generation of solvated electrons 
from the electrode, since the standard electrode potential 
of solvated electrons has been reported to be —3.4V 
vs. Ag/0.1 M Ag+ in HMPA,1 2) and the solutions turned 
dark blue where the ethanol concentrations were less 
than 50 mol %.1,13»14> When the ethanol concentration 
was increased up to 50 mol %, a further peak was 
observed at about —2.0 V. This peak became high in 
67 mol % solution, and hydrogen gas evolved from the 
electrode surface in the potential region more negative 
than —1.5 V. This peak is apparently connected to the 
electrolytic decomposition of the ethanol. 

O n the basis of the above results, solutions with an 
alcohol concentration less than 50 mol % have been 
adopted for the following study. The detailed analysis 
of the cyclic voltammograms will appear in another 
report. 

The cyclic voltammograms of solutions containing 
diphenyl sulfide gave the same pat tern as in Fig. 1. 
Consequently, it was confirmed that no diphenyl sulfide 
was reduced electrolytically under the present experi­
mental conditions. 

Cleavage Reaction of Diphenyl Sulfide. Diphenyl 
sulfide was reduced by electrochemically generated 
solvated electrons. Tables 1 and 2 show the results in 
H M P A solutions with various ethanol concentrations 
and three types of 50 mol % alcohols, respectively. I t 
should be remembered that in Table 2 the acidity of 
the alcohol, i.e., the proton concentration in the solu­
tion decreased in the order, methanol > ethanol > 2-pro-
panol, while the ease of a-hydrogen abstraction from 
the alcohol decreased in the reverse order.15) I t was 
found from Tables 1 and 2 that benzene was formed as 
the main product indicating that the cleavage reaction 
proceeded in preference to the hydrogénation of the 
aromatic ring of diphenyl sulfide. 

Several reports have appeared on the cleavage reac­
tion of diphenyl sulfide by solvated electrons.16'17) Based 
on these reports, the following three reactions are 
possible for the present system: 

Ph-S-Ph + e-olv • 

[Ph-S-Ph]1 Ph" + "S-Ph, (1) 

Ethanol 

m o l % 

T A B L E 1. 

PhH a ) 

REDUCTION PRODUCTS OF DIPHENYL SULFIDE IN H M P A - E T H A N O L SOLUTIONS 

Yield of product , % Conv.,*) 

l,4-CHDb> 1,3-CHDC> CHE d ) PhPh e) bthers f> °/o 

Total current 
efficiency,^ % 

50 
35 
14 
0 

32.7 
42.1 
65.1 
84.8 

10.3 
8.2 
0.0 
0.0 

1.6 
1.1 
0.0 
0.0 

1.3 
1.1 
0.0 
0.0 

tr 

tr 

1.8 

1.8 

0 . 8 

3.2 

0 .0 

2 . 4 

46.4 
54.3 
66.9 
88.9 

67.2 
69.6 
61.4 
79.4 

a) Benzene, b) 1,4-Cyclohexadiene. c) 1,3-Cyclohexadiene. d) Cyclohexene. e) Biphenyl, f) Alkyl-
benzenes (toluene and ethylbenzene), alkyl phenyl sulfides (methyl phenyl sulfide and ethyl phenyl sulfide), 
and dibenzothiophene. g) 6 mmol of diphenyl sulfide was used. Quantity of electricity passed was 648 Q,. 
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TABLE 2. REDUCTION PRODUCTS OF DIPHENYL SULFIDE IN HMPA-ALCOHOL SOLUTIONS 

561 

Alcohol0 > 

MeOH 
EtOH 
i-PrOH 

PhH 

24.8 
32.7 
59.6 

1,4-CHD 

9.8 
10.3 
3.9 

Yield of product,15) % 

1,3-CHD CHE 

tr 1.6 
1.6 1.3 

tr tr 

PhPh 

tr 
tr 

0.4 

Others 

1.9 
0.8 
0.7 

Conv.,c> 
0 / 

/o 

36.8 
46.4 
64.4 

Total current 
efficiency,^ % 

56.4 
67.2 
64.8 

a) Concentration was 50 mol %. b) Notations of products are the same as in Table 1. c) Obtained by the 
same conditions as in Table 1. 

Ph-S-Ph + e-olv • 

[Ph-S-Ph]" • Ph. + -S-Ph (2) 

Ph-S-Ph + e- lv • 

[Ph-S-Ph]* • Ph" + -S-Ph (3) 

where e~olvdenotes the solvated electron. 
The results in Tables 1 and 2 indicate that the higher 

the ethanol concentration and acidity of the alcohol, 
the lower the conversion and benzene yield. These 
results imply that the protons in the solutions have no 
effect on the rate of benzene formation. Moreover, 
Table 2 shows that both the benzene yield and conver­
sion depend on the ease of a-hydrogen emission of the 
alcohol. I t can therefore be presumed that benzene is 
formed mainly according to Eq. 2, followed by hydrogen 
abstraction by the phenyl radical from the solvent, 

Ph. + RH PhH + R. (4) 

where R H denotes the solvent ( H M P A or alcohol). T h e 
detailed discussion of the further reaction of R- is beyond 
the scope of this paper. 

Benzenethiol is expected via Eq. 2 as the pair product 
of benzene but remained undetected. I t was detected 
quantitatively, however, after hydrolysis of the catholyte 
by hydrochloric acid. Since neither l i thium sulfide nor 
hydrogen sulfide was detected in the products, the 
benzenethiolate formed by Eq. 2 is assumed to react 
with the l i thium cation which is present in high concen­
tration to produce l i thium benzenethiolate. 

The formation of biphenyl, as minor products (Tables 
1 and 2), is at tr ibuted to the coupling of the phenyl 
radicals and supports the validity of the reaction mecha­
nism via Eq. 2. Cleavage of diphenyl sulfide was report­
ed to proceed also by Eq. 2 when it was cleaved by 
potassium metal in liquid ammonia.17) 

Estimation of current efficiencies demonstrates almost 
conclusively that the cleavage reaction proceeds via the 
one-electron mechanism (Eq. 2), since the current effi­
ciency for the formation of benzene estimated by the 
two-electron mechanism (Eq. 1) sometimes exceeds 100 
% despite an ionic reaction without the existence of a 
radical chain reaction. 

Hydrogénation Reaction of the Aromatic Ring. As 
shown in Table 1, 1,4- and 1,3-cyclohexadiene and 
cyclohexene were produced in 35 and 50 mol% e thano l -
H M P A solutions. These products are believed to be 
formed by hydrogénation of the benzene, since no hydro­
genated product of diphenyl sulfide without cleavage 
was detected. The ratio of hydrogenated products to 
benzene was high in 50 mol % ethanol solution com­
pared with that in 35 mol %. Moreover, as may be 

seen from Table 2, the rat io increased depending on the 
acidity of the alcohol used. Therefore, the hydrogéna­
tion of the benzene is considered to be proton associated. 

Krapcho and Bothner-By proposed a hydrogénation 
mechanism for benzene as shown in Scheme 1, which 
was obtained from alkali metal- l iquid ammonia-alcohol 
systems.18) The results in Tables 1 and 2 may be inter­
preted by this mechanism. T h e mechanism has also 
been supported by the hydrogénation of some unsatu­
rated hydrocarbons in HMPA-alcohol solutions by 
electrochemically generated solvated electrons.1-3) T h e 
rate determining step in this reaction is considered to 
be Eq. 6, since the availability of the hydroxyl proton 
of the alcohol will be rather low due to formation of a 
hydrogenated complex between alcohol and H M P A , in 
a manner similar to that for ethylenediamine solution,19) 
and the hydrogénation was affected by the concentra­
tion and the acidity of the alcohol adopted. The same 
rate determining step was proposed by Krapcho and 
Bothner-By.18) 

According to the present mechanism, the production 
of one cyclohexadiene molecule from diphenyl sulfide 
requires three solvated electrons, i.e., one for cleavage 
of diphenyl sulfide (Eq. 2) and two for hydrogénation 
of the benzene produced (Eqs. 5 and 7). Similarly, one 
cyclohexene molecule consumes five electrons. The total 
current efficiencies thus estimated are listed in Tables 1 
and 2. 

P + Sioh 

HvH nvn 

Ù + esolv 

HvH 

HvH 

h + H* 

fvSl + H+ 

o 
o 

(5) 

(6) 

(7) 

(8) 

(9) 

Q +2e;0 iv+2H* — Q (10) 
Scheme 1. 

Effects of Current Density and Sulfide Concentration. 
Sternberg et al. proposed that the reduction rate of 
benzene by solvated electrons was proportional to ben­
zene, solvated electron, and proton concentrations.2) If 
a similar argument is applicable to the reduction of 
diphenyl sulfide, then the rate of cleavage of diphenyl 
sulfide is expected to increase when the concentration 
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TABLE 3. EFFECTS OF CURRENT DENSITY AND DIPHENYL SULFIDE CONCENTRATION 

ON REDUCTION OF DIPHENYL SULFIDE8^ 

Current 
density, 
mA/cm 2 

5d> 

25 

50 

5 

Diphenyl 
sulfide, 
mmol 

6d> 

6 
6 

12 

P h H 

32 .7 
(29.4) 

44 .6 
35 .5 

30.2 
(54.2) 

Yield of product,b) 

1,4-CHD 

10.3 
(27.6) 

6 .6 
6 .9 

0 .5 
(2.7) 

1,3-GHD 

1.6 
(4.3) 

2 .2 
0 .9 

0 . 0 
0 .0 

/o 

C H E 

1.3 
(5.8) 

1.6 
1.1 

tr 
(tr) 

Others 

0 . 8 

0 . 6 
0 .1 

0 .9 

Conv.,c> 
% 

4 6 . 4 

55 .3 
4 4 . 4 

31 .0 

Total current 
efficiency,0) % 

67.2 

67.2 
58 .4 

57.2 

a) Solution: 0.5 M LiCl-HMPA-50 mol % EtOH. b) Notations of products are the same as in Table 1. 
Current efficiency is shown in the parenthesis, c) Quantity of electricity passed was 648 Çh d) Usual 
conditions. 

of diphenyl sulfide and the generation rate of solvated 
electrons (i.e., current density) are raised. Therefore, 
to establish the most suitable reaction conditions for the 
reduction of diphenyl sulfide, the reactions were carried 
out at various current densities and diphenyl sulfide 
concentrations, the results of which are summarized in 
Table 3. The conversion and benzene yield increased 
as expected when the current density was raised from 5 
to 25 mA/cm2 . O n the contrary, when the current 
density was raised to 50 mA/cm2 , the total current 
efficiency, the conversion, and the yield of benzene 
derivatives decreased, and a large amount of hydrogen 
gas was evolved—the generation mechanism has been 
discussed by Sternberg et al.2) I t was found that a large 
increase in the current density such as 50 mA/cm 2 was 
not suitable for the reduction of diphenyl sulfide. 

Doubling of the concentration of diphenyl sulfide 
produced a doubling of the current efficiency of benzene 
production (denoted in the parentheses in Table 3). 

Reduction of Some Other Sulfides. In the case of 
diphenyl sulfide, the cleavage reaction proceeded pref­
erentially compared to the hydrogénation under the 
present experimental conditions. This result, however, 
is not applicable to all sulfides having a phenyl group. 
Therefore, the reduction of some sulfides has been inves-

TABLE 4. REDUCTION PRODUCTS OF SOME SULFIDES 

IN HMPA SOLUTIONS 

Reac tan t 

Ethanol 
concn, 

mol % 

Current 
efficiency 
of main 
product , 

% 

Total 
current 

Hexyl 
phenyl 
sulfide 

0 50 

n-C6H1 4 

5 5 . 5 39 .0 
n-C1 2H2 6 

21 .2 3 .2 
n-C6H1 2 

2 . 8 0 . 0 
P h H 

0 .7 0 . 4 
(PhSH)c> 

80 .2 4 2 . 6 
efficiency, % 

Benzo[è]-
thiophene 

0 50 

3,4-Di-
hydro-

benzo[£]-
thiophene 
0 .0 53 .8 

0 .0 53 .8 

Dibenzo-
thiophene 

0 50 

2H-a> 
0 . 0 3 .6 

4H-b> 
0 .0 7 .6 

0 . 0 11.2 

Tet ra-
hydro-

thiophene 

0 50 

n-BuSH 
4 5 . 5 3 .7 

(n-Bu)„S 
10.2 4 . 8 
n-BuSEt 
0 . 0 4 .2 

55 .7 12.7 

tigated in a similar manner , the results of which are 
given in Table 4 where the main products and current 
efficiencies are summarized. Products obtained after 
hydrolysis are designated in parentheses. 

Hexyl phenyl sulfide underwent cleavage in a similar 
manner to diphenyl sulfide, that is, the reduction was 
not accelerated in the presence of ethanol and benzene-
thiol was detected quantitatively after hydrolysis of the 
catholyte. The formation of hexane and the coupling 
of hexyl radicals as the main products suggests that ß-
cleavage took place predominantly (Eq. 11). T h e course 

CßHia£SiiPh. C6H13. + -S-Ph (H) 

of cleavage of aryl decyl ethers by alkali metals was in­
vestigated in H M P A - T H F solvents by Itoh et al. where it 
was suggested that highly polar solvents and small alkali 
metals favor ß-cleavage.6) This suggestion is supported 
here. 

In the case of benzo[£]thiophene and dibenzothio-
phene, only the hydrogenated products were obtained 
in 50 mol % e t h a n o l - H M P A solution and in H M P A 
solution without ethanol, no reaction occurred. The 
C-S bonds of these sulfides are considered to be more 
stable than those of the alkyl phenyl and diphenyl 
sulfides. I t has been reported that the hydrogénation 
of dibenzothiophene proceeds in preference to the cleav­
age of G-S bonds when reduced in ethylenediamine by 

TABLE 5. REDUCTION PRODUCTS OF SOME ETHERS 

IN H M P A SOLUTIONS 

w Diphenyl Isobenzo- Dibenzo- Tetrahydro-
Keactant e t h e r f u r a n f u r a n f i m m 

Ethanol 
concn, 
mol % 

0 50 0 50 0 50 0 50 

Current 
efficiency 
of 
main 
product,11) 

% 

PhH 3,4-di- n-BuOH 
41.5 43.7 hydro- 2H- 0.0 11.5 

1,4-CHD benzo- 0.0 1.6 n-BuOEt 
0.0 1.7 furan 4H- 0.0 8.8 

CHE 0.0 61.4 0.0 2.2 n-C4H10 
0.0 1.1 tr 0.0 
(PhOH) 

Tota l 
current 
efficiency, /o 

41 .5 46. .5 0 .0 61 .4 0 .0 3 .8 tr 20 .3 

a) Dihydro product. b) Tetrahydro product. 
c) Detected after hydrolysis. 

a) Notations of products are the same as in Tables 
1 and 4. 
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electrochemically generated solvated electrons, and that 
no sulfur was eliminated until part ial hydrogénation of 
the aromatic ring had taken place.20) 

The reduction of tetrahydrothiophene was attempted 
to establish whether the cyclic sulfide can be cleaved by 
the present method. This compound was selected 
because it was considered the simplest representative of 
the completely hydrogenated thiophenes. As shown in 
Table 4, tetrahydrothiophene cleaved, although the 
current efficiencies were relatively low compared with 
those of the diphenyl and hexyl phenyl sulfides. 

Reduction of Some Ethers. The reduction of some 
ethers was conducted to compare the behavior with that 
of the sulfides. The results in Table 5 show that the 
ethers were reduced in the same way as the correspond­
ing sulfides. In the case of tetrahydrofuran in H M P A 
solution without ethanol, the high resistivity of the solu­
tion caused no appreciable reaction. 

The authors would like to express their sincere thanks 
to Professor Hideo T a m u r a and Associate Professor 
Hiroshi Yoneyama at Osaka University for their helpful 
suggestions and assistance with the D C power supply 
and linear scanning unit. The present work was part ial­
ly supported by a Grant-in-Aid for Scientific Research 
from the Ministry of Education. 
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Some one-current steady-state systems showing a discontinuous change in flow resistance at a point of insta­
bility—forced vaporization of carbon tetrachloride, Bénard instability in a horizontal layer of fluid heated from 
below, Taylor instability in the Couette flow of a liquid between coaxial rotating cylinders—are analyzed from 
a thermodynamic point of view : the behavior of the rate of entropy production and of the local potential (ther-
mokinetic potential) for the system at the point of instability is explored. A multi-current situation involving 
a flip-flop current vs. voltage relation for the flow of electric current across a porous charged membrane is also 
commented on briefly. 

Continuing my studies1-6) of the thermodynamics of 
steady-state systems, I examine here the thermody­
namic properties of several one-current steady-state sys­
tems, each of which develops an instability in its flow 
behavior and undergoes a discontinuous change in 
flow resistance. The "resistance change" transition 
at a point of instability for a steady-state system is in 
some respects analogous7-9) to a phase transition in a 
thermo-static system. I shall first briefly discuss the 
"resistance change" transition in general terms; and 
I shall then discuss specifically the forced vaporization 
of carbon tetrachloride, Bénard instability in a hori­
zontal layer of fluid heated from below, and Taylor 
instability in the Couette flow of a liquid between 
coaxial rotating cylinders. Finally I shall comment 
briefly on a multi-current example showing a flip-flop 
current-voltage relation for the flow of electric current 
across a porous charged membrane. 

1. General Considerations (One-current Situations). 
Consider a fluid in a state of thermo-static equilibrium 
characterized by the variables Ta, Pa, ßaa), a 
fluid system in the equilibrium state o, for short. 
Relabel the set of equilibrium state variables in 
the following fashion: {Ta, Pa, ßaa)~-} = {tf1? tf2> 
tf3, •••} = {<^}. By changing some of the boundary 
conditions, induce the steady flow of a current Y in 
the fluid system. Use the equilibrium state o as a 
reference state; the current Y will then depend on 
the departure of variables of the type oi from their 
reference state values. For each state of steady cur­
rent flow, the rate of entropy production 6 = £ (system) 
-\-S (surroundings) takes the form 

e = Yü>o, (i) 
where Q is the affinity1) conjugate to the current Y; 
both F a n d Q measure, in a certain sense, the "distance" 
of the steady-flow state from the reference equilibrium 
state o. In addition to the rate of entropy production, 
another thermodynamic concept, the local potential 
(also called the generalized entropy production or 
the thermokinetic potential5 '10 '11))— first introduced by 
Glansdorff and Prigogine7 '12 '13)— is of use in discus­
sing "resistance change" transitions. When the 
Pfaffian differential form (for a one-current situation) 

àFa = YdQ (2) 
is integrable under the given experimental conditions, 
the resulting quantity Fa is the local potential:5 '7 '1 0 - 1 3) 

F0= YdQ= Y(dQ/dY)0dY. (3) 

The local potential Fa (when it exists) is never negative, 
has a minimum at the point where F = 0 , and satisfies 
the condition 

0 < (»FJdQ*). \r=0 = (dY/dü)a | F = 0 . (4) 

Glansdorff and Prigogine7 '12 '13) found the local poten­
tial concept to be very useful for discussing the temporal 
evolution of a system with fixed boundary conditions 
as it passed through a sequence of transient states 
toward some stable steady state. I discussed in an 
earlier paper5) the role played by the local potential 
(thermokinetic potential) in thermodynamic analyses 
of all steady state situations. In this paper I am some­
what more interested in the behavior of the rate of 
entropy production at "resistance change" transitions 
than in the behavior of the local potential; I shall, 
however, keep both quantities in view. 

Consider again a fluid system in the equilibrium 
state o. By successive manipulations of the boundary 
conditions establish a series of steady-flow states in 
the system with monotonically increasing values of 
the current Y. Observe 0 as Y increases. If the plot of 
0 vs. Y shows a j u m p or a kink — a point of discontinuity 
in 0 or in dd/d Y— we have a point of instability, a point 
at which the fluid system undergoes a "resistance 
change" transition. I t is the thermodynamic properties 
of the fluid system at the point of instability that I 
intend to discuss— in macroscopic phenomenological 
terms. 

Let dQ/dY be the (differential) flow resistance, let 
the subscript c refer to the point of instability, and 
let A Z be the j u m p in an arbitrary property Z at the 
point of instability, i.e. let A Z = Z ( 7 c + 0 ) — Z ( 7 c - 0 ) . 
We have then 

A0 = YCAQ, (5) 

AdO/dY = Aß + YcAdÜ/dY, (6) 

Ad26/dY2 = 2AdQ/dY + YcAd2Û/dY2, (7) 

Adm6/dYm = mA^- 'ß /ö r™- 1 + YcAdmß/d7m 

(m = 2, 3, 4, . . .) . (8) 

In the canonical procedure, some parts of the boundary 
are maintained at the reference state values ot, and 
other parts are varied in condition so as to control 
the current Y. T h e partial derivatives in Eqs. 6—8 
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Fig. 1. Relative stability of the solid and liquid phases, 
at constant pressure, in a one-component system. 

are thus at constant oi where appropriate. 
"Resistance change" transitions in steady state 

systems are in some respects analogous7-9) to thermo­
static phase transitions where the phase with the lower 
Gibbs function value is the more stable one (see Fig. 1 ). 
Prigogine7 '8 '12 '13) considers the local potential Fa to be 
the analog of the Gibbs function for "resistance change" 
transitions; for one-current steady-state situations there 
is no advantage in considering F„ rather than d, and 
I shall devote primary consideration to 6. 

For stable steady states it is always true that6 '14) 

d26/dY2>0, dQ/dY>0; (9) 

and for "resistance change" transitions where both 
the upper (Y>YC) and lower (Y<YC) branches have 
metastable extensions beyond Yc we anticipate that 

A0 = 0, A £ = 0, AdO/dY < 0, (10) 

i.e. we expect a kink in the 6 vs. Y plot reflecting [Eq. 
6] a discontinuous change in the flow resistance with 
AdQ/dY<0: pipes spring leaks, vigorously rubbed paper 
tears, screwdrivers often shear the slotted heads of 
screws — in short, processes usually take the path of least 
resistance. If, however, the transition point is a point 
of intrinsic instability for one or both of the upper and 
lower branches, i.e. if one or both of the branches do 
not have metastable extensions beyond 7C, then Eq. 10 
must be modified— more about this later. 

Rather than continuing in general terms, it will 
be better if we look at the special cases that we are 
interested in. 

2. Forced Vaporization of Carbon Tetrachloride. 
Consider a pure liquid in equilibrium with its vapor 
in a glass cell in a thermostat of temperature T. Let 
P0 be the equilibrium vapor pressure of the liquid at 
temperature T. Reduce the pressure of the vapor to 
a pressure P<P0, and establish a steady rate of vapori­
zation of the liquid: 

liquid(!T, P0) -> vapor (T, P). (11) 

The rate of entropy production for the forced vaporiza­
tion process15) is 

6 = -GIT=eUpllq-pnV)7^*\ = YQ, (12) 

40 60 80 

C/MICROMOLES SEC-' 

Fig. 2. Plots of In P versus £ for the steady forced 
vaporization of water at 30 °G and of carbon tetra­
chloride at 1.6 °G; P in Torr and £ in {xmol s_1. 
Data of Alty and Nicoll.17) 

kinetic energy terms. Treat ing the vapor as an ideal 
gas {ßm—ßy&v=RTln {PJP)} w e h a v e 

d/R = è\n(P0/P), (13) 

where R is the gas constant. Steady vaporization has 
been studied by Alty15-17) and by Erikson;15'18»19) non-
steady vaporization has been studied by Spangenberg 
and Rowland.20) 

Figure 2 shows the data of Alty and Nicoll17) for 
the steady forced vaporization of water and of carbon 
tetrachloride; the current is given in micromoles per 
second and the pressure is measured in Torr . There 
is clear evidence in the carbon tetrachloride data for 

a discontinuous change in flow resistance at ' éc = 
25 [xmol/s; the two flow regimes show the following 
behavior : 

In P = In P0 - A£, 

\nP=\nP*-Bé, 

(0<£<£c), 

0IR = AP, FJR = —AP, (0<£<£ c ) , 

6/R = BP + (A-B)S^, 

-B)^\ ( f c<£), 

(14) 

(15) 

(16) 

(17) 

where £ is the reaction velocity (amount vaporized 
per unit time) for Reaction 11 and I have neglected 

where —A and — B are the slopes of the two line seg­
ments and P * is the intercept on the line £ = 0 of the 
(extrapolated) line segment with slope — B. Values for 
A and B, in seconds per micromole, are ^4=0.045, B= 

0.013. Figure 3 is a graph of lO60/# vs. é for the 
carbon tetrachloride data, calculated from Eqs. 16 
and 17 after insertion of the appropriate numerical 

values of A, B, and fc. T h e dashed and dotted curves 
are potential hysteresis curves extending the observed 
behavior into unstable regions. We see that at the 
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© 

Fig. 3. Plot of lO60/# versus £ for the steady forced 
vaporization of carbon tetrachloride at 1.6 °C. Data 
af Alty and Nicoll.17) 

Fig. 4. Plot of \WFojR versus è for the steady forced 
vaporiization of carbon tetrachloride at 1.6 °C. Data 
of Alty and Nicoll.17) 

transition point 

M3(6/R)ldé}r = (B-A)èc < 0, (18) 

i.e. the discontinuous change is to a configuration of 
lower rate of entropy production. 

Figure 4 shows that the behavior of the local potential 
Fa at the transition point is somewhat similar to the 
behavior of d : the branch with the lower value of Fa 

is the more stable. In the case of F« , however, the 
metastable extension of the upper branch does not 
go through the origin of coordinates.7) 

In the carbon tetrachloride case, for fixed T, we have 
the transition point values 0C, fc, P c ; if we repeat the 
experiment at another value of T we produce a new 
set of transition point values. In general then the 

thermodynamic data are the values of T, 0C, £c, and 
PG at the transition point (for a given apparatus con­
figuration) ; and, from a thermodynamic point of view, 

we are interested in derivatives of the type d0c/dfc, 

dÇJdT, dPc/dfc, etc. Whereas in the somewhat anal­
ogous case of a phase transition in a thermo-static 
system we have the Clapeyron equation (dP/d7 T = 
AS/AV) to help us out in determining the slope of the 
phase coexistence line, in the present case we have 
no such useful general result. 

2.1 Expectations and Queries: For the steady forced 
vaporization of carbon tetrachloride we have 

Adn(d/R)/d$" = 0 (n = 3, 4, 5, • ••). (20) 

Equations 20 are consequences of the linear form of 
the given current-affinity relation; they, therefore, 
cannot be expected to have any general validity. Rela­
tion 19 will merit further investigation; is it generally 
true that 

A320/3F2 < 0 ? (21) 

T h e physics of the steady forced vaporization process 
supplies us with some reasonable expectations concern­
ing the behavior of the transition point variables. If 
the dominant feature of the transition point is the 
temperature gradient in the liquid in the vicinity of 
the liquid-vapor interface, then, since the heat of 
vaporization is a decreasing function of the temperature, 
we expect to find that 

dec/dT>0, (22) 

to establish the same sort of temperature gradient at 
a higher temperature we have to pump off the vapor 
faster because the heat of vaporization now has a lower 
value. Note that 

d(6c/R) dfc 

dT dT 
( l n P 0 - l n P c ) +Ç 

d In P0 d In Pc 

dT dT 

Ad2(0/Ä)/3f2 = 2(B-A) < 0, (19) 

(23) 

Now we expect the coefficient A in Eq. 14 to be a 
decreasing function of temperature,15 '18 ,19 ,21) so, given 
Eq. 22, d\nPcjdT should be positive. I t is conceiv­
able, then, that d InPJdT might be large enough to 
make the right hand side of Eq. 23 vanish, leading to 
the result that, for a given liquid and a given apparatus 
configuration, 

0C = const. (24) 

Relation 24 would imply, for this type of experiment, 
an intrinsic limit to the rate of entropy production that 
the initial liquid configuration could support; in order 
to pass beyond the critical rate of entropy production, 
the liquid would have to change its configuration. 
An observation analogous to this is that small droplets 
of liquid have an intrinsic limit (at low to moderate 
pressures) to the degree of superheat that they can 
sustain.22) 

If Relation 24 were found to hold, then it would 
follow that for forced vaporization 

d0c/dFc = 0 (25) 

and, consequently, that 

dÜcjdYc= -QJYc<0. (26) 

It is hard to see how Relation 26 could possibly be 
true, and in section 3 I show that it is very unlikely 
the Relation 24 can hold true. 

The carbon tetrachloride data in Fig. 2 clearly show 
a "resistance change" transition; the studies of Span-
genberg and Rowland20) indicate that such behavior 
should regularly occur in forced vaporization experi­
ments; yet the data for water in Fig. 2 and other pub­
lished results of forced vaporization experiments15« 1G> 
18,19) do not clearly show evidence of "resistance change" 
transitions. Wha t controls the presence or absence of 
such transitions? I shall discuss this matter at the 

file:///WFojR
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end of the section on Bénard instability, but, to antici­
pate that discussion, what we need in forced vaporiza­
tion experiments are a closer spacing of points in the 
In P vs. è plots and more attention given to the depth 
of the liquid layer as an experimental parameter. 

3. Bénard Instability. Sandwich a thin layer of 
fluid between two heat reservoirs (a, b) of temperatures 
T& and Th, with reservoir a above and b below the 
layer of fluid. By making Th^ 7"a we can generate 
a steady flow of heat through the fluid layer from one 
reservoir to the other. Characterize a reference 
thermo-static equilibrium state of the fluid by the 
variables T"a, P a . Make Tb progressively larger than 
T"a. A sequence of states of steady heat flow results 
which ultimately shows an instability: thermal expan­
sion causes the fluid to be less dense at the bottom of 
the layer than at the t o p — the layer becomes " top 
heavy;" eventually conductive heat flow gives way to 
convective heat flow. The sudden onset of a pat tern 
of convective heat flow is referred to as the Bénard 
instability;23-24) it is another example of a "resistance 
change" transition. 

Let Tb > T& and let Q, be the rate of influx of heat 
to the upper reservoir (reservoir a) ; take state a ( T&, 
Pa) as the reference state, then 

0 = YQ = 4 ^ - ± — ^ = 4(rb-r a) / r arb , (27) 

(dajdY)Ta = (i/rb)
2[3(rb- ro/SQjr.. (28) 

Schmidt and Milverton25) immersed two circular brass 
plates, a fixed distance apart , into a tank of water. 
They passed a steady electric current I through a 
resistor of resistance co affixed to the underside of the 
lower plate. If f is the fraction of the electrical energy 
dissipated per unit time by the resistor that passes 
directly from the lower plate to the upper one through 
the intervening layer of water, then 

k=M\ (29) 

6=Q,(- L L ^ W y , (30) 

Tjo/fœ = P(Th- ra)(r0vrarb), (3i) 
where T0 is an additional reference temperature in­
troduced for computational convenience. Figure 5 is 
a plot of (Tb-T&)(T0*lT&Th) vs. P, with r o = 2 9 1 K, 
of the data listed for Experiment 4 in the paper of 
Schmidt and Milverton;25) the distance of separation 
between the plates was 5.5 mm. There is again clear 
evidence for a "resistance change" transition, and a 
plot of T0

26lfco vs. P would be qualitatively of the 
same shape as that of Fig. 3 : at the point of transition 
the configuration of lower rate of entropy production 
is the more stable, and Relations 9, 10, and 21 are 
valid. Similarly a plot of TQ

2F„jfco vs. I2 would be 
qualitatively of the same shape as that of Fig. 4. 

In the case of Bénard instability the thermodynamic 
variables characterizing the transition point are 6C, 

CL ( T ; - 1 - ^ - 1 ) « o r (Th-TJe, Ta, and P a (depending 
on the experimental setup, P a may or may not be an 
independent variable). We are again interested in 

quantitites such as 30C/9Q.C, dQJdYe, dQ^JdT^ etc. We 

2.0 h 

h 0.8 

I 

o\L 1 1 1 1 1 1—I 
2 4 6 8 10 12 

P 

Fig. 5. Plot of ( r b - r a ) ( r 0
2 / r a r b ) versus P, with 

T0 = 291 K. Data of Schmidt and Milverton.25) 

get some help from hydrodynamic stability theory23) 
in this case. The (dimensionless) Rayleigh number 
P # is defined to be 

Ä# =gx(Tb-T,)X*lKv, (32) 

where g is the gravitational acceleration, X is the thick­
ness of the fluid layer, and tx, K, and v are the coef­
ficients of volume expansion, thermometric conductiv­
ity, and kinematic viscosity, respectively. Stability 
theory23) shows that at the point of Bénard instability 

i? # c = 1708. (33) 

In the conductive heat flow regime Q=D{Th— TJ X 
tcpCy/À, where D is the area through which the heat 
current flows, p is the density of the fluid, and Cv 

is the specific heat of the fluid; consequently 

0C « D(l708pfgxTJ*(K*pCY/X''), (34) 

where I have set T^Tb~T2. Since v, cc, K, p} and 
Cv are all functions of the reference temperature T&) 

the rate of entropy production 6C for a given fluid with 
fixed values of D and A, is apt to be a complicated 
function of !Ta; and a relation such as Eq. 24 is not 
apt to be satisfied. 

3.1 Forced Vaporization Reconsidered: With respect 
to the hydrodynamic stability of a layer of liquid, 
heating from below and cooling from above are much 
the same thing. The instability in the forced vapori­
zation of carbon tetrachloride should thus be of the 
same nature as the Bénard instability, and the sensitiv­
ity of the Bénard instability to the thickness of the 
fluid layer [Eq. 32] indicates the advisability of treating 
the depth of the vaporizing liquid as an experimental 
variable in the forced vaporization case. (The forced 
vaporization problem is a more complicated one than 
the Bénard problem in that the temperature gradient 
in the vaporizing liquid has a complicated 3-dimensional 
structure20) whereas the temperature gradient in the 
Bénard case is a simple 1-dimensional one.) 

T h e data of Alty and Nicoll17) displayed in Fig. 2 
were all gathered in the same apparatus at the same 
fixed depth for the liquid layer. At the point of 
instability for the carbon tetrachloride the difference 
between the thermostat temperature T and the temper­
ature Ts at the surface of the vaporizing liquid was 
T— 7^ = 7.5 K. If we assume the geometric factors of 
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the two experiments displayed in Fig. 2 to be the same 
(same apparatus, same depth of liquid, same 3-dimen-
sional structure for the thermal gradients) and if we 
scale the water data according to Eq. 33, relative to 
the carbon tetrachloride data, i.e. if we say that 

[ a ( T - TS)/KV]C, H 2 0 = [ a ( r - TS)/KV]C, CCU, (35) 

we find a predicted value of T— T"s»59 K at the point 
of instability for water under the given experimental 
conditions at 30 ° C — such a value is far outside the 
range of experimental conditions displayed in Fig. 2. 

In Alty's other experiments16) and in Erikson's 
experiments18»19) the depth of the liquid layer was an 
uncontrolled variable, so the resulting data were not 
gathered in such a way as to highlight the onset of 
Bénard-type instability. Note that Erikson did see 
evidence of convection currents in some of his experi­
ments.18) As I mentioned previously, what is needed 
in forced vaporization experiments is strict control of 
the depth-of-liquid variable — and a closer spacing of 

experimental points in plots of In P vs. f (for a fixed 
depth of liquid). Also, as I mentioned in my discus­
sion of Eq. 34, Relation 24 is unlikely to have any 
validity whatsoever. 

4. Taylor Instability. Place a sample of liquid 
between two coaxial cylinders; put the device in 
thermal communication with a thermostat of temper­
ature T, and rotate one of the cylinders at a constant 
angular velocity y by exerting on it a torque N. (The 
case of simultaneous rotation of both cylinders is also 
of interest, but I do not consider it in this paper.) 
T h e simple Couette flow between the cylinders ulti­
mately becomes unstable at y=yc, and toroidal Taylor 
vortices form at the point of instability24 '26-28)— another 
example of a "resistance change" transition. As in 
the previous case, the instability is correlated with the 
critical value of a dimensionless combination of fluid 
properties — the Taylor number.26) 

The rate of entropy production for a given angular 
velocity y is 

6 = y(N/T) = YQ. (36) 

To analyze the Taylor instability we need experimental 
data in the form of N vs. y plots (plots of driving torque 
versus angular velocity) so as to be able to see discon­
tinuities in N and/or dNjdy at y = yc. The usual ex­
perimental procedure,2 6 - 2 8) however, is to measure the 
torque on the stationary cylinder as a function of the 
angular velocity y. T h e measurements of Donnelly28) 
show a discontinuity in the torque on the stationary 
cylinder at yc, i.e. the fluid shows a discontinuous 
increase in apparent viscosity at the point of instability. 
Wha t do these results imply concerning the variation 
of N with y ? Unti l we have some direct measurements 
or dependable calculations of the N, y relationship, 
we cannot be sure of the implication ; we can, however, 
explore some of the possibilities. 

Suppose that the N, y relation turns out to be similar 
in nature to the torque-on-the-stationary-cylinder, y 
relation: suppose that AN^O, AdN/dyX), and the 
configuration of higher rate of entropy production (and 
of higher local potential) is the more stable one beyond 
ye. Wha t would be the thermodynamic implications 

of such a result? The idea here is to pursue the anal­
ogy to thermo-static phase transitions. If both phases 
have metastable regimes extending out beyond the 
transition point (Fig. 1, e.g.), then we are dealing 
with a problem of relative stability and the phase with 
the smaller Gibbs function value is the more stable. 
But it is also possible to have a phase transition point 
such that one of the phases reaches an absolute limit 
of stability at the transition point and has no metastable 
existence out beyond the transition point — the order-
disorder transition in /?-brass, for example.29) For 
"resistance change" transitions, then, where each 
configuration has a metastable extension beyond the 
point of instability (in one direction or the other) the 
question of relative stability is decided by having the 
configuration of lower rate of entropy production (or 
lower local potential) more stable (Fig. 3, e.g.). But 
if a given configuration approaches an inflection point 
in the d, Y plot, i.e. d2djdY2 approaches zero, it ap­
proaches an intrinsic limit of stability [see Eq. 9] : at 
the point where d2d/dY2=0 the configuration must 
change to some other stable configuration; it is no 
longer a question of relative stability but an absolute 
requirement for a change of configuration. Under 
such circumstances AdQ/dY could just as well be posi­
tive as negative, and we could even have a discontinuity 
in Q (and Fa): A ^ ^ O (AF„=ÉO) . The requirement 
for such a point of intrinsic instability would be 

0 = 320/5F2 = 2{düjdY) + Yc(d
2Q/dY2), (37) 

and we should have 

Fc = -2{dü/3Y)/(d2ü/dY2) (38) 

as Y-*Ye-0. 
If the transition point is a point of intrinsic instability 

for both the upper (Y>Y0) and lower (Y< Yc) branches, 
we cannot say anything a priori about A0 or AdQ/dY. 
If the transition point is a point of intrinsic instability 
for the lower branch and if the upper branch has a meta­
stable extension below Yc, then we can make the follow­
ing observations relative to the transition point: i) it is 
not possible, under these circumstances, to have A0<O 
since the extension of the upper branch into the region 
0 < F < Yc would be more stable (would have a lower 
0 value) than the experimental lower branch; ii) it is 
not possible to have A0 = O and A90/dF>O for the 
same reason as in i ) — the extension of the upper branch 
into the region 0 < F < F c would be more stable than 
the experimental lower branch; iii) it is possible, but 
not likely, to have A0 = O and AdQjdY<0— it is im­
probable to expect the lower branch to just "happen" 
to intersect the upper branch at the point of intrinsic 
instability; iv) it is possible, and likely, to have A0>O 
and either AdQjdY>0 or A 3 ß / 3 F < 0 — at the point 
of intrinsic instability it is highly probable that the 
lower branch will be some distance away from the 
upper branch, hence a j u m p discontinuity in 0 (and 
in Q) — and in F<, — will occur, with no necessary 
restrinction on the sign of the change in slope AdQ/dY. 
Note that if AdQ/dY >0 then there must be a disconti­
nuity in 0 (and in Q) — see Fig. 6. 

If the N, y relation for the Taylor instability proves 
to have AiV^O at y = yc the most likely explanation 
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Fig. 6. Example: point of intrinsic instability with 
A 6 > 0 and AdQ/QY>0. 

will be that the transition point is a point of intrinsic 
instability for the lower branch. Points of intrinsic 
instability are special cases of the "bifurcations" and 
"catastrophes" discussed by Nicolis and Prigogine.30) 

5. A Multi-current Situation — Flip-Flop Current vs. 
Voltage Relation. Interpose a sintered glass mem­
brane between aqueous sodium chloride solutions of 
concentrations 0.01 and 0.1 M ; place inert electrodes 
on opposite sides of the membrane and impose a voltage 
A<p between the electrodes; exert an excess pressure 
AP on the more concentrated solution. Keep the 
concentration difference and the pressure difference 
across the membrane fixed and measure the electric 
current I induced by the impressed voltage A<p. 
(Maintain the entire system at a constant temperature 
T-) 

Let subscript 1 indicate water and subscript 2 indi­
cate sodium chloride, and let a single prime designate 
the more concentrated solution and a double prime 
designate the less concentrated solution. Then, if the 
experiment is conducted in a steady-state fashion, we 
have31) 

Td = - (h^Mi + h2'/i2' + « / V + n a ' W ) + ^<P, (39) 

and 

Td = hS (jii'-Mi) + n2'(fi2"-jui) + IA4> 

= YXQX T + Y2Q2 T + Y3Q3 T, (40) 

since « / + « / ' = 0 and h2'
J
rh2" = 0. If we treat the so­

dium chloride solutions as " idea l" we can say that 

Mi ~ Mi" = fP Vi dP + RTln&'IXn 
Jp" 

= (VÙAP + RT\n{X^jXx"), (41) 

M2 - M2" = fP V2 dP + RT\n(C2'lC2") 
JP» 

= <F2>AP + RT\n{C2'IC2"), (42) 

where Xi is the mole fraction, Vt the partial molar 
volume, <V\> the average partial molar volume 
over the pressure interval AP, and C t the concentration 
(moles per liter) of component i. Let « 1 ' < F 1 > 4 - « 2

/ 

<V2>^V and evaluate XX'IXX" by setting molarities 
approximately equal to molalities. Impose the re­
striction on hi and h2 that they keep the ratio nî\n2 

constant (i.e. constant C2'). Upon substitution of the 
appropriate numerical values, we get 

I 
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Fig. 7. Plots of / versus A ^ for the system of a 
sintered glass membrane and NaCl solutions of 0.01 
and 0.1 M with various fixed pressure differences. 
Data of Jahnke as reported by Franck.32) 

Jahnke and reported on by Franck.32) Figure 7 shows 
the / vs. A4> relation for various fixed pressure differences 
for one series of experiments carried out by Jahnke . 
The rather spectacular form of the / , A<f> relation 
is explained by Kobatake8) in the following way: 
" ••• under the external conditions studied here, the 
Poiseuille pressure flow transports fluid from the more 
concentrated to the less concentrated solution, while 
the electro-osmotic flow caused by the potential gradient 
tends to carry fluid in the opposite direction. With 
increasing A^ , the electro-osmotic flow becomes ap­
preciable, outweighs the pressure flow, and eventually 
changes the direction of mass flow from negative to 
positive. Calculations show that this change of the 
direction of mass flow occurs discontinuously when 
A<p reaches a certain value, when the pressure dif­
ference A P is larger than a critical value APC . Cor­
respondingly, the average salt concentration in the 
membrane is lowered, i.e. the membrane is occupied 
with the less concentrated solution. . . T h e effect 
of this change in concentration in the membrane is 
reflected in the / vs. A<p relationships depicted in 
[Fig. 7 ] . " 

The results reported by Franck32) do not include 

data for V and h2 so we cannot actually calculate 
T6 for the experiment. I t seems reasonable to expect, 
however, that at the critical value A<f>c of the voltage 
Td will actually show a discontinuous decrease. If 
such is indeed the case, it must be because the point 
A 0 = A 0 c is a point of intrinsic instability (d20/dF2->O) 
for both the upper ( A ^ = A ^ c + 0 ) and lower (A<p = 
A<pc — 0) branches of the / vs. A<ft relation, i.e. neither 
branch has a metastable extension beyond the point 
A 0 = A ^ c . 

Kobatake8) has analyzed Jahnke 's experiments in 
terms of the local potential: 

TF„ = TfeiYidVi = r*IdA<p + f(AP, AM*) • (44) 

Td « - V'AP - 1.4 h2'RT + IA<P> (43) 

Experiments measuring the current-voltage relation­
ship for this type of experiment were carried out by H . 

By an elementary theorem of the calculus33) the integral 
in Eq. 44 is continuous at the point A^ c , so TFa does 
not have a discontinuity at the flip-flop point. 

6. Summary. I have considered the behavior 
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of the rate of entropy production 6 and the local poten­
tial Fa for several one-current steady-state situations 
showing "resistance change" transitions — forced 
vaporization of carbon tetrachloride, Bénard instability, 
and Taylor instability. For these cases the behavior 
of the local potential is qualitatively similar to the 
behavior of the rate of entropy production. The com­
plexity of the thermodynamic relations pertaining to 
the transition point depends upon whether the branches 
intersecting at the transition point have metastable 
extensions beyond that point. I also considered 
(briefly) a multi-current situation showing a flip-flop 
current-voltage relation at the transition point; here 
0 and Fa seemingly show different kinds of behavior— 
Fa is continuous at the transition point whereas 0 
appears to undergo a discontinuous change (it seems 
that neither of the branches intersecting at the transition 
point has a metastable extension beyond that point). 
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Manganese (I I) monoxide which is spontaneously oxidized in air is stabilized by solid solution with zinc oxide 
and then employed as a raw material in the synthesis of manganese (II) zinc ferrites in an inert atmosphere, giving 
thereby no chance for Mn2+ to get oxidized. Sintering is done in a static controlled atmosphere created by the 
thermal dissociation of pellets of active iron (III) oxide kept in oxygen-free nitrogen along with the ferrite toroids. 
The ferrite formation and the sintering are performed at 950 and 1150°G respectively by employing active 
oxide raw materials. 

The synthesis of manganese (II) zinc ferrites is compli­
cated by the need to have all the manganese as Mn 2 + , 
while a small amount of Fe 2 + is also needed in order 
to reduce the magnetocrystalline anisotropy or mag­
netostriction.1»2) I t is not possible to employ manga-
nese(II) monoxide directly as the raw material since 
this oxide is not stable in air. Conventional methods 
employ a higher stable oxide of manganese as the 
raw material3) or allow the manganese(II) monoxide 
to get oxidized during the initial calcination.4) The 
reduction of M n 2 + is subsequently performed by a 
current of an inert gas such as nitrogen that sweeps 
off the oxygen produced by the thermal dissociation of 
the ferrite at the sintering temperature which is usually 
between 1200 and 1300 °G. Calculated small con­
centrations of oxygen are mixed with the nitrogen 
current in order to effect the optimum thermal reduc­
tion of Fe 3 + to Fe2 + . This oxygen concentration has 
to vary with temperature during the sintering cycle 
so as to cope with the temperature variation of the 
partial pressure of oxygen in thermal equilibrium with 
the ferrite. 

Quite apart from the complexity and expense of 
maintaining the flowing current of the controlled 
atmosphere v/ith varying oxygen concentrations at 
different temperatures, it is difficult to know in such 
a process the stage at which the reduction of M n 3 + 

to M n 2 + is complete. Even if this reduction is com­
plete, the M n 2 + may or may not be situated completely 
at the correct lattice sites in the spinel. The M n 2 + 

can enter the spinel lattice only after it is formed by 
the thermal reduction of M n 3 + ; but the possibility of 
harmful non-spinel forming solid state reactions 
before such a reduction cannot be ruled out. The 
site-preference for M n 3 + is obviously different from 
that for M n 2 + during the solid state reaction among 
the component oxides. The manganese has to move 
to the correct lattice site in the ferrite spinel after the 
subsequent reduction of M n 3 + to M n 2 + ; but this mig­
ration in the solid matrix may or may not be complete 
during the sintering run. One can then expect a 
considerable degree of non-reproducibility in the 
final properties of the ferrite even when all the synthetic 
parameters have been apparently kept constant; and 
in fact this non-reproducibility of properties is a bug­
bear in the synthesis of these ferrites. 

This difficulty has been overcome in the present 

t Communication No: 2223. 

investigation by stabilizing the M n O by solid solution 
with Z n O . It is then possible to prepare the ferrite 
without oxidation of M n 2 + . There is subsequently no 
need to maintain a running current of the controlled 
atmosphere in order to reduce the Mn 3 + . T h e con­
trolled atmosphere is now necessary only to prevent the 
oxidation of M n 2 + as well as an undue thermal reduc­
tion of Fe 3 + . A static controlled atmosphere suffices 
for this purpose; and this can be easily obtained by 
an inert gas in the presence of suitable metallic oxides 
placed in the high temperature zone. These oxides 
can supply the required oxygen to the ambient atmos­
phere by thermal dissociation. 

E x p e r i m e n t a l 

(7) Preparation of Raw Materials. Manganese(II) 
oxalate precipitated from filtered solutions of manganese(II) 
chloride (AnalaR) and ammonium oxalate (Laboratory 
Reagent) was washed free from chloride and dried in vacuum. 
Zinc oxalate prepared similarly could be dried in air at 
70°G due to its greater thermal stability. Iron(III) oxide was 
prepared by adding a concentrated purified iron (III) nitrate 
solution into an excess of aqueous ammonia. After decanting 
the supernatent liquid, the precipitate was heated to 250 °G 
to give pure and active iron (III) oxide. These pure raw 
materials could be easily estimated gravimetrically ; man­
ganese as MnS04 , zinc and iron as the respective oxides by 
direct ignition. 

(2) Preparation of MnO-ZnO Solid Solution. The 
oxalates of manganese and zinc were mixed in the required 
proportion and decomposed in a flowing current of oxygen-
free nitrogen obtained by passing the cylinder gas through 
a column of heated reduced copper.5) The carbon monoxide 
was disposed off by direct burning. After the evolution of 
gases ceased, the powder was degassed at 750 °G in order 
to remove carbon monoxide in particular that is tenaciously 
chemisorbed by MnO.6) The system was cooled before 
taking out the charge which had a fine orange colour and 
could be safely exposed to air. Chemical analysis revealed 
the presence of manganess fully as Mn2+. 

(3) Preparation of the Ferrite Powder. The above 
powder containing ZnO and MnO was thoroughly mixed 
with the requisite amount of iron(III) oxide, pressed as 
such into pellets and then heated to 950 °G for 8 h in a static 
atmosphere of pure nitrogen. After cooling, the pellets were 
found to have become strongly magnetic. They were ground 
and ball-milled. 

(4) Sintering. The sintering of toroids pressed with 
this ferrite powder could also be done without allowing the 
Mn2+ to get oxidized. The powder was pressed into toroids 
—3.6 cm o.d., 1.6 cm i.d., 1 cm thickness, employing a 
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Sr. 
No. 

TABLE 1. MEASUREMENTS ON SINTERED MANGANESE (II) ZINC FERRITE TOROIDS MADE BY THE 

TECHNIQUE DESCRIBED IN THE PAPER 

Composition (mol %) //i (initial permeability) 

Fe9Ofl ZnO MnO at 
4 kHz 

at 
100 kHz 

Loss factor 

ßl 
at 4 kHz 

Curie 
point 

°C 

Density 
gem - 3 

D.F.*> 
X 

10« 

T.F.b) 
X 
106 

51.75 
51.71 
52.00 
53.06 

20.25 
23.13 
19.25 
17.8 

28 
25.26 
28.75 
29.14 

2640 
2800 
2720 
2729 

2621 
2762 
2701 
2571 

1.15 
1.72 
1.53 
2.7 

135 
125 
150 
160 

4.72 
4.72 
4.77 
4.82 

0.87 
0.45 
1.09 
1.08 

1.06 
1.74 
1.42 
0.13 

a) D.F. : Disaccommodation factor defined as (//x — //2)//^i2 l°g (h/h) where fa and //2 are the initial permeabilities 
at 10 min (tj) and 100 min (t2) respectively after demagnetization at 23 °C. b) T.F. : Temperature factor defined 
as l///2 d/iJdT where T is the temperature. 

Fig. 1. Photomicrographs of ferrites (present technique) 
sintered at 1150°C. Magnification X 100. 

volatilizable binder such as camphor. The binder was 
distilled off in a current of purified nitrogen. The sintering 
was then done as per the technique given below. 

It was however also possible to employ a binder such as 
polyvinyl alcohol that needs to be burnt out. The Mn2+ 

did of course get oxidized in the process, but subsequent 
satisfactory reduction could be effected in a run at 1050 °C 
for eight hours in a static atmosphere of oxygen-free nitrogen 
and in the presence of a calculated amount of iron powder 
(pressed as such into pellets) in the closed system. The 
iron in the hot zone got oxidized by the oxygen given out 
by the thermal dissociation of the oxidized ferrite; and the 
reduction of Mn3+ back to Mn2+ could be effected quanti­
tatively as checked by subsequent chemical analysis. The 
amount of iron needed in the above reduction was not very 
critical and a little excess was found to do no harm. After 
cooling, the toroids contained all the manganese as Mn2+. 

These toroids were then sintered in static nitrogen at 
1150 °C for 12 h in the presence of iron(III) oxide pellets 
meant to generate the required partial pressure of oxygen 
in the closed system. Here again it was found that the 
quantity of iron (III) oxide to be kept was not very critical 
so long as it exceeded a certain minimum amount depending 
on the quantity of ferrite to be sintered. This could be 
easily determined by slight trial. The temperature of 1150 °C 
proved to be the correct sintering temperature to give satis­
factory grains (Fig. 1). The furnace was cooled after sinter­
ing, at a rate of about 25 °C per hour till about 500 °C when 
the power was switched off. The toroids were taken out 
after cooling to room temperature and examined for their 
properties (Table 1). Each of the compositions given in 
the table was repeated four times and the variation in any 

of their properties was never more than ± 1 5 % of the mean 
values given in the table. No additives were tried in order 
to reduce the losses still further. 

D i s c u s s i o n 

The above technique virtually enables us to use M n O 
itself as the raw material in the preparation of manga-
nese(II) zinc ferrites. In fact, it was found that even 
1 mol % of Z n O in M n O stabilizes the lattice in air7> 
so that such an analysed solid solution can be prepared 
once and for all, and used regularly as a raw material 
for the synthesis of this ferrite, adding the required 
balance of Z n O along with the F e 2 0 3 afterwards. 
I t is therefore possible to effect the spinel formation 
at a relatively low temperature and then sinter the 
ferrite at a higher temperature just as in the case of 
nickel zinc or any other ferrite. In a conventional 
technique on the other hand these two processes are 
combined into one since the thermal reduction of 
M n 3 + to M n 2 + at the sintering temperature is a pre­
requisite for the spinel formation. Since manganese 
is present as M n 2 + right from the start, the spinel 
formation occurs at the lowest temperature at which 
the component oxides can at all react with one another; 
and it is possible to lower this temperature considerably 
by employing very active oxides produced by the 
effervescent decomposition of precipitated compounds 
at low temperatures — M n O and Z n O by the decomposi­
tion of their respective precipitated oxalates, and F e 2 0 3 

during the effervescent decomposition of ammonium 
nitrate produced at the time of precipitation from 
i ron(II I ) nitrate with ammonia. The preparation of 
the ferrite powder could be accomplished even at a 
temperature lower than 950 °G used here. This 
temperature was employed in order to get the bigger 
particles necessary for a higher pressed density. The 
burning of the binder at 800 °G—while it oxidizes 
the M n 2 + and renders the burnt toroids totally non­
magnetic—can be expected not to disturb the various 
ions from their lattice sites. Subsequent reduction 
at 1050 °G in a closed system filled with pure nitrogen 
and in the presence of iron powder in the hot zone 
effects an in situ reduction of M n 3 + to Mn 2 + . The 
iron gets oxidized by the oxygen given out by the 
thermal dissociation of the oxidized ferrite and thereby 
reduces all the manganese to Mn2+. It is obvious 
from the above that the Mn2+ should be expected to 
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Fig. 2. Experimental arrangement for sintering 
manganese (II) zinc ferrites. 
(A) Furnace; (B) sintering chamber in a recrystallized 
alumina tube; (G) cylindrical firebrick piece (with 
an axial bore) to act as a radiation shield on the 
glass joints; (D) coil for circulation of water to cool 
the outer end of the furnace tube; (E) attachment 
of the alumina tube to a ground glass joint with an 
epoxy resin; (F) manometer-cum-mercury seal. 

be fully present at the appropriate lattice sites in the 
spinel, thereby eliminating an important cause of 
uncertainty of the results. A little excess iron can 
obviously do little harm since reduction, if any, of 
Fe 3 + to Fe2+ at this stage can be easily corrected during 
the final sintering at 1150 °C in the presence of an 
excess of active i ron(III ) oxide pellets. This i ron(II I ) 
oxide dissociates at the sintering temperature into 
F e 3 0 4 and oxygen, thereby providing the correct 
partial pressure of oxygen required to leave an opt imum 
small concentration of Fe 2 + in the sintered ferrite. 
The relatively lower temperatures of processing mini­
mise the loss of zinc oxide from the ferrite. Since 
the dissociation pressure of i ron(III) oxide is inde­
pendent of the quantity of the oxide and depends 
only on the temperature, the quanti ty of i ron(III ) 
oxide to be placed in the hot zone of the sintering 
furnace is not very critical provided however, it is 
sufficient to maintain the correct dissociation pres­
sure of oxygen in the sintering chamber. T h e mercury 
seal (Fig. 2) employed during the sintering run and 

the previous reduction serves to release the pressure 
during the heating. Since the dissociation pressure 
of oxygen in equilibrium with the ferrite varies with 
temperature in the same way as for the i ron(III ) 
oxide, the composition of the ambient atmosphere 
during the entire sintering run adjusts itself automatical­
ly at each temperature. T h e concentration of Fe 2 + 

in the sintered ferrite is therefore fixed only by its 
composition and sintering temperature but not the 
vagaries of an externally controlled atmosphere ; thereby 
eliminating one uncertain and sensitive parameter 
determining the ferrite properties. These properties 
can be varied in other ways such as variation of compo­
sition. This simplifies the technique considerably 
in every way. As mentioned in the introduction, 
sintering in a static controlled atmosphere whose 
composition adjusts itself automatically at each temper­
ature is a great advantage over a flowing current of 
gas whose composition has to be externally adjusted 
from time to time. 

T h e authors are grateful to Dr. A. P. B. Sinha 
who has kindly encouraged this work with his keen 
interest and valuable suggestions. The P. P. U. of 
Armament Research and Development Establishment, 
Poona, have kindly prepared the dies and helped in 
pressing; and this valuable help is most gratefully 
acknowledged. Grateful thanks are also due to Mr . 
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Medium Effect on the Ionisation Constants of Some Hydroxy Derivatives 
of l-Ethyl-2-styrylpyridinium and -quinolinium Iodides 
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The pK& values of l-ethyl-2-(4 or 2-hydroxystyryl)pyridinium and -quinolinium iodides in different organic 
solvent-water mixtures were determined. The organic solvents used are methanol, ethanol, acetone, DMF and 
DMSO. The ionisation of the compounds under investigation depends largely on both the proportion and the 
nature of the organic co-solvent used. The ionisation constant decreases with increase in the proportion of the 
organic co-solvent in the medium. The major important effect responsible for this is the difference in the stabili­
zation of base by donor hydrogen bond from solvent molecules. The free energy of solvation of both acid and 
proton by electrostatic interaction and that of the base by donor hydrogen bond from solvent molecules were 
calculated. The effect of the molecular structure of the compound on pjRTa is also discussed. 

So far only a few studies seem to have appeared 
on the ionisation of hydroxystyryl derivatives.1) T h e 
pK& values of some hydroxy derivatives of 1-ethyl-
2-styrylpyridinium and -quinolinium iodides in pure 
aqueous medium were determined by Mahmoud et 
ai?) However, it is known that the hydroxystyryl 
derivatives are quite interesting compounds because 
of their application as photosensitizers3,4) and use 
as antiseptics, trypanocidal and anticarcinogenic 
agents.5-8^ 

We have investigated the ionisation of some hydro-
xystyryls in aqueous solutions containing varying pro­
portions of organic solvents (methanol, ethanol, acetone, 
iVjiV-dimethylformamide, dimethyl sulfoxide). T h e 
pKa values have been determined and discussed in 
terms of solvent properties. 

E x p e r i m e n t a l 

Materials and Solutions. The hydroxystyryl dyes used 
are l-ethyl-2-(4-hydroxystyryl)pyridinium iodide I, 1-ethyl-
2-(2-hydroxystyryl)pyridinium iodide II , l-ethyl-2-(4-hydr-
oxystyryl)quinolinium iodide III and l-ethyl-2-(2-hydroxy-
styryl) quinolinium iodide IV. These derivatives were syn­
thesized by the reaction of the corresponding aldehyde with 
l-ethyl-2-methylpyridinium iodide or l-ethyl-2-methylquino-
linium iodide using piperidine as a condensation reagent.9'10) 
The products obtained were crystallized several times from 
ethanol. The compounds used for the preparation of the 
derivatives and the organic solvents were of high purity 
(A. R. or spectrograde). Stock solutions 10~3M of the 
compounds were prepared by dissolving the solid in the 
solvent. pH control was achieved by using a modified 
universal buffer solution.11) 

To account for the difference in acidity, basicity, dielectric 
constant and ion activities in partially aqueous solutions 
relative to pure aqueous ones, the pH values of the former 
solutions were corrected making use of the attempts described 
by Douheret12) 

pH* = pH(R) -Ô, 

where pH* is the corrected reading and pH(R) is the meter 
reading obtained in a partially aqueous medium, where the 
pH-meter is standardized using aqueous buffer. 

The values of <5 of the aqueous buffer solutions containing 
varying proportions of each of the organic solvents under 
investigation were determined by Douheret.12,13) 

Apparatus. The absorption spectra were measured 
on a UNI GAM S.P 8000 Spectrophotometer within the 

wavelength range 300—700 nm using 1 cm matched silica 
cells. The pH-measurements were carried out at 25 °C 
with a UNI GAM MKa pH-meter, equipped with the usual 
glass and calomel electrodes, accurate to ±0.005 unit. The 
temperature was controlled by placing the solutions as well 
as the pH-meter in an air thermostat accurate to ±0.5 °C. 

R e s u l t s a n d D i s c u s s i o n 

The visible absorption spectra of the compounds 
measured either in buffer solutions or in those con­
taining different proportions of an organic solvent 
(methanol, ethanol, acetone, D M F , and DMSO) 
show mainly two bands (Fig. 1). The spectra of 
solutions with low p H are characterized by only one 
visible band mainly due to the absorption by species 
with non-ionised OH-group . This band was assigned 
to an intramolecular charge transfer transition.2) 
Its intensity decreases with increase in p H in media 
of p H > 7 . At the same time another band appears 
at longer wavelength, its intensity increasing with 
increase in p H . T h e behaviour can be explained as 
follows. With increase in the p H of the medium, 
the ionisation of the proton starts which in turn in­
creases the proportion of the ionised form in solu­
tion, making the energy barrier of the intramolecular 
C T smaller. 

The results (Tables 1 and 2) indicate that the Xm3_x 

of the band responsible for the absorption by the free 
base exhibits a clear red shift on increasing the pro­
portion of the organic solvent in the medium, Âmax 

for the band of the acid shifting slightly. 
The spectra of the compounds (I—IV) in all media 

investigated display clear isosbestic points, showing 
the existence of equilibrium of the form 

! ^ - C H = C H - / V O H ^ = ± H+ + 

C,H5 (HA+) 

( + ̂ CH=CH-^J>-0-

C2H5 (A) 

The absorbance — p H curves obtained at selected 
wavelengthes (Fig. 2) are typical of dissociation and 
association types, revealing the existence of one acid-
base equilibrium in each case. 
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TABLE 1. M E A N VALUES OF pÄ"a FOR COMPOUNDS I(1.50X 10~
5 M) AND II(4X10- 6M) AND THE 2max VALUES 

OF THE NON-IONISED AND IONISED FORMS IN DIFFERENT WATER-ORGANIC SOLVENT MIXTURES AT 25 ° C 

Organic 
co-solvent 

— 

Methanol 

Ethanol 

Acetone 

D M F 

DMSO 

% (w/w) 
of 

organic 
solvent 

Zero 

7.92 
15.84 
23.76 
31.68 

7.91 
15.82 
23.73 
31.64 

7.92 
15.84 
23.78 
31.68 

15.82 
23.76 
31.60 
38.00 

15.82 
23.76 
31.60 
44.04 

Mole 
fraction 

of organic 
solvent 

Zero 

0.046 
0.0957 
0.149 
0.2067 

0.0325 
0.0685 
0.1085 
0.1533 

0.026 
0.0552 
0.0883 
0.1258 

0.0443 
0.0714 
0.1022 
0.131 

0.04156 
0.0671 
0.0963 
0.1537 

Dielectric 
constant 

of the 
medium 

25 °C 

78.40 

76.24 
73.81 
71.06 
67.92 

76.60 
74.50 
72.07 
69.15 

76.85 
75.06 
72.90 
70.28 

76.52 
75.35 
74.47 
72.77 

77.08 
76.50 
75.42 
73.80 

P*a 

8.32 

8.46 
8.58 
8.66 
8.82 

8.58 
8.68 
8.82 
9.06 

8.65 
8.80 
9.16 
9.32 

8.60 
8.71 
8.84 
8.92 

8.57 
8.64 
8.73 
8.85 

Compound I 

^maxj 

non-ionic 
form 

359 

359 
360 
362 
365 

360 
362 
365 
367 

363 
366 
369 
372 

366 
367 
368 
370 

363 
364 
367 
369 

n m 

ionic 
form 

427 

430 
435 
440 
446 

430 
436 
446 
453 

436 
447 
452 
462 

448 
451 
456 
459 

439 
442 
450 
458 

-— 

P*a 

8.17 

8.20 
8.26 
8.35 
8.45 

8.20 
8.30 
8.40 
8.58 

8.30 
8.46 
8.62 
8.75 

8.25 
8.36 
8.50 
8.62 

8.20 
8.30 
8.45 
8.58 

Compound II 

"maw 

non-ionic 
from 

355 

358 
359 
360 
361 

348 
350 
356 
357 

356 
358 
360 
362 

360 
362 
363 
364 

358 
360 
364 
365 

nm 

ionic 
form 

436 

438 
444 
448 
452 

425 
435 
440 
452 

440 
448 
456 
460 

444 
452 
458 
466 

445 
450 
460 
467 

TABLE 2. MEAN VALUES OF pA"a FOR II I (1 .07x 10~5M) AND IV(4xlO _ 6 M) AND THE 2 m a x VALUES 

OF THE NON-IONISED AND IONISED FORMS IN DIFFERENT WATER-ORGANIC SOLVENT MIXTURES AT 25 ° C 

Organic 
co-solvent 

— 
Methanol 

Ethanol 

Acetone 

D M F 

DMSO 

% (w/w) 
of 

organic 
solvent 

Zero 

7.92 
15.84 
23.76 
31.68 

7.91 
15.82 
23.73 
31.64 

7.92 
15.84 
23.78 
31.68 

15.82 
23.73 
31.60 
38.00 

15.82 
23.76 
31.60 
44.08 

Mole 
fraction 

of organic 
solvent 

Zero 

0.046 
0.0957 
0.149 
0.2067 

0.0325 
0.0685 
0.1085 
0.1533 

0.026 
0.0552 
0.0883 
0.1258 

0.0443 
0.0714 
0.1022 
0.1310 

0.04156 
0.0671 
0.0963 
0.1537 

Dielectric 
constant 
of the 

medium 
25 °C 

78.40 

76.24 
73.81 
71.06 
67.92 

76.60 
74.50 
72.07 
69.15 

76.85 
75.06 
72.90 
70.28 

76.25 
75.35 
74.47 
72.77 

77.08 
76.50 
75.42 
73.80 

/ 

pK& 

8.04 

8.12 
8.20 
8.30 
8.40 

8.12 
8.25 
8.35 
8.55 

8.27 
8.40 
8.52 
8.70 

8.15 
8.23 
8.30 
8.40 

8.20 
8.26 
8.35 
8.45 

Compound III 

Imaxj nm 

non-ionic 
from 

400 

402 
408 
410 
413 

408 
409 
412 
417 

406 
408 
410 
414 

409 
412 
413 
413 

406 
407 
411 
413 

ionic 
form 

487 

492 
499 
506 
513 

496 
505 
515 
527 

503 
510 
518 
528 

512 
520 
526 
532 

500 
507 
517 
528 

/ 

P*a 

7.96 

7.98 
8.10 
8.25 
8.35 

8.08 
8.19 
8.30 
8.40 

8.20 
8.35 
8.52 
8.60 

8.10 
8.22 
8.35 
8.48 

8.10 
8.25 
8.36 
8.45 

Compound IV 

Amu, nm 

non-ionic 
form 

392 

393 
397 
399 
401 

392 
398 
400 
402 

395 
398 
400 
403 

394 
396 
398 
401 

395 
397 
400 
402 

ionic 
form 

488 

492 
498 
504 
511 

494 
502 
511 
520 

500 
510 
518 
526 

504 
516 
522 
530 

500 
508 
516 
526 
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Fig. 1. Absorption spectra of 1.07xlO~5M l-ethyl-2-(4-hydroxystyryl)quinolinium iodide III 
solution containing different percentages of methanol. 

I t is evident that the pK& values depend largely on 
both the proportion and the nature of the organic 
solvent. The ionisation constant decreases with in­
crease in the amount of solvent in the medium. This 
behaviour is the opposite of that observed with p-
dimethylaminostyryl derivatives.16) 

According to Goetzee and Ritchie,17) the acidity 
constant in aqueous medium KA^ is related to that 
in partially aqueous medium K^2) by means of 

A=500 nm 

(a) 0 % by wt Methanol 

(b)7927o- ., 

(c) 15.847.« * 

(d)2376 7.* * 

(e)31.687.-/ * 

^a( i ) = ^a(2) 
7 H + 7 A 

7 H A + 
(1) 

6.0 10.0 12.0 (a ) 

6'.0 

6.0 
60 

8.'0 

8.0 
80 

10.0 

100 
100 

12.'0 (b) 

12.0 (c) 

12.0 (d) 

60 80 
pH 

10.0 12.0 ( e ) 

Absorbance-pH curves for l-ethyl-2-(4-hydroxy-
\miiT-ir\liT-iinTTr> i o d i d e I I I * r i n n i w r s n l VmflR=»r 

Fig. 2. . . . . . 
styryl) quinolinium iodide III in universal buffer 
solutions containing different percentages of methanol. 

The acid dissociation constant, pK&, of the compounds 
in different media was determined from the variation 
of absorbance with p H with use of three different 
spectrophotometric methods viz half-height, limiting 
absorbance and Colleter methods.14»15) The results 
are given in Tables 1 and 2. 

where the y is the activity coefficient of the subscripted 
species in a partially aqueous medium relative to that 
in a pure one. I t is known that the electrostatic 
effect resulting from the change in dielectric constant 
of the medium will operate on the activity coefficient 
of the charged species only, its magnitude being in­
versely proportional to the radius of the ionic species 
considered.18) Consequently the magnitude of this 
effect on the proton exceeds that on the acid (HA+) . 
Thus , the ionisation constant of the compounds is 
expected to decrease with increase in the proportion 
of the organic solvent in the medium, which is in line 
with the results given in Tables 1 and 2. 

However, in the light of the relation given by Chariot 
and Tremillon,19) giving the variation of pK& with 
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130 135 U0 1.45 150 a,b,6 
~T3Ö 135 1.40 1Â5 c 

Ï25 Î3Ô Î35 & 

1/Z)xl02 

Fig. 3. Variation of pKa of compound I in aqueous 
organic solvent mixture with 1/Z) of the medium at 
25 °C. 
a: Methanol, b : ethanol, c: acetone, d: DMF, 
e: DMSO. 

dielectric constant (D), the plots of pK& against 1/Z) 
are not strictly linear (Fig. 3). This indicates that 
the decrease in the ionisation constant of these com­
pounds, though mainly governed by the dielectric 
constant effect, is strongly influenced also by other 
solvent effects. The behaviour can be interpreted 
by calculating the change in the ionisation constant 
produced by electrostatic effect (ApKel) for compounds 
I and I I I in the presence of each organic solvent (31.60 
% by wt) . The calculation was made by means of 
the Bron equation,18) valid for large radii,20) and fol­
lowing the principles described by Tremillion.21) The 
following equation is obtained for the calculation of 
ApKel value: 

Ap^ei = 
Ne2 1 1 

4 .6ÄrLr H A + rH3
+o J 

[_! !_1 
L An ix A K 2 0 J 

where JV=Avogadro's number, é?=electron charge, 
r=radius of ion expressed in Â, D=dielectric constant, 
rna+o=rH2o = 1.93 Â. The radius of the monovalent 
cation (HA+) was determined by assuming that its 
density is approximately equal to the one belonging 
to the corresponding non-quaternized derivative. 
The densities of the non-quaternized derivatives of 
compounds I and I I I were determined by means of 
the technique developed by Clark and White.22) 

d = 
mxd Hg 

m+w 

where dHg=density of mercury m = weight of the 
non-quaternized compound in the air, w=the weight 
to be added to the pan in order to level the fixed mark 
on the stem back to the surface of Hg. The density 
values obtained for the non-quaternized derivatives 
of compounds I and I I I are 1.1055 and 1.2685 gm/cm3 , 
respectively; thus the calculated radii are 4.30 and 
4.42 Â respectively. Hydrogen bonding, solvent ba­
sicity, despersion forces and proton-solvent interac­
tion effects are commonly recognized as influencing 

factors in the ionisation constants of acids in the pre­
sence of organic solvent. 

We can attr ibute the decrease in the ionisation 
constant of each compound due to increase in the 
proportion of organic solvent in the medium to the 
following effects besides the electrostatic effect. 

(a) Decrease in the ionisation of the O H group of 
the compound (i.e. high p ^ a ) caused by the relatively 
low basicity of alcohols or acetone with respect to water. 

(b) T h e high stabilization of the base (A) by donor 
hydrogen bond in pure aqueous medium relative to 
that in presence of organic solvent. This is presumably 
due to the greater tendency of water molecules to 
donate hydrogen bond as compared with other sol­
vent molecules.17) Increase in solvent proportion 
in the aqueous medium will result in an increase in 
the activity coefficient of the base, thereby causing 
decrease in the ionisation constant of the compound 
{i.e. high pK&). 

Since the organic co-solvent is characterized by 
high polarizability relative to water, the base would 
be more highly stabilized by dispersion forces in solvent-
water mixtures than in water. O n the other hand, 
the proton is expected to be highly stabilized in partially 
aqueous media relative to pure ones through proton-
solvent interactions. Thus, the ionisation constant of 
the compound should increase with increase in the 
amount of the organic co-solvent in the medium. 
However, this is not the case (Tables 1 and 2). We 
see that the dispersion forces and proton-solvent inter­
actions do not appear to be of much importance in 
the ionisation of the hydroxystyryl derivatives. 

The results (Tables 1 and 2) indicate that the varia­
tion of pK& values in solutions containing either the 
same percentage or more or less the same mole fraction 
(«0 .1) of alcohol or acetone appears to be in the order: 

methanol < ethanol < acetone. 

This is presumably due to the decrease in the ten­
dency of the solvent molecules to donate hydrogen 
bond to the base on going from methanol to acetone. 
This was deduced from the fact that the tendency of 
alcohol to associate with solutes through H- bond 
decreases with increase in the molecular weight of 
alcohol.23) Acetone is characterized by a very weak 
tendency to donate hydrogen bond.17) 

The decrease in ionisation with decrease in the donor 
hydrogen-bond character of the organic co-solvent 
is in line with the fact that the difference in the sta­
bilization of the base by donor-hydrogen bond from 
solvent molecules is a major factor responsible for the 
increase in pÄ"a resulting from the increase in the amount 
of the solvent in the medium. 

It is evident that the pK& value in presence of the 
poorer donor-hydrogen bond D M F or D M S O is less 
than either the one obtained in the presence of the same 
amount or nearly the same mole faction («0 .10) of 
acetone or ethanol (Tables 1 and 2). This can be at­
tributed to the high basic character of the former 
solvents, reflecting itself in the construction of a strong 
acceptor hydrogen bond from the O H group of the 
non-ionised form and thus facilitating the ionisation 
process of the O H group (i.e. low pKJ. 
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TABLE 3. VALUES OF ApKeh ApKnOQei, AGei, and A^nonei OBTAINED FOR COMPOUNDS I and III 

Solvent 

31.68 w t % 
31.64 w t % 
31.68 w t % 
31.60 w t % 
31.60 w t % 

Methanol 
Ethanol 
Acetone 
DMF 
DMSO 

-fAp^t 

I 

0.50 
0.74 
1.00 
0.52 
0.41 

III 

0.36 
0.51 
0.66 
0.26 
0.31 

-fAptfel 

I III 

0.065 0.067 
0.058 0.060 
0.051 0.052 
0.023 0.024 
0.017 0.018 

+ A p ^ n o n e l 

I III 

0.435 0.293 
0.682 0.450 
0.949 0.608 
0.497 0.236 
0.393 0.292 

+AGel 
cal/mol 
25 °G 

I 

89.1 
79.5 
69.9 
31.5 
23.3 

III 

91.8 
82.3 
71.3 
32.9 
24.7 

^A^nonel 
kcal/mol 

25 °G 

I III 

0.60 0.40 
0.94 0.62 
1.30 0.83 
0.68 0.32 
0.54 0.40 

The free energy of solvation of both the acid and 
proton by electrostatic interactions and that of the 
base, by donor hydrogen bond, which are equal to 
the free energy of transfer due to electrostatic (AGel) 
and non-electrostatic (AGnone l) interactions respectively 
were calculated for compounds I and I I I in the 
presence of each organic solvent (31.60% by wt) (Table 
3). I t is evident that the AGn o n e l value of the same 
base becomes less positive on going from acetone-» 
ethanol->methanol. This is in line with the increase 
in hydrogen bond donor character of the solvent in 
the same direction. O n the other hand, the less posi­
tive value of AG n o n e l obtained in the presence of D M F 
or D M S O with respect to the same percentage of the 
other solvents can be attr ibuted to the high basicity 
of these solvents. 

T h e observed red shift in Amax belonging to the 
base and observed as the proportion of the organic 
solvent in the medium increases, can be interpreted 
as follows. Increase of the latter would cause an 
increase of the free negative charge on the oxygen 
a tom of the base. This is due to the weak tendency 
of the molecules of the solvent in forming donor hy­
drogen bond with the oxygen atom relative to water 
moleucles. This in turn will reflect itself in the in­
crease of the intramolecular charge transfer from oxygen 
atom to the delocalized molecular orbital of the pyri-
dinium (I, I I ) and quinolinium ( I I I , IV) cations (i.e. 
increase of the induced dipole moment of the mole­
cule), and thus a lower excitation energy is required. 
This behaviour can be considered as further evidence 
for the fact that the donor hydrogen bond from sol­
vent molecules to the base is important in the ioni­
sation process of the hydroxystyryl derivatives. 

Effect of Molecular Structure on pK&. T h e results 
(Tables 1 and 2) show that the pK& values of the 1-
ethyl-2-(hydroxystyryl)quinolinium iodides ( I I I , IV) 
are smaller than the corresponding ones belonging 
to the l-ethyl-2-(hydroxystyryl) pyridinium iodides 
(I, I I ) . This is presumably due to the high co-plana-
rity of compounds I I I and I V resulting from the great­
er bulk of the heterocyclic moiety attached to the 
- C H = C H - centre. This leads to an increase in the 
intramolecular GT from the phenyl moiety, affording a 
lower negative charge density on the aromatic system 
resulting in weaker bonding of the proton (low pX a 

value). 

The pK& values of the 4-hydroxy derivatives (1,111) 
are greater than the ones belonging to the 2-hydroxy 
derivatives (II , IV) . This is probably due to the 
high inductive effect of the O H group on 2-position of 
styryl group which facilitates liberation of the proton 
from the compound (low pK& value). 
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Density, viscosity, and electrical conductivity of glass-forming mixtures of zinc nitrate hexahydrate and an­
hydrous cobalt chloride were measured as functions of temperature and concentration. Non-Arrhenius temper­
ature dependence of equivalent conductance, A and fluidity, <j> has been discussed in terms of a three parameter 
equation derived from Adam-Gibbs model. A linear correlation has been obtained between the preexponential 
parameter, AY and the ideal glass transition temperature, T0. The composition dependence of A and (j) has been 
described by the expression derived from the Adam-Gibbs equation on the criteria of constant TJ T0, where T 
is the absolute temperature, and a modification to this expression has been made. An attempt has been made 
to describe the concentration dependence of Af} product in terms of modified Adam-Gibbs equation. 

Much attention has been paid to describe the varia­
tion in mass transport properties of glass-forming melts 
with temperature. In doing so, several empirical and 
theoretical expressions1"5) have been developed. O n 
the other hand, expressions for describing the concen­
tration dependence of transport properties are still in 
the process of development. In recent communi-
cations,3»6»7) such expressions by modifying the basic 
equations for explaining the temperature dependence 
of transport behaviors of mixtures of molten salts have 
been proposed. T h e purpose of the present investi­
gation on Z n ( N 0 3 ) 2 - 6 . 2 7 H 2 0 - C o C l 2 glass-forming 
melts is to test the applicability of these concentration-
dependent equations and to improve them accordingly. 
Importance of selecting such systems has been dis­
cussed elsewhere.3^ 

E x p e r i m e n t a l 

Zinc nitrate hexahydrate (BDH; mp 36.4 °G) was used 
as solvent in molten state and the solute, anhydrous cobalt 
chloride was added to it at about 50 °G, to prepare mixtures 
of molten salts of several concentrations. Anhydrous cobalt 
chloride was prepared8) from the recrystallized hexahydrate 
salt using purified thionyl chloride (Riedel), Water of 
crystallization of hydrated zinc nitrate was estimated volum-
etrically9) before using in sample preparation. The ratio 
H20/Zn2 + was found to be 6.27. Accuracy of such an 
analysis was checked by taking hydrated calcium nitrate of 
known H 20/Ca 2 + ratio and was found to be within ±0 .01 . 

Densities were measured using pycknometer of 0.01 ml 
divisions. Viscosities and electrical conductivities were 
measured with calibrated Gannon-Ubbelohde viscometer10) 
(£=6.26 cSt/s) and a Philips Model PR 9500 conductance 
bridge along with capillary-type cell11) (cell constant= 
758.5 cm - 1 at 25 °G), respectively. Overall accuracy of 
these measurements were estimated to be better than ± 2 . 5 % . 
Measurements were made in a descending as well as in an 
ascending order of temperature ranging between 298 to 
358±0.02 K. 

R e s u l t s a n d D i s c u s s i o n 

It may be interesting to compare the extent of dis­
solution of CoCl2 in molten Z n ( N 0 3 ) 2 - 6 . 2 7 H 2 0 and 
Cd(N0 3 ) 2 -4 .1H 2 0 . 7 ) Anhydrous CoCl2 dissolves up 
to approximately 30 mol % in the former and ap­
proximately 12 mol % in the latter case. T h e dif­

ference in the solubilities of CoCl2 in these molten 
solvents may be due to the presence of associated 
species like M N 0 3 + , where M = C d 2 + and Zn2+. Ad­
dition of anhydrous solute to the above hydrated melts 
appear to facilitate the formation of M N 0 3 + species 
through the dehydration of an equivalent amount of 
hydrated cations, M ( H 2 0 ) n

2 + . The maximum solu­
bility of CoCl2 may refer to the opt imum concentration 
of M N 0 3 + obtained. Accordingly, higher solubility 
of CoCl2 in Z n ( N 0 3 ) 2 - 6 . 2 7 H 2 0 than in C d ( N 0 3 ) 2 -
4 . 1 H 2 0 is inferred to a higher association constant for 
Z n N 0 3 + than for C d N 0 3

+ species. Furthermore, dif­
ference in the number of water molecules coordinated 
to the metallic cations may also be responsible for the 
difference in solubilities of CoCl2 in these solvents. 

T h e temperature dependence of measured densities 
of Z n ( N 0 3 ) 2 - 6 . 2 7 H 2 0 - C o C l 2 systems was found to 
be linear {cf. Table 1). T h e fluidity, <f> and equivalent 
conductance, A show non-Arrhenius temperature be­
haviors in the range 298 to 358 K {cf. Table 2). These 
data can be expressed by the following expression,5) 
when the exponential parameter , kY is almost constant: 

Y = AY exp [-ky/TIn {T/T0)], (1) 

where, Y=<j> or A and AY, kY, and T0 are empirical 
parameters. The values of the best fit parameters 
obtained in the condition described above are displayed 
in Table 3 along with standard deviation in Y. Plots 
of log Y vs. I / T i n (77 7^) (Fig. 1) show linear relation­
ship indicating the applicability of the above equation 
to the present system. 

T h e values of A$ and AA decrease linearly with 
increasing composition of CoCl2, whereas TQ increases 
(Fig. 2). Such variations in A$, AA, and T0 are in 
accordance with the explanations given earlier.3»6»12) 

Based on the nature of composition dependences of 
AY and T0, they may be correlated13) as 

AY = oc-ßT0r (2) 

where a=A0Y+ To(o)d1Yl(l2Y, and ß=Q1YKl2Y. A0Y 

and jro(0) are the values of AY and 7^ for the pure sol­
vent, respectively. Q1Y and Q2Y are the slopes of the 
linear plots (Fig. 2) of AY and T0 versus composition, 
respectively. Such an observation may be visualized 
through the inverse relationship6) between preexponen­
tial factor, AY and the rigidity of the system and also 
the direct dependence3»14) of ideal glass transition 
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TABLE 1. COMPUTED PARAMETERS FOR DENSITY 

EQUATION, p(g cm-3) = a — bT(K) OF 

Zn(N03)2-6.27H20-CoCl2 MELTS 

Co2+ Std dev 
mol % 

0.00 
5.11 

10.14 
15.30 
20.52 
25.32 
30.20 

g e m - 3 

2.1848 
2.2117 
2.2158 
2.2241 
2.2235 
2.2616 
2.2528 

U A iv/ 

1.1553 
1.1903 
1.1757 
1.1557 
1.1236 
1.1861 
1.1290 

in p 

0.94X10-3 

0.56X10-3 

0.47X10-3 

0.38X10-3 

0.23x10-3 
0.37x10-3 
0.33x10-3 

103/T In (T/T0,A) 

cm3 mol - 1 

166.92 
160.67 
155.17 
149.12 
143.50 
137.71 
132.56 

3.0 5.0 7.0 9.0 VI,VII 

bo 

7.0 IV,VII 

103/r In (T/T0,t) 

Fig. 1. Plots of log Y vs. 1/r In (T/T0) for Zn(NOs)2. 
6.27H20-CoCl2 melts. 

10.0 15.0 20.0 25.0 

N/mol % 

Fig. 2. Variation of ToY (average of T0t# and T0tA, 
and AY (A$ for II and AA for III) with composition 
for Zn(N03)2-6.27H20-CoCl2 melts. 

temperature, T0 upon the rigidity of the system, i.e. 
upon the coulombic interactions or cohesive energy14) 
of the system. The rigidity of the system under 
investigation may increase with increase in concentra­
tion of CoCl2 which is responsible for the variation of 

i o 
T—I 

X 

_ 
17 

15 

13 

I I N V 

\ « ^ ^ 

1 

J 
X 

177 181 185 189 

7VK 

Fig. 3. Plots of A$ and A A VS. TOY (average of T0%l 

and T0tA) for Zn(N03)2 .6.27H20-CoCl2 melts. 

o.o 5.0 1.0 2.0 3 0 A.O 

103/(^o(o) + a 2 r ^ ) 

Fig. 4. Plots of iog[(4,r-a1F-Y)/y] ÜS. i/(r0(0) + 
Q2YN) for Zn(N03)2.6.27H20-GoGl2 melts. 

AY terms with T0 linearly but inversely. Linear plots 
of AY(=<J> or A) versus T0 (an average of T0,<f> and 
T0,A has been taken) (Fig. 3) further emphasize the 
validity of Eq. 2. 

T o describe the composition dependence of transport 
processes, an isoenergetic equation was suggested in 
earlier publication6) based upon the Vogel-Tammann-
Fulcher equation. However, Eq. 1 which is based 
upon Adam-Gibbs model is more satisfactory in describ­
ing the physical changes in the properties of fused 
salts and supercooled liquids. In view of this notion 
Eq. 1 was modified recently7) by considering T0 as 
the basis for the corresponding temperature, T and 
at 77 T0=constant=c, to 

Y = AY exp [-kYIT0c\n c], (3) 

and by substituting the linear variations6) of AY and 
TQ we obtain 

Y = (AoY-QlYN) exp [-kY/(To(o) + Q2YN)c In *] , (4) 

where the symbols have their usual significances. To 
test the applicability of Eq. 4, the values of Y(=$ or 
A) at constant, £=1 .5 were calculated from Eq. 3 
and were in turn least-squares fitted to Eq. 4. Com­
puter fitted values of empirical constants, A0Y, T0(0), 
Q1Y, and Q2Y are given in Table 4. The linearity of 
the plots of log[(A0Y-(l1YN)JY]versus \l(To(o) + d2YN) 
which pass through origin (Fig. 4) supports the feasibi­
lity of Eq. 4. However, it may be noted that Eq. 4 
is not capable of correlating directly the measured 
transport data with the composition. A prior calcula­
tion of the transport property at constant c value is 
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TABLE 2. EQUIVALENT CONDUCTANCE (cm2 equiv -112 -1) AND FLUIDITY*) (P-1) DATA AS A FUNCTION 

OF TEMPERATURE FOR Zn(N03)2-6.27H20-CoCl2 MELTS 

r/K 

298.0 
303.0 
308.0 

313.0 

318.0 

323.0 

328.0 

333.0 

338.0 

343.0 

348.0 

353.0 

358.0 

0.00 

2.2018 
2.7154 
3.2798 
(5.4731) 
3.9155 
(6.4785) 
4.5834 
(7.7262) 
5.3085 
(9.1206) 
6.1060 
(10.445) 

6.9042 
(11.963) 
7.8650 
(13.611) 
8.8010 
(15.340) 
9.8035 
(17.166) 
10.788 
(19.186) 
11.802 

5.11 

1.8449 
2.3135 
2.7556 
(4.9810) 
3.2549 
(5.9617) 
3.7962 
(7.1376) 
4.4806 
(8.4339) 
5.0947 
(9.7106) 
6.0133 
(11.209) 
6.7256 
(12.809) 
7.5293 
(14.464) 
8.4858 
(16.280) 
9.4167 
(18.194) 
10.189 

10.14 

1.6788 
2.0531 
2.4909 
(4.6869) 
2.9833 
(5.6028) 
3.5126 
(6.7591) 
4.1153 
(8.0108) 
4.7611 
(9.2242) 
5.4336 
(10.702) 
6.0507 
(12.183) 
6.8128 
(13.779) 
7.6675 
(15.477) 
8.4510 
(17.313) 
9.3328 

Co2+/mol % 
^ 

15.30 

1.3715 
1.7029 
2.0827 
(4.1956) 
2.5202 
(5.0615) 

2.9672 
(6.1107) 
3.4909 
(7.2884) 

4.0522 
(8.4380) 
4.6645 
(9.7868) 
5.2374 
(11.217) 
5.8140 
(12.709) 
6.5285 
(14.331) 
7.2951 
(15.981) 
8.0861 

20.52 

1.2240 
1.5276 
1.8662 
(3.7626) 
2.2446 
(4.5593) 
2.6862 
(5.5353) 
3.1459 
(6.6203) 
3.6636 
(7.6614) 
4.2118 
(8.8910) 
4.7756 
(10.207) 
5.4010 
(11.687) 
5.8786 
(13.176) 
6.5210 
(14.819) 
7.2206 

25.32 

0.9611 
1.2051 

1.4782 
(3.0931) 
1.7959 
(3.7968) 
2.1515 
(4.6526) 
2.5729 
(5.5541) 
2.9771 
(6.4863) 
3.4580 
(7.5625) 
3.9350 
(8.8178) 
4.4454 
(10.055) 
4.9597 
(11.554) 
5.4885 
(12.985) 
6.0014 

30.20 

0.8067 
1.0328 
1.2743 
(2.7808) 

1.5472 
(3.4258) 
1.8564 
(4.2229) 
2.2050 
(5.0849) 
2.5991 
(5.9803) 
2.9925 
(7.0034) 
3.4046 
(8.1453) 

3.8546 
(9.3439) 
4.3251 
(10.654) 

4.7842 
(11.917) 

5.2936 

a) Fluidity data are within parentheses. 

TABLE 3. COMPUTED PARAMETERS FOR Eq. 1 FOR THE FLUIDITY AND EQUIVALENT 

CONDUCTANCE DATA OF Zn(N03)2-6.27H20-CoCl2 MELTS 

Co2+ 
mol % 

0.00 
5.11 
10.14 
15.30 
20.52 
25.32 
30.20 

Ac 

340.54 
337.04 
324.54 
312.99 
299.51 
287.35 

268.96 

k$ 

685.01 
684.00 
680.00 
681.26 
680.96 
690.21 
681.00 

TQA 

180.00 
181.99 

183.06 
184.50 
186.00 
188.00 
189.97 

Std dev 
in <j> 

0.055 
0.049 

0.036 
0.024 
0.044 

0.061 
0.026 

AA 

161.52 
144.99 
128.97 
116.59 
103.81 
92.14 
80.89 

kA 

639.51 

642.52 
631.03 
635.60 
622.00 
625.01 
616.07 

To, A 

180.80 
182.00 
183.20 
184.48 
186.24 

188.30 
190.20 

Std dev 
in A 

0.024 
0.068 
0.031 
0.035 
0.044 

0.031 
0.015 

TABLE 4. COMPUTED PARAMETERS FOR Eq. 4 (£=1.5) 

FOR THE FLUIDITY*1) AND EQUIVALENT CONDUCTANCE 

OF Zn(N03)2-6.27H20-CoCl2 MELTS 

AY 

161.24 
(350.30) 

dir 

2.624 
(2.483) 

ky/K 

631.68 
(689.30) 

^o(o)/K 

178.69 
(180.30) 

n Std dev 
il2Y in y 

0.322 0.064 
(0.320) (0.035) 

a) Parameters for fluidity are within parentheses. 

necessary and in order to remove this difficulty an 

alternative expression may be written as 

Y= ( A r - ( l i F ^ ) e x p { - r r / r i n [ r / ( r 0 ( 0 ) + a 2 F iV)]} . 

(5) 

The measured fluidity and equivalent conductance 
data at all concentrations were least-squares fitted to 
Eq. 5 and reasonably good fits were obtained. The 
values of empirical parameters, A0Y, k'Y, T0(0), Q,1F, 

and Q2Y are given in Table 5 and were found to be 
very close to those obtained from the corresponding 
plots. Furthermore, linear plots (Fig. 5) of log [(A0Y— 
Q1YN)/Y] versus llT\n[TI(Toio) + d2YN)] provide 
graphical support to the validity of Eq. 5. Thus, we 
are able to describe satisfactorily the composition 
dependence of transport processes without depending 
upon the measurements as a function of temperature 
in the entire range of composition. 

Having examined the individual behaviors of vis­
cosity and electrical conductivity, their simultaneous 
representation may similarly be analysed. Walden's 
rule, Ar]=constant, fails to hold good in the cases of 
molten salt systems and is found to change both with 
temperature and concentration. T h e temperature 
dependence of Ar] product for the system under investi­
gation may quantitatively be described by the rela­
tions,3'6) 

j3?-^1exp[51/(r-r0)] (6) 
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TABLE 5. COMPUTED PARAMETERS FOR Eq. 5 FOR THE FLUIDITY11) AND EQUIVALENT 

CONDUCTANCE OF Zn(N03)2-6.27H20-CoCl2 MELTS 

ky/K 7o(o)/K ftl Std dev in In Y 

162.9± 1.1 
(345.2± 1.0) 

2.66±0.004 

(2.37±0.002) 

631.4±0.50 
(686.3± 0.41) 

178.5±0.04 
(177.3±0.09) 

0.324±0.001 
(0.328±0.001) 

0.055±0.007 
(0.0396±0.004) 

a) Parameters for fluidity are within parentheses. 

TABLE 6. BEST-FIT PARAMETERS FOR Eqs. 6 AND 7 FOR Ar] PRODUCT OF Zn(N03)2-6.27H20-CoCl2 MELTS 

Co2+ 
mol % 

0.00 
5.11 

10.14 
15.30 
20.52 
25.32 
30.20 

A1 

0.4714 
0.4341 
0.3756 
0.3464 
0.3329 
0.3071 
0.2867 

* i 

32.00 
30.00 
45.00 
46.00 
50.00 
55.00 
56.00 

TQ,AIJ 

177.84 
179.80 
181.40 
183.33 
185.30 
187.50 
189.20 

Std dev 
in Ar] 

0.0037 
0.0050 
0.0035 
0.0038 
0.0056 
0.0055 
0.0028 

A2 

0.4850 
0.4487 
0.3901 
0.3588 
0.3409 
0.3278 
0.2947 

B2 

2.7148 
2.4000 
3.5928 
3.5000 
3.7348 
3.6343 
3-8543 

VQ.A* 

152.75 
147.01 
142.30 
137.20 
132.50 
127.00 
122.70 

Std dev 
in Ar] 

0.0038 
0.0050 
0.0035 
0.0037 
0.0056 
0.0053 
0.0028 

TABLE 7. COMPUTED PARAMETERS FOR FRENKEL EQUATION 

FOR THE PRODUCT OF EQUIVALENT CONDUCTANCE AND 

VISCOSITY OF Zn(N03)2 .6.27H20-CoCl2 MELTS 

CO2+ 

mol % 

0.00 
5.11 

10.14 
15.30 
20.52 
25.32 
30.20 

1.0541 
1.0471 
1.0736 
1.0772 
1.0884 
1.0869 
1.0977 

0.4411 
0.5546 
0.5581 
0.6347 
0.6354 
0.6947 
0.7536 

Std dev 
in 7] 

0.006 
0.009 
0.007 
0.008 
0.012 
0.011 
0.006 

and, 

AV = A2exp[B2/(V-V0)]f (7) 

essentially based upon the "Vogel-Tammann-Fulcher" 
(VTF) and the "Dooli t t le" equations, respectively. 
The empirical parameters At, Bx, A2, and B% are the 
resultant of those for the individual A and i] values 
in the V T F and the Doolittle equations. V is the 
molar volume and V0 is the intrinsic volume at the 
ideal glass transition temperature, T0. T h e values of 
the best-fit parameters for Eqs. 6 and 7 are given in 
Table 6. T h e computed values of the parameters 
To, Ay and VO,AT] were in good agreement with those 
obtained independently from fluidity and conductance 
data, i.e., TO,#,A and VO,^,A values, respectively, 

emphasizing further the thermodynamic nature of these 
parameters. 

Moreover, the nature of At] product may also be 
explained by Frenkel equation, Anr]=constant, K, where 
n is the ratio of activation energies for the viscous and 
the conductance flows, EV\EA. The least-squares fitted 
values of the parameters for this equation are given 
in Table 7. 

An at tempt has been made here to understand the 
composition dependence of the Waiden product. It 
is worthy to note a monotonous decrease in Ar] with 
increasing composition (Fig. 6) and is different from 

l0yT\n[Tl(T0i0)+Q,2yN)] 

Of 
I 

ho 
o 

10Vrin[77(r0(0)4-Q,2riv-)] 

Fig. 5. Plots of log [(A0Y-dirN)IY] vs. \jT In [77 
(^o(o) + Q.2r^V)] for Zn(N03)2-6.27H20-CoCl2 melts 
(I: 308 K, I I : 318 K, I I I : 328 K, IV: 338 K, V: 
348 K). 

the behavior reported in G a ( N 0 3 ) 2 - 3 . 9 1 H 2 0 + G o C l 2 

and in ( C 4 H 9 ) 4 N I + C o C l 2 melts.3-15) As equivalent 
conductance decreases with increasing the composition 
of GoGl2, the variation of At] product of the present 
system seems to be mainly determined by the value 
of A. However, as the concentration increases the 
amount of decrease in At] lessens thereby reflecting 
the contribution of viscosity as well. 

Equat ion 5 may be written as 

Ar] = 
AQA-QIAN 

A0£ — (li<f>N 
exp 

k'j-k'A 
lTln[TI(T0(0) + d2YN)] J 

(8) 
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CHOL 
0.0 10.0 20.0 30.0 

mol % of Go2+ 

Fig. 6. Variation of At] product with composition for 
Zn(N03)2.6.27H20-GoCl2 melts. 

for describing the composition dependence of Arj 
product. The ratios of the variation of AA and A^ 
with N seems to be almost independent of composition 
as the slopes of AA and A$. vs. N are nearly equal 
(Fig. 2). This indicates that the similar species are 
taking part in the processes of conductance and viscous 
flows as suggested earlier. 16> Adam and Gibbs5) also 
suggested that identical species are responsible for the 
two kinds of flow. Therefore, the contribution of 
preexponential factor towards the variation of Ar] with 
concentration seems to be negligible and Eq. 8 may 
be approximated to 

T^lTHTKT^ + d^N)]]. (9) M = (A°À 

From above equation it is apparent that the difference 
in kY terms is almost constant while the denominator 
of the exponential term decreases with increase in 
concentration at a given temperature thereby resulting 
in a monotonous increase in the Ay product which is 
contrary to the observed trend. Instead, the ratio of 
activation energies for flow processes, E$\EA=n is 
greater than unity, also the value of n increases with 
the increase in concentration of CoCl2 may be res­
ponsible for the overall decrease of the Ar/ product 
with composition. 
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Solvent Extraction and Spectrophotometric Determination of Palladium 
with 3-(2-Hydroxy-5-methylphenyl)-5-(jp-methoxyphenyl)isoxazoline 
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3-(2-Hydroxy-5-methylphenyl)-5-(/>-methoxyphenyl)isoxazoline (HMPAO) is used for the simultaneous 
extraction and direct photometric determination of palladium. About 46 fxg of palladium was quantitatively 
extracted at pH 1.0—2.0 with 10 ml of 1.0xlO-3M HMPAO in isobutyl alcohol as a yellowish complex. It 
was measured spectrophotometrically at 332 nm. The system conformed to Beer's law over the concentration 
range 1.0—20.0 [xg of palladium per ml. The colour of the complex was stable for more than 48 h. Palladium 
was extracted quantitatively and was determined in the presence of large excess of ions which are associated with 
it. The extractable species was 1:2 (Pd: HMPAO) in nature. The equilibrium constants were determined 
according to the methods of Yatsimirskii and Leden with suitable modification. 

3- (2-Hydroxy-5-methylphenyl) -5- (/>-methoxyphenyl) -
isoxazoline (HMPAO) is the isomer of 2'-hydro-
xy-4-methoxy-5'-methylchalcone oxime ( H M M C O ) . 
The latter has been widely used and studied for the 
extraction of pal ladium1 - 3) and copper.3-4) H M P A O 
has the structural formula 

OH 

N / Os 
-OCH, II I 

The above reagent forms a light yellow complex with 
palladium around p H 2.0 which can be measured 
spectrophotometrically at 332 nm. 

The present paper deals with extraction studies of 
palladium with H M P A O in isobutyl alcohol. The 
proposed method for determination of palladium is 
simple, selective and sensitive. 

E x p e r i m e n t a l 

Apparatus and Reagent. A model DU 2 Beckman 
spectrophotometer with 10.0 mm quartz cells, and a model 
LI-10, ELIGO pH meter with glass electrode and saturated 
calomel electrode and a Ganson Shaker were used. 

HMPAO was synthesised from 2'-hydroxy-4-methoxy-5/-
methylchalcone as per the method of Borkhade5) and was 
crystallised from ethanol. About 0.002 M reagent in isobutyl 
alcohol was used. Fresh solutions were used. 

A stock solution of palladium was prepared by dissolving 
chloride-free palladium hydroxide obtained from 1 g pal­
ladium chloride (Johnson-Matthey) in perchloric acid and 
was standardized gravimetrically with dime thy lgly oxime.6) 

The dilute solutions were prepared by appropriate dilution. 
General Procedure. An aliquot of solution containing 

about 46 [xg of palladium was taken. After addition of 
water, the pH of the solution was adjusted to 2.0 with 0.1 M 
perchloric acid or sodium hydroxide and was made to 10 ml 
volume. It was then transferred into a 250 ml separatory 

TABLE 1. SPECTRAL PROPERTIES OF HMPAO 

IN ISOBUTYL ALCOHOL 

Molar extinction 
coefficient 

xio-4 

Beer's law range 
X l 0 5 M 

230 
258 
312 

2.85 
0.96 
0.50 

0.4—5.5 
0.2—17.0 
1.0—23.0 

funnel. The solution was equilibrated with 10 ml of 1.3 X 
10~3 M HMPAO in isobutyl alcohol for about 10 min. The 
light yellow organic phase was measured spectrophotometri­
cally at 332 nm against a reagent blank similarly processed. 
The amount of palladium was then calculated from the 
calibration curve. 

For interference studies a solution containing the desired 
ion was added before the pH adjustment. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra of HMPAO. The reagent 
H M P A O exhibits peaks of absorption at 230, 258, 
and 312 nm in isobutyl alcohol. Spectral data are 
given in Table 1. 

Distribution of Reagent. A 10 ml solution of 
H M P A O of known concentration, [ H M P A O ] to t, 
in the isobutyl alcohol was equilibrated with equal 
volume of aqueous solutions at p H 1.0—12.5 and ionic 
strength 0.2 M ( N a C l O J . The concentration of 
H M P A O in the organic phase, [ H M P A O ] o r g was deter­
mined by noting the absorbance of the solution at 
258 nm against the similarly processed solvent as a 
blank and reading from the calibration curve. The 
distribution ratio of H M P A O is thus: 

DR = [HMPAO]o r g/[HMPAO] t o t - [HMPAO]org . 

The results of H M P A O for isobutyl alcohol and water 
system are shown in Fig. 1. The distribution de­
creases above p H 11.0 which may be due to dissociation 
of the phenolic - O H . 

Proton-Ligand Stability Constant of HMPAO. If 
K* is the proton-ligand association constant and P B 

the partition constant of H M P A O , then the distribu­
tion ratio Z)R can be given by7) 

1 A D R = 1 / / > K + 1 / P R - X ? [ H + ] . (1) 

At low p H , Dn=PR, Thus Fig. I gives the value of 
l o g P E . The l o g P E for H M P A O between isobutyl 
alcohol and water becomes 1.82. 

T h e negative slope region of Fig. 1 satisfies the 
relation 

log {P*~DR) = P H - l o g X ? . 
^ R 

(2) 

This gives the value of log K? (12.08) for H M P A O 
(Fig. 2) . 

Absorption Spectrum of Pd-HMPAO Complex. The 
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2.0 6.0 6.0 8.0 10.0 
pH as measured on pH- meter 

12.0 14.0 

Fig. 1. Distribution of HMPAO between isobutyl 
alcohol and water as a function of pH-meter reading. 

325 350 

Wavelength, nm 

375 

Fig. 3. Absorption spectrum of Pd (II)-HMPAO com­
plex in isobutyl alcohol. 

pH-meter reading 

Fig. 2. Plot of log PR~DR
 VS. p H . 

absorption spectrum of P d - H M P A O complex (Pd = 
46 fjig) extracted at p H 2.0 against the reagent simi­
larly processed as a blank is shown in Fig. 3. The 
light yellow P d - H M P A O chelate solution shows maxi­
mum absorption at 332 nm. The molar absorptivity 
is 1.3 X 10* at 332 nm and the sensitivity (as per Sandell's 
definition) is 0.0055 fxg/cm2. 

Extraction as a Function of pH. The solvent 
extraction behaviour of P d - H M P A O system was studied 
in the p H range 0.5—6.0 (Fig. 4). I t was observed 
that the extraction is quantitative at p H 2.O. Beyond 
p H value 2.5 the percentage extraction decreases. 
Varying amounts of palladium ranging from 1.0 to 
20.0 [ig per ml were taken. They were extracted at 
p H 2.0 with 1 . 3 x l 0 3 M H M P A O in isobutyl alcohol. 
The light yellow palladium H M P A O system followed 
Beer's law at 332 nm in the concentration range 1.0— 

Fig. 4. Effect of pH on extraction of Pd(II). 

20.0 [i.g/ml of palladium (Fig. 5). The effective 
working range from Ringbom curve is 1.0—6.0 [xg/ml. 

Stability of Colour of the Complex. The absorb-
ance of the coloured complex was measured at inter­
val of 0.5, 8, 16, 24, 48, 96, and 120 h. T h e value of 
the absorbance was found to be constant viz., 0.575 
until 48 h. The absorbance after 72 h was about 
0.500. 

Period of Equilibration. With all other factors 
constant the period of shaking was varied from 2—120 
min. The extraction was quantitative when the period 
of equilibration exceed 10 min. 

Effect of Reagent Concentration. T h e concentration 
of the reagent was varied from 2.5 X 10 - 4 to 2.0 X 10_ 3M. 
Extraction was quantitative for the reagent concentra­
tion of greater than 1 . 3 x l O _ 3 M . It was incomplete 
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TABLE 2. EFFECT OF DIVERSE IONS 

[Pd]=46(jig, pH = 2.0 [HMPAO] = 0.0013 M 

2.0 Ù.0 6.0 8.0 10.0 12.0 

Concentration of Palladium in /ug/ml 

Fig. 5. Beer's law for Pd (II)-HMPAO in isobutyl 
alcohol. 

for lower concentrations of the reagent. 
Effect of Palladium Ion Concentration. The effect 

of Pd concentration on the extraction was examined 
at different p H values. It was found that the pos­
sibility of polymerization can be ruled out in the 
working range of metal ion concentration 1.0—20.0 
[xg/ml. 

Effect of Ionic Strength. The distribution of pal­
ladium was studied at various concentrations of sodium 
Perchlorate (0.2—2.0 M) at p H 2.0. The extent of 
extraction remains the same up to 0.8 M NaC10 4 . 
Above 1.0M, however, the extent decreases. 

Effect of Solvents. Various solvents such as 
isobutyl methyl ketone, 1-butanol, ethyl acetate, iso-
amyl alcohol and cyclohexanol were also tried. How­
ever, isobutyl alcohol is preferred as it gives a clear 
separation of the two phases and a less reagent blank 
absorbance. 

Effect of Diverse Ions. The interference of sever­
al ions on the extraction behaviour of palladium was 
studied. The tolerance limit was calculated as the 
amount necessary to cause ± 2 % error in the recovery 
of palladium. The results (Table 2) indicate that 
moderate amounts of many ions are tolerable. The 
ions showing strong interference include Cr ( I I I ) , 
Sn( I I ) , G a ( I I I ) , I n ( I I I ) , T1(I), and P t ( IV) . 

Precision and Accuracy. T h e absorbance obtain­
ed for fifteen determinations of 46 pig Pd was 0.575 
±0 .005 at 332 nm. Average relative and standard 
deviations were found to be 1.0 and 1.1%, respec­
tively. 

T h e method is rapid, simple and selective and permits 
separation and determination of palladium at tracer 
levels. The entire operation takes only 30 min. 

Composition of the Extractable Species. The 1:2 
(Pd: H M P A O ) composition of the extractable species 
was determined by Job's8) method as applied by Irving 
and Pierce9^ and slope ratio10) method as modified 
by Bhatki et al.,11) which was further supported by 
the distribution data analysis. 

Foreign ion 

Ag^ 

Al3+ 

Au3+ 

Cd2+ 

Co2+ 

Cr3+ 

Cu2+ 

Fe2+ 

Fe3+ 

Ga3+ 

Hg2+ 

In3+ 

Mn 2+ 

Ni2+ 

Os8+ 
pt4+ 

Rh3+ 

Ru3+ 

Sn2+ 

Th4+ 

Ti4+ 

T1+ 

vo2+ 
Zn2+ 

Z r 0 2 + 

F -

Gl -

Br~ 

S G N -

s2o3
2-

so 4
2 -

N 0 2 -

N 0 3 -

M o 7 0 2 4
6 -

wo 4
2 -

P O 4
3 -

G 2 0 4
2 " 

G H 3 G O O -

Malona t e 2 -

T a r t 2 -

Gitr3-

Ascorb -

E D T A 4 -

Added asa> 

A g N 0 3 

A1 2 (S0 4 ) 3 

HAuGl 4 

G d S 0 4 

G o S 0 4 

G r ( N 0 3 ) 3 

G u S 0 4 

F e S 0 4 

F e ( N 0 3 ) 3 

G a ( N 0 3 ) 3 

HgGl2 

I n ( N 0 3 ) 3 

MnGl 2 

N i S O , 

O s 0 4 

H2PtGl6 

RhGl 3 

RuGl 3 

SnCl2 

T h ( N 0 3 ) 4 

TiGl4 

T1G104 

voso4 
Z n S 0 4 

ZrOGl 2 

K F 

KG1 

KBr 

K S G N 

N a 2 S 2 0 3 

N a 2 S 0 4 

N a N O a 

N a N 0 3 

(NH 4 ) 6 Mo 7 0 2 4 

N a 2 W 0 4 

N a 3 P 0 4 

H 2 G 2 0 2 

G H 3 G O O H 

( G O O H ) 2 C H 2 

Tartar ic acid 

Gitric acid 

Ascorbic acid 

E D T A 
(disodium salt) 

Tolerance limit 

500 

2500 

6000 

5500 

12000 

500 

12000 

17000 

3500 

2600 

20000 

600 

1000 

10000 

500 

1000 

600 

300 

25000 

12000 

1000 

1500 

6000 

13000 

None 

22000 

36000 

40000 

6000 

23000 

19000 

30000 

25000 

3000 

2500 

6000 

6200 

1300 

1800 

2200 

2400 

10000 

800 

a) Water of 
brevity. 

crystallisation omitted for the sake of 

Metal-Ligand Formation Constants. The equili­
br ium constants of P d - H M P A O chelate were deter­
mined from the spectrophotometric data by Yatsi-
mirskii's12'13) and Leden's14) methods and are incor­
porated in Table 3. 

I t can be seen that the values of log kv log /:2, log /?ext, 
and log ß a b s obtained by different methods are in good 
agreement. 
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TABLE 3. PRIMARY PARAMETERS AND EQUILIBRIUM CONSTANTS FOR Pd(II)-HMPAO-isoBUTYL ALCOHOL SYSTEM 

^=0 .2 M (H+, Na+, G104") : Temperature = 30± 1 °C. 

Yatsimirskii's method Lenden's method 

Primary parameter Stability constant Primary parameter Stability constant 

a l X 1 0 - 8 = 6.9 
a2XlO-u=-l.5H 
ô l X 10- 4 =1 .35 
6 2 X l O a = - 7 . 5 

logA:1 = 4 .85±0.02 
log£2 = 4 .71±0.05 
log& = 9.56±0.08 
logjSext = 33.36±0.1 
logj»abB = 31.84±0.1 

^ X 10-5 = 0.78 
[HR]-»0 
^ 2 X10- 9 =1.20 
[HR]->0 

log£1 = 4.89:i;0.03 

log£2 = 4 .20±0.05 
logJff2=9.09±0.08 
log&xt = 32.89±0.1 
log/?abB = 31.37±0.1 
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The rare earth complexes of l-(2-pyridylazo)-2-naphthol (PAN=Hpan) are prepared in the solid state. 
The analytical, molecular weight and differential thermal analysis data of the complexes indicated the metal-
ligand ratio as 1:3 with the general formulae Ln(pan)3-H20 (Ln=Pr3 + , Nd3+, and Sm3+) and Ln(pan)3 (Ln= 
La3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, Er3+, and Yb3+). Based on IR, UV, and visible absorption spectra, electrical 
conductance and magnetic susceptibility data, an octahedral structure having the metal ion bonded through 
nitrogen of azo and oxygen of carbonyl groups of the ligand has been postulated to these complexes. 

The solvent extraction and the Potentiometrie studies 
of the complexes of lanthanoids with l-(2-pyridylazo)-2-
naphthol( I ) , (hereafter referred as P A N = H p a n ) have 
been reported in the literature.1 - 4) Besides, PAN has 
also been used for the detection and the spectrophotom-
etric determination of a large number of metal ions.5-11) 
But the synthesis and the characterization of its rare 
earth metal complexes in the solid state have not so 
far been reported. In this communication we report 

I O I . - H x 

I 

the preparation of the lanthanoid complexes of PAN 
in the solid state. Their probable structures have been 
established using analytical, IR , U V , and visible spectra, 
magnetic moment, conductivity, differential thermal 
analysis, and molecular weights data. 

E x p e r i m e n t a l 

All the chemicals used are of Analar or chemically pure 
grade. PAN (Riedel) was recrystallised from ethanol.12) 

Preparation of the Complexes. On slowly mixing a 
solution of 1 mmol of rare earth chloride in ethanol (10 ml) 
with a solution of 1 mmol of PAN in ethanol (40 ml) and 
adjusting its pH between 8 and 10 by dropwise addition of 
NaOH solution(0.1 M),** a dark red coloured thick precipitate 
was obtained. The slurry was then cooled to about 3—4 °C 
and kept at this temperature for 24 h. The precipitate was 
separated by centrifugation and it was then extracted several 
times with ether until the ether layer acquired no colour. 
The combined ethereal extract was evaporated to dryness 
whereby the red coloured complex of the lanthanoid was 
obtained. It was then kept in vacuum desiccator for about 
24 h and analysed. Yield 20—25%. 

In the above preparation the amount of PAN added to 
the metal ion solution was always less than the stoichiometric 
amount (1:1, in place of 3:1). If excess PAN was used, 
it gets extracted along with the complex into the ether layer 
which was difficult to remove. By using excess lanthanoid 
salt, its hydroxide which precipitates along with the metal 
complex remained unextracted in the ethereal layer. 

Analysis. The analyses of the metal ions were carried 

** 1 M = l mol/dm3. 

out gravimetrically by the standard oxalate method.13'14) 
Carbon, hydrogen and nitrogen analyses were performed 

by the Micro Analytical Section of the Indian Institute of 
Technology, Kanpur. The analytical results are given in 
Table 1. 

Measurements. The molecular weights of the complex­
es were determined cryoscopically. The measurements were 
carried out in purified benzene. The results are given in 
Table 1. 

Magnetic susceptibility measurements were made using a 
Gouy balance at room temperature (28 °G). Mercury tetra-
thiocyanatocobaltate(II) was used as a calibrant. The 
results are given in Table 1. 

The conductivity of the complexes were measured in N,N'-
dimethyl formamide using Philips PR 9500/90 type Conduc­
tivity Measuring Bridge. The results are given in Table 2. 

The electronic spectra of the ligand and the complexes 
were obtained in chloroform solutions using a Cary Model 
14 Recording spectrophotometer. Their IR spectra were 
recorded with a Perkin-Elmer 521 Infrared Diffraction 
Grating spectrophotometer in 4000—250 cm - 1 range. The 
samples were prepared as KBr pellets. Positions and as­
signments of the IR spectral bands of the ligand and the 
complexes are given in Table 3. 

The differential thermal analytical curves were taken on 
DTA-02 UNIVERSAL (VEB Laborelektronik, Halle, DDR). 

R e s u l t s a n d D i s c u s s i o n 

The analytical data of the complexes indicate the 
metal ligand ratio as 1:3 with the general formulae 
Ln(C 1 5 H 1 0 N 3 O) 3 -H 2 O (Ln=Pr 3 + , Nd3+, and Sm3+) 
and Ln(C 1 5 H 1 0 N 3 O) 3 ( L n = L a 3 + , Eu3+, Tb3+ ; Dy3+, 
Ho 3 + , Er3 + , Yb 3 + , and Gd 3 + ) . Their monomeric nature 
in solution is confirmed by the experimental values of 
the molecular weights (Table 1). 

The equivalent conductance values of the complexes 
in D M F at 28 °G when compared with those already 
reported15) indicate that they are non-electrolytes. 
This is further supported by their insolubility in water, 
and high solubility in most of the non-aqueous solvents 
like CHC13 , CC14, ether, C6H6 , etc. These complexes 
when dissolved in organic solvents are not very stable 
and the deep red coloured solution gradually changes 
to orange yellow. 

PAN has been reported to be a tridentate ligand 
where the bonding sites to the metal ion are oxygen 
of the hydroxyl group after deprotonation, azo and 
the pyridine nitrogen atoms.8>16~18) In order to inves­
tigate the bonding sites in the complexes the spectral 
and the magnetic studies have been carried out. 
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TABLE 1. ANALYTICAL DATA, MOLECULAR WEIGHT AND MAGNETIC MOMENTS OF THE COMPLEXES 

s. 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Formula of 
the complex 

La(C15H10N3O)3 

Pr(C15H10N3O)3.H2O 
Nd(C15H10N3O)3-H2O 
Sm(C15H10N3O)3.H2O 
Eu(G15H10N3O)3 

Gd(C15H10N3O)3 

Tb(G15H10N3O)3 

Dy(C15H10N3O)3 

Ho(C15H10N3O)3 

Er(C15H10N3O)3 

Yb(G15H10N3O)3 

Ligand G 1 5H nN 30 

/ 

nol wt 

884 
903 
907 
913 
897 
902 
904 
907 
909 
912 
918 
— 

C 

61.16 
59.81 
59.60 
59.17 
60.29 
59.92 
59.81 
59.58 
59.41 
59.27 
58.88 
72.00 

Calcd % 

H 

3.41 
3.57 
3.56 
3.53 
3.38 
3.35 
3.35 
3.33 
3.32 
3.32 
3.29 
4.40 

N 

14.27 
13.95 
13.90 
13.80 
14.06 
13.98 
13.95 
13.90 
13.87 
13.82 
13.73 
16.80 

Metal 

15.72 
15.59 
15.90 
16.46 
16.95 
17.42 
17.59 
17.91 
18.12 
18.34 
18.85 

— 

mol wt 

900.0 
923.4 
920.0 
917.0 
912.6 
880.0 
931.3 
890.2 
926.4 
928.1 
940.4 

— 

Found °/ 

G 

61.00 
59.94 
59.69 
58.60 
60.22 
59.30 
60.00 
60.10 
59.26 
59.64 
59.24 
72.20 

H 

3.80 
3.80 
3.77 
3.78 
3.31 
3.36 
3.50 
3.60 
3.77 
3.88 
3.30 
3.80 

0 

N 

13.90 
13.84 
14.17 
13.75 
14.21 
13.85 
14.10 
13.80 
14.32 
13.35 
14.00 
16.50 

—̂  M Ü 
^ Color ÇP-
Metal °C 

16.48 Dark red 133 
15.41 Dark red 220 
15.67 Dark red 296 
16.96 Dark red 297 
16.39 Dark red 302 
17.13 Dark red 305 
17.74 Dark red 299 
17.35 Dark red 302 
18.30 Dark red 294 
18.34 Dark red 249 
19.02 Dark red 231 

— Orange — 

(B.M.) 

Dia 
3.85 
3.87 
1.60 
3.30 
7.30 
9.06 

10.48 
10.54 
9.69 
4.70 

— 

TABLE 2. MOLAR CONDUCTANCE OF COMPLEXES 

IN DMF SOLUTION TEMPERATURE 28 °C 

S. No. Metal complex 
Concentration 
mol l-1 X 103 ohm s - 1 cm2 

1 La(C15H10N3O)3 1.621 41.21 
2 Pr(C15H10N3O)3.HaO 0.850 6.58 
3 Nd(C15H10N3O)3.H2O 0.904 3.95 
4 Sm(C15H10N3O)3.H2O 1.109 1.99 
5 Eu(CI5H10N3O)3 1.307 1.81 
6 Gd(C15H10N3O)3 0.878 1.01 
7 Tb(C15H10N3O)3 1.093 0.58 
8 Dy(G15H10N3O)3 1.009 0.51 
9 Ho(C15H10N3O)3 0.959 0.24 

10 Er(G15H10N3O)3 1.338 1.18 
11 Yb(C15H10N3O)3 0.527 0.44 

Infrared Spectra. Although the spectra of PAN 
and its chelates are complicated owing to the extensive 
overlap of a number of bands arising due to v(N=N), 
v ( O N ) , v ( O C ) , ^(C-H) and other bending modes 
in the region below 1700 cm - 1 , the systematic shifts 
in the positions of a few ligand bands in the spectra 
of the complexes suggest the probable modes of bonding 
in the complexes. Some of these major shifts along 
with the conclusions drawn from them are given below, 
a) The absorption bands observed at 3020 and 3080 
c m - 1 in the spectrum of PAN are due to r ( G - H ) . 
These bands are stable in position as well as in intensity 
when one goes from the ligand to the metal chelates 
indicating that these are purely due to r ( C - H ) . I t is 
interesting to note that instead of a well denned band, 
only a very broad and weak band appeared in the 
spectrum of the ligand around 3300 c m - 1 due to 
y (O-H) . This suggests a strong intramolecular hyd­
rogen bonding in the ligand which was confirmed 
earlier by N M R studies.5) In the spectra of all the 
metal chelates except those of Pr3 + , Nd 3 + , and Sm3 + , 
the intensity of the very broad band further decreased; 
but in the spectra of Pr3+, Nd3+, and Sm3+ chelates, 
the weak and broad band was evident indicating the 
presence of water molecule in these chelates. 

TABLE 3. POSITIONS AND ASSIGNMENTS OF THE IR 

SPECTRAL BANDS OF T H E LIGAND AND COMPLEXES 

Ligand (PAN) Complexes Assignment 

3080 
3020 
1620 
1570 
1450 
1230 

1615, 1600, 1525, 
1415, 1325, 1310, 
1270, 1150, 1040, 
995, 880, 850, 
800, 780, 765 

3080 

3020 
1550—1555 
1510—1515 
1390—1375 

Same position as 
in the spectrum 
of PAN 

( ± 5 cm-1) 

450—555 

v(C-H) 
v(C-H) 
v(G=0) 
v(N=N) 
v(N=N) 
<5(C-0-H) 

Bands due to 
pyridyl and 
naphthyl rings 

Two bands due to 
*(M-N) +v(M-0) 

b) The ligand molecule can exist in equilibrium both 
in azo and hydrazone forms as shown in I I and 
I I I . An intense band observed at 1620 c m - 1 in the 

I O I / H \ I O I /H , . 
\ N / \ N O 

N 

x/v 
i i 

N II 
X/\/V 

I II I 
III 

o ,H-. 
\ N / \ N O-

I O I - / H \ 
\ N / \ N O 

N 

i II i x/v 
i r 

N II 

nr 
spectrum of the ligand may be due to r ( O O ) of 
the hydrogen bonded ring systems of the hydrazone 
form. Although the carbonyl band normally should 
appear around 1700 c m - 1 , such a bathochromic shift 



590 I. M. RAO, D. SATYANARAYANA, and Umesh AGARWALA [Vol. 52, No. 2 

is observed in hydrogen bonded ring systems.19-20) 
T h e band at 1620 c m - 1 in the ligand is shifted to 
lower frequencies (1550—1555 cm - 1 ) in the metal 
chelate spectra as a result of the involvement of 
the O O " linkage in metal chelate ring as shown 
in IV. 

/ \ 
I O I / M x 
\ N / \ N O 

A I 
I II I 

IV 

c) T h e absorption bands due to azo linkage are 
generally observed at 1410 and 1570 cm-1 .21) T h e 
main difficulty in the assignment of a frequency to 
azo linkage is that the band due to v(N=N) would 
overlap with other absorption bands such as those of 
pyridine and/or naphthol rings. However, the posi­
tions of the two bands at 1570 and 1450 c m - 1 present 
in the ligand spectrum are shifted to 1510 and 1375 
c m - 1 , respectively. These shifts suggest the linkage of 
the metal ion with the azo group of the ligand. Since 
the positions of the other pyridine bands are not chang­
ed in the spectra of the chelates, it further suggests 
that the pyridine moiety of the ligand is possibly not 
involved in bonding. 
d) A band at 1230 c m - 1 present in the spectrum of 
the ligand was missing from the spectra of all the 
chelates. Hadzi22) has assigned a band at 1272 c m - 1 

in the spectra of similar azo compounds to the in-plane 
bending mode of C - O - H group. It is possible that 
the band at 1230 c m - 1 may arise due to the in-plane 
bending mode of G - O - H and the fact that the cor­
responding band is missing in the spectra of metal 
chelates suggests the deprotonation of the G - O - H 
group for the bond formation. This is essential in 
order to keep a charge balance between the metal 
ion and the ligand molecules. 
e) Two new bands appeared in the spectra of all 
the chelates between 450 and 550 c m - 1 . They may 
be coupled bands having contributions from both 
v (M-O) and v (M-N) . 

T h e I R spectral study, thus, suggests the bonding 
of the metal ions with the oxygen atom of the carbonyl 
and the nitrogen of the azo groups of the ligand. 

Electronic Spectra. T h e positions of absorption 
bands in the spectrum of PAN in the aqueous and 
non-aqueous media corresponded with those given in 
the literature.7) I t presented three well defined broad 
maxima in the visible region (555, 480, and 415 nm) 
besides other bands due to pyridine and 2-naphthol 
moiety in the U V region. T h e 480 nm band has two 
shoulders one at 465 n m and the other at 510 nm. 
T h e peaks at 555 and 510 nm may be attr ibuted 
to the hydrazone form ( I I I and I I I ' ) whereas the 
short wave maxima (480, 465, and 415 nm) due 
to azo (II and I I ' ) chromophore.2 2 - 2 5) In the spectra 
of all the chelates the bands at 555 nm and the 
shoulder band at 510 n m are intensified to a very 
large extent. Further , the shoulder band at 465 nm 

and the one at 415 nm showed a bathochromic shift 
( « 1 0 nm) . There was also a lowering in the intensity 
of the band at 460 nm. The positions of all the bands 
in the U V region remained practically constant. It, 
therefore, appears that in the chelate formation, the 
nitrogen atom of the azo group and the oxygen atom 
of the C - O - H group after deprotonation are taking 
part . I t is interesting to note that the relative increase 
in the intensity of 555 and 510 nm bands and also 
the relative decrease in the intensity of 465 nm band 
compared to that of 485 nm band decreases with the 
increase in the atomic number of the metal ion. 
Similar effect is observed in the bathochromic shift of 
the 465 and 415 nm bands (the higher the atomic 
number, the lower the shift). This correlation may 
be due to the fact that the interaction of the metal 
ion decreases with the increase in atomic number. 

T h e bands due to f-f transitions corresponding to 
the metal ions could not be located in the spectra of 
the chelates. This is what one should expect because 
the bands due to metal ions will be very weak (e« 
1—10) and they will be masked by the intense bands 
of the ligand molecule. 

Magnetic Moments. T h e values of the magnetic 
moments of the complexes are summarized in Table 
1. These values compare very well with those measur­
ed for other simple compounds26) and those calculated 
for the uncomplexed ions.27,28) The relatively small 
differences from the calculated values of Van Vleck 
suggest either minor or no involvement of the 4 f 
orbitals in the bonding. 

T h e differential thermal analysis curves indicated 
in general the decomposition of the complexes around 
250—300 °C. In case of Pr3+, Nd3+, and Sm3+ complex­
es a dehydration step beginning at about 80 °G is 
observed indicating the presence of water molecule 
in these complexes as water of hydration. 

Thus, on the basis of the above studies, the octahedral 
structure of the complexes having metal ion bonded 
through nitrogen of azo and oxygen of carbonyl group 
of the ligand has been proposed. 

T h e authors wish to thank Apache Chemicals, Inc. 
Illinois (USA) for providing rare earth oxides as 
gift. One of us (I. M. Rao) thank the Council of 
Scientific and Industrial Research, New Delhi, India, 
for the award of Junior Research Fellowship. 
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Extraction-Spectrophotometric Determination of Vanadium(V) 
Employing iV^Hydroxy-iV1, A^2-diarylbenzamidines 

and Various Adduct-forming Substances 
K. S. P A T E L * and R. K. MISHRA 

Department of Chemistry, Ravishankar University, Raipur, M.P., India 
(Received March 13, 1978) 

The reactions of 16 newly synthesized ^-hydroxy-iV1,iV2-diarylbenzamidines with vanadium (V) in presence 
of various adduct-forming substances have been investigated photometrically in chloroform. The present study 
indicated the formation of 1:2:1 metal:reagent:acetic acid or phenol and 1:2:2 metal:reagent:thiocyanate com­
plexes. On the basis of strong synergism, which is attributed to mixed-complex formation, simple, rapid, 
sensitive and selective methods for the spectrophotometric determination of microgram quantities of vanadium-
(V) have been developed. The influence of experimental variables on the procedures have been discussed. 

A number of monobasic and bidentate chelating 
agents1-15) react with vanadium(V) to form 1:2 (metal: 
ligand) complex having a basic V = 0 group and an 
acidic V - O H group in the same molecule. The basic 
V = 0 group reacts with acidic substances like carboxylic 
acids, hydrogen chloride, phenols etc. to produce hyper-
and bathochromic effects. iV^-Hydroxy-iV^iV^-diaryl-
benzamidines, a new type of monobasic and bidentate 
chelating agents possessing the function, I, react with 

— C = N — 
I 

—N—OH 

Formula I. 

vanadium (V) to form coloured 1 : 2 (metal : ligand) 
complexes. I t is very likely that the basic V = 0 group 
of the complexes reacts with acidic substances such 
as acetic acid, phenol, jfr-chlorophenol and 2-naphthol 
to produce hyper- and bathochromic effects in chloro­
form solution, accompanied by synergism. The 
formation of both 1:2:1 (metal digand: acetic acid or 
phenol) and 1:2:2 (metal: ligand ithiocyanate) com­
plexes is adaptable to the development of sensitive and 
selective methods for the spectrophotometric determi­
nation of traces of the metal. 

The selectivity of the method for vanadium(V) em­
ploying iV1-hydroxy-iV1,iV2-diarylbenzamidines enables 
the direct determination of vanadium in steels and 
other materials.16) This and other excellent qualities 
of iV-hydroxyamidines as reagents for vanadium (V) 
gave us an encouragement to search for better reagents 
amongst the family of iV-hydroxyamidines. A number 
of compounds of the general formula, I I , have, therefore, 
been synthesized and examined as possible reagents 
for vanadium (V). 

R3— G = N — R2 

Rr— N— OH 

Formula II . 
R2 is phenyl, />-tolyl, m-tolyl, 2,5-dimethylphenyl, or 2-
methyl-4-chlorophenyl ; R2 is phenyl, />-tolyl, m-tolyl, 
or /?-chlorophenyl ; R3 is />-tolyl. 

Of the 16 reagents examined in the present investiga­
tion iV^-hydroxy-TV1- ( jb-chlorophenyl) -TV2- (2-methyl-4-
chlorophenyl)-jb-toluamidine hydrochloride (HGPMG-
P T H ) , which has the largest molar absorptivity for 
its vanadium (V) complexes has been studied in detail. 

Exper imenta l 

Apparatus and Solutions. A Carl Zeiss Specord recording 
ultraviolet-visible spectrophotometer and an EGIL UV-VIS 
spectrophotometer model GS-865 equipped with 1-cm quartz 
and silica cells were employed for recording spectra and 
absorbance measurements respectively. Systronic pH meter 
Type-322 was employed for the determination of pH values 
of the solutions. Twice distilled water and ethanol-free 
chloroform were used for solution preparations. 

A stock solution of vanadium (V) was prepared by dis­
solving ammonium metavanadate in water and the solution 
standardized volumetrically with potassium permanganate.20) 

Solutions of cations were prepared from analytical reagent 
grade chlorides, sulfates or nitrates and those of anions were 
obtained by dissolving their sodium or potassium salts. 

Reagents. ^-Hydroxy-iV^iV^-diarylbenzamidines were 
prepared by the condensation of equimolar quantities of 
iV-aryl-j&-toluimidoyl chloride and iV-arylhydroxylamine in 
ether medium.16»21) The resulting hydrochloride was filtered 
and crystallized from absolute alcohol. The free bases were 
obtained by treatment of hydrochlorides with dilute ammonia 
solution and crystallized from benzene .'petroleum ether (2:1). 
All these compounds gave satisfactory G, H, and N analyses. 
0.005 M ( 1 M = 1 mol/dm3) solutions of these reagents were 
used for extraction studies. 

Procedure. Transfer an aliquot of vanadium(V) 
solution to a sépara tory funnel. Add suitable quantity of 
adduct-forming substance. Dilute to 25 ml with distilled 
water and add 10 ml of chloroform solution of the reagent. 
Shake the contents of the funnel vigorously for 2 min and 
allow the phases to separate. Dry the chloroform extract 
over anhydrous sodium sulfate and transfer to 2 5-ml volum­
etric flask. Dilute the extracts to 25 ml with chloroform and 
scan the absorption spectrum of the coloured extract against 
chloroform or reagent blank. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra. The absorption spectra of 
v a n a d i u m - H G P M G P T H complex in the absence and 
presence of adduct-forming substances are shown in 
Fig. 1. When adduct-forming substances are added 
to chloroform solution of v a n a d i u m - H C P M C P T H 
complex, a hyper- and bathochromic effect is noticed 
which is attributed to mixed complex formation. The 
2 m a x and s depend on the nature of Af-hydroxyamidine 
and the adduct-forming substance. The spectral 
characteristics of vanadium complexes of H C P M C P T H 
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T A B L E 1. SPECTRAL CHARACTERISTICS 

Adduct-
forming 
substance 

Acetic acid 

Thiocyanate 

Phenol 

/>-Chlorophenol 

2-Naphthol 

O p t i m u m acidity 
ranges of 

acetic acid 
M 

1.0—10.0 

0—2.0 

0—3.0 

0—2.5 

0—3.0 

Determination of Vanad ium (V) 

OF V A N A D I U M - H C P M C P T H COMPLEX IN 

OF ACETIC ACID, THIOCYANATE, AND 

Color 

BV 

D G 

B 

B 

GB 

'"•max 

n m 

580 

610 

590 

600 

620 

e 

1 m o l - 1 c m - 1 

2900 

6500 

6300 

6800 

6500 

PHENOLS 

O p t i m u m concn 
ranges from 
Beer's law 
(Opt imum concn 
ranges from 
Ringbom plot) 
p p m of V 

1.0—16.0 
(2 .0—13.0) 

1.0—7.0 
(1 .5—6.0) 

1.4—7.0 
(1 .6—6.5) 

1.0—7.0 
(1 .2—6.0) 

1.2—7.0 
(1 .5—6.4) 

THE PRESENCE 

Sensitivity 

[Lg cm 
of V 

0.017 

0 .0080 

0.0085 

0.0075 

0.0080 

593 

Relative 
standard 

deviation*) 
0 / 
/o 

± 0 . 8 0 

± 0 . 6 0 

± 0 . 5 2 

± 0 . 7 4 

± 0 . 5 0 

BV, blue-violet; DG, deep-green; B, blue; GB, greenish-blue; O, pH 3.0. 
a) 10 measurement are made, each containing 4 ppm of V. 

^2 

Wavelength/nm 

Fig. 1. Absorption spectra. 
• : 7.35 x 10-6 M Cv +0.003 M CHCPMCPTH+ 0.03 Mp-
chlorophenol, 0 : 5.84 X 10"5 M Cv + 0.003 M CHCPMCPTH 
+ 0.01 M thiocyanate, D : 7.40 X 10~5 M Cv + 0.003 M 
CHCPMCPTH + 1 M acetic acid, • : 6.40 X 10-5 M Cv + 
0.003 M CHCPMCPTH, A : 0.003 M CHCPMCPTH. 

are recorded in Table 1. 
Effect of Reagents Temperature and Time. For 

complete extraction of vanadium (V), acetic acid system 
requires a 12 fold molar excess of iV-hydroxyamidine, 
whereas the optimal amount of JV-hydroxyamidine 
required for quantitative transfer of the metal to organic 
phase following thiocyanate and phenol systems are 
6 and 3 fold molar excess of the reagent respectively. 
The thiocyanate and phenol systems necessitate 8 and 
250 fold molar excess of thiocyanate and phenols 
respectively for complete extraction of vanadium (V). 
Order of addition of reagents is not critical. Variation 
in temperature from 20 to 35 °C does not affect the 
Xm&x and absorbance of coloured systems. 

T h e extracts of acetic acid and thiocyanate systems 
are stable at least 50 and 35 h respectively. T h e 
H C P M G P T H - p h e n o l - v a n a d i u m complexes are stable 
in chloroform for at least 30 h at 2 7 ± 2 °G. 

Nature of Adducts. The composition of the ad-
ducts were determined by various methods. The ratio 
of vanadium to JV-hydroxyamidine was determined by 
mole ratio22) and continuous variation methods,23) and 
vanadium to adductant by curve fitting method.24) 
In the thiocyanate system the ratio of vanadium to 
thiocyanate was determined by mole ratio method 
and slope ratio method.25) T h e results indicate that 
V : H O A m : L (acetic acid or phenol) ratio in adduct is 
1:2:1 and in thiocyanate system V : H O A m : S C N ratio 
is 1:2:2 as indicated in the V(V)-8-quinolinol-thiocya-
nate complex.26) 

W-Hydroxy-W^-diarylbenzamidines as Reagents for 
Vanadium (V). All the 16 newly synthesized rea­
gents were tested for their potentialities towards the 
spectrophotometric determination of vanadium (V). 
Beer's law was tested and confirmed for each system. 
All these compounds reacted with vanadium in presence 
of adduct-forming substances in a similar manner with 
only slight variation in the value of Amax and e. The 
vanadium-iV-hydroxyamidine-acetic acid complexes 
possess ^ m a x in the range 570—585 nm with molar 
absorptivities in the range 2900—4300 1 m o l - 1 c m - 1 . 
The thiocyanato-vanadium complexes of these reagents 
show maximum absorption at 605—610 nm (e=5100— 
6500). The vanadium complexes of the present 
reagents in the presence of phenol, jb-chlorophenol and 
2-naphthol have absorption maxima at 590—595 ( e = 
4600—6650), 595—600 (e=4950—6800), and 590— 
620 nm (e=4600—6650) respectively. T h e substitu­
tion of ^ - p h e n y l group (R-J or iV2-phenyl group (R2) 
with aryl groups has only slight bathochromic effect. 
Of the various group tested, /»-chlorophenyl causes 
highest hyperchromic shift, when attached to hydroxyl-
amine nitrogen atom. Substitution of R 2 with 2-
methyl-4-chlorophenyl group results into the highest 
hyperchromic shift in the thiocyanate, />-chlorophenol 
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and 2-naphthol complexes. 
Effect of Diverse Ions. To evaluate the tolerance 

limits for different ions, solutions containing 4 p p m of 
vanadium (V) and varying amounts of other ions were 
analyzed as described above. Absorbance errors above 
2 % were considered to indicate interference. 

In acetic acid system, tungsten(VI) seriously inter­
fered. T h e system, however, tolerates the presence 
of the following ions, the tolerance limits of which are 
given in parentheses (ppm) : citrate (500) ; tartrate (600) ; 
fluoride (500) ; chloride, bromide, nitrate, or sulfate 
(1500); phosphate(1000); arsenate (400) ; phthalate 
(800); triethanolamine or selenate(1000) ; alkali ele­
ments (1500); alkaline-earth elements (1000); lanthan-
oid elements (1000); Ni2+, Zn2+, Gd2+, or Hg2+(800); 
Gu2+(600); Go2+(700); Sb3+(750); Bi3+(600), Gr3+ 
(500); Th4+(800); Tl3+(1000); Pb2+(800); Mn2+(700); 
Fe3+(800); Be2+(1000); Ti4+(20); Zr4+(60), and Mo6+ 
(400). 

In /»-chlorophenol system i ron(II I ) and tungsten-
(VI) interfered. However, the interference due to 
Fe 3 + was eliminated by masking with trisodium phos­
phate. The tolerance limits for various ions are shown 
in parentheses (ppm) : Ni2+, Co2+, Zn2+, Gd2+ Hg2+ 
(600); Pb2+, UO 2

2+(500); Mo6+(200); Zr4+(100); Ti4+ 
(40); Gu2+(200); Bi3+, Fe3+(800); Sb3+(600); Al3+, 
Cr3+(500), and Th4+(600). Alkali and alkaline-earth 
elements and lanthanoid elements, chloride, bromide, 
iodide, fluoride, nitrate, sulfate, citrate, tartrate, arse­
nate, phosphate, phthalate and borate have no interfer­
ing effect. 

In thiocyanate system the interference due to Fe 3 + 

was removed by masking with trisodium phosphate. 
The tolerance limits for other ions are indicated in 
parentheses (ppm) : Cr3+, Al3+(500); UO 2

2+(400); 
Zr4+(100); Mo6+(300); Cu2+(200); Go2+, Ni2+, Cd2+, 
Zn2+, Hg2+(500); Ti4+(60); W6+(20); Fe3+(800); Th4+ 
(800). Alkali metals, alkaline-earths, lanthanoid ele­
ments, chloride, bromide, fluoride, nitrate, sulfate, 
arsenate, phosphate, phthalate, borate, citrate and 
tar trate have no interfering effect on the determina­
tion. 
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Studies on iV^Hydroxy-iV^iV^diarylbenzamidines as Metal Complexing 
Agents : Extraction-Photometric Determination of Iron(III) as 

Thiocyanato and Azido Mixed Ligand Complexes with 
iV^Hydroxy-iV^iV^diphenyl-p-toluamidinefHDPTA) 
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iV'1-Hydroxy-iV'1,JV'2-diarylbenzamidines react with iron(III) in presence of thiocyanate and azide forming 
coloured complexes which are quantitatively extractable in benzene. The extraction of iron(III) as red Fe(III)-
L-(SCN_)2 complex is quantitative at 0.1—0.6 M hydrochloric acid concentration, whereas the Fe(III)-L-
(N3-)2 complex gets quantitatively extracted into benzene at pH 1.0—2.5. The ternary iron (III)-thiocyanato 
complex of JV1-hydroxy-j\T1,JV'2-diphenyl-/>-toluamidine (HDPTA) has a fairly large molar absorptivity (1.01 X 
104 1 mol - 1 cm-1) and the spectrophotometric method based on this colour reaction is highly selective as almost 
all common ions including Fe(II) do not interfere. The method employing the formation of ternary iron(III) : 
HDPTA: azide complex is also highly selective. 

Thiocyanate is frequently used for the spectrophoto­
metric determination of traces of iron(III) .1) This 
method, which is simple, rapid, fairly sensitive and 
free from interference of Fe( I I ) , and can be applied 
in strongly acidic medium, suffers from interference 
due to a large number of experimental factors. These 
include time of standing, thiocyanate concentration, 
non-linearity of Beer's law etc. Even the modified 
method2^ lacks selectivity as various elements such 
as manganese, zinc, cadmium, copper, nickel, coblat, 
titanium, uranium, and molybdenum interfere.3,4) 
A recent investigation bases the formation of ter­
nary iron (III) -thiocyanate-iV-hydroxyethylenediamine-
N,NX, iV1-triacetate to develop a fairly selective spectro­
photometric method,5) but only at the expense of 
sensitivity. 

iV1-Hydroxy-iV1,iV2-diarylbenzamidines,6_8) a new 
type of reagents react with i ron(III ) forming blue9) 
and red-purple10) p H dependent complexes in ethanol. 
However, in the presence of thiocyanate these reagents 
produce an intensely red ternary complex which is 
quantitatively extractable into benzene from hydro­
chloric acid solutions. The present paper reports 
the use of ^-hydroxy-iV1,iV2-diphenyl-/>-toluamidine 
(HDPTA) and 18 analogous compounds possessing 
the general formula-I, for the extractive-spectrophoto-
metric determination of microgram quantitities of 
i ron(I I I ) . The present method is sensitive and highly 

R2— N = C — R3 

H O — N — R Ï 
Formula I. 

R3 is /»-tolyl; R2 is phenyl, /»-tolyl, m-tolyl, 2,5-
dimethylphenyl, 2-methyl-4-chlorophenyl, or 2-meth-
yl-5-chlorophenyl; Rj is phenyl, p-to\y\, wz-tolyl, or 
^-chlorophenyl. 

selective as Fe(II) and almost all common ions includ­
ing those which usually interfere with the parent thio­
cyanate method and other literature methods11) do not 
interfere. The present paper also describes a new spec­
trophotometric method based on the benzene extraction 
of i ron(III) as its ternary H D P T A and azide complex. 

This method, though relatively less sensitive is also 
very selective. 

E x p e r i m e n t a l 

Apparatus. A Carl-Zeiss 'Specord' UV-VIS spectro­
photometer and an EGIL UV-VIS spectrophotometer model 
GS-865 with 1-cm matched quartz and silica cells were 
employed for recording the spectra and absorbance measure­
ments respectively. A Systronic pH meter type-322 was 
used for determination of pH values. 

Standard Iron(III) Solution. Stock solution of iron(III) 
was prepared by dissolving about 0.62 g of pure iron wire(E. 
Merck) in 50 ml of 1:3 nitric acid. It was boiled to expel 
oxides of nitrogen and diluted to 1 litre. This solution was 
standardised gravimetrically employing 8-quinolinol.12> 

One percent aqueous solutions of potassium thiocyanate 
and sodium azide were also prepared. All the chemicals 
used were of analytical reagent grade. 

Preparation of "H-Hydroxyamidines. iV1-Hydroxy-iV1,iV2-
diarylbenzamidines were prepared by condensation of 
equimolar quantities of iV-aryl-/>-toluimidoyl chloride with 
iV-arylhydroxylamine in ether.13'14) The resulting hydrochlo­
ride was filtered and treated with dilute ammonia to liberate 
the free base. The free bases were recrystallised from pe­
troleum ether (60—80 °G) : benzene (1:2) and the hydrochlo­
rides were crystallised from absolute ethanol. All these 
compounds showed infrared spectral bands characteristic 
of ^-hydroxy-N1, iV2-diarylbenzamidines.13>u) 

Solutions of iV-hydroxyamidines (0.1%) in benzene were 
used for extraction purposes. 

Procedure. Place an aliquot (10 ml) of iron(III) 
solution containing 50—120 [xg of the metal in a separatory 
funnel. To this, add 5 ml of 1% potassium thiocyanate/ 
sodium azide solution. Adjust the acidity to the required 
value and dilute to 25 ml. Introduce 25 ml of benzene 
solution of ^-hydroxy-JV^iV^-diphenyl-p-toluamidine (0.1%; 
0.003 M) and equilibriate for 2 min. Dry the benzene 
extract over anhydrous sodium sulfate and measure the 
absorbance at the wavelength of maximum absorption against 
reagent blank. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra. The absorption spectra of 
ternary thiocyanate and azide complexes of i ron(III) 
with H D P T A are shown in Fig. 1. H D P T A reacts 
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Fig. 1. Absorption spectra of ion (III) ternary com­
plexes and reagent. 
- 0 - : 8.47 ppm Fe(III)-f 0.1% HDPTA + azide, 
- # - : 2.54 ppm Fe(I I I )+0.1% HDPTA + thiocyanate, 
- © - : 0.1% HDPTA(w/v) in benzene. 

with i ron(I I I ) forming blue (Amax, 580 nm) and red-
purple (^max5 540 nm) pH-dependent ethanol-soluble 
complexes. However, in the presence of thiocyanate 
an intense red complex (Amax, 460 nm) is developed. 
T h e wavelength of maximum absorption of the 
ternary i r o n ( I I I ) - a z i d e - H D P T A complex is 520 nm. 
Both these complexes are quantitatively extractable 
in benzene. As the reagent (HDPTA) shows negligible 
absorption at 450 nm and onwards, the reagent blank 
can be replaced by benzene. 

Effect of Variables. Various solvents such as 
chloroform, carbon tetrachloride, toluene, benzene 
etc. were found to extract the ternary complexes quanti­
tatively. However, benzene was found to be the 
best extracting solvent as in this the sensitivity of the 
complexes is enhanced and complete extraction is 
relatively rapidly accomplished. 

The acidity of the solutions were maintained with 
hydrochloric acid and ammonia. If the hydrochloric 
acid concentration of the aqueous phase in case of 
thiocyanate system lies in the range 0 .01—1.0M, the 
position of the absorption band of the benzene extract 
remains intact. However, the opt imum acidity range 
was found to be 0.10—0.65 M HCl in which i ron(III) 
was quantitatively extracted. The opt imum p H range 
for complete extraction of iron employing H D P T A and 
azide was 1.0—2.5. 

Generally a 30 fold molar excess of H D P T A was 
adequate for full colour development. In thiocyanate 
ternary system, a 30 and 130 fold molar excess of the 
ligand and thiocyanate respectively is necessary for 
complete extraction of i ron( I I I ) . T h e azide ternary 
system requires a 25 and 100 fold molar excess of 
hydroxyamidine and azide respectively. The presence 
of H D P T A , thiocyanate, and azide in large causes no 
adverse effect. Order of addition of reagents was 
not critical in these systems. 

An equilibriation period of 2 min was sufficient for 

complete extraction of i ron(III) mixed ligand com­
plexes. Prolonged extraction has no harmful effect 
on the determination. Variation of temperature of 
the aqueous phase from 20 to 35 °G did not affect 
the absorbance and Amax of ternary complexes. Both 
the systems were stable for at least for 30 h at 2 7 ± 2 °C. 

Nature of Complexes. The composition of thio­
cyanate and azide mixed ligand complexes was de­
termined by curve fitting method.15) T o determine 
the ratio of Fe(I I I ) to H D P T A , the concentration of 
i ron(III ) was kept constant and X~ (SGN~ or N3~) was 
taken in excess and then, the concentration of H D P T A 
was varried. Log absorbance was plotted against 
log M of H D P T A . Similarly the number of X~ at­
tached to Fe(II I ) were also found out. The results 
indicated the formation of 1:1:2 (metal : H D P T A : 
thiocyanate or azide) ternary complexes. 

T h e molar absorptivities of the Fe(I I I ) : thiocyanate: 
H D P T A and Fe (III) : azide : H D P T A complexes 
are 1.01 X 104 and 4 x l 0 3 1 mol"1 cm" 1 respectively. 
T h e Sandell sensitivities of the colour reactions are 
0.0054 and 0.0140 \Lg cm~2 of Fe(I I I ) for thiocyanate 
and azide systems respectively. The iron concentration 
ranges which follow Beer's law are 0.4—4.8 ppm for 
thiocyanate system and 0.6—12.0 ppm of Fe(II I ) for 
azide system. Ringbom plot16) suggested optimum 
and effective metal concentration range of 0.8—4.0 
and 2.0—11.0 ppm for thiocyanate and azide systems 
respectively. T h e relative standard deviation for the 
determinations based on thiocyanate and azide colour 
reactions are ± 0 . 8 2 and ± 0 . 6 0 % respectively. 

W^-Hydroxy-W^^-diarylbenzamidines as Reagents for 
Iron (III). T o study the influence of substituents 
on the complexing properties of the functional group­
ing, 18 analogues of H D P T A were synthesised and 
tested for their potentialities towards the extractive 
separation and spectrophotometric determination of 
iron. The absorption spectra of the ternary complexes 
of these reagents were scanned. T h e average molar 
absorptivities of the coloured complexes were evaluated 
at the wavelength of maximun absorption and on the 
basis of iron content. T h e experimental details are 
the same as described for H D P T A . Adherence to 
Beer's law was tested and confirmed for each system. 
I t is observed that the ternary iron (111) thiocyanate 
complexes of iVrl-hydroxy-iVrl,iVr2-diarylbenzamidines 
show maximum absorption at 460—465 nm having 
molar absorptivities in the range 10100—134001 mol"1 

c m - 1 . Thus , substitution at azomethine or hydroxyl 
nitrogen atom has no effect on the position of Amax. 
However, the substitution of the iVri-phenyl group of 
H D P T A with aryl substituents displayed hyperchromic 
effect in the order jfr-chlorophenyl>jfr-tolyl>m-toryl. 
T h e replacement of the iVr2-phenyl group with aryl 
groups also resulted into hyperchromic shifts, the order 
being2-methyl-4-chlorophenyl>2,5-dimethylphenyl>2-
methyl-5-chlorophenyl >/>-tolyl > m-tolyl. Thus, ^ - h y ­
droxy- ̂ - ( jb-chlorophenyl ) -^ 2 - (2 - methyl - 4- chlorophe-
nyl)-/?-toluamidine has the largest value for molar ab­
sorptivity. In azide ternary systems only slight varia­
tion in the value of 4 m a x and £max were noticed. 

Effect of Diverse Ions. To study the influence 
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of various foreign ions, a fixed amount of i ron(III) 
was mixed with varying amounts of diverse ions and 
the extraction of iron was carried out according to 
the recommended procedure. The tolerance limits of 
diverse ions(ppm) which cause an error less than 
± 2 % are shown in parentheses. 

Thiocyanate System. (0.4 M HCl; 2 ppm iron). Al­
kaline earth and lanthanoide elements (2000) ; Fluoride 
(800) ; phosphate or arsenate (1400) ; Cu2+(100) ; Ni2+ or 
Co2+ (400); Zn2+(1500); Cd2+(1300); Al3+(600); 
Cr3+(500); Fe2+(800); Mn2+(600); Se4+(300) ; Th4+ 
(200); Ti4+(100); Zr4+(700); V5+(50) ; Mo6+(15); 
W6+(50); U6+(600). 

Manganese (I I) inhibits colour development. How­
ever, its interference could be overcome by the addition 
of ammonium peroxomonosulfate. 

Azide System. (pH 1.5±0.2; 6ppm iron). Al­
kaline earth and lanthanoid elements ( 1600) ; Chloride 
(3000); sulfate(2500) ; Zn2+ or Cd2+(800); phosphate 
(400); Ni2+ or Co2+(400); Cu2+(100); Al3+(500); Cr3+ 
(450); Fe2+(500); Mn2+(200); Th4+(500); Ti4+(100); 
Zr4+(500); Mo6+(50); W6+(200); U6+(400). 

The laboratory facilities provided by the authorities 
of Ravishankar University, Raipur are gratefully 
acknowledged. 
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Hydrogen peroxide catalyzes the reaction between hexaaquachromium(III) and ethylenediaminetetraacctic 
acid, while chromium (I II )-EDTA complex accelerates the decomposition of hydrogen peroxide. A mechanism is 
suggested for the reaction on the basis of gasvolumetric and spectrophotometric experiments. 

Yamamoto and Ohashi1) reported that hydrogen 
peroxide accelerates the reaction between hexaaqua-
chromium(II I ) and ethylenediaminetetraacetate in 
acidic medium. The effect was found proportional to 
the concentration of hydrogen peroxide. According 
to the mechanism suggested by the authors hydrogen 
peroxide oxidizes chromium(II I ) to chromium(IV) 
and/or chromium (V) which then reacts rapidly with 
EDTA. T h e chromium complex in higher oxidation 
state can react either with chromium (III) or with 
hydrogen peroxide: 

Cr(III) 

Cr(IV)-EDTA-

H 2 0 2 

-> Gr(III)-EDTA -j- Gr(IV) 

-> Cr(III)-EDTA + 1/4 0 2 
(1) 

Analogous reactions are also assumed for the G r ( V ) -
E D T A complex. 

However, the reactions with hydrogen peroxide 
were eliminated from the mechanism since no evolution 
of oxygen was observed for one half time. Since these 
reactions seem to be essential we have carried out 
measurements on the evolution of oxygen. 

E x p e r i m e n t a l 

The experimental conditions were the same as those re­
ported by Yamamoto and Ohashi.1) 

Chromium (111) Perchlorate was prepared in solution 
by the reduction of Gr0 3 with hydrogen peroxide in per­
chloric acid medium. 

For the experiments 0.1 M EDTA solution and 30% 
hydrogen peroxide solution were used. The pH was adjusted 
by use of 0.5 M acetate buffer. The volume of the reaction 
mixture was 10 ml in each case. Formation of the complex 
was followed by measring the absorbance of the thermo-
stated reaction mixture (25 °G) at 545 nm using a Beckman 
Acta III spectrophotometer. From the measured absorb­
ance the concentration was calculated by means of 210 
mol - 1 dm3 cm - 1 molar absorbance of the chromium(III)-
EDTA complex. 

The evolution of oxygen was followed gas-volumetrical-
ly. The hydrogen peroxide solution was first stirred for 
about 30 min to eliminate the over-saturation of solution 
by oxygen. Before each experiment the rate of self-de­
composition of hydrogen peroxide was checked. The re­
action was started when the rate became constant and— 
within the experimental error—equal to 0.19 ml min -1 . The 
rate of self-decomposition was considered in calculating 
the rate of the catalyzed reaction of hydrogen peroxide. 

R e s u l t s a n d D i s c u s s i o n 

The decomposition of hydrogen peroxide is en­
hanced by hexaaquachromium(II I ) ions as shown in 

Fig. 1. The shape of the curve suggests that Cr(IV) 
and/or Cr(V) formed from Cr( I I I ) are the catalysts 
of the decomposition of hydrogen peroxide in acidic 
medium. So far no information seemes to have been 
given on the effect of Cr (III).2) Spitalsky3) found that 
in the reaction between hydrogen peroxide and chro-
mium(VI) the final ratio of Cr(VI) : Cr ( I I I ) is de­
termined by the initial concentration of hydrogen 
peroxide. He found that a considerable portion of 
chromium(VI) can be substituted by Cr ( I I I ) without 
substantial change in the catalytic effect. However, 
the effect of chromium (III) was not studied exclusively. 

The rate of the evolution of oxygen decreases a 
great deal in the presence of EDTA, indicating that 
the E D T A complexes are less active catalysts of the 
decomposition than the corresponding aqua complexes. 
T h e difference in the shape of the curves in Fig. 2 
shows that catalytically active E D T A complexes of 
the chromium are of higher oxidation state. The 
formation of the complex C r E D T A ( H 2 0 ) ~ is de­
scribed by a saturation curve, the evolution of oxygen 
after an acceleration period becoming constant. In 
contrast to the result of Yamamoto and Ohashi the 
evolution of oxygen is considerable from the beginning 
of the reaction.1) 

We have also studied the effect of E D T A in 
the system chromium(Vl)-hydrogen peroxide. Only 
semi-quantitative data could be obtained because 
of the lively evolution of oxygen. It is certain that in 
the presence of an excess of E D T A the total amount of 
chromium is present as ch romium( I I I ) -EDTA complex. 

10 20 

//min 

Fig. 1. Kinetic curves of evolution of oxygen in the 
Cr(III ) -H 20 2 system in the absence (a) and in the 
presence (b) of EDTA. 
[H202] = 5.0 M, [Cr(III)] = 7.35 x 10~3 M, 
[CH3COO-] = 0.1 M, [EDTA] = 2 X 10-2 M, 
P H = 3.8, T'=25.0±0.1oG, 10ml. 
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t/min 

Fig. 2. Comparison of the kinetic curves of complex 
formation of Cr(III)-EDTA (a) and of evolution of 
oxygen (b) in the Cr(III)-EDTA-H202 system. 
Conditions are given in the legend of the Fig. 1. 

When no E D T A is present, there is an equilibrium 
between Gr(VI) and Cr ( I I I ) . The fast initial evolution 
of oxygen diminishes and the value observed in the 
system chromium(I I I ) -EDTA-hydrogen peroxide is 
attained. T h e formation of G r ( I I I ) - E D T A complex 
takes place faster when chromium is initially pre­
sent as Chromate. 

The reaction mechanism is extremely complicated. 
The following types of reactions should be taken into 
account : 

1. Redox reactions between hydrogen peroxide 
and aquo ions of chromium in different oxidation 
states. 

2. Disproportionation reaction of Cr(IV) and 
Gr(V). 

3. Redox reactions between chromium ions in 
different oxidation states. 

4. Substitution reactions with EDTA. 
5. Redox reactions betweeen hydrogen peroxide 

and E D T A complexes of chromium in different 
oxidation states. 

6. Other redox and disproportionation reactions 
involving E D T A complexes of chromium in different 
oxidation states. 

Starting with Cr (III) in the presence of E D T A we 
can disregard reactions leading to Cr (VI) . In the 
following scheme only those redox reactions which 
involve hydrogen peroxide are taken into consideration, 
visg., reactions of type 2, 3, and 6 are also disregarded. 
Thus the following scheme can be writ ten: 

Cr(III) Or(III)- ï 

The network of reactions can be greatly simplified if 
we bear in mind the da ta referring to the rate of the 
formation of the C r ( I I I ) - E D T A complex and that of 
the evolution of oxygen : 

1. According to the rate equation given by 
Yamamoto and Ohashi1) the rate determining step is 
the reaction between C r ( H a O ) ^ + and H 2 0 2 , kT and 
kT being the smallest among the rate constants. 

2. In order to explain the diminishing effect of E D T A 
on the rate of the oxygen evolution, we should assume 
that the equilibrium between Cr(IV) and Cr(V) and 
E D T A is shifted to the formation of the complex, viz., 
kl>kli and kl>k-z. 

3. According to the spectrophotometric measure­
ments (Fig. 2. curve a) the amount of C r ( I I I ) - E D T A 
complex increases steadily: kT<k7ä and kT<kr

e
eä. 

4. Since the experimental data do not permit sep­
aration of paths involving Cr( IV) and Cr(V) , only 
reactions of Cr(IV) should be considered. This makes 
the handling of rate equations easier. 

T h e following simple scheme can be writ ten: 

kox ks 

Gr(III) —!—> Gr(IV) --> 
H2O. 

H 2 0 2 , -1 /4 0 , 

Cr (IV)-EDTA Cr(III)-EDTA 

H 2 0 2 

kl > k*r > kT « A°,x. (3) 

T h e condition of the steady evolution of oxygen is 
as follows: 

d[Q2] 
d* 

= constant = £r
5

ed[Cr(IV)-EDTA]. (4) 

This requires that 

d [Cr (IV)-EDTA] 

dt 
= 0 = AT[Cr(III)] 

Y: EDTA. (2) 

- £r
5

ed[Cr(IV)-EDTA] 

+ kY[Gr (III) -EDTA]. (5) 

Since the concentration of the intermediates is so small 
that they cannot be detected spectrophotometrically 
and their existence is indicated only by the shape of 
the rate curves of oxygen evolution, we have 

[Cr(III)] + [Cr(III)-EDTA] « [Cr(III)]0. (6) 

Thus Eq. 5 can be written as follows. 

*r[Cr(IV)-EDTA] = ^ [ G r ( I I I ) ] 0 - [Cr(III)](*ï ' -Aî ') . 

(7) 

Considering Eqs 4 and 7, we get 

Ao,*[Cr(III)]0 - [Cr(III)](k?-k?) = constant. (8) 

It follows that the steady evolution of oxygen fol­
lows from the simplified scheme, if 

1. kf « kT and/or 

2. [Cr(III)] « [Cr(III)]0 . 

In the first stage of the reaction, before the formation 
of the C r ( I I I ) - E D T A complex is completed, only the 
first condition is fulfilled, while in the later stage of 
the reactions both conditions can be satisfied. T h e 
fact that the rate of the oxygen evolution becomes 
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constant before the complete transformation of Cr ( I I I ) 
to G r ( I I I ) - E D T A indicates that the first condition 
is actually satisfied: 

*f[Gr(III)]0 > [Gr(III)](*r - kT), (9) 

causing Eq. 8 to be fulfilled. 
T h e results show that mutual catalysis takes place 

in the C r ( I I I ) - E D T A - H 2 0 2 system. Hydrogen 

peroxide accelerates the formation of C r ( I I I ) - E D T A , 
which in turn catalyzes the decomposition of H 2 O a . 
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Indirect Polarographic Estimation of Palladium 
P. B. KALAPURNA 
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Chemical displacement of palladium by mercury at the DME, has been found to be quantitative (that is, 
instantaneous and proportional to the îd of mercury). Therefore the mercury (I) wave has been exploited for 
the indirect estimation of palladium using the DME. The conditions of estimation are standardized and 
the method applied to a mixture (dental alloy) containing palladium. The results are within experimental 
accuracy. The indirect method has certain advantages over the direct methods. 

Palladium has been directly estimated in the past by 
several workers mostly by the spectrophotometric 
technique using a variety of organic reagents, as for 
example, oximes,1-3) azoles,4) substituted ketones,5-7) 
substituted phenols,8-10) and sulfur compounds.1 1 - 1 4) 
There has also been an indirect spectral method,15) 
based on the catalytic action of palladium on the 
reduction of molybdophosphate to molybdenum blue. 
With but a few exceptions16'17) the spectral estimations 
were restricted to ranges below 30 ppm. Another 
short-coming of the spectral method was that an ex­
traction step was often necessary prior to the spectral 
reading, and this has been the cause to lengthen the 
procedure and introduce errors. 

Less frequently adopted methods for the direct 
estimation of palladium are amperometry,18) potentio-
metry,19) stripping voltammetry,20) and polarography.21) 

Polarographic estimations of palladium complexes 
at the D M E (dropping mercury electrode), in the 
past have not been smooth-sailing. In some cases22) the 
half-wave potential had been very close to the decom­
position potential of the electrolyte, the wave itself 
being irregular at the top. In other cases,23»24) the 
half-wave potential was reported to vary with con­
centrations of palladium, indicating the formation of 
more than one species. The present indirect Polaro­
graphie method is free from these short-comings. 

The direct Polarographie estimation of palladium 
(without complexation) using a D M E is difficult, for 
the reason that palladium salts are spontaneously 
reduced22) to the metal by contact with mercury, the 
latter being more electronegative than palladium in 
the electromotive series of elements. An accurate 
method of estimation is outlined here for the indirect 
estimation of palladium, making use of the mercury(I) 
wave, which occurs due to the chemical displacement 
of palladium from solution. The practical range of 
estimation has been found to be between 10—210 ppm, 
(wider than many of the spectral methods, and also 
without encumbrance of the extraction step). This 
makes it a more rapid method than the conventional 
spectrophotometric methods. 

When a solution of palladium chloride was subjected 
to polarography at a D M E , a single wave was obtained 
with an half-wave potential of + 0 . 0 6 V. This curve 
has been reported by previous workers25) as due to 
mercury(I) ion liberated by the reaction.26) 

Pd2^ + 2Hg° -> Pd° + Hg;f 

This reaction is instantaneous up to 210 ppm, and 
the lower limit has been found to be 10 ppm, though 

theoretically the reaction may be stoichiometric even 
at much lower concentration ranges. 

T h a t the wave with a half-wave potential of + 0 . 0 6 V 
is due to the mercury (I) ion, was confirmed by us as 
follows: Polarograms of pal ladium using a stationary 
plat inum electrode, under the same conditions as before 
always showed a wave with an Ex/% of + 0 . 1 6 V. There 
was no wave at + 0 . 0 6 V, unlike with the D M E . 

Polarograms of mercury (I) chloride (10 - 5 M) in 
the absence of palladium gave the same wave with 
a half-wave potential of + 0 . 0 6 V, regardless, whether 
the electrode used was a D M E or a plat inum electrode. 

Estimation of Palladium. A stock solution of 
1 X 1 0 - 2 M palladium chloride was prepared from 
anhydrous palladium chloride (A.R.), by warming 
the aqueous solution with a drop of concentrated HCl , 
to ensure complete dissolution before making up to 
the required volume. This solution was diluted ap­
propriately to get concentrations ranging from 10 to 
225 p p m during polarography. Potassium chloride 
was used as a supporting electrolyte and also to keep 
the ionic concentration constant at 0.1 M. A 0 . 0 1 % 
gelatin solution was used as a maximum suppressor. 
p H was maintained at 3.5 by the use of an appropriate 
Britton-Robinson buffer.27) Polarograms were recorded 
after deaeration with oxygen-free nitrogen. 

Instrument. A polariter P 0 3 Radiometer of the 
pen recording type with a built-in saturated calomel 
anode was used to record the polarograms. 

T h e capillary characteristics were established as fol­
lows: m = 9 mg/s, t=\As, h = 25 cm. A fast dropping 
capillary was found to be more suitable for the experi­
ment, to minimize the chemical vitiation of the mercury 
surface. 

Fig. 1. Vessel used for the indirect Polarographie 
estimation of palladium. 
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TABLE 1. COMPARISON OF RESULTS OBTAINED BY 

POLAROGRAPHY AND SPECTROPHOTOMETRY 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Quantity of 
Pd in the 
dental alloy 

(ppm) 

10.65 
21.30 
31.95 
53.05 
63.70 
74.35 
95.65 

106.30 
116.95 
137.65 
148.30 
158.95 
180.25 
190.90 
201.55 

Polarogra-
phically 

(ppm) 

10.55 
21.40 
32.00 
53.00 
63.20 
74.20 
95.50 

106.40 
117.00 
137.50 
148.00 
159.80 
180.30 
191.00 
201.00 

Spectro-
photo-
metrically 

(ppm) 

10.60 
21.35 
32.00 
53.05 
63.50 
74.30 
95.55 

106.20 
116.90 
137.60 
148.20 
160.00 
180.20 
190.90 
201.50 

Deviation 
between 
the two 
techniques 

(ppm) 

+ 0.05 
- 0 . 0 5 

0.00 
+ 0.05 
+ 0.30 
+ 0.10 
+ 0.05 
- 0 . 2 0 
- 0 . 1 0 
+ 0.10 
+ 0.20 
+ 0.20 
- 0 . 1 0 
- 0 . 1 0 
+ 0.50 

Precaution was taken to avoid undue contact of 
solution with mercury other than the D M E , so that 
the chemical reaction between palladium ions and 
non-electrodic mercury is made negligible. The 
Polarographie vessel was drawn out into a capillary, 
so that the building up of the mercury pool by the 
drops of mercury was prevented by continuous tapping 
out of mercury, leaving only a droplet of negligible 
area of contact inside the capillary (Fig. 1). The 
scanning of the polarogram was done within 2 min. 

T h e relationship between the diffusion current id 

and the concentration was found to be linear up to 
210 ppm. Above this range the linearity is gradually 
lost by the vitiation of the surface of the mercury drop. 
A number of estimations were carried out with known 
concentrations of palladium, and the quantities were 
estimated by referring the id to the working graph. 

The results obtained by the above method were 
checked by parallel determinations conducted by the 
well known spectrophotometric method28»29) ( ^ m a ï = 
525 nm) , using jö-nitrosodimethylaniline as the color 
developer and a Beckman Model B spectrophotometer 
as the instrument. The results of the two techniques 
were found totally within experimental error vide Table 
1. In a series of fifteen experiments with 106.3 p p m 
of palladium, the standard deviation30) was found to 
be 0.0876. 

Analytical Applications. Indirect Polarographie 
estimation of palladium through the mercury (I) wave 
is applicable to micro and semimicro quantities of 
palladium (below 50 mg). This quanti ty is below the 
macro-gravimetric limit. Micro-gravimetry is more 
tedious and hence the advantage of the Polarographie 
estimation. This technique is suitable for the estima­
tion of palladium present in hydrogénation catalysts 
and in dental and ornamental alloys. In alloys, pal­
ladium is generally found in association with gold, 
silver, and sometimes base metals like copper and zinc. 

TABLE 2. R{ VALUES OF THE DIFFERENT IONS 

Ion Rt value Remark 

Gold 0.96 Moves with the solvent front 
Palladium 0.84 Fine, thin band 
Copper 0.74 Thin, well defined band 
Zinc 0.30 Thick, diffused band, but far 

separated from the other ions 

Before subjecting to polarography, it has to be isolated 
from its associates by any suitable method, a number 
of which are available in literature.31-34) The method 
adopted in this laboratory was to separate the pal­
ladium by means of circular paper chromatography. 

Isolation of Palladium from Gold, Copper, and Zinc in a 
Dental Alloy. The first investigation was to dis­
cover the Rf values of individual constituents, which 
alone will decide whether they can be separated at 
all. Solutions of pure metal constituents of the dental 
alloy (10 - 4 M) were prepared in aqua-regia. The 
solutions were evaporated to dryness to expel the oxides 
of nitrogen and made up to a required volume with 
0.1 M HCl . Chromatograms were run on circular 
paper of diameter of 12 cm, with a central wick, and 
the eluent used was ethyl methyl ketone, coned HCl 
(A.R.) and isoamyl alcohol in the ratio of 6 :3 :1 . After 
the paper was dried the bands were developed by 
spraying with the following reagents, (a) Hydrazinium 
chloride in dilute HCl for gold (Black band) , (b) D M G 
in acid medium for palladium (Yellow band) , (c) 
0 . 1 % Rubeanic acid in alcohol for copper (Green 
band) , and (d) Dilute dithizone in chloroform for zinc 
(Pink band) . 

Table 2 shows the average Rf values of the different 
ions. 

An appropriate quantity of the dental alloy was 
weighed, dissolved in 10 cm3 of aqua regia, evaporated 
to expel the oxides of nitrogen and finally made up 
to 200 ml with 0.1 M HCl . The chromatogram was 
run as before. The brown band of palladium was 
clearly visible second from the outermost. I t was cut 
out from the paper, and the metal extracted with 
0.1 M HCl and utilized for quantitative estimation. 
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Quaternisation at an Sp2 Nitrogen. IL1* An Analysis on the 
Substituent Effect and on the Nature of the Transition State 
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The kinetics of JV-phenacylation of a number of substituted thiazoles and substituted phenacyl bromides 
have been investigated in nitrobenzene and in a number of other dipolar aprotic solvents. The rate constants 
of 2-amino-4-phenylthiazoles and 2-aminobenzothiazoles have been calculated with suitably developed equations. 
The deviation of the observed values from the calculated results has been ascribed to the steric effect. A seven 
membered hydrogen bonded transition state has been proposed on the basis of the results obtained from the 
substituent and medium effect. 

In the field of quaternisation reactions pioneering 
and extensive work have been done by Menschutkin.2) 
The reaction has been used successfully in the develop­
ment and understanding of mechanistic principles. 
The quaternisation kinetics of pyridines with methyl 
iodide has been studied by Fischer and Vaughan3) 
and Mura i et al.*) They observed the operation of 
normal substituent effect for the substituents at position 
4 and a good correlation between the rate constant 
and pKa with the exception of - N H 2 , - C O - C 6 H 5 , 
- C O O R , and - C N groups. In an earlier study5> on 
the quaternisation of thiazoles, the sulfur atom was 
observed to act as a resonance transmitter. The lower 
reactivity of 2-amino group over 2-methyl group was 
explained as due to the existence of an equilibrium 
between loose contact pairs and charge transfer com­
plexes. 

Deady et al.6) also studied the rate of iV-methylation 
of a number of heterocyclic compounds such as N-
methylpyrazole, isothiazole, isoxazole and their 2 : 1 
and 1 : 2 analogues; 2-methyl-benzothiazoles; 2,1,3-
benzoxadiazoles ; 2,1,3-benzothia (or selena) diazoles; 
1,2,5-oxadiazole; and 1,2,5-thiadiazoles. They con­
cluded a reactant-like transition state for the Men­
schutkin reaction. T h e present work was undertaken 
to investigate the nature of the transition state during 
the course of JV-phenacylation reaction. 

R e s u l t s a n d D i s c u s s i o n 

The reaction of 2-aminothiazole and phenacyl bro­
mide takes place according to 

V - N 

J—NH2 + GaH5COCH2Br > 
\ S 

e /CH2GOG6H5 

!|SJL-NH2 + Bre , (A) 

The rate data, Arrhenius parameters and the entropy 
of activation values for this reaction are given in Table 
1. T h e greater rate of reactivity of 5 over 1 is ascribed 
to the presence of a p-OMe group, which stabilizes the 
transition state by interacting through the sulfur atom. 
Substantial transmission of electronic effects through 
the sulfur a tom has been clearly shown by Davis et al.1) 
from the ultraviolet spectral data of some sulfur amides. 

A mechanism of through conjugation involving p-7r, 
d-n, p-7r conjugation has been suggested for phenyl 
vinyl sulfides8) and supported by CNDO/2 calcula­
tions.9) Discussions have been made by various work­
ers.10) 

2-Aminobenzothiazole( 1 ) , 2-Amino -4-phenylthiazole(2), 
2-Amino-4,5-diphenylthiazole(6), and 2-Aminopyridine(8). 
Since the sulfur atom acts as a resonance transmitter, 
it can be considered equivalent to a vinyl group. 
Therefore, the compounds 1, 2, and 6 can be considered 
equivalent to 2-amino-6-phenylpyridine, 2-aminoquin-
oline, and 2-amino-5,6-diphenylpyridine, respectively. 
Considering compound 8 as a standard, the rate con­
stants of 1 and 2 can be calculated by means of 

^(calcd) = 

and 

A;2(calcd) = 

'vinyl 

XB(2Ph-pyridine) 
KB (Pyridine) 

X ks, 

ßs 

'vinyl 

JCB(Quinoline) 

tfB (Pyridine) 
X hs, 

(B 

G 

t Junior Research Fellow, G.S.I.R., Government of India. 

where ßs is the resonance integral of the S atom and 
the vinyl group, KB is the basicity constant of base 
and k8 is the observed rate constant for compound 8. 
The values of k± and k2 at various temperatures and 
the calculated and observed rate constants are given 
in Table 3. The ratio falls from 10.0 at 60 °C to 3.0 
at 100 °G for compound 1 whereas it changes from 
1.5 to 1.3 for compound 2. The values of energy of 
activation obtained with the calculated rate constants 
are 6.45 and 8.64 kcal m o l - 1 as against 13.40 and 
9.52 kcal m o l - 1 derived from observed rate constants 
for compounds 1 and 2, respectively. The agreement 
between the observed and calculated rate constants 
appears reasonable in view of the assumptions: (1) 
steric effect during the course of protonation and 
phenacylation is the same and (2) an amino group 
at 2-position produces the same effect in both the 
processes. However, for compound 2 a greater diver­
gence is noted than for compound 1. The discrepancy 
might be due to the librational freedom of the phenyl 
group at position 4 in compound 2. The free libration 
of the phenyl group becomes restricted during the 
course of phenacylation due to the steric interaction 
of ortho hydrogen atom and the phenacyl moiety. 
Therefore, the plane of the phenyl group will rotate 
to the thermodynamically favoured conformation, i.e., 
the planes of the n M O of the phenyl and the thiazole 
ring will tend to be orthogonal, causing déstabilisation 
of the transition state. Thus the energy of activation 
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obtained with observed rate constant is much higher 
with 2 than with 1 as compared to the same obtained 
from calculated rate constants. 

4-(l- and 2)-Naphthylthiazoles. The greater rate 
of reactivity of 1-naphthyl over 2-naphthyl group at 
position 4 of the thiazole ring can be ascribed to both 
steric and electronic factors. T h e ratio of FT and 
Z r values for position 1 and 2 of the naphthalene are 
1.12 and 1.04, respectively.11) Brown12) showed a good 
correlation between Ft and Z r values with the reactivity 
parameter, <?T(log klk0=oTp*) with a deviation — 6 % . 
The ratio of logarithm of rate constants of 4-( l - and 
2)-naphthylthiazole is 0.81. Examination of the model 
shows that H atom at G-8 in I is nearer by 1.3 times 
to the H atom at C-l ( I I ) . Thus, the ratio of rate 
constants of 4-( l - and 2)-naphthylthiazole in the ab­
sence of the steric effect due to the nearness of C a - H 
atom would have been 0 .81x1 .3 = 1.053, which is in 
good agreement with the ratio of Fr and Zr values. 
Charton13) also concluded that Es parameters are a 
function of the Van der Waals radii only. 

The increased rate of reaction of 6 over 2 can be 
ascribed to a buttressing effect on the phenyl group 
at position 4 due to the same group at position 5. 

NH2 

II 

The phenyl ring at position 4 interacts with the 
electron pair of the sulfur atom (III) and the electron 
density around nitrogen is relatively decreased.14) 
The phenyl ring at position 5 decreases this electronic 
effect by sterically interfering with the group at 
position 4. 

Reactivity of Phenacyl Bromide : The order of reactivity 
of the substituted phenacyl bromide is, w-N0 2— 
^-N02>j&-Cl>/>-OMe>-H (Table 3). The order of 
reactivity determined earlier by Rout et al. in the 
reaction of phenacyl bromides and aniline is, />-N0 2 > 
/ n - N 0 2 > / > - C l > - H > - O M e . 1 5 ) The greater rate of 
reactivity of nitrophenacyl bromide over the unsubsti-
tuted one is in line with the transition state (IV) pro­
posed by them and other workers16) for similar reactions. 

The transition state is stabilised by an interaction with 
the —NH 2 group (arrows). However, it cannot ex­
plain the order of reactivity. If a hydrogen bonded 
structure (V) is proposed for the transition state then 
the effect of/>-N02 and /)-OMe groups can be under­
stood: (i) in X = N 0 2 , electron withdrawing effect of 

V 

N 0 2 is lowered by the electron movement shown in 
the cyclic transition state, (ii) in X = M e O , the electron 
movement in V is enhanced by electron donating 
effect of M e O . The possibility of such a hydrogen 
bonded structure is also further confirmed from I R 
data of 2-amino-3-phenacyl -4-phenyl -3- th iazol ium 
bromide. The ) G = 0 group stretching frequency occurs 
at 6.1—6.15 [i, whereas in acetophenone it is 5.95 y.. 
The shift in o-hydroxyacetophenone and salicylaldehyde, 
where chelation has been established is by 0.15 fx. 
Therefore, these is a case to believe that a hydrogen 
bonded structure also exists in the quaternary salt. 

Medium Effect: With a view to understanding 
further the nature of the transition state, the iV-phen-
acylation kinetics has been studied with 2-aminoben-
zothiazoles. The order of reactivity in different sol­
vents was observed to be D M A > D M F > N B > B N > 
A N > B A > C B (Table 4). This is the order of decreas­
ing dielectric constant of the solvents (AN being an 
exception). A plot of log k vs. (D—l)j(2D-f 1 ), gives a 
straight line, AN and NB not lying on the line. This 
order of reactivity in different solvents also does not 
conform to the order of Z values17) and ET values17) 
of these solvents, suggesting a nonquaternary salt-like 
structure for the transition state. However, there 
seems to be some correlation with the dipole moment 
of these solvents. The order of increasing dipole 
moment of these solvents is B N > N B > D M F > D M A > 
AN. There is a reversal in the order with respect 
to the first four solvents. Plots of AS*, AH" vs. dipole 
moment give straight lines whereas similar plots with 
(£>—1)/(2Z>+1) show a scatter. 

O n the basis of these evidences, a transition state 
(VI) is suggested for the phenacylation process of 2-
aminothiazoles. 

(®>-\J 

IV 

Exper imenta l 

4-Substituted 2-aminothiazoles were prepared by conden­
sation of appropriately substituted phenacyl bromide and 
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T A B L E 1. VALUES OF RATE CONSTANTS AT DIFFERENT TEMPERATURES, ENERGY OF ACTIVATION 

AND ENTROPY OF ACTIVATION OF THE QUATERNISATION REACTION OF SOME 

HETEROCYCLIC BASES AND PHENACYL BROMIDE IN NITROBENZENE 

Compound 
No. 

Compound 
* X l 0 5 , s-1 

60 °C 70 °C 75 °C 80 °C 90 °C 100 °C 

E -AS* 
kcal in 
m o l - 1 e.u. 

1 2-Aminobenzothiazole 

2 2-Amino-4-phenylthiazole 

3 2-Amino-4-(l-naphthyl)thiazole 

4a> 2-Amino-4-(2-naphthyl)thiazole 

5b> 2-Amino-4- (/»-methoxyphenyl) thiazole 

6 2-Amino-4,5-diphenylthiazole 

7C> 2-Methylbenzimidazole 

8<i) 2-Aminopyridine 

9 2-Methylbenzothiazole 
10e> 2-Methylmercaptobenzothiazole 

3.70 
0.20 
3.36 
— 
— 

2.63 
12.36 
24.43 

1.39 
4.97 

5.69 
0.39 
5.56 
0.86 
0.80 
3.78 

20.04 
30.3 

— 
7.87 

6.60 
— 

6.53 
1.03 
0.90 
4.54 

— 
— 

3.30 
— 

7.96 
0.79 
7.87 
1.27 
1.12 
5.78 

26.92 
34.08 
5.50 

13.0 

— 
1.24 
— 
— 
— 
— 

38.4 
45.6 
— 
— 

2.09 

9.52 
13.40 
12.28 
9.51 
9.43 
9.79 
9.89 
8.91 

11.97 
9.86 

42.0 
35.5 
34.2 
45.6 
45.1 
41.8 
38.7 
40.4 
35.7 
41.2 

a) ArXlO5 at 8 5 ° C = 1 . 4 2 . b) £ x l 0 5 at 8 5 ° C = 1 . 2 7 . c) £ x l 0 5 at 65 ° C = 15.90. d) T h e data are at 40, 
45, 50, and 60 °C, respectively, e) £ x l 0 5 at 50 °C = 3.43 s"1. 

T A B L E 2. VALUES OF RATE CONSTANTS AT DIFFERENT TEMPERATURES, ENERGY OF ACTIVATION AND ENTROPY 

OF ACTIVATION OF THE REACTION OF 2-AMINO-4-PHENYLTHIAZOLE AND PHENACYL BROMIDES IN NITROBENZENE 

Compound 
60 °C 

— 
1.49 

— 
0.27 
1.68 

&X105 in s-

70 °C 

0.39 
1.9 
0.51 
0.33 
2.01 

75 °C 

— 
— 
— 

0.66 
3.40 

- i 

80 °C 

0.79 
3.80 
1.22 
0.84 
3.80 

90 °C 

1.24 
6.60 
1.91 

— 
— 

E 
kcal 
mol - 1 

13.40 
11.75 
13.38 
13.21 
9.89 

-AS" 
• 

e.u. 

35.5 
37.1 
34.4 
36.0 
42.6 

A^* in 
kcal 
mol -1 

25.5 
25.8 
25.5 
25.9 
24.9 

Phenacyl bromide*) 

4-Nitrophenacyl bromideb> 

4-Chlorophenacyl bromide 0 > 

4-Methoxyphenacyl bromide 

3-Nitrophenacyl bromide 

a) * X l 0 5 at 100 ° C = 1.58 in s-1. b) £ x l 0 5 at 5 0 ° C = 0.77 and at 100 ° C = 13.44 in s"1. c) ArxlO5 at 85 °C = 
1.67 in s-1. 

T A B L E 3. CALCULATED RATE CONSTANTS (kt FOR 2-AMINO-4-PHENYLTHIAZOLE, 

k2 FOR 2-AMINOBENZOTHIAZOLE) 

Temp 
in °C 

60 
70 
80 
90 

100 

Calcd 
^ X l O 5 

in s - 1 

2.027 
2.837 
3.613 
4.654 
5.928 

k1 calcd 
kt exptl 

10.0 
7.0 
4.5 
4.0 
3.0 

E in 
kcal 
mol - 1 

6.45 

Calcd 
£2X105 

in s_1 

3.7 
5.69 
7.96 

— 

K 
k2 

calcd 
exptl 

1.5 
1.4 
1.3 

— 

E in 
kcal 
mol -1 

8.64 

thiourea in ethanol. T h e thiazoles obtained were crystal­
lised twice from alcohol. T h e 2-aminothiazoles prepared 
by this method are 4-phenylthiazole, m p 150 °C (lit,18) m p 
151 °C) ; 4-( l -naphthyl) thiazole, m p 144 °C (lit,19) m p 144 
°G); 4-(2-naphthyl) thiazole, m p 134 °C (lit,19) m p l 3 5 ° C ) ; 
4-(/>-methoxyphenyl)thiazole, m p 204 °G (lit,20) m p 204 °C) 
and 4,5-diphenylthiazole, m p 180 °G. 2-Methylbenzimid­
azole and 2-aminopyridine were of Couchlight Renal grade. 
They were crystallised before use. 2-Methylbenzothiazole 
(Schudart and Co.) was distilled before use. 

Phenacyl bromide was synthesised by the bromination of 
acetophenone.21) T h e substituted phenacyl bromides prepar­
ed by this method are 4-nitro-, m p 90 °C (lit,22) m p 91 °C) ; 
4-chloro-, m p 110°C (lit,22) m p 1 1 0 ° C ) ; 4-methoxy-, m p 
72°C(lit,2 2) m p 72 °G) and 3-nitro-, m p 95 °C(lit,22) m p 
96 °G). 

Purity of all the synthesised compounds has been con­
firmed by silica gel G T L G plate. 

All the solvents used were of B D H grade. Nitrobenzene 
was purified by the method of Leffek and Matheson,23) 
acetonitrile by that of Coetzee,24) N,JV-dimethylformamide 
by that of H u r t and Simpson,25) 1-butanol by that of Gold-
schmidt and Mathieson26) and chlorobenzene by that of 
Vogel.27) Benzonitrile was purified by shaking with silica 
gel and then stirring with calcium hydroxide for two hours. 
After décantation, it was distilled under reduced pressure. 
T h e middle portion was cut and used. iV,iV-Dimethyl-
acetamide was also used after distillation under reduced 
pressure. 

Kinetic Procedure: T h e method of rate measurement by 
conductance method is the same as reported.5) The pseudo 
first order rate constants ([Base] = 0.0025 M and [a-halo-
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T A B L E 4. VALUES OF RATE CONSTANTS AT DIFFERENT TEMPERATURES, ENERGY OF ACTIVATION, 

ENTROPY OF ACTIVATION OF THE QUATERNISATION REACTION OF 2-AMINOBENZOTHIAZOLES 

WITH PHENACYL BROMIDE IN DIFFERENT SOLVENTS 

No. 

1 

2 
3 

4 

5 
6 
7 

Solvent 

Nitrobenzene (NB)a> 

Acetonitrile (AN) 
JV,iV-Dimethylformamide (DMF) 

JV,JV-Dimethylacetamide (DMA) 

Benzonitrile (BN) 
Ghlorobenzene (GB) 
Butyl alcohol (BA) 

60 °G 

7.84 
(3.7) 
2.84 
6.92 

(2.74) 
4.76 

(2.75) 

— 
— 

£ x l 0 4 in M-

70 °C 

11.6 
(5.67) 
3.5 

10.0 
(4.37) 
14.64 
(6.9) 
5.62 
1.54 
1.76 

80 °G 

15.16 
(7.96) 
8.1 

19.0 
(9.17) 
22.02 

(11.12) 
8.48 
3.58 
3.76 

- i s - 1 

90 °G 

23.34 
20.4 

(10.7) 

(16.46) 
11.66 
5.12 
8.34 

100 °C 

12.5 
3.5 
6.96 

E in 
kcal 
mol - 1 

9.52 

14.5 
10.81 

16.22 

13.92 
10.82 
15.67 

-AS* 
in 
e.u. 

42.2 

29.9 
41.03 

30.36 

32.4 
44.50 
30.83 

AF* in 
kcal 
mol - 1 

24.5 

24.39 
24.58 

25.34 

24.61 
25.81 
25.84 

a) £ x l 0 4 at 7 5 ° G = 1 3 . 2 in M~ x s-1. The rate data in parentheses in D M F , D M A , and NB refer to the first 
order rate constants (A;Xl05 in s -1) by conductometric methods. 

ketone] = 0.05 M) were calculated from the slopes of the 
linear plots of log i? t /(Ä t-i?oo) versus time, where Rt and Roo 
are the electrical resistances at time et* and infinite t ime, 
respectively. T h e rate constants were reproducible within 
± 0 . 2 units. 

Since the measurements of rate constants in less polar 
solvents by the conductance method were less satisfactory, 
the argentometric method was also adopted. T h e rate 
constants by both titrimetric and conductometric methods 
were compared in a few cases and found to agree well in 
conformity to the observation made by Jones et a/.28> A 
thermostated solution of phenacyl bromide (0.05 M )and 
2-aminobenzothiazole (0.05 M) were mixed and the course 
of the reaction was studied by pipetting aliquots from the 
reaction mixture at different intervals of time and estimating 
[Br~] argentometrically. T h e rate constants were calculat­
ed by employing the bimolecular rate equation. 

The activation parameters were calculated by using bimo­
lecular rate constants. 

F u n d s for this p ro jec t w e r e k i n d l y p r o v i d e d b y t h e 
C o u n c i l of Scientific a n d I n d u s t r i a l R e s e a r c h , G o v e r n ­
m e n t of I n d i a . 
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( ± )-l,2,3,4,4a,9,10,10a-Octahydro-7-methoxy-l,4a-dimethyl-10-

oxophenanthrene-lj8-carboxylic Acid: A Potential 
Intermediate for Diterpenoid Synthesis1,2) 
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A stereocontrolled synthetic route to (±)-l,2,3,4,4a,9,10,10a-octahydro-7-methoxy-l,4a-dimethyl-10-oxophe-
nanthrene-l/?-carboxylic acid and its conversion to l,2,3,4,4a,4b,5,6,7,9,10,10a-dodecahydro-10/?-hydroxy-l,4a-
dimethyl-7-oxophenanthrene-l/?-carboxylic acid is described. 

Functionalization of methyl group of abietic acid 
and podocarpic acid have been realized3) with a view 
to synthesise potential intermediates of naturally 
occurring diterpenoids such as gibberellin and the 
diterpenoid alkaloids. Investigations towards the func­
tionalization of G-l methyl groups in the compounds 
possessing a rosane skeleton was undertaken for the 
construction of lactone ring of rosenonolactone4) and 
the fundamental skeleton of erythroxydiol X.5) In 
connection with our synthetic studies on diterpenes6) 
attention was directed towards the functionalization 
of C-l/9-methyl group of a hexahydrophenanthrene 
system (III) to Q-\ß carboxylic acid (XVI) derivative, 
a potential synthon for the entry into various tricyclic 
and tetracyclic diterpenes recently isolated.7-8) 

For the synthesis of the hexahydrophenanthrene 
system ( H I ) , the elimination of the carbonyl group 
of the ketone (I)9) was attempted. T h e difficulties 
of the elimination of G-2 carbonyl group of I, without 
affecting zl10 '10a, by Huang-Minion procedure or 
by thioacetal desulfurization sequence have already 
been noted by Ireland and coworkers10) and thus 
requires no comment. The elimination of carbonyl 
groups by reduction of tosylhydrazone derivative (II) 
was thus at tempted. The tosylhydrazone deriva­
tive I I prepared following the procedure of Caglioti11) 
was obtained in 8 5 % yield. Reduction of the deriv­
ative I I could not be effected either with NaBH 4 

or LiAlH4 . Finally the desired hexahydrophenanth­
rene ( I I I ) was obtained in 6 0 % yield by Clemmensen 
reduction12) of the carbonyl group of I. In the I R 
spectrum the olefin ( I I I ) showed band at 1678 c m - 1 

(C=C) in and the N M R spectrum exhibited a triplet 
centered at ô 5.68 ppm, characteristic of C-10 hydrogen. 
Hydroborat ion of the olefin ( I I I ) under controlled 
conditions13) afforded crystalline alcohol (IV) in 5 0 % 
yield. When the hydroboration of the olefin ( I I I ) 
was carried for a prolonged period, a complex mix­
ture was obtained from which a very little amount 
of the desired alcohol (IV) was obtained. T h e stereo­
chemistry of this hydroxylation is important as only 
10/9-hydroxyl function is useful for transannular oxi­
dation of 1/5-methyl group. Inspection of molecular 
models of the olefin ( III) shows that an approach of 
the hydroborating agent from a-side of the olefin is 
shielded by 4aa-CH 3 and la-GH 3 . Thus the approach 
to /9-side of 10a,10-double bond of the olefin ( I I I ) 

is more favoured to produce 10^-alcohol ( IV). In 
the N M R spectrum the alcohol (IV) exhibited multip­
let at ô 4.23 (m, H at C-10) with half-band width 
(W1/2) of 8 Hz, characteristic of equatorial proton14) 
of C-10. Further that the alcohol (IV) was indeed 
10/9-isomer was indicated by careful ( —12°C) Jones 
oxidation to the corresponding ketone (V). The 
ketone (V) on being equilibrated with acid or base 
was recovered unchanged. Many examples can be 
cited from the chemical literature15) to illustrate that 
the low temperature Jones oxidation does not bring 
enolization of similar ketones and the configuration 
position adjacent to the carbonyl group remains un­
disturbed. T h e stability of the ketone (V) under 
enolizing conditions indicated that A/B ring fusion is 
in the more stable trans-configuration. The ketone 
(V) exhibited three methyl signals ô 0.96, 0.99, and 
1.15 ppm which are consistent with trans A/B fusion16) 
of the ketone (V). If the ketone (V) be with eis A/B 
ring fusion and steroidal conformation (VI) then one 
of the C-l methyl groups would be present at a very-
high field (Ô 0.52—0.56 ppm)13) in the N M R spectrum 
owing to the shielding effect of aromatic ring. On 
the other hand the ketone (V) with eis A/B ring fusion 
and non-steroidal conformation (VII) would exhibit the 
signal of one of the C-l methyl group in a very low 
field (ô 1.56 ppm) in the N M R spectrum16) owing to 
the deshielding effect of C-10 carbonyl group. The 
benzyl protons at C-9 appeared as two doublets centered 
at ô 2AS and 2.51 ppm indicating that C-10 carbonyl 
group is not equidistant from C-9 benzyl protons. 
This data is only consistent with half-boat conforma­
tion (VII I ) for ring B because with half-chair con­
formation (IX) of ring B, these benzyl protons would 
appear magnetically equivalent and would appear as 
a singlet. The appearance of C-9 benzyl protons at 
ô 2.48 and 2.51 also indicated that the trans fusion 
of A/B ring of the ketone (V) because if A/B ring 
were cis-fused then the benzyl protons would have 
appeared at low field in the N M R spectrum. Thus 
the C-lOa hydrogen of the ketone (V) must be ß-
oriented (axial) and hence also /^-oriented (axial) in 
the alcohol ( IV) . The hydroboration reaction invol­
ves eis addition of B-H moiety to the double bond and 
this would also imply that C-10 hydroxyl group of the 
alcohol (IV) was also /9-oriented. The reduction of 
the ketone (V) with NaBH 4 in alcohol afforded an 
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alcohol in 90 % yield which was identical in all respects 
( IR and mp) with the alcohol ( IV). These chemical 
and spectroscopic properties conclusively indicate 
that the alcohol (IV) bears axial 10 ß hydroxy function. 
A byproduct of this hydroboration process that resulted 
in 12% yield appeared to be the olefin (X) exhibited 
a singlet at ô 6.01 ppm corresponding to two olefinic 
protons at C-10 and C-9 and a singlet at ô 2.42 p p m 
corresponding protons at C-lOa. The olefin (X) 
showed absorption at Amax 266 nm (log s 3.96) charac­
teristic of styrene band. This kind of addition-elimi­
nation sequence under mild hydroboration conditions 
has also been observed.17) I t is worthwhile to men­
tion that though the addition-elimination-readdition 
sequences under mild hydroboration conditions have 
been reported previously18) in the present case no such 
observation was made. 

Reasonably confident that we had the alcohol (IV) 
with desired stereochemistry, at tempt was made to 
oxygenate 1 /?-methyl group by intramolecular, trans-
annular oxidation.19) The alcohol (IV) was oxidized 

OCH3 0CH3 

I ; R = 0 

I I » R = H 3 C - ^ ^ - S 0 2 N H = 

I I I ; R = H,H 

IV ;R = ' 

V -, R = 0 
"OH 

V I V I I 

VIII IX 

in cyclohexane with lead tetraacetate in presence 
of iodine. The resulting product after chromato­
graphic purification afforded cyclic ether (XI) in 
10% yield whose structure was confirmed by the 
appearance of two doublets at ô 4.08 (1H, J'=7 Hz) 
and «5 4.18 (1 H, J=S Hz) (2 H at G-12) and by the 
disappearance of one of the methyl groups at C-l 
GH 3 in the N M R spectrum. Further elution of the 
oxidised product afforded the ketone (V) in 42 .7% 
yield and the lactone (XII ) in 3 6 % yield. When 
the alcohol (IV) was oxidized with lead tetraacetate 
in benzene in the absence of iodine the yield of the 
ether (XI) and the ketone (V) was increased to a 

certain extent along with the diminution in the yield 
of the lactone (XI I ) . 

0CH3 

H3C CH3 

OCH, 

X I -, R = H,H 

XII -, R = 0 

OCH3 

CH20R 

XII I ; R = AC 

X I V ; R = H 

OCH* 

CI 
H3C CHoOAC 

XV 

Having obtained the ether (XI) , the lactone (XII ) 
and the ketone (V) from the photolytic oxidation of 
the alcohol ( IV) , attention was directed towards the 
transformation of these products to the desired keto 
acid (XVI ) . Trea tment of the ether (XI) with py­
ridine hydrochloride and acetic anhydride at reflux 
yielded a gummy mass which on chromatographic 
purification afforded a product in poor yield which 
was identified as olefin acetate (XI I I ) since it exhibited 
I R band at 1735 (acetate G O ) and 1245 (G-O) 
c m - 1 and the N M R signals at ô 2.06 (3 H , s, OAc) , 
4.18 (2 H , AB q, / = 1 2 Hz, GH2OAc) and 5.55 (1 H , 
m, olefinic proton at G-10) ppm. Hydrolysis of this 
compound with 3 % methanolic potassium hydroxide 
afforded an olefinic alcohol (XIV) , the N M R spectrum 
of which showed peaks at ô 3.63 (2 H , AB q, 7 = 1 1 Hz, 
GH 2 OH) and 5.63 (1 H, m, olefinic proton at G-10). 
Beside the olefin acetate ( X I I I ) , a chlorine compound 
was obtained in 7 0 % yield which was assigned to the 
structure (XV). T h e compound gave positive halogen 
test and in the N M R spectrum the compound (XV) 
showed an AB quartet of the acetate centered at ô 3.53 
ppm. Refluxing of this chloro compound with 5 % 
methanolic potassium carbonate solution gave back 
the ether (XI) . T h e poor yield of the olefin acetate 
(XI I I ) can be accounted by the rapid addition of 
hydrogen chloride across the 10,10a-double bond of 
the olefin acetate ( X I I I ) . The ready transformation 
of the chloroacetate (XV) to the ether (XI) under 
weakly basic conditions strongly suggests that the 
halogen at position C-10 is a-oriented. 

As the yield of the olefinic alcohol (XIV) , which 
is a useful intermediate for the synthesis of keto acid 
(XVI ) , was poor, we investigated chromic acid oxi­
dation of the ether (XI ) . O n oxidation of the ether 
(XI) with chromic acid in acetic acid was obtained 
a nicely crystalline keto acid (XVI) in excellent yield. 
T h a t the cleavage of 10/?—>12 ether linkage had oc­
curred was evidenced by the disappearance of G-12 
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oxymethylene protons in the N M R spectrum. In the 
I R spectrum it showed an unresolved carbonyl band 
of high intensity of 1710 c m - 1 . Its molecular weight 
as determined by mass spectrometry was found to 
be 302 which corresponded to the keto acid (XVI) . 

With a view to convert the ketone (V) to the keto 
acid (XVI) it was planned to subject the ketone (V) 
to photochemical reaction20) with the hope of ob­
taining a cyclobutane derivative (A) which on ring 
cleavage would produce the keto alcohol (XVII ) and 
this alcohol (XVII ) on oxidation would afford the keto 
acid (XVI ) . Photolysis of the ketone (V) with a 200 W 
Hanovia high pressure mercury lamp with a Pyrex 
filter under oxygen free N 2 gave an oily material. 
Hydrolysis of the product with acetic acid yielded a 
gummy material which on chromatographic purifica­
tion afforded an alcohol (as identified by mass spectrum 
and I R study) in 7 8 % yield which was identical in all 
respects ( IR and mp) with the alcohol ( IV) . An­
other product of this reaction showed O H band at 
3320 c m - 1 and no carbonyl band in the I R spectrum. 
Due to the low yield of the oily material it was not 
possible to investigate its chemical and spectroscopic 
properties. Thus the ketone (V) could not be utilised 
for the synthesis of keto acid (XVI ) . 

Finally effort was made to cnovert the lactone (XII ) 
to the desired keto acid (XVI ) . The lactone ring on 
being reduced with LiAlH4 in tetrahydrofuran afforded 
the diol ( X V I I I ) in excellent yield. In the N M R 
spectrum the diol (XVI I I ) exhibited an AB quartet 
centered at Ô 3.53 ppm (2 H, 7 = 8 Hz, C H 2 O H ) 
and the molecular weight determined by mass spectrum 
study was found to be 290 which corresponded to the 
alcohol ( X V I I I ) . T h e alcohol on oxidation with 
Jones reagent afforded the keto acid (XVI) in 5 0 % 
yield and the keto aldehyde (XIX) in 3 5 % yield. 

Oxidation of the keto aldehyde (XIX) with Jones 
reagent for a prolonged period afforded a negligible 
amount of the keto acid (XVI) . 

In order to confirm the structure of the keto acid 
(XVI) , it was converted to its thioacetal (XX) which 
on desulfurization with Raney nickel afforded the 
acid (XXI) in 6 5 % yield. The acid ( X X I ) , identical 
in all respects (mp and IR) with authentic specimen 
prepared by Pelletier and Ogiso,21) was utilized for the 
synthesis of resin acid degradation products. Thus 
keto acid (XVI) is not only a potential intermediate 
for the synthesis of pimarane and tetracyclic diter-
penes but constitutes an alternative and elegant ap­
proach for the synthesis of resin acid degradation 
products. 

The keto acid (XVI) on reduction with sodium 
borohydride22) afforded only the alcohol (XXII ) 
in 9 2 % yield. I n the N M R spectrum the alcohol, 
m p 245 °G, exhibited a multiplet at ô 4.30 (m, H at 
C-6) with half-band width ( J4^/2) of 6 Hz, charac­
teristic of equatorial proton. Reduction of the alcohol 
( X X I I ) by Birch procedure using lithium in liquid 
ammonia and ethanol afforded an oily material which 
without purification was treated with mineral acid 
to obtain a,/?-unsaturated ketone ( X X I I I ) . In the 
I R spectrum the ketone ( X X I I I ) showed a strong 
band at 1645 c m - 1 characteristic of a,/?-unsaturated 
ketone and in the N M R spectrum it exhibited olefinic 
proton at ô 5.93 (s, 1 H ) . The molecular weight of 
the ketone determined by mass spectrometry was 
found to be 292 which corresponded to the keto acid 
( X X I I I ) . It was reported21) that the Birch reduction 
of the acid (XXI) afforded a,/?-unsaturated ketones 
(XXIV) in which hydrogen at G-4b and the methyl 
group at G-4a are trans to each other. By this ana­
logy the trans relationship of C-4b hydrogen and 
C-4a methyl group of the keto acid ( X X I I I ) was esta­
blished. Besides the keto acid ( X X I I I ) , some oily 
material consisting a mixture of products (as observed 
from TLG) was obtained from the Birch reduction of 
the alcohol ( X X I I ) . The oily material exhibited a 
weak carbonyl band and complete-absence of hydro-
xyl group in the I R spectrum. T h e formation of the 
oily material devoid of hydroxyl group can be explained 
by intramolecular participation of the hydroxyl group 
and examples in which a hydroxyl group influences 
reduction with lithium in liquid ammonia have been 
reported.23) 

The keto acid ( X X I I I ) thus obtained with desired 
stereochemistry is a potential intermediate for the 
synthesis of pimarane diterpene7) and other tetracy­
clic diterpene.8) T h e utility of the keto acid ( X X I I I ) 
in the synthesis of natural products will be reported. 

Exper imenta l 

Mps were taken on a Kofler hot stage apparatus. Unless 
otherwise stated IR spectra measured in cm -1, were recorded 
on a Perkin-Elmer 337 spectrometer for KBr discs of liquid 
films and UV spectra were measured with a Cary Model 
15 spectrometer for EtOH solution, NMR spectra for solu­
tions in deuteriochloroform on either Varian A-60 or XL-100 
instrument. Chemical shifts are reported as ô units using 
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T M S as an internal s tandard. T h e form of signals is expres­
sed as s = singlet, d = doublet, q = quarte t and m —multiplet. 
Mass spectra were recorded on a Hitachi Perkin Elmer 
R M U - 6 H at 70 eV using a direct inlet system. Merck 
standardized alumina, activity I I - I I I was used for column 
chromatography. For T L G , Merck Silica Gel G used and 
the spots were identified by exposure to iodine vapour. All 
organic extracts were washed with saturated NaCl solutions, 
dried over anhydrous M g S 0 4 and evaporated under reduced 
pressure below 40 °C. Microanalyses were carried out by 
Dr. A. Bernhardt, Microanalytical Laboratory, 5251 Elbach 
über Engelskirchen, West Germany. T h e compounds 
described are all racemic forms. 

7,2,3,4,4a,9 - Hexahydro - 7 - methoxy- 1,1,4a- trimethylphenanthrene 
(III). T h e ketone ( I ; 5.15 g) suspended in 2 0 % H C l 
(125 ml) was heated under reflux for 24 h in the presence of 
amalgated mossy Zn [125 g, shaken for 15 min with HgCl 2 

solution (120 ml containing 25 g HgCl 2 and 10 ml coned 
HCl ) ] . During the heating, five portions of coned H C l 
(6 ml) were added in 5 h intervals. After cooling, the 
mixture was extracted with chloroform. T h e chloroform 
extract was washed, dried and concentrated to give the 
olefin ( I I I ; 3.07 g, 6 0 % ) , bp 110—112 °G at 0.2 m m H g 
(bath), m/e 256 (M+) and 226 ( M + - 2 G H 3 ) , Ô 1.13 (3H, 
s), 1.22 (3H, s) 1.26 (3H, s) (1,1-GH3), and 4a-GH 3 and 3.66 
(3H, s; O G H 3 ) . Found : C, 84.30; H , 9 .42%. Calcd for 
C 1 8 H 2 4 0 : C, 84.32; H , 9 .44%. 

Attempted Method for the Reduction of the Ketone (I). In 
a 50 ml round bottomed flask equipped with a condenser 
were placed ketone ( I ; 0.27 g), tosylhydrazine (0.25 g) and 
methanol (20 ml) . T h e mixture was heated under reflux 
for 3 h, then cooled to room temperature . T h e tosylhydra-
zone ( I I ; 0.39 g, 75%) obtained had m p (from methanol) 
180 °G. Found : G, 86.32; H, 7 .2%. Galcd for C2 5H3 2-
0 3 N 2 S : G, 86.15; H, 7.32%. 

T h e tosylhydrazone derivative ( I I ; 0.35 g) was dissolved 
in tetrahydrofuran (30 ml) and to it was added LiAlH4 

(0.42 g) slowly. T h e resulting mixture was refluxed for 
8 h. T h e complex was decomposed by adding water fol­
lowed by addition of a solution of 10% potassium hydroxide 
solution. T h e organic layer was separated and dried. O n 
removal of the solvent a solid material was obtained which 
was identified as I I by comparison (mp and I R ) . 

1,2,3,4,4a,9,10,1 Oa-Octahydro-7-methoxy - 1,1,4a - trimethylphena-
nthren-10ß-ol (IV). To a solution of the olefin ( I I I ; 
2.01 g) in anhydrous ether (50 ml) at 0 °C was added 
LiAlH4 (1.21 g). T o the cold suspension was added dropwise 
freshly distilled boron trifluoride etherate (8 ml) in anhydrous 
ether (60 ml) . T h e reaction mixture was stirred at 0 °G for 
1 h and at room temperature for 4 h. T h e excess diborane 
was decomposed by addition of ice water and 10% aqueous 
sodium hydroxide solution (75 ml) . T h e reaction mixture 
was cooled to 0 °G and then added dropwise 30% hydrogen 
peroxide (75 ml) . T h e reaction mixture was allowed to 
warm to room temperature and stirred for 16 h. T h e aqueous 
layer was drawn off and extracted twice with ether and then 
combined with original ethereal solution, dried and then 
solvent removed. T h e oily material obtained was chrom-
atographed over alumina. Elution with hexane: benzene 
(1:1) afforded oily olefin ( X ; 0.24 g, 12%), bp 115—120 °G 
at 0.2 m m H g (bath) , m/e 256 (M+), ^ m a x 266 n m (log e 3.96), 
Ô 1.12 (3H, s), 1.20 (3H, s), 1.24 (3H, s) (1,1-GH3 and 4a-
GH 3 ) , 2.42 (1H, s, H-lOa), 3.65 (3H, s, OGH 3 ) and 6.01 
(2H, s) (H-10 and H-9) . Found : G, 84.28; H, 9 .43%. 
Galcd for G 1 8 H 2 4 0 : G, 84.32; H , 9.44%,. Further elution 
with benzene afforded the alcohol ( IV ; 1.09 g, 5 0 % ) , m p 
(from ether) 128—130 °G, m/e 274 (M+) and 256 ( M + - H 2 0 ) , 

v m a x 3480 ( O H ) , Ö 1.12 (3H, s) 1.20 (3H, s), 1.26 (3H, s) 
(1,1-GH3 and 4a-CH 3 ) , 3.68 (3H, s, OGH 3 ) and 4.23 (1H, 
m, 1 ^ / 2 = 8 Hz, H-10). Found : G, 78.76; H , 9 .54%. Galcd 
for G 1 8 H 2 6 0 2 : G, 78.79; H, 9 .55%. 

1,2,3,4,4a,9,l0,10a - Octahydro-7-methoxy - 1,1,4a - trimethylphen-
anthren-10-one (V). Jones chromic acid reagent (1 ml) 
was added to a solution (—12 °G) of the alcohol ( IV ; 
0.22 g) in acetone (4 ml) . T h e solution was stirred 
during 5 min maintaining the temperature —12 °G. 2-
Propanol was added to destroy the excess oxidant and after 
the usual work-up afforded oily material which on chrom­
atographic purification over a lumina afforded the ketone 
(V; 0.18 g), m p 19—20 °G (from ether-hexane) , m/e 272 
(M+), * w x 1720 ( C = 0 ) , ô 0.96 (3H, s), 0.99 (3H, s) and 
1.15 (3H, s) (1,1-CH3 and 4a-CH 3 ) , 2.48 (1H), 2.51 (1H) 
(H-9) and 3.65 (3H, s, O G H 3 ) . Found : G, 79.35; H , 8.86%. 
Calcd for G 1 8 H 2 4 0 2 : C, 79.37; H , 8 .88%. 

Reduction of the Ketone (V). NaBH 4 (0.1 g) was added 
slowly to an ice-cooled solution of the ketone (V; 0.15 g) 
dissolved in methanol (20 ml) . T h e solution was stirred at 
room temperature for 6 h. After acidification with dil HCl , 
the product was extracted with chloroform. Washing of 
the organic extract and evaporation yielded a solid material 
which on crystallization (from ether) afforded an alcohol 
(0.13 g, 90%) which was identical in all respects (mp and 
IR) with alcohol ( IV) . 

Lead Tetraacetate Oxidation of 1,2,3,4,4a,9,10,1 Oa-Octahydro-7-
methoxy-1,1,4a-trimethylphenanthren-10 ß-ol (IV). A mix­
ture of lead tetraacetate (3.70 g) and calcium carbonate 
(3.70 g) was dried under reduced pressure and then heated 
in cyclohexane (184 ml) under reflux for 30 min with stirring. 
Then a solution of the alcohol ( IV ; 2 g) in cyclohexane 
(40 ml) was added to the above suspension followed im­
mediately by iodine (0.94 g). T h e mixture was heated 
under reflux 1 h with two philips 500-W photolamps. T h e 
cooled mixture was filtered and the filtered cake was washed 
thoroughly with ether. T h e combined organic solvents were 
washed with 1% sodium hydroxide solution and the colour 
of iodine was removed by washing with sodium thiosulfate 
solution. Subsequent washing and evaporation afforded an 
oily material which was chromatographed on alumina. 
Elution with hexane afforded the ether ( X I ; 0.21 g, 10%), 
m p (ether-hexane) 22—23 °C m/e 272 (M+), ô 1.10 (3H, 
s), 1.23 (3H, s) (1-CH 3 and 4a-GH 3 ) , 3.65 (3H, s, O C H 3 ) , 
4.08 (1H, d, J = 7 Hz) and 4.18 (1H, d, 7 = 8 Hz) (2H, 
H-12). Found : G, 79.34; H , 8.87%. Calcd for G 1 8 H 2 4 0 2 : 
C, 79.37; H, 8 .88%. Fur ther elution with hexane: benzene 
(1:1) afforded the ketone (V; 0.88 g, 42.7%0) Elution with 
benzene afforded the lactone ( X I I ; 0.78 g, 3 6 % ) , m/e 286 
(M+), i»max 1765, ô 1.20 (3H, s) and 1.28 (3H, s) (1-GH3 

and 4a-GH3) and 3.65 (3H, s, O C H 3 ) . Found : C, 75.48; 
H , 7.72%. Galcd for G 1 8 H 2 2 0 3 : C, 75.49; H , 7.74%. 

7,2,3,4,4a,9-Hexahydro-1 ß- acetoxymethyl-7-methoxy-1,4a-dimeth-
ylphenanthrene (XIII). T h e ether ( X I ; 0.91 g) was heated 
under reflux with acetic anhydride (20 ml) and pyridine 
- H C l (0.11 g) for 6 h. T h e mixture was treated with 
cold water and extracted with ether. T h e ether extract 
was washed till neutral and then evaporated to yield a liquid 
which gave a positive halogen test with a copper wire. T h e 
liquid was chromatographed on alumina. Elution with 
hexane gave the oily olefin acetate ( X I I I ; 90 mg, 9 % ) , bp 
118—125 °G at 0.12 m m H g (bath) , m/e 314 (M+) and 254 
( M + - C H 3 G O O H ) . Found : C, 76.37; H, 8.32%. Calcd 
for C 2 0 H 2 6 O 3 : G, 76.40; H, 8.34%,. Hydrolysis of the acetate 
( X I I I ; 80 mg) with 3 % methanolic potassium hydroxide 
afforded the alcohol ( X I V ; 50 mg) as a yellow oil, homoge­
neous in T L C , m/e 272 (M+). Found : C, 79.35; H , 8.86%,. 
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Galcd for C 1 8 H 2 4 0 2 : G, 79.37; H , 8 .88%. Fur ther elution 
with hexane:benzene (1:1) afforded a chloro compound ( X V ; 
0.81 g, 70%) which was obtained as semi-solid material . 
I t gave positive halogen test, ô 1.13 (3H, s), 1.61 (3H, s) 
(1-GH3 and 4a-GH 3 ) , 3.53 (2H, AB q, / = 1 2 Hz, CH 2 OAc) 
and 3.65 (3H, s, O G H 3 ) . Refluxing the chloro compound 
( X V ; 0.70 g) with 5 % methanolic potassium carbonate 
solution afforded ether (XI , 0.48, 9 0 % ) . 

1,2,3,4,4a,9,10,70a- Octahydro-7-methoxy-10-oxo - 1,4a - dimethyl-
phenanthrene-1 ß-carboxylic Acid (XVI). T o the ether ( X I ; 
0.31 g) dissolved in acetic acid (6 ml, 98%) was added a 
solution of G r 0 3 (0.25 g) in acetic acid (5 ml, 80%) and 
the mixture was kept at room temperature for 40 h. T h e 
usual work-up gave the acid ( X V I ; 0.27 g, 8 0 % ) , m p 256— 
257 °G (from ether) , m/e 302 (M+) and 257 ( M + - G O O H ) , 
v m a i 1710 (unresolved acid and ketonic G = 0 ) , ô 1.23 (3H, 
s), 1.26 (3H, s) (I-GH3 and 4a-GH3) and 3.65 (3H, s, O G H 3 ) . 
Found : C, 71.48; H , 7.32%. Calcd for C 1 8 H 2 2 0 4 : G, 71.50; 
H , 7 .35%. 

Photolysis of the Ketone (V). T h e ketone (V; 0.92 g) 
in 9 5 % ethanol (790 ml) saturated with potassium carbonate 
was irradiated for 25 h with a 200 W Hanovia high pressure 
l amp with a Pyrex filter under oxygen free nitrogen. O n 
removal of the ethanol a liquid (0.89 g) was obtained which 
was hydrolysed with a mixture of acetic acid (20 ml) , methanol 
(80 ml) and water (15 ml) heating under reflux for 2 h. 
T h e crude product on chromatographic purification over 
a lumina and elution with hexane : ether (1:1) afforded the 
alcohol ( IV, 0.72 g, 78%) identical with the foregoing sample. 
Fur ther elution with hexane : ether (2:8) afforded an oily 
material , v m a x 3320 ( O H ) . Found : C, 74.42; H , 9 . 0 1 % . 
Galcd for G 1 8 H 2 6 0 3 : G, 74.44; H , 9 .03%. 

Oxidation of the Diol (XVIII). T h e diol ( X V I I I ; 
0.14 g) in acetone (15 ml) was added Jones reagent (2 ml) 
and stirred at room temperature for 4 h. 2-Propanol was 
added to destroy the excess oxidant and then the mixture 
was extracted with ether. T h e ether extract was washed 
with sodium hydrogencarbonate ( 5 % ) . T h e alkaline extract 
after acidification afforded the keto acid ( X V I ; 70 mg, 50%) 
identical with the foregoing sample. 

T h e ether extract was washed, dried and evaporated to 
obtain the aldehyde ( X I X ; 40 mg, 3 0 % ) , as a semi-solid 
mass, homogeneous in the T L C , m/e 286 (M+) and 257 (M+— 
G H O ) , j>max 1685 (C=0) and 1720 ( G H O ) . Found : G, 
75.46; H , 7.72%. Galcd for: G, 75.49; H , 7.47%. 

1,2,3,4,4a,9,10,10a-Octahydro- 7 - methoxy-1,4a - dimethylphenan-
threne-1 ß-carboxylic Acid (XXI). T h e keto acid ( X V I ; 
0.11 g) dissolved in chloroform (5 ml) was treated with 
boron trifluoride etherate (1 ml) and 1,2-ethanedithiol 
(4 ml) . T h e reaction mixture was stirred for 36 h and then 
treated with water. T h e organic extract was washed, dried 
and on removal of the solvent was obtained the thioacetal 
( X X ; 0.16 g). T h e crude thioacetal, m p 98—105 °G, 
without purification, was dissolved in absolute ethanol (50 ml) 
and was added to a suspension of W2 Raney nickel (20 g) 
in absolute ethanol (100 ml) . T h e mixture was stirred and 
refluxed for 18 h. T h e usual work-up afforded the acid 
( X X I ; 60 mg, 6 5 % ) , m p (from ether) 151—152 °G. Found : 
G, 74.95; H , 8 .38%. Galcd for G 1 8 H 2 4 0 3 : G, 74.97; H , 
8.39%. T h e m p of the acid ( X X I ) was not depressed on 
admixture with the authentic21) sample (identical in I R and 
T L G properties). 

1,2,3,4,4a,9,10,10a- Octahydro- 10ß -hydroxy-?'-methoxy-1,4a-dime-
thylphenanthrene-1 ß-carboxylic Acid (XXII). T o the keto 
acid ( X V I ; 0.1 g) dissolved in methanol (20 ml) and cooled 
to 0 °G was added sodium borohydride (15 mg) and the 
reaction mixture was stirred for 2 h a t room temperature . 

After acidification with dil HCl , the product was extracted 
with chloroform. Washing of the organic extract and evapo­
rating yielded the alcohol ( X X I I , 90 mg, 92%) , m p (from 
ether) 245 °G m/e 304 (M+) and 286 ( M + - H 2 0 ) , Ô 1.18 
(3H, s), 1.23 (3H, s) (1-GH3 and 4a-CH 3 ) , 3.65 (3H, s, 
OCH3) and 4.30 (1H, m, Wlh=6 Hz) . Found: C, 71.01; 
H , 7 .93%. Calcd for C 1 8 H 2 4 0 4 : G, 71.02; H , 7.95%. 

1,2,3,4,4a,4b,5,6,7,9,10, Wa-Dodecahydro-10ß-hydroxy-1, 4a-dime-
thy 1-7-oxophenanthrene-1 ß-carboxylic Acid (XXIII). T h e 
hydroxy acid ( X X I I ; 0.2 g) dissolved in ether (30 ml) was 
added slowly to anhydrous liquid N H 3 containing lithium 
metal (30 mg). T h e mixture was stirred for 30 min and 
then added slowly absolute ethanol (95 ml) . Stirring was 
continued until disappearance of the blue color; after the 
mixture had stood overnight at room temperature to allow 
the ammonia to evaporate, water was added and the reduced 
product was extracted with ether. The extracts were washed 
till neutral , dried and evaporated to obtain a semi-solid 
material (0.94 g) which without purification was hydrolysed 
on steam bath for 2 h in a mixture of methanol (20 ml) , 
water (5 ml) and coned hydrochloric acid (10 ml) . The 
mixture was poured into cold water and extracted with ether. 
T h e organic extract was washed till neutral, dried and eva­
porated. An oily material was obtained which was chrom-
atographed over silica gel. Elution with benzene: ether 
(9:1) afforded ^ - u n s a t u r a t e d ketone ( X X I I I ; 58 mg, 30%) , 
m p (from ether) 292 °C, m/e 292 (M+) and 274 ( M + - H 2 0 ) , 
A m a x E t O H 248 n m (log s 15,500), v m a x 3540 (OH) , 1725 
(G=0) and 1665 (a,/?-unsaturated C = 0 ) , ô 1.18 (3H, s), 
1.23 (3H, s) (I-GH3 and 4a-CH 3 ) , 3.78 (1H, m, Wr/i= 
8 Hz) and 5.93 (1H, s) (8-H). Found: G, 69.81 ; H , 8.25%. 
Calcd for C 1 7 H 2 4 0 4 : C, 69.83; H , 8.27%. 

W e wish to t h a n k Prof. R . E . I r e l a n d , Ca l i fo rn ia 
I n s t i t u t e of T e c h n o l o g y for helpful discussions d u r i n g 
t h e p r e p a r a t i o n of m a n u s c r i p t a n d Conse jo N a c i o n a l 
d e Inves t igac iones Cient i f icas y T e c n o l o g i c a s ( C O N I -
C I T ) for p a r t i a l financial ass is tance . 
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Synops i s . Halobenzenes having such an electron-
donat ing group as amino , hydroxyl or methoxyl group at 
their pa ra position were thiocyanated with sodium thiocyanate 
under i rradiat ion. Also, the r ing isomer of o-thiocyanatoani-
line, 2-aminobenzothiazole, was obtained by the photoreaction 
of o-chloroaniline with sodium thiocyanate. 

I n sp i t e t h a t p h o t o c h e m i c a l l y i n d u c e d n u c l e o p h i l i c 
a r o m a t i c s u b s t i t u t i o n i n c l u d i n g t h e p h o t o c y a n a t i o n h a s 
b e e n ex tens ive ly s tud ied 1 ) v e r y few e x a m p l e s of p h o t o -
t h i o c y a n a t i o n of a r o m a t i c c o m p o u n d s a r e k n o w n o t h e r 
t h a n t h e r e a c t i o n of p h e n y l t h a l l i u m ( I I I ) c o m p o u n d s 
w i t h p o t a s s i u m t h i o c y a n a t e 2 ) a n d t h e f o r m a t i o n ofp- th io-

c y a n a t o a n i l i n e f rom />-chloroani l ine. 3 ) W e n o w r e p o r t 
t h e p h o t o t h i o c y a n a t i o n of m o n o s u b s t i t u t e d h a l o b e n z e n e 
w i t h t h i o c y a n a t e a n i o n . 

By t h e i r r a d i a t i o n o f /» - subs t i tu t ed h a l o b e n z e n e s a n d 
s o d i u m t h i o c y a n a t e i n w a t e r o r / - b u t y l a l c o h o l - w a t e r 
t h r o u g h q u a r t z b y a h i g h p re s su re m e r c u r y l a m p t h e 
c o r r e s p o n d i n g jo-subs t i tu ted t h i o c y a n a t o b e n z e n e s w e r e 
o b t a i n e d . T h e resul t s a r e s u m m a r i z e d i n T a b l e I . 
U n d e r t h e s i m i l a r c o n d i t i o n s , m-ch lo roan i l i ne , m-ch lo ro -
p h e n o l , w - c h l o r o n i t r o b e n z e n e , or m-n i t roan i so l e d i d n o t 
g ive a d e t e c t a b l e a m o u n t of m - t h i o c y a n a t o b e n z e n e 
de r iva t i ve s . 

T A B L E 1. PHOTOTHIOCYANATION OF /»-SUBSTITUTED 

HALOBENZENES 

Av 
R - C 6 H 4 - X + N a S C N R - C 6 H 4 - S C N + N a X 

R 

NH2 

NH2 

OH 
OH 
OCH3 

OCH3 

X 

CI 
Br 
CI 
Br 
CI 
Br 

Solvent 

20% /-butyl alcohol 
20% /-butyl alcohol 

water 
water 

20% /-butyl alcohol 
60% /-butyl alcohol 

Time 
(h) 

6 
6 

18 
6 

11 
3 

Yield 
(%) 
10.5 
5.0 

25.0 
13.6 
15.3 
7.0 

I r r a d i a t i o n of a so lu t i on of o -ch lo roan i l ine a n d s o d i u m 
t h i o c y a n a t e i n 2 0 % a q u e o u s / - b u t y l a l c o h o l a f fo rded 
2 - a m i n o b e n z o t h i a z o l e . T h e r e w a s n o r e m a r k a b l e acce l ­
e r a t i o n i n t h e p h o t o r e a c t i o n oïp- o r m-ch lo roan i l i ne i n 
t h e p r e s e n c e of 18-c rown-6 e t h e r p o t a s s i u m t h i o c y a n a t e 
c o m p l e x i n a n h y d r o u s a c e t o n i t r i l e . As s h o w n i n T a b l e 1, 
h a l o b e n z e n e s h a v i n g a n e l e c t r o n - d o n a t i n g g r o u p a t t h e i r 
p a r a pos i t i on c a n b e s u b s t i t u t e d b y p h o t o t h i o c y a n a t i o n . 

E x p e r i m e n t a l 

U V spectra were recorded on a Hitachi EPS-3T recording 

spectrophotometer and I R spectra on a Hitachi EPI -G3 spec­
trophotometer. A Taika 100W high pressure mercury lamp 
was used as the irradiation source. 

General Procedure for Analysis of Photothiocyanation Products from 
Halobenzenes. A solution of a halobenzene (0.2 mmol) 
and sodium thiocyanate (2 mmol) in a solvent (20 ml) was 
irradiated. The reaction was cheked with T L C and U V 
spectrum. An aliquot of the reaction mixture was analyzed 
by liquid part i t ion chromatography and U V spectrum to 
determine the yields of products. The reaction mixture was 
always proved to contain unreacted halobenzene. 

Photothiocyanation of p-Chloroaniline. A typical example 
for isolation and identification of photothiocyanation products 
from monosubstituted halobenzenes is as follows. A solution 
ofjö-chloroaniline (5 mmol) and sodium thiocyanate (50 mmol) 
in 2 0 % aqueous /-butyl alcohol (500 ml) was irradiated through 
quar tz with stirring for 4.5 h. A small amount of dark brown 
precipitates which appeared during the irradiation was 
filtered off. T h e filtrate was concentrated to dryness. The 
residue was mixed with water and extracted with ether. The 
ethereal layer was dried over anhydrous sodium sulfate and 
ether was removed under reduced pressure. T h e residue was 
crystallized from ethanol water to give colorless crystals, m p 
55.5 °C,4> which was identified with an authentic sample by 
mixed-melting point, U V and I R spectrum : A ^ 1 262 nm, 
v(KBr) 2141 cm" 1 (SCN). 

Photothiocyanation of o-Chloroaniline. Formation of 2-AminO' 
benzothiazole. T h e preceding procedure was used except 
tha t the /-butyl alcohol solution was irradiated for 50.5 h to 
give colorless crystals, m p 128—129.5 °C,5) which was identi­
fied with an authentic sample by mixed-melting point and 
U V spectrum : A ^ ^ 264 nm. 

Photothiocyanation of p - or m-Chloroanilne in the Presence of 
18-Crown-6 Ether Potassium Thiocyanate Complex. Potassium 
thiocyanate (1 mmol) and 18-crown-6 ether (1 mmol) were 
dissolved in methanol (10 ml) and then methanol was removed 
under reduced pressure to give a colorless complex. A solution 
of the complex and p- or m-chloroaniline (0.1 mmol) in aceto­
nitrile (10 ml) was i rradiated for 5 h. T h e yield of the product 
did not increase compared with that of the reaction product 
in the absence of the complex. 
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Synopsis. The pyrene complexes with six polynitro 
aromatic compounds are isomorphous to each other above the 
transition temperatures. The onset of a large degree of 
molecular motion has been shown from broad-line NMR 
measurements to occur at the transition temperature of all 
the six complexes. 

As noted earlier,1) crystalline pyrene complexes with 
2,4-dinitrofluorobenzene (DNF), 2,4-dinitrochloroben-
zene (DNC), 2,4-dinitrotoluene (DNT) , 2,4-dinitrophe-
nol (DNP), and 2,4,6-trinitrochlorobenzene (TNG) 
exhibit polymorphic transitions. These transitions are 
of considerable interest because of the isomorphism 
observed with the high-temperature forms. The disap­
pearance of the specific interaction between the hydro­
carbon molecule and the substituent on the acceptor 
molecule was speculated to be due to dynamical averag­
ing of the interaction by the onset of a large degree of 
thermal motion at the transition temperature. The 
presence of such a molecular motion in the high-temper­
ature forms was considered to be consistent with the 
relatively small enthalpy and entropy changes at the 
melting of these complexes. Solid state N M R has 
proven to be powerful tool for the detection and inves­
tigation of molecular motion in complexes ;2) therefore, 
this technique was employed to study the behavior in 
our cases. 

XH N M R spectra were recorded as the first derivatives 
at 40 MHz, using a J E O L model JES-ME-3X spectrom­
eter with a broad-line N M R attachment, model J E S -
BE-1, which employs a crossed-coil system. For the 
measurements, the complexes were pressed in the form 
of rods with a diameter of 8 mm. Care was taken in 
recording the spectra to avoid saturation (where possi­
ble), and the modulation amplitude was kept small to 
avoid distortion of line shape. Second moments were 
calculated for both halves of the derivative curve and 
corrected for modulation broadening. 

Differential scanning calorimetry (DSC) and X-ray 
diffraction measurements were made as described in a 
previous paper.1) In addit ion to the five complexes 
mentioned above, the 2,4,6-trinitrotoluene (TNT) com­
plex was found to exhibit a new phase transition at 
59 °C, with an enthalpy change of 2.9 kcal mol"1 . The 
complex melts at 162 °C. The enthalpy of melting is 
5.3 kcal mol - 1 . The X-ray diffraction patterns measured 
using Cu Kx radiation are schematically presented in 
Fig. 1 along with those of the T N C complex for com­
parison. Although the two acceptor molecules are almost 
the same in size, the patterns at room temperature are 
distinctly different, reflecting the nature of the particu­
lar substituent. On the other hand, the simple patterns 
above the transition temperatures are essentially identi­
cal and indicate that these high-temperature forms are 

isomorphous to each other. 
The second moment of the measured spectrum is 

shown in Fig. 2 as a function of the temperature for 
each of the pyrene complexes. In all the cases, an 
abrupt reduction in the second moment was observed 
almost at the transition temperature determined by 
DSC. Only when the molecules in the high-tempera-

III ! 
1 

I I 1 
10 

II I I 
• 

1 1 

20 

J 
1 

i 

i 

30 

2^/deg 
Fig. 1. X-Ray diffraction patterns of the pyrene 

complexes with a) TNG and b) TNT. The upper 
pattern for each complex was recorded at room tem­
perature and the lower one, above the transition 
temperature. 

t ^ 

v 

L, CL 

kC^ K, 

n^ fL 

Fig. 2. Second moment values of the proton resonance 
for the pyrene complexes with a) DNF, b) DNC, c) 
DNT, d) DNP, e) TNC, and f ) TNT with (inset) right 
halves of representative spectra recorded below (left) 
and above (right) the transition temperatures. The 
vertical arrows indicate the thermodynamic transition 
temperatures. 
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ture forms are moving fast on an N M R time-scale can 
one expect such coincidence of the temperatures. I t 
must be noted that the moments observed with the high-
temperature forms are in a narrow range around 1 G2. 
The resonance line shape changes at the transition. 
Representative spectra below and above the transition 
temperature are inset in Fig. 2. The second moments 
given by these spectra are indicated by shaded circles. 
Thus, the presence of a large degree of molecular motion 
in the isomorphous high-temperature forms is now firmly 
established. 

T h e largest reduction of second moment associated 
with the transition was found with the D N F complex, 
and the smallest with the D N C complex. The molecular 
motion in the low-temperature form of the former 
complex is clearly more restricted than that of the latter. 
This conclusion is consistent with the thermodynamic 
data . Although the enthalpies of melting are rather 
similar, namely, 5.0 kcal m o l - 1 at 119°C and 4.2 kcal 
mol" 1 at 87 °C respectively, there is a remarkable differ­
ence in the enthalpy of transition. The value for the 
D N F complex is as much as 4.3 kcal mol - 1 , whereas that 
for the D N C complex is merely 0.57 kcal mo l - 1 . The 
enthalpies of transition observed for the other four 
complexes are in the range from 2.9 to 3.2 kcal mo l - 1 . 

The second moment can be calculated from a knowl­
edge of the positions of the nuclei in the lattice, using 
the formulation of Van VI eck. For such a calculation, 
the crystal structure is needed, but this is unknown for 
the present complexes. Nevertheless, the observed varia­
tion is so large that the motional characteristics may be 
discussed to some extent. The second moment in a 
polycrystalline molecular complex can be divided into 
an intramolecular part , from the atoms within a single 
donor molecule and a single acceptor molecule, and an 
intermolecular par t between the atoms of different 
molecules. For the present complexes, only the former 
par t can be approximately calculated from the molecu­
lar structure. T h e contribution in a pyrene molecule in 
a rigid lattice has been calculated to be 3.43 G2 by Fyfe 
et a/.3) As for the acceptor molecule, we calculated the 
intramolecular contribution in DNF, by way of example, 
to be 1.5 G2, taking bond distances of G - G = 1 . 3 9 , C - H 
= 1.08, C - F = 1 . 3 1 , and C - N = 1 . 4 6 Â , and all bond 
angles 120°. Then, the contribution in the basis unit 

of the pyrene-DNF complex becomes about 3.2 G2 for 
the rigid lattice model. In order to explain the observed 
second moment in the high-temperature form, a reduc­
tion of the moment by some molecular motion has to be 
taken into consideration. 

The rotation of the pyrene molecule in solids has been 
suggested to occur in pyrene itself and in some of the 
molecular complexes.3,4) I t has been pointed out that 
the rotational barriers found for complexes are lower 
than those for the parent compounds, possibly due to a 
general decrease in intermolecular steric effects;2'5) thus 
the flat hydrocarbon molecule in the present complexes 
is probably rotat ing around the axis perpendicular to 
the ring plane at high temperatures. Such a motion 
would reduce the intramolecular contribution by a 
factor of one fourth.6) Moreover, the intermolecular 
contribution is also significantly reduced by it. In the 
case of the D N F complex, the latter contribution appears 
to be almost nil. As has been suggested for the azulene-
trinitrobenzene complex by Fyfe and Kupferschmidt,7) 
it is likely that the acceptor molecule is also mobile in 
the high-temperature form. In addit ion to the pyrene 
complexes reported here, we have recently found a 
isomorphous high-temperature forms with the complexes 
of some other hydrocarbons. The work on these com­
plexes is now in progress and will be the subject of 
forthcoming papers. 

The authors wish to express their thanks to Miss 
Mikiko Nanba and Mr. Eiji Ochi for their collaboration. 
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Synopsis. On V 20 5 , Mo03 , and WO s , lattice oxygen 
has been found to be the active oxygen species for the catalytic 
oxidation of NH3, whereas on Mn0 2 , Co304, Fe203 , and NiO, 
adsorbed oxygen also played a significant role in the reaction. 
NO has been found to be an intermediate in the reaction of 
NH3 with lattice oxygen. 

Many studies have been reported on the reaction of 
hydrocarbons with the lattice oxygen of metal oxides in 
connection with the catalytic oxidation of hydrocarbons. 
O n a number of catalysts, lattice oxygen (O 2 - ) has been 
found to play an important role in the catalytic oxidation 
of hydrocarbons. In a previous paper,1) the authors 
investigated the catalytic oxidation of N H 3 on various 
metal oxides by a flow technique, and found that N O 
is an important gas phase intermediate in the oxidation 
of NH 3 . The catalytic oxidation of N H 3 was shown to 
have a specific character, in that N H 3 is first oxidized 
to N O (deep oxidation product) which then reacts with 
N H 3 (the N O - N H 3 reaction) to form N 2 and N 2 0 
(partial oxidation products). This is in contrast with 
the oxidation of hydrocarbons. In the present work, 
the reaction of N H 3 with the lattice oxygen of metal 
oxides has been studied to determine the role of lattice 
oxygen in the oxidation of N H 3 and the importance of 
N O as an intermediate in the reaction of N H 3 with 
metal oxides. 

Exper imenta l 

Materials. The method of preparation of metal oxides 
has been described previously.1) Commercial ammonia (99.9 
% purity) and oxygen (99.8% purity) were used as reactants 
without further purification. 

Apparatus. Experiments were conducted with a pulse 
apparatus. The reactant and product components (NH3, N2, 
N 2 0 , and NO) were analyzed using gas chromatography. 
Helium as a carrier gas (116ml/min) was purified with 
titanium metal sponge heated at 750 °C. Pulses of NH3 with 
various concentrations were supplied to the reactor by a 6-way 
valve. 0.1 g of metal oxides were used. Before injection of 
each sample, the metal oxides were treated with oxygen in a 
gas stream for 30 min at the reaction temperature in order 
to regulate the oxidation state of the samples. 

R e s u l t s a n d D i s c u s s i o n 

Activities of Metal Oxides for the Reaction with Ammonia. 
The conversion of N H 3 (XNH3) and the selectivities to 
N2 , N 2 0 , and N O (Sx2> ^N205 and S^o) have been 
obtained for various metal oxides as functions of the 
reaction temperature. In order to compare the activi­
ties of the metal oxides, the authors have defined Th~

x, 
where T^ - 1 represents the reciprocal of the absolute 
temperature at which XNH3 attains 20% and is a measure 

10 20 30 40 50 60 

A// 0 / k c a l ' mol -1 

Fig. 1. Relationship between the reactivity of lattice 
oxygen of a metal oxide (T^-1) and the enthalpy 
change (Ai/0) of the Reaction 1. 

of the reactivity of the lattice oxygen of the metal oxide 
with NH 3 . In Fig. 1, the value of 7"L

-1 for a metal 
oxide is shown against the enthalpy change (A//0) for 
the following reaction; 

MnOm • M / ) ^ + ^ 0 2 , (1) 

where M n O m represents a metal oxide before reaction. 
As shown in Fig. 1, a correlation was obtained between 
TiT1 and AHQ indicating that the reactivity of the metal 
oxide with N H 3 is determined by the enthalpy change 
of the Reaction 1. 

In Fig. 2, the relation between T^ - 1 and 7"c
_1 is 

shown, where T'c - 1 is defined as the reciprocal of the 
absolute temperature at which the conversion of N H 3 

in the catalytic oxidation of N H 3 by flow technique 
attains 20%.1) As shown in Fig. 2, the metal oxides 
can be divided into two groups. In the first group 
( V 2 0 5 , M o 0 3 , and W 0 3 ) , a correlation is obtained 
between T ^ - 1 and T'c -1, that is, 7^L

-1 is approximately 
equal to T'c -1 within the possible deviations due to the 
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Fig. 2. Relationship between the reactivity of lattice 
oxygen of a metal oxide ( T^-1) and the activity of the 
metal oxide for the catalytic oxidation of NH3 (T c

_ 1) . 
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differences in the reaction technique (pulse or flow 
technique). The correlation indicates that, on a metal 
oxide in the first group, the oxygen species responsible 
for the catalytic oxidation of N H 3 is mainly the lattice 
oxygen of the metal oxide. In the second group ( M n 0 2 , 
N i O , F e 2 0 3 , and Co 3 0 4 ) , TC~X is greater than T ^ - 1 

suggesting that on a metal oxide of the second group, 
in addit ion to the lattice oxygen, the adsorbed oxygen 
species such as 0 2 ~ or 0 ~ play a significant role in the 
catalytic oxidation of NH 3 . This is in accordance with 
the results of thermal desorption, that is, the oxygen 
species, which desorbs at a lower temperature and is 
assigned to 0 2 ~ or O - species, was detected for the 
metal oxide of the second group.2,3) This classification 
has been supported by pulse experiments on the effects 
of gaseous oxygen addit ion on pulses. The conversion 
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Fig. 4. Oxidation of NH3 pulse with various NH3 

concentrations by lattice oxygen of V205 . 
Reaction temperature=528 °C. Pulse size = 7.42 cm3. 

™ ^ 5 - ^ i ? ! r ^ L ? * 1 ? 8 . ^ ^ e „ ! ^ ° n d . u g r _ 0 ^ ^ a S % a n d a 1 1 o f N O > N2> a n d N a O were formed irrespective 
of the inlet concentration of NH 3 . As the concentration 
of N H 3 in the pulse decreased (Figs. 3 and 4), £N0 

increased to 100%, and SN20 and Sa2 decreased to 0%. 
The results can be explained by the following scheme; 

enhanced by the addit ion of 0 2 in pulses, whereas XNH3 

with the metal oxide of the first group was not changed. 
Concerning the reaction of N H 3 with metal oxides, the 
influence of adsorbed oxygen, formed by the treatment 
with gaseous oxygen before the pulse was negligibly 
small—the conversion of N H 3 in the first pulse was the 
same as that in the second pulse measured without the 
treatment with gaseous oxygen. Furthermore, it is 
considered that the lowering of the surface lattice oxygen 
concentration hardly occurred in the reaction of N H 3 

with metal oxides at the temperature at which XNH3 

attained 2 0 % , since the yield of N2 , the only product 
at the temperature, was not changed by the increasing 
concentration of N H 3 in the pulse. 

Nitrogen Oxide as an Intermediate in the Oxidation of 
Ammonia with the Lattice Oxygen of Metal Oxides. As 
reported in a previous paper,1) N O plays an important 
role as a gas phase intermediate in the catalytic oxidation 
of N H 3 on metal oxides. This view agrees with tha t of 
Shelef et al.4* and Schmidt et al.5) In the oxidation of 
N H 3 with lattice oxygen of C o 3 0 4 and V 2 O s at 520 °G 
and 528 °C respectively, the conversion of N H 3 was 100 
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Fig. 3. Oxidation of NH3 pulse with various NH3 

concentrations by lattice oxygen of Co304 . 
Reaction temperature=520 °C. Pulse size=7.42 cm3. 
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where N H 3 is at first oxidized by lattice oxygen to N O 
which then reacts with N H 3 (the N O - N H 3 reaction) to 
form N 2 and N 2 0 (Step I I ) . The N O - N H 3 reaction 
(Step II) takes place catalytically under the experimen­
tal conditions of the present work.6) According to the 
scheme, the activity of a metal oxide is determined by 
Step I, whereas the selectivities to N 2 and N s O are 
limited by the relative rate of Step I I to that of Step I. 
Since Step I and Step I I are a monomolecular and a 
bimolecular reactions respectively, the relative rate of 
Step I I to that of Step I, should increase with an 
increase in the concentration of NH 3 , which is in accord 
with the experimental results shown in Figs. 3 and 4. 
Furthermore, in Figs. 3 and 4, the S^o on V 2 O s decreas­
es more markedly than that on C o 3 0 4 with increasing 
concentration of NH 3 , in accordance with the scheme, 
since the activity of V 2 O s for the N O - N H 3 reaction is 
higher than that of Co304.6> Thus, it is concluded that 
N O plays an important role as a gas phase intermediate 
in the reaction of N H 3 with metal oxides as well as in 
the catalytic oxidation of NH 3 . 
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Preparation of Potassium Glycinatotrihydroxonitrosylruthenate(II) 
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Synops i s . A new mono-glycinato complex of hydroxo-
ni trosylruthenium(II) , K [ R u ( g l y ) ( O H ) 3 N O ] was isolated by 
use of ion exchange resin from the product formed by the 
reaction of [ R u C l 3 ( H 2 0 ) 2 N O ] with glycine. T h e complex was 
characterized by means of infrared, visible, and ultraviolet 
absorption spectra, capillary type isotachophoresis, magnetic 
moment and molar conductivity. 

T h e h y d r o x o n i t r o s y l r u t h e n i u m ( I I ) c o m p l e x w i t h 
a m i n o a c i d is n o t k n o w n . Be lo t a n d P i g n o n 1 ) s t u d i e d 
t h e b e h a v i o r of n i t r o s y l r u t h e n i u m in t h e p r e s e n c e of 
p o t e n t i a l l y c o m p l e x i n g o r g a n i c c o m p o u n d s . T h e y 
r e p o r t e d t h a t t h e m e r c a p t o c a r b o x y l i c ac id s w e r e t h e 
best c o m p l e x i n g agen t s a n d t h a t t h e c o m p l e x f o r m a t i o n 
of n i t r o s y l r u t h e n i u m ( I I ) h y d r o x i d e w i t h m e r c a p t o a c e t i c 
a c i d cou ld e v i d e n c e d b y m e a s u r i n g t h e r e l a t i ve 
a m o u n t of dissolved species w i t h u l t r a - f i l t r a t i on o r gel 
c h r o m a t o g r a p h y . I n t h e p r e sen t p a p e r w e r e p o r t o n 
p o t a s s i u m g l y c i n a t o t r i h y d r o x o n i t r o s y l r u t h e n a t e ( I I ) . 

E x p e r i m e n t a l 

Materials. Commercial ru then ium(I I I ) chloride mono-
hydrate (Mitsuwa Chemicals and Co.) and glycine (extra pure 
grade, Kishida Chemicals and Co., Ltd.) were used. Commer­
cial Dowex 1 x 4 sieved to a fraction of 100—200 mesh was 
used as anion exchange resin. T h e resin was converted into 
the Cl-form by t reatment with 2 M N a O H and 2 M NaCl in a 
beaker. T h e resin was washed with distilled water unti l the 
chloride ion was no longer detected in the washing. T h e 
Cl-form resin was dried at 60 °C for 48 h and then stored in a 
desiccator. 

Preparation. Diaquatrichloronitrosylruthenium(II), [RuClz-
(H20)2NO]: T h e complex was prepared by a modification 
of the method of Fletcher et al.2) After the solution of nitrosyl 
derivative formed by the reaction of ru thenium (I I I ) chloride 
with sodium nitri te has been adjusted to p H 6.4 with 2 M 
sodium hydroxide, the solution was evaporated to dryness and 
extracted with ethanol. T h e crystals formed by the removal of 
ethanol by distillation were dried in vacuo. (Found : Ru , 36.05 ; 
H , 1.74; N, 5.26; CI, 39 .36%. Calcd for [ R u C l 3 ( H 2 0 ) 2 N O ] : 
Ru, 36.95; H , 1.46; N , 5.12; CI, 38 .92%). 

Potassium Glycinatotrihydroxonitrosylruthenate(II), K[Ru(gly)-
(OH)3NO] : Diaquatr ichloronitrosylruthenium(II) (3 g) was 
dissolved in 20 ml of distilled water. T o this was added a 
solution obtained by dissolving 1.2 g of glycine in a small 
amount of distilled water. The resulting solution was refluxed 
on a hot -water ba th for 3 h . This was concentrated and then 
cooled in a refrigerator for several days. The crystals formed 
were filtered and dissolved in 5 ml of distilled water . T h e 
solution was passed through a column (diam. 11 mm, height 
245 mm) filled with Cl-form anion exchange resin. The 
adsorbed complex was eluted with 2 M KCl . After the eluent 
had been concentrated, potassium chloride deposited was 
filtered off. T h e crystals formed were filtered, recrystallized 
from water and dried in vacuo. T h e complex is insoluble in 
organic solvents. Found: K, 13.76; Ru , 33.80; C, 8.19; H, 
2.60; N, 9.89; yield 36.84%. Calcd for K [ R u ( H 2 N - C H 2 -

C O O ) ( O H ) a N O ] : K, 13.24; Ru , 34.23; C, 8.13; H , 2.39; N, 
9 .49%. 

Measurements. Potassium in the complex was determined 
as follows. Potassium was precipitated with 2 % sodium tetra-
phenylborate solution. After being filtered and washed, the 
precipitate was dissolved in acetone. T o this solution was 
added excess m e r c u r y ( I I ) - E D T A , and the E D T A liberated 
was back-ti trated with a s tandard zinc solution using a PAN 
indicator.3) Ru then ium in the complex was determined spec-
trophotometerically by measuring the absorbance at 465 nm 
after thermal decomposition of the complex at 320 °C followed 
by alkali fusion.4) Infrared absorption spectra were measured 
in KBr disks on a J A S C O Model IR-S infrared spectrophoto­
meter. Magnet ic susceptibility was measured by the Faraday 
method5) at 20 °C with a Cahn R . G. electrobalance. Molar 
conductivity was measured at 20 °C with Yanagimoto Model 
MY-7 conductivity outfit. Isotachophoresis was measured with 
a Shimadzu Model IP - IB capillary tube isotachophoretic 
analyzer as described below. 1.8 mg of potassium glycinatotri-
hydroxonitrosylruthenate(II) was dissolved in 500 [i\ of distilled 
water. A 10 \xl portion of the aqueous solution of the sample 
was poured into a capillary tube, length 20 cm, inner d iam. 
0.57 m m . An aqueous mixture solution of 0.01 M ammed io l -
HC1 adjusted to p H 8.8 was used as the leading electrolyte, 
and an aqueous mixture solution of 0.01 M /?-alanine-Ba(OH)2 

adjusted to p H 10.9 as the terminal electrolyte. T h e electro-
phoreogram was recorded with migrat ion current and migra­
tion t ime 100 y.A and 20 min, respectively. 

R e s u l t s a n d D i s c u s s i o n 

I t w a s f o u n d f rom t h e e l e c t r o p h o r e o g r a m s h o w n in 
F i g . 1 t h a t t h e c o m p l e x b e h a v e s l ike a n a n i o n i c species 
i n e l e c t r o p h o r e t i c m i g r a t i o n . A p o t e n t i a l g r a d i e n t 
inverse ly p r o p o r t i o n a l t o t h e m o b i l i t y w a s o b t a i n e d , t h e 
p o t e n t i a l u n i t v a l u e (PU v a lue ) of t h e s a m p l e b e i n g 
c a l c u l a t e d f rom t h e r e l a t i v e r a t i o of t h e p o t e n t i a l g r a d i ­
e n t of l e a d i n g e l ec t ro ly t e a n d t h e s a m p l e z o n e b y m e a n s 
of t h e fo l lowing e q u a t i o n : 6 ) 

0 10 15 17 
T ime (min) 

Fig. 1. Isotachophoresis of [ R u ( g l y ) ( O H ) 3 N O ] - . 
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PU value = „ s „L = 0.531, 

where P$ : potential gradient of the sample, 
PL.' potential gradient of leading electrolyte, 
i V potential gradient of terminating electrolyte. 

The leading electrolyte has a mobility larger than that 
of the sample and the terminat ing electrolyte a smaller 
mobility. The PU value 0.531 indicates that the mobility 
of the complex anion is nearly intermediate between 
that of 0.01 M ammedio l -HCl at p H 8.8 and 0.01 M 
ß-a lanine-Ba(OH) 2 at p H 10.9, assuming the formation 
of mono-glycinato complex anion of hydroxonitrosyl-
ru thenium(II ) in weak alkali solution. 

From the results of elemental analysis, the ratio of 
potassium, ruthenium, carbon, hydrogen and nitrogen 
of the complex was found to be 1: 1: 2 : 7: 2. T h e molar 
conductivity of aqueous solution of the complex was 
143.6 Q - 1 cm2 mol - 1 , showing that the complex is a 1: 1 
type electrolyte. 

TABLE 1. THE CHARACTERISTIC INFRARED ABSORPTION 

BANDS OF THE PRESENT R u ( I I ) COMPLEX ( c m - 1 ) 

Assignment 

y(N-H) 
y(O-H) 
y(O-D) 
y(N-O) 

Antisymmetric 
y(COO) 

Symmetric 
y(GOO) 
y(C-N) 

Glycine 

3480 

1595 

1399 
1034 

K[Ru(gly)(OH)3] 

3400 
3060 
2140 

1865s—1825br 

1603 

1395 
1030sh 

s=strong, br=broad, sh=shoulder. 

T h e main infrared absorption bands of the present 
complex are given in Table 1, together with those of 
the pure ligand. The absorption band at 1850 c m - 1 

was assigned to the N O + stretching vibration of nitrosyl 
group. T h e band shifted to the lower frequency side 
than that of the original complex, [ R u C l 3 ( H 2 0 ) 2 N O ] 
by the chelation of glycine. A similar observation has 
been reported for [RuCl 3 (phen)NO] by Lewis et al.7) 
The absorption band at 3400 c m - 1 was assigned to N - H 
stretching vibration of the N H 2 group by comparison 
with the peak at 3480 c m - 1 of glycine. The absorption 
band at 1030 c m - 1 was assigned to C - N stretching 
vibration arising from skeleton stretching of glycine. 
The band at 3060 c m - 1 , assigned to the O H stretching 
frequency, shifted after deuterat ion to 2140 c m - 1 . The 
new glycinatohydroxonitrosylruthenate(II) complex was 
identified from the IR-da ta . 

The electronic absorption spectrum of the complex, 
K[Ru(g ly ) (OH) 3 NO] was measured in aqueous solution 
( p H = 6 . 1 5 ) , and compared wi th tha t of the starting 
complex, [ R u C l 3 ( H 2 0 ) 2 N O ] reported by Mercer et al*) 

Wavelength (nm) 

700 600 500 450 400 340 320 300 270 250 230 
p —\ 1 1 r- 1 1 " 1 r———i rj 

4.o[ / ^ ^ 1 

3,5 r / I 
* 3.oL / J 
M \ J 

2,5 r / I 
2.0 h ^ ^ | 

1.5-Lr=^_ . —i 1 . . 1 
15 20 25 30 35 40 

Wave number (103 cm-1) 

Fig. 2. Electronic spectrum of K[Ru(gly)(OH)3NO] in 
H 2 0 (pH=6.15). 

The spectrum is shown in Fig 2.. Potassium glycinato-
trihydroxonitrosylruthenate(II), K[Ru(g ly) (OH) 3 NO] 
has three shoulders and a peak at 540, 390, 335, and 
265 nm, respectively. The 540 nm shoulder may be 
assigned to the d-d transition. In spite of no appearance 
of an absorption band of [RuCl 3 (H 2 0) 2 NO] in the 
ultraviolet region, the appearance of the characteristic 
peak of K[Ru(g ly ) (OH) 3 NO] at 265 n m may be at tr ib­
uted to the ligation of glycine. 

The observed diamagnetism of K[Ru(g ly) (OH) 3 NO] 
indicates that the ru thenium atom has spin-paired d6 

configuration, suggesting that the complex can be formu­
lated by the donation from N O + ion. The stereochemi­
cal configuration of K[Ru(g ly ) (OH) 3 NO] is not clear, 
but a facial or meridional formula can be proposed. 

The authors wish to express their thanks to Prof. 
Masayasu Mori and Dr. Shigeichi Kubo, Osaka City 
University, for their guidance in the measurement of 
magnetic susceptibility. Thanks are also due to Dr. 
Yasuyo Shiogai, Shimadzu Seisakusho Ltd. for carrying 
out the isotachophoretic analysis. 
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Flux Growth of Double Oxide Crystals of Tantalum and 
Rare-earth Elements 
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(Received July 5, 1978) 

Synopsis. Crystals of GdTa04 , DyTa04 , and ErTa0 4 , 
and those of Gd3Ta07 , Y3Ta07 , and Er3TaO? have been 
grown by PbF2-PbO flux. Solid solution crystals of YTa0 4 

and YNb04 have been obtained for the starting composition 
ofYTa jrNb1_xO4(*<0.5). 

Niobium and tantalum occur in nature as fergusonite 
Y ( N b , T a ) 0 4 , columbite (Fe ,Mn)(Nb,Ta) 2 0 6 , and 
samarskite Y 4 [ (Nb ,Ta) 2 0 7 ] 3 , etc.1) I t is common for 
these minerals to contain radioactive elements such as 
U and T h as minor elements, so that they are in most 
cases in the 'metamict ' form, giving an X-ray pattern 
like that of an amorphous phase. I t is generally known 
that in inorganic compounds solid solutions are formed 
at any atomic ratio for Nb and Ta , and that with an 
increase in T a content, the melting point of the com­
pound increases, abruptly over 2000 °G. 

The flux growth of fergusonite type crystals2'3) 
L n N b 0 4 , where Ln is a rare-earth element has been 
reported, as have the new compounds of Ln 3 NbO ? , the 
columbite type crystals of M N b 2 O e and M T a 2 O e , where 
M is divalent transition metal. Although these com­
pounds have high melting points, growth at tempera­
tures below about 1300 °C has been achieved. In this 
paper the flux growth of the double oxides of rare-earth 
elements and tantalum at temperatures below 1500 °C 
are reported. Above 1500 °G the Pt crucible is seriously 
damaged. 

As a typical case, the growing method of G d T a 0 4 is 
given here. Other compounds can be grown, in general, 
in a manner similar to that for G d T a 0 4 , with some 
minor changes in the conditions such as the composition 
of the starting materials, solute-flux ratio, etc. Reagents 
of L n 2 0 3 (purity 4N) and T a 2 O s (purity 4N) were used 
for the growth experiment. As flux materials, P b F 2 -
PbO, B i 2 0 3 - V 2 0 5 , and B 2 0 3 - N a 2 B 4 0 7 were used at 
various flux ratios. The puri ty of PbF 2 and P b O was 
3N, and the others were of chemical reagent grade. 

A mixture of the starting material ( G d 2 0 3 5 m M - f 
T a 2 0 5 5 m M ) was put into a 20 ml plat inum crucible 
together with the flux material (PbF 2 40 m M + P b O 10 
m M ) , and tightly covered with a plat inum lid. The 
crucible was placed in an electric muffle furnace kept 
at 1350 °G for 10 h. Cooling to 900 °G was achieved at 
the rate of 1—3 °G/h, program controlled. At the final 
temperature the crucible was taken from the furnace 
and air quenched to room temperature. The products 
obtained were washed with hot dilute H N 0 3 for several 
hours. T h e crystals thus obtained were identified as the 
desired materials by X-ray powder diffraction. 

Figure 1 shows the crystals of G d T a 0 4 obtained by 
using P b F 2 - P b O flux. The regular crystals are octa­
hedral in shape, ranging in size from 0.5—2.5 m m in 
the longest directions. 

Fig. 1. Crystals of GdTa0 4 (1 division = 1 mm). 

Of the flux materials tried, only the P b F 2 - P b O 
system was suitable for the growth of L n - T a - O system 
compounds. A list of crystals obtained from the P b F 2 -
P b O flux is given in Table 1, where the compounds 
presented in each row were obtained from the same 
melt. Crystals having L n T a 0 4 composition are those 
with L n = G d , Dy, and Er. They were found to be 
monoclinic and isostructural with L n N b 0 4 with a 
fergusonite structure, the cell parameters of which are 
given in Table 2. Attempts at growing other L n T a 0 4 

type compounds at higher temperatures {i.e. up to about 
1500 °C) were not successful. Compounds of Gd 3 TaO ? , 
Y 3 T a 0 7 , and E r 3 T a O ? belong to the cubic system, and 
have been related to the L n 3 N b 0 7 type crystals.4) No 
analogue compounds of L n 3 T a 0 7 are known in nature . 
Crystals which were obtained as by-products during the 
growth are P b 3 T a 2 0 8 , P b 2 T a 2 0 7 and other unidentified 
crystals. 

The growth of the solid solution phases of the Y T a 0 4 -

TABLE 1. LIST OF PRODUCTS OBTAINED BY FLUX 

METHOD (PbF2: PbO=80 : 20) 

Lna) Products (color, shape) 

La Pb3Ta208(brown, massive), Pb2Taa07(yellow plates) 
Ce Ce02 (black, octahedral) 
Nd Pb3Ta208

b> 
Sm Pb3Ta208

b> 
Eu Pb3Ta208

b> 
Gd Gd3TaO?(yellow plates), GdTa04(yellow, octahedral) 
Dy DyTa04(pale yellow, massive) 
Y Y3Ta07(pale brown, massive), Pb3Ta208 , Pb2Ta207 

Ho Pb3Taa08
b> 

Er Er3TaO,(pink plates), ErTa04(pale yellow, massive) 

a) Ln means rare-earth element, the oxide form of which 
was added as one component of the starting materials. 
b) Compounds of rare-earth element and tantalum were 
not obtained. 
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TABLE 2. LATTICE PARAMETERS OF PRODUCTS HAVING 

LnTa0 4 AND Ln3TaOT COMPOSITION (1 Â = 0 . 1 nm) 

Lattice parameter 
Product -̂  v 

«(A) b(A) C(A) ß(°) 

GdTa0 4 5.401 (2) a> 11.060(2) 5.071(2) 95.6(2) 
DyTa0 4 5.352(2) 10.981(2) 5.060(2) 95.7(2) 
ErTa0 4 5.313(2) 10.891(2) 5.040(2) 95.7(2) 
Gd 3Ta0 7 5.321(2) 
Y 3Ta0 7 5.240(2) 
Er 3Ta0 7 5.321(2) 

a) Numbers in parentheses here are estimated standard 
deviations in units of the last significant digit. 

Y N b 0 4 series has been at tempted in the temperature 
region below 1500 °G. Single phase crystals have been 
obtained for the compositions YTaA.Nb1_ ; c04 with # < 0 . 5 . 
Here, the value x means the composition of the starting 
materials. For # > 0 . 5 , products showing X-ray patterns 
corresponding to fergusonite type structure were not 

obtained. Significant changes in cell dimensions for the 
grown solid solutions were not observed within experi­
mental error, but for a parallel increase in specific 
gravity with an increase in T a content. 

The authors wish to express their thanks to Professor 
Kozo Nagashima of the University of Tsukuba for his 
kind support of this work. 
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Synopsis. The properties of [Rh6(CO)12(bpy)2] (bpy : 
2,2'-bipyridine), prepared recently from substitution of carbon­
yl ligands in [Rh6(CO)16] by 2,2'-bipyridine have been inves­
tigated. 

Though hexadecacarbonylhexarhodium is generally 
considered to be a stable, rather unreactive compound, 
its derivatives substituted by dienes, halogens, phos-
phines and phosphites have been reported.1 - 5) Recently 
we have found that the treatment of [Rh6(CO)1 6] with 
2,2'-bipyridine in dichloromethane at room temperature 
under nitrogen atmosphere gives rise to a successive re­
placement of two carbonyl groups by 2,2'-bipyridine 
and results in the formation of [Rh 6(CO) 1 2(bpy) 2] . 
Further replacement of carbonyl groups did not occur. 
Darkbrick-colored crystals were isolated from the deep 
brown solution. This compound is more soluble in 
dichloromethane and chloroform than [Rh 6 (CO) 1 6 ] , 
and stable to air oxidation on the solid state. In the 
synthetic reaction unis (bipyridine)-substituted cluster 
was not obtained. 

The I R spectrum of [Rh6(CO)1 2(bpy)2] in the 
carbonyl stretching region shows v(GO) at 2050, 2015 
c m - 1 (terminal) and 1785 c m - 1 (face-bridging) in dichlo­
romethane. In comparison with [Rh6(CO)1 6] which has 
sharp bands at 2075 and 2025 c m - 1 due to terminal 
carbonyls and at 1801 c m - 1 due to face-bridging carbon­
yl group in chloroform, all bands were shifted to the 
lower frequency. The symmetry ( A ^ I ^ ) of terminal 
carbonyls implies that two bipyridine ligands coordinate, 
in place of four carbonyl groups, to the terminal sites in 
the trans-position of the hexarhodium unit. The coordi­
nation mode of the bipyridine ligand is similar to that 
of the dienes such as norbornadiene, 1,4-cyclohexadiene 
and 1,5-cyclooctadiene in [Rh 6 (CO) 1 4 (diene)].1* 

Under carbon monoxide atmosphere, the bipyridine 
ligand of [Rh 6 (CO) ] 2 (bpy) 2 ] can be readily replaced 
with carbon monoxide at room temperature. By moni­
toring I R spectra it was found that the cluster had been 
returned to parent carbonyl [Rh6(CO)1 6] via [Rh6-
(CO)1 4(bpy)] as an intermediate, the existence of which 
was confirmed by 1 3 C-NMR data described later. The 
resulting [Rh6(CO)1 6] is almost excluded from the solu­
tion because of its low solubility. 

[Rh6(CO)16] - ^ [Rh6(CO)12(bpy)2] 
- c o 

CO -bpy 
CO I - b p y 

[Rh^COUbpy) ] 

Under carbon monoxide atmosphere the direct car­
bonyl exchange also proceeds on the cluster during the 
coordinated bipyridine-CO exchange. For 100 h reac­
tion of [Rh 6 (C0 1 2 ) (bpy) 2 ] (27 mg) in dichloromethane 

(4 ml) with excess 13C-enriched carbon monoxide {ca. 
91 a tom%) at room temperature, the labelled unis-
(bipyridine) substituted cluster was predominantly exist­
ent in the solution. The proton-decoupled ] 3 C - N M R 
spectrum of the cluster showed the presence of two 
nonequivalent carbonyl resonances at a lower field 
(Ô 231.8, 243.2 p p m : quar te t 7 ( R h - C ) ca. 26 Hz) and 
three nonequivalent carbonyl resonances at a higher 
field (Ô 180.2, 181.6, 184.0 p p m : doublet 7 ( R h - C ) 
71 .6±0 .3 Hz) . As observed for [Rh e (GO) l e ] (ter­
minal carbonyl; ô 180.1 ppm, doublet J(Rh-C) 70.2 
± 0 . 6 Hz, face-bridging carbonyl; ô 231.5 ppm, quartet 
7 ( R h - C ) 24 .4±0 .6 Hz),6) the lower field signals are due 
to the face-bridging carbonyl groups and the higher 
field signals due to the terminal carbonyl groups. The 
intensity ratio of the terminal carbonyls exhibits 4 : 4 : 2. 
Since these intensities should reflect the relative abun­
dances in this region, the spectrum is compatible with 
Structure (1). 

oc co 
Structure (1). 

The result that two resonances of the terminal carbon­
yls at tached to the square plane in the Rh 6 unit are 
nonequivalent is similar to the result that two resonances 
of terminal carbonyls at tached to the basal plane are 
nonequivalent relative to the apical rhodium in [Rh4-
(CO)12].'> 

The reaction product between [Rh 4(CO) 1 2] and 
dienes is reported to give the same product, [Rh 6(CO) 1 4-
(diene)] obtained by the reaction of [Rh6(CO)1 6] with 
dienes.1) However, the reaction of [Rh4(CO)1 2] with 
bipyridine under the aforementioned synthetic condi­
tions produces exclusively an unidentified black solid, 
which is insoluble in almost organic solvents. 

E x p e r i m e n t a l 

13C-NMR spectra were recorded in the Fourier transform 
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mode on a Varian Associates XL-100-15 spectrometer in 
dichloromethane~</2 solution, using 0.05M Cr(acac)3 as a 
relaxation reagent and using tetramethylsilane as an internal 
standard. IR spectra were recorded on a Model EPI-G3 of 
Hitachi Grating Infrared Spectrophotometer. 

2,2'-Bipyridine was recrystallized from a mixture of ethanol 
and water. Hexadecacarbonylhexarhodium, [Rh6(CO)16], was 
purchased from the commercial source (Strem Chemical Incor­
porated). The 13CO (91 atom%) enclosed in a glass tube with 
a breakable seal, purchased from B.O.C. Ltd. (Prochem), 
was connected with vacuum line and used without further 
purification. Solvents, CH2C12 and GD2C12, were dried over 
P 20 5 , and were vacuum-distilled before use. 

Preparation of [Rh6(CO)12(bpy)2]. The 2,2'-bipyridine 
(bpy: 176 mg, 1.13 mmol) was added to [Rh6(CO)16] (200 
mg, 0.19 mmol) suspended in dichloromethane (10 ml) on 
stirring at room temperature. During the stirring the evolved 
carbon monoxide was evacuated from time to time and 
replaced with dry nitrogen. After the 100 h reaction at about 
30 °C, the reaction mixture was filtered out under dry nitrogen. 
(The residue was dark-green and air-stable.) Excess hexane 
was added to the deep brown filtrate, the solution of which was 
kept overnight at — 78 °C. The solid obtained was washed 

several times with hexane, recrystallized from a mixture of 
dichloromethane and hexane, and then dried in vacuo. The 
yield was about 30%. It was stored under nitrogen in an ice 
box. Found: C, 30.19; H, 1.99; N, 4.75%. Clacd for C32H16-
012N4Rh6: C, 30.33; H, 1.26; N, 4.42%. 
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Synopsis. New tris(dehydroacetato)-, tris (methyl 
acetoacetato)-, and tris(ethyl acetopyruvato)vanadium(III) 
complexes were prepared and characterized by IR and NMR 
spectroscopies. Paramagnetic contact shifts of these complexes 
were discussed. 

Remarkable paramagnetic contact shifts have been 
observed for mononuclear trivalent vanadium complex­
es containing univalent chelate ligands such as /?-di-
ketonato,1-3) salicylaldehydato,4) and their related 
ligands,4»5) and been applied to the investigations of the 

fac-mer stereochemistry and of electron distributions over 
the ligands of these complexes.2»3»6»7) However, no work 
has been yet reported about a vanadium (III) complex 
coordinated with dehydroacetic acid (Hdac) , alkyl ace-

CH3 .0. ^0 

OL 

dac 

C H s O ^ C H ^ C H s 

0 Ö" 

maa 

fi 
C2HB0C >" CHJ^CH 3 

V I-
eap 

toacetate, or alkyl acetopyruvate, each of which belongs 
to a /?-diketone, possessing a characteristic substituent. 
This note will deal with the preparation and ^ - N M R 
study of the new vanadium (III) complexes containing 
dac, methyl acetoacetato (maa), or ethyl acetopyruvato 
(eap) ligand. 

Experimental 

Materials. Commercial grade vanadium(III) chloride, 
dehydroacetic acid, and methyl acetoacetate were used without 
further purification. Ethyl acetopyruvate was prepared 
accoding to the method of Marvel et al.8) 

General Procedures. IR and 1H-NMR spectra were 
measured on a Hitachi Model 285 and a JEOL Model PS-100 
(100 MHz) spectrometers, respectively. Since solutions of 
vanadium(III) complexes appeared to be sensitive to aerial 
oxidation, preparations and recrystallization were carried out 
under a dinitrogen atmosphere. 

Preparation of [V(dac)3]. An aqueous solution of 
dehydroacetic acid (57 mmol) and sodium carbonate (30 
mmol) was added to an aqueous solution of vanadium (III) 
chloride (19 mmol). After the mixture was refluxed for 2 h, 

a resulting precipitate was separated, washed with water, and 
dried in vacuo. Recrystallization from dichloromethane-petro­
leum ether yielded an ochre-colored solid, [V(dac)3]. 

Preparation of [ V(maa) 3 ] . An ethanol solution of methyl 
acetoacetate (19.2 mmol) and an aqueous solution of sodium 
carbonate were added to vanadium(III) chloride (6.4 mmol) 
in 32 cm3 of an ethanol-water (3:1) solution. The mixture 
was stirred for 2 h at room temperature. After the solvent was 
evaporated, a residue was recrystallized from benzene-petro­
leum ether to give a greenish yellow crystal, [V(maa)3], 

Preparation of [V(eap)3]. Sodium ethyl acetopyruvate 
(30 mmol) was added to an aqueous solution of vanadium (III) 
chloride (9 mmol). After the reaction mixture was refluxed 
for 1 h, a resultant precipitate was separated, washed with 
water, and dried in vacuo. Recrystallization from diethyl ether-
petroleum ether afforded a reddish brown solid, [V(eap)3], 
This complex is considerably sensitive to air. 

R e s u l t s a n d D i s c u s s i o n 

Table 1 shows the yields, elemental analyses, and 
some properties of the complexes prepared in the present 
study. I R spectrum of [V(maa) 3] lacked r (G=0) near 
1700 cm- 1 , revealing that the vanadium (III) ion was 
coordinated with a carbonyl oxygen of the ester group 
to form a ;#-diketonato chelate ring, but not with a 
methoxy oxygen of the same group. Moreover, I R 
spectra of the three complexes exhibited complicated 
bands near 1510 and 1590 c m - 1 , which were assignable 
to the unsymmetrical /?-diketonato chelate rings. The 
reasons for the complicacy of these bands were probably 
due to the coexistence of two kinds of bonding sites in 
the unsymmetrical #-diketonato ligand itself, the fac-mer 
isomerism, and the coordination of the three chelate 
rings in different circumstances in the mer isomer, as 
elucidated by *H-NMR spectra. 

Table 2 shows 1 H-magnet ic resonances of [V(dac)3] , 
[V(maa) 3 ] , and [V(eap) 3] . Four signals were detected 
for a given substituent on the unsymmetrical chelate 
ring of each of these complexes. This fact indicates that 
these complexes consist oîfac and mer isomers, similarly 
to the other vanad ium (III) complexes with unsymmet­
rical ß-diketonato ligands.2 ,3 ) Three signals of an equal 
intensity were ascribed to the substituents on the three 

Complex 

[V(dac)3] 
[V(maa)3] 
[V(eap)3] 

Yield 
(%) 

78 
41 
10 

TABLE 1. 

Mpa> 
(°G) 

147—150 
152—154 

63 

YIELDS AND PROPERTIES OF THE VANADIUM COMPLEXES 

Characteristic IR bands (cm_1)b) 

/?-Diketonato ringc> Other v(C=0) 

1552, 1565 1720d> 
1510, 1590 — 
1508, 1582 1727, 1740e) 

G(%) 

Calcd Found 

52.19 
45.47 
48.29 

51.96 
45.62 
48.03 

H(%) 

Calcd Found 

3.83 4.31 
5.34 5.36 
5.21 4.98 

a) In dinitrogen atmosphere, b) In KBr disc, c) A few shoulders were observed near each band. 
d) Pyrone carbonyl. e) Ester carbonyl. 



626 N O T E S 

TABLE 2. 1H-NMR DATA OF THE VANADIUM COMPLEXES*1) 
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Complex Isomer ratiob> 
(%) 

a-GH3 
d, ppm 

ß-H 
d, ppm 

y-Substituents 

ô, ppm 5, ppm 

[V(dac)3] 

[V(maa)3] 

[V(eaP)3] 

[fac 18 50.4 
[mer 82 54.9, 61.5, 63.5 
[fac 12 25.8 
W 88 17.3, 21.5, 27.5 
[fac 17 60.2 
[mer 83 57.6, 64.0, 69.2 

— 0.8C> 22. ld> 
— 1.2, 11.1, 11.6e) 17.2, 19.6, 22.4d> 

31.8 9.5e) — 
41.0, 41.5, 55.2 9.0, 10.7, 12.4e) 
39.9 
26.5, 45.8, 56. . . } 6.0, 6.3f>h> 1.1M) 

a) Measured at 20 °G in deoxygenated GDG13 using tetramethylsilane as the internal standard, b) Calculated 
from a-CH3 signals, c) 5-H. d) 6-CH3. e) OCH3. f) COOCH2-. g)-GH8(Et). h) Not distinguished owing 
to overlapping each other. 

unsymmetrical chelate rings in the disparate circum­
stances in the mer isomer. T h e fourth signal was ascribed 
to that on the three unsymmetrical chelate rings in the 
same circumstance, i.e. in C 3 symmetry in the fac isomer. 
Since the fourth signal is smaller than each of the 
former three ones, the fac isomer populates in a smaller 
rat io than that expected for a statistical formation, which 
would result in a. fac: mer rat io of 1: 3 and in four signals 
of an equal intensity for the ring substituents. 

Holm et al.2) reported that in the N M R paramagnet ic 
shifts of tris (^-diketonato) vanadium (III) complexes, 
jr-contact par t was dominant and pseudo-contact one 
was negligible, and that unpaired spin of the metal was 
delocalized to the /2-diketonato ligand. In connection 
with the Holm et al.'s explanations, the paramagnet ic 
shifts of a-CHg protons of [V(maa) 3 ] , [V(eap)3] , and the 
related (/?-diketonato) vanadium (III) complexes1-3) were 
correlated to the electronic effect of the corresponding 
y-substituent of the /?-diketonato ligand. A value tfj?9) 
was used as a parameter for the electronic effect of the 
y-substituent, since the /2-diketonato conjugated system 
was reported to have a quasi-aromatic character10) and 
tfg1 represents the term of the resonance effect of each 
meta substituent, composing Hammet t value ffm.9) 

Figure 1 presents the paramagnet ic shifts of the <*-CH3 

- 6 0 

~ - 5 0 

a. 
a. 

" " ' - 4 0 

CO - 3 0 

t5 
o 
c - 2 0 
5 

- in 

• 
OCH3 

1 — 

% 

$ H 

O 
CH3 

1 

* C02Et 

-0.2 - 0 1 0.1 

0 R 

Fig. 1. Relationship between the paramagnetic shift of 
the a-protons and the a™ value of the y-substituent. 
3 : From Ref. 1, 0 : from Ref. 2, %: from the present 
study. Seenöte 11 concerning the paramagnetic shifts. 

protons11) against the o™ values of the y-substituents. 
As for [V(maa) 3 ] , <*-CH3 protons show a small shift, 
indicating that the methoxy group at the y-position of 
the chelate ring suppresses the electron dereal izat ion 
from the metal to the ligand. This is consistent with a 
negative of- value of the methoxy group, representing 
the donation of the resonance electron from this group. 
However, as for [V(eap)3] in which the ethoxycarbonyl 
group has a positive tf™, meaning the small donating 
ability of the resonance electron, the contact shift of 
<*-CH3 protons is large. The linearity shown in Fig. 1 is 
consistent with the quasi-aromatic character of the 
ß-diketonato systems, and supports the Holm et al.'s 
explanations2) about the paramagnetic shifts of the tris-
(ß-diketonato)vanadium(III) complexes. 

We are grateful to Mr . Katsuhiro Inada , Nagasaki 
University, for his help with the N M R measurements. 
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Synopsis. The reactions of dimethylsulfonium methylide 
with (is)-aldoximes and (is)-ketoximes proceeded smoothly 
at room temperature and gave moderately good yields of 
O-methyl (is)-aldoximes and O-methyl (ii)-ketoximes, respec­
tively. A possible scheme for the formation of O-methyl 
(£)-oximes has been discussed. 

Metzger and coworkers1) published a brief report on 
a facile methylation of nitrobenzene by dimethyloxosul-
fonium methylide. Additional methylation reactions 
with several substituted nitrobenzenes have been de­
scribed by Traynelis and McSweeney.2) Analogous 
O-methylation reactions with o-hydroxybenzaldehyde 
have been found by Holt and Lowe,3) i.e., when o-hy­
droxybenzaldehyde and dimethylsulfonium methylide 
(1) were allowed to react, o-methoxybenzaldehyde was 
isolated. The methylation reactions of anthracene and 
benzaldehyde phenylhydrazone with dimethyloxosulfo-
nium methylide are also known.1) 

In this paper the facile O-methylation of (-E')-aldox-
imes (2a—2e) and (ii)-ketoximes (2f—2k) are reported 
employing 1 prepared in situ by the action of /-BuOK 
on trimethylsulfonium iodide in dimethyl sulfoxide 
(DMSO). 

Hitherto, various O-methyl (Zs)-oximes (3) have been 
synthesized either by the reaction of a sodium (Zs)-oxi-
mate with methyl iodide4»5) or by the action of methyl 
sulfate on an (£)-oxime under alkaline conditions.6) 

However, the above reactions proceeded with the 
accompanying formation of iV-methylated oxime deriva­
tives.6) The present method provides an exclusive 
O-methylated (£)-oxime derivative (3). This reaction 
not only presents an alternative method7) for the selec­
tive O-methylation of 2, but is also of interest as an 
example of the utility of sulfur ylides. 

When an (E)-oxime and 1 (generated in situ from 
trimethylsulfonium iodide and /-BuOK in DMSO) were 
allowed to react at room temperature, the corresponding 
O-methyl (ii)-oxime (3) was formed in a moderately 

R _ C - R ' + (CH3)2SCH2: • R - C - R ' + CH3SCH3 

NOH NOCH3 

2 1 3 

a: R=C 6 H 5 , R = H 
b : R=/>-CH3C6H4, R / = H 
c:R=£-ClC 6H 4 , R ' = H 
d: R=/>-CH3OC6H4, R ' = H 
e : R=o-GlG6H4, R ' = H 
f : R=C 6 H 5 , R ' = C H 3 

g: R=/>-CH3C6H4, R ' = G H 3 

h: R=^-C1C6H4, R ' = C H 3 

i : R=/>-BrC6H4, R ' = C H 3 

j : R = C 6 H 5 , R ' = C 6 H 5 

k: R-C-R'=cyclo-G6H10= 
11 

T A B L E 1. O-METHYLATION OF (£ ) -OXIMES (2) BY 

DIMETHYLSULFONIUM METHYLIDE ( 1 ) 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10k> 

11 

(E) -Oxime 

2a 
2b 
2c 
2d 
2e 
2f 
2g 
2h 
2i 
2j'> 
2k1) 

Product 

3ab) 
3bc> 
3cd) 
3de) 
3ef) 
3fs> 
3gh> 
3h') 
3|J> 

3jm) 

3kn> 

Yield») C 

60 
51 
65 
54 
63 
91 
79 
84 
69 
77 
32 

good yield. T h e results are listed in Table 1. 
O n the other hand, when a potassium (£')-oximate 

(prepared in situ by mixing 1 equivalent of an (£)-oxime 

a) Yield was based upon 2, and was of the isolated pro­
duct, b) Bp 86—88 °G/21 mmHg (lit,8) 95 °C/20 mmHg). 
NMR (CDC13): 5 3.97 (s, 3H), 7.25—7.70 (m, aromatic 
5H), 8.06 (s, 1H). c) Bp 80—83 °C/5 mmHg. Found: 
G, 72.32 ; H, 7.58 ; N, 9.42 %. Calcd for C 9 H n NO : G, 
72.45; H, 7.43; N, 9.39%. NMR (GDC13) : 5 2.33 (s, 
3H), 3.95 (s, 3H), 7.05—7.56 (m, aromatic 4H), 8.15 
(s, 1H). d) Bp 92—94 °G/4 mmHg (lit,«) mp 28 °C). 
NMR (GDGlj): 5 3.95 (s, 3H), 7.20—7.58 (m, aromatic 
4H), 8.00 (s, 1H). e) Bp 137—139 °G/22 mmHg (lit,9) 
129 °C/15 mmHg). NMR (CDC13) : 5 3.77 (s, 3H), 3.92 
(s, 3H), 6.75—7.62 (m, aromatic 4H), 8.00 (s, 1 H). f ) 
Bp 89—92 °C/6 mmHg. Found : G, 56.44; H, 4.62 ; N, 
8.15%. Galcd for C8H8ClNO : C, 56.65 ; H, 4.75 ; N, 
8.26%. NMR (GDGI3) : 5 3.97 (s, 3H), 7.12—7.98 (m, 
aromatic 4H), 8.49 (s, 1H). g) Bp 106—108 °C/21.5 
mmHg (lit,10) 132—135 °C/46 mmHg). NMR (GDG18) : 
5 2.19 (s, 3H), 3.98 (s, 3H), 6.86—7.96 (m, aromatic 
5H). h) Bp 124—127.5 °G/23.5 mmHg. Found: G, 
73.77; H, 8.19; N, 8.30%. Calcd for C10H13NO: G, 
73.59; H, 8.03; N, 8.58%. NMR (CDG13) : 5 2.16 (s, 
3H), 2.29 (s, 3H), 3.95 (s, 3H), 6.96—7.68 (m, aromatic 
4H). i) Bp 84—88 °C/2 mmHg. Found: G, 59.08; H, 
5.42 ; N, 7.86%. Calcd for C9H10C1NO : C, 58.86 ; H, 
5.49; N, 7.63%. NMR (CDC13): 5 2.16 (s, 3H), 4.00 
(s, 3H) 7.20—7.79 (m, aromatic 4H). j) Bp 92—96 °C/2 
mmHg. Found : C, 47.62 ; H, 4.34 ; N, 6.39%. Calcd 
for C9H10BrNO : C, 47.39 ; H, 4.42 ; N, 6.14%. NMR 
(CDC1,): 5 2.16 (s, 3H), 3.98 (s, 3H), 7.33—7.68 (m, 
aromatic 4H). k) A considerable amount of DMSO was 
used as the solvent due to the small solubility of benzo-
phenone oxime (2j). 1) There is no geometrical isomerism, 
m) Purified by column chromatography on silica gel 
(eluent 25% ether-75%, hexane). Mp 58—60 °C (lit,11) 
61—62°C). NMR(CDC13): 5 3.97 (s, 3H), 7.17—7.65 
(m, aromatic 10H). n) Bp 68—70°C/21 mmHg (lit,') 
50°C/12mmHg). NMR (CDC13): 5 1.38—2.64 (m, 
10H), 3.78 (s, 3H). 
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and 1.5 equivalents of *-BuOK in D M S O ) and 1.5 
equivalents of trimethylsulfonium iodide were allowed 
to react at room temperature, the corresponding 0-
methyl (E)-oxime (3) was obtained, but the yield was 
very poor compared with the result in Table 1. For 
example, the yield of O-methyl (Zs)-benzaldoxime (3a) 
in this procedure was 2 5 % . Consequently, it has to be 
assumed that the formation of an (is)-oximate anion 
and its subsequent at tack on a trimethylsulfonium cation 
with the loss of neutral dimethyl sulfide occurs simulta­
neously in the reaction involving 1 and an (ii)-oxime. 
Thus, the transition state might be represented as 
follows : 

R-C-R' 
U 

^y \ *. 3 + CH3SCH3 

C H ^ C H 2 s 

C H 3 

I t has been reported that the methylation of sodium 
(£')-oximate by methyl iodide in ethanol always accom­
panies some degree of iV-methylation, which is a t t r ib­
utable to the ambifunctional nucleophilic character of 
the (-E')-oximate anion.8 '12) However, 2 has been exclu­
sively methylated on oxygen by the method described 
in this paper. T h e iV-methylated oxime derivative could 
not be detected by N M R spectra. The selective 0-meth-
ylation in the present reaction can be understood taking 
into consideration the formation of the cyclic transition 
state. 

Exper imenta l 

Preparation of Q-Methyl (~E)-Oximes (3). General Proce­
dure: A solution of trimethylsulfonium iodide (8.10 g, 39.6 

mmol) in DMSO (20 ml) was placed in a 100 ml four-necked 
flask equipped with a reflux condenser, thermometer, gas-inlet 
tube, dropping funnel, and magnetic stirrer. Finely powdered 
f-BuOK (4.44 g, 39.6 mmol) was slowly added with efficient 
stirring at 5—10°C, under a nitrogen atmosphere, to the 
solution. A DMSO solution (5 ml) of an (is)-oxime (26.4 
mmol) was subsequently introduced dropwise at that tempera­
ture. The reaction mixture was then stirred for 5—6 h at 
room temperature, quenched with saturated aqueous Na2S04 

solution and extracted with ether. The organic extract was 
washed and dried over MgS04 , the solvent evaporated and 
the residue distilled under reduced pressure. 
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The Structure of Yahazunol, a New Sesquiterpene-substituted 
Hydroquinone from the Brown Seaweed 

Dictyopteris undulata Okamura 
Masamitsu O C H I , * Hiyoshizo KOTSUKI, Kiyoshi MURAOKA, and Takashi TOKOROYAMA 1 

Faculty of Science, Kochi University, Asakura, Kochi 780 
t Faculty of Science, Osaka City University, Sugimoto-cho, Sumiyoshi-ku, Osaka 558 

(Received May 29, 1978) 

Synopsis. The structure of yahazunol, an antimicrobial 
substance isolated from the brown seaweed D. undulata 
Okamura, was established on the basis of spectral and 
chemical evidence. 

Fenical and coworkers have recently reported the 
isolation of five sesquiterpene-substituted phenols from 
D. undulata Okamura ("Shiwayahazu" in Japanese) , and 
noted that the occurrence of these constituents was 
dependent upon the growth localities of the alga.1 - 3) 
O u r investigation of the phenolic components of the 
seaweed collected in the Bay of Tosa led to the isolation 
of a new sesquiterpene-substituted hydroquinone, desig­
nated as yahazunol, together with zonarol (l),1) isozona-
rol (2),1) and zonaroic acid (3).3> These were all ob­
tained in the crystalline state, contrary to previous 
descriptions. In this note, we will deal with the 
structure of this new compound. This compound was 
found to have a strong antimicrobial activity against 
some yeasts.4) 

Yahazunol (4), C 2 1 H 3 2 0 3 , m p 127—129 °G, [o]£7 

- 1 2 ° (c 0.10, CHCLj), was isolated in 0.008% yield 
from a methanol extract of the fresh alga by careful 
silica-gel column chromatography and fractional crystal­
lization. 4 shows hydroxylic absorptions in the I R 
spectrum at 3400 and 3280 c m - 1 and forms a diacetate 
(5), G 2 5 H 3 6 0 5 , m p 95—96 °G, the I R spectrum of which 
still shows the presence of a hydroxyl group at 3560 cm - 1 . 
The 1 H N M R spectrum of 5 shows signals due to three 
methyl groups at tached to quaternary carbon atoms at 
Ô 0.80, 0.87, and 0.89 (3H each, s), one methyl group 
on an oxygenated carbon atom at Ô 1.25 (3H, s), two 
acetoxyl groups at ô 2.28 and 2.34 (3H each, s), one 
benzyl methylene group at ô 2.61 and 2.68 (1H each, 
dd, j = 1 5 and 5 Hz), and one 1,2,4-trisubstituted ben­
zene ring at ô 6.90 (1H, dd, J=9 and 2 Hz) , 6.96 (1H, 
d, 7 = 9 Hz), and 7.12 (1H, d, J=2 Hz) . In addit ion, 
the 13C N M R data of 4, as summarized in Fig. 1, 

118.2 

21.6 33.1 

Fig. 1. Yahazunol; 13G NMR data (<5/ppm) for 
CD3COCD3 solution.6) 

indicate the presence of five methylene groups, two 
methine groups, one oxygen-bearing tertiary carbon 
atom, and two quaternary carbon atoms. 

These facts suggest tha t 4 has a structure analogous 
to that of zonarol (1), in which the exocyclic methylene 

x / O H 
of 1 is displaced by a grouping C . This was con-

x X GH 3 

firmed by the following chemical correlation of 4 
with 1. The methylation of 1 with G H 3 I - K 2 G 0 3 gave 
a dimethyl ether (6), C 2 3 H 3 4 0 2 , m p 74—74.5 °C. The 
epoxidation of 6 with m-ClC 6 H 4 C0 3 H and the reduction 
of the resulting epoxide (7) with LiAlH 4 afforded a 
tert iary alcohol (8), which was found to be identical 
with the compound derived from 4 by the treatment 
with G H 3 I - K 2 C O s . 

These correlation reactions also define the configura­
tion at G-8 of 4. T h e epoxidation of 6 should occur 
predominantly on the sterically less crowded /?-side and, 
hence, the C-8 hydroxyl group of 4 is jö-oriented. There­
fore, yahazunol must be represented by the structure 4. 

1 R] = R2 = OH 

3 Rj = 0 H , R 2 = C 0 0 H 

6 R] = R2=OCH3 

A R= H 

5 R = Ac 

8 R = CH3 

CH30 

0CH3 

E x p e r i m e n t a l 

All mp's are uncorrected. The IR spectra were recorded 
on a JASCO model IRA-1 spectrophotometer. The 1 H 
NMR spectra were determined using a JEOL PS-100 
spectrometer in CDC13 solutions, with TMS as an internal 
standard. A Union Giken apparatus, model PM-101 was 
used for the measurement of the rotations. 

Isolation. Fresh alga (4.3 kg), collected in the Bay of 
Tosa in May 1977, was chopped up and extracted with 13 liter 
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of methanol for 10 days. The aqueous methanol solution was 
washed with petroleum ether, concentrated up to about 1.5 
liter and extracted with dichloromethane. The dichloromethane 
layer was washed with water, dried over Na2S04 , and evapo­
rated to dryness. The residue (27.9 g) was subjected to repeat­
ed chromatography over silicic acid. The fractions eluted with 
benzene-ether (19:1) gave zonarol (1)6> (1.49 g), needles 
(from ether-petroleum ether), mp 173.5—174.5 °C,"[a]£7 + 18° 
(e 0.10, CHC13), isozonarol (2)6> (322 mg), spherulites (from 
benzene), mp 116—117 °C, [a]-*7 +30° (e 0.10, CHC13), and 
zonaroic acid (3)6> (1.28 g), needles (from aqueous methanol), 
mp 108—109 °C, [a]*7 +32° (c 0.10, CHC13). The fractions 
eluted with benzene-ether (9:1) yielded yahazunol (4) (343 
mg), needles (from acetone-ether), mp 127—129 °C, [all,7 

- 1 2 ° (c 0.10, CHC13); IR (KBr) 3400, 3280, 1625, 1507, and 
1240 cm-1. Found: C, 76.07; H, 9.82%. Calcd for C21H32-
0 3 : C, 75.86; H, 9.70%. 

Acetylation of 4. A solution of 4 (50 mg) in acetic 
anhydride (0.5 ml) and pyridine (0.5 ml) was allowed to stand 
at room temperature overnight and then worked up in the 
usual way to give a diacetate (5) (39 mg), needles (from ether-
petroleum ether), mp 95—96 °C; IR (Nujol) 3560, 1760, 1745, 
and 1250 cm-1. Found: C, 72.27; H, 8.94%. Calcd for 
C 2 5H 3 60 5 :C, 72.08; H, 8.71%. 

Methylation of 1. To a solution of 1 (1 g) in dry acetone 
( 10 ml) were added methyl iodide (5 ml) and anhydrous 
K 2 C0 3 (5 g). The mixture was refluxed for 8 h, diluted with 
water, and extracted with ether. The ether layer was washed 
with water, dried over Na2S04 , and evaporated to dryness. 
The resulting gum was subjected to chromatography over 
silicic acid with benzene as solvent to give a dimethyl ether 
(6) (415 mg), needles (from methanol), mp 74—74.5 °C; IR 
(Nujol) 3080, 1645, and 890 cm-1; 1H NMR Ô 3.74 and 3.80 
(3H each, s). Found: C, 80.64; H, 10.01%. Calcd for 
C23H34Oa: C, 80.65; H, 10.01%. 

Conversion of 6 into 8. A mixture of 6 (200 mg) and 
m-ClCoI^COaH (138 mg) in dichloromethane (5 ml) was 
stirred at room temperature for 4 h under nitrogen atmosphere. 
The reaction mixture was worked up in the usual way and the 
resulting product was chromatographed over silicic acid with 
petroleum ether as solvent to give an epoxide (7) (HOmg). 
The 1H NMR spectrum of this compound no longer showed 

the presence of the exocyclic methylene but the presence of a 
grouping ^C—CH2 at ô 2.51 and 2.62 (1H each, d, J=6 Hz). 

To a solution of 7 (90 mg) in dry ether (4 ml) was added 
LiAlH4 (180 mg) dissolved in dry ether (9 ml). The mixture 
was stirred for 2 h at room temperature, refluxed for 1 h, and 
then poured into ether floated on water. The organic layer 
was separated, washed with water, dried over Na.^SO,,, and 
evaporated to dryness. The residue was subjected to chroma­
tography over silicic acid and subsequent elution with ben­
zene-ether (49: 1) gave a tertiary alcohol (8) (42 mg), oil, 
[ a J^+4 0 (c0.42, CHC13); IR (neat) 3480 cm-1; W NMR 
ô 1.28 (3H, s, ^C(CH3)OH, which was also obtained by the 
tfatment of 4 with CH 3 I -K 2 C0 3 in a similar manner to that 
described. 

We are grateful to Professor W. Fenical, University 
of California, for the extract of D. undulata and for the 
I R and 1 H N M R spectra of zonarol, isozonarol, and 
related compounds, and to Dr. S. de Stefano, Consiglio 
Nazionale Delle Ricerche, Italy, for a sample of zonaroic 
acid. We also thank Dr. M. Taniguchi , Osaka City 
University, for carrying out the antimicrobial activity 
test. 
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Synopsis. The .oxidation of 2,6-dialkyl-/>-cresols by 
silver(I) and palladium(II) acetate afforded the corresponding 
jb-hydroxybenzyl acetates and jfr-hydroxybenzaldehydes. 

Recently much attention has been focused on the 
selective oxidation of the methyl group of jb-cresols. 
However, the selective side-chain oxidation of alkylphe-
nols is generally attained with difficulty, e.g., coupling 
reactions predominantly occur when 2,6-di-i-butyl-/>-
cresol ( l a ) is oxidized by metal salts,1) although the 
oxidation of l a to 3,5-di-f-butyl-4-hydroxybenzaldehyde 
(3a) using bromine,2) 2,3-dichloro-5,6-dicyano-/>-benzo-
quinone (DDOJ,3) or oxygen in alkaline medium4) has 
been reported. The oxidation of toluenes to benzyl 
acetates or benzaldehydes by pal ladium(II) acetate is 
however well known.5) These observations and an 
interest in metal salt-catalyzed oxidations of aromatic 
compounds6) led to this examination of the oxidation of 
jb-cresols with pal ladium(II) acetate and other metal 
acetates. The side-chain oxidations of/>-cresol itself and 
2,4-dimethylphenol led to failure,7) however, it was 
found that the /»-methyl group of l a and 2,4,6-trimeth-
ylphenol ( lb ) were oxidized by silver (I) acetate and 
palladium(II) acetate in acetic acid. There appears to 
be no other reports that the products from the side-chain 
oxidation of/»-cresols change depending on the amount 
of the oxidant used, al though the oxidation of l b with 
S 20R

2 - -Ag+ gives 3,5-dimethyl-4-hydroxybenzylalcohol8) 

and with DDQf) or with oxygen4) gives 3,5-dimethyl-
4- hydroxybenzaldehyde (3b). 

Treatment of l a and l b with silver (I) acetate in acetic 
acid under nitrogen at 118 °C afforded 3,5-di-£-butyl-

4-hydroxybenzyl acetate (2a) and 3,5-dimethyl-4-hy-
droxybenzyl acetate (2b), respectively, in good yields. 
When the oxidation was conducted with an excess of 
the metal acetate, 3 was obtained in good yield. Fur­
thermore, the oxidation of 2 gave the corresponding 3. 
T h e oxidation of 1 by pal ladium(II) acetate also resulted 
in the formation of 2 and 3, but the yield of 2 b from l b 
was reduced. These results are summarized in Table 1. 
The attempted oxidations with other metal acetates, 
listed in Table 1, were unsuccessful. 

OH 

R v / \ / R 

U 
Me 

(1) 
a : 
b : 

R = 
R = 

OH 

R\X\/ R - o -
CH2OAc 

(2) 
= t-Bu 
= Me 

E x p e r i m e n t a l 

OH 

R x X \ / R 
1 II 

CHO 

(3) 

Oxidation of la by Metal Acetates. A solution of l a (1 
mmol) and the metal acetate (0.5—4.0 mmol) in acetic acid 
(30 ml) was heated at 118 °C under a nitrogen atmosphere 
for 5—15 h. The reaction mixture was evaporated to dryness 
under reduced pressure and chromatographed on a silica-gel 
plate (chloroform/petroleum ether) to give l a (recovered), 2a, 
identical with a sample which was prepared according to the 
method described by Coppinger and Campbell,9) and 3a, 
identical with an authentic sample.4) 

Oxidations of lb, 2a, and 2b by Metal Acetates. The 

Substrate 
(1 mmol) 

ïâ  

l b 

2a 

2b 

TABLE 1. THE OXIDATION OF la , l b , 2a, 

Metal acetate 
(mmol) 

AgOAc (1) 
AgOAc (4) 
Pd(OAc)2 (1/2) 
Pd(OAc)2 (1) 
Pd(OAc)2 (2) 
Cu(OAc)2 (1/2) 
Co(OAc)24H20 (1/2) 
Ni(OAc)24H20 (1/2) 
Mn(OAc)24H20 (1/2) 
AgOAc (1) 
AgOAc (4) 
Pd(OAc)2 (1/2) 
AgOAc (1) 
Pd(OAc)2 (1/2) 
AgOAc (1) 
Pd(OAc)2 (2) 

Reaction 
time (h) 

14 
7 

14 
7 

10 
5 

14 
14 
14 
14 
7 

14 
7 
7 
4 
7 
2 

AND 2b BY METAL ACETATES 

Conversion 
(%) 

0 
88 

100 
85 

100 
85 

3 
0 
0 
0 

92 
100 
80 
85 

100 
60 
87 

Product 
Yield (%) 

— 
2a(78)a> 
3a(71)a> 
2a(69), 3a(6)a> 
2a(40), 3a(50)b> 
2a(35), 3a(55)b> 
3a(80)a> 

— 
— 
— 

2b(77), 3b(6)a) 
2b(20), 3b(70)b> 
2b(20), 3b(60)b> 
3a(70)b> 
3a(60)b> 
3b(80)b> 
3b(70)b> 

a) Isolated yield, b) Yield determined by NMR spectroscopy. 
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phenol l b was oxidized by the metal acetate and worked up 
as described above to yield l b (recovered), 2b, mp 73—75 °C 
(lit,10) 76 °C), and 3b, identical with an authentic sample.4^ 

Similar procedures were applied to the oxidations of 2a and 
2b, the results of which are summarized in Table 1. 

We wish to express our sincere thanks to Professors 
Teruo Matsuura and Akira Nishinaga of Kyoto Univer­
sity for their valuable suggestions. 
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Substituent Effects in Heterogeneous Catalysis. V. Steric Hindrance 
of Bulky Alkyl Substituents in Cyclohexanone Hydrogénation 
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Synopsis. The reactivities of 2-isopropyl- and 2-/-butyl-
cyclohexanone were measured relative to cyclohexanone in 
both individual and competitive hydrogénation over Ru/Al2-
0 3 , Rh/Al203, and Pt/Al203. The results obtained suggest 
that alkyl substitution sterically hinders much more signifi­
cantly the ketone adsorption than the following surface reac­
tion. A molecular model is presented for adsorption of each 
ketone. 

In the preceding two reports1 '2) of this series, we 
studied the effect of alkyl. substitution in cyclohexanone 
hydrogénation using 2-methyl-, 2-ethyl-, and 2-propyl-
cyclohexanone (2m, 2e, and 2p) , along wi th cyclohex­
anone (1) itself. Since ethyl and propyl substituents are 
rather flexible, little or no additional steric hindrance 
to adsorption is expected when going from 2 m to 2e or 
2p. In support of this speculation, our previous work 
indicated that 2 m , 2e, and 2p exhibit almost the same 
reactivity in their individual hydrogénations. However, 
increasing the branching degree of the alkyl substituent 
might cause a marked increase in steric hindrance to 
adsorption and reactions. The main purpose of the 
present work is to test this anticipation by conducting 
individual and competitive hydrogénations of 2-isopro­
pyl- and 2-/-butylcyclohexanone (2ip and 2tb). 

Interest in enzymatic and related reactions is growing. 
Although it is acknowledged that steric factors play an 
important role in these reactions, little is known concern­
ing the correlation of steric factors with complexation 
and catalysis.3) In heterogeneous catalysis as well, there 
seem to be many cases where steric factors play a par t . 
Especially, a rigid bulky group in close proximity to the 
functional group in general ought to exert steric hin­
drance to adsorption and reactions. However, few 
studies have been reported about the extent of such 
steric hindrance. This paper describes our first a t tempt 
to study this problem. 

Exper imenta l 

Compound 2ip was prepared by hydrogénation of o-isopro-
pylphenol over Raney-Ni,4) followed by chromic acid oxida­
tion.5) Distillation under reduced pressure gave 2ip as a 
liquid: bp 82.0 °C/20 mmHg. 2tb was similarly prepared 
from o-*-butylphenol : bp 89.0 °C/19 mmHg. The catalysts 
used were the same commercial products that were employed 
in the previous work:2) they were pelletized Ru/Al203, Rh/ 
A1203, and Pt/Al203, each containing 0.5 wt % of the metal. 
Hydrogénation runs, either individual using a single ketone 
substrate or competitive using two ketone substrates, were 
conducted in cyclohexane at 30 °G and in hydrogen of atmos­
pheric pressure. The procedure has been detailed previously.2) 

Ru Rh Pt Ru Rh Pt Ru Rh Pt 

en 
2 -3 

0.134 0.138 0.134 0138 0.134 

Atomic radius ( nm ) 
0J38 

Fig. 1. Comparative data in hydrogénation of 1 and 2. 
(A) Rates of 2 relative to 1 in individual reactions; 
(B) Rates of 2 relative to 1 in competitive reactions; 
(C) Substituent effects in adsorption and in surface 
reaction. 
0 : 2 m , A : 2 e , • : 2p, A : 2 i p , Q:2 tb . 
«i=logio(*2m/*i)> h=^og10{K2JK1) 
a2 = log10 (k2ip/k2m), b% = logw(K2ipIK2m) 
"3= logl0(*2tb/*2ip)> h = i o g l o Ä l Ä p ) 

R e s u l t s a n d D i s c u s s i o n 

Individual Reactions. Preliminary experiments con­
firmed that in individual hydrogénation the reaction 
rate is zero order in ketone over a wide concentration 
range down to or even lower than 0.5 mol/1. The rate 
measurements were all made in this zero-order region, 
and the rates of 2 relative to 1 are plotted in Fig. 1A 
against the atomic radius of the catalyst metal. For 
comparison, the da ta on 2e and 2p obtained previously2) 
are also given in Fig. I A. I t is seen tha t in general the 
relative rate R^'jRx in individual reaction is not very 
different from metal to metal , and depends only upon 
the substituent itself. Another characteristic feature is 
tha t R^'jR^ decreases in the order 2 m = 2 e = 2 p > 2 i p 
> 2 t b . 

In considering this activity sequence it should be noted 
tha t R^jRx is related to the reactivity of the adsorbed 
species by 

Ä2 '/iV = k2jkx, (i) 

where k is the rate constant referred to the unit fraction 
of the surface covered. The observed identi ty 2 m = 2 e 
= 2 p has already1-2) been explained by assuming for 
these ketones a part icular adsorption model in which no 
addit ional steric hindrance is brought about when going 
from 2 m to 2e and to 2p. 

Now let us consider why R2'IRi decreases in the order 
2 m > 2 i p > 2 t b . For these ketones we assume those 
adsorption models tha t are illustrated in Fig. 2 which 
represents the projection of the alkyl substituents on a 
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2tb 

Fig. 2. The orientation of a G(7)-H or C(7)-CH8 bond 
in the alkyl substituent relative to the catalyst surface 
for adsorbed 2m, 2ip, and 2tb. 

plane perpendicular to the catalyst surface. I t seems 
very likely that the steric hindrance to adsorption due 
to the alkyl substituents is minimized in the assumed 
model A comparison of the three ketones indicates that 
the bulkier the substituent, the greater the steric hin­
drance to adsorption that would be exerted ; by bringing 
a C ( 7 ) - H bond more perpendicular to the catalyst 
surface plane when going from 2 m to 2ip, and by 
directing two methyl groups toward the catalyst when 
going from 2 ip to 2tb. In antiparallel with this increas­
ing steric hindrance the adsorption strength of ketones 
is expected to decrease in the order 2m^>2ip^>2tb. 
The observed order of decreasing R2 jRi probably re­
flects this order of decreasing adsorption strength and, 
in turn, decreasing reactivity. 

T A B L E 1. D I R E C T A N D I N D I R E C T M E A S U R E M E N T S O F 

RELATIVE RATE log 1 0 ( i ? 2 t b / i ? 2 m ) 

Catalyst 

Pt/Al203 

Rh/Al203 

Ru/Al203 

log10 log10 

(i?2ip/Ä2m) (Ä2tb/Ä2ip) 

- 1 . 3 6 - 1 . 5 9 
- 1 . 3 5 - 1 . 6 4 
- 1 . 3 8 - 1 . 6 4 

logio(Ä2tb/Ä2m) 

Indirect Direct 

- 2 . 9 5 
- 2 . 9 9 
- 3 . 0 2 

- 2 . 8 9 
- 3 . 0 4 
- 2 . 8 8 

Competitive Reactions. T h e observed relative rate 
R2jRx in competit ive reaction is plotted in Fig. IB 
against the atomic radius of the catalyst metal . The 
da ta for 2 m , 2e, and 2p were obtained directly by 
competitive hydrogénation with 1, but the da ta for 2 ip 
and 2tb were determined indirectly by hydrogenating 
each competitively with 2 m and then by allowing for 
the relative rate R2mjR1 measured by a separate experi­
ment. T h e validity of this indirect procedure for deter­
mining R2jRL is confirmed by the da ta of Table 1 which 
compare the directly and indirectly determined R2tbl 
R2m values. I t is seen that for all the catalysts the 
agreement is satisfactory. Fig. IB shows that the magni­

tude of the substituent effect based on 1, i.e., \og(R2IR1), 
depends upon the catalyst metal whereas those for any 
2 based on another, such as log 0#2ip/^2m) a n d log 
(/?2tb//?2ip), are independent of the catalyst. 

As previously shown,6) the relative rate in competitive 
reaction may be given by 

RJR, = (KJKMRJW), (2) 

where K is the adsorption coefficient in Langmuir 's 
adsorption isotherm. Combining Eqs. 1 and 2 we obtain 

log {RJRÙ = log (KJKJ + log (kjkj. (3) 

Equation 3 means that the substituent effect in competi­
tive reaction is divided into two terms; the substituent 
effect in adsorption and that in surface reaction. Such 
a division is also feasible in a comparison between 
different 2's. The extents of the two terms worked out 
for a few ketone pairs are given in Fig. 1C. I t is seen 
that only bx varies with the catalyst. This indicates 
that an increase in adsorption hindrance due to methyl 
substitution leading 1 to 2 m varies with the catalyst, 
whereas that caused by further methyl substitution lead­
ing 2 m to 2ip or leading 2 ip to 2tb is independent of 
the catalyst. The reason for this unique behavior of the 
methyl substituent on 2 m is obscure at present although 
it must be related to the close proximity of that substitu­
ent to the carbonyl group. Figure 1C also shows that 
bulky alkyl groups hinder the adsorption markedly but 
the following surface reaction to a much smaller extent. 
Interestingly, the same trend has been observed in olefin 
hydrogénation by Hussey et al. (Table 3 or 4 in Ref. 7). 

We thank Dr. F. Scott Howell of Sophia University 
for his linguistic comments on the original manuscript 
of this paper. 
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Synopsis. Perborate oxidation of /»-chloroaniline to 
4,4'-dichloroazobenzene and H202-boric acid hydroxylation of 
aromatics have been studied. The kinetic behavior suggests 
that the so-called sodium perborate is not peroxoborate but 
borate peroxyhydrate, H2Oa acquiring stronger electrophilicity 
by the coordination with boric acid which acts as Lewis acid 
rather than protic acid. 

Perborates have received little attention as reagents 
for organic oxidations. Me tha and Vakilwala reported 
that sodium perborate is a satisfactory reagent for the 
oxidation of anilines to azo compounds.2) However, no 
report seems to have appeared on the mechanism of 
perborate oxidation and the systems of H 2 0 2 - b o r i c acids 
(boric acids: H 3 B 0 3 , H B 0 2 , and B 2 0 3 ) . T h e present 
note deals with our at tempt to elucidate the mechanism 
for the oxidation of/»-chloroaniline with perborates and 
hydroxylation of aromatics with H 2 0 2 - b o r i c acids 
reagents. 

R e s u l t s a n d D i s c u s s i o n 

Oxidation of p-Chloroaniline. /»-Chloroaniline was 
oxidized by sodium or ammonium perborates in acetic 
acid to give 4,4'-dichloroazobenzene. Azobenzene is 
obtained as a condensation product of unreacted aniline 
with nitrosobenzene formed via phenylhydroxyamine3 '4) 
(Eqs. 1 and 2). 

cKO 
[O] 

N H 2 • CI 
,OH 

0 > - N 

[O] 

\ H 

C l - < 0 > - N O (1) 

TABLE 1. RATES FOR OXIDATION OF /»-CHLOROANILINE BY 

PERBORATES, H 2 0 2 , H 20 2 -H 3B0 3 , or AcOOH 
IN ACETIC ACID AT 50 °Ca> 

Oxidizing agent 
*obsdXlOB(s-l)l» 

In 100% AcOH In 75% aq AcOH 

NaB0 3 

NH4B03 

H 2 0 2 

H202-H3B03
c> 

AcOOH too 

66.0 
45.8 
9.8 
— 

fast to measure 

5.33 
4.88 
4.06 
4.41 

too fast to measuie 

a) [/»-chloroaniline] = 0.5 M, [oxidizing agent]=0.02— 
0.04 M. The yields of 4,4/-dichloroazobenzene were ca. 
30% in each case under these conditions, b) The pseudo-
first order rate constant with respect to oxidizing agent, 
c) H 2 0 2 : H 3 B 0 3 = 1 : 1. H3BOa is insoluble in 100% 
AcOH. 

TABLE 2. RATES FOR THE FORMATION OF PERACETIC 

ACID BY SEVERAL PEROXIDE SYSTEMS IN 

ACETIC ACID AT 5 0 ° C 

*owxl0»(»^) a > 

Oxidizing agent In 100% 
AcOH 

In 75% 
aq AcOH 

NaBOa 

NH4B03 

H 2 0 2 

H202-H3B03
b) 

9.66 
3.30 
1.75 
— 

1.39 
1.17 
1.05 
1.25 

a) The pseudo-first order rate constant with respect to the 
oxidizing agent. b) H2O a : H 3 B0 3 = 1:1. H3BOs is 
insoluble in 100% AcOH. 

Cl-< O >-NH 2 + O N - ^ O V C I 

—> GI- /OVN=N- (2) 

Oxidation can also be achieved by H 2 0 2 - A c O H . T h e 
rates of disappearance of perborates or H2O2(0.02—0.04 
M)were measured iodometrically in 100 or 7 5 % aq 
A c O H at 50 °C, where ^-chloroaniline is in large excess 
(0.5 M) (Table 1). The rates are pseudo-first order in 
perborates or H 2 0 2 : u=A;obsd[perborates or H 2 0 2 ] . 
There is no possibility that the actual oxidizing agent is 
peracetic acid,5) since the rate for peracetic acid forma­
tion (Table 2) is smaller than that of aniline oxidation. 
Azobenzene should be produced mainly by direct oxida­
tion of aniline with another oxidizing species. 

In 100% A c O H , apparent first-order rate constants 
(^obsd) f ° r sodium and ammonium perborates are 
respectively 6.7 and 4.7 times greater than those for 
H 2 0 2 , but in 7 5 % aq A c O H the rate constants become 
comparable to those with H 2 0 2 . This can be explained 
as follows: the so-called perborate is not peroxoborate 

but borate peroxyhydrate.6) Thus, in excess water, H 2 0 2 

is readily separated from borate, the oxidation being 
performed by liberated H 2 0 2 , where the rate is analo­
gous to tha t by H 2 0 2 alone. In 100% A c O H , H 2 0 2 

remains coordinated with boric acid which is formed 
from metal borate in A c O H , the electrophilicity of H 2 0 2 

thus increasing. When an equivalent amount of boric 
acid is added to H 2 0 2 - 7 5 % aq A c O H system, the rate 
increases slightly (Table 1). The protonation of H 2 0 2 

by boric acid is negligible in A c O H , since acetic acid 
is a much stronger acid than boric acid.7) In conclusion, 
boric acid should coordinate with H 2 0 2 as Lewis acid 
but not protic acid to increase the electrophilicity of 
H 2 0 2 . 

Hydroxylation of Aromatics. I t has been reported 
that aromatic hydroxylation occurs by H 2 0 2 in the pres­
ence of Lewis acid such as BF3

8a) or AlCl3,8b) where the 
hydroxylation might take place by HO+ formed from 
H 2 0 2 by the coordination of Lewis acid. Aromatic 
compounds were hydroxylated also with H 2 0 2 in ether 
in the presence of H 3 B0 3 > H B 0 2 , or B 2 0 3 (heterogene-
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TABLE 3. HYDROXYLATION OF ANISOLE AND TOLUENE BY 

HoOo-BORIC ACIDS IN ETHER AT 100 °G FOR 1 h 

Substrate*) 
Yield of monohydroxylated products (%) 

HaBOa HBO, B A 

54.6 35.7 84.5 
(56: 44) b> (51: 49) b> (55: 45) b> 

6.7 4.8 45.1 
(73:27)c> (67:33)c> (66:34)c) 

a) Substrate is in large excess, b) Ortho vs. para ratio. 
m-Isomer was not detected, c) Ortho vs. para-meta ratio. 
m- and /^-isomers could not be separated. m-Isomer 
would not be produced because of the electrophilic 
nature of the leagent. 

ous) at 100 °C (Table 3),9> no reaction taking place by 
H 2 0 2 alone under similar conditions. 

Boric acids act as Lewis acid, but not protic acid in 
H 2 0 2 - b o r i c acids, since the yield is the highest in the 
case of B 2 0 3 ; which has no proton but is considered to 
the strongest Lewis acid among the three. For example 
w i t h H o B O , : 

ArH + H 2 0 2 + B(OH)3 

Ether H \ 

* Ar' 
O -O 

/B(OH), 

H 

ArOH + H 2 0 + B(OH)3 (3) 

O n the other hand, sodium and ammonium perborates 
are basic and unable to form HO+ from H 2 0 2 , although 
they can give free boric acid in acetic acid. 

E x p e r i m e n t a l 

Materials. The chemicals except ammonium perborate 
are commercial products of first grade. Ammonium perborate 
was prepared from ammonium borate and H 2 0 2 by Tsal's 

method.10) Guaranteed boric anhydride free of water was used. 
Oxidation ofp-Chloroaniline. The reactions of large excess 

/>-chloroaniline (0.5 M) with sodium and ammonium perbo­
rates or H 2 0 2 (0.02—0.04 M) were carried out in 100% and 
75% aq AcOH at 50 °G. The reaction with H 2 0 2 by addition 
of an equivalent amount of H3BO:J was carried out in 75% aq 
AcOH. The products were identified by GLG analysis in 
comparison with the corresponding authentic specimen. The 
rates were followed by determining the disappearance of the 
oxidizing agent by iodometry. 

Rate for Formation ofPeracetic Acid. The rates for peracetic 
acid formation from oxidizing agents (0.02—0.04 M) and 
AcOH were followed by determining the disappearance of the 
oxidizing agents by titration with KMn04 .n> The oxidizing 
agents were oxidized by KMn0 4 , but peracetic acid formed 
was not oxidized. 

Hydroxylation of Aromatics. A large excess of anisole 
(370 mmol) or toluene (435 mmol) was mixed with H 2 0 2 (6 
mmol) in EtaO ( 10 ml). The solvent ether was removed in 
a vacuum until a pressure of 40 mmHg was attained. The 
reaction mixture was stirred vigorously with H3B03 , HB02 , 
or B203 (15 mmol) at 100 °G for 1 h. The products were 
identified by GLG analysis with the authentic specimen. 
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Synopsis. Methyl m-decahydro-5,8-dioxonaphthalene-
1-carboxylates ( lb and lc) were derived from the Diels-Alder 
adducts of/j-toluquinone or/>-xyloquinone and methyl sorbate, 
respectively. The 13G NMR spectra of l b and l c suggest the 
existence of l b and l c in the form (A), which is in line with 
the formation of the keto y-lactone from l b and of the keto 
alcohol from lc . 

In our previous paper, the compound l a , derived 
from the Diels-Alder adduct of jfr-benzoquinone and 
methyl sorbate, was indicated to exist in the form (A) 
shown below. l a ) This paper deals with the conformation 
and reaction of methyl m-decahydro-5,8-dioxonaphtha-
lene-1-carboxylates ( l b and l c ) . 

l b R ^ H , R 2 = M e 
l c R ^ M e , R 2 = H 

The adduct (2a) of jfr-toluquinone and methyl sorbate 
was reduced with zinc to 3a, which was converted into 
l b by catalytic hydrogénation with palladium-carbon. 
The Diels-Alder reaction of jfr-xyloquinone and methyl 
sorbate was catalyzed by aluminium chloride to afford 
2b, which was similarly reduced to 3b and l c . T h e eis 
ring junction of 2b is supported by the comparison of 
the physical data with those of the C-8a epimer of 2b.2) 

The treatment of l b with sodium borohydride at room 
temperature for 2 h gave the keto y-lactone (4), and that 
for 3 days afforded the ^-lactone (5a), which was also 
obtained from 4 by further treatment with sodium boro­
hydride. The formation of 4 suggests that the methyl 
group originally in jfr-toluquinone is situated at C-6 in 
the adduct 2a, since the C-8 carbonyl group was reduced 
more easily than the C-5 carbonyl group in l b . The 
13C N M R chemical shifts of 5a are similar to those of 
5bla> within 1 ppm except for C-5, -6, and -7, which 
are shifted downfield by the a- and ß-effects of the 
methyl group at C-6 in 5a. Absence of the /-effect on 
C-4a and -8 by the methyl group a t C-6 in 5a indicates 
the equatorial orientation of the methyl group.3) T h e 

Vf 
I COOMe R 

5a R = M e 
5b R = H 

7a R = M e 8a R = M e 
7 b R = H 8b R = H 

13C chemical shift differences within 1 p p m for C- l , -3 , 
-4, -4a, and -8a between l a l a ) and l b indicate that l b 
also exists in the form (A) with the stable equatorial 
methyl group at C-6. Accordingly, 4 is formed from 
the reduction intermediate (6) which is unstable because 
of the steric interaction between the hydroxyl group at 
C-8 and the methyl group at C-4. Formation of 5a 
proceeds through the ring inversion, epimerization at 
C-6, and reduction of the C-5 carbonyl group in 6. 

O n the other hand, sodium borohydride reduction of 
l c afforded the keto alcohol (7a), which was converted 
into the <5-lactone (8a) by methanolic hydrogen chloride. 
The formation of 8 a from l c via 7a is similar to that of 
8 b from l a via 7b. lb> I t is supported by the 13C N M R 
spectra of 7a and l c that two methyl groups originally 
in jfr-xyloquinone are situated at C-4a and -7 in the 
adduct 2b , since the signals for C-4a and -6 in 7a are 
shifted upfield compared with those in l c . Comparison 
of the 13C chemical shifts of l c with l b suggests that l c 
also exists in the form (A), since the signal for C-3 in 
l c is shifted upfield by the y-gauche effect of the methyl 
group at C-4a. The axial proton signal at 4.02 ppm 
( - C H - O H , q, 7 = 1 1 and 6 Hz) in the 1H N M R spec­
t rum of 7a is in line with the 13C signal for C-4 in 7a 

TABLE 1. 13C CHEMICAL SHIFTS OF l b , lc , AND 7a 

2a Rx=H, R 2 = M e 3a R ^ H , R2 = Me 
2b R ^ M e , R 2 = H 3b R ^ M e , R 2 = H 

Compound 

cT 
2 
3 
4 
4a 
5 
6 
7 
8 
8a 
COO 
OMe 

G4-
G4a 

C6-
ÇV 
* 

5 

-Me 
r M e 
-Me 
-Me 

l b 

40.82* 
17.89 
31.45 
30.76 
50.97 

211.91** 
41.06* 
42.24 

208.83** 
47.44 

173.69 
51.78 
15.05 

13.31 

lc 

38.39* 
18.38 
27.43 
34.65 
51.90 

213.12** 
44.43 
39.76* 

211.18** 
52.55 

174.25 
51.78 
16.80 
26.01 

16.80 

7a 

38.59* 
19.19 
30.72 
32.54 
46.46 
77.06 
41.31 
41.31* 

211.59 
52.91 

175.31 
51.70 
18.50 
28.81 

14.36 

** Assignments are not unambiguous within 
indicated pair(s). 
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which is shifted upfield (—2.11 ppm) compared with 
tha t in l c by the y-gauche effect of the hydroxyl group. 
Accordingly, lactonization of 7a, which is stable in 
contrast to 6, proceeds by the aid of acid through the 
r ing inversion and epimerization at C-7. 

Therefore, the formation of 4 and 7a is in line with 
the structures of l b and l c in the form (A). 

E x p e r i m e n t a l 

Melting points are uncorrected. The IR spectra were 
recorded on a Hitachi infrared spectrometer EPI-G3 in Nujol, 
unless otherwise stated. The 1H and 13G NMR spectra were 
obtained on a JEOL JNM-PFT-60 in GDG1,. All the 
chemical shifts are expressed in term of ô (ppm downfield 
from internal TMS). 

Preparation of2a. A solution of 12.2 g of jfr-toluquinone 
and 12.6 g of methyl sorbate in 150 ml of benzene was refluxed 
for 30 h, and concentrated in vacuo to afford 7.80 g of 2a: mp 
108—110 °G (from EtOH) ; IR 1730 and 1678 cm"1; m NMR 
0.78 (3H, d, 7 = 7 Hz), 2.01 (3H, d, 7 = 1 . 5 Hz), 3.74 (3H, s), 
5.70 (IH, m), 6.20 (IH, br d, 7 = 1 1 Hz), and 6.67 ppm (IH, 
d, / = 1 . 5 Hz). Found: G, 67.59; H, 6.48%. Galcd for 
C1 4H1 604: G, 67.73; H, 6.50%. 

Preparation of 3a. Treatment of 2.00 g of 2a with 10 g 
of zinc in 50 ml of AcOH at room temperature for 3 h afforded 
1.86 g of 3a: mp 148—150 °G (EtOH); IR 1734 and 1708 
cm-1; 1H NMR 0.74 (3H, d, 7 = 7 Hz), 1.16 (3H, d, 7 = 6 
Hz), 3.73 (3H, s), 5.70 (1H, m), and 6.10 ppm (1H, br d, 
7 = 10 Hz). Found: G, 67.09; H, 7.35%. Galcd for C14H18-
0 4 : G, 67.18; H, 7.25%. 

Preparation of lb. Hydrogénation of 1.22 g of 3a with 
150 mg of 5% Pd-G in 70 ml of MeOH afforded 1.04 g of l b : 
mp 169—170 °G (in a sealed tube) (EtOH); IR 1732 and 
1707 cm-1; 1H NMR 0.67 (3H, d, 7 = 7 Hz), 1.13 (3H, d, 
J = 6 Hz), and 3.70 ppm (3H, s). Found: G, 66.71 ; H, 8.07 
%. Galcd for C14H20O4: G, 66.64; H, 7.99%. 

Preparation of 2b. To an ice-cold suspension of 1.3 g 
of powdered anhydrous A1G13 in 50 ml of dry benzene was 
added 4.04 g of />-xyloquinone and then 3.61 g of methyl 
sorbate. The mixture was stirred at room temperature for 3 
days. Work-up in the usual manner4) afforded 1.48 g of 2b: 
mp 134—136 °G (EtOH); IR 1738 and 1673 cm-1; 1H NMR 
0.75 (3H, d, 7 = 7 Hz), 1.41 (3H, s), 1.99 (3H, d, 7 = 1 . 5 Hz), 
3.75 (3H, s), 5.60 (1H, m), 6.20 (1H, dd, 7 = 1 0 and 1 Hz), 
and 6.57 ppm (1H, d, 7 = 1.5 Hz). Found: G, 68.68; H, 6.95 
%. Galcd for C1 5H1 804: G, 68.68; H, 6.92%. 

Preparation of 3b. Treatment of 1.11 g of 2b with 5 g 
of zinc in 50 ml of AcOH at room temperature for 2 h afforded 
0.88 g of 3b: mp 102—103 °G (EtOH); IR 1733 and 1075 
cm-1; 1H NMR 0.77 (3H, d, 7 = 7 Hz), 1.15 (3H, d, 7 = 6 
Hz), 1.36 (3H, s), 3.73 (3H, s), 5.60 (IH, m), and 6.16 ppm 
(1H, br d, 7 = 1 0 Hz). Found: G, 67.89; H, 7.64%. Galcd 

for C15H20O4: G, 68.16; H, 7.63%. 
Preparation of le. Hydrogénation of 783 mg of 3b with 

81 mg of 5% Pd-G in 40 ml of MeOH afforded 681 mg of 
l c : mp 78—79 °G diisopropyl ether) ; IR 1730 and 1708 cm-1; 
m NMR 0.73 (3H, d, 7 = 7 Hz), 1.16 (3H, d, 7 = 7 Hz), 1.40 
(3H, s), and 3.68 ppm (3H, s). Found: G, 67.41 ; H, 8.40%. 
Galcd for C15H2204: G, 67.64; H, 8.33%. 

NaBHà Reduction of lb to 4. Treatment of 620 mg of 
l b with 170 mg of NaBH4 in 50 ml of MeOH at room tempera­
ture for 2 h afforded 457 mg of 4: mp 187—188 °G (benzene) ; 
IR 1764 and 1701 cm"1; 1H NMR 1.19 (6H, d, 7 = 6 Hz) and 
4.70 ppm (1H, m, Wn=10Hz). Found: G, 70.05; H, 8.31 
%. Galcd for G13H1803: G, 70.24; H, 8.16%. 

NaBH± Reduction of lb to 5a. Treatment of 507 mg of 
l b with 520 mg of NaBH4 in 50 mg NeOH at room tempera­
ture for 3 days afforded 211 mg of 5a: mp 169—170 °G 
(benzene); IR(GHG13) 3430 and 1723cm"1; 1H NMR 1.07 
(6H, d, 7 = 5 Hz), 2.97 (1H, br s, Wn = S Hz), 3.21 (IH, br s, 
OH), 3.80 (1H, m, WK=\8Hz), and 4.42 ppm (IH, br s, 
i y H = 4 H z ) ; 13G NMR 17.81 (C6-Me), 19.23 (G4-Me), 29.09 
(G-3), 31.57 (G-2), 34.25 (C-7), 34.81 (G-4), 36.19 (G-6*), 
36.56 (G-1*), 40.21 (G-4a), 44.35 (G-8a), 70.24 (G-8), 79.09 
(G-5), and 175.63 ppm (GOO). Found: G, 69.60; H, 
9.22%. Galcd for G13H20O3: G, 69.61 ; H, 8.99%. In a similar 
way, 5a was obtained from 4 (95 mg from 173 mg of 4). 

NaBH± Reduction of lc to 7a. Treatment of 504 mg of 
lc with 160 mg of NaBH4 in 20 ml of MeOH at room tempera­
ture for 4 h afforded 380 mg of 7a: mp 124—125 °G (diisopro­
pyl ether) ; IR 3510, 1728, and 1711 cm"1 ; 1H NMR 0.95 (3H, 
d, 7 = 7 Hz), 1.00 (3H, d, 7 = 6 Hz), 1.37 (3H, s), 3.65 (3H, 
s), and 4.02 ppm (1H, q, 7 = 11 and 6 Hz). Found: C, 66.93; 
H, 9.22%. Calcd for G15H2404: G, 67.13; H, 9.02%. 

Lactonization of 7a to 8a. Treatment of 339 mg of 7a 
with 3 ml of 5% methanolic hydrogen chloride at room 
temperature overnight afforded 195 mg of 8a : mp 74—75 °G 
(diisopropyl ether); IR 1717 and 1709cm"1; XH NMR 0.90 
(3H, s), 1.10 (6H, d, 7 = 6 Hz), and 4.68 ppm (IH, d, 7 = 2 
Hz, W H = 6 H z ) ; " G NMR 13.59 (G7-Me), 15.42 (C4-Me), 
24.06 (C4a-Me), 29.62 (G-3), 31.08 (G-2), 36.60 (C-7*), 37.17 
(G-6), 38.63 (C-4a), 41.55 (G-1 and -4*), 59.53 (G-8a), 78.84 
(G-5), 172.87 (GOO), and 211.26 ppm (G-8). Found: G, 
71.12; H, 8.77%. Galcd for G14H20O3; G, 71.16; H, 8.53%. 
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Synopsis. Stereoselectivity in hydride reduction of 
[w.3.2]propeIlanones is described. The observed stereoselec­
tivity is attributed to conformational flexibility of the third 
ring, that is, from five- to eight-membered alicyclic rings. 

Propellanes are compounds having three rings con­
joined along a common a bond and serve as good models 
for examination of steric and electronic effects among 
three dimensionally arranged rings.1) From this point of 
view, much works have been done on the reactivity of 
unsaturated propellanes such as heterocyclic23) and 
[4.4.2]propellane derivatives.20) As par t of studies on 
relationship between structure and reactivity of propel­
lanes,3) we wish to report here stereoselectivity in hydride 
reduction of [«.3.2] propellanones (1)—(4) involving a 
cyclobutane ring, a cyclopentanone moiety, and one of 
alicyclic rings from five to eight-membered rings as the 
third ring, and wish to emphasize that conformational 
flexibility of the third ring plays a key role in determin­
ing the stereochemistry of products. 

[«.3.2]Propellanones 1—4 were prepared in good 
yields by photocycloaddition of the corresponding bicy-
clic enones to ethylene. Reduction of 1—4 with LiAlH4 

in ether or NaBH 4 in methanol gave two epimeric 
alcohols (exo; (5X)—(8X), endo; (5N)—(8N)), in quan­
titative yields, and the exo and endo stereochemistry of 
them were assigned on the basis of the «-hydroxy proton 
coupling constants according to the data reported for 
derivatives of bicyclo[3.2.0]heptan-2-ol.4) T h e ratios of 
exo and endo propellanols are summarized in Table. 

(CH2 )n_2 

T A B L E 1. STEREOSELECTIVITY IN HYDRIDE REDUCTION 

OF j>2.3.2]PROPELLANONES 1 4 

Propellanone 
Exo : endo ratio 

LiAlH4 NaBH4 

91.4 :8 .6 
96 .4 :3 .6 
98 .6 :1 .4 
99 .3 :0 .7 

87.5:12.5 
93.5: 6.5 
97.2: 2.8 
98.3: 1.7 

As shown in Table 1, exo alcohols are always formed 
almost stereoselectively and, more interestingly, the ratio 
of exo alcohols increases in order as the size of the third 
ring increases. Taking the above facts and the mecha­

nism for metal hydride reduction of carbonyl groups 
into account,6) it is reasonable to consider that endo side 
of propellanones 1—4 is sterically less hindered than exo 
side and the difference in the steric hindrance at exo 
and endo sides of each propellanones becomes greater 
as the third r ing changes from five- to eight-membered 
ring. In the present system, the difference in the steric 
hindrance at each side of cyclopentanone moiety may 
be at t r ibuted to the difference in nonbonded interaction 

f rom exo s ide 

f r o m endo s ide 

in the transition state between hydrogens of individual 
alicyclic r ing and a hydride, which can be associated 
with conformational flexibility of r ing systems. Namely, 
on account of the greater degree of conformational 
flexibility of the third ring in comparison with that of 
cyclobutane ring, such nonbonded interaction in the 
transition state at the endo side may be remarkably 
reduced compared with the exo side. In addition, the 
nonbonded interaction at the endo side may become 
smaller in order of increase in conformational flexibility 
of the third ring, in other words, in the increasing order 
in size of the third ring. Consequently, it must be 
concluded that conformational flexibility of the third 
r ing plays a key role in determining the stereochemistry 
of the resulting alcohols in hydride reduction of [«.3.2]-
propellanones. 

E x p e r i m e n t a l 

Materials. Ketones 1,7> 2,8) 3, 4, and 1,5-dimethyl-
bicyclo[3.2.0]heptan-2-one were prepared in 51—73% yields 
by photocycloaddition of the corresponding bicyclic enones to 
ethylene in ether at - 7 0 °G. 3, IR 1710 cm-1; NMR Ô 
(CC14) 1.00—2.80 (m); MS tn/e 178 (M+). Semicarbazone, mp 
203—204 °C; Found: G, 66.24; H, 8.87; N, 17.95%. Galcd 
for C13H21ON3: C, 66.35; H, 9.00; N, 17.86%. 4, IR 1710 
cm-1; NMR Ô (CC14) 1.00—2.90 (m); MS tn/e 192 (M+). 
Semicarbazone, mp216—218 °G; Found: C, 67.31; H, 9.43; 
N, 16.96%. Galcd for C14H23ON3: G, 67.43; H, 9.30; N, 
16.85%. l,5-Dimethylbicyclo[3.2.0]heptan-2-one, IR 1710 
cm-1; NMR ô (GC14) 0.95 (s, 3H), 1.15 (s, 3H), 1.40—2.80 
(m, 8H); MS m/e 138 (M+). Semicarbazone, mp 202—204 
°C; Found: C, 61.51; H, 8.78; N, 21.52%. Galcd for 
G10H17ON3: C, 61.39; H, 8.88; N, 21.33%. 

LiAlHi Reduction of 1—4. A solution of a ketone in 
ether was added dropwise to the suspension of 5 molar excess 
of LiAlH4 in ether and the mixture was stirred at room tem­
perature for 12 h. Water and dilute hydrochloric acid was 
added carefully and the aqueous solution was extracted with 
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ether. The combined ethereal solution was washed with 
aqueous sodium hydrogencarbonate and brine, and then dried 
(Na2S04), After evaporation of the solvent, the residue was 
distilled under reduced pressure to give a mixture of alcohols 
in 90—97% yields. Exo alcohols were separated by prepara­
tive GLG (10% FFAP or 10% DEGS) and endo ones were 
identified with the authentic materials prepared by Meerwein-
Ponndorf reduction of ketones. The ratios of them are listed 
in Table. 

5X, mp 95—96 °C; IR 3250, 1040 cm"1; NMR ô (CC14) 
1.00—2.40 (m, 15H), 3.72 (t, 7 = 8 . 0 Hz, IH) ; MS mje 152 
(M+); Found: G, 77.63; H, 10.60%. Galcd for C10H16O: G, 
77.89; H, 10.59%. 6X, mp 55—57 °G; IR 3300, 1050 cm"1; 
NMR ô (CC14) 1.10—2.20 (m, 16H), 3.40 (s, IH), 3.70 (q, 
7 = 7 . 2 Hz, IH); MS m/e 166 (M+); Found: G, 79.15; H, 10.88. 
Galcd for C n H 1 8 0 : G, 79.46; H, 10.92%. 7X, mp 58—60 °G; 
IR 3350, 1165 cm-1; NMR ô (CC14) 1.00—2.10 (m, 18H), 
2.82 (s, IH), 3.75 (q, 7 = 7 . 6 Hz, IH); MS m/e 180 (M+); 
Found: C, 79.79; H, 11.33%. Galcd for C12H20O: G, 79.94; 
H, 11.18%. 8X, mp 95—96 °G; IR 3300, 1040 cm"1; NMR 
3 (CC14) 0.90—2.00 (m, 20H), 2.75 (s, IH), 4.10 (q, 7 = 7 . 6 Hz, 
IH); MS m/e 194 (M+); Found: G, 80.27; H, 11.41%. Galcd 
for C1 3H2 20: G, 80.35; H, 11.41%. 

NaBHi Reduction of 1—4. A solution of a ketone in 
methanol was added dropwise to a solution of 2 molar excess 
of NaBH4 in methanol and the mixture was stirred at room 
temperature for 12 h. The solution was poured into dilute 
hydrochloric acid and extracted with ether. The organic 
layer was washed with aqueous sodium hydrogencarbonate 
and brine and then dried (Na2S04). Similar work-up as above 
gave a mixture of alcohols in 87—90% yields. The ratios of 
them are listed in Table. 

Preparation of5N—9N and 9X by Meerwein-Ponndorf Reduction. 
A mixture of a ketone and 2.2 molar excess of aluminum 

isopropoxide in isopropyl alcohol was heated until isopropyl 
alcohol began to distill slowly, while more alcohol was added. 
Heating was continued until no ketone remained (monitored 
by GLG). The solution was poured into ice-cooled aqueous 
sodium hydroxide and extracted with ether. The ether extract 
was washed with water and brine, and then dried (Na2S04). 
Evaporation of the solvent afforded a mixture of alcohol in 
84—89% yields. Products were separated by column chro­
matography on silica gel and purified by preparative GLG. 
The ratios of alcohols are as follows; 5X: 5N=32: 68, 6X-.6N 
= 32: 68, 7X: 7N=58: 42, 8X: 8N=58: 42, 9X: 9N=35: 65. 

5N, mp 93—94 °C; IR 3250, 1040 cm"1; NMR ô (CC14) 
1.00—2.60 (m, 15 H), 3.72 (d, 7 = 3 . 7 Hz, IH) ; MS mle 152 
(M+); Found: G, 77.63; H, 10.58%. Galcd for C10H16O: G, 
77.89; H, 10.59%. 6N, mp 53—55 °G; IR 3300, 1050 cm"1; 
NMR ô (CC14) 1.10—2.40 (m, 17H), 3.75 (d, 7 = 4 . 0 Hz, 1H) ; 
MS mje 166 (M+); Found: G, 79.45; H, 11.16%. Galcd for 
G n H 1 8 0 : G, 79.46; H, 10.92%. 7N, mp 55^-56 °G; IR 3400, 
1040 cm"1; NMR ô (CC14) 1.00—2.60 (m, 19H), 3.55 (d, 
7 = 3 . 8 Hz, IH); MS mje 180 (M+); Found: G, 80.11; H, 
11.22%. Caled for C12H20O: G, 79.94; H, 11.18%. 8N, mp 
48—50 °G; IR 3300, 1050 cm"1; NMR ô (CC14) 1.00—2.20 
(m, 21H), 3.70 (d, 7 = 3 . 7 Hz, IH); MS m/e 194 (M+); Found: 

G, 80.63; H, 11.64. Galcd for C1 3H2 20: G, 80.35; H, 11.41%. 
9X, mp 77—78 °G; IR 3250, 1050 cm"1; NMR ô (CC14) 1.05 
(s, 6H), 1.30—2.20 (m, 9H), 3.62 (d, 7 = 3 . 8 Hz, IH); MS mje 
140 (M+). ^-Nitrobenzoate, mp 110—111 °G; Found: G, 
66.14; H, 6.63; N, 4.83%. Galcd for C16H1904N: G, 66.42; H, 
6.62; N, 4.84%. 9N, mp 78—79 °G; IR 3250, 1050 cm"1; 
NMR ô (CC14) 0.96 (s, 3H), 1.02 (s, 3H), 1.10—2.10 (m, 
9H), 3.53 (q, 7 = 7 . 2 Hz, 1H);1MS m/e 140 (M+). />-Nitro-
benzoate, mp 114—115 °G; Found: G, 66.14; H, 6.64; N, 
4.89%. Galcd for C16H1904N: G, 66.42; H, 6.62; N, 4.84%. 
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Synopsis. 1-(l-Pyrrolidinyl)acenaphthyIene (1), which 
was prepared from acenaphthenone and pyrrolidine, reacted 
with dimethyl acetylenedicarboxylate to give the dihydrocyclo-
hepta[^]naphthalene and dihydrofluoranthene. The reac­
tion of 1 with methyl propiolate in benzene afforded the 
dihydrocyclohepta[<&] naphthalene (8) and its isomeric cyclo-
hepta[<&1naphthalenol (9), whereas the Michael type adduct 
was formed in methanol. An interconversion between 8 and 9 
was also described. 

It is known that enamines derived from cyclic ketones 
react with activated acetylenes to yield intermediate 
cyclobutene adducts which undergo rearrangement with 
expansion of the carbocyclic r ing by two carbon atoms.2) 

Application of this process to 1-aminoacenaphthylene 
derivatives, which might exhibit enamine-like proper­
ties, seems to provide a one-pot synthesis of cyclohepta-
\de\ naphthalene compounds which are nonal ternant hy­
drocarbons. However, no 1-aminoacenaphthylenes 
appeared in the literature. We now report the prepara­
tion of l - ( l -pyrro l id inyl )acenaphthylene (1) and its 
reaction with electrophilic acetylenes. 

When a benzene solution of acenaphthenone was 
refluxed with a slight excess of pyrrolidine in the pres­
ence of jb-toluenesulfonic acid for 1 h, the expected 
enamine 1 as reddish violet viscous oil was obtained 
quantitatively. Benzoylation of 1 with benzoyl chloride 
afforded 1 -benzoyl-2-( 1 -pyrrolidinyl) acenaphtylene (2), 
mp 178—180 °G, in 8 7 % yield. 

Scheme 1. 

229—230 °G, in a 7 8 % yield, evidently by hydrolysis 
and followed by decarboxylation. The carboxylic acid 6 
was converted into the methyl ester 7, m p 102—103 °G. 

In the reaction of 1 with an equimolar amount of 
methyl propiolate in benzene at room temperature for 
1 h, two isomers were isolated. The minor product (2.3 
% ) , m p 115—125 °G (turned to red) , as colorless prisms 
was proven to be methyl 7-oxo-7,8-dihydrocyclohepta-
[fife]naphthalene-8-carboxylate (8), which is an isomer of 
7, and the major product (21%), m p 87^-88 °C, as red 
needles was assigned to be a tautomer of 8, methyl 
7-hydroxycyclohepta[^]naphthalene-8-carboxylate (9). 
O n the other hand, the same reaction in methanol at 
room temperature for 3 h gave the Michael type adduct 
10, m p 157—158 °G, in a 4 9 % yield. (Scheme 2). 

1 + HC=C-COOMe — 

a ,C0Ph 

COOMe 

A or NEt8 in benzene 

8 . " Z = l 9 
HCl in MeOH 

Scheme 2. 

H=CHC00Me 

The reaction of 1 with dimethyl acetylenedicarboxyl­
ate (3) in benzene at room temperature for 3 h gave 
dimethyl 7-'oxo-7,8-dihydrocyclohepta [de] naphthalene-
8,9-dicarboxylate (4), m p 131—132 °G, and the dihydro­
fluoranthene (5), m p 191—192 °G, together with tarry 
materials. The compound 4 was evidently formed by 
hydrolysis of an initial cyclohepta[tffe]naphthalene. As 
shown in Scheme 1, the yields of 4 and 5 depended on 
the amounts of 3 used. Structural elucidation of 4 and 
5 was accomplished on the basis of their spectral data . 

Treatment of 4 with 3 % aqueous sodium hydroxide 
solution under reflux for 30 min gave 7-oxo- 7,8-dihydro­
cyclohepta [âfe]naphthalene-9-carboxylie acid (6), m p 

As mentioned above, dihydrocyclohepta[fife] naphtha­
lene 8 melted at 115—125 °G with color change to red, 
which suggests the transformation into red colored cyclo-
hepta[fife]naphthalenol 9. In fact, heat ing of 8 at 130 °G 
for 3 h afforded 9 in a 7 3 % yield. When treated with 
silica gel or tr iethylamine in benzene at room tempera­
ture, 8 was also converted into 9. O n the t reatment with 
catalytic amounts of hydrochloric acid in methanol, 
however, 9 was partially converted into 8. 

In contrast to 8, at tempts to isomerize 7 to a cyclo-
hepta[^]naphtha lenol under various conditions were 
unsuccessful. 
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E x p e r i m e n t a l 

l-(l-Pyrrolidinyl)acenaphthylene (1). A solution of 
acenaphthenone (9.1 g, 0.054 mol), pyrrolidine (4.6 g, 0.065 
mol), and /»-toluenesulfonic acid (0.9 g) in benzene (100 ml) 
was boiled with azeotropic removal of water. After being 
boiled for 1 h, the reaction mixture was concentrated in vacuo, 
and the residue was extracted with petr. ether. The extract 
was concentrated to give 11.8 g {ca. 100%) of the enamine 1 
as reddish violet viscous oil. Bp 185 °C/4 mmHg; NMR (GC14) 
Ô 1.85—2.25, 3.40—3.75 (each 4H, m), 5.26 (1H, s, =CH), 
6.85—7.86 (6H, m) ; MS m/e 221 (M+). Picrate of 1: mp 
164—166 °C. Found: C, 58.60; H, 4.05; N, 12.19%. Galcd 
for C22H18N407: C, 58.66; H, 4.03; N, 12.44%. 

Benzqylation of the Enamine 1. A solution of 1 (1.3 g, 
0.006 mol) and benzoyl chloride (1.3 g, 0.009 mol) in benzene 
(20 ml) was stirred with NEt3 (0.9 g, 0.009 mol) at room 
temperature for 3 h. The reaction mixture was filtered to 
remove triethylamine hydrochloride, and the filtrate was 
evaporated in vacuo, followed by addition of petr. ether to 
give crystals. Recrystallization from EtOH afforded 1.7 g 
(87%) of l-benzoyl-2-(l-pyrrolidinyl)acenaphthylene (2), mp 
178—180 °C, as red prisms. IR (KBr) 1600 cm"1 (yc=0); MS 
mje 325 (M+). Found: G, 84.89; H, 5.88; N, 4.30%. Calcd 
for C23H19NO: G, 84.89; H, 5.89; N, 4.30%. 

Reaction of the Enamine 1 with Dimethyl Acetylenedicarboxylate 
(3). A solution of 1 ( 13.0 g, 0.059 mol) and the acetylene 
3 (9.2 g, 0.065 mol) in benzene (100 ml) was stirred at room 
temperature for 3 h. The reaction mixture was concentrated 
in vacuo, and MeOH (20 ml) was added to the residue, giving 
7.0 g (38%) of colorless crystals, mp 128—130 °C. Recrystalli­
zation from cyclohexane afforded dimethyl 7-oxo-7,8-dihydro-
cyclohepta|/fe]naphthalene-8,9-dicarboxylate (4), mp 131— 
132 °G, as colorless prisms. IR (KBr) 1680, 1720, 1780 cm"1 

( r c = 0 ) ; N M R (CDC13) Ô 3.25, 3.99 (each 3H, s), 5.46 (1H, s, 
>CH), 7.22 (1H, s, =CH), 7.30—8.20 (6H, m); UV A^* nm 
(log e) 208 (4.5), 237 (4.5), 325 (4.0); MS mje 310 (M+). 
Found: G, 69.64; H, 4.58%. Galcd for C1 8HW05 : G, 69.67; 
H, 4.55%. 

The MeOH filtrate was concentrated in vacuo, and the 
residue was chromatographed on alumina using benzene as an 
eluent, giving 0.9 g (3%) of crystals. Recrystallization from 
MeOH afforded the dihydrofluoranthene 5, mp 191—192 °C, 
as colorless prisms. IR (KBr) 1740, 1750 cm-1 (v c = 0); NMR 
(GDC13) Ô 1.60—1.96, 3.20—3.60 (each 4H, m), 3.65, 3.72 
(each 6H, s), 5.35 (1H, s, >GH), 7.25—8.20 (6H, m); UV 
A**« nm (log e) 215 (4.8), 330 (3.8); MS mje 505 (M+). 
Found: G, 66.78; H, 5.45%. Calcd for C28H27N08: C, 66.52; 
H, 5.38%. 

A similar reaction of 1 (11.7 g, 0.053 mol) with 3 (16.5 g, 
0.116 mol) in benzene (100 ml) afforded 1.8 g (11%) of 4 and 
14.8 g (55%) of 5. 

7-Oxo-7,8-dihydroçyclohepta[dé]naphthalene-9-carboxylic Acid (6) 
and Its Methyl Ester (7). A suspension of dihydrocy clohepta-
[de] naphthalene 4 (5.0 g) in 3% NaOH aq solution (200 ml) 
was refluxed for 30 min; during which time it turned to a red 
solution. The solution was acidified with hydrochloric acid 
to give brown precipitates, which extracted with hot EtOH 
(150 ml). The extract was concentrated in vacuo to leave 
the residue, which on recrystallization from EtOH using 
charcoal afforded 1.5 g (39%) of 6, mp 229—230 °G, as yellow 
prisms. IR (KBr) 2700—3100 (von), 1690 cm"1 (v c = 0); NMR 
(DMSO-</6) ö 3.80 (2H, s, GH2), 7.60—8.45 (7H, m, A r H + 
= CH); UV A^H nm (log e) 225 (4.5), 243 (4.4), 320 (3.9); 
MS m/e 238 (M+). Found: G, 75.90; H, 4.35%. Calcd for 
C15H1()03:C, 75.62; H, 4.23%. 

Esterification of 6 in MeOH containing H a S0 4 afforded the 

methyl ester (7) in a 92% yield. Mp 102—103 °C; yellow 
prisms; IR (KBr) 1670, 1704 cm-1 (vc=0), NMR (GDC13) ô 
3.82 (2H, s, GH,), 3.89 (3H, s), 7.30—8.20 (7H, m, ArH+ 
=CH); MS m/e 252 (M+). Found: C, 76.07; H, 4.78%. 
Calcd for C16H1203: G, 76.18; H, 4.80%. 

Reaction of the Enamine 1 with Methyl Propiolate. i) A 
solution of 1 (2.65 g, 0.012 mol) and methyl propiolate (1.0 g, 
0.012 mol) in benzene (20 ml) was stirred at room temperature 
for 3 h. The reaction mixture was concentrated in vacuo, and 
the residue was chromatographed on silica gel using benzene 
as an eluent to give crystals. The crystals were washed with 
hexane (50 ml) to leave red crystals. Recrystallization from petr. 
ether afforded 0.65 g (21%) of methyl 7-hydroxycyclohepta-
[^]naphthalene-8-carboxylate (9), mp 87—88 °C, as red nee­
dles. IR (KBr) 1660 cm~i (vc=0) ; NMR (CDC13) ô 3.80 (3H, 
s), 6.02, 6.28 (each 1H, d, =CH, J=12 Hz), 6.85—8.20 (6H, 
m), 14.50 (1H, s, OH); UV A ^ nm (log e) 217 (4.5), 250 
(4.2), 370 (3.7), 450 (3.3); MS m/e 252 (M+). Found: G, 
76.47; H, 4.79%. Calcd for C1BHx203: C, 76.18; H, 4.80%. 

The hexane washings were evaporated in vacuo to leave 
colorless crystals, which on recrystallization from hexane 
afforded 0.07 g (2.3%) of methyl 7-oxo-7,8-dihydrocyclohepta-
[d*]naphthalene-8-carboxylate (8), mp 115—125 °G (turned 
to red), as colorless prisms. IR (KBr) 1690, 1755 cm - 1 (vc=0) ; 
NMR (CDC13) Ô 3.78 (3H, s), 4.48 (1H, dd, >CH, 7 = 2 , 5 Hz), 
6.41 (1H, dd, =CH, J = 5 , 11 Hz), 6.98 (1H, dd, =CH, J=2, 
11 Hz), 7.28—8.25 (6H, m); UV AJ**1 nm (log e) 220 (4.6), 
317 (3.8), 340 (3.8), 355 (3.8); MS »1/« 252 (M+). Found: C, 
76.29; H, 4.84%. Calcd for C16H1203: C, 76.18; H, 4.80%. 

ii) A solution of 1 (2.65 g) and methyl propiolate (1.0 g) 
in MeOH (20 ml) was stirred at room temperature for 3 h ; 
during which time crystals precipitated. Recrystallization of 
the crystals from EtOH afforded 1.8 g (49%) of the Michael 
type adduct 10, mp 157—159 °C, as violet prisms. IR (KBr) 
1690 cm-1 (vc=0); NMR (CDC13) ô 1.69—2.05, 3.55—3.90 
(each 4H, m), 3.79 (3H, s), 6.08,8.17 (each 1H, d, =GH, / = 15 
Hz), 7.19—7.90 (6H, m); UV A^*1 nm (log e) 227 (4.7), 254 
(4.4), 320 (4.3), 357 (4.5), 390 (4.2), 520 (3.8); MS m/e 305 
(M+). Found: C, 78.04; H, 6.22; N, 4.69%. Calcd for 
C20H19NO2: C, 78.66; H, 6.27; N, 4.59%. 

Isomerization ofDihydrocyclohepta[dé]naphthalene(8)to Cyclohepta-
[dejnaphthalenol (9). i) Dihydrocyclohepta[afe]naphthalene 
(8) (0.15 g) in a test tube was heated at 130 °C (bath tempera­
ture) under nitrogen for 3 h. The mixture was washed with 
hexane (20 ml) to leave 20 mg of unchanged 8. From the 
hexane washing 0.11 g (73%) of 9 was obtained. 

ii) A solution of 8 (80 mg) in benzene (20 ml) was stirred 
with NEt3 (3 drops) at room temperature for 6 h. After the 
reaction mixture was evaporated in vacuo below 40 °G, a similar 
treatment of the residue with hexane gave 50 mg (62.5%) of 9. 

Isomerization ofCyclohepta\d€\naphthalenol (9) to Dihydrocyclohe-
pta[de]naphthalene (8). A solution of 9 (0.5 g) in MeOH (50 
ml) was stirred with hydrochloric acid (1 drop) at room tem­
perature for 7 days. The reaction mixture was poured into 
water, and extracted with CHG13. The extract was washed 
with water, dried over Na2S04 , and evaporated in vacuo. A 
similar treatment of the residue with hexane gave 0.15 g (30%) 
of 8, together with recovery of 9 (0.3 g). 
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A Novel Synthesis of d-Amino Acid Derivatives 
Takeshi IMAGAWA* and Mituyosi KAWANISI 

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606 
(Received October 19, 1978) 

Synopsis. The Diels-Alder adducts of "anhydro-
chloral-urethane" with some 1,3-dienes were successfully 
utilized for the synthesis of some (5-amino acid derivatives by 
the sequence of the reactions, viz., hydrogénation, dehydro-
chlorination, and ozonolysis. 

Polar cycloaddition reactions are ingeniously utilized 
for the introduction of a substituent at the specific posi­
tion.1) We describe here a method of synthesis of <5-amino 
acid derivatives making use of the Diels-Alder adducts 
between "anhydrochlora l -ure thane" iV-(2,2,2-trichloro-
ethylidene)carbamates (1) and 1,3-dienes reported by us 
previously.2) 

The exo- and ewûfo-adducts (2 and 3) of 1 with cyclo-
pentadiene2) were hydrogenated over P d - C to afford in 
about 90% yields ethyl exo- and £/w/0-3-trichloromethyl-
2-azabicyclo[2.2.1]heptane-2-carboxylates (4 and 5), 
respectively. Upon treatment of 4 and 5 with sodium 
methoxide in refluxing benzene, ethyl 3-dichlorometh-
ylene-2-azabicyclo[2.2.1]heptane-2-carboxylate (6) in 
60—75% yields. When 6 was oxidized with ozone in 
methanol, followed by treatment with dimethyl sulfide, 
methyl aV-3-ethoxycarbonylamino-1 -cyclopentanecarbo-
xylate (7) was obtained in 76% yield. The aV-configu-
ration of 7 is evident from the consideration of the reac­
tion course. This product (7) is a potential intermediate 
for the synthesis of an antibiotics "amidinomycin."3) 

In a similar manner, l-ethoxycarbonyl-2-trichloro-
methyl-l,2,3,6-tetrahydropyridine (8) obtained from 1 
and butadiene was converted into methyl 5-(ethoxycar-
bonylamino)pentanoate (11) by the sequence of the reac­
tions, viz. y hydrogénation, dehydrochlorination, and 
ozonolysis. 

Consequently, the present procedure has merged into 
a powerful synthetic route to ô-amino acid derivatives. 

|fT"NC00Et fT"NC00Et fThlCOOEt 

IUR l\X« kUcc,2 
R R 

2 R = CCl3,R'=H U R = CCl3>R'=H 6 

3 R = H,R'=CCl3 5 R = H,R'=CCl3 

HNCOOEt 

COOMe 

CNCOOEt r ^ N C O O E t f ^ N C O O E t MeOOC(CH2)4 NHCOOEt 

^ C C l 3 k ^ C C l 3 \ ^ C C l 2 

8 9 10 11 

E x p e r i m e n t a l 

Ethyl exo-3- Trkhloromethyl-2-azabicyclo\_2.2.l]heptane- 2-carbox-
ylate (4). A solution of 1.956 g of 22> in 50 ml of ethanol 
was hydrogenated over 500 mg of Pd-G until 154 ml (1.0 
equiv.) of hydrogen-uptake (5 min). Removal of the catalyst 
and the solvent, followed by distillation, gave 1.793 g (91%) 
of 6: bp 132.5—135 °C/3 Torr; IR (neat): 1725 cm-1; MS: 

mfe 242 (small), 240 (small), 168 (100), 140 (38), 68 (31%); 
NMR (GC14) : Ô 4.31 (m, H ^ , 4.16 (s, H3), 2.98 (m, H4), 1.62 
(4H, m, 2 x H 5 and 2 x H 6 ) , 2.68 (bd, 10 Hz, syn-H7), 1.23 
(bd, 10 Hz, anti-H7), 4.18 (q, 7 Hz, COOH2CH3), 1.31 (t, 
7 Hz, COOCH2CH3). Found: C, 42.14; H, 4.93; N, 4.71%. 
Calcd for C10H14NO.2C13: C, 41.91 ; H, 4.92; N, 4.89%. 

Ethyl endo-5- Trichloromethyl-2-azabicyclo [2.2.1]heptane-2-carbo-
xylate (5). A solution of 1.0 g of 32> in 30 ml of ethanol 
was hydrogenated over 500 mg of 5% Pd-C until 1.14 equiv. 
of hydrogen-uptake. Removal of the catalyst and the solvent, 
followed by recrystallization from ether-petroleum ether 894 
mg (89%) of 5, mp 63.5—65.0 °C; IR (CG14): 1722 cm-1; 
MS: ro/*242 (small), 240 (small), 168 (100), 140 (34), 96 (21), 
68 (36), 67 (28%); NMR (CC14) : Ô 4.61 (m, H,), 4.67 (d, 4.0 
Hz, H3), 3.09 (m, H4), 1.2—2.3 (6H, m, 2 x H 5 , 2 x H 6 , and 
2 X H7), 4.12 (q, 7.3 Hz, COOH2-), 1.27 (t, 7.3 Hz, COOCH,-
CH3). Found: C, 42.08; H, 4.92; N, 4.66%. Calcd for 
C10H14NO2Cl3: C, 41.91 ; H, 4.92; N, 4.89%. 

Ethyl 3-Dichloromethylene-2-azabicyclo [2.2.1] heptane- 2-carboxy-
late (6). From 4: To a solution of 1.356 g of 4 in 50 ml 
of benzene, was added 505 mg (2 equiv.) of methanol-free 
sodium methoxide, and heated under reflux for 40 h. The 
reaction mixture was washed twice with water, dried (Na2-
S0 4 ) , and distilled to give 888 mg (75%) of 6, bp 128—130 
°C/3 Torr; IR (neat) : 1740 (broad), 1646 cm-1; MS: mfe 249 
(M+, 43), 251 (M+2 , 27), 254 (M+4 , 5), 214 (87), 177 (24), 
151 (33), 150 (68), 149 (51), 148 (100), 144 (27), 142 (53), 
114 (37), 67 (34%); NMR (CC14) : ô 4.52 (m, H J , 3.47 (m, 
H4), 1.74 (6H, m, 2 X H5, 2 X H65 and 2 X H7), 4.18 (q, 7 Hz, 
COOCH2CH3), 1.34 (t, COOCH2CH3). Found: G, 47.86; H, 
5.12; N, 5.32%. Calcd for C10H13NO2Cl3: C, 48.02; H, 5.24; 
N, 5.60%. From 5: To a solution of 582 mg of 5 in 20 ml of 
benzene, was added 220 mg (2 equiv.) of sodium methoxide, 
and heated under reflux for 9 h. The reaction mixture was 
worked up as described above, giving 324 mg (64%) of 6. 

Methyl eis-3-Ethoxycarbonylamino-l-cyclopentanecarboxylate (7). 
A slow stream of ozonized oxygen was bubbled into a 

solution of 888 mg of 6 in 40 ml of dichloromethane and 10 
ml of methanol cooled to —50 °C until the blue color persisted. 
The solution was flushed with oxygen for 10 min, removed 
from the cooling bath, and added with 2 ml of dimethyl sulfide. 
The mixture was allowed to warm to room temp for 4 h . 
After evaporation of the solvent, distillation gave 715 mg 
(76%) of 7, bp 137—141 °C/3 Torr; MS: m/e 215 (M+, 16), 
156 (20), 142 (100), 138 (25), 129 (55), 128 (30), 84 (20), 83 
(21), 67 (52), 57 (23), 56 (55), 55 (23%); NMR (CDC13): ô 
1.5—2.5 (8H, m), 1.26 (3H, t), 3.73 (3H, s), 4.15 (2H, q) ; IR 
(neat): 3325, 1730 (broad) cm-1. Found: C, 55.58; H, 7.86; 
N, 6.41%. Calcd for C10H17NO4: C, 55.80; H, 7.96; N, 
6.51%. 

2- Trichloromethyl- l-(ethoxycarbonyl)piperidine (9). A solution 
of 6.156 g of 8 in 50 ml of ethanol was hydrogenated over 3.0 g 
of 5% Pd-C until 538 ml (1.07 equiv.) of hydrogen-uptake. 
After removal of the catalyst and the solvent, distillation gave 
5.578 g (90.4%) of 10, bp 121—122 °C/4 Torr; <•« 1.5020; 
IR (neat): 1720, 1735 (shoulder) cm-1; MS: m/e 163 (100), 
154 (33), 128 (30), 84 (50%). Found: C, 39.37; H, 5.15; N, 
4.95%. Calcd for C9H14N02C13: C, 39.37; H, 5.14; N, 5.10%. 
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2-Dichloromethylene-l-(ethoxycarbonyl)piperidine (10). To 
1.026 g of 9 in 30 ml of benzene, was added 400 mg (2 equiv.) 
of sodium methoxide, and refluxed for 23 h. The reaction 
mixture was poured into water, and extracted with dichloro-
methane. The organic layer was washed with water, dried 
(Na2S04), and distilled to give 672 mg (75%) of 10, which 
solidified on standing; mp 54.0—54.7 °G; IR (Nujol): 1740 
(broad), 1635 cm-1; NMR (CC14) : Ô 2.82 (2H, m, -N-CH 2 -), 
1.2—2.5 (6H, complex m, 3 X CH2), 4.12 (bq, COOCH2CH3), 
1.28 (t, COOCH2CH3) ; MS : m/e 237 (M+, small), 239 (M+2 , 
small), 204 (23), 202 (75), 176 (31), 174 (100%). Found: C, 
45.53; H, 5.54; N, 5.61%. Galcd for C9H13N02C12: C, 
45.39; H, 5.52; N, 5.88%. 

Methyl 5-(Ethoxycarbonylamino)pentanoate (11). A slow 
stream of ozonized oxygen was bubbled into a solution of 
1.427 g of 10 in 30 ml of methanol at room temp for 2 h. 
After the solution was flushed with oxygen for 20 min, 3 ml 
of dimethyl sulfide was added to the reaction mixture, and 

allowed to stand overnight. After evaporation of the solvent, 
fractional distillation gave 889 mg of crude 11, bp 125—128 
°C/3 Torr. Pure sample of 11 was obtained by preparative 
GLC; MS: m/e 203 (M+, 14), 172 (20), 171 (22), 130 (22), 
126 (27), 115 (47), 102 (100), 100 (67), 98 (54), 82 (22), 
74 (37), 70 (22), 59 (37), 58 (26), 56 (61), 55 (60), 44 (23), 
43 (45), 42 (30), 41 (36). Found: G, 53.35; H, 8.56; N, 
6.60%. Galcd for C9H1 7N04: G, 53.19; H, 8.43; N, 6.89%. 
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Synthesis and Magnetic Behavior of Three Novel Di-j«-halobis[halo(l,2-
benzoquinonedioxime)copper(II)] Complexes. 

Ferromagnetic Exchange Coupling 
Michel MÉGNAMISI-BÉLOMBÉ 

Department of Physics, Stanford University, Stanford, California 94305, U.S.A. 
(Received April 8, 1978) 

Synopsis. Variable-temperature magnetic suscep­
tibilities measured from 4.2 to 300 K on the new dimeric 
clusters indicate ferromagnetic exchange coupling with 
J= +4.63 cm-1 and J— +0.14 cm - 1 for di-//-bromobis-
[bromo-(4-chloro-l,2-benzoquinonedioxime)copper(II)] and 
di-jU-chlorobis[chloro-1,2-benzoquinonedioxime) copper(II)], 
respectively, and antiferromagnetic exchange coupling with 
J= — 0.11 cm - 1 for di-/f-bromobis [bromo( 1,2 - benzoqui­
nonedioxime) copper ( 11 ) ] . 

The investigation of exchange effects in paramag­
netic cluster compounds has recently developed into 
a topic of focal and increasing interest to inorganic 
chemists, as well in theoretical1) as in experimental2 '3) 
respect. Lately we reported4) antiferromagnetic 
exchange coupling in di-#-bromobis[bromo(dimethyl-
glyoxime)copper(II), [CuBr 2(dmgH)] 2 . This dimeric 
cluster, the first adduct of CuBr2 with a 1,2-dione-
dioxime ligand, is isostructural4) with the di-^-chloro 
analogue.5) We now have employed 1,2-benzo­
quinonedioxime (bqdH) ligands6) to prepare the 
three new dimers listed above. We show in the fol­
lowing that, as a specific result of scientific innovation, 
it is possible to bring about desirable changes in mag­
netic properties of cluster compounds (in particular 
ferromagnetic orderings) by controlled chemical 
modifications of appropriate ligand systems. 

E x p e r i m e n t a l 

The brown solids were obtained in good yield by reacting 
equimolar solutions of the analytical grade reactants ac-

Fig. 1. Infrerred schematic structure of the [CuX2-
(RR'bqdH)]2 dimers (bqdH= 1,2-benzoquinonedi-
oxime) : 
a) R=C1, R' = H, X = Br-: [CuBr2(GlbqdH)]2, 
b) R = R ' = H , X = G 1 - : [CuGl2(bqdH)]2, 
c) R = R ' = H, X = B r - : [CuBr2(bqdH)]2. 

dimethylglyoxime Cu(I I ) dimers.4 '5) T h e striking 
resemblance of the two sets of spectra is interpreted 
as an intimate reflection of the similar ligand field 
geometry surrounding the Cu sites in both dimer types. 
This is rationalized by considering the two ana­
logues [GuGl 2 (bqdH)] 2 and [GuGl2(dmgH)]2 ,5) which 
exhibit the same E S R line shape with the identical 
parallel g factor of 2.207, but have, as to be expected, 
the different perpendicular g factors of 2.056 and 2.039, 
respectively. 

cording to the equation RR'bqdH+CuX 2 Ö^gggi—> Cu- T h e corrected molar susceptibility data , %mJ were 
fitted with a standard non-linear least-squares computer 
program4«7) to the singlet-triplet equation 

3^[-4-(-#)r+-' 
X2(RR'bqdH) (dimeric structure sketched in the Fig. 1). 
After washing with cold acetone and drying at « 50 °G, 
the materials analyze as in the Table 1. The compounds 
are remarkably air stable, though the bromo derivatives 
show signs of decomposition after several weeks of exposure 
to air and light. 

Near infrared spectra (KBr pellets) were recorded with 
a Perkin-Elmer 621 Grating Spectrophotometer, and X-band 
electron spin resonance spectra with a Varian Assoc. E-12 
instrument at room temperature. Variable-temperature 
susceptibility data were collected at 36 different points from 
4.2 to 300 K with a Superconducting Technology, Inc. 
SQUID-type susceptometer operating at « 2 kG.4> 

R e s u l t s a n d D i s c u s s i o n 

T h e spectroscopic data are taken as conclusive 
evidence to infer the dimeric structure sketched in the 
Fig. 1. This is done by comparing the spectra with 
those recorded on the analogous, well-characterized 

Xm — 

where the exchange parameter J is defined by the 
Heisenberg Hamil tonian H6X=— 2JS1-S2. T h e van 
Vleck constant, Not, was fixed at 60 X 10~6 emu/mol 
for all three dimers, and the best fits gave a) y = + 4 . 6 3 
cm- 1 , £ = 1 . 9 9 , 0 = - 5 . 5 3 K for [GuBr 2 (GlbqdH)] 2 ; 
b) y = + 0 . 1 4 c m - 1 , ^ = 1 . 9 5 , 6 = - 0 . 2 9 K for [GuGl2-
(bdqH) ] 2 ; c) y = - 0 . 1 1 cm- 1 , £ = 1 . 9 5 , 0 = + O . 2 2 K f o r 
[CuBr 2 (bqdH)] 2 . T h e fitting g factors differ slightly 
from the correspeonding isotropic values of 2.050, 
2.106, and 2.050 observed with ESR, but the deviations 
of less than ± 0 . 2 lie within the range expected for the 
observed y values to be regarded as reliable and "mean­
ingful measurements of the exchange interaction."3) 
T h e experimental magnetic data agreed to within 
3 % or less with the corresponding theoretical values 
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TABLE 1. MICRO ANALYTICAL DATA 

[CuBr2(ClbgdH)]2 [CuCl2(bqdH)]2 [CuBr2(bqdH)]2 
e m e n t Found(%) Galcd(%) Found(%) Galcd(%) Found(%) Galcd(%) 

"G 18.20 18.20 26.35 26.44 20.09 19.94 
H 1.33 1.27 2.19 2.22 1.64 1.67 
N 6.95 7.08 10.16 10.28 7.68 7.75 
Gl 8.90 8.95 25.82 26.01 
Br 40.12 40.37 43.63 44.21 
Gu 15.70 16.05 23.11 23.31 17.50 17.58 

calculated using the above equation. T h e intradimer 
exchange coupling, measured by J, is presumably 
mediated by a super exchange mechanism involving the 
valence orbitals of the bridging halide ligands. Sub­
stitution of the b q d H rings (Fig. 1) with electron 
withdrawing CI stoms is accompanied by a remarkable 
increase in J value which passes from —0.11 c m - 1 

in [GuBr 2 (bqdH)] 2 to + 4 . 6 3 cm" 1 in [GuBr 2(GlbqdH)] 2 

Obviously this result demonstrates that the reported 
ligand-induced nephelauxetic effect8) may provide 
a mechanism for modulat ing electron spin orderings 
in paramagnet ic cluster compounds. 

Provided this trend could prove to be generally 
valid, the present effect might be anticipated to have 
a far-reaching significance with respect to the better 
understanding of solid state magnetic phenomena 
as well as in connection with sounder studies of bonding 
mechanisms in coordination chemistry for the years 
ahead. Synthetic details of these and other new 
Cu(I I ) dimeric clusters will appear in a subsequent, 
more comprehensive report. 

This work was supported by the National Science 
Foundation Grant No. D M R 76-82087-A02. The 
author thanks E. J . Laskowski and M. A. Novotny 

for experimental assistance, and Prof. W. A. Little 
for his encouragement. 
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Synthesis and Redaction of 3-Bromoflavanones 
N. J . R E D D Y and T- C. SHARMA* 

School of Studies in Chemistry, Vikram University, Ujjain, M.P., India 
(Received April 14, 1978) 

Synopsis. Bromination of flavanone, 6-methylflav-
anone, 6-methyl-4/-methoxyflavanone, and 6-methyl-3',4'-
dimethoxyflavanone with pyridinium tribromide in glacial 
acetic acid gives the corresponding 3-bromoflavanones, which 
when refluxed with thiourea in ethanol undergo reduction 
to flavanones. 

Several reagents such as pyridinium tribromide,1) 
phenyltrimethylammonium tribromide,2 '3) 2-pyrroli-
done hydrotribromide,4) (2-carboxyethyl)triphenylphos-
phonium tribromide,5) and 2-bromo-2-cyano-iV,iV-
dimethylacetamide6) have been employed for the 
selective bromination of G - H a to a carbonyl group. 
All these reagents, however, are not equally effective 
and their reactivity varies with the presence of other 
functional groups prone to bromine reactivity. 

Because of the asymmetric centres, 3-bromoflavan­
ones exist in two racemic forms having different con­
figurations for Gg-bromine. These compounds have 
been synthesized by the bromination of flavanones with 
bromine dissolved in a suitable solvent7-11) or with a 
brominating agent like dioxane dibromide,1"12) tri-
methylphenyl ammonium tribromide,13) and JV-bromo-
succinimide.10»14-16) 3-Bromoflavanones have also been 

It may be mentioned that all the attempts to detect 
the presence of urea in the reaction mixture met with 
failure. 

Exper imenta l 

All melting points are uncorrected. Pyridinium tribromide 
was prepared by following the reported procedure.1) 

tra.ns-3-Bromoßavanone (Ha). Flavanone (la; 1.1 g) was 
dissolved in glacial acetic acid (5 ml) by warming on water-

t /»-Dioxane and bromine in equimolar ratio. 

obtained by the cyclization of 2'-acetoxychalcone 
dibromides17-19 '22) as well as of 2-bromo-3-ethoxy-l,3-
diphenyl-1-propanone.20) A 3-bromoflavanone was 
synthesized by the action of copper(II) bromide on 
2 /-hydroxychalcone.21) All the methods gave a mixture 
of eis and trans isomers. 

In the present work, we have brominated four 
variedly substituted flavanones (I) with pyridinium 
tribromide in acetic acid medium. Three cases gave 
only the trans isomer, whereas, in the case of 6-methyl-
3',4'-dimethoxyflavanone a mixture of trans- and cis-
bromoflavanones has been obtained. 

Keeping in view the biological importance of thio 
compounds, we examined the reaction of thiourea 
with 3-bromoflavanones ( I I ) . Thiourea reacts with 
a-halo ketones24-27) and chalcone dibromides to afford 
the corresponding thiazoles and chalcones28) respec­
tively. However, under the reaction conditions em­
ployed, the 3-bromo-flavanones undergo conversion to 
the corresponding flavanones (I) . 

I n addition to flavanone only sulfur could be isolated 
from the reaction mixture and a positive test was 
obtained for the presence of HBr. In the light of 
these facts, a likely reaction pa th can be as follows. 

bath. To the hot solution was added pyridinium tribromide 
( 1.6 g) in equimolar ratio in small amounts shaking the 
contents to expel the HBr formed. After the complete 
addition of the reagent, the reaction mixture was kept at 
room temperature for 30 min with occasional shaking. It 
was then diluted with cold water and 3-bromoflavanone 
thus obtained was crystallized from ethanol to give white 
crystals (0.9 g) mp 111—112 °C (lit,12) mp 111 °G). 

tra.ns-3-Bromo-6-methylflavaone (lib). Flavanone (lb; 
1 g) was dissolved in glacial acetic acid (5 ml) by warming 
on water-bath. To the hot solution was added pyridinium 
tribromide (1.5 g) under the conditions described above. 

R 3 / 

o 
(I) 

R2 

-R1 
C6H5NHBr3 

gl. CH3COOH R 3 / 

(I) + S + HBr <- R3 

R2 

\ / x B r 

R1 

O 
(II) 

X NH 2 
S=G 

KNH 2 

ß ö \ C = N H 2 B r 

NH, 

where 
(a) R! = R2 = R3 = H, (b) R! = H ; R2 = H, R3 = CH3, (c) R! = OGH3; R 2 = H ; R3 = CH3, 
(d) R1 = R2 = OGH3; R3 = CH3 
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After 1/2 h crystals of 3-bromoflavanone separated, which 
were filtered, washed with water and recrystallized from 
ethanol to give white glistering leaflets (0.85 g) mp 127— 
128 °C (lit,23) mp 127—128 °C). The dilution of the mother 
liquor gave (0.1 g) more of the product (lib). 
Found: G, 60.4; H, 4.3; Br, 25.1%. Galcd for G16H1302Br: 
G, 60.5; H, 4.1; Br, 25.23%. 

tra.ns-3-Bromo-4'-methoxy -6- methylflavanone (lie). Fla­
vanone (Ic; 1.3 g) was dissolved in glacial acetic acid (5 ml) 
by warming on water-bath. To the hot solution was added 
pyridinium tribromide (1.3 g) in small amounts. The 
reaction mixture was worked up as described for l ib . 
The solid thus obtained was crystallized from ethanol to 
afford white hexagonal plates (0.8 g) mp 141—142 °G (lit,22) 
mp 138 °G). 
Found: G, 58.6; H, 4.2; Br, 22.8%. Galcd for G17H1503Br: 
C, 58.7; H, 4.3; Br, 23.05%. 

3-Bromo-3'' ,4'-dimethoxy -6- methylflavanone (lid). Flav­
anone (Id, 1 g) was dissolved in glacial acetic acid (5 ml) 
by warming on water-bath. To the hot solution was added 
pyridinium tribromide (1 g) in small amounts. The reaction 
mixture was worked up as described for l ib . The solid 
thus obtained gave m-S-bromo-S'^'-dimethoxy-ô-methylfla-
vanone as colourless plates (0.97 g), mp 158—159 °G (lit,22) 
mp 155—156°C) and frajw-S-bromo-S^'-dimethoxy-ô-meth-
ylflavanone (0.21 g), mp 144—145 °G (lit,22) mp 142— 
143 °G) from ethanol. 
Found: C, 56.8; H, 4.4; Br, 21.6%. Calcd for C18H17Br04: 
C, 57.3; H, 4.5; Br, 21.2%. 

Action of Thiourea on 3-Bromo-4'-methoxy-6'-methylflavanone. 
A mixture of the bromoflavanone (1.7 g), thiourea (0.4 g) 
and ethanol (20 ml) was refluxed on water-bath for three 
hours. The reaction mixture was then allowed to cool to 
room temperature and poured into cold water. The solid 
thus separated was filtered and washed with water. Crystal­
lization from ethanol afforded two products. The sparingly 
soluble compound on recrystallization from benzene gave 
yellow needles of free sulfur (0.1 g, mp 120 °C). The soluble 
product was found to be 4'-methoxy-6-methylflavanone 
(1.12 g), mp 109 °C (lit,11) mp 108—109 °C). A mixed 
melting point determination with an authentic sample of 
flavanone showed no depression. 

Action of Thiourea on 3-Bromoflavanone. A mixture of 
3-bromoflavanone (1 g), thiourea (0.3 g), and ethanol (20 ml) 
was refluxed on water-bath for three hours. The reaction 
mixture was allowed to cool to room temperature and poured 
into cold water. The usual work up of the reaction mixture 
gave sulfur (0.04 g, mp 119—120 °G) and flavanone (0.62 g, 
mp 76 °C) (lit,29) mp 76 °C). A mixture melting point 
determination with an authentic sample of flavanone showed 
no depression. 

Action of Thiourea on 3-Bromo-6-methylflavanone. A 
mixture of the bromoflavanone (1.6 g), thiourea (0.5 g), and 
ethanol (20 ml) was refluxed on water-bath for three hours. 
The reaction products were worked up as usual to afford 
yellow needles of sulfur (0.12 g, mp 120 °C) and 6-methyl­
flavanone (0.95 g), mp 104—105 °C (lit,30) mp 105 °C). No 
depression was observed when a mixture melting point 
determination with an authentic sample was carried out. 

Action of thiourea on 3-Bromo-3',4'-dimethoxy-6-methylflavanone. 
A mixture of the bromoflavanone (0.6 g), thiourea (0.3 g) 
and ethanol (20 ml) was refluxed on water-bath for three 
hours. The reaction product when worked up as described 
above gave sulfur (0.05 g, mp 120 °C) and 3',4'-dimethoxy-

6-methylflavanone (0.34 g), mp 108 °C (lit,11) mp 108— 
109 °G). The identity of flavanone was further confirmed 
by mixture melting point determination with an authentic 
sample. 

Authors are thankful to Prof. M. M. Bokadia for 
providing laboratory facilities and to U. G. C. (New 
Delhi) for the award of Junior Research Fellowship 
to (N. J . Reddy) . 
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NMR Studies on Molecular Interactions Involved in Alkali Metal 
Halide-Amide-Glycol Ternary Systems 
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(Received March 16, 1978) 

Interactions in a ternary solution of alkali metal halide-amide-glycol have been investigated on the basis of 
NMR measurement of chemical shifts of OH proton of glycol and amidic protons of acetamide. Measurements 
were carried out with various alkali metal halides (MX, M = L i , Na, K, X=C1, Br, I) and glycols (mono-, di-, 
tri-, and tetraethylene glycol). The dependency of the chemical shifts on solute concentration was examined with 
a ternary solution of potassium iodide-acetamide-ethylene glycol. The addition of alkali metal halide to re­
spective glycols or glycolic solutions of acetamide gave rise to a change in chemical shift values. The observed 
changes were related to the ionic sizes of cations and anions of alkali metal halides and to the number of oxyethy-
lene units in a glycol molecule. It was found that a large ion induces a higher magnetic field shift of resonance 
positions of glycolic OH proton and amidic proton at trans position than a small ion, the magnitude of the shift 
change being almost proportional to the concentration of ion, and halogen anion formed in glycolic solution 
tending to interact with hydrogen at trans position rather than at eis position. From a comparison with the 
values for chemical shifts of water proton in aqueous alkali metal halide solution, it is suggested that the con­
tribution of alkali metal halide to the chemical shift changes in glycolic solution is similar to those in aqueous 
solution. 

Some aliphatic amides interact with various inor­
ganic salts to form stable complexes. Investigations 
have been made on their isolation,1) X-ray analysis,2'3) 
electric conductivity,4-7) heat of solution,8"14) and 
infrared spectra.15) In the preceeding paper,16) we 
reported that a similar interaction takes place also 
in gas-chromatographic stationary phase and is ap­
plicable to the specific separation of amides. The 
interaction between acetamide and lithium iodide in 
polyethylene glycol (PEG) is as strong as —2.5 kcal/ 
mol of partial molar free energy of transfer from PEG 
to Lil-containing PEG, which is large enough to at­
tain specific retardation of acetamide elution. I t is 
difficult, however, to consider the structural aspects 
of the interaction from gas-chromatographic findings. 

N M R spectroscopy has been extensively used for 
the study of aqueous electrolyte and non-electrolyte 
solutions. Shoolery and Alder17) discussed the chemi­
cal shift of water proton in aqueous diamagnetic salt 
solution. Fabricand and Goldberg18) investigated the 
relationship between proton resonance position and 
the ionic charge, radius, and concentration of alkali 
metal halide in aqueous solution, and Hinton and 
Ladner19) the structure of a series of amides in aqueous 
solution. Sunners et a/.20) found the non-equivalence 
of two amide protons of formamide owing to the ener­
gy barrier hindering C-N bond rotation. The non-
equivalence of two amide protons was also observed 
when the bromide ion was added to acetonitrile solu­
tion of formamide.21) Hindman2 2) studied the effect 
of the change in concentrations of salts of diamagnetic 
ions on the chemical shift of water proton. It is known 
from N M R measurements of ethylene proton of poly­
ethylene glycol (PEG) that PEG associates with potas­
sium iodide in methanol solution to behave as a poly-
electrolyte. This phenomenon has been ascribed to 
ion-dipole interaction between potassium cation23 '24) 
(or, iodide anion25)) and etherate oxygen of PEG. 
No paper seems to have described N M R studies on 
glycol solution of acetamide and/or alkali metal halide. 

In connection with our gas-chromatographic studies 

on alkali metal hal ide-amide interaction in PEG 
stationary phase, we have at tempted to consider the 
interaction from the N M R data of the ternary solution 
and to compare the results with those obtained in 
aqueous solution. 

Exper imenta l 

A Varian A-60 NMR spectrometer operating at 60 MHz 
and 33.7±1.0°C was used. Since the chemical shift of 
glycolic methylene proton determined by use of TMS as 
an internal standard is independent of addition of alkali 
metal halide and acetamide, it was used as a standard signal 
for the chemical shifts of glycolic OH proton and amidic 
protons. 

Ethylene glycol(EG) and triethylene glycol(triEG) (Wako 
Pure Chemical Industry, Osaka, Japan), diethylene glycol 
(diEG) (Nakarai Chemicals, Kyoto, Japan), and tetraethylene 
glycol(tetraEG) (Tokyo Kasei Kogyo, Tokyo, Japan) were 
dried with sodium metal or anhydrous sodium sulfate and 
purified by double distillation under a reduced pressure 
with dry nitrogen gas bubbiling. The gas-chromatographic 
analysis of the distilled glycols on Tenax GC column indi­
cated no impurity peaks within the full scale recorder re­
sponse of the main peak. The purity of acetamide(AA) 
(Wako Pure Chemical Industry) was also checked by GC 
using PEG 20 M column, showing a single clear peak. Alkali 
metal halides of reagent grade were completely dried over 
phosphorus pentoxide before use. 

R e s u l t s 

T h e chemical shift change, A<r{—Aô), was cal­
culated by 

A * = - ( * - * „ ) , (1) 

where ô and ô0 are the chemical shifts (ppm) of protons 
in sample solution and in reference solution, respec­
tively. Pure glycol and a solution of AA/g lyco l= l /9 
by mole ratio were used as a reference for the measure­
ments of the chemical shift changes of glycolic O H 
proton (A o"OH) and of trans and eis (geometrical posi­
tion to amide oxygen) amide protons (A<7NH>t, Ao"NH>e), 
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TABLE 1. CHEMICAL SHIFTS AND SHIFT CHANGES OF GLYCOLIC OH PROTON AND trans AND eis 

AMIDE PROTONS WITH VARYING CONCENTRATIONS OF K I AND A A IN ETHYLENE GLYCOL 

mKI 

oTöö 
0.41 
0.00 
0.85 
0.42 
0.00 
1.79 
1.34 
0.90 
0.45 
0.00 
2.84 
2.13 
1.42 
0.71 
0.00 
4.03 
3.02 
2.01 
1.01 
0.00 

™AA 

0.00 
0.00 
0.41 
0.00 
0.42 
0.85 
0.00 
0.45 
0.90 
1.34 
1.79 
0.00 
0.71 
1.42 
2.13 
2.84 
0.00 
1.01 
2.01 
3.02 
4.03 

^ K I 

0.000 
0.025 
0.000 
0.050 
0.025 
0.000 
0.100 
0.075 
0.050 
0.025 
0.000 
0.150 
0.113 
0.075 
0.038 
0.000 
0.200 
0.150 
0.100 
0.050 
0.000 

-^AA 

0.000 
0.000 
0.025 
0.000 
0.025 
0.050 
0.000 
0.025 
0.050 
0.075 
0.100 
0.000 
0.038 
0.075 
0.113 
0.150 
0.000 
0.050 
0.100 
0.150 
0.200 

<w 
5.20 
5.07 
5.20 
4.94 
5.07 
5.19 
4.68 
4.82 
4.94 
5.07 
5.20 
4.45 
4.63 
4.82 
5.01 
5.19 

4.44 
4.69 
4.94 
5.18 

<5NH,C 

— 
— 

6.92 
— 

6.89 
6.94 

— 
6.82 
6.88 
6.91 
6.94 

— 
6.77 
6.81 
6.87 
6.94 

6.72 
6.79 
6.88 
6.94 

^NH,t 

7.59 
— 

7.55 
7.58 

— 
7.48 
7.51 
7.57 
7.59 

— 
7.37 
7.44 
7.51 
7.58 
insoluble 
7.29 
7.40 
7.49 
7.57 

AffoH 

0.00 
0.13 
0.00 
0.26 
0.13 
0.01 
0.52 
0.38 
0.26 
0.13 
0.00 
0.75 
0.57 
0.38 
0.19 
0.01 

0.76 
0.51 
0.26 
0.02 

AffNH.e 

— 

0.02 
— 

0.05 
0.00 

— 
0.12 
0.06 
0.03 
0.00 

— 
0.17 
0.13 
0.07 
0.00 

0.22 
0.15 
0.06 
0.00 

A^NH.t 

0.00 
— 

0.04 
0.01 

— 
0.11 
0.08 
0.02 
0.00 

— 
0.22 
0.15 
0.08 
0.01 

0.30 
0.19 
0.10 
0.02 

m; molality (mol/kg EG), X; mole fraction, <5; chemical shift (ppm), 
Eq. 1). 

Ao-; chemical shift change (ppm, defined by 

0.8 

^ 0.6 
£ 

* 0.4 
X 

0° 

< 0.2 

0 

-

//"la) 

£. . . i 1 . 1 
(b) 1 

0 1 2 3 4 
mola l i t y 

(a) Addi t ion of KI 
(b) Addi t ion of AA 

Fig. 1. Relationship between chemical shift change 
of glycolic OH proton and molality of KI or acet-
amide in ethylene glycol solution. 

respectively. T h e results obtained in K I - E G and 
A A - E G binary solutions and in K I - A A - E G ternary 
solution, where mole fractions of KI(XKI) and AA(XAA) 
are varied from 0 to 0.2 and from 0 to 0.15, respectively, 
are given in Table 1. T h e addition of K I to E G 
(Fig. 1 ) gave rise to a high field shift of glycolic O H 
proton resonance position ( A O " O H > 0 ) proportional to 
the increase in its molality, whereas the addition of 
AA had little effect on Ao"OH. In an aqueous solution, 
a linear relationship between salt concentration and 
AffOH of water proton was found by Fabricand and 
Goldberg,18) the relationship deviating from the line­
arity in relatively high salt concentration range. T h e 
deviation was attributed to the shielding effect of more 

~ 0.3 
E 

°- 0.2 

b o.i < 

trans 

/S . e i s 

- ^ ^ 

m KI 

(X A A = 0 .05 ) 

Fig. 2. Relationship between chemical shift changes 
of trans and eis amide protons and molality of KI at 
a fixed mole fraction of acetamide (JfAA=0.05) in 
ethylene glycol solution. 

than one ions on a water proton. Such an effect 
was not clearly observed in the present case. The 
interstitial effect,19) which leads to low field shift of 
water proton resonance position in dilute aqueous 
amide solution indicating the stabilization of water 
structure, was not observed in E G solution. The 
results for chemical shifts and shift changes of trans 
and eis amide protons with change in the concentration 
of K I , are also given in Table 1. It was found that 
two amide protons of AA give distinct resonance 
positions (<5NHit><5NH>c), suggesting their non-equiva­
lence. The relationship between A<7NHt or Ao"NH>c 

and molality of K I (mKI) is shown in Fig. 2 where 
XAA is fixed at 0.05. The increasing molality of K I 
produces almost linear increase in both A^NH>t and 
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Aa 

TABLE 2. THE OPTIMUM COEFFICIENTS FOR THE EQUATION, Ao = A-mKi + B-mAA + C 

B C fKI 8 >AAa «b> 

AffOH 

A ^ N I I . t 

A<7NH,< 

EG 
diEG 
triEG 
tetraEG 

EG 
diEG 
triEG 
tetraEG 

EG 
diEG 
triEG 
tetraEG 

lation coefficient. 

0.26 
0.29 
0.17 
0.14 

0.10 
0.06 
0.01 

-0 .05 

0.07 
0.05 
0.04 
0.05 

- 0 . 0 1 
- 0 . 0 3 
- 0 . 0 8 
- 0 . 1 0 

0.01 
0.00 

- 0 . 0 1 
- 0 . 0 5 

- 0 . 0 1 
- 0 . 0 3 
- 0 . 0 3 
- 0 . 0 7 

b) Number of trials. 

0.02 
0.00 

- 0 . 0 1 
- 0 . 0 1 

- 0 . 0 1 
- 0 . 0 1 

0.01 
0.02 

0.02 
0.02 
0.03 
0.04 

0.998 
0.999 
0.989 
0.961 

0.994 
0.954 
0.339 

- 0 . 7 5 5 

0.987 
0.961 
0.851 
0.729 

- 0 . 3 8 1 
- 0 . 8 9 3 
- 0 . 9 5 3 
- 0 . 9 2 8 

0.534 
- 0 . 2 6 3 
- 0 . 3 1 7 
- 0 . 7 5 5 

- 0 . 4 8 3 
- 0 . 8 8 2 
- 0 . 8 0 7 
- 0 . 8 7 7 

20 
19 
19 
21 

15 
14 
14 
16 

15 
14 
14 
16 

Fig. 3. Relationship between chemical shift change of 
glycolic OH proton and mole fraction of acetamide 
with varying total mole fraction of KI and acetamide 
in ethylene glycol solution (1; XKI+XAA = 0.025, 2; 
0.05, 3; 0.1, 4; 0.15, and 5; 0.2). 

AffNH>c, the magnitude of increase in A<7NHt being 
larger than that in Ao"NH>c. 

Linear relationship also holds between Ao"OH and 
mole fraction of K I (or AA) with change in total 
mole fraction of K I and AA in K I - A A - E G ternary 
solution (Fig. 3). This suggests that the contribution 
of K I and AA to A<rOH can be expressed by a linear 
combination of respective molalities in the form 

AffoH = A mKI + B mAA + C, (2) 

where the coefficients A and B represent the degree 
of contribution and C is the intercept. The opt imum 
values for the coefficients were estimated by means 
of the least squares method using the data given in 
Table 1. The resulting equation is given in Table 2 
along with those for AÖ"NH in the same solution. The 
value for A coefficient (0.26) is almost equal to the 
slope of the line (a) in Fig. 1 and is far larger than 
coefficient B. This means that K I exerts a predomi­
nant effect on A # 0 H and the contribution of AA is 
as small as that of the intercept which should essentially 
be zero. With A^N H , the trans amide proton seems 
to be more affected by the addition of K I than the 
eis proton. 

Ao"OH values for four glycols added with various 

TABLE 3. CHEMICAL SHIFT CHANGE OF GLYCOLIC OH 

P R O T O N OF M O N O - , D I - , T R I - , AND T E T R A E T H Y L E N E GLYCOL 

IN T H E PRESENCE OF VARIOUS ALKALI METAL HALIDES 

A T MOLE RATIO OF M X / G L Y C O L = 1 (9 

Salt 

LiCl 
LiBr 
Lil 
NaCl 
NaBr 
Nal 
KCl 
KBr 
KI 

EG 

- 0 . 0 2 
0.10 
0.26 
0.19*> 
0.34 
0.47 
0.20b> 
0.37a> 
0.52 

AffOH(PPm) 

diEG 

-0.15a> 
- 0 . 0 2 

0.08 
0.04») 
0.13 
0.26 
0.13b> 
0.17a> 
0.30 

triEG 

- 0 . 2 4 
- 0 . 1 4 
- 0 . 0 8 
-0.16*0 
-0.04 a> 

0.09 
-0.09a> 

0.01a> 
0.13 

tetraEG 

- 0 . 2 6 
- 0 . 1 6 
- 0 . 0 8 
_0.17a> 
-0.04 a> 

0.05 
-0.14a> 
- 0 . 0 2 

0.07 

a) Calculated from twice the A ^ O H value obtained 
from a solution of MX/glycol= 1/19 by mole ratio. 
b) Calculated from four times the AÖ"OH value ob­
tained from a solution of MX/glycol= 1/39 by mole 
ratio. 

alkali metal halides at a mole ratio of MX/glycol = 
1/9 are given in Table 3. The addition of alkali metal 
halide except lithium chloride to EG produces high 
field shift of glycolic O H proton. A certain relation­
ship seems to hold between the magnitude of the shift 
change and the ionic size. Thus, on the assumption 
that the surface charge of ion is involved in the electro­
static interaction, the squared reciprocals of ionic radii 
(rc~

2) of anions and cations of alkali metal halides 
added are plotted against A<7OH in E G solution (Fig. 4). 
It was found that the increasing r0~

2 of halogen anion 
having a cation in common is proportional to the 
decrease in AÖ'OH* The relationship between A ^ Q H 
and cationic size indicates that the larger cation causes 
the more positive shift change in resonance position 
of glycolic O H proton (Fig. 4). However, the effect, 
as a whole, is smaller than that of anions; the size 
effect of anion on A ^ Q H is greater than that of cation. 
I t is of interest to compare such behavior of ions in 
glycolic solution with that in aqueous solution. T h e 
contribution of individual ion to A^O H of water proton 
in aqueous alkali metal halide solution is shown in 
Fig. 5. A strong resemblance is found between Figs. 
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0.5 

0.4 

0.3 

0.2 

0.1 

0 

I 
Br 

' I" 

• 

- \ KX 
\ NaX 

" \ 
\ 
V;x 

K Na 

, 
1.0 

Li 

M I 

MBr 

MCI 

i / r c
2 ( Â - 2 ) 

Fig. 4. Ionic size effect on the chemical shift change 
of glycolic OH proton in a solution of MX/EG =1/9 
by mole ratio. 

Fig. 5. Ionic size effect on the chemical shift change 
of water proton in a solution of M X / H a O = l / 9 by 
mole ratio. The data were obtained from Ref. 18 
and corrected with respect to salt susceptibilities26) 
according to Wiedeman law. 

4 and 5. 
Figure 6 shows the relationship between A^O H 

measured in a solution of M X / A A / E G = 1/1/18 by mole 
ratio and the ionic sizes of alkali metal halides. As 
compared with Fig. 4 where mole ratio is M X / E G = 
1/9, Fig. 6 indicates that the general profile of AÖ"OH 

remains unchanged against the variation of molality 
of each component, whereas the magnitude of the 
shift change is about half of those in Fig. 4. This 
suggests the additive property of AÖ"OH with respect 
to the concentration of alkali metal halide in relatively 
low concentration region, since AA has little contribu­
tion to AÖ"O H . Figure 7 shows the cases of AN H ) t 

L i X 1.0 

w r c 2 ( Â - 2 ) 

Fig. 6. Ionic size effect on the chemical shift change 
of glycolic OH proton in a solution of MX/AA/EG= 
1/1/18 by mole ratio. 

LiX 

M I 
MBr 
MCI 

Br 
I iCl K Na 

0.0 0.5 1.0 

1 / Tc2 ( À"2 ) 

1.5 

Fig. 7. Ionic size effect on the chemical shift change of 
amide protons in a solution of MX/AA/EG= 1/1/18 
by mole ratio. 

significant difference. T h e results seem to support the 
idea of ionic dissociation of alkali metal halide in 
glycolic solution. 

Experiments were also carried out for higher glycolic 
solutions (di-, tri-, and tet raEG). I t was observed that 
the increase in the number of oxyethylene units in a 
glycol molecule is accompanied by a high field shift 
of O H proton resonance position of pure glycol (EG; 
(5 = 5.20, d iEG; 6 = 4 . 9 5 , t r iEG; 0=4 .50 , and te t raEG; 
(5=4.31). Figure 8 gives the plots of chemical shifts 
(ô) of glycolic O H and amide protons vs. mole fraction 
of AA (or KI ) ( ^ A A + ^ K I = 0 . 1 ) in di, tri, and tetraEG 

solutions, showing the linear relationships between ô 
and XAA (or XKl) in each glycolic solution. It was 
found that the increase in the oxyethylene unit number 
is accompanied by high field shifts (decrease in ô 
value) of all the proton resonance positions, with which 
the slope, ô/XAA, becomes small. As for the amide 

N H , e ' AffN H t is obviously more dependent protons, the resonance positions are less dependent 
on the variation in XAA (or XK1) than that of glycolic 
O H proton. 

The chemical shift changes (A<7OH, Ao"NH>t, and 
AÖ"NH>C) in di-, tri-, and te t raEG solutions are express­
ed as functions of mKl and mAA as in Eq. 2 according 
to the method of least squares. The resulting equa­
tions, given in Table 2, indicate that A<7OH receives 
a positive contribution (A > 0 ) from mKI in all the gly­
colic solutions and a negative contribution (B <0) from 
mAA in di-, tri-, and tetraEG solutions. With amide 
protons, the A coefficient for A^ N H i t decreases with 
increase in the number of oxyethylene units, becoming 

and A«? 
on the ionic sizes of alkali metal halides especially 
on anionic size than AffNH>c, although both magnitudes 
are smaller than that of A^O H . 

T h e contribution of individual ions to the change 
in A ^ values was evaluated by means of analysis of 
variance using the data given in Figs. 6 and 7. The 
presumed values for A^O H and Aö"NH>t given as a sum 
of respective ions are in agreement with the observed 
values. T h e variance ratios for A^O H and A ^ N H t 

among cations and anions are larger than the value 
for a level of significance at 5 % (F? (0.05) = 6 . 9 4 ) , but 
the variance ratio of Ao"NH)e is t 0 ° small to recognize 
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NH trans 

$ ^ 5 NHcis 

Fig. 8. Relationship between chemical shifts of gly-
colic OH and amide protons and mole fraction of KI 
(or AA) with varying oxyethylene unit number in 
glycol molecule. (XAA+XK1 = 0.\) • ; EG, ©; diEG, 
A ; triEG, and È ; tetraEG. 

negative in tetraEG solution. No such explicit change 
is observed in Ao"NH>e. 

The change in O H proton resonance positions of 
mono to te t raEG (i.e., Ao"OH) decreases with the increase 
in the number of oxyethylene unit in a glycol molecule 
with different rate among alkali metal halides added 
(Table 3). The tendency is almost unchanged ir­
respective of the addition of AA to alkali metal ha l ide-
glycol binary system. In a ternary solution consisting 
of MX/AA/glycol= 1/1/18 by mole ratio, the variation 
in alkali metal halide causes a more significant 
difference in Ao"OH and A^N H > t values than in AffNH 

values in each glycol solution. This suggests that 
the contribution of alkali metal halide to AÖ"OH and 
AÖ"NH t may be delivered to the individual ions. The 
results thus obtained by means of analysis of variance 
prove that the larger the anionic size, the larger the 
Aff values. The general profile of ionic size effect 
on AtfOH in di-, tri-, and te traEG solutions are similar 
to those in EG solution (Fig. 6). However, the mag­
nitude of AÖ"OH decreases with the increase in the 
oxyethylene unit number. A similar trend was observ­
ed in the relationship between ionic size and A^N H t 

in di-, tri-, and tetraEG solutions. The difference in 
molecular weight of glycol produces almost no change 
in the ionic size effect on A<rNHft (Fig. 9). In all 
the glycolic solutions, the increase in anionic size gives 
rise to more increase in A<7NH>t than in AÖ"NH e. T h e 
Aö"NHit value, however, is negative in higher glycolic 
solutions. 

D i s c u s s i o n 

Let us first consider the effects which might cause 
the change in the resonance position of glycolic O H 
proton. If acetamide is added to glycol, it may affect 
the hydrogen bondings of glycol. Since acetamide is 

-0 .1 F 

- 0 . 1 

0 

0.1 r 

Br 
I jCI Na Li 

0.5 

1 / re' 

1.0 
( A 2 ) 

1.5 

Fig. 9. Ionic size effect on the chemical shift change 
of trans amide proton in a solution of MX/AA/glycol = 
1/1/18 by mole ratio (a; diEG, b ; triEG, c; tetraEG). 

a non-electrolyte, glycolic O H proton resonance posi­
tion may be dominated by the change in the hydrogen 
bondings. Thus, it is assumed that a high field shift 
of O H proton resonance position (AtfOH>0) indicates 
a decrease in hydrogen bondings in the system. The 
results (Table 1 and Fig. 1) in which little increase 
in Ao"OH accompanies the addition of acetamide to 
ethylene glycol over the concentration range examined, 
suggest that the A A - E G hydrogen bond may be as 
strong as the E G - E G hydrogen bond. T h e addition 
of alakli metal halide to glycol, on the other hand, 
produces a different situation, since dissolution of alkali 
metal halide in glycol is accompanied by ionic dis­
sociation. Approaching glycol molecule, the ions can 
interact with dipole of glycol molecule, inducing po­
larization of O H group, decreasing electronic shielding 
of O H proton to result in an apparent low field shift 
of O H resonance position. Thus, the observed value 
for the chemical shift (ôon) can be expressed as a func­
tion of the electrostatic interaction in addition to the 
effect on hydrogen bondings. A similar but more 
detailed consideration has been made with respect to 
water proton resonance position in aqueous electrolyte 
solution, the salt-effect on water structure being dis­
cussed. 22> Some physico-chemical properties of glycol 
(i.e. heat of vaporization, boiling point, and viscosity)27) 
suggest that glycol as well as water may have a certain 
structure due to hydrogen bondings, although there 
is no explicit evidence. In this connection, it is 
interesting to note that the strong resemblance found 
between Figs. 4 and 5 may give a clue for understanding 
the behavior of ion in glycol solution. 

A linear increase in A ^ Q H with increasing K I con­
centration (Fig. 1) suggests that E G - E G hydrogen 
bondings may be decreased by the addition of K I . 
The results given in Table 3 and Fig. 4 indicate that, 
as compared with a large anion, a small anion (with 
large surface charge) induces more decrease in the 
electronic shielding of glycolic O H proton to give a 
smaller Ac O H value. 
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Amidic protons at the trans and eis positions of 
acetamide are also involved in hydrogen bonding with 
glycol molecule. T h e addition of alkali metal halide, 
therefore, may have an influence on amide protons 
as well. The results shown in Figs. 2 and 7 may be 
interpreted as follows: When alkali metal halide is 
dissolved in an E G solution of acetamide, the ions 
formed give rise to apparent decrease in hydrogen 
bondings of amidic protons to result in high field 
shifts (A<rNH>0), halogen anion tending to interact 
with amide at trans position rather than at eis position. 

From the results in Tables 2 and 3 and Fig. 8, it 
seems that the increase in the number of oxyethylene 
units in a glycol molecule is accompanied by enhance­
ment of electrostatic interaction of alkali metal halide 
with acetamide. Such effect may be responsible for 
the specific retention of amide on an alkali metal 
halide-containing PEG as a gas-chromatographic sta­
tionary phase. 
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Ultrasonic Properties of Aqueous Solutions of Butylamines 
Sadakatsu NISHIKAWA* and Mitsuo MASHIMA 
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Ultrasonic absorption and velocity measurements were performed in aqueous solutions of i-butylamine and 
isobutylamine at 20 °C. Two relaxational absorptions were found in both solutions. One is associated with 
the proton transfer reaction, the rate constants being determined together with the standard volume change of 
the reaction. No effect was observed on K{ with change in molecular structure. The other, associated with 
the peak sound absorption concentration, is ascribed to the association-dissociation reaction mechanism of un­
ionized amine molecules. The results are discussed in comparison with those of butylamine. 

Ultrasonic investigations for liquid properties pro­
vide useful information on kinetic behavior. Two 
kinds of relaxational processes exist in aqueous solutions 
of amines, depending upon the concentration and 
molecular structure.1 '2) O n e is due to the proton 
transfer reaction observed in relatively dilute solutions. 
The other is associated with the peak sound absorption 
concentration (PSAC). These processes have been 
treated independently because of the complexity of 
the interaction between fast and slow processes. A 
report was given on the ultrasonic absorption of 
aqueous solutions of some amines. This investigation 
was undertaken in order to clarify the ultrasonic 
properties of three butylamines with different molecular 
structures. 

Exper imenta l 

Commercial /-butylamine and isobutylamine (G. R. 
grade, Wako Chemicals Industries, Ltd.) were distilled, 
the purity being confirmed to be higher than 99.9% by gas 
chromatography. The solutions were prepared with twice 
distilled water. 

The ultrasonic absorption measurement was carried out 
at the odd harmonics of 0.5, 5, and 20 MHz x-cut quartz 
transducers by means of pulse technique in the frequency 
range 6.5—220 MHz, absorption coefficient being repro­
ducible to within ± 3 % . The sound velocity was measured 
by a sing-around method operated at 1.92 MHz. The major 
mechanical features of the apparatus have been reported.3) 
The cells for absorption and velocity measurement were 
immersed in a water bath maintained at a constant temper­
ature within ±0.001 °C. All the measurements were car­
ried out in a dry nitrogen gas atmosphere in order to pre­
vent the contamination of air, since the aqueous solutions 
of amines are highly basic. 

R e s u l t s a n d D i s c u s s i o n 

In general, the sound absorption caused by several 
relaxation processes can be expressed by 

«//2 = £ ^ i / [ l + ( / / / r * ) 2 ] + £ , (1) 
» 

where a is the absorption coefficient, / frequency, At 

relaxation amplitude for the z-th process, frt relaxa­
tion frequency and B residual absorption amplitude. 
Figures 1 and 2 show the representative ultrasonic 
absorption spectra in aqueous solutions of 2-butylamine 
and isobutylamine at 20 °C. In both solutions, only 
a single relaxtional absorption was observed in relati­
vely dilute solutions (less than 0.9 mol d m - 3 ) . How­
ever, with increasing concentration, the experimental 

500 

10 100 500 50 
/ , MHz 

Fig. 1. Ultrasonic absorption spectra in aqueous solu­
tion of f-butylamine. The solid lines are the best-fit 
single relaxation curves and the arrows are the relax­
ation frequencies. Q: 0.0154 mol dm - 3 , ©: 0.154 
mol dm-3, 3 : 0.787 mol dm'3 , O : 1.69 mol dm-3. 

500 

Fig. 2. Ultrasonic absorption spectra in aqueous solu­
tion of isobutylamine. Q : 0.0447 mol dm"3, C : 0.158 
mol dm-3, 3 : 0.801 mol dm-3, O : 1.81 mol dm-3. 

values of the absorption coefficients deviate from the 
single relaxational equation, viz., another excess absorp­
tion appears in the same frequency range. In the 
case of the single relaxation process, the ultrasonic 
parameters, A, f , and B, were determined from the 
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TABLE 1. ULTRASONIC PARAMETERS, DENSITY AND pH IN AQUEOUS SOLUTIONS OF 2-BUTYLAMINE AND ISOBUTYLAMINE 

Co 
(mol dm -3) 

pH P 
(g cm-3) (K^cms-1) 

A B 
(10-17 s2 cm-1) 

IT 
(MHz) 

0.0154 
0.0386 
0.0772 
0.154 
0.184 
0.202 
0.268 
0.508 
0.681 
0.787 

0.0203 
0.0447 
0.0787 
0.131 
0.158 
0.203 
0.435 
0.500 
0.598 
0.801 
0.852 

11.60 
11.76 
11.90 
12.08 
12.12 
12.17 
12.21 
12.46 
12.51 
12.54 

10.74 
11.23 
11.48 
11.75 
11.74 
11.84 
12.22 
12.25 
12.29 
12.47 
12.45 

0.9982 
0.9981 
0.9970 
0.9962 
0.9962 
0.9955 
0.9946 
0.9917 
0.9883 
0.9868 

0.9982 
0.9980 
0.9976 
0.9968 
0.9966 
0.9959 
0.9931 
0.9916 
0.9911 
0.9879 
0.9875 

[/-butylamine] 
1.4847 
1.4860 
1.4889 
1.4953 
1.4970 
1.4981 
1.5039 
1.5224 
1.5369 
1.5455 

[isobutylamine] 
1.4852 
1.4870 
1.4893 
1.4929 
1.4946 
1.4980 
1.5136 
1.5204 
1.5251 
1.5398 
1.5442 

37 
55 
67 
63 
66 
59 
69 
77 
68 
72 

15 
37 
41 
51 
57 
56 
72 
79 
77 
81 
77 

24 
24 
25 
24 
24 
24 
24 
22 
27 
26 

23 
25 
24 
26 
23 
24 
27 
25 
24 
25 
26 

42 
45 
53 
77 
83 
87 
95 

115 
130 
135 

55 
37 
55 
63 
68 
75 
85 
88 
92 

108 
110 
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Fig. 3. Plots of a//"2 vs. C0 of aqueous solutions of buty-
lamines. O "• Butylamine, 3 : f-butylamine, C> : iso­
butylamine. 

plots of a / / 2 vs. [l + C/7/ r)
2] - 1 so as to obtain a straight 

line. O n the other hand, the ultrasonic parameters 
associates with more than one process are not easily 
determined because the two processes are close together. 
In Fig. 3 only the concentration dependence of a / / 2 

at 15 M H z in the aqueous solutions is shown along 
with that of butylamine.5) T h e most plausible mech­
anism of the excess absorption in the lower concentra­
tion range is the perturbation of the equilibrium as­
sociated with proton transfer1 '2 '6 '7) expressed by the 
formula 

0 5 • 10 15 20 
y2[OH-], 10-3moldm-3 

Fig. 4. Plots of fs vs. 72[OH-]. • : f-Butylamine, 
O: isobutylamine. 

R-NH,+ + OH R-NH2 + H 2 0 . (2) 

T h e relaxation frequency for the above process can 
be related to the forward and backward rate constants, 
kf and kh, as repredented by 

1nfx = *f7
2([R-NH3+] 4- [OH"]) 4- kb, (3) 

= 2*fy
2[OH-] + kb, (30 

where y is the mean activity coefficient, which is as­
sumed to be identical for R - N H 3 + and O H - ions,8) 
and is calculated from the equation, — l o g y = 0 . 5 [ V / / / 
( 1 - f - l / / ) — 0.37] where I is the ionic strength. Equa­
tion 3 can be rewritten as follows, using the analytical 
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T A B L E 2. R A T E CONSTANTS AND STANDARD VOLUME CHANGE OF PROTON TRANSFER REACTION OF BUTYLAMINES 

(mol dm - 3 s_1) (s-i) (mol"1) (cm3 mol-1) Ref. 

Butylamine 
Isobutylamine 
/-Butylamine 

( a ) ( b ) 
4 . 1 x l 0 1 0 2 .5xlO 1 0 

1.2xl01 0 3 .4x l0 1 0 

1.9xl01 0 2 . 0 x l 0 1 0 

( a ) ( b ) ( c ) 
1 .4xl0 8 l . l x l O 8 1.1 xlO7 4 . 4 4 x l 0 - 4 32 4 
3 .2x10 s 3 . 0 x l 0 8 l . l x l O 7 3.22X10-4 29 This work 
2 . 1 x l 0 8 2 . 9 x l 0 8 l .OxlO7 5 . 1 7 x l 0 - 4 24 This work 

The values in column (a) were determined from the slope and intercept using Eq. 3, those in column (b) from 
Eq. 4, and the backward rate constants in column (c) were calculated using the dissociation constant. 

CM 

800h 

600h 

400h 

200h 

Fig. 5. Plots of (27r/r)
2 vs. CQ. O: Butylamine, • : 

/-butylamine, (j£>: isobutylamine. 

concentration, C0, on the assumption that the activity 
coefficient is unity and only one equilibrium exists 
in the aqueous solution. 

(27r/r)
2 = 4kskbC0 + kb* (4) 

Figure 4 shows the plots of / r vs. y 2 [OH~] , the slope 
and intercept of which provide the rate constants. 
Figure 5 shows those of (2?r/r)

2 vs. C0, from which the 
rate constants were also determined. In proton trans­
fer investigations so far, the latter procedure of rate 
determination was carried out by means of the dis­
sociation constants in the literature because of the 
uncertainty of the intercept. T h e forward rate con­
stants are approximately the same in both determina­
tions and reasonable values are obtained for the dif­
fusion-controlled reaction. However, there are some 
questions in the latter determination of the backward 
rate constants for the following reasons. First, Eq. 4 
is derived with numerous approximations. Second, 
the backward rate constant is determined from Eq. 4 
without use of dissociation constant. However, ratio 
kjkt is not in line with the dissociation constant even 
when the experimental error is taken into account. 
The cause of disagreement has been interpreted by 
the introduction of intermediate of Eq. 5.2) 

R-NH3+ + OH- ^ R-NH,+- -OH- ^± 

R - N H 2 - H 2 0 ^± R-NH2 + H 2 0 (5) 

Actually, the rate constants, k{ and kb, can be related 
by those of each steps of Eq. 5, assuming that the 

.60 
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.50 
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1" 

^y 

1 

\° 

1 1 

V \ 

1 1 
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V 1 
0 1 2 3 4 5 

C0, mol dm - 3 

Fig. 6. Concentration dependence of the sound veloc­
ity. O : Butylamine, 3 : /-butylamine, t ) : isobutyl­
amine. 

second and third steps equilibrate so rapidly or the 
stationary states are established. However, detailed 
discussions for each step of Eq. 5 from the rate constants 
obtained may not be appropriate at this stage since 
the rationalized mechanisms are too complicated. 

The determination of the rate constants from Eq. 3, 
on the other hand, is a direct procedure even if the 
intermediate exists. T h e dissociation constants were 
calculated from the concentration dependence on p H 
and are very close those in the literature.9) This means 
that the determination of the concentration of O H " 
ion in the solutions is correct. T h e rate constants 
calculated from the above two methods (from Eqs. 3 
and 4) are given in Table 2 along with the dissociation 
constants and the standard volume changes of the 
reaction which are determined from the maximum 
excess absorption per wavelength.2) It can be conclud­
ed that the diffusion-controlled rate constants of butyl­
amines may be independent of the molecular structures, 
viz.y the mobilities of butylamine molecules in aqueous 
solvent are approximately the same. 

We consider next the absorptions which appear in 
the concentrated solutions of the amines. Figure 6 
shows the concentration dependence of the sound ve­
locity at 20 °C. The values of a / / 2 increase rapidly 
near the maximum of the sound velocity, reaching a 
maximum in all the solutions. T h e peak sound veloc-
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ity concentration increases in the order, butylamine, 
isobutylamine and ^-butylamine. The peak sound 
absorption concentration stands in the same order. 
We have proposed an association-dissociation reaction 
of unionized amine molecules as the cause of the excess 
absorption mechanism, since no peak sound absorption 
concentration is observed in aqueous solutions of amines 
with low hydrophobicity,2) nor excess absorption in 
aqueous solution of the amine hydrochloride and in 
organic solvent.1) In the cases of aqueous solutions of 
butylamine and pentylamine, the two relaxation process­
es could be treated independently since the two relax­
ation frequencies are far apart . However, in the 
aqueous solutions of ^-butylamine and isobutylamine, 
the relaxation times are close to each other and can 
not be determined precisely. I t is likely that the 
structure of liquid solution is altered by addition of 
solute molecules near the peak sound velocity con­
centration and the solute molecules with hydrophobic-
ity aggregate in aqueous media. The hydrophobicity 
seems to be in the order of peak sound velocity con­
centration or peak sound absorption concentration. 
Williams et A/.10) reported the ultrasonic absorption 
data of various amines in the liquid phases and inter­
preted them in terms of conformational changes of 
molecules. However, no excess absorption has been 
observed in the pure liquids of amines. Thus, the 

absorption mechanism with conformational change has 
been ruled out from the cause of the excess absorption. 

T h e authors wish to thank Professor Paul Hemmes, 
Rutgers University, for reading the manuscript and 
helpfull discussions. 
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Determination of Magnetic Susceptibilities of Paramagnetic 
Gases by an Improved Viscometer Method 
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An improved viscometer method has been applied to the determination of the magnetic susceptibility of a 
paramagnetic gas and found to be of use in the analysis of a paramagnet ic gas mixed in a diamagnetic gas. T h e 
magnetic susceptibilities of oxygen and nitrogen monoxide have been determined to within ± 0 . 5 % using a 
saturated aqueous solution of sodium chloride as the working liquid. 

The present authors reported an improved visco­
meter method1) for the determination of the magnetic 
susceptibilities of diamagnetic liquids by measuring the 
time of flow of liquid under nitrogen through the capil­
lary of a modified Ubbelohde type viscometer under 
an external magnetic field. 

In the present study, some applications of the vis­
cometer method will be described concerning the mag­
netic susceptibilities of paramagnetic gases and the 
analysis of paramagnetic species in a gaseous mixture, 
e.g., oxygen in air. 

Theoret ica l 

A capillary viscometer cell of modified Ubbelohde 
type as shown in Fig. 1 was placed in a magnetic field 
so that the lower end of the capillary was in the center 
of the pole gap of an electromagnet, while the capillary 
extended vertically, through the inhomogeneous region, 
outside the field. The liquid in the capillary of the 
cell was forced to flow down by the dual action of 
the gravitational and magnetic forces acting on it and 
its enviromental gas which was in contact with the 
liquid and circulating in the dead space below the 
capillary. 

Assuming a liquid of certain volume requires time 
tn to flow through the capillary of the viscometer under 
action of an external magnetic field of strength, H, 
then it follows that 

J_ 
~*7 

= C Phgh+~Y (tch-KQ)H2 
(1) 

where C is a constant determined by the geometry of 
the cell and the viscosity of the flowing liquid, g is 
the acceleration due to gravity, It is the mean effective 
head of liquid, ph is the density of the liquid, *L repre­
sents the volume magnetic susceptibility of the liquid 
phase (L) in equilibrium with the gas phase (G) whose 
susceptibility is KG, where the gas is supposed to dis­
solve in the liquid without chemical reaction (solbility 
ß). In the absence of a field, ljt0 = Cphgh which gives 
from Eq. 1 : 

r G ^ ( - ^ - ) = - ^ r - ( * L - * a ) , (2) 

where 
Zghpi 

ICh = K° + ß*i (3) 

KI is the volume magnetic susceptibility of the pure 
liquid and ic'Q that for the dissolved gas. Generally 
speaking, the gas considered may be mixture, the most 

simple case being the two component system consisting 
of, from the magnetic point of view, a diamagnetic 
(D) and a paramagnetic (P) species with respective 
volume fractions xD and xF. I t is apparent that 

#D + Xp + Xy = 1, (4) 

where xv is the volume fraction of the working liquid 
vapor with which the gases are in contact. Denoting 
by KB and K° the volume magnetic susceptibilities 
of the dia- and paramagnetic species respectively both 
in the gaseous pure states at a given temperature T 
and pressure P, the apparent susceptibility, KQ} of a 
gas mixture may thus be written as follows: 

KQ = K%XD + K$XP + K$XV, (5) 

where K° denotes the susceptibility of the saturated 
vapor of the working liquid in the pure state at a 
given condition of T. Assuming the gas is in equili­
br ium in contact with the working liquid in the vis­
cometer at constant temperature and pressure and 
denoting by ßl and ß° the solubilities of the two 
gaseous species D and P, in the pure states respectively, 
(under the same conditions of T and P) the solubility 
of a gaseous mixture composed of D and P in a certain 
liquid may be written as follows: 

ß = ßU» + ßlx7. (6) 

Then, the volume fractions x'D and x'P of the two 
species (D and P) dissolved in the liquid may be expres­
sed as follows: 

xD = -*D, XP = -Xp, (7) 

and 
x'D + xr = 1. (8) 

For the magnetic contribution, K'Q, from the gas dis­
solved in the liquid (L) assuming that the intermolec-
ular interaction between the liquid and dissolved gas 
is not strong, in analogy to Eq. 5, it may be written 
as 

KQ = KDXX, -f- KyXp. \J) 

Converting the magnetic susceptibility of the i-th. 
species, *f, per unit volume into that , %t, per unit 
mass by definition K^p^, and putt ing p^=pl 
{pi h the density of the pure liquid), Eq. 2 may be 
rewritten with the abbreviation H2l2gh=K: 

T0 = 4zî--^<l-«)zS--*!?-( l -«)Z? L Ph P^ 

pyXy 

Pi 
(10) 
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where pi, p°, and p° are the densities of the dia-
and paramagnetic gases, D and P, and the vapor of 
the liquid in the pure states, respectively, at a given 
T and P. For the paramagnetic gas system ( x P = 
1— * v , * D = 0 ) ; 

T P -*[= 
P$(1-XY) 

( i - /*? )z? -
p°xv X°v (H) 

Pi Pi 

and for the diamagnetic gas system (xp = 0, x D = l — xY); 

rD = Jr [z î - e^^- ( i -« )z ! - -^?-z ! Ï C2) 
L Pi> i°L J 

assuming /H is measured under the same field strength, 
i.e., with a common K. Then invariably, irrespective 
of the working liquid used; 

— = • = ç>p, (13) 

where Eq. 4 is considered and 0 P is the volume frac­
tion of the paramagnetic component in the gaseous 
sample. From Eq. 13, it is now possible to make a 
magnetic a nalysis of a gaseous mixture which is known 
to involveonly one paramagnet ic species. (See below). 

In addition to this, the susceptibility of the para­
magnetic species in the gaseous state may be obtained 
in four ways: 
(i) from Eq. 10, 

pl(rG-KXZ) 

(ü) 

(iii) 

(iv) 

/ , p 

from 

v° 
Xf 

from 

v° 
Zr 

from 

V ° 

Eq. 

= -

Eq* 

= -

Eqs 

Kplfail-
11, 

pZ(rF-
Kpï(l-x, 

>. 10 and 

-*v)(l-

-Kxl) 

-ßz) 

0 ( 1 - ^ ? ) ' 
12, 

| 0 £ ( T G - T D ) 

J * W P ( 1 -

. 11 and 
pZ(rP 

- * y ) ( l -

12, 
- T D ) 

-PI) 

(14) 

(15) 

(16) 

:i7) 
KpZ(l-xv)(l-ßZ)' 

where the second terms of Eqs. 10 and 12 and the 
last terms of Eqs. 10, 11, and 12 have been considered 
negligible. Allowing for a deviation of 0 . 5 — 1 % (ap­
proximately —0.5 X 10~6 e.m.u.), one may use Eq. 16 
or 17. 

Exper imenta l 

Materials. Nitrogen and oxygen were obtained from 
commercial sources with purities exceeding 99.9%. The 
mixed gases were prepared from these. The gases and air 
were dried by passage through silica gel and phosphorus 
pentoxide; commercial 99.0% nitrogen monoxide was used 
without further drying. Benzene, carbon tetrachloride, 
2,2,4-trimethylpentane, and cyclohexane were Dotite Prima-
sol solvents, while toluene, ethyl acetate, hexane, heptane, 
and acetone were Dotite Spectrosol solvents (Dojindo Co.) 
and used without purification. Sodium chloride (G. R. 
grade) was recrystallized twice from water. The water was 
purified by sub-boiling distillation from a quartz still after 
deionization. 

Capillary Cells. A detailed figure of the cell has been 
given in a previous paper.1) The two types of cell used in 
the present work were found to have slightly different cell-

G 

Fig. 1. Schematic representation for the G-L contact 
in a viscometer cell. P, the position of the pole pieces 
of electromagnet; a and b, detectors of viscometer; 
C, capillary; G, sample gas; L, working liquid. 

12.00 

11.00 b 

'10.00 

A 9.00 Y 

Fig. 2. Relationship between the T-values found at a 
fixed magnetic-field strength of 18.8 kOe and the 
volume fraction of oxygen mixed with nitrogen at 
20 °G. 1, Toluene; 2, water; 3, benzene; 4, acetone; 
5, carbon tetrachloride. 

constants, K, i.e., 38.93 and 38.72 Oe2 dyn - 1 cm -1, respectively, 
at 1 kOe and 13.76xl03 and 14.72x 103 Oe2 dyn-1 cm-1, 
respectively, at the respective maximum magnetic field 
strengths. The cell constants were determined from Eq. 12 
for water under nitrogen, ignoring the second and last terms 
in Eq. 12 and using —0.720 x 10-6 e.m.u. for the magnetic 
susceptibility of pure water.2) Figure 1 and Tables 1 and 2 
are derived from using the first type cell and Fig. 2 and 
Table 3 from the second type. 

Magnet. The electromagnet is the same type as used 
in the previous work.1) The pole pieces of the magnet were 
set at a separation of approximately 8 mm for the first type 
cell and approximately 7 mm for the second type. The 
highest magnetic field strengths available at a maximum 
current of 4 A were 18.8 and 19.5 kOe, calibrated with 



March, 1979] Determinat ion of Magnet ic Susceptibilities of Gases 661 

T A B L E 1. T-VALUES MEASURED IN VARIOUS GASES AND OXYGEN CONTENT IN DRIED AIR AT 20 °C 

Liquid 103r(N2)a> 103r(Air)a) 103r(O2)a) 0(O2)C> 

Water 

Carbon tetrachloride 

Acetone 

Ethyl acetate 

Hexane 

Heptane 

2,2,4-Trimethylpentane 

Cyclohexane 

Benzene 

Toluene 

- 9 . 9 0 7 

- 6 . 1 1 c 
- 7 . 9 5 3 

- 8 . 5 7 9 

- 1 1 . 9 5 , 

- 1 1 . 9 5 , 

- 1 2 . 1 6 7 

- 1 1 . 0 5 7 

- 9 . 7 8 6 

- 9 . 9 8 5 

Gas-chromatographii 

Literature valued 

- 1 0 . 3 0 5 

- 6 . 2 7 ! 

- 8 . 2 5 3 

- 8 . 8 8 8 

- 1 2 . 2 6 5 

- 1 2 . 3 2 ! 

- 1 2 . 5 2 g 

— 11.40, 

- 1 0 . 1 3 4 

- 1 0 . 3 5 0 

c analysis 

- 1 1 . 7 9 8 

- 6 . 8 9 2 

- 9 . 3 8 6 

- 1 0 . 0 6 5 

- 1 3 . 4 7 « 

- 1 3 . 7 5 2 

- 1 3 . 8 6 7 

- 1 2 . 7 1 , 

- 1 1 . 4 3 , 

- 1 1 . 7 4 , 

0 . 2 1 , 
0 .20 6 

0 .20 9 

0.20 7 

0.20 4 

0 .20 5 

0 . 2 1 , 

0 .20 7 

0 . 2 1 , 

0 .20 7 

0 . 2 1 0 ± 0 . 0 0 5 

0 .2099 

a) Mean values obtained from more than 20 measurements at 18.8 kOe. b) Internat ional critical Tables, Vol. 1. 
c) Calculated using Eq. 12. 

T A B L E 2. MAGNETIC SUSCEPTIBILITY OF OXYGEN MEASURED WITH VARIOUS FLOWING LIQUIDS, 

IN 10-6 e.m.u. AT 20 °C 

Liquid 

Water 

Carbon tetrachloride 

Acetone 

Benzene 

Toluene 

PL 
g e m - 3 

0.998 

1.598 

0 .792 
0 .880 

0 .867 

m m H g 

17.5 

91 

184.8 

74 .8 

22 .2 

g c m - 3 

0.001345 

0.001216 

0.001052 
0.001244 

0.001336 

Literature values0 >e> 

ßc) 
cm 3 c m - 3 

0.0333 

0.2996 

0.2736 

0.2186 

0 .179 

1 

aird> 

105. 8 

104. 6 

107. 7 

109.J 

9 9 . 9 

104.1 

from 

oxygen 

1 0 5 . , 

106 . , 

107. „ 

108. 4 

1 0 1 . , 

- 1 0 8 . 2 

a) T h e vapor pressure of liquids at 20 °C : Internat ional Critical Tables, Vol. 3. b) Converted from the partial 
pressure of oxygen under a total pressure of 785 m m H g at 20 °C in the measuring cell, where the s tandard 
density, 0.001435 g c m - 3 at 0 °C, 1 a tm is assumed for pure oxygen (International Critical Tables, Vol. 3). c) 
Gmelin's H a n d b u c h der Anorganischen Chemie, 8 Auflage, d) Assuming 0 (O 2 ) =0 .2099 . e) Internat ional 
Critical Tables, Vol. 6. 

a Yokogawa gauss meter, type 3251. T h e magnetizing 
current was automatically kept at a constant value ( ± 0 . 0 1 % ) 
throughout the measurements. 

Measurements. Prior to the measurements the liquid 
in the cell was saturated with the gas under study by passing 
the gas through the liquid for about 10 min and the dead 
space of the cell fully replaced by the gas by means of an 
operation tube connected to the cell. T h e r-value was 
measured for nitrogen before and after every measurement 
of T to check for changes in the liquid under study. Exchange 
of the two gases was achieved by means of 3-way stop valve 
that allowed either of the two gases to flow continuously 
through the operation tube so that the gases and the liquid 
in the cell was never exposed to the air. T h e temperature 
and pressure were kept constant at 2 0 ± 0 . 0 1 °C, and 7 8 5 ± 1 
m m H g and 7 9 8 ± 1 m m H g for the first and second type 
cells respectively. Details of the automatic measurements 
have been fully described in a previous paper.1) The density 
of the liquid was measured using a Shibayama Scientific 
Co. densimeter, type SS-D-200; more than 20 measurements 
were conducted to yield a mean flow time from which the 
magnetic susceptibility could be calculated. 

R e s u l t s a n d D i s c u s s i o n 

T h e e x p e r i m e n t a l resul ts o b t a i n e d a t different mixing-

rat ios of o x y g e n a n d n i t r o g e n a r e s h o w n in F ig . 2. 

I n all cases a s t r a igh t l ine r e l a t i o n m a y b e seen, w h i c h 

c a n b e expressed b y t h e fol lowing e m p i r i c a l f o r m u l a ; 

rG = [ T ( O , ) - T ( N , ) ] 0 ( O , ) + r (N 2 ) , (18) 

w h e r e T ( 0 2 ) a n d r ( N 2 ) r e p r e s e n t t h e T-values m e a s u r e d 

w i t h a w o r k i n g l i q u i d u n d e r flowing of p u r e o x y g e n 

a n d p u r e n i t r o g e n , respec t ive ly , a n d 0 ( O 2 ) r ep re sen t s 

t h e v o l u m e f rac t ion of o x y g e n in t h e gas . T h i s e q u a ­

t i on is i d e n t i c a l w i t h t h a t of E q . 13. T h e v o l u m e 

f rac t ion of o x y g e n in a i r w a s c a l c u l a t e d w i t h t h e a i d 

of E q . 13 f rom t h e T-values m e a s u r e d o n va r ious w o r k ­

i n g l i q u i d , a n d t h e resul ts a r e s h o w n in T a b l e 1. T h e 

o b s e r v e d va lues of 0 ( O 2 ) for a i r a r e found to b e r e p r o ­

d u c i b l e w i t h i n ± 1 % a n d a r e i n g o o d a g r e e m e n t w i t h 

t h e l i t e r a t u r e as wel l as those g iven b y g a s - c h r o m a t o -

g r a p h i c ana lys is . 

T h e m a g n e t i c suscep t ib i l i ty of p u r e o x y g e n w a s 

e s t i m a t e d w i t h t h e a i d of E q . 15, f rom t h e e x p e r i m e n t a l 

T-values as l isted i n T a b l e 1, w h e r e t h e v o l u m e f rac t ion 

0 P is a s s u m e d e q u a l to 0 .999 , t h e p u r i t y of t h e o x y g e n 

in t h e gas c y l i n d e r used h e r e , t h e resul ts of w h i c h a r e 

s h o w n in T a b l e 2 t o g e t h e r w i t h t h e necessa ry phys i ca l 

d a t a . I n m o s t cases, t h e T-values o b t a i n e d w e r e 

a l w a y s r e p r o d u c i b l e t o w i t h i n ± 0 . 0 5 % a n d t h e e s t ima t ­

ed va lues of / for o x y g e n w e r e f o u n d to b e r e p r o d u c i b l e 

to w i t h i n ± 0 . 5 % , in g o o d a g r e e m e n t w i t h t h e l i ter­

a t u r e e x c e p t for t h e case of t o l u e n e . T h u s , it has 

b e e n d e m o n s t r a t e d t h a t t h e m a g n e t i c suscept ib i l i ty 
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TABLE 3. MAGNETIC SUSCEPTIBILITIES OF OXYGEN AND NITROGEN MONOXIDE, IN 10-6 e.m.u. AT 20 °C 

SATURATED AQUEOUS SODIUM CHLORIDE USED AS THE WORKING LIQUID 

H 
kOe 

12.2 
15.0 
17.2 
18.6 
19.5 

103T(N2) 

- 3 . 8 4 ! 
- 5 . 7 8 3 

- 7 . 6 3 5 

-8 .98J 
- 9 . 8 3 ! 

1 0 3 T ( N O 

-4 .14« 
- 6 . 2 2 7 

- 8 . 2 2 7 

- 9 . 6 7 5 

- 1 0 . 5 8 9 

c a , b ) rb .c ) 

103r(O2) 
NO o9 

NO o2 
- 4 . 5 4 4 

- 6 . 8 4 n 

0.0649 

0.0632 

- 9 . 0 4 4 0.0638 

- 1 0 . 6 3 5 0.0636 

- 1 1 . 6 4 0 0.0634 

Literature values'1 >e> 

0.1492 

0.1490 

0.1505 

0.150a 

0.1500 

49.5 

48.2 

48.7 

48.5 

48.4 

48.7 
± 0 . 2 5 

106. 
106. 
107. 
107. 
107. 
104. 

108.2 

a) The volume susceptibilities at 798 mmHg, b) Calculated by taking the purities, 0.990 (NO) and 0.999 (02), 
for the 0p values, and assuming 13.6 mmHg for the vapor pressure of water saturated with sodium chloride 
under the total pressure 798 mmHg. (International Critical Tables, Vol. 3.) c) Calculated using densities, 0.001310 
g/cm3 (NO) and 0.001399 g/cm3 (02) , at 798 mmHg, d) Gmelin's Handbuch der Anorganischen Chemie, 8 
Auflage, e) International Critical Tables, Vol. 6. 

12.00 

0.00^ 
0.00 1.00 2.00 

10-8#2 /Oe2 

Fig. 3. Relationship between the 

3.00 4.00 

T-values found in 
different gases and the external magnetic-field strength 
at 20 °C when water saturated with sodium chloride 
was used as a working liquid. 1, Oxygen; 2, nitrogen 
monoxide; 3, nitrogen. 

of a paramagnet ic species mixed singly in diamagnetic 
gases may be determined by the viscometer method 
when the working liquid is selected and the gas non-
reactive and the vapor pressure and solubility data of 
the gas in the liquid available. At least, all liquids used 
here appeared not to be denaturalized throughout the 
measurements, since no changes in the f(N2) -value 
could be found before and after the measurement of 
the r (0 2 ) -va lue , were concluded. 

In the case of toluene as the working liquid, a con­
siderably low magnetic susceptibility was obtained for 
oxygen, the deviation being up to 6 % . Such a large 
deviation can not be accounted for by intermolecular 
interactions such as the charge transfer between the 
dissolved oxygen and the liquid. A possible explana­
tion may be that the solubility value of oxygen in 
toluene used here is somewhat erroneous since the 
value is too small compared with other liquids. O n 
the other hand , the solubility data for the less-familiar 

gases, e.g., nitrogen monoxide, are rarely found in the 
literature. Consequently it is advisable to use a liquid 
in which the solubility of gases is negligibly small, 
the limit of ß< 0.001 being sufficient. Concentrated 
aqueous solutions of inorganic salts having strong salting 
out effects may be of use. Water saturated with sodium 
chloride may be a liquid that can be used conven­
iently; i.e., one volume of saturated aqueous solution 
dissolves only 0.00107 volumes of oxygen at 20 °C 
and 1 atm.3> 

T h e experimental results obtained by the viscometer 
method using saturated aqueous solutions of sodium 
chloride and various gases are shown in Fig. 3. In 
every case a straight line relation can be seen between 
r and H2, passing through the origin in agreement 
with Eq. 2. The saturated solution used here was 
found by analysis to dissolve sodium chloride at 
26 .17 6 wt% with a density 1.1990 g c m - 3 , only slightly 
lower than that reported in the literature,4) 26.43 w t % 
and 1.1999 g c m - 3 , respectively. The magnetic sus­
ceptibility, %L, of this solution, measured by the present 
method was found to be —0.6678x 10 - 6 e.m.u., very 
closely in agreement with — 0.6676x 10~6 e.m.u. 
estimated by Wiedemann's additivity law using the 
magnetic susceptibilities of —0.720 and — 0.520 X 
10 - 6 e.m.u.,2) respectively for water and solid sodium 
chloride. Furthermore, the use of a saturated sodium 
chloride solution as the working liquid in the visco­
meter method at the same field strength using the 
same cell and measuring rG and rD separately, allowing 
for a maximum error of approximately ± 0 . 5 % at most, 
the following conventional equation, may be used 
instead of the more rigorous Eq. 16, 

Ke — PPXP — 
0.8007 / TG 

(1 — *v)0p\TD 
— 1 ) X 10-6 e.m.u. ;i9) 

where two approximations, ßt=0 and r^—Kxl are 
assumed. From the experimental values of r measured 
at different magnetic field strengths, the magnetic 
susceptibilities of oxygen and nitrogen monoxide have 
been computed using Eq. 19 and are listed in Table 3. 
In the range of magnetic fields investigated the results 
obtained were found to be in good agreement with 
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each other in either species of gases and those reported 
in the literature. However, according to the experi­
ence of the authors, the stronger the field in which the 
measurements are conducted, the more reliable are 
the results obtained. Consequently, for the magnetic 
susceptibilities of oxygen and nitrogen monoxide the 
values 107.3 and 48.4 x 10 - 6 e.m.u., respectively are 
prefered, found at 19.5 kOe, the highest level of the 
magnetic field strength available in the present study. 

The advantages of the present method a re : (1) no 
structural delicacy of the apparatus for its simple 
mechanism; (2) the measuring system since it is fully 
automatic, the successive analysis of a gas with respect 
to paramagnetic species may be possible; (3) it is easy 
to obtain results with considerable accuracy without 
taking a lot of precision; (4) the use of saturated aqueous 
solution of sodium chloride is very convenient for 
determining the susceptibility of paramagnetic gas 

species to a sufficient accuracy avoiding considerations 
of the solubility effect of gases. In addition pure 
sodium chloride is readily available and ample physico-
chemical data of its aqueous solutions exists. 
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5,6-Dihydrobenzo[>]cinnoline is an intermediate in the photochemical formation of carbazole from benzo-
[c]cinnoline. The mechanism of the photo-induced carbazole formation from 5,6-dihydrobenzo[c]cinnoline 
has been studied in acidic aqueous 2-propanol of the reactant previously produced by the photo-reduction of 
benzo[c]cinnoline. It has been established that only the protonated species of the reactant undergoes photo-
reaction. The results of quenching experiments on quantum yields for the reaction and on the fluorescence of 
the reactant have shown that the reactive state is the first excited singlet state of protonated 5,6-dihydrobenzo-
[c]cinnoline. The initial step in the reaction is the hydrogen atom abstraction followed by elimination of the 
amino radical. 

I t has been reported that benzo[c]cinnoline in 
acidic alcohol solutions gives rise to carbazole under 
ultraviolet light irradiation.1) 5,6-Dihydrobenzo[c]-
cinnoline has been found to be an intermediate in the 
carbazole formation. This intermediate is obtained in 
acidic 2-propanol with visible light irradiation. No 
subsequent reaction occurs,2) hence the photo-induced 
carbazole formation from 5,6-dihydrobenzo[V]cinnoline 
can be studied using the solution thus obtained. In 
strongly acidic solution such as 4 M HCl aqueous 
2-propanol, 5,6-dihydrobenzo[^]cinnoline exists in the 
monoprotonated form and has absorption bands at 
240, 270, and 315 nm. 

T h e purpose of this paper is to clarify the mechanism 
regarding the photochemical reaction of 5,6-di-
hydrobenzo[c]cinnoline to carbazole. The reactive 
excited state of the reactant and the mode of elimina­
tion of fragments from the reactant are of particular 
interest. 

E x p e r i m e n t a l 

Materials. Benzo[c]cinnoline, naphthalene, anthra­
cene, pyrene, and 2-propanol were the same as those 
used previously.2) Phenanthrene and fluorene were re-
crystallized from ethanol. Acetophenone was purified by 
distillation. frans-1,3-Pentadiene was used without further 
purification. 

Irradiation. To convert benzo[c]cinnoline into 5,6-
dihydrobenzo[>]cinnoline, an acidic aqueous 2-propanol 
solution of the former was irradiated with light of a wave­
length in excess of 400 nm, obtained from a 500 W high 
pressure mercury arc lamp and a Corning glass filter (CS 
3-73). The solution of the reactant thus prepared was 
irradiated with 315 nm light from a Shimadzu excitation 
apparatus GF-16E, equipped with a 500 W Xe lamp and 
a grating monochromator. All irradiations were conducted 
at room temperature under nitrogen to prevent oxidation 
of the reactant. 

Measurements and Analysis. Ultraviolet spectra were 
measured with a Shimadzu UV-200 spectrophotometer 
using 1 cm cells. Fluorescence and phosphorescence spectra 
were recorded on a Shimadzu RF-500 spectrofluorimeter at 
room temperature and 77 K, respectively. The quantum 
yield for the carbazole formation was determined as follows. 
Acidic aqueous 2-propanol solution (4 M HCl) of benzo-
[c]cinnoline (1.0 X 10"4 M) was irradiated, first with light of 

a wavelength in excess of 400 nm for 3 h to give 5,6-dihydro-
benzo[>]cinnoline quantitatively, and then the resulting 
solution was irradiated with light of wavelength 315 nm for 
15 min. The actionmetry was performed together with 
the spectrophotometric determination of the amount of 
carbazole produced, a potassium ferrioxalate solution being 
employed as the actinometer.3) 

R e s u l t s a n d D i s c u s s i o n 

The quan tum yield for the carbazole formation 
was determined to be 0.15 and this did not change 
with variation in the initial concentration of reactant 
in the range 7.5 X 1 0 ~ 5 — 2 . 0 x l O " 4 M . In order to 
estimate the energies of the lowest excited singlet 
and triplet states of the reactant, the fluorescence and 
phosphorescence spectra were measured. From the 
observed emission spectra presented in Fig. 1 the 
energies of the lowest excited singlet and triplet 
states were evaluated to be 82.7 and 63.4 kcal/mol, 
respectively. These values were determined from the 
wavelengths of the emission band shoulders indicated 
by the arrows in Fig. 1, since the emission bands have 
no distinct fine structures. 

T o identify the reactive state of the photoreaction, 
quenching experiments were conducted using several 
compounds, e.g. fluorene, naphthalene, acetophenone 

Wavelength (nm) 

Fig. 1. Absorption and emission spectra of 5,6-dihydro-
benzo[c]cinnoline in 4 M HCl aqueous 2-propanol. 
Excitation wavelength: 315 nm. I : Absorption, I I : 
fluorescence, I I I : phosphorescence. 
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Fig. 2. Energies of the lowest excited singlet (# ) and 
triplet (O) states for 5,6-dihydrobenzo[c]cinnoline 
and the quenchers, a: Anthracene, b : pyrene, c: 
acetophenone, d : phenanthrene, e : 5,6-dihydrobenzo-
[c]cinnoline, f : naphthalene, g : fluorene, h : trans-1,3-
pentadiene (The singlet energy was estimated from 
the absorption band at 223 nm). 

1 2 3 4 
[Quencher] X 10* (M) 

Fig. 3. Stern-Volmer plots for the carbazole formation. 
[5,6-dihydrobenzo[c]cinnoline]==1.0x 10~4 M. 
© : Pyrene, O : anthracene, 3 : phenanthrene, # : 
acetophenone. 

pyrene, phenanthrene, anthracene, and trans-1,3-
pentadiene. The energies of the lowest excited singlet 
and triplet states for these compounds in polar solvents4) 
and the estimated values for 5,6-dihydrobenzo[c]-
cinnoline are presented in Fig. 2. Fluorene, naphtha­
lene and /r<my-l,3-pentadiene have no quenching 
effect, whereas phenanthrene, acetophenone, pyrene, 
and anthracene were found to reduce the quantum 
yield of the reaction. T h e quenching data is presented 
in Fig. 3 for each quencher, and the Stern-Volmer 
plots give straight lines. 

The results can be interpreted in terms of the energy 
levels illustrated in Fig. 2. All effective quenchers 
studied have singlet energies lower than that of the 
reactant, whereas fluorene, naphthalene, and trans-
1,3-pentadiene have higher singlet energies. Naph­
thalene and trans-1,3-pentadiene have triplet energies 

2 4 6 8 
[Acetophenone] X 104 (M) 

Fig. 4. Fluorescence quenching plot of 5,6-dihydro-
benzo[c]cinnoline by acetophenone. [5,6-Dihydro-
benzo[c]cinnoline] = 1.0 X 10"4 M. 

lower than that of the reactant and do not quench 
the reaction, indicating the unsuitability of the trip­
let-triplet energy transfer as a mechanism for the 
quenching effect. This is also indicated in the case 
of acetophenone as a quencher, since this molecule 
has a triplet energy higher than the reactant. Con­
sequently, the observed quenching may be ascribed 
to an energy transfer from the lowest excited singlet 
5,6-dihydrobenzo[c]cinnoline to the quenchers. Fur­
ther evidence for this mechanism can be given from 
the fluorescence quenching study using acetophenone 
as a quencher, the results of which are shown in 
Fig. 4, where the quantities I and I0 are fluorescence 
intensities at 356 n m with and without acetophenone, 
respectively. From this figure it is evident that the 
fluorescent state of the reactant is deactivated with 
acetophenone through singlet-singlet energy transfer. 

The indication is that the photoreaction proceeds 
through the lowest excited singlet state of the reactant 
and that the triplet state does not participate in the 
reaction. 

Although benzo[c]cinnoline is reduced photochemi-
cally to 5,6-dihydrobenzo[c]cinnoline in neutral ethylene 
glycol5) and po lyv iny l alcohol) film,6) the subsequent 
reaction to lead carbazole does not occur in these 
media with the light of wavelength 315 nm. Conse­
quently only the protonated species of the reactant 
undergoes the photochemical formation of carbazole. 

Ammonia (NH4C1 in acidic solution) has been 
found to be generated in carbazole formation. Trace 
amounts of ammonia in the irradiated solution have 
been detected using a thymol indicator,7) but hy­
drazine was not detected. Subsequently the mode of 
the photo-elimination was examined through the de­
termination of the fragment which participated in the 
ammonia formation. T h e amino radical (-NH2) is 
known to react with alcohol or hydrochloric acid to 
yield ammonia.8) Therefore, the fragment produce in 
the photo-elimination is presumed to be the amino 
radical. If this is the case, the initial step in the 
reaction may be abstraction of the hydrogen atom 
from the solvent molecule by the reactant as illus­
trated below. T h e necessity of hydrogen atom donors 
in the initial step of the carbazole formation has been 
examined as follows. Benzo[c]cinnoline has been 
photo-reduced in poly (vinyl alcohol) film as earlier 
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reported,6) and the 5,6-dihydrobenzo[c]cinnoline thus 
produced has been extracted with acidic aqueous 
acetonitrile (4 M HCl) under nitrogen.9) T h e result­
ing solution of 5,6-dihydrobenzo[c]cinnoline was ir­
radiated with light of wavelength 315 nm, the car-
bazole formation was not observed at all. This 
supports the above assertion and consequently the 

direct elimination of the imino radical (NH) from 

the reactant can be ruled out as the mechanism of 
the photo-elimination to yield carbazole. 
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Miexd Monolayers of Long Normal Chain Fatty Acids with Long Normal 
Chain Esters. I. Fatty Acids-Ethyl Hexadecanoate System 
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Surface pressure-area (n-A) curves of the two-component surface films of long normal chain fatty acids with 
ethyl hexadecanoate were measured at various compositions and temperatures. It was found that the n-A curves 
of the mixed monolayers vary characteristically with the number of carbon atoms of the film-forming acid. The 
two-dimensional phase diagrams of these systems and their partial molar enthalpy changes were obtained by 
taking advantage of the thermodynamic treatment of multicomponent surface films.1'2) It was concluded that 
the chain length of the acid plays an important role in the thermodynamic state of the mixed monolayer. 

There have been many studies of mixed monolayers 
at the air-water interface, aimed at elucidating the 
effect of the molecular structure on their state and 
properties.3-5) But few studies using long normal 
chain esters have been reported. So we investigated 
mixed monolayers of long normal chain fatty acids 
with a long normal chain ester in order to clarify 
the effect of the chain length of the acid on the thermo­
dynamic state of the two-component monolayers. 

In the present study, tridecanoic(C13), tetra-
decanoic(C14), pentadecanoic(C1 5), hexadecanoic(C1 6), 
heptadecanoic(C1 7), and octadecanoic(C18) acids were 
employed as the fatty acids, and ethyl hexadecanoate 
(EH) was used as the ester. F rom these experiments, 
we constructed two-dimensional phase diagrams and 
calculated the partial molar enthalpy change for the 
respective systems. Consequently, systematic informa­
tion concerning the effect of the number of carbon 
atoms of acid on fatty acid-ester mixed monolayers 
could be obtained. 

Exper imenta l 

Long normal chain fatty acids employed in this experiment 
were obtained from Tokyo Kasei Co., Ltd. and purified by 
recrystallization from petroleum ether three times. Ethyl 
hexadecanoate (EH) was synthesized from recrystallized hexa-
decanoic acid and distilled ethanol by the usual method 
and purified by distillation. Benzene was used as the spread­
ing solvent. To prevent the ester from hydrolysis, a 0.1 M 
NaCl solution was used as the substrate; this was prepared 
from twice distilled water and sodium chloride (Wako super 
special grade). 

The TI-̂ 4 curves were measured by a Wilhelmy type sur­
face balance. The temperature was maintained constant 
within ±0.2 K during the experiment. The monolayer 
was compressed continuously with a constant velocity of 
2.79 X 10-2 nm2 molecule-1 min - 1 and the n-A curves were 
reproducible within ±0.2 mN m _ 1 at the same mean molec­
ular area. 

R e s u l t s a n d D i s c u s s i o n 

Surface pressure- area (n-A) curves were obtained 
for the C 1 3 -EH, C 1 4 -EH, C 1 5 -EH, C ^ - E H , C 1 7 -EH, 
and C 1 8 -EH systems at various compositions and tem­
peratures. Typical n-A curves are shown in Fig. 1 
for the C 1 4 -EH system and in Fig. 2 for the C 1 8 -EH 
system, both at 298.15 K. 

For the C 1 3 - E H system, the monolayers of pure 

0.2 0.4 0.6 0.8 

A (nm2 molcule-1) 

Fig. 1. Surface pressure vs. mean area curves of the 
tetradecanoic acid-ethyl hexadecanoate mixed mono­
layer at 298.15 K: 1, *£ = 1 (ethyl hexadecanoate); 
2, 0.8; 3, 0.3; 4, 0.15; 5, 0 (tetradecanoic acid). 

0.2 0.4 0.6 0.8 

A (nm2 molecule-1) 

Fig. 2. Surface pressure vs. mean area curves of the 
octadecanoic acid-ethyl hexadecanoate mixed mono­
layer at 298.15 K: 1, x\ = l(ethyl hexadecanoate); 
2, 0.9; 3, 0.8; 4, 0.7; 5, 0.5; 6, 0(octadecanoic acid). 

C13 and E H are of the expanded type and a phase 
transition from liquid expanded to liquid condensed 
state is found over the whole range of composition 
at 298.15 and 288.15 K. The n^-xl'e curve for this 
system at 298.15 K is shown in Fig. 3, where 7req is 
the phase equilibrium surface pressure which corres­
ponds to that of the break point of n-A curve and 
xV indicates the mole fraction of the E H in the ex­
panded mixed monolayer. I t is seen that the curve 
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Fig. 3. 7Te<1-;ef'e curves of the tridecanoic acid-ethyl 
hexadecanoate mixed monolayer at 298.15 K. 

Fig. 4. 7req-#f,e curves of the tridecanoic acid-ethyl 
hexadecanoate mixed monolayer at 293.15 and 288.15 
K: 1, 293.15 K; 2, 288.15 K. 

is of the simple, monotonous type. When the tem­
perature is lowered, the shape of the n^-xV curve 
changes; it is noteworthy that at 293.15 and 288.15 K 
a maximum appears on the curve, as is shown in Fig. 4. 

For the C 1 4 -EH system, as can be seen from Fig. 1, 
the n0q-x*,e curve has a maximum even at 298.15 K. 
T h e shape of the curve is similar at 293.15 and 288.15 K 
to that at 298.15 K, although the equilibrium surface 
pressure decreases gradually as the temperature is 
lowered, as shown in Fig. 5. We see that the com­
position of the maximum point is almost independent 
of temperature. 

K io 

Fig. 5. 7req-#2,e curves of the tetradecanoic acid-ethyl 
hexadecanoate mixed monolayer at several tempera­
tures: 1, 298.15 K; 2, 293.15 K; 3, 288.15 K. 

Fig. 6. 7tei-x%'e curves of the octadecanoic acid-ethyl 
hexadecanoate mixed monolayer at several temper­
atures: 1, 298.15 K; 2, 293.15 K; 3, 288.15 K. 

For the G 1 5 -EH and C 1 6 -EH systems, the neq-
xl,e curve is similar to that for the C 1 4 -EH system, 
except that the maximum point shifts to the right 
along the xl'e axis; that is, the composition of the 
maximum becomes richer in E H as the carbon number 
of the fatty acid increases. 

Figure 2 represents n-A isotherms of the C 1 8 -EH 
system at 298.15 K. The n-A curve of this system is 
very different from the curves of the above-mentioned 
lower fatty acids-EH systems, in that the phase transi­
tion takes place only in a limited range of compositions. 
This difference may be caused by the fact that pure 
shorter-chain fatty acids give rise to the expanded 
film, while long-chain fatty acids form the condensed 
film at 298.15 K. T h e n^-xV6 curves for the G1 8-
E H system at various temperatures are shown in 
Fig. 6. I t is found that the neq decreases monoto­
nously with the decrease of x*'e, and the lowering 
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a 

Fig. 10. Phase d iagram of the hexadecanoic acid-ethyl 
hexadecanoate mixed monolayer at 298.15 K. 

Fig. 7. Phase diagram of the tridecanoic acid-ethyl 
hexadecanoate mixed monolayer at 298.15 K. 

Fig. 8. Phase diagram of the tetradecanoic acid-ethyl 
hexadecanoate mixed monolayer at 298.15 K. 

a 

Fig. 11. Phase d iagram of the heptadecanoic ac id-
ethyl hexadecanoate mixed monolayer at 298.15 K. 

Fig. 9. Phase diagram of the pentadecanoic acid-ethyl 
hexadecanoate mixed monolayer at 298.15 K. 

Fig. 12. Phase diagram of the octadecanoic acid-ethyl 
hexadecanoate mixed monolayer at 298.15 K. 
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TABLE 1. SURFACE PRESSURE AND COMPOSITION AT MAXIMUM POINT 

[Vol. 52, No. 3 

System 
298.15K 293.15 K 

(it0*), ( * . " ) i (rce q) , (*ï)i 

288.15 K 

(71°*), (*ï). 
G13-EH 
C U -EH 
G15-EH 
G16-EH 

— 
24.8 
16.1 
10.2 

— 
0.3 
0.5 
0.8 

29.3 
19.7 
11.1 
— 

0.1 
0.3 
0.5 
— 

23.9 
13.7 
6.7 
— 

0.12 
0.3 
0.5 
— 

Fig. 13. Additivity of area at 2 mN m"1 for G14-EH 
and G15-EH systems at 298.15 K : 1, G14-EH; 2, 
G15-EH. 

of temperature causes the parallel decrease in nB<l 

of this mixed monolayer. T h e jreq disappears finally 
at a certain x*'°, below which the phase transition 
from the expanded to the condensed film is not ob­
served any more. 

For the G 1 7 -EH system we have a 7ieq-x»'e curve 
similar to that for the C 1 8 - E H system, although the 
phase transition region is a little wider for the former 
than for the latter. 

Now the entire phase diagram can be constructed 
for each system by using thermodynamic equations 
previously described.1»2) In Figs. 7 to 12 are shown 
the two-dimensional phase diagrams for C 1 3 -EH 
to C 1 8 -EH systems, respectively, at 298.15 K. T h e 
experimental points are indicated by open circles 
which give the nB<i-xl'e curve and the corresponding 
neq-X2'c curve calculated is shown by the solid line, 
where xl,c indicates the mole fraction of the E H in 
the condensed mixed monolayer. 

T h e phase diagram for the C 1 3 -EH system (Fig. 7) 
at 298.15 K is of an ideally mixing type ; tow compo­
nents form a continuous series of mixtures in the con­
densed as well as in the expanded phase. For C 1 4 -
E H , C 1 5 -EH, and C 1 6 -EH systems, a maximum 
appears on the phase diagram (Figs. 8, 9, and 10), 
where the composition of the expanded phase is equal 
to that of the condensed one. Therefore, this maxi­
m u m may be called a two-dimensional positive 
azeotropic point. At this point the phase transition 
pressure (?ieq)max decreases, while the mole fraction 
of ester (#£)max increases, with increase in the number 

Fig. 14. Additivity of area at 2 mN m-1 for C16-EH 
and C18-EH systems at 298.15 K : 1, C16-EH; 2, 
G18-EH. 

of carbon atoms of fatty acid, as shown in Table 1. 
The positive azeotropy suggests that there are mutual 
interactions between two components in the mixed 
monolayer which are weaker than the interactions 
between the pure component molecules themselves. 

In contrast to this positive azeotropy, we have ob­
served negative azeotropy in C14-D,L-a-dipalmitoyl 
lecithin (DPL), E H - D P L , hexadecyl ace ta te (HA)-
DPL, 1-monopalmitin-DPL, and E H - H A systems; 
these results will be reported in a separate paper. 

For C 1 7 -EH and C 1 8 -EH systems at 298.15 K the 
phase transition from expanded to condensed states 
appears only in a limited range of composition, and 
so the phase diagram is incomplete, as shown in Figs. 
11 and 12. Because of the strong condensing effect 
of longer chain fatty acids, C17 or C18, the phase transi­
tion pressure decreases remarkably with increase in 
the amount of the fatty acid, resulting finally in the 
disappearance of the expanded phase at a certain 
composition of the mixed monolayer. 

T h e situation of the interaction and miscibility of 
two components in the mixed monolayer may also 
be obtained from mean molecular area Am at constant 
surface pressure vs. mole fraction x* relations. The 
Am-x* curves were obtained for the C 1 3 -EH, C 1 4 -EH, 
C 1 5 -EH, C 1 6 -EH, C 1 7 -EH, and C 1 8 -EH systems at 
2 m N m _ 1 . Several examples are shown in Figs. 13 
and 14. From these results, it is found that at 2 m N 
m _ 1 the simple additivity is nearly established for 
the C 1 3 -EH, C 1 4 -EH, and C 1 5 -EH systems, but the 
curves of the C 1 6 -EH, C 1 7 -EH, and C 1 8 -EH systems 
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zr 40 

Fig. 15. Partial molar enthalpy change of the phase 

transition, — (h\— h~\) vs. mole fraction in the ex­
panded monolayer, #£'e , curves of the tetradecanoic 
acid-ethyl hexadecanoate at 293.15 K: 1, tetra­
decanoic acid; 2, ethyl hexadecanoate. 

X2' 

Fig. 17. Partial molar enthalpy change of the phase 

transition, — (hi— he
t) vs. mole fraction in the ex­

panded monolayer, #f>e, curves of the hexadecanoic 
acid-ethyl hexadecanoate at 293.15 K: 1, hexa­
decanoic acid; 2, ethyl hexadecanoate. 

^ 40 

X~2'" 

Fig. 16. Partial molar enthalpy change of the phase 

transition, — (h\— h~\) vs. mole fraction in the ex­
panded monolayer, #£•% curves of the pentadecanoic 
acid-ethyl hexadecanoate at 293.15 K: 1, penta­
decanoic acid; 2, ethyl hexadecanoate. 

x2> 
Fig. 18. Partial molar enthalpy change of the phase 

transition, — (h\— h\) vs. mole fraction in the expand­
ed monolayer, x*'e, curves of the octadecanoic acid-
ethyl hexadecanoate at 295.65 K: 1, octadecanoic 
acid; 2, ethyl hexadecanoate. 

evidently deviate from this rule. Judging from this 
fact and the appearance of phase transition, it is con­
cluded that in the former group the miscibility of 
two components is quite good, but in the latter group 
it gradually decreases with an increase in the difference 
of carbon number between the two components. 

By the use of a thermodynamic treatment (Eqs. 
38, 42, and 43 in Ref. 2), the partial molar enthalpy 
change accompanying the phase transition form the 
expanded to the condensed state was calculated for 
the C 1 4 -EH, C 1 5 -EH, G 1 6 -EH, and C 1 8 -EH systems; 
the results are shown in Figs. 15 to 18. It is difficult 
to make such a calculation over the whole range of 
composition with sufficient accuracy, and so in these 
figures data are shown for some limited ranges. 

In the C 1 4 -EH system (Fig. 15), the partial molar 
enthalpy change of C i 4 is small and decreases slightly, 
while that of E H is large and increases considerably, 
with increase of the composition of EH. The value 
of E H in the pure monolayer is larger than that of 
E H in the mixed monolayer. This shows that E H 
is more condensed in the mixed monolayer than in the 
pure monolayer. 

In the C 1 5 -EH system (Fig. 16), the partial molar 
enthalpy change of C15 decreases but the value of E H 

increases with the increase of A:"'6 to almost the same 
extent. This indicates that both C1 5 and E H are 
more condensed in the mixed monolayer than in the 
pure monolayer, respectively. In other words, the 
mixed monolayer of C1 5 and E H at relatively high 
pressure is less stable in the condensed state than in 
the expanded state and needs less heat for the transition 
from the condensed to expanded state than does the 
monolayer of pure components. O n the contrary, 
in the system of negative azeotropy, such as E H - H A , 
E H - D P L , and so on, the monolayer is more stable 
in the condensed state than in the expanded state 
at relatively high pressure and needs much heat for 
the transition from the condensed to expanded state 
than does the monolayer of pure components. 

In the C 1 6 -EH system(Fig. 17), the partial molar 
enthalpy change of C1 6 decreases more than that of 
C1 5 in the C 1 5 -EH system and the value of E H 
increases more than that of E H in the C 1 5 -EH system, 
with increase of x*'e. The tendency is much more 
pronounced in the C 1 8 -EH system (Fig. 18). From 
these results it is seen that the partial molar enthalpy 
changes of acids and E H vary more rapidly with in­
crease of the chain length of the acid. From Figs. 
15 to 17, it was found that the values of partial molar 
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enthalpy change of acids and E H are quite close to 
each other at the composition of the maximum point. 

In conclusion, the chain length of the acid plays 
an important role in the thermodynamic state of the 
mixed monolayer. Taking advantage of the thermo­
dynamic treatment it is seen that the C 1 3 -EH system 
has a cigar type phase diagram at 298.15 K, while 
it comes to have a maximum point when the tempera­
ture is lowered. C 1 4 -EH, C 1 5 -EH, and C 1 6 -EH systems 
have maximum points in their phase diagrams at 
298.15 K. They correspond to the positive azeotrope 
in the three-dimensional phase diagram. This result 
suggests that there are mutual interactions between 
two components in the mixed monolayer which are 
weaker than the interactions between the pure com­
ponent molecules themselves. The composition of the 
maximum point gradually shifts towards the ester 

side, with increase of the number of carbon atoms 
of acids. Finally it disappears in the C 1 7 -EH and 
C 1 8 -EH systems. I t was found that the miscibility, 
phase diagram, and the partial molar enthalpy change 
of these systems change successively with the difference 
of the chain length. 
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In order to clarify the effect of molecular structure on states and properties of mixed monolayers, surface 
pressure-area{it-A) curves of the two-component surface films of long normal chain fatty acids with hexadecyl 
acetate were measured at various compositions and temperatures. By use of thermodynamic analysis, the phase 
diagrams and partial molar enthalpy changes were calculated. For four systems studied in the present paper 
it was found that the diagram and enthalpy change vary characteristically with the number of carbon atoms of 
acids, but the dependence on the chain length of acid in fatty acid-hexadecyl acetate systems was very different 
from that in fatty acid-ethyl hexadecanoate systems. 

In our previous studies of fatty acid-fatty acid,1 '2) 
fatty acid-fatty alcohol,3) and fatty acid-fatty ester4) 
systems, it was found that the interaction, the misci-
bility, the state, and the thermodynamic quantities 
in mixed monolayers change successively with increase 
in the chain length of the film-forming acid. T h e 
present work has been undertaken to investigate the 
difference between fatty acid-hexadecyl acetate and 
fatty acid-ethyl hexadecanoate4) systems, in order 
to elucidate the effect of molecular structure on mixing. 

Exper imenta l 

The long normal chain fatty acids employed in this 
experiment were tetradecanoic(C14), pentadecanoic(C15), 
hexadecanoic(C10), and octadecanoic(C18) acids. They 
were purified by repeated recrystallization. Hexadecyl 
acetate (HA) was synthesized from distilled acetic acid and 
1-hexadecanol of Tokyo Kasei Co., Ltd., and purified by 
distillation. 

Experimental conditions were the same as described in 
the previous paper.4) 

R e s u l t s and D i s c u s s i o n 

Surface pressure-area [n- A) curves obtained for 
C1 4-HA, C 1 5 -HA, C 1 6 -HA, and C 1 8 -HA systems at 
298.15 K are shown in Figs. 1 to 4. It was observed 
that in the C 1 4 -HA system (Fig. 1) there is a maximum 
equilibrium surface pressure, similar to the C 1 4 -EH 
system4) at ,*£'e = 0.05, where x\'e is the mole fraction 
of the second component (HA) in the expanded mono­
layer and E H indicates ethyl hexadecanoate, as des­
cribed in the previous paper.4) In the C 1 5 -HA system 
(Fig. 2) there is a unique result: i.e., the curve has a 
maximum and a minimum point at *£'8 = 0.3 and 
0.87, respectively. This phenomenon is peculiar to 
the G 1 5-HA system and we have not observed it in 
any other systems until now. In the G1 6-HA(Fig. 3) 
and C1 8-HA(Fig. 4) systems the equilibrium surface 
pressure, 7ieq, decreases monotonously with the de­
crease of x*'e, but the extent of decreasing is larger 
in the C 1 8 -HA system than in the C 1 6 -HA system. 

In the preceding papers5»6) the thermodynamic 
equations of multicomponent monolayers were derived. 
Taking advantage of them (Eqs. 38, 42, and 43 in 
Ref. 6), we obtained the two-dimensional phase diagram 
and partial molar enthalpy change associated with the 

0.2 0.4 0.6 

A (nm2 molecule-1) 

Fig. 1. Surface pressure vs. mean area curves of the 
tetradecanoic acid-hexadecyl acetate mixed mono­
layer at 298.15 K: 1, x\ = 1 (hexadecyl acetate); 2, 
0.7; 3, 0.6; 4, 0.3; 5, 0(tetradecanoic acid). 

0.2 0.4 0.6 

A (nm2 molecule-1) 

Fig. 2. Surface pressure vs. mean area curves of the 
pentadecanoic acid-hexadecyl acetate mixed mono­
layer at 298.15 K: 1, x\ = 1 (hexadecyl acetate); 2, 
0.8; 3, 0.4; 4, 0.3; 5, 0.2; 6, 0(pentadecanoic acid). 

phase transition from an expanded to a condensed 
state. T h e diagrams of the C 1 4 -HA, C 1 5 -HA, G1 6-
HA, and G 1 8 -HA systems are shown in Figs. 5 to 8, 
respectively. 

The C 1 4 -HA system (Fig. 5) has a maximum point 
in the phase diagram which is analogous to the C 1 4 -
E H system,4) but the composition of the maximum 
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a 

0.2 0.4 0.6 

A (nm2 molecule-1) 

Fig. 3. Surface pressure vs. mean area curves of the 
hexadecanoic acid-hexadecyl acetate mixed mono­
layer at 298.15 K: 1, x\ = 1 (hexadecyl acetate); 2, 
0.9; 3, 0.7; 4, 0.5; 5, 0.2; 6, 0.1; 7, 0(hexadecanoic 
acid). 

0.2 0.4 0.6 

A (nm2 molecule-1) 

Fig. 4. Surface pressure vs. mean area curves of the 
octadecanoic acid-hexadecyl acetate mixed monolayer 
at 298.15 K: 1, x\ = 1 (hexadecyl acetate); 2, 0.95; 
3, 0.9; 4, 0.8; 5, 0.7; 6, 0.6; 7, 0(octadecanoic acid). 

x2 

x'i 
Fig. 6. Phase diagram of the pentadecanoic acid-hexa­

decyl acetate mixed monolayer at 298.15 K. 

Fig. 7. Phase diagram of the hexadecanoic acid-
hexadecyl acetate mixed monolayer at 298.15 K. 

Fig. 5. Phase diagram of the tetradecanoic acid-hexa­
decyl acetate mixed monolayer at 298.15 K. 

Expanded 

X2 

Fig. 8. Phase diagram of the octadecanoic acid-
hexadecyl acetate mixed monolayer at 298.15 K. 

point in the former system is #£ ' e=0.05 while that 
in the latter system #*,e = 0.3. From the molecular 
structural point of view, the hydrocarbon chain of 
H A is longer than that of E H . I t seems that C14 

and H A are less miscible with each other than C14 

and E H in mixed monolayer, and so in the C 1 4 -HA 
system the composition of maximum point shifts towards 
the acid side more than that in the C 1 4 -EH system. 
By using ethyl heptadecanoate, which has the same 
hydrocarbon chain length as HA, we investigated 
the mixed monolayer with C1 4 ; it was found that in 
the C14-ethyl heptadecanoate system there existed a 
maximum at *ï•'=().2.7> 
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Ho.8 

4 0.6 

1 0.4 

Fig. 9. Additivity of area at 2 mN m - 1 for G14-HA 
and G15-HA systems at 298.15 K: 1, CU -HA; 2, 
G15-HA. 

Fig. 10. Additivity of area at 2 mN m-1 for G16-HA 
and G18-HA systems at 298.15 K: 1, C16-HA; 2, 
C18-HA. 

The diagram of the C 1 5 -HA system at 298.15 K is 
shown in Fig. 6. There exist maximum and mini­
mum points in this diagram at #£'e = 0.3 and 0.87, 
respectively. This is particularly surprising from the 
thermodynamic point of view and we have not observed 
such a result in any other system. This phase diagram 
shows that in the C1 5 rich region the excess free energy 
of the monolayer in the expanded state (GE,e) is smaller 
than that in the condensed state (GE,C), and in the 
HA rich region the GE , e is larger than GE,C at rela­
tively high pressures.8) According to thermodynamic 
analysis,7) it is easily understandable that in a positive 
azeotrope system, which has a maximum point in the 
phase diagram, the mutual interaction between film-
forming substances in the mixed monolayer is weaker 
than the interaction between the pure component mole­
cules themselves. In other words, in the C15 rich 
region C15 and H A are likely to be located apart from 
each other, since the hydrophilic group of H A is so 
different from that of C15 that C15 and H A are difficult 
to pack together. It is thus more stable as the expanded 

Fig. 11. Partial molar enthalpy change of the phase 

transition, — (h\— h~\) vs. mole fraction in the ex­
panded monolayer, x"'e, curves of the tetradecanoic 
acid-hexadecyl acetate at 293.15 K: 1, tetradecanoic 
acid; 2, hexadecyl acetate. 

Fig. 12. Partial molar enthalpy change of the phase 

transition, — (hi — hi) vs. mole fraction in the expand­
ed monolayer, x\ •e, curves of the pentadecanoic acid-
hexadecyl acetate at 295.65 K: 1, pentadecanoic acid; 
2, hexadecyl acetate. 

state in this region than as the condensed state. But 
in the H A rich region, it seems that C15 and H A are 
likely to pack together owing to the ease of packing 
of G15 and HA. In this way it is seen that the thermo­
dynamic state of the monolayer is very much influenced 
by the molecular structure of the components. This 
is also revealed by the difference in phase diagrams 
between the C 1 5-HA(Fig. 6) and C15-EH4> systems. 

Figure 7 represents the phase diagram of the C 1 6 -
H A system. This is also very different from that of 
the C 1 6 -EH system.4) neq- decreases gradually with 
the decrease of xl'e. It seems that the interaction 
between C16 and HA is complicated. In the C 1 8 -
H A system (Fig. 8), the diagram is analogous to that 
of the C 1 8 -EH system.4) But the ne(l decreases more 
rapidly with the decrease of x"2'

e than that of the C 1 8 -
E H system. This indicates that in the mixed mono­
layer H A is more condensed than E H . This can also 
be seen from the result of mean area vs. mole fraction 
curves (Fig. 10) and the partial molar enthalpy 
changes (Fig. 14). 

The mean area vs. mole fraction curves of the mixed 
monolayers at 2 m N m _ 1 are shown in Figs. 9 and 
10. In C 1 4 -HA and C 1 5 -HA systems (Fig. 9) the 
additivity rule is approximately established under these 
conditions. Owing to this result and the phase dia-
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JT" 40 

Fig. 13. Partial molar enthalpy change of the phase 

transition, — (hi— he
t) vs. mole fraction in the expand­

ed monolayer, #£•% curves of the hexadecanoic acid-
hexadecyl acetate at 298.15 K: 1, hexadecanoic acid; 
2, hexadecyl acetate. 

x2 

Fig. 14. Partial molar enthalpy change of the phase 

transition, — (hc
t— hi) vs. mole fraction in the expand­

ed monolayer, x£>e, curves of the octadecanoic acid-
hexadecyl acetate at 298.15 K: 1, octadecanoic acid; 
2, hexadecyl acetate. 

grams (Figs. 5 and 6), it may be said that these systems 
are nearly ideal at low surface pressures, but deviate 
appreciably from ideal behaviors as the pressure in­
creases. In the C 1 6 -HA system (Fig. 10) there is a 
considerable positive deviation from the additivity rule, 
similar to that of the G 1 6 -EH system.4) T h e C i 8 -HA 
system shows a considerable negative deviation in the 
expanded state, as shown by the solid line (Fig. 10), 
and the deviation is larger in the C 1 8 -HA system 
than in the C 1 8 -EH system.4> 

T h e partial molar enthalpy change was obtained 
from the thermodynamic analysis(Eqs. 38, 42, and 43 
in Ref. 6), and they are shown in Figs. 11 to 14. In 
the C 1 4 -HA system (Fig. 11), the enthalpy change 
of C14 gradually decreases, and that of HA slightly 

increases, with increase of Xi'e. Although the G15-
HA system has maximum and minimum points in the 
phase diagram, the nature of the enthalpy change, 
as shown in Fig. 12, is very similar to that of the G15-
E H system4) which has only one maximum point in 
the phase diagram. The partial molar enthalpy change 
of C15 decreases, and that of HA increases considerably, 
with increase of xï'°. In the C 1 6 -HA system (Fig. 13), 
the enthalpy change of C16 also decreases, and the 
value of H A increases, with increases of xl'°. This 
system shows the same tendency as the C 1 6 -EH system4) 
but the degree of variation of the partial molar enthalpy 
change is larger in the C 1 6 -EH system than in the 
C 1 6 -HA system. T h e characteristics of the enthalpy 
change of the C 1 8 -HA system (Fig. 14) are similar to 
those of the C 1 5 -HA and C 1 6 -HA systems. 

In conclusion, it was found that the phase diagram 
and partial molar enthalpy change vary with the chain 
length of the film-forming acid. There exists a maxi­
m u m point in the C 1 4 -HA system and this result 
is analogous to that of the C 1 4 -EH system. However, 
in the C 1 5 -HA system there is not only a maximum 
point but also a minimum point. This phenomenon 
was not observed in the C 1 5 -EH or other systems, 
but is peculiar to the C 1 5 -HA system. The C1 6-HA 
system is also very different from the G 1 6 -EH system. 
But the G 1 8 -HA system is similar to the C 1 8 -EH 
system. In this way, it is seen that the state of mixed 
monolayers is very much influenced by the molecular 
structure of film-forming components, especially by 
the chain length of the acid and the structure of the 
hydrophilic group of the ester. It seems that the 
structure effect is larger in mixed monolayers as the 
difference of the chain length between acid and ester 
becomes smaller. 
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The Crystal and Molecular Structures of 6-Deoxyversicolorin A and 
Versicolorin A, Metabolites from Aspergillus versicolor 
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T h e structures of 6-deoxyversicolorin A, G1 8H1 0O6 , and versicolorin A, G1 8H1 0O7 , both isolated from Asper­
gillus versicolor, have been determined by the X-ray diffraction method. Both compounds crystallized in the 
space group P212121, with four molecules per unit cell. T h e cell dimensions of 6-deoxyversicolorin A are a = 
9.588, 0=18 .083 , c = 7 . 7 6 9 Â , and those of versicolorin A are a = 9 . 5 2 4 , 4=18 .629 , £=7 .629 Â. T h e structure 
was refined to R=0.055 for 6-deoxyversicolorin A and to 72=0.043 for versicolorin A. Both structures are in 
agreement with those assigned by chemical and spectroscopic methods. There are two intramolecular hydrogen 
bonds in each molecule. Although an intermolecular hydrogen bond is present in versicolorin A, both structures 
are isotypic. T h e dimensions of the anthraquinone skeleton and the dihydrofuro[2,3-è]furan moiety are com­
pared with those in related compounds whose structures have been determined. 

T h e d i h y d r o m r o [ 2 , 3 - 6 ] f u r a n m o i e t y is t h e c o m m o n 
s t r u c t u r a l u n i t in a n i m p o r t a n t class of fungel m e t a ­
boli tes w h i c h inc ludes a n a t o x i n s , Bj1) a n d Gl5

2> a n d 
s te r igmatocys t in . 3 ' 4 ) T h e s t r u c t u r e s of these m e t a ­
boli tes h a v e b e e n extens ive ly i nves t i ga t ed b y c h e m i c a l , 
spec t roscopic , a n d X - r a y m e t h o d s . T h e p r e s e n t 
c o m p o u n d s , 6 -deoxyvers ico lor in A (I) a n d versi­
co lor in A ( I I ) , w e r e i so la ted f rom Aspergillus versicolor 
(Vu i l l emin ) T i r a b o s c h i , a n d t h e s t r u c t u r e s w e r e 
p r o p o s e d b y E l s w o r t h y et al.b) a n d H a m a s a k i et a/.6) 
respect ive ly b y m e a n s of c h e m i c a l a n d spec t roscop ic 
m e t h o d s . B o t h t h e c o m p o u n d s h a v e a d i h y d r o f u r o -
[2 ,3-£]furan m o i e t y w i t h a n a n t h r a q u i n o n e ske le ton , 
a n d w e r e s h o w n to b e b i o g e n e t i c p r e c u r s o r s of s ter ig­
m a t o c y s t i n a n d ana tox ins . 7 ) T h e p r e s e n t X - r a y 
s t r u c t u r e analys is w a s c a r r i e d o u t to c o m p a r e t h e 
s t ruc tu res of t h e t i t le c o m p o u n d s w i t h those of t h e 
r e l a t e d m e t a b o l i t e s of this m o l d w h i c h h a v e b e e n 
s tud ied in o u r l a b o r a t o r y . 

3?H 20 

T A B L E 1. CRYSTAL DATA AND DETAILS OF EXPERIMENTAL 

CONDITIONS 

6-Deoxyversicolorin A Versicolorin A 

E: R=7OH 

E x p e r i m e n t a l 

Crystallographic Measurements. 6-Deoxyversicolorin A 
and versicolorin A were crystallized from acetone solution 
in the forms of orange red prisms and orange red plates 
respectively. Although the crystals of versicolorin A ap­
peared to be well-developed plates, the diffraction profiles 
were broad and not symmetrical about the peaks. T h e 
cell constants were obtained from the least-squares treatment 
of the angular settings of 13 reflections. The crystal data 
and details of experimental conditions for each compound 
are summarized in Table 1. The intensities of each com­
pound were measured on a Rigaku-Denki computer-controlled 
four-circle diffractometer with Ni-filtered Gu Ka radiation. 
Attenuators were automatically inserted to keep the counting 
rate below 8000 cps. Backgrounds were counted for 10 s 
at the both sides of the scan range. T h e intensities were 
corrected for the Lorentz and polarization factors, but were 

Molecular formula 

Molecular weight 

Crystal system 

Space group 

a 

b 

c 

Z 

ji(for Cu Ka) 

Crystal size 

Scan technique 

Scan range (o>) 

Scan speed (co) 

M a x i m u m 20 
No. of reflections 
measured 

No. of non-zero 
reflections 

Gi 8 H 1 0 O 6 

322 .3 

or thorhombic 

P212121 

9.588(4) Â 

18.083(6) Â 

7.769(4) Â 

4 

1.589 g/cm3 

10.4 c m - 1 

0 . 0 7 x 0 . 0 7 x 
0 . 2 8 m m 

co-20 scan 

l.O° + O . 2 ° t a n 0 

2° m i n - 1 

120° 

1180 

1046 

Gi 8 H 1 0 O 7 

338 .3 

orthorhombic 

P212121 

9.524(5) A 

18.629(7) A 

7.629(5) Â 

4 

1.659 g/cm3 

11.2 c m - 1 

0 . 0 8 x 0 . 2 0 x 
0 .30 m m 

co scan 

1.6° + 0 . 1 5 ° t a n 

2° min" 1 

127° 

1296 

1160 

not corrected for absorption. 
Structure Determination of 6-Deoxyversicolorin A. T h e 

structure was solved by application of the vector-search 
method ;8> the rigid group used in the calculations was an 
anthraquinone skeleton with two oxygen atoms. A three-
dimensional Fourier synthesis based on the phases due to 
the rigid group revealed the positions of the remaining non-
hydrogen atoms. T h e structure was refined by the block-
diagonal least-squares calculations,9) first with isotropic and 
subsequently with anisotropic temperature factors for non-
hydrogen atoms. All hydrogen atoms were found in a 
difference electron density m a p , and included in the sub­
sequent refinement with isotropic temperature factors. T h e 
final refinement was made using the following weighting 
scheme: « ;=0 .0 for Fo = 0, w=1.0 for 0 < F o ^ 2 2 , and w= 
[ 1 . 0 + 0 . 3 3 ( F o - 2 2 ) ] - 1 for 2 2 < 2 v However, the two strong­
est reflections, 022 and 032, were omitted from the calcula­
tions. T h e final R value was 0.055 for 1044 non-zero reflec­
tions. T h e final atomic parameters are listed in Tables 



678 Keiichi FUKUYAMA, Tamaich i ASHIDA, Yukiteru KATSUBE, and Masao K A K U D O [Vol. 52, No. 3 

T A B L E 2. FINAL ATOMIC PARAMETERS AND e.s.d.'s ( x l O 4 ) FOR NON-HYDROGEN ATOMS 

T h e anisotropic temperature factors are of the form: exp ( — ßuh
2 — ß22k

2 — ß33l
2— ßi2hk— ßlzhl— ß23kl). 

(a) 
G(l) 
G(2) 
G (3) 
G(4) 
G(5) 
G(6) 
G (7) 
G(8) 
G(9) 
G(10) 

G(ll) 
C(12) 

G(13) 
G(14) 
C(15) 

G(16) 
G(17) 
G(18) 

O(l) 
0(2) 
0(3) 
0(4) 
0(5) 

0(6) 

(b) 
G(l) 
G(2) 
G(3) 
G(4) 

G(5) 
G(6) 
G(7) 
G (8) 

G(9) 

G(10) 

G(H) 
G(12) 
G(13) 
G(14) 
G(15) 
G(16) 
G(17) 
G(18) 

O(l) 
0(2) 

0(3) 

0(4) 
0(5) 
0(6) 
0(7) 

X y 
6-Deoxyversicolorin A 

8889 (5) 
8564(5) 
7109(5) 
6749 (6) 
5293 (5) 
4884 (6) 
3488 (6) 
2469 (6) 
2841 (6) 
4214(5) 
4605 (5) 
6089 (5) 
6442 (6) 
7830 (6) 
9829 (6) 
10841 (7) 
10881 (6) 
10276(6) 
9589(4) 
7690 (4) 
5838 (4) 
3681 (4) 
8319(4) 
10302 (5) 

Versicolorin 
8946 (4) 
8636 (4) 
7228 (4) 

6872 (4) 
5416(4) 

5023 (5) 
3646 (5) 
2614(5) 
2931 (5) 
4319(4) 
4651(4) 
6161(4) 
6458 (4) 
7880 (4) 
9865(4) 
10913(5) 
10981 (5) 
10335(4) 
9725 (3) 
7822 (3) 
6006 (3) 
3734(3) 
8339(3) 
10335 (4) 
1209(3) 

1043(3) 
1687 (2) 

1879(3) 
2551 (3) 
2719(2) 
3356 (3) 

3517(3) 
3052 (3) 
2416(3) 
2261 (3) 
1586(3) 
1397(3) 
757 (3) 
603 (2) 

7(3) 
-422(3) 
297 (3) 
677 (3) 
2129(2) 
2981 (2) 
3844 (2) 
1203(2) 
-8(2) 

-639(2) 

A 
1037(2) 
1683(2) 
1877 (2) 
2545 (2) 
2742 (2) 
3373(2) 
3543 (2) 
3088 (2) 
2449 (2) 
2287 (2) 

1615(2) 
1409 (2) 

774 (2) 
603 (2) 
12(2) 

-364(2) 

332 (2) 
676 (2) 
2084(1) 
2962(1) 

3843 (2) 
1235 (2) 
-2(2) 

-605(1) 

3218(2) 

z 

9456 (7) 
8621 (7) 
8375 (6) 
7477 (6) 
7140(7) 
6241 (7) 
5951 (8) 
6609 (8) 
7491 (8) 
7785 (7) 
8801 (7) 
9051 (7) 
9922 (7) 
10101(7) 
10929(8) 
8522 (9) 
8261 (8) 
9831 (7) 
8043 (5) 
6931 (5) 
5623 (6) 
9461 (6) 
10936(5) 
10072 (6) 

9391 (6) 
8575 (5) 
8317(5) 
7473 (5) 
7187(6) 
6295 (6) 
6001 (6) 
6577 (6) 
7477 (6) 

7763 (6) 
8729 (6) 
8950 (5) 
9792 (6) 
9997 (5) 
10813(6) 
8344 (7) 
8135(7) 
9768 (6) 
8049 (4) 
6940 (4) 

5723 (5) 
9343 (5) 
10802 (4) 
9896 (5) 
6318(5) 

ßn 

82(6) 
76(5) 
76(5) 
100 (6) 
94(6) 
139(8) 
121 (8) 
107 (7) 
106(7) 

80(6) 
78(6) 
92(6) 
97(7) 
120(7) 
120(7) 
133(8) 
108 (7) 
95(6) 
85(4) 
106 (4) 
136(5) 
97(5) 
116(5) 
170(6) 

72(4) 
78(5) 
71(4) 
74(5) 
75(5) 
89(5) 
97(5) 
103 (6) 
78(5) 
75(5) 
73(5) 
75(5) 
67(4) 
88(5) 
90(5) 
100(6) 

79(5) 
66(4) 
70(3) 
77(3) 
109 (4) 

73(3) 
91(3) 
128(4) 
75(4) 

ßii 

22(1) 
19(1) 

22(1) 
20(1) 
21(1) 
22(2) 
33(2) 
37(2) 

37(2) 
28(2) 
27(2) 
21(1) 
27(2) 
19(1) 
24(1) 
31(2) 
34(2) 
24(1) 
24(1) 
24(1) 
28(1) 
42(2) 
25(1) 
24(1) 

21(1) 
17(1) 
19(1) 
18(1) 
19(1) 
19(1) 

17(1) 

22(1) 
23(1) 
20(1) 
21(1) 
20(1) 
20(1) 

17(1) 
20(1) 
29(1) 
28(1) 
19(1) 
24(1) 
20(1) 

22(1) 
38(1) 
23(1) 
19(1) 
32(1) 

ßas 

182(11) 
159(9) 
133(9) 
141(10) 
151(10) 
160(10) 
193(12) 
196(12) 

188(12) 
162(10) 
167(10) 
151(10) 
159(10) 
148(10) 
211(12) 
240 (14) 

208(12) 
168(10) 
230 (8) 

202 (8) 
243 (9) 
270(10) 
236 (8) 
274(10) 

137(8) 
132(8) 
112(7) 
139(8) 
132(8) 
161 (8) 
179(9) 
163 (9) 
164(9) 
128(8) 
140 (8) 
117(7) 
157(8) 
148 (8) 
203 (9) 
200(10) 
180(9) 
165(9) 
208(7) 
209 (6) 
223 (7) 
254(8) 
196(6) 
241 (8) 
258 (8) 

ßl2 

0(5) 
-12(5) 

0(5) 
6(5) 
18(5) 
9(6) 

23(6) 
31(6) 
16(7) 

-2(5) 
-11(5) 
-4(5) 
-15(6) 
-13(5) 
13(6) 
38(7) 
25(6) 
5(5) 

-8(4) 
-16(4) 

6(5) 
-18(5) 
-7(4) 
30(5) 

1(4) 
-6(4) 
-1(4) 
6(4) 

-5(4) 
4(4) 
3(4) 

27(4) 
8(4) 

7(4) 
-12(4) 
-2(4) 
0(4) 

-5(4) 
15(5) 
16(5) 
16(4) 
8(4) 

-7(3) 
-7(3) 
-10(3) 
-20(3) 

8(3) 
18(3) 
22(3) 

& 3 

-20(14) 

1(13) 
32(13) 
23(14) 

-52(14) 
-30(16) 
-31(18) 
-41(17) 
-16(17) 
-39(14) 
24(14) 
1(14) 

38(15) 
-20(15) 
-83(17) 
-55(19) 
-6(17) 
-20(15) 
38(11) 
-1(11) 

-41(13) 
40(13) 

-24(12) 
-34(15) 

-28(11) 

12(11) 
-12(11) 
-4(11) 
-10(11) 
-1(12) 
-15(13) 
-52(13) 
23(12) 

-10(11) 
-1(11) 
24(10) 
24(11) 

-15(12) 
-58(12) 
-34(14) 

2(12) 
-29(11) 
22(9) 
0(9) 

-29(10) 
20(10) 
-5(8) 
2(10) 

-54(10) 

ßzz 

-4(7) 
-6(7) 
-16(6) 
-5(6) 

-11(7) 
-13(7) 
-17(8) 
-8(9) 
-37(9) 
-27(7) 
-11(7) 

4(7) 
2(7) 
12(7) 

-6(8) 
-44(9) 
-20(9) 
-9(7) 
10(5) 
37(5) 
52(6) 
37(7) 
34(6) 
4(6) 

3(5) 
-1(5) 

-2(5) 
-9(5) 
-5(5) 
3(6) 
4(6) 

-26(6) 
-4(6) 

-12(5) 
1(5) 

-9(5) 
-9(5) 

-23(5) 
3(7) 

-29(7) 
9(7) 

-3(5) 
24(4) 
30(4) 

48(5) 
60(6) 
56(5) 
-5(4) 

15(5) 
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Fig. 1. The crystal structure of versicolorin A viewed along the c axis. Broken lines indicate 
intermolecular hydrogen bonds. 

TABLE 3. FINAL POSITIONAL PARAMETERS (xlO3) AND 

ISOTROPIC T E M P E R A T U R E FACTORS ( Â 2 ) FOR 

H Y D R O G E N ATOMS 

( a ) 6-

H(01) 
H(03) 

H(G7) 

H(G8) 

H(G9) 

H(G13) 

H(G15) 

H(G16) 

H(G17) 
H(G18) 

X y 

Deoxyversicolorin A 

917(7) 

658 (7) 

349 (6) 

156(7) 

213(7) 

556 (7) 

1021(6) 

1134(6) 

1122(7) 

1095 (5) 

( b ) Versicolorin 

H(Ol) 

H(03) 

H(G7) 

H(07) 

H(G9) 

H(G13) 

H(G15) 

H(G16) 

H(G17) 
H(C18) 

a) Lengt 
in Â. 

959 (6) 

686 (7) 

333 (6) 

108 (6) 

216(6) 

580 (7) 

1014(5) 

1132(6) 

1130(6) 

1098(5) 

l of coval« 

265 (3) 
371 (3) 

400 (3) 

318(3) 

207 (3) 

48(3) 

- 2 ( 3 ) 

- 8 1 (3) 

60(3) 

99(3) 

A 

251 (3) 

366 (3) 

407 (3) 

371 (3) 

213(3) 

47(3) 

- 4 ( 3 ) 

-67(3) 

66(3) 

100(2) 

;nt bond 

z 

17Q (9) 

581 (8) 

523 (7) 

635 (8) 

811(8) 

1066(8) 

1212(7) 

772 (7) 
734(8) 

1054 (7) 

757 (8) 

600 (8) 

544 (7) 

581 (8) 

785(7) 
1005(8) 

1218(7) 

741 (8) 

706 (7) 

1050(7) 

B 

4.6(17) 

4.5(16) 

2.6(13) 

4.6(16) 

4.6(17) 

3.7(15) 

2.1(11) 

2.9(14) 

3.4(15) 

1.6(11) 

4.7(15) 

5.8(16) 

3.8(13) 

5.2(16) 

3.8(13) 
4.3(14) 

3.1(11) 

4.1(14) 

3.9(13) 
2.5(11) 

involving hydrogen 

d^ 

1.04 

0.77 

1.03 

0.92 

1.04 

1.13 

1.00 

1.05 

0.96 

1.02 

0.89 

0.91 

1.12 

1.01 

0.98 

0.87 

1.08 

0.99 

1.07 

1.02 

atom 

2(a) and 3(a).ttt 

Structure Determination of Versicolorin A. The structure 
was solved by the direct method with program MULTAN.10) 

The refinement of versicolorin A was made in the same way 
as that of 6-deoxyversicolorin A. All hydrogen atoms were 
found in a difference electron density map after the aniso­
tropic refinement for non-hydrogen atoms. The weighting 
scheme adopted in the final cycle of the refinement was: w= 
0.0 for Fo=0, w=l.O for 0<Fo^17, and w= [1.0+0.11 x 
(F0— I?)] - 1 for 17<.F0. However, zero weight was given 
to the two strongest reflections, 022 and 032. The final 
R value was 0.043 for 1158 non-zero reflections. The final 
atomic parameters are listed in Tables 2(b) and 3(b).t The 
atomic scattering factors were taken from the International 
Tables for X-Ray Crystallography.11) 

R e s u l t s a n d D i s c u s s i o n 

The present crystallographic analysis has verified 
the structures of 6-deoxyversicolorin A and versi­
colorin A proposed by the chemical and spectroscopic 
methods.5'6) The absolute configuration adopted is 
based on the assumption that the configuration of 
the dihydrofuro[2,3-£]furan moiety of the present 
molecules is the same as that of related molecules 
which has been established by X-ray method.M-12) 
The crystal structure of versicolorin A is shown in 

ttt Lists of the observed and calculated structure factors 
are available from the authors on request and also 
kept as Document No. 7905 at the Chemical Society 
of Japan. 
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TABLE 4. BOND LENGTHS AND ANGLES FOR NON-HYDROGEN ATOMS 

( a ) Bond lengths (l/A) 

G(l)-G(2) 
G(l)-C(18) 
G(2)-0(l) 
G(3) G(12) 
G(4)-0(2) 
G(5)-G(10) 
G(6)-0(3) 
G(8)-G(9) 
G(9)-G(10) 
G(ll)-C(12) 
G(12)-G(13) 
G(14)-0(5) 
G(15)-0(5) 
G(16)-G(17) 
G(17)-G(18) 

( b ) Bond angles 

C(2)-C(l)-G(14) 
G(14)-G(l)-G(18) 
C(l)-G(2)-0(1) 
C(2)-G(3)-G(4) 
C(4)-G(3)-G(12) 
G(3)-G(4)-0(2) 
G(4)-C(5)-G(6) 
G(6)-G(5)-G(10) 
G(5)-G(6)-0(3) 
C(6)-G(7)-C(8) 
G(7)-C(8)-0(7) 
G(8)-C(9)-C(10) 
G(5)-C(10)-G(ll) 
G(10)-C(ll)-G(12) 
C(12)-G(ll)-0(4) 
C(3)-C(12)-G(13) 
C(12)-C(13)-G(14) 
G(l)-G(14)-0(5) 
G(18)-G(15)-0(5) 
0(5)-G(15)-0(6) 
G(16)-G(17)-G(18) 
C(l)-G(18)-G(17) 
G(14)-0(5)-G(15) 

6DVA 

1.370(8) 
1.514(8) 
1.344 (7) 
1.412(7) 
1.265(7) 
1.417(8) 
1.358(7) 
1.386(9) 
1.366(8) 
1.477(8) 
1.383(8) 
1.363(7) 
1.447(7) 
1.316(10) 
1.516(9) 

(W°) 
6DVA 

119.6(5) 
108.9(5) 
119.9(5) 
119.7(5) 
122.3(5) 
120.7(5) 
122.0(5) 
116.9(5) 
121.5(5) 
119.5(6) 

— 
120.1(6) 
118.6(5) 
119.9(5) 
120.4(5) 
122.0(5) 
117.3(5) 
112.6(5) 
107.1(5) 
107.9(5) 
108.3(6) 
112.3(5) 
109.2(4) 

VA 

1.387(6) 
1.512(6) 
1.340 (5) 
1.422(6) 
1.259(5) 
1.416(6) 
1.354 (6) 
1.408(6) 
1.373(6) 
1.498(6) 
1.376(6) 
1.356(5) 
1.454(6) 
1.309(7) 
1.530(7) 

VA 

120.2(4) 
108.7(4) 
116.9(4) 
120.6(4) 
120.8(4) 
120.5(4) 
122.5(4) 
117.0(4) 
120.8(4) 
119.5(4) 
122.9(4) 
118.0(4) 
120.1(4) 
118.4(4) 
119.8(4) 
122.6(4) 
116.5(4) 
113.7(4) 
107.6(4) 
107.3(4) 
107.2(4) 
112.5(4) 
108.1(3) 

G(l)-G(14) 
G(2)-G(3) 
G(3)-G(4) 
C(4)-C(5) 
G(5)-G(6) 
C(6)-C(7) 
G(7)-G(8) 
G(8)-0(7) 
G(10)-G(ll) 
C( l l ) -0(4) 
C(13)-G(14) 
G(15)-G(18) 
G(15)-0(6) 
G(16)-0(6) 

G(2)-G(l)-C(18) 
G(l)-C(2)-G(3) 
G(3)-G(2)-0(l) 
C(2)-G(3)-G(12) 
C(3)-G(4)-G(5) 
G(5)-G(4)-0(2) 
G(4)-G(5)-G(10) 
G(5)-G(6)-G(7) 
G(7)-G(6)-0(3) 
G(7)-C(8)-G(9) 
C(9)-C(8)-0(7) 
G(5)-G(10)-G(9) 
G(9)-G(10)-G(ll) 
G(10)-G(ll)-O(4) 
G(3)-C(12)-C(ll) 
G(ll)-G(12)-G(13) 
G(l)-G(14)-G(13) 
G(13)-G(14)-0(5) 
G(18)-G(15)-0(6) 
C(17)-C(16)-0(6) 
C(l)-G(18)-G(15) 
G(15)-C(18)-C(17) 
G(15)-0(6)-G(16) 

6DVA 

1.384(8) 
1.450(7) 
1.442(7) 
1.453(8) 
1.404(8) 
1.389(9) 
1.387(9) 

— 
1.501(8) 
1.236(7) 
1.367(8) 
1.543(8) 
1.418(8) 
1.368(8) 

6DVA 

131.5(5) 
119.0(5) 
121.2(5) 
118.0(5) 
119.5(5) 
119.7(5) 
121.0(5) 
121.4(5) 
117.1(5) 
120.3(6) 

— 
121.7(5) 
119.7(5) 
119.7(5) 
118.4(5) 
119.6(5) 
124.1(5) 
123.3(5) 
107.4(5) 
115.4(6) 
101.8(5) 
101.2(5) 
107.4(5) 

VA 

1.377(6) 
1.402(6) 
1.442(6) 
1.452(6) 
1.408(6) 
1.368(7) 
1.370(7) 
1.374(6) 
1.487(6) 
1.217(6) 
1.400(6) 
1.538(7) 
1.417(6) 
1.381(6) 

VA 

131.1(4) 
119.3(4) 
123.7(4) 
118.6(4) 
120.7(4) 
118.8(4) 
120.4(4) 
121.8(4) 
117.4(4) 
121.7(4) 
115.4(4) 
122.0(4) 
117.9(4) 
121.8(4) 
119.4(4) 
118.0(4) 
122.9(4) 
123.4(4) 
107.8(4) 
116.5(5) 
101.6(4) 
101.7(4) 
106.6(4) 

Fig. 1. T h e bond lengths and angles for non-hydrogen 
atoms are given in Table 4, the equations of the least-
squares planes and perpendicular displacements of 
atoms from each plane in Table 5, and intermolecular 
distances in Table 6. 

Hydrogen Bonds. There are two intramolecular 
hydrogen bonds in each molecule. T h e lengths of 
0 ( 2 ) - H ( 0 1 ) and 0 ( 2 ) - H ( 0 3 ) are 1.67 and 1.87 A 
respectively in 6-deoxy versicolorin A, and 1.97 and 
1.75 A respectively in versicolorin A. The angles 
of 0 ( l ) - H ( 0 1 ) - 0 ( 2 ) , 0 ( 3 ) - H ( 0 3 ) - 0 ( 2 ) , H ( O l ) -
0 ( 2 ) - G ( 4 ) , and H ( 0 3 ) - 0 ( 2 ) - G ( 4 ) are 137, 145, 105, 
and 101° respectively in 6-deoxy versicolorin A, and 
126, 148, 107, and 102° respectively in versicolorin A. 
In the crystal of versicolorin A there is an inter­

molecular hydrogen bond, 0 ( 7 ) - H ( 0 7 ) - - - 0 ( 6 ) , which 
connects the molecules related by the screw axis along 
the b axis. The distance of H ( 0 7 ) - 0 ( 6 ) is 1.93Â, 
and the angles of 0 ( 7 ) - H ( 0 7 ) - 0 ( 6 ) , H ( 0 7 ) - 0 ( 6 ) -
G(15), and H ( 0 7 ) - 0 ( 6 ) - C ( 1 6 ) are 143, 117, and 
105° respectively. A short contact (2.865 Â) is ob­
served in the crystal of versicolorin A between the 
atoms 0 ( 7 ) and O ( l ) of the molecule at ( —1+#, 

y, z) ; however, the final difference electron density 
map showed no peak in the region between these 
atoms. The molecular arrangements in both crystals 
are similar in spite of the existence of the inter­
molecular hydrogen bond in the crystal of versicolorin 
A. 

Structure of Dihydrqfuro[2,3-b]furan Moiety. The 
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TABLE 5. EQUATIONS OF LEAST-SQUARES PLANES AND 

DEVIATIONS OF ATOMS FROM EACH PLANE 

X, Y, and Z are Cartesian coordinates in Â referred 
to the axes a, b, and c. 

( a ) Anthraquinone skeleton 
6DVA : 0 . 0 0 4 Z - 0.520 F - 0.854Z+ 7.283 = 0 
VA: 0 .001Z-0 .486F-0 .874Z+7 .244 = 0 

G(l) 
G(2) 
G(3) 
G(4) 
G(5) 
G(6) 
G(7) 
G(8) 
G(9) 
G(10) 
G(ll) 

6DVA 
0.066 
0.012 

- 0 . 0 1 1 
- 0 . 0 4 8 

0.011 
0.006 
0.042 
0.039 
0.053 
0.009 

- 0 . 0 2 9 

VA 
0.050 
0.008 
0.005 

- 0 . 0 3 9 
- 0 . 0 2 8 
- 0 . 0 0 6 

0.036 
0.063 
0.043 
0.000 

-0 .034 

G(12) 
G(13) 
G(14) 
0(2) 
0(4) 
C(15)a) 
C(18)a) 
0(l)a> 
<D(3)a> 
<D(5)a> 
0(7)a) 

6DVA 
- 0 . 0 1 1 

0.015 
0.047 

- 0 . 0 8 7 
- 0 . 1 1 0 

0.067 
0.166 

- 0 . 0 1 5 
- 0 . 0 3 8 

0.069 

— 

VA 
0.006 
0.020 
0.039 

- 0 . 0 6 0 
-0 .100 

0.032 
0.127 

- 0 . 0 0 4 
-0 .049 

0.051 
0.118 

b) G(l), C(14), C(15), C(18), and 0(5) atoms 
6DVA : 0.033X+ 0.5287+ 0 .848Z- 7.488 = 0 
VA: 0 .024X+0.498F+0.867Z-7.353 = 0 

C(l) 
C(14) 
G(15) 

6DVA 
- 0 . 0 2 4 

0.005 
- 0 . 0 3 5 

VA 
-0 .022 

0.003 
-0 .033 

G(18) 
0(5) 

6DVA 
0.033 
0.022 

VA 
0.031 
0.021 

( c ) G(15), G(16), C(17), C(18), and 0(6) atoms 
6DVA: 0.899JF+0.0427+0.436Z- 12.212 = 0 
VA: 0.890AT+0.016F+0.456Z-12.153 = 0 

6DVA VA 6DVA VA 
G(15) 0.036 0.032 G(18) - 0 . 0 2 8 - 0 . 0 2 3 
G(16) 0.013 0.013 0(6) - 0 . 0 3 2 - 0 . 0 2 9 
G(17) 0.012 0.008 

a) Not included in the least-squares calculation. 

dihydrofuro[2,3-£]furan moiety has been widely found 
in fungal metabolites. T h e interatomic distances of 
this moiety for 10 molecules, whose structures were 
determined by means of X-ray crystallography, have 
been compared by a half-normal probability plot.13) 
T h e slopes of the plots range from ca. 1.2 to 3.0 with 
intercept 0.0, and some of them are not straight. The 
plots for 6-deoxyversicolorin A-sterigmatocystin and for 
6-deoxyversicolorin A-sterigmatin are shown in Fig. 2 
as typical examples.1"'' Most of the extreme values are 
found between non-bonded atoms, especially between 
the atoms C ( l ) , C(14), or 0 ( 5 ) and the atoms G(17), 
G(16), or 0 ( 6 ) . This fact suggests that the environ­
ments affect the conformation of such a simple moiety. 

The conformation of this moiety may be defined 
by the torsion angles about the C(18)-C(15) bond, 
and the values for these angles are listed in Table 7. 
The torsion angles of C ( l ) - C ( 1 8 ) - C ( 1 5 ) - 0 ( 5 ) and 
C(17) -C(18) -C(15) -0 (6 ) are apt to be right-handed 
in helicity. However, it is difficult to generalize the 
conformation of this moiety, since there is no rule for 
the distribution of the torsion angles about the C(18 ) -
C(15) bond except the right-handed helicity. 

Structure of Anthraquinone Skeleton. The structure 
of the anthraquinone skeleton was also examined by 
the half-normal probability method. T h e slope of 
the plot (1.8) between the anthraquinone skeletons 
of the present compounds is not much greater than 
1.0, which is in accordance with the result that the skew-
senses of the skeletons of each of these compounds 
are similar to each other, as shown in Table 5. T h e 
slopes of the plots between the skeletons of the other 
molecules, averufin,18) and versicolorin C,19) are larger 
than that of the present compounds (1.8—2.5). The 
plot for versicolorins A and G is shown in Fig. 2 as 
an example. When interatomic distances greater than 

tt The figures of 55 plots among these molecules are 
available from the authors on request. 

0(7) 
0(2) 
0(3) 
G (7) 
G(8) 
0(3) 
0(7) 
C(9) 
C(10) 
0(4) 
G(9) 
0(4) 
0(7) 
0(5) 

TABLE 6. 

C(16)! 
C(16)n 

C(16)n 

O(l)111 

0 ( 2 ) m 

G(17)m 

C(5) m 

C(2)IV 

0(1) I V 

0(2) I V 

0( l )v 
C(18)v 

0 ( 2 ) v 

C(13)YI 

SHORT J 

6DVA 

— 
3.231 
3.513 
3.480 
3.331 
3.394 

— 
3.498 
3.443 
3.308 
3.189 
3.412 

— 
3.388 

[NTERMOLECULAR 

VA 

3.336 
3.351 
3.362 
3.460 
3.326 
3.320 
3.304 
3.484 
3.425 
3.322 
3.158 
3.416 
3.296 
3.372 

CONTACTS B E T W E E N 

0(7) 
0(2) 
G(6) 
G(8) 
G(9) 
0(7) 
C(6) 
C(10) 
G(ll) 
G(8) 
0(4) 
0(7) 
0(4) 
0(6) 

N O N - H Y D R O G E N 

0 ( 6 ) ' 
0 ( 6 ) n 

O(l)111 

C(4) m 

0 ( 2 ) m 

C(4)n i 

G(18)iv 
C(2)IV 

0(1) I V 

o( i ) v 

C(17)v 

o(i)v 

G(16)VI 

C(11)VI 

ATOMS 

6DVA 

— 
3.515 
3.454 
3.426 
3.512 

— 
3.536 
3.435 
3.378 
3.413 
3.280 

— 
3.487 
3.367 

VA 

2.798a) 
3.490 
3.434 
3.381 
3.456 
3.283 
3.499 
3.451 
3.453 
3.511 
3.249 
2.865 
3.474 
3.477 

Roman numeral superscripts refer to the following transformations of the coordinates: 
(I) 1 - * , 1/2+jy, 3 /2 -2 (II) 2 - * , 1/2+jt, 3 /2 -2 (III) - 1 / 2 + *, l/2-y, 1-2 
(IV) - 1 / 2 + *, 1/2-.y, 2 - 2 (V) - i + x,y,z (VI) 3 /2 -* , -y, 1/2+2 

a) Hydrogen bond. 
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TABLE 7. TORSION ANGLES ABOUT THE G(18)-C(15) BOND 

B C D 

6DVA 
VA 
ST (A) 
ST(B) 
STERIG 
OMST 
DMST 
MTST 
AF(G) 
AF(O) 
AF(M) 

5.9 
5.6 
2.1 
0.5 
4.6 
4.8 

13.6 
1.3 
3.2 
2.0 
3.0 

5.7 
4.9 
1.8 

- 1 . 5 
3.6 
1.6 

11.2 
0.9 
2.8 

- 0 . 1 
0.7 

121.6 
121.1 
118.6 
117.0 
121.2 
121.0 
127.8 
119.4 
121.1 
117.7 
117.9 

- 1 1 0 . 0 
- 1 1 0 . 6 
- 1 1 4 . 7 
- 1 1 8 . 0 
- 1 1 2 . 9 
- 1 1 4 . 6 
- 1 0 3 . 0 
- 1 1 7 . 1 
- 1 1 5 . 1 
- 1 1 5 . 7 
- 1 1 4 . 1 

A: G(l)-C(18)-C(15)-0(5), B: C(17)-C(18)-G(15)-
0(6) , G: C(l)-C(18)-C(15)-0(6), D: G(17)-C(18)-
G(15)-0(5). 
Abbreviation: 6DVA, 6-deoxyversicolorin A; VA, ver-
sicolorin A; ST (A) and ST(B), two crystallographically 
independent molecules (A and B) of sterigmatin ;15) 
STERIG, sterigmatocystin;4) OMST, O-methylsterig-
matocystin ;4> DMST, demethylsterigmatocystin;17> 
MTST, 5-methoxysterigmatocystin ;16> AF(C), aflatoxin 
Bt (chloroform-solvated) 51) AF(O), aflatoxin B1 

(orthorhombic form);1) AF(M), aflatoxin Bj (mono-
clinic form).1) The sign convention of the torsion 
angle is such that the sign is positive if a clockwise 
rotation is requested of the atom (1) to eclipse atom 
(4) whilst looking down the (2)-(3) bond. The con­
figurations of the moiety in these molecules are assumed 
to be similar to each other. 

3.0 Â were excluded from the drawing, most of the 
extreme values were eliminated and the slopes decreased 
slightly to 1.6—2.2. This fact shows that the structure 
of the skeleton is affected by the environment, as in 
the case of the dihydrofuro[2,3-6]furan moiety. How­
ever, the difference of substituents attached to the 
atoms C ( l ) , C(8), and C(14) of this skeleton does not 
seem to affect the short interatomic distances. 

Although the interatomic distances are dependent 
on the cell constants, the underestimation (about 
1/1.6) of e.s.d.'s can scarcely be ascribed to their error. 
The underestimation may be due to other sources, 
such as the effect of thermal motion and/or the in­
herent tendency of underestimation in a block-diagonal 
least-squares technique. The same underestimation 
has been reported by several authors.14) 

Average Dimensions of Dihydrofuro\2,3-h~\furan Moiety 
and Anthraquinone Skeleton. The average dimensions 
of the dihydrofuro[2,3-è]furan moiety and the anthra­
quinone skeleton were calculated by using the e.s.d.'s 
of each length as a weight (Fig. 3). Although the 
e.s.d. is underestimated, this may be reasonable weight­
ing, because the underestimation of e.s.d. for each 
bond length is not so different. The dimensions of 
the anthraquinone skeleton seem to be affected by 
two hydroxyl groups, 0 ( 1 ) H and 0 ( 3 ) H ; the lengths of 
the G(3)-G(4) and G(4)-G(5) bonds are shorter than 
those of the C ( 1 0 ) - C ( l l ) and C ( l l ) - C ( 1 2 ) bonds, 
while the lengths of the C ( 4 ) - 0 ( 2 ) , G(2)-G(3), and 
C(5)-C(6) bonds are longer than those of the G ( l l ) -
0 ( 4 ) , C(12)-C(13) , and C(9)-C(10) bonds. Such an 
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Fig. 2. Half-normal probability plot : the vertical axis 
is observed öp^, the horizontal axis is the expected ôp-^ 
ôpi=\d{\)-d{2)\j{oi{\) + ai{2)}y\ where d and a 
are the interatomic distance and its e.s.d. respectively. 
(a) 6-Deoxyversicolorin A-sterigmatocystin as an ex­
ample that the conformation of the dihydrofuro[2,3-
è]furan moiety is similar to each other, (b) 6-deoxy­
versicolorin A-sterigmatin (B molecule) as an example 
that the conformation is different. (Table 7) (c) 
Half-normal probability plot for the anthraquinone 
skeletons of versicolorin A-versicolorin G including 
all data, and (d) that excluding the data of interatomic 
distances greater than 3.0 Â. 

unequivalence of bond lengths in the anthraquinone 
skeleton is also found in 1,5-dianilinoanthraquinone 
and 1,8-dianilinoanthraquinone.20) As expected from 
the chemical structure, however, the symmetry of the 
dimensions of the skeleton about the vector 0 ( 2 ) -
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1.225 

04 

( a ) 

1.508 

1.307 

( b ) 

Fig. 3. Averaged dimensions of (a) anthraquinone 
skeleton and (b) dihydrofuro[2,3-£]furan moiety. 
Taking account of the underestimation of e.s.d. of bond 
length of individual molecule, the e.s.d. of the mean 
length may be about 0.004 A for both anthraquinone 
skeleton and dihydrofuro[2,3-6]furan moiety. 

0 ( 4 ) is exce l len t . 

T h e c o m p u t a t i o n s w e r e p e r f o r m e d , us ing p r o g r a m s 
w r i t t e n b y t h e a u t h o r s , o n a T O S B A C - 3 4 0 0 c o m p u t e r 
a t t h e T o t t o r i U n i v e r s i t y C o m p u t i n g C e n t e r , a n d o n 
a N E A C 2 2 0 0 - N 7 0 0 c o m p u t e r a t t h e C o m p u t a t i o n 
C e n t e r of O s a k a U n i v e r s i t y . 

T h e a u t h o r s wish to t h a n k Professor Y u i c h i H a t s u d a 

a n d D r . T a k a s h i H a m a s a k i for s u p p l y i n g t h e s a m p l e s . 
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Transport of Picrate Anion against Its Concentration Gradient 
through a Dichloroethane Membrane 

Masaaki SUGIURA* and Toshio SHINBO 

National Chemical Laboratory for Industry, Nishiyawata, Hiratsuka 254 

(Received August 9, 1978) 

The rate of picrate transport coupled to a diffusion of potassium ions through a bulk 1,2-dichloroethane 
membrane has been measured. The membrane, containing a potassium ionophore separated two aqueous phases, 
one containing picrate and potassium salt and the other containing picrate and lithium salt. The picrate anion 
was accumulated against the concentration gradient in the aqueous phase containing the lithium salt. The rate of 
picrate transport incrased with increasing ionophore concentration and in the absence of the ionophore, the 
transfer of picrate did not occur. The effect of potassium and lithium counter-ions such as chloride, nitrate and 
sulfate on the transport of picrate has been examined. The combination of potassium sulfate and lithium nitrate 
showed the highest rate of transport. In the potassium nitrate-lithium nitrate system, the transport of picrate 
was appreciably depressed by the transfer of nitrate ions across the membrane. The decrease in concentration of 
potassium ion in the aqueous phase brought about a lowering of the rate of picrate transport. The rate of picrate 
transport rose according to the following order of ionophore : dicyclohexyl-18-crown-6>dicyclohexyl-24-crown-
8 > dibenzo-18-crown-6 > dibenzo-24-crown-8 > valinomycin. 

When the chemical potential difference of ions is 
imposed across an oil membrane, a lipophilic ion or 
a specific ion which binds to a transport carrier can 
be moved against the concentration gradient to one side 
of the membrane. The uphill transport of alkaline 
cations1'2^ and amino acids3) through bulk organic 
liquid membranes has been reported and in these 
systems, the energy for transport was the chemical 
potential difference of the protons across the membrane. 
Kusaka et al.*> have observed the accumulation of 
alanine and proline into phospholipid vesicles con­
taining hydrohobic proteins as transport carriers, in 
response to a membrane potential introduced by the 
diffusion of potassium ions via valinomycin. 

In the present paper, the uphill transport of picrate 
anion through the bulk 1,2-dichloroethane membrane 
has been investigated. In this system, the transport 
of picrate has been coupled to a diffusion of potassium 
ions via various potassium ionophores. 

Experimental 

phase I -phase II 

phase III 

Fig. 1. Apparatus for measuring the transport of pic-
rate. Initial composition of each phase; 
phase I : aqueous solution (50 ml) containing 10-4 M 
K-picrate, 0.01 M Tris-H2S04 buffer (pH 8.3) and 
0.001—0.1 N K-salt, 
phase II : aqueous solution (50 ml) containing 10~4 M 
K-picrate, 0.01 M Tris-H2S04 buffer (pH 8.3) and 
0.1 N Li-salt, 
phase III : 1,2-dichloroethane (100 ml) containing 0— 
10~3 M ionophore. 

Apparatus. The apparatus used for measuring the 
transport of picarte is shown in Fig. 1. It is a modification 
of the apparatus described by Behr and Lehn.3) The cell 
consisted of a cylindrical glass vessels (7 cm i.d.; height 
7 cm) containing a central glass wall which separated the 
two aqueous phases (50 ml each). The dichloroethane 
phase (phase III, 100 ml) lay under these aqueous phases 
and bridged across the central separation. The aqueous 
phase I in the cell contained initially 10~4 M potassium 
picrate, a 0.01 M Tris-H2S04 buffer of pH 8.3 and a 0.1 M 
potassium salt (the experiment on the effect of potassium 
ion concentration was different) while phase II contained 
10-* M potassium picrate, a 0.01 M Tris-H2S04 buffer 
and a 0.1 M lithium salt. To the dichloroethane phase, 
an appropriate quantity of potassium ionophore was added. 
The cell was placed in a water bath adjusted to 25±0.1 °G. 
All three phases were agitated at 180 r.p.m. with a pair of 
glass stirrers. 

Materials. The potassium ionophores, dicyclohexyl-
18-crown-6 and dicyclohexyl-24-crown-8 were commercial 
products from Nihon Soda Co., dibenzo-18-crown-6 and 
dibenzo-24-crown-8 from Aldrich Chemical Co. and vali­

nomycin from Sigma Chemical Co. All other chemicals 
were reagent grade and not subsequently purified. 

Procedure. The dichloroethane used for phase III 
was pre-equilibrated with 10~4 M potassium picrate solution 
containing a Tris-H2S04 buffer and potassium and lithium 
salts, whose concentrations were equal to those in the aqueous 
phases I and II. 1,2-Dichloroethane (100 ml) containing 
an appropriate quantity of ionophore was shaken with the 
above-mentioned picrate solution(250 ml) for ca. 6 h at 25 °C. 
During this treatment, the picrate solution was occasionally 
renewed until the picrate concentration in the aqueous 
solution became constant. After attainment of equilibrium, 
the picrate solution was removed, after which dichloro­
ethane (100ml) was placeed in the cell. Two kinds of aque­
ous solution used for phases I and II were subsequently 
poured into either side, as shown in Fig. 1. The transport 
of picrate was initiated by the addition of the aqueous solu­
tions. The concentration of picrate in both the aqueous 
phases and the membrane potential were measured at regular 
time intervals, the determination being conducted on a 
Hitachi Model 100-10 spectrophotometer at 420 nm and 
that of the membrane potential using a Keithley Model 
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T A B L E 1. INITIAL CONCENTRATION OF PICRATE IN THE 1,2-DICHLOROETHANE PHASE AND CONCENTRATION 

7 h AFTER THE START OF PICRATE TRANSPORT FOR VARIOUS MEMBRANE SYSTEMS 

K, Li salts 
Phase I -Phase I I Ionophre (Conen, M) 

Picrate concentration (M) 

Initial After 7 h 

0 .1 M K C l - 0 

0 .1 M K C l - 0 . 

0 .1 M K C l - 0 . 

0 .1 M K N O 3 - 0 

0 .05 M K 2 SO 4 -0 

0 .05 M K 2 SO 4 -0 

0 .1 M 

0.05 M 
0.05 M 
0.01 M 
0 . 0 9 M 
0.005 M 
0.095 M 
0.001 M 
0.099 M 
0.1 M 
0 .1 M 
0 .1 M 
0 .1 M 

-0 

K C l - 0 

KCl 
LiCl 
KCl 
LiCl 
KCl 
LiCl 

KCl 
LiCl 

K C l - 0 

K C l - 0 

K C l - 0 

K C l - 0 

1 M LiCl 

1 M LiCl 

1 M LiCl 

1 M L i N 0 3 

05 M L i 2 S 0 4 

1 M L i N 0 3 

05 M L i 2 S 0 4 

1 M LiCl 

- 0 . 1 M LiCl 

•0.1 M LiCl 

- 0 . 1 M LiCl 

M LiCl 

M LiCl 

M LiCl 

M LiCl 

Dicyclohexyl-18-crown-6 (ÎO -5) 

Dicyclohexyl-18-crown-6 (ÎO -4) 

Dicyclohexyl-18-crown-6 (ÎO -3) 

Dicyclohexyl-18-crown-6 (10-*) 

Dicyclohexyl-18-crown-6 (10 - 4) 

Dicyclohexy 1-18-crown-6 ( 10 -4) 

Dicyclohexyl-18-crown-6 (ÎO -4) 

Dicyclohexy 1-18-crown-6 ( 10 -4 ) 

Dicyclohexyl-18-crown-6 (10 - 4) 

Dicyclohexyl-18-crown-6 ( 10~4) 

Dicyclohexyl-18-crown-6 (10 4) 

Dicyclohexyl-24-crown-8 (10-4) 

Dibenzo-18-crown-6 (10-4) 

Dibenzo-24-crown-8 (10~4) 

Valinomycin (10-4) 

0 . 9 x l 0 - 5 

9 . 0 X 1 0 - 5 

9 . 2 X 1 0 - 4 

9 . 9 x l 0 - 5 

8 . 3 x l 0 " 5 

9 . 1 x l 0 - 5 

8 . 8 x l 0 - 5 

8 . 2 x l 0 - 5 

7 . 9 x l O - B 

7 .4 x l 0 ~ B 

5 . 3 x 1 0 - 6 

8 . 9 x l 0 - 5 

2 . 6 x l 0 - 5 

2 . 4 X 1 0 - 5 

8 . 9 x l 0 - 5 

0 . 8 X 1 0 - 5 

7 . 2 x 1 0 - 5 

8 . 2 X 1 0 - 4 

9 . 3 x 1 0 - 5 

6 . 1 X 1 0 - 6 

6 . 6 x 1 0 - 5 

6 . 5 x 1 0 - 5 

7 . 1 x 1 0 - 5 

6 . 8 x 1 0 - 5 

6 . 8 x 1 0 - 5 

5 . 2 x 1 0 - 5 

7 . 4 x 1 0 - 5 

1 . 1 x 1 0 - 5 

2 . 1 x 1 0 - 5 

8 . 7 x l 0 - 5 

610C or a Toadenpa Model PM-19A electrometer, with 
calomel electrodes connected to the aqueous phase, via salt 
bridges made of polyethylene tubing containing agar saturated 
with potassium chloride. T h e picrate concentrations in 
the dichloroethane phase before and after the measurement 
of picrate transport were also determined spectrophotometri-
cally. 

R e s u l t s 

Effect of Ionophore Concentration. T h e p i c r a t e 

c o n c e n t r a t i o n s in b o t h a q u e o u s phase s a n d t h e m e m ­
b r a n e p o t e n t i a l a g a i n s t t i m e curves for v a r i o u s con­
c e n t r a t i o n of d i cyc lohexy l -18 -c rown-6 a r e s h o w n in 
F ig . 2. T h e p o l a r i t y of t h e m e m b r a n e p o t e n t i a l was 
pos i t ive in p h a s e I I w i t h r e spec t to p h a s e I . I n 
these systems, p h a s e I c o n t a i n e d 0.1 M p o t a s s i u m 
ch lo r ide a n d p h a s e I I 0.1 M l i t h i u m ch lo r ide . T h e 
p i c r a t e c o n c e n t r a t i o n in p h a s e I d e c r e a s e d w i t h t i m e 
[ d o t t e d l ine i n F ig . 2 ( a ) ] , w h i l e t h a t in p h a s e I I i n ­
c reased [solid l ine in F ig . 2 ( a ) ] . T h u s t h e p i c r a t e 
a n i o n was t r ans fe r red f rom p h a s e I to p h a s e I I a g a i n s t 
t h e c o n c e n t r a t i o n g r a d i e n t t h r o u g h t h e d i c h l o r o e t h a n e 
m e m b r a n e . T h e i n c r e m e n t of p i c r a t e i n p h a s e I I 
h o w e v e r was l a r g e r t h a n t h e d e c r e m e n t in p h a s e I 
a t t r i b u t a b l e to t h e l i b e r a t i o n of p i c r a t e f rom t h e d i ­
c h l o r o e t h a n e p h a s e i n to p h a s e I I . T h e in i t i a l c o n c e n ­
t r a t ions of p i c r a t e i n t h e d i c h l o r o e t h a n e p h a s e a n d t h e 
c o n c e n t r a t i o n s 7 h after t h e s ta r t of p i c r a t e t r a n s p o r t 
a r e l isted in T a b l e 1, t o g e t h e r w i t h those for t h e o t h e r 
t r a n s p o r t systems. 

T h e r a t e of p i c r a t e t r a n s p o r t i nc rea sed w i t h i nc reas ­
i n g i o n o p h o r e c o n c e n t r a t i o n . I n t h e a b s e n c e of 
i o n o p h o r e , t h e t ransfer of p i c r a t e was n o t obse rved . 
I n this case , t h e m e m b r a n e p o t e n t i a l was a b o u t 25 m V . 

Effect of Potatsium and Lithium Counter-ions. 

W h e n t h e n i t r a t e s a n d sulfates of p o t a s s i u m a n d l i t h i u m 

100 h 

50 h 

1 

(b) 

. • 
I 

i 

i 

i 

i 

i 

• 
i 

i 

i 

i 

i 1 
2 3 4 

Time (h) 

Fig. 2. Effect of ionophore concentration on the trans­
port of picrate. 
(a) Picrate concentrations in both aqueous phases 
against time curves. 
T h e dotted and solid lines represent the picrate con­
centrations in phases I and I I respectively. 
(b) M e m b r a n e potential against time curves. Ionop­
hore concentrat ion; 
• : 10-5 M j o : 10-4 M , A : lO-3 M . 
Ionophore ; dicyclohexyl-18-crown-6, K, Li salts; phase 
I : 0.1 M KCl , phase I I : 0.1 M LiCl. 

w e r e a d d e d in t h e a q u e o u s phase s i n p l a c e of t h e 
ch lo r ides , t h e t r a n s p o r t of p i c r a t e w a s affected b y t h e 
c o u n t e r - i o n s , t h e effect of w h i c h is s h o w n i n F ig . 3 . 
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Time (h) 

Fig. 3. Effect of potassium and lithium counter-ions 
on the transport of picrate. 
The curves have the same meanings as in Fig. 2. K 
and Li salts in phases I and I I ; O: 0.1 M KCl ( I ) -
0.1 M LiCl (II), A : 0.1 M K N 0 3 (I)-0.1 M LiNOs 

(II), D : 0.05 M K 2 S0 4 (I)-0.05 M Li2S04 (II), O : 
0.05 M K 2S0 4 (I)-0.1 M LiN0 3 (II), # : 0.1 M KCl 
(I)-0.05M Li2S04 (II). Ionophore; 10~4 M dicy-
clohexyl-18-crown-6. 

Fig. 4. Effect of potassium ion concentration on the 
transport of picrate. 
The curves have the same meanings as in Fig. 2. K 
and Li salts in phases I and I I ; O : 0.1 M KCl (I)-
0.1 M LiCl (II), A : 0.05 M KCl, 0.05 M LiCl ( I ) -
0.1 M LiCl (II), D.-0.01 M KCl, 0.09 M LiCl (I)-
0.1 M LiCl (II), 0 :0 .005 M KCl, 0.095 M LiCl 
(I)-0.1 M LiCl (II), • : 0.001 M KCl, 0.099 M LiCl 
(I)-0.1 M LiCl (II). Ionophore; 10~4 M dicyclo-
hexyl-18-crown-6. 

Toshio SHINBO [Vol. 52, No. 3 

Time (h) 

Fig. 5. Effect of ionophores on the transport of picrate. 
The curves have the same meanings as in Fig. 2. 
Ionophore; O : dicyclohexyl-18-crown-6, A : dicyclo-
hexyl-24-crown-8, • : dibenzo-18-crown-6, O : di-
benzo-24-crown-8, # : valinomycin. 
Ionophore concentration; 10-4 M, K, Li salts; phase 
I : 0.1 M KCl, phase I I : 0.1 M LiCl. 

In these systems, dicyclohexyl-18-crown-6 was used 
as an ionophore at a concentration in dichloroethane 
of 10-4 M. 

In the potassium sulfate-lithium nitrate system, 
the highest rate of picrate transport was observed. 
O n the contrary, a considerable decrease in the rate 
of picrate transport occurred in the potassium nitrate-
lithium nitrate system. 

Effect of Potassium Ion Concentration. The effect 
of varying the concentration of potassium chloride in 
phase I from 0.001 to 0.1 M on the transport of 
picrate is shown in Fig. 4. In this system, lithium 
chloride was added to compensate for the lack of 
chloride ion in phase I. The ionophore used was 
dicyclohexyl-18-crown-6 and the concentration in the 
dichloroethane phase was 10 - 4 M. 

The rate of picrate transport decreased with decreas­
ing potassium ion concentration. The change in 
membrane potential with time also decreased according 
to the reduction of the rate of picrate transport. 

Effect of Ionophores. The picrate concentrations 
in the aqueous phases and the membrane potential 
against time curves for various ionophores are shown in 
Fig. 5. In these systems, phase I contained 0.1 M 
potassium chloride and phase I I 0.1 M lithium chloride. 
T h e concentrations of ionophores in the dichloro­
ethane phase were 10 - 4 M in all cases. 

The rate of picrate transport increased according 
in the following order of ionophore; dicyclohexyl-18-
crown-6 > dicyclohexyl-24-crown-8 > dibenzo-18-crown-
6 >dibenzo-24-crown-8> valinomycin. This order, with 
the exception of valinomycin, agreed with that for 



March, 1979] Transport of Picrate against Its Concentration Gradient 687 

Fig. 6. Increment of potassium ion concentration 
(ACK

+) in phase II against time curves. 
O: 0.1 M KCl (phase I)-0.1 M LiCl (phase II) 
system, A : 0.1 M KCl (phase I)-0.05 M Li2S04 

(phase II) system. Ionophore; 10~4 M dicyclohexyl-
18-crown-6. 

the permeability ratio of potassium ion to sodium 
ion across the liqiud membrane consisting of dioleyl 
phosphate and oleyl alcohol.5) 

D i s c u s s i o n 

It has been reported that picrate is a lipophilic 
anion and that it permeates the phospholipid membrane 
electrophoretically.6) In the present experiments, 
however, the transport of picrate through the dichloro-
ethane membrane containing no ionophore was not 
observed: picrate was transferred only in the presence 
of potassium ion and potassium ionophore. The 
rate of picrate transport increased with increasing iono­
phore concentration suggesting that the picrate anion 
in phase I was dissolved in the dichloroethane phase 
forming an ion-pair with a complexed cation consisting 
of ionophore and potassium ion and then liberated 
into phase I I by the dissociation of the ion-pair. 

The rate of picrate transport depended on various 
factors such as the concentration of ionophore and 
potassium ion and the type of potassium and lithium 
counter-ions and ionophore. To investigate the mech­
anism of this transport system, the change in potas­
sium ion concentration in phase I I with time was 
measured by means of flame analysis, the results of 
which for the potassium chloride-lithium chloride and 
potassium chloride-lithium sulfate systems are shown 
in Fig. 6. The change in chloride ion concentration 
in phase I I for the potassium chloride-lithium sulfate 
system was also determined by a titrimetric method. 
I t was found that increment of potassium ion con­
centration in phase I I was approximately 10 - 3 M for 
7 h and that for chloride ion concentration also ap­
proximately 10 - 3 M indicating that approximately 
1 % of the potassium chloride in phase I was transferred 
to phase I I across the membrane. Using the assump­
tion of electroneutrality, the number of moles of potas­
sium ions diffusing into phase I I must equal the sum 

C:^A 

I 2 n 
" 0 1 2 3 4 5 6 7 

Time(h) 

Fig. 7. Examination for the influence of membrane 
potential on the transport of picrate. 
O : Usual transport, A : the potential difference 
between both aqueous phases was clamped at 0 mV, 
• : a potential difference of 300 mV was applied 
between both aqueous phases in the reverse direction 
of the membrane potential. 
The dotted and solid lines represent the picrate con­
centrations in phases I and II respectively. Ionop­
hore; 10~4M dicyclohexyl-18-crown-6, K, Li salts; 
phase I : 0.1 M KCl, phase II : 0.1 M LiCl. 

of those of chloride and picrate ions transferred into 
phase I I . The effect of potassium and lithium counter-
ions on the transport of picrate can be explained by 
the difference in permeability across the membrane. 
To obtain the order of permeability for the counter-
ions, the membrane potential of the dichloroethane 
membrane in the absence of picrate and Tr i s -H 2 S0 4 

buffer was measured. The membrane potentials for 
the potassium chloride—lithium chloride, potassium 
nitrate-l i thium nitrate, potassium sulfate-lithium sul­
fate and potassium sulfate-lithium nitrate systems 
were found to be approximately 70, 50, 80, and 160 mV, 
respectively. The polarity of the potential was positive 
in phase I I with respect to phase I. Using the rela­
tionship between the membrane potential and per­
meability coefficient derived by Hodgkin and Katz,7) 
the following order of permeability for the counter-
ions was established: N 0 3 > C 1 > S 0 4 — in fact, the rate 
of picrate transport decreased according to the same 
order for the potassium counter-ions. In the case of 
the potassium nitrate-l i thium nitrate system, the libera­
tion of picrate from the ion-pair at the phase H-dichloro-
ethane interface was depressed by the co-transport 
of nitrate with potassium ion, whereas, in the case of 
the potassium sulfate-lithium nitrate system, the transfer 
of nitrate from phase I I to phase I facilitated the 
transport of picrate. 

In general , the membrane potential has been shown 
to be important in transport across the membrane. 
In the present experiments, the membrane potential 
gradually increased with time attaining a steady value. 
T o examine the role of the membrane potential, the 
potential difference between phases I and I I was set 
0 m V by a short circuit method.8) No difference in 
the results was observed , as shown in Fig. 7. Further­
more, only a slight decrease in the rate of picrate 
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transport occurred, even when a potential difference 
of 300 m V was applied between both the aqueous 
phases in the reverse direction of the membrane po­
tential (Fig. 7), i.e. the transport of picrate is largely 
unaffected by the membrane potential. The explan­
ation for this is that the transport of picrate occurs only 
by the diffusion of potassium ions across the membrane 
and therefore, the decrease in concentration gradient 
of the potassium ion across the membrane brings 
about a lowering of the rate of picrate transport, as 
seen from Fig. 4. 

The effect of ionophores on the transport of picrate 
is associated with the permeability ratio of the potas­
sium ion to the lithium ion for the dichloroethane 
membrane. This permeability ratio depends on the 
ionic selectivity of ionophore, the mobility of the po­
tassium- and l i thium-ionophore complexes in the 
dichloroethane membrane and the partition coefficient 
of the complexes.9) I t is thought that the behavior of 
the above-mentioned crown compounds for the di­
chloroethane membrane system is similar to that for 
the dioleyl phosphate-oleyl alcohol membrane system 
previously described.5) In that system, the oleyl 
phosphate-oleyl alcohol membrane in the presence 
of valynomycin showed the highest permeability 
ratio of potassium ion to sodium ion. In the present 
experiment, the rate of picrate transport was extremely 
small in the presence of valinomycin and bearing in 

mind that the membrane potential is very samll in 
the presence of valinomycin, this may be attributed 
to a lowering of the potassium-ion selectivity of valino­
mycin, based on the interaction between valinomycin 
and picrate. 
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Such crystalline ion radical salts as Wûrster's Blue Perchlorate and K+ />-Chloranil~ are known to undergo 
phase transitions in the solid state. There are distinct differences in their optical and magnetic properties between 
the low- and high-temperature phases. Using Hubbard Hamiltonian, the electronic states of the high-temper­
ature phases of those solid ion radical salts were explained in terms of an infinite non-alternant linear chain model, 
while those of the low-temperature phases, in terms of a dimer model. 

The prominent magnetic, electrical and optical 
properties of a number of solid ion radical salts have 
been the subject of many theoretical and experimental 
investigations over the past fifteen years.1-17) In such 
ion radical salts, the planar ion radical molecules are 
known to form, in themselves, a segregated stacking 
into columns so as to make a large overlap between 
their half-occupied molecular orbitals.11-13) There 
have been known several crystalline ion radical salts 
that undergo solid-state phase transitions. For ex­
ample, a stable cation radical salt of Wûrster 's Blue 
(N,N,N',N '-tetramethyl-p-phenylenediamine) Perchlo­
rate undergoes a phase transition at 186 K, 1 - 3) while 
an anion radical salt of K+/?-Chloranil~, around 210— 
260 K.4 '8 '9) In both of these salts, because of the struc­
tural change in the phase transition, the optical and 
magnetic properties of the high-temperature phases 
differ distinctly from those of the low-temperature 
phases.1-10) 

In previous papers,14-17) we applied half-filled H u b ­
bard model to the segregated stack of ion radical 
molecules and investigated the optical and magnetic 
properties of a number of crystalline ion radical salts. 
In the present paper, we shall apply this method to 
Wûrster's Blue Perchlorate and K+ />-Chloranil~ crystals 
and explain the electronic states and the optical and 
magnetic properties of their high- and low-temperature 
phases. This kind of approach will be very important 
to investigate the mechanism of the phase transitions 
of those ion radical salts. 

Wûrster ' s Blue Perchlorate 

At room temperature the crystal is known to be 
orthorhombic and to be built up from non-alternant 
one-dimensional columns composed of equivalent 
Wûrster's Blue cation radicals along the a-axis, the 
intermolecular spacing between nearest neighbor cation 
radicals being 3.550 Â.11) A phase change into the 
monoclinic form occurs at 186 K, and in the mono-
clinic phase the a- and c-axes are almost doubled in 
length in comparison with the orthorhombic modifica­
tion.11) 

The magnetic susceptibility of Wûrster 's Blue Per­
chlorate and its temperature dependence were measured 
by Duffy and by Okumura.1 '2) In the region above 
the transition temperature, the salt had been considered 
to be a normal paramagnet . The paramagnetic sus­
ceptibility above the transition temperature has been 
reported to be consistent with a Curie-Weiss law with 
a Curie constant C=0.325 emu deg/mol and a Curie 

10 15 20 25 

Wave number ( lO 'c r rT 1 ) 

Fig. 1. (a) The observed diffuse reflection spectrum of 
solid Wûrster's Blue Perchlorate salt at room temper­
ature. The value of Kubelka-Munk function, f(R) = 
(\—R)2/2R, was plotted versus wave number, (b) 
The intermolecular charge-transfer band of the salt. 
It was obtained by subtraction of the monomer absorp­
tion of the cation radical. See text and Ref. 5. 

temperature 6=—23±5 K.2) However, the observed 
paramagnetism is often short of the expected 100% 
free radical value. For example, Duffy found it to be 
9 4 % , and Okumura , as low as 81%.1>2) T h e reason 
for this is that, although the cation radicals have almost 
free spins, there may act weak antiferromagnetic ex­
change interaction between the cation radicals. Soos 
and Hughes considered the salt of the high-temperature 
phase to be non-alternant one-dimensional antiferro-
magnet with exchange interaction 2J^St-Si+1, (S= 

1/2).10) They used their pseudo-spin method to derive 
theoretical magnetic susceptibility versus temperature 
curve. The pseudo-spin result with J= 70 c m - 1 gave 
excellent agreement between the observed and theo­
retical magnetic susceptibility curves in the high-tem­
perature phase. 

Earlier, we measured the electronic spectrum of 
Wûrster 's Blue Perchlorate crystal at room temperature 
(i.e., the high-temperature phase) by means of diffuse 
reflection method.5) T h e observed spectrum is re­
produced in Curve (a) of Fig. 1, where we note a 
strong absorption at 16700 c m - 1 and a weak shoulder 
around 12000 cm - 1 . T h e strong absorption at 16700 
c m - 1 corresponds well to the 16400 c m - 1 band of the 
monomer spectrum of Wûrster 's Blue cation radical, 
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while the shoulder around 12000 cm" 1 was assigned 
to the charge-transfer transition between the cation 
radicals in the solid state.5-7»9) By subtracting the 
16700 c m - 1 monomer absorption from the observed 
solid-state spectrum, the intermolecular charge-transfer 
band of the high-temperature phase is given by Curve 
(b) of Fig. 1, and its peak position appears to be at 
11900 cm- 1 . 

In order to understand those optical and magnetic 
properties of the high-temperature phase of Würster 's 
Blue Perchlorate crystal, we consider the system of 
non-alternant one-dimensional stack of Würster 's Blue 
cation radicals in terms of Hubba rd Hamiltonian, 
which can be written by14 '16) 

& = S TijdSCjo + 7 S w i , (1) 
i, j , a i 

where nia=Cio+G'ia, and C.v+ and da are the creation 
and annihilation operators of an electron with a-spin 
at the z'-th site, respectively, and where Ttj{<0) is 
the transfer matrix element between the z'-th and j '-th 
sites. T h e Coulomb repulsion potential, I, appears 
only when two electrons with up and down spins are 
at the same site. For non-alternant one-dimensional 
column of ion radicals, we consider the half-occupied 
molecular orbital of the unpaired electron as one site 
of ion radical molecule, and only take into account 
the transfer matrix element between the nearest 
neighbor sites. Piereafter, it is simply denoted by T 
( < 0 ) . We consider a paramagnetic state for our 
system, and further assume a ^-function for each ele­
mentary transition in which the spin and the wave 
vector of an electron are conserved. T h e intermole­
cular charge-transfer absorption of this system, ff(eo), 
is then given by14) 

°{0)) « " T œ v i ' - T » ^ 4 r W + / * . (2) 

A schematic representation of the absorption line shape 
has been given in Fig. 1 of Ref. 14. T h e theoretical 
charge-transfer absorption has a sharp divergent peak at 
OJ=I, and has a band width of l / / 2 + 4 T ' 2 —I in the 
region of co>I. O n the other hand, we examine the 
magnetic properties of the same system. In a region 
of small | T\ limit, the Hubba rd model leads to a 
stabilization of the antiferromagnetic state between ion 
radical molecules.16»17) For a pair of nearest neighbor 
ion radicals, if the small direct exchange is neglected, 
the energy gap between the parallel and antiparallel 
spin states is given by 2J=4T2/I. Therefore, we can 
well consider our solid Würster 's Blue Perchlorate salt 
as one-dimensional antiferromagnet with an exchange 
interaction, J. In this respect, Soos and Hughes ' 
t reatment of regular one-dimensional antiferromagnetic 
model is quite adequate. Therefore, if we combine 
the experimental data on the peak energy of the observ­
ed charge-transfer absorption and the exchange in­
teraction parameter derived from the magnetic sus­
ceptibility measurement, we can uniquely determine 
the magnitudes of I and T of Eq. 1 for our system. 

W e apply this approach to the high-temperature 
phase of the Würster 's Blue Perchlorate crystal. The 
observed peak energy of the charge-transfer absorption, 
11900 c m - 1 , thus corresponds to 7=11900 c m - 1 . As 

for the magnitude of the transfer matrix element, by 
putt ing the estimated 7=11900 c m - 1 and J =10 c m - 1 

values into J=2T2fI, we obtain T=— 650 c m - 1 for 
the one-dimensional system of the Würster's Blue 
Perchlorate salt. The | T\ value thus estimated is 
found to be much smaller than the | T\ values esti­
mated with a number of other ion radical salts,14-17) 
indicating weak intermolecular interaction between the 
Würster 's Blue cation radicals.18) This is supported 
by the fact that the intermolecular distance between 
the cation radicals in the Perchlorate salt is as large as 
3.550 Â and also by the spectroscopic features that the 
16700 c m - 1 band of the solid salt corresponds well to 
the monomer spectrum of the Würster 's Blue cation 
radical and that the intermolecular charge-transfer 
band appears very weakly as a shoulder in the solid-
state spectrum. 

Next, we consider the low-temperature phase of the 
same salt. As the phase transition occurs, the non-
alternant one-dimensional stack of Würster's Blue 
cation radicals alternates strongly in the low-temper­
ature phase.11) The Würster 's Blue cation radicals 
stack predominantly in a pair-by-pair manner, so that 
the crystal system can be practically confined to a 
dimer of the cation radicals. In fact, Thomas et al. 
observed the triplet-state fine structures in the ESR 
spectrum below the transition temperature and deter­
mined the energy gap between the ground singlet state 
and the excited triplet state to be 246 cm - 1 .3) O n 
the other hand, Sakata et al. and Ishii et al. measured 
the crystal electronic spectrum of the Perchlorate salt 
below the transition temperature.6 '9) With decreasing 
temperature, they found marked increase in intensity 
of the low-energy charge-transfer absorption, whose 
peak position was at 12100±400 cm - 1 . This absorp­
tion was assigned to the charge-transfer transition 
between the Würster 's Blue cation radicals in the dimer. 

O n the basis of these experimental results, we con­
sider the electronic state of the low-temperature phase 
of the Würster's Blue Perchlorate salt in terms of a 
dimer model of Hubbard Hamiltonian, which can be 
written by16) 

J T = S T{Cla+C2a+C^Cla) + /(niî«ii-f natiiai), (3) 
a 

where the notations are common to those in Eq. 1. 
The suffixes, 1 and 2, denote two sites of ion radicals 
in a dimer, and T(<0) is the transfer matrix element 
between ion radicals in the dimer. If we only take 
the half-occupied molecular orbital of ion radical for 
each site, there are six bases of the wave functions 
for the dimer. After solving the eigenvalue problem, 
we have three singlet states and one triplet state. A 
detail of the wave functions and the energy levels was 
described in a previous paper.16) The energy of the 
charge-transfer absorption, AJ>CT, and the singlet-triplet 
energy separation, <5, are given by 

A"CT= J(y/)a+(2r)^1 / 2 + y/, (4) 

Ô= {(y /)2+(2r)2}V2-y /- (5) 
This dimer model was then applied to the above 

experimental results of the low-temperature phase of 
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the Wurster's Blue Perchlorate salt. By putting the 
observed values of Ai>CT=12100±400 c m - 1 and ô= 
246 c m - 1 into Eqs. 4 and 5, we obtain I=hvCT—ô = 
11900±400 c m - 1 and T=— 865±15 cm"1 , respectively. 
The 7 value thus estimated almost coincides with the 
7=11900 c m - 1 value of the high-temperature phase, 
while the | T\ value of the dimer is found to be 
appreciably larger than the | T\ = 650 c m - 1 value of 
the high-temperature phase. In view of these results, 
the 186 K phase transition associated with slight crystal 
structure modification scarcely changes the magnitude 
of Coulomb repulsion energy, but increases significant­
ly the magnitude of transfer matrix element of the 
dimer in the low-temperature phase. 

K+ /»-Chloranil^" 

At room temperature, although there are several 
polymorphs, in the structure of the orthorhombic a-
form the j^-chloranil anion radicals are stacked with 
equal intervals, forming non-alternant one-dimensional 
columns parallel to the c-axis, the interplanar spacing 
being 3.47 Â.12) The optical and magnetic properties 
and the electronic state of the room-temperature (high-
temperature) phase of the K+ jö-ChloraniF" salt have 
been already discussed in a previous paper.16) T h e 
Hubbard Hamiltonian of Eq. 1 was applied to the 
non-alternant one-dimensional column of the jfr-chlor-
anil anion radicals, and the values of 7 = 11800 c m - 1 

and 7"=—820 c m - 1 were obtained. 
As temperature is lowered, the K+ />-Chloranil~ salt 

undergoes a phase transition at 210 K.4) With increas­
ing temperature, however, a large hysteresis occurs 
and the low-temperature phase changes into the 
high-temperature phase around 260 K. The magnetic 
susceptibility and its temperature dependence in the 
low-temperature phase were measured by Andre et al. 
and were well explained in terms of an equilibrium 
between ground singlet state and excited triplet state 
lying «5=400 c m - 1 above the singlet state.4> In the 
low-temperature phase, although there have been no 
crystal structure data, the magnetic behavior strongly 
suggests a dimeric structure of the j&-chloranil anion 
radicals. T h e electronic spectrum of the solid salt 
below the transition temperature was measured by 
Hiroma and Kuroda.8) With decreasing temperature, 
they found marked increase in intensity of the low-
energy charge-transfer absorption, whose peak position 
was reported to be at 11500 cm- 1 . This absorption 
was assigned to the charge-transfer transition in the 
dimer. In order to explain those optical and magnetic 
properties, the dimer model of Hubbard Hamiltonian 
of Eq. 3 was again applied. By taking the same 
procedure as described in the preceding section, to­
gether with Eqs. 4 and 5, the values of 7=11100 
c m - 1 and 7"= — 1070 c m - 1 were estimated for the 
low-temperature phase of the K+ ^ -Ch lo ran iP salt. 
We can also see that the | T\ value of the low-
temperature phase is larger than the | T\ value of 
the high-temperature phase. The phase change causes 
a slight decrease of the 7 value in the low-temperature 
phase. 

Concluding R e m a r k s 

In both of the Wurster 's Blue perchlorate and 
K+ jfr-Chloranil" crystals, the high-temperature phases 
correspond to non-alternant one-dimensional stacks of 
ion radical molecules, while the phase transitions cause 
alternate stacks of ion radicals in the low-temperature 
phases. In the present paper, we cannot explain the 
detailed mechanism of these phase transitions, but can 
understand the electronic states of both high- and 
low-temperature phases in terms of Hubba rd Hamil­
tonian. T h e motive force of the phase changes proba­
bly comes from Peierls instability in one-dimensional 
system of segregated stacks of ion radical molecules. 

As for the transfer matrix element of the high-
temperature phase, the | T\ value of Wurster 's Blue 
perchlorate is found to be smaller than that of K+ 
jö-Chloranil ' . In this respect, the intermolecular 
interaction between Wurster 's Blue cation radicals ap­
pears to be weaker than that between jfr-chloranil 
anion radicals. We can understand this difference, 
because the intermolecular distance between Wurster 's 
Blue cations, 3.550 Â, is longer than that between 
j&-chloranil anion radicals, 3.47 Â. 

In the low-temperature phases, alternate stacks of 
ion radical molecules cause shorter intermolecular 
distance in a dimer and longer distance between dimers, 
compared to the intermolecular distance in non-alter­
nant stacks. O n this basis, it is reasonable that, in 
both of the Wurster 's Blue perchlorate and K+ p-
Chloranil " salts, the | T | values estimated with the 
low-temperature phases are appreciably larger than 
those of the high-temperature phases. Concerning the 
magnitude of the | T\ values in the low-temperature 
phases, the | T\ value of K+ />-ChloraniF" is larger 
than that of Wurster 's Blue perchlorate, so that the 
singlet-triplet energy separation of the former salt is 
wider than that of the latter. Although we have no 
structural information, the /»-chloranil anion radicals 
may stack in the dimer more closely than do the 
Wurster 's Blue cation radicals. 

The theoretical consideration made in the present 
paper will be useful to investigate the mechanism of 
the phase transitions of those solid ion radical salts. 
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The temperature dependence of long-lived emissions of Acridine Orange bound to DNA has been investigat­
ed. Only phosphorescence with a maximum close to 620 nm is observed in the range 77—ca. 150 K. With 
a rise in temperature, the delayed thermal fluorescence around 530 nm is observed in addition to phosphorescence 
at a high ratio of DNA phosphate to dye (P/D). With a decrease in P/D value, the delayed thermal fluorescence 
is replaced by a new delayed emission band around 640 nm. Its maximum wavelength is very close to that of 
dimer fluorescence of Acridine Orange in water. It has been shown that the emission results from two pro­
cesses: (1) thermal excitation of the triplet state of the dimer to the excimer state and (2) excimer formation 
after the thermal excitation of the triplet state of the monomer to the first excited singlet state. 

The binding of Acridine Orange (AO) to DNA 
has been extensively studied because of its biological 
effects.1'2) Like many acridine derivatives, A O binds 
to DNA to form two types of complexes; one (Complex 
I) results from external binding where electrostatic 
forces play an important role,3-4) while the other 
(Complex II) occurs at high DNA phosphate/dye 
(P/D) ratios, generally considered as an intercalation 
process.5-6) As compared to other related dyes, the 
binding of A O presents a particularly complex aspect 
due, in part , to its high tendency to dimerize.7,8) I t 
is well known that fluorescence spectra of A O in aqueous 
solutions at room temperature strongly depend on its 
concentration.9) With increasing concentration of the 
dye, its green fluorescence with a maximum near 
540 nm is replaced by a red fluorescence with a maxi­
mum close to 650 nm.9) AO, especially when bound 
to single-strand polynucleotides or denatured D N A 
at a low P/D value, also shows red fluorescence.10-13) 
Such emission properties of the dye have been applied 
to studies of the conformational change of DNA and 
the nearest neighbor dye-dye interactions.10-13) 

In order to understand biological action of A O , it 
is of significance to clarify the nature of its excited 
state and the character of the interaction of the dye 
with the binding site, as well as the nearest neighbor 
dye-dye interactions. In previous papers,14,15) reports 
were given on the phosphorescence, the delayed 
fluorescence due to triplet-triplet annihilation and the 
sensitized delayed fluorescence in the DNA-acridine 
dye complexes at 77 K. A study at low temperatures 
is of particular interest, since the radiationless processes 
which compete with the radiative processes (fluores­
cence and phosphorescence) are largely suppressed. 
Further, it is of interest to investigate the temperature 
dependence of the emission properties in order to 
elucidate the excited states of the bound dye. 

The present paper describes the emission properties 
of A O bound to DNA over a wide temperature range 
and the newly-observed delayed emission. 

Exper imenta l 

AO (Chroma) was purified by the method of Zanker.9) 
No trace of impurity was detected by thin-layer chromato­
graphy on silica gel. Calf thymus DNA was obtained from 
Worthington Biochemical Corporation. The concentra­
tion of DNA was determined spectrophotometrically at 
260 nm with the extinction coefficient per mole of DNA 

phosphate (ep = 6600 M"1 cm-1).16) The thermal denatura-
tion of DNA was performed by heating the DNA solution 
for 20 min in boiling water and then rapidly cooling in ice 
water. The solutions of the complexes were made up in 
5 mM phosphate buffer at pH 6.9. 

All the solutions were degassed by freezing, pumping, and 
thawing under a high vacuum. The solutions were placed 
in a quartz tube (inner diam. 1 mm) mounted in a Dewar 
flask with provision for the excitation and detection of the 
delayed emissions at right angles. For studies at 77 K the 
sample tube was immersed in liquid nitrogen. For measure­
ments at various temperatures the temperature was controlled 
by a constant flow of cold nitrogen gas through the Dewar. 
The temperature was monitored by a copper-constantan 
thermocouple attached to the outside of the sample tube. 
The precision of the quoted values is ± 1 ° . 

The emission and excitation spectra were measured with 
a Hitachi MPF-2A fluorescence spectrophotometer; the 
detector was a red-sensitive photomultiplier tube, R446-UR 
(Hamamatsu Television Co.). Both spectra are given with 
corrections on the quantum response of detecting and 
exciting systems. A rotating-shutter phosphoroscope was 
used to separate the delayed emissions from normal 
fluorescence. The intensity of the exciting light was varied 
by introducing calibrated wire screens. 

The absorption spectra at 77 K and at room temperature 
were measured with a Shimadzu MPS spectrophotometer 
with a 0.1 cm quartz cell. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra of the Complexes. First, absorp­
tion spectra of the complexes were measured at room 
temperature and at 77 K in order to confirm the 
binding states of A O . I t was found that the bound 
dye molecules predominantly exist as the monomeric 
species at a sufficiently high P/D value, tending to 
associate with a decrease in the P/D value. The 
association tendency is more remarkable in the dena­
tured DNA and at 77 K than in the native one and at 
room temperature. Typical absorption spectra at 77 K 
are shown in Fig. 1. They exhibit a red shift of about 
5 nm, being well resolved as compared with those at 
room temperature.7 '8 '17) The 0-1 band around 470 
nm in the monomer absorption spectrum generally 
overlaps the dimer absorption band.7 ,9 '18) As the PjD 
value decreases (P/D< 50), the band around 470 nm 
becomes marked, while the 0-0 band around 500 nm 
is suppressed. This is ascribed to the formation of 
dye dimers. In the case PjD<20, the absorption 
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0.3h 

« 0 . 2h 

400 4 5 0 5 0 0 5 5 0 

X (rim) 

Fig. 1. Absorption spectra of DNA-AO complexes in 
5 m M phosphate buffer at 77 K. The light-path 
length of the cell was 0.1 cm. For clarity of presenta­
tion the upper curves are displaced by a constant 
amount. Each line on the right ordinate corresponds 
to a base line. AO: 5.0 X 10~5 M, : native DNA, 

: denatured DNA. 

band due to higher aggregates of the dye develops 
at wavelengths shorter than the 0-1 band around 
470 nm. 

Delayed Emission Spectra of the Complexes. Total 
emission and delayed emission spectra obtained under 
various temperatures are shown in Figs. 2A, 2B, and 
2G. The spectral distribution of total emission shows 
little dependence on the temperature except that its 
maximum is slightly shifted to longer wavelength with 
increasing temperature. Total emission seems to be 
mainly composed of normal fluorescence, since its 
intensity is several ten times that of the delayed emis­
sion. 

The delayed emission of the complexes consists only 
of phosphorescence with a maximum close to 620 nm 
in the range 77—ca. 150 K. With an increase in 
temperature, another delayed emission appears in 
addition to the phosphorescence; this phenomenon 
depends on the PjD value. 

At a high P\D value (P/Z>>100), the delayed emis­
sion peaking at 530 nm becomes remarkable above 
ca. 200 K (Fig. 2A). T h e spectral distribution of 
delayed emission is very similar to that of normal 
fluorescence. The intensity of the delayed emission 
was found to be proportional to the first power of 
the intenisty of the exciting light, decaying exponential­
ly with a lifetime equal to that of the phosphorescence. 
Thus, the delayed emission around 530 nm is due to 
the mechanism in which there is thermal activation 
from the lowest triplet state to the first excited singlet 
state followed by radiative transition from there to 
the ground state. 19,2°) In the present study the delay­
ed emission is called delayed thermal fluorescence 
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Fig. 2. (A) Normalized delayed emission spectra of 
DNA-AO complex {PjD ==302) as a function of tem­
perature. Excitation wavelength: 470 nm, AO: 5.0X 
10-5 M, T : total emission spectrum. (B) Same, 
P/D=100. (G) Same, P/D=50. 

according to the terminology of McGlynn et al.20) 
The Arrhenius plot of 0f/0P against 1/71 were linear 
and the activation energy was obtained as 7.1 kcal 
m o l - 1 ; here, <J>t and 0P are the efficiencies of the 
delayed thermal fluorescence and phosphorescence, 
respectively. O n the other hand, the peak-to-peak 
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X (nm) 

700 600 500 
T 1 1 1 1 1 1 

Fig. 3. Normalized fluorescence spectra of AO in 5 mM 
phosphate buffer at 25 °G. Excitation wavelength: 
400 nm, AO: (1) l . l x l O - 6 M , (2) 2 .1xlO" 4 M, (3) 
1.0xlO-3M, (4) I . l x l 0 - 2 M . 

separation between the delayed thermal fluorescence 
and the phosphorescence was 7.5 kcal mol - 1 . Both 
values agree within experimental error, confirming the 
proposed mechanism. 

With a decrease in PjD value (P /ZK120) , two 
interesting effects are observed (Figs. 2B and 2G) : 
(1) a marked decrease in the intensity of the delayed 
thermal fluorescence as compared with the results at 
a high PjD value (Fig. 2A), and (2) appearance of 
a new emission band around 640 nm at elevated tem­
peratures. A O easily associates to form a dimer or 
higher aggregates.9) As shown in Fig. 3, fluorescence 
spectra of A O in aqueous solution highly depend on 
its concentration. With an increase in the concen­
tration of dye, the green fluorescence with a maximum 
near 540 nm is replaced by a red fluorescence with a 
maximum close to 650 nm. The former is due to 
the dye monomer and the latter to the dye dimer or 
higher aggregates.9) It should be noted that the 
shape of the delayed emission spectra peaking around 
640 nm is very similar to that of a red fluorescence 
of the dye itself (Figs. 2B, 2C, and 3). 

Excitation Spectra of the Delayed Emissions. Figure 
4 shows typical results obtained with P /Z)=50. The 
excitation spectra of both the phosphorescence at 77 K 
and the delayed thermal fluorescence at 213 K (Amax = 
530 nm) are almost the same as the absorption spectrum 
at 77 K. O n the other hand, the excitation spectrum 
of the delayed emission observed at 640 n m and at 
213 K differs from that of the delayed thermal fluores­
cence at 530 nm. The excitation spectrum of the 
delayed emission at 640 nm shows an increase of the 
band at 470 nm, accompanied by the corresponding 
decrease of the band at 500 nm. This shape of the 
excitation spectrum is similar to that of the absorption 
spectrum at a low PjD value (Fig. 1). 

Delayed emission around 640 nm was observed more 
remarkably in the case of denatured DNA and at 
lower PjD values where the absorption band due to 
the dye dimer becomes pronounced (Fig. 1). 

Mechanism of the Newly-observed Delayed Emission. 

Acridine Orange Bound to DNA 695 

i i l I 
400 450 500 550 

X (nm) 

Fig. 4. Excitation spectra of delayed emissions of 
DNA-AO complex (P/D = 50). O : Absorption spec­
trum at 77 K, # : excitation spectrum of phosphores­
cence observed at 610 nm and at 77 K, D : excitation 
spectrum of delayed thermal fluorescence observed at 
530 nm and at 213 K, • : excitation spectrum of 
delayed emission observed at 640 nm and at 213 K. 

A comparison of absorption, total emission and excit­
ation spectra of the delayed emissions suggests that 
the dye dimer formed in the ground state may contrib­
ute to the newly-observed delayed emission. How­
ever, even at PjD= 100 and P/D=50 where the mono-
meric form of the dye predominates, there is an intense 
delayed emission around 640 nm (Figs. 2B and 2G). 
This indicates that the newly-observed delayed emis­
sion can not be explained only by ground-state dimeri-
zation of the dye. An alternative explanation is that 
the newly-observed band is due, in part , to another 
type of dimeric species, known as excimer. 

In the present case, the intensity of the delayed 
emission around 640 nm varies not with the second 
power but with the first power of the intensity of the 
exciting light. Thus, it seems that the delayed emis­
sion observed anew in this study is not due to triplet-
triplet annihilation.19) 

It has been shown that the dimerization of A O 
leads to a red shift of ca. 30 nm in the peak of phos­
phorescence.21) If we compare the phopshorescence 
spectra at 77 K, the shoulder around 660 nm becomes 
manifest at a low PjD value and in the case of dena­
tured DNA where ground-state dimerization becomes 
significant; this is due to the dimer phosphorescence.21) 

In view of these findings, a mechanism similar to 
that of delayed thermal fluorescence may provide a 
good explanation for the above results.22»23) T h e de­
layed emission around 640 n m can be interpreted as 
a result of two processes : 1. The thermal excitation 
from the triplet state of the dimer (D l) to the excimer 
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state (E), followed by an emission. 2. The excimer 
formation, M-L+MQ—>E, after the thermal excitation 
of the triplet state of the monomer (M*) to the first 
excited singlet state ( M J , followed by an emission; 
here, M 0 is the monomer in the ground state. T h e 
delayed emission due to this mechanism is then called 
delayed thermal excimer fluorescence. Because of the 
very small energy gap between D c and E, the delayed 
thermal excimer fluorescence according to process 1 
is expected to show up at considerably lower temper­
atures than the delayed thermal fluorescence (Figs. 
2A, 2B, and 2C). 

Formation of the Excimer. The bound dye is not 
uniformly distributed in DNA, but has a tendency 
to form clusters.12) The freezing of the DNA-dye 
solutions may accelerate the formation of clusters.12) 

The dye molecules in clusters exist closely and thus 
seem to be responsible for the dimer formation both 
in the ground and excited states. 

In general, the bound dye molecules are considered 
to be intercalated between adjacent D N A base pairs 
at a high P\D value. Two models for the intercalation 
process have been proposed: complete intercalation 
model5>6) and partial intercalation model in which 
partly intercalated dye molecule is a possible binding 
site for additional, non-intercalated dye molecule.7) 

In the case of the former, the closest distance between 
bound dye molecules could be 10.2 Â assuming the 
exclusion of adjacent intercalation sites,7»24) while the 
closest distance could be 3.4 Â in the case of the latter. 
The mutual orientation and extent of overlap of 
adjacent dye molecules might be very important for 
the formation of the excimer. Observation of triplet-
singlet and triplet-triplet energy transfers between DNA 
bases and dyes at 77 K shows that the structure of 
complexes at low temperatures is very similar to that 
at room temperature.25>26) If we judge from the 
distance between two bound dye molecules, the partial 
intercalation model seems favorable for the formation 
of the excimer. 

In conclusion, it is evident that the nearest neighbor 
dye-dye interactions produce the excimer state of the 
dye. Such interactions may play an important role 
in the biological actions of A O . 

This work was supported in part by a Grant-in-Aid 
for Scientific Research from the Ministry of Education. 
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Heterogeneous Catalysis in the Liquid-phase Oxidation of Olefins. III. 
Activity of Supported Vanadium-Chromium Binary Oxide Catalyst 

for the Oxidation of Cyclohexene 
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Catalysis Division, National Chemical Laboratory for Industry, 

Mita, Meguro-ku, Tokyo 153 

(Received August 24, 1978) 

The liquid-phase oxidation of cyclohexene has been conducted in benzene using a vanad ium-chromium 
binary oxide supported on y-Al 2 0 3 or SiO a as the catalyst. Three series of catalysts have been prepared by a 
kneading method using the following combinations of raw materials; N H 4 V 0 3 + C r ( N 0 3 ) 3 - 9 H 2 0 + a l u m i n a 
hydrate (Catalyst G) , N H 4 V 0 3 + ( N H 4 ) 2 C r 0 4 + a l u m i n a hydrate (H) , and N H 4 V 0 3 + C r ( N 0 3 ) 3 - 9 H 2 0 +si l ica 
sol (I) . I t has been found that the activity of the supported binary system is due to the interactions between 
the metal oxides and the carrier. T h e contributions of compounds such as the chromium isopolyvanadates appear 
to add to the above activity. The order of catalytic activity has been established as : I > H > G . T h e V 2 0 5 -
S i 0 2 system in the I series showed the highest activity, but rapidly became depleted in the course of reaction. 
The second highest activity was given by C r 2 0 3 - S i 0 2 system, on which Cr5+ species was observed. In both cases, 
the vanadium and chromium metal ions may be coordinated tetrahedrally on S i 0 2 . T h e C r 2 0 3 - A l 2 0 3 in the 
H series contained Cr5+ ions and exhibited high activity which may be at tr ibuted to the tetrahedral configuration. 
It is thought that the tetrahedral complexes catalyze the autoxidation of cyclohexene by decomposing 1-cyclo-
hexenyl hydroperoxide. 

V a n a d i u m - c h r o m i u m b i n a r y oxides ( V - C r ) h a v e 
s h o w n act ivi t ies in t h e l i q u i d - p h a s e ox ida t ions of ac ry l -
a ldehyde 1 ) a n d cyc lohexene . 2 ' 3 ) T h e act ivi t ies w e r e 
found to b e la rge ly in f luenced b y t h e m e t h o d of ca ta lys t 
p r e p a r a t i o n , i.e., t h e use of a m o r e ac id i c m e d i u m 
p r o m o t e d t h e f o r m a t i o n of c h r o m i u m i s o p o l y v a n a d a t e 
w h i c h c o n t a i n e d a m o r e c o n d e n s e d v a n a d a t e a n i o n , 
resu l t ing in t h e inc rease in ca t a ly t i c act ivi ty . 3 ) 

W i t h p r a c t i c a l ca ta lys t s , t h e ac t ive c o m p o n e n t s 
a r e gene ra l l y s u p p o r t e d o n ca r r i e r s such as silica a n d 
a l u m i n a w h i c h possess a h i g h surface a r e a ; t h a t t h e 
car r ie r s h a v e a p r o f o u n d effect o n t h e ac t iv i ty of ca ta lys t 
has b e e n d e m o n s t r a t e d . A o n e c o m p o n e n t sys tem, 
i.e., s u p p o r t e d V 2 0 5 o r C r 2 0 3 , has b e e n ex tens ive ly 
used as a ca ta lys t for e x a m p l e in g a s - p h a s e o x i d a t i o n 
of h y d r o c a r b o n s a n d in t h e p o l y m e r i z a t i o n of e t h y l e n e , 
respect ively . T h e d e p e n d e n c y of t h e ac t iv i t y of y-
A 1 2 0 3 - o r S i O a - s u p p o r t e d o n e c o m p o n e n t systems 
o n t h e surface s t r u c t u r e has b e e n inves t iga ted in d e ­
ta i l . 4 - 1 0 ) I n t h e p r e s e n t w o r k , t h e l i q u i d - p h a s e oxi­
d a t i o n of c y c l o h e x e n e has b e e n c o n d u c t e d us ing y-
A 1 2 0 3 - o r S i O a - s u p p o r t e d V - C r sys tem as t h e ca ta lys t . 
T h e effects of t h e ca r r i e r s a n d t h e m e t h o d s of p r e p a r a ­
t ion o n t h e ac t iv i ty h a v e b e e n discussed. 

E x p e r i m e n t a l 

Catalysts. The supported binary system catalysts 
were prepared by the kneading method as follows; aqueous 
solutions of the raw materials of vanadium and chromium 
oxide components were poured into alumina hydrate 
(Shokubai Kasei Co., Ltd.) or silica sol (Snowtex, Kokusan 
Kagaku Co., Ltd. ) , and the mixture kneaded at 80 °G for 
6 h, dried at 100 °G for one day, and calcined at 450 °C 
for 5 h in air. The resulting catalyst was pulverized and used 
(30—40 mesh particle size powder) . N H 4 V 0 3 , C r ( N 0 3 ) 3 -
9 H 2 0 , and ( N H 4 ) 2 C r 0 4 were used as the raw materials for 
the metal oxide components. The symbol, concentration 
(calculated as V 2 0 5 + C r 2 0 3 (wt %)) and composition 
of supported metal oxides (in terms of atomic % of Cr/ 
( V + C r ) ) , and specific surface area (Ss) are given in Tables 

1 and 2. 
Apparatus and Procedure. T h e oxidation was conducted 

at 60 °G for 4 h under 1 a tm of 0 2 using the batch system.2) 
Cyclohexene (20.0 ml, purified by passing it over activated 
alumina to eliminate the hydroperoxide), benzene as solvent 
(50.0 ml) , i-butyl hydroperoxide (BHPO) (0 .1ml) , and the 
catalyst (50.0 mg) were used in each reaction. B H P O 
purified by distillation (40.0 °C/25 mmHg) was added such 
that reproducible results of oxidation were obtained. 

Analyses of Reaction Products and Catalysts. The reac­
tion products; 1-cyclohexenyl hydroperoxide ( H P O ) , 2-
cyclohexen-1-one (ONE) , 2-cyclohexen-l-ol (OL) , and 
cyclohexene oxide ( O X I D E ) were determined by the iodo-
metric method and gas chromatography.2) 

The surface area of the catalyst was measured by the B E T 
method, the structure being studied by means of X-ray 
diffraction and infrared absorption.2) X-Ray photoelectron 
spectroscopy (XPS) measurements were carried out on a 
Du Pont ESGA 650 B using monochromatic Al Koc radia­
tion in order to clarify the surface properties of the catalyst. 
T h e power of X-ray radiation was 300 W (7.5 kV, 40 raA) 
in all measurements. All binding energy values were re­
ferred to the contamination C Is line (285.0 eV) . 

R e s u l t s a n d D i s c u s s i o n 

Surface Area of Catalyst. B o t h y - A l 2 0 3 a n d 
S i O a p r e p a r e d in t h e p r e s e n t w o r k g a v e s imi la r va lues 
of Ss. T h i s v a l u e i nc rea sed b y s u p p o r t i n g m e t a l 
oxides o n y - A l 2 0 3 , a n d d e c r e a s e d o n S i 0 2 ( T a b l e I ) . 
O n t h e y - A l 2 0 3 c a r r i e r , t h e use of ( N H 4 ) 2 C r 0 4 c a u s e d 
a sma l l i nc rease in Ss, c o m p a r e d w i t h t h a t of 
C r ( N 0 3 ) 3 - 9 H 2 0 ( T a b l e 2 ) . 

Addition of BHPO. T h e resul ts of us ing t h e 
G-5 ca t a ly s t a r e s h o w n in T a b l e 3 ( R u n N o s . 6 a n d 7) . 
I n t h e a b s e n c e of B H P O , t h e i n d u c t i o n p e r i o d of o x y g e n 
u p t a k e s h o w e d n o fixed v a l u e , r e su l t i ng in n o r e p r o ­
duc ib i l i t y for t h e conve r s ion . By a d d i n g a smal l 
a m o u n t of B H P O , r e p r o d u c i b l e resul ts w e r e o b t a i n e d 
( R u n N o . 7) . N o o x y g e n a b s o r p t i o n w a s obse rved 
for 5 h i n t h e a b s e n c e of ca ta lys t a n d B H P O ; t h e a d ­
d i t i o n of 1 m l of B H P O c a u s e d a sma l l a m o u n t of o x y g e n 
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TABLE 1. CONCENTRATION OF SUPPORTED METAL OXIDES, SYMBOL, AND SPECIFIC SURFACE AREA OF CATALYST 

Concentration 
V 2 0 5 + Cr 20 3 

(wt %) 

0 
1 
5 

10 
20 

y-Al203-seriesa) 
^ 

Symbol Ss, 

y-Ai2o3 

V-Cr-y-Al20,-(l) 
V-Cr-y-Al203-(5) 
V-Cr-y-Al2O3-(10) 
V-Cr-y-Al2O3-(20) 

(m»/g) 

220 
246 
277 
293 
270 

SiOa 

Symbol 

SiOa 

V-Cr-SiOa-(l) 
V-Cr-Si02-(5) 
V-Cr-SiOa-(10) 
V-Cr-SiO2-(20) 

-seriesb) 
xv 

Ä, (m2/g) 

210 
202 
181 
160 
142 

a) Cr/(V + Cr): 50 atom %. b) Cr/(V + Cr): 70 atom %. Both series were prepared from NH 4 V0 3 and 
Cr(N0 3 ) 3 .9H 20. 

TABLE 2. COMPOSITION OF SUPPORTED METAL OXIDES, SYMBOL, AND SPECIFIC SURFACE AREA OF CATALYST 

Composition 
Cr/(V+Cr) 
(atom %) 

0 
20 
30 
40 
50 
60 
70 
80 

100 

G-Se 

Symbol 

G-0 
G-2 

G-4 
G-5 
G-6 

G-8 
G-10 

;riesa> 

^ S J Tm2/g) 
261 
274 

282 
265 
260 

252 
244 

H-Series*» 

Symbol 

H-0 

H-3 

H-5 

H-7 

H-10 

^ S J Tm2/g) 
255 

268 

249 

232 

212 

I-Seriesc> 

Symbol 

1-0 
1-2 

1-4 

1-6 
1-7 
1-8 
MO 

£s> (m2/g) 

109 
105 

124 

132 
138 
131 
136 

a) Prepared from NH4V03 , Cr(N0 3) 3-9H 20, and alumina hydrate, b) Prepared from NH4V03 , (NH4)2Cr04, 
and alumina hydrate, c) Prepared from NH4V03 , Cr(N03)3-9H20, and silica sol. Concentration of metal 
oxides (calculated as V2054-Cr203) was 20 wt % in each series. 

TABLE 3. OXIDATION OF CYCLOHEXENE*) 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 

Catalyst 

— 
y-Al203 

SiOa 

V-Cr-D-5b> 
V-Cr-D-5b> 
G-5 
G-5 

Amount 
of BHPO 

added 
(ml) 

1 
1 
1 

— 
0.1 

— 
0.1 

Induction 
period 
(min) 

110 
240 
179 

110—120 
10 

150—300 
4 

^ m a x 
(mol/l-s) 

3.13X10-6 

— 
3 .36x l0 - 6 

3 . 2 4 x l 0 - 5 

3.31 x lO- 5 

1.03xl0- 4 

1.06xl0-4 

Conversion 
of 

cyclohexene 
(%) 

3.7 
— 
3.8 

10.1 
25.0 

c ) 
30.1 

HPO 
(%) 

— 
— 
— 

40.3 
38.5 
16.9°) 
15.2 

Selectivity 

ONE 
(%) 
— 
— 
— 

10.5 
9.7 

30.5«) 
31.3 

OL 
(%) 

— 
— 
— 

25.2 
24.5 
35.3C> 
36.0 

OXIDE 
(%) 

— 
— 
— 

20.3 
21.0 
15.1e) 
12.6 

a) Cyclohexene (20.0 ml), benzene (50.0 ml), and catalyst (50.0 mg) were used. The reaction temperature was 
60 °C, the reaction time 4 h, and the oxygen pressure 1 atm. b) V-Cr-D-5 is the unsupported catalyst reported 
in a previous paper.3) Cr/(V + Cr); 50 atom %, and Sa; 8.3 m2/g. c) The value of conversion was not precisely 
obtained, as the induction period was not constant. The values of selectivity are average values. 

absorption (Run No. 1). Both y -Al 2 0 3 and S i 0 2 

showed no activity. V - C r - D - 5 is the unsupported 
binary oxide catalyst which showed high activity in 
a previous report3) (Run Nos. 4 and 5, Ss 8.3 m2 /g). 
The activity of the V - C r system of G-5 showing a SB 

of 265 m2 /g may be attributed to the large surface 
area. 

The effect of the addition of B H P O is shown in 
Fig. 1. The induction period was greatly reduced 
by the addition of a small amount of B H P O , producing 
an almost constant induction period when the amount 
of B H P O exceed 0.1 ml. There is the possibility that 
the B H P O affects the reaction reults, e.g., the product 

distribution may be changed by a stoichiometric 
epoxidation of cyclohexene with B H P O , etc. In order 
to avoid such possibilities, the amount of BHPO was 
fixed at 0 .1ml (9.2 X 1 0 - 4 mol) which is extremely 
small compared with the amount of cyclohexene (20 
ml ; 1.97 X 10 - 1 mol). The values of selectivity were 
not affected as shown in the two pairs of reaction 
(Run Nos. 4 and 5 and R u n Nos. 6 and 7). BHPO 
appears to work mainly as an initiator by way of its 
decomposition on the catalyst. In all subsequent 
reactions, 0.1 ml of B H P O was added to obtain 
reproducible results. 

Oxygen Uptake. The curves of oxygen uptake 



March, 1979] Heterogeneous Catalysis in Liquid-phase Oxidation of Olefins. I l l 699 

xio~ 

o o.i o.2 
BHPO added (ml) 

Fig. 1. Effect of the addition of BHPO. 20.0 ml of 
cyclohexene, 50.0 ml of benzene, and 50.0 mg of G-5 
catalyst were used. The reaction temperature was 
60 °C, the reaction time was 4 h, and the Oa-pressure 
was 1 atm. 
0 RmB.xlS> O conversion of cyclohexene, • yield of 
HPO, 3 yield of ONE, O yield of OL, • yield of 
OXIDE, A induction period. 

100 

Reaction time (min) 

Fig. 2. Oxygen absorption. 
(a) Catalyst: G-5, (b) catalyst: 1-0. 20.0 ml of cyclo­
hexene, 50.0 ml of benzene, and 50.0 mg of the cat­
alyst were used. The reaction temperature was 60 °C, 
and the 02-pressure was 1 atm. 

are shown in Fig. 2. Most of the catalysts used gave 
a typical S-shaped oxygen absorption curve (a) ; 1-0, 
1-2, and 1-4 show different types of absorption (b). 
In the latter type, rapid absorption was observed 
immediately after the induction period (A), followed 
by a linear decrease in the rate of oxygen uptake (B). 
As the V 2 0 5 - S i 0 2 system illustrates the high activity 
for the decomposition of B H P O into radicals11) (Eq. 
1), the rapid reaction at A may be due to a chain 
reaction (Eqs. 2, 3, and 4) induced by the radicals 
formed from BHPO. 

BHPO > RO- and R 0 2 - (1)12> 

/ \ y\. 
RO- or R0 2 - + 1 | -> ROH or R 0 2 H + 1 I (2) 

V 
H 

up
ta

l 

0 

0 

-

— 

¥ \S 

/ ( a ) 

/ - / ( b ) 

s* \ ^ ~ 
' ^ * * * \ à 
J ^ \ 1 

0 10 

Reaction time (min) 

Fig. 3. Effect of the amount of BHPO added on the 
oxygen absorption. 
BHPO added; (a) 0.1ml (b) 0.05 ml (c) 0.03 ml 
20.0 ml of cyclohexene, 50.0 ml of benzene, and 
50.0 mg of 1-0 catalyst were used. The reaction tem­
perature was 60 °C, and the 02-pressure was I atm. 

/ \ . 

V 
+ o2 

oo-
V 

(3) 

O O -
+ 

OOH 
+1 r w 

M indicates the metal on the catalyst. Evidence for 
such an induction period was conducted with several 
oxidations with a 1-0 catalyst and a changing amount of 
B H P O , the results of which are given in Fig. 3 (A is 
magnified). As can be seen, the maximum rate of 0 2 -
uptake at A (Amax-A) showed a first order dependency 
on the amount of B H P O added, supporting the above 
mechanism. The rate at B, which suggests a steady 
state in the oxidation, was independent of the amount 
of B H P O added. As B H P O was decomposed rapidly 
on V 2 0 5 - S i 0 2 , n ) the O a-uptake at B may be uniquely 
due to the radical chain of cyclohexene oxidation, 
the rate of which is shown by i?m a x-B. T h e specific 
activity, i.e., the maximum rate per unit surface area 
of the catalyst, and the induction period of 0 2 -up take 
are shown in Figs. 4 and 5. 

Effect of Amount of Metal Oxides Supported. 
Figure 4 illustrates the effect of the amount of metal 
oxides supported on y -Al 2 0 3 or SiO a . I t is of interest 
that the activity on SiO a increased rapidly when a 
small amount (about 1 wt %) of metal oxides was 
supported, and remained almost constant with further 
additions. O n y-Al 20 3 , however, high acitivity was 
obtained only when a sufficient amount of metal 
oxides was supported. T h e product distributions are 
shown in Figs. 6 and 7. The formations of the two 
types of active site, i.e., one effective for the autoxidation 
and another for the selective epoxidation of cyclo­
hexene with H P O , on V - C r system catalyst have been 
reported.2-3) For the present catalysts, two types of 
active site appear to form, because the O X I D E for­
mation was accompanied with that of OL, suggesting 
selective epoxidation. The autoxidation which pro­
duces H P O and O N E appears to be well catalyzed 
on the catalyst including a small amount of metal 
oxides. 

Effect of Composition of Metal Oxides. Figure 
5 shows the influence of the composition of metal 
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X10" 

o 

fisî 

fi 

"a 
T3 
O 

fi 
O 

3 

fi 

V 2 0 5 + Cr 2 0 3 (wt%) 

of the concentration of metal oxides Fig. 4. Effect 
supported. 
20.0 ml of cyclohexene, 50.0 ml of benzene, and 50.0 
mg of the catalyst were used. The reaction temper­
ature was 60 °G, and the 02-pressure was l atm. 
Catalyst; # V-Cr-Si0 2 (Cr/(V+Cr) = 70 atom%), 
O V-Cr-y-Al203 (Cr/(V+Cr) = 50atom%). 

T3 
fi 

fi 
O 

> 
fi 
o 

U 

V 2 0 5 + Cr 2 0 3 (wt%) 

Fig. 6. Effect of the concentration of supported metal 
oxides on y-Al203. 
20.0 ml of cyclohexene, 50.0 ml of benzene, 50.0 mg 
of the catalyst, and 0.1 ml of BHPO were used. The 
reaction temperature was 60 °G, the reaction time 
was 4 h, and the 02-pressure was 1 atm. 
O Conversion of cyclohexene, • yield of HPO, (3 
yield of ONE, C yield of OL, # yield of OXIDE. 

X10 

o 

to" 

fisi 

0 50 100 

Cr/(V+Cr) (atom%) 

Fig. 5. Effect of the composition of metal oxides sup­
ported. 
20.0 ml of cyclohexene, 50.0 ml of benzene, and 50.0 
mg of the catalyst were used. The reaction temper­
ature was 60 °C, and the 02-pressure was I atm. 
Catalyst; # I-series, 0 H-series, O G-series. Con­
centration of metal oxides supported, V 2 0 5 + Cr 2 0 3 : 
2 0 w t % . 

oxides supported. In the case of the I-series catalyst, 
the two types of reaction rate, i.e., Rm&K-A and Rm&x-
B, are shown together. The activity of the binary 
system on S i 0 2 was higher than that on y-Al 2 0 3 , when 
adopting the value of Rm&x-A/S. According to the 
oxygen uptake in B, the activities (Rm&x-BIS) of only 
two catalysts 1-0 and 1-2 showed similar values to 
those of the y-Al203-supported system, i.e., the two 
catalysts exhibited high activities at the start of oxygen 
uptake, being largely deactivated during the oxidation. 
I t is noteworthy that V 2 0 5 - S i 0 2 (1-0) showed a high 
activity (^m a x-A/£) in comparison with V 2 0 5 - A 1 2 0 3 . 
In the activity of the y-Al203-supported systems, clear 
difference between the G- and H-series catalysts in­
cluding the large amount of Gr was observed, H-series 
prepared from ( N H 4 ) 2 G r 0 4 being more active than the 
G-series from G r ( N 0 3 ) 3 - 9 H 2 0 . T h e difference was 

0 10 20 

V 2 0 5 + Cr 2 0 3 (wt %) 

Fig. 7. Effect of the concentration of supported metal 
oxides on SiOa 

20.0 ml of cyclohexene, 50.0 ml of benzene, 50.0 mg 
of the catalyst, and 0.1 ml of BHPO were used. The 
reaction temperature was 60 °C, the reaction time 
was 4 h, and the 02-pressure was I atm. 
O Conversion of cyclohexene, • yield of HPO, (3 
yield of ONE, € yield of OL, # yield of OXIDE. 

observed in both the RmSLJS and the induction period. 
Reaction Scheme. The product distributions ob­

tained with the three series of catalysts are shown in 
Figs. 8, 9, and 10. The results can be interpreted 
by the following reaction scheme which has been 
proposed in the literatures.2>13-18) 

iOOH , A/r„.4_ ^ i | 0 - , -\j(n4-i)+ i n u - (5\ Mn+ 

\S 
\ r' + M<w+1>+ + OH-

iOOH _|_ M (71 + 1) + OO-

,o-
\z + ! 

,OH 

+ Mn+ + H+ 

\X \ Z V 

(6) 

(7) 
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U 

Cr/(V + Cr) (atom%) 
Fig. 8. Product distributions in the oxidation with 

G-series catalysts. 
20.0 ml of cyclohexene, 50.0 ml of benzene, 50.0 mg 
of the catalyst, and 0.1 ml of BHPO were used. The 
reaction temperature was 60 °C, the reaction time was 
4 h, and the 02-pressure was l atm. 
O Conversion of cyclohexene, • selectivity of HPO, 
3 selectivity of ONE, f) selectivity of OL, # selecti­
vity of OXIDE. 

+ o2 
,oo. 

V 
/ \ 

+ 1 1 . 
,OOH 

2| i°°' 

/NOOH 

I i +i r + o2 

+1 i 

+ M"+ -

M I0" 

I I + MC+D+ + OH-

(3) 

(4) 

(8) 

(9) 

(10) 

O 

M 
I I + H20 

,OOH 

+ M"+ + H+ + l /20 2 

(11) 

(12) 

OH 
(13) 1 1 + . . 

For the purpose of studying the action of the catalysts 
on hydroperoxide, the decomposition of B H P O was con­
ducted at 60 °G in a N 2 atmosphere. All the catalysts 
used except 1-0—1-6** gave £-butyl alcohol (85%), 
di-^-butyl poerxide (10%), and acetone (5%) , showing 
that the decomposition of B H P O proceeds via a homo-
lytic mechanism.12) The homolytic decomposition of 

** When using these catalysts, isobutylene and di-
£-butyl ether were formed together with three products 
mentioned above. The details of the decomposition of 
BHPO will be reported in a later paper. 

ö 
o 

o 

a m 

0 50 100 

Cr/(V + Cr) (atom%) 

Fig. 9. Product distributions in the oxidation with 
H-series catalysts. 
20.0 ml of cyclohexene, 50.0 ml of benzene, 50.0 mg 
of the catalyst, and 0.1 ml of BHPO were used. The 
reaction temperature was 60 °C, the reaction time 
was 4 h, and the 02-pressure was 1 atm. 
O Conversion of cyclohexene, • selectivity of HPO, 
3 selectivity of ONE, C selectivity of OL, # selectiv­
ity of OXIDE. 

c o 

Cr/(V + Cr) (atom%) 

Fig. 10. Product distributions in the oxidation with 
I-series catalysts. 
20.0 ml of cyclohexene, 50.0 ml of benzene, 50.0 mg 
of the catalyst, and 0.1 ml of BHPO were used. The 
reaction temperature was 60 °C, the reaction time 
was 4 h, and the 02-pressure was I atm. 
O Conversion of cyclohexene, • selectivity of HPO, 
3 selectivity of ONE, C selectivity of OL, # selectiv­
ity of OXIDE. 

H P O (Eqs. 5 and 6) must also be considered. Re­
actions 3 and 4 are chain propagating and Reaction 
8 is a biradical termination, by which equimolar 
amounts of O N E and O L are formed. Reaction 9 
is the addition of the peroxyl radical to cyclohexene, 
although the contribution is very small.13) Reactions 
10 and 11 are an adaptat ion of the mechanism recently 
proposed by Mizukami et al. in the oxidation of tetra-
lin.18) The dehydration of H P O on the catalyst 
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50 60 20 30 40 

29 (deg) 

Fig. 11. X-Ray diffraction diagrams of I-series cat­
alysts (CuK<x). 
a : 1-0, b : 1-2, c : 1-4, d : 1-6, e : 1-7, f : 1-8, g : 
1-10. 
• : V 2 0 5 , A : Gr4(V207)3, • : Cr203 . 

(Eq. 12) must also be considered as reported by Neuburg 
et al.17) and Reaction 13 is the selective epoxidation 
already reported.2) It may be easily understood that 
the selective epoxidation proceeded well on the catalyst 
containing large amount of vanadium. O n y-Al 20 3 , 
a higher value of conversion was obtained with the 
H-series , the G- and H-series showing a similar pat tern 
of product distribution up to a Cr content of about 
70 atom %. Beyond this value, O N E increased in 
the H-series and the formation of H P O and O L took 
precedence over the G-series. Thus, a higher ratio of 
O N E / O L and simultaneously higher activity (Fig. 5) 
given by the H-series at higher Cr content, suggests 
that Reactions 10, 11, and 12 may be useful together 
with the biradical termination (Eq. 8) as the mechanism 
for O N E formation. O n the other hand, O L is con­
sidered to form mainly by Reactions 7 and 8 and the 
selective epoxidation when using catalysts containing 
a lot of vanadium. T h e stabilities of O N E and O L 
under reaction conditions were examined: separate 
solutions with 10 ml of O N E and O L in benzene 
(50 ml containing B H P O (0.1ml)) were prepared 
and oxidized at 60 °C with G-5 catalyst (50 mg). 
O N E did not show any conversion to further oxidized 
products after 4 h of reaction, whilst an extremely small 
amount (about 0.8 mol %) of O L was converted into 
the ketone after 4 h. 

1-0 and 1-2 showing the high activities at the begin­
ning were deactivated quickly as described above, 
resulting in low conversion. This suggests the insta­
bility of the active species on 1-0 and 1-2. 

Structure of Catalysts. It has already been re­
ported1 - 3) that several chemical compounds, e.g., 
chromium divanadate (Cr 4 (V 2 0 7 ) 3 ) , chromium 
meta vanadate (Cr (V0 3 ) 3 ) , and chromium poly-
vanadates, together with V 2 0 3 and C r 2 O s form in 

the catalysts of the V - C r system. These species largely 
influence catalytic activity. In the present binary 
system supported on y-Al 2 0 3 or SiOa , the contributions 
of the species formed by the interaction between metal 
oxides and carrier may be reasonably expected together 
with those of the above chemical compounds. The 
former contributions have been extensively studied by 
many researchers.4-10) When each of V 2 0 5 a n d C r 2 0 3 

was supported on y -Al 2 0 3 or S i 0 2 by impregnation, 
various problems were encountered, among which 
one can quote the stabilization and the role of different 
valency states of metals. The system under study 
appears to show further complexity due to the binary 
oxide being supported on y-Al 2 0 3 or S i 0 2 by the knead­
ing method. 

X-Ray diffraction diagrams of the I-series catalysts 
are shown in Fig. 11. Several weak diffraction lines 
of V 2 0 5 , Cr 4 (V 2 0 7 ) 3 , and C r 2 0 3 were observed to­
gether with two broad lines of fine SiO a crystals. The 
y-Al 2 0 3 supported systems (G- and H-series) did not 
exhibit any lines other than the broad lines of y-Al203 . 
The indication is that the crystal of the metal oxides 
developed better on S i 0 2 than on y-Al 20 3 , the inter­
spacing of the lattice planes of each metal oxide being 
the same as that of each pure oxide. Yoshida et al.5) 
reported that y -Al 2 0 3 interacts with V 2 0 5 more strongly 
than S i 0 2 as a carrier of the impregnated catalyst. 
In the system here, prepared by the kneading method, 
further interaction may be expected as observed in 
the case of the coprecipitated C r 2 0 3 - A l 2 0 3 ( C r 2 0 3 ; 
19.6 mol %) system, in which the only structure detect­
ed by X-ray diffraction measurement was y-Al2Os.

9) 
Infrared absorption spectra of the y-Al203-supported 
system showed a strong broad band of y-Al2Oa below 
1000 c m - 1 which covered the characteristic absorption 
bands of V 2 O s , C r 2 0 3 , and chromium isopolyvana-
dates.3) The binary systems supported on S i 0 2 ; 1-0— 
1-7, exhibited weak absorption bands centered at about 
950 and 870 c m - 1 , together with the strong absorption 
bands at 1100 and 800 c m - 1 of S i 0 2 . The weak 
bands may be assigned to the vibrations of V O a in 
Cr4(V207)3 ,3) the formation of Cr 4 (V 2 0 7 ) 3 together 
with V 2 0 5 and Cr 2 O a being thus clarified in the 
binary system of I-series. Such formation need not be 
excluded from the y-Al203-supported system, though 
it may not be detected. 

Recently, XPS studies have been conducted to elu­
cidate the surface properties of y-Al203-7) or SiOa-

6) 
supported chromia systems. The advantages of the 
X P S technique are its ability in simultaneously detemin-
ing the valencies of metal ions on the surface layer 
( — 10 Â) of the catalyst and the interaction between 
the catalyst and the support. The first XPS spectra 
of Cr 5 + were observed by Okamoto et al.1) who em­
phasized that the spin-orbit splitting of the Cr 2p 
level (AE) is useful together with the binding energy 
for discriminating the valence states of chromium. 
Moreover, it was pointed out that the chromium 
species on the catalyst surface can readily be photo-
reduced by X-ray radiation during XPS measure­
ments.6-7) In order to avoid surface reduction, all 
spectra of the Cr 2p level were measured within 10 min 
exposure to X-ray flux, in which the photo-reduction 
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TABLE 4. BINDING ENERGY OF Cr 2p3/2 AND V 2p3/2, SPIN-ORBIT SPLITTING OF Cr 2p LEVEL, 

AND ASSIGNMENT OF VALENCY OF CHROMIUM 

Catalyst or 
compound 

v 2o 5 
VO(acac)2 

Cr203 

K 2Cr0 4 

V-Cr-D-5 

G-0 

G-4*> 

G-6 

G-10 

H-31» 

H-5 

H-7«) 
H-IO^ 

1-0 

1-4 

1-6 

I-10 

Cr 2P3/2 
(eV) 

— 

— 
576.7 

579.6 

577.5 
— 

577.6 

578.0 

577.5 

577.5 

577.8 

579.3 

579.7 

•— 

577.4 

577.6 
577.9 

V 2P3/2 
(eV) 

515.9 

516.0 

— 

— 

517.5 

517.4 

517.4 

517.5 

— 

517.4 

517.4 

517.3 

— 

516.6 

516.7 

516.5 
— 

AE 
(eV) 

Assignment of 
Cr valencya> 

9.8 

9.1 
3 + 
6 + 

9.7 

9.7 

9.5 

9.8 

9.7 

9.5 

9.0 

9.1 

9.8 

9.1 

9.1 

3 + 

3+(5 + ) 
5+(3 + ) 
3+(5 + ) 
3+(5 + ) 
5+ (3 + ) 
6 & 5+(3 + ) 
6 & 5 + 

3 + 
5+(3 + ) 
5+(3 + ) 

a) Valence state in parentheses indicates minor one. b) This peak has a weak shoulder at higher binding energy. 
c) This peak shows a large broadening at lower binding energy. 

TABLE 5. COMPARISON OF THE ACTIVITIES OF SEVERAL CHROMIUM SYSTEM CATALYSTS5) 

Catalyst1» 

V-Cr-y-Al203 

Mo-Cr-y-Al203 

W-Cr-y-Al203 

Co-Cr-y-Al203 

Mn-Cr-y-Al203 

Induction 
period 
(min) 

5 

11 

8 

8 

5 

" m a x 
(mol/1-s) 

8.6X10-5 

7 . 8 x l 0 - 5 

5.2 x lO- 5 

6 . 5 x l 0 - 5 

5.8xl0~ 5 

Conversion 
of 

cyclohexene 
(%) 

29.0 

28.8 

20.2 

23.2 

26.7 

HPO 
(%) 

20.1 

11.5 

17.6 

17.4 

19.6 

Selectivity 

ONE OL 
(%) (%) 

22.2 35.0 

20.5 37.1 

45.0 28.3 

51.4 23.6 

41.5 32.3 

OXIDE 
(%) 

18.5 

30.3 

7.3 

5.6 

3.5 

a) Cyclohexene (20.0 ml), benzene (50.0 ml), the catalyst (50.0 mg), and BHPO (0.1ml) were used. The reaction 
temperature was 60 °C, the reaction time 4 h, and the 02-pressure 1 atm. b) The catalysts (Me-Cr-y-Al203) 
were prepared from the following raw materials; NH4V03 , (NH4)6Mo7024-4H20, 5(NH4)20- 12W03 .5H20, 
Co(N03)3-6H20, Mn(N03)3-xH20, Cr(N03)3-9H20, and alumina hydrate by the kneading method. The con­
centration of metal oxides supported on each catalyst was 20 wt % when calculated as V 2 0 5 , Mo0 3 , WO s , Co2-
0 3 , Mn203 , and Cr203 . The composition of the binary system (Cr/(Me-j-Cr)) was 30 atom %. 

was found to be negligible. The results of XPS mea­
surements are shown in Table 4, the assignment of 
the valence states of chromium being done according 
to the results by Okamoto et al.1) In the valence 
state of vanadium, Larrson et a/.19) observed a shift 
of the V 2p3/2 binding energy between V 2 0 5 (516.6 eV) 
and VO(acac) 2 (515.1 eV), but it was not observed 
here (Table 4). Valdelievre et al.20) obtained the 
V 2p3/2 values of 515.5 eV for V 2 0 5 and 516.0 eV for 
V 2 Ö 4 when studying the V 2 0 5 catalyst in the oxidation 
of propylene. Therefore, it may be difficult to deter­
mine the valence state of vanadium, importance being 
given to the fact that the V 2p3/2 binding energy is 
lower on SiOa than on y-Al 20 3 . 

Active Sites. The active sites on the supported 

V - C r binary oxide catalyst may be classified into 
two types; autoxidation and selective epoxidation.2) 
The latter site may consist mainly of vanadium species, 
although the details have not been clarified. The 
activities of several M e - C r systems, when Me is V, 
Mo, W, Go, and M n , have been compared (Table 5), 
exhibiting the following order of activity for selective 
epoxidation ; M o - C r - y - A l 2 0 3 > V - C r - y - A l 2 0 3 > W - C r -
y-Al 20 3 . The order of metals, i.e., M o > V > W , agrees 
well with that observed in the selective epoxidation of 
olefins with organic hydroperoxide using soluble metal 
complexes.21) Co, Mn , and Cr species did not con­
tribute to the epoxidation but accelerated the autoxi­
dation. Thus, the M o - C r or V - C r binary system 
showed a high yield of O X I D E whose formation may 
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have been aided by the dual functions of the systems, 
as observed in the homogeneous mixed catalyst system 
by Fusi et al.22) and Arzoumanian et al.23) 

The former site appears more complex than the 
latter since the the value of Rm&JS depends largely 
on the carrier (Figs. 4 and 5) and the composition of 
the binary system (Fig. 5). T h e activity of the G-
series showed a maximum value at a composition of 
50 atom % Cr, which may be due to the formation of 
chromium isopolyvanadates, as reported in the unsup­
ported system.3^ Such an increase in the activity due 
to chemical compound formation may be also expected 
in the H-series and especially in the I-series, in which 
the formation of C r 4 ( V 2 0 7 ) 3 was clearly observed. 
A more important problem, however, appears to be 
the effect of the carrier on the activity. At high Cr 
content on y-Al 2 0 3 , the H-series gives a higher rate 
and a simultaneously higher valence state of chromium 
(Table 4) than the G-series, suggesting the active 
species of highly charged chromium ions. The high 
valence state of chromium (Cr5 +) was also observed 
in the I-series supported on S i 0 2 which showed high 
activity. One of the active species for autoxidation 
appears, therefore, to be the Cr5 + ions which form on 
the catalyst during preparation. The role of the Cr6+ 
species which still remains in the H-series (prepared 
from (NH 4 ) 2 Cr0 4 ) after calcination can not be ignored, 
but it is not so clear. The Cr 5 + ions observed on G-4 
and G-6 catalysts may mainly form in the interaction 
between the catalyst and carrier, since the unsupported 
system (V-Cr-D-5) does not show such evidence. 

Van Reijen et al.4) reported that Cr5+ is coordinated 
mainly tetrahedrally when supported on SiO a and 
square-pyramidally on y-Al 20 3 , and that the tetra-
hedral complex (Cr0 4 ) is more reactive than the 
squarepyramidal one ( C r 0 5 ) . Such phenomena has 
also been confirmed in the literature.8-10) Also the 
vanadium (V4 +) species is coordinated in ( V 0 4 ) on 
SiO a and in ( V 0 5 ) on y-Al203,

4>5>24) and the (V0 4 ) 
on S i 0 2 is highly reactive towards, e.g., C2H4 , being 
subsequently transformed into the stable (V0 5 ) . 4 ) By 
contrast, the (VO s) is more stable than the correspond­
ing configuration of Cr5 + , i.e., (Cr0 5) . 4) Moreover, 
when considering the coordination state in aqueous 
solution of the catalyst preparation, the tetrahedral 
(Cr0 4 ) 3 ~ ion may be preferentially found in highly 
alkaline solution25) whereas the coordination is square-
pyramidal in acid solution, as well known for V4+ 
in many vanadyl complexes.26) A part of the Cr 5 + 

ions on H-10 and H-7 can be reasonably coordinated 
in the tetrahedral configuration, whereas those on 
G-8 in the square-pyramidal configuration. T h e order 
of reactivity of these configurations has been given 
by van Reijen et al.*) as follows; ( V 0 4 ) > ( C r 0 4 ) > 
( C r 0 5 ) > ( V 0 5 ) , in which only the ( V 0 4 ) is unstable. 
This order appears to explain the activity of the sup­
ported V - C r binary system catalyst, when the configu­
rations of vanadium and chromium complexes might 
be allowed on the carriers as described above. O n 
SiO a , the catalyst abundant in vanadium exhibited 
high activity (Fig. 5, RmSLX-A/S) at the beginning of 
reaction, which decreased (i?max-B/^) in the course 

of reaction. This may be due to the high reactivity 
and instability of the (V0 4 ) complex. The subse­
quently high activity of the chromium abundant cat­
alyst on SiO a may be due to the (Cr0 4 ) species which 
is reactive and simultaneously stable. When supported 
on y-Al 20 3 , the catalysts of the H-series expected to 
contain the (Cr0 4 ) complex in abundance exhibited 
higher activities than those of the G-series rich in 
chromium. It has been reported that the (Cr0 4 ) 
complex was formed on SiOa even when small amounts 
of chromia was supported,6) and therefore, the rapid 
increase in activity of the V - C r - S i 0 2 systems (Fig. 4) 
may be due to the (Cr0 4 ) species formed. The tetra­
hedral complexes are thought to catalyze the autoxi­
dation of cyclohexene through H P O decomposition 
(Reactions 5 and 6) which proceeds via coordination 
of H P O to a vacant site in the complex. The low 
activities of the G- and H-series of high vanadium 
content and also of the G-series of high chromium 
content may be attributed to the (V0 5 ) and (Cr0 5 ) 
species, respectiviely, on y-Al 2 0 3 (Fig. 5). Thus, the 
activity of the supported V - C r binary catalyst can 
be thought principally due to the formation of the 
two types of configuration; tetrahedral on S i 0 2 and 
square-pyramidal on y-Al 20 3 . It is supposed that 
the two modes of configuration are performed against 
the surroundings of the carrier, i.e., the tetrahedral 
structure of S i 0 2 and the spinel structure of y-Al203.10) 
The contribution of chemical compounds, such as 
chromium isopolyvanadates, appear to overlap the 
principal contribution of the two configurations, as 
observed in the G-series (Fig. 5). 
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Population Analysis of (#)-Thiazolidine-4-carboxylic Acid 
J u n KAMO,* Nobuo T A N A K A , * Yoshiki MATSUURA, Tamaichi ASHIDA,^ 

and Masao K A K U D O 
Institute for Protein Research, Osaka University, Suita 565 

(Received August 31, 1978) 
The structure of (R)-thiazolidine-4-carboxylic acid was refined at 111 and 293 K, respectively. Popu­

lation analysis, which refines the population of the electrons in the molecule, was carried out, the result being 
compared with that of theoretical calculation. 

In studies on structure by means of X-ray diffraction, 
the recent development of the dififractometer has 
afforded intensity data accurate enough for discussion 
of the distribution of the electron cloud. The popu­
lation analysis1) deals with the observed electron 
density distribution quantitatively. The number of 
electrons in each non-bonded and bonded orbital is 
derived from the refinement, from which bond orders 
and charge distribution of the molecule can be dis­
cussed. 

(i2)-Thiazolidine-4-carboxylic acid is an analogue 
of the proline and cysteine, and the structure was 
determined by Chacko.2) In this paper, the structure 
of this molecule at both 293 and 111 K was refined 
by the population analysis method, the electronic 
structure being discussed in comparison with the 
theoretical one. 

E x p e r i m e n t a l 

Two sets of intensity data were measured at 293 and 
111 K with a four circle diffractometer. Each set has 4 
octants of the reciprocal space measured in 20-0 mode. The 
crystal data and experimental conditions are given in Tables 
1 and 2, respectively. The crystal was treated with liquid 
nitrogen before the data collection in order to prevent from 
suffering of the extinction effect. The average structure 
amplitudes among the equivalent reflections in each set 
was used for further calculations. The estimated standard 
deviations, a(\F0\) of the amplitudes are given by 

TABLE 1. CRYSTAL DATA 

i 

where at denotes the e.s.d. of z'-th equivalent reflection. 

Structure 

The structure was determined independently with 
the program of automatic structure determination.3) 
The conventional refinement of the structure was 
carried out by the full matrix least squares method, 
applying the following weighting scheme. 

wt = c when | F0 \ = 0 

w t = l.0l(a(\Fo\)2 + a\Fo\+b\Fo\*) when | F o | > 0 

a, b, and c were adjusted in such a way that the dif­
ferences between the calculated and observed structure 
amplitudes are uniform in any region of the reciprocal 

t Present address; Mitsubishi Rayon Co., Ltd. Central 
Research Laboratory, Otake, Hiroshima 739-06. 

tt Present address; Department of Engineering, Nagoya 
University, Chikusa, Nagoya 464. 

Space group 
Z 
Lattice constant 
a 
b 
c 

Scaled (g/Cm3) 

ôbsd (g/cm3) 
Linear absorption 

coefficient ß 
(cm-1) 

TABLE 2. 

Crystal size 

Source 
Scan speed 

(20 deg./min) 
Background (s) 
20m a x (deg.) 
Monochromator 
Temperature 

P212121 

293 K 
9.929±0.002Â 
9.936±0.002Â 
5.664±0.001Â 

1.58 
1.57 

4.947 

4 
111 K 

9.813±0.002Â 
9.885±0.002Â 
5.663±0.001 A 

1.61 

4.855 

EXPERIMENTAL CONDITIONS 

O . l x O . l x 
0.2 mm3 

Mo Koc 

2 

10 
70 

0 . 2 x 0 . 2 x 
0.4 mm3 

Mo Koc 

4 

10 
70 

Graphite (0 0 2) plane 
1 1 1 ± 3 K 293±3 K 

TABLE 3. DETERMINATION OF THE ABSOLUTE 

CONFIGURATION (293 K) 

R config. S config. 

r 
R 

R, 

(%) 
• (%) 

- 0 . 1 6 
3.95 
2.27 

+ 0.16 
4.06 
2.35 

space. The absolute configuration of the molecule 
was also determined to be the ^-configuration from 
the anomalous scattering of the sulfur atom (Table 3). 

After the refinement with all reflections, the structure 
was refined using the higher order reflections only 
at 111 K (sin 0 / ^ 0 . 6 5 , hereafter H O R ) to reduce 
the effect of the bonding electrons. In comparison 
with the case of the low-temperature refinement based 
on all the reflections, all the positional parameters 
showed no significant shifts , the values of the tempera­
ture factors becoming smaller than those of all the 
reflections as expected (Table 5). 

The bond lenghts and angles, shown in Fig. 1, are 
essentially the same as those reported by Chacko. 

Difference Fourier Synthes i s 

The difference Fourier synthesis was carried out with 
the low and high temperature data phased by the 
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TABLE 4. ATOMIC COORDINATES (e.s.d. in parentheses) 

( a ) 

S 

Ox 

o2 
N 
Ci 

G2 

G3 

G4 

H i 

H2 

H3 

H4 

H5 

H6 

H7 

(b ) 

S 
Ox 

o2 
N 

C i 

G2 

G3 

G4 

( c ) 

S 

o1 
o2 
N 

Gx 

G2 

G3 

G4 

Hx 
H2 

H3 

H4 

H5 

H6 

H7 

293 K 
x/a 

-0.17160(6) 
0.0093 

-0 .1531 
-0 .1200 
-0 .0590 
-0 .0147 

0.0008 
-0 .1947 

0.0706 
0.0375 
0.0585 

-0 .2910 
-0 .1565 
-0 .1823 
-0 .0696 

HOR 
x/a 

-0.17148 
0.0094 

-0 .1530 
-0 .1203 
-0 .0589 
-0 .0589 

0.0011 
-0 .1940 

111 K 
x/a 

-0.17212 
0.0048 

-0 .1558 
-0 .1226 
-0 .0620 
-0 .0184 
-0 .0020 
-0 .1975 

0.0648 
0.0296 
0.0534 

-0 .2909 
-0 .1555 
-0 .1843 
-0 .0777 

(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 

(7) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 

(7) 
(2) 
(2) 
(2) 
(2) 
(2) 
(3) 
(3) 

ylb 
0.11728(5) 
0.3874 
0.4960 
0.3510 
0.4126 
0.3329 
0.1821 
0.2206 
0.3682 
0.1651 
0.1406 
0.2356 
0.1876 
0.4211 
0.3881 

ylb 

(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 

0.11733(5) 
0.3872 
0.4963 
0.3510 
0.4124 
0.3327 
0.1820 
0.2208 

ylb 
0.11696 
0.3834 
0.4908 
0.3506 
0.4089 
0.3322 
0.1818 
0.2215 
0.3688 
0.1613 
0.1421 
0.2373 
0.1834 
0.4214 
0.3819 

(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 

(6) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
(3) 

zlc 
0.10730(11) 

-0 .2755 (3) 
-0 .0683 (3) 

0.3193 (3) 
-0 .0924 (4) 

0.1295 (4) 
0.0864 (4) 
0.3656 (4) 
0.1849 

-0 .0666 
0.2028 
0.3944 
0.4972 
0.2760 
0.4858 

zlc 
0.10759(11) 

-0 .2755 (3) 
-0 .0687 (4) 

0.3184 (3) 
-0 .0912 (4) 

0.1304 (3) 
0.0863 (4) 
0.3661 (4) 

zlc 
0.10868(12) 

-0 .2772 (3) 
-0 .0733 (3) 

0.3175 (3) 
-0 .0956 (4) 

0.1282 (4) 
0.0881 (5) 
0.3636 (5) 
0.1812 

-0 .0829 
0.2063 
0.3826 
0.5056 
0.2683 
0.4866 

The average standard deviation of the positional 
parameters of the hydrogen atoms is 0.025 Â. 

final parameters of H O R (Figs. 2 and 3). Some den­
sity humps probably due to the bonding electrons 
are found on the C 3 -S -C 4 plane. Peaks A and B are 
situated off the bonds S-C 3 and S-C4 , respectively, 
in particular deviating from the S-C4 bond direction. 
This was found in both the high and low temperature 
maps, the angles of A-S -B being 105 and 97°, respec­
tively. This indicates that the 3p atomic orbital of 
the sulfur atom is hybridized with the 3s orbital, the 
humps due to the bonding electrons deviating from 
the interatomic vectors as seen in cyclopropane.5) The 

1.797(2) 
1.799(2) 

1.812(2) 
1.814(2) 

H2 / • * « 1.501(2) 
A - 3 1.498(3], 

/ l . 5 2 0 ( 3 T S . 

H31.519(3)J;C2 
u ' I 1.542(3) 
M l 1.544(3) 

H4 
/ 

C 4 - H 6 
1.505(3) 
1.501(3) 

H7 V 
N-

H6 

1.249(2) _ i - M - j m 

1.265(3]^CVjj4
4

8
3 i3

3] 

01 0 2 
Fig. 1(a). Bond lengths (A) at 293 K(upper) and 111 K 

(lower) along with their e.s.d. (in parentheses). 

88.7(1) 106.5(2)x 

88.2(1) 106.4(2) -H5 

. 103.9(2) 
I 10 3.9C2) H 2 • 103.9C2) Jiü&'N Hi 

U 3 10 7.5(2) y \ 
/ ^ ^ 1 0 7.8(2) / I 

. / 113.2(2Np^ » 
M 3 113.3(2>VZl09-5l2)H6 

. . ' \ 108.7(2) 

Hi 
115.4(2) I 116.8(2) 
114.9(2) Q « | 117.7(2) 

_ ^ ' 1 2 7 . 8 ( 2 ) V , \ Ä 

0 1 127.4(2) 02 

Fig. 1(b). Bond angles (degree) at 293 K(upper) and 
111 K(lower) along with their e.s.d. (in parentheses). 

TABLE 5. EQUIVALENT ISOTROPIC TEMPERATURE FACTORS 

293K I H K HOR 

S 

o2 

N 
Gx 
G2 

G3 

G4 

1.97 
2.17 

.20 

.19 
.33 
.02 

1.68 
1.81 

0.802 
0.709 
0.992 
0.605 
0.674 
0.502 
0.760 
0.782 

0.677 
0.556 
0.817 
0.424 
0.428 
0.341 
0.606 
0.603 

Each value was estimated from the anisotropic tem­
perature factors.4) 

difference maps contain some peaks at the center of 
each atom. This might be caused by the poor accuracy 
of reflections intensities of high order. This is veri­
fied by the difference Fourier synthesis shown in Fig. 4 
which was carried out by means of the reflections of 
sin 6/À<0.65. No peaks were observed at the atomic 
positions. The three maps (Figs. 2, 3, and 4) contain 
peak D which may be assigned to the lone pair electrons 
of the sulfur atom. 

Populat ion Ana lys i s 

The distribution of electron density is defined as 
a sum of the square of the absolute value of the 
occupied molecular orbitals. 
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Fig. 2. Difference electron density map in the C3-S-
C4 plane (111 K). Contours are drawn at the interval 
of 0.05 e/A3. The solid lines are above 0 e/As and the 
broken lines are below 0 e/Â3. 

Fig. 3. Difference electron density map in the C3-
S-C4 plane(293K). 

Occupied 

(1) 

The molecular orbital is represented as a liner combi­
nation of the atomic basis function <$>?. 

Vt = S < W , (2) 

Substituting Eq. 2 into Eq. 1, we have 

occupied 

P = S SCjSiCviW» 
« ft, V 

Fig. 4. Difference electron density map in the C3-
S-C4 plane using only low order reflections(sin0/A< 
0.65) at 111 K. 

occupied 

(4) 

where P^ is a population parameter. The structure 
factor of the crystal is represented by 

^ = S * M • 7Vexp (is-rkJ) (5) 

j : atom 
k: symmetry operation 

F[pk] : molecular transform 
Tkj: temperature factor 

where 

= S-P/n» / 0*0» exp (iy-r)dr (6) 

(3) 

Xptv is called the generalized structure factor. In the 
population analysis developed by Stewart,1) the 
structure factor, Fh, is separated into two parts, 
jPh(atom) and Fh(bond), the former consisting of the 
atomic orbitals from one atom only, and the latter 
showing the effect of the overlap between orbitals of 
the bonded atoms. As a whole, considering the 
anomalous effects, Fh is written as follows. 

Fh = Fk(atom) + Ft(bond) = A + \B, (7) 

A = S [(/core, j+fj + Pvjfvj— 3 /np ,np ,yQ,k/ ) ' 

cos {2nhrkj) • Tkj- (// '+ V 3fnS,nP,j£>kj) • 

sin (2nhrkj) • !Tky] + S bmfhonA,m S cos (2nhrkm)-Tkm, 
m k 

# = S l(fcoreij+fj+Pvjfvj—3fnp,iLp,j(lkj)-
J,k 

sin (2nhrkj) • T k y - (//' + l/T/ns.np.A,) • 

cos (2nhrkj) • Tky] -f S Wbond.m S s i n (2nhrkm) • Tkm, 
m k 

Jcore = ^-<Ms,is o r ^-<Ms,is + ^ -2s ,2s + 6^2p.2p> 
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Jy — ä ^ n s , n s ~r 0-^npX,npx -f- C-Anpy,npy ~f «•^npz.npzj 

a, b, c,d: the scattering of electrons in each orbital 
/ns ,n P

: the scattering effect due to the overlap be­
tween 0 n s and 0 n p 

/np,np : the scattering effect due to the overlap be-
or 0 n p y and 0 n p z , or tween 0 n p x and 0 n p y , 

0 n p z and 0 n p x 

/bond-' the scattering factor of the postulated orbital 
at the center of the bond (rm) 

T A B L E 6. POPULATION ANALYSIS REFINEMENT (11 IK) 

ELS 
OCR 
TCR 
b) 

HOR 

R a) 

2.28 
2.07 
2.06 
2.76 
5.26 

Scale of \F0\ 

0.839 
0.841 
0.841 
0.819 
0.895 

a) Aw = ( S « w | | * , o | - | * , c l | / S l * , o | ) X 100.0. 
obtained by the usual refinement. 

b) Value 

T A B L E 7. EXPERIMENTAL AND THEORETICAL POPULATION PARAMETERS 

Spv 

dx 

dy 
dz 

Qi 

q3 

q3 

q4 

q5 

OlPv 
dx 

dy 
dz 

qi 
q2 

q3 

q4 

q5 

o2pv 
dx 

dy 
dz 

qi 
q2 

q3 

q4 

q5 

N P v 

dx 

dy 
dz 

qi 
q2 

q3 

q4 

q5 

C l P v 

dx 

dy 
dz 

<h 
q2 

q3 

q4 

q5 

ELIT 

6.908~ 

6.158 

6.121 

5.077 

3.626 

111 K 

OCR 

6.990~ 
- 0 . 8 1 7 
- 0 . 0 4 2 
- 0 . 4 4 4 
-0 .112 
- 0 . 2 8 7 

0.008 
0.049 
0.232 
6.139 

- 0 . 0 2 3 
0.114 

-0 .322 
0.083 
0.061 

- 0 . 1 7 6 
- 0 . 2 8 3 
- 0 . 1 8 1 

6.066 
0.020 
0.115 

- 0 . 3 6 9 
0.086 
0.012 

- 0 . 0 4 3 
- 0 . 2 0 7 
- 0 . 1 0 8 

5.009 
- 0 . 2 7 4 
- 0 . 0 7 7 
- 0 . 2 4 1 
- 0 . 0 1 0 

0.054 
- 0 . 1 4 6 
- 0 . 0 8 4 

0.171 
3.627 
0.155 

- 0 . 2 3 6 
- 0 . 3 1 8 
- 0 . 1 7 4 

0.328 
- 0 . 8 2 7 

0.056 
0.580 

TCR 

7.174" 
- 0 . 6 0 7 

0.159 
- 0 . 8 4 2 
- 0 . 0 9 5 
- 0 . 2 1 0 
- 0 . 0 6 9 

0.016 
0.194 
5.935 

- 0 . 0 4 9 
0.171 

- 0 . 4 1 5 
0.158 
0.084 

- 0 . 0 3 5 
- 0 . 4 2 8 
- 0 . 2 1 5 

5.967 
0.070 
0.136 

- 0 . 5 3 6 
0.082 
0.105 

- 0 . 0 3 3 
- 0 . 2 5 8 
- 0 . 0 8 4 

5.092 
- 0 . 2 3 5 
- 0 . 0 4 3 
- 0 . 3 6 2 

0.029 
0.124 

- 0 . 3 1 0 
- 0 . 1 7 5 

0.132 
3.343 
0.220 

- 0 . 2 4 3 
- 0 . 5 7 0 
- 0 . 0 6 3 

0.358 
- 0 . 6 7 1 
- 0 . 0 9 5 

0.514 

ELS 

6.233 

6.247 

6.258 

5.079 

3.622 

293 K 

OCR 

6.202 
1.006 
0.486 

- 0 . 7 0 3 
0.015 
0.015 

- 0 . 0 1 4 
0.143 
0.122 
6.245 
0.159 
0.244 

- 0 . 1 3 7 
0.007 
0.021 

- 0 . 0 2 9 
0.030 
0.078 
6.240 
0.107 
0.278 

- 0 . 1 5 4 
0.083 
0.103 
0.120 

- 0 . 1 4 3 
0.071 
5.040 
0.047 
0.223 

- 0 . 2 6 5 
0.074 
0.066 
0.010 

- 0 . 1 3 6 
0.104 
3.637 
0.269 
0.377 

- 0 . 4 7 9 
- 0 . 0 6 0 

0.174 
0.343 
0.107 

- 0 . 2 1 9 

CNDO 

6.011 
- 0 . 2 1 1 
- 0 . 2 6 9 
- 0 . 2 3 2 

- 0 . 1 5 9 
0.172 

- 0 . 4 2 4 
6.492 
0.231 

- 0 . 0 8 6 
- 0 . 3 6 1 

- 0 . 0 8 5 
0.249 

- 0 . 1 6 2 
6.519 

- 0 . 3 2 4 
0.287 
0.039 

0.193 
- 0 . 0 0 5 

0.083 
4.978 
0.039 

- 0 . 0 1 9 
- 0 . 0 5 5 

0.002 
- 0 . 0 8 8 

0.004 
3.615 

- 0 . 0 2 6 
- 0 . 0 5 1 
- 0 . 0 9 4 

- 0 . 0 6 0 
- 0 . 0 6 6 

0.041 

C2pv 

dx 

dy 
dz 

qi 
q3 

q3 

q4 

q5 

G3Pv 
dx 

dy 
dz 

Qi 

q2 

q3 

q4 

q5 

c4pv 
dx 

dy 
dz 

qi 
q2 

q3 

q4 

q5 

Hi 
H2 

H3 

H4 

H5 

H6 

H7 

s-c3 
s-c4 
Gi-Oi 
G ^ O , 
Ci-C2 

C2-N 
C4-N 

^-J2~ 3 

ELS 

3.794 

3.818 

3.501 

1.039 
1.038 
1.010 
1.118 
0.959 
0.967 
0.862 

111 K 

OCR 

3.783 
- 0 . 0 6 3 

0.556 
- 0 . 3 6 2 
- 0 . 0 1 5 
- 0 . 1 9 9 
- 0 . 1 0 9 
- 0 . 1 1 4 
- 0 . 3 0 4 

3.744 
- 0 . 1 2 1 

0.143 
- 0 . 2 4 5 
- 0 . 1 0 9 
- 0 . 0 4 7 
- 0 . 9 9 6 
- 0 . 2 9 5 

0.219 
3.458 

- 0 . 0 9 3 
0.034 

- 0 . 1 7 0 
- 0 . 0 0 2 

0.209 
- 0 . 1 4 1 
- 0 . 1 6 1 

0.128 
1.046 
1.078 
0.999 
1.152 
0.957 
0.990 
0.962 

TCR 

~~3.792 
0.094 
0.709 

- 0 . 5 7 3 
- 0 . 0 4 6 
- 0 . 1 7 0 
- 0 . 1 4 3 
- 0 . 1 1 3 
- 0 . 2 8 9 

3.624 
- 0 . 0 5 0 

0.192 
- 0 . 4 3 6 
- 0 . 0 5 2 
- 0 . 0 2 4 
- 0 . 0 0 6 

0.145 
0.093 
3.558 
0.005 
0.124 

- 0 . 3 5 0 
- 0 . 0 3 8 

0.131 
- 0 . 0 5 7 
- 0 . 0 3 4 

0.092 
1.044 
1.048 
1.006 
1.158 
0.975 
1.026 
0.903 

- 0 . 6 6 4 
- 0 . 2 7 9 

1.131 
0.768 
0.781 

- 1 . 0 5 7 
1.320 
0.615 

ELS~ 

3.872 

3.806 

3.596 

1.083 
1.047 
1.074 
1.119 
1.054 
0.940 
0.972 

293 K 

OCR 

3.839 
0.311 
0.375 

- 0 . 2 0 7 
0.052 
0.143 
0.345 

- 0 . 2 0 6 
0.032 
3.775 
0.239 
0.377 

- 0 . 1 8 3 
- 0 . 0 0 2 

0.084 
0.183 

- 0 . 0 1 9 
0.060 
3.635 
0.128 
0.156 
0.033 
0.067 
0.194 
0.209 

- 0 . 0 7 5 
- 0 . 0 7 8 

1.105 
1.076 
1.067 
1.133 
1.016 
0.992 
0.998 

~CNDO 

4.008 
0.022 
0.073 

- 0 . 1 9 6 

- 0 . 0 1 3 
0.227 

- 0 . 1 1 6 
3.956 
0.053 

- 0 . 0 1 8 
- 0 . 0 2 4 

- 0 . 0 5 1 
- 0 . 0 0 4 

0.012 
3.927 

- 0 . 0 5 6 
- 0 . 1 1 5 
- 0 . 0 0 5 

- 0 . 0 9 4 
0.007 
0.004 
0.963 
0.941 
0.990 
0.962 
0.973 
0.805 
0.860 

0.559 
0.588 
0.841 
0.771 
0.563 
0.547 
0.562 
0.726 

DkJ and CLk/ m Eqs. are expressed in terms of parameters d and q in this table. 
Dkj = dxyiSxg/ + dyjSysj + dzjSzsj 

Qkj = qi./OS'xs/ - "Sys./2) + q^O^zs/— 1/3) + q ^ ^ ^ y s . ? + q^xsyS'zs/ + QSJSYSJSZSJ 
SXSJ, SySj, and S2Sj are direction consines of the scattering vector to the principal axes of the p x , p y , and p z 

orbitals of the j - t h atom, respectively. 
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TABLE 8. EXPERIMENTAL AND THEORETICAL CHARGES 

Atom 

S 

o1 
o2 
N 

C i 

G2 

G3 

G4 

Ha 
H2 

H3 

H4 

H5 

H6 

H7 

111 K 

- 0 . 9 9 0 
- 0 . 1 3 9 
- 0 . 0 6 6 
- 0 . 0 0 9 

0.373 
0.217 
0.256 
0.542 

- 0 . 0 4 6 
- 0 . 0 7 8 

0.001 
- 0 . 1 5 2 

0.043 
0.010 
0.038 

293 K 

- 0 . 2 0 2 
- 0 . 2 4 5 
- 0 . 2 4 0 
- 0 . 0 4 0 

0.363 
0.161 
0.225 
0.365 

- 0 . 1 0 5 
- 0 . 0 7 6 
- 0 . 0 6 7 
- 0 . 1 3 3 
- 0 . 0 1 6 

0.008 
0.002 

CNDO 

- 0 . 0 1 1 
- 0 . 4 9 2 
- 0 . 5 1 9 

0.022 
0.385 

- 0 . 0 0 8 
0.044 
0.073 
0.037 
0.059 
0.010 
0.038 
0.027 
0.195 
0.141 

ENa> 

0.00 
— 
— 

0.48 
0.40 
0.02 

- 0 . 1 4 
- 0 . 0 3 

0.07 
0.07 
0.07 
0.07 
0.07 
0.17 
0.17 

a) Calculated from the differences in electronegativity 
of the neighboring atoms with Mulliken's equation. 

T h e parameter PY is the number of valence electrons 
associated with the j - t h atom. A dipole distortion 
of these spherical valence electrons is described by 
D and a quadrupole distortion by £),• T h e extended 
L-shell method (ELS) refines P v after the usual refine­
ment of the positional and thermal parameters. P, 
Q, and D are treated as adjustable parameters in the 
one-center refinement ( O C R ) . T h e two-center re­
finement (TGR) includes the £m k term as variables 
in addition to those of O C R . 

In the present calculation, t h e / c o r e / ' s of the carbon 
and nitrogen atoms are taken from those calculated 
by use of d e m e n t i ' s analytical SCF atomic orbitals.6) 

fv/s of these atoms being taken from these calculated by 
use of the Slater-type atomic orbitals.7) fv of the hydro­
gen atom is taken from Stewart-Davidson-Simpson's 
value,8) fe0TB and fY of the sulfur a tom are from the 
Roothaan-Hartree-Fock wave function by Fukamachi9) 
and / n S i n p and / n P ) n p are those of Stewart.10) In the 
case of T C R , / b o n d is taken as ^n s ,n sQr-r) at the 
center of each bond where XnatUi(s-r) is a spherically 
averaged value of the overlapping function between the 
ns-orbital. T h e population analysis of the present 
molecule at 111 and 293 K was carried out after 
the usual refinement, using ELS, O C R , and T C R , 
successively. T h e computer program was written by 
one of the authors ( J .K . ) . T h e positional and thermal 
parameters of O C R and T C R are fixed to the values 
of ELS. T h e R factors and scale factors after the 
refinement are given in Table 6. T h e R factor 
decreased from that of the usual refinement, the scale 
factor of \F0\ becoming close to that of H O R . 

The population parameters, thus refined, are com­
pared with the theoretical values calculated by the 
C N D O method (Table 7). Experimental and theo­
retical charges are given in Table 8. T h e experimental 
values show as a whole the same disiribution as the 
theoretical values except for the hydrogen atoms. 
However, the charge of the sulfur atom in the low-
temperature data deviates considerably from that of 
C N D O and EN, because of errors in \F0\*s and in­

accuracy in the scattering factor of the sulfur atom. 
T h e dipole moment of the molecule can be calculated 

from the charge distribution in the density map. The 
absolute values of the dipole moment of the molecule, 
11.4 Debye at 111 K and 9.3 Debye at 293 K are 
roughly in line with the theoretical value (13.2 
Debye). However, their directions do not agree with 
each other. 

D i s c u s s i o n 

In the present work, we used the higher order re­
flections refinement to reduce the effect of the spread 
of the electron cloud. The effect, however, still re­
mains in the parameters, in spite of the considerable 
depression of the temperature factor (Table 5). The 
population analysis seems to refine the electronic 
structure of the molecule; the overall scale factor is 
improved so as to become close to the value of the 
H O R , the R factor decreasing significantly from the 
usual refinement. Some discrepancy in distribution 
is found between the X-ray and theoretical results. 
In particular, the sulfur atom at 111 K has a more 
negative charge than that at 293 K and C N D O . This 
may be explained as follows: 

1) The population analysis treats the small dif­
ferences between the conventionally calculated struc­
ture factors and the observed. T h e data at 111 K 
have four times weaker intensities than those at 293 K, 
depending on the size of the crystal used. Though the 
smaller crystal gives less systematic errors due to ab­
sorption and extinction in the data, the experimental 
errors in the weaker intensities at 111 K may give 
rise to some discrepancies. 

2) T h e discrepancy may be due to the neglect 
of the d-orbital of the sulfur a tom and the different 
character between the L- and M-shell orbitals which 
are not distinguished in the present analysis. 

In spite of these discrepancies we can say that the 
population analysis throws light on the character 
of the molecule. 

T h e authors wish to express their thanks to Professor 
Nobutami Kasai and Dr. Noritake Yasuoka for the 
use of their diffractometer equipped with a crystal 
cooling system. 
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The molecular structure of trimethylamine-boron trifluoride (CH3)3N-BF3 was determined from gas elec­
tron-diffraction data with vibrational and rotational spectroscopic data. The geometric parameters of the mol­
ecule were found to be very close to those inferred from the preliminary analysis of the diffraction data alone. 
The structural parameters and uncertainties were rg(N-B) = 1.674(4) A, rg(B-F) = 1.374(2) A, rg(C-N) = 1.485 
(2) A, rg(C-H) = 1.100(3) A, rg(F-.-F) =2.288(2) A, and rg(G---G) = 2.420(4) A. The potential barrier about 
the N-B axis was estimated to be 4.3zt0.3 kcal/mol in the gas phase; this value is much larger than that from 
NMR spectra. 

Several studies have recently been carried out on 
the gas-phase structure of trimethylamine-boron 
trifluoride (CH3)3N-BF3 ,1-3) which is a representative 
of donor-acceptor molecular complexes, in order to 
clarify the difference in the molecular structure between 
the gas and the solid. However, there are considerable 
discrepancies among the results from electron dif­
fraction2»3) and microwave spectra:1) e.g., the N - B 
distance determined by microwave spectroscopy is 
about 0.03 Â shorter than that from electron diffraction. 
The electron diffraction study by Hargit tai and 
Hargittai3) also gave different results from ours,2) 
especially for the B-F and C - N distances, though the 
rotational constant calculated using their results did 
not agree well with the observed one. O n the other 
hand, this molecule has an internal rotation about the 
N - B bond, and the rotational barrier was found to be 
1.7 kcal/mol from the N M R study in the solid phase.4) 
The height of the barrier seems to be too small, com­
pared with those in other ethane-like molecules.5) 
The height of the potential barrier about the N - B 
bond cannot be estimated from I R or R a m a n vibra­
tional spectroscopic studies, because the torsional 
vibration is inactive in these spectra. I t is therefore 
very desirable to estimate it from a combined analysis 
of electron diffraction intensities with spectroscopic 
data. Thus, the molecular structure of (CH3)3N-
BF3 was reinvestigated in order to determine more 
accurate molecular parameters as well as the height 
of the potential barrier about the N - B bond, by means 
of a joint analysis of gas-electron diffraction and 
spectroscopic data. 

Exper imenta l 

Trimethylamine and boron trifluoride gases, which were 
prepared by the procedures described in the literature,6'7) 
were condensed in a flask cooled by liquid air and were 
allowed to react while being warmed slowly to room temper­
ature. A white product was purified by sublimation under 
vacuum, and its infrared spectrum8'9) revealed no impurities. 
In the electron-diffraction experiment the sample was vapor­
ized at about 130 °G by means of a high tepmerature nozzle, 
and photographs were taken with an r3-sector at the camera 
distances of 144 and 294 mm. The accelerating voltage 
was 40 kV. The exposure time at the short camera dis­
tance was 60 s, using an electron-beam current of 0.8 fxA, 

and that at the long camera distance was 20 s, using a beam 
current of 0.6 fxA. The pressure of the diffraction chamber 
was below 1 X 10~5 Torr during the experiment. The electron 
wavelength was measured using diffraction patterns of thal­
lium chloride powder.10) Photographs were recorded on 
Fuji spectroscopic plates, and the optical densities of four 
short and three long camera distance plates were measured 
at 0.4 mm intervals by means of a digital microphotometer. 
The electron-diffraction unit and digital microphotometer 
used in the present study were described elsewhere.11) 

A n a l y s i s a n d R e s u l t s 

Molecular Intensity and Radial Distribution. The 
scattering intensities were obtained in the range of 
s=2.5—17.3 and 5.0—33.0 Â " 1 from the photo­
graphic plates at long and short camera distances, 
respectively. They were leveled by the theoretical 
backgrounds, and then the leveled intensities of several 
plates for each camera distance were averaged. The 
background curves were drawn smoothly by hand 
for the long distance data and were fitted by a poly­
nomial of 7th degree12) for the short distance data, 
and then the molecular intensities for each camera 
distance were joined at .y=14.8Â~1 . Figure 2 shows 
the observed intensities and Fig. 3 shows the experi­
mental radial distrubution curve. T h e elastic and 
inelastic scattering factors were taken from the tables 
prepared by Kimura et <2/.13) and Cromer and Mann,1 4) 
respectively. The inelastic scattering factor for the 
hydrogen atom was taken from Ref. 15. 

Mean Amplitude of Vibration and Shrinkage Effect. 
Several workers have measured the vibrational spectra 
of (CH 3 ) 3 N-BF 3 in the solid phase and calculated 
the force field.9»16) However, these calculations 
seem not to be reasonable because a large number of 

H* A \ 

H» 

Fig. 1. Numbering of atoms in trimethylamine-boron 
trifluoride (symmetry G3v). 
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Fig. 2. Molecular intensities for trimethylamine-boron 
trifluoride. Solid curve, calculated; dotted curve, 
experimental. Lower curve, two times the residuals 
with respect to the experimental curve. 

Fig. 3. Radial distribution curve for trimethylamine-
boron trifluoride. Solid curve, experimental; lower 
curve, the residual curve; dotted curves, calculated 
using F0=6.0 kcal/mol (upper) and F0=3.0 kcal/mol 
(lower). 

unknown parameters were used; e.g., Laswick and 
Taylor obtained forty force constants on the basis 
of twenty wave numbers measured for each of five 
isotopic species.9) In the present study, a modified 
Urey-Bradley force field was adopted in order to re­
duce the variable parameters. The force constants 
used are shown in Table 1, and the calculated wave 
numbers are listed in Table 2, where the spectra were 
assigned according to the notation suggested by Laswick 
and Taylor.9) T h e mean amplitudes of vibration 
and shrinkage effects,17) ra—ra, at 130 °C, which were 
calculated using the above force constants, are shown 
in Table 3. The calculated mean amplitudes of 
most atomic pairs agreed well with the observed ones, 
but the observed mean amplitude of the N - B bond 
is significantly larger than the calculated one. The 
reason for this disagreement is that the calculation 
was carried out on the basis of the vibrational spectra 
observed in the solid state, where the N - B bond strength 
is probably enhanced. 

Torsional Vibration and Height of Potential Barrier. 
Torsional vibrations around the N - B and C - N bonds 

TABLE 1. FORCE CONSTANTS FOR (CH3)3N-BF3 

K(B-F) 

K(N-B) 

i f (C-N) 

/C(C-H) 

Pi 

P2 
F (N-B) 

F (C-N) 

/ / ( F B F ) 

i / (FBN) 

2 . 8 

1.5 

3 .3 

4 . 5 

0 . 6 

- 0 . 0 2 

0 .134 

0 .18 

0 .38 

0.42 

/ f (GNG) 

/ f (GNB) 

i / ( H C H ) 

tf(NCH) 

F (FF) 

F (FN) 

F (CG) 

F (CB) 

F ( H H ) 

F ( H N ) 

0 .36 

0 .65 

0 .35 

0 .33 

0.70 

0 .70 

0 .05 

0 .50 

0 .20 

0 .40 

K, p, H, F : mdyn/Â unit; Y: mdyn-Âunit. px: cross 
term between Ar (N-B) and Ar(B-F). P%'- cross term 
between Ar (N-B) and Ar(C-N). 

TABLE 2. OBSERVED AND CALCULATED WAVE NUMBERS 

FOR (CH3)3N-BF3a> (cm-1 UNIT) 

Ai 

E 

^ 3 

" 4 

H 

H 

v? 

^ 8 

H 

^19 

^20 

* 2 1 

^22 

^ 2 3 

v>u 

^ 2 5 

>'26 

v21 

V2S 

*'29 

V 3 0 

Obsd 

1486 

1453 

1271 

843 

694 

330 

929 

1478 

1469 

1412 

1255 

1105 

990 

1144 

432 

343 

300 

520 

323 

Galcd 

1488 

1453 

1269 

844 

696 

319 

931 

1491 

1454 

1438 

1351 

1064 

990 

1129 

431 

343 

275 

521 

321 

Ay/v 

- o . i % 
0 .0 

0 .2 

- 0 . 1 

- 0 . 3 

3 .3 

- 0 . 2 

- 0 . 9 

1.0 

- 1 . 8 

- 7 . 6 

3.7 

0 .0 

1.3 

0 .2 

0 .0 

8 .3 

- 0 . 2 

0 .6 

a) Assignment is according to the notation in Ref. 9. 

TABLE 3. MEAN AMPLITUDES AND SHRINKAGE EFFECTS 

FOR (CH3)3N-BF3 (IN 10-* Â) 

B-F 2 

B - N 

B - C i 

B-.-H! 

B - H 2 

F r - F 2 

F j - N 

F j . - C i 

F j - . C , 

F j - H j 

F r . . H a 

F r . . H 4 

F i - H s 

F i - H , 

I 

528 

589 

714 

1030 

1632 

681 

665 

717 

1532 

1109 

1669 

1653 

2682 

2387 

r&-ra 

86 

- 6 

39 

108 

86 

140 

39 

- 1 

12 

48 

12 

85 

- 9 7 

60 

N - C j 

N - H i 

G j - C a 

G i - H i 

G1---H4 

G r - H , 

C j ' - H ß 

H j - ' H a 

H1---H4 

H r . . H B 

H ! " - H 6 

H 2 - H 5 

H2 . . -H„ 

H 2 - H 9 

I 

501 

1041 

807 

778 

1620 

1635 

1071 

1262 

2399 

2476 

1700 

1778 

1408 

2384 

»a-»"« 

81 

171 

113 

238 

128 

137 

227 

362 

98 

72 

236 

246 

299 

92 

The numbering of the atoms is shown in Fig. 1. 
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TABLE 4. MOLECULAR PARAMETERS 

713 

(CH3)2N.BF3 (CH,),N'> BFa*> 

B-F 
N-B 
C-N 
G-H 
F..-F 
G..G 
ZNCH 
ZFBF 
ZGNG 

ra
a> 

1.363 (2) 
1.669 (6) 
1.476 (3) 
1.072 (3) 
2.272 (3) 
2.407 (5) 
110.0 (8) 
113.0 (3) 
109.3 (4) 

r o b ) 

1.370 (2) 
1.669 (4) 
1.481 (2) 
1.081 (3) 
2.285 (2) 
2.417 (4) 
110.2 (6) 
113.1 (3) 
109.4 (4) 

rgC) 

1.374 

1.674 

1.485 

1.100 

2.288 
2.420 
110.2 
112.6 
109.2 

rg*) 

1.356 (6) 
1.666(11) 
1.470(10) 
1.104 (8) 
2.261 (6) 
2.383(12) 
106.3(18) 
113.1 (9) 
108.5 (7) 

r0
e) 

1.387 (5) 
1.636 (4) 
1.476 (5) 
1.10 (3) 
2.305(10) 
2.400(10) 
109 (2) 
112.4 (2) 
108.6 (2) 

'a 

1.458 (2) 
1.100 (5) 

2.401 (6) 
110.2(13) 

110.9 (6) 

(CH3)3N.BF3fc> 
(solid) 

1.311 (1) 

2.271 

120 

1.39 
1.585 
1.50 

2.24 

107 
114 

Bond distance : Â unit ; bond angle : degree unit, a) Results from electron diffraction data, b) Results from the 
joint analysis of electron diffraction data and rotational constant, c) rg parameters transformed from r°a para­
meters.17) The limits of error are equal to those in the r° parameters, d) Results reported by Hargittai and 
Hargittai.3) ra parameters given by them are transformed to rg parameters by the relation of rg = r&-\-l2/r&. e) 
Results from microwave spectroscopic study. Ref. 1. f) Ref. 24. g) Ref. 25. The F---F distance was calcu­
lated by the relation of rJ(F-..F)=i/~3".fJ(B-F). h) Réf. 26. Limits of error are not clear. 

TABLE 5. ROOT-MEAN-SQUARE AMPLITUDES FOR 

(GH3)3N.BF3 (IN Â UNIT) 

B-F 
N-B 
G-N 
G-H 
F...F 
F-..N 
trans F---C 
gauche F---C 

^obsd8^ 

0.051 (3) 
0.083 (9) 
0.054 (3) 
0.074 (3) 
0.064 (2) 
0.066 (2) 
0.081 (3) 
0.154 (3) 

'calcd 

0.053 
0.059 
0.050 
0.078 
0.068 
0.067 
0.072 
0.153 

a) Results from joint analysis of electron diffraction 
data and rotational constant. 

were treated in a high barrier approximation.18) How­
ever, the torsional vibration around the N—B axis 
which was completely isolated from other vibrations 
contributes greatly to the gauche F - C mean amplitude. 
The mean amplitude of the gauche F - C calculated 
without consideration of this motion resulted in 0.099 
Â. The electron diffraction experiment gave the 
mean amplitude of 0.154±0.003 Â, as listed in Table 
5. The difference between the two values suggests 
a significant contribution of the torsional vibration 
around the N - B bond. Therefore, the force constant 
F i n the formula F=(1 /2 )7A£ 2 , where F is a potential 
energy and At is an internal coordinate in the 
torsional vibration, was chosen so that the calculated 
mean amplitude of the gauche F - C was in agreement 
with the observed one. Thus the force constant Y 
and the wave number of the vibration were estimated 
to be 0 .134±0 .010mdyn-Â and 6 7 ± 3 c m - 1 , re­
spectively. The errors were estimated from that of 
the observed gauche F - C mean amplitude. If the 
potential function around the N - B bond is assumed 

to be F ( 0 = ( l /2 )7 0 ( l—cos30 , w h e r e vo 1S t h e height 
of the potential barrier, V0 can be estimated to be 
4 .3±0.3 kcal/mol using the relation 7 0 = (2/9)7. 

O n the other hand, the torsion around the N - B 
bond was also treated in a low barrier approximation,18) 

and then the molecular intensities were calculated by 
the average over the torsional angle at 5° intervals, 
using the weight of thel Boltzmann factor exp(— VjkT). 
The gauche F---C mean amplitude was assumed to 
be 0.099 Â at each torsional angle. Thus radial dis­
tributions were obtained from the molecular intensités 
calculated using assumed values of V0, as shown in 
Fig. 3. T h e radial distribution obtained from V0= 
4.5 kcal/mol gave the same shape of the gauche F---C 
peak as in the experimental radial distribution, and 
the value of V0 was consistent with that obtained from 
the analysis of a high barrier approximation. 

Analysis of Electron Diffraction Intensities and Rotational 
Constants. Shrinkage effects were considered and 
the molecular parameters in the ra structure were de­
termined by the least-squares analysis of the molecular 
intensities; these are shown in Table 4. It is assumed 
that the molecule of (CH 3 ) 3 N-BF 3 has a staggered form 
with C3 v symmetry, and that the methyl group also 
has local C3 v symmetry in the staggered form with 
respect to the C-N axis. The mean amplitudes (except 
those listed in Table 5) were fixed as shown in Table 3, 
and the asymmetry parameters fc for the C - H , B-F, 
N - B , and C - N bonds were estimated to be 12, 2.4, 
11, and 2 . 5 x l O ~ 6 Â 3 , respectively, by a diatomic 
approximation.19) The x parameters for other atomic 
pairs were ignored. 

Bryan and Kuczkowski obtained the rotational con­
stant B0 value of 1756.073zt0.01 M H z for the normal 
species of (CH3)3N-BF3 .1) The vibrational correction 
for the rotational constant20) was made by the library 
program in the Computer Center of the University of 
Tokyo; Bz was 1756.17 M H z . The uncertainty in the 
vibrational correction was tentatively assumed to be 
8 0 % . The ra parameters in Table 4 was transformed 
to r°a parameters by extrapolating r&—ra to zero 
kelvin.17) Here the anharmonic contributions were 
estimated by a diatomic approximation. The ro­
tational constant calculated from the r£ parameters 
was 1758zfc 12 M H z , which was in good agreement 
with the experimental Bz. Although the parameters 
obtained from the above electron diffraction analysis 

1756.073zt0.01
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TABLE 6. CORRELATION MATRIX FOR MOLECULAR PARAMETERS OF (CHg^N-BFg8-) 

r(BF) 
r(NB) 
r(CN) 
r(CH) 
r(FF) 
r(GG) 
ZNCH 
/(BF) 
/(CN) 
/(FF) 
/(FN) 
/(FC(t)) 
'(FC(g)) 
/(NB) 
/(CH) 

* 1 

R2 

r(BF) 

1.0 
- 0 . 5 9 
- 0 . 3 1 
- 0 . 0 7 

0.41 
- 0 . 2 7 

0.34 
0.33 
0.48 
0.15 
0.23 

- 0 . 0 4 
0.08 
0.36 
0.06 

- 0 . 2 6 
0.02 

r(NB) 

1.0 
- 0 . 0 3 
- 0 . 0 1 

0.38 

0.29 
0.01 

- 0 . 1 4 
- 0 . 2 4 

- 0 . 1 9 
- 0 . 0 9 
- 0 . 0 1 

- 0 . 0 2 
- 0 . 1 8 
- 0 . 2 3 

0.18 
- 0 . 2 0 

r(CN) 

1.0 
0.33 

- 0 . 1 0 
0.87 

- 0 . 3 5 
- 0 . 5 9 
- 0 . 5 3 
- 0 . 2 0 
- 0 . 1 7 

0.03 
- 0 . 0 6 
- 0 . 3 7 

0.29 
0.04 
0.13 

r(CH) 

1.0 
0.04 
0.31 

- 0 . 2 2 
- 0 . 3 8 
- 0 . 3 3 
- 0 . 1 2 
- 0 . 0 8 
- 0 . 0 8 

- 0 . 0 2 
- 0 . 2 4 
- 0 . 0 3 
- 0 . 1 4 
- 0 . 1 4 

r(FF) 

1.0 
0.19 
0.43 
0.02 
0.10 
0.07 
0.23 

- 0 . 0 7 
0.14 
0.11 

- 0 . 1 3 
- 0 . 1 8 
- 0 . 1 9 

r(CG) 

1.0 
- 0 . 0 4 
- 0 . 5 5 
- 0 . 5 0 
- 0 . 3 3 
- 0 . 2 5 
- 0 . 0 1 

0.08 

- 0 . 3 0 
0.19 

- 0 . 0 3 
0.03 

ZNCH 

1.0 
0.16 
0.21 
0.04 

- 0 . 0 2 
- 0 . 0 8 

0.52 
0.33 

- 0 . 0 9 
- 0 . 3 8 
- 0 . 1 0 

/(BF) 

1.0 

0.92 
0.39 
0.30 
0.24 

- 0 . 0 6 
0.54 
0.26 
0.35 
0.60 

/(CN) 

1.0 
0.36 
0.30 
0.22 

- 0 . 0 3 
0.67 
0.29 
0.26 
0.57 

/(FF) 

1.0 
0.79 
0.14 

- 0 . 0 9 
0.17 
0.15 
0.35 
0.30 

/(FN) /(FC(t)) /(FC(g)) /(NB) /(CH) 

1.0 
0.09 1.0 

- 0 . 1 5 - 0 . 0 7 1.0 
0.11 0.10 0.09 1.0 
0.05 0.25 - 0 . 0 6 0.19 1.0 
0.35 0.25 - 0 . 2 3 - 0 . 0 5 0.16 
0.15 0.36 - 0 . 1 1 0.33 0.76 

Ä,h) RJ» 

1.0 
0.38 1.0 

a) Matrix elements are defined as ioiy==i?i/-
1/(-S«_1X.B77~1)1/a. b) Rx and R2 are indices of resolution for the 

long and short camera-distance data, respectively. 

1756.073 

1756. 

1758 

1756. 

17 

17 

rfc 
rfc 
rfc 
-f-

0.01 

0 .08 

12 

0 . 0 8 

TABLE 7. OBSERVED AND CALCULATED ROTATIONAL 

CONSTANTS FOR (CH3)3N-BF3 (IN MHz UNIT) 

B0*> 

B°a
ß) 

B*> 

a) Observed rotational constant for the ground vibra­
tional state. Ref. 1. b) Rotational constant corrected 
for vibrational effects, c) Rotational constant calcu­
lated from the parameters obtained by the analysis of 
electron diffraction data. See text, d) Best-fit rota­
tional constant obtained by the joint analysis. 

were quite compatible with the rotational constant 
determined by the microwave experiment, the joint 
analysis of electron diffraction intensities and rotation­
al constant was performed. The relative weight 
for the observed rotational constant in the least-squares 
calculation was estimated to be 6 X 108, in such a way 
that 2.5 times the standard deviation of the rotational 
constant obtained from the least-squares calculation 
is nearly equal to the uncertainty in Bz. The r« para­
meters and mean amplitudes determined by the joint 
analysis are given in Tables 4 and 5, together with the 
rg parameters and their associated errors. The errors 
were estimated from random errors in the least-squares 
calculations and systematic errors originating from the 
measurements of camera distance and electron wave­
length. T h e correlation matrix is listed in Table 6. 
The results from the joint analysis were the same as 
those obtained from the preliminary analysis.2) T h e 
errors for the molecular parameters were much smaller 
than those from the study by Hargi t ta i and Hargittai,3) 
though there seems to be systematic devitation between 
the two sets of data. T h e calculated rotational con­
stants were in quite good agreement with the observed 
ones, as listed in Table 7. Recently, the microwave 
spectra of deuterium and carbon-13 enriched samples 
of ( C H 3 ) 3 N B F 3 have been studied.1) T h e rotational 
constants for these isotopic species were calculated 
using the parameters obtained by the above joint 

TABLE 8. ROTATIONAL CONSTANTS OF (CH3)3N-BF3 

(IN M H Z UNIT) 

Bn*> BW 

("GH3)3N-11BF3 

(13CH3)3N-10BF3 

(CD 3) 3N-
UBF 3 

(GD 3) 3N.«BF 3 

(CH3)3N-
10BF3 

(CH 3) 3"N."BF 3 

1706.100 
1709.884 
1546.799 
1550.445 
1759.780 
1751.630 

1706 (2) 
1710 (2) 
1545 (2)c> 
1548 (2)c> 
1760 (2) 
1752 (2) 

a) Observed rotational constants, Ref. 1 ; the vibra­
tional corrections, AB=B0 — Bl, are adout 0.1 MHz. 
b) Rotational constants caluculated from the r° para­
meters in Table 4. The correlations between the para­
meters were taken into consideration in calculating the 
errors, c) The C-D distance and NCD angle were 
assumed to be equal to r(C-H)— 0.0015 Â and ZNCH 
— 0.16°, respectively. 21> 

analysis, and their calculated values are also in agree­
ment with the observed values, as shown in Table 8. 
The best-fit theoretical intensity curve is shown in 
Fig. 2.22> 

D i s c u s s i o n 

The joint analysis of electron diffraction and vibra­
tional spectra gave the result that the height of the 
potential barrier hindering the internal rotation of 
(CH 3 ) 3 N-BF 3 is 4.3 kcal/mol in the gas phase. This 
corresponds to that of Cl3CSiCl3.18) The height of 
the potential barrier of (CH 3 ) 3 N-BF 3 is considerably 
larger than that of H 3 P-BH 3 , 2.47 kcal/mol, which was 
obtained from microwave spectroscopy.23) T h e increase 
of the potential barrier can be attributed to the large 
size of fluorine atoms and methyl groups and the 
smaller N - B distance in ( C H 3 ) 3 N B F 3 . A wide 
line N M R study of ( C H 3 ) 3 N B F 3 in the solid phase 
showed that the barrier around the N - B axis was rather 
small, 1.7 kcal/mol.4) The reason for this discrepancy 
is unknown, though one should be careful in comparing 
the values obtained by the two different methods. 
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Comparing the molecular structure of (CH3)3N-
BF3 with those of the component molecules of (CH3)3N 
and BF3

24>25> (Table 4), the C - N and B-F distances 
increase by the complex formation by 1.6 and 4 . 5 % , 
respectively, and the CNC and FBF angles decrease 
by 1.4 and 5 .8%, respectively. This shows that the 
changes in the molecular parameters of the acceptor 
are much larger than those of the donor. In the 
solid phase, the molecule takes the same configuration 
as in the vapor phase, but the bond distances and the 
angles in the crystal26) are considerably different from 
those in the vapor phase (Table 4). T h e C - N and 
B-F bond distances are longer and the N - B bond 
distance is shorter than those in the vapor phase. 
These changes indicate that the donor-acceptor bonding 
is enhanced in the solid state. T h e increments of the 
C-N and B-F bond distances are 2.9 and 6.0%, re­
spectively, and the rate of the decrease of the FBF 
angle is 10.8%; these results are obtained by com­
paring the structural data from X-ray with those 
for the gaseous component molecules. 

The authors are indebted to Dr. Tsutomu Fukuyama 
of the University of Tokyo for his advice in the computer 
calculation. 
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High-resolutional Calorimetric Study on Solid Solutions SnCl̂ HzOUDzOk-* 
Masami TATSUMI^ Takasuke MATSUO, Hiroshi SUGA, and Syûzô SEKI* 
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Heat capacities of the system of solid solutions SnCl2 (fiJ0)x{D%O)^-x (*=2.00, 1.97, 1.75, 0.96, 0.50, 0.25, 
and 0.03) were measured by an adiabatic calorimeter capable of determinations of heat capacity with the tem­
perature step of 5—10 mK. The heat capacity peak due to order-disorder change of hydrogens becomes broader 
and its transition temperature rises as the deuteron concentration is increased. A small first-order component 
was found in the crystals of *=2.00, 1.97, and 1.75. Measurements were repeated for aged crystals of #=0.96, 
0.50, and 0.03. Nature of the phase transition has been discussed in analogy with the liquid-vapor critical point. 
From the heat capacity data around the glass transition it is concluded that the motion of the hydrogen atoms 
is strongly correlated with each other over a range whose size is large enough that fluctuation of the local isotopic 
composition from the average is negligible. 

The phase transition in tin (I I) chloride dihydrate 
S n C l 2 - 2 H 2 0 (abbreviated as TCD) was discovered 
by Kir iyama et al.1) The complete crystal structure 
was determined by them by using the X-ray2) and 
the neutron diffraction3) techniques. The crystal 
consists of layers of tin (I I) chloride molecule alternating 
with layers of water molecules. There are two types 
of water molecules in the layers. One of them, desig­
nated as H2C) (1), is coordinated to the t in(II) ion 
and the other, H 2 0 (2), is a water of crystallization. 
Each type of water molecules is hydrogen-bonded to 
three others of different type in the same layer parallel 
to the (100) plane. In the hydrogen bonding network, 
there are seven kinds of positions which deuterons can 
occupy and the three types of hydrogen bond with 
different bond length.4"7) The 0 ( 2 ) — 0 ( l ' ) hydrogen 
bond differs from the other two in that its bond 
length increases anomalously below Tc> in contrast to 
the other two which contract as the temperature is 
lowered. 

An unusual property of the phase transition in T C D 
is that there occurs no change of symmetry of the 
crystal at the transition, including that pertaining to 
the hydrogen atom. The space group is P2ly/c both 
below and above the transition. No symmetry ele­
ments are lost or gained on passing through the transi­
tion. It is generally assumed that a phase transition 
of any substance is accompanied by a change of sym­
metry of the substance. The symmetry in question 
may be that of the distribution function of the atoms 
in the crystals or that of the average spin orientation 
in magnetic substances. More abstract symmetry of 
wave function is relevant to superconductivity and the 
A-transition of liquid helium. It is generally observed 
that one or more of the symmetry elements disappear 
as the substance undergoes the phase transition. The 
symmetry change is thus a general characteristic of 
phase transitions.8) In fact, Landau theory of the 
phase transitions of the second kind connects the 
symmetry change with the thermodynamics of the 
phase transition through appropriate definition of the 
order parameters. If there is no change in the sym­
metry of the crystal, how can one distinguish one phase 
from the other? One cannot tell one phase from the 

t Present address: Sumitomo Electric Industries Ltd., 
Osaka 541. 

other from the atomic distribution function alone 
because there is no qualitative difference between the 
distribution functions of the two phases. A question 
thus arises as to whether the two phases are really 
different from each other. 

From the calorimetric point of view, the phase 
transition in T C D is characterized by a sharp peak 
of the heat capacity.9»10) The anomalous heat ca­
pacity increases symmetrically from both sides of the 
transition point. This has been recognized as a dis­
tinguishing feature of the two-dimensional phase transi­
tion. A small isothermal increment of the enthalpy 
(33.0 J m o l - 1 or 3 .5% of the total transition enthalpy) 
was observed at the very transition temperature of 
#=2.00.9) Thus, the phase transition occurs gradually 
but is of the first-order nature. These observations 
suggest formal similarity of the transition in T C D 
with vaporization of a typical liquid. Thus the liquid 
and vapor have the same continuous translational 
symmetry. Below the critical pressure, the vaporiza­
tion is, of course, a first-order transition. Far below 
the critical point, there is no gradual increase of 
enthalpy in the isobaric process both below and above 
the vaporization temperature. Only the latent heat 
of vaporization dominates in that process. However, 
gradual increase of the enthalpy appears as the critical 
pressure is approached. At the critical point the 
isothermal change of enthalpy disappears and the heat 
capacity at the critical pressure diverges strongly. The 
region beyond the critical point is called supercritical. 
Here, the heat capacity as a function of temperature 
will be still large but remains finite. If the analogy 
between the phase transition in T C D and vaporization 
of liquid is something more than superficial, one should 
expect existence of a critical point at an appropriate 
value of some external parameter of the T C D crystal. 
In the present study, we have chosen the hydrogen-
deuterium isotopic composition as the adjustable 
"external" parameter and made heat capacity mea­
surement of the mixed crystals of SnCl2(H20) x(T>20)2_ x 

for * = 2 . 0 0 , 1.97, 1.75, 1.50, 0.96, 0.50, 0.25, and 0.03. 
High resolution measurements of the heat capacity 

including that of the crystals aged for four years have 
established that the critical composition does really 
exist near # = 1 . 5 0 . The phase transition in T C D 
provides thus an example of a new class of solid state 
phase transition for which there is no concomitant 
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change of the symmetry of the crystal. It should be 
mentioned that the dimer model of Salinas and Nagle11) 
which gives a logarithmic singularity of heat capacity 
at the transition point Tc seems to have a similar 
property in that the symmetry of the dimer distribution 
is the same for T> Tc as for T<TC. A relevant 
problem of the difficulty of defining the order param­
eter for a certain class of the dimer lattice was first 
pointed out by Kasteleyn.12) 

Another aspect of interest of T C D crystal is that 
the anomalous heat capacity has an appreciable mag­
nitude even at a lower temperature where the motion 
of the hydrogen atom is so slow that it falls out of 
thermal equilibrium when the temperature is varied 
at a typical rate of the calorimetric experiment.10) 
The temperature at which the average lifetime of 
the proton (or deuteron) configuration is equal to the 
time required for the heat capacity measurement, i.e., 
the temperature where the calorimetric Deborah 
number13) is equal to unity, is called the glass transition 
temperature Tg. Below Ts only the vibrational 
degree of the crystal is active and contributes to the 
observed heat capacity. This is a particularly for­
tunate property of the crystal, because it leads to 
unambiguous determination of the lattice heat capacity. 
Occurrence of the glass transition in T C D is intimately 
related to the structure of the hydrogen-bond network 
of the crystal. The network structure is such that 
the hydrogen atoms can change their positions without 
violating the ice conditions if eight of them move in 
unison.10 '14) A very different behavior is observed in 
copper formate tetrahydrate, a similar hydrate crystal 
with layer structure, in which the ice condition prohibits 
redistribution of finite number of the hydrogen atoms 
in the low-temperature phase. The anomalous heat 
capacity is essentially zero below Tc because the order­
ing is complete in the whole range of the low-temper­
ature phase. I t has been pointed out previously that 
Bjerrum and ionic defects can have only minor effect 
that scarcely affects the bulk thermodynamic properties 
of the copper formate tetrahydrate crystal, although 
they may be responsible to the dielectric dispersion 
in the low temperature phase.15) In the present study 
the isotope effect on the glass transition in T C D has 
also been investigated by the heat capacity measure­
ment. It will be shown that the relaxational pro­
perties depend on the isotopic composition in a mono­
tonous way. The experimental result presented in 
this paper will be analysed in the subsequent paper16) 
in terms of the general consideration discussed above. 

Exper imenta l 

Sample Preparation. The single crystals of solid solution 
of TCD and DTGD were prepared in the following manner. 
Commercial TCD (extra pure grade from Wakö Pure Chemi­
cal Co., Ltd.) was first dehydrated by evacuation for a week. 
The extent of dehydration was determined by measurement 
of the weight loss. An appropriate amount of mixture of 
normal and 99.75% heavy water (E. Merck) having desired 
composition was added to the dehydrated crystal together 
with a small quantity of normal or deuterated hydrochloric 
acid. The slurry was heated to about 45 °C in a closed glass 
vessel giving a clear solution and cooled slowly after addition 

of a small piece of single crystal. The crystal was grown in 
the water bath thermostatted by the proportional control­
ler (within ± 1 0 mK) for a month. The sample for the 
calorimetry was cut from a large single crystal, shaped into 
a cylinder with 25 mm diameter and 40 mm height, and 
enclosed in a calorimeter cell under atmosphere of helium. 
All the six single crystals having different isotopic composi­
tion were prepared in the same manner. 

Determination of the Isotopic Composition. The H 2 0 
concentration in SnCl2(H2O)0.9e(D2O)1.04 was determined 
by means of the quantitative absorption intensity measure­
ments of the proton magnetic resonance by use of the high 
resolution NMR spectrometer (Varian 60). Several mix­
tures of D 2 0 and HaO having different compositions were 
used as standards for making the calibration curve. The 
isotopic mixture of water was collected into the NMR tube 
by vacuum distillation from the calorimetric crystal after 
completion of the heat capacity measurement. The er­
ror in the determination of the deuterium content was esti­
mated to be ± 2 % from the scatter in the calibration. The 
mole ratio of H 2 0 and DaO in solid solution thus determined 
agreed with that of the initial mixture. The other solid 
solutions were assumed to have the same isotopic compo­
sition as the slurry. 

Calorimeter. The design and construction of the high 
resolution calorimeter used in the present work was described 
in detail elsewhere.17) One of the feature of the adiabatic 
calorimeter is that it is equipped with two thermometers, 
that is, a platinum resistance thermometer and a thermistor-
thermometer. The former is employed to determine heat 
capacity with ordinary resolution (AT«1—2 K) and the 
inaccuracy and the imprecision of the heat capacity measure­
ment by use of the platinum resistance thermometer is less than 
±0 .1 and ±0.05%,18> respectively, between 50 and 275 K. 
The latter, the thermistor-thermometer, is essential for high 
resolution measurement with the temperature step of 10— 
20 mK. The temperature resolution attained by this thermo­
meter was about 3 jxK at 220 K. Meticulously careful 
attention had to be paid to the adiabatic control in order to 
exploit the good temperature resolution of the thermistor-
thermometer. When the control was left undisturbed, the 
cell temperature remained constant within 0.3 mK over a 
period of 24 h. Temperature steps as small as 5 mK could 
be attained without introducing unduely large imprecision 
in the result. The performance of the calorimeter was im­
proved by several modifications made since the previous 
publication of the apparatus. Some of them are briefly 
described here. 

i) Use of an indium O-ring facilitates the vacuum-tight 
closure of the calorimeter cell. 
ii) In order to ease the procedure of assembling the calori­
meter cell especially in the dry-box, two gold electric con­
tacts were attached to the hermetic seal as the terminal 
for the calorimeter-heater-leads. 
iii) In order to decrease the heat transfer to the calorimeter 
cell by conduction along the electrical leads, one of the thermo­
couple junctions, which was previously located between 
the calorimeter cell and bottom cone, was fixed to the inner 
jacket. The copper leads of the two thermometers were 
replaced by the constantan leads with smaller thermal con­
ductivity. 
iv) The significant temperature drift was caused by the 
stray E.M.F. induced at the terminal of the thermocouple-
lead in the previous high resolution measurement. The 
stray E.M.F. was reduced by decreasing the number of 
binding-post between the calorimeter and the microvolt 
amplifier. 
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TABLE 1. SUMMARY OF SOLID SOLUTIONS 

AND AGING PERIOD 

TABLE 2. MOLAR HEAT CAPACITY OF SnCl2(H20)2.c 

Abbreviation Formula */montha) 77K 
Cr, 

J K ^ m o h 1 r/K 
JK"1mol-i 

r/K 
J K-1 mol-1 

*=2.00 SnCl2(H2O)2.00 3 

*=1.97 SnGl2(H2O)1.97(D2O)0.03 4 

*=1.75 SnGl2(H2O)1.75(D2O)0.25 4 

*=1.50 SnClaCH^i.soCDaOJo.Bo 7 

*=0.96 SnGl2(H2O)0.96(D2O)1.04 1 

* = 0.96(II) SnCl2(H2O)0.96(D2O)1.04 24 

*=0.50 SnGl2(H2O)0.50(D2O)1.50 4 

*=0.50(II) SnCl2(H2O)0.50(D2O)1.50 10 

*=0.25 SnGla(HaO)„.a6(DaO)1.76 1 

*=0.03 Sna2(H2O)0.0,(D2O)1.87 1 

*=0.03(H) SnCl2(H2Q)o.03(D2Q)1.97 48 

a) Time elapsed before starting the measurement after 
the preparation of the crystal. 

v) The ASL AG double bridge works adequately when the 
resistance ratio (raA) is between 0.2 and 0.8. Previously, 
we used two home-made standard resistors (6.238453 
and 0.390430 Q) and a commercial one of 100 11 (Shimadzu 
Electrical Measuring Instruments Co., Ltd.). The first 
resistors were replaced by three card-type precision resistors 
(10, 1, 0.112, General Radio Company) resulting in ample 
overlap between the intervals of the recommended ratio 
value. This modifications did not influence the temperature 
scale because the new resistors were calibrated against the 
100 11 resistor which remained as before. 
vi) The maximum temperature coefficient of the card-
type standard resistor has been stated ±20 ppm/K by the 
manufacturer. The improved thermostat was constructed, 
which consisted of the double-walled-aluminium box tem­
perature-regulated by proportional controllers. The tem­
perature was kept constant within ±50 mK. 
vii) The effect of the self-heating is corrected more repro-
ducibly by monitoring the accurate power dissipated in the 
thermometer. For this purpose the bridge carrier voltage 
was measured by an AG voltmeter (Yokogawa Electric 
Works Ltd.). 

viii) Temperature constancy of the bridge components 
was found to be essential for the high resolution measure­
ment especially in the vicinity of critical points where thermal 
equilibrium is reached very sluggishly. In order to stabilize 
the temperature of the bridge components (two 1 kfi resis­
tors for the fixed arms and a seven-decade 111.11110 kO 
variable resistor) against the change of the room temperature, 
they were housed in an air thermostat. The temperature 
of the thermostat was regulated within ±0.1 K by a controller 
equipped with a thermistor throughout a series of heat capacity 
measurements. Temperature gradient in the air thermostat 
was minimized by a fan driven by a remote motor through 
a flexible torque transmitter. 

Heat Capacity Measurements. The heat capacity mea­
surements were performed on crystals of seven different 
compositions in addition to x=2.00 already reported. Table 
1 summarizes the isotopic composition of the samples and the 
time elapsed between preparation of the crystal and the 
heat capacity measurement. The abbreviatiated desig­
nation for each of the solid solutions is also given there. 

In all of the isotopic compositions studied, the heat capa­
city behaved anomalously in two temperature regions. One 
is around 220—230 K region and is due to the order-disorder 
change of proton (deuteron) in the hydrogen bonding network. 
The other is a relaxational anomaly (glass transition) around 

216.009 

216.081 

216.152 

216.224 

216.295 

216.354 

216.402 

216.438 

216.467 

216.499 

216.531 

216.563 

216.595 

216.627 

216.659 

216.691 

216.723 

216.755 

216.786 

216.818 

216.850 

216.881 

216.913 

216.945 

216.976 

217.008 

217.039 

217.071 

217.102 

217.134 

217.165 

217.197 

217.228 

217.259 

217.291 

217.322 

217.353 

217.384 

217.415 

217.446 

217.477 

217.507 

217.537 

217.566 

217.596 

217.625 

217.653 

217.705 

217.729 

217.753 

217.778 

217.803 

217.826 

217.847 

149.79 

149.89 

150.23 

150.51 

150.78 

151.06 

151.15 

151.48 

151.53 

151.62 

151.79 

151.97 

152.11 

152.22 

152.58 

152.64 

152.79 

152.99 

153.19 

153.41 

153.74 

153.69 

154.17 

154.28 

154.66 

154.95 

155.09 

155.07 

155.58 

155.85 

156.22 

156.65 

156.90 

157.38 

157.68 

158.19 

158.54 

159.11 

159.64 

160.21 

160.79 

161.20 

162.14 

163.07 

163.90 

164.94 

165.26 

168.28 

169.63 

171.31 

173.02 

175.10 

177.86 

180.27 

217.866 

217.885 

217.903 

217.921 

217.938 

217.955 

217.970 

217.984 

182.97 

186.93 

191.27 

197.99 

208.20 

224.55 

253.90 

305.39 

1st order region 

218.022 

218.038 

218.055 

218.072 

218.090 

218.108 

218.127 

218.146 

218.165 

218.184 

218.203 

218.222 

218.241 

218.261 

218.280 

218.300 

218.321 

218.342 

218.362 

218.382 

218.402 

218.422 

218.442 

218.462 

218.482 

218.502 

218.522 

218.543 

218.563 

218.583 

218.603 

218.624 

218.644 

218.665 

218.686 

218.707 

218.729 

218.750 

218.772 

218.794 

218.817 

218.840 

218.863 

236.73 

216.23 

204.46 

196.40 

190.49 

186.12 

182.72 

179.78 

177.52 

175.40 

173.65 

172.03 

170.61 

169.14 

168.34 

167.30 

166.64 

165.78 

165.06 

164.15 

163.55 

162.88 

162.49 

161.83 

161.32 

160.93 

160.38 

160.28 

159.93 

159.93 

159.47 

158.99 

158.63 

158.24 

157.94 

157.60 

157.31 

156.85 

156.65 

156.33 

156.22 

155.86 

155.76 

218.886 

218.911 

218.965 

218.988 

219.014 

219.042 

219.070 

219.098 

219.126 

219.154 

219.182 

219.210 

219.238 

219.266 

219.294 

219.322 

219.350 

219.378 

219.406 

219.438 

219.473 

219.508 

219.542 

219.577 

219.613 

219.650 

219.690 

219.730 

219.772 

219.814 

219.858 

219.904 

219.951 

220.140 

220.490 

220.885 

221.309 

221.734 

222.159 

222.585 

223.012 

223.440 

155.67 

155.33 

154.78 

154.62 

154.31 

153.99 

153.71 

153.53 

153.38 

153.23 

153.08 

152.94 

152.72 

152.58 

152.61 

152.43 

152.28 

151.93 

151.94 

151.88 

151.77 

151.41 

151.40 

151.21 

151.13 

150.78 

150.68 

150.55 

150.39 

150.25 

150.19 

149.77 

149.98 

149.32 

148.56 

147.72 

147.11 

146.62 

146.19 

146.09 

145.57 

144.79 
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r/K 
198.46 
199.70 
200.95 
202.34 
203.83 
205.26 
206.69 
208.15 
209.59 
210.99 
212.38 
213.76 
215.15 
216.53 
217.93 
219.42 
220.68 
221.94 

223.17 
224.49 
225.77 
227.13 
228.48 
229.84 

125.50 
126.55 
127.64 
128.82 
130.19 
131.36 
132.60 
133.83 
135.06 
136.28 
137.50 
138.71 
139.91 
141.12 
142.32 
143.50 
144.70 
145.89 
147.08 
148.25 
149.44 
150.62 
151.81 
152.98 
154.15 
155.30 
156.42 
157.54 
158.64 
159.75 
160.86 
161.96 

Cpß K-1 mol 

136.63 
137.64 
138.03 
138.98 
139.63 
140.29 
141.08 
141.87 
142.72 
143.60 
144.47 
145.53 
146.67 
148.09 
149.86 
153.64 
159.19 
202.54 
158.24 
153.40 
151.26 
149.98 

149.32 
149.05 

101.07 
101.57 
102.12 
102.67 
103.27 
103.96 
104.52 
105.09 
105.66 
106.25 
106.78 
107.39 
108.38 
108.59 
109.13 
109.43 
110.21 
110.77 
111.28 
111.80 
112.26 
112.83 
113.27 
113.77 
114.31 
115.45 
117.98 
118.87 
119.21 
119.71 
120.38 
120.74 

High-resolutional Galorimetric Study 

T A B L E 3. M O L A R 

Iï T/K CPIJ K"1 mol-* 

163.05 
164.14 
165.23 
166.31 
167.40 
168.46 
169.54 
170.81 
172.38 
174.00 
175.63 
173.43 
175.28 

177.12 
178.95 

180.77 
182.68 
184.69 
186.68 
188.67 
190.63 
192.59 
194.54 
196.48 
198.40 
200.16 
201.74 
203.15 
204.40 
205.64 
206.79 
207.85 
208.89 
209.87 
210.78 

215.583 
216.128 
216.593 
217.046 
217.470 
217.845 
218.144 
218.399 
218.640 
218.867 
219.075 
219.276 
219.468 
219.652 
219.813 
219.950 
220.062 
220.141 
220.205 
220.260 
220.311 
220.357 
220.402 

121.20 
121.69 
122.19 
122.61 
123.09 
123.63 
124.12 
124.65 
125.35 
125.99 
126.95 
125.82 
126.63 
127.45 
128.24 
129.07 
129.91 
130.77 
131.68 
132.61 
133.44 
134.25 
135.37 
136.11 
136.95 
137.86 
138.73 
139.34 
139.93 
140.54 
141.30 
141.89 
142.43 
143.09 
143.45 

147.06 
147.60 
148.11 
148.62 
149.16 
149.39 
150.07 
150.52 
150.96 
151.46 
151.83 
152.36 
152.83 
153.42 
153.90 
154.27 
154.74 
155.12 
155.43 
155.57 
155.94 
156.20 
156.51 

on Solid Solutions SnCl2( 

HEAT CAPACITY OF SnGlj 

T/K < 

220.445 
220.476 
220.512 
220.548 
220.584 
220.619 
220.653 
220.687 
220.721 
220.755 
220.789 
220.823 
220.852 
220.884 

220.917 
220.950 
220.983 
221.015 

221.047 
221.077 
221.106 
221.135 
221.163 
221.191 
221.219 

221.247 
221.273 
221.297 
221.314 
221.334 
221.353 
221.372 
221.390 
221.409 
221.426 
221.444 

221.461 
221.478 
221.495 
221.512 
221.528 
221.543 
221.559 
221.573 
221.588 
221.602 
221.616 
221.630 
221.644 
221.658 
221.671 
221.685 
221.698 
221.711 
221.724 
221.736 
221.749 
221.761 
221.773 

Cyj K"1 mol-1 

156.75 
157.03 
156.72 
157.48 
157.46 
157.86 
157.78 
158.27 
158.46 
158.64 
159.01 
159.39 
159.26 
159.72 
160.07 
160.23 
161.01 
161.29 
161.60 
162.00 
162.60 
162.85 
163.44 
163.81 
164.27 
164.70 
165.54 
166.06 
165.84 
166.39 
167.38 
167.75 
168.63 

169.32 
169.89 
170.50 
171.10 
172.00 
172.80 
173.89 
175.26 
176.12 
176.07 
177.77 
178.44 
179.83 
181.38 
183.55 
183.52 
185.32 
187.52 
189.57 
192.24 
194.54 
197.79 
200.65 
204.78 
212.19 
214.91 

;H2OUD2O)2_ 

,(^0)^50(020)0.50 

T/K CyjK^mol-i 

221.785 
221.796 
221.807 
221.818 
221.828 
221.838 
221.847 
221.856 
221.863 
221.870 
221.876 
221.881 
221.888 
221.895 
221.903 
221.912 
221.921 
221.930 
221.940 
221.951 
221.961 
221.973 
221.982 
221.993 
222.006 
222.018 
222.030 
222.043 
222.056 
222.069 
222.082 
222.096 
222.109 
222.123 
222.133 
222.147 
222.161 
222.175 
222.189 
222.202 
222.217 
222.231 
222.245 
222.259 
222.273 
222.288 
222.302 
222.317 
222.331 
222.346 
222.360 
222.375 
222.390 
222.404 
222.419 
222.434 
222.449 
222.464 
222.479 

221.11 
229.21 
238.83 
250.57 
266.17 
284.06 
306.45 
344.73 
396.40 
465.68 
571.29 
459.08 
422.80 
382.22 
357.60 
329.33 
304.43 
287.57 
268.62 
255.16 
242.62 
232.62 
223.67 
218.73 
214.50 

208.52 
203.10 
200.24 
195.20 

193.12 
190.70 
188.47 
186.51 
185.04 
182.32 
181.06 
179.74 
178.39 
178.27 
176.64 
175.98 
174.95 
174.39 
173.32 
172.35 
171.91 
171.58 
170.58 
170.10 
169.22 
169.08 
168.17 
167.94 
167.49 
167.25 
166.41 
166.43 
166.04 
165.03 

•x 

T/K C% 

222.494 
222.509 
222.525 
222.540 
222.556 
222.572 
222.588 
222.603 
222.619 
222.635 
222.651 

222.667 
222.684 
222.700 
222.716 
222.732 
222.748 
222.765 
222.781 
222.797 
222.814 
222.830 
222.847 
222.864 

222.882 
222.899 
222.917 
222.935 
222.953 
222.967 
222.986 
223.004 
223.023 
223.042 
223.058 
223.078 
223.098 
223.118 
223.139 
223.162 
223.184 
223.206 
223.228 
223.252 
223.278 
223.303 
223.329 
223.355 
223.382 
223.409 
223.438 
223.468 
223.498 
223.528 
223.558 
223.588 
223.619 
223.650 
223.682 

719 

./JK^mol-i 

165.36^ 
165.34 
164.46 
164.57 
163.99 
163.70 
163.98 
163.24 

162.81 
162.57 
162.27 
162.10 
161.89 
161.38 
161.48 

161.22 
161.04 
160.98 

160.80 
160.15 
160.05 
161.44 
160.60 
159.53 

159.62 
159.49 
159.00 
159.19 
159.09 
158.42 
158.40 
158.39 
158.24 
157.63 
157.84 
157.88 
157.97 

157.91 
157.53 
157.25 
157.52 
157.16 
157.15 
157.00 
156.75 
156.68 
156.51 
156.61 
156.06 
156.25 
155.86 
155.97 
155.63 
155.85 
155.30 
155.43 
155.28 
155.15 
155.15 
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T A B L E 3. Continued 

T/K Cp/J K-1 mol-i 

223.714 
223.748 
223.783 
223.819 
223.855 
223.891 
223.931 
223.976 
224.020 
224.065 
224.111 
224.158 
224.213 
224.274 
224.335 
224.397 
224.457 
224.522 
224.591 
224.662 
224.731 
224.805 
224.880 
224.931 
224.981 
225.081 
225.203 
225.325 
225.473 
225.643 
225.861 
226.166 
226.517 
226.868 
227.219 
227.661 
228.193 
228.771 
229.385 
229.992 
230.608 
231.240 
231.967 
232.774 
233.581 
234.388 
235.195 
236.001 
236.801 
237.605 
238.409 

239.33 
240.38 
241.49 
242.70 
243.90 

155.00 
154.87 
154.73 
154.46 
154.39 
154.44 
154.24 
153.88 
153.77 
153.81 
153.92 
153.79 
153.45 
153.50 
153.28 
153.40 
152.72 
152.92 
153.01 
152.67 
152.76 
152.44 
152.40 
152.69 
152.44 
152.30 
152.17 
152.10 
152.08 
151.48 
151.60 
151.01 
150.16 
150.00 
149.90 
149.72 
149.44 
149.27 
148.74 
148.95 
148.95 
148.89 
148.85 
148.89 
149.00 
148.99 
149.04 
149.21 
149.22 
149.36 
149.62 

149.27 
149.78 
150.00 
149.71 
150.81 

T/K < 

58.99 
60.35 
61.80 
63.35 
64.87 
66.32 
67.85 
69.42 
70.97 
72.49 
73.96 
75.54 
77.21 
78.84 

80.44 
82.01 
83.56 
84.98 
86.57 
88.17 
89.86 
91.52 
93.18 
94.79 
96.36 
97.92 
99.45 

101.03 
102.63 
104.22 
105.78 
107.34 
108.88 
110.41 
111.91 
113.42 
114.95 
116.54 
118.09 
119.63 
121.18 
122.70 
124.22 
125.72 

227.43 
228.84 
230.27 
231.45 
232.63 
233.81 
235.05 
236.34 
237.64 

Cyj K-i mol-* 

55.72 
56.99 
58.30 
59.68 
61.00 
62.28 
63.56 
64.92 
66.21 
67.47 
68.69 
69.90 
71.21 
72.45 

73.67 
74.70 
75.96 
77.00 
78.08 
79.12 
80.27 
81.42 
82.45 
83.56 
84.52 
85.58 
86.48 
87.51 
88.45 
89.41 
90.37 
91.23 
92.17 
93.01 
93.81 
94.71 
95.52 
96.28 
97.24 
98.04 
98.83 
99.66 

100.38 
101.20 

149.82 
149.34 
149.09 
148.99 
148.98 
148.95 
149.11 
149.33 
149.38 

T/K 

238.93 
240.23 
241.51 
242.87 
244.29 
245.71 
247.13 
248.54 
250.05 
251.68 
253.31 
254.92 
256.54 
258.15 
259.85 
261.46 
263.24 
265.03 

266.81 
268.59 
270.47 
272.53 
274.64 
276.75 
278.85 
280.93 
283.01 
285.08 
287.15 
289.21 
291.23 
293.28 
295.39 
297.60 
299.88 
302.24 

13.14 
13.75 
14.32 
15.18 
16.35 
17.18 
18.00 
18.77 
19.46 
20.19 
20.94 
21.75 
22.62 
23.42 
24.18 
24.96 
25.77 

C y j K ^ m o l - i 

149.63 
149.82 
150.13 
150.22 
150.70 
150.83 
151.25 
151.52 
151.91 
152.33 
152.80 
153.20 
153.46 
153.94 
154.40 
154.81 
155.32 
155.82 

156.35 
156.87 
157.37 
158.08 
158.61 
159.30 
160.06 
160.56 
161.16 
161.77 
162.55 
163.21 
164.07 
164.41 
165.01 
165.80 
166.63 
167.64 

4.87 
5.48 
6.00 
6.88 
7.97 
8.94 
9.85 

10.74 
11.54 
12.40 
13.25 
14.20 
15.23 
16.17 
17.07 
18.05 
19.07 

T/K 

26.73 
27.80 
28.81 
29.75 
30.74 
31.86 
32.96 
33.96 
34.92 
35.88 
36.79 
37.74 
38.71 
39.64 
40.62 
41.67 
42.69 
43.77 
44.92 
46.01 
47.08 
48.15 

49.22 
50.48 
51.91 
53.31 
54.75 
56.23 
57.67 
59.06 

130.04 
131.70 
133.51 
135.41 
137.29 
139.22 
141.19 
143.15 
145.15 
147.08 
148.99 
150.84 
152.60 
154.40 
156.24 
158.07 
159.98 
162.03 
164.24 

C y j K - i m o l - i 

20A7 
21.49 
22.71 
23.85 
25.04 
26.40 
27.76 
28.94 
30.06 
31.22 
32.24 
33.32 
34.42 
35.44 
36.55 
37.74 
38.87 
40.07 
41.31 
42.54 
43.67 
44.82 

46.00 
47.31 
48.84 
50.20 
51.68 
53.10 
54.48 
55.77 

103.22 
104.06 
104.89 
105.80 
106.67 
107.53 
108.43 
109.37 
110.38 
111.26 
112.08 
112.96 
114.84 
117.15 
117.95 
118.62 
119.73 
120.61 
121.63 
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TABLE 4. MOLAR HEAT CAPACITY OF SnGl2(H2O)0>03(D2O)1.97 

T/K CyjK-^mol- i T/K Cp/J K"1 mol-* T/K Cp/J K"1 mol"1 77K Cp/J K"1 mol-i 

232.482 172.83 234.646 231.07 236.497 174.39 234.550 225.42 
232.541 173.06 234.668 230.04 236.564 174.19 234.582 229.23 
232.596 173.28 234.694 229.89 236.641 173.90 234.602 230.67 
232.651 173.52 234.720 228.70 236.719 173.61 234.618 228.64 
232.705 173.71 234.746 227.18 236.799 173.35 234.634 227.56 
232.755 173.94 234.774 224.62 236.871 173.14 234.651 228.42 
232.804 174.16 235.043 198.62 236.933 172.94 234.668 230.76 
232.853 174.54 235.012 200.17 237.042 172.76 234.684 231.73 
232.899 174.60 234.981 203.45 237.196 172.41 234.785 221.27 
232.946 174.77 234.950 206.25 237.350 172.01 234.809 215.92 
232.993 175.07 234.920 209.37 237.505 171.68 234.838 213.97 
233.040 175.16 234.890 212.23 237.661 171.40 234.871 208.12 
233.086 175.64 234.861 215.70 237.817 171.11 234.904 203.25 
233.133 177.64 234.832 219.13 237.972 170.95 234.944 200.52 
233.178 176.21 234.803 221.90 238.128 170.64 234.997 195.44 
233.223 176.39 235.074 196.48 238.283 170.43 235.066 190.00 
233.267 176.58 235.106 194.70 238.574 170.22 235.143 185.95 
233.312 177.16 235.137 192.90 239.053 169.78 235.222 182.63 
233.356 177.57 235.169 191.69 239.586 169.37 235.319 177.05 
233.400 177.86 235.201 190.38 235.403 179.21 
233.444 178.36 235.233 189.46 235.505 177.80 
233.488 178.69 235.265 188.06 235.616 174.81 
233.529 179.19 235.298 187.22 222.69 156.27 235.756 173.59 
233.566 179.85 235.330 186.29 223.56 156.87 235.925 172.50 
233.604 179.80 235.363 185.46 224.44 157.48 236.122 170.64 
233.641 180.55 235.395 184.73 225.30 157.36 236.350 169.41 
233.678 182.07 235.428 183.97 226.21 158.70 236.578 168.45 
233.715 181.70 235.462 183.31 227.15 159.51 236.858 167.49 
233.751 182.05 235.495 182.74 237.213 166.53 
233.788 182.57 235.529 182.20 237.686 165.76 
233.825 183.36 235.562 181.47 238.254 164.95 
233.861 183.89 235.595 181.01 225.11 157.55 238.822 164.41 
233.898 184.50 235.628 180.66 
233.935 185.07 235.661 180.19 
233.969 186.47 235.694 179.87 
234.006 187.27 235.728 179.65 
234.040 188.57 235.761 179.15 
234.072 189.70 235.794 178.44 
234.104 191.03 235.828 178.40 
234.136 192.35 235.861 178.04 
234.168 193.82 235.896 177.82 
234.199 195.66 235.931 177.47 
234.231 197.06 235.967 177.21 
234.262 199.05 236.002 177.10 
234.293 201.43 236.038 176.94 
234.323 204.00 236.073 176.65 
234.354 206.89 236.110 176.41 
234.384 209.89 236.147 176.22 
234.413 213.06 236.185 176.10 
234.443 216.19 236.223 175.79 
234.472 219.35 236.260 175.56 
234.501 222.41 236.298 175.36 
234.529 225.09 236.336 175.16 
234.558 227.13 236.374 174.94 
234.595 229.34 236.413 174.76 
234.628 230.27 236.451 174.50 

225.11 
226.48 
227.84 
229.19 
230.40 
231.33 
231.901 
232.248 
232.535 
232.764 
232.993 
233.220 
233.447 
233.615 
233.728 
233.842 
233.939 

234.032 
234.120 
234.202 
234.278 
234.353 
234.419 
234.463 
234.514 

157.55 
158.59 
159.69 
161.03 
162.60 
163.97 
165.76 
166.37 
167.79 
168.50 
169.60 
170.33 
172.78 
174.66 
175.78 
177.46 
179.46 
182.74 
186.51 
189.36 
194.13 
200.52 
210.12 
216.12 
221.63 
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Fig. 1. Hea t capacity curves for the samples of # = 2 . 0 0 , # = 0 . 9 6 , and # = 0 . 0 3 . 
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Fig. 2. Hea t capacity curves of # = 2 . 0 0 as a function of (T—Tc) in successively 
expanded scales. 

150 K due to loss of equilibrium in rearrangement of protons 
in that network at the lower temperature . Both anomalies 
change smoothly with the isotopic composition in their cha­
racters including the temperature and the interval of their 
occurrence. Each measurement was carried out both with 
ordinary resolution ( A ! T « 1 — 3 K) from 11 to 300 K and 
with high resolution (A T1« 10—50 m K ) in the vicinity of the 
transition temperature . Prior to the high resolution measure­
ment, the transition temperature was located by the measure­
ment with ordinary temperature step. I t took about fifteen 
minutes for all crystals to attain thermal equilibrium after 
switching off the heater current. Longer time was required 
to determine the final temperature in the high resolution 
measurement. Galorimetric operations around the glass 

transition were performed according to the procedure al­
ready reported.10) Thus the calorimeter was first cooled 
rapidly to 130 K, some 25 K below the anomalous region. 
T h e cooling rate was about 2 K min - 1 . In the measure­
ments in the exothermic region, temperature drifts were 
followed for 30—60 min after the energy input for heat 
capacity measurements. These periods were kept constant 
for a series of measurement. In the endothermic region, 
heat capacities were measured in the same way as in normal 
region but by following temperature drift for longer time 
(2—3 h) . Details of the heat capacity measurement for 
each of the samples are described in the following. The 
numerical values of the heat capacity are given in Tables 2, 3, 
and 4 for # = 2 . 0 0 , # = 1 . 5 0 , and # = 0 . 0 3 , respectively. The 
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Fig. 4. Hea t capacity of # = 1 . 7 5 . The inset shows an expanded view close to Tc. 

complete data of other crystals amounting in number to 
2096 are all kept as Document No. 7913 at the Chemical 
Society of J a p a n . Figure 1 shows the results of heat ca­
pacity measurements of # = 2 . 0 0 , # = 0 . 9 6 , and # = 0 . 0 3 with 
ordinary resolutions. 

(i) # = 2 . 0 0 : The highly symmetrical shape of the anomaly 
was observed at 218.01 K with a quasi-isothermal absorption 
of energy amounting to 32.4 J mo l - 1 . I t is somewhat difficult 
to distinguish experimentally the small isothermal enthalpy 
increase (i.e. the first-order component) from the very large 
heat capacity. The first-order component is calorimetri-
cally detected by abrupt increase of large endothermic drift 
with longer equilibration time and by the steep rise in the 
enthalpy or entropy curve plotted against temperature 

(see Ref. 16). The present measurements are precise enough 
to detect the quasi first-order component. In Fig. 2 the heat 
capacities are plotted as a function of (T— Tc) in successively 
expanded scales. 

(ii) # = 0 . 0 3 : This crystal exhibited no first-order com­
ponent . T h e heat capacity curve is rounded at the peak 
temperature (234.64 K ) . T h e anomalous heat capacity 
was broader than those found in any other crystal and the 
max imum value of the peak, 220 J K - 1 mo l - 1 , is the smallest 
in the series of the mixed crystals. 

(iii) # = 1 . 9 7 : T h e phase transition occurred at 218.22 K. 
A quasi-isothermal absorption of energy was found around 
i t 15 m K of the peak temperature . In this region the equilibra­
tion time increased by a factor of 4—6 with a sudden increase 
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Fig. 6. Hea t capacity of # = 0 . 2 5 . The inset shows an expanded view close to Tc 

of the apparent heat capacity. T h e latent heat absorbed 
quasi-isothermally was 33.12 J m o l - 1 . These behaviorsare 
similar to those observed for # = 2 . 0 0 . T h e heat capacity 
curve is given in Fig. 3. 

(iv) # = 1 . 7 5 : Figure 4 shows the results of heat capacity 
measurements on this crystal. T h e transition temperature 
was 219.96 K. T h e first-order component was again observed 
at the transition temperature . The latent heat of transition 
is 29.24 J m o l - 1 . In the first measurement a small h u m p 
was observed around 224 K, some 4 K above the phase 
transition temperature . In view of the reproducibility of 
the small peak, presence of impuri ty in the calorimetric 
specimen was suspected. Therefore, the heat capacity was 
measured on a crystal having the same composition but 
prepared from T G D of a different commercial source. How­
ever, in the newly prepared crystal the shoulder appeared 

at the same temperature . Consequently it was concluded 
that this phenomenon was intrinsic in the crystal with the 
composition of # = 1 . 7 5 . In the temperature region of this 
anomally, it took longer time (about 100 min) for the equilib­
r ium with the endothermic temperature drift of 0.3—0.6 
m K during the drift period (about 1 h ) . The phenomenon 
was reproducible and depended on the pre-cooling condition. 
I t was observed repeatedly when the crystal was cooled below 
the transition temperature prior to the measurement. When 
the measurement was started after coolling the sample crystal 
just 1 K above the transition temperature, the h u m p in the 
heat capacity and the associated endothermic effect were 
not observed. 

(v) # = 1 . 5 0 : Although latent heat was not observed around 
the phase transition temperature 221.88 K, the crystal exhib­
ited the highest peak of anomalous heat capacity (500 
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Fig. 7. Aging effect on heat capacity of (a) # = 0 . 9 6 , (b) # = 0.50 and (c) # = 0 . 0 3 . 
i 

O and # : first measurement, - O - : measurement for aged crystals. 

J K - 1 mol - 1 ) among the crystals having no distinguishable 
first-order component. However, the equilibration time 
increased gradually up to 90 min with increase of the heat 
capacity. Rounding of the heat capacity peak was not 
observed. At 3 K above the peak temperature , the same 
phenomena as that found for # = 1 . 7 5 appeared in the tem­
perature drift but the heat capacity h u m p was not observed. 
The heat capacity curve is given in Fig. 5. 

(vi) # = 0 . 9 6 : The anomalous heat capacity due to phase 
transition is located at 225.92 K and its maximum value is 
220 J K - 1 m o l - 1 which is smaller than those of any other 
crystal though the annealed crystal shows higher and sharper 
peak (see below). The peak was rounded within + 0 . 2 K 
of the transition temperature . T h e rounding region is slightly 
wider than those of other crystals. The magnitude and the 
shape of the heat capacity are similar to those of # = 0 . 0 3 . 

(vii) # = 0 . 5 0 : In this crystal the high resolution measure­
ments were carried out twice before and after the cooling 
of the crystal down to nitrogen temperature , in order to check 
the effect of thermal history. Reproducibility of the heat 
capacity was excellent in all respects including the transition 
temperature, the maximum value of heat capacity and the 
rounding region. Rounding phenomenon was found within 
± 2 0 m K of the transition temperature (229.15 K) but the 
maximum of the heat capacity reached 290 J K - 1 m o l - 1 

and is larger than that of # = 0 . 9 6 . This corresponds to the 
narrower region of the peak rounding at this composition 
of the crystal. 

(viii) # = 0 . 2 5 : The transition temperature is 230.92 K 
and the maximum of the peak is 260 J K - 1 m o l - 1 which is 
intermediate between those of # = 0 . 9 6 and # = 0 . 5 0 (see 
Fig. 6). The rounding region is nearly the same as the 
case of # = 0 . 5 0 , and outside of this region the heat capacity 
due to phase transition is similar to that of # = 0 . 5 0 in respect 
to the peak width and the sharpness. The measurements of 
# = 0 . 0 3 , # = 0 . 2 5 , # = 0 . 5 0 , and # = 0 . 9 6 were performed within 
one month after the preparations of the single crystals. In 
order to study any effect of aging of the crystals we repeated 
high resolution measurements for these compositions near 
the transition temperatures. The sample crystal that had 
been measured before was used in the renewed measurement 
for # = 0 . 5 0 and new single crystals of # = 0 . 0 3 and # = 0 . 9 6 
were cut from the same ingot from which single crystals 
used in the earlier measurements were prepared. The time 
elapsed between the first and the second measurements were 
four years, ten months, and two years for the # = 0 . 0 3 , # = 0 . 5 0 , 

9 

I 

. 

1 ""°-

l 1 

""**-. 

1 1 1 

Fig. 8. Transit ion temperature vs. composition of the 
solid solution. The horizontal arrows indicate the 
ambiguity of estimation. Meaning of dashed line 
will be given in the forthcoming paper. 

and # = 0.96, respectively. T h e crystals had been kept 
in closed glass jars separately dur ing these periods. For 
# = 0 . 9 6 and # = 0 . 5 0 , the transition temperatures decreased 
by 30 and 10 m K . In view of the stability of the thermom­
eters discussed earlier,17) one can at tr ibute the shifts of the 
transition temperatures to change in the isotopic compositions. 
The amount of the normal water tha t had replaced the heavy 
water during the aging was estimated from the change of 
the transition temperatures. They are 14 mg in the 47 g 
crystal of # = 0 . 9 6 and 6 mg in the 60 g crystal of # = 0.50. 
I t would be reasonable to assume that water of these amount 
might well had been absorpted on the inner surface of the 
glass jars when the ingots of the crystal were placed in them 
and equilibrated with the mixed crystal during the storage. 
Figure 7 shows the aging effects in anomalous heat capacity 
of # = 0 . 9 6 , # = 0 . 5 0 , and # = 0 . 0 3 . The anomalous heat 
capacity in crystal # = 0 . 9 6 increased by a factor of two and 
became sharper with accompanying the decrease of the round­
ing region. T h e peak height of # = 0 . 5 0 increased 3 % in 
the rounding region but the heat capacity was in agreement 
with the previous results within 0 . 1 % outside the rounding 
region. In the crystal # = 0 . 0 3 the anomalous heat capacity 
was reproduced (to 0.1%) in both the temperatures as well 
as the shape of peak. 

Dependence of Transition Temperature upon the Composition 
of Solid Solution. T h e isotope effect on the transition 
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Fig. 9. Heat capacity curves in the region of glass 

transitions. 
Cooling rate; — O — 1.7 K min-1, — # — 0.01 K 
min -1. 

temperature of the present substance (TJ /T? =1.076) is 
of the same order of magnitude as that of a group of hydrogen-
bonded ferro- and antiferroelectrics such as Cu(HC02)2-
4H20,14> K4Fe(CN)6.3H20,19> TGS,20> TGSe,21> and Rochelle 
salt.22) The relatively small change of Tc on deuteration 
suggests that the transition is associated with the ordering 
of the protonic position but is not related to the tunneling 
motion as in KDP.23> Figure 8 shows a dependence of transi­
tion temperature upon the composition of solid solutions. 
The observed behavior of T0 against x for the present system 
is similar to that reported for TGS-DTGS20) and TGSe-
DTGSe21) systems, where the transition temperature increases 
monotonously with increasing x. 

Glass Transition. Figure 9 shows the heat capacities 
in the region of the glass transition for each of the crystals 
in which those of *=2.00 and x=0.03 are the results by 
Matsuo et a/.10) The glass transition temperature was found 
to depend on the isotopic composition (Fig. 10). Here, 
the glass transition temperature was defined as the temperature 
where the temperature drift changed from the exothermic 
to the endothermic. 

Conc lus ion 

We have thus shown that the heat capacities of 
the mixed crystals SnGl 2(H aO) a(D aO) 2_ 3 , exhibit two 
thermal anomalies for the entire range of the isotopic 
composition. The small isotope effect on the temper­
ature of the relaxational anomaly ( !Tg(H20) = 152.9 K 
and 7"g(D20) = 158.8 K) may be understood in terms 
of the smaller vibrational frequency of the deuterium 
atoms in comparison with the hydrogen. It is impor­
tant to recognize that glass transition region of the 
mixed crystals does not split into two. This means 
that the motions of the hydrogenic atoms are strongly 
correlated with each other. They migrate in the 

tf 

I l l 

Fig. 10. Concentration dependence of the glass transi­
tion temperature. 

crystal as a unit whose mobility depends on the local 
isotopic composition. It appears that the size of the 
correlation region is large enough that the local com­
position can be approximated well by the average 
composition. The smallest unit, and as such the most 
probable one, is the eight-membered ring of the hy­
drogen-bonded water molecules, as pointed out previ­
ously in relation to the ice condition.10) The molec­
ular model proposed earlier for the pure SnCl 2 -2H 2 0 
and SnCl 2 -2D 2 0 thus fits in with the present result 
on the mixed crystals. Probably the most interesting 
property of the phase transition in the solid solution 
is that the first-order component disappears at the 
composition of 2 5 % deuterium. The disappearance 
of the first-order nature is not due to inhomogeneity 
of the isotopic concentration. For, if this were the 
case, we would have observed the first-order transition 
also in the D 2 0- r ich crystals because the compositional 
inhomogeneity is small here again. The experimental 
fact is that the rounding of the anomalous heat ca­
pacity of x = 0 . 0 3 is most extensive. Aging of the 
crystal for four years did not alter this result. The 
glass transition at 150 K indicates that the motion 
of the hydrogen atoms at the transition temperature, 
« 220 K, is rapid enough that they find the equilibri­
um distribution during the experimental time scale, 
provided that possible nonuniformity in the initial 
isotopic distribution has been homogenized by the 
aging. The existence of the first-order component in 
the H 2 0- r i gh crystals, its disappearance around « 25 % 
D 2 0 concentration and the gradual increase of 
rounding of the anomalous heat capacity in the D 2 0 -
rich region are the principal results of the present 
high resolutional measurements. The correspondence 
between the liquid-vapor critical point and the phase 
transition in T C D discussed above has been hinted 
upon from the structural data. The thermodynamic 
measurement presented in this study give strong 
support to the analogy. In the subsequent paper the 
experimental result will be analysed and discussed in 
terms of this correspondence. 
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Phase Transition of SnCl2(H2OUD20)2_* as Studied by High 
Resolution Heat Capacity Measurement 
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The previously published heat capacity data on SnGl2(H20)a;(D20)2_, ; (*=2.00, 1.97, 1.75, 1.50, 0.96, 
0.50, 0.25, 0.03) were analyzed to derive anomalous contribution due to the phase transitions that occur between 
218 and 235 K depending on the isotopic composition. The phase transition is of the first-order for * = 2.00, 
1.97, and 1.75. The entropy discontinuities at the transitions are (0.149±0.005), (0.152±0.005), and (0.133±0.010) 
J K-1 mol-1, respectively, out of the total transition entropies of 3.98, 3.90, and 3.89 J K~x mol-1. The first-order 
transition does not occur for the other crystals for which the heat capacity anomaly is rounded. Apparent cri­
tical exponent a of the heat capacity was calculated for all of the crystals. They are in the range from 0.43 to 
0.80 and have the same value below and above the transition temperature for each of the crystals in agreement 
with the spatial two dimensionality of the crystal structure. No evidence was found for crossing-over to the three 
dimensional ordering. Change of the transitional behavior with the isotopic composition was discussed in anal­
ogy with the liquid-vapor critical phenomenon. An argument based on the crystallographic symmetry of the 
actual crystal and the corresponding dimer lattice was advanced for this interpretation of the unusual isotope effect. 

In the previous paper1) we reported on the high re­
solution measurement of the heat capacity of the 
solid solution system SnCl 2 (H 2 0) a . (D 2 0) 2 _ a . in which 
the heat capacity was measured from 10 to 300 K with 
an adiabatic calorimeter that is capable of measure­
ment with a temperature step smaller than 10 mK. 
We obtained the following result from the measure­
ment. T h e phase transition temperature defined as 
the temperature of the entropy discontinuity or, in 
case of absence of the discontinuity, as the temperature 
of the maximum of the heat capacity, increased 
smoothly from 218.0 to 234.6 K as the deuterium 
content increased from the natural abundance to 
98 .5%. T h e anomalous heat capacity became broader 
at the same time. Small first-order transition portion 
was found in the hydrogen-rich solid solutions, # = 

500h 

300 

-^2.00,1.97 

• *=l.75 

x= 1.50, 0.96, 
0.50,0.25 

A=0.03 

0.990 1.010 

Fig. 1. Anomalous heat capacity {ACp) versus reduced 
temperature (T/Te). 

2.00, # = 1 . 9 7 , and # = 1 . 7 5 . In order to reveal their 
differences, the anomalous heat capacities are dis­
played in Fig. 1 as a function of reduced temperature 
TjTc. Increasing the proton concentration x tends 
to increase sharpness of the anomalous heat capacity. 
The heat capacities of # = 2 . 0 0 and # = 1 . 9 7 and also 
#=1 .50 , # =0 .9 6 , #=0 .50 , and # = 0 . 2 5 lie on the 
same smooth curves, respectively. 

Annealing effect was found in the crystal with # = 
0.96 (annealing period; two years), but not for # = 
0.50 (ten months) and # = 0 . 0 3 (four years). The 
difference in the annealing behavior is due partly 
to the difference in the time intervals between the 
crystal preparation and the first measurement and 
partly to the difference in the isotopic composition. 
Naturally one does not expect much inhomogeneity 
in the # = 0 . 0 3 crystal because only 1.5% of the 
deuterium is replaced by hydrogen. I t will be signifi­
cant that this crystal exhibits extensive rounding while 
the conjugate crystal (#=1.97) has a first-order tran­
sition without any rounding. Thus, inhomogeneous 
distribution of the isotopes did contribute to the 
rounding but it was removed by annealing. 

I t was concluded that the first-order transitions in 
the hydrogen-rich crystals and the rounded heat 
capacity in the deuterium-rich ones are genuine equilib­
rium properties of the solid solutions. This con­
clusion will be corroborated later by the smooth and 
regular behavior of the entropy surface as a two-
dimensional function of the temperature and the 
isotope composition. I t is to be noticed in particular 
that the behavior of the crystal is asymmetric with 
respect to the substitution of deuterium for hydrogen. 
In this paper, we will analyse the heat capacity data 
with an emphasis on the isotope effect on the phase 
transition. 

We showed in earlier papers2 - 4) that the first-order 
transition in C u ( H C 0 2 ) 2 - 4 H 2 0 remains of the first-
order when the H 2 0 is replaced by D 2 0 , and the 
second-order transition in K 4 F e ( C N ) 6 - 3 H 2 0 remains 
to be second-order after similar substitution. The 
isotope effects on the transition temperature are of the 
same magnitude for these three substances and are much 
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smaller than in e.g. K H 2 P 0 4 where tunneling motion 
of the proton is incorporated. Disappearence of the 
first-order transition is thus the most unique aspect 
of the isotope effect in this solid solution system. 

Salinas and Nagle5) reported a statistical mechanics 
of the phase transition of S n C l 2 - 2 H 2 0 (TCD) , using 
the isomorphism between the proton distribution 
allowed by the Bernal-Fowler ice condition and close-
packed dimer distribution on the 4—8 lattice. The 
theory succeeded in predicting the correct ground 
state configuration of the proton arrangement and 
reproducing the symmetrical heat capacity anomaly 
characteristic of the two-dimensional system. How­
ever, quantitative prediction of the theory—logarithmic 
divergence of the heat capacity— was not supported 
by the experiment. 

Determination of the Critical Parameters. The heat 
capacity C is assumed to have the asymptotic form 
near the critical temperature Te, 

C= (Ala)(\t\-*-l)(l+D\t\P) + B + Ä , (1) 

where 

t= (T-Tc)/Tc 

is the reduced temperature. The parameters A, 
B, D, E, a} ß are allowed to take different values above 
and below Tc. In the latter case, the primed notations 
are used. The term {Aja) \t\~a represents the 
leading contribution to the singularity of C. The 
positive value of a corresponds to a heat capacity 
diverging to infinity. The smaller the magnitude 
of a, the sharper the heat capacity becomes and it is 
called weaker divergence. Negative value of a corre­
sponds to a cusped singularity where the heat capacity 
curve has an infinite slope but finite value. In the 
case of o:=0, there are two possibilités. One is the 
logarithmic divergence and the other a finite dis­
continuity. D\t\P is the correction term which 
represents a singular contribution that vanishes at 
Tc. The lattice contribution to the heat capacity 
is expressed by the last two terms, B-\-Et, where the 
constant B may contain a contribution associated with 
the phase transition. 

We calculated the critical exponents from the 
experimental data in the range of U | < 1 0 ~ 2 . The 
first-order phase transition and rounding were excluded 
from the fitting. The discontinuous increase of the 
entropy at the first-order transition is about 4 % of the 
total transition entropy and was disregarded for this 
purpose. 

To simplify the fitting procedure, we imposed sev­
eral constraints. We assumed that the correction 
term is negligible, D=D'=0. The lattice contribu­
tion in Eq. 1 was assumed to be smooth through the 
transition. This assumption should be more legitimate 
for this crystal than is usual for other crystal because 
there is no major change in the crystal structure at 
the transition.6) We put E=E' and B=B'. The 
latter term includes the quantity —Aja. Thus the 
final form used in the fitting is 

C = (A/a) | (T- r c ) / r c | - « + B + ET. (2) 

The terms B and E in this equation have slightly 
different meaning from that in Eq. 1. Determination 

iog(i7--rci/rc) 

Fig. 2. Logarithmic plot of the anomalous heat 
capacity of SnCl2(H2O)2.00(D2O)0. 
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Fig. 3. Logarithmic plot of the anomalous heat 
capacity of SnGl2(H2O)1.97(D2O)0.03. 

2.0 

-5 -3 -2 
log|<r-JE)/E| 

Fig. 4. Logarithmic plot of the anomalous heat 
capacity of SnGl2(H2O)1.75(D2O)0.25. 

of the lattice terms B-\-ET is discussed in appendix 
I I . 

The \og{Cp— (B+ET)} was plotted as a function 
of log | ( T— Tc) j Tc | for various values of Tc and B. 
T h e best combination was chosen with the linearity 
of the plot as the measure of the good fit. Combined 
uncertainty in a due to uncertainty in determining 
Tc and the lattice heat capacity would be about 5 % 
of its value. 

For U | > 1 0 - 2 , the plot deviated from Eq. 2. 
This may imply that contribution from the higher 
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Fig. 5. Logarithmic plot of the anomalous heat 
capacity of SnGl2(H2O)1.50(D2O)0.50. 

^2.0 

-3 - 2 - I 

iog(ir-;g/£) 
Fig. 6. Logarithmic plot of the anomalous heat 

capacity of SnCl2(H2O)0.96(D2O)1.04. O : x=0.96, 
- 6 - :x=0.96(II) . 

H2.0 

0.5 
- 4 - 2 

0.5 - 3 
\oq\ir-ZVTc\ 

Fig. 7. Logarithmic plot of the anomalous heat 
capacity of SnCl2(H2O)0.50(030)!.50. 

order correction terms is significant and/or that the 
lattice heat capacity deviates from the assumed lin­
earity in T. This is not a serious problem as far as 
determination of a is concerned. Figures 2—9 show 
the logarithmic plots for the crystals # = 2.00 to 0.03. 
T h e plot for A: = 2.00 is reproduced here for the sake 
of completeness.7) 

Rounding of the anomalous heat capacity and hence 
deviation of the logarithmic plot from the linearity in 

-3 
\oq\(T-Tc)/Tc\ 

H2.0 

Hl.5 

Hi.o 

-11.0 

0.5 

Fig. 8. Logarithmic plot of the anomalous heat 
capacity of SnGl2(H2O)0.25(D2O)1.75. 

-3 
iog(ir-rci/7b) 

Fig. 9. Logarithmic plot of the anomalous heat 
capacity of SnCl2(H2O)0.03(D2O)i.97-

the small \t\ region occurs for the crystals x =1 .50, 
0.96, 0.50, 0.25, and 0.03. T h e rounding of the first 
crystal is limited to | f | < 10 - 4 and those of the second, 
third, and fourth were to U | < 3 x l 0 ~ 4 . The last 
crystal had a wider rounding region \t \ < 10 - 3 . It is 
interesting to remember that in most magnetic tran­
sitions a larger rounding region occurs below Tc than 
above. Heller8) pointed out that this may be an 
intrinsic effect related with the formation of domain 
structure. The rounding in the present crystal occurs 
in the same temperature interval on both sides of the 
transition temperature and cannot be due to a domain 
structure. 

We attempted to interpret the rounding on an 
assumption that the crystal behaves as if it were com­
posed of microcrystals which have distributed transition 
temperatures.9) The heat capacity of the entire crystal 
is then given by 

C(T, Tc) = S C ( r , Tci)f(Te, Tci)/^f(Tc, Tci), (3) 
i i 

where C(T,Tci) is the heat capacity at T of a micro-
crystal having the transition temperature Tci. This 
is assumed to have the form of Eq. 2. f{Tc,Tei) is 
the distribution function of the critical temperature 
Tci and assumed to be gaussian centering at Te. 
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TJK a' 

T A B L E 1. 

a 

S U M M A R \ 

a'ja 

r OF CRITICAL PARAMETERS 

A A 
JK^mol" 1 J K ^ m o l - 1 

A , , A Cpmax & » 

A\A J K - l m o l - i J K ^ m o l - i 

*=2.00 

*=1.97 
*=1.75 
*=1.50 
*=0.96 
*=0.96(11) 
*=0.50 
*=0.50(11) 
*=0.25 
*=0.03 
*=0.03(11) 

218.01 
218.22 
219.96 
221.88 
225.92 
225.89 
229.15 
229.14 
230.92 
234.64 
234.64 

0.492 
0.434 
0.573 
0.731 
0.720 
0.696 
0.747 

0.753 
0.730 

0.492 
0.451 
0.579 
0.757 
0.765 
0.733 
0.785 

0.754 
0.778 

1.000 
0.962 
0.990 
0.966 
0.941 
0.950 
0.952 

0.999 
0.938 

0.568 
0.793 
0.389 
0.200 
0.287 
0.238 
0.165 

0.168 
0.228 

0.565 
0.720 
0.354 
0.168 
0.233 
0.194 
0.134 

0.134 
0.170 

1.005 
1.101 
1.099 
1.192 
1.228 
1.225 
1.230 

1.251 
1.341 

CO 

CO 

CO 

571 
214 
295 
306 
316 
269 
226 
231 

3.98 
3.90 
3.89 
4.02 

4.05 
3.86 

3.95 
4.02 

-0 .5 0.0 0.5 

(r-s)/K 
1.0 

Fig. 10. Comparison of the experimental heat capacity 
with the model calculation assuming gaussian dis­
tribution of Tc. The numbers are the values of ad­
justable parameter corresponding to the half-width d 
of the gaussian distribution. 

Some of the results for # = 0 . 9 6 are shown in Fig. 10. 
Evidently the fit is very poor. A similar attempt10) 
on K D P was also reported to be unsuccessful. If one 
wishes to save the model of the distributed transition 
temperature, one would have to modify Eq. 2 and/or 
Eq. 3. Modification of Eq. 2 is not acceptable because 
it describes the heat capacity of the x=2.00 crystal 
accurately. O n the other hand, it is impossible to 
refute every modification of the distribution function 
in Eq. 3. However, so far as the model was applica­
ble at all, it was applicable with the gaussian distribu­
tion.11) 

I t will not be fruitful to look for the distribution 
function that reproduces the experimental result. 
Distributed Tc implies, as an underlying picture, 
quenched distribution of chemical or physical impurities 
and inhomogeneities in the crystal. In view of the 
manner in which the eight crystals were prepared, 
the only possibility is the inhomogeneity of the isotope 
distribution. This inhomogeneity was leveled off 

%—•—8-

.J 

P—•-

1.0 x 

J 1 ! I I I !_ 

Fig. 11. Composition dependence of the critical 
parameters. # : a', O : a, • : A', • : A. 

by annealing (see Ref. 1). I t is important to note 
that occurrence of the phase transition contradicts 
the assumption of quenched distribution of the iso­
topes. The phase transition occurs because the protons 
(or deuterons) j u m p around in the hydrogen bonded 
layer, not just among a few localized states. We 
conclude that the model of distributed transition 
temperature is not appropriate for the present crystal. 

Recently, it was suggested from dielectric measure­
ment12 '13) that T C D shows a cross-over from two to 
three dimensional ordering around t=\0~3. How­
ever, the logarithmic plot of the heat capacity is smooth 
without any irregularity. This is true not only for the 
x=2.00 crystal but also for all of the other crystals 
except the x=0.03 crystal for which the rounding ex­
tends out to this region. 

The critical parameters thus determined are given 
in Table 1 and Fig. 11. The critical exponent has the 
same value below and above Tc as expected from the 
symmetric shape of the heat capacity curves. In the 
region where the rounding is appreciable, physical 
meaning of the critical exponent is not clear because 
the region of small t where Eq. 2 is expected to be 
most appropriate is excluded from the fitting. How­
ever, the logarithmic plot is on a straight line over 
more than a decade of \t | even for the most rounded 
case. Its physical meaning will be hopefully under­
stood in future. The ex values are in the range 0.43— 
0.8. They are much larger than typical value for 
magnetic systems. Comparable magnitude of a are 
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Substance 

KH 2 P0 4 

KD 2P0 4 

T1H2P04 

KH2As04 

KD2As04 

CsH2As04 

NH4HgGl3 

ND4HgCl3 

SnCl2-2HaO 
SnClaCHaO)!. 
SnCyHjO)! . 
SnCl^HaO)!. 

97 0.03 

75\D20)o.25 
5o(D20)0.50 

TABLE 

rc/K 
121.71 
219.62 
229.76 
96.15 

161.02 
146.23 
54.97 
58.26 

218.01 
218.22 
219.96 
221.88 

2. SOME GRADUAL 

AS/] K-1 mol-1 

3.33 
3.80 
1.80 
4.2 
4.2 
4.4 
5.6 
5.7 
3.98 
3.90 
3.89 
4.02 

PHASï TRANSITIONS 

A S j u n x p / J K ^ m o l - l 

0.379 
2.001 
0.25 
3.1 
3.5 
2.7 
1.1 
1.2 
0.149 
0.152 
0.133 
0.00 

AS j u m p/AS 

0.114 
0.527 
0.14 
0.75 
0.84 
0.61 
0.20 
0.21 
0.0374 
0.0390 
0.0342 
0 

Ref.a> 

( a ) 
( b ) 
( c ) 
( d ) 
( d ) 
( e ) 
( f ) 
( f ) 

present study 
present study 
present study 
present study 

a) (a) Ref. 10, (b), Ref. 14, (c) T. Matsuo and H. Suga, Solid State Commun., 13, 1829 (1973), (d) G. W. Fairall 
and W. Reese, Phys. Rev. B, 6, 193 (1972), (e) M. Deutsch and E. Litov, Ferroeledries, 7, 209 (1974), (f) H. 
Kitano, Master's Thesis; Osaka University (1977). 

Fig. 12. Anomalous entropy of SnCl2(H20)a.(D20)2_a. versus temperature and isotopic composition. 

found in KDP,1 0) DKDP,1 4) NH4C1,15) NH4Br,16) and 
NaN02 .1 7> T h e crystals with * = 2 . 0 0 and * = 1 . 9 7 
resemble K D P with respect to the value of a and oc­
currence of the first-order phase transition, but do not 
exhibit the logarithmic singularity which KDP1 8) 
does. This indicated that dominant interaction in 
T C D is strong short-range forces that express themselves 
as the ice condition. 

Order of the Phase Transition and Entropy Change near 
the Transition Temperature. I t is often noticed that 
thermal equilibrium in the crystal is attained very 
slowly at a first-order transition. This is usually at­
tributed to slow progress of the first-order transition. 
In the present study, slow equilibration was observed 
in the crystals with high hydrogen content. At the 
transition temperature of the crystals of x = 2.00, 1.97, 
and 1.75, the equilibration time was 5—7 times as 
long as those in the normal temperature region. Such 
anomalous equilibration behavior was not found in 
the crystals with # = 0 . 9 6 , 0.50, 0.25, and 0.03. 

T h e crystal # = 1 . 5 0 was the boundary case where the 
long equilibration time was observed only at one point 
of the measurement at the peak of the transition. A 
more quantitative evidence of the change in character 
of the phase transition with increasing deuterium con­
tent is shown in Fig. 12 as the anomalous entropy 
plotted as a function of the temperature and the iso­
topic composition. T h e surface was calculated by in­
tegration of the anomalous heat capacity divided by 
T. Evidently the transition is of the first-order for 
# = 2 . 0 0 , 1.97, and 1.75. The entropy discontinuities 
for these three crystals are (0.149±0.005), (0.152± 
0.005), and (0.133±0.010) J K - 1 mol-1 , respectively. 
T h e crystal with # = 1 . 5 0 did not show distinct j ump , 
but as noted above its equilibration behavior was 
similar to that of the crystal with the first-order tran­
sition. Thus # = 1 . 5 0 corresponds to the critical com­
position where the first-order transition disappears. 

We shall change subject for a while to the problem 
of classification of phase transitions. A phase transition 
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is of the rc'th order if the n'ih derivative of the free 
energy is discontinuous at the phase transition. This 
is the classification due to Ehrenfest. Discontinuity 
in the higher-order derivative is not easy to detect 
experimentally. Therefore, phase transitions which are 
not of the first-order are classified collectively as the 
higher-order. This classification is not general enough 
to be applicable to all of the phase transitions, since 
it does not contain the divergent anomalies. 

In another classification, a phase transition is called 
isothermal if it occurs at a fixed temperature, and grad­
ual if the anomaly occurs over a range of temperature. 
An isothermal transition is of the first-order, but gradual 
transition can be of the first-order, higher-order or 
divergent type. This classification is more convenient 
than the first classification, because gradual first-order 
transitions are more closely related to higher-order 
and divergent transitions than to the strictly first-order 
transitions. The first-order transitions are divided into 
strongly first-order and weakly first-order. 

As a quantitative measure of the strength of the 
"first-orderedness," we propose the entropy disconti­
nuity divided by the total transition entropy. Thus 
the fusion of a pure substance is a strongly first-order 
transition because all of the entropy change occurs 
at the melting temperature. In Table 2 we collected 
some of the weakly first-order transitions of ferroelectric 
and related substances including the present crystals. 
It is interesting that, so far as is known, magnetic transi­
tions are rarely of weakly first-order. I t should be 
added that we singled out the entropy from among 
other thermodynamic quantities that may possibly 
behave anomalously at the transition. This is because 
this quantity is amenable to direct experimental mea­
surement irrespective of the atomic mechanism of the 
transition so far as we choose the temperature as the 
independent variable. 

Comparison with the Dimer Model Calculation. 
Salinas and Nagle5) gave an expression for the internal 
energy of the dimer model. We calculated the heat 
capacity C from the energy U, 

C=dU/dT. (4) 

The explicit expression is too lengthy to be reproduced 
here. For the sake of checking the calculation, we 
computed S„ numerically from the equation 

S«, =J"(C/T)dT, (5) 

using the heat capacity given above. The result 
agreed with the direct calculation19) given earlier, &»/ 
i?=0.3769956-- . Figure 13 compares the experimental 
heat capacity with the dimer model calculation. The 
calculated heat capacity is too sharp, corresponding to 
the logarithmic divergence as noted by Salinas and 
Nagle.5) However, agreement between the experiment 
and the theory is excellent at 150 K where the glass 
transition (see Appendix I) allowed determination of 
the lattice heat capacity without ambiguity. The 
experimental entropy at T= Tc and T=2Te are 
(3.00±0.12) and (3.94±0.23) J K - 1 mol-1 , respectively, 
for the # = 2 . 0 0 crystal. These are compared with the 
dimer model calculation £ ( 7 ; ) = 2 . 3 4 and S(2Te) = 3 . 0 2 

Fig. 13. Comparison of the heat capacity of SnCl2-
2H 2 0 with the dimer model calculation. 

J K"1 mol-1. 
Problem of Tricritical or Bicritical Phenomenon. In 

this section we are concerned with interpretation of 
the disappearance of the first-order transition in the 
deuterium-rich crystals. In order to be sufficiently 
general, we consider a phase diagram in three dimen­
sions.20) A first-order phase transition is described by 
a coexistence surface in the space. T h e coexistence 
surface may terminate in following ways, i) The 
coexistence surface intersects another coexistence 
surface in a triple line at which three phases are in 
equilibrium, ii) T h e coexistence surface passes into 
another surface which continues to separate two phases 
but which has the property that all extensive variables 
are continuous at the surface, iii) T h e coexistence 
surface terminates in a line of critical point. In the 
two dimensional phase diagram, these three correspond 
to i) triple point, ii) tricritical point and iii) bicritical 
point. Our result corresponds to ii) or iii). 

a) Tricritical Point: T h e three axes in the phase 
diagram are temperature T, the field y conjugate to 
the order parameter and a secondary variable C. 
V is often a fictious field uncontrollable in the laboratory. 
For instance we have no direct means of controlling 
the orientational order of the ammonium ion in NH4C1 
crystal. C is taken as a controllable variable such as 
pressure, magnetic field or chemical potential. T h e 
phase diagram looks schematically like Fig. 14. T h e 
three curves meeting at the tricritical point represent 

<c—IL / \ 
>v ! ?^""~,~-̂  \ 
\ / ^ ^ v ^ \ X ! ' >v \ X l' X V \ i / X V - ^ 

~""""--^\ /X-line 

Fig. 14. Schematic phase diagram of a system with 
a tricritical point. 
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lines of the critical point. T h e three coexistence sur­
faces meets in a line of triple point represented by the 
broken line. T h e surface at >? = 0 is the coexistence 
surface of the positively and negatively ordered phases. 

The behavior of SnCl 2 (H 2 0) a . (D 2 0) 2 _ a . appears to 
fit in well with the phase diagram if one identifies the 
C axis with the isotopic concentration. T h e first-order 
transition line (the broken line) disappears as the 
tricritical point is approached by changing the C value. 

However, there is a difficulty in this correspondence 
arising from the peculiarity of this crystal. We cannot 
define order parameters because the symmetry of the 
two phases involved are the same. Therefore, it is 
impossible to define its conjugate field y. 

In order to illustrate the point, we shall take NH4C1 
as an example. T h e two phases coexisting on the 
surface 9 = 0 are related with each other by changing 
the orientation of all the ammonium ions by 90° relative 
to the crystal axis. In the disordered phase this pro­
duces an equivalent state. Such an operation is not 
possible in T C D . A proton in the crystal occupies 
one of the seven sites but none of them are equivalent 
with each other. Tricritical points have been discus­
sed in NH4C1,21) ND4C1,22) NH 4Cl-NH 4Br, 2 3) and other 
systems where a first-order transition changes to a 
higher-order one as an external parameter changes. 
T h e same argument can not be applied in the present 
case in spite of the similarity of the thermodynamic 
behavior. 

b) Bicritical Point and Super Critical State: This type 
of critical point always exists in a simple liquid-vapor 
system. If one chooses an appropriate pa th in the 
pressure-temperature plane, one can obtain vapor 
phase from the liquid phase without discontinuity. 
This is possible because the vapor and liquid have 
the same spatial symmetry.24) T h e same would be 
true in the crystalline state. Non-existence of the 
critical point between liquid and crystal was rationaliz­
ed by the same argument.24) In the case of T C D , 
Kir iyama et al.25) showed that the space group P2j/c 
and the unit cell size remain the same as the crystal 
undergoes the phase transition. This is a very peculiar 
property of this crystal, since change of symmetry is 
believed to be the most essential characteristic of 
solid state phase transitions in general. O n the other 
hand, thermodynamic property of this phase change 

(a) (b) 

r/K=o r/K>o 
^ H | ^ fully occupied ^ § \ j ^ j ^ partly occupied 

unoccupied 

Fig. 15. Dimer distribution at T=0 K (a) and 7 > 0 K 
(b) on the 4—8 lattice. 

ir- is also unusual. As shown in Fig. 12 the first-order 
he transition disappears at A : ~ 1 . 5 , beyond which the heat 
ice capacity is rounded and genuine singularity does not 
es. occur any more. This behavior is similar to that of 
to a simple liquid-vapor system at least qualitatively, 
he The region x>\.5 where the first-order transition oc-
ler curs corresponds to subcritical region and the region 
he x<\.5 to the supercritical region, 
îe. Thus, two peculiarities of the phase transition in 
ice T C D , one crystallographic and the other thermody-
10t namic, are interpreted coherently by an analogy with 
he the liquid-gas critical point. At present, however, 
is how the correspondence comes about between the 

isotope concentration in T C D and pressure in the 
CI liquid-vapor system is not understood, 
he It will be pertinent here to point out that a phase 
rig transition is possible at all between two phases of the 
ve same spatial symmetry. As an example we show in 
o- Fig. 15 a part of the dimer lattice studied by Salinas 
ot and Nagle.5) Figure 15(a) shows the distribution of 
ies the dimers at 0 K where all of the dimer sites (1) and 
nt none of the (2) and (2') are occupied. Two dimen-
ls- sional space group of this distribution is P4mm. At 
er higher temperature, some of the dimers occupy the 
a sites (2) and (2') as shown in Fig. 12(b). This dimer 

ÎS. distribution has the space group P4 m m again. Salinas 
nt and Nagle showed there is a phase transition between 
tic (a) and (b) in the sense that the thermodynamic func­

tion behaves singularly at a temperature determined 
pe by the energy of the dimer site (2) and (2'). I t is 
or evident that the low-temperature-phase is more ordered 
he than the high-temperature-phase because it has a lower 
or entropy. However we cannot define the order param-
y . eter for this lattice, since there is no symmetry break-
ve ing coordinate. Difficulty of defining order parameters 
be in some dimer lattices was discussed also by Kasteleyn.26) 
he Thus, the dimer model gives some theoretical credential 
Lz- to the isomorphous transition found experimentally. 
D, I t is not clear how the nuclear mass influences the 
/c critical behavior of the hydrogen bonded system. It 
:al has been known that thermodynamic property of Ising 
ar model changes substantially if one assumes a distance-
is dependent coupling between the spins on a compres-
of sible lattice. Specifically, a first-order phase transition 
er is possible if the lattice is sufficiently compressible.27) 
ge It will be extremely interesting to investigate a compres­

sible dimer lattice on the 4—8 lattice of Salinas and 
Nagle. 

Conclus ion 

T h e heat capacity data discussed in the present paper 
was obtained with an adiabatic calorimeter using 
plat inum and thermistor thermometers. High sensi­
tivity of the thermistor allowed the heat capacity 
measurement close to the transition temperature without 
distorting the true temperature dependence of the 
anomalous heat capacity. Long term stability of the 
plat inum thermometer and the resistance measuring 
apparatus enabled us to measure the heat capacity 
reproducibly over many years, which was essential 
for the investigation of the annealing effect. Adiabatic 
calorimetry rather than transient and temperature 
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osci l la t ion m e t h o d w a s p a r t i c u l a r l y su i t ab l e for s t u d y i n g 
t h e p h a s e t r ans i t i on w h e r e t h e r m a l e q u i l i b r a t i o n t i m e 
was long a t t h e t r ans i t i on t e m p e r a t u r e as i n t h e p r e s e n t 
case. U s e of t h e s ingle crys ta ls is also be l i eved to 
b e of essent ial i m p o r t a n c e n o t on ly in t h e t h e r m a l 
aspec t b u t a lso for t h e h o m o g e n e i t y of t h e solid solu­
t ions. W i t h these e x p e r i m e n t a l s e t -up w e be l i eve t h a t 
w e h a v e es tab l i shed t h e o c c u r r e n c e of a l i q u i d - v a p o r 
t ype cr i t ica l p o i n t in a c rys ta l l ine s u b s t a n c e for t h e 
first t i m e . 

Severa l p r o b l e m s a r e ye t to b e s tud i ed . W e d o 
n o t k n o w phys ica l m e a n i n g of t h e fo rma l c o r r e s p o n ­
d e n c e b e t w e e n t h e i so topic c o n c e n t r a t i o n in t h e p r e s e n t 
solid so lu t ion a n d p re s su re in t h e l i q u i d - v a p o r sys tem. 
T h i s wil l b e r e l a t e d t o a n e q u a l l y i n t e r e s t i ng p r o b l e m 
of p h a s e t r ans i t i on i n i so top ic m i x t u r e in g e n e r a l . H o w 
c a n a p h a s e t r ans i t i on t e m p e r a t u r e b e def ined a c ­
c u r a t e l y in t h e i so topica l ly i m p u r e sys t em? Pos i t ion-
e x c h a n g e a b i l i t y of t h e different i so topic a t o m s m u s t 
b e invo lved i n th is p r o b l e m . 

F ina l ly , c a l o r i m e t r i c a n d d ie lec t r ic m e a s u r e m e n t s a t 
h i g h e r p re s su re wil l b e i n f o r m a t i v e for inves t iga t ion 
of t h e c r i t i ca l b e h a v i o r of t h e p r e s e n t sys tem a n d a r e 
n o w in p rogress a t t h e l a b o r a t o r y . 

A p p e n d i x I . T h e G l a s s T r a n s i t i o n " 

The glass transition is not a phase transition. I t is a 
change from a non-equilibrium to equil ibrium state. T h e 
glass transition in T C D occurs when, around 150 K , po­
sitional change of the protons (or deuterons) becomes so 
slow that they cannot find the equilibrium distribution within 
the experimental time. T h e glass transitions in n o r m a l ü 

and deuterated T C D were discussed in an earlier paper.1 9) & 
In this appendix we add some comments on the glass transi- P; 

tion of the solid solutions. bi 
Occurrence of the glass transition in T C D is a fortunate n« 

phenomenon for interpretation of the phase transition in sri 

two respects. First, we can be sure that the motion of the t r j 

protons (or deuterons) at the phase transition temperature c a 

is rapid enough for their equilibrium distribution to be at- d î 

tained within the experimental time. For the phase transi- I r ] 

tion occurs a t much higher temperature than the glass transi- 1 5 

tion. This is particularly impor tant for the solid solutions tVk 

because we can be sure that we are dealing with an annealed c n 

system rather than quenched one. Second, the glass transi- 1 9 

tion allows experimental determination of the vibrational c n 

heat capacity below the glass transition temperature . This 
is a useful piece of information for separating the anomalous R4 

heat capacity from the total experimental heat capacity. 
Appendix I I deals with this problem. 

As the glass transition per se, the relaxational behavior Ch 
deserves a comment. The heat capacity of the solid solutions 
around the glass transition and the glass transition temperature Ch 
as a function of the composition were given in the previous : 
paper. From the exothermic drift rate the relaxation time Ch 
was determined by the method described previously19) and 
plotted in Fig. A l . These figures show tha t the glass transi- Jp\ 
tion in SnCl 2 -2D a O occurs at « 5 K higher than in SnCl2- I 
2 H 2 0 and that the glass transition interval in the solid solu- (IS 
tions is not broader than in the hydrate or deuterate crystal. ( 
This means that correlation region of the atomic motion is Jpt 
so large that the local isotopic concentration does not deviate ' 
from the average concentration. This supports the earlier Sta 
discussion based on the structure of the hydrogen bond £ 

Fig. Al. Arrhenius plot of the enthalpy relaxation time 
of SnCl 2 (H 2 0) . T (D 2 0) 2 _. , . 

network that the smallest unit of the atomic motion consists 
of eight hydrogen atoms. 

Appendix II. 
Determination of the Lattice Heat Capacity 

I t was found that the heat capacity j u m p at the glass transi­
tion is reproduced correctly by the dimer model using the 
experimental transition temperature as the only adjustable 
parameter . The dimer model calculation was assumed to 
be correct up to 190 K and above 250 K where the anomalous 
heat capacity is small again. T h e dimer model gave too 
small a heat capacity in the intermediate region involving 
the phase transition. Interpolat ion of the normal heat 
capacity into this region was facilitated by spectroscopic 
data.28 '29) T h e vibrational frequencies used are as follows. 
Internal vibration of the two water molecules: 3125, 2975, 
1545, and 3505, 3375, 1610 cm^1 , l ibrational modes of the 
two water molecules: 945, 853, 542, and 710, 486 and 415 
cm- 1 , internal and external vibrations of S n C l 2 H n O : 323, 
198, 134, 101, 67, 58, and 254, 250, 164, 139, 121,"and 111 
c m - 1 . 
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The Crystal and Molecular Structure of (Carboxymethyl)(pyridine)-
(triphenylphosphine)palladium(II) Dichloromethane Solvate, 

[Pd(C2H202)(PPh3)(py)] • 0.6 CH2Cl2 

Yasushi K A I , Noritake YASUOKA, and Nobutami KASAI* 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 
(Received October 2, 1978) 

The molecular structure of carboxymethylpalladium(triphenylphosphine) pyridine has been determined 
by X-ray crystal structure analysis of its dichloromethane solvate, [Pd(G2H202)(PPh3)(py)]-0.6 GH2Gl2. The 
crystal belongs to the monoclinic system, space group ¥2xlc, with four formula units in a cell with dimensions 
of a=8.791(4), 0=14.623(7), c= 19.862(5) A, and 0=101.53(4)°. Ä=0.091 for 2806 non-zero reflections. The 
feature of the structure is that the palladium atom is G,0-chelated by an acetic acid to form a four-membered 
ring [Pd-G = 2.004 (16) and Pd-O = 2.093 (11) Â], and the palladium atom has approximately square-planar 
geometry. 

In a series of palladium complexes (Scheme) pre­
pared by the reaction of ketene and triphenylphos-
phine with bis (acetylacetonate) palladium (II),1) the 
molecular structures of I,2) II,3) IV,4) and VII5) have 
been determined by means of X-ray diffraction. The 
crystal structure analysis of V has been first at temped, 
however, all the crystals examined were decomposed 
by X-ray irradiation. Therefore, the more stable 
crystals of Vb, which is also a palladium C,0-chelate 
of acetic acid, has been selected. This paper deals 
with the structure of Vb , of which preriminary result 
has been reproted briefly.6) 

H Cx 

HCl, 

( i ) 

CH 

Pd ;CH 

t>-c; XCH0 

PPh, 

Ph,P-3 r \ ^o-Q 
rCH3 

pa 
^C-CH V - c ' 

ÎCH 

, C H 1 

Ph3PN „ q 7 £ 
J Pd ;CH 

H 3 C C 3 0*CvCH 
CH. CH-

3 
( I D 

(VI) 

P h 3 p \ y° 
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( I I I ) 
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P h 3 P s /CH -Cv 
3 J><L 2 P 

.CH, 
Ph3PN ^ 0 - U 

Pel iCH 
O-C 

(VII) 

P h 3 P N /CH 

^ P d \ / C = 0 

Ph3P
 x c r 

(V) 

PPh0 

CH, 

* P h 3 P - P d ^ C H ^ c = 0 

(Vb) 

Exper imenta l 

Pale yellow, polyhedral crystals of [Pd(G2H202)(PPh3)-
(py)]-0.6 GH2G12 were kindly supplied by Professor S. 
Kawaguchi and his coworkers of Osaka City University. 
Preliminary X-ray work showed that the crystals belong to 
the monoclinic system and that the space group is P2j/c 

(No. 14, absent reflections, hOl; /=2rc+l and OkO; £=2w+l ) . 
Unit-cell dimensions were determined by 20 values of 12 
strong reflections measured on a Rigaku automated, four-
circle single crystal difFractometer. 

Crystal Data. (G25H22NO2PPd+0.6 GH2G12), F.W.= 
556.8, monoclinic, space group, P2j/c, 0=8.791(4), b — 
14.623(7), £=19.862(5) A, £=101.53(4)°, Dm = 1.474 g cm"3 

(by flotation in aqueous solution of zinc bromide), Z = 4 , 
D c =1.478gcm- 3 . 

For the intensity measurement, a crystal with approximate 
dimensions of 0.20 X 0.175 X 0.15 mm was used. Intensity 
data were collected on the Rigaku difFractometer using 
Zr-filtered Mo Koc radiation. All data within a 20 sphere 
of 44° (sin 0/A=0.527) were measured using the 0-20 scan 
technique. The integrated intensity was determined by 
scanning over the peak at a rate of 4° min - 1 and subtracting 
the background obtained by averaging the two values mea­
sured for 10 s at both ends of a scan; the scan width of each 
reflection was Zl(20) = (2.O-fO.7tan 0C)°, where 0C is the cal­
culated Bragg angle for Mo KCKX (A=0.70926 A). The in­
tensities of two standard reflections (080 and 300) were 
measured after every 25 reflections. After about 2400 
reflections with lower Bragg angles were measured, these 
standard reflections showed a sudden drop down in their 
intensities. Therefore, the second crystal with approximately 
the same dimensions was cut out from the same mother 
crystal as the first, which was then used to collect about 900 
more reflections with high angles. A total of 3053 independ­
ent reflections was collected of which the number of non­
zero reflections was 2806. Usual Lorentz and polarization 
corrections were made, but the absorption correction was 
ignored (/* = 6.37 cm - 1 for MoiCa). 

Solut ion a n d R e f in emen t o f the Structure 

The structure was solved by the heavy atom method. 
The palladium and phosphorus atoms were located 
from a three-dimensional Patterson function. The 
remaining non-hydrogen atoms of the [Pd (C 2 H 2 0 2 ) -
(PPh3)(py)] molecule were located by succesive Fourier 
syntheses. However, three low and broad peaks 
remained undefined, which could be assigned as non-
hydrogen atoms of dichloromethane, the recrystalliza-
tion solvent. The structure was then refined by the 
block-diagonal least-squares procedure. The HBLS-
V program7) was used, the function minimized being 
S ( l ^ o l — ^l^cD2> where k is a single scale factor. 
Several cycles of isotropic refinement followed by the 
several more cycles of anisotropic refinement reduced 
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T A B L E 1. FRACTIONAL ATOMIC COORDINATES OF NON-HYDROGEN ATOMS 

(estimated standard deviations in parentheses) 

Atom 

Pd 
P 
C(l l ) 
C(12) 
G(13) 
G(I4) 
C(15) 
C(16) 
G(21) 
G(22) 
G(23) 
G (24) 
C(25) 
G (26) 
C(31) 
G (32) 
C(33) 

X 

0.19485(12) 
0.1323(4) 

-0.0730(14) 
-0.1302(16) 
-0.2918(17) 
-0.3925(16) 
-0.3352(15) 
-0.1817(16) 

0.2196(14) 
0.1680(18) 
0.2312(21) 
0.3449(19) 
0.3968(18) 
0.3346(16) 
0.1930(14) 
0.3235(16) 
0.3822(20) 

y 

0.03753(7) 
0.0470(2) 
0.0613(8) 
0.0906(10) 
0.0961(11) 
0.0693(11) 
0.0423(9) 
0.0380(9) 
0.1393(8) 
0.2294(10) 
0.3029(10) 
0.2869(11) 
0.1999(11) 
0.1264(10) 

-0.0525(9) 
-0.0999(10) 
-0.1719(11) 

z 

0.09744(5) 
0.2006(2) 
0.1991(6) 
0.2558(7) 
0.2545(9) 
0.1934(9) 
0.1352(8) 
0.1375(8) 
0.2564(6) 
0.2409(7) 
0.2819(8) 
0.3394(8) 
0.3550(8) 
0.3147(8) 
0.2546(6) 
0.2439(7) 
0.2872(8) 

Atom 

G (34) 
C(35) 
G(36) 
N 
C(42) 
G (43) 
G (44) 
C(45) 
C(46) 
G(l) 
C(2) 
O(l) 
0(2) 
C1(1S) 
G1(2S) 
C(S) 

X 

0.3170(20) 
0.1806(20) 
0.1196(17) 
0.1548(13) 
0.0435(17) 
0.0193(19) 
0.1233(19) 
0.2437(20) 
0.2532(19) 
0.3245(17) 
0.2465(17) 
0.4102(14) 
0.2874(12) 
0.2649(13) 
0.2314(14) 
0.3304(35) 

y 

-0.1962(11) 
-0.1513(11) 
-0.0797(11) 
-0.1053(8) 
-0.1575(10) 
-0.2488(11) 
-0.2889(10) 
-0.2395(12) 
-0.1491(11) 

0.1515(10) 
0.1702(11) 
0.1994(8) 
0.0673(7) 
0.4770(6) 
0.4312(6) 
0.4110(17) 

z 

0.3413(8) 
0.3504(8) 
0.3066(8) 
0.0765(6) 
0.0950(7) 
0.0777(9) 
0.0450(8) 
0.0251(8) 
0.0427(8) 
0.0323(8) 
0.0907(8) 
0.0078(6) 
0.0107(5) 

-0.0273(4) 
0.1077(5) 
0.0462(15) 

T A B L E 2. ANISOTROPIC THERMAL PARAMETERS ( x l O 4 ) EXPRESSED IN THE FORM: 

exp { - ( J M 2 + A2*2+ ß33P + ß12hk+ß13hl+ßiZkl)} 
(estimated s tandard deviations in parentheses) 

Atom 

Pd 
P 
C(l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(21) 
G(22) 
G (23) 
G (24) 
C(25) 
G (26) 
C(31) 
G(32) 
G(33) 
G (34) 
G (35) 
G(36) 
N 
G (42) 
G (43) 
G (44) 
C(45) 
C(46) 
G(l) 
G(2) 
O(l) 
0(2) 
G1(1S) 
G1(2S) 
C(S) 

111 

117.6(16) 
95.5(51) 
94(19) 

125(22) 
103(22) 

79 (20) 
84 (20) 

120(22) 
99(19) 

158(25) 
241 (33) 
187 (28) 
150(26) 
93 (20) 
98(19) 

132(23) 
210(31) 
209 (30) 
210(31) 
124(23) 
137(19) 
142 (24) 
175(28) 
186 (28) 
184(29) 
171 (27) 
155(25) 
145 (25) 
231(22) 
196(19) 
512(27) 
486 (27) 
241 (56) 

/?22 

39.1(6) 
32.1(18) 
28(7) 
42(8) 
60(10) 
47(9) 
29(7) 
32(7) 
28(6) 
47(9) 
35(8) 
57(10) 
59(10) 
44(8) 
34(7) 
39(8) 
49(9) 
43(9) 
50(9) 
53(9) 
39(6) 
47(9) 
41(8) 
33(8) 
69(11) 
55(9) 
40(8) 
50(9) 
64(7) 
52(6) 
62(5) 
78(6) 
36(14) 

#J3 

20.5(3) 
19.0(10) 
20(4) 
25(4) 
40(6) 
51(7) 
42(6) 
31(5) 
17(4) 
24(4) 
33(5) 
27(5) 
31(5) 
31(5) 
17(4) 
24(4) 
31(5) 
27(5) 
26(5) 
26(5) 
21(3) 
24(5) 
36(6) 
37(6) 
30(5) 
28(5) 
28(5) 
26(5) 
35(4) 
19(3) 
26(2) 
42(3) 
37(10) 

ßu 
-2 .6 (15) 

7.0(49) 
9(18) 

29 (22) 
68 (24) 
24(22) 
16(19) 

-7 (21) 
-10(18) 

4(24) 
18(27) 

-45(27) 
-31(19) 
-15(21) 

-8 (19) 
29(21) 
85 (28) 
46 (26) 

-50(27) 
-6 (24) 
-8 (18) 
-4(23) 

-32(25) 
6(24) 

103 (30) 
29 (26) 
13(23) 
5(24) 

-53(21) 
19(17) 

162(19) 
168 (20) 
71(46) 

ßn 

19.2(11) 
12.4(36) 
28(14) 
20(16) 
50(18) 
40(19) 
26(17) 
11(17) 
29(13) 
11(17) 
70 (22) 
22(19) 

-11(19) 
1(16) 

14(14) 
34(16) 
33(21) 

-2 (19) 
31(20) 

-3 (17) 
33(13) 
16(17) 
3(20) 

32 (20) 
34(20) 
50(19) 
39(18) 
29(17) 
77(15) 
54(12) 

121(13) 
204(16) 
42 (38) 

ß-LZ 

- 3 . 3 ( 7 ) 
-5 .1(22) 
- 5 ( 8 ) 

0(10) 
11(12) 
12(12) 

-8(10) 
10(10) 

-13(8) 
-6(10) 
-4(11) 

-55(12) 
-16(12) 

-1(10) 
3(8) 

-12(9) 
-6(11) 
20(11) 
10(11) 
5(11) 

- 1 ( 8 ) 
-19(10) 
-10(11) 

-8(11) 
-6(12) 

7(11) 
9(10) 
3(10) 

15(9) 
6(7) 

33(5) 
27(7) 
38(19) 
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TABLE 3. ATOMIC PARAMETERS OF HYDROGEN ATOMS 

(estimatimated standard deviations in parentheses) 

x y z B*> 

H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(22) 
H(23) 
H (24) 
H(25) 
H (26) 
H(32) 
H(33) 
H(34) 
H(35) 
H (36) 
H (42) 
H (43) 
H (44) 
H(45) 
H (46) 
H (2 A) 
H(2B) 

-0.055(14) 
-0.327(15) 
-0.506(15) 
-0.459(14) 
-0.115(14) 

0.096(14) 
0.191(16) 
0.397(15) 
0.497(15) 
0.356(14) 
0.368(14) 
0.500(15) 
0.369(15) 
0.113(15) 
0.031(14) 

-0.025(14) 
-0.060(15) 

0.103(15) 
0.316(16) 
0.344(15) 
0.313(15) 
0.158(15) 

0.096(8) 
0.114(9) 
0.076(9) 
0.035(9) 
0.030(8) 
0.241(9) 
0.382(10) 
0.338(9) 
0.178(9) 
0.057(8) 

-0 .089(8) 
-0 .206(9) 
-0 .251(9) 
-0 .164(9) 
-0 .034(9) 
-0 .118(9) 
-0 .296(9) 
-0 .355(9) 
-0.268(10) 
-0 .117(9) 

0.195(9) 
0.209(9) 

0.299(6) 
0.303(7) 
0.188(7) 
0.093(6) 
0.100(6) 
0.199(6) 
0.263(7) 
0.373(7) 
0.397(7) 
0.325(6) 
0.206(6) 
0.282(7) 
0.377(7) 
0.379(7) 
0.313(6) 
0.120(6) 
0.090(7) 
0.040(7) 
0.009(7) 
0.029(7) 
0.127(6) 
0.078(6) 

3.6 
4.8 
4.4 
3.7 
3.7 
4.0 
4.9 
4.7 
4.8 
3.7 
3.5 
4.7 
4.3 
4.6 
4.1 
3.9 
4.6 
4.3 
5.0 
4.5 
4.3 
4.3 

a) The isotropic temperature factors of each hydrogen 
atom is taken equal to that of equivalent temperature 
factor of its parent atom. 

the Rx factor (R1=^\\F0\-\FC\\E\F0\) to 0.090 for 
non-zero reflections. The difference Fourier synthesis, 
based on the atomic parameters at this stage, revealed 
all the hydrogen atoms except those of dichloromethane. 
Three cycles of refinement including those 22 hydrogen 
atoms gave R1 = 0.0S2. However, equivalent isotropic 
thermal parameters of non-hydrogen atoms of the 
solvent molecule were exceptionally large, and the 
calculated density for four formula weights of [Pd-
(C 2 H 2 0 2 ) (PPh 3 ) (py) , CH2C12] per unit-cell [1.56 g 
cm - 3 ] is much larger than the observed value of 
1.474 g cm - 3 . These facts suggested a lower occupancy 
of dichloromethane than unity. Assuming the occu­
pancy as 0.6. which gives the calculated density of 
1.478 g c m - 3 and a good fit with the observed values, 
the refinement converged: R± being 0.091 (R2= 
S l l ^ o l —l^c l l 2 /S | / ? ,

o | 2 =0 .106 ) for non-zero reflec­
tions. The atomic scattering factors used in the 
calculations were taken from International Tables for 
X-Ray Crystallography, Vol. IV.8) The final atomic 
parameters of non-hydrogen atoms are listed in Tables 
1 and 2, and those of hydrogen atoms in Table 3.t 

Descr ipt ion o f the Structure 

Molecular Structure. The perspective view of 
the [Pd(C 2 H 2 0 2 ) (PPh 3 ) (py)] and CH2C12 molecules 
are given in Fig. 1, with the numbering scheme of 

t The tables of observed and calculated structure factors 
are kept as Document No. 7914 at the Chemical Society of 
Japan. 

Fig. 1. Perspective view of the [Pd(C2H202)(PPh3)-
(py)] a n d GH2G12 molecules with the numbering 
scheme of atoms. 

Fig. 2. A stereoscopic view of the [Pd(C2H202)-
(PPh3)(py)] molecule. Non-hydrogen atoms are re­
presented by the thermal ellipsoids at 50% proba­
bility level. 

atoms. The stereoscopic drawing of the [Pd(C 2H 2-
0 2 ) (PPh 3 ) (py) ] molecule is given in Fig. 2. Bond 
lengths and bond angles are given in Table 4. Least-
squares planes of some groups of atoms, deviations oi 
atoms from, and dihedral angles between these planes 
are listed in Table 5. 

The remarkable feature of the molecular structure 
is that this complex contains a C,0-chelate ring of 
acetic acid (Fig. 1). The palladium atom has an 
approximately square-planar geometry coordinated 
by an oxygen and an sp3 carbon atoms of the chelate 
ring and a phosphorus and a nitrogen stoms; the mean 
and maximum deviations of atoms from the best plane 
being 0.057 and 0.078 Â, however, the planarity is 
not so good as that of IV, a C,C'-chelate of acetic 
anhydride.4^ 

The Pd-C(2) bond lengths [2.004(16) Â] is much 
shorter than those in I V [2.141(13) and 2.124(11) Â ] , 
which is probably the shortest of the observed P d - C 
tf-bond. The P d - 0 ( 2 ) length [2.093(11) Â] is longer 
than those of 0 , 0 ' - c h e l a t e of acetylacetone [1.989(2) 
and 1.986(2) Â],2b> which is considered as due to 
trans-influence of the pyridine ligand. The G(2 ) -
P d - 0 ( 2 ) angle [67.3(5)°] is much smaller than 90°. 

The P d - P bond [2.230(4) Â] is equal in length to 
that of 2.235(1) Â in VII,5) and this is shorter than that 
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TABLE 4. BOND LENGTHS AND BOND ANGLES (estimated standard deviations in parentheses) 

Bond length [//A] 
Pd-P 2.230(4) 
G(l)-G(2) 1.487(22) 
G(l)-0(1) 1.201(20) 
Pd-0(2) 2.093(11) 
P-G(ll) 1.811(13) 
P-G(31) 1.822(13) 
G(ll)-G(12) 1.376(19) 
G(12)-G(13) 1.421(22) 
G(14)-G(15) 1.405(24) 
G(21)-C(22) 1.408(20) 
G (22)-C (23) 1.396(24) 
G (24)-C (25) 1.367(24) 
C(31)-C(32) 1.392(19) 
C(32)-C(33) 1.392(23) 
G(34)-G(35) 1.410(25) 
N-G(42) 1.349(19) 
C(42)-G(43) 1.384(23) 
G (44) -G (45) 1.402(25) 

G(S)-C1(1S) 1.749(33) 

Bond angle [0/°] 
P-Pd-N 100.2(3) 
P-Pd-0(2) 162.1(3) 
N-Pd-0(2) 96.8(4) 
Pd-C(2)-C(l) 91.1(9) 
Pd-0(2)-G(l) 92.2(9) 
0 ( l ) - C ( l ) - 0 ( 2 ) 123.1(14) 
Pd-P-C(l l ) 114.8(4) 
Pd-P-G(31) 113.2(4) 
C(ll)-P-C(31) 106.0(6) 
P-C(ll)-G(12) 123.1(10) 
C(12)-G(ll)-C(16) 118.3(12) 
C(12)-G(13)-G(14) 116.4(15) 
C(14)-C(15)-G(16) 120.6(15) 
P-C(21)-C(22) 118.9(10) 
C(22)-C(21)-C(26) 117.3(12) 
G(22)-G(23)-C(24) 119.5(16) 
C(24)-G(25)-C(26) 121.1(15) 
P-C(31)-G(32) 117.5(10) 
G(32)-C(31)-C(36) 119.5(13) 
G(32)-C(33)-C(34) 121.5(16) 
C(34)-G(35)-G(36) 119.9(16) 
N-C(46)-C(45) 124.8(15) 
C (43) -G (44) -C (45) 122.1(16) 
N-C(42)-C(43) 124.2(14) 

C1(1S)-G(S)-G1(2S) 112.5(18) 

Pd-N 2 
C(l)-0(2) 1 

Pd-G(2) 2 
P-C(21) 1 

C(ll)-G(16) 1 
C(13)-C(14) 1 
C(15)-C(16) 1 
G(21)-C(26) 1 
G (23)-G (24) 1 
G (25)-G (26) 1 
G(31)-G(36) 1 
G (33)-C (34) 1 
C(35)-C(36) 1 
N-C(46) 1 
G (43)-G (44) 1. 
C(45)-G(46) 1 

G(S)-C1(2S) 1 

P-Pd-C(2) 
N-Pd-G(2) 
C(2)-Pd-0(2) 
G(2)-C(l)-0(1) 
G(2)-C(l)-0(2) 

Pd-P-C(21) 
C(ll)-P-G(21) 
C(21)-P-C(31) 
P-C(ll)-G(16) 
G(ll)-G(12)-G(13) 
C(13)-C(14)-G(15) 
G(ll)-G(16)-G(15) 
P-C(21)-G(26) 
G(21)-C(22)-C(23) 
C(23)-C(24)-C(25) 
C(21)-C(26)-C(25) 
P-G(31)-G(46) 
C(31)-C(32)-C(33) 
C(33)-C(34)-G(35) 
C(31)-C(36)-G(35) 
G (42)-G (43)-G (44) 
G (44)-G (45)-G (46) 
G(42)-N-G(46) 

.144(12) 

.322(19) 

.004(16) 

.816(13) 

.435(20) 

.409(25) 

.343(22) 

.389(20) 

.380(25) 

.385(23) 

.383(20) 

.361(25) 

.398(23) 

.358(20) 

.356(24) 

.365(24) 

.661(33) 

95.8(4) 
163.9(5) 
67.2(5) 

129.3(15) 
107.6(13) 

117.1(4) 
102.9(6) 
101.3(6) 
118.6(10) 
122.6(14) 
121.4(16) 
120.7(14) 
123.8(10) 
121.3(14) 
119.9(16) 
120.9(14) 
123.0(11) 
119.9(14) 
118.9(16) 
120.2(14) 
116.9(15) 
116.0(16) 
115.8(13) 

of 2.267(1) A in [PdCl(CH 2SCH 3)(PPh 3)] . 9) The P d -
N bond length [2.144(12) Â] is comparable to those 
in [PdCl (CH 2 COCH 2 COOCH 2 Ph) (py ) 2 ] [2.027(6) and 
2.120(6) A ] . The P - P d - N angle of 100.2(3)° is much 
larger than 90° because of steric interaction between 
the triphenylphosphine and pyridine ligands. 

In the C,0-chelate ring of acetic acid, the C(1)-C(2) 
bond length of 1.487(22) is equal to those in I V of 
1.473(18) and 1.479(19) A, which can be compared 
with those observed in C - C = 0 moieties in many or­
ganic compounds [av 1.506(5) A ] . The G ( l ) - 0 ( 2 ) 

bond length [1.322(19) A] is shorter than those in 
I V [1.412(16) and 1.386(17) Â] The G(1)=0(1) 
double bond length of 1.201(20) is equal to those of 
1.192(18) and 1.202(17) A in IV, which is normal 
value in aldehydes and ketones [av 1.215(5) A],10) 
and a-oxalic acid [1.207(1) A].11) Both the P d - C ( 2 ) -
C( l ) and P d - 0 ( 2 ) - C ( l ) angles are around 90° [91.1(9) 
and 92.9(9)°, respectively]. The C ( 2 ) - C ( l ) - 0 ( 2 ) 
angle [107.6(13)°] is much smaller, whereas the C(2) -
C ( l ) - 0 ( 1 ) angle [129.3(15)°] is much larger than 
120°. However, the sum of the three angles around 



March, 1979] Molecular Structure of [Pd(C2H202)(PPh3)(py)] 741 

Fig. 3. A stereoscopic drawing of the molecular packing in the unit cell. 

TABLE 5. LEAST-SQJJARES PLANES, DEVIATIONS (//Â) OF 

ATOMS FROM THE PLANE, AND DIHEDRAL ANGLES [fi/°] 

Equation of the plane is of the form: AX+BY+CZ+D^O, 
where X, 7, Z, and D are measured in A units: 
X=ax-\-cz cos ß, Y=by, Z=cz sin ß. (Atoms marked 
by * are not in the least-squares plane calculation.) 

( a ) Coordination plane 
-0 .8594X+0.19827-0 .4714Z+ 1.959 = 0 
Pd 0.035 P - 0 . 0 6 0 N 0.045 
G(2) 0.068 0(2) - 0 . 0 7 8 G(l)* - 0 . 2 3 9 
O(l)* - 0 . 6 0 6 

( b ) Plane defined by C(l), C(2), O(l) , and 0(2) 
-0 .6749Z+0 .36187-0 .6431Z+1 .451=0 
G(l) 0.010 G(2) - 0 . 0 0 3 O(l) - 0 . 0 0 4 
0(2) - 0 . 0 0 3 Pd* - 0 . 4 6 5 

( c ) Plane defined by Pd, G(2), and 0(2) 
-0 .8326Z+0.17077-0 .5270Z+2.010 = 0 

Dihedral angle between (a) and (b) : 17.3 
Dihedral angle between (b) and (c) : 15.7 

the C( l ) atom is 360.0°; the planarity around the 
C( l ) being good (Table 5). The dihedral angle be­
tween the planes defined by Pd, C(2), and 0 ( 2 ) and 
C ( l ) , C(2), O ( l ) , and 0 ( 2 ) , is 15.7°. 

Similar to those in IV the phosphorus atom show 
a deviation from the tetrahedral geometry: the G ( l l ) -
P - C ( 2 1 ) , C ( l l ) - P - C ( 3 1 ) , a n d C ( 2 1 ) - P - C ( 3 1 ) [102.9(6), 
106.0(6), and 101.3(6)°] being much smaller, whereas 
P d - P - C ( l l ) , Pd-P-C(21) and Pd-P-C(31) [114.8(4), 
117.1(4), and 113.2(4)°] being larger than th tetrahedral 
angle. Three P - C bond lengths are equal [1.811(13), 
1.816(13), and 1.822(13) Â ] . Three phenyl rings in 
triphenylphosphine group have normal structure 
[C-C(av) = 1.392 Â and C-C-C(av) = 120.0°]. The 
pyridine ring coordinated to palladium atom also has 
normal geometry [C-C(av) = 1.377, C-N(av) = 1.354 Â, 
C - N - C = 115.8°, and G-G-G(av) = 120°]. 

Crystal Structure. Figure 3 shows a stereoscopic 
drawing of the molecular packing in the unit-cell along 
the c axis. All intermolecular atomic contacts are 
considered to be normal van der Waals distances, the 
shortest contact being 3.285(21) A (C(24)(*, y, z) — 

0(1 ) (* , 0 . 5 - j , , 0.5 + z)) . 

Computations throughout the present study were 
carried out on a NEAC 2200-700 computer at the 
Osaka University. Figures 2 and 3 were drawn on 
the N U M E R I C O N 7000 system at Osaka University 
with a local version of ORTEP.12> 

The authors wish to express their deep thanks to 
Professor Shinichi Kawaguchi and coworkers of the 
Osaka City University for supplying crystals and helpful 
discussions. The authors are also indebted to Mr . 
Kunio Miki who helped the computations and O R T E P 
drawings. 
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Absorption and Fluorescence Spectra of Anthracenecarboxylic Acids. 
II. 1- and 2-Anthroic Acids 
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(Received October 9, 1978) 

The absorption and fluorescence spectra of 1- and 2-anthroic acids (1- and 2-anthracenecarboxylic acids) 
in alcoholic solvents have been observed as a function of solute concentration. It was revealed that 1- and 2-
anthroic acids form hydrogen-bonded dimers in their ground states. The equilibrium constants for dimer for­
mation are : 1.2 X 104 mol-11 for 1-anthroic acid in methanol and 2.0 X 10* mol"11 for 2-anthroic acid in ethanol. 
Owing to dimer formation, the lowest frequency absorption band of 1-anthroic acid was uniformly displaced to 
the red, while that of 2-anthroic acid was distinctly resolved into two bands. The band assignment was con­
firmed by the method of photoselection. No excimer-type fluorescence was observed in 1- and 2-anthroic acids. 
The lack of mirror-symmetry relationship between the absorption and fluorescence spectra of 1-anthroic acid 
is explained by the geometrical relaxation in its excited state. 

T h e fluorescence spectrum of 9-anthroic acid (9-
anthracenecarboxylic acid) in ethanol shows a re­
markable concentration dependence. At a con­
centration below 10~5 mol/1 the spectrum has an an­
thracene-like structure, while at a concentration above 
10-3 mol/1 it largely shifts to the red, turning into a 
broad structureless band. Some attempts to elucidate 
the origin of this spectral change have been made. 1 - 5) 
In connection with this, the electronic spectra of 1-
and 2-anthroic acids (1- and 2-anthracenecarboxylic 
acids) were also investigated.6) 

In the preceding paper4) of this series, an excimer-
type mechanism was presented for the broad fluores­
cence of 9-anthroic acid. In alcoholic solvents, 9-
anthroic acid forms a hydrogen-bonded dimer in its 
ground state. T h e hydrogen-bonded dimer is excited 
and then associates with an unexcited hydrogen-
bonded dimer to form an excited tetramer from which 
the broad fluorescence occurs. A polarization study 
also supports the excimer mechanism.5) 

This paper presents the concentration and temper­
ature dependence of the absorption and fluorescence 
spectra of 1- and 2-anthroic acids. In the ground 
state, 1- and 2-anthroic acids form hydrogen-bonded 
dimers as does 9-anthroic acid. They do not, however, 
show any excimer-type fluorescence in contrast to 
9-anthroic acid. 

E x p e r i m e n t a l 

1-Anthroic acid was prepared from benzanthrone7>8> 
and was purified by repeated recrystallization. 1-Anthroic 
acid from K & K Laboratories was purified by repeated 
recrystallization . Methanol (Wako fluorometric grade) was 
used without further purification. Ethanol (Wako super 
special grade) and propylene glycol (1,2-propanediol, Wako 
JIS S grade) were stored over molecular sieves 3A and passed 
through a silica gel column. The absorption spectra were 
recorded on a Hitachi EPS-3 recording spectrophotometer. 
The fluorescence and excitation spectra were obtained by 

t Present address: Central Research Laboratory, 
Matsushita Electric Co., Ltd., Kadoma, Osaka 571. 

tt Present address: Catalysis Project, Matsushita In­
dustrial Equipment Co., Ltd., Toyonaka, Osaka 561. 

means of a Hitachi MPF-2A fluorescence spectrophotometer 
and are given without corrections on the quantum response 
of the detecting and exciting systems and on reabsorption. 
The degree of polarization, P, was measured by the method 
of photoselection.9-13) 

R e s u l t s and D i s c u s s i o n 

Absorption Spectra and Dimer Formation. The 
absorption spectra of 1-anthroic acid in methanol 
are shown in Fig. 1 as a function of concentration. 
The absorption spectrum of 1-anthroic acid has an 
anthracene-like structure at lower concentration. The 
spectra become less sharp on increasing the concentra­
tion. Several isosbestic points appear in the spectra. 
The most probable origin of the isosbestic points in the 
absorption specta of 1-anthroic acid may be monomer-
dimer equilibrium in consideration of the results of 
9-anthroic acid. When one ascribes the spectral 
changes to monomer-dimer equilibrium, the equilibrium 
constant of dimer formation, K^, can be determined 
by the usual procedure.13) The K^ of 1-anthroic 
acid was 1.2 X 104 mol" 11 in methanol at 290 K. 

The concentration dependence of the absorption 
spectra of 2-anthroic acid in ethanol is given in Fig. 2. 
T h e absorption spectrum of 2-anthroic acid has four 

a/103 cm-1 

Fig. 1. The absorption spectra of 1-anthroic acid in 
methanol at various concentrations and the estimated 
monomer and dimer absorption spectra. 1 : 9.0 X 
10-« mol/1, 2 : 3.0 x 10 5 mol/1, 3 : 1.5 x 10"* mol/1, 4 : 
4.0 X 10 -4 mol/1, M : the estimated monomer spectra, 
D : the estimated dimer spectra. 
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25 30 
<T/103 cm-1 

Fig. 2. The absorption spectra of 2-anthroic acid in 
ethanol at various concentrations and the estimated 
monomer and dimer absorption spectra. 1 :2 .0x 
10-5 mol/1, 2 : 4.0 X 10-5 mol/1, 3 : 9.9 X 10~5 mol/1, 4 : 
2.0X 10~4 mol/1, M : the estimated monomer spectra, 
D : the estimated dimer spectra. 

vibrational peaks at lower concentration, while it has 
five vibrational peaks at higher concentration. From 
an analysis of the data on the concentration dependence 
of the absorption spectra, the KB of 2-anthroic acid 
was determined to be 2.0 X104 m o l - 1 1 in ethanol. 

By using the observed spectral data at various 
concentrations and the Ä"D value, we can estimate 
the monomer and dimer absorption spectra.13) The 
estimated monomer and dimer absorption spectra of 
1- and 2-anthroic acids are included in Figs. 1 and 2. 

Figure 1 shows that the monomer absorption spectrum 
of 1-anthroic acid has an anthracene-like progression 
spaced by 1400 cm - 1 . The dimer absorption spectrum 
is displaced to the red with keeping the vibrational 
structure. The monomer absorption band of 1-an­
throic acid in this region may safely be assigned to 
the 1 L a transition. 

The monomer absorption spectrum of 2-anthroic 
acid has four vibrational peaks in the region of the 
lowest-frequency absorption band, while the dimer 
absorption spectrum has five vibrational peaks. It 
has well been established that the 1 L b and xL a bands 
of 2-anthrol lie closely in this region.14-16) The lowest-
frequency absorption band of 2-anthrol was assigned 
to the 1 L b transition and the next one to the 1 L a transi­
tion. The xL a band of 2-anthrol holds an anthracene­
like vibrational structure which is characterized by 
equal spacings of about 1300 cm - 1 . The 1 L b band 
of 2-anthrol is greatly displaced to the red due to hydro­
gen bonding, while the 1 L a band is slightly displaced 
to the blue. As a consequence of this, the 1 L b and 
1 L a bands are resolved distinctly. The assignment 
of the absorption bands of 2-anthroic acid can be made 
as follows, by reference to that of 2-anthrol. Band 
b of the monomer absorption spectrum is composed 
of two vibrational bands, one of which belongs to 
the 1 L b transition and the other to the xL a transition. 
Owing to dimer formation, the 1 L b band is greatly 
displaced to the red yielding Bands p and q, while 
the xL a band is displaced to the blue yielding Bands 
r, s, and t. Band a and a part of Band b of the 
monomer absorption band may reasonably be assigned 
to the 1 L b and a part of Band b and Bands c and d 
to the 1 L a transition. This assignment was confirmed 

«r/lO'cm-1 

Fig. 3. The fluorescence spectra of 1-anthroic acid in 
methanol at various concentrations. 1 :8 .8x l0~ 4 

mol/1, 2 : 4.4 x 10~5 mol/1, 3 : 2.2 X 10~5 mol/1, 4 : 
1.1 X 10"5 mol/1, 5 : 4.4 X 10~7 mol/1. Excitation wave­
length : 360 nm. 

a /103 cm - 1 

Fig. 4. The fluorescence and excitation spectra of 1-
anthroic acid in methanol at 181 K. Solute con­
centration : 5.0 X 10~6 mol/1. 1 : Observed at 396 nm, 
2 : observed at 440 nm, 3 : observed at 490 nm. 

by the polarization study (see below). 
I t has well been established that carboxylic acids 

have pK& values in ethanol larger by about 5.8 than in 
water.1 7 - 1 9) The reported p # a ' s are 3.720) and 3.6921) 
for 1-anthroic acid and 4.220) and 4.1821) for 2-anthroic 
acid. T h e p ^ a ' s of 1- and 2-anthroic acids in ethanol 
are estimated to be 9.5 and 10.0, respectively. Proton 
dissociation can, therefore, be ruled out as the origin 
of the spectral changes in these solvents. 

Fluorescence Spectra. Figure 3 shows the con­
centration dependence of the fluorescence of 1-anthroic 
acid in methanol. The fluorescence of 1-anthroic 
acid exhibits no vibrational structure at lower concentra­
tion and the mirror-image relationship between the 
absorption and fluorescence spectra is lost. A large 
Stokes shift is observed on increasing the concentra­
tion. 

T h e excitation spectra of 1-anthroic acid in methanol 
at 181 K are shown in Fig. 4. The excitation spectrum 
monitored at the maximum of the fluorescence band 
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Fig. 5. The fluorescence spectra of 2-anthroic acid in 
ethanol at various concentrations. 1 : 4.0 X 10~4 mol/1, 
2 : 9.9 X 10-5 mol/1, 3 : 4.0 X 10~5 mol/1, 4 : 4.0 X 10~6 

mol/1. Excitation wavelength : 354 nm. 
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Fig. 6. The fluorescence and excitation spectra of 2-
anthroic acid in ethanol at room temperature. Solute 
concentration : 4.0 X 10~5 mol/1. 1 : Observed at 395 
nm, 2 : observed at 430 nm, 3 : observed at 460 nm. 

corresponds to the dimer absorption spectrum. O n 
the other hand, the excitation spectrum monitored 
at 396 nm corresponds to the monomer absorption 
spectrum. This indicates that the fluorescence observed 
at higher concentration is attributed to the dimer 
species. 

T h e spectral dependence of the fluorescence of 2-
anthroic acid on concentration is given in Fig. 5. The 
fluorescence of 2-anthroic acid has a vibrational struc­
ture at lower concentration. An approximate mirror-
image relation of the fluorescence spectrum to the 
1 L b absorption band is observed. The fluorescence 
observed at lower concentration may therefore be 
assigned to the 1 L b transition. O n increasing the 
concentration, the fluorescence spectrum shifts to the 
red and becomes structureless. Figure 6 shows the 
excitation spectra of 2-anthroic acid in ethanol. T h e 
excitation spectrum corresponds to the monomer 
absorption band when monitored at 395 nm, while 
it corresponds to the dimer one when monitored at 
430 nm. These findings indicate that the broad 
fluorescence can be assigned to the dimer fluorescence. 
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Fig. 7. The fluorescence spectra of 2-anthroic acid in 
ethanol at various temperatures. Solute concentra­
tion : 5.0 X 10~6 mol/1. Excitation wavelength : 360 
nm. 1 : 293 K, 2 : 141 K, 3 : 109 K, 4 : 77 K. 
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Fig. 8. The fluorescence excitation polarization spectra 
of 2-anthroic acid in ethanol at 152 K (upper) and 
the estimated monomer absorption spectrum (lower). 
Solute concentration : 6.8 X 10~6 mol/1. Observation 
wavelength : 420 nm. 

Figure 7 shows the temperature dependence of the 
fluorescence of 1-anthroic acid in ethanol. Below 
the temperature at which the solvent freezes, the 
fluorescence of 1-anthroic acid has a vibrational struc­
ture. A mirror-image relationship between the absorp­
tion and fluorescence spectra is observed at lower 
temperature, although it is lost at room temperature. 
O n the contrary to this, a mirror-image relation between 
the absorption and fluorescence spectra is observed in 
2-anthroic acid at room temperature. These indicate 
that some geometrical relaxation occurs in 1-anthroic 
acid during its fluorescence lifetime. 

X-Ray analysis of 1-naphthoic acid shows that the 
angle between the planes of the naphthalene ring and 
carboxyl group is 11°.22) Steric hindrance in 1-an­
throic acid to coplanarity of the carboxyl group and 
an aromatic ring should be similar to that of 1-naphthoic 
acid. An excited-state rotation of the carboxyl group 
into the plane of the anthracene ring may occur and 
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Fig. 9. The fluorescence excitation polarization spectra 
of 2-anthroic acid in ethanol at 156 K (upper) and 
the estimated dimer absorption spectrum (lower). 
Solute concentration : 4.7 X 10-5 mol/1. Observation 
wavelength : 480 nm. 

a structureless fluorescence is observed. Steric hin­
drance in 2-anthroic acid seems to be negligible and no 
geometrical relaxation upon excitation is expected to 
occur in 2-anthroic acid. Indeed, a mirror-symmetry 
relationship is observed in 2-anthroic acid even at 
room temperature. Any geometrical relaxation is im­
possible at sufficiently low temperature and, con­
sequently, a mirror-symmetry relationship is observed 
in 1-anthroic acid at low temperature. 

Figure 8 shows the fluorescence excitation polar­
ization spectrum of 2-anthroic acid in ethanol at a 
concentration of 6.8 X 10 - 6 mol/1, together with the 
estimated monomer absorption spectrum. At such a 
low concentration, 2-anthroic acid exists substantially 
in the monomer form. The degree of polarization, 
P, decreases with increasing excitation energy. This 
suggests that two different electronic bands lie in this 
region. Figure 9 shows the fluorescence excitation 
spectrum of 2-anthroic acid at a concentration of 
4.7 X 1 0 - 5 mol/1, together with the estimated dimer 
absorption spectrum. I t appears from Fig. 2 that the 
4.7 X 10 - 5 mol/1 solution contains considerable amounts 
of dimer species. Furthermore, a 480-nm observa­
tion predominantly detects the fluorescence from dimer 
species. The polarization spectrum indicates that 
Bands p and q and Bands r, s, and t belong to different 
transitions. 

The fluorescence excitation polarization spectrum of 
1 -anthroic acid in methanol is given in Fig. 10, together 
with the estimated monomer absorption spectrum. 
The concentration of the sample solution was 4.4 X 
10 - 5 mol /1 ; 1-anthroic acid predominantly exists in 
monomer form. The value of P is relatively small, 
since the temperature is high compared with the freezing 
point of the solvent. The polarization spectrum has 
almost the same P values over the whole region of 
the lowest-frequency absorption band. The lowest-
frequency absorption band appears to consist of a single 
electronic transition. T h e xLa and xLb bands of 1-

25 3 0 
cr/103 cm-1 

Fig. 10. The fluorescence excitation polarization spectra 
of 1-anthroic acid in methanol at 171 K (upper) and 
the estimated monomer absorption spectrum (lower). 
Solute concentration : 4.4 X 10~5 mol/1. Observation 
wavelength : 425 nm. 

derivatives of anthracene, in general, lie closely, the 
1 L b band being found at the lower energy side of the 
1 L a band.1 3 - 1 5) There is no evidence of the x L b band 
lying under the xL a band in 1-anthroic acid. The 
1 L b band of 1-anthroic acid seems to have a very small 
oscillator strength owing to the steric hindrance de­
scribed above. T h e same situation was encountered 
in 9-anthroic acid. 

Kinetic Consideration. An excimer mechanism 
has been presented for the pronounced concentration 
dependence of 9-anthroic acid in alcoholic solvents.4) 
9-Anthroic acid forms a hydrogen-bonded dimer in 
its ground state. The monomer species show the 
structured fluorescence. The red-shifted broad fluo­
rescence was assigned to the excimer which is formed by 
the association of the excited and unexcited hydrogen 
bonded dimers. I t was shown that the ratio of the 
intensity of the excimer fluorescence to that of the 
monomer fluorescence, R—IE/IU, is proportional to 
[D]3 /2 at low dimer concentrations, where 7E and Iu 

refer to the fluorescence intensity of the excimer and 
the monomer, respectively.4) When the broad fluo­
rescence is attr ibuted to the dimer, on the other hand, 
it can easily be shown that the ratio R is pro­
portional to [D]. 

The corrected fluorescence spectra at various con­
centrations were divided into the monomer and dimer 
components, the spectral shapes of which are assumed 
to be the same as the corrected fluorescence spectra 
observed at the lowest and the highest concentration. 
Figure 11 gives the log R plots vs. log [D] for 1- and 
2-anthroic acids. I t is seen from the figures that the 
slope of the plots is 1 for both 1- and 2- anthroic acids. 
These observations indicate that no excimer-type 
fluorescence is observed in 1- and 2-anthroic acids in 
contrast to 9-anthroic acid. 

T h e sufficient overlap of the two anthracene rings 
constituting the hydrogen-bonded dimers is essential 
to the formation of stable excimers. T h e hydrogen-
bonded dimers of 1- and 2-anthroic acids may have 
two types of conformations which are eis- and trans-
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Fig. 11. The logR plots vs. log [D]. 1 : 1-Anthroic 
acid in methanol, 2 : 2-anthroic acid in ethanol. 
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Fig. 12. The types of dimer conformations. 

/ 0 - . . H O \ 
forms relative to - G C - linkages, while 9-

anthroic acid forms a single type of dimers (see 
Fig. 12). This decreases the possibilities of excimer 
formation in 1- and 2-anthroic acids compared with 
9-anthroic acid, because the presence of two types 
of dimer conformations decreases the possibility for 
encounter of the same type of dimers. Furthermore, 
the molecular rotation necessary for the two pairs 
of anthracene rings to overlap sufficiently is generally 
greater in 1- and 2-anthroic acids than in 9-anthroic 
acid. For example, when the planes of two dimers 
are parallel, the complete overlap of two anthracene 
rings can be realized by the in-plane rotation less than 
45° with respect to the other in 9-anthroic acid. In 
the case of 1- and 2-anthroic acids, on the other hand, 
the complete overlap is not always realized by the in-
plane rotat ion; sometimes it is necessary to reverse 
one dimer molecule with respect to the other. This 

further decreases the possibility of excimer formation 
in 1- and 2-anthroic acids than in 9-anthroic acid. 

The ground-state dimer formation in alcoholic 
solvents is confirmed in 1- and 2-anthroic acids as well 
as in 9-anthroic acid. No excimer-type fluorescence is 
observed in 1- and 2-anthroic acids in contrast to 9-
anthroic acid. This is interpreted by the variety of 
dimer conformations in 1- and 2-anthroic acids. The 
lack of mirror-symmetry relationship between the 
absorption and fluorescence spectra of 1-anthroic 
acid is explained by the geometrical relaxation in its 
excited state. 
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When the Mg2+/Fetotai molar ratio in the initial aqueous suspension is below 0.1 at pH 9.0 and 65 °C, almost 
all Mg2+ is incorporated into the spinel type ferrite by the air oxidation of Fe(OH)2. The chemical composition 
of the Mg-bearing ferrite thus obtained is not stoichiometric, and is expressed as the MgFe204-Fe304-y-Fe203 

system. When the Mg2+/Fe t o t a l ratio exceeds 0.1, the excess Mg2+ produces a basic magnesium sulfate which 
has a composition of [Mgfto, Na0

+
64] [OH^e, (SOr)0 .6 4]. At pH 8.0, a small amount of the Mg2+ is in­

corporated into the ferrite, between pH 9.0 and 10.0 only the Mg-bearing ferrite is formed, and at pH 11.0, the 
a-FeOOH type compound is formed together with the Mg-bearing ferrite. 

Recently, the formation of the spinel type ferrites 
from aqueous suspensions have been extensively 
studied.1-5) M n and Go ferrites have been synthesized 
by the air oxidation of the F e ( O H ) 2 aqueous suspensions 
containing these metal ions by Kiyama.5) 

Feitknecht6) studied in detail the formation of the 
iron oxides and presented the optimum conditions 
to form magnetite (Fe 30 4) from the aqueous suspen­
sion of Fe(OH) 2 . Kiyama7) clarified the temperature 
dependence of the formation of F e 3 0 4 and pointed 
out that higher temperatures are more favorable. 
Recently, more favorable reaction conditions for the 
formation of F e 3 0 4 have been studied using some 
weak dispersing reagents.8) The optimum conditions 
for the formation of the spinel type ferrites containing 
various heavy elements from aqueous suspensions 
appears to differ from those of F e 3 0 4 , and are dependent 
on the p H value, temperature and the concentration of 
the metal ions in the Fe (OH) 2 aqueous suspension. 

The complete removal of the heavy metal ions by 
means of the ferrite formation process is important 
not only for the basic study but also for the treatment 
of the concentrated waste water by the "Ferri te 
Process."9) 

In this study, the formation of the Mg-bearing ferrite 
from the aqueous suspension of Fe (OH) 2 by air oxida­
tion has been investigated in the presence of various 
concentrations of magnesium at p H values ranging 
from 8 to 11 at 65 °G. O n the basis of these results, 
the most favorable conditions for the formation of the 
Mg-bearing ferrite are presented. 

Exper imenta l 

Reagents. Chemical reagents of analytical grades 
were used. A 2 mol/dm3-NaOH solution was prepared 
by dissolving NaOH in distilled water free from C 0 2 and0 2 . 
A 0.863 mol/dm3 of MgS04 solution was prepared using 
MgS0 4 -7H 20. 

Apparatus. The Dewar reaction vessel used is shown 
in Fig. 1. The temperature of the vessel was kept constant 
at 65 °G by circulating warm water at just 65 °C through 
the outer jacket. The inner flask with a semi-spherical 
bottom (300 cm3) was closed with a silicone-rubber stopper 
incorporating a stirring apparatus (A), a N2- or air-introducing 
tube (B), a condenser(G), a platinum electrode(D), a glass 
electrode (E), a calomel electrode with double junction(F) 
and a bur et (G). 

Fig. 1. The reaction vessel with a silicone stopper. 
A : Stirring apparatus, B : N2- or air-introducing 
tube, G : reflux condenser, D : platinum electrode, 
E : glass electrode, F : calomel electrode (double 
junction type), G : buret. 

Procedure. After addition of the distilled water and 
the solutions of MgS0 4 and Na2S04 , nitrogen gas was bubbled 
into the solution with stirring at 1000 r.p.m. for 1 h to remove 
the dissolved gases of carbon dioxide and oxygen. Then, 
FeS0 4 -7H 2 0 (12 g) was added to the solution and dissolved 
completely. The resultant volume of the solution was 
200 cm3, and the total concentration of S04

2~ was fixed at 
65 mmol/200 cm3 (this solution is termed the initial solution). 
The pH was adjusted using 2 mol/dm3 NaOH solution. 
After standing for 1 h with stirring under nitrogen 65 °G, 
the oxidation of the ferrous ion was initiated by passing air 
into the suspension instead of nitrogen at the rate of 0.20 dm3/ 
min. During the oxidation, the pH value was kept constant 
by the addition of 2 mol/dm3 NaOH or 0.5 mol/dm3 H 2S0 4 

solution, and the oxidation potential(ORP) was measured. 
At the end of the oxidation reaction, the ORP value increased 
rapidly from about —800 mV to nearly 0 mV (measured 
by Pt-calomel electrodes). Figure 2 illustrates the relation­
ship between the Fe2+/Fe to ta l value and the oxidation time 
(min). As seen the rapid increase of the ORP indicates 
an abrupt change in the oxidation rate. The detailed study 
of the ORP change will be reported in the near future. In 
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Fig. 2. The relationship between the Fe2+/Fetotal molar 
ratio in suspension (the initial solution contains Fe-
(OH)2 alone). An arrow means the end point of 
the formation of ferrite. 

the present study, the air oxidation was stopped 10 min 
after the abrupt change in the ORP value and then nitrogen 
gas was passed through the suspension in place of the air. 
An aliquot of the suspension was removed and immediately 
centrifuged (3000 r.p.m.). The precipitate thus obtained 
is referred to as Precipitate A in this paper. The suspension 
containing Precipitate A was treated with 0.5 mol/dm3-
H 2S0 4 solution to lower the pH value of the suspension to 
5.0. At this time, 0.5 mol/dm3 H 2S0 4 solution was added 
very slowly at the rate of 0.1—1.0 cm3/15 min. The obtained 
suspension was then centrifuged (3000 r.p.m.). The pre­
cipitate thus obtained is referred to as Precipitate B. Pre­
cipitates A and B were dried in vacuo at room temperature. 

Chemical Analysis. The Fe2+ and Fe3+ contents in 
the Precipitates A and B were determined by the method 
described by Katsura.10) When necessary, the spectro-
photometric method using 2,2'-bipyridyln> or the gravi­
metric method was applied. The magnesium content was 
determined by EDTA titration after removal of iron from 
solution as tris(8-quinolinolato)iron(III) or iron(III) hydrox­
ide. Sodium and sulfate ions were determined by flame-
photometry and gravimetry(as BaS04), respectively. 

Precipitates A and B were examined by the X-ray powder 
diffraction method using Fe Koc radiation. The Curie point 
of Precipitate B was measured in vacuo, and the saturation 
magnetization was measured at room temperature in com­
parison with Ni as standard. 

R e s u l t s a n d D i s c u s s i o n 

The Oxidation Products at p H 9.0. Mg-bearing 
ferrites were prepared at p H 9.0 and at 65 °C by vary­
ing the Mg 2 + /Fe t o t a l molar ratio, the results of which 
are shown in Fig. 3. As shown by Curve A in Fig. 3, 
the M g 2 + content in Precipitate A increases linearly 
with increasing concentration of M g 2 + in the initial 
solution. The initial concentration of M g 2 + before 
the air oxidation is also given by Curve B in Fig. 3, 

The Mg2+/Fe to ta l molar ratio 
in the initial solution 

Fig. 3. The relationship between the Mg2+/Fe 
total niolar 

ratio in the initial solution and the Mg2+/Fe to ta l or 
Fe2+/Fe to ta l molar ratio in the Precipitates A and B. 
Curve A : The Mg2+/Fe to ta l molar ratio in the Precip­
itate A, Curve B: the Mg2+/Fe to ta l molar ratio in 
the initial solution, Curve C : the Mg2+/Fetotal molar 
ratio in the Precipitate B, Curve D: the Fe2+/Fetotal 

molar ratio in the Precipitate B. 

and Curve B is very similar to Curve A, indicating that 
almost all the M g 2 + added to the initial solution was 
incorporated into Precipitate A. The Mg2+/Fe t o t a l 

ratio in Precipitate B is also given by Curve C in 
Fig. 3. As seen in Curve C, the concentration of 
M g 2 + in Precipitate B increases with increasing con­
centration of M g 2 + in the initial solution when the 
Mg 2 + /Fe t o t a l ratio in the initial solution is sufficiently 
low. However, when the Mg 2 + /Fe t o t a l ratio is higher 
than 0.1, the ratio in Precipitate B gives a constant 
value of about 0.1, suggesting that Precipitate A is 
composed of a heterogeneous mixture of a soluble and 
an insoluble M g compound at p H 5.O. 

The X-ray diffraction patterns of Precipitates A 
and B at conditions below the Mg2+/Fe t o t a l ratio of 
0.15 were almost identical and all peaks corresponded 
to those of the spinel type structure. An example 
is given by A in Fig. 4. In the patterns of Precipitate 
A which has a Mg2+/Fe t o t a l ratio of 0.3, there are two 
distinct additional peaks other than those of the Mg-
bearing ferrite. An example is given by B in Fig. 4. 
These small and broadened peaks could not assigned, 
but in the patterns of Precipitate B having the same 
Mg2+/Fe t o t a l ratio, these two peaks disappeared as 
shown by C in Fig. 4. This suggests that Precipitate 
A contains some Mg-bearing compound which is soluble 
at p H 5.O. In addition, the amount of iron dissolved 
from Precipitate A was negligibly small at p H 5.0, 
indicating the absence of iron-bearing compounds 
in Precipitate A other than Mg-bearing ferrite. The 
chemical composition of the soluble Mg-bearing com­
pound was determined to be [Mgîi,, Na0

+
6J [OHr36, 

(SOî")o.64] on the basis of the differences between the 
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Fig. 4. The X-ray powder diffraction patterns of the 
Precipitates A and B. Pattern A : For the Precipitate 
A obtained at the Mg2+/Fetotal molar ratio of 0.1, 
Pattern B : for the Precipitate A at the ratio of 0.3, 
Pattern G : for the Precipitate B obtained at the ratio 
of 0.3. 

chemical compositions of Precipitates A and B. Here 
the number of hydroxy entities has been estimated based 
on the electrical neutrality. This estimation will be 
discussed in a later section of this paper. 

The relationship between the Fe 2 + /Fe t o t a l molar 
ratio in Precipitate B and the Mg2+/Fe to t !U ratio in 
the initial solution is given by Curve D in Fig. 3. As 
seen the amount of Fe 2 + relative to the total concen­
tration of iron in Precipitate B decreases with increas­
ing concentration of M g 2 + in the initial solution becom­
ing constant at approximately 0.21 of the Fe 2 + /Fe t o t a l 

ratio. Thus, Curves C and D are in good agreement 
with each other. Moreover, the fall in concentration 
of Fe 2 + is approximately equal to the rise in concentra­
tion of Mg 2 + . These results indicate the high possi­
bility that the Mg-bearing ferrite is formed during 
the course of the air oxidation and that the Mg2+ 
replaces the Fe 2 + in the crystal lattice of the spinel 
structure. The formation of the solid solution be­
tween F e 3 0 4 and M g F e 2 0 4 is narrowly limited to below 
0.1 measured by the Mg2 + /Fe t o t a i ratio. It is easy 
however to synthesize the complete solid solution at 
high temperatures above 1000 °C.12) In addition, the 
composition of F e 3 0 4 (magnetite), formed from the 
Fe (OH) 2 suspended solution by air oxidation, is usually 
non-stoichiometric, tending to form the y -Fe 2 0 3 com­
ponent with a spinel structure. Thus, it is necessary 
to analyze Fe2 + , Fe 3 + , and M g 2 + in solid solution to 
obtain the composition as a ternary system. In the 
present work, the maximum solid solubility of the 
component M g F e 2 0 4 has been caluculated to be 0.249 
MgFe 2 0 4 - 0.541 Fe3O4-0.210 y-Fe 2 O s implying that 
the solid solution is appreciably non-stoichiometric in 

0 0.1 0.2 0.3 0.4 

Mg2+/F 
etotai molar ratio in the initial solution 

Fig. 5. The magnetization of the Precipitate B with 
various amounts of Mg2+ (at room temperature). 

composition. 
Saturation Magnetization. Precipitate B is a 

ferromagnet at room temperature. T h e temperature 
dependence of the magnetization of Precipitate B 
obtained at the Mg 2 + /Fe t o t a l ratio of 0.3 was measured 
under 4000 Oe of the external magnetic field (1 Oe = 
(1000/47r)A/m) and in vacuo. T h e Curie temperature 
was found to be approximately 568 °C. T h e magne­
tization of Precipitate B formed from the initial solution 
with varying Mg 2 + /Fe t o t a l ratios was also measured 
at room temperature, the results of which are shown in 
Fig. 5. As seen the magnetization at room temperature 
decreases with increasing concentration of M g 2 + in 
the initial solution, but in the range of Mg 2 + /Fe t o t a l 

ratio from 0.1 to 0.4, the magnetization becomes 
constant at about 60 emu/g( l e m u / g = 1 0 ~ 7 Tm 3 /kg) . 
This value is intermediate between those of M g F e 2 0 4 

(27 emu/g at 20 °C), Fe 3 0 4 (92 emu/g at 20 °C), and y-
Fe2O s(82.5 emu/g at O K ) . T h e results obtained from 
the magnetic properties are in good agreement with 
those obtained from chemical analysis and the X-ray 
analysis previously described. I t may thus be con­
cluded that at the Mg2 + /Fe t o t a i ratio below 0.1, almost 
all M g 2 + in the initial solution is incorporated into the 
spinel type structure by replacement of Fe2 + . Above 
0.1, the excess M g 2 + does not replace the Fe 2 + which 
is constructing the spinel type structure. 

Non-stoichiometry in the Mg-bearing Ferrite Composition. 
It is convenient to illustrate the non-stoichiometry in 
the Mg-bearing ferrite using three components as the 
F e 3 0 4 - F e 2 0 3 - M g F e 2 0 4 system. T h e results are shown 
in Fig. 6. The letter at each point in Fig. 6 corresponds 
to the Mg 2 + /Fe t o t a I in the initial solution, and the broken 
line indicates an oxygen reaction lines as an example. 
When the stoichiometric composition of the F e 3 0 4 -
M g F e 2 0 4 solid solution was obtained, the composition 
of the product must be on the F e 3 0 4 - M g F e 2 0 4 line. 
As clearly seen in Fig. 6, the Mg-bearing ferrite is 
appreciably oxidized while maintaining a spinel type 
structure, and the degree of oxidation increases with 
increasing M g F e 2 0 4 component. 

p H Change during Reaction. I n general, as in­
dicated by Katsura et a/.,9) the p H of the suspension 
decreases with air oxidation. However, when the initial 
solution contains Mg 2 + , the p H increases gradually 
in the early stages of the air oxidation and then falls. 
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Fig. 6. The chemical compositions of the Precipitates 
B expressed as the Fe304-Fe203-MgFe204 system. 
Points A, B, G, D, E, and F were obtained at the 
Mg2+/Fe total molar ratios of 0.00, 0.04, 0.08, 0.10, 
0.12, and above 0.15, respectively. The broken line 
shows the oxygen reaction line. 
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Fig. 7. The relationship between the reaction time 
and the amount of 0.5 mol/dm3 H 2S0 4 solution added 
to the suspension to keep the pH value of the initial 
solution constant at pH 9.0. Curves A, B, C, and D 
were obtained at the Mg2+/Fe to ta l molar ratios of 0.1, 
0.2, 0.3, and 0.4, respectively. 

In this study, a 0.5 mol/dm 3 H 2 S 0 4 solution was 
added at an early stage in the reaction to maintain 
the p H at 9.0. Figure 7 illustrates the relationship 
between the reaction time and the amount of 0.5 mol/ 
dm 3 H 2 S 0 4 solution necessary to maintain the p H at 
9.0. The amount of 0.5 mol/dm 3 H 2 S 0 4 solution in 
Fig. 7 indicates the total amount of solution added 
at each reaction time. The curves A, B, G, and D 
show the results corresponding to varying the Mg 2 + / 
Fe t o t a l ratios; 0.1, 0.2, 0.3, and 0.4, respectively. 
As seen in Fig. 7, the p H did not change for about 

4 min from the starting time irrespective of the 
Mg2+/Fe t o t a l ratio. However, when the Mg2+/Fe t o t a l 

ratio exceeded 0.1, rapid increases in the 0.5 mol/dm3 

H 2 S 0 4 solution were necessary to maintain the p H at 
9.0, and the amount of 0.5 mol/dm3 H 2 S 0 4 solution 
added depended on the Mg2+/Fe t o t a l ratio in the initial 
solution. In the case of A, the amount of the H 2 S 0 4 

solution added was very small (0.36 cm3), and the 
addition of H 2 S 0 4 solution ceased at about 15 min 
after the reaction was initiated. In a previous section, 
it was suggested that Precipitate A contains a basic 
Mg-bearing sulfate with the composition of [Mg?+

00, 
Na0

+6<][OHn3e, (SOî-)o.«] (hereafter compound A). O n 
the basis of these experimental results, the following 
schematic equation has been postulated for the change 
in p H of the suspension in the early stages of oxi­
dation, 

3Fe(OH)2 + 3x-Mg(OH)2 + \.92{x-y) -Na2S04 

+ - O a -> ( l+^-tMgî^/c^FeJ/L^o+^Feî+OJ 

+ 3( l - jO.A+1.92(*- jO-NaOH + 3(1+A?-0.64) H 2 0 
(*>0.1), (1) 

where x andjy are the Mg2+/Fe t o t a l ratios in the initial 
solution and the spinel type Mg-bearing solid solution, 
respectively. I t is evident from Eq. 1 that some 
amount of N a 2 S 0 4 in the initial solution should be 
consumed to form compound A. The calculated 
amount of 0.5 mol/dm 3 H 2 S 0 4 solution was obtained 
on the basis of Eq. 1 at the molar ratios of 0.2, 0.3, 
and 0.4 and the values obtained are summarized in 
Table 1. As seen in Table 1, the calculated values 
are in reasonable agreement with the experimental 
values within experimental error strongly supporting 
the validity of Eq. 1 in representing the oxidation 
process occurring in the suspension at the early stage 
when the Mg2+/Fe t o t a l ratio in the solution exceeds 
0.1. 

TABLE 1. TOTAL AMOUNTS OF THE 0.5 mol/dm3 H2S04 

SOLUTION CONSUMED TO K E E P T H E p H CONSTANT IN T H E 

COURSE OF T H E OXIDATION REACTION 

Amount of Mg2+ 

in the initial 
solution 

(Mg*+/Fetotal) 

Experimental 
value 
(cm3) 

Theoretical value 
evaluated 

from Eq. 1 
(cm3) 

0.20 
0.30 
0.40 

1.5 
4.15 
9.10 

2.42 
5.33 
7.89 

As previously reported when the Mg2+/Fe t o t a l ratio 
in the initial solution is below 0.1, all the Mg2+ is 
completely incorporated into the spinel type structure 
to form Mg-bearing ferrite solid solution. Consequent­
ly there is no need to consume H 2 S 0 4 solution to 
maintain the p H in the suspension, and no magnesium 
basic sulfate A is formed. Thus, the oxidation reaction 
may be represented as the following when the Mg2+/ 

Fe total 
ratio in the initial solution is below 0.1. 

3Fe(OH)2 + 3*-Mg(OH)2 + (*+l) •O, 

(^+l)-[MgL+
/ ( ,+ . )Fe^ ) / ( ,+ 1 ,Fer0 4] + 3 ( * + l ) - H 2 0 

(*<0.I). (2) 
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Fig. 8. The relationship between the pH changes of 
the suspensions containing the Precipitate A and the 
amount of 0.5 mol/dm3 H 2S0 4 solution. Curves A, 
B, G, D, and E were obtained at the Mg2+/Fe to ta l 

molar ratios of 0.04, 0.1, 0.2, 0.3, and 0.4, respectively. 

Dissolution of Compound A. Figure 8 demonst­
rates the relationship between the change in p H of 
the suspended solution containing Precipitate A and 
the added amount of 0.5 mol/dm3 H 2 S 0 4 solution. 
The curves A, B, C, D, and E show the p H change 
curves at Mg2+/Fe t o t a l ratios of 0.04, 0.1, 0.2, 0.3 and 
0.4 at p H 9.0, respectively. As seen in Fig. 8, a smooth 
plateau exists in the p H range from 8.0 to 8.5 when 
the Mg 2 + /Fe t o t a l ratios are above 0.2. These results 
may indicate that compound A is formed at higher 
concentrations of M g 2 + and that compound A appears 
to consist of one phase considering the smooth plateau 
at p H 8.5. It is reasonable to assume that the amounts 
of 0.5 mol/dm 3 H 2 S 0 4 solution consumed to lower the 
p H of the suspension to 5.0 correspond to the amounts 
of O H - of compound A. Consequently the O H ~ / M g 2 + 

ratio has been determined in each suspension for Mg 2 + / 
Fe t o t a l ratios of 0.2, 0.3, and 0.4, and 1.30 obtained as Fe t o t a l) ratio becomes 0.254. This decrease in value 

Pu 

• 7.0 8.0 9.0 10.0 11.0 12.0 

pH value in the suspension 

Fig. 9. The relationship between the pH value of the 
suspension and the chemical composition of the Precip­
itates A and B. The Mg2+/Fe to ta l molar ratio in 
the initial solution is fixed to 0.1. Curve A : The 
ratio in the Precipitate A, Curve B : the ratio in the 
Precipitate B, Curve C : the Fe2+/Fe to ta l molar ratio 
in the Precipitate B, Curve D : the Fe2+/Fe totai molar 
ratio in the precipitate formed by the air oxidation of 
the Fe (OH) 2 suspension without Mg2+. 

difference may be attr ibuted to the presence of small 
amounts of compound A included in Precipitate A. 

Curve C in Fig. 9 illustrates the relationship between 
the Fe2 + /Fe t o t a i ratio in Precipitate B and the p H value 
in the suspension. At p H 8.0 the Fe 2 + /Fe t o t a l ratio was 
0.285. This means that the (Mg 2 ++Fe 2 +) / (Mg 2 ++ 
Fe t o t a l) ratio for this sample is 0.292 which is close 
to that for the F e 3 0 4 compound. In the case of p H 
11.0, the Mg2+/Fe t o t a l ratio was 0.1 and the Fe2+/ 
Fe t o t a l ratio 0.180, and so the (Mg 2 ++Fe 2 +) / (Mg 2 ++ 

an average value. This ratio is in good agreement 
with that estimated by chemical analysis, [Mg?+

00, 
Nao+

M][OHr3., (SO!-)..«]. 
The p H Dependence of Precipitate A. In the 

preceding sections, the properties of Precipitate A 
formed at p H 9.0 and 65 °C have been discussed. 
In subsequent experiments the p H was changed from 
8.0 to 11.0 at constant temperature. The Mg2+/Fe t o t a l 

ratio in the initial solution was fixed at 0.1. Curve 
A in Fig. 9 illustrates the relationship between the 
Mg 2 + /Fe t o t a l ratio in Precipitate A and the p H value 
of the suspension, and Curve B that for Precipitate B. 
As seen in Curves A and B in Fig. 9, the Mg2+/Fe t o t a l 

ratio in Precipitates A and B is almost constant (0.1 
to 0.095) in the p H range 9.0 to 11.0, but at p H 8.0 
the ratio was lowered to 0.02 and 0.01 in Precipitates 
A and B, respectively. The implication is that the 
incorporation of M g 2 + into Precipitate B having a 
spinel type structure is strongly influenced by a lowering 
of the pH. Some appreciable but small differences 
in composition are seen between Precipitates A and 
B, even in the high p H range 9.0 to 11.0. This small 

is caused by the oxidation of Precipitate B with or 
without change in crystal structure. Thus, it is evident 
from Curve C in Fig. 9 that Precipitate B, prepared 
at relatively high p H is oxidized. 

According to the powder X-ray diffraction patterns, 
the peaks were all of the spinel type when Precipitate 
B was prepared in the p H range 8.0 to 10.0. Precipi­
tate B prepared at p H 11.0 however contained the 
a -FeOOH type together with the spinel type compound. 
Thus it is evident that when Precipitate A is prepared 
at relatively high p H , such as 11 or greater, then the 
Fe 2 + in the Precipitate A is oxidized to form the a-
F e O O H type but not the y - F e 2 0 3 type compound. 

As a comparison, the results shown in Curve C in 
Fig. 9, the Fe 2 + content in the precipitate formed by 
the air oxidation of the F e (O H ) 2 suspension without 
magnesium at various values of pH(7 to 12) and at 
65 °C were determined, the results of which are shown 
by Curve D in Fig. 9. As seen the Fe 2 + /Fe t o t a l ratio 
in the precipitates gradually increased with increasing 
p H of the suspension (from 7 to 9), after which the 
ratio remained constant (0.323) in the p H interval 
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Fig. 10. Titration curves of Fe(II), Fe(II) + Mg(II), 
Fe(III), Fe(III) + Mg(II) and Mg(II) solutions by the 
2 mol/dm3-NaOH solution. Open circle: 4.31 x 10~2 

mol of Fe(II), Closed circle : 4.31 x 10"2 mol Fe(II) + 
8.63X10-3 mol Mg(II), Open triangle: 2 .88xl0- 2 

mol Fe(III), Closed triangle : 2.88 x 10"2 mol Fe(III) 
+ 8.63 X 10"3 mol Mg(II) and Open square: 
8.63 X 10"3 mol Mg(II). The titration curve of Mg-
(II) solution is shown from the titer of 44.3 cm3 to 
compare with the others. The initial volume of the 
solutions was fixed to 200 cm3. 

from 9 to 11. At p H 12.0 however the ratio sharply 
decreased to 0.170. From a comparison of Curve C 
and Curve D, it may be concluded that the a -FeOOH 
type compound is liable to form in the presence of 
Mg2+. 

Hydrolysis of Magnesium in Fe(OH)2 Suspension. 
The hydrolysis of M g 2 + in the course of formation of 
Precipitate A, was studied using the titration curves 
of the solution containing only M g 2 + and M g 2 + + 
Fe 2 + at 65 °C. T h e hydrolysis may enable an inter­
pretation of the low concentration of M g 2 + in the 
Precipitates A and B when the precipitates were pre­
pared at relatively low p H , the results of which are 
shown in Fig. 10. As evident from Fig. 10, M g 2 + was 
titrated at p H 9.1 to 9.3, but when the solution con­
tained Fe 2 + together with Mg 2 + , both ions were 
titrated at 8.0 to 9.0. This lowering of the p H 
value is due to the co-precipitation of Mg2+ with 
Fe2 + . In the presence of Fe 2 + , the hydrolysis of 
M g 2 + is therefore completed at p H 9.0, but not at 
8.0, suggesting that the unhydrolyzed M g 2 + is not 
incorporated into the spinel type ferrite structure. 

Feitknecht6) demonstrated that F e 3 0 4 is formed via 
the intermediate "green rust" in neutral solution, but 
in slightly alkaline solutions, F e 3 0 4 is formed directly 
from the F e (OH) 2 suspension. In the present experi­
ments, greenish precipitates were seen in the early 
stages of the oxidation in the presence of the M g 2 + 

at p H 8.0. No incorporation of M g 2 + into the ferrite 
structure at p H 8.0 may, therefore, account for the 

formation of the "green rust" in the course of reaction. 

Conclus ion 

From the experimental results, several conditions 
concerning the formation of Mg-bearing ferrite by 
the air oxidation of the Fe (OH) 2 aqueous suspension 
may be drawn: 

1. At p H 9.0 and at 65 °C, almost all Mg2+ is 
incorporated into the spinel type ferrite when the 
Mg 2 + /Fe t o t a l ratio in the initial solution is less than 
0.1. The chemical composition thus obtained may 
be expressed as the M g F e 2 0 4 - F e 3 0 4 - y - F e 2 0 3 ternary 
system, implying that the Mg-bearing ferrite which 
is a ferromagnet is not stoichiometric in its composition. 
T h e degree of oxidation increases with increasing 
Mg2+/Fe t o t a l ratio while the spinel type structure is 
maintained. 

2. When the Mg2+/Fe t o t a l ratio exceeds 0.1 at 
p H 9.0 and 65 °C, the excess M g 2 + produces a basic 
magnesium sulfate which readily dissolves at p H 5.0. 
The chemical composition of this compound has been 
estimated as [Mg?+

00, Nao+«J[OHr!6) (S01")o.8(]. 
3. At p H 8.0, a small amount of Mg2+ is incorporat­

ed into the ferrite, attributed to the formation of "green 
rust" in the course of reaction, indicating an absence 
of interaction between Mg2+ and the "green rust." 
In connection with this, the M g 2 + incorporated must 
be hydrolyzed before producing the ferrite. 

4. Between p H 9.0 and 10.0, only the Mg-bearing 
ferrite is formed, but at p H 11.0, the a -FeOOH type 
compound is formed together with the Mg-bearing 
ferrite. Thus, the p H interval for Mg-bearing ferrite 
formation is limited from 9.0 to 10.0. 

The authors would like to express their thanks to Drs. 
T . Kanzaki, Y. Tamaura , and T. Sugihara, Tokyo 
Institute of Technology, for the kind advice and helpful 
cooperation throughout the study. 
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Preparation and Characterization of Mras-cis-Trimethylenediamine-
iVjiV-diacetato Cobalt(III) Complexes with Several L-Amino Acids 
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Department of Chemistry, University of Tsukuba, Ibaraki 300-31 
(Received May 26, 1978) 

Five uns-cis-mer and two uns-cis-fac complexes of (trimethylenediamine-iVjiV'-diacetato) (L-amino carboxyl-
ato)cobalt(III) were prepared, where L-amino carboxylate denotes L-alaninate, L-valinate, L-prolinate, L-hy-
drogen aspartate, or L-hydrogen glutamate ion. The complexes were separated into the fourteen isomers, A-, 
A-uns-cis-mer for the L-alaninato, L-valinato, and L-prolinato complexes, and A-, A-uns-cis-mer and A-, A-uns-cis-fac 
for the L-hydrogen aspartato and L-hydrogen glutamato complexes. They were characterized by their proton 
magnetic resonance, absorption and circular dichroism spectra. Each of the uns-cis-mer and uns-cis-fac isomers 
showed the characteristic CD behavior in the second absorption band region. The A-uns-cis-mer and A-uns-cis-fac 
isomers of the L-aspartato and L-glutamato complexes were stereoselectively formed, the formation ratios of the 
isomers being estimated spectrophotometrically. 

Cobalt(III) complexes with the trimethylenediamine-
JV,7V'-diacetate ion (tmdda) have been investigated 
in the past few years.1,2) The trimethylenediamine-
iVjA/'-diacetate ion is an O - N - N - O type ligand and 
similar to the ethylenediamine-.Ar,iV'-diacetate ion 
(edda) except that the former has a longer diamine 
moiety. The tmdda complexes were obtained only in 
uns-cis geometry except the ethylenediamine complex3) 
while the edda complexes have been isolated in both 
geometries, uns-cis and .y-m.4-16) In these circum­
stances, a synthetic work of the complexes containing 
tmdda, which forms a six-membered diamine backbone, 
and an L-amino carboxylate ion is significant for the 
stereoselective formation of the complexes17) and CD 
behavior in the d-d transition band region.18 '19) 

In the present study, the wu-«.y-tmdda-Co(III) 
complexes containing the L-aspartate, L-glutamate, 
L-prolinate, L-valinate, or L-alaninate ion in the remain­
ing two coordination sites were prepared and their 
isomers, A-, A-uns-cis-mer and A-, A-uns-cis-fac types for 
L-aspartato and L-glutamato complexes and A-, A-uns-
cis-mer types for L-alaninato, L-valinato and L-prolinato 
complexes were chromatographically separated. T h e 
stereoselectivity of the complex with the L-aspartate 
or L-glutamate ion is discussed on the basis of the 
formation ratios of their isomers. Absorption and 
proton magnetic resonance spectra of the complexes 
are discussed in relation to their structures. The 
configurational CD contribution of the isomers was 
separated from the vicinal CD contribution due to 
the optically active ligand and the CD spectra are 
discussed in relation to their configurations. 

Exper imenta l 

Preparation and Separation of Isomers of uns-cis- ( Trimethylene-
diamine-N,Nf-diacetato) (L-hydrogen aspartato)cobalt(III), [Co-
(tmdda) (L-aspH)~\. A solution containing 1.00 g (3.05 
X 10-3 mol) of hydrogen dichloro(trimethylenediamine-
JV,iV-diacetato)cobaltate(III) hemihydrate,1) H[Co(tmdda)-
Cl2]-0.5H2O in 50 cm3 of water was heated at ca. 65 °G for 
20 min. The color of the solution turned from green to blue 
and finally violet. To the solution was added a solution 
containing 0.50 g (3.79 X 10-3 mol) of L-aspartic acid in 100 

t Present address: Department of Chemistry, Washington 
State University, Pullman, Washington 99164. 

cm3 of water. The pH of the solution was adjusted to 8.0 
by addition of 1 mol dm"3 NaOH aqueous solution. After 
0.5 g of activated charcoal had been added to the solution, 
the mixture was mechanically stirred at ca. 65 °G for 20 min. 
The charcoal and insoluble material were removed by filtra­
tion and washed with hot water until the washings became 
colorless. The combined filtrate and washings were concen­
trated to ca. 50 cm3 with a rotary evaporator. The resulting 
violet solution was poured into a column (50 mm X 450 mm) 
containing anion-exchange resin (Dowex 1-X8, 200—400 
mesh, CH 3 COO - form). The adsorbed band was separated 
into three bands (violet, violet, and red in the order of elution) 
by elution with ca. 0.05 mol dm"3 GH3GOOK solution. 
From their absorption and GD spectra, it was found that 
the first and second violet bands consist of A- and A-mer-
[Go (tmdda) (L-asp)]-, respectively, and the third band 
consists of A-fac-[Go(tmdda) (L-asp)]-. The yield of each 
of the three isomers being very small, the chromatographic 
separation was repeated several times in order to store up the 
same eluates. 

Each of the stored eluates was concentrated to a small 
volume with a rotary evaporator and the precipitated GH3-
COOK was removed by filtration. The filtrate was then 
poured into a column (30 mm X 530 mm) packed with Sepha-
dex G-10 resin and the adsorbed band was eluted with water 
in order to remove the residual GH3GOOK in the filtrate. 
The eluate was passed through a column (30 m m x 100 mm) 
containing cation-exchange resin (Dowex 50W-X8, 200— 
400 mesh, H+ form). The passed solution was concentrated 
and kept in a refrigerator for two or three days after the 
addition of ethanol and ether. The resulting crystals were 
collected, washed with ethanol and then ether and dried 
in the air. The crystals were recrystallized from an ethanol-
water (5:1) mixture by addition of acetone. Potassium 
salt of the A-uns-cis-mer isomer for the PMR measurement 
was isolated before being passed through a column containing 
cation-exchange resin. 

The fourth isomer, A-uns-cis-fac-[Go(tmdda) (L-aspH)], 
not formed by the above procedure, was obtained in the 
following way. A reaction solution was prepared from a 
solution containing 2.6 g (7.93 X 10~3 mol) of H[Go(tmdda)-
Gl2]*0.5HaO in 100 cm3 of water and a solution containing 
1.4 g (1.05 X 10~a mol) of L-aspartic acid in 150 cm3 of water. 
The solution was mechanically stirred at ca. 65 °G for 60 min, 
no activated charcoal being used. After a small amount of 
insoluble material had been filtered off, the filtrate was con­
centrated to ca. 50 cm3 with an evaporator. The solution 
was chromatographed on an anion-exchange column (Dowex 
1-X8, 200—400 mesh, GH3GOO- form). A large amount 
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T A B L E 1. ELEMENTAL ANALYSES FOR töz^-cw-[Go(tmdda)(L-am)] COMPLEXES 

Complex 
c 

30.95 
34.26 
30.90 
34.89 
33.59 
34.06 
34.91 
32.30 
35.95 
39.53 
36.31 
40.10 
35.06 

Found (%) 

H 

5.48 
5.42 
5.58 
5.46 
5.63 
5.47 
5.93 
6.02 
5.53 
6.15 
6.74 
5.92 
5.91 

N 

9.88 
10.12 
9.84 
9.99 
9.59 
9.99 
9.18 

11.38 
12.30 
11.45 
10.22 
10.78 
10.35 

G 

31.15 
34.29 
30.49 
35.05 
33.58 
34.30 
35.22 
32.35 
35.83 
39.67 
36.10 
39.69 
35.47 

Calcd (%) 

H 

5.47 
5.52 
5.58 
5.39 
5.64 
5.52 
5.92 
5.97 
5.42 
6.12 
6.56 
6.16 
6.21 

N 

9.90 
10.00 
9.70 

10.22 
9.79 

10.00 
9.48 

11.32 
12.54 
11.57 
10.52 
10.69 
10.34 

A-mer-[Co(tmdda.) (L-aspH)] • 2 . 5 H a O 

A-mer-[Go(tmdda) (L-aspH)] • H a O • 0 . 5 G 2 H 5 O H 

A-fac-[Co(tmdda) (L-aspH) • 3 H 2 0 

A-mer-[Go ( tmdda) (L-gluH)] - H 2 0 

A-mer-[Co(tmdda) (L-gluH)] • 2 H a O 

A-fac-[Co ( tmdda) (L-gluH)] • 1. 5 H a O 

J-/f lc-[Co(tmdda)(L-gluH)] • 1 . 5 H 2 O - 0 . 5 G 2 H 5 O H 

A-mer-[Go ( tmdda) (L-ala)] 

zJ-/wr-[Co(tmdda)(L-ala)] - 2 H 2 0 

yl-m6r-[Co(tmdda) (L-val)] 

A-mer-[Go(tmdda) (L-val)] • 2 H 2 0 

A-mer-[Co(tmdda) (L-pro)] • 0 . 5 H a O • 0 . 5 G 2 H 5 O H 

A-mer-[Go(tmdda) (L-pro)] • 2 . 5 H a O 

of complex unreacted, presumably [Go (tmdda) (OH2)2]+, 
was swept out with water. T h e adsorbed band was separated 
into four bands, violet, violet, red, and red, by elution with 
ca. 0.05 mol d m - 3 G H 3 G O O K solution. I t was confirmed 
from the absorption and C D spectra that the red band eluted 
last contains A-uns-cis-fac-[Co(tmdda.)(L-a.sp)]~. The last 
eluate was desalted and passed through a cation-exchange 
column (Dowex 50W-X8, 200—400 mesh, H+ form). After 
the eluate had been concentrated, the solution was applied 
to the Sephadex G-10 column once again. This eluate 
was used for the absorption and C D measurements. T h e 
concentration of the eluate was determined with a Hitachi 
208 atomic absorption spectrophotometer. 

Preparation and Separation of Isomers of uns-cis-( Trimethylenedi-
amine-N,W -diacetato)(L- hydrogen glutamato) cobalt (III), [Co-
(tmdda) (L-gluH)]. T h e complex was prepared and 
separated into four isomers in the same procedure as that for 
[Go(tmdda) (L-aspH)] using L-glutamic acid instead of L-
aspartic acid. T h e reaction solution was concentrated and 
chromatographed on an anion-exchange column. The 
adsorbed band was separated into four bands (violet, violet, 
red, and red in the order of elution). From their absorption 
and CD spectra, the first and second violet bands turned 
out to be A- and A-mer isomers, respectively, and the third 
and fourth red bands A- and A-fac isomers, respectively. 
The four isomers have been isolated in the same procedure 
as that for L-aspartato complex. Since the yield of each 
isomer was very small, the isomers were treated in the same 
way as in the case of [Go(tmdda)(L-aspH)] . 

Preparation and Separation of Isomers of uns-cis- ( Trimethylene-
diamine - N , N ' - diacetato) (L -prolinato) cobalt (HI), [Co (tmdda) -
(L-pro)]. T h e complex was prepared in the same way 
as that for [Go(tmdda) (L-aspH)] using 0.05 g (1.52 X 10~3 

mol) of H[Go( tmdda)Gl 2 ] -0 .5H 2 O 1 ) and 0.22 g ( 1 . 8 9 x l 0 ~ 3 

mol) of L-proline. T h e separation of the diastereomers 
was carried out by use of a column (QAE-Sephadex A-25, 
Cl~ form). T h e adsorbed band was progressively separated 
into three bands by elution with water. I t was shown, 
from the absorption and C D spectra, that the first and second 
violet bands contain A-mer and A-mer isomers, respectively. 
A trace amoun t of the third red band was confirmed to be 
fac isomers. T h e two mer isomers have been isolated as follows. 

A-uns-cis-mer-[Co( tmdda) (L-pro)]: The first eluate was 
concentrated to a small volume with a rotary evaporator 
and the violet complex was deposited by adding ethanol to 
the concentrated solution. T h e complex was recrystal-

lized from an ethanol-water (3:1) mixture by adding acetone. 
Yield: 0.06 g. 

A -uns -eis - m e r - [Co (tmdda) (L-pro)] <2.5H20: The second 
eluate was concentrated and the violet crystals were deposited 
by adding ethanol and acetone to the solution. The crystals 
were recrystallized from an ethanol-water mixture and dried 
in a desiccator. Yield: 0.33 g. 

Preparation and Separation of Isomers of uns-cis- ( Trimethylene-
diamine - N , N ' -diacetato) (L-valinato)cobalt(III), [Co(tmdda)-
(-L-val)']. The complex was prepared in the same way 
as that for [Go(tmdda) (L-aspH)] using 2.6 g (7.93 X ÎO"3 mol) 
of H[Co( tmdda)Gl 2 ] -0 .5H 2 O 1 ) and 1.2 g (1.00 X ÎO"2 mol) 
of L-valine. The reacted solution was evaporated to ca. 
20 cm 3 with a rotary evaporator. The resulting violet solu­
tion was chromatographed on a column (30 m m X 850 mm, 
QAE-Sephadex A-25, Cl~ form). T h e adsorbed band 
was separated into two bands. I t was confirmed from ab­
sorption and CD spectra that the first violet band contains 
A-mer and A-mer isomers, and the second red band A-fac and 
A-fac isomers. T h e two mer isomers were isolated as follows. 
T h e first violet eluate was concentrated and the solution was 
kept at room temperature overnight after the addition of 
ethanol and ether to the concentrated solution. The purple 
precipitate (F 1) was separated by filtration and washed 
with acetone and then ether and dried in the air. Fur ther 
fractions (F2—7) were obtained from the mother liquor by 
further addition of ethanol and ether and subsequent cooling. 
I t was found from absorption and C D spectra that F 1, 
F 5, and F 6 contain both A-mer and A-mer isomers, F 2 
A-mer isomer, and F 3, F 4, and F 7 A-mer isomer. Yield: 
0.25 g for A-mer isomer, 1.11 g for A-mer isomer. The A-mer 
isomer is less soluble in water or ethanol than the A-mer 
isomer. The A-uns-cis-mer isomer was recrystallized from 
an e thanol-water (10:1) mixture and A-uns-cis-mer isomer 
from an ethanol-water (5:2) mixture by adding a small 
amount of acetone. The CD intensities of the isomers 
were unchanged by repeated recrystallization. 

Preparation and Separation of Isomers of uns-cis- ( Trimethylene-
diamine - N , N ' - diacetato) (L - alaninato) cobalt (HI), [Co (tmdda) -
(L-ala)]. T h e complex was prepared by the same 
procedure as that for the L-valinato complex using 0.89 g 
( 1 . 0 0 x l O - a m o l ) of L-alanine in 100 cm3 of water. Two 
mer isomers were isolated as follows. Separation of the mer 
isomers from a trace amount of fac isomers was carried out 
using a QAE-Sephadex column. T h e first eluate containing 
A-mer and A-mer isomers was concentrated and the solution 
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was kept at room temperature overnight, after the addition 
of ethanol and ether. The purple precipitate (F 1) was 
separated by filtration and washed with ethanol and then 
ether. F 2 and F 3 were obtained from the mother liquor 
by further addition of ethanol and ether and subsequent 
cooling. I t was found from absorption and C D spectra 
that F 1 contains A-mer isomer, F 2 A-mer isomer, and F 3 
both A-mer and A-mer isomers. Yield : 0.60 g for A-mer 
isomer, 0.60 g for A-mer isomer. Recrystallization was 
carried out twice for the A-mer isomer and three times for 
the A-mer isomer, giving no change in C D intensity from a 
mixture of ethanol and water by adding a small amount of 
acetone. 

Measurements. Electronic absorption spectra were re­
corded with a J A S C O U V I D E C - 1 spectrophotometer and 
CD spectra with a J A S C O J-20 spectropolarimeter. P M R 
spectra were recorded on a J E O L J N M - M H - 1 0 0 N M R 
spectrometer at probe temperature in D a O as solvent. 
Sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was 
used as an internal reference. For determination of the 
concentration of yl-wn^-cw-/^-[Co(tmdda)(L-aspH)] aqueous 
solution, a Hitachi 208 atomic absorption spectrophotometer 
was used. The formation ratios for the L-aspartato and 
L-glutamato complexes were evaluated on the basis of the 
absorption measurements of the bands separated chromato-
graphically. 

R e s u l t s a n d D i s c u s s i o n 

Structural Assignments for Isomers of \Co( tmdda) (j,-am)~\. 

T h r e e g e o m e t r i c a l i somers , uns-cis-mer, uns-cis-fac, a n d 
s-cis, a r e possible for t h e [ C o ( t m d d a ) ( L - a m ) ] t y p e 
c o m p l e x as s h o w n in F ig . 1. O n l y t h e uns-cis i somers 
w e r e o b t a i n e d for t h e [ C o ( t m d d a ) ( N - N ) ] + a n d [ C o -
( t m d d a ) ( 0 - 0 ) ] ~ t y p e complexes e x c e p t for t h e e thy l -
e n e d i a m i n e c o m p l e x in w h i c h t h e s-cis i somer w a s 
o b t a i n e d as a m i n o r p r o d u c t . 1 - 3 ) I t is p r e s u m e d t h a t 
t h e uns-cis i somers w o u l d b e d o m i n a n t l y f o r m e d in 
t h e p r e s e n t series unless t h e r e is a n y spec ia l i n t e r a c t i o n 
b e t w e e n t h e L -amino c a r b o x y l a t e ion a n d t m d d a . 

T h e C D a n d a b s o r p t i o n s p e c t r a of t h e c o m p l e x e s 
o b t a i n e d a r e s h o w n in Figs . 2 — 6 . O f t h e uns-cis-mer, 

uns-cis-fac, a n d s-cis i somers of [ C o ( t m d d a ) ( L - a m ) ] 
c o m p l e x , t h e s-cis i somer shou ld t a k e o n l y mer conf igura ­
t ion w i t h respec t to t h e c o o r d i n a t i o n a t o m s b e c a u s e 
of t h e r e g u l a t e d c o o r d i n a t i o n of t m d d a (Fig . 1). T h e 
mer a n d fac i somers c a n b e easily ass igned f rom the i r 
d-d e lec t ron ic a b s o r p t i o n s p e c t r a ; t h e h o l o h e d r i z e d 
symmet ry 2 0 ) of t h e fac i somer is c u b i c , w h e r e a s t h a t 
of t h e mer i somer is r h o m b i c . T h e fo rmer c a n b e 
expec t ed to show a s h a r p first a b s o r p t i o n b a n d a n d 
t h e l a t t e r a b r o a d one1 9) (Figs. 2 — 6 ) . T h e t w o mer 

i somers , t h e s-cis a n d t h e uns-cis, c a n n o t b e d i s t ingu ish-

Fig. 1. Three geometrical isomers of [ C o ( O - N - N - O ) -
(L-am)] type complexes, (a) uns-cis-mer, (b) uns-cis-fac, 
and (c) s-cis. 

Cobalt ( I I I ) Complexes 755 

16 20 24 28 32 

a/10 3 c m - 1 

Fig. 2. Absorption and CD spectra for the isomers 
of K«j-w-[Co(tmdda)(L-aspH)], A-mer ( ) , A-mer 
( ), A-fac ( ) , and A-fac ( ) . 

\\ ; / CD 

I 1 L I I I 1 I I I I 

16 20 24 28 32 
ff/lO^m-1 

Fig. 3. Absorption and C D spectra for the isomers of 
uns-cis- [Co (tmdda) (L-gluH)], A-mer ( ) , A-mer 
( ), A-fac ( ) , and A-fac ( ). 
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20 24 28 
tr/K^cm-1 

Fig. 4. Absorption and CD spectra for the isomers 
of w«5-w-[Co(tmdda)(L-ala)], A-mer ( ) and A-mer 

( )• 

0 < 

16 20 24 28 

a/103 cm-1 

Fig. 5. Absorption and CD spectra for the isomers of 
*m^-m-[Co(tmdda)(L-val)], A-mer ( ) and A-mer 

( )• 

1-1 

24 28 32 

a JÏ03 cm-1 

Fig. 6. Absorption and CD spectra for the isomers of 
uns-cis-[Co(tmdda.) (L-pro)], A-mer ( ) and A-mer 
( )• 

ed from the patterns of their first absorption bands. 
Therefore, each was investigated on the basis of their 
P M R spectra. 

The geminal proton coupling constants (JAB) for 
(amino carboxylato) cobalt (III) complexes are classified 
into two groups, those in the vicinity of 16 Hz for 
in-plane (G) rings and those of 18 Hz for out-of-plane 
(R) rings.27) This was also investigated for the s-cis 
and uns-cis isomers of edda Co (III) complexes.9 'n '16) 
Coleman et al?) and Kuroda11) reported that s-cis-
[Co(edda)A2] complex shows only one AB pattern 
(JAB=ca. 18 Hz) due to the R rings, and s-cis-[Co-
(edda)AB] complex two AB patterns {JAB=ca. 18 Hz) 
due to two different unidentate ligands, A and B, 
in contrast to which the uns-cis isomers of [Co(edda) A2] 
show a single intense peak due to the G ring protons 
superimposed on one AB pattern of the R ring protons. 
The singlet was considered to be an extreme case of 
an AB pattern in which the environments of the two 
protons are very similar.9) A similar spectral behavior 
was also observed for the uns-cis isomer of [Co(tmdda) 
(NH3)2]C1.3) P M R data we obtained for tmdda Co-
(III) complexes are given in Table 4. All the mer 
isomers show two four-line AB patterns with JAB, 
16.0—16.5 Hz and 18.0—18.5 Hz for the glycinate 
protons. As an example, the spectrum of m^r-K[Co-
(tmdda)(L-asp)] is shown (Fig. 7a). The resonance 
line with JAB=ca. 18 Hz is assigned to the R ring 
protons and that with JAB=ca. 16 Hz to the G ring 
protons. Thus it is concluded that the mer isomers 
obtained are all uns-cis one (Table 4). For the fac 
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TABLE 2. ABSORPTION DATA OF w«.j-a.y-[Co (tmdda) (L-am)] COMPLEXES 

Complex First band Second band 

yl-m<?r-[Co (tmdda) (L-aspH)] • 2. 5HaO 
zl-mer-[Co (tmdda) (L-aspH)] • HaO • 0. 5CaH5OH 
J-/ac-[Co (tmdda) (L-aspH)] 
zl-/ac-[Co(tmdda) (L-aspH)] • 3HaO 
yl-mer-[Co(tmdda) (L-gluH)] -H 2 0 
A-mer-[Co(tmdda.) (L-gluH)] • 2HaO 
A-fac-[Co(tmdda.) (L-gluH)] • 1. 5H20 
J-/ac-[Co (tmdda) (L-gluH)] • 1. 5HaO • 0. 5CaH5OH 
yl-mer-[Co(tmdda) (L-ala)] 
Zl-mer-[Co(tmdda) (L-ala)] • 2HaO 
yl-mer-[Co (tmdda) (L-val)] 
zl-/n*r-[Co(tmdda) (L-val)] • 2H 2 0 
A-mer-[Go(tmdda) (L-pro) • 0.5HaO • 0. 5C2H5OH 
A-mer-[Co(tmdda) (L-pro)] • 2. 5HaO 

18.69 
18.69 
19.08 
19.19 
18.80 
18.83 
19.16 
19.16 
18.94 
18.80 
18.90 
18.73 
19.08 
18.66 

(1.99) 
(2.00) 
(2.31) 
(2.25) 
(1.99) 
(2.01) 
(2.25) 
(2.25) 
(1.98) 
(2.00) 
(1.99) 
(2.01) 
(2.08) 
(2.03) 

26.67 
26.53 
26.46 
26.53 
26.60 
26.60 
26.39 
26.39 
26.67 
26.60 
26.60 
26.60 
26.39 
26.32 

(2.19) 
(2.19) 
(2.23) 
(2.15) 
(2.20) 
(2.20) 
(2.17) 
(2.17) 
(2.18) 
(2.17) 
(2.20) 
(2.19) 
(2.29) 
(2.20) 

Wave numbers and loge values (in parentheses) are given in 103 cm - 1 and mol - 1 dm3 cm 1, respectively. 

TABLE 3. OBSERVED CD DATA OF Mrcj-«V[Co(tmdda)(L-am)] COMPLEXES 

Complex First band region Second band region 

Yl-7wr-[Co (tmdda) (L-aspH)] • 2. 5HaO 
zl-/w[Co(tmdda) (L-aspH)] • HaO • 0. 5C2H&OH 

A-fac-[Co(tmdda) (L-aspH)] 

A-fac-[Co(tmdda.) (L-aspH)] • 3HaO 

J-m*r-[Co(tmdda) (L-gluH)] • HaO 

A-mer-[Co(tmdda) (L-gluH)] • 2HaO 
A-fac-[Co(tmdda) (L-gluH)] • 1. 5HaO 

zl-/ac-[Co (tmdda) (L-gluH)] • 1. 5HaO • 0. 5C2H5OH 

A-mer-[Co (tmdda) (L-ala)] 

A-mer-[Co(tmdda) (L-ala)] -2HaO 

yl-ffzer-[Co(tmdda) (L-val)] 

A-mer-[Co(tmdda) (L-val)] • 2HaO 
A-mer-] Co (tmdda) (L-pro) ] • 0. 5HaO • 0. 5GÄH5OH 

J-m*r-[Co(tmdda) (L-pro)] • 2. 5H 20 

19.34 
16.67 
19.69 
18.52 
21.28 

18.73 
21.93 

16.86 
19.19 
19.69 
18.52 
21.05 

18.62 
22.12 

16.89 
19.23 
16.72 
19.61 
16.89 
19.08 
19.88 
16.78 
19.01 
16.92 
20.12 

(+1.95) 
( + 0.05) 
( -2 .08) 
(+1.61) 
( -0 .13) 

( -1 .52) 
( + 0.03) 

( -0 .23) 
( + 2.37) 
( -2 .13) 
(+1.50) 
( -0 .15) 

( -1 .80) 
( + 0.03) 

( -0 .24) 
( + 2.14) 
( + 0.05) 
( -2 .18) 
( -0 .73) 
( + 2.54) 
( -2 .26) 
( -0 .39) 
( + 3.24) 
( + 0.22) 
( -1 .46) 

26.81 
26.60 

24.63 
26.88 
29.41 
24.81 
27.10 
29.76 
26.74 

26.60 
24.69 
26.88 
29.50 
24.69 
26.88 
29.76 
26.88 

26.67 

26.74 

26.60 
26.53 

26.39 

( -0 .76) 
( + 0.99) 

( + 0.14) 
( -0 .39) 
( + 0.04) 
( -0 .15) 
( + 0.40) 
( -0 .05) 
( -0 .88) 

( + 0.95) 
( + 0.12) 
( -0 .36) 
( + 0.06) 
( -0 .15) 
( + 0.41) 
( -0 .05) 
( -0 .73) 

( + 0.96) 

( -0 .94) 

( + 0.93) 
( -0 .98) 

(+1.01) 

Wave numbers and A« values (in parentheses) are given in 103 cm-1 and mol - 1 dm3 cm -1, respectively. 

isomers of [Co(tmdda)(L-am)] assigned from the first 
absorption band pattern, one AB pattern {JAB

=ca-
18 Hz) and a single intense peak superimposed on an 
AB pattern are observed. The spectrum of fac-[Co-
(tmdda) (L-aspH)] is shown as an example in Fig. 8. 
The singlet intense peak is assigned to the G ring and 
the AB pattern to the R ring (Table 4). I t is concluded 
that the fac isomers are also uns-cis. The information 
from the P M R spectrum is consistent with the consid­
eration based on the molecular model construction that 

the fac isomer takes an uns-cis arrangement (Fig. 1). 
Another support for the assignments of uns-cis isomers 
is based on the selective deuteration of R ring pro­
ton 9,28-31) J I A ( t n e i e s s sterically hindered proton) 
of the R ring protons is selectively deuterated in the 
course of heating of the sample solution. T h e P M R 
spectra of mer-K.[Co(tmdda) (L-asp)] are shown in 
Fig. 7 (7a is the spectrum of a freshly prepared D 2 0 
solution and 7b the spectrum of the sample solution 
after being heated in boiling water for 30 min) . In 
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TABLE 4. CHEMICAL SHIFTS OF THE GLYCINATE RING METHYLENE PROTONS 

IN zrn-m-[Co (tmdda) (L-am)] COMPLEXES*) 

Complex 

J-j/2é?r-K[Co (tmdda) (L-asp)] 
A-mer-[Co(tmdda) (L-aspH)] 
zl-mer-[Co (tmdda) (L-aspH)] 
Zl-/ac-[Co (tmdda) (L-aspH)] 
/l-m<?r-K[Co (tmdda) (L-glu)] 
J-mer-[Co (tmdda) (L-gluH)] 
Zl-wer-[Co (tmdda) (L-gluH)] 
A-fac-[Go (tmdda) (L-gluH)] 
A-mer- [Co (tmdda) (L-ala)] 
A-mer- [Co(tmdda) (L-ala)] 
A -mer- [Co (tmdda) (L-val)] 
A-mer- [Co (tmdda) (L-val)] 
A-mer- [Co (tmdda) (L-pro)] 
A -mer- [Co (tmdda) (L-pro)] 

3.84 
3.82 
3.80 
4.00 
3.80 
3.81 
3.80 
3.93 
3.81 
3.82 
3.78 
3.80 
3.85 
3.85 

R 

HA 

3.66 
3.65 
3.63 
3.82 
3.62 
3.63 
3.62 
3.74 
3.63 
3.63 
3.60 
3.62 
3.67 
3.67 

ringb.d) 

H, 

3.38 
3.47 
3.46 
3.49 
3.41 
3.42 
3.44 
3.43 
3.42 
3.43 
3.48 
3.43 
3.50 
3.47 

Î 

3.20 
3.29 
3.27 
3.31 
3.22 
3.24 
3.26 
3.25 
3.24 
3.25 
3.30 
3.25 
3.31 
3.28 

3.94 
3.98 
3.96 

3.93 
3.93 
3.97 

3.93 
3.96 
3.95 
3.97 
3.92 
3.96 

G 

HA 

3.78 
3.82 
3.79 

3.77 
3.76 
3.81 

3.77 
3.79 
3.78 
3.80 
3.75 
3.79 

ringed) 

HB 

3.68 
3.72 
3.71 

3.65 
3.69 
3.69 
3.71 

3.61 
3.70 
3.71 
3.70 
3.71 
3.69 
3.70 

3.52 
3.55 
3.55 

3.52 
3.53 
3.54 

3.54 
3.54 
3.53 
3.54 
3.52 
3.53 

a) Values in ppm from DSS. b) yAB = 
observed for the glycinate ring protons, 
clature already devised.9) 

: 18.0—18.5 Hz. c) JXB--
the low field proton has 

-16.0—16.5 Hz. 
been designated 

d) Where an AB quartet was 
HA in accordance with nomen-

4 3 2 
(5/ppm from DSS 

Fig. 7. Proton magnetic resonance spectra of A-uns-
cù-ffzer-K[Co(tmdda) (L-asp)] in D 2 0 solution. (a) 
The spectrum of a freshly prepared D 2 0 solution. 
(b) The spectrum of the solution after being heated 
in boiling water for 30 min. 

the spectrum, the AB pattern ( y A B = 1 6 . 0 H z ) due to 
the G ring protons is observed at 3.94, 3.78, 3.68, and 
3.52 ppm, and another AB pattern (JAB=18.0 Hz) 
due to the R ring protons is observed at 3.84, 3.66, 
3.38, and 3.20 ppm. O n the other hand, the 7b 
spectrum shows a new peak at 3.30 ppm, the intensity 
of the AB pat tern due to the R ring protons decreasing 
drastically. T h e new peak increases to an integrated 
value equivalent to one proton, the AB pattern due 
to the R ring disappearing completely after being 
heated in boiling water for 2.5 h. The new peak is 

*n ! N V 
J - L R 

6 4 2 
(5/ppm from DSS 

Fig. 8. Proton magnetic resonance spectra of A-uns-
cis-fac-[Co(tmdda) (L-aspH)] in DaO solution (after 
heating the sample in boiling water for 30 min). 

assigned to the resonance for decoupled HB . The 
AB pattern due to the G ring protons ( y A B = 1 6 . 0 H z ) 
is not deuterated under the same conditions. This 
indicates that m^r-K[Co(tmdda) (L-asp)] takes the uns-
cis configuration. The same behavior is also observed 
for mer-K[Co(tmdda)(L-glu)]. From the results of 
absorption and P M R measurements, all of the com­
plexes obtained can be assigned to the uns-cis con­
figuration. 

Stereochemistry of the Isomers. O n the basis of 
the CD spectra in the first absorption band region, 
the absolute configurations of uns-cis-[Co(tmdda)A2] + 
( A 2 = ( N H 3 ) 2 , en, and tn) and w^-m-[Co(edda)A2] + 
were discussed in the same category, though the dif­
ference in the backbone diamine ring of the quadri-
dentate ligands gives rise to a slight change in the 
shape of CD curves.1> Thus, the absolute configura­
tions of the isomers are assigned tentatively from the 
sign of a major CD band in the first absorption band 
region as shown in Table 3 and Figs. 2—6. 

A remarkable CD difference between the mer and 
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TABLE 5. CALCULATED CONFIGURATIONAL CD DATA OF A-uns-cis-[Co (tmdda.) (L-am)] COMPLEXES 

Complex First band region Second band region 

mer- [Co (tmdda) (L-aspH)] 
/ac-[Co (tmdda) (L-aspH)] 

mer- [Co (tmdda) (L-gluH)] 

/ac-[Co(tmdda) (L-gluH)] 

mer- [Co (tmdda) (L-ala)] 

mer- [Co (tmdda) (L-val)] 

mer- [Co (tmdda) (L-pro)] 

19.53 
18.66 
21.65 

16.72 
19.31 
18.52 
21.55 

16.84 
19.38 
16.67 
19.38 
16.67 
19.38 

( + 2.00) 
(+1.56) 
( -0 .07) 

( -0 .12) 
( + 2.21) 
(+1.65) 
( -0 .08) 

( -0 .15) 
( + 2.14) 
( -0 .23) 
( + 2.28) 
( -0 .30) 
( + 2.11) 

26.60 
24.75 
27.03 
29.76 
26.74 

24.75 
26.88 
29.59 
26.60 

26.60 

26.60 

( -0 .87) 
( + 0.15) 
( -0 .39) 
( + 0.05) 
( -0 .91) 

( + 0.13) 
( -0 .39) 
( + 0.05) 
( -0 .84) 

( -0 .93) 

( -1 .00) 

Wave numbers and Ae values (in parentheses) are given 

T A B L E 6. FORMATION RATIOS (PERCENT 

(complex / 
A-mer 

uns-eis- [Co (tmdda) (L-asp)]- 81 % 
uns-eis- [Co (tmdda) (L-glu)]~ 51 % 

in 103 cm - 1 and mol - 1 dm3 cm -1 , respectively. 

COMPOSITIONS) OF REACTION MIXTURE 

Isomer 

A-mer A-fac 

6% 0% 
40% 3% 

A-fac 

13% 
6% 

fac isomers appears in the second absorption band 
region. The uns-cis-fac- [Co (tmdda) (L-aspH)] shows 
three CD bands ( + , —, and + from the lower energy 
side) for the A isomer, while the uns-cis-mer isomer 
shows a negative band for the A isomer (Fig. 2). The 
CD difference substantiates the configurational CD curves 
estimated from the observed CD curves of A- and A-
uns-cis-fac-[Co(tmdda) (L-aspH)] and the observed CD 
curves of A- and A -uns-cis-mer- [Co (tmdda) (L-aspH)] 
(Table 5). A similar CD behavior in the second 
absorption band region is also observed for the isomers 
of uns-cis-[Co(tmdda) (L-gluH)] (Table 5). The be­
havior seems to be a characteristic pattern reflecting 
the arrangement of ligands. A similar behavior was 
pointed out for the CD spectra of the Q-^-cis and G2-cis 
isomers of [Go(am) 2ox] _ or [Co(am)2en] f .2 6) How­
ever, no CD difference in the second absorption band 
region is observed for the CD spectra of the mer and 

fac isomers of w^-«V-[Co(edda)(L-am)]. The CD 
difference in the present isomers is not due to the dif­
ference of the mer and fac arrangements, but can be 
attributed to the chelate ring conformations of the 
backbone diamine of the coordinated tmdda. 

It was suggested that the tmdda Co (III) complexes 
prefer the uns-cis configuration to the s-cis one and 
the backbone diamine chelate ring of tmdda has a 
marked effect on the distribution of geometrical iso­
mers.1) This is also applicable to the present work. 
Of the uns-cis-mer and uns-cis-fac configurations, the 
uns-cis-mer isomer was formed dominantly. For the 
L-alaninato, L-valinato, and L-prolinato complexes, the 
uns-cis-mer isomer was easily formed, while the uns-
cis-fac isomer was hardly formed. The reason for 
the uns-cis-mer configuration dominancy is unknown 
at present. In the case of the L-aspartate and L-

glutamate ions which have three functional groups, 
both the uns-cis-mer and uns-cis-fac isomers were obtained, 
though the uns-cis-mer isomers were also formed domi­
nantly. The formation ratios (percent compositions) of 
their possible isomers are given in Table 6. A marked 
stereoselectivity was found for the A configuration of 
uns-cis-mer-[Co(tmdda)(L-asp)]~ {A-mer : A-mer=Sl : 6) 
and for the A configuration of the uns-cis-fac isomer 
(A-fac : A-fac=0 : 13). A similar trend was also ob­
served for the isomers of the L-glutamato complex, 
though it was to a much smaller extent (Table 6). 
The stereoselectivities might be explained on the basis 
of the enhanced stabilization of A-uns-cis-mer and A-uns-
cis-fac isomers caused by the formation of interligand 
hydrogen-bond in the isomer.17»21-24) In the alkaline 
condition employed for the preparation of the complex­
es, the dangling ß-carboxylato group of the coordinat­
ed L-aspartate ion is deprotonated. As a result, the 
ß-carboxylato group can form a hydrogen-bond with 
the imino group of tmdda in the case of A-uns-cis-mer 
and A-uns-cis-fac isomers of L-aspartato complexes. The 
same consideration can be applied to the isomers of 
L-glutamato complex. The selectivity of L-glutamato 
complex is lower than that of L-aspartato one (Table 6). 
It can be presumed that the lower selectivity in com­
parison to that of L-aspartato complex is due to the 
longer dangling group of the coordinated L-glutamate 
ion.21'24) 
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Preparation and Resolution of a Series of Chromium(III) Complexes 
Containing 2,2'-Bipyridyl iV,2V'-Dioxide and Ethylenediamine 

Hideaki K A N N O , Kazuo KASHIWABARA, and Junnosuke FUJITA* 

Department of Chemistry, Faculty of Science, Nagoya University, Chikusa, Nagoya 464 
(Received September 11, 1978) 

A series of chromium(III) complexes of the type, [Cr(bpdo)„(en)3_n]3+ was obtained by preparing two new 
complexes, n= 1 and 2, where bpdo denotes 2,2'-bipyridyl iV,JV'-dioxide. Each of the bpdo complexes gave only 
one pair of enantiomers, which were resolved by an SP-Sephadex column chromatographic or a chemical method. 
The circular dichroism spectra of the resolved complexes were compared with those of the related complexes of 
the known absolute configuration. The [Cr(bpdo)3]3+ complex in water racemizes spontaneously in dark. The 
rate is independent of the concentrations of the complex, acid, and the free ligand, and an intramolecular rac-
emization mechanism is suggested. 

Although a number of metal complexes with 2,2'-
bipyridyl iV,iV'-dioxide(bpdo) have been known,1) no 
optically active complexes have ever been obtained. 
This paper is concerned with the preparation and 
properties of optically active chromium (III) complexes 
containing bpdo. 

The ligand bpdo forms a skew seven-membered 
chelate ring upon coordination. The skew conformer 
can exist in a pair of enantiomers which can be designat­
ed by ô and X, as shown in Fig. 1. Simpson et al.2) 
and Vinciguerra et al.3) prepared first bpdo complexes 
with a variety of metal ions including chromium(II I ) 
and suggested that the bpdo moiety in metal complexes 
takes the skew conformation on the basis of I R spectra. 
! H - N M R spectra of [M(bpdo)3]2+ ( M = C o 2 + and Ni2+) 
were also best interpreted by assuming the skew con­
formation of the ligand.4) A tris-type complex with 
the chiral conformers of bpdo results theoretically in 
four diastereomers, each of which has a pair of enan­
tiomers. In this paper, we describe such optical iso­
merism in the chromium(III ) complexes on the basis 
of the circular dichroism (CD) spectra. 

(a) (b) 

Fig. 1. The conformation of bpdo, (a) ô- and (b) 
A-skew form. 

Exper imenta l 

Preparation and Resolution of the Complexes. The chro-
mium(III) complexes containing ethylenediamine (en) 
are photo-sensitive to occur hydrolysis. The [Cr(bpdo)3]3+ 
complex in solution does not hydrolyze in light, but its active 
isomer racemizes by exposure of ultraviolet light. Hence 
the following procedures should be done in dark, if necessary. 

(1 ) [Cr(bpdo)3]
3+: The racemic complex was prepared 

by a method similar to those of Simpson et al.^> and Madan 
and Bull.5) The solid of bpdo.H206> (3.5 g, 17 mmol) 
was dissolved in an aqueous solution (20 cm3) of Cr(N03)3 ' 
9H 2 0 (2.0 g, 5 mmol). The solution was adjusted to pH 

ca. 2 with hydrochloric acid to avoid the formation of hy-
droxo complexes, kept at 90 °C for 1 h, and cooled to room 
temperature. Sodium Perchlorate was then added to the 
solution to yield green precipitate, which was recrystallized 
from hot water and air-dried. Yield: 4 g (88%). Found: 
C, 37.78; H, 2.73; N, 9.53%. Calcd for C30H27N6O19.5-
Cl3Cr=[Cr(bpdo)3](C104)3-1.5H20: G, 38.25; H, 2.89; 
N, 8.92%. 

The complex was resolved with ( + )589-Ag3[Co(L-cysteine-
sulfinato(2-)-SN)3].7) The resolving agent (0.9 g, 1.1 mmol) 
was added to an aqueous solution (20 cm3) of [Gr(bpdo)3]Gl3 

which was prepared from the perchlorate ( 1.0 g, 1.1 mmol) 
and the anion exchanger, Dowex 1X8 in the chloride form. 
White precipitate of AgCl was filtered off and a small amount 
of ethanol was added to the filtrate to yield greenish orange 
precipitate, which was recyrstallized from water by adding 
ethanol. The product was dissolved in water and sodium 
perchlorate was added to the solution to give green crystals, 
which were filtered, washed with cold water and then ethanol, 
and air-dried. The crystals showed positive rotation at 589 
nm in water. This complex loses gradually its optical 
activity in water. Found: C, 37.69; H, 2.58; N, 9.55%. 
Calcd for G30H27N6O19.5Gl3Cr=:( + )589-[Cr(bpdo)3](ClO4)3. 
1.5H20: G, 38.25; H, 2.89; N, 8.92%. 

Attempts to separate possible diastereomers were all 
unsuccessfull by SP-Sephadex column chromatography. 
The column gave only one band of [Cr(bpdo)3]3+, all fractions 
of which showed the same pattern in the absorption spectra. 
The resolution was not achieved by the column chromatog­
raphy because of racemization of the complex {vide infra). 

(2) [Cr(bpdo)2en\3+: To an aqueous solution (10 cm3, 
pH ca. 2) of [GrCl2(H20)2(en)]Cl8) (1.1 g, 4 mmol) was added 
bpdo-HaO (1.7 g, 8.2 mmol) and the solution was stirred 
at 50 °G for 4 h. Sodium perchlorate was then added to 
the solution to yield violet crystals, which were filtered. 
Yield: 1.1 g (34%). The product was contaminated with 
a small amount of [Cr(bpdo)3](C104)3, and purified by 
SP-Sephadex column chromatography. The crude prod­
uct dissolved in water was poured on an SP-Sephadex 
column, and the adsorbed band was eluted with a 0.3 mol 
dm - 3 Na2S04 solution. The violet fractions were collected, 
concentrated under reduced pressure to a small volume, 
and mixed with sodium perchlorate to yield violet crystals. 
They were washed with a mixture of water and ethanol 
(1:1), then ethanol and air-dried. Yield: 0.7 g (20%). 
Found: C, 32.46; H, 2.89; N, 10.11%. Calcd for C22-
H27N6017.5Cl3Cr=[Gr(bpdo)2en](C104)3.1.5H20: G, 32.46; 
H, 3.35; N, 10.33%. 

The resolution was achieved by use of the complex chloride 
and (—)589-K[As(cat)3]

9) (cat= 1,2-benzenediolate ion). 
An aqueous solution (20 cm3) of the chloride which was 
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prepared from the Perchlorate (1.2 g, 1.5 mmol) and a Dowex 
1X8 anion exchanger in the chloride form was adjusted 
to p H 7—8 with potassium carbonate. T o this solution 
was added an aqueous solution (30 cm3) of the resolving 
agent (0.66 g, 1.5 mmol) to yield violet precipitate, which 
was filtered off. T h e filtrate was stirred for a while with 
a Dowex 1X8 anion exchanger in the chloride form to remove 
the resolving agent remained. T h e resulting solution gave 
positive rotation at 589 n m and was used for the C D measure­
ment . T h e absorption spectrum of the solution was identical 
with tha t of the racemic complex and remained constant, 
but the optical activity was lost gradually at room temper­
a ture . Hence the procedure of resolution was carried out 
at a temperature as low as possible. T h e violet precipitate 
obtained above by the addit ion of the resolving agent was 
quite insoluble in water and the resolving agent could not be 
removed by usual methods. T h e optically active complex 
was isolated as Perchlorate by the addition of sodium Per­
chlorate to the filtrate obtained above. Found : G, 32.95; 
H , 2.94; N , 10 .51%. Galcd for C 2 2 H 2 6 N 6 0 1 7 C l 3 C r = ( + )589-
[ G r ( b p d o ) 2 e n ] ( G 1 0 4 ) 3 . H 2 0 : G, 32.83; H , 3.26; N , 10.44%. 
T h e resolution by SP-Sephadex column chromatography 
was not achieved and the column showed only one band 
of racemic [Gr(bpdo) 2 en] 3 + . 

(3) [Cr(bpdo)(en)o]3+: T o an aqueous solution (30 cm3) 
of m-[CrGl2(en)2]Cl10> (1.5 g, 5 mmol) was added bpdo-
H 2 0 (1.7 g, 8.2 mmol) and the solution was stirred at 50 °G 
for 1 h. Sodium Perchlorate was then added to the solution 
to yield red orange crystals, which were filtered and 
recrystallized from warm water (50 °G). Yield: 1.7 g (50%) . 
Found : G, 24 .21 ; H , 3.88; N , 12.39%. Galcd for G 1 4 E 8 -
N 6 0 1 6 G l 3 G r = [ G r ( b p d o ) ( e n ) 2 ] ( G 1 0 4 ) 3 . 2 H ( , 0 : G, 24.20; H , 
4.07; N , 12.10%. 

T h e complex was resolved completely by SP-Sephadex 
column chromatography. T h e complex Perchlorate (ca. 
0.35 g) was loaded on a column (0 2 . 7 x 8 0 cm) of SP-Sepha­
dex C-25 in the sodium form and the adsorbed red orange 
band was eluted with a 0.2 mol d m - 3 sodium ( + )5 8 9-tartrato-
an t imonate ( I I I ) solution. W h e n the band was separated 
into two, the column was washed with water to remove the 
eluent. T w o parts of the resin adsorbed the complex were 
separately taken out from the column and poured into small 
columns (<}> 2 . 7 x 3 0 cm) . Each of the adsorbed complexes 
(a pair of enantiomers) was eluted with a 3 mol d m - 3 l i thium 
chloride solution and the eluate was mixed with sodium Per­
chlorate to give red orange precipitate. T h e isomer ob­
tained from the fast eluted band showed positive rotation at 
589 nm. T h e optical activity of this complex remains un­
changed in dark at room temperature . Found : G, 24.37; 
H , 3 .51; N , 12 .01%. Galcd for C 1 4 H 2 8 N 6 0 1 6 C l 3 C r = \Cv-
( b p d o ) ( e n ) 2 ] ( G 1 0 4 ) 3 . 2 H 2 0 : G, 24.20; H , 4.07; N , 12.10%. 

(4) [Cr(en)3]
3+: This complex was prepared by the 

method described previously11) and resolved by an SP-Sepha­
dex column chromatographic method similar to that for 
[Co(en)3]3+.12> T h e complex chloride (ca. 0.5 g) was loaded 
on a column (0 2 . 7 x 5 0 cm) of SP-Sephadex G-25 resin 
in the sodium form and the complex was eluted with a 0.3 
mol d m - 3 sodium ( + ) 5 8 9 - tar t ra toant imonate(III ) solution. 
Each eluate of the two separate bands was collected and 
diluted with water. T h e solution was poured on a small 
column of SP-Sephadex G-25 in the hydrogen form. T h e 
adsorbed complex was eluted with a 3 mol d m - 3 l i thium 
chloride solution and the eluate was concentrated under re­
duced pressure to yield orange crystals of the active chloride. 
T h e isomer obtained from the fast moved band showed 
positive rotation at 589 nm. 

Kinetic Runs. Decrease in the GD strength of ( + )5 8 9-

i 1 i I i i i i I ! I 
20 30 40 50 

v / W c m - 1 

Fig. 2. Absorption spectra of [Gr(bpdo) 3 ] 3 + ( ), 
[Gr(bpdo)2en]3+ ( ), [Gr(bpdo)(en)2]3+ ( ), 
[Gr(en) 3 ] 3 + ( ), and bpdo ( ) in water. 

[Gr(bpdo) 3 ] 3 + at the GD peak (485 or 575 nm) was continu­
ously recorded on a J A S G O model J-20 spectropolarimeter 
with a cell jacket to keep the temperature constant within 
± 0 . 1 °G using a Haake thermostat Type FSe. A Takara 
Thermister Type SPD-10 thermometer was placed inside 
the GD cell. The p H and ionic strength of the solution were 
adjusted with an aqueous solution of N a C 1 0 4 - H C 1 0 4 . The 
rate of decrease obeyed the first order kinetic law and the 
observed rate constant (kohsA) is expressed as follows: kohsd = 
— ln[(a f — ccoo)/(cc0— ccoo)]/t where a's are GD strengths at 
the time denoted by the suffixes. 

Absorption and circular dichroism spectra were recorded 
on a H I T A C H I 323 spectrophotometer and a J A S G O model 
J -20 spectropolarimeter, respectively. 

R e s u l t s a n d D i s c u s s i o n 

T w o n e w c o m p l e x e s , [ C r ( b p d o ) n ( e n ) 3 _ J 3 + (n=\ 

a n d 2) w e r e p r e p a r e d f rom cis-[CrC\2(en) 2] + a n d [ C r C l 2 -
( H 2 0 ) 2 e n ] + , respec t ive ly , b y r e p l a c i n g t h e ch lo r ide 
ions a n d w a t e r mo lecu le s w i t h b p d o . T h e reac t ions 
s h o u l d b e c a r r i e d o u t a t b e l o w ca. 50 °C to r e d u c e 
t h e f o r m a t i o n of [ C r ( b p d o ) 3 ] 3 + . T h e p u r e complexes 
w e r e easi ly i so la ted f rom t h e c r u d e p r o d u c t s b y S P -
S e p h a d e x c o l u m n c h r o m a t o g r a p h y us ing a 0 . 3 m o l d m - 3 

N a 2 S 0 4 so lu t ion as a n e l u e n t . T h e t r is- a n d bis-en 
c o m p l e x e s w e r e reso lved b y S P - S e p h a d e x c o l u m n 
c h r o m a t o g r a p h y , w h i l e t h e tr is- a n d b i s - b p d o complexes 
w e r e n o t d o n e b y this m e t h o d , b u t a c h i e v e d b y t h e 
c h e m i c a l m e t h o d w i t h ( + ) 5 8 9 - [ C o ( L - c y s t e i n e s u l f i n a t o -
( 2 - ) - S N ) 3 ] 3 - a n d ( — ) 5 8 9 - [ A s ( c a t ) 3 ] - , respect ively . 
T h e f o r m e r t w o c o m p l e x e s a r e op t i ca l ly s tab le in 
w a t e r a t r o o m t e m p e r a t u r e in d a r k , w h i l e t h e l a t t e r 
t w o complexes lose s lowly t h e op t i ca l ac t iv i ty u n d e r 
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TABLE 1. ABSORPTION AND CD SPECTRAL DATA 

Absorption 
v /Wcm- 1 

(log s) 

CD 
v/\03 cm" 

(A*) 

bpdo 

( + W[Cr(en)8]>+ 

( + W [ C r ( b p d o ) ( e n ) 2 ] 3 + 

(-)5s9-[Gr(bpdo)2(en)]3+ 

( + )5o.-[Gi(bpdo)3]a+ 

sh: shoulder. 

38.4 
(4.30) 
46.0 
(4.45) 

21.8 
(1.89) 
28.6 
(1.80) 

20.4 
(2.11) 
26.0 
(1.99) 
35.2 
(3.96) ( 

40.8 
(4.43) ( 
45.1 
(4.55) 

18.8 
(2.15) ( 

23.2 
(2.06) 
35.5 
(4.21) ( 
40.0 
(4.52) ( 
45.5 
(4.73) ( 

16.3 
(2.01) ( 
21.4 
(1.94) ( 
22.5s11 

(1.88) ( 
35.7 
(4.46) ( 
40.0 
(4.67) ( 
45.8 
(4.83) ( 

21.9 
(+1.64) 

26.5 
;+o.o7) 

30.4 
[ + 0.08) 

18.9 
; + 3.25) 

24.7 
; + 0.43) 

27.0 
; + 0.43) 

31.6 
; + 0.20) 

34.4 
; -7 .76) 

37.8 
; + 24.8) 

40.9 
; -86 .3) 

45.0 
; + 77.7) 

17.5 
; + 3.75) 

22.9 
; + 2.08) 

29.4 
[-0.72) 

34.5 
; -46 .5) 

37.5 
;+ i3 .4) 

40.0 
, - 8 1 0) 

43.5 
+ 67.4) 

15.2 
-2 .6 6 ) 

17.6 
+ 0.46) 

20.6 
-0 .52 ) 

23.3 
+ 0.08) 

29.0 
+ 0.62) 

34.7 
+ 56.5) 
38.0 

+ 59.3) 
40.8 

-80 .0 ) 

v/103 cm-1 

Fig. 3. CD spectra of ( + )589-[Cr(bpdo)3]
3+ ( ), 

(-)68ir[Cr(bpdo)2en]3+ ( ), ( + )589-[Cr(bpdo)-
(en)J»+ ( ), and ( + )589-[Cr(en)3]3+ ( ) in 
water. 

the same conditions (vide infra). 
The bpdo ligand forms a skew seven-membered 

chelate ring upon coordination. T h e skew confor­
mation is chiral and can exist in a pair of enantiomers 
which are designated by ô and X, as shown in Fig. 1. 
The <3-(or A-)skew conformers in the A- and A -configu­
rations form the lei (or ob) and ob (or lei) structures, 
respectively, as seen in [Co(en) 3] 3 + which is constituted 
by the gauche conformers of en.13) For [Cr(bpdo) 3 ] 3 + , 
therefore, there are four possible diastereomers, each 
of which has a pair of enantiomers (lel3 : A(ôôô) = 
A (m), lel2ob :A(ÔÔX)=A(XXÔ), lelob2 : A(ÔXX)=A(XÔÔ), 
and ob3 : A (XXX) = A (odd) ). Similarly, [Cr (bpdo) 2en] 3+ 
and [Cr(bpdo)(en)2]3+ have three (lel2 : A(ÔÔ)=A(M), 
lelob :A(ÔX)=A(XÔ), and ob2 : A(XX)=A(ÔÔ)) and two 
(lei : A(Ô)=A(X) and ob : A(X)=A(Ô)) diastereomers, 
respectively. However, each of the bpdo complexes 
gave only one diastereomer. These results suggest that 
the bpdo chelate ring changes easily its conformation 
(Ô^±X) in solution, and that each complex crystallizes 
in a particular diastereomer. The structures of the 
diastereomers are not certain at present. However, 
molecular models indicate that the lei isomers are 
always less crowded than the ob isomers. The tris-, 
bis- and mono-bpdo complexes isolated will have the 
lel3, lel2 and lei structures, respectively in the solid 
state, but will be in equilibrium among the isomers 
involving the ob conformation in solution. T h e bis-
(ethylenediamine) cobalt ( I I I ) complex containing 2,2'-
diaminobiphenyl which forms a similar seven-member­
ed chelate ring is also known to yield only one pair 
of enantiomers, A(ô) and zJ(A).14'15) 

Figure 2 shows the absorption spectra of the complex­
es and the free ligand. Table 1 gives the spectral 
data. The first and the second absorption bands shift 
to lower wave numbers by replacing en with bpdo, 
but the magnitudes of the shift are not proportional 
to the number of the bpdo ligand, the first absorption 
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TABLE 2. KINETIC DATA FOR RAGEMIZATION 

[Vol. 52, No. 3 

Complex Temp 
(°C) 

PH E& AS* 
(Ionic strength) 10~4 s - 1 kj mol- J K mol-1 Ref. 

[Gr(phen)J»+ 
[Cr(ox)3]3-

' 2 6 . 9 

36.3 

47.5 

»589-[Cr(bpdo)3]3+ 
28.0 

36.5 

47.5 

25 
18.2 

(2.1X10-2) 

7 
(2.3X10-2) 

7 
(2.4xl0-2) 

2 
(2.1X10-2) 

2 
(2.1X10-2) 

2 
(2.0X10-2) 

6 
7 

1.40±0.04 

3.72±0.12 

10.6±0.1 

1.54±0.06 

3.54±0.09 

10.0±0.1 

0.005 
1.75 

81 .3±4 .4 - 4 9 ± 1 4 

80.2±5.0 

98.7 
66.2 

-51±17 

•46 
-100 

22) 
23) 

< 

16 20 24 

Fig. 4. Absorption (a) and CD (b) spectra of [Cr04N2] 
complexes in the region of the first absorption band, 
(-)589-[Cr(bpdo)2en]3+ ( ), J-[Cr(acac)„en] + 
( ), and J-[Gr(ox)2en]- ( ). 

band of [Cr(bpdo)3]3+ being at lower wave numbers 
by 1000 c m - 1 than those expected from other com­
plexes of the present series. In a series of complexes, 
[Cr(ox) 3 _ n (en) n ] 2 "- 3 (ox=oxala te ion),16-17) the first 
absorption bands shift regularly with nearly the same 
interval. In the ultraviolet region, the bpdo com­
plexes exhibit three strong absorption bands, while 
the free ligand two bands, the lower wave number 
band of which seems to split into two in the com­
plexes. T h e intensities of the bands in the com­
plexes are nearly proportional to the number of the 
bpdo ligand. 

Figure 3 compares the CD spectra of (+) 5 8 9 - [Cr-
(bpdo),_,(en)n]»+ ( n = 0 , 2, and 3) and ( - ) B 8 9 - [Cr -
(bpdo)2en]3+. The last isomer is opposite to that 
used for the measurement. T h e tris- and bis-bpdo 
complexes racemize spontaneously in solution so that 

16 20 
îî/103 cm-1 

Fig. 5. Absorption (a) and CD (b) spectra of [Gr06] 
complexes in the region of the first absorption band, 
( + W[Cr(bpdo)3]3+ ( ), J-[Cr(mal)3]3- ( ), 
and yl-[Cr(ox)3]3- ( ). 

the spectral variations with time are corrected at each 
wave number (vide infra). Since ( + )589-[Cr(en)3]3+ 

has been assigned to the ^-configuration,18) ( + )589-
[Cr(bpdo)(en) 2 ] 3 + which gives a similar positive CD 
band in the region of the first absorption band can be 
assigned to the same A -configuration. The analogous 
complexes of the type, [C r0 2 N 4 ] such as J - ( - f ) 5 8 9 -
[Cr(acac)(en)2]2 + 1 9) (acac=acetylacetonate ion) or 
^ - ( + W[Cr (ox) (en ) 2 ]+ 2 0 > also give a positive CD 
band in this region. T h e CD patterns of (—)589-
[Cr(bpdo)2en]3+ and ( + )589-[Cr(bpdo)3]3+ isomers in 
the region of the first absorption band are quite dif­
ferent from those of complexes of the type, [Cr0 4N 2] 
and [CrO e ] , respectively, whose absolute configura­
tions have been known, as shown in Figs. 4 and 5. 
However, these isomers show the same CD pattern in 
the ultraviolet region as that of ( + )589-[Cr(bpdo)-
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(en)2]3 + except the positive band at 34700 cm" 1 of 
( + W [ C r ( b p d o ) J » + . Therefore, both ( - ) 5 8 9 - [Cr -
(bpdo)2en]3+ and (4-)5 8 9-[Cr(bpdo)3]3 + may be as­
signed to the vl-configuration. In Fig. 5 is compared 
the CD spectrum of (+) 5 8 9-[Cr(bpdo) 3] 3+ in the region 
of the first absorption band with those of A~[Cr-
(ox)3]3-17 '20) and ^-[Cr(mal)3]3-1 7 '2 0) ( m a l ^ m a l o n a t e 
ion). All of the isomers show a negative and a positive 
CD band from the smaller wave number side. T h e 
CD strength of the malonato complex is extremely 
weak and the sign of the main CD band of the bpdo 
complex is negative and opposite to that of the oxalato 
complex. Such a change in the CD spectra among 
the complexes of five-, six-, and seven-membered chelate 
rings is very similar to that observed for a series of 
complexes, [Co(NH 2 (CH 2 ) nNH 2 ) 3 ] 3+ ( n = 2 , 3, and 4).21> 
O n the other hand, the CD pattern of (—)s89-[Cr-
(bpdo)2en]3 + is quite different from those of analogous 
complexes and is not given any plausible discussion 
at present. 

As stated previously, the optically active [Cr-
(bpdo) 3 ] 3 + and [Cr(bpdo) 2 en] 3 + lose their activity in 
solution. T h e rates of decrease in the optical activity 
for (+) 5 8 9 - [Cr (bpdo) 3 ] 3 + were obtained under the 
conditions described in Experimental part in dark 
so as to avoid photo-induced reactions. During the 
loss of optical activity, the absorption spectrum of 
the complex was unchanged. T h e rates obeyed the 
first order kinetic law and the rate constants (knhsd) 
were calculated from the slopes of time vs. As. The 
data are given in Table 2 together with the activation 
parameters, and with data for other chromium (III) 
complexes for comparison. T h e loss of optical activity 
should be caused by racemization of the complex, 
and the racemization will involve both inversions of 
the complex ion and the ligand, A^±A and ô^A. 
The rates were independent of the concentrations of 
the complex, acid, and the free ligand. Hence, the 
racemization is suggested to proceed by an intramo­
lecular twist mechanism.22) T h e activation parameters 
are similar to those of other complexes given in Table 
2, for which intramolecular mechanisms have been 
postulated.23) 

The authors wish to thank the Ministry of Education 

for Scientific Research Grant-in-Aid (No. 243013) and 
the Kura ta Research Grant . 
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Thermochromism of Metal Chelates with Triphenylmethane Complexons 
in Aqueous Solutions. I. Copper(II)-Xylenol Orange Systemf 

Shoj i N A K A D A , M u t s u o Y A M A D A , T a s u k u lTO?Tt a n d M a s a t o s h i F U J I M O T O * 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 

(Received September 18, 1978) 

Reversible thermochromisms are found for about thirty kinds of metal complexes of triphenylmethane com­
plexons in aqueous solutions. T h e thermochromism observed in the aqueous solution of copper (I I) complex 
with 3,3 /-bis[iV,iV-bis(carboxymethyl)aminomethyl]-o-cresolsulfonphthalein (Xylenol Orange, X O ) was pri­
marily ascribed to the temperature-dependence of the protolytic equilibria between a complex species A H having 
an uncoordinated free phenolic hydroxyl group and a complex species A having a coordinated phenolate group: 
AH^±A + H. T h e equilibrium constant K of the reaction was determined to be p(iC/mol d m - 3 ) = 4 . 4 0 at 25 °G. 
T h e thermodynamic parameters &H and A S for the reaction were calculated to be 2 6 ± 2 k j m o l - 1 and 1 ± 3 J 
m o l - 1 K _ 1 (298 K ) , respectively. T h e rate constant of the proton dissociation of the phenolic hydroxyl group 
in the complex A H was estimated to be ca. 2 x 105 s - 1 . 

I n t h e course of a series of r e s e a r c h w o r k s o n t h e 
c o m p l e x a t i o n r e a c t i o n s of m e t a l ions w i t h t h e m u l t i -
d e n t a t e l i gands of t r i p h e n y l m e t h a n e c o m p l e x o n t t t 
t y p e , Y a m a d a d i scove red a p h e n o m e n o n of t h e r m o ­
c h r o m i s m in t h e a q u e o u s so lu t ion of c o p p e r ( I I ) - X O 
complex . 1 ) I n t h e p r e v i o u s c o m m u n i c a t i o n , w e 
r e p o r t e d t h a t t h e c o m p l e x e s of o t h e r t r i p h e n y l m e t h a n e 
c o m p l e x o n s w i t h s o m e b i v a l e n t m e t a l ions a r e also 
t h e r m o c h r o m i c . 2 ) 

I n t h e p r e s e n t p a p e r , w e r e p o r t t h e t h e r m o c h r o m i s m 
of t h e c o m p l e x e s of b i v a l e n t m e t a l ions w i t h v a r i o u s 
t r i p h e n y l m e t h a n e c o m p l e x o n s in a q u e o u s m e d i a . 
W e s t u d i e d in de t a i l t h e m e c h a n i s m of t h e t h e r m o ­
c h r o m i c c h a n g e for t h e c o p p e r ( I I ) - X O c o m p l e x b y 
m e a n s of t h e s p e c t r o p h o t o m e t r i c a n d t h e t e m p e r a t u r e -
j u m p m e t h o d . 

T h e m e c h a n i s m w a s found to b e q u i t e di f ferent f rom 
t h a t of t h e t h e r m o c h r o m i s m s obse rved so far in t h e 
m e t a l c o m p l e x e s in so lu t ions , w h i c h w e r e a sc r ibed 
to t h e c h a n g e in t h e c o n f i g u r a t i o n a l r e q u i r e m e n t s 
o n t h e c e n t r a l m e t a l ions o r t h e c h a n g e in t h e l i g a n d -
field s t ab i l i z a t i on energies . 3 ' 4 ) 

E x p e r i m e n t a l 

Materials. All chemicals used were of analytical 
grade, unless otherwise specified. Wate r was deionized 
and distilled. Xylenol Orange was synthesized by Mannich 
condensation from o-Cresol Red, iminodiacetic acid ( IDA), 
and formaldehyde.5) T h e crude sample of the synthesized 
X O was purified beforehand by means of cellulose column 
chromatography and finally by means of high-performance 
liquid chromatography.6) T h e purity of the specimen of 
X O was confirmed by elemental analyses and melting point 
measurements.6) Melting point was measured with a Rigaku 
Denki Differential Scanning Calorimeter Model 8001 SL/G. 
T h e purified X O was used as a free acid form. A 1.0 X 
10 - 3 mol d m - 3 stock solution of X O was prepared by dis-

t Presented in par t at the 27th Annual Meeting on 
Coordination Chemistry, Matsumoto, September 28, 1977, 
Abstracts, pp . 263 and 265. 

tt Present address: Institute for Molecular Science, 
Okazaki 444. 

ttt Tr iphenylmethane complexons denote a series of 
mult identate ligands derived from the tr iphenylmethane 
dyes and iminodiacetic acid or other amino acids. 

solving a desired amount of X O in water. 
T h e Perchlorates of bivalent metals were prepared by 

heating the chlorides with small excess of perchloric acid 
until no trace of chloride ion was detected. The Perchlorate 
was recrystallized from water. The stock solution was stan­
dardized titrimetrically with EDTA. 

T h e pre-purified sodium Perchlorate7) was heated in an 
oven at ca. 200 °C to prepare an anhydrous salt. A desired 
amount of the anhydrous Perchlorate was dissolved in water 
to prepare a stock solution. Buffer solutions were prepared 
from 0.1 mol d m - 3 acetic acid and 0.1 mol d m - 3 sodium 
acetate. 

Measurements. T h e equilibria were measured with 
Hitachi recording spectrophotometers Model EPS-3T and 
Model 323 equipped with a cell thermostated at high tem­
peratures. A 1 cm quar tz cell was used. T h e kinetic mea­
surements were carried out with a Union Giken co-axial-
cable temperature-jump apparatus Model RA-105.8) The 
p H values of the solutions were adjusted with acetate buf­
fers and measured with a Hitachi-Horiba pH-meter Model 
F-7SS. For the p H measurements at high temperatures a 
glass electrode 1027-05T and a saturated calomel electrode 
2631-05T were used. Tempera ture of the solution was 
measured with a copper-constantan thermocouple and a 
millivoltmeter. T h e ionic strength of the solution was 
adjusted to 0.1 mol d m - 3 with sodium Perchlorate. 

R e s u l t s a n d D i s c u s s i o n 

Equilibria. I n T a b l e 1 a r e s u m m a r i z e d the 
resul ts of t h e t h e r m o c h r o m i s m obse rved for t h e meta l 
c o m p l e x e s of t r i p h e n y l m e t h a n e c o m p l e x o n s , w h i c h 
i n c l u d e b o t h s u l f o n p h t h a l e i n c o m p l e x o n s a n d p h t h a l e i n 
c o m p l e x o n s . T h e s t r u c t u r e s a n d t h e a b b r e v i a t e d 
n o m e n c l a t u r e s of t h e l i gands a r e s h o w n in F ig . 1(a) 
a n d T a b l e 2 . T h e resul ts obse rved for t h e complexes 
of b i v a l e n t m e t a l ions , M g 2 + , Ca 2 +, M n 2 + , Co 2 +, Ni2+, 
C u 2 + , a n d Z n 2 + , w e r e i n c l u d e d in t h e t a b l e . Color 
c h a n g e s of t h e a q u e o u s solut ions c o n t a i n i n g t r i pheny l ­
m e t h a n e c o m p l e x o n s a n d 10—100 fold excess of m e t a l 
ions h a v e b e e n s t u d i e d a t va r ious buffered p H as a 
func t ion of t e m p e r a t u r e b y t h e m e a s u r e m e n t s of visible 
a b s o r p t i o n s p e c t r a as wel l as b y visual obse rva t ion . 
T h e t h e r m o c h r o m i c c h a n g e s w e r e obse rved on ly in 
t h e n a r r o w p H r a n g e cha rac t e r i s t i c of t h e ind iv idua l 
sys tem. 

T h e systems N o . 1—29 in T a b l e 1 i n c l u d e t h e c o m -
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T A B L E 1. THERMOCHROMISMS OF SOME METAL CHELATES WITH TRIPHENYLMETHANE COMPLEXONS*1) 

No. Ligand Metal 
ion 

pHb> iX 
25 °C 

Color ymax/nm<=)) 
Remark d ) 

at room temperature at 60 °C 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 

14 
15 
16 

17 
18 
19 
20 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

xo 

MXBe> 

MTBe> 

COf> 
GCRe> 

SCRg> 

SXO> 
PCh> 

PPCh> 
TPCh> 

Mg2+ 
Ca2+ 
Mn2+ 
Co2+ 
Ni2+ 
Cu2+ 
Zn2+ 
Mg2+ 
Ca2+ 
Mn2+ 
Co2+ 
Ni2+ 
Cu2+ 
Zn2+ 
Mg2+ 
Ca2+ 
Mn2+ 
Co2+ 
Ni2+ 
Cu2+ 
Zn2+ 
Cu2+ 
Co2+ 
Cu2+ 
Co2+ 
Ni2+ 
Cu2+ 
Zn2+ 
Cu2+ 
Mg2+ 
Mn2+ 
Ni2+ 
Mg2+ 
Mg2+ 
Mn2+ 
Ni2+ 

5.90 
5.90 
4.92 
3.99 
3.64 
4.21 
3.97 
6.72 
5.90 
5.04 
3.81 
3.80 
4.34 
4.06 
5.75 
5.85 
5.85 
3.67 
3.67 
5.19 
3.80 
4.38 
5.24 
3.46 
4.45 
4.47 
3.50 
4.82 
5.46 
6.42 
5.27 
4.82 
6.90 
7.11 
6.41 
5.15 

yellow (435) 

yellow (435) 

orange (440) 

orange (452) 

orange (452) 

orange (450) 

orange (448) 

pale blue (450) 

green (440) 

yellow (446) 

pale yellow (468) 

yellow (456) 

yellow (460) 

dark yellow (464) 

yellow (438) 

yellow green (438) 

yellow (438) 

yellow (460) 

yellow (446) 

brown (444) 

yellow (454) 

orange (460) 

dark yellow (438) 

dark yellow (440) 

yellow (434) 

yellow (438) 

pale yellow (444) 

yellow (444) 

orange (464) 

colorless ( ) 
pale violet ( ) 
colorless ( ) 
pale pink ( ) 
colorless ( ) 
colorless ( ) 
pale blue ( ) 

(575) 
(580) 

(583) 
(584) 
(584) 
(574) 
(572) 

reddish violet 

reddish violet 

reddish violet 

reddish violet 

reddish violet 

reddish violet 

reddish violet 

blue (606) 

bluish green (590) 

blue (615) 

blue (618) 

blue (618) 

dark blue (600) 

blue (610) 

yellow green (600) 

green (600) 

green (605) 

dark green (615) 

yellow green (618) 

brown violet (600) 

dark blue (598) 

pink (563) 

reddish violet 

reddish violet 

reddish violet 

reddish violet 

reddish violet 

reddish violet 

reddish violet 

violet (574) 

violet (578) 

violet (580) 

reddish violet 

pale blue (608) 

blue (614) 

blue (618) 

(579) 
(576) 
(578) 
(578) 
(572) 
(570) 
(570) 

(556) 

vs 

vs 

vs 

s 

s 

vs 

vs 

s 

s 

vs 

s 

vs 

s 

s 

vs 

vs 

vs 

s 

vs 

s 

s 

s 

vs 

vs 
s 

vs 
s 

vs 
vs 
vs 
vs 
vs 

a) Observed for the solutions containing (1—5) X 10~5 mol d m - 3 ligand and 10—100 fold excess of metal Per­
chlorate, b) T h e pH, at which the remarkable thermochromic change was observed. Acetate buffer ( C H 3 C O O H -
C H 3 C O O N a ) and phosphate buffer ( N a H 2 P 0 4 - N a 2 H P 0 4 ) were used for the p H adjustment, c) Am a x ' s represent 
the positions of the absorption maxima of the shorter- or the longer-wavelength absorptions. — denotes no, weak, 
or broad absorption, d) s: strong, vs: very strong, e) Purified by preparat ive thin-layer chromatography. See 
Ref. 9. f) Kindly supplied by Professor H . Nakayama, Kagawa Nutri t ion College, g) Purified by cellulose 
column chromatography, h) T h e commercial specimens of PC, PPC, and T P C (Dojindo, Kumamoto) were used. 

T A B L E 2. TRIPHENYLMETHANE COMPLEXONS LISTED IN T A B L E 1 (See Fig. 1(a)) 

Ligand R i a R*a> R , R* R* 

Xylenol Orange (XO) 
Methylxylenol Blue (MXB) 
Methylthymol Blue (MTB) 
Cresol Orange (CO) 
Glycine Cresol Red (GGR) 
Sarcosine Cresol Red (SCR) 
Semi-Xylenol Orange (SXO) 
Phthalein Complexon (PC) 
Phenolphthalein Complexon (PPC) 
Thymolphthalein Complexon (TPC) 

A 
A 
A 
A 
B 
C 
A 
A 
A 
A 

A 
A 
A 
A 
B 
C 
H 
A 
A 
A 

CH3 

CH3 

CH(CH3)2 

H 
CH3 

CH3 

CH3 

CH3 

H 
CH(CH3)2 

H 
CH3 

CH3 

H 
H 
H 
H 
H 
H 
CH3 

S0 3 H 
S0 3 H 
S0 3 H 
S0 3 H 
S0 3 H 
S0 3 H 
S0 3 H 
COOH 
COOH 
COOH 

a ) ' A = C H 2 N ( C H 2 C O O H ) 2 , B = C H 2 N H C H 2 C O O H , C = C H 2 N ( C H 3 ) C H 2 C O O H . 
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Fig. 1. The structures of the triphenylmethane com-
plexons used, (a) Sulfonphthalein and phthalein com-
plexons listed in Table 2. (b) Phthalein complexons 
with an ether linkage between two benzene rings. 
Galcein (R = GH2N(GH2COOH)2) and Methyl Cal-
cein (R=GH2N(GH3)GH2GOOH). 

plexes of sulfonphthalein complexons. The absorption 
spectra of these complexes in visible region consist of 
two absorption bands. Temperature-dependencies 
of the spectra of these complexes were similar to the 
dependency shown in Fig. 2(a), i.e., with a temperature-
rise, the absorptions at longer wavelength increased, 
whereas those at the shorter wavelength decreased. 
The absorption spectra of the systems No. 30—36, 
which include the complexes of phthalein complexons, 
have only one absorption band in the visible region; 
The absorptions in the region 550—620 nm increased 
in intensities with a temperature-rise. The high-
temperature color of the metal complexes of these 
one-color complexons strongly resembles the alkaline 
color of the corresponding parent phthalein dyes. 
The positions of the visible absorption bands suggest 
that the complexes responsible for the absorptions at 
high temperatures have a coordinated phenolate group. 
In order to clarify the mechanism of the thermochro-
mism, the quantitative measurements have been car­
ried out for the c o p p e r ( I I ) - X O system. 

It should particularly be emphasized that for the 
quantitative studies the use of the highly purified 
specimen of the ligand was essential. The use of 
commercial crude specimens of the triphenylmethane 
complexons, which are available only as metallo-
chromic indicators or as colorimetric reagents, gave 
no definite quantitative results, though the qualitative 
observations of the thermochromic changes were still 
possible. 

Figure 2(a) shows the visible absorption spectra at 
various temperatures of an aqueous solution contain­
ing 3 . 0 x l O - 5 m o l d m - 3 X O and 1.2 X 10~4 mol d m - 3 

Gu2+ ion, the p H of the solution being adjusted at 3 .94± 
0.05. The most remarkable thermochromic change 
was observed in the p H region 3.8—4.5. In this p H 
region the solutions are orange at lower temperatures 

400 500 

Wavelength/nm 

( a ) 

600 

Wavelength/nm 

( b ) 

Fig. 2. Absorption spectra of the Cu(II)-XO. (a) 
Temperature-dependence. At 7 (1), 20 (2), 48 (3), 
and 78 °G (4). [Gu]= 1.2 X 10~4 mol dm"3; [XO] = 
3.0 X 10-5 mol dm"3. 7=0.1 mol dm"3 (NaC104). At 
pH=3.94±0.05. (b) pH-Dependence. At pH 2.99 
(1), 3.93 (2), 4.49 (3), and 5.04 (4). [Gu]=1.2x 
10-* mol dm-8 ; [XO] = 3.0x 10~B mol dm"3. 7=0.1 
moldm-3 (NaGlOJ. At 25 °G. Cell length = 1 cm. 

and reddish violet at higher temperatures. The ab­
sorption spectrum changes reversibly with a distinct 
isosbestic point at 491 nm, showing the existence 
of an equilibrium between two chemical species. As 
the temperature rises the absorbance at 450 nm de­
creases accompanied with a large increase in the ab­
sorbance at 574 nm. The absorbance at 574 nm 
increases about 4.5-fold for the temperature-rise from 
7 to 78 °C. 

Figure 3 shows the results of the molar-ratio method 
for the G u ( I I ) - X O complex measured at 574 nm, 
at various temperatures, and at p H 4.58±0.02. The 
metal-to-ligand ratio of the complex species formed 
in the solution was found to be invariably 2 : 1 irre­
spective of the temperature. For the solutions con­
taining more than two-fold excess of Cu 2 + ion over 
X O , the absorbance at a constant temperature increases 
only slightly even with the large increase in the con­
centration of Cu2+ ion, whereas for the solution at an 
arbitrary definite [Gu(II)] to [XO] ratio the absorbance 
increases markedly with the rise of temperature. This 



March, 1979] Thermochromism of Cu(IÎ)-

i 1 ÜH-

[Gu]/[XO] 

Fig. 3. Molar-ratio method at 574 nm for the Cu(II)-
XO at various temperatures. At 25 (1), 50 (2), and 
80 °G (3). [XO] = 3.0x 10-5 mol dm"3. P H = 4 . 5 8 ± 
0.02. 7=0.1 mol dm-3 (NaC104). Cell length = 1 cm. 

fact indicates that the observed thermochromism 
should be ascribed to the temperature-dependence of 
an equilibrium between two 2 : 1 complex species, 
i.e., between the low-temperature and the high-temper­
ature form of a 2 : 1 complex species, but not to the step 
of complex formation between Cu2+ ion and the free 
ligand. In fact, the absorption maximum at the shorter 
wavelength observed in the presence of a large excess 
of Cu2+ ion (A m a x =450 nm) distictly differs from that 
of the free ligand in the given p H region (A m a x =434 
nm). 

The feature of the temperature-dependence of the 
absorption spectrum at a constant p H (Fig. 2(a)) 
was quite similar to that of the pH-dependence of the 
spectrum at a constnat temperature as depicted in 
Fig. 2 (b). For the increase in the p H value of the solu­
tion from 3.93 to 5.04 the absorbance at 574 n m 
considerably increased about 3.7-fold accompanied 
with the corresponding decrease in the absorbance at 
450 nm, and with a distinct isosbestic point at 491 nm. 
The observed wavelengths for the absorption maxima 
and the isosbestic point were found to be all the same 
as those for the temperature-dependence of the spectra 
at constant p H (Fig. 2(a)) . I t should be noted in 
this connection that the p H value of the acetate buffer 
solution used changed only slightly upon heating, 
e.g., the solution of p H 4.55 at 20 °G shows the p H 
4.62 even upon heating at 70 °G. The similarity 
of the temperature- and the pH-dependencies of ab­
sorption spectra suggests that the effect of heating of 
the solution essentially corresponds to the effect of the 
increase in p H of the same solution. 

These facts indicate clearly that the observed thermo­
chromism is primarily due to the temperature-de­
pendence of the protolytic equilibria between the 
complex A H having an uncoordinated phenolic hy-
droxyl group and the complex A having a coordi­
nated phenolate group 

AH ^ ^ A + H. (1) 
(at lower temperatures) (at higher temperatures) 

The complex A is predominant at higher temperatures. 
When the experiments were carried out in unbuf-

-Xylenol Orange Complex 769 

Temperature/°G 

Fig. 4. The temperature-dependence of the absorbance 
at 574 nm of the Cu(II)-XO at various pH. At pH 
2.99 (1), 3.53 (2), 3.94 (3), 4.21 (4), 4.49 (5), 5.04 
(6), and 5.58 (7). [Cu] = 1.2 X 10"4 mol dm-3 ; [XO] 
= 3.0x 10-5 mol dm-3. 7= 0.1 mol dm"3 (NaC104). 
Cell length —I cm. 

fered aqueous solutions of the complex, the p H of the 
solution decreased with the rise of temperature. For 
example, if the p H of the solution containing 1.6 X 
1 0 " 2 m o l d m - 3 Cu(C10 4 ) 2 and 4.0 x ÎO"3 mol dm~3 

X O (7=0.1 mol d m - 3 ( N a C l O J ) was adjusted at 4.53 
at 25 °G only with HG10 4 and N a O H , the p H of the 
solution did decrease to 4.20 by heating the solution 
to 70 °C. The value of the p H at 70 °G accorded 
approximately with the calculated value of pK based 
on the AH and A.S (see below). The same color change 
of the solution was observed as in the case of the buf­
fered solution. These results directly confirm the 
dissociation of the proton from the species A H upon 
heating, which forms the hydrated proton in the un­
buffered aqueous solution to lower the p H value of 
the solution as to be expected from the reaction mech­
anism (1). 

Figure 4 shows the temperature-dependence of the 
absorbance at 574 n m of the solution of the 2 : 1 
C u ( I I ) - X O chelate at various buffered p H values. 
Upon heating the solution at p H higher than 5.0 or 
lower than 3.5 the absorbance increases only slightly. 
The largest increase in the absorbance was observed 
only in a narrow p H range between 3.9 and 4.5. This 
tendency suggests the existence of an opt imum p H 
range for the given thermochromism. From the given 
temperature-dependence of the absorbance we can 
derive the pH-dependence of the absorbance at various 
temperatures as reproduced in Fig. 5. From the p H -
dependences of the absorbance we calculated the values 
of pK for the equilibrium (1) at 15, 25, 35, 50, and 
70 °C, which are listed in Table 3. 

The uncomplexed free ligand X O did not show a 
thermochromic behavior at all a round the p H region 
where its metal complexes are strongly thermochromic. 
However, in neutral or weakly basic media , i.e., a t 
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ö 
X* 

X> 
< 

pH 

Fig. 5. The pH-dependence of the absorbance at 574 
nm of the Cu(II)-XO at various temperatures. At 
15 (1), 25 (2), 35 (3), 50 (4), and 70 °G (5). [Gu] = 
1.2 X 10-4 mol dm-3 ; [XO] = 3.0x10~5 mol dm"3. 
7=0.1 mol dm-3 (NaC104). Cell length = 1 cm. 

TABLE 3. TEMPERATURE-DEPENDENCE OF THE ACID-

D I S S O C I A T I O N CONSTANTS FOR THE G u ( I I ) - X O AND 

THE FREE XO AT 1= 0.1 mol dm"3 (NaC104) 

p H in the vicinity of the pK& value of the phenolic 
proton, the free ligand X O were weakly thermochromic. 
Figure 6 shows the absorption spectra of the solution 
of the free ligand X O at two different temperatures 
and at three p H values. The temperature-dependence 
of the spectra was similar to the pH-dependence 
also in this case, the isosbestic point being identical 
in both cases. However, the thermochromic effect 
in the free ligand X O was much weaker compared 
with that in the C u ( I I ) - X O complex. Whereas upon 
heating from 15 to 35 °C the absorbance at 574 nm 
of a solution of the free ligand at p H 6.40, viz., near 
the pK& value of the phenol protons of the free ligand 
X O , increased only by 19%, the absorbance at 574 nm 
of the C u ( I I ) - X O system at p H 4.50 increased by 
so large as 3 6 % for the same temperature-rise. The 
values of pK for the reaction A H ^ ± A + H between 
two 2 : 1 C u ( I I ) - X O chelates decreases remarkably 
with the rise of temperature, whereas pK& value of 
the phenol proton in the free ligand does not decrease 
so remarkably (Table 3). 

The thermodynamic parameters AH and AS for the 
Reaction 1 and for the acid-dissociation of the phenol 
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Fig. 6. Absorption spectra of the free ligand XO at 
various pH and temperatures. At pH 6.27 (1), 6.67 
(2), and 7.14 (3). Temperature : 15 (—) and 35 °G 
( ). [XO] = 3.0x 10-5 mol dm-3. 7=0.1 mol dm"3 

(NaC104). Cell length = 1 cm. 

Temperature 
°G 

15 

25 

35 

50 

70 

a) See Ref. 10. 

p(X/mol dm -3) 
for Gu(II)-XO 

4.62 
4.40, 4.55a> 
4.27 
4.11 
3.83 

b) See Ref. 11. 

p(Xa/mol dm-3) 
for free XO 

6.66 
6.57, 6.70b> 
6.50 

— 
— 

XI 

o 
Xi 

< 

400 500 
Wavelength/nm 

600 

Fig. 7. Temperature-dependence of the absorption 
spectra of the free ligand XO at pH 3.47—3.97. 
[XO] = 3.0x 10-5 mol dm-3. 7=0.1 mol dm~3 

(NaC104). At 6 (1), 25 (2), and 63 °G (3). Cell 
length = 1 cm. 

proton in the free ligand were graphically determined 
by plotting the values of log K and log KK against 
\\T to be 2 6 ± 2 and 14±1 kj m o b 1 and 1 ± 3 and 
— 7 8 ± 1 J m o H K - 1 (298 K) , respectively. The 
positive values of the enthalpy show that the observed 
thermochromic changes are endothermic. The value 
of the enthalpy for the C u ( I I ) - X O complex is about 
twice as large as that for the free ligand. These results 
correspond to the fact that the more remarkable thermo-
chromism is observed for reaction (1) than for the 
protolytic equilibrium of the free ligand. A small 
value of AS obtained for Eq. 1 would be due to the 
compensation of the increase in the entropy by a water 
molecule released from the coordination sphere of the 
metal ion upon coordination of the phenolate oxygen 
and the decrease in the entropy by the hydration of 
a dissociated proton. The values of AH and AS ob­
tained for the free ligand are reasonable as the values 
for the usual proton-transfer reactions of the phenolic 
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groups in aqueous media.12) 
In addition, molar absorptivity of the free ligand 

X O were found to depend on the temperature. In 
the p H region between 3.47 and 3.97 corresponding to 
the pK& of the carboxyl proton of the free ligand11) 
where the absorption spectra show no pH-depend-
ency, the definite temperature-dependence of the 
spectra was clearly observed (see Fig. 7). This would 
be attributed to the change in molar absorptivity 
of the free ligand. Therefore, the temperature-depend­
ency of the molar absorptivity might also contribute 
to the thermochromic behavior of the present com­
plexes, though the effect is not so strong. 

I t is interesting to note that the metal complexes 
of the triphenylmethane complexons with the two 
benzene rings A and B tightly linked together, say, 
e.g., through an ether linkage as shown in Fig. 1(b), 
were not thermochromic. This fact shows the possibili­
ty that the change in resonance structure of the n-
system of the triphenylmethane skeleton could also 
contribute to the thermochromic changes. 

Kinetics. The temperature-jump studies were 
carried out for the thermochromic changes of the 
C u ( I I ) - X O complex together with the Co(I I ) , Ni ( I I ) , 
and Zn(II) complexes of X O , and also for the acid-
dissociation of the free ligand in the p H range where 
the thermochromic changes were observed. T h e 
relaxation times x observed in 5 fxs region can be ex­
pressed as 

T-i = A,+*_,([!!] +[Ä]). (2) 

As regards the acid-dissociation of phenolic proton 
in the free ligand in aqueous media, we obtained the 
values of the rate constants for the deprotonation and 
for the protonation A1 = (1.0±0.6) X 104 s^1 and k_x = 
( 3 . 0 ± 0 . 1 ) x l 0 1 0 m o i - 1 d m 3 s - 1 , respectively (Fig. 8). 
The value of kx lies in the same order of magnitude 
as the values of the rate constants reported for the 
acid-dissociation of the phenolic ligands of similar 
structure13) and the quotient Â^/A^^IO - 6 - 5 mol dm~3 

is in good agreement with the acid-dissociation con­
stant, K&, of the phenolic proton of XO.1 1) However, 
from the signals of the temperature-jump observed 
for the thermochromic changes of the metal chelates 
we could evaluate only the approximate values of the 
rate constants for reaction (1), since the values of x 
as derived from the exponential signals (see Table 4) 
lie just near the time constant TC for the temperature-
rise of our apparatus. T h e value of kx estimated 
for reaction (1) was ca. 2 x l 0 5 s - 1 . Similar tempera­
ture-jump studies were also carried out preliminarily 
for the C o ( I I ) - X O , N i ( I I ) - X O , and Z n ( I I ) - X O 
systems. The corresponding kx values for these systems 
were found to be ca. 2 X 105 s_1, essentially independent 
of the metal ion involved. Thus the kinetic measure­
ments also suggest that the phenomena of the thermo­
chromism observed in the presence of a large excess 
of metal ions are primarily due to the process involving 
a protonation-deprotonation in the coordinated ligand. 
The quantitative studies for other thermochromic 
systems are now in progress and will be reported else­
where. 

For the kindness in the DSC measurements, the 

i 

•e 

o 

([H] + [XO])/10-5 mol dm-3 

Fig. 8. Plot of T-1 vs. ([H] + [XO]) at 25 °C for the 
acid-dissociation of the free ligand XO. [XO] = 
3.0 X lO"5 mol dm"3. 7=0.1 mol dm"3 (NaC104). 

TABLE 4. THE RECIPROCAL OF THE RELAXATION TIMES 

FOR THE DEPROTONATION-PROTONATION OF THE 

Gu2(XO), AH^±A + H AT 25 °G AND 
7=0.1 mol dm-3 (NaC104) 

[Ä] + [H] 
10-* mol dm-3 105 s-i 

0.32 
0.37 
0.70 
1.28 
1.33 

2.8 
2.6 
2.7 
2.9 
2.4 

authors thank Professor Yoshio Matsunaga. They 
also thank Professor Mitsuo Shimoji and Professor 
Yoshio Nakamura for aid in the use of a spectrophotom­
eter for the measurements at high temperatures. 
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Circular Dichroism Spectra of Cobalt(III) Complexes of the Type, 
frcms-[CoX2(l,3-Diamine)2]

w+ (X=CT, CN , or NH3) 
K a z u o K A S H I W A B A R A , M a s a a k i K O J I M A , a n d J u n n o s u k e F U J I T A * 

Department of Chemistry, Faculty of Science, Nagqya University, Chikusa, Nagoya 464 

(Received September 27, 1978) 

Four new complexes of the type, fran^-[Co(CN)2(l,3-diamine)2] + were prepared, where 1,3-diamine is (S,S)-
l ,3-diphenyl-l ,3-propanediamine, (i?,i?)-2,4-pentanediamine, (S)-l ,3-butanediamine, or (S) -1 -phenyl- 1,3-pro-
panediamine. Two diammine complexes of the same type with (S)-l ,3-butanediamine and (S)-1 -phenyl-1,3-
propanediamine, and fra^-[Co(CN)2((i2,i?)-l,2-diphenyl-l,2-ethanediamine)2] + were also newly prepared. The 
circular dichroism (CD) spectra of the new complexes measured in several solvents were compared with those 
of the corresponding dichloro and diammine complexes. The C D spectra of the dicyano complexes of (S)- l ,3-
butanediamine and (S) -1 -phenyl- 1,3-propanediamine showed remarkable solvent dependence, while those of 
the other complexes small or little dependence. 

Bosn i ch a n d Har rowf i e ld 1 ) f o u n d t h a t t h e sign of 
c i r c u l a r d i c h r o i s m ( C D ) u n d e r t h e ^ ^ ^ - ^ ^ t r ans i ­
t i on i n t h e first a b s o r p t i o n b a n d of trans-[GoCl2(R-

p n ) 2 ] + ( i?-pn = ( i ? ) - l , 2 - p r o p a n e d i a m i n e ) is n e g a t i v e 
i n m e t h a n o l , b u t pos i t ive i n d i m e t h y l sulfoxide ( D M S O ) , 
a n d sugges ted t h a t t h e effects of c h i r a l d i s to r t ions of 
t h e d o n o r a t o m s a n d of c h i r a l a r r a n g e m e n t s of t h e 
a m i n o h y d r o g e n a t o m s c a u s e d b y so lva t ion a r e i m p o r ­
t a n t for s u c h so lvent d e p e n d e n c e . R e c e n t l y , H a w k i n s 
et al.2) r e p o r t e d b y b o t h C D a n d P M R s tudies of t h e 
s a m e c o m p l e x a n d its r e l a t e d c o m p l e x e s i n v a r i o u s 
so lvents t h a t t h e so lvent d e p e n d e n c e of t h e C D wil l 
b e cussed b y s tereoselect ive so lva t ion a t t h e e q u a t o ­
r i a l a m i n o h y d r o g e n a t o m s of t h e d i a m i n e s , r e n d e r i n g 
t h e d o n o r n i t r o g e n s c h i r a l . T h i s p a p e r is c o n c e r n e d 
w i t h t h e C D s p e c t r a of c o m p l e x e s of t h e t y p e , trans-

[ C o X 2 ( l , 3 - d i a m i n e ) 2 ] w + ( X = G 1 ~ , C N " , o r N H 3 ) 
i n severa l so lvents , t h e a b b r e v i a t i o n s a n d t h e a b s o l u t e 
con f igu ra t i ons of t h e 1 ,3-d iamines b e i n g s h o w n in 
F i g . 1. T h e flexibility of s i x - m e m b e r e d c h e l a t e r i ngs 
f o r m e d w i t h t h e 1 ,3-d iamines wil l affect t h e C D s p e c t r a 
of t he i r c o m p l e x e s in a di f ferent w a y f rom t h a t of t h e 
c o m p l e x e s of five-membered c h e l a t e r ings . T h e R-pn 

a n d {R,R) - 1 , 2 - d i p h e n y l - 1 , 2 - e t h a n e d i a m i n e (R,R-dpen) 

ÇH3 

H 2 N-(>H 
CH2 

H«-C^NH2 

CH3 

(1) R,R-ptn 

CH3 

H-ONH2 
CH2 

CH2NH2 

(3) S-bn 

Ç6H5 
H2N-Ç-H 

ÇH2 

H-C-NH2 

C6H5 
(2) S,S-dppn 

Ç6H5 

H 2NM>H 
ÇH2 
CH2NH2 

(4) S-phtn 

Fig. 1. Absolute configurations of the 1,3-diamines, 
(1) (Ä,Ä)-2,4-pentanectfamine(Ä,Ä-ptn), (2) (S,S)-1,3-
diphenyl-l,3-propanediamine(£,.S'-dppn), (3) (S)- l ,3-
butanediamine(S-bn), and (4) (S)- l-phenyl- l ,3-pro-
panediamine(iS-phtn). 

c o m p l e x e s of t h e s a m e t y p e w e r e also p r e p a r e d to 

c o m p a r e the i r C D spec t r a w i t h those of t h e 1,3-

d i a m i n e c o m p l e x e s . 

E x p e r i m e n t a l 

Preparation of Ligands. Optically active diamines 
were prepared according to the references reported previously; 
S,S-dppn,3) R,R-ptn,V S-phtn,5) S-bn,6) Ä-pn,7> and R,R-
dpen.8) 

Preparation of Complexes. 1 ) T h e following complexes 
were prepared by the methods described previously; trans-
[CoCl2(S,S-dppn)2]Cl • HCl • H 2 0 , 3 ) franj-[CoCla(Ä,Ä-ptn)a]-
C104,9> taöu-[CoCla(S-phtn) J Gl- H 2 0 , 5 ) trans- [GoGl2 (Ä-pn) 2 ] -
C1CV) fraiw-[CoCla(i^Ä-dpen)a]Cl(V> trans-[Co(GN)2(R-
pn) a]Gl• 1.5H2O,10> frflnj-[Go(NH3)a(S,5-dppn)a](C104)3• 3H2-
O,11) and ^ö^-[Go(NH3)2( JR, JR-ptn)2](G104)3-H20.1 2) 

2) trans-[CoCl2(S-bn)2]C104: This complex was prepared 
by adding sodium Perchlorate to an aqueous solution of the 
complex chloride.13) Found : C, 23.88; H , 6.19; N, 13.56%. 
Galcd for [CoCl2(G4H1 2N2)2]G104 : G, 23.69; H , 5.98; 
N , 13.82%. 

3) tra.ns-[Co(CN)2(S,S-dppn)2~]Cl-2H20: To sodium cya­
nide (30 mg) in 12 cm 3 of D M S O was added &wu-[CoCla-
(S,S-dppn)2]C104 (140 mg) with stirring at 40 °G. The 
solution changed from green to orange instantly and was 
kept at 40 °G for 10 min. After cooling to room temperature, 
the solution was poured into a column ( ç J 3 x 6 0 c m ) of an 
SP-Sephadex G-25 ion exchanger and then the column was 
washed with water to remove D M S O . The adsorbed orange 
product was eluted with 0.1 mol/dm 3 sodium chloride in a 
mixture of methanol and water ( 1:4). The column showed 
only one orange yellow band. T h e eluate was concentrated 
under reduced pressure to give orange yellow crystals, which 
were recrystallized from a small amount of water. The 
yield was almost quanti tat ive. Found: G, 60.36; H , 6.19; 
N, 13.15%. Galcd for [Go(GN) 2 (C 1 5 H 1 8 N 2 ) 2 ]G1.2H 2 0: G, 
60 .51; H , 6.35; N, 13.23%. 

4) tra.ns-[Co(CN)2(^,^-ptn)2\ClOi-H20: This complex 
was prepared from iranj-[CoGl2(i?,i?-ptn)2]C104 and sodium 
cyanide by the same method as that for trans-[Co(GN)2-
(S ,S-dppn) 2 ]Gl-2H 2 0 except that the eluent was an aqueous 
solution of 0.05 mol/dm 3 sodium Perchlorate. The yield 
was almost quanti tat ive. Found : C, 33.62; H , 7.10; N, 
19.65%. Calcd for [Co(CN) 2 (G 5 H 1 4 N 2 ) 2 ]C10 4 .H 2 0 : G, 
33.30; H , 6.94; 19.42%. 

5) trans- [Co(CJVJ2(S-^J2]C104-H20: This complex was 
prepared from tamy-[CoCl2(.S-bn)2]C104 and sodium cyanide 
according to the same method as described for the above 
R,R-ptn complex. Found : G, 29.94; H , 6.63; N , 20.80%. 
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Galcd for [Co(CN)2(C4H12N2)2]C104-H20: G, 29.67; H, 
6.49; N, 20.76%. 

6) trans-[Co(CN) s(S-phtn)^00^-^0: The procedure 
was the same as that for the R,R-ptn complex. However, 
two light yellow bands (probably the cis-A and eis-A isomers 
on the basis of the absorption spectra) followed after an orange 
band {trans isomer) by eluting with a 0.05 mol/dm3 aqueous 
solution of sodium Perchlorate. Yield: about 40%. Found: 
G, 45.65; H, 5.34; N, 15.69%. Galcd for [Co(CN)2(C9-
H 1 4N 2) 2]C10 4H 20: G, 45.42; H, 5.72; N, 15.89%. 

7) tr<ms-[Co(CN)2(R,R-dpen)2]ClOi-2H20: To a DMSO 
solution (20 cm3) of sodium cyanide (60 mg) was added 
frflnj-[GoCla(Ä,Ä-dpen)a]G104-HaO (180 mg) at 50 °G with 
stirring. The solution changed from green to orange instantly 
and was kept at 50 °G for 10 min. After cooling to room 
temperature, the solution was poured into a column (03 X 
90 cm) of an SP-Sephadex G-25 ion exchanger. DMSO 
in the column was washed out with water. The adsorbed 
orange product was eluted with an aqueous solution of 0.1 
mol/dm3 sodium acetate. An orange yellow band (the 
trans isomer) was eluted first and then two light yellow bands 
(the eis isomers) followed. The orange yellow eluate was 
mixed with a small amount of sodium Perchlorate and con­
centrated under reduced pressure to give crystals. Yield: 
50 mg. Found: G, 53.98; H, 5.39; N, 12.67%. Calcd for 
[Go(GN)2(G14H16N2)2]C104.2H20: C, 53.70; H, 5.41; N, 
12.52%. 

8) tnms-lCofNHJzfS-bnJzMClOJz: When trans-[_CoG\2-
(S-bn)2]C104 (100 mg) was dissolved in liquid ammonia 
(20 cm3), the solution changed from green to orange instantly. 
After removal of liquid ammonia at room temperature, the 
residue was mixed with 2 mol/dm3 hydrochloric acid (5 cm3). 
The solution was diluted with water (500 cm3) and passed 
through a column (03x120 cm) of an SP-Sephadex C-25 
ion exchanger. The adsorbed orange product was eluted 
with a 0.15 mol/dm3 aqueous solution of sodium ( + )D-tartrato-
antimonate(III), yielding two orange yellow bands. The 
first eluting orange yellow band appeared to consist of one 
isomer because the CD patterns of all the fractions remained 
constant. On the other hand, the initial and final fractions 
of the second orange band gave different CD patterns, sug­
gesting the presence of more than two isomers in this band. 
The fractions of the first orange yellow band were collected 
and concentrated to give crystals. Yield : 40 mg. Found : 
C, 16.94; H, 5.40; N, 14.67%. Galcd for [Co(NH3)2(C4-
H12N2)2](C104)3 :G, 16.93; H, 5.33; N, 14.80%. The 
1H-NMR spectrum of the crystals in D 2 0 showed only one 
kind of methyl signal. Thus, we tentatively assigned this 
complex to the trans isomer. The chromatographic behav­
ior that this isomer was eluted faster than did the other iso­
mer^) will support this assignment.11,12) 

9) tra.ns-[Co(NH3)2(S-phtn)2](ClO4)3-0.5H2O: This com­
plex was prepared by the same method as that for the 
above S-bn complex. By eluting the product, the column 
gave five orange bands. The complex isolated from the 
first eluted orange band was tentatively assigned to the trans 
isomer, although no definite evidence for this structure was 
obtained from ^ - N M R spectroscopy. Found: G, 30.82; 
H, 5.23; N, 11.67%. Galcd for [Co(NH3)2(C9H14N2)2]-
(ClO4)3-0.5H2O: G, 30.84; H, 5.03; N, 11.99%. 

Measurements. Visible and ultraviolet absorption spectra 
were recorded on a HITACHI 323 spectrophotometer. 
CD spectra were obtained with JASCO J-20 and J-40 
spectropolarimeters and XH-NMR spectra with a JEOL 
PMX-60 spectrometer. All the solvents for optical measure­
ments are of spectroscopic grade and used without further 
purification. 

R e s u l t s a n d D i s c u s s i o n 

Figure 2 shows the absorption spectra of ptn and 
dppn complexes of the type, trans-\GoK2(diamine)2]

 + 

( X = C 1 ~ or CN~). Except the absorptions due to the 
phenyl group in the near ultraviolet region, the ptn 
and dppn complexes with the same X ligand show the 
same spectral pattern. The first absorption band ( x T l g 

<-xA lg) in an octahedral field, CoN 6
3 + splits into two 

components, 1 A 2 g + 1 E g < - 1 A l g in a tetragonal field, 
/r<my-CoX2N4+. According to Yamatcra 's theory,14) 
the 1 E g component should have lower energy than 
the 1A2g component when the axial ligand, X is lower 
than the ligating N atoms in the spectrochemical 
series, and inversely the 1 E g component should be at 
higher energy for a complex in which the X ligand 
has a higher position than N in the series. All the 
complexes studied here obey this prediction as seen in 
Table 1. In the present paper, the CD spectra 
in this region are discussed . The CD spectra in the 
ultraviolet region are not described, because the spectra 
are complicated and no significant discussion can be 
made at present. The absorption and C D data of 
all the complexes are summarized in Table 1. 

For the complexes of the present type with -ß-pn, 
S-bn, and .S-phta, there are two possible geometrical 
isomers, eis and trans with respect to the alignment 
of the substituents. The experiments gave neither 
the indication for the presence of these isomers nor 
the information for assigning such geometrical isomer­
ism of the complexes obtained. The structure of 
franj-[CoCl2(Ä-pn)2]Cl-HCl-2H20 was determined 
by X-ray work to have a trans (GH3, CH3) configu­
ration.15) O n the other hand, Boucher and Bosnien16) 
reported that the trans- [CoCl2(Ä,6 ,-ptn)2]+ complex 
prepared by oxidizing an aqueous solution containing 
cobalt(II) chloride and Z ^ - p t n with air consists mainly 
( > 9 5 % ) of the cis(R,R) isomer (C2 h) . T h e stable 
conformer of the R,S-ptn chelate ring is expected to 
be the chair form with the equatorially disposed methyl 
groups. In the crystals, tfra/w-[CoX2(trimethylene-
diamine)2]+ ( X = G 1 " 17) and N 0 3 " 18)) also have the 
same skeletal structure as that of the cis(R,R) isomer. 
The trans-dichlovo complexes of S-bn and S-phtn were 
prepared from cobalt(II) chloride and the diamines 
by air-oxidation. T h e stable conformations of these 
diamine chelate rings will be the chair form, (vide 
post) Therefore, these complexes may be assigned to 
the m ( C H 3 , C H 3 ) and m (phenyl, phenyl) isomers 
which correspond to the cis(R,R) isomer of the R,S-ptn 
complex. The corresponding dicyano and diammine 
complexes which were derived from the dichloro 
complexes may also have the same geometrical ar­
rangement. 

(1) Complexes of Five-membered Chelate Diamines. 
As Fig. 3 shows, the dichloro complex of R-pn in 
methanol gives a positive and a negative CD band in 
the x E g and ^A^ transitions, respectively, while the 
R,R-dp&n complex in the same solvent two positive 
CD bands in these transitions. Other dichloro com­
plexes of R-\- or R,R-1,2-dialkyl-substituted 1,2-diamines 
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î>/103 c m - 1 

20 30 

Fig. 2. Absorption spectra, (a) fröw.y-[CoCl2(i?,i?-ptn)2] + 
in methanol ( ) and trans-[GoCl2(S,S-dppn)2] + 
in methanol ( ) , (b) *ranj-[Co(CN)a(Ä,Ä-ptn)a]+ 
in water ( ), and Jra^-[Co(CN)2(£',.S'-dppn)2]+ 
in methanol ( ). 

T A B L E 1. ABSORPTION AND C D SPECTRAL DATA IN THE 

FIRST ABSORPTION BAND IN METHANOL 

Absorption C D 
v/\03 c m - i (e) i>/103 c m - 1 (Ae) 

t rans- [GoGl2 (R,R-ptn) 2] -
G104

9) 

trans- [GoGl2 (^S-dppn) 2] -
G 1 - H C 1 - H 2 0 

t rans- [GoCl2 (S-bn) a] G10 4 

trans- [GoCl2 (S-phtn) 2] Gl • H 2 0 

t rans- [Go (GN) 2 (Ä,Ä-ptn) 2] -
G10 4 -H 2 0^ ) 

trans- [Go (CN) a (5,5-dppn) 2] -
C 1 - 2 H 2 0 

fr«w-[Go(GN) a(5-bn) a]-
C10 4 -H 2 O a ) 

trans- [Co (GN) 2 (S-phtn) a] -
C 1 0 4 H 2 0 

imw5- [Co (CN) a (Ä,Ä-dpen) a] -
C 1 0 4 - 2 H 2 0 

15 
21 
15 
21 
21 

15.75(43) 
21.37(37) 
15.70(46) 
21.16(60) 

70 (42) 
10(34) 

67 (47) 
01 (46) 

(sh) 
23.84(82) 
21 (sh) 
23.53(108) 

21 (sh) 
23.80(78) 

21 (sh) 
23.58(103) 

21 (sh) 
24.39(120) 

16 .00(4-0 .48) 
20 .92 ( - 0 . 5 8 ) 
15 .57( + 0.70) 
2 0 . 6 2 ( - 0 . 8 3 ) 
1 5 . 8 7 ( - 0 . 0 4 ) 
20.41 ( - 0 . 0 2 ) 
1 5 . 3 9 ( - 0 . 0 8 ) 
20 .62 (4 -0 .30 ) 

20.41 (—1.17) 
2 4 . 1 0 ( + 2.44) 

20 .10 (—1.69) 
23 .53 ( + 2.38) 

20.62 ( + 0.03) 
2 4 . 1 0 ( —0.11) 
20 .83 ( + 0.14) 
26.32 ( - 0 . 0 2 ) 
2 1 . 3 s h ( + 1 . 3 ) 
24 .00 ( + 1 . 9 5 ) 

a) Solvent: water, sh: shoulder. 

s h o w t h e s a m e C D p a t t e r n s as t h a t of t h e R-pn c o m p l e x , 
a n d t h e C D p a t t e r n of t h e R-l-phenyl- 1 ,2-e thane-
d i a m i n e ( i ? - p e n ) c o m p l e x is t h e s a m e as t h a t of t h e 
R,R-dpen complex . 1 9 ) T h e a b s o l u t e con f igu ra t ions 
of R,R-dpen20) a n d Z?-pen21> h a v e b e e n d e t e r m i n e d 

30 

v/lOScm-1 

Fig. 3. C D spectra, ( la) ftmy-[CoCla(Ä-pn)a]+ in 
methanol ( ) and in D M S O (— — — ) , (lb) 
trans-[Go(GN)2(R-pn)<t] + in methanol ( ), in 
D M F ( ), and in D M S O ( ), (II) trans-
[CoCl2(i?,i?-dpen)2] + in methanol ( ) and trans-
[Co(GN)2(Ä,Ä-dpen)2]+ in methanol ( ), in 
D M F ( ), and in D M S O (•— ). 

b y t h e X - r a y a n d c h e m i c a l m e t h o d s , respect ively , 
a n d these d i a m i n e s wil l f o rm c h e l a t e r ings w i t h t h e 
s a m e A-gauche c o n f o r m a t i o n as t h a t of R-pn u p o n 
c o o r d i n a t i o n . Neve r the l e s s , t h e R,R-dpen a n d R-pen 

c o m p l e x e s g ive t h e pos i t ive C D sign i n t h e 1A2g 

b a n d oppos i t e to t h a t of t h e R-pn c o m p l e x . T h e 
c o r r e s p o n d i n g d i c y a n o c o m p l e x of R-pn in m e t h a n o l 
a lso exh ib i t s a n e g a t i v e a n d a pos i t ive C D b a n d in the 
1A2g a n d 1 E g t r ans i t ions , respec t ive ly , a n d t h a t of 
R,R-dpen t w o pos i t ive C D b a n d s . Bosn ich a n d 
Har rowf i e ld , 1 ) h o w e v e r , f o u n d t h a t in D M S O , t h e 
C D sign of t h e 1 A 2 g b a n d i n trans-[CoCl2(R-pn)2]

 + 

c h a n g e s to pos i t ive , a n d t h e c o r r e s p o n d i n g C D b a n d 
of t h e d i c h l o r o R,R-dpen c o m p l e x increases in t h e 
s t r e n g t h . T h e s a m e p h e n o m e n a a r e obse rved for the 
d i c y a n o c o m p l e x e s as seen i n F ig . 3 . T h e w e a k nega ­
t ive C D b a n d a t 20410 c m " 1 of trans-[Co(CN)2(R-

p n ) 2 ] + in m e t h a n o l dec reases its s t r e n g t h i n N,N-

d i m e t h y l f o r m a m i d e ( D M F ) , a n d c h a n g e s to posi t ive 
sign in D M S O . T h e R,R-dpen c o m p l e x shows t h e 
s a m e t r e n d . T h i s fact suggests t h a t t h e va r i a t ions 
in C D sign o r p a t t e r n w i t h c h a n g e s in so lvent will b e 
l i t t le r e l a t e d to t h e ax ia l l i gands in t h e complexes . 
As sugges ted b y Bosn ich a n d Har rowf ie ld , 1 ) such 
so lven t effect o n C D s p e c t r a of t h e trans-bis ( d i amine ) 
c o m p l e x e s m a y b e c a u s e d b y so lva t ion of solvent m o l e ­
cules in ch i r a l a r r a n g e m e n t s to t h e c o m p l e x ions. 
R e c e n t l y , H a w k i n s et al.2) c l a i m e d t h a t t h e so lva t ion 
occur s s tereoselect ively a t t h e e q u a t o r i a l a m i n o h y d r o ­
gens , r e n d e r i n g t h e d o n o r n i t r o g e n s ch i r a l . T h e n e w 
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Fig. 4. CD spectra, (I) trans-[CoC\2(S,S-dppn)2]+ in 
methanol ( ), and trans-[Co(GN)2(S,S-dppn)2]+ 
in methanol ( ), in DMF ( ), and in 
DMSO ( ). (II) *raHJ-[CoCla(Ä,Ä-ptn)J+ in 
methanol ( ), and trans-[Co(CN)2(R,R-ptn)2] + 
in methanol ( ), in DMF ( ), and 
in DMSO ( ). 

chiral nitrogen atoms will affect the CD spectra of the 
diamine complexes. The dicyano complexes are 
probably the same case, since the variations in their 
CD spectra with changes in solvent quite resemble 
those in the CD spectra of the dichloro complexes. 

(2) Dichloro and Dicyano Complexes of Six-membered 
Chelate Diamines. A 1,3-diamine chelate ring 
is known to take either the chair or the skew (ô or X) 
conformation. When the chelate ring has substitu­
ent (s) attached to the skeletal carbon atom(s) of the 
ring, the conformation with the equatorially oriented 
substituent (s) will be more stable than the other. 
Thus the R,R-ptn and £,£-dppn chelate rings will be 
the most stable in the X-skew conformation. The desig­
nation (R or S) of dppn which forms a chelate ring 
with the same conformational chirality as that of the 
ptn chelate ring is opposite to that of ptn according 
to the sequence rule.22) The X-skew form of the R,R-
ptn chelate ring has been confirmed by X-ray crystal-
lographic studies on ( — )546- and ( + )546-[Co(Ä,Ä-
ptn)3]3+.23> O n the other hand, the S-bn and »S-phtn 
chelate rings can take the equatorially disposed sub­
stituent both in the chair and skew conformations. 
The ô-skew of the former diamine and the X-skew of 
the latter diamine have the equatorial substituent 
on the basis of the sequence rule. Since a diamine 
chelate ring in the chair form is achiral in the skeleton, 
its vicinal effect should be much weaker than that 
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( ), in DMF ( 

CD spectra, (I) trans-[CoC\2(S-bn)2]
+ in meth-

( ), (II) *roHj-[Co(CN)a(.S'-bn)a]+ in water 
• ••), and in DMSO ( ). 

of a diamine ring in the skew form. 
Figure 4 shows the CD spectra of the dichloro and 

dicyano complexes of R,R-ptn and »S^-dppn. The 
dichloro complexes of all the 1,3-diamines studied 
here are stable in methanol, but unstable in D M F 
and D M S O to change the CD spectra during the mea­
surement. The CD patterns of the dichloro complexes 
of R,R-ptn and £,£-dppn are very similar to each 
other and also to that of the R-pn complex, indicating 
the A-chirality of the chelate rings, although the negative 
CD bands («21000 cm-1) assignable to the ^ g 
transition are much stronger than that of the R-pn 
complex. The positive C D bands («16000 cm - 1 ) 
can be assigned to the x E g transition. The sign of the 
1A2g band of the £,£-dppn complex is opposite to that 
of the R,R-dpen complex which gives the 1A2g band 
with the same sign as that of the 1 E g band. T h e 
dicyano complexes of R,R-ptn and £,£-dppn also give 
a similar CD pat tern to each other in the region of 
the first absorption band. The spectra show little 
variations with changes in solvent. T h e negative 
(«20000 cm-1) and positive («24000 cm"1) CD 
bands can be assigned to the 1A2g and x E g transitions, 
respectively, and these signs coincide with those of 
the corresponding CD bands of the dichloro complexes. 

O n the other hand, the dichloro complexes of £-bn 
and £-phtn give quite different CD spectra from each 
other, and from those of the R,R-ptn and £,£-dppn 
complexes, as seen in Figs. 5 and 6. The CD inten­
sities of these complexes are very weak. The weakness 
suggests that the predominant conformations of the 
»S-bn and £-phtn chelate rings are in the chair form. 
T h e CD pattern of the »S-bn complex, however, is 
nearly enantiomeric to that of the R-pn complex in 
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v/lO'cm-1 

20 30 40 

P/103 cm-1 

Fig. 6. CD spectra, (I) *rû/w-[CoCla(.S'-phtn)a]
 + in 

methanol ( ), (II) trans-[Co(CN)2(S-phtn)2]
+ in 

water ( ), in DMF ( ), and in DMSO 

D M S O . Hence the »S-bn chelate ring will be in equilib­
r ium between the chair and askew forms in solution, 
the former being predominant . As stated previously, 
the »S-bn chelate ring can have the equatorial methyl 
group in both the askew and the chair conformations. 
The CD pattern of the »S-phtn complex is nearly en­
antiomeric to that of the »S,»S-dppn complex, although 
the positive C D band at 20620 c m - 1 (1A2g) is strong 
relative to the negative one at 15390 c m - 1 (1Eg). Such 
a pat tern suggests the askew conformation for the 
»S-phtn chelate ring. This suggestion, however, is very 
unlikely, because the big phenyl group disposed axially 
interacts strongly with the apical ligand, Cl~. The 
absolute configuration of »S-phtn was confirmed by 
preparing an authentic sample from (»S)-3-amino-
3-phenyl propionic acid of known absolute configura­
tion.24) The reason for the anomalous CD of the 
»S-phtn complex remains unknown. T h e vicinal 
effect of the asymmetric carbon atom, which has never 
been made clear but recognized to be weak, may ap­
pear on C D spectra explicitly to vary CD patterns 
of weak intensity. 

T h e dicyano complexes of »S-bn and »S-phtn in water 
also show weak CD in the region of the first absorption 
band, indicating that the predominant conformations 
of these diamine chelate rings are the chair form. How­
ever, the CD patterns of the »S-bn and the R,R-ptn 
complexes are nearly enantiomeric to each other, 
and it is concluded that the chelate rings will be in 
equilibrium between the chair and askew conformations. 
The »S-phtn complex gives again an anomalous pattern 
of only one CD band, al though the positive sign of the 
band indicates the Askew conformation which is ex­
pected for the »S-phtn chelate ring. The CD patterns 
of the »S-bn complex in D M F and D M S O are the same 
as that in methanol, but the CD strengths increase 
to a large extent. Such variations in CD may be 
attr ibuted to that the conformational equilibrium be­

tween the two forms, chair and askew shifts toward 
the latter in these solvents. The »S-phtn complex 
decreases the CD strength of smaller wave number 
side of the band in D M F , and exhibits a negative 
CD band in D M S O . The pattern in D M S O resembles 
that of the »S,»S-dppn complex, and suggests that the 
stability of the Àskew conformer increases in such 
organic solvents. 

The variations in CD for the dicyano complexes 
with changes in solvent seem to depend on the kind 
of diamines. In general, six-membered chelate rings 
formed with 1,3-diamines will be more flexible than 
five-membered ones with 1,2-diamines. Therefore, 
if the conformational change of a chelate ring is respon­
sible for such variations in CD, the spectra of 1,3-
diamine complexes should vary more remarkably 
than those of 1,2-diamine complexes. The dicyano 
complexes of »S-bn and »S-phtn will be this case. As 
stated previously, these chelate rings can have two 
stable conformations, the chair and the skew forms. 
The energy difference between these conformers has 
been calculated to be very small, the chair form being 
a little more stable than the other.25) Hence, the 
relative stability of these conformers will be affected 
by many factors involving interactions with solvent 
molecules. The solvent dependence of the CD of the 
dicyano complexes of »S-bn and »S-phtn may be caused 
by such conformational changes of the chelate rings. 
In fact, the complexes of R,R-ptn and »S,»S-dppn which 
are expected to form less flexible six-membered chelate 
rings than those diamines show little solvent depen­
dence in the CD spectra. 

However, the solvent dependence of the R,R-ptn 
and »S,»S-dppn complexes seems to be even smaller than 
that of the complexes of 1,2-diamines, R-pn and 
R,R-dpen, although the chelate rings of the former 
1,3-diamines may be more flexible than those of the 
latter 1,2-diamines. As suggested by Hawkins et al.*) 
if the variation in CD is caused by the stereoselective 
solvation of solvent molecules at the equatorial amino-
hydrogens of diamines, the little solvent dependence 
of the R,R-ptn and »S,»S-dppn complexes indicates 
the followings; weak solvation, no stereoselective 
solvation, or weak contribution of new chiral nitrogen 
atoms introduced by stereoselective solvation to the 
CD. Details are not clear at present. However, mo­
lecular models indicate that in a trans-bis( 1,3-diamine) 
complex, the distance between two equatorial amino-
hydrogens in the «^-positions from each diamine chelate 
becomes much shorter than that in the corresponding 
1,2-diamine complex. The crowded structure resulted 
from the shortening of distance between these hydrogen 
atoms may prevent them from strong interactions 
with solvent molecules. The little solvent dependence 
in the CD spectra of the R,R-ptn and »S,»S-dppn com­
plexes may be interpreted by such a weak solvation 
effect. 

(3) Diammine Complexes of Six-membered Chelate Di­
amines. Figures 7 and 8 show the CD spectra of di­
amine complexes of R,R-ptn and »S,»S-dppn, and »S-bn 
and »S-phtn, respectively. The »S,»S-dppn and »S-phtn 
complexes were only stable in acidic solution, so that all 
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+ 0.4 

<l +0.2 

+ 0.4 

+0.2 

-0.2 

iVWcm- 1 

30 

40 30 

vl\03cm~1 

Fig. 7. CD spectra, (I) ^^-[Go(NH3)2(Ä,Ä-ptn)2]3+ 
in water ( ), in DMF ( ), and in DMSO 
( ). (II) *r^-[Co(NH3)2(»S;»S*-dppn)2]

3+ in 
methanol ( ) in DMF ( ), and in DMSO 
( )• 

the solutions were acidified with perchloric acid. The 
signs of the main CD bands or the patterns of CD spectra 
in the region of the first absorption band of these 
complexes suggest the skew conformation of the chirality 
expected from the equatorial preference of the substit­
uent for the chelate rings, as stated previously. The 
CD strength of the S-bn complex is smaller than those 
of the other diamine complexes, indicating that the 
chelate rings are in equilibrium between the chair 
and the askew conformations. In contrast to the cases 
of the trans-dicyano complexes, the CD spectra of 
the »S-bn and »S-phtn complexes show little solvent 
dependence, while those of the R,R-ptn and £,£-dppn 
complexes change the strength fairly remarkably with 
changes in solvent. Hawkins et al.2) measured the CD 
spectra of trans-[Co(NH3)2(R-pn)2]

3+ in various solvents 
and concluded that for such a tri-positive complex ion, 
ion-association with its counter anions is more important 
for the solvent dependence in CD rather than the 
stereoselective solvation as seen in the dichloro com­
plexes. The i?,i?-ptn and £,£-dppn complexes increase 
the strengths of the positive C D components in D M F 
and D M S O compared with those in water or methanol. 
Since the vicinal effect due to a chiral chelate ring in 
the A-conformation is known to exhibit positive CD 
in the region of the first absorption band, these rings 
may be more stabilized in the Askew form by ion-
association in the former solvents.13) The ion-asso­
ciation should be facilitated in organic solvents com­
pared with that in water. However, the »S-bn and 
»S-phtn complexes show little solvent dependence, 
as seen in Fig. 8. Neither the ion-association nor the 

+ 0.1 

-0.1 

+ 0.2 

-0.2h 

U/lOScm-1 

Fig. 8. CD spectra, (I) ^^-[Go(NH3)2(»S'-bn)2]3+ in 
w a t e r ( ), in DMF ( ), and in DMSO 
( ). (II) trans-[Co(NH3)2(S-phtn)2]

3+ in water 
( ), in DMF ( ), and in DMSO ( ). 

stereoselective solvation appears to operate in the 
CD spectra of these complexes. These systems should 
not be greatly different from those of R,R-ptn and S,S-
dppn. The reason why these complexes show little 
solvent dependence is unknown at present. 

The authors wish to thank the Ministry of Educa­
tion for Scientific Research Grant-in-Aid No. 243013 
and the Kura ta Research Grant . 
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The Acid-catalyzed Reaction of Alicyclic Ketones with Formaldehyde. III.1* 
The Reaction of 3- and 3,5-Methyl-substituted Cyclohexanones 

with Formaldehyde 
Fukumi H I R A N O * and Shoji WAKABAYASHI 

Department of Chemistry, Faculty of Science, Okayama College of Science, 1-1 Ridai-cho, Okayama 700 
(Received December 20, 1977) 

The reaction of 3- and 3,5-methyl-substituted cyclohexanones with formaldehyde in acid media has been 
studied. The acid-catalyzed reaction gave 2,4,12,14-tetraoxatricyclo[8.4.0.01>6]tetradecane, 2,4-dioxaspiro-
[5.5]undecan-7-one, and 2,4,8,10-tetraoxatricyclo[4.4.4.01'6]tetradecane derivatives. The effect of the methyl 
groups on the product distribution has been discussed. 

In previous papers,1 '2) the acid-catalyzed reaction 
of cycloalkanones or alkyl-substituted cycloalkanones 
with formaldehyde has been reported. T h e reaction 
involved an aldol condensation analogous to the Prins 
reaction to afford spiro mono(l,3-dioxanes), fused di-
(1,3-dioxanes), and hydroxymethyl derivatives. T h e 
yield and distribution of the products were strongly 
influenced by the ring-size of the cycloalkanones, the 
alkyl-substituents on the alicyclic ketones and the reac­
tion conditions. This paper deals with the reaction 
of 3- and 3,5-methyl-substituted cyclohexanones with 
formaldehyde, together with the effect of the methyl 
substituent affecting the distribution of the products 
in the acid-catalyzed reaction. 

R e s u l t s and D i s c u s s i o n 

Reaction of Methylcyclohexanones with Formaldehyde. 
The reaction of 3-methylcyclohexanone(la) with form­
aldehyde has been conducted in a mixture of acetic 

.0 
R3 

RA'' 

R 2 XR 1 

1 
l a : R ^ M e , R2 = R3 = R* = H 
l b : R ^ R ^ M e , R3 = R* = H 
l c : R1 = R3 = Me, R 2 = R 4 = H 
Id : R ^ R ^ M e , R2 = R3 = H 
l e : R1 = R2 = R3 = Me, R*=H 
If: R1 = R2 = R3 = R 4 = M e 

Fig. 1. 

R2" 
L-~NkO 

R*"1 
R3 

4 

0 

Fig. 2. 

acid and acetic anhydride in the presence of phosphoric 
acid at 60—65 °C for 10 h. T h e resulting products 
were isolated by column chromatography over silica 
gel and purified by preparative gas chromatography. 
T h e reaction of l a gave 7-methyl-2,4,12,14-tetra-
oxatricyclo[8.4.0.01>6]tetradecane(2a), 9-methyl-2,4-
dioxaspiro[5.5]undecan-7-one (3a), 14-methyl-2,4,8,10-
tetraoxatricyclo[4.4.4.01 '6]tetradecane (4a), 11-methyl-
2,4-dioxaspiro[5.5]undecan-7-one (5a), and 12-methyl-
2,4,8,10 - tetraoxatricyclo [4.4.4.01 >6] tetradecane (6a). 
3,3-Dimethylcyclohexanone ( l b ) , m-3,5-dimethylcyclo-
hexanone( lc) , /ra?w-3,5-dimethylcyclohexanone ( Id ) , 
3,3,5-trimethylcyclohexanone ( le ) and 3,3,5,5-tetra-
methylcyclohexanone(lf) were similarly treated with 
formaldehyde to give the same type of products as 
those of the reaction of l a . The yields are sum­
marized in Table 1. 

Structures of Reaction Products. T h e structure of 
the spiro mono(l,3-dioxane) (3a) has been identified 
by the synthesis of an authentic specimen from 2,4-
dioxaspiro[5.5]undecan-7-one.2) The structure of 3 b 
or 3e has also been confirmed by direct comparison 
with an authentic specimen prepared from 3a or 3d 
(see Experimental) . T h e spiro mono(l,3-dioxanes) (5) 
have been characterized as the structural isomers of 
3, which differ only from the substituted position of 
a spiro (1,3-dioxane) ring, on the basis of similar spectral 
data and elemental analyses. 

T h e acid-catalyzed hydrolysis of fused di(l ,3-di-
oxanes) (4 or 6) quantitatively afforded the correspond­
ing spiro mono(l,3-dioxanes) (3 or 5), respectively (see 
Experimental). O n this basis, the structure of the 
fused di(l,3-dioxanes) (4 or 6) has been characterized. 
Fused di(l,3-dioxanes) (2) were presumed to be the 
structural isomers of 4 or 6, on the basis of similar 
spectral data and elemental analyses. 

Methyl-substituent Effect. As seen in Table 1, 
the methyl groups adjacent to the reaction points 
(C2- and Oppositions in methyl-substituted cyclo­
hexanones) play an important role in the individual 
reactions. When the exposi t ion of cyclohexanone has 
no methyl groups, e.g., l a or l b , the reactivity is the 
largest in the reactions studied. When both C3- and 
Oppositions are substituted by a methyl group, e.g., 
l c or I d , the reactivity decreases to one-half of that 
of l a or l b . As the methyl group is further introduced, 
e.g., l e or If, the reactivity becomes very poor. 

T h e substituent also influences the product distribu­
tion. T h e reaction of l a or l c , which has no C3-
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TABLE 1. ACID-CATALYZED REACTION OF 3- AND 3,5-METHYL-SUBSTITUTED CYCLOHEXANONES (la—If) 

WITH FORMALDEHYDE 

Alicyclic ketone 
1 2 

Isolated yield (%) 

3 4 5 6 

Total 
yield (%) 

Recovered 
1 (%) 

3-Methylcyclohexanone (la) 
3,3-Dimethylcyclohexanone (lb) 
c^-3,5-Dimethylcyclohexanone (lc) 
£ran.y-3,5-Dimethylcyclohexanone (Id) 
3,3,5-Trimethylcyclohexanone (le) 
3,3,5,5-Tetramethylcyclohexanone (If) 

3 
26 

4 
30 

5 
25 
4 

3 

83 
59 
42 

3 
1 2 — 

92 
95 
50 
54 

7 
3 

3 
3 

48 
41 
89 
95 

or C3,C5-axial substituents, mainly affords 4 ; l b , which 
has two C3-substituents, chiefly affords 4, accompanied 
by 3 ; I d , which has an axial and an equatorial substit­
uent at each of the C3- and Oppositions, chiefly yields 
2, together with 3, and very little 4 ; l e or I f mainly 
affords 3, although the yield is very low. 

These results have been interpreted as follows; (i) 
The first step in the acid-catalyzed reaction is the 
enolization of the cyclic ketone, followed by the axial 
attack of a hydroxymethyl cation (+GH2OH) on the 
enolic double bond. T h e attack takes place predom­
inantly at the a-methylene position where the steric 
interference caused by the C3- or C5-methyl substituent 
is very small (steric approach control). (ii) T h e result­
ing intermediate, a eis fused hemiacetal, attains equi­
librium with the trans fused isomer as shown below. 
T h e hemiacetal is dehydrated preferentially according 
to the Sayzeff rule to give an olefin. T h e olefin is 
again attacked by the cation in an antiparallel attack3) 
to give the fused di(l,3-dioxane) (4). 

Fig. 3. 

(iii) T h e axial methyl groups at G3- or C3,C5-positions 
interfere with the formation of 4 and promote that 
of 3, because of the 1,3-diaxial interactions between 
a 1,3-dioxane ring and the axial methyl groups (prod­
uct development control), (iv) T h e formation of 5 
is more unfavored than that of 3. However, the 
reaction of l e affords 5e in a fairly high ratio. This 
may be explained by the steric approach control and 
product development control described above, that is, 
there is no remarkable differences between the two 
controls on the formation of 3e or 5e. (v) In a series 
of this reaction, the fused di( 1,3-dioxane) (2) is produced 
in only small quantities and has been attr ibuted to 
the fact that 2 is more thermodynamically unstable 
than 4, in addition to the reasons given in (ii). How­
ever, the reaction of I d gave 2d in an exceptionally 
good yield but the explanation for this remains un­
known. 

E x p e r i m e n t a l 

All the boiling and melting points are uncorrected. PMR 
spectra were taken with a JEOL LMN-MH-60 II spectrom­

eter (60 MHz) with tetramethylsilane as an internal ref­
erence. IR spectra were recorded with a Japan Spectro­
scopic IR-A spectrophotometer. The molecular weight was 
determined by Rast's method. Preparative GLPG was 
performed with a Shimadzu GG-3AH using a 3 m X 3 mm^ 
column with 30% diethylene glycol succinate polyester on 
60/80 kamelite operating at 160 °G with a H2 pressure 
of 0.2 kg/cm2. Preparative column chromatography was 
conducted over silica gel (Wakogel G-200) with a mixture 
of hexane and ether (5:1 v/v) as an eluent. 

Materials. Commercial 3-methylcyclohexanone(la) of 
analytical grade was used. 3,3-Dimethylcyclohexanone(lb),4> 
m-3,5-dimethylcyclohexanone(lc),5) £ra/w-3,5-dimethylcyclo-
hexanone(ld),5) 3,3,5-trimethylcyclohexanone(le),6) and 
3,3,5,5-tetramethylcyclohexanone(lf )7) were prepared accord­
ing to reported methods, lc and Id were obtained as a 
mixture of their isomers and each isomer was isolated by 
preparative GLPG. l b : bp 51—52 °G/4 mmHg, r% 1.4460. 
l c : nt 1.4400. Id : nt 1.4456 (mixture of lc and Id: 
bp 174—176 °G). l e : bp 72—73 °G/8 mmHg, n» 1.4426. 
If: bp 196—197 °G, «2

D
6 1.4512. 

Reaction of Methylcyclohexanones(la—If) with Formaldehyde. 
A mixture of methylcyclohexanone( 10 mmol) and acetic 
anhydride (1.02 g, 10 mmol) was added to a stirred solution 
of 95% paraformaldehyde (1.58 g, 50 mmol) and 85% 
phosphoric acid (0.58 g, 5 mmol) in glacial acetic acid(10 ml) 
at room temperature, stirring being continued at 60—65 °G 
for 10 h. After the usual work-up, each product was isolated 
by column chromatography and subsequent preparative 
GLPG. 

Hydrolysis of Fused Di(1,3-dioxanes) (4 or 6). A solution 
of the fused di( 1,3-dioxane) (4 or 6) (10 mmol) in 10% aqueous 
hydrochloric acid(lOml) and cyclohexane(10 ml) was stirred 
under reflux for 5 h. The mixture was extracted with ether 
(20 mix 3), the combined extracts washed with 5% aqueous 
sodium carbonate and saturated brine (10 mix 2), and dried. 
Removal of the solvent gave crude spiro mono( 1,3-dioxane) 
(3 or 5), which was isolated by preparative GLPG. The 
yields of hydrolyzed products are given in Table 6. 

Authentic Sample of 3a. A solution of 2,4-dioxaspiro-
[5.5]undecan-7-one(7) (1.07 g, 10 mmol) in ethylene glycol 
(20 ml) was treated with bromine(1.60 g, 20 mg atom) ac­
cording to the method of Garbisch Jr.8) The work-up gave 
crude crystals of 8-bromo-2,4-dioxaspiro[5.5]undecan-7-one 
ethylene acetal(8), which were recrystallized from benzene-
petroleum ether to give white crystals of 8(2.87 g, 98%); 
mp 110.5—111.5 °C. PMR[G6H6-GG14(4 : 1 v/v)]: «5 1.1— 
2.7(br m, 6H), 3.2—4.2(m, 9H), 4.64 (AB-q, / - 5 . 8 Hz, 
2H). IR(Nujol): 2764(w), 1153(s), 1027(s), 748(w), 680(m) 
cm-1. Found: G, 45.41; H, 5.84%; molwt: 295. Galcd 
for CnH1 704Br: C, 45.06; H, 5.85%; mol wt: 293.3. Ethyl­
ene acetal (8) (2.93 g, 10 mmol) was stirred with sodium 
methoxide(1.62 g, 30 mmol) in dimethyl sulfoxide (30 ml) 
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Gompd 

2a 

2c 

2d 

4a 

4 b 

4c 

4d 

4e 

6a 

T A B L E 

«2 (mp) 

(82—84°C)a> 

(76—78°C) a) 

1.4887 

(73—74°C)a> 

(86—88°C)a> 

1.4874 

1.4887 

1.4862 

1.4926 

Reaction of Alicyclic Ketones with Formaldehyde. 

2. PHYSICAL 

Molecular 
formula 

G i i H 1 8 0 4 

Ci 2 H 2 0 O 4 

Gi 2 H 2 0 O 4 

^ u H i 8 0 4 

C 1 2H 2 0O 4 

Ci2H2 0O4 

G1 2H2 0O4 

G 1 3 H 2 2 0 4 
G u H i 8 0 4 

PROPERTIES OF FUSED D l ( l , 3 -

Found 

G 

61.82 

63.02 

63 .41 

61 .27 

63 .55 

63 .40 

63 .38 

64 .80 

61 .95 

/o 

H 

8.41 

8 .85 

8.87 

8 .43 

8.91 

8 .68 

8.87 

9 .38 

8.46 

• D I O X A N E S ) 

I I I 

[2, 

Calcd 

G 

61 .66 

63 .13 

63 .13 

61 .66 

63 .13 

63 .13 

63 .13 

6 4 . 4 4 

61 .66 

4 , AND 6) 

/o 

H 

8.47 

8.83 

8.83 

8.47 

8.83 

8 .83 

8 .83 

9 .15 

8.47 

Molecular 

Found 

216 

231 

229 

218 

227 

228 

224 

245 

215 

781 

weight 

Galcd 

214 .3 

228 .3 

228 .3 

214 .3 

228 .3 

228 .3 

228 .3 

242 .3 

214 .3 

a) Recrystallized from 2-propanol. 

TABLE 3. PHYSICAL PROPERTIES OF SPIRO MONO(1,3-DIOXANES) (3 AND 5) 

Compd 

3a 

3 b 

3c 

3d 

3e 

3f 

5 a 

5 b 

5e 

ni (mp) 

1.4791 

(76—77°C)a> 

1.4829 

1.4822 

(53—54°C)a> 

(87—88°C)a> 

1.4890 

(80—81 °C)a> 

1.4880 

Molecular 
formula 

Ci 0 H 1 6 O 3 

C i i H 1 8 0 3 

G n H 1 8 0 3 

C n H 1 8 0 3 

G 1 2H 2 0O 3 

G i 3 H a 2 0 3 

GioH 1 6 0 3 

C n H 1 8 0 3 

G l s H a o O , 

Found 

G 

65 .02 

66 .73 

66 .88 

66 .89 

67 .42 

68 .63 

65 .18 

66 .73 

67 .88 

0 / 
/o 

H 

8 .68 

9 .36 

9 .10 

9 .32 

9 .13 

9 .76 

8.82 

9 .36 

9 .47 

Calcd 

C " 

65 .19 

66 .64 

66 .64 

6 6 . 6 4 

67 .89 

68 .99 

65 .19 

66 .64 

67 .89 

% 

H 

8 .75 

9 .15 

9 .15 

9 .15 

9 .50 

9 .80 

8 .75 

9 .15 

9 .50 

Molecular 

Found 

181 

194 

201 

200 

210 

227 

183 

194 

212 

weight 

Galcd 

184.2 

198.3 

198.3 

198.3 

212 .3 

226 .3 

184.2 

198.3 

212 .3 

a) Recrystallized from 2-propanol. 

TABLE 4. IR AND PMR SPECTRAL DATA OF FUSED DI( 1,3-DIOXANES) (2, 4, AND 6) 

Compd 

4c 

4d 

4e 

IR (cm-1) PMR (ppm in GG14) 

2aa> 2779 (w 
997 ( s ) 

2ca) 2766 (w 
995 ( s ) 

2d 2769 (w 
1092 ( s 

4aa> 2770 ( w 
992 ( s ) 

4ba> 2774 (w 
953 ( s ) 

2769 (w 
940 ( s ) 

2767 (w 
946 ( s ) 

2766 (w 
952 ( s ) 

6a 2760 (w 
936 ( s ) 

, 1164(a) , 1064(s ) , 

, 1163(s ) , 1063( s ) , 

, 1172(8) , 1153(a) , 
, 1044 ( s ) 

, 1160(s ) , 1040(a) , 

, 1160(s) , 1046(s ) , 

, 1161(a) , 1041(a) , 

, 1173(a) , 1044(8) , 

, 1164(a) , 1044(a) , 

, 1160(a) , 1036(a) , 

0.77 (d, 7 = 5 . 3 Hz, 3H), 0.9—2.5 (m, 7H), 3.14—4.07 (m, 4H), 
4.60 (AB-q, y = 6 . 0 Hz, 2H), 4.66 (AB-q, 7 = 6 . 0 Hz, 2H) 

0.82 (d, 7 = 6 . 3 Hz, 3H), 1.01 (d, 7 = 6 . 9 Hz, 3H), 1.2—2.7 
(m, 6H), 3.4—4.3 (m, 4H), 4.86 (AB-q, 7 = 5 . 3 Hz, 2H), 
4.88 (AB-q, 7 = 5 . 3 Hz, 2H) 

1.04 (d, 7 = 7 . 2 Hz, 3H), 1.07 (d, 7 = 7 . 2 Hz, 3H), 1.2—2.3 
(m, 6H), 3.63 (s, 2H), 3.73 (AB-q, 7 = 12 Hz, 2H), 4.87 (AB-q, 
7 = 6 . 0 Hz, 2H), 4.92 (AB-q, 7 = 6 . 0 Hz, 2H) 

0.93 (d, 7 = 7 . 2 Hz, 3H), 1.0—2.7 (m, 7H), 3.39 (AB-q, J= 
11 Hz, 2H), 3.66 (AB-q, 7 = 1 1 Hz, 2H), 4.78 (AB-q, 7 = 5 . 7 Hz, 
2H), 4.83 (s, 2H) 

1.05 (s, 6H), 1.1—2.0 (m, 6H), 3.18—3.90 (br, 4H), 4.73 
(AB-q, 7 = 6 . 0 Hz, 4H) 

0.72 (d, 7 = 7 . 5 Hz, 3H), 0.94 (d, 7 = 7 . 5 Hz, 3H), 1.1—2.8 
(m, 6H), 3.50 (AB-q, 7 = 12 Hz, 2H), 3.96 (AB-q, 7 = 12 Hz, 
2H), 4.91 (AB-q, 7 = 6 . 0 Hz, 2H), 4.93 (s, 2H) 

1.04 (d, 7 = 6 . 9 Hz, 3H), 1.06 (d, 7 = 7 . 2 Hz, 3H), 1.2—2.4 
(m, 6H), 3.63 (s, 2H), 3.74 (AB-q, 7 = 11 Hz, 2H), 4.88 (AB-q, 
7 = 6 . 0 Hz, 2H), 4.92 (AB-q, 7 = 6 . 0 Hz, 2H) 

0.82 (d, 7 = 6 . 5 Hz, 3H), 0.97 (s, 3H), 1.15 (s, 3H), 1.3—2.9 
(m, 5H), 3.49 (AB-q, / = 1 2 H z , 2H), 3.98 (AB-q, 7 = 12 Hz, 2H), 
4.93 (s, 2H), 4.95 (AB-q, 7 = 5 . 6 Hz, 2H) 

0.81 (d, 7 = 7 . 5 Hz, 3H), 1.0—2.8 (m, 7H), 3.43 (AB-q, J= 
12 Hz, 2H), 3.83 (AB-q, 7 = 12 Hz, 2H), 4.75 (AB-q, 7 = 6 . 0 Hz, 
2H), 4.80 (s, 2H) 

a) IR spectrum was measured in Nujol. 
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T A B L E 5. I R AND P M R SPECTRAL DATA OF SPIRO MONO(1,3-DIOXANES) (3 AND 5) 

Compd I R (cm"1) P M R (ppm in CC14) 

3 a 2751 ( w ) , 1 6 9 6 ( s ) , 1 1 5 9 ( s ) , 
1 0 3 2 ( s ) 

3ba> 2 7 5 4 ( w ) , 1 6 9 9 ( s ) , 1 1 5 7 ( s ) , 
1 0 3 5 ( s ) 

3c 2751 ( w ) , 1 7 0 3 ( s ) , 1 1 6 4 ( s ) , 
1 0 3 4 ( s ) 

3d 2758 ( w ) , 1 7 0 4 ( s ) , 1 1 5 0 ( s ) , 
1 0 3 2 ( s ) 

3ea> 2757 ( w ) , 1703 ( s ) , 1 1 6 9 ( s ) , 
1 0 3 6 ( s ) 

3fa> 2 7 7 7 ( w ) , 1 6 8 4 ( s ) , 1 1 4 4 ( s ) , 
1 0 3 6 ( s ) 

5a 2751 ( w ) , 1 6 9 8 ( s ) , 1 1 5 0 ( s ) , 
1 0 3 4 ( s ) 

5b*) 2 7 7 6 ( w ) , 1 7 0 0 ( s ) , 1160( s ) , 
1 0 4 5 ( s ) 

5e 2 7 5 4 ( w ) , 1711 ( s ) , 1 1 7 5 ( s ) , 
1041 ( s ) 

1.02 (m, 3H) , 1.2—2.7 (m, 7H) , 3 .67 (AB-q, 7 = 1 1 Hz , 4 H ) , 
4 . 4 8 (AB-q, 7 = 5 . 6 Hz, 2H) 

0 .97 (s, 6H) , 1.3—2.2 (m, 6H) , 3.70 (s, 4H) , 4 .53 (AB-q, 
y = 5 . 6 Hz, 2H) 

1.02 (m, 3H) , 1.24 (d, 7 = 6 . 0 Hz , 3H) , 1.4—2.4 (m, 6H) , 
3 .92 (AB-q, y = 12 Hz, 4 H ) , 4 .62 (AB-q, 7 = 6 . 0 Hz, 2H) 

0 .93 (d, 7 = 7 . 5 Hz , 3H) , 1.02 (d, 7 = 4 . 5 Hz , 3H) , 1.3—2.9 
(m, 6H) , 3 .80 (AB-q, 7 = 1 1 Hz, 2H) , 3 .90 (AB-q, 7 = 11 Hz , 2H) , 
4 .60 (AB-q, 7 = 6 . 0 Hz , 2H) 

0 .90 (s, 3H) , 1.07 (s, 3H) , 1.22 (d, 7 = 6 . 3 Hz, 3H) , 1.4—2.5 
(m, 5H) , 3 .97 (AB-q, 7 = 12 Hz, 4H) , 4 .70 (AB-q, 7 = 5 . 7 Hz, 2H) 

1.06 (s, 12H), 1.55 (s, 2H) , 2 .18 (s, 2H) , 3.91 (AB-q, 7 = 11 Hz, 
4 H ) , 4 . 5 4 (s, 2H) 

0 .98 (d, 7 = 7 . 5 Hz, 3H) , 1.3—2.9 (m, 7H) , 3 .84 (s, 2H) , 
3.92 (AB-q, 7 = 1 1 Hz, 2H) , 4 . 6 3 (AB-q, 7 = 6 . 0 Hz, 2H) 

0 .97 (s, 6 H ) , 1.2—2.1 (m, 4H) , 2 .13 (s, 2H) , 3 .78 (AB-q, J= 
12 Hz , 4 H ) , 4 .62 (AB-q, 7 = 6 . 0 H z , 2H) 

0 .87 (s, 3H) , 1.03 (m, 3H) , 1.18 (s, 3H) , 1.3—2.5 (m, 5H) , 
3 .97 (AB-q, 7 = 12 Hz , 4 H ) , 4 .68 (s, 2H) 

a) I R spectrum was measured in Nujol. 

T A B L E 6. ACID-CATALYZED HYDROLYSIS OF FUSED 

Dl(l,3-DIOXANES) (4 OR 6) 

Reac tan t Product Isolated 
yield (%) 

4a 
4b 
4c 
4d 

4e 
6a 

3a 
3b 
3c 
3d 

3e 
5a 

98 
95 
97 
94 

98 
97 

at room temperature for 15 h. T h e mixture was then acidi­
fied with 10% aqueous hydrochloric acid and stirred at 
50 °G for 1 h. T h e work-up gave crude crystals of 2,4-
dioxaspiro[5.5]undec-8-en-7-one(9), which were recrystallized 
from benzene to give white crystals of 9(1.53 g, 9 1 % ) ; m p 
77.5—78.0 °G. PMR(CC1 4 ) : <5 2.1—2.6(m, 4H) , 3.80(s, 
4 H ) , 4.70 (AB-q, 7 = 6 . 0 Hz , 2H) , 5.82(d, J= 10.2 Hz, 
o f t , 7 = 1 . 8 Hz , 1H), 6.91 (m, 1H). I R (Nujol) : 2762(w), 
1654(s), 1610(w), 1153(s), 1054(s), 1027(s), 931 (s), 924(s) 
cm- 1 . Found : G, 64.38; H , 7 .17%; mol wt : 168. Galcd 
for G 9 H 1 2 0 3 : C, 64.27; H, 7.19% ; mol wt : 168.2. A solution 
of a,ß-unsaturated ketone (9) (1.68 g, 10 mmol) in absolute 
ether (50 ml) was treated with methylmagnesium iodide 
prepared from the reaction of magnesium turnings (0.48 g, 
20 mg atom) and methyl iodide(2.84 g, 20 mmol) in abso­
lute ether (20 ml) in the presence of anhydrous copper(I) 
bromide(0.29 g, 1 mmol) below —10 °G. T h e work-up gave 
crude 9-methyl-2,4-dioxaspiro[5.5]undecan-7-one(3a) which was 
isolated by preparat ive GLPG as a colorless oil (1.80 g, 
9 6 % ) . T h e physical constants of the compound were con­
sistent with those of 3a, produced by the acid-catalyzed 
reaction of l a with formaldehyde. 

Authentic Sample of 3b. By a procedure similar to 
that for the preparat ion of 8, 3a (1 .84g , 10 mmol) reacted 
with bromine (1.60 g, 20 mg atom) to afford crystals of 
8-bromo-9-methyl-2,4-dioxaspiro [5.5] undecan-7-one ethylene acetal 
(10), which was recrystallized from methanol to give white 

crystals of 10(2.92 g, 95%) ; m p 135—136 °G. PMR(GG14) : 
Ô 1.03(d, 7 = 6 . 5 Hz, 3H) , 1.2—2.5(br m, 5H) , 3.43—4.22 
(m, 9H) , 4.50(AB-q, 7 = 5 . 7 Hz, 2H) . I R (Nujol) : 2769(w), 
1166(s), 1117(s), 1085(s), 1025(s), 748 (m), 680(m) cm- 1 . 
Found : C, 46.77; H , 6 .02%; mol wt : 306. Galcd for C12-
H 1 9 0 4 B r : G, 46.92; H, 6 .24%; mol wt : 307.2. Ethylene 
acetal(10)(3.07 g, 10 mmol) reacted with sodium methoxide 
( 1.62 g, 30 mmol) by the same procedure as that for the 
preparat ion of 9 to afford crystals of 9-methyl-2,4-dioxaspiro-
[5.5]undec-8-en-7-one(ll), which were recrystallized from 
methanol to give white needles of 11 (1.46 g, 8 0 % ) ; 
m p 102.0—102.5 °G. P M R ( C 5 H 5 N ) : Ô 1.73(s, 3H) , 2.23(s, 
4 H ) , 3.95 (AB-q, 7 = 12 Hz , 4 H ) , 4.82(AB-q, 7 = 6 . 0 Hz, 
2H) , 5.76(br s, 1H). IR(Nujol) : 2773(w), 1638(s), 1624(s), 
1154(s), 1025(s), 920(s) cm- 1 . Found: G, 66.18; H , 7 .68%; 
mol w t : 181. Galcd for C 1 0 H 1 4 O 3 : G, 65 .91; H , 7 .74%; 
mol w t : 182.2. ^ - U n s a t u r a t e d ke tone ( l l ) (1.82 g, 10 
mmol) reacted with methylmagnesium iodide (20 mmol) 
to give crude crystals of 9,9-dimethyl-2,4-dioxaspiro[5.5~\-
undecan-/'-one (3b), which were recrystallized from 2-propanol 
to give white crystals of 3b(1.92 g, 9 7 % ) . T h e physical 
constants of the compound were identical with those of 
3 b , produced by the acid-catalyzed reaction of l b with 
formaldehyde. 

Authentic Sample of 3e. By a procedure similar to that 
for the preparat ion of 8, 3c(1 .98g , 10 mmol) reacted with 
bromine (1.60 g, 20 mg atom) to afford crude crystals 
of 8-bromo-9,11-dimethyl-2,4-dioxaspiro[5.5~\undecan-7-one ethylene 
acetal (12), which were recrystallized from methanol to give 
white crystals of 12(3.08 g, 9 6 % ) ; m p 115.0—122.0 °G. 
PMR(GG1 4 ) : (5 0.98(dd, 7 = 3 . 0 , 6.0 Hz , 3H) , 1.25(d, J= 
6.8 Hz, 3H) , 1.4—2.3(m, 4H) , 3.60—4.18(m, 8H) , 4.42(d, 
7 = 6 . 0 Hz, 1H), 4.58 (AB-q, 7 = 6 . 0 Hz, 2H) . IR(Nujol) : 
2760(w), 1184(s), 1160(s), 1114(s), 1034(s), 686(m) cm"1 . 
Found : G, 48 .73; H , 6.62%. Galcd for G 1 3 H 2 1 0 4 Br: G, 
48 .61 ; H , 6.59%. Ethylene acetal(12)(3.21 g, 10 mmol) 
reacted with sodium methoxide ( 1.62 g, 30 mmol) to give 
a dark brownish mixture. Column chromatographic separa­
tion (silica gel with a 3:1 mixture of hexane and chloroform) 
of the mixture gave crude 9,11-dimethyl-2,4-dioxaspiro[5.5~\-
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undec-8-en-7-one( 13) which was purified by preparat ive GLPG 
to give a colorless oi l(1.63g, 8 3 % ) ; «2

D
B 1.5083. P M R 

(CC14) :<5 1.07(d, 7 = 7 . 1 Hz, 3H) , 1.92(s, 3H) , 2.1—3.1 
(m, 3H) , 3.72(AB-q, y = 1 2 H z , 2H) , 3.90(AB-q, 7 = 1 2 H z , 
2H) , 4.68(AB-q, 7 = 6 . 0 Hz, 2H) , 5.64(m, 1H). IR(neat ) : 
2751(w), 1652(s), 1146(s), 1026(s), 920(s) cm" 1 . Found : 
G, 67.58; H, 8.20% ; mol wt : 200. C.ilcd for G u H 1 6 0 3 : C, 
67.32; H, 8 .22%; mol wt : 196.2. a,/?-Unsaturated ketone 
(13) (1.96 g, 10 mmol) reacted with methylmagnesium 
iodide(20 mmol) to give crude crystals of 9,9,11-trimethyl-
2,4-dioxaspiro\5.5~\undecan-7-one(3e), which were recrystallized 
from 2-propanol to give white crystals of 3e(2.08 g, 9 8 % ) . 
The physical constants of the compound were identical with 
those of 3e, produced by the acid-catalyzed reaction of 
l e with formaldehyde. 

T h e a u t h o r s wish to t h a n k Prof. K . H a r a d a , T s u k u b a 
Unive r s i ty , for his v a l u a b l e discussions a n d sugges t ions . 
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Glucosidation of Tetra-0-benzyl-a-D-glucose with Chlorosilane 
and Silver Sulfonate 

Shinkiti K O T O , * Naohiko MORISHIMA, and Shonosuke Z E N 

School of Pharmaceutical Sciences, Kitasato University, Shirokane, Minato-ku, Tokyo 108 

(Received February 7, 1978) 

Glucosidation of 2,3,4,6-tetra-O-benzyl-a-D-glucopyranose with methanol or cyclohexanol in the presence 
of chlorosilane and silver sulfonate is described. As by-products, octa-0-benzyl-a,a- and -a,/?-trehaloses are also 
formed. Possible reaction pathways are discussed. 

The development of methods for the synthesis of 
glycosides has always been very important in carbo­
hydrate chemistry.1) T h e Fischer method1) appears to 
have the methodological advantage that it can be 
performed by a direct dehydration between glycose 
and alcohol in the presence of an acid catalyst. Modi­
fied methods2 - 4) using acid with a dehydrating agent 
have been developed for the glycosidation of ap­
propriately protected precursors having a reducing 
hydroxyl group. Such methods suggested a novel 
glucosidation of a stable precursor, 2,3,4,6-tetra-O-
benzyl-a-D-glucopyranose (1), with alcohol by using 
strongly dehydrating chlorosilanes,5-7) which was in­
vestigated8) as a par t of our continuing studies.9) 

R e s u l t s and D i s c u s s i o n 

O n treating 1 with methanol at 0 °C in dichloro-
methane containing dichlorodiphenylsilane (DCPS) 
and methanesulfonic acid as catalyst, methyl glucosides 
(2a and 2b) of 1 were formed with a moderate ef­
ficiency. As the dehydration with DCPS and meth­
anesulfonic acid was insufficient, the reaction was car­
ried out with DCPS and silver methanesulfonate, from 
which more reactive bis(methylsulfonyloxy)diphenylsil-
ane10) was expected to be formed. The reaction 
proceeded well without addition of the acid. 

A series of experiments were then done using stoichio­
metric amounts of 1 ( a G O H ) , aglucon (methanol or 
cyclohexanol), chlorosilane, and silver sulfonate ac­
cording to Eq. 1, where n denotes the number of 
chlorine atom(s) in the silanes and G represents a 

100 

50 H 

c 
o 
o 

: a / s 

:.o \ / / 
:-0 Y / 

\ A\ 
': 1 \ 

•$ir'~Z^-—«— 

2a + 2b 

- - 2b 

2a 

!.._.. I 

1 

3 a + 3 b 1 

0 6 12 U 
Reaction Time ( h ) 

Fig. 1. Time-dependence of glucosidation of 1 with 
methanol in the presence of DCPS and silver methane­
sulfonate at 0 °G, plotted from the data of runs 1—5 
in Table 1 except the GG data for DGPS ( ). 

tetra- O-benzyl- D-glucopyranosyl moiety. 

aGOH + ROH + —R'4_»SiCln + 2R"S03Ag • 
n 

GOR + — -ERVnSiOn/aJfc + 2R"SOsH + 2AgCl 
nx 

0) 
T h e results are shown in Table 1 and Fig. 1. Yields 
are based on the amounts of the products obtained 
on column chromatography, in reference to the amount 
of 1 charged. In every case, self-condensation products 
identified as octa-0-benzyl-a,a- and -oc,ß-trehaloses (3a 
and 3b) and unchanged 1 were obtained on chro­
matography. 

Trea tment of 1 with DCPS and silver sulfonate 
without alcohol led to efficient self-condensations which 
can be described by Eq. 2, where G O G expresses the 
trehalose derivatives (3a and 3b) . 

2aGOH + (C6H5)2SiCl2 + 2R"S03Ag • 

GOG + —-E(G6H5)2Si037 + 2R"S03H + 2AgCl 

(2) 

Results are shown in Table 2. 
As shown in Fig. 1, DCPS was almost exhausted 

within 1 h and the amount of dimethoxydiphenylsilane 
(DMPS)1 1) hardly exceeded 6%. Siloxanes12) such as 
4 and 58»13) were detected by T L C throughout the 
reaction. 

A filtrate of the reaction mixture of DCPS and silver 
methanesulfonate was able to condense 1 with methanol 
to give 2a and 2 b as well as by-products 4 and 5. 
Trea tment of 4 with methanesulfonic acid in dichloro-
methane gave 2a and 2 b in 7 8 % yield, and 5 treated 
similarly gave 3a and 3 b in 74% yield. D M P S with 
methanesulfonic acid in dichloromethane also trans­
formed 1 into 2a and 2b in 6 3 % yield. Consequently, 
the scheme of glucosidation of 1 with methanol in Ù e 
presence of DCPS and silver methanesulfonate can 
be postulated as in Fig. 2, the bis(methylsulfonyloxy)-
diphenylsilane formed reacts with methanol and 1 to 

AqOS02Me 
DCPS > 

Ph /OSC^Me 
Si 

P h / N0S02Me 

DMPS 
U 

1, MeOH U >2a,2b 

5 -

n 
etc. 

3a,3b 

Fig. 2. A scheme of glucosidation of 1 with methanol 
in the presence of DGPS and silver methanesulfonate. 
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T A B L E 1. 

n 

2 

2 

2 

2 

2 

2 

2 
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4 

2 

2 

2 

2 

2 

Gl ucosidation of Tetra-O-benzyl-

GLUCOSIDATIONa> OF 

R ' 

Ph 

Ph 

Ph 

Ph 

Ph 

Me, 

Me 

Ph 

Ph 

— 

Ph 

Ph 

Ph 

Ph 

Ph 

Phc> 

R " 

Me 

Me 

Me 

Me 

Me 

Me 

Me 

Me 

Me 

Me 

Tole> 

Pnp f) 

Me 

Tole> 

Pnp f) 

-a-D-glucose 

TETRA-O-BENZYL-a-D-GLUGOPYRANOSE (1) 

Reaction 
time 
( h ) 

0 . 5 

1.5 

3 .0 

6 .0 

18.0 

3 .0 

3 .0 

3 .0 

3 .0 

3 .0 

3 .0 

2 .0 

3 .0 

3 .0 

3 .0 

2 ( 2 > - f 2 ( 2 7 ) b 

17 

29 

64b) 

83 

88 

43 

36 

21 

75 

73 

44 

73 

55 

31 

70 

Yield (%) 

(oc/ß) 

( 8/ 9) 

(11/18) 

(14/50) b> 

(20/63) 

(32/56) 

( 9/34) 

(10/26) 

( 9/12) 
(21/54) 

(23/50) 

(13/31) 

(18/55) 

(18/37) 

(12/19) 

(54/16) 

3 a + 3 b 

2 

4 

8b> 

7 

7 

8 

6 
— d ) 

8 

7 

2 

18 

28 

21 

21 

785 

1 

55 

39 

15b> 

8 

3 

45 

51 

58 

8 

11 

26 

8 

10 

34 

8 

a) Reactions were carried out in dichloromethane at 
Dichloromethylphenylsilane. d) Not determined, e) 

0 °G according to Eq. 1. b) Revised data of Ref. 
C6H4CH3(/>). f) C6H4N02(/>). 

6. c) 

TABLE 2. SELF-CONDENSATION*) OF TETRA-O-BENZYL-

a-D-GLUCOPYRANOSE (1) 

R" Temp 
(°c) 

Time 
( h ) 

Yield (%) 

3a + 3b (xocjocß) I 

GH 3 

G 6 H 4 N0 2 ( ^ ) 

GF3 

0 

0 

- 2 0 

6 .5 

4 . 5 

0 .33 

63 

80 

70 

(23/45) 

(39/41) 

(26/44) 

15 

12 

16 

a) Reactions were carried out in dichloromethane 
according to Eq. 2. 

generate a mixture of methanesulfonic acid and silox­
anes, such as DMPS, 4, and 5, the latters of which 
eventually produce the glucosides. Dimeric 1,3-dichlo-
ro-l,l ,3,3-tetraphenyldisiloxane was also effective for 
the glucosidation of this kind. This suggests that a 
part of the glucosidation is likely to proceed by way 
of oligosiloxanes structurally related to 4 and 5, which 
were actually detected in the reaction mixture. 

The role of the liberated acid is essential for the 
glucosidation, since no glucosides, but only siloxanes 
4 and 5, formed when a base such as pyridine was 
first added to the reaction mixture. 

An inefficient condensation of 1 and methanol with 
methanesulfonic acid alone proceeded to give 2a and 
2b in 12 and 1 3 % yields, respectively, indicating that 
the condensation of 1 and methanol with DCPS and 
silver methanesulfonate goes partly at least through 
a pathway i leading directly to 2b, as shown in Fig. 3. 
Tables 1 and 2 show that ratios of 2a to 2 b are mostly 
smaller than those of 3a to 3b, reflecting the idea that 
the less bulky methanol has more chances to take 
pathway i than the bulky 1 does.14) The decrease of 
the amount of 2b which accompanied the increase of 
that of 2a occurred during a longer reaction period, 
as seen in Fig. 1, obviously indicating that a par t of 
2 b is isomerized into 2a by the methanesulfonic acid 
generated. Actually, about 10% of 2 b was anomeriz-

Me 
(ii) W _ 

H0Si£ 

^ V* 

MeOY 

2b 

Y = H or Sie 

- H I = -OSn 

Ä 
OMe 

2a 

Fig. 3. Pathways of glucosidation of 1 with methanol 
in the presence of chlorosilane and silver sulfonate. 

ed with two equivalents of methanesulfonic acid in 
dichloromethane at 0 °C within 3 h. No appreciable 
amount of the ß,ß-isomer4) formed in the self-condensa­
tion reaction of 1, suggesting that the a-configuration 
of 1 was mostly retained during the condensation 
reaction. 

The results thus summarized in Table 1 allow the 
following remarks. Of the dichlorosilanes so far 
examined, DCPS was best for the glucosidation. The 
trends in the efficiency of the reaction appear to follow 
the order of stability of the siloxane15) to be formed. 

The efficiency of the reaction was also affected by 
the number, n. The order of the efficiency, 3—4> 
2 > 1 , roughly correlates with the relative ease of the 
hydrolytic formation of polysiloxanes.16) T h e high 
efficiencies favoring 2 b in the cases where w>2 could 
partly be attr ibutable to the direct pathway i in Fig. 3. 
The ratios of 2a to 2 b increased progressively with 
the larger n; this seems to imply a generation of the 
glucosyl cation as indicated by pathway ii. The 
remarkably low yield of the glucosides with a fair 
increase of the anomer ratio in R u n 8 may be due to 
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v-OBn 

BnoV^rVR l 

BnO ^ 2 

1 : R1 = H. R2 = OH 
2a: R U H , R2 = OMe 
2b: R^OMe, R2=H 
2'a: R ^ H . R2= OCh ' 
2 ^ : ^ = 0 0 1 , R2=H 

OBn 

3 n O - \ ^ " 0 \ 
BnOX^V^i 

B n 0 0 . .OMe 

Ph' Ph 
4 

^OBn OBn 
B n O - V ^ ° \ BnO-^^r-OBn 

BnO g o 0 B n 

^' 
9 BnO^J-^OBn Ph' > h 

3a: R ^ H . R2= L^^J^ 
£ OBn 5 

OBn 
, BnO^-^/ -OBn _ 

3b: tf = Z,O^J^ R2=h 
r OBn 

Bn = benzyl 
\ Ch = cyclohexyl 

Me = methyl 

Ph = phenyl 

a s ter ic effect c a u s e d b y t h r e e p h e n y l g r o u p s o n t h e 
si l icon a t o m r e t a r d i n g t h e f o r m a t i o n of t h e i n t e r m e d i a r y 
g lucosy l s i loxane w h i c h w o u l d afford t h e g lucos ides . 

S i lver a r enesu l fona te s w e r e also of use . T h e s t r o n g e r 
l i b e r a t e d ac id g a v e t h e g r e a t e r efficiency. T h i s w a s 
also o b s e r v e d in t h e se l f -condensa t ion of 1, as seen in 
T a b l e 2 . W h e n si lver t r i f l u o r o m e t h a n e s u l f o n a t e w a s 
used , t h e se l f -condensa t ion r e a c t i o n h a d p r a c t i c a l l y 
f inished after 2 0 m i n a t —20 °C . 

As m i g h t b e e x p e c t e d , t h e f o r m a t i o n of se l f -condensa­
t ion p r o d u c t s b e c a m e s igni f icant in t h e g l u c o s i d a t i o n 
of 1 w i t h less r e a c t i v e c y c l o h e x a n o l , as s h o w n in T a b l e 
1. T r e a t m e n t w i t h silver /> -n i t robenzenesu l fona te a n d 
D C P S y i e lded mos t ly 2 ' a , a g r e e i n g w i t h t h e fact t h a t 
2 ' b is less r e s i s t an t t h a n 2 b t o a n o m e r i z a t i o n b y acid . 1 7 ) 

F i n a l l y , it s h o u l d b e m e n t i o n e d t h a t c rys t a l l ine bis-
( /> -n i t ropheny l su l fony loxy)d ipheny l s i l ane (6) w a s suc­
cessfully used as a r e a g e n t for g l u c o s i d a t i o n of 1 in a 
d i r e c t fashion :18) a m i x t u r e of 1, m e t h a n o l , a n d 6 
in d i c h l o r o m e t h a n e fu rn i shed t h e g lucos ides , 2 a a n d 
2 b , in 71 % yie ld , f avo r ing t h e l a t t e r . 

G 6H 5 X / O S O 2 C 6 H 4 N O 2 ( / 0 
Si 

G 6 H 5 / \ O S 0 2 C 6 H 4 N 0 2 ( / > ) 

E x p e r i m e n t a l 

Instruments used are the same as those previously de­
scribed,9) except for a DIP-180 ( J a p a n Spectr.) for optical 
rotation. 

Each aliquot of the reaction mixture was diluted with 
benzene, and powdered N a H G 0 3 was added before ap­
plication to T L G (silica gel No. 7731 (Merck)) . Two kinds 
of solvent systems, consisting of benzene and butanone (sol­
vent A) and of hexane and ethyl acetate (solvent B), were 
used for column chromatography (silica gel (Kanto Kagaku) ) , 
and each fraction was examined by T L G . GLG was carried 
out by a F6-D (Hitachi Perkin-Elmer) : 10% Silicone SE-30 
on Ghromosorb W A W H M D S (80—100 mesh), 3 m m X 
1 m (U-tube) , 165 °G, 30 ml/min N2 . 

Predistilled solvents and alcohols were stored over molec­
ular sieves (Linde 3A). Silanes were distilled before use. 
Compound l,19) whose G-13 N M R in GDG13 showed a 
single peak at 91.2 ppm, and silver sulfonate prepared from 

silver carbonate (Wako) and an appropriate sulfonic acid 
(Tokyo Kasei) were kept in vacuo over P 2 O s . Experiments 
were carried out at 0 °G, unless otherwise stated. 

A General Procedure for the Preparation of 2(2'')a and 2(2')b 
(Eq. 1). T o a mixture of 1 (0.33 mmol) with alcohol 
(0.33 mmol) and silver sulfonate (0.67 mmol) in dichloro­
methane (0.9 ml) , chlorosilane (0.67/w mmol, stated by Eq. 
1) was added with stirring at 0 °G. The mixture was then 
diluted with benzene and an excess of N a H G O s was added 
with stirring. T h e filtrate was evaporated and chrmato-
graphed over silica gel. Yields were based on the weight of 
fractions after removing the solvent and were reproducible 
within 5 % . Reaction conditions and results are summarized 
in Table 1. 

Methyl 2,3,4,6-Tetra-O-benzyl-oc- and -ß-T>-glucopyranosides 
(2a and 2b). A mixture of 1 (180 mg) , methanol 
(14(JL1), silver methanesulfonate (136 mg), and DGPS (69 \L\) 
in dichloromethane (0.9 ml) was stirred for 3 h. The proces­
sed mixture of products was chromatographed. After elution 
of 4 and 5 (Rf=0.75 and 0.67, solvent A (40 : 1), respectively) 
with solvent A (80 : 1), 2b, 2a, and then 3 a {Rf=0.55, 0.45, 
and 0.40, solvent A (40 : 1)) were eluted with solvent A 
(40 : 1), followed by the elutions of 3 b (Rf=0.30, solvent 
A (40 : 1)) with solvent A (20 : 1) and of 1 with solvent 
A (10 : 1 ). O n recrystallization from hexane, 2b was obtain­
ed as colorless needles : 92 mg (50%), m p 74—75 °G, [a]2D° 
+ 14° (c 1.0, dioxane) [lit,20) m p 68—69 °G, [a]2

D° + 1 1 ° (c 
5.3, dioxane)] . F o u n d : G, 75.20; H , 6.92%. Galcd for 
G 3 5 H 3 8 0 6 : G, 75.79; H , 6.90%. Syrupy 2a (26 mg, 14%) 
had a N M R spectrum (GDG13)21) identical with that of 
2a20) prepared from methyl a-D-glucopyranoside. Syrupy 
3a (6 mg, 3%) had an Rf value identical with that of 3a 
prepared from a,a-trehalose. O n recrystallization from 
hexane, 3 b was obtained as colorless needles : 9 mg (5%) , 
m p 100—101 °G, with an I R spectrum (KBr) identical 
with that of 3 b prepared as noted below. Crystalline 1 
(27 mg, 15%) was recovered. 

Glucosidation by the Filtrate of the Reaction Mixture of DCPS 
and Silver Methanesulfonate. A mixture of silver meth­
anesulfonate (149 mg, 2.2 eq.) and DGPS (76 (JLI, 1.1 eq.) in 
dichloromethane (1.8 ml) was stirred for 2 h. Then the 
resulting mixture was filtered onto 1 (180 mg) kept in a 
cooling bath . Methanol (14(JL1, 1 eq.) was immediately 
added and the resulting mixture was stirred for 3 h to give 
2a (28 mg, 15%) and 2b (23 mg, 17%). Fractions contain­
ing 4 and 5 were eluted prior to the appearance of 2a and 
2b on the chromatography. 

Evaporat ion of the solvent from the above-mentioned 
filtrate (NMR(GH2G12)(5=3.05 (s, GH3S03Si)2 2)) gave a 
clear syrup, which rapidly turned into a white paste in air. 

Glucosidation with DCPS and Methanesulfonic Acid. 
Trea tmen t of a mixture of 1 (180 mg) , methanol (14(JL1, 
1 eq.) , and DGPS (69 [i\, 1 eq.) in dichloromethane (0.9 ml) 
with methanesulfonic acid (1.0—2.0 eq.) for 3 h gave 2a 
and 2b. T h e following data were obtained : [the acid used, 
2a, 2b] 22 pd (1.0 eq.) , 13 mg (7%) , 24 mg (13%) ; 33 ^1 
(1.5 eq.) , 22 mg (12%), 37 mg (20%) ; and 4 4 ^ 1 (2.0 eq.), 
32 mg (17%), 46 mg (25%). 

Glucosidation with DMPS and Methanesulfonaic Acid. A 
mixture of 1 (180 mg) and D M P S (38 (jd, 1 eq.) in dichloro­
methane (0.9 ml) was treated with methanesulfonic acid 
(44 (jd, 2eq . ) to afford 2a (44 mg, 24%) and 2b (72 mg, 
3 9 % ) , after 3 h. 

Glucosidation with Methanesulfonic Acid. A solution of 
1 (180 mg) in dichloromethane (0.9 ml) containing methanol 
(14 (jd, 1 eq.) was treated with methanesulfonic acid (44 (JLI, 
2 eq.) for 3 h to give 2a (22 mg, 12%) and 2b (24 mg, 13%). 
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Glucosidation with Bis (p - nitrophenylsulfonyloxy) diphenylsilane 

(6). A mixture of silver /?-nitrobenzenesulfonate (51.5 
mg) and DGPS (18 (JLI) in acetone (0.5 ml) was stirred at 
27 °G for 1 h. Filtration and evaporation gave 6 : hygro­
scopic prisms, m p 98—101 °G, I R (KBr) 1435 (G6H5Si),23) 
1520, 1365 c m - 1 ( N 0 2 ) . Found : N, 4 .44%. Galcd for 
G2 4H2 8N2O1 0S2Si: N, 4 .77%. 

A mixture of 1 (90 mg) and 6 (98 mg) in dichloromethane 
(0.9 ml) and methanol (7 \L\) was stirred. /?-Nitrobenzene-
sulfonic acid soon deposited. After 3 h, the reaction mixture 
was diluted with benzene, filtered, and chromatographed 
to give 2a (11.1 mg, 14%), 2 b (54.2 mg, 5 7 % ) , 3 a + 3 b 
(14.3 mg, 16%), and 1 (8.5 mg, 9%) . 

Glucosidation with 1,3-Dichloro-1, / ,3,3-tetraphenyldisiloxane^ 
and Silver p-Nitrobenzenesulfonate. A mixture of 1 (90 mg), 
the siloxane (75 mg), and silver /?-nitrobenzenesulfonate 
(103 mg) in dichloromethane (0.45 ml) and methanol (7 (JLI) 
was stirred for 3 h to give 2a (17 mg, 18%), 2 b (35 mg, 
38%) , 3 a + 3 b (18 mg, 2 0 % ) , and 1 (4 mg, 5%) . 

Conversion of 4 into 2a and 2b with Methanesulfonic Acid. 
A solution of 4 (47 mg) in dichloromethane (0.24 ml) was 
treated with methanesulfonic acid (8.2 \L\, 2 eq.) for 3 h to 
give 2a (8.3 mg, 24%) and 2 b (19 mg, 5 4 % ) . 

Anomerization of 2b with Methanesulfonic Acid. A 
mixture of 2 b (46 mg) and methanesulfonic acid (11 (JLI, 
2 eq.) in dichloromethane (0.23 ml) was stirred for 3 h to 
give 2a (4.7 mg, 10%) and 2 b (36.5 mg, 79%) . 

Cyclohexyl 2,3,4,6-Tetra-O-benzyl-a- and -ß-D-glucopyranosides 
(2'a and 2'b). A mixture of 1 (180 mg) , cyclohexanol 
(35 (JLI), silver methanesulfonate (136 mg), and DGPS (69 (JLI) 
in dichloromethane (0.9 ml) was stirred for 3 h. The proces­
sed mixture of products was chromatographed. After elution 
with the solvent A (80 : 1), a mixture of 2 ' a and 2 ' b ap­
peared with solvent A (40 : 1), followed by 3a and 3 b (49 mg, 
28%) with solvent A (20 : 1), and unchanged 1 (18 mg, 
10%) with solvent A (10 : 1). The mixture of 2 ' a and 2 ' b 
was separated by chromatography with solvent B ( 3 : 1 ) 
to afford 2 ' b and then 2 'a . O n recrystallization from di-
isopropyl ether, 2 ' b was obtained as colorless needles : 77 mg 
(37%), m p 104—105 °G, [a]2D° +8°{c 1.0, GHG13). Syrupy 
2 'a (38 mg, 18%), [a]2D° +43°(<: 1.0, GHG13), showed a N M R 
spectrum identical with that of 2 ' a prepared in the alternative 
fashion described below. Found : for 2 'a , G, 76.74; H, 
7.25%. For 2 'b , G, 77.17; H , 7.64%. Galcd for G 4 0 H 4 6 O 6 : 
G, 77.14; H , 7.45%. 

Alternative Synthesis of 2'a. A mixture of cyclohexyl 
2,3,4,6-tetra-O-acetyl-a-D-glucopyranoside25) (92 mg), K O H 
(260 mg), and benzyl chloride (3 ml) was heated at 110 °G 
for 5.5 h. Filtration and evaporation gave a yellow syrup 
which was chromatographed over silica gel. After one 
elution with solvent A (100 : 1), another with solvent A 
( 4 0 : 1 ) furnished 2 'a (73 mg, 6 0 % ) , [a]2D° + 4 1 ° (c 2.3, 
GHG13). Found : G, 76.14; H , 7 .25%. Galcd for G 4 0 H 4 6 O 6 : 
G, 77.14; H , 7.45%. 

Octa-0-benzyl-a,oc- and -oc,ß-trehaloses (3a and 3b). To 
a stirred mixture of 1 (180 mg, 0.33 mmol) and silver meth­
anesulfonate (64 mg, 0.03 mmol) in dichloromethane (0.9 ml) , 
DGPS (35 (JLI, 0.17 mmol) was added ; the resulting mixture 
was stirred for 6.5 h. The processed mixture of products 
was chromatographed. After one elution with solvent A 
(80 : 1), 3a was eluted again with solvent A (40 : 1). 
Further elution with solvent A (20 : 1) gave 3 b . 3a was 
colorless syrup, 41 mg, (23%), [a]2D° + 8 4 ° (c 1.0, CHC13), 
having a N M R spectrum identical with that of the sample 
prepared as given below. O n recrystallization from hexane, 
3 b was obtained as colorless needles : 80 mg (45%), m p 
100—101 °G, [a]2D° + 5 2 ° (c 1.0, GHG13); its I R and N M R 

spectra were identical with those of the sample prepared as 
given below. 

Hydrogénat ion of syrupy 3a over Pd-black in a mixture 
of aq ethanol and dioxane containing acetic acid, followed 
by heating with acetic anhydride and sodium acetate, gave 
octa-0-acetyl-a,a-trehalose: m p 94—97 °G, [a]2

D° + 1 6 3 ° (c 
1.0, GHGI3) [lit,26> m p 98—100 °G, [a]2

D
2 + 1 6 0 ° (c 1.0, 

GHGI3)]. Found : G, 49.26; H, 5.57%. Galcd for 
C 2 oH 3 8 0 1 9 : G, 49.56; H , 5.60%. Similar t reatment of 3 b 
gave octa-O-acetyl-a,/?-trehalose: m p 138—140 °G, [a]2

D° 
+ 78° (c 1.0, GHGI3) [lit,26> m p 140—142 °G, [a]2

D
2 + 8 4 . 5 ° 

(c0.68, GHGI3)]. Found : G, 49.54; H , 5 .65%. Galcd for 
G 2 0H 3 8O 1 9 : G, 49.56; H , 5.60%. 

React ion conditions and results of analogous self-condensa­
tions of 1 stated by Eq. 2 using other silver sulfonates are 
shown in Table 2. 

Conversion of 5 into 3a and 3b with Methanesulfonic Acid. 
A solution of 5 (156 mg) in dichloromethane (0.78 ml) was 
treated with methanesulfonic acid (19 (JLI, 1 eq.) for 4 h to 
afford 3 a (20 mg, 22%) and 3 b (67 mg, 5 1 % ) . 

Alternative Synthesis of 3a. Crystalline a,a-trehalose 
dihydrate (Wako, 96.3 mg) was dried in vacuo at 90 °G and 
then heated with benzyl chloride (0.9 ml) , crushed K O H 
(0.71 g), and Drierite (0.7 g) in iV,iV-dimethylformamide 
(1 ml) at 60 °G for 5 h. After filtration and evaporation, 
chromatography over silica gel with solvent A (gradient, 
80 : l ->40 : 1) afforded 3 a (151 mg, 5 6 % ) , [a]2

D° + 8 8 ° (c 
1.3, GHGI3). Found ; G, 76.42; H , 6 . 6 1 % . Galcd for 
G 6 8 H 7 0 O n : G , 76 .81; H , 6.64%. 

Alternative Synthesis of 3b. A mixture of acetobromo-
glucose (94 mg) , 1 (108 mg) , Hg(GN) 2 (50 mg) , and HgBr2 

(72 mg) in ni t romethane (1 ml) was stirred at room 
temperature for 70 h. T h e product ( 132 mg) was treated 
with sodium methoxide (10 ml, 0.02 M) and then benzylated 
with benzyl bromide (0.25 ml) in iV,iV-dimethylformamide 
(0.5 ml) in the presence of BaO (0.2 g) and B a ( O H ) 2 - 8 H 2 0 
(0.1 g).2 7 ) After removal of insoluble material by filtration 
and evaporation in vacuo at 98 °G, the residue obtained was 
chromatographed over silica gel with solvent A (gradient, 
100 : 1—>30 : 1) to give 3 b (69 mg, 3 2 % ) . Recrystallization 
from hexane afforded 3 b : Colorless needles, m p 100—101 °G, 
[a]3

D° + 5 3 ° (c 1.4, GHGI3). Found : G, 76.93; H , 6.62%. 
Galcd for G 6 8 H 7 0 O n : G, 76 .81; H, 6 .64%. 

Methoxydiphenyl (2,3,4,6 - tetra - 0-benzyl-a-T>-glucopyranosyloxy) -
silane (4) and Bis(2,3,4,6-tetra-0-benzyl-oc-T>-glucopyranosyloxy)-
diphenylsilane (5). A mixture of 1 (180 mg, 0.33 mol), 
pyridine (93 (JLI, 0.67 mmol) , silver /?-toluenesulfonate (186 
mg, 0.67 mmol) , and DGPS (69 fxl, 0.33 mmol) in 1,2-
dichloroethane (0.9 ml) was stirred at 0 °G for 1 h. 
Methanol (14 (xl, 0.33 mmol) was then added to the mixture. 
After stirring for 3 h, the mixture was treated with an excess 
of sodium acetate, filtered, evaporated, and then chromato­
graphed over silica gel. After one elution with benzene, 
another with solvent A (100 : 1) gave 4 as a syrup: 53 mg 
(24%) , [a]2

D° + 4 7 ° (c 0.9, GHG13), I R (film) 1422 c m - 1 

(G6H5Si),23) N M R (GDGI3) 0 = 3.61 (3H, s, O G H 3 ) , 5.48 
(1H, d, anomeric H, J=3.2 Hz) , 7.1—7.5 (phenyl), and 
7.6—7.8 (4H, m, H's ß to Si in =Si(C6H5)2.28) Found : 
G, 74.86; H, 6 .44%. Galcd for G 4 7 H 4 8 0 7 Si : G, 74.97; 
H , 6 .43%. 

Elution with solvent A (80 : 1 ) gave 5 as a syrup : 74 mg 
(35%), [a]2

D° + 6 4 ° (c 1.0, GHG13), IR(film) 1432 c m - 1 

(G6H5Si),23) NMR(GDG13) <5 = 5.54 (1H, d, anomeric H, J= 
3.0 Hz) , 7.0—7.4 (phenyl), and 7.6—7.8 (2H, m, H's ß 
to Si in =Si(C6H5)2

2 8)) . Found : G, 75.55; H , 6.34%. 
Galcd for G8 0H8 0O1 2Si: G, 76.16; H , 6 .39%. 

Isolation of Hexaphenylcyclotrisiloxane. T h e mixture of 
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R u n 3 was poured onto a column of silica gel, and eluted 
with benzene. O n evaporation, crystals were obtained 
(28 mg, 4 3 % ) , m p 188—189 °G, [lit,29) 190 °G], whose 
IR(KBr) 3 0 ) was identical with that of a sample prepared 
by the known procedure.29) 

Examination of Volatile Components in the Reaction Mixture 
of Run 3. Aliquots of the supernatant were injected into the 
GLG-appara tus without quenching to give the da t a : ([re­
action time, D M P S (3.8 min) , DGPS(4.4 min)] 8 min, 3 % , 
7 4 % ; 15 min, 5 % , 4 8 % ; 45 min, 6%, 2 0 % , and 60 min, 
4 % , 10%. 

Examination of the Fractions Containing Siloxanes.31) The 
reaction mixture of R u n 2 (1, 180 mg) quenched with excess 
benzene and powdered N a H G 0 3 was poured onto a column 
of silica gel, which was eluted with solvent A (100 : 1) to 
give a syrup (94 mg) . Rechromatography with solvent B 
(gradient, 100 : 1—> 10 : 1) afforded three fractions: A, B, 
and G. T h e fastest-moving fraction A (19 mg) was a mix­
ture (ca. 1 : 2) of 4 (NMR(GG14) (5=3.57 (s, OGH 3 ) ) and 
1 -methoxy-3- (2,3,4,6-tetra - O - benzyl -a-D-glucopyranosyloxy) -
1,1,3,3-tetraphenyldisiloxane (NMR(GG14) (5=3.45 (s, O G H 3 ) , 
5.40(d, anomeric H , J=4 Hz) , overlapping to that of 4) . 
Fraction B (23 mg) had a N M R spectrum consistent with 
the structure of l,5-bis(2,3,4,6-tetra-0-benzyl-a-D-glucopyra-
nosyl) -1,1,3,3,5,5-hexaphenyl trisiloxane ( N M R (GG14) ô= 
5.23 (d, anomeric H , J = 4 Hz) , 7.5—7.7 (6H, m, H's ß to 
Si in =Si(C6H5)2

28>). T h e slowest-moving fraction G (13 
mg) was a mixture of (1 : 1) of 5 (NMR(GG14) (5=5.47 
(d, anomeric H , J = 4 Hz)) and l,3-bis(2,3,4,6-tetra-0-
benzyl - a - D- glucopyranosyloxy ) -1 ,1 ,3 ,3- tetraphenyldisiloxane 
( N M R (GG14) (5=5.23 (d, anomeric H, J = 2 Hz) , 7.5—7.7 
(m, H's ß to Si in =Si(C6H5)2

28>). 

W e t h a n k t h e T o r a y S i l i cone Go. for t h e gifts of 
s i lanes . 
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from 2,3-Diazidonaphthalenes. Direct Observation by 

Low-temperature and Flash Photolysis 
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The photolysis of 2,3-diazidonaphthalene (3a) in a rigid matrix at 77 K gave the product having absorption 
bands in the 400—500 nm region, which has been assigned as a,co-dicyano-o-xylylene (2a) by use of another pre­
cursor l,2-dicyano-l,2-dihydrobenzocyclobutene. 2a has been also observed by the flash photolysis of 3a in 
fluid solution at room temperature, and the lifetime in methanol at 20 °G was 62 s. The dominating factor in 
the lability of 2a was the rigidity of the medium rather than the temperature. The reaction mechanism for the 
formation of 2a from 3a has been proposed as a monophotonic process involving the attack of the nitreno group 
on the azido group at the ortho position. Similarly, direct observations of a,co-dimethoxy- and a,co-diacetoxy-
a,a>-dicyano-o-xylylenes have been given from 1,4-dimethoxy- and l,4-diacetoxy-2,3-diazidonaphthalenes re­
spectively. 

o-Xylylene (o-quinodimethane, 1) and the wide 
variety of derivatives have evoked theoretical and 
experimental interest.2-13) The reactive species have 
been proposed as intermediates in a number of re-

(3c). 

1 2 

actions. In the thermal decomposition of 2,3-diazido-
naphthalenes (3) to give l,2-dicyano-l,2-dihydrobenzo-
cyclobutenes (4), the a,w-dicyano-o-xylylenes (2) have 
been considered intermediates. Flash pyrolysis in 
the vapor phase of 3a has been reported to yield 
frtfTW-l^-dicyano-1,2-dihydrobenzocyclobutene in 5 5 % 
yield,14) and the thermolysis of 3b in refluxing o-
dichlorobenzene has given the trans- and cis-1,2-
diacetoxy - 1,2 - dicyano - 1,2 - dihydrobenzocyclobutenes 
( 2 3 % and less than 3 % yields, respectively),15) possibly 
through the intermediate 2. 
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The a,co-dicyano-o-xylylene (2a), which is a simple 
derivative of 1, would itself be of interest since it has 
not been observed directly and there is the possibility 
that the dicyano substituents might stabilize the o-
xylylene system sufficiently to allow isolation. In the 
course of the work on the low-temperature photo­
chemistry of aromatic diazido compounds, the forma­
tion of 2a was observed in the photolysis of 3a in rigid 
matrices at low temperatures. T h e present paper 
reports the direct observation of 2a by matrix isolation 
and flash photolysis, and the mechanism of the low-
temperature photochemical reaction of 3a, together 
with two derivatives l,4-diacetoxy-2,3-diazidonaphth-
alene (3b) and 2,3-diazido-l,4-dimethoxynaphthalene 

R e s u l t s and D i s c u s s i o n 

Low-temperature Photolysis. In the thermal reac­
tions of 3 mentioned above, the evidence for dicyano-o-
xylylene had been indirect, based on speculation from 
the final products. No study on the photolysis of 2,3-
diazidonaphthalenes has been reported. The photo­
lysis of 3a in methanol or hexane at room temperature 
did not yield any trace of the expected 1,2-dicyano-
1,2-dihydrobenzocyclobutenes, as distinct from the 
thermolysis. In view of the reactivity of o-xylylenes, 
matrix isolation and flash photolysis techniques ap­
peared appropriate for the direct observation of 2. 

A rigid glassy solution of 3a in EPA was irradiated 
at 77 K with a high-pressure mercury lamp with a 
Toshiba UV-D2 filter (transmission in the 300—400 nm 
region), and the low-temperature photochemical reac­
tion was followed by absorption spectroscopy. With 
an increase in irradiation, new absorption bands in the 
400—500 n m region were observed as shown in Fig. 1. 
The melting of the glassy solution containing the 
photoproduct having the new absorption bands to 
room temperature resulted in the disappearance of 
the absorption bands. The photoproduct showed 
strong fluorescence (Amax 485 and 506 nm) similar to 
the parent o-xylylene and the spectral shape was in­
dependent of the excitation wavelength. T h e excita­
tion spectrum followed the shape of the absorption 
band and was independent of the monitoring wave­
length. Therefore, it has been suggested that all of the 
absorption curve, at least below 35000 c m - 1 , belongs 
to one photoproduct. 

O n the prolonged irradiation of 3a, the corresponding 
1,2-dihydrobenzocyclobutene derivatives were not 
obtained, while Flynn and Michl2) reported that upon 
strong irradiation the 373 nm band of the photoproduct 
1 was replaced by the U V absorption spectrum of 
1,2-dihydrobenzocyclobutene. After melting of the 
glassy solution containing the 400—500 nm bands, no 
azido group was detected among the reaction products 
while cyano groups were detected by I R spectroscopy. 
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Absorption spectrum of 3a in EPA at 77 K 
before ( ) and after ( ) irradiation. 
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Fig. 2. Absorption ( ), excitation 
emission ( ) spectra 

( ), and 
of 2a in EPA at 77 K. 

Excitation and emission spectra are not corrected for 
instrument response (arbitary scale). 

T h e identity of 2a for the transient absorption was 
shown by the photolysis of another precursor. The 
irradiation of £raw,y-l52-dicyano-l52-dihydrobenzocyclo-
butene (5) with a low-pressure mercury lamp (253.7 
nm) in EPA at 77 K gave a spectrum similar to that 
obtained in the low-temperature photolysis of 3a.16) 
Moreover, the behavior on warming to room temper­
ature and the fluorescence spectrum were consistent 
with that observed for 3a. Thus , the transient absorp­
tion has been assigned to the expected 2a. 
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T h e conversion of 5 to 2a was considerable compared 
with that of 1,2-dihydrobenzocyclobutene to 1.17> 
Upon irradiation of a rigid solution of 5 (10~ 4 M) in 
EPA at 77 K (15 W low-pressure mercury lamp) , the 
conversion to 2a was virtually complete after 1 h. 
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Absorption spectra of 5 in EPA at 77 K before 
) and after ( ) irradiation. 

These results which have been attributed to the dicyano 
substituents are consistent with the fact that 2a was 
not converted to 5 in the matrices upon continued 
irradiation, as mentioned previously. 

The spectral shifts compared with 1 can be explained 
in terms of the substitution of the two cyano groups 
conjugated with the o-xylylene system. The absorption 
of 2a is shifted by about 50 n m to a wavelength longer 
than that of the parent o-xylylene, which absorbs at 
313—417 nm.2) In the case of ôr ,âr- l ,4-dicyano-l ,3-
butadiene (Amax 258, 268 nm) and butadiene (Amax 

217 nm) , a similar shift was observed. 
The assignment for 2a is further supported by the 

following results. Previously the formation of cis,cis-
l ,4-dicyano-l,3-butadiene (7) by the photolysis of 1,2-
diazidobenzene (6) as well as the results of thermal 
reactions has been established,18»19) the photolysis of 

A/N, 
I II 

6 

hv ^ G N 

EPA, 77K ^ / G N 

7 

6 in a rigid matrix at 77 K being quantitative. 
In a low-temperature matrix 7 was not converted to 
cyclobutenes on prolonged irradiation, whereas the 
cyclization of 7 proceeded readily in fluid solution 
at room temperature. 

In the case of the two derivatives 3 b and 3c, the 
appearance of photoproducts could also be observed 
by the absorption spectra in the 400—500 nm region. 
Furthermore, the photoproduct from 3c exhibited strong 
fluorescence in the 500—600 nm region (Amax 540 nm), 
such as 2a. In the low-temperature photolysis of 
3 b in a rigid matrix the photolysis differed from the 
others. After the expected 2b was generated as a 
primary photoproduct, some secondary reactions 
proceeded at considerable rate as shown in Fig. 4. 
Among the secondary photoproducts the corresponding 
1,2-dihydrobenzocyclobutene derivatives (4b) were not 
detected. Details of the secondary reactions will be 
reported in a separate paper. 

Although the stereochemical constitutions of 2 have 
not been unambigously established, three stereoisomers 
2(Z,Z) , 2(E,E), and 2{Z,E) of a,co-dicyano-o-xylylenes 
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Fig. 4. Absorption spectra of 3b 
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isomer generated in the photolysis of 3a was ex­
clusively 2 (Z ,Z) , from an analogy to the photolysis 
of 6 where the photoproduct 7 was assigned as the 
cis,cis-isomer by comparison with an authentic sample. 
The isomer of 2a generated in the photolysis of 5 
is presumed to be 2(Z,E) from a consideration of 

the orbital symmetry. T h e whole spectra of 2a 
generated from 3a and 5 are consistent with each other 
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as shown in Figs. 1 and 3. However, there is a slight 
difference observed in the longest absorption maxima, 
i.e., the isomers generated from 3a and 5 have absorption 
bands at 458 and 454 n m respectively (Table 1). This 
spectral shift could be explained in terms of the dif­
ferent configurations, as reported in the case of a,co-
diphenyl-0-xylylenes by Quinkert and coworkers.96) 

T A B L E 1. ABSORPTION MAXIMA OF a, CO-DIGYANO-O-

XYLYLENES BY PHOTOLYSIS AT 77 K 

Reactant Solvent 
Absorption maxima (nm) 

(>400nm) 

3a 

5 

3b 

3c 

EPA (5:5:2) 
3MP-IP (1:4) 

EPA (5:5:2) 
3MP-IP (1:4) 

EPA (5:5:2) 
3MP-1P (1:4) 

EPA (5:5:2) 
3MP-IP (1:4) 

432, 458 
427 (broad) 

432, 454 
427 (broad) 

425, 448 
425 

452 
450 

Temperature and Rigidity Dependence of the Stability of 2. 
The dicyano-0-xylylenes formed in rigid matrices at 
77 K are indefinitely stable under these conditions 
but as yet have been isolated at room temperature. 
In order to study the stability and the conditions for 
the isolation of 2a, the photolyses of 3 were conducted 
in media of different viscosities at various temperatures. 
In the photolysis at 77 K the matrices dependence 
was not observed in such glassy solvents as e ther-
isopentane-ethanol (EPA, 5 : 5 : 2), isopentane-3-
methylpentane ( I P - 3 M P , 4 : 1, 3 : 1, 1 : 1, 1 : 3, 1 : 4), 
3-methylpentane (3MP), or methylcyclohexane-
isopentane ( M G H - I P , 1 : 3 ) matrix, which showed a 
viscosity ranging from 102 to 101 0Pas.2 0) Although 
the shape of the absorption bands in the 400—500 n m 
region was slightly different, the rates of formation of 
2a were virtually similar. 

Figure 6 shows the absorption spectra of 3a irradiated 
in 3 M P - I P (1 : 4) (8 min, 500 W high-pressure mercury 
lamp, Toshiba UV-D2 filter, several temperatures). 
At 100 K, although the spectral shape was considerably 
different from that generated at 77 K, the concentration 
of 2a was deduced to be 60—70 % compared with that 
generated at 77 K. At 170 K, 2a was no longer detect-
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Fig. 6. Absorption spectra of the photoproducts of 3a 
in 3MP-IP (1 :4 ) by irradiation at several temper­
atures. 

able by fluorescence spectroscopy and therefore the 
small peaks of the absorption spectra at 170 and 293 K 
in the 400—500 n m region are not ascribable to 2a. 

T h e photolysis of 3a in a glycerol matrix at 180 K 
(viscosity; 1012 Pa s20)) gave 2a quantitatively and it 
was indefinitely stable in this medium. Figure 7 shows 
the libility of 2a plotted against the rise in temperature. 
The change in the absorbance of 2a5 formed by the 
photolysis in rigid matrices (3MP and M G H - I P ) at 
77 K, was monitored at 432 n m with an increase in 
temperature allowing the matrices to grow warmer. 
The difference in lability of 2a on 3 M P and M G H - I P 
(1 : 3) matrices may be explained in terms of the 
rigidity of the medium, since the former had a higher 
viscosity than the latter (3MP : 9.4 x 1010 Pa s at 77 K, 
3.0 X 109 Pa s at 87 K ; M G H - I P : 1 x 102 Pa s at 89.5 
K).20) T h e appreciable decrease in absorbance began 
at 100 K in M G H - I P and at 120 K in 3MP, and 
the viscosities at these temperatures were estimated to 
be about 1 Pa s in both media from the literature.21) 

Thus, it has been concluded that the rigidity of the 
medium is a dominating factor for the isolation of 2a. 

Flash Photolysis. Flash photolysis showed the 
presence of 2 in fluid solution at room temperature. 
T h e absorption spectra of 3a ( 4 x 10~5 M) in methanol 
after flash photolysis at 293 K are shown in Fig. 8. 
These spectra are consistent with those obtained by 
low-temperature photolysis although the fine structures 
have disappeared. T h e lifetimes of 2a and 2c in 
methanol at 293 K were 62 s (monitored at 432 nm) 
and 33 s (monitored at 455 nm) respectively. The 
final photoproducts by room-temperature photolysis 

80 100 120 140 160 180 

Temperature (K) 

Fig. 7. Change in the absorbance at 432 nm of 
with temperature. Temperature-rise time : ca, 
(77—110 K) and ca. 4 min (110—180 K). 

2a 
5 min 

Wavelength (nm) 

Fig. 8. Absorption spectra of 3a in methanol at 20 °G 
before ( ) and after ( ) flash photolysis. 

were not l,2-dicyano-l,2-dihydrobenzocyclobutenes as 
reported above, and the decay of 2a did not exhibit 
first-order kinetics. A detailed description of the kine­
tic study of 2 will be presented in a separate paper 
together with the reactivity of 2. The decay of 2b 
after the flash photolysis of 3 b was complicated, and 
the monitoring of the transient (2b) was difficult since 
the absorption bands of the secondary photoproducts 
interfered with those of 2b . 

Reaction Mechanism. Although the photochem­
istry of azido compounds has been the subject of con­
siderable interest, little is known about the photochem­
ical reactions of vicinal diazido compounds. In the 
photolysis of 3 which results in the formation of 2, 
it is of interest to examine whether the two neighboring 
azido groups participate with each other, whether the 
two azido groups are decomposed by a single quantum 
or the photolysis proceeds in two separate steps, and 
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whether the mononitrene and/or the dinitrene are 
included as intermediates. The low-temperature reac­
tion mechanism of 3 has been investigated by a com­
parison with the preliminary results of 1,2-diazidoben-
zene.18) 

The photolysis of 6 in a rigid matrix at 77 K yielded 
l,4-dicyano-l,3-butadiene (7) in one step, i.e. no inter­
mediate was observed in the process from 6 to 7 by 
the absorption spectra. The spectral change by ir­
radiation at low temperature was quite similar to 
that in the fluid solution at room temperature. 
Moreover, the dependence of the formation rate of 
7 on the incident-light intensity showed a monophotonic 
process. These results exclude the following reaction 
mechanism which is a biphotonic process involving 
the stepwise loss of nitrogen. This is distinct from 
the mechanism which is a biphotonic process involving 
the mononitrene and the dinitrene as in the case of 
1,4-diazidobenzene.22'23) 

A/N, 
\ / \ N 3 -N, \ / \ N 3 -*2 X / ^ N 

The possibility that the two azido groups were 
simultaneously decomposed by a single photon was 
excluded by comparison with the results of 1,4-diazido-
benzene22 '23) and 2,2'-diazidobiphenyls.24) Only one 
of the two azido groups was decomposed by a single 
photon. I t is well known that nitreno groups located 
ortho to groups with a,ß-unsaturation undergo cycliza-
tion to give five-membered hetero cyclic rings, as 
observed in the decompositions of 2-azidonitroben-
zene25> and 0,o'-diazidoazobenzene.26'27> Thus, the 
intermediate such as 9 appears to be the result of 
nitreno groups on azido groups. T h e intermediate 
9 would be readily converted to 7 via 10 at room 

*» A / N 
—>l II 
- N 2 X / ^ N a 

8 

A ^ N x + _ 
| | N=N V ^ N . 

10 

temperature or 77 K by the consecutive homolytic 
cleavage of the nitrogen-nitrogen bonds and the 
carbon-carbon bond in a nonphotonic process, since 
the elimination of nitrogen from 9 is exothermic.28) 

An at tempt has been made to establish the spin 
states of the intermediates. In the room-temperature 
photolysis of methanol solutions of 6 ( 2 x l O ~ 4 M ) 
involving 1,3-pentadiene (2x l0~ 4 —10~ 3 M) or oxygen 
saturated by bubbling as a triplet quencher, the rate 
of formation of 7 was not affected. Hence, it may 
be considered that the azidonitrene 8 is produced in 
the singlet state from the excited singlet 6, as reported 
in the direct photolysis of phenyl azide.29 '30) However, 
it is still uncertain that the participation of triplet 
states is excluded, since each process in the formation 
of 7 from 6 might be much faster than the energy trans­
fer, and since the photochemical reaction from 6 to 
7 occurs by triplet sensitization. Moreover, it is pos­
sible that the actual precursor of 9 is the triplet 8, 
although it may be transferred from the singlet 8 by 
intersystem crossing. The multiplicity of the diradical 
(10) which was produced by nitrogen elimination would 

OH 

o 

Light intensity (%) 

Fig. 9. Dependence of the formation rates of 2a (O) 
and 2c (#) on the light intensity by the photolyses 
of 3a and 3c in 3MP-IP (1 : 4), respectively. The 
yields of 2a and 2c correspond the optical densities 
at 432 and 452 nm respectively. 

be the singlet state, since the energy required to break 
the carbon-carbon bond of 10 would be lost if the 
triplet nitrogen, which is 590 kj/mol above the ground 
state, were produced by the decomposition of 9. Tha t 
is to say, since the elimination of nitrogen in the singlet 
ground state is an energetically favored process, 10 
must be produced in the singlet state from the "spin 
conservation rule. 

The preceding mechanism for 1,2-diazidobenzene 
may be adapted to the photolysis of 3 in rigid matrices 
at low-temperature and in fluid solutions at room 
temperature. In the photolysis of 3 in a rigid matrix 
at 77 K, no intermediate was observed by absorption 
spectroscopy. T h e dependence of the formation rates 
of 2a and 2c on the light intensity is shown in Fig. 9 
and as good linearity was obtained in the both cases, 
it was concluded that the formation of 2 from 3 was 
a monophotonic process similar to that for 7 from 6. 
In an at tempt to establish the spin state, the flash 
photolysis of the solutions of 3 involving 1,3-pentadiene 
or oxygen were studied. The absorbance belonging 
to the formed 2, that is, the yield of 2, was not affected. 
Although the spin states of the intermediates were 
not established by this quenching experiment alone, 
the pathway from 3 to 2 will be given below. 

I II I — H I I* A A A + -
| | | N=N 

i i i 
X / X / X N N . 

E x p e r i m e n t a l 

IR and UV absorption spectra were recorded on JASGO 
IR-S and Shimadzu UV-300 spectrophotometers respectively. 



794 Akira Y A B E [Vol. 52, No. 3 

Fluorescence and excitation spectra were recorded on a 
Hitachi MPF-1 spectrophotometer. In the above measure­
ments, optical densities were uncorrected for volume con­
traction accompanied by the variation in temperature . N M R 
spectra were recorded on a Hitachi R-24A spectrometer at 
60 M H z using T M S as an internal s tandard. Mass spectra 
were recorded on a Shimadzu GCMS-9000 spectrometer. 
T h e microanalyses were performed at the Institute of Physical 
and Chemical Research. 

Materials. 2,3-Diazidonaphthalene (3a) ,14> 1,4-diacetoxy-
2,3-diazidonaphthalene (3b),15) 1,2-diazidobenzene (6),1Qh> and 
trans-/,2-dicyano-l,2-dihydrobenzocyclobutene (5)1*) were prepared 
according to the l i terature. T h e crude materials were purifi­
ed by column chromatography on silica gel and recrystallized. 

2\3-Diazido-1,4-dimethoxynaphthalene (3c) : 3c was prepar­
ed from 2,3-diazido-l,4-naphthoquinone15> through 2,3-
diazido-l ,4-naphthalenediol , which was not isolated. A 
solution of sodium dithionite (12 g; 0.069 mol) in water 
(20 ml) was added to a well-stirred suspension of the quinone 
( 8 g ; 0.033 mol) in ether (200 ml) and methanol (50 ml) 
at room temperature under an atmosphere of nitrogen. T h e 
mixture was vigorously stirred until the color stopped fading 
after about 30 min. T h e organic layer containing the 1,4-
naphthalenediol was separated and the aqueous layer washed 
quickly several times with ether. T h e combined organic 
layers were then cooled in an ice ba th and the cooled solution 
added dropwise to a cooled ether solution containing diazo-
methane (about 3 g) prepared from />-tolylsulfonylmethyl-
nitrosamide (21.5 g) . T h e reaction mixture was stirred for 
1 h in an ice ba th and for 1 h at ambient tempera ture . T h e 
solvent was evaporated under vacuum to afford purple 
crystallites, which were purified by column chromatography 
on silica gel. Elution with petroleum ether-e ther ( 9 : 1 ) 
gave 2.4 g (26.9%) of 3c : m p 54—55 °G; U V m a x (GH 3 OH) 
300 sh, 260 n m (e 49000); IR(KBr) 2130 cm" 1 (N3) ; N M R 
(GDG13) 5 = 8 . 2 — 7 . 3 (m, 4H, aromatic) , 3.95 (s, 6H, OGH 3 ) ; 
M S , m/e 270 (M+), 242 ( M - N 2 ) , 220, 2 1 4 ( M - 2 N 2 ) , 199. 
Found : G, 53.79; H , 3.75; N , 30 .03%. Galcd for G12H10-
N 6 0 2 : G, 53.33; H , 3.73; N , 31.10%. 

T h e solvents used in the spectroscopic study and in the 
low-temperature photolysis were dried over sodium wire or 
a molecular sieve and finally passed through a column of 
a lumina. 

Irradiation at Low-temperatures. T h e light sources were 
an Ushio USH-500D 500 W high-pressure mercury lamp 
equipped with a Nikon G-250 monochromator and a Toshiba 
GL-15 15 W low-pressure mercury lamp. T h e quar tz cells 
of 10 m m pa th length were immersed in a quar tz Dewar 
vessel equipped with optical windows containing liquid 
nitrogen and used for absorption and emission spectroscopy 
at 77 K. Instead of the quar tz Dewar vessel, an Oxford 
Ins t rument DN-704 liquid nitrogen cryostat was used for 
spectroscopy at variable low-temperatures. I t was equipped 
with an Oxford Inst rument DTG-2 digital temperature 
controller, and temperatures in the range from 77 K to 
room temperature could be controlled and measured by a 
cryogenic linear temperature sensor and carbon resistor. 

Flash Photolysis. All flash measurements were made 
using cylindrical, jacketed quar tz cells of 10 cm pa th length 
and 25 ml capacity. T h e flash photolysis system consisted 
of an Applied Photophysics K-10 flash equipment , a M-300 
monochromator , and a Textronix T-912 storage oscilloscope. 
T h e two 12 cm length flash lamps fitted in the K-10 equipment 
are rated at a max imum energy of 1000 J , corresponding 
to a max imum charged voltage of 22.4 kV. In these experi­
ments, the lamps were discharged at 20 kV and had a half-
life of 10 [AS. T h e absorbance and the decay of the transients 

were followed quantitatively by monitoring the transmittance 
of the light with the oscilloscope through the monochromator 
from a tungsten iodine lamp (Osram A 1/125, 12 V/100 W ) . 
T h e absorption spectra of the transient 2a generated by 
the flash photolysis of 3 a were recorded on the Shimadzu 
UV-300 spectrophotometer, after the cell was immediately 
transferred from the flash cavity to the sample bench of 
the spectrophotometer (Fig. 8). 
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Syntheses of iV-Acyl Dipeptide Derivatives by Metalloproteinases1 
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X-Dipeptides ( X = Z , Z(OMe), or Z(3Me)) have been catalytically synthesized by several microbial metal-
loproteinases. Among the enzymes used, Thermolysin showed the most remarkable ability in the coupling 
reactions of the esters or the amides of phenylalanine, leucine, isoleucine, and valine (and methionine in the case 
of the amide) with various X-amino acids. This method has been applied to the syntheses of ZPhePheOMe 
and ZPhelleOMe on a practical scale. Ammonium sulfate and sodium chloride had a marked effect on the 
condensed products, increasing the yield. 

Since Bergmann and Fraenkel-Conrat1) first demon­
strated the papain catalyzed amide-bond formation 
between an acylamino acid and an amino acid anilide, 
the enzymatic syntheses of peptides have received much 
attention. However, only a few papers have appeared 
in which the substrates had the proper protecting 
groups for the elongation of the peptide chains, for 
example Z, Z ( O M e ) , BOG, the methyl or ethyl ester, 
the non-sustituted amide, etc.2*3) There appears to 
be two reasons for this. Firstly, the most investigations 
have used papain (thiol proteinase) or a- chy mo trypsin 
(serineproteinase), both of which catalyze the hydrolysis 
of carboxylic esters comprising the pr imary alcohol 
or the non-substituted amide. Consequently the pep­
tides containing those groups are not easily obtainable 
in high yields except the peptides which show extremely 
low solubilities in buffer solution.2) When those pep­
tides are once formed, they are barely subjected 
to hydrolysis of the G-terminal protecting groups. 
Secondly, many J\f-acylamino acid derivatives ( acy l= 
Z, Z ( O M e ) , BOG, etc.) are almost insoluble in water 
and troublesome on operating the enzymatic reaction. 
Recently, it has been reported that the peptides whose 
N- and G-terminal groups were protected by such 
groups were readily obtained in certain cases by several 
enzymes.4) 

In the course of the current study to extend the 
enzymatic syntheses of peptides, it has been found 
that several microbial metalloproteinases catalyze the 
formation of X-dipept ide methyl esters or amides 
( X = Z , Z ( O M e ) , or Z(3Me)) . The G-terminal groups 
in these dipeptides are not hydrolyzed by metallopro­
teinases, so it is anticipated that the syntheses of these 
peptides would be smoother using metalloproteinases 
than by thiol- or serineproteinases. 

For inhibiting the action of serineproteinase contain­
ed in the crude metalloproteinases, potato inhibitor 
was used as reported previously.40) 

Mater ia l s a n d M e t h o d s 

Thin layer chromatography was performed on precoated 

t All amino acids are of L configuration. Symbols and 
abbreviations are in accordance with the recommendations 
of the IUPAG-IUB Commission on Biochemical Nomencla­
ture, J. Biol. Chem., 247, 977 (1971). Other abbreviations 
used are : PU=protease unit; B. sub.—Bacillus subtilis; Tris= 
tris(hydroxymethyl)methanamine ; Z (3Me) = 2,4,6-trimethyl-
benzyloxycarbonyl, 

TLG plates Silica Gel F254 (Merck) using the following 
solvent systems : AcOEt-GHGl3 (10 : 1), AcOEt, J - B U O H -
3% aqueous ammonia (8 : 3) (see Ref. 4c for other analytical 
procedures). Protease activity was assayed by the method 
of Tsuru et al?) 

Potato Inhibitor. See Ref. 4c. 
Proteinases. See Ref. 4c for Prolisin A {Bacillus subtilis 

var. amyloliquefacience), Thermolysin (Bacillus thermoproteoliticus), 
Thermoase (Bacillus thermoproteoliticus), and Tacynase N 
(Streptomyces caespitosus). Dispase I (Bacillus polymyxa, Godo 
Shusei Go., Tokyo, Japan, 4.93 X 106 PU/g) had little esterase 
action and was used without further purification. The 
partially purified metalloproteinase of Bacillus subtilis was 
obtained by treating Prolisin A with DEAE-Sephadex A-506> 
and freeze-drying. The protease activity was 5.3 X 106 PU/g 
and the esterase action was almost completely inhibited by 
the potato inhibitor in one tenth the weight of enzyme. 
Commercial Thermoase was purified by dissolving it in 
0.01 M Ga(OAc)2 aqueous solution, removing the insoluble 
materials and precipitating from acetone. The protease 
activity was 1.0xl07PU/g and the esterase action was 
suppressed almost completely by the potato inhibitor in one 
tenth the weight of enzyme. 

Reagents. Z - or Z(OMe)-amino acids, amino acid 
methyl ester hydrohalogenides were all prepared by the 
ordinary methods. Z(3Me)-His(Bzl)-OH was prepared by 
the method previously reported.413) 

Enzymatic Syntheses of Peptides (General Procedures). An 
enzyme and potato inhibitor, if necessary, were dissolved 
in a buffer solution and the insoluble materials filtered off. 
In a mixture of this solution, two appropriate substrates 
and 4 M NaOH aqueous solution were incubated and the 
product collected on a suction filter, washed thoroughly 
in succession with 1 M aqueous ammonia, 1 M HG1, and 
water, and dried in vacuo over P 2 0 5 at room temperature. 
The product was recrystallized, if necessary, from organic 
solvents and weighed. 

R e s u l t s 

Enzymatic reactions between X - A A j - O H ( X = Z , 
Z ( O M e ) , or Z(3Me) ; AA1==Ala, Val, Leu, He, Phe, 
Glu(OBzl), Asp(OBzl), Gin, Asn, Lys(Z), His(Bzl), 
Met, Gys(Bzl), Tyr, T rp , and Pro) and H - A A 2 - O M e -
HCl or H - A A 2 - N H 2 H X ( X = C 1 or Br; AA 2 =Ala , 
Val, Leu, He, Phe, Met, Cys(Bzl), Tyr, T rp , and Ser) 
have been investigated, although all combinations of 
both components were not examined for each enzyme. 
In many cases the high purity of the product from 
the reaction mixture was assured by physical constants 
and elemental analysis without further purification 
(Table 1 ). If necessary, the product was recrystallized 
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T A B L E 1. PHYSICAL 

Peptide 

X - A A j - A A ^ O M e 

ZPhePhe -

ZLeuPhe -

ZCys(Bzl)Phe-
ZAlaPhe-

PGlnPhe-

ZCys(Bzl)Ile-

ZPhe l l e -

Z ( O M e ) M c t I l e -

ZLeuI le -

ZLys(Z)I le-

Z(3Me)His(Bzl)I le-

Z(OMe)Glu(OBzl ) I l e -

ZSer(Bzl)Ue-

ZAsnl le -

Z G l n l l e -

ZCys(Bzl)Val-

ZPheVa l -

Z(OMe)Glu(Bzl )Val -

ZPheLeu-

Z (OMe) Glu (OBzl) L e u -

Z (OMe) Asp (OBzl) L e u -

X-AAj-AAa-NHa 

ZAlaLeu-

ZPheLeu-

Z (OMe) Glu (OBzl) L e u -

Z ( O M e ) M e t L e u -

ZCys(Bzl)Leu-

ZLys(Z)Leu-

ZProLeu-

ZSer(Bzl)Leu-

Z ( O M e ) L e u M e t -

Z(OMe)Glu (OBz l )Me t -

Z ( O M e ) M e t M e t -

ZAlaPhe-

Z P h e P h e -

Z(OMe)Glu(OBzl )Phe-

Z ( O M e ) M e t P h e -

ZCys(Bzl)Phe-

ZAlaVal -

ZPheVa l -

Z(OMe)Glu(OBzl )Va l -

Z ( O M e ) M e t V a l -

ZCys(Bzl)Val-

Z L e u V a l -

a) Conditions: for X - A A i 

Peptide Syntheses 

CONSTANTS AND 

M p 
(°G) 

143—145 

86—90 

96—100 
95—96 

179—180.5 

77—79 

100—101 

88—92 

70—71 

120—122 

135—137 

70—71 

74—78.5 

177—179 

154—155 

70—72 

107—108 

88—89 

111—113 

85—87 

76—78 

186.5—187.5 

184—186 

141—142 
195.5—196 

169—170.5 

183—185 

185—186 

142—143 

194.5—196 

153—155 

183—184 

215—216 

232—235 

165—167 

205—207 

181—182.5 

258—263 

243—246 

190—197 

233—235 

117—118 

233—235 

- A A 2 - O M e ; c 0 

ELEMENTAL 

M S a> 
(°) 

- 1 8 . 0 

- 2 2 . 2 

- 2 9 . 2 

- 1 2 . 0 

- 1 1 . 0 

- 2 4 . 2 
- 8 . 4 

- 9 . 8 

- 2 4 . 0 

- 1 1 . 0 

+ 6 .0 

- 1 0 . 6 

0 

- 1 2 . 8 

- 1 5 . 4 

- 3 0 . 0 

- 1 6 . 0 

- 1 7 . 9 

- 2 4 . 4 

- 2 1 . 5 

- 2 0 . 3 

- 1 6 . 0 

- 1 9 . 5 

- 9 . 0 
- 1 7 . 4 

- 2 5 . 4 

- 1 3 . 6 

- 5 6 . 4 

- 3 . 4 

- 1 4 . 5 

- 5 . 6 

- 1 3 . 6 

- 1 9 . 9 

- 3 0 . 3 

- 1 8 . 0 

- 2 4 . 7 

- 3 7 . 3 

+ 11.9 

- 1 . 6 

+ 6 .9 

+ 2 .2 

- 1 6 . 5 

+ 24.0b> 

. 5 , M e O H ; 

with Metalloproteinases 

ANALYSES OF X - A A j -

G 

70.21(70 .41) 

67 .47(67 .57) 

65 .94(66 .37) 

65 .69(65 .59) 

62 .41(62 .56) 

63 .29(63 .52) 
67 .55(67 .57) 

57 .12(57 .24) 

64 .18(64 .58) 

64 .11(64 .41) 

67 .05(67 .38) 

63 .48(63 .61) 

65 .47(65 .76) 

57 .20(58 .00) 

58 .40(58 .94) 

62 .55(62 .85) 

66 .57(66 .96) 

63 .06(63 .02) 
67 .53(67 .57) 

63 .69(63 .61) 

62 .85(63 .01) 

60 .99(60 .87) 

66 .93(67 .13) 

63 .24(63 .14) 

56 .08(56 .45) 

63 .00(62 .99) 

63 .78(63 .86) 

63 .03(63 .14) 

65 .43(65 .28) 

56 .47(56 .45) 

58 .85(58 .74) 

51 .39(51 .44) 

64 .82(65 .02) 

69 .81(70 .09) 

65 .24(65 .08) 

59 .87(60 .11) 

65 .88(65 .96) 

59 .47(59 .79) 

65 .86(66 .48) 

62 .29(62 .51) . 

55 .30(55 .45) 

62 .30(62 .28) 

62 .28(62 .79) 

- A A 2 - O M e AND 2\~—/\/\j— /\./\a~ 

Found (Galcd), % 

H 

6 .12(6 .14) 

7 .03(7 .10) 

5 .90(5 .98) 
6 .17 (6 .30) 

6 .12 (6 .18) 

6 .74 (6 .84 ) 

7 .06(7 .10) 
7 .29(7 .34) 

8 .17 (8 .28 ) 

7 .21(7 .28) 

7 .18(7 .18) 

6 .79 (6 .88 ) 

7 .02(7 .08) 

7 .00(6 .92) 

7 .24(7 .19) 

6 .53 (6 .61) 

6 .79 (6 .86 ) 

6 .67 (6 .66) 

7 .06(7 .10) 

6 .83 (6 .88 ) 

6 . 55 ( 6 . 67 ) 

7 .46(7 .51) 

7 .00(7 .10) 

6 .84 (6 .87 ) 
7 .23(7 .34) 

6 .83 (6 .83) 

7 .22(7 .27) 

7 .42 (7 .53 ) 

7 .11(7 .08) 

7 .42(7 .34) 

6 .20 (6 .26) 

6 .55 (6 .59 ) 

6 .24 (6 .28 ) 

6 .05 (6 .11 ) 

5 .97(6 .07) 

6 .30 (6 .36 ) 

5 .93(5 .95) 

7 .14(7 .21) 

6 -74(6 .85) 

6 .53 (6 .66) 

7 .07(7 .10) 

6 .56 (6 .59) 

7 .91(8 .04) 

for X - A A j - A A a - N H a ; c 1, D M F 

N 

6 .09 (6.08) 

6 .74 (6.57) 

5.36 (5.53) 
7 .53 (7.29) 

9 .63 (9.52) 

5.62 (5.93) 

6 .56 (6.57) 

6 .38 (6.36) 

7 .13 (7.17) 

7 .78 (7.77) 

10 .23(10.48) 

5 .28 (5.30) 

6 .10 (6.14) 
10.61(10.68) 

10.36(10.31) 

6 .18 (6.11) 

6 .70 (6.79) 

5 .44 (5.45) 

6 .57 (6.57) 

5 .30 (5.30) 

5 .34 (5.44) 

12.47(12.53) 

10.40(10.21) 

8 .06 (8.18) 

9.61 (9.86) 

9.12 (9.18) 

10.58(10.64) 

11.60(11.63) 

9 .67 (9.52) 

9 .61 (9.88) 

7 .65 (7.90) 

9 .43 (9.47) 

11 .49(11.38) 

9.51 (9.43) 

7.60 (7.67) 

9 .27 (9.14) 

8 .53 (8.55) 
12.93(13.08) 

10.52(10.57) 

6 .14 (6.53) 

10.31(10.21) 

9 .56 (9.47) 

11.37(11.56) 

NHo 

6 .66 

6 .88 

7.32 

7.07 

7 .84 

7.06 

7 .49 

5 .95 

797 

S 

(6.33) 

(6.78) 

(7.28) 

(6.99) 

(7.54) 

(7.01) 

(7.54) 

(6.03) 

14.49(14.46) 

6 .55 

7.82 

7.29 

. h) c \, A c O H . 

(6.52) 

(7.79) 

(7.23) 

from ethyl acetate and petroleum ether.tt 
Dipeptide Syntheses with Thermo lysin. As shown 

tt The raw products were sufficiently pure in most cases, 
and if further purification was required, the simple removal 
of the materials insoluble in organic solvents was sufficient 
to give the pure products. However, the yields of the pure 
products wçrç often considerably reduced by this procedure, 

in Table 2, the methyl esters of amino acids such as 
Phe, Val, Leu, and He condensed with various amino 
acids of the type X - A A ^ O H to give the desired prod­
ucts in good yields. Interestingly, the yields often 
increased, in some cases to a great extent, by the ad­
dition of 2 0 % (wt/v) ammonium sulfate or sodium 
chloride (vide infra). In the cases of the methyl esters 
of tryptophan, tyrosine, and other amino acids the 
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TABLE 2. SYNTHESIS OF X-AAj-AAa-OMe WITH THERMOLYSIN"-) 

X-AA^AA^OMe 

ZPhePhe-
ZLeuPhe-
ZCys(Bzl)Phe-
ZAlaPhe-
ZGlnPhe-
ZCys(Bzl)Ile-
ZPhelle-
Z(OMe)MetIle-
ZLeuIle-
ZLys(Z)Ile-
Z (3Me) His (Bzl) He-

Yield (%) 

76 
47b,c) 

65.6 
61d> 
32.9b.«) 
84.7 
65.4«) 
78.2b> 
82.8b) 
51.71» 
53.9b) 

X-AA^AAa-OMe 

Z(OMe)Glu(OBzl)Ile-
ZSer(Bzl)Ile-
ZAsnlle-
ZGlnlle-
ZCys(Bzl)Val-
ZPheVal-
Z(OMe)Glu(OBzl)Val-
ZPheLeu-
Z(OMe)Glu(OBzl)Leu-
Z(OMe)Asp(OBzl)Leu-

Yield (%) 

91.1b) 
87.4b> 
62.5d> 
65.0d) 
80.7b> 

75.0b) 
80.2b) 
56.8b.«> 
71.6b) 
70.6b) 

a) A mixture of substrates (1 mmol each), Thermolysin (10 mg), 4 M NaOH aqueous solution (0.25 ml), and 
0.2 M Tris-HCl (pH 8, containing 5 x l O - 2 M Ca(OAc)2, 10 ml) was incubated at 38—40 °G for 15 h. b) 
Ammonium sulfate (2 g) was added, c) After recrystallization from AcOEt-petroleum ether, d) Sodium chloride 
(0.8 g) was added and the buffer (4 ml) was used. 

TABLE 3. SYNTHESIS OF X-AAj-AAa-NHa WITH THERMOLYSIS) 

X-AAi-AAa-NHa 

ZAlaLeu-
ZPheLeu-
Z(OMe)Glu(OBzl)Leu-
Z(OMe)MetLeu-
ZCys(Bzl)Leu-
ZLys(Z)Leu-
ZProLeu-
ZSer(Bzl)Leu-
Z (OMe) Glu(OBzl) Met-
Z(OMe)MetMet-
Z(OMe)LeuMet-

Yield (%) 

61.4b) 
86.0«) 
81.6«=) 
84.6«) 
68.8«.d> 
77.3 
52.8«) 
66.4 
83.7«) 
81.8«) 
82.0«) 

X-AAj-AAa-NHa 

ZAlaPhe-
ZPhePhe-
Z(OMe)Glu(OBzl)Phe-
Z(OMe)MetPhe-
ZCys(Bzl)Phe-
ZAlaVal-
ZPheVal-
Z(OMe)MetVal-
Z(OMe)Glu(OBzl)Val-
ZCys(OBzl)Val-
ZLeuVal-

Yield (%) 

78.2C> 
90.7«) 
84.6«) 
79.4«. d> 
90.7«) 
59.4e) 
84.0«) 
79.7«) 
66.3«) 
81.8«) 
79.8«) 

a) A mixture of substrates (1 mmol each), Thermolysin (10 mg), 4 M NaOH aqueous solution (0.25 ml), and 0.2 
M Tris-HCl (pH 8, containg 5 x l O - 2 M Ca(OAc)2, 10 ml) was incubated at 38—40 °G for 16 h. b) Ammonium 
sulfate (0.8 g) was added and the buffer (4 ml) was used, c) Ammonium sulfate (2 g) was added, d) After 
recrystallization. e) The buffer (4 ml) was used. 

condensed products were not produced even in the 
presence of ammonium sulfate or sodium chloride. 
Similarly the X-dipept ide amides were obtained in 
higher yields than those of the corresponding esters 
(Table 3). T h e amide of methionine, in contrast 
with the ester, also gave various dipeptides, except 
those of alanine and proline. 

Effect of Ammonium Sulfate on the Yield of Peptides with 
Thermolysin. The effect of ammonium sulfate 
described above was examined in the following two 
cases. The reaction of Z-Phe-OH with either H-
Leu-OMe-HCl or H-Val-OMe-HCl gave the expect­
ed products in 40 and 29% yields, respectively; in 
contrast, the yields of both reactions were increased 
by the addition of ammonium sulfate in 5—30% 
(wt/v), especially in the case of 20% (Fig. 1). 

Dipeptide Syntheses with Metalloproteinases Other than 
Thermolysin. T h e peptides given by these pro­
teinases in Table 4 were highly limited and other 
peptides were hardly obtained by each enzyme. These 
results demonstrate that Dispase I, Prolisin A, and 
Tacynase N are not such effective catalysts in the 
coupling reactions as Thermolysin, T h e amino acids 

appropriate for the amine components are all hydro­
phobic for the synthesis of peptides by using those 
proteinases. 

Syntheses on a Practical Scale. The method was 
examined as to its suitability for practical peptide 
syntheses of the two peptides with two proteinases 
(Table 5). The Table shows that both peptides are 
easily obtained in good yields. Moreover, it was found 
that aqueous ammonium sulfate solution can be substi­
tuted for the buffer in the reaction with Thermoase 
and that the reaction can be conducted at room tem­
perature (20 °G). 

Discussion 

In general, microbial metalloproteinases specifically 
catalyze the "hydrolysis" of the peptide bond with 
a hydrophobic amino acid residue at the amino side 
of the linkage.7) However, the "hydrolysis" of the 
bond with tyrosine or tryptophan is catalyzed at rather 
a slow rate.8) In the present study, all the amino 
acids of the amine components which readily formed 
the peptide bond with various X-amino acids were 
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40 

Fig. 1. The effect of ammonium sulfate on the yield 
of peptide synthesis with Thermolysin. a) ZPheOH+ 
HValOMe-HCl; b) ZPheOH+HLeuOMe-HCl. A 
mixture of substrates (1 mmol each), Thermolysin 
(10 mg), 0.2 M Tris-HCl (pH 8, containing 5 X 10"2 M 
Ca(OAc)2, 5—40 ml), ammonium sulfate (20% wt/v 
for the buffer), and 4 M NaOH aqueous solution 
(0.25 ml) was incubated at 40 °C for 16 h and treated 
under the general procedures. (NH4)2S04 : # — # 
present; O—O absent. 

hydrophobic, while the derivatives of tyrosine or trypto­
phan were practically inert to the coupling reaction. 
Consequently, the most scissile bond is the most suitable 
point for the condensation. I t is clearly seen in Table 
2 that the isoleucine methyl ester in its amine component 
is the most suitable, and the susceptibility of the methyl 
esters of phenylalanine, valine, and leucine are suc­
cessively decreasing in that order. For the carboxyl 
component, various amino acid derivatives except those 
of valine, isoleucine, proline, and tryptophan are ap­
plicable and there appears to be no difference in 
susceptibility towards the metalloproteinases used. 
Better results were obtained in the syntheses of the 
iV-acyl dipeptide amides (Table 3) and the methionine 
amide was also found appropriate to this reaction. 
The different sensitivity of the enzymes towards the 
ester or the amide is attributed to the properties of 

TABLE 4. SYNTHESIS OF Z-AA^AAa-OMe WITH 

SEVERAL ENZYMESa> 

x\J\-tf\f\n Enzyme Yield 
(%) 

Mp 
(°C) 

PheLeu 
PhePhe 
Gys(Bzl)Leu 
Phelle 
Cys(Bzl)Ile 
PheTyr 

Dispase I 
Dispase I 
Dispase I 
Prolisin A 
Prolisin A 
Tacynase N 

37.5 
62 
94b) 
72.7 
78 
440 

105—107 
134—137 
69—71 
99—102 
72—74 

131—132 

a) A mixture of substrates (1 mmol), enzyme, and 0.2 
M Tris-HCl (pH 8, containing 5 x l O - 2 M Ca(OAc)2, 
10 ml) was incubated at 38—40 °G for 15 h; each 
enzyme used: Dispase I (15 mg); Prolisin A (20 mg) 
with potato inhibitor (60 mg) ; Tacynase N (20 mg) 
with potato inhibitor (20 mg). b) Elemental analysis, 
Found: G, 63.23; H, 6 .71; N, 5 .81; S, 6.70%. Calcd 
for C25H28N405S: C, 63.52; H, 6.84; N, 5.93; S, 
6.78%. c) Elemental analysis, Found: C, 67.77; H, 
6.04; N, 6.16%. Calcd for G27H28N206: C, 68.04; 
H, 5.93; N, 5.88%. 

the enzymes as endopeptidases.W 
The dissimilarities in catalytic ability in the syntheses 

of dipeptides by Thermolysin and the other enzymes 
are interesting when compared to those in the hydrolysis 
of the peptide bond.9) Morihara et a/.9&) reported 
that Z - G l y - L e u - N H 2 is hydrolyzed by Thermolysin 
and also by B. sub. metalloproteinase at approximately 
the same rate and that Z - G l y - P h e - N H 2 is hydrolyzed 
by Thermolysin 10 times faster than by B. sub. metal­
loproteinase. Feder and Shuck9d) reported that the 
most pronounced difference between Thermolysin and 
B. sub. metalloproteinase at the dipeptide level was 
observed when phenylalanine is the amino acid donat­
ing the amino group to the cleaved bond. Accordingly, 
in the "hydrolysis" of the peptide bond, there is only 

ttt An endopeptidase catalyzes the hydrolysis of the 
peptide bond containing the G-terminal residues (whose 
carboxyl group is free or protected by the ester group) either 
very slowly or not at all. 

TABLE 5. SYNTHESIS IN LARGE SCALE11) 

Peptide 
(mmol) 

ZPhePheOMe 
(30) 

ZPhelleOMe 
(50) 

Enzyme 
(mg) 

Thb> 
(600) 
Thb> 
(600) 
Thb> 
(600) 
Thb> 
(600) 

B. sub.V 
(700) 

Solvent 
(ml) 

bufferd> 
(600) 
bufferd> 
(600) 
H2O

e> 
(450) 
H 2 0> 
(450) 
bufferd) 
(500) 

Additive 
( g ) 

(NH4)2S04 
(120) 

— 

(NH4)2S04 

(120) 
— 

Yield 
(%) 

73 

70 

(60)f) 

80 

76 

Mp 
(°G) 

133—135 

133—135 

110—119 

133—135 

96—98 

a) A mixture of substrates, enzyme, solvent, additive, and 4 M NaOH aqueous solution of equimolar quantity 
with the amine component was stirred in a three-necked flask at 20 °C for 16 h and treated under the general 
procedures, b) Partially purified Thermoase and the potato inhibitor (60 mg). c) Partially purified metallo­
proteinase of B. sub. and the potato inhibitor (70 mg). d) 0.2 M Tris-HCl (pH 8, containing 5 x l O - 2 M 
Ga(OAc)2). e) With continuous control of the pH at 7.2 by the addition of 4 M NaOH. f) Pure product was 
not obtained, 
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a slight difference in efficiency between the two enzymes. 
As shown B. sub. metalloproteinase (Prolisin) was far 
less capable of catalyzing the peptide "synthesis" than 
Thermolysin. 

An examination of the variation of the Thermolysin 
activity caused by ammonium sulfate or sodium chlo­
ride, shows an increment in the peptidase activity,10) 
in contrast to the remarkable decrease in protease 
activity.10) This effect, coupled with the salting out 
effect of the salt, seems to play a major role in the 
increased yield of the product. 

The authors wish to express their thanks to Mr. 
Masanari Satoh for the enzyme purification and to 
Miss Reiko Matsumoto and Miss Noriko Shutoh for 
technical assistance. 
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The photochemical trans-cis isomerization of methyl 3-(l- and 2-naphthyl)acrylate (IMe and 2Me) and 
the intramolecular (2 + 2) cycloaddition of ethylene bis[3-(l- and 2-naphthyl)acrylates] (IE and 2E) have been 
studied in cyclohexane and methanol. The quantum yield of the trans-cis isomerization of 2Me and 2E in 
methanol was larger than that in cyclohexane, while the yield of the cyclization of 2E showed the reverse. The 
isomerization is thought to occur via the triplet state, while the cyclization is via the singlet excited state. The 
triplet yield of 2Me in the polar solvent has been estimated to be larger than in nonpolar solvent. The cycliza­
tion of IE was much slower than that of 2E, and the quantum yield of the reaction of IMe and IE did not ap­
preciably depends on the polarity of the solvent. 

The Photodimerization of cyclic a,/9-unsaturated 
carbonyl compounds has been studied extensively, but 
the acyclic ones have not, due to the rapid trans-cis 
isomerization making quantitative analysis of the 
dimerization impossible.1-4) The quan tum yield of 
dimerization is usually very small compared with that 
of the isomerization, and most of the dimerization 
occurs from the equilibrium mixture of trans and eis 
isomers.5'6) In the crystalline state or in the solid 
monolayer assemblies the trans-cis isomerization is 
greatly diminished and the dimerization proceeds more 
efficiently.7'8) In solution, however for example, 
methyl cinnamate or ethyl cinnamylideneacetate does 
not dimerize but rapidly isomerizes.9) In dimerization, 
the distance between the chromophores is an important 
factor. If two cinnamate groups are incorporated in 
the same molecule, namely, in the bichromophoric 
system, the cinnamate groups dimerize intramolec-
ularly in solution.10'11) Bichromophoric systems are 
recently attracting wide interest because they provide 
a method for controlling bimolecular reactions—model 
systems for polymer photochemistry such as DNA, and 
give information on chain dynamics.12) Several bi­
chromophoric systems bearing photodimerizable chro­
mophores have been reported recently and most of 
them are cyclic compounds such as coumarin,13) 
anthracene,14) maleimides,15) and thimine.16) 

In this study, the photoisomerization and photodi­
merization of 3-(l- and 2-naphthyl)acrylate have been 
studied in bichromophoric systems; ethylene bis[3-(l-
naphthyl)acrylates] (IE) and ethylene bis[3-(2-naph-
thyl)acrylates] (2E) have been studied along with 

methyl 3-(l-naphthyl)acrylate 
(2-naphthyl)acrylate (2Me). 

(IMe) and methyl 3-

Results and Discussion 

trans-cis Isomerization. In a previous paper, the 
solvent effect on the trans-cis isomerization and fluores­
cence of 2Me was reported.17) T h e quan tum yield of 
the trans-cis isomerization, 0 t_ c of 2Me increased with 
increase in the solvent polarity, while the fluorescence 
quantum yield, <j>s decreased remarkably. 

Table 1 shows the 0 t_ c for I M e and 2Me in cyclo­
hexane and methanol. T h e 0 t_ c of I M e in methanol 
is only slightly larger than that in cyclohexane and 
the dependency on solvent polarity for I M e is much 
smaller than that for 2Me. 

Table 2 shows the quan tum yield of the fluorescence 
in cyclohexane and methanol where solvent dependency 
was observed for 2Me, but not for IMe. 

The solvent polarity effect on trans-cis isomerization 
has been demonstrated for stilbenes having electron-
withdrawing and electron repelling groups.18-22) For 
molecules having large dipole moments in the ground 
state, the quan tum yield of the trans to eis isomerization 
was small in polar solvents due to stabilization of the 
excited trans isomer. Here the opposite tendency was 
observed— the quan tum yield of the trans to eis isome­
rization of 2Me was large in polar solvents and small 
in nonpolar solvents. 

T h e isomerization was little affected by aerobic 
oxygen but enhanced by pure oxygen. T h e enhance­
ment of the isomerization by oxygen has been observed 

TABLE 1. THE QUANTUM YIELD OF ISOMERIZATION AND CYCLIZATION 

IE 

trans-lM.e 

2E 

trans-2M.e 
m-2Me 

0cy 
0t-c 
<f>t-c 

^ c y 

^ t - c 

0t-c 
0c-t 

Argon 

0.0075 
0.19 
0.19 

0.22 
0.09 
0.22 
0.16 

In cyclohexane 

Air 

0.010 
0.18 
0.18 

0.17 
0.09 
0.24 

Oxygen 

0.08 
0.09 
0.31 

Argon 

0.0085 
0.22 
0.22 

0.11 
0.25 
0.37 
0.14 

In methanol 

Air 

0.013 
0.22 
0.22 

0.10 
0.26 
0.37 

Oxygen 

0.09 
0.23 
0.37 

In methanol-
n-PrBr 
Air 

0.001 
0.19 
0.19 

0.01 
0.21 
0.40 



802 Hideaki TANAKA, Setsuo TAKAMUKU, and Hiroshi SAKÜRAI [Vol. 52, No. 3 

T A B L E 2. T H E QUANTUM YIELD OF THE FLUORESCENCE 

IE 
trans-XM.e 
2E 
trans-2M.e 
cis-2Me 

In cyclohexane 

Argon Air 

0.021 0.015 
0.052 0.043 
0.22 0.13 
0.61 0.25 
0.041 

In methanol 

Argon Air 

0.0090 0.0083 
0.052 0.038 
0.17 0.17 
0.39 0.38 
0.030 

In methanol-
rc-PrBr 
Air 

0.028 
0.094 
0.097 

>> 

în
si

 

fi 

<u 

R
eL

 

more remarkably in the case of styrylnaphthalenes.23»24) 
The explanation for this has been that 0 2 ( 3 2_ g ) 
increased the population of the triplet state by quench­
ing the excited singlet state which has been attributed 
to direct intermolecular exchange interaction or the 
inhomogeneous field of the O a triplet ground state. 
As shown in Table 2, oxygen and heavy atom solvents, 
e.g., propyl bromide strongly quenched the fluorescence. 
T h e heavy atom solvent remarkably increased the 
<j>t_Q and the intensity of the phosphorescence of 2Me 
by quenching the fluorescence suggesting that the 
isomerization takes place from the triplet state. The 
corrected fluorescence spectra for 2Me in cyclohexane 
and methanol are shown in Fig. 1. 

The fluorescence spectrum of 2Me in cyclohexane 
is a good mirror image of the absorption spectrum and 
therefore, the lowest singlet excited state is thought 
to lie near 355 n m (28169 cm- 1 ) . This resembles the 
1 L b state of naphthalene in the weakness of the absorp­
tion and the long-lifetime of the fluorescence (107 ns 
in cyclohexane from the quenching of the fluorescence 
by aerobic oxygen). In methanol and in other polar 
solvents, a large Stokes' shift is observed and the maxi­
m u m of the fluorescence shifts to 400 n m indicating 
that the dipole moment of the fluorescence state in 
polar solvents is larger than in cyclohexane. The 
separation between the singlet and triplet state may 
be small in polar solvent. The above solvent effects 
lead to the conclusion that the isomerization occurs 
from the triplet state, and that the triplet yield in polar 
solvents may be larger than in nonpolar solvents due 
to the small separation between the singlet and triplet 
states. The enhancement of <j)t_Q by oxygen has been 
observed only in nonpolar solvents; in polar solvents, 
the triplet yield is sufficiently large before enhancement 
by oxygen. 

Phosphorescence of 2 M e was too weak to be observed 
in EPA [ether-isopentane-ethanol (5 : 5 : 2) mixed 
solvent] at 77 K, but was observed in propyl b romide -
ethanol ( 1 : 1 mixed solvent). The phosphorescence 
spectrum has three peaks at 544, 593, and around 
650 n m as shown in Fig. 1, the first peak rising from 
533 n m (53.5 kcal/mol). 

For cw-2Me the fluorescence was very weak and the 
measurement was always interfered from by the strong 
fluorescence of the trans-2M.e which was produced 
during the measurement. No phosphorescence was 
observed in the heavy atom solvent. 

T h a t the fluorescence yield of the cis-2Me is markedly 
smaller than the trans form (Table 2) implies that 
the singlet excited state of the trans and eis form may 
be different from each other, i.e. there may exist an 

350 650 450 550 

Wavelength (nm) 

Fig. 1. Corrected fluorescence ( in cyclohexane, 
in methanol) and phosphorescence (in propyl 

bromide-ethanol 1:1 mixed solvent) spectra of 2Me. 

energy barrier between the two excited singlet states. 
If the trans to eis isomerization of 2Me occurs only 

from the triplet state, the triplet yield can be estimated 
using the following equation: 

0i! 0t-c 
(1) 

where 0t
s-c is the quan tum yield of the trans to eis 

isomerization for sensitized reaction and 0i8sc is the 
triplet yield of the sensitizer. (<f>L is known for 
Michler's ketone in several solvents.25)) The triplet 
energy of Michler's ketone is 72 kcal/mol in cyclohexane, 
61 kcal/mol in ethanol.26) Since the triplet energy 
of 2Me has been estimated to be 53.6 kcal/mol from 
the phosphorescence spectrum, the energy transfer from 
Michler's ketone to 2Me is considered to be a diffusion 
controlled process. The concentration of 2Me, 5 x 
10~4mol/l is sufficiently large to completely accept 
the energy from Michler 's ketone within the lifetime 
(20—40 fis). Therefore, under the experimental 
conditions, the energy transfer from Michler's ketone 
to 2Me occurs with an efficiency of nearly unity. Thus 
the 0 l s c of 2Me has been estimated to be 0.41 in cyclo­
hexane and 0.81 in ethanol by measuring 0 t_c/0 t

8-c 
The radiationless deactivation of the singlet excited 
state cannot be ignored, and consequently the sum of 
<j)t and 0 i s c should be less than unity, but here the 
sum becomes 1.02 in cyclohexane, 1.06 in ethanol. 
This may be caused by an impurity or incomplete 
degassing which would decrease 0i8sc, and thus 0 i s c 

of 2Me might have been overestimated. The value 
obtained however are thought to be qualitatively reli­
able. 

T h e quan tum yield of the eis to trans isomerization, 
0 c _ t of cis-2Me is small as shown in Table 1. 

T h e fluorescence yield of l M e is far smaller than 
that of 2Me and is not appreciably diminished by 
aerobic oxygen as found for 2Me, suggesting that the 
lifetime of the excited state of l M e is much shorter 
than that of 2Me and that the triplet yield does not 
depend on solvent polarity. 

T h e difference in oxygen effect between l M e and 
2Me is analogous to the results between 1- and 2-
styrylnaphthalene. The &t of 2-styrylnaphthalene 
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Fig. 2. UV absorption spectral change of lMe (0.31 X 10~4 mol/1) and IE (0.15xl0~4 

mol/1) in cyclohexane on the irradiation with 313 nm light. 

decreased to one third, and 0 t_ c doubled when aerobic 
oxygen was used, while <j>t and <fit_c of 1-styrylnaph-
thalene changed very little.24> The lifetime of the 
fluorescence of the former is 20 ns and that of the 
latter is 2 ns.27) 

Photochemical Reactions of IE and 2E. The photo­
chemical reaction of I E in solution was a rapid trans-
cis isomerization followed by a slow intramolecular 
( 2 + 2 ) cycloaddition giving cis,cis-lE (18%) and 1ED 
(53%) as final products. The photoproduct cis,cis-lE 
was assinged on the basis of the N M R spectrum and 
1ED on the basis of the N M R , U V , and I R spectra. 

G02-(GH2)2-02G 

trans,trans-IE 

G0 2 (GH2)2 

1ED 

protons of cis,cis-lE shift to a higher field (3.58 ppm) 
compared with 4.54 p p m for trans,trans-IE suggesting 
that the methylene chain of the cis,cis-lE is more 
strongly affected by the naphthalene nuclei than the 
trans,trans-IE. The Stuart molecular model shows that 
the double bond of the eis isomer is twisted out of 
the two naphthalene nuclei and therefore the meth­
ylene chain may possibly interfere in the accessability 
of the two double bonds on dimerization. A further 
consequence of the steric hindrance, is that cis,cis-lE 
is considered to be poorly photocyclizable. In the 
photo-stationary mixture, the cis,cis-lE probably photo-
cyclizes via the trans,trans-IE. Thus 1ED may be 
largely formed from the photo-stationary mixture. 

T h e photochemical reaction of 2E was a slow trans-
cis isomerization followed by a rapid intramolecular 
( 2 + 2 ) cycloaddition of 3-(2-naphthyl)acrylate giving 
a single product, 2ED. The structure of 2 E D was 
assinged by the method analogous with that for 1ED. 
Figure 3 shows the U V absorption spectral changes 
of 2E and 2 M e on irradiation with 313 n m light. 
The cyclization is so rapid that the reaction is consider­
ed to take place from the original trans,trans-2E. 

G02-(GH2)2-02G 

cis,cis-lE 

Figure 2 shows that U V absorption spectral change 
of trans,trans-IE and - l M e when irradiated with 
313 n m light. A rapid trans-cis isomerization occurs 
and isosbestic points are observed at 260 and 290 nm 
until the equilibrium state is attained since cyclization 
proceeds very slowly. In the equilibrium state, the eis 
isomers predominate (approximately 7 0 % eis, 3 0 % 
trans) under the irradiation conditions since the eis 
isomer has an absorption maximum at a shorter wave­
length (296 nm) and a smaller extinction coefficient. 
In the 1H N M R spectrum, the peak for the methylene 

G02-(GH2)2-02G 

2E 2ED 

The quan tum yield of the cyclization, <f>cy, and the 
isomerization, 0 t_ c , of I E and 2E are shown in Table 
1. Taking into consideration the large triplet yield 
of 2 M e in methanol, the fact that 2E in cyclohexane 
cyclized with a larger quan tum yield than in methanol 
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Fig. 4. UV absorption spectra of IMe 
10-4 mol/1) and IE ( , 0.14 X 10~4 mol/1) in cyclo­
hexane. 

0.29) 

suggests that the reactive state for the cyclization is 
the excited singlet state. Accordingly the cyclization 
was depressed while the trans-cis isomerization was 
accelerated by the heavy atom solvent which strongly 
quenches the fluorescence and accelerates intersystem 
crossing of the excited singlet state of 2Me 

In the case of I E , the solvent dependency of <j>CJ 

is very small. The difference in the reactivity between 
I E and 2E has been interpreted as follows : firstly, 
in the bichromophoric system, the quan tum yield of 
the fluorescence was reduced to about haîf that of the 
corresponding methylesters and the amount of the 
decreased fluorescence is attributed to the cyclization. 
From Table 2, the difference in <j>t between I M e and 
I E is 0.03, while that between 2Me and 2E is 0.39 
in cyclohexane the former being one tenth of the 
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Fig. 5. UV absorption spectra of 2Me 

400 

10-4 mol/1) and 2E ( 
hexane. 

- , 0.39 X 
0.20 X 10-4 mol/1) in cyclo-

latter coinciding with the difference in the quantum 
yield of the cyclization. Secondly the lifetime of the 
fluorescence of 2Me has been estimated from the 
quenching by aerobic oxygen to be much longer than 
that of I M e and because of this it is thought the two 
chromophores of 2E cyclize more rapidly than IE , 
and the trans-cis isomerization proceeds slowly. A 
further consequence of the long-lifetime is that the 
cyclization of 2E is susceptible to quenching by oxygen, 
while I E is not. In methanol, the lifetime of the 
fluorescence of 2Me has been estimated to be shorter 
than in cyclohexane and consequently, the cyclization 
in methanol is not appreciably quenched by oxygen. 

The above discussion demonstrates that the difference 
in reactivity between I E and 2E can be explained by 
the difference in quan tum yield and lifetime of the 
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fluorescence between l M e and 2Me. The excited 
state of l M e is considered to be more rapidly deactivat­
ed by radiationless transitions than that of 2Me. 1-
Substituted naphthalene derivatives are considered to 
be sterically hindered owing to the protons at the 8 
position in the naphthalene nucleus, which causes 
the rapid radiationless deactivations resulting in the 
short lifetime of the fluorescence. 

T h e absorption spectra of the bichromophoric mol­
ecules, I E and 2E, are shifted slightly into the red 
compared to the corresponding monochromophoric 
molecules as shown in Figs. 4 and 5 indicating the 
existence of a slight interaction between the chromo-
phores in the ground state. T h e fluorescence spectra 
of I E and 2E were accordingly shifted slightly into 
the red from those of l M e and 2Me. Excimer fluores­
cence in the long wavelength side of the fluorescence 
spectra, frequently observed for aromatic bichromo­
phoric molecules, was not observed for IE and 2E.14> 

Exper imenta l 

Instrumentation. IR spectra were recorded on a JASCO 
model IR-S using KBr discs and UV absorption spectra on 
a Shimadzu model UV-300 and UV-200. NMR spectra 
were measured in CDC13 (otherwise indicated) with tetra-
methylsilane as an internal standard on a Hitachi model 
R-24A for 1H, and a varian model NV-14 for 13C. Emission 
spectra were recorded on a Hitach model MPF-1, and 
corrected for the photomultiplier (Hamamatsu TV Go. R446) 
response. Mass spectra were recorded on a Shimdzu model 
LKB-9000. High speed liquid chromatography was perform­
ed on a Waters Associate model equipped with a column, 
Michrobonda pack G-18 and a UV detector. 

For the photolysis on a preparative scale, an immersion 
well type photoreactor was used. A naphthalene-ethanol 
solution (A>320nm) or cinnamylideneacetic acid-ethanol 
solution (A>360nm) was used as a filter. 

For the photolysis on a analytical scale, a 4 ml rectangular 
cell equipped with an inlet tube about 10 cm was used. 
Pure argon or oxygen was bubbled through the tube for 
5 min and immediately bottled. The period of bubbling 
(5 min) has been shown to be sufficient to change the air 
in the solution by measuring the intensity of the fluorescence. 
The light source was a 500 W high pressure mercury arc 
lamp (Ushio Electric Go.) with a monochromator (Nikon 
G250). Potassium ferioxalate system was used for actino-
metry. 

Materials. 3-(1- and 2-Naphthyl)acrylic Acid : 3-(l-
and 2-Naphthyl) acrylic acid were synthesized by the Kno-
evenagel condensation from the corresponding naphthalde-
hyde and recrystallized from methanol. 3-(1-Naphthyl)-
acrylic acid, mp 206.0 °G (lit, 205.0 °C21>). 3-(2-Naphthyl)-
acrylic acid, mp 189.5 °G (lit, 196.0 °C21>) 

Methylesters (lMe and 2 Me) : The acrylic acids were 
esterified in refluxing dry methanol with a trace of /?-toluene-
sulfonic acid. Methyl 3-(2-naphthyl)acrylate (2Me), mp 
91.0 °C. Methyl 3-(1-naphthyl)acrylate (lMe) was an oil 
at room temperature. 

Ethylene Bis{3-(1-naphthylJacrylates] (IE) and Ethylene Bis-
[3-(2-naphthyl)acrylatei\ (2E) : IE and 2E were synthesized 
from the corresponding acid chloride and ethylene glycol 
by heating in benzene with a trace amount of pyridine. 
IE, mp 114—115 °C. m NMR (ppm), 4.54(s, 4H, methyl­
ene), 6.51 (d, 7=5 .6 , 2H, vinyl), 8.53 (d, 7=15.6, 2H, 
benzyl), 7.2—8.2 (m, 14H, aromatic). IR (cm"1), 1700 

(s, carbonyl), 1620 (s, double bond), 1296, 1245, 1160, 1350, 
770, 795, UV, Amas = 323nm, e=4.80x104. MS, 422. 

Found : C, 79.96; H, 5.2%. Galcd for C28H2204 : G, 
79.60; H, 5.21%. 

2E, mp 148.0 °G. *H NMR (ppm), 4.60 (s, 4H, methyl­
ene), 6.60 (d, 7=16.0 , 2H, vinyl), 7.3—8.1 (m, 16H, arom­
atic and benzyl). IR (cm"1), 1700 (s, carbonyl), 1630 (s, 
double bond), 1360, 1290, 1250, 1170, 1180, 860, 820. UV, 
Amax=307nm, e=5 .00xl0 4 . MS, 422. 

Found : G, 79.24, H, 5.25%. Calcd for C28H2204 : G, 
79.60; H, 5.21%. 

Photolysis of IE : IE (0.9 g) in acetone (990 ml) was 
irradiated with light (A>320nm) under nitrogen for 11 h 
and the solution concentrated in a rotary evaporator. On 
adding hexane, crystals precipitated out from the solution 
which were recrystallized from acetone-hexane to give 
1ED. 0.48 g, 53%. Concentration of the filtrate gave 0.16 g 
(18%) of eis,cis-lE. 
1ED, mp 205—210.5 °G. *H NMR (ppm), 4.64 (s, 4H, 
methylene) 4.15—4.30 (d, 2H, cyclobutane), 5.45—5.65 (d, 
2H, cyclobutane), 7.0—8.2 (m, 14H, aromatic). 13G NMR 
(ppm), 65.20 (methylene G), 49.28 (carbon 1 and 4 on 
cyclobutane), 41.18 (carbon 2 and 3 on cyclobutane). IR 
(cm-1), 1750 (s, carbonyl), 1603, 1250, 1225, 777. UV, 
Amax 220 and 285 nm. MS, 422. 

Found : C, 79.20; H, 5.30%. Galcd for C28H2204 : G, 
79.60; H, 5.21%. 
cis,cis-2tf, mp 107.0—108.0 °G W NMR (ppm), 3.85 (s, 
4H, methylene), 6.05 (d, 7=11.7 , 2H, vinyl), 7.0—8.5 (m, 
16H, aromatic and benzyl). IR(cm_1), 1723 (s, carbonyl), 
1635 (s, double bond), 1180, 1214, 1420, 829, 814, 790. 
UV, Am a x=296nm e=2 .32x l0 4 . MS 422. 

Anhydride of 1ED (IEA) : 1ED (0.21 g) was heated in 
IM aqueous sodium hydroxide (50 ml) for 3 h at 60—70 °G. 
After filtration the filtrate was acidified. The precipitate 
(0.17 g 81%) was dried over P 2 0 5 and refluxed in acetyl 
chloride (20 ml) for 3 h. Concentration of the solution gave 
crystals of 1EA 0.10 g (48%). 1EA, mp 214.0—215.0 °G. 
1H NMR (ppm) in C5D5N, 4.63 (d, 2H, cyclobutane), 5.97 
(d, 2H, cyclobutane), 7.0—8.0 (m, 14H, aromatic). IR 
(cm -1), 1870 and 1795 (five membered ring anhydride), 
1603, 1245, 1214, 1065, 903, 780, MS, 378. 

Found : C, 78.35; H, 4.93%. Calcd for C26H1803 : G, 
80.53; H, 4.79%. 

Photolysis of 2E : 2E ( 1 g) was irradiated in the same way 
as IE for one hour and the reactant solution concentrated 
in a rotary evaporator. The addition of hexane precipitated 
crystals of 2ED, 0.75 g in 75% yield. 2ED, mp 190.0 °C. 
*H NMR (ppm), 4.62 (s, 4H, methylene), 4.1—4.8 (m, 4H, 
cyclobutane), 6.85 and 7.0, 7.2—8.2 (m, 14H, aromatic). 
13G NMR (ppm), 65.03 (methylene C), 49.02 (carbon 1 
and 4 on cyclobutane), 44.63 (carbon 2 and 3 on cyclobutane). 

Anhydride of 2ED, (2EA) : 2ED was converted into the 
anhydride (2EA) in the same way as 1ED. 2EA, mp 165.0— 
168.0 °G. m NMR (ppm), 4.1 and 4.6 (m, 4H, cyclobutane), 
6.84 and 6.97, 7.20—8.00 (14H, aromatic). IRtcm-1), 1855 
and 1775 (five-membered ring anhydride), 1235, 1210, 1060, 
900. MS, 378. 

Found : C, 79.45; H, 4.82%. Calcd for C26H1803 : C, 
80.53; H, 4.79%. 

Dimethyl Ester of 2ED (2EM) : The dicarboxylic acid 
of 2ED was esterified by diazomethane. 2EM mp 108.0— 
109.0 °C. *H NMR (ppm), 3.80 (s, 6H, methyl), 4.10 and 
4.80 (m, 4H, cyclobutane), 6.90 and 7.07, 7.2—8.0 (14H, 
aromatic). IR (cm"1), 1730 (s, carbonyl), 1600, 1430, 1270, 
1200. MS, 378. 

Photolysis of a Concentrated Solution of 2Me. 2Me (1 g) 
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in 50 ml of benzene was irradiated with light ( A > 3 2 0 n m ) 
for 24 h. After irradiation, evaporation of the solvent gave 
crystals. Th in layer chromatography and N M R methyl 
signals showed the presence of at least two kind of products 
and H L G retention times indicated that one product was 
2EM. 

Identification of 1ED and 2ED : T h e compound 1ED was 
assigned the proposed cyclobutane structure based on N M R , 
U V , and I R spectra. 13G N M R spectrum of 1ED showed 
a single peak a t 65.20 p p m for the methylene carbons, 49.29 
p p m for carbons 1 and 4, 41.18 p p m for carbons 2 and 3 
on the cyclobutane ring. T h e hydrolyzed product of 1ED 
gave an acid anhydride (1EA) in boiling acetyl chloride. 
1EA has I R peaks at 1795 and 1870 c m - 1 , characteristic of 
a five-membered ring anhydride. T h e all-cis s tructure pre­
sumably can be neglected since the hydrolyzed product of 

trans-lM.e A m a x = 3 2 3 n m 

m - l M e Am a x = 2 9 6 n m 

trans-2Me l m a x = 307 n m 

ô r - 2 M e A m a x = 298 n m 

B) T h e q u a n t u m yield of the cyclization and trans-cis 
isomerization of I E and 2E was calculated from the peak 
area in the H L G chart . Usually a 2 x l 0 ~ 5 m o l / l reactant 
solution in 4 ml rectangular cell was irradiated for 30 or 
6 0 s with 313 n m light. 
G) T h e fluorescence q u a n t u m yield was calculated by 
using 2-(l-naphthyl)-5-phenyloxazole (aNPO) in cyclohexane 
as standard,22) 0 f=O.7O. 
D) Michler 's ketone photosensitized isomerization of 2Me. 
A solution of Michler 's ketone (1.1 X 10~3 mol/1) and 2Me 
( 5 x 10 - 4 mol/1) in cyclohexane or ethanol was purged with 
argon for 10 min and irradiated with light of wavelength 
365 n m or 405 n m respectively. A solution of 2 M e of the 
same concentration without Michler 's ketone was irradiated 
with 313 n m light. T h e ratio of trans- and cw-2Me was 
measured by H L G . 

T h e a u t h o r s wish to t h a n k D r . H . N a k a n i s h i of this 
l a b o r a t o r y for t h e 1 3 G N M R m e a s u r e m e n t s a n d D r . 
K . H o n d a for h is useful discussions. 
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The Reaction of Group V Metal Alkoxides with Sulfur Dioxide and 
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Trialkoxyarsines (I) and -stibines (II) react with sulfur dioxide to give the corresponding dialkyl sulfites 
and arsenic trioxide or polymeric residues containing antimony. The reactivity of the compounds (I) is very 
low, and the yield is poor. Reactions of I and II with selenium dioxide afford dialkyl selenites together with 
arsenic trioxide or the same polymeric residues containing antimony as in the case of the reaction with sulfur 
dioxide. The reaction followed a stoichiometry of three moles of trialkyl phosphites (III) and one mole of sele­
nium dioxide yields a 2 : 1 molar ratio of the phosphates : the phosphoroselenoates. A similar reaction of the 
phosphites with selenium dioxide in a 2 : 1 stoichiometry gives the phosphates and red selenium quantitatively. 
The rate of oxidation of the phosphorus compounds by selenium dioxide decreases in the order Bu3P>BuP(OEt)2> 
P(OEt)3. Based on these results, the possible mechanisms have been discussed. 

In a previous paper,1) the reaction of group V metal 
amides with sulfur dioxide was reported. In the 
reaction of phosphorus amide, the phosphorus a tom 
is oxidized giving P = 0 , and P=S compounds. Tris-
(dialkylamino)arsine and stibine, however, add across 
the S=0 bond of sulfur dioxide and deoxygenation by 
the metal atom occurs giving the tetraalkylsulfurous 
diamides. 

Selenium dioxide, a white crystalline solid, has been 
used as a selective oxidizing agent of organic com­
pounds.2) There are, however, few reports concern­
ing the reaction of selenium dioxide with the group 
V metal compounds. Triaryl phosphines, arsines, 
and stibines react with selenium dioxide to give the 
corresponding oxides and selenides.3»4) Esters of 
arsinous acids R2As(OR')5) and arsonous acids RAs-
(OR')2

6) are also oxidized with selenium dioxide to 
arsinic acid esters R 2 A s ( 0 ) O R ' and arsonic acid esters 
R A s ( 0 ) ( O R ' ) 2 , respectively. T h e oxidation of the 
cyclic esters of arsonous acid with selenium dioxide 
however, yields the spirocyclic esters of orthoarsonic 
acids instead of the normal arsonic acid esters.7) 

Trialkoxyarsines and -stibines are very reactive 
compounds and react with acetic anhydride8) and 
heterocumulenes such as phenylisocyanate9) and 
ketene.10) However no study concerning the reaction 
between group V metal alkoxides and selenium diox­
ide has been found except for Dubrovia's report11) 
concerning the reaction between triethoxystibine 
with selenium dioxide. Equally there are no reports 
of the reactions between group V metal alkoxides 
and sulfur dioxide. In this paper, the reactions be­
tween group V metal alkoxides and sulfur dioxide and 
selenium dioxide will be reported and discussed. 

R e s u l t s and D i s c u s s i o n 

Trialkoxyarsines react very slowly with sulfur diox­
ide to give a precipitate of arsenic trioxide and dialkyl 
sulfites in low yields. The reaction was incomplete 
and large amounts of the starting materials were 
recovered, even on heating at 100 °C for several months. 

The reaction of trialkoxystibines with sulfur dioxide 
proceeded more readily than that of the arsines to 
give the corresponding dialkyl sulfites and polymeric 
residues in place of antimony trioxide. The polymeric 

residues, which were formulated as ( R O S b O ) n on the 
basis of the elemental analysis showed infrared ab­
sorption bands assignable to the Sb-O-Sb 1 2 - 1 4 ) group 
(745, 618, and 540 cm" 1 for R = P r n ) and alkoxyl 
group. T h e residues were insoluble in many organic 
solvents and hydrolyzed in hot water to give antimony 
trioxide (identified by X-ray powder diffraction). 
I t is interesting to note that the A s - O bond is less 
reactive to sulfur dioxide than S b - O , and this may be 
due to improved matching of the sizes of the reaction 
centers and also to the ionic properties of metal oxygen 
bonds. As the degree of ionic character in the metal 
oxygen bond increases when the central metal changes 
from arsenic to antimony, it appears that the nucleo-
philic property of the oxygen atom of antimony alkox-
ide is much greater than that of arsenic alkoxide. 

T h e affinity of the metal a tom for oxygen decreases 
in the order : As>Sb>Bi , 1 ) and therefore trialkoxy-
stibine is more reactive than trialkoxyarsine, bu t 
the poor affinity for the oxygen atom results in the 
failure of S b 2 0 3 formation. Based on these considera­
tions, one of the possible mechanisms consists of the 
nucleophilic attack by a alkoxyl group on the sulfur 
a tom rather than the electrophilic attack by the metal 
on the oxygen atom of sulfur dioxide, to form an inser­
tion product, and the reaction proceeds as follows : 

(RO)3M + S 0 2 

(RO)2M O 

RO-> S = 0 

(RO) 2 M-0 

R O - S = 0 

RO-M—O 
I I 

R O - » S ( 0 ) O R J 

> —[RO-M^O],, + (RO)2SO 
n 

M=As S0 2 

(RO)2SO + As203 

Trialkoxyarsines reacted completely with selenium 
dioxide in boiling benzene to give arsenic trioxide 
and the corresponding selenites in poor yield due to 
the thermal decomposition of the selenites.15) T h e 
reaction of the trialkoxystibines with selenium dioxide 
also gave the selenites and the polymers, which showed 
the same physical and spectral properties as those 
observed in the reaction with sulfur dioxide. An 
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TABLE 1. PRODUCTS OF THE REACTION OF TRIALKOXYSTIBINE WITH SULFUR DIOXIDE 

(RO)2S=0 Bp (°C/mmHg) Yield (%; IR v(S=0)cm- la> NMR (<5) ppmb> 

R = E t 

n-Pr 

*-Pr 

72-Bu 

53—55/16 

78—79/13 

60.5—62/15 

87—90/5 

45 

41 

44 

56 

1.4142 

1.4236 

1.4150 

1.4290 

1205 

1208 

1200 

1208 

1.34(3H, t) 
4.05(2H, q) 

0.98(3H, t) 
1.70(2H, m) 
3.95 (2H, m) 

1.34(6H, d) 
4.78(H, m) 

0.94(3H, t) 
1.56(4H, m) 
3.97 (2H, m) 

a) Coated on KBr plate, b) In GG14. 

TABLE 2. OXIDATION PRODUCTS OF TRIALKYL PHOSPHITES WITH SELENIUM DIOXIDE IN THE RATIO OF 3 : 1 

(RO)3P=0 compound (RO)3P=Se compound 

l l w i 3 f 

(MeO)3P 

(EtO),P 

(i-PrO)aP 

(«-BuO)3P 

(£-BuO)8P 

a) In GHC13, 

Yield (%) 

49 

62 

47 

50 

39 

IR v(P=0) cm-1 

1275 

1270 

1274 

1277 

1284 

the J value is 7 P O CH (Hz). 

Yield (%) 

27 
18 

21 

26 

12 

IR v(P=Se) cm-1 

557, 502 

568, 525 

570, 534 

585, 548 

572, 545 

NMR (ô) ppma> 

3.90(d, 7=14 .6) 

1.35(t, 3H) 
4.20(dq, 2H, 7=10 .0 ) 
1.34(d, 6H) 
4.83 (m, 1H, 7=10 .5 ) 
0.95(t, 3H) 
1.10—1.88 (m, 4H) 
4.20(dt, 2H, J = 9 . 8 ) 

0.97(d, 6H) 
2.00 (m, 1H) 
3.88(dt, 2H, 7 = 8 . 8 ) 

analytical pure sample (ROSbO) w could not be ob­
tained since it was impossible to completely remove 
the unreacted selenium dioxide. T h e structure was 
however shown to be the same as the product in the 
reaction of trialkoxystibine with sulfur dioxide. T h e 
stoichiometric results of the reactions studied with 
selenium dioxide are shown in the following equations : 

2As(OR)3 + 3Se02 > 3(RO)2SeO + As203, 

Sb(OR)3 + SeOa -> (RO)2SeO + — (ROSbO)re. 

T h e reaction of trialkoxyarsines and -stibines with 
selenium dioxide may proceed via an identical pathway 
to that of sulfur dioxide. 

T h e reaction of trialkyl phosphites with excess sulfur 
dioxide was performed at room temperature to yield 
trialkyl phosphates and trialkyl phosphorothioates 
in the ratio of 2 : 1, the results of which agree with 
those reported by Fluck and Binder.16) T h e reaction 
of trialkyl phosphites with selenium dioxide, however, 
gave different products, depending on the proportions 
of the reagents used. 

T h e reaction followed a stoichiometry of 3 mol 
of trialkyl phosphite and 1 mol of selenium dioxide 
yields a 2 : 1 molar ratio of trialkyl phosphate : trial­
kyl phosphoroselenoate. The phosphoroselenoates 
were identified by comparing the spectral da ta with 
those of authentic samples17-19) prepared by the reaction 
between phosphite and selenium. Ethyl dibutyl-
phosphinite was also oxidized with selenium dioxide 

to give ethyl dibutylphosphinate and ethyl dibutyl-
phosphinoselenoate. T h e products from the oxidation 
in the 3 : 1 stoichiometric ratio are listed in Table 2. 

Similar reactions of the phosphites with selenium 
dioxide in a 2 : 1 stoichiometry gave the phosphates 
and selenium in quantitative yields. 

Trialkyl phosphoroselenoates reacted readily with 
selenium dioxide to yield the corresponding phosphites 
and selenium in good yields, the reactions of which 
are summarized in the following equations : 

3(RO)3P + SeOa > 2(RO)3PO + (RO)3PSe 

2(RO)3P + SeOa • 2(RO)3PO + Se, 

2(RO)3PSe + Se02 > 2(RO)3PO + 3Se. 

The reactivity of trivalent phosphorus compounds 
toward selenium dioxide has been compared by 
means of GL G analysis by the same method used in 
a previous paper1) and found to decrease in the order, 
B u 3 P > B u P ( O E t ) 2 > P ( O E t ) 3 . This order is parallel 
with the order of electron density on the phosphorus 
atom, and consistents with the order found in the 
reaction of phosphorus compounds with sulfur dioxide.1) 
I t may be reasonable to consider the nucleophilic attack 
by the phosphorus atom on selenium occurs as the 
first step in the formation of cyclic intermediates fol­
lowed by the formation of phosphoryl bonds to give 
trialkyl phosphates and selenium monoxide, which 
disproportionates into selenium and selenium dioxide. 
T h e selenium reacts with unreacted phosphites to 
provide phosphoroselenoates. 
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( R O ) 3 P : - * Se > (RO) 3 P-Se 

\ < 3 O O O 

\ \ 
> (RO)gPO + [SeO] 

2[SeO] > S e 0 2 + [Se] 

(RO) 3 P + [Se] > (RO)gPSe 

Exper imenta l 

All the reactions as well as preparations of trialkoxyarsines 
and stibines were conducted under an atmosphere of argon 
or nitrogen. T h e I R spectra were taken with a Shimadzu 
IR-430 spectrometer. T h e N M R spectra were run on a 
JEOL-G60 H L spectrometer in GG14 or GHG13 using T M S 
as internal standard. T h e analytical GLG was conducted 
with a Shimadzu GG 6A gas Chromatograph using a 3 m 
glass column packed with 10% P E G 6000. 

Materials. Trialkoxyarsines were prepared according 
to the method described by Brill and Campbell;2 0) As-
(OMe) 3 ; b p 90—96 °G/35 m m H g , As(OEt) 3 ; b p 120—126 °G/ 
18 mmHg, As(OPr") 3 ; b p 107—108 °G/43 m m H g , As-
(OPr*)3; b p 92—94 °G/12 m m H g , As(OBuw) 3 ; b p 60—72 
°G/0.05 m m H g . The preparat ion of the trialkoxystibines 
was conducted by the reaction between ant imony trichloride 
and 3 mol of lithium alkoxide. Sb (OEt ) 3 ; b p 89—96 °G/ 
0.08 m m H g , Sb (OPr" ) 3 ; b p 70—74 °G/0.05 m m H g , Sb-
(OPr*)3; bp 39—44 °G/0.03 m m H g , Sb(OBu") 3 ; b p 8 1 — 
8 9 ° G / 0 . 1 5 m m H g . 

Triisopropyl phosphite,21) triisobutyl phosphite,21) diethyl 
butylphosphonite,22) ethyl dibutylphosphinite,23) and tri-
butyl phosphine24) were prepared by the methods previously 
reported. T h e other phosphorus compounds were obtained 
commercially and distilled prior to use. 

Reaction of Trialkoxyarsines with Sulfur Dioxide. T h e 
triisopropoxyarsine (1.56 g, 6.24 mmol) was dissolved in 
an excess of liquid S 0 2 and heated in sealed tube at 100 °G 
for 4 months during which time white precipitates of arse­
nic trioxide (0.20 g, 3 3 % yield) were formed. T h e liquid 
par t of the reaction mixture gave the fraction (0.76 g, bp 
40—52 °G/50 m m H g ) by distillation under reduced pressure. 
GLG analysis showed the presence of diisopropyl sulfite 
together with the starting material. These two compounds 
were identified by comparing the GLG retention times with 
those of authentic samples. 

Reaction of Trialkoxystibines with Sulfur Dioxide. A 
mixture of triethoxystibine (2.76 g, 10.7 mmol) and excess 
sulfur dioxide was heated at 100 °G for 3 d in a sealed 
tube. After removal of the white precipitates and the excess 
sulfur dioxide, diethyl sulfite (1.00 g, 45%) was obtained 
by distillation under reduced pressure; b p 53—55 °G/16 
m m H g , I R *>(S=0) 1205 cm"1 , N M R (GG14) 6 = 1 . 3 4 (3H, 
t) , 4.05 (2H, q) . T h e precipitates had strong infrared 
bands assignable to the S b - O - S b group (745, 618, 585 cm - 1 ) 
and the alkoxyl group (2980, 2940, 2900, 1225, 1170, 1120, 
1065. 1015, and 920 cm" 1 ) . Found ; G, 13.8; H , 2 .65%. 
Galcd for G 2 H 5 0 2 S b ; G, 13.14; H , 2 .76%. T h e reactions 
of other trialkoxystibines with sulfur dioxide were performed 
in the same way, the results of which are shown in Table 1. 
T h e white precipitates in each reaction also showed the same 
I R spectra as reported above and identified to be ( R O S b O ) n . 

Reaction of Trialkoxyarsines with Selenium Dioxide. A 
mixture of trimethoxyarsine (1.2 g, 7.20 mmol) and selenium 
dioxide (1.20 g, 10.8 mmol) in benzene (10 ml) was heated 
in a sealed tube at 100 °G for 2 d. T h e A s 2 0 3 precipitate 
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was then filtered and the solvent removed using a rotary 
evaporator. T h e remaining product was distilled under 
vacuum to yield dimethyl selenite (1.41 g, 8 3 % ) ; b p 64— 
6 5 ° G / 1 5 m m H g , I R (neat) *>(Se=0) 926 cm"1 , *>(Se-0) 
632 c m - 1 ; N M R (GG14) 6 = 3 . 7 0 (S). 

Similar t reatment of triethoxyarsine (1.45 g, 6.90 mmol) 
with selenium dioxide (1.15 g, 10.4 mmol) gave diethyl 
selenite (1.19 g, 6 2 % ) ; b p 76—76.5 °G/15 m m H g ; I R (neat) 
*>(Se=0) 934 cm- 1 , v(Se-O) 632 cm"1 , N M R (GG14) 6 = 1 . 2 7 
(3H, t ) , 4.03 (2H, m ) . T h e reaction of tri-w-propoxyarsine 
(1.90 g, 7.53 mmol) with selenium dioxide (1.26 g, 11.3 
mmol) gave di-w-propyl selenite (1.58 g, 6 5 % ) ; b p 77—78 
°G/2.5 m m H g ; I R (neat) *>(Se=0) 930 cm"1 , v(Se-O) 634 
c m - 1 ; N M R (GG14) 6 = 0 . 9 8 (3H, t ) , 1.65 (2H, m) , 3.94 
(2H, m ) . T h e reaction of triisopropoxyarsine (1.76 g, 6.99 
mmol) and tributoxyarsine (1.71 g, 5.80 mmol) with selenium 
dioxide gave the following products, respectively; diisopropyl 
selenite (1.08 g, 5 1 % ) ; b p 78—81 °G/14 m m H g ; I R (neat) 
*>(Se=0) 940 cm- 1 , v(Se-O) 640 cm" 1 ; N M R (GG14) 6 = 1.30 
(6H, m) , 4.85 (1H, m) , and dibutyl selenite (0.85 g, 
4 1 % ) ; b p 127—129 °G/12 m m H g ; I R (neat) *>(Se=0) 924 
cm- 1 , v(Se-O) 635 cm" 1 ; N M R (GG14) 6 = 0 . 9 6 (t, 3H) , 
1.50 (m, 4 H ) , 3.97 (m, 2 H ) . 

Reaction of Trialkoxystibines with Selenium Dioxide. A 
mixture of triethoxystibine (2.13 g, 8.29 mmol) and sele­
n ium dioxide (1.31 g, 11.8 mmol) was allowed to react at 
100 °G for 3 d. After removal of the precipitates by 
filtration, the filtrate was distilled under vacuum to give 
diethyl selenite (0.76 g, 3 3 % ) . Under similar conditions, 
tri-w-propoxystibine (2.09 g, 6.98 mmol) reacted with selenium 
dioxide and gave di-w-propyl selenite (0.76 g, 3 4 % ) . Also 
diisopropyl selenite (0.88 g, 41%) and di-w-butyl selenite 
(0.52 g, 53%) were obtained by the reaction of selenium 
dioxide with triisopropoxystibine (1.99 g, 6.72 mmol) and 
tri-w-butoxystibine (1.15 g, 3.36 mmol) , respectively. 

T h e white precipitates obtained in each reaction exhibited 
the same I R absorptions as those obtained in the reaction 
of the corresponding trialkoxystibine with sulfur dioxide. 

Reaction of Trialkyl Phosphites with Sulfur Dioxide. When 
an excess of dry sulfur dioxide was bubbled through trimethyl 
phosphite (2.20 g, 17.7 mmol) at — 78 °G, an exothermic 
reaction took place which gave a colorless solution after 
standing for 30 min at room temperature . T h e reaction 
mixture was distilled to give a distillate (2.28 g) of boiling 
point range b p 71—78 °G/14 m m H g . From the mixture, 
trimethyl phosphate (1.35 g, 63%) and trimethyl phospho-
rothioate (0.75 g, 31%) were obtained by column chromato­
graphy (silica gel-chloroform). I n a similar manner , 
triethyl phosphite (1.96 g, 11.8 mmol) reacted with sulfur 
dioxide to yield triethyl phosphite (1.14 g, 53%) and triethyl 
phosphorothioate (0.68 g, 2 9 % ) . Triisopropyl phosphite 
(2.50 g, 11.7 mmol) also underwent a similar reaction to give 
triisopropyl phosphate (1.42 g, 54%) and triisopropyl phos­
phorothioate (0.76 g, 2 7 % ) . These compounds were identi­
fied by comparing the physical (bp) and spectroscopic ( IR 
and N M R ) data with those of the authentic samples.17) 

Reaction of Trialkyl Phosphites with Selenium Dioxide in the 
Molar Ratio 3:1. Tr imethyl phosphite (2.48 g, 20.0 
mmol) was added slowly with stirring to selenium dioxide 
(0.74 g, 6.66 mmol) suspended in benzene (5 ml) at room 
temperature , and the solution stirred for 2 h. After removal 
of the solvent, the reaction mixture was distilled under re­
duced pressure. T h e distillate (3.04 g, b p 84—90 °G/ 
15 m m H g ) was subjected to column chromatography (silica 
gel-chloroform) to give tr imethyl phosphate (1.39 g, 4 9 % ) , 
and trimethyl phosphoroselenoate (1.10 g, 2 7 % ) , I R (neat) 
*>(P=Se) 557, 502 cm"1 , N M R (CHC13) 6 = 3 . 7 4 (d, / P O C H = 
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14.4 Hz . 
Fur ther oxidations of phosphites with seleniium dioxide 

were conducted according to the same procedure as reported 
above, the results of which are shown in Table 2. 

Reaction of Trialkyl Phosphites with Selenium Dioxide in the 
Molar Ratio 2:1. Tr imethyl phosphite (1.77 g, 14.3 
mmol) was added to selenium dioxide (0.79 g, 7.12 mmol) 
in benzene (5 ml) at room temperature . An exothermic 
reaction took place giving a red precipitate. T h e mixture 
was stirred overnight and the red selenium (0.47 g, 84%) 
was then filtered and the solvent removed from the nitrate 
using a rotary evaporator. T h e remaining product was dis­
tilled under reduced pressure to yield trimethyl phosphate 
(1.68 g, 8 4 % ) ; b p 77—78 °G/13 m m H g . Similar t reatment 
of triethyl phosphite (1.94 g, 11.6 mmol) with selenium 
dioxide (0.65 g, 5.82 mmol) gave triethyl phosphate (1.89 g, 
8 9 % ) ; b p 94—95 °G/12 m m H g and selenium (0.38 g, 8 2 % ) . 

Reaction of Trialkyl Phosphoroselenoates with Selenium Dioxide. 
T h e reaction of trimethyl phosphoroselenoate (0.87 g, 5.26 
mmol) with selenium dioxide (0.24 g, 2.15 mmol) was con­
ducted in benzene (5 ml) to produce trimethyl phosphate 
(0.46 g, 76%) and selenium (0.46 g, 9 1 % ) . From triethyl 
phosphoroselenoate (1.29 g, 5.26 mmol) and selenium di­
oxide (0.29 g, 2.63 mmol) were obtained triethyl phosphate 
(0.92 g, 96%) and selenium (0.62 g, 100%). 

Effect of Substituent on the Reactivity. A reactivity 
comparison of trivalent phosphorus compounds towards 
selenium dioxide was performed by mixing each reagent 
(0.05 mmol/1) in ethanol at — 78 °G and determining by 
GLG analysis the remaining amount of trivalent phosphorus 
compound under the same conditions used in a previous 
paper.1) T h e following figures show the remaining amounts 
of phosphorus compounds (mmol/1) after 30 min ; Bu3P : (0), 
B u P ( O E t ) 2 : (0.0182), P ( O E t ) 3 : (0.0485). 
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Synthesis of Decachloro-4-allylidenecyclopentene and Its Chemistry1* 
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Decachloro-4-allylidenecyclopentene (6) was synthesized by the reaction of pentachlorocyclopentadiene 
with hexachloropropene in the presence of anhydrous aluminium chloride. Hexachloro-2-allylidene-4-cyclo-
pentene-l,3-dione (11), prepared from 6 by treatment with coned nitric acid, cyclized to hexachloro-2,5-dihy-
drocyclopenta[£]pyran-5-one (14) on heating. In a solvent such as acetone and acetonitrile, 14 rearranged to 
hexachloro-2,5-dihydrocyclopenta[£]pyran-2-one (18) at room temperature. The mechanism of this rearrangement 
is discussed. Hydrolysis of 14 by 90% sulfuric acid afforded tetrachloro-2,5-dmydrocyclopenta[£]pyran-2,5-
dione (15), which was obtained directly from 6 by treatment with sulfuric acid. The reactions of 11 with an­
hydrous methanol, and of 15 with diazomethane were investigated. 

As a part of our study to synthesize new cyclic con­
jugated chlorocarbons, we have investigated the reac­
tion of 1,1,2,3-tetrachloropropenium cation (2) with 
hexachlorocyclopentadiene (1) at 80 °C, obtaining 
decachlorobicyclo[3.3.0]octa-2,6-diene (3) .2> The 
reaction of pentachloropropenium cation (5)3) with 
1,2,3,4,5-pentachlorocyclopentadiene (4) has similarly 
attracted our interest. 

CI CHCI 
+ +;CCI 

1 2 2 

c , ni a 

ciU—Uci 

Cl2 CI 

a ci2 
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Cl H C I A C I 

C | U — U C | 

Cf^cci2 t 
» 'Cb<Sa2 I (B) 

cci2 

+ »cci — 
g0 CH2CI2 CI*==Jci~ AICI 

The reaction of 4 with 5 at 80 ° G gave a mixture of 
3 and a small amount of white crystals of unknown 
structure (6). When the reaction was carried out in 
refluxing dichloromethane, 6 was obtained in a 8 7 % 
yield. Trea tment of 6 with a catalytic amount of 
anhydrous aluminium chloride in refluxing carbon 
tetrachloride afforded 3 quantitatively. This cycliza-
tion suggests that 6 is a stable intermediate of reaction 
B. The mechanism of reaction A seemed to differ 
from that of B, because 6 could not be detected in the 
products of reaction A carried out in refluxing dichloro­
methane. T h e infrared spectrum of 6 shows three 
absorptions in the double bond region. Two peaks 
at 1207 and 1195 c m - 1 are suggestive of polychlorinated 
five membered ring, and a peak at 810 c m - 1 is seem­
ingly due to a double allylic dichloromethylene.5> 
The U V spectrum of 6 (Fig. 1) shows that the three 
double bonds are not fully conjugated. T h e 13C N M R 
spectrum of 6 (Table 1) shows the presence of six sp2 

carbons and two doubly allylic dichloromethylene 
carbons,6) both of which are under similar circum­
stances in the molecule. 

Although chlorination of 6 in carbon tetrachloride 
was uncuccessful, treatment in liquid chlorine with 
irradiation by sunlight gave octachloro-4-methylenecy-
clopentene (10). 7> Dechlorination of 6 with copper 
powder gave brownish red crystals of (9), which was 
identified with an authentic sample of the dimer of 

hexachloropentalene3a '8> by their I R spectra. This 
transformation is well interpreted by assuming inter­
mediary formation of octachloro-6-vinylfulvene (7) 
followed by ring closure and dechlorinative dimeriza-
tion. Structure 6 is fully consistent with the before-
mentioned spectral data and its chemical transforma­
tions. 

CI CI 

C l i 
UC1 

CI 

CI 
1 

CI Cl2 

8 
CCI2 

> C j f l C f e 10 
Clh = JCI 

When 1,2,3,4-tetrachlorocyclopentadiene was allow­
ed to react with 5 in refluxing dichloromethane, 
a small amount of octachlorobicyclo[3.3.0]octa-l,4,6-
triene4) was the only product isolated. 

Trea tment of 6 with 2 0 % fuming nitric acid gave 
pale yellow crystals. Assignment of the structure (11) 
to the product follows from the elemental analysis, 
spectroscopic data, and the analogous reaction of 10 
to give tetrachloro-2-methylene-4-cyclopentene-l,3-
dione.7) In the reaction of this 1,3-dione with ethanol, 
an exocyclic dichloromethylene group is eliminated to 
give (13).9) Therefore, a similar reaction could be 
expected for 11, which also has carbonyl groups on 
both sides of the exocyclic group. By heating 2 h in 
refluxing methanol, 11 was converted to the compound 
C1 1H1 0Gl4O5 , the spectral da ta of which point to a 
monoketalized triketone (12) as shown. An attempted 
hydrolysis of the ketal group with hydrochloric acid 
in refluxing methanol gave a cyclopentenedione 13.10> 
Identification of the product with an authentic sample 
was carried out by measurement of the mixed melting 
point and comparison of their I R spectra. T h e results 
suggests intermediary formation of an unstable tri­
ketone. When 11 was heated in refluxing carbon tetra­
chloride under anhydrous conditions, deep red crystals 
of (14) were formed in high yield. Assignment of 
the structure 14 was based on its IR , U V , and 13G 
N M R spectra as well as on its formation from 11 and 
the conversion to (15) by 90% sulfuric acid, 
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T h e formation of 14 is significant in view of the 
mechanism of 1,5-pentadiene-oxygen rearrangements.12) 
Because the pyran 14 is stabilized by mesomerism,1) 
1,5-sigmatropic chlorine shift followed by ring opening 
of the second pyran intermediate (16) to an acyl chlo­
ride (17) is not so favored. 

Crystalline 14 decomposed slowly in the air with 
evolution of hydrogen chloride; however, the solution 
of 14 in a nonpolar solvent was stable in a dark place. 
In a polar solvent such as acetone, ethyl acetate, and 
acetonitrile, an unexpected rearrangement occurred 
leading to (18) at room temperature. Figure 2 shows 
U V spectra of these compounds. The longest wave­
length maxima of both 14 and 15 seem to be due to 
a cyclopentadienone chromophore.13) T h e broad 
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Fig. 1. Ultraviolet spectra of 6, 11, 19, and 22 : 
6; 11; 19; 22. 
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Fig. 2. Ultraviolet spectra of 14, 15, and 18 : 
14; 15; 18. 

maximum of 18 at 380 nm is due to polychlorinated 
oc-pyrone.14> Cyclization of (19) under mild condi­
tions, resulting in the formation of 18, and the spectral 
data indicated the double bond location and the pres­
ence of a-pyrone ring in 18. 

When anhydrous methanol was added to 14, a 
moderate exothermal reaction took place to afford 
white crystals, C1 8H6Cl1 0O6 (20). Although the 
structure is unknown, the high resolution mass spectrum 
of 20 indicates that it is a dimer of (21), C9H3C1503 , 
which corresponds to the base peak of the mass spec­
t rum. Plausible mechanisms for the formation of 18 
and 20 could be outlined as follows. In a polar solvent, 
a chlorine migration followed by ring opening takes 
place, giving an acid chloride 17, which either reacts 
with methanol and dimerizes to 20 or, without any 
reactive materials in the reaction medium, cyclizes to 
18. 

O n the other hand, the reaction of 6 with dilute 
nitric acid yielded a pale yellow monoketone (22). 
T h e transformation is similar to that of 10 with nitric 
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TABLE 1. 13G DATA OF SELECTED COMPOUNDS'1 ,b> 

Compound ) c ^ 0 > = = < S a t u r a t e d 

a) All positions are substituted by chlorine unless in­
dicated, b) Spectra were run in the solvent cited and 
the data reported in ppm downfield from external 
TMS converted from the solvent internal standand 
using (GD3GOGD3) methyl carbon 29.7, (dioxane) 67.4, 
(GG14) 94.0, (CDGI3) 76.9, (CH3COCH3) methyl carbon 
30.4, (CHGI3) 77.2, (G6D6) 128.0 (Ref. 25, p. 23); 
accuracy ±0.1 ppm. c) CD3GOGD3. d) Neat sample; 
dioxane was used as an external standard, e) GC14. 
f) CDC13. g) CH3COCH3. h) CHG13. i) G6D6. 

acid or sulfuric acid.7) Although 22 was stable at 
room temperature or during the chromatographic 
separation, vacuum distillation at 180 °C or heating 
in refluxing carbon tetrachloride promoted an (E)-(Z) 
rearrangement to 19. In contrast to the (E)-ketone 
22, 19 cyclized to 18 during chromatographic separa­
tion on silica gel or in the air with the gradual liberation 
of hydrogen chloride. These chemical behavior as 
well as the IR , U V , and 13G N M R spectra of both 
monoketones support the proposed structures. Reac­
tion of 6 with fuming sulfuric acid yielded 15 and 
two kinds of dimers C16G1806 , (23) and (24) of unknown 
structure, which could be distinguished by the I R 
spectra. I t is interesting that 15 gave 23 in ether, 
while it gave 24 in acetone-d6 at room temperature. 

Since the 1,3-dipolar cycloaddition of diazomethane 
to tetraphenylcyclopentadienone has been reported,16) 
we wanted to compare the reactivity of the two double 
bonds in the cyclopentadienone moiety of 15. T h e 
structure (25) was assigned on the basis of its high 
resolution mass, IR , 1H N M R , 13G N M R , and U V 
spectra. T h e latter shows one absorption maximum 
at 257 nm, indicating the existence of a,/?-unsaturated 
carbonyl chromophore. Addition of diazomethane17) 
preferentially at the middle double bond of 15 may 
be explained in terms of the cationic quasi-aromatic 
character of the a-pyrone moiety. 

E x p e r i m e n t a l 

General. The melting points were determined on a 
Yanagimoto micro melting point apparatus and were un­
corrected. Elemental analyses of carbon, hydrogen, and 
nitrogen were performed by Mr. J. Goda of Osaka City Uni­
versity. Chlorine analyses, when required, were carried 
out according to the combustion method by use of a modified 
flask.18) IR spectra were recorded on a Perkin-Elmer Model 
337 spectrophotometer as mulls in Nujol betweeen NaCl 
disks or as a solution of carbon tetrachloride. Only signifi­
cant absorptions are reported. UV spectra were recorded 
on a Hitachi EPS-20 spectrophotometer as solutions in 
hexane. Nuclear quadrupole resonance spectra were re­
corded on a Decca Radar NQR spectrometer at 77 K. Both 
proton and 13C NMR spectra were recorded on a JEOL 
FX-60 Fourier transform NMR spectrometer. Gas chromato­
graphic analyses were performed on a Nikki Model G-77 
gas Chromatograph using a 2 m 10% SE-30 column with 
helium flow. Mass spectra were recorded on a JEOL JMS-D 
300 high resolution mass spectrometer. 

Decachloro-4-allylidenecyclopentane (6). To a solution 
of 50.3 g(0.211 mol) of hexachloropropene20) in 50 ml of 
dried dichloromethane was added 2.0 g of powdered anhy­
drous aluminium chloride,21) and the mixture was stirred at 
room temperature. Owing to an exothermal reaction, the 
mixture began to reflux after several minutes with the evolu­
tion of hydrogen chloride.22) After the exothermal reaction 
had come to an end, the mixture was heated to reflux for 
2 h with mechanical stirring . After having been kept at 
room temperature over night, the reaction mixture was 
poured into ice-water to decompose the complex. The 
organic layer was separated and the water solution was 
extracted with carbon tetrachloride. The combined solu­
tion was dried over anhydrous sodium sulfate and filtered, 
and evaporation of the solvent under reduced pressure af­
forded sludge. Crystals precipitated from the sludge by the 
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addition of ethanol were collected by vacuum filtration. 
Yield: 71.1 g. After the mother solution was evaporated 
under reduced pressure, the residue was distilled at 150 °C 
under 30—36 m m H g to collect a mixture of the starting 
materials (44.7 g) . Crude 6(13.4 g) was obtained from the 
crystalline residue by washing with ethyl alcohol. Total 
yield was 84.5 g (89%) . Recrystallization from ethyl ace­
tate gave an analytical sample. M p 108 °C;23> I R : 1648, 
1620, 1565( -C=C-) ; U V : Am a x (nm, loge) 221(4.41), 
285(3.09); N Q R : (MHz) (77 K) 37.220, 37.607. 37.618, 
38.026, 38.100, 38.262, 38.520, 38.733, 38.854, 38.975; 
(Found: C, 21.47; CI, 78.45%). 

Chlorination of 6 in Liquid Chlorine. I n an annealed 
glass tube (wall thickness: 4 mm, outside diameter : 19 m m 
X 180 m m ) , 10.0 g ( 2 . 2 2 x l 0 " 2 mol) of 6 and about 10 ml 
of liquid chlorine were sealed at — 70 °C. T h e mixture was 
exposed to the sunlight for two weeks at Osaka in May, 
giving a t ransparent liquid chlorine solution. Having been 
chilled in a Dry Ice-acetone ba th , the tube was opened. 
T h e chlorine was allowed to evaporate at room temperature 
under atmospheric pressure and finally under reduced 
pressure by using an aspirator, and the light yellow residue 
was distilled at 150 °C(bath) /0 .5 m m H g . T h e crystals 
which appeared in the distillate on standing at room tempera­
ture were collected by filtration, and washed with a small 
amount of ethanol. Yield : 3.9 g. T h e product was identi­
fied as octachloro-4-methylenecyclopentene by comparison 
of the I R spectrum with that of an authentic sample.7) 

Dechlorination of 6 with Copper Powder. A mixture 
of 5.0 g ( 8 . 0 x 10"2 g -a tom) of copper powder and 9.0 g (2 .0x 
lO-2 mol) of 6 in petroleum ether (bp : 30—50 °C) was 
heated to gentle refluxing with brisk mechanical stirring 
for 4 days. Insoluble materials were removed by filtration 
and washed with hot petroleum benzine (bp : 100—140 °C). 
T h e solvent was evaporated under vacuum and the residue 
was t r i turated with a mixture of petroleum benzine and 
ethyl alcohol, giving 4.6 g of brown powder. T h e crude 
product was dissolved in chloroform and then the small 
amount of insoluble materials was removed by filtration. 
After the red solution had been concentrated, petroleum 
ether was added to precipitate orange crystals. T h e mother 
solution was cooled in an ice-bath, and the crystals which 
precipitated from the solution were collected by filtration. 
T h e product was identified as a dimer of hexachloropentalene 
by means of its I R spectra. 

Isomerization of 6. T o a solution of 3.22 g( 1.6 X 10"2 

mol) of 6 in 10 ml of carbon tetrachloride was added a cata­
lytic amoun t of anhydrous a luminium chloride. T h e greenish 
color of a complex appeared immediately. T h e mixture 
was heated to gentle reflux with mechanical stirring for 6 h. 
T h e reaction mixture was treated in the usual way, giving 
3.60 g of light brown crystals of 3, from which a pure sample 
was obtained by washing with methanol . 

(E) - Octachloro-5~allylidene-2-cyclopenten-1 -one (22). A 
mixture of 5.0 g( l 1 mmol) of 6 and 15.0 mol of the nitric 
acid solution prepared by mixing 50 ml of fuming nitric 
acid (<f= 1.52) and 10 ml of nitric acid (d= 1.38) was stirred 
for 40 min at room temperature(19 °C). T h e reaction 
mixture was poured into ice-water and the organic products 
were extracted with carbon tetrachloride. T h e solution was 
dried over sodium sulfate and evaporated under reduced 
pressure, giving 5.2 g of a yellow oily product . Addition 
of petroleum ether to the product precipitated 1.8 g of 6, 
which was removed by means of vacuum filtration. T h e 
mother solution was chromatographed on a 22 m m X 35 cm 
column of silica gel (Mallinckrodt, 100 mesh) by use of 
petroleum ether at the begi nning, followed by 5 % a.cetone 
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in petroleum benzine as an eluent. Unreacted 6 (0.52 g) 
was obtained from the first band. T h e second fraction, 
containing 6 and 22 was followed by a band containing 2.2 
g of pure 22. Evaporat ion of the solvent under reduced pres­
sure at room temperature gave an analytical sample. I R : 
1735 ( )GO) , 1640, 1590, 1570 (-G=G-) , 1240, 1190, 800, 
720, 710; U V : Am a x 224(4.30), 262 sh(3.91), 272(3.98), 
281(3.99), 290sh(3.86), 310sh(3.39), 322sh(3.30) ; 13C N M R : 
see Table 1. Found : C, 23.92; H , 0 .16%. Calcd for 
C 8 C1 8 0 : C, 24 .28%. 

(Z) - Octachloro-5-allylidene-2-cyclopentene-1 -one (19). 
518 mg of 22 that had been purified by column chromato­
graphy on silica gel was sealed in a small glass tube. T h e 
tube was heated to 100 °C for 6 h in a water bath . The am­
poule was opened and the oily product was taken up in 
petroleum ether. This solution was chromatographed on 
a column (13 m m X 10 cm) of silica gel by use of 50 ml of 
petroleum ether and then 40 ml of 3 % acetone in petroleum 
ether as eluent. Pure 22 (180 mg) was recovered by evapora­
tion of the first yellow eluate (25 ml) . T h e second (20 ml) 
and the third(25 ml) fractions afforded small amounts of 
oily materials. A subsequent fraction, obtained from the 
deep yellow band , afforded 318 mg of 19. Monoketone 
22 isomerized to 19 on distillation at 170—180 °C (bath) 
under a pressure of 2 m m H g . I R : 1760()CO), 1630, 
1590, 1545 ( -C=C-) , 1230, 1155, 1105, 800, 710; U V : Am a x 

240(4.00), 330(3.30); 1 3 C N M R : see Table 1. Found: 
C, 24.76; H , 0.12; CI, 71.89%. Calcd for C 8 C1 8 0: C, 
24.28; CI, 71 .68%. 

Reaction of 22 with Anhydrous Aluminium Chloride. A 
mixture of 50 mg of 22 and 50 mg of anhydrous aluminium 
chloride in 5 ml of dried carbon tetrachloride was refluxed 
for 4.5 h. T h e reaction complex was quenched by pouring 
into ice-water. T h e product , isolated by conventional 
extraction procedures, was crude 18, which was purified by 
recrystallization from petroleum ether. 

Reaction of 6 with 89% Formic Acid-, Hexachloro-2,5-dihydro-
cyclopenta[b]pyran-2-one (18). A mixture of 5.0 g (1.1 X 
10~2 mol) of 6 and 20 ml of commercially available formic 
acid (98%) was heated to gentle reflux with stirring for 3 h. 
T h e deep yellow reaction mixture was cooled to room tem­
perature, precipitating black materials. T h e oily black 
mateirals separated from the formic acid solution by décanta­
tion, were tr i turated in a small amount of methanol to give 
1.1 g of slightly gray crystals of 3 . T h e formic acid solution 
was diluted with 150 ml of water, and extracted 4 times 
with chloroform. T h e extract(50 ml) was washed with 
water, dried over anhydrous sodium sulfate, and evaporated 
in vacuo. T h e oily residue (1.77 g) solidified on standing at 
room temperature. T h e water layer was further extracted 
twice with ether, and the solvent was evaporated to yield 
0.67 g of 18. T h e combined crystals were recrystallized 
twice from a mixture of benzene and petroleum ether and 
once from benzene ; m p 117 °C. T h e mother solution con­
taining crude product was chromatographed on a silica 
gel column by using chloroform as an eluent. T h e crystals 
obtained from the first fraction were recrystallized from 
petroleum ether to give an analytical sample, m p 118— 
120 °C. I R : 1745 b r o a d ( C O ) , 1610, 1560, 1500(-C=C-), 
1405, 1360, 1188, 1178, 1132, 895, 883, 805 ; U V : Am a x 

230sh(3.75) , 305sh(3.66), 317(3.74), 330(3.71), 380(3.85); 
13C N M R : see Table 1. Found : C, 28.30; H , 0.07%. 
Calcd for C 8 C1 6 0 2 : C, 28.20%. 

Reaction of 6 with Fuming Nitric Acid; Hexachloro-2-allylïdene-
4-cyclopentene-1,3-dione (11). A mixture of 10 g (2.2 X 
10~2mol) of 6 and 30 ml of fuming nitric acid (d= 1.53) 
was placed in a, 1Q0 ml Erlenmeyer flask equipped with a, 
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magnetic stirring bar and a thermometer. T h e stirred 
mixture was heated on a hot plate. T h e temperature went 
up to 55 °G after 5 min, and the nitric acid began to reflux 
after 10 min. The homogeneous reaction mixture obtained 
by heating for 12 min was poured onto ice-water to precipi­
tate a light yellow oily product . T h e organic materials 
were taken u p in carbon tetrachloride and dried over sodium 
sulfate, and the solvent was evaporated on a rotary evapo­
rator at room temperature. T h e residue (7.1 g) crystallized 
on standing at room temperature. Washing twice with 
methanol gave an analytical sample. M p 88—92 °G; 
I R : 1710 ( )CO), 1630, 1590 ( -G=G-) ; U V : Am a x 230sh 
(4.16), 248(4.32), 255.5(4.32), 267sh(4.21), 277sh(4.16), 
288sh(4.05), 300sh(3.84),330sh(3.33); 1 3C N M R : see Table 
1. Found : G, 27.93; Gl, 61.66%. Galcd for G 8G1 60 2 : G, 
28.20; Gl, 62 .42%. 

Reaction of 11 with Methanol. A mixture of 4.03 g 
( 1 . 1 8 x l 0 - 2 m o l ) of 11 and 15.0 ml of anhydrous methanol 
was heated to gentle reflux for 2 h. T h e solution was con­
centrated under vacuum, affording a mixture of sticky 
oily substance and crystals. Washing the mixture with 
methanol yielded 0.82 g of white crystals of 12. Recrystal-
lization twice from petroleum benzine gave an analytical 
sample. M p 110—111.5 °G; I R ; 1740, 1710QCO), 1640, 
1595(-G=G-), 1450, 1310, 1250; U V : Am a x 218—220 
(4.13), 285(4.06); 13G N M R : see Table 1. Found : G, 
36.55; H , 2 .75%. Galcd for C n H 1 0 G l 4 O 5 : G, 36.30; H , 
2 .70%. 

Reaction of 12 with Methanolic Hydrochloric Acid. A 
mixture of 3 ml of methanol , 3 ml of coned hydrochloric 
acid, and 0.264 g (7.95 X 10 - 4 mol) of 12 was heated to 
reflux with stirring for 2 h. T h e reaction mixture was 
allowed to stand at room temperature, giving colorless needles, 
which were collected by filtration. Sublimation under 
reduced pressure gave 81 mg of a pure sample of 13, m p 
167—168 °G, which was identified as the authentic sample 
by means of infrared spectra. 

Thermal Reaction of 11 : Hexachloro-2,5-dihydrocyclopenta[b]-
pyran-5-one (14). A solution of 2.5 g (7.3 X 10"3 mol) of 
11 in 25 ml of carbon tetrachloride was heated to reflux for 
1.25 h, to give a deep red solution. Evaporation of the 
solvent and recrystallization of the residue from petroleum 
benzine afforded an analytical sample. M p 96 .5—100°G; 
I R : 1745QGO), 1620, 1575, 1510(-C=C-) , 1250, 1180, 
1145, 1100; U V : Am a x 254 (4.11), 302 (3.76), 445 (2.97); 
13G N M R : see Table 1. Found : G, 28 .51; H , 0.15; Gl, 
62.40%. Galcd for G8G1602 : G, 28.20; Gl, 62.42%. 

Reaction of 12 with Anhydrous Methanol. When 10 ml of 
absolute methanol was added to 2.053 g of 12, an exothermal 
reaction took place immediately, giving a yellow precipitate. 
T h e crude product (0.20 g) was separated by filtration and 
recrystallized from ethyl acetate. M p 245—246 °C ; I R : 
1755, 1730, 1725 sh ()GO), 1645, 1575 ( -G=G-) , 1445, 
1390, 1290, 1270; Mass: m/e 667.7243 (M+, 31.4), 333.8522 
(100); Found : G, 32.13; H , 0.92%. Galcd for C 9 H 3 C1 5 0 3 : 
C, 32.14; H , 0.90%. 

Reaction of 14 with Coned Sulfuric Acid. T o a solution 
of 100 mg (2.93 X 10"4 mol) of 14 in 1 ml of carbon tetrachlo­
ride was added 4 ml of 9 0 % sulfuric acid, and the mixture 
was vigorously stirred with a magnetic stirrer for 6 h at room 
temperature. After the addition of water, the organic prod­
uct was separated and extracted with carbon tetrachloride. 
T h e combined solution was washed with water and dried 
over sodium sulfate. Evaporation of the solvent left 96 mg 
of crude 15, which gave 45 mg of pure 15 by washing with 
a small amount of petroleum ether. 

Reaction of 6 with Sulfuric Acid ', Hex0çhloro-2,5-dihydrocyclo-

penta[b]pyran-2,5-dione (15). T o a mixture of 20 ml of 
9 8 % sulfuric acid and 90 g of 2 0 % fuming sulfuric acid was 
added 32.0 g (7.1 X 10 - 2 mol) of powdered 6, whereupon 
a mild exothermal reaction took place and the mixture chang­
ed from dark green to brownish red dur ing 3 h stirring. 
T h e mixture was stirred for an additional 45 h at room 
temperature, and poured onto ice. T h e precipitated brown 
solid was isolated by vacuum filtration and washed with 
water. After being dried overnight, the crude product was 
25.5 g in weight. Carbon tetrachloride (200 ml) was added 
to the powdered product and the suspension was heated to 
reflux for a short time. Insoluble white crystals were separat­
ed by vacuum filtration, and the mother solution was concen­
trated. T h e addition of petroleum ether to the solution 
afforded dark reddish-brown crystals of 15. Compound 
15 dimerizes at approximately 180 °C without melting. I R : 
1750 sh, 1730 ( )CO) , 1625, 1570, 1510 ( -C=C- ) , 1390, 
1340, 1160, 1130; U V : Am a x 228 (4.16), 332 (3.93), 240 sh 
(4.04), 488 (2.72); Mass: m/e 284 (M+, 16.2), 256 (19.9), 
221 (18.0), 200 (3.9), 193 (4.5), 165 (20.6), 87 (54.4), 43 
(100); Found : G, 33.33; H , 0 .23; CI, 49 .12%. Calcd for 
G 8 C1 4 0 3 : G, 33.61; CI, 49 .60%. 

T h e product , which was insoluble in hot carbon tetra­
chloride, was extracted with 300 ml of benzene by the use 
of Soxhlet apparatus . T h e crystals which appeared in the 
benzene extract were removed by filtration and separated 
into two parts, powdery crystals 23 and ra ther big crystals 
24, according to their crystal shape. Compound 2 3 ; m p 
337 °G dec ; I R : 1788, 1735, 1612, 1535, 1380, 1312, 1195; 
Found : C, 33.69; H , 0.37; CI, 50 .48%. Calcd for C 8 C1 4 0 3 : 
C, 33.61; Gl, 49 .60%. Compound 24 ; 335 °C dec ; I R : 
1790, 1750, 1617, 1532, 1380, 1310, 1195; Found : C, 33.04; 
H, 0.22; CI, 49 .60%. Calcd for C 8 G1 4 0 3 : C, 33.61; Gl, 
49 .60%. Mass : m/e 568 (M+, 5.3), 533 (5.3), 505 (8.6), 
371 (18.0), 343 (18.4), 284 (100), 256 (15.8). 

Thermal decomposition of 23 was carried out under vacuum 
in a sublimation apparatus , and reddish brown crystals of 
15 were collected on the cold finger condenser. Recrystal­
lization of the product from a mixture of chloroform and 
petroleum benzine gave a mixture of 23 and 15. 

Reaction of 15 with Diazomethane: 4,5,8,9-Tetrachloro-2-oxa-
tricyclo[4.3.1.0l^deca-4,8-diene-3J-dione (25). T h e ether 
solution of diazomethane, which had been prepared from 
5.0 g of iV-methyl-iV-nitroso-/>-toluenesulfonamide according 
to the conventional method,24) was added to a suspension of 
0.5 g (1.75 X l 0 - 4 mol) of 15 in 5 ml of ether until the red 
solution became orange. About 1/3 of the diazomethane 
solution was needed. Excess diazomethane was decomposed 
with acetic acid, and the reaction mixture was worked up 
in the usual way. Evaporation of the solvent left a sticky 
light brown material , which was taken up in 3 ml of benzene, 
and the solution was chromatographed on a column (12 m m X 
12 cm) of silica gel by using benzene. T h e benzene of the 
eluate was evaporated under vacuum, and the residue was 
recrystallized twice from a benzene-petroleum ether mixture . 
Yield: 0.22 g; I R : 3085 ( - G H a - ) , 1760, 1730QCO), 1610, 
1590(-G=C-), 1360, 1310, 1030; U V : Am a x 257 (4.08); 
13G N M R : see Tab le 1. m N M R : (CDC13) 2.23 (d), 
2.70 (d), | y A B | = 6 . 1 H z . Mass: m/e 297.8749 (M+, 34.0), 
269.8806 ( M + - C O , 32.5), 262.9078 ( M + - C 1 , 49.3), 51 
(100); Found: C, 35.83; H , 0 .90%. Calcd for C 9 H 2 G1 4 0 3 : 
C, 36.04; H , 0 .67%. 
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Nitrogen Compounds in Petroleum. IV. Distribution Profiles of Nitrogen 
Compounds in Petroleum by Solid-Liquid Chromatography1 

Akira NOMURA,* Yazaemon M O R I T A , and Yukitoshi K O G U R E 
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A simple method for the characterization of nitrogen compounds in petroleum products by the investigation 
of the distribution profiles of nitrogen compounds using stepwise gradient elution on silica gel has been conducted. 
Samples were charged onto a 80 X 150 mm glass column containing 3 g of silica gel for column chromatography, 
followed by 15 ml of hexane to remove the non-polar bulk hydrocarbons from the sample. The eluate collected 
was removed from the solvent and analyzed for nitrogen, wt % yield and UV absorbance at 220 nm. The same 
procedure was followed by each 15 ml of 1, 3, 5, 10, 30, 60, 100%(v/v)-THF in hexane eluents. Plots of the 
nitrogen contents vs. the concentration of eluents gave characteristic patterns for petroleum distillates. The 
crude and residual oils from different geological sources exhibit similar nitrogen distribution profiles. There are 
two peak values; the peak at 3%-THF increases and that at 30%-THF decreases as the boiling range of the 
distillate decreases. Nitrogen compounds are distributed uniformly in a wide range of polar components with 
regard to adsorptivity on silica gel. The method was further applied to the reaction products of quinoline and 
indole by irradiation with UV light in isooctane (2,2,4-trimethylpentane) solution. 

Organic nitrogen compounds in petroleum distillates 
poison many of the catalysts used in refining processes 
and cause undesirable deposits, color formation, odor, 
and poor storage properties. In addition, the nitrogen 
compounds produce on combustion fairly large 
amounts of nitrogen oxides (fuel N O J , one of the 
sources of air pollution. Further knowledge of these 
nitrogen compounds should prove useful for the develop­
ment of processes for their removal and of additives 
for their control. 

Several studies have been made on the nature of 
nitrogen compounds in petroleum and several separa­
tion and identification schemes have been reported. 
Recently Snyder et a/.1-4) systematically studied nitrogen 
compounds in various petroleum distillates using liquid-
solid chromatography combined with UV, IR , and 
mass spectrometry. Although it is desirable to isolate 
individual nitrogen compounds from petroleum distil­
lates for the necessary identification by UV, IR , mass 
spectrometry etc., the isolation is quite difficult in the 
cases of heavy oils, residual oils, and crude oils, since 
many nitrogen compounds are present and in small 
amounts. Therefore it is useful in practice to charac­
terize and classify the nitrogen compounds, not each 
of them, in crude oil or high-boiling petroleum distil­
lates. Potentiometrie titration using perchloric acid 
has been applied in the characterization of basic 
nitrogen compounds in petroleum products.5 - 8) Linear 
elution adsorption chromatography9 - 1 2) has been in­
vestigated for both basic and non-basic nitrogen com­
pounds by Snyder and Buell, and has proved a useful 
method for the characterization of nitrogen compounds. 
In previous papers, a concentration method for nitrogen 
compounds in various petroleum distillates using a 
silica gel adsorption technique and a method for the 
determination of trace nitrogen by Dumas method 
combined with a silica gel adsorption technique have 
been presented.13 '14) 

This paper describes a simple method for the char­
acterization of nitrogen compounds in petroleum distil-

t A preliminary report of this work was presented at 
the 36th National Meeting of the Chemical Society of Japan, 
Osaka, April 1977. 

lates by distribution profiles of nitrogen contents 
in various petroleum distillates or crude oils using 
stepwise gradient elution, hexane-tetrahydrofuran 
(THF) as the eluent on a column of silica gel. The 
profiles of wt % yield and U V absorbance of eluate 
have also been determined and compared with the 
nitrogen contents. This method has been applied in 
the identification of the reaction products of quinoline 
and indole by the irradiation with U V light in isooctane 
solution. T h e method applies to the analysis of the 
mechanism in the denitrogenation16) and characteri­
zation of coal liquefaction products and shale oils. 

Exper imenta l 

Reagents. Wako's hexane for liquid chromatography 
was used. Silica gel used was Wako C-200 for column 
chromatography (pore diameter : 70 Â). Other reagents 
were of reagent grade. 

Apparatus. Hitachi type 356 double beam spectro­
photometer was used to obtain UV absorbance. Nitrogen 
contents were obtained by either Kjeldahl method15) or 
microcoulometric titration (Mitsubishi Kasei Model TN-01). 
Toshiba H400-PQ, high pressure mercury lamp was used for 
the UV irradiation. 

Procedure. Silica gel (3 g) for column chromatography 
was packed in a 80x150 mm glass column with a quartz 
wool plug at one end by the dry packing technique in tapping 
manner. The filled column (approximately 10 cm in length) 
was capped with quartz wool. The sample containing the 
nitrogen compounds (approximately 1 mg as N), diluted with 
isooctane, if necessary, was added into a separating funnel 
used as both a sample and eluent reservoir which was 
attached to the top of the column. A vacuum was ap­
plied and the sample was charged into the column by opening 
the stopcock of the reservoir. After loading of the sample, 
15 ml of hexane was added to remove the non-polar bulk 
hydrocarbons from the sample, leaving all polar components 
including the nitrogen compounds adsorbed on the silica gel. 
An eluent flow rate of 5 ml/min or less was maintained through 
the elution. The eluate was collected in a suction bottle 
and solvent removed over a water bath. Quartz wool with 
solid components (asphaltenes) was removed from the column. 
The eluent was changed from hexane to l%(v/v)-THF 
in hexane ( 15 ml) and the same procedure performed, followed 
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Fig. 1. Distribution profiles of nitrogen contents in 
crude oils. CT HF •' Concentration of THF in hexane, 
Nt/Nt: relative nitrogen ratio (Nf: nitrogen in frac­
tion, Nt: total nitrogen), O : Kurokawa (Japan), 
# : Duri (Indonesia), 3 : Shori (China). 

3 5 10 

CTHF (%) 

Fig. 2. Distribution profiles of nitrogen contents in 
residual oils. O : Kurokawa (Japan), # : Iranian 
light (Iran), 3 : Arabian heavy (Saudi Arabia). 

by 15 ml of 3, 5, 10, 60, 100% (v/v)-THF in hexane eluents. 
Each fraction removed from the solvent was weighed and 
a portion used for the determination of the nitrogen content 
and another dissolved in THF for the determination of UV 
absorbance. 

R e s u l t s a n d D i s c u s s i o n 

The silica gel pore diameter used for adsorption 
and separation of petroleum distillates with a wide 
boiling range has been investigated in detail previ­
ously.13) A pore diameter ranging from 60 to 100 Â 
proved to be suitable. The silica gel used here was 
Wako gel G-200 with a pore diameter of 70 Â. The 
h e x a n e - T H F eluent system was selected because T H F 
is one of the best solvents for petroleum and also the 
low boiling temperature enables simpler fractionation. 

Distribution Profiles of Crude and Residual Oils. The 
distribution profiles for the nitrogen contents in three 
different geological crude and residual oils are shown 
in Figs. 1 and 2, respectively. The three different 
oils, both crude and residual, show almost the same 
patterns with regard to nitrogen content, and the 
patterns of the crude and residual oils are also the 
same, while the absolute nitrogen contents for each 
petroleum differ. The similarity in pattern between 
the crude and residual oils is expected since most 
nitrogen compounds exist in high-boiling distillates. 

3 5 10 30 50 

CTHF (%) 

Fig. 3. Distribution profiles of nitrogen contents in 
different distillates. 
Boiling range; O : 170—340 °G, # : 340—520 °G, 
3 : 520 °G— tower bottom. 

30 50 100 3 5 10 

CTHF ( /o) 

Fig. 4. Distribution profiles of polar components in 
crude oil. Wf/Wt'> Relative weight ratio (Wfi weight 
of fraction, Wt- total weight), Af/At: relative absorb­
ance ratio (A{: absorbance of fraction, At: total 
absorbance), O : nitrogen, # : weight, 3 : UV 
absorbance at 220 nm. 

The two peak values (at 3 and 3 0 % - T H F eluents) 
are characteristic of crude and residual oils and the 
pat tern is thought characteristic of all high-boiling 
distillates regardless of the fact that they come from 
different geological sources. 

Distribution Profiles of Different Distillates. Dis­
tribution profiles for the nitrogen contents in three 
different distillates (boiling range : 170—340 °G, 340— 
520 °G, 520 °G— tower bottom) from the same sample 
of crude oil are shown in Fig. 3. As the boiling range 
of the distillate decreases, the nitrogen content at 
3 % - T H F increases and that at 3 0 % - T H F decreases. 
This tendency is similar to the distillates from other 
crude oils. By examining the distribution profiles, 
the approximate boiling range can be estimated. 

Distribution Profiles of Polar Components. Polar 
components in petroleum such as oxygen and sulfur 
compounds (except nitrogen compounds) are also 
adsorbed on silica gel and eluted with hexane-THF 
eluent. The relationship between the nitrogen com­
pounds and polar compounds was investigated with 
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Fig. 5. Distribution profiles of polar components in 
residual oil. O : Nitrogen, # : weight, (J: UV 
absorbance at 220 nm. 

regard to nitrogen content, wt % yield and U V absorb­
ance in T H F at 220 nm. Since practically all fractions 
eluted with more than 3 % T H F concentration have 
a U V absorbance plateau between 215 and 230 nm, 
the absorbance at 220 nm was selected to characterize 
the polar components. Figures 4 and 5 indicate the 
relationship for crude and residual oils, respectively. 
The other crude and residual oils investigated exhibited 
similar relationships. Nitrogen compounds are con­
sidered to be distributed rather uniformly in a wide 
range of polar components with regard to adsorptivity 
on silica gel because of the good correlation among 
the three distribution profiles. 

Application to Irradiated Products. The proposed 
method for the characterization of petroleum distillates 
was applied to the reaction products of quinoline and 
indole by irradiation with U V light in isooctane solu­
tion. Many reagents involving nitrogen have been 
examined in order to obtain standard samples for the 
calibration of the instrument determining nitrogen in 
petroleum. During the process heterocyclic nitrogen 
compounds were irradiated with U V light and the 
distribution profiles of nitrogen contents in the products 
were examined, the results of which are shown in Figs. 
6 and 7 for quinoline and indole, respectively. Before 
irradiation most quinoline and indole are eluted with 
10%- and 5 % - T H F , respectively, so the profiles are 
represented by single peak without a shoulder. The 
pattern of quinoline changed as the time of irradiation 
increased, and after 3 h the pattern of the products 
became similar to that for a typical crude oil. The 
pattern for indole remained rather unchanged after 
irradiation. I t should not be concluded from the 
results that nitrogen compounds in crude oil are similar 
to the irradiated products of quinoline but the proposed 
method has been shown useful for the characterization 
of complicated products. 
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2,4,6-Trichlorobiphenyl and seven other chlorobiphenyls have been photolyzed in both alkaline and neutral 
2-propanol in order to investigate the reactivity and selectivity towards dechlorination. Predominant dechlo­
rination at the 2-position has been confirmed for all PGBs in neutral solution and interpreted in terms of the 
steric and electronic effects of the phenyl group. In the presence of alkali, however, competitive elimination 
between the ortho and para chlorine atoms of 2,4-dichlorobiphenyl and 2,4,6-trichlorobiphenyl occurred. The 
photo-dechlorination of 2,3- and 2,5-dichlorobiphenyls took place however only at the ortho position. The 
dechlorination ratios (ortho/para) were 7.5 and 0.8 for 2,4-dichlorobiphenyl and 2,4,6-trichlorobiphenyl, re­
spectively. This characteristic of the ortho chlorine atom has been elucidated assuming the steric and electronic 
effects of the phenyl group in the radical anion. A correlation has been found between the reduction potential 
and the reactivity of PCB in alkaline solution. The differences in reactivity among the chlorobiphenyls has been 
attributed to the electron acceptabilities in the ground states. 

The authors have reported that a commertial PCB 
mixture (KC-300) dissolved in 2-propanol was suc­
cessfully decomposed by ultraviolet radiation to bi-
phenyl in the presence of sodium hydroxide,1) the 
reaction proceeding rapidly by the chain degradative 
mechanism.2-4) Some chlorobiphenyls, however, 
e.g. 2-chlorobiphenyl and 2,6-dichlorobiphenyl (2-CB 
and 2,6-DCB),5) decomposed only slightly by the 
photolysis in alkaline solution and were detected 
in solution after other chlorobiphenyls had been 
completely decomposed to biphenyl.4) In neutral 
alcoholic solutions the chlorine atom at the ortho 
position of tetrachlorobiphenyls was much more 
readily eliminated than at other positions.6'7) No 
investigation has been undertaken on the difference 
in reactivities found among chlorobiphenyl homo­
logues. 

In the present study eight chlorobiphenyls (2-CB, 
3-CB, 4-CB, 2,3-DCB, 2,4-DCB, 2,5-DCB, 2,6-DCB, 
and 2,4,6-TCB) have been photolyzed in both alkaline 
and neutral 2-propanol solutions in order to investi­
gate the behavior of the ortho chlorine atom in detail. 

Exper imenta l 

GLC analysis was conducted on a JEOL 20-K gas Chrom­
atograph with a flame ionization detector employing a 2 m X 
3 mmç5 stainless steel column packed with 10% SE30 on 
80—100 mesh chromosorb A (HMDS) or 1 5 m x l m m 0 
glass capillary column with OV-101 (Ghromato Research Co.). 
Preparative liquid chromatography was performed with a 
JAI LG-08 employing a 600 mm X 20 mm0 stainless steel 
column packed with JAIGEL-1H; chloroform was used as 
the eluting solvent. Infrared spectra were obtained on a 
JASCO DS-701G spectrometer and mass spectra recorded 
at 24 eV on a JEOL Model D-100 mass spectrometer 
equipped with a gas Chromatograph. UV spectra were 
taken with a Union Giken SM-401 spectrophotometer and 
melting points determined on a Yanagimoto micro melting 
apparatus. 

Materials. The following reagents of special and guar­

anteed grade were used without further purification: 2,6-
DCB (Nihon Ghromato Co.), chloroanilines, 2-propanol and 
benzene (Wako Junyaku Co.). Isopentyl nitrite (Tokyo 
Kasei Co.) was distilled under a nitrogen atmosphere. 2-CB, 
3-CB, 4-CB, 2,3-DCB, 2,4-DCB, 2,5-DCB, and 2,4,6-TCB 
were prepared by a modification of Gadogan's method,8) 
the crude CBs being chromatographed over a silica-gel 
column using hexane as an eluent, and recrystallized from 
ethanol, ethanol-water, or petroleum ether. The melting 
points and UV spectra showed good agreement with the 
literature.9) The purity was further checked by gas chro­
matography (>98%). 

Irradiation Experiments. A solution of chlorobiphenyl 
(15 mmol/dm3) and sodium hydroxide (30 mmol/dm3) if 
necessary, in 2-propanol was photolyzed under the following 
conditions : 

Procedure 1 : After the solution (4.5 ml) in a quartz reaction 
cell was bubbled with purified nitrogen for 5 min, the cell 
was sealed and placed in a water bath kept at 30 °G. The 
solution was then irradiated through an interference filter 
(Nihon Shinku S5O0, 298 nm) with a 250 W high pressure 
mercury lamp (Ushio USH-250). 

Procedure 2 : A solution (400 ml) was photolyzed in a 
photochemical reaction vessel with an immersed 100 W 
high pressure mercury lamp (Ushio UM-102) without a 
filter under a stream of nitrogen at 30 °G. 

Dechlorination Products. Irradiation of chlorobiphenyls 
gave low chlorinated biphenyls and biphenyl in both neutral 
and alkaline 2-propanol. 2,4,6-TCB gave, however, a bi­
phenyl derivative having an alcoholic hydroxyl group together 
with the ordinary dechlorinated products in the alkaline 
solution. After evaporation of the solvent the residue was 
dissolved in chloroform. Preparative column chromatogra­
phy and subsequent recrystallization from ethanol gave 
white needle crystals (mp 160—161 °G). NMR (CDC13), 
phenyl protons (ô 7.5—7.2, 7H, m), hydroxyl proton (<5 
1.80, 1H, s), methyl protons (Ô 1.60, 6H, s) ; IR (KBr), 
hydroxyl group (v0J1, 3300 cm -1 , polymeric; J'c-o? 1157 cm -1, 
tertiary), methyl group (<5CH3, 1380, 1365 cm-1; v(Cu3)2c, 
1195cm-1, skeletal); MS (m/e), 282 (M++2), 280 (M+), 
267 (M+-CH 3 ) , 262 ( M + - H 2 0 ) . On the basis of this 
data the compound has been identified as xx:'-dichloro-j-(l-
hydroxy-1-methylethyl) biphenyl. The substituted position in 
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Fig. 1. Decomposition of 2,4,6-TCB in neutral 2-pro-
panol O: 2,4,6-TGB, O : 2,4-DCB, 3 : 4-GB D : 
biphenyl. 
Initial concentration of 2,4,6-TGB: 16.2 mmol/dm3. 
Photolysis was carried out by Procedure 2 (no filter). 

the phenyl ring cannot be clarified from this data. When 
the alkaline solutions of 2,6- and 2,4-DCB were photolyzed, 
however, 2,4-DCB afforded an alcohol in a small amount 
while 2,6-DCB did not and from this, 2,6-dichloro-4-(l-
hydroxy-1-methylethyl) biphenyl (1) was considered to be 
formed in the photolysis of 2,4,6-TCB. On irradiation in 
alkaline solution 1 was both dechlorinated and dehydrated 
and gave the following compounds; 2-chloro-4-isopropenyl-
biphenyl (2), MS (m/e), 230 (M++2), 228 (M+), 193 
(M+-C1); 4-isopropenylbiphenyl (3), MS (m/e), 194 (M+), 
179 (M+-CH 3 ) , 153 (M+-C(CH3)=CH2). 

R e s u l t s a n d D i s c u s s i o n 

Dechlorination of CBs in Neutral Solution. The 
photolysis of 2,4,6-TCB in 2-propanol gave 2,4-DCB, 
4-CB, and biphenyl as shown in Fig. 1. Elimination 
occurred predominantly at the ortho position, and 
indeed no para dechlorinated products, e.g. 2,6-DCB 
or 2-CB, were found in the photolyzed solution. This 
prominent feature of the ortho chlorine atom was 
also observed in the photolysis of other chlorobiphenyls 
as follows. The photo-products of 2,3-DCB, 2,4-
DCB, and 2,5-DCB were 3-CB, 4-CB, and 3-CB, 
respectively. 2-CB showed an outstanding reactiv­
ity among the monochlorobiphenyls and all results 
indicate a preference for elimination at the ortho 
chlorine a tom in the neutral solution. T h e selec-
tivities of the dechlorination are summarized in Table 
1. T h e results in neutral solution are understandable 
bearing in mind the steric and the electronic effects 
of the phenyl group. Since biphenyl is known to 
have a planar structures in the excited state,10) involv­
ing a high degree of conjugation between the two 
phenyl rings, the ortho chlorinated biphenyl would 
be largely unstable in the excited state. Therefore, 
the departure of the chlorine a tom from the ortho 
position stabilizes the conjugation system. Ruzo 

10 20 
j /min 

Fig. 2. Decomposition of 2,4,6-TCB in alkaline alco­
holic solution 
O : 2,4,6-TCB, • : 2,4-DCB, 3 : 4-CB, O : 2,6-
DCB, A : 2-CB, • : biphenyl. 
Initial concentration of 2,4,6-TCB: 17.9 mmol/dm3. 
Photolysis was carried out by Procedure 2 (no filter). 

TABLE 1. DECHLORINATION OF CBsa) 

Compound 

2,3-DCB 
2,4-DCB 
2,5-DCB 
3,4-DCB 
2,4,6-TCB 

Positional 

Neutral 

100 (ortho) 
100 (ortho) 
100 (ortho) 
100 (meta) 
100 (ortho) 

selectivity (%) 

Alkaline 

100 (ortho) 
88 (ortho) 12 (para) 

100 (ortho) 
100 (para) 
44 (ortho) 56 (para) 

a) Photolysis was carried out by Procedure 1. 

et al.,*S) on the basis of the photolysis of tetrachloro-
biphenyls in neutral solution, concluded that the 
marked elimination of the ortho chlorine atom was 
caused by both electronic and steric effects of the phenyl 
group, especially the latter. 

Dechlorination of CBs in the Presence of Alkali. In 
the presence of alkali the competitive elimination of 
the ortho and para chlorine atoms of 2,4,6-TCB oc­
curred as indicated in Fig. 2. The primary products 
were 2,4-DCB and 2,6-DCB, and further irradiation 
resulted in the formation of 4-CB and 2-CB from 
2,4-DCB. The photo-dechlorination of 2,3- and 
2,5-DCBs took place only at the ortho position, even 
in the presence of alkali. The reactivities of 2,6-
DCB and 2-CB were, however, much lower than 
that of 2,4-DCB and 4-CB. The selectivities of the 
dechlorination reaction in the presence of alkali are 
compared in Table 1. Thus the ortho chlorine atom 
was not predominantly eliminated, in contrast to the 
prominent feature in the neutral solution. 

The following chain mechanism, proposed for the 
photoreaction of PCBs,2-4) appears to help the under­
standing of the reactivity of ortho chlorinated biphenyls. 
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PCB(re) • P G B ( n - l J ) . + CI-

CI- + (GH3)2CHOH • HCl + (CH3)2GOH 

(CH3)2COH + (CH3)2GHO- • 

(CH,) aCO- + (GH3)2CHOH 

^red 

(CH3)2CCK- + PCB(re) > (GH3)2GO + PCB(re)^ 

PCB(re)^ - H > PCB(re- l,i) • + Cl-

PGB(n- l , i ) . + (CH3)2GHOH • 

PGB(«-l , i) + (CH3)2GOH 

2(CH3)2COH > Termination 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

TABLE 2. DECOMPOSITION OP 2,4-DCB 

IN ALKALINE A L C O H O L I C SOLUTION 8 " b> 

PCB (re); re is the number of chlorine atoms substituted 
in the phenyl ring. 

PCB (re— l,i) • ; CB radical formed by the chlorine elimi­
nation at the i-position. 

Äei(i); the rate constant of the chlorine elimination at 
the i-position of PCB (re)—. 

The radical anion of PCB would afford PCB(w— l,i)-
by elimination of the chloride ion. Assuming steady 
state conditions for the CB radical PCB(rc—1, i ) - , 
the rate of dechlorination may be writ ten: 

d[PCB(ii-l,i)]/d* = *el(i)[PCB(re)-], (8) 

where, Reaction l11) is assumed negligible compared 
with Reaction 5, since the chain length is expected 
to be large in alkaline solution : the quantum yield 
at 298 nm for KC-300 has been determined to be 36 
in alkaline solution and 0.09 in neutral solution.12) 
Then the relative rate constant for dechlorination 
at the i-position to that at the j-position is given by 

[PCB(re- l,i)]/[PCB(re- l,j)] = *ei(i)/*«i(j). (9) 

The value A:el(i)/A;el(j) can be evaluated by the amount 
of two daughter CBs derived from the parent PCB. 
As considered above the chlorine atom at the ortho 
position was selectively eliminated in the photolysis. 
Therefore similar acceleration due to the steric effect 
of the phenyl group as observed in the neutral solution 
can be expected in the dechlorination of PCB(rc)— 
to yield PCB(n—1, i ) - . 

Photolysis of 2,4-DCB in Alkaline Solution: 2,4-DCB 
produced 2-CB and 4-CB by photolysis followed by 
degradation to biphenyl as shown in Table 2. These 
reactions proceeded simultaneously so that the con­
centration ratio [2-CB]/[4-CB] in the photolyzed solu­
tion did not give the true ratio of daughter CBs derived 
from 2,4-DCB. Therefore, in order to obtain the true 
value of kel(i)/kel (j) it is necessary to find the respective 
rates of 4-CB and 2-CB to yield biphenyl. Assuming 
steady state conditions for [2-GB-] , [4-CB-] , [Biph-
(2-CB).] , and [Biph(4-CB)-], the rate of biphenyl 
formation attributed to 4-CB is given by 

d[Biph(4-CB)] d[4-CB] 

dt at 

d[Biph(4-GB)] 

cü 
= d[Biph] (*red(4)/*red(2))[4-CB] 

dt ' (*red(4)/,W2))[4-CB] + [2-CB] 

(10) 

(11) 

Conversion 
of 2,4-DCB Biph 

2-CB 4-CB B |P£ + (Biph + 4-CB)/ 
2-CB°> 

c/mmol dm - 3 

6.4 
7.0 

16.5 
39.3 
49.3 
61.4 
72.0 
72.2 

0.14 
0.17 
0.94 
1.97 
3.70 
5.23 
8.02 
8.40 

0.13 
0.17 
0.25 
0.77 
0.93 
1.13 
1.17 
1.16 

0.70 
0.76 
1.32 
3.23 
2.87 
2.98 
1.75 
1.42 

0.84 
0.93 
2.25 
5.20 
6.57 
8.21 
9.78 
9.82 

6.5 
6.1 
9.0 
6.8 
7.1 
7.3 
8.4 
8.5 

a) Initial concentration of 2,4-DCB; 15.2 mmol/dm3. 
b) Photolysis was carried out by Procedure 1. c) 
( (Biph + 4-CB)/2-CB) av = 7 . 5 ± 1.0. 

where, [Biph (4-CB)] and [Biph] represent the 
concentration of biphenyl derived from 4-CB and the 
biphenyl concentration in the photolyzed solution, 
respectively. The formation rate of Biph (2-CB) can 
also be written by similar equations. Combination of 
these four equations results in Eq. 12, by which the 
£ r ed(4)/£ r ed(2) can be determined. 

ln([4-CB]0/[4-CB]) 
ln([2-CB]0/[2-CB]) = *red(4)/* red(2) (12) 

4-CB and 2-CB were consequently decomposed 
competitively in alkaline solution in order to evaluate 
the left hand side of Eq. 12, the results of which are 
summarized in Table 3. T h e average value of 17.2± 
4.5 suggests that 4-CB is far more reactive than 2-CB. 
Table 2 indicates that the concentration of 4-CB is 
always higher than that of 2-CB by a factor of 1.2 
to 5.1. Consequently the following inequality can be 
assumed : 

(*red(4)/*red(2))[4-CB] » [2-CB]. 

Resolving Eq. 11 under these conditions gives the 
simple relation ; [Biph(4-CB)] = [Biph]. This indi­
cates that all biphenyl can be assumed to be derived 
from 4-CB, and that 2-CB makes a negligible contri­
bution to the biphenyl formation. Thus the true 
amounts of 4-CB and 2-CB produced by the dechlori­
nation of the radical anion 2 ,4-DCB- are [Biph] + 
[4-CB] and [2-CB], respectively. These concentra­
tions were then utillized to calculate the value of 
£ei(2)/£el(4) using Eq. 9. As Table 2 shows, in the 
dechlorination of 2,4-DCB— the chlorine at the ortho 
position is more easily eliminated by a factor of 7 .5± 
1.0 than that at the para position, a result explainable 
on the assumption of the steric acceleration effect of 
the phenyl group. 

Photolysis of 2,4,6-TCB in Alakline Solution: 2,4,6-
TCB gave 2,4-DCB, 2,6-DCB, and compound 1. 
These compounds were negligibly dechlorinated during 
the photolysis so that any further reduction of the 
compounds was neglected in the calculation of Eq. 9. 
As compound 1 has a 1 -hydroxy- 1-methylethyl group at 
position 4, the true ratio of daughter compounds derived 
from 2,4,6-TCB will be given by [2,4-DCB]/([2,6-
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TABLE 3. COMPETITIVE DECHLORINATION OF 2-CB AND 

4-GB IN ALKALINE ALCOHOLIC SOLUTION^ 

'° c/mmol dm - 3 

ZÄ*> 3/74 3^55 1775 
6.9b> 3.52 3.23 24.9 
8.4C> 3.47 2.84 15.0 

22.8*) 3.59 2.18 12.3 
35.la) 3.58 1.27 23.2 
55.7C> 2.83 0.22 12.7 
58.2a> 2.99 0.14 14.5 

Initial concentration of 2-CB and 4-CB: a) 3.75, 3.72; 
b) 3.54, 3.37; c) 3.51, 3.37 mmol/dm3, respectively, 
d) (*red(4)/£ red(2))av=17.2±4.5. e) Photolysis was 
carried out by Procedure 1. 

DCB] + [1]), the experimental results of which are 
shown in Table 4. The value of 1.6±0.1 was obtained 
as the average ratio from eight measurements. The 
kel(2)/kel(4) is thus 0.8 since the elimination at the 
2-, and 6-position of 2,4,6-TCB are equivalent. Con­
trary to expectations this indicates that the para chlorine 
a tom is more active than the ortho chlorine atom. 
The explanation for this result is as follows. Since 
the presence of the chlorine atom at position 6 dis­
turbs the release of the dihedral angle between the two 
phenyl rings by the dechlorination at position 2, the 
steric acceleration effect by the phenyl group cannot 
markedly affect the dechlorination. 

Photolysis of 3,4-DCB. 3,4-DCB was dechlo-
rinated exclusively at position 4 in the presence of 
alkali. Since this elimination cannot be explained 
only by the steric effect of the phenyl group, the elec­
tronic effect must be considered. As shown in Table 
1 the elimination of para chlorine atom was also ob­
served in the alkaline solution of 2,4-DCB and 2,4,6-
TCB. From these results it has been assumed that 
the para position of PCB— is activated by the electronic 
effect. 

In neutral solution 3,4-DCB did not eliminate the 
para chlorine a tom and similar inactivity in the para 
position has been observed in 2,4-DCB and 2,4,6-
TCB. This shows a remarkable contrast to the alka­
line reaction. In the photolysis of 3,4-DCB only the 
meta chlorine atom was eliminated but 2,3-DCB and 
2,5-DCB did not eliminate the meta chlorine. This 
suggests that the para chlorine atom may be stabilized 
by the electronic effect of the phenyl group in the 
photo-excited state, but that the steric acceleration 
effect is far more important than the electronic effect 
in the dechlorination at the ortho position from the 
photo-excited CB. 

Relative Reactivities of PCBs in the Presence of Alkali. 
Successive dechlorination of 2,4,6-TCB produced 

2,4-DCB, 2,6-DCB, 4-CB, and finally biphenyl in the 
presence of alkali as shown Fig. 2. Consequently 
the ease of dechlorination is expected to increase in 
the order : 2,4,6-TCB > 2,4-DCB > 4-CB > 2,6-DCB « 
2-CB. This reaction scheme suggests that the relative 
reactivities of PCBs in the presence of alkali will be 

TABLE 4. DECOMPOSITION OF 2,4,6-TCB IN ALKALINE 

ALCOHOLIC SOLUTION11 'b> 

Conversion 2 > 6 " D G B 2 > 4 " D G B 1 2,4-DCB/ 
% ^ m ^ d r n ^ (2,6-DCB + l)«> 

5.5 0.13 0.50 0.20 1.52 
7.5 0.18 0.58 0.27 1.29 
9.3 0.23 0.87 0.31 1.61 
9.8 0.28 0.91 0.35 1.44 

20.1 0.48 1.62 0.48 1.69 
27.2 0.84 2.66 0.72 1.70 
43.7 1.13 4.14 1.10 1.86 
44.1 1.03 4.14 1.10 1.94 

a) Initial concentration of 2,4,6-TCB were 15.7—13.7 
mmol/dm3. b) Photolysis was carried out by Procedure 
1. c) (2,4-DCB/(2,6-DCB+l))a T=1.6±0.1. 

determined by the kiei value. As described above 
the value of (£red)4_CB/(Ä;red)2_CB has been evaluated 
as 17.2±4.5 from Eq. 12. This shows 4-CB is more 
readily dechlorinated than 2-CB by a factor of 17.2. 
For di-, and poly-CBs, however, A;red is not easy to esti­
mate experimentally due to further reaction of the 
daughter CBs. Since Reaction 4 is an electron transfer 
step from the radical anion ( C H 3 ) 2 C O - to PCB(rc), 
the reactivity kIeâ will depend on the reduction poten­
tial of PCB(n). T h e reduction potentials of 2-CB, 
4-CB, 2,6-DCB, 2,4-DCB, 2,4,6-TCB, and biphenyl 
have been reported13) as —2.097, —2.056, —2.107, 
- 1 . 9 8 3 , - 1 . 9 6 6 , and - 2 . 4 1 1 EJV vs. SCE, respec­
tively. These reduction potentials are reasonably cor­
related with the ease of dechlorination of CBs. It 
was thus considered that the reactivities of the CB 
homologues largely depend on the electron accepta­
bilities in the ground state. 

T h e authors wish to express their thanks to Mr. 
Haruo Inoue of Tokyo Metropolitan University for 
his valuable suggestions, and to Mr. Tsutomu Shinoda 
for his help in the preparation of this paper. 
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a-Alkoxy a-amino acid derivatives were synthesized in good yields by anodic oxidation of acylaminomalonic 
acid monoesters in alcohols. Transformation of ethyl iV-acetyl-a-methoxyalaninate into ethyl JV-acetyl-a,/?-
dehydroalaninate was achieved in an excellent yield by thermal treatment of the former amino acid with a cat­
alytic amount of ammonium bromide. Substitution of the a-alkoxy group of the a-alkoxy amino acids with 
nucleophiles was effected by tin tetrachloride to afford the a-substituted a-amino acids. 

a-Functionalized a-amino acids such as a-methoxy 
or a-acetoxy a-amino acids3a,b> have been found to be 
useful for the preparation of physiologically important 
amino acids. Some remarkable examples have been 
shown by Ben-Ishai et al. ;4) a-methoxyglycine deriva­
tives undergo the reaction with a variety of nucleo­
philes to afford a novel class of a-substituted a-amino 
acids. However, the synthetic versatility of the a-
methoxy a-amino acids other than the a-methoxy-
glycines in amino acid chemistry has not yet been 
explored. 

Several a-methoxy a-amino acids were prepared 
by the addition reaction to a,/?-dehydro amino ac-
ids,5a 'b) oxidation of JV-acylamino acid derivatives with 
£-BuOCl,6a_d) or oxidation of a-methylthio iV-acylamino 
acids.7) However, difficulty is still encountered in 
these reactions in which the starting materials and/ 
or the reagents are not readily available, and the 
experimental procedures are often tedious. In the 
course of our synthetic studies by electrochemical 
method, Kolbe type oxidation has been found to be 
a suitable method for a selective replacement of carbo-
xylic acid group with acetoxyl3a) or olefinic functional 
group.8) In the present paper, we wish to report 
a convenient synthesis of various types of a-alkoxy 
a-amino acid derivatives by anodic oxidation of sub­
stituted and nonsubstituted acylaminomalonic acid 
monoesters. Transformation of the a-alkoxy amino 
acids into a,/?-dehydroalaninate and a-substituted 
a-amino acids is also described, the synthetic poten­
tiality of the a-alkoxy amino acids in amino acid chem­
istry, being taken into account. 

Electrochemical Synthesis. Synthesis of a-alkoxy 
amino acid derivatives 3 was carried out according 
to the reaction Scheme 1. Substituted acylamino­
malonic acid monoesters 2 b — f were synthesized in 
good yields by the reaction of acylaminomalonates 
l a , b with alkyl halides in ethanol-sodium ethoxide, 
followed by the saponification of the coupling products 
with potassium hydroxide in ethanol. a-Acetamido-
a-cyano-/?-phenylpropionic acid (2g) was similarly 
prepared from l c in 6 8 % overall yield. Anodic 
oxidation was carried out at 10—15 °G with use of 
a graphite anode-graphite cathode in a non-divided 
cell. O n electrolysis of 2a in methanol containing 

1/20 molar equivalent of sodium methoxide to that of 
2a, ethyl 7V-acetyl-a-methoxyglycinate (3a) was ob­
tained in 89 % yield. T h e monoesters 2b—f were also 
oxidized under the same conditions as above to afford 
the corresponding a-methoxy a-amino acid derivatives 
3b—f in 80—97% yield. The presence of the cyano 
group in electrolysis of 2g did not obstruct methoxy-
lation. In these reactions, the starting materials 
were consumed completely by passing a theoretical 
amount of current which is calculated as a two-electron 

NHCOR1 

| i) R3X 

GH-COOC2H5 > 
I ii) O H -

R2 

la—c 
a, R ^ G H g ; R2 = COOC2H5 

b, R ^ O C H ^ h ; R2 = COOCaH6 

c, Ri = GH3; R2 = CN 

NHCOR1 

I 
R3-G-COOH • 

I R<OH 

R2 

2a—g 

a, R ^ C H , ; R2 = COOC2H5; R3 = H 
b, R* = CH8; R2 = COOC2H5; R3 = CH3 

c, R ^ C H g ; R2 = COOC2H5; R3 = C2H5 

d, R ^ C H a ; R2 = COOC2H5; R3 = CH2Ph 
e, Ri = CH8; R2 = COOC2H5; R3 = CH2CH=CH2 

f, Ri = OCHaPh; R2 = COOC2H5; R3 = H 
g, Ri = CH8; R2 = CN; R3 = CH2Ph 

NHCOR1 

R2 

3a—i 

a, R ^ C H , ; R2 = COOC2H5; R3 = H; R4 = CH3 

b, R ^ C H , ; R2 = COOC2H5; R3 = R4 = CH3 

c, R ^ C H g ; R2 = COOC2H5; R3 = C2H5; R4 = CH3 

d, R ^ C H . , ; R2 = COOC2H5; R3 = CH2Ph; R4 = CH3 

e, R ^ C H g ; R2 = COOC2H5; R3 = CH2CH=CH2; 
R4 = CH3 

f, Ri = OGHaPh; R2 = COOC2H5; R3 = H; R4 = CH3 

g, Ri = GH8; R2 = COOC2H5; R3 = C2H5; R* = C2H5 

h, Ri = GH3; R2 = COOC2H5; R3 = CH3; R4 = CH(CH3)2 

Î, R i = G H 3 ; R2 = CN; R3 = CH2Ph; R4 = CHg 

Scheme 1. 

R e s u l t s a n d D i s c u s s i o n R3-C-OR4 
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TABLE 1. YIELDS AND CHARACTERIZATION OF ELECTROLYSIS PRODUCTS 

827 

Compd 

3a 

3b 

3c 

3d 

3e 

3f 

3g 

3h 

3i 

Yield 
(%) 

89 

97 

91 

96 

83 

93 

79 

80 

80 

Mp [Bp] 
(°G) 

[85—6/0.3 mmHg] 

40—42 

80—81 

97—98 

63—65 

[138—9/0.5 mmHg] 

102—104 

71—73 

68—70 

IR 
(cm-1) 

3300,1750, 
1670,1520 

3270,1750, 
1665,1550 

3270,1755, 
1650, 1545 

3300,1743, 
1685, 1527 

3300,1740, 
1670, 1530 

3300,1725, 
1520 

3330,1740, 
1680, 1550 

3330,1738, 
1685,1536 

3200,1660, 
1540 

NMR 
(Ô, in CDC13) 

1.33(t ,3H),2.12(s,3H), 
3 .49(s ,3H),4.29(q,2H), 
5.56(d, IH) , 
7.12 (broad d, IH) 

1.35(t,3H), 1.77(s,3H), 
2 .09(s ,3H),3.32(s ,3H), 
4.32 (q,2H), 
6.97 (broad s, IH) 

0 .83( t ,3H) ,1 .36( t ,3H) , 
2.10(s,3H), 
1.6—2.9(m,2H), 
3 .28(s ,3H),4.32(q,2H), 
6.68 (broad s, IH) 

1.33(t ,3H),2.04(s,3H), 
3.29(s,3H),3.22 and 
3.87(AB q , 2 H , / = 1 3 H z ) , 
4.26(q,2H),6.58(broad s, 
lH),7.23(s ,5H) 

1.33(t ,3H),2.09(s,3H), 
2.4—3.3 (m,2H), 3.30 (s, 
3H) ,4 .26(q ,2H) ,4 .9—6.0 
(m,3H),6.9(broad s, IH) 

1.30(t ,3H),3.44(s,3H), 
4 .24(q ,2H),5 .17(s ,2H) , 
5.31 (d, IH) , 6.00 (broad d, 
lH),7.30(s ,5H) 

0.32(t ,3H),1.21(t ,3H) 
1.32(t,3H), 1.7—2.8 (m, 
2H),2.08(s ,3H),3.47(q, 
2H) ,4 .28(q ,2H) , 
6.83 (broad s, IH) 

1.15(d,6H),1.32(t ,3H), 
1.78(s,3H),2.03(s,3H), 
3.83 (m, lH) ,4 .26(q ,2H) , 
6.73 (broad s, IH) 

1.96(s,3H),3.39(s,2H), 
3.50(s,3H),7.03(broad s, 
lH),7.31(s ,5H) 

Formula 

C7H13N04 

C8H15N04 

G9H17N04 

C14H19N04 

G10H17NO4 

G13H17N05 

G10H19NO4 

C10H19NO4 

C12H14N202 

Analysis (° 

G H 

47.99 7.48 
47.63 7.21 

50.78 
50.55 

53.19 
52.91 

63.38 
63.11 

55.80 
55.65 

58.42 
58.12 

55.28 
55.31 

55.28 
55.39 

66.03 
65.85 

7.99 
7.94 

8.43 
8.21 

7.22 
6.99 

7.96 
8.01 

6.41 
6.51 

8.82 
8.80 

8.82 
8.62 

6.47 
6.67 

/o)a> 

N 

8.00 
8.10 

7.40 
7.51 

6.89 
6.78 

5.28 
5.28 

6.51 
6.77 

5.24 
5.29 

6.45 
6.35 

6.45 
6.51 

12.84 
12.53 

a) Upper lines show calculated values and lower lines found values. 

transfer. Furthermore, the use of ethanol or 2-propanol 
as an electrolysis solvent resulted in the formation 
of the corresponding alkoxylated products 3g,h in 
excellent yields despite rather poor current efficiency 
(60—70%). No Kolbe dimer was observed throughout 
the alkoxylation. Furthermore, no elimination and 
rearrangement products were detected. Meanwhile, 
in the hope of preparing ethyl JV-acetyl-a-hydroxy-
phenylalaninate (4), the electrolysis of 2d was carried 
out in aqueous tetrahydrofuran. However, 4 was 
extremely unstable under the reaction conditions, 
and carbon-nitrogen bond cleavage ocurred to give 
ethyl phenylpyruvate (5) and acetamide9 ) (Scheme 2). 

2d 
in H20-THF 

c NHCOGH31 

P h C H 2 - C W H *CV 

COOC2H5 

4 

O 

PhCH2CCOOC2H5 + CH3CONH2 

5 

Scheme 2. 
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The structural elucidation was carried out based 
on the spectral data and elemental analyses. The 
results are summarized in Table 1. 

The electrode reaction in the alkoxylation is thought 
to be a typical abnormal Kolbe reaction in which 
the carbonium ion is generated via a two-electron 
transfer3a '8 '10a~c) (Scheme 3). The derea l iza t ion 

R3 

- 2 e | 

2 > R1GONHG+ 

R3 

RiGONH-G 

GOOG2H5 GOOG2H5 

Scheme 3. 

of the carbonium ion character onto the neighboring 
nitrogen atom would make the lifetime longer enough 
to be susceptible of nucleophilic attack of the solvent, 
though the inductive effect of both the iV-acyl and the 
ethoxycarbonyl groups destabilizes the carbonium 
ion. Participation of the neighboring acylamino group 
in the anodic replacement of carboxylic acid group by 
methoxyl or acetoxyl group has been described by 
us3a) and other workers. l la>b) 

The a-methoxy amino acid derivative 3d was sa­
ponified with potassium hydroxide in methanol to afford 
iV-acetyl-a-methoxyphenylalanine in 5 1 % yield. 

Conversion into en ̂ -Dehydro alanine Derivative. oc,ß-
Dehydro amino acids, especially a,/?-dehydroalanine 
derivatives, are used as important intermediates in 
the synthesis of natural peptides possessing antibac­
terial activity.12) a,/?-Dehydroalanine derivatives 
have hitherto been prepared by the methods involving 
the following : thermal condensation of primary amines 
with pyruvic acid;13) base-catalyzed elimination of N-
acyl-a-methoxyalanines,5a) iV-acyl-iV-chloroalaninates 
prepared in situ,5*-) and iV-acylserine derivatives.14) 
These methods, however, are not suitable for large 
scale production15) of a,/?-dehydroalanine. 

In order to develop a method for a convenient 
and large scale preparation of the a,/?-dehydroalanines, 
thermal conversion of a-methoxyalaninate into oc,ß-
dehydroalaninate was carried out. Ethyl iV-acetyl-
a-methoxyalaninate (3b) was heated at 120 °C for 
20 min in the presence of a catalytic amount of ammo­
nium bromide to afford the corresponding a,/?-dehydro-

NHGOGH3 
I 

R-GH2-G-OGH3 

I 
GOOG2H5 

3b, 3d 

j /NHGOGH3 
> GHo-G 

NH4Br 

NHGOGH3 

CH,-G-OCH, 

3b 6 

Scheme 4. 

alaninate 6 b in 7 6 % yield (Scheme 4). Prolonged 
heating or the use of a greater amount of ammonium 
bromide than that employed here resulted in a low 
yield, owing to the thermal polymerization of the 
product. 

Reaction with Nucleophiles. JV-Acyl-a-methoxy-
glycines have been reported to amidoalkylate ole-
fins,16a'b) active methylene compounds,17) and aromatic 
compounds18a~c) through iV-acylimine intermediates 
in the presence of Lewis acid catalyst. The acylamino 
group functions to stabilize the carbonium ion gene­
rated at the a-carbon, thus providing enhanced reac­
tivity toward nucleophiles. In a-amidoalkylation 
on tertiary carbon atom of the a-methoxy a-amino 
acids, however, the substitution as well as competitive 
elimination reactions should be considered. Thus, 
the reactions of the methoxy amino acids with typical 
nucleophiles have been investigated in the presence 
of Lewis acid, in order to examine the scope and limita­
tion of amidoalkylation using the amino acids. 

First of all, the reactions of the a-methoxy amino 
acid derivatives with thiols were carried out. Ethyl 
iV-acetyl-a-methoxyalaninate (3b) was subjected to react 
with phenylmethanethiol in acetonitrile in the pre­
sence of SnCl4 to afford ethyl iV-acetyl-a-benzylthio-
alaninate (7b) in 9 2 % yield. 3d was similarly treated 
with phenylmethanethiol to give 7d in 8 4 % yield 
(Scheme 5). Careful analysis of the reaction mixture 
by liquid chromatography indicated no formation 
of the elimination and rearrangement products. Fur­
thermore, a-amidoalkylation of aromatic compounds 
was carried out by using anisole as a typical example. 
Treatment of 3b with anisole using a molar equivalent 
of SnCl4 to that of 3 b gave the a-substituted product 
8 b (para isomer) in 5 8 % yield along with the ortho 
isomer 9 b (29%). In this case, a,/?-dehydro amino 
acid 6b was obtained in 5 % yield. Furthermore, 
3d was allowed to react with anisole to afford a mixture 

NHCOCH, 
SnCl4 

PhCH 2 SH 
-i R-GH2-G-SGH2Ph 

7b, 7d 

\ 
SnCl4 -OCH3 

\ 

b, R = H 

d, R = Ph 

NHCOCH, 

> R-CH 2 -C-

COOC2H5 

8b. 8d 

OCH, 

NHCOCH, 

+ R-CH2-C 

C2H 
9b, 9d 

C2H5OOC OCH3 

NHCOCH3 
I 

+ R-CH-C 
I 

COOC2H5 

6b. 6d 

Scheme 5. 
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of 8d and 9d in 70% yield in a 4 : 1 ratio determined 
by NMR spectrum of the crude products. The oc,ß-
dehydro amino acid derivative 6d was detected. 

Efforts to amidoalkylate benzene or toluene, a 
less reactive nucleophile, were made under the Lewis 
acid-catalyzed conditions. However, though no 
substitution product was detected, formation of the 
elimination product was observed. The reaction 
of 3j with toluene gave the same result as above. Treat­
ment of 3b or 3d with active methylene compounds 
such as diethyl malonate and ethyl acetoacetate did 
not lead to the formation of any substitution products. 
The results are in sharp contrast with those reported 
by Ben-Ishai et a/.16-18) in which a-methoxyglycine 
derivatives react easily with benzene as well as active 
methylene compounds to afford the a-substituted a-
amino acids derivatives. 

It may be concluded that the a-methoxy a-amino 
acid derivatives can be used as reagents for a-amido-
alkylation by which various types of amino acid skele­
tons are introduced to afford a-substituted amino 
acids. However, formation of a,/?-dehydro amino 
acids becomes overwhelming when a feeble nucleo­
phile such as toluene is employed. 

Experimental 

Equipment. Melting points were measured with a 
Yamato melting point apparatus and are uncorrected. IR 
spectra were recorded on a Shimadzu IR-27G infrared spectro­
photometer, and NMR spectra on a Hitachi Perkin-Elmer 
R-20 high resolution NMR spectrometer with tetramethyl-
silane as an internal standard. High performance liquid 
chromatography was taken by Waters ALG-GPG-244. The 
electrolyses were carried out with use of a Hokuto Potentio-
Galvanostat HA 104 (1A-55V), PGS 2500 (2.5 A-60V) 
or PGS 2000 (2A-100V) equipped with a Hokuto HA 108A 
coulomb meter. 

Preparation of the Starting Materials 2a—g. 2a—f were 
prepared according to the method reported previously.3a> 
2g: Sodium hydride (65%) (4.4 g, 0.12 mol) was suspended 
in 100 ml of tetrahydrofuran. To this was added lc (17 g, 
0.1 mol) dissolved in 30 ml of tetrahydrofuran at 10—15 °G 
under vigorous stirring. Stirring was continued for additional 
1 h at the same temperature. To the mixture was added 
dropwise benzyl bromide (17 g, 0.1 mol) at 10—30 °C. 
After being stirred overnight, the reaction mixture was neutra­
lized with acetic acid and the solvent was evaporated to dryness 
in vacuo. The residue was dissolved in ethyl acetate, and the 
solution was washed with water, dried over magnesium 
sulfate, then evaporated to dryness in vacuo. The resulting 
crystals were recrystallized from ethyl acetate-hexane to 
afford 22 g (90%) of ethyl a-acetamido-a-cyano-/?-phenyl-
propionate as colorless needles: mp 111—113 °G; IR (Nujol) 
3330, 1748, 1670, 1510 cm-1; NMR (CDC13) Ô 1.15 (t, 
3H), 2.05 (s, 3H), 3.39 (s, 2H), 4.16 (q, 2H), 7.3 (m, 6H); 
Found: G, 64.61; H, 6.35; N, 10.48%. Galcd for G14H16-
N203 : G, 64.60; H, 6.20; N, 10.76%. 

Ethyl a-acetamido-a-cyano-/?-phenylpropionate (10 g, 0.04 
mol) obtained above was dissolved in 20 ml of ethanol. 
To this was added dropwise potassium hydroxide (2.3 g, 
0.04 mol) dissolved in 5 ml of water at 5—10 °G under vigo­
rous stirring. The reaction mixture was allowed to stand 
at room temperature for 3 days, and then concentrated to 
dryness in vacuo below 30 °G. The residue was dissolved 
in 10 ml of wa,ter and the solution was shaken once with ethyl 

acetate. The aqueous layer was acidified to Congo Red 
with 12 M hydrochloric acid. The acidified solution was 
shaken with three 50 ml portions of ethyl acetate, and the 
combined ethyl acetate layer was washed twice with 10 ml 
of brine, dried over magnesium sulfate, then evaporated to 
dryness in vacuo below 30 °G. The resulting crystals were 
recrystallized from ethyl acetate-hexane to afford 6.5 g 
(75%) of 2 g : m p 140—141 °G; IR (Nujol) 3350, 1730, 
1630, 1540 cm-1 ; NMR (CDC13+DMSCW6) Ô 2.02 (s, 
3H), 3.43 (s, 2H), 7.30 (s, 5H), 8.17 (s, 1H); Found: G, 
61.81; H, 5.35; N, 12.22%. Galcd for G12H12N203: G, 
62.06; H, 5.21; N, 12.06%. 

General Electrolysis Procedure. The general electrolysis 
procedure is the same as reported previously.2> In the 
electrolysis in 2-propanol, a 50 mA of current was passed. 
For large scale (1 mol) electrolysis, electrodes of an area of 
40 cm2 were used in a non-divided cell. 

Electrolysis of 2d in Aqueous Tetrahydrofuran. 2d (2.8 g, 
0.01 mol) was electrolyzed in a mixture of 25 ml of water 
and 6 ml of tetrahydrofuran containing 0.38 ml of 1 M po­
tassium hydroxide. The other electrolysis conditions were 
the same as those described above. The electrolyzed solution 
was evaporated to dryness in vacuo and the resulting residue 
was extracted with ethyl acetate, washed once with brine, 
dried over magnesium sulfate, then evaporated to dryness 
in vacuo. Extraction of the resulting residue with 100 ml of 
hexane gave 1.8 g (93%) of ethyl phenylpyruvate (5). The 
derivative of the 2,4-dinitrophenylhydrazone showed mp 
130—131 °G (lit,19) mp 132—133 °G). 

Saponification of Compound 3d. Compound 3d (2.65 g, 
0.01 mol) was dissolved in 30 ml of methanol. To this was 
added potassium hydroxide (0.56 g, 0.01 mol) dissolved 
in 3 ml of water under vigorous stirring at room temperature. 
The reaction mixture was allowed to stand at room tempera­
ture for 24 h, and then concentrated to dryness in vacuo. 
The residue was dissolved in 10 ml of water and the solution 
was shaken once with ethyl acetate. The aqueous layer 
was acidified to Congo Red with 6 M hydrochloric acid. 
The acidified solution was shaken with three 30 ml portions 
of ethyl acetate, and the combined ethyl acetate layer was 
washed once with brine, dried over magnesium sulfate, 
then concentrated to dryness in vacuo. The resulting crystals 
were recrystallized from ethyl acetate-hexane to afford 
1.2 g (51%) of iV-acetyl-a-methoxypheny]alanine: mp 133— 
135 °C; IR (Nujol) 3290, 1760, 1633, 1564 cm-1; NMR 
(DMSO-</6) ô 1.90 (s, 3H), 3.17 (s, 5H), 7.17 (s, 5H), 8.18 
(broad s, 1H); Found: C, 60.77; H, 6.36; N, 6.01%. Calcd 
for C12H15N04: C, 60.75; H, 6.37; N, 5.90%. 

Conversion to 6b. Compound 3b (80 g, 0.42 mol) and 
ammonium bromide (80 mg) were put into a distillation 
apparatus. The mixture was heated at 120 °C for 20 min 
at 70—100 mmHg under nitrogen atmosphere, methanol 
being distilled off. Subsequent distillation at 5 mmHg 
afforded 50 g (76%) of 6b: bp 100—103 °C (5 mmHg). 
IR and NMR spectra of 6b were identical with those of 
an authentic sample.13) 

Reactions of 3b and 3d with Phenylmethanethiol. Ethyl 
JV-acetyl-a-methoxyalaninate (3b) (0.95 g, 5 mmol) and 
phenylmethanethiol (0.62 g, 5 mmol) were dissolved in 
5 ml of acetonitrile. To this was added dropwise SnCl4 

(0.58 ml, 5 mmol) at 0—5 °C under vigorous stirring . Stir­
ring was continued for 1 h at the same temperature and 
the reaction was quenched by addition of 5 ml of saturated 
aqueous sodium hydrogencarbonate solution. The insolu­
ble materials were filtered off and the filtrate was evaporated 
to dryness in vacuo. The residue was dissolved in ethyl 
a,ceta,te a.nd the solution was washed with brine, dried over 
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magnesium sulfate, and then evaporated to dryness in vacuo. 
T h e resulting syrup was treated with silica gel chromato­
graphy using bezene-acetone ( 5 : 1 ) as eluent to afford 
1.29 g (92%) of ethyl iV-acetyl-a-benzylthioalaninate (7b). 
Recrystallization from ethyl acetate-hexane gave colorless 
needles: m p 79—80 °G; I R (Nujol) 3230, 1739, 1637, 1528 
c m - 1 ; N M R (CDC13) Ö 1.28 (t, 3H) , 1.73 (s, 3H) , 1.86 
(s, 3H) , 3.82 (s, 2H) , 4.18 (q, 2 H ) , 6.37 (broad s, 1H), 7.27 
(s, 5 H ) ; Found : G, 59 .61; H , 6.79; N, 4 .69%. Calcd for 
G 1 4 H 1 9 N 0 3 S : G, 59.76; H , 6 .81 ; N , 4 .98%. 

3d was also allowed to react with phenylmethanethiol 
under the same conditions as above to afford the substitution 
product 7d in 8 4 % yield. 7 d : m p 103—104 °G ; I R 
(Nujol) 3230, 1728, 1640, 1534 c m - 1 ; N M R (CDG13) Ô 
1.33 (t, 3H) , 1.68 (s, 3H) , 3.43 and 3.98 (AB q, 2H, 7 = 1 3 
Hz) , 3.75 (s, 2H) , 4.25 (q, 2H) , 6.20 (broad s, 1H), 7.14 (s, 
5H) , 7.25 (s, 5 H ) ; Found : C, 67.37; H , 6.52; N , 3 .90%. 
Calcd for G 2 0 H 2 3 NO 3 S: C, 67.20; H, 6.49; N, 3.92%. 

Reactions of 3b and 3d with Anisole. T o a stirred solu­
tion of ethyl iV-acetyl-a-methoxyalaninate (1.0 g, 5.3 mmol) 
dissolved in anisole (10 ml) was added dropwise SnCl4 (0.61 
ml, 5.3 mmol) at 0—5 °C. T h e reaction mixture was stirred 
for 1 h at the same temperature and the reaction was 
quenched by addition of 10 ml of saturated aqueous sodium 
hydrogencarbonate solution. T h e insoluble materials were 
filtered and washed thoroughly with acetonitrile. T h e 
filtrate was evaporated to dryness in vacuo and the residue 
was extracted with ethyl acetate. T h e extract was washed 
with water, dried over magnesium sulfate, and then con­
centrated to dryness in vacuo. T h e resulting syrup was treated 
with silica gel chromatography using chloroform as an eluent 
to afford 0.82 g, (58%) of 8 b (para isomer), 0.41 g (29%) 
of 9 b (ortho isomer), and 0.04 g (5%) of ethyl JV-acetyl-
a,ß-dehydroalaninate 6b . 8 b : m p 108—109 °G; I R (Nujol) 
3240, 1736, 1632, 1560, 1513 cm" 1 ; N M R (GDC13) 1.17 
(t, 3H) , 1.96 (s, 3H) , 2.01 (s, 3H) , 3.77 (s, 3H) , 4.14 (q, 
2 H ) , 6.75 (broad s, 1H), 6.83 (d, 2H) , 7.34 (d, 2 H ) ; Found : 
G, 63.27; H , 7 .01; N, 5 .33%. Calcd for G 1 4 H 2 9 N 0 4 : C, 
63.38; H , 7.22; N , 5 .28%. 9 b : syrup; I R (film) 3410, 
1730, 1660, 1600, 1490 c m - 1 ; N M R ( C D G 1 3 + D 2 0 ) Ô 1.14 
(t, 3H) , 1.87 (s, 3H) , 2.02 (s, 3H) , 3.73 (s, 3H) , 4.15 (q, 
2 H ) , 6.7—7.7 (m, 4 H ) ; M S (30 eV), m/e (rel intensity), 
265 (M+, 10), 192 (73), 150 (100), 133 (32), 118 (32), 105 
(47), 43 (36). T h e physical constants of 6 b were identical 
with those of an authentic sample. 

3d was also treated with anisole in the presence of SnCl4 . 
T h e work-up was the same as that described above. T L G 
of the reaction mixture showed the presence of the substi­
tution products 8d and 9d and the elimination product 
6d. The resulting residue was treated with silica gel chro­
matography using benzene-acetone ( 5 : 2 ) as an eluent to 
afford a mixture of 8d and 9d as syrup in 70% yield, the 
ratio of 8d to 9d being 4 : 1 , based on the N M R spectrum. 
Elemental analysis of the mixture showed a reasonable re­
sult. Found : C, 70.12; H , 6.80; N , 4 . 1 1 % . Calcd for 
G 2 0 H 2 3 NO 4 : C, 70.36; H , 6.79; N , 4 .10%. W e failed 
in separating each isomer by liquid chromatography under 
various conditions. As an example, liquid chromatography 
of the mixture by use of [i Porasil as resin (column : 4 m m X 
30 cm ; flow rate : 1 ml/min) showed a single peak at retention 
time of 10.5 min. T h e mixture was crystallized from ethyl 
aceta te-hexane to afford 8d as needles: m p 95—96 °C ; I R 
(GHC13) 3420, 1726, 1675, 1608, 1593 c m - 1 ; N M R (CDC13) 
ô 1.19 (t, 3H) , 1.95 (s, 3H) , 3.78 (s, 3H) , 3.74 and 4.10 (AB 
q, 2H, y = 1 4 Hz) , 4.13 (q, 2H) , 6.83 (d, 2H) , 6.6—7.4 
(m, 6H) , 7.33 (d, 2H) . 9d could not be isolated as a pure 

form. The structure of 9d was assigned by the N M R spect­
rum of the mixture of 8d and 9d. 9d : N M R (CDC13) 
ô 1.17 (t, 3H) , 1.88 (s, 3H) , 3.65 (s, 3H) , 3.32 and 4.50 (AB 
q, 2H, J= 14 Hz) , 4.13 (q, 2H) , 6.6—7.4 (m, 10H). 

W e t h a n k Prof. M i t s u y o s h i K a w a n i s h i , K y o t o 
U n i v e r s i t y , for his v a l u a b l e sugges t ion . W e a r e 
also gra te fu l to D r . I c h i r o C h i b a t a , D i r e c t o r of o u r 
R e s e a r c h L a b o r a t o r y , for his e n c o u r a g e m e n t . 
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Secondary a-Deuterium Isotope Effects in Chlorine Isotopic Exchange 
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Secondary a-deuterium isotope effects were studied in the symmetrical nucleophilic substitution of the sub­
stituted chloromethanes in acetonitrile. The apparent second order rate coefficients show a significant isotope 
effect for chloromethyl aryl ethers and sulfides (1.11—1.14 per D), and an intermediate value of 1.05 for cinnamyl 
chlorides. 2-Arylethyl chlorides were shown to give an appreciable isotope effect of 1.03—1.04, and arylchlo-
romethanes to give varying amount of the isotope effect from 1.006 to 1.050 depending upon the ring substituent. 
The deuterium label also gave rise to a significant equilibrium isotope effect on the substrate-nucleophile associa­
tion in the reaction mixture. The observation of an equilibrium isotope effect suggested a possibility that an 
apparent isotope effect was a composite of the thermodynamic and the kinetic isotope effects. Thus the dis­
section resulted in a uniform and a fairly large kinetic isotope effect for all the activated substrates studied and 
in a small kinetic isotope effect for 2-arylethyl chloride. The results are explained in a framework of loose-tight 
transition state. 

In the studies of the Hammet t type analysis of the 
Finkelstein reaction in a dipolar aprotic solvent ace­
tonitrile, the present authors proposed the rate ac­
celerating effect by the conjugative stabilization of 
the S^2. transition state.3) 

When a hetero atom3a> or an unsaturated linkage315»*5) 
adjacent to the reaction center is available, the con­
jugative stabilization may be operative, superposing 
upon the nucleophilic approach of the attacking nucleo-
phile, in the displacement reaction that proceeds 
through a loose transition state. The looseness or the 
tightness of the transition state has often been postulat­
ed. A successful example is found in the study of the 
solvent effect on the rate of the bimolecular reactions.4) 

Another approach to verify such a spectrum of the 
transition state may be tenable by the study of the 
secondary hydrogen isotope effect. The method, which 
was awarded with success, has mainly applied to the 
unimolecular solvolytic reactions.5) 

Formerly, the rate ratio kl/k* of unity has been 
believed to be a criterion of the ^ 2 reaction and the 
secondary isotope effect has been considered not existent 
in this class of reactions.6) Recent works show that 
the isotope effect is observable in some examples of 
the ^ 2 reactions, and that the typical observed value 
is in the range of 0.95—1.06 per one a-deuterium 
atom.7»8) However, the study with a systematic varia­
tion in the substrate reactivity was scarcely undertaken 
in the study of bimolecular substitutions. 

In the present work, the substituted chloromethanes 
with the deuterium label at the reacting carbon were 
subjected to the chlorine-chlorine isotopic exchange 
reaction. The deuterium label also affected substrate-
nucleophile interaction which accompanied with the 
symmetrical exchange reaction.9) The kinetic deu­
terium isotope effect was discussed in relation to the 
reactivity of these model compounds and in relation 
to the potential role of the substrate-nucleophile as­
sociation complex. 

R e s u l t s and D i s c u s s i o n 

Substituted chloromethanes which have a variety 
of subs ti tuen ts adjacent to the reaction center were 

subjected to the chlorine isotopic exchange reaction 
in dry acetonitrile as shown in Scheme 1. 

X-C6H4-Y-CZ2C1 + Et4N*Cl ^ = ± 

X-G6H4-Y-GZ2*G1 + Et4NGl 

X ; H and other substituent 
Y; O, S, CH*=CH, none(benzyl), and GH2 

Z; H and D 

Scheme 1. 

The incorporation of the radioactive chlorine from 
the reagent tetraethylammonium chloride-36C1 followed 
first-order kinetics and the plausible second-order rate 
coefficients were obtained as reported earlier.3) This 
result definitely shows that the rate determining transi­
tion state should involve both the organic chloride 
and the nucleophile, chloride ion. 

The results of the exchange reactions with the deu-
terated substrates as well as that with the unlabeled 
substrates are given in Table 1. As shown in Table 1, 
normal isotope effect was observed in every case. 
T h e magnitude of the effect was about 11—14% for 
chloromethyl aryl ethers and chloromethyl aryl sulfides. 
2-Arylethyl chlorides gave about 3—4% of the effect 
while arylchloromethanes gave diverse normal effect 
of 0.6—5.0%. Cinnamyl chloride gave an intermediate 
value of 5 % . 

The constancy of the secondary deuterium isotope 
effect for chloromethyl aryl sulfides is excellent and 
possibly indicates an operation of a single mechanism 
for all these sulfides as are also indicated by the estab­
lishment of the good linear free energy relationship 
for exchange reactions.3a>10) 

The equilibrium constants for the formation of 
substrate-nucleophile complex were determined with 
deuterated substrates, as well as with unlabeled subst­
rates. The formation of such a complex in the Finkels­
tein reaction mixture was already reported.9) Equilib­
rium deuterium isotope effects were observed for the 
representative substrates and the results are shown in 
Table 2. Except for 2-(^-nitrophenyl)ethyl chloride, 
which shows essentially the absence of equilibrium 
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TABLE 1. RATE CONSTANTS AND ISOTOPE EFFECTS OF 

CHLORINE ISOTOPIC EXCHANGE REACTIONS OF SUBSTITUTED 

CHLOROMETHANES [ X - G 6 H 4 - Y - C Z 2 G 1 ] 

TABLE 3. SUMMARY OF THE OC-SUBSTITUENT EFFECTS AND 

THE KINETIC ISOTOPE EFFECTS [ X - C 6 H 4 - Y - C Z 2 C 1 ] 

,») 
X 

xio2 

3G 
1/mol • min 

Z ; H Z ; D 

knlkD^ 

O 

CH=GH 

None 

CH, 

p-Gl 
m-Gl 
p-OCH3 

H 
A-Cl 
in-Gl 
p-N02 

H 

p-OGH3 

p-GH3 

m-CH3 

H 
p-Gl 
m-N02 

/>-N02 

H 
p-Gl 
/>-NOä 

- 2 0 

20 

20 

20 

20.0 
11.6 

6.49 
3.10 
1.99 
1.60 
0.652 
2.54 

60 

.52 

.83 

.25 

.23 

.81 

.46 

.47 

0.523 
0.889 
1.92 

16.2°) 
9.46°) 

5.27 
2.44 
1.57 
1.23 
0.519 

2.30 

4.13 
1.66 
1.23 

.17 

.72 

.38 

.28 

0.489 
0.836 
1.78 

112 
108 

120 
128 
124 
141 
121 

1.050 
1.046 
1.050 
1.006 
1.026 
1.025 
1.017 
1.028 

1.035 
1.031 
1.039 

a) [Substrate] = [*C1~] = 0.10 M. 
c) 98% isotopic purity. 

b) Per one D atom. 

TABLE 2. EQUILIBRIUM CONSTANTS AND ISOTOPE EFFECTS 

OF THE FORMATION OF COMPLEX [X-GeH4-Y-GZ2Gl] 

Y 

S 

CH=CHd) 

None 

CH2
e> 

X 

p-N02 

H 

P-N02 

P-N02 

t 
~°CT 

30.0 

30.0 

19.7 
27.2 
31.0 
32.7 
20.0 

* Z ; H
 a> 

M- 1 

0.348 

0.0964 

0.365 
0.303 
0.277 
0.266 

0.202 

Kz;x> a> 
M- 1 

0.365 

0.104°) 

0.400°) 
0.322°) 
0.308°) 
0.322 
0.199 

KnIKJ) 

0.976 

0.928 

0.913 
0.913 
0.901 
0.909 
1.007 

a) Errors estimated to be within 2% or better, b) Per 
one D atom, c) For X-C6H4-Y-CHDC1. d) At 30 °C, 
pK = 0A0±0A. For />-N02-C6H4-CH=CH-CH2Cl, at 
20 °C, A / / ° = ( - 1 . 5 2 ± 0 . 5 ) k c a l / m o l , AS° = ( - 8 . 2 ± 2 ) 
eu. e) At'30°G, ioJf = 0 . 6 5 ± 0 . 1 . For />-N02-C6H4-
CH2CH2C1, at 20 °C, A H ° = ( - 1.22±0.5) kcal/mol, 
A 5 ° = ( - 7 . 3 ± 2 ) e u . 

isotope effect, chloromethyl jö-nitrophenyl sulfide, cin-
namyl chloride, and (/>-nitrophenyl)chloromethane all 
show an inverse equilibrium isotope effect. The 
observation of the inverse equilibrium isotope effect 
is not unexpected.11^ 

T h e data of substrate-nucleophile association allow 
one to calculate the intrinsic second order rate coef­
ficient corrected for the change of the concentration of 
both the substrate and the reagent upon complex 
formation (vide infra). In Table 3, the corrected isotope 
effects are summarized for the representative classes 
of the compounds. Table 3 also contains the results 
of the Hammet t type analyses of the corresponding 
unlabeled substrates, 

Rel ratea) p (a, r)b) ^ / ^ c > (X) — 

O 400000 
S 1020 
GH=GH 680 
None 330 

-1.56(<7, 0.997) 
-0.92(<r, 0.997) 
-0.19«)((7, 0.962) 

CH, 1 0.57((7°, 0.991) 

1.112d>(/»-Gl) 
1.119(/»-N02) 
1.048(H) 
1.024(/>-NO2) 
1.039(/>-NO2) 

- 20 
20 
20 
20 
60 

a) Ref. 3b. X ; H , at 20 °C. b) Ref. 3. c) kobsä was 
corrected for the formation of substrate-nucleophile 
complex. d) Uncorrected value. e) Obtained for 
m-substituted compounds. 

T h e inspection of the results in Table 3 is quite 
intuitive. The spectrum of the secondary deuterium 
isotope effect obtained in the present study seems to 
have a parallelism to the degree of the electron-donat­
ing conjugative stabilization of the transition state. 
As suggested from the Hammet t type analysis, and 
from the relative rate of the substituted chloromethanes 
studied, such a stabilization is most prevailing in the 
ethers (p = —1.56, £ r e l =400000) and in sulfides (p = 
—0.92, £ r e l =1020) , less effective but still significant 
in cinnamyl chlorides (jOm=—0.19, £ r e l =680) , and 
is apparently not operating in 2-arylethyl chlorides 
0° = + 0 . 5 7 , Arrel = l ) . 

The difficulty is encountered for arylchloromethanes. 
The observed isotope effects in the Table 1 seem too 
small for these activated Finkelstein substrates. This 
is also the case with cinnamyl chlorides (cf. Table 3). 

The behavior of the arylchloromethanes is often a 
matter of controversy.12) The significant change from 
tight transition state (p-N02) into loose transition state 
(/>-OCH3 or p-CH3) was suggested by the studies of 
the substituent effect upon the rate of the Finkelstein 
reaction315) and upon the solvent activity coefficient of 
the reaction.4) 

Table 1 shows the small and varying extent of the 
isotope effect. Thus (/>-nitrophenyl)chloromethane, 
the transition state of which is considered to be tighter 
than that of (m-methyl- or unsubstituted phenyl) chlo-
romethane, gives an appreciable isotope effect of about 
3 % . While (m-methylphenyl)chlorome thane shows 
the isotope effect close to unity and phenylchloro-
methane shows a fair isotope effect of 2 .6% contrary 
to the expectation from the looseness-tightness ap­
proach (cf. Table 1). 

These findings seem to suggest that the (overall) 
isotope effect should tell something that is different 
from the implication of the rate studies. 

A clue to answer this difficulty is found in an observa­
tion of an association complex in the Finkelstein reac­
tion. The present authors have reported the presence 
of the substrate-reagent complex which possesses a 
structure quite similar to the traditional SN2 transition 
state.9) There are indications that the nucleophilic 
anion coordinates at the rear side of the potential 
leaving group resulting in the freezing of the intramo­
lecular rotation, which is the necessary condition for 
the operation of an electron-donating p-n and (or) p-p 
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interaction by the neighboring functionality. 
Such a complex can play one of the two quite distinct 

roles in the bimolecular reaction. One is the direct 
precursor that intervenes before the rate determining 
unimolecular scrambling (Scheme 2). 

Substrate + Gl- Product + Ci­
t a -* ) -il (b-x) 

Ä(Equilibrium constant) 

k\ 

Complex > (Transition state) > Exchanged 
(x) complex 

Rate=k1K(a—x)(b—x) 

Scheme 2. 

T A B L E 4. DISSECTION OF THE ISOTOPE EFFECT 

[X-C6H4-Y-CZ2C1] 

The other is the indifferent entity in the subsidiary 
or parasitic equilibrium with the free substrate and 
the free nucleophile (Scheme 3). 

*2 
Substrate 4- Cl~ -
(a-x) u (b-x) 

^ E q u i l i b r i u m constant) 

(Transition state) Product 

Complex 

Rate — L1{a~-x)(b — x) 

Scheme 3. 

The equilibrium isotope effect in Table 2 seems to 
support the operation of the association mechanism 
(Scheme 2), giving the more comprehensive picture 
of the observed kinetic isotope effect. When one 
postulates an operation of the mechanism in Scheme 2, 
the observed second order rate coefficient k% can be 
separated into the equilibrium constant K for the 
substrate-nucleophile association, and the rate constant 
kt for the unimolecular scrambling, as is shown in 
Eq. 1. 

A2 = kx>K (1) 
Accordingly the kinetic isotope effect observed can 

be dissected into the equilibrium isotope effect of 
bimolecular association(Kn\K^) and the kinetic isotope 
effect of unimolecular scrambling (A;?/A;?, Eq. 2). 

A!/A? = A? /A? .*H/*D (2) 

Combining the data from Table 1 and Table 2, the 
kinetic isotope effect A;?/A;? can be calculated postulat­
ing the intervention of the substrate-nucleophile com­
plex. Results are shown in Table 4. 

For the activated substrates, reflecting the inverse 
equilibrium isotope effects, the kinetic isotope effects 
calculated (that correspond to the rate determining 
unimolecular scrambling of the complex) are now 
close to that of the limiting solvolysis.13) For 2-(p-
nitrophenyl) ethyl chloride, the equilibrium isotope 
effect of about unity substantiates the figure of the 
isotope effect observed (A;?/A;?) is essentially intrinsic. 

Thus the explanation in the framework of the loose­
ness of the transition state seems to hold for the 
whole classes of the compounds studied. In a signifi­
cantly loose transition state, the carbon under attack 
has essentially little difference from the carbonium 
ion having negligible nucleophilic at tachment to both 
the leaving and the incoming group (chloride ion).14) 
Thus 15.7% might be the limiting value for the second­
ary deuterium isotope effect in £N2 reactions as it is 

X A!/*?a) *H/#Da> AY/*?a ) 

S 
CH=CH 
None 
CH2 

/ - N O , 
H 
/>-N02 

/>-N02 

1.119 
1.048 
1.024 
1.039 

0.976 
0.928 
0.909 
1.007 

1.147 
1.129 
1.127 
1.032 

a) Per one D atom. There are some differences between 
the temperature for the kinetic measurement and that 
for the equilibrium measurement. However, the change 
of temperature in the range studied gave negligiblly 
small effect upon the equilibrium isotope effect, and 
an example is shown in Table 2 for (/»-nitrophenyl)-
chloromethane. 

the case with the unimolecular limiting solvolysis of 
organic chlorides.15) 

The SN\ like behavior of the chloromethyl aryl 
ether was suggested in the nucleophilic displacement 
reaction of chloromethyl methyl ether.16) 

In the loose transition state, the change of the out-
of-plane bending motion, caused by the bond breaking, 
may hardly be compensated by the bond formation 
with the incoming nucleophile. 

The largest kinetic isotope effect observed in the 
present study, for chloromethyl aryl sulfides and ethers, 
is still smaller than the limiting value of SN\ reactions. 
This is the indication of a nucleophilic interaction in 
the transition state.7) T h e magnitude of the isotope 
effect seems to be smaller as the transition state becomes 
tighter. 2-Q&-Nitrophenyl)ethyl chloride shows a small 
kinetic isotope effect which seems to be compatible 
with the implication from pkl (and with pkz)-

17) 

The nature of the unimolecular scrambling of the 
complex suggests that the nucleophile assists the ex­
pulsion of the leaving group. A quite similar sug­
gestion was made by Schleyer as "nucleophilically 
assisted ion pair formation."18) 

Another explanation in a framework of traditional 
nucleophilic substitution may be pursued. The oper­
ation of an £N2-C+ or of the rate determining nucleo­
philic attack upon an ion pair may be one of the 
possibilities. T h e absence of a very high p value in 
the Hammet t relationship17) and the absence of k\ 
process19) in the case of 2-arylethyl chlorides (and 
probably cinnamyl chloride) are the evidences against 
the classical SN2-C+ route.3a) 

As long as an £„2 -0+ or an ion pair mechanism 
is operative, one should postulate a spontaneous ioni­
zation of the substrate.20) Bearing in mind the existence 
of the substrate-nucleophile complex in the Finkelstein 
reaction mixture studied, and the feature of the com­
plex which shows interesting similarities to the tradi­
tional SN2 transition state, one can hardly imagine a 
spontaneous ionization without help of the nucleophile 
that locates at the rear side of the potential leaving 
group. T h e absence of the inert salt effect is also 
against the operation of ^N2-C+ and (or) ion pair 
intervention.3*) In addition, the classical explanation 
necessitates a significant at tachment of the nucleophile 
for arylchloromethanes or cinnamyl chlorides, one of 
the classes of the activated substrates. 
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T A B L E 5. PROTIC-APROTIC SOLVENT EFFECTS ON 

THE RATE OF THE CHLORINE EXCHANGE AND THE 

FORMATION OF COMPLEX IN ACETONITRILE 

[ > N 0 2 - C 6 H 4 - C H 2 C 1 + Et4N*Gl] 

[MeOH] 
M 

0 
0.0493 
0.0985 
0.197 
0.296 
0.493 

k ^ * a) 
y 102 

1/mol min 

10.8 
8.16 
6.90 
4.55 
3.27 
1.90 

K*) 
M"1 

0.287 
0-242 
0.219 
0.181 
0.138 
0.110 

a) At 30 °G. Errors estimated to be within 1 .5%. 
b) At 30 °G. Errors estimated to be within 0 .005 . 

T A B L E 6. PHYSICAL CONSTANTS OF SUBSTITUTED 

CHLOROMETHANES [X-G 6 H 4 -Y-GZ 2 G1] 

Y 

O 

S 

CH=CH 

None 

GH2 

X 

p-C\ 
ro-Cl 

/>-OCH3 

H 
p-C\ 
ro-Cl 
/>-N02 

H 

/>-OCH3 

/>-CH3 

ro-CH3 

H 
p-C\ 
m-N02 

/>-N02 

H 
p-C\ 
/>-N02 

Bp / M p \ 
°G/mmHg \ °G / 

Z ; D 

74.0—74.5/3.5 
71.0—71.5/3.5 

109.0—109.5/1.0 
117.5—118.0/24 
98.0—99.0/1.0 
94.0/0.6 
(62.5—63.0) 

76.0/3 
65.0/0.7b> 

82.0—82.5/3 
99.5/30 
97.0/26 
45.5/0.8b> 
77.5—78.0/26 
110.5—111.5/28 
(45.0) 
(72.0—72.5) 
(73.0) b> 

93.0—94.0/26 
128.5—129.0/27 
(48.8) 

Z;Ha> 

87.0—88.0/6 
82.0—83.0/6 

105.0/0.7 
115.5—116.0/20 
109—111/4 
94.5/0.7 
(63.5—64.0) 

116—118/16 

70.5/0.5 
88.5/17 
56.5—57.0/2.5 

76.8—77.0/24.5 
108.5/28 
(45.0) 
(72.5—73.0) 

86.0/18 
84.0/4 
(49.0) 

a) Ref. 3. b) X - G 6 H 4 - Y - G H D G 1 . 

T h u s t h e p o s t u l a t i o n of t h e s u b s t r a t e - n u c l e o p h i l e 
c o m p l e x as t h e " i n t e r m e d i a t e " of t h e F inke l s t e in r e a c ­
t i on o p e n s u p t h e n e w poss ib i l i ty to h a v e a uni f ied v i ew 
of t h e b e h a v i o r of t h e v a r i e t y of t h e s u b s t r a t e . T h e r e 
is h a r d l y a v a i l a b l e a g o o d m e a n s to e x a m i n e t h e pos ­
s ible e q u i l i b r i u m i so tope effects of t h e s u b s t r a t e - n u c l e o ­
p h i l e assoc ia t ion i n a p r o t i c m e d i u m . A t p r e s e n t 
i t is a n o p e n q u e s t i o n if t h e p r e s e n t p o s t u l a t i o n c a n 
b e c o m e a g e n e r a l p r o p o s a l . 

T h e p r e l i m i n a r y resu l t of t h e p r o t i c - a p r o t i c so lvent 
effect is a lso c o m p a t i b l e w i t h t h e assoc ia t ion m e c h a n i s m . 
Success ive a d d i t i o n s of t h e s m a l l a m o u n t of m e t h a n o l 
to so lven t a c e t o n i t r i l e g ive rise to t h e d e c r e a s e in t h e 
e q u i l i b r i u m c o n s t a n t of t h e c o m p l e x f o r m a t i o n as wel l 
as t h e d e c r e a s e i n t h e r a t e of s y m m e t r i c a l e x c h a n g e 
r e a c t i o n s ( T a b l e 5 ) . H o w e v e r t h e d e c r e a s e of t h e 

second o r d e r r a t e coefficient is m u c h m o r e p r o f o u n d 
t h a n t h a t of t h e e q u i l i b r i u m c o n s t a n t . A c c o r d i n g to 
t h e assoc ia t ion m e c h a n i s m ( S c h e m e 2 ) , t h e nuc leoph i l i c 
d i s p l a c e m e n t r e a c t i o n in t h e p r e sence of m e t h a n o l a d d e d 
s h o u l d c o n t a i n " d e a c t i v a t e d a n i o n i c nuc l eoph i l e " 4 ) 
b o t h a t t h e p r e l i m i n a r y assoc ia t ion a n d a t t h e u n i -
m o l e c u l a r s c r a m b l i n g , t h u s t h e overa l l r a t e should 
b e d o u b l y affected b y t h e d e a c t i v a t i o n of t h e an ion i c 
n u c l e o p h i l e , as is env i s aged b y E q . 1. 

E x p e r i m e n t a l 

Instruments. T h e radioactivity was measured with 
a Nuclear Chicago Model-6801 liquid scintillation counter. 
T h e P M R spectra were obtained on a J E O L JNM-PS-100 
N M R spectrometer equipped with a Hetero Spin Decoupler 
J N M - S D - H G 1. T h e melting points were measured with 
a Yanagimoto Micro Melting Point Apparatus and were 
uncorrected. 

Materials. Aryloxymethane-a,a-d/2-sulfonates were ob­
tained as follows. Sodium /?-chlorophenoxymethanesul-
fonate(8g) was dissolved in 10 ml of l M - N a O D / D 2 0 
(99.75% isotopic puri ty) . T h e mixture was maintained 
a t about 100 °G in a Teflon tube for four days. After cooling 
the solution was acidified with 1M-HG1 and evaporated. 
T h e residue was subjected to the exchange once again ac­
cording to the above procedure. Recrystallization from 
aqueous ethanol gave pure />-chlorophenoxymethane-a,a-
d2-sulfonate. T h e sulfonate was converted to /?-chlorophenyl 
chloromethyW 2 ether with phosphorous pentachloride.21) 

Methyl-d3 aryl sulfides were prepared from the corres­
ponding thiophenols and GD3I (99% isotopic purity) in 
ethanol in the presence of K O H . Ghlorination of these 
sulfides with sulfuryl chloride gave chloromethyW2 aryl 
sulfides. 

(/>-Nitro- and ro-nitrophenyl)methan-a,a-d2-ols were pre­
pared from the corresponding methyl nitrobenzoates 
by mixed hydride reduction.22) LiAlD4(Merck, 9 9 % iso­
topic purity, 0.75 g) was stirred in 40 ml of ether. T o the 
solution anhydrous A1G13(2.5 g) in 40 ml of ether was added 
dropwise, and the solution was stirred for another few minutes. 
T h e methyl /?-nitrobenzoate (3.2 g) in 20 ml of ether was 
added slowly. After stirring for an hour under reflux, the 
mixture was worked up as usual. T h e alcohols were puri­
fied by recrystallization or distillation after chromatographic 
purification on alumina. 

(/>-Nitrophenyl)methan-a-d-ol was prepared from />-nitro-
benzaldehyde by mixed hydride reduction. (ro-Methyl-
phenyl)methan-a-d/-ol was prepared from ro-methylbenz-
aldehyde with LiAlD4 as usual. Other arylmethan-a,a-d2-
ols were prepared from the corresponding methyl benzoates 
with LiAlD4 . Arylchloromethanes-a-d, and -a,oc-d2 were 
prepared from these alcohols by standard method.23) 

Ginnamyl-1,1 -d2 and cinnamyl-1-d derivatives were ob­
tained by mixed hydride reduction from ethyl cinnamate 
and cinnamaldehyde, respectively.24) Ginnamyl chlorides 
were proved to be trans isomers by P M R spectra and physi­
cal constants. 

2-(/>-Nitrophenyl)ethan-l,l-</2-ol was prepared from ethyl 
(/?-nitrophenyl) acetate by mixed hydride reduction. Other 
2-arylethan-l,l-d2-ols were obtained from the corresponding 
ethyl arylacetates by the reaction with LiAlD4 as usual. 
T h e alcohols were subjected to the reaction with thionyl 
chloride which gave 2-arylethyl-l,l-</2 chlorides. 

After purification all these chlorides showed satisfactory 
N M R and I R spectra. Physical constants are listed in 
Table 6. 
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Kinetic Measurements. Batch method was undertaken 
as reported previously.3*'b> In order to ensure the accuracy 
of the isotope effect measurement, the parallel reaction 
was always run with unlabeled compounds simultaniously 
in the same ba th . T h e reproducibility of the isotope effect 
was within 0.01 for duplicate runs, though the difference in 
rate constants was within the range of 1.5% for independent 
series of measurements. 

Equilibrium Measurements. Proton chemical shift 
measurements were undertaken as reported previously.9) 
The shifts of a-proton of (/>-nitrophenyl)chloromethane-a-</, 
(m-methylphenyl)chloromethane-a-öf, and cinnamyl-a-ö? chlo­
ride were measured under the irradiation of D-frequences 
at 23000 G (15.349404, 15.349408, and 15.349589 M H z , 
respectively), noise-modulation was applied when necessary 
(white noise band width ; 50Hz).25> 

Some troubles are encountered in the preparat ion of 
chloromethyl-d />-nitrophenyl sulfide and of 2-(/>-nitrophenyl)-
ethyl-1-^ chloride. Accordingly oc,oc-d2 labeled substrates 
were utilized to measure the equilibrium isotope effect ob­
serving the chemical shift of ortho hydrogens on the phenyl 
ring. T h e control experiment with (/?-nitrophenyl)chloro-
methane-a-^/, and -œ,oc-d2 resulted essentially the identical 
equilibrium isotope effect. In the case of 2-(/>-nitrophenyl)-
ethyl chloride two independent analyses from a- and o-
proton(s) gave rise to the identical association constant. 

Scott-Benesi-Hildebrand analyses for cinnamyl chlorides 
and 2-arylethyl chlorides were difficult because of their 
small low field shifts at the chloride concentrations studied.26) 
However, the repeated measurements of the line position 
(up to 30 times and to the reproducibility of ± 0 . 0 5 Hz or 
better) gave a reliable association constant. 

T r a c e r e x p e r i m e n t s w e r e u n d e r t a k e n a t R a d i o i s o t o p e 
R e s e a r c h C e n t e r of K y o t o U n i v e r s i t y . T h e a u t h o r s 
a r e gra tefu l to t h e staff of t h e in s t i t u t ion . S u p p o r t s 
b y t h e M i n i s t r y of E d u c a t i o n ( N o . 8 3 1 5 1 , 84076 , 
748167) , S a n e y o s h i S h o g a k k a i , a n d I t o K a g a k u 
S h i n k o k a i a r e gra teful ly a c k n o w l e d g e d . 
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Photo-induced Transformation of Polyalkylbenzyl Thiocyanates 
into Polyalkylbenzyl Isothiocyanates. A Synthesis of Some 

Bis- and Tris(isothiocyanatomethyl)polymethylbenzenes 
by Multiple Thiocyanate Isomerization^ 

Hitomi SUZUKI,* Michiyo USUKI, and Terukiyo HANAFUSA 
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Higashi-sendamachi, Hiroshima 730 
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Polyalkylbenzyl thiocyanates, upon irradiation in acetic acid, readily undergo reversible photoisomerization, 
giving an equilibrium mixture composed mostly of the corresponding isothiocyanates. Several new bis- and 
tris(isothiocyanatomethyl)polymethylbenzenes have been prepared by utilizing the photoinduced multiple thio­
cyanate isomerization. 

In connection with our studies on the zjfoo-thiocya-
nation of arènes, we needed several polyalkylbenzyl 
isothiocyanates as reference compounds for comparison. 
The classical synthesis of alkyl isothiocyanates2) has 
been based on the reaction of alkyl halides with alkali 
thiocyanates,3) thermal isomerization of thiocyanates,4) 
and treatment of dithiocarbamate derivatives with 
heavy metal salts,5) ethyl chloroformate,6) aqueous 
potassium hydroxide,7) sodium hypochlorite or chlo­
rite,8) and iodine.9) Other methods of limited gener­
ality include the reaction of primary amines with 
thiophosgen,10) action of sulfur and alkali cyanide upon 
alkyl halides,11) addition of thiocyanic acid to olefins,12) 
reaction of carbon disulfide and carbodiimide at high 
temperatures,13) and treatment of isocyanates with 
phosphorus pentasulfide under pressure.14) Recent pro­
posals involve the reaction of primary amines with bis-
(trichloromethyl)pentathiodiperoxycarbonate,15) treat­
ment of dithiocarbamate derivatives with butyl-
lithium,16) phenylpropiolamidines,17) phosphoryl 
chloride,18) cyanuric chloride,19) or dicyclohexylcarbo-
diimide,20) pyrolysis of alkyldithiourethanes,21) reaction 
of phosphoramidate anions with carbon disulfide,22) 
and cleavage of secondary carboxamides by successive 
treatment with sodium hydride and carbon disulfide.23) 
Many of these, however, suffer from either the lack of 
wide applicability, or the use of less common starting 

GH2SGN 
i 

M e \ / / \ / M e hu 

V 
Me 

(lb) 

materials, and often require relatively tedious mani­
pulative procedures. 

Of the various methods previously reported, the 
isomerization of thiocyanates appeared attractive for 
our purpose, since the starting materials are easily 
accessible from aromatic hydrocarbons by chloro-
methylation and subsequent treatment with potassium 
thiocyanate. However, mild heating of polyalkylbenzyl 
thiocyanates in N,N- dime thy lformamide (DMF) with 
or without potassium thiocyanate does not bring about 
isomerization; forced thermal isomerization under 
drastic conditions is accompanied by extensive decom­
position. Conversions are generally slow and incom­
plete, rendering the reaction unfeasible for preparative 
purposes. Irradiation of benzyl thiocyanates in inert 
solvents in the absence of oxygen has been known to 
give a photo-stationary mixture of thiocyanate and 
isothiocyanate,24) although the photoisomerization itself 
is not a general process for alkyl thiocyanates. In 
order to examine the synthetic potentials of obtaining 
polyalkylbenzyl isothiocyanates by a photochemical 
process, a series of polyalkylbenzyl thiocyanates were 
prepared from the corresponding chlorides and ir­
radiated in dry acetic acid with a high-pressure mercury 
lamp. Solutions of 1.0—0.1 m M in compounds l a — 
I d afforded upon irradiation photo-equilibria which 
were composed mostly of the corresponding isothiocy-

M e X / / \ / M e 
I II 

V 
Me 
(2b) GH2SGN 

i 
M e x / \ / M e 

I II 
X / X G H 2 S G N 

Me 

hu 

(If) 

M e \ / \ / M e 

I II 
\ / x G H 2 S G N 

Me 

(2j) 

GH2NGS 
i 

hv M e x / \ / M e 
— I II 

X / N G H 2 N G S 
Me 

(2f) 

GH2SGN 
i 

M e \ / \ / M e hu Mev^/X/Me 

N G S H 2 G / \ / x G H 2 S G N 

Me 

(H) 

S C N H 2 C / X / X G H 2 N C S 

Me 
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Scheme 1. 
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TABLE 1. PHYSICAL PROPERTIES OF SOME POLYALKYLBENZYL THIOCYANATES 

AND POLY (THIOCYANATOMETHYL) POLYALKYLBENZENES 

Compound Mp Yields 
(°G) (%) 

PMR spectra 
(Ô, ppm) 

IR spectra 
(cm-1) 

Elemental analysis (%) 

Found Galcd 

R2 R1 

R 3 - / V c H 2 S C N (1) 
R 4 / = \ R 5 

a: R1, R4 = Me; 
R2, R3, RÖ = H 

b : R1, R3, R5 = Me; 
R2, R4 = H 

c: R1, R2, R3, RS 
R5 = Me 

d: RS R3, R5 = /-Pr 
R2, R4 = H 

Me x_/GH 2SGN 

M e - / V c H 2 S C N 

M e / = \ M e (le) 

Me^^/GHaSGN 

R 1 - / S - M e (1) 

Me/ = \GH 2 SGN 

f: R! = H 

49—50 

81—82 

122—124 

113—114 

155—156 

74 

88 

70 

68 

77 

2.37 (Me), 2.40 (Me), 
4.22(GH2),7.10 
(3 aromatic H) 

2.23(Me),2.36(2Me), 
4.23(GH2),6.83 
(2 aromatic H) 

2.22(3Me),2.33(2Me), 
4.40 (GH2) 

1.24(2Me, d; y - 7 H z ) , 
1.29(4Me, d; y = 7 H z ) , 
2.7—3.6 (3GH, m ) , 
4.48(GH2),7.05 
(2 aromatic H) 

2.27(2Me), 2.37(2Me), 
4.47 (2GH2) 

2150, 1500, 
880, 805, 
725 
2140, 1605, 
1225,1195, 
845 

2150, 1225, 
1055, 1010, 
795 

2140, 1605, 
1225, 935, 
870 

2150, 1285, 
1220, 805, 
710 

G 
H 
N 
G 
H 
N 

G 
H 
N 

G 
H 
N 

G 
H 
N 

67.6 
6.3 
7.8 
69.0 
6.9 

: 7.2 

: 71.1 
: 7.8 
• 5.9 

: 74.0 
• 9.2 
: 5.0 

60.5 
• 5.8 

9.9 

67.7 
6.3 
7.9 

69.1 
6.9 
7.3 

71.2 
7.8 
6.4 

74.1 
9.2 
5.1 

60.8 
5.8 
10.1 

110—111 69 

g: R! = Me 128—130 75 

M e N _ / M e 205—207 84 

N C S H 2 C - / V c H 2 S C N ( h V 7 ) 

M e / = \ M e (lh) 1 9 9 "~ 2 0 1 ) 

M e ^ / C I l j S C N 143—145 76 

N G S H 2 G - / \ - M e 

Me/ = \GH 2 SGN (li) 

2.40(2Me),2.47(Me), 
4.37(2GH2),6.97 
(aromatic H) 

2.23(Me),2.37(2Me), 
2.48(Me),4.40(2GH2) 

2.35(4Me),4.42(2GH2) 

2.52(3Me),4.40(3GH2 

2140, 1230, 
1020, 875, 
790 

2155, 1230, 
1000,800, 
760 

2145, 1220, 
1005,800, 
765 

2150,2140, 
1235, 1000, 
785, 755 

G 
H 
N 

G 
H 
N 

G 
H 
N 

59.4 
5.3 

10.6 

61.1 
5.9 
9.9 

54.2 
4.5 

12.3 

59.5 
5.4 

10.7 

60.8 
5.8 

10.1 

54.0 
4.5 

12.6 

a) Based on the isolated pure product. 

anates 2a—2d. Photo-equilibrium was reached within 
1 h when these dilute solutions were used. Longer 
irradiations were not advantageous, since the formation 
of tarry substances began to occur. Acetic acid was 
apparently a solvent of choice ; in hexane an insoluble 
polymeric solid deposited, while in ethanol the for­
mation of side products was prominent. Ordinary 
work-up of the reaction mixture gave a light brown 
solid or oily substance, which was chromatographed 
on a short silica gel column using hexane as eluant, 
giving the isothiocyanates as an early eluate. Un­
changed material and small amounts of benzyl acetate 
were retained on the column or eluted quite slowly. 

In order to ascertain the scope of photochemical 
isothiocyanate synthesis, we extended the present 
procedure to some poly (thiocyanatomethyl) benzenes. 

Upon irradiation in acetic acid, bis (thiocyanatomethyl) -
polymethylbenzenes l e — l h likewise underwent iso­
merization, giving the corresponding bis(isothiocyanato-
methyl) polymethylbenzenes 2e—2h in fair to moderate 
yields (Table 2). The two vicinally disposed thiocy­
anatomethyl groups did not seem to interfere with each 
other during isomerization, since l e was smoothly 
transformed into 2e. When the reaction was inter­
rupted at early stages, (isothiocyanatomethyl) (thiocy­
anatomethyl) benzenes were obtained as intermediates 
along with the expected diisothiocyanates. Unt i l now, 
no direct method was available for the preparat ion 
of such mixed benzylic thiocyanate-isothiocyanates. 

Under similar irradiation, tris (thiocyanatomethyl)-
benzene l i readily isomerized to tris (isothiocyanato­
methyl) benzene 2i. A patent description claims that 
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TABLE 2. PHYSICAL PROPERTIES OF SOME POLYALKYLBENZYL ISOTHIOCYANATES 

AND POLY (ISOTHIOCYANATOMETHYL) POLYALKYLBENZENES 

Compound Mp 
(°G) 

Yield*) 
(%) 

PMR spectra 
(<5, ppm) 

IR spectra 
(cm-1) 

Elemental analysis (%) 

Found Galcd 

R \ _ / R i 

R 3 - / V c H 2 N C S (2) 
R 4 / = \ R 5 

a: R1, R 4 = M e ; oilb> 
R2, R3, R5 = H 

b : R1, R3, R5 = Me; 33—34 
R2, R 4 = H 

c: R1, R2, R3, 116—117 
R4, R5 = Me 

d: R1, R3, R5 = ?-Pr; oil1» 
R2, R 4 = H 

Me x _/GH 2 NGS 

M e - / V-CHaNCS 

M e / = \ M e (2e) 

Me N _/CH 2 NCS 

R 1 - / V-Me 
Me/= = \CH2NCS (2) 

f: R*=H 

g: R ^ M e 

Me x /CH2SCN 

^ ) - M e 

M e / = \ G H 2 N C S (2j) 

Me x /Me 

S C N H 2 G - / V c H 2 N C S 

M e / = \ M e (2h) 

Me N _/GH 2 NCS 

S C N H 2 C - / S - M e 

Me/^ \GH 2 NCS (2i) 

147-

99-

-149 

-100 
(lit,26> 
92—95) 

141-

80-

153-

137-

-143 

-82 

-155 

-139 

51 

54 

45 

61 

20 

27 

55 

27 

18 

24 

2.30(Me), 2.33(Me), 
4.60(GH2),6.97 
(3 aromatic H) 

2.27(Me),2.37(2Me), 
4.60 (GH2), 
6.87(2 aromatic H) 

2.23 (3Me), 
2.30 (2Me), 
4.67 (GH2) 

1.26(2Me, d; / - 7 H z ) , 
1.29(4Me, d; 7 = 7 Hz), 
2.6—3.4 (3GH, m), 
4.65 (GH2), 
6.90(2 aromatic H) 

2.27 (2Me), 
2.35 (2Me), 
4.73 (2CH2) 

2160,2100, 
2050,1505, 
1335,1155 

2150,2070, 
2040,1610, 
1330,845 

2180,2090, 
1380,1055, 
1025, 795 

2140,2070, 
2040,1605, 
1330,870 

2160,2100, 
1335,1235, 
700 

67.5 
6.3 
7.6 

68.8 
6.9 
7. 

71 
7. 
6. 

74, 
9, 
4.8 

G : 61.1 
H : 6.0 
N : 9.6 

67.8 
6.3 
7.9 

69.1 
6.9 
7.3 

71.2 
7.8 
6.4 

74.1 
9.2 
5.1 

60.9 
5.8 

10.1 

2.35(2Me), 2.42(Me), 
4.65(2GH2), 
6.91 (aromatic H) 

2.27 (Me), 2.37 (2Me), 
2.43 (Me), 4.72 (2GH2) 

2.38 (Me), 2.42 (Me), 
2.46(Me),4.37(GH2) , 
4.67(CH2), 
6.98 (aromatic H) 

2.35 (4Me), 
4.70 (2GH2) 

2.48 (3Me), 
4.73 (3CH2) 

2130,2050, 
1320,805 

2155,2070, 
1325,1010, 
810 

2150,2070, 
1330,860, 
805 

2170,2075, 
2045, 1335, 
790 

2175,2090, 
1335,790, 
760 

G 
H 
N 

G 
H 
N 

G 
H 
N 

G 
H 
N 

: 61.0 
: 5.9 

9.8 

59.5 
5.4 

10.6 

61.0 
6.1 
9.2 

54.2 
4.7 

12.3 

60.8 
5.8 

10.1 

59.5 
5.4 

10.7 

60.8 
5.8 

10.1 

54.0 
4.5 

12.6 

a) Based on the isolated pure product, b) The PMR spectra were measured in carbon tetrachloride. 

the reaction of poly(chloromethyl) benzenes with potas­
sium thiocyanate in the presence of potassium iodide 
in iV,JV-dimethylformamide under reflux gives the cor­
responding poly (isothiocyanatomethyl) benzenes in 
high yields.25) This procedure was carefully repeated 
using several poly (chloromethyl) polymethylbenzenes as 
substrate, and the products obtained were shown by 
T L G and P M R analyses to be a mixture of various 
benzylic compounds. Although polyisothiocyanates 
could be isolated pure by preparative thick-layer chro­

matography, this method was unsuitable for labora­
tory purposes, especially when pure compounds were 
needed. The photochemical conversion of polythiocy-
anates into polyisothiocyanates represents, to our 
knowledge, the first example of a multiple thiocyanate 
isomerization and the results summarized in Table 2 
indicate the general character of this reaction. All 
the polyisothiocyanates obtained are colorless fine 
needles, slightly soluble in hexane, benzene, and carbon 
tetrachloride, and soluble in dichloromethane and hot 
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e t h a n o l . T h e y c a n b e rec rys ta l l i zed w i t h o u t a l t e r a t i o n 
f rom e t h a n o l a n d s to red indef in i te ly , w i t h o u t a p ­
p r e c i a b l e d e t e r i o r a t i o n , w h e n k e p t in a dess ica tor p r o ­
tec ted aga ins t t h e d a y l i g h t . 

A l t h o u g h yields w e r e on ly fair to m o d e s t (no a t t e m p t 
w a s m a d e to o p t i m i z e t h e r e a c t i o n c o n d i t i o n s ) , t h e 
easy ava i l ab i l i t y of t h e s t a r t i n g c o m p o u n d s , t h e ease 
of p e r f o r m a n c e , a n d t h e m i l d r e a c t i o n cond i t i ons r e n d e r 
this p r o c e d u r e q u i t e useful for t h e l a b o r a t o r y - s c a l e 
p r e p a r a t i o n of v a r i o u s p o l y ( i s o t h i o c y a n a t o m e t h y l ) -
b e n z e n e s , w h i c h a r e o the rwi se on ly l abor ious ly acces­
sible. 

E x p e r i m e n t a l 

The melting points were taken on a hot-stage appara tus 
and are uncorrected. The I R spectra were determined in 
Nujol mulls on a Hitachi 215 spectrophotometer. The 
P M R spectra were obtained on a Varian T-60 spectrometer, 
using deuteriochloroform as solvent and T M S as internal 
standard, unless otherwise stated. The U V spectra were 
recorded on a Hitachi 124 spectrophotometer in 9 5 % ethanol 
solutions. All photochemical reactions were conducted 
using a Halös P 1 H 100 high-pressure mercury lamp in a 
water-cooled quartz immersion well. The solution was 
flushed with dry nitrogen prior to irradiation and was stirred 
during the reaction by a magnetic stirring bar . 

The benzyl thiocyanates and poly(thiocyanatomethyl)-
benzenes were prepared by the reaction of the corresponding 
chlorides with potassium thiocyanate and recrystallized from 
ethanol or hexane prior to use. All the new thiocyanates 
were characterized by elemental analyses as well as by the 
I R and P M R spectral data summarized in Table 1. T h e 
following is a typical experimental procedure. 

2,4,6- Tris(thiocyanatomethyl) -1,3,5-trimethylbenzene (li). 
A solution of 2,4,6-tris(chloromethyl)-l,3,5-trimethylbenzene 
(2.0 g (7.5 m M ) ) and potassium thiocyanate (15.0 g (156 
mM)) in D M F (100 ml) was allowed to stand at room 
temperature for 4 h and then diluted with water (200 ml) . 
The precipitated solid was filtered off and recrystallized 
from ethanol to give l i as white needles, m p 143—145 °C. 
Yield, 1.90 g (76%). 

The general procedure of photo-induced transformation 
of thiocyanates into isothiocyanates is illustrated below with 
the representative preparation of two isothiocyanates. Other 
isothiocyanates obtained are shown in Table 2, along with 
the corresponding isolation yields as well as I R and P M R 
spectral data . 

2,4,6-Trimethylbenzyl Isothiocyanate (2b). A solution 
of 2,4,6-trimethylbenzyl thiocyanate ( l b ; 100 mg (0.524 
mM)) in acetic acid (40 ml) was irradiated with a high-
pressure mercury lamp for 0.5 h in an atomosphere of nitrogen 
at room temperature. Thin-layer chromatography showed 
that the conversion to a single photo-product was nearly 
complete within this period of time, with only a little start­
ing material recovered. A pale yellow photo-equilibrium 
mixture was diluted by the addition of water (200 ml) and 
the product was extracted with ether. The ethereal extract 
was washed successively with water, aqueous sodium hydro-
gencarbonate, and water again, dried over anhydrous magne­
sium sulfate, and evaporated to dryness on a rotary evaporator. 
The residue was placed on a top of a short silica gel column 
and eluted with hexane. Evaporation of early eluates fol­
lowed by recrystallization of the residue from ethanol gave 
isothiocyanate 2 b as colorless needles, m p 33—34 °C. Yield, 
54 mg (54%) . 

4,6-Bis(isothiocyanatomethyl)-1,2,3,5-tetramethylbenzene (2g). 
A solution of 4,6-bis(thiocyanatomethyl)-l ,2,3,5,-tetra-
methylbenzene ( l g ; 100 mg (0.362 m M ) ) in dry acetic acid 
(100 ml) was irradiated under nitrogen for 0.5 h at room 
temperature and worked u p in a manner similar to the above. 
T h e solid residue obtained after removal of the solvent was 
chromatographed on a short column of silica gel ; evaporation 
of the early eluates gave bis(isothiocyanatomethyl) compound 
2g as fine needles, 55 mg (55%) . M p 110—111 °C (ethanol). 

2- (Isothiocyanatomethyl) -4- (thiocyanatomethyl) - 1,3,5-trimethyl­
benzene (2j). T h e photoisomerization was carried out 
essentially as described for 2b , using 2,4-bis(thiocyanato-
methyl)-l ,3,5-tr imethylbenzene (If; 300 mg (1.1 m M ) ) and 
acetic acid (70 ml) . After 15 min the reaction was stopped 
and the solution was diluted with water , extracted with 
ether, and the solvent removed in vacuo. T h e crude pro­
duct mixture was separated by silica gel chromatography 
and further purified by preparat ive thin-layer chromato­
graphy to give 2j (80 mg (27%)) , m p 80—82 °C, and 2f 
(57 mg (19%)) , m p 99—100 °C. 
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For the preparation of S-vinylsulfilimines (1), mainly S-phenyl-N-tosyl-S-vinylsulfilimine, three routes were 
examined, viz., (A) the reaction of vinyl sulfide with chloramine T, (B) that of 2-haloethyl phenyl sulfide with 
chloramine T followed by dehydrohalogenation, and (C) that of 2-hydroxyethyl sulfide with chloramine T fol­
lowed by acetylation of the hydroxyl group and deacetoxylation. Route A has disadvantages of troublesome 
preparation of vinyl sulfides and low yield. Route B gives the precursor sulfilimine to 1 in good yield only by 
use of anhydrous chloramine T. Route C gives the best results in view of starting material and yield. 

For the preparation of common N-tosylsulfilimines 
such as S^-dialkyl-, S^-diaryl-, and S-alkyl-S-aryl-iV-
tosylsulfilimines, the reaction of the corresponding 
sulfides with chloramine T is known to be a convenient 
method.1) 

However, only a few reports have appeared on the 
preparation of »S-vinylsulfilimines (1) which exhibit 
interesting behavior, i.e., £,£-divinyl-iV-tosylsulfilimine2) 
prepared for the structural confirmation of divinyl 
sulfide and 2-substituted vinylsulfilimines, RS(CH= 
CHSO n Ar)=NTs (n = 0—2) prepared for antibiotics.3) 
The sulfilimines have been prepared by the reaction 
of the corresponding vinyl sulfides with chloramine 
T (route A). 

Recently, it was reported that iS-phenyl-JV-tosyl-S-
vinylsulfilimine ( la ) reacts with several protonic com­
pounds to give the Michael-type adducts in good 
yields4) and with Grignard reagents to give 2-substitut­
ed vinyl sulfides,5) for the preparation of which the 
method via the reaction of 2-bromoethyl phenyl sulfide 
(2a) with chloramine T followed by dehydrobromina-
tion was employed (route B). 

(A) 

(B) 

R \ 

s 
II 

R \ 

s / 

1 
xx 

2 
R \ s = 

+ 

+ 

Nax 

NTs -
GV 

NaN 

NTs -
GV 

=NTs 4> 

R \ 
—* S =NTs 2'3> 

/ 

1 

R \ Base 
—* S =NTs > 

/ 

3 

However, route A has such disadvantages as trouble­
some preparation of vinyl sulfide and low yield of 
•SWinylsulfilimine, and route B the unavoidable use 
of toxic (dermatitis) 2-bromoethyl sulfide (2) and 
anhydrous chloramine T . Since 2 can be prepared 
by the reaction of 2-chloroethanol with thiolate fol­
lowed by the bromination of hydroxyl group, an 
alternative route to -S-vinylsulfilimine (route G) via 
the reaction of 2-hydroxyethyl sulfide (4) with chlor-

t Present address: Faculty of Engineering, Kanto 
Gakuin University, Mutsuura, Kanazawa-ku, Yokohama 236, 

amine T followed by dehydration seems to be promising. 
In the present paper we describe the results obtained 

by examination of the three routes A, B, and C mainly 
for the preparation of ^-phenyl-N-tosyl-^-vinylsulfil-
imine ( l a ) . 

(G) R \ Na x 
S + NTs 

( GV 

R, 

OH 
4 

S =NTs 

OH 
5 

R s 
' S =NTs 

R e s u l t s a n d D i s c u s s i o n 

Method Using Vinyl Sulfide (Route A). Route A 
was first examined for the preparation of »S-phenyl-
N-tosyl-.S-vinylsulfilimine ( l a ) . Phenyl vinyl sulfide 
was allowed to react with an equimolar amount of 
chloramine T (3H aO) in ethanol to give the correspond­
ing sulfilimine l a in 4 4 % yield. In this reaction, a 
by-product confirmed to be a Michael-type adduct , 
-S,-phenyl-A7-tosyl-6'-(2-tosylaminoethyl)sulfilimine (6), 
was obtained. T h e yield of 6 could be reduced by 
the addition of a trace amount of acetic acid. T h e 
structures of the compounds were confirmed by I R 
and N M R spectra and elemental analyses. 

Phx Na x PhN Phx 

S 4- NTs • S =NTs + S =NTs 

\\ GV \\ \ 

NHTs 
l a F , 6 

Method Using 2-Haloethyl Sulfide (Route B). Prepa­
ration of S-(2-Bromoethyl)-S-phenyl-'N-tosylsulfilimine (3a): 
2-Bromoethyl phenyl sulfide (2a) and a slight excess 
of chloramine T (3H aO) were allowed to react in 
methanol at 0 °C. After the reaction, the sulfilimine 
(3a) was isolated as white crystals in a 7 4 % yield. 
The structure of 3a was confirmed by I R and N M R 
spectra and elemental analysis. 

The semi-solid compound (7) having the following 
structural characteristics was isolated besides 3a. 
From the I R spectrum, 7 was assumed to have N H 
groups, two kinds of S 0 2 groups, and S-N bond. 
From its N M R as well as I R spectra 7 was shown to 
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b e f o r m e d f rom sulfide 2 a a n d c h l o r a m i n e T in t h e 
r a t i o 2 : 3 . 

Phs Nav P K 
S + N T s ( 3 H 2 0 ) > S = N T s 

{ GV ( 

2 a 

\ 
X 

3a 

P h \ + 

+ ( SNHTs) 2 NTs 2 " 

"x 

I n th is case , t h e s t a r t i n g sulfide 2 a w a s n o t r e c o v e r e d . 
W h e n t h e a n h y d r o u s c h l o r a m i n e T ( d e h y d r a t e d over 

p h o s p h o r u s p e n t a o x i d e ) w a s used , 3 a w a s o b t a i n e d in 
a 6 2 % yie ld a n d t h e s t a r t i n g sulfide 2 a w a s r e c o v e r e d 
in a 3 3 % yie ld . T h u s , t h e y ie ld of 3 a b a s e d o n r e a c t e d 
2 a a m o u n t e d to 9 3 % . 

T h e f o r m a t i o n of 7 is a t t r i b u t a b l e to t h e p r e s e n c e 
of w a t e r . T h i s w a s also obse rved b y M a n n a n d 
C h a p l i n : t r i p h e n y l p h o s p h i n e r eac t s w i t h a n h y d r o u s 

c h l o r a m i n e T to g ive t h e c o r r e s p o n d i n g p h o s p h i n e 
i m i d e , w h i l e w i t h h y d r a t e d c h l o r a m i n e T it gives a 

+ 
c o m p o u n d w i t h t h e c o m p o s i t i o n ( P h 3 P - N H T s ) 2 N T s 2 - . 6 > 

I n a s imi l a r m a n n e r , o t h e r 6*-(2-haloethyl)-iV-tosyl-
sulf i l imines (3) w e r e p r e p a r e d . .S-(2-Bromoethyl)-)S'-/>-
tolyl-iV-tosylsulfi l imine (3a ) was p r e p a r e d in a g o o d 
y ie ld f rom t h e c o r r e s p o n d i n g s t a r t i n g m a t e r i a l s . T h e 
r e a c a t i o n o f / - b u t y l 2 - c h l o r o e t h y l sulfide w i t h c h l o r a m i n e 
T ( 3 H 2 0 ) is c o m p l i c a t e d . W h e n t h e r e a c t i o n w a s 
c a r r i e d o u t a t r o o m t e m p e r a t u r e ( 2 0 — 2 5 ° C ) , S-
(2 -ch lo roe thy l ) - iV- tosy l su l fenamide (8) w a s o b t a i n e d 
q u a n t i t a t i v e l y , w h i l e w h e n c a r r i e d o u t b e l o w 0 °G, 
»SW-butyl-iS- (2 -ch lo roe thy l ) -iV-tosylsulfi l imine (3c) w a s 
o b t a i n e d in a n 8 0 % yie ld . T h e d u a l i t y of t h e r e a c t i o n 
seems to b e c a u s e d b y c o m p e t i t i o n b e t w e e n n u c l e o p h i l i c 
s u b s t i t u t i o n a n d e l i m i n a t i o n . 

T h e s t r u c t u r e s of 3 b , 3 c , a n d 8 w e r e c o n f i r m e d b y 
I R a n d N M R s p e c t r a a n d e l e m e n t a l ana lyses . 

20—25 ° c / 

<Bu-S x / x Cl + NTs 
GV \ 

C l N / \ S - N H T s 

^ 8 

\ o ° c 
\ 'BuN 

S = N T s 
/ 
I 
xci 

3c 

Dehydrohalogenation of S- (2-Haloethyl) -N-tosylsulfilimines : 
D e h y d r o b r o m i n a t i o n of kS ,-(2-bromoethyl)-»S'-phenyl-7V-
tosylsulf i l imine (3a ) to ^ - p h e n y l - iV-tosyl-^-vinylsulfil-
i m i n e ( l a ) in d i c h l o r o m e t h a n e w a s a c c o m p l i s h e d q u a n ­
t i t a t ive ly b y t r e a t m e n t w i t h a s l ight excess of t r i e thy l -
a m i n e a t r o o m t e m p e r a t u r e . 

S imi l a r l y , d e h y d r o b r o m i n a t i o n of 3 b g a v e t h e cor­
r e s p o n d i n g »S-vinylsulfilimine ( l b ) a l m o s t q u a n t i t a t i v e l y . 
H o w e v e r , d e h y d r o c h l o r i n a t i o n of /S'-^-butyl-.S'-(2-chloro­
e thyl ) -N- tosylsu l f i l i rn ine (3c) w i t h t r i e t h y l a r n i n e w a s 

n o t successful. I n this case , a s t ronge r base , D B U 
( l , 8 - d i a z a b i c y c l o [ 5 . 4 . 0 ] u n d e c - 7 - e n e ) , a c t e d to cause 
d e h y d r o c h l o r i n a t i o n to ,SW-butyl-iV-tosyl-/S'-vinylsulfil-
i m i n e ( l c ) . 

T h e s t ruc tu re s of t h e -S-vinylsulfilimines o b t a i n e d , 
l a , l b , a n d l c w e r e con f i rmed b y I R a n d N M R 
s p e c t r a a n d e l e m e n t a l ana lyses . 

Method Using 2-Hydroxyethyl Sulfide (Route C). 
R o u t e s A a n d B h a v e s o m e d i s a d v a n t a g e s : t r o u b l e s o m e 
p r e p a r a t i o n of v iny l sulfide a n d low yie ld of £-vinyl-
sulf i l imine l a in r o u t e A , p r e p a r a t i o n of a n h y d r o u s 
c h l o r a m i n e T a n d toxic i ty of 2 -ha loe thy l sulfide in 
r o u t e B. 

2 - H y d r o x y e t h y l sulfide, w h i c h is a n accessible a n d 
n o n - t o x i c sulfide source , w a s found to r e a c t w i t h ch lor ­
a m i n e T ( 3 H 2 0 ) to g ive t h e c o r r e s p o n d i n g sulfil-
i m i n e , S- ( 2 -hyd roxye thy l ) -^-phenyl- iV-tosylsulf i l imine 
(5) , in a g o o d yie ld . W e e x a m i n e d a r o u t e to S-
vinylsul f i l imine f rom 5 . 

T h e r e a c t i o n of 2 - h y d r o x y e t h y l p h e n y l sulfide w i t h 
a s l ight excess of c h l o r a m i n e T ( 3 H 2 0 ) in m e t h a n o l 
w a s c a r r i e d o u t a t 4 0 °G for 2 h to give t h e c o r r e s p o n d ­
i n g sulf i l imine 5 in a 7 4 % yield . T h e s t r u c t u r e of 
5 was con f i rmed b y I R a n d N M R s p e c t r a a n d e l e m e n t a l 
ana lys is ( T a b l e 2 ) . 2 - H y d r o x y e t h y l p h e n y l sulfoxide 
(9) was o b t a i n e d i n a 2 0 % yie ld as a b y - p r o d u c t , 
b u t n o s t a r t i n g sulfide w a s r ecove red . 

As a r o u t e to -S-vinylsulfilimine l a , d i rec t d e h y d r a t i o n 
of 5 b y use of />-toluenesulfonic ac id (ac id ic ca ta lys t ) 
o r p h o s p h o r u s p e n t a o x i d e ( d e h y d r a t i n g agen t ) was 
unsuccessful . 5 w a s found to u n d e r g o ace ty l a t i on fol­
l o w e d b y d e a c e t o x y l a t i o n to g ive l a . T h u s , ace ty la ­
t ion of 5 w i t h ace t i c a n h y d r i d e w a s a c c o m p l i s h e d 
q u a n t i t a t i v e l y in d i c h l o r o m e t h a n e a t r o o m t e m p e r a t u r e . 
T h e a c e t y l a t e d c o m p o u n d (10) w a s d e a c e t o x y l a t e d 
q u a n t i t a t i v e l y w i t h s o d i u m h y d r i d e in T H F . T h e 
s t r u c t u r e of 10 w a s con f i rmed b y spec t ra l c o m p a r i s o n 
w i t h t h e a u t h e n t i c s a m p l e p r e p a r e d f rom 2-acetoxy-
e thy l p h e n y l sulfide a n d c h l o r a m i n e T (3 H 2 0 ) in 
4 8 % yie ld . 

P h x N a x 

S + NTs 
{ GV 

X O H 

4 a 

Ac,0 

P h \ P h x 

S - N T s + S = 0 

O H 

5 

O H 

9 

P h \ NaH 
S = N T s • 

/ THF 

Phv 

\ 
OAc 

10 

S = N T s 

l a 

T h e resul ts o b t a i n e d f rom e x a m i n a t i o n of t h e th ree 
rou t e s t o g e t h e r w i t h those f rom t h e p r e p a r a t i o n of 
t h e s t a r t i n g sulfides a r e s u m m a r i z e d in S c h e m e 1 a n d 
T a b l e 1. T h e r o u t e s t a r t i n g f rom 2-ch lo roe thano l 
gives t h e bes t resu l t via p a t h P - G , P - H , P - M , a n d 
P - N . 

E x p e r i m e n t a l 

General. All the melting and boiling points were 
uncorrected. T h e I R spectra were recorded on a Hjta,chj 
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T A B L E 1. PREPARATION OF IS-VINYLSULFILIMINES (1) 

( R - S (CH=CH 2) =NS0 2 Ar) 

a 

b 

c 

d 

e 

f 

R 

G 6 H 5 

4-CH3C6H4 

(GH3)3G 
G 6 H 5 

C6H5 

G6H5 

Ar 

4-GH3G6H4 

4-CH3C6H4 

4-GH3G6H4 

G 6 H 5 

4-GlG6H4 

2,4,6-(CH3)3C6H2 

Method 

(P-B)->(P-C) 
(P-E) 
(P-H)->(P-M)-
(P-B)->(P-G) 

(P-B)->(P-C) 

(P-B)->(P-G) 

(P-B)->(P-C) 

(P_B)->(P-G) 

->(P-N) 

Y (%) 

62 (93) a> 
5 4 b ) 

74b> 

46b> 

73b> 

46b> 

41b> 
34b) 

Mp (°G) 

111—113 

127—129 

91—93 

93.5—94.5 

111—114 

124.5—126 

a) Anhydrous chloramine T used (value in parentheses shows the yield based on reacted sulfide), b) Hydra ted 
chloramine T used. 

T A B L E 2. SPECTRAL AND ANALYTICAL DATA OF THE SULFILIMINES 

I R (KBr) c m - i N M R (GDG13) Ô p p m Elementary analysis (%) 

l a 3080(=CH2) ; 1285, 1140(SO2); 
1085; 958(S=N); 810(/>-C6H4); 
748, 685(C6H5) 

lb 3080(=CH2); 1298, 1280, 1135 
(SOa); 1084; 965 (S=N); 810 
(/>-C6H4) 

lc 3080(=CH2); 1298, 1282, 1143 
(S02); 1088; 972 (S=N); 812 
(/>-C6H4) 

Id 3080(=CH2); 1275, 1135(S02); 
1085; 970 (S=N); 748, 680 
(C6H5) 

le 3060(=CH2); 1273—1298, 1140 
(SOa); 1080; 990(S=N); 818 
0 - G Ä ) ; 748, 680(G6H5) 

If 3080(=CH2); 1290, 1136(S02); 
1052; 944(S=N); 848(G6H2) 

3a 1293, 1280, 1138(SOa); 985 
(S=N); 812(/>-C6H4); 750, 
685(C6H5) 

3b 1298, 1285, 1140(SO2); 1086; 
990(S=N); 815(/>-C6H4) 

3c 1285, 1140(SOa); 1087; 972 
(S=N); 818(/>-C6H4) 

5 3400—3250(OH); 1280, 1138 

(SOa); 956—938(S=N); 811Q&-

G 6H 4); 748, 685(C6H5) 

10 1738(GOO-) ; 1295, 1148(S02) 
1223(COO-) ; 968—950(S=N) ; 
810(/>-C6H4); 750, 685(G6H5) 

2 . 3 7 s 3 H ; 6 . 0 4 q 1H, 6 . 2 6 q 1H, 
6 .45 q 1HC/ A B 0 . 3 , JAX 14, J B X 7 ) ; 
7 . 1 5 d 2 H ( / A B 8 . 4 ) ; 7 . 4 — 7 . 7 m 
5 H ; 7.72 d 2 H ( J A B 8.4) 

2 . 2 8 s 3 H ; 2 . 3 3 s 3 H ; 5 . 8 — 6 . 4 m 
3 H ; 7.10 d 2 H ( y A B 8 ) ; 7 .20 d 2H 
C/AB 7 ) ; 7 .45 d 2 H ( J A B 7 ) ; 7 .65 d 
2 H ( y A B 8) 

1.30s 9 H ; 2 . 3 7 s 3 H ; 6 . 0 — 6 . 4 m 
3 H ; 7.27 d 2 H ( J A B 8 . 4 ) ; 7.82 d 
2 H ( J A B 8.4) 

6 . 0 8 q 1H, 6 . 3 0 q 1H, 6 .51 q 1H 
C/AB 0 . 3 , JAX 14, y B X 7 ) ; 7 . 3 2 -
7.95 m 10H 

6 .08 q 1H, 6 .28 q 1H, 6 .49 q 1H 
C/AB 0 . 3 , JAX 14, J B X 7 ) ; 7 .38 d 
2 H ( y A B 9 ) ; 7 . 5 — 7 . 9 m 5 H ; 7 .84 d 
2 H ( y A B 9) 

2 . 2 6 s 3 H ; 2 . 6 7 s , 6 H ; 6 . 0 4 q 1H, 
6 .27 q 1H, 6 .46 q 1 H ( J A B 0 . 3 , 
J A X H , J B X 7 ) ; 6 . 8 4 s 2 H ; 7 . 4 -
7 . 6 m 5 H 

2 . 3 6 s 3 H ; 3 . 2 — 3 . 7 m 4 H ; 7 . 1 6 d 
2 H ( J A B 8 ) ; 7 . 4 — 7 . 8 m 5 H ; 7.71 d 
2 H ( J A B 8) 

2 . 3 6 s 3 H ; 2 . 4 0 s 3 H ; 3 . 0 — 3 . 7 m 
4 H ; 7 .13 d 2 H ( J A B 7 . 8 ) ; 7 .25 d 
2 H ( y A B 6 ) ; 7 . 5 3 d 2 H ( J A B 6 ) ; 
7 .68 d 2 H ( / A B 7.8) 

1 .28d 9 H ; 2 . 4 0 s 3 H ; 2 . 8 — 3 . 8 m 
4 H ; 7.19 d 2 H ( J A B 8 ) ; 7 .73 d 2 H 
( J A B 8) 

2 . 3 9 s 3 H ; 3 . 2 — 3 . 4 m 2 H ; 3 .6— 
4 . 3 m 2 H ; 7.20 d 2 H ( J A B 8 ) ; 7 . 5 — 
7 . 8 m 5 H ; 7 . 7 3 d 2 H ( J A B 8) 

1 .97d 3 H ; 2 .37 s 3 H ; 3 .33 t 2 H ; 
4 .27 t 2 H ; 7.20 d 2 H ( J A B 8 ) ; 7 . 5 — 
7.8 m 5 H ; 7.47 d 2 H ( J A B 8) 

G, 5 9 . 6 6 ; H , 4 . 9 7 ; N , 4 .50 
Galcd for C 1 5 H 1 5 N 0 2 S 2 

G, 5 8 . 9 9 ; H , 4 . 9 7 ; N , 4 . 5 9 

G, 6 0 . 1 0 ; H , 5 . 3 3 ; N , 4 . 2 3 
Galcd for C 1 5 H 1 7 N 0 2 S 2 

G, 6 0 . 1 5 ; H , 5 . 3 7 ; N , 4 .39 

G, 5 4 . 5 9 ; H , 6 . 8 1 ; N , 5 .03 
Galcd for C 1 3 H 1 9 N 0 2 S 2 

G, 5 4 . 7 0 ; H , 6 . 7 2 ; N , 4 .91 

G, 57 .80 ; H , 4 . 4 0 ; N , 4 .82 
Galcd for C 1 4 H 1 3 N 0 2 S 2 

G, 5 7 . 7 0 ; H , 4 . 5 1 ; N , 4 .81 

G, 5 1 . 6 3 ; H , 3 . 5 9 ; N , 4 .42 
Galcd for C 1 4 H 1 2 C1N0 2 S 2 

G, 5 1 . 6 0 ; H , 3 . 7 2 ; N , 4 .30 

G, 6 1 . 3 1 ; H , 5 . 8 3 ; N , 4 . 0 4 
Galcd for C 1 7 H 1 9 N 0 2 S 2 

G, 6 1 . 2 2 ; H , 5 . 7 2 ; N , 4 .20 

G, 4 6 . 8 2 ; H , 4 . 1 1 ; N , 3.51 
Galcd for C 1 5H 1 0BrNO 2S 2 

C, 4 6 . 6 3 ; H , 4 . 1 8 ; N , 3 .63 

G, 4 7 . 8 5 ; H , 4 . 5 0 ; N , 3 .38 
Galcd for G1 f tHiSBrN02S, î e ^ M ^ '2°2 
G, 4 8 . 0 0 ; H , 4 . 5 4 ; N , 3 .50 

G, 4 8 . 3 3 ; H , 6 . 2 0 ; N , 4 . 3 4 
Galcd 
G, 48. 

for C 1 3H 2 0ClNO 2S 2 

. 50 ; H , 6 . 2 8 ; N , 4 . 35 

G, 5 5 . 2 9 ; H , 5 . 4 2 ; N , 4 .29 
Galcd for C 1 5 H 1 7 N 0 3 S 2 

G, 5 5 . 7 0 ; H , 5 . 3 1 ; N , 4 . 3 3 

G, 5 8 . 4 6 ; H , 5 . 5 5 ; N , 3 .90 
Galcd for C 1 7 H 1 9 N 0 4 S 2 

G, 5 8 . 4 2 ; H , 5 . 4 9 ; N , 4 .01 

EPI-S2 spectrophotometer and N M R spectra on a J N M - C -
100 spectrometer of J a p a n Electron Optics Lab . 

Materials. Sodium Salts of N-Chloroarenesulfonamides : Chlor­
amine T and chloramine B of reagent grade were used. 

Sodium salts of iV-chloro-/>-chlorobenzenesulfonamide and 
iV-chloromesitylenesulfonamide were prepared by treatment 
of the corresponding free amide with aq solution of sodium 
hypochlorite ( 7% ) . • 
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CT(H 2 0) 3 P-E 

XyAx-

P-A 
RSNa 

(54%) 

(>95%) 
P-D 

P-C 

(X=Br,87%) 

P-B 
CT(H ? 0) n R N E t , / C H 9 C l 9 

-?• R S ^ X -—£_> Ns=NTs b L L 

PX, 

Xv^OH 

P-F 
RSNa 

(X=Br,62%) £ x (X=Br,~100%) 

P - J 
(X=Br,~100%) % 

P-G 
P-H 

> - R S v / ^ O H - £ ^ 2 ^ 3 - > NS=NTs 
(X=C1,~100%) \ (74%) C Q H 

Ac~0 C—100%) Ac £ 0 

P-K 
P-L 

RSv^OAc 
CT(H 2 0) 3 R^ 

> „S=NTs 

C-100%) 

P-M 
P-N 

NaH/THF 

(48%) CQAC ^ 1 0 0 ^ 

CT=chloramine T 

Scheme 1. 

Sulfides: 2-Bromoethyl phenyl sulfide was prepared by the 
reaction of sodium benzenethiolate with 1,2-dibromoethane7) 
or 2-chloroethanol followed by bromination with PBr3.

8> 
Bp 106°C/4 Tor r (132—136 °G/13 Torr).7) 2-Bromoethyl 
/>-tolyl sulfide was prepared by the reaction of sodium p-
toluenethiolate with 1,2-dibromoethane. Yield 6 5 % ; b p 
135—136 °C/6 Torr . f-Butyl 2-chloroethyl sulfide was 
prepared by the reaction of sodium 2-methyl-2-propane-
thiolate with 2-chlroroethanol followed by chlorination with 
thionyl chloride. Yield (overall) 7 7 % ; b p 79—82 °C/30 
Tor r (81—82 °C/30 Torr).9) 2-Hydroxyethyl phenyl sul­
fide was prepared by the reaction of sodium benzenethiolate 
with 2-chloroethanol.10) Yield 9 9 % ; b p 115— 118°G/3 
Tor r (115—116 °C/2 Torr).10) 2-Acetoxyethyl phenyl sulfide 
was prepared by acetylation of 2-hydroxyethyl phenyl 
sulfide with acetic anhydride. Yield 2 0 % (rt, 24 h) and 
9 9 % (160 °G, 3 h ) ; b p 111—112 °G/1 T o r r ; NMR(CDC1 3 ) : 
Ô 1.96 (s, 3H) , 3.09 (t, 2 H ) , 4.18 (t, 2H) , 7.1—7.4 (m, 5H) . 
Phenyl vinyl sulfide was prepared by dehydrobrominat ion 
of 2a with sodium hydride (more than equimolar amount) 
in T H F in the presence of carbazole (1/10 mol to sulfide). 
Yield 9 0 % ; b p 75—77 °G/12 Tor r (66—68 °C/6 Torr).11) 

Preparation of la from Vinyl Sulfide and Chlor amine T. To 
a stirred solution of chloramine T ( 3 H 2 0 ) ( 2 . 8 2 g, 10 mmol) 
in E t O H (20 ml) was added phenyl vinyl sulfide (1.36 g, 
10 mmol) and then 0.05 ml of acetic acid. After the reaction 
mixture had been stirred at 40 °G for 1 h, the mixture was 
stirred at room temperature for one day. T h e solution 
obtained was concentrated under reduced pressure and added 
to ice water to precipitate a white solid of l a . T h e solid 
was collected by filtration, washed with E t a O - M e O H (1:1) 
and dried. Yield of l a : 1.65 g (54%) . W h e n this reaction 
was carried out without acetic acid, a mixture of l a and 
iS,-(2-tosylaminoethyl)-iS,-phenyl-iV-tosylsulfilimine (6) was ob­
tained which were separated by t reatment with benzene. 
l a (1.34 g, 44%) was obtained from sparingly soluble par t 
in benzene and 6 (1.7 g, 10%) from the soluble part , l a : 
m p 111—113 °G (CH 2 C1 2 -E t 2 0) . 6 : m p 124—125.5 °G 
(CH 2 C1 2 -E t 2 0) ; I R ( K B r ) : 3230 (NH) , 1338 and 1282 
(iV sS02) , 1160 and 1140 (vBSOa), 970 (S=N), 815 (/>-C6H4), 
748 and 688 cm" 1 (C6H5) ; NMR(CDC1 3 ) : Ô 2.40 (s, 3H) , 
2.48 (s, 3H) , 3.0—3.7 (m, 4 H ) , 5.9 (s, 1H), 7.19 (d, 2H , 
7 = 8 Hz) , 7.4—7.8 (m, 5H) , 7.31 (d, 2H, 7 = 8 Hz) , 7.69 
(d, 4H , / = 8 H z ) . Found : G, 55.18; H , 5.20; N , 5 .65%. 

Galcd for G 2 2 H 2 4 N 2 0 4 S 3 : G, 55.43; H , 5.09; N , 5.88%. 
Preparation of 3a. [A] T o a stirred solution of chlo­

ramine T ( 3 H 2 0 ) ( 6 . 1 9 g , 22 mmol) in M e O H (50 ml) 
was added dropwise a solution of 2a (4.34 g, 20 mmol) in 
M e O H (10 ml) at 20 °G. After 3 h stirring, the resulting 
mixture was evaporated to dryness under reduced pressure. 
T h e residue obtained was extracted with CHC1 3 (50 ml), 
washed with saturated aq solution of NaCl and dried over 
anhydrous N a 2 S 0 4 . T h e dried CHC13 solution was evapo­
rated to dryness under reduced pressure and the resulting 
oily residue was tri turated with E t 2 0 (50 ml) until solid of 
3a was deposited. T h e white solid was collected by filtra­
tion and recrystalized from CH 2 C1 2 -E t 2 0 . Yield of 3 a : 
3.63 g (47% based on 2a ) . 

T o the ethereal filtrate was added hexane (20 ml) to deposit 
2.79 g (30% based on 2a) of 7 which has low melting point. 
7 : I R (neat) : 3220 (NH) , 1330 and 1280 (vaBSOa), 1158 
and 1140 (v sSOa), 970 cm" 1 (S=N); NMR(CDC1 3) : ô 
2.33 (s, 6H) , 2.37 (s, 3H) , 3.1—3.7 (m, 8H) , 7.15 (d, 4H, 
7 = 8 Hz) , 7.25 (d, 2H, 7 = 8 Hz) , 7.3—7.8 (m, 16H); M S : 
m/e 605 and 601 (metastable ion), 388 and 386, 279, 278, 
169. 

[B] T o a stirred solution of chloramine T (anhydrous, 5.01 
g, 22 mmol) in absolute ethanol (50 ml) was added a solution 
of 2a (4.34 g, 20 mmol) in absolute ethanol (10 ml) at 20 °G. 
T h e reaction mixture was worked up in a similar manner 
to that in [A]. By tri turation with E t 2 0 followed by filtration, 
4.79 g (62% based on 2a) of 3a was obtained. 1.43 g of 
2 a (33%) was recovered from the filtrate. 3 a : m p 98— 
98.5 °G (CH 2 C1 2 -E t 2 0) . T h e spectral and analytical data 
are given in Table 2. 

Preparation of 3b. 3 b was obtained in a similar manner 
to that for 3a . Yield: 5 0 % . M p : 127—129 °G. The 
spectral and analytical da ta are given in Table 2. 

Preparation of 3c. T o a solution of chloramine T 
( 3 H 2 0 ) (987 mg, 3.5 mmol) in E tOH(30 ml) was added drop-
wise £-butyl 2-chloroethyl sulfide (458 mg, 3 mmol) in E t O H 
(10 ml) at 0 °G for 1 h. After 10 h stirring at 0 °C, the reac­
tion mixture was concentrated to 10 ml under reduced pres­
sure. T h e solution was added to 200 ml of ice water to 
precipitate white solid of 3c, which was collected by filtration, 
washed with M e O H - E t 2 0 ( 1 : 1 ) and dried. Yield : 775 
mg (80%) . 3 c : m p 102—104 °G (CH 2 C1 2 -E t 2 0) . When 
the reaction was carried out at room temperature, a white 
precipitate of S-(2-chloroethyl) -JV-tosylsulfenamide (8) was 
obtained. The precipitate was collected by filtration and 
dissolved in ether (50 ml) followed by drying over anhydrous 
N a 2 S 0 4 . T h e ethereal solution was concentrated to repre-
cipitate by addition of hexane. Yield 12.0 g (90%). 8: 
m p 92—94 °C (E t 2 0-hexane) ; IR(KBr) : 3280 (NH) , 1370 
(v&sS02), 1160 (vBSOa), 868 (S=N), 818 c m - 1 (/>-C6H4); 
NMR(CDC1 3 ) :<S 2.44 (s, 3H) , 3.02(t, 2H, 7 = 7 Hz) , 3.78 
(t, 2H, 7 = 7 Hz) , 6.48 (s, 1H), 7.33 (d, 2H, 7 = 8 Hz) , 7.81 
(d, 2H, 7 = 8 Hz) . Found : G, 41.00; H , 4.67; N , 5.26%. 
Galcd for C 9 H 1 2 C1N0 2 S 2 : G, 40.67; H , 4.56; N , 5.27%. 
M S : m/e 267 and 265 (M+), 155 (S0 2 C 7 H 7 ) . 

Dehydrohalogenation of 3. General Procedure: To a 
solution of 3 (3 mmol) in CH2C12 (30 ml) was added NEt 3 

or DBU in more than an equimolar amount at room tem­
perature . After 2—10 h stirring the reaction mixture was 
washed with brine and dried over anhydrous N a 2 S 0 4 . T h e 
dried solution was evaporated to dryness under reduced 
pressure. T h e residue was tri turated with ether (30 ml) 
to deposit the solid of iS-vinylsulfilimine (1). 

Preparation of S - ( 2 - Hydroxy ethyl) - S -phenyl-N-tosylsulfilimine 
(5). T o a stirred solution of chloramine T (3H 2 0) 
(3.10 g, 11 mmol) in M e O H (20 ml) was added a solution 
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of 2-hydroxyethyl phenyl sulfide (1.54 g, 10 mmol) in M e O H 
(10 ml) at room temperature. After the mixture was stir­
red at 40 °G for 2 h, the resulting solution was worked up 
as described above to give 2.38 g (74%) of 5 as white solid. 
5 : mp 95—96 °C ( C H 3 C l a - E t 3 b ) . The ethereal solution 
obtained by filtration of 5 gave 687 rag (20%) of 2-hydroxy­
ethyl phenyl sulfoxide (9) after evaporation followed by 
chromatography (silica gel-GH aGl 2 followed by acetone). 
9 : oil; IR(neat) : 3400—3300 ( O H ) , 1040—1020 (S=0) , 
758 and 690 cm" 1 (C 6 H 5 ) ; N M R (CDC13) : Ô 2.9—3.4 
(m, 2H) , 3.9—4.4 (m, 3H) , 7.5—7.8 (m, 5 H ) ; M S : m\e 
171 (M+), 170 ( M + - H ) , 126 ( M + - C H 2 C H 2 O H ) . 

Acetylation of 5 to 10. T o a solution of 5 (3.23 g, 10 
mmol) in GH2G12 (50 ml) was added 2 ml of acetic anhydride 
at room temperature. The mixture was stirred at room 
temperature for 24 h. T h e resulting solution was evaporated 
to dryness under reduced pressure. T h e residue was tri­
turated with E t 2 0 (50 ml) to give 3.47 g (95%) of white 
solid 10. 10: m p 95—96 °C (CH 2 C1 2 -E t 2 0) . T h e spectral 
and analytical da ta are given in Table 2. 

Authentic Sample of 10. T o a solution of chloramine 
T (3H 2 O)(3 .10g, 11 mmol) in M e O H (20 ml) was added 
2-acetoxyethyl phenyl sulfide (1.96 g, 10 mmol) in M e O H 
(10 ml) at room temperature. The mixture was stirred 
at 40—50 °G for 2 h. T h e resulting solution was worked 
up in similar manner to that for 3a to give 1.93 g (48%) 
of 10. 

Deacetoxylation of 10 to la. To a solution of 10 (3.65 g, 
10 mmol) in T H F (50 ml) was added sodium hydride (0.5 
g) at room temperature under nitrogen atmosphere. The 
mixture was stirred at room temperature for 24 h. T h e 
resulting mixture was filtrated, evaporated and tri turated 
with ether (50 ml) to give 3.60 g (99%) of l a . 
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Syntheses of Polymerizable Acetals. II. Readily Hydrolyzable 
Acetals from Citronellol and Vitamins 
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Three perfume acetals and four vitamin acetals have been synthesized by the acid-catalyzed reactions of 
vinylbenzyloxy- and methoxy-substituted benzaldehydes with citronellol and the reactions of vinylbenzaldehyde 
with vitamins B6, G, B1? and B2, respectively. The acid hydrolyses of these novel acetals readily released citronel­
lol and vitamins under mild conditions, some accelerations of the hydrolysis rate by the electron-donating para 
substituents being observed in the case of the perfume acetals. 

The controlled release of functional compounds by 
means of the hydrolytic cleavage of chemical bonds 
is interesting since the susceptibility to cleavage is 
dependent upon chemical structure, thereby assuring 
a variety of release rates. 

Some instances of the controlled release taking ad­
vantage of the ready hydrolysis of an ester linkage are 
known.1 '2) In a previous paper,3) the syntheses of 
the polymerizable vinylbenzaldehyde acetals with 
perfume alcohols, which provided, by polymerization, 
the pendant polymers possessing the ability of the ready 
release of pendant portion (perfume) by acid hydrolysis, 
were reported. 

The present paper is intended to cover three perfume 
acetals synthesized from the benzaldehyde substituted 
with electron-donating groups and citronellol as well 
as four vinylbenzaldehyde acetals with vitamin alcohols, 
all acetals synthesized being novel. 

Acetals of substituted benzaldehyde with citronellol 
have been synthesized via the following route. 

CH2=C(H- 1 
/ = v C H O 

< 
R / 

J" 
K O H 

( -KCl) 

I: m/p = 60/40 IIa: R2 = H (GHO, para to OH) 
l i b : Rx-OGHg (GHO, meta to 

OH and para to Rj) 
I le : R ^ O G H g (GHO, para to 

OH) 

=x 
GHO 

=XCH20-< 

R / 
I l i a : R j - H (GHO, para to OGH2) 
H l b : R j -OGHg (GHO, meta to OGH2) 
IIIc: R j -OGHg (GHO, para to OGH2) 

Citronellol(R2OH) 

> 
PTS ( - H 2 0 ) 

< = X G H J 
, _ GH(OR2)2 

R / 

IVa: R1 = H (GH(OR2)2, para to OGH2) 
IVb: R j -OGHg (GH(OR2)2, meta to OGH2) 
IVc: R ^ O G H g (GH(OR2)2, para to OGH2) 

Vinylbenzaldehyde acetals with vitamin alcohols 
have been prepared from vinylbenzaldehyde (mlp = 
60/40) and the corresponding vitamin alcohols in the 
same manner as that for IVa—c. The structures of 
the acetals conforming to the experimental data are 
as follows. 

GH2=CH-

OH 

" ^ /0-GH2 NA/GH3 
= X GH I II 

M 3 - G H / V N 
V 

Acetal with vitamin B6 

GH>=CH 
< 

S /0-GH2 
= X CH | 

\ 0 — GH 
\ / 0 ^ 0 

HO/ = 

VI 
Acetal with vitamin G 

= \OH 

G H 2 = G H - / ^ / O C H ^ H ^ S x I ^ N ^ N ^ C H g 
\ = X G H J « | || 

OH G H 3 / ^ ^ C H / V N 
VII 

Hemiacetal with vitamin B1 

Gie 

•-<: GH2=GH-^ " ^ O - G H » 
= X GH GH-O 

/ 
CH 
\ 

O— GH 
-GH=GH2 

GH X = 
i / 

GH-O 

GH2 

I II I I 
H g G / V ^ N ^ X / N H 

H 

O 
VIII 

Acetal with vitamin B2 

The ring structure of acetal V I I I is uncertain, due 
to insufficient analytical data sufficient to exactly deter­
mine the structures of the dioxa rings. Vinylbenzyl 
chloride (I) and vinylbenzaldehyde,3) both of which 
were 60/40 mixtures of the meta and para isomers, 
were chosen as starting materials from the stand-point 
of availability, such that the acetals made should also 
be mixtures of the meta and para isomers. The 
isomers, however, could not be separated by chroma­
tographic means; all attempts to determine the m\p 
ratios in the acetals isolated also failed. These prob­
lems, however, are not thought to pose any practical 
troubles. 

Benzaldehyde acetals with citronellol, bearing two 
electron-donating alkoxyl substituents at both the para 
and meta positions (IVa—c), were synthesized smoothly. 
Despite the poor stabilities and limited solubilities of 
the vitamins employed, the vitamin acetals and a 
hemiacetal were isolated in low yields. Vitamin Bx 
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provided only a hemiacetal (VII ) , presumably due to 
the steric hindrance exerted by the bulky vitamin Bx 

molecule and the electrostatic repulsion of the V I I 
cation produced against the attack of another vitamin 
B1 cation. 

The ring structure of the acetal V involving a seven-
membered dioxa ring appears to be correct, since a 
phenolic hydroxyl singlet ((5=5.9 ppm) exists in the 
N M R . The poor reactivity of the phenolic hydroxyl 
group in the acetalization also supports this structure. 

The ring structure of acetal V I I I with two six-
membered dioxa rings, as presented here, is thought 
to represent the most strain-free structure. However, 
five-membered and seven-membered dioxa rings may 
also be possible, since it appears that little differences 
exist in the reactivity of acetalization among the three 
secondary hydroxyl groups in riboflavin and that the 
main factor determining the ring structure is a steric one. 

In vitamin acetal syntheses, the poor solubilities of 
the vitamins employed in solvents appear to be the 
principal causes of the low yields found for V I , V I I , 
and V I I I . In the case of acetal V, the basicity of 
the ring nitrogen lowered the acidity of the reaction 
medium, thereby causing a low yield. However, a 
large amount of unreacted vitamin was recovered 
making recycling possible. 

The hydrolytic behavior of the acetals has also been 
investigated. Thus, when subjected to acid hydrolysis 
with jb-toluenesulfonic acid in water-tetrahydrofuran 
(1:2 vol/vol) at 20 °C, monomers IVa—c with electron-
donating para substituents hydrolyzed more rapidly 
than vinylbenzaldehyde dicitronellyl acetal, indicating 
the resonance stabilization of the intermediate carbo-
cation (IX) and the resulting acceleration of hydrolysis. 

-o-o 
- Ö O 

/ O R 
GH 

NOR2 

2 +H* 

GH© 
\OR 2 

- ö - < > 

H 
^OR2 _R2OH 

GH ^ = ± 
\OR 2 + R

2 OH 

IX 

GH 
\OR 9 

X 
It appears reasonable that a more electron-donating 

p-meihoxyl substituent (IVb) provides a higher rate 
than the />-benzyloxyl substituent (IVa and IVc) . 

Since the hydrolysis of acetals from aromatic alde­
hydes is generally rapid,4) the differences observed in 
the rate of hydrolysis were small and all acetals synthe­
sized underwent complete hydrolysis under mild acidic 
conditions, thereby assuring the controlled release of 
the functional portions (perfumes and vitamins). 

The acetals and the hemiacetal synthesized possess 
polymerizable styrenic double bonds which, on poly­
merization, afford the vinyl polymers containing 
functional portions as pendant. 

Exper imenta l 

IR, 1H-NMR, and mass spectra were obtained with a 
Hitachi EPI-G spectrophotometer, a JNM-PMX 60 spectro­
meter, and a Hitachi RMU-6 MG spectrometer, respec­
tively. Elemental analyses were conducted using a Perkin-
Elmer 240. 

4-(Vinylbenzyloxy) benzaldehyde (Ilia). A solution of 
4-hydroxybenzaldehyde (IIa) (12.2 g, 100 mmol) in me­

thanol (60 ml) containing potassium hydroxide (6.6 g, 100 
mmol) was evaporated in vacuo at 50 °G to dryness. The 
residue was dissolved in JV,iV-dimethylformamide (60 ml). 
vinylbenzyl chloride (15.3 g, 100 mmol) (I ; Seibi Ghem. 
Go., 60/40 mixture of meta and para isomers) and pheno-
thiazine (0.1 g) added, and the solution kept at 90 °G for 
2 h under nitrogen. The reaction mixture was then poured 
into a large quantity of water and the resulting oily mass 
extracted with ether. The extract was washed with dilute 
aqueous sodium hydroxide, then with water, dried over 
anhydrous sodium sulfate, and evaporated in vacuo at 50 °G. 
The oily mass was washed with a large amount of petroleum 
ether and dried in vacuo to give a yellowish compound in 
60% yield. Oxime: mp 95—96 °G (colorless crystals). 
This product was pure by TLG and all attempts to separate 
the meta and para isomers failed. 

Found: G, 80.53; H, 6.00%. Galcd for G16H1402: G, 
80.68; H, 5.88%. IR (GG14) 2840, 2740 (GHO), 1695 
(G=0), 1600 (aryl), 990, 910 (vinyl) cm"1. NMR (GG14) 
Ô 5.1 (s, 2H, CH2), 5.2 (d, IH, CH2=GH-), 5.7 (d, IH, 
GH2=CH-), 6.6 (q, IH, GH2=GH-), 7—8 (m, 8H, ArH), 
9.9 (s, IH, GHO) ppm. Mass (m/e) 283 (M+, 3), 117 (100). 

3 - Vinylbenzyloxy-4-methoxybenzaldehyde (IHb). Follow­
ing the same procedure as for I l ia , a light brown viscous 
liquid was obtained in 50% yield. Oxime: oily. 

Found: G, 76.04; H, 6.08%. Galcd for G17H1603: G, 
76.12; H, 5.97%0. IR (GG14) 2840, 2720 (GHO), 1690 
(G=0), 1600 (aryl), 990, 910 (vinyl) cm"1. NMR (GG14) 
Ô 3.8 (s, 3H, OGH3), 5.0 (s, 2H, GH2), 5.2 (d, IH, CH2= 
GH-), 5.7 (d, IH, GH2=GH-), 6.6 (q, IH, GH2=GH-), 
6.7—7.4 (m, 7H, ArH), 9.8 (s, IH, GHO) ppm. Mass 
(m/e) 268 (M+, 54), 117 (100). 

4 - Vinylbenzyloxy-3-methoxybenzaldehyde (IHc). Follow­
ing the same procedure as that for I l ia , a light brown solid 
was obtained in 40% yield. Oxime: mp 82—83 °G (white 
powder). 

Found: G, 76.04; H, 6.06%. Galcd for G17H16Os: G, 
76.12; H, 5.97%0. IR (GG14) 2830, 2720 (GHO), 1680 
(G=0), 1590 (aryl), 990, 910 (vinyl) cm"1. NMR (GG14) 
ô 3.8 (s, 3H, OGH3), 5.1 (s, 2H, GH2), 5.2 (d, IH, CH2= 
GH-), 5.7, (d IH, GH2=GH-), 6.6 (q, 1H, GH2=GH-), 
6.5—7.3 (m, 7H, ArH), 9.7 (s, 1H, GHO) ppm. Mass 
(m/e) 268 (M+, 3), 117 (100). 

4-(Vinylbenzyloxy) benzaldehyde Dicitronellyl Acetal (IVa). 
A solution of I l i a (3.0 g, 13 mmol), citronellol (3.9 g, 
25 mmol), jfr-toluenesulfonic acid (PTS) (0.4 g), and pheno-
thiazine (0.1 g) in chloroform (100 ml) was refluxed for 
6 h in a flask fitted with a Soxhlet extractor charged with 
3 A molecular sieves (1/16). The chloroform solution was 
then washed with aqueous sodium carbonate, dried over 
anhydrous sodium sulfate, and evaporated in vacuo at 50 °G 
to leave an oil. The oil was subjected to alumina column 
chromatography to collect petroleum ether eluates. Upon 
evaporation of the solvent, a pale yellow liquid, pure by 
VPG, was obtained. This could not be separated into the 
meta and para isomers (31% yield). 

Found: G, 81.65; H, 9.24%. Galcd for G36H5203: G, 
81.20; H, 9.77%. IR(GG14) 2960—2850 (alkyl), 1600 
(aryl), 990, 910 (vinyl) cm"1. NMR(GG14) ô 0.8—3.6 (m, 
38 H, citronellyl), 5.1 (s, 2H, ArGH20), 5.1—5.6 (m, 2 H, 

/ O -
GH 2=GH-+-GH ), 5.7 (d, 1H, GH2=GH-), 6.5—7.6 (m, 

M3-
9H, GH2=CH-+ArH) ppm. Mass (m/e) 377 (M+-OG1 0H1 9). 

3- Vinylbenzyloxy-4-meihoxybenzaldehyde Dicitronellyl Acetal 
(IVb). Following the same procedure as that for IVa, 
a pale yellow liquid wa.s obtained in 27% yield. 
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Found : G, 79.16; H , 9.24%. Galcd for G 3 7 H 5 4 0 4 : G, 
79.00; H, 9 . 6 1 % . IR(GG14) 2960—2860 (alkyl), 1600 
(aryl), 990, 910 (vinyl) cm" 1 . NMR(GG14) Ô 0.8—3.5 (m, 
38 H , citronellyl), 3.8 (s, 3 H , O G H 3 ) , 5.0 (s, 2 H , A r - G H 2 0 ) , 

5.3 (s, 1H, - G H - ) , 5.2 (d, 1H, G H ^ G H - ) , 5.7 (d, 1H, 

\o-
G H 2 = C H - ) , 6.3—7.5 (m, 8H, C H 2 = G H - + A r H ) ppm. 
Mass (m/e) 407 ( M + - O G 1 0 H 1 9 ) . 

4 - Vinylbenzyloxy - 3 - methoxybenzaldehyde Dicitronellyl Acetal 
(IVc). Following the same procedure as that for IVb , 
a pale yellow liquid was obtained in 2 8 % yield. 

Found : G, 79.17; H , 9 .35%. Galcd for G 3 7 H 5 4 0 4 : 
G, 79.00; H , 9 . 6 1 % . IR(GG14) 2970—2850 (alkyl), 1600 
(aryl), 990, 910 (vinyl) cm"1 . NMR(GG14) Ô 0.8—3.5 (m, 
38H, citronellyl), 3.8 (s, 3H, O G H 3 ) , 5.0 (s, 2H, A r G H a O ) , 

/ O -
5.1 (d, 1H, C H , = C H - ) , 5.3 (s, 1H, - G H ), 5.7 (d, 1H, 

\o-
GH 2 =GH-) , 6.5—7.6 (m, 8H, G H 2 = C H - + A r H ) ppm. Mass 
(m/e) 563 (M+, 6), 286 (100). 

Vinylbenzaldehyde Acetal with Vitamin BQ (V). A 
mixture of vinylbenzaldehyde (3.0 g, 23 mmol) (m/p= 
60/40),3) pyridoxine (9.3 g, 45 mmol)(vi tamin B6), PTS 
(0.5 g), phenothiazine (0.1 g), and chloroform (100 ml) 
was stirred at 70 °G for 6 h under nitrogen in the presence 
of 3A molecular sieves (1/16). T h e reaction mixture was 
washed with aqueous sodium carbonate, dried over anhydrous 
sodium sulfate, filtered, and evaporated to dryness in vacuo 
at 50 °G. T h e brown mass was purified by alumina column 
chromatography and the methanol eluates collected. Upon 
evaporation of the solvent, a brownish oily mass, which was 
pure by T L G , was obtained in 4 % yield. 

Found : G, 72.16; H , 6.28; N , 4 . 5 1 % . Galcd for C17-
H 1 6 N 0 3 : G, 72.08; H , 6 .01; N , 4 .95%. IR(GG14) 3600 
( O H ) , 1600 (aryl), 1120 (ether), 990, 910 (vinyl) cm"1 . 
N M R ( C C l 4 + DMSO-</6) ô 2.4 (s, 3H, GH 3 ) , 4.5(s, 1H, 

/ O -
- G H ), 4.6—5.1 (m, 4H, GH 2 ) , 5.2 (d, 1H, GH 2 =GH-) , 

\o-
5.8 (d, 1H, C H 2 = G H - ) , 5.9 (s, A r O H ) , 6.5—6.8 (b, 1H, 

/ O -
- G H ), 7.0—8.0 (m, ArH) ppm. Mass (m/e) 283 (M+, 4), 

\o-
43 (100). 

Vinylbenzaldehyde Acetal with Vitamin C (VI). A 
mixture of vinylbenzaldehyde (3.0 g, 23 mmol) , L-ascorbic 
acid (4.0 g, 23 mmol) (vitamin G), PTS (0.4 g), pheno­
thiazine (0.1 g), and dioxane (50 ml) was stirred at room 
temperature for 24 h under nitrogen in the presence of 3A 
molecular sieves with the exclusion of light. Dioxane was 
then removed by freeze-drying, the residue extracted with 
ether, and the extract evaporated in vacuo at 50 °G. The 
oily mass, which was washed with petroleum ether, afforded 
a colorless sticky mass, which was pure by T L G , in 1 3 % yield. 

Found : G, 61.27; H , 5.60%. Galcd for G 1 5 H 1 4 0 6 : G, 
62.07; H , 4.83%,. I R (GHG13) 3580 ( O H ) , 1680 ( G = 0 ) , 
1120 ( G - O - ) , 990, 910 (vinyl) cm" 1 . N M R ( G G l 4 + D M S O -
dQ) ô 3.4—3.5 (t, 2H, GH 2 ) , 4.1 (b, 1H, - O G H G H 2 - ) , 

. . /O-
4.8—4.9 (s, 1H, - G H G H O - ) , 5.3 (s, 1H, - G H ), 5.2 (d, 

\o-
1H, GH 2 =GH-) , 5.8 (d, 1H, GH 2 =GH-) , 6.7 (b, 1H, CH2= 
G H - ) , 7.0—7.8 (m, 4H, ArH) ppm. 

Vinylbenzaldehyde Hemiacetal with Vitamin Bx (VII). A 
mixture of vinylbenzaldehyde (1.5 g, 11 mmol) , thiamine 
hydrochloride (3.8 g, 11 mmol) , P T S (0.5 g), phenothiazine 
(0.1 g), and açetonitrile (50 ml) was stirred at room tempera­

ture for 72 h under nitrogen in the presence of 3A molec­
ular sieves (1/16). T h e reaction mixture was evaporated 
in vacuo at 50 °G to dryness and washed with petroleum 
ether and ether. T h e residue was thoroughly shaken with 
a mixture of aqueous sodium carbonate and sodium chloride 
and chloroform and the chloroform layer dried over anhydrous 
sodium sulfate. T h e sodium sulfate was filtered arid extracted 
with açetonitrile to afford a white powder (mp 138—140 °G) 
in 10% yield upon evaporation of solvent. 

Found : G, 56.77; H , 5.95; N , 12.99%. Galcd for G20-
H 2 4 N 4 0 2 SG1 : G, 57.14; H , 5.73; N , 13.33%. IR(KBr) 

3300 ( O H + N H 2 ) , 1650 (G=N<), 1000, 920 (vinyl) cm- 1 . 
N M R (CDGl3+DMSO-</6) ô 2.3—2.6 (d, 6H, 2GH 3 ) , 2.9— 

- G H 2 - G H 2 \ / S \ \ 
2H, II ||0 , 3.4 (s, 1H, O H ) , 3.6— 

A-N / 
O G H 2 G H 2 ) , 5.2 (d, 1H, CH 2 =GH-) , 5.5 (s, 

— N - G H 2 ) , 5.8 (d, 1H, GH 2 =GH-) , 6.6—7.0 

3.2 
(•• 

3.8 (t, 2H, 

3H, - C H O -
i © 

O H 

(b, 1H, GH 2 =GH-) , 7.0—7.6 

2H, N H 2 ) , 8.1 f s , 

(m, 4H, ArH) , 7.6—7.8 (b, 

9.8 [ s , 1H, 
S v / H 

/°\/ 
- N 

ppm. 
\ 

Vitamin B2 (VIII). A 
(2.0 g, 15 mmol) , riboflavin 

1H, I N 

/ % / 
H 

Vinylbenzaldehyde Acetal with 
mixture of vinylbenzaldehyde 
(2.9 g, 7.6 mmol) (vitamin B2), P T S (0.4 g), phenothiazine 
(0.1 g), and dioxane (50 ml) was stirred at 50 °G for 5 h 
under nitrogen in the presence of 3A molecular sieves (1/16), 
followed by stirring at room temperature for 20 h. The 
dioxane was then removed by freeze-drying and the residue 
washed with petroleum ether and aqueous sodium hydrogen 
carbonate and extracted with chloroform. The chloro­
form extract was dried over anhydrous sodium sulfate, evapo­
rated in vacuo at 50 °G to leave a reddish brown powder 
(mp 110—113 °G) in 8 % yield. 

Found : G, 70.62; H , 5.33 ; N, 8.09%. Galcd for G35-
H 3 2 N 4 0 6 : G, 69.54; H , 5.30; N , 9.27%,- IR(GHG13) 3380 
(NH) , 1680 ( C = 0 ) , 990, 910 (vinyl) cm"1 . N M R ( G D G 1 3 + 
DMSO-</6)<5 2.2—2.5 (s, 6H, 2GH 3 ) , 3.0—5.0 (m, 7H, 

3 G H + 2 G H 2 ) , 5.1—5.3 (d, 3H, G H 2 = G H - + - C H ), 5.8 (d, 

\o-
2H, G H 2 = C H - ) , 6.5—7.7 (m, 12H, A r H ) , 8.3 (b, 1H, 
N H ) ppm. Mass (m/e) 604 (M+, 2), 18 (100). 

Hydrolyses of Acetals. A solution of the acetal (1 mmol), 
PTS (0.05 g), and *-butylcatechol (0.001 g) in 30 ml of H 2 0 -
T H F (1 : 2 v / v ) was stirred at 20 °G under nitrogen. The 
reaction mixture was neutralized with solid sodium carbonate 
and evaporated in vacuo at 50 °G to remove T H F , followed 
by extraction with a mixture of aqueous sodium carbonate 
and chloroform. The chloroform layer was dried over 
anhydrous sodium sulfate and evaporation in vacuo at 50 °G 
afforded the sample for analysis. NMR-determinat ions 
using either methoxyl or aryl signals provided the degree 
of hydrolysis. Typical da ta are as follows. 
I V a : 72.8% in 2 h and 100% in 10 h ; I V b : 82.9% in 2 h 
and 100% in 10 h ; I V c : 74.6% in 2 h and 100% in 10 h ; 
V ; 62 .8% in 2 h and 100% in 10 h ; vinylbenzaldehyde 
dicitronellyl acetal:3) 64 .0% in 2 h and 100% in 10 h. 
R e f e r e n c e s 
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4) M . S. Newman, "Steric Effects in Organic Chemistry," 
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Preparation of Diphenyl(tricyclohexylphosphine)manganese(II) and 
Its Reactions with Carbon Dioxide and Organic Carbonyl Compounds 
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Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 

Nagatsuta, Midori-ku, Yokohama 227 
(Received September 9, 1978) 

Treatment of Mn(acac)3 (acac=acetylacetonato ligand) with AlPh3-Et20 in the presence of PCy3 (Cy= 
cyclo-CcHu) gave a new diphenylmanganese (I I) complex, Ph2MnPCy3 (1). Complex 1 reacted with allylic 
compounds, CH2=CHGH2X (X=Br, OPh, OCH2CH=CH2, and OCOCH3), to give allylbenzene. Carbon 
dioxide was found to be inserted into the phenyl-manganese <?-bond of 1 to give bis(benzoato) manganese complex, 
(PhCOO)2MnPCy3, 2, which on successive treatment with HCl and diazomethane produced methyl benzoate. 
Complex 1 reacted with aldehydes, ketones, and esters having no active a-hydrogen atom to give alkoxoman-
ganese species in solution, indicating that the insertion of C=0 double bond into the phenyl-manganese a-bond 
occurred. On the other hand, acetone and acetophenone reacted with Ph2MnPCy3 to give benzene and 2-oxo-
alkyl complexes, (RCOCH2)2Mn(PCy3)m (R=Me, Ph), 3. Reaction of alcohols with 1 afforded alkoxoman-
ganese compounds which catalyze the Tishchenko type and Meerwein-Pondorf type reactions as well as trans-
esterification reactions at room temperature. 

Employment of alkylaluminium compounds in 
combination with transition metal acetylacetonates 
in the presence of stabilizing ligands has provided 
useful means in giving alkyl-, hydrido- and low valent 
transition metal complexes.1) Extension of the method 
to the preparation of phenyl-transition metal complexes 
using triphenylaluminium etherate, A l P h 3 E t 2 0 , 
proved successful as well affording new phenyl-nickel,2) 
chromium,3) cobalt,4) and iron4) complexes. We 
now report the preparation of diphenylmanganese(II) 
complex having tricyclohexylphosphine (PCy3) from 
a reaction system composed of Mn(acac) 3 , AlPh3-
E t a O and PCy3 . Although there are many reports 
concerning organomanganese complexes, isolated 
examples of organomanganese complexes having other 
ligand than cyclopentadienyl and carbonyl are quite 
scarce. As a homoleptic phenylmanganese complex 
without stabilizing ligand, preparation of somewhat 
impure diphenylmanganese in 1956 presents the sole 
example,5) but characterization of the complex and 
study of its chemical properties are by no means satis­
factory.6»7) We have found that binding of tricyclo­
hexylphosphine ligand confers a considerable stability 
on the diphenylmanganese. Treatment of the new 
diphenylmanganese complex with various reagents, 
particularly organic carbonyl compounds, produced 
hitherto unknown new types of organic manganese 
complexes, some of which show catalytic activities 
for various reactions. 

Resu l t s and D i s c u s s i o n 

Preparation and Characterization of Ph%MnPCy3. 
Treatment of Mn(acac) 3 with A l P h 3 - E t 2 0 in the 
presence of PCy3 in a mixture of diethyl ether and 
toluene at —50 °C gave a yellow complex of Ph 2 Mn-
PCy3, 1, in a good yield. 

- 5 0 °C 

Mn(acac)3 -f PCy3 + 3AlPh3-Et20 > Ph2MnPCy3 

(1) 
The complex is recrystallizable from hot toluene to 
give yellow-brown crystals which decompose under 
vacuum at 160—165 °G. Since the micro-analysis 

of Ph 2 MnPCy 3 was not feasible due to its high sensi­
tivity to air, characterization of this paramagnetic 
complex (//e f f=2.73 B. M.) was achieved by means of 
macroscopic analysis of manganese content, infrared 
spectroscopy and some chemical reactions. The charac­
teristic I R bands of 1 were assigned as follows: 3040 
cm- 1 , v(G-H) of the phenyl group; 2925 and 2850 cm- 1 , 
vas(CH2) and *>S(CH2) of PCy3 ; 1445 cm- 1 , <5(C-H) of 
PCy3 ; 430 cm- 1 , v (Mn-C) . Treatment of Ph 2 MnPCy 3 

with gaseous HCl in diethyl ether gave 1.92 mol of 
benzene per manganese. Trea tment of 1 with an excess 
amount of methyl iodide gave toluene (0.32 mol per mol 
of complex) and biphenyl (0.74 mol). A quantitative 
amount of tricyclohexylphosphine oxide was isolated 
on decomposition of 1 with aqueous H 2 0 2 . Pyroly-
sis of 1 at 220 °C under vacuum gave benzene (0.57 
mol per mol of complex) and biphenyl (0.63 mol). 
The M n 2 + content in complex 1 determined by a chelate 
titration method was 11.4% (Calcd for C 3 0 H 4 3 PMn : 
Mn, 11.2%). 

The reaction of Mn(acac) 3 and AlPh 3 -E t a O without 
tertiary phosphine gave Ph 2 Mn in a yield of 2 3 % , 
which was already prepared from M n l 2 and PhLi 
by Beerman and Clauss.5) Addition of PCy 3 in ether 
to the isolated Ph 2 Mn also led to Ph 2 MnPCy 3 , 1. 
However, less basic tertiary phosphines such as PPh3 , 
PPh 2 Me and Ph 2 PCH 2 CH 2 PPh 2 did not give isolable 
adducts of the phosphines with Ph 2 Mn. It is note­
worthy that the sensitivity of Ph 2MnPCy 3 , 1, towards 
air is considerably reduced as compared with that of 
Ph 2 Mn which ignites spontaneously on contact with 
air. 

Reaction of Ph2MnPCy3 with Allylic Compounds. 
Ph 2MnPCy 3 , 1, reacted with allylic compounds, CH2= 
C H C H 2 X ( X = B r , OPh , OCH 2 CH=CH 2 , and O C O -
CH 3 ) , to give allylbenzene in fairly high yields (Table 
1). Cleavage of G - X bond in C H 2 = C H C H 2 X on 
reactions with transition metal complexes have been 
reported in the cases of e.g., PhNi(acac)PPh3 ,8) Ni-
(cod)2,9 '10) (cod=l,5-cyclooctadiene) , and R u H 2 -
(PPh3)4.11) The reaction of Ph 2 MnPCy 3 with (CH2= 
G H C H 2 ) 2 0 liberated mainly allylbenzene with small 
amounts of benzene and biphenyl, and gave a pale 
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Allyl compound 

C H 2 - C H C H 2 B r 

C H 2 = C H C H 2 O P h 

( C H 2 = C H C H 2 ) 2 0 
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T A B L E 1. 

G H 3 G O O G H 2 G H = G H 2 

REACTIONS OF Ph2 

Reaction condit] 
(Solvent) 

r. t., 1 d 
( E t 2 0 ) 

4 5 ° C , 1 h 
(E t 2 0) 

80 °C, 2 h 
(neat) 

r. t., 1 d 
(neat) 

M n P C y 3 1 WITH ALLYL COMPOUNDS 

[Vol. 52, No. 3 

Products (mol/mol of 1) 
Lon \ i j 

P h - H P h - C H 2 C H = C H 2 

trace 2 .00 

0 .20 1.60 

0.20 1.34 

0.57 1.17 

T A B L E 2. REACTIONS OF Ph 2 MnPCy 3 , 1, W I T H ALDEHYDES AND KETONES*1) 

Aldehyde or ketone 
(mmol) 

Ph2COb> (2.26) 

M e G H O (0.72) 

E t C H O (0.56) 

P h G H O (neat) (14.7) 

Amount of 
1 (mmol) 

0 .204 

0 .290 

0.230 

0 .194 

Solvent 

toluene 

E t 2 0 

E t 2 0 

none 

Product (mol/mol of 1) 

P h - H (0.07)c>, P h 3 C O H (0.49)c>, P h - P h 

P h - H (0.79)c>, P h C H = C H 2 (0.21)c>, 

P h ( M e ) C ( H ) O H (0.40)c> 

P h - P h 

trace 

0 .03 

0.11 

trace 

(0.05)c> 

P h - H (0.80) , P h G O E t (0 .09) , P h ( E t ) C ( H ) O H (0.45), 
P h - P h (0.05) 

P h - H (0.21) , Ph 2 CO (1.33) , P h G H 2 O H 
P h C O O C H 2 P h (67.4)d) 

(1.36) , 

a) Reactions were carried out at room temperature for 1 d. b) Reaction was carried out at 70 °G for 1 h. 
c) Yields after treating the reaction mixture with PhOH or HCl gas. d) Conversion of PhGHO into benzyl 
benzoate was 89%. 

yellow powder, which on treatment with acetyl chloride 
yielded allyl acetate, suggesting that it contains the 
allyloxomanganese bond. 

Two alternative mechanisms are conceivable in 
accounting for the products. One involves the inser­
tion of C H 2 = C H C H 2 X into the P h - M n bond followed 
by ^-elimination of X, not of hydrogen as one usually 
encounters in the decomposition of alkyltransition 
metal complexes carrying a ^-hydrogen: 

Ph2MnPCy3 

1 

CH 2 =CHCH 2 X 
CH2-CH-CH2 

Ph Mn X 

^-elimination 
-> PhCH2CH=CH2 + -Mn-X (2) 

Similar mechanisms have been proposed in accounting 
for the reaction products of allylic compounds with 
PhNi(acac)PPh 3 and RuH2(PPh3)4 .8 '1 1) The alter­
native mechanism involves the oxidative addition of 
CH 2 =GHGH 2 X to Ph 2 MnPCy 3 with cleavage of the 
C - X bond followed by reductive elimination to give 
allylbenzene. Although a similar oxidative addition 
has been observed in the reactions of bis(cyclooctadi-
ene) nickel (0) with phenyl carboxylate, alkenyl ace­
tate10) and allylic ethers,9 '12) it seems somewhat less 
likely that the manganese (II) complex attacks these 
allyl compounds to cause oxidative addition. In 
fact 1 did not react with benzyl phenyl ether and 
dibenzyl ether even by heating at 100 °C for 10 h, 
whereas under similar conditions the C - O bond in 
these ethers has been reportedly cleaved in the pre­
sence of Ni(cod)2.9> 

Reaction of Ph2MnPCys with Carbon Dioxide. 
Carbon dioxide reacted with Ph 2 MnPCy 3 at ambient 

conditions in toluene or diethyl ether at room tempera­
ture to give a dark brown precipitate. This pre­
cipitate, after isolation, turned to a white powder on 
drying in vacuo. The infrared spectrum of the complex 
was identical with that of (PhCOO) 2 MnPCy 3 , 2, 
prepared by the reaction of Ph 2 MnPCy 3 with P h C O O H . 
The result suggests that insertion of carbon dioxide 
into the phenyl-manganese tf-bond took place to 
give benzoatomanganese species. Formation of ben­
zoate derivative of rhodium(I) , (PhCOO)Rh(PPh 3 ) 3 , 
has been reported by a similar insertion reaction of 
C 0 2 into the R h - G bond.13) The characteristic I R 
bands of (PhCOO) 2 MnPCy 3 were observed at 1550 
and 1400 c m - 1 which may be assigned to i>as(C02) 
and i>s(C02), respectively. Although (PhCOO) 2 -
MnPCy 3 , 2, did not react with methyl iodide at room 
temperature, treatment of 2 (0.17 g, 0.35 mmol) with 
gaseous HCl in diethyl ether followed by methylation 
with diazomethane gave methyl benzoate (0.43 mmol). 

(PhCOO) 2 MnPCy 3 , 2, is thermally very stable 
and liberates PCy3 and only trace amounts of C O 
and C 0 2 on heating at 200 °C in vacuo for 40 min. 
The residue is a dark brown powder, which was judged 
as ( P h C O O ) 2 M n on the basis of its I R spectrum. 

Although the insertion of carbon dioxide into the 
carbon-manganese tf-bond has been briefly reported 
for Me2Mn,7) the present result exhibits the first example 
of the isolation of the carboxylato manganese complex 
as a result of the C 0 2 insertion reaction. 

Reactions of Ph2MnPCys with Aldehydes and Ketones. 
Anionic nature of the phenyl ligand in Ph2MnPCy3 , 
1, was demonstrated through its reactions with organic 
carbonyl compounds such as aldehydes, ketones and 
esters, where secondary alcohols from the first compound 
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Ester 
(PhCOOCH2R) 

PhCOOCH2-H 

PhCOOCH2Me 

PhGOOGH2Ph 

HGOOEt 

P h H 

b) 
b) 

0.35 
0.35 
0.23 
0.28 

P h H 

0.34 

Diphenyl (tricyclohexylphosphine) manganese (II) 

TABLE 3. REACTIONS OF Ph 

RGH2OH 

b) 
b) 

0.18 
0.52 
0.11 
0.51 

EtOH 

0.54 

2 M n P C y 3 1 WITH ESTERSa> 

Products (mol/mol 

Ph-Ph 

0.11 
0.11 
0.06 
0.05 
0.07 
0.04 

Ph-Ph 

0.00 

PhCOPh 

0.26 
0.20 
0.07 
0.10 
0.11 
0.09 

PhCOPh 

0.08 

of 1) 

Ph3GOH 

0.35 
0.74 
0.75 
0.70 
0.36 
0.56 

Ph3COH 

trace 

Others 

PhCHO, 0 
PhCHO, 0 

Ph2GHOH 

0.46 

851 

c ) 
d ) 
c ) 
d ) 

17 c ) 
07 d ) 

PhCOOEt 

trace d ) 

a) Reactions were carried out at 70 °G for 10 minutes in toluene solution, b) Not measured, c) Yield before 
treating the reaction system with PhOH. d) Yield after treating the reaction system with PhOH. 

and tertiary alcohols from the last two compounds 
were detected as the main products (vide infra). The 
results indicate that the chemical property of phenyl-
manganese complex 1 resembles considerably to that 
of a phenyl Grignard reagent especially in respect 
of the stoichiometric reactions with carbonyl compounds. 

Complex 1 reacted with benzophenone, acetaldehyde 
and propionaldehyde to give, after treatment with 
gaseous HCl or phenol, triphenylmethanol, 1-phenyl-
ethanol and 1-phenyl-1-propanol, respectively (Table 
2). These results suggest the existence of alkoxo-
manganese intermediates in the reaction mixtures 
as shown in Eq. 3. 

Ph 

Ph 

Ph 2CO 

Ph2MnPCy3 —| 

1 

-> [Ph-C-O-Mn] 

Ph 

CH+3 

RCHO 
H 

i 

-» [Ph-C-O-Mn] 
i 

R 

CH+] 

PhgCOH 

H 

Ph-C-OH 
i 

R 

(3) 

- H 2 0 

R = C H 3 

-> PhCH-CHo 

The formation of styrene after treatment of the reaction 
mixture of 1 and acetaldehyde with phenol is considered 
to be the result of dehydration of 1-phenylethylalcohol 
catalyzed by phenol which is a weak acid (Eq. 3). 
The acid-catalyzed dehydration reaction of alcohol 
is well known.14) 

The reaction of 1 with a large excess of acetaldehyde 
without solvent at —50 °C to room temperature 
afforded polyether of the type - E C H ( C H 3 ) - O J : proba­
bly as a result of consecutive insertion of acetaldehyde 
into M n - O bond.15) 

Ph 2MnPCy 3 , 1, was found to convert benzaldehyde 
catalytically into benzyl benzoate at room temperature. 
The reaction was accompanied by formation of 0.21 
equiv. of benzene, 1.33 equiv. of benzophenone and 
1.36equiv. of benzyl alcohol as Table 2 shows. The 
pale brown powder, isolated from this reaction system, 
liberated benzyl acetate on the reaction with acetyl 
chrolide. The result suggests that the powder contains 
benzyloxo group bonded to manganese. The reaction 
of 1 with benzaldehyde may be, again, explained 
by the insertion of the C = 0 double bond into the 
P h - M n tf-bond as shown in Eq. 4. 

Ph2MnPCy3 + PhCHO Ph-C-0-Mn(Ph)PCy3 

I 
H 

PhCHO 
PhCH2OMn(Ph)PCy3 + Ph2CO (4) 

The benzyloxomanganese thus produced is considered 
to be responsible for the catalytic Tischchenko type 
reaction converting benzaldehyde into benzyl benzoate. 
A Tischchenko type reaction catalyzed by ruthenium 
complexes has been recently reported.16) 

The insertion of aldehydes and ketones into the 
metal-carbon tf-bond, a quite common reaction ob­
served in the reactions of non-transition metal alkyls 
and aryls such as Grignard reagents, has some preced­
ents also among the reactions involving organo-
transition metal compounds.3 '17) 

Formation of benzene in the reactions of 1 with 
benzaldehyde, acetaldehyde, and propionaldehyde may 
be accounted for by assuming a ^-hydrogen elimination 
from the presumed intermediate, alkoxomanganese com­
plex bearing a ^-hydrogen, followed by reductive elim­
ination with the remaining phenyl group bonded to 
manganese. The alternative to the above mechanism 
is the abstraction of protonic a-hydrogen at the a-
carbon of aliphatic aldehydes. This type of reaction 
may be predominantly taking place in the reactions 
of 1 with acetone and acetophenone which carry active 
a-hydrogens. In these cases about two moles of ben­
zene were liberated to leave white complexes. The 
I R spectrum of the complex derived from acetone 
showed the r (C=0) band at 1690 c m - 1 with a shift 
of 30 c m - 1 from that of free acetone. Although in­
solubility of the complex in common organic solvents 
hindered its purification, this complex is considered to 
be (2-oxopropyl)manganese, since treatment of the 
complex with methyl iodide gave methyl ethyl ketone 
and acetonylacetone. 

2CH3COCH3 + Ph2MnPCy3 > 2PhH 

1 

+ (CH3COCH2)2Mn(PCy3)m 

Mel 

CH3CH2COCH3 + CH3COCH2CH2COCH3 

(5) 
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T A B L E 4. REACTION OF SECONDARY ALCOHOLS WITH BENZALDEHYDE AND ACETOPHENONE IN THE PRESENCE 

OF ALKOXOMANGANESE COMPOUND*1) 

Reactant (mmol) 

Ph2CHOH (2.16) PhCHO (4.95) 
Me2CHOH (12.8) PhCHO (9.90) 
Ph(Me)CHOH (2.91) PhCHO (4.95) 
Ph2CHOH (5.76) MeCOPh (8.60) 

Me2CHOH (7.85) MeCOPh (5.16) 

Product (mol/mol of complex 1] 

PhCH2OH (8.6) 
PhCH2OH (8.2)b> 
PhCH2OH (4.9) 
Ph(Me)CHOH 

(trace) 
Ph(Me)CHOH 

(0.4->0.7b>) 

Ph2CO (9.3) 
Me2CO (3.5)b) 
Ph(Me)CO (2.0) 
Ph2CO (trace) 

Me2CO (0.4) 

PhH (1.9) 
PhH (1.7)b> 
PhH (1.5) 

PhH (1.6) 

PhCOOCH2Ph (6.2) 
PhCOOfPr (0.9)b> 

a) Reactions were carried out at room temperature for 1 d. The amount of Ph2MnPCy3 1 used for each 
reaction was about 0.1 g (0.22 mmol). b) The yield after heating the system at 70 °C for 9 h. 

A similar ß-oxo-alkyl type compound of gold has been 
reported.18) 

Reactions of Ph2MnPCy3 with Esters. The inser­
tion reaction of the O O double bond into P h - M n 
ff-bond was similarly observed when alkyl and benzyl 
benzoates, P h C O O C H 2 R ( R = H , CH 3 , Ph) were al­
lowed to react with 1. In these cases, benzophenone, 
triphenylmethanol, benzene, biphenyl, primary alcohols 
( R C H 2 O H ) and benzaldehyde (when R = P h ) were 
yielded as organic products (Table 3). Treatment 

of the reaction mixture with phenol caused the signifi­
cant increase in the yields of alcohols indicating the 
existence of an alkoxomanganese intermediate (Ph3-
C O M n - and R C H 2 O M n - ) in the reaction mixtures as 
is assumed in the preceding section. Thus, the reaction 
between Ph 2 MnPCy 3 and alkyl benzoate seems to 
proceed through an alkoxomanganese intermediate 
produced by the insertion of C = 0 double bond of the 
ester into the P h - M n ff-bond followed by /3-alkoxy-
elimination as shown in eq. 6. 

P h C O O C H 2 R 

Ph-Mn > 

(1) 

Ph 

Ph-CTOCH„R 

~» I A / L O-^Mn-

insertion CH+3 

> [Ph3CO-Mn-] • Ph3COH 
into Ph-Mn 

fPhCOPh 

+ 
iS-H-elim. 

([RCHaOMn-] • RCHO 4- RCH,OH 
(6) 

(A) 

type intermediate (A) 

LH+3 ^* RCH3OH 

in Eq. 6 may decompose to alkoxomanganese and benzophenone, the T h e acetal 
latter of which may react further with P h - M n species to give triphenylmethyloxomanganese compound, 
P h 3 C - 0 - M n - (vide supra). These alkoxomanganese species may liberate the corresponding alcohols on treatment 
with phenol. Provided the reaction proceeds according to Eq. 6, the ratio of the products ( P h C O P h - f P h 3 C O H ) / 
( R C H 2 O H + R C H O ) ( = 7 ) , whould be 1.0. In fact experimental values of y = 1 . 5 for R = M e and y = l . l for 
R = Ph have been obtained supporting the validity of the proposed reaction scheme. 

The reaction of ethyl formate with complex 1 proceeded similarly to those of alkyl benzoates. 

HCOOEt 

Ph-Mn • 

(1) 

• H 

I 
Ph-C-OEt 

L O^Mn-J 

insertion £K*3 
/PhCHO — - » [Ph2CHO-Mn] > Ph3CHOH 

into Ph-Mn \ 
^ jS-H-elim. 

*[EtOM„-] ^ 2 EtOH ^ P h C O P h 

(?) 

In this case, also, the observed value of the ratio, y = 
( P h C O P h + P h 2 C H O H ) / ( E t O H ) was 1.0 in accordance 
with the expected value of 1.0 for the assumed mecha­
nism. 

Reactions of Secondary Alcohols and Benzaldehyde or 
Acetophenone in the Presence of Alkoxomanganese. The 
above results of conversion of benzaldehyde with 
Ph 2 MnPCy 3 , 1, into benzophenone and benzyloxo-
manganese (Eq. 4) prompted us to investigate the 
possibility of catalytic Meerwein-Pondorf type reaction 
in the presence of alcohol promoted by the manganese 
complex. 

As Table 4 shows, the catalytic Meerwein-Pondorf 
type reaction did take place when the mixtures of 
benzaldehyde and diphenylmethanol and of benzalde­
hyde and 2-propanol were allowed to react in the 
presence of 1. 

PhCHO + Ph2CHOH PhCH2OH + Ph2CO (8) 

PhCHO + Me2CHOH > PhCH2OH + Me2CO (9) 

In each case about two moles of benzene was produced 
per mol of 1 indicating the conversion of the diphenyl-
manganese into the alkoxomanganese species. The 
reaction path might be similar to that proposed for 
the Meerwein-Pondorf reaction using isopropoxoalu-
minium19) as shown below : 

Ph2MnPCy3 4- 2R2CHOH 

1 PhCH2OH 

2Ph-H 

[(R2CHO)2Mn] 
v . 

PhCHO 

R,CHOH 

[PhCH20-Mn-OCHR2] 

R,CO (10) 
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T A B L E 5. TRANSESTERIFICATION REACTIONS 

Ester (PhCOOR) 

PhCOOCH2Ph (5.3 mmol) 
PhCOOCH2Ph (5.9 mmol)d> 
PhGOOGH2Ph (5.3 mmol) 
PhCOOCH2Ph (5.3 mmol) 
PhGOOPh (1.1 mmol) 
PhCOOPh (2.6 mmol) 
PhGOOPh (2.0 mmol) 
PhCOOMe (4.0 mmol) 
PhCOOCHMe2 (3.1 mmol) 
PhGOOGMe3 (2.8 mmol) 

Alcohol (R'OH) 

EtOH (34.7 mmol) 
EtOH (34.7 mmol)d) 
Me2CHOH (13.1 mmol) 
Me3COH (5.2 mmol)e> 
MeOH (71.4 mmol) 
Me2CHOH (22.7 mmol) 
Me3GOH (5.0 mmol)e> 
PhOH (4.1 mmol)6) 
PhOH (5.3 mmol)e> 
PhOH (3.6 mmol)e> 

ine) manganese (II) 

USING ALKOXOMANGANESE COMPOUNDa> 

Products, mol/mol of compound 
„ — 

PhCOOR7 

18.7 (0.63)c> 
8.7 (0.98)c> 
1.2 
0.0 
6.7 (1.0)c> 
3.2^7.4b> (0.73)c> 
0.3 
0.0 
0.0 
0.2 

~ 
ROH 

17.1 
8.3 
0.4 
0.0 
5.8 
0.9^5.4b> (0.53)c> 
0.0 
0.0 
0.0 
0.0 

853 

\ 
PhH 

1.7 
—d) 

1.6 
1.4 
1.7 
1.6 
1.8 
1.8 
1.6 
1.8 

a) Reactions were carried out at room temperature for 1 d. The amount of Ph2MnPCy3, 1 used for each 
reaction was about 0.1 g (0.22 mmol), b) The yields were measured after heating the system at 70 °G for 15 h. 
c) Yields calculated on the basis of mol of PhCOOR used, d) This reaction was carried out using isolated 
(PhO)2Mn (0.16g, 0.66 mmol) as catalyst at room temperature for 2 d. e) Diethyl ether was used as solvent. 

TABLE 6. REACTIONS OF BENZALDEHYDE AND PRIMARY ALCOHOLS IN THE PRESENCE 

OF ALKOXOMANGANESE COMPOUND*) 

PhCHO 
(ml) 

(2.1) 
(0.2) 
(1.5) 

ROH 
(ml) 

MeOH (0.8)b> 
EtOH (0.2)b> 
EtOH (0.6)c> 

PhCOOR 

1.6 
1.4 

14.3 

Products (mol/mol 

PhCH2OH 

1.2 
1.2 

of complex) 

PhCOOCH2Ph 

0 
0 

14.2 

PhH 

1.7 
1.7 
1.8 

a) Reactions were carried out at room temperature for 1 d. The amount of complex 1 used for each re­
action was about 0.1 g (0.22 mmol), b) Diethyl ether was used as solvent, c) 0.5 ml of PhCH2OH was added 
together with EtOH. 

By-products of the present reaction system such as 
benzyl benzoate and isopropyl benzoate might be 
produced by Tishchenko type reaction (vide supra) and 
that followed by transesterification (alcoholysis) (vide 
infra), respectively. 

When acetophenone was used in place of benzal­
dehyde, on the other hand, only minimal amounts of 
Meerwein-Pondorf type reaction products were obtain­
ed (Table 4). Even when the system which contains 
acetophenone and isopropyl alcohol was heated at 
70 °C for 9 h in the presence of alkoxomanganese, 
only 0.7 mol of 1-phenylethanol per mol of Ph 2 Mn-
PCy3 was produced. A steric hindrance in the transi­
tion state may affect the reactivity of the present 
system as was proposed for the Meerwein-Pondorf 
reaction using isopropoxoaluminium. 

Transesterification Reactions Using Alkoxomanganese 
Compounds. The transesterification reactions 
between alkyl benzoate and various alcohols were 
examined using dialkoxomanganese compounds pre­
pared in situ from Ph 2MnPCy 3 , 1, and alcohols. 

(R'0)2Mn 
PhCOOR + R O H > PhCOOR7 + ROH (11) 

As Table 5 shows, the catalytic reactions of the trans­
esterification reactions proceed at room temperature 
when primary alcohols were used. The ease of trans­
esterification reactions of alcohols decreased in the 
order of prim, alcohol>sec. a lcohol>ter t . a lcohol« 
phenol. This tendency corresponds to the order of 
the ester yields in the acid catalyzed ester formation 

reaction from carboxylic acid and alcohols.20) The 
isolated (PhO) 2 Mn, which was prepared by the reaction 
of Ph 2 MnPGy 3 with phenol, was found also to catalyze 
the transesterification reaction between benzyl benzoate 
and ethanol (Table 5, line 2). Catalyst (PhO) 2 Mn 
used in this reaction was recovered without suffering 
from alcoholysis with ethyl alcohol. This suggests that 
the reaction mechanism for the present transesterifi­
cation reaction may be manganese-assisted replacement 
of alkoxyl group as shown below. 

Ph 
\ 

PhCH20-C=O...Mn ; 

(PGy3) 
I / O R 

EtOH 

Ph 
(PCy3) 

\ i 
„OR 

OR 
\ C = 0 - . . M n / 

E t - O - ' H \ O R 

H ^ \ C H 2 P h 

Ph 
\ 

E tO-C-O. 

H-0 -CH 2 Ph 

(PCy3) 
I / O R 

• Mn< 
X ) R (12) 

R = P h 

The transesterification reaction using transition metal 
compounds such as described here and that with alkoxo-
copper compounds21) have some advantages in that 
they act under neutral and mild conditions. 

The reaction between benzaldehyde and primary 
alcohols to give alkyl benzoate directly through the 
combination of the catalytic Tishchenko type reaction 
and transesterification reaction was at tempted and the 
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resul ts a r e s u m m a r i z e d in T a b l e 6. 

(RO)2Mn (RO)2Mn 
2 P h C H O •-> P h G O O G H 2 P h > 

ROH 
P h G O O R + P h G H 2 O H (13) 

A l t h o u g h t h e yie ld of m e t h y l b e n z o a t e o r e thy l b e n z o a t e 
w a s n o t h i g h w h e n m e t h a n o l o r e t h a n o l a l o n e w a s 
used , a h i g h y ie ld of e t h y l b e n z o a t e w a s o b t a i n e d w h e n 
e t h a n o l w a s a l l o w e d to r e a c t i n t h e p r e s e n c e of b e n z y l 
a l coho l . T h e resul t suggests t h a t t h e ( b e n z y l o x o ) m a n ­
g a n e s e species h a v e h i g h e r ac t iv i t y t o w a r d s T i s h c h e n k o 
t y p e r e a c t i o n t h a n m e t h o x o - or e t h o x o m a n g a n e s e 
species . 

S o m e a l k o x o m a n g a n e s e c o m p o u n d s w h i c h a r e 
a n a l o g o u s to those p r e p a r e d in situ in t h e p r e s e n t w o r k 
h a v e b e e n i so la ted , for e x a m p l e ( M e O ) 2 M n , 2 2 ) ( E t O ) 2 -
M n 2 3 ) a n d ( z - P r O ) 2 M n , 2 3 ) a l t h o u g h n o n e of t he i r r e a c ­
t ions h a s b e e n e x a m i n e d . 

E x p e r i m e n t a l 

All reactions and manipulat ions were carried out under 
dry, oxygen-free nitrogen or in vacuo using Schlenk-type 
flasks. 

Solvents were dried and purified in the usual manner and 
stored under an atmosphere of nitrogen. Carbon dioxide 
was dried by passing the gas through columns containing 
CaCl2 and P 2 0 5 . Allylic compounds and esters were dis­
tilled over calcium hydride in vacuo and stored under nitrogen 
atmosphere. Aldehydes and ketones were purified by 
distillation under reduced pressure. Methanol and ethanol 
were purified by distilling over magnesium turnings. Other 
liquid alcohols were dried by Drierite and degassed under 
vacuum. A l P h 3 - E t 2 0 was prepared from PhMgBr and 
AlClg according to the reported method.24) Tris(acetyl-
acetonato) manganese ( I I I ) (Tokyo Kasei Industrial Go.) was 
used as purchased without further purification. Tricyclo-
hexylphosphine was prepared according to the literature 
method.25) 

Infrared spectra were recorded on a Hitachi model 295 
spectrometer using KBr disks prepared under inert atmos­
phere. T h e magnetic susceptibility was measured by Gouy 
method using Shimadzu MB-100 apparatus at 23 °G and the 
diamagnetic corrections for the coordinated ligands were 
made on the basis of the Pascal's constants. T h e organic 
products formed in the various reactions were quantitatively 
analyzed by GLG using internal s tandard. GLG was re­
corded on a Shimadzu GG-3BT or GG-6A gas chromato­
graphy using SDG-550, SDG-410 and/or PEG-20M columns 
and helium as a carrier gas. 

Preparation of Ph2MnPCy3, 1. T o the mixture of 
Mn(acac ) 3 (2.1 g, 6.0 mmol) , PCy 3 (2.0 g, 7.1 mmol) , di­
ethyl ether (20 ml) and toluene (5 ml) cooled at —50 °G, 
A l P h 3 - E t 2 0 (6.1 g, 18.3 mmol) was added. O n stirring 
the mixture, the initial black suspension turned to a yellow 
suspension. After raising the temperature of the system 
to room temperature , the precipitate was filtered, washed 
with diethyl ether and dried in vacuo. T h e yellow powder 
thus obtained weighed 2.8 g ( 9 3 % of the theoretical amount 
based on Mn(acac) 3 used). T h e crude product (2.0 g) 
was recrystallized from hot toluene (95 °G) to give yellow 
brown crystals of Ph 2 MnPCy 3 (1.3 g, recrystallization yield, 
6 5 % ) . Analytical da ta and physical properties of 1 are 
mentioned in the text. 

Reaction of Ph2MnPCyz, 2 , with Allylic Compounds. T o a 
flask containing Ph 2 MnPCy 3 (0.246 g, 0.502 mmol) , dialkyl 
ether (2 ml) was added and heated at 70—80 °G for 2 h . 

T h e initial yellow suspension turned to a deep yellow solution. 
Allylbenzene (0.675 mmol) , benzene (0.097 mmol) and 
biphenyl (0.057 mmol) were formed, as judged by GLG 
analysis. Hexane (5 ml) was added to the solution to give 
a pale yellow precipitate which was filtered and dried in 
vacuo. T h e pale yellow powder thus obtained was allowed 
to react with acetyl chrolide at room temperature to give 
allyl acetate. T h e other reactions of Ph 2 MnPCy 3 with al­
lylic compounds were carried out in a similar fashion. 

Reaction of Ph2MnPCyz with Carbon Dioxide. O n bub­
bling carbon dioxide into the toluene suspension of Ph2-
M n P C y 3 for one day at room temperature, the initial yellow 
suspension turned to a dark brown suspension. T h e pre­
cipitate was filtered and dried in vacuo to give a white powder 
of ( P h C O O ) 2 M n P C y 3 2. Characterization of this com­
pound was achieved as mentioned in the text. 

Reactions of Ph2MnPCyz with Esters, Aldehydes, and Ketones. 
Since the method is general, some typical reactions are 
described here, the organic reaction products are being listed 
in Tables 2 and 3. 

a) Reaction with Benzyl Benzoate : T o a flask containing 
Ph 2 MnPCy 3 (0.094 g, 0.191 mmol) , toluene (1 ml) and benzyl 
benzoate (1 ml) were added. O n heating the system at 
70 °G for ten minutes, the initial yellow suspension turned 
to a yellow solution. Formation of benzene (0.021 mmol), 
benzaldehyde (0.032 mmol) , benzyl alcohol (0.021 mmol), 
biphenyl (0.013 mmol) , benzophenone (0.020 mmol) and 
triphenylmethanol (0.068 mmol) were observed by GLG 
analysis. T h e amounts of these reaction products changed 
on t reatment with phenol as follows : benzene (0.053 mmol) , 
benzaldehyde (0.013 mmol) , benzyl alcohol (0.098 mmol) , 
benzophenone (0.018 mmol) and triphenylmethanol (0.107 
mmol) . 

b) Reaction with Benzaldehyde: To a flask containing 
Ph 2 MnPCy 3 (0.095 g, 0.194 mmol) , benzaldehyde (1.5 ml, 
15 mmol) was added and stirred at room temperature for 
one day. A dark brown solution thus formed contained 
benzene (0.04 mmol) , benzyl alcohol (0.264 mmol) , benzo­
phenone (0.258 mmol) and benzyl benzoate (13.1 mmol) 
as analyzed by GLG. 

c) Reaction with Acetone: T o a flask containing Ph 2 Mn-
PCy 3 (0.137 g, 0.279 mmol) and diethyl ether (2 ml), acetone 
(75 (xl, 1.02 mmol) was added and stirred for one day. A 
pale yellow suspension thus obtained was analyzed by GLG 
and found to contain benzene (0.447 mmol) and unreacted 
acetone (0.38 mmol) . White powder (0.027 g, 0.060 mmol 
calculated as (CH 3 COCH 2 ) 2 MnPCy 3 ) isolated from this 
reaction system, reacted with methyl iodide to give ethyl 
methyl ketone (0.7 yl, 0.008 mmol) and acetonyl acetone 
(0.6 (JLI, 0.005 mmol) . 

Reactions between Alcohols and Aldehydes or Ketones in the Pre­
sence of Alkoxomanganese Compound Prepared in situ. T o 
a flask containing Ph 2 MnPCy 3 (0.099 g, 0.202 mmol) and 
diphenylmethanol (0.40 g, 2.16 mmol) , was added diethyl 
ether (2 ml) to give a white suspension. Benzaldehyde 
(0.5 ml) was added to this system which was stirred for one 
day at room temperature . Benzene (0.39 mmol) , benzyl 
alcohol (1.74 mmol) , benzophenone (1.88 mmol) and benzyl 
benzoate (1.26 mmol) were formed, as analyzed by GLG. 

T h e reactions listed in Tables 4 and 6 carried out similarly. 
Transesterification Reactions Using Alkoxomanganese Compound 

Prepared in situ. T o a flask containing Ph 2 MnPCy 3 

(0.087 g, 0.178 mmol) ethanol (1.0 ml) was added to give 
a pale brown suspension. Benzyl benzoate (1.0 ml, 5.3 
mmol) was added to this system and the mixture was stirred 
for one day at room temperature. T h e GLG analysis of 
the reaction mixture revealed the formation of benzene 



March, 1979] Diphenyl (tricyclohexylphosphine) manganese (II) 855 

(0.30 mmol) , benzaldehyde (0.047 mmol) , benzyl alcohol 
(3.05 mmol) and ethyl benzoate (3.05 mmol) . 

The other transesterification reactions listed in Table 5 
were carried out in a similar fashion. 
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and the Trist.p-cyclopropylphenyljcyclopropenium Ion 
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The reaction of trichlorocyclopropenium tetrachloroaluminate with cyclopropylbenzene has been found 
to readily afford the disubstitution products, bisQfr-cyclopropylphenyl)- ( la) , (/>-cyclopropylphenyl) (o-cyclo-
propylphenyl)-, and bis (o-cyclopropylphenyl) cyclopropenones, each of which has been separated and fully 
characterized spectroscopically. The tris(/>-cyclopropylphenyl)cyclopropenium ion (2) could not be obtained 
by the direct trisubstitution of the trichlorocyclopropenium ion with cyclopropylbenzene, but has been synthesiz­
ed via two other routes starting from cyclopropenone la. The UV and 13G NMR spectral data of the cation 
2 indicated the conjugative interaction of the /><zra-cyclopropyl group with the cyclopropenium ring. However, 
the cation-stabilizing effect of the jfozra-cyclopropyl group, as shown by the pKR+ value (3.23 in 23% ethanol) for 2, 
is much smaller than in the case of the tris(/>-cyclopropylphenyl)methyl cation. This has been interpreted in 
terms of the decrease in derealization of the positive charge to the jfozra-position of the cation 2, when compared 
with the triarylmethyl analogue. 

The smallest-ring member of the aromatic halo-
carbon, the trichlorocyclopropenium ion (C3C13

+), was 
first synthesized by Tobey and West, l a) and found to 
react with various aromatic rings resulting in stepwise 
electrophilic substitution. lb) Recently this reaction was 
successfully applied to the syntheses of new cyclopro­
penium ions stabilized by non-benzenoid- or hetero-
aromatic substituents such as ferrocene, 2> azulene,3) 

and thiophene rings.4) Among the substituted ben­
zenes, those carrying the strongly activating groups 
such as methoxyl, hydroxyl, and dialkylamino groups 
react with C3C13

+A1C14~ to give the trisubstituted prod­
uct, i.e. the triarylcyclopropenium ion, lb )5) whereas 
the unsubstituted and weakly activated benzenes such 
as fluorobenzene and toluene give only the disubstituted 
cyclopropenones.6)** Since the cyclopropyl group is 
expected to exert conjugative stabilization upon the 
cationic intermediate formed during the reaction,*** 
it was of interest to establish whether such an effect 
could lead to the trisubstitution of C3C13

+ with cyclo­
propylbenzene. Also having been interested in the 
stabilizing effect of the cyclopropyl group upon the 
triarylcyclopropenium ion which may be prepared by 
this reaction, we examined the reaction of C3C13

+-
A1C14~ with cyclopropylbenzene. 

R e s u l t s a n d D i s c u s s i o n 

Bis (cyclopropylphenyl) cyclopropenones. T h e reac­
tion of C3C13

+A1C14~ with cyclopropylbenzene was 
examined in dichloromethane in the temperature range 
—60 to 40 °G. When two molar equivalents of cyclo­
propylbenzene were employed the disubstitution reac­
tion occurred smoothly at —10 °C yielding a mixture 
of the isomeric bis(cyclopropylphenyl)cyclopropenones 
( l a , l b , and l c ) after hydrolysis. Complete separation 
of the isomers was effected by the use of thin-layer 

** The (7p+ values, which express the ability of the 
substituent to stabilize the cationic intermediate, are —0.778 
for OGH3, -0 .92 for OH, - 1 . 7 for NMe2, -0 .073 for 
F, and -0.311 for CH3.

7> 
*** The ov

+ value for the cyclopropyl group has been 
reported as — 0.462.8) 

la l b lc 

chromatography. The Rt values of each component 
( l a , 0.14; l b , 0.34; l c , 0.64 : over silica gel developed 
with benzene-ether ( 4 : 1 ) ) reflect the extent of molec­
ular polarization, the ^ - i s o m e r ( l a ) being the least 
developed due to the greatest polarization with two 
cyclopropyl groups located farthest away from the 
carbonyl group. In a representative run, the yield 
of the cyclopropenones was 31 .2% for l a , 47 .2% for 
l b , and 7.4% for l c . Assuming that the orthojpara 
reactivity ratio does not change between the first and 
the second substitutions of C3C13+, it has been estimated 
from the yields of l a and l b that the jfozra-position of 
cyclopropylbenzene is approximately 2.6 times more 
reactive to the electrophilic attack of C3C13+ than the 
ortho-position. The decrease in the yield of l c (7.4%) 
to approximately half the calculated value (18%) is 

JIJ uf^JAU,. 

l c 

— J 1 (< 1 1 1 I 

8 7 ' 3 2 1 0 

(S/ppm 

Fig. 1. 1H NMR Spectra of the cyclopropenones la, 
l b , and lc. 
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T A B L E 1. PHYSICAL AND SPECTRAL PROPERTIES OF THE BIS (CYCLOPROPYLPHENYL) -

CYCLOPROPENONES, l a , l b , AND 1c 

Compd M p 
°G 

I R 
v(KBr) c m - 1 uv 

AI**1 nm (loge) 

1H N M R 
Ô (GDC13) p p m 

la 

lb 

1c 

142.6—144.5 

83.5— 85.0 

120.0—121.0 

1850 
1610 

1845 
1605 

1850 
1600 

277sh(4.45), 295 (4.59), 
301sh(4.50), 313 (4-52), 

294sh(4.30), 307 (4.40), 
325 (4.38), 337sh(4.32) 

289 (4.23), 312 (4.17), 
324 (4.15), 341sh(4.08) 

7.83 (d, 4H , o-H), 7.22 (d, 4H , m-H), 
2 .00 (m, 2H, methine) , 1.3—0.8 (m, 8H, GH2) 

7 .88 (d, 2H, o-H), 7.20 (m, 6H, aromatic) , 
2 .70 m, 1H, methine) , 1.95 (m, 1H, methine) , 
1.3—0.7 (m, 8H, GH2) 

8 . 0 — 7 . 0 (m, 8H, aromatic) , 2 .77 (m, 2H, 
methine) , 1.3—0.7 (m, 8H, GH2) 

T A B L E 2. PHYSICAL AND SPECTRAL PROPERTIES OF THE TRIS- (2) AND THE 

BIS (/>-CYCLOPROPYLPHENYL) CYCLOPROPENIUM IONS (3) 

Compd 
M p 
°C 

I R 
( '(KBr)cm-1 

U V 
A S 1 n m (loge) 

*H N M R 
ô (GDG13) p p m 

>250 1410 230 (4.33), 285sh(4.25), 
1050 343 (4.84), 359 (4.84) 

169.0—171.0 1415 220 (4.17), 279 (4.10) 
(dec) 1050 343 (4.63) 

8.32 (d, 6H, o-H), 7 .53 (d, 6H, m-H) 
2 .17 (m, 3H, methine) , 1.30 (m, 6H, 
(£ ) -CH 2 ) , 1.03 (m, 6H, (Z)-CH2) a) 

10.40 (s, 1H, C + - H ) , 8 .25 (d, 4H , o-H) 
7.39 (d, 4H , TO-H), 2 .02 (m, 2H, methine) , 
1.25 (m, 4H, (£ ) -CH 2 ) , 0 .93 (m, 4H , (Z)-GH2) 

a) Taken in GD2G12. 

A : la 

B: ia 

£Hg>-Mgßr ^ 0 

. \ / ^ 
Cl Ct 

/ D ixO>-MgBr 

C: 

Scheme 1. 

t hus a sc r ibed to s ter ic i n h i b i t i o n w h i c h o p e r a t e s m o r e 
s t rong ly a t t h e second subs t i t u t i on s tep . 

T h e phys ica l p r o p e r t i e s of t h e c y c l o p r o p e n o n e s , l a , 
l b , a n d l c , a r e g iven in T a b l e 1. T h e c o m p o u n d s 
all exh ib i t t w o b r o a d a n d s t rong I R a b s o r p t i o n b a n d s 
a t 1850 a n d « 1 6 1 0 c m - 1 , w h i c h a r e d i agnos t i c for 
t h e c y c l o p r o p e n o n e system. T h e h i g h e r m p ' s for l a 
a n d l c a r e cons is ten t w i t h t h e s y m m e t r i c a l pos i t ions 
of t h e subs t i t uen t s , b u t s t ronge r e v i d e n c e for s t r u c t u r e 
l a , l b , a n d l c is g iven b y t h e ^-H N M R spec t r a . As 
is s h o w n in F ig . 1 c o m p o u n d l a exh ib i t s a n A B q u a r t e t 
for t h e a r o m a t i c p r o t o n s i n d i c a t i n g subs t i t u t i on o n l y 
a t t h e j tara-posi t ion, wh i l e c o m p o u n d l b h a s a n A B 
q u a r t e t p lus a m u l t i p l e t i n t h e a r o m a t i c r eg ion . 
F u r t h e r m o r e , in t h e s p e c t r u m of l b o n e of t h e t w o 
cyc lop ropy l m e t h i n e m u l t i p l e t s is shifted downf ie ld , 
p r e s u m a b l y d u e to t h e de sh i e ld ing effect of t h e c a r b -
onyl g r o u p , to t h e s a m e pos i t ion as t h a t of t h e c o m ­
p o u n d l c , w h i c h is cons is ten t w i t h t h e a s s i g n m e n t of 
l b a n d l c to t h e o,p- a n d 0,0-isomers respec t ive ly . 

Tris(^-cyclopropylphenyl)cyclopropenium Ion. I n 
c o n t r a s t to t h e r e a d y f o r m a t i o n of d i a r y l c y c l o p r o p e n -
ones , t h e r e a c t i o n of C 3 C1 3 +A1C1 4

- w i t h t h r e e m o l a r 
e q u i v a l e n t s of c y c l o p r o p y l b e n z e n e a t l ow (—60 °C) 
or a m b i e n t t e m p e r a t u r e d i d n o t p r o d u c e a n y e v i d e n c e 
for t r i subs t i t u t i on . T h e r e a c t i o n c o n d u c t e d a t h i g h e r 
t e m p e r a t u r e (40 °C) for a p r o l o n g e d t i m e m e r e l y 
r e su l t ed in t h e f o r m a t i o n of i n t r a c t a b l e p o l y m e r i c 
m a t e r i a l . T h u s , a t t e m p t s w e r e m a d e to syn thes ize 
t h e tris ( /»-cyclopropylphenyl) c y c l o p r o p e n i u m ion (2) 
f rom c y c l o p r o p e n o n e l a fo l lowing t h e t h r e e s y n t h e t i c 
r o u t e s s h o w n in S c h e m e l . t M e t h o d s A a n d B g a v e 
t h e t e t r a f l u o r o b o r a t e sal t of t h e c a t i o n 2 in a low yie ld . 
O n t h e o t h e r h a n d , m e t h o d C af forded t h e bisQb-

t T h e reaction of 1,2-bis (^-cyclopropylphenyl)-3,3-di-
chlorocyclopropene with cyclopropylbenzene in the presence 
of silver triflate according to the method reported by Weiss 
et al?} afforded an inseparable mixture of the triflate (32% 
yield) of the cation 2 and 1,2-bis(/»-cyclopropylphenyl)-3-
(o-cyclopropylphenyl) cyclopropenium ion. 
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Cation 

TABLE 3. 13G NMR DATA FOR THE TRIPHENYLCYCLOPROPENIUM ION (4) AND THE TRIS- (2) 

AND THE BIS ( / J - C Y C L O P R O P Y L P H E N Y L ) CYCLOPROPENIUM IONS (3) 

Chemical shift Ô (CD3CN), ppm from TMSa) 

C-l C-2 C-3 C-4 C-5 C-6 C-7 C-8 

4b) 

2 
3 

156.7 s 
152.9 s c> 
161.1 sc> 

121.0s 
118.0s 
117.0s 

137.Od 
136.8d 
137.6d 

131.5d 
128.Od 
127.9d 

139.6d 
158.6 s 
160.0 s 

17.5d 
17.6d 

12.9 t 
13.1 t 151.6d 

a) The peak multiplicity of the off-resonance spectrum is indicated by s (singlet), d (doublet), and t (triplet). 
b) The numbering system is similar to that used in the cation 2. The reported values obtained in C1S03H 
are 155.4(C-1), 120.1(C-2), 135.9(C-3), 131.2(C-4), and 139.2(C-5) ppm from TMS.10) c) The assignment of 
these signals to C-l, not to C-5, is made based on the fact that in the proton-coupled spectra the signals are 
distinctly more narrow and sharp compared with those for C-5 carbons which are apparently broadened by the 
long-range coupling with protons attached to the C-4 and C-6 carbons. 

< 

200 250 300 350 
Wavelength/nm 

400 

Fig. 2. UV Spectra of the trisQfr-cyclopropylphenyl)-
cyclopropenium ion (2, ) and the triphenylcy­
clopropenium ion (4, ), 2 .1x lO- 5 M in CH3CN. 

cyclopropylphenyl)cyclopropenium ion (3) in a 5 9 . 1 % 
overall yield, but the presence of many unfavorable 
side reactions in the subsequent reaction-step rendered 
this route impractical as a synthetic route for the 
cation 2. 

The spectral properties of the cations 2 and 3 are 
shown in Table 2. For both cations, the I R spectra 
exhibit broad and strong absorptions at « 1 4 1 0 cm - 1 , 
which is assigned to the cyclopropenium ring stretching, 
and at 1050 c m - 1 due to the tetrafluoroborate anion, 
while the AB quartets of the aromatic protons in the 
XH N M R spectra illustrate the presence of all the 
cyclopropyl substituents at the jfozra-position. As shown 
in Fig. 2 the U V spectrum of cation 2 is quite similar 
to that of the unsubstituted triphenylcyclopropenium 
ion (4) in general absorption pattern, but the longer-
wave absorptions of the former are bathochromically 
shifted by ca. 40 nm with an apparent increase in the 
absorption coefficient. This shift is regarded as a 
result of conjugative interaction of the jtara-cyclopropyl 
group with the cationic central ring. The 13C N M R 
data shown in Table 3 allow a more quantitative 
estimation of the conjugative effect of the para-cyclo-
propyl group : from the difference in chemical shift 
for the C-l signal between the cyclopropylsubstituted 
cation 2 and the unsubstituted cation 4 and the Spiese-
cke-Schneider correlation Aô=l60Aq, the amount of 
the positive charge withdrawn from the cyclopropenium 
ring has been calculated as -f-0,071 or 7 . 3 % of the 

P * R + for (/,-R-C6H4)3C+ 

Fig. 3. Plot of the piCR+ values for the jfozra-substituted 
triarylcyclopropenium ions against those for the cor­
responding triarylmethyl cations. The alkyl group 
R' in " - N R ' 2 " ' i s methyl for (/>-R-C6H4)3C+ and 
isopropyl for (/>-R-C6H4)3C3+. 

amount of the positive charge (+0.969) 10> assumed 
to be originally present in the three-membered ring 
of cation 4. 

Stabilization of cation 2 resulting from the conju­
gative effect of the cyclopropyl group is demonstrated 
by the p^TR

+ value of 3.23 (spectrophotometrical method 
in 2 3 % aqueous ethanol at 25 °C) as compared with 
the value of 2.6011) determined for the unsubstituted 
cation 4 in our laboratory. In the case of the triphenyl-
methyl cation system, substitution with three para-
cyclopropyl groups has been reported to raise the 
p^TR

+ value from —6.6 for the unsubstituted cation 
to —4.9.12) Thus, in order to compare the effective­
ness of various jfozra-substituents on the stability of the 
triarylcyclopropenium ions with that for the triaryl­
methyl cations, the reported p^TR

+ values5'13) for the 
triarylcyclopropenium ions together with the present 
data were plotted against those12'14) for the correspond­
ing triarylmethyl cations. As shown in Fig. 3 there 
exists a reasonable linear free-energy relationship for 
the p^TR

+ values between the two systems. However, 
the slope (0.46) is much smaller than unity, i.e., the 
conjugative interaction of the substituent to stabilize 
the cationic center is apparently smaller in the triaryl­
cyclopropenium system tha,n in the triarylmethyl sys-
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tern. T h i s p h e n o m e n o n is cons is ten t w i t h t h e resul ts 
of t h e 1 3 C N M R measuremen t s , 5 - 1 0 ) w h i c h impl i e s 
t h a t t h e posi t ive c h a r g e in t h e t r i p h e n y l c y c l o p r o p e n i u m 
ion (4) resides mos t ly in t h e c e n t r a l t h r e e - m e m b e r e d 
r i ng to r e t a i n t h e " a r o m a t i c " 2^ -e l ec t ron r i n g sys tem 
so t h a t less of t h e c h a r g e is de loca l i zed to t h e para-
pos i t ion to i n t e r a c t w i t h t h e subs t i t uen t s t h a n in t h e 
case of t h e t r i a r y l m e t h y l sys tem, even t h o u g h t h e 
c o p l a n a r i t y of t h e w h o l e 7Z-system is m o r e favored 
in t h e t r i a r y l c y c l o p r o p e n i u m sys tem. 

E x p e r i m e n t a l 

General. The melting points are uncorrected. T h e 
elemental analyses were performed by the Microanalytical 
Center, Kyoto University, Kyoto. T h e I R and U V spectra 
were recorded on Hitachi 215 and Hitachi 200-10 spectrom­
eters, respectively. The XH N M R spectra were taken 
with a Hitachi R-24 spectrometer with tetramethylsilane 
as the internal s tandard. The 13G N M R spectra were re­
corded on a J E O L FX-100 spectrometer operated in the 
Fourier transform mode. 

Materials. All the reagents employed were of reagent 
grade quality except when otherwise stated. Tetrachloro-
cyclopropene (C3C14) was supplied by Aldrich Chemical Co. 
Cyclopropylbenzene15> and /j-bromocyclopropylbenzene16) 
were prepared according to the literature. 

Bis(cyclopropylphenyl)cyclopropenones la, lb, and lc. T o 
a stirred suspension of C3C13

+A1C14-, prepared from C3C14 

(1.12 g; 6.29 mmol) and A1C13 (0.67 g, 5.0 mmol) in dichloro-
methane (CH2C12 ; 2.5 ml), was added dropwise a solution 
of cyclopropylbenzene (1.32 g; 11.2 mmol) in CH2C12 (5 ml) 
at —60 °C under an atmosphere of nitrogen. When the 
temperature was raised slowly to —10 °C, rapid evolution 
of HCl took place accompanied by a sudden color change 
to dark red. T h e mixture was further stirred at 0 °C for 
I h and then hydrolyzed with cold water (10 ml) . T h e 
aqueous layer was extracted with CH2C12 (5 ml X 3). T h e 
combined organic solution was washed with 10% NaCl , 
dried ( M g S 0 4 ) , and evaporated in vacuo to give 2.016 g of 
the crude product , from which was separated the cyclo-
propenone l a (0.216 g) as a white powder by washing with 
ether (3 ml) . T h e remaining mixture was separated by the 
use of preparative T L C over SiO a (Merck, PF254) developed 
with benzene-ether(4 : 1). T h e fraction with an Rs 0.14 
afforded an additional amount of l a (0.231 g; total yield 
31.2%). Purification was effected by recrystallization from 
benzene. Found : C, 88.35; H , 6 .25%. Calcd for C21-
H 1 8 0 : C, 88.08; H, 6 .33%. The next T L C fraction with an 
Rf 0.34 gave the cyclopropenone l b (0.675 g; 47.2%) as a 
white powder from benzene. Found : C, 88.09; H, 6 .25%. 
Calcd for C 2 1 H 1 8 0 : C, 88.08; H, 6 .33%. T h e last fraction 
with an Rt 0.64 afforded the cyclopropenone l c (0.106 g ; 
7.4%) as a white powder from benzene-hexane. Found: 
C, 88.31; H , 6 .63%. Calcd for C 2 1 H 1 8 0 : C, 88.08; 
H, 6 .33%. T h e yields for the cyclopropenone isomers in 
duplicate runs were 29.8 and 23 .8% for l a , 57.2 and 45.2% 
for l b , and 7.4 and 8.9% for l c . 

Trisfp - cyclopropylphenyl)cyclopropenium Tetrafluoroborate (2 
BF4~). Method yl:17> T o a stirred solution of j^-cyclo-
propylphenylmagnesium bromide, prepared from />-bromo-
cyclopropylbenzene (0.592 g ; 3.00 mmol) and magnesium 
(0.081 g; 3.3 mg atom) in dry ether (10 ml), was added a 
solution of the cyclopropenone l a (0.231 g; 0.808 mmol) 
in dry benzene (20 ml) during a 25-min period at 0 °C. After 
stirring for 1.5 h at 0 °C, the mixture was hydrolyzed with 
0.2 M K H 2 P 0 4 (30 ml) and worked u p in the usual manner , 

Addition of 4 2 % aq HBF 4 (1 ml) to the stirred solution oi 
the crude product in ether (30 ml) gave a white precipitate, 
which was collected, washed with ether, and vacuum-dried 
to give the tetrafluoroborate salt of the cation 2 as a white 
powder (0.006 g; 2 % ) . Found : C, 75.88; H, 5.59%. 
Calcd for C3 0H2 7BF4 : C, 75.96: H , 5.74%. 

Method B: A solution of the cyclopropenone l a (0.169 g ; 
0.590 mmol) and thionyl chloride (0.334 g; 2.81 mmol) in 
dry benzene was stirred at room temperature for 30 min 
and then refluxed for 15 min. Evaporation of the mixture 
in vacuo left crude l,2-bis(/>-cyclopropylphenyl)-3,3-dichloro-
cyclopropene as a brownish sludge. T h e dichlorocyclo-
propene was dissolved in dry ether (2 ml) and added to a 
stirred solution of /»-cyclopropylphenylmagnesium bromide, 
prepared from ^-bromocyclopropylbenzene (0.299 g ; 1.51 
mmol) and magnesium (0.041 g; 1.7 mg atom) in dry ether 
(2 ml) , at 0 °G. After stirring at 0 °C for 30 min and at 
room temperature for 24 h, the mixture was hydrolyzed 
with 0.2 M K H 2 P 0 4 (20 ml) and worked up . T h e crude 
product was dissolved in ether (2 ml) and treated with 1 ml 
of a solution of acetic anhydr ide -42% aq HBF 4 (10 : 1) to 
give the cation salt 2 BF4~ (0.005 g ; 2 % ) . 

Method C: Synthesis of Bis(p-cyclopropylphenyl)cycloprope-
nium Tetrafluoroborate (3 BFX~). Following the method 
reported by Perkins and Wadsworth1 8) for the reduction oi 
diphenylcyclopropenone, the cyclopropenone l a was converted 
to l,2-bis(^-cyclopropylphenyl)cyclopropene by reaction 
with borane- t r imethylamine complex and H C l ; m p 75.5— 
78.0 °C; I R t-(KBr) 1825 cm" 1 (G=G stretching in the cyclo-
propene r ing) ; 1U N M R Ô (CDC13) 7.64 (d, 4H, o-H), 7.14 
(d, 4H, m-H), 1.95 (m, 2H, methine), 1.50 (s, 2H, CH 2 -
(cyclopropene)), 1.1—0.7 (m, 8H, C H 2 (cyclopropane) ) ; 
13C N M R «5 144.5 (s, C-5), 129.8 (d, C-3), 127.8 (s, C-2), 
126.0 (d, C-4), 110.4 (s, C- l ) , 15.8 (d, C-6), 9.9 (t, C-7), 
6.5 (t, C-8). 

In to a refluxing solution of tr iphenylmethyl tetrafluoro­
borate19) (1.532 g ; 4.64 mmol) in CH2C12 (7 ml) was added 
dropwise during a 1.5-h period with stirring a solution 
of l,2-bis(/>-cyclopropylphenyl)cyclopropene (0.421 g; 1.55 
mmol) in CH2C12 (10 ml) . T h e solution was further refluxed 
for 10 min, and then concentrated to ca. 8 ml. Addit ion 
of ether (50 ml) produced a yellow precipitate, which was 
collected and washed with ether to give the tetrafluoroborate 
salt of the cation 3 as a brownish yellow powder (0.336 g ; 
60 .6%) . Found : C, 70.27; H, 5 .48%. Calcd for C2 1H1 9-
BF 4 : C, 70.42; H, 5 .35%. 

Determination of pKR+. T h e pKR* value was deter­
mined in 2 3 % aqueous ethanol at 25 °C following the spectro-
photometric method described by Breslow and Chang.13) 
T h e cationic solution was found to be stable over the whole 
p H range examined. T h e p H values were read on a Hor iba 
model H p H meter precalibrated with s tandard buffers. 
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Functionalization of frajis-Decalin. H. A Synthesis of rf/-Isopetasol 
from £rafts-5-Oxodecalin-8a,2-carbolactone 
Sigeru T O R I I , * Tsutomu INOKUGHI, and Kiyoto K A W A I 

Department of Industrial Chemistry, School of Engineering, Okayama University, Okayama 700 
(Received September 21, 1978) 

A stereocontrolled synthesis of âL'-isopetasol (la) from £r<m9-5-oxodecalin-8a,2-carbolactone (2a) is described. 
The key intermediate, /'fl^-5,5-ethylenedioxy-lj9,8aj5-dimethyldecalin-2-one (7b) was prepared by reductive 
methylation of ^w^-5,5-ethylenedioxydecahydrocyclopropa[(i]naphthalen-2-one (5) for introducing the vicinal 
two methyl groups at G-l and G-8a carbon atoms. The cyclopropyl ketone 5 was obtained by reduction of the 
acetal of 2a followed by (1) tosylation of the primary alcohol, (2) oxidation of the secondary alcohol with Corey's 
NGS-DMS reagent, and (3) cyclization with £-BuOK. Reduction of 5 with lithium in liquid ammonia provides 
initially the corresponding enolate anion, which can be trapped with methyl iodide to give £ra^-5,5-ethylenedioxy-
la,8a/?-dimethyldecalin-2-one (7a), smoothly. Epimerization of 7a with MeONa in MeOH gave the desired 
intermediate 7b. Reduction of 7b with lithium in liquid ammonia gives the 2a-alcohol 8b, stereoselectively. 
The conversion of 8b into l a was carried out as follows : ( 1 ) deacetalization of 8b followed with acetylation, giving 
/ra??j-6a-acetoxy-4a/?,5/Mimethyldecalin-l-one (9b); (2) reduction of 9b with NaBH4 and subsequent dehydra­
tion affording the olefinic acetate 11; (3) oxidation of 11 with Cr03-pyridine complex, giving the enone 12; (4) 
aldol condensation of 12 with acetone followed by dehydration, isomerization of double bond, and hydrolysis, 
providing the desired la . 

Previous paper from our laboratory has presented 
a convenient preparative method of /ra^-ö-oxodecalin-
8a,2-carbolactone (2a), provided by iodo-lactonization 
of /ra^r-l-oxo-Zl6 '7-octalin-4a-carboxylic acid and sub­
sequent reduction of the carbon-iodine bond with 
tri-jz-butyltin hydride.1) As an extensible use of the 
intermediate 2a, we describe here a stereocontrolled 
synthesis of rf/-isopetasol ( la ) , 2 ) an eremophilane type 
sesquiterpene, isolated from Petasites officinalis** ̂  and 
P. japonicus Maxim,2c) whose carbon skeleton coincides 
with that of biologically active phomenone.3) 

,0X 1a:X =H 

1b:X =Ac 

1c X = CCH=CMe2 

0 

The key starting material in our at tempt is 
/rattJ--5,5-ethylenedioxydecalin-8a,2-carbolactone (2b), 
prepared by acetalization of 2a. The lactone function 
of 2b is expected to be used for the construction of 
the substituents at G-4a, C-5, and C-6 carbons of 1. 
In particular, the stereocontrolled formation of vicinal 
eis two methyl groups at the C-4a and C-5 carbons 
as well as stereoselective introduction of the a-liydroxyl 
group at the C-6 carbon is of interest. 

Reduction of 2b with lithium aluminum hydride 
(LAH) affords the acetal diol 3a in 8 5 % yield. Selec­
tive tosylation4) of the primary alcohol of 3a provides 
smoothly 3b in 9 2 % yield. The formation of cyclo­
propyl ketone 5 can be achieved by heating the tosylat-
ed ketone 4, prepared from 3b by oxidation with N C S -
DMS,5) with potassium /-butoxide in /-butyl alcohol 
at 73 °C. In contrast, LAH-induced reaction of either 
3b or 4 affords the corresponding etherated compound 
6 as a sole product. 

Reductive cleavage of the cyclopropyl ring of 5 
with lithium metal in liquid ammonia and subsequent 
methylation of the carbanion in sitifr gives the desired 
intermediate 7a in 7 6 % yield. Epimerization7) of the 
C-l axial methyl of 7a provides 7b exclusively after 

3a:X = H 
3b:X=S02C6H4CH3 

0 0 

t reatment with sodium methoxide at room temperature 
for 24 h. The reference compound 7c can be easily 
obtained by the reduction of 5. 

The epimerized product 7b is apparently homo­
geneous by N M R spectroscopy and is assigned the 
equatorial stereochemistry at the C-5 methyl group 
based on the comparison of 13C N M R results of 7a, 
7b, and 7c with calculated values from Crews's substi­
tuent increment parameter8) (Table 1). Direct evi­
dence for the assigned structure 7b is presented by 
13C N M R chemical shifts of C-l and C-8a methyl 
groups appearing at 5.8 and 7.8 ppm higher fields 
than those of 7a, due to steric compression effect. 
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TABLE 1. THE SHIELDING EFFECT OF 1?G NMR SPECTRA 

OF THE G-8a (C-l) METHYL GROUPS OF 7a, 7b, AND 7c 

13G Chemical shift, ppm 

Compound 

7a 
{ant i -axial) 

7b 
(equatorial) 

7c 

Obsereved 
C-8a Me 

21.1 

13.3 

18.7 

(C-l Me) 

(12.9) 

(7.1) 

Calculateda> 
C-8a Me 

20.4 

13 .1±0.5 

a) Based on the Crews's substituent increment param­
eter as follows: the increment of the chemical shift of 
methyl (ax) group, being affected by the vicinal 
methyl groups (equatorial and anti-axial) is given as 
follows: the shielding effect of methyl (ax) with methyl 
(eq) : -f 5 . 6 ± 0 . 5 ppm; the shielding effect of methyl 
(ax) with anti-methyl (ax): —1.7 ppm. 

7a: R = H, R'=Me 
7b; R rMe .R^H 
7c: R = R'=H 

0 0 
nL-J12 

8a: Y=0H,Y' = R 
8b:Y=H, Y'=0H 

Stereospecific reduction of the carbonyl group of 
7 b was achieved as follows. Trea tment of 7b with 
lithium metal in liquid ammonia with a trace of ethanol 
affords the thermodynamically stable equatorial alcohol 
8a9) (92%), whereas the bulky reducing reagent such 
as lithium tri-£-butoxyaluminum hydride10) gives the 
corresponding axial alcohol 8 b (98%), selectively. 

The 13G N M R spectra of 8 reveal that the marked 
downfield shifts of the C-8a methyl signals of 8a, 
<5ax_eq+1.4 ppm, due to 1,3-syn-a.xial interaction11) 
between C-8a methyl and G-2 hydroxyl groups would 
account for the stereochemistry assigned to the struc­
tures of 8a and 8b . In addition, the structures of 8 
can be rationally interpreted on the basis of 1,3-diaxial 
downfield shift12) of 1H N M R signals due to C-8a 
methyl protons of 8a (<5 1.09), comparing to 8 b (ô 
0.87). 

The conversion of 8 b into the alcohol 10 via 9a 
and 9b was carried out in 91 % overall yield by deacet-
alization with perchloric acid and subsequent reduction 
with sodium borohydride after t reatment with acetic 
anhydride-pyridine. The tentative assignment of the 
syn-axial hydroxyl group of 10 is based on 1,3-diaxial 
downfield shift of XH N M R signals due to C-4a methyl 
protons at ô 1.01, contrasting to that of 9 b at ô 0.71. 

Dehydration of the hydroxyl group of 10 attached 
to the C-l carbon via the corresponding mesylate 
affords the olefin 11 in quantitative yield. Allylic 
oxidation of 11 with a slurry of anhydrous chromium 
trioxide-pyridine complex (Sarett reagent)13) gives the 
promising intermediate 12 in 8 5 % yield. Kinetically 
controlled aldol condensation14) of the enone 1£ with 

.OX ,0Ac 

10 

o0Ac 

> 

12: 

13a: 

13b: 

R 4 

' p 

o^Y 
R: 

R: 

R = 

= H, X 

=CMe2 
I l 

OH 

:ÇMe2, 

OH 

i ^ y ^ 

8 

= Ac 

X=Ac 

Oox 
6 

X=CCHoCMe? 
i i « 
II 
0 OH 

acetone can lead smoothly to 13a (38%) as well as 
13b (38%). Thermal decomposition of the mesylates 
of 13 giving the corresponding exo and endo double 
bond isomers 14 and subsequent isomerization from 
isopropenyl group to the corresponding isopropylidene 
group on treatment with rhodium(II I ) chloride15) in 
ethanol at 110 °C and/or by passing an activated 
alumina column affords a mixture of l b and l c , pre­
cursors of ^//-isopetasol, whose hydrolysis gives the 
desired <//-isopetasol (la)1 6) (46—51% from 13). 

%oOX 

M a : X = A c 

M b : X = CCH^CMe 
Il il 
0 J 

Exper imenta l 

Melting points and boiling points are uncorrected. Column 
chromatography was carried out using silica gel (100—200 
mesh) unless otherwise noted. IR spectra were determined 
with a JASGO IRA-1 grating spectrometer. 1H NMR 
spectra were determined at 60 MHz with a Hitachi Model 
R-24 or at 100 MHz with a JEOL Model MH-100, and 
13G NMR spectra were measured at 25.05 MHz with a JEOL 
Fourier transform spectrometer, Model FX-100. Samples 
were dissolved in GDG13 containing TMS as an internal 
standard and signals are reported in parts per million (ô) 
downfield from the internal standard. Elemental analyses 
were performed in our laboratory. 

tra.ns-5,5-Ethylenedioxydecalin-8a,2-carbolactone (2b). A 
solution of 2a (388 mg, 2.0 mmol), ethylene glycol (1.2 g, 
19 mmol) and /?-toluenesulfonic acid (50 mg) in benzene 
(40 ml) was refluxed for 12 h u s i n g a Dean-Stark apparatus 



March, 1979] A Synthesis of rf/-Isopetasol 863 

and most of water was removed azeotropically. The mixture 
was washed with aqueous 5 % N a H G 0 3 , dried (Na 2 S0 4 ) , 
and concentrated to give 369 mg (77%) of 2 b as a white 
solid : m p 128.5 °G (benzene); I R (Nujol) 1777 c m - 1 (lac­
tone) ; !H N M R (60 MHz) f5 0.90—2.55 (m, 13, CH 2 , C H ) , 
3.85—3.91 (m, 4, C H 2 0 ) , 4.60 (t, 1, 7 = 5 Hz, C H - O ) ; 
13C N M R Ô 17.6 (t), 19.3 (t), 27.9 (t), 30.9 (t, C-8), 35.0 
(t, C-6), 45.0 (s, G-8a), 45.6 (t, C- l ) , 48.2 (d, G-4a), 64.6, 
66.1 (t, C-10, C-11), 74.8 (d, C-2), 108.6 (s, C-5), 178.2 
(s, C-9). F o u n d : C, 65 .71; H , 7 .78%. Galcd for C13-
H 1 8 0 4 : G, 65.53; H , 7 . 6 1 % . 

tra.ns-5,5-Ethylenedioxy-8 aß- (hydroxymethyl) decalin-2ß-ol (3a). 
To a stirred suspension of LiAlH 4 (230 mg, 6.1 mmol) 
in dry ether (10 ml) was added dropwise a solution of 2 b 
(720 mg, 3.0 mmol) in T H F (5 ml) with cooling. After 
being stirred for 1 h at room temperature, the mixture was 
quenched with AcOEt . After workup in the usual manner , 
there was obtained 620 mg (85%) of 3a as a white solid : 
m p 112.5—114.0 °C (hexane-benzene, 1:1); I R (Nujol) 
3300 c m - 1 ( O H ) ; *H N M R (60 MHz) Ô 0.80—2.15 (m, 
13, CH 2 , C H ) , 3.12 (s, 2, O H ) , 3.87 (ABq , 2, 7 = 10 Hz , 
C H 2 0 ) , 3.65—4.07 (m, 5, C H 2 0 , C H - O ) ; 13C N M R Ô 
15.1 (t), 19.2 (t), 33.5 (t), 35.7 (t), 36.0 (t), 39.0 (s, C-8a), 
43.5 (t, C- l ) , 51.8 (d, C-4a), 64.4, 64.7, 65.7 (t, C-9, C-10, 
C-11), 66.1 (d, C-2), 109.9 (s, C-5). Found : C, 64.40; 
H, 9 .33%. Calcd for C 1 3 H 2 2 0 4 : C, 64.44; H , 9 .15%. 

trans-5,5-Ethylenedioxy-8aß - (p-tolylsulfonyloxy methyl) decalin-2ß-
ol (3b). T o a cold solution of 3a (242 mg, 1.0 
mmol) in pyridine ( 13 ml) was added />-toluenesulfonyl 
chloride (250 mg, 1.3 mmol) with stirring. T h e mixture 
was stirred for 36 h at 5 °C, taken up in AcOEt , and washed 
with cold aqueous 5 % N a H C O s . The organic phase was 
washed with aqueous 2 % N a H C O a , dried (Na 2 S0 4 ) , 
and rotoevaporated at 30 °C. The residue was chromato-
graphed (hexane-AcOEt , 3 : 1 ) to give 364 mg (92%) of 
3b as an oil, slowly crystallized on standing: m p 97.0—98.0 
°C (dec, benzene-hexane, 1 : 1 ) ; I R (Nujol) 3550 ( O H ) , 
1598 c m - 1 (C=C); XH N M R (60 MHz) Ö 0.85—2.35 (m, 
13, CH 2 , C H ) , 1.68 (s, 1, O H ) , 2.43 (s, 3, CH 3 ) , 3.84 
(broad complex 4, C H 2 0 ) , 4.06 (br s, 1, C H - O ) , 4.67 
(ABq, 2, 7 = 10 Hz, C H 2 0 ) , 7.26 (d, 2, 7 = 8 Hz, HC=C) , 
7.75 (d, 2, 7 = 8 Hz, H C = C ) ; 13C N M R Ô 14.4 (t), 18.1 
(t), 21.6 (q, aromatic C - M e ) , 32.6 (t), 34.5(t, C-8), 35.6 
(t, C-6), 38.4 (s, C-8a), 41.0 (t, C- l ) , 52.1 (d, C-4a), 64.6, 
65.5 (t, C-10, C-11), 66.4 (d, C-2), 71.7 (t, C-9), 109.2 
(s, C-5), 127.7 (d, 2C), 129.6 (d, 2C), 133.3 (s), 144.3 (s). 
Found: C, 60.58; H, 7.22%. Calcd for C 2 0 H 2 8 O 6 S: C, 
60.59; H, 7.12%. 

trans-5,5-Ethylenedioxy-8 a-(p-tolylsulfonyloxymethyl) decalin-2-one 
(4). T o a stirred suspension of iV-chlorosuccinimide 
(843 mg, 6.3 mmol) and Me2S (429 mg, 1.26 mmol) in 
toluene (10 ml) was added a solution of 3 b (500 mg, 1.26 
mmol) in CH2C12 (7 ml) in a 15 min at - 2 5 °C. After 
being stirred for 12 h at - 2 5 °C and for 1.5 h at 5 °C, the 
mixture was treated with Et 3N (708 mg, 7.0 mmol) , then 
taken up in CH2C12 , washed with water, dried (Na 2 S0 4 ) , 
and rotoevaporated. The residue was chromatographed 
(hexane-AcOEt, 3 : 1 ) to give 415 mg (84%) of 4 as an oil, 
slowly crystallized on standing : m p 132.0—133.0 °C (hexane-
benzene) ; I R (Nujol) 1708 ( C = 0 ) , 1595 c m - 1 (C=C); 1H 
N M R (60 MHz) Ô 1.30—2.70 (m, 13, CH 2 , C H ) , 2.45 (s, 
3, CH 3 ) , 3.88 (br s, 4, C H a O ) , 4.15 (ABq , 2, 7 = 10 Hz, 
C H 2 0 ) , 7.28 (d, 2, 7 = 8 Hz, HC=C) , 7.72 (d, 2, 7 = 8 Hz, 
HC=C) ; 13C N M R ô 18.8 (t), 19.8 (t), 21.7 (q, aromatic 
C -Me) , 34.5 (t, C-8), 35.4 (t, C-6), 40.4 (t, C-3), 42.2 (s, 
C-8a), 49.9 (d, C-4a), 51.0 (t, C- l ) , 64.6, 65.6 (t, C-10, 
C-11), 69.5 (t, C-9), 109f0 (s, C-5), 127.9 (d, 2C), 129,8 

(d, 2C) , 132.8 (s), 144.6 (s), 208.8 (s, C-2). Found : C, 
61.01; H , 6 .90%. Calcd for C 2 0 H 2 6 O 6 S: C, 60.90; H , 
6.64%. 

trans - 5,5 - Ethylenedioxydecahydrocyclopropa[d]naphthalen -2 - one 
(S). T o a suspension of 4 (86 mg, 0.22 mmol) in 
f-BuOH (3 ml) was added a solution of *-BuOK (286.7 
mg, 2.56 mmol) in ï -BuOH (7 ml) . T h e stirred mixture was 
heated at 75—78 °C for 20 min and then allowed to cool 
to room temperature. T h e mixture was poured into cold 
water (ca. 100 ml) and extracted with benzene-ether. T h e 
extracts were worked up in the usual manner to give 38 mg 
(79%) of 5 : bp 99.0—102.0 °C/0.003 Torr (Kugelrohr) ; 
I R (neat) 1690 (shoulder), 1682 c m - 1 ( C = 0 ) ; *H N M R 
(60 MHz) Ô 0.74—1.04 (m, 2, CH 2 ) , 1.25—2.35 (m, 12, 
CH 2 , C H ) , 3.92 (br s, 4, C H 2 0 ) , 13C N M R Ô 15.9 (t), 16.0 
(t), 22.3 (t), 28.7 (s, C-8a), 32.1 (d, C-2a), 35.4 (t), 35.6 (t) , 
36.0 (t), 42.9 (d, C-4a), 64.9, 65.3 (t, C-9, C-10), 109.7 
(s, C-5), 208.4 (s, C-2). Found : C, 70.19; H , 8 .12%. Calcd 
for C 1 3 H 1 8 0 3 : C, 70.24; H, 8.16%. 

4,4-Ethylenedioxy-9-oxatricyclo[8.2.1.05'lx]dodecane (6). 
T o a refluxing suspension of LiAlH 4 (50 mg, 1.32 mmol) 
in T H F (3 ml) was added a solution of 3 b (32 mg, 0.08 mmol) 
in T H F (1 ml) and stirring was continued for 3 h. After 
being cooled, the mixture was quenched with AcOEt and 
aqueous 5 % N a H C 0 3 and the organic layer was decanted. 
Removal of the solvent and following chromatography 
(hexane-AcOEt , 4 : 1) gave 14 mg (77%) of 6 as a white 
so l id : m p 86.5—87.5 °C; I R (Nujol) 1143, 1090, 1041, 
1005, 886 c m - 1 ; XH N M R (100 M H z ) ô 1.12—1.90 (m, 
13, CH 2 , C H ) , 3.86 (ABq , 2, 7 = 8 Hz, C H 2 0 ) , 3.76—4.02 
(m, 4, C H 2 0 ) , 4.24 (t, 1, 7 = 5 Hz, C H - O ) . Found : C, 
69 .71; H , 9 . 2 1 % . Calcd for C 1 3 H 2 0 O 3 : C, 69 .61; H , 8.99%. 

Similarly, 6 was obtained in 7 1 % yield by the reaction of 
4 (37 mg, 0.094 mmol) and LiAlH 4 (70 mg, 1.84 mmol) 
in T H F (3 ml) at reflux for 5 h. 

trans-5,5-Ethylenedioxy-1 aßaß-dimethyldecalin-2-one ( 7 a). 
A solution of 5 (265 mg, 1.19 mmol) and f-BuOH (88 mg, 
1.19 mmol) in D M E (5 ml) was added to a blue solution of 
lithium (40 mg, 5.7 mmol) in liquid N H 3 (ca. 40 ml) . After 
being stirred for 30 min at - 7 0 °C and for 10 min at - 3 3 °C, 
the blue solution was quenched with an excess amount of 
M e l (0.75 ml, 12.1 mmol) and allowed to stand at room 
temperature in order to dispel most of liquid N H 3 . T o the 
residue, D M E (5 ml) and H M P A ( 1 ml) was added and the 
mixture was stirred for 1 h, washed with a cold aqueous 
NH4C1, and taken up in e ther-benzene. T h e organic phase 
was washed with aqueous 5 % N a H C O a , dried ( N a 2 S 0 4 ) , 
and concentrated. The residue was chromatographed 
(hexane-ether, 4 : 1 ) to give 216 mg (76%) of 7a as a white 
solid: m p 47.5—48.5 °C; I R (Nujol) 1698 c m - 1 ( C = 0 ) ; 
XH N M R (60 MHz) ô 0.98 (s, 3, CH 3 ) , 1.09 (d, 3, 7 = 7 . 5 Hz , 
CH 3 ) , 0.80—2.55 (m, 12, CH 2 , C H ) , 3.80—3.96 (m, 4, 
C H 2 0 ) ; 13C N M R ô 12.9 (q, C-9), 19.1 (t, C-7), 20.6 (t, 
C-6), 21.1 (q, C-10), 35.1 (t, C-4), 35.7 (t, C-8), 36.9 (t, 
C-3), 39.6 (s, C-8a), 42.9 (d, C-4a), 57.1 (d, C- l ) , 64.1, 
65.5 (t, C-11, C-12), 110.3 (s, C-5), 215.8 (s, C-2). Found : 
C, 70.56; H, 9 .35%. Calcd for C 1 4 H 2 2 0 3 : C, 70.56; H, 
9.30%. 

trans-5,5-Ethylenedioxy-1 ß,8aß-dimethyldecalin-2-one ( 7b). 
A solution of 7a (280 mg, 0.85 mmol) and M e O N a (658.8 mg, 
12.2 mmol) in M e O H (12 ml) was stirred for 2 4 h at room 
temperature. The mixture was poured into cold water and 
extracted with ether-benzene. T h e organic phase was worked 
up to give 269 mg (96%) of 7 b as a white solid : m p 41.0— 
42.0 ° C ; I R (Nujol) 1708 cm" 1 ; XH N M R (60 MHz) «5 0.81 
(s, 3, CH 3 ) , 0.89 (d, 3, 7 = 7 . 0 Hz, CH 3 ) , 0.90—2.50 (m, 
12, CH g , C H ) , 3-87—4.07 (m, 4, C H 3 0 ) ; 13C N M R Ô 7 4 
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(q, G-9), 13.3 (q, C-10), 19.6 (t, G-7), 21.1 (t, G-6), 35.3 
(t, C-4), 38.0 (t, C-3), 40.9 (t, G-8), 42.2 (s, C-8a), 51.7 (d, 
C-4a), 56.7 (d, C- l ) , 64.1, 65.5 (t, C - l l , G-12), 109.8 (s, 
G-5), 212.3 (s, G-2). Found : C, 70.37; H , 9 .38%. Calcd 
for C 1 4 H 2 2 0 3 : C, 70.56; H , 9.30%. 

tra.ns-5,5-Ethylenedioxy-8a-methyldecalin-2-one (7c). T o a 
stirred solution of 5 (30 mg, 0.135 mmol) in / -BuOH (10 mg, 
0.135 mmol) , ether (4 ml) , and liquid N H 3 was added a 
piece of lithium (14 mg, 2.0 mmol) . After being stirred 
for 30 min at — 33 °C, the solution was cooled to — 70 °C 
and quenched all at once with NH4C1 (500 mg). The mixture 
was worked up in the usual manner to give 28 mg (92%) 
of 7c as a white solid : m p 66.0—67.5 °C; I R (Nujol) 1715 
c m - i ( C = 0 ) ; 1U N M R (60 MHz) Ô 1.00 (s, 3, CH 3 ) , 1.10— 
2.50 (m, 13, GH 2 , C H ) , 3.78—3.93 (m, 4, G H 2 0 ) ; 13G N M R 
Ô 18.7 (q, C-9), 19.5 (t, C-7), 20.7 (t, G-6), 35.7 (t, C-4), 

39.0 (s, G-8a), 40.6 (t, G-8), 41.1 (t, C-3), 50.1 (d, C-4a), 
57.5 (t, C- l ) , 64.2, 65.5 (t, C-10, C - l l ) , 109.7 (s, C-5), 211.2 
(s, C-2). Found : C, 69.53 ; H , 9 .03%. Calcd for C13-
H 2 0 O 3 : C, 69.61 ; H , 8.99%. 

trans-5,5-Ethylenedioxy-1 ß,8aß-dimethyldecalin-2ß-ol (8a). 
T o a stirred slurry of LiAl(*-BuO)3H (610 mg, 2.4 mmol) 
in T H F (3 ml) was added a solution of 7 b (115 mg, 0.48 
mmol) in T H F (7 ml) at 0—5 °C under N 2 . After being 
stirred for 12 h at room temperature , the mixture was quen­
ched with cold aqueous 5 % N a H C 0 3 and worked up in the 
usual manner to give 113 mg (98%) of 8 a as a white solid : 
m p 82.5—83.5 °C; I R (Nujol) 3340 c m - 1 ( O H ) ; XH N M R 
(60 MHz) ô 0.98 (d, 3, 7 = 7 Hz, CH 3 ) , 1.09 (s, 3, CH 3 ) , 
0.80—2.10 (m, 13, CH 2 , GH, O H ) , 3.73 (m, 1, C H - O ) , 
3.75—4.00 (m, 4, C H 2 0 ) ; 13C N M R Ô 11.7 (q, C-9), 14.3 
(q, C-10), 15.0 (t), 18.9 (t), 34.2 (t), 35.6 (t), 38.3 (s, C-8a), 
38.3 (t, G-8), 47.3 (d, C-4a), 53.6 (d, C- l ) , 64.0, 65.4 (t, 
C - l l , C-12), 72.2 (d, G-2), 110.2 (s, C-5). Found : C, 
70.02; H , 10.10%. Calcd for C 1 4 H 2 4 0 3 : C, 69.96; H , 
10.07%. 

trans-5,5'-Ethylenedioxy-1 ß,8aß-dimethyldecalin-2a.-ol (8b). 
T o a blue solution of lithium (8.9 mg, 1.27 mmol) in liquid 
N H 3 (6 ml) was added a solution of 7b (30 mg, 0.126 mmol) 
in E t O H (7.2 jjd), ether (3 ml) , and dioxane (1 ml) . After 
being stirred for 10 min at - 7 0 °C and for 1 h at - 3 3 °C, 
the solution was quenched with aqueous saturated NH4C1 
and worked up to give 28 mg (93%) of 8 b as an oil : bp 
139.0—142.0 °C/0.1 Tor r (Kugel rohr) ; I R (neat) 3360 
c m - 1 ( O H ) ; m N M R (60 M H z ) ô 0.87 (s, 3, CH 3 ) , 0.95(d, 
3, 7 = 2 Hz, CH 3 ) , 0.90—2.30 (m, 12, CH 2 , C H ) , 2.25 (br, 
s, 1, O H ) , 3.38 (m, 1, C H - O ) , 3.75—3.98 (m, 4, C H 2 0 ) ; 
13C N M R Ô 10.3 (q, G-9), 12.9 (q, C-10), 18.8 (t), 19.2(t), 
35.4(f), 35.7 (t), 38.1 (t, C-8), 38.8 (s, C-8a), 51.3 (d, C-4a), 
52.5 (d, C- l ) , 64.0, 65.4 (t, C - l l , C-12), 72.0 (d, G-2), 110.3 
(s, C-5). Found : C , 7 0 . 1 2 ; H , 10.13%. Calcd for C14-
H 2 4 0 3 : C, 69.96; H , 10.07%. 

trans-6a-Hydroxy-4aß,5ß-dimethyldecalin-1-one (9a). A 
cold solution (0—5 °C) of 8 b (24 mg, 0.1 mmol) and 3 
drops of 70%o H C 1 0 4 in T H F (2 ml) and water (1 ml) was 
stirred for 12 h. The organic layer was taken up in benzene 
and washed with brine, dried ( N a 2 S 0 4 ) , and concentrated 
to give 18 mg (92%) of 9a as an oil : bp 77.0—78.0 °C/ 
0.007 Torr (Kugelrohr) ; I R (neat) 3360 ( O H ) , 1 7 0 0 c m - 1 

(C=0) ; XH N M R (60 MHz) «5 0.66 (s, 3, CH 3 ) , 0.97 (d, 
3, 7 = 6 Hz, GH 3 ) , 0.90—2.45 (m, 12, CH 2 , C H ) , 2.05 (s, 
1, O H ) , 3.36 (d, d, d, 1, 7 = 1 0 , 5, 5 Hz, C H - O ) ; 13C N M R 
ô 11.0 (q, G-9), 13.3 (q, C-10), 19.6 (t), 22.1 (t), 34.5 (t), 
37.5 (t, C-4), 41.0 (t, C-2), 43.4 (s, C-4a), 50.1 (d, C-5), 
58.1 (d, C-8a), 71.5 (d, G-6), 212.6 (s, C- l ) . Found : C, 
73.65 ; H , 10.25%. Calcd for G1 2H2 0O2 : C, 73.43 ; 
H , 10.27%. 

trans-6oc-Acetoxy-4aß,5ß-dimethyldecalin-1-one (9b). A 
cold solution (5 °C) of 9a (70 mg, 0.357 mmol) in pyridine 
(1.2 ml) and A c 2 0 (0.5 ml, 5.29 mmol) was stirred for 12 h 
at room temperature. The mixture was poured into cold 
water and extracted with ether-benzene. The extracts were 
worked up to give 85 mg (100%) of 9 b as a white solid : 
m p 88.0—89.5 °C; I R (Nujol) 1724 (ester C = 0 ) , 1709 
c m - 1 ( C = 0 ) ; i H N M R (60 MHz) ô 0.71 (s, 3, CH 3 ) , 0.85 
(d, 3, 7 = 7 Hz, GH 3 ) , 1.00—2.45 (m, 12, CH 2 , C H ) , 2.02 
(s, 3, C O C H 3 ) , 4.63 (d, d, d, 1, 7 = 1 0 , 5, 5 Hz, C H - O ) ; 
13C N M R ô 10.9 (q, C-9), 13.3 (q, C-10), 19.4 (t), 21.3 
(q, acetyl CH 3 ) , 22.1 (t), 30.7 (t), 37.5 (t, C-4), 40.9 (t, C-2), 
43.4 (s, C-4a), 47.0 (d, C-5), 57.8 (d, C-8a), 74.2 (d, C-6), 
170.6 (s, acetyl C = 0 ) , 211.9 (s, C- l ) . Found: C, 70.56; H, 
9 .28%. Calcd for C 1 4 H 2 2 0 3 : C, 70.56; H , 9.30%. 

trans-6a- Acetoxy-4aß,5ß-dimethyldecali?i-1ß-ol (10). A 
solution of 9 b (37 mg, 0.155 mmol) in M e O H (1.5 ml) was 
treated with a solution of NaBH 4 (19 mg, 0.5 mmol) in water 
(0.3 ml) at 0—5 °C for 30 min. The mixture was quenched 
with cold A c O H (0.15 ml) and water (1.35 ml) , and extracted 
with ether-benzene. The extracts were worked up to give 
37 mg (99%) of 10 as a white solid : m p 87.5—89.0 °C; 
I R (Nujol) 3540 ( O H ) , 1715 c m - 1 (ester C = 0 ) ; XH N M R 
(60 MHz) ô 0.75 (d, 3, 7 = 6 Hz, CH 3 ) , 1.01 (s, 3, CH 3 ) , 
0.80—2.42 (m, 12, CH 2 , GH) , 1.69 (s, 1, O H ) , 2.02 (s, 3, 
C O C H 3 ) , 3.88 ( b r s , 1, C H - O ) , 3.75 (d, d, d, 1, 7 = 1 0 , 5, 
5 Hz, C H O ) ; 13C N M R «5 9.7 (q, C-9), 14.0 (q, C-10), 16.3 
(t), 21.3 (q, acetyl CH 3 ) , 24.6 (t), 32.3 (t), 33.8 (t), 37.0 
(s, C-4a), 38.5 (t, C-4), 48.4, 48.8 (d, C-5, C-8a), 71.5 (d, 
C- l ) , 75.1 (d, C-6), 170.8 (s, acetyl C = 0 ) . Found: C, 
70.02; H , 10.07%. Calcd for C 1 4 H 2 4 O a : G, 69.96; H , 
10.07%. 

6a-Acetoxy-4aß,5ß-dimethyl-Al'8&-octalin (11). To a 
stirred, cold solution (0—5 °C) of 10 (28 mg, 0.117 mmol) 
in pyridine (0.5 ml) was added methanesulfonyl chloride 
(148 mg, 1.29 mmol) . After being stirred for 30 min at 
0—5 °C and for 30 min at 40—50 °C, the mixture was quench­
ed with water and extracted with ether-benzene. The 
organic phase was washed with cold aqueous 5 % tartaric 
acid, aqueous 5 % N a H G 0 3 , and brine, dried (Na 2 S0 4 ) , 
and concentrated. The residue was chromatographed 
(hexane-ether, 5 : 1) to give 26 mg (100%) of 11 as an oil : 
bp 99.0—101.0 °C/0.1 Tor r (Kugelrohr) ; I R (neat) 1735 
c m - 1 (ester C = 0 ) ; *H N M R (60 MHz) ô 0.86 (d, 3, 7 = 
6 Hz , GH 3 ) , 0.99 (s, 3, CH 3 ) , 1.06—2.45 (m, 11, GH2 , CH) , 
2.03 (s, 3, C O C H 3 ) , 4.80 (d, d, d, 1, 7 = 10, 5, 5 Hz, C H - O ) , 
5.39 (t, 1, 7 = 3 Hz, H C = C ) ; 13C N M R <5 10.8 (q, C-9), 
18.7 (t), 19.2 (q, C-10), 21.3 (q, acetyl CH 3 ) , 25.6 (t), 30.7 
(t), 33.1 (t), 37.5 (t, C-4), 37.8 (s, C-4a), 47.3 (d, C-5), 
75.1 (d, C-6), 120.6 (d, C- l ) , 142.1 (s, G-8a), 170.8 (s, acetyl 
C = 0 ) . Found : C, 75.69; H , 10.01%. Calcd for C „ H 2 2 c C : 
C, 75.63; H , 9 .97%. 

6oc-Acetoxy-4aß,5ß-dimethyl-A>l'S!l-octalin-2-one (12). To 
a solution of 11 (22 mg, 0.1 mmol) in dry CH2G12 (5 ml) 
was added in one portion a slurry of anhydrous G r 0 3 - (pyri­
dine) 2 complex (800 mg, 31 mmol) in CH2C12 (5 ml) under 
argon. After being stirred for 24 h at room temperature, 
the mixture was filtered off and the solid in the flask was 
washed with ether. T h e combined filtrate and washings 
were washed with aqueous 5 % N a H C 0 3 , cold aqueous 
5 % HCl , and brine, dried (Na 2 S0 4 ) , and concentrated. 
The residue was chromatographed (hexane-ether, 4 : 1 ) to 
give 20 mg (85%) of 12 as a solid : mp 69.0—70.5 °C; IR 
(Nujol) 1731 (ester C = 0 ) , 1676 ( C = 0 ) , 1618cm- 1 ( C C ) ; 
XH N M R (60 MHz) ô 0.82 (d, 3, 7 = 6 . 5 Hz, C K , ) , 1.15 
(s, 3, CH 3 ) , 1.00—2.65 (m, 9, CH 2 , C H ) , 2.04 (s, 3, GOCH 3 ) , 
4.71 (d, d, d, 1, 7 = 10, 5, 5 Hz, C H - O ) , 5.72 (br s, 1, HC=C) ; 
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13C N M R S 10.5 (q, G-9), 17.1 (q, C-10), 21.2 (q, acetyl 
GH3) , 30.9 (t, G-8), 31.5 (t, G-7), 33.3 (t, C-4), 35.7 (t, C-3), 
39.3 (s, C-4a), 46.7 (d, G-5), 73.4 (d ; G-6), 124.6 (d, C- l ) , 
167.6 (s, C-8a), 170.6 (s, acetyl G = 0 ) , 198.9 (s, G-2). Found : 
C, 71.06; H, 8.60%. Calcd for C 1 4 H 2 0 O 3 : C, 71.16; H, 
8.53%. 

6tx-Acetoxy-3a- ( 1 -hydroxy-1 -methylethyl) - 4aß,5ß - dimethyl - A 1 '8a-
octalin-2-one (13a) and 3x-( 7-Hydroxy-1-methylethyl)-6<x-(3-
hydroxy - 3 - methylbutyryloxy) - 4aß,5ß - dimethyl -A},s>i-octalin-2 - one 
(13b). T o a stirred solution of z'-Pr2NLi (246.1 mg, 
2.3 mmol) in T H F (4 ml) was added dropwise a solution of 
12 (115 mg, 0.49 mmol) in T H F (4 ml) at - 7 8 °C under 
argon. After being stirred for l h at — 78 °C, ZnCl2

17> 
(133 mg, 0.98 mmol) in ether (5 ml) was added and stirred 
for 10 min and to this mixture acetone (300 mg, 5.2 mmol) 
was added. The mixture was quenched with cold aqueous 
5 % tartaric acid and extracted with ether-benzene. The 
organic phase was worked up in the usual manner and the 
crude product was chromatographed (hexane-AcOEt, 4 : 1 ) 
to give 55 mg (38%) of 13a and 65 mg (38%) of 13b as an 
oil. Physical constants along with elemental analyses of 
13a and 13b are as follows : 13a; I R (neat) 3440 ( O H ) , 
3020, 1735 (ester G = 0 ) , 1650 cm" 1 (G=0) ; XH N M R (60 
MHz) Ô 0.94 (d, 3, 7 = 7 Hz, GH 3 ) , 1.19 (s, 3, CH 3 ) , 1.22 
(s, 6, CH 3 ) , 1.10—2.70 (m, 8, CH 2 , C H ) , 4.83 (d, d, d, 1, 
J = 1 0 , 5, 5 Hz, G H - O ) , 5.01 (br s, 1, O H ) , 5.73 (br s, 1, 
HC=C) ; 13G N M R Ô 10.5 (q, C-9), 17.1 (q, C-10), 21.2 (q, 
acetyl CH 3 ) , 24.6 (q, C-13), 28.3 (q, G-12), 30.5 (t, G-8), 
31.3 (t, G-7), 38.7 (t, C-4), 40.0 (s, C-4a), 47.1 (d, G-5), 
50.6 (d, C-3), 72.4 (s, C - l l ) , 73.1 (d, G-6), 125.1 (d, C- l ) , 
168.2 (s, C-8a), 170.6 (s, acetyl C - O ) , 202.8 (s, C-2). Found : 
C, 69.44; H , 8.92%. Calcd for C 1 7 H 2 6 0 4 : C, 69.36; H , 
8.90%. 

13b: I R (neat) 3440 (OH) , 3020, 1720 (ester C = 0 ) , 
1660 c m - 1 ( G = 0 ) ; 1U N M R (60 MHz) ô 0.85 (d, 3, J= 
7 Hz, CH 3 ) , 1.00 (s, 3, CH 3 ) , 1.21 (s, 6, CH 3 ) , 1.20—2.75 
(m, 8, CH 2 , C H ) , 1.29 (s, 6, CH 3 ) , 2.02 (s, 2, CH 2 ) , 4.93 
(d, d, d, 1, J =10, 5, 5 Hz, C H - O ) , 4.96 (br s, 1, O H ) , 5.31 
(br s, 1, O H ) , 5.73 (br s, 1, HC=C) . Found : C, 68 .31; 
H, 9 .11%. Calcd for C 2 0 H 3 2 O 5 : C, 68.15; H , 9 .15%. 

Independently, the compound 13a was prepared as follows : 
T o a stirred solution of lithium iV-isopropylcyclohexylamide 
(73.6 mg, 0.5 mmol) in T H F (3 ml) was added dropwise 
a solution of 12 (24 mg, 0.1 mmol) in T H F (3 ml) at - 7 8 °G. 
After being stirred for 2.5 h at - 7 8 °C, ZnCl 2 (13.6 mg, 
0.1 mmol) in ether (3 ml) was added and stirred for 10 min 
and to this mixture acetone (0.1 ml, 13.6 mmol) was added. 
The mixture was quenched with cold aqueous 5 % tartaric 
acid and worked up to give 20 mg (68%) of 13a. 

6a-Acetoxy-3-isopropylidene-4aß,5ß - dimethyl - A 1 '8a- octalin -2-one 
(lb). T o a solution of 13a (21 mg, 0.071 mmol) 
in pyridine (1.5 ml) was added MsCl (29.6 mg, 0.26 mmol) 
at 0 °C under N 2 . After being stirred for 1 h at 20 °C and 
2 h at 40—42 °C, the mixture was quenched with cold water 
and taken up in ether-benzene. The organic layer was 
washed with brine, dried (Na 2 S0 4 ) , and concentrated. The 
residue was chromatographed (hexane-AcOEt , 4 : 1 ) to 
give 3 mg of 12 and 13 mg (66%) of an exo and endo double 
bond mixture 14a: I R (neat) 3070, 1735 (ester C = 0 ) , 1675 
(C=0) , 1630 c m - 1 (C=C); XH N M R (60 MHz) ô 4.80, 4.96 
(br s, H 2C=C). Without further purification, 14a was passed 
through an activated alumina 300 (Nakarai Chemicals) 
column (hexane-AcOEt, 3 : 1 ) to give l b in a quantitative 
yield as a white solid : m p 78.0—79.0 °C (lit,18) 86.0— 
87.0 °C) ; I R (Nujol) 1735 (ester C = 0 ) , 1665 ( C = 0 ) , 1635 
(C=C), 1242, 1030 c m - 1 ; m N M R (100 MHz) <5 0.99 (d, 
3, 7 - 6 Hz, CH 3 ) , 1.04 (s, 3, CH 3 ) , 1.10—2.60 (m, 6, CH 2 , 

C H ) , 1.85 (s, 3, CH 3 ) , 2.07 (s, 3, C O C H 3 ) , 2.09 (s, 3, CH 3 ) , 
2.94 (d, 1, 7 = 14 Hz, C=CCH) , 4.88 (d, d, d, 1, 7 - 1 0 , 5, 
5 Hz , C H - O ) , 5.82 (br s, 1, H C = C ) ; 13C N M R ô 10.7 (q, 
C-9), 17.1 (q, C-10), 21.2 (q, acetyl CH 3 ) , 22.1 (q, C-12), 
22.6 (q, C-13), 30.1 (t, C-8), 31.5 (t, C-7), 41.1 (t, C-4), 
42.2 (s, C-4a), 46.0 (d, C-5), 73.6 (d, C-6), 126.7 (d, C- l ) , 
127.0 (s, C-3), 143.4 (s, C - l l ) , 165.0 (s, C-8a), 170.7 (s, 
acetyl C = 0 ) , 191.6 (s, C-2). 

6a. - (3,3-Dimethylacryloyloxy) -3- isopropylidene-4ß,5ß-dimethyl-
&}'ia-octalin-2-one (le) was obtained in 72% yield by dehyd­
ration with MsCl and isomerization with activated alumina 
300 column of 1 3 b : bp 129.0—131.0 °C/0.01 Torr (Kug­
elrohr) ; I R (neat) 3020, 1712 (ester C = 0 ) , 1665 ( C = 0 ) , 
1630 (C=C), 1620 c m - 1 (C=C); XH N M R (100 MHz) ô 
0.98 (d, 3, 7 = 7 Hz, CH 3 ) , 1.04 (s, 3, CH 3 ) , 1.10—2.59 (m, 
6, CH 2 , C H ) , 1.85, 1.91, 2.10, 2.18 (s, 12, CH 3 ) , 2.92 (d, 
1, 7 = 13 Hz, C=CCH) , 4.86 (d, d, d, 1, 7 = 1 0 , 5, 5 Hz , 
C H - O ) , 5.65 (complex s, 1, HC=C) , 5.75 (d, 1, 7 = 1 Hz , 
H C = C ) ; 13C N M R ô 10.7 (q, C-9), 17.2 (q, C-10), 20.3 
(q, 3,3-dimethylacryl y-GH3), 22.1 (q, C-13), 22.6 (q, C-12), 
27.5 (q, 3,3-dimethylacryl y-CH3) , 30.2 (t, C-8), 31.8 (t, 
C-7), 41.2 (t, C-4), 42.2 (s, C-4a), 46.2 (d, C-5), 72.4 (d, 
C-6), 116.0 (d, acryl a -CH) , 126.6 (d, C- l ) , 127.1 (s, C-3), 
143.2 (s, C - l l ) , 157.2 (s, acryl ß-C), 165.3 (s, C-8a), 166.3 
(s, acryl C = 0 ) , 191.6 (s, C-2). Found : C, 75.93; H , 8.97%. 
Calcd for C 2 0 H 2 8 O 3 : C, 75.91; H , 8.92%. 

Conversion of 14a into lb with RhCl3-2H20. A solution 
of 14a (19 mg, 0.069 mmol) and R h C l 3 " 2 H 2 0 (2 mg, 0.008 
mmol) in E t O H (2 ml) was heated for 12 h at 110 °C in a 
sealed tube. After being cooled, the mixture was filtered 
and the filtrate was concentrated. T h e residue was chro­
matographed (hexane-AcOEt , 4 : 1 ) to give 14 mg (84%) 
of l b as a white solid. 

Similarly, l c was obtained by the reaction of 14b and 
R h C l 3 - 2 H 2 0 in E t O H at 110°C for 12 h in 8 2 % yield. 

d\-Isopetasol (la). T o a solution of l b (21 mg, 0.076 
mmol) in M e O H (2 ml) was added a solution of K O H 
(95 mg, 17 mmol) in H 2 0 (0.3 ml) at 5 °C. T h e mixture 
was stirred for 2 h at 10 °C and taken up in e ther-benzene. 
T h e extract was worked up in the usual manner to give 
13 mg (73%) of l a as white so l id : m p 104.0—105.5 °C 
(lit,2c> 124.0—125.0 °C, lit,2d> 105.0—106.0 °C) ; I R (Nujol) 
3390 ( O H ) , 1652 ( C = 0 ) , 1628 (C=C), 1608 (C=C), 1380, 
1298, 1230, 1217, 1048, 890, 858 cm" 1 ; XH N M R (100 M H z ) 
ô 0.99 (s, 3, CH 3 ) , 1.12 (d, 3, 7 = 6 . 5 Hz, CH 3 ) , 1.10—1.67 
(m, 3, CH 2 , C H ) , 1.79 (s, 1, O H ) , 1.87 (s, 3, C=CCH 3 ) , 
2.03—2.50 (m, 3, CH 2 ) , 2.11 (s, 3, C=CCH 3 ) , 2.93 (d, 1, 
7 = 14 Hz, C=CCH) , 3.60 (d, d, d, 1, J= 10, 5, 5 Hz, C H - O ) , 
5.82 (br s, 1, H C = C ) ; 13C N M R à 10.8 (q, C-9), 17.3 (q, 
C-10), 22.1 (q, C-13), 22.6 (q, C-12), 30.5 (t, C-8), 35.3 
(t, C-7), 41.2 (t, C-4), 42.0 (s, C-4a), 49.1 (d, C-5), 71.3 
(d, C-6), 126.5 (d, C- l ) , 127.2 (s, C-3), 143.2 (s, C - l l ) , 
166.1 (s, C-8a), 191.7 (s, C-2). 

Similarly, (//-isopetasol ( l a ) was obtained in 7 1 % yield 
by hydrolysis of l c at room temperature for 2 h with K O H 
in aqueous M e O H . I R and XH N M R spectra da ta were 
identical with those of an authentic sample.1G) 

References 

1) S. Torii, T . Kuni tomi , and T. Okamoto , Bull. Chem. 
Soc. jpn., 47, 2349 (1974). 

2) Isolation and elucidation : (a) A. Aebi and C. Djerassi, 
Heb. Chim. Acta, 42, 1785 (1959); (b) D. Herbst and C. 
Djerassi, J. Am. Chem. Soc, 82, 4337 (1960); (c) K . Naya, 
I. Takagi , Y. Kawaguchi , Y. Asada, Y. Hirose, and N. 
Shinoda, Tetrahedron, 24, 5871 (1968); Synthesis; (d) K . 



866 Sigeru T O R I I , Tsu tomu INOKUCHÎ, and K-iyoto K A W A Î tVol. 52, No. 3 

Yamakawa, I . Izuta, H . Oka, and R. Sakaguchi, Tetrahedron 
Lett, 1974, 2187. 

3) G. Riche, G. Pascard-Billy, M. Devys, A. Gaudemer, 
M . Barbier, and J . -F . Bousquet, Tetrahedron Lett., 1974, 2765. 

4) W. S. Johnson, J . G. Collins, J r . , R. Pappo, M. B. 
Rubin , P. J . Kropp , W. F. Johns , J . E. Pike, and W. Bar tmann 
J. Am. Chem, Soc, 85, 1409 (1963). 

5) E. J . Gorey and G. U . Kim, J, Am, Chem, Soc, 94, 
7586 (1972). 

6) (a) G. Stork, S. Uyeo, T . Wakamatsu, P. Grieco, 
and J . Labovitz, J, Am, Chem, Soc, 93, 4945 (1971); (b) 
P. A. Grieco, Y. Masaki, and D. Boxler, J, Org. Chem,, 40, 
2261 (1975); (c) W. G. Dauben and E. J . Deving, ibid., 31, 
3794 (1966). 

7) I. Nagakura , S. Maeda , M. Ueno, M. Funamizu, 
and Y. Ki tahara , Chem. Lett., 1975, 1143. 

8) P. Grews and E. Kho-Wiseman, Tetrahedron Lett., 
1978, 2483. 

9) J . W. Huffman and J . T . Charles, J. Am. Chem. Soc, 
90, 6486 (1968). 

10) D. T a u b , R. D. Hoffsommer, G. H . Kuo , H . L. Slates, 
Z. S. Zelawski, and N . L. Wendler , Chem. Commun., 1970, 
1258. 

11) S. H . Grover and J . B. Stothers, Can. J. Chem., 52, 
870 (1974). 

12) R. B. Miller and E. S. Behare, J. Am. Chem. Soc, 
96, 8102 (1974). 

13) W. D. Dauben, M. Lorber, and D. S. Fullerton, 
J. Org, Chem,, 34, 3587 (1969). 

14) T h e reaction of the kinetical enolate anion of oc,ß-
enone with methyl iodide : (a) M . Tanabe and D. F. Crowe, 
Chem, Commun,, 1973, 564; The reaction of the kinetical 
enolate anion of /?-alkoxy-a,/?-enones with carbonyl com­
pounds ; (b) G. Stork and G. A. Kraus, J, Am. Chem. Soc, 
98, 2351 (1976); (c) S. Torii , T . Okamoto, and S. Kadono, 
Chem. Lett., 1977, 495. 

15) P. A. Grieco, M . Nishizawa, N . Marinovic, and W. 
J . Ehmann , J. Am. Chem. Soc, 98, 7102 (1976). 

16) We are gratefull to Professor K. Naya, Kwansei Gakuin 
University, for providing XH N M R and I R spectra of natural 
isopetasol ( l a ) . 

17) H . O . House, D. S. Crumrine, A. Y. Teranishi, and 
H . D. Olmstead, J, Am, Chem, Soc, 95, 3310 (1973). 

18) I. Takagi , Y. Tazuke, and K. Naya, Bull, Chem, Soc 
Jpn,, 50, 3320 (1977). 



March, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (3), 867—870 (1979) 867 

Imidazopteridines. II.1' Synthesis of Imidazo[l,2-c]pteridines 
with a Functional Group at the 6-Position 
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Several imidazo[l,2-c]pteridines with a functional group such as amino, alkylamino, alkoxyl, or hydroxyl 
group at the 6-position were synthesized by a nucleophilic replacement of 6-methylthioimidazo[l,2-c]pteridine 
with an appropriate nucleophile. The key intermediate methylthio compound was synthesized by condensa­
tion of 4-amino-2-methylthiopteridine with chloroacetaldehyde. Similarly, 4-amino-6,7-dimethyl-2-methyl-
thiopteridine and chloroacetaldehyde gave 2,3-dimethyl-6-methylthioimidazo[l,2-c]pteridine, which was also 
used as a precursor to synthesize several imidazopteridines analogous to above. 

In the course of our research programs on tricyclic 
imidazoazines,1-4) we previously reported the synthesis 
of the parent imidazo[l,2-c]pteridine and its C-alkyl 
derivatives.1^ These compounds were found to be 
susceptible to ring-opening reaction into an 2-amino-
3-(2-imidazolyl)pyrazine via a nucleophilic addition of 
water at the 6-position. This ring-opening reaction 
proceeded easily even in the presence of a blocking 
methyl group5) at the site of addition. All these 
results indicated a high reactivity of the ring system 
toward various nucleophiles at the 6-position. This 
paper reports the synthesis of some 6-methylthio deriv­
atives of the ring system and their easy derivation 
into a variety of imidazo[l,2-c]pteridines with a func­
tional group at the 6-position. 

Condensation of 4-amino-2-methylthiopteridine(la) 
with chloroacetaldehyde at p H 6—7 gave intensive 
blue fluorescent 6-methylthioimidazo[l,2-c]pteridine-
(2a) in about 4 5 % yield. When the reaction was 
carried out at the p H values out of the above range, 
either higher or lower, the yield of 2a lowered signifi­
cantly, probably due to instability of 2a under such 
conditions. The structure of the product was confirm­
ed from the elemental analyses, pK& values, and U V 
spectra (Table 1) which showed a characteristic batho-
chromic shift when the molecule was doubly protonated. 
The 1H N M R spectrum of 2a showed two singlets at 
ô 2.68 for the methyl group and at ô 7.86 for the imida-

NH2 

I II I 
R / ^ N ^ N ^ S C H o 

a: R = H 
b : R = CH3 

I II I 

2 

a: R = H, X = S C H 3 

b : R=CH 3 , X = SGH3 

c: R = H, X = N H 2 

d: R=GH 3 , X = NH2 

e: R = H, X=NHGH 3 

f: R=GH 3 , X = NHCH3 

g: R = H, X = NHGH2GH3 

h : R = CH3, X = NHCH2CH3 

i : R = H , X = NHGH2GH2OH 
j : R=GH 3 , X = NHGH2GH2OH 
k: R = H , X = OH 
1: R=GH 3 , X = OH 

m : R = H, X = OGH2GH3 

n: R = GH3, X = OGH2GH3 

o: R = H , X = OGH3 

p : R = GH3, X = OGH3 

zole ring protons and a pair of doublets at ô 8.82 and 
8.92 C / = 2 Hz) representing the pyrazine ring protons. 
Analogous treatments of 4-amino-6,7-dimethyl-2-
methylthiopteridine(lb) with chloroacetaldehyde 
furnished 2,3 - dimethyl - 6 - methylthioimidazo[ 1,2-c]-
pteridine(2b). 

These methylthioimidazopteridines(2a and 2b) were 
found to be highly reactive toward various nucleophiles 
and proved to be useful precursors for the synthesis 
of many other imidazo[l,2-c]pteridines with a func­
tional group such as amino, alkylamino, hydroxyl, or 
alkoxyl group at the 6-position. Aminolysis of 2a, 
carried out by heating with ethanolic ammonia, gave 
6-aminoimidazo[l,2-c]pteridine(2c) in a high yield. 
A similar aminolysis of the methylthio compound 
(2a) with methylamine, ethylamine, or 2-aminoethanol 
gave 6-methylamino-(2e), 6-ethylamino-(2g), and 
6- (2-hydroxy ethylamino) imidazo [ 1,2-c] pteridines (2i), 
respectively. The basic characters of these amino 
compounds were fairly strenghened compared to that 
of the precursor (see Table 1) on replacement of the 
methylthio group by an amino group. All of these 
aminoimidazopteridines (2e, 2g, and 2i) were of very 
similar U V spectra, which also showed a large batho-
chromic shift on double protonation. Similarly, 
2,3-dimethyl-6-methylthioimidazo[l ,2-c]pteridine (2b) 
gave the 6-amino and 6-alkylamino analogues (2d, 
2f, 2h, and 2j) on aminolysis with the corresponding 
amine. Conversion of the methylthio compounds (2a 
and 2b) into 6-hydroxyimidazo[l,2-c]pteridines (2k 
and 21) was achieved by heating either in dilute aqueous 
sodium hydroxide or in dilute hydrochloric acid. O n 
the other hand, 6-ethoxyimidazo[l,2-c]pteridine (2m) 
and its 2,3-dimethyl derivative (2n) were obtained in 
a rather unusual way from the corresponding methyl­
thio precursors (2a and 2b) by heating in ethanol 
with silver oxide, a reagent recently reported useful 
for an exchange of alkoxyl groups in several heterocy­
clic systems.6) Trea tment of 2a with sodium ethoxide 
or hydrogen chloride in ethanol gave no ethoxy com­
pound (2m) ; the sole product was 6-hydroxyimid-
azopteridine(2k). Similar treatments of 2a and 2b 
with silver oxide in methanol gave the corresponding 
6-methoxyimidazo[l,2-c]pteridines (2o and 2p) . 

E x p e r i m e n t a l 

The elemental analyses were carried out at the Analytical 
Section, Meijo University and at the Analytical Section, 
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Compound 

2a 

2b 

2c 

2d 

2e 

2f 

2g 

2h 

2i 

2j 

2k 

21 

2 m 

2n 

2o 

2p 

Takashi SUGIMOTO, Keiko SHIBATA, and Sadao MATSUURA 

TABLE 1. THE pKa VALUES AND UV SPECTRA OF IMIDAZO[1,2-C]PTERIDINES 

pK* Î 

2.20±0.02 
- 2 . 6 2 ± 0 . 0 2 

2.60±0.02 
- 1 . 5 0 ± 0 . 0 2 

2 .71±0.02 
- 0 . 9 6 ± 0 . 0 4 

3 .19±0.03 
- 0 . 1 8 ± 0 . 0 4 

2 .71±0.02 
- 0 . 8 1 z t 0 . 0 3 

3.38±0.02 
0 .03±0.05 

2.91±0.02 
- 0 . 7 2 ± 0 . 0 3 

3.42±0.02 
0 .31±0.05 

2 .76±0.02 
- 0 . 8 6 z t 0 . 0 3 

3.32zt0.02 
O.OOztO.05 

7.39±0.02 
2 .08±0.05 

7.79±0.02 
2 .34±0.02 

2.28±0.02 
- 2 . 6 0 ± 0 . 0 2 

2 .85±0.02 
- 1 . 2 9 ± 0 . 0 3 

2 .20±0.04 
- 2 . 5 4 ± 0 . 0 3 

2.83±0.02 
- 1 . 4 2 z t 0 . 0 4 

onic speciesa) 
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+ 
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+ + 
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+ + 
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+ + 
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+ + 
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+ + 

232(4.29), 
225(4.21), 
355(4.00) 
241(4.19), 

232(4.38), 
226(4.25), 
353(4.14) 
242(4.28), 

228(4.43), 
214(4.32), 
224(4.37), 

227(4.54) 
219(4.41) 
224(4.46) 

228(4.44) 
217(4.32) 
228(4.37) 

227(4.55), 
220(4.40) 
227(4.44) 

228(4.42), 
217(4.30), 
367(4.00) 
228(4.35), 

227(4.51) 
219(4.39), 
226(4.37), 

228(4.43), 
217(4.31) 
228(4.37) 

228(4.53) 
220(4.38) 
228(4.43) 

223(4.42) 
218(4.16) 
230(4.02) 

222(4.48) 
217(4.29) 
209(4.22) 
354(4.22) 
220(4.34) 
215(4.14) 
218(4.31) 

223(4.37) 
213(4.42) 
347(4.08) 
220(4.36) 

220(4.19) 
215(4.19) 
215(4.22) 

223(4.24) 
213(4.28) 
346(3.95) 
218(4.24) 

V a x 

255(4.30), 
253(4.23), 

270(4.03), 

252(4.24), 
248(4.24), 

265(3.97), 

255(3.96), 
251(4.11) 
270(4.01) 

255(4.00) 
, 251(4.17) 

270(4.06) 

, 260(3.97) 
230(4.20) 
278(4.07) 

257(4.01) 
, 254(4.16) 
, 280(4.10) 

260(4.01), 
230(4.17), 

279(4.08), 

257(3.99) 
255(4.14) 
280(4.06), 

260(4.00), 
258(4.14) 

, 277(4.09) 

, 257(4.01) 
, 255(4.16) 
, 279(4.10) 

, 256(3.99) 
, 240(3.89) 
, 262(3.60) 

, 254(3.99) 
, 241(3.93) 
, 232(4.11) 

, 250(3.82) 
, 235(3.97) 
, 255(3.82) 

, 245(3.87) 
, 235(4.03) 

, 258(3.86) 

, 247(3.75) 
, 235(3.90) 
, 255(3.71) 

, 243(3.74) 
, 235(3.89) 

, 255(3.74) 

(loge)b> 

292(3.76), 
287(4.03), 

290(4.00), 

294(3.81), 
288(4.05), 

297(3.98) 

280(3.58) 
273(3.91) 
337(3.68) 

, 282(3.73) 
, 275(3.99) 

290(3.91) 

, 290(3.72) 
259(4.12) 
295(3.92) 

284(3.88) 
, 279(4.15) 
, 296(4.12) 

285(3.76), 
260(4.13), 

293(3.97) 

283(3.87) 
279(4.14) 
296(4.08), 

285(3.75), 
, 278(4.08) 
, 293(3.94) 

, 284(3.89) 
, 279(4.15) 
, 297(4.11) 

, 283(3.58) 
, 278(3.38) 
, 337(4.19) 

, 280(3.71) 
, 270(3.51) 
, 262(3.75) 

, 278(3.37) 
, 263(3.56) 
, 354(4.05) 

, 279(3.51) 
, 265(3.74) 

, 277(3.57) 

, 289(3.27) 
, 263(3.46) 
, 352(3.97) 

, 286(3.38) 
, 265(3.60) 

, 277(3.44) 

303(3.78), 
294(4.04), 

386(4.09) 

304(3.82), 
296(4.07), 

310(4.03), 

357(4.13) 
354(4.01) 
354(3.82), 

, 358(4.22) 
, 285(3.96), 
, 396(4.25) 

, 361(4.14) 
277(4.07), 

, 402(4.15) 

, 362(4.23) 
, 286(4.15), 
, 406(4.28) 

362(4.13) 
279(4.09), 

403(4.15) 

, 290(3.86), 
, 286(4.15), 

407(4.22) 

361(4.14) 
, 283(4.06), 
, 399(4.17) 

, 290(3.87), 
, 286(4.14), 
, 404(4.27) 

, 363(4.16) 
, 343(4.21) 
, 350(4.15) 

, 365(4.20) 
, 346(4.26) 
, 270(3.67), 

, 342(4.01) 
, 330(4.00), 

, 287(3.51), 
, 273(3.66), 

, 360(4.16), 

, 343(3.93) 
, 329(3.93), 
, 365(3.92) 

, 343(3.98) 
, 273(3.51), 

, 360(4.05), 

350(4.09) 
343(4.06), 

351(4.19) 
342(4.17) 

384(4.20) 

392(4.08) 

356(4.12; 

354(4.01) 

365(4.11) 

282(4.08), 

363(4.20) 
367(4.07) 

363(4.01) 

362(4.21) 
364(4.10) 

341(4.25), 

345(3.90) 

344(4.12) 
333(4.12) 

369(4.17) 

342(3.83) 

332(3.98) 

365(4.04) 
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pH of buffer«) 

4.5 
0.0 

- 4 . 0 

5.0 
0.5 

- 3 . 5 

5.0 
1.0 

- 3 . 0 

5.5 
1.5 

- 2 . 5 

5.0 
0.5 

- 3 . 0 

5.5 
1.5 

- 2 . 5 

5.0 
1.0 

- 3 . 0 

5.5 
1.5 

- 3 . 0 

5.0 
1.0 

- 3 . 0 

5.5 
1.5 

- 2 . 5 

9.5 
5.0 

- 0 . 5 

10.0 
4.5 

- 0 . 5 

4.5 
0.0 

- 4.0 

5.0 
0.5 

- 3 . 4 

4.5 
0.0 

- 4 . 0 

5.0 
0.5 

- 3 . 5 

a) Ionic species in an aqueous buffer 
(monocation), and + +(d ica t ion ) . b) 
figures are H0 values. 

of the indicated p H are shown by —(anion), 
Wavelength in n m and inflexions or shoulders 

O(neu t r a l molecule), -f 
in italics. c) Negatives 

-0.81zt0.03
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Faculty of Agriculture, Nagoya University. T h e pKa values 
were determined by a spectroscopic method. T h e U V 
spectra were measured on a Shimadzu UV-300 spectro­
photometer and N M R spectra on a J E O L J N M - N H - 1 0 0 
spectrometer in TFA-d with T M S as an internal standard. 

6-Methylthioimidazo[1,2-c]pteridine(2a) and Its 2,3-Dimethyl 
Derivative (2b). 4-Amino-2-mercaptopteridine7> was 
methylated with dimethyl sulfate in an alkaline solution 
to give 4-amino-2-methylthiopteridine(la) in 8 0 % yield, 
m p 210.5—211.5 °C (from water) (Found: G, 43.69; H , 
3.56%. Galcd for G 7 H 7 N 5 S: G, 43.50; H, 3.66%). A 
solution of l a (10 g) and chloroacetaldehyde (40 g) in 5 0 % 
aqueous methanol (1500 ml) was heated at 65 °G for 20 h, 
during which time the p H of the solution was maintained 
at p H 6—7 by addition of sodium acetate. T h e solution 
was evaporated to dryness under reduced pressure and the 
residue was extracted with hot acetone (500 ml) . The extract, 
after evaporation to dryness, was chromatographed on a 
silica gel column (Wako Gel G-100, 4 x 4 0 cm) eluted first 
by a mixture of ethyl acetate and benzene (1 : 4) to remove 
a small amount of fluorescent impurities. T h e column was 
then eluted by a 1 : 1 mixture of the two solvents. T h e 
eluate was evaporated to dryness and the residue was crystal­
lized from ethyl acetate to give ivory needles (4.9 g) of 2a, 
m p 195—196 °G (Found: G, 49 .81 ; H , 3 .11; N, 32.00%. 
Galcd for G 9 H 7 N 5 S: C, 49.75; H , 3.25; N, 32.24%). 

By using 4-amino-6,7-dimethyl-2-methylthiopteridine (lb)8> 
in stead of l a in the above reaction, 2 b was obtained in 
36% yield as ivory needles, m p 216—216.5 °G (from ethyl 
acetate) (Found : G, 53.69; H, 4.40; N , 28.46%. Calcd for 
G n H n N 5 S : C, 53.85; H, 4.53; N , 28 .55%) ; N M R : three 
singlets at «5 2.50(3H), 2.56(6H), and 7.70 (2H). 

6-Aminoimidazo[7,2-c]pteridine(2c) and Its 2,3-Dimethyl Deriv-
ative(2d). A suspension of 2a (300 mg) in a saturated 
ethanolic ammonia (50 ml) was heated in a sealed tube a t 
100 °C for 5 h. After cooling, the solid was collected and 
crystallized from methanol to give colorless needles (200 mg) 
of 2c, m p > 3 0 0 ° G (Found: G, 50.68; H, 2.92; N, 43 .93%. 
Galcd for C8H6N6-0.2 H 2 0 : G, 50.84; H , 3.40; N, 44 .29%). 

Its 2,3-dimethyl derivative (2d) was synthesized from 
2 b in a similar way in 70% yield, m p > 3 0 0 ° C (Found: 
G, 55.78; H , 4.76; N, 39 .23%. Galcd for G1 0H1 0N6 : C, 
56.07; H, 4 .71 ; N, 39.23%). 

6-Methylamino- and 6-Ethylaminoimidazo[7,2-c]pteridines (2e 
and 2g) and Their 2,3-Dimethyl Derivatives(2f and 2h). 
A solution of l a (500 mg) and methylamine (40% aqueous 
solution, 10 ml) in ethanol ( 100 ml) was heated under reflux 
for 5 h. T h e solution was evaporated to dryness in vacuo 
and the residue was fractionated on a Florisil column (3.5 X 
40 cm) eluted gradiently by 0 — 3 % ammonia (2 1). T h e 
eluate, after evaporation and crystallization from water, 
gave ivory needles (280 mg) of 2e, m p 296—297 °G (Found : 
G, 53.62; H , 3.96; N , 41 .53%. Galcd for G9H8N6 : G, 
53.98; H, 4.04; N , 41.98%). 

Heating of 2a with ethylamine as above, followed by 
chromatographic separation on a silica gel column eluted 
by ethanol-ethyl acetate ( 1 : 9 ) gave 2g as colorless needles 
(75% yield), m p 2 1 1 — 211.5 °G (from acetone) (Found : 
C, 55.90; H, 4.56; N , 38.84%. Galcd for G1 0H1 0N6 : C, 
56.07; H , 4 .71 ; N, 39.23%). 

Similarly, 2 b was treated with methylamine or ethylamine 
to give, without using chromatography, 2f (50% yield), 
m p > 3 0 0 ° C (from ethanol)(Found : G, 57.93; H, 5.29; N , 
36 .63%. Galcd for G n H 1 2 N 6 : G, 57.87; H, 5.31 ; N, 36.82%) 
and 2h (65% yiled), m p 295—296 °G (from ethanol)(Found : 
G, 59.69; H , 5.97; N, 34.59%. Galcd for G1 2H1 4N6 : G, 
59.48; H , 5.84; N , 34.69%), respectively. 

6-( 2-Hydroxyethylamino)imidazo\1,2-c\pteridine (2i) and Its 
2,3-Dimethyl Derivative (2j). A solution of 2a (500 mg) 
and 2-aminoethanol (2 g) in water (20 ml) was heated under 
reflux for 5 h. T h e solution was adjusted a t p H 2—3 with 
hydrochloric acid and chromatographed on a Florisil column 
in a similar way to that used for 2e. Evaporat ion of the eluate 
to dryness and crystallization of the residue from water gave 
colorless needles (200 mg) of 2i , m p 244—244.5 °G(Found: 
G, 51.62; H , 4 .33; N , 36.02%. Galcd for G 1 0 H 1 0 N 6 O . 0 . 1 H 2 O : 
G, 51.75; H , 4.44; N, 36.22%). In a similar way, 2 b and 
2-aminoethanol gave 2j (60% yield), m p 266—267 °G 
(from ethanol) (Found: G, 55.98; H, 5.60; N, 32 .43%. 
Galcd for C 1 2 H 1 4 N 6 0 : C, 55.80; H , 5.47; N , 32.54%). 

6-Hydroxyimidazo\1,2-c]pteridine(2k) and Its 2,3-Dimethyl 
Derivative(21). A solution of 2 a (1.0 g) in 0.1 M sodium 
hydroxide (20 ml) was heated at 60 °C for 1.5 h. T h e solu­
tion was adjusted at p H 2—3 with formic acid and chilled. 
T h e solid was collected and crystallized from water to give 
colorless needles (0.35 g) of 2 k ; the compound darkened above 
205 °G without melting (Found: G, 51.03; H , 2.47; N , 
37.39%. Galcd for G 8 H 7 N 5 0 : G, 51.33; H , 2.70; N, 
37.42%). T h e same compound(2k) was obtained frcm 
2a by heating in 0.1 M hydrochloric acid a t 60 °G, by treat­
ment with sodium ethoxide or hydrogen chloride in ethanol 
at 25 °G, or by heating in 5 0 % aqueous methanol with 
silver oxide. 

Heat ing of 2 b (280 mg) in 0.2 M hydrochloric acid a t 
70 °C for 20 h and evaporation to dryness in vacuo gave 
a solid, which was dissolved in water ( 10 ml) . T h e solution 
was adjusted at p H 3—4 with ammonia and chilled to give 
colorless needles (200 mg) of 21, m p 294—295.5 °G (from 
water ) (Found: G, 54.30; H , 4.60; N, 31.73%). Galcd for 
G 1 0 H 9 N 5 O - 0 . 3 H 2 O : G, 54.43; H , 4.39; N , 31.75%). 

6-Ethoxy- and 6-Methoxyimidazo[1,2-c]pteridines(2m and 
2o) and Their 2,3-Dimethyl Derivatives(2n and 2p). A 
mixture of 2 a (400 mg) and silver oxide (2 g) in ethanol 
(150 ml) was heated under reflux for 7 h. After filtration, 
the filtrate was evaporated to dryness and the residue was 
chromatographed on a silica gel column eluted by e thanol -
ethyl acetate( l : 9). Evaporation of the eluate and crystal­
lization from ethyl acetate gave colorless needles (200 mg) 
of 2 m , m p 143—143.5 °G (Found: G, 56.00; H, 4 .18; N , 
32 .61%. Galcd for G 1 0 H 9 N 5 O: G, 55.81; H , 4.22; N, 
32.54%). 

By using methanol in place of ethanol in the above reaction, 
the 6-methoxy compound (2o) was obtained in 3 0 % yield, 
m p 238—239 °G (from ethyl acetate) (Found : G, 53.53; 
H , 3.33; N , 34 .39%. Calcd for G 9 H 7 N 5 0 : C, 53.72; H , 
3 .51; N , 34.81%). 

Similar treatments of 2 b with silver oxide in ethanol or 
methanol gave the ethoxy compound(2n) in 5 0 % yield, 
m p 184—185 °G (from benzene) (Found : G, 59.22; H , 
5.39; N , 2 8 . 5 1 % . Galcd for G 1 2 H 1 3 N 5 0 : G, 59.24; H , 
5.40; N , 28 .79%), and the methoxy compound (2p) in 
5 5 % yield, m p 216—216.5 °G (from toluene) (Found: G, 
56.13; H , 4.78; N, 29 .64%. Galcd for C n H n N 5 O - 0 . 3 -
H 2 0 : G, 56.29; H , 4.86; N, 29 .85%), respectively. 

W e t h a n k D r . Y. Y o k o y a m a for m e a s u r i n g t h e N M R 

s p e c t r a a n d M r s . N . N i s h i o k a for d e t e r m i n i n g t h e 

pK& va lues . 
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Stereochemistry of Elimination Reactions of Halohydrin Derivatives 
and Related Compounds with Butyllithium0 

T o s h i o S U G I T A , * J u n i c h i N A K A G A W A , K a z u h i t o N I S H I M O T O , 

Y a s u h i r o K A S A I , a n d K a t s u h i k o I C H I K A W A 

Department of Hydrocarbon Chemistry, Faculty of Engineering, 

Kyoto University, Sakyo-ku, Kyoto 606 

(Received M a y 24, 1978) 

The erythro and threo isomers of l-bromo-2-methoxy-l ,2-diphenylethane (1), l-bromo-2-acetoxy-l,2-diphe-
nylethane (2), l-bromo-2-methylsulfonyloxy-l,2-diphenylethane (3), l-bromo-2-methylthio-l ,2-diphenylethane 
(4), stilbene dibromide (6), and stilbene dichloride have been prepared. These compounds were allowed to 
react with butylli thium in various solvents to give eis- and trans-sûlhenes. Depending on the solvent, the stereo­
chemistry of the elimination of 1 changed from a complete .ry/z-type (in nonpolar solvents) to a less-selective type. 
The same tendency was observed in the cases of 2 and 3 . In contrast, arcfe-elimination was favored for 4 and 6, 
and a different type of solvent effect was observed. Elimination reactions with lithium metal and pentylmagne-
sium bromide were also carried out. Possible mechanisms for eliminations are discussed. 

Results of extensive studies on the bimolecular elimi­
nation of halohydrin derivatives and vicinal dibromides 
with metal or metal salts have shown that the reactions 
display a variable stereoselectivity, depending on the 
nature of the metals used.2-5) The effects of the 
structure of substrates and the solvent, however, remain 
ambiguous. This paper reports the results of studies 
on the stereochemistry of the elimination of stilbene 
halohydrin derivatives and related compounds; in 
particular, the effects of the leaving group and the 
solvent were probed. 

House and Ro have shown that the treatment of 
/?-halo ethers and esters with zinc in aqueous ethanol 
or with sodium in tetrahydrofuran gave nonstereospe-
cific elimination products.2) They postulated that the 
organometallics formed by halogen-metal exchanges 
give olefins by the mechanism of ElcB but not by that 
of E2, because O R and O C O R are poor leaving-
groups. However, since the reactions of metals such 
as magnesium6) and lithium7) with alkyl halides to 
form Grignard and organolithium reagents result in 
the loss of stereochemical integrity, it is not clear 
whether the loss of stereospecificity in the reaction of 
halohydrin derivatives with metal occurs during the 
halogen-metal exchange or in the subsequent elimina­
tion process. 

When the halide is treated with an alkyllithium 
reagent instead of lithium metal, the lithium compound 
formed is capable of maintaining its configuration, 
although the degree of retention of configuration is 
both solvent- and temperature-dependent.8) In order 
to preclude the loss of stereospecificity in the halogen-
metal exchange stage, our eliminations were carried 
out by the use of butyllithium. 

R e s u l t s 

The erythro and threo pairs of 2-substituted 1-bromo-
1,2-diphenylethanes were chosen as the substrates 
because of their accessibility in pure form and the 
accuracy with which analysis of the products is possible. 
The erythro (e) and threo (t) isomers of 1-bromo-
2-methoxy-1,2-diphenylethane (1), l-bromo-2-acetoxy-
1,2-diphenylethane (2), l-bromo-2-methylsulfonyloxy-
1,2-diphenylethane (3), and l-bromo-2-methylthio-l,2-

Ph-GH-GH-Ph „.c4H9Li 
| | Ph-GH-GH-Ph 

Br Y 
1 Y=OGH 3 5 
2 Y=OCOCH 3 

3 Y=OS0 2 GH 3 

4 Y=SCH 3 

diphenylethane (4) have been prepared. Each com­
pound was allowed to react with butyllithium in 
various kinds of solvents. T h e organic products were 
analyzed by GLPC. eis- (5c) and frmy-Stilbenes (5t) 
produced were isolated and identified by means of 
GLPC, IR , and N M R . T h e results are summarized 
in Table 1. 

In any at tempt to account for stereoselectivity, we 
must remember that 5 t is much more stable than 
5c under the reaction conditions : the thermodynamical 
isomer ratio of trans to eis is 500 at 25 °C.9) T h e 
exclusive formation of 5c from l e as well as 5t from 
I t in nonpolar solvents such as diethyl ether and 
benzene indicates that the stereospecific syn elimination 
occurred in the reaction of 1 with butyllithium in 
nonpolar solvents. Although the stereospecificities 
were diminished, the same tendency of syn elimination 
was clearly observed in the cases of 2 and 3. 

T h e solvent study was limited by the insolubility 
of the substrates in hydrocarbon solvents. Within the 
limited range of solvents, however, it was observed 
that changing the solvent from nonpolar to better 
solvating ones, such as tetrahydrofuran (THF) or bis (2-
methoxyethyl) ether (diglyme), diminished the stereo­
specificity. The addition of a cation complexing rea­
gent, JV,i^,JV,iV-tetramethylethylenediamine (TMEDA) , 
also reduced the stereospecificity. The fact that only 
5c was formed, even in the elimination reaction using 
an excess amount of butyllithium, can eliminate the 
possibility of isomerization of 5c to 5t in nonpolar 
solvents. In a separated experiment, in which 5c was 
treated with an equivalent amount of butyllithium 
in diglyme under the reaction condition, the recovered 
5 was exclusively eis isomer. Thus the possibility of 
isomerization can also be eliminated in a better solvating 
medium. 

When l e in diethyl ether was treated with butyl­
lithium at — 72 °C and the reaction was quenched 
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TABLE 1. ELIMINATION REACTIONS OF STILBENE HALOHYDRIN DERIVATIVES WITH BUTYLLITHIUM 

R u n 
XVU.H 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

44 

Substrate 
(mmol) 

l e 
l e 
l e 
l e 
l e 
l e 
l e 
l t 
l t 
l t 
2e 
2e 
2e 
2e 
2e 
2e 
2t 
2t 
2t 
2t 
2t 
3e 
3e 
3e 
3e 
3t 
3t 
3t 
3t 
4e 
4e 
4e 
4e 
4t 
4t 
4t 
4t 
4t 
4t 
4t 
4t 
4t 
4t 

4t 

(1.01) 
(1.00) 
(1.00) 
(1.00) 
(1.00) 
(1.05) 
(1.34) 
(1.11) 
(1.02) 
(1.41) 
(0.31) 
(0.31) 
(0.31) 
(0.31) 
(0.31) 
(0.31) 
(0.31) 
(0.31) 
(0.31) 
(0-31) 
(0.31) 
(0.28) 
(0.28) 
(0.28) 
(0.28) 
(2.08) 
(0.28) 
(0.28) 
(0-28) 
(0.33) a> 
(0.33) a> 
(0.33) a> 
(0.33) a> 
(0.33) a> 
(0.33) a> 
(0.33) a> 
(0.33) a> 
(0.33) *> 
(0.33) a> 
(0.33) a> 
(0.32) a> 
(0.33) a> 
(0.33) *) 

(0.35)a) 

W-C4H9LJ 
(mmol) 

1.0 
2.3 
5.3 
1.2 
2.0 
2.4 
3.5 
3.5 
2.4 
3.5 
1.48 
1.48 
1.48 
1.48 
1.48 
1.48 
1.48 
1.48 
1.48 
1.48 
1.48 
2.08 
2.08 
2.08 
2.08 
2.08 
2.08 
2.08 
2.08 
2.08 
2.08 
2.08 
2.08 
2.08 
2.08 
1.50 
2.08 
2.08 
2.08 
2.08 
1.15 
1.50 
1.50 

1.15 

Solvent 
(ml) 

Et 2 0 (50) 
Et 2 0 (50) 
Et 2 0 (50) 
Benzene (50) 
Benzene (50) 
THF (50) 
Diglyme (50) 
Et 2 0 (50) 
THF (50) 
Diglyme (50) 
Hexane (25) 
Benzene (25) 
Et 2 0 (25) 
THF (25) 
Diglyme (25) 
Hexane (25) 
Hexane (25) 
Benzene (25) 
Et 2 0 (25) 
THF (25) 
Diglyme (25) 
Benzene (25) 
Et 2 0 (25) 
THF (25) 
Diglyme (25) 
Benzene (25) 
EtaO (25) 
THF (25) 
Diglyme (25) 
Benzene (25) 
E t 2 0 (25) 
THF (25) 
Diglyme (25) 
Benzene (25) 
Et 2 0 (25) 
Et 2 0 (25) 
THF (25) 
DME (25) 
Diglyme (25) 
Et 2 0 (25) 
E t 2 0 (25) 
Et 2 0 (25) 
Et 2 0 (25) 

Et 2 0 (25) 

Additive 
(mmol) 

TMEDA (1.5) 

TMEDA (2.1) 
TMEDA (6.5) 
TMEDA (8.8) 
GE (1 
DME 
DME 

.85)b> 
(9.2) 
(6.7) 

React. 

Time (min 

3Ö~ 
30 
30 
30 
30 
15 
10 
10 
15 
10 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

30 

condition 

) Temp (°G) 

0 
0 
0 

r. t. 
r. t. 

0 
0 
0 
0 
0 
0 

r. t. 
0 
0 
0 
0 
0 

r. t. 
0 
0 
0 

r. t. 
0 
0 
0 

r. t. 
0 
0 
0 

r. t. 
0 
0 
0 

r. t. 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

Yield (%) 

42 
48 
44 
22 
32 
59 
76 
53 
48 
93 
30 
28 
46 
52 
84 
13 
18 
29 
34 
5 

23 
56 
49 
52 
38 
53 
54 
22 
18 
37 
42 
40 
36 
59 
43 
54 
56 
49 
67 
10 
65 
56 
60 

72 

5 

eis : 

100 
100 
100 
100 
100 
52 
22 

trace 
trace 
trace 

37 
48 
12 
12 
8 

11 
8 
9 
4 

trace 
3 

57 
21 

7 
7 
3 
4 
8 
3 
3 
2 

trace 
2 

trace 
trace 

2 
6 
9 

86 
6 

20 
33 
19 

5 

trans 

trace 
trace 
trace 
trace 
trace 

48 
78 

100 
100 
100 
63 
52 
88 
88 
92 
89 
92 
91 
96 

100 
97 
43 
79 
93 
93 
97 
96 
92 
97 
97 
98 

100 
98 

100 
100 
98 
94 
91 
14 
94 
80 
67 
81 

95 

a) The substrate contained a small amount (less than 5%] 
contamination, b) Dicyclohexyl-18-crown-6. 

of 6, and the product ratio is uncorrected for the 

with methanol after 0.5—3 min, small amounts of 
l-methoxy-l,2-diphenylethane were detected by GLPC, 
together with 5c and unreacted l e . This GLPG peak 
could not be detected any more when the reaction was 
completed after 30 min. 

As can be seen from Table 1, the stereochemical 
feature of elimination of l-bromo-2-methylthio deriva­
tive (4) were quite different from the above-mentioned 

oxygen analogue (1). Recently Trost and Ziman 
reported that the elimination of 2-bromo-3-ethylthio-
and 2-bromo-3-phenylthiobutanes with butyllithium 
proceeded with a moderate to high degree of anti 
stereoselectivity in T H F solution.10) In our case, the 
stereospecificity of the elimination was completely lost 
in nonpolar solvents such as benzene or diethyl ether, 
while a high anti stereoselectivity was observed in a 
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TABLE 2. ELIMINATION REACTIONS OF STILBENE DIHALIDES WITH BUTYLLITHIUM 

873 

Run 

45 

46 

47 

48 

49 

50 

51 

52 

53 

Substrate 
(mmol) 

6e (1.21) 

6e (1.20) 

6e (1.05) 

6e (1.03) 

6t (1.53) 

6t (1.54) 

6t (1.53) 

7e (1.02) 

It (1.14) 

n-G4H9Li 
(mmol) 

1.2 

2 . 4 

3 .6 

5 .5 

4 . 4 

4 . 8 

5 .5 

3 .6 

3 .6 

Solvent 
(ml) 

E t 2 0 (50) 

E t a O (50) 

E t a O (50) 

Diglyme (50) 

E t a O (50) 

E t a O (50) 

Diglyme (50) 

E t a O (80) 

E t 2 0 (50) 

React . 

T ime (min 

10 

10 

60 

10 

15 

120 

15 

10 

10 

condition 

) T e m p ( ° C ) 

0 

0 

- 5 9 

0 

0 

- 5 8 

0 

0 

0 

Yield (%) 

43a) 

95 

35*) 

99 

100 

100 

99 

99 

62a> 

5 

eis : 

trace 

trace 

trace 

trace 

19 

21 

20 

trace 

3 

trans 

100 

100 

100 

100 

81 

79 

80 

100 

97 

a) Unreacted substrate was recovered. 

TABLE 3. ELIMINATION REACTIONS WITH LITHIUM METAL1) 

R u n 

54 

55 

56 

57 

58 

Substrate 
(mmol) 

l e (2.11) 

l e (2.10) 

I t (2.17) 

I t (2.10) 

I t (1.74) 

Li 
(mg-atom) 

24 

17 

17 

26 

16 

Reaction 
time (h) 

30 

50 

15 

30 

50 

8 

Yield (%) 

9 .1 

7 .7 

18 

11 

20 

Yield (%) 

67 

79 

18 

6 

trace 

5 

CIS 

13 

11 

0 

0 

: trans 

87 

89 

100 

100 

a) The reactions were carried out under reflux in 100 ml of diethyl ether. 

highly cation solvating medium such as diglyme. By 
increasing the cation solvating ability of the solvent, 
the anti elimination was increased. When 5 equiva­
lents of T M E D A or 1 equivalent of crown ether ac­
companied with 5 equivalents of 1,2-dimethoxyethane 
(DME) was added, moderate anti stereoselectivities 
were observed even in the diethyl ether medium. 

In a similar study by Winkler on phenyllithium-
induced debromination of dl- and m^o-2,3-dibromo-
butanes, an almost exclusive anti elimination has been 
demonstrated.11) In order to compare with these data, 
we investigated the stereochemistry of elimination with 
butyllithium on vicinal dibromide as well as dichloride 
in the present stilbene system. The results are sum­
marized in Table 2. 

The debromination of mwo-stilbene dibromide (6e) 
produced only 5t, but a mixture of 2 0 % of 5c and 
8 0 % of 5t was obtained from the (//-isomer (6t). By 
the fact that the thermodynamically unstable 5c was 
obtained from 6t, it is apparent that the reaction pro­
ceeds by anti fashion, but the stereospecificity is consider­
ably lower than in the case of 2,3-dibromobutane. 
In this case, no solvent effects on the stereochemistry 
were observed when the solvent was changed from 
diethyl ether to diglyme. 

In the case of vicinal dichloride (7), the elimination 
was no longer stereoselective, and 5t was virtually 
exclusively obtained from both the dl and meso isomers. 

T h e present stereochemical results of elimination of 
bromohydrin derivatives with butyllithium markedly 
contrast with those using metals such as zinc and 
sodium, which resulted in nonstereospecific elimina­
tions.2) There have also been indications that certain 
metal debrominations may display a variable stereo­

selectivity, and a surface radical process has been sug­
gested for the debromination reaction of 6 with metals.4) 
In order to learn more about the discrepancy of the 
stereochemistry of elimination with butyllithium and 
with metal, we undertook the elimination reaction 
using lithium metal. 

T h e ß-bromo ether 1 was refluxed with lithium 
metal in diethyl ether. T h e amounts of 5 and 1,2-
diphenylethane (8) produced were determined by 
GLPG analysis and are summarized in Table 3. As 
the I R spectra of the unreacted 1 recovered from the 
reaction mixture were superimposable with those of 
each starting material, the possibility of isomerization 
during the reaction process could be eliminated. 

Since the formation of dilithio compounds from 5 
and the other arylated alkenes has been reported,12) 
5t was allowed to react with lithium metal under the 
reaction conditions, 8 was obtained after the work-up, 
as shown in Table 4. These results indicate that 
8 was produced by addition of the excess lithium 
metal to 5 of the elimination product, followed by 
hydrolysis in the work-up process. Since the relative 
rate of formation of the dilithio compounds from 5c 
and 5t is not clear, the ratios of 5c and 5t in Table 3 

T A B L E 4. 

5t 
(mmol) 

2 .04 

2 .04 

REACTIONS 

Li 
(mg-atom) 

18 

16 

OF 5 WITH LITHIUM 

Reaction 
time (h) 

5 

30 

METAL a> 

Yield of 8 
(%) 

37 

70 

a) Reactions were carried out under reflux in 100 ml 
of diethyl ether. 
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Ph-CH=CH-Ph 

5 

Li Ph-GH-GH-Ph H2O 
— I l • 

Li Li 

Ph-CH2-CH2-Ph 

8 

may not reflect the actual ratios of the elimination 
process. However, the result that 5c was obtained 
only from l e , though the yield was not so high, in­
dicates that syn elimination has occurred at least partly 
in the reaction using lithium metal. 

Dehydrohalogenation of alkyl halide13) and d e n o ­
mination of vicinal dibromide4) with Grignard reagents 
have been investigated in only a few instances. Fur­
thermore, ß- and y-haloalkyl phenyl ethers gave olefin 
and cyclopropane respectively by the reaction with 
Grignard reagents in the presence of cobaltous bro­
mide. 14) O n the other hand, halogen-metal inter­
change reactions with Grignard reagents have been 
established.15) Zakharkin and his coworkers have 
made extensive studies of the exchange of Grignard 
reagents with ordinary alkyl and aryl halides.16) 
Highly solvating ethers such as T H F and D M E favor 
the exchange. The rate of exchange is dependent 
on the polarizability of the halogens in the alkyl halides. 
O n the basis of these studies, they have concluded 
that the mechanism of halogen-metal interchange 
reaction is the same for both organomagnesium and 
organolithium compounds. We thus undertook an 
investigation of the stereochemistry of elimination pro­
moted by pentylmagnesium bromide. The results are 
given in Table 5. 

T A B L E 5 . E L I M I N A T I O N R E A C T I O N S O F 1 W I T H P E N T Y L ­

M A G N E S I U M BROMIDEa> 

Substrate n 
(mmol) 

l e (1.05) 
l e (1.01) 
l e (1.05) 
I t (1.04) 
I t (1.04) 

-G5HnMgBr 
(mmol) 

2.0 
2.0 
2.0 
2.0 
2.7 

Reaciton 
time (min) 

90 
180 
360 
180 
360 

Yield 

27 
49 
34 
31 
33 

5 

(%) eis : 

0 
0 
0 
0 
0 

: trans 

100 
100 
100 
100 
100 

a) Reactions were carried out in 50 ml of diethyl 
ether at 0 °G. 

As can be seen from Table 5, 5t was an exclusive 
product from both l e and I t . As the I R spectra 
of substrates recovered from the reaction mixtures 
were completely identical with that of the respective 
starting materials, isomerization of the substrates during 
the reaction process can be eliminated. The isomeri­
zation of 5 also could not be detected under the ex­
perimental conditions. The present results indicate 
the elimination reaction of /?-halo ethers promoted by 
a Grignard reagent to be nonstereospecific. 

D i s c u s s i o n 

Although a number of mechanistic implications have 
been reported for the base-catalyzed bimolecular eli-

Ph-CH-CH-Ph, 
I I 

Br 0-R 

Ph-CH-CH-Ph 
/ \ 

Br 0-R 

Ph-CII CH-Ph 
! + I 
Li 0-R 

10 

S c h e m e 1. 

X 
Ph-CH=CH-Ph 

5 

mination reactions, two possible routes may be consider­
ed for the butyllithium-induced syn elimination of 
halohydrin derivatives. One is the process via a cyclic 
transition state such as 9, and the other is a mechanism 
which involves a carbanion or the equivalent organo­
lithium reagent (10). In both cases, the factor which 
forces the production of 5c from the erythro isomers 
of substrates, even against the large thermodynamical 
instability of the product, is expected to be the co­
ordination between lithium and oxygen atoms. This 
is proved by the fact that the stereospecificity of syn 
elimination decreased by increasing the cation com-
plexing ability of solvents. The cation complexing 
ability of the medium increases in the order: hexane 
< benzene < diethyl ether < T H F < D M E < diglyme,17) 
and is also enhanced by the addition of cation-
coordinating reagents such as T M E D A and crown 
ethers.18»19) 

The cyclic transition state (9) is similar to that postu­
lated by Letsinger to explain the more rapid syn 
elimination of the elements of methanol when cis-
and /ra^-l-methoxy-2-phenylcyclohexanes are heated 
under reflux with butyllithium in a mixture of pentane 
and diethyl ether.20) The coordination between 
lithium and oxygen should be stronger in a nonpolar 
solvent such as hexane, benzene, or diethyl ether, 
and weaker in the coordinating solvents. Thus the 
reduction of stereospecificity in T H F or diglyme sol­
vent would seem to occur as a matter of course. How­
ever, the fact that considerable lower stereospecificity 
was observed in the reactions of 2 and 3 in nonpolar 
solvents in comparison with the reaction of 1 is not 
conceivable from a concerted mechanism via such 
a cyclic transition state, because it was recently re­
ported by Staley and Beauchamp that the binding 
energy of an ester to a lithium cation is much stronger 
than that of an ether.21) 

The alternative mechanism involving a carbanion 
intermediate (10) appears to be more plausible, be­
cause of the poor leaving group ability of O R and 
O G O R . The formation of the carbanion intermediate 
is also evidenced by the fact that l-methoxy-l,2-di-
phenylethane was detected when the reaction of 1 
at — 72 °G was quenched by methanol. House and 
Ro postulated a similar intermediate for the non­
stereospecific elimination of /?-halo ethers and esters 
with zinc and sodium.2) 

I t has been demonstrated that metal-halogen ex­
change with butyllithium occurs with a high degree 
of retention of configuration.8) While spectroscopic 
studies indicate a polar covalent character for the 
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carbon-li thium bonds in alkyllithiums, it has also 
been revealed that alkyllithiums exist in solution 
in equilibrium with different types of ion pairs : tight, 
solvent separated, and free ion-pairs, and that such 
equilibria are affected not only by the structure of 
the carbanion but also by the solvent polarity, tem­
perature, and the presence of gegenion-coordinating 
additives.18) Thus the erythro- and /Ara?-carbanions 
(10) are expected to be produced from the correspond­
ing isomers of 1, 2, and 3. These carbanions will form 
tight ion-pairs with lithium cation in nonpolar solvents. 
A lithium cation, on the other side, may coordinate 
with the substituent oxygen. The interaction between 
the metal cation in a tight ion-pair and the substituent 
oxygen makes it a better leaving group, and appears 
to force syn elimination. 

As the coordinating-ability of an OAc group to a 
lithium cation is stronger than that of a methoxyl 
group, and a stronger ability is also expected for the 
O S 0 2 C H 3 group, higher syn selectivities are expected 
for 2 and 3 than for 1. The results summarized in 
Table 1 are, however, inconsistent with this expecta­
tion. These results seems to reflect the ease with which 
the leaving group Y are eliminated. Although there 
is no exact data to indicate the departing tendencies 
of various groups, it would be expected by analogy 
with the behavior of various groups in nucleophilic 
displacement reactions to decrease in the following 
order: O S 0 2 C H 3 > O A c > O R . 2 2 > The weakening of 
the bond to the leaving group makes the carbanionic 
intermediate 10 unstable, so the elimination mechanism 
is expected to have an E2 character. T h e syn selec­
tivities of the eliminations of 2 and 3 would thus be 
lower than that of 1. 

In contrast with the bromohydrin derivatives, the 
wV-dibromide (6) indicated ««^"-fashion stereoselec­
tivity ; in this reaction no solvent effect was observed 
in the stereochemistry of elimination. Stereospecific 
flraft'-debromination has been reported by Winkler 
in the reaction of 2,3-dibromobutane with phenyl-
lithium.11) In the present case, due to a very weak 
binding energy of bromine to a lithium cation, it is 
expected to be much weaker than that between a 
phenyl group of the substrate and a lithium cation,21) 
and also due to the easily-departing tendency of bro­
mine, an intermediate such as 10 is not conceivable for 
the debromination of iw-dibromide. The fact that 
changing the solvent from diethyl ether to diglyme 
has no effect on the stereochemistry of elimination 
suggests that a lithium cation should not play an im­
portant role on the intermediate or the transition state 
for butyllithium-catalyzed debromination, and that 
the reaction proceeds through a concerted process. 

Although a number of authors have likened dehalo-
genation to a base-promoted E2 reaction on the basis 
of stereochemistry, a more detailed approach have 
been recently outlined by Miller and his coworkers.23) 
We believe that an analogous mechanism can be ap­
plied to the present butyllithium-induced debromina­
tion, as indicated in Scheme 2. T h e present results 
indicated lower stereospecificity than Winkler's results, 
but this is ignorable if the large differences of the con-
figurational stability between the transition states 

/ -. 
+ >- ph-CH—ÇH-Ph *- Ph-CIl=CII-Ph 

BuLi ^ r ô - 5 

Ï 1 

Scheme 2. 

derived from 6e and 6t as well as the products are 
taken into consideration. 

T h e nonstereospecific results obtained in the butyl­
lithium-induced dechlorination of 7 do not conflict 
with the above mechanism, because it is well-known 
that neighboring group participation by chlorine 
is much weaker than that of bromine ; thus the forma­
tion of a cyclic transition state such as 11 is difficult 
for the wV-dichloride. 

The results of the elimination of 4 contrast markedly 
with those of the oxygen analogue (1), as well as those 
of the dihalides. In diethyl ether and benzene sol­
vents, the elimination is nonstereospecific, e.g., both 
threo and erythro isomers gave thermodynamically 
stable 5t exclusively. In diglyme, where the oxygen 
analogue indicates loss of stereospecificity, however, 
the elimination converts 4e into 5t, and 4t into 8 6 % 
of 5c and 14% of 5t. T h e and selectivity is increased 
by increasing the cation complexing ability of the 
solvents: T H F < D M E < diglyme. T h e addition of 
cation complexing reagents such as T M E D A and 
crown ether facilitated the arcft'-elimination. Recently, 
Panek reported that the rate of geometric isomerization 
of 1-lithio-l-phenyl-1-butène in hexane solution was 
enhanced by the addition of cation complexing reagents ; 
the following order was observed: T M E D A > D M E > 
T H F > diethyl ether.19) Furthermore, Walborsky re­
ported that the addition of 1 equiv. dicyclohexyl-
18-crown-6 with 5 equiv. of D M E was very effective 
for complexing the lithium cation and making a free 
carbanion.24) 

A methylthio group may be considered as one of 
the groups with a lower departing tendency, similar 
to the methoxyl group. T h e butyllithium-induced 
elimination of 4 is thus considered to proceed via a 
carbanion intermediate. 

T h e solvent study indicates that a nonstereospecific 
elimination results from the tight ion-pair inter­
mediate derived from 4, and the free ion or the solvent 
separated ion-pair provides an an/z-elimination. T h e 
coordinating bond strength between a lithium cation 
and a sulfide sulfur is reported to be very weak, weaker 
than that between lithium cation and phenyl group.21) 
Therefore, there is little effect to force the lithium 
cation and methylthio group into a s-cis conformation. 
T h e elimination reaction in nonpolar solvents pro­
ceeds via a carbanion intermediate (12) and the stereo­
chemistry is not specific (Scheme 3, path a) . 

O n the other hand, at present, it appears to be dif­
ficult to find a good reason why an anti fashion elimina­
tion resulted from the free ion of 12. Although con­
siderable experimental data have been accumulated 
which indicate that carbanions are stabilized by the 
adjacent sulfur atom,25) the participation of sulfur-
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BuLi 
/ - . >• Ph-CH CH-Ph »» 5 t 

/ in nonpo la r i 
a l / m e d i u m S - C H , 
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containing substituents at the ^-position with carban­
ion has rarely been reported. Recently, Kaji and his 
co-workers reported that the rate of base-catalyzed 
H - D exchange reactions of substituted cyclopropanes 
was enhanced by the substitution of a phenylthio 
group at ^-position.26) They suggested the neighboring 
sulfur participation in stabilization of the carbanion. 
Yano and Oae have shown that the rates of the base-
catalyzed elimination of a series of y- (/^-substituted 
phenylthio) propyl bromides are slower than that 
of the corresponding oxygen analogues and that the 
p value obtained for the sulfur compounds is larger 
than that for the oxygen compounds.27) They have 
suggested the non-bonding participation of a vacant 
d-orbital of the sulfur atom for the developing double 
bond to elucidate this phenomena. Furthermore, 
Howard has proposed a three-membered ring anion 
involving sulfur, in which the charge of the carbanion 
is delocalized to the neighboring sulfur atom, as an 
intermediate of the base-promoted rearrangement 
of diethyl dithiodiacetate.28) 

In the present case, when a 1-butanide anion pulls 
bromine off the substrate at the initial stage of the reac­
tion, a vacant 3d-orbital of the sulfur a tom assists 
the developing carbanion at the opposite side from the 
leaving bromine to form a three-membered ring transi­
tion state or an intermediate (13). Stereospecific 
elimination from such an intermediate has been pro­
posed by Trost and Ziman. The desulfurization of 
eis- and /m^-2-butene episulfides with butyllithium 
to the corresponding butènes proceeds stereospecifi-
cally. They suggested a three-membered ring anion 
similar to 13 as one of the possible transition state.10) 
Thus it is conceivable that the stereospecific and elimina­
tion would occur if a neighboring participation of 
sulfenyl group against the carbanion is taken into 
account. 

When 1 was treated with lithium metal instead 
of butyllithium, the elimination proceeded with syn 
selectivity, but the selectivity was much lower than 
the case of organolithium reagent. I t has been re­
ported that the reaction of lithium metal with alkyl 
halides, in which the halogen atom is attached to a 
tetrahedrally hybridized carbon atom, results in the 
formation of lithium reagents along with much race-
mization.7) Recently a more detailed discussion on 
the stereochemistry of halogen-li thium exchange 
reaction with lithium metal has been reported by 

Walborsky and AronofF.7b> Moderate retention of 
configuration resulted in the reaction of substituted 
cyclopropyl halide with very finely divided lithium 
metal, but the optical purity of the produced organo­
lithium compound decreased by increasing the particle 
size of lithium. I t has also been pointed out that 
the halogen-li thium exchange reaction involves a 
surface radical process. Thus the loss of stereospe-
cificity in the elimination of 1 with lithium metal is 
considered to occur during the bromine-l i thium ex­
change process on a lithium metal surface. The 
nonstereospecific results of House2) for the use of sodium 
and zinc metals fit into these considerations. 

Halogen-metal exchange reactions involving Grignard 
reagents have been reported, and it has been found 
that there is no fundamental difference between 
exchange reactions in the series of organolithium 
and magnesium compounds.16) However, the stereo­
chemistry of the exchange reaction between alkyl-
magnesium and an alkyl halide is not yet clear. The 
present result that the Grignard reagent-promoted 
elimination reaction proceeds nonstereospecifically 
would imply that the exchange proceeds with racemiza-
tion. Examinations on these subjects are in progress. 

Exper imenta l 

IR spectra were obtained using a Hitachi EPI-G2 spectro­
photometer. NMR spectra were recorded as GDG13 solutions 
on a JEOL PMX-60 spectrophotometer; chemical shifts 
are reported in parts per million relative to TMS as an internal 
standard. 

Solvents. GR grade diethyl ether was dried over 
sodium metal and distilled. GR grade THF was distilled 
from lithium aluminum hydride under nitrogen and stored 
over 4A molecular sieves. Diglyme was passed through 
activated alumina, and distilled before use. Bulk solvents 
were distilled before use. 

Reagents. Butyllithium (ca. 20% in hexane) was pur­
chased from Merck Co., Inc. and Aldrich Chemical Go. 
Inc., and titrated before use.29) Pentylmagnesium bromide 
in ether was purchased from the Alfa Division of Ventron 
Corp. and titrated before use.30) TMEDA was kept over 
solid sodium hydroxide and used with no further purification. 
DME was passed through activated alumina before use. 
Grown ether was purchased from Nippon Soda Co., and 
was used without further purification. Commercially avail­
able GR grade /raws-stilbene was used without further purifi­
cation. cu-Stilbene, bp 108.5—112.0 °G/2 mmHg, was pre­
pared by the literature procedure.31) 

Preparations of 1-Bromo-2-methoxy-l ,2-diphenylethanes (1). 
Following the procedure developed by House,2) a solution 
of 5.4 g (0.03 mol) of 5t, 10.8 g (0.06 mol) of N-bromosuc-
cinimide, 3 ml of acetic acid, and 30 ml of acetone in 300 ml 
of methanol was allowed to stand for 5 h and then concentrat­
ed, diluted with water, and extracted with ether. The 
ether extract was washed first with water and then with 
aqueous sodium hydrogencarbonate solution and then dried 
over sodium sulfate. After removal of ether, petroleum ether 
was added to the residual oil. The crude bromo ether 
deposited was recrystallized twice from hexane, giving pure 
le, mp 120—121 °G (lit,2) mp 117—118 °G), yield 6.2 g 
(71%); NMR (5=3.20 (s, 3, OGH3), 4.63 (d, 1, CHBr), 
5.06 (d, 1, / = 7 Hz, GHOR), 7.28 (s, 10, C6H5). Found: 
G, 62.12; H, 5.20; Br, 27.43%. Galcd for Ga5H15OBr: 
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G, 61.86; H, 5.19; Br, 27 .45%. 
In a similar manner, 5.4 g (0.03 mol) of 5c afforded 3.7 g 

(42%) of I t , m p 85.5—86.5 °G (lit,2) m p 86—87.5 °G), 
N M R 0 = 3 . 3 3 (s, 3, O G H 3 ) , 4.50 (d, 1, CHBr) , 5.00 (d, 1, 
7 = 8 Hz, G H O R ) , 7.14 (s, 10, C 6 H 5 ) . Found : C, 62.10; 
H, 5 .11; Br, 27.52%. I R of the threo-isomer ( I t ) was similar 
to that of the ery/Aro-isomer ( le ) except for a band at 1215 
cm - 1 , where I t exhibited an absorption. 

Preparations of 2-Bromo-l,2-diphenylethanols. erythro- and 
fAreo-2-Bromo-l,2-diphenylethanols were prepared by the 
method of House32) from 5 t and m-stilbene oxide respectively. 
The erythro-isomer, m p 83.5—85.0 °G (lit,32) m p 83.5—85.0 
°G), and the threo-homzv, m p 51.0—52.0 °G (lit,32) m p 5 1 — 
52 °C) were used for the following preparations. 

Preparations of 1-Bromo-2-acetoxy-l,2-diphenylethanes (2). 
T o 6.8 g (45 mmol) of ^Aro-2-bromo-l ,2-diphenylethanol 
was added 6.0 ml (64 mmol) of freshly distilled acetic an­
hydride over a period of 10 min at room temperature. T h e 
mixture was stirred at 70 °C for 2 h. 200 ml of water was 
added to the cooled mixture, which was then extracted 
with 100 ml of ether three times. T h e ether extract was 
washed with water and dried over magnesium sulfate. After 
removal of ether, the residual product was recrystallized 
from hexane-petroleum ether, giving 2e, m p 100.0—100.7 
°C (lit,33) m p 102 °G), yield 6.8 g ( 8 7 % ) ; N M R (5=1.89 
(s, 3, O G O G H 3 ) , 5.15 (d, 1, CHBr) , 6.50 (d, 1, 7 = 7.5 Hz , 
GHOAc) , 7.23 (s, 10, C 6H 5 ) . Found : C, 60.38; H, 4 . 6 1 % . 
Galcd for G 1 6 H 1 5 0 2 Br: G, 60.20; H , 4 .74%. 

In a similar manner , 3.95 g (14.2 mmol) of the threo-
bromohydrin was treated with 4.0 ml (42.6 mmol) of acetic 
anhydride to give 2t , m p 79.5—81.0 °C, yield 3.44 g (70.7%o); 
N M R ,5=2.14 (s, 3, O G O G H 3 ) , 5.15 (d, 1, CHBr) , 6.20 
(d, 1, 7 = 4 . 6 Hz , GHOAc) , 7.10 and 7.15 (ds, 10, C 6 H 5 ) . 
Found: C, 60.02; H , 4 .62%. 

Preparations of 1-Bromo-2-methylsulfonyloxy-l ,2-diphenylethanes 
(3). T o a stirred solution of erythro-2-bromo-\,2-di-
phenylethanol (2.5 g, 9.0 mmol) in 25 ml of pyridine, 1.14 g 
(10 mmol) of methanesulfonyl chloride was added dropwise 
at —5 °C. After the mixture had been stirred at 0 °C for 
24 h, 5 ml of water was added ; then it was extracted with 
50 ml each of chloroform three times. T h e extracts were 
combined and washed first with dil. sulfuric acid and then 
with aqueous sodium hydrogencarbonate solution, and dried 
over sodium sulfate. After removal of chloroform, the resid­
ual product was recrystallized from chloroform-petroleum 
ether. An additional crystallization afforded the pure 3e, 
mp 113.5—114.0 °C, yield 1.6 g (50%) . N M R 0 = 2 . 4 8 (s, 
3, CH 3 ) , 5.15 (d, 1, CHBr) , 5.93 (d, 1, 7 = 4 . 0 Hz, C H O S 0 2 ) , 
7.37 (s, 10, G6H5) . Found: C, 50.56; H , 4.30; S, 9 . 1 1 % . 
Galcd for C 1 5 H 1 5 0 3 BrS: C, 50.71; H , 4.26; S, 9 .03%. 

In a similar manner , 2.5 g of iAra?-2-bromo-l,2-diphenyl-
ethanol gave 2.0 g (62.5%) of 3t, m p 107.0—108.0 °G, 
N M R 0 = 2 . 8 2 (s, 3, CH 3 ) , 5.17 (d, 1, CHBr) , 5.83 (d, 1, 
7 = 4 . 3 Hz, G H O S 0 2 ) , 7.13 (s, 10, C 6H 5 ) . Found : C, 
50.42; H , 4.18; S, 8.62%. 

Preparations of 1-Bromo-2-methylthio-l,2-diphenylethanes (4). 
The method of Helmkamp3 4) was applied to 5. A solution 
of 5.0 g (53 mmol) of dimethyl disulfide in 120 ml of dry 
dichloromethane was placed in a 200 ml four-necked flask 
protected from moisture. T h e flask was kept in a cold ba th 
at —20 to —25 °C and was protected from light during 
the subsequent reaction. A solution of 8.0 g (50 mmol) of 
bromine in 60 ml of dichloromethane was added dropwise 
over a period of 2 h with stirring. The mixture was allowed 
to warm to —15 °G during a 1 h period, then 18.1 g (100 
mmol) of 5 t in 140 ml of dichloromethane was added dropwise 
over a period of 1 h. The mixture was allowed to stand 

at 0 °G for 24 h. T h e solvent was stripped off under a 
reduced pressure; the residual product was recrystallized 
twice from ligroin to give 4e, m p 126—127 °C (dec), 
yield 15.3 g (50%), N M R 5 = 1 . 6 0 (s, 3, SCH 3 ) , 4.20 (d, 1, 
CHS) , 5.10 (d, 1, 7 = 10 Hz , CHBr) , 7.28 (s, 10, C 6 H 5 ) . 
Found : G, 58.88; H , 5.15; Br, 27 .01; S, 10.30%,. Calcd 
for G1 5H1 5BrS: C, 58.63; H , 4.92; Br, 26 .01; S, 10.44%. 
Found : mje 306.0085, 308.0095. Galcd for C 1 5H 1 5BrS: 
M , 306.0078; M + 2 , 308.0059. M S indicated tha t the 
sample contained less than 5 % of 6. 

In a similar manner , 9.1 g (50.5 mmol) of 5c gave 9.6 g 
(61.9%) of 4t, m p 63 °G, N M R 0 = 1 . 9 1 (s, 3, SCH 3 ) , 4.40 
(d, 1, CHS) , 5.28 (d, 1, 7 = 9 Hz, CHBr) , 7.13 (s, 10, C 6H 5 ) . 
Found : G, 58.42; H, 4.84; Br, 26.25; S, 10.42%,- Found : 
m/e 303.9932, 305.9981, 308.0025. Galcd for C1 5H1 5BrS: 
M - 2 H , 303.9922; M , 306.0078; M + 2 , 308.0059. M S in­
dicated that the sample contained less than 2 % of 6. 

Preparations of Stilbene Dibromides (6). T h e meso- (6e) 
and (//-isomers (6t) were prepared according to the procedures 
developed earlier by the addition of bromine to 5 t in diethyl 
ether35) and to 5c in carbon tetrachloride36) respectively. 
T h e mwo-isomer (6e) : m p 237 °C (dec) (lit,36) m p 237— 
239 °C (dec)), (Found: G, 49 .41 ; H , 3.32%). The dl-
isomer (6t) : m p 110.5—111.5 °C (lit,36) m p 110— 111°C) , 
N M R 5 = 5 . 4 4 (s, 2, CHBr) , 7.13 (s, 10, C 6H 5 ) , (Found: 
G, 49 .01; H , 3 .26%). 

Preparations of Stilbene Bichlorides (7). meso- (7e) and 
^/-Stilbene dichlorides (7t) were prepared according to the 
procedure developed by Buckles37) by treating 5 t and 5c 
respectively with te t rabutylammonium iodotetrachloride. 
T h e meso-isomer (7e) : m p 190.0—190.5 °C (lit,37) m p 191— 
192 °C), N M R 5 = 5 . 1 9 (s, 2, CHC1), 7.36 (s, 10, G6H5) , 
(Found: C, 66.79; H , 4 .92%). T h e (//-isomer (7 t ) : m p 
90.0—90.5 °G (lit,37) m p 91—92 °C), N M R 5 = 5 . 2 0 (s, 2, 
GHC1), 7.13 (s, 10, C 6 H 5 ) , (Found: C, 66.90; H , 4 .94%) . 

A Typical Procedure for the Elimination Reaction with Butyl-
lithium. Reactions were done in a four-necked flask 
fitted with a reflux condenser, a thermometer, a gas inlet 
tube, a rubber septum, and a magnetic stirrer. T h e flask 
was protected from moisture. All experiments were carried 
out under nitrogen, passed through a Fieser's solution38) 
to remove traces of oxygen, or under argon. erythro-\-
Bromo-2-methoxy-l ,2-diphenylethane ( l e , 293 mg, 1.01 
mmol) in 50 ml of diethyl ether was placed in the flask and 
cooled in a Dry-Ice bath. T h e system was flushed with 
argon gas for 2 h. T h e solution of butylli thium in hexane 
(3.0 ml, 1.0 mmol) was added via a syringe and the mixture 
was stirred for 30 min at 0 °G. By the addition of butyl­
lithium, the mixture was turned pale red, but this color 
disappeared if the solution was flushed with air. T h e mixture 
was poured into ice-water, extracted with ether, and dried 
over sodium sulfate. When excess butylli thium was used, 
a small amount of methanol was added via a syringe to de­
compose it before treating with water. T o the concentrated 
product, 100 mg of diphenyl ether was added as an internal 
s tandard. T h e mixture was analyzed by G L P C using a 
silicone OV-17 3 % on Chromosorb-W 2 m column at column 
temperature 160 °C. 

In a separate experiment, the reaction product was chro-
matographed with silica gel (Wako-gel G-200) column using 
hexane as an elutant, giving 5c, bp 96—102 °C/3 mm, 
(Found: G, 93.08; H, 6 .91%). I t was identified by the 
comparisons of its G L P C , IR , and N M R da ta with those 
of an authentic sample. 

A Typical Procedure for the Elimination Reaction with Pentyl-
magnesium Bromide. T h e equipment used in these re­
actions is the same as that used in the butylli thium reactions. 
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A solution of 295 mg (1.01 mmol) of l e in 50 ml of diethyl 
ether was placed in the flask and cooled in a Dry-Ice bath. 
T h e system was flushed with nitrogen. A solution of pentyl-
magnesium bromide in ether (5.0 ml, 2.0 mmol) was added 
via a syringe and the solution was stirred for 180 min at 0 °G. 
T h e reaction mixture was poured into ice-water, extracted 
with ether, and dried over sodium sulfate. After removal 
of ether, 107 mg of diphenyl ether was added as an internal 
s tandard. T h e products were analyzed by G L P G ; decane, 
5t , and the unreacted substrate were identified. T h e yield 
of 5 t was 4 9 % . 

Separation of the products was carried out by column 
chromatography using neutral a lumina (W-200) and petro­
leum ether. T h e obtained 5 t was contaminated with l e , 
as identified by comparing its N M R spectrum with that of 
a mixture of 5 t and l e . T h e recovered l e has a m p of 110— 
114 °C; its I R spectrum was superimposable with that of 
an authent ic sample. W h e n I t was used as a substrate, 
the recovered I t had a m p of 69—73 °G and its I R spectrum 
was superimposable with that of an authentic sample. Thus 
the isomerization of substrates during the reaction process 
could be eliminated. 

In a separate experiment, 219 mg (1.22 mmol) of 5c 
was stirred with pentylmagnesium bromide (5.0 ml, 2.0 mmol) 
for 3 h under the reaction conditions. No 5 t but 5c alone was 
detected in the reaction product by means of GLPG. 

A Typical Procedure for the Elimination Reaction with Lithium 
Metal. T o a solution of 613 mg (2.11 mmol) of l e 
in 100 ml of diethyl ether was added 164 mg (24 mg-atom) 
of l i thium metal (a l i thium wire 3 m m in diameter cut into 
1—2 m m lengths). T h e stirred mixture was refluxed for 
30 h under a nitrogen atmosphere. Excess lithium metal 
was filtered off, and the filtrate was poured into a cold aqueous 
ammon ium chloride solution and extracted with ether. The 
ether extract was dried over sodium sulfate and concentrated. 
After adding 108 mg of diphenyl ether as an internal s tandard, 
the product was analyzed by G L P C , giving the following 
yields: 8, 9.1 ; 5c, 8.7; 5t , 58 .3% ; a trace of a peak expected 
to be diphenylacetylene. T h e product was chromatographed 
by the use of a lumina (W-200) and petroleum ether, giving 
three fractions: the 1st fraction was 8, which was identified 
by means of G L P C , N M R , and I R ; the 2nd fraction, m p 
124—125 °C, was 5t , which was identified by means of 
G L P C and I R ; the 3rd fraction was a mixture of 5c and 
a trace amoun t of diphenylacetylene, identified by the re­
tention times of G L P C . 
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Polyelectrolyte Complexes of [2-(Diethylamino)ethyl]dextran Hydrochloride 
with Sodium Carboxymethylcellulose 

Y a s u o K I K U C H I * a n d T a k a s h i K O D A 

Department of Materials Science and Engineering, Faculty of Engineering, 

Öita University, 700-Dannoharu, Öita 870 

(Received J u l y 24, 1978) 

Sodium carboxymethylcellulose (awfr'-thrombogenic material) (CMC) reacted with [2-(diethylamino)ethyl]-
dextran hydrochloride (a^z-cancer material) (EA) having an opposite charge and three groups of different 
basicity at different hydrogen ion concentrations to form novel water-insoluble precipitates, the so-called polyelec­
trolyte complex (PEC) comprised of both biomedical materials, focusing on the coagulation of precipitate (PEC) 
produced. T h e mole ratio N ( E A ) / N a ( C M C ) of the reaction mixture in solution at the start coagulation in­
creased with a lowering of hydrogen ion concentration. This depended on the change of the degree of dissociation 
of EA and C M C with changing hydrogen ion concentration. T h e nitrogen contents which describe the mole 
ratios of E A / C M C in each P E C thus prepared were determined to range from 1.75 to 4.51. I t was established 
that the hydrogen ion concentration and mixing mole ratio of N / N a in solution play an important role in deter­
mining the composition ratio of E A / C M C in the PEC. T h e results of IR , elemental analyses, solubility measure­
ments, degree of swelling in water, color reaction with Toluidine Blue, and blood clotting test for PEC, revealed 
that the molecular structure of the various PEC's differed according to the hydrogen ion concentration and the 
mole ratio of reaction mixture in solution, though all PEC's were prepared from the same starting materials. I t 
appears that the degree of dissociation and conformation of EA and C M C change with hydrogen ion concentration. 
T h e blood clotting tests were performed on a slightly swelled tablet of PEC where it was found that the PEC sup­
pressed coagulation of the blood. 

T h e m i x i n g of oppos i t e ly c h a r g e d po lye lec t ro ly tes 
g ive rise to t h e f o r m a t i o n of* a po lye l ec t ro ly t e c o m p l e x 
w h o s e p r o p e r t i e s , c o n f o r m a t i o n s , a n d b i o m e d i c a l 
c h a r a c t e r s , in g e n e r a l , a r e sensi t ive to s u c h r e a c t i o n 
c o n d i t i o n s as t h e c o m p o s i t i o n of t h e r e a c t i o n m i x t u r e , 
t h e h y d r o g e n ion c o n c e n t r a t i o n , t h e o r d e r of m i x i n g , 
a n d t h e p o l y i o n c o n c e n t r a t i o n a t w h i c h t h e r e a c t i o n 
is c o n d u c t e d . 1 , 2 ) 

T h e m e c h a n i s m of p o l y i o n i n t e r a c t i o n , t h e p r o b a b l e 
s t r u c t u r e s of t h e P E C , a n d p r o p e r t i e s h a v e b e e n in ­
ves t i ga t ed in de t a i l b y M i c h e l s et al.3**) 

T o d a t e , h o w e v e r , few pape r s 5 ) h a v e d e a l t w i t h t h e 
p o l y i o n i n t e r a c t i o n b e t w e e n p o l y s a c c h a r i d e , o r po ly ­
s a c c h a r i d e a n d s y n t h e t i c m a c r o m o l e c u l e s of i m p o r t a n c e 
b e c a s u e of t h e s imi lar i t ies to b io log ica l sys tems, m e m ­
b r a n e s , a n d i n d u s t r i a l a n d b i o m e d i c a l app l i ca t ions . 6 ) 
I n a p r e v i o u s p a p e r 7 ) t h e c h e m i c a l r e a c t i o n of E A a n d 
s o d i u m d e x t r a n sulfate (««^ ' - t h rombogen ic m a t e r i a l ) 
w h i c h is a b i o m e d i c a l m a t e r i a l w a s r e p o r t e d . 

T h i s p a p e r dea l s w i t h a n o v e l c h e m i c a l r e a c t i o n 
of [ 2 - ( d i e t h y l a m i n o ) e t h y l ] d e x t r a n h y d r o c h l o r i d e w i t h 
s o d i u m c a r b o x y m e t h y l c e l l u l o s e , focusing o n t h e c o a g ­
u l a t i o n of t h e P E G p r o d u c e d , t h e g e n e r a l c h a r a c t e r ­
istics, a n d t h e process of c lot f o r m a t i o n . 

E x p e r i m e n t a l 

Sodium carboxymethylcellulose (cw^'-thrombogenic ma­
terial, weak acid polyelectrolyte, intrinsic viscosity 0.401 
dl/g in 1 M NaCl at 25 °C, sodium content 7.79%) and 
[2-(diethylamino)ethyl]dextran hydrochloride (anti-cancer 
material , weak basic polyelectrolyte, nitrogen content A.91%, 
degree of substitution 1.11 mol/A.G.U.t) prepared by molec­
ular weight 250000 of dextran (described later in detail) , 
were obtained from Wako Junyaku Co., Ltd. , and from 
Meito Sangyo Co., Ltd. , J a p a n , respectively. 

C M C and EA were highly-purified and used without 

t Determined at Meito Sangyo Co., Ltd. , J a p a n . 

further purification. C M C and EA (2 g/1000 ml) were dis­
solved in aqueous solution. The reaction were conducted 
at p H 3.0, 7.0, and 11.0, the p H of solution being adjusted 
to 7.0 and 11.0 with sodium hydroxide and to 3.0 with hy­
drochloric acid. The EA solutions were added dropwise to 
the C M C solutions, adjusted to the same p H as those of the 
EA solutions at a rate of 50 ml/30 min with stirring. The 
water-insoluble precipitate, the so-called P E C comprised of 
both biomedical materials, were thus obtained. After aging 
for a half hour, the precipitate was washed with water and 
methanol , centrifuged, and dried in vacuo at 50 °C to constant 
weight. 

The blood clotting test was conducted according to the 
procedure of Imai and Nose;8) PEC 200 mg was pressed 
(81/4.9 cm2) in a vacuum for 10 min to make a sample 
tablet. The A C D blood of type A (Red Cross Hospital 
Blood Center) was kept in a thermostat at 4—6 °C for 3 
days. The A C D blood was prepared by adding the blood 
to an anticoagulant citrate dextrose solution consisting of 
sodium citrate, citric acid and dextrose. 

Elemental analyses of the PEC were performed at the 
Institute of Physical and Chemical Research. 

T h e structures of 1 and 2 of EA have been proposed by 
Meito Sangyo Co., Ltd. , J a p a n : 

C 2 H 5 

R - 0 - C H o C H 2 - N + H C l -

C 2 H 5 

1 

C 2 H 5 G2H5 

R - 0 - C H 2 C H 2 - N + - C H 2 C H 2 - N + H 2C1~ 
i i 

C 2H 5 C 2H 5 

2 

R : dextran residue. 

Both groups are present in each molecule of EA i.e. three 
groups of different basicity, are reflected in the form of the 
titration curves in a previous paper,7) quar ternary (strong 
basic) and two tertiary ammonium groups in 1 and 2, re­
spectively.9) Potentiometrie titration studies of polybases for 
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EA have supplied information regarding the properties of 
the substances in solution.10) The titration curves obtained 
in these experiments have been reported in a previous paper.7) 
The ratio of groups 2 to group 1 was approximately 0.78 : 1. 
On the basis of the inflection points in the Potentiometrie 
titrations and the start, before and after of coagulation of 
PEG in the reaction system, subsequent experiments were 
conducted at pH 3.0, 7.0, 11.0, and a mole ratio N/Na of 
the reaction mixture in solution in Table 1. 

The purple coloration is due to the reaction of CMC 
with a solution containing Toluidine Blue, utilized to demon­
strate the CMC elution from PEG and the change of structure 
produced. 

Resu l t s a n d D i s c u s s i o n 

Experimental conditions, yields and elemental 
analyses for the PEG prepared at the beginning and 
end point, and before and after coagulation of PEC in 
the reaction system are given in Table 1, respectively. 

The nitrogen contents which describe the molar 
ratios of E A / C M C in each PEC increased with an 
increased in the mole ratio of N/Na of the reaction 
mixture in solution and with a decrease in hydrogen 
ion concentration a direct consequence of the fact 
that the degree of dissociation of C M C and EA are 
dependent on the hydrogen ion concentration, i.e. 
the composition ratio of E A / C M C in the PEC was 
sensitive to the reaction conditions. Thus, the p H 
as well as the mole ratio of EA to C M C in the reaction 
mixture, played an important role in changing the 
ratio of the reactive group of C M C to that of EA in 
the PEC produced. 

As seen in Fig. 1, the mole ratios N/Na of the reaction 

pH 

Fig. 1. Beginning and end points of coagulation. O : 
Beginning point of coagulation, A : end point of 
coagulation (EA to CMC, N/Na). 
X : Beginning point of coagulation, • : end point of 
coagulation (CMC to EA, Na/N). 

mixture in solution at the beginning point of coagula­
tion increase with an increase in p H , i.e. a larger 
amount of EA is necessary to coagulate the C M C 
solution containing PEC with a lowering of hydrogen 
ion concentration. The reason for this is that the 
degree of dissociation of EA decreases and that of C M C 
increases with a lowering of hydrogen ion concentration, 
i.e. the decreasing of the positive net charge of EA 
and the increasing of the negative charge of C M C . 

The I R spectrum of PEC is similar to that of a mix­
ture of C M C and EA, differing only in detail. H O W -

TABLE 1. EXPERIMENTAL CONDITIONS,8-) POLYMER YIELD AND ELEMENTAL ANALYSES 

OF POLYELECTROLYTE COMPLEXESB> 

Sample 

code 

ÄÄV 
A-2c-f) 
A-3C'S> 

A-4C) 

B-ld> 

B-2d'f> 

B-3d>s) 

B-^.11) 

C-le> 

C-2e'f> 

C-3e'B) 

C-4e> 

D-lc> 

Tt-2A'» 
D-3e> 

Amount of EA or 
C M C solution 

/ ml EA or ml C M C \ 

V 100 ml C M C 

19.1 

29 .5 

34 .0 

200.0 

76 .5 

99 .5 

128.0 

200.0 

76 .5 

155.0 

176.0 

200.0 

188.5 

188.5 

188.5 

or E A / 

Mole ratio of N / N a 
in solution 

(L20~ 

0 .31 

0 .36 

2 .10 

0 .80 

1.04 

1.34 

2 .10 

0 .80 

1.62 

1.84 

2 .10 

0 .56 

0 .56 

0 .56 

Yield of 
polymer 

( g ) 

0 .09 

0 .18 

0 .21 
0 .24 

0 .20 

0 .26 

0 .37 

0 .37 

0 .17 

0 .38 

0 .44 

0 .45 

0 .47 

0 .30 

0 .26 

Nitrogen 
content 

(%) 
2 .05 

1.75 

1.83 

2 .27 

3 .74 

3 .84 

3.80 

4 .10 

4 . 1 4 

4 .34 

4 .42 

4 .51 

2 .43 

3.82 

3.99 

Sodium 
content 

(%) 
— 
— 
— 

0.02 

— 
— 
— 

0 .05 

— 
— 
— 

0.19 

0 .11 

0 .06 

0 .14 

Chlorine 
content 

(%) 
— 
— 
— 

0 .08 

— 
— 
— 

0.77 

— 
— 
— 

0 .13 

0 .0 

0 .07 

0 .0 

a) Concentration of EA and CMC, 2.0 g/1. A, B, C series: EA solution was added dropwise to CMC solution. 
Amount of CMC solution was 100 ml. D series: CMC solution was added dropwise to EA solution. Amount 
of EA solution was 100 ml. b) The analyses were performed at the Institute of Physical and Chemical Research. 
c) Both CMC and EA solutions were adjusted to pH 3.0. d) Both CMC and EA solutions were adjusted to 
pH 7.0. e) Both CMC and EA solutions were adjusted to pH 11.0. f) Coagulation just occured. g) End 
point of coagulation, h) Carbon content, 50.67%, hydrogen content, 7.77%. i) Carbon content, 50.59%, 
hydrogen content, 7.79%. 
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3500 2500 1800 1400 1000 650 
Wave number (cm-1) 

Fig, 2, IR spectra of polyelectrolyte complexes. 
: Polyelectrolyte complex prepared at pH 3. 
: Polyelectrolyte complex prepared at pH 7. 
: Polyelectrolyte complex prepared at pH 11. 

ever, the PEC prepared at p H 3 had an absorption 
band at 1740 and 1240 c m - 1 , which appeared 
neither in the PEG prepared at p H 7 and 11,0 nor in 
the mixture of EA and C M C , These absorption bands 
had been assigned to G O O H group.11) Furthermore, 
the absorption band at 3500 c m - 1 (assigned to the 
O H group) of PEG prepared at p H 3 shifted to a higher 
wave number . In consideration hydrogen bond of 
formation between the O H group and other reaction 
groups, it is reasonable to expect shifts in frequency. 
In addition, the sodium and chlorine contents in the 
PEG are smaller than those in C M C or EA, and the 
nitrogen content distinctly different (Table 1). The 
results suggest that the amino groups in EA partici­
pate in the binding with C M C , probably through 
the - C O O - groups, and that the molecular structures 
of PEC are different from one another. Actually, 
the PEC prepared at low hydrogen ion concentration 

TABLE 2, COLOR REACTION WITH TOLUIDINE BLUE&> 

Sample code 

EA 

C M C 

A-1 

A-2 

A-3 

A-4 

B-1 

B-2 

B-3 

B-4 

C-1 

C-2 

C-3 

C-4 

D- l 

D-2 

D-3 

Color of solution 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

blue 

green 

purple 

purple 

purple 

purple 

purple 

green 

green 

green 

green 

green 

green 

green 

green 

purple 

green 

green 

Color of P E C 

— 
— 

blue 

blue 

blue 

blue 

white 

white 

white 

white 

white 

white 

white 

white 

blue 

white 

white 

a) Sample code corresponds to that in Table 1. 

differed appreciably from the PEC prepared at higher 
hydrogen ion concentration in such properties as the 
degree of swelling and the color reaction with 
Toluidine Blue as described later. 

The resulting purple stain with Toluidine Blue 
provides a very sensitive test for C M C . Only the 
PEG of series A prepared at p H 3 gave a blue coloration, 
but not a blue purple coloration with Toluidine Blue 
as shown in Table 2. 

The <z?zfr'-thrombogenic C M C in the PEC produced 
did not elute into the solution except for PEC of series 
A as shown in Table 2, 

P E C s are insoluble or only partially soluble in 
dimethyl sulfoxide or JV,iV-dimethylformamide on 
heating, partially soluble in a ternary solvent mixture 
( ace tone /KBr /H 2 O=20 : 20 : 60 wt %) on heating, and 
soluble in formic acid or a ternary solvent mixture 
( H C l / d i o x a n e / H 2 0 = 4 8 : 47 : 5 wt %) on heating. The 
difference in solubility however, is in discernible. 
The PEC's prepared at low hydrogen ion concentration 
are however, more soluble than those prepared at 
high hydrogen ion concentration. 

TABLE 3. SWELLING WITH WATER 

nple code 

A-1 

A-2 

A-3 

A-4 

B-1 

B-2 

B-3 

B-4 

C-1 

C-2 

C-3 

C-4 

D- l 

D-2 

D-3 

Degree of swelling 

No swelling 

No swelling 

No swelling 

No swelling 

Slight swelling 

Slight swelling 

Slight swelling 

Fairly large swelling 

Slight swelling 

Slight swelling 

Slight swelling 

Fairly large swelling 

No swelling 

Slight swelling 

Fairly large swelling 

a) Sample code corresponds to that in Table 1. 

Swelling tests were performed with all PEC listed 
in Table 3. All the PEC prepared at p H 3 did not 
swell entirely. The degree of swelling of PEC became 
larger with decreasing hydrogen ion concentration and 
increasing mole ratio N/Na of the reaction mixture. 

These experimental results support the differences 
in molecular structure according to the experimental 
conditions of hydrogen ion concentration and mole 
ratio of the reaction mixture, although the PEC have 
common constituents. I t appears that the degree of 
dissociation and conformation of EA and C M C changes 
with hydrogen ion concentration. 

The blood clotting tests were performed on a PEC 
tablet (A-4, B-3, C-2, D - l , D-2) prepared in solution 
(Table 1 ) by gravimetric measurement8) of the amount 
of clot formed at the appropriate time intervals, after 
the addition of calcium chloride solution (0.1 M, 
0.015 ml) to AGD blood (0.15 ml, A type, storage 
time 3 d) which had been in contact with the ma-
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3 

£ 
o 
u 
H 

20 25 10 15 
Time (min) 

Fig. 3. Percentage of the thrombus formed on polyelec­
trolyte complexes compared with that on glass. 
0 : Glass, A : polyvinyl chloride, # : C-2, O : B-3, 
• : D-l, A : A-3, X: D-2. 
Sample codes C-2, B-3, D-l, A-3, and D-2 correspond 
to those in Table 1. 

terials. The lightly swelled PEG could not perform 
the blood clotting test because of the soaking of blood 
into the tablet and therefore, the tests were performed 
on a PEG tablet with a small degree of swelling in 

A, B, G, and D series. T h e quantities of the clot 
formed on the PEG tablet are smaller than those formed 
on glass or PVG tablets. The PEG has an anti-throm-
bogenic character and supresses the coagulation of 
blood. Differences in öwft-thrombogenic behavior 
among them is however, hardly discernible. 
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Photo-induced dechlorination of jff-benzene hexachloride (/ff-BHC) in alkaline alcohols has been studied. 
Benzene is a major product accompanying other minor products such as chlorobenzene, alkoxybenzene, and 
benzyl alcohols. Their yields vary a great deal depending on the kind of alcohol. The efficiency of reaction 
and the selectivity of benzene increase in the order : methanol<ethanol<2-propanol. The reaction may go 
by way of dechlorination of £-BHC with base in the dark giving trichlorobenzenes(predominantly 1,2,4-isomer) 
followed by its photochemical dechlorination. The radical chain mechanism involving H-abstraction by CI-
atom is presented, since the efficiency is raised ca. 8 times as much as that in the dark. 

Attention has recently been centered upon the 
photochemical decomposition of organic chlorine-
containing compounds as pollutants. Several reports 
have appeared on the photodechlorination of polychlori-
nated biphenyl(PGB) in either neutral or alkaline 
media,2-8) since PCB has high stability and high resis­
tance against thermolysis. 

O n the other hand, the photochemical decomposi­
tion of aliphatic chlorine-containing compounds used 
as insecticides, e.g., Aldrin, Deldrin, Endrin or y-
BHC, is difficult on account of their transparency 
towards U V light over 230 nm, 9 - 1 0 4 2 ) so that few 
attempts have been made to decompose the aliphatic 
chlorine-containing compounds. Only a qualitative 
study on photoinduced decomposition of y-BHG with 
sodium hydroxide in 2-propanol was reported, bu t 
no at tempt was made for identification of the photo-
products and no mechanistic study carried out.12> 

T h e present work was undertaken to elucidate 
photoproducts and to present the mechanism for photo­
induced decomposition of ß-BHC in various alkaline 
alcohols. 

R e s u l t s a n d D i s c u s s i o n 

Photodecomposition of ß-BHC in Alkaline Alcohols. 
Irradiation of 0.01 M ß-BHC in ca. 0.3 M alkaline 
alcohols with a 300 W high pressure H g lamp (wave­
length 360—600 nm) results in the decomposition of 
/7-BHC with efficiency depending on the kind of alcohol 
used (Fig. 1). T h e efficiency increases with the change 
of alcohol in the order: M e O H < E t O H < 2 - P r O H . 
/?-BHC is transparent at wave length over 200 nm, 
but on addition of alkali, a dark reaction occurs form­
ing aromatics, so that the solution absorbs the 270— 
280 n m light. 

T h e decomposition rate in 2-propanol is ca. 8 times 
as high as that in methanol, all ß-BHC being completely 
consumed within 2 h. However, the yield of benzene 
still increased even after 100% consumption of ß-
BHC, reaching a maximum value after 6 h, implying 
the intervention of precursors to benzene. A slight 
decrease in the yield of benzene after reaching its 
maximum can be attributed to further degradation, 
e.g., benzene reacts with chlorobenzene to give bi-
phenyl.12> 

T h e extent of dechlorination of ß-BHC was estimated 
to be 4.89 of CI atoms per one molecule of ß-BHC 

f/ 
[' 

0 10 20 30 W 50 60 
Irradiation time/h 

Fig. 1. Irradiation time-conversion curve of photode­
composition of ß-BHC in various alkaline alcohols: 
methanol (—O—O—), ethanol (—#—#—)> and 2-
propanol(—X — X—). A curve ( ) obtained on 
the basis of chloride ion at 15—20 °C. 

decomposed (or 8 1 % Cl~ production), indicating the 
formation of chlorine-containing substances in yields of 
19% based on the decomposed ß-BHC. Most of them 
could not be identified except for chlorinated benzenes 
such as mono-, di-, and trichlorobenzenes which 
appeared in the initial stage of the decomposition of 
ß-BUC. 

Scheme 1 represents the isolated and/or characterized 
photoproducts in various alkaline alcohols. Their 
yields after almost complete decomposition of ß-BHC 
are summarized in Table 1. 

Products were identified and estimated by means 
of GLC and GLC-MS in comparison with the corres­
ponding authentic samples. 

Formation of the corresponding carboxylic acids 
was observed by further oxidation of 7's in an aerated 
solution. They were characterized as their corres­
ponding esters by addition of excess HCl to the reaction 
mixture; e.g., methyl formate from formaldehyde. 

Benzene was obtained as the major non-chlorine 
containing product in yields of 23.5, 37, and 4 8 % 
in alkaline methanol, ethanol, and 2-propanol, re-
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[0-BHC]o 

0.02 

0.017 

0.017 

0.011 

0.011 

TABLE 1. 

[ R ^ C H O N a ] , , 
in R ^ C H O H 

0.36 
( R ^ R ^ H ) 

0.28 
( R ^ H , R2 = CH3) 

0.28 
( R ^ H , R2 = GH3) 

0.19 
( R ^ R ^ C H , ) 

0.19 
(Ri = R2 = CH3) 

Photodechlorination of BHC 

PRODUCTS FROM 

Irr ad. 
time (h) 

50 

17 

56 

2 

6 

in Alkaline Alcohols 

PHOTOLYSIS OF / ? - B H C 

Conv. 
(%) 

91 

78 

100 

96 

100 

PhH 

(1) 

23.6 

21 

37 

14 

48 

IN ALKALINE ALCOHOLSa> 

Yield (%) 

PhCl PhOGRiR2 

(2) 

3.5 

12.1 

1.0 

20 

11 

(3) 

2.3 

3.8 

—to) 

—1>) 

— f ) 

P h C R ^ 2 

i 

OH 
(4) 

2.3 

12.3 

— b ) 

—1>) 

— b ) 

885 

Ph2 

(5) 

0.5 

2.5 

— b ) 

— b ) 

—1>) 

a) Conversion and yields were measured by means of GLC using bromobenzene and/or diphenylmethane as 
internal standard reagents, b) Not determined. 

H Cl 

C l N / \ / H 
|\C1 
l/H 

H I 
CI 

hu 

\ l l / x x RiR2CHONa 
H / X / ^ C l in R1R2CHOH 

C1 /NH 
(0-BHC) 

PhH + PhCl + PhOCHRiR2 

+ PhCRiR2 + Ph2 + (R1R2C->2 + R1R2C=0 

OH OH 

4 5 6 7 

R ^ H , CH3; R2 = H, CH3 

Scheme 1. 

spectively. 
Although 8 1 % of chlorine of /5-BHC was liberated 

as chloride ion, the material balance calculated by 
means of the chloride formed deviates significantly 
from that on the basis of cyclic six-membered carbon 
compounds which comprise benzene, chlorobenzene, 
alkoxybenzene, benzyl alcohols, and bibenzyl. Total 
yields of the aromatic compounds are at most as fol­
lows: 4 5 . 5 % for the case in metanol, 5 0 % in ethanol, 
and 6 0 % in 2-propanol. T h e loss of Gl content can 
be attributed to the formation of ring-ruptured chlorine-
containing fragments and/or polymerized ß-BHC 
which cannot be detected by GLC up to 250 °C. 
Detection of fragments or oligomers derived from ß-
BHG was unsuccessful even by careful GLC analysis. 

Effect of Irradiation Time on Photoproducis. A 
typical example of photolysis of /?-BHC in alkaline 
methanol is shown in Fig. 2. Apparently no sub­
stantial amounts of di- and trichlorobenzenes were /?-BHC 
formed even at the initial stage 

Independent photolysis of 1,2,4-trichlorobenzene 
in alkaline ethanol generated 7 4 % of chloride ion. 
I t is assumed that three atoms of chlorine are liberated 
from one molecule of the trichlorobenzene, thus yield­
ing benzene, chlorobenzene and phenetole (33, 45, and 
22%, respectively). 

Competitive dechlorination with a mixture of 1,2,4-
trichloro-, 1,2-dichloro-, 1,4-dichloro-, and mono-
chlorobenzenes showed that the 1,2,4-isomer is the 

10 60 70 20 30 40 50 
Irradiation time/h 

Fig. 2. Irradiation time-conversion curve of photo-
decomposition of /?-BHC to give benzene (—#—#—), 
chlorobenzene (—O—O—), anisole (—X — X—), 
and benzyl alcohol (—A—A—) in alkaline methanol 
at 15—20 °C. 

most unstable towards U V light and monochloro-
benzene the most stable; 1,2,4- and 1,2-halides are 
almost photodecomposed within 1.5 h irradiation, 
whereas the mono- and 1,4-dihalides require over 6 h 
for almost complete decomposition. This suggests 
that the trichlorobenzene is formed at the earliest 
stage, but it does not accumulate on account of its 
instability towards U V light in the presence of alkali. 

Progressive Dechlorination of ß-BHC. ß-BHC is 
stable under U V irradiation because of its trans­
parency to U V light over 230 nm. T h e initiation 

H Cl 

CK/X/H 
RO- i l ROH H / | IhCl 

I- ll/H 
C ! / \ / \ C l 

/ \ 
Cl H 

- c i -

H CI 

CkA/H 
H / | hCl 

l/H 
C K X / ^ 1 

i 

H 

ci/v^c1 
(i) 

(8) 
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necessitates UV-absorbing species. Trichlorobenzenes 
containing 8 7 % of the 1,2,4-isomer are formed in the 
dark by treatment of /?-BHG in alkaline methanol.13) 
The reaction is explained by a mechanism involving 
a carbanion formed by deprotonation of /?-BHG with 
alkoxide.13) Trichlorobenzenes, however, do not 
undergo dechlorination with alkali in the dark, 
but they are easily decomposed into benzene, chloro­
benzene, and alkoxybenzene on irradiation as de­
scribed above. 

Hence, the photolysis of /?-BHG is apparently ini­
tiated by the trichlorobenzenes. Nevertheless, the 
photoinduced dechlorination of /?-BHC cannot be ex­
plained only by the photodecomposition of trichloro­
benzenes, since the photoinduced decomposition of 
/?-BHC is ca. 8 times as fast as that in the dark (Fig. 3). 

ö 
o 

Time/h 

Fig. 3. The time dependence of the formation of chlor­
ide ion at 25 °G (a) on photolysis of an ethanol solution 
of ß-BHC (0.0014 M) and sodium hydroxide (0.028 M) 
(—O—O—) and (b) on standing it in the dark 
(—#—#—) at 15—20 °C. 

If only the above carbanionic dechlorination of ß-
BHG with alkali is operating, the efficiency of photo­
induced consumption of /?-BHC would not exceed that 
in the dark. A radical chain mechanism is conceivable 
in which dechlorination of /?-BHC occurs mainly via 
a hydrogen abstraction by chlorine atom generated 
by photolysis of trichlorobenzenes. 

£-C6H6Cl6 + 3RO-
R O H 

dark 
-• G6H3G13 -1- 3ROH + 3G1-

GRHQCIQ -> GjjHaGL + -CI 

> HC1 + C6H5C16. GL +£-C6H6Cl6 

C6H5C16. • C6H5C15 + Gl 

(8) 
8 • G6H3C13 + 2HG1 

C6H3C12. + RiRaCHOH 

RiRaÇOH 4- GL • R i R X ^ O -f HG1 

2R1R2GOH • ( R ^ C - ^ 

OH 
(pinacol) 

(2) 

(3) 

(4) 

(5) 

(6) 
-, C6H4C12 + R lR*ÇOH (7) 

(8) 

0) 

Analogously, 
hv 

G6H4G12 + RiRaCHOH • G8H5G1 + R ^ G O H + Gl-

(10) 

hv 
G6H5G1 + R ^ C H O H • G6H6 + R ^ Ç O H 4- GL 

(H) 

Pinacol was accumulated during the course of ir­
radiation, especially in 2-propanol, 2,3-butanediol being 
rapidly accumulated even after 100% decomposition 
of /?-BHC. The pinacol is derived by photoreduction 
of acetone in 2-propanol. The formation of biphenyl 
is explained by the reaction of chlorobenzene with 
benzene. 

G6H5C1 -f G6H6 

hv 
-• Ph2 + HCl (12) 12) 

Chlorobenzene is known to be easily photodecom-
posed to give alkoxybenzene or phenol by photosub­
stitution along with benzene.14-17) In our photo-
reaction, anisole (in methanol) and phenetole (in 
ethanol) were observed (see Table 1). However, 
careful analysis by GLG and GLG-MS revealed no 
formation of tri- or dialkoxybenzenes, and/or alkoxy-
chlorobenzenes, suggesting that tri- or dichlorobenzenes 
are very rapidly dechlorinated rather than undergoing 
nucleophilic substitution under these conditions. 

It is of interest that aromatic radical substitution 
occurs; i.e., benzyl alcohol and 1-phenylethanol are 
formed during photolysis. Independent photolysis of 
trichlorobenzenes, or chlorobenzene under similar 
conditions did not afford such products; hence the 
substitution may originate at the stage of dechlorina­
tion of /?-BHC. They may be formed as follows. 

Gl 
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Gl 

hv 

H Gl 

H H-sources 
G6H5-GHOH + 5HG1 (14) 

This is an evidence for the homolytic dechlorination 
of /?-BHG to the radical -G6H6G15 through a radical 
chain mechanism involving chlorine atom as a chain 
carrier. 

Experimental 

Materials. /7-BHC (extra pure grade, Tokyo Kasei Go.) 
was used without further purification. 2,3-Butanediol was 
synthesized by photolysis of acetone in 2-propanol.18) o-(and 
p-) Ghlorophenetoles were prepared by treatment of o-(and 
/?-)chlorophenols with ethyl bromide in the presence of potas­
sium carbonate.19) 

General Procedures. A Halos high-pressure 300 W Hg 
lamp with a water-cooling quartz jacket was used as a light 
source immersed in a reaction solution in a reactor ( 1000 mi 
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volume) equipped with a thermometer and a condenser. 
The reaction solution was adjusted to contain 0.01 M ß-BHC 
and 0.3 M sodium alkoxide in alcohol. The réaction mixture 
was irradiated until the starting ß-BHC disappeared. Ali-
quots were taken out at appropriate intervals of t ime, yields 
being estimated by means of titration and GLG technique. 

Analysis of Products. Identification of products was 
carried out by means of GLG with a Yanagimoto gas Chro­
matograph, Model GCG-550F operated with columns packed 
with either P E G 20 M ( 4 m m x l . 2 m ) or Porapak Q S 
(4 m m x 0.7 m) using N 2 as a carrier gas. Low-boiling 
products such as benzene, chlorobenzene, aldehyde, and 
esters were identified and estimated by means of GLG with 
a Porapak Q S column using bromobenzene as an internal 
standard in comparison with the corresponding authentic 
specimen. High-boiling products such as polychlorobenzenes 
(e.g., 1,2,4-trichlorobenzene), alkoxybenzene, benzyl alcohol, 
1-phenylethanol, and /7-BHC were identified and estimated 
by GLG with the P E G 20 M column using diphenylmethane 
as an internal standard. 

The other products such as 1,2-ethanediol were characteriz­
ed by means of GLG-MS with a Shimadzu GLG-MS Model 
7000 as follows : mje (relative yield); benzene, 78(M+) (100); 
methyl formate, 60(M+) (56), 32(100), 31(100); methyl 
acetate, 74(M+) (32),-43(100); acetic acid, 60 (M+) (100), 
58(13), 44(100), 43(15), 31(100), 32(69), 33(28); benzyl 
alcohol, 108(M+) (100), 107(33), 79(50); ethylene glycol, 
60(M+) (25), 45(5), 44(12), 43(10), 33(75), 32(12), 31(100); 
1-phenylethanol, 122(M+) (66), 108(10), 107(100), 79(56), 
78(12); butanediol, 90(M+) (9), 75(10), 68(12), 47(12), 
46(8), 45(100), 44(8), 43(8); benzene, 78(M+) (100); chlo­
robenzene, 113(M++1) (30), 112(M+) (100), 77(45), 51(10), 
50(10). 

The analysis of chloride ion was carried out by addition 
of excess silver nitrate (10 m i x 0.016 M ) to the above aliquot 
(10 ml) , followed by titration with aqueous thiocyanate 
(0.016 M) after acidification by addition of excess nitric 
acid. The concentration of the appropriate sodium alkoxide 
was measured with 0.0662 M HG1 using Phenolphthalein 
as an indicator. A control experiment indicated that the 
covalent-bonded chlorine cannot be detected as chloride 
ion in the stage of titration. 
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It was confirmed that the kinetics of CO-oxidation over powdered V2Oe under the condition of (Pco/Poz) 
more than 2 differed clearly from that under the (PCo/A>2) less than 2 at 450 °G. The activation energies were 
5.6 kcal/mol at 250—410 °G and 13 kcal/mol at 410—490 °C under a reductive condition of (PCo/-Po2) = 4.4, and 
on the other hand 5.9 kcal/mol at 250—490 °C under an oxidative condition of (PCo/^o2) = 0-43- ° n a t n i n crystal­
line sample, in which the (010) plane was exposed extensively to the surface, a very rapid process appeared at 
the initial stage but was soon followed by a steady process. The rapid process was explained well by the Elovich 
law. On the thin crystalline, cautiously purified, the Elovich process did not appear, but the initial rapid process 
was kept steadily for 10—20 min and then followed by the other steady process. Accompanied by the change 
in the kinetics during the reaction, the activation energy changed from 2.3 kcal/mol at 271—410 °C and 17 kcal/ 
mol at 410—480 °G to 29 kcal/mol at 271—480 °C under the (Pco/^o2)=2.1. Based on these results, the effects 
of the crystalline planes and the purities on the working states of V 2 0 5 crystal in CO-oxidation are discussed. 

M a n y investigators have devoted themselves to 
the discussions on the working states of vanadium 
oxide catalysts-especially as to whether oxygen in 
the catalyst takes par t directly in the catalysis or only 
adsorbed oxygen and which phases of vanadium 
oxide play an important role in the working state. 1_13> 
A unified understanding of the problem, however, 
has not yet been established fully for the differences 
from author to author in the biography of the catalysts 
(purity, carrier etc.), in the reaction systems, and in 
the reaction conditions. By the same reason, diver­
gence is seen in the proposed kinetics even in such 
a simple reaction as CO-oxidation on vanadium oxide 
catalysts.14"18) 

Previously, CO-oxidation on crystalline powder 
of V 2 0 5 has been studied by using 1 80-tracer1 9) and the 
rates of isotopic exchange between the surface oxygen 
and 1 8 0-carbon dioxide on the crystalline powder 
and on the thin plate crystalline, in which the (010) 
plane was highly exposed to the surface, were compared 
with each other.20> These results suggested clearly 
an important role and a high activity of the (010) 
plane to CO-oxidation. 

In this paper, in order to obtain further information 
on the effects of the crystalline planes and also the 
purities of V 2 0 5 on the catalytic activity and the work­
ing states, the rates of CO-oxidation over various 
kinds of V 2 0 5 crystalline- powdered and thin plate, 
and unpurified and purified- were investigated under 
various reaction conditions: temperature, pressure 
and the ratio of C O to 0 2 . From the results it was 
deduced that the catalytic properties of the surface, 
especially the (010) plane, changed remarkably only 
by the elimination of a very little amount of im­
purities. 

E x p e r i m e t n a l 

Materials. V 2 0 5 obtained by thermal decomposition 
of NH 4 V0 3 (special grade, Wako Pure Chem. Co.) at 600 °C 
in air stream for 3 h was used as the powdered catalyst. 
Thin plate crystallines were prepared by a soft touched pul­
verization of single crystals of V 2 0 5 with an agate mortar 
and then sieving. The single crystals, unpurified and purified, 
were made from the unpurified V 2 0 5 and cautiously purified 

TABLE 1. V 2 0 5 CATALYSTS AND BET SURFACE AREA 

Surface 
V 2 0 5 catalyst area 

(ma/g) 

Powdered V2O s s _c 2 5 

(commercial, special grade) p" 

Thin plate crystallines/ 20—42 mesh Ss-u-l 0.09 
(unpurified V205) 80—100 mesh Ss-u-2 0.3 

\170—200 mesh Ss-u-3 1.2 

V 2 0 5 powder, respectively, by a zone-melting method.24* 
The purification was done chemically according to the 
methods of McCarely et al.21) and Haemers.22) The BET 
surface areas of the V 2 0 5 catalysts are summarized in Table 
1. In the unpurified single crystal, Ss-u, ESR signals ascribed 
to V4+ ions and Fe3+ ions23) were found. According to a 
chemical analysis, the content of Fe was 0.005%(Fe/V). 
On the other hand, in the purified single crystal, S8-p, no 
ESR signal was detected.24) 

The preparations and purifications of CO and 0 2 gases 
were done by usual methods. In the reactants no impurity 
was detected mass-spectrometrically. 

Apparatus and Procedures. The reaction was done 
statically with a cylindrical glass vessel (diameter=8 cm, 
length=6 cm). In the reaction apparatus, the dead volume 
of the trap and the manometer, ^ ( » 2 5 cm3), was kept as 
small as possible compared with the reaction volume, VR 

(»310 cm3). The catalysts were dispersed widely on the 
side wall. The changes in the pressures during the reaction 
were determined by reading the level of the Hg-manometer 
with a cathetometer. Reaction temperature were control­
led within ± 1 °C. 

For the measurement of a very rapid rate at the initial 
stage on Ss-u and Ss-p, a small trap, inserted between the 
manometer and the reaction vessel, was cooled with liq.N2. 
For the measurements of a steady rate it was not cooled. 
The catalysts were previously heated in air and then in 
vacuo at 490 °C for 1 h. Activities of the catalysts were 
almost recovered by such a pretreatment. Thus, for a series 
of determinations of the temperature- and pressure-depen­
dences of the rates, the same catalyst was used repeatedly. 
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R e s u l t s 

Effects of the Sizes, the Shapes, and the Purities of V2Ob 

Catalysts on the Rate of the Catalytic Oxidation of CO-
a Survey of the Kinetics. CO-oxidation on the Unpurified 
V205- the Powdered (Sp-d) and the Thin Plate Crystal­
line ( S 8-u) : In the catalytic oxidation of carbon 
monoxide over the unpurified V 2 0 5 catalyst, Sp-d 
and Ss-u, a very rapid process appeared at the initial 
stage but was soon followed by a slow steady process. 
The period of the appearance of the initial process 
was prolonged on a small amount of the catalysts 
and at a low temperature, as illustrated in Fig. 1. 
The rapid process, which is almost invisible at 450 °G 
on Sp-d of 0.122 g (Fig. 1-a), appears clearly at 450 °G 
on that of 0.03 g (Fig. 1-b) and at 256 °G on that of 
0.116 g (Fig. 1-c). 

63 

T 

(c) 256°c H 
O.II6g 

(b) 450°c 
0.032 g H 

O 6 0 120 

Time/min 

Fig. 1. Appearence of an initial fast process in CO-
oxidation at a decreased temperature by use of a 
reduced amount of V 2 0 5 catalyst. 

The rapid process was recovered easily by the evacua­
tion at 1 0 " 5 m m H g above 450 °G for 1 h. When the 
temperature of the trap, inserted between the reaction 
vessel and the manometer, was suddenly changed 
from 195 to 77 K in the steady state, the rapid process 
seems to be recovered again for a while. T h e results 
obtained at 434 °G on Ss-u-3 of 0.027 g are illustrated 
in Fig. 2. Under the condition that the produced 
G 0 2 was always removed from the gaseous phase by 
the liq. N 2 t rap, the period of the appearance of the 
process was further prolonged. The result obtained 
on Ss-u-l of 0.121 g at 410 °G under the total pressure 
of 42 m m H g and the ratio (Pco/^o2) of 2.1 is given in 
Fig. 3-a as an example. The analysis of the process 
by the "Elovich equation,"25) (P0-P)l(P0-Poo) = 
log (t0+t), is shown in Fig. 3-b, where P is the total 
pressure and t0 is a parameter assumed as 5 min. 
The initial rapid process seems to be described well 
by the Elovich law. This feature of the kinetics sug­
gests that the surface is gradually deactivated, accompa­
nied by adsorption of the produced G 0 2 . However, 
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Fig. 2. Effect of elimination of produced C 0 2 from 
gaseous phase and surface after a steady state was 
reached on the initial fast process. 
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Fig. 3. A kinetical treatment of the initial fast process. 
(a) reaction curve of CO-oxidation on thin crystallines 
of V2O s at initial, (b) analysis of the initial process 
according to Elovich low; (P0—P)/{P—Poo)=log 
(t0+t), where P is total pressure, P0 and Poo are given 
by the cross point between the vertical axis and the 
reaction curve and the points on the dotted line at 
each time, respectively, / is reaction time, and t0 is a 
parameter, assumed as 5 min. 

no further discussion on the kinetics is done. Only 
the mean rates for 5 min at the start of the rapid pro­
cess, measured repeatedly on Ss-u-l of 0.121 g at various 
temperatures from 210 to 490 °G under the total 
pressure of 20 m m H g and the (Pco/Po 2 )=2.1 , are 
evaluated. The results are discussed below. 

The rates of the steady process were evaluated from 
the slope at the steady state of the reaction curves 
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on the catalysts of Sp-c, Sp-d, and Ss-u. The rates 
are summarized in Fig. 4 for comparison. In spite 
of the rather large differences in the particle sizes, 
the shapes, and the surface areas, the rates per unit 
surface area were very similar, especially at the lower 
pressures. The difference in the rates between the 
fresh and the repeated runs is seen in Fig. 4. The 
steady rate on Sp-d at 450 °G changed linearly with 
the increase in the amount of the catalyst from 0.03 
to 0.3 g, as is shown in Fig. 5. The contribution of 
the diffusion process to the rate may, therefore, be 
ignored for the steady process. 

CO-oxidation on the Purified V205-the Thin Plate Crystal­
line, Ss-p: GO-oxidation on the thin plate crystalline, 
Ss-p, of 0.075 g was examined in the temperature 
range from 271 °G to 480 °G under the total pressure 
(CPco/Po2)=2.1) of 23 m m H g . The results are illust­
rated in Fig. 6. The features of the kinetics seem to 
be completely different from that on the unpurified 
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Fig. 4. Comparisons of activities of GO-oxidation 

among some kinds of powdered and thin crystalline 
V 2 0 5 catalysts at 450 °G. 
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Fig. 5. Verification of linear relation of the steady 

rate of GO-oxidation with used amount of powdered 

catalyst, Ss-u, except for the run at 271 °G. The 
total pressures decrease linearly and it is noted that 
the slopes in the reaction curves change abruptly at 
10—20 min : from given values to smaller values 
in the runs at 330 and 370 °G and on the contrary to 
larger values in the runs at 410—480 °G. The tem­
perature dependences of the rates of the first and the 
second processes are discussed quantitatively below. 

Pressure Dependences of the Steady Rate. The Steady 
Rate on Sp-d: The steady rates on Sp-d, determined 

0 10 20 30 40 50 60 70 
Time/min 

Fig. 6. Reaction curves of GO-oxidation on highly 
purified V 2 0 5 crystallines, Ss-p. Changes in kineti-
cal feature with reaction temperatures. 
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Fig. 7. Pressure dependences of the steady rate at 
450 °G on unpurified powdered V 20 5 , Sp-d, (A), 
(a; the rate vs. total pressure, a'; vs. total pressure 
on fresh catalyst, b, vs. partial pressure of GO and 
c; vs. partial pressure of Oa) and on unpurified thin 
crystallines of V 20 5 , Ss-u, (B), (d; the rate vs. total 
pressure? e; vs. QQ ajid f; vs. Og). 
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at 450 °G under various pressures, are summarized 
in Fig. 7(A). O n the vertical axis, the total pressure 
change (mmHg) per unit time (min) and per unit 
surface area (m2) are given in a common logarithm 
scale. O n the abscissa, the total pressure and the 
partial pressures of GO and 0 2 (mmHg) are given in 
a common logarithm scale, corresponding to the 
curves a, b , and c, respectively. In curve a, the 
ratio of GO to 0 2 , (PCo/Po2)=r, was fixed at 2 and the 
total pressure, P t , was varied from 39 to 75 mmHg. 
The curve a' indicates the rate on the fresh catalyst. 
It is known from the comparison between the curves 
a and a' that the reaction order for Pt is higher on the 
fresh catalyst than on the catalysts used repeatedly. 
In the curve b , Po2 was fixed at 20 m m H g and PCo was 
varied from 10 to 95 m m H g . I t should be noted that 
when Pco exceeded 40 m m H g , that is, the ratio (Pco/ 
Po2) exceeded 2, the reaction order for PCo changed 
at once from a given value to a larger one. In the 
curve c, Pco was fixed at 40 m m H g and Po2 was varied 
from 6 to 109 mmHg. The reaction order for Po2 

was kept constant over all the pressure ranges. 

The reaction rates of the steady state can be des­
cribed by an empirical equation: 

^steady — *(?) *•*co *•*o2« (1) 

In the case of the stoichiometric mixture of the reactant, 
r = 2 , Eq. 2 is available: 

Steady = *(2) -2». 3"<»+»> •/><»+»>. (2) 

The reaction orders and the apparent rate constants, 
evaluated by Eqs. 1 and 2, are summarized in Table 2. 
It is seen in the table that as soon as r exceeds 2, n in­
creases from 0.57 to 1.0 and at the same time k(r) 
decreases to one-fifth. The changes in the reaction 
order and k(r) suggest a change in the working state 
of the catalyst from V 2 0 5 to some lower oxides. 

The Steady Rate on the Thin Crystalline, Ss-u: Pres­
sure dependences of the steady rate on the thin crystal­
lines, Ss-u-2 of 1.58 g, were examined at 450 °G. The 
results are also given in log-log plots in Fig. 7(B). In 
the curve d, the (Pco/^oi) was kept constant as 2 and 
Pt was varied from 32 to 139 mmHg. In the curve 
e, Po2 was fixed at 30 m m H g and PCo was varied from 
12 to 143 m m H g . In the curve f, Pco was fixed at 
60 m m H g and P0z was varied from 6 to 108 m m H g . 
By the repetition the activity decreased more or less. 
The activity for the curve d at P t = 6 0 m m H g ( r = 2 ) 
was selected as a standard. The activities for the 
curves e and f a t the same condition as P t = 6 0 m m H g 
(r=2)- were compared with the standard to estimate 

the correction factors. The activities of the other 
points in the curves e and f were evaluated by the use 
of the correction factors. The reaction orders and 
the apparent rate constants are also given in Table 2. 
In the case of Ss-u the changes in n and k{r) are also 
seen at r = 2 , as shown in Fig. 7 and in Table 2. 

The data on the thin plate crystallines are scattered, 
but the general feature of the kinetics agrees fairly 
well with that on the powder. The value of k{r) in 
the former is about 10 times as large as that in the 
latter. O n the other hand, the reaction order for 
Pco, n, on the former was below one-half of the value 
on the latter, while the order for Po2, m, is nearly the 
same for the two cases. These differences might be 
caused by the difference in the extent of the (010) 
plane exposed to the surface between the powder and 
the thin plate crystalline. 

Temperature Dependences of the Rates. The Steady 
Rates on Sp-d: The steady rates on Sp-d of 0.116 g 
were measured in the temperature range from 250 
to 490 °G under an oxidative ( r=0.43) and a reductive 
( r=4 .4) condition; the total pressures were 70 m m H g . 
Arrhenius plots of the overall rates (per min and per 
m2) are given in Fig. 8. The curve a indicates the 
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Fig. 8. Arrhenius plots of overall rates of various 

processes of GO-oxidation. curve-a and -b indicate 
the run on unpurified powdered V 20 5 , Sp-d, under 
PCo/Po2=4.4 and 0.43, respectively, curve-c on un­
purified thin crystallines, Ss-u, under PcoIPo2

 = 2A, 
and curve-d on purified thin crystallines, Ss-p under 
Pco/Po2 — 2A. 

TABLE 2. CHANGES IN THE REACTION ORDERS ON Sp-d AND Ss-u WITH MIXING RATIOS OF THE REACTANT 

Sample 

Powdered V 2 0 5 
Sp-d, 0.122 g 
(0.98 m2) 

Thin plate crystallines 
SB-u, 1.58 g 
(0.48 m2) 

Temp The ratio 
°C Pco/Po2 

450 

450 

( r>2 
! r<2 
{ r=2 

f r>2 
r<2 
r=2 

m + n 

1.30 
0.87 
1.10 

(1.48)a> 

0.78 
0.54 
0.75 

m 

0.30 
0.30 

0.25 
0.25 

n 

1.00 
0.57 

0.53 
0.29 

k(r) 
molecules • cm - 2 • s - 1 • Pâô • Pö2

m 

0.93X10-2 

4.5 j LXl0-2 

1.1 XlO"1 

3.1 XlO-i 

a) The value on the fresh catalyst. 
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TABLE 3. COMPARISON OF THE ACTIVATION ENERGIES AMONG VARIOUS PROCESSES AND CATALYSTS 

Total pressure/mmHg 
(PcolPoi ratio) 

70 
( r=4.4) 

70 
(r=0.43) 

20 
(r=2.1) 

23 
(r=2.1) 

Catalyst 
(process) 

Sp-d 
(at steady process) 

Sp-d 
(at steady process) 

Ss-u 
/at the initial stage\ 
\of Elovich's process/ 

Ss-P 
/1st process up to\ 
\initial 10—20 min/ 

Ss-p 
/2nd process \ 
\after 10—20 min/ 

£ex/kcal • mol - 1 

5.6 
13 

5.9 

2.3 

2.3 
17 

29 

Temp ranges/0 C 

250—400 
400—460 

250—490 

210—490 

330—410 
410—480 

330—480 

Reference 

Fig. 8 

Fig. 8 
curve b 

Fig. 8 
curve c 

Fig. 8 
curve d 
and Fig. 9 

Fig. 9 

run of r = 4 . 4 and the curve b the run of r = 0 . 4 3 . 
Although the data are rather scattered for repeated 
measurements, the apparent activation energy clearly 
increased above 400 °G in the run of r = 4 . 4 but was 
constant over all the temperature range in the run of 
r = 0 . 4 3 . T h e activation energies are summarized in 
Table 3. 

Mean Rates at the Start of the Elovich Process on Ss-u : 
T h e mean rates for 5 min at the initial stage of the 
Elovich process on Ss-u-l of 0.121 g {cf. Fig. 2), which 
were measured repeatedly at various temperatures from 
210 to 490 °G under the pressure of 20 m m H g and 
the (Pco/Po2) of 2.1, are plotted in Fig. 8(c). T h e 
values seem to correspond to the rates on the (010) 
plane without poisoning by the produced C 0 2 . The 
activation energy is as low as 2.3 kcal/mol over all 
the range of the temperature. 

The Rates on Sa-p: T h e reaction rates were evaluat­
ed from the slope of the reaction curves in Fig. 6. 
T h e Arrhenius plots of the overall rates are given in 
Fig. 9. The circles (O) a i*d the squares (Q) denote 
the rates of the first and the second process, respectively. 
T h e sequence of the repetition of the measurements 
is indicated by the numbers given in the upper par t 

I0 8 r 
t 9 

F 1 
,_ N 

^ 10" 

lO-'r— 

6 111 '810 7 2 

1 Uli M 

—O— : I st process 

- - G — •• 2nd process 

SX 

S 

1.3 1.4 1.5 1.6 
k K / T 

Fig. 9. Arrhenius plots of the first and second process­
es of CO-oxidation on highly purified thin crystal­
lines, Ss-p. The numbers of the upper part of the 
Figure indicate sequence of repetition of the measure­
ments. 

of Fig. 9. The number 5 is missing in Fig. 9, because 
the run was done at 271 °G and the reaction curve 
did not give a linear change but seemed to correspond 
to the Elovich equation, as mentioned above. The 
number 1 indicates the run on the fresh catalyst. By 
comparison of the activities between the numbers 1 
and 11, it is known that the activity decreases only 
20—30% even after the catalyst was used eleven times 
insuccession. Such as extent of deactivation is ines­
sential to the discussion given below. 

I t should be noted that the experimental points 
for the second process in the temperature regions 
above and below 410 °G can be connected with each 
other by the dotted line in Fig. 9. O n the other hand, 
the Arrhenius plot of the first process consists of two 
lines crossing each other— the line above 410 °G shows 
a considerably larger slope than that below the temper­
ature. The temperature dependence of the first process 
is also given in Fig. 8(d), for comparison. 

D i s c u s s i o n 

Hughes and Hill14) have suggested for CO-oxidation 
over vanadium pentoxide catalyst that a high activation 
energy is required in the process in the elimination of 
surface oxygen by carbon monoxide and on the other 
hand the process in the re-oxidation by oxygen occurs 
easily. Boreskov et ö/.17) have indicated that the rates 
of the reduction of vanadium pentoxide by carbon 
monoxide and the re-oxidation by oxygen largely de­
pends upon the extent of reduction and oxidation of 
the surface. Based on their results, the activation 
energy of 13 kcal/mol, obtained on the unpurified 
powder above 400 °G under a reductive condition 
( r=4 .4) (cf Fig. 8 and Table 3), would arise from the 
process on the surface reduced to some extent. O n 
the other hand, at the temperatures below 400 °G, 
even under such a reductive condition ( r=4.4) the 
surface would be kept in an oxidative state, since the 
activation energy is as low as 5.6 kcal/mol and is 
almost the same as 5.9 kcal/mol obtained for the process 
under an oxidative condition ( r=0.43) (cf Fig. 8 and 
Table 3). 

The change in the kinetics, which appeared as soon 
as the (Pco/Poi) became larger than 2 with the increase 

file:///initial
file:///after
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in the GO partial pressure (cf. Fig. 7), would also be 
understood favorably as corresponding to the changes 
in the surface state on working. Tha t is, the surface 
of the powder and the thin plate crystalline, unpurified, 
is kept in the reduced state on working to some extent 
at 450 °G under the condition that the (PcolPo2) is 
larger than 2. The differences in the kinetic parame­
ters, k(r) and n, however, are not so small between the 
powder and the thin plate crystalline (cf. Table 2). 
These differences would arise from the difference in 
the extent of the (010) plane exposed to the surface. 
In the thin plate crystalline, the extent of the (010) 
plane was estimated roughly to be higher by about 
38 times than the other planes. In the estimation 
it was assumed that each crystalline is a square plate 
with mean sides of 160 (Jim (cf. the sizes of sieves of 
80 and 100 meshes, which correspond to 177 and 149 
[Jim, respectively), and the values of 0.31 m2 /g and 
3.3 g/cm3 were used as the surface area of Ss-u-2 and 
as the density, respectively. 

In this work, if the measurements of the oxidation 
rate of GO over V 2 0 5 had been carried out without 
special attention, only the steady process could be 
found. O n the reduced amount of the catalyst at 
a low temperature, a very rapid process appeared at 
the initial stage, as was shown in Fig. 1. O n the thin 
plate crystalline, in which the (010) plane was highly 
exposed to the surface compared to the other planes, 
the rapid process was completely differentiated from 
the steady process and was analyzed well with an 
Elovich equation, as was shown in Fig. 3. The rapid 
process could occur mainly on the (010) plane, because 
in the thin plate crystalline the (010) is exposed to 
the surface much more than the other planes. Further­
more, from the fact that the rapid process is recovered 
easily by the evacuation at 450 °G and is prolonged 
on the elimination of the produced G 0 2 from the 
gaseous phase by the insertion of the liq. N 2 t rap, 
the initial rapid process may be attributed to a process 
accompanied by the poisoning of the surface by the 
produced G 0 2 . Such a process is really consistent 
with the physical content of the Elovich law. 

O n the thin plate crystalline, purified carefully, 
such Elovich kinetics have never been found, and 
inversely the rapid rate was kept for a while at the 
beginning but was soon followed by the second rapid 
process with a very high activation energy (29 kcal/mol), 
as is shown in Figs. 6, and 9 and Table 3. The 
initial mean rate for 5 min on the unpurified thin 
crystalline was almost the same as the rate of the first 
process on the purified thin crystalline and its temper­
ature dependence was also the same as that on the 
latter at the temperatures lower than 410 °G (cf. Fig. 
8). Those consistencies suggest that the active site 
for GO-oxidation is the same for the thin plate crystal­
lines, unpurified and purified, at least at the start. 
The sites for the subsequent process, however, differ 
largely among the crystallines, unpurified and purified, 
depending upon whether there are very small amounts 
of impurities. Tha t is, the site on the unpurified seems 
to be inhibited by the produced G 0 2 mentioned above; 
on the other hand, the sites on the purified seem to 
vary easily into other sites during the oxidation, as 

is suggested by Figs. 6 and 9. Such a low activation 
energy as 2.3 kcal/mol was reported by Kazanskii et 
al.,18) who obtained the value of 1.6 kcal/mol for a 
radical process on a vanadium oxide catalyst, G O + 
0,Td8-»C02, below room temperature. From com­
parison of the activation energies, the very initial process 
on the thin plate crystallines, unpurified and purified^ 
could be ascribed to a small cycle of reduction and 
oxidation on the (010) plane. Such a large activation 
energy as 29 kcal/mol may arise from the process on 
a considerably reduced surface, according to the in­
dication by Hughes et al.1*) and Boreskov et al.11) Thus, 
the large changes in the activation energies from 
2.3 kcal/mol below 410 °G and 17 kcal/mol above 410 
°C in the first process to 29 kcal/mol in the second 
process during the oxidation (cf. Fig. 9 and Table 3) 
suggest clearly the changes in the surface state on 
working in the purified thin plate crystalline. 

In T G A of V 2 0 5 in an S 0 2 stream, clear-cut and 
stepwise weight losses were found by Kawashima et al.2S) 
Each step corresponds to a phase change from a 
given oxide to a different lower one. T h e clear-cut 
transitions were explained favorably on the basis 
of the fact that each vanadium oxide phase has a 
shear structure and belongs to the Magnéli phase. 27) 
O n the other hand, the recent studies on vanadium 
bronzes28) would suggest that such clear-cut transitions 
between the vanadium oxides are inhibited by the 
existence of metal impurities, even if the amount is 
very little. Based on these references, the clear-cut 
changes in the activation energies, seen only on the 
highly purified crystalline, could be related to a phase 
transition of the surface from V 2 0 5 to a given lower 
oxide. However, the question still remains as to which 
states or phases of the surface are realized on working, 
depending upon the reaction condition. 

The high activity of the (010) plane to GO-oxida­
tion, obtained in this work, is fairly consistent with 
the results of the previous paper on the isotopic 
exchange20^ and gives support to the suggestion by 
Hirota29) that the pure vanadium oxides themselves 
without carrier and impurity would play an important 
role in catalysis. The steady rate on the unpurified 
powder or thin plate crystalline was slower by one 
or two orders than the rate on the purified thin crystal­
line, but the former seemed to be more stable than 
the latter. Those features of vanadium (V) oxide 
should also be discussed in view of the stabilities and 
activities of vanadium bronzes.28) 

The author wishes to express his appreciation to 
Mr. Michihisa Kyoto for his help in the determination 
of the surface area of the V 2 0 5 catalysts, and Professor 
Keiji Kuwata for his continued interest in this work 
and for his valuable suggestions. 
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The hexagonal phases of sodium octadecanoate-water system NaS and sodium hexadecanoate-sodium 
tetradecanoate-water system Na(P-fM) were studied by sodium-23 NMR and spin label ESR in the temperature 
range 40—100 °G, covering the transition temperature of isotropic-liquid crystal X^-L and that of liquid crystal-gel 
Th-G. The ESR spectrum of liquid crystal systems aligned by the magnetic field and the center line of 23Na 
NMR spectrum were analyzed. The motions of the alkyl chain and sodium ion are reflected on the ESR and 
NMR spectral shape and width. The NMR line width is predominantly determined by the local motion of the 
cation attached on the hydrocarbon rod. During the phase separation region its correlation time r c ~10- 1 0 s is 
constant, comparable to that of chain motion. The change in the local motions of these two species is similar, 
being continuous across T I - L but drastic across T^-Q. 

Many studies on the lyotropic liquid crystal includ­
ing biological systems have been carried out by spect­
roscopic measurements. For example, the properties 
of the hydrocarbon chain have been studied by 1 H, 
2 H N M R , and spin label ESR.1*"1) N M R of sodium-
23 and other alkali metal ions has been utilized for 
the analysis of cation binding in soap-water systems.2a_f) 
Most works have been performed by changing the 
concentration of components. For the study of molec­
ular dynamics in lyotropic systems around the phase 
transition or phase separation point, a continuous 
observation through the transition point is important 
and variable temperature measurement is essential. 
Furthermore, a comparison between the dynamical 
properties of hydrophobic and hydrophilic parts of 
the amphiphile molecules especially near these transi­
tion points will give important information on the 
mechanisms of biological phenomena. In the present 
work the dynamical properties of hydrocarbon chain 
and counter ion in hexagonal phase of lyotropic systems 
have been studied through phase transition points 
by means of magnetic resonance. 

We have observed the temperature dependence of 
sodium-23 N M R and spin label ESR of lyotropic 
liquid crystals, sodium octadecanoate-water (NaS) and 
sodium hexadecanoate-sodium tetradecanoate-water 
( N a ( P + M ) ) systems, in the range covering the 
isotropic liquid-liquid crystal and liquid crystal-gel 
transition temperatures, 7^_L and TIj_G, respectively. 
Choice of the soap systems and their phases is made in 
order to make stable lyotropic liquid crystals of low 
transition temperatures. The concentrations of the 
soaps are adjusted to form hexagonal liquid crystals 
of 7^_L below 90 °G so that the liquid crystals can be 
aligned under the static magnetic field below 100 °C. 
The use of the systems of low transition temperatures 
enables us to measure the spin label ESR throughout 
the transition temperatures including even the liquid 
crystal alignment by magnetic field with no noticeable 
label decomposition. Otherwise, the label is rapidly 
lost in the slightly alkaline medium above 100 °C. 
The 23Na N M R and spin label ESR of the system 
through the transition points were observed conti­
nuously. 

Exper imenta l 

Samples. The soaps (sodium octadecanoate, hexade-
canoate, and tetradecanoate) were prepared from reagent 
grade acids (purity 99%, Wako Chemicals Go.) by NaOH 
titration and reprecipitated from hot water. The sodium 
octadecanoate mixture used for NMR measurement was 
obtained as sodium salt (Kishida Chemicals, Go.) the purity 
being determined by gas chromatography : 70% octadec-
anoic, 27% hexadecanoic, and 3% of tetradecanoic and 
eicosanoic acids. 

The sample for NMR measurement was prepared in à 
10 mm OD tube with a silicone rubber stopper, being made 
homogeneous by repeated cooling and heating. The space 
between the sample mixture and stopper was kept small 
in order to prevent the evaporation of water. In the case 
of sodium octadecanoate system, the space above the sample 
mixture was not small as compared with sample volume so 
that the homogeneity of the sample might not be satisfactory. 
The concentration of the mixture was determined by weigh­
ing before and after each NMR measurement. 

The sample for ESR measurement was prepared in a 
similar way with appropriate spin probe molecules, I, F 

GH3(GH2)mG(GH2)nGOOR; 
/ \ 

O N - O 

I: (m,») = (12,3), R = CH3 

F : (m,n) = (m,n), R = H 

/ Y - o H n 
(12,3), F(5,10), F(l,14), and II (Syva), then sucked up in 
a capillary tube of about 1 mm diameter, both ends of capil­
lary being sealed. Only the tubes with good sample homo­
geneity were used. The concentration was determined by 
means of isotropic-liquid crystal transition points. 

The phase transition temperatures 7VL and T^-Q were 
determined by laser light depolarization and scattering. The 
temperature for both NMR and ESR measurements was 
initially set above 7 V L m order to bring the sample to com-
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plete isotropic solution, then slowly changed downwards and 
spectra were taken 30—60 min after each temperature set­
ting. 

NMR Measurement. For the measurement of 23Na 
NMR signals, a JEOL PS-100 electromagnet with XH ex­
ternal field lock system was used with 26.45 MHz home 
made detector systems. Free induction decay (FID) signals 
were averaged 1000 times and subjected to Fourier trans­
formation with a JEOL EG-6 or EC-100 computer. An 
average of three observations was taken for each temperature 
setting. The uncertainty in the shift data for continuous 
observation was within ±0.012 ppm over a period of three 
days. The temperature was controlled by heated air flow 
(ca. 20 1 min -1). The temperature distribution across the 
sample was within ±0.2 °C. 

The half full width of the Fourier transformed signal was 
taken as the line width and the half full width times the peak 
height as the measure of intensity. No correction was made 
for intensity due to the change in the sample density at various 
temperature nor for the delay time (200 (JLS) of FID sampling. 
The maximum line width observable by the present instru­
mental setting is 500 Hz which has ample allowance for 
the observed width of the center line of up to 60 Hz. No 
23Na satellite for oriented molecules is to be detected under 
these experimental conditions. 23Na signals of 1.1 M NaCl 
and 0.8 M sodium acetate aqueous solutions were taken as 
references. 

ESR Measurement. The X-band ESR spectra of nitr-
oxide spin probes were taken with a JEOL JES ME-X spec­
trometer with temperature control system JEOL JES VT-3. 
The variation in temperature at each setting was within 
± 1 °G. The sample capillary was set perpendicular to 
the magnetic field so that it can easily be rotated around 
its axis for observation of the effect of magnetic field align­
ment of the amphiphile systems. Microwave power of 1.0— 
1.5 mW and 100 kHz field modulation of LOG amplitude 
were used. 

R e s u l t s 

T h e phase diagram of Na(P + M) system is con­
structed by laser light depolarization and ESR and 
N M R spectra (Fig. 1). I t is similar to that of NaS 
system and its analogs such as NaP , N a M , N a L (sodium 
dodecanoate-water) systems with some depression in 

U 

49 °C, 1 

49 °G, // 

57 °G, // 

90 °C, // 

24 28 27 26 25 

Na(P + M) w t % 

Fig. 1. Phase diagram of Na(P+M) system. 

Fig. 2. ESR spectra of label I in Na(P+M) 27% 
system. 

the transition point 7\_L as compared with that of 
the corresponding carbon number. 

The ESR spectra of label I in the system of 27 weight 
percent aqueous solution of the equal weight mixture 
of sodium hexadecanoate and sodium tetradecanoate 
(abbreviation Na(P + M) 2 7 % likewise will be used 
hereafter) is shown in Fig. 2. The spectrum above 
7\_L consistes of one triplet due to 14N hyperfine 
coupling constant of 14.9 G. The spectrum below 
TI_Ii seems to be a superposition of two triplets: one 
with the coupling constant Aiso of 14.9 G arising from 
the isotropic phase and the other with a smaller coupling 
constant of 11.8 G from oriented molecules. The order 
parameter of the z axis, the direction of the largest 
hyperfine splitting (radical axis), for the oriented label 
I can be given by 

S= (l/2)<3cos20-l> = (A„-A±)/(A„-A„) 

= (3A//-2AXX- AZZ)/2(AZZ-AXX) = - 0 . 1 9 , 

where ^4//(11.6G) is the observed coupling constant, 
^ x x = 6 . 1 G, v4zz=32.4 G, l f) and d is the angle between 
the radical axis and the static magnetic field. The 
spectral intensity of the oriented molecules increases 
and that of the isotropic phase decreases towards 
Tli_Q. The line widths of these signals seems to be 
constant throughout the liquid crystal region. Below 
Th_Q, a sudden signal broadening is observed and the 
spectrum changes gradually to that of solid towards 
lower temperature. 

The spectrum of label I in N a ( P + M ) 2 7 % system 
with the sample capillary rotated by 90° in the magnetic 
field under the conditions of fixed molecular alignment 
below Tj_L shows a larger coupling constant A± than 
isotropic ones (Fig. 2d). 

Because of high Tx_^ of NaS system, the spin labeled 
compounds decompose when the sample preheating 
is sufficient enough to equilibrate the system in the 



March, 1979] Molecular Dynamics in Lyotropic Mesophases 897 

isotropic phase. The ESR experiment of NaS system 
was carried out only for the purpose of confirming 
whether the molecular arrangement is of similar type 
to that of Na (P + M) system in liquid crystal region. 

The line widths, intensities, and chemical shifts of 
23Na N M R signals of N a ( P + M ) 25.9, 26.4, and 
27.2% systems and NaS 1 7 . 1 % and 20 .0% systems 
were observed at various temperatures. The results 
of N a ( P + M ) 26.4, 27.2, and NaS 20 .0% systems 
are shown in Figs. 3, 4, and 5. The temperature 
dependence of Hnewidths and intensities of these five 
samples are of the same type. 

The linewidth in the isotropic region increases to­
wards r j _ L with fall in temperature. The Arrhenius 
plot of the width gives the activation energy for the 
reorientational motion of ion or the fluctuational motion 
of the environment of the sodium ion provided that 
the motional narrowing condition is satisfied in the 
isotropic region. The activation énergie is 18.0— 
20.0 k j mol"1 for NaS systems and 14.6—16.8 k j mol" 1 

for Na(P-f-M) systems. The signal intensity is constant 
in this region. 

In the liquid crystal region, 7V_L> 7 > !TL_G, the 
line width remains constant till it starts to increase 
at T' (T">T'L_G ) . The signal intensity decreases 
distinctly between TI-h and T' and approaches asymp­
totically to about 4 0 % of its isotropic value, while 
the width remains constant, keeping the 40 % value 
till the phase transition temperature Th_Q is reached. 
The effect of sample rotation on the center line width 
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is expected to be negligible, neither linewidth change 
nor line distortion being observed. 

When the temperature is set at JHL_G, the line width 
increases abruptly and the signal becomes undetectable 
within a few hours as the sample solidifies. No signal 
in the gel state could be observed. 

The temperature dependence of the chemical shift 
of NaS system and that of N a ( P + M ) system are not 
alike. However the data within each system has a 
similar aspect. 

D i s c u s s i o n 

ESR Spectrum. The label I ESR signal in the 
isotropic phase is a triplet with the coupling constant 
^4iso of 14.9 G. However, the peak heights of the 
three lines are not the same, indicating that the phase 
is a micellar solution as expected. An extra small 
signal observed at 90 °C in the high field region is 
probably due to the molecules near the air- and/or 
glass-sample interface which tends to align while the 
bulk is still in isotropic state. 

Two sets of triplets observed between 7^_L and 7", 
one with the coupling constant of isotropic and the 
other of oriented state, indicates that the system is 
in the coexistence region of isotropic and liquid crystal 
phases. The variation in their relative intensities with 
temperature between 7\_L and 7" is a further indication 
of the two phase region. The spectrum of the oriented 
label is comparable to that of a spin label in shear 
oriented hexagonal rods observed by Seelig and 
Limacher.11) The order parameter S found for the 
oriented radical axis —0.19 is also that of the molecular 
axis since the direction of p electrons on N atom in 
the molecule I is parallel to the long axis of the mole­
cule in all its trans configuration. The value S= 
— 0.19 can be easily interpreted in terms of the hex­
agonal phase in which molecules aggregate to form 
rods with the rod axis parallel to the static magnetic 
field. The order parameter of a fictitious molecule, 
with the arrangement 6=71/2 and no fluctuational 
motion of the molecular axis, should be —0.5. T h e 
difference between —0.5 and —0.19 is presumably 
due to the fluctuational motion of the chain and to 
a slight tilt of the radical axis or that of the molecular 
axis itself from the normal of the rod surface. T h e 
evidence for a magnetic field alignment of rods is 
obtained from the coupling constant. (1) T h e coupling 
constant A± of label I observed with sample rotated 
by 90° is large; A±(obsd)>Aiso=\4.9 G>A//(obsd) = 
11.8 G. T h e spectrum is consistent with the calculated 
coupling constant A± = \6.5 G for the rod structure 
with the rod axis perpendicular to the static magnetic 
field. (2) The spectrum of label I I whose radical 
axis is perpendicular to the molecular axis is also* 
consistent. The order parameter of the molecular 
axis in N a ( P + M ) calculated from the observed coupl­
ing constant 17.5 G and known constants ^4XX = 6.1 
and Azz = 32.\ Glf> is —0.3. The higher order found 
for molecular axis of label I I than for label I is probably 
due to more rigid nature of the labeled molecule I I 
itself. 

The orders observed for the label I ' (5 , 10) and 

F ( l , 14) are lower than that of I and I '(12, 3), decreas­
ing with the increasing distance between nitroxide 
group and the carboxyl group. Such a tendency is 
in line with the liquid crystal structure where the 
polar group is fixed at the surface of the rods, and 
resembles that observed in the chain motion in parallel 
bilayers of lyotropic systems.ld>g> 

The ESR line width is narrow, not changing with 
temperature in the liquid crystal region. A reasonable 
interpretation is that the motion of the chain in am-
phiphilic molecules is rapid enough3) to average out 
the 6 distribution, leaving only the effective <cos2 6} 
in the spectrum. The increase in line width below 
TJj_Q is due to that in rigidity of the chain and in the 
restriction of molecular rotation around its molecular 
axis. 

No at tempt was made to evaluate the equilibrium 
proportion of liquid crystal vs. isotropic liquid in the 
phase separation region from the apparent intensity 
of oriented molecules by two reasons. (1) A rather 
high proportion of molecules is in glass-sample interface 
of the capillary where the effect of the glass surface 
on the liquid crystal orientation should be considerable. 
(2) I t is probable that the molecules turning into 
liquid crystal when their large porportion is already 
in an array of liquid crystal might not find ample 
space to form the rod in its preferred orientation along 
the magnetic field. The following result supports the 
above argument. No signal for reoriented molecule 
is detected 1 h after the sample capillary rotation by 
90° in the static field at 55 °G while the molecular 
reorientation is confirmed 10 minutes after the sample 
rotation at 67 °C, 4 degrees below T ^ , where the 
liquid crystal is only partly formed. 

NMR Spectrum. The factor which determines 
the N M R line shape and relaxation times of spin 
3/2 nucleus 23Na is mainly the interaction between 
nuclear quadrupole moment Q and the electric field 
gradient at the nucleus expressed by a tensor q.^ The 
spin dipolar interaction between 23Na and *H in the 
nearby water is negligible unless the system is almost 
rigid. The following discussion is based on the pre­
dominant contribution of the quadrupole interaction 
to the 23Na spectrum. 

Signal Intensities: The constant signal intensity in 
the isotropic phase has a value similar to that of the 
free ions in NaCl and in sodium acetate aqueous 
solutions of corresponding concentrations. No signal 
intensity is lost in satellites {vide infra). 

In the liquid crystal region, the signal intensity 
decreases to 4/10 of isotropic value towards 7" ( 7 " > 
7L_G) . The phase of isotropic and liquid crystal 
coexistence has been known for NaS, NaP , and NaM 
systems in between isotropic and pure liquid crystal 
phases. The presence of such a phase is also demon­
strated for N a ( P + M ) system by our ESR experiment. 
Gradual decrease in the N M R intensity is also an evi­
dence of this phase. The loss of intensity is caused 
by the quadrupole splitting of the signal components 
ms: 3/2->l/2 and ms: —1/2-> —3/2 with 3/10 of total 
intensity for each by the frequency ±v^S, where i>Q = 
e2qÇil2h) q is the principal value of the electric field 
gradient tensor q at the 23Na nucleus, and S is the 
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order parameter for the principal axis of q, when 
the correlation time for the rod tumbling motion 
becomes longer than (2nv(iS)~1 by the liquid crystal 
formation.4) The satellite would be out of our ex­
perimental frequency range. Evaluation of micelle 
tumbling rate necessary to collapse the quadrupole 
splittings may be helpful. The observed quadrupole 
splittings VqS for lamellar NaL2f) and NaP2e) systems 
are 25—30 KHz . The splitting for hexagonal phase 
can be a half of these values20) or less, since the area 
per polar group is larger in hexagonal phase than in 
lamellar phase, suggesting a lower ordering. Thus 
VqS can be estimated to be 15 kHz or less. The 
calculated correlation time for tumbling motion TJ_5) 
of a rod with its short axis a=20 Â6) at 60 °C is 5 X 10"6 s, 
if the long to short axis ratio £ / a = 2 5 , which is just 
short enough to average out the splitting of 30 kHz. 
A rod motion under the same conditions except for 
b/a=50 gives T J _ = 4 X 1 0 ~ 5 S , which satisfies 2nvqSr±.~\ 
for v^S=^ kHz. The rotational motion of a rod around 
the rod axis is also effective to collapse the splitting 
if the rod is not aligned parallel to the magnetic field, 
the motion being faster than the tumbling motion. 
Therefore, Na ion attached to the rod in free state, 
i.e. in the isotropic part , has a motion sufficiently fast 
to give a single signal even below T'I_L, while the ion 
on the rod in the aligned domain gives satellite signals. 

The constant intensity 4/10 of the total in the range 
T'>T>TIj_Q indicates that the phase is purely liquid 
crystalline. 

Spectrum Analysis: The line width remains constant 
while the liquid crystal is equilibrated with isotropic 
l i q u i d ( r i _ L > r > r / ) . The intrinsic widths of both 
liquid crystal and isotropic parts should be indistin­
guishable since the width of the superposed signal is 
constant irrespective of a drastic composition change. 
A rapid local motion2d) should be effective for determin­
ing the line width in both cases in order to meet the 
requirement that the width is the same regardless of 
the presence of a rod motion. In this case the line 
width is determined by the relation ld '4) 

\/T2 = ( 8 T T V / 5 ) / ( T C ) 

- ( 8 T T V / 5 ) [ > C + (5/3)TC(1 +VTC 2 ) - 1 

+ (2/3)rc(l+4co0
2rc

2)-*], (1) 

where rc is the correlation time for the local motion 
which changes the direction of the principal axis of 
q. The estimated value vQ= 100 kHz7) is used to 
evaluate f(rc) for the observed width of 25—40 Hz. 
The result of / ( T C ) = 1.4—2.5 X 10"10 s and a> 0 =1.6x 
106 s_ 1 leads to the extreme narrowing cond i t ion / ( r c ) = 
T . The rapid local motion seems to be a wobbling 
motion of the principal axis of q for the following 
reasons. First, the correlation time for the local chain 
motion is of the same order as determined by deuterium 
N M R of ß-CD2 group in potassium hexadecanoate-
water lamellar phase ld) ( T C ~ 1 0 _ 1 0 S ) and by the pre­
sent ESR experiment ( 1 0 - 1 0 ~ r c < 1 0 - 9 s). Second, the 
observation that the order parameters and their tem­
perature dependence of chain part and of Na+ ion 
are comparable26, f) suggests that the N a + ion whose 
hydrated water is hydrogen bonded to carboxyl group 
moves as the chain moves around its equilibrium 

direction. The reported values of the quadrupole 
splittings 28—36 kHz for a-CD2 deuterium N M R and 
18—27 kHz for 23Na N M R of unoriented lamellar 
NaL2f) and NaP2e) systems give the order parameters 
0.11—0.14 with i>Q(D) = (3 /2)* 2 ?£M=250kHz l d > for 
a-CD2 and 0.18—0.27 with vQ(Na) = 100 kHz for Na+. 
The former is about 1/3 of calculated value 1/2—1/32e) 
and the latter is about 1 /4 of the calculated maximum 
value 1. The values of order parameters for D and 
Na are comparable and the observed to calculated 
ratios for both cases can be regarded to be similar. 

The ion exchange phenomenon between rod sites 
or between a rod site and free state can also be consi­
dered as a mechanism of nuclear relaxation.2a) How­
ever, the same ion exchange rate should be assumed 
for free and aligned rods in the liquid crystal domain 
in order to explain the common width for both states. 
This is not appropriate. The exchange phenomena, 
although not completely ruled out, can not be taken 
as an important mechanism. 

Before concluding that, the fast local motion contri­
butes to the line width of the center line predominantly, 
it should be pointed out that the comparison of T2 

with 7\ (Na) would confirm this point since the 
contribution of local motion to 7 \ is dominant. 

The broadening of the center line in the region 
T,>T>TIj_G may be caused by the decreased local 
motion and to a certain extent by the onset of second 
order shift of the center line expressed by 

vW = (3 /16)(VK)(cos 2 0- 1)(9 cos20- 1), (2) 

where vh is the Larmor frequency and 6 is the angle 
between the principal axis of q and the direction of 
static magnetic field. The second order shift can con­
tribute to the line width when there is appreciable 
distribution in 0. The constant term of (2) is 70 Hz 
when vQ is 100 and 1.8 kHz when it is 500 kHz.2b> 
Since there is no observable line distortion, the signal 
must be the results of a time average of i><2) under the1 

decreased local motion of q principal axis around Q0, 
the ensemble average of 6, which is 90° for hexagonal 
phase unless the ion binding is in bridged form or there 
is some chain tilt. The average value of vW should 
appear on the chemical shift. A simple trial calcula­
tion of the 6 dependent term of (2) under the conditions 
of uniform 6 distribution8) around d0 (90°) in the range 
between 60—a and 00 + oc shows that vW is a sharp 
function of ordering: 

0(a) = <(cos 20-l)(9cos 20-l)> a , (3) 

(3(0) = 1 (distribution around 0O is 0), <3(37°52')=0, 
and (3(90°)= —0.53, as shown in Fig. 6. T h e observed 
temperature dependence of chemical shift of N a ( P + M) 
and NaS systems are not monotonous, showing no 
resemblance to each other at low temperature. A 
possible explanation for the different behavior in the 
two systems can be found in a slight difference in the 
ordering. At T~TIj_G, where the local motion started 
to be highly restricted, the difference in shift behavior 
shoud be amplified. The equilibrium position d0 = 
90°, which gives the highest order for the hexagonal 
phase, takes ^^2) = (3/16)^Q

2/^L giving rise to a low field 
shift. The present, result 
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is explained by the difference in the ordering. 
It is of importance to point out the possibility of 

evaluation of <cos4 6} from shift data since a com­
parison of <cos4 6} and <cos2 6} can give information 
on the orientational direction 00 and the amplitude 
of orientational fluctuation separately, while <cos2 6} 
available from the first order splitting of 23Na satellite 
lines or from ESR parameter , alone gives the combined 
effect of these two factors. 

In the gel phase, Tlj_Qt>T, the 6 distribution in 
(2) may be effective under the diminished time 
averaging effect of local motion, a contribution of the 
dipolar interaction bringing about further broadening. 

The behavior of Na+ ions in the N a ( P + M ) and 
NaS systems is obviously different from that of free 
ions even in the isotropic region, T> T'I_L. The widths 
of hydrated free Na+ ions in 1.2 M NaCl and 0.8 M 
sodium acetate solutions are 3 and 4 Hz at 70 °C, 
respectively, being much narrower than those of Na-
( P + M ) and NaS systems, 22—30 Hz (70—92 °G) and 
26—36 Hz (72—89 °C), respectively. The apparent 
activation energies obtained by simple Arrhenius 
plots of these widths are 8 and 11 k j m o l - 1 for 
NaCl and sodium acetate solutions while they are 
16 and l g k j m o l - 1 for N a ( P + M ) and NaS systems, 
respectively. I t is thus not probable that all or even 
the large portion of the counter ion is free in the iso­
tropic region. Since there is no j u m p in the width at 
^ I - L i n changing from isotropic to liquid crystal region, 
the origin of the line width and its temperature depen­
dence should be found in the model in which all or 
most of the cations are attached to the micelles. The 
tensor q of hydrated Na+ is not susceptible to an 
appreciable change in this narrow temperature range 
because of the high charge density at Na+ ion.9> The 

local molecular motion as in the liquid crystal region 
together with some contribution from a micelle tumb­
ling motion should be responsible for the width. The 
increasing exchange rate (exchange between micelle 
sites and between micelle and free ion) at higher 
temperature might contribute to the apparent activa­
tion energy. 

Concluding Remarks. The phase diagram of 
N a ( P + M ) system, which has not been given so far, 
is found to be similar to that of NaS, NaP, N a M in the 
concentration 26—28%. It is shown that the motions 
of the individual molecules and ions are reflected on 
the magnetic resonance spectra, and their motions 
change similarly across the phase trnasition points: 
the cation has fluctuational motions as the chain in 
the liquid crystal region. This observation is con­
sistent with that of Abdolall et al. observed in the 
lamellar phase of N a P system.26) 

The models we present for the observed phases are 
not completely based on concrete evidence, but they 
give the only interpretation consistent with both N M R 
and ESR data. I t is desirable to have a better signal 
to noise ratio for further argument of line widths and 
shapes. 7 \ data and the observation of the satellite 
signals are also important . 
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that of a single crystal N a N O s is 167 kHz,4) but they must 
be too large since the data are obtained from non-hydrated 

ions. 
8) T h e time average of cos^ö is better represented by 

the form f cos"0-exp[— V(d-60)/RT]sm6dd where the poten­

tial function V(6 — 00) takes its min imum value at the equilib­

r ium position 60. 

9) G. Lindblom and B. L indman , J. Phys. Chem., 77, 
2531 (1973). 
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The Relative Rate Constants of Reactions of Oxygen Atoms 
with Several Olefins in Liquid Carbon Dioxide 

Hidetoshi KARASAWA, Ta i SASAMOTO, Rei YUGETA, and Shin SATO* 

Department of Applied Physics, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152 
(Received August 19, 1978) 

The relative rate constants of reactions of oxygen atoms with several olefins and 2-methylpropane have been 
determined in liquid carbon dioxide at —18 °C, using the y-radiolysis of carbon dioxide in the presence of these 
hydrocarbons. They are : 1-butene, 1.0; cù-2-butene, 2.3; toww-2-butene, 3.0; 2-methylpropene, 2.9; 2,3-
dimethyl-2-butene, 2.0; 2-methylpropane, 0.07. These relative values are very different from those obtained 
in the gas phase. A possible reason is discussed and a simple theoretical treatment is proposed for the competi­
tion between diffusion and reaction on the basis of the idea of a "collision set" in the liquid phase. The reaction 
of oxygen atoms with paraffin in liquid carbon dioxide seems to be faster than that in the gas phase. The reason 
is not clear at present. 

T h e y-radiolysis of liquid carbon dioxide is now 
believed to be a convenient source of oxygen atoms.1) 
When an olefin is present in the y-irradiated liquid 
carbon dioxide, the main products are the same com­
pounds as those observed in the reaction of oxygen 
atoms with the olefin in the gas phase. By measuring 
the relative yields of products from a y-irradiated 
liquid carbon dioxide solution in which two kinds of 
olefins are present, one can estimate the relative rate 
constants of reaction of oxygen atoms with olefins. 
According to Sakurai and his coworkers,2) the relative 
rate constants of reaction of oxygen atoms with four 
olefins in liquid carbon dioxide at room temperature 
are 1.0 : 1.3 : 1.7 : 1.3 in the order of m-2-butene, 
2-methyl-2-butene, 2,3-dimethyl-2-butene, and cyclo-
hexene. These relative values are different from those 
reported for the reaction of oxygen atoms in the gas 
phase (1.0 : 3.34 : 4.28 : 1.14).3) This discrepancy is 
probably due to the fact that the diffusion process 
plays a role in determining the rate of reaction in the 
liquid phase. 

T h e present experiment was at tempted to con­
firm and explain this discrepancy and to gain an 
insight into the y-ray-induced oxidation of olefins in 
liquid carbon dioxide. 

E x p e r i m e n t a l 

The carbon dioxide and hydrocarbons used were all 
purchased from the Takachiho Shoji Co. and were used 
after thorough degassing and distillation. No detectable 
impurities were observed by the gas Chromatograph equipped 
with a 5 m dimethyl sulfolane column of 20% w/w on celite. 

The sampling tube with a breakable seal attached was 
made of Pyrex glass, 10 mm in diameter. After a known 
amount of a hydrocarbon mixture had been condensed in 
the sampling tube at 77 K, carbon dioxide was introduced. 
The electron fraction of carbon dioxide in the solution was 
controlled at 0.98. After having been sealed, the sampling 
tube was transferred in a Dewar flask containing ice-sodium 
chloride slush at —18 °G and was shaken so as to homogenize 
the solute concentration in the solution. 

The y-irradiation was carried out at —18 °G at the dose 
rate of 1.1 X 106 R h - 1 , usually for two hours. After ir­
radiation, the sampling tube was immersed into a Dewar 
flask containing petroleum ether slush at —80 °C and then 
the seal was broken. It took about one hour for the vaporiza­
tion of carbon dioxide. The products thus obtained were 

subjected to gas chromatographic analysis after a known 
amount of cyclohexane or ethanol was added as the standard. 
The column used was 2 m polyethylene glycol 1500 of 15% 
w/w on Uniport B and was operated at room temperature. 
The products were identified by the retention time of the 
authentic sample. 

R e s u l t s 

In every experiment, 1-butene was used as the com­
petitive reactant, so that the relative rate constants 
were obtained against the rate constant of reaction 
of 1-butene with oxygen atoms. Since the gas chro­
matographic analysis of products was not very repro­
ducible, as can seen from the figures, the following 
procedure was used for the determination of the relative 
rate constants and of the formation ratios of products. 

T h e competition of two olefins A and B for oxygen 
atoms produced in the radiolysis of carbon dioxide 
may be described as follows: 

C 0 2 -A/V^ CO + O (1) 

O + A - 1 - Ptt ) 

O + B - i - Q.P 

Then the G-value of the Pff product can be expressed 
by this equation: 

Here, G0 is the total G-value of products of the reaction 
of oxygen atoms with two olefins, A and B, and k.A 

and kb are the rate constants of reaction of oxygen 
atoms with two olefins. If khjk&>\, the plots of G-
( P J as a function of the mole fraction of [B] give a 
concave curve, while if kJk^Kl, a convex curve is 
found. 

Now let us introduce a weighted mole fraction: 

[A]+/[B] ' ^ 

where / is a factor to be estimated. If the / factor 
is equal to the ratio kjk^, the plots of G ( P J as a 
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e> 

0.5 
/[m-2-butene] 

1.0 

[1-butène] -f/[m-2-butene] 

Fig. 1. The G-values of products from the mixture of 
1-butène and m-2-butene in carbon dioxide solution 
as a function of the weighted mole fraction of cis-2-
butene. The value of / is taken as 2.3. 
O 1-Butène oxide; 0 butanal; • cis-2-butène oxide; 
A trans-2-butène oxide; • 2-methylpropanal; A 2-
butanone. 

e> 

0.5 

f[trans-2-butene] 
1.0 

[1-butène] +f[trans-2-huene] 

Fig. 2. The G-values of products from the mixture of 
1-butène and trans-2-butene in carbon dioxide solution 
as a function of the weighted mole fraction of trans-
2-butène. The value of / is taken as 3.0. 
O 1-Butène oxide; # butanal; • m-2-butene oxide; 
A trans-2-butene oxide; • 2-methylpropanal; A 2-
butanone. 

function of X will give a straight line: 

G(PB) = G „ a ( l - J 0 . (6) 

A similar linearity can be obtained for the products 
of the reaction with B olefin: 

G(Q.ß) = G0ßX. (7) 

Consequently, once an appropriate value of y is ob­
tained, all of the addition products formed in Reactions 
2 and 3 should give straight lines when the C-values 

e> 

/[2-methylpropene] 

[1-butène] -f/[2-methylpropene] 

Fig. 3. The G-values of products from the mixture of 
1-butène and 2-methylpropene in carbon dioxide 
solution as a function of the weighted mole fraction 
of 2-methylpropene. The value o f / is taken as 2.9. 
O 1-Butène oxide; # butanal; O 2-methylpropene 
oxide; • 2-methylpropanal; • 2-butanone. 

e> 

/[2,3-dimethyl-2-butene] 
[ 1 -butène] + /[2,3-dimethyl-2-butene] 

Fig. 4. The G-values of products from the mixture 
of 1-butène and 2,3-dimethyl-2-butene in carbon 
dioxide solution as a function of the weighted mole 
fraction of 2,3-dimethyl-2-butene. The value of f 
is taken as 2.0. 
O 1-Butène oxide; # butanal; O 2,3-dimethyl-2-
butene oxide; • 3,3-dimethyl-2-butanone. 

are plotted as a function of the weighted mole fraction 
X. 

Figure 1 shows such plots for the competition of 
1-butène and «V-2-butene. Calculations with trial 
and error showed that the error introduced in the 
estimation o f / w a s less than 10% in all cases examined 
except for the mixture of 1-butène and 2-methyl-
propane. 

When more than two addition products are formed 
in the reaction of oxygen atoms with olefin, the ratio 
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TABLE 1. FRACTIONAL YIELDS OF THE ADDITION PRODUCTS FORMED IN THE REACTION 

OF OXYGEN ATOMS WITH FIVE OLEFINS 

Olefin Product 

Liquid phase 

in G0 2 -
(This woi 

0.70 
0.25 
0.05 

0.46 
0.21 
0.10 
0.23 

0.20 
0.43 
0.07 
0.30 

0.70 
0.28 
0.02 

0.66 
0.34 

18 °G 
•k) 

in N2
6> 77 K 

0.58 
0.41 
0.01 

0.55 
0.45 
0.001 

Gas phase4) 

0.53 
0.43 
0.04 

0.25 
0.26 
0.23 
0.26 

0.15 
0.33 
0.21 
0.31 

0.54 
0.43 
0.03 

0.52 
0.48 

1-Butène 

cis-2 -Butène 

trans-2-Butene 

2-Methylpropene 

2,3-Dimethyl-2-butene 

1-Butène oxide 
Butanal 
2-Butanone 
m-2-Butene oxide 
trans-2-Butène oxide 
2-Methylpropanal 
2-Butanone 

m-2-Butene oxide 
/raw.î-2-Butene oxide 
2-Methylpropanal 
2-Butanone 

2-Methylpropene oxide 
2-Methylpropanal 
2-Butanone 

2,3-Dimethyl-2-butene oxide 
3,3-Dimethyl-2-butanone 

<̂ 5 0 .4 

_ j j j j p _ 

-\ 1 1 1 1 1 1 1 h 

0 0.5 1.0 
Weighted mole fraction 

Fig. 5. The G-values of the largest minor products 
from the mixtures of 1-butène and m-2-butene, 1-
butene and /raw.y-2-butene, and 1-butène and 2-methyl-
propene, respectively, from the top to the bottom, 
as a function of the weighted mole fraction of the 
competitive reactant for 1-butène. O Propanal; 
A acetone. 

of the slopes of the two straight lines obtained from 
the plots of G(P a l ) and C(P a 2 ) corresponds to the 
formation ratio of the two products, P a l and P a 2 . 
In the case of the mixture of 1-butène and a.y-2-butene 
(Fig. 1), 2-butanone is a common product from two 
olefins. In such a case, the formation ratio was esti­
mated from the intercepts of the linear relations at 
Z = 0 . 0 and 1.0. 

Figures 2, 3, and 4 show the results obtained with 
the mixtures of 1-butène and trans-2-butene, 1-butène 
and 2-methylpropene, and 1-butène and 2,3-dimethyl-

e> 

/[2-methylpropane] 

[1-butène] -f/[2-methylpropane] 

Fig. 6. The G-values of products from the mixture of 
1-butène and 2-methylpropane in carbon dioxide 
solution as a function of the weighted mole fraction 
of 2-methylpropane. The value of/ is taken as 0.07. 
O 1-Butène oxide; # butanal; • 2-methylpropene 
oxide after 2 hour-irradiation, see text for the detail. 

2-butene, respectively. In every case, several minor 
products were observed, the total yield of which was 
estimated as about 10% of the main addition products 
by measuring the peak areas in the gas chromato-
grams. In the case of 2,3-dimethyl-2-butene, the total 
G-value of the addition products is about 10% smaller 
than those obtained with other olefins. This fact 
is consistent with the observation that the fraction of 
the fragmentation products in the gas phase reaction 
of oxygen atoms with 2,3-dimethyl-2-butene is larger 
than those obtained with other olefins.4) Figure 5 
shows the largest amounts of minor products observed 
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TABLE 2. THE RELATIVE RATE CONSTANTS OF REACTION 

OF OXYGEN ATOMS WITH SEVERAL HYDROCARBONS IN 

LIQUID CARBON DIOXIDE AND IN THE GAS PHASE3) 

Relative rate 
y «»-» s 

Hydrocarbon In G0 2 at In the gas 
- 1 8 ° C phase at 

(This work) room tempa> 

1-Butène 1.0 1.00 
m-2-Butene 2.3 4.13 
trans-2-Butene 3.0 4.91 
2-Methylpropene 2.9 4.35 
2,3-Dimethyl-2-butene 2. 0b> 13.8 
2-Methylpropane 0.07 0.015c> 

a) Because of the low activation energies, the relative 
rates shown in this Table are almost the same as those 
at the temperature of —18 °G. b) This value is some­
what smaller than that expected from the previous 
work.2) The explanation of the discrepancy is not 
yet clear, c) Calculated on the basis of &butane/ 
^2-methylpropene —"«"Ol o a n d &2-metliylpropaneMôbutane — •£• 

with three different mixtures which did not show the 
linear relationship with X. This is probably due to 
the fact that these minor products are formed in the 
reaction of radicals produced in fragmentation proces­
ses with hydrocarbons. 

Figure 6 shows the competition between 1-butène 
and 2-methylpropane. Since the value of f was very 
small, the error introduced in its estimation was pro­
bably about 2 0 % . 

The formation ratios and the relative rate constants 
thus obtained are summarized in Tables 1 and 2, 
together with those obtained in the gas phase and in 
liquid nitrogen.4-6) 

D i s c u s s i o n 

Reaction Mechanism. As Table 1 shows, the 
main addition products obtained in the present ex­
periment are the same as those obtained by Cvetanovic 
for the gas phase reaction of oxygen atoms.4) The 
difference in their formation ratios may be explained 
in terms of the solvent effect. 

According to the Cvetanovic mechanism, oxygen 
atoms in the 3P state mainly add to the less substituted 
of the two doubly bonded carbon atoms and the ini­
tial adduct rearranges to the final products by ring 
closure (to form epoxide) and by migration of an H 
atom or alkyl group, from the G atom to which the 
oxygen atom becomes attached to the other G atoms 
of the original bond (to form carbonyl compounds). 
In the present reaction system, the migration of an 
H atom or an alkyl group may be somewhat restricted 
by the solvent, carbon dioxide. This effect seems to 
correspond with the observation that the fraction of 
epoxide is larger than that of carbonyl compounds, 
compared with that in the gas phase, in every olefin. 
Exactly the same effect can interpret the difference 
in the cis-trans ratio of the two 2-butene oxides produced 
in the reaction of 2-butene ; i.e., the rotation around 
the G-G axis in the initial adduct is more restricted 
in liquid carbon dioxide than in the gas phase. In 
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the liquid nitrogen solution, however, Hirokami and 
Cvetanovic found that the formation ratios of epoxide/ 
carbonyl compounds obtained with propylene, 1 -butène, 
and 2-methylpropene are consistent with those obtained 
in the gas phase at room temperature.5) This dis­
crepancy seems to suggest that there is a small but 
definite interaction between the initial adduct and 
carbon dioxide. 

Moreover, the comparison of the formation ratios 
listed in Table 1 suggests that the ratio between the 
addition of oxygen atoms to the less substituted and 
that to the more substituted of the two doubly bonded 
carbon atoms is not dependent upon the phase but 
on the temperature at which the reaction occurs ; 
i.e., the yields of 2-butanone, which is the product 
formed through the addition reaction of oxygen atom 
to the more substituted carbon atom in the reactions 
of 1-butène and of 2-methylpropene, are very small 
in liquid nitrogen compared with those obtained in 
the gas phase and in the carbon dioxide solution —18 °G. 

The quantitative analysis of the fragmentation 
products could not be carried out because of the ex­
perimental difficulty of the measurement of the small 
peaks appearing in the gas chromatogram. Only 
the largest minor products obtained with three systems 
are shown in Fig. 5. The formation of propanal 
from the solution containing 2-butene and of acetone 
from the solution containing 2-methylpropene may 
be explained by the decomposition of the initial adduct 
followed by the radical-radical reactions. 

When 2-methylpropane was used as the solute, the 
main products observed were alcohols: 2-methyl-l-
propanol and 2-methyl-2-propanol. With the increase 
in irradiation time, 2-methylpropene oxide and 2-
methylpropanal became important products. These 
compounds must be formed through a secondary 
reaction: i.e., the reaction of oxygen atoms with 2-
methylpropene eventually produced in the system. 
A similar observation can always be made when 
paraffin molecules are used as the solute.7) 

Relative Rate Constants. As Table 2 shows, 
the differences in relative rate constants obtained with 
six hydrocarbons in liquid carbon dioxide are much 
smaller than those obtained in the gas phase, which 
suggests that the diffusion process plays a role. How­
ever, the difference between 1-butène and other butènes 
in the relative rate constants cannot simply be ex­
plained by the assumption that all of the reactions of 
oxygen atoms with olefins in the liquid phase are 
diffusion-controlled. 

It is well known that collisions between two species 
A and B in a solvent occur in sets. Therefore, the 
total collision frequency, ZA B , may be expressed as 
the product of the average collision number , n, in a 
collision set and the diffusion-controlled collision 
frequency, kB. 

ZAB = nkB (8) 

*D =4n(DA + r>B)(rA + rB) (9)8> 

Here D is the diffusion coefficient and r is the collision 
radius. 

Now let us assume that the p fraction of the colli­
sion is effective ; then the rate constant of the reaction 
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n 
Fig. 7. The ratio of &AB/£D as a function of the average 

collision number n in a collision set at different values 
of effective collision fractions. 

between A and B may be expressed as follows: 

*AB = * D [ 1 - ( 1 - J t f » ] . (10) 
Here, (1— p)n corresponds to the fraction of collisions 
which do not lead to the reaction. At the two extreme 
cases, p<€ 1 a n d / ? « l , Eq. 10 is converted into Eqs. 
11 and 12, respectively. 

kAB = npkB = pZAB (11) 

^AB = kjy (12) 

T h e former is the usual expression for the reaction-
controlled reaction and the latter for the diffusion-
controlled reaction. Figure 7 shows the kABjkB ratio 
as a function of the average collision number in a 
collision set at several p values. 

Recent measurements of the absolute rate con­
stants and of the activation energies for the reaction 
of oxygen atoms with olefins in the gas phase9»10) 
allowed us to estimate the p values. By taking 2.0 X 
1011 1 m o l - 1 s - 1 as the collision frequency between 
oxygen atoms and olefins in the gas phase at — 18 °C 
(the collision diameter was assumed to be 4.0 Â), 
we estimated the following/? values : 0.01 for 1-butène, 
0.05 for other butènes, and 0.3 for 2,3-dimethyl-2-
butene. 

O n the other hand, the estimation of n is a very 
difficult problem. Several theoretical treatments have 
been proposed11»12) and have suggested n=\0—100 
in the solutions which are not too viscous. We 
calculated the n values so as to satisfy the following 
equation : 

T -*—=, ] - { 1 - p ) \ n . (13) 
^1-butene 1 — ( 1 — />l-butene)W 

The values obtained were 30—50 for butènes and 
70 for 2,3-dimethyl-2-butene. The fact that a some­
what larger n value was obtained for 2,3-dimethyl-
2-butene may be due to the fact that the value of 
kB for this compound is smaller than that for butènes 
because of the large molecular dimension. If kB for 
2,3-dimethyl-2-butene is assumed to be 10% smaller 
than that for butènes, the number of 50 can be ob­
tained for n. As the conclusion of this calculation, 
we may state that the reactions of oxygen atoms with 
çis-7 fnww-2-butenes? 2-methylpropene, and 2,3-dimethyl-

2-butene in liquid carbon dioxide are almost diffusion-
controlled. 

The relative rate constant of reaction of oxygen 
atoms with 2-methylpropane obtained in liquid carbon 
dioxide was five times that obtained in the gas phase 
when the rate constant of 1-butène was taken as unity 
in both phases, as is shown in Table 2. We have 
recently measured the competition of cyclohexane 
and cyclohexene for oxygen atoms, by using a method 
similar to that described in the present paper, and 
found that k (0+cyc lohexane) \k (0+cyclohexene) = 
0.03.7> This value conforms to the present result, 
£ ( 0 + 2 - m e t h y l p r o p a n e ) / £ ( 0 + 1-butene) =0 .07 , because 
the ratio of k(0 +2-methylpropane)/A;(0+cyclohexane) 
can be estimated as about unity in the gas phase,6) 
and £ (0+cyc lohexene) in liquid carbon dioxide is 
1.3 times £(0+a.y-2-butene).2> 

In order to apply Eq. 13 to the competition between 
2-methylpropane and 1-butene, however, we have 
to assume that rc«700. If n=700 is correct, the 
difference between 1-butene and other olefins in re­
lative rate constant cannot be explained. We have 
no proper interpretation for this discrepancy at present. 

Reacting Species. In the foregoing discussion, 
all of the addition products are treated as the products 
of the reaction of oxygen atoms in the 3P state with 
olefins. In the radiolysis of carbon dioxide, however, 
active species other than oxygen atoms in the 3P state 
can be expected to be formed, such as oxygen atoms 
in the XD state, C 0 3 , and ionic species. 

T h e present analysis is based on the experimental 
fact that the observed addition products are very 
similar to those obtained in the gas phase reaction 
of oxygen atoms with olefins. Consequently, if active 
species other than oxygen atoms in the 3 P state should 
react with olefins exactly in the same manner as do 
oxygen atoms, we cannot discriminate these species 
from the 3P oxygen atoms. The species C 0 3 might 
be a candidate. 

The participation of XD oxygen atoms may be 
ignored because of the high quenching efficiency of 
carbon dioxide.13) In the present experiment, we 
often observed the formation of various alcohols, the 
formations of which were not reported in the gas 
phase reaction of oxygen atoms with olefins. This 
fact suggests that ionic species such as O - ions are 
produced in the present system, although they cannot 
be major reacting species.14) 
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Electrochemical Behavior of the Oxygen Radical. IV. The Reaction 
Mechanism of the Electrogenerated Hyperoxide Ion with Bis(acetyl-

acetonato)cobalt(II) in Dimethyl Sulfoxide and Acetone1 

Se t suko KUDO* 1 " a n d A k i o I W A S E * 

Department of Chemistry, Faculty of Science, Yamagata University, Yamagata 990 

(Received M a r c h 27, 1978) 

T h e reaction mechanism of the electrogenerated hyperoxide ion with bis(acetylacetonato)cobalt(II) in di­
methyl sulfoxide and acetone has been investigated. T h e reaction was conducted in a 0.05 mol d m - 3 TBAP 
solution at 20 °G in an open system. Go(acac)2 reacted with the hyperoxide ion which was generated by the 
controlled potential electrolysis of dissolved oxygen to afford the following product , [(acac)2 Co -0 2 -Co(acac ) 2 ] 2 ~ . 
T h e complex was separated in solution by column chromatography using alumina as the adsorbent. T h e elec­
tronic spectrum and oxidation state are discussed. 

I n P a r t I I I of this series,1) t h e m e c h a n i s m of t h e 
P o l a r o g r a p h i e c a t a l y t i c r e d u c t i o n of d i s soVed o x y g e n 
in d i m e t h y l sulfoxide in t h e p r e s e n c e of b i s ( l , 3 - d i k e t o -
n a t o ) c o b a l t ( I I ) c o m p l e x e s w a s discussed. I n this 
p a p e r , t h e r e a c t i o n m e c h a n i s m of bis ( a c e t y l a c e t o n a t o ) -
c o b a l t ( I I ) c o m p l e x , C o ( a c a c ) 2 w i t h e l e c t r o g e n e r a t e d 
h y p e r o x i d e i on i n d i m e t h y l sulfoxide ( D M S O ) a n d 
a c e t o n e wil l b e r e p o r t e d in m o r e de t a i l . M o r e o v e r , 
t h e r e a c t i o n p r o d u c t , / / - p e r o x o - d i c o b a l t ( I I ) c o m p l e x , 
h a s b e e n s e p a r a t e d b y c o l u m n c h r o m a t o g r a p h y us ing 
a l u m i n a as a n a d s o r b e n t . 

E x p e r i m e n t a l 

Apparatus and Reagents. D.c. polarograms were 
recorded with a PA 101 Yanagimoto Polarograph and a 
PT-P8 Yanagimoto Potentiostat, by the same procedures as 
described in a preceding paper.1) T h e capillary used had 
an m value of 1.057 mg/s and drop time of 5.1 s/drop at 
— 1.0 V vs. SGE when measured in an air-free 0.05 mol d m - 3 

TBAP(te t rabuty lammonium perch lo ra te ) -DMSO solution at 
49 cm of effective height of mercury (m2/3 tV6= 1.364 mg2 /3 

S"1/*). 

Cyclic voltammetric measurements were made with a 
three-electrode potentiostat constructed with a LS-LG Hokuto 
Denko Linear Scanner and a PT-P8 Yanagimoto Potentiostat. 
T h e vol tammograms were recorded on a F-32 Riken Denshi 
X-Y plotter. T h e working electrode for cyclic voltammetry 
was a hanging mercury drop electrode (surface area : 0.033 
cm2) . 

A VE-8 Yanagimoto Controlled Potential Electrolyser 
was used for the controlled potential electrolysis of dissolved 
oxygen, at —1.15 V vs. SGE at room temperature (ca. 20 °G). 
For the controlled potential electrolyses, a mercury pool 
electrode was used as cathode. T h e electrolytic cell was 
the same as reported previously.2) 

T h e electronic spectra were measured with a Spectronic 
88-UV Shimadzu-Bausch & L o m b spectrophotometer. 

All voltammetric measurements were conducted at ( 2 5 ± 
0.2) °G. 

Bis (acetylacetonato) cobalt (I I) and tris (acetylacetonato)-
cobal t ( I I I ) complexes of reagent grade were obtained from 
Dojin Yakukagaku Kenkyusho. D M S O ( W a k o Pure Chemi­
cal) and acetone (Koso Chemical) , guaranteed reagents 

t A preliminary report of this work was presented at 
the 36th National Meeting of the Chemical Society of J a p a n , 
Osaka, April 1977. 

tt Present address : Chemical Laboratories, Yamagata 
Building Service Co., Ltd. , Yamagata 990. 

were used without further purification (water contents were 
below 0 .2%). TBAP for polarography from Nakarai 
Chemicals was used as the supporting electrolyte. 

T h e alumina used for the chromatographic separation of 
the reaction product was Alumina 60(Merk) . T h e separation 
of reaction product was carried out by using an alumina 
column of diameter 1.2 cm and height 30 cm. 

Procedure. T h e solution for controlled potential 
electrolysis (40 cm3) , containing 2 X 10 - 3 mol d m - 3 Co(acac)2 

and 0.05 mol dm~3 TBAP in DMSO(B) or acetone(A), was 
placed in an electrolytic cell and electrolyzed for 18 min on 
a mercury pool electrode. Subsequently the electrolyzed 
solution was transferred to a clean flask and allowed to stand 
overnight at room temperature . This solution (30 cm3) was 
fed into the top of the column bed, which had been washed 
with acetone or D M S O . T h e column was operated by the 
usual chromatographic procedures. In the case of solution 
A, one of the green complexes, A- l , was eluted with acetone 
and the other green complex, A-2, was eluted with D M S O . 
In the case of solution B, the major part of the green complex, 
B-l , was eluted with D M S O . In both cases, some original 
complex remained on top of the column under these condi­
tions. 

T h e eluates were used for the Polarographie and the 
spectrophotometric measurements because of the difficulty 
of prepar ing crystals. 

R e s u l t s a n d D i s c u s s i o n 

T h e typ ica l cycl ic v o l t a m m o g r a m s of dissolved 
o x y g e n in a c e t o n e a n d D M S O w i t h 0.05 m o l d m - 3 

T B A P a r e s h o w n in F ig . 1. T h e r a t e of vo l t age c h a n g e 
w a s 0 .05 V / s . T h e e x p e r i m e n t a l resul ts w e r e ve ry simi­
l a r to t h a t r e p o r t e d b y ea r l i e r invest igators . 3 ) C u r v e 
2 a n d c u r v e 4 r e p r e s e n t cycl ic v o l t a m m o g r a m s for 
o x y g e n in t h e p r e s e n c e of C o ( a c a c ) 2 . I t is c lea r t h a t 
t h e he igh t s of c a t h o d i c p e a k s in b o t h cases a r e l a rge r 
t h a n those of cu rves 1 a n d 3 . T h i s ca t a ly t i c c u r r e n t 
is c l ea r ly b a s e d o n t h e r e d u c t i o n of o x y g e n w h i c h is 
r e p r o d u c e d f rom t h e r e a c t i o n of h y p e r o x i d e ion w i t h 
C o ( a c a c ) 2 c o m p l e x a t t h e e l ec t rode surface. C o n ­
versely , t h e he igh t s of t h e a n o d i c p e a k s dec rea sed b y 
t h e a d d i t i o n of t h e c o m p l e x . 

F o r t h e c o n t r o l l e d p o t e n t i a l electrolysis in a c e t o n e 
a n d D M S O , t h e r e a c t i o n was fol lowed b y t a k i n g t h e 
vis ible s p e c t r u m of t h e so lu t ion a t different t imes . 
T h o s e s p e c t r a a r e s h o w n in Figs . 2 a n d 3 . I n F ig . 2, 
c u r v e 1 w a s o b t a i n e d f rom a so lu t ion c o n t a i n i n g 2 X 10~3 

m o l d m - 3 C o ( a c a c ) 2 a n d 0.05 m o l d m - 3 T B A P in 
D M S O before electrolysis . T h e s p e c t r u m consists of 
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Fig. 1. Cyclic voltammograms of dissolved oxygen in 
(A) acetone and (B) DMSO. 
The concentration of Go(acac)2 added : (1) and (3), 
0; (2), 1 .5xl0- 3moldm- 3 ; (4), 1.9 X 10 3 mol dm-3. 
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Fig. 2. Electronic spectra of Co(II) complexes in 
DMSO. 
1: 2 X 10-3 mol dm-3 Co(acac)2, 
2: solution (1) electrolyzed for 20 min at —1.15 V 

vs. SCE, 
3 : solution (2) after 5 h at room temperature, 
4: solution (2) after 6 d at room temperature. 

a peak split at 520 and 510 nm (molar absorption co­
efficient : £ = 30 dm 3 m o l - 1 c m - 1 ) , which corresponds to 
4 T l g (F)-^ 4 T l g (P) . 4 ) For curves 2, 3, and 4 a new strong 
peak appeared in the neighbourhood of 590 nm with 
a shoulder at 440 nm, and the intensity increased with 
respect to the time after electrolysis. In the case of 
acetone, the spectrophotometric profile of the solution 
after electrolysis also showed a similar tendency (Fig. 
3). The new absorption band in Figs. 2 and 3 can 
be attributed to the absorption of the //-peroxo-dicobalt-
(II) complex, formed by the disproportionation of the 
Co(acac) 2 0 2 ~ complex in acetone or D M S O (Scheme 

In Fig. 4, curves 1 and 2 are shown for complexes 
A-1 and B-1. In curve 1, the absorption peak appeared 

400 500 600 700 
Wavelength Cnm) 

Fig. 3. Electronic spectra of Go(II) complexes in 
acetone. 
1: 2 X 10 3 mol dm~3 Go(acac)2, 
2: solution (1) electrolyzed for 18 min at —1.15 V 

vs. SCE, 
3 : solution (2) after 17 h at room temperature. 

400 500 600 

Wavelength Cnm) 
700 

Fig. 4. Electronic spectra of Go (I I) complexes. 
[(acac)2Co-02-Co(acac)2]2~ in acetone, 
[(acac)2Go-02-Go(acac)2]2- in DMSO, 
[(dpm)2 Co-02-Co(dpm)2]2 _ in acetone. 

at 597 nm in acetone and in curve 2, at 590 and 
440 nm (shoulder) in DM^SO. The band widths were 
usually about H O n m . The molar absorption coeffi­
cients are unknown since it is difficult to obtain the 
solids. Attempts to isolate the //-peroxodicobalt(II) 
complex as crystals were unsuccessful for two reasons: 
(1) increasing the time of electrolysis did not change 
the yield and (2) the complex was contaminated by 
TBAP and consequently difficult to crystallize under 
the experimental conditions. In the case of the Co-
(dpm) 2 complex, however, the [ ( d p m ) 2 C o - 0 2 - C o -
(dpm)2]2~ complex was isolated as crystals5) (dpm 
represents an anion of dipivaloylmethane). The molar 
absorption coefficient and band width of the peak 
at 588 nm was 410 dm 3 m o l - 1 c m - 1 and 110 nm re­
spectively (curve 3 in Fig. 4). 

I t is well documented that the most common ge­
ometry of ligands around the cation in the high spin 
state cobalt(II) complex are octahedral, square pyrami­
dal, and tetrahedral. Generally in an octahedral 
field, there are two d-d absorption bands at approxi­
mately 500 and 1200 nm. The intensity of this 
band is always low in octahedral complexes and it is 
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Fig. 5. D.c. polarograms of Go(II) and Go(III) comp­
lexes in DMSO. 
1 and 2: [(acac)2Co-02-Co(acac)2]2~, 
3: 9 x l 0 - 4 m o l d m - 3 Go(acac)3. 

0 -0.5 -1.0 -1.5 
Applied voltcigecvvs-SCE) 

Fig. 6. D.c. polarogram of Go(II) complex in DMSO. 
Solution containing 0.05 mol dm - 3 TBAP and //-
hyperoxo-dicobalt(II) complex. 

not known where the molar absorption coefficient 
exceeds 50 dm 3 m o l - 1 cm - 1 .6) I t is known that the 
intensity in tetrahedral field is usually close to the 
molar absorption coefficient of 700 dm 3 m o l - 1 cm - 1 .6) 
O n the other hand, the intensity at 588 nm for the 
[ ( d p m ) 2 C o - 0 2 - C o ( d p m ) 2 ] 2 ~ complex which has a 
square pyramidal structure5»7) shows an intermediate 
intensity between that of tetrahedral and octahedral 
cobal t ( I I ) . The spectrophotometric profiles of the 
complexes A-l and B-l in the visible region are similar 
to the spectrum of the Co(I I ) -dpm complex(curve 
3 in Fig. 4). Consequently, it appears that the two 
absorption bands at 17000 and 23000 c m - 1 for the 
Co(II)-acac complexes in Fig. 4 are associated with a 
square pyramidal structure. From these results, we 
can consider A-l and B-l complexes as the same. 

Typical polarograms of the above complex and 
tris(acetylacetonato)cobalt(III) complex are shown in 
Fig. 5. In Fig. 5, curves 1, 2, and 3 were obtained 
from a solution of the complexes, A- l , B-l , and Co-
(acac)3 containing about 0.05 mol d m - 3 TBAP. In a 
D M S O medium, the Co(acac)3 complex undergoes 
stepwise reduction to Co(II) and Co(O) . T h e half-
wave potentials of the first Co( I I I ) -^Co( I I ) and the 
second Go(I I ) ->Go(0) waves are —0.29 and —2.13 
V vs. SCE. O n the other side, for curve 1, the re­
duction wave at — 1 . 8 V was caused by the reduction 
of aldol condensation products of acetone8) in A- l . 
The complex did not show a, reduction wave under 

these conditions. For curve 2, the reduction wave at 
—0.85 V can be attributed to the presence of other 
complexes produced during the electrolysis, namely, 
the //-peroxo-dicobalt(II) complex is unreducible. 

In Fig. 6, the polarogram of the complex, A-2, 
is shown. This complex gives two waves in D M S O 
containing 0.05 mol d m - 3 TBAP, the first half-wave 
potential at —0.05 V corresponding to oxidation to 
the + 3 cobalt state and the second at —0.85 V probably 
corresponding to the reduction to the [ C o - 0 2 - C o ] 2 ~ 
state. The limiting currents of both waves were almost 
equal to each other and diffusion controlled. The 
second wave was characteristically irreversible and the 
half-wave potential was the more negative side than 
that of the oxygen molecule under the same conditions, 
thought to be due to the reduction of the bridging 
group, - 0 2 - , in the //-hyperoxide-dicobalt(II) com­
plex. Recently, it has become apparent that the 
catalytic electrode reaction consists of two distinct 
simultaneous chemical reactions. Accordingly, the n-
hyperoxo-dicobalt(II) complex may also be formed 
simultaneously. There is no doubt that such a re­
action results in a lowering of the rate of the oxygen 
regeneration. 

The catalytic electrode reaction mechanism has been 
estimated as follows: 

02 Of 

ki 

CoCacac)* 

02 + [cacaQCo02CoCacac)3 ^ CoCacaao* 

CoCacac)2 

[Cacac)2Co02CoCacac)2]"~ 
Scheme 1. 

In this scheme, the k± path ocurred through a six 
coordinate intermediate, [Co(acac)202~]2- Moreover, 
the kx path was easier than the k2 path in aprotic sol­
vents. Thus, in the k2 pa th the releasing process of 
the solvent molecule in a solvated complex, Co(acac)2-
(sol)2 is the rate-determining step. 
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Gas-Chromatographic Studies of the Thermal Decomposition of Nitropenta-
ammine-, Dinitrotetraammine-, Trinitrotriammine-, Tetranitrodiammine-, 

and Pentanitroamminecobalt(III) Complexes in the Solid State 
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The gas-chromatographic study of the thermal decompositions of the complexes, [Go(N02)(NH3)5]Gl2 (I), 
eis- (II) and ^ - [Co(N0 2 ) 2 (NH 3 ) 4 ]C l (III), [Go(N02)3(NH3)3] (IV), K[Go(N02)4(NH3)2] (V), and K2[Co-
(N02)5NH3] (VI) are reported. The EGA curves for these complexes show that the compounds decompose 
in two or three stages. In the first stage (ca. 140—240 °G), all complexes evolve nitrogen with the evolution of 
ammonia and/or nitrogen monoxide. The second stage (ca. 210—300 °G) has been ascribed to the evolution 
of ammonia from the intermediate dissociation products of compound I, II, and III . The third stage (ca. 275— 
350 °G) has been ascribed to the evolution of nitrogen monoxide from the solid residue with the exception of IV. 

The thermal decomposition of the cobalt ( III) 
ni troammine complexes in the solid state are usually 
studied by thermogravimetry (TG)1_3> and differential 
thermal analysis (DTA).2 - 5) The various steps in the 
decomposition often overlap and a mixture of gases 
is evolved, the composition of the mixture and the 
residual product depending upon temperature. In 
T G and DTA, these aspects are often not revealed and 
consequently the complexity of the decomposition is 
overlooked. Thus evolved gas analysis (EGA) is re­
quired in order to obtain more exact information on 
the decomposition processes of the compounds. 

Although gas-chromatographic (GC) analysis may 
be expected to be useful in determining the com­
position of the gaseous decomposition products of the 
metal ammine complexes, few papers have been pub­
lished on the GC study of the thermal dissociation, 
even in simple metal complexes.6-8) The present work 
illustrates the applicability of pyrolysis-gas chromato­
graphy in elucidating the mechanism of the cobalt-
(III) nitroammine complexes. 

Exper imenta l 

Materials. The complexes, [Go(N02)(NH3)5]Gl2, 
eis- and tow-[Co(N02)2(NH3)4]Cl, [Go(N02)3(NH3)3], 
K[Go(N02)4(NH3)2], and K2[Go(N02)5NH3] were prepared 
according to the methods given in the literature9) and identi­
fied by infrared analysis. Samples ranging in particle size 
from 100 to 200 mesh were used. 

Apparatus and Procedure. The EGA apparatus employed 
has been described previously.8*1) The procedure used for 
the pyrolysis of the sample and the analysis of the gaseous 
products are essentially the same as reported previously.8a) 
The GG patterns for the various pure substances are shown 
in Fig. 1. 

Resul t s and D i s c u s s i o n 

The EGA curves for the cobalt(III) nitroammine 
complexes in the 25 to 400 °C temperature range under 
helium are given in Figs. 2 and 3. The curves of 
water evolved have not been drawn since it was impos-

* Present address: Faculty of Pharmaceutical Science, 
Tokyo University of Science, Ichigaya-funagawara, Shin­
juku-ku, Tokyo 162, 
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Fig. la. Gas chromatogram of nitrogen (1), nitrogen-
(II) oxide (2), ammonia (3), and water (4) using 
20% Silicon SF-96 on Fluoro Pack-80. 
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Fig. lb. Gas chromatogram of nitrogen (1), nitrogen-
(II) oxide (2), nitrous oxide (3), and nitrogen dioxide 
(4) using chromatographic silica gel. 

sible to exactly determine the water in the gaseous 
products by means of the GC techniques employed 
in the present work. Although the chemical analysis 
of the gaseous products evolved from nitropenta-
ammine- and tr initrotriamminecobalt(III) complexes 
in vacuo have been conducted by Clark et A/.10) and 
the EGA curves of some halogenopentaamminecobalt-
( I I I ) complexes reported by Wendlandt and Smith2) 
and Smith,5) the EGA curves for eis- and trans-[Co-
(N0 2 ) 2 (NH 3 ) 4 ]C1, [Co(N0 2 ) 3 (NH 3 ) 3 ] , K [ C o ( N 0 2 ) 4 -
(NH 3 ) 2 ] , and K 2 [ C o ( N 0 2 ) 5 N H 3 ] seem to be the first 
to appear. The EGA curves of the cobalt ( I I I ) nitro­
ammine complexes were reproducible under the ex­
perimental conditions employed in the present work. 

The EGA curves for the cobalt(III) ni t roammine 
complexes given in Figs. 2 and 3 show that the 
compounds decomposed in two or three stages. In 
the first stage {ca. 140—240 °C), all complexes evolved 
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Fig. 2. EGA curves for [Go(NH3)6]Gl3 (A), [Co(N02)-
(NH3)5]G12 (B), fraw-[Co(N02)2(NH3)4]Cl (G), and 
m-[Co(N02)2(NH3)4]Cl (D) in a helium atmosphere. 
NH3; — O— N2; —A— NO; —D—. 

nitrogen with the evolution of ammonia and/or nitro­
gen monoxide. The second stage (ca. 210—300 °G) 
has been ascribed to the evolution of ammonia from 
the intermediate dissociation products for [Co(N0 2 ) -
(NH3)5]C12 and [Co(N0 2 ) 2 (NH 3 ) 4 ]Cl . The third stage 
(ca. 275—350 °G) has been ascribed to the evolution 
of nitrogen monoxide from the solid residue with the 
exception of [Co(N0 2 ) 3 (NH 3 ) a ] . The temperature 
ranges and the number of peaks are in agreement 
with those from the D T A curves reported by earlier 
workers,3-5) except that the third peak can not be 
found in the case of DTA. 

Decomposition of the Complexes (Stage I). Upon 
heating the cobal t ( I I I ) ni troammine complexes under 
helium, the yellow-brown compounds, especially 
K[Co(N0 2 ) 4 (NH 3 ) 2 ] and K 2 [ C o ( N 0 2 ) 5 N H 3 ] , changed 
to orange-red in the 130 to 150 °C temperature range 
prior to the evolution of gas. Beattie and Sathell11) 
and Doron12) concluded that this phenomenon indi­
cates that most of the nitro-form in the complexes 
is thermally converted to the nitrito-form. 

Upon heating the complexes to temperatures higher 
than 150 °G, the yellow-brown compounds, [Cc-
(N0 2 ) (NH 3 ) 5 ]C1 2 and [Co(N0 2 ) 2 (NH 3 ) 4 ]Cl , changed 
to greenish yellow ones, while the orange-red com­
pounds, [Co(N0 2 ) 3 (NH 3 ) 3 ] , K [ C o ( N 0 2 ) 4 ( N H 3 ) 2 ] , and 
K 2 [Co(NOo) 5 NH 3 ] , changed to black-brown ones, with 
the evolution of gas. In addition, thin layer chromato-
grams for the greenish yellow compounds, developed 
by a mixed solution, H C 1 0 4 - D M S O - C H 3 O H (0.3 : 
60 : 40), on Merck's silica gel G, were characterized 
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> 
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0/°C 

Fig. 3. EGA curves for [Go(N02)3(NH3)3] (E), K[Co-
(N02)4(NH3)2] (F), K2[Go(N02)5NH3] (G), and K3-
[Go(N02)6] (H) in a helium atmosphere. 
NH3; —O—, N2; —A—, NO; — • — . 

by the appearance of new spots, which have been 
attributed to the tetraamminedianiono- and triammine-
trianiono-complexes.13) 

The polarograms for the greenish yellow compounds, 
recorded in a 0.5 mol d m - 3 K 2 S 0 4 containing 0.005% 
gelatin by use of a Yanagimoto KM-85-3 pen 
recording polarograph, showed that the limiting 
diffusion currents of the first wave, attributed to the 
reduction of cobalt ( III) to cobalt (II) for the nit.ro-
ammine-complexes,14) decreased in comparison with 
the original compound. The polarograms for the 
black-brown compounds were characterized by a 
decreasing of the limiting diffusion currents of the first 
wave and a slight decreasing of the second wave, which 
has been attributed to the reduction of cobalt (II) to 
cobalt (0) for the nitroammine-complexes,14) in com­
parison with those of both for the original complexes. 

These results described together with earlier da­
ta,2 '16 '17) suggest that the thermal decomposition of 
cobal t(III) ni troammine complexes under helium as: 

[Go(N02)(NH3)5]Gl2 

150—240° G V 
\ 

[CoCl(N02)(NH3)4]Cl + NH3 

\ 
[CoCl2(N03)(NH3)3] + NH3 

low ammine cobalt(II) complexes 

[Go(N02)2(NH3)4]Gl 

150—220 °C * 

" \ 

[GoGl(N02)2(NH3)3] + NH3 

low ammine cobalt(II) complexes 

nit.ro-
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for other complexes, 
140—210 °G 

[Co(N02)3(NH3)3] > Co203 + N2 + H 2 0 
K[Co(N02)4(NH3)2] 

150-225 °Cyi Co304 + K N 0 3 + gaseous products 

* low nitro cobalt (II) complexes 

K2[Co(N02)5NH3] 

150—230°Cyi Co304 + K N 0 3 + gaseous products 

* low nitro cobalt(II) complexes 

Since large quantities of water and nitrogen were 
evolved in this stage, it has been concluded that am­
monium nitrite was an intermediate dissociation pro­
duct. 

The decomposition temperatures at which the first 
maximum peaks observed on the EGA curves for the 
cobalt (111) nitroammine complexes in Figs. 2 and 3 
are in the same order as the minimum temperatures 
where the color changes as observed by Matsui and 
Nakanishi.15) This order for the cobalt(III) nitro­
ammine complexes in Figs. 2 and 3 is related to the 
Polarographie reduction potentials of cobalt ( III) to 
cobalt (II) for the complex ions reported by Willis, 
Friend, and Mellor.14) Plots of the above temperatures 
versus the potentials did not however give a strick 
linear relationship. Since the Polarographie reduction 
potentials of the complex ions are considered to measure 
the relative electron affinities of the central metal 
ions, it has been concluded that the thermal stability 
of the cobalt (I II) nitroammine complexes is dependent 
upon the electron affinity of the central cobalt (111) 
ion. 

Subsequent Decomposition (Stage II). Upon heat­
ing [Co(N0 2 ) (NH 3 ) 5 ]Cl 2 and [Co(N0 2 ) 2 (NH 3 ) 4 ]Cl 
to temperatures higher than 230 °C, it was observed 
that the greenish yellow compounds, formed at the 
first stage, subsequently changed to grayish blue ones 
with the evolution of gas. In addition, the polarograms 
for the grayish blue compounds showed that the limit­
ing diffusion currents of the first wave disappeared 
and those of the second wave decreased slightly in 
comparison with those of the both waves for the 
original complexes. These results appear to indicate 
that the greenish yellow compounds, probably 
[CoCl(N0 2 ) (NH3)4]C1, [CoCl 2 (N0 2 ) ( N H 8 ) J , and 
[CoCl(N0 2 ) 2 (NH 3 ) 3 ] , decomposed to form C o 2 0 3 , 
which has poor solubility in water. 

The second EGA peaks of [Co(NH3)6]Cl3 , [CoCl-
(NH3)5]G12, and fr<my-[CoCl2(NH3)4]Cl in a previous 
paper8a) were obtained in the same temperature range 
(280—350 °C), although the numbers of coordinated-
chloride ions are different, while, the second EGA 
peaks of [Co(N0 2 ) (NH 3 ) 5 ]Cl 2 and [Co(N0 2 ) 2 (NH 3 ) 4 ] -
Cl shifted to lower temperatures with the increase in 
the numbers of coordinated-nitrite ions. These results 
indicate that [CoCl3(NH3)3] is an intermediate disso­
ciation product for the above three compounds, while 
[CoCl 2 (N0 2 ) (NH 3 ) 3 ] , is for the nitropentaammine-
complex, and [CoCl(N0 2 ) 2 (NH 3 ) 3 ] , is for the dinitro-
tetraamine-complex. 

Subsequent Decomposition (Stage III). When 
the complexes were heated to temperatures higher 
than 275 °C, it was observed that the grayish blue 
compounds, formed by heating [ C o ( N 0 2 ) ( N H 3 ) 5 ] -
Cl2 and [Co(N0 2 ) 2 (NH 3 ) 4 ]Cl in stage I I , changed 
to blue-black ones while the black-brown compounds, 
formed by heating K[Go(N0 2 ) 4 (NH 3 ) 2 ] and K 2 [Co-
( N 0 2 ) 5 N H 3 ] in stage I, changed to black ones with 
the evolution of nitrogen(II) oxide. In addition, the 
polarograms for the above solid residues were characteri­
zed by a decrease or the complete disappearance of the 
limiting diffusion currents of the second wave in com­
parison with that in the original compounds. These 
results suggest that the grayish blue and black-brown 
compounds, may be Co(ONO)Cl , K C o ( O N O ) 3 , and 
K N 0 3 , decomposed with the evolution of nitrogen(II) 
oxide from the compounds to form cobalt oxides, 
which have poor solubility in water. 

Although the exact nature of the solid residues, 
Co (ONO) CI and K C o ( O N O ) 3 , is not known, Devra-
inne and Belsot3) demonstrated that the decomposi­
tion products up to 250 °C of K [C o (N 0 2 ) 4 (NH 3 ) 2 ] 
consisted of C o 3 0 4 and K N 0 3 . 

The author wishes to thank Professor Masaakira 
Iguchi, Tokyo University of Science, for his interest 
in this work, and also Mr. Katsumi Kimura for his 
Polarographie and thin-layer chromatographic analyses. 
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The X-Ray Structure of Bis((S,5)-2,4-pentanediamine)platinum(II) 
Ion, [Pt(SS-ptn)2]

2+ 
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T h e bis((S,S)-2,4-pentanediamine)platinum(II) chloride monohydrate crystallizes in the space group P212121 

with four formula units in a unit cell of dimensions a= 12.089(3), 0=13.547(3) , c= 10.697(2) A. The crystal 
structure has been determined from diffractometer da ta and refined to R = 0 . 0 5 2 for 1903 independent reflections. 
The Pt a tom has a square p lanar coordination by four N atoms, the average value of the P t - N distance being 2.05 A. 
The complex has a pseudo two-fold axis which is perpendicular to the coordination plane defined by the four 
N atoms. T h e 6-membered chelate ring is of a chair conformation and one methyl group is axial with respect 
to the chelate ring, while the other is equatorial . From a comparison of the circular dichroism spectra of the 
diammine-(S,S)-2,4-pentanediamineplat inum(II) and the bis((S,S)-2,4-pentanediamine)platinum(II) ions, the 
effect of the (S,S)-2,4-pentanediamine on the rotatory strength of the Pt ( I I ) complex has been found to be not 
additive. 

T h e ( S , S ) - 2 , 4 - p e n t a n e d i a m i n e (SS-ptn) c a n c o o r d i ­
n a t e to a m e t a l ion y i e ld ing t h e 6 - m e m b e r e d c h e l a t e 
r i n g w i t h a skew or c h a i r c o n f o r m a t i o n , a n d it h a s 
b e e n u t i l i zed in t h e s tud ies of c i r c u l a r d i c h r o i s m ( C D ) 
e x h i b i t e d b y t h e C o (I I I ) c o m p l e x e s w i t h 6 - m e m b e r e d 
r ings . I n t h e c rys ta l s t r u c t u r e ana lyses m a d e for s o m e 
o c t a h e d r a l C o ( I I I ) che l a t e s , t h e RR-ptn r i n g h a s b e e n 
found usua l ly to b e of t h e X skew con fo rma t ion , 1 ) 
a l t h o u g h a r e c e n t C D s t u d y for [ C o ( N H 3 ) 2 n ( Ä Ä -
p t n ) 3 _ T O ] 3 + ( w = 0 , 1, o r 2) g a v e e v i d e n c e for i n t e r c o n v e r ­
sion b e t w e e n the A skew a n d t h e c h a i r c o n f o r m a t i o n s 
in solut ion. 2 ) A p p l e t o n a n d H a l l c o n c l u d e d , o n t he 
basis of t h e P M R s t u d y o n P t ( I I ) che la t e s , t h a t t he 
SS-(or RR-)ptn r i n g in t h e p l a n a r c o m p l e x e s p re fe ren ­
t ia l ly a s sumes t h e c h a i r con fo rma t ion . 3 ) T h e p r e s e n t 
w o r k is a n a t t e m p t to con f i rm the i r v i ew a n d to s t u d y 
t h e s t r u c t u r a l p a r a m e t e r s of t h e SS-p tn r i ng . 

E x p e r i m e n t a l 

Preparations of Complexes. SS-ptn. • 2HG1 was purchased 
from Tokyo Kasei Co., Ltd. and used for the preparat ion 
of the complexes without further purification. PtCl2(SS-
ptn) was prepared by the method of Appleton and Hall4) 
using the SS-ptn instead of rac-ptn. 

[Pt(NHJ2(SS-ptn)]Cl2: T h e PtCl2(SS-ptn) was sus­
pended in water and concentrated aqueous ammonia added 
to the suspension at 80 °G until the dichloro complex was 
completely dissolved. T h e resulting solution was rotary 
evaporated. T h e colorless crystals were obtained by re-
crystallization from water-1-propanol . 

Found : G, 14.75; H , 5.12; N , 13.84%. Galcd for [Pt-
(NH3)2(G5H1 4N2)]G12 : G, 14.92; H , 4.97; N, 13.93%. 

[Pt(SS-ptn)2]Cl2-H20: K 2 [PtCl 4 ] (1.27 g) and SS-ptn-
2HG1 (1.50 g) were dissolved in water. The solution was 
heated to 80 °G with stirring and then K O H solution (0.96 g 
in 10 ml of water) was added dropwise. The resulting solu­
tion was rotary evaporated to dryness. T h e separation of 
the P t ( I I ) complex from the residue was effected by extrac­
tion with methanol, the process being repeated two times 
to complete separation and the crystals were recrystallized 
from water-1-propanol . 

Found : G, 24.75; H, 6.24; N , 11.59%. Galcd for [Pt-
(G 5 H 1 4 N 2 ) 2 ]G1 2 .H 2 0: C, 24.59; H , 6.15; N, 11.48%. 

Spectral Measurements. Electronic spectrum was mea­
sured in aqueous solution on a Hitachi EPS-3T Recording 
Spectrometer. The GD spectrum in aqueous solution was ob­
tained using a J A S G O J-20 Automatic Recording Spectrom­

eter. The F T 13G N M R spectra were obtained in D 2 0 
at 15.04 M H z with broad band proton decoupling and 
off-resonance proton decoupling on a J E O L JNM-FX-60 
Spectrometer. Dioxane was used as an internal reference 
but the chemical shifts are given based on the T M S scale. 
In every 13G N M R spectrum 4096 data points were taken 
over a 1-kHz spectral width. All measurements were con­
ducted at room temperature. 

Measurement of X-Ray Data of [Pt(SS-ptn)2]C12-H20. 
Crystal Data: G1 0Gl2H3 0N4OPt, F.W.-488.1, orthorhombic, 
a - 1 2 . 0 8 9 ( 3 ) , 0 -13 .547 (3 ) , c= 10.697(2) A, Z>m=1.85, 
£ > c - 1 . 8 5 g / c m 3 , Z = 4 , space group P212121, {i(MoK<x) = 
87.3 c m - 1 . The space group and the approximate unit 
cell dimensions were determined from Weissenberg photo­
graphs taken with Gu K<x radiation. The unit cell dimensions 
were refined by the least-squares analysis of 15 0 values meas­
ured on a Philips PW1100 four circle diffractometer, M o Koc 
radiation being employed. 

Data Collection: Diffraction intensities were measured 
by co-20 scan method on the diffractometer using graphite-
monochromated M o Koc radiation. The crystal size was 
0.28 X 0.26 X 0.25 mm. The scan speed and scan width in 
co were 0.017° s"1 and (0.8 + 0.2 tan 0)°, respectively. Back­
ground was counted for 20 s at each end of the scan range. 
A total of 1903 independent reflections for which It — 2V/It>Ib 
were collected in the 2 0 > 5 5 ° range (It = intensity at the top 
of peak; / b = m e a n background intensity obtained from 
preliminary background measurements for 5 s on both sides 
of the peak). A spherical absorption correction ( r=0 .13 mm) 
was applied. During the da ta collection no appreciable 
variations were observed in the intensities of three standard 
reflections (200,020,002) monitored every 2 h. 

Structure Determination and Refinement. The crystal 
structure of [Pt(SS-ptn) 2 ]Cl 2«H 20 was solved by the Patterson 
and Fourier method. T h e positional and thermal parameters 
were refined by a block-diagonal least-squares method, the 
minimized function being ^]w(F0— | F C | ) 2 . The weighting 
scheme, w=l.O for Fo<\00.0 and w= (\00.0/Fo)

2 for F0> 
100.0, were found to be opt imum conditions to make the ave­
rage values of w\j\F0\

2 relatively constnat over ranges 
of F0. The final R value was 0.052. In the final cycle 
of the refinement all parameter shifts were less than 0.2a. 
Positional and thermal parameters are listed in Table 1. 

Atomic scattering factors of Pt°, Gl~, N, G, O were taken 
from Ref. 5. Anomalous dispersion corrections were made 
for Pt° and Gl~. The absolute crystal structure was deter­
mined on the basis of the configuration (S) of asymmetric 
carbon atoms. The observed and calculated structure fac­
tors are preserved at the Chemical Society of J a p a n (Docu-
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TABLE 1. POSITIONAL AND THERMAL PARAMETERS 

Pt 

Gl(l) 

Cl(2) 

N ( l ) 

N(2) 

N ' ( l ) 

N'(2) 

C ( l ) 

C(2) 

X 

0.15536(4) 

0.3336(5) 

0.2726(6) 

0.256(1) 

0.230(1) 

0.056(1) 

0.080(1) 

0 .448(2) 

0.378(1) 

y 

0.24402(3) 

0.4345(3) 

0.0639(3) 

0.134(1) 

0 .339(1) 

0 .355(1) 

0 .147(1) 

0 .065(1) 

0 .157(1) 

z 

0.20000(4) 

0.6707(7) 

0.8223(5) 

0.133(1) 

0.079(1) 

0 .266(1) 

0 .321(1) 

0 .111(2) 

0 .147(2) 

£/A2 

a ) 
a ) 

a ) 
3 .1(2) 

2 .8 (2) 

3 .1(2) 

2 .8(2) 
4 .8 (4 ) 

3 .4(3) 

G(3) 

G(4) 

G(5) 

C ' ( l ) 

C'(2) 

C'(3) 

C'(4) 

C'(5) 

ow 

X 

0.406(2) 

0 .356(2) 

0 .391(2) 

- 0 . 0 2 0 ( 2 ) 

0 .056(1) 

0 .013(2) 

0 .081(1) 

0 .202(2) 

0 .188(2) 

y 

0.244(1) 

0.345(1) 

0.380(2) 

0 .456(1) 

0 .368(1) 

0 .277(1) 

0 .184(1) 

0 .195(2) 

0 .284(1) 

z 

0.057(2) 

0 .089(2) 

0 .222(2) 

0 .440(2) 

0 .410(2) 

0 .470(2) 

0 .459(2) 

0 .501(2) 

- 0 . 1 7 6 ( 2 ) 

£/A2 

4 .1 (3 ) 

4 .1 (3 ) 

5 .0(4) 

4 .3 (4 ) 

3 .1(3) 

3 .8(3) 

3 .2(3) 

5 .2(4) 

6 .6(4) 

a) Anisotropic temperature 

Pt 

Gl(l) 

Cl(2) 

* i i 

37.9(3) 

64(4) 

114(5) 

factors ; ( X l 0 4 ) in 

# 2 2 

33.1(2) 

49(2) 

54(2) 

the form exp [-

^ 3 3 

48 .3(4) 

225 (9) 

87(4) 

- (Bnh* + B22k* + £3 3 /2 + Bnhk + B13hl+B2dkl)]. 

# 1 2 

- 3 . 9 ( 6 ) 

5(5) 

35(6) 

#13 #23 

- 5 . 1 ' ( 6 ) - 1 - 4 ( 6 ) 

- 6 ( 1 0 ) - 6 ( 7 ) 

- 1 3 ( 8 ) - 1 7 ( 5 ) 

T A B L E 2. BOND 

P t - N ( l ) 2 

P t -N(2) 2, 

P t - N ' ( l ) 2 . 

P t -N , (2 ) 2 . 

N ( l ) - G ( 2 ) 1. 

N(2)-G(4) 1. 

N ' ( l ) - C ' ( 2 ) 1. 
N ' (2 ) -C ' (4 ) 1. 

N ( l ) - P t - N ( 2 ) 

P t - N ( l ) - G ( 2 ) 

P t -N(2) -G(4) 

N ( l ) - G ( 2 ) - G ( l ) 

N ( l ) - G ( 2 ) - G ( 3 ) 

N(2) -G(4) -G(3) 

N(2) -G(4) -G(5) 

G( l ) -G(2 ) -G(3 ) 

G(2)-G(3)-G(4) 

G(3)-G(4)-G(5) 

LENGTHS 

.05(1) 

.04(1) 

.05(1) 
06(1) 

•52(2) 

,53(2) 

55(2) 

56(2) 

88 .6(5) 

113(1) 

115(1) 

110(1) 

108(1) 

110(1) 

110(2) 

110(2) 

117(2) 

112(2) 

(/ /Â) AND BOND ANGLES ( 0 / ° ) 

G(l ) -G(2 ) 1.56 

G(2)-G(3) 1.55 

G(3)-G(4) 1.53 

G(4)-G(5) 1.56 

G , ( l ) -G , (2 ) 1.53 

G , (2)-G , (3) 1.48 

1(3) 

•(3) 

i(3) 

'(3) 

'(3) 

(3) 
C ' (3) -C ' (4) 1.52(3) 

C ' (4) -C ' (5) 1.54 

N , ( l ) - P t - N , ( 2 ) 

P t - N ' ( l ) - C ' ( 2 ) 
P t -N , (2 ) -G , (4 ) 

N , ( l ) - G , ( 2 ) - G , ( l ) 

N , ( l ) - G , ( 2 ) - G , ( 3 ) 

N , (2 ) -G , (4 ) -G , (3 ) 

N , (2 ) -G , (4 ) -G , (5 ) 

G , ( l ) - G , ( 2 ) - G , ( 3 ) 

G , (2) -G , (3) -G , (4) 

C ' (3 ) -C ' (4 ) -C ' (5 ) 

(3) 

89 .5(5) 

115(1) 

113(1) 

107(1) 

110(1) 

109(1) 

109(1) 

110(1) 

118(2) 

114(2) 

methyl group is equatorial with respect to the chelate 
ring, while the other is axial. The interplanar angle 
between the coordination plane and the mean plane of 
N ( l ) , G(2), G(4), and N(2) is 130°, whereas that 
between the coordination plane and [ N ' ( l ) , C'(2), 
C'(4), N' (2)] plane is 133°. These values are generally 
smaller than those (136.3—158.6°) of the 6-membered 
ring of tn ( = l ,3-propanediamine) with a chair con­
formation in octahedral complexes.7) The larger inter­
planar angle in the octahedral complexes could be 
ascribed to interligand interactions within the complex, 
while the smaller interplanar angle in the present 
complex indicates that the extent of the interaction 
is smaller in spite of the presence of the methyl 
substituents in the ring. The Pt—C(5) and Pt---C'(5) 
distances are 3.40 and 3.34 Â, respectively. Bond 
lengths and angles are given in Table 2. 

In the chelate ring the N - P t - N coordination angle 
is significantly greater than those (81.9—87.4°) in 
the 5-membered ring,8) but slightly less than 90°. 
The P t - N - C bond angles are small compared with 

C'(5) 

C(D 

Q "E C(5) 

N(l) 

LV * > J 

N(2) N'U) 

Fig. 1. The structure of [Pt(&S-ptn)2]
2+. 

cd) 

C(3) C'<3) 

C'd) 

Fig. 2. The projection of complex on the coordination 
plane. 

ment No. 7909). All computations were conducted on a 
FAGOM 270-30 computer of Osaka City University, 
using RSSFR-5, HBLS-IV, and DAPH programs in the 
UNIGS.6) 

Resu l t s and D i s c u s s i o n 

The perspective drawing and projection of the 
complex are shown in Figs. 1 and 2, respectively. 
The complex has a pseudo two-fold axis which runs 
through Pt and is perpendicular to the coordination 
plane defined by N ( l ) , N(2) , N ' ( l ) , and N' (2) . The 
disposition of these atoms is completely planar (±0.005 
Â) and the Pt atom lies on the plane, the deviation being 
0.003 Â. 

Each chelate ring is of a chair conformation. One 
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Fig. 3. The crystal structure viewed down the c axis. 

T A B L E 3. POSSIBLE HYDROGEN BONDS 

X-Ha)..-Y X..-Y(//A) H...Y(//A) X - H Y ( f 

N(1)-H...G1(2I) 
N(l)-H...Gl(2n) 
N(2)-H..-Ow

b) 
N(2)-H...Gl(lni) 
N'(l)-H...Cl(lm) 

N,(2)-H...G1(211) 
N,(2)-H...G1(1IV) 
(V-H.-.CIO1)*) 
Ow-H-..Gl(2

I)b) 

3.46(2) 
3.38(2) 
2.87(2) 
3.31(2) 
3.31(2) 
3.37(2) 
3.18(2) 
3.15(2) 
3-16(2) 

2.50 
2.37 
1.84 

2.31 
2.29 
2.35 
2.26 

156 
168 
174 
164 
168 
173 
148 

Roman numeral superscripts refer to the atoms in the 
following equivalent positions: 

I x,y, - 1 + 2 II (1 /2) -* , -y, - ( 1 / 2 ) + z 
III (1 /2)-* , 1-y, - (1 /2) \z 
IV - (1 /2) + *, (1/2) -y, 1-z 

a) The positions of amino H atoms have been calcu­
lated on the assumption that the N-H distance is 
1.03A. b) N(2)---Ow...Gl(lI) = 103(l)°, N(2)--Ow . . . 
01(2*) = 101(1)°, Gl(l I)...Ow . . .Gl(21)-115(1)°. 

those (116.5—121.3°) in the octahedral tn complexes.7) 
This is also in harmony with the smaller inter-
ligand interaction in the planar complex, since the 
decrease in the interplanar angle is related to the 
decrease in the P t - N - G angle. Both of C ( 2 ) - C ( 3 ) -
G(4) angle and its primed analogue are significantly 
larger than those (111.3—116.0°) in the tn complexes7) 
and this is thought due to steric repulsion between the 
axial methyl group and C ( 2 ) - H (axial) segment. 

The crystal structure viewed down the c axis is 
shown in Fig. 3. Except for the axial H atom bonded 
to N ' ( l ) all remaining amino H atoms participate in 
N - H - » C I - or N - H - 0 ( H 2 0 ) hydrogen bonding, the 
data of which are given in Table 3. 

In the 13C N M R spectrum of [Pt(NH3)2(S*S*-ptn)]-
Cl2 three signals, each of which is accompanied with 
satellites due to pal t inum coupling, appear at 46.6 
( V p t - o = 2 5 H z ) , 40.6 ( V p t - o = 2 1 Hz) , and 21.9 p p m 
(Vpt-c — 31 Hz) . These signals have been assigned 

o 

Pf Wem-1 

Fig. 4. The absorption (top) and GD (bottom) spectra 
of [Pt(NH3)2(&S-ptn)]Cl2 ( ) and [Pt(ÄS-ptn)JCla. 
H 2 0 ( ) in aqueous solution. 

to the resonances due to CH, CH2 , and C H 3 carbons, 
respectively, on the basis of the spectrum with off-
resonance proton decoupling. The corresponding 
resonances appeared at 46.8, 40.7, and 21.8 ppm in 
[Pt(6'iS ,-ptn)2]Gl2-H20. Appleton and Hall reported 
that the Pt—&S*-ptn chelate ring makes rapid chair-
to-chair interconversion in solution.3) The feature 
of 13C N M R spectrum is compatible with this conclu­
sion, since five carbon signals should be observed 
if the chelate ring is fixed in the chair conformation. 
According to the conformational analysis of the planar 
Mb 2( tn) type complex (b = a monodentate ligand), 
the interconversion occurs via a skew intermediate.9) 
However, the intermediate conformer is small in popula­
tion at room temperature, as the free energy difference 
(AG) between the skew and chair conformers has been 
estimated to be 1.6 kcal/mol.9) In Mb^SS-ptn) both 
methyl groups are equatorial in the ô skew con-
former, whereas they are axial in the A one. Con­
formational analysis of [CoCl4(6 ,(or i?-)-l,3-butane-
diamine)]"" showed that in the case of the skew ring 
the chelate ring with axial methyl group has greater 
atom overcrowding than that with equatorial one.10) 
This may also be the case for planar Mb2(<&S,-ptn). 
The AG (chair, ô skew) value in Mh2(SS-ptn) may 
not be very different from that in Mb2( tn) but the 
AG (chair, A skew) may be larger in magnitude than 
the AG (chair, ô skew). 

Figure 4 shows the absorption and CD spectra 
of [Pt(NH3)2(SS*-ptn)]Cl2 and [Pt(SS-ptn)2]Cl2-H20 
in aqueous solution. The absorption spectra are very 
similar to those of the corresponding 1,2-propane-
diamine complexes.11) Since the populations of the 
skew conformers are small as inferred from the free 
energy differences, the CD spectrum of the diammine 
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complex can be regarded as virtually arising from the 
vicinal effect due to the S asymmetric carbons. 

The effect of the «S^-ptn ligand on the CD spectra of 
[Pt(NH3)2(£*S-ptn)]2+ and [P t (^ -p tn ) 2 ] 2 + is not ad­
ditive as seen in Fig. 4, indicating that the vicinal 
effect of the asymmetric carbons is not the only source 
of the CD of b is^^-p tn) complex. In general the 
asymmetry factors responsible for the optical activity 
of the Pt(I I ) chelates of .S'.S'-ptn are the chirality of the 
asymmetric carbon in the chelate ring and the chelate 
ring in the skew conformation. The non-additivity 
suggests that the CD spectrum of the bis-chelate com­
prises the conformational contribution from the con-
formers with skew ring. 

This research was supported by Grant-in-Aid from 
the Ministry of Education. 
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Emission Spectra and Luminescence Life Times 
of Uranium-Mica Type Compounds 
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Department of Chemistry, The University of Tsukuba, Sakura-mura, Ibaraki 300-31 
(Received September 7, 1978) 

A series of uranium-mica type compounds M(U02)2(X04)2«wH20, where M = C a , Sr, Ba, Mg, Na2, K2, 
and (H 30) 2 ; X = P and As, as well as the doped samples of Mg(U02)2(P04)2-wH20 : Mn(0.03 mol %) and Zn-
(U02)2(P04)2-wH20: Cu(0.1 mol % ) , have been prepared and measured for emission spectra under the UV-
(365 nm) excitation and decay times. Some of these samples, e.g., (H30)2(U02)2(As04)2-wH20, have been 
found to give weak shoulders and a separated band, in addition to the six bands so far reported for other uranyl(VI) 
compounds. Samples containing As04

3 _ ions in place of P 0 4
3 _ gave emission spectra, where the main bands 

shifted by approximately 100 cm - 1 to lower energy also giving shorter life times. The decay times of the six 
emission bands of Mg(U02)2(P04)2-wH20 have been found to have the same value of 2.5 X 10~4 s. 

Uranyl (VI) compounds exhibit a highly characteristic 
luminescence both in the solid state and in solution. 
The spectral properties of uranyl(VI) compounds 
have been studied in great detail, since Stokes gave 
the first systematic investigation on light-emission 
and absorption in the middle of the nineteenth cen­
tury.1 - 4) The theoretical basis, however, for under­
standing the spectroscopic properties of the U 0 2 group 
has been established only in the last two or three de­
cades and remain incomplete.5 '6) The luminescence, 
which is assigned to emission from the lowest excited 
3I1W state displays considerable sub-structure probably 
due to vibrational effects. Bell and Biggers,6) who 
gave possibly the most comprehensive analysis of 
Uranyl (VI) salts, resolved the six emission bands in 
the luminescence spectrum of uranyl(VI) Perchlorate 
in water. Iimori and Iwase resolved the sixteen 
bands of the fluorescence spectrum of natural autunite, 
a hydrous phosphate of uranyl (VI) and calcium, 
by photo techniques.7) No further description has, 
however, been published on the luminescence spectrum 
of this mineral. In the present paper, the emission 
spectra and the decay times for a series of u r a n i u m -
mica compounds including the synthetic and natural 
autunites are reported. In addition to the conven­
tional decay time measurement, the life times of the 
six resolved bands have been measured separately for 
a sample of Mg-containing uranium-mica . 

E x p e r i m e n t a l 

Samples. Samples were prepared according to the 
literature.8»9) The general formula of uranium-micas is 
given10) as M(U02)2(X04)2-wH20, where M is an univalent 
metal ion (Ml) or a bivalent metal ion (M n ) , X 0 4 is a phos­
phate P04

3~ or arsenate As04
3~. The prepared samples are 

those with M=Na 2 , K2, (HsO)2, Ca, Mg, Sr, Ba, and Zn. 
The number of water molecules n varies according to the 
condition of the samples; natural autunites with bivalent 
metal ions have values of ranging from 8 to 12, while those 
with univalent ions have, to some extent, a lower value of n. 

The samples were prepared by mixing the solutions con­
taining the component ions and adjusting the temperature 
and pH at the appropriate values. The procedure for the 
preparation of Ca(U02)2(P04)2-wH20 is given here as an 
example. The reagents used were of guaranteed grade. 
Diluted (1.48 mol/1) phosphoric acid (5 ml) was added to 
a solution of CaCl2 (s.g.= 1.25, 500 ml), followed by boiling 
and the slow addition of about 10 ml of uranyl solution 

containing 3.7 g of U0 2 (N0 3 ) 2 -6H 2 0. The resultant 
solution was kept warm on a water bath, and the required 
precipitate was obtained at the bottom of a beaker in ap­
proximately 1 h. The samples were confirmed by X-ray 
diffractometry. 

Apparatus. A block diagram for the measurement of 
the luminescence decay time is shown in Fig. 1. The main 
part of the system is composed of a microcomputer (TK-80, 
NEC Japan, 8080 type) and digital counters. All interface 
units including the digital counters have been hand-made 
in this laboratory within the expense of one hundred and 
sixty thousands yen. The microcomputer system with periph­
eral interfaces is connected on line to the optical system, 
for which some units of the multi-purpose spectrometer 
(SS-25, JASCO Japan) are employed. The apparatus is 
able to measure a wide range of decay times at weak intensity. 
More details of the system, especially concerning the hardware 
will be reported later. The measurement of emission spectra 
and decay times were made at room temperature. 

R e s u l t s a n d D i s c u s s i o n 

According to McGlynn and Smith,5) the ground 
state configuration of the U 0 2

2 + molecule is expressed 
as (Un+)2(l(7g+)2(\7tuy(\7Tgy, leading to a totally 
symmetric singlet ground state 1^>g

+. The resolved 
absorptions between 20500 and 30000 c m - 1 (visible to 
near UV) occur because of transitions from the ground 
state to the lowest excited state 3 I \ , which is split into 
twelve sublevels due to the symmetric stretching in 
the excited state (Fig. 3). The luminescence appears 
to occur from the lowest one or two sublevels to the 
ground state which is also further split due to the sym­
metric stretching in the ground state.4) Figure 2 
shows the emission spectra of a synthetic sample of 
M g ( U 0 2 ) 2 ( P 0 4 ) 2 - w H 2 0 , which gives a typical spectral 
pat tern for a series of uranium-micas prepared here. 
Excitation by U V light of 365 nm was found more 
efficient for the measurement of luminescence than 
254 nm, which is understood since the closely separated 
sublevels arising from the triplet 3FIU efficiently absorb 
the exciting energy of 365 nm (27400 c m - 1 ) , while 
there is not any appropriate absorbing level for 254 
n m (39400 cm-1) (Fig. 3). 

The spectra is apparently composed of six bands with 
an appoximate intensity ratio of 3 : 13 : 45 : 100 : 95 : 
8. Peak positions for all the prepared samples are 
listed in Table 1, together with the life time data. 
The average spacing of the five lowest energy bands 
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Fig. 1. Block diagram showing the measuring system of luminescence 
life time. Either the combination of (XL1, Fl , SI, Fl) or (XL2, F2, 
S2, F2) is used in the actual measurement. 
XL1, XL2 : Xenon lamps, Fl , F2 : filters, SI, S2 : samples, SPEC 
spectrometer, PM : photomultiplier, TRIG : trigger circuit, [x-COM 
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Fig. 2. Emission spectra at the excitation of UV 
(365 nm) light for Mg(U0 2 ) 2 (P0 4 ) 2 wH 2 0 (a), and 
for (H30)2(U02)2(As04)2 .wH20 (b), where the ad­
ditional bands are observed. 

is 840±20 cm - 1 , while the band at the highest energy 
is spaced only 710±40 c m - 1 from the next lower 
energy band. Bell and Biggers reported the same 
spectral feature for the emission bands of uranyl(VI) 
Perchlorate in water.6) In that case the average spac­
ing for the five lowest energy bands was 855±20 
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Fig. 3. Energy level diagram for uranyl(VI) ion based 
on Bell and Biggers' paper.6) 

—32 K 

Fig. 4. Decay curve of Mg(U02)2(P04)2 .wH20 (1) 
and it's logarithmic conversions with (2) and without 
(3) background subtraction. 

c m - 1 , while another band was spaced 768 c m - 1 from 
its neighbor. They suggested that the latter band is 
probably from a different origin to the other five 
emission bands, that is, from the second absorption 
level. The smaller spacings of the uran ium-mica 
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TABLE 1. EMISSION BAND POSITION AND LIFE TIME OF URANIUM-MICAS 

[Vol. 52, No. 3 

Sample Life time 
T/10-«s vf Vi 

Ga(U02)2(P04)2 .«H20 
Sr(UOa)a(P04)a.iiHaO 
Ba(U02)2(P04)2 .«H20 
Ba(UOa)a(As04)a-«HaO 
Mg(U0 2) 2(P0 4) 2 .«H 20 
Mg(U02)2(As04)2 .nH20 
Mg(U02)2(P04)2-«H20 : 

Mn(0.03 mol %) 
Zn(U0 2 ) 2 (P0 4 ) 2 -«H 2 0: 

Gu(0.1mol%) 
Na2(U02)2(P04)2 .rcH20 
Na2(U02)2(As04)2-nH20 
K 2 (U0 2 ) 2 (P0 4 ) 2 .«H 20 
K2(U02)2(As04)2 .wH20 
(H30)2(U02)2(P04)2-«H20 
(H30)2(U02)2(As04)2 .«H20 
Natural autunite 

1.9, 2.1b> 
3.5, 3.6 
2.8, 2.9 
1.9 
2.5 
0.57, 0.7 
1.3 

0.81 

1.6, 2.2 
0.87 

2.7, 2.9 
0.95, 1.1 
— 

1.3 
2.5, 2.6, 2.8 

(633) c> 

(638) 

(636) 
(631) 

(636) 
(640) 

604 
602 
604 
608 
600 
603 
599 

602 

604 
607 
603 
607 
602 
609 
605 

576 
575 
576 
579 
572 
575 
571 

575 

575 
578 
575 
579 
573 
580 
575 

550 
549 
551 
554 
544 
550 
547 

549 

549 
552 
549 
553 
547 
553 
550 

545 

546 

537 

527 
527 
527 
531 
523 
526 
523 

525 

526 
528 
526 
529 
523 
528 
527 

523 

521 

505 
506 
504 
509 
500 
504 
501 

503 

504 
506 
504 
507 
500 

514 506 
505 

(500) 

500 

(499) 

499 

(494) 

495 

488 
488 
486 
(493) 
484 
(488) 
483 

487 

486 
(490) 
487 
491 
481 
489 
488 

a) vx to v6 correspond to the 
of measurement on the some 

six emission bands after Bell and Biggers.6> b) Data obtained at a different run 
sample, c) Data in the parentheses are less reliable than others. 

2.5 ms 2.5ms 

Fig. 5. Logarithmic converted decay curves for bands at 484 nm (1), 500 nm (2), 523 nm (3), 
544 nm (4), 572 nm (5), and 600 nm (6) of Mg(U02)2(P04)2-raH20. 

samples compared to those of uranyl(VI) Perchlorate 
in water may be considered as reflecting the geometry 
of coordination of ligand molecules around the uranyl-
(VI) ion.11) 

Decay curves for the six emission bands have been 
recorded as shown in Fig. 5, where the logarithmic 
converted lines instead of the direct decay curves are 
given for convenience. Life time data obtained for 
the most intense band at 19011 c m - 1 have the value 
of 2.5 X 10 - 4 s, which agrees with the five others within 
experimental error suggesting that the six emission 
bands emerge from the same transition mechanism. 

As seen in Table 1, some of the samples have additional 

weak bands besides the six main bands, one of which 
was observed as a very weak band at the low energy 
side with the same spacing as the five bands. The 
others were observed either as shoulders or as asymmet­
ries of the main bands. Iimori and Iwase7) found 
sixteen emission bands for a natural autunite using a 
photo technique in almost the same energy region 
as that of the six bands found here. T h e sixteen bands 
were arranged into three series, E (seven bands, very 
intense), B(five bands, dim), and H (four bands, very 
dim), each of which has the same wave-number interval 
of 800 cm - 1 . T h e six highest energy bands in the E 
series coincided well with the six bands reported here. 



March, 1979] Luminescence of UO< 921 

The remaining band in the E series at the lowest energy 
(635 nm) found its counterpart only as a very weak 
and broad band in the spectra recorded here (Table 1). 
The shoulder bands which were found, for instance, 
in the spectra of (H30)2(U0 2 ) 2 (As0 4 )2*wH 2 0 coula 
be related to some bands in the B or H series. How­
ever, the imprecise energy position and the limited 
number of shoulder bands do not allow a precise 
comparison between the bands. The presence of the 
additional bands, however, is thought to necessitate 
a more rigorous discussion concerning the origin of 
the emission bands than has hitherto appeared.5»6) 

The value of n and the changes found during measure­
ment were not recorded however in the present study, 
since no significant changes were observed in the spectral 
patterns and in the life times during repeated measure­
ments. The reason for this is presumably that the 
water molecules in the uranium-micas are located in 
the cavities in the [ ( U 0 2 ) ( X 0 4 ) ] n layer structure and 
having a zeolitic water character, they exert only a 
small influence on the U 0 2 energy levels as perturb­
ing ligands.9) 

The replacement of P 0 4 by A s 0 4 causes a shorten­
ing of the life time as well as a shift of the emission 
bands to low energy about 100 c m - 1 in the u r a n i u m -
micas of Ba, Mg, Na2 , and K 2 but the explanation of 
this remains unknown. I t does not seem, however, 
to be due to paramagnetic impurities contained, for 
instance, in aresenic acid used in the experiment, 
since the doped sample of Mg-containing u r a n i u m -

mica (Mn 0.03 mol %) shows a shortening in life 
time as a result of the transfer of the absorbed energy 
to the paramagnet ic ion Mn 2 + , while it does not show 
any band shift with respect to the sample without 
paramagnetic impurities. 
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Formation of Micelles of Hexadecyltrimethylammonium Bromide 
in Water-iV,iV-Dimethylformamide Solutions 

Lavinel G. IONESCU,*-* Tadashi TOKUHIRO, and Benjamin J . GZERNIAWSKI 

Department of Chemistry, University of Detroit, Detroit, Michigan 48221, U.S.A. 
(Received July 7, 1978) 

The critical micellar concentration of aqueous solutions of hexadecyltrimethylammonium bromide (HTAB) 
containing various amounts of iV,iV-dimethylformamide (DMF) has been determined at 25 and 40 °G by means 
of surface tensiometric measurements. The standard free energy (AGm°), enthalpy (AHm°), and entropy (A<Sm°) 
of micellization were also determined. The experimental results indicate that: (1) micelle formation is somewhat 
hindered by a raise in temperature, and (2) DMF has an inhibitory effect on the formation of micelles of HT AB. 
This effect is relatively small at low DMF concentrations, but it increases drastically as the mole fraction of 
DMF approaches 0.33. The changes in the AGm°, AHm°, and A.Sm° values indicate that the formation of HTAB 
micelles in the water-DMF mixtures is an entropy directed process at lower concentrations of DMF and the 
inhibitory effect of DMF on micelle formation is attributed to an increase in the orderliness of this system with 
increasing DMF concentration. 

N, N-Dimethylformamide (DMF) is a common 
dipolar aprotic solvent often used as a medium for 
many organic reactions. Other common dipolar 
aprotic solvents are dimethyl sulfoxide (DMSO) , 
A^A^-dimethylacetamide, acetone, tetrahydrofuran, 
sulfolane, and dioxane. They are usually weak hydro­
gen bond donors and very weakly acidic. O n the 
contrary, they may often act as strong bases. Usually 
aprotic solvents contain hydrogen attached to carbon 
and are generally dipolar in nature.1 - 3) Most of them 
are relatively miscible with water. 

As par t of our study of the effect of polar solvents 
on the formation of micelles in aqueous solutions, we 
decided to also investigate the effect of D M F on the 
micellization of hexadecyltrimethylammonium bromide 
(HTAB). O u r previous studies of the H T A B - H 2 0 -
D M S O system have revealed that the addition of 
D M S O has an inhibitory effect on the formation of 
micelles in aqueous solutions.4-6) Surface tensiometric 
experiments indicated that D M S O increased the critical 
micellar concentration of H T A B in water at low con­
centrations.4) At mole fractions of D M S O higher 
than 0.33 micelle formation did not appear to take 
place. The results of spin-lattice relaxation measure­
ments for the terminal methyl, JV-methyl, and methylene 
groups of hexadecyltrimethylammonium bromide sub­
stantiated these results and showed that when the 
D M S O concentration is equal to a mole fraction of 
0.366 the surfactant monomer molecules are essentially 
isolated from each other by the increased "s t ructur ing" 
of the w a t e r - D M S O liquid system.5-6) Spin-lattice 
relaxation and chemical shift measurements performed 
in our laboratory also indicated that this liquid 
system is in its most structured state through hydrogen 
bonding between water and D M S O molecules when 
the mole fraction of D M S O is about 0.35.7) 

T h e mixing of D M F with water is a strongly exo­
thermic process with a maximum value at the mole 
fraction of 0.66 for H 2 0 , while the activity coefficients 
for water and D M F are relatively near unity.8) In 
addition, a variety of other physical properties of wa te r -

t Present address: Departamento de Quimica, Univer-
sidade Federal de Santa Catarina, Florianôpolis S.G. 
88000 Brasil. 

D M F solutions exhibit extrema at a mole fraction 
of 0.66 for water.9 - 1 1) O n the basis of cryoscopic and 
calorimetric measurements of aqueous solutions of 
JV,iV-dimethylformamide, Bougard and Jadot8) have 
concluded that D M F forms both the monohydrate 
( D M F H 2 0 ) and the dihydrate ( D M F - 2 H 2 0 ) and 
that the association is probably mainly through hydro­
gen bonding. 

We have decided to study in some detail the H T A B -
H 2 0 - D M F system because of the vast information 
available in the literature for the surfactant and in 
order to compare it to the H T A B - H 2 0 - D M S O system 
that we have previously studied. The present work 
essentially involved the experimental evaluation of 
thermodynamic functions such as the free energy, 
enthalpy, and entropy of micellization from the critical 
micellar concentration (CMC) of H T A B in various 
w a t e r - D M F mixtures at 25 and 40 °C determined 
by means of surface tensiometry. 

Exper imenta l 

The DMF used was of spectro quality and was obtained 
from Eastman Organic Chemicals, Cleveland, Ohio 44114. 
It was employed without any additional treatment or puri­
fication. Hexadecyltrimethylammonium bromide (HTAB), 
CH3(CH2)15N+(CH3)3Br-, was purchased from Aldrich Chemi­
cal Company, Milwaukee, Wisconsin 53233. It was re-
crystallized twice from 95% ethyl alcohol and dried under 
vacuum for two days. Doubly distilled water was used 
in the preparation of all the solutions. 

The surface tension of HTAB-H 20-DMF solutions was 
measured at 25 and 40 °C by means of a Fisher Model 21 
Semi-Automatic Tensiometer. The solutions were pre­
pared gravimetrically at the following mole fractions of 
DMF: 0.000, 0.025, 0.055, 0.091, 0.134, 0.188, 0.258, and 
0.351. All of them contained at least fifteen different con­
centrations of HTAB. Ten milliliter aliquots of the solu­
tions were measured in a Petri dish with a diameter of 6 
cm. The tensiometer was set at a constant height. The 
final surface tension of any solution was the average of at 
least three measurements. 

The CMC's were determined from plots of the surface 
tension of the solutions versus the logarithm of the concen­
tration of HTAB. The marked change in the plots is taken 
as an indication of micelle formation and the inflection 
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TABLE 1. CRITICAL MICELLAR CONCENTRATION OF 

HEXADECYLTRIMETHYLAMMONIUM BROMIDE IN AQUEOUS 

SOLUTIONS CONTAINING DIFFERENT MOLE FRACTIONS 

OF iV,iV-DIMETHYLFORMAMIDE 

Mole fraction 
of DMF 

0.0 
0.025 
0.055 
0.091 
0.134 
0.188 
0.258 
0.351 

Critical micellar 
concentration at 
25 °C (AfxlO3) 

0.92 
2.00 
3.55 
6.31 

10.0 
12.6 
29.5 

— 

Critical micellar 
concentration at 
40 °C (AfxlO3) 

1.00 
2.24 
3.98 
7.08 

11.5 
20.0 

— 
— 

TABLE 2. SOME THERMODYNAMIC PROPERTIES FOR THE 

FORMATION OF MICELLES OF HEXADECYLTRIMETHYLAMMONIUM 

BROMIDE IN WATER-JV,IV-DIMETHYLFORMAMIDE SOLUTIONS 

fr^tion AHm° AGm° a t 2 5 ° C ASm° a t 2 5 ° C 

of DMF kcal mol - 1 kcal mol - 1 e.u. 

0.0 — - 4 . 1 2 — 
0.025 - 1 . 3 7 - 3 . 6 8 +7 .75 
0.055 - 1 . 3 7 - 3 . 3 4 +6.61 
0.091 - 1 . 4 9 - 3 . 0 0 +5 .06 
0.134 - 1 . 7 3 - 2 . 7 3 +3.35 
0.188 - 5 . 7 3 - 2 . 5 9 - 1 0 . 6 
0.258 — - 2 . 0 9 — 

point in the curve is considered to correspond to the CMC. 
Linear plots are taken as an indication that micelle formation 
does not occur. 

R e s u l t s and D i s c u s s i o n 

Some representative experimental results obtained 
for the surface tension of different H T A B solutions in 
various w a t e r - D M F mixtures at 25 °C are given in 
Fig. 1. Most plots of surface tension versus the loga­
ri thm of the concentration of H T A B exhibit an initial 
marked drop and subsequently level off. Similar 
results have been obtained for the same solutions at 
40 °C. The C M C values thus determined for the 
different H 2 0 - D M F mixtures are summarized in 
Table 1. 

As can be seen from Table 1, the effect of D M F 
on micelle formation is relatively small at low concentra­
tions of D M F , but it increases drastically as the mole 
fraction of D M F approaches 0.33. This mole fraction 
corresponds to the formation of the stoichiometric 
hydraote DMF-2H 20. 8> At mole fractions of D M F 
higher than 0.33, the formation of HTAB micelles does 
not appear to take place in similarity to the H T A B -
H 2 0 - D M S O system.4-6) We have shown conclusively 
by means of proton spin-lattice relaxation measure­
ments that this was true for the latter system.4-6) 

The thermodynamics of micelle formation has been 
discussed and treated extensively in the literautre.12-14) 
One approach assumes that the process of micelliza-
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Fig. 1. Dependence of surface tension on the logarithm 
of the concentration of hexadecyltrimethylammonium 
bromide in water-iV,iV-dimethylformamide solutions 
at 25 °C. 

tion involves the formation of a distinct micellar phase 
at the C M C and that the concentration of monomers 
in solution is constant, once micelles are formed. Then, 
the standard free energy of micellization, AGm°, is given 
by the following equation to a good approximation: 

AGm° = RTlnCMC. (1) 

If one assumes that the aggregation number and the 
degree of ionization of the surfactant are temperature 
independent, the standard enthalpy (AHm°) and entropy 
(ASm°) of micellization can be evaluated by tempera­
ture dependence of the C M C and the Gibbs-Helm-
holtz relationship. The values thus determined for 
AGm° for the fomation of H T A B micelles in variuos 
w a t e r - D M F solutions at 25 °C are given in Table 2. 
T h e more approximate AHm° and ASm° quantities, 
calculated on the basis of the measurements at two 
temperatures only, are also shown in the same table. 
The experimental results show that micelle formation 
is slightly hindered by increasing the temperature 
from 25 to 40 °C. The results also indicate that 
the addition of D M F has an inhibitory effect on the 
formation of micelles of H T A B in aqueous solutions. 
This effect due to the cosolvent is more pronounced 
than the one that we have observed for dimethyl sul­
foxide.4-6) Figure 2 illustrates a comparison of the 
effects of D M F and D M S O at 25 °C in terms of AGm°. 

The AC m ° values determined for micelle formation in 
the w a t e r - D M F mixed solvent system vary almost 
linearly from —3.68 to —2.09 kcal/mol with increasing 
concentration of D M F and are always less negative 
than those determined for the formation of H T A B 
micelles in pure water (Table 2). The approximate 
enthalpy of micellization calculated, AHm°, is exo­
thermic and almost constant at concentrations of 
D M F betweeen 0.025 and 0.134 mole fractions. The 
corresponding values of the entropy of micellization, 
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0,1 0.2 0.3 

Mole fraction of DMSO or DMF 

Fig. 2. Depence of the free energy of MiceUization of 
hexadecyltrimethylammonium bromide at 25 °C on 
the composition of the water-dimethyl sulfoxide and 
water-JV,iV-dimethylformamide binary liquid systems. 

A-5"m°, decrease gradually from 7.75 to 3.35 e.u. This 
means that the negative free energy of miceUization 
is mainly due to the contribution of the entropy term 
in the H 2 0 - D M F mixed solvent system at low con­
centrations of D M F . This is in agreement with the 
general concept that micelle formation in aqueous 
solutions is an entropy directed process and arises mainly 
from the break-up of the "Frank-Evans microcrystals" 
of the ordered water structure by the surfactant mole­
cules, even though the formation of aggregates by 
surfactant molecules is an entropy decreasing process. 
Since the A£ m ° values decrease with increasing con­
centration of D M F (Table 2), an increase in the order­
liness of the H T A B - H 2 0 - D M F system takes place as 
the mole fraction of D M F is increased. This is con­
sistent with a strong interaction, such as hydrogen 
bonding, between water and D M F . As already men­
tioned, Bougard and Jadot8) have confirmed the exist­
ence of the stoichiometric hydrate D M F - 2 H 2 0 and 
suggested the presence of hydrogen bonding. 

A further addition of D M F caused a significant 
change in the relative contributions from enthalpy 

and entropy, i.e., at 0.188 mole fraction of D M F AHm° 
and ASm° become — 5.73 kcal/mol and —10.6 e.u., 
respectively. A change similar to this was also observed 
in the w a t e r - D M S O mixed solvent system when the 
D M S O mole fraction was 0.275. This change implies 
that the driving force for miceUization in both the 
H 2 0 - D M F and H 2 0 - D M S O mixed solvent systems 
containing higher concentrations of D M F or D M S O 
must be attributed to the enthalpic term. Why this 
change occurs at lower concentrations of D M F than 
D M S O may be explained by the fact that D M F has 
a more pronounced effect on the disruption of the water 
structure through hydrogen bonding, even though 
D M F is less polar than DMSO1 5) (the dielectric constant 
of D M F at 25 °G is 36.7 while that of D M S O is 46.4). 
Altogether, the inhibitory effect of iV,JV-dimethyl-
formamide on micelle formation can be explained 
in terms of a decrease of hydrophobic forces in the 
ternary system due to interactions between water and 
the cosolvent. 
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Chemistry of Organo Halogenic Molecules. XLVIII. Stereochemistry of 
Halofluorination of 1,2- and 1,4-Dihydronaphthalene 
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Halofluorination of 1,2-dihydronaphthalene with a mixture of JV-chlorosuccinimide or JV-bromosuccinimide 
or iV-iodosuccinimide-hydrogen fluoride-pyridine in ether proceeds with Markovnikov type regioselectivity. 
The reaction is stereospecifically anti, the anti adduct isomerizing to syn products under the reaction conditions. 
The elimination of hydrogen halide under basic conditions occurs only from the syn adduct, thus forming 1-fluoro-
3,4-dihydronaphthalene. Halofluorinations of 1,4-dihydronaphthalene also occur stereospecifically anti, and 
elimination under basic conditions gives naphthalene. 

The mechanism of electrophilic addition has been 
widely investigated, both from the kinetic and stereo­
chemical points of view.1) Apart from the relative 
importance of the various kinetically significant proces­
ses, it is now known that the nature of the intermediates 
of the addition depends on the structure of the substrate, 
on the halogen and on the reaction medium, ranging 
from strongly bridged ions (type C) , to weakly bridged 
species (type B) or open ions like A. 

k 
B 

Scheme 1. 

C 

If the cation is of the open structure (A, X = F ) , 
a mixture of syn and anti adducts is generally expected. 
However, ion pairing phenomena can cause preferen­
tial formation of the syn adduct and electronic, steric 
or conformational effects can cause attack at one or 
other side of the carbonium p-orbital of A to be favour­
ed. O n the other hand, the intermediate can have a 
bridged structure (C, X = B r ) , which will presumably 
be opened to form an anti adduct. Available data 
on the addition of " B r X " species to olefins are sparse. 
In the steroid series,2'3,4) stereospecific anti addition 
with Markovnikov type regioselectivity is observed; 
on the other hand, the bromofluorination of carbo­
hydrates5»6) is stereospecifically syn. Using hydrogen 
fluoride-pyridine in conjunction with JV-bromosuc­
cinimide for fluorination of aliphatic olefins, Olah and 
his coworkers7) observed typical Markovnikov type 
regioselectivity. Bromofluorination of phenyl substi­
tuted olefins proceeds with Markovnikov type regio­
selectivity and the reaction is stereospecifically anti 
for trans and nonstereospecific for eis olefins.8) T h e 
bromofluorination of 1-phenylcyclohexene also proceeds 
with Markovnikov type regioselectivity and is stereo­
specifically anti.9) The halofluorinations of norborn-
ene10) and norbornadiene11) with a mixture of N-
halosuccinimide-hydrogen fluoride-pyridine have also 
been studied. Recently we found that fluorination 
of 1,2-dihydro- and 1,4-dihydronaphthalene occurs in 
different ways,12) which stimulated us to investigate 
the reaction pathways involved in halofluorination of 
these systems. 

R e s u l t s a n d D i s c u s s i o n 

T h e preparation of fluoroalkanes presents a different 
problem from that of other halogenoalkanes, and neces­
sitates a specific method of fluorination.13) Difficulties 
involve the handling of anhydrous hydrogen fluoride 
on the laboratory scale, the need for pressure equipment 
and low temperatures, and the ease of polymerisation 
of alkenes. Bromofluorination with hydrogen fluoride-
pyridine-NBS avoids some experimental difficulties,7) 
e.g. low temperature, high pressure techniques, and 
polymerisation of olefins. 

Halofluorination of 1,2-Dihydronaphthalene. The 
3 h reaction of 1,2-dihydronaphthalene (1), with a 
mixture of iV-chlorosuccinimide-hydrogen fluoride-pyr­
idine in ether at room temperature resulted in the 
formation of a crude reaction mixture, which showed 
two signals in its 19F N M R spectrum: <5F= —158.5 and 
— 176 in the ratio 1.78:1. 

Reduction of the reaction time from 3 to 1.5 h 
resulted in the formation of only one product, which 
showed one signal in its 19F N M R spectrum at <3F = 
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— 158.5. Treatment of the reaction mixture formed 
in a 3 h halofluorination reaction with K-CM-Bu in 
/-BuOH at T=50 °C resulted in the formation of a 
crude reaction mixture which showed a new signal at 
ÔF= —123.75, besides the signal at ÖF= —158.5, with 
the signal ratio of 1.7:1. Separation of the reaction 
mixture by T L C gave two products. T h e major pro­
duct formed showed a doublet of multiplet signal at ôF 
= —158.5 ( V F H = 5 6 H Z ) > i n i t s 1 9 F N M R spectrum and 
in its proton spectrum two signals at lower field: SH1 

= 5.4, (5H2=4.6. The mass spectrum showed the 
following signals: mje: 186 ( M + + 2 , 20%) , 184 (M+, 
60%) , 148 (60), 129 (50), 122 (100), 115 (15). The 
second product showed a doublet signal at ôF = 
— 123.75, 3 y = 1 5 H z i n its 19F N M R , and in its mass 
spectrum the following signals: mje: 148 (M + , 63%) , 
147 (65), 146 (38), 133 (44). O n the basis of the 
spectroscopic data we established that the crude reac­
tion mixture formed under basic conditions contained 
1 -fluoro-2-chloro-1,2,3,4-tetrahydronaphthalene, and 
as the minor product, l-fluoro-3,4-dihydronaphthalene 
(4). We were unable to separate the two products 
formed by the 3 h chlorofluorination reaction. How­
ever, on the basis of differences in their N M R spectra, 
which are shown in Scheme 2, and in the stability of 
the products under basic conditions, we have establish­
ed that the major product formed (2) was trans-\-
fluoro-2-chloro-1,2,3,4-tetrahydronaphthalene, while 
the second product, which was not formed in the case 
of the 1.5 h reaction, and which transformed under 
basic conditions to l-fluoro-3,4-dihydronaphthalene, 
was found to be a'j-l-fluoro-2-chloro-l,2,3,4-tetrahy-
dronaphthalene (3). 

A 3 h reaction of 1,2-dihydronaphthalene with a 
mixture of NBS-hydrogen fluoride-pyridine resulted in 
a crude reaction mixture, which showed two signals 
in its 19F N M R spectrum: ÔF= —149 and —169 in 
the ratio 1.5:1, while reduction of the reaction time to 
0.5 h resulted in the formation of only one product 
with the 19F N M R signal at ÔF= —149. Under basic 
conditions, heating (7"=50 °C) the mixture obtained 
in the 3 h bromofluorination reaction resulted in a 
mixture containing l-fluoro-2-bromo-1,2,3,4-tetrahydro-
naphthalene and l-fluoro-3,4-dihydronaphthalene (4) 
in the ratio 1.5:1. We were unable to separate the 
two products formed by the 3 h bromofluorination 
reaction. However, on the basis of differences in their 
N M R spectra, which are shown in Scheme 2, and 
in the stability of the products under basic conditions, 
we established that the major product formed (2) was 
trans-1 - fluoro-2 - bromo -1,2,3,4-tetrahydronaphthalene, 
while the second product, which was not formed in 
the case of a 0.5 h reaction and which was transformed 
under basic conditions to l-fluoro-3,4-dihydronaphth-
alene, was found to be m-l-fluoro-2-bromo-1,2,3,4-
tetrahydronaphthalene (3). 

Fifteen minutes iodofluorination with a mixture 
of 7V-iodosuccinimide-hydrogenfluoride-pyridine of 1,2-
dihydronaphthalene resulted in the formation of a 
crude reaction mixture which showed two signals in 
its 19F N M R spectrum, ÔF= —139 and —157, in the 
ratio 1.5:1. O n the basis of a comparison (Scheme 2) 

of the N M R data of the products to those formed by 
chloro and bromofluorination, we established that the 
major product formed was /rarc.y-l-fluoro-2-iodo-l,2,3,4-
tetrahydronaphthalene (2), and that the minor product 
formed was m-l-fluoro-2-iodo-l,2,3,4-tetrahydronaph-
thalene (3). Reduction of the reaction time to 5 
minutes resulted in the formation of product (2), while 
treatment of the reaction mixture obtained by 15 
minutes iodofluorination under basic conditions resulted 
in a mixture containing products (2) and (4) in the 
ratio 1.5:1. 

Halofluorination of 1,4-Dihydronaphthalene. A 5 h 
reaction of the mixture 7V-chlorosuccinimide-hydrogen 
fluoride-pyridine with 1,4-dihydronaphthalene at room 
temperature resulted in the formation of one product 
(6), which showed one signal in its 19F N M R spectrum 
at ( 5 F = - 1 7 7 . 5 (dtd, V F H 2 = 5 1 Hz, V F H : = 2 5 . 5 Hz, 
3yFH3=5 Hz) , and in its XH spectrum two signals at 
lower field. (5H2=4.7 (ddd, *JU2F=5\ Hz, V H 2 H 3 = 
10 Hz, V H : H 2 = 5 H Z ) , (5H3=4.3 (ddd, V H 3 F = 5 Hz, 
3yH3H2 = 10Hz , 3yH3H4 = 5 Hz) . In its mass spectrum 
the product showed the following signals: mje: 186 (M+ 
+ 2 , 3 3 % ) , 184 (M+, 100%), 148 (53), 147 (43), 129 
(85), 104 (45). 3 h heating ( T = 5 0 °C) of the adduct 
6 resulted, under basic conditions, in the formation 
of naphthalene (8). 
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O n the basis of the spectroscopic data and chemical 
transformation, we established that 2-fluoro-3-chloro-
1,2,3,4-tetrahydronaphthalene was formed. The New­
man projection formulae of two possible isomers are 
shown in Scheme 3. O n the basis of coupling con­
stants we have established that the trans adduct was 
formed and that conformation 6A is the favoured one. 

A 3 h reaction of the mixture TV-bromosuccinimide-
hydrogenfluoride-pyridine with 1,4-dihydronaphthalene 
resulted in the formation of one product (6), which 
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showed one signal in its 19F N M R at <5F= —171 (dtd, 
V F H 2 = 5 1 H Z , 3 J F H ! = 2 7 H Z , 3 7 F H S = 5 H Z ) and in its 

proton spectrum two signals at lower field: (5H2=4.9 
(ddd, V H , F = 5 1 H Z , V H . H I = 5 H Z , V H , H , = 1 0 H Z ) , 

<5H3=4.3 (ddd, V H . F = 5 H Z , V H 3 H 2 = 1 0 H Z , V H 3 H 4 = 

5 Hz) . In its mass spectrum, product 6 showed the 
following signals: mje: 230 ( M + + 2 , 60%) , 228 (M+, 
60), 129 (100), 128 (50), 104 (16). Adduct 6 was 
also converted under basic conditions to naphthalene 
(8). O n the basis of the spectroscopic data and the 
chemical transformation we established that trans-2-
fluoro - 3 - bromo - 1,2,3,4 - tetrahydronaphthalene was 
formed. In this case also the preferential conformation 
is 6A. 

A 15-minute reaction of the mixture iV-iodosuccini-
mide-hydrogenfluoride-pyridine with 1,4-dihydronaph-
thalene resulted in the formation of one product which 
showed one signal in its 19F N M R spectrum at <5F = 
- 1 6 5 (dtd, V F H , = 5 2 H Z , V F H l = 2 6 H Z , » / F H , = 5 Hz) , 

and in its proton spectrum two signals at lower field 
(5H2=5 (ddd, V H , F = 5 2 H Z , V H * H , = 1 0 H Z , 3 / H 2 H l = 

5 Hz) , <5H8=4.5 (ddd, V H . F = 5 H Z , V H . H , = 1 0 H Z , 

3yH3H4 = 5 Hz) . In its mass spectrum the product 6 
showed the following signals: mje: 276 (M+, 4 5 % ) , 
149 (80), 130 (33), 129 (85), 128 (100), 127 (35), 
115 (23). Product 6 was also converted under basic 
conditions to naphthalene. O n the basis of the spec­
troscopic da ta and the chemical transformation, we 
established that *raiw-2-fluoro-3-iodol,2,3,4-tetrahydro-
naphthalene was formed. Again the preferential con­
formation was found to be 6A. 

The dependence of fluorine chemical shifts in trans-
2-fluoro-3-halo-l,2,3,4-tetrahydronaphthalene on the 
Mulliken electronegativity of the halogen atom is 
presented in Fig. 1, while in Fig. 2 the influence of 
Mulliken electronegativity on chemical shifts of the 
fluorine atom in eis and trans l-fluoro-2-halo-1,2,3,4-
tetrahydronaphthalene is shown. 

The correlation is good in the case of trans-2-ûuoro-
3-halo-l,2,3,4-tetrahydronaphthalene and trans-2-ûuoro-
3-halo-l,2,3,4-tetrahydronaphthalene, while in the case 
of eis adduets the correlation is worse. From Figs. 1 
and 2 it can also be seen that the influence of different 
electronegativities of the halogen atom on fluorine 
chemical shifts is greater in the case of trans-1 -fluoro-2-
halo-1,2,3,4-tetrahydronaphthalene (A<5F/Aelectronega-
t ivi ty=13.4) than in the case of /ran^-2-fluoro-3-halo-
1,2,3,4-tetrahydronaphthalene (A<5F/Aelectronegativity 
= 9 . 4 ) . Introduction of the values of fluorine chemical 
shifts12> for eis and trans l,2-difluoro-l,2,3,4-tetra-
hydronaphthalene into Figure 2 shows that these 
values strongly deviate from the straight line connect­
ing the values for chloro, bromo and iodo derivatives, 
which could be ascribed to the different conformation 
of the difluoride and, or, through space interaction be­
tween fluorine atoms. 

For bromofluorination with JV-bromosuccinimide in 
the presence of hydrogen fluoride, reaction sequences 
involving a cyclic bromonium ion have been sug­
gested.3«4'14) In general, one can suggest a reaction 
between iV-halosuccinimide and hydrogen fluoride, 
resulting " X F " species which can then react with 
the double bond, following Markovnikov type regio-
selectivity. 

However, it is known that /?-chlorocarbonium ions 
have only partly bridged structures, while the strongly 

°YNY W 
+ HF " X F " + j j 

X = Cl , B r , J 

+ " X F " jP^h or y^h 

X = Cl,Br / x = J 

Scheme 4. 
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bridged halonium ions can be expected only in the 
case of iodofluorination with " I F " species. So, in the 
case of chlorofluorination and bromofluorination with 
" X F " species, syn and anti adducts should be observed, 
while in the case of iodofluorination only an anti-adduct 
is to be expected. We suggest a reaction pathway 
(Scheme 5), which can better explain the anti stereo­
selectivity. We propose the formation of a polarized 
iV-halosuccinimide-hydrogen fluoride complex (D), 
which reacts in a reversible step with 1,2-dihydro- or 
1,4-dihydronaphthalene to form a complex (F), decom­
posing in the next step to halofluorides. T h e reversible 
step, leading to complex (F), could explain the high 
degree of isomerization of eis alkenes.8) T h e formation 
of " X F " species could be involved only in iodofluori­
nation with the mixture of iV-iodosuccinimide-hydrogen 
fluoride-pyridine. 

A complex similar to (F) was suggested for bromina-
tion of 1-phenylcyclohexene with bromine-pyridine 
complex15) and has also been proposed for E2Hal 
elimination of bromine from trans-1,2-dibromocyclo-
hexane with benzenethiolate as base.16) A polarized 
complex of NBS with olefins has been suggested in 
the bromination of styrene and cyclohexene with NBS 
in the presence of dimethylsulfoxide and methanol.17) 

A third interpretation presents the halofluorination 
reaction as involving the formation of the pyr id in ium-
halide complex (E), reacting with 1,2- or 1,4-dihydro-
naphthalene with high stereoselectivity, trans-1 -Fluoro-
2-halo-l,2,3,4-tetrahydronaphthalenes, the only prod­
ucts formed in shorter reaction times, are unstable 
under the reaction conditions and isomerize to eis 
adducts. 

1 ' 6- 6 + \ ^S 

D \ .. E 

"XF 
FHF 
i 

C! " J 
H'"' 

F 

Scheme 5. 

E x p e r i m e n t a l 

Procedure. IR spectra were recorded with a Perkin-
Elmer 257 spectrometer, 1H and 19F NMR spectra with a 
JEOL JNM-PS-100 (GC14 or GDG13 as solvent and Me4Si or 
GG13F as internal reference). Mass spectra, including high 
resolution measurements, were carried out on a CEC-21-110 
spectrometer. GLPG was carried out with a Varian Aero­
graph 1800 instrument and TLG with Merck chromatoplates 
(PSG-Fertig-platten silica gel F-254, activated for 2 h at 
120 °G before use). 

Materials. A solution of pyridine-hydrogen fluoride 
was prepared according to Olah's procedure.7) The pyridine 

used was predistilled, while hydrogen fluoride (Fluka, Purum) 
was used without prior purification. iV-halosuccinimides 
(Fluka, Purum) were crystallised and dried (P205) before 
use. Diethyl ether was purified by standard methods and 
distilled before use. 1,2- and 1,4-dihydronaphthalene were 
prepared by known methods from naphthalene18) and purified 
before use. 

Addition and Isolation Procedures. In a mixture of 
hydrogen fluoride in pyridine (70% solution, 2 ml) and ether 
(2 ml), iV-halosuccinimide (1.2 mmol) was dissolved with 
stirring at 0 °G for 10 min, and then the olefin (1 mmol) 
was added. The mixture was left at room temperature for 
various reaction times with stirring, then poured into ice-
water and extracted with ether. The ether layer was washed 
with water, aqueous sodium hydrogencarbonate, then water 
again, dried (Na2S04) and evaporated. The NMR spectra 
of crude reaction mixtures were recorded and then the pure 
products were obtained by preparative TLG or by crystal­
lisation from the corresponding solvent. The structure of 
pure products were established from 19F and XH NMR mass 
and IR spectral data. 

trans-7 -Fluoro-2-chloro-1,2,3,4-tetrahydronaphthalene (2a) : 
2a is an oily product (48%) (purified by preparative TLG, 
SiOa; cyclohexane:chloroform:triethylamine 95:4.5:0.5). 
NMR: <5F=-158.5 (dm), <5H, = 5.40 (dd), <5H2=4.60 (m), 
r5GH2-GH2=2 to 3 (m), <5Ph (m) = 7.30 V F H I = 5 6 HZ, 
V F H 2 = 9 H Z , yH lH 2 = 4Hz. MS: calcd for G10H10G1F m/e 
184.0449, found 184.0448 m/e: 186 (M++2, 20%), 184 (M+, 
60), 149 (20), 148 (60), 147 (20), 129 (50), 128 (35), 122 
(100), 115 (15), 104 (10). 

trans-7-Fluoro-2-bromo-1,2,3,4-tetrahydronaphthalene (2b) : 
White crystals (52%), mp=29—30 °C, (purified by prepar­
ative TLG under conditions mentioned below). NMR: 
O F - - 1 4 9 (dm), öHi-5 .60 (dd), t5H2=4.60 (m), <5GH2-
GH2=2.2 to 2.8 (m), <5Ph=7.30 (m), VFHI = 5 4 H Z , V P H , = 
9 Hz, V H I H , = 4 Hz. MS : calcd for G10H10BrF m/e 227.9964, 
found 227.9966, m/e 230 (M++2; 35%), 228 (M+, 35%), 
210 (16), 208 (16), 149 (40), 148 (48), 147 (25), 146 (15), 
129 (100), 128 (60), 127 (24), 115 (21), 104 (10), 102 (10). 

trans-1 -Fluoro-2-iodo-1,2,3,4-tetrahydronaphthalene (2c) : 
White crystals (75%) (from ethanol) decomposing at room 
temperature. NMR: d F = - 1 3 9 (dm), 0 ^ = 5 . 6 0 (dd), 
<5H2=4.60 (m), d C H 2 - G H 2 - 2 . 2 to 2.8 (m), V F H I = 5 4 H Z , 
V F H 2 = 9 H Z , 3 J H I H 2 = 4 . 5 H Z . MS: calcd for G10H10FJ m/e 
275.9813, found 275.9816 m/e 276 (M+, 28%), 149 (100), 129 
(75), 128 (81), 127 (25), 115 (20), 102 (11). 

trans-2-Fluoro-3-chloro-7,2,3,4-tetrahydronaphthalene (6a) : 
White crystals (60%), mp=29—30 °G, (purified by prepar­
ative TLC), NMR: <5F=-177.5 (dtd), <5H2=4.9 (ddd), 
<5H3=4.3 (ddd), <5H1=2.9 (m), (5H4=3.7 (m), OPh=7.1 (m), 
y F H 2 = 51Hz, V F H 3 = 5 H Z , V F H I = 2 5 . 5 H Z ' V P H I ' = 

25.5 Hz, V H J H | = 10 Hz, VHIH* = 5 HZ, VH,H 4 = 5 HZ. MS: 

calcd for G10H10G1F m/e 184.0449, found 184.0449, m/e: 
186 (M++2; 33%), 184 (M+, 100), 149 (34), 148 (54), 
147 (43), 146 (21), 129 (85), 128 (43), 127 (16), 115 (18), 
104 (45), 103 (10). 

tra.ns-2-Fluoro-3-bromo-7,2,3,4-tetrahydronaphthalene (6b) : 
White crystals (68%), mp=35—37 °G, (purified by prepar­
ative TLC), NMR: <5F=-171 (dtd), Ô H2=4.9 (ddd), 
«5 H 3 =4.3 (ddd), Ô H x=2.9 (m), «5 H 4 - 3 . 7 (m), Ô Ph=7.1, 
V F H , = 5 4 H Z , 3 y F H 3 = 5 H z , »yP H l=27.0Hz, VPH X ' = 
27.0 Hz, V H , H , = 1 0 H Z , VHIH, = 5 H Z , 3 7 H S H ^ 5 HZ. MS: 

calcd for G10H10BrF m/e 227.9964, found 227.9940, m/e: 
230 (M++2; 60%), 228 (M+, 60), 149 (31), 148 (35), 147 
(28), 146 (17), 129 (100), 128 (50), 115 (20), 104 (16). 

trans-2-Fluoro-3-iodo-1,2,3,4-tetrahydronaphthalene (6c) : 
White crystals (70%) (from ethanol), mp=57—58 °G. 



March, 1979] Stereochemistry of Halofluorination of Dihydronaphthalene 929 

N M R : OF-=-165 (dtd), <5H2=5.0 (ddd), <5H3=4.5 (ddd), 
^ , = 3.2, <SH4=3.7 (m), <5Ph=7.1, *Jrat = 52Hz, JFHi = 
5 Hz, V F H l = 2 6 Hz, V P H I ' = 2 6 H Z , V H , H , = 10 Hz , 3 J H I H 2 = 

5 Hz, 3 7 H 3 H 4 = 5 H Z . M S : calcd for G1 0H1 0FJ m/e 275.9813, 
found 275.9825, m/e: 276 (M+, 4 5 % ) , 149 (80), 148 (7), 
147 (14), 146 (14), 129 (85), 128 (100), 127 (35), 126 (13), 
102 (20). 

Treatment of the Mixture of trans- and eis-7' -Fluoro-2-halo-
1,2,3,4-tetrahydronaphthalene with Base. T o a crude 
reaction mixture obtained by halofluorination of 1,2-dihydro-
naphthalene (longer reaction time), a solution of 1.3 mmol 
of potassium f-butoxide in /-butylalcohol (2 ml) was added, 
and the mixture heated for 3—4 h at T = 5 0 °G, then poured 
into water (10 ml) , exacted with ether, the ether layer washed 
with water (5 ml twice), dried and evaporated. N M R 
spectra of the crude reaction mixture were recorded to obtain 
the product distribution, and then it was separated by pre­
parative T L G (SiOa , cyclohexane: chloroform: triethylamine 
95:4.5:0.5). Products (2), and 1-fluoro-3,4-dihydronaph-
thalene (4) were isolated. Spectroscopic da ta for 4 were in 
agreement with those already published.12) 

Treatment of trans-2-Fluoro-3-halo-1,2,3,4-tetrahydronaphthalene 
with Base. T o a solution of 1.5 mmol of potassium 
i-butoxide in *-butyl alcohol (2 ml), 1 mmol of product 6 
was added and the mixture heated for 3—4 hours at 50 °G. 
The reaction mixture was poured into water (10 ml) , extract­
ed with ether, the ether layer washed with water (5 ml, 
twice), dried (Na 2 S0 4 ) and evaporated. N M R spectra 
of the crude reaction mixture were recorded, showing that 
naphthalene (8) was the only product formed. 

T h e f inanc ia l ass is tance of t h e Boris K i d r i c F o u n d a ­
t ion is a c k n o w l e d g e d . 
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Spirans. 16. S^'-SpirobilS^-dihydro^iï-tljSloxazinoIS^-albenzimidazole] 
and Its Thia Analogue* 

Stefan SMOLINSKI* and Agnieszka CZARNY 

Stereochemical Laboratory, Institute of Chemistry, Jagellonian University, 
30-060 Krakow, Krupnicza 41, Poland 

(Received November 10, 1977) 

In order to obtain spiran the sodium derivative of o-phenylenediamine was subjected to reaction with 1,3-
dibromo-2,2-bis(bromomethyl)propane in iV,iV-dimethylformamide. The compound was also synthesized by 
the reaction of the sodium derivative of 2,3-dihydro-li/-benzimidazol-2-one with l,3-dibromo-2,2-bis(bromo-
methyl)propane. By this procedure the thia analogue of the spiran was obtained. In both cases the conden­
sation route was unexpected. This is due to the fact that the solvent (DMF) takes part in the reaction and 
a stereo-electronic situation occurs, which is similar to that covered by Bredt's exclusion rule. 

In order to obtain suitable tetraazaspirans the 
condensation of two moles of the sodium derivative 
of o-phenylenediamine, obtained by treating o-phenyl­
enediamine in the presence of sodium hydride in 
dry dioxane with l,3-dibromo-2,2-bis(bromomethyl)-
propane in JV,iV-dimethylformamide was carried out. 
After heating for 100 h under reflux a product melting 
at 385—390 °G (with decomposition) was obtained. 
From elemental analysis and the molecular weight 
estimated from mass spectra it was found necessary 
to ascribe the structure of the required spiran en­
riched with two C O groupings to the product. Under 
the above conditions, it can be assumed that N,N-
dimethylformamide reacts most likely with o-phenyl­
enediamine yielding its monoformyl derivative, which 
gives with the other molecule of iV,iV-dimethylform-
amide 2,3-dihydro-li/-benzimidazol-2-one. Consequent­

ly it was established that spiran is formed in the con­
densation of the sodium derivative of 2,3-dihydro-l//-
benzimidazol-2-one with l,3-dibromo-2,2-bis(bromo-
methyl)propane in cellosolve. We have also found 
that 2,3-dihydro-li/-benzimidazol-2-one is obtained 
when o-phenylenediamine is heated with sodium 
hydride in dioxane with iV,A^-dimethylformamide. 
We have proposed two structures for the spiran 
compound obtained: 
(1) a structure containing the urea grouping that 
has the C O group bridging in a 7-membered ring, 
(2) a constitutionally symmetrical spiro compound 
of six rings containing the dihydrooxazine-benzimid-
azole arrangement. 

In order to determine which structure is correct, 
the IR , U V , mass and N M R spectra were obtained. 
In the I R spectra the band at 1625 c m - 1 indicates 

. N ^ O - V . ^ O V . M 
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NH» 
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DMF Wv 
H 

CHO COCI 

CC0"*-0C> 
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QÖ<~QO 
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CPU 06-0 — - 0Q0 

Fig. 1. 

t Presented at the 26th IUPAG Congress, Tokyo (September 1977). 
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Fig. 2. UV-absorption spectra of compounds 2—A 
and 5—6 in GH2Gla. 

the presence of the C=N group but not C = 0 ; absorption 
bands indicate the presence of amine, methylene and 
aromatic groups. The N M R spectrum also suggests 
that structure (2) is correct. I t was thus decided that 
the reported method of comparison1 - 5) could be used 
and that the "half-compound" of the spiran obtained 
should be synthesized. The U V curves of the spiran 
and the "half-compound" could then be measured 
and compared. We expect them to have an analogous 
shape, the / lm a x having different value in the extinction 
coefficient of Amax. In spite of attempts, no "half-
compound" of structure (1) could be obtained. Only 
compound 3 was obtained by treating 1,3-dibromo-
propane with o-phenylenediamine in the presence 
of sodium hydride in dioxane and iV,iV-dimethyl-
formamide. 2,3,4,5 - Tetrahydro - 1H- 1,5 - benzodiazep­
ine was treated with phosgene in toluene. Only prod­
uct 4 was obtained. T h e structures of compounds 3 
and 4 were confirmed by IR, N M R , and mass spectra. 

2,3,4,5-Tetrahydro-l//-l ,5-benzodiazepine was heat­
ed with iV,JV-dimethylformamide, but it remained 
unchanged. We followed the method of Htay and 
Meth-Cohn6> to get the "half-compound" of the spi­
ran 2 (structure A) by condensing the sodium deriv­
ative of 2,3-dihydro-li/-benzimidazol-2-one with 
1,3-dibromopropane. By measuring the UV-ab­
sorption spectra of spiran 2 and compound A, low 
hyperchromism was found (at Amax—250 nm the ratio 
of extinction coefficients was 1:3.25; at A m a x =282 nm 
1:2.57; 288 nm 1:2.64) indicating that the dominant 
conformation of spiran 2 is as shown in Fig. 3a. 

Fig. 3. The possible conformations of spiran 2. 

In conformation 3a the benzimidazole components 
are placed nearly orthogonally whereas the dihydro-
oxazine rings possess a chair conformation. Con­
formation 3b can be represented by two nearly paral­
lel planes of the benzimidazole components annul-
ated with dihydrooxazine rings in the biplanar con­
formation. Such geometry would have caused a 
higher hyperchromism.5) Thus it is assumed that, in 
the reaction to obtain spiran 2, 2,3-dihydro-l / /-
benzimidazol-2-one undergoes reaction in the tauto­
meric form, which in the presence of l,3-dibromo-2,2-
bis(bromomethyl) propane, forms the O-derivative from 
which spiran 2 resulted. Some analogy can be found 
with the experiments and results obtained by Htay 
and Meth-Cohn.6) 

In order to confirm the assumption we obtained 
the sulfur analogue of spiran 2. 2,3-Dihydro-l / / -
benzimidazol-2-thione was heated with 1,3-dibromo-
2,2-bis(bromomethyl)propane in the presence of metal­
lic sodium in cellosolve; spiran 5, mp 365—370 °C 
(with decomposition) and its dipicrate were obtained. 
Its "half-compound" (6) was synthesized in a similar 
way.6) The measurement of UV-absortpion of spiran 
5 and "half-compound" 6 revealed a hyperchromism 
of nearly the same magnitude as in the former case 
(at A m a x =235 n m the ratio of extinction coefficients 
was 1 : 1, 99; at A m a x =264 nm 1 : 2.6; 271 nm 1 : 
2.6; 291 nm 1 : 2.25; 299 nm 1 : 2.2). 

Considering the reactions, the following conclusion 
has been reached : Formation of structure (2) neglecting 
structure (1), is a result of the stereo-electronic effect. 
Structure (1) is inherently improbable, being of high 
energy due to steric inhibition of resonance the N lone 
pair and C O jz-orbitals become necessarily orthogonal. 
T h e geometrical aspect is responsible for the case 
discussed being analogous with the arrangements 
covered by Bredt's rule concerning monocarbocyclic 
bridged ring system. The case is therefore consid­
ered to be included in Bredt's rule (whose nature 
is of stereo-electronic character) , since there is no 
steric hindrance involved in the formation of spiran 1. 

It seems that failure7'8) in obtaining 2-quinuclidi-
none and its 2-thione analogue (system [2.2.2]) which 
differs from the system considered here [3.2.1] but 
in which a similar stereo-electronic effect can be ex­
pected, confirms the assumption. 

E x p e r i m e n t a l 

IR spectra were measured with a Zeiss UR-10 spectrom­
eter, UV-absorption spectra with a Unicam SP-1800, 
NMR spectra with a Tesla BS 487 at 80 MHz using TMS 
as a standard, and mass spectra with a LKB 9000 S apparatus 
at 70 eV. 

3,3'-Spirobi[3,4-dihydro-2H.-[1,3]oxazino[3,2-a]berizimidazole~\ 
(2) from o-Phenylenediamine. In a three necked flask 
9.6 g of sodium hydride (0.2 m) in a 50% oil suspension 
were washed with dry benzene. 10.8 g (0.1 m) of o-phenyl­
enediamine in 150 ml of dry dioxane was then added. The 
mixture was heated with stirring under reflux until no further 
hydrogen was evolved (3—4 h). A solution of 19.4 g (0.05 m) 
of l,3-dibromo-2,2-bis(bromomethyl)propane in 150 ml of 
DMF was then added dropwise and the mixture refluxed 
for 100 h. The NaBr precipitate was separated and the 
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solvents removed by evaporation. T h e residue was treated 
with dilute hydrochloric acid (2:1). After filtering off the 
unreacted l ,3-dibromo-2,2-bis(bromomethyl)propane (10%) 
and resinous substances the spiran was precipitated from 
the acidic filtrate by addition of concentrated sodium hy­
droxide solution. T h e crude product was purified by sub­
limation at 320 °C in a high vacuum (0.1 m m H g ) ; 510 mg 
(3%) of a colourless, crystalline product, m p 385—390 °G 
with decomposition. 

From 2,3-Dihydro-7H-benzimidazol-2-one. In a thick 
glass tube a suspension of 4.5 g (0.025 m) of the sodium 
salt 2,3-dihydro-l/ /-benzimidazol-2-one in 100 ml cellosolve 
was prepared and 9.7 g (0.025 m, excess) of l ,3-dibromo-2,2-
bis(bromomethyl)propane was added. T h e glass tube was 
sealed and heated at 120 °G for 100 h. T h e cellosolve was 
then distilled off and the spiran was purified as above; 
680 mg (16%) . IR(KBr) : 1010, 1050 ( G - O - G ) ; 2940 ( C - H 
al iph.) ; 770, 3060 ( G - H a rom. ) ; 1625 c m - 1 (C=N) ; U V 
(GH2G12): X (loge) = 250 (4.45), 282 (4.22), 288 n m (4.21); 
N M R ( G F 3 G O O H ) : 5 4.75 (s, 4H, - C H 2 - N ) , 5.2 (s, 4H, 
- C H 2 - 0 ) , 7.5—7.7 (m, 8H, a rom. ) ; mass spectrum: mje— 
332. Found : G, 68.65; H , 4.96; N, 16 .61%. Calcd for 
G 1 9 H 1 6 N 4 0 2 : C, 68.66; H , 4 .85; N, 16.86%. 

Dipicrate of Spiran 2: 40 mg of the spiran 2 was treated 
with 10 ml of saturated picric acid solution in ethanol and 
refluxed for 1 h. A yellow, crystalline product (cellosolve) 
with a m p 235—237 °G was obtained. Found : N, 17.60%. 
Galcd for G 3 1H 2 2N 1 0O 1 6 : N , 17 .71%. 

3,3'-Spirobi[3,4 -dihydro - 2 H - [7,3]thiazino[3,2-a.]benzimidazole] 
(5). 0.46 g (0.02-g atom) of metallic sodium was 
introduced into a thick glass tube containing 50 ml of cel­
losolve and then 1.5 g (0.01 m) of 2,3-dihydro-l i / -benzimid-
azol-2-thione and 3.9 g (0.01 m, excess) of 1,3-dibromo-
2,2-bis(bromomethyl)propane were added. T h e tube was 
sealed and heated at 120 °G for 50 h. T h e cellosolve was 
then distilled off and the spiran separated and purified as 
above. 880 mg (48%) of a colourless, crystalline product , 
m p 365—370 °G (with decomposition) were obtained. I R 
(KBr) : 2935 ( C - H al iph . ) ; 770, 3055 ( G - H a rom. ) ; 1610 
c m - 1 (G=N); UV(CH 2 C1 2 ) : A(loge) = 235 (4.41), 264 (4.37), 
271 (4.38), 291 (4.48), 299 n m (4.50); N M R (CF 3 GOOH) : 
8 3.9 (s, 4H , - G H 2 - S ) , 4.8 (s, 4H, - G H 2 - N ) , 7.5—7.85 (m, 
8H, a rom. ) ; mass spectrum m/e=364. Found : C, 62.45; 
H , 4.39; N, 15.13%. Galcd for G 1 9H 1 6N 4S 2 : C, 62 .61; H , 
4 .43; N , 15.37%. 

Dipicrate of Spiran 5: This was prepared according to 
the procedure for the previously described dipicrate. A 
yellow, crystalline product (cellosolve), m p 215—217 °C was 
obtained. Found : N, 16.84%. Galcd for G3 1H2 2N1 0O1 4S2 : 
N , 17.02%. 

1,5-Diformyl Derivative of 2,3,4,5-Tetrahydro-TK-l^-benzodi­
azepine (3). In a three necked flask, 9.6 g (0.2 m) of 
sodium hydride in a 5 0 % oil suspention were washed with 
dry benzene, 10.8 g (0.1 m) of o-phenylenediamine in 150 ml 
of dry dioxane was then added. T h e mixture was heated 
with stirring under reflux until no further hydrogen was 
evolved (3—4 h) . A solution 20.2 g (0.1 m) of 1,3-dibromo-
propane in 150 ml of D M F was then added dropwise and 
the mixture refluxed for 50 h. T h e NaBr precipitate was 
separated and the solvents removed by evaporation. T h e 
residue was treated with dilute hydrochloric acid (2:1). 

After filtration, the filtrate was treated with concentrated 
sodium hydroxide solution and decanted off, leaving oily 
impurities, and extracted with butanol. From the extract, 
150 mg (0.7%) of a colourless, crystalline product (1-butanol) 
were recovered, m p 170—172 °G. IR(KBr) : 1670 (G=0) , 
790, 3040 ( G - H arom.) , 2 9 5 0 c m " 1 ( G - H al iph.) ; N M R 
(GDC13): 5 2.0 (q, 2H, - C H 2 - ) , 3.8 (t, 4H, - G H 2 - N ) , 7 .1— 
7.5 (m, 4H, arom.) , 8.25 (s, 2H, H - G = 0 ) ; mass spectrum: 
m/e=204. Found : G, 64.58; H , 6.13; N, 13.56%. Galcd 
for C n H 1 2 N 2 0 2 : G, 64.72; H , 5.93; N, 13.74%. 

1,5-Bis( chlor oformyl) Derivative of 2,3,4,5-Tetrahydro-TH-7,5-
benzodiazepine (4). A solution of 0.75 g (0.005 m) of 
2,3,4,5-tetrahydro-l/ /- l ,5-benzodiazepine in 120 ml of dry 
toluene was prepared in a three necked flask fitted with a 
reflux condenser and stirrer. While being mixed 4.2 g of 
a 12% solution of phosgene in toluene (0.005 m) was added 
and the reaction mixture stirred for 3 h. After amine hydro­
chloride had been removed and toluene distilled off, the 
solid residue was purified chromatographically on an Alox 
column in benzene. 120 mg (8.8%) of a colourless, crystal­
line product, m p 165—166 °G were obtained. I R ( K B r ) : 
2965 ( C - H aliph.), 785, 3050 ( G - H arom.) , 675 (C-Cl) , 
1725 c m - 1 ( G = 0 ) ; mass spectrum: mje=212. Found: C, 
48.46; H , 3.75; N, 10.27%. Galcd for C n H 1 0 N 2 O 2 Gl 2 : G, 
48.37; H , 3.69; N , 10.29%. 

3,4-Dihydro-2H-[7,3] thiazino[3,2-a.]benzimidazole (6). 
0.92 g (0.04 g-atom) of metallic sodium was introduced into 
50 ml of cellosolve in a three necked flask equipped with 
reflux condenser and stirrer and then 1.5 g (0.02 m) of 
2,3-dihydro-li /-benzimidazol-2-thione and 4 g (0.02 m) of 
1,3-dibromopropane were added. T h e mixture was re­
fluxed for 3 h. T h e cellosolve was distilled off and the 
product was purified chromatographically on an Alox column 
in benzene. 120 mg (6.3%) of a colourless, crystalline 
(benzene) product , m p 133—135 °G were obtained. I R 
(KBr) : 2935 ( G - H aliph.), 775, 3040 ( C - H arom.), 1610 
c m - 1 (G=N); U V (GH2G12) : A( loge)=235 (4.12), 264 
(3.95), 270 (3.97), 292 (4.13), 300 n m (4.16); N M R 
(GDC13): Ô 2.2—2.5 (m, 2H, - C H 2 - ) , 3.1 (t, 2H, - C H 2 - S ) , 
4.0 (t, 2H, - C H 2 - N ) , 7.0—7.7 (m, 4H, a rom.) ; mass 
spectrum: m/e=190. Found : C, 62.97; H , 5.22; N, 14.66%. 
Galcd for G 1 0H 1 0N 2S: C, 63.12; H , 5.29; N, 14.73%,. 
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Promoting Action of Inorganic Gases on the Rate of Dehydration 
of 2-Propanol over Ca-Y Zeolite 
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Synopsis. The dehydration of 2-propanol over Ca-Y 
zeolite has been enhanced in the presence of NOa, S0 2 , and 
Cl2 at 100 °G. This promoting action has been ascribed 
to the formation of acidic hydroxyl groups resulting from the 
reaction of the inorganic gases with zeolitic water or basic 
hydroxyl groups attached to the metal cations. 

The promoting action of inorganic gases on the 
rate of dehydration of alcohol or hydrocarbon conver­
sion, such as cracking, alkylation or isomerization 
has been recognized specifically on zeolites.1-3) The 
favorable action of gases which contain hydrogen 
atom or atoms in their structure, such as H 2 0 , HCl , 
or H2S, has been ascribed to their ability to generate 
protonic sites by the dissociation of the hydrogen 
atoms as follows:4-9) 

M2+ + H 2 0 ^ = ± M(H20)2+ ^ = ± M(OH)+ + H+ 

(1)4,10,11) 

C l - H + 

M 2 + Z 2 - + H C l ^ = i M 2 + Z 2 - (2)6,7,12,13) 

S H - H + 

M+Z - + H2S ^ = ± M+ Z- (3)14> 

where, M 2 + or M+ and Z 2 - or Z - represent the ex­
change-able cation and the anionic framework of the 
zeolite, respectively. The promoting action of com­
pounds possessing no hydrogen atoms, such as N 0 2 , 
S 0 2 , or Cl2, has however not satisfactorily been inter­
preted. 

In this work, the promoting action of N O a , S 0 2 , 
Cl2, C 0 2 , HCl, and H2S on the dehydration of 2-
propanol over Ca-Y zeolite has been studied in connec­
tion with the formation of acidic hydroxyl groups 
by the foreign gases. The dehydration of 2-propanol 
is a typical reaction catalyzed by protonic sites over 
zeolites2) and consequently has been used as a test 
reaction. 

Resu l t s and D i s c u s s i o n 

The effect of the gases on the rate of propylene and 
diisopropyl ether formation, denoted by i?p r p and 
i? e t h e r , over Ca-Y zeolite is shown in Fig. 1, where 
the initial rate has been plotted as a function of the 
amount of adsorbed gases measured during the course 
of reaction. The reaction was conducted at 100 °C 
under 24 Torr of 2-propanol using a conventional 
gas circulation system. Prior to each run, the Ca-Y 
zeolite (79% exchanged) was calcined at 500 °C in 
dried oxygen and degassed for 2 h at the same tem­
perature. After the adsorption of the foreign gas 

7(a) (10 -4mol-g -1) 

Fig. 1. Effect of inorganic gases on the rate of dehydra­
tion of 2-propanol over Ca-Y zeolite : Circle; propy­
lene, triangle; diisopropyl ether, # , • ; N 0 2 , O, A ; 
CL, CD, A; SO.,, fy, 4 ; C0 2 , +-, + ; HCl, -<£-, -^-; 
HaS. 

at 100 °C for 20 min, 2-propanol was fed into the system 
thereby initiating reaction. The amount of gas 
adsorbed during the course of the reaction was calcu­
lated by measuring the amount of foreign gas in 
the gas-phase by gas-chromatography. T h e pressure 
of the foreign gas under the reaction conditions was 
less than 1.5 Torr . The Ca-Y was prepared from 
Na-Y (Linde SK-40) by a conventional ion-exchange 
method using an aqueous solution of CaCl2 at 25 °C. 
T h e 2-propanol (spectro grade) and the inorganic 
gases (purity > 99%) were purified by trap to trap 
distillation in vacuo. T h e results illustrated in Fig. 1 
indicate that N 0 2 , Cl2, S 0 2 , and H C l considerably 
enhance the dehydration of 2-propanol over Ca-Y 
zeolite. In the case of C 0 2 , the promoting action 
developed when the gas was pre-adsorbed at tempera­
tures in excess of 300 °C up to 500 °C. 

The formation of acidic hydroxyl groups after ad­
sorption of the six inorganic gases onto the zeolite 
has been examined as follows. A wafer of the zeolite 
(3—4 mg/cm2) was calcined in dried oxygen at 450 
°C for 1 h, and degassed for 2 h at the same temperature. 
The wafer was then allowed to come into contact 
with D 2 0 vapour 9 Torr for 4 h at 200 °C in order 
to exchange O H by O D groups since the broad O H 
stretching band around 3600 c m - 1 , probably due to 
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Fig. 2. Spectra of the deuteroxyl stretching vibrations 
of Ga-Y zeolite : (a) evacuated for 1 h at 450 °G after 
D 2 0 treatment, (b) exposed to S 0 2 after (a), (c) 
exposed to N 0 2 after (a), (d) exposed to Gl2 after (a), 
(e) exposed to DG1 after (a). The bands at 2767, 
2690, and 2625 cm - 1 are due to silica-type deuteroxyl 
groups, acidic deuteroxyl groups in supercages, and 
those in hexagonal prisms or sodalite cages, respective-

iy-

strongly held water molecules on the zeolite, and the 
absorption of infrared beam by water in the air make 
it difficult to identify the different kinds of O H group. 
After the exchange, the wafer was degassed again for 
1 h at 450 °G. Figure 2 shows the spectra of the 
O D stretching vibrations of Ga-Y zeolite after adsorp­
tion of N 0 2 , G12J S 0 2 , and DG1 for 20 min at 100 °G 
(16 Tor r for each compound; 9 Tor r for N 0 2 ) . The 
spectra have been measured at 100 °G after condens­
ing the adsorbate in the gas phase in a liquid nitrogen 
trap. For these four compounds, it is clear that the 
intensity of the 2690 c m - 1 band due to the acidic 
deuteroxyl groups12) increases greatly after the ad­
sorption of the gas. This band corresponds to the 
band at 3640 c m - 1 at tr ibuted to the acidic hydroxyl 
groups in the supercages for the undeuterated Ga-Y 
zeolite.11»15) 

T h e high promoting action of N 0 2 , Cl2, and S 0 2 

indicated in Fig. 1 can be ascribed to the newly formed 
acidic hydroxyl groups. T h e lower promoting action 
of H 2S and G 0 2 can be accounted for by the low 
ability to generate acidic hydroxyl groups, substanti­
ated by a very small increase in intensity of the acidic 
O D band after adsorption of the gas. In the case 
of G 0 2 , a much higher temperature was needed for 
the generation of the acidic hydroxyl groups.2»16) 
T h e promoting action of HG1 was not as large as 

anticipated from the evidence in Fig. 2. 
The following schemes are proposed for the genera­

tion of protonic sites after the adsorption of N 0 2 , 
S 0 2 , and Cl2 from an analogy to the mechanisms 
suggested in the case of C 0 2 : 2 , 1 6 ) 

Caa+(HaO), + A > Ga2+[B]2" + 2H+ + ( H ^ ) ^ 

(4) 

O x 
where, A is N 0 2 , S 0 2 , or Gl2 and B is N—O, 

S=^=0, or p i , respectively, or 

Ga(OH)+ + A • Ga+B- + H+ (5) 

/ O 
where, A is N 0 2 , S 0 2 , or 1/2C12 and B is - O - N , 

/ O 
- O - S , or OC1, respectively. Ga 2 +(H 2 0) a ; is the 

VO 
divalent cation coordinated by water, and Ga(OH) + 

is the basic species formed through the dissociation 
of hydrating water during the pretreatment of the 
zeolite. Further infrared spectroscopic studies on this 
point are in progress. 
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Synopsis. Fluorescences were detected from bound 
ionic states {i.e., charge-transfer exciton states) of two neat 
molecular crystals, each formed by a single molecular com­
ponent. These fluorescent compounds are j^-(2,2-dicyano-
vinyl)-iV,iV-dimethylaniline and />-(2-nitrovinyl)-iVr,Ar-dime-
thylaniline. They are dimorphic in the solid state. 

Interest in charge-transfer (CT) properties of molecu­
lar solids2) has increased greatly due to the recent 
observation of a high conductivity anomaly in a mixed 
molecular crystal TTF-TCNQ,. 3) I t is now well-
known that transitions to bound ionic states {i.e., 
C T exciton states) are observed in the optical spectra 
of such mixed crystals.4'5) Here, a C T exciton means 
an intermolecular C T excitation in the solid.2) How­
ever, the corresponding states of neat molecular crystals 
had long eluded direct observation, until in 1968 
Tanaka and Shibata detected a C T excitation in the 
9,10-dichloroanthracene crystal.6) One of the most 
serious difficulties in studying C T excitons has been 
heavy interference from neutral Frenkel excitons 
{i.e., excitons caused by the intramolecular excitations) 
energetically degenerate with them.7) 

In previous papers,8) we showed that a C T exciton 
band can be shifted to the low energy side, lower than 
any Frenkel exciton band, if one uses an appropriate 
aromatic compound with a strong electron-attracting 
chromophore. This idea was verified by a recent 
X-ray crystallographic analysis of 2-(jö-methoxyphenyl)-
/»-benzoquinone crystals.9) Component molecules are 
therein arranged so as to promote intermolecular 
C T interactions. In this note we report the first ob­
servation of fluorescence from the bound ionic states 
of neat molecular solids of this type.10) 

Resu l t s and D i s c u s s i o n 

After an extensive search two aromatic compounds, 
each with a strong electron-attracting chromophore, 
were found to be fluorescent in the solid state.11) They 
are j&-(2,2-dicyanovinyl)-N,iV-dimethylanirine (I) and 
/>-(2-nitrovinyl)-iV,iV-dimethylaniline ( II) . Figures 1 

I II 

and 2 show electronic spectra of these two compounds 
both in chloroform solution and in the solid state. 
Fluorescence spectra were recorded on a Hitachi 
MPA-2A fluorescence spectrophotometer, and were 
corrected for the spectral response of the analyzing 
system, unless otherwise stated. All absorption spectra 
were measured with a Beckman DK-2A spectrophotom-

Ruorescence Absorption 

15 20 25 30 

Wave number (Kpcnf ' ) 

Fig. 1. Electronic spectra of Compound I in two solid 
states ( and ) and in chloroform solution 

( )• 

Fluorescence Absorption 

Wave number (ICpcrrf1) 

Fig. 2. Electronic spectra of Compound II in two 
solid states ( and ) and in chloroform solution 

( )• 

eter with reflectometric equipment. Solid-state ab­
sorption spectra were derived from diffuse reflection 
spectra of the solids dispersed in the powdered so­
dium chloride. 

Interestingly, Compound I was dimorphic. The 
yellow crystal was obtained from a benzene solution, 
whereas the orange crystal was obtained by recrystaliza-
tion from methanol. The visible spectra of these 
solids consist of two broad absorption bands, one around 
20000 c m - 1 and one around 24000 cm"1 . As before,8-12) 
the first absorption band of each crystalline form can 
be assigned to the transition to the bound ionic state, 
i.e., an intermolecular C T transition, because of the 
dual charge-transfer properties of the component 
molecule.13) The second absorption band has a 
counterpart in the solution absorption spectrum, and 
should hence be a neutral Frenkel exciton band. 
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The difference in color between the two crystalline 
forms is evidently related to a considerable shift of 
the C T exciton band. The spectral shift amounts to 
about 1000 cm- 1 . 

Here, one should note that a remarkable red shift 
in the fluorescence maximum of Compound I occurs 
on going from solution to solids. T h e fluorescent 
levels of the solids are obviously different from that of 
the solution. By inspection of the spectra, the fluores­
cence of each solid can naturally be identified as arising 
from the bound ionic state (i.e., C T exciton state). 
The fluorescence maxima are located at 17700 c m - 1 

for the yellow crystal and 17000 c m - 1 for the orange 
crystal. The energy difference between the two 
fluorescence bands is comparable to that between the 
corresponding C T exciton bands. In contrast to the 
spectral behavior, the structural difference between 
the two crystalline forms is too small to discern by 
means of the X-ray powder patterns. 

Compound I I also exists in two different crystal­
line forms. They are red and red-violet crystals ob­
tained from the methanol and benzene solutions, re­
spectively. As shown in Fig. 2, a C T absorption band 
of the red-violet crystal is about 700 c m - 1 shifted to 
the low energy side compared with that of the red 
one. T h e shift of the fluorescence band due to dichro-
mism appears to be in the same direction and of the 
same amount as that of the absorption edge, although 
these solid-state fluorescence spectra are uncorrected. 
The spectral shift of the bound ionic state suggests a 
change in the intermolecular interactions in the solid. 

T h e importance of these bound ionic states mostly 
stems from their involvement in electron transfer and 
electron-hole recombination processes in neat molec­
ular crystals.2 '3 '13) T h e existence of the C T exciton 
level may also be responsible for the shifts of local 
excitation bands in the solid-state spectrum.5) In this 
sense, the present finding of fluorescent C T exciton 
bands provides an important clue to a substantial 
characterization of the C T exciton state, and might 
help to clarify its role in electron and energy transfers 
in the neat molecular crystals. 

T h e authors are grateful to the Ministry of Education 

for a Scientific Research Grant-in-Aid. 
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Synops i s . T h e apparent partit ion coefficients of 
seven l,3-di-«-alkyl-l,3-propanediones have been determined 
in dodecane/H a O and dodecane/D a O systems. From the 
results, the transfer free energies of ß-diketones from H 2 0 
to D 2 0 , AGH2O->r>2o> have been calculated and are discussed 
in terms of the cavity formation energy. 

I n solvent e x t r a c t i o n , t h e p a r t i t i o n process of a 
m e t a l c h e l a t e f o r m e d in a n a q u e o u s p h a s e is o n e of 
t h e mos t i m p o r t a n t processes g o v e r n i n g t h e d i s t r i bu ­
t ion r a t io of a m e t a l ion . T h e p a r t i t i o n coefficient 
of a m e t a l c h e l a t e is p r i m a r i l y d e t e r m i n e d b y t h e 
h y d r o p h o b i c c h a r a c t e r w h i c h is a s u b s t a n t i a l p a r t of 
t h e c h e l a t e f o r m e d b y t h e r e a c t i o n of a m e t a l i on w i t h 
a h y d r o p h o b i c e x t r a c t a n t . A q u a n t i t a t i v e discussion 
of t h e h y d r o p h o b i c i t y of t h e e x t r a c t a n t , h o w e v e r , is 
no t t h o r o u g h l y r ecogn ized . I n this s t u d y t h e in t e r ­
ac t ion b e t w e e n w a t e r a n d l , 3 - d i - n - a l k y l - l , 3 - p e n t a n e -
diones h a s b e e n e x a m i n e d , t h e l a t t e r c o m p o u n d s b e i n g 
w e l l - k n o w n as e x t r a c t a n t s , b y p a r t i t i o n e x p e r i m e n t s in 
t h e d o d e c a n e / H a O a n d d o d e c a n e / D 2 0 systems. T h e 
reason for e m p l o y i n g /9-diketones is t h a t t h e size of 
t h e h y d r o p h o b i c p a r t of t h e r e a g e n t c a n b e v a r i e d 
s tepwise b y c h a n g i n g t h e c h a i n l e n g t h of t h e w-alkyl 
g r o u p . D 2 0 is cons ide red to b e m o r e s t r u c t u r e d t h a n 
HgO, 1 ) so t h a t p a r t i t i o n e x p e r i m e n t s in t h e t w o systems 
will p r o v i d e useful i n fo rma t ion o n t h e h y d r o p h o b i c 
i n t e r ac t i on b e t w e e n w a t e r a n d t h e r eagen t s . 

E x p e r i m e n t a l 

Materials. Reagent grade acetylacetone (2,4-pentane-
dione) was purified by fractional distillation. Other normal 
chain /?-diketones were synthesized by the Claisen acylation.2> 
The crude products were purified by the copper salt method3> 
and subsequently distilled under reduced pressure. Dodecane 
(Tokyo Kasei G. R. ) was agitated twice with a mixture of 
fuming sulfuric acid and sulfuric acid ( 1 : 4 ) overnight, 
washed with water and distilled under reduced pressure. 
Redistilled water was used throughout the experiments and 
heavy water (Merk 99.7%) used as purchased. 

Partition Experiments. A certain volume (5 ml or 4 ml) 
of the dodecane solution of the /?-diketone (below 10"2 M) 
and an equal volume of H 2 0 (5 ml) or D 2 0 (4 ml) were 
stirred by a magnetic stirrer for 6 h in a thermostated glass 
vessel a t 2 5 ± 0 . 0 5 °C. After being allowed to stand for 1 h, 
an aliquot of the aqueous phase was pipetted into a quar tz 
cell and the transmittance at the absorption max imum re­
corded for each /?-diketone on a Hitachi 356 spectrophoto­
meter. Partit ion coefficients were obtained from the initial 
concentration and the concentration in the aqueous phase 
determined photometrically. Parti t ion experiments were 
repeated a min imum of three times. 

R e s u l t s a n d D i s c u s s i o n 

T h e obse rved p a r t i t i o n coefficients (Pn 2o a n d P D 2 O ) 
a r e l is ted in T a b l e 1 a n d as c a n b e seen t h e p a r t i t i o n 
coefficients a p p e a r to inc rease w i t h t h e c a r b o n n u m b e r s 
of t h e 72-alkyl g r o u p . P D 2 o va lues a p p e a r to b e s l ight ly 
less t h a n t h e P H 2 O va lues for t h e sma l l e r d ike tones , 
b u t s l ight ly g r e a t e r for t h e l a r g e r d ike tones . T h e 
ra t ios of P D 2 O / P H 2 O , w h i c h a r e s h o w n in T a b l e 1, differ 
f rom u n i t y r e v e a l i n g t h e solvent i so tope effect o n t h e 
p a r t i t i o n coefficient. 

F r o m t h e p a r t i t i o n coefficient d a t a , t h e t ransfer 
free e n e r g y of t h e ß - d i k e t o n e f rom H 2 0 to D 2 0 
( A G H 2 O - D 2 O ) h a s b e e n e s t i m a t e d us ing , 

A G H 2 0 . D 2 o = R T \ n ( ^ - ^ - \ (1) 
\ -fH20 VD20 / 

w h e r e V is t h e m o l a r v o l u m e of t h e solvent . T h e 
resul ts a r e also l isted in t h e last c o l u m n of T a b l e 1. 
S i n c e t h e d i k e t o n e s a r e in t h e ke to a n d eno l forms 
in so lu t ion a n d possess r e a c t i v e p r o t o n s , viz. a n eno l 
p r o t o n a n d a m e t h y n e p r o t o n for t h e eno l fo rm a n d 
m e t h y l e n e p r o t o n s for t h e ke to fo rm, a c h a n g e in t h e 
ke to -eno l e q u i l i b r i u m wil l b e t h e resu l t of H - D ex­
c h a n g e a n d / o r b y t h e so lvent effect of H 2 0 a n d D 2 0 . 
T h e P M R spec t r a of a c e t y l a c e t o n e in D 2 0 p r o v i d e s 
t h a t a l l t h e r eac t i ve p r o t o n s a r e r e p l a c e d b y d e u t e r o n 
in D 2 0 . H o w e v e r , s ince t h e r a t i o of t h e m o l a r ex-

T A B L E 1. T H E PARTITION COEFFICIENTS'1) AND THE FREE ENERGIES OF TRANSFER FROM H 9 0 TO D „ 0 AT 25 °C 

/?-Diketone H2O -PD2O PT>2O/PH2O 
AGH 2O->D 2O 
(cal mol - 1 ) 

2,4-Pentanedione 

2,4-Hexanedione 

2,4-Heptanedione 

2,4-Octanedione 

3,5-Octanedione 

2,4-Nonanedione 

4,6-Nonanedione 

0 . 6 9 ± 0 . 0 4 

2 . 4 1 ± 0 . 1 4 

1 1 . 7 ± 0 . 2 

4 3 . 5 ± 0 . 3 

3 7 . 5 ± 0 . 4 b > 

1 9 4 ± 2 9 
1 4 4 ± 2 b ) 

0 . 6 4 ± 0 . 0 3 

2 . 2 7 ± 0 . 2 5 
1 0 . 9 ± 0 . 4 

4 8 . 7 ± 6 . 6 

4 3 . 8 ± 1 . 6 b > 

2 5 3 ± 5 

198±2b> 

0 .93 

0 .94 

0 .93 

1.12 

1.17 

1.30 

1.38 

- 4 7 ± 3 0 

- 4 0 ± 7 
- 4 4 ± 1 0 

6 3 ± 6 

8 9 ± 2 8 

1 5 7 ± 6 

1 8 7 ±1 2 

a) Partit ion coefficients are shown with the standard deviation at 9 5 % confidence level. 
b) An average value of two experiments. T h e precision refers to the range of the two values. 
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tinction coefficients in H 2 0 and D 2 0 , which is thought 
to reflect the difference in the keto-enol equilibrium 
constant in the two solvent,4) is constant (ca. 1.03) 
for most diketones, it is to be expected that the transfer 
free energies of the enol and keto forms will show a 
similar trend to the observed transfer free energy 
including those of the keto and enol forms. Hence, 
in this study the apparent transfer free energy of ß-
diketones will be discussed. 

From Table 1, it may be seen that AGH2O->D2O is 
approximately zero for smaller compounds but positive 
for larger /9-diketones. A large compound, however, 
does not always show a positive value of transfer free 
energy, e.g., Jolicoeur et a/.5) have reported a negative 
value for 3-decanone (—270±36 cal mol - 1 ) . 

The free energy of transfer can conveniently be 
divided into three contributions;6) 

AGH2O-*D2O = AG(CAV) + AG(SOL) + AG(STR), (2) 

where the terms on the r ighthand side of Eq. 2 represent 
the solvent isotope effect on the free energy due to 
CAV, the process of cavity formation in the solvent; 
SOL, the solvation of the polar group of the molecule ; 
STR, the structural rearrangement of the solvent around 
the cavity enclosing the solute. ZlG(SOL) is expected 
to reflect the interactions between the solvent and 
both the carbonyl group of the keto form and the 
hydroxyl group of the enol form. Dahlberg7) reported 
that the transfer free energy for acetone is close to 
zero and consequently there will be no serious dif­
ference between the free energies of the H-bond and 
D-bond to the carbonyl oxygen. Dahlberg further­
more reported the transfer free energy of benzene 
( 0 ± 1 5 c a l m o l - 1 ) and benzyl alcohol (—9±20 cal 
mol - 1 ) and from these data, it is expected that AG-
(SOL) for /?-diketones is slightly negative and is not 
the dominant factor in the present situation. 

The hydrogen bonding energy in D 2 0 is thought 
to be larger than that in H 2 0 in consideration of the 
greater cohesive energy density of D 2 0 than H 2 0 , 
and consequently the structural change around the 
solute molecule will be more extensive in D 2 0 . Hence, 
zlG'(STR) will show a negative value with increasing 
carbon number in the n-alkyl chain due to hydrophobic 
hydration around the group. This factor may be 
important in the case of decanone, but is not dominant 

here. Dahlberg reported that AGH2O-+D2O for 3-me-
thylacetylacetone showed a fairly large value ( + 2 0 0 
cal mol - 1 ) and interpreted this result from the general 
tendency that a solute which possesses both ring and 
branches shows a positive value.7) The present results 
appear to support this hypothesis. 

Since the amount of void is greater in D 2 0 than in 
H 2 0 , the small solute molecules which can occupy 
void without excessive disruption of the hydrogen bonds 
in the solvent will be better accommodated in D 2 0 
(negative AG (CAV)). The bulky molecules which 
disrupt a significant number of hydrogen bonds will 
show a positive AC (CAV). This hypothesis appears 
to be supported by the recent solution theory, viz. 
the scaled particle theory amended by Stillinger.8) 
Lucas and Bury9) have computed AGH 2O-D 2O for a 
nonpolar solute using this theory and plotted the result 
as a function of solute hard sphere diameter, a%. The 
plot of the transfer free energy is slightly negative for 
Ö 2 < « 3 . 0 A and positive for Ö 2 > 3 . 0 A . This is con­
sistent with the trend observed in this study. 

From the above discussion, it has been concluded 
that the positive transfer free energy observed for the 
larger /S-diketones is attr ibutable to the contribution 
from the cavity formation work. Since the most im­
portant process in solvent extraction is the partition 
of the metal chelate coordinated by a hydrophobic 
ligand, more attention needs to be focused on the 
cotribution of cavity formation in the extraction process. 
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Synopsis. The tautomerization of 4-amino-5i/-[l]-
benzopyrano[3,4-£]pyridin-5-one (BPP) in the ground state 
has been briefly discussed by the GNDO/2 method. The 
71-n* absorption spectra of l-methyl-4-amino-5//-[l]benzo-
pyrano[3,4-£]pyridin-5-one (1-MBPP) and 2-methyl-4-amino-
5#-[l]benzopyrano[3,4-£]pyridin-5-one (2-MBPP) in solution 
have been obtained. Based on the MO calculations of 
BPP, assignment of the observed n-n* absorption bands of 
1-MBPP and 2-MBPP have been made. 

Recently, the thermodynamic properties of the hy­
drogen bond of 1- and 2-alkyl-4-amino-5//-[l]benzo-
pyrano[3,4-£]pyridin-5-one with alcohols have been 
studied both experimentally and theoretically.1) Also, 
the fluorescence of the proton-transferred excited species 
(tautomer) between 2-MBPP and acetic acid has been 
investigated,2) but as yet the absorption spectra of 
1-MBPP and 2-MBPP have not been discussed. In 
this paper, the possibility of tautomerization of BPP 
in the ground state and the n-n* absorption spectra 
of 1-MBPP and 2-MBPP are reported. 

R e s u l t s and D i s c u s s i o n 

Electronic Properties in the Ground State. Dipole 
moments, charge densities, and rc-bond orders of BPP, 
1-MBPP, and 2-MBPP in the ground state have already 
been discussed in a previous paper.1) In this paper 
the calculation of the total energies of the following 
three kinds of the models 1, 2, and 3 were conducted 
to clarify the tautomerization from 1 to 2 and 3 in the 
ground state by the GNDO/2 method using the para­
meters of Pople, Santry, and Segal.3) The calculated 
total energies (a. u.) and dipole moments are as follows: 
1: -151 .47204 (3.735 D ) ; 2 : -151 .42766 (9.483 D ) ; 
3 : -151 .42170 (8.043 D) . 

Fig. 1. Absorption spectra of 1-MBPP ( ) and 
2-MBPP ( ) in isooctane solution. 

TABLE 1. CALCULATED TRANSITION ENERGIES (E) AND 

OSCILLATOR STRENGTHS ( / ) OF THE SINGLET 71,71* 

EXCITED STATES OF B P P AND THE CORRESPONDING 

OBSERVED 71,71* BANDS OF 1 - M B P P AND 2 - M B P P 

1.40 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

£/eV 

3.631 
3.892 
4.137 
4.633 
4.915 
5.162 
5.284 
5.596 
5.699 
5.793 
5.944 
6.046 
6.135 
6.198 

BPP 
y>> 

1/nm 

342 
319 
300 
268 
252 
240 
234 
222 
218 
214 
209 
205 
202 
200 

/ 
0.213 
0.082 
0.186 
0.522 
0.446 
0.431 
0.411 
0.002N 
0.095 
0.244 
0.085 
0.032 
0.175 

0.141 > 

1-MBPP 

A/nm 

374 
315 
303 
266 
248 
242 
232 

\ 209 

/ 
0.122 
0.015 
0.017 
0.267 
0.143 

2-MBPP 

/l/nm 

356 
311 
299 
263 
243 
240 
231 

210 

/ 
0.135 
0.026 
0.020 
0.391 
0.184 

The energy differences between 1 and 2, and 1 and 3 
are 27.84 and 31.58 kcal/mol suggesting that the tauto­
merization from model 1 to 2 and 3 may be difficult 
in the ground state. Therefore, the most stable struc­
ture corresponds to model 1 with an intramolecular 
hydrogen bond between the carbonyl and amino groups 
as discussed in a previous paper.1) 

n-n* Absorption Spectra of 1-MBPP and 2-MBPP. 
1-MBPP, 2-MBPP, isooctane (2,2,4-trimethylpentane), 
and ethanol were the same as reported previously.1) 

T h e absorption spectra of 1-MBPP and 2-MBPP in 
isooctane at room temperature are shown in Fig. 1, 
and the band maxima and corresponding oscillator 
strengths are listed in Table 1. T h e first absorption 
band of 1-MBPP appears at a wavelength longer than 
that of 2-MBPP. A trend is found in other alkyl 
compounds (alkyl group: w-pentyl-, w-nonyl-).1) 

I t was necessary to establish whether (1) the first 
excited state was of n,n* character or not, and (2) the 
first absorption band of 1-alkyl compounds appeared 
at a wavelength longer than that of the 2-alkyl 
compounds or not. T o this end the energies of the 
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TABLE 2. THE ENERGIES OF THE NEXT HIGHEST OCCUPIED 

MOLECULAR ORBITAL ( N H O M O ) , THE HIGHEST OCCUPIED 

MOLECULAR ORBITAL ( H O M O ) , AND THE LOWEST 

UNOCCUPIED MOLECULAR ORBITAL ( L U M O ) OF 

1-MBPP, 2-MBPP, AND BPP (in a. u.) 

MO 1-MBPP 2-MBPP BPP 

NHOMO 
HOMO 
LUMO 

-0 .4091 (n) 
-0 .3930 fr) 

0.0496 fr*) 

-0.4178(n) 
-0.4026(n) 
0.0522 (TT*) 

- 0 .4238 (n) 
-0 .4040 (n) 

0.0498 (TT*) 

highest occupied and lowest unoccupied 7r-molecular 
orbitals and the n-orbitals of BPP, 1-MBPP, and 
2-MBPP l b) were calculated using the CNDO/2 meth­
od,3) results of which are shown in Table 2. I t may 
be seen that the highest occupied M O is of jr-character 
and the next occupied M O is of n-character for the 
three molecules. These results suggest that the lowest 
excited state is of n,7i* character and that the n,7r* 
state may be higher than the first excited 7i,7i state. 

T h e absorption spectra of 1- and 2-alkyl benzopy-
ranopyridines are displaced to a wavelength longer 
by the addition of ethanol1) and this suggests that 
the absorption bands may be assigned to the TI-TI* 
transition. 

The energy gap between the highest occupied and 
the lowest unoccupied orbitals of 2-MBPP is larger 
than that of 1-MBPP and BPP and indicates quali­
tatively that the lowest 71,71* state of 2-MBPP is higher 
than that of 1-MBPP, as shown in the absorption spectra 
in Fig. 1. 

T h e P-P-P SCF-MO-CI method4-6) was applied to 
calculate the TI-TI* transition energies and correspond­
ing oscillator strengths of BPP. The following empi­
rical parameters were used for the present calculation: 

Atom, yi 

G 
-N= 
NH2 

=0 
- O -

/ , /eV 

11.42 
14.12 
27.525 
17.32 
33.50 

J„/eV 

0.578 
1.78 

13.435 
2.649 

11.97 

T h e value — 2 .10eV was used for all the resonance 
integrals, and the Mataga-Nishimoto approximation6) 
was adopted for the two-center Coulomb integral. 
The 36 singly excited configurations were built into 
the configuration interaction matrix elements. In the 
present calculation the effect of the intramolecular 
hydrogen bond was not taken into account. 

T h e calculated transition energies and corresponding 
oscillator strengths of BPP are listed in Table 1. T h e 
calculated directions of the transition moment are 
shown in Fig. 2 in which the length of the transition 
moment is proportional to the magnitude of the oscil­
lator strength. Referring to the calculated results in 
Table 1 and Fig. 2 the assignment of the absorption 
bands for 1-MBPP and 2-MBPP were made. The 
band assignments are given in Table 1. 

The first band of BPP calculated at 342 nm is mainly 

Fig. 2. Polarization directions of six n-n* transitions 
in BPP predicted by the P-P-P SCF-MO-CI method. 

polarized along the x axis. The second and third 
bands are weak and their transition moments are 
mainly polarized along the y axis as shown in Fig. 2. 
T h e bands near 266 nm for 1-MBPP and 263 nm for 
2-MBPP correspond to the fourth band of BPP calculat­
ed at 268 nm which is polarized along the x axis, and 
with a relatively strong oscillator strength. The fourth 
band has a shoulder on the longer-wavelength side, 
which disappears in alcoholic solution. 2-MBPP has 
two bands at 240 and 231 nm in isooctane solution. 
These bands are observable at 241 and 233 nm in 
ethanol solution. T h e behavior of the two bands in 
polar solvents suggests that they belong to the different 
electronic states. These bands were assigned to the 
bands calculated at 240 and 234 nm. For 1-MBPP, 
the corresponding bands at 240 and 231 nm were 
observed at 242 and 232 nm. T h e strongest bands 
of 1-MBPP and 2-MBPP at 209 and 210 nm were 
tentatively assigned to the remaining transition bands 
from the eighth to the fourteenth transition band. 
T h e total oscillator strengths thus become equal to 
0.774. 

The authors acknowledge the assistance of the staff 
of Tokyo Denki University Computing Center in the 
present work. 
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Synopsis. Mechanism of the ferroelectric phase 
transition in potassium hexacyanoferrate trihydrate is dis­
cussed from static and dynamic points of view, and a new 
model is proposed. The model takes into account four 
states as accessible for a water trimer, instead of two in 
the earlier model. If the four states were equally prob­
able in the disordered phase, the predicted transition en­
tropy is R In 4 compatible with the experimental value. 
It is expected that a glass transition, if possible, occurs at 
50—60 K for the model. Since the anomalous heat capac­
ity in this temperature region is effectively zero, the model 
is consistent with absence of a glass transition. Occupancy 
fractions of hydrogen sites are given for the earlier and the 
present models. 

There are three aspects of interest in the property 
of orientationally disordered crystals. First, what is 
the molecular unit of disorder in the crystal? Second, 
is the disorder static or dynamic? and if dynamic, 
how rapid is the molecular reorientation? And third, 
at what temperature does the disorder change to 
order? The first and third are equilibrium aspects 
and can be studied by structural and thermodynamic 
methods. The second is the kinetic property and 
has been studied rather independently of the other 
two by N M R , dielectric and other spectroscopic me­
thods. However, it has been shown recently that 
precise measurement of the heat capacity, a typical 
equilibrium property, can be used for study of molec­
ular motion in a number of orientationally disordered 
crystals including molecular, ionic and hydrogen-bond­
ed crystals.1) T h e principle involved here is simple 
and may be summarized as follows. A relaxational 
heat-capacity anomaly occurs at the temperature at 
which the molecular relaxation time becomes compar­
able with the time required for a single heat-capacity 
measurement, typically 102—105 s. An important 
proviso for the anomaly, glass transition, to be observed 
is that orientational heat capacity has to be appreciable 
at that temperature. When such a situation prevails 
in a stable (as opposed metastable) crystal, formation 
of a glassy state is an unescapable result. If one does 
not find a glass transition in a careful measurement 
of the heat capacity of a substance, one can conclude 
that molecular reorientation is sufficiently rapid in 
the relevant temperature range. In this note we shall 
supplement the previous paper on the calorimetric 
study2) of the phase transition in potassium hexacyano­
ferrate trihydrate K4[Fe(CN)8] - 3 H 2 0 and the deuterate 
analogue in the light of above argument. 

Figure 1 reproduces the anomalous heat capacity 
of K 4 [Fe (CN) 6 ] -3H 2 0 and K 4 [Fe (CN) 6 ] -3D 2 0 . The 
anomaly extends from the transition temperature (250 
K ( H 2 0 ) , 255 K (D 2 0) ) down to 110K. T h e en­
tropy of transition is 12.4 J K.-1 mol - 1 ( H 2 0 ) and 14.3 
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C 40k 

20 h 

: 1 1 ] 1 — 

_̂ 
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Fig. 1. Anomalous part of heat capacity of K4[Fe-
(CN)6]-3H20 and K4[Fe(CN)6]-3D20. 

J K - 1 m o l - 1 ( D 2 0 ) ( « i ? l n 4 or more). According to 
the neutron diffraction,3) the crystal contains trimers 
of water molecules. The trimer itself is polar as 
shown in Fig. 2. I t has been suggested that the fer-
roelectricity originated from the parallel alignment of 
the polar trimer. This model leads to the transition 
entropy of R In 2 ( = 5.76 J K - 1 mol - 1 ) because there 
are two orientations for each of the trimer as shown 
schematically in Figs. 2(a) and (d). The predicted 
entropy is too small to account for the experimental 
value. 

An alternative model proposed here assumes four 
states per water trimer. The two states (b) and (c) 
of Fig. 2 are assumed in addition to the states (a) and 
(d). The state (a) is symmetry-related to (d) and (b) 
to (c), but states (a), (d) are not equivalent to (b) or 
(c). However, all of hydrogen atoms are engaged 
in hydrogen bonding in any of the four arrangements. 
Therefore we may neglect difference in their energy 
for the moment. The transition entropy is Rln.4 for 
this model in agreement with the experiment. 

The kinetic aspect of the model is considered next. 
Clearly the rearrangement from one state to the other 
proceeds through the reorientation of water molecules, 
and as such it is related to librational mode of water 
molecule. The relaxation time of such rearrangement 
is usually described by Arrhenius expression r=T 0 exp-
(AHJRT). The pre-exponential factor r0 will be of 
the order of magnitude 10~1 4—10 - 1 5 s, since it may 
be equated to \j{2nv) where v is the vibrational frequ­
ency of the librational mode. Similar situations were 
found to be adequate for relaxation times in the glass 
transitions of orthoboric acid and stannous chloride 
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(a) (b) (c) 

N ,N N ,N N 

HDH y » 

/ < > Of"' < > ^ 

N N N' "N N N 

Fig. 2. Arrangements of hydrogen atoms in the 
molecules and the surrounding nitrogen atoms. 

dihydrate crystals.4,5) The activation enthalpy may 
be equated to the order of the energy for breaking 
of the hydrogen bond. The energy of relatively long 
hydrogen bonds is 15—25 k j mol - 1 .6) Waldstein et a/.7) 
estimated 15 k j m o l - 1 per bond for the potential bar­
rier hindering the reorientational motion of the mol­
ecule in ice. The same value was also found from 
the thermodynamic study of the glass transition in 
orthoboric acid crystal.4) Therefore the activation 
enthalpy per bond is estimated to be 15—20 k j m o l - 1 

for the present crystals. 
If the rearrangement from (a) to (d) in Fig. 2 proce­

eded through the simultaneous reorientation of three 
water molecules, then the activation enthalpy for the 
process would be estimated to be 45—60 k j mol - 1 . Since 
the glass transition takes place when the relaxation time 
becomes the order of 1 ks, this activation enthalpy 
corresponds to the glass transition temperature of 140— 
190 K. Here we took T 0 = 8 X 1 0 - 1 5 S from experi­
mental value for S n C l 2 - 2 H 2 0 . If this were really 
the case, the glass transition would have been observed 
because the configurational contribution to the heat 
capacity is large enough in this temperature region 
as shown in Fig. 1. The glass transition, however, 
was not observed in the actual calorimetric measure­
ment.2) This indicates that the process assumed above 
is incorrect. 

Next, the alternative model including states (b) and 
(c) is examined. The process (a)<->(b), (b)<->(c), or 
(c)<->(d) may be interpreted as the transfer of a Bjerrum 
L defect. In this case the activation enthaply will 
be 15—20 k j m o l - 1 because it involves disruption of 
only one hydrogen bond. Using the same r0 as above 
one obtains 50—60 K for the glass transition temper­
ature. The glass transition will not be observed in 
this case because the configurational heat capacity is 
practically zero at this temperature. This agrees with 
the experimental result that the glass transition does 
not occur in this crystal. 

At the same time, the assumption that the four 
states (a)—(d) occur equally probably in the high 
temperature disordered phase would be reasonable 
because they all involve one L defect in common. 
Thus, by allowing the intermediate states (b) and (c) 
as well as the states (a) and (d) in the disordered 
phase, one can interpret consistently both the observed 
entropy of transition and absence of glass transition 
in this compound. A direct test of the model proposed 
here, including the validity of the energetical equiva­
lence of the four arrangements, may be obtained from 
precise determination of the occupancy fraction of the 

(d) ' (e) 
I 
I 

N N N | N N 

> : T 
N'' N ] N N 

hydrogen-bonded system composed of three water 

hydrogen sites at different temperatures by neutron dif­
fraction. The symbols H a , Hb- • in Fig. 2(e) represent 
hydrogen sites in a water trimer. Now let oc, ß, y, ô, e, 
C, V, and d denote the occupancy fraction for H a , 
H b , H c , H d , H e , H f , H g , and H h , respectively. If 
the energy of states (b) and (c) in Fig. 2 were higher 
in the disordered phase by E than that of (a) and 
(d), the fraction would be given as follows; <x=6 = 
(ll2)[l+2exp(-EIRT)]-[l+exp(-EIRT)]-\ ß=y 
= 1, r = C = ( l / 2 ) [ l + e x p ( - £ / £ 7 ' ) ] - 1 , and <5=e=l /2 . 
In the earlier model taking only the states (a) and (d) 
as accessible into account, <x=ö=l /2 , ^=37 = 1, y = C= 
1/2, and (5 = e = l / 2 in the disordered phase. In the 
limiting case of E=0, where the four states (a)-(d) 
in Fig. 2 are allowed equally probably, we obtain 
a = 0 = 3/4, ß=y = l, y = Ç = l / 4 , and <5 = £ = l / 2 . Thus 
the two models predict different occupation fractions 
of proton or deuteron in each site. The earlier neutron 
diffraction data have been analysed a priori with a = 
0 = 1 / 2 , ß=y = l, y = C = l / 2 , and Ô = E=\/2. New dif­
fraction experiment as well as reinvestigation of the 
earlier neutron diffraction data will be interesting 
because the proposed model is a modification of the 
half-hydrogen model of hydrogen bonding that has 
been used so extensively. 
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Note added in proof 

Helwig, Klöpperpieper, and Miiser measured recently the 
spontaneous polarization and heat capacity of K4[Fe(CN)6] • 
3H 20 in a limited temperature range covering the transe 
tion point) (Ferroelectric s, 18, 257 (1978)). Their data 
support our conclusion on a phenomenological level. 
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Separation of Barium and Radium as Their TTA-complexes 
by Extraction Chromatography 

Kazuo J I N * »t and Toshiyasu K I B A 

Department of Chemistry, Faculty of Science, Kanazawa University, Kanazawa, Ishikawa 920 
(Received May 26, 1978) 

Synopsis. Satisfactory separation of a trace amount 
of radium from miligram amount of barium was attained 
on a column of 1.5 M TTA-MIBK (Daiflon) system. An 
HETP value as low as 0.47 mm was obtained with a column 
0.980x30 cm at flow rate of 0.17 cm3 per minute. Dis­
tribution ratio of radium estimated from this column technique 
was compatible with the liquid-liquid extraction data. 

Solvent extraction of radium has been investigated 
in several extraction systems in view of synergistic 
effect. 1_3> However, no report seems to have ap­
peared on the separation of radium from bar ium 
matrix, because of their similar chemical properties. 
The separation of tracer level radium from bar ium 
matrix is desirable in view of not only analytical chemis­
try but also geochemistry. 

Akaza studied the extraction of barium, strontium, 
calcium, and magnesium with 2-thenoyltrifloworo-
acetone (TTA)-methyl isobutyl ketone (MIBK),4>6> 
the results being extended to extraction chromato­
graphy.5»6) I n this note, a further application of the 
same T T A - M I B K extraction system to rad ium(I I ) , 
the extraction chromatographic separation of radium 
from miligram amounts of barium, and separation of 
alkaline earth metal ions involving radium are des­
cribed. 

Exper imenta l 

Radioactive Tracers. 140Ba (i l / 2=12.8d) was used as 
a tracer of barium. 223Ra (fa/2= 11.68 d) was obtained 
from 227Ac by milking. 

Batch Extraction of Radium (II) in TTA-MIBK. A 
buffer solution consisting of 0.5 M ammonium acetate-aqueous 
ammonia-acetic acid was employed to adjust the pH of the 
aqueous solution. The final pH of extraction was measured 
immediately after the two phases had been separated, whereas 
y-activity of 223Ra in each phase was counted with a Nal-
(Tl) scintillation counter 6 h after the separation. 

Column Preparation. The column was prepared by 
the method previously reported.6) A glass chromatographic 
column with water jacket was employed to keep the column 
temperature constant. 

Test Solutions and Eluting Solutions. Fifty mililiters 
of the test solution which has a similar composition to that of 
eluting solution was used for the column experiment. Eluting 
solutions were prepared by the method reported.6) 

A fraction collector was employed to collect an adequate 
fraction of the eluate. In some cases, a microtube pump, 
Tokyo Rikagakukikai Co., Model MP-11, was used to feed 
a solution on the column. Tigon tube was employed for 
solution transport. 

R e s u l t s and D i s c u s s i o n 

The extraction of radium as TTA-complex into 
M I B K was carried out with T T A in various con­
centrations. The results are shown in Fig. 1. Quant i ­
tative extraction was attained at p H 6.5 < in 1.5 M 
T T A - M I B K , these conditions being preferable for 
the separation of relatively large amounts of alkaline 
earth metal ions from each other. The half extrac­
tion p H (pH1 / 2) of rad ium(II ) could be estimated as 
6.0 in the same system, and that of bar ium as 5.2 from 
the previous data.4) Thus, the difference between 
p H 1 / 2 values suggests the possibility of the separation 
of bar ium and radium as their TTA-complexes by 
extraction chromatography. 

The separation of alkaline earth metal ions involving 
rad ium(I I ) was carried out on a 1.5 M T T A - M I B K 
column (0.980 X 19 cm). T h e results are shown in 
Fig. 2. First, radium and bar ium were eluted with a 
solution of p H 6.5, giving some overlapping of two 
elution curves, secondly, strontium and calcium were 
eluted with a solution of p H 5.5, and finally magnesi­
um with 0.1 M hydrochloric acid. The concentration 
of each metal ion in each fraction was determined by 
y-counting for radium and bar ium and by atomic 
absorption spectrophotometry for strontium, calcium 
and magnesium, respectively. The results, except for 
radium, are in line with those reported.5) 140La was 
caught firmly on the column and eluted down together 
with magnesium (Fig. 2). 

In order to achieve complete separation between 
radium and barium, the column was replaced by a 
longer one (0.980 x 30 cm, 0 . 9 8 0 x 4 0 cm, and 0.97-
0 X 4 2 cm). Figure 3 shows the results obtained. 

t Present address: Department of Chemistry, Faculty 
of Science, Hokkaido University, Nishi 8-chome, Kita 10-jo, 
Kita-ku, Sapporo, Hokkaido 060. 

Fig. 1. Extraction curves of radium(II) with TTA 
in MIBK. 
Aqueous phase: 10 cm3 of 0.5 M buffer solution, 
organic phase: 10 cm3, 1.5 M TTA-MIBK —O— 
0.5 M TTA-MIBK — 3 — 0.2 M TTA-MIBK — # — , 
shaking time: 30 min. 
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TABLE 1. PERFORMANCE OF THE 1.5 M TTA-MIBK COLUMN 

[Vol. 52, No. 3 

Column Column size Z>(pH 6.7) N HETP (mm) 

( a ) 

( b ) 

( c ) 

0 .980x30 cm 

0.980X40 cm 

0.970x42 cm 

Ra 
Baa> 

Ra 
Baa> 

Ra 
Bab> 

51 ± 3 
126±5 
44±2 
93±5 
48±2 

105±5 

650±30 
840±40 
675±30 
773±40 
560±30 
815±40 

0.47±0.02 
0.36±0.03 
0.59±0.02 
0.52±0.03 
0.75±0.02 
0.52zh0.03 

Void volum; (a) 9 ± 2 cm3, (b), (c) 12±2 cm3, a) Ba 0.5 mg. b) Ba 5.0 mg. 
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Fig. 2. Separation of alkaline earth metal ions on 
1.5 M TTA-MIBK column. 
Metal, loaded: 0.5 mg each (except radium), 
Daiflon: 5.5 g, one fraction: 5.0 g stationary phase: 
7.8 cm3, temp: 20±1 °C column size: 1.00x19 cm 
flow rate; feed and washing: 0.2—0.3 cm3-min -1 

elution: 0.5 cm3-min -1. 

A test solution of p H 7.5 and an eluting solution of 
p H 6.7 were used, the flow rate of elution being 0.17-
cm3 m in - 1 . Under these conditions excellent separa­
tion of trace radium(II ) could be achieved from 0.5 
mg, of bar ium(II ) (Figs. 3 (a) and (b)), and also 
from 5.0 mg of bar ium(II ) (Fig. 3 (3)). From these 
column experiments, distribution ratios of radium 
and bar ium ions were estimated (Table 1) by the 
well-known relation o f / ) = ( £ — F ) j B , where E is the 
volume of effluent in relation to the maximum of the 
eluted metal concentration, F the void volume of the 
column, and B the volume of the stationaly phase. 
T h e distribution ratio of radium shown as 44, 48, 
and 51 in Table 1 is somewhat large, but roughly com­
patible with the value 30 obtained in the liquid-liquid 
extraction under the same extraction p H . In order 
to elucidate the performance of extraction column in 
Fig. 3, a number of theoretical plates of column (N) 
and height equivalent to a theoretical plate (HETP) 
were estimated. N is given by the equation N= 
E(E—F)IS2, where S is half width (ml) at 0.607 peak 
maximum. H E T P is given by the column length 
divided by N. Thus the H E T P value as low as 0.47 
m m could be maintained on the column 0.980 X 30 cm 
long. 

The elution of alkaline earth metal ions proceeds 
in the order of light element in conventional cation-
exchange chromatography. However, elution takes 
place in the reversed order in extraction chromato­
graphy. Thus , the latter is appropriate for a precise 

E 

X1CT 

A 

3 

2 

1 

0 

xlO 

4 h 

3 

2 r 
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T—T—r—r 

0.1 M HCl 

feed 
*l » elution 

feed 
^ —»elution 

223 
Ra 

• • i i L_ 

100 200 
F rac t i on number 

Fig. 3. Separation of barium and radium on 1.5 M 
TTA-MIBK column. 
One fraction: 5.0 cm3, temp: 18±1 °C flow rate; 
feed: 0.1 cm3-min -1, pH 7.5 elution: 0.17 cm3-min-1, 
pH 6.7 
(a) Column size : 0.980 X 30 cm, barium loaded : 
0.5 mg Daiflon: 9.0 g, stationary phase 10.4 cm3, 
(b) column size : 0.980 X 40 cm, barium, loaded : 
0.5 mg Daiflon: 12.0 g, stationary phase 15 cm3, 
(c) column size : 0.970 X 42 cm, barium loaded : 
15.0 mg Daiflon: 12.0 g, stationary phase 15 cm3. 

and delicate separation of trace amount of radium 
from other alkaline earth metals or barium matrix. 
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Super High Sensitivity of CuSe-Ag2S Solid Membrane Copper(II) Ion 
Selective Electrode in Several Metal Buffer Solutions 
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(Received July 11, 1978) 

Synopsis. A GuSe-Ag2S solid membrane Gu(II) 
ion electrode in certain metal buffer solutions gave detection 
limit of free Cu(II) ion as low as 10~18M. 

Nakagawa and his coworkers observed extremely 
high sensitivity of copper(II) ion selective electrodes-
(ISE) in metal buffer solutions with the use of a C u S -
Ag2S solid membrane.1) Similar phenomena have 
also been observed with the same type of electrodes 
by Ishibashi and Jyo.2) I t has been believed that 
the actual sensitivity of a cupric ion selective electrode 
is determined by the residual concentration of Cu(I I ) 
and Ag(I) ions at the interface.3) Therefore, if we 
can lower this residual concentration as low as possible 
by complex formation of Cu(I I ) and Ag(I) ions with 
added ligand species, the concentration of the detec­
tion limit of the electrode may possibly be descreased. 
However, an inherent reaction of solid membrane 
itself with ligand species was found to be taken into 
consideration.1) Unwanted reactions between the 
solid membrane and solution species may cause slow 
and unstable response of the ISE. 

In the present study, the effect of several ligand 
species on the response of a CuSe-Ag2S solid membrane 
Cu(II) ISE was studied with a view to examine whether 
or not similar phenomenon to CuS-Ag2S is observed 
even with the different solid membrane material 
in order to generalize the behavior of the ISE in metal 
buffer solutions. 

Exper imenta l 

The solid membrane used for a Gu(II) ISE is of GuSe-
Ag2S, where the ratio of CuSe to Ag2S is several %. A 
reference used is an Ag/AgCl electrode of TOA Dempa Co. 
Water used is deionized and distilled. Chemicals were 
of analytical reagent grade. The electrochemical cell as­
sembly employed is as follows: 

CuSe-Ag2S 
Test solution 

jU = 0.1(NaNO3) 
KCl (sat.) AgCl Ag 

Potential-time profiles of the ISE were recorded using an on­
line computer controlled ISE measuring system described 
elsewhere,4) where the potential from the electrode is first 
converted into frequency in order to increase the precision 
of the voltage measurement. The response time for the 
electrode is slowed down appreciably upon addition of 
certain types of ligand species in aqueous Cu(II) solution. 
Therefore, we employed 30 minutes waiting time for the 
measurement of an equilibrium potential. By doing so, the 
equilibrium is nearly attained in most cases except for the 
case of EDTA. The measurement was performed in a 
room thermostated at 20±0.5 °C. The solution was stirred 
with a magnetic stirrer. 

Procedure 

The procedure employed is as follows : First of all, 
an empirical relation between the Cu(I I ) concentra­
tion and the observed frequency (potential) is obtained 
through the calibration curve in standard Cu(I I ) 
solution, 

/ = 3.16461 log[Gu] + 39.7125 (kHz), (1) 

where f is the frequency which is one to one equivalent 
to the observed potential, and [Cu] the activity of 
Cu(I I ) solution. With the use of Eq. 1, the activity 
of Gu(II) ion [Cu] was calculated from the observed 
potential values of the Cu(I I ) ISE in each ligand solu­
tion. Values thus obtained are compared with the 
theoretical one, where the latter is simply calculated 
from ßn through the relations as follows : 

[GuLw] 

[Gu][L]» = A 

/»[Cu] = logß, + «log [L] - log [GuLB], 

[L] = 
Ch 

<*L(H) 

where [L] is a function of p H and is obtained using 
the total concentration of the ligand Ch, and the side 
reaction coefficient aL(H) which is calculated from the 
concentration of proton ion in the solution and the 
acid dissociation constants of the ligand (1,5). 

R e s u l t s a n d D i s c u s s i o n 

In Table 1, the extremely low activity of Gu(II) 
ions determined by the response of a CuSe-Ag2S 
Cu(I I ) ISE is compared with those calculated using 
the reported data of stability constants of Gu(II ) 
complexes in each ligand. In most cases except 
EDTA, the agreement is fairly well indicating that the 
copper(II) ISE of the present study is actually res­
ponding to such low activities as 10~15 M, for example, 
of free Cu(I I ) ions. This result is to be compared 
with similar results obtained by Nakagawa et al., 
where CuS-Ag2S is used instead of CuSe-Ag2S for the 
cupric ion selective electrode. In the case of E D T A 
as a ligand, the agreement is not good, probably due 
to some unknown reactions between the CuSe-Ag2S 
solid membrane itself and E D T A molecules. This is 
partly supported by the result in Fig. 1 where the 
potential-time profile for the copper(II) ISE in 1 X 
10~3 M Gu(II) aqueous solution is extremely slowed 
down by the addition of certain amount of EDTA, 
indicating the non-equilibrium reaction, if any, between 
E D T A and solid membrane material itself. Appa-
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TABLE 1. EXTREMELY LOW ACTIVITIES OF C U ( I I ) IONS OBTAINED BY CuSe-Ag2S SOLID 

MEMBRANE C u ( I I ) ION SELECTIVE ELECTRODE 

Ccu 

en 1 .01xlO- 3 M 
NH3 1 .01xlO- 3M 
bpy 9.94X10-4 M 
bpy 1 .01x l0" 3 M 
edta2Na 1.02xlO- 3M 

ch 

4 . 2 4 x l O - 3 M 
6.8 x l O ^ M 
1 .00x l0 - 3 M 
4.30 xlO" 3 M 
2.01 x lO" 3 M 

pH 

10.47 
11.41 
5.47 
6.30 
3.08 

Cu(II) calculated 
from ßn{ß = 0A) 

8 .5x lO- 1 9 M 
2.9x lO" 1 6 M 
1.0xlO"5 M 
4.1 xlO"12 M 
2 .4x lO- 1 9 M 

log^a> 

19.72 (ft) 
13.23 (ft) 
8.00 (ft) 

17.08 (ft) 
18.80 (ft) 

Cu(II) 
observed 

5 .4xlO" 1 8 M 
4.6x lO" 1 6 M 
1.4X10-5 M 
1.1 X 10-13 M 
7.5xlO"9 M 

a) Taken from Ref. 5. Abbreviations: en; ethylenediamine, NH3; ammonia, bpy; a,a'-bipyridine, edta; ethylene-
diaminetetraacetic acid. 
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Fig. 1. Potential (Frequency)-time profiles of a CuSe-
Ag2S solid membrane Cu(II) ion selective electrode 
in different buffer solutions. 
(a) Cu(II) ion 1.01 X 10~3 M, NaN0 3 0.1 M, pH 2.0. 
(b) Cu(II) ion 1.02 X 10-3 M, edta-2Na 2.01 x 10"3 M, 
NaN0 3 0.1 M, pH 3.08. 
(c) Cu(II) ion 0.99xlO- 3M, bpy l.OOx 10~3 M, 
NaN0 3 0.1 M, pH 5.47. 
Frequency f in kHz is equivalent to the potential E 
in mV as the following : £=8.9287/+5.9184±2.679x 
10-1. 

10 20 30 min 

rently, this reaction does not seem to have reached 
equilibrium during 30 min waiting time (Fig. 1). 
Also, it is interesting to note that although the activity 
of Cu( I I ) ion is generally decreased with the addition 
of any ligand species, the resulting response time is 
not necessarily slowed down and is specific to the 
kind of ligand species as shown in Fig. 1. Therefore, 
the reason why the response time is slowed down only 
in certain types of ligand species is at tr ibuted to some 
specific interaction of unknown nature between the 
ligand species and solid membrane materials rather 
than simply being due to the decrease in the activity 
of Cu(I I ) ions. 

In conclusion, the CuSe-Ag2S solid membrane elec­
trode responds similar manner to the CuS-Ag 2S elec­
trode in that both electrodes have the detection limit 
well lower than 10~15 M of Cu(I I ) ion activity in certain 
metal buffer solutions. Also, the response time in 

extremely low activity solution is not necessarily slow 
and is dependent on some specific chemical interaction 
between the ligand species and the solid membrane 
materials. 

The authors thank Kayoko Umezawa for calculating 
the data. 
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Synopsis. High-temperature X-ray diffraction ana­
lysis has revealed that Ca2Fe205 remains in the original 
brownmillerite-like form up to ca. 1100 °C, whereas Sr2-
Fe205 changes in crystal structure from brownmillerite to 
anion-deficient perovskite, without a change in oxygen 
content, above 700 °C. 

It has been reported that S r 2 Fe 2 0 5 has a cubic 
perovskite structure, without any change in the oxy­
gen content, above 700 °G, whereas at room temper­
ature this compound has an orthorhombic brown­
millerite (Ca2AlFe05)-like structure.1) It has also 
been reported that the calcium analogue, Ca 2 Fe 2 0 5 , 
is another brownmillerite-like compound at room 
temperature.2) The crystallographic affinity between 
both compounds at room temperature has assumed 
that C a 2 F e 2 0 5 also has a cubic perovskite structure 
with the oxygen vacancies statistically disordered at 
elevated temperature. In this paper the existence of 
an oxygen-deficient perovskite phase for C a 2 F e 2 0 5 

at elevated temperature has been examined by means 
of high-temperature X-ray diffraction techniques. 
The results have been discussed in connection with the 
oxygen pressure effect on the preparation of Fe 4 + -
bearing perovskites, C a F e 0 3 and SrFeO a . 

Exper imenta l 

Dicalcium diiron(III) pentoxide Ga2Fe205 was prepared 
by firing the appropriate mixture of CaC0 3 and a-Fe203 

in air at 1200 °C, with intermediate regrinding and refiring 
until a single phase product was obtained. Subsequently, 
the powder sample of composition Ca2Fe205 was mounted 
on a platinum specimen holder in a high-temperature X-ray 
diffractometer. The X-ray measurement conditions and 
the calculation of the lattice parameters were the same as 
described in Ref. 1. 

R e s u l t s a n d D i s c u s s i o n 

The brownmillerite-like structure is referred to as 
an "ordered" oxygen-deficient perovskite structure.3) 
Therefore, there is a crystallographic relation between 
the orthorhombic brownmillerite-like structure and an 
ideal perovskite structure with cubic symmetry as 
follows : a~V2a0, 6~4a0 , and c~V2a0, where a, 
b, and c are the lattice constants of a brownmillerite-
like phase and a0 that for an ideal perovskite phase. 
O n this basis new lattice parameters can be defined, 
a', b', and c', for the dample Ca 2Fe 2O s , where the three 
lattice constants have such a crystallographic relation­
ship with the original orthorhombic cell constants, 
a, b, and c, as a!=a\V 2\ b' = bft, and c'=cjV~2. 
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Fig. 1. Plots of reduced orthorhombic lattice constants 
vs. temperature for Ga2Fe205. 
A : a'-axis, Q : b'-axis, O : c'-axis. 

Figure 1 illustrates the reduced lattice constants of 
the sample of composition C a 2 F e 2 0 5 as a function of 
temperature. I t may be seen that the three axes, 
a', b', and c', expand linearly with increase in tempera­
ture in the range of temperature from 20 to 1093 °C, 
and that the three lines do not intersect. In other 
words, C a 2 F e 2 0 5 does not exist as a statistically dis­
ordered oxygen-deficient perovskite structure, but 
remains as a brownmillerite-like phase even at elevated 
temperatures. This result is quite different from that 
of S r 2 Fe 2 0 5 obtained in a previous work.1) 

For di i ron(III) distrontium pentoxide, the a'-axis 
of the reduced cell begins to shrink at around 335 °C, 
and at 700 °C the three axes of the reduced ortho­
rhombic cell meet, and consequently, the compound 
transforms to a cubic anion-deficient perovskite phase 
at temperatures above 700 °C (see Fig. 2, Ref. 1). 
From this it has been concluded that the oxygen atoms 
arranged regularly in the brownmillerite-like lattice 
begin abnormal thermal movement at around 335 °C. 
At 700 °C, a complete phase transition takes place 
as a result of the random displacement of the oxygen 
atoms or the vacancies throughout the oxygen lattice 
sites in the perovskite structure. 

I t is evident that the difference in movement of the 
oxygen ions at elevated temperatures between dical­
cium and distrontium di iron(III) pentoxides is caused 
by differences in chemical composition between the 
double oxides, although the essential reason remains 
unclarified. The calcium ion has a smaller ionic radius 
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than the Sr ion, so that the electrostatic binding energy 
must be higher in the C a - O bonds than in the S r - O 
bonds, as implied by the melting point of CaO. This 
assumption may be valid for the brownmillerite-like 
structure. In the brownmillerite-like structure, 
complete rows of oxygens are regularly missing from 
the ideal perovskite structure, and the accompanying 
movements of atoms result in tetrahedral coordination 
of the Fe atoms, and eight- or ninefold coordination 
about the alkaline-earth metal atoms, not twelvefold 
as in perovskite.3) Consequently, the transition of 
A 2 F e 2 0 5 (A—Ca or Sr) from brownmillerite-like struc­
ture to perovskite structure must be accompanied 
by a breaking of the A - O bonds and rearrangement 
of the component atoms. Therefore, it is reasonable to 
speculate that the binding energy of the C a - O bonds 
in C a 2 F e 2 0 5 is so high that cleavage is difficult, so that 
C a 2 F e 2 0 5 is not transformed to an anion-deficient 
perovskite structure. 

The experimental results and conclusions obtained 
in this work may explain why C a F e 0 3 can only be 
synthesized under ultra high oxygen pressures4) whereas 
S r F e 0 3 can be readily prepared under less rigorous 
conditions,5 '6) i.e., the energy necessary to break the 

C a - O bonds in C a 2 F e 2 0 5 to yield C a F e 0 3 by oxidizing 
the iron atoms from Fe 3 + up to Fe 4 + is higher than that 
which is necessary for Sr 2 Fe 2 0 5 . 

T h e authors wish to express their thanks to Profes­
sor S. Udagawa at Tokyo Institute of Technology 
for his interest and support in this work. 
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Stereospecific Synthesis of D-Isothreonine from L-Threonine^ 
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Synopsis. D - Isothreonine, (2R, 35) - 3 - amino - 2 - hy­
droxy butanoic acid (4), was readily prepared by the 
ammonolysis of optically active 2-bromo-3-hydroxybutanoic 
acid derived from L-threonine. The configuration of 4 was 
deduced from the shift of molecular rotation, Cotton effect 
in ORD curve of 4, and NMR measurement of its oxazolidone 
derivative. 

In recent years a-hydroxy /?-amino carboxylic acids 
have been found in nature as constituent amino acids 
of biologically active peptides; L-isoserine2) in an 
antibiotic, edeine, and (26 ,,3i?)-3-amino-2-hydroxy-4-
phenylbutanoic acid3) in an aminopeptidase B inhibitor, 
bestatin. However, the syntheses of these optically 
active a-hydroxy /?-amino carboxylic acids are tedious. 
L-Isoserine was prepared by optical resolution4) or 
through three steps starting from L-asparagine.5) 

This paper deals with a convenient method of pre­
paration of such optically active a-hydroxy ß-amino 
carboxylic acids as exemplified by the first synthesis 
of (2R,3S) -3-amino-2-hydroxybutanoic acid (ü-iso-
threonine)6) (4) through two steps starting from L-
threonine (1). 

I t is known that racemic a-halo /^-hydroxy carboxylic 
acids are converted by the action of ammonia into 
racemic a-hydroxy /?-amino carboxylic acids, a-amino 
/^-hydroxy carboxylic acids, or a mixture of the two.7 - 9) 
For the animation reactions Carter and Zirkle8) and 
Neuberg and Mayer10) proposed possible a,/?-epoxy 
carboxylic acid intermediates. In fact, Liwschitz 
et al.11) prepared DL-fAra>-2-hydroxy-3-aminobutanoic 
acid without formation of erythro form by the reaction 
of racemic m-2,3-epoxybutanoic acid with amine. 
The closure and opening of epoxide ring accompany 
an inversion of the configuration of carbon atom 
attacked by nucleophiles.12'13) Thus we assumed that 
optically active a-hydroxy ß-amino carboxylic acids 
could be stereospecifically prepared from optically 
active a-halo ^-hydroxy carboxylic acids. In order 
to confirm the prediction we attempted a simple 

NOBr NH4OH 
CH q -CH-CH-COOH > CH a-CH-CH-COOH U-* 

OHNH 2 

1, (25,3Ä) 

-CH,-CH-CH-COONH, 

O 

7, (2R,ZR) 

cß 
TT 

OH Br 
2, (25,3A) 

NH4OH 
CH3-CH-CH-COOH 

I I 
NH 2 OH 

4, (2Ä,35) 
|NH4OH 

j ^ CH3-CH-CH-COOH 
I I 

O H N H 2 

5, (25,37?) 

Scheme 1. Stereochemical reaction route. 

preparation of 4 through the amination reaction of 
(2.S,3Z?)-2-bromo-3-hydroxybutanoic acid (2) derived 
from 1 (Scheme 1). 

Compound 2 was prepared by the action of nitrosyl 
bromide on 1. This reaction is known to proceed 
with retention of the configuration of Ca.

14) Treat­
ment of 2 with 2 8 % aqueous ammonia afforded a 
mixture of isothreonine and threonine (92 : 8). The 
mixture was separated into each component by column 
chromatography on Dowex 50X8 (NH4+ form). 

The configuration of Ca a tom of isolated isothreo­
nine (4) was confirmed to be 2R by the negative shift 
in molecular rotation on acidification15) and the nega­
tive Cotton effect in the region 200—240 nm.16) In 
order to determine the configuration of C^ atom of 
4, we measured the ^H-NMR spectrum of 2-oxazolidone 
derivative (6) of 4. The coupling constants (Jaß) 
between the vicinal methine protons of the oxazolidone 
derivatives of a-amino /^-hydroxy carboxylic acids 
are reported to be 5 .0± 1.0 Hz for threo and 9 .6±0.6 
Hz for erythro isomers in CD3OD.1 7) Those of a-hydroxy 
/5-amino carboxylic acids are also reported to be 4.0 Hz 
for threo and 9.0 Hz for erythro isomers in CD3OD.3) 
N M R spectrum of 6 was recorded in DMSO-öf6 because 
of its insolubility in CD 3 OD, Jaß value of 6 being 
5.0 Hz. Jaß values of reference oxazolidone deriva­
tives of L-threonine (threo) and L-allothreonine (ery­
thro) were 4.8 and 8.5 Hz in DMSO-</6, respec­
tively. T h e values in D M S O - Ö ? 6 are almost equal to 
those for threo and erythro in C D 3 O D , respectively. 
These results suggest that the configuration of 4 should 
be threo form (2R, 3S). Thus the prediction (Scheme 1) 
was confirmed by the first synthesis of optically active 
isothreonine 4. 

In a similar manner D-isoserine, (2Ä)-3-amino-2-
hydroxypropanoic acid (8), was prepared from L-serine 
in optically pure state. O n the basis of this fact and 
the result obtained by Liwschitz et al.,11) we assume 
that 4 should be optically pure as regards both C a 

and C^. 

Exper imenta l 

The following solvent systems were used: Rf
l, pyridine-

H 2 0 (65 : 35, v/v) for TLC and Rt
2, cyclohexylamine-H20-

methyl ethyl ketone-n-BuOH (2 : 5 : 10 : 10, v/v) for paper 
chromatography. XH-NMR spectra were measured with a 
Hitachi R-20B spectrometer (60 MHz), using sodium 3-
trimethylsilyl-1-propanesulfonate in D 2 0 or tetramethylsilane 
in DMSO-i6 as an internal standard. 

Synthesis of v-Ith (4). (2S,3R)-2-Bromo-3-hydroxybut-
anoic Acid (2) : This was prepared from L-Thr (5.95 g, 
50 mmol), KBr (20.9 g, 175 mmol) and sodium nitrite (5.58 g, 
80 mmol) in 1.25 M H 2S0 4 (105 ml) according to the pro­
cedure of Izumiya;18) yield of an oil, 8.27 g (90%); R£

x 0.64. 
Mixture (3) of Ith and Thr: Compound 2 (8.20 g, 45 

mmol) was dissolved in 28% aqueous ammonia (82 ml) at 
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0 ° C . After being left to stand for 10 d at 0 °C, the 
solution was evaporated and the residual solid was dissolved 
in a small amount of water . T h e solution was applied on 
a column ( 2 . 2 x 2 0 cm) of Dowex 50X8 (H+ form), and 
the column was washed with water and eluated with 2 M 
N H 4 O H (100 ml) . T h e eluate was evaporated and the 
yellowish residue was collected; yield, 2.40 g ( 4 5 % ) ; i?f

x 

0.43 (major) and 0.70 (minor) ; Rf
2 0.40 (major), 0.56 (minor) 

and 0.45 (faint). i?fs of reference compounds: L-Thr, Rf-
0.70, i? f

2 0.56; L-aThr, i?f
x 0.70, i? f

2 0.45. T h e ratio of 
major to minor component in 3 was determined as 92 : 8 
based on the chromatogram of 3 on an amino acid analyzer. 

n-Ith (4) : T h e mixture (3) ( 1.0 g) was chromatographed 
with Dowex 50X8 (NH4+ form) under the following condi­
tions: column, 1 .8x80 c m ; buffer, 0.2 M ammonium ace­
tate in 4 0 % M e O H at p H 3.50; flow rate, 14 ml/h. T h e 
eluate (340—580 ml) was collected and evaporated to a 
small volume. T h e solution was applied on a column (1.0 X 
10 cm) of Dowex 50X8 (H+ form). T h e column was washed 
with water and eluated with 2 M N H 4 O H (30 ml) . T h e 
eluate was evaporated and the residue was crystallized from 
H a O - E t O H ; yield, 0.69 g ( 3 1 % from 1) ; m p 215—216 °G 
(dec) ; [a]2

D° + 2 3 . 5 ° (c 2, H 2 0 ) , + 5 . 5 ° (c 2, 5 M HCl) . N M R 
( D 2 0 ) ô: 4.01 (1H, d, 7 = 5 . 0 Hz, H-2), 3.54 (1H, m, H-3), 
1.31 (3H, d, 7 = 6 . 7 Hz, GH 3 ) . 

Found : C, 40.12; H, 7.53; N , 11.67%. Galcd for C 4H 9 -
N 0 3 : C, 40 .33; H , 7.62; N , 11.76%. 

Determination of the Configuration of 4. Configuration of 
Ca : T h e molecular rotation values of 4 were calculated 
as + 6 . 6 ° (5 M HCl) and + 2 8 . 0 ° ( H 2 0 ) based on the observ­
ed optical rotation values at D-line. Thus the shift value 
in the molecular rotation of 4 on acidification is —21.4°. 
O R D spectrum of 4 was obtained with a J A S C O spectro-
polarimeter model O R D - G D / U V - 5 in 0.5 M HCl . The 
value of the specific rotation at min imum absorption (220 nm) 
was - 9 0 0 ° . 

Configuration of Cß : According to the procedure of 
Futagawa et a/.17> 4 (100 mg) was converted into its 2-oxazo-
lidone derivative (6) by t reatment with phosgene. The 
obtained oil (6) was dissolved in DMSO-<4 and the solution 
was directly analyzed by N M R . T h e coupling constant 
of the vicinal methine protons was 5.0 Hz . Those of the 
oxazolidones derived from L-Thr and L-aThr were 4.8 Hz 
and 8.5 Hz in DMSO-rf6, respectively. 

Synthesis of n-Ise (8). Compound 8 was prepared 
from L-Ser after bromination, ammonolysis and chromatog­
raphic separation in a similar manner to tha t used for 4 ; 
yield, 5 8 % from L-Ser; m p 197—199 °C (dec); [a]2

D° + 3 2 . 0 ° 
(c 2, H 2 0 ) , + 1 7 . 6 ° (c 2, 5 M HCl ) . N M R ( D 2 0 ) Ô: 4.24 
(1H, dd, 7 = 7 . 6 , 4.8 Hz, H - l ) , 3.40 (1H, dd, 7 = 1 3 . 0 , 4.8 
Hz, H-2) , 3.08 (1H, dd, 7 = 13.0, 7.6 Hz , H-2) . Rfs on T L C 

and paper chromatography of 8 were identical with those 
of DL-Ise prepared by the procedure of Gundermann and 
Holtmann.1 9) Reported values for D-Ise;*> m p 199—201 °C 
(dec); [ a ] D + 3 2 . 4 ° (c 10, H 2 0 ) . 

Found : C, 34.03; H , 6.83; N, 13 .21%. Calcd for C3-
H 7 N 0 3 : C, 34.28; H , 6.72; N, 13.33%. 

W e t h a n k Prof. T . Y o s h i n o a n d M r . T . S h i n m y o z u , 
K y u s h u U n i v e r s i t y , for t he i r ^ - N M R m e a s u r e m e n t s ' 

R e f e r e n c e s 

1) Presented at the 30th National Meeting of the Chemi­
cal Society of J a p a n , Osaka, April 1974. 

2) G. Roncari , Z . Kurylo-Borowska, and L. C. Craig, 
Biochemistry, 5, 2153 (1963). 

3) H . Suda, T . Takita , T . Aoyagi, and H . Umezawa, 
7 Antibiot., 29, 100 (1976). 

4) E. Fischer and W. A. Jacobs, Chem. Ber., 40, 1057 
(1907). 

5) T . Miyazawa, E. Akita, and T. Ito, Agric. Biol. Chem., 
40, 1651 (1976). 

6) Abbreviations for amino acids follow the rules of the 
I U P A C - I U B commission on Biochemical Nomenclature. 
Other abbreviations: Ise, isoserine; I th , isothreonine, which 
is used for fAreo-2-hydroxy-3-aminobutanoic acid analogously 
to that of isoserine. 

7) P. Melikoff, Chem. Ber., 13, 956, 1265 (1880). 
8) H . E. Carter and C. L. Zirkle, J. Biol. Chem., 178, 

709 (1949). 
9) W. J . N . Burch, J. Chem. Soc, 1930, 310. 

10) C. Neuberg and P. Mayer , Biochem. Z., 3 , 116 (1907). 
11) Y. Liwschitz, A. Singerman, and M . Luwish, Israel 

J. Chem., 1, 441 (1963). 
12) S. Winstein and R. B. Henderson, "Heterocyclic 

Compounds ," J o h n Wiley & Sons Inc., New York (1950), 
Vol. 1, Chap . 1. 

13) R. E. Parker and N. S. Isaacs, Chem. Rev., 59, 737 
(1959). 

14) P. Brewster, E. Hiron, E. D. Hughes, G. K. Ingold, 
and P. A. D. S. Rao , Nature, 166, 179 (1950). 

15) J . P. Greenstein and M . Winitz, "Chemistry of the 
Amino Acid," J o h n Wiley & Sons, Inc. , New York (1961), 
Vol. 1, pp . 83, 157. 

16) F. W. Bachelor and G. A. Miana , Can. J. Chem., 
47, 4089 (1969). 

17) S. Futagawa, T . Inui , and T . Shiba, Bull. Chem. Soc. 
jpn., 46, 3308 (1973). 

18) N . Izumiya, Bull. Chem. Soc. Jpn., 26, 53 (1953). 
19) K-D. Gundermann and G. Hol tmann, Chem. Ber., 

91, 160 (1958). 



March, 1979] N O T E S 951 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 5 2 (3 ) , 951 952 (1979) 

Electrochemical Vicinal Addition of Two Alkyl Groups to Phenyl 
Substituted Olefins and Diethyl Fumarate 
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(Received June 26, 1978) 

Synopsis. Electrochemical reactions of styrene, 1-
phenyl-1-propene, 2-phenyl-l-propene, stilbene, and diethyl 
fumarate with alkyl halides in hexamethylphosphoric triamide 
containing lithium chloride produce the corresponding 
vicinal adducts of two alkyl groups of alkyl halides. 

Electrochemical reduction of an alkyl halide produces 
a radical or a carbanion intermediate, these have been 
employed as an useful species for a carbon-carbon 
bond formation. Alkyl halides also work as efficient 
trapping agents for the anionic intermediate gene­
rated by the electrochemical reduction of neutral organic 
compounds, although relatively few reports on such 
trapping reactions are available.1) The work reported 
here was carried out to explore a carbon-carbon bond 
formation reaction using alkyl halide or trialkylborane 
by an electrochemical method.2) In the present paper 
we wish to report that the electrolysis of alkyl halides 
with phenyl substituted olefins or diethyl fumarate 
produces the corresponding vicinal addition products 
in which two alkyl groups from alkyl halides were 
introduced to the double bond carbons. This reaction 
is of synthetic interest because an introduction of two 
identical alkyl groups to a carbon-carbon double 
bond in one step is very difficult. 

Electrolysis of a mixture of styrene ( l a ) and excess 
methyl iodide in hexamethylphosphoric triamide 
(HMPA) containing lithium chloride as a supporting 
electrolyte produced 2-phenylbutane (3a) in a good 
yield. Phenylpropenes l b and l c , /ranj-stilbene 
( Id ) , and diethyl fumarate (2) were found to undergo 
similar dialkylation reactions. These representative 
results are summarized in Table 1. In the electro­
chemical reaction of l b with methyl iodide, 3-methyl-
3-phenylpentane (7) was also produced in a 11 % yield 
along with 2-methyl-2-phenylbutane (3b). Alkyl 
benzene with a chain length of G7 was also detected 
by GC-mass spectroscopy. The reactions of l a and 
l b using a nickel cathode produced almost the same 

Ri 

C6H5C=CHR2 + 2R3X 

R1 

HMPA, LiCl t CfiHsC-CHR2R3 

i 

R3 

la, R ^ R ^ H 
lb , R ^ C H g , R 2 ^ H 
lc, RX = H, R 2 =GH 3 

Id, R ^ H , R2 = C6H5 

Et02CCH=CHC02Et + 2R3X 

3, R3 = GH3 

4, R3 = C2H5 

5, R3 = rc-C4H9 

HMPA, LiCl 

EtO,CCH-CHC02Et 
I I 

R3 R3 

6 

yields of 3a, 4a, 5a, and 3 b as those using a plat inum 
cathode, while diethyl fumarate (2) did not produce 
6. T h e reaction of 2 was successfully carried out by 
using a mercury pool as a cathode. 

A detailed understanding of the electrode processes 
seems very difficult, since H M P A adsorption at the 
electrode surface sometimes prevented a direct electron 
transfer to substrates.3) Hence, a voltammetric study 
or a controlled potential electrolysis in H M P A solution 
could not be carried out successfully. However, 
several points must be noted. First, the electrolysis 
using a divided cell showed that all products obtained 
were formed at a cathode. Second, from the fact that 
the reduction potential of 1 is more negative than those 
of alkyl halides while that of 2 is slightly more posi­
tive,4'5) it may be said that the reaction mechanism of 
phenyl substituted olefins 1 is different from that of 
diethyl fumarate (2). At the same time, the difference 
of the reaction mechanisms between 1 and 2 may be 
also substantiated from the results in Table 1 in which 
nickel and mercury cathodes are used. Third, forma­
tion of 7 from l b may be elucidated by further electro­
chemical dialkylation of 2-phenyl-l-butène (8) which 
may be produced as the intermediate, since the electro­
chemical reaction of 8 with methyl iodide was found 
to produce 7 as a main product. Consequently, two 
pathways may be involved in these reactions, (a) 
Electron transfer to alkyl halide directly from a cathode, 
from a solvated electron,3 '6) or from lithium metal 
formed by reduction of lithium chloride3'613'7) produced 
an alkyl radical or a carbanion. Addition of these 
species to the olefin provided the intermediate radical 
or carbanion, the former of which may be further 
reduced to the latter. These carbanions are trapped 
by an excess of alkyl halide to produce the dialkyla­
tion product, (b) Electron transfer to olefin produced 
an anion radical,8) which was trapped by alkyl halide 
to produce the intermediate radical. The resulting 
radical is reduced to the corresponding carbanion, 
which may be trapped again by alkyl halide to produce 
the dialkylation product. The former pathway (a) 
may be predominant in phenyl-substituted olefins 
and the latter (b) in diethyl fumarate. 

A similar dialkylation reaction using an alkali metal 
was reported by Scilly et ö/.9) 

Exper imenta l 

All materials were distilled before use. HMPA was dried 
over calcium hydride and distilled before use. Quantitative 
GLPG analyses (SE-30, 15% on Uniport B) were carried 
out by an internal standard method. 

General Procedure for Electrolysis. The electrolysis was 
carried out in the usual undivided cell equipped with two 
platinum plate electrodes ( l x l or 2 x 2 cm2), a magnetic 
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T A B L E 1. ELECTROCHEMICAL DIALKYLATTONS OF PHENYL-SUBSTITUTED OLEFINS AND DIETHYL FUMARATE*) 

Substrate 

l a 

l b 

l c 

Id 
2 

RX 

CH3I
C> 

CH3I 
CH3Id) 
GH3I 
G2H5I 
C2H5Br 
C4H9Br 
G4H9Br 
GH3I 
GH3I 
GH3I 
GH3I 
GH3I 
GH3I 
GH3I 
GH3I 
GH3I 
GH3I 

Cathode 

Pt 
Pt 
Pt 
Ni 
Pt 
Pt 
Pt 
Ni 
Pt 
Ni 
Hg 
Pt 
Pt 
Pt 
Pt 
Pt 
Ni 
Hg 

LiCl 
(M) 

0 
0.3 
0.3 
1.5 
0.3 
0.3 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
0.2e) 
1.5 
0.3 
0.1O 
1.5 
1.5 

Product 

3A 

3a 
3a 
3a 
4a 
4a 
5a 
5a 
3b 
3b 
3b 
3c 
3c 
3d 
6 
6 
6 
6 

Conversion of 
1 or 2 (%) 

59 
28 
98 
47 
57 
68 
84 
83 
49 
58 
5 

42 
21 
— 
39 
66 
— 

100 

Yieldb> of 
product (%) 

33 
96 
43 
73 
69 
35 
42 
48 
23 
33 
0 

32 
45 

trace 
51 
36 

trace 
63 

a) Current density : 0 . 5 A/cm2 ; electricity passed : 20 F/mol. b) Yields are based on 1 or 2 
A/cm 2 ; 20 F/mol. d) 100 F/mol. e) Instead of LiCl, te t rabuty lammonium iodide was used. 
L iC10 4 was used. 

comsumed. c) 0 .1 
f ) Instead of LiCl, 

stirring bar, and a reflux condenser. A divided cell, when 
needed, was used. Olefin 1 or 2 (1 mmol) and excess alkyl 
halides (20—30 mmol) were dissolved in 8 ml of H M P A 
containing 0.1—0.5 g of LiCl. T h e solution was electrolyzed 
at a constant current (0.5 A/cm2) with the passage of electri­
city of approximately 20 F/mol. 

Electrochemical Reaction of Styrene (la) with Alkyl Halides. 
Electrolysis of l a and excess methyl iodide produced 2-
phenylbutane (3a) : N M R (CC14) Ô 0.83 (t, 3H) , 1.24 (d, 
3H) , 1.59 (qi, 2H) , 2.55 (m, 1H), 7.08 p p m (m, 5 H ) ; m/e= 
134 ( M + ) . Spectral data of 3a were fully identical to those 
of an authentic sample. A similar electrolysis of l a and 
excess ethyl iodide or ethyl bromide produced 3-phenyl-
hexane (4a) : N M R (CC14) Ô 0.75 (t, 3H) , 0.84 (t, 3H) , 
1.15 (m, 2 H ) , 1.56 (m, 4 H ) , 2.36 (qi, 1H), 7.06 p p m (m, 
5 H ) ; m/e=l62 (M+). Electrolysis of l a and excess butyl 
bromide produced 5-phenyldecane (5a) : N M R (CC14) ô 
0.83 (t, 6 H ) , 1.20 (m, 10H), 1.55 (m, 4 H ) , 2.47 (m, 1H), 
7.10 p p m (m, 5 H ) ; m/e=2l8 (M+). Spectral da ta of 5 a 
were fully identical to those of an authentic sample prepared 
from l a and butyl bromide using li thium metal.9) 

Electrochemical Reaction of 2-Phenyl-1-propene (lb) with 
Methyl Iodide. Electrolysis of l b and methyl iodide 
produced 2-methyl-2-phenylbutane (3b) [ N M R (CCLJ Ô 
0.67 (t, 3H) , 1.27 (s, 6H) , 1.64 (q, 2H) , 7.16 p p m (m, 5 H ) ; 
m/e=l48 (M+)] and 3-methyl-3-phenylpentane (7) [ N M R 
(CCLJ ô 0.67 (t, 6 H ) , 1.23 (s, 3H) , 1.65 (m, 4 H ) , 7.19 p p m 
(m, 5 H ) ; m/e=l62 (M+)] . Spectral data of the latter prod­
uct 7 were identical to those of the product obtained by 
electrochemical reaction of 2-phenyl-l-butène (8) with methyl 
iodide. 

Electrochemical Reaction of 1-Phenyl-1-propene (lc) with Methyl 
Iodide. Electrolysis of l c and methyl iodide produced 
2-methyl-3-phenylbutane (3c) : N M R (CCLJ ô 0.75 (d, 
3H) , 0.94 (d, 3H) , 1.23 (d, 3H) , 1.79 (m, 1H), 2.38 (qi, 
1H), 7.13 p p m (m, 5 H ) ; m/e=U8 (M+). 

Electrochemical Reaction of trans-Stilbene (Id) with Methyl 
Iodide. Electrolysis of I d and methyl iodide produced 
a trace of 2,3-diphenylbutane (3d). The retention time and 
mass spectrum of 3 d were identical to those of an authentic 
sample prepared from I d and methyl iodide using li thium 

metal.») Spectral data of 3d are as follows: N M R (CC14) 
ô 1.02 (d, 6H, meso), 1.27 (d, 6H, dl), 2.88 (m, 2H) , 6.9— 
7.2 ppm (m, 10H); m/e=2\0 (M+). 

Electrochemical Reaction of Diethyl Fumarate (2) with Methyl 
Iodide. Electrolysis of 2 and methyl iodide produced 
diethyl 2,3-dimethylbutanedioate (6): N M R (CCLJ ô 1.11 
(d, 6H) , 1.25 (t, 6H) , 2.59 (m, 2H) , 4.08 ppm (q, 4 H ) ; I R 
(CCLJ 1735, 1160 c m - 1 ; m/e= 157 ( M + - 4 5 ) . 
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Synopsis. The Wurtz reaction has been found to 
be catalyzed by easily removable tetrakis(/>-dimethylamino-
phenyl) ethylene. This modification facilitated the separa­
tion of products in the syntheses of [2.1.2.1.]-, [2.2.2.2]-, 
and [3.2.3.2]paracyclophanes, the isolated yields of which 
were better than in the case of tetraphenylethylene. 

The Müller-Röscheisen modification of the Wurtz 
reaction using tetraphenylethylene (TPE)1) has been 
used extensively, especially in the synthesis of cyclo­
phanes.2) Although the reaction has been claimed to 
be catalytic, T P E is gradually consumed and 1,1,2,2-
tetraphenylethane 1 is formed as a reduction product. 
Separation of the desired cyclophanes from T P E and 
1 is often troublesome owing to a similarity in properties. 
For the practical synthesis of cyclophanes an easily 
removable substitute for T P E is desirable3) and the 
acid-soluble tetrakis Qf?-dimethylaminophenyl) ethylene 
(TDAPE) has been found suitable for the purpose. 

TDAPE was readily prepared by the reductive di-
merization of 4,4'-bis(dimethylamino)benzophenone 
with tin powder in concentrated hydrochloric acid.4) 
In spite of the electron-rich nature as evidenced by the 
fact that in chloroform it is easily oxidized to a violet 
pigment, it is known to react with sodium in ether 
yielding a bluish green powder of the disodium adduct.5) 
In tetrahydrofuran (THF) T D A P E and sodium re-

TABLE 1. T H E WURTZ REACTION OF BENZYL HALIDES 

acted smoothly to afford a wine-colored solution which 
was similar in reactivity to a solution of the T P E -
disodium adduct. Thus, the Wurtz reaction was 
catalyzed effectively by T D A P E (0.05 mol per mol of 
benzyl halide was sufficient) as shown in Table 1. 

2 PhCH,X 
Na or Na-K 

TDAPE, THF 
PhCH2CH2Ph 

Yields of 1,2-diphenylethane (%) 

Reactant TDAPE TPE 

ca. —40 °C Room temp Room temp 

PhCH2Cl, Na-K 
PhCH2Br, Na 

87 
77 

46 
66 

78[80(Na)]1> 
(78)D 

Although the reactions at room temperature were less 
fruitful compared with the corresponding TPE-catalyzed 
reactions, especially in the case of the chloride (see 
Experimental) , the yields were improved by lowering 
the reaction temperature. T h e use of a liquid sodium-
potassium alloy (Na-K) enabled a large metallic sur­
face to be established and, thus, facilitated adduct 
formation especially at low temperatures. 

To demonstrate the applicability of the modified 
Wurtz reaction to cyclophane synthesis several para-
cyclophanes have been synthesized. T h e cyclization 
was conducted by the addition over 24 h of a dihalide 
to a solution of the T D A P E - N a (or K) adduct at ca. 
—40 °C for the chloride 6 or, for convenience, at room 
temperature for the bromides 2 and 4. Separation 
of the products from T D A P E was readily effected 
by acid-washing. T h e yields of 3 and 5 were satis­
factory compared with those reported using T P E . 
The simplicity of separation without loss of yield in 
the Wurtz reaction will also be valuable in the synthesis 
of other systems. 

Experimental 

All the melting points are uncorrected. The PMR spectra 
were recorded at 60 MHz with a Hitachi R-20B spectrometer. 
The 13G-NMR spectra were obtained at 22.6 MHz using 
a Hitachi R-22 spectrometer equipped with FT accessories. 
The mass spectra were obtained on a JEOL 01 SG mass 

CH2 

\ 

CH2Br / V 
Na, TDAPE / N̂  f 

CHoCHo-

< > 
CH,Br 

> CH2 
RT \ 

CH -GH,Br 

I H 2 - < ^ > - C H 2 B r 

2AJI C H , 
Na, TDAPE 

— CH2CH2 — 

3 

- GH2GH2 -" \ _ / " G H 2 G H 2 " % _ / -

^H2-<^ ^ - G H 2 C H 2 - / ^ ~ G H 

\ 
CH2 21.4% 

/ 

17.5% 

• CH2-<^ ^>-CH>Cl 

CH, ~~ 
Na-K, TDAPE / 

^ C H j O 
-> CH, 

CH,C1 
-40°C \ CH O 

7 13.8% 

CH2 / 
+ CH 

CH, \ 

CH9-

2 

CH 

< _ > - C H 2 C H 2 - ^ _ ) - < CH2 

__ ^ H 2 

CH,CH, -<^ ^ -CH, r \_ /~C H 2 C H 2~V_/~ 
8 8.5% 
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spectrometer. 
Tetrakis(-p-dimethylaminophenyl) ethylene, TDAPE.*) T o 

a stirred solution of 4,4 /-bis(dimethylamino)benzophenone 
(50 g) in coned HCl (750 ml) was added tin powder (90 g) 
in small portions over a 3 h period at 90—100 °G. After 
stirring for 6 h the solution was allowed to cool and the 
precipitate formed was collected by filtration and treated 
with excess aq N a O H . The precipitate was extracted with 
warm benzene, washed with water, dried over N a 2 S 0 4 , 
and concentrated. T D APE was obtained as a 1/2 benzene 
solvate (35.5 g, 7 0 % ) . Rap id crystallization of T D A P E 
from benzene-hexane gave yellow needles free from benzene 
but on standing in the solution the crystals turned gradually 
into prisms. T h e P M R spectrum(G6D6) and analyses in­
dicate that the prisms are a 1/2 benzene solvate. T D A P E : 
yellow needles, m p 321—323 °G (sealed tube, lit,6) m p 310— 
314 °C) Found : G, 80.83; H , 8.09; N, 11.17%. Galcd for 
C 3 4H 4 0N 4 : G, 80 .91; H , 7.99; N, 11.10%. T D A P E . 1/2 
benzene: greenish yellow prisms, m p 318—323 °C. Found : 
G, 81.67; H, 8.05; N , 10.40%. Galcd for C 3 7H 4 3N 4 : C, 
81.73; H , 7.97; N, 10.30%. A solution of T D A P E in CDG13, 
yellow at first, turned rapidly to violet with precipitation 
exibiting broad P M R peaks and a strong ESR signal, indicat­
ing the presence of radical cationic species formed by air 
oxidation. Therefore chloroform which was originally used 
for extraction is not suitable as the solvent. 

The Wurtz Reaction of Benzyl Halide. T o a solution 
of T D A P E (2.5 g, 0.005 mol) in T H F (freshly distilled from 
sodium-benzophenone, 400 ml) was added a N a - K alloy 
(1 : 2 by weight, 6 ml) or sliced sodium (6 g) with stirring 
under nitrogen. After stirring for 30 min, to the deep wine-
colored solution was added a solution of benzyl halide (0.1 
mol) in T H F (200 ml) at room temperature of a t ca. —40 °G. 
Care was taken to prevent complete disappearance of the 
color of the adduct . After the addition the solution was 
filtered and evaporated. T h e residue was taken up in ben­
zene and washed with dil H C l and water and the solution 
dried ( M g S 0 4 ) , concentrated and distilled under reduced 
pressure yielding 1,2-diphenylethane. In the reaction of 
benzyl chloride at room temperature a considerable amount 
of residue remained after distillation, which gave, after 
purification through a silica gel column (chloroform), colorless 
prisms of high melting point and low solubility in common 
solvents in 8% yield. This product shows complex P M R 
signals at Ô 6.6—7.5 and 2.3—3.3 p p m (GDC13), bu t M S 
(M+ 362) and 1 3 G-NMR data [<5TMS (GDG13) 41.0, 54.3, 
125.4, 126.3, 127.7, 128.2, 128.6, 128.8, 130.7, and 133.3 ppm] 
indicate that it is 1,2,3,4-tetraphenylbutane 9. T h e structure 
was confirmed by comparison with a sample of meso-9 pre­
pared by the reduction of tetraphenylthiophene.7) M p 182— 
183 °G (lit,7a) 181—182 °C). Found : C, 92.65; H , 7.24%. 
Galcd for G2 8H2 6 : G, 92.77; H, 7 .23%. The formation of 
this product may be explained in terms of the incipient 
proton abstraction from benzyl chloride as follows:8) 

10 
PhCH 2 Cl > P h C H - C l > P h C H C l C H 2 P h 

10 11 

Ph Ph 
i i I I 

> P h C H 2 C H - C H C H 2 P h 

Synthesis of Paracyclophanes. [2.1.2.1]Paracyclophane 
3 was prepared as follows. T o a solution of T D A P E (2.5 g, 
0.005 mol) in T H F (400 ml) was added sliced sodium (11.5 g, 
0.5 mol) under argon. After stirring for 30 min, to the 
deep wine-colored solution was added dropwise a solution 
of bis(/»-bromomethylphenyl)methane 2 (17.7 g, 0.05 mol) in 
T H F (500 ml) over a period of 24 h. T h e reaction mixture 
was decanted and evaporated and the residue dissolved in 
benzene, washed with dil HCl and water, dried over M g S 0 4 , 
and passed through a short column of silica gel to ensure 
removal of T D A P E . After evaporation of the solvent the 
residue was sublimed (230—240 °C at 0.03 Torr) and the 
sublimate recrystaUized from benzene-hexane to give 3 as 
colorless prisms (2.08 g, 21 .4%) , m p 198—199 °C (lit,9b> 
m p 199 °G, 14% yield from the corresponding chloride). 

[2.2.2.2]Paracyclophane 5 was prepared analogously from 
l,2-bis(^-bromomethylphenyl)ethane 4 in 17.5% yield, m p 
179—181 °C (lit,10) m p 185 °G, 7% yield from the cor­
responding chloride). 

T h e reaction of l,3-bis(/?-chloromethylphenyl)propane 6 
with N a - K at ca. —40 °C over a period of 24 h yielded 7 
and 8, the separation of which was readily effected by frac­
tional sublimation. [3.2]Paracyclophane 7 : sublimed at 
200—220 °C at atmospheric pressure, recrystaUized from 
ethanol, colorless needles, m p 146—147 °G (lit,11) m p 148— 
149 °G), 1.57 g (13.8%). M S : M+ 222. PMR(CDC1 3 ) : 
Ö 6.15, 6.39 (AA'BB' doublets, 7 = 8 Hz , 8H) , 2.95 (s, 4H) , 
2.9—2.5 (m, 4H) , and 2.4—1.8 (m, 2H) ppm. [3.2.3.2]-
Paracyclophane 8: sublimed at 200—220 °G at 0.1 Torr , 
recrystaUized from benzene, colorless prisms, m p 223—224 °G, 
967 mg (8 .5%). T h e compound had different properties 
from those reported (mp 61—62 °G9a)) but the structure 
was confirmed by the following data . M S : m je 444 (M + , 
64), 222 (67), 131 (56), and 118 (100). PMR(CDC1 3 ) : 
Ô 6.80, 6.72 (AA'BB' doublets, J = 9 H z , 16H), 2.86 (s, 8H) , 
2.6—2.2 (m, 8H) , and 2.1—1.5 (m, 4H) ppm. Found: 
G, 91.64; H, 8.25%. Galcd for G3 4H3 6 : G, 91.84; H, 8.16%. 
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Synopsis. A configuration of the OH group on 
C-5 of 2-deoxystreptamine moiety of kanamycin B has been 
epimerized. 5-Epikanamycin B thus obtained was tested 
against several microorganisms. The structure of the an­
tibiotic was elucidated by XH and 13C NMR spectrometry. 

In connection with the preceding paper of this series,1) 
we have attempted to prepare 5-epikanamycin B (4), 
since 5-epineamine2) showed an improved activity 
against a resistant strain of bacteria, compared to the 
parent neamine. 

When 3 ' ,4 ' ,2",4",6" - penta - 0 - benzoyl - 1,3,2',6',3"-
pentakis - iV- (ethoxycarbonyl) kanamycin B1) (1) was 
treated with methanesulfonyl chloride in pyridine, a 
5-0-mesyl derivative (2) was obtained. Nucleophilic 
substitution of 2 with an acetate ion in D M F , followed 
by purification afforded 5-0-acetyl-3' ,4 ' ,2",4",6"-penta-
0-benzoyl- l ,3 ,2 ' ,6 ' ,3"-pentakis- N- (ethoxycarbonyl) 5-
epikanamycin B (3). Hydrolysis of 3 in bar ium 
hydroxide solution, followed by purification on a CG-
50(NHt) resin column gave 4, which was converted 
to a penta-JV-acetyl derivative (5). 

The *H N M R spectrum of 3 revealed acetoxyl methyl 
protons at ô 2.20 as a singlet, indicating an existence 
of an axial acetoxyl group, since the corresponding 
5-O-acetylkanamycin B derivative revealed an equa­
torial acetoxyl methyl signal at ô 2.07.3> 

The structure of 4 was confirmed by 13C N M R 
spectrometry. The spectrum of 4 was determined at 
pD above 11, showing 18 carbon signals which are 
assigned in accordance with the data for kanamycin 
B.1>4> When the spectrum of 4 is compared with that 
of kanamycin B, it is obvious that the epimerization 
causes no appreciable shift of the signals of carbons 

H2CNHR o 

NHR 

1 R = C2H5OCO, R' = C6H5CO, R" = OH, R'" = H 
2 R = C2H5OCO, R' = C6H5CO, R" = OS02CH3 , 

R'" = H 
3 R=C 2 H 5 OCO, R' = C6H5CO, R" = H, 

R '" = CH3COO 
4 R = R ' = R " = H, R'"=OH 
5 R=CH 3 CO, R' = R" = H, R '" = OH 

in the aminosugar moieties, except that of C- l ' , i.e., 
the signal of C- l ' shifts to a higher field by 4.5 ppm, 
and analogous shifts have been described in the cases 
of 5-deoxykanamycin B1) and 5-deoxyneamine.7> 
While, the signals of carbons in the 2-deoxystreptamine 
moiety are shifted more or less to a higher field, except 

TABLE 2. ANTIMICROBIAL ACTIVITY OF 5-EPIKANAMYCIN B 

(4) AND KANAMYCIN B 

Test organisms 

Compound Kana-
4 mycin B 

MIC (mcg/ml) 

Staphylo ceo eus aureus ATCC 6538P 
Staphyloccoccus epidermidis ATCC 12228 
Diplococcus pneumoniae Type 3 
Bacillus subtilis ATCC 6633 
Escherichia coli NIH JC-2 
Klebsiella pneumoniae 602 
Pseudomonas aeruginosa IAM 1007 
Proteus vulgaris OX-19 
Salmonella paratyphi A 1015 
Salmonella paratyphi B 
Shigella flexneri 2a • SH-74-1 

1.56 
0.77 
0.39 
0.39 
6.25 
3.12 

100 
0.78 
1.56 
3.12 

12.5 

0.39 
0.2 
0.1 
0.1 
1.56 
0.78 

12.5 
0.2 
0.39 
1.56 
3.12 

TABLE 1. THE 13C NMR CHEMICAL SHIFTS51) OF 

5-EPIKANAMYCIN B AND KANAMYCIN B 

C-l 
C-2 
C-3 
C-4 
C-5 
C-6 

c-r 
C-2' 
C-3' 
C-4' 
C-5' 
C-6' 
C-l" 
C-2" 
C-3" 
C-4" 
C-5" 
C-6" 

5-Epikanani) 

pD 11 

48.0 
36.6 
47.3 
79.9 
68.4 
86.1 
96.0 
55.2 
74.8 
72.9b> 
73.9 
42.6 

101.9 
72.41» 
55.8 
71.1 
73.5 
62.1 

rein B (4) 

pD 1 

48.2 
28.8 
47.6 
73.8C> 
65.7 
81.0 
91.3 
54.1 
69.5 
71.5 
69.9 
41.0 

100.8 
68.8 
55.7 
66.4 
73.7e) 
61.3 

Kanamy« 

pD 11 

50.5 
36.5 
50.3 
87.4 
75.2d> 
88.6 

100.5 
56.3 
74.9d> 
73.3e) 
74.7 
42.8 

101.4 
73.0°) 
56.5 
71.3 
74.0 
62.0 

;in B1) 

pD 1 

50.5 
28.6 
49.3 
77.5 
75.1 
84.5 
96.2 
54.4 
69.0 
71.8 
70.1 
41.2 

101.4 
69.0 
55.8 
66.3 
73.7 
60.8 

a) In parts per million downfield from tetramethylsilane. 
b—e) The signals may be reversed. 
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that of C-2. T h a t is, the signal of C-5 shifts by 6.8 ppm, 
and this is coincident with the fact that a shift of the 
signal of C-3 was observed between /?-D-gluco and 
/?-D-allopyranoses.5) T h e signals of C-4 and 6 shift 
by 7.5 and 2.5 ppm, owing to a shielding effect of an 
adjacent axial O H group on C-5. Also, the signals of 
C-l and 3 shift by 2.5 and 3.0 ppm, respectively. 
An analogous shielding effet of an axial O H group 
was described in a literature.5 '6) 

When 13C N M R spectrum of 4 was determined at 
pD 1 to find out a iV-protonation effect,4'8) a ^-shielding 
effect is observed as was described in the case of kana-
mycin B.1) Therefore, the inversion of the configura­
tion has been confirmed. 

Antimicrobial activities of 4 were determined 
against several microorganisms. The M I C (minimum 
inhibition concentration) values are listed in Table 2. 
No improvement of the activity was achieved by the 
epimerization of the O H group on C-5 in kanamycin B. 

E x p e r i m e n t a l 

General Methods. The same method was used as 
described in the preceding paper.1) 

3',4',2",4"' ,6"-Penta-0-benzoyl-1,3,2',6'' ,3"-pentakis-N- (ethoxy-
carbonylJ-5-O-mesylkanamycin B (2). To a stirred 
solution of 3',4',2",4",6"-penta-0-benzoyl-1,3,2',6',3"-
pentakis-iV-(ethoxycarbonyl)kanamycin B1) (1, 311 mg) in 
pyridine (3 ml), mesyl chloride (0.5 ml) was added. After 
160 h, the solution was quenched into ice-water (50 ml), 
and precipitates were collected by filtration. The precipi­
tates were dissolved in GHG13, and the solution was passed 
through a short alumina column and evaporated. The 
residue was dissolved in benzene, and hexane was added 
to the solution to give 232 mg (71%) of 2 as amorphous 
powder, mp 121—126 °G, [a]ÎJ +76.8° (c 0.5, chloroform), 
Rf 0.37 on TLG in 7 : 1 (v/v) benzene-methanol 1U NMR: 
Ô 3.32 (s, 3, S02GH3). 

Found: G, 57.80; H, 5.54; N, 4.90; S, 1.92%. Galcd 
for G69H79N5027S: G, 57.45; H, 5.52; N, 4.86; S, 2.22%. 

5-0-Acetyl-3f ,4f ,2" ,4" ,5f,-penta-0-benzoyl-1,3,2f ,6f ^'-pentakis-
l^-Çeihoxycarbony^-S-epïkanamycin B (3). A mixture of 
2 (1.0 g) and sodium acetate (622 mg) in DMF (16 ml) 
was heated at 100 °G with agitation. After 68 h, the 
mixture was poured into ice-water (80 ml), and precipitates 
were collected by filtration. The precipitates were dis­
solved in chloroform, and the solution was washed with 

water, dried over Na2S04 and evaporated. The residue 
was purified on a silica gel column with 20 : 1 (v/v) benzene-
methanol. Fractions homogeneous on TLG (Rf 0.43) in 7 : 1 
(v/v) benzene-methanol were combined and concentrated. 
The residue was dissolved in benzene and hexane was added 
to the solution to give 571 mg (54%) of 3, mp 132—138 °G, 
M S +100.6° (c 1.03, chloroform), m NMR: ô 2.20 (s, 
3, OAc). 

Found: G, 59.45; H, 5.59; N, 4.70%. Galcd for C70H79-
N 5 0 2 6 : G, 59.78; H, 5.66; N, 4.98%. 

5-Epikanamycin B (4). To a stirred solution of Ba-
(OH)2-8H20 (4 g) in water (14 ml), a solution of 3 (518 mg) 
in methanol (6 ml) was added. The mixture was heated 
at 100 °G for 15 h, and G0 2 was bubbled into the mixture. 
The precipitates were filtered off and the filtrate was con­
centrated. The residue was purified on a column of Amber-
lite GG-50 (NH4+) resin as described in the preceding paper1) 
to give 20 mg (11%) of 4, mp 172—178 °G (dec), [a]2

D
l 

+ 159° (c 0.6, water). 
A part of 4 (11 mg) was acetylated with acetic anhydride 

in methanol to give 15 mg (93%) of the penta-iV-acetyl 
derivative (5), mp 217—223 °G (dec). 

Found: G, 45.69; H, 6.88; N, 9.36%0. Galcd for G28H47-
N 5 0 1 5 . 2H 2 0 : G, 46.08; H, 7.04; N, 9.59%. 

The authors wish to express their sincere thanks 
to Dr. Shyoji Omoto for determination of 13C N M R 
spectra and to Mr. Saburo Nakada for elemental 
analyses. This work has been supported by a grant 
of the Asahi Glass Foundation to Industrial Technology. 
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Synopsis. ortAo-Palladation products of optically 
active 1-dimethylaminoethylferrocene were treated with 
phenyl vinyl ketone and carbon monoxide and a variety 
of optically active 1,2-disubstituted ferrocene derivatives 
were obtained. 

Recently, the reactions of or/Ao-palladation products 
from aromatic nitrogen derivatives with various rea­
gents have been reported.1) The carbonylation of 
or/Ao-palladation products of azobenzene, Schiff bases, 
and tertiary benzylamines usually give a variety of 
heterocyclic compounds.2) The reaction of ortho-pa\-
ladated benzylamine-type complexes with enones result 
in the formation of aryl-substituted enone derivatives.3) 
On the other hand, it has been reported that stereo­
selective metallation of optically active a-ferrocenyl 
tertiary amines produce lithio amines with a high 
degree of asymmetric induction.4) Sokolov et al.h) 
described the ortÄo-palladation of optically active 1-
dimethylaminoethylferrocene [( + )-l and ( — )- l ] 
with sodium tetrachloropalladate(II) in methanol in 
the presence of sodium acetate and found it to proceed 
with moderate stereoselectivity. For example, the 
or/Ao-palladation of ( + ) - l with sodium tetrachloropal-
ladate(II) produced a mixture of two diastereoisomers 
[(—)-2a (major product) and ( + ) - 2 b (minor prod­
uct)].5'1) T h e or/Ao-palladation products [( + )-3a and 
(—-)-3b] were similarly obtained from (—)-l.5b> 
In this paper , the reactions of optically active dimeric 
2 - chloropalladio - 1 - ( 1' - dimethylaminoethyl) ferrocene 
[(—)-2a and ( + ) - 3 a ] with phenyl vinyl ketone 
and carbon monoxide, affording optically active 1,2-
disubstituted ferrocene derivatives with a plane of 
chirality will be reported. 

In the presence of triethylamine, the ( —)-2a com­
plex reacted with phenyl vinyl ketone in benzene, 
leading to the formation of ( —)-l-(2'-benzoylvinyl)-2-
(1 "-dimethylaminoethyl) ferrocene (4). Treatment of 
(—)-4 with methyl iodide resulted in the formation 
of (—)-l-(2'-benzoylvinyl)-2-vinylferrocene (5). In 
the presence of triphenylphosphine in ethanol, (—)-2a 
was carbonylated under carbon monoxide pressure, 
affording ( + ) - l - ( l ' - dimethylaminoethyl) - 2 - ethoxy-
carbonylferrocene (6). Elimination of the chiral 
center from ( + ) - 6 by the treatment with methyl 
iodide led to the formation of ( + )-l-ethoxycarbonyl-
2-vinyl-ferrocene (7). 

O n the other hand, the reaction of the ( + )-3a 
complex with phenyl vinyl ketone, gave ( + ) - l - ( 2 ' -
benzoylvinyl)-2 - ( 1 " - dimethylaminoethyl)ferrocene (8), 
and subsequent elimination of a chiral carbon center 
of ( + )-8 with methyl iodide afforded (+) - l - (2 ' -ben-
zoylvinyl)-2-vinylferrocene (9). T h e carbonylation of 
the ( + )-3a complex in ethanol also led to the formation 
of (—)-l-(l '-dimethylaminoethyl)-2-ethoxycarbonylfer-
rocene (10), and subsequent treatment with methyl 

iodide afforded (—)-l-ethoxycarbonyl-2-vinylferrocene 
(11). 

The structures of these compounds were identified 
by elemental analyses, IR , N M R , and M S spectra. 
There is no rapid interconversion ( — ) - 2 a ^ ( + )-2b or 
( + ) - 3 a ^ ( — ) - 3 b , the reaction of (— )-2a or ( + ) - 3 a 
with phenyl vinyl ketone is not the stereoselectivity 
determining process for ( — )-2a—»(— )-4 or (-|-)-3a—» 
( + )-8 in the sence of the Curt in-Hammett principle,6) 
and the carbonylation of ff-bonded palladium com­
plexes proceeds with retention of configuration.7) O n 
the basis of the work of Uri,4c) Sokolov et al.5> sug­
gested (R)-(S) -configuration to ( — )-2a (the major 
product of the direct palladation of ( + ) - l ) . Conse­
quently, one may assign a (R)-(S)-configuration to 
(—)-4 and ( + )-6; and ^-configuration to ( — )-5 and 
( + ) - 7 . I t is similarly inferred that (S)-(/^-configura­
tion to ( + )-3a (the major product of the palladation 
of (—)-l) , ( + )-8, and ( — )-10; and ^-configuration to 
( + )-9 and ( — ) - l l were assigned. 

E x p e r i m e n t a l 

Materials. All melting points are uncorrected. 
The optically pure (li?)-(l£>di-//-chlorobis[2-(r-dimethyl-
aminoethyl)ferrocenyl]dipalladium(II) (( —)-2a) (mp 146 °G 
(dec), [a]2D° -435.5° (c 0.053, GHG13)) and (l,S)-(li?)-di-
^-chlorobis[2- ( 1 '-dimethylaminoethyl) ferrocenyl] dipalladium-
(II) ((+)-3a) (mp 145—146 °G (dec), [a]2D° +438.1° (c 
0.041, GHG13)) were synthesized by the methods in the 
literature.5) 

The Reaction of ortho-Palladated Complexes with Phenyl Vinyl 
Ketone. A mixture of complex ((I R)-(\S)-2a. or (IS)-
(li?)-3a) (2.0 g; 2.3 mmol), phenyl vinyl ketone (0.6 g; 
4.6 mmol), and triethylamine (0.45 g ; 4.6 mmol) in benzene 
(50 ml) was heated at 75 °G under nitrogen. The reaction 
mixture was then cooled and filtered to remove the precipi­
tated palladium, benzene (100 ml) was added, and the 
mixture washed with water, dried over anhydrous magnesium 
sulfate, filtered, and concentrated under reduced pressure. 
The residue was then purified by column chromatography 
(Al203-benzene). 

(li?)-(lS)-4: yield 90%, reddish viscous oil, [a]2D° -1982° 
(c, 0.045, GHG13). IR: 1660 (C=0), 1600 and 970 (trans 
-GH=GH-), 1100. 1000, and 908 cm-1 (1,2-disubstituted 
Fc ring). NMR: Ô I A4 (d, 3H, -GH3), 2.05 (s, 6H, -N-
(GH3)2), 3.85 (q, 1H, -CH-) , 4.07, 4.44, and 4.67 (m, 8H, 
Fc protons), 7.14 (d, 1H, -G=CH-GO-), 7.45 (m, 5H, Ph), 
and 7.87 ppm (d, 1H, -GH-C-GO-) . MS: m/e 387 (M+). 
Found: G, 70.93; H, 6.58; N, 3.55%. Galcd for C23H25-
FeNO: G, 71.07; H, 6.53; N, 3.61%; mol wt, 387. 

(\S)-(lR)-8: yield 92%, reddish viscous oil, [a]2D° +1972° 
(c 0.043, GHG13). IR: 1660 (G=0), 1600 and 970 (trans 
-GH=GH-), 1100, 1000, and 910 cm-1 (1,2-disubstituted 
Fc ring). NMR: Ô 1.45 (d, 3H, -GH3), 2.06 (s, 6H, -N-
(GH3)2), 3.85 (q, 1H, -GH-) , 4.06, 4.44, and 4.67 (m, 8H, 
Fc protons), 7.13 (d, 1H, -C=CH-CO-), 7.45 (m, 5H, Ph), 
and 7.86 ppm (d, 1H, -CH=C-CO-). MS: mje 387 (M+). 
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COOEt COOEt 
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CH=CH2 

CH=CH-COPh 
NMe2 
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CH=CH-CO-Ph 

Fef-CH=CH2 

9 

COOEt 

Fig. 1. 

Found : G, 71.18; H , 6.55; N , 3 . 6 1 % . Galcd for 0>3Ho5-
F e N O : G, 71.07; H , 6.53; N , 3 . 6 1 % ; mol wt, 387. 

Synthesis of (7SJ-5 and (7KJ-9 Compounds. In acetone 
(15 ml) , the (lR)-(\S)-4 or (LS>(lÄ)-8 compound (1.00 g), 
and methyl iodide (10.0 g) were refluxed for 20 min ; the 
solution was then diluted with ether (30 ml) , washed with 
8% aqueous phosphoric acid and saturated sodium hydrogen-
carbonate solution, dried over anhydrous magnesium sulfate, 
and evaporated. T h e residue was purified by column chro­
matography (silica gel-benzene) . 

{7S)-5: yield 3 4 % , m p 91—92 °G, [a]2
D° - 2 2 2 9 ° (c 0.084, 

GHG13). I R : 1660 ( G = 0 ) , 1600 and 980 (trans - G H = G H - ) , 
1100, 1000, and 910 (1,2-disubstituted Fc ring), 990 and 
900 c m - 1 ( -C=CH a ) . N M R : Ô 4.08, 4.53, and 4.73 (m, 
8H, Fc protons), 5.18 and 5.43 (m, 2H, Fc -C=CH 2 ) , 6.85 
(m, 1H, F c - G H - G - ) , 7.16 (d, 1 H , - G - G H - G O - ) , 7.45 (m, 
5H, Ph) , 7.92 p p m (d, 1H, - C H = C - C O - ) . M S : m/e 342 
(M+ F o u n d : G, 73.58: H , 5.22%. Galcd for G21H18-
FeO : C, 73.70; H , 5 .30%; mol wt, 342. 

( lÄ)-9 : yield 4 0 % , m p 91—92 °G, [a]2
D° + 2 2 3 8 ° (c, 

0.082, GHGI3). I R : 1660 ( G = 0 ) , 1600 and 980 {trans 
- C H = C H - ) , 1100, 1000, and 910 (1,2-disubstituted Fc ring), 
990 and 900 c m " 1 ( -CH=CH 2 ) . N M R : Ô 4.08, 4.53, and 
4.72 (m, 8H, Fc protons) , 5.18 and 5.43 (m, 2H, Fc-G=GH 2 ) , 
6.85 (m, 1H, F c - G H - G - ) , 7.16 (d, 1H, - G - G H - G O - ) , 
7.45 (m, 5H, Ph) , 7.92 p p m (d, 1 H , - C H - G - G O - ) . M S : 
m/e 342 (M+). Found : G, 73.61; H, 5 .18%. Galcd for 
G 2 1 H 1 8 FeO: G, 73.70; H , 5 .30%; mol wt, 342. 

Synthesis of (7R)-(7S)-6 and (7S)-(7R)-10. In the 
presence of triphenylphosphine (1.2 g ; 4.6 mmol) m e t h a n o l 
(70 ml) , ( l i ? ) - ( lS>2a or (LS>(lÄ)-3a (2.0 g, 2.3 mmol) 
was carbonylated with shaking a t 100 °G under carbon 
monoxide at 70 a tm for 10 h. T h e reaction mixture was 
filtered to remove precipitated pal ladium and evaporated 
to dryness and the residue purified by column chromatography 
(silica gel-benzene) . 

(\R)-(\S)-6: yield 2 0 % , reddish viscous oil, [a]2
D° +141 .0° 

(c0.85, GHGI3). I R : 1705 (ester), 1100, 1000, and 910 c m - 1 

(1,2-disubstituted Fc r ing). N M R : ô 1.24 (t, 3H, - O - G -
GH 3 ) , 1.35 (d, 3H, - G H 3 ) , 2.08 (s, 6H, - N ( G H 3 ) 2 ) , 3.78 
(q, 1H, - G H - ) , 4.22 (q, 2H, - G H 2 - ) , 4.12, 4.52, and 4.84 
p p m (m, 8H, Fc protons). M S : m/e 329 (M+). Found : 
C, 61.93; H , 6.88; N , 4 .07%. Galcd for C 1 7 H 2 3 F e N 0 2 : 
G, 62.02; H , 7.03; N , 4 . 2 5 % ; mol wt, 329. 

(\S)-(\R)-10: yield 2 5 % , reddish viscous oil, [a]2
D° - 1 3 7 . 0 ° 

(c 0.85, GHG13). I R : 1705 (ester), 1100, 1000, and 910 c m - 1 

(1,2-disubstituted Fc ring). N M R : ô 1.24 (t, 3H, - O - G -
GH 3 ) , 1.35 (d, 3H, - G H 3 ) , 2.08 (s, 6H, - N ( G H 3 ) 2 ) , 3.78 

Fe y-CH=CH2 

11 

(q, 1H, - G H - ) , 4.22 (q, 2H, - C H 2 - ) , 4.12, 4.52, and 4.84 
p p m (m, 8H, Fc protons). M S : m/e 329 (M+). Found: 
G, 61.90; H , 6.93; N , 4 . 1 1 % . Galcd for G 1 7 H 2 3 FeN0 2 : 
G, 62.02; H . 7.03; N, 4 . 2 5 % ; mol wt, 329. 

Synthesis of (7S)-7 and (7R)-U. In acetone (15 ml), 
(\R)-{\S)-6 or (\S)-(\R)-10 (1.00 g), and methyl iodide 
(10.0 g) were refluxed for 20 min; then the solution was 
diluted with ether (30 ml) , washed with 8 % aqueous phospho­
ric acid and saturated sodium hydrogencarobonate solution, 
dried over anhydrous magnesium sulfate, and evaporated. 
T h e residue was purified by column chromatography (silica 
gel-benzene). 

(1£>7: yield 4 0 % , reddish viscous oil, [a]2
D° +179.8° (c 

0.26, GHG13). I R : 1710 (ester), 1100, 1000, and 910 (1,2-
disubstituted Fc ring), 1410, 995, and 900 cm" 1 ( -CH=CH2) . 
N M R : ô 1.28 (t, 3H, - 0 - G - G H 3 ) , 4.27 (q, 2H, -GH 2 - ) , 
4.13, 4.41, and 4.76 (m, 8H, Fc protons), 5.15 and 5.44 (m, 
2H, F c - G - G H 2 ) , and 7.23 p p m (m, 1H, F c - G H - G - ) . MS: 
m/e 284 (M+). F o u n d : C, 63.33; H , 5 .58%. Calcd for 
G 1 5 H 1 6 F e 0 2 : G, 63.40; H , 5 .67%; mol wt, 284. 

(1Ä)-11: yield 3 5 % , reddish viscous oil, [a]2
D° - 1 7 5 . 5 ° 

(c 0.182, CHC13). I R : 1710 (ester), 1100, 1000, and 910 
(1,2-disubstituted Fc ring), 1410, 995, and 900 c m - 1 ( - G H -
GH 2 ) . N M R : ô 1.28 (t, 3H, - 0 - G - G H 3 ) , 4.27 (q, 2H, 
- G H 2 - ) , 4.13, 4.41, and 4.75 (m, 8H, Fc protons), 5.15 and 
5.44 (m, 2H, F c - G - G H 2 ) , and 7.23 ppm (m, 1H, F c - G H - G - ) . 
M S : m/e 284 (M+), Found : G, 63.26; H , 5 .61%. Galcd 
for G 1 5 H 1 6 Fe0 2 : G, 63.40; H , 5 .67%; mol wt, 284. 

R e f e r e n c e s 

1) J . Tsuji, Yuki Gosei Kagaku Kyokai Shi, 35, 10 (1977). 
2) H . Takahashi and J . Tsuji, J. Organomet. Chem., 10, 

511 (1967); J . M . Thompson and R. F. Heck, J. Org. Chem., 
40, 2667 (1975). 

3) R. A. Holton, Tetrahedron Lett., 1977, 355. 
4) a) T . Aratani , T . Gonda, and H . Nozaki, Tetrahedron, 

26, 5453 (1970); b) D . Marquarding , H . Klusacek, G. 
Gokel, P. Hoffmann, and I. Ugi, J. Am. Chem. Soc, 92, 5389 
(1970) ; c) L. F . Battelle, R. Bau, G. W. Gokel, R. T . Oyakawa 
and I. Ugi , ibid., 95, 482 (1973). 

5) a) V. I . Sokolov, L. L. Troitskays, and O. A. Reutov, 
J. Organomet. Chem., 133, G28 (1977); b) V. I. Sokolov, 
L. L. Troitskays, and O . A. Reutov, Dokl. Akad. Nauk SSSR, 
236, 371 (1977). 

6) E. L. Eliel, "Stereochemistry of Carbon Compounds," 
McGraw-Hil l , New York (1962), p 151. 

7) L. F . Hines and J . K. Stille, J. Am. Chem. Soc, 94, 
485 (1972); Y. Becker and J . K. Stille, ibid., 100, 838 (1978). 



March, 1979] N O T E S 959 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 ( 3 ) , 9 5 9 9 6 0 (1979) 

Photochemical Formation of Tetrahydro-2-furyl Ether 
in Alcohol-Tetrahydrofuran-Iron(III) Chloride System 

Hideo KUROKAWA, Tatsuzo ISHIGAMI, Katsuaki MORIMOTO, 

and Akira SUGIMORI* 

Department of Chemistry, Faculty of Science and Technology, Sophia University, 

Kioi-cho 7, Chiyoda-ku, Tokyo 102 

(Received October 12, 1978) 

Synopsis. Primary and secondary alcohols are 
converted into the corresponding tetrahydro-2-furyl ethers 
upon UV- and solar irradiation of alcohol and tetrahydro-
furan in the presence of iron(III) chloride. 

Preparative organic chemists have expressed increas­
ing interest in the photoreactions which can occur in 
the presence of metal ions. As for the catalysis of 
iron(III) under illumination, methoxylation of styrene1) 
and coupling of toluene2) have been reported. Kochi 
reported the formation of 2-(4-chlorobutoxy)tetrahy-
drofuran in the photolysis of tetrahydrofuran-copper(II) 
system.3) We report here the photochemical formation 
of tetrahydro-2-furyl ether catalyzed by iron(III) 
chloride. Several interesting photosubstitution reac­
tions of tetrahydrofuran by sulfur dioxide4) and 1,2,4,5,-
tetracyanobenzene5) have also been reported. As the 
method for the preparation of tetrahydro-2-furyl ethers, 
the reaction of alcohol with 2,3-dihydrofuran,6) the 
reaction of alcohol, tetrahydrofuran, and £-butyl 
perbenzoate in the presence of copper (I) chloride7) 
and the reaction of 4-formyloxybutyraldehyde with 
trialkyl orthoformate8) have been reported. 

Experimental 

Materials. Tetrahydrofuran (THF) was purified ac­
cording to Zweifel.9) When THF was not treated with 
LiAlH4, a small amount of tetrahydrofuryl ether was formed 
without irradiation. This is probably due to the reaction 
induced by peroxides contained in the non-purified THF, 
similar to the reaction induced by f-butyl perbenzoate in the 
presence of copper(I) chloride.7) Commercially available 
alcohols were used after the purification by distillation or 
by recrystallization. 

Irradiation. The general procedure is as follows. 
A solution containing alcohol(1.0 mmol) and iron(III) 
chloride (1.0 mmol) in 40 cm3 of THF is irradiated with a 
low or a high pressure mercury lamp or with sunlight under 
nitrogen at room temperature. Quartz and glass vessels 
were employed in UV and sunlight irradiation, respectively. 

Products. After irradiation, the reaction mixture 
was washed with sodium hydrogencarbonate solution and 
extracted with diethyl ether. The products were separated 
by means of thin layer chromatography. Tetrahydro-2-
furyl ethers were identified on the basis of IR, NMR, and 
mass spectra. 

Ginnamyl tetrahydro-2-furyl ether (liquid) : IR 3030 (aro­
matic C-H), 2940, 2880 (aliphatic G-H), 1180, 1080 cm-1 

(ether G-O) No absorption which can be assigned to O-H 
was observed. NMR(CG14) <5=1.84(4H, m, GH2 in THF 
moiety), 3.81(2H, t, 7 = 3 Hz GH2 in THF moiety), 4.14 
(2H, d, 7 = 6 Hz, CH2-0 in alcohol moiety), 5.06(1H, t, 
7=4.5 Hz, O-CH-O), 6.28(2H, m, olefinic), 7.20(5H, m, 

phenyl). The NMR spectra are very similar to those of 
cinnamyl tetrahydro-2-pyranyl ether prepared from 3,4-
dihydro-2//-pyran and cinnamyl alcohol. MS (70 eV), 
»»/«(relative intensity), 204(2), 160(3), 132(4), 131(5), 118(11), 
117(23, [G6H5CH=GH2]+),116(3), 115(3), 106(7), 105(7), 
77(4), 72(5), 71(100, [tetrahydrofuryl]+), 70(3), 57(3), 
43(12). Found: C, 75.57; H, 7.94%; M+, 204. Calcd for 
C13H1602: G, 76.44; H, 7.90%; M, 204. By refluxing 
the ether with hydrochloric acid, cinnamyl alcohol was 
obtained. 

Cholesteryl tetrahydro-2-furyl ether(liquid) : IR 2940, 
2900, 2860(aliphatic G-H), 1090, and 1040 cm-1 (ether 
G-O); NMR(CC14) (5=0.7—2.3, 3.30(O-CH of cholesteryl 
moiety), 3.73(CH2-0 of THF moiety), 5.10(O-GH-O), 
and 5.22(olefinic); Found: G, 81.03; H, 12.07%, Calcd for 
C31H5402: C, 81.16; H, 11.86%. Reflux of the ether (0.2 
mmol) in aqueous ethanol in the presence of/»-toluenesulfonic 
acid gave cholesterol (yield by TLC, 62%). 

Other tetrahydro-2-furyl ethers were identified by the 
comparison of their IR and NMR spectra with those of tetra-
hydro-2-pyranyl ethers prepared by 3,4-dihydro-2//-pyran 
with alcohols. NMR spectra of tetrahydro-2-furyl ethers 
have a good correspondence with those of methyl and ethyl 
tetrahydro-2-furyl ether reported by Frehel and Delong-
champs.8) Hexyl,7) cyclohexyl,6) and benzyl6) tetrahydro-
2-furyl ethers are described in the literature. 

Butyl tetrahydro-2-furyl ether (liquid) : IR 2990, 2950, 2870 
(aliphatic G-H), 1460, 1440 (GH2 and CH3), 1195, and 
1040cm-1 (ether G-O); NMR(CG14) <5=0.87(3H, t, J= 
6.8 Hz, CH3), 1.36(4H, m, GH2 of alcohol moiety), 1.80 
(4H, m, CH2 of THF moiety), 3.1—3.9 (4H, m, CH2-0 of 
alcohol and THF moieties), 4.92 (1H, t, 7 = 4 Hz, O-CH-O). 

5-Butyl tetrahydro-2-furyl ether (liquid) : IR 2950, 2900 
(aliphatic G-H), 1090, and 1030cm"1 (ether G-O); NMR 
(CC14) (5 = 0.9—1.6 (8H, ethyl and methyl of alcohol moiety), 
1.80 (4H, GH2 of THF moiety), 3.5—3.7(3H, m, 0-CH2 

of THF moiety and O-CH of alcohol moiety), 5.08 (1H, 
t, 7 = 4 Hz, O-CH-O). 

Hexyl tetrahydro-2-furyl ether (liquid): IR 2950, 2920, 
2850 (aliphatic C-H), 1450 (GH2 and CH3) 1100. 1090, 
and 1040cm-1 (ether G-O); NMR(CG14) 0=0.88 (3H, 
t, 7=5.7, GH3), 1.32 (8H, m, CH2 of alcohol moiety), 1.80-
(4H, m, GH2 of THF moiety), 3.61 (4H, m, GH2-0 of alcohol 
and THF moieties), 4.94 (1H, t, 7 = 4 Hz, O-CH-O). 

Cyclohexyl tetrahydro-2-furyl ether (liquid): IR 2930, 
2850 (aliphatic C-H), 1450(GH2), 1090, and 1040 cm-1 

(ether C-O); NMR(GG14) 6=1.2—1.8 (14H, GH2 in cyclo­
hexyl and THF moieties), 3.2—3.8(3H, m, GH-O of cyclo­
hexyl moiety and GH2-0 of THF moiety), 5.10(1H, t, J= 
4.5 Hz, O-CH-O). 

Benzyl tetrahydro-2-furyl ether (liquid) : IR 3030 (aromatic 
G-H), 2970, 2940, 2880,(aliphatic C-H) 720, and 690 cm-1 

(monosubstituted benzene); NMR(GC14) (5=1.89 (4H, m, 
CH2 in THF moiety), 3.82(2H, CH2-0 in THF moiety), 
4.55 (2H, GH2-0 of alcohol moiety), 5.10 (1H, t, 7=4.5 Hz, 
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T A B L E 1. PHOTOCHEMICAL FORMATION OF TETRAHYDRO-

2-FURYL ETHER IN A L C O H O L - T E T R A H Y D R O F U R A N - I R O N ( I I I ) 

CHLORIDE SYSTEM 

Alcohol 
Light 
sourcea> 

Irradiat ion 
time 
( h ) 

Yield of 
ether 

(%) 

Recovered 
starting 
material 

(%) 

Butyl alcoholb> 

Hexyl alcoholb> 

j-Butyl alcoholb> 

Cyclohexanolb ) 

Benzyl alcohol0) 

Ginnamyl 

alcohol0) 

Cholesterol6) 

L P 

H P 

Solar 

L P 

H P 

Solar 

L P 

H P 

Solar 

L P 

H P 

Solar 

L P 

H P 

Solar 

L P 

H P 

Solar 

L P 

H P 

Solar 

24 

24 

6 

24 

16 

6 

24 

24 

6 

24 

24 

6 
16 
16 
6 

24 
24 
6 

24 
24 

6 

86 

97 

46 

40 

70 

46 

66 

43 

26 

51 

43 

37 

48 

46 

24 

36 

27 

18 

15 

14 

14 

53 

39 

61 

a) L P = low pressure mercury lamp, H P = high pressure 
mercury lamp, b) Yield was determined gas-chromato-
graphically. c) Yield was determined by means of thin 
layer chromatography. 

O - C H - O ) , 7.28 (5H, phenyl) . Found : C, 73.18; H , 7.37%. 
G as-Chromatographic Analysis. Gas-chromatographic 

analysis was performed with a Shimadzu G G-6 A equipped 
with 2 m column of Garbowax 20M at about 100 °G. 

R e s u l t s a n d D i s c u s s i o n 

P r i m a r y a n d s e c o n d a r y a lcohols r e a c t w i t h t e t r a -
h y d r o f u r a n ( T H F ) u n d e r i r r a d i a t i o n in t h e p r e s e n c e 
of i r o n ( I I I ) c h l o r i d e to g ive t h e c o r r e s p o n d i n g t e t r a -
hydro -2 - fu ry l e t h e r of a lcoho ls . 

R O H + 
\ Q / FeCl3 \ G > / \ O R 

T h e resul ts a r e s h o w n in T a b l e 1. B o t h a l i p h a t i c 
a n d a r o m a t i c a lcoho l s g ive p h o t o c h e m i c a l l y t e t r a h y -
d ro fu ry l e t h e r , b u t *-butyl a l c o h o l does n o t u n d e r g o 
t h e p h o t o e t h e r i f i c a t i o n . T e t r a h y d r o - 2 - f u r y l e the r s a r e 
f o r m e d u p o n i r r a d i a t i o n n o t o n l y w i t h a low o r a h i g h 
p r e s s u r e m e r c u r y l a m p , b u t also w i t h sun l igh t . T h e 
p r e s e n c e of i r o n ( I I I ) c h l o r i d e as t h e c a t a l y z e r in t h e 

r e a c t i o n is essent ia l , s ince n o r e a c t i o n took p l a c e in 
t h e a b s e n c e of i r o n ( I I I ) ch lo r ide . T h e s e facts suggest 
t h a t t h e p h o t o r e a c t i o n h a s a possibi l i ty for syn the t ic 
u t i l i za t ion of sun l i gh t c a t a lyzed b y m e t a l ions.10) 

T h e f o r m a t i o n of t e t r ahyd ro -2 - fu ry l e t h e r is a c ­
c o m p a n i e d b y t h a t of i r o n ( I I ) . I n t h e ini t ia l s tage, 
t h e c o n s u m p t i o n of i r o n ( I I I ) is n e a r l y twice as m u c h 
as t h e f o r m a t i o n of t e t r ahydro -2 - fu ry l e t h e r : in hexyl 
a l c o h o l - T H F - F e C l g sys t em(hexy l a lcohol : F e C l 3 = l : 
1) t h e r a t i o of i r o n ( I I ) to hexy l t e t r ahydro-2- fu ry l 
e t h e r a t 1 a n d 2 h o u r s ' i r r a d i a t i o n w e r e 2.5 a n d 1.8, 

respect ive ly . T h e f o r m a t i o n of C H 3 C H O C H 2 C H 3 was 
r e p o r t e d in t h e U V - i r r a d i a t i o n of t h e d i e thy l e t h e r -
i r o n ( I I I ) system.1 1) O n e m o l e of i r o n ( I I I ) is c o n s u m e d 
for t h e g e n e r a t i o n of t e t r ahydro -2 - fu ry l r ad ica l s , p r o b ­
a b l y via t h e e l ec t ron t ransfer f rom T H F to i r o n ( I I I ) . 

\ Q / \ Q / * 
4- H+ Fe( I I I ) -^-> [j | ] + -

L \ 0 / J 

+ 

Fe(II ) 

T h e second s tep in w h i c h i r o n ( I I I ) pa r t i c ipa t e s 
w o u l d b e t h e o x i d a t i o n of t e t r ahydro -2 - fu ry l rad ica l s 
t o g ive t e t r ahyd ro -2 - fu ry l ca t ions , w h i c h r eac t w i th 
a l coho l in t h e fol lowing s c h e m e . 

I I + Fe( I I I ) 
\ Q / + 

ROH 

\ Q / \ O R 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y a G r a n t -
i n -Aid for Scientif ic R e s e a r c h f rom t h e M i n i s t r y of 
E d u c a t i o n , Sc ience a n d C u l t u r e ( N o . 147026) . 
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Synopsis. Pyrazine-2,3-dicarboxamide complexes 
with the Perchlorates of copper(II), cobalt(II), and nickel-
(II) have been prepared and characterised, copper having 
a square planar configuration and cobalt and nickel an 
octahedral geometry. Bonding takes place through a ring 
nitrogen and the oxygen atom of the adjacent amide group. 

Heterocyclic carboxamides are known to possess 
powerful antitubercular activity.1) During the course 
of the investigation on metal ion-assisted hydrolysis 
of pyrazine-2,3-dicarboxamide (pzda), a paper2) was 
published on several cobalt and nickel(II) complexes 
with both ring nitrogens of the ligand bonded to the 
same metal without participation of the amide groups. 
The structure seemed untenable to us. Since deline­
ation of the above mentioned reaction requires know­
ledge of the bonding in metal complexes, this problem 
has been reinvestigated. In this study Perchlorate 
has been chosen as the anion since the stereochemistry 
will not be affected by the anion participation. 

Exper imenta l 

Preparation. To the ligand (0.2 g) dissolved in water 
(30 ml) on a steambath, was added the metal Perchlorate 
( lg) . The copper compound which separated as bluish 
violet crystals when cooled to room temperature, was washed 
with cold water and recrystallised from hot water. Large 
orange-red crystals of the cobalt(II) complex and greenish 
crystals of the nickel(II) complex, however, separated on 
slow evaporation of the solution over concentrated H2S04 . 
The crystals were filtered, washed with dry ethanol, dried 
in air. The analytical data (Table 1 ) confirms the complexes 
to be [Gu(pzda)2] (G104)2 (I), [Co(pzda)2(H20)2](C104)2-
(II), and [Ni(pzda)2(H20)2](G104)2 (III) respectively. 

R e s u l t s a n d D i s c u s s i o n 

The preparation of pyrazine-2,3-dicarboxamide 
complexes possessed difficulties because of the poor 
solubility of the ligand in common organic solvents 
including 1-butanol used by Singh et al.^> consequ­
ently an aqueous solution of the ligand was used 
for preparation of the complexes. Since the copper(II) 
complex, cobalt(II) and nickel(II) compounds de­
composed on dissolution in water, an excess of the 
metal Perchlorates which consumed the ligand totally 
and hindered any dissociation was used. 

Table 2 shows the important I R bands of the ligand, 
its deuterated form, and the metal complexes. T h e 
assignments of these bands can readily be made by 
comparing them with the 2-pyridine carboxamide 
(pya) and 2-pyrazine carboxamide (pza) complexes,3,4) 
and by taking into considerations the pyrazine ring 
vibrations.5) In all the complexes the asymmetric 
and symmetric O G N stretching bands are shifted to 
lower and higher frequencies respectively relative 
to the free ligand, indicating that coordination takes 
place through the oxygen a tom of the amide group. 
Similar shifts describing coordination through amide 
oxygen have been observed for complexes of 2-pyridine 
carboxamide,3 '6 '7) 2-pyridine acetamide,8) 2-pyrazine 
carboxamide9) and 8-quinoline carboxamide.10) 

T h e room temperature magnetic moments and 
electronic spectra (Table 1) are indicative of the square 
planar configuration of the copper complex and the 
octahedral geometry of the cobalt(II) and nickel(II) 
complexes.11) In an aqueous solution the copper(II) 
complex shows only a single broad band (10520—• 

TABLE 1. ELEMENTAL ANALYSIS/) MAGNETIC MOMENTS, AND ELECTRONIC SPECTRA OF METAL COMPLEXES 

OF PYRAZINE-2,3-DICARBOXAMIDE 

Com­
pound 

I 

II 

III 

%G 

24.42 
(24.23) 

23.14 
(23.00) 

23.32 
(23.00) 

% H 

1.95 
(2.02) 

2.54 
(2.55) 

2.53 
(2.55) 

%N 

18.64 
(18.64) 

17.74 
(17.88) 

17.76 
(17.88) 

%M 

10.61 
(10.69) 

9.53 
(9.39) 

9.28 
(9.41) 

%cio4 

33.42 
(33.46) 

31.70 
(31.79) 

31.68 
(31.78) 

yUeff in B. M . 
(27 °G) 

2.01 

3.48 

4.74 

vm&x 

cm - 1 

12100b> 
18180 sh 

10100 
17530 
20850 

10160 
11770sh 
17400 

Transition 

2Blg-2Alg 
2Blg-2Eg 

T i g " ±2g 

* l g Lle 

3A 3 T 
' r v2g x 2g 

3 A _1R 
J T . 2 g A j g 

3A2g-*Tlg 

10 Dq 
cm - 1 

11120 

10160 

a) Calculated values in parenthesis. Electronic spectra in Nujol mulls, b) This band is observed both in aqueous 
solutions and in Nujol mulls. 
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TABLE 2. INFRARED SPECTRA OF PYRAZINE-2,3-DICARBOXAMIDE AND OF ITS METAL COMPLEXES 

IN KBr DISCS, cm - 1 

pzda 

H Da> 

3430(s ) 

3310(s ) 
3205 (m) 

1695(sh) 
1680(sh) 

1615(m) 

1565 (m) 
1445 (w) 

1395 (m) 
1348(m) 

2580(s ) 

2540(s ) 
2410(m) 

1660 ( s ) 

1170(m) 
1140(m) 

1565(m) 
1440(m) 

1410(m) 
1355(m) 

Gu 

3440 (m) 

3380 (w) 
3290 (m) 

1690 (sh) 
1660(s) 

1565 (m) 
1530(w) 
1425 (m) 

1405 (w) 
1365(m) 

Ni 

3420 (s, b)b> 

3320 (m) 

1670(s) 

1565 (m) 
1535 (sh) 
1425 (w) 

1400(w) 
1365(w) 

Go 

3430 (s, b)b) 

3320(m) 

1695(s) 
1670(sh) 

1560(m) 
1540(sh) 
1420 (w) 

1400 (w) 
1360(w) 

Assignment 

NH2 antisym. stretch 

NH2 sym. stretch 

OGN antisym. stretch 
(mainly C=0 stretch) 

NH2 scissoring 

Pyrazine ring 
vibration 

OGN sym. stretch 
(mainly G-N stretch) 

a) D stands for the deuterated ligand. Bands occuring at lower frequencies are not shown, b) Broadening of 
this band indicates its merger with OH stretching of water molecules. 

14300 c m - 1 ) . The mull spectrum, however, shows 
the presence of a shoulder in addition to that observed 
in solution. I t is expected that due to the absence 
of Jahn-Tel ler distortion more bands should appear 
in the visible range,12) Ferguson has shown13) that 
distinct bands observed in the polarised spectra of 
square planar copper(II) complexes are considerably 
broadened in solution. I t has therefore been con­
cluded that the square planar geometry of the cop-
per(I I ) complex is retained in solution. 

Regarding the nature of bonding in pyrazine-2,3-
dicarboxamide complexes support is given by the 
X-ray crystallographic study of [Cu(pzda)2] (C104)2.14) 

Thanks are due to Dr. K. Nag, Depar tment of Inor­
ganic Chemistry, Indian Association for the Cultiva­
tion of Science, Calcutta-32 for his helpful discussions. 
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Some pyridine derivatives were intercalated into the van der Waals gap of layered compound FeOCl. Pyridine, 
2,6-dimethylpyridine, 4-aminopyridine, 2,4,6-trimethylpyridine, and n-propylamine were used as intercalates 
having different Lewis basicities. X-Ray diffraction, Mössbauer effect, electrical resistivity, ESR and electronic 
spectra were studied, some correlations being found between the measured parameters of these complexes and the 
basicities of organic intercalates. It is assumed that organic intercalates transfer their lone pair electrons on the 
nitrogen atom to FeOCl layers. 

Iron oxychloride is a layered compound belonging 
to an orthorhombic space group Pmnm with a — 3.780, 
0 = 7.917, c=3 .302 Â, and Z - 2 . 1 ) T h e crystal structure 
consists of a stack of double layer sheet of cw-FeCl204 

octahedra linked together with shared edges. The 
outermost atoms at each side of the layers are CI ions. 
The interlayer bonding between adjacent layers is van 
der Waals interaction. Hagenmüller et al. found that Fe­
OCl reacts with ammonia and some amine molecules.2) 
Kanamaru et al. reported the intercalation of pyridine 
into FeOCl , and observed remarkable changes in elec­
trical and magnetic properties.3-5) The changes can be 
attributed to charge transfer from the nitrogen atom of 
the intercalated pyridine molecule to the FeOCl layer. 

Transition metal dichalcogenides (MX 2) intercalate 
some organic bases. Their superconducting transition 
temperatures (Tc) change with organic intercalation. 
Bray and Sauer measured the lone pair electron densi­
ties on nitrogen atoms of organic bases by means of 
nuclear quadrupole resonance.6) T h e electron densities 
were correlated with Tc of the intercalated M X 2 . 
Lewis basicity of organic base is a measure of the ability 
to donate electrons to acids. pKa value would be 
qualitatively related to the change of the property of host 
caused by intercalation if charge-transfer interaction is 
significant in the bonding between host layer and guest 
molecule. 

Effect of pKa on the properties of FeOCl-organic 
complexes can be checked by use of some pyridine 
derivatives having different basicities. Pyridine deriva­
tives can act as either n- or jr-donor.7) Study on aliphat­
ic amine is useful to distinguish the effects of these two 
kinds of electrons in comparison with pyridine interca­
lated complexes. 

The present report deals with intercalation of some 
pyridine derivatives and «-propylamine into FeOCl . 
Electrical resistivity, Mössbauer effect, ESR and elec­
tronic spectrum were studied for these intercalated com­
pounds. Some correlations were found between basici­
ties of the intercalate and properties of the products. 
The possibility of charge transfer is discussed on FeOCl 
(organic compound) j / w . 

E x p e r i m e n t a l 

Preparation. Iron oxychloride was prepared by heat­
ing a mixture of a-Fe203 and FeCl3 with mole ratio 1: 4/3 

in a sealed Pyrex glass tube at 370 °C for two days. The 
product was washed with water and dried. Reddish violet 
and thin blade-like FeOCl crystals were obtained. 

The reactions with pyridine (Py) and its derivatives, 2,6-
dimethylpyridine (DMP), 4-aminopyridine (AP), and 2,4,6-
trimethylpyridine (TMP), were conducted at 100 and 
40 °C, respectively, in a closed system for about a week. 
Intercalation of «-propylamine (PA) was completed within 
1 h at room temperature. Since Py, DMP, TMP, and PA 
are liquid at room temperature, FeOCl was directly soaked 
into these liquids. The acetone solution of AP was used for 
solid AP. The intercalated compounds obtained were black 
crystals. X-Ray diffractometry showed no unreacted Fe­
OCl. Chemical analyses of C, H, and N showed that each 
intercalated compound has a stoichiometric composition. If 
the complex is represented by FeOCl(organic compound)^, 
n-values are four for Py, DMP, AP, and PA, and six for 
TMP, respectively 

Measurement. X-Ray analysis was carried out with a 
Rigaku-Denki diffractomer using Fe-filtered Co Ktx radia­
tions. The electrical resistivities of FeOCl and its complexes 
were measured in the temperature range 373—200 K using 
carbon electrodes. The Mössbauer spectra were measured 
at room temperature and at liquid nitrogen temperature using 
radiation from B7Co in Pd metal with a 200 channel multi­
channel analyzer. Samples were dispersed with silicon grease, 
the thickness being ca. 30 mg/cm2. Calibration was based 
on the Mössbauer spectrum of Fe metal. The ESR measure­
ments of FeOCl and its complexes were carried out on a 
JES-ME-2X spectrometer at 77 K and at room temperature. 
Ultraviolet spectra of FeOCl and the intercalated complexes 
were obtained by the diffuse reflectance method. Samples 
were dispersed in MgO. Transmission method was used for 
the intercalates themselves, which were diluted with cyclo 
hexane. 

R e s u l t s 

The 6-values corresponding to the interlayer distances 
are summarized in Table 1. Each b-value for the 
complexes is much larger than 7.92 Â for FeOCl . The 
expansion is explained by the insertion of organic inter­
calates into the van der Waals gap of FeOCl . 

FeOCl is a semiconductor with resistivity of 106 Ü cm 
at room temperature. The intercalated complexes are 
still semiconductive, but exhibit improved electrical 
conductivities along their c-axis. Thei r electrical resis­
tivities are 10—103Xicm at room temperature. The 
values are smaller than that of FeOCl by a factor of 
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103 - 5 . ^r/he electrical activation energy also changes 
from 0.6 eV to 0.2—0.3 eV for the complexes. 

Mössbauer spectra were obtained as shown in Fig. 1. 
The pertinent parameters at room temperature obtained 
with a least-squares fit computer program are summa­
rized in Table 1. Isomer shifts of the intercalated 
pyridine derivative complexes are 0.40—0.44 mm/s. 
The values seem to increase with pKa of organic inter­
calates, and are larger than 0.40 mm/s for FeOCl . 
Isomer shifts of P y - and PA-FeOCl complexes are also 
larger than that of FeOCl . Quadrupole splittings are 
0.67—0.92 mm/s for the intercalated complexes, being 
smaller than 0.93 mm/s for pure FeOCl . Q . S . tends 
to decrease with increase in LS . 

h-H 

x!04 | 

£ 5.5 
g 4 
° b 

1 
5.0 

a.FeOCl 

xlO 

-13.1 
4 
a 

J 3.0 

b. FeOCl (Py)i/4 

- 1 0 1 2 

Velocity (mm/s) 

Fig. 1. Mössbauer spectra of FeOCl and FeOCl (Py)i/4. 

TABLE 1. PARAMETERS FOR FeOCl AND 
FeOCl (ORGANIC COMPOUND) J/^ 

T b(A) p Ëâ Ï Â Q.S. AHvt 
PA a °(AJ ( Q c m ) (e V) (mm/s) (mm/s) (G) 

FeOCl 
FeOCl-
(Py)i/4 
FeOCl-
(DMP) l / 4 

FeOCl-
(AP)i/ i 
FeOCl-
(TMP) l / 6 

FeOCl-
(PA) l /4 

7.92 106 0.6 0.40 0.93 

5.2 13.27 10 0.2 0.45 0.67 200 

6.8 14.98 103 0.3 0.40 0.92 600 

9.2 13.57 103 0.2 0.42 0.84 1000 

9.6 11.79 103 0.2 0.44 0.81 — 

10.5 11.89 102 0.2 0.44 0.68 900 

The ESR spectra of FeOCl (pyridine derivative) l / w 

were recorded at room temperature and at 77 K. Except 
for T M P , broad singlet spectra were observed at 
£ = 2 . 0 0 3 , their line shapes being almost Lorentzian. 
Neither FeOCl nor pyridine derivatives show any 
signals by themselves. The linewidth AHlt2 shows no 
change with temperature but changes with the kind of 
intercalate (Table 1). No signal was detected for T M P 
complex. In order to avoid the skin effect, some sam-

4HV2 
= 200 gauss 

Fig. 2. ESR signal obtained for FeOCl(Py) l /4. 

pies were dispersed in y-alumina. Neither linewidths 
nor ^-values were affected by dilution. Anisotropic 
effects were checked on highly preferred oriented 
samples. Signals did not change with directions of the 
samples to magnetic field. 

Iron oxychloride shows no absorption in its ultraviolet 
spectrum. Pyridine has an intense n—>TZ* absorption at 
250 nm, and a weak n—>TZ* one at 285 nm. 8 ' FeOCl-
(Py)i/4 complex has a broad and asymmetric absorption 
at about 270 nm, and FeOCl (pyridine derivative) 1/n 

have absorptions around 265 nm. The latter absorp­
tions are in almost the same regions as those of pyridine 
derivatives. ra-Propylamine without ^-electrons has an 
absorption at 261 n m with a shoulder at around 252 nm, 
but complex FeOCl(PA) 1 / 4 has a weak absorption at 
248 nm. Furthermore, very broad absorptions around 
310 nm were observed for both FeOCl(Py) 1 / 4 and 
FeOCl(PA) 1 / 4 . Neither FeOCl nor the intercalates 
show any absorptions in this region; D M P , T M P , and 
AP complexes have no prominent absorptions. 

*, 3 

o 
to 

-C» 

< 

FeOCl (Py)*4 

FèÔcT(DMP)U 

250 3 0 0 
Wavelength (nm) 

350 

Fig. 3. Ultraviolet spectra of FeOCl and FeOCl(organ-
ic compound)^. (Solid line). 
Arrows show the positions of absorption maxima of 
organic compounds. 

D i s c u s s i o n 

Layered inorganic compound FeOCl intercalates 
some organic molecules. Each intercalated compound 
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has an expanded spacing between 11.79 and 14.98 Â 
(Table 1 ). The expanded spacings are explained by the 
insertion of organic intercalates into the van der Waals 
gap of FeOCl . Kanamaru et al. showed that planes of 
pyridine rings are perpendicular to the host layers so 
that nitrogen atoms face the layers in the pyridine 
complex.4) However, FeOCl(PA) 1 / 4 seems to be in a 
different situation from pyridine complex since no more 
than approximately 4.0 À is available between the layers. 
One of the sp3 hybridized orbitals of terminal nitrogen 
atom, which contains lone pair electrons, faces the FeOCl 
layer, but the alkyl chain is nearly parallel to the host 
layer. For FeOCl(DMP) 1 / 4 , FeOCl(AP) 1 / 4 , and FeOCl-
(TMP) 1 / 6 , molecular orientations of pyridine derivatives 
in the interlay er space of FeOCl have been estimated 
using the results of one-dimensional electron density 
projections based on X-ray diffractions.9) The pyridine 
ring of D M P is perpendicular to the host layer, but 
rotates a little around the center of the r ing due to the 
steric effect of methyl groups. For F e O C ^ A P ) - ^ , the 
pyridine ring tilts slightly from a plane perpendicular 
to the layer. T h e inclination arises from a steric effect 
and the hydrogen bond between the amino group and 
the host layer. The pyridine r ing of T M P is more 
tilted than that of D M P because of the larger steric 
effect of methyl groups of the former. However, in all 
cases, organic molecules are in the van der Waals gap 
so that their nitrogen atoms are as close to FeOCl layer 
as possible. 

Parameters for FeOCl and FeOCl (organic com­
p o u n d ) - ^ are summarized in Table 1 with pKa values 
of organic intercalates, which are values for pure organic 
compounds and not for the intercalated ones.10) Forma­
tion of the complexes caused much reduction in electrical 
resistivity in the direction parallel to the host layer. T h e 
improved electrical conductivity can be explained by 
increased number of charge carriers. Mössbauer 
parameters change with intercalation. Isomer shifts of 
the complexes are slightly larger than that of FeOCl , 
but they are still those for ferric ions. The observed 
increase in I .S. values suggests the increased d-electron 
density around Fe atom in the intercalated FeOCl layer. 
However Fe 2 + is not detected above liquid nitrogen 
temperature. A correlation between pKa and L S . is 
observed for pyridine derivative complexes. But FeOCl-
(Py)i/4 n a s ^ e largest I .S. , pyridine having the smallest 
pKa. This suggests the importance of the effect of 
interaction between the side groups and CI ions on the 
surface of FeOCl layer as well as that of pKa. With 
increase of interaction between host and guest, charge 
carriers in the complexes tend to localize, electrical 
conductivity decreasing with increase in pKa. The 
reduction of electrical resistivity and the increase of the 
isomer shift are explained by assuming the charge 
transfer from the nitrogen atoms of the intercalated 
organics to the FeOCl layer. The assumption seems to 
be supported by the molecular arrangements of inter­
calated organics in the interlayer region of FeOCl . ESR 
and U V spectroscopy were used in order to obtain 
direct evidences of the charge transfer. 

Charge transfer interactions which involve formation 
of unpaired electrons were observed on ESR spectros­

copy.11-12) Very broad signals are detected on the 
intercalated FeOCl except for T M P complex. These 
signals are Lorentzian. They show no hyperfine, fine 
structures and anisotropic effects to magnetic field, g-
Values are 2.003. Conduction electrons in metals and 
semiconductors sometimes show resonance of Lorentzian 
shape at around £ = 2 . 0 0 3 , the l inewidth becoming 
broader with increase of electrons.13) ESR signal of 
charge transfer complex in solid state often loses its fine 
structure because of de rea l i za t ion of the transferred 
electrons. In the case of FeOCl (organic compound)1 / M , 
the very broad ESR signal may be at tr ibuted to the 
conduction electrons formed in the host layer due to 
intercalation. 

I . . i i i • • 1 — i — i — i — i — J 

250 300 350 

Wavelength (nm) 
Fig. 4. Ultraviolet spectra of FeOCl(organic com­

p o u n d ) ^ . 
a: FeOCl(Py) l /4, b : pyridine c: [IrOH(py)2(NH3)3]2+ 
d: FeOCl (PA) l / 4 , e: PA. 

Figure 4 (a) and (d) show ultraviolet spectra of FeOCl-
(Py)1 / 4 and FeOCl(PA) 1 / 4 , respectively. They have very 
broad absorptions around 310 n m observed in neither 
FeOCl nor the intercalates. These absorptions may be 
assigned to charge transfer bands as compared with that 
of [ I rOH(py) 2 (NH 3 ) 3 ] 2 + in which a similarly broad 
charge transfer band is observed at around 300 n m (Fig. 
4 (c)).14> For D M P - , AP-, and TMP-complexes, how­
ever, no clear C.T. absorptions are found in ultraviolet 
and visible regions. O n the other hand, absorptions of 
the intercalates are perturbed by the intercalation into 
FeOCl . The pyridine n-*7i* absorption in FeOCl(Py) 1 / 4 

shifts to longer wavelength by 20 nm, turning asym­
metric. Red shift of pyridine absorption is also observed 
on I r - P y complexes.14) Absorptions of the pyridine 
derivatives do not clearly shift by intercalation, the peaks 
being broad and asymmetric in the respective FeOCl 
complexes. The asymmetric absorption can be divided 
into two or more components (Fig. 4(a)) . Further 
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analysis is difficult, since pyridine and pyridine deriva­
tives have both lone pair and ^-electrons. These two 
kinds of electrons can contribute to charge transfer. In 
order to observe the absorption of lone pair electron 
which is in non-bonding orbital, aliphatic amine is more 
suitable than pyridine derivatives. «-Propylamine shows 
an absorption from non-bonding orbital to cr* one at 
261 nm. A broad blue shifted absorption is observed at 
around 248 nm on the spectrum of FeOCl(PA) 1 / 4 . Since 
chlorine is the outermost ion in each FeOCl layer and 
the nitrogen atoms of the intercalates are very close to 
FeOCl layer, it is reasonable to assume a certain interac­
tion between the non-bonding orbital of the intercalated 
donor and the cr orbital of chlorine. T h e amount of 
blue shift of n—>cr* absorption is 13 nm on PA. The 
present value for the C1---N pair is in the range of blue 
shifts of other n-donor and iodine pairs. Thiourea and 
thioacetoamide show blue shifts of 10 and 21 nm, 
respectively.15) This suggests that the bonding between 
FeOCl and PA is similar to that of other n-donor and 
I2 molecular complexes. A similar blue-shift of lone pair 
electron absorption might also contribute to the asym­
metric absorption observed on FeOCl (pyridine deriva­
t i v e ) ^ . 

FeOCl (PA)!/4 is similar to FeOCl (pyridine deriva­
tive) 1/M as regards electrical resistivity, Mössbauer effect 
and ESR. This suggests that FeOCl (pyridine deriva­
tive)!/ n having lone pair electrons has almost the same 
bonding character between host and guest as FeOCl-
(PA)1 / 4 . 

T h e charge-transfer interaction has been confirmed 
in the intercalated FeOCl complexes. In Mulliken's 
charge-transfer formulation of donor-acceptor systems, 
pyridine can work as either a ^-donor or an n-donor.7) 
Correlations are found between pKa and properties of 
the obtained complexes. Thus , we assume that lone 
pair electrons of the nitrogen atom are involved in the 
donor-acceptor interactions, and pKa values of the 
respective compounds can be used as a measure of 
n-ionization potential . A similar speculation was made 
by Chaudhur i and Basu for the system of iodine and 
many aza-aromatics.16) They found the proportionality 
between the logarithm of equil ibrium constants for 
charge transfer type interaction and pKa values. 

In conclusion, pyridine, pyridine derivatives, and 
propylamine molecules having nitrogen atoms are inter­
calated into the van der Waals gap of FeOCl . The 
properties of the products are explained by means of a 
charge-transfer model. I t is assumed that lone pair 
electrons on the nitrogen atoms of the organic molecules 
transfer to FeOCl layer in the intercalated complexes. 

We are grateful for the help given by Dr. R. Kikuchi 
and Mr . T. Sawai in the measurement of the 
Mössabuer effect, by Dr. T . Fujino in the C, H , and N 
elementary analysis, and by Mr . H . Miyamoto in the 
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ed by a Grant-in-Aid for Special Research Project from 
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Studies on the Aqueous Solutions of Guanidinium Salts. IX. 
Activity Coefficients of Biguanide Hydrochloride and 
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Activity coefficients for the ternary system biguanide • HCl-sucrose-water were determined by the isopiestic 
vapor pressure method at 25 °C. Biguanide hydrochloride (Bg«HCl) and sucrose each decreased the activity 
coefficient of the other solute, showing a mutual salting-in effect. The excess free energy of mixing was negative 
and its magnitude was about twice as large as that of the system urea-sucrose-water. The pair interaction param­
eter {Bg • HCl-sucrose}-g was calculated to be — 89.2 (cal mol -2 kg). Thermodynamic properties of this system 
were found to be similar to those of the system urea-sucrose-water, indicating that Bg • HCl exerted a structure 
breaking effect on the aqueous solutions of sucrose as urea did. 

Biguanide (guanylguanidine) derivatives have been 
widely used as hypoglysemic agents. Though the direct 
interaction of the drugs with sugars is questionable, the 
physicochemical study of the ternary system B g - H C l -
sucrose-water seems to be important , especially con­
cerning the denaturation of protein and the structure 
of water, because biguanide halides are known as strong 
protein dénaturants and their effectiveness is known to 
be stronger than that of urea or guanidinium halides.1) 
O n the other hand, sugars and polyalcohol are known 
to stabilize the native conformation of protein.2-3) In 
the urea-sucrose-water system, which contained two 
solutes with opposite effects for the denaturat ion of 
protein and the structure of water, each solute decreased 
the activity coefficient of the other.4) In the manni to l -
sucrose-water system, which has two solutes with similar 
stabilizing action for the conformational change of pro­
tein, each solute increased the activity coefficient of the 
other.5) Uedaira reported that in the ternary system 
which contained two structure maker, mutual salting-
out was observed, while in the system with a structure 
maker and a structure breaker, mutual salting-in was 
found.6) From these points of view, we measured the 
activity coefficients of Bg • HCl and sucrose in mixed 
solutions. The results are interpreted in terms of the 
structural change of water. 

E x p e r i m e n t a l 

Materials. The free biguanide was prepared from 
biguanide sulfate dihydrate7) (Aldrich Co., Ltd.). This was 
neutralized with hydrochloric acid solution and was con­
centrated under reduced pressure. The crude Bg-HCl was 
recrystallized twice from aqueous ethanol solution and dried 
in vacuo at room temperature. Sucrose (Wako Chemical Co., 
Ltd. reagent grade) was used without further purification and 
dried in vacuo at 90 °C. Analytical grade sodium chloride 
(Matsunaga Chemical Co., Ltd.) was dried in vacuo at 110 °C. 
These salts were dissolved in redistilled and deionized water. 

Method. Osmotic and activity coefficients were deter­
mined by the isopiestic vapor pressure method.8) About 1 ml 
of each sample solution was placed in a silver dish with di­
mensions 2 x 2 x 2 cm3. Similar quantities of the reference 
solutions were placed on a flat copper block containined in 
a vacuum desiccator, which was evacuated to a pressure of 
approximately 25 mmHg. The solutions were then allowed 
to equilibrate under reduced pressure for 3—10 d in a 

large thermostat bath, controlled to approximately 25^0.05 
°C. A total of 10 dishes were usually equilibrated together 
at once. The concentrations of sample and reference solu­
tions were adjusted initially so as to be fairly close to the 
desired equilibrium values. The solutions were regarded to 
have reached the equilibria if the molalities of the two ref­
erence solutions differed by not more than 0.1%. Bacterial 
activity in dilute sucrose solutions was not experienced. 
The equilibrium concentrations were determined by weigh­
ing the dishes. Buoyancy corrections were made by using 
the densities of sodium chloride, sucrose and Bg«HCl: 2.165, 
1.588, and 1.25 g cm -3, respectively, while the corresponding 
molecular weight used were 58.443, 342.303, and 137.573. 

After the equilibrium concentrations were measured, all 
solutions were diluted by adding several drops of water and 
reequilibrated in order to attain another equilibrium at more 
diluted concentrations. Several dilution treatments were 
carried out and then a new set of solutions was prepared. 

Theory 

Consider an aqueous ternary solution containing two 
solutes, 1 ( 1 : 1 electrolyte) and 2 (nonelectrolyte), and 
let ms and <ps be the molality and the osmotic coeffi­
cients of the solute s (s=\ and 2); then it is convenient 
to define a quantity6»9) 

A = vRmR0B - 2m1(f)1 - m2&2, (1) 

where mR and ^ B are the molality and the osmotic 
coefficient of the reference solution which is in vapor 
equil ibrium with the ternary solution, and vR is the 
number of moles of ions or molecules produced by the 
dissolution of 1 mol of the reference solute. 

The value of A\m^n% is given Eq. 2. 

A/mim2 = J ] i l A^mjmJ (*' + j <, 3) (2) 

T h e A\mxm,i was obtained experimentally and the coeffi­
cients A(j in Eq. 2 were determined by the least-squares 
method. 

The activity coefficients of the solute 1 and 2 in the 
ternary solution are given by Eqs. 3 and 4. 

l n y i = ln y i» + (l/2)A00m2 + (l/2)A10mim2 + (l/4)^01m2
2 

+ (l/2)A20m1
2m2 + (\/3)A11m1m2

2 + (1/6) A02m2
s 

+ (l/2)A30m1
3m2 + {^I^A^m^m^ 

+ (l/4)A12mim2
3 + (l/8)A03m2\ (3) 
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and 

In y2 = In y2° + ^40o
mi + ( ^ M i o ^ i 2 + ^01^1^2 

+ (\ß)Awm^ + (2/3)A11m1
2m2 + A^n^mf 

+ ( l /4)^3o< + (V2)A2imi
sm2 + (3/4)A12m1

2m2
i 

+ A^m^m*?, (4) 

where ys° (s=l or 2) are the molal activity coefficients 
of binary solutions containing only solute s at molality 
ms. The relation among the coefficients Aij in Eqs. 2, 
3, and 4 was derived by using the Gibbs-Duhem equa­
tion and the cross differential relation between solute 1 
and 2. Thus the concentration dependencies of y1 and 
y% for the ternary systems (Eqs. 3 and 4) can be obtained 
if yx° and y2° have already been measured as functions of 
m1 and m2, respectively. 

T h e excess free energy of mixing A PraG
ex is the sum of 

the contributions from each component of the ternary 
solution. 

zlmGe* = AmGw** + AJSf* + AmG2°*, (5) 

where ZlmGw
e x , A ^ ^ , AmG2

ex, are the excess free 
energy of mixing for water and solute 1 and 2, respec­
tively. AmGw

ex is directly related to A as 

^ m G w
e x = -RTA = -RT(Aw^mi + A10m1

itni + A01m1m2
i 

+ A20m1
3m2+Alxmfm£+A^2mxm2

3+A30m1
im2 

+ A21m1*m2
2+A12m1

2m2
s+A^rr^mJ), (5) 

AJSf* = 2miRTln (yjyf) = RT{Awm1m2+Alnm1
2m2 

+ (l/2)A01m1m2
2 + A20m1

3m2+(2l3)Anm1
im2

2 

+ (l/3)A02m1m2
3+A30m1

im2+(3/4)A21m1
3m2

2 

+ (\/2)A12m1*m3 + (1/4) Ao^mS), (6) 

and 

AmG2
e* = m2RT\n (yjyf) = RT{Awm1m2+{\l2)Awm1

2m2 

+A<>1m1m2*+ (I/3) A2omi
3m2+(2/3) Anmi*m2* 

+A02m1m2
3+(l/4)A30m1

im2+(\/2)A2lm1
3m2

2 

+ (3/4),412 V m 2
3 + A 3 V 2 4 ) . (7) 

Hence AmGex is expressed as 

AmGe* = RT(Aoomim2+ (l/2)Alomi*m2+ (l^A^m^ 

+ (l/3)A20m1
3m2+(\/3)A11m1

2m2
2 

+ (l/3)A02mLm2
3 + (\/A)Amm1

im2 

+ (l/4)A21m1
3m2

2+ (l/^A^m^m^ 

+ (l/4)^03mim^). (8) 

Cassel and Wood10) showed that AmGex was related to 
the interaction parameters between solute molecules, as 
shown in Eq. 9. 

ZlmGex = 2{AB}gmim2 + 3{AAB>gm1
2m2 

+ 3{ABB>gm1m2
2 + ••-, (9) 

where {AB}g is a pair interaction parameters, and 
{AAB}g and {ABB}g are triplet interaction parameters. 
Comparing the coefficients of Eq. 8 with those of Eq. 9, 
we obtain 

2{AB}g = i27M00, (10) 

3{AAB}g = Ä7M10, (11) 

3{ABB>g = RTA0V (12) 

Results 

Bg-HCl-Water System. The activity coefficients 
of Bg-HCl in water at 25 °C are shown in Table 1. 
T h e solubility of Bg-HCl was determined to be 2.8 mol 
kg - 1 , and the values of ^j° and y-f at higher concentra­
tions than 2.8 mol k g - 1 were obtained from the extra­
polation. 

TABLE 1. OSMOTIC AND ACTIVITY COEFFICIENTS 

OFBg.HClAT25°C 

Wx 

"01 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.5 
3.0 

A° 
0.919 
0.891 
0.871 
0.855 
0.843 
0.831 
0.821 
0.813 
0.804 
0.797 
0.783 
0.770 
0.758 
0.748 
0.739 
0.722 
0.701 

ri° 
0.760 
0.693 
0.647 
0.613 
0.585 
0.561 
0.541 
0.523 
0.508 
0.493 
0.468 
0.446 
0.427 
0.411 
0.396 
0.367 
0.341 

Sucrose-Water System. Accurate isopiestic data 
for the sucrose-water system were reported by Robinson 
and Stokes5) in the form 

02° = 1 + 0.07028m2 + 0.01847m2
2 - 0.004045m2

3 

+ 0.000228m2
4, (13) 

lny2° = 0.14056m2 + 0.02770m2
2 - 0.00539m2

3 

+ 0.000285m2
4. (14) 

The solubility of sucrose at 25 °C is 6.053 mol kg-1 . In 
the ternary system where sucrose dissolved above this 
concentration, Eqs. 13 and 14 were also used for the 
determination of 02° and y2°. 

Bg'HCl-Sucrose-Water System. T h e isopiestic 
molalities of solute 1 (Bg-HCl) and 2 (sucrose) in the 
ternary solutions and of the reference solute (sucrose or 
sodium chloride) in reference solutions are shown in 
Table 2, together with the values of the experimental 
quantities J/m1m2 . The values of osmotic coefficients 
for reference sodium chloride were taken from the values 
given by Robinson and Stokes.12) In order to fit the 
experimental values of A/m-jn^ to a power series of mx 

and m% in the form of Eq. 2, polynomials involving 
terms up to cubic in m1 and m% were examined with a 
F A C O M M190 computer by the least-squares method. 
T h e values of coefficients A^ are shown in Table 3. 

From Eqs. 3 and 4 and Table 3, we obtain 
Inyj = l n y / - 0.150519m2 + 0.057513m1m2 

+ 0.014594m2
2 - 0.012850^^2 - 0.005573m1m2

2 

- 0.000844m2
3 + §.§Wz\%m3m2 + 0.000497m1

2m2
2 

+ 0.000166/^23 + 0.000023m2
4, 



T A B L E 2. ISOPIESTIC DATA FOR T H E TERNARY SYSTEM Bg • HCI-SUCROSE-WATER AT 25 °C 

m1 m2 mn — (J/m^) n.ff Wi m2 »zR — (^/m1m2) Diff 
(mol • (mol • (mol • . * s 0/ dJ (mol • (mol • (mol • - * » 0, dj 
kg-1) kg-1) kg-1) exptl calcdc> /o kg-1) kg-i) kg-1) exptl calcdc> /o 

0.05125 0.44633 0.52863a) 0.3493 0.2705 0.33 1.14835 1.47217 0.1369 0.1467 -0.51 
0.09410 0.37719 0.3132 0.2697 0.28 1.42212 1.15898 0.1339 0.1427 -0.45 
0.16787 0.25950 0.3576 0.2683 0.71 1.74763 0.74042 0.1335 0.1398 -0.25 
0.27505 0.07148 0.1352 0.2675 -0.47 1.96358 0.41759 0.1269 0.1391 -0.31 
0.06692 0.48847 0.59265a> 0.3531 0.2666 0.46 0.43102 2.28965 2.68865a> 0.1426 0.1611 -0.54 
0.11661 0.40963 0.3174 0.2657 0.40 0.80049 1.94391 0.1399 0.1505 -0.49 
0.18375 0.30251 0.3152 0.2645 0.45 1.19858 1.53656 0.1338 0.1424 -0.47 
0.21618 0.24627 0.2522 0.2641 -0.10 1.48711 1.21195 0.1311 0.1383 -0.39 
0.26665 0.16068 0.2209 0.2636 -0.29 1.83098 0.77574 0.1306 0.1352 -0.19 
0.06613 0.57591 0.67956a> 0.2363 0.2622 -0.14 2.05814 0.43770 0.1230 0.1344 -0.30 
0.12326 0.49407 0.3458 0.2606 0.72 0.43969 2.56177 2.94235a> 0.1454 0.1520 -0.20 
0.21960 0.33946 0.2733 0.2590 0.15 0.90728 2.14972 0.1393 0.1391 0.01 
0.27610 0.24631 0.2520 0.2582 -0.06 1.37327 1.69596 0.1315 0.1304 0.07 
0.36503 0.09487 0.1992 0.2574 -0.28 1.60576 1.44086 0.1256 0.1274 -0.11 
0.08830 0.64448 0.78010a> 0.1949 0.2564 -0.42 1.75691 1.27543 0.1285 0.1256 0.17 
0.15491 0.54419 0.2022 0.2549 -0.53 1.89795 1.10968 0.1293 0.1241 0.29 
0.24708 0.40679 0.2449 0.2528 -0.10 2.06525 0.89179 0.1267 0.1229 0.19 
0.29134 0.33189 0.1901 0.2524 -0.73 2.19493 0.71577 0.1270 0.1220 0.21 
0.36208 0.21819 0.1919 0.2514 -0.57 0.19637 2.98982 3.15484a> 0.1503 0.1537 -0.05 
0.10955 0.95406 1.10572a> 0.1997 0.2392 -0.34 0.39316 2.82352 0.1370 0.1468 -0.27 
0.20721 0.83062 0.2615 0.2359 0.36 0.59547 2.66469 0.1427 0.1404 0.09 
0.37821 0.58464 0.2280 0.2321 -0.07 0.82959 2.46366 0.1354 0.1343 0.05 
0.47963 0.42788 0.2055 0.2306 -0.43 1.02635 2.29264 0.1329 0.1299 0.17 
0.50605 0.38406 0.1900 0.2304 -0.65 1.22738 2.10435 0.1267 0.1262 0.03 
0.64511 0.16766 0.2420 0.2288 0.12 1.49757 1.84546 0.1234 0.1219 0.10 
0.18358 1.33989 1.55353a> 0.2278 0.2150 0.18 1.67646 1.66549 0.1218 0.1195 0.16 
0.33136 1.16404 0.2187 0.2102 0.18 0.51537 3.00267 3.41628a> 0.1304 0.1352 -0.16 
0.54510 0.89742 0.2194 0.2046 0.41 1.07504 2.54720 0.1174 0.1216 -0.26 
0.65547 0.74673 0.2140 0.2025 0.32 1.64595 2.03271 0.1122 0.1126 -0.03 
0.82410 0.49919 0.2007 0.2004 0.01 1.93574 1.73695 0.1068 0.1093 -0.18 
1.01030 0.21266 0.2443 0.1990 0.55 2.12656 1.54378 0.1075 0.1070 0.04 
0.20127 1.60477 1.82934a> 0.1833 0.2025 -0.29 2.30321 1.34663 0.1055 0.1051 0.03 
0.38180 1.40643 0.1875 0.1963 -0.22 2.51754 1.08709 0.1029 0.1028 0.01 
0.52305 1.24547 0.1891 0.1922 -0.09 2.68195 0.87456 0.1008 0.1011 -0.01 
0.80741 0.89867 0.1929 0.1857 0.24 0.21395 3.25754 3.42810a> 0.1467 0.1446 0.03 
0.98600 0.65720 0.1966 0.1832 0.41 0.42925 3.08275 0.1318 0.1375 -0.17 
1.15852 0.40633 0.2115 0.1817 0.66 0.65122 2.91415 0.1336 0.1309 0.11 
0.19982 1.68604 1.90277a> 0.1888 0.1993 -0.16 0.91009 2.70270 0.1271 0.1246 0.13 
0.43311 1.43575 0.1925 0.1913 0.03 1.12790 2.51947 0.1235 0.1202 0.20 
0.64720 1.19202 0.1933 0.1855 0.27 1.35304 2.31979 0.1172 0.1165 0.05 
0.86460 0.92716 0.1966 0.1809 0.56 1.65652 2.04134 0.1131 0.1121 0.07 
1.10781 0.59178 0.1967 0.1780 0.55 1.85800 1.84585 0.1120 0.1096 0.18 
1.24031 0.38816 0.1963 0.1773 0.41 0.53858 3.13791 3.56127a> 0.1267 0.1305 -0.13 
0.35433 1.88226 2.23550a> 0.1728 0.1802 -0.18 1.12650 2.66913 0.1172 0.1169 0.02 
0.65058 1.57988 0.1714 0.1711 0.01 1.72993 2.13643 0.1078 0.1079 0.00 
0.96128 1.23235 0.1661 0.1643 0.08 2.03788 1.82860 0.1012 0.1044 -0.25 
1.18273 0.96389 0.1659 0.1607 0.22 2.24094 1.62681 0.1012 0.1020 -0.06 
1.44098 0.61050 0.1654 0.1585 0.23 2.42925 1.42032 0.0991 0.0999 -0.05 
1.61377 0.34319 0.1637 0.1581 0.11 2.65797 1.14773 0.0954 0.0972 -0.12 
0.37646 1.99981 2.36382a> 0.1687 0.1744 -0.15 2.83350 0.92401 0.0915 0.0950 -0.19 
0.69346 1.68399 0.1642 0.1649 -0.03 0.57673 3.36020 3.79900a> 0.1212 0.1232 -0.07 
1.02946 1.31975 0.1597 0.1576 0.10 1.21143 2.87036 0.1104 0.1097 0.05 
1.26958 1.03466 0.1583 0.1539 0.20 1.86966 2.30898 0.1007 0.1008 0.00 
1.55189 0.65749 0.1586 0.1514 0.26 2.20873 1.98191 0.0938 0.0970 -0.27 
1.73970 0.36998 0.1619 0.1509 0.25 2.43050 1.76443 0.0924 0.0943 -0.16 
0.41550 2.20725 2.59749a> 0.1475 0.1648 -0.49 2.63879 1.54283 0.0897 0.0917 -0.16 
0.76993 1.86970 0.1450 0.1545 -0.42 2.88907 3.24753 0.0830 0.0882 -0.36 



970 

(mol« 
kg"1) 

0.62554 

1.32052 

2.04855 

2.42682 

2.67867 

2.91409 

0.28236 

0.56914 

0.86770 

1.22259 

1.52538 

1.84334 

2.27787 

2.57299 

0.70820 

1.50577 

2.35440 

2.80080 

3.09782 

0.93703 

1.12081 

1.34149 

1.60752 
1.81854 

1.92148 
2.12140 
2.37680 
1.09132 
1.30777 
1.56844 
1.88461 
2.13604 
2.26022 
2.49981 
2.80791 
0.45303 
0.90958 
1.48676 
1.77964 
2.09114 
2.69805 
2.86787 
3.26741 

0.46128 
0.92601 
1.51434 
1.81318 
2.13930 
2.74990 
2.92300 
3.33362 
0.48349 
0.97156 
1.59001 
1.90488 
2.24050 
2.89489 
3.07762 

m2 

(moi-
kg"1) 

3.64454 

3.12884 

2.52991 

2.17760 

1.94458 

1.70379 

4.29907 

4.08737 

3.88291 

3.63074 

3.40736 

3.16040 

2.80703 

2.55616 

4.12615 

3.56778 

2.90763 

2.51318 

2.24887 

4.01266 

3.88576 

3.72974 

3.53836 

3.38120 

3.30148 
3.14686 
2.93997 
4.67339 

4.53392 
4.36074 
4.14827 

3.97152 
3.88349 
3.70819 
3.47319 
5.70759 
5.42982 
5.07608 
4.89116 
4.68785 
4.27624 
4.15577 
3.86453 
5.81154 
5.52792 
5.17026 
4.98333 
4.79515 

4.35842 
4.23565 
3.94284 
6.09139 
5.79982 
5.42859 
5.23537 
5.02198 

4.58822 
4.45972 

Koichiro MIYAJIMA, ! 

™R 
(mol-
kg"1) 

4.10355a> 

4.4891 la> 

4.61751a> 

3.15085b> 

3 64444b) 

4.05774b> 

4.12858b> 

4.31565b> 

Shigeo NAKANISHI, and 

T A B L E 2. 

- ( J/wijOTa) 

exptl calcdc> 

0.1145 

0.1031 

0.0921 

0.0846 

0.0835 

0.0798 

0.1343 

0.1097 

0.1057 

0.0992 

0.0941 

0.0888 

0.0820 

0.0788 

0.1057 

0.0934 

0.0809 

0.0723 

0.0717 

0.1001 

0.0975 

0.0938 

0.0903 

0.0879 
0.0861 
0.0835 

0.0812 
0.0885 
0.0859 
0.0825 
0.0796 
0.0762 
0.0747 
0.0718 
0.0673 
0.0770 
0.0791 
0.0753 
0.0730 
0.0700 
0.0624 
0.0618 
0.0573 

0.0742 
0.0761 
0.0731 
0.0711 
0.0717 
0.0618 
0.0596 
0.0558 
0.0718 
0.0737 
0.0702 
0.0684 
0.0653 

0.0592 
0.0571 

0.1146 

0.1014 

0.0927 

0.0886 

0.0851 

0.0815 

0.1147 

0.1074 

0.1011 

0.0955 

0.0917 

0.0885 
0.0841 

0.0806 

0.1017 

0.0898 

0.0814 

0.0759 

0.0708 

0.0967 

0.0939 

0.0910 

0.0881 

0.0861 

0.0851 
0.0832 
0.0807 
0.0830 
0.0808 
0.0787 

0.0765 
0.0748 
0.0739 
0.0718 
0.0683 
0.0828 
0.0766 
0.0724 
0.0711 
0.0697 
0.0654 
0.0635 
0.0570 
0.0811 
0.0751 
0.0713 
0.0701 
0.0686 
0.0643 
0.0622 
0.0551 
0.0766 
0.0713 
0.0684 
0.0675 
0.0663 
0.0612 
0.0586 

Diff. 
o/d) 
/o 

0.00 

0.12 

-0.06 

-0.37 

-0.15 

-0.15 

0.37 

0.08 

0.24 

0.26 

0.19 

0.03 

-0.21 

-0.19 

0.18 

0.29 

-0.05 

-0.39 

0.09 

0.19 

0.24 

0.21 

0.18 

0.17 

0.09 

0.02 
0.06 
0.36 
0.38 
0.33 
0.30 
0.15 
0.09 
0.00 

-0.12 
-0.16 
0.13 
0.23 
0.18 

0.02 
-0.39 
-0.23 
0.04 

-0.20 
0.05 
0.15 
0.11 
0.35 

-0.32 
-0.34 

0.09 
-0.14 
0.14 
0.16 
0.10 

-0.11 
-0.27 
-0.21 

(Continued) 

mx 

(mol-
kg"1) 

3.50942 

0.97713 

1.59954 

1.91644 

2.25506 

2.91370 

3.09869 

3.53523 

0.48941 

1.01231 

1.60978 

1.92893 

2.26886 

2.93066 

3.13238 

3.55823 

0.98860 

1.61896 

1.94053 

2.28361 

2.95100 

3.13739 

3.58314 

0.49655 

0.99853 
1.63494 
1.95910 
2.30554 
2.98094 
3.16994 

3.61665 
1.00006 
1.64395 
1.96338 

2.31920 
2.98794 
3.17614 
3.62910 
1.81341 
2.17493 
2.56216 
3.31829 
3.53545 
1.82277 
2.18781 
3.33898 
3.55590 
2.23699 
2.70121 
3.07387 
3.25850 
3.61768 
2.32294 
2.80514 
3.19428 
3.38685 
2.49878 
2.94947 

Masayuki '. 

m2 

(mol-
kg"1) 

4.15077 

5.83307 

5.46115 

5.26714 

5.05461 

4.61804 

4.49024 

4.18130 

6.19602 

5.88899 

5.49608 

5.30145 

5.08554 

4.64491 

4.53906 

4.20849 

5.90156 

5.52745 

5.33334 

5.11861 

4.67715 

4.54633 

4.23796 

6.25591 

5.96085 
5.58201 
5.38437 
5.16754 
4.72460 
4.59349 
4.27760 
5.96997 
5.61274 
5.39614 

5.19837 
4.73570 
4.60247 
4.29232 
6.19400 
5.98008 
5.74548 
5.26135 
5.12522 
6.22329 
6.01297 
5.29207 
5.15277 
6.21949 
5.94570 
5.71521 
5.59872 
5.36642 
6.45848 
6.17446 
5.93910 
5.81925 
6.86764 
6.61109 

NAKAGAKI 

mR 

(mol« 
kg"1) 

4.34053b> 

4.36719b> 

4.38777b> 

4.42531b> 

4.43227b> 

4.83866b> 

4.86871b> 

4.99141b> 

5.15367b> 

5.41611b> 

[Vol. 

exptl calcdc) 

0.0527 

0.0704 

0.0681 

0.0665 

0.0640 

0.0579 

0.0573 

0.0520 

0.0827 

0.0797 

0.0671 

0.0656 

0.0626 

0.0564 

0.0583 

0.0510 

0.0691 

0.0672 

0.0660 

0.0634 

0.0573 

0.0552 

0.0517 

0.0647 

0.0697 
0.0671 

0.0652 
0.0626 
0.0568 
0.0549 
0.0506 
0.0694 
0.0715 
0.0656 

0.0662 
0.0571 
0.0549 
0.0516 
0.0630 
0.0606 
0.0581 
0.0518 
0.0508 
0.0598 
0.0586 
0.0504 
0.0464 
0.0559 
0.0538 
0.0513 
0.0500 
0.0476 
0.0574 
0.0544 

0.0521 
0.0507 
0.0576 
0.0547 

0.0499 

0.0709 

0.0680 

0.0672 

0.0660 

0.0608 

0.0582 

0.0491 

0.0750 

0.0698 

0.0677 

0.0668 

0.0657 

0.0604 

0.0574 

0.0484 

0.0700 

0.0674 

0.0665 

0.0654 

0.0600 

0.0572 

0.0476 

0.0741 

0.0692 
0.0668 
0.0661 
0.0650 
0.0593 
0.0564 
0.0465 
0.0691 
0.0665 
0.0660 
0.0647 
0.0592 
0.0563 
0.0461 
0.0617 
0.0616 
0.0603 
0.0514 
0.0465 
0.0615 
0.0613 
0.0509 
0.0459 
0.0601 
0.0583 
0.0545 
0.0516 
0.0436 
0.0586 
0.0564 
0.0518 

0.0482 
0.0559 
0.0531 

52, No. 4 

Diff. 

0.42 

-0.03 

0.01 

-0.06 

-0.23 

-0.38 

-0.12 

0.43 

0.59 

-0.05 

-0.05 

-0.13 

-0.36 

-0.54 

0.14 

0.39 

-0.05 

-0.01 

-0.06 

-0.23 

-0.37 

-0.29 

0.62 

-0.29 
0.03 

0.02 
-0.09 
-0.27 
-0.35 

-0.22 
0.63 
0.01 
0.45 

-0.04 
0.18 

-0.29 
-0.20 
0.84 

0.12 
-0.11 
-0.29 
0.07 
0.68 

-0.17 
-0.32 
-0.07 
0.08 

-0.49 
-0.62 
-0.48 
-0.24 
0.66 

-0.15 
-0.29 
0.05 
0.40 
0.22 
0.24 

a) Reference solute : sucrose, b) Reference solute : sodium chloride, c) Calculated by Eq. 2 using the values in 
Table 3. d) Percentage error denned by Kelly.9> 
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TABLE 3. THE VALUES OF COEFFICIENTS IN Eq. 2 

FOR THE SYSTEM B g • HC1-SUCROSE-WATER 

Coefficient 

^ 0 0 

^ 1 0 

^ 0 1 

"^20 

A i 

-0.301038 
0.115026 
0.058376 

-0.025700 
-0.016720 

Coefficient 

^ 0 2 

- ^ 30 

A21 

A12 

^ 0 3 

-0.005065 
0.003036 
0.001324 
0.000664 
0.000187 

lny2 = lny2° - 0.301038^ + 0.058377m1m2 

+ 0.057513m!2 - 0 .005065™^ - 0.011146m^m2 

- 0.008567m!3 + 0.000187mim2
3 + 0.000498m1

2m2
2 

+ 0.000662m1
3m2 + 0.000759m!4, 

for the system Bg-HCl-sucrose-water. 

Fig. 1. Activity coefficients of Bg«HCl in sucrose solu­
tions of various concentrations, 
mjj Molality of Bg«HCl, m2; molality of sucrose. 

The activity coefficients for Bg*HCl in binary and 
ternary solutions are shown in Fig. 1 and the activity 
coefficients of sucrose in binary and ternary solutions 
are given in Fig. 2. T h e activity coefficient of each 
solute decreased in the presence of the other solute. 

D i s c u s s i o n 

Bg-HCl-Water System. Biguanide is the condensed 
compound of two guanidine molecules and, structurally, 
guanidine corresponds to urea and biguanide to biuret . 

Urea is known as a protein dénaturant and affects 
the hydrophobic hydration, as in the system urea-tetra-
butylammonium bromide-water,1 3) and also the hydro-
philic hydration, as in the system urea-sucrose-water.4) 
These influences of urea on the hydrophobic and hydro-
philic hydration play an important role in protein 
denaturation. 

2.5 

•k 

2.0 

1.5 

1.0 

f-

/ /\ / / / l / 1 

A^ 3 
• 

4 
i 
5 

/m,=0 

// °'5 
// 1*° // l 5 " 
//, 2D 

i 

6 m* 

Fig. 2. Activity coefficients of sucrose in Bg«HCl solu­
tions of various concentrations. 
mx\ Molality of Bg«HCl, m2; molality of sucrose. 

Guanidinium halides are also known as protein déna­
turants. T h e properties of the guanidinium ion in 
aqueous solutions were studied in our laboratory and 
the guanidinium ion was concluded to be a strong 
structure breaker ion.14-16) Biguanide halides are strong 
protein dénaturants and their effectiveness is stronger 
than urea and guanidinium halides.1) T h e effects of the 
biguanide ion on the structure of water have been 
studied in our laboratory. The viscosity 5-coefficient 
of the biguanide ion showed no temperature dependence 
and the increment of the ionic ^-coefficient arising from 
the change in the water structure was nearly zero, 
indicating the biguanide ion to be neither structure 
maker nor structure breaker.17) But the temperature 
dependence of the Waiden product obtained from the 
conductivity measurement was positive, indicating the 
biguanide ion to be a weak structure maker.18) The 
activity coefficients of the biguanide salts in the aqueous 
solutions obtained from the isopiestic measurement were 
somewhat lower than those of guanidinium salts with 
the same counter anions. The activity coefficients of 
biguanide salts decreased in the order OAc~>Cl~i>Br~, 
as in the case of guanidinium salts, when the anion was 
changed.19) These results indicate that the biguanide 
ion is thermodynamically a structure breaker.15) 

Bg'HCl-Sucrose-Water System. As shown in Figs. 
1 and 2, the mutual salting-in was observed in this 
system. T h e free energy of transfer of trace sucrose 
from water to various binary solutions are shown in 
Fig. 3. Mannitol is regarded as a hydrophilic structure 
maker5) and its structure of hydration may be similar 
to that of sucrose. 2-Aminobutyric acid (2-ABA) is 
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100 

^ 
o 

l/r
r 

P, 
0 

•100 

§ A 
^ I—• 
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i 

/? 
j " ^ 

^ 

V\ 

i 

! 1 i J ~i 

Mannitol J 
/a-ABA 

S 

^ " N O G T ^ -

i l t f 1 

2 3 4 m, 5 6 

GlyGly 

\ 

\ 

W H C I \Urea A 
\ v i 

\ \ 

\ N 

\ \ . 

1 1 ! 1 ^ 1 1 Fig. 3. Free energy of transfer of trace sucrose (solute 2) 
from water to aqueous solute 1 solutions at 25 °C. 
mx ; Molality of solute 1 as indicated in the figure. 

considered to be a weak structure maker.6) O n the other 
hand, glycylglycine (GlyGly)6) and urea are regarded as 
structure breakers. Uedai ra suggested that the mixing 
of two kinds of structure making solutes caused the 
positive free energy change of transfer, while the mixing 
of the structure making and the breaking solutes caused 
the negative free energy change of transfer for each 
solute in aqueous solutions.6) As seen in Fig. 3, Bg«HCl 
is more structure breaking than urea and GlyGly, if 
Uedaira 's postulation is applied to the system Bg«HCl-
sucrose-water. 

O n the other hand, Bg«HCl is an electrolyte and its 
interaction with sucrose is the sum of the electrostatic 
and the non-electrostatic terms. Therefore it is mean­
ingful to compare the system Bg«HCl-sucrose-water 
with the system NaCl-sucrose-water,2 0) because the 
interaction involved in the system NaCl-sucrose-water 
may be considered to represent the electrostatic inter­
action for the system Bg«HCl-sucrose-water. In Fig. 
4, the excess free energy of mixing for the system Bg-
HCl-sucrose-water are compared with those of the 
system urea-sucrose-water and NaCl-sucrose-water. 
The excess free energy of mixing AmGex is the sum of 
each component AmGy,ex, AmGt

ex, and AmG2
ex. Figure 

4 shows AmGex, J m G w
e x , AmGfx, and AmG2

ex at a 
total molality of 6 mol kg - 1 . For the system u rea -
sucrose-water, AmGex, zlmG1

e x , and AmG2
ex are nega­

tive and J m G w
e x is positive, indicating a strong inter-

400 

300 

200 

10.0 

n 
U 

-100 

-200 

-300 

-400 

4 
j 

-700 

- HgO-Bg-HCl-Sucrose j 

Bg-HCl 

-

* 

-

X. , 
0.5 

\ 
\ \ \ 

\ 

\ 

i 
Sucrose | 

à 
/ 
J 7 -\ 

J i 

H20-Urea-Sucrose 

Fig. 4. Excess free energy changes of mixing for ternary systems containing sucrose as a component 
at 6 mol »kg-1 of total molality. 
—.—.— AmGw

ex (excess free energy of mixing for water), 
AmGix (excess free energy of mixing for Bg«HCl or urea or NaCl), 

—x—x— AmG2
ex (excess free energy of mixing for sucrose), 

AmGex (total excess free energy of mixing), 
Xx; mole fraction of solute 1 (NaCl, Bg^HCl, Urea). 

file:///Urea
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TABLE 4. FREE ENERGY OF TRANSFER OF Bg-HCl FROM WATER TO SUCROSE SOLUTIONS AT 25 °C (cal/mol) 

m a) 
"no 

0 
0.2 
0.5 
1.0 
1.5 
2.0 
2.5 

0.5 

- 7 4 . 4 
- 6 9 . 4 
- 6 1 . 9 
- 5 1 . 1 
- 4 2 . 6 
- 3 5 . 3 
- 2 9 . 4 

1 

- 1 4 0 . 9 
- 1 3 1 . 6 
- 1 1 7 . 3 
- 97.0 
- 81.0 
- 67.7 
- 56.5 

2 

- 2 5 3 . 2 
- 2 3 6 . 6 
- 2 1 M ) 
- 1 7 5 . 2 
- 1 4 7 . 7 
- 1 2 6 . 4 
- 1 0 5 . 7 

V> 
3 

- 3 4 1 . 9 
- 3 1 9 . 9 
- 2 8 5 . 9 
- 2 3 9 . 0 
- 2 0 3 . 9 
- 1 7 4 . 9 
- 1 5 0 . 1 

4 

- 4 1 1 . 3 
- 3 8 5 . 8 
- 3 4 5 . 9 
- 2 9 1 . 8 
- 2 5 2 . 6 
- 2 2 0 . 1 
- 1 9 1 . 7 

5 

- 4 6 5 . 1 
- 4 3 7 . 6 
- 3 9 4 . 2 
- 3 3 6 . 5 
- 2 9 5 . 9 
- 2 6 2 . 1 
- 2 3 1 . 3 

6 

- 5 0 6 . 3 
- 4 7 8 . 3 
- 4 3 3 . 3 
- 3 7 5 . 0 
- 3 3 5 . 3 
- 3 0 1 . 5 
- 2 6 9 . 0 

a) The molality of Bg-HCl in a binary solution. The molalities in ternary solutions are slightly larger than 
m10, as the transfer is carried out at constant mole fraction.19) b) The molality of sucrose. 

action between urea and sucrose. T h e system Bg*HCl-
sucrose-water showed a similar tendency to that for the 
system urea-sucrose-water, though the values of AmGex, 
zlmGw

e x , AmG±
ex, and AmGz

ex were much larger than 
those of the system urea-sucrose-water. There may be 
two kinds of interactions between sucrose and Bg • HCl , 
that is, the direct interaction (the formation of water 
soluble complex) and the interaction through the change 
of water structure. The free energy data do not inform 
us which interaction is really working. But if we take 
into account that both solutes are hydrophilic and that 
the interaction takes place in water, the possibility of 
the direct interaction may be small. For the system 
NaCl-sucrose-water, AmGex and AmG2

ex were positive, 
while AmGx

ex changed sign as the mole fraction 
changed. The relation between the excess free energy 
changes and the mole fraction of the system B g - H C l -
sucrose-water resembled those of the system u r e a -
sucrose-water rather than those of the system N a C l -
sucrose-water. This means that a large organic salt, 
such as Bg*HCl, is more likely to act as a non-electrolyte 
like urea rather than as an inorganic electrolyte like 
NaCl in such a ternary system in the high concentration 
region. Therefore we applied Eq. 10 to the electrolyte-
non-electrolyte system. T h e pair interaction parameter 
{AB}g of the system Bg-HCl-sucrose-water was calcu­
lated to be —89.2 and that of the system urea-sucrose-
water was —37.3 in cal kg mo l - 2 . 

Table 4 shows the free energy of transfer AG*(N) 
(mole fraction scale)21) of Bg-HCl from water to sucrose 
solutions of various concentrations. The trace free 
energy of transfer is the most negative and its magni tude 
is twice as large as that of urea. 

As shown in Figs. 3 and 4 and Table 4, Bg«HCl 
exerts a more significant effect on the hydrophilic hydra­
tion than urea does. This result is consistent with the 
fact that Bg-HCl is a stronger dénaturant than urea. 

It is interesting to investigate the effect of biguanide 
salts on the hydrophobic hydration as observed in 

aqueous tetraalkylammonium salts solutions. We are 
currently working in this direction. 
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The electrophilicity of the CF3 radical in hydrogen abstraction reactions was studied theoretically by the 
CNDO/2 method. The activation energy for hydrogen abstraction by the CF3 radical from aliphatic hydrocarbons 
decreases with an increase in the electron density on the hydrogen atom to be abstracted. The origin of the electro­
philicity of the CF3 radical can be well understood by the stabilization energy due to derealization of electrons 
(SEDE) between the radical and substrate. The electrophilic stabilization energy defined by the SEDE from 
substrate to the radical governs the relative reactivities of aliphatic hydrocarbons, C H ^ C H g C H g ^ C H g C ^ C H g ^ 
(CH3)3CH, which corresponds to the order of the increase in the electron density. The results indicate that the 
radical is an electrophile if the relative reactivities of substrates are governed by the electrophilic stabilization 
energy, and a nucleophile when the reactivities are governed by the nucleophilic stabilization energy (the SEDE 
from the radical to substrate). SEDE was calculated for the reactions of the OH and the CH3 radicals with CH4 

and CH3CN; the results indicated that the OH radical is electrophilic and the CH3 radical nucleophilic. These 
polarities of radical reagents are discussed in connection with their physicochemical properties such as ionization 
potentials and electron affinities. 

The reactions of free radicals often show substituent 
effects1-5) which resemble those of ionic reactions. A 
number of radical reactions can be correlated with the 
Hammet t or Taft equation1 '2 '5 '6) and the polarity of a 
radical (nucleophilicity or electrophilicity) has been 
investigated. In rationalizing the observed trends, the 
polar effects concept1»2'7) (substituent effect on the tran­
sition state) has been widely accepted for a hydrogen 
abstraction reaction (Eq. 1), which can be described by 
the three resonance structures shown in Eq. 28) ( R H : 
hydrogen donor, X : radical) : 

RH + X • R + HX, (1) 

[ R • H . X <—• R i H + X <—• R + H ?X] (2) 

1 2 3 

According to Pryor et a/.,8) if R+ is more stable than 
X + and X~ is more stable than R~, then the structure 
3 makes a more important contribution to the stability 
of the transition state than does the structure 2 and the 
electrophilicity would be expected. The negative p values 
were obtained for reactions of hydrogen abstractions with 
substituted toluenes by the radicals that were thought 
to be electrophilic, such as CH 3 , C6H5 , Br, and CI, and 
this result has supported the polar effects concept. 
Moreover, Sakurai et a/.9) reported a l inear relationship 
of negative p values for CH 3 , C6H5 , f-BuO, and CI (for 
these radicals, H X bonds formed in Eq. 1 have nearly 
equal bond dissociation energies) and the electron affini­
ties of the radicals. This evidence supports the impor­
tance of the structure 3 in the transition state. In 
connection with the polarity of a radical, however, 
quanti tat ive investigation of structures 2 or 3 has not 
yet been made. Imamura has recently developed a 
molecular orbital (MO) method10) which determines the 
polarity of a radical on the basis of the stabilization 
energy due to derea l iza t ion of electrons (SEDE) 
between a substrate and a radical . This method was 
applied to the reaction of O H and H radicals with 
benzene derivatives, and O H and H radicals were found 

to behave as electrophiles, in good correspondence with 
the experimental facts.10) Moreover, the polarities of 
various radical reagents in the reaction of hydrogen and 
chlorine abstractions were studied by using SEDE; the 
interesting conclusion was reached that a radical reagent 
with an electrophilic nature changes its SEDE for the 
electrophilicity from substrate to substrate remarkably, 
while a radical reagent with a nucleophilic nature 
changes its SEDE for the nucleophilicity. Tha t is, the 
electrophilicity or the nucleophilicity can be determined 
not by the absolute value of SEDE but by the change 
in SEDE from substrate to substrate.11»12) 

In the present work, along the above-mentioned line, 
we calculated the SEDE in hydrogen abstraction by 
CF 3 radical from aliphatic hydrocarbons by the M O 
method and attempted to clarify the factors determining 
the polarity of the radical. This radical is interesting 
from a theoretical point of view since the fluorine atoms 
have large electronegativity, leading to the strong elec­
trophilicity of the radical reagent. The calculations of 
SEDE correspond to the evaluation of the contribution 
of the structure 2' or 3 ' to the stabilization of the reacting 
system. Tha t is, the structure 2' or 3 ' correlates with 
the nucleophilicity or the electrophilicity of the radical. 

ô- ô+ ô+ Ô-

[ R . . . H - . . X <—• R . . . H . . - X ] (2'} 
2' 3' 

If the relative reactivities of R H are governed by the 
SEDE corresponding to the structure 3 ' , the radical is 
an electrophiles; it is a nucleophile when the reactivities, 
are governed by the SEDE corresponding to the struct 
ture 2 ' . 

M e t h o d o f Calculat ion 

The total energies for the reacting system were calcu­
lated by the U H F method13) in the C N D O / 2 approxi­
mation.14»15) The values of the parameters included in 
the method are the same as those used in the original 
papers.14 '15) 
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Geometries used for calculation are as follows: for 
CH4,

16> r (C-H) = 1.09 Ä ; for CH3CN,17> r (C-H) = 1.107, 
r (C-C) = 1.468, and r (C-N) = 1.159 Â; for CH 3 CH 3 , 
CH 3 CH 2 CH 3 , and (CH 3 ) 3 CH, r ( C - H ) = 1.09 and 
r(G-G) = 1.54 Â. The bond angle H C H for these 
compounds is assumed to be 109.47°. 

Procedure of Analysis. The magnitude of the 
contribution of 2 in Eq. 2 to the reacting system is 
evaluated by the SEDE from a radical to substrate. 
This energy is a measure for the nucleophilic character 
of the radical, so it is defined as the nucleophilic stabi­
lization energy. Similarly, the contribution of 3 in Eq. 
2 is evaluated by the electrophilic stabilization energy 
(the SEDE from substrate to the radical) . Here, we 
may mention the method of calculating the SEDE in 
connection with hydrogen abstraction: 

R f | H + | X • [ R - t l - H - t X ] > Rf + HX, 

where R H and X denote a substrate (hydrogen donor) 
and a radical, respectively. The SEDE (Ais) is defined 
by Eq. 3 ; 

A £ = £ ( R - t i - H t X ) - £ ( R - t J - - H - t x ) > (3) 
where the first term on the right in Eq. 3 denotes the 
energy of the reacting system in which the delocalization 
of electrons between R H and X is forbidden (absence of 
the dotted line between H and X ) . The second term 
includes the delocalization of electrons. The first term 
is obtained by the SGF calculation after dropping the 
resonance integrals i r s between atomic orbitals (AO's) 
of R H , xr, and AO's of X , %s, given by Eq. 4 : 

In=j(ß* + ßu)Sr» (4) 

ß denotes the bonding parameter in the CNDO/2 
method.11-13) The M O ' s of the reacting system ( R - H ••• 
X) thus obtained are classified into the M O ' s localized 
on R---H and the ones localized on X in Eqs. 5 and 6, 
respectively : 

î W = SCBHi.rZr» (5) 
r 

<l>xj = IJCXJ.SZS, (6) 
s 

(pnui is the i-th. M O localized on R - - H and CRH; ir is the 
coefficient of A O in the i-th M O , and <pXj and C x / S 

are for the radical X . 
From Eq. 5, one obtains 

all all 
S ^BHi.r.^RHf = XI S ^RHi.r.QlHi.rZr 

i r i 
all 

= ZJ Xi ZJ ^RHi.r.^RHi.r- (7) 
r i 

Since a set of ^B Hrs is orthonormal, 
all 
S QlHf.r.QlHt.r = ^rr,' (8) 

Namely 
all 

Zr = S CRHi,r^RH£> (9) 

Xs = Y>cXjiS<pXj. (io) 

From Eqs. 9 and 10, one obtains the relation between 
the i r s represented by the A O basis (z r , *s) and the 
Iij by the M O basis (0BHi, <l>*j) : 

f all all f 

'rs = J z A d r = ^J}CRHUTCXJ^<pRmh°<pxjdr 

i J 

Instead of Eq. 11, the modified resonance integrals 
between AO's . i/s in Eq. 12 are used in the SCF 
calculation in order to include the delocalization of 
electrons between a part icular orbital set (f1} j \ ) . 

where (2;,-/,) denotes the summation over the set. 
From Eq. 12, it is easily proved that the modified 
resonance integrals between MO' s , I{j, reduces to zero 
except for the i ^ , , which has the same value as that 
obtained by using Eq. 11 (iiy). The proof is as follows. 

hj — züXlQlHi.r^'Xj.s-'rs 
r s 

= ZjZJ^RHi.r^Xj-.s 2-1 CBHU.TCXJUSIUJ, 
r s Cii-jù 

= ZJ *i,jt ZJ QlHi.rQlHii.r Z j ^Xj.s^Xji.s 
(ii-Ji) r s 

=^JUJAJJJ, (13) 

The procedure of the calculation is written as follows. 
(i) The total energy of the reacting system without the 
delocalization of electrons is calculated with the unre­
stricted SCF method in the CNDO/2 approximation 
after dropping all the resonance integrals between AO's 
on the fragment R H and those on the fragment X . 
Thus we obtain the value for the first term in Eq. 3, 
as well as the M O ' s localized on the fragments given 
by Eqs. 5 and 6. (ii) By using the M O ' s obtained in 
step (i), the modified resonances integrals between AO's 
are calculated according to Eq. 12 in order to take the 
delocalization of electrons between part icular M O ' s into 
account. (iii) The modified resonance integrals are 
employed to calculate the total energy of the reacting 
system with the delocalization of electrons, which corre­
sponds to the nucleophilic or the electrophilic nature of 
the radical reagent in question, (iv) A measure of the 
nucleophilicity or the electrophilicity of the radical 
reagent can be obtained by calculating the difference 
between the two energies obtained in the steps (i) and 
(iii), as is shown in Eq. 3. 

When the vacant M O ' s of the substrate and the 

T A B L E 1. T H E SCHEMATIC REPRESENTATION OF THE 

ORBITAL INTERACTION BETWEEN SUBSTRATE 

R H AND RADICAL Xa> 

Interaction 

Electrostatic 
(Zero) 

Nucleophilic 
(N) 

Electrophilic 
(E) 

RH 

X 

RH 

X 

R H 

X 

a-spin 

Occ Vac 

Occ Vac 

Occ / V a c 

O c c / Vac 

Occv Vac 

Occ ^ V a c 

RH 

X 

RH 

X 

RH 

X 

/?-spin 

Occ Vac 

Occ Vac 

Occ / V a c 

O c c / Vac 

Occs Vac 

Occ ^Vac 

a) The orbital interaction which includes the Iiljt is 
represented by a solid line. The symbol for the in­
teraction used in the text is given in the parentheses. 
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occupied M O ' s of the radical are chosen for ix and j \ , 
respectively, in Eq. 12, AE in Eq. 3 corresponds to the 
SEDE from radical to substrate. Thus , AE should be 
the nucleophilic stabilization energy; it is represented 
by the symbol N. When the occupied M O ' s of the 
substrate and the vacant M O ' s of the radical are chosen 
for i± and j j , respectively, AE is the electrophilic stabi­
lization energy; it is represented by the symbol E. 
Table 1 shows the schematic representation of intermo-
lecular interaction between the M O ' s of R H and X 
obtained by dropping the resonance integrals 7 r s (they 
interact electrostatically with each other but the d e r ­
ealization of electrons is prohibited). 

R e s u l t s a n d D i s c u s s i o n 

The coordinate system assumed for a hydrogen 
abstraction reaction by the C F 3 radical from aliphatic 
hydrocarbons is shown in Fig. 1. In a previous paper,11) 
we examined the reaction path of the C H 4 - O H system 
by the I N D O method, and the geometry in Fig. 1 might 

, 1.091 

• / 

fc—Iffi* H-^0Ao. 
109.47° 111° 

H H 

H 

. 1.09Â 

IAO Ä • • 1 . 1 5 < fc Litüü H - ^ 0 
//109.47° 104.45 \ 

/ 

->X 

\( 0.9584 % 

H 

0.09 A 

/

X _ _ L â 0 j 

109.47° 

.... 

-H-

VI09Â 

'H H 
Fig. 1. The coordinate system assumed for hydrogen 

abstraction by the CF3 radical from methane. 

be roughly approximated as the transition state. More­
over, the electrophilicity of the O H radical in the reaction 
with methane deduced from the SEDE was not depend­
ent on the reaction paths : A(1.09, 1.46), B(1.20, 1.35), 
C(1.30, 1.25), D(1.40, 1.15) which are specified respec­
tively by the sets of O - H 5 and H 5 - 0 distances indicated 
in the parenthesis. For the O H and the C H 3 radicals, 
therefore, we used the same geometries as in the previous 
paper to determine the polarity in the reaction with a 
series of substrates. Although the geometry in Fig. 1 is 
tentatively chosen for the reaction of the CF 3 radical, 
we believe that the result need not be revised when the 
geometry is changed slightly. 

We may assume here without loss of generality that 

H »00197 
. -0.1648 

> .F-0.1648 

H -
,7-0.0136 -0.1181 

- O 0.5670 

H u »0.0197 M • 0.0197 F-0.1648 

: -0.1913 
»0.0457 --0.1913 

H — 
,'fr 0.0229 +0.0191 

I 
-00.3946 

• 0.0457 n * 0.0457 F-0.1913 

Fig. 2. The electron distribution of CH4-CF3 system by 
the orbital interaction corresponding to the nucleophilic 
(N) and the electrophilic (E) stabilization energy. 

the CF 3 radical has thirteen valence electrons with a-spin 
and twelve valence electrons with /?-spin. I t is noticed 
from the electron distribution shown in Fig. 2 that the 
derea l iza t ion of electrons occurs from the CF 3 radical 
to methane by the orbital interaction N, while it occurs 
from methane to the C F 3 radical by the interaction E. 
Thus the stabilization energy denned by N or E corre­
sponds to the direction of the derea l iza t ion of electrons 
occurring between a substrate and a radical . The struc­
ture 2 ' or 3 ' in Eq. 2 ' is considered to correspond to N 
or E. Figure 3a shows the correlation of the activation 
energy18) and the electron density on the hydrogen atom. 
The activation energy decreases with an increase in the 
electron density. The origin of the electrophilicity of 
the CF 3 radical can be understood by N and E, as 
summarized in Table 2. E increases with the increasing 

TABLE 2. THE ELECTROPHILICITY OF THE CF3 RADICAL IN 

HYDROGEN ABSTRACTION WITH ALIPHATIC HYDROCARBONS 

Substrates 

CH4(11.3)d> 

CH3CH3 

(7.5) 

VJ.H.3CJ.H.2 

CH3(5.1) 

(CH3)3 
CH(3.6) 

Orbital 
interaction11) 

Zero 
N 
E 
Zero 
N 
E 
Zero 
N 
E 
Zero 
N 
E 

Total 
energyb) 

-100.0340 
-100.0845 
-100.1534 
-108.7335 
-108.7827 
-108.8568 
-117.4275 
-117.4758 
-117.5540 
-126.1176 
-126.1652 
-126.2469 

SEDEb> 

0 
0.0505 
0.1194 
0 
0.0492 
0.1233 
0 
0.0483 
0.1265 
0 
0.0476 
0.1293 

ETC> 

0 
0.0726 

- 0 . 1 7 9 3 

0 

0.0711 
-0 .1927 

0 
0.0708 

-0 .2035 
0 
0.0702 

-0 .2141 

a) Seethe notes in Table 1. b) Atomic units, c) 
Electron transfer quantities due to derealization of 
electrons. Positive values correspond to those from 
the radical to substrate and negatives, vice versa. 
d) Activation energy (kcal/mol) .18) 
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0.987 0.997 1.007 
Electron density 

Fig. 3a. The correlation of the activation energy and 
the electron density for hydrogen abstraction by the 
CF3 radical from aliphatic hydrocarbons. 1 : CH4, 2 : 
CH3CH3, 3: CH3CH2CH3, 4: (CF^^CFf. 

0.170 0.172 0.174 0.176 
N*E(au) 

Fig. 3b. The correlation of the activation energy and 
the sum of the nucleophilic and the electrophilic stabili­
zation energy (N-\-E). 1—4, see the caption in Fig. 3a. 

0.125 
E(au) 

Fig. 3d. The correlation of the electron density and the 
electrophilic stabilization energy E. 1—4, see the 
caption in Fig. 3a. 

number of electron-donating C H 3 groups, while N 
decreases. The reactivities of aliphatic hydrocarbons 
correlate linearly with the sum of N and E, as is shown 
in Fig. 3b. I t should be pointed out that both N and 
E contribute in determining the reactivity, but the 
increase of E from molecule to molecule is much larger 
than the decrease of N. Hence E governs the relative 
reactivities, as is shown in Fig. 3c. The electrophilicity 
of the CF 3 radical suggested by the electron density is 
ascribable to the correlation of the electron density and 
E shown in Fig. 3d. The electrophilic stabilization 
energy is closely related with the electron affinity of a 
radical. Therefore the linear relationship of the negative 
p values and the electron affinities of the radical9) 
supports the present conclusion that the radical is an 
electrophile if the relative reactivities of the substrates 
are governed by E. 

For the study of factors which determine the polarity 
of radical reagents, the polarities of the O H and C H 3 

radicals were subjected to the analysis by the above-
mentioned procedure for the reaction with CH 4 and 
CH 3 CN. Fig. 4 shows the difference in the polarity 

~10 
"o 
E 

en
er

gy
 (

 k
ca

 
oo

 

c 
0 

a 
u 

°\ 
• \ 

-

\ p 2 

o \ 

. 1 . ' 1 

0.121 0.125 

E (au) 
0.129 

Fig. 3c. The correlation of the activation energy and 
the electrophilic stabilization energy E. 1—4, see the 
caption in Fig. 3a. 

15 

17 

19 

ONCH3CN 

OH raical 

^ S C H J 
O 

0.99 

0.96 0.97 0.98 
Electron density 

0.99 

Fig. 4. The difference in the polarity between the OH 
and the CH3 radicals. 
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T A B L E 3. T H E DIFFERENCE IN THE POLARITY BETWEEN THE O H AND THE C H q RADICALS 

Substrates Orbi ta l 
interaction a ) 

Total 
energyb SEDEb> ETC> 

O H radical 

C H 3 radical 

, CH3CN(0.0212)d> 

1 CH4(I.43)a> 

, CH,CN(10.0)=> 

I CH4(12.8)e> 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

a) , b ) , c) See the notes in Table 2. d) Ra te constant (108 M -

-46 .6568 
-46.7480 
-46.6616 

-28.8765 
-28.9422 
-28.9445 

-36.7689 
-36.8312 
-36.9112 

-18.9882 
-19.0441 
-19 .1339 

l s - l ) . 6 e ) e ) 

0 
0.0912 
0.0048 

0 
0.0657 
0.1180 

0 
0.0623 
0.1423 

0 
0.0559 
0.1457 

Activation energy 

0 
0.1067 

-0 .0093 

0 
0.0527 

-0 .1253 

0 
0.1038 

-0 .2029 

0 
0.0892 

-0 .2048 

(kcal/mol).19^ 

between the O H and the C H 3 radicals in hydrogen 
abstraction.19) Although only two points are available, 
a distinct tendency is observed : the O H is electrophilic 
while the C H 3 radical is nucleophilic. This result is in 
good agreement with our previous studies on the polarity 
of the O H and the C H 3 radicals in the reaction with 
methane and a series of chloromethanes, respectively.12) 
It is evident that the correlation in Fig. 4 is not 
explained by the bond dissociation energy of the C - H 
bond broken, Z)C_H, only ( A J - H in CH3CN-' 86 kcal/mol,9) 
CH 4 : 104 kcal/mol20)) but by the significant contribution 
of the polar effects. As Table 3 shows, the relative 
reactivities are interpreted by the sum of N and E. 
For the O H radical, the increase of E is larger than the 
decrease of N when the substrate changes from CH 3 CN 
to CH 4 , so that E governs the reactivities. This tendency 
is consistent with that of the GF 3 radical. The electro-
philicity of the O H radical determined by the SEDE is 
in agreement with the one reported by Anbar et a/.6e) 
on the basis of the Hammet t equation. For the C H 3 

radical, on the other hand, the increase of E is smaller 
than the decrease of N, hence N governs the reactivities. 
As the difference of the ionization potential between the 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

- 0 0 \ 0 t-C4H9 

\ o i-C3H7 

• 

CH 3 0| 

7.0 8.0 9.0 10.0 

Ionization potential(eV) 

Fig. 5. The correlation of the Hammett p values and 
the ionization potentials of alkyl radicals. 
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Fig. 6a. The correlation of the activation energy and 
the electron density for hydrogen abstraction by the 
CF3 radical from chloromethane. 1 : CH4, 2 : GH3C1, 
3 : GH-G1-, 4: CHCL. 
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Fig. 6b. The correlation of the activation energy and 
the electron density for chlorine abstraction by the CF3 

radical from chloromethanes. 1 : CH3C1, 2 : CH,C12, 
3:CHC13, 4:CC14 . 
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O H and the C H 3 radicals ( O H : 13.18,21) C H 3 : 9.86 
eV21)) is larger than that of the electron affinity22) ( O H : 
1.83, C H 3 : 1.4 eV), the former seems to play a 
dominant role in determining the polarity of the radical. 
The nucleophilicity of the C H 3 radical is based on its 
low ionization potential. In fact, z'-C3H7 and £-C4H9 

radicals having low potentials21) (z-C3H7: 7.90, i-C4-
H 9 : 6.90, 7.07, 7.42 eV) have recently been found by 
Pryor et a/.8c) to react as nucleophiles in hydrogen 
abstractions from substituted toluenes. As Fig. 5 shows, 
the positive p value increases with a decrease in the 
ionization potential of a radical. This supports the 
conclusion that the radical is a nucleophile if the relative 
reactivities of the substrates are governed by N. 

According to Pryor et al., the C H 3 radical is slightly 
electrophilic in hydrogen abstraction with substituted 
toluenes (p =—0.123)), while it abstracts electron defi­
cient a hydrogen 7.8-fold faster than ß hydrogen in the 
reaction with propionic acid.24) Similarly, the CF 3 

radical is nucleophilic in hydrogen abstraction or chlo­
rine abstraction with chloromethanes, as is shown in 
Figs. 6a and 6b.25) The electron affinity of the CF 3 

radical is nearly equal to that of the electrophilic O H 
radical (CF 3 : 1.85, O H : 1.83 eV),22) while its ioniza­
tion potential (10.18, 8.90 eV)21> is lower than that of 
the O H radical (13.18 eV19)) and approximately the 
same as that of the C H 3 radical (9.86 eV).21> This may 
account for the two different behaviors of the CF 3 

radical in the polarity. These results show that the 
polarity of a radical seems to be primarily determined 
by its physicochemical properties (ionization potential 
or electron affinity), but also to depend on the nature 
of the substrate. 

We would like to express our grati tude to the Com­
puter Center, Tokyo University, for its generous permis­
sion to use the H I T A C 8700/8800 computer. 
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Electron Spin-Spin Interaction and Translational Diffusion of 
Nitroxide Radicals in Sodium Dodecyl Sulfate Micelles 
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(Received August 9, 1978) 

The line width measurements of ESR spectra of 2,2,6,6-tetramethyl-4-benzoyloxypiperidinyl-l-oxyl (BzONO) 
in sodium dodecyl sulfate (SDS) micelles have been carried out at various concentrations of BzONO. The plot 
of the line width against the concentration of BzONO shows a line with a break at mole fraction ca. 0.05, as opposed 
to the theoretical prediction that the plot would give a straight line. In order to explain this anomalous behavior, 
three models for the solubilization of BzONO are considered. On the basis of two of these models, spin exchange 
rates of BzONO in the micelles are estimated. Translational diffusion coefficients of BzONO in the SDS micelles 
at 20, 31, and 38.5 °G are calculated by using the spin exchange rate constants and an appropriate diffusion model. 
The obtained values are of the order of 10~7 cm2/s. 

Magnetic resonance methods have been used to study 
both microscopic and dynamical aspects of the solu­
bilization of hydrophobic substances into surfactant 
micelles. 

In the N M R method,1) the change in chemical shifts 
caused by aromatic solubilizates is utilized to know a 
solubilizing site and its environment. Fendler and 
coworkers2) have reported that benzene is mainly solu-
bilized in the interior of sodium dodecyl sulfate (SDS) 
micelles, bu t it is located near the surface of hexadecyl-
t r imethylammonium bromide (GTAB) micelles. 

By means of another N M R technique utilizing the 
line broadening caused by paramagnet ic counter ions, 
Fox and coworkers3) have found that jb-xylene as a solu-
bilizate is distributed uniformly throughout the hydro­
phobic region of SDS micelles. 

By the ESR method, besides the solubilizing site 
and its environment,4) dynamical quantities such as 
rotational correlation times4»5) in micelles and ex­
change rates6) between micellar environment and bulk 
water have been obtained for nitroxide radical molecules 
as hydrophobic solubilizates. T h e values reported so far 
are of the order of 10"10 s/rad for the former and 104— 
105/s for the latter. 

Recently, the measurement of spin exchange interac­
tion has been applied to the study of translational 
diffusion in fluid media,7) and has given very interesting 
results. I n a fluid medium, the spin exchange is accom­
panied by the molecular collision between dissolved 
radicals. T h e exchange rate, therefore, can be connect­
ed with their translational diffusion coefficient.8) 

By means of this technique, McConnell and cowork­
ers9) have estimated that the translational diffusion 
coefficient of spin-labeled phospholipid molecules in 
lipid membranes is 6 x 10 - 8 cm2/s at 37 °G. Ablett and 
coworkers10) have studied the hydrophobic interaction 
by the measurement of spin exchange rate of nitroxide 
radicals in both water and various organic solvents. 

T h e purpose of the present study is to determine the 
translational diffusion coefficients of solubilizates in sur­
factant micelles by this technique, which utilizes the 
electron spin exchange broadening. T h e information 
about this quanti ty may lead to a further understanding 
of the solubilization phenomena and the chemical reac­
tion in micellar environments. 

Exper imenta l 

The synthesis of 2,2,6,6-tetramethyl-4-benzoyloxypiperi-
dinyl-1-oxyl (BzONO, Fig. 1) was reported elsewhere.11) 
Sodium dodecyl sulfate (SDS) of specially prepared reagent 
was recrystallized several times from ethanol-acetone solu­
tions. Its CMC is 8.3xl0-3mol/dm3 at 25 °C. 

Fig. 1. BzONO. 

ESR spectra were recorded on a JEOL model ME-3X 
spectrometer equipped with a variable temperature acces­
sory. The accuracy of temperature measurements is ± 1 K. 

The concentration of aqueous SDS solutions ranges from 
4 to 7 wt %. In this concentration range, the ESR spectra 
come only from BzONO in SDS micelles; the fraction of 
BzONO in bulk water is very small. 

R e s u l t s a n d D i s c u s s i o n 

As unpaired electron spin concentration increases in 
a system, the electron spin-spin interaction becomes 
more and more important in the electron magnetic 
relaxation mechanism.12) This interaction consists of 
two par ts ; one is the spin exchange interaction and the 
other is the dipolar interaction. The former is a contact 
interaction which occurs only on overlapping of the 
wave functions of the electron spins. In a solution, 
therefore, this interaction accompanies the collisional 
process between paramagnetic species. The latter is a 
classical magnetic interaction which depends on the 
distance between paramagnetic species. 

From theoretical and experimental studies,13) both in­
teractions increase linearly with the spin concentration. 
However, in regard to an increase in T\r} where T is 
the absolute temperature and y is the environmental 
viscosity, the two interactions behave differently.14) The 
spin exchange interaction is proportional to the increase, 
and, on the other hand, the dipolar interaction is 
inversely proportional to it. Tha t is to say, the electron 
spin relaxation rate of spin exchange interaction Tïi 
and that of dipolar interaction T^è are given by the 
following formulae, respectively : 
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TfJ = kEC oc T/V, (1) 

T2-D
1 = KÏ)C<XV/T, (2) 

where kE is the second order rate constant for the 
exchange process, C the spin concentration, and KB is 
a proportionality constant. 

In the case of nitroxide radicals, the net spin-spin 
relaxation rate !T2

_1 takes the following form : 

T' - l _ T - l i T - l i T - l 

= W + (kE+KD)C, (3) 

where T2{i~
l is the relaxation rate when no electron spin-

spin interaction occurs. Thus, Eq. 3 predicts that a plot 
of T2~

x against C will give a straight line. 

Fig. 2. ESR spectra of BzONO in 4.75 wt % aqueous 
SDS solutions at 20 °C. Mole fraction of BzONO in 
micelles: (a) 0.009, (b) 0.037, (c) 0.065, (d) 0.090. 

Figure 2 shows ESR spectra of BzONO in 4.75 wt % 
aqueous SDS solutions at 20 °C. At this SDS concentra­
tion, the spectra can be assigned only to BzONO in the 
SDS micelles. The spectra consist of three lines owing 
to the contact interaction between an electron spin 
(S= 1/2) and an 14N nuclear spin ( / = 1). T h e three lines 
correspond to 14N nuclear spin quantum numbers Mi = 
+ 1, 0, and — 1 , toward the high field direction. Each 
line width of the spectra increases with the concentration 
of BzONO. The broadening is due to the electron spin-
spin interaction. 

Figure 3 shows the plots of each line width W, equal 
to (2/V3) T^1, against the mole fraction X of BzONO in 
micelles. The obtained plots were not represented by 
straight lines, contrary to the foregoing theoretical con­
sideration. Each line breaks at mole fraction ca. 0.05. 

Recently, Barratt and coworkers15) have reported 
similar results from the study of electron spin exchange 
of 2,2,6,6-tetramethylpiperidinyl-l-oxyl in glycerol-
water mixed solvent; they give no interpretation. We 
will give our opinion later, though it is an open ques­
tion whether the nature of their results is the same as 
in the present study. 

The results of line width measurement with two SDS 
concentrations were on the same lines, as is shown in 

O 4.0 U 

v 

•J 2.0 h 

0.02 0.04 0.06 

Mole fraction X 
0.08 

Fig. 3. Plots of W against X at 20 °C in 4.75 wt % 
aqueous SDS solutions ( O : Afj= + 1, /\: Mj=0, and 
r j : Mx= — 1); in 7.01 wt % aqueous SDS solutions 
( # : i W I = + l, A : A f I = 0 , a n d B : M I = - l ) . 

Fig. 3. This fact guarantees that the ESR spectra 
observed involve no signal from B z O N O in bulk water, 
and indicates that the presence of the break is not 
caused by the interaction between electron spins belong­
ing to different micelles. 

Figures 4 and 5 show the results at 31 and 38.5 °C, 
respectively. At these temperatures, it was also observed 
that the l inear plots of W against X fail. T h e gradients 
of these lines above and below mole fraction of ca. 0.05 
are listed in Table 1. I t is observed that the gradient 
decreases with an increase in temperature in the mole 
fraction range below ca. 0.05, whereas it increases in 
the higher mole fraction range. This finding can be 
interpreted by suggesting that below ca. 0.05 of X the 
dipolar interaction is predominant and, on the contrary, 
above ca. 0.05 of X the electron spin exchange interac­
tion is predominant , [cf. Eqs. 1 and 2) 

In order to understand the above-stated anomalous 
spin concentration dependence of the line width, three 
models for the solubilized state may be considered, as 
follows. 

0.02 0.04 0.06 

Mole fraction X 
0.08 

Fig. 4. Plots of W against X in 5.71 wt % aqueous SDS 
solutions at 31 °G ( # : AfI = + l, A : Mx=0, and 
• :M t=-l). 
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0.02 0.04 0.06 
Mole fraction X 

0.08 

Fig. 5. Plots of W against X in 5.71 wt % aqueous SDS 
solutions at 38.5 °G ( # : Af,= + 1, A : Afi = 0, and 

TABLE 1. GRADIENTS OF W-X LINES IN TWO 

MOLE FRACTION RANGES 

Temp 
(°G) 

20 
31 
38.5 

Gradient/G 

Z < 0 . 0 5 

30.4 
22.4 
19.2 

Z > 0 . 0 5 

62.4 
67.2 
92.8 

Model 1. In this model it is considered that one 
SDS micelle consists of several clusters containing some 
SDS molecules. I t is, moreover, assumed that a solubi-
lizate molecule is bound in one of these clusters and 
cannot transfer from one to another. In a cluster, 
however, a solubilizate molecule can move easily. O n 
this assumption, the occurrence of a break in the W-X 
plot can be explained as follows. 

With an increase in the concentration of BzONO in 
SDS micelles, the number of BzONO in each cluster 
increases. When the number of B z O N O in one micelle 
exceeds one, the dipolar interaction takes place, and as 
long as the number of BzONO in each cluster does not 
exceed one, only this interaction is present. The reason 
for this is that BzONO molecules in different clusters 
cannot collide with each other. When the number in 
one cluster exceeds one, the spin exchange interaction 
is superimposed to the dipolar interaction. 

Thus , in the plot of line width against BzONO mole 
fraction, a break may occur and this point corresponds 
to the concentration where one cluster solubilizes just 
one BzONO molecule. 

Since the values of mole fraction at the break in 
Figs. 3 , 4, and 5 are almost equal to 0.05, the number 
iVmo of the SDS molecules constituting one cluster is 
estimated to be 19, satisfying 1/(1 +JV„0) = 0 . 0 5 . Con­
sidering that the aggregation number of the SDS mole­
cules in one SDS micelle is equal to 62,16) it can be 
derived that three clusters exist in one SDS micelle. 

Accoridng to the studies17) concerning the micellar 
structure of ionic surfactants, the micelles at low concen­
tration have spherical or ellipsoidal shape with a single 

hydrophobic core and a continuous surface. O n the 
other hand, at high concentration (more than 10 wt % ) , 
some surfactants form a bilayer structure. Since the 
concentration of SDS solutions used in the present study 
ranges from 4 to 7 wt %, it is supposed that the micellar 
structure in the solutions is similar to that at low SDS 
concentration. In these micellar models, a continuous 
structure is assumed in the micelle. Therefore, the 
nature of the cluster proposed in this model 1 remains 
unexplained. 

Model 2. In this model, the occurrence of spin 
exchange interaction above the mole fraction ca 0.05 is 
explained by a structural change in micelles caused by 
the solubilization of B z O N O . The structural change 
assumed here is one which makes the hydrophobic 
portion of micelles more fluid-like. As was stated above, 
the dipolar interaction predominates over the spin 
exchange interaction at lower radical concentration, so 
that the change into fluid-like structure weakens the 
former and strengthens the latter. Thus, the plots of 
line width against BzONO concentration produce a 
break at the concentration of the structural change. 

In the N M R study18) on mixed solutions of a nonionic 
surfactant, hexa(oxyethylene)dodecyl ether, and a fluo­
rescent dye, it was found that the line width of alkyl 
methylene protons decreases with an increase in the 
concentration of the dye and remains constant above 
0.05 of the mole fraction of the dye. These findings have 
been explained on the basis of a change in the micelle 
structure caused by the electrical charge of the dye 
molecules trapped in the poly(oxyethylene) shell of the 
micelle. 

Fendler and coworkers2) found that plots of chemical 
shifts of a zwitterionic surfactant, 3-(iV,Ar-dimethyldo-
decylammonio)-l-propanesulfonate, against the concen­
tration of solubilizate, benzene, or nitrobenzene, exhibit 
a break in the region of mole fraction from 0.04 to 0.12. 
This break has been ascribed to an alteration in the 
micelle structure. 

These results may support this model 2, if one assumes 
that the aromatic solubilizates including BzONO cause 
the structural change in micelle. 

Model 3. In this model the occurrence of the 
break in the W-X curves is ascribed to a clustering of 
BzONO themselves in SDS micelles. T h e clustering, 
which occurs at some BzONO content, makes its local 
concentration higher in the micelle. Therefore, the 
dependence of electron spin-spin interaction on the 
BzONO concentration changes, producing a break. 
Recently, in the case of some nitroxide biradicals in 
lipid membranes, a clustering of radicals was observed 
by Rey and McConnell.19) I t is a disadvantage of this 
model that, in the ESR spectra in the present study, 
there is no signal corresponding to monomeric BzONO 
molecules which should exist in equil ibrium with 
BzONO clusters. 

All three models can explain, in any event, the 
occurrence of the breaks on the lines in Figs. 3—5. 
T h e determination of the most favorable model remains 
a further problem, and the simulation of the experi­
mental spectra which will serve to solve the question is 
now being carried out. 
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O n the basis of model 1 and model 2, the spin 
exchange rate of BzONO in SDS micelles are deter­
mined, and then the translational diffusion coefficients 
of BzONO in the micelles are calculated. T h e tansla-
tional diffusion coefficient cannot be defined in model 
3, since the spin exchange rate in this model does not 
reflect the diffusion process of BzONO in SDS micelles. 

According to studies20) on the relationship between 
the spin exchange interaction and the molecular collision 
process, the rate fc of the bimolecular collision between 
radicals has the following relationship with the spin 
exchange rate T^è (=/E) in a relatively viscous medium 
( T ) > 3 — 4 cp) : 

/ . = 3 7 ^ = 3/E . (4) 

Since fE—kEC in Eq. 1, 

/ . = ^EX (5) 

is derived, if C is defined as the mole fraction X. 
O n the other hand, assuming that the surfactant 

molecules and solubilizate, BzONO, constitute a two-
dimensional hexagonal structure in the micelle, the 
average number8 '21) of new solubilizate molecules 
encountered by a solubilizate molecule in one diffusion 
step is equal to 3X, where X is the mole fraction of the 
solubilizate in micelles. Thus, fc is represented by 

/ . = 3nZ, (6) 

where n is an average rate of diffusion step. 
A two-dimensional diffusion coefficient Dtr can be 

written as 

DtT = nX*H (7) 

where A is a mean length in one diffusion step. Substi­
tuting Eqs. 5 and 6 into Eq. 7, Dtr is rewritten as 

Dtr = M 2 / 4 . (8) 

Therefore, if kE can be estimated from Figs. 3—5, 
and an appropriate diffusion model is assumed, the 
translational diffusion coefficient of B z O N O in SDS 
micelles can be reasonably determined. 

In model 1, kE corresponds to a difference between 
the two gradients (below and above mole fraction 
ca. 0.05). Strictly speaking, the value does not 
correspond to kE, since the magnitude of intra-cluster 
dipolar interaction may not be equal to that of inter-
cluster dipolar interaction. 

In model 2, kE corresponds to the gradient above 
mole fraction ca. 0.05. 

A2 was estimated to be 5.8 X 10~15 cm2 from the 
results22) of the surface area occupied by one polar head 

TABLE 2. TRANSLATIONAL DIFFUSION COEFFICENTS OF 

BzONO IN SODIUM DODECYL SULFATE MICELLES 

Temp Model 1 Model 2 
(°G) Ar/lO-'cm^s-1 DJ 10-i cm**-1 

20 Ï7Ï 2T2 
31 1.6 2.4 
38.5 2.6 3.3 

group in SDS micelles. 
Substituting the values of kE and A2 into Eq. 8, the 

translational diffusion coefficients of BzONO in SDS 
micelles were obtained. T h e results at 20, 31 , and 38.5 
°C are listed in Table 2. The increasing tendency of 
DtY with temperature is more reasonable in model 1 
than in model 2. 

The translational diffusion coefficient of low-molecu­
lar weight substances in ordinary solutions is of the 
order of 10~5 cm2/s, and that of phospholipid21) or 
steroid23) molecules in lipid membranes is of the order 
of 10~8cm2/s. The values obtained in the present 
system fall between these two. 
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(Received August 14, 1978) 

The absolute rate constants of reaction of deuterium atoms with seven simple olefins at room temperature 
have been measured by using the pulse-radiolysis technique. The comparison with the rate constants of reaction 
of hydrogen atoms previously obtained shows that the ratios of k (D+olefin) /k (H+olefin) are in the range of 
0.7—0.8. This isotope effect is theoretically discussed. 

The H / D isotope effect has widely been used for the 
elucidation of the reaction mechanism of a complex 
reaction;1) however, reliable absolute rate constants 
which can be utilized for the analysis of the isotope 
effect in an elementary reaction are not abundant . In 
1975, Mihelcic et al. measured the absolute rate con­
stants of the reactions between H or D atoms and 
C 2H 4 , C2D4 , or G3H6 and discussed the kinetic isotope 
effects.2) 

In a previous paper,3) we obtained the absolute rate 
constants of reaction of hydrogen atoms with seven 
simple olefins by using a pulse-radiolysis technique and 
found that the relative rate constants obtained are in 
good agreement with those reported as reliable values 
in the l i terature. Since the method we used can easily 
be extended to the reactions of deuterium atoms, we 
have at tempted to measure the absolute rate constants 
of reaction of deuterium atoms with the same seven 
olefins and to discuss the H / D isotope effect. 

E x p e r i m e n t a l 

The technique used in this study consists of that of pulse 
radiolysis coupled with the time resolved detection of the 
resonance absorption of deuterium atoms. The apparatus 
and procedure used are similar to those previously described 
for the reaction of hydrogen atoms,3) except for the detec­
tion system. A photomultiplier tube for the vacuum ultra­
violet region (Hamamatsu TV Co., R976) was mounted for 
the detection of Lyman-a line of D atoms. The signal/noise 
ratio was improved to about 20. The photomultiplier output 
was amplified by an operational amplifier (Harris HA-2625) 
and monitored by a Tektronix 475 oscilloscope. 

The deuterium gas, whose nominal purity was 99.5% 
(Showa Denko Co.), was used after having been passed 
through a molecular sieve 4A at the temperature of liquid 
nitrogen. The research grade olefins supplied by the 

Fig. 1. a) The pulse-irradiated H2 gas at 500 Torr was 
detected by the Lyman-a of D atoms. No absorption 
can be observed, b) Under the same condition of the 
lamp, the D2 gas at 500 Torr containing 74 mTorr 
trans-2-butène was pulse-irradiated. 

Takachiho Shoji Co. were used after thorough degassing. 
In order to ascertain the separation of Lyman-a's of H and 

D atoms, 500 Torr H2 gas was pulse-irradiated and the absorp­
tion of the product at the wavelength of Lyman-a was pursued 

T A B L E 1. T H E ABSOLUTE RATE CONSTANTS OF REACTION OF HYDROGEN AND DEUTERIUM 

ATOMS WITH SIMPLE OLEFINS AT ROOM TEMPERATURE 

Olefin 

Ethylene 
Ethylene-t/4 

Propylene 
1-Butène 
/ranj-2-Butene 
m-2-Butene 
2-Methylpropene 
2-Methyl-2-butene 

Mihelcic et alV 

kji A:D 

10-12 cm3 molecule-1 s-1 

1.25±0.03 0 .87±0.03 
1.15±0.03 0 .85±0.03 
1.68±0.05 1.14±0.02 

kD/kn 

0.70 
0.74 
0.68 

Present authors 

* H 3 ) * D 

10-12 cm3 molécule-1 s - 1 

1.1±0.1 

1.7±0.1 
2 . 0 ± 0 . 5 
1.1±0.1 
1.0±0.1 
5 .2±0.6 
2 .4±0 .3 

0 .8±0 .1 

1.3±0.2 
1.6±0.1 
0 .8±0 .1 
0 . 8 ± 0 . 1 
3 . 8 ± 0 . 3 
2 . 0 ± 0 . 3 

kDjkH 

0.73 

0.76 
0.80 
0.73 
0.80 
0.73 
0.83 
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by using a lamp in which D2 gas was made to flow. As Fig. la 
shows, pratically no absorption could be observed. On the 
other hand, when the reactant was replaced by D2 gas under 
the same condition of the lamp, a strong absorption could 
be observed. Figure lb shows the decay of deuterium atoms 
obtained with 500 Torr D, and 74 mTorr trans-2-butene. 

R e s u l t s 

Figure 2 shows the decay rates of deuterium atoms 
as functions of the concentration of olefins. From the 
slopes of the linear relations, the rate constants of reac­
tion of deuterium atoms with olefins can be calculated. 
The results are summarized in Table 1, together with 
the rate constants previously obtained for hydrogen 
atoms and with the results obtained by Mihelcic et a/.2) 

All of the ratios £(D+olef in) /£(H+olef in) are in the 
range of 0.7—0.8. The experimental errors prevent us 
from determining whether the ratios are dependent upon 
the kind of olefins. 

'0 0.05 0.10 0.15 

P/Torr 

Fig. 2. Plots of the decay rates of D atoms against the 
olefin pressures. The deuterium pressure is around 500 
Torr. 0 : Ethylene, Q : propylene, • : 1-butène, /\: 
trans-2-butene, Y : m-2-butene, 0 : 2-methylpropene, 
V : 2-methyl-2-butene. 

D i s c u s s i o n 

Correlations between the Rate Constants and the Reaction 
Index Calculated by the Semi-empirical MO Method for 
Olefins. When Jennings and Gvetanovic measured 
the relative rate constants of reaction of hydrogen atoms 
with several olefins,4) they correlated their data with 
the reaction index calculated by the simple Hiickel 
method including hyperconjugation and found a l inear 
relationship between the logarithm of the relative rate 
constants and the a tom localization energies of olefins.5) 
Since symmetric olefins such as ethylene and eis- and 
fom.y-2-butenes have two reactive sites for the addition 
reaction of a hydrogen atom, the rate constants might 
have to be divided by two when such a correlation is 
examined; however, the division by two does not lead 
to the linear relationship. 

1.8 

1.6 
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1.2 
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• o 

• 

5 6 7 

* ,1 I , 

o 

• 

8 

3.98 3.99 4.00 4.01 4.02 4.03 4.04 
Atomic population 

Fig. 3. The logarithm of the rate constants against the 
atomic populations calculated by the INDO method. 
1: cù-2-Butene, 2: 2,3-dimethyl-2-butene (estimated 
from the data in Ref. 4), 3: trans-2-butène, 4: ethylene, 
5: 2-methyl-2-butene, 6: 1-butène, 7: propylene, 8: 
2-methylpropene. O : F o r hydrogen atoms and £ : for 
deuterium atoms. 

Recently Koda et al. showed a l inear relationship 
between the logarithm of the relative rate constants of 
reaction of hydrogen atoms with simple olefins and the 
atomic population on the less substituted of the doubly 
bonded carbon atoms calculated by the CNDO/2 meth­
od.6) In this case, they divided the relative rate constants 
for symmetric olefins by two. In their plots, however, 
2-methyl-2-butene was not included. We, therefore, 
have calculated the atomic populations using the I N D O 
method. As Fig. 3 shows, we could not find a linear 
relationship between the logarithm of the rate constants 
we obtained and the atomic population calculated. 

A Simple Interpretation of the HjD Kinetic Isotope Effect. 
According to the recent ab initio calculation using S T O 

3G basis set for the reaction path of the addit ion of a 
hydrogen atom to ethylene, a hydrogen atom ap­
proaches one of the doubly bonded carbon atom per­
pendicularly to the plane of the ethylene molecule and 
there is no energy barrier on the reaction path.7) 

I n the present experiment, however, we have found 
that £ (H+2-me thy lp ropene ) /£ (H+e thy l ene )=4 .7 at 
room temperature. This large ratio cannot easily be 
explained by the difference in the preexponential factor 
of the Arrhenius equation. Moreover, recent measure­
ments suggest that the apparent activation energy for 
the reaction between hydrogen atoms and ethylene is 
in the range of 1—3 kcal mol - 1 .8-1 0) 

In the present t reatment, we tentatively assume that 
there is a small energy barrier, E0, on the reaction path 
for the approach of a hydrogen atom to ethylene and 
also that this type of addit ion reaction may be treated 
as a bimolecular association between an atom (H or D) 
and a radical (A). Then the activated complex theory 
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predicts the rate constant of reaction between H and A 
as follows:11) 

kK -

[2ji(mK + mA)kTY/2 

kT h3 

" K h (2nmnkTy/* (2jimAkTy/* 
h* h* 

Sji2IHAkT 
ah' ' 

-Eo/RT (1) 

Here, mn and mA stand for the atomic weight of hydro­
gen and the molecular weight of ethylene, respectively, 
and 7HA for the moment of inertia of the activated 
complex. Using this equation, we can easily calculate 
the isotope effect for kjy/ku-

D . = rm H Wm D + m A W / D A 1 

H L ^ D J L ^ H + ^ A J L /HAJ 

= fmH mD + ^A T / 2 

{^mjy mn + mA} 

= 0.72 (2) 

Almost the same value can be obtained for k^/kn for 
other olefins. As Table 1 shows, all of the values of 
kvjkn obtained in these experiments are a little larger 
than the calculated one. This is probably due to the 
simplification made for the calculation. However, in 
order to make a more detailed analysis, we have to wait 
for the detailed calculation of the potential energy 
surface. 

The authors wish to express their thanks to Dr. Kazuo 
Shimokoshi of this Institute for the use of the program 
of I N D O calculation. 
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An UV-Visible Spectrophotometer Provided with a Photon Counting 
System for the Studies of Very Weak Absorption Spectra 

Naoto YAMAMOTO,* Takanori SAWADA, and Hiroshi TSUBOMURA 

Department of Chemistry, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560 
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An ultrasensitive UV-visible spectrophotometer, of a single-beam type provided with a photon counting 
system having a time resolution of 10 ns has been constructed. It has been shown that absorption spectra can 
be measured to within an error of 10-5 in optical density with this instrument. Noise levels, measured as a function 
of the photon count numbers, are found to agree with the theoretically expected statistical fluctuation of the photons. 
Absorption spectra of thin naphthacene films, 32 nm or below in thicknesses, deposited on a quartz plate, were 
obtained with this instrument, and found to change with the film thickness. 

Most of the commercial UV-visible spectrophotom­
eters employ a double-beam optical system. They can 
be used to measure absorption spectra of very weak 
absolute intensities or small changes in absorption, with 
the aid of a digital memory background corrector, for 
example. An absorption spectrum of a material in a 
cell or on a transparent substrate is obtained as a 
difference in optical densities of a sample containing the 
material and a proper reference. The optical density, 
d, is expressed as 

d = log (/R//s), (l) 

where Is and IR indicate light intensities through the 
sample and the reference, respectively. 

It is interesting to pursue how weak absorption is 
measurable spectroscopically throughout the near U V 
and the visible region. In the case of the double-beam 
spectrophotometers, the limit of exact measurement is 
set by the difficulty of providing highly equivalent 
double beams throughout the UV-visible region and 
from the instability of the analog amplifiers equipped. 
As the sample absorption becomes less and less, the 
requirements for a proper reference and a good align­
ment of the sample-reference system along the monitor­
ing optical path in addition to the instrumental accuracy 
get more and more severe. K u h n et al. reported on an 
instrument employing a single beam system and a lock-
in-amplifier to measure the absorption spectra of mono-
molecular layers of organic dyes, and suggested the possi­
bility that absorbing species of 10~5 in optical density 
was detected.1) However, they did not give any result 
showing the l imit of detection they reached. 

We have constructed an ultrasensitive UV-visible 
spectrophotometer of a single-beam type having a photon 
counting system, in which the optical density can be 
represented by the following relation, 

d= log (Nn/Ns) = log (TJTR), (2) 

where Ns and NR are the photon numbers passing 
through the sample and the reference, respectively, and 
T$ and TR stand for the times required to count a 
given photon number for the sample and the reference. 
In this paper, the details of the instrument and a few 
experimental results obtained with it are described. 

Exper imenta l 

The block diagram of the spectrophotometer is shown in 
Fig. 1. The light from a 25 W deuterium arc lamp or a 20 W 

Zl-
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L 
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MATOR 

* 
" " V W 

s^£v 1 ~ / ' 
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Fig. 1. Diagram of the spectrophotometer. 
L : Light source, S : sample, and R : reference. 

tungsten-halogen lamp is focused with a spherical mirror on­
to the entrance slit of a 25 cm monochromator. The mono­
chromatic light from it is approximately focused through a 
quartz lens on to the sample. The light is introduced al­
ternately onto the sample and the reference by moving the 
sample-reference holder, and the intensity of the light passing 
through the sample or the reference is monitored with a 
Hamamatsu R818 photo-multiplier, a Princeton Applied 
Research (PAR) 1120-02 discriminator, and a PAR 1109 
photon counter. The overall photon monitoring system has 
an 100 MHz count rate. The entrance and exit slit widths 
of the monochromator are manually controlled so as to set 
the count rate below 107 pps. The operation of the photon 
counter, the wavelength driving and the moving of the sample-
reference holder are controlled by a 24 K microcomputer. 
The optical density was calculated using the digital data 
sent out from the photon counter into the computer, and then 
displayed on an X-Y recorder versus wavelength. 

The monochromator and the sample-reference system are 
precisely driven with two step-motors sequentially as de­
scribed below: The wavelength is set to Xx. The sample 
is set into the position of light beam. Photon counting 
is started, and stopped when the number reaches a fixed 
value, say 107. The time required, 7^, is measured. 
The reference is moved into the beam position. Time, TR 

required for a counting of the same number, is measured. 
Optical density at Ax is calculated from Ts and Tn and the 
value displayed. The wavelength is set to A2, different from 
Xx by a given interval, and the optical density for A2 is obtained 
by the same operation sequence as above. The spectrum can 
be measured in the range from 195 to 900 nm by a rep­
etition of such procedures. The precision in the positioning 
of sample and reference is 1 [jtm or less. 

Naphthacene from Wako Chemicals Co. was purified by 
vacuum sublimation. Naphthacene film was deposited on one 
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half of the surface of an optically flat 26 mm X 76 mm 
Suprasil quartz plate by vacuum evaporation, leaving the 
other half as the reference. 

R e s u l t s a n d D i s c u s s i o n 

In order to show the limit of absorbances measurable 
with the instrument, an absorbance measurement was 
run using a clean Suprasil quartz plate, half of which 
is regarded as a sample and the other half as a reference. 
The measurements were performed by sampling from 
195 to 900 n m at an interval of 1.0 nm. The result gave 
actually the magnitude of noise, or fluctuation. I t was 
confirmed that the noise levels, in the whole wavelength 
region were essentially the same as in the small region 
in Fig. 2, as an example. The base line was flat through­
out the whole wavelength range. 

Q. 
O 

V ^ l ^ 

(c) 
fty * y * +4*qpn> *** 

.JL. 
550 600 

Wavelength (nm) 
Fig. 2. Noise levels shown in an OD scale for operation 

between 550 and 625 nm at the photon count numbers 
of 106 for (a), 107 for (b) and 4 x 108 for (c), respectively. 

The statistical fluctuation of the photons, AiV ,̂ at the 
count number , N, is theoretically given by the following 
equation, 

AN/N = iV-i/a. (3) 

T h e magnitude of fluctuation in optical density, Ad, due 
to the statistical error can be given from Eqs. 2 and 3 as 
Arf= (1 /2.303) (ANSINS+ANRINR). The theoretical Ad 
values for the count numbers at which the noise curves 
(a), (b), and (c) in Fig. 2 were taken are 8.6X 10 - 4 , 
2.7 X 10"4, and 4.3 X 10 - 5 , respectively. Comparison of 
these theoretical Ad values with the experimental noise 
levels shows that the fluctuations shown in Fig. 2 agree 
with the statistical fluctuations of the light intensity 
itself. I t is, therefore, realized that all possible sources 
of error in our instrument, for instance, the fluctuation 
in the light source, the distortion and vibration of 
optical alignment, the sample-reference positioning 
imprecision, and the fluctuation of light monitoring 

system are not significant for the measurement of optical 
density of 10 - 5 . 

The present instrument takes a count t ime of about 
10 s or more for obtaining the optical density with an 
accuracy of the order of 10~5 at each of the wavelength, 
so that 2 h is at least necessary to get a spectrum over 
the region 200 to 900 nm with an interval of 1.0 nm. 
I t is, of course, not difficult to detect absorption spectra 
less intense than the noise level by adopting an appro­
priate smoothing technique. In addition, the improve­
ment of the t ime resolution of the counting system makes 
our absorption spectra measurements more accurate or 
speedy. 

^ * 

I<fcOL01 

f^m>^/A»m>f^ 

Wavelength (nm) 

Fig. 3. Absorption spectra of naphthacene deposited on 
quartz plates measured at the photon count numbers of 
107 for (a), (b) and (c), and 4 x 107 for (d), in the order 
of decreasing thickness, (e) is the absorption spectrum 
of naphthacene in an ethanol solution in an arbitrary 
unit. 

Figure 3 shows the absorption spectra obtained for 
naphthacene films with various thicknesses, together 
with that taken in an ethanol solution with a Cary 15 
spectrophotometer. The absorption in the visible 
region, ascribable to the 1 L a band, of the films is largely 
red-shifted compared with that obtained in the solution. 
The spectra of the films, in the U V region, in (a), (b), 
and (c) have several absorption bands, presumably 
formed as a result of Davydov splitting of the *Bh band 
at 274 nm in the solution. The spectra of (a), (b), and 
(c) are essentially the same as those obtained for a 
naphthacene single crystal by Bree and Lyons2) and for 
naphthacene films, 0.05—1 (Jim thick, by Maruyama 
and Iwasaki3) and by us4) at room temperature. 
However, there are some differences between the present 
spectra and others. For example, the peaks at 527 and 
504 nm by Maruyama and Iwasaki are located at 
around 522 and 504 n m in (a), ( b ) , and (c) in Fig. 3. 
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Though there is no marked shift in peak positions, the 
intensity ratio of the 504 peak to the 522 peak becomes 
small with the decreasing film thickness, (a) to (c). 
Similar change of the absorption intensity ratio on 
thickness is also found between the bands at 220 and 
232 nm. These results suggest that the films are too thin 
to have the usual bulk properties. 

The film thicknesses are roughly estimated from the 
peak absorption values at aroung 522 nm, assuming that 
the films produced are uniform in thickness. Taking the 
molar extinction coefficient at the peaks to be 1.0 X 104 

and the density of the film to be 1.29,2> the thicknesses 
are derived to be 32 nm for (a), 8.9 nm for (b), 3.3 nm 
for (c), and 0.13 nm for (d). The absorption spectrum 
of the thinnest film (d), though similar to (a), (b), and 
(c) in the visible region, is considerably different from 
them in the near U V region. I t seems to lack the bands 
found for the thicker films at around 220 and 280 nm, 
and its absorption intensity in the near U V region is 
considerably smaller as compared to the visible band 
intensity. These suggest that , in the thinnest film, 
naphthacene molecules are separately deposited on the 
substrate surface: that is to say, a sub-monomolecular 
layer is formed. Though the reason for the decrease 
of the U V band intensity is not clear at present, such 
data for the very thin layers on solid surfaces will 
contribute to the elucidation of electronic structures of 

materials on solid surfaces. 
We are also studying the absorption spectra of 

Langmuir films of fatty acids mixed with some organic 
dyes using this spectrophotometer. 

In addit ion to the spectroscopy of thin films, this 
instrument will serve extensively for the accurate 
spectroscopy of very small quantities of materials in 
gaseous and liquid phases, or the spectroscopy of very 
weak bands arising from forbidden transitions. 

T h e present results have shown that the optical density 
measurements can be performed in an accuracy of the 
order of 10~5 or better with our instrument. The l imit 
of accuracy depends only on the performance of the 
photomultiplier, and the t ime resolution of the photon 
counter. 
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Energy Levels and g Values of Some Rare Earth Crystals 
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The energy levels of the rare earth ions in praseodymium ethyl sulfate, magnesium praseodymium nitrate, and 
thulium ethyl sulfate crystals are calculated by using an extended Hamiltonian for 4 / 2 configuration. The 
Hamiltonian includes two-body electrostatic interactions, spin-other-orbit interactions and two-body pseudo-
magnetic interactions as configuration-mixing parameters in addition to the Slater, spin-orbit coupling and crystal-
field parameters. The standard deviations for praseodymium ethyl sulfate, magnesium praseodymium nitrate 
and thulium ethyl sulfate are respectively 10.1 cm - 1 for 25 observed levels by using 13 parameters, 3.8 cm - 1 for 12 
observed levels by using 11 parameters, and 8.9 cm-1 for 32 observed levels by using 13 parameters. These results 
are consistent with similar studies of rare earth ions doped in the LaCl3 and LaF3 crystals. Most of the 
calculated Zeeman splitting factors (g value) parallel to the principal axis of the crystals also are in fairly 
good agreement with the experimental values. Some discussion is given as to the effect of configuration 
interactions, the accuracy of wave functions obtained and the discrepancy between some of the calculated g 
values and the observed ones. 

Most of early studies regarding the energy calculation 
of rare earth crystals were carried out by fitting both the 
intermediate coupling parameters (the Slater integrals 
Fk and spin-orbit coupling constant Ç) and the crystal-
field parameters B\ to observed energy levels. Recently 
it has been recognized that the configuration interaction 
(CI) effects characteristic of the "free ion" levels (the 
center of gravity of a multiplet) of rare earth crystals 
is more important than those arising from the crystal-
field potential . Some attempts1 - 3) have been made to 
identify such effective interactions operating within 4fN 

configuration that reproduce the observed electronic 
structure of crystals. The basic theory consists of 
simultaneously diagonalizing (^-mixing) both ion and 
crystal parts of an extended Hamil tonian matr ix which 
involves several addit ional parameters introduced from 
the second-order perturbation theory. In recent 
analyses, the least-squares fits of 20 parameters to over 
100 observed levels resulted in a mean error of less than 
10 c m - 1 for the energy levels of rare earth ions doped 
into LaCl3

4 - 6) and that of about 20 c m - 1 or less for the 
energy levels of rare earth ions doped into LaF3.7> 

In this paper, the energy levels of praseodymium 
ethyl sulfate, P r ( C 2 H 5 S 0 4 ) 3 - 9 H 2 0 (Pr(ES)), magne­
sium praseodymium nitrate, M g 3 P r 2 ( N 0 3 ) 1 2 - 2 4 H 2 0 
(Pr(DN)) , and thul ium ethyl sulfate, T m ( C 2 H 5 S 0 4 ) 3 -
9 H 2 0 (Tm(ES)) , are calculated by the aforementioned 
extended Hamil tonian. The purpose of the present 
calculations is to determine the wavefunctions giving 
good agreement of both the calculated energy levels 
and Zeeman splitting factors (i.e., g values) with the 
observed ones. 

Calculat ional Procedure 

Hamiltonian Structure. The theoretical formulation 
of electronic structures of rare earths by the tensor 
operator method has first been developed by Racah8> 
and several authors have expanded this method to 
introduce the configuration mixing effects by using the 
second-order perturbation theory. Rajnak and 
Wybourne gave a detailed treatment for the second-

order effect of electrostatic interactions9) and also 
investigated the combined effects between spin-orbit 
and electrostatic interactions.10) Furthermore Rajnak3) 
discussed the relative roles of various mechanisms of CI 
by the application of this theory to the 4 / 3 configuration 
of the Pr2 + ion. J u d d et a/.11»12) independently treated 
the intra-atomic magnetic interactions due to relativistic 
correction, and introduced several new parameters for 
spin-other-orbit interactions and electrostatically cor­
related spin-orbit interactions as main effects of these 
magnetic interactions. Here, an extended Hamiltonian 
on the basis of such refined tensorial method will 
briefly be given, especially for the second-order perturba­
tion terms. 

When we expand the wavefunction of a rare earth ion 
in crystals under the intermediate coupling scheme, a 
basis function is given as 

|r> = iWil /" ; 9, s, L, j , My, (i) 
i 

where q is an addit ional quantum number introduced to 
distinguish the electronic states. The total Hamiltonian 
of 4fN configuration can be written as 

H — HiOTL + Hcry, (2) 

where Hion and Hcry are the ion and crystal-field parts 
of interactions respectively. H[on for an iV-electron 
system of rare earth ions with appreciable spin-orbit 
interaction may be given as 

#ion = £ & + JPIUj + S C v ( » i - 0 , (3) 
i i>j i 

where ht = - (h2/2m)Ai - Ze*/rt. (4) 

The Hamil tonian may be divided into H-lon=H0-\-H1 

such that 

H0 = i±(k+v%), (5) 
i 

and Hx = - | K + j > 2 / ^ + llCd/OvO 

= -V+G+A, (6) 

where v{ is an average potential that acts on the ith. 
electron, while 
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V = f fo , G = J\e*lrip and A = f ^ / O v ' * ) . (7) 
i i>j i 

Within the first-order perturbation, the V term in Eq. 6 
is purely radical and contributes energy shifts that are 
the same for all the levels belonging to a given configu­
ration, while the G and A terms are different for different 
states of the same configuration. Hereafter, the perturb­
ing terms, that are the same for all the levels belonging 
to a given configuration without affecting the energy-
level structure of the configuration, are neglected 
because we are interested only in relative energy shift 
due to various interactions in the configuration. When 
a nonperturbing basis of \fN configuration and a 
perturbing basis belonging to a particular perturbing 
configuration are designated by <C^\/I or \<pfJ^> and 
\mj^> respectively, the perturbation energy E' due to 
the second-order perturbation theory may be expressed 
as 

E' = < & / | J W 7 > 
-Jl^jmmJXmjmfjy/AE^ (8) 

m 

The first-order perturbation energy in Eq. 8 is described 
in terms of the intermediate coupling parameters; i.e., 
the Slater integrals Fk(4f,4f) (or the equivalent Ek of 
Racah8d>) and the spin-orbit coupling constant C4/, and 
the reduction formula involving these parameters by 
the tensor method is given in a previous paper.13) 

The second-order perturbation energy in Eq. 8, 
exhibiting CI effects owing to the mixing levels from 
interacting configuration \mj^>, consists of six distinct 
terms arising from substituting V, G, or A into the Hx 

operators of matrix elements. The following three parts 
of them give rise to the dominant contribution: 

-Jl<4>J\G\mjyimJ\G\4>'jyiAEm, (9a) 
m 

-H<<£J\A\mJXmJ\A\<P'J>lAEm, (9b) 
m 

-JX4>J\G\mJXmJ\A\<f>'J>/AEm. (9c) 
m 

Here, the terms, which may be absorbed as screening 
effects in the intermediate coupling parameters (Fk and 
C), are excluded. The tensorial reduction of Eq. 9a 
is given as3»9) 

+ J}X(kk'9l')Y(kk'9l')9 (10) 
k.k' 

where the coefficient X(kk\ lf) is given by 

X{kk>,l>)= S(2*"+l){* f k") 
k" even { I I I ) 

x<0123 ({^ ' •^ • ' ) } < 4 ' ) -^ / ' > ) < 0 ) | | ^ '> . (il) 
The first term in Eq. 10 is the same scalar two-body 
electrostatic interactions as those arising from the linear 
theory,14»15) and, by using the properties of the Casimir 
operators,16) is further simplified to the following 
expression, 

dty, P)[aL(L+ 1) + ßG(G2)+yG(R7)-}9 (12) 

where G(G2) and G{R1) are the eigenvalues of Casimir's 
operators for the group G2 and R7 used to classify the 
states of 4fN configuration, and a, /?, and y are new 
parameters involving the radial factors and excitation 

energies. The second term in Eq. 10 represents effective 
three-body electrostatic interactions which are the 
nonlinear effects arising from interactions with lN~lV 
configurations. The triple-tensor matr ix elements in the 
coefficient X(kk'9 V) expressing the angular dependence 
can be evaluated by a general expression of Rajnak.3) 
Y(kk', V) is a new parameter which depends on the 
radial integrals, excitation energies and the one-
electron quantum numbers. Since there are ten distinct 
combinations of £, k', and k" regarding the summation 
of the triple scalar product in Eq. 11 and the number of 
parameters is equal to the number of terms, then the 
number of independent Y(kkr, /') becomes to be ten. 
The combined reduction formula of Eqs. 9b and 9c 
by use of the algebra of tensor operators is given as 

(„Ijs '+L+jj '* ' L' JhqSL\\T^ +t^\\gfSfU}. (13) 

In Eq . 13, the first term represents the spin-other-orbit 
magnetic interaction and is reduced to the form involving 
the Marvin integrals17) Mk (£—0, 2, 4) as parameters, 
while the second term expresses the electrostatically 
correlated spin-orbit interaction and reduced to the 
form involving Pk(k=2, 4, 6) as pseudomagnetic 
parameters.11) 

The crystal-field potential Hcry in Eq. 2 may be 
expanded by the irreducible tensor Cq

ik) to give 

#c,y = XEE*5(<V*>)«, (14) 
i k q 

where the summation including i is over all the electrons 
of the ion of interest and B\ is the crystal-field parameter 
to be determined from the experimental da ta . The 
reduction formula of the matr ix element of Hcry is given 
in the previous paper.13) The number of crystal-field 
parameters is restricted depending on the symmetry of 
the crystal-field potential and the max imum number of 
them does not exceed 27 even when an ion is at a site of 
no symmetry; the number is, in general, only a few for 
crystals with appropriate symmetry. 

Within the above-mentioned framework for an 
effective Hamil tonian of 4fN configuration, the total 
number of parameters necessary for energy-level fitting 
is less than 50; three Slater integrals Fk (k=2, 4, 6), one 
spin-orbit interaction C4/5 three two-body electrostatic 
interactions a, /?, y9 ten three-body electrostatic interac­
tions Y(kk', / ' ) , three spin-other-orbit magnetic interac­
tions Mk ( £ = 0 , 2, 4), three two-body pseudomagnetic 
configuration-mixing interactions Pk (k=29 4, 6), and 
less than 27 crystal-field parameters B\. In such semi-
empirical approach, it will be seen later that the interac­
tion energies as large as 10 c m - 1 are taken into account 
for the energy fitting. 

Application. The Pr3+ and T m 3 + ions have 4f2 

and 4/*12 configurations respectively. Since 4f12 configu­
ration is complementary to 4f2, the T m 3 + ion has the 
same number and kind of levels as those of the Pr3+ ion, 
for which there are 13 different free-ion levels \q,S,L,J^> 
under intermediate coupling. From the results of X-ray 
analyses, the space group and site symmetry at a rare 
earth ion are P63 /m (C6h

2) and D 3 h for ES,18) and R 3 
(C3i

2) and C3 v for DN19) respectively. The crystal fields 
of D 3 h and C3v symmetries are expanded as 
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P a VÏ\ m ptpr 

_ 

F, 
F, 

Cv 
a 

/? 

r 
Af° 

P 2 

£§ 
^ 
/ ? 6 

^ 0 B6 

rms deviation 
For total 25 levels 
For 9 ion levels 
For 24 cryst. levels 
\g\ valued) 

TABLE 1. 

I 

310.93 
48.53 

4.857 
749.8 
22.33 

-609 
453 

25.1 

Yoshifumi KATO and Hirokazu TAKADA 

PARAMETERS AND ROOT MEAN SQUARE DEVIATIONS FOR 

PrÇÇ, H5S04)3.9H2Oa> 

Present work 
_̂ 

I I 

310.53 
48.87 

4.866 
739.1 
20.89 

- 6 4 4 
636 

1.13 
34 

5 .0 

I I I 

310.17 
48.74 

4.856 
736.2 
21.10 

- 5 8 3 
643 

1.09 
54 

51.30 
- 7 4 5 . 3 
- 8 7 7 . 2 

675.4 

7.8 
4 . 4 
7 .0 

1.12 

I V 

309.76 
48.72 

4.856 
737.3 
20.67 

- 5 3 6 
612 

1.18 
70 
63.05 

- 6 5 4 . 6 
- 8 9 2 . 9 

838.8 

10.1 
5.2 
9 .1 

0.86 

Gruberb> 

307.4 
49.44 

5.138 
727.9 

30.62 
- 7 0 6 . 6 
- 7 8 0 . 2 

577.4 

212.5 
7.7 

1.18 

[Vol. 52, No. 4 

Hüfnerc> 

46.0 
- 6 4 0 
- 7 0 4 

732 

10.8 
0.89 

a) Energy units in cm - 1 . The ion level and the rms deviation for crystal levels denote the center of gravity 
in a manifold and the rms deviation from the center respectively, b) Data from Ref. 23. Although he re­
ported to be an average deviation of 3 cm - 1 for total levels and that of 10.2 c m 4 for 9 ion levels with a slight 
change of the parameters, the details of calculations are not given explicitly, c) Data from Ref. 24. He ob­
tained an average deviation of 5.9 cm-1 for 11 crystal levels, d) The absolute value of the ground state 
3 H 4 ( Î ? = ± 2 ) . The experimental g value is 0.775 (Ref. 25). 

//cry(D3h) = fiJCS» + B*Ci» + B«C«» 

+ BKCP + C^), (15a) 

//cry(C3v) = //cry(D3h) + 2JÎ(CiJ-Ci«) 

+ B«(Cl»-CP). (15b) 

Each free-ion level under a crystal symmetry may be 
classified several irreducible representations designated 
by the crystal quan tum number (y) following 
Hellwege;20) i.e., 9 = 0, ± 1 , ± 2 , and 3 for ES, and y=0 
and i 1 for DN, where the levels with double signs are 
twofold degenerate. Any three-body interaction in Eq. 
10 is not necessary to be taken into account in the case 
o f / 2 configuration. F o r / 2 configuration, the reduced 
matr ix elements of the magnetic interaction Tai) and 
pseudomagnetic interaction tai) are already given in 
the explicit expressions involving Mk and Pk,11) In 
practice, only M° and P 2 were freely varied and Mk 

and Pk were constrained to the following ratios proposed 
by Crosswhite et d.-fi i.e., M 2 = 0 . 5 6 M ° , M 4 = 0 . 3 8 M ° , 
and P 4 = 0 . 7 5 P 2 , P 6 = 0 . 5 0 P 2 . Other reduced matrix 
elements of various tensor operators with respect to fN 

configuration are also tabulated by Nielson and 
Koster.21) The procedure to determine the parameters 
by an iterative method is described in the previous 
paper.13) 

Once the eigenvectors are determined by diagonaliz-
ing the Hamil tonian, we can evaluate the parallel 
component of g values as 

£z = <S*kl0> = TPi*Mgi{qSLJ)9 (16) 
t 

where //z is the z component of the magnetic dipole 
operator along the principal axis of a crystal and 

gi(qSLJ) denotes the Lande g factor for an ion level. 
The g value defined by Eq. 16 is half the Zeeman 
splitting in Lorentz units ßeH ( ß e =Bohr magneton). 
Then the total Zeeman splitting is expressed as 2gßeH. 

R e s u l t s a n d D i s c u s s i o n 

The final parameters determined and the standard 

TABLE 2. PARAMETERS AND ROOT 

DEVIATIONS FOR M g 3 P r 2 ( N 0 3 ) 12 

MEAN SQUARE 

24H2O
a> 

Parameter 

F2 

F, 

P* 
C/ 
a 

Bl 
Bi 
B\ 
B% 
B% 
7?6 

n6 rms deviation 
For total levels 
For ion levels 
For cryst. levels 

Present 
work 

315.17 
51.38 
5.079 

746.4 
22.81 

- 1 5 8 . 9 
- 0 . 7 

- 4 7 . 2 
31.3 

575.6 
- 4 2 7 . 7 

3.8(12) 
1.5(5) 
3.6(11) 

Juddb> 

- 1 4 0 
- 1 6 0 
±140 
- 8 0 0 

T1800 
740 

6.1(8) 

Tinsleyc) 

in Nd (DN) 

200 
- 1 6 6 
±302 
1440 

±1760 
-1790 

11.3(18) 

a) See the footnote (a) in Table 1. The number of 
energy fitted is given in parentheses, b) Data from 
Ref. 29. c) Data from Ref. 30. 
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T A B L E 3. PARAMETERS AND ROOT MEAN SQUARE DEVIATION FOR 

T m ( C 2 H 5 S 0 4 ) 3 . 9 H 2 O a > 
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Parameter 

F2 

F* 
F, 
Cv 
a 

ß 
r 
M° 
P2 

Bl 
Bt 
B% 
B% 
rms deviation 
For total 32 levels 
For 10 ion levels 
For 31 cryst. levels 

Present work 

454.23 
66.31 

7.006 
2636.9 

15.52 
- 6 2 9 . 0 

1962 
5.11 

1010.0 
277.1 

- 5 4 7 . 9 
- 4 9 2 . 2 

394.8 

8.9 
9.0 
4.7 

Gruber-Gonwayb) 

450.0 
62.1 
6.80 

2700.0 

26.0 
- 6 4 0 
- 5 1 2 

316.0 

134.4e) 
25.6 

Wong-Richmanc) 

259.6 
- 5 6 8 . 0 
- 4 5 7 . 6 

455.6 

8.2 

Krupke-Gruberd) 

449.2 
64.57 

7.065 
2667.9 

270.6 
- 5 7 0 . 8 
- 4 6 0 . 8 

450.7 

58.4e) 
7.1 

a) See the footnote (a) in Table 1. b) Data from Ref. 35. c) Data from Ref. 33. They reported to be an 
average deviation of 5 c m 4 for 21 crystal levels, d) Da ta from Ref. 34. They reported tha t all the observed 
crystal levels were fitted within 4 cm- 1 , e) The ion level 1 I 6 is excluded. Both the deviation of this level by 
Gruber and Conway, and tha t by Krupke and Gruber are over 1000 cm- 1 . Then the rms deviations for both 
cases are over 300 c m 4 , if the XI6 level is included. 

l A B 

Term 

3H4 

3H5 

3H6 

3F2 

3F3 

ILE 4 . E 

V 

±2 
3 

± 1 
± 2 

3 
0 
3 

± 2 
3 

± 1 
± 2 
± 1 

0 
3 

± 2 
0 
0 

± 1 
3 

± 2 
± 1 

0 
± 1 
± 2 

0 
3 
0 

± 2 
± 1 

3 

,XPERIMENT 

Exptl 

Ö 
12.2 

6310.4 
6330.7 
6382.6 

AL AND CALCUI 

Energy level 

Calcd 

_ _ 
9.6 

196.7 
212.0 
245.6 
324.1 

2083.9 
2127.5 
2211.2 
2232.2 
2250.8 
2290.4 
2333.2 
4087.3 
4183.2 
4319.9 
4366.0 
4373.3 
4373.6 
4434.1 
4545.0 
4555.6 
4988.0 
5011.2 
5041.9 
6309.9 
6311.4 
6323.0 
6385.2 
6425.9 

, A T E D V, 

~~Diff 

0 
- 2 . 6 

1.0 
- 7 . 7 

2.6 

\ L U E S OF TH] 

1 or 1 
Is 1 

(calcd) 

0.86 

0.79 
2.49 

0.04 

4.69 
2.02 
0.59 

2.04 

3.78 

0.26 
0.59 

0.44 
1.36 

2.14 
1.02 

E E N E R G Y LE 

Term 

3F4 

XG4 

i D , 

3Po 
3 P i 

XI6 

3P2 

% 

;VELS AN 

V 

3~ 
3 

± 2 
± 1 

0 
± 2 

3 
0 

± 2 
3 

± 1 
± 2 

0 
± 2 
± 1 

0 
± 1 

0 
0 
0 

± 1 
0 

± 2 
± 1 

3 
± 2 

3 
0 

± 2 
± 1 

0 

D g VALUES FOR P r ( C 2 H 5 C 3 

Exptl 

6830.8 
6862.8 
6872.0 
6896.0 

9793.6 
9811.0 

9862.8 

16709.3 
16857.7 
16955.0 
20687.0 
21276.1 
21289.6 
21398.5 
21407.6 
21447.4 
21456.2 

22424.8 
22440.5 
22447.6 

Energy level 

Calcd 

6720.4 
6802.4 
6821.4 
6861.2 
6857.4 
6904.4 
9478.4 
9791.4 
9789.4 
9808.3 
9879.5 

10052.7 
16715.4 
16870.3 
16935.0 
20691.3 
21260.0 
21279.3 
21391.8 
21407.9 
21449.3 
21440.7 
21542.8 
21559.4 
21601.2 
21674.7 
21700.2 
22425.6 
22448.5 
22443.3 
48995.8 

•04)3-9H 

Diff 

- 9 . 4 
- 1 . 6 

- 1 4 . 6 
8.4 

- 2 . 2 
- 2 1 . 6 

16.7 

6.1 
12.6 

- 2 0 . 0 
4.3 

- 1 6 . 1 
- 1 0 . 3 
- 6 . 7 

0.3 
1.9 

- 1 5 . 5 

0.8 
8.0 

- 4 . 3 

2oa) 

\s\ (calcd) 

1.39 
1.15 

3.73 

0.98 

1.07 
1.18 

2.07 
1.03 

1.50 

0.28 

1.00 
4.23 

2.98 

2.90 
1.42 

a) Energy units in c m - 1 . Diff= Calcd—Exptl . 

file:///LUES
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T A B L E 5. EXPERIMENTAL AND CALCULATED VALUES 

OF THE ENERGY LEVELS AND G VALUES FOR 

T A B L E 6. EXPERIMENTAL AND CALCULATED VALUES 

OF THE ENERGY LEVELS AND G VALUES FOR 

Term 

~*ÜT 

3H5 

3H6 

3F2 

3F2 

3F4 

^ 

*D2 

3Po 
3P1 

^ 6 

3P2 

% 

V 

~±T 
0 
0 

± 1 
± 1 

0 
± 1 

0 
± 1 

0 
± 1 

0 
± 1 

0 
± 1 

0 
± 1 

0 
± 1 
± 1 

0 
0 

± 1 
± 1 

0 
0 

± 1 
0 
0 

± 1 
0 

± 1 
± 1 

0 
± 1 

0 
0 

i l 
± 1 

0 
0 

± 1 
± 1 
i l 

0 
0 
0 

i l 
0 

i l 
i l 

0 
0 

i l 
i l 

0 
0 

i l 
i l 

0 
0 

Mg3Pr2(N03)12-24H2Oa> 

Exptl 

0 
37.7 

95.8 

16872.2 
16920.0 
16933.6 
20845.9 
21421.8 
21461.4 

22630.1 
22693.3 
22695.8 

Energy level 

Calcd 

Ö 
37.1 
48.8 
96.9 

167.9 
174.5 

2129.5 
2130.4 
2143.8 
2147.7 
2197.1 
2224.6 
2249.5 
4242.6 
4269.3 
4270.9 
4300.1 
4328.8 
4366.5 
4464.8 
4477.2 
4550.6 
4653.3 
4684.7 
4689.8 
5978.2 
6008.7 
6054.4 
6060.2 
6087.8 
6668.3 
6679.3 
6688.8 
6692.9 
6704.8 
6705.2 
9717.1 
9797.1 
9815.0 
9956.3 
9977.5 

10023.8 
16868.2 
16918.6 
16930.6 
20847.5 
21417.3 
21463.8 
21691.4 
21712.6 
21742.4 
21753.4 
21773.8 
21811.0 
21851.6 
21909.6 
21910.7 
22633.7 
22685.2 
22701.6 
50464.1 

_ D i f f 

Ö 
- 0 . 6 

1.1 

- 4 . 0 
- 1 . 4 
- 3 . 0 

1.6 
- 4 . 5 

2.4 

3.6 
- 8 . 1 

5.8 

, -
\S\ 

(calcd) 

0.67 

0.80 
2.55 

1.53 

0.59 

2.52 

3.64 

0.66 

0.33 

2.94 
0.39 

1.07 
0.31 

0.54 

0.56 

3.79 
0.09 

0.17 

2.77 
0.93 

1.35 
1.91 
0.88 

1.50 

0.15 
0.30 

3.21 
4.76 

2.91 
1.45 

Term 

3H6 

3F4 

3H, 

3H4 

r 3 

3F2 

^ 4 

^ 2 

XI6 

3Po 
3 P l 

3P2 

% 

V 

(T 
i l 
± 2 

3 
i l 

0 
0 

± 2 
3 

± 2 
i l 

0 
± 2 

3 
3 
0 

i l 
± 2 

3 
i l 
± 2 

3 
0 
3 

i l 
± 2 

3 
± 2 

3 
i l 
± 2 

3 
0 

± 2 
i l 

0 
± 2 
i l 

0 
± 2 

3 
3 

± 2 
0 

i l 
3 

± 2 
3 

± 2 
i l 

0 
i l 

0 
0 
0 
0 

i l 
± 2 
i l 

0 
0 

Tm(C2H5S04)3.9H2Oa> 

Exptl 
_ 

32.2 
111.5 
176.9 
198.9 

273.4 
302.5 

12585.8 
12627.0 
12648.7 
12704.4 
12763.3 
14406.6 
14466.0 
14485.7 
14487.3 

15078.8 
15106.1 

21170.6 
21194.0 

21279.5 
21343.5 

27906.6 

27977.1 

34843.6 
34870.0 
34899.7 

35436.9 
36400.9 
36484.2 
38144.9 
38184.9 

Energy level 

Calcd 

Ö 
35.5 

122.3 
176.1 
200.2 
226.3 
230.8 
272.4 
300.1 

5729.9 
5779.7 
5799.2 
5809.7 
5842.1 
5944.8 
8191.7 
8227.4 
8298.6 
8348.2 
8363.8 
8378.5 
8396.5 

12517.4 
12573.0 
12603.9 
12636.8 
12707.9 
12754.3. 
14407.2 
14455.6 
14484.4 
14488.2 
14508.5 
15090.8 
15111.1 
15175.2 
21176.5 
21198.1 
21214.0 
21282.4 
21340.6 
21477.5 
27894.2 -
27961.4 
27961.7 -
34816.2 
34850.9 
34868.4 
34897.9 
34919.1 
34940.7 
35014.1 
35220.4 
35228.1 
35448.9 
36390.4 -
36473.5 -
38158.5 
38196.0 
38344.6 
74880.2 

Diff 

0 
3.3 

10.8 
- 0 . 8 

1.3 

- 1 . 0 
- 2 . 4 

- 1 2 . 8 
- 2 3 . 1 
- 1 1 . 9 

3.5 
- 9 . 0 

0.6 
- 1 0 . 4 
- 1 . 3 

0.9 

12.0 
5.0 

5.9 
4.1 

2.9 
- 2 . 9 

- 1 2 . 4 

-15 .4 

7.3 
- 1 . 6 
- 1 . 8 

12.0 
-10.5 
-10.7 

13.6 
11.1 

\p\ Is 1 
(calcd) 

0.67 
1.13 

5.33 

3.46 

3.16 
1.14 

0.87 

0.95 
1.40 

5.08 
3.47 

0.95 
1.82 

0.07 

1.08 
2.16 

1.51 
0.76 

1.36 
0.96 

0.56 

2.28 

1.14 

0.89 

1.12 
0.83 

4.83 

1.50 
2.55 
1.28 

a) See the footnote (a) in Table 1. a) See the footnote (a) in Table 4. 



April, 1979] Crystal Levels of Pr(C2H5S04)3 .9H20, Mg3Pr2(N03)12 .24H20, and Tm(C2H5S04)3-9H20 995 

deviations are given in Tables 1—3 for Pr(ES), Pr(DN) 
and Tm(ES) respectively, together with those obtained 
by other authors. Now, the root mean square (rms) 
deviation is defined as 

a = E4«OT/», (17) 

where Ai is the difference between the observed and 
calculated values of the ith level, and N is the number 
of observed levels. The calculated numerical results 
are given in Tables 4—6 for Pr(ES), Pr(DN), and 
Tm(ES) respectively. 

Energy Levels for Pr(ES). The energy levels of 
Pr(ES) have been investigated by several authors.22-24) 
We have used 25 crystal levels assigned by experiments. 
As seen in Table 1, the inclusion of three two-body 
electrostatic interactions (case I) considerably reduces 
the rms deviation for 9 ion levels except the 3 H 5 , 3 H 6 , 
3F2 , and 1 S 0 levels from 213 to 25 cm - 1 , when compared 
to the result without CI parameters by Gruber. Further 
improvement of the rms deviation of 20 c m - 1 for ion 
levels is achieved by including one magnetic interaction 
M° and one pseudomagnetic interaction P2 parameter 
(case I I ) . This fact evidently exhibits that the CI 
effects arising from magnetic interactions as well as 
electrostatic interactions play highly important role in 
giving ion levels. The fit for 25 observed levels by 13 
adjustable parameters (case III) yields an rms deviation 
of 7.8 c m - 1 . This deviation is the same order of magni­
tude as that in rare earth crystals.4-7) The parameter 
values in case IV are determined so as to fit both the 
calculated energy levels and the g value of the ground 
state with the observed values. Although the rms 
deviation of 10 c m - 1 for all the 25 levels in case IV is 
slightly larger than that in case III, the former g value 
is only 10% larger than the value ( = 0.775)25> observed 
by paramagnetic resonance, whereas the latter g value 
is 1.45 times as large as the experimental one. As to 
the rms deviation for 24 crystal levels given in Table 4 
(deviation from the center of gravity in a manifold) and 
the g value of the ground state, the results in cases III 
and IV is rather similar to those by Gruber and by 
Huftier respectively. It is easily supposed that this 
fact arises from the difference of the crystal-field para­
meters Bq used. 

In order to make this point further clear, the main 
terms of the eigenvectors for the ground state, 3 H 4 

(V= ± 2 ) , are given in Table 7, together with the ground 
state eigenvector determined only within the ground 
state manifold to fit the experimental g value by 
Abragam and Bleaney.26> As seen in Table 7, the 
coefficients of two dominant bases, | 3 H 4 ( M = 2 ) > and 
| 3H 4(Af= — 4 ) > , in case I V are evidently different 

from those by Gruber : the ours are rather close to the 
coefficients estimated by Abragam and Bleaney. As 
seen in Eq. 16, a basis function with negative M makes 
the g value decrease against functions with positive M. 
Then a slight difference of coefficients between 
l 3 H 4 ( M = 2 ) > and | 3 H 4 ( M = - 4 ) > results in fairly large 
difference in calculated g values. T h e ground state 
manifold with y = 4 is split into six crystal levels owing 
to the D 3 h crystal symmetry; one ^ = 0 level, one 5 ? = ± 1 
level, two 5? = ± 2 levels and two rj = 3 levels. Thus a 
level to be mixed predominantly in the ground state, 
3 H 4 ( i 7 = ± 2 ) , should be the other y =±2 level in the 
same manifold because the lowest 3 H 4 ion level is 
separated far away from other ion levels. T h e mixing 
between two crystal levels with >?=d=2 in the ground 
state manifold is taken into account reasonably in case 
IV by fitting to the observed g value of the ground 
state, but this mixing is not taken in other energy fits, 
because there is no experimental value of this level to 
be available. Therefore, the crystal-field parameters 
in case IV is considered to be more reliable than those 
in other cases, even though the result in case I V is 
not so good as that in case III. In determination of a 
set of crystal-field parameters, the information of the 
experimental levels as many as possible within a given 
manifold is considered to be substantially more impor­
tant than performing complete ^-mixing. Furthermore 
it is dangerous to conclude simply that in energy-level 
fitting by restricted experimental data the wavefunction 
giving better rms deviation is immediately more accurate 
wavefunction. 

Energy Levels for Pr(DN). From the spectral 
analysis of Pr(DN) by Hellwege and Hellwege,27) 12 
levels of 61 crystal levels and 5 levels of 13 ion levels have 
only been established experimentally. 

Before a definitive X-ray diffraction analysis of 
Ce(DN),19> Judd28> developed a theory for the effect 
of the crystalline electric field on rare earth double 
nitrates. The crystal field potential may be regarded as 
having two components; the first is a dominat ing 
potential corresponding to icosahedral symmetry and 
the second is a weaker residual C3 v symmetry potential . 
In pure icosahedral symmetry, 

Bl = B* = Bi = 0, Bt = ±1.52755«, 

and B%= -0.92115«. (18) 

Using this icosahedral approximation, Judd29> estimated 
the crystal parameters of Pr(DN) with the rms deviation 
of 6.1 c m - 1 for 8 crystal levels, and Tinsley30) obtained 
the rms deviation of 11.3 c m - 1 for 18 crystal levels of 
Nd(DN) (Table 2). The present calculation yields the 
rms deviation of 1.5 c m - 1 for 5 ion levels and that of 

Author 

Present work 
Gruberb> 
Abragam-BIeany 

TABLE 7. COEFFICIENTS OF THE 
3 H 4 ( ^ - ± 2 ) O F ] 

|1G4(2)> | 1 G 4 ( - 4 ) > 

0.1408 -0 .0553 
0.1429 -0 .0405 

EIGENVECTORS FOR THE GROUND STATE 

Pr(C2H5S04)3.9H2Oa) 

|3H4(2)> 

0.9077 
0.9430 
0.9135 

| 3 H 4 ( - 4 ) > 

-0 .3835 
-0 .2899 
-0 .4067 

| 3 H 5 ( - 4 ) > 

0.0612 
0.0469 

\g\ value 

0.86 
1.18 
0.775 

a) The basis functions with coefficients over 0.05 only are given. Values in parentheses are the z component 
of total angular momentum J. b) Data from Ref. 23. c) Data from Ref. 26, 
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3.6 c m - 1 for 11 crystal levels. T h e result exhibits 
unexpectedly good agreement between the calculated 
and experimental values, but does not satisfy the relation 
predicted by J u d d (Eq. 18). 

According to the crystal structure of Ce(DN),19> 12 
oxygen atoms being the nearest-neighbors of the Ce 
atom must be moved distances of the order of 0.5 Â 
to make the icosahedron regular and most of 20 triangle 
on the surface of an icosahedron are also considerably 
irregular. Therefore the icosahedral model for rare 
earth double nitrates should be allowed only as the 
first approximation. Thus the three crystal parameters, 
Bl, B%, and B$, might be not necessary to be small 
compared to the six-order parameters. However, it is 
not adequate to conclude immediately that the crystal 
parameters obtained by us are reasonable because of 
the lack of experimental values to be fitted. 

Energy Levels for Tm(ES). T h e observed energy 
levels have been reported by several authors3 1 - 3 4) and 
some parameter analyses33-35) have been carried out. 
Here, we have adopted the quantum numbers and 
wavenumbers by Johnsen,31) and by Krupke and 
Gruber.34) As seen in Table 3, when the present result 
for ion levels is compared to previous studies, the 
inclusion of CI parameters reduces the rms deviation of 
58 or 134 c m - 1 for the ion levels to 9 c m - 1 . This 
remarkable improvement for Tm(ES) is the same degree 
as that for Pr (ES) . For the assignment of ion levels with 
y = 4 , of which eigenvectors are given in Table 8, there 
is a substantial discrepancy between the present result 
and previous ones. T h e ion level at 5635 c m - 1 and that 
at 12475 c m - 1 are designated respectively to 3 F 4 and 
3 H 4 unlike all previous assignments as far as the present 
parameters are appropriate . 

TABLE 8. EIGENVECTORS OF THE ELECTRONIC TERMS 

WITH 7 = 4 OF Tm(C2H5S04)3 .9H20 

Energy 
(cm-1) 

5635 
12475 
21089 

Coefficients of basis 

| 3 H 4 > 

-0 .2799 
0.7766 
0.5644 

\*GO 
0.5348 

-0 .3621 
0.7635 -

| 3 F 4 > 

0.7973 
0.5155 

-0.3140 

Assign­
ment 

3F4 
3H4 
X G 4 

For crystal levels, our result yielding an rms deviation 
of 4.7 c m - 1 improves fairly previous results33-35) which 
were obtained only within a given manifold by using 
the first-order perturbation theory. This improvement 
might simply be considered to be due to complete 
y-mixing. However, it is seen by examining the present 
result in somewhat details as well as previous results of 
crystals w i t h / 3 configuration13 '36) that the mixing of an 
ion level into other ion levels of different J through 
crystal field perturbation is still fairly small. This will 
be plausible when we consider that the energy separa­
tion between most of lower excited ion levels well 
established by experiments is of the order of 103—104 

cm - 1 , whilst the interaction energy due to crystal field 
perturbation is of the order of 10—100 c m - 1 and do 
not exceed 300 c m - 1 at most, although the admixing 
due to crystal fields are, in principle possible for the 
most part of levels with different J. Thus if all the 

crystal levels within a manifold with relatively large J 
value are known completely from the experiments, the 
crystal-field parameters determined only within this 
manifold may be fairly reliable. This fact is obviously 
seen in Er (ES),13) in which the energy calculation by 
complete y-mixing does not bring any improvement of 
the rms deviation when compared to that by crystal-
field parameters determined only from the ground state 
manifold, where all of 8 crystal levels are known by 
experiments. 

From the above consideration, it is more important 
than a least-squares fit including complete ^-mixing for 
determination of reliable crystal parameters that there 
exists at least one manifold with J value as large as 
possible, of which most of the crystal levels are settled 
by experiments. 

TABLE 9. COMPARISON OF ABSOLUTE g VALUES 

Energy Exptl \g\ Calcet 

Pr(ES) 
3H4(±2) 

XD2(±2) 

(±1) 
3 P i ( ± l ) 
3 P 2 (±1) 
Pr(DN) 
3H4(±1) 

XD2(±1) 
(±1 ' ) 

3 Px(± l ) 
Tm(ES) 
3H6(±1) 
3H4(±2) 

(±2') 
3 F 3 (±2) 
3 F 2 (±2) 
*G«(±2) 

(±2') 
^ , ( ± 2 ) 

(±1) 
3 Px(± l ) 

(cm-1) 

0 

16858 
16955 
21276 
22448 

0 

16872 
16920 
21461 

32 
12649 
12763 
14486 
15079 
21171 
21280 
27907 
27977 
36484 

Zeemana> 

0.85 
(0.775) 
1.30 

1.39 
1.58 

0.72 
(0.725) 
1.67 
1.12 
1.17 

0.57d> 
1.57 
0.0 
1.88 
1.46 
1.80 
0.0 

MCDb> 

0.77 

1.30 
1.09 
1.61 

0.79 

1.24 

1.11 

1.45 
1.34 
1.89 
0.11 
1.99 
1.23 
1.48 

Present 

0.86 

2.07 
1.03 
1.50 
1.42 

0.67 

1.91 
0.88 
1.50 

0.67 
1.82 
0.07 
2.16 
1.51 
1.36 
0.56 
2.28 
1.14 
1.50 

W-Rc> 

0.55 
1.85 
0.06 
2.17 
1.51 
1.52 
0.40 
2.27 
1.14 

a) Values in parentheses are those from paramagnetic 
resonances. See Refs. 25 and 38 for Pr(ES) and Pr-
(DN) respectively, b) See Refs. 40 and 39 for Pr(ES) 
and Pr(DN), and Tm(ES) respectively, c) Values 
by Wong and Richman. See Ref. 33. d) The value 
that Wong and Richman (Ref. 33) recalculated 
using the datum of the Zeeman splitting obtained by 
Johnsen (Ref. 31). Johnsen reported for this g value 
tobe 1.0±0.2. 

Estimate of g Values. T h e experimental g values 
of Pr(ES), Pr (DN) , and Tm(ES) have been obtained 
by the Zeeman effects,22'31,37) paramagnetic reso­
nances,25 '38) and recently magnetic circular dichroisms 
(MCD).39 '40> T h e comparison of the calculating g 
values to these experimental values are tabulated in 
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TABLE 10. SUMMARY OF CALCULATED g VALUES FOR 

CRYSTALS WITH f3 CONFIGURATION8^ 

Crystal 

Nd(ES)b> 
Er(ES)b> 
Nd:LaCl3

c> 
Nd(DN)d> 

No. of fitted 
level 

43 
50 
66 
18 

rms dev. 
(cm-1) 

3.6 
3.6 
4.9 

10.9 

No. of g with 
dev. over 35% 

1(7) 
2(14) 
4(33) 

12(34) 

a) Values in parentheses are total number of calculat­
ed g values compared to the observed ones, b) Data 
from Ref. 13. c) Data from Ref. 36. d)Data from 
Ref. 30. 

Table 9. The calculated g values except those of the 
1 D 2 ( J ? = ± 2 ) level in Pr(ES) and the 1 G 4 ( ^ = ± 2 ' ) level 
in Tm(ES) are in good agreement within 3 0 % with the 
experimental values. Similar situation is found in rare 
earth crystals w i t h / 3 configuration as shown in Table 10, 
where some of g values are very different from the 
experimental values. 

It is not easy to find why only some of calculate g 
values involve large discrepancy although almost all of 
those are fairly consistent with experimental values. 
Undoubtedly, one of the origins may still be in experi­
mental errors due to the misclassification of observed 
crystal levels, the broadening of the Zeeman lines and 
the overlap of the M C D curves. The other may arise 
from the inadequacy of crystal parameters due to the 
lack of energy levels to be available as pointed out in 
Pr(ES). Obviously the theoretical evaluation of some 
physical quantities, such as g value, exclusively depends 
on the accuracy of wavefunctions used. T h e present 
semiempirical procedure by the tensor method turns out 
to get a set of wavefunctions which are in good agree­
ment with the average value of r~x, because the main 
part of the Hamil tonian consists of the Coulomb 
interactions and the radial integrals as parameters 
contained in the Hamil tonian are determined to 
reproduce the experimental energy levels. O n the other 
hand, the evaluation of g value given in Eq. 16 comes 
to estimate the average value of r°; i.e., a sum of overlap-
type integrals. A basis \J,M^> under intermediate 
coupling is transformed to \J',M'^> on operation of the 
magnetic dipole moment operator n=ße{LJ

r2S), where 
J' and M' are respectively equal to J and M or different 
from J and M by one unit , since both orbital and spin 
operators are a tensor operator of rank one. Consequ­
ently, the operation of magnetic dipole moment on a ket 
vector is to yield a new ket vector, then the average 
value of the magnetic dipole moment is reduced to a 
sum of several overlap-type integrals. Thus the wave-
function being fitted to energy levels may be better 
charge density in the region of r - 1 , but it is not assured 
to give also better charge density in the region of r°. 
In principle, exact wave function should give exact value 
for physical quantities as well as for the energy. How­
ever, an approximate wave function which is better 
regarding the energy levels does not necessarily yield 
better physical quantities. Such circumstances are, of 
course, manifested already for theoretical estimate of 
physical quantities of a number of simple molecules.41) 
Such disadvantage is considered to be impossible to 

avoid in semiempirical method depending on solely 
energy level fitting. In practical purpose, it will be 
desirable that there are fairly amount of experimental 
energy levels to be available. However, it might be 
stated that the calculated g value can, at least, be taken 
as a reference when no experimental value is available. 

T h e present work was partially supported by a 
Grant-in-Aid for Scientific Research (No. 139012) from 
the Ministry of Education. 
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Magnetic Circular Dichroism of Praseodymium Ethyl Sulfate and 
Praseodymium-Magnesium Double Nitrate 
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The magnetic circular dichroism of praseodymium ethyl sulfate and praseodymium-magnesium double 
nitrate was measured in the visible wave number region at low temperatures down to 17 K. Analysis was carried 
out for six absorption bands of praseodymium ethyl sulfate and three bands of praseodymium-magnesium double 
nitrate. With available information on energy levels., the g values of the crystal-field levels relevant to absorptions 
were derived from the MCD parameters obtained. These values are in good agreement with those from other 
methods. 

During the passed ten years the utility of magnetic 
circular dicroism (MCD) studies has been presented by 
many authors,1) especially for clarifying spectroscopic 
assignments and characterizing the symmetry and 
angular momentum properties of both ground and 
excited states of molecules and ions. However, there 
are only a few evidences to judge the reliability of the 
results. It was pointed out that M C D provides fairly 
reliable spectroscopic splitting factors (g value) of some 
rare earth crystals with the aid of well-established energy 
levels even when no direct Zeeman components of a 
transition are resolved.2-4) 

We have measured the M C D spectra of praseodymium 
ethyl sulfate, P r ( C 2 H 5 S 0 4 ) 3 - 9 H 2 0 (Pr(ES)), and 
praseodymium-magnesium double nitrate, Mg3Pr2 

( N 0 3 ) 1 2 - 2 4 H 2 0 (Pr(DN)) at low temperatures, and 
obtained the g values for several crystal-field levels of 
these crystals. 

R e s u l t s and D i s c u s s i o n 

The preparation of the Pr(ES) crystal has been 
reported.2) Pr(DN) was prepared by the method 
described by Jantsch.5) An aqueous solution of stoichio­
metric amount of P r ( N 0 3 ) 3 - 6 H 2 0 and M g ( N 0 3 ) 2 -
6 H 2 0 was allowed to evaporate slowly. After a month, a 
transparent single crystal of double nitrate grew in the 
form of a thick hexagonal plate 30 x 30 x 8 mm 3 , with a 
well-developed face perpendicular to the principal axis 
of the crystal. The details of absorption and M C D 
measurements at low temperatures with use of a metal 
Dewar vessel have been reported.2»3) The temperature 
of crystals cooled by thermal conduction was measured 
with an Au-Co versus chromel thermocouple with one 
junction pressed directly against the crystal and found 
to be 8 0 ^ 1 and 1 7 ^ 1 K at l iquid nitrogen and helium 
temperatures, respectively. 

The general expression for the M C D of an 
absorption6»7) can be applied to a uniaxial crystal such 
as Pr(ES) and Pr (DN) . The ellipticity accompanied by 
an electronic transition is given by 

0= -fyNt[AfJtl+(B + C/kT)f0-\H. (1) 

The explicit expressions for the M C D parameters A, 
B, and C are given elsewhere.1»2) The condition assumed 
in the derivation of Eq. 1 (the Zeeman energy is less 
than the zero-field state separation, line width and kT) 

are still satisfied in the present measurements. The 
ratios of the M C D parameters to the dipole strength D 
(=(l/äf a) |<^alm| j X 2 ) are related to the g values of the 
ground a and excited j states in a transition as8) 

\A/D\ = \gj-g&\, \C/D\ = \g&\, (2) 

where the Zeeman splitting is taken as 2gßH since there 
are no multiplets except for the doublet in both Pr(ES) 
and Pr (DN) . We see that term C can arise only when 
the ground state is degenerate, whereas term A has the 
value when the ground and/or excited states are 
degenerate. 

There are 13 ion levels for a trivalent Pr ion with 4f2 

configuration in the aforementioned crystals, an ion 
level placed in a crystal-field splitting into several 
crystal-field levels designated by the crystal quan tum 
number rj after Hellwege.9) From the results of X-ray 
analyses,10) the site symmetries around a Pr3 + ion in 
the ethyl sulfate and double nitrate crystals are known 
to be D 3 h and C3 v , respectively. Thus the crystal-field 
levels in Pr(ES) and Pr(DN) are classified by 9 = 0 , ± 1 , 
± 2 , and 3, and y=0 and ± 1 respectively, where the 
levels with double signs are twofold degenerate. The 
crystal levels in the visible region of Pr(ES)11»12) and 
Pr(DN)13»14) have been determined. The energy level 
diagrams of these crystals relevant to the present 
analysis are shown in Fig. 1, in which a-transitions 
observed in the present experiments are indicated by 
lines with arrow. The absorption and M C D spectra 
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Fig. 1. Energy level diagrams of Pr(ES) and Pr(DN). 
The units of energy are in cm -1 . Allowed a-transitions 
are indicated by arrows. 
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16700 16800 16900 
0 (cm"1) 

17000 

Fig. 2. Absorption and MGD spectra for the 3H4—>XD2 

transition of Pr(ES) at 17 (solid line) and 80 K (chain 
line). The curves shown by dotted lines are those 
resolved into the constituent curves at 17 K. 0M and e 
are the MGD in molar ellipticity units (K dl dm - 1 

mol-1) per unit gauss and molar extinction coefficient 
respectively. 

observed are shown in Figs. 2—4, where molar extiction 
coefficient e and molar ellipticity 0M in terms of K 
dl d m - 1 m o l - 1 G - 1 are used for the sake of convenience. 
The lowest crystal-field level of the 3 H 4 state of Pr(ES) 
is doubly degenerate ( 3 ? = ± 2 ) , and the population of 
the next level (y=3), which is 12 c m - 1 higher than the 
lowest level, is 36% that of the latter at 17 K. Thus 

0 M 

8x10 
r-2 

X^F 

d 
A 

h2 
/ 

20700 
•h». 

21300 20800 21250 
0 (cm"1) 

Fig. 3. Absorption and MCD spectra for the 3H4—>3P0, 
3PX transitions of Pr(ES) at 17 (solid line) and 80 K 
(chain line). See the note in Fig. 2. 

it is necessary to take account of a-transitions from these 
two levels for Pr(ES) (Fig. 1). O n the other hand, all 
the absorption bands of Pr(DN) at 17 K might arise 
from only the lowest crystal-field level 3 H 4 (37 = ± 1), since 
the population of the next level (37=0), 38 c m - 1 higher 
than the lowest level, is 4 % that of the latter at 17 K. 

A summary of the M C D parameters derived from 
the method of moments7»15) is given in Table 1. Separa­
tion of term C from term B can be performed by means 
of the temperature dependence of 0M as shown in Fig. 5. 
The A/D value for a transition should be independent 

TABLE 1. MGD PARAMETERS DIVIDED BY DIPOLE STRENGTH D, 

l/e OF THE MAXIMUM ABSORPTION IN Pr(ES) AND Pr(DN). 
CENTRAL FREQUENCY VQ AND HALF-WIDTH J

1 AT 

VALUES IN PARENTHESES ARE ASSUMED ONES 

Transition 

Pr(ES) 
(a) 3H4(±2) >iDa(0) 

(b) 3H 4(±2) ^D a (±2) 

(c) 3H4(3) ^ . ( ± 1 ) 

(d) 3H 4 (±2) .3P0(0) 

(e) 3H4(3) ^ ( ± 1 ) 
(f) 3H4(±2) -3PX(0) 
Pr(DN) 
(g) 3H4(±1) ,3P0(0) 

(h) 3H4(±1) ^ ( 0 ) 
(i) 3H4(±1) •»PxCil) 

T 
(K) 

80 
17 
80 
17 
80 
17 
80 
17 
17 
17 

80 
17 
17 
17 

^0 
(cm-1) 

16708 
16709 
16858 
16858 
16941 
16942 
20686 
20687 
21269 
21291 

20847 
20845 
21421 
21461 

r 
(cm-1) 

24 
20 
26 
31 
26 
26 
21 
21 
14 
19 

43 
43 
24 
29 

D 
(lO^D2) 

0.225 
0.080 
1.401 
0.905 
1.470 
1.599 
0.508 
0.173 
0.092 
0.219 

0.055 
0.087 
0.256 
0.197 

A/D 
iß) 

- 0 . 7 5 1 
- 0 . 8 0 1 

2.02 
2.09 
1.04 
1.13 

- 0 . 7 9 6 
- 0 . 7 7 1 

1.61 
- 0 . 7 9 1 

- 0 . 7 7 5 
- 0 . 7 9 1 

0.800 
2.05 

(B + ClkT)/D 
Wem-1) 

-0 .0360 
-0 .0861 

0.0128 
-0 .0371 
-0 .0209 
-0 .0278 
-0 .0419 
-0 .0913 
-0 .0527 
- 0 . 1 1 2 

-0 .0165 
-0 .0719 
-0 .0780 
-0 .0666 

B/D 
Wem- 1 ) 

-0 .0225 

0.0262 

-0 .0244 

-0 .0286 

-0 .0527 
-0 .0477 

-0 .0017 

-0 .0120 
-0 .0016 

C/D 
(ß) 

- 0 . 7 5 

( -0 .77) 

0 

- 0 . 7 4 

0 
( -0 .77) 

- 0 . 8 2 

( -0 .79) 
(0.79) 
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20800 21500 20900 21400 
\> (cmH) 

Fig. 4. Absorption and MCD spectra of Pr(DN) at 17 
(solid line) and 80 K (chain line). See the note in 
Fig. 2. 

of temperature. This is satisfied for both Pr(ES) and 
Pr(DN) (Table 1). Absolute CjD values for various 
transitions from the same lower level should be identical, 
indicating the \g\ value of this level. Although the 
absorption bands (b) and (c) in Pr(ES) overlap each 
other (Fig. 2), separation of the experimental M C D into 
the MCD's corresponding to these absorption bands is 
possible when we take the \CjD\ values of the ^ = ± 2 

1/kT (1/cm1) 

and 3 levels of the 3 H 4 state to be 0.77 ß and 0 ß9 respec­
tively. The former is the average value obtained from 
the band (a) and (d), for which all the \AjD\ and \CjD\ 
values should be equal since both bands correspond to 
the transitions from the lowest crystal-field level 3 H 4 

0 ? = ± 2 ) to non-degenerate excited levels. The latter 
value should, in principle, be zero since the lower level 
3H4(3?=3) is non-degenerate. The absorption and M C D 
curves for each of the bands (b) and (c) (dotted lines, 
Fig. 2) originate from a curve fitting by using the values 
given in Table 1 for central frequencies, half-widths 
and dipole strengths, and by adopting the above values 
for \C/D\ values, the Gaussian form for the shape 
function f0 and then the rigid shift model7) (fi = df0/dv) 
in Eq. 1. For both absorption and M C D , the sum of 
two constituent curves reproduces satisfactorily the 
experimental curve. A similar treatment is applied to 
the separation of other overlapping absorption and M C D 
curves into the constituent curves; i.e., the (e) and (f) 
bands in Pr(ES), and the (h) and (i) bands in Pr (DN) . 
Thus all the M C D parameters for observed bands can 
be determined. As expected, B terms due to higher-
order perturbation are small as compared to the other 
terms, the contribution of B terms to 0M not being 
sizable for paramagnetic salts. Ultimately the absolute 
g value of the ground state of Pr(ES) and that of Pr(DN) 
are estimated to be 0.77 ß and 0.79 /?, respectively. The 
g values for excited crystal-field levels can be evaluated 
by using Eq. 2. The absolute g values thus obtained are 
compared with other experimental values by the 
Zeeman splittings13»14) and paramagnetic reso­
nances,16»17) and theoretical values18) in Table 2. The 
g values from M C D are in good agreement with the 
other experimental ones within the experimental error 
(ca. 15%). The theoretical values also agree with the 
experimental ones except for the g value of the 
1T>2(V=±2) level in Pr(ES), which is 1.6 times larger 
than the experimental value. For theoretical g values 
of rare earth crystals by the wavefunctions determined 
so as to get the best agreement of calculated energies 

TABLE 2. COMPARISON OF THE g VALUES IN 

Pr(ES) AND Pr(DN) 

Pr(ES) 
3H4(±2) 

^ ( ± 2 ) 
(±D 

»P i (± l ) 
Pr(DN) 
3H4(±1) 
3 P i ( ± l ) 

Energy 
(cm-1) 

0 
16858 
16955 
21281 

0 
21461 

MCDa> 

0.77 
1.30 
1.09 
1.61 

0.79 
1.24 

Absolute value of g 

Zeemanb) 

0.85(0.775) 
1.30 

1.39 

0.72(0.725) 
1.17 

Calcdc> 

0.86 
2.07 
1.03 
1.50 

0.67 
1.50 

Fig. 5. Temperature dependence of (B-\-C/kT)/D of Pr-
(ES) (solid line) and Pr(DN) (broken line) obtained by 
the moment analysis. 

a) As the g value of an excited level, two kinds of 
values are derived from Eq. 2, the value close to 
those by the other methods being adopted, b) The 
values from Refs. 13 and 14 for Pr(ES) and Pr(DN), 
respectively. The values by paramagnetic resonances 
are given in parentheses. See Refs. 16 and 17 for 
Pr(ES) and Pr(DN), respectively. c) The values 
from Ref. 18. 
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with the observed values obtained from crystal spectra, 
it frequently occurs that only for few specific crystal-field 
levels the calculated g values differ considerably from 
the observed ones, although there is good agreement 
between both values for most crystal-field levels.19»20) 
This problem is further discussed elsewhere.18) The 
present analysis has confirmed previous results,2-4) viz., 
with available information on energy levels, the g values 
obtained from the M C D measurement of Pr crystals 
as well as those from the Zeeman effects and para­
magnetic resonances are reliable. 
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Metachromasy. V.t The Effect of the Chain Length of Polyphosphate 
on the Metachromatic Behavior of Crystal Violet and 

Trypaflavine with Emphasis on the Binding 
Curve and the Spectra of Bound Dyes 

Mineo TAKATSUKI and Kiwamu YAMAOKA* 

Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
(Received October 6, 1978) 

Absorption spectra of two metachromatic dyes, Crystal Violet, GV, and Trypaflavine, TF, were measured 
in the presence of three sodium polyphosphates, NaPP, of different chain lengths. The optical titrations of these 
systems were performed at the phosphate residue-to-dye ratios, PjD, between 0: 1 and about 1:1, where isosbestic 
points are present in the absorption spectra. The apparent molar absorption coefficients of the two dyes in each 
system changed sigmoidally with the increase in PjD. The extended principal component analysis was applied 
to the observed spectra of each dye-NaPP system in order to determine both the equilibrium constant for the binding 
reaction between the dye and the polymer and the pure spectra of the bound dyes. An empirical parameter a was 
introduced into the expression for the equilibrium constant, K— [complex]/[free dye] [unoccupied binding site]a, 
to reproduce the sigmoidal titration curve (oT>l). The amount of the bound CV and TF increased with the 
increase in the chain length of NaPP at a given PjD, although the pure spectra of those bound dyes were independent 
of the chain length for low PjD values. The binding behavior of those dyes for high PjD values was also discussed 
by comparing the previous data with the binding curves calculated in this work. 

The striking change in the absorption spectrum of a 
metachromatic dye in the presence of polyelectrolyte 
is generally characteristic of the specific nature of the 
polymer. For example, such a change has been related 
to the chain length,1 - 3) overall or local conformation,4-8) 
and functional or ionizable group of individual 
polymers.4 '9 '10) T h e interaction between dye and 
polymer is effected by adjusting the experimental condi­
tions such as p H , temperature, ionic strength, and the 
molar mixing ratio of polymer residues to dye, PjD. 
Therefore, detailed studies which take into account 
these factors quantitatively are necessary for full under­
standing of both the metachromatic behavior of dyes 
and the dye-polymer interaction. 

The method of extended principal component 
analysis, the PCA method,11) was successfully applied 
to the complicated equil ibrium systems of cationic dyes 
(Crystal Violet, CV, and Trypaflavine, TF) and various 
polyanions, in order to determine the number of dye 
species in equilibrium, the equilibrium constants, and 
the absorption spectra of the bound-dye species.4) 
Experimentally, the successive t i tration method was 
employed in a series of measurements to ensure the 
accuracy of the dye concentration within 1%. Since 
the metachromatic behavior of CV and T F has been 
shown to depend on the number-average degree of 
polymerization, n, of sodium polyphosphate over a wide 
PjD range of 0—2000,2>3) the purpose of this article is 
to apply the extended PCA method to the C V - and 
T F - N a P P ( n = l l , 24, and 64) systems in order to 
clarify the relationship between the metachromatic 
behavior of these dyes and the chain length of NaPP. 

In this work, the equilibrium constants and the pure 
absorption spectra of the bound-dye species could be 
determined for those systems. The optical ti tration 
curves of all the systems were sigmoidal within the PjD 
range from zero to about one. In order to analyze the 
sigmoidal titration behavior, an equilibrium expression 

t For the preceding paper of this series, see Ref. 4. 

with an empirical parameter a was utilized in the same 
manner as in the previous work.4) T h e present results 
clearly indicate that the equil ibrium constant and the 
value of a both depend on the combination of dyes and 
N a P P samples. O n the contrary, the pure spectra of the 
bound-dye species are independent of the chain length 
of N a P P in the low PjD range. The fraction of the 
bound dye was calculated against PjD by using the 
equilibrium constant and the parameter a obtained for 
each dye-NaPP system. By comparing the binding 
fraction vs. PjD curves with previous data,2 ,3) it was 
concluded that two or more bound-dye species should 
be present over the entire PjD range. T h e mechanism 
of the chain-length dependence on the metachromasy 
was also discussed quantitatively in terms of the amount 
of the bound dye and its absorption spectrum. Lastly, 
the empirical parameter a was qualitatively related to 
the cooperative parameter q which was defined by 
Schwarz.12) 

Exper imenta l 

Materials. All the NaPP samples («=11, 24, and 64) 
used in this work are the same refractionated preparations 
as described elsewhere.2'3) The cationic dyes, CV (e=9.20x 
104 at 592 nm) and TF (e=4.67x 10* at 452 nm), are also 
those used in the previous work.4) 

Procedures and Measurements. A Hitachi EPS-3T record­
ing spectrophotometer was used together with a matched pair 
of 1 and 2 cm long quartz cells. The temperature was set 
at 25 °C by circulating regulated water through a cell holder. 
Procedures of the optical titration and other precautions for 
measurements were described in Ref. 4. The observed data 
were analyzed by the extended PCA method, which was de­
scribed in detail in the previous papers.4'11) 

R e s u l t s 

Absorption Spectra and Optical Titration Curves. The 
absorption spectra were measured at the different stages 
of t i tration with a t i trant N a P P solution up to a PjD 



1004 Mineo TAKATSUKI and Kiwamu YAMAOKA [Vol. 52, No. 4 

10 h 

8h 

6h 

X A 
<o 4 

2h 

I I " 1 • '• I 
F (a) CV-NaPP(24) 

r 

i_ j^^^> 
°°o JZÏ^i^-

^O 

- ° ^r\ o . J T °°o 
' ° J F 
—J , 1 a...... 1, 

1 

o 
°« o 

°OoooOO° 
1 

oooo 

—\ • r n 

P/Z) = 0.0 
0.168 ' 
0.336 -
0.558 
0.756 " 
0.924 -
1.092 

1.259 
1.427 _ 
1.595 
1763 • 

i 
i ^ I I f t ? n m m 

480 520 560 600 640 680 

Wavelength/nm 

I 3 
O 

II ' 1 ' 1 
I" (b) TF-NaPP(24) 
1 /£ 

\ /y/y' 

JVXy^> 
\ J/Zßy'^ 
1 JÊêr 

!o°°° 

1 , 1 . 1 

1 

°o 
o„ „oo 

°Ooo° 
1 

nOOO>! 

. J _ . 

PJD-

1 

= 0.0 
0.164 
0.329 -

0.493 J 
0.657 
0.821 _ 

0.986 -
1.150 

S ^ O o - -

1 * * ^ i 
"400 420 440 460 480 500 

Wavelength/nm 

Fig. 1. Absorption spectra of GV (a) and TF (b) in the 
presence and absence of NaPP(24) and the pure 
absorption spectra of bound dyes (open circles). The 
initial concentrations of GV and TF are 8.86 and 
11.0 [iM ( 1 [AM= 1 X 10-6 mol dm"3) respectively. The 
concentrations of NaPP are given in the respective fig­
ures in terms oîPjD, the order of which corresponds to 
the order of the decrease in the maximum absorbance. 

value near one. Figures 1 (a) and (b) show the absorption 
spectra of CV and T F in the presence of N a P P whose n 
is 24 (hereafter denoted as NaPP (24)). For other C V -
and T F - N a P P (11 and 64) systems, the series of absorp­
tion spectra were similarly obtained. Since the observed 
spectrum of a d y e - N a P P solution is a composite of the 
component spectra of the known free and unknown 
bound dyes, the apparent molar absorption coefficients, 
£, were calculated on the basis of the analytical concen­
tration of the dye in solution. The spectra of C V - N a P P 
(24) show only a shoulder at 510 nm, as is shown in 
Fig. 1(a), although the metachromasy band was clearly 
observed at 510 nm for NaPP(64) and NaPP(154). 
(The absorption spectra for CV-NaPP(154) and for 
TF-NaPP(216) and TF-NaPP(154) were shown in Refs. 
2 and 4, and Refs. 3 and 4, respectively. They will 
hereafter be quoted without the references.) In the 
TF-NaPP(24) system which is shown in Fig. 1(b), the 
maximum absorption band at 452 nm is shifted gradual­
ly with increasing PjD toward the shorter wavelength 
with no explicit metachromasy band. 

Three and two isosbestic points are observed at 460, 
529, and 639 nm and at 371 and 476 nm for the C V -
and T F - N a P P ( l 1, 24, 64, and 154) systems, respectively. 
These isosbestic points predict the presence of two 
absorbing components in each system, free dye and a 

bound-dye species, between the PjD values of zero and 
about one. I t should also be noted that the e and 
position of those isosbestic points remain unchanged 
regardless of the chain length of NaPP. These findings 
suggest that the pure spectra of the bound-dye species 
may not depend on the chain length of NaPP for low 
PjD values. 

The optical t i tration curves are plotted against PjD 
at 592 nm for CV and at 450 nm for T F in the presence 
of N a P P with the varying degree of polymerization in 
Figs. 2(a) and (b). All the titration curves change 
sigmoidally, but not monotonously, with PjD in a 
manner similar to the NaPP(154) systems. The values 
of the apparent e at a given PjD (e.g., P/D=l) decrease 
with the increase in the chain length of N a P P for both 
C V - and T F - N a P P systems. 

PjD 

Fig. 2. Optical titration data and calculated binding 
curves for GV (a) and TF (b). The optical titration 
data (open symbols) are plotted against P/D in terms 
of a at 592 nm for GV and 450 nm for TF (left 
ordinate). The fractions of free dyes calculated from 
those data (open symbols) are also indicated in terms 
of ( 1 _ / b ) (right ordinate). Q - NaPP(64), A : NaPP 
(24), O : NaPP(ll) , and O : NaPP(154). The calcu­
lated binding curves (solid lines) are shown in terms of 
(1—fh)Kta (right ordinate). The dashed line for the 
GV-NaPP(l 1) indicates that the (l—fb)K,a curve could 
not be calculated by the PGA method (see text for 
detail). 

Pure Spectra of Bound-dye Species and Equilibrium Constants. 
The extended PCA method is especially useful for 

the determination of the equil ibrium scheme for binding 
of dye to polyelectrolyte of relatively low molecular 
weight which cannot be retained by a semipermeable 
membrane in equilibrium dialysis.4»11) Therefore, the 
absorption spectra of all dye -NaPP systems obtained 
in this work were analyzed by the same method. The 
number of the absorbing components was first deter-
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mined to be two, free and bound dyes, for all the 
systems which are expected from the presence of isosbes-
tic points. In order to reproduce the observed sigmoidal 
and monotonous t i trat ion curves, an empirical param­
eter a was introduced into the equil ibr ium equation 
for a dye-NaPP system consisting of such two absorbing 
components as follows:4) 

J D P * ] _ 

[D][P]° * (1) 

In this expression D is the free, unbound dye; P means 
the unoccupied binding site of N a P P ; D P * is the bound 
dye which gives rise to an absorption spectrum different 
from that of the free dye; the brackets denote the 
equilibrium concentration. When the value of a is 
greater than one, the sigmoidal t i tration curve can be 
obtained. The pure spectrum of the bound-dye species, 
equilibrium constant, and empirical parameter were all 
determined simultaneously from a series of absorption 
spectra of a particular dye -NaPP system.4) 

Figure 3(a) shows the pure spectra of the GV bound 
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Fig. 3. Pure absorption spectra of CV (a) and TF (b) 
bound to NaPP's with different chain lengths. Q : 
NaPP(64), A : NaPP(24), <>: NaPP(l l) , and O : 
NaPP(154). The spectra of free dyes ( ) are also 
shown. 

to NaPP(24) , NaPP(64) , and NaPP(154), thus obtained 
by the PCA method, together with the free GV for 
comparison. T h e pure spectrum of the bound CV for 
G V - N a P P ( l l ) system could not be obtained from a 
set of the absorption spectra because their variation was 
only slight. For all the C V - N a P P systems, the spectra 
of bound CV exhibit three metachromasy bands : they 
are designated as the Meta S2, S l 5 and L bands which 
are located at 506, 550, and 630 nm, respectively, and 
are indicated by arrows in Fig. 3(a). (The Meta S t and 
S2 bands are for the short-wavelength ones relative to 
the peak of the free CV, while the Meta L band is for 
the long-wavelength one; the number ing is from the 
one closest to the peak position of the free dye.) T h e 
pure spectra of T F bound to N a P P ( l l ) , NaPP(24) , 
NaPP(64) , and NaPP(154) are shown in Fig. 3(b) . 
They exhibit two metachromasy bands : the Meta S 
band at 428 nm and the Meta L band at 480 nm. The 
pure spectra of the bound-dye species show pronounced 
metachromasy bands (or peaks), in spite of the fact that 
such bands have not been observed in the spectra for 
the CV-NaPP(24) or for all of the T F - N a P P systems. 
Furthermore, the spectral profiles of the bound dyes 
and the positions of the Meta bands are all independent 
of the chain length of N a P P bound by either CV and 
T F . It should be noted that the pure spectra of the 
bound-dye species have been unraveled in detail by the 
extended PCA method. 

T h e values of a and of the equil ibrium constant K in 
Eq. 1 were calculated from the series of the absorption 
spectra of C V - and T F - N a P P systems and are listed 
in Table 1. I t should be noted that the values of a are 
always greater than one for the sigmoidal t i tration curves 
(Figs. 2(a) and (b)). Furthermore, the values of a 
depend on the combination between dyes and NaPP's 
with varying n values. T h e binding of dye to N a P P 
may be affected by the chemical structure of the dye 
and by the chain length of N a P P with the identical 
residue structure. Since the chain length may affect the 
electrostatic potential field of NaPP, the parameter a 
may be considered as an indicator which reflects the 
binding mode of dyes. The values of equilibrium 
constant listed in Table 1 vary widely, because the 
dimension of K ( = [dm 3 mol~1]a) now depends on a. 
Therefore, the values of K of the different dye -NaPP 
systems cannot be readily compared with each other to 
characterize them. However, the equilibrium constant 
K defined in Eq . 1 may be related to the frequently 
postulated equil ibrium constant K' in such that K'— 
[DP*] / [D] [P ]=Ä: [P ] a - 1 . T h e values of K' were 
calculated at a representative P/D of 1 and are listed 

TABLE 1. EMPIRICAL PARAMETERS, a, AND EQUILIBRIUM CONSTANTS, K AND K' 

AT 25 °C FOR CV- AND TF-NaPP SYSTEMS 

n of NaPP 

154 
64 
24 
11 

a 

1.5 
1.5 
1.9 
— 

CV 
^ 

KV 

1.0 xlO8 

0.98x10 s 

2.2 xlO9 

— 

K'h) 

2.1 xlO5 

2.1 xlO5 

0.49x 105 

— 

a 

1.5 
1.3 
1.3 
1.2 

TF 

K*> 

5 . 1 x l 0 7 

7.7x10« 
2 . 3 x l 0 6 

2 .1x10 s 

K'b) 

1.3 xlO 5 

1.1 x lO 5 

0 . 6 6 x l 0 5 

0 . 2 0 x l 0 5 

a) The dimension is given by [dm3 mol"1]", b) K'^K^P]"-1 at P/D=l. 
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in Table 1. For both CV and T F , the values of K' 
increase with the increase in the chain length of NaPP. 
Thus, the greater par t of either dye should be bound 
to the longer chain of N a P P {vide infra). 

Binding Curves. The fraction of bound dye, fb, 
defined as the ratio of the concentration of bound dye, 
Cb, to the sum total of the concentrations of the bound 
and free dyes in solution, C0, can be calculated at a 
given P\D in three ways. First, t h e / b is obtained with 
the values of K and a by solving the following equation, 
which is derived from Eq. 1, for fb by the Newton 
method : 

( l ~ / b ) = K{C0{P/D-fb)}« ' ( 2 ) 

The (1—;fh), i.e., the fraction of free dye, calculated 
from Eq. 2 is denoted as (1—/b)^,«- The values of 
(1—fb)K,a for CV and T F are shown with solid curves 
in Figs. 2(a) and (b) respectively. 

Figures 2(a) and (b) show an excellent agreement 
between the calculated curve (1—fb)K,a and the 
observed points of e\ for each d y e - N a P P system. 
Secondly, the fraction of bound dye, / b , can be calculated 
from the observed E\ at a selected wavelength, according 
to Lambert-Beer's law, as follows: 

(l-/*)i = T F T ^ (3) 

where £A
b and e\ are the molar absorption coefficients 

of bound and free dyes at the wavelength X respectively. 
Thirdly, the mean value of (1 —fb)K {cf. Eq. 6 in Ref. 4) 
may be defined as follows: 

( l - / * ) = - S ( l - / b ) i . ("=56), (4) 
n i=i 

where n denotes the number of selected wavelengths. 
The (1—fb) is determined for a given absorption 
spectrum at a given PjD by the PCA method.11) The 
calculated (1—fb)K,a agrees with the (1—fb) at all PjD 
values in Figs. 2(a) and (b). It should be noted that 
the sigmoidal decrease of the observed ex can be repro­
duced by (1 ~fb)Kta for each system with the value of a 
larger than one. Hence, the a should be a useful param­
eter to represent the binding of dye to polyelectrolyte. 

The binding curves (solid lines) calculated with the 
aid of Eq. 2 together with the appropriate a and K in 
Table 1 are plotted against PjD in Figs. 4(a) and (b). 
In these figures, the open symbols indicate the points 
of (1—fb) which were obtained by analyzing the 
present optical t i tration data by the PCA method, 
while the closed symbols represent the points of (1 —fb)\, 
X = 592 and 450 nm for CV and T F respectively, which 
were calculated from the previous data over a wide 
P\D range2»3) with the aid of Eq. 3 together with the 
values of £A5 £xf

5
 a n d £xb (the last was determined in 

this work by the PCA method). The points of (1 —fb)k 

and (1—;fb) obtained from the observed spectra of 
d y e - N a P P fall on the binding curves (1—fb)K,a> which 
were calculated from Eq. 2, in the PjD range between 0 
and 2—3. The (1—fb)K,a curves approach the limiting 
value of zero, as the PjD values further increase. 

O n the contrary, the points of (1—fb)x deviate from 
the (1—fb)K,a curves and gradually ascend back to 

the original value of unity2»3) passing through the 
minima in the PjD ranges of 2—8 for C V - N a P P and 
3—10 for T F - N a P P . (The PjD values for the minima 
slightly depend on the chain length of NaPP) . In 
addition, the isosbestic points remaining at the low PjD 
values of less than ca. 2 tend to disappear gradually in 
those intermediate PjD ranges. Both the deviation of 
the (1—fh)x points from the calculated binding curve 
(solid line) and the concurrent disappearance of the 
isosbestic points strongly indicate that some unknown 
bound-dye species are being formed in the dye-NaPP 
solution with the increase in PjD. These results also 
eliminate the possibility that the bound dye begins to 
dissociate from the polymer site. (If this were the case, 
the isosbestic points should remain.) Thus, it is most 
reasonable to conclude that two or more of the bound-
dye species are present in the dye -NaPP solution in 
the intermediate PjD range 2—30. Since the pure 
spectrum of one of them has already been determined 
in the previous section (Fig. 3), it is worth now finding 
out the pure spectrum of the other bound-dye species. 

At present, the pure spectrum of the unknown bound-
dye species cannot be determined uniquely, because 
both the number of the bound-dye species and the 
fraction of each bound-dye species are not available yet 
in the intermediate PjD range. The sum total of the 
bound-dye species, however, can be estimated from the 
calculated binding curve. Therefore, the apparent 
spectrum of the mixture of bound-dye species, i.e., the 
mixed spectrum of the bound dyes, may be calculated 
by using the fb value, which is obtained from the 
calculated binding curve, (1—/t>)*,«5 (solid line in 
Fig. 4), and the observed spectrum of the dye-NaPP 
solution, sxt at a given P/D value as follows: 

PjD 

Fig. 4. Binding curves of CV (a) and TF (b) to NaPP's 
with different chain lengths. The binding curves were 
calculated in three ways : solid lines for ( 1 —fh) 

K a ? open 
symbols for {\—fh)\ and closed symbols with dashed 
lines for ( l - / b ) j (A = 592 nm for CV and 450 nm for 
TF). For details, see text. • : NaPP(64), A : NaPP-
(24), O : NaPP(l l ) , and Q\ NaPP(154) for CV and 
NaPP(216) forTF. 
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*xmh = e/ + ex —ex 

/ b 
(5) 

where exmb is the apparent molar absorption coefficient 
of the mixture of bound-dye species at a wavelength of 
X. For each dye -NaPP system, the mixed spectrum of 
bound dyes, 8xmh, was calculated at the min imum point 
of the observed (1—fh)x vs. P/D curve (dashed line in 
Fig. 4), where no isosbestic point exists. T h e results 
are shown for the bound CV and T F in Figs. 5(a) and 
(b), respectively. Figure 5 shows that the separation 
between the Meta S and L bands of the mixed spectrum 
of multiple bound-dye species is apparently narrower 
than that of the corresponding pure spectrum of a 
single bound-dye species obtained in the low PjD range 
(cf. Fig. 3), and that the values of eÄab are generally 
greater than those of sK

b in the wavelengths where the 
peak of the spectrum of free dye is located. 

400 500 450 

Wavelength/nm 

Fig. 5. The mixed bound-spectra of GV (a) and TF (b) 
calculated at the minimum values of PjD in the ( 1 — 

fb)i vs. P/D curves in Fig. 4. CV-NaPP(154) and T F -
NaPP(216) atP/Z> = 3 ( ), CV- and TF-NaPP(24) 
atP/Z>=4 ( ), and CV- and TF-NaPP(ll) at 
PjD= 10 ( ). Pure absorption spectra of a single 
bound-dye species obtained in the low PjD region 
( ) and the respective free dyes ( ) are also 
shown. 

D i s c u s s i o n 

Absorption Spectra of Bound CV and TF. The peaks 
or shoulders of the pure spectra of the bound CV or T F 
(at 506, 550, and 630 nm for CV, and at 428 and 480 
nm for TF) are independent of the chain length of N a P P 
(Figs. 3(a) and (b)). O n the other hand, the values 

of £Ab for the metachromasy bands vary slightly with 
the chain length of the N a P P to which C V or T F is 
bound. However, their difference is probably due to 
the experimental errors, which include the readout of a 
series of overlapping spectra.11) Hence, together with 
the fact that the isosbestic points exist at the constant 
wavelengths for all the families of the absorption spectra 
of either CV or T F in the presence of N a P P with the 
varying value of n, the spectrum of bound CV or T F 
can now be concluded to be independent of the chain 
length of the N a P P samples (n=ll—154) in the low 
PID range of 0—ca. 2. This conclusion excludes, at 
least in the low PjD range, one of two possible hypoth­
eses: that the "flexibility" of the polymer backbone, 
to which dyes are bound, is responsible for the origin 
of metachromasy.2) 

Shirai et a/.9) investigated the metachromasy of 
Methylene Blue in the presence of potassium poly­
e thy lene sulfate) s which were different in the degree 
of sulfation. T h e metachromasy band of Methylene 
Blue shifted to the longer wavelength region with the 
decrease in the degree of sulfation of the polyanion. In 
the previous report,4) the position of the metachromasy 
band was shown to vary considerably with the confor­
mation of polyanion, even if their residue structures are 
identical or closely related. This situation is especially 
remarkable in the dye -NaPP and - D N A systems in 
which the peak positions of the metachromasy bands 
of bound CV (and also TF) are different, although 
both N a P P and DNA have the ionized phosphate 
residues as the binding site for those dyes. O n the 
other hand, the positions of the metachromasy bands 
of bound CV and T F do not vary with the chain length 
of NaPP's , each of which has the identical backbone 
structure and binding site for dyes (Fig. 3) . These 
results all lead to the conclusion that the peak positions 
of the metachromasy bands of a metachromatic dye 
depend on the local conformation of the binding site 
of polymers. I t is also reasonable to conclude that the 
configuration of the n electrons of the bound dye may 
be affected by the mean distance between the binding 
sites of a particular polyanion. 

Empirical Parameter a and Sigmoidal Titration Curve. 
As shown in Figs. 2(a) and (b), the eK and (1—fh)Kla 
decrease sigmoidally with the increase in PjD from 
zero to about one in all cases. T h e empirical parameter 
a was introduced to reproduce a sigmoidal or mono­
tonous t i t rat ion curve.4) Schwarz12) proposed a theory 
for the b inding of a dye to a l inear lattice in which 
cooperative interaction is restricted to the nearest 
neighbor binding sites. Subsequently, Schwarz et a/.15'16) 
applied the theory to the monotonous t i trat ion curves 
of some Proflavine-polyanion systems and determined 
the cooperative binding constant and the parameters, 
g (the number of the binding sites per segment of 
polymer) and q (a factor measuring the strength of 
cooperativity). However, it is obvious that the sigmoidal 
t i tration curve cannot be reproduced by using those 
parameters q and g, which are assumed to be constant 
for a given dye-polyanion system. T h e sigmoidal 
t i tration curve means that the binding of dye is inhibited 
near the limiting P/D value (PjD — 0), and gradually 
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accelerated with the increase in PjD, whereas a monot­
onous one means that the binding of dye is either 
independent of PjD or retarded with the increase in 
PjD. In Schwarz's theory, the ti tration curves with 
q^>\ indicate positive cooperativity, while those with 
q<C\ indicate negative cooperativity. Therefore, the 
following qualitative relations may be summarized 
between the empirical parameter a and Schwarz's 
cooperative parameter q: (i) for a^>l (sigmoidal), the 
parameter q increases continuously with increasing PjD, 
which contradicts Schwarz's assumption that q is a 
constant; (ii) for oc=l (monotonous), the q is constant; 
and (iii) for a<T (monotonous), the q decreases con­
tinuously with increasing PjD, which also contradicts 
his assumption. 

Binding Curves. The binding curves (solid lines) 
shown in Figs. 2(a) and (b) reveal that the fraction of 
the bound dye increases at a low PjD value with the 
increase in the chain length of NaPP . O n the other 
hand, the spectra of bound CV and T F are independent 
of the chain length of N a P P in the same low PjD range 
(PjD<^ca. 2) where a single bound-dye species exists. 
Since the eK is related to the fraction of bound dye by 
Eq. 3, the dependence of the observed metachromasy 
on the chain length of N a P P in the low PjD range can 
be at tr ibuted to the difference in the fraction of CV 
(or TF) bound to the N a P P with different chain lengths. 
This view is supported from the fact that the (1—fb)K,a 
vs. PjD curves coincide with the points of various 
symbols in Figs 4(a) and (b). 

The result that the fraction of bound CV and T F 
varies with the chain length of N a P P is an interesting 
problem. Schindewolf13) reported that the degree of 
dissociation of the Na+ counter-ion from N a P P decreases 
sharply with the increase in the chain length in aqueous 
solution. Kielman and Leyte14) measured the longi­
tudinal relaxation time, Tx, of the 23Na+ ion in N a P P 
solution by N M R . Since the value of ( 7 \ ) - 1 can be 
related to the amount of the bound and free Na+ ions, 
its sharp increase clearly indicates that the amount of 
the bound Na+ ions increases with the increasing chain 
length of N a P P up to ««=>60. Two alternative views on 
the binding mechanism of a dye to N a P P are con­
sidered below. 

The first view is that the dye competes with the Na+ 
ion upon binding to N a P P . T h e aforementioned results 
suggest that larger amounts of both the dye and Na+ ion 
are bound to the N a P P with the longer chain length. 
If both the dye and Na+ ion are bound to N a P P by the 
electrostatic force, and if the force becomes stronger 
with the increase in the chain length of NaPP, the dye 
would compete with the Na+ ion in binding to the 
ionized group of N a P P in the low PjD range. In order 
to examine the competitive binding between the dye 
and Na+ ion to NaPP, the concentration of the free 
counter-ion has to be measured in the presence of dye. 
T h e second view is that the counter-ion Na+ participates 
in the formation of a dye-polymer site complex directly, 
as is described by Eq. 13 of Ref. 4, or indirectly, as is 
indicated by Eq. 1 in this work. The direct participation 
of the Na+ ion in the binding between a cationic dye 
and an ionized phosphate residue of N a P P may be 

examined by means of electrophoresis of the dye-NaPP 
solution. O n the other hand, the indirect participation 
of the Na+ ion (e.g., the charge neutralization of the 
nearest neighbor phosphate residue) may be studied 
by the Potentiometrie17) and conductometric2-3) measure­
ments. Certainly these are the interesting subjects to be 
investigated in detail. 

The experimental points (various symbols) in 
Figs. 4(a) and (b) begin to deviate from the calculated 
binding curves (solid lines), as the PjD value reaches 
about 2 to 3. When the curves approach zero, the 
points ascend again in the higher PjD range, as if the dye 
were dissociating from NaPP. Concurrently the isosbes-
tic points disappear in the absorption spectra as the 
PjD becomes larger than about 2 — 3 ; that is, there are 
three or more dye species in a dye -NaPP solution. 
The ultrafiltration of TF-NaPP(216) has verified that 
T F is still bound to N a P P at a high PjD value of 1000.3> 
Furthermore, the new isosbestic points appear at 636 
n m for CV and at 374 and 479 nm for T F in the PjD 
range higher than ca. 30. Thus, it is concluded that 
there are probably two kinds of bound-dye species in 
this PjD range. As a consequence, the experimental 
binding curves (dashed lines) may be classified into 
three PjD ranges : (i) the low PjD range of 0—near 2 
where free dye and only one type of the bound-dye 
species are present, (ii) the intermediate PjD range of 
2—30 where the free and two or more types of bound-
dye species are present, and (iii) the high PjD range 
where two or more types of bound-dye species are 
present probably without the free dye. 

T h e change of the absorption spectrum with PjD in 
the high PjD range may be due to the redistribution of 
the bound-dye species on polymer sites as the sites 
increase relative to the bound dye. Although many 
authors12»18-20) have treated statistically the redistribu­
tion of bound dyes on a polyelectrolyte chain assuming 
an infinitely long chain length, there remain many 
questions to be answered, e.g., the number and absorp­
tion spectra of bound-dye species and the scheme for 
the redistribution of the bound-dye species on a single 
(or multiple) polymer chain of finite length. The 
application of the extended PCA method to the precise 
experimental data covering a wide PjD range will 
shed light on these problems. 

The Mixed Bound-spectrum. The mixed spectrum 
of bound-dye species (Figs. 5(a) and (b)) may be 
composed of two or more absorbing components, one 
of which is present in the low PjD range. The bound-dye 
species newly appearing in the intermediate and high 
PjD ranges should show an absorption spectrum in 
which the separation between the Meta S and L bands 
is small. If the energy separation between the two bands 
is directly proportional to the perturbation of the n 
electronic system of bound CV or T F resulting from the 
interaction between the dye and the polymer site or 
between the bound dyes themselves, such perturbation 
may be smaller in the intermediate and high PjD ranges 
than in the low PjD range possibly because of the 
redistribution of the bound dyes on the polymer. 

From the fact that the pure spectra of a single CV 
or T F species in the low PjD range are independent 
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of the chain lengths of N a P P (Fig. 3), the difference 
in the mixed spectra of the multiple CV or T F species 
(Fig. 5) should result from the polyelectrolyte property 
of NaPP. In other words, the chain lengths of those 
NaPP samples (n=2\6, 154, 64, 24, and 11) may be 
responsible for the formation of the bound dye species 
with the varying types upon the possible redistribution 
on the polymer sites with the increase in P/D. The 
effect of the chain length of N a P P on the metachromatic 
behavior of CV and TF2 '3) is now confirmed quan­
titatively to originate from a complicated interplay 
between the free dye and two or more bound-dye 
species. Tha t is, the pronounced changes in the e\ vs. 
P/D curves given in Figs. 3 and 5 of Ref. 1, in Fig. 3 of 
Ref. 2, and in Fig. 3 of Ref. 3, and the (1—/ b ) x ÜS. P/D 
curves in Fig. 4 of this work should result from the 
variation of the relative amounts not only between 
free and a single bound-dye species (P/D=0—ca. 2) 
but also between multicomponent bound-dye species 
(P/D>2) themselves. Since the extended PCA method 
is powerful in the multicomponent system,4) its applica­
tion to the series of the absorption spectra of the meta­
chromatic dye-polyelectrolyte system over an entire P/D 
range should yield information leading to the fuller 
understanding of metachromasy. 

Conclus ion 

The dependence of the chain length of N a P P on 
metachromasy of CV and T F was quantitatively clarified 
for the first t ime. The equilibrium constant, an empirical 
parameter, a, and the pure absorption spectra of the 
bound CV and T F species were determined by the 
PCA method. Both the equil ibrium constant and the 
value of a depend on the chain length of NaPP, while 
the pure spectra of bound CV and T F are independent 
of it. Two or more of the bound-dye species should exist 
over the entire P/D range. From the profiles of the 
mixed spectra of the multiple bound-dye species, the 
effect of the chain length of N a P P on metachromasy 

was concluded to be such that the redistribution of the 
bound dyes would be promoted with the increase in the 
chain length. 
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Dual Fluorescence and Excited-state Double Proton Transfer in the 
Dimer of 3,5-Dialkyl-4-hydroxybenzylidenemalononitrile 

Michiya ITOH,* Kenji INOUE, Tomoko KUZUHARA, and Tomoko Kusui 
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(Received October 24, 1978) 

Dual fluorescence of the dimer of 3,5-dialkyl-4-hydroxybenzylidenemalononitrile (HO-BMN) was investigated 
by steady-state and nanosecond fluorescence spectroscopies. The dimerization of the compounds in 3-methyl-
pentane (MP) solution was confirmed by concentration dependence of absorption and fluorescence spectra at low 
temperature « 1 5 0 K). While the MP solutions of the compounds are almost non-fluorescent at room tempera­
ture, the dimer exhibits a short-lived fluorescence ( T = 4 — 9 ns) at 450—520 nm and a long-lived fluorescence 
(r=21—34 ns) at 490—550 nm. The short-lived fluorescence was ascribed to a sandwich type dimer (D*) with a 
center of symmetry. An orientational relaxation leading to the double proton transfer reaction seems to occur 
in the excited state of the dimer. The long-lived fluorescence in the dimer was tentatively ascribed to the excited 
species (T*) generated by the double proton transfer reaction in D*. The excited-state proton transfer is discussed 
in terms of the effect of deuterium substitution of a 4-hydroxyl hydrogen upon fluorescence lifetimes of the dimer. 

Taylor et a/.,1) and Ingham and El-Bayoumi2) reported 
extensive studies of the hydrogen-bonded dimer forma­
tion in 3-methylpentane (MP) of 7-azaindole and the 
photoinduced double proton transfer reaction in the 
excited state of the dimer at low temperature. They 
observed a weak dimer fluorescence and a strong tauto-
mer fluorescence generated by the double proton trans­
fer reaction in the excited state. O n the other hand, 
numerous investigations of dual fluorescence of aromatic 
hydrocarbons in nonpolar solvents consisting of the 
dimer and excimer fluorescence were reported.3 - 5) 

Recently, 3,5-dialkyl - 4 - hydroxybenzylidenemalono-
nitrile (HO-BMN) was reported to be an active un-
coupler of the oxidative phosphorylation,6* and to show 
a remarkable p H dependence of absorption spectra.7) 
The H O - B M N molecule exhibits an absorption 
band at 350—360 nm and a very weak fluorescence 
(almost non-fluorescent) in such a nonpolar solvent as 
M P . In strong hydrogen-bonding solvents, however, 
a proton transfer occurs from 4-hydroxy group to a 
proton acceptor to form an anion form of H O - B M N 
which reveals an absorption band at 450—460 nm and 
a corresponding fluorescence at 480—500 nm. Similar 
highly polar molecule, 3,5-dialkyl-4-methoxybenzyli-
denemalononitrile (MO-BMN) in M P solution exhibits 
very similar absorption band at 330—350 nm to that 
of the corresponding H O - B M N (a neutral form).8) I n 
M O - B M N , however, neither absorption (450—460 nm) 
nor fluorescence (480—500 nm) due to the anion form 
of H O - B M N was detected in such a highly polar solvent 
as alcohol. Recently, I toh, et a/.9) reported the crystal 
structure of 3,5-di-ï-butyl-4-hydroxybenzylidenemalono-
nitrile (f-Bu2-HO-BMN), and the excited-state proton 
transfer in the crystals. The crystalline £-Bu2-HO-
B M N exhibits a strong green fluorescence at 490—500 
nm at low temperature, which was ascribed to the 
excited-state proton transfer between £-Bu2-HO-BMN 
molecules in the crystals. 

This paper describes the dimer formation of H O -
BMN in the ground state in M P solution at low tem­
perature, and dual fluorescence consisting of a short­
lived fluorescence at 450—520 nm and a long-lived one 
at 490—550 nm. The former fluorescence in H O - B M N 
is ascribed to the dimer (D*) of the compound. The 

latter fluorescence is at tr ibutable to the excited species 
(T*) generated by the double proton transfer reaction 
in the excited state of the dimer,10) while in M O -
B M N to the excimer-type dimer by an orientational 
relaxation in D* as reported previously.8) By taking 
account of the crystal structure, the structure of the 
dimer is proposed to be a sandwich-type dimer with a 
center of symmetry as follows: 

-CH=C 

C=CH-

R = i-butyl 
^-pentyl 
isopropyl 
methyl 

The dimer formation of these compounds seems to be 
attr ibutable to an exciton interaction as well as a charge-
transfer (CT) interaction between two component 
molecules in the dimer. Here, an orientational relaxa­
tion leading to the double proton transfer reaction maybe 
occur in the excited state of the dimer. In the H O -
B M N dimer, the effect of deuterium substitution of a 
4-hydroxyl hydrogen upon fluorescence lifetimes of the 
dimer (D*) was observed. The excited-state double 
proton transfer in the H O - B M N dimer is discussed in 
comparison with the orientational relaxation in the 
excited state of the M O - B M N dimer. 

Exper imenta l 

At the initial stage of the experiment, 3,5-di-f-butyl-
4-hydroxybenzylidenemalononitrile was given by Prof. Y. 
Anraku (Department of Botany, The University of Tokyo). 
All of 3,5-dialkyl-4-hydroxybenzylidenemalononitrile were 
prepared by known procedures.11) Pure samples were ob­
tained by chromatography and recrystallization before use. 
Deuterium substitution of 4-OH hydrogen was performed by 
CH3OD (CEA, deuterium grade 99.0%) in a vacuum system. 
After removing CH3OD, 3-methylpentane was added through 
a vacuum system. Proton NMR gave an isotope purity of 
approximately 85—90%. 

Solutions of samples were contained in rectangular quartz 
cells (1 cm) equipped with graded seals, and degassed by 
freeze-thaw cycles (several times) at 10_5Torr. All of the 
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optical absorption and fluorescence spectra were recorded by 
Hitachi 323 and MPF-4 spectrophotometers. Determi­
nation of their spectra at several temperatures was carried out 
by the method described previously.12) The fluorescence life­
times were determined by analyzing exponential decay curves 
measured by an oscilloscope, and by a coaxial N2 laser as 
described previously,13) and analyzed by a deconvolution 
method.14) 

R e s u l t s and D i s c u s s i o n 

Dimer Formation in the Ground State. The M P 
solution of /-Bu2-HO-BMN shows an absorption band 
in the 340—360 nm region at room temperature, while 
shows considerable red-shift at low temperature « 1 5 0 
K) as shown in Fig. 1. Figure 2 shows concentration 
dependence of absorption spectra of M P solutions of 
£-Bu2-HO-BMN at 77 K. Here, a monomer-dimer 
equilibrium of if-Bu2-HO-BMN in M P solution is as-

Fig. 1. Absorption spectra of an MP solution (concen­
tration, 6x lO" 5 M) of *-Bu2-HO-BMN at room tem­
perature (a) and at 77 K (b). Fluorescence spectra of 
an MP solution (concentration, 2 x 10~6 M) of £-Bu2-
HO-BMN at 77 K excited at 360 nm (c) and the 
excitation spectra monitored at 455 nm (d) and at 530 
nm (e). Fluorescence spectra of an MTHF solution of 
*-Bu2-HO-BMN at 77 K (f ) and at room temperature 
(g) (concentration, 2x 10"6 M). 

Fig. 2. Concentration dependence of absorption spectra 
of MP solutions of f-Bu2-HO-BMN at 77 K, and plots 
of [C]/A vs. A-V* {A, monitored at 400 nm). 

sumed, and an association constant (K) can be written 
as follows : 

tf==[D]/([C]-2[D])», 

where [G] and [D] are concentrations of the monomer 
and dimer. If an absorption band at 400 nm is as­
sumed to be owing to the dimer as shown in Fig. 2, 
an absorbance (A) at 400 nm is expressed as A=s[D]l, 
where e is a molar extinction coefficient at this wave­
length, and / is a l ight-path length. The following 
equation is obtained;2 '15) 

[C]/A = 2/e + {\leK)V\\jAy/\ 

An M P solution of considerable concentration of t-
Bu 2 -HO-BMN exhibits a strong green fluorescence at 
77 K as shown in Fig. 1, while the solution is almost 
non-fluorescent at room temperature. Figure 1 also 
shows the fluorescence spectrum of this compound in 
2-methyltetrahydrofuran (MTHF) at 77 K. The M T ­
H F solution exhibits no significant temperature de­
pendence of fluorescence and absorption spectra.16) 
The green fluorescence in the M P solution markedly 
increases and a fluorescence spectrum at 400—430 nm 
decreases in intensity with increasing concentration of 
£-Bu2-HO-BMN, as shown in Fig. 3. The excitation 

I i i • L — 

400 500 A/nm 600 

Fig. 3. Concentration dependence of fluorescence spectra 
of MP solutions of f-Bu2-HO-BMN at 77 K (excited at 
360 nm) ; concentrations of the compound are 9.6 x 
10-6 (a), 8 .5x l0- 6 (b), 5.1 x lO- 6 (c), 3.6x10-° (d), 
and 2.4x 10~6 M (e). Plots of [G]// vs. I~V* at 77 K 
(I, monitored at 520 nm). 

spectrum of the former fluorescence corresponds to an 
absorption band at 390 nm, while that of the latter to 
a band at 350—360 nm. Then, the fluorescence at 
400—430 nm is tentatively ascribed to the monomer 
and the green one to the dimer of £-Bu2-HO-BMN.17) 
Intensity (/) of the green fluorescence may be propor­
tional to the concentration of the dimer [D], though the 
green fluorescence consists of a short-lived fluorescence 
(D*) and a long-lived one (T*) as will be mentioned 
later. Therefore, the following equation is obtained for 
the monomer-dimer equilibrium; 

[Cyi=2/q+(l/qKy/2(l/iy/*, 

where g is a constant including several experimental 
factors. Plots of [G]/A and [ G ] / / exhibit linear rela­
tionship against (l/A)1/2 and (1 / / ) 1 / 2 , respectively, as 



1012 Michiya ITOH, Kenji INOUE, Tomoko KUZUHARA, and Tomoko Kusui [Vol. 52, No. 4 

TABLE 1. FLUORESCENCE MAXIMA AND LIFETIMES OF D* AND 

T * , AND THE EFFECT OF DEUTERIUM SUBSTITUTION 

OF A 4 - O H HYDROGEN AT 77 K 

Equilibrium constants for the dimerization of dialkyl 
HO-BMN (MO-BMN) in MP at 77 K. 

Dialkyl 
HO-BMN 

*-Pe2-HO-BMN 
f-Bu2-HO-BMN 
i-Pr2-HO-BMN 
Me2-HO-BMN 

Me2-MO-BMNf) 

^ m a x 

D*~ 

470 
470 
510 
515 

490 

/nma) 

510 
500 
530 
547 

505 

r/nsb) 

6(9) 34(34) 
6(7—8) 32(32) 
8(9) 25(25) 
7(8) 34(34) 

4 21 

KIM-* 

5.1xl0*c) 
3 .5xl0 4 c) 
4.9xl0*d) 
1.6xl06e) 

4 .8x10* 

a) Determined by time-resolved fluorescence spectra, 
error approximately ± 5 nm. b) Determined by a 
computer deconvolution. Data in parenthèse are 
those of the deuterium substituted samples of HO-
BMN, error approximately ± 5 % . c) Determined 
by absorption spectra, monitored at 400 nm. d) De­
termined by absorption spectra, monitored at 410 
nm. e) Determined by fluorescence spectra, moni­
tored at 520 nm. f) Ref. 9. 

shown in Figs. 2 and 3. Two straight lines confirm an 
assumption of the monomer-dimer equilibrium, and af­
ford equil ibrium constants; K=4.9 X 104 M _ 1 from plots 
of the fluorescence spectra and X = 3 . 5 x 104 M _ 1 from 
those of the absorption spectra. Concentration de­
pendence of absorption and fluorescence spectra of other 
alkyl H O - B M N in M P solutions also reveals the dimer 
formation at low temperature, whose equilibrium con­
stants are summarized in Table 1. The absorption 
spectra of several concentrations of 3,5-dimethyl-4-
methoxybenzylidenemalononitrile (Me 2 -MO-BMN) in 
M P solutions at 77 K were reported to indicate the 
dimer formation of this compound. T h e equilibrium 
constant is also shown in Table 1 in comparison. An 
M P solution of Me 2 -MO-BMN exhibits a strong green 
fluorescence in 460—500 n m at 77 K consisting of short 
and long components of decay. T h e former and the 
latter were ascribed to the dimer and the excimer flu­
orescence, respectively, as reported in the previous 
paper. 

550 A/nm 

Fig. 4. A steady-state fluorescence and time-resolved 
fluorescence spectra of an MP solution of f-Bu2-HO-
BMN (3x 10"5M) at 77 K, which were depicted by 
a deconvolution method. The time indicated is vir­
tually after a signal maximum of the fluorescence. 

- 0 ns 
I x 1/2 

0 t/ns 20 40 

Fig. 5. Time-resolved fluorescence spectra and time 
evolution of fluorescence (at 520 nm) of an MP solution 
of Me2-HO-BMN at 77 K; ( ) and ( ) are 
observed and simulated decay curves based on the 
obtained time constants and pre-exponential factor 
(pef), respectively. The time indicated in the time-
resolved fluorescence spectra is virtually after a signal 
maximum of the fluorescence. 

Excited-state Double Proton Transfer in HO-BMN Dimer. 
Nanosecond time-resolved fluorescence spectra of an M P 
solution of *-Bu2-HO-BMN at 77 K shown in Fig. 4 
demonstrate that the green fluorescence consists of two 
fluorescence spectra; a short-lived fluorescence ( T D = 6 
ns, A m a x =470 nm) and a long-lived fluorescence ( T T = 3 2 
ns, ^ m a x = 5 0 0 nm) . The dual fluorescence of the dimer 
was also observed in other dialkyl H O - B M N (3,5-
di-if-pentyl, 3,5-diisopropyl- and 3,5-dimethyl H O -
BMN). Figure 5 shows time-resolved fluorescence 
spectra and decay curve of an M P solution of Me 2 -HO-
B M N at 77 K . Table 1 summarizes the fluorescence 
maxima determined by time-resolved fluorescence 
spectra and lifetimes in the dimers of these compounds 
at 77 K . The excitation spectra of the short-lived and 
long-lived fluorescence are identical each other, and 
corresponding to the dimer absorption band. The 
spectral behavior in the case of £-Bu2-HO-BMN is shown 
in Fig. 1. From the large Stokes shift of the long-lived 
fluorescence, the fluorescence may be tentatively ascrib­
ed to the excited species (T*) generated from the excited 
state of the H O - B M N dimer (D*) , while the short-lived 
one to the dimer. 

The photochemical reaction scheme of the excited 
state of the dimer (D*), and the excited species T * 
generated from D * is as follows: 

D 
hv 

•* D * <: ± T* 

D + Av' D T + hv" T 

Time-depedent concentrations of D* and T* are ex-
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pressed by the following equations;18,19) 

[D*] = Clexp (-Xxt) + c3exp (-l2t), (1) 

[T*] = c3 exp ( - ^ 0 - ,3 exp (-U), (2) 

/ 1 ( 2 = _r-L"'l"'""'2"r";3"r'''4"i_'!'5"i_"'6 

+({k1+k2+ka-(ki+k5+k(i)y+4k3kiy/z]. 

Since two fluorescence decay curves of D* and T * at 
a certain wavelength overlap each other, actual decay 
curves at several wavelengths were analyzed by the 
following equation: 

[D*] + [T*] oc exp ( - ^ ) + (ca-c8) exp ( - ^ O / f o + 's)-
Here, if £ 3 >£ 4 , and £4 is negligible, fluorescence life­
times of D* and T * were determined to be 6 ns and 
32 ns from A2 and Al5 respectively. If a pre-exponential 
factor (pef), (c2—^/fo+O is obtained to be negative, 
T* should show the fluorescence rise. Unfortunately, 
the fluorescence rise of T* was not significant as shown 
in Fig. 6, because the D* fluorescence overlaps on the 
decay curve of T* even at 600 nm. 

0 20 t /ns «0 

Fig. 6. Time evolution of fluorescence observed at 600 
nm of an MP solution of f-Bu2-HO-BMN at 77 K, and 
a computer simulation ( ) from time constants and 
pre-exponential factor obtained (concentration, 2 X 
10~5 M). 

The crystal structure of £-Bu2-HO-BMN demonstrated 
that the molecule is almost planar and packed along 
the b axis with a spacing of 3.69 Â in a monoclinic 
unit cell, as reported in a previous paper.9) Two mol­
ecules packed along the b axis are considered to be a 
sandwich-type dimer with a center of symmetry. 
Therefore, the structure of the dimer in solution may 
be similar to that in the crystals. I n the excited state 
of the dimer, an orientational relaxation maybe occur 
eeading to the formation of the excited species T* . 
Here, it is likely that the double proton transfer re­
action is involved in the orientational relaxation in the 
excited state of the dimer. O n the other hand, there 
seems to be a possibility that the excited species T * 
might be ascribed to an ordinary excimer-type dimer, 
where no proton transfer is involved. However, this 
was excluded by the effect of deuterium substitution 
of a 4-OH hydrogen of H O - B M N upon fluorescence 
lifetimes of D* . Fluorescence lifetimes of D * and T * 
in several dialkyl H O - B M N and their deuterium sub­
stituted HO-BMN at 77 K were determined and an­
alyzed by computer simulation mentioned above. T h e 

results are summarized in Table 1. All of fluorescence 
lifetimes of D* somewhat increase by deuterium sub­
stitution of 4 -OH protons, while those of T * remain 
almost unaltered. T h e significant effects of deuterium 
substitution upon fluorescence quan tum yield or proton 
transfer rate in 2-naphthol,20) 2-naphthylamine, and 
carbazol21) were reported b y several investigators. El-
Bayoumi and his coworkers2'22) reported that the rate 
constant (£3) of the double proton transfer in 7-aza-
indole dimer was decreased by deuter ium substitution. 
I n the excited-state proton transfer reaction reported 
here, increases of fluorescence lifetimes and pre-ex­
ponential factor (pef) mentioned above may be at­
tr ibutable to the effect of the deuter ium substitution 
upon the proton transfer rate constant kz. 

Fig. 7. Temperature dependence of fluorescence spectra 
of an MP solution of (-Bu2-HO-BMN (concentration, 
5 X 10~5 M) excited at 390 nm. 

O n the other hand, an M P solution of considerable 
concentration of i-Bu2-HO-BMN reveals temperature 
dependence of fluorescence spectra, as shown in Fig. 7. 
The D* fluorescence at 450—490 nm decreases in in­
tensity slightly more than the T * fluorescence at 480— 
550 nm with increasing temperature (77 K to 150 K ) . 
Since most of molecules are virtually present as dimers 
trapped in the M P matr ix, and since no monomer 
fluorescence is detected under these conditions, the tem­
perature dependence suggests that there seems to be 
very small activation barrier between these two fluo­
rescent states. However, the energy was too small to be 
estimated from the fluorescence spectra. T h e fact is 
compared with the results in Me 2 -MO-BMN (0.9 kcal 
mol - 1 ) reported previously. 

The structure of the dimers of dialkyl-HO-BMN is 
conclusively considered to be a sandwich type with a 
center of symmetry from the crystal structure re­
ported previously. The dimer formation of nonpolar 
molecules such as anthracene and tetracene may be 
at t r ibutable to the exciton interaction as well as the 
charge transfer (or charge resonance) interaction. In 
the highly polar molecules reported here, the charge 
transfer character between two component molecules in 
the dimer seems to increase in the excited state. Further, 
it is likely that an orientational relaxation from the 
short-lived dimer state to the fluorescent excimer occurs 
in the excited state. Here, the simultaneous double 
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proton transfer reaction leading to the formation of T* 
may occur in the orientational relaxation process in the 
excited state dimer of H O - B M N as follows : 

Rv 

HO-< 
/CN 

-CH=C 

R/ 

C=CH-
N C ' 

XCN 

/R 

-OH 

\ R 

R 

R / 
H+ 

CNX 
e C-

" \ = G H -

-CH-
< 

-C e 
XCN 

H+ 

The effect of deuterium substitution of the 4-hydroxyl 
hydrogen upon fluorescence lifetimes of D * confirms the 
excited-state proton transfer reaction. O n the other 
hand, the difference of fluorescence band maxima be­
tween D * and T * (E*) was observed to be somewhat 
greater in the H O - B M N dimer than in the M O - B M N 
dimer as seen in Table 1. Further, the activation bar­
rier of D * to T * seems to be smaller in the H O - B M N 
system than that of D * to E* in the M O - B M N system, 
as mentioned above. These results of the fluorescence 
behavior are instructive for understanding of the elec­
tronic structure of T * as well as E*, though it is not 
obvious at this stage. 
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University of Tokyo, for valuable discussion, and to 
Professor Y. Anraku, Depar tment of Botany, The Uni­
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Drs. Y. Tanimoto and K . Fuke for valuable discus­
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Far-infrared Spectra of Low- and High-temperature Phases of CSC11CI3 
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Polarized far-infrared reflection spectra of the CsCuCl3 single crystal have been recorded with the electric 
vector parallel and perpendicular to the c axis at room temperature. Polarized far-infrared transmission spectra 
have been measured at liquid-nitrogen temperature. The observed spectra have been interpreted using the factor 
group analysis based on the space group D6

2. Far-infrared transmission spectra of the powder sample have also 
been measured over the temperature range from 175 °G to liquid-nitrogen temperature. The spectrum at 175 °G 
consists of five bands and reveals a typical feature characteristic of the CsNiCl3 structure (D6h

4). The spectral 
change due to the phase transition has been interpreted based on the structural distortion of the crystal. 

A number of double salts of the A M X 3 type, where 
A and M are univalent and divalent metal ions, re­
spectively, and X is a halogen ion, crystallize in a hexa­
gonal CsNiClg structure with the space group D 6 h

4 -
(Pôg/mmc).1) Almost all of these crystals do not under­
go a phase transition down to l iquid helium tempera­
ture, with the exception of CsCuCl3 . CsCuCl3 trans­
forms from the high-temperature CsNiCl3 structure to 
a more complex one around 423 K 2 - 4 ) . According to 
the crystal structural analysis of the low-temperature 
phase of CsCuCl3 , the displacement of the atoms caused 
by the phase transition at 423 K can be expressed as 
the helical distortion around the c axis of the high-
temperature structure. In relation to that remarkable 
structural change of CsCuCl3 , the studies on the optical 
activity, the X-ray and neutron scattering, the dielectric 
constant and the sound velocity have been made.5) 

From the vibrational spectroscopic point of view, the 
spectral change at the transition temperature and the 
relation between the high- and low-temperature spectra 
are interesting. The infrared spectrum of CsCuCl3 

reported so far has been limited to the transmission 
spectrum of the polycrystalline sample at room tem­
perature by McPherson and Chang.6) In their study 
the high-temperature spectrum and the spectral change 
due to the phase transition have not been remarked. 
The present paper reports the results of the polarized 
far-infrared transmission and reflection spectra of a 
single crystal for the low-temperature phase. The 
Raman spectrum at low temperature is given as com­
plementary data . The far-infrared transmission spectra 
of the powder sample have been measured at various 
temperatures in the range from 175 °C to liquid-nitrogen 
temperature in order to persue the spectral change due 
to the structural phase transition. 

Crystal Structure a n d Factor 
Group Ana lys i s 

The structure of the high-temperature phase of Cs-
GuGl3 is the CsNiCl3 type, for which the details of the 
structure and the factor group analysis are described 
in our previous paper.7) T h e structure of the low tem­
perature phase is a helically distorted structure of the 
CsNiClg structure, with the space group D 6

2 (P6X222) 
or its enantiomorph D 6

3 (P6522), with six formula 
units in a Bravais primitive cell, as shown in Fig. 1.8> 
The factor group for both of the D 6

2 and D 6
3 groups is 

O Cu 
O CI 
© Cs 

Fig. 1. Crystal structure of the low-temperature phase 
of GsGuGL. 

TABLE 1. FACTOR GROUP ANALYSIS FOR THE 

LOW-TEMPERATURE PHASE OF CSCUCL 

D6 

Ax 
A2 

Bx 
B2 

Ex 
E2 

NV 

6 
9 
7 
8 

15 
15 

Th> 

0 
1 
0 
0 
1 
0 

N-Tc> 

6 
8 
7 
8 

14 
15 

Activity0) 

r (XX+YY, ZZ)* 
ir(Z) 

r(XZ, YZ), tr(X, Y) 
r ( X X - Y Y , XY) 

a) Total freedom, b) Acoustic modes, c) Optically 
active modes, d) r: Raman active modes, ir: infrared 
active modes. 
* X and Y axes are perpendicular, and a Z axis is 

parallel to the crystallographic c axis, respectively. 

isomorphous to the point group D 6 and the result of 
the factor group analysis is summarized in Table 1. 

Experimental 

The powder sample of CsCuCl3 was obtained by evapora­
tion of the hot concentrated aqueous solution of CsCl and 
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CuCl2-2H20 in a 1: 1 mole ratio or in a slight excess of CuCl2-
2H 2 0. The single crystal was grown from a saturated 
aqueous solution by the temperature difference method. The 
hexagonal bipyramidal crystal about 7 x 7 x 1 5 mm3 in sue 
was obtained after 2 weeks. The plane including the c axis 
was polished and used for the reflection measurement. The 
specimen for the transmission measurement is about 0.1 mm 
thick. 

Far-infrared spectra were recorded using a Hitachi 070 far-
infrared interferometer equipped with a wire-grid polarizer. 
For the measurement below 50 cm -1, a high-sensitive liquid-
helium cooled germanium bolometer was used as a detector. 
A Raman spectrum was obtained with a Spex 101 double 
monochromator using 647.1 nm excitation fron, a Kr ion 
laser. 

Results and Discussion 

Spectra of the Low-temperature Phase. T h e polarized 
far-infrared transmission spectra of a single crystal at 
liquid-nitrogen temperature are shown in Fig. 2. The 
polarized far-infrared reflection spectra at room temp­
erature are shown in Fig. 3a. T h e e'(v) and e"{y) curves 
obtained by the Kramers-Kronig analysis are shown in 

Fig. 2a. Single crystal far-infrared transmission spectra 
of CsCuCl3 (400—20 cm-1). 

Fig. 2b. Single crystal far-infrared transmission spectra 
ofCsCuCl3 (200—20 cm-1). 

ö 
o 

•S3 

100 

Fig. 2c. Single crystal far-infrared transmission spectra 
ofCsCuCl3 (100—10 cm-1). 

Fig. 3a. Single crystal far-infrared reflection spectra of 
CsCuClg. 

20 

20 E l C e* 

^•"•-vo^v^x: 

300 200 100 

Fig. 3b. E'(V) and e"(v) obtained from reflection spectra 
of CsCuCl3. 

Fig. 3b, where the maxima of e" (v) give the transverse 
frequencies. T h e transmission spectra above 200 c m - 1 

are uninformative, since the absorptions are too strong 
and saturated. From the maxima of e" (v) in Fig. 3b, 
247 and 279 c m - 1 are assigned to the A2 and E2 modes, 
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TABLE 2. VIBRATIONAL FREQUENCIES (cm-1) OF THE 

LOW-TEMPERATURE PHASE OF C s C u C L 

Polarized singl 

A2 species 
Trans. a> 

* 

179 

140 
119 

90 

72 

51 

(E//C) 
Ref.b> 

247 

180 

135 

88 

69 

50 

e crystal spectra 

Ej species 
Trans.a> 

* 

187 

174 
163 
152 

111 
94 

80 

68 
54 

39 

( E I C ) 
Ref.b> 

279 

187 

173 
157 

111 

76 

68 

Powder sample 
spectra 
Trans.a) 

287 
256 
188 
180 
175 
163 
146 

119 
114 
96 
82 

76 

52 

a) Transmission, b) Reflection. 
* Too strong absorption and the frequencies may not 

be determined. 

respectively. In the frequency region below 200 c m - 1 , 
the absorption bands at 179,140,119, 90, 72, and 51 cm" 1 

are attributed to the A2 modes, and those at 187, 174, 
163, 152, 111, 94, 80, 68, 54, and 3 9 c m " 1 to the Ex 

modes as shown in Figs. 2a—2c. The 7A2 modes and 
H E ! modes are now determined, while a factor group 
analysis predicts 8A2 and 14EX modes. Table 2 sum­
marizes the observed frequencies obtained from the 
single crystal transmission and reflection spectra. The 
frequencies determined by the two different methods 
agree well, as a whole, with each other. 

The frequencies at which e'(v) changes the sign from 

liq. N2 temp. 
room temp. 

negative to positive, i.e. 278, 154, and 102 cm- 1 for 
E/ /C, and 85 and 73 c m - 1 for E ± C , correspond to the 
longitudinal frequencies. However, it is difficult to 
determine all the longitudinal frequencies, because of 
the complex structure of the crystal and the fairly large 
damping at room temperature. Therefore, no further 
discussion will be done on the longitudinal frequencies. 

Figure 4 shows the transmission spectra of the powder 
sample at room and liquid-nitrogen temperatures. The 
room temperature spectrum is essentially the same as 
the spectrum reported by McPherson and Chang. With 
lowering the temperature, the absorption bandwidth 
becomes narrower considerably. In the spectrum at 
l iquid-nitrogen temperature 13 absorption bands are 
observed, and the vibrational assignment of each band 
is definitely determined as listed in Table 2, on referring 
to the single crystal spectra described before. 

300 200 100 

Fig. 4. Far-infrared transmission spectra of the powder 
sample of CsCuGl3 at room and liquid-nitrogen tem­
peratures. 

Fig. 5. Raman spectrum of the powder sample of 
CsCuCL at 30 K. 

The R a m a n spectrum of the powder sample observed 
at 30 K are shown in Fig. 5. Twenty R a m a n lines are 
observed, while 35 ( 6 A 1 + 1 4 E 1 + 1 5 E 2 ) are expected 
from the factor group analysis. The Ex modes are 
active both in the infrared and R a m a n spectra. How­
ever, a definite assignment of the R a m a n lines is difficult 
from this powder R a m a n spectrum only. 

Spectra of the High-temperature Phase and Spectral Change 
Due to the Phase Transition. Figure 6 shows the far-
infrared transmission spectrum of the powder sample 
at 175 °C. This spectrum which consists of five bands 
is at tr ibutable to the high-temperature phase of Cs-
CuCl 3 and reveals a typical feature characteristic of the 
CsNiClg type structure. T h e band assignment to the 
symmetry species is possible, on referring to the results 
of the polarization measurements for the CsNiCl3 type 
crystals by Adams and Smardzewski,9) and by the pres­
ent authors.7»10) (See Table 3.) 

Figure 7 shows the far-infrared transmission spectra 
of the powder sample at various temperatures. The 
absorption bands at 52 and 39 c m - 1 of the low-
temperature phase decrease their intensities with rais­
ing temperature and disappear above 140 °C, and the 
new band at 42 appears in the temperature range 
from 140 to 150 °C. The two bands at 82 and 
76 c m - 1 in the low-temperature phase are shifted to the 
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75 50 25 

cm-
Fig. 6. Far-infrared transmission spectrum of the powder 

sample of CsCuCl3 at 175 °G. (q and p are the absorp­
tions by quartz and polyethylene, respectively.) 

TABLE 3. VIBRATIONAL FREQUENCIES (cm 4 ) OF THE 

HIGH-TEMPERATURE PHASE OF G s G u C l o 

270 
220 
160 
70 
42 

E l u 

lower frequency side and merged into one at 70 c m - 1 on 
transition to the high-temperature phase. The strong 
absorption band at 146 c m - 1 also disappears around 
140 °C and the four bands at 188, 180, 175, and 163 cm" 1 

become unresolved and are replaced by a single broad 
band centered at 160 c m - 1 . The lower frequency side 
of the broad bands around 280—250 c m - 1 loses its in­
tensity, and above 140 °C only one band around 270 
c m - 1 with an unresolved shoulder around 220 c m - 1 is 
observed. 

Among the five bands of the high-temperature phase 
the 270, 220, and 160 c m - 1 bands are rather broad, 
comparing with the corresponding bands of CsNiCl3 

crystal,7) which is isomorphous to the high-temperature 
phase of CsCuCl3 . This fact supports the presence of 
a local tetragonal distortion of CuCl6-octahedra sug­
gested based on the E P R study.3) I t might be noted 
that the other two bands at 70 and 42 cm-"1, associated 
with the Cs+ ion displacements, are not so broad. 

T h e authors wish to express their sincere thanks to 
Dr. Issei Harada of the University of Tokyo for his 
kind guidance in the measurement of R a m a n spectrum. 
A par t of this work was supported by Kura ta Science 
Foundat ion. 

cm -

Fig. 7. Far-infrared transmission spectrum of the powder 
sample of CsCuCl3 at various temperatures, 
a: Room temperature, b : 118°G, c: 131 °C, d: 138 °C, 
e: 140 °C, f: 148 °G. 
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In order to elucidate the defect model in the spinel ferrites, the nonstoichiometry in magneti te and its solid 
solutions, (Fe1_yA]a ,)3_004 , ( j = 0 . 0 , 0.25, 0.33), was determined at temperatures between 1300 and 1550 °C. 
The redox equilibria between Fe 2 + and Fe 3 + and the site preference of Fe2 + , Fe3 + , and Al3 + ions and cation vacancies 
were investigated and sixteen kinds of models were examined. T h e "bes t" model was chosen using the criteria 
that the dependence of the equilibrium constant on ô and y should be as small as possible. In the selected model, 
Fe 2 + ions on B-sites are regarded as electron donors in a narrow 3-d band formed by Fe ions in B-sites. T h e following 
expression for the defect equilibrium was found : 

3(1 -j) 
FeA*+ + 

2 ( 2 - 3 y ) 

3 ( 1 - > ) 
eB~ + T ° 2 ( & 3(1 

—rFe A
3 1 

-y) + T V A + yVB 

T h e t h e r m o d y n a m i c p r o p e r t i e s of t h e F e - O sys tem 
h a v e b e e n s t u d i e d in r e l a t i o n to t h e m e t a l l u r g y a n d 
corros ion of steels. A m o n g t h e ox ides of i r o n , m a g n e t i t e 
( F e 3 0 4 ) has a w i d e n o n s t o i c h i o m e t r i c r a n g e ; th i s 
a t t r a c t e d m u c h a t t e n t i o n in t h e field of sol id s ta te 
chemis t ry . 1 - 3 ) M a g n e t i t e is also r e g a r d e d as a m o d e l 
c o m p o u n d of sp ine l - t ype ferr i tes , w h i c h a r e i n d u s t r i a l l y 
i m p o r t a n t as m a g n e t i c ox ide m a t e r i a l s . 

E l ec t r i c a l a n d m a g n e t i c p r o p e r t i e s of ferr i tes a r e 
la rge ly affected b y t h e c h a r g e a n d d i s t r i b u t i o n of ca t ions 
a n d l a t t i ce defects, w h i c h c a n b e c o n t r o l l e d d u r i n g 
f a b r i c a t i o n processes . T h e r e f o r e , i n f o r m a t i o n a b o u t 
l a t t i ce defects in m a g n e t i t e a n d ferr i tes is necessa ry for 
t he p r o d u c t i o n of ferr i tes w i t h des i red p r o p e r t i e s . 

M a g n e t i t e a n d its sol id so lu t ions w i t h F e A l 2 0 4 h a v e 
a w i d e n o n s t o i c h i o m e t r i c c o m p o s i t i o n w i t h c a t i o n defi­
c iency a t h i g h o x y g e n pressures . 4) A l 3 + ions a r e s t ab l e 
in t h e sp ine l s t r u c t u r e , so t h e c h a r g e d i s t r i b u t i o n a m o n g 
ca t ions in t h e sp ine l fe r r i te is s i m p l e r t h a n in t h e o t h e r 
ferri tes, such as m a n g a n e s e o r c o p p e r fer r i tes . 

T h e p u r p o s e of th i s p a p e r is to d e t e r m i n e t h e n o n s t o i ­
c h i o m e t r y of sp ine l - t ype sol id so lu t ions of F e 3 0 4 a n d 
F e A l 2 0 4 , a n d to i n t e r p r e t t h e resu l t o n t h e bas is of 
s ta t is t ical t h e r m o d y n a m i c s . 

E x p e r i m e n t a l 

Materials. Magnet i te was prepared by heat ing the 
cold-pressed hemati te of 99.99% pur i ty at 1500 °G in air . 
Solid solutions (Fe 1_ yAl y) 30 4 (j>=0.25 and 0.33) were formed 
by heating the cold-pressed powder mixtures of 99.99% pure 
hematite and alumina in a p la t inum crucible at 1500 °C in 
air for 12 h. The X-ray powder diffraction study revealed 
that the resulting materials were spinel-type solid solutions in 
a single phase. The weight increase observed when the fer­
rite specimens were oxidized into a lumina and hemati te coin­
cided with the values calculated from the composition, within 
experimental error. T h e compacts were crushed to grains, 
1—2 m m in diameter, and used as samples for the nonstoichio­
metric measurement. 

Measurement of Nonstoichiometry. The apparatus for 
thermogravimetric measurement has been described else­

where.5) About 1 g of crushed oxide sample was placed in a 
p la t inum basket suspended from the balance to the furnace 
heated by a silicon carbide tubular heater. T h e temperature 
of the furnace was controlled within ± 0 . 5 °C and the part ial 
pressure of oxygen was controlled within 1—10 -4 a tm by mix­
ing purified oxygen and argon gases. 

For the determinat ion of ^-values in (Fe1_yAly)3_004 , it 
was assumed that ô is zero at the phase boundary between 
wüstite and the ferrites.5) Such a condition was realized by 
adjusting the ratio of C O to C 0 2 in C O - C 0 2 gas mixtures. 
T h e nonstoichiometry ô was calculated from the difference 
in weight. 

Corrections for bouyancy, thermomolecular force, and 
evaporation of p la t inum were made , based on the results 
of prel iminary experiments. 

R e s u l t s 

N o n s t o i c h i o m e t r i c d a t a of (Fe 1 _ 3 / Al 3 , )3_ s 0 4 (y=0.25, 

0.33) o b t a i n e d i n th is r e s e a r c h a r e s h o w n in F igs . 1 a n d 
2 as t h e i s o t h e r m a l cu rves of log ô versus log Pç>2. N o n ­
s t o i c h i o m e t r i c d a t a o f m a g n e t i t e h a v e a l r e a d y b e e n 
r e p o r t e d , 5 ) so t h e y a r e n o t p r e s e n t e d h e r e a g a i n . A t a 
c o n s t a n t o x y g e n p a r t i a l p r e s su re , t h e n o n s t o i c h i o m e t r y 
d e c r e a s e d w i t h t h e i n c r e a s e in t e m p e r a t u r e . T h e s a m e 
t e n d e n c y w a s o b s e r v e d for F e 3 0 4 . T h e v a l u e of ô 

i n c r e a s e d w i t h t h e i nc r ea se in a l u m i n u m c o n t e n t a t a n 
o x y g e n p a r t i a l p r e s s u r e . T h e s lope (dln<5/dlnPo2) seems 

-1 .0 

bo 
O 

** Present address : Center for Solid State Science, Arizona 
State University, Tempe, Arizona 85281, U . S. A. 

log (P0 2 /a tm) 

Fig. 1. Nonstoichiometric Da ta of (Fe0 75A10 2 5 ) 3 _ Ö 0 4 . 
O : 1350 °C, V : 1400 °G, \J: 1450 °C, A*. 1500 °C. 
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-l.oh 

" 2-°r 

-3.0 -2 .0 -1.0 0 

log (P0a/atm) 

Fig. 2. Nonstoichiometric Data of (Fe0 67A10 33)3_504. 
O : 1400 °C3 V : 1450°C, • : 1500 °G^ A : 1 5 5 0 ° C . 

to decrease slightly with the increase in aluminium 
content. Thus the same defect model as was suggested 
for magnetite can perhaps interpret the nonstoichiomet-
ry of these solid solutions. 

Defect M o d e l 

Nonstoichiometry. In the spinel structure, the 
anion sublattice forms the fee latt ice; thirty two oxide 
ions are contained in an unit cell. The unit cell also 
has sixty four tetrahedral cation sites (A-sites) and thirty 
two octahedral cation sites (B-sites). These cation sites 
are not completely occupied: only eight A-sites and 
sixteen B-sites are occupied.6) 

Magneti te is a metal-deficient type oxide. According 
to Roiter,4) Fe3_s 0 4 and FeAl 2 0 4 form a solid solution, 
which would be a metal-deficit type oxide, in analogy 
with magnetite. Effective negative charges created by 
cation vacancy formation are compensated by the con­
version of Fe 2 + ions into Fe 3 + by the reaction 

2Fe»+ + •i-O.fe) • 2Fe»+ + ~VC + ( V , (1) 

where V c denotes a vacancy on a cation lattice site (A 
site or B site) and 0 L

2 _ denotes an oxide ion on an 
anion sublattice site. 

The mass action law for equil ibrium (1) is given by 

= [Fe»+]'[V0]3/« 
1 [Fe 2 + ] a /V / 2 " 

Equat ion 2 implies that ô is proportional to Po a
2 / 3 as 

ô is proport ional to V c . The nonstoichiometric data 
reported so far1 - 3) indicate the 2/3 power dependence 
on Po2 in a small ô range. However, the exponent of 
Po2 decreases with the increase in ô and reaches 0.33 
for magneti te and 0.25 for spinel ferrites. Although 
Eq. 1 can interpret the nonstoichiometry in magnetite 
and spinel ferrites qualitatively, internal equilibria and 
site preference of cations and vacancies have to be taken 
into account to establish the defect equilibria in spinel 
ferrite. Thus the analysis was made considering the 
distribution of cations on A and B sublattices. 

Site Preference and Random Distribution of Cations. 
As mentioned above, the solid solutions have two kinds 
of cation sites, A-sites and B-sites, on which Fe2+, Fe3 + , 

Al3+ , and Vc are distributed. The numbers of Fe2 + , 
Al3+, and V c on the sublattice are regarded as inde­
pendent variables. As a pliausble approximation, it can 
be assumed that the above cations and cation vacancies 
are distributed either preferentially on A-sites or B-sites 
or randomly on both sites. The combination of these 
three kinds of cations and vacancy and the three ways 
of distribution yields 27( = 33) defect models. Investiga­
tions reported so far have elucidated the site preference 
of each kind of cation in spinel lattices. These results 
reduce the number of possible defect models. In the 
following the observed site preference is briefly reviewed. 

A recent Mössbauer spectroscopy study by Daniels 
and Rosencweig7) has shown that magnetite has an 
inverse spinel type crystal structure and Fe2 + and V c 

has a B-site preference at room temperature. O n the 
other hand, Takeuchi and Furukawa8) suggested that 
Fe 2 + is randomly distributed on A- and B-sites at high 
temperatures. Flood and Hill9) also assumed a random 
distribution of Fe 2 + ions. Dieckmann and Schmalzried10) 
have recently analysed the nonstoichiometric data of 
magnetite based on their tracer diffusion data of Fe and 
concluded that Fe2+ is randomly distributed over A- and 
B-sites. Although a definite conclusion was not given 
on the site preference of cation vacancies, they have 
pointed out that the random distribution of cation 
vacancies is the most reasonable one to presume. 

Trivalent a luminum ions have relatively strong B-site 
preference, as shown by the normal spinel structure of 
FeAl 2 0 4 . From his neutron diffraction study and mag­
netic susceptibility measurements on FeAl 2 0 4 , Roth11) 
stated that the structure of FeAl 2 0 4 can be expressed 
a S ^ e 0 .923Alo .077(^ e O.077^1 .923) ̂ 4 ' 

Navrotsky and Kleppa12) reviewed site preference in 
spinel lattice and evaluated the enthalpy change asso­
ciated with the reaction : 

FeA
2+ + A1B

3+ <=± FeB
2+ + A1A

3+ 

as 9.2 kcal m o l - 1 . They also evaluated the site prefer­
ence energy of various kinds of cations in the spinel 
lattice and concluded that Al3+ ions have the strongest 
B-site preference among Fe2+, Fe3+, and Al3+ ions. 

In summarizing the above investigations, it is con­
cluded that Fe 2 + and Al3 + ions and vacancies prefer 
B-sites at low temperatures and both ions and vacancy 
are likely to be distributed randomly at high tempera­
tures. Thus, the twenty seven defect models are reduced 
to eight defect models. Table 1 shows the description 
of these eight defect models and the expressions of 
concentrations of Fe2 + , Fe3 + , Al3 + ions and vacancies Vc 
on A- and B-sites in terms of moles per mole of ( F e ^ -
Alj,)3_5 0 4 . Notations R and B designate the random 
distribution and the B-site preference, respectively. 
Details of the assignment of the concentration are given 
in Appendix A. 

Equilibrium Constants. To determine which one 
of the eight models listed in Table 1 best interprets the 
observed nonstoichiometric data, we employed two 
methods of calculation, the quasi-chemical model (Q,.C. 
model) and the band electron model (B.E. model). 

Calculation by the Q.C. Model: In this model Fe2+, 
Fe3 + , and Al3+ ions and vacancies are assumed to form 
an ideal solution in the cation sublattice. 
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Model 
No. 

Thermodynamics of (Fe1_yAlw)3_,04 1021 

T A B L E 1. DESCRIPTION OF POSSIBLE MODELS AND CONCENTRATIONS OF CATIONS AND VACANCIES 

Distribution of cationsa> Q 
Fe2H V r AI3^ FeA

2 + FeA
3H V, 

R 

R 

R 

R 

B 

B 

B 

B 

R 

R 

B 

B 

R 

R 

B 

B 

R 

B 

R 

B 

R 

B 

R 

B 

1 - 3 5 

3 

1 - 3 5 

3(i -y) 
1-35 
3 - 5 
1-35 

; i - j 0 ( 3 - 3 ) 

0 

0 

0 

0 

2(l + 5 ) - X 3 - 5 ) 
3 

2(l + 5 ) - X 3 - 5 ) 
3(1 -y) 

2(l + 5)-j>(3-5) 

3 - 5 
2(l + 5 ) - X 3 - 5 ) 

( l - j ) ( 3 - 5 ) 
(3-5)[2(l + 5 ) - j ( 3 - 5 ) ] 

6(1 + 5) 
3 - 5 

3 
2(l + 5 ) - X 3 - 5 ) 

2(1 + 5) 
1 

Model 
No. 

CJ 

FeR
2 + FeR

3 + V, A1R
3+ 

^(3-5) 
3 

2(1-35) 2[2(l + 5)- j>(3-5)] 
3 

(2-3j)[2(l + 5 ) - X 3 - 5 ) ] 

3(1-J') 
(2-5)[2(l + 5 ) - X 3 - 5 ) ] 

(3 -5 ) 

0 

X3-5)2 

6(1 + 5) 

0 

j ( 3 - 5 ) 
2(1 + 5) 

0 

( 2 - 3 ^ ) ( l - 3 5 ) 
3(1 -y) 

( 2 - 5 ) ( l - 3 5 ) 
3 - 5 

[ 2 - 5 - X 3 - 5 ) ] ( l - 3 5 ) [ 2 - 5 - j ( 3 - 5 ) ] [ 2 ( l + 5 ) - X 3 - 5 ) ] 
( l-_y)(3-5) ( l - ^ ) ( 3 - 5 ) 

(3+7ä)[2(l + 5) - ,y(3-5)] 
6(1 + 5) 

3 + 7 5 - 3 ^ ( 3 - 5 ) 
3 

(l + 25)[2(l + 5 ) - X 3 - 5 ) ] 
2(1 + 5) 

1-35 1 + 2 5 - X 3 - 5 ) 

1-35 

1-35 

1-35 

2Ô_ 

3 

2Ô_ 
3 

5 

5 

3 

2Ô_ 

3 

5 

5 

2 ( 3 - ö)y 
3 

X3-5) 

X2-5) 

^(3-5) 

X 3 - 5 ) ( 3 + 75) 
6(1 + 5) 

X3-5) 

j ( 3 - 5 ) ( l + 25) 
2(1 + 5) 

a) R designates random distribution and B designates localization on B-sites. 

The chemical potential of the oxygen equilibrated 
with the oxide can be obtained by the following equa­
tion: 

I C A + t r i n / W = SGiN^N N3,M4,Ni}> ( J ) 
I e/iV5 

where Nfs with subscripts 1, 2, 3, 4, and 5 are numbers 
of Fe2+, Fe3+, V c , AP+, and O 2 - in the crystal, respec­
tively, and G is the Gibbs energy of the crystal. The 
number of sites to be occupied by vacancies is given 
by the equation 

^3 = -f-tf. - (N. + N. + N,) = A(JV 5 _JV B °) , (4) 

where N5° is the number of oxide ions at the stoichio­
metric composition. If cations and vacancies form an 
ideal solution, the Gibbs energy is expressed as follows : 

4 

vacancy, G° is the Gibbs energy of the crystal when 

ô=0. ^Config is expressed by 

Sconfig = *ln WAWB 

= kin 
(NJ4) W2) 

NX
A!JV2

A!N3
A!JV4

A! Nf\iVa
B\N*\N*\ 

; (6) 

where superscripts A and B designate A- and B-sites. 
Substituting Eqs. 4, 5, and 6 into Eq. 3, the following 

expression is obtained by a standard calculation: 

i(,,+m„P0j = ^ - * r ; à ( ( ^ ) i n p 
N, 

dN, 
In 

JVK •)} (?) 

G = -^G°(N3=0) + N,gY - TSeonîig, (5) 

where gv is the Gibbs energy of forming a cation 

If we express the concentration, the number of moles 
in one of ( F e ^ A L ^ s - s C ^ , by the notation C,-', using a 
meaning similar to N^, C^ can be related to JV,-j and 
N5 as follows: 

Q = 4NJ/N, (j = A, B; ,'= 1, 2, 3, 4). (8) 

The differentials (diV,-j/dJV5) can be expressed by C2
j 
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and as follows : 

idNl 
\dNK 

1 f dQN* >-\ = UQ+N1 
8ÇI 

= +{C^N*Wt 

= ±[Q + 3N5^ 

= ~\CM 

3 „dÇl 

dô 

N* dö 

-i[«+*-»{m- (9) 

In the above calculations the following relations are 
used, besides Eqs. 4 and 8: 

3 = 

dô: 

4N3 

^ 5 

4iV5° 

W 

dN3. 

4N3 

' + T ^ 

~(M°o,+kT]nP0t) = ~gy-kT] 

X l n Q A + ( Q B + ( 3 - 3 ) ^ ) l n ( Q B / 2 ) 

Substituting Eqs. 8 and 9 into Eq. 7, we obtain the 
following expression: 

s[(c<^-^) 
dô r " v ~ * ' " j * 

Putting fdNA 
1 ~ [dNj 

= { [ Q J + ( 3 - ^ - ] (10) 

£ = 1 , 2 , 3 , 4 ; j = A,B, 
we obtain 

ri (QA)-"iA n (QB/2)->.Bp0r1/2 

siC(QG) (11) 

Equat ion 11 is the mass action law for the following 
defect equil ibr ium: 

^iAFeA
2+ + *2

AFeA
3+ + v3

AVA + v4
AAlA

3+ + yi
BFeB

2+ 

+ v2
BFeB

3+ + v»VB + y4
BAP+ + l o 2 ( g ) = 0. (12) 

By using the expressions for C t
j in Table 1, the stoichio­

metric coefficient vt
j is calculated by Eq. 10. The 

results are given in Table 2. Details are given in Appen­
dix B. Let us term the defect models described by Eq. 
12 as Q C - 1 , QC-2, - , OC-8 models. 

Thus the defect equil ibrium equations and the mass 
action laws can be written explicitly. For example, the 
equilibrium for model QC-3 is 

J_ 
4 

7 + 3d
Fc 2+ , 

3-Ô * C A + I Z _ J ^ F e B - + | A 1 B 3 + + j o 2 ( g ) 

r 5 + d - Z l ] 
I 2(3-3) 2 J I 2(3-3) ^ 2 j F e 3 + 

+ ~ V B + |-A1A
3 + + ( V - . 

In this equation the stoichiometric coefficients depend 
on ô. When equil ibrium constants are calculated using 
Eq . 11 and the expressions of concentration listed in 
Table I, ô is canceled in the powers of concentrations 
and simple expressions are obtained. For example, the 
equil ibrium constant for model QC-3 can be expressed 
as 

Thus equil ibrium constants are easily calculated using 
observed values of ô and P0%. 

Equilibrium Constants Calculated by the B. E. Model: 
In the band electron model, Fe 2 + ions on B-sites are 
regarded as electron donors in a 3-d band. This is a 
consequence of the observation that the electric conduc­
t ion in magnetite and spinel ferrites is caused by the 
electron movements in a narrow 3-d band formed by 
Fe ions on B-sites.13) 

Model 
No. FeA

2 + 

T A B L E 2. 

FeA
3 + 

STOICHIOMETRIC COEFFICIENTS FOR VARIOUS MODELS 

- ^ 

VA A1A
3+ - F e B

2 + FeB
3 + vB A1B

3+ 

3(i -y) 
7 + 33 

4(3-3) 
7+33 

4( l - j>)(3-3) 

0 

0 

0 

0 

3(1-JO 
2(5 + 3 ) - 2 j ( 3 - 3 ) 

4 (3-3) 
2(5 + 3 ) - 2 X 3 - 3 ) 

4 ( l - j ) ( 3 - 3 ) 
j ( 3 - 3 ) 2 

24(l + 3)2 

2 

J_ 
4 

0 -

-[ 
0 

i | x3-an 

4^32(1 + 3)2J 

4 

4 
3 

2(2-3jQ 
3(1-JO 

17-113 
4(3-3) 

1 7 - 1 1 3 - 8 ^ ( 3 - 3 ) 
4 ( l - j ; ) ( 3 -3 ) 

j ( 3 - 3 ) 2 

24(l + 3)2 

0 

y{3-8Y 

32(l + 3)2 

0 

3 
2(2-3j>) 
3 ( 1 - J O 

2(7-53) + 2j>(3-3) 
4(3-3) 

2(7-53) + 2^(3-3) 
4 ( l - j ) ( 3 - 3 ) 

r2 x3-^)n 
L 24(1 + 3)2J 

- 2 

_p_X3-3n 
4 32(1 + 3)2J 

_ 7 
4 

1 

2 

1 

2 

3 

4 

3 

4 

1 

2 

1 

2 

3 
4 

3 

4 

0 

0 

y 
4 

0 

X3-3)2 

24(l + 3)2 

0 

X3-3)2 

32(1 + 3)2 

0 
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Samokhvalov and his co-investigators14) have meas­
ured the electrical conductivity and thermoelectric 
power of solid solutions of the zinc ferrite-magnetite and 
nickel ferritemagnetite systems and derived the following 
expression for the chemical potential of an electron on 
a B-site : 

kT\n 
( N0 

+ ̂ -^r+^H^H' ( i3) 

where ED is the difference in energy level between the 
bottom of the conduction band and the donor level, and 
N0 and ND are the densities of state of the conduction 
band and the donor level, respectively. In the present 
system, N 0 and ND are given as follows: 

^o = [FeB
2+] + [FeB»+]f 

^D = [FBe2+]. 
At high temperatures, the second term in the square 
root in Eq. 13 can be eliminated and Eq. 13 can be 
reduced to 

Men- = EG + kT\n 
ND 

Nn 
Ec + kTln- QB 

(14) 
vo Cx + C 2 

As F e 2 + is r e g a r d e d as e B " " + F e B
3 + , t h e defect e q u i l i b r i u m 

is expressed b y r e p l a c i n g F e B
2 + i n E q . 12 b y e B ~ + F e B

3 + . 
Thus, 

*iAFeA
2+ + i,2

AFeA
3+ + i,3

AVA + i;4
AAlA»+ + i ^ e T 

+ (^B + ^2
B)FeB

3+ + i;8
BVB + *4

BA1B»+ + j02 : 0. (15) 

The mass action law for Eq. 15 is 

K(BE) =n(Ct
A)-^n(Ct

B/2) " " • B l — i <V 
+ C2' 

- V l B 

K(QC) (_gi (16) 

Fundamental aspects of Eqs. 15 and 16 are described 
in Appendix B. Let us term the defect models described 
by Eq. 16 as BE-1, BE-2, —, and BE-8 models.* 

The defect equil ibrium equation and mass action law 
for model BE-3 are, for example, 

7 + 33 F p 2 + , 1 7 - 1 1 3 r , , 1 
4 4(3-3) 

FeA2+ + y/Q
 x;:eB- + ^ u - ^ F e ^ 4(3 -3 ) 

+ 4-AlB3+ + i -O. y 5 + 3 
2(3-3) 

FeA 

+ iA1A3+ + f VB + <V~ 
and 

K(BE-3) 
( \ 1-35 ) \2) 

, r 2 ( i +3 ) - r (3 -a )Y 
L (3-S)(l-y) J 

P -1/2 
-W-y) 

In this way equil ibrium constants for each respective 
model can be easily calculated by using Eq. 16, using the 

t There may arise a question about applying Eq. 14 to 
models 5—8, where C2

B<CiB- As no observation has been 
reported as to the characteristics of an electron band on B-
sites if [FeB

3+] < [FeB
2+], Eq. 14 was provisionally assumed 

to work for models 5—8. 

expressions of v^ and Cp in Tables 1 and 2, and the 
experimental values of ô and P0 2-

D i s c u s s i o n 

Criteria for the Selection of the "best" Model. In 
order to select the best one of these sixteen defect models, 
some criteria are necessary. Usually the slope of the 
log ô vs. log P02 pl°t is used for the selection. However, 
the slopes are 2/3 at small values of ô for several models, 
and also vary with ô. Thus this simple criterion is 
inadequate for the present purpose. Since the equilib­
r ium constant K should be constant if the model is 
appropriate, the criteria that the dependence of \riK on 
(5, as well as the dependence of lnÄ" on y, should be 
smallest for the "bes t" model were adopted for the 
selection. The advantage of this criteria is that one can 
easily detect the differences among the defect models. 

1.0 

—a—a—D—a—a D—a—r—n—a—cr 

hr* 

- l . O h A 

0.10 

Fig. 3. Values of lnA" for respective defect model of 
Fe3_3 0 4 . 
O : QC-1, 0 : QC-3, A : QC-5, A : QC-7, Q : BE-1, 
• : BE-3, V : BE-5, Y : BE-7. 

Analysis of Nonstoichiometric Deta. The equilib­
r ium constants for equilibria 1 to 8 were calculated 
using Eqs. 11 and 16 and the observed values of ô and 
P 0 2 . Figure 3 illustrates the dependence of \nK on ô for 
F e 3 _ 5 0 4 at 1400 °C. A s j = 0 for magnetite, only the 
eight equil ibrium constants given in this figure were 
calculated. As is easily seen, InK changes almost linearly 
with ô for all the models. The equi l ibr ium constants 
changed similarly with ô for solid solutions with alumi­
num ferrite. Thus the relationship between \nK and ô 
can approximately be represented by the equation 

lnK = ad + ß. (17) 

The value a gives the slope of the \nK-o plot and, 
according to the critetia adopted above, the model with 
the samllest absolute value of a is the "bes t" one. 

Figure 4 illustrates the values of a for (Fe0#75Al0#25)3_5 -

file:///nK-o
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Co 

Fig. 4. Values of 
(F e0.75Alo.25)3-504 

1400 

t/°C 

for respective 

1500 

defect model of 

o 
• 
a 

QC-1, • QC-3, A : QC-4, A : QP-5, • : QC-6, 
QC-7, V : QC-8 T : BE-1, 3 : BE-2, f ) : BE-3, 
BE-5 [J : BE-6, A : BE-7, A : BE-8. 

0 4 . Those for model QC-2 are not given because 
K(QC-2) has the same value as K(QC-l). Those for 
model BE-4 are also excluded, since their absolute values 
are too large. As is easily seen in this figure, the value 
for QC-1 was the smallest among the Q C models, 
al though the differences from those for the QC-3 and 
QC-4 models, are small. A Similar conclusion has been 
reached by Dieckmann and Schmalzried10) in their 
analysis of the tracer diffusion and nonstoichiometry of 
magneti te. 

The a values for the BE-1 and BE-2 models are very 
small. They are smaller then those for the QC-1 model 
and it is concluded that the "bes t" model would be 
either the BE-1 or the BE-2 model. But it is difficult 
to choose the better one of the two only from this figure. 
A similar calculation was made for Fe3_s 0 4 and (Fe0#67-
Al0 33)3-8 0 4 . Figure 5 shows the values of a for KÇBE-1) 

1.0 

0 

1.0 

-

A 

1 

A 

O 

• 

Ô 
O 

• 
• 

1 

O 

• 
A 

a 

• 
• 

a 
0 

• • 

l 

a 

• 

1 

1300 1400 1500 

tj°C 

Fig. 5. Values of a for BE-1 and BE-2 models. The 
open and the solid marks denote the values for BE-1 
and BE-2 models, respectively. 
A and A : Fe3_5 0 4 , O and f : (Fe0>75Al0>25)3_ô 0 4 , 
D and • : (Fe0.67Al0>33)3_ô 0 4 . 

and X(BE-2). As is seen from Table 2, values of vf are 
the same for models 1 and 2 i f ^ = 0 : Thus the values 
of a of the BE-1 and BE-2 models are the same for 
F e 3 _ 8 0 4 . 

Except for some cases (1500 °C for y=0.25, and 1500 
and 1550 °C for j = 0 . 3 3 ) , the absolute values of a are 
smaller for the BE-2 model than for the BE-1 model. 
This preference for the BE-2 model is also supported by 
the dependence of \nK on y. Figure 6 shows the plot 
of \T\K against y. Clearly equilibrium constants for the 
BE-2 model depend less on y than those for the BE-1 
model. The result indicates that the BE-2 model is 
better than the BE-1 model and, therefore, the BE-2 
model was chosen as the "best" model in this inves­
tigation. 

Fig. 6. Dependence of lnA" on y. 
%\ 1400 °C, BE-1 model, O : 1400 °C, BE-2 model, 
A : 1450 °C, BE-1 model, A : 1450 °C, BE-2 model. 

The BE-2 
model can 

BE-2 Model and Equilibrium Constant. 
model which has been chosen as the "best5: 

be characterized as follows : 
(1) Fe2 + , Fe3 + ions, and vacancies distribute randomly 
on A- and B-sites. 
(2) Al3 + ions are localized on B-sites. 
(3) Fe2 + and Fe 3 + ions on B-sites provide a narrow d-
band whose Fermi level can be approximated by Eq. 14. 

The explicit expression of the defect equilibrium and 

TABLE 3. VALUES OF ln#(BE-2) 

T/°C 
lnCK/atm-1/*) 

y=0 j>=0.25 j>=0.33 

1300 

1350 

1400 

1450 

1500 

1550 

1.767± 
0.007 

1.219± 
0.002 

0.833± 
0.01 

0.547± 
0.003 

1.493± 
0.006 

l . l ldz 
0.01 

0.709± 
0.01 

0.305± 
0.0002 

1.231± 
0.002 

0.843± 
0.008 

0.463± 
0.007 

O.llOdz 
0.004 

A//°/kcal 
mol -1 

A ^ / c a l K - 1 

mol -1 

- 4 3 . 7 ± 
3.6 

-24.4=h 
2.2 

- 4 5 . 3 ± 
1.3 

- 2 4 . 9 ± 
0.8 

- 4 5 . 7 ± 
0.9 

- 2 4 . 9 ± 
0.5 

Figures after i signs are standard deviations. 
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the equilibrium constant are given as follows: 

3(l-y)Fe& + 3 ( l - j > ) e B + 2 ° 2 ( g ) 

*=* j(èj)Fe" + T V A + 1 V B + °L2"' (18) 

J C ( B & 2 ) - [ ( 3 - i y ] K , " , W / , a ^ 

xpi^^j-1-^!)^,-,, (19) 
Table 3 gives the values of lnX(BE-2) together with 
values of AH° and A£° for Reaction 18. I t is noteworthy 
that AH0 and AS° are negative and almost independent 
ofy. 

The large negative values of AS° would be due to 
the disappearance of O s(g) and eB~ in Reaction 18. The 
large negative value of AH° comes mainly from the 
negative partial molar enthalpy of oxygen in magnetite 
and its solid solutions with FeAl 2 0 4 . 

Appendix 

A. Assignment of Concentration of Ions and Vacancy. The 
concentrations of ions and vacancies for respective model 
are given in Table 1 in terms of moles in one mole of ( F e ^ -
Ay 3 _ 5 0 4 . One mole of (Fe1_yAly)3_004 has 1 and 2 mol 
of A- and B-sites, respectively. Over these 3 mol of cation 
sites, l-Ô, [2(l+ô)-y(3-ô)]> y(3-ô), and ô mol of Fe2+, 
Fe3+, Al3+ ions, and vacancies, respectively, are distributed. 

To elucidate the concentrations on the A- and B-sites the 
following procedure was adopted. 

1) First, the concentration of vacancies was assigned. In 
the case of random distribution vacancies were assumed to be 
distributed in the ratio of 1:2 over A and B sites. If the 
vacancy is localized on a B-site, the concentration of the B-site 
is ô and that on the A-site is 0. 

2) Concentrations of localized Fe2+ and/or Al3+ ions are 
assigned in the second step. When they are localized on a 
B-site, the concentrations on the B-site are 1—36 andj>(3 — <5) 
for Fe2+ and Al3+ ions, respectively. Concentrations on an 
A-site are 0 when they are localized on a B-site. 

3) Concentrations of randomly distributed Fe2+ and/or 
Al3+ ions are determined in the third step. In this calculation, 
it was assumed that the concentration on A- or B-site is pro­
portional to the number of sites still remaining at this step. 
For example, in model 5 the concentrations of Fe2+ and Vc 

are already assigned and the numbers of remaining sites are 
1 — 6/3 and (3-f-7(5)/3 for A- and B-sites, respectively. Thus 
the concentration of Al3+ on A-site is calculated as 

y(3-d) X = y(3-d)2 

(l-<5/3) + (3 + 7<5)/3 6(1 + 5) 
(1-3/3) 

4) Finally the concentration of Fe3+ ion is assigned by 
allotting them on the remaining cationic sites. 

B. Stiochiometric Coefficients and Equilibrium Conditions. 
Equation 11 implies that a mass action law holds between 

the defects in the crystal of (Fe1_yAly)3_a04. The stoichio­
metric coefficients can be calculated by using Eq. 10. An 
illustration is given below for model 2. 

The expressions for stoichimetric coefficients, i^j5s are cal­
culated by using the expressions in Table 1 for Qj5s. For 
example, vx

k is calculated as follows: 

- G l~3S + ( 3 - 5 ) , - 3 

3(1-J») .3(1-J») 

= -2 /3(1- .? ) . 

Other coefficients are calculated in the same way; the 
results are given in Table 2. Using these values of v^s. 
Eq. 11 is written as follows: 

/ £ A\ -2/3(1 - y ) . (Ç A \ 2 / 3 ( l - î O . (Ç A \ l / 4 . (Ç B /2 ) -2 (2-3 îO/3( l - îO 

X (C2
B/2)2C2-3y) /3C1-^. (C 3

B / 2 ) 1 / 2 .P 0 r 1 / 2 

_ [VA ] 1 / 4 [FeA
3 + ] 2 / 3 a - y ) ( [VB ] /2) 1 / 2 ( [FeB

3 + ] /2) 2 ( 2 - 3 y ) / 3 a - y ) 

~~ [ p e 2+12/3(1 - y ) / r p e 2+1 /2 )2 (2-3 îO/3( l - îOp 1/2 

= «p[y(*&-4*v)/*r] . (A-l) 

Equation A-l implies that the defect equilibrium for this model 
can be described by the following chemical equilibrium: 

w=i) ̂  + î fFeß2+ + i° 2 ^ 

The equilibrium condition for Eq. A-2 can also be expressed 
in terms of chemical potential of defects as follows: 

- Jïhu{Fe^ - f^(FeB2+) -1** = °- (A-3) 
Thus the general expression of the defect equilibria, Eq. 11, 

implies the equilibrium condition in terms of the chemical 
potential, ju^, of the z-th ion on the j site. 

\vot + S »iW = o. 
I j=A.B 

i=1.2.3.4 

(A-4) 

The conduction electrons in the BE models are considered 
to be created by the ionization of FeB

2+ ions and the following 
virtual equilibrium is conceived. 

FeB
2+ 4 = ± FeB

3+ + eB-. (A-5) 

For this equilibrium the following expression holds for the 
chemical potential of FeB

2+ ions: 

//(FeB*+) = ^(FeB
3+) + ^ (A-6) 

Incorporating Eq. A-6 into A-4, an equilibrium conditions 
for BE modles is obtained: 

1 
•Ho. + >W*V(FeA

1+) + w V ( F e A
3 + ) + vVoV(VA) 

+ ^AI-V(A1A 3 + ) + vF6.*BMFeB3+)+ÄB-] 

+ vFe^(PcB
3+) + *Vc

BMVB) + vA1»+V(AlB
3+) = 0. 

(A-7) 

Equation A-7 implies the mass action law, Eq. 16, and the 
equilibrium equation, Eq. 15, for defect equilibrium, when 
BE models are adopted. 
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The Solvent Extraction of Bivalent Metal Picrates by 15-Crown-5, 
18-Crown-6, and Dibenzo-18-crown-6 
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The overall extraction equilibrium constants (Kex) for the 1:1:2 complexes of 15-crown-5 (15C5), 18-crown-6 
(18C6), and dibenzo-18-crown-6 (DB18C6) with several bivalent metal picrates between benzene and water have 
been determined at 25 °C. The Kex sequences of the bivalent metal ions with 15C5, 18C6, and DB18C6 are 
Pb2+>Sr2+>Ba2+>Ca2+, Pb2+>Ba2+=Sr2+>Hg2+>Ca2+, and Pb2+>Hg2+>Sr2+>Ca2+ respectively. To clarify 
the role of the crown ether in the extraction process, the three constituent equilibria have been investigated: the 
stability and the extractability of the bivalent metal ion-crown ether complex, and the distribution coefficient of 
the crown ether. The extractability of the bivalent metal ion-crown ether complex about the same bivalent metal 
ion increases with increasing size of the crown ether, and appears to be dependent on the chemical nature of the 
bivalent metal ion trapped in the cavity of the crown ether. 

The complex reaction between crown ethers and 
cations has been widely studied by different methods 
e.g. conductance,1) calorimetry,2) potentiometry,3) spec­
troscopy,4) and solvent extraction.5) It has been found 
that the crown ether has a remarkable capacity to form 
stable stoichiometric complexes with certain cations, 
particularly with the alkali and alkaline earths. 

Solvent extraction is a useful method to investigate 
the complexing power of crown ethers towards cations, 
though it is not direct. Some solvent extraction studies 
of crown ether complexes with alkali metal ions have 
been reported,5) but there are very little data on bivalent 
metals. In terms of the analytical application, it is 
important to investigate the selectivity of crown ethers 
for various bivalent metal ions in solvent extraction 
systems. The present study was undertaken to determine 
the extraction constants for the crown ether-bivalent 
metal picrate systems between benzene and water, and 
to clarify the role of the crown ether in the extraction 
process. The crown ethers included in this work are 
15-crown-5 (15C5), 18-crown-6 (18C6), and dibenzo-
18-crown-6 (DB18C6). The sizes of these three com­
pounds differ from one another. The cavity size of 
DB18C6 is equal to that of the 18C6,3) though the 
former has two benzo groups. In the cases of DB18C6 
and 18C6, it is interesting to investigate the ligand ring 
substituent effect on the extraction equilibrium. Since 
a large anion is easily extracted into low dielectric 
constant solvents,50) the picrate anion was used as the 
counter ion. Benzene was used as the diluent because 
of its nonpolar nature . 

Exper imenta l 

Apparatus. Emission and absorption measurements 
were conducted on Seiko atomic absorption spectrophoto­
meters, models SAS-720 and SAS-725. pH-measurements 
were made on a Hitachi-Horiba pH meter, model F-5. 

Materials. 15C5 and 18C6 were obtained from Nisso 
Co., Ltd., and DB18C6 from Aldrich Chemical Co., Inc. 
15C5 was used without further purification. 18C6 was re-
crystallized from petroleum ether twice, and dried in a vacu­
um oven before use. The method of purification of DB18C6 
has been described in the literature.lb) Benzene, HN0 3 , Ca-
(N03)2 .4H20, Sr(N03)2 , Ba(NOs)2, Hg(N0 3) 2 .*H 20, and 
Pb(N03)3 were special grade reagents from Wako-Pure Chem­

icals Ltd., and picric acid from Koso Chemical Co., Ltd. The 
purity of the bivalent metal nitrates and the concentration of 
the picric acid solution were determined by EDTA and basic 
titration, respectively. Benzene was washed twice with dis­
tilled water. 

Procedure. The organic solution of the crown ether 
(2X 10-6 —3x 10~2 M), the aqueous solution of the bivalent 
metal nitrate (5x 10~4—2.5x 10~2 M), picric acid (1.5x 
10-*- 1.7 x 10"2 M), and nitric acid (2 X 10"3 M) were placed 
in stoppered glass tubes (volume 30 ml). The initial volume 
of each phase was 10 ml in all cases. The two phases in the 
tubes were shaken in a thermostatted water bath for approx. 
30 min at 25^0.2 °C, and centrifuged. An approx. 8 ml 
portion was removed from the aqueous phase, transferred 
to a 10 ml beaker and the hydrogen ion concentration deter­
mined by a pH meter. All extractions were conducted in the 
pH range 1.5—3.0. For the systems 15C5-Ca, Sr, Pb, and 
18C6-Ca, Sr, Hg, Pb, a 8 ml portion was pipetted from the 
organic phase, transferred to a 50 ml beaker, and left for 
several days, until evaporation was complete. The residue 
was dissolved in 0.01 M nitric acid 8 ml, and the metal con­
centration determined by atomic absorption. In the 15C5 
and 18C6-Ba, and DB18C6-Ca, Sr, Hg, Pb systems, the 
residue did not dissolve. Consequently, the bivalent metal 
in the organic phase was back-extracted into 1 M nitric acid 
8 ml and the Ba concentration of this aqueous phase deter­
mined by flame photometry. For the 15C5-Hg system, it 
was impossible to extract any Hg into the organic phase. 
For the DB18C6-Ba system, turbidity was always found in 
the interface between benzene and water under all experi­
mental conditions. 

The Distribution Coefficient of the Crown Ether. A portion 
of the benzene solution containing the crown ether and an 
equal volume of distilled water were placed in a stoppered 
glass tube and shaken under the same conditions as before. 
The concentration ranges of 15C5 and 18C6 were from 5.1 x 
10-2 to S .Sx lO^M, and from 2 .8x l0 - 2 to 3.1 X 10"1 M, 
respectively. After the two phases had been separated by 
centrifuging, a portion of the organic phase 12 ml was trans­
ferred to a 10 ml beaker, left for several days until evapora­
tion was complete, and the residue weighed. The average 
distribution coefficients determined in this way are listed in 
Table 1, together with the equilibrium constants of the bivalent 
metal ion-crown ether complexes. 

R e s u l t s 

The overall extraction equilibrium between an 
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aqueous phase containing the bivalent metal cation, 
M 2 + , the picrate anion, A~, and the hydrogen ion, H + , 
and an organic phase of the crown ether, L, may be 
represented by the following equation: 

M2+ + L0 + 2HA0 <pzz± MLA2>0 + 2H+ 

[MLA2]0[H+]2 

^ [M2+][L]0[HA]0> 2 » (1) 

where M L A 2 represents the ion pair between the bivalent 
metal-crown ether cation, ML 2 + , and the picrate anion; 
the subscript " 0 " and the absence of subscript denote the 
organic phase and aqueous phase, respectively. The 
overall extraction equilibrium is thought to consist of 
the following equilibria : 
O the distribution of the free crown ether between the 
two phases 

K _ [L]o Kl>* ~ T i p (2) 

O the complex reaction of the bivalent metal ion with 
the crown ether 

M2+ + L ML2+ K„ 
[ML2+] 

(3) [M2 +][L]-

Several stability constants of bivalent metal ion-crown 
ether complexes have been reported. 2a»2b»2c'4) They are 
listed in Table 1. 
O T h e distribution of picric acid between the two phases 

[HA]0 HA T=± HA0 tfD,HA = 
[HA] ' 

O the association of picric acid 

H+ + A" <=± HA K„- = [ H A ] 
VHA 

(4) 

(5) [H + ] [A-] ' 

O the association of the complexed cation with the 
picrate anion 

ML2+ -f 2A- MLA, _ [MLA2] 
A M L A , - [ M L 2 + ] [ A - ] 2 > (6) 

O the distribution of the ion pair between the two 
phases 

[MLA2]0 

[MLA2] 
MLA2 z± MLA, 2,0 * D.MLAi (7) 

Since benzene is a nonpolar solvent (e=2.275 at 25 
°C6>), dissociation of the ion pair, MLA2 5 has been 
assumed negligible. Thus, 

^ e x = ^aL^ML^äHA^HA^ex'* (8) 

[MLA2]0 , 
where KGX, = KMhAtKDMAt = [MU+][A_]2. 

T h e all-activity coefficients of the chemical species in 
this work have been assumed as unity. 

The distribution ratio of the bivalent metal has been 
defined as follows and calculated from the experimental 
data, 

n _ [M]0 .total 
M [M] t o t a l ' 

where [M] 0 > t o t a l and [ M ] t o t a l are the total bivalent 
metal concentrations in the organic and aqueous phases, 
respectively. Assuming that the association between 
M L 2 + and A - is negligible in the aqueous phase; 

Du 
[MLA2]0 

[M2+] + [ML2+] 
(10) 

In the case of [M 2 +]>[ML 2 +] , Eq. 10 becomes 

A , = ^ex^H2A^D2HA[A-]2[L]0, (11) 

where ^HA^D.HA is the extraction equilibrium constant 
of picric acid. The value of ^ H A ^ D , H A in the benzene-
water system at 25 °C has been determined to be 247 
by spectroscopy using the association constant of picric 
acid, # H A = 1 . 9 5 . 7 > [A~] in Eq. 11 was calculated from 
Eq. 12, for the systems of 15C5-Sr, Ba, Pb, and 18C6-
Sr, Ba, Hg, Pb, [L] 0 in Eq. 11 from Eq. 13 using the 
stability constants, #ML'2b) given in Table 2, and for 
the others [L] 0 by Eq. 14. 

FA-l = [HA]1 . t .-2[MLA2]0 , 
L J l + (l+*D,HA)*HA[H+r [ } 

[L]o 

Mo 

[L] M . - [MLA 2 ] 0 

i+*D:t+;w^[M2 +r 
_ M i -[MLA2]0 

(13) 

(14) 

where [HA] i # t # and [L] i> t# are the initial total concen­
trations of picric acid and crown ether, respectively. 
log(Z)M/[A-]2) vs. log[L]0 plots are illustrated in Figs. 
1—3. Figures 1,2, and 3 correspond to 15C5, 18C6, 
and DB18C6 respectively. From Figs. 1—3 it may be 
seen that the plots are linear with a slope of unity, log-
(Z)M/[L]0) vs. log[A~] curves in Fig. 4 are linear with a 
slope of 2. It has then been concluded that the overall 

-4 -3 -2 
logCL3o 

Fig. 1. Plots of log(DM/[A-]2) vs. log[L]0 for the 15C5 
system at 25 °C. 

-5 
logCUo 

Fig. 2. Plots of log(DM/[A-]2) vs. log[L]0 for the 18C6 
system at 25 °G. 
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T A B L E 1. EQUILIBRIUM CONSTANTS AT 25 °C 

Crown ether KB)h Cation logi^x \ogKuh logKe: 

4 -3 -2 
togüUo 

Fig. 3. Plots of log(Z>M/[A-]2) ÜS. log[L]0 for the DB18C6 
system at 25 °C. 

-4 -3 -2 -1 
logCA"3 

Fig. 4. Plots of log(DM/[L]0) vs. log[A~] at 25 °C. 
O : 15C5, © : 18C6, # : DB18C6. 

extraction equil ibrium, Kex, in the present study is 
described by Eq. 1. For each system the value of the 
overall extraction equil ibrium constant calculated from 
the data of Figs. 1—3 was found to agree well with that 
of Fig. 4. The Kex values are given in Table 1. 

Discussion 

The crystal ionic radii of the bivalent metals and the 
cavity radii of the crown ethers are listed in Table 2. 
I t may be noted from Tables 1 and 2 that for the 18C6 
system logiCex for Sr2+ is identical with that of Ba2+ 

which has a more opt imum size for the 18C6 cavity 
than Sr2+. The \ogKex and logÄ^L values have been 
plotted vs. the crystal ionic radius in Fig. 5. As can be 

15C5 

18C6 

DB18C6 

0.15. 

0.0634 

8005C> 

Ca2+ 
Sr2+ 

Ba2+ 

Pb2+ 

Ca2+ 

Sr2+ 

Ba2+ 

Hg2+ 
Pb2+ 

Ca2+ 

Sr2+ 

Hg2+ 

Pb2+ 

- 1 . 0 7 
0.91 
0.41 
1.67 

2.24 
4.93 
4.93 
3.18 
6.96 

- 0 . 7 8 
0.59 
1.43 
2.37 

— 
1.952b> 
1.712b> 
1.852b> 

<0.52b> 
2.722b> 
3.872b> 
2 # 422b) 
4.272b) 

<04> 
1.004) 
— 

1.894> 

— 
2.94 
2.68 
3.80 

> 5 . 3 3 
5.80 
4.65 
4.34 
6.28 

> 7 . 3 9 
7.28 
— 

8.17 

TABLE 2. CRYSTAL IONIC RADII OF BIVALENT METALS 

AND CAVITY RADII OF CROWN ETHERS (Â) 

Cation Crystal ionic radius Crown ether Cavity radius3) 

Ca2+ 
Sr2+ 
Ba2+ 
Hg2+ 
Pb2+ 

0.998> 
1.138> 
1.358> 
1.108> 
1.209> 

15-crown-5 
18-crown-6 

0.85—1.1 
1.3 —1.6 

0.9 1.0 1.1 1.2 1.3 1.4 
* i f f * 

Ca HgSfPé* B3 

Crystal ionic radius / A 

Fig. 5. Plots of \ogKex and logXML vs. crystal ionic 
radius of bivalent metal. 
O : 15C5, © : 18C6, # : DB18C6. 

seen from Fig. 5, the logKex value of Ca2+
5 whose crystal 

radius is much smaller than the cavity radius of 18C6 
in comparison with the other bivalent metal ions (Table 
2), is smallest for the 18C6 and the DB18C6 systems. 
For the 15C5 system, although the crystal radius of Ca2 + 

is nearly equal to the cavity radius of 15C5 (Table 2), 
the logJ^ex value of Ca 2 + is also the smallest. The size 
of Pb 2 + is larger than the cavity size of 15C5, and Ba2+ 

fits more closely into the 18C6 cavity than Pb 2 + (Table 
2). In Fig. 5 however, 15C5 and 18C6 show the largest 
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logKex value for Pb 2 + . 
The most pronounced substituent effect of the two 

benzo groups attached to 18C6 on the extract ability of 
Hg 2 + and Sr2+ can be seen in Fig. 5, i.e. the logKex 

sequence for Hg 2 + and Sr2+ with 18C6 is Hg 2 + <Sr 2 +, 
while that with DB18C6 is Hg2+>Sr2+, although the 
crystal radi i of Hg2+ (1.10 Â8>) and Sr2+ (1.13 Â8>) are 
nearly equal. 

From the data it appears that the ratio of the size of 
the bivalent metal ion to that of the crown ether cavity 
is not always the dominant factor in the extractability 
of the bivalent metal-crown ether picrate complex. 

Equat ion 8 shows that the trend for Kex for the same 
crown ether and different bivalent metal ions reflects 
the stability and the extractability of the bivalent metal 
ion-crown ether complex in the aqueous phase. The 
logKexf values calculated from Eq. 8 are given in Table 
1. I t is interesting that in each crown ether system the 
largest logKexf value is seen for Pb 2 + . Table 1 shows 
that in the case of 15C5, the l o g Ä ^ sequence of Sr2+ 

and Ba2+ is Sr2+^>Ba2+ and this sequence is determined 
by both the logKuh and the logKex/ sequences, and 
that the largest logKex value for Pb 2 + is largely at t r ib­
uted to the largest logKexr value. In the case of 18C6 
the larger \ogKexr value for Sr2+ entirely contributes to 
the larger and equal extractability of Sr2+ compared to 
Hg 2 + and Ba2+ , respectively. It may be noted from 
Fig. 5 and Table 1 that for the 18C6-all the bivalent 
metal ions and the DB18C6-Ca2+, Sr2+, and Pb2+ 
systems, the logKex sequences largely depend on logÄ'ML-
The most remarkable extraction selectivities of 18C6 and 
DB18C6 for Pb 2 + are due to the high stability and high 
extractability of the Pb 2 + -crown ether complex. 

T h e considerably different logiTex/ values for the 
bivalent metal ions about the same crown ether can be 
seen from Table 1, suggesting that the extractability of 
the bivalent metal ion-crown ether complex is not 
necessarily independent of the chemical nature of the 
bivalent metal ion trapped in the cavity of the crown 
ether. 

Among the crown ethers, the logKexr value series about 
Sr2+ and Pb2+ are in the order 15C5<18C6<DB18C6, 
and about Ca2+ and Ba2+ 18C6<DB18C6 and 15C5< 
18C6, respectively (Table 1). The size sequences of the 
crown ethers are 15C5<18C6<DB18C6 . These results 
indicate that the logiCex/ value of the same bivalent 
metal ion increases with an increase in the size of the 
crown ether. 

T h e distribution coefficient of the crown ether, K^ L, 

in Eq. 8 is also an important factor which determines 
the magnitude of Kex for bivalent metal ions. Table 1 
shows that about the same bivalent metal ion the differ­
ence between the logKMh value of 15C5 and that of 
DB18C6 is not great and the difference in logKjyth 
values of DB18C6 and 15C5 is comparable to that in 
logKexf value of DB18C6 and 15 C5, indicating that the 
logKex values for 15C5 and DB18C6 are nearly identical 
(Fig. 5). About the same bivalent metal ion, the 
logT̂ ML value for 18C6 is larger than the others; the 
logKex/ value of 18C6 is much larger than that of 15C5, 
and moreover the logÄ'ü.L value of 18C6 is smaller than 
that of 15C5; the logKex/ value of 18C6 is very small 
compared with DB18C6, however, the logKj)^ value 
of 18C6 is exceedingly small compared with DB18C6, 
indicating that the logKex value of 18C6 is consistently 
much larger than the others (Fig. 5). 
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The fluorescence of naphthalene and its methyl or methoxy derivatives has been found to be quenched by acetyl 
chloride. The quenching constants, determined by the Stern-Volmer treatment of the emission intensity and 
lifetime have been found to be in good agreement within experimental error. The quenching rate constants 
have been correlated with the energy terms of electron-donating forces in the excited states of these naphthalenes. 
The results suggest that the quenching mechanism involves a charge-transfer stabilized complex, in which the 
excited naphthyl compounds act as donors. Exciplex formation has been supported by oxygen quenching 
experiments. 

The fluorescence quenching of aromatic molecules by 
carbonyl compounds is a current topic of research, a 
special interest of which is that some quenchings occur 
through non-classical energy transfer to a variety of 
acids, aldehydes, or ketones, which are of higher singlet 
excitation energy than those of the fluorescers.1-3) 
Although these quenching systems reveal no exciplex 
emission, studies of the linear-free-energy relationship 
of the quenching efficiency indicate the validity of an 
exciplex, formed from excited aromatic compounds 
(electron donor) and electrophilic carbonyl groups 
(electron acceptor). This has been related to the 
anthracene-benzoyl chloride system, which is an 
example of the Friedel-Crafts-type photoreaction.4) In 
addition to the Hammet t correlation of the quenching 
ability of substituted benzoyl chloride, the complete 
interruption of the photoreaction by oxygen indicated 
that the exciplex is involved in the fluorescence quench­
ing of anthracene and successive photochemical 
processes. 

This paper reports the fluorescence quenching 
behavior of naphthalenes by acetyl chloride, based on 
the Stern-Volmer treatment of the fluorescence intensity 
and lifetime, and on oxygen quenching experiments, 
which are method for demonstrating the presence of a 
non-fluorescent exciplex.6) 

Exper imenta l 

All naphthyl compounds examined were purified by re-
crystallization from benzene or successive vacuum distillation. 
Distilled acetyl chloride was carefully kept from atmospheric 
moisture. Acetonitrile was dried and purified by fractional 
distillation over phosphorus pentoxide. 

The fluorescence spectra measurements were made using 
a Hitachi MPF-2A spectrofluorometer at 21 °G. Samples 
were prepared in 1 cm square quartz cells with a 5 cm-length 
cylindrical neck which could be stoppered. The quencher 
concentrations employed were 0.02—0.4 M and the con­
centration of naphthalenes was 10 -5 M. The excitation wave­
length was 310 nm, where the absorption of the quencher 
was negligible. The emission spectra were generally the same 
both in the absence and presence of quencher and conse­
quently the relative fluorescence intensity was determined by 
measurements of the height of the peak maxima. The ex­
perimental errors were 10%. Unless otherwise reported, the 
oxygen dissolved in the sample solution was purged by flush­
ing with argon prior to measurement. A time of 10 min was 
required for complete elimination of oxygen-induced quench­

ing under the conditions. 
The fluorescence lifetime measurements were conducted 

using an ORTEC SP-3 nanosecond spectrometer at 25 °C, the 
sample preparation being the same as described above. The 
excitation was made by the 313 nm light and with this instru­
ment, the fluorescence lifetime of quinine sulfate (10-5 M) 
has been estimated to be 20 ns (lit,6) 19.2 ns). 

R e s u l t s and D i s c u s s i o n 

In table 1 the results of the Stern-Volmer treatment 
for the fluorescence quenching of naphthalene and its 
methyl and methoxy derivatives by acetyl chloride are 
listed. The values of ̂ Tsv have been estimated from the 
initial slopes of the Stern-Volmer plots, which exhibited 
upward curvature above 0.1 M . T h e quenching rate 
constant, kq, has been calculated by using the fluores­
cence lifetime observed. 

I t appears unlikely that static quenching is important 
since no new absorption band could be detected for 
the mixed solutions of naphthalenes and acetyl chloride. 
This is further supported by the quenching experiments 
of the fluorescence lifetime. T h e formation of a non-
emissive complex prior to photoexcitation would enable 
the quenching to affect the fluorescence intensity, but 
not the fluorescence lifetime. However, this is not the 
case. As is shown in Tab le 1, the values of Ksv derived 
from the lifetime measurements are in good agreement 
with those of the intensity measurements within experi­
mental error. T h e Stern-Volmer plots found here 
indicate the formation of the ground-state complex in 
high quencher concentrations7) and consequently the 
dynamic property may be strictly pertinent to the 
quenching behaviors in low quencher concentrations. 

T h e first excited states of carboxylic acids and 
derivatives are known to be n-n* transitions, which are 
of higher energy than the corresponding transitions of 
aldehydes and ketones.8) The singlet n-yr* transition 
energy of acetyl chloride is 121 kcal/mol (log e 1.7),9> 
which is higher than that of the naphthyl compounds 
« 9 2 kcal/mol). Thus, there is no region of spectral 
overlap between the donor fluorescence and the 
quencher absorption indicating the impossibility of 
triavial or resonance energy transfer. The quenching 
data listed in Table 1 reveals that £q decreases with 
increase in the excitation energy of the fluorescers, and 
so endothermic energy transfer through collisional 
exchanges10) can be excluded. 
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TABLE 1. FLUORESCENCE QUENCHING OF NAPHTHYL COMPOUNDS BY ACETYL CHLORIDE IN ACETONITRILE") 

Donor (eV) 

Lifetime meas. 

(eV) 

Intensity meas. 

(ns) 
(M-*) 

A:qXlO-7 

(M-is-1) (M-*) 
£ q x l 0 - 7 

(M-1 s-1) 

1 Naphthalene 
2 2-Methylnaphthalene 
3 2,3-Dimethylnaphthalene 
4 1-Methylnaphthalene 
5 2,6-Dimethylnaphthalene 
6 1,2-Dimethylnaphthalene 
7 1,5-Dimethylnaphthalene 
8 1,4-Dimethylnaphthalene 
9 Acenaphthene 

10 2-Methoxynaphthalene 
11 1-Methoxynaphthalene 

3.99 
3.89 
3.87 
3.91 
3.83 
3.86 
3.86 
3.86 
3.86 
3.78 
3.87 

8.07 
7.90 
7.85 
7.88 
7.74 
7.74 
7.74 
7.72 
7.66 
8.06d> 
7.85d) 

87 
51 
79 
71 
43 
40 
62 
47 
49 
16 
18 

1.0 
1.2 
2.0 
1.6 
4.6 
4.5 
4.5 
6.0 

22 
7.2 

34 

1.2 
2.4 
2.5 
2.3 

11 
11 
7.3 

13 
45 
45 

189 

1.1 
1.1 
1.6 
1.7 
3.1 
3.8 
3.1 
5.0 

18 
5.0 

28 

1.3 
2.2 
2.0 
2.4 
7.2 
9.5 
5.0 

11 
37 
31 

156 

a) Measured under deoxygenated conditions. b) Determined from the absorption and fluorescence spectra. 
c) Obtained from Ref. 16. d) Calculated17) from the Polarographie potential.18) 

These cosiderations suggest that the fluorescence 
quenching is due to exciplex formation, as in the case of 
the anthracene-benzoyl chloride system.4) I f an ex­
ciplex is formed, in which the excited molecules act as 
the electron donor with the same electron acceptor, 
the values of l n £ q should correlate with the energy 
terms of the electron-donating force, 7P D —^D, 1 1 * 
where IPD and 1ED represent the ionization potential 
and the singlet excitation energy of the donor, respec­
tively. Figure 1 shows the plots of lnkq vs. IPD — 1ED) 

calculated for the naphthalenes examined. T h e linearity 
of the plots is remarkable, except for Compounds 10 and 
11 . T h e electron transfer in the excited state is then 
primarily responsible for the fluorescence quenching. 

Therefore, the quenching results can be accounted 
for by the following equations, 

N —U iN*, (1) 

iN* — \ N + hv', (2) 

iN* - ^ > »N*, (3) 

iN* - ^ > N, (3') 

9h 

S S1 

iN* + A [N-.-A]* 
* d e 

7h 

(9) 
o 

I 

L 

(8pV 
o 
(7) 

i 

(5) 
o 

(4) 

o 
(11) 

^ 

(2) 

1 

I 

j 

1 

So / 

3.8 3.9 4.0 4.1 

ffn-^r 

The Fig. 1. Plots of log £q as a function of IP^—XE^. 
values of kq from the lifetime measurements were used. 
The numbers in parentheses refer to those in Table 1. 

N + A or products, (4) 

where N and A represent the naphthyl compounds and 
acetyl chloride, respectively, [ N - - A ] * represents an 
exciplex, and kQ refers to ^de/C^-e+^de)-

If an exciplex is non-fluorescent and its formation is 
reversible, the oxygen quenching method is convenient 
for demonstrating the presence of the exciplex.5) When 
oxygen is allowed into the sample solutions, both the 
excited monomer and exciplex are appreciably inter­
cepted with a rate which is diffusion-controlled. 

iN* + 0 2 - ^ N + 0 2 , (5) 

[N...A]* + 0 2 — ^ N + A + 0 2 . (6) 

From Eqs. 1—6, the Stern-Volmer equation is derived. 

0 f°/& = 1 + *qmT°[02] + kBpr°[A], 

P = (*de + MOa])/(*_e + ̂ e + MOa]), 
where 0? =kf[(k{-\-k-lsc-\-kic)=kfT°) 0f represents the 
fluorescence quan tum yield in the presence of the 
quencher and oxygen, and p is the fraction of the 
exciplex which does not regenerate an excited monomer. 
The Stern-Volmer relation of the fluorescence lifetime 
is the same as that of the fluorescence intensity. If the 
exciplex formation were irreversible, i.e., £_e<C#de> then 
the product kep approximates to kq. The oxygen-
induced quenching would be strictly competitive with 
quenching by A and the Stern-Volmer slopes as a 
function of [A] would be identical, irrespective of 
oxygen. If the exciplex is reversibly formed, the value 
of p may increase in the presence of oxygen, resulting 
in an increase of slope. As shown in Fig. 2, the fluores­
cence quenching of naphthalene by acetyl chloride is 
apparently enhanced by dissolved oxygen, strongly 
supporting the presence of a reversibly formed exciplex. 
As shown in Table 2, the quenching enhancement 
decreases with increase in the electron-donating ability 
of the excited naphthyl compound and consequently the 
reversibility of exciplex formation becomes less important 
with electron-rich aromatics. 



April, 1979] Fluorescence Quenching by Acetyl Chloride 1033 

Fig. 2. 

0.1 0.2 

[A]/M 

Fluorescence quenching of naphthalene by acetyl 
chloride: lower, deoxygenated; upper, aerated. 

TABLE 2. RESULTS OF THE OXYGEN 

QUENCHING EXPERIMENTS 

Donor (M-*) (M-*) hPlh 

Naphthalene 3.0 3.2 3.0 
2-Methylnaphthalene 2.3 1.8 1.8 
1-Methylnaphthalene 2.0 2.1 1.2 
Acenaphthene — 21 1.1 

a) Determined from lifetime measurements, b) De­
termined from intensity measurements. 

Irradiation of the mixture of naphthalenes and acetyl 
chloride in benzene with 313 nm light produced an 
appreciable loss of the starting materials, indicating that 
the exciplex decays mainly through chemical transfor­
mations analogous to the photoreaction of anthracene 
with benzoyl chloride.4) Attempts to isolate charac-
terizable products by T L C were, however, unsuc­
cessful. The large kq values obtained for methoxy-
naphthalenes are thought due to the increased rates of 
such chemical changes. Preliminary experiments, in 
fact, showed that the initial rate of acetyl chloride loss 
monitored by the i ron(III ) hydroximate method12) was 
larger than that for the methylnaphthalenes, although 
no precise evaluation of the quan tum yield could be 
made because of the appearance of new intense absorp­
tion bands near the excitation wavelength. 

Quenching behavior is of interest in view of structure-
reactivity relationships. In contrast with the quenching 
of the excited aromatic hydrocarbons by aromatic 
ketones or aldehydes,3) systems involving acyl chlorides 
as quencher do not necessarily require the assertion 

that the quencher should have a conjugated system 
capable of frontier orbital overlap with the aromatic 
fluorescer. I t appears certain that in addition to the 
electron-withdrawing properties of the carbonyl group 
of acyl chlorides the chemical reactivity of activated acyl 
C-Cl bonds play an important role in the quenching 
processes. This may recall the concept concerned with 
bimolecular interactions between electron-rich aromatics 
and chlorinated compounds as the quenching center, 
e.g., indole-methyl chloroacetate,13) 1,4-dimethoxyben-
zene-benzyl chloride,14) and methoxynaphthalenes-
chloroacetonitrile systems.15) These studies have 
emphasized that the rate of exciplex decay to chemical 
transformation is dominant in limiting an overall 
quenching rate. T h e C T interaction is of importance, 
however, giving rise to the association of an exciplex. 
T h e quenching mechanism in the present work is 
related to these instances. 

References 

1) N. H. G. Cooke and B. S. Solomon, J. Phys. Chem., 76, 
3563 (1972). 

2) R. W. Ricci and J . M. Nesta, J. Phys. Chem., 80, 974 
(1976). 

3) D. Busch, L. Dahm, B. Siwicke, and R. W. Ricci, 
Tetrahedron Lett., 51, 4489 (1977). 

4) T. Tamaki, Bull. Chem. Soc. Jpn., 51, 1145 (1978). 
5) J . L. Charton, D. E. Townsend, B. D. Watson, P. 

Shannon, J . Kowalewska, and J . Saltiel, J. Am. Chem. Soc, 
99,5992 (1977). 

6) L. B. Berlman, "Handbook of Fluorescence Spectra of 
Aromatic Molecules," Academic Press, New York, N. Y. 
(1971). 

7) C. Lewis and W. R. Ware, Mol. Photochem.9 5, 261 
(1973). 

8) J. D. Coyle, Chem. Revs., 78, 97 (1978). 
9) H. Baba, Nippon Kagaku Zasshi, 72, 341 (1951). 

10) F. D. Lewis and J . C. Dalton, J. Am. Chem. Soc, 91, 
5260 (1969). 

11) a) T. R. Evans, J. Am. Chem. Soc, 93, 2081 (1971); 
b) G. N. Taylor, Chem. Phys. Lett., 10, 355 (1971). 

12) R. F. Goddu, N. F. LeBlanc, and C. M. Wright, Anal. 
Chem., 27, 1251 (1955). 

13) M. T. McCall, G. S. Hammond, O. Yonemitsu, and 
B. Witkop, J. Am. Chem. Soc, 92, 6991 (1970). 

14) F. A. Carroll, M. T. McCall, and G. S. Hammond, 
J. Am. Chem. Soc, 95, 315 (1973). 

15) F. H. Quina, Z. Hamlet, and F. A. Carroll, J. Am. 
Chem. Soc, 99, 2240 (1977). 

16) J . B. Birks, "Photophysics of Aromatic Molecules," 
Wiley-Interscience, London (1970), p. 458. 

17) E. S. Pysh and N. C. Yang, J. Am. Chem. Soc, 85, 
2124 (1963). 

18) A. Zweig, A. H. Maurer, and B. G. Roberts, J. Org. 
Chem., 32, 1322 (1967). 



1034 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (4 ) , 1034 1040 (1979) [ V o l . 52 , N o . 4 

Conditions of the Formation of Rare Earth Phosphates and 
the Colors of Their Powders 

Mitsutomo TSUHAKO,* Sayuri IKEUCHI, Tsuneo MATSUO, 

I taru MOTOOKA,** and Masamitsu KOBAYASHI** 

Kobe Women's College of Pharmacy, Motqyama, Higashinada-ku, Kobe 658 
**Department of Chemistry, Faculty of General Education, Kobe University, Tsurukabuto, Nada-ku, Kobe 657 

(Received July 3, 1978) 

Rare earth oxides, such as La203 , Pr 6 O n , Nd2Os, and Sm203 , can react with phosphoric acid to give four 
kinds of rare earth phosphates (orthophosphates LnPO4-0.5H2O and LnP0 4 , caterca-polyphosphates Ln(P03)3 

and ultraphosphates LnP5014), while in the reaction of CeOa with phosphoric acid there are formed five kinds of 
phosphates (orthophosphate CeP04 , pyrophosphate CeP207, two types of catena-polyphosphate Ce(P03)3 and 
Ce(P03)4, and ultraphosphate CeP5014). The formation of these products in the Ce0 2 -H 3 P0 4 system are 
notably different from these in other systems, showing that cerium(III) phosphates as well as cerium(IV) phosphates 
can exist stably. It can be seen from the X-ray diffraction patterns that each corresponding phosphate (ortho, 
cate«fl-poly, and ultraphosphates) of lanthanum, cerium(III), praseodymium, neodymium, and samarium is isomor-
phous. This may be caused by the facts that the valencies of all these metals are + 3 and that their ionic radii 
are almost equal to one another (La(III) 1.06 Â—Sm(III) 0.96 Â). The conditions of the formation of each 
phosphate were investigated, and the colors of the crystals, the densities, and the infrared absorption spectra of 
various rare earth phosphates were also examined. 

The chemistry of rare earth phosphates has developed 
rapidly in the last few years. Such rapid development 
may be at tr ibuted, first of all, to the use of neodymium 
ultraphosphate as a laser material .1 - 4) Also, it may be 
attributed to the following circumstances. As for 
ultraphosphates, the existence of sodium5 '6) and calcium 
ultraphosphates7 '8) has been hitherto known, but they 
are unstable structures. However, stable rare earth 
ultraphosphates were reported by Jaulmes9) in 1969 
and by Bagieu-Beucher and Tranqui1 0) in 1970, 
and their crystallographical interest has occasioned 
active studies of ultraphosphates.11 '12) Thus, the crystal 
structures of several rare earth ultraphosphates have 
been elucidated.13) However, there have as yet been few 
systematic studies of rare earth phosphates, various 
problems regarding their chemical formulae, chemical 
names, species, methods of preparation, and physical 
properties remain unsolved. For instance ultraphosphate 
[P 5 Ö 1 4

3 - ] is often called pentaphosphate,14-15) but this 
name is unreasonable, for it invites confusion with non-
branched chain pentaphosphate [ P 5 0 1 6

7 - ] . In phos­
phate chemistry, the term "ul t raphosphate" is often 
used as a popular name of phosphates with a net-work 
structure; therefore, in the present paper [ P 5 0 1 4

3 - ] is 
designated "ul t raphosphate ." According to their 
definition, ultraphosphates, obviously differing from 
non-branched chain pentaphosphate, are phosphates 
with P / L n > 3 , where Ln = a trivalent rare earth metal, 
and have some branched P in their structures to form 
net-work structures.5,7 '16 '17) O n the other hand, the 
term "pentaphosphate" usually indicates non-branched 
chain phosphate [P 5 0 1 6

7 - ] and not branched phosphate 
[ P 5 0 1 4

3 - ] . For neodymium cafewa-polyphosphate the 
chemical formula " N d P 3 0 9 " is often used,11) but this 
formula properly indicates neodymium cyclo-triphos-
phate. Neodymium cafe««-polyphosphate is a long-chain 
polymer and should be indicated as [Nd(P0 3 ) 3 ] M . 
However, because it is usually indicated as N d ( P 0 3 ) 3 , 
in the present study also N d ( P 0 3 ) 3 will be used. How­
ever, it must be noted that NdP 3 O g and N d ( P 0 3 ) 3 

obviously indicate several different compounds. Such 
being the case, there remain many obscurities regarding 
rare earth phosphates; moreover, no systematic studies 
of their preparat ion have been made at all. Further, 
it is considered that the establishment of preparation 
methods for various rare earth phosphates may con­
tribute greatly to the development of the chemistry of 
rare earth phosphates. Thus, the present authors have 
investigated in detail the conditions of the formation of 
orthophosphates, pyrophosphate, catena-polyphosphates 
and ultraphosphates by the reactions of rare earth oxides 
with phosphoric acid; they have thus established the 
conditions of the formation of these phosphates. 

Exper imenta l 

Preparation of Rare Earth Phosphates. In a gold or por­
celain crucible, 99.9% portions of rare earth oxides (La2Oa, 
Ce02 , P r 6 0 l l 3 and Sm203 made by Shin-etsu Kagaku Co., 
Ltd.) was mixed with 85% orthophosphoric acid of a special 
grade in an atomic ratio P/Ln (R)~l—40, where Ln=La, 
Ce, Pr, and Sm; each mixture was dehydrated by heating 
with a weak flame. Each mixture gradually became viscous 
and gave a transparent liquid. However, in the region of 
/?= 1—3, an exothermic reaction occurred only by mixing 
each oxide with phosphoric acid, and the mixture solidified. 
Lanthanum oxide La 2 0 3 reacted especially actively, while 
CeOa was inactive. Transparent liquids and matter obtained 
by the manner described above were heated in an electric 
furnace at 300—800 °C for 20 h to obtain rare earth phos­
phates (this is designated the thermal synthetic method). The 
color of each product obtained varied according to its metal­
lic ion, its atomic ratio, its heating temperature, and its 
particle size. Rare earth phosphates prepared by the above 
method were generally hard, especially those prepared at 
high temperatures above 500 °C with R=\—5. Thus, these 
products were roughly crushed in a mortar, pulverized for 
about 30 min with a grinder, washed with distilled water, 
dried in a desiccator on silica gel, and then used for the fol­
lowing experiments. 

Apparatus and Methods. X-Ray Analysis: X-Ray ana­
lysis was carried out with a Rigaku Denki Geigerflex X-ray 
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diffractometer, using Ni-filtered Cu Ka radiation. The fol­
lowing conditions were used for the X-ray analysis: voltage 
40 kV; current, 7 mA; counter range, lOOOc.p.s; time con­
stant, 1 s, and scanning speed 1, 0.25, and 0.125°/min. The 
amounts of rare earth orthophosphate LnPO4-0.5H2O and 
LnP04 , cafena-polyphosphate Ln(P03)3 , ultraphosphate Ln-
PöOi4> cerium(IV) pyrophosphate CeP207 and catena-poly-
phosphate Ce(IV)(P03)1 formed by the thermal synthetic 
method were determined from the integrated intensities of 
their characteristic X-ray diffraction peaks; i.e., LnPO4«0.5-
H 2 0 was determined by the peak at d=4A6 Â; LnP0 4 , by 
that at 3.31 Â; Ln(P03)3, by that at 3.43 Â; LnP5014 , by 
that at 3.72 A; CeP207, by that at 4.33 Â, and Ce(P03)4, 
by that at 4.04 Â. 

Colorimetry. Colorimetry was carried out by the use 
of a color-difference meter (ND-lOl type) made by the Nip­
pon Denshoku Kogyo Co., Ltd. By using a halogen lamp 
as the light source, diffuse reflection light was collected with 
an integrating sphere and detected. In these experiments, 
the thickness of the sample layer in the measuring cell was 
always maintained above 10 mm, so that the reflectivity was 
not affected by the thickness of the layer. Also, the deviation 
of the reflectivity caused by the state of the sample layer was 
negligibly small. All experiments were carried out for samples 
with a particle size of 250—300 mesh. 

Infrared Absorption Spectroscopy: A Hitachi EPI-S2 spectro­
photometer was used for the infrared absorption spectroscopy, 
the spectra being taken by means of a KBr tablet or on Nujol 
mulls. 

The densities of various rare earth phosphates were meas­
ured by means of a Beckmann air-comparison pycnometer. 

R e s u l t s a n d D i s c u s s i o n 

Formation of Various Rare Earth Phosphates. In the 
L a 2 0 3 , P r 6 O n , and S m 2 0 3 - H 3 P 0 4 systems four kinds 
of phosphates were formed; two kinds of orthophosphate 
L n P O 4 0 . 5 H 2 O (hexagonal) and L n P 0 4 (monoclinic), 
cöte/za-polyphosphate L n ( P 0 3 ) 3 , and ultraphosphate 
LnP 5 0 1 4 , while in the C e 0 2 - H 3 P 0 4 system, differing 
notably from the above systems, five kinds of phosphates 
—orthophosphate C e P 0 4 , pyrophosphate C e P 2 0 7 , two 
types of cafewa-polyphosphate C e ( I I I ) ( P 0 3 ) 3 , and Ce-

Lx 

La(P0,)3 

30 35 25 

Degree 20(°) 

Fig. I. X-Ray diffraction patterns of Ln(P03)3 . X-Ray 

used: CUjKa(40kV, 7mA). 

(IV) ( P 0 3 ) 4 , and ultraphosphate CeP 5 0 1 4 —were formed. 
T h e difference in the products of the C e 0 2 system and 
those of the other systems may be caused by the fact that 
cerium can give stable phosphates of both Ce(I I I ) and 
Ce( IV) . On the contrary, lan thanum, praseodymium, 
neodymium, and samarium give only stable phosphates 
of L a ( I I I ) , P r ( I I I ) , N d ( I I I ) , and S m ( I I I ) , while no 
phosphates of Pr( IV) and Sm(II) were formed at all. 
Figure l shows some X-ray diffraction patterns of catena-
polyphosphates. In this figure, the results for catena-
polyphosphates of La, Pr, and Sm are shown as examples. 
However, for caterca-polyphosphates of other metals 
(Ce(III ) and Nd) , X-ray diffraction patterns quite 
similar to those shown in Fig. I were also obtained. As 
can be seen from this figure, it is obvious that the series 
of ttzferca-polyphosphates of all these rare earth metals 
are isomorphous, though slight deviations of diffraction 
peaks caused by the difference in the ionic radii of 
metals can be observed. Tha t is, the X-ray diffraction 
peaks shifted toward smaller angles (larger äf-values) 
with the increase in the ionic radi i of rare earth metals. 
I t was also proved that crystals of LnPO 4 -0 .5H 2 O and 
L n P 0 4 as well as crystals of L n P 5 0 1 4 were isomorphous. 

Relationship between Atomic Ratio PjLn (R) and the Yields 
of Products. The reaction products of rare earth 
oxides with phosphoric acid seem to vary notably with 
the mixing ratio of the two components. The amounts 
of samarium ortho, catena-po\y and ultraphosphates 
prepared in the S m 2 0 3 - H 3 P 0 4 system at 700 °C for 
20 h were determined from the integrated intensities of 
their characteristic X-ray diffraction peaks; the results 
are shown as a function of the mixing rate i ? = P / S m in 

20 1 2 3 A 
Atomic ratio (P/Sm) 

Fig. 2. Relationship between the yields of samarium 
phosphates and atomic ratio at 700 °C. 

Fig. 2. As can be seen, at 700 °C three kinds of phos­
phates, S m P 0 4 , Sm(P03)3 , and S m P 5 0 1 4 , were formed. 
Orthophosphate S m P 0 4 was formed in the R=\—2 
range, while with i?-values above 3 its formation was not 
observed at all. cafewa-Polyphosphate S m ( P 0 3 ) 3 was 
formed in the range of R = 2—8, in especially good yields 
in the R = 3 range. This may be caused by the fact that 
P / S m = 3 just corresponds to the meta-composition. O n 
the other hand, ultraphosphate began to form with R=4, 
and with R values above 10 was obtained in a pure 
form. Further, SmPO 4 -0 .5H 2 O was formed with R= 
1—2 at relatively low temperatures below 500 °C, while 
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4 5 10 20 
Atomic ratio (P/Ce) 

Fig. 3. Relationship between atomic ratio (P/Ce) and 
the yields of cerium phosphates at 800 °G. —A—• 
GeP04 , — O — : GeP207, — Q ~ ; Ce(P03)3, — A — : 
Ge(P03)4, > - : GeP5014. 

at temperatures above 600 °C its formation could not 
be observed at all. In the L a 2 0 3 , N d 2 0 3 , and P r 6 O n -
H 3 P 0 4 systems, almost the same tendency as that in 
the S m 2 0 3 - H 3 P 0 4 system was observed. O n the other 
hand, in the C e 0 2 - H 3 P 0 4 system a tendency markedly 
different from that in other systems was found, as is 
shown in Fig. 3, in which results obtained by heating a 
mixture of C e 0 2 and H 3 P 0 4 at 800 °C for 20 h are 
shown. Orthophosphate C e P 0 4 was formed in the R= 
1—2 range, C e P 2 0 7 , in the £ = 1 — 4 range, Ce (P0 3 ) 3 , 
in the £ = 1 — 4 range, and C e ( P 0 3 ) 4 , in the R=2—4 
range. Thus , in the range of R=l—4 all these com­
pounds were formed as mixtures, and it was impossible 
to obtain any of them in a pure form. O n the other 
hand, CeP 5 0 1 4 , which was formed beginning at R=4, 
could be obtained purely at R above 5. Further, the 
present authors investigated the formation of cerium 
phosphates in the range of £ = 5 0 — 2 0 0 and at high 
temperatures (above 600 °C) ; only ultraphosphate was 
found to be obtained in all experiments. Also, no 
formation of CePO 4 -0 .5H 2 O could be observed at all 
in the C e 0 2 - H 3 P 0 4 system. 

Relationship between Heating Temperature and Products. 
The relation between the amounts of products and the 

heating temperature in the C e 0 2 - H 3 P 0 4 system with 
£ = 4 is shown in Fig. 4. As can be seen, cerium phos­
phates formed with £ = 4 were of four kinds: C e P 2 0 7 , 
Ce (P0 3 ) 4 , C e ( P 0 3 ) 3 , and C e P 5 0 1 4 , and the formation 
of these compounds was strongly affected by the heating 

300 400 700 800 500 600 

Temp (°G) 

Fig. 4. Relationship between heating temperature and 
the yields of cerium phosphates in P/Ce=4. — O — : 

GeP207, - • - : Ce(P03)3, —A—: Ge(P03)4, - # - : 

temperature. Pyrophosphate C e P 2 0 7 was formed above 
600 °C, but its yield was very small compared with 
those of the other products. This may be caused by the 
fact that the amount of phosphoric acid corresponding 
to £ = 4 is too much for the preparation of pyrophos­
phate, but lies in the ultra-component region, catena-
Polyphosphate C e ( P 0 3 ) 4 was formed in a wide tempera­
ture range (250—800 °C) ; especially, it could be 
obtained purely at 400—500 °C. At 600—700 °C, 
cerium catewtf-polyphosphate was contaminated with 
pyrophosphate. Further, at temperatures above 800 °C, 
the yield of C e ( P 0 3 ) 4 decreased rapidly, and corre­
sponding to its decrease, the formation of C e ( P 0 3 ) 3 

and C e P 5 0 1 4 was predominant . This phenomenon may 
be at tr ibuted to the transformation of Ge(IV) into 
Ce (III) through the decomposition of Ce(P0 3 ) 4 , 
accompanied with oxygen evolution. Further studies 
of the decomposition mechanism and of the effects of 
the heating temperature and the heating atmosphere 
are now in progress. The relation between the heating 
temperature and the product in the R range from 1 to 50 
is summarized in Fig. 5, in which the amount of each 
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Fig. 5. Relationship of the species of cerium phosphates 

to heating temperature and atomic ratio. A • CeP04 , 
O : CeP207, • : Ge(P03)3, A : Ce(P03)4, # : CeP5014. 

cerium phosphate obtained is wholly omitted. Cerium 
orthophosphate C e P 0 4 was formed with R=\ above 
500 °C, while with £ = 2 , it was formed at 800 °C. 
Pyrophosphate C e P 2 0 7 was formed in the range R= 
1—3, regardless of the heating temperature, while with 
£ = 4 , it was formed only at high temperatures (above 
600 °C). O n the other hand, the region of the formation 
of C e ( P 0 3 ) 4 was wide as compared with those of the 
other cerium phosphates. I t was proved that C e ( P 0 3 ) 4 

could be obtained in a pure form, especially at low 
temperatures below 500 °C with a large £ , that is, in a 
much phosphoric acid region. However, with £-values 
of more than 20, because of the excess phosphoric acid 
a fairly long t ime (2—5 weeks) was necessary to form 
C e ( P 0 3 ) 4 crystals; accordingly, the yield was decreased. 
I t was also proved that C e ( P 0 3 ) 3 was formed in the 
R range of 1—4 at high temperatures (above 800 °C) 
in the C e 0 2 - H 3 P 0 4 system; there existed no regions 
in which C e ( P 0 3 ) 3 could be purely synthesized. Also, 
the formation of this compound could not be observed 
at all below 700 °C. O n the other hand, CeP 5 0 1 4 was 
formed above 600 °C and £ ^ 5 , in an especially large 
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amount at 700—800 °C with R above 20. As has been 
reported previously, in the N d 2 0 3 - H 3 P 0 4 system18) the 
temperature of the formation of N d P 5 0 1 4 shifted toward 
the lower-temperature side with an increase in the 
P/Nd atomic ratio, that is, with an increase in the 
amount of phosphoric acid. For instance, with P/Nd = 
4—5, the lower-temperature limit of N d P 5 0 1 4 formation 
was 500 °C, while with P/Nd above 10, the temperature 
of the formation has lowered to 400 °C. T h e tempera­
ture of the formation of C e P 5 0 1 4 in the C e 0 2 - H 3 P 0 4 

system was quite high (above 600 °C), and no shift 
toward the lower-temperature side with an increase of 
R could be observed. This may be caused by the fact 
that only Ce(PO a ) 4 can exist stably at temperatures 

below 600 °C. I t was also found that products in the 
C e 0 2 - H 3 P 0 4 system was notably different from those 
in the L a 2 0 3 , P r 6 O n , N d 2 0 3 , and S m 2 0 3 - H 3 P 0 4 

systems. This difference may be explained as follows. 
In the C e 0 2 - H 3 P 0 4 system, both trivalent and 
quadrivalent cerium phosphates, that is, cer ium(II I ) 
ortho, catena-poly, and ultraphosphates, as well as 
cerium (IV) pyro and catena-poly phosphates, can exist 
stably. O n the other hand, all the phosphates of La, 
Pr, Nd, and Sm obtained in the present study were 
trivalent rare earth metal phosphates. The crystal 
structures (X-ray diffraction patterns and infrared 
absorption spectra) and properties (thermal change) of 
Ce (III) ortho, catena-poly, and ultraphosphates were 

TABLE 1. PREPARATION OF RARE EARTH PHOSPHATES AT 300, 500, AND 700 °C 

Ln 

La i 

Ce : 

Pr > 

Nd ' 

Sm 

Temp 

°C 

'300 

500 

700 

'300 

500 

700 

'300 

500 

700 

300 

500 

v700 

300 

500 

700 

1 

LaPO4.0.5H2O(m) 

+ 
LaP04(w) 

LaP04(m) 

LaP04(m) 

CeP207(m) 

CeP04(vw) 
+ 

CeP207(m) 
CeP04(w) 

+ CeP207(m) 
PrPO4.0.5H2O(w) 

+ 
PrP04(w) 

PrP04(m) 

PrP04(m) 

NdPO4-0.5H2O(m) 

NdP04(m) 

NdP04(m) 

SmPO4.0.5H2O(m) 

SmPO4-0.5H2O(w) 
+ 

SmP04(m) 

SmP04(m) 

2 

LaP04(m) 

+ 
La(P03)3(w) 
LaP04(m) 

+ 
La(P03)3(m) 
LaP04(m) 

+ 
La(P03)3(m) 

CeP207(vs) 

CeP207(vs) 
+ 

Ce(P03)4(w) 
CeP207(vs) 

+ Ce(P03)4(w) 
PrP04(m) 

+ 
Pr(P03)3(w) 
PrP04(m) 

Pr(P03)3(w) 
PrP04(m) 

Pr(P03)3(m) 
NdP04(m) 

+ 
Nd(P03)3(vw) 
NdP04(w) 

+ 
Nd(P03)3(m) 
NdP04(m) 

+ 
Nd(P03)3(m) 
SmPO4.0.5H2O(m) 

+ 
SmP04(w) 
SmPO4.0.5H2O(w) 

+ 
SmP04(m) 

+ 
Sm(P03)3(m) 
SmP04(m) 

+ 
Sm(P03)3(m) 

P/Ln 

3 

LaP04(w) 

+ 
La(P03)3(s) 

La(P03)3(vs) 

La(P03)3(vs) 

CeP207(m) 
+ 

Ce(P03)4(w) 
CeP207(s) 

Ce(P03)4(m) 
CeP207(m) 

+ Ce(P03)4(m) 

Pr(P03)3(s) 

Pr(P03)3(s) 

Pr(P03)3(s) 

NdP04(m) 
+ 

Nd(P03)3(w) 

Nd(P03)3(s) 

Nd(P03)3(vs) 

SmP04(m) 

Sm(P03)3(s) 

Sm(P03)3(s) 

4 

LaP04(w) 

+ 
La(P03)3(s) 
La(P03)3(s) 

+ 
LaP5014(s) 
La(P03)3(s) 

+ 
LaP5Ou(s) 

Ce(P03)4(m) 

Ce(P03)4(vs) 

CeP207(vw) 

+ Ce(P03)4(vs) 

Pr(POa)3(s) 

Pr(P03)3(s) 
+ 

PrP5014(m) 
Pr(POa)3(s) 

+ 
PrP5014(m) 
NdP04(m) 

i 

Nd(P08)a(m) 
Nd(P03)3(s) 

+ 
NdP5014(m) 
Nd(P03)3(s) 

+ 
NdP5014(m) 
SmP04(m) 

+ 
Sm(P03)3(m) 

Sm(P03)3(m) 
+ 

SmP5014(w) 

Sm(P03)3(s) 
+ 

SmP5014(m) 

20 

La(P03)3(s) 

LaP5014(vs) 

LaP5014(vs) 

Ce(P03)4(s) 

Ce(P03)4(vs) 

CeP5014(vs) 

Pr(P03)3(vs) 

PrP5014(vs) 

PrP5014(vs) 

Nd(P03)3(s) 

NdP5014(vs) 

NdP5014(vs) 

Sm(P03)3(s) 

SmP5014(vs) 

SmP6014(vs) 

40 

La(P03)3(s) 

LaP5014(vs) 

LaP5014(vs) 

Ce(P03)4(s) 

Ce(P03)4(vs) 

CeP5014(vs) 

Pr(P03)3(vs) 

PrP5014(vs) 

PrP5014(vs) 

Nd(P03)3(vs) 

NdP5014(vs) 

NdP5Ou(vs) 

Sm(P03)3(s) 

SmP6014(vs) 

SmP5014(vs) 

X-Ray diffraction intensity: vs: very strong; s: strong; m: medium; w: weak; vw: very weak. 
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TABLE 2. PREPARATION OF CRYSTALLINE RARE EARTH PHOSPHATES 

LnP0 4 . 
0.5H2O LnP0 4 LnP207 ^ 3 g 9 ^^çf1^3 Ln(P03)3 Ln(P03)4 LnP5014 

La(III) (1.061 A) 
Ge(III) (1.034 A) 
Ce(IV) (0.92 A) 
Pr(III) (1.013 A) 
Nd(III) (0.995 A) 
Sm(III) (0.964A) 

I, II 
II 
— 
I, II 
I, II 
I, II 

I 
I 

I 
I 
I 

II 
II 

II 
II 
II 

II 
II 

II 
II 
II 

I 
I 

I 
I 
I 

I : Thermal synthetic method, I I : aqueous solution reaction method, —: these phosphates can not be 
prepared by the methods of I and II. 

similar to those of the corresponding phosphates of La, 
Pr, Nd, and Sm. In the lanthanum, cerium, praseody­
mium, neodymium, and samarium systems, experimental 
results on the preparat ion of the various rare earth 
phosphates described above are summarized in Table 1. 

Results of studies of the formation of various crystal­
line phosphates prepared by the reactions of L a 2 0 3 , 
C e 0 2 , P r 6 O n , N d 2 0 3 , or S m 2 0 3 with phosphoric acid 
(the thermal synthetic method) , as well as those prepared 
by the reactions of aqueous solutions of LaCl3 , CeCl3 , 
Ce (S0 4 ) 2 , PrCl3 , NdCl3 , or SmCl 3 with orthophos-
phoric acid or aqueous solutions of various sodium 
phosphates (this is designated as the aqueous solution 
reaction method) are summarized in Table 2. The 
compounds formed by the thermal synthetic method 
were LnPO 4 -0 .5H 2 O, L n P 0 4 , L n ( P 0 3 ) 3 , and L n P 5 0 1 4 

in the lan thanum, praseodymium, neodymium, and 
samarium systems, and C e P 0 4 , C e P 2 0 7 , Ce (P0 3 ) 3 , 
Ce (P0 3 ) 4 , and C e P 5 0 1 4 in the cerium system. O n the 
other hand, the crystalline compounds formed by the 
aqueous solution reaction method were LnPO 4 -0 .5H 2 O, 
L n P 3 0 9 # H 2 0 , and L n 4 ( P 4 0 1 2 ) 3 - # H 2 0 . 

As L a ( I I I ) , Ce( I I I ) , P r ( I I I ) , N d ( I I I ) , and Sm(I I I ) 
are almost equal in their ionic radii, they give isomorphic 
crystals of ortho, cyclo-tri, cyclo-tetra, catena-poly, and 
ultraphosphates. O n the contrary, as crystalline 
phosphates of Ce(IV) only CeP207

19> and Ce(PO3)4
20> 

are known at present. 
Colors of Rare Earth Phosphate Powders. Generally, 

the colors of rare earth phosphates prepared by the 
thermal synthetic method vary considerably depending 
on their preparat ion conditions (for example, the 
mixing rate of metallic oxides and phosphoric acid, or 
the heating temperature) and also on the sizes of their 
crystalline particles. However, the particle sizes were 
kept constant (250—300 mesh) in the present study, 
so the colors of the phosphates may depend strongly 
on the species of the products. In the lanthanum 
system, white crystals were obtained regardless of the 
atomic rat io and the heating temperature. In the cerium 
system, a light yellow cerium phosphate was obtained 
at low temperatures (below 500 °C), while above 500 °C 
with R^\0 a white cerium phosphate was formed. In 
the neodymium system also, the colors of the crystals 
formed varied in the range from light blue to pink, 
according to the atomic ratio. In the praseodymium 
system, dark grey crystals were obtained with a small 
R, while with an increase in R, i.e., with an increase in 
the amount of phosphoric acid, more yellowish green 
crystals were formed. In the samarium system, light 
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Fig. 6a. Changes of chromaticity coordinates (a and b) 
of cerium, praseodymium, and neodymium phosphates. 
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Fig. 6b. Relationship between atomic ratio and the 
lightness(Z) of cerium, praseodymium, and neodymium 
phosphates. 

yellow crystals were formed regardless of the atomic 
ratio and the heating temperature. The color changes 
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of these rare earth phosphates will henceforth be 
expressed with the Lab system,21'22) which is frequently 
used in colorimetry. The Lab system has perceptively 
almost uniform paces, and each color is expressed as a 
point in a three-dimensional color space. In the Lab 
system, L shows lightness and a, b show chromaticity 
coordinates, while a hue is expressed with 0 = t a n - 1 b/a, 
and saturation, with \/a2-\-b2. The Lab patterns of the 
phosphates obtained in the cerium, praseodymium, and 
neodymium systems are plotted against the atomic ratio 
in Figs. 6-a, b . The phosphates shown in Fig. 6 were 
prepared by heating at 700 °C for 20 h. In the cerium 
system, the product obtained at R = 0—3 is light yellow, 
but with the increase in R it gradually becomes whitish. 
This is also supported by the results of colorimetry. It is 
found that the starting material (CeOa) is light yellow, 
and with the increase in R (in other words, with the 
increase in the yields of C e P 2 0 7 , Ce(P0 3) 4 , and CeP 5 0 1 4 ) , 
cerium phosphate approaches the hue of grey white, 
that is, to an achromatic color (saturation \/a2-\-b2 = 0). 
However, the lightness, L, depends little on the atomic 
ratio, R. 

In the praseodymium system, the color change is the 
reverse of that in the cerium system. Tha t is, in the 
praseodymium system the color of the crystals changes 
from black (an achromatic color) to yellowish green. 
With R between 1 and 2, a and b change remarkably, 
while when R reaches 2, the product begins to turn 
yellowish green. This result corresponds to the increase 
in the yield of P r ( P 0 3 ) 3 , as is shown by the results of 
X-ray analysis. As the saturation increases with the 
increase in R, that is, with the successive formation of 
P rP0 4 -+Pr (P0 3 ) 3 ->PrP 5 0 1 4 , it is understandable that 
the product gains a brilliant hue. However, as 0 = 
t a n - 1 b/a is constant, no change in the hue of the 
product can be observed at all. O n the other hand, as 
the lightness L varies rapidly in the R range of 0—2, the 
product obviously turns from black to white. 

In the neodymium system, it is clearly observed that, 
with the increase in R, the color of the neodymium 
phosphates changes from blue through violet to pink; 
the results of colorimetry also show the existence of 
three different types of color changes. I t is proved that 
the color of particles changes from blue to violet in the 
R=0—1 range, while in the R = 3—4 range the product 
becomes more purple. However, in the R range from 3 
to 4, as the saturation decreases it is apparent that the 
product approaches an achromatic color. Further, as 
the straight line on the a—b plane corresponding to 
R=\0—40 shifts from that corresponding to R = 3—4 
toward the a-axis, the color of the product obviously 
changes from purple to red. While L is almost inde­
pendent of R, the hues of the products with R=0—1, 
3—4, and 10—40 are quite different from one another. 
This phenomenon suggests that, in the neodymium 
system, because of the wide variation in the color tones 
of the products from blue to red, the color of the particles 
is strongly affected by the species of neodymium phos­
phates formed; consequently, three different types of 
color changes are observed, as is shown in the figure. 

Densities of Various Rare Earth Phosphates. The 
densities of the orthophosphates L n P 0 4 , catena-polyphos-

TABLE 3. DENSITIES OF RARE EARTH PHOSPHATES 

EI <> PT Nd Sm" 
L n P O f 5.18 5.30a> 5^45 5~53 5~92 

4 I 5.0923> 5.2323> 5.3423> 5.5023> 5.8224> 
Ln(P03)3 3.46 3.57a> 3.68 3.63 3.90 
Ce(P03)4 3.28 
LnP501 4 3.29 3.43 3.35 3.36 3.45 

a) Cerium orthophosphate, CeP04 , and catena-polyphos-
phate, Ce(P03)4, were prepared by the reaction of 
CeCl3 with H 3P0 4 . 

phates L n ( P 0 3 ) 3 , and ultraphosphates L n P 5 0 1 4 of 
L a ( I I I ) , Ce ( I I I ) , P r ( I I I ) , N d ( I I I ) , and Sm( I I I ) , as 
well as of cer ium(IV) catena-poly phosphate Ce (P0 3 ) 4 , 
prepared by the thermal synthetic method are given in 
Table 3. The densities of rare earth orthophosphates, 
reported in detail by Mooney23* and Weigel et al.,2i) 
are also given in the table for reference. For each metal, 
the density decreases in this order: LnP04—>\Ln(P03)3—» 
L n P 5 0 1 4 , showing that the P/Ln atomic ratio increases 
in the same order; the metallic ion content in unit cell 
of each crystal decreases accordingly. 

T—i—i—i—|—i—i—i—i—r 

I » i i i I i—i—i—i—I—I 
1500 1000 500 

Wave number (cm-1) 

Fig. 7. IRSofLn(P0 3 ) 3 andCe(P0 3 ) 4 . 

Infrared Absorption Spectra (1RS). Figure 7 shows 
the 1RS of L a ( P 0 3 ) 3 , Ce(PO a ) 3 (prepared by the 
reaction of CeCl3 with H 3 P 0 4 ) , N d ( P 0 3 ) 3 , and Ce-
( P 0 3 ) 4 , while Fig. 8 shows those of L a P 5 0 1 4 , CeP 5 0 1 4 , 
and N d P 5 0 1 4 . As can be seen from Figs. 7 and 8, the 
1RS of each phosphate is quite similar to those of the 
others; this fact strongly supports the above-presented 
conclusion of the X-ray diffraction study that each 
series of phosphates is crystal'lographically isomorphous. 
In the spectra of L n ( P 0 3 ) 3 , the absorption peaks at 
1265—1300 c m - 1 must be assigned to P = 0 ; those at 
1100—1200, 1000, and about 600 cm- 1 to P 0 3 , and 
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Fig. 8. IRSofLnP 5 0 1 4 . 

those at 970 and about 830—750 cm"1 , to the P - O - P 
linkage. Further, the absorption spectrum of C e ( P 0 3 ) 4 

differs entirely from that of C e ( P 0 3 ) 3 , suggesting that 
the two compounds differ in bonding states from each 
other. However, for ultraphosphates the assignment 
of each absorption is not yet clear. 

Conclus ion 

The experimental results can be summarized as 
follows : 

1) In the L a 2 0 3 , P r 6 O n , and S m 2 0 3 - H 3 P 0 4 systems, 
orthophosphate, catena-polyphosphate, and ultraphos­
phate are obtained. 

2) In the C e 0 2 - H 3 P 0 4 system, trivalent and 
quadrivalent cerium phosphates, i.e., cer ium(III) ortho, 
catena-poly, and ultraphosphates, as well as cerium (IV) 
pyro and catena-polyphosphates can be prepared. The 
main products in this system are C e P 2 0 7 , C e ( P 0 3 ) 4 , and 
CeP 5 0 1 4 . 

3) The crystal of each corresponding phosphate 
(ortho, catena-poly, and ultraphosphates) of La, Ce ( I I I ) , 
Pr, Nd, and Sm is isomorphous. 

4) In the lan thanum, praseodymium, and samarium 
systems, L n P O 4 0 . 5 H 2 O is readily formed at 300 °C 
with an atomic ratio of R=l, while L n P 0 4 is formed at 
high temperatures (above 600 °G) with R=l. catena-
Polyphosphate L n ( P 0 3 ) 3 can be prepared above 500 °C 
with £ = 3 or by heating at 300 °C for 2—7 d with 
i ?>10 . Ultraphosphate L n P 5 0 1 4 is obtained by heat ing 
at temperatures above 500 °C with i ?>10 . 

5) Cerium pyrophosphate C e P 2 0 7 is formed with 

R=l—3, regardless of the heating temperature, while 
C e ( P 0 3 ) 4 is easily obtained at low temperatures (below 
500 °C) over a larger R region. Ultraphosphate CeP 5 0 1 4 

can be synthesized purely at 700—800 °C with R^20. 
6) Lan thanum phosphates are white, while cerium-

(IV) and cerium (III) phosphates are yellow and white 
respectively. Praseodymium phosphates are green, 
neodymium phosphates with a small R are bluish violet, 
those with a larger R are pink, and samarium phos­
phates are light yellow. 

T h e authors wish to express their deep thanks to 
Assistant Professor Yoshihisa Matsuda of Kobe Women's 
College of Pharmacy for his many helpful discussions. 
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The coprecipitation technique with BiP04 and ThF4 was applied to studying the stability of Am(V) and 
Am(VI) at concentrations lower than 10~6 M. It was found that 241Am(V) and 241Am(VI) were rapidly reduced 
to 241Am(III) in nitric acid solutions at low acidities and at high temperatures, but the reduction was effectively 
inhibited by the presence of ozone gas or fluoride ions. On the other hand, 243Am(V) and 243Am(VI) were found 
to be rather stable in nitric acid solutions, while they were readily reduced to 243Am(III) in phosphate solutions 
in the same manner as 241Am(V) and 241Am(VI). 

Most investigations on the chemical properties of 
Am(V) and Am (VI) have been carried out by the use 
of an a-emitter 2 4 1Am(£1 /2=433 y) ; its a-decay leads to 
the radiolytic reduction of Am(V) and A m ( V I ) . In an 
Am(V) solution, Am(I I I ) is observed as a product. Here 
the variation of Am(I I I ) and Am(V) concentrations 
with time is expressed by an empirical equation : 

_ " t y ] = d[JMin)] _ , i [Am]i; (1) 

where kt is an apparent rate constant and [Am]T means 
the total americium concentration. 

In an Am(VI) solution, Am(V) and Am (III) are 
observed as products. T h e decrease in the Am(VI) 
concentration with time can be expressed by an empiri­
cal equation: 

_ «in . i2[Am]i> (2) 

where k2 is an apparent rate constant. If no reactions 
other than the radiolytic reduction proceed, the growth 
of Am(V) can be expressed by an equation: 

JG^Ql = Ä_, l ) [Am] l . (3) 

Values for kx and k2 have been estimated to be 0.01 and 
0.03 h _ 1 , respectively, in dilute acid solutions.1'2) 

When the long-lived isotope 243Am(*1/2=7400 y) is 
used, the radiolytic reduction is not so remarkable as 
that in 241Am solutions.3) O n the other hand, 241Am(V) 
and 243Am(V) disproportionate to Am(VI) and Am(I I I ) 
in moderately concentrated acids. T h e rate of dispro-
portionation of 241Am(V) in various media is expressed 
by the following equation,4 '5) but the rate law is rather 
complicated when 243Am(V) is used:3) 

__dCAn£Ql = *3[Am(V)]2[H+]4, (4) 

where k3 is an apparent rate constant. 
This result has been obtained by the application of 

spectrophotometry to the 241Am and 243Am solutions at 
concentrations of 1 0 _ 3 M or above. The 241Am and 
243Am solutions diluted to about 10"7 M and 10"6 M , 
respectively, can be studied by radiometry. In dilute 
solutions, Am(V) may be free from any disproportion-
ation, while the radiolytic reduction of 241Am(V) and 
241Am(VI) may proceed, as suggested by Eqs. 1—4. 

Furthermore, Am(V) and Am (VI) may be reduced by 
small amounts of impurities. 

The information concerning the instability of Am (V) 
and Am(VI) at low concentrations is rather poor. Only 
a little information was obtained by previous works6 '7) 

in which the instability of Am(V) in several media was 
studied by means of solvent extraction with 2-thenoyl-
trifluoroacetone and of column chromatography using 
bis(2-ethylhexyl) hydrogenphosphate (HDEHP) as an 
extractant, where the rapid reduction of 2 4 1Am(VI) by 
H D E H P was observed. 

When the solutions of Am(V) and Am (VI) were 
submitted to the coprecipitation method with some 
fluorides and phosphates at 0—5 °C, no change of oxida­
tion states of americium was observed.8»9) However, 
this finding can not always promise the high stability 
of Am(V) and Am (VI) in fluoride and phosphate solu­
tions at room temperature or above. 

I n this work, the instability of Am(V) and Am(VI) 
in nitric acid solutions and in solutions containing ozone 
gas, fluoride, or phosphate ions was investigated. The 
change of oxidation state of americium with time was 
traced by means of the coprecipitation method with 
bismuth (I II) phosphate and thorium (IV) fluoride. 

E x p e r i m e n t a l 

Reagents. Nitric acid solutions of 241Am(III) and 
243Am(III) were prepared by the manners described before,6'7> 
and the concentrations of 241Am and 243Am were determined 
by a-spectrometry using an Si detector connected to a multi­
channel pulse-height analyzer. Bismuth (V) sodium oxide 
was added in quantities of 10 mg/ml to a 0.1 M HNO s solu­
tion of Am(III), and the mixture was mechanically stirred 
for 50 min at room temperature and for additional 10 min 
at 0 °C. An Am(VI) solution was obtained by filtration of 
the mixture with a glass fibre filter-paper, Whatman GF/A.10) 

An Am(V) solution was prepared at 0 °C by passing the 
Am(VI) solution through a column of Celite 545 containing 
HDEHP as an extractant.7) The solutions of nitric acid and 
ammonium fluoride or sodium dihydrogenphosphate were add­
ed to the Am(V) and Am(VI) solutions, making concentra­
tions up to about 10~7 M and 10~6 M with respect to 241Am 
and 243Am, respectively. 

Bismuth(V) sodium oxide, min 8 0 w t % , was used as an 
oxidant. For the coprecipitation test, bismuth(III) and 
thorium (IV) nitrates, sodium dihydrogenphosphate, and am-
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monium fluoride were used. These and other chemicals were 
of G.R. grade. Ozone gas, which was bubbled through the 
required solutions in order to eliminate as many reducing 
materials as possible, was supplied by an ozone generator. 

Procedure. The Am(V) and Am(VI) solutions were 
stocked in a thermostat at a temperature kept constant with 
an accuracy of ±0.5 °C. Appropriate aliquots of the stock 
solutions were submitted to the coprecipitation test which 
was carried out under such conditions that Am (III) was 
quantitatively carried down, while most of Am(V) and Am-
(VI) remained in the solution. 

Bismuth(III) phosphate and thorium(IV) fluoride were 
precipitated at 0 °C from the americium solution containing 
bismuth(III) and thorium(IV) ions, respectively, by the 
addition of excess précipitants under the following conditions: 

Precipitate 
Volume 
Acidity 
Amounts of metal ion 
Time of mixing 

BiP04 

5 ml 
0.5 M 
Bi3+ 10 mg 
7 min 

ThF4 

3 ml 
0.1 M 
Th4+ 1 mg 
10 min 

The mixture was either filtered by glass fibre filter-paper 
or centrifuged at 6000 rpm for 5 min. The fraction of ameri­
cium carried, Y, was determined by measuring the y-activi-
ty in the mixture and the filtrate (or the supernatant). The 
y-ray assay was performed by the use of a flat-type Nal (Tl) 
scintillation probe connected to a scaler or by the use of a 
Ge(Li) detector connected to a multi-channel pulse-height 
analyzer. 

R e s u l t s and D i s c u s s i o n 

Stability ofAm(V) and Am(VI) in HNOz Solutions. 
The B i P 0 4 coprecipitation test was carried out on the 
nitric acid solutions of 241Am(V) and 2 4 1Am(VI) at. 
proper t ime intervals. T h e results on the 0.5 M H N 0 3 

solutions at 0 - 4 0 °G and on the (0.125—2 M) H N 0 3 

solutions at 30 °C are shown in Figs. 1 and 2, respec­
tively. The measured value for 7 increased with time 
of storage, especially at high temperatures and at low 
acidities. Dependence of the increase in 7 on acidity 
was found only for the Am(VI) solutions at tempera­
tures higher than 20 °G. 

0 GÜ 120 

Time of standing/min 

Fig. 1. The result of the BiP04 coprecipitation test 
carried out on the 0.5 M H N 0 3 solutions of 2ilAm(V) 
(O) and 241Am(VI)(#) at 0 °C(a), 10 °C(b), 20 °C(c), 
30°G(d),and40°G(e). 

•c 

a 
.2 
o 
•c 

<u 

a 

h 

60 120 

Time of standing/min 
180 

Fig. 2. The result of the BiP04 coprecipitation test 
carried out on the 241Am(V) and 241Am(VI) solutions 
at 30 °C. 
a): 241Am(V) solutions at the acidity of 0.125 M(O) , 
0.25 M(A) , and 0.5 M O - # : 241Am(VI) solutions 
at the acidity of 0.125 M(b), 0.25 M(c), 0.5 M(d), 1.0 
M(e), and2.0M(f) . 

The increase in Y may be caused by the reduction of 
Am(V) and Am(VI) to Am(I I I ) in the stock solutions, 
because A m ( I I I ) is more effectively carried by B i P 0 4 

than the others. When the mole fraction of each oxida­
tion state of americium in the stock solution is expressed 
as / x ( X = I I I , V, and V I ) , Y may be given by the 
equation:8) 

Y =fu\YUi +jyYY +fyjYVIi (5) 

where 7X (X = I I I , V, and VI) means the fraction of 
Am(X) carried, which can be determined by the copre­
cipitation test on the corresponding single-component 
solution. The values for Yx were determined as follows; 
7 m = 0 . 9 9 ± 0 . 0 1 , 7 V = 0 . 2 5 ± 0 . 0 3 , and 7 V i = 0 . 0 5 ± 0 . 0 2 
by the B i P 0 4 coprecipitation test, and 7 m = 0 . 9 9 ± 0 . 0 1 , 
7 V = 0 . 1 2 ± 0 . 0 2 , and 7 V 1 = 0 . 3 0 ± 0 . 0 2 by the T h F 4 

coprecipitation test. 
If the radiolytic reduction proceeds predominantly in 

the stock solutions of 241Am, Eq. 5 can be expressed by 
the following equations, using the solutions of Eqs. 1—3 : 
for the case of 241Am(V) solutions, 

Y=Yy+ ( F i n - F v ) ^ (6) 

and for the case of 2 4 1Am(VI) solutions, 

Y=YV1 + { ( F m - YyI)k1+ (Yv- Yvl)k&. (7) 

Unfortunately, the linear relations expected by Eqs. 
6 and 7 were valid only for the results on the stock 
solutions of high acidities and at low temperatures, as 
are shown in Figs. 1 and 2. I t is clear that some reac­
tions other than the radiolytic reduction also proceeded, 
especially at low acidities and at high temperatures. 
These reactions are assumed to be first-order reactions 
such as Am(VI)->Am(V) and Am(V)-»Am(I I I ) , while 
the radiolytic reduction of Ara(V) and Am(VI) are 
zero-order reactions with respect to Am(V) and Am-
(VI) . 

In contrast to Eqs. 1—3, the rate law for the above-
mentioned reactions can be expressed as follows : 
in the case of 241Am(V) solutions, 
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- « 1 = d[Am(III)] = ( 8 ) 

at at 

and in the case of 2 4 1Am(VI) solutions, 

_d[Am(VI) ] = ^ [ A m ( V I ) ] > ( 9 ) 

and d[Am(V)X = £2TAm(VI)] - V [Am(V)], (10) 
at 

where kx' and k2' are apparent rate constants. 
If first-order reactions proceed predominantly in the 

stock solutions, Eq. 5 can be written as follows, using 
the solutions of Eqs. 8—10: 
for the case of 241Am(V) solutions, 

YIU-Y=(Yul-Yv)exp(-k1>t), (11) 

and for the case of 241 Am (VI) solutions, 

YIU -Y= {Yiiy_Y
kf

2' exp c - v o 

+ {(Yin-YVI)+
{Yliy_Y

kf
2'] exp (-*,'*)• 

(12) 

As F n i is nearly equal to unity, Figs. 3 and 4 illustrate 
the plot of log(l — Y) vs. t, using the data shown in Figs. 1 
and 2. The relationship expected by Eqs. 11 and 12 
was confirmed for the stock solutions of low acidities and 
at high temperatures. Thus, it is reasonable to assume 
that the radiolytic reduction and first-order reactions 
compete in the dilute 241Am solutions. 

The values for £ / and k2' were estimated by means 
of curve-fitting techniques; the results are shown in 
Table 1. The values for kx

f and k2 fluctuated, undoubt­
edly depending upon whether a nitric acid solution had 
been used to prepare the stock solutions just after or a 
little after the dilution of coned nitric acid. Therefore, 
a certain material which induced first-order reaction had 
been probably introduced into the stock solutions from 
the nitric acid. 

180 

t/min 

Fig. 4. The plot of log(l - Y) vs. t for the 241Am(V) and 
241Am(VI) solutions at 30 °C. a) : 241Am(V) solutions 
at the acidity of 0.125 M(O) , 0-25 M(A) , and 0.5 
M ( D ) - # : 241Am(VI) solutions at the acidity of 0.125 
M(b), 0.25 M(c), 0.5 M(d), 1.0 M(e), and 2.0 M(f). 

TABLE 1. APPARENT RATE CONSTANTS FOR THE REDUCTION 

OF a41Am(V) AND 241Am(VI) IN H N 0 3 SOLUTIONS 

[HN03] 
M 

0.125 
0.25 
0.5 
0.5 
0.5 

Temper­
ature 

°C 

30 
30 
30 
20 
40 

Apparent rate constant/h"1 

*!'*> £/b> £2'
b> 

0.14+0.01 0.14±0.02 2 .37±0.11 
0 .12±0.01 0.14±0.02 2 .07±0.23 
0.13±0.01 0.09±0.02 0 .69±0.23 
0.06±0.01 — — ' 
0.40±0.01 0 .30±0.05 2 .00±0.34 

a) Result for Am(V) solutions, 
solutions. 

b) Result for Am(VI) 

Fig. 3. The plot of log(l - Y) vs. t for the 0.5 M HNO s 

solutions of 241Am(V)(0) and 241Am(VI)(0) at 0 
°G(a), 10 °C(b), 20 °C(c), 30 °C(d), and 40 °C(e). 

When the 0.05 M H N 0 3 solutions of 243Am(V) and 
2 4 3Am(VI) were investigated, no change in Y with t ime 
was observed even on the stock solutions at 30 °C. This 
finding may be explained only by the serious difference 
in emission rate of a-particles between 241Am and 243Am. 
Thus, first-order reactions are considered to be the 
radiation-induced reactions which may be caused by a 
product resulting from the interaction between the radi-
olysis product and the material introduced from the 
nitric acid. 

This assumption was supported by a finding for the 
241Am(V) and 2 4 1Am(VI) solutions containing ozone 
gas; that is, Y was constant for the time of storage 
during which the stimulative smell of ozone gas was still 
hanging about the vessel of the stock solutions. I t can 
be said that ozone gas effectively eliminates any reduci­
ble materials in the same way as chlorine gas does.4) 

Stability ofAm(V) and Am(VI) in HNOz-NH^F Solu­
tions. T h e coprecipitation test with T h F 4 was car­
ried out on the 0.05 M H N 0 3 solutions of 241Am(V) and 
241 Am(VI) containing the fluoride at 30 °C, and the 
result is shown in Fig. 5. The Y for the stock solutions 
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Time of standing/min 

Fig. 5. The result of the ThF4 coprecipitation test 
carried out on the 0.05 M H N 0 3 solutions of 241Am-
(V)(0) and 241Am(VI)(#) at 30 °C. [NH4F] : a) 0 M, 
b) 0.05 M, and c) 0.5 M. 

containing the fluoride increased more slowly than for 
the case free from fluoride, and no change in Y was 
observed for the 0.5 M N H 4 F solutions. The stock 
solutions of acidity higher than 0.05 M called for rather 
high concentrations of the fluoride in order to minimize 
the variation in T. 

This finding can be explained by the suggestion that 
241 Am(V) and 2 4 1Am(VI) become free from all reduction 
reactions if they form fluoro complexes, as in the cases 
of the acetate7) and the chloride solutions11) of 2 4 1Am(V). 
The excellent stability of 2 4 3Am(V) and 2 4 3Am(VI) in 
the ozonized fluoride solutions was also confirmed as 
expected. 

Stability of Am(V) and Am(VI) in HNO^-NaH^O^ 
Ozonized Solutions. The coprecipitation test with 
B i P 0 4 was carried out on the 0.05 M HNO 3 - (0—2 M) 
N a H 2 P 0 4 and the (0.025—0.2 M) HNO 3 - 0 . 5 M NaH 2 -
P 0 4 solutions of 241Am(V) and 2 4 1Am(VI) at 30 °C. 

I 

1.0 

0.5 

0.2 

0.1 

0.05 

0.02 

0.01 

-

~" 

-

- o - —o— = 5 = 

. 1 _ 

= 5 = 

e 

- f t - =5= 

i 

a 
J 

-•J3] 

s c 

—
I 

i 
i i—

r~
 

Wl 

H 

30 60 

t/min 
90 

Fig. 6. The plot of log( 1 - Y) vs. t for the 0.05 M H N 0 3 

solutions of 241Am(V)(0) and 241Am(VI)(#) at 30 °G. 
[NaH2P04] : a) 0 M, b) 0.1 M, c) 0.5 M, d) 1.0 M, 
and e) 2.0 M. 

t/min 

Fig. 7. The plot of log( 1 - Y) vs. t for the 0.5 M NaH2P04 

solutions of 241Am(V)(0) and 241Am(VI)(#) at 30 °G. 
[HN03] : a) 0.025 M, b) 0.05 M, and c) 0.2 M. 

The Y for these ozonized solutions increased rapidly 
with t ime of storage, especially at low acidities and at 
high phosphate concentrations. Figures 6 and 7 illus­
trate the plot of l o g ( l - F ) vs. t\ a good linearity was 
obtained in most cases. 

The same result was obtained both for the 0.05 M 
H N O 3 - 0 . 5 M N a H 2 P 0 4 solutions of 241Am(V) and 
2 4 1Am(VI) at 0—40 °C and for the (0.05—0.5 M) 
H N 0 3 - 1 M N a H 2 P 0 4 solutions of 243Am(V) and 243Am-
(VI) at 30 °C. Evidently, the variation in Y with time 
for the ozonized phosphate solutions of 2 4 1Am(VI) and 
243Am (VI) can be explained neither by Eq. 7 nor by 
Eq. 12. 

It is known that Am(VI) at such high concentrations 
as 2 x IO-3 M (243Am 8 5 % and 241Am 15%) is reduced 
to Am( I I I ) in phosphoric acid.12) Then, it may be 
assumed that Am(V) and Am (VI) at low concentrations 
are also reduced to Am (III) in the ozonized phosphate 
solutions, and that the reduction rates are given by the 
following equations : 

d[Am(V)] 
d* 

d[Am(IH)] 
d* 

*i"[Am(V)], (13) 

and _ d[Am(VI)] = d[Am(Iip] = ^ [ A m ( V I ) ] ; ( 1 4 ) 

at dt 

where k^' and k2" are apparent rate constants. If the 
change of oxidation states of americium in the ozonized 
phosphate solutions is predominantly caused by these 
reactions, Y can be expressed as follows, using the solu­
tions of Eqs. 13 and 14: 
for the case of Am(V) solutions, 

F i i , - F = c x p ( - V , 0 

and for the case of Am(VI) solutions, 

y m - F = e x p ( - * 2 " 0 . 

As Fin is nearly equal to unity, Eqs. 15 and 
explain the linearity obtained by the plot log(l • 
as are shown in Figs. 6 and 7. Therefore, it seems to 
be reasonable to assume that Am(V) and Am(VI) are 
reduced to Am(I I I ) in the ozonized phosphate solutions. 

(15) 

(16) 

16 can 
• Y) vs. t, 
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TABLE 2. APPARENT RATE CONSTANTS FOR THE REDUCTION 

OF Am(V) AND Am(VI) IN HN0 3 -NaH 2 P0 4 

OZONIZED SOLUTIONS 

[ H N O 3 ] 
M 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.025 
0.1 
0.2 
0.05 
0.05 
0.05 
0.5 

[NaH2-
PO4] 

M 

Ô 
0.1 
0.5 
1.0 
2.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0 
0.1 
1.0 
1.0 

Temper­
ature 
~^G 

30 
30 
30 
30 
30 
0 

15 
40 
30 
30 
30 
30 
30 
30 
30 

Apparent rate 

*/'*> 

- 0 . 0 2 ± 0 . 0 3 -
— 

1.44±0.04 
2 .32±0.05 
6 .10±0.04 

- 0 . 0 6 ± 0 . 0 3 
0 .14±0.03 
7.63±0.06 
4 .23±0.04 
0 .65±0.04 
0 .40±0.03 
0.02±0.01b> 
1.00±0.02b> 
10.5±0.1b> 
2.89±0.02b> 

; constant/h-1 

* 2" a> 

- 0 . 0 5 ± 0 . 0 2 
0 .67±0.01 
1.28±0.02 
2 .13±0.04 
4 .78±0.04 
0.00±0.02 
0.12±0.02 
6 .08±0.06 
2 .71±0.02 
0 .55±0.04 
0 .30±0.05 
0.02±0.02b> 
1.39±0.02b> 
8.98±0.02b> 
5.80±0.03b> 

a) Result for 241Am solutions except as otherwise noted. 
b) Result for 243Am solutions. 

Values for k^' and k2" were obtained from the slope 
of the straight lines. They were found to be rather large 
for the stock solutions of low acidities, at high phosphate 
concentrations, and at high temperatures, as are sum­
marized in Table 2. The reduction of 243Am(V) and 
243Am (VI) preceeded more rapidly than that of 241Am-
(V) and 2 4 1Am(VI) because the 243Am concentration 
was about ten times higher than the 241Am concentra­
tion. 

The available information concerning the behavior 
of americium in phosphoric acid12) and the phosphato-

complex formation of neptunium and plutonium13 '14) 
suggests that Am(V) and Am (VI) may form the phos­
phato complexes such as A m 0 2 H 2 P 0 4 and A m 0 2 H 2 -
P 0 4

+ , respectively, in the phosphate solutions examined. 
Therefore, the rapid reduction of Am(V) and Am(VI) 
might result from the intramolecular electron transfer 
in phosphato complexes. 
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Rate of Ligand Exchange of Tris(acetylacetonato)iron(III) with 
2-Thenoyltrifluoroacetone in Organic Solvents 

Tatsuya SEKINE,* Hiroshi H O N D A , Masakazu KOKISO, and Teruyuki TOSAKA 

Department of Chemistry, Science University of Tokyo, Kagurazaka, Shinjuku-ku, Tokyo 162 
(Received August 2, 1978) 

The rate of exchange of acetylacetonate ions (acac-) in tris(acetylacetonato)iron(III) with 2-thenoyltrifluoro­
acetonate ions (tta~) has been measured in several organic solvents. The rate was independent of the concentra­
tion of Hacac and Htta and nearly the same in carbon tetrachloride, benzene, acetone, and 4-methyl-2-pentanone. 
However, the rate was much greater in ethanol. The rate of exchange in carbon tetrachloride, benzene, and 
acetone was found to be enhanced by water, ethanol, and several acids. The enhancement was smaller in acetone 
than in nonpolar solvents and the stronger the acid, the greater the catalytic effect. The rate controlling step of the 
exchange reaction was the rupture of an acetylacetonate ion from iron(III) in the complex. These observations 
have been discussed and possible mechanisms proposed. 

In the course of studies of the chemical equilibria of 
metal complexes in organic solvents, it was found that 
exchanging the ligand of tris(acetylacetonato)iron(III) 
in organic solvents with other chelating ligands proceed­
ed rather slowly. In the present paper, the rate of 
exchange with 2-thenoyltrifluoroacetonate ions has been 
studied photometrically. 

E x p e r i m e n t a l 

Reagents. All reagents were of reagent grade. 
The tris(acetylacetonato)iron(III) (Fe(acac)3), acetylacetone 
(Hacac), 2-thenoyltrifluoroacetone (Htta), and trioctylphos-
phine oxide (TOPO) were supplied by Dojindo Co., 
Kumamoto. The organic solvents were also of analytical 
grade and subsequently passed through a dehydrating column 
containing an ion-exchanger resin supplied by Mitsubishi 
Kasei Co., Tokyo, and distilled. 

Procedure. The experiments were conducted in a ther-
mostatted room or in a thermostatted bath. A portion of the 
solvent containing a Fe (acac) 3 was added to another portion 
of the same solvent containing Htta. In several experiments, 
certain amounts of other materials such as an acid, TOPO, 
acetone, an alcohol, and/or water were added to the Fe (acac) 3 

solution. The solution was agitated and transfferred to a 
glass cell (1 cm path). The change in the optical density 
of the solution at 550 nm was measured with a spectrophoto­
meter (Hitachi double wavelength double beam spectrophoto­
meter type-556 or Hitachi UV-VIS spectrophotometer type-
101 or type-139) as a function of time and the increase in 
the Fe (acac) 3 concentration obtained. The water content was 
checked by the Karl Fischer titration. 

R e s u l t s 

T h e temperature of the experiments in this study was 
2 5 ^ 0 . 3 °G except when the effect of the temperature 
was examined. All the data were found to indicate that 
the reaction was first order with respect to Fe (acac) 3 

in the initial stage. 
Dependence on Hacac Concentration. The rate of 

exchange of acac" in Fe (acac) 3 with tta~ was measured 
at several concentrations of Hacac . I t was found that 
the rate was always independent of the co-existing 
Hacac concentration, at least below 0.1 mol d m - 3 . 
When the Ht t a solution was added to the Fe (acac) 3 

solution in the absence of Hacac the results were repro­
ducible, at least within 5 min of the dissolution of 

the Fe (acac) 3 crystals. Fe (acac) 3 solutions containing 
no Hacac however were not stable on standing for a 
long t ime, especially under light. The addition of, for 
example, 10 - 3 mol d m - 3 of Hacac to a solution of 10 - 4 

mol d m - 3 of Fe(acac)3 stabilized the solution. Thus in 
the present study, ten to hundred times of Hacac to 
Fe (acac) 3 by molar rat io was added to the initial 
solution. 

Dependence on Htta Concentration. The rate was 
measured in the concentration range of Ht ta from 10 - 4 

to 2 x 10 - 1 mol d m - 3 where it was found that the rate 
was independent of the Ht ta concentration unless it was 
below 1 0 - 3 m o l d m ~ 3 . This was however found to be 
an apparent effect; under such conditions the exchange 
was thermodynamically incomplete and this has been 
discussed later. 

Effect of Solvent. The rate of exchange was 
measured in carbon tetrachloride and in four other 
solvents. The rate in ethanol was too high to be 
measured by the method employed but that in benzene 
as well as in acetone and 4-methyl-2-pentanone (MIBK) 
was measurable. No determination was made in water 
because of low solubilities of the complexes and ligands 
but the rate in water would be expected to be too high 
for the measurement as will be seen from the description 
on the effect of water. 

From the experimental results, the rate may be 
written as 

v0 = — d[Fe(acac)3]/d£ = £0[Fe(acac)3]. (1) 

T h e rate constants in these solvents obtained from the 
slope of the plot of log [Fe(acac)3] vs. t ime are listed 
in Table 1 (a). 

Effect of Water. The effect of water in the solvent 
was examined in carbon tetrachloride, benzene, and 
acetone and Fig. 1 gives the results. The rates in dehy­
drated carbon tetrachloride and benzene were identical 
with each other and increased with increase in the water 
content and became 2.0 and 3.7 times greater in water-
saturated carbon tetrachloride and benzene, respective­
ly. T h e explanation for this is in terms of the amount 
of water in the water-saturated solvents. T h e increase 
in the rate by water was smaller in acetone than in the 
two nonpolar solvents. Determination of the water 
content in the "dehydra ted" solvents (experimental 
section) was not possible but the content was presumed 
to be lower than 10~4 mol d m - 3 . 
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TABLE 1. SUMMARY OF CONSTANTS 

î/=[Fe(acac)3](Â;0+Â;c[C]). kc represents kw, £alc., and 
âcidj respectively (cf. Eqs. 2, 4, and 5). 

(a) Rate constant 
Solvent log (*0/s-i) 

CCL (CH3)2CO 

Water 
Ethanol 
Methanol 

- 1 . 2 
- 0 . 8 
- 0 . 8 

- 1 . 2 
- 0 . 8 

— 

- 2 . 4 
- 2 . 0 

— 

(c) Catalytic constant in carbon tetrachloride 

A c i d P ^ a ) (^/s- imfl- idms) 

Trichloroacetic acid 
Dichloroacetic acid 
Ghloroacetic acid 
Bromoacetic acid 
1-Naphthoic acid 

0.64 
1.26 
2.87 
2.90 
3.70 

1.5 
1.2 
0.6 
0.6 
0.4 

a) Taken from L. G. Sillen and A. E. Martell, "Stability 
Constants," The Chemical Society Spec. Pud., 17 (1964). 

-3 - 2 - 1 0 

log [H20] 

Fig. 1. Effect of water on the rate of exchange with t ta - . 
v is the rate in the presence of water and v0 is that in the 
dehydrated solvent otherwise identical conditions. Q : 
CCl 4 ,O:G 6 H 0 , A: (GH 3 ) 2 CO. 

The rate of reaction enhanced by water may be 
written as 

*w = ~d[Fe(acac)3]/d* = *w[Fe(acac)3][H20]<\ (2) 

The overall rate is then ; 

v = v0 + vw = [Fe(acac)3](£0 + A;w[H2O]a). (3) 

The plot of log v vs. log [ H 2 0 ] reached an asymptote 
and thus log v=\og £ w + l o g [ H a O ] ; C V was concluded 
to be unity. The values of kw are listed in Table 1(b). 

Effect of Alcohol. The effect of ethanol was 
examined in carbon tetrachloride, benzene, and acetone. 
Some experiments were conducted on the effect of 
methanol in carbon tetrachloride. The rate of exchange 
was enhanced by the alcohols and may be written as 

"aie. = -d[Fe(acac)3]/d* = £alc. [Fe (acac)3] [alcohol]". (4) 

The results were analyzed and from the analysis, C V 
was concluded to be unity. The values for the constant 

were determined in a similar manner to that for valc. 
water and the values are listed in Table 1(b). 

Carbon tetrachloride —3.2 
Benzene —3.2 
Acetone —3.5 
4-Methyl-2-pentanone —3.2 
Ethanol too high to be measured 
Water too high to be measured 

(b) Catalytic constant 
log (Ajß/s-1 mol - 1 dm3) 

n . T Solvent Catalyzer 

r-l 
1 

O 

to 

- 4 

log [RCOOH] 

Fig. 2. Enhancement of the rate by acids in CC14. v is 
the rate in the presence of the acid and v0 is that in the 
absence otherwise identical conditions. 0 : CC13-
COOH, • : CHCl2COOH, # : CH2ClCOOH, A : 
CH2BrCOOH, and A*. 1-naphthoic acid. The straight 
lines of slope + 1 give the calculated asymptotes, log 
(w0-i) = log À ^ o - ^ R C O O H ] (cf. Eq. 6). 

Effect of Acids. The rate was enhanced by various 
carboxylic acids. Figure 2 gives the results in carbon 
tetrachloride. The rate of reaction catalyzed by acids 
may be written as 

*Vcid= -d[Fe(acac)3]/d* = *acid[Fe(acac)3][RCOOH]«. (5) 

From an analysis of the results, " a " was concluded to 
be unity in all cases and the rate may be thus written 

v = v0 + v&cid = [Fe(acac)3](A:o + A:acld[RCOOH]). (6) 

- 4 - 3 - 2 
log [TOPO] or log [(CH3)2CO] 

Fig. 3. Effect of TOPO and acetone on the rate. A:obsd 

is o[Fe(acac)s]-i=(*0+A:acld[RCOOH]) (cf. Eq. 6). 
Open symbols give the effect of TOPO (circles) and 
acetone (squares) on the rate in the absence of any acid 
in CC14. Closed squares give the effect of acetone on 
the rate in the presence of 2.0 X 10-4 mol dm - 3 of di­
chloroacetic acid in CC14. Closed circles give the effect 
of TOPO on the rate in the presence of 4.2 X 10-5 mol 
dm - 3 of trichloroacetic acid in CC14. Dotted lines show 
the values of A:obsd when the concentration of dichloro­
acetic acid was 2.0 X 10-4 mol dm - 3 in the absence of 
acetone (a), the concentration of trichloroacetic acid 
was 4.2 X 10-5 mol dm"3 in the absence of TOPO (b), 
and when the solvent contained none of these materials 
(c). When the molar ratio of TOPO and trichloroacetic 
acid is 1: 1, the catalysis disappeared. 
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The values for the constant kac-ld are given in Table 1 (c). 
Effect of Temperature. The rate of exchange was 

also determined at 15 and 35 °G. From these data and 
that at 25 °C, the activation energies were determined 
and the values of activation enthalpy (AH*) and entropy 
(AS*) for k0 and kc calculated the values of which given 
in Table 2. 

TABLE 2. SUMMARY OF ACTIVATION PARAMETERS FOR 

k0 IN CARBON TETRACHLORIDE AT 2 5 ° G a ) 

Catalyzer AH* 
(kjmol-1) 

AS* 
( J K ^ m o l - L) 

Water 
Methanol 
Ethanol 
Trichloroacetic acid 

18±3 
2 3 ± 3 
23±3 
22±2 

- 2 2 3 ± 2 0 
-182d=15 
- 1 7 6 ± 1 6 
- 1 6 0 ± 1 4 

a) The values of AH* and A^* for k0 in carbon tetra­
chloride at 25 °G were found to be 24±3 (kj mol-1) 
and — 226±20 (J K-1 mol-1), respectively. 

Effect of TOPO, Acetone, and Water on Acid Catlaysis. 
The rate in carbon tetrachloride was determined as a 
function of the concentration of T O P O or acetone, the 
other concentrations being kept constant. The hydro­
gen-bond acceptors had little effect on the rate in the 
absence of acid catalyzers as seen from Fig. 3. However, 
in the presence of an acid catalyzer, the added T O P O 
lowered the rate and when the molar concentration of 
T O P O reached that of the acid catalyzer, the catalytic 
effect disappeared. Acetone also exhibited such an 
effect on the acid catalysis although the effect was much 
smaller than that with T O P O . Figure 3 illustrates the 
effect of acetone on the acid catalysis. Similar experi­
ments were made on the catalysis by water but the 
effects of T O P O and acetone were, however, not large 
even in the water-saturated solvent. 

D i s c u s s i o n 

As described in a previous paper,1) the equilibrium 
constants for the l igand exchange in a given water-
saturated solvent, 

K = ([Fe(acac)3_n(tta)n]/[Fe(acac)3]) 

X ([Hacac]/[Htta])w (7) 

can be calculated from the solvent extraction constants 
of i ron(I I I ) with Hacac and Ht t a in the same solvent. 
From separate experiments and previous data2) the value 
for K% in carbon tetrachloride was calculated as 104-1. 
From this value it was statistically calculated that more 
than 9 9 % of i ron(II I ) at equil ibrium was in the form 
of Fe( t ta) 3 whenever the ratio [Ht ta] / [Hacac] was 
higher than 10. No such values for the equil ibrium 
constants are available in the other solvents. However, 
since the extraction constants are little affected by the 
solvent if there are no special interactions between the 
complex and the solvent molecules, similar assumptions 
may also be possible in the other solvents. The spectra 
at equilibrium also indicated the complete change of 
the complex into Fe( t ta) 3 when the ratio [Htta] / [Hacac] 
was higher than 10. Furthermore, all the spectra 

observed during the exchange reactions were found to 
be expainable in terms of two species, Fe(acac)3 and 
Fe(t ta)3 . Thus the correction for mixed complexes 
should be unnecessary in the data analysis. 

Since the rate is independent of the concentrations 
of both ligands, Hacac and Ht ta , it is assumed that the 
rate-determining step is the isolation of the first acetyl­
acetonate ion. The catalytic effect by the acids, alcohols, 
and water can be explained by both the following two 
mechanisms, (A) and (B). Since the catalyzers are 
assumed to be hydrogen-bond donors, they will be 
denoted as H O - R . 

(A) The hydroxyl group of the catalyzer works as a 
hydrogen-bond donor to one of the oxygens of acetyl­
acetonate ions which are coordinating with the central 
metal ion and form a hydrogen-bond complex Fe-
(acac ) 3 (HO-R) . This hydrogen-bond formation be­
tween the catalyzer and the oxygen of the chelating 
acetylacetonate ion weakens the coordination bond and 
thus accelerate ring-opening. 

(B) Among the tris(acetylacetonato)iron(III) mole­
cules, a certain fraction is in a five-coordinated state and 
an equilibrium is established between the six- and five-
coordinated complexes (the unidentate acetylacetonate 
ion will be denoted by an asterisk as Fe(acac)2 

(acac*)). The hydroxyl group works as a hydrogen-
bond donor to the oxygen being octahedral at the free 
end of the unidentate ligand. The formation of the 
hydrogen-bond complex in such a way, Fe(acac)2(acac*-
H O - R ) , prevents the recombination of the oxygen at 
the free end with the central metal ion. Thus the 
relative concentration of the five-coordinated complex 
is increased and/or accelerates the isolation of the 

Mechanism (A) 

Fe (acac) 3 < = 

ring-opening 

Fe (acac) 2 (acac*) 

[ Htta 

HO-R 
=± Fe(acac)3(HO-R) 

ring-opening 

Fe(acac)2(acac*) (HO-R) 

[ Htta 

HO-R 
Fe (acac) 2 (acac*-HO-R) 

Htta t 

Fe (acac) 2 (tta) + Hacac Fe (acac) 2 (tta) + Hacac+HO-R 
(spontaneous route) (catalyzed route) 

Mechanism (B) 

Fe(acac) 3 

ring-opening ring-closure 

Fe (acac) 2 (acac*) « 

I Httat 

Fe (acac) 2 ( tta) + Hacac Fe (acac) 2 (tta) + Hacac+HO-R 
(spontaneous route) (catalyzed route) 

f Addition of t t a - ligand occures after the isolation 
of the unidentate acac- ligand which controls 
the reaction. 

Fig. 4. Plausible reaction mechanisms, (acac* denotes 
unidentate acetylacetonato ligand, HO-R denotes a 
hydrogen-bond donating catalyzer such as water, 
alcohol, and carboxylic acid.) 
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acetylacetonate ion from the complex. The two 
mechanisms are summarized in Fig. 4. 

In both of the mechanisms, the catalytic effect is 
caused by hydrogen-bond formation and the stronger 
the acid, the greater the catalytic effect, i.e. the greater 
tendency of a strong acid to form a hydrogen-bond 
complex than a weak one. A similar tendency was 
reported in a solvent extraction study where the oxygen 
in T O P O formed a more stable hydrogen-bond complex 
in a nonpolar solvent with a strong carboxylic acid as 
opposed to a weak one.3> However, the difference in 
catalysis due to the difference in the acid strength 
became smaller among the weaker acids; water and 
alcohols, which are very weak acids catalyze the reac­
tion. This supports the fact that T O P O and various 
oxygen-containing solvent molecules form hydrogen-
bond complexes with water in nonpolar organic solvents. 
The two /9-diketones, Hacac and Ht ta , have also a 
hydroxy 1 group in the enol form and are weak acids 
(pKB 9.0 and 6.3 approximately, respectively) but they 
did not catalyze the exchange reaction as is seen that 
the rate was not dependent on the concentrations of 
these materials. This is probably due to the fact that 
the enolic proton of these materials in nonpolar solvents 
is hydrogen-bonded with the other oxygen in the same 
molecule and forms an intramolecular chelate. 

In mechanism (A), the rate-determining step is the 
first ring-opening and in mechanism (B) it is the isola­
tion of the first acetylacetonate ion by breaking the 
second bond in the chelate. When mechanism (A) 
operates, the AH* for kc should be different from that 
for k0 and dependent on the catalyzers. When mecha­
nism (B) operates, the AH* for kc should not be depend­
ent on the catalyzers. However, the experimental errors 
in the values of AH* are too large to conclude whether 
mechanism (A) or (B) is operating in the reactions. 

The formation of adducts of the Fe(acac)3 chelate 
with T O P O and various other oxygen-coordinating 
reagents such as ketones is concluded to be only slight 
since "synergism" in solvent extraction of tris(/?-dike-
tonato) iron (III) is negligible.4) This is reasonable since 
T O P O and ketones did not catalyze the reaction by 
mechanism (A). These reagents could occupy the 
vacant site of the five-coordinated complex and could 
accelerate the reaction by preventing the recombination 
of oxygen at the free end of the unidentate ligand in 
mechanism (B). However, since no catalytic effect was 
observed, such an effect would be very slight. 

T O P O greatly inhibited the catalysis at tr ibuted to 
the formation of a stable hydrogen-bond complex be­
tween T O P O and the catalyzer in the solvent. The 
catalysis completely disappeared by the addition of 
T O P O at a 1:1 molar ratio agrees with the previous 
result that T O P O formed a very stable 1: 1 hydrogen-
bond complex with carboxylic acids in a nonpolar 
solvent.4) Acetone inhibited the catalysis to a much 
smaller extent than T O P O attr ibutable to the fact that 
the oxygen of acetone is a much weaker hydrogen-bond 
acceptor. The limited extent of the catalysis of water 
and ethanol in acetone may be due to the same reason. 

According to the literature,3»5) the dimerization of the 
acids is only slight in the solvents when the concentra­

tion is lower than 10~3 mol dm~3 . Such a dimerization 
effect of the acids on catalysis should be negligible 
under the conditions of the present study. The intra­
molecular association of water or alcohol in these 
solvents is also slight3 '5) and its effect on the catalysis 
should also be negligible. 

When both water and an acid catalyzer co-exist in 
a solvent, each work as a hydrogen-bond donating 
catalyzer and, at the same time, as a hydrogen-bond 
accepting inhibitor for the catalysis. However, as 
already described, this was not clear in the present 
study, probably a consequence of the low concentrations. 

T h e isotopic l igand exchange of metal chelates has 
been studied in several polar solvents and in some 
nonpolar solvents.6-16) In the present study, the ligand 
exchange was not isotopic and no direct comparison 
with previous results may be possible. However, the 
following observations in these previous studies may 
reasonably be compared with the present results. 

In nonpolar solvents, especially in the dehydrated 
ones, the presence of isolated ions should be negligible. 
Thus the role of protons or hydronium ions in the 
reaction mechanism should also be negligible and the 
tendency observed among the catalyzers in the present 
study that the stronger the acid, the greater the catalytic 
effect, can be explained only in terms of the higher 
stabilities of the hydrogen-bond complex by the stronger 
acids, as already described. Based on this assumption, 
it can be concluded that water and alcohols are the 
same type of catalyzers as acids such as trichloroacetic 
acid although the hydrogen-bonds are weaker. Water 
was assumed not to assist the acid catalysis. This is 
quite different from the mechanism proposed for the 
reactions in polar solvents.9'10»16) 

Solvation of the vacant site of the five-coordinated 
complex produced by the ring-opening of a chelate 
l igand was reported to accelerate the reaction by pre­
venting ring closure10»16) which corresponds to mecha­
nism (B). 

In the isotopic exchange reaction of tetrakis(acetyl-
acetonato) or tetrakis (trifluoroacetylacetonato) zirco -
n ium(IV) or hafnium(IV) in nonpolar solvents, the rate 
was dependent on both the metal complex and the free 
ligand concentration and the presence of an intermedi­
ate complex which was coordinated by both the leaving 
and incoming ligands as unidentate ligands and a trans­
fer of the proton between the two unidentate ligands 
was assumed.6) T h e dependence of the rate on the 
ligand concentration was also reported in other papers 
and mechanisms explaining this observation were pro­
posed.9 '13 '15) 

A kinetic study on the ligand exchange of tris(JV-ben-
zoyl - N- phenylhydroxylaminato) oxovanadium (V) in 
chloroform or 1,2-dichloroethane with tropolonate ion 
added as the acid form tropolone was reported.17) This 
appears to be the only report of the systematic kinetic 
study of an exchange reaction of a metal chelate with 
a different l igand in nonpolar solvents. However, the 
reaction mechanism was not definitively proposed and 
a comparative discussion of the results with the present 
study seems to be difficult. 
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Five chiral cobalt(III) complexes coordinating an orthotellurate or a ditellurate ligand have been prepared 
and their optically active isomers isolated. They belong to one of the three following types: first a "mononuclear" 
[Go(TeOeH4)(diamine)2]+ type (diamine= ethylenediamine (en) and (R)-( — )-l,2-propanediamine) ; second a 
"dinuclear" [Go (diamine) 2(Te2O10H4) Go (diamine) 2 ] 2 + one (diamine=en and (R,R)-( — )-£ratt.y-l,2-cyclohexane-
diamine); and lastly a "tetranuclear" [{Go(diamine)2}2(Te2O10){Go(diamine)2}2]4+ one (diamine=en). The 
structures of these complexes have been discussed from the visible to ultraviolet absorption and circular dichroism 
spectra. 

Orthotellurate anion [Te0 6 H 6 _ w ] w ~ is capable of 
coordinating with a cobal t(III) center as a bidentate 
ligand, as was exemplified by the isolation of K 3 [Co-
(Te0 6 H 3 ) 2 (H 2 0) 2 ] . 1 ) Also the anion has a tendency to 
condense easily in solution. One of the condensation 
products, tetrahydrogenditellurate anion, Te2O1 0H4

4~, 
was proved to occur in its potassium salt, in which each 
tellurium atom is surrounded by six oxygen atoms in 
an octahedral arrangement, two such octahedra having 
one edge in common.2) Thus the anion is a promising 
ligand for the synthesis of new polynuclear compounds 
of a hybrid type between metal chelate and heteropoly 
oxoanion, such as H 3[Co 4I 30 1 8(en)3]-5H 20 3> and Na5-
[Co(Nb601 9)(dien)]4>. T h a t is, the mononuclear cobalt-
(III) complex with the orthotellurate ligand will be able 
to polymerize into some polynuclear complexes by the 
dehydration condensation of the coordinated orthotel­
lurate moiety. The present study is concerned with the 
preparation of such new polynuclear tel luratocobalt(III) 
complexes with configurâtional and/or vicinal chirality 
and of their starting mononuclear complex, [Co(TeO e -
H4) (diamine) 2]+, along with electronic absorption and 
circular dichroism (CD) investigations. The bidentate 
diamine used are ethylenediamine (en), (/?)-( — )-1,2-
propanediamine (/-pn), and (R,R)-( —)-trans-\ ,2-cy-
clohexanediamine (/-chxn). This study has been partly 
reported in a preliminary letter.5) 

E x p e r i m e n t a l 

Preparation, Separation, and Optical Resolution of Complexes. 
(1) [Co(TeOtHJ(en)2]£0A-H20: A solution of 2.3 g (10 
mmol) of Te(OH)6 in 25 cm3 of water was added to a solution 
of 2.9 g (5 mmol) of [Co(C03)(en)2l2S04 in 20 cm3 of water. 
The mixture was stirred mechanically at about 55 °G for an 
hour, from which a light red product deposited. After the 
solution had been kept in a refrigerator for a few hours, the 
product was separated by filtration, washed several times with 
water, methanol and then acetone, and dried in a desiccator 
over CaCl2. Found: G, 10.64; H, 4.44; N, 11.99; Go, 12.9; 
Te, 27.6; S04

2", 10.9%. Galcd for [Co(Te06H4)(en)2]2-
S 0 4 . H 2 0 : G, 10.35; H, 4.57; N, 12.08; Go, 12.7; Te, 27.5; 
S04

2 _ , 10.4%. Cobalt was weighed as Go304, tellurium as 
the metal, and sulfate ion as AgCl after being substituted to 
chloride ion with anion exchange resin (Dowex 1-X8, Gl~ 
form). 

(2) [Co(TeOeHJ(en)2'\Cl'3H20: A solution of 1.15 g 
(5 mmol) of Te(OH)6 in 15 cm3 of water was added to a 

solution of 1.43 g (5 mmol) of a'j-[GoGl2(en)2lGl in 10 cm3 

of water, and to the mixture was added 0.24 g (10 mmol) of 
LiOH. After stirring mechanically at about 35 °G for an 
hour, the solution was cooled to room temperature and an 
appropriate amount of ethanol was gradually added to it. 
After the solution had been kept in a refrigerator overnight, the 
light red precipitate deposited was separated by a centrifuge. 
This was dissolved in a small amount of water and the solu­
tion was poured into a column (3 cm X 60 cm) of strong acid 
cation exchanger (SP Sephadex G-25, Li+ form). The ad­
sorbed band was eluted with 0.25 M LiCl solution, which was 
adjusted in advance to pH 10 by 1 M LiOH solution. During 
the elution the column was cooled by flushing ice-water. 
Two red bands, E1 and E2, were eluted in this order. The 
later eluate (E2) was treated as in (3) to obtain another com­
plex. The earlier eluate (Ej) was concentrated by freeze-
drying method. The product obtained was recrystallized 
from water (pH 10 by LiOH) at 0 °G by adding ethanol, and 
washed repeatedly with methanol and acetone. Found: C, 
9.49; H, 4.76; N, 11.26%. Galcd for [Go(Te06H4)(en)2]-
GL3H 2 0: G, 9.68; H, 5.29; N, 11.29%. This complex was 
also obtained predominantly by using DMSO as solvent as 
follows: A solution of 2.86 g (10 mmol) of aj-[GoGl2-
(en)2]Gl in 30 cm3 of DMSO was added with stirring to a 
solution of 2.30 g (10 mmol) of Te(OH)6 in 40 cm3 of DMSO, 
and to the mixture was added 0.5 g (20 mmol) of LiOH in 
10 cm3 of water. The solution was stirred mechanically at 
about 35 °G for a few hours. The light red precipitate de­
posited was separated by filtration. The chromatography 
of the product showed only one red band (E,). The ab­
sorption spectrum of the eluate was the same as that of the E t 

complex prepared in water. 

(3) [Co(en)2(Te20lffli)Co(en)2]Cl2-CH9OH-4H20: The 
later eluate (E2) from the chromatography in (2) was con­
centrated at 15 °G in a rotary evaporator, and a large volume 
of ethanol was added to the concentrated solution. After 
the solution had been kept in a refrigerator overnight, the 
red product deposited was collected by a centrifuge. The 
product was recrystallized from an aqueous LiOH solution 
of pH 10 at 0 °G by adding acetone-methanol mixture and 
washed repeatedly with ethanol and acetone. Found: G, 
11.28; H, 4.74; N, 11.55%; Go/Te (molar ratio) = 1.1. 
Galcd for [Co(en)2(Te2O10H4)Co(en)2]Cl2.CH3OH.4H2O: G, 
11.34; H, 5.09; N, 11.77%; Co/Te=1.0. Cobalt and tel­
lurium were determined for the eluates from the column. The 
E2 complex was also obtained predominantly by raising the 
reaction temperature to ca. 60 °G. 

(4) [{Co(en)2}2(Te2010){Co(en)2}2]CU.CH3OH.12H20: 
The similar procedure to that for Ea and E2 complexes was 
adopted in water using 1.15 g (5 mmol) of Te (OH) 6, 2.86 g 
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(10 mmol) of aV[GoGl2(en)2]Gl, and 0.48 g (20 mmol) of 
L i O H . T h e reaction was carried out at 60 °G, and the re­
action solution was poured into a column directly. The 
products separated on the column consisted of two red bands, 
E2 and a new E3 in this order, when eluted with 0.35 M LiCl 
solution (pH 10 by 1 M L i O H ) . T h e E 3 complex was puri ­
fied by the same method as tha t of E2 complex. Found : G, 
13.58; H,6 .07; N , 14.55% ; Go/Te (molar ratio) = 2 .1 . Galcd 
for [{Go(en) 2 } 2 (Te 2 O 1 0 ){Go(en) 2 } 2 ]Gl 4 .GH 3 OH. 1 2 H 2 0 : G, 
13.42; H , 6.10; N , 14 .73%; C o / T e = 2 . 0 . T h e metal analyses 
were carried out using the eluate from the column. 

(5) Optical Resolution ofE1} E2i and E3 Complexes : Optically 
active Ej and E2 complexes were obtained by the preparat ion 
procedure starting from (+)589-[CoCl2(en)2]+.7> The ( + ) ^ 9 - E i 
and ( + ) Ö 8 9 - E 2 complexes have A e = + 0.18 and + 0 . 4 4 , 
respectively, a t the N a D line. T h e optical resolution 
of E 3 complex was made by the solubility difference between 
diastereomers : A solution of 0.015 g of K2[Sb2(</-C4H206)2] • 
3 H 2 0 in 5 cm 3 of water was gradually added with stirring to 
a solution of 0.07 g of E 3 complex in 10 cm 3 of L i O H solu­
tion of p H 10 on an ice ba th . T o the mixture was added an 
appropr ia te amount of acetone, and the solution was kept in 
a refrigerator overnight. T h e light red diastereomer de­
posited was isolated by a centrifuge and washed with methanol 
a few times. This less soluble diastereomer was stirred at 

0 °G in L i O H solution of p H 10 containing anion-exchange 
Sephadex ( Q A E A-25, Gl~ form). T h e solution was filtered 
to remove Sephadex, and GD of the filtrate was measured. 
T h e (+)g?9-E8 complex has A e = + 0.18 at N a D line. 

(6) [Co(TeOßHJ(l-pn)2]Cl-l/2CH3OH-3H20: A solu­
tion of 0.42 g (2 mmol) of T e ( O H ) 6 in 10 cm 3 of water was 
added to a solution of 0.63 g (2 mmol) of m-[~CoCl2(/-pn)2lCl 
in 10 cm 3 of water, and to the mixture was added 0.16 g 
(4 mmol) of N a O H . After stirring mechanically at about 35 
°G for half an hour, the solution was poured into a column 
(3 cm X 60 cm) of strong acid cation exchanger (SP Sephadex 
C-25, Li+ form). T h e adsorbed band was eluted with 0.25 M 
LiCl solution, which was adjusted in advance to p H 10 by 
1 M LiCl solution. During the elution the column was 
cooled by flushing ice-water. Two red bands were eluted, and 
the absorption spectrum of each eluate was similar with tha t of 
ethylenediamine E1 and E2 complexes, respectively. I t was 
difficult to isolate the crystals from the later eluate. T h e 
earlier eluate was poured once more into another similar 
column and eluted with 0.5 M LiCl solution (pH 10). T o 
the earlier eluate was added a large amount of acetone. 
After the solution had been kept in a refrigerator overnight, 
the light red precipitate deposited was separated by a centri­
fuge. T h e product was recrystallized from water (pH 10 by 
L i O H ) a t 0 °C by adding methanol-acetone mixture and 
acetone. Found : C, 14.25; H , 5.38; N , 10.28%. Calcd for 
[ C o ( T e 0 6 H 4 ) ( / - p n ) 2 ] C l . l / 2 C H 3 O H . 3 H 2 0 : C, 14.45; H , 
5.98; N , 10.37%. 

Two diastereomeric isomers of this complex were separated 

also by the column chromatography. When eluted with 
0.2 M LiCl solution (pH 10 by 1 M L i O H ) , the red band 
further separated gradually into two bands, PI and P2 (denoted 
by elution order) . PI and P2 complexes have A e = + 0.28 
and — 0.20, respectively, at N a D line. These C D values were 
calculated referring to molar absorption coefficient of the un­
resolved complex. 

(7) [Co(l-chxn)2(Te2OwHJ Co(Uhxn)2]Cl2. 8H20 : A 
solution of 0.57 g (2.5 mmol) of T e ( O H ) 6 in 10 cm3 of water 
was added to a solution of 0.98 g (2.5 mmol) of trans-[CoC\2-
(/-chxn)2]Cl in 10 cm3 of water, and to the mixture was added 
0.2 g (5 mmol) of N a O H . After stirring mechanically at 
about 40 °C for an hour, the solution was cooled in a re­
frigerator. T h e red precipitate deposited was separated by 
filtration, recrystallized from a cold water (pH 10 by LiOH) 
by adding acetone, and washed with methanol-acetone mix­
ture and ether. Found : C, 24.02; H , 6.52; N , 9.28; Te , 
19.9%. Calcd for [Co (/-chxn) 2 (Te2O1 0H4) Co (/-chxn) 2] -
C 1 2 . 8 H 2 0 : C, 23.85; H , 6.35; N , 9.27; Te , 2 1 . 1 % . 

T h e filtrate from the red precipitate was poured into a 
column of SP Sephadex C-25 (Li+ form) and eluted with 
0.225 M LiCl solution (pH 10 by 1 M L i O H ) . Three red 
bands, CI, C2, and C3 , were eluted in this order. T h e 
absorption spectra of three eluates were similar to that of the 
corresponding ethylenediamine E 2 complex. Furthermore, 
the absorption and C D spectra of the first red precipitate, 
[Co(/-chxn)2 (Te 2O 1 0H 4) Co (/-chen)2l Cl2 • 8 H 2 0 , were the 
same as those of CI eluate. C I , C2, and C3 complexes have 
A e = — 0.90, —0.41, and —1.42, respectively, at Na D line. 
These C D values were calculated referring to the molar ab­
sorption coefficient of the first red precipitate. In this case, 
the complex corresponding to Ex complex of ethylenediamine 
was not obtained. 

Measurements. T h e visible and ultraviolet absorption 
measurements were made by a Shimadzu UV-200 spectro­
photometer in aqueous solutions. T h e C D spectra were 
recoreded on a J A S C O M O E - 1 spectropolarimeter. 

R e s u l t s a n d D i s c u s s i o n 

T h e t e l l u r a t o C o ( I I I ) c o m p l e x e s n e w l y o b t a i n e d a r e 
s u m m e r i z e d in T a b l e s 1 a n d 2 w i t h t h e i r d -d a b s o r p t i o n 
a n d C D d a t a . O t h e r h i g h l y c o n d e n s e d complexes w e r e 
o b s e r v e d in t r a c e a m o u n t s o n t h e c o l u m n , b u t t h e y w e r e 
too u n s t a b l e to b e i so l a t ed . A l l t h e c o m p l e x e s o b t a i n e d 
a r e u n s t a b l e in so lu t i on a t r o o m t e m p e r a t u r e , a n d t h e i r 
so lu t ions w e r e ca re fu l ly h a n d l e d b e l o w 5 ° C . E± 

c o m p l e x is p a r t i c u l a r l y u n s t a b l e to r e e q u i l i b r a t i o n , a n d 
c o n v e r t e d r a p i d l y i n t o E 2 c o m p l e x in a q u e o u s so lu t ion 
a t r o o m t e m p e r a t u r e . T h i s r a p i d conve r s ion c o r r e s p o n d s 
to t h e d e h y d r a t i o n c o n d e n s a t i o n of t h e ' ' m o n o n u c l e a r " 
c o m p l e x [ C o ( T e 0 6 H 4 ) ( e n ) 2 ] + i n t o t h e " d i n u c l e a r " o n e 
[ C o ( e n ) 2 ( T e 2 O 1 0 H 4 ) C o ( e n ) 2 ] 2 + . Et a n d E 2 complexes 

T A B L E 1. ABSORPTION 

Complex 

DATA OF THE TELLURATO COMPLEXES IN THE d - d TRANSITION REGION 

Ö"maxa) ( log 

1st band 

e) 
\ 

2nd band 
[Co(Te0 6 H 4 ) (en) 2 ]+ 
[Co(en)2(Te2O1 0H4)Co(en)2]2+ 

[{Co(en) 2 } 2 (Te 2 O 1 0 ){Co(en) 2 } 2 ]^ 
[Co(Te0 6 H 4 ) ( / -pn) 2 ]+ 
[Co (/-chxn) 2 (Te2O1 0H4) Co (/-chxn) 2] 2+ 

19.2(2.07) 
19.2(2.41) 
19.2(2 .67) 
19.2(2 .10) 
19.2(2.42) 

26 .7(1 .93) 
26 .7 (2 .38) 
ca. 26.5(^0. 2 . 
26 .5(1 .95) 
26 .5(2 .36) 

7) 

a) In the unit of 103 c m - 1 . 
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4h 

a 
<-> 3 

2h 

lr 

15 20 25 30 35 40 45 

ff/103 

Fig. 1. Absorption spectra of [Co(TeOeH4)(en)2] + 

( ), [Co(en)2(Te2O10H4)Co(en)2]*+ ( ), and 
[{Go(en)2>2(Te2O10){Co(en)2>2]

4+ ( ). Absorption 
spectra of [Te06H6_n]"- ( -) and [Te2O10H8_Jw-
(—•—) are shown for comparison (pH 10—11). 

were prepared as their chlorides from the reaction of 
cw-[GoCl2(en)2]+ and T e ( O H ) 6 at 35 °C. The formation 
ratio changed with the reaction temperature. At 60 °C, 
the former was not obtained at all, and the latter 
predominantly. The E1 sulfate [Co(Te0 6 H 4 ) ( en ) 2 ] 2 S0 4 

is sparingly soluble in water, but can be converted into 
the chloride solution by the anion exchange resin Dowex 
1-X8 (CI- form) at 0 °C. The absorption and CD data 
of E t complex previously reported5) have been corrected 
in this paper. 

As is seen in Table 1 and Fig. 1, the absorption spec­
trum of [Co(TeO e H 4 ) (en) 2 ] + complex shows a charac­
teristic feature of the «,y-CoN402 type and is similar to 
that of [Co(C0 3 ) (en)2]+ (* m a x = 19500 and 27700 cm-1)6) 
in the d-d absorption band region. Thus it is concluded 
that the ligand T e 0 6 H 4

2 _ stands near after C 0 3
2 _ in the 

(A,A) 

N N 

Fig. 2. Proposed structures for the four diastereomeric 
isomers of [Co(diamine)2(Te2O10H4)Co(diamine)2]2+. 

spectrochemical series. The second absorption bands of 
E2 and E 3 complexes appear as a shoulder because of 
overlapping with an absorption band at 30000—35000 
c m - 1 . The latter band is assigned to the ditellurate band 
modified by coordination, since the free ditellurate ion 
has its longest wavelength absorption band at about 
38000 c m - 1 as a shoulder in contrast to the free ortho-
tellurate ion which scarcely absorbs in the region of 
35000—42000 c m - 1 (Fig. 1). The occurrence of the 
ditellurate band for E2 complex and the Ex to E2 conver­
sion in solution support that E2 complex [Co(en)2(Te2-

T A B L E 2. 

Complex 

C D DATA OF THE TELLURATO COMPLEXES IN THE d - d TRANSITION REGION 

*ext
a) (Ae) 

1st band 2nd band 

(+)5
c

8V[Co(Te06H4)(en)2]+ 

( + )sc
8

D9-[Co(en)2(Te2O10H4)Co(en)2]+ 

( + )5
c
8V[{Go(en)2}2(Te2O10){Co(en)2}2]^b) 

[Co(Te06H4)(/-pn)2]+:Pl 

:P2 

[Co (Z-chxn) a (Te2O10H4) Co (Z-chxn)2]
2+ : C1 

:C2 

:C3 

19.0(+1.12) 

19.0(4-2.63) 

18.5(+0.83) 

19.1(4-1.56) 

18.4(-0.79) 
20.7(4-0.38) 
18.5(-3 .03) 
20.7(4-0.84) 
18.3(—1.36) 
20.5(4-1.44) 
18.5(-5.24) 
21.5(4-0.26) 

25.0(4-0.092) 
27.0(-0.012) 
29.8(4-0.023) 
25.0(4-0.071) 
27.5(-0 .071) 
24.5(4-0.038) 
27.5(-0 .023) 
25.1(4-0.18) 
29.3(4-0.06) 
25.5(4-0.13) 

26.5(4-0.43) 

26.0(4-0.37) 

26.5(4-0.57) 

a) In the unit of 103 cm-1, b) Partly resolved complex. 
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O1 0H4)Co(en)2]2+ corresponds to the condensation prod­
uct of E1 complex [Co(Te0 6 H 4 ) (en) 2 ]+ (see Fig. 2). 
Similarly, it is supposed that E 3 complex [{Co(en)2}2-
(Te2O10){Co(en)2}2]4+ is a condensation product of 
[Co(en) 2(TeÖ 6H 2)Co(en) 2] 2 + , which has not been iso­
lated in this work. 

The optically active forms were obtained for E l 5 E2 , 
and E 3 complexes, and two diastereomeric isomers of 
[Co(Te0 6H 4 ) ( / -pn) 2 ]+, PI and P2, were separated by 
column chromatography. Furthermore, three diastereo­
meric isomers of [Co(/-chxn)2(Te2O1 0H4)Co(/-chxn)2]2 + , 
G l , C2, and C3, were obtained. Among several possible 
structures for the "dinuclear" complex, [Co (diamine) 2-
(Te2O1 0H4) Co (diamine) 2 ] 2 + , the most probable ones are 
those shown in Fig. 2. In this type of condensation, four 
diastereomeric isomers are possible, which have meso-
(A,A), meso-(A,A), (A,A), and (A,A) configurations, 
respectively, in regard to skew pairs of two diamine 
chelate rings. Many optical isomers are possible for 
[{Co(en)2}2(Te2O10){Co(en)2}2]4+, but further investi­
gation on this complex has not been intended in the 
present study, because it seems the optical resolution 
was successful only partly. 

The CD data of the present complexes are summeriz-
ed in Table 2 and Figs. 3—6. The CD patterns of the 
[Co(TeO 6H 4)(en)2]+and[Co(en) 2(Te 2O 1 0H 4)Co(en) 2] 2+ 
complexes are similar to that of ^l-[Co(C03) (en)2]+ (Ac 
= + 3 . 7 at 18900 cm-1)6) in the d-d absorption band 
region, and show only one CD band in the first band 
region (Figs. 4 and 6). Thus, the absolute configura­
tions of (+)f8

D9-E1 and (+)£8
D9-E2 complexes are assigned 

to be A and (A,A), respectively. This corresponds well 
to the fact that the optically active Ej and E2 complexes 
have been obtained from ( + )5 8 9-[CoCl2(en)2]+ (A con­
figuration)6»8). The CD curves of two diastereomeric 
isomers, PI and P2, of [Co(TeOGH 4)( / -pn) 2]+ are shown 
in Fig. 3 . Thei r C D patterns somewhat differ from that 
of [Co(TcO e H 4 ) (en) 2 ] + , because of the presence of vici­
nal contribution due to the (i?)-l ,2-propanediamine 
l igand. I t has been well known that the configurational 
and vicinal CD contributions are separable for many 

15 20 25 

a/lO'cm"1 

Fig. 3. Absorption and CD spectra of [Co(Te06H4) 
(/-pn)2]+: PI ( ) and P2 ( ) isomers. 

a/1 (Fern-1 

Fig. 4. Calculated configurational ( ) and vicinal 
( ) CD curves of (-)g?,-[Co(Te06H4)(/-pn)aJ+, and 
observed CD curve ( ) of (+)£?,-[Co(Te06H4)-
(en)a]+. 

kinds of cobalt(III) complexes by utilizing an additivity 
rule for a pair of CD curves of diastereomeric isomers.9) 
When the additivity rule is applied for the CD curves 
of PI and P2 isomers, the calculated configurational CD 
curve agrees well with the observed CD curve of E t 

complex (Fig. 4). Thus the sign pattern of (+)^8
D

9-E1 

complex (A configuration) suggests that PI and P2 
isomers are A and A configurations, respectively. 

As is seen in Fig. 5, the CD curves of three diastero-
meric isomers, C I , C2, and C3, of [Co(/-chxn)2(Te2O10-
H4)Co(/-chxn)2]2 + differ from that of E2 complex by the 
same reason as in the case of PI and P2 complexes. 
By the application of the additivity rule for the CD 
curves of C2 and C3 isomers, the calculated configu-

a/KPcm-1 

Fig. 5. Absorption and CD spectra of [Co(/-chxn)2-
(Te2O10H4)Co(/-chxn)2]2+: CI ( ), C2 ( ), and 
C3 ( ) isomers. 
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+ 3h 

+ 2| / \ 

^ "t i ? 

I i i i I I 
15 2 0 2 5 30 

a 1103 cm-1 

Fig. 6. Calculated configurational ( ) and vicinal 
( ) CD curves of [Co(/-chxn)2(Te2O10H4)Co(/-
chxn)2]2+(C3 isomer), and observed CD curve ( ) 
of(+)S?.-[Go(cn)a(TeaO10HI)Go(en)a]«+. 

rational and vicinal CD curves agree well with the 
observed CD curves of E2 complex and CI isomer, 
respectively (Fig. 6). Thus the CD of CI isomer is 
contributed only by the vicinal effect due to the four 

(/?,#)-£rawj ,-l,2-cyclohexanediamine l igands; namely CI 
isomer corresponds to a meso one, (A,A) or (A,A) in 
Fig. 2, or to a mixture of the two meso ones. Further­
more, by comparison of the sign patterns of C2 and C3 
isomers to that of (+)?8

D
9-(^,^)-[Co(en)2(Te2O1 0H4)-

Co(en) 2 ] 2 + complex, it is confirmed that C2 isomer has 
(A,A) configuration, and C3 isomer (A,A) one. 

References 

1) M. W. Lister and Y. Yoshino, Can. J. Chem., 40, 1490 
(1962); Y, Yoshino, T. Takeuchi, and H. Kinoshita, Nippon 
Kagaku Zasshi, 86, 978 (1965). 

2) O. Lindqvist and G. Lundgren, Acta Chem. Scand., 20, 
2138 (1966). 

3) T. Ama, J . Hidaka, and Y. Shimura, Bull. Chem. Soc. 
Jpn., 46, 2145 (1973). 

4) Y. Hosokawa, J, Hidaka, and Y. Shimura, Bull. Chem. 
Soc. Jpn., 48, 3175 (1975). 

5) Y. Hosokawa and Y. Shimura, Chem. Lett., 1978, 847. 
6) A. J . MacCaffery, S. F. Mason, and B. J . Norman, 

J. Chem. Soc, 1965, 5094. 
7) F. P. Dwyer, A. M. Sargeson, and I. K. Reid, J. Am. 

Chem. Soc, 85, 1215 (1963). 
8) K. Matsumoto, S. Ooi, and H. Kuroya, Bull. Chem. 

Soc. Jpn., 43, 3801 (1970). 
9) N. Matsuoka, J. Hidaka, and Y. Shimura, Bull. Chem. 

Soc. Jpn., 48, 458 (1975); Inorg. Chem., 9, 719 (1970). 



1056 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (4), 1056 1059 (1979) [Vol. 52, No. 4 

Differential Pulse Polarographic Determination of Tellurium 
by Use of Maximum Wave 
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A differential pulse Polarographie method for the rapid and simple determination of tellurium by use 
of maximum wave has been studied. Differential pulse Polarographie (DP) peak of tellurium(IV) in 1 mol dm-3 

phosphoric acid is observed in the potential range —0.7 1.0 V vs. SCE. The peak current is very large in 
comparison with that in d.c. mode, or in normal pulse mode, being proportional to the concentration of tellurium-
(IV) between 10-8 and 10~7 mol dm - 3 contents. The relative standard deviation for 3.94X 10-8 mol dm- 3 tel-
lurium(IV) under representative sets of good conditions was 0.0342. The method has been applied to the deter­
mination of tellurium in carbon steel. 

Tel lurium is an important substance in the steel 
industry and alloy production. However, tellurites and 
hydrogen telluride are more toxic and dangerous than 
the corresponding selenium compounds. Thus it is most 
important to know the tellurium content in the fields 
of toxicology, industrial hygiene, and environmental 
pollution. Determination of tellurium can be carried 
out by the solvent extraction-spectrophotometric1) and 
spectrophotometric2) methods by use of Bismuthiol I I 
(3-phenyl-5-mercapto-1,3,4-thiadiazole-2-thione). How­
ever, these methods involve complicated steps for clean­
up and color development, requiring much t ime. O n 
the other hand, differential pulse (DP) polarography as 
well as atomic absorption spectrometry3) provide reliable 
determination of the micro-amount of tellurium. 

Since Polarographie investigation was carried out in 
1935 by Schwaer and Suchy,4> many reports have 
appeared on the reduction of tellurium concerning the 
Polarographie maximum wave, mainly in view of estab­
lishing reaction mechanisms.5-14) 

For the purpose of working out a reliable analytical 
method, the author has studied the effect of supporting 
electrolytes, coexisting ions and surfactants on the D P 
peak, the effects of instrumental parameters such as 
modulation amplitude (AE) and scan rate (y) in the 
DP mode, and also sensitivity and relative standard 
deviation for tellurium. 

E x p e r i m e n t a l 

Reagents. Chemicals used were of reagent grade and 
dissolved in deionized water. A standard tellurium solution 
(1.00 x 10~2 mol dm~3) was prepared by dissolving 0.1276 g 
of tellurium lump (purity 99.999%, Wako Chemical Ind. 
Ltd.) in 50 cm3 of 7 mol dm - 3 nitric acid and diluting to 
100 cm3. All dilute solutions were prepared from a stock 
solution. 

Apparatus. The pulse Polarographie determination was 
carried out with a Model 174A Polarographie analyzer and 
a Model 174/70 drop timer (Princeton Applied Research, 
U.S.A.) and an Omnigraphic 2000 Recorder (Houston 
Instrument, U.S.A.). The Polarographie solutions were 
deaerated before and during the course of electrolysis with 
pure nitrogen by passing through a trap containing a solu­
tion of the same supporting electrolyte. Except for tem­
perature dependence studies, all the measurements were 
carried out at room temperature (21± 1) °C. Conditions for 
the dropping mercury electrode (d.m.e.): drop timef=3.66 

s (open circuit in 1 mol dm - 3 phosphoric acid), rate of mercury 
flow m=2.156 mg s-1, height of mercury reservoir h = 79 cm. 
The electrolysis circuit was a three electrode system consist­
ing of a d.m.e., a carbon rod as counter electrode and a SCE. 
Small volumes of tellurium(IV) solutions were supplied from 
Eppendorf micropipetters. 

R e s u l t s a n d D i s c u s s i o n 

Characteristics of Tellurium(IV) Reduction. Reduc­
tion wave or peak of tellurium with catalytic hydrogen 
evolution was observed in the potential range —0.7— 
— 1.0 V. The mechanism of electrode processes has been 
discussed by many investigators.5,6,8,11,12) According to 
Shinagawa et al.,11) and Volaire et a/.,12> the electrode pro­
cess after the reduction of Te(IV)—Te(0) is as follows: 

Te°ads + 2Hads = HTeads + H + 

HTea-ds + e = 1/2H2 + Teads 

Tead8 + H + = HTea-d8 

If tellurium undergoes two-electron reduction due to 
formation of telluride as a whole, we can reexamine the 
process by means of the dependence of peak half width, 
Wxi%, on pulse amplitude, AE, for various values of n15> 
in order to confirm total number of electrons in electrode 
reaction, n. The results for the W1/2-AE dependence 
are given in Table 1. The values agree with the theo­
retical ones for n — 2. The instantaneous current-time 
curve of 1 X 10~6 mol d m - 3 tellurium (IV) in 1 mol d m - 3 

phosphoric acid was observed in the potential in the 
range —0.70 0.94 V by the potential-step method. 
The slope of l g i-lg t was 0.480, lying in the range 
between the maximum of first kind and the kinetic 
current. No brown mist formed on the d.m.e. , convec­
tion in the vicinity of the d.m.e. , not being observed 

TABLE 1. DEPENDENCE OF MODULATION AMPLITUDE ON 

DP PEAK HALF WIDTH FOR n—2 

Modulation amplitude, 
ur / w\ AE (mV) wxl% ( m V ) \ J 

- 1 0 - 2 5 - 5 0 

Theoretical 46 50 63 
Observed 48 50 70 

Concentration: 1.00x 10~7 mol dm-3 Te(IV); scan 
rate, v : 5 mV s_1; mechanically controlled drop time, 
td: I s . 
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because of the low concentration of t e l lu r ium(IV) . n ) 

The relative temperature coefficient of the D P peak 
current for tellurium-reduction in the temperature range 
1—44 °C was 3.02% K - 1 at 20 °C, the value being 
reasonable because of maximum wave. No maximum 
wave was observed in the potential range —1.0 1.9 
V in 1 mol d m - 3 sodium hydroxide. The reduction is 
irreversible, the slope of lg ij{i^—i)vs. potential, E in 
normal pulse (NP) mode and the peak half width, W^ 
in D P mode being 80 and 144 mV, respectively, at 
AE= —50 mV. The peak current in 1 mol d m - 3 sodium 
hydroxide is much less than that in 1 mol d m - 3 phos­
phoric acid. 

Choice of Supporting Electrolyte. Several investiga­
tors have recommended alkaline or ammoniacal sup­
porting electrolytes for the determination of telluri­
um. 6-8»11) Itsuki et al.9) used phosphoric acid for s.w. 
Polarographie determination of tellurium in crude 
copper, silver and selenium. Maienthal and Taylor10) 
determined tellurium in cartridge brass and in white 
cast iron by cathode-ray polarography in 1.5 mol d m - 3 

phosphoric acid, getting good results. Milner and Slee16) 
recommended phosphoric acid as a suitable supporting 
electrolyte for square wave (s.w.) Polarographie deter­
mination of heavy metals. Phosphoric acid was thus 
chosen as the supporting electrolyte. In solutions with 
phosphoric acid, there was no variation in D P current 
in the concentration range 0.1—2 mol d m - 3 . 

In a.c. mode, the background current practically does 
not change because of the irreversible reduction of 
dissolved oxygen in acid solutions,17) nevertheless that 
in D P mode altered remarkably and affected the D P 
current of tellurium(IV) markedly. Thus it was neces­
sary to monitor the residual current in order to make 
analytical error minimum. The effects of hydrochloric 
acid, sulfuric acid and nitric acid were studied. The 
DP peak for 1 X 10~7 mol d m - 3 tel lurium(IV) remained 
constant even in the presence of 1 mol d m - 3 nitric acid 
in the Polarographie solution. The presence of 0.1 mol 
d m - 3 hydrochloric acid or 0.1 mol d m - 3 sulfuric acid in 
the solution gave practically no influence on the D P 

1.2r 1 

°'8r\ 

0-4r ^ _ 

o| i i i i__i i i i i » I 

0 1 2 5 10 

v/(mV s-1) 

Fig. 1. Effect of scan rate on DP peak of tellurium (IV). 
Concentration: 1.00X 10~~7 mol dm - 3 Te(IV) ; modula­
tion amplitude, AE: —50 mV; mechanically controlled 
drop time, td: I s . 

peak current. 
Effect of Modulation Amplitude and Scan Rate. For 

the reduction process with catalytic reaction, the peak 
height-pulse ampli tude relationship was found to be 
linear up to 100 m V pulse ampli tude. In general, small 
pulse ampli tude gives better resolution and less instru­
mental error.15) However, it is more advantageous to 
work at larger pulse amplitudes in order to obtain 
better sensitivity. 

Figure 1 shows the effect of scan rate on D P peak 
height for the reduction of te l lur ium(IV). It should be 
noted that the specially slow scan rate for the reduction 
of tellurium (IV) gives better sensitivity sufficiently reli­
able for routine analytical operation but its use is t ime 
consuming and tedious. However, in the case of lower 
concentrations as low as 10~9 mol dm~ 3 content, it is 
desirable to use lower scan rates of 0.1—0.5 m V s_1 . 

TABLE 2. EFFECT OF MAXIMUM SUPPRESSOR 

CONCENTRATION ON D P PEAK 

Tellurium concentration 
Concentration of (mol dm-3) 
Triton X-100(%) , - , 

l .OOxlO- 7 l .OOxlO- 6 

None 1.00a> 1.00a> 
5X10-4 0.99 — 
l x l O - 3 0.96 — 
5X10-3 0.93 0.99 
l x l O - 2 — 0.60 
2X10-2 — 0.31 

a) Relative value against the peak current without 
Triton X-100. Conditions as in Table 1. 

Effect of Surfactants. If surfactants are present in 
the Polarographie solution, the current should decrease 
due to change in interfacial phenomena such as adsorp­
tion. Table 2 gives the effect of surfactants on the 
max imum peak current for the reduction of tellurium-
(IV) . In general, gelatine and Tri ton X-100 are used 
for maximum suppressor at concentration lower than 
10~2%. These concentrations usually suppress the maxi­
m u m wave sufficiently. However, none of them affected 
the current at concentrations less than 10~3% in spite 
of the fact that the depolarizer concentration was as low 
as 10~7 mol d m - 3 . I n the present method it is not 
necessary to pay attention to the presence of surfactants. 
T h e results of the D P peak current-concentration of 
Tr i ton X-100 relationship are similar to those obtained 
in the "suspension polarogram" of tellurium powder in 
1 mol d m - 3 ammonium chloride and in 4 x l 0 ~ 4 m o l 
d m - 3 KgTeOg.11) 

Calibration Curve. Figure 2 shows typical D P 
polarograms of tellurium (IV) in 1 mol d m - 3 phosphoric 
acid. The D P peak height is proportional to the 
concentration of tel lurium(IV) between 5 x l 0 ~ 8 and 
4 X 10~7 mol d m - 3 (Fig. 3). The relative standard devia­
tion for 3.94 x 10-8 mol dm~3 tel lurium(IV) was 0.0342. 
If the current offset in the instrument, modulation 
ampli tude of —100 mV, and scan rate of 0.5 m V s _ 1 as 
low as possible are used, detection limits are about 10 - 9 

mol d m - 3 content. The large amount of i ron(I I I ) and 
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T A B L E 3. CONTENTS OF CONSTITUENTS OF CARBON STEEL SPECIMEN 
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Specimen Concentration (%) 

No. 1 C 
0 .20 

Si 
0 .24 

M n 
0 .59 

P 

0.012 
S 

0 .013 
Ni 

0 .15 
Cr 

0 .15 
Cu 

0 .18 

M o 
0 .05 

Te 
0.020 

Se 
0.020 

0.5 0.7 0.9 

-E vs. SCE/V 

Fig. 2. Differential pulse polarograms of te l lur ium(IV) 
in 1 mol d m - 3 phosphoric acid. 
Concentra t ion: 0, 5.00, 10.00, 15.00, 20.00, 30.00, and 
40.00 x 10-8 mol d m - 3 T e ( I V ) ; scan rate, v: 5 m V s-1 ; 
AE: — 50 m V ; td: 1 s. 

t h e e l e m e n t s g i v e n i n T a b l e 3 d i d n o t in t e r f e re w i t h t h e 
d e t e r m i n a t i o n of t e l l u r i u m ( I V ) . 

T h e m a x i m u m w a v e was a lso o b s e r v e d i n N P m o d e , 
b u t it w a s difficult to m e a s u r e t h e w a v e h e i g h t a c c u ­
r a t e l y . 

Analytical Application. A n a n a l y t i c a l p r o c e d u r e 

o l 2 3 4 
[ T e ( I V ) ] / 1 0 - 7 m o l d m - 3 

Fig. 3. Calibration curve of tel lurium(IV) by D P mode. 
Conditions are the same as in Fig. 2. 
O - Current measured as a height of peak-to-peak. 
0 : Current measured as a height of background-to-
the peak at more positive potential . 

w a s es tab l i shed f rom t h e resul ts . C o n t e n t s of cons t i tu ­
en ts of c a r b o n steel used as a s a m p l e a r e g iven i n 
T a b l e 3 . 

Disso lve ca. 0.1 g of t h e s a m p l e w e i g h e d a c c u r a t e l y i n 
a m i x t u r e of 3 c m 3 of n i t r i c a c i d a n d 0.1 c m 3 of h y d r o ­
c h l o r i c a c i d , a n d k e e p it i n a w a t e r - i c e b a t h to p r e v e n t 
f u m i n g . F i l t e r t h r o u g h a N o . 5 G filter p a p e r w h e n 
necessa ry . W a s h t h e p a p e r w i t h a few c m 3 of 4 m o l 
d m - 3 n i t r i c a c i d , a n d d i l u t e to 10 c m 3 a c c u r a t e l y w i t h 
4 m o l d m - 3 n i t r i c a c i d . P i p e t t e a n a d e q u a t e a m o u n t of 
t h e s a m p l e so lu t i on i n t o t h e s u p p o r t i n g e lec t ro ly te solu­
t i o n . Af ter d e a e r a t i o n , m e a s u r e t h e t e l l u r i u m p e a k in 

D P m o d e i n t h e p o t e n t i a l r a n g e —0.7 1.0 V , a n d 
t h e n c a l i b r a t e t h e a m o u n t b y m e a n s of a c a l i b r a t i o n 
c u r v e o r s t a n d a r d a d d i t i o n m e t h o d . T h e resul ts of 
ana lyses , g i v e n i n T a b l e 4 , a r e in g o o d a g r e e m e n t w i t h 
t h e p r e s c r i p t i o n of s a m p l e w i t h i n e x p e r i m e n t a l e r r o r . 

T A B L E 4. ANALYSIS OF CARBON STEEL 

Method Found values of tellurium (%) , x 102 

Calibration curve 1.95 1.96 1.95 
S tandard addition 1.97 1.98 1.96 

Conditions are the same as in Fig. 2. 

As c o m p a r e d to m a n y a n a l y t i c a l p r o c e d u r e s the 
p r e s e n t o n e w a s f o u n d to b e t h e s imples t , g iv ing t h e 
h ighes t r e l i ab i l i ty as t h e a n o d i c s t r i p p i n g v o l t a m m e t r y 
for h e a v y m e t a l d e t e r m i n a t i o n . 

T h e a u t h o r is g ra te fu l to Profs . S. H i k i m e , H . Y o s h i d a , 
a n d M . T a g a for t h e i r in t e res t a n d e n c o u r a g e m e n t , a n d 
to Prof. T . K a m b a r a for h is c o m m e n t s . 

T h e c a r b o n s teel w a s s u p p l i e d b y J a p a n Steel W o r k 
C o . t h r o u g h Prof. S . H i k i m e . 
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Color Reactions of Aqua(ethylenediaminetetraacetato)ruthenate(III) with 
Sulfur Compounds. Kinetic Study of Thiosulfate Anation1) 

Yukichi YOSHINO,* Takashi UEHIRO, and Masami SAITO 

Department of Chemistry, College of General Education, The University of Tokyo, 
Komaba, Meguro-ku, Tokyo 153 

(Received September 18, 1978) 

New color reactions of aqua(ethylenediaminetetraacetato)ruthenate(III) with sulfur compounds such as 
thiols, thiourea and thiosulfate have been found and investigated. It has been established that the coloration 
is due to the anation of the complex with sulfur compounds. In the case of thiosulfate, the reaction is first order in 
either reactant and independent of [H+] in the pH range 4 to 6. The rate constant (£AN) was found to be 2.94^0.11 
M - 1 s - 1 at 30 °G and 7= 0.1. For a p H > 6 , the rate decreases with increase in pH due to the formation of a hydroxo 
complex. In the higher pH region, the reverse reaction, [Ru(edta) (S203)]3-+ OH~^±[Ru(edta) (OH)]2~+ S203

2-
takes place. From the value of the equilibrium constant (Keq) for this reaction, the equilibrium constant (iCAN) for 
thiosulfate anation has been estimated as, log 7CAN=5.02 at 30 °G and 7=0.1 . 

In the course of the study on the redox reaction of 
ethylenediaminetetraacetatoruthenate(III) ,2) it was 
found that the complex solution gave an intense red 
color by the addit ion of sulfur compounds, such as 
cysteine, thiourea and thiosulfate. Examination revealed 
that the coloration was due to the substitution of a 
water molecule in the complex for sulfur-containing 
anions. T h e color develops instantaneously, except in 
the case of thiosulfate where it is rather slow. In order 
to elucidate the nature of the color reaction, a kinetic 
examination has been conducted. 

E x p e r i m e n t a l 

Preparation of Aquahydrogen(ethylenediaminetetraacetato)ruthe-
nium(III), [Ru(Hedta) (H20)}. The method of Mukaida 
et a/.8) has been modified as follows. Ruthenium(IV) oxide 
(5 mmol, Japan Engelhard Co., Ltd.) was dissolved in coned 
HCl and after repeated heating to dryness on a water bath 
the residue was dissolved in coned HCl (20 ml). To the 
solution was added EDTA (5.3 mmol, free acid) and the 
mixture heated to dryness several times. From a 6 M HCl 
solution of the residue, H[RuEl2(H2edte)]»5H20 crystalliz­
ed out. The recrystallized solid was dissolved in water and 
the solution added with an equimolar amount of NaOH and 
evaporated to dryness twice. On the addition of ethanol, a 
yellow solid precipitated which was dissolved in water and 
the solution repeatedly evaporated. This lead to the crystal­
lization of [Ru(Hedta)(H20)] (yield; 60%). The purity of 
the complex was checked by alkalimetric titration. 

Other Chemicals. All chemicals used were "special 
grade" from Wako Chemicals Go. and purified by recrystal-
lization or distillation when necessary. Twice-distilled water 
was used throughout the experiments. 

Kinetics and Equilibrium Measurements. The majority of 
the measurements were conducted at 30 ° G and an ionic 
strength of 0.1. Since Perchlorate, nitrate and chloride react 
slowly with [Ru(Hedta)(H20)~|, the pH and ionic strength 
of the solution were adjusted by adding calculated amounts 
of buffer solutions (acetate, phosphate, carbonate and borate 
buffers). Care was taken to avoid the possible photochemical 
oxidation of the complex solution.2) 

The buffered solutions of either reactant, thermostated sepa­
rately in the dark, were mixed together, and the mixture trans­
ferred to a 10 mm path quartz cell. The increase in the 
optical density of the solution at 495 nm was followed on a 
spectrophotometer at constant temperature. The pseudo-first 

order rate constant, kohsd, was evaluated by plotting log 
(Dœ—Dt) against time t, where Dt and DM are the optical 
densities at time t and infinity, respectively. 

Physical Measurements. The electronic spectra and the 
color development were recorded on a Hitachi 124 spectro­
photometer with an attached thermostatted cell compartment. 
GD spectra were obtained by a JASGO J20 recording spectro­
photometer and IR spectra on a JASGO 403G infrared 
spectrophotometer. The magnetic susceptibility was measur­
ed on a Gouy magnetic balance and the pH on a Toa Denpa 
Digital pH meter, Type HM-8 and HM-20B. 

R e s u l t s a n d D i s c u s s i o n 

Color Reaction. Of the sulfur compounds inves­
tigated, it was found that alkanethiols, cysteine, phenyl-
methanethiol , O-ethyl dithiocarbonate, diethyldithio-
carbamate , thiourea and thiosulfate gave pink to 
reddish brown colors, while the benzenethiols gave blue 
colors. Sulfides and disulfides did not react at all. I t 
may be noted that there is a parallel between this color 
reaction and the iodine-azide reaction of thiols and 
thiocarbonyl compounds.4) 

As may be seen from Fig. 1, the mole ratio of the 
ru thenium (III) complex to sulfur compound was found 
to be 1: 1. 

The colored mixture of the complex and cysteine gave 

1 2 
Mole ratio SR/Ru 

Fig. 1. Mole ratio plot. 
[Ru(Hedta)(H20)]: 2.0 x 10"4 M. 
— A — : S203

2-; — 0 ~ : cysteine. 
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new CD peaks at 516 nm ( + 0 . 6 4 ) , 436 nm ( - 0 . 4 1 ) , 
380 nm (+0 .25) and 335 nm (—0.33) where the 
figures in parentheses represent As values. The reaction 
products were paramagnetic in both solution and solid 
states. The magnetic moment of ruthenium in the 
colored solution (0.1 M Ru) was calculated as; Me{{~ 
1.91 B.M. at 24.2 °C and therefore it may be said that 
the + 3 state of R u is retained throughout the reaction. 
The existence of Ru-carboxylate bonding was confirmed 
by a strong infrared absorption band at 1620 c m - 1 . In 
addition, the elemental analysis of the colored solid 
gave the atomic ratio C/N as 4.20, which may be 
compared to the calculated value 4.33 for a 1: 1 complex 
of R u - E D T A and cysteine. 

O n the basis of these observations, it has been assumed 
that the color reaction is an anation reaction of the 
following type; 

Ru(edta)(H20)" + SR"" +=± 

Ru(edta)(SR)<n+1>- + H 2 0 , (1) 

where SR denotes a sulfur-containing compound. The 
nature of the color change may be a charge transfer 

Time/min 

Fig. 2. Pseudo-first-order plot for color reaction of 
Ru(edta)(H20)- with S203

2- at 30 °C, pH 4.7 and 
7=0.1. [S 2 O 3

2 - ] 0 =8.0x l0- 4 M. — O—: [Ru(edta)-
(H2O)-]0=2.0x 10-4M; — O — : [Ru(edta)(H2O)-]0= 
1.2xlO-4M. 

0 4 8 12 
S203

2-/Ru or Ru/S203
2-

Fig. 3. Dependence of kobsd on the concentration of the 
excess reactants. 
— O — : S203

2- is excess; [Ru(edta)(H2O)-]0=1.2x 
10-4M; —A—-- Ru(edta)(H20)- is excess; [S2O3

2-]0= 
0.8xl0-*M. 

between sulfur and ru thenium(I I I ) in the complex. 
Kinetics of Thiosulfate Anation. Of the various 

sulfur compounds investigated, the color reaction of 
thiosulfate is relatively slow and the rate could be 
followed photometrically. The reaction is first order 
in each reactant (Fig. 2) and the rate is independent of 
the hydrogen ion concentration in the p H range 4—6. 
Figure 3 illustrates the dependence of kohsd on the 
concentration of the excess reactant, thiosulfate or 
R u ( I I I ) - E D T A complex. A linear relationship is seen 
to hold in both cases. From the slopes of these straight 
lines, the rate constant, £AN, of the thiosulfate anation 
has been evaluated as; 

A:AN = 2.94 ± 0.11 M"1 s-1 at 30 °C and I = 0.1. 

In the presence of an excess of thiosulfate ( [ S 2 0 3 ] / 
[ R u - E D T A ] = 6 . 7 ) , the Arrhenius plot of kohsd at 22, 
30, and 40 °C gave the activation energy as, Ea = 
3 7 + 2 k j mol- 1 . 

+ 

1.0 

0.8 

0.6 

n A 

... , , , 

QO 

/ o 

So 

i i . , ._ i — 

—n 

-j 

\ 

\ 

0 0.3 0.1 0.2 
Jl/2 

Fig. 4. Dependence of kQbS(i on the ionic strength. 

As illustrated in Fig. 4, a plot of log kohsd vs. I1'2 

gives a straight line with a slope of nearly 2.5> Taking 
into consideration the pK values of R u ( H e d t a ) ( H 2 0 ) 
( p ^ = 2 . 7 5 and p # 2 = 7 . 5 0 at 30 °C and 7=0 .1 ) this 
result is consistent with the reaction of uni-bivalent 
anions as 

Ru(edta)(H20)" + S203
2~ «=> 

Ru(edta)(S203)3- + H 2 0 . (2) 

T h e value of the rate constant for this reaction is 
surprisingly large compared with the halide anation of 
ruthenium(III ) -e thylenediamine and related complexes 
( ^ A N ^ I O - 3 M - 1 s-1).6) However, it has been noted 
before that substitution reactions at the sixth coordina­
tion site of quinquedentate E D T A complexes of Cr ( I I I ) 
and related complexes are remarkably fast.7»8) Similar 
labilizing effect due to quinquedentate E D T A may be 
expected for R u ( e d t a ) ( H 2 0 ) ~ . 

In the kinetic measurements, kohsd increased linearly 
with increase in the thiosulfate concentration up to 
0.1 M, the concentration range investigated here and 
no saturation of the rate was observed. Consequently 
it is not possible to anticipate further the mechanism of 
the anation. 

As reported earlier, the rate of color development is 
independent of [H+] in the p H range 4—6. However, 
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PH 

Fig. 5. Dependence of A;ANobsd on pH of the solutions. 
O : experimental point; —: calculated curve. 

it was found in the region of p H 6—10 that the rate 
decreases with increase in p H , as illustrated in Fig. 5. 
(Experimental points are shown by open circles). Since 
the pK2 of R u ( H e d t a ) ( H 2 0 ) is known to have the 
value of 7.50, this result is expected to arise from the 
decrease in the concentration of the aqua complex with 
increase in p H . This leads to 

^AN.obsd = 

(*AN+*AN#2/[H+])/(l +tf2/[H+]), 
where ^AN.obsd denotes the observed rate constant in 
the range pH><M5 and £AN and £AN are the anation 
rate constants for R u ( e d t a ) ( H 2 0 ) ~ and Ru(edta) -
( O H ) 2 _ , respectively. Substituting the values, £A N= 
2.94 M " 1 s"1, £ A N ^ 0 and K2=\0~'7-50 M , the values of 
^AN.obsd a s a function of p H have been calculated and 
the results plotted in Fig. 5 (solid l ine). The agreement 
between experimental and calculated values is satis­
factory. 

In the p H r a n g e < 4 , £AN,0bsd decreases with increase 
in [ H + ] . This may be explained by considering the 
participation of the less reactive protonated complex, 
R u ( H e d t a ) ( H 2 0 ) in the reaction, thus 

^AN.obsd = 

where kohsa refers to the anation rate constant for Ru-
(Hedta) ( H 2 0 ) . The evaluation of £AN from the rate 
data in the acidic range ( p H < 4 ) is, however, difficult 
owing to the possible decomposition of the thiosulfate 
in acidic solution. 

Equilibrium Study. In the higher p H range 
( p H > ^ 8 ) , it was found that the optical densities at 
infinite t ime decrease as illustrated in Fig. 6. This may 
be ascribed to the existence of the following equi l ibr ium; 

Ru(edta)(S2Os)
3- + OH" <==± 

Ru(edta) (OH) 2~ + S203
2- (3) 

At 495 nm the only colored species is R u ( e d t a ) ( S 2 0 3 ) 3 _ 

with a molar extinction coefficient, e, at this wavelength 
of 3.13 X 103 M - 1 cm- 1 . Using the spectral da ta of 

O 

400 500 600 

Wavelength/nm 

Fig. 6. Change of absorption spectra in the higher pH 
region. 
1: pH 8.57, 2: pH 9.29, 3: pH 9.91, 4: pH 10.81. 

Fig. 6, the equil ibrium constant (^eq) f ° r Reaction 3 
has been calculated as; Keq=\9.l at 30 °C and 7 = 0 . 1 . 
Since the pK2 value for R u ( H e d t a ) ( H 2 0 ) is known, the 
equil ibrium constant (iCAN) for the thiosulfate anation 
(Reaction 2) may be calculated using the following 
relationship : 

*AN = [Ru(edta)(S203)3-]/[Ru(edta)(H20)-][S203
2-] 

= K2IKe -Kw, 

where Kw denotes the ionic product of water. Sub­
stituting the values; X 2 = 10-7*50 

# = 1 0 - 1 3 - 8 ; 
^ e q = 1 0 1 - 8 8 and 

log 7CAN = 5.02 at 30 °G and / = 0.1. 

This value may be compared with that estimated from 
the spectral data in the mole ratio plot of the optical 
densities in Fig. 1 (log KA^=5.\6). 

The authors wish to thank Professor A. Ouchi for 
his discussion and supply of some sulfur compounds. 
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Tetrasulfur tetraimide was pyrolyzed into sulfur, tetrasulfur tetranitride, tetrasulfur dinitride, ammonia, 
and nitrogen even below its apparent melting point, 143 °G, under atmospheric pressure; a small amount of hepta­
sulfur imide was also observable. The tetrasulfur dinitride and nitrogen were formed from subsequent reactions 
between products. The overall pyrolysis consisted of the primary decomposition and the following subsequent ones, 
as judged from the stoichiometric relationships among the pyrolytic products: 3S4(NH)4=4S+2S4N4 + 4NH3, 
S4N4=S4N a+N a (in the presence of sulfur), and S 4N 2=4S+N a . Partial pressures of ammonia at the primary 
pyrolysis were estimated to be 8.5 x 10-a, 2.1 X 10"1, 5.2 X 10"1, and 1.4 Pa at 60, 70, 80, and 90 °G respectively. 

Sasaki et al.1) have reported that tetrasulfur tetraimide, 
S4(NH)4 , melted at 152 °C with an accompanying 
decomposition on moderately rapid heating, while it 
was stable in air at room temperature . They have 
proposed that tetrasulfur tetraimide pyrolyzed as follows 
over the temperatures from 110 to 135 °C in vacuo: 

3S4(NH)4 = 4S + 2S4N4 + 4NH3 

In this work, the pyrolysis of tetrasulfur tetraimide was 
studied under atmospheric pressure because there have 
been few investigations under these conditions. 

Experimental 

Materials. The tetrasulfur tetraimide was prepared by 
the method described by Meuwsen2) as follows: the tetra­
sulfur tetranitride, S4N4,

3) was reduced by adding an etha-
nolic solution of tin(II) chloride into its benzene solution. 
A crude product was purified by repeated recrystallization 
from an acetone and a methanol solution. The tetrasulfur 
tetraimide thus obtained was confirmed to be pure enough 
to use in this work by thin-layer chromatography. 

Procedures. A differential thermal analysis and a 
thermal gravimetry of the tetrasulfur tetraimide were car­
ried out at the heating rate of 3 °G/min in an argon atmosphere 
with a Rigaku Denki Thermoflex, model 8002, differential 
thermal analyzer. Solid pyrolytic products of the tetrasulfur 
tetraimide were identified by the TLC as follows: a sample 
was heated in the argon flow up to the specified temperatures 
in the DTA equipment, and then was identified by using 
chlorobenzene, cyclohexane, and carbon tetrachloride as 
developing solvents. A silver nitrate solution was used as a 
detecting reagent after quenching. An infrared spectrum of 
the heat-treated sample was also taken to identify the pyroly­
tic products, using an IR spectrophotometer, model DS-403G, 
from the Japan Spectroscopic Go. 

The sample was pyrolyzed to identify gaseous products and 
to estimate their amounts; a glass vessel with a small dead 
space was employed at the specified temperatures. The 
gaseous products were identified with a gas Chromatograph, 
model 80, from the Yanagimoto Seisakusho. A silica gel 
column was used as a stationary phase and helium as a 
carrier gas. The amount of ammonia, one of the gaseous 
products, was estimated coulometrically4'5) during the pyro­
lysis in the argon and carbon dioxide atmospheres. The 
amount of nitrogen, another one of the gaseous products, 
was estimated with an azotometer by using the carbon dioxide 
as the carrier gas, after removing the accompanying ammonia 
into diluted perchloric acid. 

The partial pressure of ammonia during the pyrolysis was 
measured over the temperatures from 60 to 90 °G in the argon 

and the nitrogen atmospheres by a method of transpiration.6'7' 
The specified temperature of the sample was kept within a 
precision of ±0.05 °G. The flow rate of the carrier gas was 
controlled automatically over the range from 77.4 to 125 cm3/ 
min. The total volume of the carrier gas was measured with 
a wet-type gas flowmeter, model WK-0.5, from the Shinagawa 
Seisakusho. The amount of ammonia in the carrier gas was 
estimated coulometrically after the gas flow was passed 
through an ice-cold trap to remove volatile solid products. 

Results 

The Solid Pyrolytic Products of Tetrasulfur Tetraimide. 
T h e solid pyrolytic products were identified to be sulfur, 
tetrasulfur tetranitr ide, tetrasulfur dinitride, S4N2, and 
heptasulfur imide, S 7NH, by the T L C , as shown in 
Table 1. Both the tetrasulfur tetranitride8»9> and the 
tetrasulfur dinitride10) were also confirmed by the I R 
spectrometry, though the heptasulfur imide was unde-

TABLE 1. RESULTS OF TLG ON SOLID PYROLYTIC 

PRODUCTS OF TETRASULFUR TETRAIMIDE 

R{ value 
Solvent , ~ s 

S8 S4N4 S4N2 S7NH S4(NH)4 

Chlorobenzene 1.0 0.61 0.88 0.15 
(1.0)*) (0.61) (0.88) (0.15) 

Carbon 0.92 0.47 0.70 0.0 
tetrachloride (0.92) (0.42) (0.68) (0.0) 

Cyclohexane 0.80 0.16 0.66 0.35 0.0 
(0.82) (0.14) (0.67) (0.36) (0.0) 

a) The R{ values in parentheses were previously 
determined for each species. 

TABLE 2. SOLID PYROLYTIC PRODUCTS AT EACH TEMPERATURE 

t/°C 

90 
100 
110 
120 
130 
140 
150 
160 
170 
180 

S4(NH)4 

S4(NH)4 

S4(NH)4 

S4(NH)4 

S4(NH)4 

S4(NH)4 

S4(NH)4 

s8 
s8 
s8 
s8 
s8 
s8 
s8 
s8 
s8 

Species 

S4N4 

S4N4 

S4N4 

S4N4 

S4N4 

S4N4 

S4N4 

S4N2 

S4N2 

S4N2 

S4N2 

S4N2 

S4N2 

(S7NH)a> 
(S7NH) 
(S7NH) 
(S7NH) 
(S7NH) 
(S7NH) 
(S7NH) 

a) Very small amount. 
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DTA and TG patterns of tetrasulfur tetraimide. 

tectable because of its small amount . The kinds of 
products at each temperature are shown in Table 2. 

Figure 1 shows the D T A and the T G patterns of the 
tetrasulfur tetraimide taken in the argon atmosphere. 
An endothermic peak at 143 °C was confirmed to be 
caused by fusion of tetrasulfur tetraimide,1) while the 
apparent melting point increased with increasing the 
heating rate, e.g., 143, 149, and 152 °G at 3, 5, and 
10 °G/min respectively. The tetrasulfur tetraimide 
was pyrolyzed even below its apparent melting point, 
judging from a weight loss in the T G and the results in 
Table 2. The tetrasulfur tetraimide disappeared at 
160 °G under these conditions as is shown in Table 2, 
though it vanished even at 150 °G by heating for 1 h. 
The sample pre-heated at 150 °G showed only the 
exothermic peak at 165 °G, besides a small endothermic 
peak around 115 °G arising from the fusion of sulfur. 
Judg ing from these results, the exothermic peaks at 147 
and 165 °G were at t r ibutable to a vigorous decomposi­
tion of tetrasulfur tetraimide and a subsequent decom­
position of the pyrolytic products respectively: the 
contribution of heptasulfur imide to the D T A pattern 
was obscure because of its small amount . 

The weight loss in the T G from about 105 to 147 °G 
was considered to originate mainly from the primary 
pyrolysis of the tetrasulfur tetraimide, which was 
accompanied by evolution of the gas and sublimation 
of the resulting tetrasulfur tetranitride.7) T h e weight 
loss at the second stage above 147 °G was chiefly 
at t r ibutable to the subsequent decomposition of the 
pyrolytic products which accompanied the formation 
of the gas and was followed in turn by vaporization of 
molten sulfur. Judg ing from the weight loss, about 30 
wt % at 140 °C, at the first stage and the kinds of the 
pyrolytic products, the subsequent decomposition was 
also expected to occur even below 147 °G. 

Amounts of the tetrasulfur tetranitride and the sulfur 
in the sample heated at 110 °C for 1.5 h were estimated 
to be 0.431 and 1.69 respectively, as the molar ratios 
to the original tetrasulfur tetraimide. A spectrophoto-
metric technique was used after separating the materials 
chromatographically by using a silica gel column. These 
values disagreed with those proposed by Sasaki et al.1) 
The amount of the tetrasulfur dinitr ide could not be 
estimated because the tetrasulfur dinitride was easily 
hydrolyzed in the silica gel column, which contained 

about 6 % water, during the chromatographic separa-
tiDn. Goehring et al.11) have reported that tetrasulfur 
dinitride produced an equivalent amount of ammonia 
on its hydrolysis. Therefore, the amount of the tetra­
sulfur dinitride could be deduced to be 0.257 mol 
against 1 mol of tetrasulfur tetraimide from a mass 
balance of nitrogen. The amount of the heptasulfur 
imide was also estimated to be 0.027 as the molar ratio 
to the original material : the amount of hydrogen in the 
observed heptasulfur imide was less than 0.7 mol % 
against that in the original tetrasulfur tetraimide, so 
that the formation of heptasulfur imide could be 
neglected in this case. 

The Gaseous Pyrolytic Products of Tetrasulfur Tetraimide. 
The gaseous products were identified to be ammonia 
and nitrogen by the gas chromatography on the pyrolysis 
at 120 °G for 2 h in the argon and the carbon dioxide 
atmospheres, while neither hydrogen nor hydrogen 
sulfide was observable. Both ammonia and nitrogen 
were also detected even at 80 °G in the same atmos­
pheres. 

The tetrasulfur tetraimide was pyrolyzed in order to 
estimate the amount of ammonia over the temperatures 
from 80 to 160 °G for 1.5—6 h in the argon and the 
carbon dioxide flows. The molar ratio of the ammonia 
to the original tetrasulfur tetraimide was estimated to be 
1.33±0.008 under these conditions; this value did not 
depend on the temperature or on the kinds of the carrier 
gases. Therefore, all the hydrogen atoms in tetrasulfur 
tetraimide were considered to be released in the form 
of ammonia by the pyrolysis, though a negligibly small 
part of the hydrogen was converted into the form of 
heptasulfur imide. The amount of the nitrogen was 
estimated with the azotometer over the temperatures 
from 80 to 170 °G in the carbon dioxide flow, after the 
accompanying ammonia was absorbed into diluted 
perchloric acid. Figure 2 shows the molar ratio of the 
produced nitrogen to the original tetrasulfur tetraimide 
against the temperature. The molar ratio increased 
linearly with increasing the temperature up to about 
140 °C and then further increased with a steeper slope 
above 140 °C. This temperature nearly corresponded 
to the apparent melting point of tetrasulfur tetraimide, 
so that the increase in the formation of nitrogen above 

60 80 100 120 140 160 180 

t/°C 

Fig. 2. Molar ratio of produced nitrogen to tetrasulfur 
tetraimide against temperature. 
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140 °G was considered to be due to the vigorous decom­
position of tetrasulfur tetraimide after fusion and the 
subsequent decomposition of the pyrolytic products. 

The Partial Pressure of Ammonia during the Pyrolysis. 
In order to estimate apparent part ial pressures of 
ammonia by the method of transpiration,6 '7) the 
tetrasulfur tetraimide was homogeneously mixed with 
the tetrasulfur tetranitride to keep proper vapor pressures 
of tetrasulfur tetranitride at given temperatures7) in the 
reaction vessel. A sufficient amount of the ammonia 
was directly absorbed into an electrolytic solution for 
the coulometric ti tration, i.e., 6.5—37.0 [ig. The total 
volume of the carrier gas ranged from 2.4 to 15.0 dm 3 

(from 30 to 120 min) as the standard state. The apparent 
part ial pressure, p, of the ammonia was calculated by the 
following equation, on the assumption that the law of 
partial pressure was obeyed: p=nRT(P-\-p')l[nRT+ 
(PJrP"—pw)^]- Where P is the atmospheric pressure, 

p', the excess pressure in the reaction vessel, p", the 
excess pressure in the gas flowmeter, pw, the vapor 
pressure of water in the gas flowmeter, n, the number of 
moles of the ammonia, V, the volume of the carrier gas, 
and R, the gas constant. 
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Fig. 3. Relationship between apparent partial pressure 
of ammonia and flow rate of carrier gas. 
O : Estimated in Ar atmosphere, 0 : estimated in N2 

atmosphere. 

Figure 3 shows the relationship between the apparent 
partial pressure of the ammonia and the flow rate of 
the carrier gas. The values of the apparent part ial 
pressures were almost equal at each temperature within 
these flow rate . Accordingly, it can be concluded that 
the formation of the ammonia in this system was in an 
equilibrium state. Therefore, the partial pressures of 
the ammonia during the pyrolysis were estimated to be 
8.5 X 10-2, 2.1 X 10-1, 5.2 X 10-1 , and 1.4 Pa at 60, 70, 
80, and 90 °G respectively; these are the averages of 
the apparent values estimated in the argon atmosphere 
(open circles). The apparent part ial pressures estimated 
in the nitrogen atmosphere (closed circles) agreed with 
those estimated in the argon atmosphere at 70 and 80 °C, 

as is shown in Fig. 3. The part ial pressures of the 
ammonia during the pyrolysis were not affected by the 
kinds of the carrier gases, i.e., argon and nitrogen. 

D i s c u s s i o n 

The overall pyrolysis of tetrasulfur tetraimide under 
atmospheric pressure was not so simple as that reported 
by Sasaki et al.1) All the hydrogen atoms in imide groups 
of tetrasulfur tetraimide were converted into those in 
the form of ammonia, judging from their stoichiometric 
relationship, while a very small part of the imide group 
remained in the form of heptasulfur imide. O n the 
contrary, the nitrogen atoms were converted into not 
only the form of tetrasulfur tetranitride but also the 
forms of nitrogen and tetrasulfur dinitride during the 
pyrolysis, and a simple stoichiometric relationship could 
not be obtained among them. 
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Fig. 4. DTA and TG patterns of tetrasulfur tetranitride 
a: S4N4, b : S4N4+S8 (molar ratio, 4: 1). 

The tetrasulfur tetranitride showed a very sharp 
exothermic peak at 190 °G, along with an abrupt weight 
loss in the argon atmosphere on its D T A and T G , as is 
shown in Fig. 4a : it decomposed explosively into its 
elements at this temperature. No nitrogen could be 
detected below this temperature, though Goehring 
et al.12) have reported that it decomposed above 130 °C. 
Heal13) has described that tetrasulfur tetranitride 
decomposed gently above 120 °G when it was mixed 
with a large amount of sulfur. Figure 4b shows a D T A 
pat tern of the tetrasulfur tetranitride mixed with the 
sulfur at the molar rat io of 4 : 1 in the argon atmosphere. 
A broad exothermic peak was observed at 174 °G in the 
D T A instead of the sharp one at 190 ° G for the pure 
tetrasulfur tetranitride, besides a small endothermic peak 
around 110 °G at tr ibutable to the fusion of sulfur. 
Furthermore, the exothermic peak temperature of the 
mixed sample decreased from 174 to 165 ° G upon 
increasing the molar ratio of the sulfur from 4 : 1 to 1: 4. 
Backens14) has reported that tetrasulfur dinitride was 
produced by the gentle decomposition of tetrasulfur 
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tetranitride mixed with sulfur above 125 °G. The 
tetrasulfur dinitride was observed on the pyrolysis of 
the tetrasulfur tetranitride mixed with the sulfur at 
160 °G in the argon atmosphere. An evolution of 
nitrogen was also confirmed during the pyrolysis of the 
same sample even at 140 °G. Consequently, the 
pyrolysis of tetrasulfur tetranitride was concluded to be 
accelerated in the presence of sulfur. The exothermic 
peak at 165 °G in Fig. 1 was confirmed to be at tr ibutable 
to this reaction. 

I t can be concluded that the formations of tetrasulfur 
dinitride and nitrogen originate from the subsequent 
pyrolysis of the tetrasulfur tetranitride in the presence 
of the sulfur, followed by the decomposition of the 
tetrasulfur dinitride because of its instability,15) as 
follows : 

S4N4 = S4N2 + N2 (in the presence of sulfur), (1) 

S4N2 = 4S + N2. (2) 

This consideration can be supported by the fact that 
the apparent part ial pressures of the ammonia during 
the pyrolysis were independent of the kinds of the 
carrier gases, i.e., argon and nitrogen. 

TABLE 3. MOLAR RATIOS OF PYROLYTIC PRODUCTS TO 

TETRASULFUR TETRAIMIDE AT 1 1 0 ° C 

Overall 
reaction 

Primary 
reaction 

Sasaki 
et a/.1) 

S S4N4 NH3 N2 S4N2 S7NH 

1.69 0.431 1.33 0.235 0.257a> 0.027 

—b> 0.666e) 1.33 

1.33 0.667 1.33 

a) Deduced, b) Unestimated. c) Calculated. 

The amount of the tetrasulfur tetranitride produced 
at the pr imary pyrolysis can be calculated from the 
estimated amounts of the species and Eqs. 1 and 2, as 
is shown in Table 3. The amount of the sulfur to be 
produced at the first stage, however, could not be 
deduced because of the complicated hydrolysis of 

tetrasulfur dinitride with respect to sulfur atoms.11 '16) 
The pr imary pyrolysis of tetrasulfur tetraimide is 
considered to be the same as that reported by Sasaki 
et al.,1) judging from the results in Table 3 and the 
process of the pyrolysis: 

3S4(NH)4 = 4S + 2S4N4 + 4NH3. (3) 

The van ' t Hoff plots of the partial pressure of the 
ammonia showed a good linear relationship, while the 
value at 90 °G was overestimated to some degree 
because of the extra formation of ammonia arising from 
the reaction between a trace amount of tetrasulfur 
dinitride and water.11) 
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The reaction of [RhL4]C104 (L=2,4,6-Me3C6H2NC and /-BuNC) with an equimolar amount of iodine yields 
a trans adduct, [RhI2L4]C104. The rate of this reaction in acetonitrile was measured employing a stopped-flow 
technique under pseudo-first-order conditions with excess iodine. The result indicates that the reaction proceeds 
via an intermediate which is presumably assigned to w-[RhI2L4]C104, followed by intramolecular isomerization 
to the trans adduct. 

Kinetics of oxidative addition reactions of various 
molecules such as hydrogen1-2) and olefins2-4) to 
rhodium (I) substrates have been reported by several 
research groups. T h e rate of addition reaction of 
halogen to rhodium (I) complexes has, however, been 
little measured, although a number of halogen adducts 
with R h (I) are known.5 - 7) O u r recent kinetic study8) 
has shown that the addition of iodine to Rh(S 2 CNMe 2 ) -
(2,4,6-Me3C6H2NC)2 proceeds via a charge transfer 
complex formed between the sulfur atom of the S 2 CNMe 2 

ligand (donor) and iodine (acceptor), which is rear­
ranged to m-RhI 2 (S 2 CNMe 2 ) (2 ,4 ,6-Me 3 C 6 H 2 NC) 2 , fol­
lowed by isomerization to the trans adduct with respect 
to the iodide anions. I t is of interest to examine whether 
the formation of a eis adduct in advance of a trans one 
is general in the addition reaction of iodine to Rh( I ) 
substrates. 

This paper reports the rate study on the reactions of 
tetrakis(2,4,6-trimethylphenyl and f-butyl isocyanide)-
rhodium(I) Perchlorates, [RhL 4 ]C10 4 , with iodine 
giving fr<my-[RhI2L4]C104. 

E x p e r i m e n t a l 

Materials and Spectra. Iodine was sublimed three times. 
Acetonitrile and acetone were dried over phosphorus penta-
oxide and Drierite, respectively. Dichloromethane was puri­
fied by the usual method.9) [Rh(2,4,6-Me3C6H2NC)4]-
C104 was prepared as follows: a methanol (10 ml) solution 
of 2,4,6-Me3C6H2NC (4 mmol) was added dropwise to a 
suspension of [RhCl(l,5-C8H12)]2 (0.5 mmol) in methanol (5 
ml). The mixture was stirred for 2 h, followed by the addi­
tion of a methanol (10 ml) solution of sodium Perchlorate 
monohydrate (2 mmol). The resulting precipitate was re-
crystallized from a mixture of dichloromethane with ligroin 
to give yellowish orange plates in a 73% yield. v(NC) 2142 
cm-1. ; m a x 402 nm (e 7500), 339 nm (e 56300), and 252 nm 
(e 66200). Found: C, 61.44; H, 5.74; N, 7.40%. Calcd for 
C40H44ClN4O4Rh: C, 61.35; H, 5.66; N, 7.15%. [Rh(f-
BuNG)4]C104 was similarly prepared by the use of /-BuNC for 
2,4,6-Me3C6H2NC, 74% yield. v(NG) 2156 cm"1. Amax 

381 nm (e 9600) and 309 nm (e 27900). Found: C, 45.10; 
H, 6.83; N, 10.37%. Calcd for C20H36ClN4O4Rh: C, 44.91 ; 
H, 6.78;N, 10.47%. 

Infrared and electronic spectra were measured with Hitachi-
Perkin Elmer 225 and Hitachi 124 spectrophotometers, re­
spectively. XH NMR spectra were recorded on a JEOL 
JNM-PS-100 spectrometer. 

Equimolar Reaction of [ÄAL4]CZ04 (L = 2,4,6-Me3C6H2NC and 

t-BuNC) with Iodine. An acetonitrile (10 ml) solution of 
I2 (0.5 mmol) was added to [Rh(2,4,6-Me3C6H2NC)4]C104 

(0.5 mmol) in acetonitrile (20 ml). After stirred for 1 h, the 
solution was evaporated to dryness under reduced pressure. 
The resulting product was recrystallized from dichloro-
methane-petroleum ether to give orange plates of [Rhl2-
(2,4,6-Me3C(iH2NC)4]C104 in an 87% yield. v(NC) 2216 
cm-1. Amax 391 nm (e 9500) and 256 nm (e 86000). Found: 
C, 46.44; H, 4.39; N, 5.19%. Calcd for C40H44ClI2N4O4Rh : 
C, 46.33; H, 4.28; N, 5.40%. 

[RhI2(f-BuNC)4]C104 was similarly obtained by reaction 
of [Rh(£-BuNC)4]004 with an equimolar amount of I2 in 
acetonitrile, 68% yield. »(NC) 2231cm-1. Amax 384 nm 
(e 10000) and 277 nm (e 42000). Found: C, 30.85; H, 4.70; 
N, 6.99%. Calcd for C20H36ClI2N4O4Rh : C, 30.46; H, 
4.60; N, 7.10%. 

Reaction of [RhLi]ClOi with Excess Iodine. To an aceto­
nitrile (10 ml) solution of [Rh(2,4,6-Me3C6H2NC)4]C104 (0.3 
mmol) was added excess I2 (3 mmol) in acetonitrile (25 ml). 
After stirred for 15 h, the solution was evaporated to dryness 
under reduced pressure. The product obtained was washed 
with diethyl ether to remove unreacted I2, followed by re-
crystallization from dichloromethane-ligroin to give brown 
plates of RhI5(2,4,6-Me3C6H2NC)4 in a 64% yield. v(NC) 
2214cm-1. Found: C, 36-48; H, 3.28; N, 4.24%. Calcd 
for C40H44I5N4Rh: C, 36.45; H, 3.36; N, 4.25%. 

RhI5(f-BuNC)4 was similarly obtained by reaction of [Rh-
(J-BuNC)4]C104 with excess I2 in acetonitrile, 66% yield. 
v(NC) 2227 cm-1. Found: C, 22A3; H, 3.35; N, 5.28%. 
Calcd for C20H36I5N4Rh: C, 22.45; H, 3.29; N, 5.24%. 

These complexes were also obtained by reaction of [RhI2L4]-
C104 with excess I2. 

Kinetic Measurements. Kinetic runs were carried out 
under pseudo-first-order conditions by mixing an acetonitrile 
solution of [RhL4]C104 ( 2 . 0 x l 0 - 4 M ) with excess Ia in 
acetonitrile (2.0—10.0 X 10 -3 M). The reaction rate was fol­
lowed by measuring absorbances of the reaction mixture, 
using a Union RA-413 stopped flow-rapid scanning spectro­
photometer equipped with a 0.2 cm quartz cell in a cell 
holder thermostated to ± 0.2 °C. At least five reaction curves 
were accumulated by a Union System-71 kinetic data proces­
sor and an average curve was recorded on a National VP-
6421 A X - Y recorder. 

R e s u l t s a n d D i s c u s s i o n 

Characterization of the Iodine Adducts. The four 
iodine adducts, [RhI 2 L 4 ]C10 4 and RhI 5 L 4 (L=2 ,4 ,6 -
Me 3 C 6 H 2 NG and *-BuNC), exhibit only a i^(N^C) band, 
whose frequency is higher than that of the corresponding 
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Rh(I ) substrate. This confirms the occurrence of 
oxidative addition reactions8) of I2 to Rh( I ) with reten­
tion of D 4 h symmetry of the four isocyanide ligands 
centered at the metal . Thus, [RhI 2 L 4 ]C10 4 ( L = 2 , 4 , 6 -
Me 3 C 6 H 2 NC, f-BuNC) assumes an octahedral geometry, 
in which the two iodide ligands are in mutual trans 
positions. A similar trans configuration was reported 
for [RhI2(*-BuNC)4]PF6.10> Complexes of the RhI 5 L 4 

type behave as electrolytes in acetonitrile ; molar 
conductivities are 151 (L=2,4 ,6-Me 3 G 6 H 2 NC, 1.0 X 10~4 

M) and 176 cm2 o h m - 1 mol - 1 (L=Z-BuNC, l . O x l O - 4 

M ) . These complexes may be formulated as trans-
[RhI 2 L 4 ] I 3 since their v (NC) frequencies were essentially 
identical with those of the corresponding perchlorate 
salts and their electronic spectra in acetonitrile appeared 
as a superposition of the spectrum of the I 3

_ anion on 
that of the £ra/w-[RhI2L4]+ cation. 

300 400 

Wavelength/nm 
Fig. 1. Electronic spectra of [Rh(2,4,6-Me3C6H2NC)4]-

C104 (2.0 X 10 -4 M) in acetonitrile containing varying 
amounts of iodine; (1) 0, (2) 0 .4xlO" 4M, (3) 0.8X 
10~4M, (4) 1.2xl0-*M, (5) 1.6x10-* M, (6) 2.0x 
10-* M ; cell length=0.1 cm. 

Stoichiometry. The electronic spectra of [ R h L J -
C10 4 in acetonitrile obeyed the Lambert-Beer law over 
the concentration range from 3 x l 0 - 6 to 4 x l O - 4 M . 
Self-association of these square-planar Rh( I ) cations is, 
therefore, negligible in this range, though such phenome­
non has been reported to occur in some R h (I) 
complexes at relatively high concentrations.11) Electron­
ic spectra of acetonitrile solutions containing [Rh (2,4,6-
Me 3 C 6 H 2 NC) 4 ]C10 4 and varying amounts of I2 are 
shown in Fig. 1. The spectrum of a solution containing 
equimolar amounts of the Rh( I ) substrate and I 2 (6 in 
Fig. 1) was essentially same as that of an acetonitrile 
solution of the toj-[RhI2(2,4,6-Me3C6H2NC)4]C104 

adduct . In addition, there was seen no appreciable 
change in the spectrum even in a solution containing the 
Rh(I ) substrate and I2 with the mole ratio of 1:2. 
As shown in Fig. 2, the mole ratio method using the 
absorbances at 339 and 256 nm indicates the composition 
of the adduct to be 1: 1. The same result was obtained 
in the [Rh(Z-BuNC)4]C104-I2 system. Thus, the 
stoichiometry for equimolar reaction of I 2 with the 
R h (I) substrate is expressed by 

Rh + h Rh 

[ I 2 ] / [Rh] 

Fig. 2. A plot of the absorbances at 339 ( £ ) and 256 
nm (O) vs. the mole ratio [I2]/[Rh] in acetonitrile; 
[Rh] = 2.0x 10-4 M (Rh=[Rh(2,4,6-Me3C6H2NC)4]-
G104). 

Kinetics and Mechanism. Rapid scanning spectra 
of the solution after mixing [Rh(*-BuNC)4]C104 (2.0 X 
1 0 _ 4 M ) with excess I 2 ( 2 . 0 x l O ~ 3 M ) in acetonitrile is 
illustrated in Fig. 3, which shows decay of the absorption 
maxima at 282 and 376 nm both with half-lives of about 
1 s. The spectrum finally obtained shows the absorption 
maxima at 277 and 384 n m due to trans-[RhI2(t-
BuNC) 4 ]C10 4 . As [Rh(*-BuNC)4]C104 and I2 exhibit 
no band maximum at 282 and 376 nm, the bands 
observed at these wavelengths may be associated with 
a reaction intermediate which is formed during the 
dead t ime of the instrument. Similarly, an intermediate 
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250 300 350 400 
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Fig. 3. Rapid scanning spectra after mixing [Rh(f-
BuNC)4]G104 (2.0 x 10-4 M) with excess I2 (2.0 x 10"3 

M) in acetonitrile at 25.0 °G, cell length=0.2 cm. 
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1.6 1.5 
6 (from TMS) 

Fig. 4. The VH NMR spectrum of an equimolar mixture 
(5.0 X 10-2 M) of [Rh(*-BuNC)4]C104 and Ia in aceto-
nitrile-rf3 at — 40 °G; the solution was prepared at this 
temperature. 

with absorption maxima at 256 and 375 nm was 
observed in the reaction of [Rh(2,4,6-Me 3C 6H 2NC) 4]-
C10 4 with I2 . The discordant wavelengths of the short­
lived absorptions observed in the two reaction systems 
imply that the intermediates are not a common species 
such as the I3~ anion. 

In order to obtain some knowledge of the inter­
mediate, 1 H N M R and infrared spectra were measured 
for solutions of the mixture of reactants at low tempera­
tures because the intermediate might be stabilized at 
low temperatures. Figure 4 shows the 1 H N M R spectrum 
of an acetonitrile-</3 solution containing equimolar 
amounts ( 5 . 0 x l O ~ 2 M ) of [Rh(*-BuNC)4]C104 and I 2 

immediately after preparing at —40 °C. There appear 
two methyl signals, of which the upheld one is ascribed 
to the intermediate because this signal decreases in 

f 

2300 2200 

Wave number/cm -1 

Fig. 5. Infrared spectra of acetone solutions containing 
equimolar quantities (2.5 X 10-2 M) of [Rh(i-BuNC)4]-
C104 and I2 at low temperatures; a and b are the solu­
tions prepared at —60 °G and at room temperature, 
respectively. 

intensity with ascending temperature and disappears 
at —10 °C completely, while the downfield signal 
assignable to /ran.y-[RhI2(£-BuNC)4]C104 remains un­
changed even at room temperature. Figure 5 shows the 
infrared spectra in the y(N=G) region for two acetone 
solutions both containing equimolar quantities (2.5 X 
1 0 - 2 M ) of [Rh(f-BuNC)4]C104 and I 2 ; one was 
prepared by rapid introduction of the reactant solutions 
into a cell at —60 °C (solution a ) , and the other was 
prepared at room temperature, followed by cooling 
down to — 60 °C (solution b ) . The 2231 c m - 1 band 
observed in b is at t r ibutable to /r<my-[RhI2(£-BuNC)4]-
C10 4 because of its coincidence in position with the 
band of this compound in acetone at room temperature. 
The same assignment is given to the high frequency 
band (2231 cm - 1 ) found in a . O n the other hand, the 
low frequency band (2217 cm - 1 ) may be due to the 
intermediate since it disappeared after solution a was 
allowed to stand at room temperature for more than 20 
min and recooled to — 60 °C. It is to be noted that the 
position of the 2217 c m - 1 band is 61 c m - 1 higher than 
that of y(N=G) of the starting complex [Rh(*-BuNC)4]-
C10 4 (2156 c m - 1 ) . The magnitude of this high frequency 
shift is larger than that observed in one electron oxida­
tion (35—50 cm - 1 ) of some Rh(I)- isocyanide complexes, 
and is close to that in the two electron oxidation (65—80 
cm - 1).1 2) This indicates that the rhodium metal of the 
intermediate is oxidized with I2 . Thus, two possible 
configurations, A and B, are proposed for the inter-

I2 m / Rh / 

mediate, though the oxidation number of the rhodium 
metal in A is ambiguous. A configuration with me ta l -
iodine interaction like A has been suggested as an 
intermediate in the reactions of I 2 with Pt(acac)2

13> 
and Me3SnCr(CO)3(Y)-C5H5),14> although no direct 
spectral evidence for the existence of such an interme­
diate has been obtained, probably because of its low 
stability. O n the other hand, the half-life of the inter­
mediate (about 1 s) in the present reaction is compared 
with that of m-[Cr(CO) 2 (Ph 2 PCH 2 PPh 2 ) 2 ]+ (about 0.6 
s) which isomerizes to a trans cation.15) In addition, 
the electronic spectrum of the present intermediate 
resembles that of the trans adduct (Fig. 3), suggesting 
that they are at least structurally similar to each other. 
This is supported from the similarity between the 
spectra of eis- and fra«j-RuCl2(4-MeC6H4NC)2(PPh3)2 

prepared by the l i terature method,16) as shown in Fig. 6. 
In view of these facts, the intermediate is presumably 
assigned to the eis adduct B in the present reactions. 

Unsatisfactory solubility of [Rh(2,4,6-Me 3C 6H 2NC) 4]-
C10 4 in polar solvents such as acetonitrile and acetone 
at low temperatures has prevented 1 H N M R and 
infrared spectral measurements, as described above, for 
the [Rh(2,4 ,6-Me 3 C 6 H 2 NC) 4 ]C10 4 - I 2 system. 

The rate of reaction of [Rh(2,4,6-Me 3C 6H 2NC) 4]C10 4 

with 12 was followed by measuring the decay of absorb-
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250 300 350 400 

Wavelength /nm 

Fig. 6. Electronic spectra of acetonitrile solutions (2.5 x 
10-5 M) of eis- (a) and /raiw-RuGla(4-MeG8H4NC)a-
(PPh3)2 (b), cell length=1.0 cm. 

TABLE 1. OBSERVED RATE CONSTANTS FOR THE REACTIONS 

OF [RhL4]G104 (2 .0x 10-4 M) WITH EXCESS Ia IN 

ACETONITRILE a > A T VARIOUS TEMPERATURES 

Temp 
°C 

15.0 

19.9 

25.0 

30.1 

P.] 
l O ^ M 

2lT 
4.0 
6.0 
8.0 

10.0 

2.0 
4.0 
6.0 
8.0 

10.0 

2.0 
4.0 
6.0 
8.0 

10.0 

2.0 
4.0 
6.0 
8.0 

10.0 

Mean 

Mean 

Mean 

Mean 

*obscl/ s 

L=2,4,6^ 
Me3C6H2NC 

360 nm 300 nm 

~Ö7T93 0.196 
0.191 0.202 
0.189 0.201 
0.193 0.194 
0.208 0.210 
0.198±0.005 
0.360 0.327 
0.322 0.357 
0.343 0.360 
0.329 0.379 
0.336 0.347 
0.346±0.012 
0.604 0.564 
0.582 0.641 
0.602 0.638 
0.581 0.605 
0.579 0.606 
0.600±0.017 
0.954 0.980 
1.001 0.924 
0.991 0.988 
0.967 0.982 
0.926 0.942 
0.966±0.019 

L=/-BuNC 
290 nm 

0.206 
0.182 
0.172 
0.170 
0.196 
0.185±0.011 
0.336 
0.331 
0.313 
0.316 
0.325 
0.324± 0.007 
0.555 
0.561 
0.549 
0.516 
0.558 
0.548±0.012 
0.916 
0.897 
0.843 
0.873 
0.900 
0.886±0.019 

a) In dichloromethane, kobsd values for 
[RhL4]C104 ( 2 . 0 x l 0 - 4 M) with Ia (2. 
2.98 s-1 (L=2,4,6-Me3C6H2NC) and 
BuNC) at 25.0 °C. 

the reactions of 
O x l O ^ M ) are 
7.08 s-1 (L=*-

ances at both 360 and 300 nm after mixing their aceto­
nitrile solutions. With [Rh(*-BuNC)4]C104 , the reaction 
was monitored by the absorbance at 290 nm. Plots of 
ln(At—A«,) vs. t ime were found to be linear, where At 

and Aa are absorbances at the t ime "t" and at the end 
of reaction. Pseudo-first-order rate constants, £0bsd> 
were obtained by the least-squares method. The results 
are shown in Table 1. The kohsd value in each reaction 
is essentially independent of the concentration of 12 at a 
given temperature. This is consistent with the assump­
tion that the reaction of [RhL 4 ]C10 4 with I2 proceeds 
via the eis adduet . Furthermore, the formation of the 
eis adduet as an intermediate is compatible with the 
result that the kohsd value is considerably larger in 
dichloromethane than in acetonitrile (see the footnote 
of Table 1), owing to destabilization of the eis adduet 
more polar than the trans one in less polar solvent 
dichloromethane. Thus , the present reaction may be 
expressed by Eq . 1 which involves cis-trans isomeri-
zation. 

[RhL4]C104 + Ia cw-[RhI2L4]G104 

— tomj-[RhI2L4]C104 (1) 

As the first step, though it has not been clarified 
mechanistically in the present study, is much faster 
than the second one, kohsA is equal to k'. 

The Arrhenius plots gave activation parameters for 
the cis-trans isomerization : Aü/a

J98 = 74 .0±1 .3 k j mol - 1 , 
A S Ä 8 = - 1 . 3 ± 4 . 2 J mo l - 1 K ^ f o r the [Rh(2,4,6-Me3C6-
H 2 NC) 4 ]C104-I 2 system, and A/tf i8 = 73 .6±1 .6 k j 
mol- 1 , A J S 2 % 8 = - 3 . 2 ± 5 . 4 J m o l - 1 K - 1 for the [Rh(f-
BuNC) 4 ]C104-I 2 system. T h e small negative values of 
AS^s in both reactions suggest the isomerization to 
proceed intramolecularly, probably via a twist mecha­
nism. Moreover, the A/Z^s values obtained are compar­
ed with that of the cis-trans isomerization of R h l 2 -
(S2CNMe2) (2,4,6-Me3C6H2NC)2(75.5 k j mol-1),8) rein­
forcing the assignment of the intermediate as cis-
[RhI 2L 4]C104. 

Finally, it should be mentioned that the formation of 
frww-[RhI2L4]C104 was followed by a much slower 
reaction which takes about 8 h to completion at 28 °C, 
giving £ra«5-[RhI2L4]I3. This reaction, however, has 
not been kinetically analyzed because we have been 
interested in the addit ion reaction. 

T h e authors are grateful to the Ministry of Education 
for support of this work through Grant-in-Aid for 
Scientific Research. 
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Synthesis and Electrical Resistivity of Bis(dialkyldithiocarbamato)-
gold(III) Cation-TCNQ Radical Anion Salts 

Yoshiji YUMOTO, Futoshi K A T O , and Toshio TANAKA* 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565 
(Received November 13, 1978) 

Seven simple salts and one complex salt of TCNQ,T radical anion with bis(dialkyldithiocarbamato)gold(III) 
cations, [Au(S2GNR2)2]+TGNQv (R=Me, Et, w-Pr, w-Bu, w-C6H13, w-G8H17, and GH2G6H5) and [Au(S2CN-
(CH2C6H5)2)2]+(TCNQJ2'P, were prepared. The complex salt was also obtained as an acetonitrile solvate, [Au-
(S2CN(CH2C6H5)2)2]+(TCNQ,)2

T. MeCN. The electrical resistivity of the simple salt with K= GH2C6H5 (2.9 X 104 

ohm cm in compacted sample) is much lower than those of the remaining simple salts ( 1.1 X 107—2.2 X 1010 ohm cm). 
The resistivities of two complex salts are in the order of 102 ohm cm. Electronic absorption spectra and magnetic 
susceptibility measurements in the solid state indicate that the simple salts with R = M e , Et, rc-Pr, w-C6H13, and 
CH2C6H5 involve the TCNQ,T radical anion monomer, whereas those with R=w-Bu and w-C8H17 involve dimeric 
(TCNQJ2

2-. The interaction between TCNÇT radical anion and neutral TGNQin the complex salts is extremely 
weak, as suggested from no appreciable absorption band in the near-infrared region. 

Much attention has been paid to unusual electrical 
propeties exhibited by one-dimensional materials in both 
fields of organic and inorganic chemistry.1) U p to the 
present t ime, the most successful organic materials in 
this area have been based on the radical anion salts of 
7,7,8,8-tetracyanoquinodimethane (TCNQJ, 2 ) while a 
prominent example in the inorganic field is partially 
oxidized pla t inum cyanide complexes (K 2Pt(CN) 4«X 0 3« 
3 H 2 0 , X = C 1 , Br).3> However, only a few T C N Q J 
radical anion salts containing transition metal complexes 
have been reported so far.4) 

I t is well known that some square-planar d8 transition 
metal complexes with 1,1-dithiolato ligands not only 
assume a columnar structure in the crystalline state, 
but also undergo reversible oxidation and reduction 
electrochemically in solution.5) These facts prompted 
us to prepare T C N Q 7 radical anion salts of bis(dialkyl-
di thiocarbamato)gold(III) cations. This paper reports 
the synthesis and electrical resistivity of some simple and 
complex salts of T C N Q 7 with these cations, [Au-
(S2CNR2)2]+TCNQ,T ( R = M e , Et, rc-Pr, n-Bu, n-C6H13 , 
TZ-C8H1 7 , and CH 2 C 6 H 5 ) , [Au(S2CN(CH2C6H5)2)2]+-

(TCNQJ 2
T and [Au(S2CN(CH2C6H5)2)2]+(TCNÇi)2

T . 
M e C N . Electronic spectra and magnetic properties of 
these salts in the solid state are also discussed in terms of 
the stacking of T C N Q J . 

Exper imenta l 

Bis(dialkyldithiocarbamato)gold(III) chlorides, [Au(S2CN-
R2)2]+G1- (R=Me, Et, w-Pr, «-G6H13, w-G8H]7, and CH2-
G6H5), were prepared by the reaction of NaAuGl4»2H20 with 
the appropriate thiuram disulfide, (R2NG(S)S}2, in a mannar 
similar to the method6) for [Au(S2GN(w-Bu)2)2]

+Br_; an oily 
product obtained was dissolved in dichloromethane, followed 
by the addition of diethyl ether to give a yellowish orange 
precipitate in 78—89% yields. 

Bis(dialkyldithiocarbamato)gold'(IIIJ-TCNQ Simple Salts, [Au-
(S2CNR2)2]+TCNQ: (R=Me (1), Et (2), n-Pr (3), n-Bu (4), 

n-C6H13 (5), n-C8tfn (6), and CH2C6H$ (7)). To a 
solution of Li+TCNQ7 (0.52 g, 25 mmol) in boiling ethanol 
(40 ml) was added a hot ethanol (30 ml) solution of [Au(S2-
CNMe2)2]+Cl- (1.1 g, 25 mmol). The mixture was allowed 
to stand at room temperature. The resulting precipitate was 
recrystallized from acetonitrile to give 1 in a 56% yield. 

No. 

TABLE 1. 

Salt 

PROPERTIES AND ANALYTICAL DATA OF THE TCNQ7 SALTS 

Color ^ B g ^ 
Found (Galcd) % 

G H N 

1 [Au(S2CNMe2)2]+TCNQ: 

2 [Au(S2CNEt2)2]+TCNQT 

3 [Au(S2CN(n-Pr)2)2]+TCNQ.T 

4 [Au(S2CN(n-Bu)2)2]+TCNQ.T 

5 [Au(S2CN(n-C6H13)2)2]+TCNÇr 

6 [Au(S2CN(K-C8H17)2)2]+TCNCr 

7 [Au(S2CN(CH2C6H6)2)2]+TCNQ.T 

8 [Au(SaCN(CH2C6H5)2)2]+(TCNQ.)2' 

9 [Au(S2CN(CH2C6H5)2)2]+(TCNQV • (MeCN) 

Dark-green needles 

Dark-green needles 

Dark-green needles 

Violet needles 

Dark-green needles 

Black microcrystals 

Black microcrystals 

Dark-blue needles 

Black needles 

212-

201-

174-

148-

86-

55-

186-

211-

212-

-213 

-202 

-177 

-150 

-87 

-57 

-188 

-213 

-214 

33.76 2 
(33.70) (2 
37.90 3 

(37.87) (3 
41.22 4 

(41.43) (4 
44.18 4 

(44.49) (4 
49.40 6 

(49.50) (6 
53.01 7 

(53.42) (7 
53.22 3 

(53.33) (3 
56.48 3 

(56.38) (3 
56.18 3 

(56.42) (3 

.57 13.27 

.51) (13.10) 

.46 12.05 

.47) (12.05) 

.17 11.05 

.28) (11.15) 

.90 10.40 

.99) (10.38) 

.12 9.11 

.25) (9.11) 
8.20 

(8.13) 
9.18 

(8.88) 
12.12 

16) (12.18) 
22 12.93 
38) (12.93) 

05 
02) 
40 
41) 
15 
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Other six simple salts, 2—7, were similarly prepared by the 
equimolar reaction of TGNQ7 in ethanol with the appropriate 
bis(dialkyldithiocarbamato)gold(III) cation in acetonitrile, 
77—90% yields. 

Bis(dibenzyldithiocarbamato)gold(III)-TCNQ, Complex Salts, 
[Au(S2CN(CH2C6H5)2)2y(TCN(l)2* (8) and [Au(S2CN(CH2-
CtHJJiY-fTCNQJS.MeCN (9). To a boiling aceto­
nitrile (60 ml) solution of 7 (0.53 g, 0.56 mmol) was added 
two equivalent amounts of neutral TCNQ, (0.23 g, 1.1 mmol) 
in boiling acetonitrile (40 ml). After filtration, the mixture 
was allowed to stand in a refrigerator overnight to afford 
microcrystals of 8 in a 87% yield. Acetonitrile solvate salt 
9 was obtained on recrystallization of 8 from acetonitrile, 
57% yield on the basis of 8. 

Physical Measurements. Electrical resistivities, electron­
ic and infrared spectra, and magnetic susceptibilities were 
measured as described previously.7) 

R e s u l t s a n d D i s c u s s i o n 

Preparation and Characterization. Simple salt 7 
reacted with additional neutral T C N Q , in acetonitrile 
to yield complex salt 8, while in the reactions of the 
remaining simple salts (1—6) with neutral T C N Q , in 
the same solvent the starting materials have only been 
recovered, respectively. Acetonitrile solvate complex salt 
9 was characterized by elemental analysis, infrared 
spectrum, and differential scanning calorimetry (DSC) ; 
9 in the solid state released acetonitrile on heating to 
90 °C in a DSC cell, as confirmed by the fact that the 
infrared spectrum of 9 after heating coincides with that 
of 8. 

Electrical Properties. Temperature dependence of 
electrical resistivities for the simple and complex salts 
(compacted samples) are illustrated in Fig. 1 ; the results 
were satisfactorily reproducible. All the simple and 
complex salts show typical semiconducting behavior in 

10 

E 7 
u 
E 
sz 
S 6 

_1 I L_ 

2.6 2.8 3.0 3.2 3.4 3.6 

kK/T 
Fig. 1. Temperature dependence of the resistivity of the 

TCNQ* salts. 

TABLE 2. ELECTRICAL RESISTIVITY (p), ACTIVATION 

ENERGY (EJ, AND MAGNETIC SUSCEPTIBILITY 

(XM) O F T H E TCNQ7 SALTS 

Salt 

Simple 

1 
2 
3 
4 
5 
6 
7 

salt 

Complex salt 

8 
9 

l°25o0 
ohm cm 

8 .9x10 s 

2.2X1010 

1.4xl0 9 

3 . 0 x l 0 7 

5 . 4 x l 0 7 

1.1 xlO7 

2 . 9 x l 0 4 

6 . 6 x l 0 2 

1.6xl0 2 

E* 
eV 

0.50 
0.58 
0.83 
0.43 
0.55 
0.97 
0.30 

0.26 
0.13 

ZM 
emu mol - 1 

7.1X10-4 

9.8X10-4 

9.2X10-4 

- 3 . 7 X 1 0 - 4 

8.2X10-4 

- 5 . 2 X 1 0 - 4 

9 . 3 x l 0 - 4 

9 . 8 x l 0 - 4 

4.0X10-4 

the temperature range measured. Table 2 summarizes 
the specific resistivities (p) of these salts at 25 °C and the 
activation energies (Ea) obtained from the Arrhenius 
plots of the temperature dependence of resistivities, p= 
p0exp(EJkT), together with the magnetic susceptibility 
(XM). T h e p values of 1—6 fall in the range of 107—1010 

ohm cm, which are much larger than the resistivities 
of alkali metal salts of TCNQ,T (102—105 ohm cm).8) 
Simple salt 7 behaves a smaller p value by three to six 
orders of magnitude than 1—6. This is suggestive of the 
stacking of T C N Q * in 7 being different from those in 
1—6. 

One of the authors has previously reported the 
preparat ion of JV,iV-dialkyl-1,3-dithiolan-2-iminium-

TCNQ,T simple salts, ( C H 2 ) 2 / ^ C = N R 2 - T C N Q T 

( R = M e , n-Pr, n-C6H1 3 , and n-C8H1 7), whose electrical 
resistivity (2.2 X 105—1.9 X 109 ohm cm) increases in the 
order of bulkiness of substituents on the iminium 
nitrogen atom.7»9) In contrast to this, the resistivity 
of the present simple salts seems to decrease as substi­
tuents on the carbamato nitrogen atom are bulky. 
Explanation for this unusual tendency has to await 
X-ray structure analysis of these simple salts. 

T h e p values of complex salts 8 and 9 (&\02 ohm cm) 
are smaller by two orders of magnitude than the corre­
sponding simple salt 7. Both the resistivity and activa­
tion energy of acetonitrile solvate complex salt 9 seem 
to be smaller than those of 8, though these values fall 
in the same order. 

Electronic and Magnetic Properties. All the simple 
salts in acetonitrile exhibited absorption maxima at ca. 
12000 and 24000 c m - 1 in the electronic spectra, regard­
less of the difference of substituents R in the [Au-
(S 2 CNR 2 ) 2 ] + cations. Appearance of the spectra closely 
resembles that of M + T C N Q J ( M = a l k a l i metal or 
ammonium cation) in acetonitrile, where they are known 
to dissociate into the monomeric T C N Q ^ radical anion 
and the M+ cation.10) The bands at ca. 12000 and 
24000 c m - 1 in acetonitrile have been assigned to 
locally-excited transitions of the T C N Q J moiety, L E ! 
and LE 2 , respectively.11) 

Figure 2 illustrates the electronic absorption spectra 
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2000 1000 800 600 400 

5 10 15 20 25 30 

Wave number/103 cm - 1 

Fig. 2. Electronic absorption spectra of 3, 4, and 6 in 
Nujol mulls. 

of 3, 4, and 6 in the solid state. The spectrum of 3 is 
similar in appearance to that of this salt in acetonitrile, 
indicating that the TCNQ,' r radical anion in solid 3 may 
exist as monomeric species. This is compatible with the 
paramagnet ic property of 3 in the solid state at room 
temperature (Table 2). T h e presence of the discrete 
T C N Q 7 radical anion in the solid state is suggested also 
for 1, 2, and 5 on the basis of their solid state spectra 
similar to that of 3 and their paramagnetism at room 
temperature. These assumptions may be consistent 
with electrically high resistivities and large activation 
energies of 1—3 and 5, which predict an alternate 
stacking of the [Au(S2CNR2)2]+ cation and the TCNQ," 
radical anion (D+A T D+A T - ) . Both simple salts 4 and 
6 exhibited three absorption maxima at ca. 9900, 14000, 
and 24000 c m - 1 (Table 3). The spectral patterns closely 
resemble not only those of simple salts formed between 
iV, JV-dialkyl-1,3-dichalcogenacycloalkan-2-iminium and 

/ Y \ + 
T C N Q T , (CH2)M<^ p > C = N R 2 - T C N 0 ; ( n = 2 , 3 ; Y = S , 

Se; R = M e , Et),7) but also the reflectance spectra of 
some simple TCNÇT salts with Li+, NH4+, and 
MePh3P+,10) all of which have been reported to involve 
dimeric ( T C N Q ) 2

2 - on the basis of spectral assignments 
that the lowest energy band may be due to the C T 
transition between T C N Q J radical anions and that the 
remaining two to the (TCNQ,) 2

2 - dimer.10»11) I t is 
therefore suggested that the (TCNQ,) 2

2 _ d imer exists 
in solid 4 and 6. This is supported also from their 

diamagnetic properties in the solid state at room 
temperature (Table 2). Such diamagnetism may 
confirm that two T C N Q T radical anions are coupled 
completely with each other. The fact that the C T band 
of 6 was fairly blue-shifted {ca. 2000 cm - 1 ) compared 
with that of 4 may be correlated with a larger activation 
energy in 6 than in 4 (Table 1). 

2000 1000 800 600 400 
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Fig. 3. Electronic absorption spectra of 7, 8, and 9 in 
Nujol mulls. 

Figure 3 shows the electronic absorption spectra of 
simple salt 7 and complex salts 8 and 9 in the solid 
state. The spectrum of 7 is similar to that of 3, while 
no fine structure has been observed in 7. In fact, 7 
exhibited paramagnet ic susceptibility at room tempera­
ture. Its electrical resistivity, however, is much smaller 
than those of 1—6, suggesting a segregated columnar 
stacking of the T C N Q 7 radical anion in 7. 

The electronic spectra of 8 and 9 show three absorp­
tion maxima at ca. 11000, 12500, and 22000 cm- 1 

(Table 3). The highest energy band is contributed from 
the electronic transitions in both the T C N Q T radical 
anion and neutral TCNQ. 1 1 ) The remaining two bands 
may be due to the TCNQ,T monomer, as previously 
described in the reflectance spectra of some T C N Q J 
complex salts.10) T h e presence of monomeric TCNQ,T is 
consistent with the fact that 8 and 9 exhibited para­
magnetic susceptibilities in the solid state at room 
temperature. In addit ion, both 8 and 9 have not clearly 
shown a broad absorption band in the 5000 to 2500 c m - 1 

range; the band has been observed in many TCNQ, ' 
complex salts and assigned to the C T transition between 

TABLE 3. ABSORPTION MAXIMA OF THE ELECTRONIC SPECTRA OF THE TCNQ,' SALTS IN NUJOL MULLS 

Salt Wave number/103 cm-1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

8.9 

10.8 
(8-8) 

11.0 (12.7) 
11.3 (12.7) 
11.0 (12.7) 

11.1 (12.7) 

10.6 12.4 
10.6 12.4 
11.1 12.7 

13.2 
13.1 (13.4) 
13.1 (13.3) 

13.0 (13.3) 

(13.9) 
(14.1) 

14.4 
14.3 14.7 
14.4 14.7 

13.9 
14.3 14.6 

14.5 

(17.1) 

22.5 
22.5 
22.4 

22.6 

23.6 25.3 
23.5 25.1 
23.5 24.4 (25.2) 

22.4 
23.5 24.4 (25.3) 

25.1 
22.7 
22.0 
22.1 

a) Shoulders in parentheses. 
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2000 1600 1200 800 

Wave number/cm"^ 
Fig. 4. Infrared spectra of 8 and 9 in Nujol mulls. 

TCNÇT and neutral TCNQ/°> I t may therefore be 
concluded that the interaction between T C N Q , ' and 
neutral T C N Q i n 8 and 9 is extremely weak. I t should 
be mentioned, however, that the infrared spectrum of 9 
shows considerably broad bands due to r(C=N), (5(C-H), 
and y(C-CN) compared with that of 8, as shown in 
Fig. 4. This sort of broadening observed in the spectra 
of many T C N Q * complex salts has been taken as an 
evidence for the resonance between TCNÇT and neutral 
TCNQ/ 2 > Thus, the interaction between TCNÇT and 
neutral T C N Q may be somewhat stronger in 9 than in 8. 

The authors are grateful to the Ministry of Educa­
tion for support of this work through Grant-in-Aid for 
Scientific Research. 
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The Synthesis and Crystal Structure of Bis (cyclo-L-hist idyl-L-
histidyl)copper(II) Perchlorate Tetrahydrate 

Fumio HORI, Yoshitane KOJIMA, Keiji MATSUMOTO, Shun'ichiro Ooi,* and Hisao KUROYA 

Department of Chemistry, Faculty of Science, Osaka City University, Sumiyoshi-ku, Osaka 558 
(Received September 16, 1978) 

The title compound was prepared, and its structure then determined by X-ray structure analysis. The crystal 
is trigonal with the space group P3221, a = 8.450(3), c=42.00(6)Â, and Z = 3 . The crystal structure has been 
determined from the diffractometer data and refined by a least-squares method to an R value of 0.103 for 1349 
independent reflections with /^>3cr(7). The cyclo-L-histidyl-L-histidyl is coordinated to the Cu atom via the N 
atoms of the respective imidazolyl groups. The coordination of Cu is not planar but distorted toward the tetra-

hedral configuration, the interplanar angle between C u < ^ planes being 29°. The complex has virtually D2 

symmetry: there are two pseudo two-fold axes and one crystallographically imposed two-fold axis which relates 
two chelate rings. The chelate rings assume the ô conformation, and the ligating cyclo-L-histidyl-L-histidyl is of a 
folded form with a bowsprit-boat 2,5-piperazinedione ring. The electronic and circular dichroism spectra in the 
visible region are presented. 

Histidine and its cyclic dipeptide play an important 
role in biological systems. Langenbeck et al. found that 
these substances catalyze the oxidation of D O P A and 
that the addit ion of the Cu2 + ion to the reaction system 
accerelates the oxidation.1) As structural information is 
indispensable for an understanding of the function of 
the L-histidine residue in a biological process, we have 
at tempted to make a structural investigation of cyclo-
L-histidyl-L-histidyl [ = (36 ,,6^ ,)-bis(4-imidazolylmethyl)-
2,5-piperazinedione, hereafter abbreviated as cyhis], and 

.0 

r ( 
W >V 2\ J 

0 
cyhis 

its metal chelates. Two of the present authors (Y. K. 
and K. M.) previously reported the crystal structure of 
aquabis(cyclo-L-histidyl-L-histidylato)dicopper(II) Per­
chlorate hydrate,2) which had been obtained from the 
reaction of Cu(C10 4 ) 2 , cyhis, and L i O H in a 1: 1: 1 mole 
rat io. T h e reaction of Cu(C10 4 ) 2 with twice as many 
moles of the cyhis in methanol yielded a violet compound 
which was analysed to be Cu (cyhis) 2 ( C 1 0 4 ) 2 - 4 H 2 0 . 
This compound has been characterized by means of 
X-ray structure analysis and its visible and circular 
dichroism (CD) spectra. 

E x p e r i m e n t a l 

Preparation of Cu(cyhis)%(CIOX)%-4H%0. A suspension 
of Cu(G104)2-6H20 (0.371 g, 1 mmol) and the cyhis-2H20 
(0.585 g, 2 mmol) in methanol was stirred at room tempera­
ture until these compounds were completely dissolved. The 
violet crystals were then separated out and recrystallized from 
hot water. Yield, 0.590 g (67%). 
Found : G, 32.73 ; H, 4.11 ; N, 19.12%. Calcd for Cu(C l2H l4-
N f i02)2(C104)2 .4H20: C, 32.64; H, 4.11; N, 19.03%. 

The compound is different in color from Cu (cyhis) 2S04-
5HaO(blue), which was prepared by Losse et alP 

Spectral Measurements. The absorption and CD spectra 

in an aqueous solution were recorded at room temperature on 
a Hitachi EPS 3T Recording Spectrometer and a JASCO 
J-20 Automatic Recording Spectrometer respectively. 

X-Ray Data Measurements. Crystal Data: C24CuCl2-
H36N12016, Trigonal, a = 8.450(3), c=42.00(6)Â, [7=2597.7 
(2)Â3, Dm=1.68, D c = 1.67 g/cm3, Z = 3 , /*(Cu#a) = 32.0 
cm -1 , space group P3ä21. The Laue symmetry, space-group 
extinctions, and approximate unit-cell dimensions were obtain­
ed from Weissenberg and precession photographs. The cell 
dimensions were refined by the Ieasts-quares analysis of 22 0 
values measured on a Philips PW1100 diffractometer by the 
use of Cu Kcc radiation. The space group was determined on 
the basis of the configuration (S) of the asymmetric carbon 
atom in the cyhis ligand. 

Data Collection: The intensity data were collected on the 
diffractometer using graphite-monochromated CuAbt radia­
tion. The specimen size was 0.20x0.20x0.18 mm3. A scan 
speed of 0.033 s"1 and a scan width of (0.8+0.2tan 0)° in 
a were chosen. The background was counted for 10 s at 
each end of scan range. Of the independent reflections collect­
ed in the 20^120° range, 1349 reflections with J>3a(J) were 
used for the structure analysis. The number of reflections 
corresponds to ca. 70% of the total number of independent 
reflections within the range. No appreciable decay was ob­
served in the intensities of the standard reflections monitored 
every 5 h throughout the data collection. Intensity data 
were also corrected for Lp factor.3) A spherical absorption 
correction (r=0.10 mm) was applied. 

Structure Determination and Refinement. The crystal struc­
ture was solved by the heavy-atom method. The positional 
and thermal parameters were refined by the block-diagonal 
least-squares method, anisotropic temperature factors being 
used for the Cu and CI atoms. The minimized function was 
J}w(F0-\Fc\)

2. The weighting scheme of w=l.O for F0<, 
and w=(FmiJF0)

2 for i ?
0 > F m a x was used. The F m a x 

value of 30.0 was found to be best for making w(AF0)
2 rel­

atively constant over the whole range of F 0 . The final R 
value was 0.103 ( Ä / = [ X J ^ ( i 7

o - | F c | ) 2 / ^ F o 2 ] = 0 . 1 3 9 ) . In 
the final cycle of refinements, all the parameter shifts were 
less than 0.2a. The large temperature factors of the O atoms 
in the C104~ ions are indicative of a disorder in the arrange­
ment of C104". The atomic parameters are listed in Table 1. 
A table of the observed and calculated structure factors is 
preserved by the Chemical Society of Japan (Document No. 
7912). The atomic scattering factors for Cu°, Cl," O, N, 
and C atoms were taken from Ref. 4, with corrections for 
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TABLE 1. POSITIONAL AND THERMAL PARAMETERS 

Cu 
O(l) 
0(2) 
N(l) 
N(2) 
N(3) 
N(4) 
N(5) 
N(6) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(l l) 
C(12) 
Cl(l) 
CI (2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
Q(8) 

X 

0.7547(4) 
0.592(2) 
0.562(2) 
0.506(2) 
0.592(2) 
0.422(2) 
0.737(2) 
0.816(2) 
0.835(2) 
0.602(2) 
0.474(2) 
0.419(2) 
0.300(2) 
0.402(2) 
0.591(2) 
0.745(2) 
0.568(2) 
0.903(2) 
0.870(2) 
0.880(2) 
0.795(2) 
0 
0.2649(8) 

-0.161(4) 
0.058(3) 
0.324(2) 
0.098(3) 
0.087(2) 
0.330(2) 

a) Anisotropic thermal 
exp[-

Cu 
Cl(l) 
(2(2) 

y 

1 
0.344(2) 
0.897(2) 
0.468(2) 
0.747(2) 
0.635(2) 
0.626(2) 
1.153(2) 
1.072(2) 
0.601(2) 
0.701(2) 
0.529(2) 
0.414(2) 
0.467(2) 
0.481(2) 
0.769(2) 
0.774(2) 
0.961(2) 
1.020(2) 
0.975(2) 
1.180(2) 
0.4811(7) 
1 
0.333(4) 
0.606(3) 
0.930(2) 
0.855(3) 
0.690(2) 
0.989(2) 

parameters ( 

z 

273 
0.7601(2) 
0.8161(2) 
0.6961(3) 
0.6817(3) 
0.7880(3) 
0.7818(3) 
0.7602(2) 
0.7110(2) 
0.6752(3) 
0.7074(3) 
0.7173(3) 
0.7436(3) 
0.7762(3) 
0.7731(3) 
0.8026(3) 
0.8034(3) 
0.7934(3) 
0.7624(3) 
0.7314(3) 
0.7288(3) 

5/6 
2/3 

0.8213(5) 
0.8071(5) 
0.6420(3) 
0.6780(4) 
0.7430(4) 
0.7791(3) 

B/A* 

~~S 
3.4(2) 
3.6(2) 
3.0(2) 
2.5(2) 
2.6(2) 
3.0(2) 
2.3(2) 
2.3(2) 
2.8(3) 
2.5(2) 
2.2(2) 
2.7(3) 
1.7(2) 
2.3(2) 
2.7(3) 
2.5(2) 
2.3(2) 
1.8(2) 
2.0(2) 
2.4(2) 

a) 
a) 

11.7(7) 
10.1(5) 
5.6(3) 
8.8(5) 
7.8(4) 
5.8(3) 

X 104) in the form 
-(B^+B^+BJ^+B^hk+B^hl-^B^kl)]. 

Blt BiZ BZ3 

153(7) 97(6) 1.0(1) 
159(12) 80(10) 2.4(2) 
142(12) 180(13) 4.0(3) 

#12 #13 

0 0 
0 9(3] 
0 0 

# 2 3 

4ÔT 
0 

16(3) 

the anomalous scattering for Cu and CI atoms. All com­
putations were carried out by using programs in the UNICS.S> 

In order to confirm the structure, further least-squares 
calculations were performed, anisotropic temperature factors 
being used for all the atoms. The R and R' values reached 
0.070 and 0.108 respectively. The difference Fourier map 
showed no peaks greater than 0.4 e/A3. 

R e s u l t s and D i s c u s s i o n 

Figures l a and b show the projection and elevation 
of the complex. Another elevation (half of the complex) 
is presented in Fig. 2(a). The complex has a crystal -
lographically imposed two-fold axis ; it is parallel to the 
a axis, runs through the Cu atom, and bisects the N ( 2 ) -
Cu-N'(2) angle as well as the N(6) -Cu-N ' (6 ) angle. 
Moreover, there are two pseudo two-fold axes. One 
bisects the N(6) -Cu-N ' (2 ) (and N(2) -Cu-N ' (6 ) ) angle 
(Fig. l b ) , and the other passes through the Cu atom 
and the center of the 2,5-piperazinedione ring (DKP 
ring) composed of N(3) , C(5), C(6), N(4), C(7), and 
C(8). These three axes perpendicularly intersect one 

Fig. la. The structure of the complex viewed along the 
a axis. 

Fig. lb. An elevation of the complex. 

Fig. 2. (a) An elevation of the chelate ring (ô confor­
mation, (b) X chelate ring. 

another at the position of the Cu a tom; hence, the com­
plex virtually possesses a D 2 symmetry. 

T h e Cu atom is surrounded by 4 N atoms of the 
respective imidazolyl groups. The disposition of the 4 N 
atoms is not planar, but distorted toward a tetrahedral 
configuration (Fig. l b ) , the interplanar angle between 
[N(2), Cu, N(6)] and [N'(2), Cu, N'(6)] planes being 
29°. The two C u - N bond lengths are substancially 
identical and are in agreement with those in the sulfate6) 
and perchlorate7) of tetrakis(imidazole)copper(II), and 
with the Cu(B)-N(5) distance in the aquabis(cyclo-
L - histidyl- L - histidylato) dicopper (II) perchlorate hy­
drate.2) Above and below the Cu atom (Fig. lb) there 
are no atoms within 3.4 Â. T h e bond lengths and angles 
are listed in Table 2. 

As has been described above, the chelate r ing has a 
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TABLE 2. INTERATOMIC DISTANCES AND BOND ANGLES 

Bond lengths (//A) 
Cu-N(2) 
N(l)-C(l) 
N(l)-C(3) 
N(2)-C(l) 
N(2)-G(2) 
C(2)-C(3) 
G(3)-G(4) 
C(4)-G(5) 
N(3)-C(5) 
C(5)-C(6) 
C(6)-N(4) 
C(6)-0( l ) 
Cl(l)-0(3) 
d ( l ) - 0 ( 4 ) 

1.98(1) 
1.34(2) 
1.41(2) 
1.31(2) 
1.39(2) 
1.35(2) 
1.48(2) 
1.56(2) 
1.43(2) 
1.55(2) 
1.28(2) 
1.28(2) 
1.40(3) 
1.43(3) 

Cu-N (6) 
N(5)-C(12) 
N(5)-C(10) 
N(6)-C(12) 
N(6)-C(ll) 
C(ll)-G(10) 
C(10)-C(9) 
C(9)-C(7) 
N(4)-C(7) 
C(7)-C(8) 
C(8)-N(3) 
C(8)-0(2) 
Cl(2)-0(5) 
Cl(2)-0(6) 

1.97(1) 
1.37(2) 
1.41(2) 
1.35(2) 
1.37(2) 
1.37(2) 
1.47(2) 
1.55(2) 
1.46(2) 
1.52(2) 
1.37(2) 
1.20(2) 
1.40(2) 
1.41(3) 

Bond angles (0/°) 
N(2)-Gu-N(6) 89(1) 
Gu-N(2)-C(l) 128(1) Cu-N(6)-C(12) 125(1) 
Cu-N(2)-C(2) 125(1) Cu-N(6)-C(ll) 124(1) 
N(l)-G(l)-N(2) 111(2) N(5)-C(12)-N(6) 109(1) 
N(2)-G(2)-C(3) 111(2) N(6)-C(ll)-C(10) 110(1) 
C(l)-N(l)-G(3) 108(1) C(12)-N(5)-C(10) 109(1) 
N(l)-G(3)-C(4) 122(1) N(5)-G(10)-C(9) 121(1) 
C(2)-G(3)-C(4) 134(2) C(ll)-G(10)-C(9) 134(1) 
N(l)-C(3)-C(2) 104(1) N(5)-G(10)-C(ll) 105(1) 
C(l)-N(2)-C(2) 106(1) C(12)-N(6)-C(ll) 107(1) 
G(3)-C(4)-C(5) 112(1) C(10)-C(9)-C(7) 111(1) 
G(4)-C(5)-N(3) 112(1) G(9)-G(7)-N(4) 112(1) 
C(4)-C(5)-C(6) 110(1) C(9)-C(7)-C(8) 109(1) 
G(5)-N(3)-C(8) 129(1) C(7)-N(4)-C(6) 126(2) 
C(5)-C(6)-0(l) 116(1) C(7)-G(8)-0(2) 121(2) 
G(5)-C(6)-N(4) 120(1) C(7)-G(8)-N(3) 117(1) 
N(3)-C(5)-C(6) 110(1) N(4)-C(7)-C(8) 113(1) 
0(1)-G(6)-N(4) 124(2) 0(2)-G(8)-N(3) 123(2) 

Possible hydrogen bonds (//A) 
N( l ) -0 ' (5 ) a > 3.01(2) 
N ( 3 ) - 0 ( 4 ) 3.07(3) 
0 ( l ) - 0 ' ( 8 ) 2.81(2) 
0 ( 2 ) - 0 ( 8 ) 2.89(2) 
0(6)-.-0(7) 3.05(3) 
0 ( 7 ) - 0 ( 8 ) 2.78(3) 

H[N(l)]b>-.-0'(5) 2.05 
H[N(3 ) ] -0 (4 ) 2.22 

a) The primed atoms refer to the unprimed ones at the 
equivalent position (x,y— 1, z). b) The coordinates of 
the H atoms were calculated on the assumption that the 
N-H distance is 1.00 A. 

pseudo two-fold axis. Every pair of bonds related to 
each other by the axis agrees well in length. This is 
also the case for such a pair of bond angles. T h e bond 
lengths and angles in the imidazole moieties are compa­
rable to those in the imidazole at —150 °G8) and the 
tetrakis(imidazole) copper(II) complexes.6»7) T h e C u - N 
bond does not lie on the imidazole p lane ; the Cu-N(2) 
bond makes an angle of 12° with the [N(2), C ( l ) , N ( l ) , 
C(3), C(2)] plane, while the Cu-N(6) bond deviates 
from the [N(6), C(12), N(5), C(10), C ( l l ) ] plane by 
17°. Several important interplanar angles are listed in 
Table 3, where the deviations of atoms from least-
squares planes are also given. 

The D K P ring is slightly buckled toward a boat 

TABLE 3. DEVIATIONS (Ad) OF ATOMS FROM LEAST-SQUARES 

PLANES AND INTERPLANAR ANGLES (<j>) 

Plane (1) [Cu,N(2),N(6)] 
Plane (2) [N(2), C(l), N(l) , G(3), C(2)] 

(Arf/A); N(2) - 0 . 0 2 , G(l) 0.02, N(l) - 0 . 0 1 , C(3) 
0.00, G(2) 0.01 

Plane (3) [N(6), C(12), N(5), C(10), C(l 1)] 
the fiPs are less than 0.003 A. 

Plane (4) [C(3), C(4), C(5)] 
Plane (5) [C(10), C(9), C(7)] 
Plane (6) [G(5), C(6), N(4), C(7), G(8), N(3)] 

(Arf/A); C(5) - 0 . 0 8 , G(6) - 0 . 0 2 , N(4) 0.12, C(7) 
- 0 . 1 1 , G(8) - 0 . 0 2 , N(3) 0.11, O(l) - 0 . 0 6 , 0(2) 
- 0 . 0 2 

Interplanar angles 

Plane (1)—Plane (2) 
Plane (1)—Plane (3) 
Plane (2)—Plane (4) 
Plane (3)—Plane (5) 
Plane (6)—Plane (2) 
Plane (6)—Plane (3) 

0/° 
58 
58 
78 
75 
65 
71 

T A B L E 4. TORSION ANGLES (deg) 

THE D K P RINGft> 

^ [C(8 ) , N(3), C(5), C(6)] 
^ [N(3 ) , C(5), G(6), N(4)] 
Wl[C(5), G(6), N(4), C(7)] 
ç52[C(6), N(4), C(7), C(8)] 
^2[N(4), C(7), C(8), N(3)] 
Û»,[C(7), G(8), N(3), C(5)] 

X1[N(3), C(5), C(4), G(3)] 
tf[C(5), C(4), C(3), N(l)] 
zi[N(4), C(7), C(9), C(10)] 
X |[C(7), C(9), C(10), N(5)] 

CONCERNING 

- 1 8 ° 
2 

18 
- 2 3 

7 
13 
74 

101 
68 

105 

a) The conventions of the IUPAG-IUB Commission 
are followed.b> b) IUPAG-IUB Commission on Bio­
logical Nomenclature, Biochem., 9, 3471 (1970). 

conformation. T h e torsion angles (Table 4) rather 
resemble those of the D K P ring in cyclo (L-alanyl-L-alan-
yl), which was found to be the bowsprit-boat conforma­
tion.9) The C(5)-C(4) and C(7)-C(9) bonds are quasi-
equatorial with respect to the r ing. As indicated by y} 
values, both imidazolylmethyl side chains have a folded 
conformation. T h e l igating cyhis molecule thus assumes 
a folded form with a bowsprit-boat D K P ring. The 
structural parameters of the D K P ring are comparable 
to those in cyclo(L-threonyl-L-histidyl) dihydrate.10) 

As may be seen in Fig. 2 (a), the chelate r ing has à 
chirality. Tha t the crystals comprise solely a (ô}ô)-con­
former is indicative of the selective formation of this 
isomer. T h e X chelate r ing (Fig. 2 (b)) can be derived 
from the cyhis l igand of the à conformation (Fig. 2 (a)) in 
the following way: i) counter-clockwise rotation (72°)n) 
of the C(4)-C(3)- imidazole and C(9)-C(10)-imidazole 
fragments about the C(5)-C(4) and C(7)-C(9) bonds 
respectively, followed by ii) the rotation (180°) of the 
respective imidazole rings about the C(4)-C(3) and 
C(9)-C(10) bonds, and i i i ) linking the Cu atom to N(2) 
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and N(6). These operations can be performed without 
changing the bond lengths and angles. A comparison 
of the scaled models of ô and X chelate rings indicates 
that there is no appreciable difference between the 
nonbonded interaction energy in the ô r ing and that in 
the X r ing. However, the ô r ing is different from the X 
one in the dispositions of the imidazole r ing and the 
polar N (imidazole)-H bond relative to the C = 0 bond 
of the D K P ring, which might be partly responsible for 
the selective formation of the (ô,ô) -conformer. 

cid) 

/0(7)\ A / 
° (3Vö \ JbC.(2) 

>' ° ( 5 ) ^0(8 ) 

-K 
Fig. 3. The bounded projection {z—0.52—0.92) of crys­

tal structure viewed down the c axis. The 0(3) at 
{—x,y—x, l-§—z) equivalent position is shown by 
0 ( 3 0 . 

A part of the crystal structure is shown in Fig. 3, 
where the broken lines indicate hydrogen bonds, the 
data of which are summarized in Table 2. 

2* 

vx1CJ3(cm1) 

-0.5 

Fig. 4. Absorption (top) and CD (bottom) spectra. 

Figure 4 shows the absorption and CD spectra. No 
appreciable variation in the CD curve was observed 
within 24 h. The absorption band at 16500 c m - 1 is 
assignable to d—K1 transition. Although, in the crystal 
structure, the disposition of the 4 N atoms around the 
Cu atom deviates significantly from a planar configura­
tion toward a tetrahedral one, the intensity and energy 
of the band are similar to those of tetragonal [Cu(i?-
pn)2](C104)2 ;1 2) but different from those of the bis-
(dipyrromethene)copper(II) complex,13) in which 4 N 
donor atoms have a flattened tetrahedral configuration 

/ N 
(the interplanar angle between Cu<^ planes is 68°).14) 

^ N 
By analogy with the CD of [Cu(#-pn) 2 ] (C10 4 ) 2 the 
major CD band at 18300 c m - 1 may be assigned to 
dXz> dyz—Klx._y. transition.12) The minor band at 15500 
c m - 1 can be regarded as arising from the dxy—nix._y. 
transition, since the dz.—>dx._y. transition is magnetically 
forbidden in D 2 symmetry. As the asymmetric C atoms 
in the present complex are distant from the Cu atom, 
the chiral disposition of four imidazolyl groups may be 
mainly responsible for the d electron optical activity. 

This research was supported by Grant-in-Aid from 
the Ministry of Education. 
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When the Cd2+/Fe total ratio in the initial solution is below 0.1, almost all cadmium ions are incorporated 
into the ferrite with the spinel-type structure by the air oxidation of an aqueous suspension at a pH 9.0 and at 
65 °C. The Cd-bearing ferrite thus obtained is a ferromagnet and is oxidized to form a completely oxidized Cd-
bearing ferrite at 150 °C in the air; this ferrite is still a ferromagnet and belongs to the Fe a03-CdFe a04 binary 
system, with the same spinel type structure. When the Cd2+/Fetotal ratio in the initial solution increases to 
0.5, the crystalline phases formed is complicatedly changed; the products are also significantly affected by the 
pH value of the suspension. The most favorable pH value at 65 °C to form the Cd-bearing ferrite is proposed 
to be 10.0. 

Feitknecht1) has found that F e 3 0 4 with the spinel-type 
structure is formed by the air oxidation of the i ron(II) 
hydroxide, Fe (OH) 2 , in a suspended solution at a p H 
of about 8.5. Kiyama2> reported that the temperature 
increase of the suspension is favorable for the formation 
of F e 3 0 4 . Recently, more favorable conditions for the 
formation from the suspension have been studied by 
T a m a u r a et al.3) by using a dispersing reagent such as 
sucrose. Ferrite, the solid solution of (Fe, M ) 3 0 4 with 
a spinel-type structure composed of iron and other metal 
ions M , was also synthesized at temperature above 60 
°C. Yasuoka et al.,*) H a m a m u r a et al.,5) and Kiyama6> 
have succeeded in synthesizing Mn- and Z n F e 2 0 4 , 
BaFe 2 0 4 , and Mn- , Co-ferrites respectively. Katsura et 
al.7'8) and Kaneko and Katsura9) have also studied the 
formation of a solid solution of F e C r 2 0 4 - F e 3 0 4 , Fe2-
T i 0 4 - F e 3 0 4 , and M g F e 2 0 4 - F e 3 0 4 . In their paper, 
Kaneko and Katsura9) have clarified that the magne­
sium ion is incorporated in only a limited amount at 
65 °C and p H 9.0, and that no Mg-ferrite is formed at 
p H values below 8.0. Kiyama6* has shown that the 
amount of cobalt ion incorporated into the ferrite struc­
ture increases as the R va lue (NaOH/FeS0 4 ) of the 
suspension increases. The ferrite formation from the 
suspensions and the content of metals other than iron 
in the ferrite seem to be influenced by such reaction 
conditions as the p H value, the temperature, and the 
metal concentration in the reaction solution. 

In this paper, the reaction conditions for the forma­
tion of the Cd-bearing ferrite from the suspension are 
investigated, and the most favorable reaction condition 
for forming it are discussed. The Cd-bearing ferrite 
means the ferrite containing the cadmium ions more or 
less in its crystal structure to form the solid solution 
between F e 3 0 4 and C d F e 2 0 4 ; we will call the Cd-
bearing ferrite simply Cd-ferrite; we do not mean the 
C d F e 2 0 4 compound. 

Exper imenta l 

Reagents. Chemical reagents of analytical grades were 
used. A 2-mol/dm3 sodium hydroxide solution was prepared 
by dissolving sodium hydroxide in distilled water free from 
carbon dioxide and oxygen. A 0.863 mol/dm3 cadmium 
sulfate solution was prepared from CdS04«7H20. 

Apparatus. The reaction vessel of the Dewar type used 
in this study was the same as that employed in a previous 
study.9> 

Procedure. After adding the distilled water, cadmium 
sulfate, and sodium sulfate to the reaction vessel, nitrogen 
gas was bubbled into the solution while it was being stirred at 
1000 r.p.m. for 1 h to remove the dissolved gases of carbon 
dioxide and oxygen. Then a 12.0-g portion of FeS04-7H80 
was added to the solution. The resultant volume of the 
solution was set at 200 cm3, and the total concentration of 
the sulfate ion was fixed at 65 mmol (2 00 cm3 (we call this 
solution the initial solution). The subsequent procedures were 
just the same as those described in the previous paper.9) 
The Precipitate A means the product obtained after the air 
oxidation. The Precipitate B was obtained by lowering the 
pH value of the suspension containing the Precipitate A to 
pH 5.O. The procedure was described in detail in the previous 
report.9) 

Chemical Analysis. The Cd2+ content was determined 
gravimetrically after precipitating bis(8-quinolinolato)Cd(II). 
The amounts of Fe2+ and Fe3+ ions were determined by the 
method described previously.9) 

The Precipitates A and B were examined by the X-ray 
powder diffraction method by using Fe Ka radiation and 
electron microscopy. 

R e s u l t s a n d D i s c u s s i o n 

The X-Ray Powder Diffraction Data at p H 9.O. 
Figure 1 shows the X-ray powder diffraction patterns 
of the Precipitates A obtained at various concentrations 
of Cd2 + in the initial solutions and at p H 9.O. At the 
Cd 2 + /Fe t o t a l ratios of 0.03 and 0.1 in the initial solu­
tions, only the peaks corresponding to the compound 
with the spinel structure are seen (the patterns A and 
B in Fig. 1). However, at a ratio of 0.2, the peaks of 
the spinel-type compound become fairly small and the 
peaks of « -FeOOH are seen (the C pattern in Fig. 1). 
At a ratio of 0.15 the pat tern was the same as that of 
the ratio of 0.10. At a ratio of 0.30, no peaks were 
observed in the X-ray powder diffraction pat tern; this 
means that no crystalline compounds are formed. 
However, at a ratio of 0.40, as may be seen in the D 
pattern in Fig. 1, cadmium hydroxide was crystallized, 
together with the spinel-type compound. 

Figure 2 shows the X-ray powder diffraction patterns 
of the Precipitates B. At the ratios of Cd 2 + /Fe t o t a l from 
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Fig. 1. The X-ray powder diffraction patterns of the 
Precipitates A obtained at the Cd2+/Fe total molar ratios 
of 0.03(pattern A), 0.10(pattern B), 0.20(pettarn C), 
and 0.40 (pattern D), respectively. 

0.03 to 0.10 in the initial solution, the patterns are 
similar to those of the Precipitates A (the A and B 
patterns in Figs. 1 and 2). At the ratio of 0.20, however, 
the two small peaks due to the presence of the a - F e O O H 
and the spinel-type compound both seem to be slightly 
stronger than those of the Precipitate A (the C patterns 
in Figs. 1 and 2). This indicates that some soluble 
compounds such as cadmium hydroxide are formed in 
the Precipitate A, together with a - F e O O H and the 
spinel-type compounds. At the ratio of 0.40, as may 

iJÜ^i^jJ^ 

XJLAJ\— 

JL^JULJJLA-
20 40 

20/deg 

60 80 

FeKa 

Fig. 2. The X-ray powder diffraction patterns of the 
Precipitates B obtained at the Cd2+/Fe total molar ratios 
of 0.03(pattern A), 0.10(pattern B), 0.20(pattern C) 
and 0.40 (pattern D), respectively. 

be seen in the D patterns in both Figs. 1 and 2, the 
cadmium hydroxide in the Precipitate A is completely 
dissolved by lowering the p H value to 5.0. 

In view of the results presented above, the oxidation 
reactions of the F e ( O H ) 2 suspension in the presence of 
Cd2+ at p H 9.0 and at 65 °C may be classified into the 
four processes: (1) the formation of only the spinel-type 
compound at the Cd 2 + /Fe t o t a l ratio in the initial solution 
below 0.10; (2) the formation of a - F e O O H , the spinel 
compound, and cadmium hydroxide at the ratios from 
0.15 to 0.20; (3) the formation of only amorphous 
materials at the ratio of 0.30, and (4) the formation of 
the cadmium hydroxide crystal together with the spinel-
type compound at the ratios above 0.40. 

The Cd2+/Fe to ta l molar ratio 
in the initial solution 

Fig. 3. The relationship between the Cd2+/Fe total molar 
ratio in the initial solution and the Cd2+/Fe total or the 
Fe2+/Fe total molar ratio in the Precipitates A and B. 
The curve A: the Cd2+/Fe total molar ratio in the Pre­
cipitate A, the curve B: the Cd2+/Fe total molar ratio in 
the Precipitate B, the curve C: the Fe2+/Fe total molar 
ratio in the Precipitate B. 

Chemical Composition of the Oxidation Products at pH9.0. 
Figure 3 shows the relationship between the Cd2 + / 

F e t o t a l molar ratio in the initial solution and the Cd2 + / 
F e t o t a l or Fe 2 + /Fe t o t a l molar ratio in the Precipitates A 
and B. As may be seen in Fig. 3, Curve A, the Cd2 + 

content in the Precipitate A increases linearly with an 
increase in the Cd 2 + concentration in the initial solution. 
The Cd 2 + in the initial solution was completely extracted 
by the Precipitate A over the range from 0 to 0.3 of the 
Cd 2 + /Fe t o t a l ratio in the initial solution. 

As may be seen in Curve B, the Cd 2 + content in the 
Precipitate B increases with an increase in the Cd2 + / 
F e t o t a l ratio within a l imited range from 0 to 0.1, but 
approaches a constant Cd 2 + /Fe t o t a l ratio, approximately 
0.1, in the range from 0.15 to 0.20 in the initial solution. 
This suggests that all the Cd 2 + in the initial solution is 
taken into the Cd-ferrite at ratios below 0.10. This 
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process corresponds to the oxidation reaction (1) in the 
previous section. At the ratios from 0.15 to 0.20, it is 
likely that some variable amount of the precipitate of 
cadmium hydroxide which is soluble at p H 5.0 is formed 
in the Precipitate A. This corresponds to the oxidation 
reaction (2). At the ratio of 0.30, we could not obtain a 
constant content of Cd2+ after duplicated analyses of the 
Precipitate B. This may correspond to the oxidation 
reaction (3). At the ratio of 0.40, the Cd 2+/Fe t o t a l ratio 
in the Precipitate B was 0.057, which is smaller than 
those at the ratios from 0.05 to 0.20. This indicates that 
the incorporation of the cadmium ion into the Cd-ferrite 
is rather reduced at ratios above 0.40. This corresponds 
to the oxidation reaction (4). 

Curve C in Fig. 3 shows the Fe2+/Fe t o t a l rat io in the 
Precipitate B. Since no iron ions were detected in the 
solutions coexisting with both the Precipitate A and B, 
the iron oxides formed in the Precipitate A seem hardly 
to be dissolved at all at p H 5.O. As may be seen in 
Curve C, the Fe(II) content in the Precipitate B 
decreases with an increase in the Cd 2 + /Fe t o t a l rat io in 
the initial solution; this may suggest that the cadmium 
ion replaces the Fe(II) ion in the spinel-type structure 
at Cd 2 + /Fe t o t a l ratios from 0 to 0.10 in the initial solu­
tion. The further decrease in the Fe2+/Fe t o t a l rat io at 
higher ratios of Cd2+/Fe t o t a l in the initial solution (0.10 
to 0.20) is due to the gradual formation of a - F e O O H , 
together with the formation of oxidized Cd-ferrite. 

Lattice Constant. Figure 4 shows the relationship 
between the lattice constant of the Cd-ferrite obtained 
from the Precipitates B and the Cd 2+/Fe t o t a l ratio in 
the initial solution at p H 9.O. As may be seen in Fig. 4, 
Curve A, the lattice constant of the Precipitate B 

0.850 

0.845 

0.840/ 

0.835 

0.830 

The Cd2+/Fe total molar ratio in the 
initial solution 

Fig. 4. The relationship between the Cd2+/Fetotal molar 
ratio in the initial solution and the lattice constant of 
the Precipitate B or the oxidized-Precipitate B. The 
curve A: Precipitate B, the curve B: the oxidized-
Precipitate B. a : Lattice constant. 

increases almost linearly with an increase in the amount 
of Cd2+ in the initial solution with the Cd 2 + /Fe t o t a l 

ratios from 0 to 0.15. This shows that the cadmium 
ion is incorporated into the ferrite. However, at ratios 
above 0.15 the lattice constant gives a constant value, 
0.8510 nm. Curve B in Fig. 4 shows the relationship 
between the lattice constant of the completely oxidized-
Precipitates B obtained by heating at 150 °C in the air 
and the Cd 2 + /Fe t o t a l ratio in the initial solution. The 
X-ray diffraction patterns were identical with those of 
the Precipitates B, but each peak belonging to the 
spinel-type structure was shifted to a higher angle. The 
lattice constant of the oxidized-Precipitates B increases 
with an increase in the Cd 2 + /Fe t o t a l ratios in the initial 
solution from 0 to 0.20. As has been mentioned before, 
at the ratio of 0.30 the Precipitate B was composed of 
only an amorphous product, and even if we heated this 
at 150 °C for a day, we could not obtain a crystalline 
phase. At the rat io of 0.40, the lattice constant of the 
oxidized-Precipitate B was 0.8429±0.0001 nm. This 
value is somewhat lower than that at 0.20. At present, 
we are not able to interpret whether or not this differ­
ence is significant. 

From these experiments, we may say that the Precipi­
tates B obtained from the initial solutions with the 
Cd 2 + /Fe t o t a l ratios from 0 to 0.20 comprise a limited 
solid solution between F e 3 0 4 and C d F e 2 0 4 , that the 
further C d F e 2 0 4 component is never incorporated in 
the spinel structure under the present experimental 
conditions, that this solid solution is unstable at higher 
temperatures, say, above 100 °C, in the air, and that it 
is interestingly oxidized completely to form a limited 
solid solution between y - F e 2 0 3 and C d F e 2 0 4 . Figure 5 
shows the relationship between the lattice constant and 
the mole fraction x of the C d F e 2 0 4 component in the 
solid solution. The lattice constants of y - F e 2 0 3 and 

0.87 

0.86 

0.85 

0.84 

0.83 

J> 

1.0 

CdFe204 

0 0.1 0.2 0.3 <> 0.9 

y-Fe202 x 

Fig. 5. The relationship between the lattice constant 
and the x value of the oxidized-Precipitate B. The x 
represents the molar ratio of CdFe204 to (CdFe204+ 
y-Fe203). a: Lattice constant. 
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CdFeA 

Fe203 

Fig. 6. The chemical compositions of the Precipitate B 
expressed as the FeaCVFegOg-CdFegC^ system. Points 
A, B, C, D, E and F were obtained at the Cd2+/Fe total 

molar ratios of 0.00, 0.03, 0.06, 0.10, 0.15 and 0.20, 
respectively. 

C d F e 2 0 4 were determined by Schrader and Buttner10) 
and Roberts et al.11) respectively. As may be seen in 
Fig. 5, the lattice constants of the oxidized-Precipitates 
B fall between those of y - F e 2 0 3 and C d F e 2 0 4 . 

Composition Diagram for the Precipitates B. Figure 
6 shows the composition diagram for the Precipitates B 
formed at p H 9.O. For convenience, F e 3 0 4 , F e 2 0 3 and 
C d F e 2 0 4 are selected as the three component systems. 
As may be seen in Fig. 6, the Precipitates B all signifi­
cantly deviate from their stoichiometric compositions. 
Under the present conditions, it seems to be next to 
impossible to synthesize the stoichiometric solid solution. 

- i 1 1 -

J^ >„. w^u> 

-̂X-

JJLJL^ AJ—A-J 

JL J,~ ^KÀ—XA 

20 40 60 80 
20/deg Fe Ka 

Fig. 7. The X-ray powder diffraction patterns of the 
Precipitates A obtained at pH 7.0 (pat tern A), 
(pattern B), 10.0(pattern C) and 11.0(pattern D). 
Cd2+/Fe total molar ratio was fixed to 0.10. 

8.0-
The 

This was also true for the F e 3 0 4 - F e 2 T i 0 4 and the 
F e 3 0 4 - M g F e 2 0 4 systems, which were studied by Katsura 
et al.8^ and by Kaneko and Katsura9) respectively. 

p H Dependence on the Formation of the Precipitates A and 
B. In the preceding section, we discussed the 
properties of the Precipitates A and B formed at p H 
9.0 and at 65 °G. We also studied the p H dependence 
on the formation of the Precipitates A and B by changing 

Fig. 8. The electron-micrographs of the Precipitates B obtained at pH 7.0(A), 8.0(B), 
10.0(C) and 11.0(D). The Cd2+/Fe total molar ratio was fixed to 0.10. 
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the p H values from 7.0 to 11.0 at 65 °C. Figure 7 shows 
the X-ray diffraction patterns of the Precipitates A 
obtained at p H 7.0, 8.0, 10.0, and 11.0. At p H 9.0 
(the patterns B in Fig. 1), 10.0, and 11.0, very sharp 
peaks caused by the presence of the ferrite structure are 
seen, while at p H 7.0 and 8.0 the peaks flatten out. It 
is presumed that the ferrite crystal with a small particle 
size and the tf-FeOOH phase are formed at p H 7.0 and 
8.0. The same X-ray patterns were obtained for the 
Precipitates B. Figure 8 shows the electron micro­
graphs of the Precipitates B obtained at p H 7.0, 8.0, 
10.0, and 11.0. As may be seen in Fig. 8, the large-size 
Cd-ferrite (0.12 fxm) is formed together with a little 
amount of the needle-like crystals. However, the particle 
of the Cd-ferrite crystal becomes small at p H 7.0 and 
8.0, and the amount of the needle-like crystals increases. 
These needle-like crystals seem to be composed of 
a - F e O O H . Thus , the results obtained by the electron 
microscopy agree very well with those obtained from 
the X-ray diffraction patterns. 

En es 

<n . t - i 

ft g 
£& 

3-9 

ft X 

3 

Fig. 9. The relationship between the pH value of the 
suspension and the chemical composition of the Precipi­
tate B. The Cd2+/Fe total molar ratio in the initial 
solution is fixed to 0.10. The curve A: the Cd2+/Fe total 

ratio in the Precipitate B, the curve B : the Fe2+/Fe total 

ratio in the Precipitate B, the curve C : the Fe2+/Fe total 

ratio of the Precipitate B formed without Cd2+. 

Figure 9 illustrates the relationship between the Cd2 + / 
Fe t o t a i or the Fe 2 + /Fe t o t a l ratio in the Precipitate B and 
the p H value of the suspension. As may be seen in 
Fig. 9, Curve A, approximately half of the Cd 2 + added 
to the initial solution was taken into the Precipitate B 
at any p H value. However, considering the precision 
in the present chemical analysis, it is evident tha t the 
Cd 2 + /Fe t o t a l ratio in the Precipitate B gives its maximum 
value at p H 10.0. As seen in Fig. 9, Curve B, the Fe2 + / 
F e t o t a l ratio in the Precipitate B increases abruptly at 
p H 9.0, and then increases gradually from 9.0 to 11.0. 
The lower ratio at a lower p H range (from 7.0 to 8.0) 

is the result of the formation of a - F e O O H , together with 
the further oxidation of the Cd-ferrite with a small 
particle size (see Fig. 8). Curve C in Fig. 9 shows the 
p H dependence of the chemical composition of F e 3 0 4 

( C d = 0 ) for the sake of comparison. As may be seen 
in Curve C, the Fe 2 + /Fe t o t a l ratios fall in a narrow range 
from 0.28 to 0.32 (in stoichiometric composition, the 
ratio is 0.333) at the p H intervals from 7.0 to 11.0. 
Thus in the presence of Cd 2 + in the initial solution, 
a - F e O O H is liable to be formed together with the 
Cd-ferrite. However, only a small amount of a -FeOOH 
is crystallized, together with a large amount of the 
Cd-ferrite, when the p H value increases to 11.0. In 
addition, we can safely conclude that , at p H 11.0, th e 
cadmium ion intrinsically replaces the Fe(II) ion in the 
crystal lattice of the spinel-type structure. 
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Fig. 10. The relationship between the pH value of the 
suspension and the lattice constant of the Precipitate B 
or the oxidized-Precipitate B obtained at the Cd2+/ 
Fe to ta l molar ratio of 0.10. a: Lattice constant. 

Figure 10 shows the relationship between the lattice 
constants of the Precipitate B and the oxidized-Precipi­
tate B and the p H value at which the Precipitate B is 
formed. As may be seen in Fig. 10, Curve A, the lattice 
constant of the Precipitate B increases irregularly with 
an increase in the p H value from 8.0 to 10.0, and 
attains its max imum value, 0.8489 nm, at p H 10.0. 
Thereafter, at p H 11.0, the lattice constant decreases 
slightly. I t seems likely that the Cd-ferrite is most 
favorably formed at p H 10.0, because the more the 
cadmium ion replaces the Fe(II) ion, the more the 
lattice constant increases. However, we have to consider 
also the grades of oxidation of the Cd-ferrite at various 
p H values in the suspension. As was mentioned in the 
previous section, the Cd-ferrite formed at low p H values, 
7.0 and 8.0, is small in particle size and so is oxidized 
easily dur ing the air oxidation, while maintaining the 
spinel-type structure. For example, as may be seen in 
Fig. 10, the lattice constants of the Cd-ferrites formed 
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at p H 8.0 and 9.0 are quite different from each other 
(Curve A) . We assume that the Cd-ferrite formed at 
p H 8.0 is oxidized significantly during the air oxidation. 
As may be seen in Fig. 10, Curve B, the lattice constants 
of the completely oxidized-Precipitates B at p H 8.0 and 
9.0 are nearly the same amount of cadmium ion is 
incorporated into the ferrite at both p H values. Further­
more, we have confirmed that the p H value of 10.0 is 
the most favorable for forming the Cd-ferrite at 65 °C. 
Here, we should emphasize that the formation of the 
(Fe, M ) 3 0 4 type of ferrite is sensitively affected by the 
p H value in the suspension. 
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A Semi-empirical MO Study of Radical-induced Decomposition of 
Dibenzoyl Peroxide. The Charge-transfer Character 

and Reaction Mechanism 
Osamu KIKUCHI,* Keizo SUZUKI, and Katsumi TOKUMARU 

Institute of Chemistry, The University of Tsukuba, Sakura-mura, Ibaraki 300-31 
(Received September 30, 1977) 

Radical-induced decomposition reactions of diacyl peroxides were investigated on the basis of the electronic 
structure of the peroxide-radical systems which were calculated using an approximate restricted open-shell SGF 
MO method in the MINDO/3 approximation, and on the basis of configuration analysis of the transition state 
of the reaction. For the transition state, (1) the change in peroxy O-O bond length is expected to be small, (2) 
the odd-electron density on the leaving group of the £H2 displacement is expected to be very small, although appre­
ciable odd-electron derealization from the radical to the peroxide was observed, (3) the charge-transfer (GT) 
interactions which correspond to electron transfer from the radical to the peroxide was found to be important 
in the transition state. The trends observed in the orbital energies of the LUMO of substituted dibenzoyl peroxides 
and in the GT character of the transition state, which involves the singly-occupied MO of the radical and the 
2pa* MO of the peroxide, agree well with the experimental facts, and strongly support a previous postulate that 
an important role is played by the 2pa* MO of the peroxy O-O group in the reaction. 

Dibenzoyl peroxide (BPO) is one of the most frequent­
ly used sources of free radicals,1) and its various modes 
of decomposition are an interesting subject of investiga­
tion. One typical process involving BPO is redical-
induced decomposition : 

O O 

P h - C - O - O - C - P h + .R ' > 

O O 

Ph- G -OR ' + Ph- G - O • (1) 

Extensive experimental studies1-4) have contributed to 
the elucidation of the mechanism of this reaction. Step 
(1) is Sn2 substitution in which the radical attack occurs 
at the peroxy oxygen atom.2) An electron-withdrawing 
substituent in BPO3) and an electron-donating substitu­
ent in the radical4) both enhance the reaction rate . The 
ionic character of the transition state of (1) has been 
pointed out.3) The mechanism of step (1) has theo­
retically been considered by Tokumaru and Simamura5) 
on the basis of experimental facts regarding the induced 
decomposition of peroxides by radicals. I t has been 
suggested5) that an interaction of the charge-transfer 
(CT) type, involving a singly-occupied M O (SOMO) of 
the attacking radical and the 2pci* ant ibonding orbital 
of the peroxy oxygen atoms, contributes to a lowering 
of the activation energy of the reaction. 

In spite of these extensive experimental studies and 
qualitative explanations of the mechanism, no M O -
theoretical investigations of the interacting BPO-radical 
system have been reported.6) The purposes of the 
present note a re : (i) to examine the reaction path of 
the radical-induced decomposition of BPO by means of 
a restricted open-shell method in the M I N D O / 3 approx­
imation; (ii) to clarify the electronic structure of the 
transition state by means of configuration analysis for 
the wavefunction of the transition state, and (iii) to 
elucidate the substituent effect on the induced decom­
position of BPO. 

Method of Calculat ion 

The electronic structure of the peroxide-radical sys­

tems were calculated in an approximate SGF version 
for open-shell systems which was proposed by Longuet-
Higgins and Pople7) and which has since been applied 
to all-valence-electron systems by one of the present 
authors.8) For evaluating the electron integrals involved, 
the M I N D O / 3 approximation9) was employed. The 
size of the BPO-radical system is too large to permit 
solving the problem even if the semi-empirical method 
is employed. In the present study, the reaction mecha­
nism and the electronic structure of the transition state 
were considered using rather drastic approximations for 
the model system and its molecular structure. Diformyl 
peroxide (FPO), the simplest diacyl peroxide, and the 
methyl radical were adopted as model substances. The 
molecular parameters of the - C O O group were fixed 
to those of BPO which were reported in a previous 
paper,10) and a value of 90° n) was used for the dihedral 
angle between the two R G O O planes. The conforma­
tion of G3v C H 3 was optimized during the course of the 
reaction, the GH bond length being fixed at 1.087 Â, 
the optimized value for the D 3 h methyl radical. 

The substituent effect on radical-induced decomposi­
tion of BPO was elucidated on the basis of the electronic 
structure of substituted BPO in isolated states and on 
the basis of the GT character of the transition state of 
the BPO-methyl system. I t is of note that GT from the 
radical to BPO will be underestimated in the transition 
state, since the ionization potential of the methyl radical 
is very large in comparison with those of the radicals 
currently used in actual experimental studies. 

Configuration analysis was performed to clarify the 
electronic structure of the transition state. The wave 
function of the transition state (¥T) was expanded in 
terms of doublet configurations (W° ) constructed from 
reference M O of the peroxide and of the planar methyl 
radical, thus 

i k j I 5 

l k i 

+ ZJZCuVU + YEfijkVU> (2) 
i l j k 

where W% is the slater determinant for the ground-state 
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Fig. 1. Orbital interaction between a closed-shell mole­
cule and a radical. 

configuration of the peroxide-radical system, Wt^k 
corresponds to one-electron exitation of the peroxide, 
W%i Wj^m, and W°m-+i correspond to one-electron excita­
tion of the radical, and the last four terms are C T 
configurations between the peroxide and the radical . 
The definition of indices, /, / , k, I, and m is given in 
Fig. 1. In Eq. 2, ?F2-& (aj=m, b^rri) includes two 
independent wave functions corresponding to the a—>b 
excited configuration. Neglecting the overlap between 
the M O in different molecules, the expansion coefficients 
in Eq. 2 were calculated using the following equations 
which were derived from the general formula given by 
Baba^f l / . , 1 2 ) 

p — nm7)m-l 

Cm^ = ^Df~\ (a^m, b^m) 

c^ = Uï+fî)1'*, (3) 

/ i = {DfDX-i + DSJDf-

and f% = -^{D^D^-D^D^^D^D^}, 
V 6 

where DQ
m is the determinant derived from the occupied 

tf-spin M O of the interacting and non-interacting per­
oxide-radical systems, and Z) 0

m - 1 is that derived from 
the /?-spin M O of the systems. The other notations are 
same as those given in Ref. 12. 

R e s u l t s a n d D i s c u s s i o n 

Reaction Path. The decomposition of F P O induced 
by the methyl radical was examined. Since the radical 
attack occurs at one of the peroxy oxygen atoms,2) 

several interacting patterns, shown in Fig. 2, were 
examined. The interaction energy for each pattern 
was calculated by changing the distance between the 
peroxy oxygen atom and the methyl carbon a tom. The 
conformation of the methyl radical is fixed for each 
pattern so that the S O M O of C H 3 is directed toward 
the oxygen atom to be attacked. The interaction 
energies at Ä o - c = 2 . 0 A are shown in Fig. 2. When 
the radical attack occurs within the H C O O plane (Fig. 
2, A—C), attack from the G direction is the most 
favorable. However, the C pat tern of interaction is not 
expected in actual systems such as the BPO-triphenyl-
methyl system, since the large substituents in the perox­
ide and in the radical make this approach impossible. 

20.4 

B 22.4 

Fig. 2. Several interaction patterns between FPO and 
the methyl radical, and their interaction energies (kcal/ 
mol) calculated at O-C=2.0 A. 

The G-pattern, for which the radical attack occurs in 
the plane which bisects the dihedral angle between the 
two R G O O planes and which is perpendicular to the 
peroxy O - O bond, may be most favorable in actual 
BPO-radical systems. 

The potential energy surface for the G-approach13> 
was calculated as a function of the peroxy O - O distance 
and of the O - C distance, other molecular parameters in 
F P O being fixed. T h e energy m a p obtained is shown 
in Fig. 3. For the transition state, the change (0.03 Â) 

2.5 -

O 
i 

o 

2.0 -

-

1.5 -

^ 0 0 

^ ö H-C-0 + 0-C-H 

/ ; s? c, CH3 

-, / / / / / / S? 

'••-' i Hi H o-o = i.M Â 

\ .; : : : : \ ° 
. ''••••'" / M \ \ E 

— V ' " " ' i i'"—r ""{" 

-C = 1.85 A 
=22.8 kcal/mol 

f T :;'"20 r " 

-H r11^ T ^ -

0 0 
Il il 

H-C-0-O-C-H 
+ 

•CH3. 

* * i — i " " i 1 

1.5 2.0 
R(C-0)/A 

2.5 

Fig. 3. Energy contours for the FPO-GH3 system. 
The zero of energy (kcal/mol) is that of (FPO+GH3; 
at infinite distance. 
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in the peroxy O - O bond length is expected to be small, 
while the O - G separation is large. T h e activation 
energy was estimated to be 23 kcal/mol which is some­
what larger than the observed values (—10 kcal/mol, 
solvent dependent).1 '3) 

0.050 
0 

0.001 

/ w 
0.008 H Co.004 0.098 C — H 0 , ° 5 5 

(a) _ 0 0 . 
0.035 0.100 

0.566 

0.024 H ° ' 0 2 6 

0.032 

(b) 

6.509 
(-0.001) 0 

1.057 II 
(-0.002) H C 

3.204\ 
(+0.003)\ 

0-
6.263 

(-0.033) 

6.492 
0(+0.016) 

\\ 1.079 
C-^HC-0.024) 

/(-0.057) 
-0 

: 6.160 
I (+0.070) 

1.009 
(-0.054) 

0.999 
(-0.045) 

(T 3.949(+0.188) 

H 
1.015 

(-0.061) 

Fig. 4. Atomic spin densities (a) and atomic electron 
densities (b) of the FPO-GH3 system in its transition 
state. The increases of the net charges are shown in 
parentheses. 

Electronic Structure of the Transition State. The 
odd-electron and atomic electron distributions of the 
transition state are shown in Fig. 4. T h e changes in 
the atomic net charge densities caused by the peroxide-
radical interaction are also shown in Fig. 4-b. Although 
large odd-electron dereal iza t ions (35%) from the meth­
yl radical to F P O are observed in the transition state, 
the odd-electron density on the leaving H G O O group 
is very small. This indicates that the contribution of 
structure I I I to the transition state is small. The ionic 
character of the transition state, for which the attacking 
group acts as an electron-donor, has been pointed out 
by Suehiro et al.2) From Fig. 4, an ionic character is 
expected for the transition state, although its magnitude 
is not large for the present model system. The electronic 
structure of the transition state can thus be expressed as 
three structures, I , I I , and I I I , whose contributions are 
in the order: I > I I > I I I . This does not imply that the 
decomposition of diacyl peroxide by a radical gives the 
GT intermediate and then the carbonium ion ( + R ' ) 

0 0 
II II 
C-0—0-C-

0 0 
II • jl 

-c-o—o-c-

0 
II 

-C-0-

0 
II 

o-c-

•R' +R' R' 

I II III 

as reaction products. T h e contribution of I I to the 

electronic structure of the transition state would be 
larger in actual BPO-radical systems, such as the BPO-
triphenylmethyl system, than in the present model 
system, because the methyl radical is a poorer electron 
donor than the substituted alkyl radicals. 

Configuration Analysis. As may be seen from the 
general interaction scheme (Fig. 1) between a closed-
shell molecule and a radical, the S O M O interactions of 
C H 3 with both the occupied and unoccupied M O of 
F P O are expected to be very important for the transi­
tion state of the reaction. This was demonstrated by 
the configuration analysis, in which the wave function 
of the transition state was expressed in terms of the 
reference wave functions constructed of the M O of two 
non-interacting molecules. The electron configurations 
of the G2 F P O and D 3 h GH 3 a re : 

for FPO (XA), 

and for GH3 (2A2"), 

.(8b)2(9a)2(9b)°(10a)°. 

.(a2-)1(2a/)°... 

The qualitative pictures of three M O of F P O are shown 
in Fig. 5. The a2" orbital is the S O M O of the methyl 
radical . All the "one-electron excited" and "one-elec­
tron transfered" configurations of the two reactants were 
employed in the expansion of the wave function of the 
transition state. The contributions calculated are listed 
in Table 1. Since the total contribution accounts for 
9 7 % , the contributions of other configurations are small. 

T h e contribution of the ground-state configuration 
(?Fg) is dominant (48%). The large contribution due 
to the polarization (W^i) of the GH 3 radical comes 
from the geometrical change of C H 3 from D 3 h to G3v 

for the transition state.14) T h e C T configurations from 
F P O to C H 3 (15%) are very important for the transi­
tion state, while the polarization interactions for F P O 
(Vi^k) are relatively small. I t is notable that the most 
important of the C T configurations corresponds to elec­
tron transfer from the S O M O of the radical to the 
L U M O of the peroxide, which has an anti-bonding 
character with respect to the peroxy O - O bond. This 
supports the assumption that C T plays an important 

(9a) 

(9b) 

Fig. 5. Qualitative pictures of three MO's of FPO. 
The shape of each MO is drawn only in the peroxy 
oxygen region. 
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TABLE 1. CONFIGURATION ANALYSIS OF THE WAVE FUNCTION 

OF THE FPO-CH3 SYSTEM FOR THE TRANSITION STATE 

Character of 
configurations*) Weight Main 

configurations Weight 

ground 
i—>m 

j-*m 
m—>£ 

m—*l 

i—*k 

j-*l 
i->l 

j-*k 
Total 

0.4798 
0.0824 

0.0087 
0.1489 

0.1489 
0.0467 
0.0041 
0.0430 
0.0115 
0.9739 

ground 
8b-*a2" 
4a-*a2" 
7a->a2" 

— 
a2"->9b 
a2"-»10a 
a2"->2a t ' 
8b-*9b 

— 
8b->2a/ 

— 

0.4798 
0.0319 
0.0192 
0.0157 

— 
0.1005 
0.0300 
0.1487 
0.0109 

— 
0.0169 

— 

a) i denotes the 17 occupied MO of FPO, j the 3 occupied 
MO of CH3, k the 9 unoccupied MO of FPO, I the 3 
unoccupied MO of CH3, and m the singly-occupied MO 
of CH3. Thus, m—>k, for example, indicates all the con­
figurations which correspond to charge-transfer configura­
tions from the SOMO of CH3 to the unoccupied MO of 
FPO. 

role in the induced decomposition of peroxides, as has 
been suggested by Tokumaru and Simamura.5) 

Substituent Effect on the Induced Decomposition of BPO. 
The rate constant of the induced decomposition of BPO 
is enhanced by an electron-withdrawing group in the 
phenyl group.3) T h e important C T interaction at the 
transition state indicates that the electron-withdrawing 
group lowers the energy level of the 2pa* orbital of the 
peroxy O - O bond and increases the C T character of 
the transition state of the BPO-radical system. T h e 
orbital energies of several substituted BPO were calcu­
lated for predicted geometries.10) T h e results are shown 
in Table 2. Strictly speaking, the L U M O of BPO is not 
the 2pa* of the peroxy O - O bond but is an unoccupied 
M O of the phenyl groups. In Table 2, the unoccupied 

TABLE 2. ORBITAL ENERGIES OF THE LUMO AND THE 

C T CHARACTER OF THE TRANSITION STATE FOR 

/>,/>'-DI-SUBSTITUTED B P O 

Substituents CT character for the 
transition state 

'' p-

OCH3 

CH3 

H 
CN 
NOa 

/>'-

OCH3 

CH3 

H 
CN 
NOa 

1.154eV 
1.060 
1.002 
0.858 
0.250 

m-+kb> 

10.2% 
— 

10.5 
— 

11.7 

m—KT* c ) 

7.0% 
— 

7.1 
— 

7.9 

a) Orbital energies calculated for the equilibrium geo­
metries predicted by MINDO/3.10> The LUMO corre­
sponds to the 9b orbital of FPO. b) All the configurations 
corresponding to the CT configurations from the SOMO 
of CH3 to the unoccupied MO of BPO. c) All the con­
figurations corresponding to the CT configurations from 
the SOMO of CH3 to the unoccupied MO of BPO, which 
have the anti-bonding character of the peroxy O-O a 
bond. 

M O which correspond to the 2pa* M O of F P O are 
called " L U M O . " A very clear correlation between the 
orbital energies of the L U M O of substituted BPO and 
the electron-withdrawing character of the substituent is 
seen in Table 2. T h e C T character of the transition 
state was calculated using the geometry estimated for 
the F P O - C H 3 system. T h e C T interaction of the p,p'-
dinitro BPO and C H 3 system is larger than that of 
unsubstituted BPO, while that for the ^j&'-dimethoxy 
B P O - C H 4 system is smaller. This trend is parallel to 
that observed for the orbital energies of the L U M O of 
substituted B P O . T h e trends observed for the orbital 
energies of the L U M O of substituted BPO and for the 
C T character of the transition state agree well with the 
prediction given by Tokumaru and Simamura.5) 

One of the authors, O . K. , wishes to express his 
thanks to Dr. Ken Fujimori for useful discussions. 
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The formose reaction in methanol was compared with that in an aqueous solution. The reaction can occur in 
aqueous methanol even at a low [CaO]/[HCHO] ratio (0.05), at which the reaction does not take place in an 
aqueous solution, and the formaldehyde consumption rate decreases with an increase in the methanol concentra­
tion. Contrary to the formose reaction in an aqueous solution, the sugar yield in methanol becomes higher with 
an increase in the formaldehyde concentration. The rates of the sugar degradation and the formaldehyde con­
sumption increase with an increase in the pH. The distribution of products is different from that in an aqueous 
solution, but both of them are very complex and essentially nonselective. 

The formose reaction which forms a complex mixture 
of sugars from aqueous formaldehyde in the presence of 
a base, usually C a ( O H ) 2 , has been invesitigated by 
many workers. Among them, the effects of a nonaqueous 
solvent, especially methanol , on the reaction have 
received some attention, mainly in connection with 
attempts to improve the sugar yield and the selectivity 
in product formation.1-4) One significant observation 
obtained in these studies has been that the sugar yield 
was found to increase upon the addition of methanol .2 - 4) 
Concerning the effect of methanol on the rate of the 
formose reaction, two inconsistent experimental results 
have been reported. Pfeil et al& carried out the formose 
reaction catalyzed by T I O H in aqueous media contain­
ing 7—40% of methanol , where the rate of the formal­
dehyde consumption increased with an increase in the 
concentration of methanol . Nakai et alß reported that 
the addition of methanol slowed down the rate of the 
reaction catalyzed by C a ( O H ) 2 and considered that the 
accelerating effect of methanol found by Pfeil might be 
due to impurities in the methanol . 

As we have already reported,5 - 7) in the formose reac­
tion with Ca (OH) 2 in an aqueous solution, the sugar 
yield varies with the extent of the Cannizzaro reaction 
occurring, especially during the induction period, and 
when the ratio [ C a ( O H ) 2 ] / [ H C H O ] is too small (0.05), 
the formose reaction does not take place. T h e latter 
phenomenon has been partly interpreted in terms of p H 
lowering due to the formation of formic acid by the 
Cannizzaro reaction. In view of the above results, it 
seemed interesting to see how the formose reaction is 
affected by the depression of the Cannizzaro reaction 
resulting from the addition of methanol . Another a im 
of the present work is to characterize the formose reac­
tion in a methanol solvent, focussing on the effects of 
the formaldehyde concentration, the catalyst amount , 
and the p H on the sugar yield and on the rate of formal­
dehyde consumption. 

E x p e r i m e n t a l 

Materials. The formaldehyde solution in methanol was 
prepared as follows. After a suspension of 200 g of para­
formaldehyde (Merck Co.) in 400 ml of methanol had been 
refluxed for 7 h, the mixture was filtered. The concentration 
of formaldehyde in the filtrate was ca. 12 M. When the 
formose reaction was carried out in a 1.0 M formaldehyde 

solution in methanol in the presence of 0.3 mol/1 of a catalyst 
(CaO, Ca (OH) 2, or CaC03) at 60 °C, the consumption of 
formaldehyde after 2 h was 67, 41%, or negligible respective­
ly. Thus, the most active CaO was used as the catalyst 
throughout this work; the catalyst was freshly calcined at 
1000 °C for 3 h prior to use to avoid the poor reproducibility 
caused by the absorption of C 0 2 and moisture from air. The 
methanol was distilled, and the other reagents were of an 
analytical grade. 

Procedure. The reaction was carried out as has been 
described previously5»7) and aliquots taken from the reaction 
mixture at intervals were cooled instantly in a Dry Ice-acetone 
bath to stop the reaction and were then immediately analyzed. 
The oxidation-reduction potential (ORP) and pH of the 
reaction mixture, the formaldehyde consumption, and the 
sugar yield were measured as has been reported previously.5»7) 

The amount of organic acids (as formic acid) (x M) formed 
by the Cannizzaro reaction was determined as follows. To 
a ml of the reaction solution, b ml of 0.05 M HCl was added; 
after the solution had been back-titrated with 0.05 M KOH 
(c ml), the amount of calcium ions was determined by titra­
tion with 0.01 M EDTA9) (d ml) : 

x= (0.05c+2x0.0ld-0.05b)/a. 

The consumption rate of formaldehyde, — d[HCHO!/d£ 
(M/min), was determined from the maximum slope of the 
formaldehyde consumption curve. The products were tri-
methylsilylated by Sweeley's method10) and the TMS deriva­
tives were analyzed by gas chromatography as has been 
described previously.8) 

R e s u l t s a n d D i s c u s s i o n 

Effect of Methanol Concentration. Figure 1 shows 
the effects of the methanol content on the formose 
reaction which was carried out at [ C a O ] / [ H C H O ] = 
0.05 in aqueous methanol . As has been reported 
previously,5-7) the formose reaction did not proceed at 
this [ C a O ] / [ H C H O ] ratio unless methanol was added, 
but the Cannizzaro reaction occurred preferentially. 
Under these conditions, the formaldehyde consumption 
was found to be approximately equal to the amount of 
formaldehyde consumed by the Cannizzaro reaction. 
The addition of methanol brought about the consump­
tion of the formaldehyde resulting from the formation 
of sugars. When the methanol content varied in the 
range from 25 to 100%, the amount of formaldehyde 
consumed by the Cannizzaro reaction became smaller, 



1092 Y. SHIGEMASA, Y. MATSUDA, C. SAKAZAWA, R. NAKASHIMA, and T. MATSUURA [Vol. 52, No. 4 

0 1 2 3 
Time ( h ) 

Fig. 1. Effect of methanol concentration on the formose 
reaction. 
[HGHO] = 1.0 M ; [GaO] = 0.05 mol/1 ; temp, 60 °G ; 
total volume=200 ml. HGHO consumption, [MeOH] 
(vol % ) : ®, 0; O, 25; A , 50; • > 75; Q , 100. 

that is, from ca. 12 to 5 % for the total formaldehyde 
consumption. Since methanol obviously prevents the 
formation of formic acid, the addition of methanol will 
not appreciably change the p H of the reaction mixture, 
so the reaction mixture can keep the necessary concen­
tration of C a O H + , which has previously been shown to 
be the effective catalytic species during the induction 
period.6) Figure 1 reveals further that, with an increase 
in the methanol content, the induction period is pro­
longed and the formaldehyde consumption rate becomes 
slower. In 100% methanol , however, the induction 
period is much more shortened than that in 7 5 % 
aqueous methanol . This kinetic difference between the 
reactions in 75 and 100% methanol led us to assume 
that not only the p H , but also the solvent polarity, may 
influence the progress of the formose reaction. The 
solvent-polarity effect on the formose reaction will be 
reported elsewhere. 

The Formose Reaction in 100% Methanol, A typical 
time-course of the reaction in 100% methanol with 
respect to physical measures, such as the p H , the oxida­
tion-reduction potential (ORP) , and the electric con­
ductivity, and chemical measures, such as the formal­
dehyde consumption, the sugar yield, the organic acid 
formation, and the amount of dissolved calcium, is 
shown in Fig. 2. I t has been previously shown that the 
O R P min imum and max imum indicate the end of the 
induction period and that of the sugar-forming step 
respectively in the formose reaction using a C a ( O H ) 2 -
H 2 0 system.7) The method was found to be applicable 
to the C a O - M e O H system only for determining the 
end of the induction period. In an aqueous solution, 
the yellowing point is observable at the end of the 
sugar-forming step, where the sugar yield reaches its 
maximum,5»7) whereas, in methanol , the end of the 
sugar-forming step is in accord with neither the yellow­
ing point nor the O R P maximum. As the sugar forma­
tion proceeds, the p H of the reaction mixture decreases 
and the amount of dissolved calcium increases, as was 
observed in the formose reaction in an aqueous solu­
tion.6) A characteristic change was observed in the 

Fig. 2. Potentiometrie and products analyses of the 
formose reaction in methanol. 
[HCHO] = 1.0M; [GaO] = 0.3 mol/1; temp, 60 °G; 
total volume=880 ml; Q), formaldehyde; Q , total 
sugars; /\, organic acids; • , [Ca]; • , electric 
conductivity; A J pH* (apparent pH in methanol); —, 
ORP. 

electric conductivity with a small drop between the 
O R P minimum and the yellowing point. Since the 
electric conductivity increases in parallel with the 
amount of dissolved calcium ion, it is assumed that the 
observed drop is due to a change in the dissolved 
calcium-ion species, such as the formation of a complex 
between calcium and a product which may be a cata­
lytic species in the formose reaction.12) This assumption 
is supported by the fact that the electric conductivity 
of a 0.1 M methanol solution of calcium chloride 
decreased from 38 to 23 mS/cm upon the addition of 
fructose (0.5 M ) . 

As is to be expected from the inhibitory role of 
methanol on the Cannizzaro reaction, the formation of 
organic acids (mainly formic acid) is depressed, but the 
sugar yield does not increase so much as expected. This 
fact indicates that the sugar yield in methanol would 
be influenced also by factors other than the Cannizzaro 
reaction. One such possible factor is a competition 
between the formation and the degradation of formose 
sugars. This is supported by the facts that the formal­
dehyde consumption rate (possibly the formose-forming 
rate) in methanol is much slower than that in 
aqueous solution, and that the yellowing point, which 
implies the degradation of products, appears at an early 
stage of the total formose reaction in methanol, as is 
shown in Fig. 2. 

In order to obtain further information on the formose-
degradation process, the reaction was followed by 
measuring the ultraviolet spectrum of aliquots. Although 
no ultraviolet absorption was observed until the yellow­
ing point, a broad absorption maximum at ca. 300 nm 
became observable thereafter and gradually increased. 
T h e absorption max imum is shifted from ca. 300 to 
ca. 260 n m when the apparent p H (pH*) of the solution 
is changed from 13.0 to 1.0. The T i lman reagent is 
reduced strongly by the reaction mixture. O n the basis 
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TABLE 1. EFFECTS OF [HCHO] AND [CaO] ON THE 

FORMOSE REACTION IN METHANOL** 

[CaO] [HCHO] r m i n 
(mol/1) (M) (min) 

T b) Sugar yield 
1 max cit T" 
(min) a t l ffiax 

(%) 
(M/min) 

0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.05 
0.2 

5 
5 
5 
5 

0.5 5.0 

60 
20 
12 
14 
22 
60 
30 
20 
24 
14 
12 

140 
150 

(17)300
c) 

(72)240
c> 

240 
180 
150 
(67)300

c> 
(59)290

c> 
(72)180

c> 
180 
120 
150 
220 
240 

13 
32 
44 
52 
56 
57 
36 
32 
32 
40 
45 
42 
50 

0.01x10-2 
0.19X10-2 

0.55X10-2 

2.23x10-2 
2.51x10-2 
3.16x10-2 
0.14x10-2 
0.20x10-2 
0.79x10-2 
1.00x10-2 
2.82x10-2 
2.41x10-2 
7.93x10-2 

a) Temp, 60 °C; total volume, 200 ml. b) The time 
when the sugar yield became highest and the HCHO 
consumption was above 95%. c) The number in pa­
rentheses is the HCHO consumption (%) at the time 
(min) shown by the subscript. 

of these results, one of the degradation products is 
assumed to be a reductone (Triose reductone : Ar 266 
nm (pH, 1.8); 314 (13.5)) .n) Formose reactions in 
methanol were carried out with various C a O amounts 
and formaldehyde concentrations; the results obtained 
are summarized in Table 1. At a constant formaldehyde 
concentration ( [ C a O ] / [ H C H O ] > 0 . 1 ) , the sugar yields 
are virtually independent of the C a O amount . At a 
constant C a O amount , the sugar yield increases with 
an increase in the formaldehyde concentration, but the 
sugar yield is independent of the formaldehyde concen­
tration when the concentration is high Q>2.0 M ) . These 
features are significantly different from those in an 
aqueous solution. T h e sugar yield in an aqueous solu­
tion is known to decrease with an increase in the formal­
dehyde concentration.5) These differences are mainly 
attributable to an inhibitory effect of methanol on . the 
Cannizzaro reaction. 

Since the formaldehyde consumption rate (rc) in 
methanol is relatively slow, as has been noted above 
(Table 1), the product degradation rate (rd) may appre­
ciably influence the sugar yield. (Because of the complex 
nature of formose decomposition, the quanti tat ive evalu­
ation of rd was difficult. Therefore, the decrease in the 
sugar content analyzed by the known method13) was 
regarded as a rough measure of rd .) Considering that 
the observed p H decreases as the formation of sugars 
progresses (Fig. 2), the high sugar yield at a high level 
of formaldehyde might be at t r ibutable to a slower rd 

resulting from the p H lowering, accompanied by the 
progress of the sugar formation. O n the other hand, 
the sugar yield is rather independent of rd in an aqueous 
solution, because the rc in the formose-forming step is 
very fast. For example, r c = 3 7 . 5 x 10 - 2 M/min at 
[HCHO] = 1 .0M and [ C a ( O H ) 2 ] = 0 . 1 3 mol/l.7> I t 
seems likely that the sugar yield in methanol is also 
largely dependent on rc . This idea is supported by the 
fact that the sugar yield increases with an increase 

TABLE 2. EFFECT OF THE pH ON THE FORMOSE REACTION 

IN METHANOL 

[ H C H O ] - 1.0 M; temp, 60 °C 

[Ca] 
(M) 

nH*a> ^min ^max Sugar yield at rc P ± 1 (min) (min) Tm a x (%) (M/min) 

0.05 
0.05 
0.05 
0.05 
0.1 
0.1b> 
0.1b> 
0.1b> 

9.0 
9.5 

10.0 
10.5 
8.5 
9.0 
9.5 

10.0 

84 
22 
10 
8 

200 
52 
16 
7 

300 
150 
150 
70 

600 
210 
80 
60 

58 
57 
50 
44 
61 
59 
56 
49 

0.95x10-2 
1.58x10-2 
1.70x10-2 
2.70x10-2 
0.34x10-2 
1.51x10-2 
2.51x10-2 
3.98X10-2 

a) The apparent pH in methanol measured by electrodes 
adjusted with aqueous buffers, b) The reaction mixture 
became heterogeneous near the yellowing point. 

in rc (Table 1). 
In order to examine the effect of the p H on the 

formose reaction, CaCl 2 was used instead of C a O and 
the p H of the solution was adjusted by methanolic 
K O H . T h e results obtained are shown in Table 2. 
Under the conditions at low calcium concentrations 
« 0 . 1 M ) , the reaction mixture is homogeneous. The 
sugar yield increases with a decrease in the p H , though 
rc slows down at a lower p H . Both rc and rd will vary 
with a change in the p H , and, at a very low p H (pH* 
= 8 . 5 ) , rd is assumed to be extremely slow compared 
with rc. 

T h e p H and the catalyst concentration were found 
to affect the induction period in a homogeneous system. 
As is shown in Table 2, the induction period, Tm-m (the 
t ime up to the O R P min imum) , becomes shorter with 
increases in the p H and the calcium concentration. 
This indicates that the induction step of the formose 
reaction in methanol may also be catalyzed mainly by 
CaOH+, as in aqueous media.6) Although the sugar 
yield in an aqueous solution increases as the induction 

10 20 
Time (min) 

Fig. 3. Gas chromatograms of TMS derivatives of 
products. Column, SE-30 on Chromosorb W (60—80 
mesh); N2 flow rate, 60ml/min; [HCHO] = 1.0 M ; 
[CaCl2] = 0.1 M; temp, 60 °C. 
1, Glycerol; 2, 2-hydroxymethylglycerol; 3, xylose; 
4, xylitol; 5, fructose; 6, 3-hydroxymethyl-1,2,3,4,5-
pentanepentol ; 7, solbitol, mannitol; 8, glucose. 
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period becomes shorter,5»6) there was no relationship 
between the sugar yield and the length of the induction 
step in methanol . Although in an aqueous solution, the 
sugar yield is greatly affected by the amount of formal­
dehyde consumed by the Cannizzaro reaction occurring 
in the induction period, in methanol it is mostly influ­
enced by the difference between rc and rd . 

In summary, in order to obtain formose in a good 
yield in methanol, the formose reaction should be 
carried out under conditions in which the concentra­
tions of formaldehyde and calcium ion are as high as 
possible and the p H is maintained at low values, such 
as p H * = 8 . 5 (apparent p H ) . 

Product Distribution, Figure 3 shows gas chroma-
tograms of the T M S derivatives of the products obtained 
in aqueous and methanol solutions. The identities of 
some of the peaks were assigned by comparison with the 
retention times for authentic samples. The formation 
of sugar alcohols in methanol suggests that methanol 
strongly depresses the Cannizzaro reaction of formalde­
hyde, but not the cross-Cannizzaro reaction involving 
the aldoses formed. A comparison of these gas chroma-
tograms indicates that the reaction in methanol pro­
duces a smaller amount of sugar alcohols than those in 
water, and that the product distribution is quite differ­

ent, although both cases are essentially nonselective. 
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All the predicted isomers of 1,2:3,4- and 1,2: 4,5-dianhydrocyclohexanehexols (5 racemates and 6 meso-
compounds) were synthesized from appropriate inositol ditosylates and dimesylate by treatment with sodium 
methoxide. 

A diepoxycyclohexane tumor inhibitor, crotepoxide 
was isolated from Croton macrostachys^ and later from 
Piper futokazura,^ and an antibiotic LL-Z 1220 was 
found to contain a m-diepoxycyclohexene structure.4) 
Recently, much interest has been taken in the reactivity 
and stereochemistry of highly mutagenic 7,8-dihydroxy-
9,10-epoxide of benzo[ö]pyrene and analogous sub­
stances.5) 

We have studied the structure-activity relationship of 
diepoxycyclohexanes by preparing diepoxycyclohexane-
diol as a model compound. We report herewith the 
details of synthetic studies on all the predicted diastereo-
mers of dianhydrocyclohexanehexol (inositol) .6) 

Sixteen isomers (5 racemates and 6 Trc&yo-compounds) 
are theoretically possible for dianhydroinositols: 1,2: 3, 
4-( la , 3a, 6a, 7a, 9a , and 10a) and 1,2: 4,5-dianhydro­
cyclohexanehexols (2a, 4a, 5a, 8a , and 11a), excluding 
isomers with a 1,3- or 1,4-anhydro ring. 

None of these isomers has been described in li terature, 
except for three of their O-cyclohexylidene derivatives.7) 

A 
la,b 2a,b 

RO 
1 

OR AR 
RO 

4a,b 
a 

5a,b 

J5 4 

6a,b 

Roy^xo 

7a,b 8a,b 

RO 

OR 

10a,b 

0 
11a,b 

9a,b 

a : R = H 

b : R = Ac 

Scheme 1. The sixteen isomers of dianhydroinositol.a> 
a) Isomers 2, 4, 5, 7, 8, and 10, having a plane of 
symmetry, are meso forms. Of the five racemic 
diastereomers, 1, 3, 6, 9, and 11, the enantiomer is 
depicted which allows clockwise assignment of posi­
tional numbers. 

Seven isomers were synthesized from myo-inositol ditosyl­
ates and other four from chiro- and muco-moûtol ditosyl­
ates and dimesylates. Structural elucidation of dianhy­
droinositols obtained was carried out by means of 1 H 
N M R spectroscopy and consideration of reaction mecha­
nisms. 

1,2: 5,6-Dianhydro-chiro- (1) and 1,2: 4,5-Dianhydro-
muco-inositols (2). Treatment of tetra-O-acetyl-1, 
3-di-O-tosyl-wyo-inositol (12)8) with a slight excess of 
sodium methoxide in chloroform-methanol at ambient 
temperature led to the formation of two major and one 
minor components. The mixture was separated by 
column chromatography, giving syrupy l a and crystal­
line 2a in 21 and 15% yields, respectively, which were 
further characterized by conversion into their crystalline 
di-O-acetyl derivatives ( l b and 2b) . 

We see from the reaction mechanism that the two di-
epoxy diols can be obtained from 12 through the displace­
ment of tosyloxyl functions with anionic oxygens. Com­
pounds l a and 2a are interconvertible by migration of an 
oxirane ring in basic media.9) Structures of the products 
were determined on the basis of the 1 H N M R spectra, 
taking advantage of the symmetry of molecules. A part 

R0 Jr^Bj 

3 ^ 

R0 

0' 

1a,b 

OR 
o 7 * 

0 ' 

2a,b 

0 OR o R 0 „ 
üv2 3i 0R )y_su\ 

..6 5 / X? 2L 

V OR 

3a,b 4a,b 

A 0 3 / 

y > 

5a,b 6a,b 

OR 

„P 
3a 

Scheme 2. 

a R = H 
b R= Ac 
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of the spectral data are given in Table 1. 
In the spectrum of l b in deuteriochloroform (CDCLJ, 

a two-proton doublet of triplets a t ô 3.18 and a two-
proton doublet of doublets at ô 3.58 are at tr ibuted to 
magnetically equivalent H- l and H-6, and H-2 and 
H-5, respectively. Appearance of a two-proton relatively 
narrow triplet at ô 5.11 due to H-3 and H-4 indicates 
that the acetoxyl and epoxy groups are arranged in 
trans positions.10) I n the spectrum of 2a in deuter ium 
oxide ( D 2 0 ) , the six ring protons appear as a four-
proton triplet (ô 3.29) and a two-proton quintet (ô 4.56), 
showing the presence of magnetically equivalent two 
epoxy and two hydroxyl groups. The spectral data are 
consistent with the assigned structures. 

A crystalline mixture of the diepoxy diacetates derived 
by direct acetylation of the intact epoxydation products 
from 12 was shown to be a 4 : 5 mixture of l a and 2a 
by estimation of the relative intensity of the signals due 
to each acetoxyl group. O n the other hand, when l b 
was O-deacetylated with methanolic sodium methoxide, 
the resulting reaction mixture was found to contain l a 
and 2a in about 1: 1 ratio by visual observation on 
T L C . T h e results give an evidence for the proposed 
structures of l a and 2a . I t is difficult to decide which 
product is formed first from 12, because of the ready 
isomerization resulting from an oxirane ring migration 
under the conditions in this synthesis. 

1,2: 5,6-Bianhydro-a\\o- (3), 1,2: 4,5-Dianhydro-epi-
(4), and 2,3: 5,6-Dianhydro-a\lo-inositols (5). Under 
similar conditions with use of sodium methoxide, tetra-
0-acetyl-l,4-di-0-tosyl-myo-inositol (13)n> gave, upon 

TABLE 1. *H NMR DAI 

Diolb> 

Formula »Ill lUlit 

ld> 

2 
3 

4 

5 

6 

7 

8 
9 

10 

11 

HC—CH 

3.46 
3.66 
3.29 
3.47 
3.72 
3.84 
3.45 

3.21 
3.51 
3.22 
3.46 
3.70 
3.46 
3.65 
3.51 
3.46 
3.81 
3.31 
3.68 
3.26 
3.47 

(2) 
(2) 
(4) 
(2) 
(1) 
(1) 
(4) 

(2) 
(2) 
(1) 
(1) 
(2) 
(2) 
(2) 
(4) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 

H O - C - H 

4.13 (2) 

4.56 (2) 
4.06 (1) 
4.35 (1) 

4.53 (2) 

4.31 (2) 

3.69 (1) 
4.12 (1) 

4.15 (2) 

4.48 (2) 
3.94 (2) 

3.95 (2) 

4.47 (2) 

a) Chemical shifts are given in terms of <5-values. 
b) Unless otherwise noted, the spectra were meas 
spectrum of the diol was measured in CDC13. 

separation by column chromatography, three crystalline 
diepoxy diols 3a (23%), 4a (8%) , and 5a (21%). Four 
diepoxy diols (3a, 4a , 5a, and 6a) might be formed 
from 13, and two pairs interconvertible in basic media. 
Both 4a and 5a have a plane of symmetry. In the 1H 
N M R spectrum of 3a , two protons on C-3 and C-4 
appear as a doublet of doublets and a doublet of doublets 
of doublets, coupled with each other at ô 4.06 and 4.35, 
respectively, indicating that 3a should be a 1,3-diepox-
ide. The structure of 3a was confirmed by identification 
with the compound obtained by a mild acid hydrolysis 
of 1,2: 5,6-dianhydro-3,4-0-cyclohexylidene-ö//o-inositol 
(14).12> Under these conditions no epoxide group migra­
tion occurs. The results also show that 4a, formed from 
3a by base-catalyzed isomerization, possesses the assign­
ed structure demonstrated by the symmetric pattern of 
the signals due to the r ing protons in its 1 H N M R 
spectrum. Thus, 4a shows a four-proton narrow triplet 
(ô 3.45) and a two-proton broad singlet (Ô 4.53), its two 
hydroxyl groups being found not to be magnetically 
equivalent by the spectrum of the diacetate 4 b . Com­
pound 5a exhibits three two-proton narrow multiplets 
for the methine protons, indicating the presence of a 
plane of symmetry. Thus , its structure was assigned as 
2 ,3 : 5,6-dianhydro-a//o-inositol. Later, 6a was found to 
be transformed completely into 5a in basic media. 

1,2:3,4- (7) and 1,2: 4,5-Dianhydro-cis-inositols (8). 
Similar epoxidation of l,2,5-tri-0-acetyl-3-0-benzoyl-4, 
6-di-O-tosyl-wvo-inositol (15)13) gave two diepoxy diols 
7a (4%) and 8a (37%) , together with 2,3-anhydro-6-
O-tosyl-^'-inositol (17, 4%).14> The structure of 17 was 

OF DIANHYDROINOSITOLSa> 

Diacetatec> 

/ O x 
HC—CH 

3.18 (2) 
3.58 (2) 
3.17 (4) 
3.31 (2) 
3.64 (2) 

3.34 (4) 

3.10 (2) 
3.44 (2) 
3.05 (1) 
3.2—3.7 (3) 

3.31 (2) 
3.47 (2) 
3.50 (4) 
3.39 (2) 
3.65 (2) 
3.22 (2) 
3.56 (2) 
3.13 (2) 
3.42 (2) 

AcO-C-H 

5.11 

5.63 
5.36 
5.72 

5.60 

5.32 

5.02 
5.44 

5.30 

5.52 
5.36 

5.28 

5.44 

(2) 

(2) 
(1) 
(1) 

(2) 

(2) 

(1) 
(1) 

(2) 

(2) 
(2) 

(2) 

(2) 

OAc 

2.13 (6) 

2.17 (6) 
2.07 (3) 
2.16 (3) 

2.16 (3) 
2.22 (3) 
2.17 (6) 

2.09 (3) 
2.12 (3) 

2.13 (6) 

2.22 (6) 
2.12 (6) 

2.10 (6) 

2.17 (6) 

Values in parentheses show number of protons, 
red in D 2 0 . c) Measured in CDC13. d) The 
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confirmed by conversion into 8a on further treatment 
with sodium methoxide. Characterization of 7a and 8a 
was carried out by their 1 H N M R spectra. Thus, 8a 
shows a four-proton doublet of doublets due to H - l , 
H-2, H-4, and H-5 appearing at ô 3.51, and a seven-
line signal due to H-3 and H-6 at ô 4.48, confirming the 
assigned structure of 8a . The spectrum of 7a exhibits 
three two-proton narrow multiplets at ô 3.46, 3.65, and 
4.15. The A2B2 pat tern observed for H- l and H-4, and 
H-5 and H-6 signals is compatible with the assigned 
structure of 7a. 

In contrast to the above results, when O-deacetylated 
compound, 1 - 0-benzoyl-4,6-di- 0 - tosyl-myo-inositol ( 16)13) 
was subjected to epoxidation, 7a was obtained in 36% 
yield, together with a trace of 8a . This might be 
accounted for by assuming an attack of the C-5 anionic 
oxygen at C-4 or C-6 giving l,2-anhydro-6-0-tosyl-£jfrz-
inositol (18) as an intermediate for 7a . In the case of 
15, 17 might be a major intermediate presumably result­
ing from an attack of the C-l or C-3 anionic oxygen 
formed first by O-deacylation at C-6 or C-4. The 
evidence for these assumption was furnished by using 
tetra-O-acetyl-3,6-di-O-tosyl-mtt£0- inositol (19)15) that 
would generate only 17 intermediary under the epoxida­
tion conditions. In fact, 19 gave 8a selectively in 36% 
yield. 

In order to estimate the reactivity of myo-inositol 
ditosylates, we studied the epoxidation of tri-O-acetyl-1, 
4,6-tri-O-tosyl-m^o-inositol (20) and its O-deacetylated 
compound (21).n> 

15 R = Ac 
16 R = H 

7a,b 8a,b 

Treatment of 20 with an excess of sodium methoxide 
in chloroform-methanol gave the diepoxide (22) prefer­
entially in 5 0 % yield. The corresponding O-acetyl 
derivative (23) revealed an 1 H N M R spectrum very 
similar to that of 7b , suggesting it to be 1,2: 3,4-dian-
hydro-5-0-tosyl-m-inositol. O n the other hand, 21 
reacted with sodium methoxide to give the monoepoxide 
(24) in 2 4 % yield, together with a trace of 22. The 
di-O-acetyl derivative (25) of 24 showed, in the 1H 
N M R spectrum, a doublet of doublets and a doublet 
due to two protons on carbon atoms bearing the tosyl-
oxyl functions at ô 4.58 and 4.96, respectively, showing 
that one of the tosyloxyls is adjacent to the epoxy group 
in trans orientation. These data allow us to assign the 
structure of 25 to 3,4-di-0-acetyl-l ,2-anhydro-5,6-di-0-
tosyl-epi-inositol. In the case of 20, the C-3 acetoxyl 
seems to be O-deacylated first leading to the 3,4-epoxide, 
an intermediate for 22. The preferential formation of 
the 3,4- or 4,5-epoxide is in line with that observed for 
15 and 16. 

OR OR 

26 R = Ac, R'= Br 
27 R = Ac, R'= OAc 

28 R= H ,R '=0H 

OR 
RO J N OBz 

OR OR 

29 R,R;R',R'=CMe2 

30 R,R = CMe2, R'=Ac 
31 R,R = CMe2, R'=Ts 
32 R = Ac, R'=Ts 

11a,b 

HO 2A* 

OTs 

17 

OH 
H0> 
5L 

8a 7a 
•o'ö 

35 

10a 

20 R = Ac 

21 R= H 

17 

* 

22 
23 

â 
R 
R 

OTs 

= H 

= Ac 

Scheme 3. 

8a 

2U R = H 

25 R = Ac 

OR 

R0 ? OR' 

36 R=H, R',R'=)Q> 

37 R = Bz, R'= H 
38 R = Bz, R'= Ms 

39 

Scheme 4. 

6ab 

1,2: 5,6-Dianhydro-neo-inositol (9). 
yl-3,4-di-O-tosyl-^/hVo-inositol (32), 
compound for 9a, was synthesized 
sequences. Penta- O-acetyl-1 -bromo-1 
toi (26) derived by bromination of 
acetyl bromide in acetic anhydride16) 

Tetra-O-acet-
an intermediate 

in the following 
-deoxy-chiro- inosi-
myo-inositol with 
was treated with 
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sodium acetate in boiling aqueous 2-methoxyethanol to 
give, after acetylation, hexa-O-acetyl-cfoVo-inositol (27)17> 
in 6 5 % yield. Hydrolysis of 27 with 4 M hydrochloric 
acid gave chiro-inositol (28) in 9 5 % yield. Acetonation 
of 28 by the procedure of Angyal and MacDonald1 8) 
gave the tri-0-isopropylidene derivative (29) in 30% 
yield, together with the desired 1,2: 5,6-di-O-isopropyl-
idene derivative isolated as the di-O-acetyl derivative 
(30) in 18% yield. Compound 30 was O-deacylated 
with sodium methoxide and then tosylated to give the 
corresponding di-O-tosyl derivative (31) in 59% yield. 
O n mild acid hydrolysis and successive acetylation 31 
gave 32 in 9 5 % yield. 

By a similar treatment with sodium methoxide follow­
ed by acetylation, 32 gave crystalline di-O-acetyl-1,2: 
5,6-dianhydro-mw-inositol (9b) in 4 8 % yield, which was 
converted into the free diepoxy diol (9a) in 3 5 % yield. 
The 1 H N M R spectrum of 9a contains two-proton 
doublets of doublets at à 3.46 and 3.81, and a two-proton 
singlet at ô 3.94. Characteristic A2B2 pat tern of the 
former due to H - l , H - 2 , H-5 , and H-6 supports the 
assigned structure. 

l,2:3,4-Dianhydro-a\\o- (10) and l,2:4,5-Dianhydro-
neo-inositols (11). A similar epoxidation of tetra-O-
benzoyl-l,2-di-0-tosyl-/ra«:o-inositol (34) derived from 
the corresponding tetra-O-benzoyl derivative (33)19) is 
considered to afford 10a and 11a. However, the equi­
l ibr ium between 10a and 11a in basic media was found 
to shift almost completely to the latter, 34 giving on 
epoxidation 11a as the sole product in 3 9 % yield. The 
1 H N M R spectrum of 11a showed three two-proton 
multiplets at ô 3.26, 3.47, and 4.47. 

Preparat ion of 10a was accomplished by mild acid 
hydrolysis of 1,2: 3,4-dianhydro-5,6-0-cyclohexylidene-
ö//o-inositol (35).u) When 10a and 11a were dissolved 
in 0.1 M methanolic sodium methoxide, respectively, 
only 10a was detected in both reaction mixture at 
ambient temperature. This established the proposed 
structures of 10a and 11a. Compound 10a showed, in 
the 1 H N M R spectrum, three two-proton multiplets at 
(5 3.31, 3.68, and 3.95. 

1,2: 3,4-Dianhydro-epi-inositol (6). Tetra-O-ben­
zoyl- 1,2-di-O-mesyl-cAzYo-inositol (38) was prepared from 
1,2-O-cyclohexylidene-^AzVo-inositol (36)19> by benzoyla-
tion and removal of cyclohexylidene group followed by 
mesylation. Epoxidation between C-1 and C-6 of 38 
was assumed to occur first, since the 6-OH and 1-OTs 
groups are located in diaxial positions in the favored 
conformation. In order to obtain 6a, conditions for the 
next epoxidation should be carefully selected in order 
to suppress the epoxide migration to 5a . 

First, 38 was treated with 1.1 molar equiv. of sodium 
methoxide for the conversion into monoepoxide (39) 
which was then, without further purification, passed 
through a short column of Amberli te IRA-400 (OH~) 
in a methanol solution several times until 39 disappeared 
in the effluent, subjected to monitoring by T L C . The 
crude product thus obtained consists of 6a and a trace 
of 5a, which were separated by column chromatography 
to give 6a in 2 5 % yield. Treatment of 6a with sodium 
methoxide gave exclusively 5a . The *H N M R spectrum 
of 6a revealed two one-proton doublets of doublets at ô 

3.69 and 4.12 attr ibutable to H-5 and H-6, indicating 
that 6a has an unsymmetric structure. 

Exper imenta l 

All the compounds treated were racemic except for meso 
compounds. Diepoxy diols 1, 3, 6, 9, and 11 were synthesized 
as racemates. All the formulas depict one enantiomer of the 
respective racemates. 

Unless otherwise stated, melting points were determined 
on a Mitamura Riken micro hot stage and are uncorrected. 
Solutions were evaporated under reduced pressure at 40—50 
°C. IR spectra were determined for potassium bromide disks 
with a JAS CO IR-E spectrophotometer. XH NMR spectra 
were measured at 60 MHz on a Varian A-G0D spectrometer 
in deuteriochloroform (GDG13) or deuterium oxide (D20) 
with reference to tetramethylsilane or sodium 4,4-dimethyl-
4-silapentane-l-sulfonate, respectively, as an internal standard, 
the peak positions being given in terms of ô. Values given 
for chemical shifts and coupling constants are of first-order. 
TLC was performed on silica gel (Wakogel B 10, Wako Pure 
Chemical Industries, Ltd.) using benzene-ethyl acetate (1:2, 
v/v) as an eluent unless otherwise stated. Column chromato­
graphy was carried out on Wakogel C-200. 

The synthetic reactions were not always conducted under 
optimum conditions. The isolated yields of the pure diepoxy 
diols are given for all cases. 

1,2: 5,6-Dianhydro-chiro- (la) and 1,2: 4,5-Dianhydro-muco~ 
inositols (2a). a): To a solution of tetra-O-acetyl-1,3-
di-O-tosyl-mjyo-inositol (12)8) (5 g) in a mixture of chloroform 
(50 ml) and methanol (40 ml) was added 1 M methanolic 
sodium methoxide (24 ml, 3 molar equiv.) and the mixture 
was allowed to stand at ambient temperature overnight. 
TLC indicated the formation of two major components (R{ 

0.3 and 0.1) and one minor component (Rt 0.15). The re­
action mixture was filtered in order to remove sodium p-
toluenesulfonate precipitated, the filtrate being evaporated to 
dryness. The syrupy residue was dissolved in methanol (10 
ml), mixed with silica gel (5 g), and the mixture was thorough­
ly dried with a rotary evaporator. The powder obtained 
was then transfered to the top of a silica-gel column (70 g) 
packed with benzene-ethyl acetate (1:2, v/v), which was 
eluted with the same solvent system. Three fractions were 
separated according to examination by TLC. The faster-
moving component (Rt 0.3) was obtained as a homogeneous 
syrup (la) by removal of the solvent. The syrupy l a was 
treated with acetic anhydride (5 ml) in pyridine (10 ml) at 
ambient temperature overnight. The mixture was poured 
into ice-water (100 ml) and extracted with chloroform (3x 20 
ml). The extracts were washed with IM hydrochloric acid, 
10% aqueous sodium carbonate, and water, successively, 
and dried over anhydrous sodium sulfate. The solution was 
evaporated to give crystals which were recrystallized from 
chloroform-ethanol to give the diacetate ( lb , 0.36 g, 21%) 
as rods, mp 125—127 °C. 

Found: C, 52.58; H, 5.14%. Calcd for C J0H I2Cv C, 
52.63; H, 5.30%. 

The second fraction consisting mainly of a minor component 
(Rf 0.15) did not crystallize and its characterization was not 
attempted. 

The third fraction gave crystals which were recrystallized 
from methanol to give 2a (0.17 g, 15%) as rods, mp 169—171 
°C. 

Found : C, 50.17 ; H, 5.51 %. Calcd for C6H804 : C, 50.00 ; 
H, 5.60%. 

Acetylation of 2a (60 mg) as described for l b gave, after 
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crystallization from ethanol, the diacetate (2b, 58 mg, 76%) 
as plates, mp 108—109.5 °C. 

Found: C, 52.90; H, 5.02%. 
b) : Compound 12 (2.5 g) was treated with sodium meth­

oxide as described above. The crude product was shown by 
TLG to be a ca. 1: 1 mixture of l a and 2a. It was acetylated 
in the usual manner to give a crystalline mixture (0.33 g, 
37%), which was found to be a 4: 5 mixture of l b and 2b 
estimation of the relative intensity of each acetyl signals in 
the 1H NMR spectrum. 

1,2: 5,6-Dianhydro-allo- (3a), 1,2: 4,5-Dianhydro-epi- (4a), 
and 2,3:5,6-Dianhydro-dX\o-inositols (5a), To a solution 
of tetra-O-acetyl-l,4-di-O-tosyl-mj>>0-inositol (13)u> (10 g) in a 
mixture of chloroform (100 ml) and methanol (80 ml) was 
added 1 M methanolic sodium methoxide (40 ml, 2.5 molar 
equiv.), and the mixture was allowed to stand at ambient 
temperature overnight. TLC showed the formation of three 
components; Rs 0.18, 0.15, and 0.05. The reaction mixture 
was processed as described in the epoxidation of 12 and the 
products were separated in a similar way by chromatography 
on silica gel with benzene-ethyl acetate (1 : 1, v/v) as an 
eluent. Three fractions were obtained. The first fraction 
gave crystals which were recrystallized from ethanol to give 
3a (0.48 g, 23%) as rods, mp 78—79 °G. 

Found: C, 50.38: H, 5.60%. 
Compound 3a (80 mg) was acetylated in the usual way and 

the product was recrystallized from ethanol to give the di­
acetate (3b, 0.12 g, 90%) as plates, mp 121—121.5 °C. 

Found: C, 52.60; H, 5.09%. 
The second fraction gave crystals which were recrystallized 

from ethanol-ether to give 5a (0.34 g, 15%) as needles, mp 
75—76 °C. From the mother liquor, the second crop was 
obtained as prisms, mp 91—93 °C, weighing 0.13 g (total 
yield, 21%). These two dimorphic crystals were found to 
be identical by XH NMR spectroscopy. 

Found: C, 50.16; H, 5.83%. 
Acetylation of 5a (0.18 g) gave, after recrystallization from 

ethyl acetate, the diacetate (5b, 0.22 g, 77%) as rods, mp 
110—111.5 °C. 

Found: C, 52.66; H, 5.02%. 
The third fraction gave crystals which were recrystallized 

from ethanol to give 4a (0.18 g, 8%) as plates, mp 124—124.5 
°C. 

Found: C, 50.42; H, 5.65%. 
Acetylation of 4a (24 mg) gave, after recrystallization from 

ethanol, the diacetate (4b, 28 mg, 73%), mp 136 °C. 
Found: C, 52.47; H, 5.07%. 
Compound 3a, as well as 4a, gave by TLC a ca. 3 :2 mix­

ture of 3a and 4a on treatment with methanolic sodium 
methoxide. Compound 5a, however, remained unchanged 
under similar conditions. 

O-Decyclohexylidenation of 1,2: 5,6-Dianhydro-3,4-0-cyclo-
hexylidem-ailo-inositol (lé).1^ A mixture of 14 (1 g) and 
20% aqueous acetic acid (50 ml) was heated under reflux 
for 0.5 h. After having been cooled, the solution was neu­
tralized with 5% aqueous sodium hydroxide and then evapo­
rated to dryness. The residue was extracted with ethanol 
(50 ml) and the extract was concentrated to one half volume. 
TLC indicated the formation of 3a, together with several 
minor components, but none of 4a. The solution was filtered 
and the filtrate was chromatographed on silica gel (30 g) with 
benzene-ethyl acetate (1:2, v/v) as an eluent. The main 
fraction gave a syrup, which crystallized from methanol to 
give 3a (0.24 g, 37%), mp 75—77 °C, identical with the 
compound obtained before. 

1,2:3,4- (7a) and 1, 2: 4,5-Dianhydro-eis-inositols (8a). 
a): l,2,5-Tri-0-acetyl-3-0-benzoyl-4,6-di-0-tosyl-//y>o-inositol 

(15)13> (3 g) was treated with 1 M methanolic sodium 
methoxide (11 ml, 2.5 molar equiv.) in a mixture of chloro­
form (18 ml) and methanol (12 ml) at ambient temperature 
overnight. TLC showed the formation of three components : 
one minor (R{ 0.2) and two major components (Rt 0.16 and 
0.06). The reaction mixture was processed similarly and the 
products were fractionated as described in the separation of 
l a and 2a. The faster-moving component, 2,3-anhydro-6-
O-tosyl-a^o-inositol (17), was obtained as needles (59 mg, 
4.4%), mp 155—156 °C, after crystallization from ethanol-
ether. m NMR (D20) : Ô 2.47 (3H, s, tosyl CH3), 3.8—4.4 
(6H, m, methine protons). 

Found: C, 49.65; H, 5.46%. Calcd for C13H1607S: C, 
49.35; H, 5.11%. 

The second fraction was evaporated and the residue was 
crystallized from ethanol-ether to give 7a (26 mg, 4.3%) as 
needles, mp 103—104 °C. 

Found: C, 50.00; H, 5.33%. 
Acetylation of 7a (25 mg) gave, after crystallization from 

ethanol, the diacetate (7b, 32 mg, 81%) as needles, mp 142.5— 
144 °C. 

Found: C, 52.89; H, 5.12%. 
The third fraction gave crystals which were recrystallized 

from methanol-ether to give 8a (0.22 g, 37%) as plates, mp 
178—180 °C. 

Found: C, 50.39; H, 5.72%. 
Acetylation of 8a (24 mg) gave, after recrystallization from 

ethanol, the diacetate (8b, 24 mg, 63%) as plates, mp 153 — 
154 °C. 

Found: C, 52.86; H, 5.14%. 
Compound 17 was found by TLC to be selectively converted 

into 8a on treatment with methanolic sodium methoxide. 
b): l-O-Benzoyl-4,6-di-O-tosyl-wy0-inositol (16)13> (0.8 g) 

was treated similarly with 1 M methanolic sodium methoxide 
(3.4 ml, 2.5 molar equiv.) in a mixture of butanone (50 ml) 
and methanol (50 ml) at ambient temperature overnight. 
TLC indicated the formation of 7a (Rt 0.2), together with 
traces of 8a and 17. The products were fractionated by 
chromatography on silica gel to give 7a (70 mg, 36%), mp 
101.5—103 °C. 

The same results as described in (a) were obtained when 
15 was treated with methanolic sodium methoxide in the 
solvent used for the epoxidation of 16. 

Tetra-0-acetyl-3,6-di-0-tosyl-muco-inositol (19). 3,6-
Di-0-tosyl-w2«co-inositol15) (0.2 g) was treated with acetic an­
hydride (2 ml) in pyridine (2 ml) at ambient temperature 
overnight. The reaction mixture was poured into ice-water 
and the resulting crystals were recrystallized from chloro-
form-ethanol to give 19 (0.26 g. 96%) as plates, mp 189— 
190 °C. 

Found: C, 51.41; H, 5.03; S, 9.97%. Calcd for C2gH32-
0 1 4S a : C, 51.20; H, 4.91; S, 9.77%. 

Reaction of 19 with Sodium Methoxide. Compound 19 
(7 g) was treated with 1 M methanolic sodium methoxide 
(28 ml, 2.5 molar equiv.) in a mixture of chloroform (100 ml) 
and methanol (80 ml) at ambient temperature overnight. 
TLC showed the formation of one major component (Rt 0.06) 
and one minor one (Rt 0.11). The reaction mixture was 
processed similarly and the products were separated by chro­
matography on silica gel to give 8a (0.55 g, 36%), mp 178— 
180 °C, as the main product. The minor component was 
obtained as needles (16 mg), mp 157—159 °C, after crystal­
lization from ethanol ; the IR spectrum showed no absorption 
in the region of tosyloxyl function. No further characteri­
zation was carried out owing to a minute amount. 

Reaction of Tri-0-acetyl-l,4,6-tri-0-tosyl-myo-inositol (20)n) 
and Its O-Deacetylated Derivative (21) 1V> with Sodium Methoxide. 
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a) : Compound 20 (0.3 g) was treated with 1 M methanolic 
sodium methoxide (0.33 ml, 2.5 molar equiv.) in a mixture 
of chloroform (10 ml) and methanol (2 ml) at ambient tem­
perature overnight. TLG indicated the formation of one 
major component and one minor one. The reaction mixture 
was evaporated and the residue was extracted with hot ethyl 
acetate (3x10 ml). The extracts were evaporated and the 
residue was crystallized from chloroform-ethanol to give 1,2: 
3,4-dianhydro-5-0-tosyl-m-inositol (22, 59 mg, 50%) as 
plates, mp 176—177 °G. 

Found: C, 52.76; H, 4.99; S, 10.36%. Calcd for C13H14-
0 6 S: C, 52.32; H, 4.73: S, 10.75%. 

Acetylation of 22 (40 mg) gave, after crystallization from 
chloroform-ethanol, the acetate (23, 36 mg, 79%) as needles, 
mp 173—174 °C. m NMR (CDC13) Ô 2.05 (3H, s, OAc), 
2.47 (3H, s, tosyl CH3), 3.25 (2H, m) and 3.43 (2H, m) (H-1, 
H-2, H-3, and H-4), 5.12 (2H, m, H-5 and H-6). 

Found: C, 52.69; H, 4.74; S, 9.73%. Calcd for C15H16-
0 7 S : C, 52.91; H, 4.74; S, 9.42%. 

b) : Compound 21 (0.5 g) was treated with 1 M methanolic 
sodium methoxide (1.5 ml, 2.5 molar equiv.) in a mixture of 
butanone (30 ml) and methanol (10 ml) at ambient tem­
perature overnight. TLC indicated the formation of one 
major component, together with a trace of 22. The reaction 
mixture was worked up as described above and the product 
was crystallized from ethanol-ether to give l,2-anhydro-5,6-
di-O-tosyl-e^'-inositol (24, 90 mg, 25%) as prisms, mp 167— 
168 °C. 

Found: C, 51.29; H, 4.79; S, 13.62%. Calcd for C20H22-
( \ S 2 : C, 51.05; H, 4.72; S, 13.64%. 

Acetylation of 24 (40 mg) gave, after crystallization from 
ethanol, the diacetate (25, 47 mg, 99%) as plates, mp 159— 
159.5 °C. *H NMR (CDC13) (52.05 (6H, s, two OAc), 2.49 
(6H, s, two tosyl CH3), 3.35 (1H, m, H-2), 3.45 (1H, d, 
y i i 2 =3 .5Hz , H-1), 4.58 (1H, dd, y4 > 5=2.5Hz, y 5 , 6 =9Hz , 
H-5). 

Found: C, 52.00; H, 4.72; S, 11.59%. Calcd for C24H26-
O u S a : C, 51.97; H, 4.73; S, 11.56%. 

chiro-inositol (28). Penta-0-acetyl-l-bromo-l-deoxy-
chiro-inositol (26, 2.3 g), mp 114—116°C, prepared by the 
modified method of McCasland and Horswill,18) was treated 
with anhydrous sodium acetate (2.3 g) in boiling 90% aque­
ous 2-methoxyethanol (30 ml) for 18 h. The reaction mixture 
was evaporated to dryness and the residue was treated with 
acetic anhydride (10 ml) and pyridine (10 ml) at ambient 
temperature overnight. The reaction mixture was filtered 
to remove an insoluble matter. The filtrate was evaporated 
to give a syrup, which was purified by passing through a 
short alumina column with ethyl acetate. The eluate was 
evaporated and the syrupy product was crystallized from 
ethanol to give hexa-O-acetyl-c/uVo-inositol (27, 1.43 g, 65%) 
as crystals, mp 110—112 °C (lit,16) 110—111 °C). 

Compound 27 (5.6 g) was treated with boiling 4 M hydro­
chloric acid (100 ml) for 2.5 h. The reaction mixture was 
evaporated and the residue was crystallized from ethanol to 
give 28 (2.2 g, 95%) as crystals, mp 245—246 °C (lit,16) 243 
°C). 

Acetonation of 28. The reaction was carried out fol­
lowing the method of Angyal and MacDonald.18) A mixture 
of finely powdered 28 (2 g), anhydrous zinc chloride (10 g), 
acetic acid (10 ml), and acetone (80 ml) was heated under 
reflux for 5.5 h. Pyridine (20 ml) was added to the cooled 
mixture, and the precipitates were removed by filtration and 
washed with chloroform (30 ml). The filtrate and washings 
were combined and evaporated to dryness. The residue was 
treated with acetic anhydride (10 ml) and pyridine (10 ml) 
and the reaction mixture was worked up by the usual method. 

The product was crystallized from ethanol to give 1,2:3,4: 
5,6-tri-O-isopropylidene-cÄzVo inositol (29, 0.99 g, 30%) as 
plates, mp 140 °C. 

Found: C, 60.30; H, 8.05%. Calcd for C15H24Oe- C, 
60.00: H, 8.05%. 

The mother liquor of 29 was evaporated and the residue 
was crystallized from ethanol to give 3,4-di-O-acety 1-1,2: 5,6-
di-O-isopropylidene-c/hVo-inositol (30, 0.69 g, 18%) as needles, 
mp 111—112 °C. m NMR (CDC13) <5 1.21 (3H, s) and 
1.55 (3H, s) (isopropylidene CH3), 2.06 (6H, s, two OAc), 
5.06 (2H, dd, J = 3 and 5 Hz, H-3 and H-4). 

Found: C, 56.04; H, 6.84%. Calcd for C1(5H24Os: C, 
55.80; H, 7.04%. 

Tetra-0-acptyl-3,4-di-0-tosyl-chiro-inositol (32). Com­
pound 30 (0.65 g) was treated with a catalytic amount of 
methanolic sodium methoxide in a mixture of chloroform (5 
ml) and methanol (5 ml) at ambient temperature overnight. 
The mixture was evaporated to dryness and the residue was 
treated with tosyl chloride (2.9 g) in pyridine (10 ml) at 
40 °C for four days. The reaction mixture was poured into 
ice-water, and the resulting crystals were collected and re-
crystallized from chloroform-ethanol to give 1,2: 5,6-di-O-
isopropylidene-3,4-di-0-tosyl-c/«ro-inositol (31, 0.63 g, 59%) 
as plates, mp 174—176 °C. XH NMR (CDC13) Ô 1.24 (3H, 
s) and 1.44 (3H, s) (isopropylidene CH3), 2.45 (6H, s, two 
tosyl CH3), 4.63 (2H, m, y = 2 . 5 and 4 Hz, H-3 and H-4). 

Found: C, 54.92; H, 5.86; S, 11.23%. Calcd for C26H32-
O10S2: C, 54.91; H, 5.68; S, 11.27%. 

Compound 31 (0.55 g) was treated with 50% aqueous 
acetic acid (20 ml) at reflux for 2 h. The reaction mixture 
was evaporated to dryness and the residue was acetylated 
in the usual way. The product was recrystallized from chlo­
roform-ethanol to give 32 (0.6 g, 94%) as needles, mp 216— 
216.5 °C. 

Found: C, 51.48; H, 5.12; S, 9.74%. Calcd for C28H22 
01 4S2 : C, 51.20; H, 4.91; S, 9.77%. 

1,2: 5,6-Dianhydro-neo-inositol (9a). Compound 32 
(0.5 g) was treated with 1 M methanolic sodium methoxide 
(2 ml, 2.5 molar equiv.) in a mixture of chloroform (10 ml) 
and methanol (5 ml) at ambient temperature overnight. The 
reaction mixture was evaporated and the residue was acetylat­
ed in the usual manner. The product was crystallized from 
ethanol to give the diacetate (5b, 83 mg, 48%), mp 96—97 °C. 

Found: C, 52.94; H, 5.47%. 
Compound 5b (80 mg) was treated with a catalytic amount 

of methanolic sodium methoxide in methanol (4 ml) and the 
mixture was then treated with Amberlite IR-120 (H+) and 
evaporated to dryness. The residue was crystallized from 
ethanol-ether to give 5a (18 mg, 35%) as plates, mp 121.5 — 
122.5 °C. 

Found: C, 49.88; H, 5.73%. 
1,2,3,6- Tetra - O - benzoyl - 4,5-di-O-tosyl-muco-inositol (34). 

1,2,3,4,6-Tetra-O-benzoyl-m^o-inositol (33)19) (4g) was 
treated with tosyl chloride (6.6 g, 5 molar equiv.) in pyridine 
(100 ml) at ambient temperature for 2 days. The reaction 
mixture was poured into ice-water and the precipitates were 
recrystallized from chloroform-ethanol to give 34 (5.6 g, 93%), 
mp 194—195 °C. aH NMR (CDC13): Ö 2.32 (6H, s, two 
tosyl CH3). 

Found: C, 63.96; H, 4.59; S, 6.69%. Calcd for C48H40-
O u S 2 : C, 63.71; H, 4.46; S, 7.09%. 

1,2:4,5-Dianhydro-neo-inositol (11a). Compound 34 
(7 g) was treated with 1 M methanolic sodium methoxide (20 
ml, 2.5 molar equiv.) in a mixture of chloroform (40 ml) and 
methanol (50 ml) at ambient temperature overnight. The 
reaction mixture was worked up similarly and the product 
was purified by chromatography on silica gel with benzene-
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ethyl acetate (1 :1 , v/v) as an eluent. The product was 
crystallized from ethanol to give 11a (0.44 g, 39%) as plates, 
mp 150—151 °G. Found: G, 50.30; H, 5.83%. 

Compound 11a (0.1 g) was converted into the diacetate 
( l ib , 0.12 g, 83%) as plates, mp 138—139 °C, crystallized 
from ethanol. Found: G, 52.98; H, 5.14%. 

1,2: 3,4-Dianhydro-a.Wo-inontol (10a). 1,2: 3,4-Di-
anhydro-5,6-0-cyclohexylidene-ö//o-inositol (35)12> was pre­
pared in an improved yield (80%) from 1,2-O-cyclohexylidene-
3,5-di-O-tosyl-m^o-inositol by treatment with 2.5 molar equiv. 
of methanolic sodium methoxide in boiling 2-methoxyethanol. 
Compound 35 (1.2 g) was treated with boiling 20% aqueous 
acetic acid (50 ml) for 45 min. The reaction mixture was 
then processed as described in the preparation of 3a. The 
crude product was purified by chromatography on silica gel 
with benzene-ethyl acetate (1:2, v/v) as an eluent and crystal­
lized from ethanol-ether to give 10a (0.23 g, 30%) as crystals, 
mp 105—106 °C. Found: C, 50.22; H, 5.53%. 

On acetylation, 10a was converted into the syrupy di­
acetate (10b, 52 mg, 87%). Compound 10a was found by 
TLC to give 11a exclusively on treatment with methanolic 
sodium methoxide. 

1,2,3,4- Tetra-O-benzqyl-chiro-inositol (37). 1,2-0-
Cyclohexylidene-rAzVo-inositol (36)19> (0.1 g) was treated with 
benzoyl chloride (0.41 ml, 12 molar equiv.) in pyridine (10 
ml) at ambient temperature overnight. The reaction mix­
ture was poured into ice-water to give crude tetra-O-benzoyl 
derivative as a white powder. It was treated with boiling 
80% aqueous acetic acid (20 ml) for 2 h. The product was 
purified by chromatography on silica gel with butanone-
toluene (1:5, v/v) as an eluent. The main fraction gave 
crystals which were recrystallized from ethyl acetate-petroleum 
ether to give 37 (0.17 g, 72%,) as needles, mp 148—150 °C. 

Found: C, 68.26%; H, 4.82%- Calcd for C34H28O10: C, 
68.47; H, 4.73%. 

1,2,3,4-Tetra-O-benzoyl-5,6-di-O-wesyl-chxro-inositol (38). 
a) : Compound 37 (0.1 g) was treated with mesyl chloride 
(0.1 ml, 8 molar equiv.) in pyridine (5 ml) at ambient tem­
perature overnight. The reaction mixture was poured into 
ice—water and the precipitates were crystallized from chloro-
form-ethanol to give 38 (0.07 g, 55%) as crystals, mp 189—191 
°C. *H NMR (CDC13) : Ô 3.04 (3H, s) and 3.36 (3H, s) 
(mesyl CH3). Found: C, 57.38; H, 4.35; S, 8.60%. Calcd 
for C36H32014S2: C, 57.34; H, 4.29; S, 8.52%. 

b) : Compound 36 (1.5 g) was treated with benzoyl chloride 
(8 ml, 12 molar equiv.) in pyridine (120 ml) at ambient tem­
perature overnight and then at 60 °C for 0.5 h. The mixture 
was poured into ice-water and the resulting gum was ex­
tracted with chloroform. The extract was evaporated to 
give crude 37 (1.5 g), which was treated successively with 
boiling 80% aqueous acetic acid and with mesyl chloride 
(1.1 ml) in pyridine (30 ml) to give crude 38 (3.6 g). Re-
crystallization from chloroform-ethanol gave pure 38 (3.1 g, 
72% yield based on 36 used), mp 189—191 °C. 

1,2: 3,4-Dianhydro-epi-inositol (6a). A solution of 38 
(1.04 g) in a mixture of chloroform (15 ml) and methanol 
(20 ml) was treated with 1 M methanolic sodium methoxide 
(1.6 ml, 1.1 molar equiv.) at ambient temperature overnight. 
TLC showed the formation of one major component (R{ 0.07) 
and one minor one (Rf 0.12). The reaction mixture was 
evaporated to dryness and the residue was dissolved in metha­
nol (30 ml) and treated with Amberlite MB-3. The solution 
was evaporated to give a crude monoepoxide (39), which was 
without further purification dissolved in methanol (30 ml). 
The solution was passed through a short column of Amberlite 
IRA-400 (OH~) several times until 39 disappeared in the 
effluent subjected to monitoring by TLC. TLC showed the 

formation of one major component (i?f 0.12) and two minor 
ones (Rt 0.15 and 0.07). The mixture was fractionated by 
chromatography on silica gel with benzene-ethyl acetate (1:2, 
v/v) as an eluent. The first fraction gave a small amount of 
syrup, which crystallized to give 5a, mp 108—110 °C, identical 
with the compound obtained before. The second fraction 
gave crystals, which were recrystallized from ethanol to give 
6a (49 mg, 25%) as plates, mp 132—134 °C. 

Found: C, 50.14; H, 5.62%. 
Acetylation of 6a gave a syrupy diacetate 6b. 
Compound 6a was shown by TLC to give 5a exclusively on 

treatment with methanolic sodium methoxide. 

The authors wish to thank Mr . Shukichi Muto for 
assistance in preparat ive experiments. Thanks are due 
to Mr . Saburo Nakada for elemental analyses. 
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The reactions of i\f-alkylsulfamoyl chloride with enamines in the presence of triethylamine showed the presence 
of iV-alkylsulfonyl imide (RN=S02) as a reaction intermediate to give either acyclic (sulfonamides) or cyclic 
products (1,2-thiazetidine 1,1-dioxides), depending upon the enamines used. The enamines leading to the acyclic 
products possess either a methylene group on the oc-carbon or a hydrogen on the /S-carbon of the enamine; the 
enamine leading to the cyclic product has no such available hydrogen atom. It is thought that the products are 
formed via a zwitter ionic intermediate provided by the electrophilic attack of the sulfonyl imide sulfur atom on the 
/3-carbon atom of the enamine. 

Sulfonyl imides,1) R N = S 0 2 , are isoelectronic with 
sulfur trioxide and sulfenes, and are located between 
sulfenes and sulfur trioxide in regard to the electro­
negativities of the elements adjacent to the reaction 
centers. An attractive sulfonyl imide synthesis was 
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0 © <o 
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ment of the filtrate afforded a colorless crystalline 
compound characterized not as l-alkylsulfamoyl-2-
morpholinocyclohexene (4') but as the 3-alkylsulfamoyl 
isomer (4) in about 6 0 % yield. 
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achieved by Burgess2) in 1967, though the imide had 
been proposed as an intermediate in the photolysis of 
benzenesulfonyl azide.3) Dehydrohalogenation of ethyl-
sulfamoyl chloride by triethylamine at —78 °C led to 
the generation of JV-ethylsulfonyl imide, whose intercep­
tion was accomplished by the addition of aniline to give 
the sulfamide. iV-Ethylsulfonyl imide, furthermore, was 
found to react with strongly nucleophilic olefins such 
as 2-(dichloromethylene)-l,3-dioxolane2) and the pyr­
rolidine enamine of isobutyraldehyde4) to afford cycload-
ducts. In this study on sulfonyl imides, the reaction of 
alkylsulfonyl imides with enamines give acyclic or cyclic 
adducts depending on the type of the enamine used, 
and the sulfonyl imides undergo oligomerization in the 
presence of less nucleophilic olefins or in the absence of 
the substrates. 

R e s u l t s and D i s c u s s i o n 

The reactions of iV-alkylsulfonyl imide (2) with three 
types of enamines (Types A, B, and C) were conducted. 

N - C = C 

- G H a \ 

Type A 

/ \ 
N - C = C H -

TypeB 

N - G = C 
/ I \ 

Type C 

Reaction of 2 with Type A Enamine. A solution of 
an alkylsulfamoyl chloride (1) in tetrahydrofuran (THF) 
was added dropwise with stirring to a solution of 1-
morpholinocyclohexene (3) and triethylamine in T H F 
at —78 °C. Triethylamine hydrochloride was formed 
nearly quantitatively and removed by filtration. Treat-

The structure of 4 was established by IR , N M R , and 
mass spectra analyses (experimental section). Subse­
quently, a T H F solution of triethylamine was added 
dropwise to a stirred T H F solution of 1 at —78 °C. 
After the removal of the amine hydrochloride at —78 °C, 
the addition of 3 to the filtrate (maintained at the same 
temperature) led to 4, the yield of which varied with 
the age of the filtrate. These results suggest the inter-
mediacy of N-alkylsulfonyl imide (2), which may be 
stabilized in a mode similar to the T H F complex of N-
methoxycarbonyl imide.6) 

The addition of 2-morpholino-l,3-diphenylpropene 
(5) to a T H F solution of 2a at - 7 8 °C produced 
3-methylsulfamoyl-2- morpholino - 1 , 3 - diphenylpropene 
(6a) rather than the isomeric sulfonamide 6', 6a was 
isolated in a 2 6 % yield together with JV,iV'-dimethyl-
sulfamide (7a) in a 6 5 % yield. When l a was added to 
a mixture of 5 and triethylamine in T H F at an elevated 
temperature, 20 °G, the yield of 6a increased to 67% 
and that of 7a decreased to 7%. In the same manner, 
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6b was given in a 6 8 % yield from l b at 20 °C. T h a t 
5 is less reactive than 3 is interpreted in terms of a 
smaller nucleophilic character due to the phenyl ring 
on the enamine double bond. 

Reaction of 2 with Type B Enamine. The reaction 
of 2 with either (£)-/?-morpholinostyrene (8) or (E)-
morpholinostilbene (10) provided the 1-alkylsulfamoyl-
2-morpholinoethylene derivative (9 or 11) in a moderate 
yield (9a: 4 6 % , 9 b : 5 8 % , 11a: 4 7 % , l i b : 56%) , at 
20 °C. The reaction did not take place at —78 °C. In 
a similar mode as the reaction with the enamines 3 and 
5, the hydrogen atom ß to the morpholino moiety served 
in the formation of the acyclic products : 

c=c 

O N-CH=GX 

SO.NHR 

<°>w<°> 

/ — \ / 
O N 
\ / 

SCXNHR 

11 

Reaction of 2 with Type C Enamine. From the 
above results, the cycloadduct formation in reaction of 2 
appears to require an enamine having no available 
hydrogen atom. When 2 was generated at —78 °G in 
the presence of 2-methyl-l-morpholinopropene (12), the 
expected cycloadduct, 2-alkyl-4,4-dimethyl-3-mor-
pholino-l,2-thiazetidine 1,1-dioxide (13) was obtained. 
Since 13a and 13b were very sensitive to moisture,6) 
attempts at purification were unsuccessful. The struc­
tures of 13 were established on the basis of the I R and 
N M R spectra and by their subsequent hydrolyses. The 
I R spectra of 13 showed no yNH and exhibited vSOl 
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• O NH + | 
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14 

at 1320 and 1125 cm"1 . The N M R spectrum (CDC13, 
60 MHz) of 13b was very similar to that of 4,4-dimethyl-
2-ethyl-3-(l-pyrrolidinyl)-l,2-thiazetidine 1,1-dioxide.4) 
Chromatographs of 13a and 13b over silica gel led to 
the hydrolyses, giving 14a and 14b in 55 and 6 2 % yields 
respectively. 

Reaction Pathway. The reactions of the N-
alkylsulfonyl imides (2) with the enamines provided three 
kinds of the products, the 3-sulfamoylpropene derivative, 
the sulfamoylethylene derivative, and the cycloadduct, 
depending upon the enamine used. The formation of 
these products can be explained by a mechanism via a 
zwitter ionic intermediate (15) shown in Scheme 1. 
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Scheme 1. 

The reaction is initiated by an electrophilic attack of 
the sulfur atom of the sulfonyl imide on the /S-carbon 
of the enamines, leading to 15. In the cases of Type A 
and B enamines, prototropy followed by the formation 
of a new olefinic linkage (Path A) or prototropy followed 
by the reformation of the olefinic linkage (Path B) takes 
place to give the corresponding acyclic products. In 
the reaction with Type A enamine, the exclusive 
formation of the sulfonamide 4 or 6 which arises from 
the proton transfer of the methylene, instead of the 
isomeric sulfonamide 4 ' or 6' ascribable to the transfer 
of the olefinic proton, may be considered as follows: 
Both the sulfonamides 4 ' and 6' are destabilized by the 
steric inhibition of the resonance involving the nitrogen 
lone pair and the double bond.9) O n the other hand, 
the zwitter ionic intermediate resulting from the Type C 
enamine affords the cyclic adduct since there is no mobile 
proton (Path C). 

As an alternative mechanism, the formation of the 
cycloadduct may be envisaged as resulting from a 
concerted thermal [Ä2s+Ä2a] process.10) However, in 
the cycloaddition of iV-methoxycarbonylsulfonyl imide 
with variously substituted alkenes to afford the corre­
sponding 1,2-thiazetidines and 2,3-dihydro-l,4,5--oxa-
thiazines, the one-step multi-center cycloaddition has 
not been accepted on the basis of the adduct distribution 
with solvent change.5) Moreover, the addition of sulfene, 
which closely resembles sulfonyl imide, to enamines has 
been explained not by a concerted mechanism but by a 
nonconcerted process on the basis of the stereoselectivity 
of the cycloaddition and of the product distribution 
between the cyclic and acyclic adducts.9) 

Oligomerization of 2. The reaction of 2 with the 
enamine (5) possessing a phenyl ring on the double bond 
gave dimethylsulfamide (7) in a significant yield, 
especially at low temperatures. A dimer of sulfonyl 
imide which had failed to react with the enamine 
present might be subjected to hydrolysis to afford 7 with 
the loss of sulfuric acid. When l a was added dropwise to 
triethylamine in either benzene or ether in the absence 
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2HaO 
2GH3NS02 • (GH3NS02)2 • GH3NHS02NHCH3 

- H Î S O « 
2a 7a 

of enamine followed by chromatography, 7a was 
isolated in a 9 0 % yield respectively. Furthermore, the 
reactions of 2a with less nucleophilic olefins, e.g. trans-
stilbene and dimethyl fumarate, in T H F gave no adduct , 
affording the amine hydrochloride in the theoretical 
amount and an unidentified solid which appears to be a 
polymerization product of 2a . In addition, the olefins 
were recovered nearly quantitatively. 

The explanation for the favored oligomerization, as 
well as the preferred tendency of prototropy to form 
the acyclic compound with enamine, of sulfonyl imide, 
compared with sulfene, is based on the following 
consideration: owing to the larger electronegativity of 
the nitrogen atom than that of the carbon atom, sulfonyl 
imide and the zwitter ionic intermediate (15) are more 
stabilized and have a longer lifetime than sulfene and 
the resulting intermediate9) (like 15). 

Exper imenta l 

The IR spectra were recorded on Hitachi EP-S and Hitachi 
215 spectrophotometers, and the NMR spectra on a Varian 
EM-360 (60 MHz) instrument, using tetramethylsilane as an 
internal standard. The NMR spectra of the products, except 
for dimethylsulfamide, were measured in chloroform-^/ and 
all the chemical shifts were given in ô values. The melting 
points are uncorrected. 

Materials. Alkylsulfamoyl chlorides (1) were prepared 
according to the reported method:13) l a ; 67 °G/0.03 mmHg, 
l b : 70 °G/0.03 mmHg (lit,1*) 52 °C/0.05 mmHg). All of the 
enamines, 3,15> 5,16> 8,17) 10,18) and 1219> were prepared by the 
respective methods in the literature. trans-Stilbene and di­
methyl fumarate were commercial materials and used after 
recrystallizations from 95% ethanol and from methanol re­
spectively. Triethylamine and the solvents were obtained 
commercially and used after purification by the published 
direction.20) 

Reactions of 1 with Enamines. Method A : A sulfamoyl 
chloride (10 mmol) in THF (30 ml) was added dropwise over 
a period of 1 h to a stirred solution containing an enamine 
(10 mmol) and triethylamine (10 mmol) in THF (70 ml) at 
the desired temperature. After the addition, the mixture 
was stirred for 1 h at that temperature. The precipitates 
of triethylamine hydrochloride (quantitative amount) were 
removed by filtration, and the solvent was evaporated under 
reduced pressure leaving an oily substance tinged with yellow. 
The addition of methanol to the residue gave the sulfamoyl 
imide-enamine adduct as a precipitate. The reaction tem­
peratures were maintained at — 78 °C in the reactions with 
enamines 3 and 12, and at 20 °C for enamines 5, 8, and 10. 
Method B: A solution of triethylamine (10 mmol) in THF 
(20 ml) was added dropwise over 15 min to a stirred 
solution of 1 (10 mmol) in THF (60 ml) at - 7 8 °C. After 
further stirring for 15 min, to the stirred solution kept at 
— 78 °C was added a solution of the enamine (10 mmol) in 
THF (20 ml) dropwise over a period of 30 min. After 
the resulting mixture was stirred for an additional 15 min, 
the mixture was allowed to attain room temperature. The 
precipitates of the amine hydrochloride (quantitative amount) 
were removed by filtration and the solvent evaporated from 
the filtrate under reduced pressure. Methanol was added to 

the residual oily substance and the sulfamoyl imide-enamine 
adduct was obtained as a precipitate. 

Reaction with 1-Morpholinocyclohexene (3) : By Method A, 3-
methylsulfamoyl- and 3-ethylsulfamoyl-2-morpholinocyclo-
hexenes (4a and 4b) were isolated in 1.5 g (58%) and 1.5 g 
(55%) yields respectively. By Method B, 4a and 4b were 
isolated in 1.3 g (50%) and 1.4 g (51%) yields respectively. 
As a modification of Method B, when the amine hydrochloride 
was removed at —78 °C prior to the addition of enamine 
3-THF solution, 4a and 4b were obtained in 1.2 g (46%) and 
1.1 g (40%) yields respectively. 4a: mp 120—122 °C. IR 
(Nujol, cm-1); 3280 (NH), 1645 (C=C), 1315 and 1160 (S02). 
NMR; 1.6—3.2 (m, ÎOH, NGH2 and GH2), 3.65—3.95 (m, 
5H, OCHa and S02CH), 5.05 (bs, IH, NH), 5.38 (t, 1H, 7 = 4 
Hz, vinyl H). MS (70 eV); mje 260 (M+). Found: C, 
50.31; H, 7.72; N, 10.57%. Calcd for CuH20N2O3S: C, 
50.75; H, 7.74; N, 10.76%. 4b: white crystal, mp 89—90 °C. 
IR (Nujol, cm-1); 3260 (NH), 1645 (C=C), 1315 and 1160 
(S02). NMR; 1.22 (t, 3H, 7 = 7 Hz, CH3), 1.5—3.4 (m, 
12H, NGH2 and GH2), 3.73 (m, 5H, OGH2 and S02CH), 
5.10 (bt, IH, NH), 5.35 (t, IH, 7 = 4 Hz, vinyl H). Found: 
C, 52.84; H, 8.10; N, 10.20%. Calcd for C12H22N203S: G, 
52.54; H, 8.08; N, 10.21%. 

Reactions with 2-Morpholino-l,3-diphenylpropene (5) : The re­
action of l a was run as in Methods A and B. By Method A, 
2.5 g (67%) of 3-methylsulfamoyl-2-morpholino-l,3-diphenyl-
propene (6a) was yielded as the precipitate. The filtrate 
was evaporated under reduced pressure to give a brownish, 
oily substance. The residue was chromatographed on silica 
gel, and 0.04 g (7%) of iV,iV'-dimethylsulfamide (7a) was 
eluted with chloroform. The recrystallization of 6a from 
methanol gave colorless needles; mp 153—154 °G. IR (KBr, 
cm-1): 3200 (NH), 1320 and 1140 (SOa). NMR: 2.70 (d, 
3H, 7 = 5 Hz, CU3), 2.65—2.90 (m, 4H, NCH2), 3.55—3.75 
(m, 4H, OCH2), 4.29 (bs, IH, NH), 5.10 (s, IH, vinyl H), 
6.81 (s, IH, S02CH), 7.2—7.8 (m, 10H, benzene ring). MS 
(70 eV) : m/e 372 (M+). Found: G, 64.23; H, 6.61 ; N, 7.54%. 
Calcd for C20H34N2O3S: C, 64.49; H, 6.49; N, 7.52%. 
The recrystallization of 7a from benzene gave colorless leaf­
lets; mp 78—79 °C.13) IR (KBr, cm-1): 3320 (NH), 1325 
and 1160 (S02). NMR (DMSO-d6) : 2.47 (d, 6H, 7 = 5 Hz, 
CH3), 6.70 (bs, 2H, NH). MS (70 eV): m/e 124 (M+). 
Found: C, 19.21 ; H, 6.37; N, 22.97%. Calcd for C2H8N202-
S: C, 19.35; H, 6.49; N, 22.56%. Method B gave 6a and 
7a in 1.0 g (26%) and 0.4 g (65%) yields respectively. When 
the reaction of l b was run as in Method A, 3-ethylsulfamoyl-
2-morpholino-l,3-diphenylpropene (6b) was isolated in 2.6 g 
(68%) yield. The recrystallization from methanol gave 
colorless needles; mp 133—134 °G. IR (KBr, era 4 ) : 3250 
(NH), 1310 and 1140 (S02). NMR: 1.10 (t, 3H, 7 = 7 Hz, 
CH3), 2.65—3.30 (m, 6H, NCH2), 3.60—3.75 (m, 4H, OCH2), 
4.36 (bt, IH, NH), 5.00 (s, IH, vinyl H), 6.85 (s, IH, 
S02CH), 7.3—7.9 (m, 10H, benzene ring). MS (70 eV) : 
mje 386 (M+). Found: G, 65.15; H, 6.85; N, 7.26%. Calcd 
for C21H26N203S: C, 65.27; H, 6.78; N, 7.25%. 

Reactions with (E)-ß-Morpholinostyrene (8) : The reactions 
of la and l b gave a-methylsulfamoyl- and a-ethylsulfamoyl-
ß-morpholinostyrenes (9a and 9b) in 1.3 g (46%) and 1.7 g 
(58%) yields, respectively, Method A. The recrystalliza­
tion of 9a from methanol gave colorless prisms; mp 144-—145 
°G. IR (KBr, cm-1): 3240 (NH), 1622 (C=G), 1300 and 
1130 (S02). NMR: 2.62 (d, 3H, 7 = 5 Hz, CH3), 2.9—3.1 
(m, 4H, NCH2), 3.45—3.65 (m, 4H, OCH,), 3.65—4.0 (bs, 
IH, NH), 7.26 (s, IH, vinyl H), 7.35 (s, 5H, benzene ring). 
MS (70 eV): m/e 282 (M+). Found: C, 55.04; H,6.41;N, 
9.90%. Calcd for C13H18N203S: C, 55.31; H, 6.43; N, 
9.92%. The recrystallization of 9b from methanol gave 
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colorless prisms; m p 117—118 °G. I R (KBr, c m " 1 ) : 3260 
(NH) , 1622 (G=G), 1300 and 1130 (SO a) . N M R : 1.10 (t, 
3H, y = 7 H z , GH 8 ) , 2.8—3.1 (m, 6H, N C H 2 ) , 3.45—3.65 
(m, 4H, OGH 2 ) , 3.65—3.9 (bs, 1H, N H ) , 7.22 (s, 1H, vinyl 
H,) 7.33 (s, 5H, benzene r ing) . F o u n d : G, 56.45; H , 6.76; 
N, 9.37%. Galcd for G 1 4 H 2 0 N 2 O 3 S: G, 56.74; H , 6.80; N , 
9.45%. 

Reactions with (E)-Morpholinostilbene (10) : T h e reactions 
of l a and l b were run as in Method A. Methylsulfamoyl-
and ethylsulfamoyl-morpholinostilbenes (11a and l i b ) were 
isolated in yields of 2.6 g (47%) and 2.1 g (56%) respectively. 
The recrystallization of 11a gave pale yellow prisms: m p 
153—154 °G. I R (KBr, c m - 1 ) : 3275 ( N H ) , 1539 (G=C), 
1309 and 1140 ( S 0 2 ) . N M R : 2.46 (d, 3H, J=5 Hz , C H 3 ) , 
2.5—2.7 (m, 4H, NGH 2 ) , 3.3—3.5 (m, 4H, O G H 2 ) , 3.7 (bs, 
1H, N H ) , 7.2—7.5 (m, 10H, benzene r ing). M S (70 e V ) : 
m/e 358 (M+). Found : G, 63.48; H , 6.18; N , 7 .74%. Galcd 
for G 1 9 H 2 2 N 2 0 3 S: G, 63.67; H , 6.19; N , 7.82%. l i b : color­
less prisms (from methanol) , m p 140—142 °G. I R (KBr, 
c m - 1 ) ; 3250 (NH) , 1545 (G=G), 1297 and 1138 ( S 0 2 ) . 
N M R ; 0.93 (t, 3H, J=l Hz , GH 3 ) , 2.5—2.7 (m, 4 H , mor-
pholino ring NGH 2 ) , 2.92 (q, 2H , J=7 Hz , N G H 2 ) , 3.33— 
3.53 (m, 4H, O C H 2 ) , 3.70 (bs, 1H, N H ) , 7.3—7.5 (m, 10H, 
benzene ring). MS (70 e V ) ; m/e 372 (M+). Found : G, 
64.38; H , 6.50; N, 7 .65%. Galcd for G 2 0 H 2 4 N 2 O 3 S: G, 
64.50; H , 6.50; N , 7.52%. 

Reactions with 2-Methyl-1-morpholinopropene (12) : T h e re­
actions of l a and l b were run as in Method A. T h e precipi­
tates of triethylamine hydrochloride were removed from the 
reaction mixture by filtration and the solvent evaporated 
under reduced pressure, the last traces of solvent being remov­
ed at a pressure of 0.1 m m H g . T h e residual oily, impure 
2,4,4-trimethy 1-3- morpholino - 1 , 2 - thiazetidine 1 ,1 - dioxide 
(13a) displayed the following N M R spec t rum: 1.56 (s, 6H, 
G-GH 3 ) , 2.50—3.13 (m, 4H, NGH 2 ) , 2.76 (s, 3H, N G H 3 ) , 
3.31 (s, 1H, GH) , 3.60—3.83 (m, 4 H , O G H 2 ) . Since at tempts 
to crystallize 13a were unsuccessful, the oil was chromato-
graphed over silica gel. Elution with benzene gave a-(methyl-
sulfamoyl)isobutyraldehyde (14a) as a colorless oil in a yield of 
0.9 g (55%). I R (neat, c m - 1 ) : 3340 (NH) , 1730 ( C = 0 ) , 
1318 and 1130 ( S 0 2 ) . N M R : 1.53 (s, 6 H , GH 3 ) , 2.76 (d, 
3H, J=5 Hz , NGH 3 ) , 4.63 (bs, 1H, N H ) , 9.63 (s, 1H, G H O ) . 
From the reaction of l b , 2-ethyl-4,4-dimethyl-3-morpholino-
1,2-thiazetidine 1,1-dioxide (13b) was obtained as an oily 
residue. I R (neat, c m - 1 ) : 1320 and 1122 ( S 0 2 ) . N M R : 
1.26 (t, 3H, / = 7 Hz, GH 3 ) , 1.56 (s, 6H, GH 3 ) , 2.50—3.13 
(m, 4H, NGH 2 ) , 3.46 (s, 1H, G H ) , 3.60—3.83 (m, 4H, 
OCH 2 ) , 3.25 (q, 2H, J=l Hz , GH 2 ) . T h e impure 13b was 
chromatographed over silica gel to give colorless, oily a-
(ethylsulfamoyl)isobutyraldehyde (14b): yield 1.1 g (62%) . 
I R (neat, c m " 1 ) : 3280 ( N H ) , 1725 ( C = 0 ) , 1315 and 1130 
(S0 2 ) . N M R ; 1.17 (t, 3H, J =7 Hz, GH 3 ) , 1.50 (s, 6H, 
CH 3) , 3.18 (q, 2H, J =7 Hz, GH 2 ) , 5.07 (bs, 1H, N H ) , 
9.68 (s, 1H, G H O ) . 

Reaction of la in Benzene and in Ether. A benzene (0.5 
mol, 39 g) solution of l a (20 mmol, 2.6 g) was added dropwise 
over a period of 1 h to a stirred benzene (0.5 mol) solution 
of triethylamine (20 mmol, 2 .1g) at 20 °G. T h e reaction 
mixture was stirred for a further hour at the temperature 
and the precipitates of tr iethylamine hydrochloride were col­
lected by filtration (weighed 2.7 g, 9 8 % ) . Evaporat ion of 
the solvent under reduced pressure gave a yellow oil, which 
was chromatographed over silica gel. T h e fraction eluted 
by chloroform gave 1.05 g (85%) of 7a, which was recrystal-
lized from benzene. T h e reaction in ether gave 1.12 g (91%) 
of 7a. 

Attempted Reactions with trans-Stilbene and with Dimethyl 
Fumarate. T h e reactions of l a were run as in Method A 
at 20 °G using double the molar quanti t ies of the reactants 
and the solvent. T h e reaction with /rarw-stilbene gave 2.64 g 
(96%) of the amine hydrochloride, and the evaporation of 
the solvent under reduced pressure gave a yellow solid, which 
was extracted with benzene. Removal of benzene gave 5.3 g 
(95%) of the recovered stilbene. Chromatography of the 
benzene insoluble par t on silica gel using chloroform as an 
eluent gave one gram of a white solid, the N M R of which 
showed no absorption for protons resulting from the incorpora­
tion of stilbene. T h e reaction with dimethyl fumarate gave 
2.5 g (91%) of the amine hydrochloride. Evaporat ion of the 
solvent followed by tr i turat ion with methanol gave 2.6 g (91%) 
of the recovered ester. F rom the methanol solution, the 
solvent was removed under reduced pressure to give a pale 
yellow solid, the chromatography of which over silica gel 
gave 0.8 g of a white product similar to tha t obtained in the 
reaction with stilbene. 
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The Reaction of Vicinal Dinitro Compounds with Tin(II) Chloride 
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The reactions of vicinal dinitro compounds with tin(II) chloride have been studied. The reactions of a,ß-
diaryl vicinal dinitro compounds and tin(II) chloride in polar solvents gave the corresponding olefins in good 
yields. The aliphatic vicinal dinitro compounds did not react with tin(II) chloride under the same reaction 
conditions. A reaction mechanism of elimination involving a radical anion intermediate has been proposed. 

The bimolecular removal of two atoms or groups from 
vicinal dihalides,1»2) vicinal diols,3) and vicinal di-
carboxylates4) have been investigated extensively, but 
there have been few papers on the bimolecular elimina­
tion reactions of vicinal dinitro compounds. Kornblum 
et al. reported the denitration of purely aliphatic vicinal 
dinitro compounds to alkenes with sodium sufide or 
sodium benzenethiolate.5) 

It has been reported that l ,2-diaryl-l,2-dinitroethanes 
(1) react with t in(I I ) compounds in ethanol to give 1,2-
diarylethylenes (2)6> and this paper will report the 
reaction in detail . 

I V G 

À 
C-R2 
i 

SnCl, R l \ / R 2 

G = G 
R / NR, 

2 ( a - g ) 

2 N 0 2 

1 ( a - g ) 

a: R l5 R2=fluorenyl 
b : R1=G6H5 , R 2 = H 
c : R ^ - C H s C ^ , R 2 = H 
d: R^ö-CHgCßHg, R 2 - H 
e : Ri-ö-ClCßHg, R 2 - H 
f : R^tf-naphthyl, R 0 = H 
g: R ^ C ^ , R 2 = C H 3 

Scheme 1. 

R e s u l t s a n d D i s c u s s i o n 

Syntheses of 1. l ,2-Diaryl-l ,2-dinitroethane ( lb—f) 
has been prepared by the reaction of the sodium or 
potassium salt of a-arylnitromethane with potassium 
peroxodisulfate. Two isomeric structures are possible 

for the vicinal dinitro compounds. Figure 1 shows the 
N M R spectra of the configurâtionally known dl-\,2-
dinitro-l ,2-diphenylethane (dl-lh) and meso-lh pairs.7) 
T h e methine proton of meso-lh at ô 3.74 is broad 
compared with that of dl-lh. These results indicate that 
the stereochemical assignment can possibly be made for 
the isomeric l b — f on the basis of the band width of the 
methine proton peaks. 

2,3-Dinitro-2,3-diphenylbutane ( lg) was prepared as 
a mixture of the dl and meso forms by the reaction of the 
sodium salt of 1-nitro-1-phenylethane with silver nitrate. 
T h e ratio of the stereoisomers in this product has been 
determined by N M R in CDC13 which exhibited reso­
nances at ô 2.30 and 2.22 due to two kinds of methyl 
groups. Other vicinal dinitro compounds (9,9'-dinitro-
9,9'-bifluorenyl ( l a ) , 2,3-dinitro-2,3-dimethylbutane 
( l h ) , and l j ' -dini t robicyclohexyl ( l i ) ) have been 
prepared by the methods reported in the literature.6»8) 

The analytical da ta for l a — i are summarized in 
Table 1. 

Reaction of 1 with Tin(II) Chloride. a,/?-Diaryl 
vicinal dinitro compounds ( l a—f) react readily with 
t in( I I ) chloride in boiling ethanol to give the corre­
sponding 1,2-diarylethylenes (2a—f). T h e products 
thus obtained were identified with authentic samples 
by mixed melting point determination and a comparison 
of I R spectra. T h e ^-elimination products, such as 
a-nitrostilbenes, were not obtained. Refluxing of the 
purely aliphatic vicinal dinitro compound, l h or l i 
with t in( I I ) chloride in ethanol gave the starting 
materials unchanged, even after 48 h. Thus , the 
presence of the aromatic r ing attached to the carbon 
atom bearing the nitro group is essential for denitration. 

N02 
H-4-Ph 

6 5 

(5/ppm 

Fig. 1. NMR spectra of l b in (GD3)2NGD; (A): for 
meso-lh; (B) : for dl-lh. 

CHa 

N 0 2 CH3 

-G — C-CH 3 

GH3 N 0 2 

NO, 

(lh) 

0 2 N 

(H) 
Scheme 2. 

T h e results of this reaction are shown in Table 2. 
The reaction of l a with t in( I I ) chloride has been 

conducted in various solvents. As shown in Table 3, 
the reaction is remarkably affected by the polarity of 
the solvent, and proceeds smoothly with a solvent more 
polar than ethyl acetate (g=6 .0) . I n dipolar aprotic 
solvents, the reaction proceeds more readily, and lower 
temperature being sufficient for reaction. A vigorous 
evolution of nitrogen oxide was observed dur ing the 
reaction employing acetic acid or ethyl acetate as 
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T A B L E 1. PHYSICAL PROPERTIES AND ANALYTICAL DATA OF VICINAL DINITRO COMPOUNDS (1) 

Gompd 
No. 

M p ° C 
(Recryst 

solvent) 
Formula 

Found (Calcd), % 

G H N 

I R spectrum, 
c m - 1 in KBr 

N O , 

N M R spectrum, ô 
in DMF-ûf7 

G H G H , 

l a 

meso-lh 

dl-lh 

dl-lc 

dl-ld 

dl-le 

dl-lî 

dl-lg 

l g b ) 

l h 

l i 

175 
(Benzene) 

230 
(AcOH) 
149—150 
(EtOH) 

148 
(E tOH) 
157—158 
(E tOH) 
233—234 
(AcOH) 

141—142 
(AcOH) 

139—141 
( M e O H - H a O ) 

118—126 
( M e O H - H a O ) 

212—213 
(E tOH) 

215—216 
(Acetone) 

C 2 6 H 1 6 0 4 N 2 

G 1 4 H 1 2 0 4 N 2 

G 1 4 H 1 2 0 4 N 2 

C I 6 H 1 6 0 4 N 2 

G l ß H 1 6 0 4 N 2 

Gi4H] 60 4Cl 2 

G 22H 1 60 4N 2 

C 1 6 H 1 6 0 4 N 2 

C 1 6 H 1 6 0 4 N 2 

G 6 H 1 2 0 4 N 2 

Ci 2 H 2 0 O 4 N 2 

61 .83 4 .41 10.18 
(61 .76 ) (4 .44 ) (10.29) 

63 .92 
(63.99) 

63 .90 
(63.99) 

49 .25 
(49.29) 
70 .94 

(70.96) 

63 .82 
(63.99) 
63 .79 

(63.99) 

5.26 
(5.37) 

5 .44 
(5.37) 
2 . 8 8 

(2.95) 

4 .30 
(4.33) 

5 .33 
(5.37) 
5 .35 

(5.37) 

9 .29 
(9.33) 

9 .24 
(9.33) 

8.22 
(8.21) 
7 .49 

(7.52) 
9 .32 

(9.33) 
9 .34 

(9.33) 

1550, 1340 

1555, 1380 

1550, 1360 

1550, 1370 

1560, 1360 

1560, 1300 

1518, 1310 

1550, 1350 

1550, 1350 

1560. 1360 

3.74(bs) 

3.73 (s) 
6.36(s)a> 

6.36(s)a> 

4.24(s) 

3.46 (s) 

6.89(s) 

— 

— 

— 

2.27(d)a> 

2.31(q) 

— 

— 

2.30(s)a> 

2.30 (s) 
2.22(s)a> 

1.75(s)a> 

a) Measured in CDC13 . b) T h e mixture of dl-lg (73%) and meso-lg (27%). 

T A B L E 2. REACTIONS OF VICINAL DINITRO COMPOUNDS 

(la—f, l h , AND l i ) WITH T I N ( I I ) CHLORIDE 

IN E T H A N O L ^ 

T A B L E 3. REACTIONS OF l a WITH TIN(II) CHLORIDE 

IN VARIOUS SOLVENTS 

^o. 

1 
2 
3 
4 
5 
6 
7 
8 

Vicinal dinitro 
compound 

l a 
dl-lh 
dl-lc 
dl-ld 
dl-le 
dl-lî 
l h 
l i 

Product 

2a 
2bc> 
2ce> 
2dc> 
2ec> 
2fc) 
None 
None 

Yieldb> 
% 
94 
92 
89 
83 
88 
85 

0 
0 

R u n Solvent Dielectric constant Yield of 2ab ) 

(«) (%) 

a) In 15 ml solvent at reflux temp using 1.25 mmol 
of 1 and 5 .0 mmol of t in(I I ) chloride. b) Isolated 
yield. c) trans-Isomer. 

so lven t . T h e f o r m a t i o n of n i t r o g e n o x i d e i n a c i d i c 
m e d i u m i n d i c a t e s t h e f o r m a t i o n of t h e n i t r i t e i o n d u r i n g 
t h e r e a c t i o n . I n o r d e r to find t h e o p t i m u m r e a c t i o n 
c o n d i t i o n s , severa l r u n s w e r e c o n d u c t e d w i t h l a a n d 
dl-lh e m p l o y i n g e t h a n o l o r D M F as t h e so lven t . A n 
so lu t i on of e t h a n o l o r D M F s o l u t i o n a n d 2 a h a d a n 
in t ense a b s o r p t i o n m a x i m u m a t 4 5 3 n m ( e m a x 2 .4 X 104 

i n E t O H , e m a x 3.0 X 104 in D M F ) . A v e r y s m a l l a b s o r p ­
t i o n a n d w e a k a b s o r p t i o n w e r e obse rved a t th i s w a v e ­
l e n g t h for a s o l u t i o n of t i n ( I I ) c h l o r i d e a n d l a r e spec ­
t ive ly . T h e r e f o r e , t h e s p e c t r o p h o t o m e t r i c d e t e r m i n a t i o n 
of 2 a in t h e r e a c t i o n m i x t u r e f rom l a a n d t i n ( I I ) c h l o r i d e 
h a s b e e n c o n d u c t e d a t 4 5 3 n m . I n t h e r e a c t i o n w i t h 
dl-lh, t h e y i e ld of 2 b w a s d e t e r m i n e d b y G L P C , t h e 
resul ts of w h i c h a r e s u m m a r i z e d i n T a b l e s 4 a n d 5 . 
As c a n b e seen f rom t h e T a b l e s , t h e bes t r esu l t w e r e 
o b t a i n e d w i t h a m o l e r a t i o of t i n ( I I ) c h l o r i d e to 1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 

"-C6H14 

PhH 
EtOEt 
GHG13 

AcOEt 
AcOH 
THF 

n-BuOH 
Me2GO 
EtOH 
MeOH 
DMF 
MeCN 

1.9 
2.3 
4.2 
4.9 
6.0 
6.2 
7.6 

17.1 
20.7 
23.8 
33.1 
36.1 
37.8 

0 

2 .1 
2 . 0 
8.2 

89 .6 
9 0 . 3 
9 2 . 4 
94 .6 
95 .8 
98 .1 
9 8 . 5 
9 7 . 8 
98 .0 

a) In 10 ml solvent a t the reflux temp of each solvent 
for 0 . 5 h using l a (0 .625 mmol) and t in(II ) chloride 
(2.50 mmol) . b) Yield was determined spectro-
photometrically a t 453 nm. 

g r e a t e r t h a n 4 to 1 w a s u s e d . L o n g e r r e a c t i o n t i m e d i d 
n o t s ign i f icant ly i nc rease t h e y ie ld of e l i m i n a t i o n 
p r o d u c t , 2 . I t h a s b e e n r e p o r t e d t h a t a so lu t i on of 
t i n ( I I ) , e x c e p t for t i n ( I I ) fluoride is o x i d i z e d o n exposure 
t o a i r . 9 ) C o n s e q u e n t l y a n excess of t i n ( I I ) c h l o r i d e has 
b e e n u s e d . 

Stereochemistry of Elimination. T a b l e 6 shows t h a t 

t h e p r o d u c t of t h e r e a c t i o n of l b w a s solely t h e trans 

i s o m e r (trans-2h) r ega rd les s of t h e s t e r e o c h e m i c a l n a t u r e 
of t h e s t a r t i n g m a t e r i a l o r t h e c o n d i t i o n of t h e r e a c t i o n . 
T h e i s o m e r i z a t i o n of cis-2h t o trans-2h w a s n o t obse rved 
u n d e r these r e a c t i o n c o n d i t i o n s . S i m i l a r l y a series of 
ä f / - l , 2 -d i a ry l - l , 2 -d in i t roe thanes (dl-lc—f ) w e r e t r e a t e d 
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TABLE 4. REACTIONS OF la WITH TIN(II) CHLORIDE 

UNDER VARIOUS CONDITIONS 

Run SnCl2/la
a> 

(mol/mol) 
Solvent 
(10 ml) 

Yield of 2ab> 
(%) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.87 
0.95 
1.54 
1.90 
3.80 
4.12 
2.00 
2.28 
4.80 
5.20 

EtOHc> 
EtOHd> 
EtOHd> 
EtOHd> 
EtOHd> 
EtOHd> 
DMFe> 
DMFe> 
DMFe) 
DMFe> 

18.2 
19.6 
48.9 
50.4 
97.1 

100 
51.4 
46.7 
82.8 
98.2 

a) l a=0 .625 mmol, b) Yield was determined spectro-
photometrically at 453 nm. c) At reflux temp for 3 h. 
d) At reflux temp for 0.5 h. e) At room temp for 2 h. 

TABLE 5. REACTIONS OF dl-lb WITH TIN(II ) CHLORIDE 

UNDER VARIOUS CONDITIONS 

Run SnCl2A#-lba> 
(mol/mol) 

Solvent 
(10 ml) 

Yield of 2bb> 
(%) 

0.72 
0.78 

.16 

.14 

.34 

.13 
,10 

4.55 

EtOHe> 
EtOHd> 
EtOHc> 
EtOHe> 
EtOHc> 
EtOHc> 
DMFe> 
DMFe> 

27.3 
29.9 
48.8 
79.5 
94.6 

100 
78.9 
86.2 

a) dl-lh=2.5Q mmol, b) Yield was determined by 
GLPC. c) At reflux temp for 0.5 h. d) At reflux 
temp for 3 h. e) At room temp for 2 h. 

to give frmy-l,2-diarylethylenes (trans-2c—f), some 
typical results of which are summarized in Table 2. 
In the reactions of l g , dl-lf* gave a mixture of eis and 
fr<my-2,3-diphenyl-2-butene (eis and trans-2g) in a ratio 
of 54 to 46, and a mixture of dl and meso-lg in a ratio 
of 51 to 49, respectively (Table 6). These results 
suggest that present elimination reaction is not stereo-
specific. 

TABLE 6. REACTIONS OF dl-lh, meso-lh, dl-lg, AND 
meso-lg WITH TIN (I I) CHLORIDE 

Run Substratea> 

1 dl-lh 
2 dl-lh 
3 dl-lh 
4 meso-lh 
5 meso-lh 
6 dl-lg 
7 dl and meso-lg;c) 

Solvent 
(10 ml) 

EtOH 
DMF 
THF 
EtOH 
DMF 
EtOH 
EtOH 

Reaction 
conditions 

Time Temp 
(h) (°c) 
0.5 
2 
2 
0.5 
2 
0.5 
0.5 

reflux 
r.t. 
50 
reflux 
r.t. 
reflux 
reflux 

Yield of 
olefin 

eis trans 
(%) (%) 
0 
0 
0 
0 
0 

43.2 
41.8 

97 
69 
88 
96 
70 
36.8b> 
40.2d> 

a) SnCl2/substrate=10 mmol/2.5 mmol. b) cis/trans— 
54/46. c) The ratio of dl-lh and meso-lh was 73: 27. d) 
eisj trans=5\ J 49. 

Reaction Mechanism. Since no dehydronitration 
of l b — f was observed, there appears to be little, if any, 
formation of an ionic intermediate. O n the basis of the 
stereochemical results, it appears probable that the 
elimination is not concerted and that a labile mononitro 
intermediate is involved. Furthermore, the stoichio­
metric results indicate that the reaction is markedly 
affected by the concentration of t in(II ) chloride. 
Therefore the carbanion (E lcb) , unimolecular ( E l ) , and 
concerted bimolecular (E2) elimination mechanisms 
are not possible mechanisms in the elimination.10) A 
possible mechanism is Scheme 3 : 

N 0 2 Ar 

R - C C - R + l/2Sn(II) • [1]* + l/2Sn(IV) (I) 

Àr N 0 2 

1 

Ar 

[1]* • R - C — C - R + N 0 2 -
i i 

Ar N 0 2 

(II) 

Path 1 

Ar 

R - C — C - R 

Àr N 0 2 

N 0 2 - + l/2Sn(II) -

Path 2 

Ar 

R - C — C - R -(- l/2Sn(II) 

R\ /Ar 
C = C + N 0 2 

Ar/ ^R 
(III-l) 

N 0 2 " + l/2Sn(IV) (IV-1) 

i i 
Ar N 0 2 

Ar 

R - C — C - R 
i i 

Ar N 0 2 

Ar 

R - C — C - R + l/2Sn(IV) 

Àr N 0 2 

2 + N 0 2 -

Scheme 3. 

(III-2) 

(IV-2) 

T h e favored coordination numbers for t in(I I ) are 
three11 '12) and for t in( IV) four to six,13) and the t in( I I ) 
is coordinated to the oxygen of the nitro group. The 
first coordination process involving a neutral species 
should be aided by solvents of high polarity. Under 
such conditions electron transfer takes place from t in(II ) 
to the nitro group of the vicinal dinitro compounds 
(Step I ) , and radical intermediates are formed (Step I I ) . 
In the thermodynamically controlled conformation, they 
then react with a second molecule of t in(II ) to give the 
final products (Steps I I I and IV) . In Scheme 3, two 
mechanisms for the elimination of the second nitro 
group from the radical intermediate are presented. One 
is based on the reductive elimination of 'NOg, and the 
other, on the intermediate formation of a carbanion that 
subsequently loses a nitrite ion. I t appears probable 
that the elimination reaction in Step I I I proceeds via 
a carbanion mechanism rather than a radical mechanism 
when the second leaving group is a group such as an 
acetoxyl group that is not easily lost with its bonding 
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TABLE 7. THE INFLUENCE OF NITRO AROMATICS AND SULFUR 

ON THE REACTION OF LA WITH TIN(II) CHLORIDE 

Added 
inhibitor 

None 
PhN0 2 

m-DNB 
m-DNB 
p-DNB 
Sulfur 

mmol 

0 
0.125 
0.063 
0.250 
0.125 
1.25 

Yield of 2a 
(%)b) 

96.2 
97.0 
94.5 
95.1 
96.7 
97.6 

a) In ethanol (30 ml) at reflux temp for 0.5 h using 
l a (1.25 mmol) and tin(II) chloride (5.00 mmol). 
b) Yield was determined spectrophotometrically. 

electron pair.10) I t should be noted here that the reaction 
of *Ar£0-l-acetoxy-2-nitro-l,2-diphenylethane with tin-
(II) chloride afforded no trans-2h under the same 
conditions.14) Therefore, the elimination of the second 
nitro group proceeds via a radical mechanism (Steps 
I I I - l and IV-1 in Scheme 3). Kwok and Miller15) 
previously proposed a similar sequence for the reaction 
of stilbene dibromide with t in(II ) chloride. Kornblum 
et al.5) reported that similar reactions of purely aliphatic 
vicinal dinitro compounds with sodium sulfide are 
inhibited by the presence of dinitrobenzene (DNB) or 
sulfur. In the reactions here of l a with t in(II ) chloride, 
however, the presence of DNB or sulfur had no influence 
on the product yield, as shown in Table 7. Norris and 
Girdler16) reported that the reaction of the l i thium salt 
of 2-nitropropane with /»-nitrobenzylidene diacetate in 
D M S O was not catalyzed by light, nor was it inhibited 
by oxygen or p-DNB. Presumably the greater stability 
of the nitroaromatic radical stabilized by «-aromatic 
substituent allows sufficient t ime for successful competi­
tion between electron transfer and loss of the nitrite ion. 
Therefore, the difference in the reactivity of «,/?-diaryl 
vicinal dinitro compounds ( la—g) and purely aliphatic 
vicinal dinitro compounds ( l h and l i ) with t in(II ) 
chloride may be attributed to the stability of the inter­
mediate radical. 

E x p e r i m e n t a l 

All melting points are uncorrected. The products were 
identified, unless otherwise mentioned, by mixed melting 
point determination and comparing the IR and NMR spectra 
data with those of authentic samples. The IR, UV, and 
NMR spectra were measured with a Hitachi Model IR-215 
spectrometer, a Shimadzu Model UV-200 spectrometer, and 
a JNM-MH 100 spectrometer using tetramethylsilane as 
an internal standard. Gas-liquid partition chromatographic 
(GLPG) analysis was conducted on a Hitachi Model 063 
gas Chromatograph. 

Materials. Anhydrous tin (II) chloride was prepared 
from commercial tin(II) chloride dihydrate according to the 
method of Stephen.17) Phenylnitromethane, (o-chloro-
phenyl)nitromethane, 1-naphthylnitromethane, and o-tolyl-
nitromethane were prepared from corresponding arylaceto-
nitriles18) with methyl nitrate according to the method of 
Black and Baker.19) /j-Tolylnitromethane was synthesized ac­
cording to the method previously reported.20) 1-Nitro-1-

phenylethane was prepared from a-methylbenzyl bromide 
with sodium nitrite in DMSO.21) 2-Nitropropane, nitro-
cyclohexane. and diphenylmethane were commercial materials 
and used without further purification. w-Stilbene and trans-
2,3-diphenyl-2-butene were prepared from the corresponding 
diols.3) Organic solvents were purified by standard methods 
and the commercial inorganic materials were used without 
purification. 

Preparations of Vicinal Dinitro Compounds (1). Vicinal 
dinitro compounds, lb—f, lh , and l i were prepared according 
to the method of Dornow et a/.8) Each product ll>—f showed 
a sharp singlet at 6 4.2—3.5 (2H, methine protons) and as­
signed to the dl form. m&yo-l,2-Dinitro-l,2-diphenylethane 
(meso-lh) was prepared by the reaction of trans-2h and di-
nitrogen tetraoxide in benzene.22) 

The synthesis of l a has been described.0) Compound lg 
was synthesized by the reaction of the sodium salt of 1-nitro-
1 -phenylethane with silver nitrate, and NMR revealed dl-
and meso-lg. The isomer ratio was determined as 73:27 
by integration of the NMR spectra on the assumptions that 
the methyl protons of dl-lg, being eis to the vicinal phenyl 
group, are shielded by the phenyl group and appear at higher 
field than that of the meso isomer. Pure dl-1% was separated 
by repeated fractional recrystallization from methanol-water, 
and the melting point and IR spectrum were identical with 
those published.23) The physical properties and analytical 
data of 1 are summarized in Table 1. 

Reactions of Vicinal Dinitro Compounds (1) with Tin (II) Chlo­
ride. General Procedure: The following example shows a 
typical run. A mixture of meso- or dl-lh (2.50 mmol) and 
tin(II) chloride (10 mmol) was refluxed in ethanol (10 ml) 
for 0.5 h. After the solvent had been removed in vacuo, the 
residue was triturated with cold 2 M sodium hydroxide (50 
ml) and the resulting organic product extracted with benzene. 
The extract was washed with water, and dried over anhydrous 
sodium sulfate, and the solvent removed in vacuo to give a 
crude reaction product. The UV and NMR spectra of 
this product [UV(EtOH) Amax 295, 308, 320 (shoulder) 
nm; NMR (GDC13) Ô 7.1 (2H, s, -CH=GH-), 7.2—7.6 
(10H, m, 2C6H5)] were characteristic of trans-2h free of the 
eis isomer. Recrystallization from ethanol afforded colorless 
fine crystals of trans-2h, mp 122—123 °G (lit,24) 123—124 °C). 
The products obtained by the same procedure were 9,9'-
bifluorenylidene (2a): Mp 182—183 °G (lit,25) 189—190 °G); 
tom-4,4'-dimethylstilbene (trans-2c): Mp 179—180 °G (lit,26) 
179—180 °G); foww-2,2'-dimethylstilbene (trans-2d): Mp 
80—81 °C (lit,26) 82.5—83.5 °G) ; *ra^-2,2'-dichlorostilbene 
(transie): Mp 95—96 °C (lit,27) 96—97.2 °G); fr«u-l,2-di-
(l-naphthyl)ethene (trans-2f): Mp 160—161 °G (lit,26) 158— 
159 °C). The 2,3-diphenyl-2-butene (2g) obtained was 
found to be a ca. 1:1 mixture of the eis and trans isomers 
from the NMR spectra. In the case of the reaction of lh 
and l i the starting material was recovered unchanged. 

Reaction ofdl-lb with Tin(II) Chloride in Ethanol: A mixture 
of dl-lh (2.50 mmol) and tin(II) chloride (1.80—10.3 mmol) 
was refluxed in ethanol (10 ml) for 0.5—3 h. The reaction 
product, after the usual work up procedure, was analyzed 
by GLPG with diphenylmethane as an internal standard 
using a Tenax GG column 2 m long (steel tube) at 245 CG 
(He as a carrier gas). Retension time: dl-lh, 7 min; di­
phenylmethane, 23 min; trans-2h, 56 min. 

Reaction of d\-lb with Tin (II) Chloride in DMF: A DMF 
(10 ml) solution containing dl-\h (2.50 mmol) and tin(II) 
chloride (10.25 and 11.4 mmol) was stirred at room tempera­
ture for 2 h. The solution was poured into cold 2 M sodium 
hydroxide (100 ml). After the usual work up, the organic 
extract was submitted for GLPC analysis. 
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Isomerization ofcis-Stilbene (cis-2b) during the Reaction. A 
mixture of cis-2h (2.50 mmol) and t in(I I ) chloride (10 mmol) 
in ethanol (10 ml) was refluxed for 0.5 h, and analysis of the 
product was conducted using G L P C and N M R . m-St i lbene 
was unchanged under the reaction conditions. 

The Influence of Dinitrobenzene or Sulfur on the Reaction of la 
with Tin(II) Chloride. A mixture of l a (1.25 mmol) and 
t in(II) chloride (5.0 mmol) was refluxcd in ethanol (30 ml) 
for 0.5 h in the presence of various amounts of an inhibitor. 
The yields of 2a were determined spectrophotometrically 
employing ethanol as a solvent. T h e various additives did 
not affect the yield of 2a (Table 7). 
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Effect of Pressure on the Rates of Solvolysis. Hydrolysis of 
Some Sterically Hindered Chlorides 
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The effect of pressure on the rates of solvolyses of substituted 1-phenylethyl and benzyl chlorides has been 
investigated in an ethanol-water mixture at 25 °G. The activation volumes have been calculated and the depen­
dence of these values on the number and size of the substituents have been interpreted in terms of the competitive 
contribution of the steric inhibition of resonance and steric hindrance to solvation in the transition states. 

T h e effect of hydrostatic pressure on the rates of 
solvolytic displacement reactions have been investigated 
by many research groups.1-12) In general, the solvolyses 
of alkyl halides and arenesulfonates have negative 
activation volumes ascribable to the électrostriction of 
solvent molecules by the polar transition states. Atten­
tion has also been paid to the substituent dependence of 
activation volume.7 - 1 2) In most cases, the activation 
volume was linearly related to the substituent constants, 
o+ and a*.7'8'11) These observations were interpreted 
in terms of the degree of charge derea l iza t ion , taking 
into account the contribution of electrostrictive volume 
contraction, i.e., the more the charge delocalizes in the 
transition state, the less negative the values of activation 
volume become.7) 

A further characteristic is the rate acceleration of 
sterically hindered reactions by pressure. I t has been 
said that a more sterically hindered reaction revealed a 
more negative activation volume.13»14) 

T h e present investigation concerns the pressure effect 
on the hydrolysis rates of some substituted 1-phenylethyl 
and benzyl chlorides in order to elucidate the relation­
ships between steric and pressure effect in solvolytic 
reactions. 

E x p e r i m e n t a l 

The high pressure apparatus has been described elsewhere.7) 
The kinetic solvent was ethanol-water (80: 20, v/v) and all 
reactions were conducted at 25.00±0.02 °G, and followed 
conductimetrically under pressure. The initial concentration 
of the kinetic solution was approximately 0.01 mol per liter. 
Rate constants were calculated by the Guggenheim method15) 
or by the first-order rate equation.16) 

R e s u l t s a n d D i s c u s s i o n 

Solvolyses of the substrates under pressure followed 
first-order kinetics. I n the case of 1-arylethyl chlorides, 
plots of the logarithm of the rate constants against 
pressure showed linearity over the range of pressure 
employed. Accordingly, activation volumes were 
calculated by the following equat ion; RT(ôlnklôP)T= 
—ÀFQ*, where k is the rate constant and AFo# is the 
activation volume at atmospheric pressure and 25 °C. 
For trialkylbenzyl chlorides, plots of Ink against 
pressure revealed curvatures. In these cases the activa­
tion volume was calculated assuming the following 
second-order polynomial equat ion; \n k=a-\-bP-\-cP* 

and the curves fitted using the least-squares method. 
Since the enthalpies and entropies of activation for the 
hydrolyses of 1-arylethyl chlorides in 80% ethanol were 
not available, solvolyses have been conducted at 15.00, 
25.00, 35.00, and 45 .00±0.01 °C under atmospheric 
pressure. 

For solvolytic reactions, the relationship between steric 
hindrance and activation volume has not been fully 
investigated. LeNoble and Shurpic examined the 
pressure effect on the solvolysis of several sterically 
hindered cycloalkyl arenesulfonates but unfortunately 
the difference in the values of the activation volume for 
hindered and unhindered substrates was small.4) 

TABLE 1. PRESSURE DEPENDENCE OF FIRST-ORDER 

RATE CONSTANTS FOR THE SOLVOLYSIS OF 

1-ARYLETHYL CHLORIDES IN ETHANOL-

WATER (80: 20, v/v) AT 25.0 °C 

Pressure 

1 
250 
500 
750 

1000 

AV* 
cm3/mol 

Phenyl 

1.14 
1.27 
1.58 
1.64 
1.87 

- 1 2 . 6 

Rate constant/10"6 s 
Ar 

o-Tolyl 

12.8 
14.9 
17.6 
18.6 
23.0 

- 1 4 . 1 

,̂  
/»-Tolyl 

54.9 
63.2 
72.3 
78.9 
85.2 

- 1 1 . 1 

l 

2,6-Xylyl 

26.5 
30.2 
34.2 
38.2 
42.5 

- 1 1 . 8 

The activation volumes for the hydrolyses of 1-
arylethyl chlorides are listed in Table 1. T h e activation 
volume of the parent 1 -phenylethyl chloride was found 
to be —12.6 cm3 /mol. For l-(/?-tolyl) ethyl chloride a 
rather loose solvation shell might be expected in the 
transition state where the developing charge is highly 
delocalized by the resonance effect and hence the acti­
vation volume became less negative (—11.4 cm3/mol). 
T h e introduction of one methyl group at the ortho 
position in the parent chloride showed a rate enhance­
ment of 11 fold, a value lower than expected due to the 
steric inhibition of resonance (compare to 45 fold by 
j&-methyl group). Thus, the activation volume was 
found to be —14.1 cm3/mol, more negative than the 
parent chloride. The volume contraction in this case 
resulted from a tight transition state solvation shell 
around the reaction center where some charge localiza­
tion appears as a result of the steric inhibition of 
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TABLE 2. FIRST-ORDER RATE CONSTANTS FOR THE 

SOLVOLYSIS OF 1-ARYLETHYL CHLORIDES IN 

ETHANOL-WATER (80: 20, v/v) 

Temperature 
°C 

15.0 
25.0 
35.0 
45.0 

A//2Vc 
kcal mol -1 

e.u. 

Phenyl 

— 
1.14 
3.10 
9.82 

21.3 

- 1 0 . 2 

Rate constant/10~6 s 
Ar 

o-Tolyl 

3.60 
12.1 
43.3 
— 

21.3 

- 4 . 9 

/»-Tolyl 

15.3 
51.8 

198 
— 

21.8 

- 0 . 3 

- i 

2,6-Xylyl 

9.00 
25.9 
98.9 
— 

20.5 

- 1 0 . 2 

resonance. This violation of a general understand 
ing—the more reactive, the less negative,7»8)—stems 
from steric reasons. 

The additional introduction of the second methyl 
group at the ortho position revealed a smaller rate 
enhancement (2 fold); i.e. the steric inhibition of 
resonance operated more strongly making the charge 
more localized. Consequently, electrostrictive interac­
tion with the solvent molecules should be strong so that 
a more negative activation volume is expected. How­
ever, this was not the case. T h e observed value was 
—11.8 cm3/mol, less negative than that for l-(o-tolyl)-
ethyl chloride. A reasonable explanation is that the 
solvation at the reaction center is strongly restricted by 
the two ortho substituents and thus the desolvation 
effect is responsible for the less contracted transition 
state volume. 

Recently, the hydrolyses of 2,4,6-trialkylbenzyl 
chlorides have been reported,17) and these chlorides offer 
a good model to demonstrate sterically hindered 
solvolysis. As shown in Table 3, the hydrolysis rate of 
2,4,6-triisopropylbenzyl chloride was somewhat smaller 

T A B L E 3. PRESSURE DEPENDENCE OF FIRST-ORDER 

RATE CONSTANTS FOR THE SOLVOLYSIS OF 

TRIALKYLBENZYL CHLORIDES IN 

ETHANOL-WATER (80: 20, 

v/v) AT 25.0 °C 

Rate constant/10~5 s-1 

Pressure / N 

~TJäT~ 2,4,6- ..2>4>6- 2>4>6-
Trimethyl- Triisopropyl- Tri-f-butyl-

i 3761 Ö7996 HK8 
250 4.29 1.16 24.2 
500 5.12 1.42 26.4 
750 5.70 1.61 29.7 

1000 6.83 1.87 32.8 
1250 7.54 2.25 35.7 
1500 8.45 2.50 37.3 

10 a5 c - 1 1 . 0 - 1 0 . 4 + 0 . 3 
e.u. 

a) See Ref. 17. 

than that of 2,4,6-trimethylbenzyl chloride. T h e reason 
of this rate retardation is complex: the possible operation 
of steric inhibition of resonance, decreasing hypercon-
jugative effect, and increasing inductive effect. Consider­
ing the bulkiness of the isopropyl groups, the steric effect 
may predominate. T h e value of the activation volume 
for the triisopropyl compound was found as —18.4 
cm3 /mol, a value more negative than that for the 
trimethyl compound (—17.3 cm3 /mol). Again, sterically 
inhibited resonance is associated with a more negative 
activation volume. T h e reactivity of tri-i-butylbenzyl 
chloride was unexpectedly high as shown in Table 3. 
The presence of steric acceleration in this solvolysis is 
highly possible,15) and the value of the activation 
entropy implies the existence of steric hindrance to 
solvation. T h e examination of solvolysis under pressure 
gave an activation volume of — 15.7 cm3 /mol. Thus , as 
in the case of l-(2,6-xylyl)ethyl chloride, the presence 
of bulky substituents near the reaction center results in a 
less negative activation volume. This observation should 
be strong evidence for the large steric hindrance by 
substituents to solvation. 

Electrostriction is the phenomenon where a strong 
electrostatic interaction is exerted between a highly 
polar species and solvent molecules, and consequently 
the entropy of the system in general decreases. Actually 
in some reactions which have large negative activation 
volumes, the activation entropies are large and 
negative.1) In some instances, an approximate propor­
tionality between activation volume and activation 
entropy has been observed.7) In the present reactions, 
however, Tables 2 and 3 show that there is no correlation 
between these two activation parameters. 

In conslusion, it appears that the steric inhibition of 
resonance results in a more negative activation volume. 
However, with bulkier substituents the steric hindrance 
to solvation becomes predominant , and consequently a 
less negative activation volume is observed. 

T h e present work has been supported in part by a 
Grant-in-Aid for Scientific Research (247021, 1977) from 
the Ministry of Education and Grants for Fundamenta l 
Research in Chemistry (1976). 
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The Beckmann Rearrangement in Concentrated Sulfuric Acid. 
Studies by Means of NMR and Kinetic Isotope Effect 
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The Institute of Scientific and Industrial Research, Osaka University, Yamadakami, Suita, Osaka 565 
(Received June 14, 1978) 

The mechanism of the Beckmann rearrangement of acetophenone (a) and l-phenyl-2-propanone (b) oximes in 
coned sulfuric acid was elucidated by means of NMR spectroscopy and the carbon-14 kinetic isotope effect. For 
(a), the postulated reactive species acetophenone oxime hydrogensulfate was detected, the absence of hydrolysis of 
the oxime during the course of the reaction being verified. Positive carbon-14 kinetic isotope effect at the phenyl-1, 
k12/kli= 1.026 at 40 °C and 1.019±0.005 at 60 °C, confirmed a definite change in bonding of the phenyl-1 carbon 
in the transition state of the reaction. Concertedness of the rearrangement was thus established. For (b), sulfona-
tion of the benzene ring prior to the rearrangement was observed, kinetic isotope effect study being found to be 
useless. 

The Beckmann rearrangement, the reaction of 
ketoximes to give amides by the action of many kinds of 
acidic reagents, has been extensively studied for many 
years.1'2) Stereochemical studies showed that the reac­
tion is an intramolecular trans rearrangement. The 
kinetics of the reaction of 0-picryl ethers of substituted 
benzophenone3) and acetophenone oximes4) in organic 
solvents revealed the nucleophilic nature of the rear­
rangement; electron-donating groups accelerate the 
reaction. However, the actual rearranging species are 
still not clear in many cases. Concertedness of the 
reaction has also not been verified completely. Gregory 
et al. reported a kinetic study on the rearrangement of 
substituted acetophenone oximes in sulfuric acid.5) 
They proposed that the reactive species in coned sulfuric 
acid 0 7 0 % ) is an oxime hydrogensulfate and that the 
transition state has a phenonium ion-like structure in 
which the leaving hydrogensulfate ion is still partially 
bonded to the nitrogen atom. This mechanism is 
substantially similar to the one postulated by Huisgen 
et al.*) for the rearrangement of acetophenone oxime 
0-picryl ethers in 1,4-dichlorobutane. 

O n the other hand, studies on kinetic isotope effects 
give the most decisive information on the structure of 
transition state. A study on the Beckmann rearrange­
ment along these lines was reported in the reaction of 
acetophenone and <mfo'-l-phenyl-2-propanone oximes 
labeled with carbon-14 in coned sulfuric acid.6) How­
ever, reverse isotope effects in both cases of aceto-
phenone-/>^nj;M-14C oxime (£12/£14=0.893) and anti-l-
phenyl-2-propanone-l-14C oxime (Ar12/A;14=0.951 ) were 
disproved by Glover and Raaen.7) They claimed that 
acetophenone oxime is partially hydrolyzed to aceto­
phenone during the course of the reaction, and that 
kinetic isotope effect study is meaningless under these 
conditions. 

In this paper, evidence for the absence of hydrolysis 
under the reaction conditions is presented.8) The 
mechanism of the rearrangement is discussed using the 
revised data of carbon-14 kinetic isotope effects. 

R e s u l t s a n d D i s c u s s i o n 

NMR Study. When a solution of acetophenone 
oxime (1) in 99.0% sulfuric acid (210 mg in 6 ml) was 
placed in a N M R probe preheated at 60 °C, the first 
change observed was the appearance of a new methyl 
signal at 3.17 ppm from tetramethylsilane as an external 
standard, together with that of the oxime at 2.88 ppm 
(Figs, l a and b) . T h e signal at 3.17 ppm was neither 
one of the methyl signals of acetanilide (4) nor that of 
acetophenone (7) ; the spectrum of 4 taken for com­
parison showed the methyl signals at 2.70 and 2.38 ppm 
in the same solvent (Fig. l i ) . As the reaction proceeded, 
the signals of the rearranged product 4 appeared as 
expected but decreased again (Figs, lc , d, and e). The 
new signals taking the place of those of 4 had an aromatic 
AA'BB' pat tern (Fig. If), which was identified as that 
of 4-acetylaminobenzenesulfonic acid (5) by comparison 
with the spectrum of the authentic sample (Fig. lj) . 
I t was not the final product, however, slow hydrolysis 
of 5 to acetic acid and 4-aminobenzenesulfonic acid (6) 

- ^ ^ . * ? _^ 
CH3 OH CH3 OH CH3 OSO3H 

1 1H 2 

1 
9 

C = N S-
C H 3 ' "-OSOgHj 

t Present address: Department of Chemistry, Faculty 
of Science, Tokai University, Kitakaname, Hirazuka, 
Kanagawa 259-12. 

CH 3 CsN + -@ < 
3 

I 
CH3C=N-@ ^± CH3C-NH-<^> £=^ CH3C-NH 

+0H2
 +0H S 

I 
CH3C02H + H3N-<^>-S03H <— C^C-NHH^-SOgH 

6H 

Scheme 1. 
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(g) 

[k 

2.80 

275 

( i ) 

765-8.53 

3.2S 

2.75 

(h) 
7.50 

238 

2.70 J \ a 
(i) 2.80 

7.85-8.12 

2.57 u 
(m) 7.73 

7.7 

2.88 

3.17 

Fig. 1. NMR spectra of the reaction of acetophenone 
oxime (1) in 99.0% sulfuric acid at 60 °C and of 
reference compounds, (a) Acetophenone oxime (1) ; 
(b) after 2 min; (c) at 20% reaction; (d) at 40% reac­
tion; (e) at 60% reaction; (f) at 80% reaction; (g) at 
"infinity"; (h) acetanilide (4); (i) acetophenone (7); 
(j) 4-acetylaminobenzenesulfonic acid (5) ; (k) 4-amino-
benzenesulfonic acid (6) and acetic acid; (m) aceto­
phenone oxime hydrogensulfate (2). ppm values from 
external tetramethylsilane are cited. 

being observed later (Figs, lg and k). The observations 
lead to a mechanistic scheme (Scheme 1) similar to 
that of Gregory et ö/.5> 

The structure of the species showing a methyl reso­
nance at 3.17 ppm should be clarified. Gregory et al. 
also detected intermediates spectroscopically in the 
rearrangement of the oximes of 2-bromo-, 2-iodo-, 2-
methyl-, and 2,4,6-trimethylbenzophenone, and 5,6,7,8,-
9,10-hexahydrobenzocycloocten-5-one. From kinetic 
and spectroscopic evidences, they concluded that the 
structure of the intermediates should be JV-arylnitrilium 

ions. The chemical shifts of the a-methyl groups of 
these ions were reported to be 3.65—3.85 ppm, which 
are distinct from 3.17 ppm we observed. The difference 
of 0.5—0.7 ppm is too large to be attributed to the 
substituent effect. The species which shows methyl 
resonance at 3.17 ppm thus would not be 7V-phenyl-
nitri l ium ion (3). For the sake of comparison, aceto­
phenone oxime hydrogensulfate (2) was prepared9) and 
dissolved in coned sulfuric acid. T h e spectrum obtained 
was similar to that of the reaction solution at an early 
stage (Fig. l m ) ; a small methyl signal at 3.17 and a 
large one at 2.88 ppm, indicating that most of 2 was 
hydrolyzed to the original oxime in the solution. The 
intensity ratio of the two peaks remained constant at 
ca. 1: 10 until 60% of the reaction was completed, after 
which the peak at 3.17 p p m was too small to be measured 
accurately. Kinetic treatment of N M R intensities of 
these methyl signals gave a linear plot with ^ = ( 2 . 0 ^ 
0.1) X 10 - 4 s _ 1 when the compound showing an absorp­
tion at 3.17 ppm was regarded as a species before the 
rearrangement step. The rate constant agrees fairly 
well with the value obtained by the gravimetric method, 
A = ( 1 . 9 0 = l z 0 . 0 1 ) x l 0 - 4 s - 1 , under the same conditions 
{vide infra). These results indicate that the observed 
species is acetophenone oxime hydrogensulfate (2), 
which has been postulated to be the reactive species 
of the rearrangement in coned sulfuric acid.5) 

Throughout the reaction, no signal due to aceto­
phenone (7) was detected at all. Furthermore, the 
reaction solution after 40 h at 60 °C was negative to 
the 2,4-dinitrophenylhydrazine test. As acetophenone 
was confirmed to be stable under the reaction conditions, 
the results prove that acetophenone oxime is not 
hydrolyzed in 9 9 % sulfuric acid. I t is in line with the 
observations by Gregory et al., who studied the kinetics 
of the hydrolysis of acetophenone oxime in sulfuric acid 
of concentration less than 70%.5,1°) Glover and Raaen 
gave no experimental detail ; they might have mistaken 
the hydrolysis during isolation for that during reaction.7) 

A similar experiment on ß«&'-l-phenyl-2-propanone 
oxime (8) at 50 °C showed that the first stage of the 
reaction in 99.0% sulfuric acid is rapid sulfonation of 
the benzene ring mainly at the para-position to give 
4-(2-hydroxyiminopropyl)benzenesulfonic acid (9). The 
sulfonated benzyl group in 9 rearranges very slowly to 
4-(acetylaminomethyl)benzenesulfonic acid (10) in the 
next stage (Scheme 2). Other minor peaks were observed 
at each stage of the reaction, most of which may be 
attr ibuted to the presence of isomers other than the 
para sulfonated ones. Since 9 gave no precipitate of 
the 2,4-dinitrophenylhydrazone, the gravimetric method 
followed sulfonation and not rearrangement. Kinetic 
isotope effect study has no meaning in this case.6»7) 

C6H5CH2ÇCH3 

NOH 

^ /3-H0 3 SC 6 H 4 CH 2 ÇCH3 

NOH 
9 

-> yO-H03SC6HACH2NHCOCH3 

10 

Scheme 2. 
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Differences in the observations by Gregory et al.5) 
and by us are interesting; they detected 7V-arylnitrilium 
ions by U V and N M R and we observed the oxime 
hydrogensulfate by N M R . However, the two observa­
tions do not seem to be in conflict with each other. 
They recognized that ortho substituents were necessary 
for the detection of 7V-arylnitrilium ions. O n the 
contrary, oxime hydrogensulfates should have no 
characteristic absorptions differing from those of oximes 
in the U V region. We have obtained information that 
the esterification equil ibrium of oximes with sulfuric 
acid seems to be very sensitive to the concentration of 
sulfuric acid and the structure of the oximes. N M R 
spectroscopy is known to be less effective for detecting 
a small quantity of species present in solution. 

Isotope Effect Study. Since the absence of hydro­
lysis of acetophenone oxime (1) under the reaction 
conditions was established, carbon-14 isotope effects 
were reexamined. In a previous work, the radioactivity 
was measured by G. M . counting of ba r ium carbonate 
disks prepared by wet oxidation of the 2,4-dinitrophenyl-
hydrazone (11) derived from the unreacted aceto­
phenone oxime.6) This is a well-established but old-
fashioned method and said to be " the least sensitive and 
the least precise" one. l l a) In the present reinvestiga­
tion, the carbon dioxide gas prepared by wet oxidation 
of 11 was assayed for radioactivity by the ionization-
chamber counting method. The ionization current was 
measured with a vibrating-reed electrometer by the 
rate-of-charge method. l l b ) By use of this method, the 
accuracy of the measured radioactivity was much 
improved. 

Acetophenone-jfrte)>/-l-14C (7-14C) was prepared from 
benzoyl-phenyl-1 -14C chloride.12) Benzoic-phenyl-l-uC 
acid was prepared by the multi-step synthesis from 
bar ium carbonate-14C13) T h e overall yield of aceto­
phenone-/? henyl-l-^C oxime (1-14C) from bar ium 
carbonate-14C was ca. 4 . 5 % (Scheme 3). 

Ba*C03 - * - • - * <P£-C02H — > @H-COCl 

> <^-C0CH(C02C2H5)2 > < ^ L C O C H 3 

—> <Ö>HCH3 
NOH 

Scheme 3. 

In order to measure the rates of rearrangement by 
the gravimetric method, quantitative isolation of the 
unreacted 1 as 11 was confirmed under the conditions 
similar to those applied in the reaction. Yield of 11 
were 100 .5±0 .5% for 40—120 mg of 1. 

The rearrangement of 1 in 99.0% sulfuric acid at 
0.25 M concentration was followed at 40 and 60 °C. 
Aliquots of the reaction solution were pipetted out at 
appropriate t ime intervals and poured into 0.4% 
solutions of 2,4-dinitrophenylhydrazine in 2 M hydro­
chloric acid. First-order rate plots by the gravimetric 

method using 11 gave straight lines throughout 8 5 % 
reaction with correlation coefficients greater than 
0.9996. The rate constants obtained were (1.47±0.03) X 
l O ^ s - 1 at 40 .00±0.01 °C (average of three runs) and 
( L Q O i O . O ^ x l O ^ s - 1 at 60 .00^0 .01 °C (average of 
four runs). 

The reaction of the labeled compound (1-14C) was 
carried out in the same way. The rate constants were 
(1.42±0.01) x 10-5 s-1 and (1.85±0.02) X 10~4 s"1 at 40 
and 60 °G, respectively. The radioactivity of the 
purified samples of 11-14C was assayed with a Nuclear-
Chicago Model 6000 Dynacon electrometer system by 
the rate-of-charge method using a Model T 4 interval 
t imer. Oxidation of the samples to carbon dioxide was 
performed with a Model GW-1 glassware system by the 
modified Van Slyke-Folch wet combustion method.14) 

TABLE 1. REACTION PERCENTAGE AND SPECIFIC 

RADIOACTIVITIES IN THE REARRANGEMENT 

O F 1 - 1 4 C A T 4 0 . 0 0 ± 0 . 0 1 °G 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

t/min 

0 
240 
420 
600 
780 

1020 
1320 
1740 

*a)/% 

0 
18.2 
30.4 
40.7 
49.3 
58.6 
67.7 
77.0 

rcb> 

5 
2 
2 
2 
2 
2 
2 
2 

Ax
c>/mCi i 

1.397 
1.405 
1.410 
1.414 
1.418 
1.430 
1.436 
1.450 

a) Fraction of reaction, b) Number of 
measurements, c) Specific radioactivity. 

TABLE 2. REACTION PERCENTAGE AND SPECIFIC 

RADIOACTIVITIES IN THE REARRANGEMENT 

O F 1 - 1 4 C A T 6 0 . 0 0 ± 0 . 0 1 °G 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

t/min 

0 
21 
31 
44 
60 
78 

103 
141.5 

*a)/% 
0 

18.7 
27.8 
38.2 
48.7 
58.5 
68.3 
78.6 

Hb> 

8 
3 
3 
2 
2 
3 
3 
2 

Ax
c>/mCi i 

1.300 
1.310 
1.307 
1.307 
1.311 
1.311 
1.332 
1.326 

a) Fraction of reaction, b) Number of 
measurements, c) Specific radioactivity. 

The results obtained are given in Tables 1 and 2. 
The specific radioactivities cited are the mean values 
of two to eight measurements of oxidation analysis for 
each sample with standard deviations within 0.5%.15) 
Kinetic isotope effects were calculated by the linear 
regression method by means of 

log Ax = log A, - [1 - (*"/*»)] log (1 - * ) , (1) 

where x is the fraction of reaction and A0 and Ax are 
the specific activities of 11-14C at x=0 and x=x, respec­
tively. T h e calculated isotope effects are given by 

Ä"/Äu = 1.026 ± 0.001 (40 °G) 
and 
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T A B L E 3. REACTION PERCENTAGE AND SPECIFIC 

RADIOACTIVITIES IN THE REARRANGEMENT 

OF 1 - 1 4 C A T 5 9 . 9 9 ± 0 . 0 1 ° G 

No. 

1 
2 
3 
4 
5 
6 
7 

tjmin 

0 
29 
55 
80 

105 
130.5 
160 

*a )/% 

0 
28.5 
48.1 
62.2 
71.8 
79.3 
85.4 

„b) 

1 
1 
1 
1 
1 
1 
1 

A^/mCi mol-1 

1.582 
1.594 
1.595 
1.635 
1.655 
1.631 
1.647 

a) Fraction of reaction, b) Number of 
measurements, c) Specific radioactivity. 

k™/ku = 1.014 ± 0.003 (60 °G). 

In order to make the results more reliable, another 
series of experiment at 60 °C was carried out using 
another lot of materials. The results are given in Table 
3. The calculated isotope effect is given by 

A"/*14 = 1.023 ± 0.006 (60°G). 

Calculation using the data reported by Glover and 
Raaen7) by means of Eq. 1 gave the phenyl-1-14C isotope 
effect of 1.028=1=0.006 at 6 2 ± 1 °G, although the data 
are scanty. From the results of the present reinvestiga­
tion and of Glover and Raaen , all the data reported 
earlier6) should have been accompanied by large errors 
inherent to old techniques and should be retracted. 

Carbon-14 kinetic isotope effects of 1.4—2.6% are 
too large to be classified as secondary effects,17) and 
should reflect some change in the bonding of the 
phenyl-1 carbon in the rate-determining transition state 
of the rearrangement. As has been verified from the 
tracer study using 1 8 0 that the loss of the oxygen 
function from an oxime occurs in an irreversible step,5) 
the present results of kinetic isotope effects are incon­
sistent with the stepwise mechanism (path A) , giving 
an evidence for the concerted nature (path B) of the 
rearrangement (Scheme 4). 

ArN 

FT S0X 
ArNHCOR 

>* 
Ar 
/ \ 

C = N 
R *0X 

Scheme 4. 

The large positive values of the resonance parameter, 
r, in the LArSR (linear aromatic substituent-reactivity) 
relationship (Eq. 2) of the Beckmann rearrangement 
(r~0.60—0.63) also indicate the additional conjugation 
effect to the reaction center in the transition 
state.4 '18-20) 

logk/k0 = p(<j° + rAïn
+) (2) 

Thus , the mechanism (Scheme 1) has been further 
ensured. 

The fact that the carbon-14 kinetic isotope effect at 
the phenyl-1 position is normal (positive) should be 
discussed. Decrease in force constant in the transition 
state leads in the direction of a normal isotope effect, 
an increased one in the direction of an inverse effect.21»22) 
Bond formation between the phenyl-1 carbon and the 
nitrogen may cause an increase in bonding of the 
carbon. Nevertheless, actual observation of the normal 
effects at the phenyl-1 carbon can be attributed to a 
great extent to a decrease in bonding as a result of 
insulation of the carbon from the aromatic conjugation 
present at the initial state. Inverse carbon isotope effects 
caused by the appearance of additional bonding of 
conjugation have been reported in some cases.23) 
Weakening of the bond between the phenyl-1 and 
carbonyl carbons might make some contribution to the 
phenomenon. Similar phenomena were observed in 
some other 1,2-nucleophilic rearrangements as well as in 
solvolysis with neighboring phenyl participation.20 '24 '25) 
The normal temperature dependence, a larger isotope 
effect at a lower temperature, though not obvious 
because of an experimental error, is also considered to 
be an indication of a decrease in bonding at the transi­
tion state. In the case of bond rupture the temperature-
dependent factor of the kinetic isotope effect is con­
sidered to increase from the higher temperature limit 
of unity with lowering in temperature.25 '26) 

No reexamination was carried out on the kinetic 
isotope effect at the carbonyl carbon of acetophenone 
oxime.6) However, treatment of the data of Glover and 
Raaen with use of Eq. 1 gave a normal isotope effect at 
this carbon, k12/klé= 1.028±0.004, at 62 °C.7> This 
indicates that bonding of this carbon also changes at 
the transition state of the rearrangement.25) O n the 
other hand, calculation of the isotope effects using the 
data of Glover and Raaen on the reaction of anti-l-
phenyl-2-propanone oxime (8) shows that no effects 
are observed at both the methylene (k12/ku= 1.002=1= 
0.002) and carbonyl (A:12/£14= 1.004±0.004) carbons. 
This is quite natural since the reaction that followed 
was actually the sulfonation of the benzene ring, and no 
bonding change at these two carbons is expected for the 
reaction. 

Exper imenta l 

Materials. Acetophenone oxime hydrogensulfate (2) 
was prepared according to the procedure of Pearson and Ball9) 
and dried over phosphorus pentaoxide in a vacuum at a low 
temperature. 4-Acetylaminobenzenesulfonic acid (5) was 
dried for many days in a vacuum at 100 °G before the NMR 
measurement.27) ^4/zfo'-l-phenyl-2-propanone oxime (8) was 
prepared according to the procedure of Kotera et al. :28> mp 
69.5—70.5 °G. All the compounds except 2 were subjected to 
elemental analysis, giving satisfactory results. Commercial 
sulfuric acid (99.0%, Wako guaranteed reagent) was used 
without further purification. 

NMR Monitoring of the Reactions. NMR spectra were 
recorded on a Varian A-60 spectrometer at 60 MHz with 
tetramethylsilane as an external standard. All the samples 
were measured in concentrations of 3—5 (w/v) %. Operating 
temperature was calibrated using ethylene glycol signals. The 
NMR data are summarized in Table 4. 
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T A B L E 4. PROTON N M R SPECTROSCOPIC DATA IN CONCD SULFURIC ACID 

Species Chemical shifts and assignment8 

Acetophenone oxime (1) 
Acetophenone oxime hydrogensulfate (2) 
Acetanilide (4) 
4-Acetylaminobenzenesulfonic acid (5) 

4-Aminobenzenesulfonic acid (6) 
Acetic acid 
Acetophenone (7) 
l-Phenyl-2-propanone oxime (8) 

4-(2-Hydroxyiminopropyl)benzenesulfonic acid (9) 

4-(iV-Acetylaminomethyl)benzenesulfonic acid (10) 

2 . 8 8 (3H, s, CH 3 ) , 7 .73 (5H, s, aromatic) 
3.17 (3H, s, CH 3 ) , 7 .7 (5H, s, aromatic) 
2 .38 and 2 .70 (3H, CH 3 ) , 7 .50 (5H, s, aromatic) 

2 .57 and 2 .80 (3H, CH 3 ) , 7 .85 and 8.12 (4H, 7 = 7 
Hz , aromatic AA'BB') 
7 .80 and 8.20 (4H, 7 = 9 Hz, aromatic AA'BB') 
2 .75 (CH3) 
3 .28 (3H, s, CH 3 ) , 7 .65—8.53 (5H, m, aromatic) 

2 .50 (3H, s, CH 3 ) , 4 .02 (2H, s, CH 2 ) , 7 .25—7.45 
(5H, m, aromatic) 
2 .50 (3H, s, C H 3 ) , 4 . 1 5 (2H, s, CH 2 ) , 7 .58 and 8 .04 
(4H, } = 8 Hz , aromatic AA'BB') 
2 .57 (3H, s, CH 3 ) , 4 . 8 0 (2H, d, 7 = 5 . 5 Hz, CH 2 ) , 
7.61 and 8.01 (4H, 7 = 8 Hz, aromatic AA'BB') , 
8 .90 (1H, broad t, 7 = 5 . 5 Hz , N H ) 

a) p p m from external tetramethylsilane. 

Preparation of Acetophenone-phenyl-l-uC Oxime (1-UC). 
Benzoic-phenyl-l-^C acid (4.45 g, 13.6 mCi/mol) was pre­
pared from 7 mCi of bar ium carbonate-1 4C by the mult i-
step syntheses,13) radiochemical yield being 7 . 1 % . After 
dilution with nine times an unlabeled benzoic acid, 15 g of 
the acid (1.36 mCi/mol) was dissolved in 60 ml of dry ether. 
After addition of 23 g of thionyl chloride, the mixture was 
refluxed for 1 h. Benzoyl-phenyl-l-liC chloride (16.5 g) was 
isolated by distillation: bp 97—98 °C/30 Tor r . 

Magnesium ethoxide was prepared from 2.7 g of a mag­
nesium ribbon, 2.5 ml of anhydrous ethanol, and a few drops 
of carbon tetrachloride in 40 ml of dry ether. Diethyl malo-
nate (17.1 g) in 10 ml each of anhydrous ethanol and ether 
was added to the above mixture and refluxed unti l all the 
magnesium was consumed. T h e henzoyl-phenyl-1 -14C chloride 
obtained above was added to this mixture with a small 
amount of ether and refluxed for 30 min. The reaction mix­
ture was cooled and acidified with 2 0 % sulfuric acid. T h e 
ether layer and the ether extract were combined and washed 
with water, and the solvent was distilled. T o the residue was 
added a mixture of 30 ml of acetic acid, 3.8 ml of concd 
sulfuric acid, and 30 ml of water, and the mixture was refluxed 
for several hours until decarboxylation was complete. T h e 
reaction mixture was cooled in an ice-bath, made alkaline 
with 2 0 % sodium hydroxide solution, and extracted with 
several portions of ether. T h e ether layer was washed with 
water and dried with anhydrous sodium sulfate, the solvent 
being removed. Acetophenone-phenyl-1 -14C (7-14C: 11.0 g) 
was obtained by distillation: bp 100.0—101.5 °C/27—28 Torr . 

7-14C (11.0 g) was treated with 29.7 g of hydroxylamine 
hydrochloride and 55 g of potassium carbonate in a mixture 
of 100 ml of water and 500 ml of ethanol in the usual way. 
Acetophenone-/&Atf«jy/-l-14C oxime (1-14C) obtained (10.8 g) was 
recrystallized from petroleum ether seven times, when the 
sample showed a constant radioactivity (1 .300^0.003 mCi/ 
m o l ) : m p 60 °C. 

Quantitative Isolation of Acetophenone Oxime (1) as the 2,4-Di-
nitrophenylhydrazone Derivative (11). Forty to 120 mg of 
1 was taken in a 150-ml Erlenmeyer flask equipped with a 
ground glass stopper. Sixty ml of 0 .4% 2,4-dinitrophenyl-
hydrazine solution in 2 M hydrochloric acid was added and 
the resulting solution was kept at 50 °C for 24 h . After 
addition of 10 ml of distilled water, precipitates of 11 were 
filtered while warm with a glass filtering crucible, washed 
thoroughly with w a r m 2 M hydrochloric acid and then with 

warm distilled water. T h e crucible was dried in an oven at 
85 °C for 24 h, cooled in a desiccator, and weighed. For 
repeated measurements, yields of 11 were 1 0 0 . 5 ^ 0 . 5 % Qf 
the theoretical values. 

Gravimetric Rate Measurement. Concd sulfuric acid (ca. 
30 ml) was added to a weighed sample of 1 (ca. 1 g) and 
weighed. After being thoroughly shaken, the mixture was 
transferred to a reaction flask which had been heated in a 
thermostated ba th . Aliquots of the solution were pipetted 
out at appropria te t ime intervals and poured rapidly into 
0.4% solutions of 2,4-dinitrophenylhydrazine in 2 M hydro­
chloric acid. T h e quanti t ies of the solutions pipet ted out 
were determined by weighing the flasks before and after the 
addit ion. Precipitates of 11 were treated as mentioned above. 
T h e fractions of reaction were thus calculated from the 
observed and theoretical weights of 11. 

Radioactivity Measurement. Samples of the purified 
11-14C (7—10 mg) were oxidized to carbon dioxide by the 
modified V a n Slyke-Folch wet combustion method with a 
Nuclear-Chicago Model GW-1 glassware system. T h e 
radioactivities of the carbon dioxide gases collected in an 
ionization chamber were measured with a Nuclear-Chicago 
Model 6000 Dynacon electrometer system by the rate-of-
charge method using a Model T 4 interval t imer. T h e samples 
were assayed after recrystallization three or four times from 
ethyl acetate-chloroform (2: 1). For the samples obtained 
at several stages of the reaction, it was confirmed tha t further 
recrystallization does not change the radioactivities beyond 
experimental errors ( ± 0 . 5 % ) . 
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An ESR spectroscopic investigation of iV-(2,4,6-trimethyl-, trimethoxy-, triisopropyl-, and tri-*-butylphenyl) -
iV-(arylthio) aminyls (2), ArNSAr ' , is described. T h e aminyls are generated from the corresponding iV-arylarene-
sulfenamides, ArNHSAr ' , by hydrogen-abstraction, the <% values of which are 9.10—12.30 G and the g-values 
2.0056—2.0067. O n the basis of the ESR parameters the conformations for 2 have been discussed. Decay kinetic 
studies on 2 were conducted in benzene, and 2 were found to be persistent aminyls—particularly the ^-butyl-
substituted aminyl, N-(2,4,6-tri-J-butylphenyl) -N-(4-nitrophenylthio) aminyl. 

A new family of nitrogen-centered free radicals has 
been investigated in which one or two divalent sulfur 
atoms are adjacent to the central nitrogens.2) In 
previous ESR studies on iV-aryl-JV-(arylthio) aminyls,3»4) 
ArNSAr' , it was established that, in the aminyls, the 
unpaired electron resides predominantly on the central 
nitrogen and the iV-phenyl r ing. 

The present investigation was directed toward 
obtaining and isolating persistent N-aryl-iV-(arylthio)-
aminyls and for this purpose, several sterically protected 
thioaminyls have been prepared. In this report the 
ESR study on JV-(2,4,6-trimethyl-, trimethoxy-, triiso­
propyl-, and tri-Z-butylphenyl)-iV-(arylthio) aminyls (2) 
is described. 

R e s u l t s a n d D i s c u s s i o n 

Generation of Aminyls. The generation of 2 was 
achieved through hydrogen-abstraction from the appro­
priate JV'-arylarenesulfenamides (1, Eq. 2). Sulfen­
amides l a — g were obtained by the reaction of sulfenyl 
chlorides with two equivalents of anilines or one equiva­
lent of anilines in the presence of triethylamine (Eq. 1). 
Sulfenamide l h was unobtainable by these procedures. 

The hydrogen-abstraction of 1 was performed by two 
procedures : the photolysis of 1 in the presence of di-/-

Ri Ra R9 

'-Q-: NH2 + R4- -SC1 

Rx 

Rx 

< 

Rx 

R2 

Ra 

ArNHa 
) 

or Et3N 

NH-S- -R4 + 
ArNH 3 Cl 
(or Et 3 NHCl) 

R i R, R, 

R i 
- H -

Ri-

R2 R3 

- N - S - -R4 

(I) 

(2) 

R i R , R» 

a : R j = GH 3 , R 2 = R3 = H , R 4 = Gl 
b : R ^ O G H ^ R 2 = R 3 = H , R 4 = Gl 
c i R j = R 2 = R4 = GH3, R 3 = Gl 
d : R 1 = OGH3, R 2 = R 4 = GH3 , R 3 = Gl 
e : R j = H , R 2 = R 4 = GH 3 , R 3 = Gl 
f : R 1 = /-G3H7 , R2 = R 3 = H , R 4 = N 0 2 

g : R 1 = ^-G4H9, R 2 = R 3 = H , R 4 = N 0 2 

h : R j = ^-G4H9, R2 = R 3 = H, R 4 = Gl 
i : R 1 = R 2 = R 3 = R 4 = H 

Fig. 1. Experimental ESR spectrum (low-field half) of 
2a in benzene (upper) , and computer simulation, using 
Lorentzian line shapes and a line width of 0.52 G 
(lower). 

butyl peroxide,5) and the treatment of 1 with lead 
dioxide in the presence of potassium carbonate. The 
ESR parameters obtained for 2 are listed in Table 1, 
and a typical ESR spectrum is illustrated in Fig. 1. 

Although l h could not be isolated as described above, 
the residue, resulting from filtration and subsequent 
concentration of the reaction mixture, gave rise to a 
strong 1 : 1 : 1 triplet ESR signal (12.27 G) . The aN 

value is in good agreement with that for the structurally 
similar aminyl, 2g (12.30 G) , and is quite different 
from that for the corresponding nitroxide, 3 (%: 16.40 

_x 
+< - N - S -

X o. 
-Cl 
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T A B L E 1. T H E ESR PARAMETERS FOR iV-ARYL-iV-(ARYLTHio) AMINYLS (2)a ) 

Coupling constant (G) 
iV-Phenyl ring ^-Phenyl ring £-Value Amax

f> 
(nm) 

ao-U am-U -H a o - H am-K ap-U flother 

2ab> 
2b 
2cb> 
2d 
2e 
2f 
2g 
2hd> 
2ie) 

9.32 
9.10 
9.50 
9.36 
9.84 
9.78 

12.30 
12.27 
9.59 

— 1.29 
— g 
— 1.22 
— g 

4.15 1.30 
— g 
— g 
— g 

3.70 1.26 

— 0.79 
g — 

— 3.56(o-CH3), 4.92(/>-CH3) 

— 3.61(o-CH3),
c>5.14(/>-CH3)

c:> 

4.36 — — — 
— g g — 
— g g — 
— g g — 

0057 
0056 
0057 
0057 
0057 
0056 
0066 
0067 

574 

513, 545, 700 

2.0059 

a) In benzene at room temperature (19 °G). b) The values of coupling constant were determined 
by computer simulation, c) In the iV-phenyl ring, d) Ref. 7. e) Ref. 3. f ) In benzene, g) Not 
resolved. 

G, g-value: 2.0068 in benzene).6) O n the basis of 
these results, the species has been assigned as 2h . 

In the oxidation of the sulfenamides with lead 
dioxide, some of them gave purple or brown colored 
solutions.7) For example, a benzene solution of l a 
immediately turned purple. Similarly, a solution of I f 
which was pale yellow turned reddish brown, and the 
pale yellow solution of l g turned dark brown. The 
colorled solutions gave rise to a strong ESR signal due 
to 2. In the cases of 2a and 2f, the color faded in 10—20 
min, and the resulting colorless (2a) or light orange 
solution (2f ) no longer gave rise to a strong ESR signal. 
The brown color observed for 2g persisted for several 
hours and, under deoxygenated conditions, persisted for 
several weeks without any apparent fading. 

ESR Parameters. As may be seen from Table 1, 
the aN values for 2a—f are in the range 9.10—9.84 G, 
and the g-values in the range 2.0056—2.0057, being 
close to the value for the unsubstituted aminyl, 2i . 
Thus , in these aminyls, the unpaired electron resides 
predominantly on the central nitrogen and the iV-phenyl 
r ing, as well as in 2i . The aN values for the ^-butyl-
substituted aminyls, 2g and 2h, are in the range 12.27— 
12.30 G, being 2.5—3.2 G larger than for the other 
aminyls, they are rather close to that (11.89 G) observed 
for iV-(4-nitrophenylthio)-Z-butylaminyl (4).8) T h e 

+ N - S - -NO, 

relatively large an values observed for 2g and 2h may be 
explained as follows : in 2i, the iV-phenyl ring is probably 
perpendicular or nearly perpendicular with respect to 
the nitrogen 2p z orbital containing the unpaired 
electron (conformation A) . T h e aminyls 2g and 2 h 
cannot adopt such a conformation because of the steric 
repulsion between the two ortho-t-butyl groups and the 
sulfur atom (and/or the ortho-protons in the tf-pheny 
ring), as shown by a molecular model (Stuart model). 
Thus, the steric effect results in the iV-phenyl ring 
twisting to be parallel or nearly parallel with respect to 
the nitrogen 2p z orbital (conformation B). Therefore, 
in 2g and 2h, the unpaired electron is not effectively 
delocalized onto the iV-phenyl ring, differing from the 
other aminyls, leading to an increase in the magnitude 
of the % values. The ^-values (2.0066—2.0067) observed 
for 2g and 2h are larger than those for the other aminyls 
(2.0056—2.0059), indicating that the spin density on 
the sulfur atoms in 2g and 2 h is greater compared with 
the other aminyls.9) Thus, the steric situation assumed 
for 2g and 2h may be also supported by the relatively 
large g-values. 

The aN values for 2a and 2 b are smaller by 0.3—0.5 G 
compared with that for 2i, suggesting that the aminyls 
adopt conformation A, despite the introduction of 
methyl or methoxyl groups into the ortho-positions of 
the iV-phenyl r ing. In a previous report,10) iV-aryl-iV-
(phenylthio) aminyls, in terms of Walter 's criteria, were 
classified as class S, i.e. the magnitude of the ßN values 
is determined predominantly by the degree of d e r e a l i ­
zation of the unpaired electron onto the substituents 
in the iV-phenyl rings, and the polar effect is of 
secondary importance (Scheme 1). Therefore, the 
reduction in the magnitude of the aN values observed 
for 2a and 2b is interpreted in terms of the derea l iza­
tion of the unpaired electron onto the methyl and 
methoxyl groups. 

R i X R i x 
R]_^J)_N-S-^J< -̂+ Rl-/J)-N-S-^J< 

R i 
D 

R i 

Fig. 2. Scheme 1. 
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The % value for 2f is slightly larger (0.2 G) compared 
with that for 2i, suggesting that the N-phenyl r ing in 
2f is twisted to some extent due to the steric repulsion 
from the relatively large isopropyl groups in the N-
phenyl r ing. 

The 0N values for 2c, 2d, and 2e are larger by 0.18— 
0.26 G compared with those for the aminyls, 2a , 2b , 
and 2i. These increases are interpreted in two 
ways: a) increase in the relative importance of the 
resonance form D caused by the inductive effect of the 
substituents in the 6*-phenyl rings, and b) twisting of the 
S-phenyl rings caused by the steric repulsion from the 
ortho-methyl groups in the S-phenyl rings. Wi th respect 
to the inductive effect, the total o value for the sub­
stituents in the ^-phenyl rings is calculated to be 0.23 
(3tf£-cH,+2tfci),n) which is identical to the op.cl value. 
From a comparison of the «N value for 2k12) with that 
for 2j,3> it may be seen that the magnitude of the <zN 

value for 2k is little affected by the chlorine atom in the 
S-phenyl r ing. Thus, the increases observed for 2c, 2d, 
and 2e are not due to the inductive effect, but should 
be interpreted in terms of the twisting of the 6*-phenyl 
rings (conformation C). Since the spin density on the 
•S-phenyl rings of these aminyls is very small, as can be 
seen from the aK values due to the 6*-phenyl aromatic 
protons (0.27—0.84G), the increase in magnitude of 
the an values caused by the twisting of the 6*-phenyl rings, 
is not as large as in 2g and 2h . 

CH3-< 

CH, 

- N - S 

2j : % = 9 . 5 5 G 

N - S - / 

2k: AN=9.52CT 

CI 

Decay Kinetics of 2. Decay kinetic studies on 2a, 
2c, and 2g were conducted at 19 °G in the dark. A 
benzene solution containing 1 and di-^-butyl peroxide 
was irradiated with a high-pressure mercury lamp, and 
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Fig. 3. Decay plots of 2a (a), 2c (b), and 2g (c) in 
deoxygenated benzene at 19 °G. 

the decay rates were followed by measuring the ESR 
signal intensities. T h e results are illustrated in Fig. 3. 
The aminyl 2a decayed initially at a relatively fast 
rate which was followed by a slower decay, and persisted 
for several weeks. Similarly, the aminyl 2c decayed 
rapidly for ca. 500 min after which the decay slowed 
down, and persisted for several weeks. The aminyl 
2 g decayed very little over several days, even 
at a relatively high radical concentration. The 
unsubstituted aminyl, 2i, on the contrary, decayed 
immediately and completely upon interruption of the 
photolysis.3) From the decay kinetic studies of the 
aminyls, it has been demonstrated that the polysub-
stituted aminyls are well protected by the methyl and 
/-butyl groups, 2g is in particular very interesting. 
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Fig. 4. Decay plots of 2g in benzene at 19 °G in the 
absence and presence of oxygen. 

Generation of 2 g with Lead Dioxide. In order to 
isolate 2g, it was generated by oxidation of l g with 
lead dioxide. The procedure was as follows: l g (0.10 
mmol) was stirred in benzene for 5—15 min in the 
presence of lead dioxide and potassium carbonate, 
providing a dark brown solution containing 2g in a 
concentration of 4.3 mmol 1_1. This value corresponds 
to 4 3 % based on the l g used. O n standing for 3 days 
in a deoxygenated ESR tube, the radical concentration 
in the solution remained at 3.6 mmol l - 1 (Fig. 4) , 
indicating little decomposition of 2g. O n the introduc­
tion of air, however, the aminyl began to decompose 
at a relatively fast rate, indicating that 2g reacts 
with oxygen. In the range 0.13 to 3.60 mmol l - 1 

of 2g, the reaction rate with oxygen was measured 
in benzene saturated with air,13) and it was found 
that 2g decayed with a pseudo first-order kinetics 
( ^ ^ x l O - a s - ^ a t 19 °C). 

For the other aminyls, the radical concentrations 
obtained by oxidation of 1 with lead dioxide were 
no more than 1% based on the 1 used. 

In order to isolate 2g, benzene was removed from the 
solution by freeze-drying, affording a dark brown 
crystalline powder in an almost quanti tat ive yield. The 
powder gave a strong broad ESR signal (g=2.0068, 
A / / = 1 4 . 7 G ) and contained 2g in a concentration of 
40 wt % . When the powder was dissolved in benzene, 
the resulting brown solution containing 2g in a concent-
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ration of 3.9 mmol 1_1 (39%), indicating that 2g was 
little decomposed during the operation of freeze-drying. 
The aminyl in the solid was also little decomposed 
under deoxygenated conditions for one week. O n 
contact with air, however, the solid 2g was decomposed 
gradually ( T ^ : half a day) and gave orange decomposi­
tion products. From these results, it has been established 
that 2g is very stable, even in the solid. The aminyl 
however has not been isolated as a pure crystal. 

Experimental 

All melting points are uncorrected. IR spectra were con­
ducted on a JASGO Model IR-G spectrometer. Visible spec­
tra were recorded with a Hitachi recording spectrometer 
Model ESP-3T and NMR spectra with a Hitachi-Perkin 
Elmer R-20 spectrometer using TMS as an internal standard. 

4-Nitro-14) and 2,4,6-trimethylbenzenethiols,15) 2,4,6-tri-
methoxy-,16) 2,4,6-triisopropyl-,17'18) 2,4,6-tri-*-butylanilines,18> 
and 2,4,6-tri-f-butylnitrosobenzene20> were prepared by re­
ported methods. 2,4,6-Trimethylaniline, 4-chlorobenzene-
thiol, and di-f-butyl peroxide were obtained commercially 
and used without further purification. 

N-(2,4,6-Trimethylphenyl)-4-chlorobenzenesulfenamide (la). 
4-Chlorobenzenethiol (6.36 g, 0.044 mol) was treated with 
chlorine gas in dry chloroform (100 ml) at 0 °C. After re­
moval of the solvent, the resulting crude sulfenyl chloride 
was dissolved in dry ether (100 ml), and the solution was 
added dropwise to a stirred solution of 2,4,6-trimethylaniline 
(13.0 g, 0.096 mol) in dry ether (300 ml) at - 3 0 40 °G. 
After stirring for 30 min, the reaction mixture was filtered and 
solvent was evaporated to give colorless needles. Re-
crystallization from hexane afforded colorless needles (11.1 g, 
91%) mp 86—87 °G. IR (KBr): 3300 cm-1 (NH). NMR 
(CDG1,): Ô 2.15 (s, o-GH3, 6H), 2.22 (s, />-CH3, 3H), 4.76 
(brs, NH, 1H), 6.82 (s, G6H„ 2H), and 7.29 (s, G6H4, 4H). 
Found: G, 65.02; H, 5.80; N, 5.14%. Galcd for C15H16NG1-
S: G, 64.84; H, 5.82; N, 5.04%. 

N-(2,4,6- Trimethoxyphenyl)-4-chlorobenzenesulfenamide (lb). 
The 4-chlorobenzenesulfenyl chloride, prepared from 4-
chlorobenzenethiol (4.60 g, 0.032 mol) as described above, was 
dissolved in dry ether (80 ml), and the solution was added 
dropwise to a stirred solution of 2,4,6-trimethoxyaniline (13.1 
g, 0.072 mol) in dry ether (300 ml) at - 3 0 40 °G. After 
stirring for 30 min, the reaction mixture was filtered, and 
solvent was evaporated to give a light brown crystalline 
residue. Recrystallization from hexane afforded light brown 
needles (6.30 g, 60%) with mp 77—78 °G. IR (KBr) : 3300 
cm-1 (NH). NMR (GDG1,): «5 3.70 (s, o-CHsO, 6H), 3.75 
(s, />-CHsO, 3H), 5.14 (br s, NH, 1H), 6.19 (s, G6H2, 2H), 
and 7.28—7.32 (m, G6H4, 4H). Found: C, 55.20; H, 4.86; 
N, 4.36%. Galcd for G15H16N03C1S: G, 55.29; H, 4.95; 
N,4.29%. 

N- (2,4,6-Trimethylphenyl)-3,5-dichloro-2,4,6-trimethylbenzene-
sulfenamide (lc).21) 2,4,6-Trimethylbenzenethiol (6.00 g, 
0.039 mol) was treated with chlorine gas as described for la . 
After removal of the solvent, the resulting sulfenyl chloride 
was dissolved in dry ether ( 100 ml), and the solution was added 
dropwise to a stirred solution of 2,4,6-trimethylaniline (11.6 g, 
0.086 ml) at - 30 40 °G. After stirring for 30 min, the re­
action mixture was filtered, and solvent was evaporated to 
give a dark brown oily residue. Repeated recrystallization 
from hexane afforded colorless prisms (1.30 g, 9.4%) with 
mp 130—131 °G. IR (KBr): 3300 cm-1 (NH). NMR 
(GDGlg): <3 2.02 [s, o-CH3(iV-Ph), 6H], 2.19 [s, p-GH3(N-
Ph), 3H], 2.48 and 2.50 [s, 0- and />-CH3 (£-Ph), 9H], 4.38 

(br s, NH, 1H), and 6.72 (s, C6H2, 2H). MS (50 eV), mje 
353 (M+). Found: G, 60.90; H, 5.69; N, 3.74; CI, 20.06; 
S, 9.26%. Galcd for C18H2lNCl2S: C, 61.01; H, 5.97; N, 
3.95; CI, 20.01; S, 9.05%. 

N-( 2,4,6- Trimethoxyphenyl)-3,5-dichloro-2,4,6-trimethylbenzene-
svlfenamide (Id).21» The sulfenyl chloride, prepared 
from 2,4,6-trimethylbenzenethiol (5.00 g, 0.033 mol) as de­
scribed for lc , was dissolved in dry ether (100 ml), and the 
solution was added dropwise to a stirred solution of 2,4,6-
trimethoxyaniline (13.3 g, 0.073 mol) in dry ether (400 ml) 
at —30 40 °C. After stirring for 30 mm, the reaction 
mixture was filtered, and solvent was evaporated to give a 
dark brown oily residue. Repeated recrystallization from 
hexane afforded light brown prisms (0.53 g, 4%) with mp 
119—120 °G. IR (KBr): 3300 cm"1 (NH). NMR (GD-
Gl3) : Ô 2.45 (s, p-CH3; 3H), 2.54 (s, o-CH3, 6H), 3.58 (s, 
0-OCH3, 6H), 3.72 (s, p-OCH3, 3H), 4.99 (br s, NH, 1H), 
and 5.98 (s, CnH2, 2H). Found: C, 54.22; H, 5.12; N, 
3.55%. Galcd for C18H21N03C1,S: C, 53.73; H, 5.28; N, 
3.48%. 

N-Phenyl-3,5-dichloro-2,4,6-trimethylbenzenesuffenamide (le).21'» 
The sulfenyl chloride, prepared from 2,4,6-trimethylben­
zenethiol (2.00 g, 0.013 mol) as described for lc , was dis­
solved in dry ether (50 ml), and the solution was added drop-
wise to a stirred solution of aniline (2.50 g, 0.027 mol) in dry 
ether (200 ml) at - 4 0 50 °G. After stirring for 30 min, 
the reaction mixture was filtered, and solvent was evaporated 
to give a dark brown oily residue. Repeated recrystalliza­
tion from hexane afforded light brown plates (0.15 g, 4%) 
with mp 110—112 °C. IR (KBr): 3300cm-1 (NH). NMR 
(GDC13) : Ô 2.39 (s, p-GH3, 3H), 2.75 (s, o-CH3, 6H), 4.90 
(br s, NH, 1H), and 6.85—7.30 (m, C6H5, 5H). Found: 
G, 58.10; H, 4.76; N, 4.64%. Calcd for C15H15NC12S: C, 
57.69; H, 4.84; N, 4.49%. 

N-(2,4,6-Triisopropylphenyl)-4-nitrobenzenesulfenamide (If). 
The sulfenyl chloride, prepared from 4-nitrobenzenethiol (2.02 
g, 0.013 mol) as described for la , was dissolved in dry ether 
(50 ml), and the solution was added dropwise to a stirred 
solution of 2,4,6-triisopropylaniline (2.80 g, 0.013 mol) and 
triethylamine (1.94 g, 0.019 mol) in dry ether (250 ml) at 
— 5—0 °C. After addition of the sulfenyl chloride, the reac­
tion mixture was stirred for 5 h at room temperature. Fil­
tration of the reaction mixture, and evaporation of solvent 
gave a yellow powdery residue, which was chromatographed 
on alumina [E. Merck, Art 1097, eluent: benzene/hexane 
( 1 /4), column size : 3 x 30 cm]. Recrystallization from hexane 
afforded light yellow prisms (2.5 g, 53%) with mp 132—133 
°G. IR (KBr): 3300cm-1 (NH). NMR (CDC13): ô 1.18 
[d, 7 = 1 0 Hz, />-CH(CH3)2, 6H], 1.25 [d, / = 10 Hz, 
o-CH(GH3)2, 12H], 2.75—3.42 [m, CH(GH3)2, 3H],4.88 (brs, 
NH, 1H), and 6.99—8.28 (m, C6Ha and C6H4, 6H). Found: 
C, 67.28; H, 7.57; N, 7.41%. Galcd for C21H28Na02S: G, 
67.71; H, 7.58; N, 7.52%. 

N- ( 2,4,6- Tri-t-butylphenyl) - 4-nitrobenzene sulfenamide (lg). 
The sulfenyl chloride, prepared from 4-nitrobenzenethiol 
(2.53 g, 0.016 mol) as described for la , was dissolved in dry 
ether (50 ml), and the solution was added dropwise to a 
stirred solution of 2,4,6-tri-f-butylaniline (4.30 g, 0.016 mol) 
and triethylamine (2.50 g, 0.025 mol) iti dry ether (300 ml) 
at —5—0 °C. After addition of the sulfenyl chloride, the 
reaction mixture was stirred for 5 h at room temperature. 
Filtration of the reaction mixture, and evaporation of 
solvent gave a yellow powdery residue, which was chromato­
graphed on alumina as described for If. Recrystallization 
from hexane and then methanol afforded yellow prisms (2.93 g, 
46%) with mp 152—153 °C. IR (KBr): 3300 cm-1 (NH). 
NMR (GDC13): ô 1.30 (s, p-t-Bu, 9H), 1.50 (s, o-t-Bu, 18H), 
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5.20 (br s, N H , 1H), and 7.23—8.23 (m, C 6 H 2 and C6H4 , 6H) . 
Found: G, 69.64; H , 8.27; N , 6 .78%. Galcd for C 2 4 H 3 4 N 2 0 2 -
S: G, 69.53; H , 8.27; N , 6 .76%. 

Generation of Aminyls. a) Photolysis: sulfenamide (1, 
5.0 mg) and a benzene solution (0.20 ml) of di-J-butyl peroxide 
(10% in vol) were placed in an ESR tube and the tube degassed 
by three freeze-pump-thaw cycles and then sealed. T h e 
ESR spectra were recorded during direct i rradiat ion of the 
solution in the cavity of an ESR instrument with a high-
pressure mercury lamp ( J E S - U V - 1 , 100W); b) oxidation 
with lead dioxide: 1 (6.0 mg) was stirred in benzene (3.0 ml) 
for 1—15 min in the presence of lead dioxide (0.2 g) and potas­
sium carbonate (0.2 g) . After filtration, 0.20 ml of the filtrate 
was placed in an ESR tube and degassed as described above 
and then sealed. 

Oxidation of lg with Lead Dioxide. Sulfenamide l g 
(42.3 mg) in benzene (10 ml) was stirred for 5—15 min in 
the presence of lead dioxide (0.5 g) and potassium carbonate 
(0.5 g) . After filtration, the benzene was removed from the 
filtrate by freeze-drying, giving a dark brown powder in an 
almost quanti tat ive yield. For measurements of ESR spectra 
of the filtrate and the powder, 0.20 ml of the filtrate, and 
4—5 mg of the powder were used, respectively. 

Generation of Nitroxide 3. Nitroxide 3 was generated by the 
procedure of Konaka et al.p i.e. 2,4,6-tri-f-butylnitrosobenzene 
(3.0 mg) , bis(4-chlorophenyl) disulfide (20.0 mg) , and benzene 
(0.40 ml) were placed in an ESR tube, and degassed as de­
scribed above, then sealed. ESR spectra were recorded dur­
ing direct irradiation of the solution with the high-pressure 
mercury lamp. 

Decay Kinetics of 2. Decay kinetic studies on 2 were 
conducted at 19 °G in the dark. Sample preparat ion was 
as follows: 1 (5.0 mg) and a benzene solution (0.20 ml) of di-
£-butyl peroxide (10% in vol) were placed in an ESR tube, 
and degassed as described above and then sealed. After the 
solution was i rradiated for 10—20 min in the cavity of an 
ESR instrument with the high-pressure mercury lamp, 
the light source was turned off, and the decay rates 
were measured by monitoring the ESR signal intensities. 
Integration of the ESR signals was conducted with a Model 
JES-ID-2 integrator using a benzene solution of 3,4-dihydro-
2 ,4 ,6- t r iphenyl-2/ / - l ,2 ,4 ,5- te t raz in- l -y l (1,3,5-triphenylver-
dazyl)22) as a s tandard. 

ESR spectra were recorded at room temperature on a 
J E S - M E - 3 X spectrometer with an X-band microwave uni t 
and a 100 kHz field modulat ion. Coupling constatns and 
^-values were determined by comparison with the % value 
(13.09 G)23) and the Rva lue (2.0057)24> of Fremy's salt. 

Computer simulation of spectra was performed using a 
F A C O M 230-60 computer equipped with a F A G O M F-
620ID plotter. 

R e f e r e n c e s 

1) Par t X of this series, " E S R Studies of Nitrogen-centered 
Free Radicals ." For Par t I X , see Y. Miura , H . Asada, and 
M. Kinoshita, Chem. Lett., 1978, 1085. 

2) For example, Y. Miura , Y. Katsura , and M . Kinoshita, 
Bull. Chem. Soc. Jpn., 51 , 3004 (1978). 

3) Y. Miura and M . Kinoshita, Bull. Chem. Soc. Jpn., 
50, 1142 (1977). 

4) H . Sayo and K. Mori , Chem. Pharm. Bull., 25, 1489 
(1977). 

5) T h e aminyls were also detected on the photolysis of the 
solutions containing arenesulfenamides 1 alone. 

6) S. Terabe and R . Konaka , J. Chem. Soc, Perkin Trans., 
2, 1973, 369. 

7) Y. Miura , Y. Katsura , and M. Kinoshita, Chem. Lett., 
1977, 409. 

8) Y. Miura , H . Asada, and M. Kinoshita, Bull. Chem. 
Soc. jpn., 50, 1857 (1977). 

9) T h e spin orbit coupling parameter of the sulfur a tom 
is 382 c m - 1 ; D . S. McClure , J. Chem. Phys., 17, 905 (1949). 

10) R. I . Walter , J. Am. Chem. Soc, 88, 1923 (1966). 
11) For a values, see D. H . McDaniel and H . G. Brown, 

J. Org. Chem., 23 , 420 (1958). 
12) T h e other values of coupling constant and the g-value 

for 2k are a0.H(N.Ph) : 3.76, am.KiN.Vh): 1.16, a0.Kis.Ph) : 0.81, 
tfm-H(s-Ph): 0-26, and aCK3: 4.82 G, R v a l u e : 2.0059. 

13) T h e concentration of oxygen in benzene saturated with 
air is 2.0 x 10"3 mol l"1 (20 °C) ; J . Horiut i , Scientific Papers, 
17, 125 (1931). 

14) C. C. Price and G. W . Stacy, J. Am. Chem. Soc, 68, 
498 (1946). 

15) C. H . W a n g and S. G. Cohen, J. Am. Chem. Soc, 79, 
1924 (1957). 

16) Y. Fukui , Y. Kuwahara , and K . Saeki, and M . Mori , 
Yakugaku Zasshi, 80, 1472 (1960). 

17) A. Newton, J. Am. Chem. Soc, 65, 2434 (1943). 
18) R. G. Wilson and D . H . Williams, J. Chem. Soc, B, 

1968, 1163. 
19) J . Burgers, M . A. Hoefnage], P. E. Verkade, H . Visser, 

and B. M . Wepster, Reel. Trav. Chim., Pays-Bas, 77, 491 (1958). 
20) R. Okazaki , T . Hosogai, E. Iwadare , M . Hashimoto, 

and N . Inamoto , Bull. Chem. Soc. Jpn., 42, 3611 (1969). 
21) Sulfenamides isolated from the reaction mixture were 

l c , I d , and l e , unchlorinated and monochlorinated sulfen­
amides could not be isolated. 

22) R. K u h n and H , Tr ischmann, Monatsh. Chem. 95, 457 
(1964). 
23) R. J . Faber and G. K. Fraenkel, J. Chem. Phys., 47, 

2462 (1967). 
24) J . E. Werz, D. G. Reitz, and F . Dravnieks, "Free 

Radicals in Biological Systems," Academic Press, New York, 
N . Y. (1961), p . 186. 



1126 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (4), 1126 1130 (1979) [Vol. 52, No. 4 

Reactions of 2-Chlorothiophene with Cation Exchange Resin and 100% 
Orthophosphoric Acid. Formation of the Dimer Type Products 

Containing a Tetrahydro-2-thiophenone Moiety1) 
Tyo SONE,* Osamu SHIROMARU, Shin-ichi IGARASHI, Eiichi KATO, and Mutsuo SAWARA 

Department of Applied Chemistry, Faculty of Engineering, Yamagata University, Yonezawa 992 
(Received July 3, 1978) 

It has been found that 2-chlorothiophene is converted into the dimer type products by Amberlyst 15 or 100% 
orthophosphoric acid, the reaction yielding 4- and 5-(5-chloro-2-thienyl)tetrahydro-2-thiophenones and 4-(2-
thienyl)-2(5iï')-thiophenone together with 5-chloro-2,2'-bithienyl. The distribution of the products is considerably 
affected by the acid used and in the presence of phenol or anisole the reaction affords additionally 4-[5-(/»-hydroxy-
phenyl) -2-thieny 1] tetrahydro-2-thiophenone or 4- [5- (/>-methoxyphenyl) -2-thienyl] tetrahydro-2-thiophenone, respec­
tively. 

Simple thiophenes have been known to polymerize 
on treatment with certain acidic materials;2) in most 
cases amorphous, highly insoluble polymers were obtain­
ed. Since the products may form a potential source of 
oligothienylenes, efforts have been made to produce 
simple oligomers by the use of this type of reaction. 
Moreover, the oligomerization may supply information 
regarding the reactivity of thiophene as a conjugated 
diene which has not been well understood. However, 
few reports have appeared in the li terature, e.g., thio­
phene reacts with 100% orthophosphoric acid to yield 
the so-called "thiophene t r imers" and "pentamer," 3) 
and with sulfuryl chloride and iron powder to yield the 
chlorinated bithienyls.4) 

A novel reaction will be reported here, namely, the 
reaction of 2-chlorothiophene (1) with cation exchange 
resin and 100% orthophosphoric acid leading to dimer 
type products containing a tetrahydro-2-thiophenone 
ring. This result is in contrast to that obtained by the 
reactions of 1 with sulfuric acid,5) and aluminium chlo­
ride and copper(II) chloride;6) in both cases the major 
product obtained even under mild conditions was a 
polymeric material possessing a complicated structure. 
This reaction also offers a novel example of the conver­
sion of thiophenes to other heterocycles. 

2-Chlorothiophene (1) was treated with half its own 
weight of Amberlyst 15 at 120 °C for 4 h. Evolution of 
hydrogen chloride gas was observed during the reaction. 
The oily product was shown by thin-layer chromato­
graphy (TLC) to consist of two principal components, 
which were isolated by column chromatography. T h e 
component of high Rt value was found to be 5-chloro-2, 
2'-bithienyl (4, 2 1 % based on reacted 1 at 70% conver­
sion) by comparison with the authentic sample. Careful 
chromatography of the component of low Rf value gave 
4-(5-chloro-2-thienyl)tetrahydro-2-thiophenone(2, 34%) 
as a colorless oil together with a small amount of 
5-(5-chloro-2-thienyl)tetrahydro-2-thiophenone (3, 3.5 
%) as colorless crystals. Some 4-(2-thienyl)-2(5//)-thio-
phenone (5, 1.5%) was also isolated. 

Similar treatment of 1 with an equivalent weight of 
freshly prepared 100% orthophosphoric acid afforded 
the same products at 8 2 % conversion. T h e distribution 
of products, however, was different from that with 
Amberlyst 15, i.e., 2 (11.5%), 3 (11%), 4 (7%) , and 5 
( ^ 1 % ) , respectively (Scheme 1). 

H H. * * H ^ H 

S^CI 

I 
H s o 
2 3 

4' 3 ' 

Scheme 1. 

The structures of the thiophenones have been assigned 
on the basis of the following evidence. 

The I R spectrum (CC14) of 2 indicated carbonyl 
absorption at 1715 c m - 1 but no absorption attributable 
to hydroxyl groups. T h e U V spectrum [Am a x(MeOH) 
242 nm (log s 4.07)] suggested an unconjugated thio­
phene ring. Compound 2 did not react with ordinary 
ketonic reagents. When heated with dilute sodium 
hydroxide solution, it easily dissolved producing a clear 
solution, but was partially regenerated from the alkaline 
solution on acidification with hydrochloric acid. The 
mass spectrum showed the molecular ion at m[e 218 
(relative intensity 72%) and characteristic M + 2 peak 
(30%) indicative of a structure containing two sulfur 
atoms and one chlorine atom. Other prominent peaks 
were mje 144 (base peak; M + - C H 2 S C O ) and 109 ( M + -
CH 2 SCO — CI). These findings suggest a tetrahydro-
2-thiophenone substituted by a 5-chloro-2-thienyl moie­
ty. T h e N M R spectrum (CC14) showed, in addition to 
an AB quartet ( y = 3 . 8 Hz) for the two protons of 2,5-di-
substituted thiophene ring,7) a typical AB octet (cen­
tered at approx. à 2.7) of an ABX spin system for a 
methylene group, and a three-proton multiplet (ô 3.2— 
4.1) due to the methine (the X-proton of the ABX 
system) and a methylene group. The large geminal 
coupling constant ( y a b = 1 6 . 6 Hz) of the AB octet 
together with the position indicated that the methylene 
proton were adjacent to a carbonyl group.8) The 
downfield methylene protons were strongly deshielded 
indicating that the protons were adjacent to a sulfur 
a tom. Thus the thienyl moiety must be located at the 
4-position of the tetrahydro-2-thiophenone ring. A shift 
reagent [Eu(fod)3] experiment agreed with the assign­
ment ; upon addit ion of the reagent the octet underwent 
a greater downfield shift and the three-proton multiplet 
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separated with a smaller shift into a one-proton multi­
plet for the methine proton and an AB octet for the 
methylene protons. 

The structure assignment was substantiated by the 
alkaline hydrolysis of 2 followed by reductive desul-
furization (Raney nickel) of the resulting mercaptoacid 
(6) which gave 3-methylheptanoic acid (7), which was 
identical with an authentic sample (Scheme 2). 

NaOH 

Cl / N S ^ C H C H . C O O N a 

6 ^ i l 2 

1) Raney Ni 

2) H* 

CH2SH 

> CH3(CH2)3CHCH2COOH 

CHa 

7 

Scheme 2. 

Compound 3 had the same molecular weight as that 
of 2, and similar I R (CC14; vco 1715 cm" 1) , U V [Amax 

(MeOH) 244 nm (4.09)], and chemical properties, indi­
cating that 3 is an isomer of 2. The N M R and mass 
spectra were appreciably different from that of 2. The 
mass spectrum showed significant peaks at mfe 218 (base 
peak; M+), 158 (M+ - SCO) , 157 (M+ - SCO - H ) , 
and 123 (M+ - SCO - CI). T h e N M R spectrum (CDC13) 
exhibited, besides the resonance for two protons of a 
2,5-disubstituted thiophene ring, a four-proton multiplet 
(ô 1.9—3.0) due to two adjacent, similarly shielded 
methylene groups and a multiplet (ô 5.0—5.3) due to 
a methine proton. The strongly deshielded position of 
the methine absorption indicates that the methine proton 
is adjacent to both the sulfur atom and the thienyl group. 
Upon gradual addition of the shift reagent the four-
proton multiplet separated into two methylene multi­
plets ; one (due to the methylene proton a to the carbon-
yl group) underwent a greater downfield shift relative 
to the other (due to the ß methylene protons) and the 
methine multiplet. These facts are compatible with 
structure 3, which was finally established by comparison 
of the spectral data and the melting point with those of 
an authentic sample synthesized according to Scheme 

1) NaBH« 

CK\ S ^COCH 2 CH 2 COOH 2) A 

8 
1) (NH2)3CS 

C K x S / ~ x O / s ^ O 2) j 
9 

Scheme 3. 

The minor product 5 was thought to contain a thio­
phene ring conjugated with an enone group on the basis 
of the U V [Am a x(MeOH) 277 (3.96), 327 (4.19)] and 
I R spectra [KBr; vc=c 1600, vco 1660 c m - 1 ] . The N M R 
spectrum (CDC13) displayed significant resonances as 
follows; signals for three ring protons, a triplet for an 
olefinic proton at à 6.49, and a methylene doublet at à 
4.39. Decoupling of the doublet caused the triplet to 
collapse to a singlet, indicating that the olefinic and the 

methylene protons were mutually spin-coupled with a 
coupling constant y = 1 . 5 Hz in an allylic group (-CH= 

i 

C - C H 2 - ) . These data together with the mass spectrum 
[m[e 182 (base peak; M+), 154 ( M + - CO) , 153 ( M + -
C O - H ) , 108 ( M + - CH 2 SCO)] and the elemental 
analysis confirmed structure 5. 

The formation of 4 can be explained by the mecha­
nism illustrated in Scheme 4 (path A) . The entire 
reaction pathway leading to the thiophenone derivatives 
is not clear at this stage. Of interest in this regard, 
however, is the fact that both 2 and 3 were formed in 
the reaction and the 2/3 ratio varied considerably 
depending upon the acid and the reaction conditions 
employed. A probable mechanism which is compatible 
with these facts may involve the intermediacy of 2-thio-
phenone tautomers,9) 2 ( 5 / / ) - ( l l a ) and 2(3/ /)- thiophe-
nones ( l i b ) , in the reaction: protonation of 11a and 
l i b followed by the reaction of the resulting carbonium 
ions with 1 and then the loss of a proton affords 2 and 
3, respectively (path B). T h e reaction of 10b with l i b 
would similarly yield 5. The tautomers could be pro­
duced from 1 by a reaction analogous to hydrolytic 
conversion of chlorocyclopentadiene to the correspond­
ing cyclopentenone.10) 
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ci 

10a 10b 

!0b 
path A „ n */~y n-H4 

H S CI H S 2)-HC» 
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-Ste­
l la 
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Scheme 4. 

I t was anticipated from the suggested mechanism that, 
when the reaction was conducted in the presence of an 
aromatic compound which is reactive but inert to the 
resin, the corresponding arylthiophene and/or aryl-
substituted tetrahydro-2-thiophenone would be formed. 
Thus, in the presence of an equimolar amount of phenol 
the reaction using Amberlyst 15 as an acid resulted in 
7 3 % conversion of 1 yielding 4-[5-(j&-hydroxyphenyl)-
2-thienyl]tetrahydro-2-thiophenone (12; 2 8 % based on 
reacted 1) in addit ion to 2 (22%) and 4 (7%) . The 
presence of 2-(hydroxyphenyl) thiophene (presumably 
13) and 4-[(/>-) hydroxyphenyl] tetrahydro-2-thiophenone 
as the minor products were also detected by mass spec­
tral analysis. Similarly, the reaction in the presence of 
anisole afforded 4-[5-(/?-methoxyphenyl)-2-thienyl]tetra-
hydro-2-thiophenone (14; 17% based on reacted 1 at 
4 6 % conversion), 2-(j&-methoxyphenyl)thiophene (15; 
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1 0 % ) , 2 ( 2 0 % ) , a n d 4 ( 6 % ) . T h e s t r u c t u r e of 12 a n d 
14 h a v e b e e n ass igned o n t h e bas is of t h e i r mas s a n d 
N M R s p e c t r a , w h i c h i n d i c a t e d t h e p r e s e n c e of o n e 
^ - s u b s t i t u t e d p h e n y l , o n e 2 , 5 - d i s u b s t i t u t e d t h i o p h e n e , 
a n d o n e 4 - s u b s t i t u t e d t e t r a h y d r o - 2 - t h i o p h e n o n e r i n g . 
T h e f o r m a t i o n of t h e u n e x p e c t e d t e t r a h y d r o - 2 - t h i o p h e -
n o n e s , 12 a n d 14 , c a n b e a c c o u n t e d for b y a process 
s i m i l a r to t h a t of t h e f o r m a t i o n of 2 as s h o w n in S c h e m e 
4 . T h i s involves t h e in i t i a l f o r m a t i o n of a r y l t h i o p h e n e 
i n t e r m e d i a t e s , 13 a n d 1 5 , w h i c h r e a c t w i t h t h e p r o t o -
n a t e d 1 1 a t o afford 12 a n d 14 , r e spec t ive ly . 

•o^Ä, <K> 
12: R = O H 
14: R = O C K L 

1 3 : R = O H 
15: R = O C H , 

I n c o n c l u s i o n , i t w a s found t h a t t h e d i m e r t y p e p r o d ­
uc t s cons i s t ing of t h e u n e x p e c t e d t h i o p h e n o n e d e r i v a ­
t ives (2 , 3 , a n d 5) a n d t h e c o u p l i n g p r o d u c t (4) w e r e 
f o r m e d in t h e a c i d - c a t a l y z e d r e a c t i o n of 1 w i t h a c a t i o n 
e x c h a n g e res in a n d 1 0 0 % o r t h o p h o s p h o r i c a c i d . I n t h e 
r e a c t i o n t h e t h i o p h e n e r i n g c l ea r ly b e h a v e s as a con ­
j u g a t e d d i e n e as w e l l as a h e t e r o a r o m a t i c r i n g . 
F u r t h e r m o r e , it s h o u l d b e n o t e d t h a t t h e r e a c t i o n c o u l d 
b e effected w i t h a c a t i o n e x c h a n g e res in . T o t h e a u t h o r s ' 
k n o w l e d g e n o r e p o r t i n t h e l i t e r a t u r e h a s a p p e a r e d o n 
t h e use of c a t i o n e x c h a n g e resins as ca ta lys t s for a c i d -
c a t a l y z e d o l i g o m e r i z a t i o n of a r o m a t i c o r h e t e r o a r o m a t i c 
n u c l e i , a l t h o u g h t h e resins h a v e r ece ived w i d e a p p l i c a ­
t i o n in o r g a n i c r e a c t i o n s . I t is poss ib le t h a t s i m p l e 
o l i g o m e r s a r e f o r m e d in t h e r e a c t i o n s of o t h e r p r o ­
p e r l y s u b s t i t u t e d t h i o p h e n e s w i t h t h e resins as we l l . 

E x p e r i m e n t a l 

All melting and boiling points are uncorrected. T h e N M R 
spectra were obtained on a Hitachi R-22 spectrometer at 
90 M H z , using T M S as an internal reference. T h e U V , I R , 
and mass (70 eV) spectra were recorded on Hitachi EPU-2A, 
Hitachi EPI-S2, and Hi tachi U M U - 6 M G spectrometers, re­
spectively. 

2-Chlorothiophene (1) was prepared by the method de­
scribed in the literature.11) Commercial Amberlyst 15 was 
used without any t reatment . In drying the Amberlyst over 
phosphorus pentaoxide (115 °G/10—15 m m H g , 24 h) , 2 — 3 % 
weight loss was observed, which was presumably due to loss 
of water. 

Reaction of 1 with Cation Exchange Resin. A suspension 
of Amberlyst 15 (5 g) in 1 (10 g, 0.0843 mol) was stirred at 
120 °G for 4 h. Evolution of hydrogen chloride was observed 
during the reaction. T h e reaction mixture was extracted with 
chloroform in a Soxhlet extractor. After the solvent and the 
unchanged 1 (3.0 g) were distilled off, the residual oil was 
cbromatographed (silica gel, benzene) to give three fractions 
which are in order of decreasing Rt values : 1 ) the chlorinat­
ed 2,2 /-bithienyl, 4, (1.3 g, 2 1 % based on 1 reacted; con­
taminated with a small amount of another isomer as shown by 
GLG) , bp 100—110 °G (bath)/3—4 m m H g (lit,12) 55 °G 
(bath)/0.05 mmHg) ; 2) a mixture of the tetrahydrothio-
phenones, 2 and 3, (2.4 g, 3 6 % ; 2 : 3 = 9 1 : 9 as determined 
by N M R analysis); 3) the thiophenone, 5, (0.08 g, 1.5%), 

m p 157—159 °G. T h e spectral and physical properties are 
described below. 

Reaction of 1 with 100% Orthophosphoric Acid. A mixture 
of 1 (10 g) and the phosphoric acid (prepared immediately 
prior to use by heating a mixture of 8 5 % orthophosphoric acid 
(7.5 g) and phosphorus pentaoxide (3 g) at 100 °G for 1 h) 
was stirred at 110°G for 6 h. Hydrogen chloride gas was 
evolved throughout the reaction. After cooling, the greenish 
brown reaction mixture was poured into cold water, and 
extracted with chloroform. T h e extract was washed succes­
sively with water, 5 % sodium hydrogencarbonate solution and 
again with water, and dried. After the solvent and unchanged 
1 (1.8 g) had been removed, the residual oil was chromato-
graphed (silica gel, benzene) to give 4 (0.5 g, 7% ; contaminat­
ed with a small amount of another isomer), a mixture of 2 
and 3 (1.7 g, 2 2 . 5 % ; 2 : 3 = 5 1 : 4 9 ) , and 5 (0.05 g, &l%). 

T h e isomeric tetrahydrothiophenones were separated by 
repeated chromatography (silica gel, benzene/ligroin (3 : 1)). 

2: Colorless oil, b p 85—87 °G/5x 10~4 m m H g . N M R 
(GG14) Ô 6.77 (1H, d, y 3 , 4 , = 3 . 8 H z , 4 ' -H) , 6.71 (1H, dd, 
y 3 , 4 , = 3.8 Hz, y 3 , 4 = 0 . 7 H z , 3 ' -H), 4.1—3.2 (3H, m, 4-H 
and 5-H a ,H b ) , 2.82, 2.62 (2H, ABX octet, 7 a b = 1 6 . 6 H z , 
7 a > 4 = 1 0 . 1 H z , y b > 4 = 6 . 6 Hz, 3 -H a ,H b ) ; (CCi4 ; in the 
presence of 0.36 equivalent mol of Eu(fod)3) ô 7.37 (1H, 
dd, 3 ' -H), 6.97 (1H, d, 4 ' -H) , 6.76, 6.50 (2H, ABX octet, 
3-H a ,H b ) , 5.8—5.3 (1H, m, 4-H) , 5.06, 4.98 (2H, ABX octet, 
7 a > b = 11.0 Hz , y a , 4 = 8 . 1 Hz, A , 4 = 6 . 7 Hz , 5-Ha , H b ) . Found: 
G, 44.05; H , 3 .45%. Galcd for G 8 H 7 G10S 2 : G, 43.93; H , 
3 .23%. 

3: Colorless crystals, m p 51.5—52.5 °G (light petroleum 
ether-e ther) . N M R (GDC13) ô 6.83 (1H, dd, Jz, 4 , = 3 . 7 Hz, 
7 3 , 5 = 0 . 7 Hz, 3 ' -H), 6.74 (1H, d, J 3 M , = 3.7 Hz, 4'-H) 5.0— 
5.3* (1H, m, 5-H), 1.9—3.0 (4H, m, 3-H a ,H b and 4 -H a ,H b ) ; 
(GDC13 ; in the presence of 0.25 equivalent mol of Eu(fod)3 

ô 7.20 (1H, dd, 3 ' -H), 6.91 (1H, d, 4 ' -H) , 5.91 (1H, ABX q, 
y a . 4 + A . 4 = 1 4 . 4 H z , 5-H), 5 . 0 - 4 . 3 (2H, m, 3 - H a H b ) , 3 . 6 -
2.8 (2H, m, 4-H a ) H b ) . Found : G, 43.94; H , 3 .03%. Calcd 
for G 8 H 7 C10S 2 : G, 43.93; H , 3 .23%. 

5: Pale yellow crystals, m p 165—166 °C (ligroin-benzene). 
N M R (GDC13) ô 7.50, 7.39 (2H, A B X octet, Jy 5 , = 1.1 Hz, 
Jz, 4, = 3.7 Hz , y 4 , 5 , = 4.8 Hz , 3'-H and 5 ' -H), 7.1 i (1H, ABX 
q, >3'.4< = 3.7 Hz , >4,,5, = 4.8 Hz , 4 ' -H) , 6.49 (1H, t, J3,,= \.5 
Hz, 3-H), 4.39 (2H, d, y 3 5 = 1 . 5 H z , 5-H2). Found: G, 
52.72; H , 3 .15%. Calcd f o r C 8 H 6 O S 2 : G, 52.71; H , 3 .31%. 

Desulfurization of 2 with Raney Nickel. T h e tetrahydro-
thiophenone 2 (0.93 g, 4.25 mmol) was dissolved in 2 0 % 
sodium hydroxide solution (50 ml) by heating, and the solu­
tion diluted with water (50 ml) . W-7 Raney nickel (pre­
pared from 15 g of the alloy) was added to the cooled solution 
and the mixture stirred at 70 °C for 5 h. T h e reaction mix­
ture was filtered and the nickel washed with water (300 ml) . 
T h e filtrate and the washings were combined and evaporated 
to ca. 100 ml. T h e solution was acidified with hydrochloric 
acid in the cold to give an oil. Work-up and distillation in 
vacuo afforded 3-methylheptanoic acid (7; 0.50 g, 82%) as a 
colorless liquid, b p 130—140 °G (bath)/15 m m H g (lit,13) 121 
°G/15 m m H g ) ; the I R and N M R spectra were identical with 
those of the authentic sample.13) 

5-(5-Chloro-2-thienyl)tetrahydro-2-furanone (9). Sodium 
borohydride (1.9 g, 0.05 mol) was added with stirring to a 
mixture of 3-(5-chloro-2-thenoyl)propionic acid14) (8 ; 10.9 g, 
0.05 mol) and sodium hydroxide (1.6 g) in water (80 ml) , while 
the tempera ture of the reaction mixture being maintained 
below 40 °C dur ing the addition. T h e mixture was stirred 
for 4 h at room temperature , added to water, and acidified 
with hydrochloric acid. After extraction with ether and the 
usual work-up, the oily product was distilled under reduced 
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pressure and the distillate (bp 117—127 °C/1 X 10~4 m m H g 
chromatographed (silica gel, chloroform) to give 9 (4.7 g, 46%) 
and 4-(5-chloro-2-thienyl)-3-butenoic acid (1.8 g, 17%) . 

9: Colorless oil, bp 112—114 °C/1 X 10"* m m H g . M S 
mje 202 (M+). I R (CC14) vco 1800 cm"1 . N M R (CDC13) 
Ô 6.83 (1H, d, y 3 / 4 , = 3 .8Hz , thiophene 3 ' -H), 6.76 (1H, d, 
y 3 , t 4 , = 3 . 8 H z , thiophene 4 ' -H) , 5.54 (1H, t, 5-H), 2.9—2.0 
(4H, m, 3-H2 and 4-H 2) . Found : C, 47.66; H , 3 .48%. 
Calcd for C 8 H 7 C10 2 S: C, 47 .41 ; H , 3 .48%. 

4-{5-Chloro-2-thienyl)-3-butenoic Acid: Colorless crystals, 
m p 84—85 °C (benzene-hexane). M S mje 202 (M+). 
I R (KBr) vco 1700 cm- 1 . N M R (CDC13) Ô 9.97 (1H, br s, 
C O O H ) , 6.71 (1H, d, y3,>4,, = 4 . 0 H z , thiophene 4 ' -H) , 6.64 
(1H, d, J3,4,=4.0 Hz, thiophene 3 ' -H), 6.47 (1H, dd, Jz 4 = 
15.9 Hz , j 2 4 = 1.0 Hz , 4-H) , 5.92 (1H, dt , y 3 4 = 1 5 . 9 H z , 
y 2 > 3 = 7 . 0 H z , 3-H), 3.19 (2H, dd, y 2 > 3 = 7 . 0 H z , / 2 > 4 = 1 . 0 Hz, 
2-CH 2 ) . Found : C, 47.34; H , 3 .46%. Calcd for C 8 H 7 C10 2 -
S: C, 47 .41; H , 3 .48%. 

Preparation of 3 from 9. T o a suspension of the lactone 9 
(1.0 g, 5 mmol) in 4 8 % hydrobromic acid (2.5 g) was added 
thiourea (0.4 g, 5 mmol) with shaking. A white solid formed 
within several minutes and was allowed to stand overnight. 
A sodium hydroxide solution (0.6 g, in 5 ml of water) was ad­
ded and the mixture gently refluxed for 70 min. T h e organic 
layer was separated, and the aqueous layer acidified and ex­
tracted with ether. T h e organic layer and the ether extracts 
were combined and dried. After removal of the solvent the 
residual oil was heated at 160—170 °C under reduced pressure 
(20 mmHg) for 1 h. T h e oily product was chromatographed 
(silica gel, chloroform/benzene (4: 1)) to give 3 (mp 51—52 
°C; 160 mg, 15%). T h e I R and N M R spectra were identical 
with those of 3 obtained by the acid-catalyzed reaction of 1, 
and the mixed melting point exhibited no depression. 

Reaction of 1 with Cation Exchange Resin in the Presence of 
Phenol. A mixture of 1 (4.8 g, 0.04 mol) , phenol (3.8 g, 
0.04 mol) and Amberlyst 15 (2.4 g) was stirred at 120 °C for 
4 h. T h e dark brown reaction mixture was extracted with 
aceton in a Soxhlet extractor. After removal of the solvent 
the unchanged 1 (1.3 g) and phenol (1.9 g) were recovered 
by distillation under reduced pressure. T h e residual oil was 
chromatographed (silica gel, benzene/acetone (9: 1)) to give 4-
[5-(/>-hydroxyphenyl)-2-thienyl] tetrahydro-2-thiophenone (12 ; 
m p 159—166 °C, 1.1 g, 2 8 % based on reacted 1), 2 (0.7g, 22%), 
4 (0.2 g, 7%) , and polymeric material (0.8 g) Mass spectro­
scopy suggested the presence of 4-[(/>-) hydroxyphenyl] tetra-
hydro-2-thiophenone \m\e 194 (M+), 120 (M+ - CH 2 SCO ) ] 
and 2-[(/>-)hydroxyphenyl]thiophene[13; m/e 176 (M+), 147 
( M + - C O - H ) , 131 ( M + - H C S ) , 115 ( M + - C O - H - S ) ] , 
which were isolated in the impure form by preparat ive T L C . 
There was, however, insufficient material for further pur i ­
fication. 

12: Pale yellow crystals, m p 171—172 °C (methanol) . M S 
mje 276 (M+), 202 ( M + - C H 2 S C O ) , 45 (base peak; HCS+). 
U V ; j g H 304 (4.22). I R (KBr) vco 1660, v0K 3225 cm"1 . 
N M R ( (CD 3 ) 2 CO): ô 8.46 (1H, s, O H ) , 7.48, 7.39 (2H, A A ' 
X X ' m, ^-substituted phenyl) , 7.10 (1H, d, Jz, 4, = 3 .8Hz , 
4 ' -H), 6.96 (1H, dd, y 3 , , 4 , = 3 . 8 Hz , y 3 , t 4 = 1.0 Hz, 3 ' -H), 6.90, 
6.80 (2H, A A ' X X ' m, '^-substituted phenyl) , 4.2—3.2 (3H, 
m, 4-H and 5-Ha , H b ) , 2.92, 2.80 (2H, ABX octet, J a > b = 16.7 
Hz, y a 4 = 1 0 . 0 H z , y b 4 = 7 . 2 Hz , 3-H a ,H b ) . Found : C, 
61.01 ; H , 3.97%. Calcd for C 1 4 H 1 2 0 2 S 2 : C, 60.84; H , 4 .37%. 

Reaction of 1 with Cation Exchange Resin in the Presence of 
Anisole. A mixture of 1 (4.8 g, 0.04 mol) , anisole (4.3 g, 
0.04 mol) and Amberlyst 15 (2.4 g) was stirred at 120 °C 
for 4 h and the reaction mixture extracted with chloroform in 
a Soxhlet extractor. After removal of the solvent, the un­

changed 1 (2.6 g) and anisole (3.3 g) were recovered by distil­
lation under reduced pressure. T h e residual oil was chroma­
tographed (silica gel, hexane/acetone (4: 1)) to afford 4-[5-
(jfr-methoxyphenyl) -2-thienyl]tetrahydro-2-thiophenone (14; 
m p 104—107 °C ; 0.45 g, 17% based on reacted 1), 2-(/>-
methoxyphenyl) thiophene (15; m p 101—103 °C; 0.35 g, 
10%) , 2 (0.4 g, 2 0 % ) , and 4 (0.1 g, 6 % ) . Othe r traces were 
detected by T L C but colud not be separated. 

15: Colorless crystals, m p 110—111°C (methanol ; lit,15) 
107—108 °C). M S mje 190 (base peak, M+), 175 ( M + - C H 8 ) , 
147 ( M + - C H 3 - C O ) . N M R (CDC13) ô 7.51, 7.42 (2H, AA'-
X X ' m, /^-substituted phenyl) , 7.2—6.9 (3H, m, monosubsti-
tuted thiophene), 6.89, 6.80 (2H, A A ' X X ' m, /»-substituted 
phenyl) , 3.79 (3H, s, - O C H 3 ) . 

14: Pale yellow crystals, m p 115—116°C (methanol) . 
M S mle 290 (base peak, M+), 216 ( M + - C H 2 S C O ) , 201 ( M + -
C H 2 S C O - C H 3 ) , 1 7 3 ( M + - C H 2 S C O - C H 3 - C O ) . U V ^ g H 

300 (4.36). I R (KBr) v c o 1705 cm- 1 . N M R (CDC13) Ô, 
7.51,7.41 (2H, A A ' X X ' m , / s u b s t i t u t e d phenyl) , 7.01 ( l H , d 
y 3 , 4, = 3.7 Hz , 4 ' -H) , 6.94, 6.84 (2H, A A ' X X ' m, ^-substituted 
phenyl) , 6.84 (1H, dd, y 3 , 4 , = 3 .7Hz , Js, 4 = 0 . 9 Hz , 3 ' -H), 
3.80 (1H, s, - O C H 3 ) , 4.4—3.3 (1H, m, 4-H and 5-H a ,H b ) , 
2.92, 2.77 (2H, A B X octet, y a b = 1 6 . 8 H z , y a 4 = 1 1 . 0 H z , 
Jh 4 = 6 . 0 Hz , 3-H a ,H b ) . Found : C, 62.28; H , 4 .67%. 
Calcd for C 1 5 H 1 4 0 2 S 2 : C, 62.03; H , 4 .87%. 

T h e a u t h o r s w i s h to t h a n k Professor H . O b a r a , 
Y a m a g a t a U n i v e r s i t y , for h is v a l u a b l e a d v i c e . T h e y 
w o u l d also l ike t o t h a n k D r . J . O n o d e r a , Y a m a g a t a 
U n i v e r s i t y , a n d M r . K . S a k a i , H i t a c h i R e s e a r c h L a b o ­
r a t o r y , H i t a c h i L t d . , for m a s s s p e c t r a l m e a s u r e m e n t s , 
a n d Professor K . T a k a h a s h i , N a g o y a I n s t i t u t e of T e c h ­
n o l o g y , a n d M r . K . F u j i e d a , N a k a W o r k s , H i t a c h i L t d . , 
for N M R s p e c t r a l m e a s u r e m e n t s . 
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A new synthetic route has been exploited for the large scale production of 3',4'-dideoxykanamycin B starting 
with kanamycin B. The key stage in the synthesis involves the formation in excellent yield of the 3',4'-anhydro-4'-
epi derivative (5) followed by convertion to the 3'-ene derivative through the iodohydrin. Compound 5 was prepared 
by the treatment of 3/,2"-di-0-benzoyl-4",6"-0-cyclohexylidene-4/-0-methylsulfonyl-penta-iV-f-butoxycarbonyl-
kanamycin B with sodium methoxide. 

The resistance mechanism of most strains resistant to 
kanamycin has been elucidated by Umezawa et al. and 
attributed to the transphosphorylation from adenosine 
triphosphate to the 3'-hydroxyl group of kanamycin by 
intracellular enzymes produced by the resistant orga­
nisms.1_3> 3'-Deoxykanamycin4) and 3',4'-dideoxykana-
mycin B (15)5,e) prepared on the basis of this mechanism 
have been shown able to inhibit growth of these resistant 
strains. The latter has already been clinically used for 
infections of resistant bacteria. 

A previous method for the preparat ion of 3',4'-dide-
oxykanamycin B (15) involves the treatment of the 
3',4'-di-0-sulfonyl derivative with sodium iodide and 
zinc according to the Tipson-Cohen method.7) In the 
present paper, other methods which do not require zinc 

for the Z'-ene formation have been investigated and it 
has been found that Watanabe 's method,8 '9) involving 
the cleavage of an epoxide ring to iodohydrin followed 
by O-sulfonylation is one method for the large scale 
preparation of the 3'-ene compound. 

T h e five amino groups of kanamycin B were protected 
by the ^-butoxycarbonyl (Boc) group using 0-t-huty\ 
£-4,6-dimethyl-2-pyrimidinyl thiocarbonate (Boc-S re­
agent)10) to yield quantitatively the iV-penta-Boc deriva­
tive (1). The protecting group can be readily removed 
under mild acidic conditions without ureide formation6) 
at JV-1 and N-3 of the 2-deoxystreptamine, which 
occured during removal of the iV-ethoxycarbonyl group. 
The 4"- and 6"-hydroxyI groups of 1 were selectively 
protected by the formation of the cyclohexylidene 
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Rl R2 

2 H H 

3 COC6H5 H 

4 COC6H5 S0 2 CH 3 

.NHBoc 

NHBoc 

5 R = H 

6 R=COC6H5 

HO 

H0-"\ 

Ri R2 R3 

7 H I OH 

8 OH H H 

RA 

H 

I 

11 H I OSO2CH2C6H5 H 

12 R=COC6H5 

13 R=H 

Scheme 1. 

14 
15 
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derivative in the usual manner.6) Since the 4-hydroxyl 
group of hexopyranosides is generally least reactive 
toward benzoylation with benzoyl chloride in pyri­
dine,11) the 3 '- and 2"-hydroxyl groups of the 4",6"-0-
cyclohexylidene derivative (2) were preferentially ben-
zoylated with benzoyl chloride (2.7 mol to 2) in pyridine 
at 5 °C to give the expected 3',2"-dibenzoate product 
(3) in 7 3 % yield. The reaction of the dibenzoate 3 with 
methylsulfonyl chloride gave the 4'-methylsulfonate (4) 
whose N M R spectrum showed the presence of two 
benzoyl and one methylsulfonyl group. The treatment 
of 4 with methanolic sodium methoxide gave the desired 
3 ' ,4 ' -anhydro-4 ' -^/ derivative (5) in a quantitative 
yield, which was subsequently converted into the 
2"-benzoate (6) by re-O-benzoylation. Successive treat­
ment of 6 with sodium iodide, sodium acetate and acetic 
acid in acetone8»9) afforded the iodohydrin (7) bearing 
both iodo and hydroxy 1 groups in equatorial positions. 
Formation of the anhydro-ring opening isomer (8) was 
not observed in this reaction. 

The structure of 7 was established by conversion into 
4'-deoxykanamycin B (9). Catalytic hydrogénation of 
the crude iodohydrin (7) followed by successive treatment 
with methanolic sodium methoxide and 9 5 % trifluoro-
acetic acid gave 9 and a small amount of less polar 
compounds. Hydrolysis of 9 with 6 M hydrochloric acid 
afforded 4'-deoxyneamine (10) which was identical with 
seldomycin factor 2,12) showing that the hydroxyl and 
iodo groups of 7 are located at the 3 ' - and 4'-positions, 
respectively, in both equatorial positions. 

The conformation of 6 could be represented as I and 
II , as shown in Scheme 2. The trans-diequatorial iodo­
hydrin (7) derives from conformer I I by the attack of 
the iodide ion and subsequent ring inversion of the 
product. It has been reported13) that the direction of 
the r ing opening of 3,4-anhydro-g#/tf£fo-hexopyranosides 
is controlled by the bulkiness of the entering reagents. 
In the present case, the attack of the bulky iodide ion 
is seriously hindered by the anomeric axial group in 
conformer I and hence conformer I I , with the less-
hindered 4'-position is more susceptible to attack al­
though the latter is expected to be less stable than the 
former. 

T h e iodohydrin (7) was treated with a-toluenesulfonyl 
chloride6) in pyridine and the resulting 3'-oc-toluene-
sulfonate (11) was heated at 90 °C for 20—30 m i n to 

„^ 
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HO«^^-
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give the 3'-£ft£-derivative (12) in 76% yield. When the 
corresponding 3'-methylsulfonate or 3'-jb-toluenesulfon-
ate was used, only a poor yield of 12 was obtained. 

Removal of the 2"-0-benzoyl group in 12 with metha­
nolic sodium methoxide afforded compound 13. 
JV-/-Butoxycarbonyl and 4",6"-0-cyclohexylidene groups 
of 13 were removed by treatment with 9 5 % trifluoro-
acetic acid to afford the 3'-£fl£-kanamycin B (14). Cata­
lytic hydrogénation of 14 afforded 3',4'-dideoxykanamy-
cin B (15), the N M R , T L C and biological activity of 
which were identical with that of an authentic sample.5) 
The total yield of 15 from kanamycin B was more than 
4 0 % on a large scale.14) 

Exper imenta l 

All melting points are uncorrected. Optical rotations were 
measured with a Perkin-Elmer Model 241 Polarimeter and 
NMR spectra with a Varuan XL-100 spectrometer at 100 
MHz. Thin-layer chromatography (TLC) was performed on 
Merck silica gel plate No. 5714. 

Penta-N-t-butoxycarbonylkanamycin B (1). To a solution 
of kanamycin B (4.98 g) in aqueous triethylamine (34%, 35 
ml), was added Boc-S reagent (18.7 g) in 1,4-dioxane (36 ml) 
and the mixture stirred for 24 h at room temperature. The 
syrupy mixture was poured into water (200 ml) and the result­
ing precipitate filtered, washed successively with 0.1 M-hy-
drochloric acid and water, and dried to give a white powder 
of 1 (9.88 g, 97%). The crude product was dissolved in hot 
ethanol and the solution cooled to give analytically pure 1 
as a white powder; mp 253—260 °C (dec), [a]£5+70° {c 1.0, 
DMF). 

Found: C, 52.31; H, 7.62; N, 7.24%. Calcd for C43H77-
N5O20: C, 52.47; H, 7.90; N, 7.12%. 

4",6"- O-Cyclohexylidene-penta-N-t-butoxycarbonylkanamycin B 
(2). To a solution of 1 (1.48 g) in N,iV-dimethylform-
amide (7.4 ml), was added />-toluenesulfonic acid hydrate (75 
mg) and 1,1-dimethoxycyclohexane (2.1 ml). The mixture 
was allowed to stand at room temperature overnight. The 
resulting solution contained three compounds [TLC, chloro-
form-methanol (15: 1), Rf 0.22 (2), Rf 0.35 (trace), Rf 0.07 
(starting material)]. After neutralization with triethylamine 
(0.6 ml), the solution was concentrated to a syrup and water 
added. The resulting precipitate was filtered, washed with 
water and dried. The crude product was dissolved in hot 
methanol and the solution cooled to give pure 2 ( 1.48 g, 
93%); mp 245 °C (dec), [a]25+74° (c 1.0, DMF). 

Found: C, 54.83; H, 8.08; N, 6.24%. Calcd for C49H85-
N5O20: C, 55.29; H, 8.06; N, 6.58%. 

3\ 2"-Di-0-benzoyl-4 " ,£" - O -cyclohexylidene-penta-N-t-butoxy-
carbonylkanamycin B (3). To a solution of 2 ( 1.63 g) in 
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dry pyridine (16 ml), was added benzoyl chloride (0.27 ml) 
and the mixture kept overnight at 5 °C. Benzoyl chloride 
(0.2 ml) was added dropwise at 5 °C until the starting material 
disappeared. After the addition of water (0.15 ml), the solu­
tion was concentrated to a syrup and water added. The result­
ing precipitate was filtered, washed with water and dried 
(2.0 g). Column chromatography over silica gel (50 g) with 
chloroform-methanol (130: 1) afforded a white powder of 3 
(1.42 g, 73%) together with the compound (160 mg) showed 
a high R{ value. Mp 164— 167 °C, [a]|«+86° (c 1.0, CHC13) ; 
NMR (CD3OD): Ô 7.34—8.16 (10H, m, C6H5). 

Found: G, 59.54; H, 7.20; N, 5.04%. Calcd for C63H93-
N 6 0 2 2 : G, 59.45; H, 7.38; N, 5.50%. 

3 ', 2 "- Di-O- benzoyl - 4",6"- O - cyclohexylidene- 4'-0- methyl-
sulfonyl-penta-N-t-butoxycarbonylkanamycin B (4). A solution 
of 3 (966 mg) and methylsulfonyl chloride (0.29 ml) in pyridine 
(11.3 ml) was kept at 40 °G for 1 h. After the addition of 
water (0.1 ml), the solution was concentrated to a syrup and 
water added. The resulting precipitate was filtered, washed 
with water and dried (1.0 g). Column chromatography over 
silica gel (30 g) with chloroform-methanol (150: 1) afforded 
a white powder of 4 (647 mg, 67%); mp 218—221 °C (dec), 
[a"l£5+92° (c 1.0, CHCI3); NMR (CDC13) : ô 2.90 (3H, s, 
S02CH3), 7.38—8.20 (10H, m, C6H6). 

Found: C, 56.79, H ; 6.93; N, 4.71; S, 2.76%. Calcd for 
C64H96N5024S: C, 56.92; H, 7.09; N, 5.18; S, 2.37%. 

3 ',4'-Anhydro-4 " ,6"-0-cyclohexylidene-4 '-epi-penta-N-t-butoxy-
carbonylkanamycin B (5). To a solution of 4 (1.28 g) in 
methanol (10.5 ml), was added sodium methoxide (524 mg), 
and the solution stirred at room temperature for 3 h. After 
neutralization with coned hydrochloric acid at 0 °C, the result­
ing suspension was concentrated and precipitated by the 
addition of water. The resulting precipitate was filtered, 
washed with water and dried (1.03 g, quantitative). The 
crude product was dissolved in hot ethanol and the solution 
cooled to give analytically pure 5 as a white powder; mp 
232—234 °C (dec), [a] | s+44° {c 0.5, DMF). 

Found: C, 55.93; H, 8.06; N, 6.43%. Calcd for C49H83-
N 50 1 9 : C, 56.24; H, 8.01; N, 6.69%. 

3 ', 4 '-Anhydro-2 "- O -benzoyl-4 ",6"-0- cyclohexylidene - 4 '-epi-
penta-N-t-butoxycarbonylkanamycin B (6) and the Iodohydrin Forma­
tion. To a solution of 5 (1.28 g) in dry pyridine (20 ml), 
was added benzoyl chloride (0.5 ml), and the solution kept 
at 5°C for 30 min. After the addition of water (0.2 ml), 
the solution was concentrated to a syrup and water added. 
The resulting precipitate was filtered, washed with water and 
dried to give a white powder of 6 (1.39 g, one spot on TLC). 
A mixture of 6 (1.39 g), sodium iodide (907 mg), sodium 
acetate (52 mg), acetic acid (0.9 ml) and acetone (39 ml) 
was refluxed for 6.5 h. The solvent was removed by evapora­
tion under reduced pressure and the residue triturated with 
water. The resulting precipitate was filtered, washed with 
water and dried (1.51 g). Column chromatography on 
silica gel (55 g) with chloroform-methanol (150: 1) gave a 
white powder (816 mg, 52%) of the crude iodohydrin con­
taining 7. 

Found: I, 10.39%. Calcd for C56H88IN6022: I, 9.95%. 
4'-Deoxykanamycin B (9). The crude iodohydrin (550 

mg) in a mixture of methanol (10 ml), 1,4-dioxane (6 ml) and 
water (5 ml) was hydrogenated for 6 h under atmospheric 
pressure with Raney nickel (2.3 g). After removal of the 
catalyst, sodium methoxide (60 mg) was added and the solu­
tion kept at room temperature for 2 h. After neutralization 
with 1 M hydrochloric acid, the solution was concentrated 
to dryness and the residue triturated with water. The re­
sulting precipitate was filtered, washed with water and dried. 
The white powder (451 mg) was dissolved in 95% trifluoro-

acetic acid (4.5 ml) and allowed to stand at room temperature 
for 30 min. The resulting solution contained three compounds 
[TLC, l-butanol-ethanol-chloroform-17% ammonium hy­
droxide ( 4 : 5 : 2 : 5 ) , R{ 0.23 (major), Äf 0.21 (minor), R{ 

0.17 (minor)] was concentrated to dryness and the residue 
dissolved in water (13 ml). The aqueous solution was neu­
tralized with 4 M sodium hydroxide and charged onto a 
column of Amberlite CG-50 (NH4

+ form, 6 ml). After washing 
with water, the column was developed with 0.3 M ammonium 
hydroxide. A mixture of minor components was eluted first 
(32 mg). From the next fraction 119 mg of the compound 9 
was obtained as a colorless solid; mp 227 °C (dec), M 5 + 128° 
(c 1.3, H 2 0 ) : NMR (D20) : ô 5.83 (1H, d, 7 = 4 Hz, H-l ' ) , 
5.55 (1H, d, 7 = 4 Hz, H-l") , 3.45 (1H, q, 7 = 4 and 10.5 
Hz, H-2'), 2.38—2.71 and 1.68—2.10 (each 2H, m, H-2 and 
H-4'). 

Found: C, 42.64; H, 7.82; N, 13.41%. Calcd for C18H37-
N5O f l .H2C03 : C, 43.08; H, 7.49; N, 13.23%. 

4'-Deoxyneamine (10). A solution of 9 (217 mg) in 
6 M hydrochloric acid (4 ml) was kept at 100 °C for 45 min. 
The solution was concentrated to dryness, water (7 ml) added 
to the residue followed by neutralization with IM sodium 
hydroxide. The solution was charged onto a column of 
Amberlite CG-50 (NH4+ form, 6 ml). The column was washed 
with water and developed with 0.3 M ammonium hydroxide. 
The eluate containing 10 was concentrated to give 128 mg of 
a colorless powder; mp 206 °C (dec), [a]*5+80° (c 0.5, H 2 0) 
[lit,12) mp 208—209 °C (dec), [a]$>+90° (c 1.0, H 2 0 ) ] ; NMR 
(D 2 0): <5 5.80 (1H, d, 7 = 4 Hz, H-l ' ) , 3.20 (1H, q, 7 = 4 
and 10 Hz, H-2'), 1-85 (1H, q, 7=11.2 and 11.6 Hz, H-4' 
axial). 

Found: C, 44.20; H, 8.05; N, 16.26%. Calcd for C12H26-
N406 .V2H2C03 : C, 44.49; H, 8.08; N, 16.60%. 

2 " - O -Benzoyl-4 ",6"- O -cyclohexylidene -3 ',4'- dideoxy-3 '-ene-
penta-N-t-butoxycarbonylkanamycin B (12). To a solution 
of the crude iodohydrin 7 (954 mg) in pyridine (18 ml), was 
added a-toluenesulfonyl chloride (643 mg), and the solution 
kept at 5 °C for 30 min. After the addition of methanol 
(0.36 ml), the resulting solution was heated at 90 °G for 30 
min. The solution was concentrated and mixed with water 
and the resulting precipitate filtered, washed with water and 
dried (987 mg). Column chromatography on silica gel (30 g) 
with chloroform-methanol (150: 1) afforded the pure com­
pound 12 (645 mg, 76%) as a white powder; mp 219 °C 
(dec), [a]£5+32° (c 0.2, CH3OH); NMR (C5D5N): ô 5.96 
(2H, s, olefinic protons). 

Found: C, 59.44; H, 7.77; N, 5.90%. Calcd for C56H87-
N 6 0 1 9 : G, 59.30; H, 7.73; N, 6.17%. 

4 "}6"-0-Çyclohexylidene-3 ',4 '-dideoxy-3 '-ene-penta-N-t-butoxy-
carbonylkanamycin B (13). To a solution of 12 (397 mg) 
in methanol (20 ml), was added sodium methoxide (90 mg), 
and the solution kept at room temperature for 30 min. After 
neutralization with 1 M hydrochloric acid, the solvent was 
removed by evaporation and the residue triturated with water. 
The resulting precipitate was filtered, washed with water and 
dried (371 mg). Reprecipitation from ethanol-water af­
forded a white powder (278 mg, 79%) of 13; mp 215—217 °C, 
[a]™+30° (c 1.0, CH3OH). 

Found: C, 57.20; H, 8.07; N, 6.38%. Calcd for C49H83-
N 5 0 1 8 : G, 57.11; H, 8.14; N, 6.80%. 
3',4'-Dideoxy-3'-enekanamycin B (14). A solution of 13 
(398 mg) in 95% trifluoroacetic acid (4 ml) was kept at room 
temperature for 30 min. The solvent was removed by evapo­
ration and the residue dissolved in water (10 ml). The 
aqueous solution was neutralized with IM sodium hydroxide 
and charged onto a column of Amberlite CG-50 (NH4

+ form, 
9 ml). The column was washed with water and developed 
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with 0.3 M ammonium hydroxide. T h e eluate containing 
14 was evaporated to give a colorless solid ( 130 mg, 8 1 % ) ; 
m p 161—181 °C (dec), [a]» 5+48.8° {c 0.9, H 2 0 ) ; N M R 
( D 2 0 ) : Ô 5.55 (1H, d, 7 = 4 H z , H - l " ) , 5.88 (1H, d, 
7 = 4 Hz , H - l ' ) , 6.10 (2H, s, olefinic protons). 

Found : C, 44.18; H , 7.71; N , 14.52%. Calcd for C1 8H3 5-
N 5 0 8 . 1 / £ H 2 C 0 3 . H 2 0 : G, 44.57; H , 7.63; N , 14.06%. 

3', 4 '-Dideoxykanamycin B (15). Compound 14(114 mg) 
in water (5 ml) , was hydrogenated with p la t inum oxide (8 
mg) under atmospheric pressure overnight. After removal 
of the catalyst, the solution was charged onto a column of 
Amberlite CG-50 (NH4+ form, 3 ml) . After washing with 
water, the column was eluted with 0.3 M ammonium hydro­
xide to give a colorless solid (103 mg, 90%) of 15, [ a ] J 5 + 130° 
(c 1.0, H 2 0 ) . 

This compound was confirmed to be identical with an 
authentic sample of 3',4'- dideoxykanamycin B in all respects 
including biological activity. 

T h e a u t h o r s w i s h to t h a n k D r . S u m i o U m e z a w a of 
t h e I n s t i t u t e of B i o - o r g a n i c C h e m i s t r y , for h i s he lpfu l 
d i scuss ion . W e also w o u l d l ike t o t h a n k M r . K a t s u y o s h i 
I w a m a t s u for t h e d e c o u p l i n g e x p e r i m e n t s . 
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Photochemical Reactions of JV-Acyl-2,3-dihydrobenzoxazol-2-ones 
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Photo-Fries rearrangements of iV-acyl-2,3-dihydrobenzoxazol-2-ones are described. Irradiation of JV-acyl-
2,3-dihydrobenzoxazol-2-ones in acetonitrile afforded a mixture of 2-acyl-2,3-dihydrobenzoxazol-2-one and 6-
acyl-2,3-dihydrobenzoxazol-2-one together with other minor products. However, 2,3-dihydrobenzoxazol-2-one 
and iV-methyl-2,3-dihydrobenzoxazol-2-one were very photostable. The reaction scheme involving Norrish 
type I dissociation has been discussed. 

The photochemical reactions of carbonyl compounds 
have been extensively studied; among them the photo-
Fries rearrangement has been studied in detail for 
various aryl esters and JV-arylamides.1) In the photo­
chemical reactions of acetoanilide2) and its related com­
pounds,3) it has been shown that , in the liquid phase, 
the photo-Fries rearrangement originates from the lowest 
excited singlet state S^TITI*) forming pair radicals which 
efficiently recombine in a solvent cage into the original 
substance, ortho- and para-isomers. The photo-Fries 
rearrangements of some heteroaromatic compounds, 
such as aryloxy-l,3,5-triazines,4> 2-aryloxybenzazoles,5) 
and iV-acetylcarbazole6) have been reported. The photo­
chemical reactions of imides have been the subject of 
numerous recent studies; photochemical rearrangements 
of JV-alkylphthalimides, which involve ring expansion 
via the Norrish type I I process, have been reported by 
Kanaoka et a/.,7) and Mazzocchi et a/.8) 

This paper will report on the photochemistry of 
JV-acyl-2,3-dihydrobenzoxazol-2-ones (1) having a semi-
cyclic imide skeleton. The photochemical behavior of 
these compounds is of interest to ascertain where disso­
ciation occurs upon irradiation and what the photo-
products are. 

oX2 c=o I 'I « 
4 I 

COR 
(1) 

R e s u l t s and D i s c u s s i o n 

Photo-Fries Rearrangement of N-Acyl-2,3-dihydrobenzoxa-
Zol-2-ones. JV-Acyl-2,3-dihydrobenzoxazol-2-ones 
have been prepared by treating 2,3-dihydrobenzoxazol-
2-one with acyl halide in pyridine, the details of which 
are listed in Table 1. 

When the substituent at the 3-position is H ( l a ) or 
C H 3 ( l b ) , no photochemical reaction was observed even 
after prolonged i r radiat ion; this is particularly interest­
ing because ordinary arylamides and arylesters are 
known to undergo photoreaction involving bond cleav­
age at -N-CO- 2 d > and - 0 - C O - . 9 > 

When the substituent is an acyl group, a regular 
spectral change was observed upon irradiat ion in every 
case, a typical example of a spectral change being shown 
in Fig. 1 for the JV-benzoyl derivative ( l g ) . 

In the case of the iV-benzoyl compound ( lg ) , a clean 
photo-chemical reaction took place to afford five photo-
products (2g, 3g, 4, 5, 6) . The two products (2g and 
3g) were found to be positional isomers of the starting 
material ( lg) which gave aminohydroxybenzophenones 
on treatment with hydrochloric acid. Spectral data 
showed that the compounds are benzene-ring-benzoyl-
ated products resulting from N—>C migration of the 
benzoyl group, i.e. the reaction was a photo-Fries rear­
rangement. In the ordinary photo-Fries rearrangement 
of JV-arylamides, the acyl group migrates to the ortho 
and para positions relative to the amino group. There­
fore, the two isomeric products obtained have been 
assumed to be the ortho and para benzoylated products. 

TABLE 1. 3-SUBSTITUTED 2,3-DIHYDROBENZOXAZOL-2-ONES 

No. 3-Substituent Mp CO 
(Lit) 

Solvent for re-
crystallization 

Found (%) 

C H 

Calcd (%) 

C H 

l a 

l b 

l c 

Id 
le 
If 

lg 

lh 

H 

CH3 

COCHg 

COC2H5 

COC3H7 

COCH(CH3)2 

COC6H5 

COC6H4-•(fl-CH, 

139—140 
(137—138) a> 
84.5—85.5 

94—95 
(95) b> 

92—93 
82—83 

47.5—48.5 
169—170 

(174)c> 
182.5—183 

Benzene 

Cyclohexane 

Petroleum ether 

Cyclohexane 
Hexane 
Petroleum ether 

Benzene 

Benzene 

— 

64.31 

— 

62.39 
64.32 
64.61 

— 

71.35 

— 

4.65 

— 

4.71 
5.38 
5.47 

— 

4.37 

— 

64.42 

— 

62.82 
64.38 
64.38 

— 

71.14 

— 

4.73 

— 

4.75 
5.40 
5.40 

— 

4.37 

a) Ref. 12. b) H. Zinner, H. Herbig, and H. Wigert, Chem. Ber., 89, 2135 (1956). 
c) H. Böshagen and W. Geiger, Chem. Ber., 103, 123 (1970). 
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Fig. 1. Spectral change of an ethanol solution of 3-ben-
zoyl-2,3-dihydrobenzoxazol-2-one by irradiation with a 
low-pressure mercury lamp. Numbers refer to time at 
a measurement in seconds. 

In the ortho rearranged product , the formation of an 
intramolecular hydrogen bond as shown (2) may be 
possible : 

c=o 

One product (3g) readily dissociated in the presence of 
alkali, while the other (2g) did not. In addition, the 
weaker acidic product (2g) has a N M R band attr ibutable 
to an N H proton at a lower magnetic field. O n this 
basis the isomer (2g) has been identified as the ortho-
rearranged product while the other (3g) corresponds to 
the para-benzoylated product. Other products obtained 

were benzoic acid (4) and 2,3-dihydrobenzoxazol-2-ones 
(5). At the same time a derivative of 2,3-dihydrobenzox-
azol-2-one which does not contain benzoyl group was 
obtained in a low yield. This compound was also 
obtained in the case of other N-acy\ derivatives ( lc , l h ) , 
and was shown to be a dimer (6) of benzoxazolin-2-one. 
I t appears that the dimer resulted from the coupling of 
two benzoxazolonyl radicals. This radical have four 
reactive positions, viz: 

Q > - 0 > - 0 > - CO 
f° 

(6a) 

V 

0> 
I 

/ C =0 
N3 
H 

4 - or 6 -

(6b) 

Thus, between the two radicals various types of coupling 
may be expected resulting in the formation of various 
dimers. One dimer was however obtained, showing that 
the coupling was regiospecific. This regiospecific nature 
of benzoxazolonyl radicals may be ascribed in part to 
their high selectivity caused by the derea l iza t ion as 
shown above. N M R spectra show that the dimer has 
seven aromatic protons and one active hydrogen atom, 
consequently, two possible formulas (6a and 6b) for the 
dimer have to be considered. However, since 2-aryloxy-
benzoxazoles readily rearrange to give 2-(2- and/or 
4-hydroxyaryl)benzoxazoles upon irradiation,5) (6a) 
seems less probable than (6b). Furthermore, the 
6- (2-oxo-2,3 -dihydrobenzoxazol - 3-yl) -2,3-dihydroben-
zoxazol-2-one derivative is preferable to the 4-isomer 
since there is less steric hindrance and the corresponding 
odd ji-electron density is high at the 6-position.10) The 
dimer formation is evidence that the reaction proceeds 
via Norrish type I dissociation in the liquid phase.11) 

Similar photoreactions have been observed for other 
7V-acyl derivatives, the yields and products of which are 
listed in Table 2. Table 2 shows that the ratios of ortho 
and para rearranged products is about 1. The reaction 

TABLE 2. PHOTOCHEMICAL REARRANGEMENT OF 3-SUBSTITUTED 

2,3-DIHYDROBENZOXAZOL-2-ONES IN ACETONITRILE 

Compound 

l c [X:COCH 3 ] 
l d [X: COC2H5] 
le [X:COC 3 H 7 ] 
If [X:COCH(CH3)2] 
lg[X:COC 6 H 5 ] 

lh[X:COC6H4-(/0-CH3] 

1 II c=o 
X/ N N/ 

i H 

(mp/°C) 18.8(208—209) 
14.0(148—149) 
18.2(136.5—137.5) 
15.0(121—122) 
18.4(197—198) 

19.0(206—207) 

Yield of product (%) 

1 II c=o 
X ^ N / 

H 

(mp/°C) 

17.4(223—225) 
11.5(203—204) 
14.4(151—152) 
17.7(192—193) 
20.4(147—148) 

21.5(203—204) 

1 II c=o 
H 

19.0 
36.4 
35.5 
39.0 
28.9 

29.2 

Other conipds 

Dimer (trace) 

— 
— 
— 
Dimer (6.3), 
Benzoic acid (17.2) 
Dimer (4.8), 
/>-Toluic acid (20.0) 

file:////v/A50
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Scheme 1. 

Vo + »W w^N/ ,c=o 
L X H 

Q > xx; > 0 

X ,', 

(2) !3) 

appears to proceed via the following Scheme i.e., i) a 
Norrish type I fission of the N - C O R bond which may 
originate from the lowest excited singlet state S J ^ T T * ) 2 ' 3 ) 
to give benzoxazolonyl and acyl radicals, ii) the attack 
by the acyl radical upon the 4 and 6 positions in a 
solvent cage yielding the corresponding products, and 
iii) the escape of the radicals from the solvent cage 
reacting differently depending upon the nature of radi­
cals. A part of the benzoxazolonyl radical abstracts 
hydrogen atoms from the solvent (acetonitrile) resulting 
in the formation of 2,3-dihydrobenzoxazol-2-one. A par t 
of the benzoxazolonyl radical couples to each other to 
give the dimer. While the acyl radical gave the corre­
sponding acid, presumably via oxidation of the inter­
mediary aldehyde resulted from the hydrogen abstrac­
tion of acyl radical from the solvent. 

In the photo-Fries rearrangement of aryloxy-l,3,5-tri-
azines,7a) the viscosity of solvent scarcely affected the 
ortho-rearrangement, but considerably affected the 
para-rearrangement. The viscosity dependence of the 
solvent upon the photochemical rearrangements has 
been examined in a EtOH-glycerol mixture. In the 
photolysis of 4f, the para/ortho (6-/4-) ratios decreased 
with an increase in the glycerol contents; the ratios were 
1.22, 0.88, and 0.55 in zero, 30, 60 glycerol volume 
percent respectively. This indicates that the dependence 
of the 6-rearrangement on the stiffness of the solvent 
cage is larger than that of the 4-rearrangement because 
the 6-position is separated by a longer path . 

In summary, it has been shown that, in iV-acyl-2, 
3-dihydroxybenzoxazol-2-ones, Norrish type I fission 
takes place at the 3-8 bond to give photo-Fries rear­
rangement products, demonstrating that the 2,3-dihy-
drobenzoxazol-2-one skeleton is very photostable. This 
apparent photostability of 2,3-dihydrobenzoxazol-2-one 
may be interpreted as follows. If the fission of the 1-2 
or 2-3 bond takes place upon irradiation, the free 
migration of the acyl radical to positions where odd n 
electron densities are large is hindered by the bond to 
the benzene nucleus through the hetero atom. Conse­
quently the rate of back reaction to give the starting 
material would dominate other reactions. The lifetime 
and fluorescence quantum yield of this molecule l a is 

about 2 ns and 5(4_;2) X 10 - 2 in ethanol at room tem­
perature respectively, indicating that the radiationless 
processes in the excited state of l a , other than the reac­
tion predominant . The fluorescence quan tum yield of 
I f was very small (approx. 102 less than that of l a ) , 
and the lifetime was unobservable. 

E x p e r i m e n t a l 

All melting points are uncorrected. 
Materials. 2,3-Dihydrobenzoxazol-2-one was pre­

pared according to the literature method.12> iV-Methyl-2,3-
dihydrobenzoxazol-2-one was prepared by the alkylation of 
2,3-dihydrobenzoxazol-2-one with dimethylsulfate, and N-
acyl-2,3-dihydrobenzoxazol-2-ones by treatment of 2,3-dihy-
drobenzoxazol-2-one with acyl halide. A typical prepara­
tion is shown in the case of iV-isobutyryl-2,3-dihydrobenzo-
xazol-2-one (If). Isobutryl chloride (7.46 g, 0.07 mol) was 
added dropwise into a cold solution of 2,3-dihydrobenzoxazol-
2-one (6.76 g, 0.05 mol) in pyridine (50 ml). After stirring 
for 1 h at room temperature, the mixture was poured into ice 
water and the resulting precipitate filtered and dried. Re-
crystallization from petroleum ether gave a pure sample 
(yield, 90%). 

Irradiation. All irradiations were conducted with a 
low-pressure mercury lamp (30Wx2) and a typical reaction 
is shown in the case of iV-benzoyl-2,3-dihydrobenzoxazol-2-
one: A solution containing JV-benzoyl-2,3-dihydrobenzo-
xazol-2-one (2.00 g, 8.36 mmol) in acetonitrile (100 ml) was 
irradiated for 48 h and the photochemical reaction monitored 
by TLC. After removal of the solvent, the residue was 
chromatographed on a silica gel column using a benzene-
acetone mixture (10: 1, v/v) as an eluent and gave the fol­
lowing products: a) starting material (0.30 g, 1.26 mmol) 
which was identified by a mixed-melting point test with an 
authentic sample. b) 6-Benzoyl-2,3-dihydrobenzoxazol-2-
one (recrystallized from benzene): yield, 0.31 g (18%); MS 
mje 239 (M+); PMR (CDC13), Ô 6.93—7.88 (m, 8H), 10.70, 
(broad, 1H); IR (KBr), 3200 (-NH), 1780 ( O O , ring), 
1640 cm-1 (C=0). Found: C, 69.92; H, 3.78; N, 5.66%. 
Calcd for C u H D N0 3 : C, 70.29; H, 3.79; N, 5.86%. This 
compound was decomposed in refluxing hydrochloric acid 
(20 wt %) for 40 h to give crude 4-amino-3-hydroxybenzo-
phenone. Recrystallization from benzene gave a pure sam­
ple: yield, 0.33 g (88%) ; rap 134—135 °C; MS mje 213 (M+) ; 
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I R (KBr), 3480, 3360 ( O H ) , 3150 cm" 1 (NH 2 ) . Found : G, 
73.35; H , 5.21 ; N, 6 .80%. Calcd for C 1 3 H n N 0 2 : C, 73.22; 
H , 5.20; N , 6 .57%. c) 4-Benzoyl-2,3-dihydrobenzoxazol-2-
one (recrystallized from benzene) : yield, 0.35 g ( 2 1 % ) ; M S 
mje 239 (M+) ; P M R (CDC13), Ô 6.97—7.85 (m, 8 H ) , 10.00 
(broad, 1H) ; I R (KBr), 3120, 3040 (NH) , 1850 ( C = 0 , ring), 
1640 c m - 1 ( C = 0 ) . F o u n d : C, 70.14; H , 3.83; N , 5.96%. 
Calcd for C 1 4 H 9 N 0 3 : C, 70.29; H , 3.79; N , 5.86%. This 
compound was decomposed in refluxing hydrochloric acid 
for 10 h to give 2-amino-3-hydroxybenzophenone. Yield, 
0.30 g ( 6 8 % ) ; m p 129.5—130.5 °C ; M S mje 213 (M+). 
Found : C, 73.29; H , 5.28; N , 6 .72%. Calcd for C 1 3 H n N 0 2 : 
C, 73.22; H , 5.20; N , 6 .57%. d) Dimer (recrystallized from 
methanol ) : yield, 0.069 g ( 6 % ) ; m p 258—259 °C ; M S m\e 
268 (M+); P M R (/>-dioxane), Ô 7.0—8.0 (m, 7H) , 9.97 (broad, 
1H) ; I R (KBr), 3250 (NH) , 1780, 1760cm" 1 ( C = 0 , ring). 
Found : C, 62 .91 ; H , 3 .11; N , 10 .33%. Calcd for C1 4HS-
NX>4 : C, 62 .91 : H , 3 .11; N , 10.45%. e) Benzoic acid 
(sublimed under reduced pressure) which was identified by a 
mixed-melting point test with an authent ic sample: yield, 
0.15 g (17%) . 

Measurements of the Isomer Ratios. After irradiation in 
a given solvent, the products were seperated by silica gel T L C 
using a mixture of benzene and acetone (20: 1 in volume) as 
the developing solvent. From the chromatogram each 
isomer was extracted and diluted with ethanol to a fixed 
volume and the extinction measured spectrophotometrically. 

Measurements of Fluorescence Lifetime. T h e experimental 
procedure is reported elsewhere.13) 
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Interactions between Sulfur Ylides and Electrophilic Monosulfides1) 
H a r u o M A T S U Y A M A , * M a s a e M A T S U M O T O , M i c h i o K O B A Y A S H I , a n d ( the la te ) H i ro sh i M I N A T O 

Department of Chemistry, Faculty of Science, Tokyo Metropolitan University, 
Fukazawa, Setagaya, Tokyo 158 

(Received August 3, 1978) 

The catalytic activities of electrophilic monosulfides, A r - S - R * (R* = CN, CF 3 , O M e ) , for the transylidation 
0 0 

reactions of sulfur ylide, P h ( M e ) S - C ( C 0 2 M e ) 2 , with alkyl sulfides and pyridines were investigated. Among these 
monosulfides, methyl arenesulfenates reacted with dimethylsulfonium phenacylide (or dimethylsulfonium ethoxy-
carbonylmethylide) to give a-(arylthio)phenacylides (or a-(arylthio)ethoxycarbonylmethylides) and methanol . 
The 1 3 C-NMR spectra of several sulfur ylides and aryl thiocyanates were investigated in CDC13 , and the presence 
of £-ylide-thiocyanate adduct intermediates was established. 

E l e c t r o p h i l i c sulfides, R*<—S—»R* ( R * = e l ec t ron -
w i t h d r a w i n g s u b s t i t u e n t s ) , a r e v e r y i n t e r e s t i n g c o m ­
p o u n d s . W e h a v e p r ev ious ly r e p o r t e d t h a t t h e disulf ides 

s - s + 
c o n t a i n i n g e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s , R<—S— 

S^R~* ( R * = O M e , C N , C F 3 , a n d C O P h ) , r e a c t as 
nove l ca ta lys ts in severa l r e a c t i o n s of sulfur y l i de s . 2 - 5 ) 
P a r t i c u l a r l y , i n t h e p r e s e n c e of d i m e t h o x y disulf ide 
( R * = O M e ) , t r a n s y l i d a t i o n r e a c t i o n s t a k e p l a c e s m o o t h ­
ly a t r o o m t e m p e r a t u r e , as is s h o w n b e l o w :2) 

P h x @ 0 MeOSSOMe 
S - C ( C 0 2 M e ) 2 + R!SR 2 • 

M e 7 CHCl3 

l a 
R 1 

X S - G ( C 0 2 M e ) 2 + PhSMe 
R 2 / 

R!SR 2 : Me 2S, MeSEt, MeSBu-rc, MeSPr-/, MeSG8H1 7-2, 

MeSCH 2 Ph , Et2S, MeSCH 2 SMe, S , 

S , 

-s-/ 

/ 
s, 

s. 

T a m a g a k i et al. r e p o r t e d t h a t c a r b o n disul f ide ac ts as 
a ca ta lys t for t h e t r a n s y l i d a t i o n r e a c t i o n of s e l e n o n i u m 
y l ide w i t h a lky l sulfides.6) I n b o t h r e a c t i o n s , t h e f o r m a ­
t i on of y l ide -ca t a lys t a d d u c t s ( 2 a a n d 2 b ) a n d t h e 
s u b s e q u e n t n u c l e o p h i l i c a t t a c k of a lky l sulfides o n t h e 
a d d u c t s to afford t h e n e w yl ides w e r e postula ted. 2 » 6 ) 

P h ( M e ) S - C ( C 0 2 M e ) 2 

R * _ S - S - R * 
© 

2a 

(PhCH 2 ) 2 Se-C 
\ C 0 2 M e 

0 G S 2 

2 b 

H i t h e r t o , t h e c a t a l y t i c a b i l i t y of t h e monosu l f ides for 

t h e t r a n s y l i d a t i o n r e a c t i o n of sulfur y l ides h a s n o t b e e n 

i n v e s t i g a t e d . R e c e n t l y , w e h a v e found t h a t t h e m o n o ­
sulfides c o n t a i n i n g e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s , 
A r - S - R * ( R * = C N , C F 3 , a n d O M e ) , a c t as ca ta lys t s 
for t h e t r a n s y l i d a t i o n r e a c t i o n of sulfur y l i d e l a . I n 
th i s p a p e r , w e w i s h t o r e p o r t h o w to p r o d u c e i n t e r a c t i o n 
b e t w e e n sulfur y l ides a n d e l e c t r o p h i l i c monosul f ides 
w h i c h a c t as ca ta lys t s o n t r a n s y l i d a t i o n r e a c t i o n s . 

R e s u l t s a n d D i s c u s s i o n 

Transylidation. I n t h e p r e s e n c e of a r y l t h i o c y a ­
n a t e s ( A r - S - C N ) , p h e n y l m e t h y l s u l f o n i u m b i s ( m e t h o x y -
c a r b o n y l ) m e t h y l i d e l a r e a c t e d w i t h 4 - m e t h y l p y r i d i n e 
to g ive a n e w 4 - m e t h y l p y r i d i n i u m y l i d e in c h l o r o f o r m 
a t r o o m t e m p e r a t u r e . 

P h ( M e ) S - C ( C 0 2 M e ) 2 + Me­

l a 

N 

MeO-< SCN 

M e -
CHCI3 

* N - C ( C 0 2 M e ) 2 + PhSMe 

(90%) (100%) 

I n t h e a b s e n c e of a r y l t h i o c y a n a t e s , l a is v e r y s t ab le 
a n d shows n o t r a n s y l i d a t i o n w h e n it is m i x e d w i t h 
p y r i d i n e a t 35 ° C . Af te r t h e r e a c t i o n w a s over , a r y l 
t h i o c y a n a t e s w e r e r e c o v e r e d f rom its so lu t ion b y t h e 
P L C ( p r e p a r a t i v e l a y e r c h r o m a t o g r a p h y ) m e t h o d . T h e 
r e a c t i o n b e t w e e n 4 - m e t h y l p y r i d i n e a n d y l i d e l a w a s 
s low e n o u g h for its r a t e t o b e d e t e r m i n e d . T h e effects 
o f t h e c o n c e n t r a t i o n s of t h e r e a c t a n t s a n d t h e ca ta lys t 
w e r e e x a m i n e d . T h e resul ts a r e s u m m a r i z e d in T a b l e 1. 
T h e first-order r a t e c o n s t a n t s c a l c u l a t e d b y a s s u m i n g 
— d [ l a ] / d ^ = A ; [ l a ] i n c r e a s e d w i t h t h e i n i t i a l c o n c e n t r a ­
t i o n of 4 - m e t h y l p y r i d i n e ; a p p a r e n t l y t h e r a t e d e p e n d s 
o n 4 - m e t h y l p y r i d i n e . T h e r a t e s i nc reased also w i t h t h e 

T A B L E 1. R A T E S O F T R A N S Y L I D A T I O N B E T W E E N Y L I D E l a A N D 

4-METHYLPYRIDINE IN C D C L AT 3 5 °G 

Reactants (mol/1) 

P h M e S - C ( C O O M e ) 2 

l a 

M e - / N M e O - -SGN 

First-order rate constants 
ca lcdf rom - d [ l a ] / d f = A ; [ l a ] 

105xA; (s-1) 

0.50 
0.50 
0.50 
0.50 
0.50 

0.50 
1.00 
1.50 
1.50 
1.50 

0 .50 
0 .50 
0 .50 
1.00 
2 .00 

0 .78 
2 .2 
3 .4 
7 .3 

10 
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T A B L E 2. R A T E S OF TRANSYLIDATION OF YLIDE 

l a W I T H M E T H Y L SULFIDE IN 

CDC13 AT 35 0Ca> 

P h M e S - C (COOMe) 2 + Me2S 

l a 

c a t a l y s t 
>. 

M e 2 S - C (COOMe) 2 + P h S M e 
l b 

Catalyst 
First-order rate constants 

calcd from — d [ l a ] / d £ = £ [ l a ] 
KFxA^s-1) 

None 

fR = 
-SCN 

R 

H O - S C F a 
\= 

ClgCSOMe 

cs2 
P h S O M e 

P h S C ( 0 ) M e 

-p-MeO 
p-Me2N 
p-Me 
p-Cl 

No reaction 
4 . 6 
0 .50 
0 .50 
0.32 

0.73 

Very fastb> 
2 . 3 

No reaction 
No reaction 

a) A mixture consists of l a (0 .5 M ) , dimethyl 
sulfide ( 1.5 M ) , and a catalyst (2 .0 M ) . b) 10 
min after, the yield of l b was 7 0 % . 

t r a n s y l i d a t i o n . H o w e v e r , t h e y r e a c t e d i n s t a n t a n e o u s l y 
a t r o o m t e m p e r a t u r e w i t h p h e n a c y l i d e 3 (or e thoxy-
c a r b o n y l m e t h y l i d e 5 ) , w h i c h c o n t a i n s on ly o n e e lec t ron-
w i t h d r a w i n g s u b s t i t u e n t , i n c h l o r o f o r m a n d g a v e t h e 
su l feny la ted p r o d u c t s , d i m e t h y l s u l f o n i u m a - ( a ry l th io ) -
p h e n a c y l i d e 1 9 ) (or a - ( a ry l t h io ) e t h o x y c a r b o n y l m e t h y l -
ide 1 9 ) ) . T h e resul ts a r e s h o w n in T a b l e 3 . 

T A B L E 3. REACTIONS OF SULFUR YLIDES 3 AND 5 

WITH METHYL ARENESULFENATES IN C H C 1 3 

AT ROOM TEMPERATURE 

© 0 
/ 

© ©/ 
M e 9 S - C 

-SOMe 

C O R 

x S - < X 
+ M e O H 

Ylide R X Yield (%)a> M p (°G) Vcofcm-1) 

Ph 

OEt 

a) Isolated 

H 
Me 
CI 

H 
Me 
CI 

yield. 

75 
68 
89 

42 
33 
87 

138—140 
136—138 
148—149 

126—127 
114—116 
135—136 

1520 
1520 
1520 

1600 
16C0 
1600 

i n i t i a l c o n c e n t r a t i o n of j f r -methoxyphenyl t h i o c y a n a t e . 
V a r i o u s monosul f ides w e r e e x a m i n e d as r e g a r d s t h e i r 

c a t a l y t i c a c t i v i t y in th i s t r a n s y l i d a t i o n . N e i t h e r .S-phen-
y l t h i o a c e t a t e n o r m e t h y l b e n z e n e s u l f e n a t e w a s effective, 
m e t h y l t r i c h l o r o m e t h a n e s u l f e n a t e a n d jfr- tr if luoromethyl-
p h e n o l possessed a c a t a l y t i c a c t i v i t y s i m i l a r t o t h a t of 
a r y l t h i o c y a n a t e . C a r b o n d isul f ide also a c t e d as ca ta lys t 
in th i s t r a n s y l i d a t i o n ( T a b l e 2 ) . T h e o r d e r of c a t a l y t i c 
a c t i v i t y w a s : 

C l 3 CSOMe > M e O - -SCN > CS 2 > 

H O - -SCF3 > P h S O M e , P h S C M e . 
11 
O 

Reactions of Dimethylsulfonium Phenacylide 3 with Aryl 

Thiocyanates. I t w a s found t h a t jb -ch lo ropheny l 
t h i o c y a n a t e ( A r = j ö - C l - C 6 H 4 ) r e a c t e d v e r y s lowly w i t h 
y l i d e 3 t o g ive d i m e t h y l s u l f o n i u m a-Qb-ch lorophenyl -
t h i o ) p h e n a c y l i d e ( 3 1 % ) , m e t h y l sulfide ( 4 3 % ) , a n d 
jb -ch lo ropheny l p h e n a c y l sulfide ( 4 0 % ) af ter 4 d a y s . 
T h e s e r e a c t i o n p r o d u c t s c a n b e e x p l a i n e d b y a s s u m i n g 
t h e f o r m a t i o n of t h e s u l f o n i u m ion 4.8) 

M e 2 S - C H C O P h + Ar< 
0+ 0-
-S->CN 

CHCI3 M e . S - C H C O P h 

CN© SAr 

4 

/ C O P h 

Ar 

x SAr 
=/>-Cl-C6H4 (31%) 

/>-Me-C6H4 (24%) 

+ (HCN) + Me2S + A r S C H 2 C O P h 

0 -Cl -C 6 H 4 (30%) 

(43%) (40%) 
(45%) (40%) 
(40%) (40%) 

Reactions of the 3 and 5 Sulfur Ylides with Methyl Arene-

sulfenates. I n c o n t r a s t to a r y l t h i o c y a n a t e s , m e t h y l 
a r e n e s u l f e n a t e s , A r S O M e , d i d n o t a c t as ca ta lys t s for 

Carbon-13 NMR Spectra of Ylide-catalyst Adducts. 
I n o r d e r t o o b t a i n spec t ro scop ic e v i d e n c e for t h e fo rma­
t i o n of t h e sulfur y l i d e - e l e c t r o p h i l i c sulfides a d d u c t s , w e 
i n v e s t i g a t e d t h e c a r b o n - 1 3 N M R s p e c t r a of so lu t ions of 
severa l sulfur y l ides a n d a r y l t h i o c y a n a t e s w h i c h a r e 
a c t i v e ca ta lys t s . C a r b o n - 1 3 c h e m i c a l shifts p r o v i d e some 
i n f o r m a t i o n o n t h e e l ec t ron i c s ta te of c a r b o n a t o m s in 
mo lecu l e s . T h e c h e m i c a l shifts of d i s u b s t i t u t e d sulfur 
y l ides , l a a n d l b , a r e l i t t l e affected b y solvents.7) O n 

T A B L E 4. 13C CHEMICAL SHIFTS OF YLIDE CARBONS 

OF SOME SULFONIUM Y L I D E S a ) 

P h M e S - C ( C 0 2 M e ) 2 M e 2 S - C ( C 0 2 M e ) 2 

l a l b 

M e J - C H C O P h 

Thiocyanate/Ylide (mol/mol) 
0 0 
C o r C H A<5b) Solvent 

None 

None 
M e O - C 6 H 4 - S C N 

None 

None 
M e O - C 6 H 4 - S C N 

None 
None 

M e O - C 6 H 4 - S C N 
Me 2 N-C f i H 4 -SCN J 6 n 4 ~ 

l a 
l a 

l a 
l b 
l b 

l b 
3 
3 
3 
3 

M e S C N 

(1/1) 

(1/1) 

(1/1) 

(1/1) 
(2/1) 

(1/1) 
(5/1) 

(10/1) 
(15/1) 

(23/1) 

59 .1 

59.2 
59 .1 
58 .6 

58 . 
58 . 
53 . 
60 . 
54. 

53 .8 
54 .4 
53 .1 

54 .4 

55 .5 

56 .2 
56 .5 

(0) 
(0.1) 

(0) 
(0) 

- 0 . 2 ) 
(0.1) 

(0) 
(7.4) 

(1.0) 

(0.6) 

(1.2) 
(0) 
(1.2) 
(2.3) 
(3.1) 
(3.3) 

CDCI3 
DMSO-4-

CDCI3 
CDCI3 

DMSO-4-
CDCI3 

CDCI3 
DMSO-4 , 
CDCI3 
CDCI3 
CDCI3 
CDCI3 
CDCI3 

CDCI3 
CDCI3 
CDCL 

a) <5C, ppm from T M S (accurate to i O . 1 3 ) . 
b) A<5= ^none N _(;CDC1»/' 
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t h e o t h e r h a n d , t h e c h e m i c a l shifts of t h e y l i d e c a r b o n 
of d i m e t h y l s u l f o n i u m p h e n a c y l i d e , 3 , w h i c h c o n t a i n s 
on ly o n e e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t a n d w h i c h 
acts as a r eac t i ve c a r b a n i o n , a r e d e p e n d e n t o n t h e k i n d 
of solvent ( T a b l e 4 ) . 

W h e n y l i de 3 a n d a r y l t h i o c y a n a t e a r e m i x e d in 
ch lo ro fo rm, t h e downf ie ld shifts ( 0 . 6 — 3 . 3 p p m ) of t h e 
y l ide c a r b o n of p h e n a c y l i d e 3 w e r e o b s e r v e d . T h o u g h 
t h e va lues of t h e shifts of y l i d e c a r b o n w e r e sma l l , t h e 
N M R d a t a c a n b e e x p l a i n e d b y a s s u m i n g t h a t t h e 
f o r m a t i o n of t h e a d d u c t 6 f rom t h e y l i d e 3 a n d a r y l 
t h i o c y a n a t e is revers ib le a n d r a p i d . 

e © t- t+ s- rapid f M e J - C H C O P h I 
M e 2 S - C H C O P h + Ar<-S->CN < i 

3 L [ArSCN]© J 
6 

By t h e f o r m a t i o n of t h e d i p o l e - d i p o l e i n t e r a c t i o n c o m ­
plex 6, t h e n e g a t i v e c h a r g e o n t h e y l i d e c a r b a n i o n is 
w i t h d r a w n t o w a r d t h e c a t a l y t i c sulfide, a n d t h e n u c l e o -
ph i l i c a t t a c k of a sulfide (or a p y r i d i n e ) o n t h e s u l f o n i u m 
a t o m is fac i l i ta ted . 5 ) T h e r e f o r e , monosul f ides possessing 
s t rong ly e l ec t ronega t i ve s u b s t i t u e n t s c a n ac t as t h e c a t a ­
lysts for t r a n s y l i d a t i o n . 

E x p e r i m e n t a l 

Materials. Sulfonium bis(methoxycarbonyl)methylide 
l a and l b were prepared by the copper sulfate-catalyzed 
decomposition of dimethyl diazomalonate in a large excess of 
sulfides.9) T h e dimethylsulfonium ylides 310a) and 51 0 b ) were 
prepared by the methods described in the literature. Methyl 
trichloromethanesulfenate was obtained by the drop-by-drop 
addition of a CG14 solution of trichloromethanesulfenyl 
chloride (10 mmol ; prepared by the reaction of carbon 
disulfide and chlorine; bp 148 °G) to a CG14 solution of 
methanol (12 mmol) and pyridine (12 mmol) a t 0 °G. CI3-
CSOMe, bp 2 5 ° G / 5 m m H g ; N M R (CDC13), «5=4.19 (s, 
O M e ) . /»-Methoxyphenyl thiocyanate (mp 33—35 °G (lit,11) 
33—34 °C), I R (KBr), 2180 cm- 1 (vgCN); N M R (GDG13), 
6=3 .82 (3H, s, OMe) and 6.82—7.55 (4H, q, aromatic-Hj ), 
/»-dimethylaminophenyl thiocyanate (mp 73—74 °C (lit,12) 
73—74 °C) ; I R (KBr), 2160 c m - 1 (vSON); N M R ; (GDC13), 
0=2 .96 (6H, s, NMe2) and 6.55—7.44 (4H, q, a romat ic-H)) , 
and o-chlorophenyl thiocyanate (bp 9 8 — 1 0 0 ° G / 4 m m H g 
(lit,13) 160 °C/42 m m H g ) ; I R (neat) , 2190 cm" 1 (i>SCN) were 
prepared by the methods described in the literature. /»-Tolyt 
thiocyanate (bp 92—96 °C/1 m m H g (lit,14) 117— 118°C/20 
m m H g ) ; I R (neat) , 2 1 6 0 c m - 1 (vSCN)) and j&-chlorophenyl 
thiocyanate (bp 101—105 °C/1 mmHg) were prepared by 
the reaction of formamide and sulfenyl chloride ArSCl (Ar=£-
Me-C 6 H 4 , />-Cl-C6H4) in the presence of SOCl2.14> Methyl 
arenesulfenates A r S O M e (Ar-Ph, bp 50 °C/2 m m H g (lit,15a) 
54 °C/10 m m H g ) ; N M R (CDG1,), (5=3.70 (3H, s, O M e ) and 
7.30 (5H, s, P h ) ; Ar=/>-Me-C6H4 , bp 55 °C/3 m m H g ; N M R 
(CDC13), <5=2.34 (3H, s , f M e ) , 3.65 (3H, s, OMe) and 7.28 
(4H, s, aromatic-H) ; and Ar=/>-Cl-C„H4, bp 76—77 °G/3 
m m H g ; N M R (GDG13), 6 = 3 . 7 0 (3H, s, OMe) and 7.29 
(4H, broad s, aromatic-H) were synthesized by the drop-by-
drop addition of an ether solution of the corresponding arene-
sulfenyl chlorides15b) to an ether solution of methanol and 
triethylamine at 0 °G under a nitrogen atmosphere. />-(Tri-
fluoromethylthio)phenol (mp 57—58 °G lit,16) 57—58 °G)) was 
prepared by the reaction of phenol (0.94 g) and trifluoro-
methanesulfenyl chloride17) (in a CC14 solution) at 0 °C in 

the presence of pyridine (0.8 g). ^-Phenyl thioacetate (bp 
82—84 °G/7 mmHg) was obtained by the condensation of 
thiophenol and acetyl chloride.18) Carbon disulfide was 
of reagent grade and was used without purification. 

Transylidation. The N M R spectra were determined by 
means of a Hitachi N M R spectrometer R-20B (60 M H z ) . 
A CDG13 solution of ylide l a (0.5 M ) , dimethyl sulfide (1.5 M ) , 
and a catalyst (2.0 M) was placed in an N M R tube a t 35 °C, 
and the intensity changes of the signals of the original ylide, 
l a , the new ylide, l b , and the new sulfide, PhSMe, were 
followed. After the original ylide, l a , had completely dis­
appeared, hexane was added to the reaction mixture. T h e 
ylide crystals thus precipitated were filtered and recrystallized 
from methanol. The melting points, IR , and N M R spectra 
of the ylide obtained were identical with those reported in 
the literature.9) The results are listed in Table 2. 

Carbon-13 NMR Measurement. T h e ylide 3 and thio­
cyanate were dissolved in CDG13 (usually 100—150 rag/cm3) 
containing 1—5% tetramethylsilane as a reference. Solu­
tions were examined in 10-mm tubes using a J E O L - F X - 6 0 
N M R spectrometer in the Fourier transform mode. Several 
hundred transients were typically accummulated with an 
acquisition time of 3.0 s. The line positions were determined 
automatically by computer software. The results are shown 
in Table 4. 

Reactions of Sulfur Ylide 3 with Aryl Thiocyanates in Chloroform. 
(a) A chloroform (7 ml) solution of ylide 3 (0.90 g, 5.0 mmol) 
was mixed with^-chlorophenyl thiocyanate (0.86 g, 5.0 mmol) 
at room temperature . After 90 h the N M R spectra of the 
reaction mixture showed the presence of dimethyl sulfide 

(6 = 2.10, s; 43%) and Me2S-G(/»-Gl-G6H4S)GOPh ( 6 = 2 . 5 5 , 
s; 3 1 % ) . The low-boiling fractions from the mixture were 
t rapped in liquid nitrogen, and the presence of Me2S was 
shown by N M R spectroscopy (6 = 2.11, s). When CC14 was 
added to the residue, the ylide crystals were precipi tated; m p 
148—149 °G. The GC14 solutions were concentrated in vacuo, 
and the residue was chromatographed by preparat ive thick-
layer chromatography on silica gel, using a 2 : 1 mixture of 
hexane-ether as an eluent; the yellowish crystals ( i? f=0.41) 
thus obtained were found to be/?-Gl-C f iH4SGH2GOPh (0.52 g, 
0.20 mmol ; 4 0 % ) ; mp 8 1 — 82 °G; I R (KBr), 1680 c m - 1 

(vco); N M R (GDG1,), 6 = 4 . 2 5 (2H, s, S - G H 2 - C O ) and 
7.26—8.0 (9H, m, aromat ic-H) . /»-Chlorophenyl phenacyl 
sulfide was prepared independently by the reaction of 
phenacyl bromide and sodium /»-chlorophenylmethanethiolate 
in methanol , and its physical da ta (mp, N M R and I R spectra) 
were identified with the above product . (b) Similarly, a 
chloroform (7 ml) solution of ylide 3 (0.90 g, 5.0 mmol) was 
mixed with p-tolyl thiocyanate (0.75 g, 5.0 mmol) at room 
temperature . After 6 days, the N M R spectra of the reaction 
mixture showed the presence of methyl sulfide (6=2 .10 , s; 

45%) and Me2S-CG!>-Me-C6H4S)COPh (6 = 2.54, s; 2 4 % ) . 
When GG14 was added to the residue, the ylide crystals (mp 
136—138 °C) were precipitated. T h e CC14 solutions 
were concentrated in vacuo, and the residue was chromato­
graphed by preparat ive thick-layer chromatography on silica 
gel, using a 2 : 1 mixture of hexane-ether as an eluent; the oil 
(Ä f =0.50) thus obtained was found to be />-Me-C eH4S-
C H 2 C O P h (0.48 g, 0.20 mmol ; 4 0 % ) ; I R (neat), 1680 cm" 1 

(v0O); N M R (GDC13), 6 = 2 . 2 8 (3H, s, /»-Me), 4.20 (2H, s, 
S - C H 2 - C O ) and 7.17—8.0 (9H, m, aromat ic-H) . />-Tolyl 
phenacyl sulfide was prepared independently by the reaction 
of phenacyl bromide and jfr-tolyl mercaptane sodium salt on 
methanol , and its spectral da ta ( IR and N M R ) were identified 
with the above product , (c) A chloroform (5 ml) solution of 
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ylide 3 (1.0 g, 6.6 mmol) was mixed with o-chlorophenyl thio-
cyanate (1.12 g, 6.6 mmol) at room temperature. After 70 h, 
the N M R spectra of the reaction mixture showed the presence 

of dimethyl sulfide ((5 = 2.06, s; 40%) and M e J - C ( o - C l - C 6 H 4 -
S)GOPh ((5 = 2.52, s; 3 0 % ) . T h e low-boiling fractions from 
the mixture were t rapped in liquid nitrogen, and the presence 
of Me2S was shown by N M R spectroscopy ((5=2.11, s). The 
high-boiling fractions were chromatographed by preparative 
thick-layer chromatography on silica gel, using a 2 : 1 mixture 
of hexane-ether as an eluent; the white crystals ( # f =0 .25 ) thus 
obtained were found to be o-Gl-G 6H 4SGH 2COPh (0.69 °, 
2.6 mmol ; 4 0 % ) ; m p 91.5—92.5 °C; I R (KBr), 1680 cm" 1 

(vco); N M R (GDG1.0, (5 = 4.30 (2H, s, S - C H 2 - C O ) and 7.0— 
8.0 (9H, m, aromat ic-H) . Found : G, 63.26; H , 4 .44%. 
Galcd for G 1 4 H i n OGlS: G, 63.99; H , 4 .22%. 

Reactions of Sulfur Ylides 3 and 5 with Methyl Arenesulfenates 
in Chloroform. (a) A chloroform (5 ml) solution of 

e 
ylide 3 (0.5 g, 2.8 mmol ; M e 2 S - , (5=2.85, s) was mixed with 
P h S O M e (0.39 g, 2.8 mmol) at room temperature. T h e N M R 
spectra of the reaction mixture showed the presence of a 

new ylide, M e 2 S - G ( S P h ) C O P h ((5 = 2.54, s), and M e O H 
((5=3.38, s). T h e removal of the solvent in vacuo a t 25 °G 
gave white solids. Yield, 0.75 g ( 7 5 % ) ; recrystallized from 
benzene; m p 138—140 °G (lit,") 136 °G) ; I R (KBr), 1520 
c m - 1 (vco). (b) A chloroform (5 ml) solution of ylide 5 

(1.0 g, 6.8 mmol ; M e 2 S - , (5=2.74, s) was mixed with PhSO­
M e (0.95 g, 6.8 mmol) at room temperature . T h e N M R 
spectra of the reaction mixture showed the presence of a new 

ylide, M e 2 S - C ( S P h ) C 0 2 E t ((5 = 2.53), and M e O H ((5 = 3.40, 
s). T h e removal of the solvent in vacuo a t 25 °G gave white 
solids. Yield, 0.72 g ( 4 2 % ) ; m p 126—127 °G (lit,19c) 126 — 
127 °G); I R (KBr), 1600 c m - 1 (v 0 0 ) . Similarly, various a-
(arylthio)phenacylides (or a-(arylthio)ethoxycarbonyl-
methylides) were obtained by the reactions of ylides 3 (or 5) 
with methyl />-toluenesulfenate and methyl ^-chlorobenzene-
sulfenate. T h e results are listed in Table 3. T h e products 
were identified by means of their N M R and I R spectra. 

The Determination of the Rate of the Transylidation of Ylide la 
with 4-Methylpyridine (or Dimethyl Sulfide). A CDC13 

solution of l a and a suitable amount of a catalyst and 4-
methylpyridine (or dimethyl sulfide) were mixed in a N M R 
tube. After ni t romethane (0.79 mmol ; (5 = 4.33 ppm) had 
been added as the internal s tandard, more CDCL was added 
with a microsyringe so that the total volume became 800 \L\. 
T h e disappearance of l a was followed by observing the de-

e 
crease in P h M e S - ((5 = 3.20 p p m ) . 

T h i s w o r k w a s s u p p o r t e d in p a r t b y a G r a n t - i n - A i d 

for Scient i f ic R e s e a r c h f rom M i n i s t r y of E d u c a t i o n ( N o . 

2 7 4 1 6 0 ) . 
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Synthesis of Methyl Substituted Chromanol. An Analogue of Vitamin K1) 
Kazuhiro MARUYAMA,* Takamasa TOBIMATSU, and Yoshinori NARUTA 

Department of Chemistry, Faculty of Science, Kyoto University, Kyoto 606 
(Received August 7, 1978) 

Methylation of 2,2-dimethyl-3,4-dihydro-2//-benzo[A]chromen-6-ol (1) is examined to yield 2,2,3-trimethyl-
3,4-dihidro-2//-benzo[A]chromen-6-ol (2). The compound 2 is prepared by Mannich reaction followed by hydro-
genative cleavage of the Mannich bases, which are obtained in the reaction with three kinds of amine. Chloro-
methylation of 1 quantitatively gave a dimer of naphthoquinone methide. 

Vitamin K t and K2 are widely distributed in natural 
products which are contributing in diverse biological 
processes such as blood clotting, electron transport and 
oxidative phosphorylation.2) Especially an association 
of vitamin K with the electron transport chain and a 
coupled phosphorylation in Mycobacterium phlei has been 
reported. The chromanol derivatives of vitamin K, to 
which noncyclized vitamin is enzymatically cyclized in 
bacterial system, is the acting vitamin of M. phlei?) 

We have recently reported the photochemical 
introduction of 2-alkenoyl group to 1,4-naphthoquinone 
and the facile preparation of 2,2-dimethyl-3,4-dihydro-
2//-benzo[A]chromen-6-ol 1 ("benzochromanol") by the 
subsequent reactions (path a).4 ) Introduction of methyl 
group to the 5-position of 1 is of interest in view of the 
synthesis of a vitamin K methabolite in bacterial 
system. 

The ortho position of phenol in ß- and y-tocopherols 
has been methylated by Mannich condensation followed 
by the successive reduction.5) However, in the case of 
tocopherols high pressure and high temperature were 
needed in the step of reductive cleavage of the Mannich 
bases. Therefore, secondary amines liberated from 
Mannich beses at reduction process were found to 
induce destruction of tocopherols. 

In this paper, we wish to report a successful methyla­
tion of benzochromanol 1 via the milder hydrogenative 
cleavage of the Mannich bases. 

Resu l t a n d D i s c u s s i o n 

Chromanol 1 was prepared by the following two routes 
(paths a4) and b) . With use of three kinds of secondary 
amine; dimethylamine, piperidine, and morpholine, 
Mannich beses 6a—c were prepared in yields of 75, 81 , 
and 84%, respectively. 5-Dimethylaminomethyl deriv­
ative 6a shows chracteristic 1 H - N M R signals due to 
amino benzylic protons at ô 3.70, and I R absorption 
due to hydrogen bonded hydroxyl group at the region 
of 3000—2500 cm - 1 . The corresponding spectra were 
observed similarly in other Mannich bases, 6 b and 6c. 

Three Mannich bases 6a—c were catalytically 
hydrogenated in ethanol similar to that of benzyl ic 
amine.6) Hydrogénation of these bases at atmospheric 
pressure and ambident temperature in the presence of 
5 % P d - C resulted, however, recovery of the starting 
chromanol 6 without any hydrogenated products after 
four days. O n the other hand, catalytic hydrogénation 
under a medium pressure (H2 , 5 kg/cm2) applying an 
elevated temperature (80 °C) proceeded smoothly, and 
after 1 h the reaction was completed to give 2,2,5-
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trimethyl-3,4-dihydro-2//-benzo[/z]chromen-6-ol 2 in a 
good yield. (Table 1) Since the obtained chromanol 2 
was difficult to purify for its air sensibility, the hydro­
genated solution was concentrated directly in vacuo and 
treated with Ac 2 0-pyr id ine solution to give its acetate 7. 
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Chloromethylation is another useful procedure to 
introduce a methyl group to phenolic compounds. We 
tried the procedure to 1 passing dry hydrogen chloride 
in an ethereal solution of an excess amount of para-
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TABLE 1. CATALYTIC REDUCTION OF MANNICH 

BASES 6A—C AND ACETYLATION 

R, R' 7 Yield,8) % 
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a) Isolated yield after purification. 

formaldehyde at 0—5 °G. After 2 h a product was 
isolated in a yield of 7 8 % . The structure was assigned 
to dimer 11 on the basis of the following spectral and 
chemical evidences. 
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Scheme 2. 

The i H - N M R spectrum of 11 exhibits three singlets 
at <5 1.32 (6H), 1.37 (3H), 1.38 (3H), representing four 
methyl groups and multiplets at ô 1.00—2.66, repre­
senting twelve methylene protons. The I R spectrum 
shows an absorption at 1695 cm" 1 (vc=o)-7) Mass 
spectrum and analytical result of 11 were also consistent 
with the structure of dimer 11. Reduction of 11 by 
NaBH 4 gave an alcohol 12. The ^ - N M R of 12 exhibits 
two singlets at ô 3.62 (1H) and 5.15 (1H), representing 
a hydroxyl proton and a methine proton, respectively, 
and the I R spectrum shows an absorption at 3435 c m - 1 

(VOH)- Dimer 11 absorbed equimolecular hydrogen 
under the conditions of catalytic hydrogénation7) to give 
2 ,2 ,2 ' , 2'-tetramethyl-3,4,3' , 4'-tetrahydro-5,5'-ethylene-
di(2/f-naphtho[l ,2-£]pyran)-6,6 ' -diol (13), quant i ta­
tively. T h e *H-NMR of 13 shows a broad singlet due to 
phenolic O H at ô 6.32, and the I R spectrum, being 

compatible with the structure. Thus, the dimeric 
product 11 obtained by chloromethylation of 1 corre­
sponds to the structure of naphthoquinone methide 
dimer. The dimer has been prepared independently by 
oxidizing 2 with potassium hexacyanoferrate(III).7) 
Our reaction may be explained taking into consideration 
of that the 5-chloromethyl-2,2-dimethyl-3,4-dihydro-2//-
benzo[A]chromcn-6-ol (9) is formed initially and despite 
in a strong acidic conditions 9 was hydrolized to o-
naphthoquinone methide 10.10> These evidences are 
also supported by the fact that a-methylenecyclanones 
and o-quinone methides easily dimerize to the corre­
sponding dihydropyran derivatives.11) 

Exper imenta l 

All melting points are uncorrected. The elemental ana­
lyses were performed at the Microanalysis Center of Kyoto 
University. 1H-NMR spectra were measured with a JEOL 
PS-100 with TMS as an internal standard, infrared spectra 
with a JASGO 402G or a IRA-1, mass spectra with a Hitachi 
M-52. Analytical gas chromatographs were obtained with 
a JEOL JGC-20K instrument with a flame ionization détecter 
using a column (5% SE-30 silicon rubber on 60—80 mesh 
Gelite 545, 3 mmx 1 m). 

2,2-Dimethyl-3,4-dihydro-2H-benzo\h]chromen-6-ol (1). 
was prepared by the photochemical method (path a)4) and 
a series of the following reactions (path b). 4-Hydroxy-l-
naphthyl acetate 4 was prepared by the similar method to 
the literature.8) 4; Mp 130—131.5 °C. 4 (1.01 g, 5 mmol) 
and zinc chloride (0.1 g) were dissolved in chloroform (40 ml) 
under nitrogen. The solution was refluxed and the chloro­
form solution (5 ml) of l-bromo-3-methyl-2-butene9) (745 mg, 
5 mmol) was slowly added, after refluxing for thirty minutes 
the solution was poured into ice water and was washed twice 
with 2 M hydrochloric acid and once with brine, and dried 
over Na,S04 . The mixture was purified with a use of Wakogel 
C-200 (30 g) eluted by 4.5% ether-hexane. 6-Acetoxy-2,2-
dimethyl-3,4-dihydro-2//-benzo[A]chromen 5 was obtained 
(isolated yield; 60%. GLPC yield; 78%); Mp 66.9—67.1 °C. 
TTNMR (CDC13): Ô 1.36 (s, 6H, 2CH3), 1.77 (t, 2H, J=--l 
Hz, 0-C-CH 2 ) , 2.34 (s, 3H, COCH3), 2.75 (t, 2H, 7 - 7 Hz, 
Ar-CH,), 6.87 (s, 1H, arom. H), 7.28—7.46 (m, 2H, arom. 
H), 7.57—7.73 (m, 1H, arom. H). IR: v™ 2975 (vs), 1747 
(vs), 1367 (vs), and 1189 cm-1 (vs). 

The ethereal solution (30 ml) of chromanol acetate deriv­
ative 5 (2.703 g, 0.01 mol) was treated with lithium aluminum 
hydride (0.35 g) in ether (30 ml). After usual work-up, the 
obtained benzochromanol 1 was used without further purifica­
tion. 

5-Dimethylaminomethyl- 2, 2-dimethyl- 3, 4-dihydro- 2H-benzo [h]-
chromen-6-ol (6a). The dioxane solution (25 ml) of benzo­
chromanol 1 (228 mg, 0.01 mol) was cooled in ice water under 
N2, and dimethylamine solution (3.7 ml, 40% in water) and 
formalin solution (2.5 ml, 37% in water) were added and the 
mixture was stirred for one hour at room temperature and 
then at gentle refluxing for 4 h. After evaporation of solvent, 
the residue was extracted with ether, and the ethereal solu­
tion was washed several times with brine, dried over Na2S04, 
and concentrated in vacuo. To the residual oil a few ml of 
ethanol was added, then white crystals of 6a were obtained 
(214 mg, 75%): Mp 110.5—113.0 °C (from hexane-ether). 
TI-NMR (CDCI3): ô 1.38 (s, 6H, 2CH3), 1.88 (t, 2H, 7 = 7 
Hz, 0-C-CH 2 ) , 2.38 (s, 6H, N(CH3)2), 2.68 (t, 2H, 7 = 7 Hz, 
Ar-CH2-C), 3.70 (s, 2H, Ar-CH2-N), 7.40 (m, 2H, arom. 
H), 8.14 (m, 2H, arom. H). IR: « 2978(vs), 2830 (bs), 
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2780 (s), 1592 cm- 1 (s). M S (20 e V ) ; mje 285 (M+), 240 
( M + - N H ( C H 3 ) a ) . Found : C, 75.69; H , 8.26; N, 4 . 9 1 % . 
Calcd for C I S H 2 3 N 0 2 : G, 75.75; H, 8.12; N , 4 . 9 1 % . 

Crude Mannich base 6a was acetylated with acetic an­
hydride and pyridine. 6-Acetoxy-5-dimethylaminomethyl-
2,2-dimethyl-3,4-dihydro-2//-benzo[A]chromen 8 a : M p «*210 
°C (dec) ! H - N M R (CDC13) : «5 1.42 (s, 6H, 2CH 3 ) , 
1.88 (t, 2H, / = 7 Hz, O C - C H 2 ) , 2.17 (s, 6H, N(CH 3 ) 2 ) , 
2.36 (s, 3H, GOGH 3 ) , 2.99 (t, 2H, 7 = 7 Hz, A r - C H 2 - C ) , 
3.31 (s, 2H, A r - C H 2 - N ) , 7.30—7.52 (m, 3H, arom. H ) , 
8.04—8.20 (m, 1H, arom. H ) . I R : v™* 2950 (s), 1765 (vs), 
1370 (vs), 1208 (vs), 1183 c m - 1 (s\ 

2,2-Dimethyl-5-piperidinomethyl-3,4-dihydro-2H.-benzo\\x\chromen~ 
6-ol (6b). T o a mixture of benzochromanol 1 (228 
mg, 0.01 mol), piperidine (4 ml, 0.04 mol), and dioxane 
(30 ml), formalin solution (3 ml) was added at 10 °C, and 
allowed to react as described above. Colorless crystals 6 b 
(1.311 g, 81%) was obta ined: M p 133.5—134.2 °C (from 
aceton). ^ - N M R (CDC13) : Ô 1.39 (s, 6H, 2CH 3 ) , 1.40— 
1.77 (m, 6H, (CH2)3) , 1.86 (t, 2H, 7 = 7 Hz, 0 - C - C H 2 ) , 
2.46—2.68 (m, 4H, N(CH 2 ) 3 ) , 2.70 (t, 2H , A r - C H 2 - C ) , 3.76 
(s, 2H, A r - C H 2 - N ) , 7.32—7.48 (m, 2H, arom. H ) , 8.08—8.24 
(m, 2H, arom. H ) . I R : v™ 2940 (vs), 2800 (s), 1593 (s), 
1450 (vs), 1381cm- 1 (vs). M S (20 e V ) ; mje 325 (M+). 
Found: C, 77.41 ; H, 8.30; N, 4 .14%. Calcd for C 2 1 H 2 7 N 0 2 : 
C, 77.50; H , 8.36; N, 4 .30%. 6 b was acetylated with acetic 
anhydride and pyridine. 6-Acetoxy-2,2-dimethyl-5-piperi-
dinomethyl-3,4-dihydro-2//-benzo[A]chromen 8 b : M p 155— 
157 °C (from acetone). X H-NMR (CDG18) ; Ô 1.26—1.64 (m, 
12H, 2CH 3 and (CH2)3) , 1.88 (t, 2H, 7 = 7 Hz, 0 - C - C H 2 ) , 
2.22—2.44 (m, 7H, C O C H 3 and N(CH 2 ) 2 ) , 2.95 (t, 2 H , 
J = 7 Hz, A r - C H 2 - G ) , 3.36 (s, 2H, A r - C H 2 - N ) , 7.22—7.50 
(m, 3H, arom. H ) , 7.94—8.16 (m, 1H, arom. H ) . I R : 
^ 2920 (vs), 1778 (vs), 1369 (vs), 1263 (vs), 1177 cm" 1 (vs). 
MS (20 eV) ; mje 367 (M+). Found : C, 74.97; H, 8.13; N, 
3.68%. Calcd for C 2 3H. 2 9N0 3 : C, 75.17; H , 7.95; N , 3 . 8 1 % . 

2,2-Dimethyl- 5-morpholinomethyl- 3,4-dihydro- 2H -henzo [h] chro-
men-6-ol (6c). T o a mixture of benzochromanol 1 

(228 mg, 0.01 mol), morpholine (4 ml, 0.046 mol), and di­
oxane (20 ml), formalin solution (3 ml) was added at 10 °C. 
After 20 min at room temperature, white precipitate was 
observed in the reaction mixture. After the solution was 
stirred for 1 h at room temperature, it was refluxed for 3 h. 
After solvent was removed in vacuo, white crystals 6c (2.74 g, 
84%) were obtained in ethereal sortition. 6 c : M p 149—151 
°C from acetone. X H-NMR (GDG18); ô 1.35 (s, 6H, 2CH 3 ) , 
1 . 8 9 ( t , 2 H , 7 = 7 Hz, 0 - C - C H 2 ) , 2.57—2.90 ( m , 6 H , N(CH 2 ) 2 

and A r - C H 2 - C ) , 3.68—3.84 (m, 6H, A r - C H 2 - N and CH 2 -
OCH 2 ) , 7.28—7.43 (m, 2H , arom. H ) , 8.00—8.12 (m, 2H, 
arom. H ) . I R ; v j » 2960 (vs), 2895 (vs), 2830 (s), 1592 (vs), 
1450 (vs), 1380 (vs), 1323 (vs), 1163 (vs), 1111 (vs), 976 cm" 1 

(s). M S ( 2 0 e V ) ; w i / * 3 2 7 ( M + ) , 2 4 0 ( M + - H N " b ) . Found : 

C, 73.21; H , 7.68; N, 4 .22%. Calcd for c" a oH2 BNO s : C, 
73.36; H, 7.70; N, 4 .28%. 

6-Acetoxy- 2,2 -dimethyl- 5 -morpholinomethyl- 3,4- dihydro-
2//-benzo[Ä]chromen8c: M p 151.5—153.0 °C (from acetone). 
i H - N M R (CDC18); Ô 1.41 (s, 6H, 2CH 3 ) , 1.90 (t, 2H, 7 = 7 
Hz, 0 - C - C H 2 ) , 2.36—2.50 (m, 7H, C O C H 3 and CH 2 N-
CH 2 ) , 2.98 (t, 2H, 7 = 7 Hz, A r - C H 2 - C ) , 3.44—3.67 (m, 6H, 
A r - C H 2 - N and C H 2 O C H 2 ) , 7.36—7.60 (m, 3H, arom. H ) , 
8.12—8.24 (m, 1H, arom. H ) . I R ; *g* 2930 (vs), 2865 (vs), 
1770 (vs), 1450 (s), 1368 (vs), 1200 (vs), 1180 (vs), 1113 cm" 1 

(vs). MS (20 eV) ; mje 369 (M+). Found : C, 71.51; H , 
7.44; N, 3.76%. Calcd for C 2 2 H 2 7 N 0 4 ; C, 71.52; H , 7.39; 
N, 3.79%. 

ß-Acetoxy-2,2, â-trimethyl-3,4-dihydro- 2H-benzo [\i\chromen (7) 

from 6a—c. Aminomethylchromanol derivatives 6a—c (1.7 
mmol) were hydrogenated (5%, P d - C , 150 mg in 50 ml etha-
nol, H 2 5 kg/cm2 at 80 °C for 2 h) to give 2. 2 : i H - N M R 
(GDG18); «5 1.38 (s, 6H, 2CH 3 ) , 1.89 (t, 2H, 7 = 7 Hz, O - C -
CH 2 ) , 2.27 (bs, 3H, A r - C H 3 ) , 2.60—3.00 (m, 2H, A r - C H 2 ) , 
3.80 (bs, 1H, O H ) , 7.32—7.48 (m, 2H, arom. H ) , 7.88— 
8.24 (m, 2H, arom. H ) . I R ; v™ 3250 (vs), 2980 (s), 2920 
(s), 1586 (s), 1396 (vs), 1323 (vs), 1161 (vs), 1019 cm" 1 (vs). 
M S (20 e V ) ; mje 242 (M+), 240 ( M + - H 2 ) , 186 ( M + - C , H 8 ) . 

Since 2 was very unstable in air, it was directly acetylated 
in acetic anhydride-pyridene to give 7 in each case of 6a, b , 
and c. After usual work-up, 7 was obtained in the yield of 
68, 83, and 8 1 % , respectively (based on 6a, b , and c) . 7 ; 
M p 91.4—92.4 °G (from hexane). X H-NMR (CDC13) «5 1.39 
(s, 6H, 2CH 3 ) , 1.87 (t, 2H, 7 = 7 Hz, 0 - C - C H 2 ) , 2.11 (s, 
3H, A r - C H 3 ) , 2.36 (s, 3H, C O C H 3 ) , 2.71 (t, 2H, 7 = 7 Hz, 
A r - C H 2 ) , 7.23—7.56 (m, 3H, arom. H ) , 8.00—8.14 (m, 1H, 
arom. H ) . I R ; v«* 2920 (s), 1754 (vs), 1362 (vs), 1206 (vs), 
1162 cm" 1 (vs). M S (20 eV) ; mle 284 (M+), 242. Found ; 
C, 76.21; H , 7.04%. Calcd for C 1 8 H 2 0 O 3 ; C, 76.03; H , 
7.09%. 

Chloromethylation of 1. T h e ethereal solution (40 ml) 
of benzochromanol 1 (1 mmol) and paraformaldehyde (0.8 g) 
was chilled and dry hydrogen chloride was bubbled into the 
mixture for 2 h. T h e reaction mixture was poured into ice 
(20 g) and ethereal solution was separated, aqueous layer, 
was extracted with ether. T h e combined solution was washed 
with water and dried over N a 2 S 0 4 . Products were separated 
by Wakogel C-200 column chromatography, dimer 11 was 
isolated (188 mo-, 7 8 % ) . 1 1 ; M p 177.5—178.0 °G (lit,7> 
160—161 °C). ! H - N M R (CCLJ ; ô 1.32 (s, 6H, 2CH 3 ) , 1.37 
(s, 3H, CH 3 ) , 1.38 (s, 3H, CH 3 ) , 1.60—1.80 (m, 4H) , 1.80— 
2.33 (m, 4H) , 2.33—2.66 (m, 4H) , 7.19 (m, 4H, arom. H ) , 
7.43, 7.68 (each 1H, m, arom. H ) , 7.95 (m, 2H , arom. H ) . 
I R ; pi* 2980 (s), 2930 (s), 1695 (vs), 1658 (m), 1637 (w), 
1595 (vs), 1385 (vs), 1162 c m - 1 (vs). MS (20 e V ) ; mje 480 
(M+), 240 (M+/2), 197 ( M + / 2 - C 2 H 3 0 ) . Found; C, 79.95; 
H , 6.76%. Calcd for C 3 2 H 3 2 0 4 ; C, 79.97; H , 6 . 7 1 % . 

Hydride Reduction of the Dimer (11). T h e ethanol solu­
tion (30 ml) of the dimer 11 (404 mg, 0.92 mmol) and NaBH 4 

(40 mg) was stirred for 1 h at ambident temperature , and after 
the usual work-up, 12 was quantitatively obtained. 12; M p 
169—170 °C (from ether-hexane) . ! H - N M R (CDC13); ô 
1.26 (s, 3H, CH 3 ) , 1.35 (s, 6H, 2 C H , ) , 1.41 (s, 3H, C H , ) , 
2Al—2.11 (m, 12H, 6CH 2 ) , 3.62 (bs, 1H, O H ) , 5.15 (s, 
1H, C H ) , 7.10—7.56 (m, 6H, arom. H ) , 7.96—8.12 (m, 2 H , 
arom. H ) . I R ; vg* 3435 (vs), 2935 (vs), 1385 (vs), 1162 
cm" 1 (s). M S (20 e V ) ; mje 482 (M+). Found : C, 79.64; 
H , 7 .15%. Calcd for C 3 2 H 3 4 0 4 ; C, 79.64, H , 7.10%. 

Catalytic Hydrogénation of the Dimer (11). The dimer 11 
(201 mg, 0.42 mmol) was hydrogenated ( 5 % P d - C 60 mg in 
50 ml ethanol, H 2 , 4 kg/cm2 a t 50 °C for 4 h) quantitatively 
to give 2,2,2'2 /-tetramethyl-3,4,3' ,4'-tetrahydro-5,5'-ethylene-
di(2i /-naphtho[l ,2-£]-pyran)-6,6 '-diol 13. 13 ; M p > 2 7 0 °C 
(dec). i H - N M R (CDC13); ô 1.39 (s, 12H, 4CH 3 ) , 1.92 
(t, 4H , 7 = 7 Hz, 2 0 - C - C H 2 ) , 2.68—3.12 (m, 8H, 4Ar -CH 2 ) , 
6.32 (bs, 2H, 2 0 H ) , 7.32—7.54 (m, 4H , arom. H), 7.92—8.34 
m, 4H, arom. H ) . I R ; v$* 3450 (s), 2995 (s), 1660 (s), 
1587 (vs), 1388cm- 1 (s). Found; C, 79.46; H , 7 .16%. 
Calcd for C 3 , H 3 4 0 4 ; C, 79.64; H, 7.10%. 
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Studies of Polymeric Flocculants. IX.1) The Formation of 
Poly (methacrylohydrazide)-Copper(II) Complexes 

Takamasa NONAKA,* Eiji MOMONO, and Hiroaki EGAWA 

Department of Industrial Chemistry, Faculty of Engineering, Kumamoto University, Kurokami, Kumamoto 860 
(Received August 22, 1978) 

Formation constants for the complexes of poly (methacrylohydrazide) (PMH) with the copper(II) ion were 
measured by using a modification of Bjerrum's method proposed by Gregor and his coworkers. The pK&1 and pK&2 

values of PMH determined in an aqueous solution with an ionic strength of 0.1 (KNOa) at 25 °C were 3.20 and 
10.61 respectively. Therefore, when the PMH-copper(II) complexes were formed above pH 7, the average 
number of ligands combined with one metal ion could be calculated approximately without using the first acid 
dissociation constant. The pK&2 value decreased with an increase in the ionic strength and temperature. The 
formation curves of the complexes showed that one copper(II) ion formed a coordination compound with six 
hydrazide groups in a high pH region (about pH 9). The formation constants increased with an increase in 
TcJTHh (the ratio of the total concentration of the copper(II) ion to the total concentration of the ligand) in the 
range higher than 0.1. The formation constants were unaffected by the degree of polymerization of PMH in the 
range from 64.1 to 5470, but the formation constants were affected by the kind of anion in copper(II) salts and 
neutral salts added and they increased in the order of NO3 <^S04~<^C1-. The thermodynamic parameters for the 
above reaction were determined by Ringbom's method. 

The formation constants for polyelectrolytes-copper-
(II) complexes have been studied by many investi­
gators.2-7) However, the formation constants for poly-
(methacrylohydrazide)-metal (II) complexes had not 
been studied. In our preceding papers1 '8) we reported 
that poly (methacrylohydrazide) (PMH) could easily 
form water-insoluble complexes with heavy metals, 
especially with mercury(II ) , over a wide p H region and 
that mercury(II) could be removed from the solutions 
containing mercury(II) only or together with other 
metals. We also reported the formation constants for 
the complexes of P M H with bivalent transition metal 
ions and the average number of ligand combined with 
each metal ion, obtained by using a modification of 
Bjerrum's method. The formation curves for P M H -
copper(II) complexes showed that one copper(II) ion 
formed a coordination compound with six hydrazide 
groups in a high p H region. In the present paper, in 
order to study in detail the formation of PMH-copper -
(II) complexes, the effect of TCulTKh rat io, the degree 
of polymerization of P M H , and the kind of anion in 
copper(II) salts and neutral salts added on the formation 
constants were investigated in an aqueous solution with 
an ionic strength of 0.1 at 25 °C. The changes in entropy, 
enthalpy, and free energy for the above reaction were 
also determined by Ringbom's method. 

E x p e r i m e n t a l 

Poly(methyl methacrylate) was prepared by solution poly­
merization initiated by benzoyl peroxide or o^'-azobisiso-
butyronitrile in carbon tetrachloride, 1-dodecanol. and 1-dode-
canethiol. Poly (methyl methacrylate) was purified by the 
conventional method, using acetone and methanol as solvent 
and precipitant respectively. The number average molecular 
weight of polymers was calculated by means of the following 
equation: [TJ] — K Af£.9) The intrinsic viscosity was measured 
in benzene at 30 °C. 

PMH was prepared by the hydrazinolysis of poly (methyl 
methacrylate) (1 g) with hydrazine hydrate (20 ml) at 175 
°G for 7 h. The reaction mixture was poured into an excess 
of methanol in order to precipitate PMH. The PMH was 

purified by Soxhlet extraction with methanol for 80—100 h. 
The conversion was calculated on the basis of the nitrogen 
content of the PMH, itself determined by elemental analysis. 
Isobutyrohydrazide was selected as a monomeric model of 
PMH. Isobutyrohydrazide was prepared by treating ethyl 
isobutylate with anhydrous hydrazine at 90 °C for 6 h. It 
was purified by recrystallization from benzene. Found: G, 
47.43 ; H, 9.63 ; N, 26.71 %. Galcd for C4H10N2O : C, 47.06 ; 
H, 9.80; N, 27.45%. All the other reagents were of a special 
reagent grade, and they were used without further purification. 

Potentiometrie Titration. In spite of the good solubility 
of PMH in water, the PMH-copper(II) complexes were ap­
parently insoluble in water. Gregor et a/.2'3) showed that 
the binding phenomena are essentially the same whether the 
polymeric chelates precipitate or not, if the system is in equi­
librium. Therefore, Potentiometrie titration was carried 
out by a batch method. The procedure was as follows: 5 ml 
of a 1 g/1 PMH solution, 25 ml of a 0.2 mol/1 neutral salt 
solution, and the desired amounts of a 0.005 mol/1 potassium 
hydroxide solution were added into 100 ml stoppered flasks. 
Water was finally added to each flask until the total volume 
amounted to 50 ml. After nitrogen had been fully introduced 
into each flask in order to remove the COa, each flask was 
shaken by means of an incubator at 25 °C for 24 h. After 
shaking, the pH values of the solutions were measured by 
means of a Hitachi-Horiba F-7 pH meter at 25 °G under a 
nitrogen atmosphere. In the case of the complex formation 
from PMH and the copper(II) ion, a solution of copper(II) 
nitrate was added to each solution containing PMH and 
potassium nitrate. Then, the procedure described above was 
carried out. 

R e s u l t s and D i s c u s s i o n 

PMH. The results of the synthesis of P M H are 
shown in Table 1. When Kern et al.10) reported the 
synthesis and structure of poly(acrylohydrazide), they 
considered that each hydrazide group in the polymers 
contained 2/3 H 2 0 , even after the polymers had been 
dried in vacuo. It was found by thermo-balance analysis 
that P M H also contained about 1/3 H 2 0 per hydrazide 
group. It was recognized from the I R spectra (C=0 , 
1720 cm"1) of the polymers obtained that the hydrazino-
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TABLE 1. POLY(METHACRYLOHYDRAZIDE) 

PMH 

PMH-1 

PMH-2 

PMH-3 

PMH-4 

Pn 

5470 

991 

456 

64.1 

{ 
{ 
{ 
{ 

Found 
Calcd 
Found 
Calcd 
Found 
Calcd 
Found 
Calcd 

C(%) 

47.3 
46.5 
48.5 
47.5 
46.6 
47.5 
46.9 
47.7 

Elemental analyses 

H(%) 

7.5 
8.2 
8.0 
8.2 
8.0 
8.2 
8.1 
8.1 

N(%) 

24.2 
24.2 
22.4 
22.4 
22.4 
22.4 
22.0 
22.0 

o(%) 
21.0 
21.1 
21.1 
21.9 
23.0 
21.9 
23.0 
22.2 

} 
} 
} 
} 

H 2 0 Content 
(wt%) (X.H.O) 

6.3 

5.5 

6.9 

6.5 

1/3 

1/3 

1/3 

1/3 

Conv. 
(%) 

91.2 

84.1 

84.1 

82.5 

lysis of poly(methyl methacrylate) did not proceed 
completely under the present conditions. The calculated 
values of the elements in P M H shown in Table 1 were 
determined on the basis of the conversion and water 
content of P M H . 

Acid Dissociation Constants of PMH. Albert et al.11) 
and Nagano et al.12) reported in detail the acid dissocia­
tion constants of hydrazide compound, they reported 
that the hydrazide compounds had two acid dissociation 
constants, i.e., Kai in a low p H region and Kai in a 
high p H region. When the acid dissociation constants 
of P M H were measured in an aqueous solution with an 
ionic strength of0 .1(KNO 3 ) at 25 °C, the pKai and pKa, 
values became 3.20 and 10.61 respectively. 

I t was proposed by Bjerrum that the average number 
of ligands combined with one metal ion can be calculated 
by means of Eq. 1, when the compounds with two acid 
dissociation constants such as hydrazide compounds 
form complexes with metal ions : 

= _ [ A t ] - ( [H+P/* a ,* a , + [H+]/*a ,+ 1)[A-] 
[Mt] 

(1) 

where [ A - ] , which represents the concentration of the 
free hydrazide groups in the polymers not combined 
with metal ions, can be calculated using the following 
equation : 

rA_-, = ( 2 - « ) [ A t ] - [ H + ] + [OH-] 
L J 2[H+]V*a i*a , + [H + ] /* a , ' (2) 

[A t] is the total concentration of hydrazide groups in 
the polymers added, [M t ] is the total concentration of 
the metal ions added, and Kai and Kat are the first and 
second acid dissociation constants respectively, a is the 
degree of neutralization. When the acid dissociation 
constants of isobutyrohydrazide were measured in an 
aqueous solution with an ionic strength of 0.1(KNO3) 
at 25 °C, the pKai and pKat values became 3.27 and 
10.74 respectively. I t was found that the hydrogen ion 
due to the formation of complexes were released above 
p H 6.3. Therefore, in a higher p H region than 6.3, 
Eq. 1 can be approximated by 

where 

= _ [A t]-([H+]/iCa, + l)[A-] 

FA-l - 0 - « ) [ A t J - [ H + ] + [OH-] 

(3) 

(4) 

Thus, it is considered that the average number of 
ligands combined with one metal ion can be calculated 

by means of Eq. 3 without using pKat. Consequently, 
the second acid dissociation constant, pKa„ of P M H 
was determined in detail . 

Katchalsky and many other investigators have studied 
the Potentiometrie t i tration of polyelectrolytes,13-15* 
they have shown that the experimental results for titra-

0.2~ 0.4 —" 0.6 0.8 

Degree of neutralization a 

Fig. 1. The pH titration curve of PMH. 
PMH (P.„=5470): 8.64x10-* unit mol/1, 25 °G, 

^=0.10(KNO3). 

10.6 

10.2 

9.8 

9.4 

-

1 

1 „-.,., 1 1 1 I . J 
Ü.2 0.4 0.6 

log (l-oc)/oc 

Fig. 2. Henderson-Hassebalch plots of PMH. 
PMH (PB=5470): 8.64 xlO"4 unit mol/1, 25 °C, 
^=0.10(KNO3). 
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TABLE 2. pXa2 AND n (25 °C, ^=0 .10) 

Polymer Neutral salt pK& 

Poly (methacrylo-
hydrazide) 

K N 0 3 

K 2S0 4 

KCl 

10.61 
10.58 
10.45 

1.54 
1.48 
1.08 

tion can be expressed by a modification of the 
Henderson-Hasselbach equation, pH=pKat —n log (1 — 
a) , where n is a constant. The p H titration curve of 
P M H with K O H in the solution with an ionic strength 
of 0.1(KNO3) is shown in Fig. 1, while the Henderson-
Hasselbach plots are shown in Fig. 2. T h e plots of p H 
vs. log (1— a)/a are linear in the range of the degree of 
neutralization from 0.3 to 0.8. The pKa, and n values 
of P M H were determined in solutions containing 
different neutral salts at 25 °C; the results are shown in 
Table 2. In a KCl aqueous solution, the pKa, and n 
values determined were smaller than those in the 
solutions of other neutral salts. Similar phenomena 
have been observed by Gregor et al.'*) for poly (acrylic 
acid). These pKai values show that P M H behaves as a 
very weak acid, similarly to poly (vinyl alcohol),4) 
poly(propenehydraxamic acid),5) and poly(acrylalde-
hyde oxime)6) under the present conditions. Machida 
et a/.16) reported that poly(acrylohydrazide) (conversion 
ca. 50%) , which had been prepared by the hydrazinolysis 
of Polyacrylamide with hydrazine hydrate, had a pKat 

value of 10.64 and an n value of 1.36 at the ionic 
strength of 0.01 (KCl) at 25 °C. 

TABLE 3. EFFECT OF THE DEGREE OF POLYMERI­

ZATION OF POLY(METHACRYLOHYDRAZIDE) 

ON pK&2 AND n 

Polymer 

PMH-1 
PMH-2 
PMH-3 
PMH-4 

Pn 

5470 
991 
456 

64.1 

P-^a2 

10.61 
10.64 
10.60 
10.61 

n 

1.54 
1.55 
1.53 
1.49 

Polymer concentration: ca. 8 x 10-4 unit 
mol/1, 25 °C, Ju=0.1(KNO3). 

The pKai and n values of P M H with different degrees 
of polymerization were determined at the ionic strength 
of 0.1(KNO3) ; the results are shown in Table 3. Those 
results show that the degree of polymerization of P M H , 
ranging from 64.1 to 5470, did not affect the pKai and n 
values. 

The pKat and n values of P M H were determined at 

different temperatures (20—35 °C) and at different 
ionic strengths (0.01—0.1). The results are shown in 
Table 4. At the same temperature, the pKat values 
decreased with an increase in the ionic strength, and at 
the same ionic strength, the pKa, values decreased with 
an increase in the temperature. These results suggest 
that the hydrazide groups of P M H in an aqueous 
solution are liable to dissociate with increases in the 
temperature and ionic strength. The n values were 
unaffected by either the temperature or the ionic 
strength under the present conditions. The plots of pKaz 

vs. 3V7* at each temperature gave straight lines.1) The 
thermodynamic acid dissociation constants, which were 
determined by an extrapolation of the linear pKat 

vs. 3A/JL plots to the intercept, are shown in Table 5. 

TABLE 5. pX°2 OF POLY(METHACRYLOHYDRAZIDE) 

Temp (°C) 20 25 30 35 

pKl 10.90 10.76 10.62 10.46 

Polymer (Pn=5470) : 8.64X 10~4 unit mol/1. 

Calculation of the Formation Constants. The formation 
constants for PMH-meta l ( I I ) complexes were calculated 
by a modification of Bjerrum's method proposed by 
Gregor et al.*> It is considered that the hydrazide 
groups of P M H dissociate as follows in a p H region 
higher than p H 7 : 

CH3 

- C H 2 - C -
1 

ÇH3 

- C H „ - C -

C-NHNH2 
11 

O 

- C H , - C -

1 (-) 
C - N - N H 2 
n 
O 

CH3 
1 

(5) 
C = N-NH 2 
1 

O 
c-y 

If the hydrazide groups of P M H are represented by HA, 
the above equil ibrium can be represented by the 
following simplified equation : 

HA «=± A" + H+ 

and the second acid dissociation constant, K3 

represented by the following equation: 

_ [A-][H+] 
[HA] ' 

K.= 

(6) 

can be 

(7) 

TABLE 4. EFFECT OF TEMPERATURE AND IONIC STRENGTH ON pA"a2 AND n 

Ionic 
strength 

0.01 
0.02 
0.05 
0.10 

20 

P^a2 

10.83 
10.80 
10.77 
10.74 

°C 

n 

1.49 
1.51 
1.51 
1.48 

25 

P-Ka2 

10.69 
10.67 
10.63 
10.61 

°C 

n 

1.56 
1.53 
1.52 
1.54 

30 

P-^a2 

10.55 
10.52 
10.48 
10.46 

°C 

n 

1.51 
1.51 
1.48 
1.51 

35 °C 

pXa2 n 

10.39 1.48 
10.36 1.50 
10.33 1.50 
10.30 1.50 

Poly(methacrylohydrazide) : Pn=5470, 8.64x 10~4 unit mol/1. 
Neutral salt: KN0 3 . 
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h = 
h = K*h> 

(9) 

In the case under discussion, the formation of the 
complexes can be represented by the following equation : 

HA + MAy_! <=± MA,. + H + . (8) 

The equil ibrium constants, bj, pertaining to the above 
equation are represented as: 

[MA,][H+] 

[ M V J [ H A ] ' 

(10) 

where Ka, is the second acid dissociation constant of 
P M H and kj is the successive formation constant of 
the complexes. By simple manipulations, Bjerrum 
formation function can be expressed in terms of the b/s: 

[HA] y 

(11) 
iB, 

[H+] 

1+MBiVWT) 
Bt = llBr (12) 

The average number of ligands combined with one 
copper(II) ion, n, is given by its definition as: 

= [ A t 3 - [ H A ] - [ A - ] 
[Mt] 

;i3) 

The only unknown [A - ] was calculated from the 
following equation, Eq. 14> by an iterative procedure for 
the PMH-coppe r ( I I ) complexes: 

= QT]Vn_( [A-] \ - i 
[HA] l [ A J - [ A - ] ; {l*> 

where n is the value calculated from the modified 
Henderson-Hasselbach plots. 

From the conservation equations and electroneu-
trality relation [HA] , the concentration of undissociated 
P M H is found to be : 

[HA] = [ A J ( l - a ) + [OH"] - [H+] (15) 

where a is the degree of neutralization. [H+] and [OH~] 
are calculated from the measured p H values and the 
ionization constant of water, with a correction for the 
activity coefficients.17) 

Fig. 3. The pH titration curves. 
(a): PMH(Pr t=5470) 8.64x 10~4 unit mol/1, (b): 
Cu(N03)2 8.00X10-5 mol/l, (c) : (a) + (b). 25 °G, 
/*=0.10(KNO8). 

Chelate Formation. Figure 3 shows the titration 
curves for P M H in the absence and in the presence of 
copper(II) ions at the ionic strength of 0.1(KNO3) at 
25 °C. PMH-copper ( I I ) complexes precipitated 
throughout the p H range below about p H 8.5. Above 
p H 8.5, it was found that the precipitates redissolved 
into the solution. This shows that the precipitates were 
not copper(II) hydroxides. It is not always obvious 
why the precipitates became soluble in water above 
about p H 8.5. However, it is probably the result of the 
reversal of the charge of the complexes. From Fig. 3, 
it may be seen that the release of hydrogen ions caused 
by the formation of PMH-copper ( I I ) complexes began 
at about p H 7 and continued up to p H 9, and that the 
six hydrogen ions per copper(II) ion were released. 

- 6 - 2 - 5 - 4 - 3 

-log([HA]/[H+]) 

Fig. 4. Effect of TcJTuh on modified Bjerrum plots. 
PMH (Pn = 5470): 8 .28xl0- 4 unit mol/1, 25 °C, fi = 
0.10(KNO3). 
TcJTHh; I : 0.024—0.097, I I : 0.145, I I I : 0.193. 

The Effect of the TCu/ THL Ratio on the Modified Bjerrum 
Plots. The formation of PMH-copper ( I I ) com­
plexes was investigated in the range of the T'CU/^HL 
values from 0.024 to 0.193. The modified formation 
curves are shown in Fig. 4. From Fig. 4, it may be seen 
that the modified Bjerrum plots obtained in the range 
from 0.024 to 0.097 of the T^/T^ values fell on nearly 
the same curve. The plots show a definite tendency to 
flatten out toward a value of n = 6 as — log([HA]/[H+]) 
becomes more negative. This result suggests that one 
copper(II) ion forms a coordination compound with six 
hydrazide groups. However, when the T ^ / T ^ L values 
increased above 0.145, the modified formation curves 
moved to a less negative value of — log([HA]/[H+]). 
It was also found that n decreased from 6 to 4 with an 
increase in the TCnlTHL values. In a previous paper,1) 
we also reported that a copper (I I) ion formed a coordi­
nation compound with six hydrazide groups of isobutyro-
hydrazide when the formation of isobutyrohydrazide-
copper(II) complexes was investigated in the T C U / T H L 
value of 0.1. Figure 5 shows the relationship between 
the successive formation constants and log(TCal TKL). 
The successive formation constants had nearly the same 
values in the region below log(TCulTnL) value of — 1 , 
but they increased remarkably in the region above 
log(TculTHL) value of — 1 . This suggests that the 
formation of PMH-copper ( I I ) complexes is favored 
when the T'CU/^HL values become larger than 0.1. 

The Effect of the Degree of Polymerization on the Modified 
Bjerrum Plots. The formation of PMH-copper ( I I ) 
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log(TcJTHh) 

Fig. 5. Relation between formation constants and log-
(^CU/^HL)- PMH (Pn=5470): 8.28x10-* unit mol/1, 
25°C, j U=0.10(KNO3). 
© : log klt © : lo k2, © : log k3, 0 : log A4, 3 : log *B, 
© : log£ 6 . 

complexes was investigated for P M H with different 
degrees of polymerization. The modified Bjerrum plots 
all fell on nearly the same curve irrespective of the degree 
of polymerization of P M H . Tha t is, the formation 
constants for PMH-coppe r ( I I ) complexes were unaf­
fected by the degrees of polymerization ranging from 
64.1 to 5470. 

The Effect of the Kind of Anion on the Modified Bjerrum 
Plots. T h e formation of PMH-coppe r ( I I ) com­
plexes was investigated in a solution with the ionic 
strength of 0.1 by varying the anion ( N O j , C I - , SOI") 
in the copper(II) salts and neutral salts added. The 
modified Bjerrum plots are shown in Fig. 6, while the 
formation constants are listed in Table 6. I t may be 

6 

4 

2 

0 

-

-
I 

1 

1 Il\ 

K n r \ 

I " -

\ . o 

<>SU\ 1 
- 7 - 6 - 3 - 2 - 5 - 4 

-log([HA]/[H+]) 

Fig. 6. Effect of the kind of anion on modified Bjerrum 
plots. 
PMH(Pn=5470: 8.28 Xl0"4 unit mol/1, Cu(N03)2 , 
GuS04, CuCl2: 8.00 x 10~5 mol/1. 
Anion; I : N03-} I I : SO*", I I I : C1-. 

seen that the formation constants increased in this 
order: N O ï " < S O Î - < C l - . As is already known, a 
complexation reaction in an aqueous solution is a 
replacement reaction between the ligands in the poly­
mers and aqua-complexes of metals. Therefore, it is 
considered that the change in the structure of aqua-
complexes of metals caused by counter anions and 
surrounding anions in the solution affected the formation 
constants. Hojo et al.4) reported analogous phenomena 
for po lyv iny l alcohol)-copper(II) complexes, but they 
reported that the formation constants increased in the 
order of: S 0 4

2 - < C 1 - < N 0 3 - The difference in the 
order of formation constants between poly (vinyl 
alcohol)-copper(II) complexes and PMH-coppe r ( I I ) 
complexes can not be explained at present. 

Table 6 also lists the formation constants for isobutyro­
hydrazide determined in a solution with the ionic 
strength of 0.1 ( K N 0 3 ) ; the data for isobutyrohydrazide 
were determined in a manner exactly analogous to that 
used for P M H described above. The data show that the 
isobutyrohydrazide-copper(II) complexes were more 
stable than PMH-coppe r ( I I ) complexes. Such 
phenomena as that a monomeric analogue forms more 
stable complexes than its polymer have been observed 
for poly(acrylaldehyde oxime)6) or poly(4-pentene-2,3-
dione dioxime).18) 

Entropy and Enthalpy for Complexation for PMH-Copper-
(II). Entropy and enthalpy changes for the 
complexation reaction between P M H and copper (I I) 
ions were studied by using Ringbom's method.19) T h e 
formation of PMH-coppe r ( I I ) complexes was inves-

- 3 . 5 

- 4 . 0 k -

- 4 . 5 r -

- 5 . 0 

Fig. 7. Relation between log b^ and \ / ju • 
PMH(Fn=5470): 8.64 x 10"4 unit mol/1, Cu(N03)2 : 
8.00 x 10-5 mol/1, 25 °C. 
© : log b1} © : log b2, © : log bz, %: log bi} 3 : log b5, 
Q:\og b6. 

T A B L E 6. EFFECT OF THE KIND OF ANION ON THE FORMATION CONSTANTS 

Ligand 

PMHa> 

IBHb> 

Anion 

r N 0 3 -
sor 
ci-
N03-

logAj 

6.84 
7.10 
7.73 

8.52 

log k2 

6.26 
6.61 
7.30 

8.24 

log k3 

6.04 
6.38 
6.86 

8.10 

log£4 

5.89 
6.25 
6.52 

8.04 

log h 

5.79 
6.15 
6.29 

7.89 

\ogk6 

5.67 
5.71 
5.84 

7.04 

logX 

36.49 
38.20 
40.54 

47.83 

a) Poly(methacrylohydrazide). b) Isobutyrohydrazide. PMH{Pn= 5470) : 8.28X 10-4 unit mol/1, Cu(N03)2 , 
GuS04, CuGl2: 8.00X 10-5 mol/1, IBH: 1 x 10~3 mol/1, Cu(N03)2 : 1 X 10-4 mol/1, 25 °C, ß=0.10. 

file://Q:/og
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3.3 3.4 

1/TxlO3 

Fig. 8. Formation constants vs. \jT plots PMH(P n = 
5470): 8.64xlO"4 unit mol/1, Cu(N03)2 : 8.00 x l0~ 5 

mol/1. © : log*° , Q:\ogkl, 0 : log k°3, # : log k°4, 
O:\ogkl, Q:\ogkl, 0'-logK°. 

tigated at an ionic strength of 0.01—0.1 and a tempera­
ture of 20—35 °G. The relationship between the 
equilibrium constants, bj, determined from the modified 
Bjerrum plots and A/ / / are shown in Fig. 7. I t is found 
that the plots of log bj vs. A/JU are linear in the range 
from 0.01 to 0.1 of the ionic strength. The log b° was 
determined by the extrapolation of the linear log 62- vs. 
*/~ß plots to the intercept. The plots of log k° calculated 
from Eq. 10 vs. IjTare shown in Fig. 8. In all cases, the 
plots of log k° vs. 1 /Tgave straight lines. 

AH°, AG°, and AS° have the following equations : 

AG° = -RT\nK°, (16) 

l*K° = szi^ + c> 07) 
AG° = AH° - TAS°. (18) 

Here, from the slope of the plots of log Kt vs. IjT, AH° 
for the reaction was obtained, AG° was obtained from 
the value of In k° at 25 °C, and AS° was calculated from 
the difference between AH° and AG°. T h e results are 
shown in Table 7. All the AH° values are negative; 
this suggests that the formation reaction of P M H -
copper(II) complexes is an exothermic reaction. 
Moreover, these values were five times as large as those 

TABLE 7. THE THERMODYNAMIC PARAMETERS OF 

P M H - C O P P E R ( I I ) COMPLEXES 

log*, ' 
- A G , 0 

(kcal/mol) 
-AHt° 

(kcal/mol) 

ASt° 
(cal/deg-

mol) 

1 
2 
3 
4 
5 
6 

6 

7.19 
6.59 
6.36 
6.21 
6.11 
5.97 

38.43 

9.81 
8.99 
8.67 
8.47 
8.33 
8.14 

52.41 

58 
26 
67 
56 
50 

48 
81 
36 
05 
79 

7.35 

44.63 

2.65 

26.11 

PMH (Pw= 5470): 8.64x IO-4 unit mol/1, Cu(N03)2: 
8.00x lO-5 mol/1. 1) HA + Cu2+ < = * CuA + + H+ 
2) HA + CuA+ <=> CuA2 + H+ 6) HA + 
CuA3

5- <=> GuAf- + H+. 

for poly (vinyl alcohol)-copper (I I) complexes.4) This 
suggests that the PMH-coppe r ( I I ) complexes are more 
stable than the po lyv iny l alcohol)-copper(II) com­
plexes. The AS0 values are positive, and they decrease as 
follows: ASt>ASt>->AS!. Generally, entropy 
increases because of the release of water, which is 
coordinated with copper(II) ions and polymeric ligands, 
as a result of the formation of PMH-copper ( I I ) com­
plexes. O n the other hand, the degree of freedom of 
copper(II) ions and polymeric ligands decreases because 
of the coordination of copper(II) ions with hydrazide 
groups. Therefore, it is considered that the entropy 
changes for PMH-coppe r ( I I ) complexes finally decreas­
ed in the order presented above. These phenomena 
have also been reported for poly (vinyl alcohol)-copper-
(II) complexes.4) 

From the results described above, it can be seen that 
one copper(II) ion formed a coordination compound 
with six hydrazide groups of P M H in a high p H region 
(about p H 9) when the TCJTHL values became less 
than 0 .1 . The formation constants were unaffected by 
the degree of polymerization of P M H , but were affected 
by the kind of anion of copper(II) salts and neutral 
salts added. From the thermodynamic data, it was 
recognized that the formation reaction of PMH-copper-
(II) was an exothermic reaction. 
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New C31 Secodammarane-type Triterpenoids, Alnuseric Acid and 
Alnuselide, in the Male Flowers of Alnus serrulatoides 

Takayuki SUGA* and Toshifumi HIRATA 
Department of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 

(Received September 4, 1978) 

Two novel C31 3,4-secodammarane-type triterpenoids, alnuseric acid and alnuselide, were isolated from 
the male flowers of Alnus serrulatoides Call. (Betulaceae) ; their structures were elucidated to be (20<S

,,24i?)-20,24-
epoxy-24-methyl-3,4-secodammar-4(28)-en-3-oic acid and (1 lÄ,205',24Ä)-20,24-epoxy-24-methyl-3,4-secodammar-
4(28)-en-3,lla-olactone, respectively, by a combination of chemical and spectroscopic methods. 

In connection with the chemical and biochemical 
studies on pollination of Alnus species,1) we investigated 
chemical constituents of the male flowers of Alnus 
serrulatoides Call. (Japanese n a m e : Kawara-hannoki) and 
reported the presence of novel C3 1 dammarane-type 
dihydroxy keto and 11 a-hydroxylated triterpenoids.2-4) 
A further investigation on constituents of the male 
flowers has led to the isolation of two novel triterpenic 
acid and triterpene lactone, named alnuseric acid and 
alnuselide, and preliminary accounts of the structural 
work have been presented in the previous papers, 
respectively.5»6) We here wish to report en bloc detailed 
evidence which led to the establishment of the structures 
of these novel triterpenoids, which are featured in the 
C31 3,4-secodammarane form. 

R e s u l t s a n d D i s c u s s i o n 

The ether soluble fraction of the male flowers on 
separation by means of a centrifugal liquid Chromato­
graph and then a preparative T L C gave alnuseric acid 
(I) and alnuselide ( I I ) , along with several dammarane-
type triterpenoids, alnincanone,2»7) alnuserol,4) and 
alnuserrudiolone.2) 

m/e 45 7 
m/e 411 (m =393.8) 

m/e 123 (m =107.3) 
'CT " 

m/e 41 m/e 1 4 1 

Scheme 1. The mass spectral fragmentation pattern of 
alnuseric acid (I). 

Alnuseric acid (I), C 3 1 H 5 2 0 3 , showed I R absorption 
bands of a terminal methylene and a carboxyl group. 
The C M R spectrum in CDC13 also indicated the pre­
sence of the terminal methylene, the carboxyl, the ether 
r ing, and eight methyl carbons. The peaks at mje 141 
(base), 123, and 43 in the mass spectrum was similar to 
those in it of alnincanone ( I I I ) , a naturally occurring 
dammarane-type triterpenoid with a tetrahydrofuran 
ring. Ryabinin et a/.8) has proved the occurrence of such 
ions from the tetrahydrofuran ring of alnincanone ( I I I ) . 
This has also been established in the mass spectra of 
alnuserol (IV)4) and various compounds with a tetra­
hydrofuran ring.9»10) Therefore, the occurrence of the 
peaks in the mass spectrum of alnuseric acid (Scheme 1) 
indicates clearly that this acid includes a side chain 
comprised of a tetrahydrofuran ring similarly to I I I 
and IV. 

The molecular formula indicated that alnuseric acid 
has four rings, in contrast to alnincanone (III) and 
alnuserol ( IV) . Accordingly, alnuseric acid surely 
contains no ring A located with a carbonyl or hydroxyl 
group at position 3, though such functional groups 
appear almost without exception in plant triterpenoids. 
These structural features of alnuseric acid may result 
from the cleavage of ring A of a 3-keto triterpenoid 
having a side chain comprised of a tetrahydrofuran ring 
as I I I and IV. To the alnuseric acid, we here propose a 
biogenetically acceptable structure (I),11) which is 
probably formed biologically from alnincanone by ring-
cleavage at the 3,4-position. 

The structure (I) proposed for alnuseric acid was 
confirmed by its synthesis starting from alnincanone (III) 
following the method established for ring-cleavage at 
the 3,4-position in r ing A of /?-amyrenone.12) Alnin­
canone ( I I I ) was transformed to the corresponding 
ketoxime, which then was treated with /»-toluenesulfonyl 

R l ^ - < 

I : R ^ C O O H , R 2 = H 
V: R ^ C N , R 2 = H 

VI : R ^ C O O H , R 2 = O H 
VII : R ^ G O O M e , R 2 = O H 

VII I : R ^ C O O M e , R 2 = H 
X . R x - C N , R2 = OAc 

I I I : R = H 
IV: R = O H 
IX: R = O A c 
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chloride in pyridine to yield an abnormal Beckmann 
rearrangement product (V) with infrared bands due to 
a cyano group and a terminal methylene. Alkaline 
hydrolysis of this product (V) under milder conditions 
gave (20S,24R)-20,24-epoxy-24-methyl-3,4-secodam-
mar-4(28)-en-3-oic acid. Identi ty of this authentic acid 
with the naturally occurring alnuseric acid was 
established by comparison of the mixed melting point 
and spectral data . T h e structure of alnuseric acid 
has been elucidated to be in I . 

Alnuselide (II), C3 1H5 0O3 , showed I R absorption bands 
due to a terminal methylene. The C M R spectrum 
indicated the presence of an ester or a lactone carbonyl, 
a terminal methylene, and eight methyl carbons in 
addit ion to two quaternary carbons bearing an oxygen 
atom. Appearance of the I R absorption band at 1740 
c m - 1 in CC14 suggested the presence of a six- or a seven-
membered lactone moiety. This was confirmed by the 
formation of a hydroxy acid V I from I I on hydrolysis 
with K O H / M e O H and the reproduction of I I from V I 
on acidification with H C l / M e O H . Methylation of VI 
with CH 2 N 2 yielded a hydroxy methyl ester VII , which 
exhibited the C M R signal at ô 71.2 p p m (d) due to the 
carbon atom occupied with a secondary hydroxyl group. 
The mass spectrum of V I I (Scheme 2) showed the 

m/e 4 84 m/e I87 

i-H„0 m/e 441 

-H,0 * 
f_,m/e 123 (m =107.3) 

m/e 41 

Scheme 2. The mass spectral fragmentation pattern of 
hydroxy methyl ester VII derived from alnuselide (II). 

fragmentation pat tern quite similar to that of alnuseric 
acid methyl ester (VI I I ) . This suggested a secodam-
marane-type triterpenoid with the side chain comprised 
of a tetrahydrofuran ring. The seco-form was also 
indicated by the molecular formula revealing that V I I 
comprises four rings. Accordingly, the hydroxy methyl 
ester (VII) may be a 6- or a 11-hydroxylated derivative 
of V I I I , because alnuselide (II) is found to involve a 
six- or a seven-membered lactone comprised of a 
secondary hydroxyl group as described above. The 
agreement between the carbon signals due to the C, D , 
and tetrahydrofuran rings of VII and the signals due 
to these rings of alnuserol (IV)4) demonstrated that the 
secondary hydroxyl group should be located on C-11 
of V I I . Structure V I I is assigned to the hydroxy methyl 
ester, and structure I I is proposed for alnuselide, a novel 
triterpenoid lactone. 

The structure (II) was confirmed by means of its 
synthesis involving the cleavage of the A-ring of alnuserol 
(IV)4> followed by the lactonization of the resulting 
hydroxy acid. The oxime derivative of alnuseryl 
acetate (IX) prepared from alnuserol (IV) in the usual 
manner was treated12) with jfr-toluenesulfonyl chloride 
in pyridine to yield a product (X) resulting from the 
abnormal Beckmann rearrangement. The hydrolysis 

of the product (X) with K O H / M e O H gave a hydroxy 
acid. This hydroxy acid on dissolving in ether saturated 
with 5 % hydrochloric acid and then standing at room 
temperature suffered lactonization to form (\IR,20S, 
24#)-20,24-epoxy-24-methyl-3,4-secodammar-4(28)-en-
3, l la-olactone. Identity of naturally occurring 
alnuselide with this authentic sample was established by 
comparisons of the mixed melting point, and spectral 
data . Thus, the structure of alnuselide has been elucidat­
ed to be I I . Biogenetically, it is fascinating to note that 
biological cleavage of ring A in alnuserol ( IV), similarly 
to the case of alnuseric acid (I) , followed by lactoniza­
tion between the 3-carboxyl and the 11-hydroxyl groups 
might result in the formation of alnuselide ( I I ) . 

E x p e r i m e n t a l 

The mass spectral analyses were performed on a Hitachi 
RMS-4 mass spectrometer at 70 eV. The PMR spectra were 
taken with a Varian T-60 spectrometer using TMS as an 
internal standard. The CMR spectra were determined with 
a JEOL JNM FX-100 spectrometer operating at 15.1 MHz 

(*m8=0). 
Extraction and Isolation. The male flowers (10.3 kg) of 

Alnus serrulatoides Call, grown wildly on a river side in suburbs 
of Hiroshima city were collected just before the flowering 
in late February. After minced mechanically, the flowers 
were immersed in acetone at room temp for 2 months. Re­
moval of the solvent from the acetone solution gave a viscous 
sirup, which was extracted with ether to give a viscous oil 
(66.7 g). A part (20.0 g) of the viscous oil was subjected to 
a centrifugal liquid chromatography (silica gel ; 3 mm in 
thickness) with a hexane-EtOAc mixture with EtOAc in­
creasing 0 to 30% and then to preparative TLC (silica gel; 
0.75 mm in thickness) with hexane-EtOAc (7: 3 v/v) to give 
alnuseric acid (I) (144 mg) and alnuselide (II) (198 mg). 

Alnuseric Acid (I). Mp 107—109 °C; [a]»8+24.3° {c 
0.21, MeOH); IR (KBr) *>max 3300—2800, 1708 (COOH), 
3077, 1638, and 888 cm-* CC=CH2), 1084 (C-O-C); PMR 
(CDC13) Ô 0.8—1.2 (7xMe), 1.75 (3H, broad s, G(4)-Me), 
4.70 and 4.85 (2H, broad s, "C=CH2); CMR (CDC13) Ô 
180.2 (s, C-3), 147.4 (s, C-4), 113.4 (t, C-28), 85.8 and 85.3 
(s, C-20 and C-24), 25.1, 23.2, 22.9, 20.1, 18.8, 17.6, 16.3, 
15.4 (q, 8 x M e ) ; MS m/e (rel. intensity) 472 (M+, 1), 457 
(3), 429 (20), 411 (8), 141 (100), 123 (61), 43 (63), 41 (52). 
Found : C, 79.06 ; H, 11.01 %. Calcd for C31H5203 : C, 78.76 ; 
H, 11.09%. Methylation of I with CH2N2 gave the methyl 
ester (VIII): IR (liquid film) ymax 1735 (ester), 3078, 1637, 
and 890 cm-1 QC=CH2) ; PMR (CDC13) ô 0.8—1.2 (7 x Me), 
1.76 (3H, broad s, C(4)-Me), 3.36 (3H, s, OMe), 4.72 and 
4.86 (2H, broad s, ^C=CH2) ; MS m/e (rel. intensity) 486 
(M+, 2), 471 (3), 141 (100), 123 (60), 43 (65), 41 (59). 

Alnuselide (II). Mp 139—140 °C; [a]£5+ 107° (c 0.33, 
MeOH); IR (KBr) ymax 1735 (lactone), 3066, 1635, and 
877 cm-1 OC=CH2) ; UV (MeOH) Amax 220 nm (s 34.9) ; 
PMR (GDGI3) ô 0.8—1.2 (7xMe), 1.79 (3H, broad s, C(4)-
Me), 4.73 and 4.88 (2H, broad s, ^C=CH2); CMR (GDG13) 
ô 176.2 (s, C-3), 146.7 (s, C-4), 114.1 (t, C-28), 85.4 and 84.9 
(s, C-20 and C-24), 76.5 (d, C-ll) , 24.9, 23.7,22.9, 18.8, 
18.7, 17.5, 17.0, and 15.6 (s, 8 x M e ) ; MS m/e (rel. intensity) 
470 (M+, 2), 426 (60), 408 (18), 141 (100), 123 (62), 43 (60), 
41 (67), 28 (83); ORD (c 0.33, MeOH) [<£]400+2090°, [3>]21, 
+ 12300°; CD {c 0.33, MeOH) [0]219+203°. Found: C, 
79.01; H, 10.93%. Calcd for C31H50O3: C, 79.10; H, 10.71%. 

Preparation of Hydroxy Methyl Ester VII from Alnuselide. A 
solution of II (20 mg) in 5% NaOH/MeOH (5 ml) was reflux-
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ed for 30 min. The reaction mixture, after acidification, was 
extracted with ether to give a crude product (18 mg) , which 
was then purified by preparative T L C [silica gel; hexane-
EtOAc ( 7 : 3 v/v)l to afford hydroxy acid V I (15 m g ) : I R 
(Nujol) ym a x 3350—2500 and 1710 c m - 1 ( O H and C O O H ) . 
The hydroxy acid (VI) (4.0 mg) was treated for 12 h at 
room temp with ether (3 ml) saturated with 5 % hydrochloric 
acid to reproduce the original lactone (II) (3.3 mg) : m p and 
mixed m p 139—140 °C. Trea tment of the hydroxy acid (VI) 
(10 mg) with CH 2 N 2 gave hydroxy methyl ester V I I (10 mg) : 
I R (Nujol) ym a x 3350 ( O H ) , 1731 (ester), 3080, 1635, and 
883 c m - 1 Q C = C H 2 ) ; M S mje (rel. intensity) 502 (M+, 0.5), 
487 (2), 484 (4), 141 (100), 123 (71), 43 (45), 41 (47); P M R 
(CDCLj) Ô 1.77 (3H, broad s, C(4)-Me) , 3.35 (3H, s, O M e ) , 
4.71 and 4.87 (2H, broad s, ^C=CH 2 ) ; C M R (CDC13) Ô 
175.8 (s, C-3), 147.4 (s, C-4), 113.7 (t, C-28), 85.3 (s, C-20 
and C-24), 71.2 (d, C - l l ) , 51.4 (q, O M e ) , 24.6, 23.1, 22.9, 
20.4, 18.7, 17.5, 16.4, 16.0 (q, 8 x M e ) . Found : G, 76.69; 
H, 10.70%. Calcd for C 3 2 H s 4 0 4 : C, 76.45; H , 10.83%. 

Synthesis of I. i) Cleavage of the A Ring of Alnincanone 
(III) : According to the previously-described procedure,12) 
a mixture of alnincanone oxime (30 m g ; prepared from alnin­
canone (III)2 '7) and hydroxylamine hydrochloride in pyridine) 
and /»-toluenesulfonyl chloride (30 mg) in dry pyridine ( 1.0 
ml) was kept for 20 h at room temp. After addit ion of a 
few drops of water, the mixture was stirred for 30 min at 
room temp. T h e reaction mixture on acidification with 5 % 
hydrochloric acid (10 ml) was extracted with ether to give a 
solid mass (27 mg) , which was subjected to preparat ive T L C 
to give 3-cyano-20,24-epoxy-24-methyl- 3,4 -secodammar-4-
(28)-ene (V) (8.2 mg) : m p 101—103 °C ; I R (Nujol) y m a x 

2240 (C=N), 3075, 1632, and 899 cm" 1 £ C = C H 2 ) ; P M R 
(CDC13) «5 1.79 (3H, broad s, C(4)-Me) and 4.75 and 4.94 
(2H, broad s, ^ C = C H 2 ) . Found : C, 82.16; H , 11.20%. 
Calcd for C 3 1 H 5 1 ON: C, 82.06; H , 11.33%. This reaction, 
as has been described previously,12) yielded an undesired pro­
duct, aza-A-homodammarane derivative (12 m g ) : m p 195— 
197 °C; I R (Nujol) ym a x 1665 c m - 1 (amide), which was not 
further investigated. 

ii) Hydrolysis of V: A solution of V (5.0 mg) in 2 0 % 
K O H / E t O H (2 ml) was refluxed for 6 h. T h e reaction mix­
ture, after acidification was extracted with ether to give 20,24-
epoxy-24-methyl-3,4-secodammar-4(28)-en-3-oic acid (I) (3.9 
m g ) : m p 107—109 °C; I R (Nujol) 3300—2800 and 1710 
( C O O H ) , 3079, 1638, and 890 c m - 1 Q C = C H a ) : M S mle 
(rel. intensity) 472 (M+, 2) , 141 (100), 123 (78), 43 (49), 41 
(45); P M R (GDGI3) ô 1.75 (3H, broad s, C(4) -Me) , 4.70 and 
4.85 (2H, broad s, ^ C = C H 2 ) . 

Synthesis of II. i) Cleavage of the A Ring ofAlnuserol(IV) : 
By the same procedure as described above, the oxime deriva­
tive (228 mg) of alnuseryl acetate (IX)4) was treated with p-
toluenesulfonyl chloride (140 mg) in dry pyridine (10 ml) to 
give 1 l-acetoxy-3-cyano-20,24-epoxy-24-methyl-3,4-secodam-
mar-4(28)-ene (X) (66 mg) : m p 160—162 °C ; I R (Nujol) 
vmax 2245 (C=N), 1730 (OAc), 3076, 1639, and 890 c m - 1 

OC=CH 2 ) ; P M R (CDC13) ô 1.77 (3H, broad s, C(4)-Me) , 

2.07 (3H, s, OAc) , 4.72 and 4.92 (2H, broad s, ^ C - C H 2 ) . 
Found : C, 77.66; H , 10 .51%. Calcd for C 3 3 H 5 3 0 3 N : C, 77.45; 
H , 10.44%. In a similar manner as above, this reaction gave 
the undesired aza-A-homodammarane derivative (48 mg) : m p 
225—226 °C ; I R (Nujol) v m a x 1666 cm" 1 (amide). 

ii) Hydrolysis of X: A solution of X (20 mg) in 2 0 % K O H / 
M e O H (5 ml) was refluxed for 12 h. T h e reaction mix­
ture on usual work-up gave 20,24-epoxy-ll-hydroxy-24-
methyl-3,4-secodammar-4(28)-en-3-oic acid ( V I ) : I R (Nujol) 
3350—2500 ( O H and C O O H ) , 1708 ( C O O H ) , 3080, 1640, 
and 890 c m - 1 (^C=CH 2 ) ; P M R (CDC13) ô 1.73 (3H, broad 
s, C ( 4 ) - M e ) , 4.71 and 4.86 (2H, broad s, ^C=CH 2 ) . 

Hi) Lactonization of VI: Hydroxy acid V I ( 10 mg) dis­
solved in ether (5 ml) saturated with 5 % hydrochloric acid 
was left stand for 12 h at room temp to give (Hi? , 206*, 
24i?)-20,24-epoxy-24-methyl-3,4-secodammar-4(28)-en-3,l \<x-
olactone (II) (9.0 mg) : m p 139—140 °C ; I R (Nujol) ym a x 

1735 (lactone), 3080, 1635, and 890 c m - 1 £ C = C H 8 ) ; MS 
m/e (rel. intensity) 470 (M+, 2), 141 (100), 123 (68), 43 (59), 
41 (67); P M R (CDC13) ô 1.80 (3H, broad s, C ( 4 ) - M e ) , 4.73 
and 4.89 (2H, broad s, ^C=CH 2 ) . 

W e t h a n k M i s s R e i k o I d e o for h a v i n g c h a r g e of a 
p a r t of t h e e x p e r i m e n t s a n d J E O L C o . , L t d . for o b t a i n i n g 
t h e 1 3 C - N M R s p e c t r a . T h e p r e s e n t w o r k w a s p a r t i a l l y 
s u p p o r t e d b y a G r a n t - i n - A i d for S c i e n t i c R e s e a r c h f r o m 
t h e M i n i s t r y of E d u c a t i o n (Nos . 2 4 7 0 2 7 a n d 2 3 4 0 3 3 to 
T . S . ) a n d M a t s u n a g a Sc i ence F o u n d a t i o n i n 1977 
( t o T . H . ) . 
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Reactive Troponoids and o-Aminophenol. III. 
of 2-Bromo-7-methoxytropone1) 

The Reaction 

Tetsuo NOZOE, Taichi SOMEYA,* and Harue OKAI1 

Central Research Laboratory of Takasago Perfumery Co., Ltd., Kamata, Ohta-ku, Tokyo 144 
t Tokyo Research Laboratory of Kao Soap Co., Ltd., Bunka, Sumida-ku, Tokyo 131 

(Received September 9, 1978) 

The reaction of 2-bromo-7-methoxytropone with o-aminophenol gave 2-bromo-7-(o-hydroxyanilino) tropone 
(9), besides small amounts of cyclohepta[£][l,4]benzoxazin-6(ll//)-one (10) and lo/Z-fl^JbenzoxazinofS'^': 3,4]-
cyclohepta[2,l-£][l,4]benzoxazine (11). The heating of 9 with a strong acid afforded 6-bromocyclohepta[£][l,4]-
benzoxazine (13) quantitatively. On the other hand, the heating of 13 with o-aminophenol in ethanol gave 10, 
while in acetic acid a mixture of 10 and 11 was obtained. The mechanism of the formation of these products is 
discussed. 

We have previously reported that the reaction of 
2-chlorotropone (1) with o-aminophenol (2a) afforded 
2-(o-hydroxyanilino) tropone (3) and cyclohepta[^][l ,4]-
benzoxazine (4).2) The reactions of 4-, 5-, and 6-
isopropyl-2-chlorotropones (5a—c) with ö-aminophenol 
gave isopropylcyclohepta \U\ [1,4] benzoxazines (6a—c), 
besides a small amount of cyclohepta[£][l,4]benzoxazin-
10( l l / / ) -ones (7a—c). We also found that , in these 
reactions, the amino group of o-aminophenol attacked 
the 1- and 2-positions of the tropone ring equally.3) 

cc 2a 

0* 

Ä "^ Ä® + ^ o ^ 
5a-c 6a-c 7a-c 

In the present investigation, the reaction of o-amino­
phenol with 2-bromo-7-methoxytropone (8), which has 
two leaving groups, was carried out to find which of 
two groups, bromo or methoxyl, reacted preferentially 
and to see if the use of an excess of o-aminophenol would 
give a seven-membered tropylium compound with two 
oxazine rings. 

R e s u l t s and D i s c u s s i o n 

The refluxing of 8 with o-aminophenol (2a) in acetic 
acid for 2 h gave yellow prisms (9, 82%) , orange yellow 
needles (10, 4 .7%) , and dark violet needles (11, 0 .5%). 
The methylation of 9 with diazomethane gave a product 
which agreed with the 2-bromo-7-(o-methoxyanilino)-
tropone (12) obtained by the reaction of 8 with o-
methoxyaniline (2b) (Scheme 1). 

The heating of 9 in acetic acid, in the presence of 
coned sulfuric acid, resulted in the quanti tat ive forma­
tion of 13, which then easily reverted to 9 on being 
heated in dilute ethanolic alkali. The catalytic reduction 
of 13 gave cyclohepta[£][l,4]benzoxazine (4).2) These 
pieces of evidence indicate that 9 is 7-bromo-2-(o-
hydroxyanilino) tropone and that 13 is 6-bromocyclo-

Br Br 

X)CH3 ^ N - H 

Br 

8 Ùw àr 
OH 

Br 

0CH3 

12 

co® - as® 
H 10 I 13 
Î J2a 

N HO N-H 

to - coe> 

NH 

Î 
11 

•2H 

16a 16 

Scheme 1. 

0 NH 

H 17 

hepta[£][l ,4]benzoxazine. These structures were also 
supported by the results of the elemental analyses and 
by the spectral data . 

The electronic spectrum of 10 (M+, 211 ; C 1 3 H 9 N0 2 ) is 
very similar to that of cyclohepta[é][l,4]benzothiazin-
6 ( l l # ) - o n e (14).4) The I R spectrum of 10 shows 
absorptions at 3300 (NH) and at 1650 c m - 1 (C=0) , 
which correspond well with those at 3280 (NH) and at 
1633 c m - 1 (C=0) in the I R spectrum of 14.4> Conse­
quently, 10 was determined to be cyclohepta[£][l ,4]-
benzoxazin-6(l \H)-one. 

The I R spectrum of 11 (M+, 300; C 1 9H 1 2N 20 2 ) shows 
an absorption at 3250 c m - 1 (NH) . Since the further 
heating of 13 with 2a in acetic acid afforded 11 besides 
10, 11 was assumed to be l S u Z - f l ^ b e n z o x a z i n o P ' ^ ' : 
3,4]cyclohepta[2,l-0][l,4]benzoxazine. The visible 
absorption maximum at 500 n m in 11 corresponds well 
with that at 490—500 n m in 15, a tropylium compound 
with two condensed thiazine rings, which was obtained 
by the reaction of 3,5-dibromotropolone with o-amino-
benzenethiol.4) 

The bromo compound 13 was fairly stable on heating 
in strong acids and did not undergo any change, but the 
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refiuxing of 13 with 2a in acetic acid resulted in the 
formation of 10 and 11, although it should be noted 
that the refiuxing of 13 with 2a in ethanol gave mainly 
10, and no 11. I t is interesting to note that, although 13 
does not change in strong acids, 13 loses bromine by the 
reaction with almost neutral 2a even in ethanol and that 
the bromine atom is replaced with an oxygen atom. 
The experiments mentioned above suggest that the 
saponification of the bromine atom in 13 should be 
preceded by substitution with 2a, giving the 6-(o-
hydroxyanilino) compound (16). The Schiff base 16a, 
a tautomeric form of 16, could be saponified under 
dilute acidic conditions to give the ketone (10). 

However, since the ketone (10) was not obtained 
by the reaction of 13 with aniline under the same 
reaction conditions, the hydroxyl group in the substi­
tuent at C-6 in 16 seems to part icipate in the formation of 
10. A study of the mechanism of the ketone (10) is 
now under investigation. 

Compound 16 would also be cyclized at the 7-position 
to form 17, which then undergoes dehydrogenation to 
form the more stable 11. 

I t is quite notable that the hydroxyanilino group 
bonded to the seven-membered ring undergoes cycliza-
tion on the seven-membered ring not containing a 
functional group.3) 

E x p e r i m e n t a l 

If not otherwise stated, the instruments and methods are 
as previously described.2) 

Reaction of 2-Bromo-7-methoxytropone (8) with 2a. A 
mixture of 8 (1.5 g, 7.0 mmol), 2a (0.9 g, 8.4 mmol), and 
acetic acid (4.5 ml) was refluxed for 2 h. After the removal 
of the acetic acid under reduced pressure, a small amount 
of ethanol was added to the residue and the precipitate was 
filtered. The recrystallization of the crude crystals from 
ethanol gave 1.23 g of 9. The filtrate and the mother liquor 
of the recrystallization were chromatographed on a silica gel 
column. Then, 11 (10 mg, 0.5%), 10 (70 mg, 4.7%), and 
9 (370 mg) were obtained from the benzene, benzene-ether 
(1: 1), and ether fractions respectively. 

2-Bromo-7-(o-hydroxyanilino)tropone (9): Yellow prisms; 
mp 202 °C; l ™ n m (log e) : 205 (4.52), 250 (4.38)sh, 260 
(4.39), 346 (3.98), and 418 (4.20); ^ H + N l 0 H n m (loge): 240 
(4.72), 346 (3.98), and 423 (4.20); IR (KBr): 3280 (NH), 
3200 (OH), and 1585 cm-1(C=0); NMR (60 MHz in DMSO-
d6) : Ô 10.0 (s, 1H, OH), 9.25 (s, 1H, NH), 8.24 (dd, 1H, J= 10 
and 1 Hz, G3-H), 7.15—7.55 (m, 2H, C5>6-H), 6.80—7.15 
(m, 4H, benzene ring), and 6.55 ppm (t, 1H, ^7=10 and 10 
Hz, C4-H). Found: C, 53.40; H, 3.54; N, 4.62%; M+, 293. 
Calcd for C13H10NO2Br: C, 53.44; H, 3.45; N, 4.80%; M, 
293. 

Cyclohepta[b][l,4]benzoxazin-6(lllî) one (10): Orange 
yellow needles; mp 115 °C (from hexane) ; ^ H n m 
(loge): 207 (4.28), 227 (4.43), 275 (3.88), 310 (3.48), 
and 435 (3.74) ; IR (KBr) : 3300 (NH) and 1650 cm"1 (C=0) ; 

NMR (60 MHz in CDC13) : Ô 9.10 (s, 1H, NH) and 6.30—7.05 
ppm (m, 8H). Found: C, 73.64; H, 4.27; N, 6.70%; M+, 
211. Calcd for C1 3H9N02: C, 73.92; H, 4.30; N, 6.63%; 
M, 211. 

15H.-[1,4]Benzoxazino[3f,2': 3,4]cyclohepta[2,7-b] [1,4] benz-
oxazine (11): Dark violet needles; mp 245 °G (from 
hexane); A ™ nm (log e): 207 (4.10), 254 (3.99), 350—360 
(3.43), and 500 (3.68); ff+HC1nm (log e): 207 (4.08), 
223 (4.02), 275 (4.00), 325 (3.57)sh, 410 (3.68), and 535 
(3.54) ; IR (KBr) : 3250 cm"1 (NH) ; NMR (60 MHz in DM-
SO-rf,) : ô 6.70—6.45 (m, 8H, benzene ring) and 5.72 ppm 
(m, 3H, cycloheptatriene ring). Found: C, 76.25; H, 4.09; 
N, 9.38%; M+, 300. Calcd for C1 9H ] 2N20,: C, 75.99; H, 
4.03; N, 9.33%; M, 300. 

2-Bromo-7-(o-methoxyanilino)tropone (12). a) An ether 
solution of diazomethane (0.51 mmol) was added to a solution 
of 9 (0.1 g, 0.34 mmol) in ether (20 ml), and the mixture was 
stirred for 5 min at room temp. After the removal of the 
ether, the recrystallization of the residue from benzene gave 
0.1 g (95%) of 12. 

b) A mixture of 8 (0.1 g, 0.45 mmol), 2b (66 mg, 0.54 
mmol), and acetic acid (1 ml) was refluxed for 5 h. After 
the removal of the acetic acid under reduced pressure, the 
residue was dissolved in benzene. The benzene solution was 
washed with aq NaHCO s and water, dried over Na2S04 , 
and evaporated. The residue was chromatographed on a 
silica gel column; then 12 (61 mg, 91%) and 9 (53 mg) were 
obtained from the benzene-ether (3:1) and ether fractions 
respectively. 12: Yellow needles; mp 132 °C; A£*gH nm (log 
e): 205 (4.46), 244 (4.33), 260 (4.34), 348 (4.10), and 420 
(4.31); IR (KBr): 3260 (NH) and 1680cm-1 (C=0); NMR 
(60 MHz in DMSO-rf6) : ô 9.25 (s, 1H, NH), 8.20 (d, 1H, / = 
10 Hz, C3-H), 7.20—7.52 (m, 2H, C5>6-H), 6.85—7.20 (m, 
4H, benzene ring), and 6.57 ppm (m, 1H, Cj-H). Found: 
C, 55.17; H, 4.07; N, 4.40; Br, 26.16%; M+, 307. Calcd for 
CMH12N02Br: C, 54.92; H, 3.95; N, 4.58; Br, 26.10%; M, 
307. 

6-Bromocyclohepta[h~\[l,4]benzoxazine (13). A solution 
of 9 (0.7 g, 2.4 mmol), acetic acid (5 ml), and a small amount 
of coned H2S04 was refluxed for 1 h. After the removal of 
the acetic acid under reduced pressure, the residue was dis­
solved in benzene. The benzene solution was washed with 
aq NaHC0 3 and water, dried over Na2S04 , and evaporated. 
The recrystallization of the residue from hexane gave 0.65 g 
(98%) of 13 as brown needles; mp 119 °C; A ^ 1 nm (log e) : 
208 (4.30), 227 (4.31), 262 (4.43), 268 (4.42), and 410 (4.08); 
NMR (60 MHz in CCLJ : ô 6.40—6.75 (m, 4H, benzene ring) 
and 5.30—6.55 ppm (m, 4H, cycloheptatriene ring) ; NMR 
(in CF3COOH) : ô 7.75 (d, 1H, J= 11 Hz, C7-H) and 6.45— 
7.40 ppm (m, 7H). Found: C, 57.08; H, 2.84; N, 5.06; Br, 
29.27%; M+, 275. Calcd for C13H8NOBr: C, 56.96; H, 
2.94; N, 5.11; Br, 29.15%; M, 275. 

The hydrogénation of 13 in ethyl acetate and a small amount 
of pyridine with palladium carbon (5%) as a catalyst under 
normal pressure at room temp gave cyclohepta[£][l,4]benz-
oxazine2) as brown needles; mp 93 °C. 

Conversion of 13 into 9. A solution of 13 (50 mg) in 
EtOH (1 ml) and 1 M NaOH (1 ml) was refluxed for 1 h. 
After the removal of the ethanol, water (2 ml) was added to 
the residue, and the mixture was washed with benzene. The 
water layer was neutralized with 1 M HCl and extracted with 
benzene. The extract was washed with water, dried, and 
evaporated to dryness. Recrystallization from hexane gave 
45 mg (84%) of 9. 

Reaction of 13 with 2a. A mixture of 13 (55 mg, 0.2 
mmol), 2a (26 mg, 0.24 mmol), and acetic acid (5 ml) was 
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refluxed for 4 h. After the removal of the acetic acid under 
reduced pressure, the residue was extracted with benzene. 
From the extract, 10 mg (17%) of 11 and 15 mg (36%) of 
10 were obtained by preparative TLG developed with benzene. 
On the other hand, a mixture of 13 (85 mg), 2a (45 mg), 
and EtOH (5 ml) was refluxed for 3 h. By the method 
described above, a 50-mg portion (76%) of 10 was obtained. 

The authors wish to express their thanks to Dr. Isao 
Kawamoto and the Sankyo Co., Ltd. , for measuring 
some of the mass spectra and for their elemental analyses. 
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The Conformation and the Ring Inversion of 8,9,10,11-Tetrahydro-
71T-cycloocta[c?e]naphthaIene 
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The ^ - N M R spectra of 8,9,10,11 -tetrahydro-7#-cycloocta|>]naphthalene (1) and its 8,8,10,10-tetradeuterio 
derivative have been studied at various temperatures. The NMR parameters of compound 1 were determined 
accurately by means of computer analysis of the low-temperature spectrum. It was found that the ground-state 
conformation of 1 is a boat, which is somewhat in a distorted form (puckering) as a result of the steric repulsion 
between the interior benzyl protons. Activation parameters AG*, A / / # , and AS**, for the boat inversion process 
in the molecule were obtained by the line-shape analysis method as 14.5, 16.1 kcal/mol and 5.4 e.u., respectively. 
These results are best explained in terms of a conformational interconversion process in which the pseudorotations 
of the peri bonds are involved. Some discussion is also made on the conformational properties of compound 1 in 
comparison with those of the structurally analogous benzocyclic compound 6,7,8,9-tetrahydro-5//-benzo-
cycloheptene. 

Recently, as parts of our studies on the chemistry of 
pericyclic naphthalenes, we have studied the conforma­
tions of several derivatives of the 8,9,10,11-tetrahydro-
7//-cycloocta[^]naphthalene system.1»2) I n the course 
of these studies, it was found that the eight-membered 
peri rings in these compounds are rather strained due 
to the peri interaction inherent in the peri-substituted 
naphthalenes.3) I n the present paper, in order to 
determine accurately the effects of the peri strains on 
the ring geometry of the 8-membered pericyclized 
naphthalenic compound and to study in detail the r ing 
inversion of this system, a study has been made on the 
conformation of the parent compound 1. 

\J DAJAD 

UP P 6 
1 2 

Since the knowledge of conformational properties of 
compound 1 is fundamental and very important for 
studies of the chemistry of the 8-membered pericyclized 
naphthalene system, it is worthwhile to discuss fully on 
the conformation and the ring inversion of this molecule 
based on the accurate and reliable experimental data, 
though some brief discussion on these points has already 
been made by Nelsen and Gillespie4) using the approxi­
mate N M R methods (first order approximation and 
coalescence temperature method). 

In this paper, we study the ! H - N M R spectra of 
compound 1 and its 8,8,10,10-tetradeuterated derivative 
2 at various temperatures. The computer analysis of 
the low-temperature spectrum is performed to de­
termine the accurate N M R parameters of 1, from 
which the precise geometry of the stable ground-state 
conformation of 1 is defined. Further, we report the 
results of the complete line shape analysis of the 
temperature-dependent X H-NMR spectra of 1 by means 
of the density matrix method, and present the kinetic 
parameters of the ring inversion process in 1. We will 
also discuss about the 1 H - N M R result and the confor­
mational properties of 1 by comparing with those of the 

structurally analogous 6,7,8,9-tetrahydro-5Z/-benzo-
cycloheptene (3). 

R e s u l t s 

The room-temperature 1 H - N M R spectrum of the 
alkyl portion of 8,9,10,1 l-tetrahydro-7//-cycloocta[<&]-
naphthalene-8,8,10,10-rf4 (2) in ca. 10% solution in 
the deuteriochloroform consists of a singlet at ô 1.24 for 
the C9-protons (2H) and a broad hump centered at 
ô 3.47 for the C7- and C n -protons (4H). As the tempera­
ture of the sample is progressively lowered each meth­
ylene signal broadens and then splits into an AB quartet 
characterized by the chemical-shift difference (A<5) of 
0.314 and 1.035 p p m (JAB= —14.4 Hz) , respectively. 
The lower-field signal of the benzylic AB pat tern can be 
assigned to the interior protons (H i n) on C7 and C n 

positions of the peri ring, since these protons are 
expected to have a large steric interaction owing to 
their proximity with each other.1 '2-4) 

The aromatic region of the spectrum of 2 consists of 
three quartets of equal intensities (2H) which show 
almost no change in their appearence on the variation 
of temperature. From the peak area and the values of 
the chemical shifts and coupling constants, these signals 
can be assigned most reasonably as is shown in Table 2.1) 

The room-temperature 1 H - N M R spectrum of the 
aliphatic region of 8,9,10,11-tetrahydro-77/-cycloocta-
[de]naphthalene (1) dissolved (ca. 10%) in a mixture of 
deuteriochloroform and carbon disulfide (3 :1 ) consists 
of a broad band at ô 2.6—3.2 for the benzylic protons 
(4H), a somewhat broad quintet at ô 1.86 (4H, J=ca. 
6.6 Hz) for the C8- and C10-protons and a multiplet 
centered at à 1.30 for the C9-protons (2H). As the 
temperature is decreased the spectrum undergoes a 
change such that at —44.7 °C the benzyl methylene 
signals are separated into two distinct absorption bands 
of equal intensities, consisting of eight lines, whereas 
the signals centered at ô 1.86 and 1.30 are changed into 
more complex multiplets resonating at ô 1.6—2.2 and 
0.8—1.8, respectively. These signals remained unchang­
ed on further decrease in temperature (ca. —100 °C). 

Figure l a shows the low-temperature ^ - N M R 
spectrum of the benzyl methylene groups of 1, where 
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TABLE 1. NMR PARAMETERS OF THE BENZYLIC METHYLENE PROTONS OF 1 

l b ) 

2C> 

Chemical sh 

<57 in
d> 

3.9742 
3.975 

(4.8) 

ifts (ppm)a> 

2.9406 
2.940 

(2.9) 

J 7 gem 

- 1 4 . 2 3 
- 1 4 . 4 

Coupling constants (Hz) 

. /7 in ,8eq Jlex, Sax «/7in,8ax 

12.88 1.28 6.49 

*/7ex,8eq 

6.82 

a) ô from internal standard TMS. b) Obtained from the computer simulation of the spectrum 
of 1 at —44.7 °C. c) Obtained by the first order analysis of the spectrum of 2 at —26.7 °C; 
the figures in the parentheses are the values of the line widths of the signals (in Hz). d) The 
numbers refer to the carbon position on the ring and the letters are as follows; in (interior), ex 
(exterior), eq (equatorial) and ax (axial). 

425.0 400.0 375.0 350.0 325.0 300.0 275.0 250.0 

Fig. 1. The observed (a) and the calculated (b) NMR 
spectra of the benzylic methylene protons of 1 at —44.7 
°C. 

the low-field signal is assigned to the interior protons 
and the high-field one to the exterior protons as described 
above. Analysis of this spectrum as AB part of an ABCD 
spin system using L A O C O O N M B Y H program5) 
afforded chemical shifts and coupling constants of the 
benzyl protons of 1 listed in Table 1. The calculated 
spectrum (Fig. lb) obtained from these N M R param­
eters agrees well with the observed one (Fig. l a ) . 
Computer analyses were also at tempted for the spectra 
of the C8- and C9-protons but unsuccessful, since these 
signals are very complex because of their small shift 
differences. 

O n the other hand, when the temperature of the 

sample is elevated, the broad band of the benzylic 
protons of 1 sharpens and then splits into a triplet 
( 7 = 6 . 8 Hz) above 70 °C. The chemical shift (d=3.45) 
and coupling constant ( y = 6 . 8 Hz) of the benzyl protons 
of 1 obtained from the high-temperature spectrum are 
in good agreement with the values ((5 = 3.46 and y = 
6.7 and 7.1 Hz) obtained by averaging the low-tempera­
ture data in Table 1. 

From the temperature-dependent 1 H - N M R spectra 
of compounds 1 and 2 described above, it is indicated 
that the 8-membered peri ring of 1 undergoes the 
conformational change in the temperature range studied, 
by which the interior and exterior benzyl protons are 
interchanged. Figure 2a illustrates the gradual spectral 
changes observed for the benzyl methylene protons of 1 
at various temperatures. I n order to determine the 
kinetic parameters for the conformational change of 1, 
the complete line shape analysis of the benzyl proton 
signals of 1 was performed by means of the density 

A=6166s-i 

50 Hz 

Fig. 2. The observed (a) and the calculated (b) NMR 
spectra of the benzylic methylene protons of 1 at various 
temperatures. 

Ogeq 

1.395 
(2.8) b> 

TABLE 2. NMR DATA OF THE C9- AND THE NAPHTHALENE PROTONS OF la> 

Chemical shifts (ppm) 

^9ax ^1(6) ^2(5) ^3(4) 

1.081 7.186 7.314 7.671 
(5.5) 

Coupling constants (Hz) 

J9gem J 1,2 J 1,3 

-14 .4 C > 7.1 1.9 

1 / 2 , 3 

7.7 

a) Obtained from the spectrum of the deuterated derivative 2 at — 26.7 °C. b) Values in 
parentheses are those of the line widths of the peak (in Hz). c) This value is very similar 
to the value found in the cyclooctane (—14.5 Hz) (Ref. 17) and somewhat larger than the 
value (—13.9 Hz) observed for the C7-protons of 3 (Ref. 9). 
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Fig. 3. Arrhenius plot for the ring inversion of 1. 

matrix method6) using I N V E R S EX2 program7) 
developed by the author (O. Yamamoto) previously. 
By computer simulation of the temperature-dependent 
spectra of the benzyl methylene protons, using the N M R 
parameters given in Table 1, the rate constants (k) for 
exchanging the benzyl protons of 1 at various tempera­
tures were obtained. Figure 2b shows an example of the 
best fits between the observed and calculated spectra. 
The rate constants thus obtained within —10 to 90 °C 
are then plotted as Ink vs. 1 \T in Fig. 3, from which 
the Arrhenius and Eyring activation parameters were 
calculated through the least-squares method. The 
results are shown below. 

£ a = 16.7 ± 0 . 5 kcal/mol 

AG* = 14.5 ± 0.1 kcal/mol at 30°C 

AH* = 16.1 ± 0.5 kcal/mol 

AS* = 5.4 ± 1.7 e.u. 

D i s c u s s i o n 

The relatively simple N M R spectra of 8,9,10,11-
tetrahydro-7//-cycloocta [</<?] naphthalene (1) and its 
8,8,10,10-tetradeuterated derivative 2 at low tempera­
tures suggest that , in the ground state, the 8-membered 
peri ring of compound 1 exists in one conformation, 
either the boat (B) or the chair (C), which has a mirror 
plane (Cs) passing through the C9 and angular carbon 
atoms of the naphthalene nucleus.1) The twist-boat 
conformation (TB) with a C2 symmetry is excluded from 
the ground-state conformation of 1, since the methylene 
protons on C9 distinctly show an AB signal in the low-
temperature spectrum of 2.1) 

As can be seen from the Newman projections in Fig. 4, 
the interior benzyl proton in the boat conformation is 
situated in a position trans to an adjacent equatorial 
proton, while the exterior proton in the chair has a 
dihedral angle of about 0° with respect to an adjacent 
equatrial proton. In light of this and Karplus equation 
about the dihedral angles and spin coupling constants of 

Hex 

(C) 

Fig. 4. The boat (B) and the chair (C) conformations 
for 1 and their Newman projections about the C7-C8 

(C1 0-Cu) bonds. 

the carbocyclic ring,8) the fact that the interior benzyl 
protons of 1 show a considerably large vicinal coupling 
constant (J= 12.88 Hz) clearly suggests that compound 
1 assumes the boat (B) as the ground-state conformation. 
This is also indicated from the spectra of the deuterated 
derivative 2, where the signal of the interior benzyl 
proton is much broader (4.8 Hz) than that of the 
exterior proton (2.9 Hz) in reflection of the strong 
coupling between the interior proton and the equatorial 
deuterium which are in trans to each other in the boat 
conformation. 

Consequently, the changes in the variable-temperature 
N M R spectra of 1 are interpreted in terms of the inter-
converting boat conformations. The predominance of 
the boat conformation over the chair observed in 1 seems 
reasonable, since the boat lacks the eclipsing strains 
about the C 7 -C 8 and C 1 0 - C n bonds present in the 
chair.1-2-4) This is in striking contrast to the case of 
structurally analogous 6,7,8,9-tetrahydro-5//-benzo-
cycloheptene (3) which exists only in the chair conforma­
tion in the ground state.9 '10) 

= CQ 

Now that the boat conformation for 1 has been 
established, the assignment of the C9-AB signal of 2 is 
straightforward. Tha t is, the high-field doublet is 
assigned to the axial proton, H 9 a , and the low-field one 
to the equatorial proton, H 9 e , of the C9-methylene 
group of 1, since the H 9 a , which lies spatially closer to 
the naphthalene ring than the H 9 e proton in the boat 
conformation, is expected to be more shielded than the 
H 9 e proton not only by the effect of the magnetic 
anisotropics of adjacent C-C bondings but also by the 
effect of the ring current induced by the naphthalene 
nucleus.1) Actually, the H 9 a proton of 2 resonates at 
appreciably higher field (0=1.081) than the corre­
sponding H 7 a x proton (ô= 1.580) on the analogous 
position of the benzocyclic compound 3 , which exists 
in the chair conformation.10) This suggests that the 
H 9 a proton of 1 is substantially shielded by the r ing 
current of naphthalene and is a further evidence in 
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favor of the boat conformation for 1. The predominance 
of the boat conformation in 1 is also supported by the 
line widths of the C9-protons of 2, where the signal of 
the H 9 a proton is greatly broadened (5.5 Hz) as com­
pared to that of the H 9 e proton (2.8 Hz) in reflection 
of the trans steric relationship between the H 9 a and 
adjacent axial protons (on C8 and C10) in the boat 
conformation. 

We have already studied the N M R spectra of the boat 
conformations of several 8,8,10,10-tetrasubstituted 8,9,-
10,1 l-tetrahydro-7.//-cycloocta[ûfe] naphthalenes (4).1) 

Comparing the N M R data of these compounds with 
those of the unsubstituted compound 1, the chemical 
shift of the H 9 a proton of 1 ((5=1.081) is somewhat 
larger than those of the substituted compounds (<5= 
—0.032—1.071).*> Moreover, the chemical-shift dif­
ference (A<5) of the C9-methylene protons of 1 (A<5= 
0.314) is small as compared to those of 4 (A<5=0.85— 
1.2)1) and also to the A<5 value (1.32—1.92) calculated 
for the boat conformation of the 8,9,10,11-tetrahydro-
7//-cycloocta [fife] naphthalene ring.1) The shift difference 
observed between 1 and 4 results possibly from the 
direct and/or indirect (changes in geometry of the peri 
ring associated with the introduction of the substituents) 
effects of the substituting groups, which might cause 
some differences in the magnetic environments around 
the C9-methylene group of the boat conformation 
between these compounds. Although details are not 
known at present, the rather large deviation of the A<5 
value in 1 from the calculated value might be related 
partly to the ring distortion inherent in the eight-
membered pericyclized naphthalene system as described 
below. 

The chemical shift of the exterior benzyl protons of 1 
is almost comparable to those of the benzyl protons 
((5=2.827 and 2.721)10> of the benzocyclic compound 3 , 
whereas the signal of the interior protons of 1 is shifted 
markedly ((5=3.9742) to lower field as a result of the 
steric compression effect. From a calculation similar 
to that reported by Corey and Sneen,11) it is revealed 
that the interatomic distance between the two interior 
benzyl protons of the boat conformation is 0.652 Â, 
much smaller than the sum of the van der Waals radi i 
of the two hydrogens (2.4 Â). This suggests that 
although the boat is the most favored conformation for 
1, it still involves a severe steric repuslion between the 
two interior protons. Therefore, it is expected that the 
boat conformation of 1 is somewhat in a distorted form 
[B], in which the two interior protons are pushed apar t 
mutual ly to avoid the steric interaction between them. 
This is strongly supported by the observation that the 
vicinal coupling constant, J7eXiSax (1.28 Hz) is very 
small as compared to the value of J7m,8ax (6-49 Hz) , 
since, as is seen in Fig. 5, these couplings are explained 
much better by the dihedral angles (H 7 e x /H 8 a x ; 0>6O°, 

H 7 i n / H 8 a x ; 0<6O°) in the distorted molecule [B] than 
by the dihedral angles (0 — 60°) in the normal boat 
conformation (B). 

Fig. 5. The distorted boat conformation [B] for 1 and 
its Newman projection about the C7-C8 (C10-Cn) bond. 

Recently, the R method has been proposed for the 
determination of ring geometry in six-membered rings.12) 
The R value is defined as a ratio of averaged vicinal 
coupling constants ^trans / /eis where Jt 

rans 
1/2 

C/aa+Jee) and / c i s = l / 2 C / a e + / f a ) for a - C H 2 C H 2 -
fragment of the ring system. This parameter has not 
yet been applied or tested for the eight-membered ring. 

In order to determine accurately the ring geometry 
of the 8-membered pericyclic compound 1, the dihedral 
arrangement about the C 7 -C 8 bond of this molecule 
was examined by means of the R method. For the boat 
conformation of the 8,9,10,11-tetrahydro-7//-cycloocta-
[de] naphthalene system, the R value about the C 7 -C 8 

bond can be obtained from the expression j R—Vtrans/ 
J eis = CAin.SeqH- J7ex , 8ax) / L/7in,8ax ~1~ J7ex,8eq)> Using 
the individual coupling obtained from the low-tempera­
ture spectrum. The R value can also be obtained from 
the high-temperature averaged spectrum, where only 
the time-averaged couplings, /transC/vi 
and Tcis lAin.sax^ex.seq) are observed as a result 
of the rapid boat-boat interconversion.2) 

Thus, from the low-temperature data in Table 1, the 
R value for 1 is calculated to be 1.06, while under the 
condition of the rapid boat inversion it is calculated 
to be 1.0 C/trans=ycis = 6 - 8 H z ) - T h e t w o R values 
obtained from the two different temperature spectra 
agree very well with each other. These values are 
rather small as compared to the value (2.16) obtained 
for the cyclohexane chair which has an almost perfect 
staggered conformation.12) This suggests that the 
internal dihedral angle (¥) about the C 7 -C 8 (and 
Cio -C1: l) bond of the boat conformation of 1 is appre­
ciably decreased as compared to the case of the 
cyclohexane ring (!T = 580).12) 

I t is considered that the X - C H 2 C H 2 - Y fragment in 
the C7 and C8 positions of the 8,9,10,11-tetrahydro- 1H-
cycloocta[W] naphthalene ring possesses the pseudo-
trigonal projection symmetry as in the six-membered 
rings.12) Therefore, the dihedral angles around this 
bond of compound 1 including W can be estimated from 
the relationship; cos W = (3/(2+4i2))^2 .1 2) Using R= 
1.06, the following angles characterizing the structure of 
1 are obtained: ? r = 4 6 0 , H 7 i n / H 8 a x = H 7 e x / H 8 e q = 4 6 ° , 
H 7 e x /H 8 a x = 74°, a n d H 7 i n / H 8 e q = 1 6 6 ° . 

From this it is apparent that compound 1 exists in the 
distorted boat [B] rather than in the normal boat (B) 
as a result of the steric interaction between the interior 
benzyl protons. Here, it should be noted that this 
distortion is puckering, not flattening, in sharp contrast 
to the cases of the previously studied compounds such 



April, 1979] iH-NMR Study on the Conformation of 8,9,10,1 l-Tetrahydro-7//-cycloocta[^]naphthalene 1163 

as the six-membered rings12) or seven-membered rings.10) 
This is ascribable to the difference in the ring system, 
and is a unique feature of the 8-membered pericyclized 
naphthalene system. 

The free energy of activation (AG*) for boat inversion 
of 1 is 14.5 kcal/mol, which is somewhat higher than 
the AG* value (12.4 kcal/mol)2) observed for the boat 
inversion of the ketone 5. Since it is known that com-

OD 
5 

pounds 1 and 5 have very similar ring structures in 
their ground states (based on the discussion similar to 
that described above, it is clear that compound 5 also 
exists in the puckered boat in the ground state)2) and 
both undergo the ring inversions through the same 
mechanism,2) the entropy of activation (AS*) obtained 
for l (5 .4e.u.) can be considered to be also characteristic 
of 5.13) I t is therefore justifiable to assume that AG* 
difference observed between 1 and 5 is entirely enthalpic 
in origin (AAG*=AAH*). 

It has recently been suggested that the boat-to-boat 
interconversion of the 8,9,10,1 l-tetrahydro-7i/-cycloocta-
[de]naphthalene ring proceeds by pseudorotations of the 
peri bonds through the twist-boat (TB) as an inter-
mediate,2,4) the highest energy conformation being 
possibly (TS), which effectively contains six coplanar 
carbon atoms2) (Fig. 6). This process involves rotations 
about the C 8 -C 9 and C 9 -C 1 0 bonds in the conversions 
of (B)<±(TS) and ( T S ) * ^ ( B ) * , respectively. 

(TS) (TB) 

w 
(B) * =^ (TS)* 

Fig. 6. Pathways for boat inversion of 1 (asterisks* 
indicate the inverted forms). 

Thus, considering the barriers to methyl rotation in 
propane (3.3 kcal/mol)14) and acetone (0.8 kcal/mol),15) 
it is expected that if the boat inversion of the 8,9,10,11-
tetrahydro-7//-cycloocta[öfc]naphthalene ring occurs 
indeed by the pseudorotations of the peri bonds as 
described above, the energies necessary for reaching the 
transition states in 5 are smaller than in the case of 1 
by the value approximately equal to the difference in 
the barriers between propane and acetone. Actually, 
the difference in energy barrier observed between 1 and 
5 is almost comparable to that observed in propane and 
acetone. This strongly supports the idea that the boat 
inversion is caused by pseudorotations of the peri 
bonds in the 8-membered pericyclized naphthalene 
system. 

The activation energy for boat inversion of 1 is much 
higher than the AG* value (10.7 kcal/mol)16) observed 
for the chair inversion of 3 . This suggests that although 
the ground state of 1 is destabilized considerably by the 
steric interaction between the interior benzyl protons, 
the transition state of 1 is destabilized to a greater 
extent because of the peri strains involved. 

Materials. 8,9,10,1 l-Tetrahydro-7//-cycloocta[<&]-
naphthalene (1) was prepared by the Clemmensen reduction 
of 8,9,10,11 -tetrahydro-7//-cycloocta [de] naphthalen-9-one (5) 
as described previously.18> 8,9,10,11 -Tetrahydro-7//-cyclo-
octa[de]naphthalene-8,8,10,10-</4 (2) was prepared from the 
8,8,10,10-tetradeuterated derivative of 5 using the procedures 
described below. 

Compound 5 (1.5 g) was refluxed with a solution of potas­
sium carbonate (1.5 g) in deuterium oxide (15 ml) and di-
oxane (25 ml) for 3 days. The mixture was poured into ice-
hydrochloric acid, and the resulting crystalline precipitate was 
collected by filtration, washed with water and dried in vacuo. 
The above deuterium exchange reaction was repeated twice 
to afford the completely deuterated ketone, 8,8,10,10-tetra-
deuterio-8,9,10, ll-tetrahydro-7//-cycloocta[die]naphthalen-9-
one (1.46 g); mp 193.5—195 °C (5; mp 195—196 °C18>), 
whose structure was evidenced by the complete absence of 
the NMR signal due to the a protons.18) The above deuterat­
ed ketone (0.93 g) was stirred overnight with excess sodium 
borohydride in ethanol (120 ml) at room temperature. The 
reaction mixture was worked up in the same manner as de­
scribed above to yield 8,8,10,10-tetradeuterio-8,9,10,ll-tetra-
hydro-7//-cycloocta[t/e]naphthalen-9-ol (0.89 g) ; mp 148— 
149 °C; IR (Nujol): vm&x 3364 and 3284 cm-1 due to OH. 
This alcohol (0.89 g) was then stirred with methanesulfonyl 
chloride (2.5 ml) in pyridine (9.5 ml) for 4 h at room tem­
perature with an occasional heating on water bath. The 
mixture was worked up as above to give 9-mesyloxy-8,8,10,10-
tetradeuterio-8,9,10, ll-tetrahydro-7//-cycloocta[öfe]naphtha­
lene (1.2 g); mp 133.5—134.5 °C; IR (Nujol): vmSLX 1348 and 
1173 cm - 1 (mesyl ester). The mesylate (1.0 g) was then stirred 
under reflux with lithium aluminum hydride (2.8 g) in ether 
(250 ml) and benzene (20 ml) for 5 days. The mixture was 
poured into ice-hydrochloric acid and the mixture was extract­
ed with ethyl acetate. The acetate extracts were worked up 
as usual to leave a brown paste, which was purified by chroma­
tography on alumina. Elution with hexane gave the hydro­
carbon 2 (130 mg), whose structure was confirmed by the 
TLC (Si02-hexane), mp (56.5—57.5 °C, l ; mp 55—56 °C4) 
and 57.5—58 °C18>) and its spectra (IR, NMR). Further 
elution with hexane yielded 10,ll-dihydro-7//-cycIoocta[^]-
naphthalene-8,10,10-d3 (50 mg; mp 64.5—65.5 °C), details of 
which will be reported elsewhere. Further elution with ethyl 
acetate afforded another crystal (104 mg), which, based on 
the TLC, mp, and IR, was identified to the 8,8,10,10-tetra-
deuterio-9-ol described above. 

Measurements. The IR spectra were determined on a 
JASCO IR-G spectrometer calibrated with polystyrene. The 
1H-NMR spectra were determined on a Varian HA-100D 
spectrometer (at 100 MHz) in a temperature range between 
— 100—110°C, using a ca. 10% solution in a mixture of 
deuteriochloroform-carbon disulfide (3:1) (compound 1) or 
in deuteriochloroform (compound 2). The sample tempera­
ture was measured by use of the temperature dependent chem­
ical shift of the OH proton of methanol or ethylene glycol. 19> 
The analysis of the NMR spectra at slow exchange limit and 

E x p e r i m e n t a l 
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the calculations of the theoretical line shape were made using 
a FACOM 270/30 computer. 
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Optical Activity and Absolute Configuration of 5,6,ll>12-Tetrahydro-
2,3,8,9-tetramethoxy-5,ll-methanodibenzo[a,e]cyclooctatetraenet 

Fumio OGURA,*'1 1" Akio N A K A O , and Masazumi NAKAGAWA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaha, Osaka 560 
(Received September 20, 1978) 

The title compound (VII) was synthesized in an optically active form and the chiroptical properties were 
recorded. The absolute configuration was determined by chemical correlation method. 

The title compound (VII) has a novel type of rigid 
bicyclo[3.3.1]nonadiene cage skeleton and holds two 
veratrole chromophores in a twisted spacial position. 
Formally V I I could be transformed to alkaloid argem-
onine by substituting the methanobridge with an N-
methyl group. The optical activity of argemonine1) was 
discussed in connection with the absolute configuration2) 
but not fully understood yet. The perfect C2-symmetry 
and pure carbocyclic structure make V I I one of the 
best model for the study of chiroptical properties of 
organic molecules containing two separate aromatic 
chromophores. 

This paper deals with the synthesis, optical resolution 
and determination of absolute configuration by chemical 
means concerning V I I and its derivatives. 

Synthesis and Optical Resolution. The route of 
synthesis was outlined in Scheme 1. 3,4-Dimethoxy-
phenylacetonitrile (I) was allowed to react in T H F with 
diiodomethane in the presence of sodium methoxide to 
yield 2,4-bis(3,4-dimethoxyphenyl)glutaronitrile (II) 
which was a mixture of racemic and meso forms. 
Fractional recrystallization of the crude dinitrile from 
methanol afforded two kinds of crystals. Higher melting 
crystals were assigned to the racemate and lower melting 
ones to the meso form on the basis of splitting patterns 
of methylene proton singnals in their 1 H - N M R spectra.3) 
The dicarboxylic acid ( I I I ) obtained by alkaline 

CH2CN 

MeO 

MeO> 
CHCHXH -OMe 

OMe 

OMe 

I 

I I J X=CN 
III,X = C00H 

M e 0 iD(7^Ût0 M e 

IV , V*W=X*Y = 0 
V JV*W=0,X'=H,Y=0H 
VI ,V = X=HJW=Y=0H 
VU' V=W=X=Y=H 

Scheme 1. 

t A preliminary report of this work was presented at the 
37th National Meeting of the Chemical Society of Japan, 
Tokyo, April 1978. 

tt Present address: Department of Applied Chemistry, 
Faculty of Engineering, Hiroshima University, Hiroshima 730. 

hydrolysis of crude I I was cyclized to the diketone (IV) 
with polyphosphoric acid. Dehydrative cyclization with 
coned sulfuric acid gave poor results, because of rapid 
sulfonation to benzene rings activated by two methoxyl 
groups. The diketone (IV) was reduced to the glycol 
(VI) with LiAlH 4 in T H F . The ketol (V) could be 
obtained along with V I when catalytic reduction of 
I V over the Adams catalyst was interrupted after one 
equivalent hydrogen was absorbed. 

Optical resolution was carried out via camphanate 
of the ketol (V) or the glycol (VI) . Bis-camphanate 
prepared from ( + )-VI and cü-camphanoyl chloride was 
fractionally recrystallized eleven times from ethanol to 
yield optically pure crystals. The camphanate derived 
from ( + ) - V could be fractionated more effectively than 
the bis-camphanate of V I . Thus almost optically pure 
crystals were obtained after one recrystallization from 
ethanol. Pure ( + ) - V and ( + ) - V I were obtained by 
alkaline hydrolysis of their camphanates. Catalytic 
reduction of ( + ) - V over the Adams catalyst afforded 

Wavelength/nm 
200 250 

Wave number/103 cm - 1 

Fig. 1. UV (top) and CD (bottom) spectra of (+)-5,6, 
11,12- tetrahydro-2,3,8,9 - tetramethoxy- 5,11 - methano-
dibenzo[fl,«]cyclooctatetraene (VII) in ethanol. 
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( + ) - V I a n d ( — ) - I V w a s o b t a i n e d f rom ( + ) - V I b y t h e 
J o n e s o x i d a t i o n . A l l of ( - ) - I V , ( + ) - V a n d ( + ) - V I 
c o u l d b e c o n v e r t e d eas i ly to t h e des i r ed c o m p o u n d , 
( + ) - V I I , u n d e r c o n d i t i o n of t h e C l e m m e n s e n r e d u c t i o n . 

Optical Activity and Absolute Configuration. T h e C D 
s p e c t r a of ( + ) - V I I w a s s h o w n i n F i g . 1. Beau t i fu l 
pos i t ive coup l e t s w e r e obse rved i n b o t h a- a n d p - b a n d 
r eg ions a n d a s t r o n g pos i t ive b a n d a p p e a r e d i n 1 E l u 

r e g i o n . 

T h e a b s o l u t e c o n f i g u r a t i o n w a s e s t i m a t e d t o b e R b y 
u s u a l e x c i t o n t h e o r e t i c a l C D ana lys i s , i n w h i c h t h e 
t r a n s i t i o n m o m e n t s of e a c h b a n d w e r e a s s u m e d t o l i e 
in t h e c e n t e r a n d i n t h e d i r e c t i o n of t h e s h o r t o r l o n g 
axis of b e n z e n e r i ngs a c c o r d i n g t o t h e spec t ro scop ic 
m o m e n t s theory . 4 ) T h e m o l e c u l a r s t r u c t u r a l p a r a m e t e r s 
of V I I w e r e a s s u m e d to b e t h e s a m e as those of 5 ,6 ,11 ,12-
t e t r a h y d r o - 5 , 1 1 - m e t h a n o d i b e n z o [a,e\ c y c l o o c t a t e t r a e n e , 
V I I I . 5 ) 

VII R = H 

R=P(OEt)2 

/ ° 

VIII 

Scheme 2. 

T h e a b s o l u t e c o n f i g u r a t i o n of ( + ) - V I I w a s d e t e r ­
m i n e d t o b e (R) b y a c h e m i c a l c o r r e l a t i o n ( S c h e m e 2 ) . 
D e m e t h y l a t i o n of ( + ) - V I I w i t h B B r 3 fo l lowed b y 
d i e t h o x y p h o s p h i n y l a t i o n w i t h d i e t h y l p h o s p h o n a t e af­
fo rded a t e t r a k i s - p h o s p h a t e . T h e p h o s p h a t e w a s r e d u c e d 
b y s o d i u m m e t a l i n l i q a m m o n i a to y i e ld ( + ) - V I I I , 
w h o s e a b s o l u t e c o n f i g u r a t i o n w a s p r o v e n t o b e i?.3 '5) 
T h u s t h e resu l t of C D ana lys i s w a s i n g o o d a g r e e m e n t 
w i t h t h a t of t h e c h e m i c a l c o r r e l a t i o n . 

E x p e r i m e n t a l 

T h e melting points were measured on a Mettler FP2 ap­
paratus and are uncorrected. Purified and anhydrous solvents 
were used, unless otherwise stated. The I R spectra were 
obtained on a Hitachi EPI-2 , EPI -G3 , and a J A S C O DS-301 
spectrometers, electronic spectra on a Hitachi EPS-3T and a 
Zeiss P M O I I M 4 Q J I I d spectrometers, ^ - N M R spectra in 
deuteriochloroform unless otherwise stated on a Var ian X L -
100, A-60D or Hitachi R-24 spectrometer using T M S as an 
internal s tandard and given in ô-unit. T h e optical rotations 
were obtained on a Union Giken High Precision Polarimeter 
PM-71 at 20 °G unless otherwise stated. C D spectra were 
obtained on a J A S C O J-20 spectrometer. Shoulders and 
inflections are denoted by an asterisk. 

3,4-Dimethoxybenzyl Cyanide (I): Veratraldehyde (100 g, 
0.6 mol) in ether (500 ml) was added dropwise to an ice-cold 
ether solution (300 ml) of LiAlH4 (13.7 g). Stirring was con­
t inued for further 2 h at room temperature. Ethyl acetate 
(20 ml) and water (20 ml) were added dropwise with stirring 

and ice-cooling. T h e resulting mixture was stirred for a while 
at room temperature. Colorless gelatinous precipitates formed 
were removed with suction filtration and washed with ethyl 
acetate (300 ml) . Combined filtrate and washings were con­
centrated and distilled under reduced pressure to afford 3,4-
dimethoxybenzvl alcohol as a colorless oil, b p 155 °C/533 Pa 
( 9 8 g , 9 6 % ) . ^ 

A cold mixture of the alcohol (82.6 g), dichloromethane 
(100 ml) and coned H C l (100 ml) was stirred vigorously for 
20 min at 0—10 °C. Fur ther amount of CH2C12 (100 ml) 
was added to the mixture with stirring. T h e organic layer 
separated was dried over CaCl 2 for 30 min and concentrated 
under reduced pressure. 3,4-Dimethoxybenzyl chloride ob­
tained was used immediately for further reaction without 
purification. 

Powdered sodium cyanide (48 g) and potassium iodide (6 g) 
were added to the chloride in acetone (300 ml) . T h e mixture 
was refluxed for 20 h and filtered with suction after cooling 
down. T h e filtrate concentrated under reduced pressure was 
poured into water and extracted with benzene. T h e combined 
extracts were washed with water, dried and concentrated under 
reduced pressure. Vaccum distillation afforded I as a color­
less oil, b p 160 °C/533 Pa (65.0 g, 75%) . ^ - N M R (CC14): 
3.55 (s, 2H, methylene), 3.75 (s, 6H, methoxy), 6.70 (s, 3H, 
aromatic) . 

2,4-Bis(3,4-dimethoxyphenyl) glutaronitrile (II) : Dry sodium 
methoxide prepared from sodium (1.8 g, 0.078 g atom) and 
methanol (100 ml) was suspended in T H F (100 ml) and mixed 
with I (13.5 g, 0.076 mol) and di iodomethane (11.5 g, 0.043 
mol) . After being refluxed for 1 h with stirring, the mixture 
was concentrated under reduced pressure and extracted with 
dichloromethane. After usual work up , the extract was con­
centrated in vacuo to yield a brown oil, which was purified with 
a column of silica gel (80 g) . From benzene-ethyl acetate 
(1 :1 ) eluate, I I (8.6 g, 61%) was obtained as a diastereomeric 
mixture of racemic and meso from. Repeated recrystalliza-
tion of the crude nitrile from methanol gave racemate as 
colorless needles and meso form as colorless plates. 

Racema te : m p 141—142 °C. ^ - N M R : 2.45 (t, J=S Hz , 
2H, methylene), 3.89, 3.91 (two s, 12H, methoxyl), 4.00 (t, 
7 = 8 Hz , 2H, methine) , 6.80—6.90 (m, 6H, aromatic). 
Found : C, 68.64; H , 6.11 ; N , 7 .75%. Calcd for C 2 1 H 2 2 0 4 N 2 : 
C, 68.83; H , 6.05; N , 7 .65%. m^o-Isomer: m p 101 °C. 1 H -
N M R : 2.20—2.90 (m, 2H, methylene), 3.91 (br s, 12H, 
methoxyl), 3.75 (apparent t, 2 H , methine), 6.85—6.90 (m, 
6H, aromatic) . Found : C, 68.77; H , 6.01 ; N , 7 .68%. Calcd 
for C 2 1 H 2 2 0 4 N 2 : C, 68.83; H , 6.05; N , 7 .65%. 

2,4-Bis(3,4-dimethoxyphenyl)glutaric Acid (HI) and Its Methyl 
Ester: T h e crude dinitrile ( I I , 1.0 g) dissolved in 9 5 % ethanol 
(20 ml) was mixed with K O H (5 g) in 5 0 % E t O H (20 ml) 
and heated to reflux for 20 h. After removal of ethanol under 
reduced pressure, the mixture was poured into water (100 ml) 
and washed three times with dichloromethane. Alkaline 
aqueous layer was decolorized with active charcoal, and acidi­
fied with coned HCl . Precipitates formed were extracted with 
dichloromethane. After usual work up , a colorless solid of 
I I I (0.9 g, 81%) was obtained from the extract. Reflux with 
methanol and coned sulfuric acid gave colorless crystals of 
dimethyl ester, m p 116—117 °C (from methanol) . ^ - N M R : 
1.9—2.9 (m, 2H, methylene), 3.4 (t, 2H, methine) , 3.65 (s, 
6H, methyl) , 3.85 (s, 12H, methoxyl), 6.75 (br s, 6H, aro­
matic) . Found : C, 63.84; H , 6.54%. Calcd for C 2 3 H 2 8 0 8 : 
C, 63.88; H , 6 .53%. 

5,6,11,12-Tetrahydro-2,3,8,9-tetramethoxy-5,11-methanodibenzo-
[a.,e]cyclooctateraene~6,12-dione (IV): a) With Poly phosphoric 
Acid: Crude dicarboxylic acid ( I I I , 1.8 g, 0.0049 mol) 
was mixed with polyphosphoric acid (30 g) and stirred for 
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5 min at 80 °C. The reaction mixture was poured onto ice 
(100 g) and precipitates separated were extracted with CH 2 -
Clo. Combined extracts were washed with brine, 10% aq 
N a O H , and brine, successively, and dried over M g S 0 4 . 
Solvent was removed under reduced pressure to yield I V as a 
colorless solid, which was recrystallized from dichloromethane 
-ethanol , m p 261—262 °C. X H - N M R : 3.0 (t, , / = 3 Hz , 2H, 
methylene), 3.95, 3.85 (two s, 12H, methoxyl, signals of 
methine protons (2H) were overlapped with those signals), 
6.9, 7.4 (two s, 4 H aromatic) . I R (Nujol mull) : 1670 (vG=0) 
cm- 1 . Found: C, 68.18; H , 5 .46%. Calcd for C21H<,0O6: 
C, 68.47; H, 5.47%. 

b) With Coned Sulfuric Acid: Crude I I I (0.6 g) was dis­
solved in coned sulfuric acid and cooled to —15 °C. T h e 
mixture was stirred for 2 h at the temperature and mixed 
with water (30 ml) . Precipitated product was extracted with 
benzene. Combined extracts were washed with water, 5 % 
aq NaHCOg, and water, successively, and dried over Na5-
S 0 4 . Evaporation of solvent in vacuo and tr i turat ion with 
ethanol afforded crude crystals (0.15 g, 2 7 % ) , whose spectro­
scopic properties were identical with those of the authentic 
diketone ( IV) . T h e acidic component obtained from the 
above mentioned N a H C 0 3 washings were converted with a 
usual procedure to methyl ester, m p 159—160 °C. ^ - N M R : 
2.35—2.80 (m, 2H, methylene), 3.75 (s, 3H, methyl) , 3.8, 
3.9 (two s, 12H, methoxyl), 3.5—4.2 (m, 2H, methine) , 6.7— 
6.8 (m, 4H, aromatic) , 7.5 (s, 1H, aromatic) . Found: C, 
65.77; H, 6.06%. Calcd for C 2 2 H 2 4 0 7 : C, 65.99; H , 6 .04%. 
The ester was assigned to methyl 3-(3,4-dimethoxyphenyl)-4-
oxo-6,7-dimethoxy-l ,2,3,4-tetrahydro-l-naphthoate on the 
basis of its 1 H - N M R spectra. 

12-Hydroxy-5,6,11,12-tetrahydro-2,3, 8,9 -tetramethoxy - 5,11-
methanodibenzo[a.,e]cyclooctatetraen-6-one (V): Diketone I V 
(2.164g, 0.0057 mol) dissolved in dichloromethane (70 ml) 
and ethanol (100 ml) was catalytically reduced over the Adams 
catalyst at room temperature . I n 40 min ca. 165 ml of hy­
drogen was absorbed and the catalyst was removed to 
stop the reduction. 

Evaporation of solvents under reduced pressure yielded a 
colorless solid, which was chromatographed on a column of 
silica gel (50 g) with dichloromethane. Recovered I V (0.380 
g, 17%), desired ketol (V, 1.28 g, 59%) and the diol (VI , 
0.500 g, 23%) were eluted successively. Recrystallization 
from methanol afforded colorless needles of V, m p 206 °C. 
! H - N M R : 1.6 (d, 1H, O H ) , 2.5 (m, 2H, methylene), 3.6 (m, 
2H, bridgehead methine) , 3.7—3.9 (four singlets, 12H, 
methoxyl), 5.0 (q, 1H, methine) , 6.7—7.4 (four singlets, 4H , 
aromatic) I R (Nujol mul l ) : 3400 (von),

 1 6 5 5 (yc=o) c m _ 1 -
Found: C, 67.94; H, 5.94%. Calcd for C 2 1 H 2 2 0 6 : C, 68.09; 
H , 5 . 9 9 % . 

Optical Resolution of 12-Hydroxy-5,6,ll,12-tetrahydro-2,3,8,9-
tetramethoxy-5,1 l-methanodibenzo[a.,e]cyclooctatetraen- 6- one (V) : 
dl-Ketol (V, 3.8 g, 0.01 mol) dissolved in pyridine (50 ml) 
was mixed with freshly prepared eo-camphanoyl chloride 
(2.40 g) and stirred overnight at room temperature . T h e 
mixture was poured into water (100 ml) and extracted with 
dichloromethane (50 ml) and ether (100 ml) . Combined ex­
tracts were washed thoroughly with 1 M HCl , brine, satu­
rated aq N a H C O s , and brine, successively. After being 
dried over N a 2 S 0 4 , solvents were removed under reduceds 
pressure to yield a colorless solid. The solid was recrystal­
lized four times from ethanol or dichloromethane-ethanol to 
give ( —)-camphanate of V with constant optical rotations 
as colorless needles (1.68 g) . M p 235—237 °C, [ a ] 1 5 - 15.8°, 
W i o 5 - 1 9 2 - 8 ° (c 0.448, CHC13). Found : C, 67.42; H, 6 .32%. 
Calcd for C 3 1 H 3 4 0 9 : C, 67.62; H , 6 .22%. 

Pure( —)-camphanate (1.68 g) was heated to reflux for 1 h 

with aq methanolic K O H . Evaporation of methanol afford­
ed crude crystals of ( + )-V (1.09 g, 9 6 % ) . Recrystallization 
from ethanol yielded colorless needles. M p 222 °C, [a]^8 + 
26°, r a ] 4 g 5 - 258° (c 0.270, CHC13), ^ - N M R : Identical with 
the racemate, U V : X%™ (e) 360 (1000), 321 (8200), 280 
(11000) 237 (28400), 204.5 (40800) nm, C D : A ^ H (Ae) 359 
( - 1 . 7 2 ) , 348 ( - 1 . 4 3 ) , 326 ( - 3 . 9 4 ) , 287 ( - 6 . 7 4 ) , 267 
( + 1 1 . 1 ) , 242 ( + 26.9), 229 ( - 1 8 . 7 ) , 208 ( + 45.9) nm. 
Found : C, 67.82; H , 6 .00%. Calcd for C 2 1 H 2 2 0 6 : C, 68.09; 
H, 5 .99%. 

(-\-)-5,6,11,12-Tetrahydro-2, 3, 8,9-tetramethoxy-5,11-methano-
dibenzo[a,e]cyclooctatetraene-6,12-diol (VI): ( + )-Ketol (V, 
0.120 g, 0.320 mmol) dissolved in acetic acid (20 ml) and 
ethanol (30 ml) was catalytically reduced over the Adams 
catalyst for 3 h under ordinary pressure and temperature . 
After the catalyst was removed by filtration and the residue 
was chromatographed on a column of silica gel (20 g) with 
CH2C12 and ethyl acetate. Recovered ( + )-ketol (0.055 g) 
and ( + )-VI (0.060 g) were eluted successively. ( + )-Diol 
was recrystallized from ethanol. m p 220 °C, [oc]18 + 115,° 
[oc]485+ 327° (c 0.163, CHCLJ, ÏÏ-NMR: identical with 
racemate, U V : A^H(e) 289 (6600), 284 (6900), 280 (6200), 
234 (15300), 207 (70700) nm, C D : }.%£ (Ae) 289 ( + 3 . 0 ) , 
243 ( + 1 6 . 0 ) , 213 ( + 3 4 . 8 ) , 199 ( - 4 4 . 0 ) nm. Found : C, 
67.54: H, 6 .42%. Calcd for C 2 1 H 2 i 0 3 : C, 67.73: H , 6.50%. 

5, 6,11,12-Tetrahydro-2,3,8,9-tetramethoxy-5,ll-methanodibenzo-
[a.,e]cyclooctatetraene-6,15-diol (VI): A T H F solution (150 
ml) of the diketone I V (1.5 g, 0.004 mol) was added 
dropwise to an ice-cold T H F solution (120 ml) of LiAlH 4 

( 1.0 g) . The mixture was stirred for 3 h at room temperature 
and decomposed with ethyl acetate (2 ml) , water (2 ml) and 
saturated aq ammonium chloride successively. Gelatinous 
precipitates formed were removed by suction filtration and the 
filtrate was concentrated under reduced pressure. The crude 
product obtained was recrystallized from benzene to yield 
colorless needles (1.45 g, 95%) of dl-Vl, m p 210—211 °G, 
i H - N M R : 1.6 (d, 2H, O H ) , 2.4 (t, 2H, methlene), 3.3 (m, 
2H, bridgehead methine) , 3.8, 3.9 (s, 12H, methoxyl), 4.9 
(q, 2H, methine) 6.7, 7.0 (s, 4 H aromatic) , I R (Nujol mul l ) : 
3350 (J-OH) cm- 1 . Found : C, 67.57; H , 6 . 5 1 % . Calcd for 
C 2 1 H 2 4 0 6 : C, 67.73; 6.50%. 

Optical Tesolution of 5,6,11,12-Tetrahydro-2,3,8,9-tetramethoxy-
5,1 l-methanodibenzo[a.,e]cyclooctatetraene-6,l2-diol (VI) : dl-Dlol 
(VI , 0.50 g, 1.6 mmol) dissolved in pyridine (3 ml) was mixed 
with freshly prepared co-camphanoyl chloride ( 1.0 g) and the 
mixture was stirred overnight at room temperature. Water 
was added to the mixture and extracted with dichloromethane 
and ether. Combined extracts were washed thoroughly with 
1 M HCl and brine. After being dried over magnesium 
sulfate, solvents were removed under reduced pressure to 
yield a colorless oil (0.88 g, 9 0 % ) , which was crystallized by 
tr i turation with ethanol. 

Repeated fractional recrystallization (11 times) afforded 
optically pure ( —)-bis-camphanate of V I as colorless needles 
(0.08 g). [ a ] 1 * - 25°, [oc]40

8
5- 45° (c 0.910, CHC13). Pure 

( —)-bis-camphanate obtained was heated to reflux in aq 
methanolic K O H solution. Crystals appeared on evapora­
tion of methanol were collected by suction filtration and 
recrystallized from E t O H to yield optically pure ( + )-VI 
(0.030 g), m p 220 °C. [ocJ^+l lO 0 , [a] lg5+ 330° (c 0.370, 
CHCI3). 

(—)-5,6,11,12-Tetrahydro-2,3,8,9-telramethoxy-5,l 1-rnethanodi-
benzo[a.,e]cyclooctatetraene-6,12-dione (IV): Chromium tri-
oxide (0.4 g) in water (2 ml) was added dropwise at room 
temperature to a well stirred solution of ( + )-ketol (VI, 0.430 
g, 1.3 mmol) in acetic acid (30 ml) . The mixture was diluted 
with water (50 ml) and extracted with dichloromethane. 
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Combined extracts were washed with water, saturated aq 
NaHC0 3 , and water, successively, and dried over sodium 
sulfate. On concentration under reduced pressure, a yellow 
solid was obtained. A dichloromethane solution of the solid 
was passed through a short column of silica gel (10 g) to 
remove colored impurities. Recrystallization from ethanol af­
forded colorless crystals of ( - ) - I V (0.270 g, 63%). Mp 
222—223 °C, [ a ß 8 - 246°, [a]i«5-3290° {c0.06, CHC13), UV: 
Adioxane(e) 3 6 6 * (io50), 348* (3070), 339* (3940), 316 
(13600), 284 (19800), 270 (29600), 240 (24700) nm. Agg1^) 
340* (4700), 315 (12900), 285* (21000), 271 (26900), 238 
(23600), 206 (26300) nm. CD: A^ane(Ae) 365 (-13.8), 
347 (-50.7) , 336.5 (-47.3) 313 (+36.7), 285 (+55.8), 254 
(-19.8) , 230 (-26.6), 210 (+40.4) nm. A^S? (Ae) 340 
(-52.9) , 310 (+31.8),285 (+56.7),253 (-16.9),230 (-22.2), 
209 ( + 40.7) nm. Found: C 68.57; H, 5.49%. Calcd for 
C21H20O6: C, 68.47; H, 5.47%. 

(-\-)-5,6,11,12- Tetrahydro- 2,3,8,9-tetrametho xy-5,11- methanodi-
benzo[a.}e]cyclooctatetraene (VII): Granules of zinc (1.0 g) was 
amalgamated by a standard method6) and used immediately 
as follows. A benzene solution of ( — )-diketone IV (50 mg) 
was added to a stirred mixture of the amalgamated zinc, 
water (0.5 ml), and coned HCl (1 ml). The mixture was 
refluxed for 4 h, diluted with water, and extracted with di­
chloromethane and ether. Combined extracts were washed 
with water, saturated aq NaHCOg and water, successively, and 
dried over Na2S04 . Solvents were removed under reduced 
pressure and the residue was passed through a short column of 
silica gel (10 g) as a CH2C12 solution. A colorless oil (34 mg, 
74%) obtained was crystallized in methanol. Mp 209—210 
°C, UV: Ag*(e) 292 (7700), 288 (8600), 283 (8300), 223* 
(17300), 204 (76000) nm. CD: AggH(Ae) 294 (+1.0), 267.5 
( -4 .0) , 237.5 (+13.0), 216 ( -9 .7 ) , 204 (+82.5) nm. 
Found: C, 73.66; H, 7.10%. Calcd for C21H2404: C, 74.09: 
H ,7 .11%. 

(R)-(+J -5,6, 11,12-Tetrahydro-5,1 l-metahnodibenzo[a,e]cyclo-
octatetraene (VIIT): As shown in Scheme 2, (+)-VII was 
converted to (£)-(+)-VIII . 

Demethylation: A dichloromethane solution (12.5 ml) of 
(+)-VII (0.431 g, 1.27 mmol) was added with stirring to an 
ice-cold solution of BBr3 (1.818 g, 7.26 mmol) in CH2C12 (15.6 
ml). The mixture was stirred overnight at room temperature. 
Gelatinous precipitates were formed in the case of racemate. 
After addition of water (30 ml), the reaction mixture was 
stirred for 30 min and extracted with ether. Combined ex­
tracts were washed with saturated aq NaHCO s and brine, 
successively, and dried over Na2S04 . Upon concentration 
of the fraction in vacuo, the tetrol was obtained as faintly pink 
powder (0.352 g). Acidification of NaHCO s washings fol­
lowed by extraction with ether gave further amount of the 
tetrol (0.052 g, total 0.404 g quantitative). Alkaline extrac­
tion should be avoided because of unstable nature of the 
phenol. *H-NMR (acetone-J6) ; 2.35—3.27 (m, 8H, methy­
lene and methine), 6.35, 6.62 (two singlets, 4H, aromatic), 
7.05 (br s, 4H, OH). The phenol was used directly for 
further reaction without purification. 

Dehydroxylation via Diethoxyphosphinylation : The tetrol (0.404 
g, 1.421 mmol) was mixed with diethylphosphonate (0.862 g, 

8.124 mmol) in CC14 (11ml) and triethylamine (1ml) and 
stirred for 48 h at room temperature. Colorless precipitates 
were formed. The mixture was mixed with water and ex­
tracted with chloroform. Combined extracts were wahsed 
with 1 M HCl, 5% aq NaHCOg and water, successively, and 
dried over Na2S04 . Evaporation of solvents under reduced 
pressure afforded a faintly yellow oil ( 1.42 g) which showed 
single spot on a TLC plate. The crude phosphate (1.42 g) 
dissolved in THF (50 ml) was added to liq NH3 (50 ml). 
Sodium metal (0.5 g) was added in small pieces to the solution 
with stirring until blue color of the solution persisted. Crystals 
of ammonium chloride were added to the mixture to stop 
the reaction. Ammonia was evaporated by warming up the 
solution to room temperature. The residue was diluted with 
water and extracted with ether. Combined extracts were 
washed with cold 3% aq KOH and brine successively and 
dried over Na2S04 . On evaporation of solvents in vacuo, a 
light yellow solid was obtained. The crude product was 
dissolved in benzene and passed through a short column of 
silica gel (10 g). 

The crystals obtained were again purified by high pressure 
liquid chromatography (machine: Hitachi 635; column: 
8 X 500 mm x 2 packed with Merck Lichrosorb S2-100; sol­
vent: hexane; flow rate: 2.6 ml/min; pressure: 110 kg/cm2; 
retention time : 45 min) and recrystallized from methanol or 
pentane. mp 100.5—101.5 °C, ^ - N M R : 2.00 (t, 7 = 3 Hz, 
2H, methano-bridge), 2.62—3.52 (m, 6H, methine and 
benzylic methylene), 6.85—7.22 (m, 8H, aromatic), UV: 
;kisooctane(e): 273 (1500), 266 (1230), 261.5 (800), 259.5 
(790), 219 (15500), 214 (17800), 196 (66800) nm. CD: 
;iisooctane(Ae). 273 (-1.89), 265.5 (-1.69), 260 (-1.02), 
225 (+0.90), 222 (-1.81), 218 (+8.00), 214 (+7.29), 195 
(+115.0) nm. Found: C, 92.37; H, 7.33%. Calcd for G i r 

H16: G, 92.68; H, 7.32%. 
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The Acid-catalyzed Reactions of 4-Chromanones with Formaldehyde1) 
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The reactions of several methyl substituted 4-chromanones, such as 4-chromanone ( l a ) , 6 - ( lb ) , and 8-methyl-
( l c ) , as well as 5,7-(ld) and 6,8-dimethyl-4-chromanone(le) with formaldehyde were carried out in dioxane or 
mixed solutions of acetic acid and benzene or cyclohexane in the presence of sulfuric acid as a catalyst. T h e 
reactions involved an aldol condensation analogous to the Prins reaction, affording acetoxymethyl derivatives 
and 1,3-dioxanes. I t was found that the formation of products was strongly influenced by the substituents on the 
4-chromanones and solvents. I n a mixed solution of acetic acid and benzene, l b and l e gave acetoxymethyl 
derivatives and 1,3-dioxanes, l a and l c only 1,3-dioxanes, and I d a resinous substance. I n a dioxane solution, 
l b and l e gave 1,3-dioxanes, while l c gave a polymer. Bromination of l e in 35 and 9 6 % sulfuric acids gave 
3- and 5-bromo-6,8-dimethyl-4-chromanones, respectively. T h e acid-catalyzed reactions were compared with 
those in 9 6 % sulfuric acid on the basis of the duter ium exchange rates of 4-chromanones. 

I n p rev ious papers,2»3) r e p o r t s w e r e g i v e n o n t h e 
reac t ions of 4 - c h r o m a n o n e s w i t h f o r m a l d e h y d e c a r r i e d 
ou t in t h e p re sence of 9 6 % sulfuric a c i d . T h e r e a c t i o n 
p r o d u c t s of 4 - c h r o m a n o n e ( l a ) , 6 - ( l b ) as we l l as 
8 - m e t h y l - ( l c ) a n d 5 , 7 - d i m e t h y l - 4 - c h r o m a n o n e ( I d ) w i t h 
f o r m a l d e h y d e w e r e t h e p o l y m e r s l i n k e d b y m e t h y l e n e 
b r idges , w h i l e those of 6 , 8 - d i m e t h y l - 4 - c h r o m a n o n e ( l e ) 
w e r e 5 - h y d r o x y m e t h y l - 6 , 8 - d i m e t h y l - 4 - c h r o m a n o n e (4) , 
a l o n g w i t h sma l l a m o u n t s of t h e m e t h y l e n e - a n d 
m e t h y l e n e o x y m e t h y l e n e - b r i d g e d d i m e r s . 

T h e p r e sen t i n v e s t i g a t i o n dea l s w i t h t h e r e a c t i o n s of 
4 - c h r o m a n o n e s w i t h f o r m a l d e h y d e in d i o x a n e o r m i x e d 
solut ions of ace t i c a c i d a n d b e n z e n e or c y c l o h e x a n e i n 
t h e p re sence of sulfur ic ac id s as a ca t a lys t . T h e r e a c t i o n s 
i n 3 5 % sulfuric a c i d a r e c o m p a r e d w i t h those i n 9 6 % 
sulfuric a c i d . 

R e s u l t s a n d D i s c u s s i o n 

Reaction Products of 4-Chromanones with Formaldehyde. 
T h e r eac t ions of 4 - c h r o m a n o n e s w i t h f o r m a l d e h y d e 
w e r e c a r r i e d o u t w i t h di f ferent m o l a r r a t io s of t h e 
r e a c t a n t s i n a m i x t u r e of a c e t i c a c i d a n d b e n z e n e i n 
t h e p re sence of H 2 S 0 4 as a ca t a ly s t . T h e resul ts a r e 
s u m m a r i z e d i n T a b l e 1. 

T h e r e a c t i o n of l a w i t h f o r m a l d e h y d e i n a 1: 3 m o l a r 
r a t i o gave 6 - b e n z y l s p i r o ( c h r o m a n - 3 , 5 ' - [ l , 3 ] d i o x a n e ) - 4 -
one (3 f ) , a n d t h a t i n a 1 :1 m o l a r r a t i o c a u s e d t h e 
recovery of l a i n 6 8 % y ie ld . 

R4 

R3. X . 0 , 

Ri 

CH20 OAc 

R4 

R3^ ^ k ^ O , 

+ 
Ri 

OAc R. ° 

2 3 
a ; R 1 = R 2 = R 3 = R 4 = H 
b ; R 1 = R 3 = R4 = H, R 2 = C H 3 

c ; R 1 = R 2 = R 3 = H , R 4 = C H 3 

d; R 1 = R 3 = CH 3 , R 2 = R 4 = H 
e ; R 1 = R 3 = H , R 2 = R 4 = C H 3 

f; R 1 = R 3 = R 4 = H , R2 = GH 2 C 6 H 5 

g ; R 1 = R 3 = H , R 2 = CH 2 C 6 H 5 , R 4 = G H 3 

h ; R 1 = R 3 = H , R 2 = GH 2 OAc, R 4 = C H 3 

CH3 CH3 CH3 

CR Br CH/ 
0 Br 0 

T h e r e a c t i o n of l b w i t h f o r m a l d e h y d e in a 1: 1 m o l a r 
r a t i o g a v e 3,3-bis ( a c e t o x y m e t h y l ) - 6 - m e t h y l - 4 - c h r o m -
a n o n e (2b ) a n d t h a t i n a 1 : 3 . 3 m o l a r r a t i o g a v e 6-
m e t h y l s p i r o ( c h r o m a n - 3 , 5 ' - [ 1 , 3 ] d i o x a n e ) - 4 - o n e ( 3 b ) . 

S imi l a r ly , t h e r e a c t i o n s of l c in 1 : 3 . 3 a n d 1:5 m o l a r 
r a t i o s g a v e 6 - b e n z y l - 8 - m e t h y l s p i r o ( c h r o m a n - 3 , 5 ' - [ l , 3 ] -
d i o x a n e ) - 4 - o n e ( 3 g ) . T h e r e a c t i o n i n a 1: 1 m o l a r r a t i o 
a f forded a sma l l a m o u n t of p r o d u c t w h i c h w a s i so la ted 

T A B L E 1. REACTION OF 4-CHROMANONES WITH FORMALDEHYDE IN A MIXTURE OF ACETIC ACID AND 

BENZENE IN THE PRESENCE OF H 2 S 0 4 AT 6 0 ° G 

R u n 
Ghromanone, 

(mmol) 
C H 2 0 / 1 , Acetic acid, Benzene, 

mole ratio ml ml 
H 2 S 0 4 , 

ml 
Time, 

h 
Product, 

(% Yield) 

l a (10) 
l b (4.2) 
l b (10) 
l c (10) 
l c (10) 
I d (10) 
I d (10) 
l e (10) 
l e (100) 

3.0 
1.0 
3.3 
3.3 
5.0 
1.0 
3.3 
1.0 
3.3 

15 
5 
15 
15 
15 
10 
15 
10 
100 

50 
30 
50 
50 
50 
50 
50 
50 
450 

1.0 
0 .5 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

10.0 

6 
4 

16 
16 
16 
5 

16 

6 
16 

3f (11) 
2b (5) a> 
3 b (2) 
3 g ( 9 ) 
3g(47) 
b ) 
b ) 

2 e ( 1 0 ) , 
3e (70) 

3e(3) 

a) Yield determined by the 1 H - N M R spectrum, b) Resinous substance obtained (see Experimental) . 
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TABLE 2. SOLVENT EFFECT IN THE REACTION OF 4-CHROMANONES WITH FORMALDEHYDE 

IN THE PRESENCE OF H 2 S 0 4 AT 6 0 ° C 

R u n 

10 

11 

12 
13 

14 

15 

16 

17 

18 

19 

Chromanone, 
(mmol) 

l e (50) 

l e (10) 

l e (10) 

l e (10) 

l e (10) 

l e (10) 

l e (10) 

l b ( 1 0 ) 

l e (10) 

l e (10) 

C H 2 0 / 1 , 
mole ratio 

3 .0 

3 .3 

3 .0 

1.0 

1.0 

3.1 

1.0 

3.1 

5 .0 

3 .1 

Solvent, 
(ml) 

Propionic acid (50) 
Benzene (225) 

Benzyl acetate (10) 
Benzene (50) 

Acetic acid (20) 

Acetic acid (6) 

Benzene (50) 

Dioxane (35) 

Dioxane (10) 

Dioxane (35) 

Acetic acid (10) 
Cyclohexane (50) 

Dioxane (35) 

H 2 S 0 4 , 
ml 

5 .0 

1.0 

2 . 0 

34 .0 

1.0 

5 .0 

35 .0 

5 .0 

1.0 

5 .0 

Time, 
h 

7 

17 

9 

4 

4 

6 

4 

6 

6 

6 

Product, 
(% yield) 

3e (49) 

3e (12) 

3e (32) 

4 (80) 

a ) 
3e (51) 
4 (33) 

3 b (30) 

31.(2) 

b ) 

a) l e recovered in 95% yield. The reaction products were diphenylmethane and its 
homologues, b) A resinous product was obtained, yield 2.51 g. 

with difficulty from the reaction mixture. 
The reaction of l e with formaldehyde in a 1: 1 molar 

ratio gave 3,3-bis(acetoxymethyl)-6,8-dimethyl-4-
chromanone (2e) and 6,8-dimethylspiro(chroman-3,5 /-
[ 1,3]dioxane)-4-one (3e), while that in a 1: 3.3 molar 
ratio gave 3e in high yield. 3e was changed into 6,8-
dimethylspiro(chroman-3,5 /-[l,3]dioxane)-4-ol (3e') by 
use of sodium borohydride. The reaction of I d , however, 
gave a resinous substance. 

The reactions were examined as regards the effects 
of the solvents and their acidity. The results are sum­
marized in Table 2. 

In the reaction of l e with formaldehyde, the use of 
propionic acid-benzene or benzyl acetate-benzene 
mixture, acetic acid, or dioxane as solvent gave 3e, along 
with resinous substance. When the reaction was carried 
out in a benzene solution, diphenylmethane and its 
homologues were obtained, l e being recovered in 9 5 % 
yield. The use of a large amount of H 2 S 0 4 (Runs 13 
and 16) gave 4, analogous to the case of the use of 9 6 % 
H2S04 .3> 

The reaction of l b in dioxane gave only 3 b . The 
reaction of l c in a mixed solution of acetic acid and 
cyclohexane gave 6-acetoxymethyl-8-methylspiro-
(chroman-3,5'-[l ,3]dioxane)-4-one (3h), and that in 
dioxane a resinous material . 

Bromination of le. The bromination of l e in 
acetic acid solution in the presence of H 2 S 0 4 gave 3-
bromo-6,8-dimethyl-4-chromanone (5), while that in 
96% H 2 S 0 4 gave 5-bromo-6,8-dimethyl-4-chromanone 
(6). 

Deuterium Exchange of 4-Chromanones* Rates of the 
deuterium exchange of l e were observed by means of 
! H - N M R spectra. The results obtained in 3 5 % D 2 S 0 4 

(in C H 3 C 0 2 D ) , 8 5 % D 2 S 0 4 (in D 2 0 ) , and 9 6 % D 2 S 0 4 

are shown in Figs, l a , l b , and lc , respectively. The 
deuterium atom % was calculated on the basis of the 
integral value in the C-2 methylene protons of l e . There 
is a clear difference between l a and lc . In 3 5 % D 2 S 0 4 , 
deuter ium is incorporated into the C-3 methylene 
protons faster than the C-5 aromatic proton, while in 
the case of 96% D 2 S 0 4 , the opposite tendency is 

10 30 0 io 30 0 

Reaction time (day) 

Fig. 1. Deuterium exchange of l e in various concentra­
tions of D2S04 . 
D2S04 concentrations: a, 35% (in CH3C02D); b, 85% 
(in D20) ; c, 96%. Exchange position: ( O ) J C-3 meth­
ylene protons; (0), C-5 aromatic proton; (A.)> G-7 
aromatic proton. 

TABLE 3. DEUTERIUM EXCHANGE OF 4-CHROMANONES 

IN 20% D2S04 (IN CH3C02D) AND 
96% D2S04 AT 25 °C 

Chro- Sol- Conen, 
manone venta) wt % Time Deuterium atom % 

3-, 6-, 8-, 

l a 

l b 

l c 

I d 

SA 

S 

SA 

S 

SA 

S 

SA 

S 

15 

15 

11 

11 
15 

15 

12 

12 

3 h 

48 h 

24 h 

48 h 

3 h 

48 h 
24 h 

3 h 

48 h 

24 h 

5 min 

3 h 

48 h 

3 h 

86 

87 
5 

54 

89 

86 

20 
86 

89 

49 

77 

100 

100 

3 

0 0 

33 10 

15 2 

72 44 

— 0 

— 6 
— 55 

0 — 
60 — 

83 — 
4 4 b ) 

73b) 

100b> 

91b> 

a) SA=20% D2S04 (in CH3C02D), S = 96% 
D2S04 . b) Signal not resolved to the 6- and 
8-protons. 
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TABLE 4. »C-NMR SPECTRA OF l e IN 96% H2S04 , 35% H 2S0 4 (IN CH3C02H), AND CDCl3
a> 

Solvent G o ^ / n ' G-2 C-3 
wt % 

G-4 C-5 C-6 G-7 G-8 G-9 G-10 6-CH, 8-GH, 

96% H 2S0 4 

35% H 2S0 4 

GDG13 

h 
A% 

11.9 
17.9 
36.5 

65.7 
67.4 
66.5 

- 0 . 8 
0.9 

31.4 
37.4 
37.2 

- 5 . 8 
0.2 

202.7 
197.6 
190.8 
11.9 
6.8 

125.0 
125.0 
123.6 

1.4 
1.4 

133.9 
131.1 
129.1 

4.8 
2.0 

151.9 
140.3 
137.0 
14.9 
3.3 

129.9 
128.1 
126.0 

3.9 
2.1 

168.0 
160.2 
157.6 
10.4 
2.6 

114.6 
120.5 
120.2 
- 5 . 6 

0.3 

19.5 
20.4 
19.7 

- 0 . 2 
0.7 

14.3 
15.5 
14.9 

- 0 . 6 
0.6 

a) Chemical shifts are reported in ppm relative to Me4Si. zl1=(96% H2S04-CDG13) and 
/ l 2 =(35% H2S04-GDC]3) are the chemical shift differences. 

observed. I t was found that the deuter ium atom % 
of the C-5 position in 3 5 % D 2 S 0 4 is in equilibrium at 
10%, but that of the C-3 methylene in 9 6 % D 2 S 0 4 

slowly increases with t ime. The results of the deuterium 
exchange of other 4-chromanones are summarized in 
Table 3. 20% D 2 S 0 4 preferentially leads to exchange 
of the C-3 methylene protons, and 9 6 % D 2 S 0 4 leads 
to the aromatic protons, but the difference between 20% 
D 2 S 0 4 and 96% D 2 S 0 4 is not as large as in the case of 
l e . The deuterium exchange of l c in 20% D 2 S 0 4 

occurred in the order 3 > 6 > 8 , and that in 9 6 % D 2 S 0 4 

in the order 6 > 3 > 8 . 
1ZC-NMR Spectra of le. Table 4 gives the 

carbon-13 chemical shifts obtained in 96% H 2 S 0 4 , 
3 5 % H 2 S 0 4 (in C H 3 C 0 2 H ) , and CDCl3 , as well as the 
chemical shift differences, Ax and J2, between H 2 S 0 4 

solutions and CDC13 solution. Assigments of resonance 
positions to individual carbon atoms were made on the 
basis of substituent effects,4) splitting patterns in proton 
coupled spectra, and internal consistency. A positive A 
indicates that the resonance is deshielded in H 2 S 0 4 

relative to CDC13 . In 9 6 % H 2 S 0 4 , larger deshielding 
trends of 10—15 p p m are observed for C-4, C-7, and 
C-9. Deshielding of 6.8 ppm for C-4 is observed in 3 5 % 
H 2 S 0 4 solution. 

The observed chemical shift trends in 9 6 % H 2 S 0 4 

are interpreted to result predominantly from protona­
tion of the carbonyl oxygen (7) (Scheme 1). A deshield­
ing effect is associated with a loss of charge density for 
carbons of similar hybridization.5) 

0 ^ H+ 

le 

Scheme 1. 

Reaction Path. Some papers on the acid-catalyzed 
condensation of cycloalkanones with formaldehyde6) 
have reported the formation of hydroxymethyl deriva­
tives and 1,3-dioxanes. 

In the reactions of 4-chromanones with formaldehyde 
in solvents in the presence of sulfuric acid, the condensa­

tion products for the C-3 position were obtained even 
though l a , l b , and l c gave the aromatic substituted 
products containing 1,3-dioxanes. The deuterium 
exchange of 4-chromanones in various concentrations of 
sulfuric acid suggests that the C-3 methylene protons 
are more reactive than the aromatic protons. 

These results obtained in the low concentrations of 
sulfuric acid can be explained by the aldol condensation 
mechanism.7) The intermediate enol (12) is formed by 
the direct removal of a proton from the protonated 
intermediate (8) by bases ( H S 0 4 ~ and/or C H 3 C 0 2

_ ) , 
+ 

reacting with hydroxymethyl cation (CH 2OH) 8) to 
produce hydroxymethyl derivatives. Diacetates were 
obtained when the molar quanti ty of formaldehyde as 
against that of 4-chromanones was small. 

vy 
OH 12 

Bromination of l e in 35 and 9 6 % H 2 S 0 4 using 
molecular bromine as an electrophilic substituting agent 
gave 3- and 5-bromo derivatives, respectively. The 
different reactivity of 4-chromanones in various concent­
rations of sulfuric acid might be utilized in synthetic 
reactions by use of other electrophilic agents. 

T h e aromatic substituted products formed by the 
addit ion of formaldehyde to the benzene rings of 4-
chromanones proceeds by an electrophilic aromatic 
substitution. 

T h e results given in Table 1 suggest that the methyl 
substituents attached to the 6- and/or 8-positions of 4-
chromanones play an important role in the formation 
of aromatic substituted products, l e fixed by the two 
methyl groups gave 3-substituted products only, I d 
containing the reactive 6- and 8-positions a polymer, 
while l a gave the 6-benzyl product. The results are 
also in line with the rates of deuterium exchange. 

Exper imenta l 

General. Melting points are uncorrected. IR spectra 
were obtained on a Hitachi EPI-G2 spectrometer, 1H-NMR 
spectra on a JEOR Model PS-100 spectrometer with tetra-
methylsilane(Me4Si) as an internal standard, and 13G-NMR 
spectra on a JNM-FX60 spectrometer. Chemical shifts in 
CDC13 and 35% H 2S0 4 (in CH3C02H) were measured 
using Me4Si as an internal standard. Chemical shifts in 96% 
H2SÖ4 were obtained relative to external CDC13 and convert­
ed into the Me4Si scale by the relationship <5Me4Si=<5CDCl3+ 
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77.1. Mass spectra were determined on a Hitachi R U M - 6 
mass spectrometer operating at 70 eV. Molecular weight was 
determined with a Mechrolab Model 301A vapor pressure 
osmometer in iV,JV-dimethylformamide a t 65 °C. 

Materials. 4-Chromanones were prepared from phenols 
according to the published procedure.2 '9) Commercial 1,3,5 
trioxane, sulfuric acids, and solvents were used. 

Reactions of 4-Chromanones with Formaldehyde. T h e gen­
eral procedure is as follows. T o a mixture of acetic acid and 
benzene were added 4-chromanones, 1,3,5-trioxane, and H 2 -
S 0 4 in this order, and the mixture was stirred at 60 °C. T h e 
reaction mixture was poured into cold water, and extracted 
with benzene. T h e benzene solution was washed with aque­
ous sodium hydroxide, aqueous hydrochloric acid, and water 
successively. After removal of the solvents, the residual oil 
was separated by column chromatography on silica gel (Wako-
gel C-200; developing solvent, chloroform) to some fractions 
in which the first fractions were start ing 4-chromanones, unless 
otherwise stated. T h e reaction conditions and products of 
these reactions are given in Tables 1 and 2. 

From la. The reaction of l a with formaldehyde in a 
1: 3 molar ratio gave a pale yellow oil from the second frac­
tion. T h e fraction could not be separated further. How­
ever, it gave 3f containing a small amount of l a . 

3f: I R (neat) 2770, 1670, 1090, 1040, 840, 705 cm- 1 ; m 
N M R (CCI,) «5=7.57 (1H, d, 7 = 3 . 0 Hz , 5-H), 7.10 (5H, m, 
Ph) , 7.06 (1H, dd, 7-H), 6.76 (1H, d, 7 = 9 . 0 Hz, 8-H), 4.75 
(2H, AB-q, 7 = 6 . 0 Hz , - O C H 2 0 - ) , 4.53 (2H, s, 2-H) , 3.88 
(4H, s , - C H 2 0 - ) , 3.84 (2H, s, 6-CH 2 ) ; M S mje 310 (M+, 60), 
211 (100). 

From lb. The reaction product obtained in a 1:1 
molar ratio was subjected to fractional distillation under re­
duced pressure. From the first fraction unreacted l b was 
recovered at 86—87 °G/0.5 m m H g , and from the second frac­
tion a yellow viscous oil at 165—166 °G/0.5 m m H g , which was 
separated by column chromatography to give a mixture of 2b 
and l b . T h e distillation residue was a mixture of 3 b and 
other unknown products. T h e third fraction of the product 
obtained in a 1: 3.3 molar ratio gave a pale yellow oil, which 
crystallized after being left to stand overnight. T h e crystals 
were recrystallized from cyclohexane to give 3 b . 

2b: Oi l ; I R (neat) 1730, 1680, 1040, 880, 830 c m - 1 ; MS mle 
306 (M+, 5) , 174 (100). 

3b: M p 93—94 °G; I R (KBr) 2780, 1680, 1100, 1030, 
890, 825 cm- 1 ; « - N M R (GC14) (5=7.50 (1H, d, 7 = 2 . 7 
Hz , 5-H), 7.18 (1H, dd, 7-H), 6.80 (1H, d, 7 = 9 . 1 Hz, 8-H), 
4.76 (2H, AB-q, 7 = 6 . 4 Hz , - O C H 2 0 - ) , 4.54 (2H, s, 2-H) , 
3.89 (4H, s, - C H 2 0 - ) , 2.29 (3H, s, 6-CH 3 ) ; M S mje 234 
(M+, 41), 135 (100). Found : G, 66.45; H , 5 .97%. 
Calcd for C 1 3 H ] 4 0 4 : C, 66.66; H , 6 .02%. 

From lc. T h e yellow oils obtained in 1: 3.3 and 1: 5 
molar ratios in a mixed solution of acetic acid and benzene 
were separated into three fractions. A crystalline product 
(3g) was isolated from the second fraction, and a small amount 
of polymer from the third fraction. T h e first fraction of the 
product obtained in a 1:5 molar ratio in a mixture of acetic 
acid and cyclohexane gave 3h . 

3g: M p 153—154 °C (from ligroin) ; I R (KBr) 2760, 
1670, 1100, 1040, 830, 700 c m - 1 ; ^ - N M R (CG14) 0 = 7 . 4 2 
(1H, d, 5-H), 7.04 (1H, d, 7-H), 7.12 (5H, m, Ph) , 4.78 
(2H, AB-q, 7 = 6 . 1 Hz , - O C H 2 0 - ) , 4.58 (2H, s, 2-H), 3.91 
(2H, s, - C H 2 0 - ) , 3.48 (2H, s, 6-CH2) , 2.22 (3H, s, 8-CH 3 ) ; 
M S mje 324 (M+, 93), 225 (100). Found : C, 74.29; H , 6.32%. 
Calcd for C 2 0 H 2 0 O 4 : C, 74.06; H , 6 .22%. 

3h: M p 99—99.5 °G (from ligroin) ; I R (KBr) 2780, 1680, 
1095, 1035, 1025, 820 c m - 1 : i H - N M R (CC14) (5=7.52 (1H, 
d, 5-H), 7.26 (1H, d, 7-H), 4.87 (2H, s, 6-CH2) , 4.75 (2H, 

AB-q, 7 = 6 . 0 Hz , - O G H 2 0 - ) , 4.60 (2H, s, 2-H), 3.89 (4H, 
s, - C H 2 0 - ) , 2.26 (3H, s, 8-CH3) , 2.00 (3H, s, C O C H 3 ) ; MS 
mje 306 (M+, 77), 207 (100). Found : C, 62.80; H , 5 .83%. 
Calcd for C 1 6 H 1 8 0 6 : C, 62.74; H , 5.92%. 

From Id. T h e reaction product obtained in a 1:1 
molar ratio gave a resinous substance which could be isolated 
with difficulty from the reaction mixture : yield 1.5 g ; m p 
80 °C; molecular weight 420; I R (KBr) 1670, IlOo) 1020 
cm- 1 . T h e absorption due to benzyl group at 3.9 (CH2Ph) 
and 7.2 (Ph) p p m was observed by the 1 H - N M R spectrum. 
T h e reaction product obtained in a 1:3 molar ratio gave a 
resinous substance: yield 2.7 g ; m p 100 °C; molecular weight 
630; I R (KBr) 1725, 1660, 1095, 1030 cm- 1 . The absorption 
due to the benzyl group at 3.9 (CH 2Ph) and 7.2 (Ph) ppm, 
and the 1,3-dioxane ring at 5.0 and 4.8 ( - O C H 2 0 - ) ppm 
was observed by the X H-NMR spectrum. 

From le. T h e reaction products obtained in Runs 8, 
9, 10, 11, and 12 were isolated by column chromatography 
to three fractions. T h e second white crystalline fraction and 
the third yellow oil fraction gave 3e and 2e, respectively. 
T h e reaction mixtures in Runs 13, 15, and 16 were extracted 
with chloroform and recrystallized from ligroin to give 3e 
or 4. 

2e: Yellow oil; I R (neat) 1730, 1670. 1030, 8 7 0 c m " 1 ; 
« - N M R (CC14) (5 = 7.44 (1H, d, 5-H), 7.04 (1H, d, 7-H), 
4.35 (2H, s, 2-H), 4.24 (4H, s, - C H . O C O - ) , 2.26 (3H, s, 
6-CH3) , 2.08 (3H, s, 8-GH3), 2.00 (6H, s, - O C O C H 3 ) ; M S 
mje 320 (M+, 37), 148 (100). Found : C, 63.98; H , 6.30%. 
Calcd for C 1 7 H 2 0 O 6 : C, 63.74; H , 6.29%. 

3e: M p 146.5—148 °C (from acetone); I R (KBr) 2760, 
1660, 1100, 1030, 880 c m - 1 ; « - N M R (CC14) 0 = 7 . 3 4 (1H, 
d, 5-H), 7.08 (1H, d, 7-H), 4.78 (2H, AB-q, 7 = 6 . 0 Hz, 
- O C H 2 0 - ) , 4.56 (2H, s, 2-H) , 3.90 (4H5 s, - C H . O - ) , 2.26 
(3H, s, 6-CH3) , 2.22 (3H, s, 8-CH 3 ) ; M S mje 248 (M+, 69Ï, 
149 (100); 1 3 C-NMR (CDC13) 0 = 1 9 2 . 4 (s, 4-C), 157.7 (s, 
9-C), 138.5 (d, 7-G), 130.3 (s, 6-C), 127.0 (s, 8-G), 124.3 
(d, 5-C), 119.2 (s, 10-G), 94.0 (t, 2 ' -C), 69.7 (t, 2-G), 67.5 
( t , 4 ' - a n d 6 / - C ) , 4 5 . 2 ( s , 3 - C ) , 20.3 (q ,6 -CH 3 ) , 15.3 (q, 8-CH,). 
T h e assignments are based on the da ta of Ghauhan and Still,10 ' 
and the procedure of Levy and Nelson.11) Found : C, 67.61 ; 
H , 6 .49%. Calcd for C 1 4 H 1 6 0 4 : C, 67.73; H , 6.50%. 

4: M p 95—97 °C (lit,9) m p 95—97 °C). T h e structure 
of this product was confirmed by « - N M R and mass spectra. 

Reduction of 3e. Sodium borohydride (0.14 g, 3.6 
mmol) was added to 3e (1 .24g, 5 mmol) in ethanol (20 ml). 
T h e mixture was heated under reflux a t 80 °C for 4 h. T h e 
reaction mixture was neutralized with acetic acid and then 
extracted with ether. T h e ether layer was washed with aque­
ous sodium hydroxide, aqueous hydrochloric acid, and water 
and then dried in vacuo. T h e residue was recrystallized 
from hexane to give 3e ' in a 6 8 % yield: m p 109 °C; I R (KBr) 
3400, 2760, 1030, 870 c m - 1 : « - N M R (CC14) (5=6.76 (2H, 
bd, 5- and 7-H), 4.70 (2H, AB-q, 7 = 6 . 1 Hz , - O C H 2 0 - ) , 
4.12 (2H, AB-q, 7 = 1 0 . 1 Hz , 2-H), 3.67 (4H, AB-q, 7 = 1 2 . 1 
Hz, - C H 2 0 - ) , 4.22 (1H, s, O H ) , 3.80 (1H, s, 4-H), 2.22 (3H, 
s, 6-CH3), 2.14 (3H, s, 8-CH 3 ) ; M S mje 250 (M+, 71), 150 
(100). Found : C, 66.94; H , 7 .39%. Calcd for C 1 4 H 1 8 0 4 : 
C, 67.18; H , 7 .25%. 

Preparation of 5. To a solution of 9 6 % H 2 S 0 4 (5 ml) 
and acetic acid (50 ml) was added l e (1.76 g, 10 mmol) , and 
the mixture was cooled in an ice-bath. A solution of bromine 
(0.80 g, 10 mmol) and acetic acid (5 ml) was then added 
dropwise over a period of 30 min to the mixture with stirring, 
and the mixture was stirred for 30 min a t 0 °C. The reaction 
mixture was poured into water and extracted with benzene. 
T h e organic layer was washed with aqueous sodium hydroxide 
and water, and dried in vacuo to give a yellow oil. The oil 
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was recrystallized twice from ligroin to give 5 : yield 1 7 % ; 
mp 86—87 °C, I R (KBr) 1680, 1020, 890, 550 c m - 1 ; ^ - N M R 
(GG14) (5=7.46 (1H, d, 5-H), 7.10 (1H, d, 7-H), 4.54 (2H, 
d, J = 4 . 5 H z , 2-H), 4.42 (1H, t, 3-H), 2.27 (3H, s, 6-CH3) , 
2.21 (3H, s, 8-CH 3) ; MS m/*254 (M+, 31), 148 (100). Found : 
C, 51.77; H, 4.33; Br, 31 .16%. Calcd for C n H n 0 2 B r : C, 
51.79; H , 4.35; Br, 31 .32%. 

Preparation of 6. l e (3.52 g, 20 mmol) was dissolved 
in 96% H 2 S 0 4 (30 ml), and the mixture was cooled in an 
ice-bath. Bromine (3.2 g, 40 mmol) was added over a period 
of 30 min to the mixture with stirring, and the mixture was 
stirred for 30 min at 0 °C. T h e reaction mixture was treated 
as described in the preparat ion of 5. T h e product was re-
crystallized three t ime from ligroin to give 6 : yield 2 3 % ; 
mp 102—103 °C; I R (KBr) 1680, 1020, 870, 570 c m - 1 ; 
*H-NMR (CCI,) (5 = 7.08 (1H, s, 7-H), 4.49 (2H, t, 7 = 6 . 0 
Hz, 2-H), 2.76 (2H, t, 3-H), 2.32 (3H, s, 6-CH3)5 2.14 (3H, 
s, 8-CH 3) ; MS tn/e 254 (M+, 100), 226 (83). Found : C, 
51.63; H , 4.24; Br, 31 .23%. 
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Pseudo-sugars. 4. A Facile Synthesis of DL-Validamine 
and Its Derivative1) 
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Penta-iV,0-acetyl-DL-validamine was prepared from readily available endo-2, exo-3-dia.cetoxy-endo-C)-
acetoxymethyl-7-oxabicyclo[2.2.1]heptane in three steps in an overall yield of 36%. 

As a part of a synthetic study of antibiotic valida-
mycins,2) wc wish to report a facile synthesis of DL-
validamine, starting from tri-0-acetyl-(l ,3/2,4,6)-4-
bromo-6-bromomethyl-l,2,3-cyclohexanetriol (7), which 
was readily obtained by the bromination of endo-2, exo-3-
diacetoxy - endo - 6 -acetoxymethyl - 7 - oxabicyclo [ 2 . 2 . 1 ] -
heptane (4).3> 

The é?xo-3-acetoxy (4), <?xo-3-methoxy (5), and exo-3-
tosyloxy derivatives (6) of £rcûfo-2-acetoxy-émfo-6-acetoxy-
methyl-7-oxabicyclo[2.2.1]heptane were prepared in 
high yields by l i thium aluminium hydride (LAH) 
reduction followed by acetylation of the corresponding 
lactones (1,3»4> 2, and 3). Treatment of 4 with 15% 
hydrogen bromide in acetic acid in a sealed tube at 
75 °G for 24 h led to a cleavage of the anhydro ring to 
give single crystalline 7 in 70% yield. Under the similar 
reaction conditions, 5 also gave 7 in 5 9 % yield. The 
structure of 7 was established on the basis of elemental 
and 1 H N M R analyses, and analogy of the bromination 
of the corresponding ^xo-3-bromo derivative.5) Thus, 
the 1 H N M R spectrum contained three singlets (Ô 1.99, 
2.04, and 2.07) due to the acetoxyl methyl protons and 
the relatively narrow three-proton multiplet (<5 5.00) due 
to the protons on the carbon atoms bearing the acetoxyl 
groups. The one-proton symmetric broad multiplet 
(<5 3.90) could be attr ibutable to H-4, indicating that 
the ring bromine atom was in an equatorial position in 
the favored conformation. T h e previous results5) 
suggested that the anhydro ring of this system would be 
cleaved by a bromide ion at the carbon atom (G-4) 
adjacent to the ring methylene group. 

The similar bromination of 6 yielded in 6 2 % yield 
the sole crystalline dibromo diacetate (8) which contain­
ed a tosyloxyl function. Reaction of 8 with methanolic 
sodium methoxide followed by acetylation gave the 
dibromo epoxy acetate (12), which was also derived by 

the same treatment of l,2-cli-0-acetyl-(I,3/2,4,6)-3,4-
dibromo-6-bromomethyl-l,2-cyclohexanediol.5) These 
results allowed to assign 8 as l,2-di-0-acetyl-3-0-tosyl-
( 1, 3/2,4,6) - 4 - bromo-6-bromomethy 1-1,2,3- cyclohexa-
netriol. 

Preferential substitution of the primary bromo 
substituent of 7 by an acetate or an azide ion was effected 
by treatment with a slight excess of its sodium salt in 
aqueous 2-methoxyethanol giving the corresponding 7-
acetoxy (9, 72%) or 7-azido compounds (11, 91%) . 
O n the other hand, reaction of 7 and 9 with an excess 
of sodium azide in N,7V-dimethylformamide resulted in 
displacement of the C-4 bromine atom by an azido 
group via S^2 fashion to give selectively the diazido 
(13, 76%) as crystals and the azido compounds (14, 
96%) as a syrup, respectively. Catalytic hydrogénation 
of 14 in the presence of Raney nickel6) in methanol 
containing acetic anhydride gave the known penta-A^O-
acetyl- ( 1,3,4 / 2,6) - 4 - amino-6 - hydroxymethyl -1 ,2 ,3-
cyclohexanetriol (DL-validamine) (16) 3>5) in 5 3 % 
yield. Its 7-amino-7-deoxy derivative (17) was obtained 
by the similar hydrogénation of 13 in 5 1 % yield. These 
data also confirmed the structure of 13 and 14. 

Compound 8 was converted similarly to the corre­
sponding 7-acetoxy derivative (10) in 6 3 % yield. O n 
treatment with a slight excess of sodium azide in N,N-
dimethylformamide 10 gave a syrupy azide tosylate (15), 
which, without further purification, was hydrogenated 
as described above to the crystalline amide tosylate (18) 
in an over all yield of 3 5 % . In this case, replacement 
of the C-4 bromine atom by an azide ion seemed to 
occur faster than that of C-3 tosyloxyl group via an 
anchimeric reaction.7) Treatment of 18 with methanolic 
sodium methoxide gave the epoxide, which was directly 
acetylated by a mixture of acetic anhydride and pyridine 
followed by the usual work-up giving 16 in 74% yield. 
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E x p e r i m e n t a l 

Melting points were measured in a capillary in a liquid 
bath and are uncorrected. Solutions were evaporated under 
diminished pressure at 40—50 °C. 1 H N M R spectra were 
measured at 60 M H z on a Var ian A-60D spectrometer in 
CDC13 with reference to tetramethylsilane as an internal 
standard and the peak positions are given in d-values. Values 
given for coupling constants are of first-order. T L C was 
performed on silica gel (Wakogel B-10, Wako Pure Chemical 
Industries, L td . ) . Elemental analyses were performed by Mr . 
Saburo Nakada, to whom our thanks are due. 

exo-9-Mcthoxy-2,7-dioxatricyclo[4.2.1.0i,8]nonan-3-one (2). 
A mixture of e#o-9-hydroxy-2,7-dioxatricyclo[4.2.1.04 's]nonan-
3-one (l)3 '4) (5 g), methyl iodide (10 ml) , and silver oxide 
(10 g) in iV,iV-dimethylformamide (20 ml) was vigorously 
stirred at a room temperature under dark for 20 h. Acetone 
was added to the reaction mixture, an insoluble material was 
removed by filtration, and the filtrate was evaporated to give 
a solid product. Crystallization from ethanol gave 2 (4.2 g, 
77%) as needles: m p 85—86 °C; W N M R Ô 1.86 (1H, dd, 
y4 > 5 e n d 0 = 3 H z , J 5 g e m = 1 2 . 5 H z , H-5endo), 2.21 (1H, ddd , 
/ 4 j 5 e x o = 1 0 H z , y 5 e x 0 i 6 = 5 H z , H-5exo), 2.69 (1H, ddd, 
7 4 8 = 5 H z , H-4) , 3.37 (3H, s, O M e ) , 3.43 (1H, s, H-9) , 
4.59 (2H, t, Jx 8 = 5 Hz , H - l and H-6) , 5.29 (1H, t, H-8) . 

Found : C, 56.42 ; H , 5.92%. Calcd for C 8 H 1 0 O 4 : C, 56.46 ; 
H, 5.92%. 

exo-9-Tosyloxy-2,7-dioxatricyclo[4.2.1.0i'8]nonan-3-one (3). 
Compound 1 (1 g) was treated with tosyl chloride (2.5 g, 
2 mol equiv) in pyridine (5 ml) at a room temperature over­
night. The reaction mixture was poured into ice-water, and 
the precipitates were collected and recrystallized from ethyl 
acetate to give 3 (1.4 g, 71%) as needles: m p 174—175 °C. 
!H N M R Ô 2.48 (3H, s, tosyl Me) , 4.51 (1H, s, H-9) , 4.60 
(1H, d, y i i 8 = 5 H z , H - l ) , 4.77 (1H, d, / 5 e x 0 > 6 = 5 Hz, H-6) , 
5.33 (1H, t, 7 4 > 8 = 5 H z , H-8) . 

Found: C, 53.95; H , 4.56; S, 10.06%. Calcd for C1 4H1 4-
0 6 S : C, 54.18; H, 4.55; S, 10 .33%. 

endo- 2, exo- 3 - Diacetoxy-endo- 6- acetoxymethyl -7- oxabicyclo-
[2.2.1]heptane (4). T o a stirred mixture of L A H (3 g, 
2.5 mol equiv) in dry tetrahydrofuran (THF) (100 ml) was 
added in several portions pulverized 1 (5 g) under external 
ice-cooling. T h e reaction mixture was stirred at this tem­
perature for 15 min and then at a room temperature for 2 h. 
An excess hydride was destroyed by addit ion of water (10 ml) , 
and the precipitates were filtered and washed thoroughly with 
a mixture of acetone and water. T h e filtrate and washings 
were combined and evaporated to dryness. The residue was 
treated with a mixture of acetic anhydride (20 ml) and pyridine 
(20 ml) at a room temperature overnight. An insoluble 
material was removed by filtration, and the filtrate was evap­
orated and co-distilled with toluene to give a syrup, which was 
dissolved in chloroform and passed through a short a lumina 
column. Evaporation of the solvent gave 4 (8.4 g, 93%) as 
a practically homogeneous syrup, whose I R and XH N M R 
spectra were identical to those of an authentic sample.3) 

endo - 2- Acetoxy-endo - 6- acetoxymethyl-exo -3- methoxy - 7- oxa-
bicyclo[2.2.1]heptane (5). Compound 2 (5 g) was reduced 
with L A H (1.2 g) in T H F (100 ml) similarly as described 
above and the product was successively acetylated in the 
usual manner. Crystallization of the crude product from 
ethyl acetate-hexane gave 5 (5.9 g, 78%) as needles: m p 
5 8 - 5 9 °C; >H N M R Ô 1.16 (1H, dd, 7 5 e n d o , 6 = 5 Hz, J5gem= 
11 Hz, H-5endo), 2.01 (3H, s) and 2.03 (3H, s) (OAc), 3.31 
(3H, s, O M e ) , 3.42 (1H, d, J2 3 = 2 Hz, H-3) , 4.22 (2H, dd, 
CH 2 OAc) , 4.48 (1H, d, J, 6 e ^ 0 = 6 H z , H-4) , 4.60 (1H, t, 

Jx ^=JX 6 = 4 Hz , H - l ) , 4.90 (1H, broad d, H-2) . 
Found : C, 55.89; H , 6 .93%. Calcd for C 1 3 H ] 8 0 6 : C, 

55.80; H, 7 .03%. 
endo- 2-Acetoxy-endo- 6- acetoxymethyl-exo- 3-tosyloxy- 7- oxabi-

cyclo\2.2.T\heptane (6). Compound 3 (5 g) was reduced 
with L A H (0.67 g) in T H F (130 ml) similarly as described in 
the preparat ion of 4 and the product was acetylated as usual. 
Crystallization of the crude product from ethyl acetate gave 
6 (4.3 g, 67%) as needles: m p 117—118 °C; 1H N M R ô 1.23 
(1H, dd, y 5 e n d 0 > 6 = 5 H z , J5gem=\2Hz, H-5endo), 1.94 (3H, 
s) and 1.99 (3H, s) (OAc), 2.44 (3H, s, tosvl Me) , 4.18 (2H, 
dd, CH 2 OAc) . 

Found : C, 54.37; H , 5.39; S, 7.88%,. Calcd for C j 8 H „ 0 8 -
S: C, 54.26; H , 5.57; S, 8 .05%. 

Tri-O-acetyl-( 1, 3/2, 4, 6)-4-bromo-6-bromomethyl-l, 2, 3-cyclo-
hexanetriol (7). a) A mixture of 4 (2.5 g) and 15% hv-
drogen bromide in acetic acid (20 ml) was heated in a sealed 
tube at 75 °C for 24 h. The brown reaction mixture was 
poured into ice-water (1 1), and the resulting crystals were 
collected and washed thoroughly with water. T h e crude 
crystals were recrystallized from ethanol to give 7 (2.6 g, 70%) 
as needles or prisms: m p 162—163 °C ; 1U N M R Ô 1.99 (3H, 
s), 2.04 (3H, s), and 2.07 (3H, s) (OAc), 3.30 (2H, m, CH,Br ) , 
3.90 (1H, m, H-4) , 5.00 (3H, m, H - l , H-2, and H - 3 ) / 

Found : C, 36.37; H , 4.18; Br, 36 .95%. Calcd for C13-
H 1 8 O e Br 2 : C, 36.30; H , 4.22; Br, 37.16%. 

b) Compound 5 (4.5 g) was treated similarly with 15% 
hydrogen bromide in acetic acid (35 ml) at 80 °C for 50 h, 
and the reaction mixture was processed as described above. 
T h e crude product was crystallized from isopropyl alcohol to 
give 7 (4.4 g, 59%) as needles: m p 159—161 °C 

1, 2-Di-0-acetyl-3-0 - tosyl-(l, 312, 4, 6)-4-bromo-6-bromomethyl-
1,2,3-cvdohexanelriol (8). Compound 6 (1 g) was treat­
ed with 15% hydrogen bromide in acetic acid (6 ml) as de­
scribed in the preparat ion of 7. T h e product was crystallized 
from ethanol to give 8 (0.85 g, 62%) as needles: m p 161—163 
°C; *H N M R ô 2.03 (6H, s, OAc) , 2.42 (3H, s, tosyl Me) , 
3.85 (1H, m, H-4) . 

Found : C, 40.05; H , 4 .06%. Calcd for C , 8 H 2 2 0 7 Br a S: C, 
39.87: H , 4 .09%. 

1 - O - Acetyl- 2, 3-anhydro-(1/2, 3,4, 6)-4-bromo-6-bromomethyl-
1,2,3-cyclohexavetriol (12). a) Compound 8 (0.7 g) was 
dissolved in a mixture of chloroform (3 ml) and methanol 
(5 ml) and the solution was treated with 1.3 M methanolic 
sodium methoxide (10 ml) at a room temperature for 3 h. 
T h e reaction mixture was evaporated to dryness and the re­
sidual product was acetylated in the usual manner . T h e crude 
acetyl derivative was crystallized from ethanol to give 12 
(0.12 g, 50%) as needles: m p 83—84.5 °C ; XH N M R ô 2.15 
(3H, s, OAc) , 3.3—3.6 (4H, m, CH2Br, H-2, and H-3) , 4.43 
(1H, m, H-4) , 4.93 (1H, m, H - l ) . 

Found : C, 32.85; H , 3.64; Br, 48 .84%. Calcd for CGH12-
O aBr 2 : C, 32.96; H , 3.69; Br, 48 .72%. 

b) Trea tment of di-0-acetyl-(l ,3/2,4,6)-3,4-dibromo-6-
bromomethyl-l,2-cyclohexanediol5> (1.35 g) with methanolic 
sodium methoxide as described above gave 12 (0.76 g, 7 8 % ) , 
identical with the compound obtained above. 

Tetra-O-acetyl-(1,3/' 2,4,6)-4-bromo-6-hydroxymethyl-l, 2, 3-cyclo-
hexanetriol (9). A mixture of 7 (2 g) , anhydrous 
sodium acetate (1.5 g, 3.5 mol equiv), and 9 0 % aqueous 2-
methoxyethanol (50 ml) was heated at 80 °C with stirring 
for 24 h, and evaporated to dryness. T h e residue was acetylat­
ed as usual and the solid product was extracted with chloro­
form. T L C ( 1 : 1 5 acetone-benzene, v/v) showed the product 
to be consist of one major (R{ 0.42) and two minor components 
(Rt 0.58 and 0.30). T h e extracts were filtered through a 
short a lumina column and evaporated to give a syrup, which 
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crystallized from isopropyl alcohol affording 9 (1.4 g, 72%) 
as needles: m p 119—120 °C; XH N M R fi 1.97 (3H, s), 2.00 
(3H, s), and 2.06 (6H, s) (OAc), 3.8—4.2 (3H, m, C H 2 O A c 
and H-4) , 5.01 (1H, t, Jlt2=J1(.= U Hz , H - l ) , 5.10 (1H, t, 
y 2 . 3 = y 3 . 4 = H H z , H-3) , 5.20 (1H, t, H-2) . 

Found : G, 43.72; H , 5.06; Br, 19.82%. Gaîcd for C15H21-
O gBr: G, 44.02; H , 5.17; Br, 19.53%: 

1, 2, 7-Tri-0-acetyl-3-0-tosyl-( 1, 3/2, 4, 6)-4-bromo- 6-hydroxy-
methyl-l,2,3-cyclohexanetriol (10). Compound 8 (1 g) was 
treated with anhydrous sodium acetate (1.2 g) in 9 0 % aque­
ous 2-methoxyethanol (50 ml) at 90 °C for 2 days. T h e re­
action mixture was processed similarly and the product was 
acetylated. Crystallization of the acetate from ethanol gave 
10 (0.61 g, 63%) as prisms: m p 179—180 °C; 1H N M R Ô 
2.04 (6H, s) and 2.08 (3H, s) (OAc), 2.45 (3H, s, tosyl Me) , 
4.00 (2H, broad s, CH 2 OAc) . 

Found : C, 45.85; H , 4 .76%. Calcd for C 2 0 H 2 5 O 9 BrS: C, 
46.07; H , 4 . 8 3 % . 

Tri- O -acetyl-(1, 3/2, 4, 6)- 6-azidomethyl- 4-bromo- 1, 2, 3-cyclo-
hexanetriol (11). A mixture of 7 (1 g), sodium azide 
(0.45 g), and 9 0 % aqueous 2-methoxyethanol (15 ml) was 
heated at 95 °C for 2 h, and evaporated to dryness. The 
residual solid was acetylated as usual and the crude product 
was purified by passage through a short a lumina column with 
chloroform. Crystallization from ligroin gave 11 (1.7 g, 91%) 
as needles: m p 136—138 °C; 1H N M R ô 1.95 (3H, s), 2.01 
(3H, s), and 2.03 (3H, s) (OAc), ca. 3.3 (2H, m, CH 2 N 3 ) , 
3.95 (1H, m, H-4) . 

Found : C, 39.78; H , 4.67; N , 10.85; Br, 20 .66%. Calcd 
for C 1 3 H 1 8 N 3 0 6 Br : C, 39 .81; H , 4.64; N, 10.71; Br, 20 .37%. 

Penta-N, 0-acetyl-( 1, 3, 4/2, 6)- 4-amino-6-hydroxymethyl-l, 2, 3-
cyclohexanetriol (16). A mixture of 9 ( 3 g ) , sodium azide 
(1 .9g) , and iV,iV-dimethylformamide (100 ml) was heated at 
90 °C for 24 h, and evaporated to dryness. T h e solid residue 
was extracted with chloroform and the extracts were filtered 
through a short a lumina column. T h e filtrate was evaporated 
to give 14 (2.6 g, 96%) as a homogeneous syrup: I R (neat) 
2100 (N3) , 1745 c m - 1 (ester); 1H N M R ô 2.00 (6H, s) and 
2.02 (6H, s) (OAc), 5.01 (1H, dd, Jx 2 = 9 . 5 Hz , y i > 6 = 5.5 H z , 
H - l ) , 5.39 (1H, t, y 2 , 3 - 9 . 5 Hz , H-2) . 

A solution of the crude 14 (2.8 g) in methanol (50 ml) 
containing acetic anhydride (2 ml) was hydrogenated in a 
Parr shaker apparatus in the presence of Raney nickel T-46> at 
hydrogen pressure of 3 kg • c m - 2 at a room temperature over­
night. T h e catalyst was removed by filtration and the filtrate 
was evaporated to give a crystalline residue. Recrystalliza-
tion from ethanol gave 16 (1.5 g, 53%) as plates: m p 197— 
198 °C. This compound was identical with an authentic 
sample3> in all respects. 

Tri- O-acetyl-(1, 3,4/2, 6)-4-azido- 6-azidomethyl- 1, 2,3-cyclo-
hexanetriol (13). Compound 7 (1 g) was treated with 
sodium azide (0.9 g, 6 mol equiv) in iV,i\^-dimethylformamide 
(40 ml) at 85 °C for 20 h. T h e reaction mixture was proces­
sed similarly as described above and the product was acetylat­
ed. Crystallization of the crude acetate from ligroin gave 13 
(0.62 g , ' 76%) as prisms: m p 120—121 °C; 1H N M R ô 2.00 
(3H, s), 2.05 (3H, s), and 2.07 (3H, s) (OAc), 3.30 (2H, d, 
7 = 4 Hz , CH 2 N 3 ) , 4.11 (1H, q, 7 = 3 Hz , H-4) , 4.82 (1H, 
t, Ji,2=Ji,,=9.5 Hz , H - l ) , 4.93 (1H, dd, y 2 , 3 = 9 . 5 Hz , H-3) , 
5.37 (1H, t, H-2) . 

Found : C, 44.23; H , 5.18; N , 23 .48%. Calcd for C13H18-
N 6 0 6 : C, 44.06; H , 5.13: N , 23 .72%. 

Penta-N, 0-acetyl-( 1, 3,4/2, 6)-4-amino- 6-aminomethyl-1,2,3-
cyclohexanetriol (17). Compound 13 (0.5 g) was hydro­
genated similarly as described in the preparat ion of 16. The 
crude product was crystallized from ethyl acetate to give 17 
(0.28 g, 51%) as needles: m p 258—259 °C (lit,4> 246—248 °C). 
This compound was identified with an authentic sample3* by 
comparison with I R and XH N M R spectra. 

1,2,7- Tri-0-acetyl-3-0-tosyl-( 1,3,4/ 2,6) -4-acetamido-6-hydroxy -
methyl-1,2,3-cvclohexanetriol (18). Compound 10 (1 g) 
was treated with sodium azide (0.6 g) in iV,iV-dimethylform 
amide (20 ml) at 85 °C for 24 h. The product was acetylated 
and purified by chromatography on alumina with chloroform 
to give the azide (15, 0.9 g, 97%) as a practically pure syrup: 
1H N M R ô 1.93 (3H, s), 2.00 (3H, s), and 2.06 (3H, s) (OAc), 
2.45 (3H, s, tosyl Me) . 

T h e crude 15 (0.78 g) was hydrogenated as described in 
the preparat ion of 16. T h e product was crystallized from 
ethanol to give 18 (0.28 g, 3 4 % based on 10 used) as needles: 
m p 157—158 °C; *H N M R ô 1.90 (3H, s, NAc), 1.96 (3H, s), 
2.00 (3H, s), and 2.06 (3H, s) (OAc), 2.54 (3H, s, tosyl Me) , 
3.96 (2H, narrow m, CH 2 OAc) , 6.38 (1H, d, J=l Hz , N H ) . 

Found : C, 53.05; H , 5.89; N , 2.62; S, 6 .57%. Calcd for 
C 2 2 H 2 9 NO 1 0 S: C, 52.90; H , 5.85; N, 2.80; S, 6 .42%. 

Compound 18 (0.13 g) was treated with methanolic sodium 
methoxide as described in the preparat ion of 12. T h e pro­
duct was treated with acetic anhydride (7 ml) and pyridine 
(7 ml) at 50 °C for 2 h, and the mixture was worked up in 
the usual manner . T h e product was crystallized from ethanol 
to give 16 (0.073 g, 74%) as prisms: m p 194—196 °C, iden­
tical with the compound obtained before in all respects. 

T h e f inanc ia l s u p p o r t f rom t h e M i n i s t r y of E d u c a t i o n 
for th i s w o r k is g ra te fu l ly a c k n o w l e d g e d . 
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Preparation of iV-Acetylmuramyl-L-[U-14(7]alanyl-D-isoglutamme 
via a Novel Synthetic Route1) 

Shoichi KUSUMOTO, Kazuhiro IKENAKA, and Tetsuo SHIBA* 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received October 16, 1978) 

For the investigation on the action mechanism of immunoadjuvant active iV-acetylmuramyl-L-alanyl-D-
isoglutamine, its labeled compound, i.e., iV-acetylmuramyl-L-[U-14C]alanyl-D-isoglutamine was synthesized. 
For this purpose, an entirely novel synthetic route for the muramyl dipeptide was exploited using cold materials 
and applied to the preparation of the labeled compound. A convenient synthetic procedure of isoglutamine 
derivatives is also described. 

It has been known that the biologically important 
immune reactions, which participate in the self-defence 
mechanisms of living bodies against non-self materials, 
can be stimulated by immunoadjuvant substances such 
as bacterial cell walls. The common active structure 
in the cell walls was recently elucidated to be iV-acetyl-
muramyl-L-alanyl-D-isoglutamine (1) by the synthetic 
studies by us2) and Merser et Û/.3> The muramyl dipep­
tide (1) exhibited remarkable activities not only for 
antibody production and delayed-type hypersensitivity, 
but also for so many other immunological systems.4) 

However, in spite of the current importance of the 
adjuvant activity in the immunological and therapeutic 
fields, little has been known about the mechanism for 
this biological action. This seems to be mainly due to 
the fact that all the hitherto known natural adjuvants 
are high molecular materials of unknown or complex 
structures. Now, we can replace the cell walls with 
synthetic iV-acetylmuramyl-L-alanyl-D-isoglutamine (1) 
as an effective adjuvant in many immuno reactions. 
Therefore, preparation of a labeled compound of the 
muramyl dipeptide (1) has been much urged for 
investigation of its action mechanism. We thus intended 
to prepare iV-acetylmuramyl-L-[U-14C]alanyl-D-iso­
glutamine ( l a ) of extremely high specific radioactivity, 
since we aimed a whole body autoradiographic study as 
a preliminary approach to obtain informations for its 
local distribution. For this reason, the synthesis must be 
carried out in (jimol scale and preferably in a one-flask 
system starting from the commercial L-alanine labeled 
uniformly with 14C with highest specific activity 
available. Our previous method2) can not be applied for 
this purpose because of several technical disadvantages. 
Thus, a novel synthetic route to the muramyl dipeptide 
(1) was established in this investigation and the labeled 
compound ( la ) was successfully prepared by its applica­
tion. It should be noted that this new route also serves 
as an alternative method for a facile and convenient 
preparation of cold muramyl dipeptide (1). 

The new synthetic route designed for the preparat ion 
of iV-acetylmuramyl-L-[U-14C]alanyl-D-isoglutamine 
( la) must fulfil the following requirements, i) The 
synthesis must be throughout performed in a (jimol scale 
without experimental difficulties, ii) Excess reagents 
should be used in all reaction steps in order to utilize 
the radioactive fragments as effective as possible, iii) 
By-products and excess reagents are better removed by 
simple procedures such as evaporation or extraction 

so that the products can be subjected to the successive 
reactions without transfer into other vessels. Taking 
account of these principles, the basic strategy of the 
synthesis was adopted first to prepare a free dipeptide, 
L-alanyl-D-isoglutamine (2), and then to couple it with 
a muramic acid derivative by means of an active ester 
method. Only acid-labile protective groups were 
employed in order to avoid the procedure of hydrogeno-
lysis where an adsorption to the catalyst might occur 
causing considerable loss of materials. 

The synthetic route based on the above principles was 
first examined with cold materials in preparative scales. 
The dipeptide, L-alanyl-D-isoglutamine (2) was prepared 
from J-butoxycarbonyl(Boc) -L-alanine (3) and D-iso-
glutamine £-butyl ester (5). To avoid the undesirable 
dehydration of the isoglutamine moiety by excess 
condensation reagent, Boc-L-alanine was converted into 
1-succinimidyl ester (4) in advance and then coupled 
with 5 giving Boc-L-alanyl-D-isoglutamine £-butyl ester 
(6). The product was then treated with trifluoroacetic 
acid (TFA) to afford pure dipeptide (2) T F A salt. This 
was identified with the authentic sample obtained 
previously.2) 

The following alternative pathway for the preparat ion 
of the dipeptide (2) was also examined. Thus , an 
isoglutamine derivative in which 4,4'-dimethoxybenz-
hydryl group5) was employed for amide protection, i.e., 
D-glutamic acid a-4,4'-dimethoxybenzhydrylamide y-t-
butyl ester (7), was condensed with Boc-L-alanine (3) by 
means of dicyclohexylcarbodiimide (DCC)-iV-hydroxy-
succinimide (HONSu) . However, several unknown by­
products were formed in this coupling reaction unex­
pectedly and the pure protected dipeptide, Boc-L-alanyl-
D-glutamic acid a-4,4'-dimethoxybenzhydrylamide y-t-
butyl ester (8), could be obtained only after repeated 
recrystallization. Although 8 could be converted into 
the free dipeptide (2) by action of dry hydrogen chloride 
in acetic acid, this second route seemed not to be advan­
tageous for the purpose of preparation of the labeled 
compound because of the difficulty of purification of 8. 

Nevertheless, the preparative methods of the D-
isoglutamine derivatives (5 and 7) used in the above 
syntheses are worthwhile to be described here, since they 
were both prepared from benzyloxycarbonyl(Z)-D-
isoglutamine (9) which was obtained via a. new con­
venient procedure. Ammonia gas was introduced into 
a solution of Z-D-glutamic acid anhydride in T H F , and 
the resulting mixture of a- and y-amide was recrystallized 
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from rnethanol-ether. Pure Z-D-isoglutamine (9) 
ammonium salt was readily isolated in 64% yield after 
this simple recrystallization, while isomeric Z - D -
glutamine remained in the mother liquor.6) Hydrogeno-
lysis of 9 followed by the perchloric acid-catalyzed 
transesterification with £-butyl acetate afforded D-
isoglutamine ^-butyl ester (5). D-Glutamic acid a-4,4'-
dimethoxybenzhydrylamide y-/-butyl ester (7) was also 
obtained as follows. Condensation of 9 with 4,4'-
dimethoxybenzhydrol in the presence of sulfuric acid 
afforded Z-D-glutamic acid a-4,4'-dimethoxybenzhydryl-
amide (10). Hydrogenolytic removal of Z-group7) in 
10 followed by transesterification with £-butyl acetate 
afforded 7 in a good yield. 

For the coupling of the muramic acid moiety with the 
dipeptide (2) obtained by the first method described 
above, iV-hydroxy-5-norbornene-2,3-dicarboximide 
(HONb)8) was employed as a carboxyl activating agent, 
which was known to give good condensation yields 
particularly in aqueous media.8 '9) In order to prevent 
a formation of the undesirable intramolecular ester 
in the muramic acid moiety, its 4-hydroxyl group 
was protected with the /»-anisylidene group, which 
can be removed afterward under a very mild acidic 
conditions. Thus, iV-acetylmuramic acid was treated 
with jfr-anisaldehyde dimethyl acetal in JV,iV-dimethyl-
formamide (DMF) in the presence of j&-toluenesulfonic 
acid to give 4,6-0-/>-anisylidene-iV-acetylmuramic acid 
(11), which was then converted into H O N b ester (12) 
in a usual manner . I t was found to be advantageous to 
transform 11 without isolation directly into the active 
ester (12), since the />-anisylidene group was so highly 
acid-labile that it was slowly but spontaneously cleaved 
at 11 by action of the free carboxyl group on the own 
molecule. 

The coupling of the muramic acid active ester (12) 
with the peptide moiety and the successive deprotection 

to the free muramyl dipeptide (1) were performed as 
follows. A solution of L-alanyl-D-isoglutamine (2) in 
aqueous dioxane was treated with an excess of the p-
anisylidenemuramic acid active ester (12) until all the 
dipeptide was consumed. Evaporation of the solvent 
afforded a mixture of 4,6-0-j&-anisylidene-7V-acetyl-
muramyl-L-alanyl-D-isoglutamine (13) and 4,6-0-/?-
anisylidene-iV-acetylmuramic acid ( l l) .1 0) The mixture 
was then treated with aqueous acetic acid to remove 
the anisylidene group. After evaporation of the solvent, 
the residue was subjected to preparative T L C on silica 
gel, and the desired iV-acetylmuramyl-L-alanyl-D-
isoglutamine (1) was separated from iV-acetylmuramic 
acid and other by-products by developing with 1-
butanol-acetic acid-butyl acetate-water (80: 20: 7 : 40). 
The final product (1) thus obtained was identified with 
the sample prepared in the previous work2) in respects 
of T L C , N M R , and [a]D . In this preparative scale 
synthesis, the muramyl dipeptide (1) was obtained in a 
fairly good overall yield (41%) from the Boc-L-alanine 
active ester (4). 

An application of this novel route to a small scale 
synthesis was next examined using still cold materials. 
Thus, a pyrex test tube ( 15 X 130 mm) with a standard 
ground-glass joint was used as a reaction flask. Extrac­
tion and evaporation of solvents were carried out by the 
procedures described in the experimental section. 

L-Alanine could be quantitatively converted into the 
Boc derivative in (i,mol scale by use of Boc azide. The 
transformation from Boc-L-alanine (3) (1.89 mg, 10 
ujnol) to L-alanyl-D-isoglutamine (2) was then inves­
tigated in a one-flask procedure via three steps. DCC was 
also used in this experiment for the preparation of the 
active ester (4). i^JV'-Dicyclohexylurea formed in the 
reaction course was removed in the final step after 
deprotection of the dipeptide.11) The all operations 
could be carried out without difficulty as described in 

DCC-HONSu H0-Glu-NH2 5 ^ B u * T F A 

I * Boc-L-ALa-ONSu > Boc-L-Ala-D-Glu-NH2 

BocN3 I 
H-L-Ala-OH > Boc-L -A la -OH 

,0Bu< 
H-DGlu-NHMbh 7 

DCC-HONSu 

/0Bu t 

-> Boc-L-Ala-D-Gtu-NHMbh 

H-L-Ala-D-Glu-NH2 

I 2 

CH20H 

kP > .0H 
H0V—f 

J NHAc 
CH3CHC02H 

^ 0 C H 2 

CH30^O-CH / • — 0 

^ \ 0 C O H ' O H 

I NHAc 
CH3CHCO2-R 

1 1 : R = H . ] 2 : R = N 

/0H 

H-L-Ala-D-Glu-NH2 2 

^ 0 C H 2 

OH 

NHAc ^OH 
CH3CHCO-L-Ala-D-Glu-NH2 

13 

CH20H 

/o~°>H.OH 
H O V - T 

I NHAc ^OH 
CH3CHCO- L-Ala-D-Glu-NH2 

Boc=f-butoxycarbonyl Bu£ = /-butyl 
Mbh=4,4'-dimethoxybenzhydryl DCC = dicyclohexylcarbodiimide 
HONSu = iV-hydroxysuccinimide Ac=acetyl 
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the experimental section. The chromatographically 
pure free dipeptide (2) was obtained in a total yield 
of 90% from Boc-L-alanine as calculated on the basis 
of amino acid analysis. 

T L C examination revealed that the successive steps 
up to the muramyl dipeptide (1) from 2 could be also 
achieved satisfactorily even in a small scale experiment. 
Therefore, the new synthetic route became promissing 
for the preparation of labeled muramyl dipeptide ( l a ) 
in an extremely small scale. However, in order to apply 
the new procedure to a radioactive material , one more 
preliminary experiment prior to the final one was tried 
starting from diluted labeled L-alanine (lOfjjnol, 30 
[LC'I) according to the same procedure. In this synthesis, 
overall 26% (7.7 (i.Ci) of labeled muramyl dipeptide 
( la) was obtained. The radiochemical purities of 2a 
and l a were confirmed by a combined technique of 
T L C and a liquid scintillation counter. 

On the basis of the successful results in the series of 
above experiments, the ultimate synthesis of the strongly 
labeled compound via the novel route was finally carried 
out. The commercial L - [ U - 1 4 C ] a l a n i n e with highest 
specific activity available12) was used as a starting 
material without dilution. All operations except the 
removal of iV,JV'-dicyclohexylurea were carried out in 
one test tube without transfer of labeled intermediates 
to other vessels. The procedures of actual synthesis are 
described in the experimental section. From 0.97 mCi 
of L - [ U - 1 4 C ] alanine, iV-acetylmuramyl-L-[U-14C]alan-

yl-D-isoglutamine ( l a ) was obtained in a total yield of 
46% (0.45 mCi) after purification with T L C . 

Experimental 

All melting points are uncorrected. TLC was performed on 
silica gel G, Merck, unless otherwise stated. For each synthesis 
of the labeled compound as well as the preliminary experiment 
with cold material in a fzmol scale, all operations were carried 
out in a pyrex test tube (15 X 130 mm) with a standard ground-
glass stopper. Extraction was carried out by mixing two phases 
in the test tube by means of an electric vibrator and then 
withdrawing the upper phase with a pipette. The solvent 
was evaporated by introduction of air stream through a 
capillary tube on surface of the solution in the tube under 
reduced pressure. 

Boc--L-alanyl-T>-isoglutamine t-Bntyl Eiter (6). f-Butoxy-
carbonyl(Boc)-L-alanine 1-succinimidyl ester (4) (0.86 g, 3.0 
mmol) was added to an ice-cooled mixture of D-isoglutamine 
f-butyl ester (5) Perchlorate13) (0.96 g, 3.0 mmol) and triethyl-
amine (0.42 ml, 3.0 mmol) in THF (20 ml). The mixture was 
stirred at room temperature overnight and then the solvent was 
evaporated in vacuo. The residue was taken up in ethyl acetate 
and worked up as usual. The product was crystallyzed from 
ethyl acetate-ether-hexane; yield, 0.93 g (83%); mp 132—134 
°C. A sample for elemental analysis was obtained by further 
recrystallization from ethyl acetate-hexane; mp 132.5— 
133.5 °C; [a]|» -0.23°, [a]3

2Jj5 +3.94° (c 2.13, ethyl acetate). 
Found: C, 54.75; H, 8.37; N, 11.11%. Calcd for C17H31-

06N3: C, 54.67; H, 8.37; N, 11.25%. 
L-Alanyl-T>-iso%lutamine (2) Trifluoroacetale from 6. 

Compound 6 (0.186 g, 0.50 mmol) was dissolved in trifluoro-
acetic acid (1.0 ml) and allowed to stand at room temperature 
for 30 min. Abs ether was added to the mixture to afford 
hygroscopic white powder, which was collected by filtration; 
yield, 166 mg (quantitative) ; mp 72 °C (dec) (with sintering 

at around 55 °C and resolidifying thereafter); [a]*5 -f 18.7° (c 
1.98, H20).14) 

Boc-x,-alanyl-Xi-8.lutamic Acid <x-4,4'-Dimethoxybenzhydrylamide 
y-t-Butyl Ester (8). One molar solution of triethylamine 
in dioxane (0.45 ml, 0.45 mmol) was added to a stirred mixture 
of Boc-L-alanine (3) (0.076 g, 0.40 mmol), D-glutamic acid 
a-4,4/-dimethoxybenzhydrylamide y-f-butyl ester (7) hydro­
chloride13) (0.200 g, 0.43 mmol) and JV-hydroxysuccinimide 
(HONSu) (0.058 g, 0.50 mmol) in dioxane (10 ml) and tetra-
hydrofuran (THF) (5 ml). After addition of dicyclohexyl-
carbodiimide (DCC) (0.103 g, 0.50 mmol) under ice-cooling, 
the mixture was stirred at room temperature overnight. Usual 
work-up and crystallization from methanol-acetone-water 
afforded a crude product, which was recrystallized twice from 
acetone-water; yield, 0.151 g (63%); mp 146—147 °C. A 
pure sample was only obtained after two more repetitions of 
recrystallization from ethyl acetate-hexane; mp 146.5—147.5 
°C; [a]*8 - 3 .3° (c 1.94, ethyl acetate). 

Found: C, 64.18; H, 7.58; N, 7.01%. Calcd for C3JH15-
0 8N 3 : C, 64.09; H, 7.56; N, 7.01%. 

L-Alanyl-n-isoglutamine (2) from S. Compound 8 (6.0 
mg, 0.01 mmol) was dissolved in 2 M dry HCl in acetic acid 
( 1.0 ml, 2 mmol) and allowed to stand at room temperature 
for 40 h. After evaporation of the solvent in vacuo, the residue 
was dissolved in water and washed with ether. Evaporation 
of water in vacuo afforded 2 hydrochloride. This was identified 
with a sample obtained above from 6 by means of TLC (1-
butanol-acetic acid-water, 4: 1:2) and amino acid analysis. 

Z-D-isoglutamim (9). DCC (5.49 g, 26.6 mmol) was 
added to an ice-cooled solution of Z-D-glutamic acid (6.23 g, 
22.2 mmol) in THF (50 ml) with stirring. After the mixture 
had been stirred in an ice bath for 7 h, JV,iV'-dicycloh.exylurea 
was filtered off. The filtrate was again cooled in an ice-salt 
bath, and ammonia gas was introduced with stirring for 15 
min. After evaporation of the solvent in vacuo, the residue was 
crystallized from methanol-ether to give pure 9 ammonium 
salt; yield, 4.21 g (64%). 

This ammonium salt (4.00 g, 13.5 mmol) was well ground 
and shaken with ethyl acetate (200 ml) and 1 M HCl (20 ml). 
The organic layer was washed with 1 M HCl and water, then 
dried over MgSO t and concentrated in vacuo. The colorless 
crystals were collected by filtration; yield, 3.29 g (87%); mp 
174.5—175.5 °C. These were recrystallized from methanol-
ether-hexane; mp 175—176 °C; [a]»0 +5.61° (c2.05, meth­
anol) 

Found: C, 55.60; H, 5.74; N, 9.95%. Calcd for C13H16-
0 5N 2 : C, 55.71; H, 5.75; N, 10.00%. 

•Q-hoglutamine t-Butyl Ester (5) Perchlorate. Z-D-isoglu-
tamine (9) (3.30 g, 11.8 mmol) was hydrogenolyzed in a 
mixture of methanol (100 ml) and water (60 ml) in the presence 
of palladium black catalyst. After usual work-up, recrystal­
lization from water-acetone afforded D-isoglutamine; yield, 
1.62 g (94%) ; mp 188.5—189 °C (dec). This compound (1.62 
g, 11.1 mmol) was added to f-butyl acetate (150 ml) with 
stirring in the presence of 70% perchloric acid (1.5 ml, 13 
mmol) at room temperature. As the starting material dissolved 
in about 30 min, another colorless crystals separated out 
slowly. After 18 h, the crystals were collected by filtration 
and recrystallized from methanol-ether; vield, 2.93 g (82% 
from 9); mp 141—142 °C (dec); [a]2,6 -13.6° (c 2.00, H 2 0) . 

Found: C, 35.65; H, 6.38; N, 9.17; Gl, 11.65%. Calcd for 
G9H1803N2-HC104: G, 35.71; H, 6.33; N, 9.25; Gl, 11.71%. 

Z-T>-glutamic Acid cL-4,4'-Dhnethoxybenzhydrylamide (10). 
To a solution of 9 (1.40 g, 5.0 mmol) in acetic acid (20 ml) 
was added 4,4/-dimethoxybenzhydrol (1.22 g, 5.0 mmol) and 
cone H 2S0 4 (0.02 ml). The mixture was stirred at room 
temperature overnight. Addition of abs ether afforded a 
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crystalline material , which was filtered and recrystallized from 
T H F - h e x a n e ; yield, 2.04 g (81%); m p 209.5—210.5 °C ; [a]2 6 

- 4 . 6 ° (c 2.05, T H F ) . 
Found : C, 66 .51; H , 6 .01; N, 5.46%. Galcd for C2 8H3 0-

0 ; N 2 : C, 66.39; H , 5.97; N , 5 .53%. 
v>-Glutamic Acid a.-4,4'-Dimethoxybenzhydrylamide y-t-Butyl Ester 

(7) Hydrochloride. Compound 10 (2.53 g, 5.0 mmol) was 
suspended in acetic acid (25 ml) and hydrogenolyzed in the 
presence of pal ladium black catalyst. After evaporation of 
the solvent, the residue was crystallized from ethanol-e ther 
to afford D-glutamic acid a-4 ;4'-dimethoxybenzhydrylamide 
as hygroscopic powder ; yield, 1.55 g (83%) . 

This compound (0.74 g, 2.0 mmol) was dissolved in f-butyl 
acetate (20 ml) and stirred at room temperature in the pres­
ence of 70 % perchloric acid (0.24 ml, 2.1 mmol) for 3 days. 
After addit ion of ethyl acetate, the mixture was washed 
successively with saturated aqueous solution of NaHCOg and 
NaCl , dried and evaporated in vacuo. T h e residual syrup 
was dissolved in abs ether, and 2 M dry HCl in ethyl acetate 
(1.0 ml, 2.0 mmol) was added. Addit ion of hexane to the 
mixture afforded 7 hydrochloride, which was recrystallized 
from methanol -e ther -hexane ; yield, 0.31 g ( 3 3 % ) ; m p 210 
°C (dec); [a]2 6 - 6 . 0 ° (c 1.01, methanol) . 

Found : C, 61.37; H , 7.16; N , 5.86; CI, 7.60%. Calcd for 
C 2 4 H 3 2 0 5 N 2 . H C 1 . 1 / 4 H , 0 : C, 61.40; H , 6.98; N , 5.97; CI, 
7 .55%. 

4,6-O-p-Anisylidene-N-acetylmuramic Acid (11). p-To\u-
enesulfonic acid (27 mg, 0.14 mmol) was dissolved in a mixture 
of D M F and benzene ( 1 : 1 , 10 ml) . From this solution, 
benzene was evaporated in vacuo to remove water completely. 
T o the remaining solution, iV-acetylmuramic acid15) (0.40 g, 
1.4 mmol) and /»-anisaldehyde dimethyl acetal (0.95 g, 5.2 
mmol) were added. T h e mixture was kept on a rotary evapo­
rator at 15 m m H g and 40 °C for 2.5 h to remove resulting 
water, and then most of D M F was evaporated at 3 m m H g . 
The residue was dissolved in ether, washed with water and 
dried over M g S 0 4 . After evaporation of the solvent in vacuo, 
benzene was added to the residue. T h e gelatinous solid formed 
was filtered and recrystallized from methanol -e ther -hexane ; 
yield, 0.31 g ( 5 4 % ) ; m p 192 °C (dec). 

Found : C, 55.65; H , 6.15; N, 3 . 3 1 % . Calcd for C1 9H2 5-
0 9 N : C, 55.47; H , 6.13; N, 3.40%. 

4,6-O-p-Anisylidene-N-acetylmuramic Acid N-Hydroxy-5-norbor-
nene-2,3'dicarboximide (HONb) Ester (12). D C C (0.17 g, 
0.83 mmol) was added to an ice-cooled solution of 11 (0.28 g, 
0.68 mmol) and H O N b (0.15 g, 0.84 mmol) in T H F (10 ml) . 
T h e mixture was stirred overnight at room temperature . 
iV,iV-dicyclohexylurea was filtered off and the solvent was 
evaporated in vacuo. T h e residue was dissolved in ethyl acetate, 
washed successively with saturated aqueous solution of 
N a H C 0 3 and NaCl , and then dried over M g S 0 4 . After 
evaporation of the solvent, the residue was subjected to silica 
gel column chromatography. Elution with CHCl 3 -ace tone 
(4 :1) and complete evaporation of the solvent afforded pure 
12 as white powder; yield, 0.17 g ( 4 4 % ) ; m p 115 °C. 

In an alternative way, the same compound (12) was 
prepared directly from iV-acetylmuramic acid without isolation 
of the anisylidene derivative (11) as the intermediate . Thus , 
after formation of 11, the reaction mixture was neutralized 
with tr iethylamine, and then treated with H O N b and D C C . 
In this case, start ing from JV-acetylmuramic a c i d (0.15 g, 
0.51 mmol) , 12 was obtained in a ra ther better yield (0.17 
g , 5 8 % ) . 

N-Acetylmuramyl-L-alanyl-D-isoglutamine (1). L-Alanyl-
D-isoglutamine (2) trifluoroacetate (54 mg, 0.16 mmol) was 
dissolved in water (0.5 ml) . T o this solution were added 1 M 
triethylamine in dioxane (0.32 ml, 0.32 mmol) and 12 (92 mg, 

0.16 mmol) in dioxane (0.6 ml) . T h e mixture was allowed to 
stand at room temperature for 20 h, then 1 M triethylamine 
in dioxane (0.30 ml, 0.30 mmol) and 12 (79 mg, 0.14 mmol) 
in dioxane (0.5 ml) were again added. After the mixture had 
been allowed to stand at room temperature for further 20 h, 
the solvent was removed in vacuo. T h e residue was dissolved 
in a mixture of acetic acid (6 ml) and water (3 ml) and left 
stand at room temperature for 18 h. After removal of the 
solvent in vacuo, the residue was dissolved in water and washed 
with ether. Evaporat ion of the aqueous phase in vacuo afforded 
a pale yellow syrup, which was subjected to preparative T L C ; 
commercial pre-coated silica gel plates were used (seven plates 
of Wako-gel F2 5 4 , 0.25 m m thickness, 20 X 20 cm, Wako Pure 
Chemicals Co., Ltd.)1 6 ) with a solvent system of 1-butanol-
acetic acid-butyl acetate-water (80 :20: 7:40) . The main band 
was extracted with 8 0 % ethanol, the solvent was evaporated 
in vacuo and the residue was tr i turated with 9 9 % ethanol. 
After removal of the insoluble material , ethanol was again 
evaporated in vacuo. T h e remaining substance was dissolved 
in water and passed through a short column of Amberlite 
I R C 5 0 (H+ form). Lyophilization of the eluate afforded 1 ; 
yield, 39 mg (50% from 2) ; [ a ß 5 + 3 4 . 4 ° (c 0.550, H 2 0 after 
equilibration). This product was identified by T L C and N M R 
spectrum with the sample ([a]1,5 + 3 3 . 1 ° (c 0.51, H 2 0 ) ) obtain­
ed previously.2) 

Small Scale Preparation of h-Alanyl-D-isoglutamine (2) from 
Boc-^-alanine. T o a solution of Boc-L-alanine ( 1.89 mg, 
10 jimol) and H O N S u (1.96 mg, 17 fxmol) in T H F (0.27 ml) 
was added D C C (3.57 mg, 17 fxmol) in T H F (0.17 ml) under 
ice-cooling. After the mixture had been allowed to stand 
overnight, the solvent was evaporated in vacuo. The residue 
was dissolved in CHC1 3 ( 1.5 ml) and the excess D C C was 
decomposed with acetic acid. The solution was then washed 
with aqueous NaHCOg and water . After evaporation of the 
solvent in vacuo, CHC1 3 (1 ml) was added to the residue and 
evaporated again in vacuo to remove the remaining water. 
T o the residue were added D-isoglutamine f-butyl ester 
(5) Perchlorate (5.6 mg, 18.5 f/,mol) and 0.1 M solution of 
triethylamine in CHC1 3 (0.20 ml, 20 pimol). T h e mixture was 
allowed to stand at room temperature for 20 h, then diluted 
with CHClg ( 1.5 ml) and washed successively with aqueous 
N a H C 0 3 , 1 M H C l and water. T h e residue obtained after 
evaporation of the solvent in vacuo was dissolved in T F A (1 ml) . 
After 1.5 h at room temperature , T F A was removed in vacuo, 
the residue was dissolved in water, and insoluble JV, JV'-dicyclo-
hexylurea was removed by filtration through a sintered glass 
filter. Evaporat ion of water from the filtrate afforded 2 T F A 
salt, which showed a single ninhydrin-positive spot on T L C . 
The yield was deduced to be 9 0 % by means of amino acid 
analyser. 

N-Acetylmuramyl--L-[U-liC]alanyl-D-isoglutamine (la). 
T o a solution of L - [ U - 1 4 C ] a l a n i n e (0.97 mCi , 5.9 fxmol)12> in 
water (0.5 ml) were added 0.1 M solution of triethylamine in 
dioxane (0.5 ml, 50 fxmol) and Boc azide (10 (xl, 74(xmol). 
While the mixture was allowed to stand at room temperature 
for 50 h, Boc azide (74 (xmol X 2) and triethylamine (20 (xmol) 
were again added. After evaporation of the solvent, the residue 
was dissolved in water (1 ml) and washed with ether. After 
complete removal of water by coevaporation with ethanol and 
CHC13 , dry HCl (4.8 (xM) in T H F (0.12 ml) and H O N S u 
(1.15 mg, 10 fjimol) in T H F (0.1 ml) were added to the residue. 
T o this mixture was added D C C (2.1 mg, 10 fxmol) in T H F 
(0.1 ml) under cooling in an ice bath . Thereafter, the mixture 
was treated in the same manner as described above for the 
cold material . Thus , the active ester (4a) was coupled with 
5 HCl salt (2.4 mg, 10 fjtmol) in CHC1 3 in the presence of 
triethylamine and the resulting protected dipeptide (6a) was 
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treated with T F A (1 ml) . After JV,iV-dicyclohexylurea had 
been removed by filtration, the filtrate was condensed to give 
the free dipeptide (2a), which was again dissolved in water 
(0.3 ml) . T o this solution were added 4,6-0-/>-anisylidene-
iV-acetylmuramic acid H O N b ester (12) (3.6 mg, 6.3 (xmol) 
in dioxane (0.3 ml) and triethylamine (60 (xmol). During 
next 26 h, two portions of 12 (6.1 and 3.2 (xmol) were added 
and the final mixture was left to stand overnight. The solvent 
was then removed by evaporation, and the residue was 
treated with 66 % aqueous acetic acid ( 1 ml) for 6 h. After 
evaporation, the residue was dissolved in water (1 ml) , washed 
with ether and again evaporated. T h e residue was dissolved 
in methanol and subjected to preparat ive T L C as described 
for the preparat ion of cold 1 using one 20 X 20 cm plate. T h e 
location of the radioactive substance on the plate was detected 
with a Geiger-Müller counter and the corresponding band 
was extracted with 8 0 % ethanol to give chromatographically 
pure l a ; total activity 0.45 mCi (overall 46 % ) . 
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A new sesquiterpene lactone of an eremophilane-type was isolated from Ligularia Hodgsoni HOOK, f., and the 
structure including the absolute stereochemistry was shown to be furanoeremophilan-14/?,6a-olide. 

In connection with chemical investigations2) on plants 
of the genus Ligularia (Compositae), we examined 
sesquiterpene constituents of Ligularia Hodgsoni H O O K , f. 
(Japanese name : Tögebuki) , and isolated a new sesqui­
terpene lactone together with furanoeremophilane,3 '4) 
bakkenolide-A5) (fukinanolide6)) and eremophil-
enolide.4,7) This paper describes the structure deter­
mination leading to furanoeremophilan-14/?36a-olide (1) 
for this new sesquiterpene lactone. 

A benzene extract of dried roots of the plant was 
further treated with petroleum ether and the petroleum 
ether-soluble fraction was subjected to purification by 
sublimation and recrystallization to afford a furano-
lactone (1) (pink color to the Ehrlich test) as crystals, m p 
136—138 °C. Elemental analysis and the mass spectrum 
indicate the formula C 1 5 H 1 8 0 3 . The IR , U V , and 1H 
N M R spectra showed the presence of a tertiary methyl, 
an olefinic methyl, a y-lactone, and a /?-methyl-sub-
stituted furan moiety with an a-proton.8^ Signals due 
to a secondary methyl was absent (cf. Table 1 and 

Experimental) . 
The lactone (1), on reduction with l i thium aluminium 

hydride, gave a diol (2), which was readily converted 
into an ether (3) by treatment with /»-toluenesulfonyl 
chloride in pyridine. The 1 H N M R spectrum of 3 
showed signals due to the AB part of an ABX spin 
system; this implies the presence of methylene protons 
in the a-position and of a methine proton in the ß-
position to the ether oxygen atom. The presence of a 
tertiary methyl and a proton on a carbon atom bearing 
the ether oxygen atom was also shown in the N M R 
spectrum (Table 1). 

The carbon skeleton and the absolute configuration 
of the lactone (1) were shown by the following trans­
formation. The lactone (1) was subjected to hydrog-
enolysis in the presence of 10% palladium-charcoal in 
ethanol to afford a carboxylic acid (4). The presence 
of the carboxyl group and the absence of the hydroxyl 
group in 4 were suggested by the I R spectrum and the 
formation of an ester. Reduction of the carboxylic acid 

TABLE 1. CHEMICAL SHIFTS (d) AND COUPLING CONSTANTS (HZ) OF 1, 3, 8, AND 10 

5-Me 
11-Me 
9a-H 

9ß-H 
4-H 

6ß-H 
14a-H 
\4ß-U 
12-H 

y-values 
9oc,9ß 
9a, 10 
9ß, 10 

6,9a 
6,9/* 

9a, 12 
9)9,12 
11,12 
12,13 

14a, 14^ 
4,14a 
4,14/? 

GDC13 

TT26~ 
2.03 

2.7 

a ) 
5.08 
— 
— 

7.06 

1 

(CD3)2CO 

1.24 
2.01 
2.76 

2.62 
a ) 

5.08 
— 
— 

7.19 

- 1 7 . 3 
11.3 
5.9 
1.8 
1.2 
b ) 
b ) 
1.0 
1.1 
— 
— 
— 

3 

GDCI3 

TTë 
2.03 
2.64 

2.48 
a ) 

4.63 
3.91 
3.53 
7.01 

- 1 6 . 6 
11.5 
6.1 
1.8 
1.3 

b ) 
b ) 
1.0 
1.1 

- 7 . 4 
7.3 

11.3 

CDCI3 

1.25 
2.05 
2.45 

2.87 
a ) 

4.90 
— 
— 

7.09 

8 

(CD3)2CO 

1.27 
2.02 
2.43 

2.90 
2.67 
4.97 
— 
— 

7.21 

- 1 7 . 1 
1.7 
6.3 
0.3 
1.5 
0.5 
0.9 
1.2 
1.1 
— 
— 
— 

CDGI3 

1.12 
2.02 
2.28 

2.82 
a ) 

4.17 
4.00 
3.78 
7.04 

10 

(CD3)2CO 

1.11 
1.97 
2.28 

2.82 
a ) 

4.10 
3.91 
3.75 
7.10 

- 1 6 . 9 
1.9 
5.6 

b ) 
1.5 
0.5 
0.9 
1.1 
1.1 

- 9 . 0 
8.6 
3.6 

a) Undeterminable, b) Not measured. 
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1PM3 

-0 HOH2C OH 9? 

COOH 

4 

CH2OR 

5 R=H 
6 R=Ts 

HaC 

(4) with li thium aluminium hydride gave an alcohol 
(5), which was subsequently converted into a tosylate 
(6). The tosylate (6) was treated with l i thium aluminium 
hydride to furnish the known furanoeremophilane (7).3>9> 

Since the basic skeleton of the lactone (1) was shown 
to consist of furanoeremophilane, the structure, furano­
eremophilan- 14^,6£-olide, is suggested for this lactone 
on the basis of the spectral data, showing the absence of 
the secondary methyl and the presence of the y-lactone. 
The structure 3 for the ether is compatible with the 
spectral data . However, the configuration of the carbon 
atom in the 6-position bearing the ether-type oxygen 
atom in the lactone moiety was still obscure. The 
configuration at C-6 and the stereostructure could be 
established by the N M R measurement using spin-
decoupling experiments and intramolecular nuclear 
Overhauser effect (NOE) measurements.10) The result 
on 1 is shown in Tables 1 and 2. The fact that 6-H is 
only coupled weakly (5J<C2 Hz) to the allylic 9a- and 
9^-protons, suggests that the 6-H is adjacent to the 
furan ring and that the other neighbor, C-5, bears no 
proton. O n saturation of the signals due to the tertiary 
methyl at C-5/? and the /?-methyl on the furan ring, the 
signal due to the 6-H showed increases by 28 and 6% 
in area, respectively. These observations imply that the 
6-H is situated eis to the tertiary methyl, indicating 
6/?-H orientation, and is attached to the other ^-position 
on the furan ring. O n triple irradiation at the resonance 
frequencies of 6-H and 12-H in acetone-â?6, the signals 
due to 9a-H and 9/?-H exhibited the AB part of an 
ABX spin system, which gave 2 /̂r9«,9/3 = —17.3, V 9 a , i o = 

11.3, and 3y9ß> 1 0=5.9 Hz . Therefore, one of the 
methylene protons on C-9 was shown to be in trans or 
eclipsed conformation with respect to 10/?-H. Triple 
irradiation on 12-H and 11-methyl signals determined 
two homoallylic coupling constants, 5y6l9a = 1.8 and 
Ve.9ß = l-2Hz.1 1) These two large 5J values indicate 
that the 6-H has a quasi-axial conformation. 

Interpretation of the N M R spectrum of 3, as shown 
in Table 1, is in full accord with that of the data on the 
lactone (1). This means that no stereochemical change 
occurred during the transformation of 1 to 3 . The ß-
configuration of C-14 methylene was supported by the 
following N O E measurement. O n saturation of the 
signal due to the 5/5-methyl by double irradiation, the 
signal due to one of the methylene protons, 14/?-H, at 
Ô 3.53 (V4.i4P = 1 1 - 3 a n d Vi4«.i4ß = - 7 . 4 H z ) showed 
a substantial increase in area, while 14a-H signal at 
Ô 3.91 (3y4,i4a = 7.3 and Vi4«.itf = - 7 - 4 H z ) caused no 
increase in area (Table 2). 

TABLE 2. NUCLEAR OVERHAUSER EFFECTS 

( ± 2 % , in CDCI3) 

Observed 
proton 

Saturated 
proton 8 10 

12-H 
6 > H 
6ß-H 

14y?-H 
14a-H 
9ß-H 
4-H 

11-Methyl 
11-Methyl 
5-Methyl 
5-Methyl 
5-Methyl 
5-Methyl 
5-Methyl 

a) Not measured. 

22 
6 

28 
— 
— 
a ) 
b ) 

17 
7 

23 
8 

- 2 
a ) 

22 
4 

20 
— 
— 
a ) 

b ) Ä»15 

b) Unobservable 

16 
6 

16 
8 
0 
0 

b ) 

I t is concluded that the structure including the 
absolute configuration of the new lactone (1) should be 
formulated as furanoeremophilan-14ß,6a-olide and the 
stereostructure could be depicted as shown in A. 

Dur ing the purification of the lactone (1), it was 
shown that the lactone (1) isomerizes easily into frano-
eremophilan-14a,6a-olide (8) on treatment with a base. 
The lactone (1) in benzene was kept contacting with 
basic alumina for 6 h and eluted with benzene. The 
eluent was examined by GLC and was shown to be a 
mixture of 1 and 8 in a ratio of 1: 5. Prolonged contact 
with alumina resulted in a preferential isomerization into 
8 accompanying concomitant hydrolysis of the lactones. 
Repetit ion of fractional recrystallization of the isomeric 
mixture of 1 and 8 gave pure furanoeremophilan-14a,6a-
olide (8). The isomerized lactone (8) showed similar 
spectral features (Table 1) to those of 1, and gave an 
ether (10) by the same treatment as in the case of 1. 
Reduction of 8 with l i thium aluminium hydride gave 

tXCDX CCA 6, 

0 HOHzC OH 

8 9 

HaC 

-0 

10 

CH3 

8 R = 0 
10 R = H2 
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a diol (9; not identical with 2), which, on dehydration 
with /»-toluenesulfonyl chloride in pyridine, afforded 
the ether (10; not identical with 3). From these observa­
tions, the isomerized lactone (8) was inferred to be a 
4-epimer of 1. 

Proton magnetic double and triple resonance experi­
ments gave the information on the stereochemistry of 
8 and 10. O n triple irradiation at the resonance fre­
quencies of 6-H and 12-H in 8, the signals of 9<x-H and 
9/?-H exhibited the AB part of an ABX spin system, 
which gave coupling constants, 2Jga i9j5 = — 17.1, 3y9a>10 

= 1.7, and 3
i / 9 P i l 0 = 6 . 3 Hz . Irradiat ion on 12-H 

revealed the presence of the two homoallylic coupling 
constants, 5y 6 i 9 a<!0.3 and 5Je39ß = 1.5 Hz, between 6-H 
and the methylene protons on C-9. O n triple irradiation 
at the resonance frequencies of 6-H and 11 -methyl, the 
signal due to 12-H showed a quartet as the X part of an 
ABX spin system. This observation indicates the 
presence of a long-range coupling between 12-H and 
the methylene protons on C-9 (5./ga,i2:^0.5 and 5Jc,ß,12 = 
0.9 Hz) . O n saturation of the signal due to the 5-
methyl group by double irradiation, a triplet signal at 
ô 2.67 caused an increase in area (Table 2), indicating 
that the triplet could be assignable to 4/?-H and, there­
fore, the lactone carbonyl grouping in 8 is oriented in 
the a-configuration. 

The fact that the N M R spectrum of the ether (10) 
is similar to that of the epimerized lactone (8) indicates 
that there is no apparent conformational difference 
between 10 and 8. In comparison of the N M R spectra 
of 1 and 3 with those of 8 and 10, the following 
differences are seen: 1) the V ^ . i o values of 8 and 10 
(1.7 and 1.9, respectively) are small compared with 
those of 1 and 3 (11.3 and 11.5 Hz, respectively); 2) 
the V4,i4ß value of 3 (11.3) is larger than that of 10 
(3.6 H z ) ; and 3) in the spectrum of 10, the 6-H signal 
is shifted to a higher field by —0.46 ppm in CDC13 

than that of 3 . The NOEs observed for 8 and 10 are 
quite similar to those observed for 1 and 3, respectively, 
except for the data of 4-H (Table 2). From these 
observations, conformation B can be suggested to be 
the most popular in solution for furanoeremophilan-
14a,6a-olide (8) and the ether (10). 

E x p e r i m e n t a l 

General Procedures. All melting points were measured 
on a hot block, unless otherwise stated, and reported uncor­
rected. IR spectra were taken on a Hitachi EPI-G2 spectrom­
eter. UV absorption spectra were determined in a methanol 
solution on a Hitachi EPS-3 spectrometer. ORD curves were 
measured on a JASCO Model ORD/UV-5 spectrometer. 
Measurements of optical rotation were carried out using a 
JASCO-SL Polarimeter. XH NMR spectra were taken on a 
JNM-3H-60, a JNM-4H-100 spectrometer (JEOL), or a 
Varian HA-100 spectrometer in the internal TMS-locked 
mode. Proton magnetic double and triple resonance experi­
ments were performed using the Varian HA-100 spectrometer 
with two Hewlett-Packerd HP-200 ABR audio-oscillators and 
an HP-5212A electronic counter. NOEs were measured by 
% increases in integrated signal intensities with necessary 
caution.10^ Chemical shifts are expressed in <5 (ppm downfield 
from internal TMS) and coupling constants in Hz. Accuracies 

are ca. ±0.02 ppm for <5 and ±0.2 Hz for J values. Mass 
spectra were measured on a Hitachi RMU-6-Tokugata mass 
spectrometer at 70 eV with a direct inlet system, unless 
otherwise stated. 

GLC analyses were carried out using a Shimadzu GG-4APF 
equipped with a hydrogen flame ionization detector (column : 
Diasolid H-523 (2 m), temp 230 °G). Column chromato­
graphy was carried out on silica gel (Wakogel C-200) or on 
activated alumina (Showa Chemicals). Kieselgel G (E. Merck) 
was used for analytical (in 0.25 mm thickness) and preparative 
(in 0.5 mm thickness) TLC. 

Isolation. Dried roots (1.7 kg) of Ligularia Hodgsoni 
HOOK, f. were extracted with benzene (2.5 1) for 4 days. The 
extraction under the same conditions was repeated three times 
and the extracts were combined and concentrated to give a 
dark brown tar (54 g). The residue was dissolved in petroleum 
ether with warming and insoluble materials were removed by 
décantation. The organic layer, on evaporation, gave a residue 
(46 g), which was sublimed under reduced pressure. Recrys-
tallization of the sublimate (11 g), which was obtained at 
100—120 °C (bath temperature), from ethyl acetate afforded 
furanoeremophilan-14/?,6a-olide (1; ca. 10 g) as white needles, 
mp 136—138 °C (in a sealed tube); [a]D - 4 5 ° (c 0.45, 
dioxane); UV A ^ 217 nm (e 8500); IR (Nujol) 3140, 3090, 
1767, 1634, 1564, and 1082 cm"1; NMR (Table 1); MS mje 
(%) 246 (M+; 41), 202 (100), 187 (72), 173 (36), 159 (88), 
145 (85), 131 (20), 115 (22), 95 (48), 91 (44), 79 (25), 77 (35), 
67 (23), 65 (21), and 43 (15); ORD (c 0.45, dioxane) [a]20 

(at A nm) - 3 8 ° (650), - 5 8 ° (500), - 6 7 ° (400), - 1 5 ° (330), 
+45° (310), +336° (280), +1000° (260), +4980° (238), 
+ 5040° (234), and +4540° (228); Found: C, 73.10; H, 7.35 
%. Calcd for C15H1803: C, 73.14; H, 7.37 %. 

The materials sublimed below 100 °G and the mother liquor 
of the recrystallization were combined (total weight : 11 g) 
and chromatographed over silica gel (400 g). Elution with 
petroleum ether gave furanoeremophilane (ca. 50 mg).3'4) 
Further elution with petroleum ether-benzene (100: 3) pro­
vided bakkenolide-A (690 mg),6'6) additional furanoeremophi-
lan-14/?,6oc-olide (1; 2.9 g), and eremophilenolide (10 mg, after 
purification by sublimation).4'7) 

Reduction of Furanoeremophilan-14ß,6a.-olide (1) with Lithium 
Aluminium Hydride. A mixture of 1 (500 mg) and lithium 
aluminium hydride (700 mg) in dry ether was heated under 
reflux for 2 h. Usual treatment and crystallization from ether 
gave a diol (2; 400 mg) as a white powder, mp 197—198 °C; 
UV A ^ 224 nm (e 7500); IR (Nujol) 3200, 1638, and 1552 
cm-1; m NMR [(CD3)2CO] ô 1.16 (3H, s; /-Me), 1.97 (3H, 
d; -G=C-Me), 4.3 and 4.5 (2H, m; -CH-CH 2 -OH), 4.68 
(1H, br s; -CH-OH) , 5.55 and 5.72 (each 1H, s; -OH) , and 
7.11 (1H, t; -C=C-H); Found: C, 71.72; H, 8.64%. Calcd 
for C15H2203: C, 71.97; H, 8.86%. The mass spectrum was 
the same as that of the ether (3). 

Dehydration of the Diol (2). A mixture of diol (2; 200 
mg) and /»-toluenesulfonyl chloride (350 mg) in pyridine (3 
ml) was allowed to stand at room temperature overnight. 
The reaction product was extracted with ether and the extract 
was evaporated to afford a yellow residue (200 mg), which 
was chromatographed over silica gel (6g). Elution with 
benxene gave an ether (3; HOmg) as white needles, mp 
114—115 °C (from petroleum ether); [aß1 - 6 5 ° (c 0.40, 
dioxane); UV A ^ 218 nm (e 7000); IR (Nujol) 3140, 3100, 
1640, 1567, and 1084 cm-1; NMR (Table 1); MS mje (%) 
232 (M+; 97), 217 (30), 202 (35), 187 (72), 173 (36), 159 
(88), 145 (100), 119 (59), 95 (58), 91 (88), 79 (56), 77 (64), 
67 (60), 65 (41), and 55 (40); ORD (c 0.40, dioxane) [a]2 1 5 

(at Anm) - 5 5 ° (650), - 9 0 ° (500), -128° (400), -145° 
(350), -108° (300), +325° (260), +800° (250), +2190° 
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(240), and +1630° (230) ; Found: C, 77.64; H, 8.75%. Calcd 
for C15H20O2: C, 77.55; H, 8.68%. 

Acetylation of the Diol (2). Acetic anhydride (0.2 ml) 
was added to a solution of diol (2; 77 mg) in pyridine (3 ml) 
and the reaction mixture was allowed to stand at room tem­
perature overnight. Methanol (0.2 ml) was added to the 
mixture and the reaction product was extracted with ether. 
The ethereal extract was evaporated to afford a residue, 
which showed three spots on TLC. Only major product (38 
mg) was isolated as a colorless oil by column chromatography 
on alumina (3 g). The structure was revealed to be a 
14-acetoxy derivative of the diol (2) by the NMR spectrum. 
IR (neat) 3400, 1740, 1640, and 1560 cm"1; NMR (G6DH) «5 
0.85 (3H, s; f-Me), 2.07 (3H, d, 7=1 .2 Hz; -C=C-Me), 1.66 
(3H, s; -GO-Me), 4.0 and 4.5 (dd, Jlia,uß = -U, Jitlia = 
7, and y 4 1 4 / j = 4 H z ; - C H - C H 2 - 0 - ) , 4.22 (1H, br s; - C H -
OH), and 7.05 (1H, br s; -G=G-H). 

HydrogenolysisofFuranoeremophilan-14ß,6(x.-olide (1). A 
solution of furanoeremophilan- 14/?,6a-olide (1; 1.16 g) in etha-
nol (40 ml) was stirred under an atmospheric pressure of 
hydrogen in the presence of 10% palladium-charcoal (300 
mg) at room temperature for 2 h. Usual work-up afforded 
a residue (1.2 g), which was sublimed under reduced pressure 
at 80—100 °G to give a crude carboxylic acid (4) as a white 
powder. The crude product was shown to contain unchanged 
starting material by TLC. Repetition of chromatography on 
silica gel furnished analytically pure carboxylic acid (4) as a 
colorless glass, UV ^ 221 nm (e 6800); IR (Nujol) 2900, 
1710, 1650, and 1570 cm-1; NMR (CDC13) Ô 1.20 (3H, s; 
«-Me), 1.90 (3H, d, 7=1 .2 Hz; -C=C-Me), 7.08 (1H, br s; 
-C=C-H), and 7.37 (1H, s; -COOH) ; MS m/e (%) 248 (M+; 
38), 230 (3), 202 (3), 147 (36), 119 (9), 109 (24), 108 (100), 
96 (13), 91 (14), 79 (17), 77 (15), 55 (22), and 43 (37) ; Found: 
C, 72.60; H, 7.90%. Calcd for C15H20O3: C, 72.55; H, 
8.12%. 

Methyl Ester of the Carboxylic Acid (4). Carboxylic acid 
(4; 115 mg) was treated with diazomethane in ether (2 ml). 
The ether solution was concentrated and subjected to separa­
tion by preparative TLC (developed with benzene-chloroform, 
1:1) to afford a methyl ester (60 mg) as a colorless oil, IR 
(neat) 1735, 1648, 1566, and 1150 cm-1, no absorption band 
due to hydroxyl group was observed. NMR (CDC13) ô 1.02 
(3H, s; *-Me), 1.92 (3H, d, 7=1 .2 Hz; -C=C-Me), 3.70 (3H, 
s; -COOMe), and 7.13 (1H, br s; -C=C-H); MS m/e (%) 
262 (M+; 26), 231 (3), 215 (4), 198 (6), 170 (12), 155 (25), 
147 (37), 142 (35), 141 (100), 128 (19), 115 (25), 108 (70), 
69 (20), 57 (40), 55 (34), and 43 (51). 

Reduction of the Carboxylic Acid (4) with Lithium Aluminium 
Hydride. A mixture of carboxylic acid (4; 430 mg) and 
lithium aluminium hydride (600 mg) in ether (30 ml) was 
heated under reflux for 1 h. The reaction mixture was worked 
up in usual way and chromatographed on silica gel (15 g). 
Elution with benzene afforded an alcohol (5; 350 mg) as a 
colorless oil, UV A ^ 221 nm (e 7600); IR (neat) 3350, 1642, 
and 1562 cm-1; NMR (CDC13) Ô 0.99 (3H, s; /-Me), 1.48 
(1H, s; -OH) , 1.92 (3H, d, 7 = 1 . 1 Hz; -C=C-Me), 3.7 and 
3.9 (dd, Jua,uß = -Ui 74.i4«=5, and 74>14ß = 8 H z ; - C H -
CH 2 -0 - ) , and 7.07 (1H, q; -C=C-H) ; MS m/e (%) 234 (M+; 
20), 218 (6), 138 (5), 122 (8), 109 (25), 108 (98), 74 (40), 59 
(65), 45 (60), and 31 (100). 

Furanoeremophilane (7) from the Alcohol (5). A mixture 
of the alcohol (5; 250 mg) and /»-toluenesulfonyl chloride (300 
mg) in pyridine (4 ml) was allowed to stand at room tempera­
ture overnight. After usual work-up, an orange crude oil (300 
mg) was dissolved in benzene and subjected to separation by 
preparative TLC (developed with chloroform-ether, 5: 1) to 
afford a tosylate (6; 130 mg) as a yellow oil, IR (neat) 1647, 

1568, 1600, 1188, and 1176 cm-1. 
The tosylate (6), above obtained, was reduced with lithium 

aluminium hydride (500 mg) in ether for 2 h. The reaction 
mixture was treated as usual and chromatographed on silica 
gel (4 g). Elution with petroleum ether provided furanoeremo­
philane (7; 53 mg) as a colorless oil, [a]£3 - 1 1 ° (c 0.42, 
CHC13); UV ; W 221 nm (e 7000); IR (neat) 1649, 1568, 
and 1094 cm-1; NMR (CDC13) ô 0.95 (3H, s; «-Me), 0.99 (3H, 
d, 7 = 7 . 0 Hz; j-Me), 1.99 (3H, d, 7 = 1 . 1 Hz; -C=C-Me), 
and 7.13 (1H, q; -C=C-H); MS m/e (%) 218 (M+; 40), 203 
(3), 190 (3), 133 (6), 123 (13), 122 (72), 109 (68), 108 (100), 
105 (10), 91 (16), 79 (24), 77 (17), 67 (12), 55 (15), and 53 
(13); ORD (cO.42, CHC13) [a]23 (atAnm) - 1 0 ° (650), - 1 2 ° 
(500), - 1 6 ° (450), - 2 3 ° (400), and - 3 2 ° (350); Found: C, 
82.56; H, 10.31%. Calcd for C1 5H2 20: C, 82.51; H, 10.16%. 

Isomerization of Furanoeremophilan-14ß,6a.-olide (1) into Furano-
eremophilan-I4cL,6ix-olide (8). Furanoeremophilan-14/3, 
6a-olide (1; 900 mg) was dissolved in benzene and adsorbed 
on basic alumina (15 g) for 6 h. The fraction eluted with the 
same solvent was shown to be a mixture of furanoeremophilan-
14/?,6a-olide (1) and -14a,6a-olide (8) in a ratio of 1: 5 by 
GLC examination. Repetition of fractional crystallization 
from ether-petroleum ether afforded 8 (300 mg), mp 124—125 
°C, [a]18 -147° (e 0.33, dioxane) ; UV A ^ 216 nm (e 7900) ; 
IR (Nujol) 3140, 3090, 1759, 1640, 1566, and 1083 cm"1; 
NMR (Table 1); MS m/e (%) 246 (M+; 48), 202 (64), 187 
(62), 173 (24), 159 (56), 145 (64), 124 (32), 115 (34), 95 (100), 
77 (54), 67 (40), and 55 (34); ORD (c 0.33, dioxane) [a]18-5 

(at Anm) -120° (650), -209° (500), -345° (400), -495° 
(350), - 690° (300), - 810° (270), -675° (250), and -390° 
(242); Found: C, 73.08; H, 7.41%. Calcd for C15H1803: C, 
73.14; H, 7.37%. 

Reduction of Furanoeremophilan-14a.,6a-olide (8) with Lithium 
Aluminium Hydride. A mixture of furanoeremophilan-14a, 
6a-olide (8; 240 mg) and lithium aluminium hydride (500 mg) 
in ether (30 ml) was refluxed for 1 h and the reaction mixture 
was worked up as usual. The residue (240 mg) was crystallized 
from petroleum ether to give a diol (9; 180 mg) as white wooly 
crystals, mp 123.5—125 °G; UV A ^ 219 nm (e 9000); IR 
(Nuiol) 3320, 1646, and 1571 cm-1; NMR (DMSO) <3 0.94 
(3H, s; i-Me), 1.92 (3H, d, 7=1-2 Hz; -C=C-Me), 2.3 and 
2.8 (dd, Jm^ß=ca. —17» Jm,w=ca- l-5» a n d J9ß.io=ca- 5- 5 

Hz; -C=C-CH2-CH-), 3.78 (2H, m; -CH 2 -OH), 4.31 (1H, 
d, 7 = 5 . 4 Hz; -GH-OH), 4.66 (1H, d, 7 = 5 . 4 Hz; -CH-OH) , 
4.85 (1H, t, 7 = 4 . 8 Hz; -CH 2 -OH), and 7.17 (1H, br. s; 
-C=C-H); MS m/e (%) (by a direct inlet) 250 (M+; 6), 232 
(4), 159 (3), 149 (5), 123 (100), 91 (4), 67 (7), and 57 (7); 
(by an indirect inlet) 232 (38), 202 (4), 187 (6), 159 (40), 145 
(11), 124 (22), 109 (100), 91 (18), 81 (18), 79 (15), 77 (15), 
67 (86), and 55 (32). 

Dehydration of the Diol (9). A solution of the diol 
(9; 185 mg) and/»-toluenesulfonyl chloride (350 mg) in pyri­
dine (5 ml) was heated at 65—70 °G for 1.5 h. Benzene was 
added to the mixture and the solvents were evaporated under 
reduced pressure. The residue was dissolved in benzene and 
chromatographed on silica gel (10 g). 4-Epiether (10; 130 
mg) was obtained by elution with benzene as a colorless oil, 
UV A ^ 218 nm (e 6900); IR (neat) 3140, 3090, 1642, 1567, 
and 1082 cm-1; NMR (Table 1) ; MS m/e (%) 232 (M+; 100), 
217 (7), 202 (5), 199 (16), 187 (7), 159 (40), 145 (8), 124 (13), 
109 (40), 91 (6), 85 (19), 83 (29), 67 (16), and 57 (10). 
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A carbon-phosphorus bond cleavage was observed in the reaction of MC12(PR3)2 (M=Ni , Co, or Pd, R = P h , 
w-C8H17) with /»-tolyllithium, />-tolylmagnesium halide, lithium aluminum hydride, or magnesium amalgam, and 
the reactivity was most pronounced with Ni followed by Co and Pd. Reaction of NiCl2(PPh3)2 with />-tolyllithium 
gave biphenyl and 4-methylbiphenyl, along with 4,4'-dimethylbiphenyl. Phenyllithium was formed in the reaction 
mixture, and the recovered tertiary phosphine contained tri-/>-tolylphosphine, di-/>-tolylphenylphosphine, and 
/»-tolyldiphenylphosphine as well as triphenylphosphine. 1-Octene was formed in the reaction of NiCl2{P(n-
C8H17)3}2 with /»-tolyllithium. Thermal decomposition of Ni(mesityl)X(PEt3)2 (X=mesityl or Br) and Co-
(mesityl)2(PPhEt2)2 at 30 °C gave vinyl mesitylene. 

Tertiary phosphine is a ligand frequently used in side reactions in certain catalytic processes. I n the 
organotransition metal complexes due to its versatility present study, a system in which a ry l -P bond is cleaved 
in donor-acceptor properties, and its carbon-phosphorus and re-formed under the influence of low-valent Ni, Co, 
bonds had been considered to be chemically stable and Pd is described. Evidences are also collected for 
under usual reaction conditions. However, the decom- the alkyl-P bond cleavage facilitated by Ni , Co, and 
position of triarylphosphines in which the aryl group Pd complexes, 
transfers from phosphorus to transition metal has become 
recently known for reactions of palladium,1 '2-4) R e s u l t s a n d D i s c u s s i o n 
nickel,5-8) osmium9) and other metal complexes.10) Low-
valent metals are involved in most of them, but there Reaction of Dichlor obis (triphenylphosphine) metal (II) with 
is a case where divalent palladium is undoubtedly p-Tolyllithium and p-TolyImagnesium Bromide. T h e 
responsible for the activation of a ry l -P bond.1'215'11) reaction of tertiary phosphine-coordinated transition 
Though a transition metal-assisted C - P bond fission metal halides with organic derivatives of l i thium, 
still remains to be rather uncommon reaction in organo- magnesium or sodium has been widely used in the 
transition metal chemistry, it deserves serious attention, synthesis of low-valent transition metal complexes, in 
not only concerning the basic mechanism involved but which the tertiary phosphines remained on the metal 
also with regards to the scope of the practical occurrence without any chemical transformations in themselves, 
of this type of reaction, since it may have some relevance However, NiCl 2(PPh 3) 2 (1), CoCl2(PPh3)2 (2), and 
to the process such as catalyst decay or induction of PdCl 2(PPh 3) 2 (3) reacted with j&-tolyllithium or p-

TABLE 1. REACTION OF MCl2(PPh3)2 WITH /»-TOLYLLITHIUM (ArLi)a) 

Product, Tertiary phosphine recovered, 
% based on M mol % based on PPh3 in the comp 

Ph-Ph Ph-Ar Ar-Ar PPh3 PPh2Ar PPhAr2 PAr3 

p , » j •/Afb) Reaction mol % based on M mol % based on PPh3 in the complex 

1 1 40 6.9 8.9 17 — — — —c> 
2 40 26 23 46 34 5.1 trace 0 
4 40 86 93 69 16 9.8 3.5 0.14 
8 40 82 210 140 0.7 0.5 0.1 0.4 
2d> 35 17 22 58 — — — —c> 

2 1 35 1.6 3.4 27 — — — — c> 
2 35 14 11 59 20 2.9 0 0 
4 35 27 35 79 22 1.5 0.1 0 
2d> 35 5.1 10 54 — — — — c> 

3 1 48 4.9 8.6 34 — — — — c> 
2 48 9.3 19 74 45 1.3 0 0 
4 48 2.5 12 150 — — — —c> 

20e> 48 trace 5 210 — — — — c> 
P P h g o n l y 2f> 2 3 0.04 g> 0.2g> 0g> — — — — c> 

a) One mmol of complex in ether at room temperature, b) Molar ratio, c) Not determined, 
d) MCl2{l,2-bis(diphenylphosphino)ethane} was used instead of MCl2(PPh3)2. e) A half 
mmol of 3 was used. Reaction temperature was raised to 25 °C, 3 min afetr the addition of 
ArLi at - 70 °C. f ) Molar ratio : (ArLi/PPh3) x 0.5. g) (mol of biaryl/mol of PPh3 used) X 
0.5x100. 
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TABLE 2. REACTION OF MCl2(PPh3)2 WITH 

J&-TOLYLMAGNESIUM BROMIDE ( A r M g B r ) a > 

Product, mol % based 
on the complex1^ Complex Reaction 

time/h 
Ph-Ph Ph-Ar Ar-Ar 

1 
2 
3 

62 
88 

153 

8 
8 
0.9 

19 
16 
2.6 

54 
26 
13 

a) Five mmol of complex in ether at room 
temperature. Molar ratio ; ArMgBr/M=2. 
b) 
detected in all cases. 

A considerable amount of PPh2Ar was 

tolylmagnesium bromide at room temperature to give 
the organic products including biphenyl, 4-methyl-
biphenyl, tri-/>-tolylphosphine, di-/?-tolylphenylphos-
phine, and j£-tolyldiphenylphosphine, indicating that the 
a ry l -P bond was cleaved and reformed by the influence 
of transition metal . Typical results are summarized in 
Tables 1 and 2. Total yield of biaryls and the amount 
of phenyl group carried into biaryls are shown in Figs. 1 
and 2, respectively. The yield of biaryls increased with 
the increase of molar ratio of jfr-tolyllithium to MC12-
(PPh3)2 for all of the three transition metals (Fig. 1). 
The amount of phenyl group transferred into biaryls 
increased excepting for Pd as the yield of biaryls increas­
ed (Fig. 2). Excess organolithium reagent decreased 
the amount of recovered tertiary phosphines markedly, 
only 1 to 2 % of triarylphosphines being recovered when 
8-fold jfr-tolyllithium over nickel complex was used. 

The t ime course of the reaction was studied for nickel 
system by direct GLG analysis of the reaction mixture 
for biaryls. The analysis was also made after the mixture 
had been treated with excess acetone or iodine to 
determine the amount of arylli thium present. The 
results obtained in the reaction at room temperature 
indicated that most of the biaryls and phenylli thium 

o 
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400 
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/ 

Ni / 

/ rf*d 

//s^Co 

i i i i 

0 4 8 
/>-MeC6H4Li/M 

Fig. 1. Reaction of MGl2(PPh3)2 with />-tolyllithium. 
Total yield of biaryls as a function of />-tolyllithium/M. 
Ordinate: (total mol of biaryls/mol of MCl2(PPh3)2 

employed) X 100. See Table 1 for conditions. 
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Fig. 2. Reaction of MCl2(PPh3)2 with />-tolyllithium. 
Amount of phenyl group found in biaryls. 
Ordinate: (total mol of phenyl group found in biaryls/ 
mol of PPh3 employed as metal complex) x 100. 

were formed within 10 min after the addition of the 
l i thium reagent to the metal complex. A slow reaction 
then followed, and the mixture reached an apparent 
equil ibrium after 10 h, which persisted at least for 5 
days. The reaction is illustrated by: 

NiCl2(PPh3)2 (1) + 8ArLi 
ether, r.t., 10 h—4 days 

l.OArLi + 0.5PhLi + 0.8Ph-Ph + 1.5Ph-Ar 

+ 1.9Ar-Ar + 0.008PPh3 + 0.008PPh2Ar 

+ 0.004PPhAr2 (Ar=/>-tolyl) (1) 

The relative yield of each biaryl varied from run to run, 
but the combined yield remained constant under 
specified reaction conditions. Similar study at Dry Ice -
methanol temperature gave the result: 

1 + 8ArLi 

0.5 4.0 mmol 

1) 55 min in ether 2) 5 ml of acetone 

-70°C 

3) 16 h, room temp, then aq NH4C1 

> 

Ph(CH3)2OH + ArC(CH3)2OH + Ph-Ph 

0.0 5.5 0.024 

+ Ph-Ar + Ar-Ar (Ar=/>-tolyl) 

0.032 1.0 mmol 
(2) 

GLG analysis of the reaction mixture for sample solu­
tions extracted at earlier reaction stage gave the result 
illustrated in Fig. 3 . The reaction mixture at —70 °G 
was a yellow-brown solution, and on raising the tempera­
ture it quickly darkened to give a blackish, turbid 
mixture. Since the extracted sample solutions were 
brought to high temperature during analysis, it was 
conceivable that the 100% yield of 4,4'-dimethyl-
biphenyl at 1.5 h reaction in Fig. 3 was an artifact from 
the thermal decomposition of Ni(p-tolyl)2(PPh3)2 . I t is 
obvious from Fig. 3 and Reaction 2 that a ry l -P bond 
rearrangement takes place not at —70 °G but only 
at elevated temperatures around 0 °G or above. The 
presence of excess l i thium reagent is important for this 
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Complex 

4 

5 

6 

Solvent 
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CC14 

ether 
benzene 
GC14 

ether 
benzene 
CC14 

Product 

7 

trace 
4 

trace 
2 
7 
0.2 
0.4 

trace 
trace 

on 

8 

8 
40 

5 
15 
33 
9 

30 
13 
2 

, mol % 
complex 

9 

3 
3 

trace 
2 
9 

90 
36 
60 
95 

based 
b) 

10 

5 
9 

12 
— 
— 
— 
— 
— 
— 

11 

— 
— 

5 
— 
— 

0 
— 
— 

trace 

0 
a) At 30 °G for 3 h. 
unreacted complex. 

b) Balance was mostly the 

Reaction time, h 

Fig. 3. Time course of the reaction of NiCl2(PPh3)2 with 
/>-tolyllithium. 
Left ordinate: (total mol of biaryls/mol of Ni complex 
employed) X 100. Right ordinate: (mol of recovered 
PAr3/mol of PPh3 employed as Ni complex) x 100. 

process since the yield of biphenyl or 4-methylbiphenyl 
is low at a low ratio of jfr-tolyllithium to 1. 

Reaction of MCl2(PPhz)2 with Magnesium Amalgam and 
LiAlH±. Similar G-P bond cleavage was observed 
in the reaction of 1, 2 and 3 with magnesium amalgam or 
LiAlH4 . The reaction with the amalgam took place in 
T H F but not in ether. Typical results are summarized 
in Table 3, Ni and Go complexes being much active 
than Pd complex. A considerable decomposition of 
triphenylphosphine in the Reaction 1 seem ssomewhat 
contradictory to the report12) that reduction of the 
corresponding bromide complex with sodium amalgam 
in acetonitrile produced bis (triphenylphosphine) nickel-
(0). A difference in solvent combined with a longer 
reaction time would be responsible for this discrepancy. 

TABLE 3. REACTION OF MG12( PPh3)2 WITH 
LiAlH4 OR MAGNESIUM AMALGAM^ 

Complex 

LiAlH4 1 
2 
3 

Mg(Hg) 1 
1 
2 
3 

PPh3 only 

Solvent 

ether 
ether 
ether 

etherb> 
THF 
THF 
THF 
THF 

Reac­
tion 

time/h 

24 
77 
24 

42 
25 
19 
43 
40 

Product/% 

Ph-Ph 

trace 
trace 
0 

0 
40 
49 
0.2 
0.4 

Benzene 

31 
22 

6.1 
— 
— 
— 
— 

— 

a) To 5 mmol of the complexes in the solvent, 
2.5 mmol of LiAlH4 or 14 mg-atom of Mg was 
used, respectively, at room temperature, b) The 
complex was scarcely soluble in ether. 

Alkyl-P Bond Cleavage of Coordinated Trialkylphosphine. 
The G-P bond fission is not l imited to triarylphosphines 
but trialkylphosphines, though to a smaller extent. 

When trans-bh (tr iethylphosphine) mesitylnickel (II) 
bromide (4), ^rfl«j-bis(triethylphosphine)dimesitylnickel-
(II) (5), and^m^-bis(diethylphenylphosphine)dimesityl-
cobalt(II) (6) was stirred in ether, benzene or carbon 
tetrachloride at 30 °G, 2,4,6-trimethylstyrene (7) was 
formed together with mesitylene (8), bimesityl (9), 
mesityl bromide (10) or mesityl chloride (11) (Table 4) . 
The compound 7 presumably resulted via ethyl transfer 
from phosphorus to metal . Reaction of NiGl2{P(w-
C8H17)3}2 with an 8-fold molar excess of jfr-tolyllithium 
gave 1-octene ( 5 % on molar basis on the phosphine 
used) along with 4,4'-dimethylbiphenyl («»100% on 
molar basis on the complex used). 

Alkyl-P bond fission using Pd complex was not 
successful under the similar reductive conditions, but 
had been achieved under oxidative conditions. Thus, 
simply by heating the equimolar mixture of trialkyl­
phosphine and Pd(OAc) 2 in acetic acid at 90 °G, a 
considerable amount of olefins and carbonyl compounds 
were formed.1) 

Mechanism. Though the present report concerns 
with factual description rather than discussion of 
mechanism operating in the current reactions, some idea 
on the mechanism is invoked in the following in order 
to help a correlation among the experimental facts. 
Typical G-P bond cleavage disclosed in this study is 
those of MCl2(PPh3)2-jfr-tolyllithium system, and seems 
to be more complicated than that of PAr 3 -Pd(OAc) 2 

system previously reported.1) The reaction of 1 mol of 1 
with 2 mol of j&-tolyllithium produced nearly stoichio­
metric amount (0.95 mol) of biaryls on the basis that 
the diarylnickel compound decomposes into biaryl and 
zero-valent nickel (Table 1). However, on increasing 
the ratio of jfr-tolyllithium/1 more biaryl is formed, the 
amount exceeding 4 mol per mol of 1 when the ratio is 
8, and the recovery of tertiary phosphines decreased 
concurrently. These observations combined with the 
results in Reactions 1 and 2 suggest that the Reaction 3 
was effected under the catalysis of low (probably zero) 
valent nickel. The examination of the amount of 

Ni(0) 
Ph3P + ArLi • Ph2PLi + Ar-Ph (3) 

biaryl formed indicates that the resulting Ph 2PLi 
further reacted with excess ArLi , giving Ph-Ar and 
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p r e s u m a b l y P h P L i 2 . D i r e c t e v i d e n c e for t h e f o r m a ­
t i o n of P h 2 P L i o r P h P L i 2 w a s n o t o b t a i n e d b e c a u s e 
of its s t r o n g t e n d e n c y t o assoc ia te w i t h n i c k e l . I t 
s h o u l d b e n o t e d t h a t t h e r e a c t i o n l ike 3 does n o t p r o c e e d 
in t h e a b s e n c e of N i c o m p l e x ( T a b l e 1, t h e las t l o w ) . 

I t is c o n c e i v a b l e t h a t t h e ca ta lys is of n i cke l i n R e a c t i o n 
3 res ides i n t h e o x i d a t i v e a d d i t i o n of P h - P b o n d t o 
z e r o - v a l e n t N i ( R e a c t i o n 4 ) . A fu r the r r e a c t i o n of t h e 
r e s u l t i n g N i c o m p l e x w i t h A r L i g ives P h 2 P L i a n d 
A r P h N i , a n d t h e d e c o m p o s i t i o n of t h e l a t t e r affords 
A r - P h w i t h r e p r o d u c t i o n of z e r o - v a l e n t N i ( R e a c t i o n s 5 
a n d 6 ) . T h e f o r m a t i o n of t h e m i x e d t e r t i a r y p h o s p h i n e s 
suggests t h a t t h e R e a c t i o n s 4 a n d 5 a r e r eve r s ib l e , a n d 
p h e n y l l i t h i u m m a y b e p r o d u c e d via t h e R e a c t i o n 7. 

Ph 3 P + Ni « = ± P h 2 P - N i - P h (4) 

P h 2 P - N i - P h + ArLi « = ± Ph 2PLi + A r - N i - P h (5) 

A r - N i - P h > A r - P h + Ni (6) 

P h 2 P - N i - P h + ArLi <=± P h 2 P - N i - A r + PhLi (7) 

T h e o x i d a t i v e a d d i t i o n of A r 2 P - A r b o n d t o N i ( 0 ) o r 
N i ( I ) h a s b e e n c l a i m e d i n t h e l i t e r a tu r e . 5 ' 6 ) C o o r d i n a -
t i ve u n s a t u r a t i o n o n t h e m e t a l seems t o b e o n e of t h e 
essen t ia l fac tors for t h i s t y p e of r e a c t i o n s t o t a k e p l a c e . 
T h e c o m p l e x N i ( P h 3 P ) 3 is u n s t a b l e i n so lu t i on , a n d t h e 
s t r u c t u r e c o n t a i n i n g P h 2 P - N i b o n d h a s b e e n sugges ted 
for t h e d e c o m p o s i t i o n p r o d u c t . 1 3 ) W i t h r e g a r d t o t h e 
use of excess o r g a n o l i t h i u m r e a g e n t i n o u r s t u d y , a 
poss ib le i n v o l v e m e n t of t h e a t e - t y p e c o m p l e x of Ni (0 ) 1 4 ) 
m a y n o t b e o v e r l o o k e d , b u t its i m p o r t a n c e i n t h e C - P 
b o n d c leavage 7 ) is ye t t o b e i n v e s t i g a t e d . 

E x p e r i m e n t a l 

Materials. Bis (tertiary phosphine) complexes of transi­
tion metal dichlorides were prepared by conventional methods 
from the corresponding metal chlorides and phosphine ligands 
and characterized by elemental analysis as well as by ordinary 
spectroscopic methods. Diaryl transition metal complexes; 4, 
5 and 6, were prepared from the corresponding dichloro 
complexes according to the literatures.15»16) 

Reaction of MCl2(PPh3)2 with p-Tolyllithium. An 
ethereal 0.6—0.7 M organoli thium solution was prepared by 
a conventional method from/>-tolyl bromide and l i thium. T h e 
solution was standardized by acid t i tration, and the amount of 
by-product (4,4'-dimethylbiphenyl) was determined by GLG 
with hexadecane as an internal s tandard. A calculated amount 
of the organoli thium reagent was added under stirring to a 
suspension of MGl 2 (PPh 3 ) 2 (1 mmol) in 10 ml ether containing 
hexadecane (internal s tandard) . After stirred for several hours 
under dry nitrogen, the mixture was treated with aqueous 
ammonium chloride and excess potassium cyanide. T h e 
organic layer was worked up in a conventional manner and 
analyzed by GLG. Since some port ion of tertiary phosphines 
had been converted into the oxides during the work-up, the 

product was reduced with trichlorosilane-triethylamine in 
benzene before the analysis for phosphines. Eicosane was 
employed as an internal s tandard. All the products were 
characterized either by direct comparison on GLG with 
authentic samples or by isolation from a large-scale run 
followed by a conventional spectroscopic study. By the addi­
tion of acetone or iodine to the reaction mixture, aryllithium 
were converted to 2-aryl-2-propanol or aryl iodides, respec­
tively. They were analyzed by GLG after conventional 
work-up. 

Other Reactions. React ion of MCl 2 (PPh 3 ) 2 with />-tolyl-
magnesium bromide was conducted in a similar manner as 
with j^-tolyllithium. T h e reaction with magnesium amalgam 
(0.34 g of magnesium in 30 g of mercury) was carried out 
with 5 mmol of MCl 2 (PPh 3 ) 2 in 100 ml of T H F or ether. 
Benzene obtained from the reaction with LiAlH4 was analyzed 
by GLG with toluene as an internal s tandard. T h e thermal 
decomposition of aryl transition metal complexes 4, 5, and 6 
was conducted as described in the li terature. T h e products 
from these reactions were characterized in a usual manner 
either by comparison with authentic samples or by isolation 
followed by instrumental study and elemental analysis. 
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The reaction of thymidine or uridine with 1.5 molar equivalents each of dibenzyl hydrogenphosphate, diethyl 
azodicarboxylate, and triphenylphosphine in HMPT at room temperature for 1 day, followed by debenzylation, 
afforded dpT and pU in 73 and 78% yields, respectively. Neither nucleoside 3'-phosphate nor 3',5'-diphosphate 
was formed. 5'-0-Benzoylthymidine 3'-(2-cyanoethyl)phosphate also reacted smoothly with thymidine at room 
temperature giving d-bzT3'p(CNEt)5'T in a 54% yield. Adenosine and Guanosine gave the corresponding 
iV3,5'-cyclonucleosides as main products, less than 1% pA and pG being formed. 

In relation to biosynthesis and genetic control, there 
is a need for oligo- and polynucleotides of definite and 
specific sequences. For the synthesis of oligonucleotides, 
suitably protected nucleosides and/or nucleotides were 
condensed with each other to form 3 '—5' phosphodiester 
bonds.2) While many organic dehydrating reagents have 
been developed so far, only a few are effective in nucleo­
tides and oligonucleotides syntheses.3) Since the conden­
sation of nucleosides with phosphate esters and with 
nucleotides by these reagents involves initial activation 
of phosphate components, a side reaction occurs to 
produce pyrophosphate which in turn afford undesirable 
by-products.4) In some cases, undesirable side reactions 
also take place under the conditions necessary for 
deprotection.5) A procedure for selective phosphoryla­
tion of unprotected nucleosides would thus be desirable. 

Recently, the triester method has been reported to 
have some advantages over the diester one.2 '6) Because 
of the lower reactivity of phosphate diesters as compared 
to phosphate monoesters, only arenesulfonyl chlorides 
and their derivatives can be utilized in the triester 
method. In the triester method, however, these rea­
gents, except for arylsulfonyltetrazoles,7) are slow in 
completing the condensation reactions.8) 

An alternative route for the preparation of nucleotides 
is also known in which nucleosides are converted into 
activated forms at the first stage of the reaction followed 
by the reaction with phosphate esters. In this case, 
pyrophosphate formation can, at least in principle, be 
avoided. Several attempts have been made to synthesize 
nucleotides by this procedure, the reaction conditions 
being so drastic as to cause side reactions such as 3 '—2' 
phosphoryl group migration.9) 

In this paper, we wish to report selective formation 
of pyrimidine nucleoside 5'-phosphates and cyclization 
of purine nucleosides by the use of diethyl azodicar­
boxylate (1) and triphenylphosphine (2). The reaction 
proceeds through initial activation of the 5'-hydroxyl 
group of nucleosides under mild conditions. At the 
outset of our work,10) there was only one procedure 
available for predominant formation of 3 '—5' inter-
nucleotidic phosphate linkage from unprotected nucleo­
sides and protected nucleotides.11) The present method 

has been worked out on the basis of the following facts. 
1) Because of the steric hindrance of three bulky 

aryl group, the reaction of triarylmethyl chlorides with 
nucleosides mainly gave 5'-0-triarylmethylnucleosides.12) 

2) T h e reaction of an alcohol with dibenzyl hydro­
genphosphate (3) in the presence of 1 and 2 at room 
temperature, followed by debenzylation, resulted in the 
formation of the corresponding alkyl dihydrogenphos-
phate in an excellent yield. I t was assumed that the 1: 1 
adduct (4) of 1 and 2 initially formed was converted 
into an alkoxyphosphonium salt (5) which collapsed to 
the phosphate triester as shown in Scheme l.13) 

EtO-C-fsl-NKC-OEt 
Ph3P* 

A 

EtO-C-N=N-C-OEt + Ph3P 

1 2 

(PhCHzOkP-OHPJ + ROĤ  rPh3^ORrO-P(OCH2Ph)2] + (EtO-C-NH)2 

5 

1 
RO-P(OCH2Ph)2 + Ph3P=0 

Scheme 1. 

When an unprotected nucleoside, instead of an 
alcohol, is used in this reaction, the nucleophilic attack 
of the 5'-hydroxyl group of the nucleoside on the 
sterically crowded phosphorus cation of 4 would be 
expected to be more favourable than that of 3 ' - and/or 
2'-hydroxyl ones affording the corresponding nucleoside 
5'-phosphate. In fact, the reagent formed by combina­
tion of 1 and 2 has been found to be effective for the 
condensation of 5'-hydroxy 1 group of unprotected 
thymidine and uridine with 3 . 

Thymidine was allowed to react with 1.5 molar equiv­
alents each of 1, 2, and 3 in tetrahydrofuran (THF) at 
room temperature for 1 day, the benzyl group being 
removed by hydrogenolysis. Examination of the 
resulting solution by paper chromatography revealed 
the presence of d p T (47%) and thymidine, with no 
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HN' 

(AN-HOVoJ 

HO X 

5* 
+ (PhCH20)2P-OH 

1) 1 * 2 

2 ) H 2 / P d ' 

HNATR 

9 o M 
(HO)2P-CH o I 

HO X 

R=CH3, X = H 

R = H , X=OH 

Scheme 2. 

formation of d T p and dpTp.14»15) When the reaction 
was carried out in dioxane (60 °G) and in hexamethyl-
phosphoric tr iamide ( H M P T ; room temperature) for 
1 day, followed by debenzylation, d p T was formed in 
62 and 7 3 % yields, respectively. Under the same 
conditions, uridine also reacted smoothly with 3 in 
dioxane (60 °C) and in H M P T (room temperature) to 
give p U in 68 and 7 8 % yields, respectively. The analysis 
of the crude reaction solution obtained after debenzyla­
tion was performed by paper chromatography to 
indicate the absence of by-products derived from the 
nucleoside (Scheme 2). O n the other hand, when 
thymidine was allowed to react with 3 molar equivalents 
each of 1, 2, and 3 in H M P T at room temperature, 
followed by hydrogenolysis, the formation of a small 
amount of a by-product was detected by paper chro­
matography. The by-product gave a similar U V 
absorption spectrum, as eluted from paper chromato-
gram, to that of thymidine, but with twice the electro-
phretic mobility of d p T at p H 3.2. The by-product was 
tentatively assigned to be d p T p or l-(2-deoxy-3,5-bis-
0-dihydroxyphosphinyl-/?-D-xylofuranosyl)thymine. The 
reaction in pyridine made the solution turn dark, giving 
d p T in a 19% yield along with several by-products. 
This would be the result of nucleophilic attack of the 

solvent to phosphonium salts.16) The by-products were 
not characterized. 

In order to examine the reactivity of 3'-hydroxyl 
group of nucleosides, 5'-O-benzoyl thymidine (dbzT) was 
allowed to react with 1, 2, and 3 in T H F at room 
temperature, a white precipitate being separated from 
the solution as the reaction proceeded. The precipitate 
was found to be 5'-O-benzoyl-O2,3'-cyclothymidine (7, 
4 6 % ) , 3 6 % of dbzT being recovered.17) This result 
indicates that the 3'-hydroxyl group of dbzT can also 
enter into the reaction to form the corresponding phos­
phonium salt (6), in which an intramolecular displace­
ment leading to 7 takes place more readily than inter-
molecular phosphate attack on 3'-carbon atom (Scheme 
3). The results are summarized in Table 1. 

Contrary to the case of pyrimidine nucleosides, 
purine nucleosides were scarcely converted into 5'-
phosphates, the main products being iV3,5'-cyclonucleo-

H J 1 F C H 3 

B z ° - ^ 0 J 1-2-3 , 

HO 

Wy "O-P( 

Ph3P^ P 

•P(OCH2Ph)2 

•Ph3P=0 

(EtO-C-NH)2 

XT' 
(PhCH^P-OH 

Scheme 3. 

TABLE 1. REACTION OF NUCLEOSIDES WITH 1, 2, AND 3 a ) 

Nucleoside 

dT 
dT 
dT 
dT 
dbzT 
U 
U 
U 

U 

A 

A 

G 

G 

Solvent 

THF 
Dioxaneb) 

HMPT 
Pyridine 
THF 
THF 
Dioxaneb) 

HMPT 
Trimethyl 

phosphate 
HMPT 

DMF 

HMPT 

DMF 

5'-0-l 

^3 ,5 ' 

#3 ,5 ' 

N*,5' 
N*,5' 

Product 

d^f 
dpT 
dpT 
dpT 

Benzoyl- O2,3 '-cyclothymidine 
pU 
pU 
pU 

pU 

pA 
- Gy cloadenosine 

pA 
- Gycoladenosine 

P G 
-Gycloguanosine 
-Gycloguanosine 

Yield, % 

47 
62 
73(77)c> 
19 
46d> 
42 
68 
78 

26 

0.5 
67 

0.5 
86 
0.2 

49 
24 

Recovered 
nucleoside, % 

50 
28 
25 (8) c> 
22 
36 
50 
27 
18 

63 

17 

10 

50 

75 

a) Unless otherwise stated, nucleoside was allowed to react with 1.5 molar equivalents 
each of 1, 2, and 3 at room temperature, the yields being determined by paper 
chromatography, b) The reaction was carried out at 60 °G. c) Three molar equiva­
lents of 1, 2, and 3 were used; A by-product was formed in a small amount. d) Iso­
lated yields. 
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sides (9). For example, the reaction of adenosine with 
1, 2, and 3 in H M P T at room temperature resulted 
in the formation of pA and iV^ö'-cycloadenosine (9a) in 
0.5 and 6 7 % yields, respectively. The yield of 9a 
increased to 8 6 % when the reaction was carriet out 
in DMF.18) Similarly guanosine afforded pG and 
7V3,5'-cycloguanosine (9b) in 0.2 and 4 9 % yields. The 
results are summarized in Table 1. 

The formation of 9 can be explained by assuming 
intermediacy of a quaternary phosphonium salt (8), 
cyclized by nucleophilic attack of the purine base to 
5'-carbon atom (Scheme 4, pa th ii) . The predominant 
formation of the purine cyclonucleoside would be 
attributed, at least in part , to electrostatic interaction 
between the phosphorus cation and purine base of 8 
which brought the reaction site (5'-C and 3-N) so close 
together as to favor cyclization.19) 

Ph3^oV%J 

HO OH 

8 

-PK3PO 

0 x-% 
•MROfepoyoJ 

HO OH 

I * LoJ "°*0Rk 
HO OH 

9 
R = PhCH2 

a) X=H, Y=NH2 
b) X= NH2| Y=0H 

Scheme 4. 

Since the intermolecular dehydration described above 
couples with an oxidation-reduction system,20) the 
redox potentials of reagents are expected to play an 
important role. In order to find the best combination, 
uridine was allowed to react with 3 in the presence of 
2 and various azo compounds for 3 h at room tempera­
ture. After hydrogenolysis, the yield of p U was determin­
ed by paper chromatography. The results are sum­
marized in Table 2. We see that the combination of 1 
and 2 affords the best result. When dibenzoyldiazene 
was used, 2,5-diphenyl-l,3,5-oxadiazole was isolated in a 
50% yield. The formation of the oxadiazole could be 

TABLE 2. REACTION OF URIDINE WITH 3 IN THE 

PRESENCE OF 2 AND AZO COMPOUNDS 

O O 

R _ G - N = N - G - R Y i e l d o f p U ' °/° R e c o v e r e d u> % 

EtO 
Ph 
/ — \ 

O N 
\ / 

60 
3.5 

27 
90 

94 

explained in terms of the deoxygenation-cyclization 
process via O-phosphonium salt (10) as shown in Scheme 
5.21> The oxadiazole was also isolated by the reaction 
of dibenzoyldiazene with 2 in nearly quanti tat ive yield. 

0 0 
Ph-C-N=N-C-Ph 

-Cac 

n'P P hW ? 9 
Ph-C C-Ph 

Vr/ 

+ Ph3P=0 _ Ph-C C-Ph 
N—N 

Scheme 5. 

In order to cofirm that the present system is applicable 
to the formation of internucleosidic phosphate linkage, 
the reaction of 5'-0-benzoylthymidine 3'-(2-cyanoethyl)-
phosphate [dbzTp(CNEt) ] with thymidine was carried 
out. The dbzTp(CNEt) reacted smoothly with 
thymidine in the presence of 1 and 2 in H M P T at room 
temperature. After the solution had been kept stirring 
overnight, d -bzT3 'p(CNEt)5 'T was isolated in a 54% 
yield by column chromatography. Removal of the 
protecting groups afforded d-T3 'p5 'T which was 
completely degraded to d T and d p T by snake venom 
phosphodiesterase (Scheme 6) . 

Th 
B z 0 V y • NCCWHzO-fcoHk-TÊ 

HO 

Th 
B z O y O J 

9/0 
HO-P' N0CH2CH2CN 

Th 
BzO-^OJ 

d T ° » 2 . NCCH2CH2oi° T h MeOH-NH3 ) d ,T 3 ,p 5 ,T 

OyOJ 

HO 

Scheme 6. 

The results indicate that the condensation reaction by 
the use of 1 and 2 proceeds through the initial activation 
of nucleosides. The system is effective in the selective 
formation of nucleoside 5'-phosphates and of 3 '—5' 
internucleotidic linkage by the triester method under 
mild neutral conditions with the following limitation. 
1) Pyrimidine nucleosides selectively give the corre­
sponding nucleoside 5'-phosphates, while purine nucleo­
sides mainly affords 7V3,5'-cyclonucleosides. 2) 
Phosphate diesters can also be activated giving pyro­
phosphates when hindered nucleosides are used.22) 3) 
Since the selectivity originates from the difference in 
steric requirements between 5'- and 3'(or 2')-hydroxyl 
groups, the 3'-hydroxyl group can also enter into the 
reaction giving nucleoside diphosphates and/or 0 2 , 3 ' -
pyrimidine cyclonucleosides. O n hydrolysis, the latter 
compounds are converted into xylofuranosylnucleoside. 
2 '-Hydroxy groups would also undergo the same reac­
tion affording 02,2'-cyclonucleosides which are hydro-
lyzed to arabino epimers.23) The use of excess condensing 
reagent should be avoided. 
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I n sp i te of severa l l i m i t a t i o n s , t h e se lect ive p r e p a r a ­
t i o n of p y r i m i d i n e n u c l e o s i d e 5 ' - p h o s p h a t e s b y t h e use 
of 1 a n d 2 was successfully a p p l i e d to t h e synthes is of 
d - T 3 ' p 5 ' T . I n o r d e r to e x t e n d t h e nuc l eos ide a c t i v a t i o n 
process , a m e t h o d of p r e v e n t i n g t h e i n t r a m o l e c u l a r 
cyc l i za t i on of nuc leos ides shou ld b e w o r k e d out . 2 4 ) 

E x p e r i m e n t a l 

Diethyl azodicarboxylate (1),25> dibenzoyldiazene,26) bis-
(morpholinocarbonyl)diazene,27) dibenzyl hydrogenphos-
phate,28) and 2-cyanoethyl dihydrogenphosphate2 9) were pre­
pared by the known procedure. Unless otherwise stated, the 
reaction was carried out a t room temperature . Paper chro­
matography was performed by ascending technique using 
Toyoroshi No . 51A paper . Solvent systems: A, 1-propanol-
2 M H G 1 = 5 : 1; B, 1-propanol-concd N H 3 - H 2 0 = 6 : 3 : 
1; C, 1-butanol-acetic a c i d - H 2 0 = 5 : 2 : 3 ; D, 2-propanol-
c o n c d N H 3 - H 2 0 = 7 : 1: 2. T h e Äf values of different 
compounds are given in Table 3. Ultraviolet absorption 
spectra were obtained on a Hi tachi EPS-3T recording spec­
t rometer ; the extinction coefficients used in calculating yields 
are given in Table 3. Tetrahydrofuran (THF) was distilled 
from Na ; stored over Na and distilled from C a H 2 immediately 
before use. Hexamethylphosphoric t r iamide ( H M P T ) was 
distilled from C a H 2 immediately before use. Dioxane was 
distilled from Na and stored over Na. I t is essential t ha t 
moisture be excluded from all coupling reaction systems. 

Preparation of Pyrimidinenucleoside 5'-Phosphates. A solu­
tion of 1 (261 mg, 1.5 mmol) in T H F (1 ml) was added drop-
wise over a period of 1 h to a suspension of nucleoside ( 1 mmol) , 
2 (393 mg, 1.5 mmol) and 3 (417 mg, 1.5 mmol) in T H F (1 
ml).30> T h e nucleoside dissolved on addit ion of 1. After the 
solution had been kept stirring overnight, the solvent was 
removed under reduced pressure. T h e residue was dissolved 
in 75 % ethanol (20 ml) and subjected to hydrogenolysis over 
P d O (200 mg) . After the theoretical amount of hydrogen had 
been absorbed, the catalyst was removed by filtration, the 
filtrate being made up to 50 ml. A measured volume of the 
solution was chromatographed for the determination of 
the amounts of nucleoside 5'-phosphate and the recovered 
nucleoside. The spots and appropr ia te blank areas 
of the paper were eluted after being cut into short 
pieces by soaking in s tandard volume of water for 
about 12 h, and their concentrations were determined 

spectrophotometrically. 

When the reaction was carried out in dioxane, a solution 
of 1 was added over a period of 1 h to a suspension of nucleo­
side, 2, and 3 in dioxane a t 60 °C with stirring. Before the 
work-up, the mixture was held a t 60 °C for 2 h and then kept 
stirring overnight at room temperature . 

Thymidine and uridine ( 1 mmol) nearly completely dissolv­
ed in H M P T (1 ml) . Triphenylphosphine oxide which 
separated was removed by filtration before hydrogenolysis. 

T h e results are summarized in Table 1. 

Comparison of the Combination of Various Azo Compounds with 
Triphenylphosphine. A solution of azo compound (1.5 
mmol) and 3 (1.5 mmol) in H M P T (2 ml) was added dropwise 
to a solution of uridine (1 mmol) and 2 (1.5 mmol) in H M P T 
( 1 ml) over a period of 2 h at room temperature . After the 
solution had been kept stirring for 1 h, followed by hydro­
genolysis, the yield of p U was determined by paperchroma-
tography. 5 ml of H M P T was required to dissolve bis(mor-
pholinocarbonyl)diazene. T h e results are summarized in 
Table 2. 

Isolation of 2,5-Diphenyl-l,3,4-oxadiazole. Uridine (1 
mmol) was allowed to react with 1.5 molar equivalents each 
of 2, 3, and dibenzoyldiazene. The mixture was poured into 
water (15 ml) with continuous shaking and left to stand 
overnight. T h e aqueous layer was removed by décantation, 
the residue being washed with water (10 ml) . To the residue 
was added benzene and 4 % aqueous NaHCOg solution (5 
ml) , part i t ioned, and the aqueous phase was extracted with 
ethyl acetate. The combined extracts were dried, evaporated, 
and applied to silica gel plates (Merck PF2 5 4 , 20 cmX 20 cm) . 
2,5-Diphenyl-l,3,4-oxadiazole was isolated by developing the 
plates with chloroform, 165 mg, 5 0 % , m p 138 °C (ligroin). 
M S ; mje 222 (M+), 166, 165. T h e oxadiazole was identified 
by comparison of its I R spectrum with a s tandard chart . 

Reaction of Dibenzoyldiazene with Triphenylphosphine. A 
solution of dibenzoyldiazene (238 mg, 1 mmol) in T H F (2 ml) 
was added dropwise to a solution of 2 (262 mg, 1 mmol) in 
T H F (2 ml) . After the reaction solution h a d been kept 
stirring for 6 h, the solution was chromatographed on silica 
gel plates (Merck PF2 5 4 , 20 cm X 20 cm, CHC13) giving 2,5-di-
phenyl-l ,3,4-oxadiazole (214 mg, 9 6 % , mp 136—137.5 °C) 
and triphenylphosphine oxide (211 mg, 76 % ) . 

Reaction of Purine Nucleosides with 1, 2, and 3. A solution 
of 1 (270 mg, 1.55 mmol) and 3 (417 mg, 1.5 mmol) in H M P T 
( 1 ml) was added dropwise over a period of 1 h to a suspension 

T A B L E 3. Rf VALUES AND EXTINCTION COEFFICIENTS USED FOR THE CALCULATION OF YIELDS 

^max/ n m (Solvent) 
Rf value in systema) 

/\ 1 U 

9.65 
9.00 

10.1 
10.0 

14.9 
15.0 
13.6 
12.3 
12.2 
11.8 

A 

0.70 
0.83 

B 

0.22 
0.31 

0.14 

0.04 

G 

0.45 
0.03 

0.26 

D 

0.64 
0.17 

0.47 
0.05 
0.12 

0.22 

0.11 

dT 
dpT 
dTp 

U 
pU 
Up 

A 
pA 

iV3,5'-Cycloadenosine 
G 

pG 
-W3,5'-Cycloguanosine 

267 (H20) 
267 (H20) 

262 (H20) 
262 (H20) 

261 (H20) 
262 (H20) 
273 (0.05 M HCl) 
256 (0.05 M HCl) 
256 (0.05 M HCl) 
250 (0.05 M HCl) 

a) T h e solvent systems a re ; A, l -propanol-2 M H C 1 = 5 : 1; B, 1-propanol-concd N H 3 - H 2 0 : 
6 : 3 : 1; C, 1-butanol-acetic a c i d - H a O = 5 : 2 : 3 ; D, 2-propanol-concd N H 3 - H 2 0 = 7 : 1: 2. 
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of adenosine (267 mg, 1 mmol) and 2 (393 mg, 1.5 mmol) in 
HMPT (2 ml). A virtually clear solution was obtained. 
Precipitation took place shortly afterwards. After the mixture 
had been kept stirring overnight, triphenylphosphine oxide 
was removed by filtration and washed with small quantities 
of HMPT and water successively. The combined filtrate and 
washing were made up to 25 ml with ethanol and water 
(solution A). A measured volume was applied to Toyoroshi 
No. 51A paper which was developed in system G. Two bands 
corresponding to unchanged adenosine and JV3,5'-cycloadeno-
sine were eluted with water and 0.05 M hydrochloric acid, 
respectively, and subjected to analysis. The yield of pA was 
also determined by paper chromatography after the solution 
A (20 ml) had been subjected to hydrogenolysis over Pd-G 
(300 mg). 

When the reaction was carried out in DMF, no precipita­
tion of triphenylphosphine oxide took place. 

In a similar manner, the reactions of guanosine with 1, 2, 
and 3 were carried out in HMPT and in DMF and the yields 
of products were estimated by paper chromatography. The 
chromatograms were developed in system D for the estimation 
of iV3,5'-cycloguanosine and guanosine, and in system B for 
pG. Respective bands were eluted with 0.05 M HCl. When 
the reaction was carried out in HMPT, a virtually clear 
solution was obtained with the progress of reaction. On the 
other hand, guanosine was hardly soluble in DMF, the undis­
solved guanosine (65%) being filtered off before analysis. 

The results are summarized in Table 1. 
Preparation ofdbz Tp(CNEt). A mixture of 2-cyanoethyl 

dihydrogenphosphate (10 mmol) and dbzT (692 mg, 2 
mmol)31) was dried by repeated evaporation of added portion 
of pyridine, dissolved in pyridine (40 ml), and treated with 
dicyclohexylcarbodiimide (DGG, 30 mmol) for 2 days at room 
temperature. Water (40 ml) was added and, after allowing 
the mixture to stand at room temperature for several hours, 
JV,iV-dicyclohexylurea was removed by filtration. The filtrate 
was extracted with petroleum ether (three 40 ml portion) in 
order to remove DGG. The residual aqueous pyridine solution 
was passed through a column of Dowex-50 (H+) ion exchange 
résine and the column was washed with water. The total 
effluent was adjusted to pH 7.5 with 0.05 M Ba(OH)2 at 0 °G. 
The solution was concentrated to ca. 5 ml (below 40 °G) and 
excess 2-cyanoethyl dihydrogenphosphate (barium salt) was 
removed by precipitation with three volume of ethanol and 
centrifugation. The supernatant layer was concentrated in 
vacuo (below 30 °G) giving a crystalline product. In order to 
remove barium ion, the product was applied to Dowex-50 
(H+) ion exchange resin column and effluent was lyophilized 
affording paper chromatographically homogenious dbzTp-
(GNEt); 680 mg, 71%, R{ (system G) 0.70. 

Preparation of d-bzT3'p(CNEt)5'T. A solution of 1 
( 174 mg, 1 mmol) in HMPT ( 1.5 ml) was added dropwise 
over a period of 1 h to a solution of dbzTp(GNEt) (240 mg, 
0.5 mmol), thymidine (242 mg, 1 mmol), and 2 (262 mg, 1 
mmol) in HMPT (1.5 ml) at room temperature. After the 
solution had been kept stirring overnight, triphenylphosphine 
oxide precipitated was removed by filtration. Solids separated 
by addition of water (80 ml) to the filtrate. However, on 
centrifugation followed by removal of the supernatant liquid, 
the solids became gum which was taken up in THF (3 ml). 
On addition of ethyl acetate (20 ml), white solids precipitated. 
They were collected and purified by means of Sephadex LH-20 
column (3 X 40 cm, eluted with THF), giving chromatogra­
phically homogenious d-bzT3'p(CNEt)5'T in a 54 % yield; 
softened at 137 °G, turning a clear melt at 150 °G; R{ (system 
G) 0.78. 

The d-bzT3 ,p(GNEt)5 ,T thus obtained was treated with 

methanol saturated with NH3 overnight at room temperature. 
The solution was applied to Toyoroshi No. 51A paper and 
developed in system G. The band with R{ 0.32 was eluted and 
the effluent was liophilized giving d-T3'p5'T, which was 
completely degraded to dT and dpT (1:1 ratio) by snake 
venom phosphodiesterase (tris buffer, pH 8.1 at 37 °G). 

This work was supported financially by the Ministry 
of Education J a p a n . 
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Carbon-Carbon Bond Formation by Use of Chloroiodomethane as a Ci 
Unit. I. Formation of Chloromethyltriphenylphosphonium 

Iodide, and Its Application for the Wittig Chloro-
methylenation of Aldehydes and Ketones1) 

Sotaro M I Y A N O , * Yu IZUMI, Katsuo F U J I I , Yutaka O H N O , and Harukichi HASHIMOTO 

Department of Applied Chemistry, Faculty of Engineering, Tohoku University, Aramaki-Aoba, Sendai 980 
(Received September 12, 1978) 

Chloromethyltriphenylphosphonium iodide has been prepared by the reaction of chloroiodomethane with 
triphenylphosphine. Upon treatment with potassium f-butoxide in f-butyl alcohol, the phosphonium iodide 
was converted into chloromethylenetriphenylphosphorane; this in turn was used for the Wittig reaction of aldehydes 
and ketones into the corresponding chloroolefins of the type RCH=CHC1 and RR'C=CHC1 in good to moderate 
yields. The configurations of these chloroolefins were assigned on the basis of NMR spectral studies. Direct 
conversion of benzaldehyde into phenylacetylene was also achieved using the phosphonium salt and excess potassium 
f-butoxide. 

Chloroiodomethane can be easily obtained in large 
quantities from dichloromethane via a halogen exchange 
reaction with sodium iodide in dipolar aprotic media,2 '3) 
or under phase-transfer conditions.4) I t is useful as a 
methylene source for the cyclopropanation5) of olefins as 
well as for the methylenation6) of aldehydes via organo-
zinc intermediates. 

As is well recognized, the Witt ig olefination reaction 
of carbonyl function is one of the most successful synthetic 
routes to a wide variety of unsaturated compounds. 
Chloroolefins are also accessible by the chloromethylena-
tion of carbonyl compounds with chloromethylenetri-
phenylphosphorane (Ph3P=CHCl, 2).7> However, the 
requisite precursor chloromethyltriphenylphosphonium 

+ 
salts ((Ph3PCH2Cl)X) have only been prepared by 
somewhat complicated procedures, such as those 
described by Seyferth et a/.,8) by Wittig and Schlosser,9) 
and by Appel and Morbach.10) Chlorocarbene: CHC1 
generated from dichloromethane and butyll i thium adds 
to triphenylphosphine to form the phosphorane (2 ) , 8 ' n ) 

but it is said that troublesome isolation of the phos­
phorane from residual triphenylphosphine is necessary 
to obtain chloroolefins in good yields.8b) This problem 
can be avoided to some extent by use of (bromochloro-
methyl)phenylmercury as the carbene source; never­
theless, the yields are moderate.12) 

During the course of our investigation on the carbon-
carbon bond formation utilizing chloroiodomethane as a 
Cj unit, we found that it smoothly reacts with triphenyl­
phosphine to afford chloromethyltriphenylphosphonium 
iodide (1) as a white precipitate.1) We report here 
another convenient method for the conversion of 
aldehydes and ketones into chloroolefins using the 
phosphonium iodide (1) for the Wittig reaction.** 

R e s u l t s a n d D i s c u s s i o n 

Formation of Chloromethyltriphenylphosphonium Iodide (1) 
from Chloroiodomethane and Triphenylphosphine. Table 
1 shows the results of the reaction of chloroiodomethane 

** After this work had been submitted for publication, the 
+ -

authors learned that fluoromethylenation with (Ph3PCH2F)I 
had been reported: D. J. Burton and P. E. Greenlimb, f. Org. 
Chem., 40, 2796 (1975). 

TABLE 1. PREPARATION OF CHLOROMETHYL-

TRIPHENYLPHOSPHONIUM IODIDE ( 1 ) 

Ph3P CH2C1I 
(mmol) (mmol) 

Solvent 
(ml) 

Temp 
(°G) 

Time 
(h) 

Yield of 

(%) 
10 12 EtaO 20 20—25 20 
10 

120 
120 
50 

100 

11 
150 
150 
70 

110 

THF 
THF 
THF 

f-BuOH 
DMF 

10 
150 
150 
50 

120 

50 
67 
67 
83 

100 

20 
8 

20 
6 
8 

34 
60 
70 
72 
0 

a) Isolated yield based on Ph3P. 

and triphenylphosphine in several solvents. When the 
reaction was carried out in T H F , 1 began to precipitate 
as white solids in the course of the initial 1/2 h heating 
at reflux. The phosphonium salt amounted to a 6 0 % 
isolated yield after an 8 h reaction, and to a 70% yield 
after 20 h (Eq. 1): 

CH2C1I + Ph3P (Ph3PCH2Cl)I 

1 
(1) 

This phosphonium salt showed an I R spectrum quite 
similar to that of chloromethyltriphenylphosphonium 
chloride over the range from 4000 to 625 cm - 1 .1 3) I t 
gave satisfactory elemental analysis data, and was 
converted into the known tetraphenylborate.8 , 9 ) In 
refluxing /-butyl alcohol, the reaction time was somewhat 
shortened, probably due to a higher reaction tempera­
ture, while the resulting precipitate had to be washed 
well with T H F to remove residual triphenylphosphine. 
When a mixture of chloroiodomethane and triphenyl­
phosphine in D M F was heated, it turned dark brown, 
but no precipitate was formed. 

Chloromethylenation of Aldehydes and Ketones with Chloro-
methyltriphenylphosphonium Iodide (1) and Base. 
Tables 2 and 3 summarize the results of the chloro­
methylenation of several carbonyl compounds by the 
Wittig reaction. I t can be seen that some aldehydes and 
ketones can be easily converted into the corresponding 
chloroolefins of the type RCH=CHC1 and RR'C=CHC1 
in good to moderate yields by use of 1 and potassium t-
butoxide in f-butyl alcohol (Scheme 1). 
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TABLE 2. CHLOROMETHYLENATION OF KETONES8^ 

a 

b 

c 

d 

e 

f 

g 

R \ 
c=o 

R -

- ( C H 2 ) 5 -

- ( C H 2 ) 6 -

- C H ( C H 2 ) 4 -

GH 3 

- C H ( C H 2 ) 2 

C H ( C H 3 ) 2 

C 6 H 5 -

/> -CIC 6 H 4 -

j&-CH3C6H4-

- R ' 

CHCH2- f> 

C H 3 

- C H 3 

- C H 3 

- C H 3 

Base 

*-BuOK 
f-BuOLi 

E t O N a 

*-BuOK 

K2C03
d> 

*-BuOK 

f-BuOK 

E t O N a 

t-BuOK 

E t O N a 

*-BuOK 

E t O N a 

*-BuOK 

E t O N a 

t-BnOK 

E t O N a 

f-BuOK 

E t O N a 

Solvent 

*-BuOH 
/ -BuOH 

E t O H 

T H F 

T H F 

*-BuOH 

f-BuOH 

E t O H 

f-BuOH 

E t O H 

f-BuOH 

E t O H 

t-BuOH 

E t O H 

*-BuOH 

E t O H 

/ -BuOH 

E t O H 

Products and yield (%)b> 

R \ 
C=CHC1 

R ' / 
(3) 

94 

58 

92 

62 

trace 

55 

86e) 

56 

89 

49 

61 
trace 

75 

38 

59 

8 

65 

2 

EjZ 
Ratioc> 

92 /8 

55/45 

72/28 

56/44 

68/32 

53/47 

75/25 

57/43 

R \ 
C=CH2 

R " 
(4) 

3 .4 

trace 

0 

7 .9 

0 

13 

13 
1 

13 

1 

17 

trace 

a) Solvent, 50—70 ml; RR'C=0, 20 mmol; 1, 25 mmol; base, 30 mmol; temp, 20—25 °C; time, 4 h; under a 
nitrogen atmosphere, b) GLC yield based on RR'C=0. c) Peak area of each isomer on GLC was approxi­
mated to the molar ratio, d) The reaction was carried out on the scale of 1/2 using 18-crown-6 (70 mg) as 
the phase-transfer catalyst under reflux for 9 h. e) Gycloheptanone, 10 mmol, f) Menthone. 

TABLE 3. CHLOROMETHYLENATION OF ALDEHYDES^ 

h 

i 

j 
k 

1 

m 

R C H O 
R -

C 6 H 5 -

/>-ClC6H4-

O - G 1 G 6 H 4 -

/>-CH 3OC 6H 4 -

/>-CH3C6H4-

n-C 8 H 1 7 -

React ion conditions 

Base (mmol) 

E t O N a 

E t O N a 

E t O K 

f-BuOK 

*-BuOK 

f-BuOK 

*-BuOK 

*-BuOK 

*-BuOK 

*-BuOK 

f-BuOK 

*-BuOK 

50c> 

50c> 

40c> 

55 

55 

55 

30 

30 

30 

30 

30 

30 

T e m p (Time, h) 

Ambient (4) 

Ambient (4), then 
reflux (3) 

Ambient (4), then 
reflux (3) 

Ambient (1) 

Ambient (1), then 
reflux (2) 

Ambient (1), then 
reflux (8) 

Ambient (2) 

Ambient (4) 

Ambient (4) 

Ambient (4) 

Ambient (4) 

Ambient (4) 

Products and yielc 

RHC=GHC1 E/Z 
(3) Rat io 

77 

60 

66 

81 

20 

trace 

45 

69 

66 

60 

62 
45 

78/22 

100/0 

100/0 

46 /54 

100/0 

— 

62/38 

38/62 
50/50 

d ) 

d ) 
44 /56 

I (%) b ) 

R G = C H 
(5) 

1 

16 

27 

7 

71 

91 

28 

3 

5 

10 

15 

trace 

a) f-BuOH (50—70 ml) was used as solvent 
In the case of benzaldehydes (h—1), the 
b) See footnotes b) and c) in Table 2. c) 
not be sufficiently well separated from each 

unless otherwise noted. RGHO,20 mmol; 1, 25 mmol, 
styrène ArCH=CH2 was also detected in 3—5% yield. 
Solvent, EtOH, 50 ml. d) The E- and Z-isomer could 
other on GLC ( b u t £ < Z ) . 

Upon addition of 1 to a potassium £-butoxide solution 
in i-butyl alcohol under nitrogen, the orange-red color 
characteristic of phosphinemethylene reagents devel­
oped. T o this mixture was added ca. 0.8 molar equivalent 
amount of a carbonyl compound. For example, after 
4 h stirring at ambient temperature, all of the cyclo-

hexanone reacted to afford chloromethylenecyclohexane 
(3a) in as high as 94% yield. Small amounts of meth-
ylenecyclohexane was also formed a sa by-product, 
showing some reduction had occurred during the 
process. T h e exact nature of the reduction is not yet 
clear,14) but the methylenation reaction was dependent 
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(Ph3PGH2Gl)I 

1 

/-BuOK//-BuOH 

- H I 

c=o Rx 
PhoP=GHGl 

-Ph3P=0 R ' / 
G=GHG1 

Scheme 1. 

on the substrate carbonyl compounds as well as on the 
reaction medium; menthone and acetophenones gave 
relatively large amounts of methylenated products, and 
the E t O N a / E t O H system seemed to suppress the 
reduction. 

When the chloromethylenation was carried out in 
ethyl alcohol using sodium ethoxide as the base, the 
chloromethylenephosphorane (2) showed diminished 
reactivity. Thus, with this solvent-base combination, 
reactive substrates such as cyclohexanone and benz-
aldehyde gave chloroolefins in good yields, but almost all 
of the menthone was recovered unchanged. A solid-
liquid two phase system16) using 18-crown-6 as the 

phase-transfer catalyst and sodium carbonate powder 
as the base did not work well. Organoli thium reagents 
have been used conventionally in the Witt ig chloro­
methylenation reaction under rather severe reaction 
conditions.8»9»11) In preliminary experiments, however, 
chloromethylenation of cyclohexanone with butyllithium 
was complicated by the occurrence of an alkylation 
reaction to pentylidenecyclohexane, and no further 
investigation was conducted. 

The Witt ig methylenation of cycloheptanone is 
reported to have resulted in poor yields,17) but chloro-
methylenecycloheptane (3b) was obtained in a reason­
able yield by use of about twice as much of the 
phosphorane (2). 

NMR Spectral Studies of 1-Chloroolefins. In the 
reaction with aldehydes and unsymmetrical ketones, two 
geometric isomers of 1-chloroolefins were formed in 
roughly comparable yields, showing that the chloro­
methylenephosphorane (2) is one of the semistabilized 
ylids.18) In a given pair of isomeric chloroolefins, the 
component which eluted first on G L C (Apiezon Grease 
L column) was assigned to the Z-configuration on the 

TABLE 4. NMR SPECTRAL DATA OF 1-CHLOROOLEFINS (3)a) 

Compound 
Chemical shifts and assignments 

=CHC1 Other protons 

3a 

3b 

5.63 (m)b> 

5.69 (m)b> 

E-3d 
Z-3e 
E-3e 
Z-3Î 
E-3Î 
Z-3g 

£-3g 
Z-3h 
£-3h 
Z-3i 
E-31 
Z-3j 

£-3j 
Z-3k 

£-3k 

Z-31 

E-31 

Z-3m 

E-3m 

5.63 
5.96 
6.15 
5.98 
6.19 
5.95 

6.15 
6.07 
6.43 
6.11 
6.41 

(m)» 
(q,7= 
(q , /= 
(<hJ= 
(q,7= 
(<bJ= 

(q,y= 
(d,y= 
(d,y= 
(d,y= 
(d,J= 

6.28 (d ,y= 

6.46 
5.98 

6.31 

5.95 

6.33 

5.91 

(d,J= 
(d,y= 

(d,y= 

(d,J= 

(d,J= 

= 1.4) 
= 1.3) 
= 1.5) 
= 1.4) 
= 1.6) 

= 1.5) 
=8.2) 
= 15) 
=8.2) 
=13.3) 
= 8.0) 

=13.4) 
=8.0) 

=13.8) 

=8.4) 

= 16) 

(dt,Jcis = 7/< 
7 H , C H 2 ^ 1 
5.77 (m)b> 

—CH 
1.4—1.8 (6H, br, -(CHj),-) , 1.8—2.5 (4H, m, 2%C=C) 

- C H / 
n t r 

1.3—1.8 (8H, br, -(CH,)4-) , 2.0—2.5 (4H, m, 2XC=C) 
- C H / 

0.7—1.2 (9H, m, 3-CH3), 1.2—2.4 (8H, m), 2.4—2.7 (1H, m) 
2.0 (3H, d, 7 = 1 . 4 , -CH,) , 7.2 (5H, s, -C6H5) 
2.1 (3H, d, J= 1.3, -CH,) , 7.2 (5H, s, -C6H5) 
2.0 (3H, d, 7 = 1 . 5 , -CH,) , 7.2 (4H, s, -C6H4) 
2.1 (3H,d, 7 = 1 . 4 , -CH,) , 7.1 (4H,s,-C6H4) 
2.0 (3H, d, 7 = 1 . 6 , =C-CH,), 2.3 (3H, s, Ph-CH3), 7.1 (4H, s(br), 
-G6H4) 
2.1 (3H, d, 7 = 1.5, =C-CH,), 2.3 (3H, s, Ph-CH,), 7.0 (4H, s, -C6H4) 
6.5 (1H, d, 7 = 8 . 2 , =CH-Ph), 7.1—7.6 (5H, m, -C6H5) 
6.7 (1H, d, 7 = 1 5 , =CH-Ph), 7.1—7.6 (5H, m, -C6H5) 
6.4 (1H, d, 7 = 8 . 2 , =CH-Ph), 7.1—7.6 (4H, q-Hke, -C6H4) 
6.7 (1H, d, 7 = 1 3 . 3 , =CH-Ph), 7.1 (4H, s, -C6H4) 
6.8 (1H, d, 7 - 8 . 0 , =CH-Ph), 7.0—7.4 (3H, m, -C6H,), 7.6—7.9 
(1H, m, -C,H) 
7.0 (1H, d, 13.4, =CH-Ph), 7.0—7.4 (4H, m, -C6H4) 
3.7 (3H, s, -OCH,) , 6.4 (1H, d, 7 = 8 . 0 , =CH-Ph), 6.5—7.6 (4H, m, 
-G6H4) 
3.7 (3H, s, -OCH,) , 6.7 (1H, d, 7 = 1 3 . 8 , =CH-Ph), 6.6—7.3 (4H, q-
like, -C6H4) 
2.2 (3H, s(br), -CH,) , 6.4 (1H, d, 7 = 8 . 4 , =CH-Ph), 6.8—7.5 (4H, 
m, -C6H4) 
2.2 (3H, s(br) ,-CH,), 6.55 (1H, d, 7 = 1 6 , =CH-Ph), 6.8—7.5 (4H, 
m, -C6H4) 
0.7—1.0 (3H, t, CH,), 1.0—1.7 (12H, br , -(CH 2) 6-) , 1.8—2.4 (2H, 
m, -CH2-C=C), 5.7 (1H, dt, Jcis=7.2, Jvis=7.2, =CH-Alkyl) 
0.7—1.1 (3H, t, -CH,) , 1.1—1.6 (12H, br, - (CH,) , - ) , 1.7—2.3 (2H, 
m, -CH2-C=C), 5.8 (1H, br, =CH-Alkyl) 

a) CCI4 (5—10%); chemical shift, d (ppm) from internal hexamethyldisiloxane ; coupling constant, J(Hz). 
b) Rather sharp signal. 
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basis of N M R studies (Table 4). Chemical shifts of 
vinylic protons of these 1-chloroolefins were correlated 
well with the known empirical formula of Pascual, 
Meier, and Simons.19) In the case of /?-chlorostyrenes 
(3e—31), in general, the proton which locates in the 
geminal position to the chlorine atom in the £-isomer 
resonanced at a lower magnetic field than that in the 
Z-isomer. The N M R spectra of (£) - and (Z)-chloro-
methylene-2-methylcyclohexane (3c) were assigned as 
summarized in Scheme 2 : 

Z-3c £-3c 
H a : 55.63 (d, y a c = 1.8 Hz) H a : 55.62 (m, J&c= 1.5 Hz) 
Hb : 2.9—3.4 (m) Hb : 2.5—2.9 (m) 
Hc + Hd : 1.9—2.4 (m) H c : 2.0—2.3 (m) 
H e : 1.3—1.9 (m) Hd + H e : 1.2—2.0 (m) 
H f : 1.05 (d, Jhf = 7 Hz) Hf : 1.02 (d, Jc{ = 7 Hz) 

Scheme 2. 

The P C K model shows considerable steric interaction 
between the CI and the H b a tom. Thus , the methyl 
substituent attached to the C2 a tom of the Z-isomer 
seemed to be restrained to the axial position. The 
remarkable downfield shift of the H b protons of each 
isomer can be explained by the steric compression effect 
(van der Waal 's shift) and/or the anisotropic effect of 
the nearby CI atom.20»21) T h e H a proton of the E-
isomer showed a multiplet, but rather narrow signal; 
this was sharpened by irradiation of the H c proton, 
showing a magnetic interaction between H c and H a . 
Similar allylic long-range couplings are documented.22) 

The vinylic protons of (£)- l-chloro-l-decene (£-3m) 
showed a somewhat confusing N M R spectrum. I t can 
be characterized as shown in the last line of Table 4 
on the assumption that each vinylic proton resonanced 
at almost the same magnetic field, reducing the apparent 
Jtrans tO Z e r o . 2 3 ) 

Conversion of Benzaldehyde into Phenylacetylene. From 
benzaldehydes, phenylacetylenes as well as /?-chloro-
styrenes were formed in the chloromethylenation 
reaction (Table 3). From the results of the reaction of 
benzaldehyde conducted in the presence of excess 
amounts of alkoxides and employing longer reaction 
periods, it is concluded that the phenylacetylene was 
formed via dehydrochlorination of the initially formed 
/?-chlorostyrenes, the Z-isomer reacting much faster 
than the ^-counterpar t . The dehydrochlorination with 
sodium or potassium ethoxide in ethyl alcohol consumed 
only the Z-isomer under the reaction conditions, 
leaving the other chloride intact, while both were 
converted to phenylacetylene by refluxing with t-
butoxide in t-bvXy\ alcohol.24) I t is known that dehydro-
halogenation from olefinic halides with alkoxides 
proceeds mainly through an E2 mechanism via trans-
elimination, and in many instances the relative rate 

ratio of Z- to £-isomer ranges from 104 to 106.25) O n 
the other hand, Schlosser and Ladenberger reported that 
(ii)-/?-chlorostyrenes are more sensitive to phenyllithium 
than the corresponding Z-isomer, suggesting an E2cB 
mechanism for the dehydrochlorination.26) 

Irrespective of the precise mechanism involved, it is 
noteworthy that the formyl function of benzaldehydes 
can be converted into the acetylenic grouping in a 
one-pot reaction. Further studies are now in progress. 
Multistep formyl to ethynyl conversions have been 
reported by Villieras et al.2,1) and by Corey and Fuchs.28) 

Exper imenta l 

The IR spectra were recorded on a Shimadzu IR 430 
spectrometer. The NMR spectra were determined using a 
Hitachi R-24A spectrometer (60 MHz), with hexamethyl-
disiloxane as an internal standard. GLG analyses were carried 
out with a Shimadzu GG-3AF or a Shimadzu GG-3BT 
apparatus using a Silicone DG 550 (20%), an Apiezon Grease 
L (20%), or a Silicone DG 410 (20%) on Diasolid M (60— 
80 meshes) column. A Shimadzu GG-2G apparatus was used 
for the preparative GLG using an Apiezon Grease L column. 

Materials. Ghloroiodomethane was obtained by the 
procedure described before.2) Commercial ketones and alde­
hydes except j^-chlorobenzaldehyde, which was used as pur­
chased, were dried over magnesium sulfate, and distilled at 
reduced pressure and stored under nitrogen. Triphenylphos-
phine (mp 80.5 °C), sodium tetraphenylborate, and 18-crown-
6 were used without further purification. Solvents were 
purified as usual before use. 

Preparation of Chloromethyltriphenylphosphonium Iodide (1). 
Triphenylphosphine (120 mmol) was dissolved in 150 ml of 
THF in a 500 ml round-bottomed flask equipped with a 
magnetic stirrer, a pressure-equilibrating dropping funnel, a 
thermometer, and a Widmer reflux condenser topped with a 
nitrogen inlet tube. The mixture was stirred rapidly while 
chloroiodomethane (150 mmol) was added. The flask was 
immersed in an oil bath and the mixture was heated at reflux 
for ca. 20 h. The resulting white precipitate was filtered, and 

TABLE 5. NMR SPECTRAL DATA OF METHYLENATION 

PRODUCTS (4) AND ACETYLENES ( 5 ) a ) 

Compound Chemical shifts and assignments 

a) See footnote a) in Table 4. 

4d 0.8—1.1 (9H, m, 3-GH3), 1.2—2.5 (9H, m), 
4.4—4.5 (1H, br), 4.5—4.6 (1H, br) 

4f 2.1 (3H, d, -CH3) , 5.0 (1H, q, =GH trans to 
Ph), 5.2 (1H, d, =GH eis to Ph), 7.2 (4H, s, 
-C6H4) 

4g 2.0 (3H, dd, =G-GH3), 2.2 (3H, s, Ph-CH3), 
4.8 (1H, m, =GH trans to Ph), 5.2 (1H, m, 
=GH eis to Ph), 6.8—7.3 (4H, q-like, -G6H4) 

4k 3.7 (3H, s, -OGH3), 5.0 (1H, dd, =GH trans 
to Ph), 5.5 (1H, dd, = G H m t o P h ) , 6 . 6 (1H, 
dd, =GH gem to Ph), 6.6—7.4 (4H, q-like, 
—C6H4), Jtrans =17 .4 , Jcis =10 .4 , Jgem = 1 . 5 

5i 2.9 (1H, s, GH), 7.1—7.4 (4H, m, -C6H4) 
5j 3.1 ( 1H, s, E G H ) , 6.9—7.6 (4H, m, -C6H4) 
5k 3.7 (3H, s, -OGH3), 2.7 (1H, s, E G H ) , 6.5— 

7.4 (4H, q-like,-G6H4) 
51 2.2 (3H, s(br), -GH3), 2.8 (1H, s, E C H ) , 

6.8—7.3 (4H, m,-C6H4) 
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T A B L E 6. ANALYTICAL DATA 

— — — Molecular G H Cl 
" U formula Found(Calcd) Found(Calcd) Found(Calcd) 

3SL C 7 H U C1 64.67(64.37) 8 .92(8 .49) 26 .58(27 .14) 
3 b G8H13G1 66.77(66.43) 8 .76(9 .06) 24 .18(24 .51) 

E-3c G8H13C1 66.06(66 .43) 9 .17(9 .06) 24 .79(24.51) 
3d») CUH1 9G1 71.23(70.76) 10.60(10.26) 17.41(18.98) 

Z-3e C9H9G1 70.90(70.83) 5 .69(5 .94) 23 .64(23.23) 
E-3e C9H9C1 70.76(70.83) 5 .58(5 .94) 23 .72(23.23) 

3fa> G9H8C12 57 .18(57.79) 4 .35(4 .31) 38.65(37.90) 

Z-3g G 1 0 H n C l 71.94(72.07) 6 .96(6 .65) 21 .50(21.27) 
£ -3g C 1 0 H n C l 72.29(72.07) 6 .68(6 .65) 21 .04(21 .27) 

3ha> C8H7C1 69.26(69 .33) 5 .51(5 .09) 24 .92(25 .58) 
Z-3i G8H6C12 55 .44(55.53) 3 .08(3 .49) 41 .13(40 .98) 
E-3j C8H6C12 55 .61(55.53) 3 .73(3 .49) 41 .28(40.98) 
Z-3k C 9 H 9 G10 63.78(64.11) 5 .31(5 .38) 20 .56(21.02) 

31a> C9H9C1 70.44(70.83) 5 .85(5 .94) 23 .73(23.23) 
Z-3m C10H19C1 68.71(68.75) 10.59(10.96) 20 .65(20.29) 

4g C1 0H1 2 90 .74(90.85) 8 .91(9 .15) 

51 C 9 H 8 93 .18(93.06) 6 .53(6 .94) 

a) A mixture of E- and Z-isomer. 

the solids were washed thoroughly with 5 x 50 ml of T H F in 
a nitrogen atmosphere. T h e phosphonium salt was dried in 
vacuo a t 50—60 °C for several hour ; it was then stored in a 
Schlenk tube under nitrogen. T h e dried product weighed 
37 g ( 7 0 % yield based on tr iphenylphosphine). M p 185— 
187 °G (dec). Found : C, 51.58; H , 3 . 8 2 % . Calcd for 
C19H17G1IP: C, 52.02; H , 3.91 % . I R (KBr, cm- 1 ) : 3030 (w), 
2890 (m), 2850 (m), 2770 (w, sh), 1580 (m), 1480 (m), 1440 
(s), 1350 (w), 1330 (w), 1250 (w), 1170 (m), 1125 (vs), 1005 
(m), 940 (w), 920 (w), 880 (m), 820 (w), 770 (s), 750 (m), 
740 (m), 730 (m), 705 (s), 545 (s), 530 (s), 505 (m) , 506 
(w, sh). 

Chloromethyltriphenylphosphonium Tetraphenylborate. A 
sample of the phosphonium iodide (1) (1.0 mmol) was placed 
in 30 ml of water and stirred vigorously. T o this suspension 
was added a solution of sodium tetraphenylborate (1.5 mmol) 
in 20 ml of 1: 1 ethyl alcohol-water . Another 250 ml of ethyl 
alcohol was added, and then the mixture was stirred a t reflux 
for 2 h. After filtration, the filtrate was kept overnight at 
— 78 °C. T h e resulting white precipitate was collected, recrys-
talized from ethyl alcohol (150 ml) -e ther (150 ml) , washed 
several times with small portions of alcohol-ether, and dried 
in vacuo. M p 190—193 °G (dec) (lit, m p 189—192 °C (dec),8a> 
222—223.8 °C9>). Found : G, 81.85; H , 6.22; Gl, 4 . 9 0 % . 
Calcd for C43H37BC1P: C, 81.85; H , 5 .91; Gl, 5.62 % . 

Generation of Chloromethylenetriphenylphosphorane (2) and the 
Wittig Chloromethylenation of Carbonyl Compounds. T h e general 
procedure is described below. Unde r a nitrogen atmosphere, 
/-butyl alcohol (25 ml) was placed in a 100 ml three-neck 
round-bottomed flask equipped with a magnetic stirrer, a 
thermometer, and a Widmer reflux condenser topped with a 
nitrogen inlet tube. Potassium (30 mg-atom) was added, and 
the mixture was heated a t reflux for ca. 1 h to afford a potas­
sium f-butoxide solution. T h e reaction flask was then 
immersed in a water ba th . A powder dropping funnel29) 
which contained 25 mmol of 1 was at tached to the flask, and 
the 1 was dropped to the solution over 5 min. The funnel 
was washed with another 15 ml of f-butyl alcohol to bring the 
residual phosphonium salt into the reaction flask. T h e mixture 
was stirred for 1.5 h a t ambient t empera ture ; during this t ime 
it turned from white to an orange-red slurry. After the forma­
tion of 2 was completed, the powder dropping funnel was 

replaced with a pressure-equilibrating dropping funnel which 
contained a substrate carbonyl compound (20 mmol) in 10 ml 
of f-butyl alcohol. T h e carbonyl compound was added over 
20 min, while retaining the reaction temperature below 25 °C. 
T h e mixture was stirred for another 3 h 40 min a t ambient 
tempera ture (20—25 °C) . At the end of the reaction, the 
mixture was shaken with 50 ml of pentane and 50 ml of water, 
filtered, and the layers were separated. T h e aqueous layer 
was extracted with 3 X 50 ml of pentane . T h e combined 
organic phase was washed with 3 X 30 ml of water, and dried 
over magnesium sulfate. An aliquot of the sample was used 
for the quant i ta t ive determinat ion of the reaction products 
by G L C , employing experimentally determined calibration 
curves. After removal of the solvents by distillation in vacuo, 
the volatile products were collected in a cold t rap , and sub­
jected to a preparat ive G L C for the recovery of each 
component . React ion products were identified and charac­
terized by means of G L C , N M R (Tables 4 and 5), and I R 
spectrometry, and elemental analyses (Table 6) . 

F i n a n c i a l s u p p o r t of th i s w o r k b y a G r a n t - i n - A i d 
(C-35536) f rom t h e M i n i s t r y of E d u c a t i o n , J a p a n , is 
g ra te fu l ly a c k n o w l e d g e d (S . M . ) . 
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Synthesis of Some Naturally Occurring Acetylchromenes 
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(Received December 19, 1977) 

2,4-Dihydroxy-5-methoxyacetophenone on treatment with 3-chloro-3-methyl-1 -butyne in the presence of 
K2G03 , KI, and DMF yielded its 4-(l,l-dimethyl-2-propynyl) ether (2) and the naturally occurring 6-acetyl-5-
hydroxy-8-methoxy-2,2-dimethylchromene (3). More of the chromene (3) could be obtained by the thermal 
cyclisation of the acetophenone (2). Methylation of 3 yielded another natural chromene. 4-Hydroxy-3-meth-
oxyacetophenone, on similar treatment with 3-chloro-3-methyl-l -butyne, gave directly natural 6-acetyl-8-
methoxy-2,2-dimethylchromene. 2,3,4-Trihydroxy-5-(3-methyl-2-butenyl)acetophenone, on cyclodehydrogenation 
followed by methylation with 1 mol of dimethyl sulfate, yielded natural ripariochromene-A. Further methyl­
ation provided methylripariochromene-A. 

From a Mexican plant Ageratina scorodonioides (Gray) 
King et Rob. , Bohlmann et al.1) isolated 6-acetyl-
5-hydroxy-8-methoxy-2,2-dimethylchromene (3) and 
its methyl ether (4). The former was also reported 
to occur in Flourensia cernua D.C.2) Obviously, both 
seem to be derived in nature from 2,4-dihydroxy-
5-methoxyacetophenone (1). They are now synthe-
sised from this ketone 1 by heating with 3-chloro-
3-methyl-l -butyne in the presence of K 2 C 0 3 , K I , and 
D M F , when a mixture of two compounds resulted. 
The major compound proved to be the required natu­
ral chromene 3 on the basis of its N M R spectrum 
and positive ferric chloride reaction. Thus , it showed 
a characteristic doublet of two olefinic protons at ô 
5.50 and 6.70 and a singlet of only one aromatic proton 
at ô 7.05. Further it was found to be identical in all 
respects with the description of the natural sample. 
The minor component was characterised as 2-hy-
droxy-5-methoxy-4- (1,1 -dimethyl -2 - propynyloxy) aceto­
phenone (2) on the basis of resonance signals of one 
acetylenic proton at ô 2.70 and of two para-coupled 
aromatic protons at à 6.88 and 7.20. T h e yield of 
the natural chromene 3 was raised by heating 2 with 
iV,iV-dimethylaniline. When the chromene (3) was 
methylated with excess of dimethyl sulfate in the pre­
sence of ignited K 2 C 0 3 and acetone, the fully methyl­
ated chromene 4 identical with the natural sample 
was obtained. 

From A. scorodonioides, Bohlmann et al.1) isolated 
still another chromene to which they gave the con­
stitution of 2,2-dimethyl-6-acetyl-8-methoxychromene 
(6) on the basis of its N M R spectrum. I t is now 
prepared from 4-hydroxy-3-methoxyacetophenone (5) 
by heating it with 3-chloro-3-methyl-1 -butyne in the 
presence of D M F , K 2 C 0 3 , and K I , when the natural 
chromene (6) was straight away obtained identical in 
all respects with the description of the natural sub­
stance. 

From Eupatorium riparium Regel., Anthonsen3) isolated 
two chromenes called ripariochromene-A and methyl­
ripariochromene-A. They were assigned structures 
as 6 - acetyl - 7 - hydroxy - 8 - methoxy - 2,2 - dime thy lchro -
mené (10) and its methyl ether (11) respectively mainly 
on the basis of their N M R data. More recently, 
these two compounds have also been isolated from the 
above mentioned species of Ageratina.1) Methyl­
ripariochromene-A 11 has also been obtained from 
the dried leaves of Stevia s errata by Kohda et al^) who 

0 0 0 

1 2 PhNMe2,A | 3 R = H 

4 R=Me 

°,CH3 J ' 0CH3 

\ A 'NS.DMF.K2C0.,,KI V O ^ L 

©v • w ^ 
0 5 

0CH3 

xéç 
0 

1 0 R =H; Ripariochromene-A 

1 1 R =Me; Methylripnochromene-A 

concluded this structure from a study of nuclear Over-
hauser effect in its P M R spectrum and its 13G N M R 
spectrum. 

These two compounds 10 and 11 have now been 
synthesised starting from 2,3,4-trihydroxyacetophenone 
1 which, on reacting with 2-methyl-3-buten-2-ol 
in the presence of BF3-etherate according to the pro­
cedure of Bajwa et al.,5) gave 2,3,4-trihydroxy-5-(3-
methyl-2-butenylacetophenone (8) as the main product. 
Cyclodehydrogenation of 8 with D D Q afforded 
6-acetyl- 7,8-dihydroxy-2,2-dimethylchromene (9) in 
nearly quantitative yield. Its structure was established 
on the basis of its N M R spectrum which showed 2 
doublets at ô 5.53 and 6.20 and an aromatic proton 
at ô 7.25. Partial methylation of 9 with dimethyl 
sulfate, K 2 C 0 3 and acetone yielded ripariochromene-A 
10, while complete methylation with excess of dimethyl 
sulfate afforded methylripariochromene-A 11 both 
identical with the natural samples. 

E x p e r i m e n t a l 

All melting points are uncorrected. Unless otherwise stated, 
PMR spectra were determined on a BS 487 G spectrom­
eter (80 MHz) with reference to tetramethylsilane as an 
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internal s tandard ; the chemical shifts are expressed in <5 
values; light petroleum used had boiling range 60—80 °G; 
silica gel was used for column chromatography and silica 
gel-G for T L C ; Rf values refer to T L C using one of the 
following solvent systems: (A) toluene-ethyl formate-formic 
acid (5 :4 :1) ; (B) benzene; (G) benzene-ethyl acetate (9 :1) ; 
spraying of T L C plates was carried out with 10% aq H 2 S 0 4 

and/or 1% alcoholic FeCl3 . 
Reaction of 2,4-Dihydroxy-5-methoxyacetophenone (1) with 3-

Chloro-3-methyl-l -butyne. A mixture of the ketone6) (1 , 
0.5 g) 3-chloro-3-methyl-l-butyne (0.4 ml) , ignited potassium 
carbonate (2.5 g) , anhydrous potassium iodide (1 g) and 
iV,N-dimethylformamide (40 ml) was heated at 80—85 °C 
for 40 h. T h e solvent was removed in vacuo, the residue 
treated with water (200 ml) and the whole mixture extracted 
with ether. T h e ether residue on column chromatography 
and successive elution with benzene-l ight petroleum (1:1) 
and benzene alone gave two fractions A and B. 

Fraction-A crystallized from benzene-light petroleum mix­
ture to afford 6-acetyl-5-hydroxy-8-methoxy-2,2-dimethylchromene 
(3, 200 mg) as yellow needles, m p 87—88 °C (lit,2) m p 88 °G) ; 
Rt 0.45 (solvent B), brown ferric react ion; P M R (CDC13) : 
1.48 (6H, s, (GH3)2G<), 2.46 (3H, s, - C O G H 3 ) , 3.74 (3H, 
s, - O C H 3 ) , 5.50 ( I H , d, y = 1 0 Hz , H-3) , 6.70 ( I H , d, J= 
10 Hz, H-4) , 7.05 ( I H , s, H-7) and 12.55 ( I H s, chelated 
O H ) ; U V m a x ( M e O H ) : 255 n m ( loge 4.31), 320 (3.31), 
3.40 (3.74). (Found: G, 68.0; H , 6 .2%). These da ta 
agree with those of the natural substance. 

Fraction-B gave 2-hydroxy-5-methoxy-4-(l ,1 -dimethyl-2-propenyl-
oxyjacetophenone (2) as a yellow oil (100 m g ) ; Rt 0.4 (solvent 
B) ; green ferric react ion; P M R (CC14) : 1.25; 1.41 (6H, 
2s, (GH3)2G<), 2.50 (3H, s, - C O C H 3 ) , 2.70 ( I H , s, - C = C H ) , 
3.80 (3H, s, O C H 3 ) , 6.88 ( I H , d, 7 = 1 . 5 Hz , H-3) and 7.20 
( I H , d, 7 = 1 . 5 Hz , H - 6 ) ; U V m a x ( M e O H ) : 281 n m (logs 
4.2), 302 (3.9). Found : G, 68.2; H , 6.8. Calcd for C14-
H 1 6 0 4 : G, 67.7; H , 6 . 5 % . 

6 - Acetyl -5- hydroxy -8- methoxy -2,2- dimethylchromene (3). 
T h e above acetophenone (2) (50 mg) was heated in N,N-
dimethylaniline at 210—220 °G for 3 h. T h e mixture was 
cooled and treated with dil HCl (1 :1 , 20 ml) . T h e resulting 
solid crystallized from benzene-l ight petroleum mixture to 
give 3 as yellow needles (40 mg) , identical in nip and m m p 
with the sample prepared above. 

6-Acetyl-5,8-dimethoxy-2,2-dimethylchromene (4). A solu­
tion of 3 (100 mg) in acetone (20 ml) was refluxed with 
dimethyl sulfate (0.06 ml) and ignited K 2 C 0 3 (400 mg) for 
4 h. Acetone was evaporated and water added to the residue. 
T h e resulting solid crystallised from ether- l ight petroleum 
mixture to give 4 as yellow crystals, m p 62—63 °G (lit,1) 
m p 63 °G); R{ 0.55 (solvent B) ; P M R (GG14) : 1.48 (6H, s, 
(CH 3) 2C(), 2.50 (3H, s, - C O C H 3 ) , 3.77 (6H, s, two - O C H 3 ) , 
5.53 ( I H , d, 7 = 10 Hz , H-3) 6.48 ( I H , d, 7 = 10 Hz , H-4) 
and 7.22 ( I H , s, H - 7 ) ; U V m a x ( M e O H ) : 270 n m (loge 3.2), 
281 (3.1), 310 (3.9). (Found: C, 68 .8 ; H , 7.21%). These 
da t a agree with those described for the na tura l sample. 

6-Acetyl-8-methoxy-2,2-dimethyly chromene (6). A mixture 
of 4-hydroxy-3-methoxyacetophenone7) (5, 500 mg) , 3-chloro-
3-methyl-l-butyne (0.2 ml), K 2 C 0 3 ( 2 g) , K I (1 g), and D M F 
(20 ml) was heated on a steam bath for 45 h. T h e product 

gave 6 as a colourless oil (300 mg) , Rt 0.6 (solvent G) ; P M R 
(GDG13): 1.48 (6H, s, (CH3)2C<), 2.57 (3H, s, - C O C H 3 ) , 
3.90 (3H, s, - O C H 3 ) , 5.55 ( I H , d, 7 = 10 Hz , H-3), 6.30 
( I H , d, 7 = 1 0 Hz, H-4) 7.25 ( I H , d, 7 = 2 Hz, H-7), and 
7.50 ( I H , d, 7 = 2 Hz, H-5) ; U V m a x (MeOH) : 225 nm (log e 
3.31), 302 (3.90). These da ta are in accord with those of 
the natural substance.1) 

6 - Acetyl-7,8-dihydroxy-2,2-dimethylchromene (9). T o a 
solution of 2,3,4-trihydroxy-5-(3-methyl-2-butenyl) acetophe­
none5) (8, 1 g) in dry benzene (50 ml) was added DDQ, (1 g) 
and the resulting mixture refluxed for 15 min, when colorless 
hydroquinone separated out. I t was filtered while hot and 
the filtrate after removal of the solvent left a viscous mass 
which was purified by column chromatography. Elution 
with benzene-light petroleum (1:1) gave 9 as a dense yellow 
oil (850 m g ) ; R{ 0.83 (solvent A ) ; dark brown ferric reaction; 
P M R (CDG13): 1.47 (6H, s, (CH 3 ) 2 C() , 2.50 (3H, s, - G O -
CH 3 ) , 5.53 ( I H , d, 7 = 1 0 Hz, H-3) , 6.20 ( I H , d, 7 = 1 0 Hz, 
H-4) , 7.25 ( I H , s, H-5) and 12.30 ( I H , s, chelated O H ) ; 
U V m a x ( M e O H ) ; 230 nm(log e 4.2), 246 (3.9) and 270 (3.1). 

Ripariochromene-A (10). A solution of the above 
chromene (9, 130 mg) in dry acetone (20 ml) was refluxed 
with dimethyl sulfate (0.06 ml) and ignited K 2 C 0 3 for 3 h. 
T h e product crystallised from ethyl acetate-light petroleum 
mixture to give 10 as yellow crystals (100 mg), m p 88— 
89 °C (lit,1) m p 88.5 °G) ; Rf 0.65 (solvent C) ; brown ferric 
chloride reaction; P M R (CDC13) : 1.45 (6H, s, (CH 3 ) 2C() , 
2.58 (3H, s, C O G H 3 ) , 3.83 (3H, s, O G H 3 ) , 5.55 ( I H , d, J= 
10 Hz , H-3) , 6.30 ( I H , d, 7 = 10 Hz , H-4) , and 7.20 ( I H , 
s, H - 5 ) ; U V m a x ( M e O H ) ; 242 n m (loge 3.2), 292 (3.1). 
(Found: C, 68.0; H , 6 .2%). These da ta agree with those 
described for the natural compound.1) 

Methylripariochromene-A (11). An acetone solution of 
the chromene (9, 130 mg) was refluxed with dimethyl sulfate 
(0.15 ml) and ignited K 2 C 0 3 for 5 h. T h e product (11) 
was obtained as a light yellow oil (100 mg) , Rt 0.75 (solvent 
A ) ; P M R (CDC13): 1.45 (6H, s, (GH3)2G<), 2.48 (3H, s, 
- G O C H 3 ) , 3.75 (6H, s, two - O C H 3 ) , 5.55 ( I H , d, 7 = 1 0 Hz, 
H-3) , 6.24 ( I H , d, 7 = 10 Hz , H-4) and 7.27 p p m ( IH , s, 
H-5 ) ; U V m a x ( M e O H ) : 255 n m (loge 3.6), 286 (3.2). 
(Found: C, 68.8; H , 7 .4%). I t agreed with the natural 
substance.1) 

T h e a u t h o r s a c k n o w l e d g e w i t h t h a n k s t h e a w a r d 
of N F to A G J , a n d J R F to R K a n d A . K . 
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14N Nuclear Quadrupole Relaxation Near the Plastic Transition Point 
in the Low-temperature Phase of l,4-Diazabicyclo[2.2.2]octane 

Hisao NEGITA,* Michio MAEKAWA, Tsuneo KUBO, and Tsutomu OKUDA 
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Synopsis. The relaxation mechanism near the plastic 
transition in the low-temperature phase of 1,4-diazabicyclo-
[2.2.2]octane is attributed to the overall molecular tumbling. 
The activation energy is 23.0 kj mol -1, which is nearly equal 
to the value of 22.2 kj mol - 1 in the proton NMR in the plastic 
phase. 

1,4-Diazabicyclo [2.2.2] octane (triethylenediamine), 
(CH2CH2)3N2 , is known as a globular molecule. In the 
room-temperature phase, the crystal is hexagonal, with 
two molecule per unit cell.1) At 351 K it is transformed 
into a plastic form. Smith2) studied the proton N M R 
of l,4-diazabicyclo[2.2.2]octane and made a few 
measurements of the spin-lattice relaxation time (7 \ ) 
between 77 and 160 K. Soda and Chihara3) also 
studied the proton N M R of l,4-diazabicyclo[2.2.2]-
octane and measured the Tx between 77 K and the 
melting point. There is no dip of T1-, on approaching 
the plastic transition point (7^.) from the low-tempera­
ture side. The 14N N Q R in l,4-diazabicyclo[2.2.2]-
octane was discovered by Haigh and Guibé.4) Zussman 
and Alexander investigated this resonance from 77 K 
to the plastic transition and measured the spin-lattice 
relaxation time ( 7 \ ) , the l inewidth, and the resonance 
frequency.5) According to them, Tx decreases rapidly 
towards the plastic transition point, but the behavior 
near Tt has not been clarified in detail . Therefore, we 
have measured the Tx near Tt in detail in order to 
examine the relaxation mechanism thoroughly. 

CH2 Cht CH2 

CH2 CH2 CH2 

Exper imenta l 

The 14N NQR measurements were carried out using a pulsed 
spectrometer consisting of a Matec gating modulator, Model 
5100, a R. F. gated amplifier, Model 515, and a tuned receiver, 
Model 615,|which was designed by Petersen.6'7) The spin-lattice 
relaxation times were determined by the repeating 90° pulse 
method.8) The pulse width was about 50 [is. The free induc­
tion decay signal was averaged in a Nicolet Instrument, 
Model 527, signal averager. The rf coil containing the sample 
was enclosed in a cylindrical brass can. This can was placed 
inside a cylindrical copper container with insulating spacers. 
The heating wire was wound on this container and connected 
to a slide-contact voltage regulator. The container was 
immersed in a large Dewar vessel containing edible oil. The 

temperature was measured by the use of a copper-constantan 
thermocouple and stabilized within ±0.1 K. 

l,4-Diazabicyclo[2.2.2]octane of an extra pure reagent 
grade was purchased from the Katayama Chemical Ind. Co. 
and was purified by sublimation in an evacuated vessel several 
times. About a 20-g portion of the reagent was used for the 
measurements. 

R e s u l t s and D i s c u s s i o n 

The temperature dependence of the spin-lattice 
relaxation time (7 \ ) is shown in Fig. 1. Tx falls just 
below the transition point (Tt). The N Q R signal 
becomes progressively weaker as the temperature 
approaches Tt) and no signal is observed above Tt, 
presumably because of the "mel t ing" of the molecular 
orientation, which averages out the electric-field 
gradients. The relaxation times in our sample are in 
good agreement with those of Zussman and Alexander 
throughout the temperature range studied. 
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Fig. 1. Temperature dependence of the spin-lattice 

relaxation times near Tt. Zussman and Alexander's 
data are shown by the solid circles. 

In the room-temperature phase, the N - N axis lies 
along the hexagonal c axis, and the restricted reorienta­
tion of the molecule about the N - N axis is accompanied 
by a small additional "wobbl ing" of the N - N axis. In 
the high-temperature phase above Tt, 351 K, a general 
molecular reorientation and self-diffusion occur.2) Ac­
cording to Nimmo et a/.,9) molecules at each lattice site 
undergo hindered reorientations between eight equally 
weighted orientations at 354 K. I t can be said that 
the "mel t ing" of the molecular orientation or the 
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overall molecular tumbling occurs at Tt. According to 
the N M R results in the plastic phase reported by Soda 
and Chihara,3) the relaxation mechanism is at tr ibutable 
to the overall molecular tumbling near Tt and to the 
self-diffusion near the melting point ( 7 ^ ) . As the 
transition temperature, Tt, is approached, this overall 
molecular tumbling occurs at an increasing rate, which 
reduces the 7 \ of 14N before it affects the 7 \ of 1H. A 
similar phenomenon has been found in the temperature 
dependence of the 7 \ and T1P of the protons near Tt 

for (CH 3) 3CCOOD. 1 0) In this case, the relaxation 
formula is expressed as follows i5»11) 

1IT1 = CTI(1+O>IT*) (1) 
and 

r = r0cxp(EJRT), (2) 
where C is a constant which describes the strength of the 
interaction, coQ is the resonance angular frequency, r is 
the correlation t ime of the motion which changes 
according to the Arrhenius' relation (2), r0 is the 
inverse frequency factor, and Ea is the activation energy 
of the motion. 

2.85 2.90 2.95 3.00 

r-vio-3 K-1 

Fig. 2. lniœJITJ versus 103/T. 

In the low-temperature region of the 7 \ minimum, 
where O)QO>1, the following equation is obtained: 

In (<»5/7\) = -EJRT + In (C/r0) (3) 

In the plot of ln(a>Q/7'1) versus l/T, seen in Fig. 2, the 
slope of the straight line gives the activation energy, Ea. 
This was found to be 2 3 . 0 ± 2 . 3 k j mol"1 . In the plastic 
phase, the activation energy of the overall molecular 
tumbling was found by the proton N M R to be 22.2 
k j mol - 1 .3) Accordingly, the reduction of 7 \ of 14N is 
attr ibuted to the overall molecular tumbling. 
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Synopsis. A method of comparing the sum of the 
total energies of fragment molecules has been applied to the 
interpretation of simple cleavage and rearrangement reactions 
in electron-impact mass spectrometry for the straight chain 
aliphatic acids. 

The quasi-equilibrium theory has been successful in 
explaining the mass spectra of saturated hydrocarbons.1) 
This theory is based on the hypothesis that the active 
molecular ion is first formed and the energy is distributed 
throughout the ion. The molecular ion subsequently 
decomposes when the ion is in the proper configuration 
and possesses a sufficient amount of vibrational energy. 
As long as the quasi-equilibrium theory holds in mass 
spectra, a comparison of the sum of the total energies 
of the fragments will be able to predict fragmentation. 
Ichikawa and Ogata used the method to predict the 
most probable course of bond-scission by comparing the 
sum of the total energies of the fragments thus 
produced.2) 

In this paper, the method has been applied to formic, 
acetic, propionic, and butyric acids. Mass spectrometric 
studies of those carboxylic acids have been conducted by 
several investigators, and the fragment ions studied 
using isotopic labelled compounds and the detection of 
metastable ion peaks.3) The total energies of the 
fragment molecules have been calculated by the C N D O / 
2 method, the parameters of which were the same as 
in the paper of Pople and Segal.4) The total energy may 
vary with the structure but it is difficult to know the 
structure of the radical and ionic species. The possible 
configurâtional changes were considered to take place 

to those appropriate forms (e.g., sp3—*sp2), in the cationic 
and radical molecules and the most stable energy 
adopted after calculation of the probable configurations. 
I n the present calculation, the following bond lengths 
(A) have been assumed: C(sp3)-C(sp3) , 1.54; C(sp 3 ) -
C(sp,sp2), 1.50; C(sp2)-C(sp), 1.45; O C , 1.35; C - O , 
1.32; C = 0 , 1.25; C O , 1.15; C - H , 1.09; O - H , 0.96. 
Bond angles have been taken to be 109°28'(sp3); 
120°(sp2); 1 1 0 ° « G O H ) . 

R e s u l t s a n d D i s c u s s i o n 

The total energies of the molecules, cations and 
radicals (eV) obtained by the CNDO/2 method are 
listed in Table 1. Combinations of the fragments listed 
in Table 1 would give a variety of fragmentation 
processes. From the point of view of energy comparison, 
the decomposition reactions appeared to occur more in 
the production of two fragments than in three fragments. 
Therefore, only the processes producing two fragments 
have been discussed here. The difference in energy 
between molecules and cations indicate the ionization 
potentials ( IP) . T h e I P values obtained were a little 
greater than that reported in the li terature. The 
CNDO/2 method is not well suited for the estimation 
of the total energy, but this method proved sufficiently 
useful for the elucidation of mass spectra. A comparison 
of the sum of the total energies of the fragments produced 
and the relative intensities of the peaks are shown in 
Table 2 where the peak height of the most abundant 
species has been set at 100. The breakdown patterns 
of the mass spectra have been classified into simple 

TABLE 1. TOTAL ENERGIES OF MOLECULES AND FRAGMENTS (eV) 

Compound 

HCOOH 
CH3COOH 
C2H5COOH 
C3H7COOH 
CO 

co2 
H 2 0 
CH4 

C2H6 

C3H8 

CH3OH 
C2H6OH 
C3H7OH 
C H . 2 = L J . H . 2 

CH3 CH=CH2 

CH2C=(OH)2 

CH2CO 
CH2CH2CO 

Molecule 

-1232 .9 
-1473 .0 
-1712 .3 
-1951 .6 
- 6 8 1 . 7 

-1187 .5 
- 5 4 0 . 5 
- 2 7 5 . 2 
- 5 1 4 . 5 
- 7 5 3 . 7 
- 7 7 6 . 9 

-1016 .1 
-1255 .3 
- 4 6 9 . 1 
- 7 0 9 . 1 

-1473 .4 
- 9 2 2 . 6 

-1157 .1 

Ion 

-1220 .8 
-1462 .1 
-1701 .1 
-1941 .2 
- 6 6 4 . 4 

-1173 .1 
- 5 2 5 . 2 
- 2 5 6 . 2 
- 4 9 8 . 6 
- 7 3 8 . 8 
- 7 6 3 . 8 

-1003 .3 
a) 

- 4 5 4 . 5 
- 6 9 6 . 0 

-1461 .8 
- 9 1 1 . 4 

-1150 .3 

Fragment 

CH, 
C2H5 

C3H7 

HCO 
CH3CO 
C2H5CO 
C3H7CO 
OH 
COOH 
HCOO 
CH2COOH 
CH2CH2COOH 
CH2=COH 

Radical 

- 2 4 8 . 1 
- 4 9 0 . 2 
- 7 2 9 . 4 
- 7 0 4 . 3 
- 9 4 4 . 7 

-1185 .0 
a) 

- 5 1 6 . 5 
-1207 .3 
-1209 .1 
-1449 .3 
-1687 .6 
- 9 4 4 . 6 

Ion 

- 2 3 5 . 9 
- 4 8 0 . 7 
- 7 2 0 . 7 
- 6 9 4 . 1 
- 9 3 6 . 6 

-1176 .2 
-1415 .6 
- 4 9 8 . 9 

-1197 .8 
-1192 .2 
-1436 .7 
-1679 .1 
- 9 3 4 . 1 

a) The calculation does not show convergence by the SCF method. 
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TABLE 2. THE SUM OF THE TOTAL ENERGIES OF THE 

PRODUCED FRAGMENTS (EV) 

Fragmentation 

HCOOH 

CH„COOH 

C2H5COOH 

C3H7COOH 

CJLCO+ 

C3H7CO+ 

R 
R 

R 
R 
R 
R 
R 

R 
R 
R 
R 

R 
R 
R 
R 
R 

R 
R 

R 
R 
R 
R 

HCO + + O H - = -1210 .6 
H C O . + O H + = - 1 2 0 3 . 2 
HaO* + C O = - 1 2 0 6 . 9 
H 2 0 + C O + = -1204 .9 
CH3CO+ + OH- = -1453 .1 
CH3 . + C O O H + = -1445 .9 
CH3CO- + OH+ = -1443 .6 
CH3

+ + COOH- = -1443 .2 
CH2CO* + H 2 0 = -1451 .9 
C H 4 + C 0 2 * = -1448 .3 
CH 2 CO+H 2 0+ = -1447 .8 
CH3OH* + C O = - 1 4 4 5 . 5 
CH4+ + C 0 2 = - 1 4 4 3 . 7 
CH3CH2CO++OH • = -1692 .7 
CH3CH2++ COOH • = -1688 .0 
CH3CH2 • + COOH+ = -1688 .0 
CH3++CH2COOH • = -1685.2 
CH3 • + CH2COOH+ = -1684 .8 
CH3CH2CO • + OH+ = -1683 .9 
CH2=CH2+HCOOH* = -1689 .9 
CH3CH2+ COa + = -1687 .6 
CH 2 =CH 2 t + HCOOH = -1687 .4 
CH3CH3* + C 0 2 = -1686 .1 
CH3CH2CH2CO++ OH • = -1932 .1 
CH3CH2++CH2COOH • = -1930 .0 
CH3CH2CH2++COOH. = -1928 .0 
CH3CH2CH2 • + COOH+= -1927 .2 
CH3 . +CH 2 CH 2 COOH+= -1927 .2 
CH3CH2. + CH2COOH+= -1926 .9 
CH3COOH+ + CH2=CH2 = - 1 9 3 1 . 2 
CH2=C(OH)2+ + C 2 H 4 = - 1 9 3 0 . 9 
CH3CH=CH2+HCOOH* = -1929 .9 
CH 3 CH=CH 2 ++HCOOH--1928 .9 
CH2=C(OH)2 + C 2 H 4 *=-1927 .9 
C H 3 C H 2 + + C O = - 1 1 6 2 . 4 
C H 3 . + C H 2 C O t = - 1 1 5 9 . 5 
C H 3 + + C H 2 C O = - 1 1 5 8 . 5 
CH2=CH2+HCO+= -1163 .2 
CH 2 =CH 2 t+HCO. = - 1 1 5 8 . 8 
CH 3 CH 2 ++CH 2 CO=-1403 .3 
CH3CH2CH2++ CO = -1402 .4 
CH3CH2. + CH2CO+ = -1401 .6 
CH3 . + .CH 2 CH 2 CO+=-1398.4 
CH2=CH2+CH2=COH+= -1403 .2 
CH 3 CH=CH 2 +HCO+=-1403.2 
CH3CH=CH2 * + HCO • = -1400 .3 
CH2=CH2t + CH2=COH . = — 1399.1 

vs 
vs 

m 
w 

w 
s 

m 

w 
w 
w 
m 

s 

vs 
w 
w 

w 
w 
m 
m 

R indicates rearrangement breakdown, vs, s, m, and 
w indicate relative intensities as follows: vs; 100—76, 
s; 75—51, m; 50—26, w; 25—10. 

cleavage and rearrangement reactions, the rearrange­
ment processes being denoted by the letter R . 

In the mass spectrum of H C O O H , the peak at m/e 29 
(HCO+) was predicted as a simple fragment ion. The 
ion m/e=45, as shown in Table 1, C O O H + was calculat­
ed to be more stable than HCOO+. Ono et al., however, 
reported tha t H C O O + and C O O H + occurred in equal 
abundance in the spectrum of H C O O H . 3 ) 

In the mass spectrum of C H 3 C O O H , the ions 
CH 3 CO+ (TW/«=43) and C O O H + (mje=45) were 
predicted to appear abundant ly from simple cleavage, 
and C H 2 C O f (m/«=42) from rearrangement. 

In the mass spectrum of C 2 H 5 C O O H , the ions 
C2H5CO+ (m/e=57), C2H5+ (iw/*=29), COOH+ (mje= 
45) were predicted to appear abundant ly as simple 
fragment ions. 

In the mass spectrum of C 3 H 7 C O O H , the following 
ion peaks were considered as simple fragment ions: 
C3H7CO+ (m/*=81), C2H5+ (m/*=29), C3H7

+ (m/e= 
43), C O O H + (m/*=45), C H 2 C H 2 C O O H + (m/e=73). 
The ions C H 3 C O O H * (m/«=60), CH 2=C(OH) 2* (m/<?= 
60) were considered as rearrangement ions. The peak 
at mje 60 is known as the McLafferty rearrangement ion 
C H 2 = C ( O H ) 2

t . Levsen and Schwarz reported that there 
is no isomerization, or only minor isomerization of 
CH 2 =C(OH) 2 * to CH 3COOH+. 5 ) 

The first process which straight chain aliphatic acids 
undergo upon electron-impact is the removal of one of 
the lone pair electron on the oxygen atom. The active 
molecular ions vibrate and bond-scission occurs statis­
tically in terms of energy. In the mass spectra of the 
carboxylic acids, R - C = 0 + , is predicted to appear in 
appreciable amounts from simple cleavage. The peak 
heights of C2H5CO+ from C 2 H 5 C O O H and C3H7CO+ 
from C 3 H 7 C O O H were, however, not as high as 
expected. Concerning the C2H5CO+ and C3H7CO+ ions, 
the secondary decomposition processes were examined 
by comparing the sum of the total energies of the 
fragment molecules, the results of which are shown in 
Table 2. The probable fragment ions C2H5+, HCO+ 
(mje=29) from C2H5CO+ and C2H5+ ( I K / * = 2 9 ) , CH2= 
COH+ (TW/*=43) from C3H7CO+ were found respec­
tively in the mass spectrum. It is suggested that the 
C2H5CO+, C3H7CO+ ions may be unstable, decom­
posing immediately. 

T h e main peaks in the electron-impact mass spectra 
are concordant with the results for simple cleavage, but 
not so good for the rearrangement reactions. The 
configurational structure may play an important role 
in the occurrence of rearrangement ions. 

T h e authors thank Dr. J u r o Maruha of the Faculty of 
Liberal Art, Kanazawa University, for his advice in this 
work. The computations were conducted on a F A C O M 
M-160 computer at the data processing center, 
Kanazawa University. 
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Synopsis. The crystal structure of heptaethylene 
glycol-Sr(SCN)2 has been determined by X-ray diffraction. 
The Sr ion is coordinated by eight oxygen atoms arising from 
the heptaethylene glycol moiety and a nitrogen atom from 
one of SCN groups. The coordination polyhedron is irregular, 
Sr-O distances ranging from 2.56 to 2.73 Â. 

It is well known that macrocyclic ethers interact with 
alkali and alkaline earth metal ions to give complexes, 
some structures of which have been determined by 
X-ray crystallography.1-3) O n the other hand, linear 
poly (oxy ethylene) (POE) derivatives also have a 
chelating ability to metal cations.4) The structures of 
various glymes with HgCl 2 and CdCl2 have been inves­
tigated by Iwamoto5 '6) in connection with structural 
studies of polyethylene glycol-HgCl2 complexes.7»8) 
Recently, P O E deraviatives with the appropriate 
number of oxyethylene units have been found to form 
complexes with alkali and alkaline earth metal thio-
cyanates.9) In order to investigate the chlating behavior 
of POE, X-ray diffraction studies have been made and 
here the structure of heptaethylene glycol-Sr(SCN)2 is 
presented. 

The crystals, colorless and transparent prisms, were 
obtained by recrystallization from an acetone solution. 

Crystal Data: (C 1 4H 3 0O 8)-Sr(SCN) 2 , F.W.=530.2, 
monoclinic, space group P2!/c, «=11.368(3) , b = 
14.311(2), * = 17.665(6) A, ß= 122.13(2)°, F=2434(2) 
Â3, Dm=\A5 g c m - 3 (flotation in dichloromethane-
carbon tetrachloride), DC=\A5 g c m - 3 for Z = 4 , 
p(Mo KOL) =23.6 cm-1. 

Intensity data were measured on a Rigaku diffractom-
eter with graphite monochromatized Mo Ken radiat ion 
employing the co scan technique. The integrated 
intensity was determined by scanning the peak at a 
rate of 2°/min along the œ axis. A total of 5313 reflec­
tions were obtained, of which 3151 reflections were 
F0^>3<T(F0). Lorentz and polarization corrections were 

Fig. 1. An ORTEP drawing of the Sr(SCN)2 

molecule together with the numbering scheme. 
-E07 

made, but no absorption correction was applied, which 
might l imit the accuracy of the present structure deter­
mination. 

The structure was solved by the heavy atom method, 
and refined by the block-diagonal least-squares method 
with HBLS V10) program. The atomic scattering 
factors used in all the computations were taken from the 
International Tables of X-Ray Crystallography.11) The 
refinement was converged to a rather high R value of 
0.113 for 3151 reflections and this will be discussed 
later. 

An ORTEP drawing of the complex molecule is 
shown in Fig. 1, together with the numbering system. 
The bond lengths and bond angles are listed in 
Table l.tt 

Coordination Geometry: Eight oxygen atoms from 
heptaethylene glycol ( E 0 7 ) and one nitrogen atom 
from a SCN anion are coordinated to the Sr ion. The 
coordination polyhedron is irregular. I t is difficult to 
express the polyhedron in simple terms, although a nine 

TABLE 1. THE BOND LENGTHS (//Â) AND BOND ANGLES (<p/°) IN THE COMPLEX MOLECULE 

Sr-O(N) bond 

Sr-0(3) 
Sr-0(6) 
Sr-0(9) 
Sr-0(12) 
Sr-0(15) 
Sr-0(18) 
Sr-0(21) 
Sr-0(24) 
Sr-N(2) 

2.56(2) 
2.73(2) 
2.68(2) 
2.72(2) 
2.69(2) 
2.71(2) 
2.66(2) 
2.56(2) 
2.57(2) 

in SCN anion 

N(D-C(1) 
C(D-S(1) 
N(2)-C(2) 
C(2)-S(2) 
N(l)-C(l)-S(l) 
N(2)-C(2)-S(2) 

1.13(3) 
1.61(2) 
1.15(3) 
1.66(2) 
178(2) 
179(2) 

C-C bond 

C(4) -C(5) 
C(7) -C(8) 
C(10)-C(ll) 
C(13)-C(14) 
C(16)-C(17) 
C(19)-C(20) 
C(22)-C(23) 

C-0 bond 

1.31(5) 
1.42(4) 
1.49(4) 
1.48(4) 
1.50(3) 
1.50(4) 
1.41(5) 

0(3) 
C(5) 
0(6) • 
C(8) • 
0(9) • 
C(ll) 
C(12). 
C(14). 
0(15)-
C(17). 
0(18). 
C(20). 
0(21)-
C(23). 

C(4) 
0(6) 
C(7) 
0(9) 
C(10) 
0(12) 
C(13) 
0(15) 
C(16) 
0(18) 
C(19) 
0(21) 
C(22) 
0(24) 

1.41(3) 
1.43(4) 
1.38(3) 
1.36(3) 
1.41(3) 
1.42(3) 
1.38(3) 
1.46(3 
1.43(3) 
1.42(3) 
1.43(3) 
1.39(3) 
1.39(4) 
1.40(4) 

C-C-0 angle 

0(3) -C(4) -0(5) 
C(4) -C(5) -0(6) 
0(6) -C(7) -C(8) 
C(7) -C(8) -0(9) 
0(9) -C(10)-C(ll) 
C(10)-C(ll)-0(12) 
0(12)-C(13)-C(14) 
C(13 -C(14 -0(15) 
0(15)-C(16)-C(17) 
C(16)-C(17)-0(18) 
0(18)-C(19)-C(20) 
C(19)-C(20)-0(21) 
0(21)-C(22)-C(23) 
C(22)-C(23)-0(24) 

115(3) 
123(3) 
117(3) 
116(3) 
109(2) 
109(2) 
108(2) 
108(2) 
109(2) 
107(2) 
107(2) 
109(2) 
116(3) 
111(3) 

C-0-C angle 

C(5) -0(6) -C(7) 
C(8) -0(9) -C(10) 
C(ll)-0(12)-C(13) 
C(14)-0(15)-C(16) 
C(17)-0(13)-C(19) 
C(20)-0(21)-C(22) 

116(2) 
120(2) 
113(2) 
113(2) 
110(2) 
115(2) 

t Present address: Institute for Protein Research, Osaka 
University, Yamadakami, Suita, Osaka 565. 

tt The complete F0-Fe data and the tables of atomic 
parameters are kept at the Chemical Society of Japan. 
Document No. 7915. 
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TABLE 2. THE TORSION ANGLES ((pj°) IN THE HEPTAETHYLENE GLYCOL CHAIN 

0(3) -C(4) 
0(6) -C(7) 
0(9) -C(10) 
0(12)-C(13 
0(15)-C(16) 
0(18)-C(19) 
0(21)-C(22) 

-C(5) -0 (6 ) 
-C(8) -0 (9 ) 
-C( l l ) -0 (12 ) 
-C(14)-0(15) 
-C(17)-0(18) 
-C(20)-0(21) 
-C(23)-0(24) 

-15 
-35 
-58 

60 
-60 

54 
41 

C(4) -C(5) -0(6) -C(7) 140 
C(7) -C(8) -0(9) -C(10) 179 
C(10)-C(l l)-0(12)-C(13) 178 
C(13)-C(14)-0(15)-C(16) 177 
C(16)-C(17)-0(18)-C(19) -178 
C(19)-C(20)-0(21)-C(22) 175 

C(5) -0(6) -C(7) -C(8) -107 
C(8) -0(9) -C(10)-C( l l ) -103 
C(l l)-0(12)-C(13)-C(14) 168 
C(14)-0(15)-C(16)-C(17) -173 
C(17)-0(18)-C(19)-C(20) 173 
C(20)-0(21)-C(22)-C(23) 115 

coordinated distorted tricapped trigonal prisms or 
eight coordinated bicapped trigonal prism have been 
reported.12,13) The S r -O bond lengths range from 2.56 
to 2.73 Â. The Sr-O(3) and Sr-O(24) distances are 
rather short, possibly at tr ibutable to the two oxygen 
atoms at both ends of the E 0 7 chain being more basic. 

Conformations of E07 Chain: The C - C bond distances 
found in the E 0 7 chain are rather short, the mean value 
being 1.45 Â. The C(4)-C(5) distance of 1.31 Â is 
abnormally short. The thermal ellipsoids of the atoms 
are large, and the largest directions are approximately 
normal to the 0 ( 3 ) - C ( 4 ) - C ( 5 ) - 0 ( 6 ) plane. Moreover, 
the torsion angle is —15°, a value which cannot be 
considered real. I t is most probable that partial disorder 
is present in this part of the chain. Consider a plane made 
by passing through the Sr, 0 ( 3 ) , 0 ( 6 ) atoms and the 
midpoint between C(4) and C(5). If G(4) lies above 
the plane, then C(5) must lie below the plane as shown 
in Fig. 2(a), or vice versa (Fig. 2(b)) . There may be no 
energy difference between the two conformations if 
other conditions are similar. I t is most probable that 
partial disorder, caused by the two conformations is 
present in the crystal. Some residual peaks were found 
in the difference map , but attempts to locate the 
disordered atoms were not successful; possibly real 
situation is more complex. This may also explain the 
rather high observed R value. Such apparent bond 
shortening due to thermal libration and partial disorder 
has also been discussed by Dunitz, etal.2) 

The torsion angles in the E 0 7 chain are listed in 
Table 2, and in the central part a T G T - T G T - T G T 
conformation is observed. This may be the most stable 
conformation, a conformation also found in the TGM« 
HgCl 2 complex. Both ends of the chain assume a 
different conformation, since the T G T - T G T - T G T 
conformation results in a helical form of an E 0 7 chain. 

Hydrogen Bonding: Two hydrogen atoms at both ends 
of the E 0 7 chain possibly serve as donors to form 
hydrogen bonding. The N ( l ) atom in a free SCN group 

(a) (b ) 

Fig. 3. 
cell. 

An ORTEP drawing of the contents of a unit 

Fig. 2. Two plausible conformations of the - 0 - C H 2 -
CH 2 -0 group. 

is located at a distance of 2.73 Â from 0 ( 2 4 ) . Another 
SCN group is coordinated to the Sr atom via N(2) as 
described above, and S (2) is bonded to the 0 ( 3 ) atom 
in a neighbouring molecule, the hydrogen bond distance 
being 3.26 Â. The crystal structure is shown in Fig. 3. 
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The Dimorphism and Spectral Properties of 4-Anilino-l,2-naphthoquinones 
Yoshio MATSUNAGA* and Nobuhiko MIYAJIMA 
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Synopsis. On the basis of vibrational spectra, 
especially in the region from 3050 to 3350 cm-1, solid 4-anilino-
1,2-naphthoquinones carrying substituents on the phenyl ring 
are classified into two groups. The /»-methyl and /»-ethyl 
derivatives are dimorphic and can be members of both the 
groups. 

We have previously examined the vibrational spectra 
of a number of the derivatives of 2-anilino-l,4-naph-
thoquinones which carry substituents on the phenyl 
ring.1) O n the basis of the location and the sharpness 
of the single band appearing in the region from 3150 
to 3350 cm - 1 , most of the derivatives could be classified 
into two groups. Furthermore, over ten derivatives were 
shown to be dimorphic. O n e of the dimorphic forms 
exhibits a relatively sharp band near 3300 cm- 1 ; the 
other, a relatively broad one at a lower wave number . 
Thus these derivatives can belong to either group. 
Here, the results of our work extended to the isomeric 
compounds, the derivatives of 4-anilino-1,2-naphtho-
quinones, will be presented. 

The condensation reaction between 1,2-naphtho-
quinone and anilines was carried out in warm or boiling 
ethanol as reported by Zincke or Elsbach.2 '3) T h e 
vibrational spectra in the rock-salt region and the 
electronic spectra in the visible region were measured 
by the procedures described in the previous paper.1) The 
search for dimorphic forms was made by comparing the 
vibrational spectrum of the crystals deposited from a 
reaction mixture with that of the sample sublimed in a 
vacuum. When they were clearly different, recrystalli-
zation of the former sample was at tempted. 

The crystals of the /»-methyl derivative as deposited 
from a reaction mixture and also those recrystallized 
from ethanol are reddish orange. As is shown in Fig. la , 
the vibrational spectrum shows a single band at 3315 

X = p - M e 

4000 3000 1500 1000 

WAVE NUMBER / cm"' 

Fig. 1. Vibrational spectra of 4-(/>-methylanilino)-l,2-
naphthoquinone : (a) the form I (recrystallized from 
ethanol) and (b) the form II (sublimed in a vacuum). 

c m - 1 , which may be assigned to the N - H stretching. 
By sublimation in a vacuum, the color turns deep red 
and the single vibrational band is replaced by a com­
plicated pat tern consisting of at least four bands, 
appearing at 3070, 3120, 3185, and 3220 cm- 1 , probably 
arising from nonequivalent N - H bonds (see Fig. l b ) . 
As the single band and/or the pat tern noted here are 
also observed with the other derivatives, the form giving 
the former spectrum will be named, for the sake of 
convenience, form I, and that giving the latter, form I I . 
T h e spectra of these two in the region below 1700 
c m - 1 are not very different from each other. Therefore, 
the difference in vibrational spectrum seems to be 
attr ibuted to a change in the molecular configuration 
centered round the N - H group, as has been concluded 
for the case of 2-anilino-l,4-naphthoquinones, rather 
than the tautomerism involving o-quinonoid and p-
quinonoid forms : 

O 
>,0 AÀ.OH 

O 
ii 

HNG6H4X NC6H4X 

This conclusion seems to be in accordance with the 
finding by Harmon et al. that 4-anilino- 1,2-naphtho-
quinones in aqueous solutions exist predominantly in 
the aminoquinone form except in strongly acidic solu­
tions, where the hydroxyquinone imine form becomes 
more stable.4) Figure 2 presents the Kubelka-Munk 
plots of the electronic spectra of the dimorphic forms 
and also the absorption spectrum of the same compound 
dissolved in chloroform. Form I gives two maxima 
located at about 515 and 545 n m and form I I gives a 
maximum at 500 nm, with a shoulder around 540 nm. 

Fig. 2. Electronic spectra of 4-(/>-methylanilino)-l,2-
naphthoquinone : (a) the form I (recrystallized from 
ethanol), (b) the form I I (sublimed in a vacuum), 
and (c) the compound dissolved in chloroform. The 
maximum in the visible region was arbitrarily taken 
as 1.00 in each spectrum. 
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O n the other hand, the maximum of the absorption 
band is observed at about 463 n m with a chloroform 
solution. Thus , the band seems to shift to about 500 nm 
upon the solidification. Since the molecule consists 
of an electron-donating moiety and an accepting one, 
this electronic transition is probably of the intra­
molecular charge-transfer type. The addit ional bands 
appearing in the solid-state spectra may be assigned to 
the intermolecular charge-transfer transition. The 
location and the intensity of such an absorption are 
supposed to depend on the mode of molecular stacking 
in the crystals, as we have reported for a number of 
cases.1»5»6) 

Form I was found for only three more derivatives: 
the unsubstituted compound (3320 c m - 1 ) , the />-ethyl 
(3310), and the 2,3-dimethyl (3300) derivatives. 
Among them, the /?-ethyl derivative was found to be 
dimorphic, but the other two are not. T h e /?-ethyl 
derivative crystallizes in form I from ethanol and is 
transformed into form I I by vacuum sublimation. The 
former crystals are reddish brown and the latter are 
brown. The maxima of the electronic absorption are at 
about 510 and 500 nm, respectively. In this case too, 
the intensity in the spectrum of form I changes more 

steeply in the long-wavelength side than that of form I L 
The second group of compounds, obtained only in the 

form I I , consists of a number of derivatives : o-methyl, 
m-methyl, /^-propyl, m-chloro, />-chloro, /?-iodo, m-
methoxy, /?-methoxy, m-ethoxy, /?-ethoxy, m-carboxy, 
/>-carboxy, 2,4-dimethyl, 2,5-dimethyl, 3,4-dimethyl, and 
2,4,5-trimethyl derivatives. Thus the classification does 
not seem to be correlated with the electronic nature of 
the substituents. Their absorption bands are rather 
broad and the maxima are located around 500 nm. The 
compounds available in form I I are generally darker 
than those in form I because the absorption bands 
extend to the longer wavelengths. 

References 

1) Y. Matsunaga, N. Miyajima, and A. Togashi, Bull. 
Chem. Soc. Jpn.9 50, 2234 (1977). 

2) Th. Zincke, Ber.9 14, 1493 (1881). 
3) L. Elsbach, Ber., 15, 685 (1882). 
4) R. E. Harmon, L. M. Phipps, J. A. Howell, and S. K. 

Gupta, Tetrahedron, 25, 5807 (1969). 
5) J . Aihara, G. Kushibiki, and Y. Matsunaga, Bull. Chem, 

Soc.Jpn.,46, 3584 (1973). 
6) Y. Matsunaga, Bull. Chem. Soc. Jpn., 49, 1411 (1976). 



April, 1979] N O T E S 1213 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (4 ) , 1213 1214 (1979) 
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Synopsis. The C-13 NMR spectra of hindered /-alkyl 
ethers and dineopentyl ether have been presented and the 
electronic and steric effects discussed. The resonances for the 
a-, methylene /?-, and methyl /S-carbons of di-J-alkyl ethers 
shifted downfield by +45 , +1.2, and —0.2 ppm, respectively, 
relative to the corresponding alkanes. 

The C-13 N M R spectra of pr imary and secondary 
alkyl ethers have been investigated in detail.1 '2) How­
ever, the spectra of hindered £-alkyl ethers except di-t-
butyl ether3) have not been reported. This paper deals 
with the elucidation of the skeletal structures of several 
hindered ethers together with a spectroscopic study of 
their electronic and steric effects. 

R e s u l t s and D i s c u s s i o n 

Table 1 shows the C-13 N M R chemical shifts of 
di-^-butyl ether (1), di-/-pentyl ether (2), b i s ( l , l -
dimethylbutyl) ether (3), bis(l , l-dimethylpentyl) ether 
(4), and bis(l , l-dimethylhexyl) ether (5). The values 
in parentheses indicate the differences in chemical shifts 
between the di-/-alkyl ethers and the corresponding 
alkanes in which a methyl group has replaced the 
alkoxyl function. The chemical shifts of the alkanes 
were the values reported by Lindeman and Adams.4) 
The resonance signals for the a-carbons (C-l) of di-t-
alkyl ethers shifted downfield by 44.8—45.6 ppm 
relative to the alkanes. The downfield shifts are smaller 
than in the cases of the corresponding linear and 

secondary alkyl ethers containing more than eight 
carbons (48—50 ppm).2) The difference in the a-effect 
may be due to steric hindrance of the /-alkyl group and 
variations in the electron density with branching of the 
alkyl chain. T h e resonances for the methylene ß-
carbons of the ethers (C-2) shifted downfield by 0.9—1.5 
ppm, while those for the methyl /?-carbons (C-2a) 
shifted upfield by 0.1—0.4 ppm, relative to the alkanes. 
The chemical shifts of the y carbons (C-3) and more 
remote carbons (C-4, C-5, and C-6), in most cases, 
agreed reasonably with those of the alkanes. 

Table 2 shows the C-13 N M R chemical shifts for 
bis (1 -ethyl-1-methylpropyl) ether (6), bis (1-ethyl-1-
methylbutyl) ether (7), i-butyl a,a-dimethylbenzyl ether 
(8), and dineopentyl ether (9). The resonance shifts 
of more-crowded di-f-alkyl ethers, 6 and 7, exhibit a 
similar tendency to those of 1—5. The shielding of a 
phenyl substituent is observed in 8. T h e resonance for 
the a-carbon attached to the phenyl group (C-la) 
moved downfield by 1.2 ppm relative to that for the a-
carbon (C-l) in 8. The effect of the phenyl group was, 
however, hardly observed on the ß-carbon (C-2a). The 
a-carbon resonance of the hindered pr imary ether, 9, 
shifted by approx. 45 ppm, as much as that of the 
isomeric di-f-pentyl ether. Furthermore, the ß- and 
y-carbon resonances deviated by + 2 . 1 and —1.9 ppm, 
respectively, from those of the corresponding alkane. 
The unusual deviations have been at t r ibuted to the 
steric effect of the neopentyl group, which is also 
observed to some extent in the case of neopentyl propyl 

T A B L E 1. C-13 N M R CHEMICAL SHIFTS OF Di-/-ALKYL ETHERS"0 

Identification C-l C-2 C-2a C-3 C-4 C-5 C-6 

C2a 

(c2a-cv)2o (i) 
^ 2 a 

G2a 
(C3-C2-CV)20 (2) 

i 

C2a 

C2a 
(C4-C3-C2-C1-)20 (3) 

Qa 
G2a 

(G6-G4-G3-Ga-6z-)aO (4) 

^ 2 a 

C2a 

(C6-G5-C4-C3-C2-C1-)20 (5) 

C?a 

73.6 
(+45.6) 

31.7 
(+0.1) 

75.4 38.0 28.5 8.7 
(+45.1) (+1.5) ( - 0 . 2 ) (+0.2) 

75.4 48.2 29.1 17.6 14.8 
(+44.8) (+0.9) ( - 0 . 4 ) ( - 0 . 5 ) ( - 0 . 3 ) 

75.4 45.4 29.1 26.6 23.5 14.3 
(+45.3) (+1.3) ( - 0 . 1 ) ( - 0 . 4 ) ( - 0 . 2 ) (+0.4) 

75.4 45.6 29.1 24.0 32.7 22.9 14.1 
(+45.2) (+1.2) ( - 0 . 1 ) ( - 0 . 4 ) ( - 0 . 3 ) (+0.1) (+0.3) 

a) ô ppm downfield from TMS. Ad= (d£0R—dRCH') given in parentheses. 
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TABLE 2. G-13 NMR CHEMICAL SHIFTS OF HINDERED £-ALKYL ETHERS AND DINEOPENTYL ETHER*) 

Identification C-l C-la C-2 G-2a C-2b G-3 C-3a C-4 Aromatic 

C2a 

(Q.-C.-jvOiO (6) 

Cg— C2 

G2b 

(G<rG,-C!1-(i1-)10 (7) 

Q j a _ C 2 a 
C2 C2a 

G.-Çi-0-Gu-Ph (8) 
C2 G2a 

Ç3 

( Q B - C V A - J I O (9) 

78.0 
(+45.7) 

78.0 
(+45.2) 

74.4 75.6 

81.9 
(+45.4) 

33.7 25.5 
(+0.3) ( - 0 . 1 ) 

44.1 34.4 
( - 0 . 2 ) (+0.1) 

31.4 

32.4 
(+2 .1) 

31.8 

8.6 
(+0.9) 

26.0 17.5 8.8 14.9 
[ -0 .5) (+0.21 (+0.7) ( + 0 . H 

150.2,127.7 
126.1,125.4 

26.8 
( - 1 . 9 ) 

a) ô ppm downfieldfrom TMS. A<5=((5§OR—(5§CH*) given in paientheses. 

ether.2) 

E x p e r i m e n t a l 

Materials and Preparation. Barium and sodium were 
commercial extra pure reagents (purity 99%). 2-Chloro-
2-phenylpropane was derived from 2-phenylpropene.5) Neo-
pentyl tosylate was prepared from neopentyl alcohol and tosyl 
chloride in pyridine. Organic chemicals were distilled from 
calcium hydride before use and the purity confirmed by GLPG. 
Di-f-alkyl ethers (1—7) were prepared from f-alkyl chlorides 
and silver carbonate by the method reported previously.6) The 
ethers, 8 and 9, were prepared and identified by their physical 
constants, XH-NMR, IR, and mass spectra, as described below. 
Proton NMR spectra were conducted on a JEOL-PS-100 
spectrometer operating at 100 MHz using TMS as an internal 
standard. IR spectra were conducted on a JASCO DS-301 
spectrometer and mass spectra on a JEOL-JMS-01SG spec­
trometer. GLPC analyses were performed on a Shimadzu 
GC-3AH Chromatograph using 3 m X 3 mm columns packed 
with 5 % DNDP and 5 % Silicone DC 550. 

t-Butyl a,a-Dimethylbenzyl Ether (8) : A mixture of barium 
(3.30 g, 24 mg-atom) and f-butyl alcohol (40 cm3) was refluxed 
for 8 h to give barium J-butoxide. The solution was cooled 
to 20 °C and 2-chloro-2-phenylpropane (6.18 g, 40 mmol) 
added. The mixture was stirred for 6 h, hydrolyzed, and 
extracted with pentane (30 cm3 x 3). The organic layer was 
washed with water (50 cm3 X 8), dried over sodium sulfate, and 
fractionated in vacuo to give 1.29 g (17%) of pure t-butyl 
a,a-dimethylbenzyl ether: bp 97—98°C/17 Torr; IR (neat) 
1150 (C-O-C) and 768, 702 (aromatic) cm-1; *H-NMR 
(CDC13) <5=1.08 (9H, s, f-Bu), 1.56 (6H, s, gem-CHs), and 
7.1—7.5 (5H, m, aromatic). 

Dineopentyl Ether (9) : Prepared by a modification of the 
literature procedures.7»8) A mixture of sodium (0.55 g, 24 mg-
atom) and neopentyl alcohol (8.82 g, 0.1 mol) was refluxed for 
0.5 h, and a solution of neopentyl tosylate (4.84 g, 20 mmol) 
in dimethyl sulfoxide (10 cm3) added. The mixture was stirred 

for 4 h at 120 °C, cooled, hydrolyzed with 1 M hydrochloric 
acid, and extracted with pentane (20 cm3 X 3). The organic 
layer was washed with ethylene glycol (20 cm3 X 8) and water, 
dried over sodium sulfate, and fractionated to give 1.96 g (62 
%) of pure dineopentyl ether: bp 138 °C; IR (neat) 1126 
(C-O-C) cm-1; XH-NMR (CDC13) 0=0.91 (18H, s, CH3) 
and 3.02 (4H, s, CH2); MS (75 eV), mje (rel. intensity), 158 
(M+, 7), 101 (15), and 71 (100). 

C-l 3 NMR Spectra. C-13 NMR spectra were conducted 
on a JEOL model PFT-100 pulse-Fourier transform NMR 
spectrometer at 25.15 MHz locked on deuterium using 10 mmçi 
sample tubes. Data were obtained for 2 M solutions in CDC13 

at 25 °C. Measurement conditions were as follows: pulse 
width, 12 y.s (ca. 45°); repetition time, 4 s; spectral width, 
5000 Hz; data points, 8191; delay time, 330 [xs. The reso­
nance assignments were confirmed by off-resonance decou­
pling experiments. Chemical shifts are expressed in ô ppm 
downfield from the internal TMS. 

T h e authors are grateful to Mr . Yoshitaka I ta tani of 
Kanazawa University for the G-13 N M R measurements. 
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Synopsis. The cobalt(II)-4-(2-thiazolylazo)resorcinol 
chelate anion is quantitatively extracted into chloroform with 
a cation of zephiramin as an ion-pair complex. This process 
was applied to the spectrophotometric determination of cobalt. 
The effective separation and the sensitive determination for a 
trace amount of cobalt could be confirmed even in the presence 
of high concentrations of masking agents. 

There are several ternary chelate extraction systems 
using o-hydroxyphenylazo dyes. Yotsuyanagi and 
Hoshino1) systematically studied the 4-(2-pyridylazo)-
resorcinol (PAR) chelates and found that the molar 
absorptivity of the ion-pair chelate increased when the 
non-coordinative /»-hydroxy 1 group dissociated once. 
The homologous 4-(2-thiazolylazo)resorcinol (TAR) 
also has a noncoordinative /»-hydroxyl group. The 
color reaction of T A R with cobalt2) and its stability3) 
in the aqueous phase have been investigated. T h e 
author4) also studied the solvent extraction of 3d type 
transition me ta l -TAR chelate anions with the cation 
of zephiramin(Z+Cl -) and recognized that T A R is 
superior as an ion-pair extraction reagent, especially 
for cobalt. In this research, the fundamental conditions 
for the spectrophotometric determination of cobalt were 
investigated. T h e interferences from the other transition 
metals could be effectively removed. 

E x p e r i m e n t a l 

Reagents. TAR (Dojindo Co., Ltd.) was twice recrys-
tallized from a 50 % ethanol-water mixture. Z+Cl-(Dojindo 
Co., Ltd.) was used as obtained. The standard cobalt(II) 
solution was prepared from cobalt sulfate and was standardized 
by EDTA titration. 

Apparatus. A sample solution was prepared in a 50 ml 
graduated centrifuge tube with a glass-stopper; the solution 
was shaken in an Iwaki-KM type reciprocating shaker. A 
Kubota K-80 type centrifuge with 5000 r.p.m. was used for 
phase separation. A Hitachi-Horiba model M-5 pH meter 
equipped with a combined glass electrode was used for pH 
measurements. Absorption spectra and absorbance were 
measured with a Hitachi 124 recording spectrophotometer and 
a Hitachi Perkin Elmer 139 spectrophotometer using 10-mm 
quartz cells. 

Standard Procedure. Transfer the sample solution 
containing up to 20 [ig of cobalt in a centrifuge tube along 
with 1 ml of 0.05 % TAR, 2 ml of 0.1% Z+Cl", and a suitable 
masking agent (e.g., 5 ml of 10 % sodium salt of citrate, tartrate, 
or acetate). Adjust the pH of the solution to 8.0 with 2 ml 
of 0.05 M borax-phosphate buffer and dilute to 20 ml with 
redistilled water. Allow the solution to stand for 10 min, and 
shake it with 10 ml of chloroform for 10 min. After centri­
fugal separation, transfer the extract into an absorption cell, 
and measure the absorbance at 550 nm against the reagent 
blank. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra. The C o - T A R chelate anion 
and its ion-pair with Z+Cl - in the aqueous phase have 
their absorption maxima at 540 n m ; these shift to 550 
nm in the chloroform extract. 
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Fig. 1. Effect of pH on the extraction of Co-TAR-Z+Cl-
chelate. 
1: Reagent blank (reference; chloroform), 2: Co; 10.1 
[xg (reference; reagent blank). 0.05% TAR: 1 ml, 0.1 
% Z+C1-: 2 ml. pH 3.5—6.0: 0.025 M succinic acid-
borax, pH 6.0—9.2: 0.05 M borax-phosphate buffer. 

Effect of p H . The effect of p H on the extraction 
of the ternary chelate was examined as shown in Fig. 1. 
The extract shows a constant absorbance at p H 6.7— 
10.0 with a broad peak at p H 5, where the absorbance 
of the reagent blank changes remarkably with an 
increase in p H . When hexamine-nitr ic acid buffer is 
used, the extract has a molar absorptivity of about 
7 X 104 at 535 nm. An extractable higher order chelate, 
perhaps the quaternary chelate, may be formed. 
However, we could not obtain reproducible conditions 
because the complexation conditions were complicated. 

The Effect of TAR Concentration. The effect of 
T A R concentration was examined and the constant 
absorbance was obtained by adding from 0.7 to 4 ml 
of 0 .05% T A R solution for 10 [jig of cobalt in 20 ml 
solution. 

The Effect of the Z+Cl~ Concentration. T h e extract 
showed a constant absorbance with the addition of 
0 . 1 % Z+Cl - over the ranges of 0.5—5 ml. The ternary 
chelate partially dissolved into aqueous phase upon the 
further addit ion of Z+Cl - . 
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The Effect of Shaking Time, Color Stability, and the 
Aqueous Phase Volume. The absorbance of the 
extract was constant for shaking times from 5 min to 
one hour. The extracted species was very stable and its 
absorbance was constant for at least 24 h at room 
temperature . A constant absorbance was also obtained 
up to 40 ml of the aqueous phase volume. 

Organic Solvents. The chelate was effectively 
extracted into such polar solvents as chloroform, 
dichloromethane (2.92 X 104, 552 nm) , 1,2-dichloro-
ethane (2.80X104 , 550 nm) , and ethyl acetate (3.27 X 
104, 543 nm) , but not into such nonpolar solvents as 
carbon tetrachloride, carbon disulfide, and hexane. The 
chelate was also extracted into such aromatic hydro­
carbons as benzene, toluene, xylene, and chlorobenzene, 
where the extracts show a brill iant red color, but 
contain insoluble components. The other ketones and 
esters formed an emulsion or a third phase at the 
interface. 

Extract ability and Molar Absorptivity. The extrac-
tability of the ternary chelate was examined by the 
atomic absorption spectrometry; it was found that 99.6% 
of cobalt was extracted by a single extraction. The 
molar absorptivity of the ternary chelate is 3.42 X 104 

1 m o l - 1 c m - 1 , which is more sensitive than the ion-pair 
extraction methods, such as l-(2-pyridylazo)-2-naphthol-
Tri ton X-100 (1.90 X 104),5) but less sensitive than that 
o f P A R - Z + C l - (5.9 Xl04)6) methods. 

Calibration Curve. A calibration curve for the 
determination of cobalt was made under the opt imum 
conditions. The curve obeys Beer's law up to 20 [jig of 
cobalt per 10 ml of chloroform, and Sandell 's sensitivity 
for the absorbance of 0.001 is 0.0017 [ig c m - 2 . The 
variation coefficient of the absorbance is 0.92% for the 
8 measurements. 

Effect of Masking Agents. A constant absorbance 
is obtained in the presence of 5 ml each of 10% sodium 
salt of citrate, tartrate, acetate, oxalate, and thiourea. 
When the extract is washed with 5 ml of 0.05 M EDTA, 
the absorbance is constant because the chelate is rather 
stable once extracted. In the presence of sodium 
chloride, the extractions of ternary complexes of nickel, 
copper, and zinc were rapidly decreased as the number 

of the chloride ions increased, while the extraction of 
the cobalt complex was scarcely affected.4) Thus, in 
the present method, the combined use of high concentra­
tions of various masking agents is possible. 

T A B L E 1. EFFECT OF DIVERSE IONS 

Mn(II), Zn(II),a> Cd(II),a> Al(III), 100 
Ti(IV),b> Pb(II), Sb(V), Gr(VI), Mo(VI), 
W(VI), As(V), Se(IV), Rh(III) , Ga(II), 
Mg(II), Sr(II), Ba(II) 

Fe(II),a> Fe(III),a> Ni(II),a> Cu(II),c> 50 
Hg(II),a> Cr(III), Sc(III),d> In(III), 
Zr(IV), Hf(IV), Sn(IV), Th(IV) 
Sn(II),b> Ru(III), CN-, SCN- 20 
Be(II), Bi(III), Pt(IV) 10 

Cobalt taken: 1.01 ppm. a) Extracts were washed 
with 5 ml of 0.05 M EDTA solution, b), c), and d) : 
Five ml each of 10% citric acid, thiourea, and 
tartaric acid solution were added, respectively. 

Effect of Diverse Ions. The effect of diverse ions 
was investigated as shown in Table 1, where the tolerance 
limit was set to ± 3 % for cobalt recovery. U p to 10-fold 
amounts of nickel, and 20-fold of iron(II) and i ron(II I ) , 
were also tolerated by the addition of 5 ml each of 1 % 
dimethylglyoxime and 5 % sodium pyrophosphate, 
respectively. Five-fold amounts of nickel, and 2-fold 
of copper and zinc were left in the aqueous phase in the 
presence of 1 g of sodium chloride. Of the anions 
tested, chloride, sulfate, and nitrate did not interfere. 
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Synopsis. A mixture of vaterite and calcite was 
formed by the reaction of calcium methoxide with aqueous 
sodium carbonate solutions. The reaction temperature was 
found to be a dominant factor for the formation of vaterite. 
The kinetics of the transformation of vaterite into calcite was 
studied. 

Calcium carbonate exists in three polymorphic 
modifications: calcite (hexagonal), aragonite (orthorhom-
bic) and vaterite (hexagonal). Calcite is stable at 
ordinary temperature and pressure. Both aragonite and 
vaterite are transformed into calcite on heating. 
Although the formation of calcite and aragonite has 
been studied by many investigators, only a few papers1 - 4) 
have appeared on the formation of vaterite. I t was 
found that the mixture of vaterite and calcite is formed 
by the reaction of calcium methoxide with aqueous 
sodium carbonate solution. T h e present study deals 
with the conditions on the formation of vaterite and the 
kinetics of the transformation of vaterite into calcite. 

E x p e r i m e n t a l 

The starting material calcium methoxide was prepared by 
heating calcium metal in an excess dehydrated methanol: 

CHaOH 
Ga + 2CH3OH • Ca(OCH3)2 + H2 (1) 

64°C, 5 h 

Calcium metal of purity 99 % was used. 20 cm3 of a metha-
nolic solution containing 1 g calcium methoxide was added 
rapidly to the stirred 100 cm3 aqueous sodium carbonate solu­
tion, and the resulting colloid was stirred for 5 min. The 
product was separated immediately from the suspension by 
filtration, washed repeatedly with hot water, and dried at 40 
°C under reduced pressure. The product was examined by 
means of X-ray diffraction using nickel filtered copper Ka 
radiation and differential thermal analysis. 

R e s u l t s and D i s c u s s i o n 

All the products obtained under various conditions 
were identified as calcium carbonate, which is a mixture 
of vaterite and calcite. No aragonite was formed. T h e 
yield was about 9 6 % . Figure 1 shows the X-ray diffrac­
tion patterns of calcium carbonate. No line broadening 
was observed. The fraction of the two modifications 
for each calcium carbonate powder is given in Table 1. 
The fraction was determined from Eqs. 24>5> and 3 by 
measuring the intensity of the (104) reflection of calcite 
and the intensities of the (110), (112), and (114) reflec­
tions of vaterite: 

20/degree (Cu KOL) 

Fig. 1. X-Ray diffraction patterns of CaCO s prepared 
from solutions of various temperatures and concentra­
tions. (A) : 0.25 N 30 °G, (B) : 0.5 N 50 °C, (C) : 1 N 90 °C. 
For Na 2G0 3 solutions, 1 N=0.5 mol/dm3. V: Vaterite, 
C: calcite. 

TABLE 1. FRACTION OF THE TWO MODIFICATIONS FOR 

CaCO s PREPARED BY THE REACTION OF Ca(OCH3)2 

WITH AQUEOUS Na 2C0 3 SOLUTION 

R u n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Concentrat ion 
of aq 

Na2G03soln/N a> 

0 .25 

0 .25 

0 .25 

0 .25 

0 . 5 

0 . 5 

0 .5 

0 .5 

1 

1 

1 

1 

Temp/°C 

30 

50 

70 

90 

30 

50 

70 

90 

30 

50 

70 

90 

Frac t ion/% 

Vateri te Calcite 

14 

41 

72 

86 

25 

52 

74 

86 

40 

66 

74 

87 

86 

59 

28 

14 

75 

48 

26 

14 

60 

34 

26 

13 

f _ . J 104(c) 

AlOCv) + 1 1 l2Cv) 4" A(M(c) 4 " -VU4C v) 

Â + /v = 1 

(2) 

(3) 

a)l N = 0 . 5 mol/dm3 (for Na 2C0 3 solutions). 

w h e r e / 0 a n d / v are the fraction of calcite and vaterite, 
respectively. For all the concentrations of aqueous 
sodium carbonate solutions, the fraction of vaterite 
increased with rise in reaction temperature up to 90 °C, 
no product consisting of only vaterite being formed. 
Formation of vaterite at low temperature was promoted 
with increase in the concentration of aqueous sodium 
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t/min 

5 10 20 40 60 

20 30 40 50 60 

//min 

Fig. 2. Phase transformation from vaterite to calcite as 
a function of time at different temperatures. 
O : 360 °C, # : 380 °C3 £ ) : 400 °C. 

carbonate solution, but not at high temperature. The 
reaction temperature is a dominant factor in the 
formation of vaterite. I t is important to consider two 
stages for the formation of calcium carbonate: (a) 
aggregation velocity of ions; (b) crystallization velocity 
at which the ions in colloidal state form crystals. The 
aggregation velocity is considered to be very high. O n 
the other hand, a period of a few seconds to a few 
minutes is required for crystallization. Increase in the 
reaction temperature reduces the t ime of transformation 
from colloid into crystal. T h e formation of vaterite 
seems to be determined by the crystallization velocity 
which changes with the reaction temperature. 
Differential thermal analysis was carried out in the air 
from room temperature to 600 °C. An exothermic 
reaction was observed in the temperature range 390— 
430 °G. From the results of X-ray diffraction, the 
reaction was found to be the transformation of vaterite 
to calcite. Figure 2 shows the fraction of the transforma­
tion of vaterite to calcite (Table 1, run 12) as a function 
of t ime at different temperatures. The average particle 
size of the specimen was 0.14 fxm. Transformation 
isotherms were characterized by sigmoidal shape, the 
kinetics being best described by the Avrami equation6) 
(Fig. 3), 

l n ( l - « ) = -ktn ( 2 . 8 - 3 . 1 ) = 3 (4) 

where a, t, k, and n are the fraction of transformation, 
t ime, rate constant, and proportionality constant, 
respectively. The activation energy calculated by the 

1 2 3 4 
In (//min) 

Fig. 3. Plot of ln(l—a) vs. time t. 
O : 360 °C, # : 380 °C, £>: 400 °G. 

Arrhenius plot is ca. 130 kj/mol, representing that of the 
nucleation growth of calcite. Rao5) reported that 
vaterite prepared by the same method as that given by 
McConnel1) is transformed into calcite in the tempera­
ture range 540—580 °G, the kinetic data being 
represented by the Avrami equation with n=4/3. Higher 
activation energy 356 kj /mol was required for the 
progress of transformation. O u r results do not agree 
with those of Rao.5) The discrepancy might be attributed 
to difference in type of impurity and the average particle 
size of vaterite, which affects the temperature and 
kinetics of transformation. 

References 

1) J . D. C. McConnel, Mineral Mag., 32, 535 (1960). 
2) Y. Inoeu, G. Hashizume, Y. Kaneharu, and Y. Ishii, 

Nippon Kagaku Zasshi, 83, 777 (1962). 
3) Y. Kitano, Bull. Chem. Soc. Jpn., 35, 1973 (1962); 35, 

1980 (1962). 
4) Y. Nakahara, T. Tazawa, and K. Miyata, Nippon 

Kagaku Kaishi, 1976, 732. 
5) M. S. Rao, Bull. Chem. Soc. Jpn., 46, 1414 (1973). 
6) M. Avrami, J. Chem. Phys., 7, 1103 (1939); 8, 212 

(1940). 



April, 1979] N O T E S 1219 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (4 ) , 1219 1220 (1979) 

Design and Performance of the Air-Propane Nebulizer Burner 
for Atomic Absorption Spectrometry 

Ryuzo TSUJINO,* Akira OGAWA,* and Soichro MusHAft 

Technical Div., Nippon Jarrell-Ash Co., Ltd., Joshungamae-cho, Shimotoba, Fushimi-ku, Kyoto 612 
t Technical Laboratory, Fujita General Construction Co., Ltd., Otana-cho, Kouhoku-ku, Yokohama 223 

ttDepartment of Applied Chemistry, College of Engineering, University of Osaka Prefecture, 
Mozu-umemachi, Sakai 591 

(Received August 16, 1978) 

Synopsis. A new air-propane nebulizer burner, by 
the use of which the sensitivity and precision for atomic 
absorption measurements was approximately equal to those 
with an air-hydrogen nebulizer burner, has been developed. 
The flame with this burner has other characteristic features, 
such as low auditory noise, high stability, and low radiation 
noise in the OH band. 

Various kinds of chemical flames have been widely 
used for atomic emission, absorption, and fluorescence 
spectrometry. There are two types of burners,1 - 3) that 
is, the nebulizer burner and the premix burner . Recently 
the premix burner has been most often used because it 
is silent in operation and has a high efficiency4»5) in 
atomizing. 

However, the nebulizer burner has many merits: less 
clogging of the burner with high concentrations of 
various solutes, no necessity to change the burning 
conditions between aqueous and organic solvents because 
of the energetic flame, smaller volume of sample con­
sumption for measurement, freedom from flashback, and 
simplicity in cleaning and use. Another merit is that a 
strongly acidic or alkaline sample solution can be 
nebulized directly, without any trouble like corrosion, 
as the solution passes through only the capillary. The 
material of the capillary can also be easily changed 
according to the solution. 

It is well known that the exhaust speed of an oxidant 
of a nebulizer burner is very high. Therefore, some 
flames with a high burning velocity2) {e.g., oxygen-
acetylene, oxygen-hydrogen, and air-hydrogen flames) 
have been obtained with the nebulizer burner, while 
flames of a low burning velocity have blown out. 

The maximum temperature of an a i r -propane flame 
has been reported to be 2200 K,1«6) about 100 K lower 
than that of a relatively low-temperature air-hydrogen 
flame {i.e., 2300,1) 2290 K7>). 

In this paper the construction of a new type of 
nebulizer burner for flames of low-burning velocity, 
such as an a i r -propane flame, and its characteristics are 
reported. 

Construct ion a n d E x p e r i m e n t a l 

A cross-sectional diagram of the newly constructed nebulizer 
burner is shown in Fig. 1. By thoroughly mixing propane with 
air and by equipping the burner with the side cover (H), we 
prevent the air-propane flame from blowing out. The propane 
enters from its inlet portion (A) and then passes through a 
nozzle (D) 0.2 mm in dia., with 12 holes (E) 2 mm in dia. 
and 16 holes (F) 1.6 mm in dia., into the flame. The propane 
is concurrently diluted with air from 6 holes (C) 2.5 mm in 

Fig. 1. Cross-sectional diagram of the air-propane nebu­
lizer burner. 
A; Fuel inlet, B; air inlet, C; holes, D; nozzle, E; holes, 
F; holes, G; mixing chamber, H; side cover, I; nozzle, 
J ; capillary. 

dia. and thoroughly mixed in the space (G). The side cover 
(H) has 24 holes 2.5 mm in diameter. 

As an oxidant propane requires about ten times as much 
air (in volume) than does hydrogen for stoichiometrical burn­
ing at its maximum burning velocity. Therefore, we must mix 
propane with air to a great extent before the propane reaches 
the flame. The holes of the side cover (H) also serve as a 
cooler for the sidecover by the stream of entrained air. The 
burner is made of stainless steel ; this makes in significant any 
contamination in the determination of iron, chromium, and 
nickel. 

The solution passes through a platinum-rhodium capillary 
(J) 0.55 mm in inside dia. and 0.8 mm in outside dia., and 
is then sprayed by the air at the nozzle (I) 1.1 mm in diameter. 
The pressures of air and propane at the inlet ports (B) and 
(A) are 0.8 xlO5 and 2.0 x 105 Pa respectively. The air-
propane flame concurrently provides suitable flame conditions 
in terms of stability and sensitivity for the atomic absorption 
measurements of several elements. 

An atomic absorption and emission spectrophotometer AA-
1E (Nippon Jarrell-Ash Co., Ltd.) equipped with a 0.5-m 
monochromator was used for getting the emission spectra and 
the other spectra. A photomultiplier, R456 (Hamamatsu T.V. 
Co., Ltd.), and a grating with 1200 grooves/mm, blazed wave­
length 300 nm were used. The voltage applied to the photo-
multiplier was 500 V. The slit width of the monochromator 
was 100 (Jim for both entrance and exit, while the scanning 
speed of wavelength was 12.5 nm/min. An air-hydrogen flame 
with a Hetco burner (conventional nebulizer burner, Nippon 
Jarrell-Ash Co., Ltd.) was used for comparison. The burning 
gas conditions were 1.0 X 105 Pa and 0.5 x 105 Pa in pressure 
for air and hydrogen respectively, as usual. Both flames were 
measured 50 mm above the burner tops, where the highest 
sensitivities were obtained with both flames for most of the 
elements listed in Table 1. 
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T A B L E 1. SENSITIVITIES OF SEVERAL ELEMENTS 

WITH ATOMIZER BURNERS 

El 
(Wavel 

Li 
Na 
K 
Cs 
Mg 
Ca 
Sr 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Ag 
Zn 
Cd 
Hg 
Pb 
Bi 
Te 

ement 
ength ni 

(670.8) 
(589.0; 
(766.5] 
(852.1) 
(285.2) 
(422.7) 
(460.7) 
(357.9) 
(279.5) 
(248.3) 
(240.7) 
(232.0) 
(324.8) 
(328.1) 
(213.9) 
(228.8) 
(253.7) 
(283.3) 
(223.1) 
(214.3) 

Sensitivities (ppm/1% absorption)a) 

n) A. ' Air-propane 

0.03 
0.01 
0.02 
0.5 
0.05 
0.5 
1 
2 
0.05 
0.1 
0.1 
0.1 
0.05 
0.05 
0.01 
0.04 
2 
1 
0.2 
0.2 

Air-hydrogen 

0.04 
0.01 
0.02 
0.2 
0.01 
0.2 
0.2 
0.4 
0.1 
0.1 
0.2 
0.2 
0.05 
0.05 
0.02 
0.03 
5 
0.6 
0.5 
0.5 

a) Obtained with a single path. 

R e s u l t s and D i s c u s s i o n 

The flame emission spectra scanned, originating from 
the air-hydrogen and the a i r -propane flames with the 
nebulizer burners under the same analytical conditions 

'A OH band 

l/L. 

except for the burning-gas conditions, are shown in 
Fig. 2. The a i r -propane flame proved relatively smaller 
in its OH-band spectrum and inversely larger in its 
swan-band spectra. The spectrum of the oxygen-
acetylene flame with the Hetco burner under the same 
measurement conditions almost scaled out (not shown). 

The precision and sensitivity were investigated by 
means of atomic absorption measurements. The 
coefficient of variation at 4 ppm magnesium in an 
aqueous solution was 0 .9% (n=\0). Table 1 shows the 
sensitivities of several elements with the air-propane 
nebulizer burner (Hetco burner) . There was no signifi­
cant difference in sensitivities for the elements inves­
tigated between the two burners. It is apparent that a 
decrease of about 100 K in the flame temperature, as 
has been described earlier, leads to something of a 
loss in sensitivity for magnesium, calcium, strontium, 
and chromium, which form a relatively stable oxide. A 
lower sensitivity for cesium was obtained with the a i r -
propane flame than with the air-hydrogen flame, 
though among the alkali metals cesium was expected 
to give a higher sensitivity in terms of the ionization 
potential . 

Furthermore, no flashback of the flame occurred at 
any pressure ratio of air to propane. An air- town gas 
flame can be obtained by using this burner without holes 
(C) and nozzle (D). The audible noise of the a i r -
propane and a i r - town gas flames with this nebulizer 
burner was much less than that of the air-hydrogen 
flame with a conventional nebulizer burner. As the 
background at the O H band is small, this burner can 
also be used for emission and atomic fluorescence 
spectrophotometry. 

The authors wish to thank Dr. Shohei Tamura of 
Tokyo University for his helpful discussion. 
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Burning gas conditions: (A) air; 1.0 X 105 Pa, hydrogen; 
0.5 x 105 Pa (B) air; 0.8 x 105 Pa, propane; 2.0 X 105 Pa. 
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Synopsis. A 50 mg portion of metallic copper ( 100 
mesh) placed in 50 ml of a neutral solution containing 0.1 
mol dm - 3 ethylenediaminetetraacetate (EDTA) was quanti­
tatively dissolved within 20 min at 50 °G after the addition 
of a small amount of hydrogen peroxide, resulting in blue 
coloration of the copper(II)-edta complex. 

Copper dissolves readily in aqueous ammonia in the 
presence of oxygen to form copper ( I I ) -ammine 
complex.1) A similar reaction is expected in an aqueous 
solution containing a chelating agent. Quanti tat ive 
dissolution of copper in E D T A solution in the presence 
of hydrogen peroxide is reported. 

Exper imenta l 

Reagents. The following reagents were used. Disodium 
and tetrasodium salts of ethylenediaminetetraacetic acid 
(Dotite reagents, Dojindo Laboratories), metallic copper 
powder of spectrographic standard (99.999 %, 100 mesh, 
Mitsuwa Pure Chemicals Inc.), and copper(I) oxide (chemi­
cally pure grade, Kanto Chemicals Inc.). Other reagents used 
were of guaranteed grade. 

Procedure. A 50 mg portion of copper powder was 
taken into 50 ml of a 0.1 M (1 M = 1 mol dm~3) EDTA solu­
tion in a 100-ml Erlenmeyer flask placed in a thermostat kept 
at 50 °C, a small amount of hydrogen peroxide being added to 
the solution with stirring. The course of the reaction was 
followed by pipetting out a 3-ml portion of the reaction solu­
tion at certain time intervals and determining the concentra­
tion of copper (Il)-edta complex spectrophotometrically at 720 
nm with a Shimadzu Spectronic 88 spectrophotometer. The 
amount of dissolved copper was evaluated from the calibration 
curve obtained by means of copper sulfate in a solution of the 
same composition as the reaction solution. After the absorp­
tion measurement the solution was returned quickly to the 
reaction vessel to keep the volume constant. 

R e s u l t s and D i s c u s s i o n 

Effect of Hydrogen Peroxide. In the presence of 
dissolved oxygen, copper reacts slowly with E D T A to 
form a blue colored copper( I I ) -edta complex, but no 
copper dissolves when oxygen is purged by nitrogen. 
Addition of a small amount of hydrogen peroxide was 
highly effective in promoting the dissolution (Fig. 1). 
A 50 mg portion of copper in 50 ml of a 0.1 M Na 2 H 2 -
edta solution (pH 4.8) was quantitatively dissolved 
within 20 min after the addition of 0.4—2.4 ml of 30% 
hydrogen peroxide solution when the reaction solution 
was stirred at 50 °C. At a higher initial concentration of 
hydrogen peroxide, evolution of oxygen took place in 
the solution, the dissolution of copper being depressed. 

Effect o/"pH. The p H dependence of the reaction 
was examined by varying the concentration of hydrogen 

20 40 

time/min 

Fig. 1. Effect of hydrogen peroxide on the dissolution 
of a 50-mg portion of metallic copper in 0.1 M EDTA 
solution (50 ml, pH 4.8) at 50 °C. Amounts of 30% 
H 2 0 2 solution added; 0 = °-05> 3 : 0.10, © : 0.20, 
0 : 0.5, A : 1.0, ^ : 2.5, • : 5.0 ml, © : without H 2 0 2 , 
0 : the solution deaerated and without H 3 0 2 . 
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Fig. 2. Effect of pH on the 10-min dissolution of a 50-mg 
portion of metallic copper. Solution pH was adjusted 
with mixing 0.1 M EDTA disodium (pH 4.8) and 
tetrasodium (pH 11.3) salt solutions. Amounts of 30% 
H 2 0 2 solution added; 0 : °> <&'• 0-]05 • : 0.20, f ) : 0.5 
ml. The dashed curve indicates the concentration 
fraction of the HY3~ species. 
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peroxide. The reaction solution was gently shaken in an 
incubator. Rapid dissolution of copper took place in 
the p H range 6—8, as shown in Fig. 2, in which the 
proportion of copper dissolved during the first 10 min 
is plotted against p H of the initial solution. After 
quanti tat ive dissolution of copper, the p H of solution 
was found to increase by ca. one unit . The rate of 
dissolution depends upon the concentration of H e d t a 3 - . 
When the p H was higher than 9, the decomposition of 
hydrogen peroxide took place with increase in the initial 
concentration of hydrogen peroxide, no quanti tat ive 
dissolution of copper taking place. 

Dissolution Reaction. The kinetics of the corrosion 
of copper in aqueous solution was reported by Hill.2) 
In the presence of oxygen, copper is oxidized to copper(I) 
ion, forming copper (I) oxide. The formation of copper-
(I) oxide is hindered in the presence of acetate ion 
owing to the absorption of acetate ion on the copper 
surface. 

Thus the following sequence of reactions is suggested in 
the presence of hydrogen peroxide and E D T A . 

2Cu + H 2 0 2 + 2H+ > 2Cu+ + 2H 2 0 , (1) 

2Cu+ + H 2 0 2 + 2HYn~ • 2CuY2~ + 2H 20, (2) 

where HY3~ denotes E D T A anion predominating near 
p H 8. The overall reaction is given by 

Gu + HY3- + H 2 0 2 + H+ > CuY2~ + 2H 2 0. (3) 

This indicates the consumption of proton, experimental­
ly confirmed as the increase in p H after the dissolution 
of copper. 

Reaction of Copper Oxide with EDTA. The reactions 
of copper(I) and copper(II) oxides with EDTA solution 
were tested. Each sample of the oxides containing 
7.89 X 10~4 mol copper was taken into a 0.1 M Na2H2-
edta solution. Copper(I) oxide reacts readily with 
E D T A in an air-saturated solution, an appreciable 
dissolution taking place even in a deaerated EDTA 
solution. O n the other hand, copper (I I) oxide dissolves 
slightly into an E D T A solution even in the presence of 
hydrogen peroxide. 
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amminecadmium(II) Ion in Aqueous Solution 
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Synopsis. The structure of the hexaamminecadmium-
(II) ion in an ammoniacal aqueous solution of cadmium 
chloride was determined by the X-ray diffraction method at 
the NH3/Cd mole ratio of 9.9. The result showed that a 
cadmium(II) ion is octahedrally surrounded by six ammonia 
molecules at the distance of (2.37±0.03) A. 

A number of equilibrium studies have been reported1) 
for the complex formation between cadmium (I I) ion 
and ammonia molecules, and structures of the complexes 
have mainly been investigated by spectroscopic ways.2-5) 
The structure of the hexaamminecadmium(II) complex 
in the solid phase has also been studied by the R a m a n 
spectroscopy.3) However, no X-ray crystallographic 
data are available, because no stable single crystal of the 
hexaamminecadmium(II) complex, as well as other 
cadmium ammine complexes, could be prepared. 
Therefore, we undertook to determine the structure of 
the hexaamminecadmium(II) complex in an aqueous 
solution by the X-ray diffraction method. An am­
moniacal aqueous solution of CdCl 2 at the NH 3 /Cd mole 
ratio of 9.9 has been used as a sample solution. In 
solutions of the NH 3 /Cd mole ratio lower than 9.9, 
various ammine complexes can coexist, and thus, 
structural analyses of such solutions are not examined 
in the present work. 

E x p e r i m e n t a l 

The sample solution was prepared as previously described.6) 
The solution was almost saturated with both cadmium(II) ion 
and ammonia. The concentration of cadmium(II) ion in the 
solution was determined both by EDTA titration using a BT 
indicator and by electrogravimetry. The results obtained by 
the two methods agreed each other within 0.2 %. Concen­
trations of ammonia and chloride ions were determined as 
described previously.6) The atomic composition of the sample 
solution is given in Table 1. 

X-Ray scattering data were obtained at (25±1) °G with a 
0-0 diffractometer (JEOL Co., Tokyo) equipped with a Philips 
Mo-tube (Mo Ka : X=0.7107 Â). Details of measurements and 

TABLE 1. THE ATOMIC COMPOSITION (g-atoms/dm3) 

AND THE STOICHIOMETRIC VOLUME V PER 

CADMIUM ATOM FOR THE SOLUTION 

Cd 
Cl 
N 

o 
H 

NH3/Cd 
density/g c m 4 

F/A3 

1.336 
2.671 

12.53 
36.31 

110.2 
9.9 
1.112 

1243 

treatment of data are described elsewhere.6'7) A Raman 
spectrum of the sample solution was measured with a JEOL 
JRS-S1 spectrophotometer using the 4880 A Ar+ laser exci­
tation. 

R e s u l t s a n d D i s c u s s i o n 

The (D(r)—4:7tr2p0) and D(r) curves obtained for the 
solution are shown in Figs, l a and l b , respectively. As 
can be seen from Fig. l a , five peaks appear around 1.0, 
2.4, 2.8, 3.2 and 4.6 Â (indicated by arrows). The small 
and broad peak at 1.0 Â is due to both O - H and N - H 
bonds within water and ammonia molecules, respec­
tively. A shoulder locates at ca. 2.4 Â, the position being 
expected from the sum of the sizes of a cadmium (I I) 
ion and an ammonia molecule (0.97 Â8) + 1 . 4 0 Â9) = 
2.37 Â) . The peak around 3.2 Â can be ascribed to the 
C l - O bond within the hydrated chloride ion.10) The 
nearest O - O contacts in the bulk water-structure 
contribute to the shoulder around 2.8 Â.11) T h e inter­
atomic N - O distance of the N H 3 - H 2 0 contacts in the 
ammoniacal aqueous solution9) is almost the same as the 
O - O distance of the H 2 0 - H 2 0 contacts in the bulk. 

In order to deduce the peak due to the C d - N bond, 
the contributions of the nearest O - O and N - O contacts 
in the bulk medium and the C l - O bonds within the 
hydrated chloride ions were subtracted from the D(r) 
curve according to the following procedures. Since the 
X-ray method could hardly distinguish O from N 
atoms, the effective scattering factor, fx(s)=xfn(s)-\-
(l—x)fo(s)> was introduced in order to calculate the 
H 2 0 - H 2 0 and N H 3 - H 2 0 interactions in the bulk phase 
(the NH3-NH3 contact was neglected because of the 
relatively low concentration of ammonia compared with 
the water concentration). The same scattering factor 
was used for the calculation of theoretical intensities of 
scattered X-rays from chloride ions solvated with water 
and, possibly, ammonia molecules, x represents the 
mole fraction of free ammonia : x= [ N H 3 ] F / ( [ N H 3 ] F + 
[ H 2 0 ] T ) , where [NH 3 ] F is assumed to be [NH 3]T— 
6[Cd2+]T,12) subscript T denoting the total concentra­
t ion, fs and fo are the scattering factors of nitrogen 
and oxygen atoms, respectively. The values of 2.78 Â and 
0.008 A2 were used as the distance and the temperature 
factor, respectively, of the H 2 0 - H 2 0 interaction in 
aqueous ammonia solution.11) The same distance and 
temperature factor were used for the calculation of the 
N H 3 - H 2 0 contacts.9) The result is shown in Fig. l b . 
Figure lc shows the theoretical peak shapes of the 
atoms pairs which are taken into account in the present 
consideration. I n this picture X means either O or N . 
A definite peak at 2.4 Â (chain line in Fig. lb) can be 
ascribed to the C d - N bond. The area under the peak 
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Fig. 1. The radial distribution curve of the sample 
solution, (a) The {D{r)-A-7ir*pQ) curve, (b) The D(r) 
curve (solid line). The chain line shows the curve 
after subtraction of the theoretical peak shapes for the 
O-H and N-H bonds within H 2 0 and NH3 molecules, 
respectively, the nearest neighbors X - X (i.e., O-O and 
N-O) interactions in the bulk structure and the Cl-X 
bonds within the solvated chloride ions from the D(r) 
curve. The dashed line shows the residual curve after 
subtraction of the theoretical peak shapes for the Cd-N 
and cis-N-N interactions within the hexaamminecad-
mium(II) complex. The dotted line is drawn by 
assuming that the curve having the maximum at 2.4 
A is Gaussian, (c) Theoretical peak shapes for each 
atom pair. 

(dotted line) gave about six ammonia molecules neigh­
boring with the central cadmium(II ) ion. The peak 
can also be explained in terms of the formation of the 
Cd(NH 3 ) 5 (OH 2 ) 2 + complex, because we cannot distin­
guish Cd(NH3)6

2+ ion from Gd(NH 3 ) 5 (OH 2 ) 2+ ion by the 

present X-ray diffraction technique as far as the C d - N 
bond length does not significantly differ from the length 
of the C d - O bond. However, the R aman spectrum 
of the solution revealed a polarized band at (341 d=2) 
c m - 1 , which is assigned to the totally symmetric C d - N 
stretching vibration. The frequency agreed well with 
that of the hexaamminecadmium(II) complex in the 
solid phase.3) Therefore, we concluded that the hexa-
amminecadmium(II ) complex is the main species in 
the present sample solution and that the peak at 2.4 Â 
is due to six C d - N H 3 bonds. Subtraction of the theoret­
ical peak due to the C d - N H 3 bonds, together with the 
peak due to the cis-N-N contacts within the complex, 
from the residual curve (chain line in Fig. lb) led to a 
smooth background curve (dashed line). The C d - N 
bond distance finally determined was (2 .37^0.03) A. 
The bond is slightly longer than the C d - O H 2 bond 
(2.31 Â) within the hexaaquacadmium(II ) ion.7) 

No other intramolecular interaction could be found, 
since no appreciable peak was observed in the back­
ground curve in the range of r<C4 Â. 

T h e broad peak around 4.6 À may be related to the 
interactions between cadmium(II ) ions and ligand 
molecules (water and ammonia molecules and chloride 
ions) in the second coordination layer. 

The present work has been partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Education. 
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Studies on 1,2,4-Thiadiazolidine Derivatives. IV.1) The Isomers 
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Synopsis. Several 2-alkyl-5-alkylimino-4-aryl-3-aryl-
imino-l,2,4-thiadiazolidines and 4-alkyl-5-alkylimino-2-aryl-3-
arylimino-l,2,4-thiadiazolidines were synthesized by the oxida­
tion of l-alkyl-3-arylthioureas with benzoyl peroxide along 
with 2,4-dialkyl-3,5-bis(arylimino)-l,2,4-thiadiazolidines. 

In a previous paper,2) we reported that the oxidation 
of l-alkyl-3-arylthioureas with benzoyl peroxide (BPO) 
was found to afford 2,4-dialkyl-3,5-bis(arylimino)-1,2,4-
thiadiazolidines (1) and their isomers (2 and 3), and the 
three positional isomers of 1,2> 2,3) and 34> were deter­
mined by X-ray analyses. 

RNHCSNHAr 

R = alkyl 
Ar = aryl 

BPO R \ 1 V _ / S X / R 1 

> 1N "I N 
R 3 -N—' . \ N - R 2 

1; Ri = R3 = alkyl, R2 = R4 = aryl 
2; R ^ R ^ a l k y l , R2 = R3 = aryl 
3 ; R ^ R ^ a r y l , R3 = R4 = alkyl 

In the course of the studies on 1,2,4-thiadiazolidines, 
2 was found to be rearranged into 1 and/or 3 depending 
on the reaction conditions, whereas 1 and 3 could not be 
further converted into any of the other type isomers, 
which are reported herein. When the following solutions 
of 2 were allowed to stand for a week at room tempera­
ture, each solution gave the mixture of 1,2,4-thia­
diazolidines (%) : 2a (1.5 mg) in CH 2 Cl 2 -AcOH (500 u4-
50{jd); l a : 2 a : 3 a = 8 : 0 : 9 2 , 2a (1.5 mg) in CH 2 C1 2 -
AcOH-pyr idine (500ul-50ul-50 JJLI) ; l a : 2 a : 3 a = 6 8 : 
18: 14, 2a (1.5 mg) in CH a Cl 2 -AcOH-pyr id ine (500 jxl-
50ul-100 (xl); l a : 2 a : 3 a = 5 3 : 44: 3. 

Ar 

N = C 
,SH 

BPO 

N - C , 
N-Ar 

RNHCSNHAr• BPO 

» ( 1 ) 

, Î 
N i c 3 S V R 

i i 

• N " * C * N - A r 

v / S . Ar 
N=C N 

N-Cv 

Ar N " R 

• H+ 

J R 

Ar' 

SH 

N=C ,NHR 

Ar N-Ar 
II 

XN=C.' > -Ar 

- H * 

b) 

BPO • H+ 

N^C-N'R 

N-C 
( Z } (a) H' N*C. 

j - , 
N-Ar ( 3 ) 

Scheme 1. 

From the above results, it may be concluded that the 
rate of the isomerization of 2 to 3 is accelerated by acid 
but decelerated by the addition of base. Furthermore 
the more the base added, the less 3 and the more 1 are 
produced. However, the total rate of the rearrangement 
of 2 is reduced when a base is added. Consequently, 

TABLE 1. PRODUCT RATIO OF THE ISOMERS 1, 2, AND 3a ) 

X s 

\ T \ J _ / S \ / R 
N — ! ̂ N 

(1) 

- X x x ) -

/ X / X 

- X 

(2) 

•R C II I 

N-

R 

N _ 
J ^ N - ^ _ ^ - X 

(3) 

X R 
Ratio,b> % Ratio,c> % 

H 
(H 
H 
OMe 

(OMe 
OMe 

Me 
Me 
Et 
Me 
Me 
Et 

53 
55 
28 
65 
65 
28 

40 
32 
52 
26 
23 
54 

7 
13 
20 

9 
12 
18 

69 
59 
39 
80 
67 
49 

17 
0 

39 
6 
0 

30 

14 
41) d) 
22 
14 
33) d> 
21 

a) Determined by GLC. b) Reaction time: 1 h at 
5—10 °C. c) Reaction time: 1 h at 5—10 °G and 14 
days at 15—20 °C. d) Solvent: CH2C12 only. 

for the purpose of obtaining 3 from the oxidation of 
thioureas with BPO, no addition of base is preferable, 
whereas for the purpose of obtaining the labile isomer 2, 
the addition of base to the reaction system is preferable. 
Table 1 shows the ratio of these products for the oxida­
tion of some thioureas with BPO in dichloromethane-
pyridine ( 8 : 1 ) . As shown in Table 1, 2 was gradually 
converted mainly into 1 in the presence of pyridine, 
whereas in the acidic medium1" converted mainly into 3 . 
In view of these results the formation of 1 and 2 is 
expected to proceed through the intermediates I and 
II,5) and in the case of 3 , it may be formed through 
route (a) as shown in Scheme 1. There is no definitive 
information on a driving force for the isomerization of 
2 to 1 (route (b)). The physical properties and analytical 
data for the 1,2,4-thiadiazolidines (2 and 3) are sum­
marized in Table 2. 

Recently Joshua and Rajasekharan have reported 
2,4-dialkyl-3,5 - bis (arylimino) -1 ,2 ,4 - thiadiazolidines,ß> 
which correspond to our 1, arising from the oxidation of 
l-alkyl-3-arylthioureas with hydrogen peroxide in acidic 
aqueous ethanol. However, it may not be possible to 

t Benzoic acid would be produced from BPO as a by­
product in this reaction. 
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T A B L E 2. PHYSICAL PROPERTIES AND ANALYTICAL DATA OF 1,2,4-THIADIAZOLIDINES (2 AND 3) 

1 N - | N 
N — • 

X 

\ N -

2 a — d 

X R\- | \ r_/ S \ / ' 
1 N - | N 

N -

R 

3 a — d 

-X 

Gompd 

2a 

2b 

2c 

2d 

3a 

3b 

3c 

3d 

R 

Me 

Me 

Et 

Et 

Me 

Me 

Et 

Et 

X 

H 

OMe 

H 

OMe 

H 

OMe 

H 

OMe 

Yielda> 
% 

15 

7 

28 

23 

38 

29 

17 

16 

Mp/°C 

118.5 

123 

68 

75 

103.5 

oil 

60 

91 

NMR (ö)h> 

N-CH3 (N-CH2-) 

2.83, 

2.85, 

(3.06, 

(3.06, 

2.94, 

2.92, 

(3.07, 

(3.06, 

2.86 

2.89 

3.19) 

3.18) 

3.37 

3.33 

4.07) 

4.02) 

IRC> 
(cm -1) 
C=N 

1615 

1630 

1630 

1628 

1635 

1635 

1630 
1640* 
1615 
1625* 

Molecular d> 
formula 

Ci6Hi6N4S 

Ci8H2oN402S 

Ci8H20N4S 

C20H24N4O2S 

Ci6H16N4S 

Gi8H20N4O2S 

Ci8H20N4S 

G20H24N4O2S 

Found ( 

G 

64.63 
(64.84 
60.58 

(60.65 
66.63 

(66.64 
62.37 

(62.48 
65.03 

(64.84 
60.61 

(60.65 
66.62 

(66.64 
62.40 

(62.48 

H 

5.33 
5.44 
5.71 
5.66 
6.09 
6.21 
6.25 
6.29 
5.35 
5.44 
5.70 
5.66 
6.14 
6.21 
6.23 
6.29 

Calcd)0/ 

N 

18.92 
18.90 
15.65 
15.72 
17.43 
17.27 
14.54 
14.57 
19.07 
18.90 
15.68 
15.72 
17.18 
17.27 
14.41 
14.57 

> 

S 

10.95 
10.82) 
8.96 
8.99) 

10.07 
9.88) 
8.35 
8.34) 

10.86 
10.82) 
9.07 
8.99) 

10.16 
9.88) 
8.56 
8.34) 

a) Isolated yields under the following reaction conditions: reaction t ime; 1 h at 5—10 °G, solvent; C H 2 C 1 2 -
pyridine (8 : 1) for 2a—d, and reaction t ime; 1 h at 5—10 °G and 14 days at 15—20 °C, solvent; CH2C12 for 
3 a — d . b) Observed in CC14 . c) Measured in Nujol mulls (*shoulder). d) Determined by high resolution 
mass spectrometry. 

p r o d u c e t h e o t h e r t y p e i somers (2 a n d 3) u n d e r t h e i r 
e x p e r i m e n t a l c o n d i t i o n s . 

E x p e r i m e n t a l 

Materials. Commercially available benzoyl peroxide 
of a reagent grade was used. Thiourea derivatives were 
prepared according to methods in the literature.7) 

Preparation of2-Alkyl-5-alkylimino-4-aryl-3-arylimino-l ,2,4-thia-
diazolidines (2). T h e following procedure illustrates the 
general method. From a dropping funnel, a solution of BPO 
( 1.4 g, 5.8 mmol) in CH 2 Cl 2 -pyr id ine (80 ml : 10 ml) was added 
to a solution of l-methyl-3-phenylthiourea (0.83 g, 5 mmol) in 
CH 2 Cl 2 -pyr id ine (80 m l : 10 ml) at 5—10 °C, and the reaction 
mixture was stirred for 1 h at 5—10 °G. T h e reaction mixture 
was washed with an aqueous solution of N a O H to remove 
benzoic acid, and the solvent was evaporated in vacuo, and the 
residue was subjected to preparat ive T L C on a lumina eluting 
with ethyl aceta te-petroleum ether ( 1 :3 ) to give 0.11 g of 
2-methyl-5-methylimino-4-phenyl-3-phenylimino-1,2,4-thiadi-
azolidine (2a) along with 0.25 g of l a and 0.04 g of 3a . An 
analytical sample was recrystallized from ether. 

Preparation of 4-Alkyl-5-alkylimino-2-aryl-3-arylimino-1,2,4-thia­
diazolidines (3). A typical run is as follows: a solution 
of BPO (14 g, 58 mmol) in CH2C12 (200 ml) was added 
dropwise to a solution of l-methyl-3-phenylthiourea (8.3 g, 50 
mmol) in CH2C12 (200 ml) at 5—10 °G, and the reaction 

mixture was stirred for 1 h at 5—10 °G and allowed to stand 
for 14 days a t 15—20 °G. T h e reaction mixture was washed 
with an aqueous solution of N a O H , and the solvent was 
evaporated in vacuo, and the residue was dissolved in cold 
acetone and filtered to remove the insoluble sulfur. T h e 
filtrate was subjected to column chromatography on silica gel 
eluting with ethyl acetate-petroleum ether ( 1 : 6) to give 2.8 g 
of4-methyl-5-methylimino-2-phenyl-3-phenylimino-l,2,4-thia-
diazolidine (3a) along with 4.1 g of l a . An analytical sample 
was recrystallized from ethanol. 
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Asymmetric Synthesis of Alanine by Hydrogenolytic Asymmetric 
Transamination between (Ä)-2-Amino-2-phenylethanol 

and Ethyl Pyruvate1) 
Kaoru HARADA* and Minoru TAMURA 

Department of Chemistry, The University of Tsukuba, Niihari-gun, Ibaraki 300-31 
(Received August 4, 1978) 

1227 

Synopsis. Hydrogenolytic asymmetric transamination 
between (Ä)-2-amino-2-phenylethanol and ethyl pyruvate was 
studied. The optical purity of the resulting alanine was in the 
range 10—62 %. The effect of solvents and the asymmetric 
moieties in the syntheses were explained by the chelation 
hypothesis based on the substrate-catalyst complex. 

In the previous study from this laboratory, hydrogeno­
lytic asymmetric transaminations between optically 
active a-alkylbenzylamines, (/?)-phenylglycine, or alkyl 
(Ä)-phenylglycinate and ethyl pyruvate were studied.2 - 5) 
The effect of the asymmetric moieties and the solvents 
used in the asymmetric syntheses was explained by the 
chelation hypothesis.2_5) 

In the present study, in order to extend the application 
of the chelation hypothesis, the asymmetric transami­
nation between optically active amino alcohol (1) and 
ethyl pyruvate was carried out. (Ä)-2-Amino-2-phenyl-
ethanol (1) was prepared from ethyl (Ä)-phenylgly-
cinate by reduction with li thium aluminium hydride. 
Alcohol 1 and ethyl pyruvate were dissolved in benzene 
to form the Schiff base (2), which was hydrogenated by 
the use of pal ladium on charcoal in various solvents and 
then hydrogenolyzed with pal ladium hydroxide on 
charcoal and the reaction product was hydrolyzed to 
form alanine. The resulting alanine was purified by the 
use of a Dowex 50 column ; The yield was in the range 
46—73%. A part of alanine was converted into D N P -
alanine with 2,4-dinitrofluorobenzene and the resulting 
DNP-alanine was purified by celife column chromato­
graphy. The optical purity of DNP-a lan ine was in the 
range 10—62%. The results are summarized in Table 1. 

In all these kinds of reactions, the configuration of the 

Ph-CH-CH2OH Ph-CH-CH2OH 

NH2 ,-. > N > 
\l) il Pd/C 

o u r r* rr~\ r?+ , -

CH3-C-C02Et 

CH3-C-C02Et solvent 

(2) 

Ph-CH-CH2OH 

NH 

CH3-CH-C02Et 
* 

(3) 

NH, 
1. Pd(OH), 

2. H 2 0 * 
CH»-CH-C09H 

* 
(4) 

Scheme 1. 

0 10 20 30 
Dielectric constant (£) 

Fig. 1. Optical purities of alanine by hydrogenolytic 
transamination by using various solvents. • : R = 
CH3,

4> Q : R = C H 2 O H , 0 : R=COOCH3.5> 

TABLE 1. OPTICALLY ACTIVE ALANINE SYNTHESIZED BY 

HYDROGENOLYTIC ASYMMETRIC TRANSAMINATION 

Solvent Yield of [a]2
D

5ofDNP-Ala O.P.b> Config. 
Alaa> (c, l M N a O H ) (%) of Ala 

PhH 
f-BuOH 
i-PrOH 
EtOH 
MeOH 
MeOH-HaO 

(2: lv /v) 
H , 0 
Hexane 

56 
46 
54 
56 
73 

67c> 

53^ 
56c> 

+ 89.6(1.00) 
+ 71.3(1.04) 
+ 54.8(0.86) 
+ 45.1(1.38) 
+ 36.2(1.03) 

+ 21.8(1.06) 

+ 15.0(0.84) 
+ 55.4(1.14) 

62 
50 
38 
31 
25 

15 

10 
39 

S 
S 
S 
S 
S 

S 

S 
S 

a) Calculation based on ethyl pyruvate, b) Optical 
purity (O.P.) was difined as ([a]D obsed/[a]D in litera­
ture) xlOO. DNP-(5)(+)-alanine, [a]8

D
5+143.9 °C 

(1 M NaOH). c) The reaction mixtures were not 
homogeneous solutions. 

H CHo OEt 
1 v? / 

R/Cx S~\ 
Ph N, s0 

' •Pd" 

2a 

in polar 
solvent ^ 

*> 
s 
^ i n less polar 

solvent 

R .H CH3 

Ph N COOEt 

2b 

Fig. 2. Conformations of substrate in polar and in less 
polar solvents. 

resulting alanine was (S). When a polar solvent was 
used, the optical puri ty was lower and when a less polar 
solvent was used, the optical purity of alanine increased 
steadily (Fig. 1, R = G H 2 O H ) . The results could be 
explained by assuming the substrate-catalyst complex as 
in the previous studies (Fig. 2).2-5> In a less polar 
solvent, the substrate-catalyst complex (2a) could be 
formed prior to hydrogénation. However, in a polar 
solvent, the amount of 2a would decrease and the non-
chelated structure 2 b would increase because of the 
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stronger solvation of the substrate. In both structures 
2a and 2b , the substrate would be adsorbed at the less 
bulky side of the molecules and then the hydrogénation 
would take place. In the case of 2a, the adsorption would 
involve the rotation of the C - N bond. From the struc­
tures 2a and 2b , (S)- and (R)-alanine, respectively, were 
expected to form. The relationship between the R 
group (Fig. 2) of the asymmetric center and the optical 
activity was compared with the results obtained from 
the previous studies using (S^-a-methylbenzylamine4) or 
methyl (/?)-phenylglycinate5> (Fig. 1). As the R group 
of 2a becomes small, the difference in bulkiness between 
phenyl and the R groups increases, the optical puri ty of 
the resulting alanine would become higher. When the 
R group becomes larger, the optical activity would 
decrease. It was found in the present reactions ( R = 
C H 2 O H ) that the optical purities were lower than those 
of the reactions using (^-a-methylbenzylamine ( R = 
CH3)4> and were higher than those of the reactions 
using methyl (Ä)-phenylglycinate ( R = C O O C H 3 ) . 5 ) 
This suggests that the hydroxymethyl group would be 
in the bulkiness between methyl and carboxy methyl 
groups. These results indicate that the chelation 
hypothesis could also be applied to the hydrogenolytic 
transamination between alcohol (1) and ethyl pyruvate. 

E x p e r i m e n t a l 

The NMR spectra were obtained by using a Hitachi H-60 
instrument, and the IR spectra were measured with a Hitachi 
215 type grating infrared spectrophotometer. The specific 
rotations were measured with a JASCO DIP-181 type digital 
Polarimeter using a 50 mm cell. 

(R)-2-Amino-2-phenj>lethanol (1). A mixture of (Ä)-phen-
ylglycine ([a]25 -163° [c= 1.13, 5 M HCl])6) (20 g, 0.133 mol) 
and absolute ethanol (300 ml) was treated with thionyl chlo­
ride at temperatures from —5 to —10 °C for 1 h. The 
temperature was allowed to rise to 40 °C at which it was kept 
for 4 h. The resulting mixture was evaporated to dryness. 
The residual white solid was dissolved in a small amount of 
water and the solution was made alkaline by adding 3 M 
NaOH and 50% potassium carbonate with stirring at —10 
°C. The separated ethyl (A)-phenylglycinate was extracted 
with ether twice. The ether layer was dried with sodium 
sulfate in a refrigerator overnight and the ester was distilled 
under reduced pressure 98—99 °C/2 Torr, yield 18.5 g (77%) 
[a]*5 - 1 2 5 ° (*=1.42, EtOH).7> Ô (GDG18) : 1.15 (3H, t, / = 
6.6 Hz), 1.90 (2H, s), 4.10 (2H, q, y = 6 . 6 H z ) , 4.50 (1H, s), 
7.25 (1H, s). Ethyl-(Ä)-phenylglycinate (14.2 g, 0.08 mol) 
was dissolved in 100 ml of dry ether and the solution was added 
dropwise to a mixture of lithium aluminium hydride (9.0 g, 
0.24 mol) and 300 ml of dry ether under vigorous stirring. 
After being stirred for 2 h, the mixture was cooled to— 10 °C 
and a small amount of water was added with stirring. The 
aluminium hydroxide precipitated was removed by filtration 
and the precipitate was washed thoroughly with ether three 
times. The combined ether solution was evaporated to dryness, 
and the residual oil crystallized by washing with hexane. The 
slightly yellow crystals (1) (yield 9.57 g, 87%) were recrystal-
lized from benzene to yield colorless needles. Mp 75—76 °C, 
[a]*5 -27.3° (c=1.08, methanol).8) Found: C, 70.17; H, 8.09; 

N, 10.04%. Calcd for C 8 H u NO: C, 70.04; H, 8.08; N, 
10.21%. IR(KBr): 3310, 3250, 2900, 2820, 1600, 1490, and 
1450 cm-1; <5(CDC13) : 2.70 (3H, br, s, NH2 and OH), 3.3— 
4.2 (3H, ABC multiplet), 7.2 (5H, s). 

Alanine (4). The aminoalcohol 1 (1.0 g, 7.3 mmol) 
and ethyl pyruvate (0.847 g, 7.3 mmol) were dissolved in 20 
ml of dry benzene. The mixture was stirred at room tempera­
ture for 4 h with anhydrous sodium sulfate. After separation 
of sodium sulfate by filtration, the filtrate was evaporated to 
dryness. The residual light yellow oil (2) was dissolved in 20 
ml of dry benzene and hydrogenated with 5% palladium on 
charcoal (1.5 g) for 24 h at 1 atm. After the reaction was 
over, the catalyst was removed by filtration and washed with 
3 M hydrochloric acid. The combined solution was evapo­
rated to dryness under reduced pressure. The residue was 
dissolved in a small amount of water and the pH was adjusted 
to about 4.5 with the use of sodium hydrogen carbonate. 
Palladium hydroxide on charcoal (1.0 g) was added to the 
solution and hydrogenolysis was carried out for 24 h. After 
the reaction was completed, the catalyst was removed by 
filtration and the filtrate was evaporated to dryness. The 
resulting ethyl alaninate was hydrolyzed with 3 M hydrochlo­
ric acid under reflux for 4 h. After evaporation of hydrochloric 
acid under reduced pressure, the residue was dissolved in a 
small amount of water and the solution was applied to a Dowex 
50 column (H+ form). The column was eluted with 3 M 
aqueous ammonia and the solution was evaporated to dryness 
under reduced pressure. The residue was dissolved in 4% 
sodium hydrogencarbonate and washed with ethyl acetate three 
times to remove a small amount of 1. The aqueous solution 
was acidified with 3 M hydrochloric acid and evaporated to 
dryness and the residue was extracted with absolute ethanol. 
The alcoholic solution was evaporated to dryness in vacuo and 
free alanine was obtained by using a Dowex 50 column. The 
yield of the resulting alanine9) was 0.366 g (56%). The 
alanine was converted into DNP 2,4-dinitrophenylalanine in 
the usual way,2) and the resulting DNP derivative was purified 
by the use of a celite column treated with pH 6.8 phosphate 
buffer. The specific rotation of the DNP-(^)-alanine was: 
[a]*5 +89.6° (c=1.00, 1 M NaOH); optical purity 62%. 
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Synopsis. Fragment condensation on a soluble 
polymer support by the azide method gave rise to the efficient 
coupling (94—99% yield) of an JV-protected tetrapeptide 
azide with the amino acid anchored to the soluble polymer 
support. Bulkiness of amino acid residues on the polymer 
support did not affect the reactivity toward the peptide azide. 

The azide method2) is one of the most important 
coupling procedures for the formation of the peptide 
bond and has been used for over 70 years. The major 
reason for its wide use in peptide synthesis is the fact that 
it is free from racemization during the course of coupling 
reaction, allowing the synthesis of long peptide frag­
ments with minimum protection on the amino acid side 
chains.3) However, the method was not extensively 
used in solid phase peptide synthesis because the 
procedure involves a process of isolation or the extrac­
tion of the azide, and the coupling yield is not very high 
(about 50—80%).4-7) We report here an efficient 
fragment condensation procedure on the soluble polymer 
support by a modified azide method of Mazur and 
Schlatter8) in a nonaqueous system without the extrac­
tion of azide. 

In order to test the efficiency of the azide coupling 
reaction on the soluble polymer support, the tetrapeptide 
azide, Boc-Tyr(Bzl ) -Gly-Gly-Phe-N 3 (1),9> was allowed 
to react with H-Leu -OCH 2 - r e s in , H-Gly -OCH 2 - r e s in , 
and H - V a l - O C H 2 - r e s i n (H-A-A-OCH 2 - r e s in ) as 
shown in Scheme 1. 

Boc-Tyr (Bzl) -Gly-Gly-Phe-NHNH2 

1. HCl-THF I -30 40 °C 
2. BuONO | 40 min, in DMF 

Boc-Tyr (Bzl) -Gly-Gly-Phe-N3 

1. Neutralization of HCl 
with Et,N 

2. H-A-A-OCHj-resin 
-30 35 °C, l d a y 
- 8 15 °C, 2 days, in DMF 

Boc-Tyr(Bzl)-Gly-Gly-Phe-A. A-OGHa-resin 

Scheme 1. 

The tetrapeptide hydrazide, Boc-Tyr (Bzl)-Gly-Gly-
P h e - N H N H 2 , was converted into 1 in nonaqueous 
system (DMF) by treatment with hydrogen chloride 
followed by butylnitrite at —30 40 °C for 40 min. 
After neutralization of hydrogen chloride with triethyl­
amine, H-A«A-OCH 2 - r e s in was reacted with 1 at 
- 3 0 35 °C for 1 day and at - 8 15 °C for 2 days. 
The solution was poured into methanol to precipitate 
peptide resin. In each case, the recovery of the resulting 
peptide resin by pouring the reaction mixture into 
methanol was more than 9 5 % on the assumption that 
the reaction proceeded quantitatively. Amino acid 

TABLE 1. AMINO ACID ANALYSES8-) OF Boc-Tyr (Bzl)-

Gly-Gly-Phe-A« A-OCH 2 -RESINS AND COUPLING 

YIELDS OF THE AZIDE METHOD 

H-A.A-
OGH»-resin 

Amino acid content (mmol/g) 

Tyrc> Gly Phe Leu 

Average 
yield of 

Val c o u P l i n g b ) 
V a l (%) 

H-Leu- 0.37 0.85 0.41 0.44 OGH2-resin 

g c H ^ r e s i n ° - 3 1 *•<* ° - 3 5 

H-Val-
OCH,-resin 0.44 0.99 0.49 0.52 

95 

99 

94 

a) Carried out under the following conditions : resin, 
19—23 mg; propionic acid, 4 ml; 12 M HCl, 2 ml; 
115 °C; 35 h. b) Determined with use of average 
values of Gly and Phe contents, c) Acid hydrolysis 
of tyrosyl peptides usually give low recovery of Tyr.10) 

ratios in acid hydrolysates of the resulting peptide 
resins are summarized in Table 1. The yields in the 
coupling reactions of the azide 1 with H - L e u - O C H 2 -
resin, H-Gly -OCH 2 - r e s in , and H - V a l - O C H 2 - r e s i n 
were 95, 99, and 9 4 % , respectively, on the basis of the 
average values of amino acid ratios. 

The results indicate that the azide method enables 
efficient coupling of the JV-protected peptide azide with 
amino free terminals on the soluble polymer support, 
and that the bulkiness of amino acid residues on amino 
free terminals does not affect the reactivity of the peptide 
azide. 

E x p e r i m e n t a l 

Soluble chloromethylated polystyrene, H-Leu-OCH2-resin 
(Leu content, 0.62 mmol/g), and Boc-Tyr (Bzl)-Gly-Gly-Phe-
OMe, prepared previously were used; DMF was purified as 
reported.1) Optical rotations were taken in a 1-dm cell on a 
Jasco Model ORD/UV-5 optical rotatory dispersion recorder. 
Amino acid analysis was carried out on a Hitachi Liquid 
Chromatograph, Model 034. Hydrolysis of peptide resins was 
carried out on 19—23 mg samples of resins with propionic 
acid-12 M HCl (2: 1 v/v) at 115 °C for 35 h. 

H-Gly-OCHz-resin and H-Val-OCH^-resin. Esterifica-
tion of the chloromethylated polystyrene with Boc-Gly-OH 
and Boc-Val-OH was carried out at room temperature for 5 
days. After attachment of Gly and Val to the polymer sup­
ports, residual benzylic chlorides were removed by the reac­
tion with sodium acetate in DMF at 105 °C for 24 h. The 
final chlorine contents were less than 0.02 mmol/g. Removal 
of Boc group with HCl-THF and neutralization of HCl with 
triethylamine were performed according to the procedure 
given by Green and Garson.11) H-Gly-OCH2-resin: Gly 
content, 0.41 mmol/g; H-Val-OCH2-resin: Val content, 0.69 
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mmol/g (amino acid analysis). 
Boc-Tyr(Bzl)-Gly-Gly-Phe-NHNH2. T o Boc-Tyr-

(Bz l ) -G ly -Gly -Phe -OMe (2.80 g, 4 mmol) in 30 ml of metha­
nol was added 1 ml of 8 0 % hydrazine hydra te and the solution 
was allowed to stand for 40 h a t room tempera ture . T o this 
was added 100 ml of ether and the solution was kept in a 
refrigerator overnight. T h e precipitate was filtered off to give 
1.50 g of a substance, the addit ional hydrazide (0.58 g) being 
obtained from the mother liquor. Recrystallization from 
methanol gave the substance: m p 188— 190°C, [a]*1 = + 12.4° 
(*=1.0, C H 3 C O O H ) . Found : C, 62.23; H , 6 .31; N , 13.46 % . 
Calcd for G 3 4 H 4 2 N 6 0 7 : G, 63.14; H , 6.55; N , 13.00 % . Amino 
acid rat ios: Gly 1.94, Tyr 0.89, and Phe 0.99. 

Coupling Reaction of Boc~Tyr(Bzl)-Gly-Gly-Phe-Ns with H-
Leu-OCH2-resin, H-Gly-OCH2-resin, and H-Val-OCH2-resin. 
In a typical experiment, 223 mg (0.36 mmol) of Boc-Tyr(Bzl ) -
G l y - G l y - P h e - N H N H 2 in 20 ml of D M F was cooled to - 4 0 
°G with stirring. 565 mg of T H F containing 130 mg (3.6 
mmol) of hydrogen chloride was added followed by 37 mg 
(0.36 mmol) of butyl nitri te in 2 ml of D M F . After being kept 
at - 3 0 40 °G for 40 min, 400 mg (4.0 mmol) of triethyl-
amine in 3 ml of D M F was added. To the pept ide azide 
solution in threefold excess was then added H - L e u - O C H 2 -
resin (200 mg, Leu content : 0.124 mmol) . T h e mixture was 
stirred at - 3 0 40 °G for 30 min and kept a t - 3 0 35 
°G for 1 day and - 8 15 °G for 2 days. T h e reaction 
mixture was poured into 200 ml of methanol followed by the 
addit ion of 30 ml of saturated aqueous sodium chloride in 
order to precipitate the peptide resin. T h e precipitates were 
filtered off, and washed successively with water and methanol 
in order to remove the soluble reactants. T h e coupling reac­
tions of Boc-Tyr (Bz l ) -Gly-Gly-Phe-N 3 with H - G l y - O C H 2 -
resin and H - V a l - O C H 2 - r e s i n were carried out in the same 

manner . Racemization under the reaction conditions men­
tioned above was tested by the Izumiya method.12) Less than 
0.5 mol % of Gly-D-Ala-L-Leu was detected by ion exchange 
chromatography. 
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Synopsis. Triazinylnitrenes were found to be inert 
towards nitro compounds. They afforded the products derived 
from the combination of two molecules of the starting materials. 

Nitrene chemistry has been extensively studied and 
well established.1) Recently, we reported some photo­
chemical reactions of azidotriazines in aprotic solvents 
such as nitriles,2) acetone,3) and DMSO; 4 ) triazinyl 
nitrene reacts with nitriles and acetone to yield a 
cycloaddition product, while its reaction with D M S O 
give an ylide. We now wish to report the photochemical 
reaction of azidotriazines in nitro compounds. 

E x p e r i m e n t a l 

Azidotriazines (1) were prepared by treating the corre­
sponding chlorotriazines with sodium azide5) (Table 1). 

The experimental produre was almost the same as those 
described previously.2-4) 

T A B L E 1. 4 , 6 - D I S U B S T I T U T E D 2-AZiDO-l ,3,5-TRiAziNE a ) 

Gom- Substi tuent Solvent for 
pound 

la 
l b 
lc 
Id 
l e 

4-

OMe 
OEt 
O-i-Pr 
OMe 
NMe2 

6-

OMe 
OEt 
O-z'-Pr 
NMe2 

NMe2 

ivxp^ VJ; 

85—85.5b> 
31—32 
30—31 

116—117 
106—107b> 

recryst. 

Ligroin 
Petroleum ether 
Petroleum ether 
Ligroin 
Benzene 

a) Satisfactory chemical analyses (±0 .5%) were ob­
tained for all compounds, b) Ref. 5. 

R e s u l t s and D i s c u s s i o n 

Photolyses of2-Azido-4,6-dimethoxy-l,3,5-triazine (la) in 
Nitro Compounds. When 2-azido-4,6-dimethoxy-1,3,5-
triazine ( la ) was irradiated in several nitro compounds, 
the same photoproduct (2a) was obtained regardless of 
the solvents employed (Table 2). 

TABLE 2. THE PHOTOCHEMICAL REACTIONS OF 

2-AZIDO-4,6-DIMETHOXY-1,3,5-TRIAZINE 

Solvent Yield (%) of 2a 

MeN0 2 

EtNOa 

i-PrNOa 

PhNOa 

26 
32 
40 
23 

The mass spectrum of 2a has a parent peak at mfe 311. 
The P M R spectrum indicates the presence of one active 
hydrogen atom and 4 kinds of methyl groups, each of 
which was observed as a singlet. 

2g gave a dimethylester (3)6) of dimethyl iminodicar-
bonate and 4 upon heating in cumene at 190 °C, 
indicating that 2a has a skeleton of 4 . The structure of 4 
was assigned on the basis of its mass spectrum and by a 

comparison of its P M R spectrum to those of the known 
compound (5).2) 

H 
C H o « 3 4 0 ) 

2a CH3OCNCOGH3 + GH3NHC-N 
11 
O 

G = N 
(5 2.95) II I I 

O O y N y N 
N N 

G 6 H 5 - G = N 

O ^ N w N 

civ 
(.5 3.58) 

XCH3 
CS 3.40) 

Y 
N C H / 

(.5 3.58) 

Y 
N 

Y XGH3 
O « 3.34) 

Moreover, 2a gave 3 as the major product in a very 
good yield (1 mol of 2a gave 1.7 mol of 3) when treated 
with diluted hydrochloric acid at 40 °C. The results 
suggest that i) in 2a the methyl groups in the triazine 
r ing exist as methoxyl groups, and ii) 2a does not have a 
aromatic stabilization, because ordinary 1,3,5-triazine 
derivatives are known to be stable to a treatment with 
dilute acid. 

Effects of Substituants in Triazine Nucleus. 
Substituents in the triazine nucleus were found to affect 
the photochemical reactions of azidotriazines in nitro 
compounds (Table 3). The physical and analytical da ta 
of compounds (2) are collected in Table 4. In the cases 
of azidotriazines ( I d and l e ) , in which the electron-
donating N M e 2 groups are found, the corresponding 
reactions did not take place. I n addition, when l b was 
irradiated in the presence of benzophenone, the corre­
sponding aminotriazine was obtained in 18% yield. 
These results clearly suggest that the reaction to give 
2a involves singlet triazinylnitrene, which has an 
electrophilic character.1 '4) In the reactions of azido-
triazine ( l b ) containing OEt groups, a similar photo-
product was also obtained. O n the other hand, the yield 

TABLE 3. THE PHOTOCHEMICAL REACTIONS 

OF AZIDOTRIAZINES 

Azidotriazine Condition Yield(%) of 2(product) 

l a 
l b 
l b 
l b 
l c 
l c 
l c 
Id 
l e 

a ) 
a ) 
b ) 
c ) 
a ) 
b ) 
d ) 
a ) 
a ) 

26 (2a) 
19 (2b) 
6 (2b) 

26 (2b) 
15 (2c) 
5 (2c) 
2 (2c) 

— 
— 

a) Irradiation was performed in nitroethane. b) Neat 
sample was irradiated, c) Irradiation was performed 
in water, d) Irradiation was performed in nitro­
ethane under bubbling oxygen. 
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(2a) 

O H OCH3 

CH3OC-N-C = N-C~=N 

H» CH 3 C\ / + N W N 

' *" HN N 
\ y 

ÔCH, 

N —N 
H || > N 

HSO CH,OC-N-C = N - C —N ^-OCH3 

O 

•Ö H 

OCH3 

Scheme 1. 

O H OCH3 

C H 3 O - C - N - C = N - 0 = N 

HN N 

H*/HaO H 
> 2CH,OCNCOCH, 

Y H o o o 
N=C-N-C-OCH3 
6cH3 

la hv 
MeO 

-N, MeO ^ 
N A J-M 

OMe 
N 3^B 

« OMe 
M e 0 M © © / ~ < 0 M e 

MeO^ = N N==^0Me 

MeO^yN-y, OMe 

MeO>=N 

M e O ^ N 

TJX 
OMe 

MeO 

MeO " < y " 

(7) 

MeO-

MeO N ^ N 

• A:N' 
MeO n N-

NN^-OKe 

M e O ^ N - ^ 

MeO N- ^ 

OMe 1 /M 
OMe 

OMe 

MeO^N • OMe 
YY1 

N ^ N OMe OMe 
N = N - C = N - C = N - Ç = N 

Ho0 

MeO 
Ä M ^ 

2a 

[8) Scheme 2. (9) 

MeO-Y'N-^N 

OMe 

T A B L E 4. T H E PHYSICAL AND ANALYTICAL DATA 

OF COMPOUNDS ( 2 ) 

2 Mp(°C) 
Solvent for Found (Galcd)o/0 

recryst. G H N 

MS 
mje 

2a 198—199 Chloroform 

2b 184—185 Benzene 

2c 162—163 Benzene 

38.65 
(38.59 
45.98 

(45.77 
51.37 

(51.05 

55 
21 
95 
76 
12 
90 

31.97 
31.50) 
26.91 
26.69) 
29.36 
23.15) 

311 

367 

423 

of photoproduct increased considerably when a small 
amount of water was added into the reaction mixture, 
showing that water participates in the reaction. From 
the results described above and a comparison of the 
P M R data of 2 with those of the known compound (6),2> 
the constitution of 2a was assumed to be as shown 
below : 

OS 11^0) O C H 3 Ü 417) 

CH3OCN-C = N - C = N 

c« 3.83)0 G H 3 O v / N x ^ N 
(3 4.35) II I 

N N 
\'/ 
OCR, 

Cö 2.80) 

C H 3 - C = N 
G H 3 O x / N x ^ N 
(.0 4.35) II I 

N N 
\'/ 
OCH3 

(.0 4.10) 
(2a) (6) 

A probable process of the decomposition of 2a in the 
presence of hydrochloric acid is shown in Scheme 1. 

O n the other hand, in the reactions of azidotriazine 
( lc) in nitroethane in the presence of oxygen, a remar­
kable decrease in the yield of the photoproduct was 
observed (Table 3), indicating that the reaction involves 
the radical process. 

Although several pathways could account for the 
formation of 2, the most likely one is shown in Scheme 2. 
Tha t is, singlet triazinylnitrene produced by the photo­
lysis of azidotriazine electrophilically attacks upon the 
terminal nitrogen of azido group7) to yield an ylide 
which cyclizes to give a pentazine (7). Then the 
intermediate (7) gives a derivative of nitrile (8) under a 
cleavage of nitrogen and a ring opening of the triazine 
nucleus (A). Electrophilic attack of singlet triazinyl­
nitrene may occur not only at the azido group but also 
at the nitrile group of 8. However, the nucleophilic 
reactivity of the - C N group in 8 would be much higher 
than that of the azido group of l a , because the - C N 
group is attached to a conjugated position involving two 
strong + R ( - O C H 3 ) groups, while the azido group is 
connected to the electron-withdrawing triazine nucleus. 
Therefore, electrophilic attack of the singlet triazinyl 
nitrene should occur upon the - C N group preferentially 
to give a cycloaddition product (9). Finally, the product 
(9) hydrolyzes by water to give the final product (2a). 
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Synopsis. The cross-aldol reaction of 3-alkoxy-2-
cyclohexen-1-ones with a,/?-enals afforded the corresponding 
3-alkoxy-6-( 1 -hydroxy-2-alkenyl(or aryl) -2-cyclohexen-1 -ones 
in 78—98 % yields. The condensation of a kinetic enolate 
anion of 3-ethoxy-5,5-dimethyl-2-cyclohexen-l-one with trans-
2-butenal, and subsequent dehydration together with methyla-
tion, afforded 4-(fra?w-2-butenylidene)-3,5,5-trimethyl-2-cyclo-
hexen-1-ones, one of the most important constituents of 
tobacco flavour, in a 74% yield. 

Vinylogous aldols have recently become available by 
means of the cross-aldol reaction of a,/?-enonesla) and 
alkanalslb> with a kinetic enolate anion of 1,3-diketone 
enol ether. In this paper, we will describe their reactions 
with alicyclic 1,3-diketone enol ethers and a,/?-enals as 
well as the preparation of 4-(^ra«.y-2-butenylidene)-3,5,5-
trimethyl-2-cyclohexen-l-ones (4),2) characteristic fla­
vouring components of Burley2a'b> as well as Greek20) 
and Turkish2d) tobaccos. 

The cross-coupling3) of a kinetic enolate anion of l a 
with /ra^-2-butenal at —78 °C for 5 min gave the 
corresponding aldol 2a (R1 = Me, R2 = Et, R 3 = - H C = 
CHMe) in a 9 8 % yield. The yields and the threo/erythro 
ratios of the cross-aldol condensation of 1 with various 
«,/9-enals are shown in Table 1. 

TABLE 1. YIELDS OF ALDOLS AND threo/erythro RATIOS 

1,3-Diketone a ^ , 
enol ether 1 a ' ^ E n a l 

Product2 
Yield, % 

threo Jerythro 
Ratio 

la 
la 
l b 
lc 
lc 

trans-2-butenal 
citral 
/rattj-2-butenal 
benzaldehyde 
2-furaldehyde 

2a 
2b 
2c 
2d 
2e 

98 
98 
92 
96 
78 

93/7a> 
89/1 la> 
90/10a> 
67/33b> 
67/33c> 

a) The gross ratios of threo/erythro were estimated by 
comparison with the heights of the 13C NMR signals 
at the carbon of CH-OH of each compound mea­
sured in a NNE mode under the conditions of a 60 ° 
pulse and a 30 s pulse repetition, b) Estimated by 
the separation of each isomer through column chro­
matography on SiOa on the bases of 1H NMR signals 
at Ô 4.77 (d, 7 = 9 Hz), and 5.51 (d, 7 = 3 H z ) . 
c) Estimated by comparison with the XH NMR 
signals at 4.86 (d, J=9 Hz) and 5.38 (d, J = 3 Hz). 

The treatment of a threo/erythro mixture of 2a (R1 = Me, 
R2 = Et, R 3 = - H C = C H M e ) with methanesulfonyl 
chloride in pyridine at 0 °C for 1 h, and subsequent 
heating at 45—50 °C for 2 h, afforded the dehydrated 
product 3 in an 8 9 % yield. The reaction of the enone 
3, without isolating each geometrical isomer at the C-7 
carbon, with methylli thium at 0 °C in ether, followed 
by stirring at room temperature for 1 h, gave a mixture 
of 4a and 4 b in an 8 5 % yield. The gross abundance of 
the isomers 4a and 4b4> was estimated from the heights 
of the 13C N M R signals at the C-10 methyl group, 
giving the ratio of 7 to 4. 

We have found that the reaction of the kinetic enolate 
anion of 1 with or,/?-enals is completed within a few 
minutes at —78 °C without the use of a chelating 
reagent. I t is reasonable to argue that the electron-
donating nature of the alkoxyl group for the conjugated 
enone systems would contribute to the stabilization of 
lithium alcoholate, which is assumed to be the bidentate 
chelate 5, and that this would prevent the progress of 
the counter-aldol reaction of the condensate 2 . I n 
contrast to the alkoxyl-stabilized enone systems, aldols 
derived from the reaction of kinetic enolate anions of 
simple a,/?-enones with carbonyl compounds are general­
ly unobtainable without employing a chelating reagent.5) 

We have found that the aldols 2 consist 6 7 — 9 3 % of 
threo-rich. stereomers (Table 1), which are assumed to 
suggest a transition state which implies the specified 
orientation of the enolates of 1 and enals. Therefore, 
it is necessary to postulate that the favorable attack of 
the carbanion of 1 would occur on the less hindered 
side of the carbonyl group of enals. 

E x p e r i m e n t a l 

The melting and boiling points are uncorrected. The in­
struments used in analyses have been described elsewhere.lb> 

3-Ethoxy-6- ( trans-1-hydroxy-2-butenyl) -5,5-dimethyl-2-cyclohexen-
1-one (2a, R1=Me, R*=Et, R3=-HC=CHMe). To a cold 
solution ( - 7 8 °C) of z-Pr2NLi (578 mg, 5.4 mmol) in THF 
(6 ml) we added a solution of l a (505 mg, 3.0 mmol) in 
THF (3 ml). After the mixture had been stirred for 6 h, 
trans-2-butenal (316 mg, 4.5 mmol) was added and the 
solution was stirred for 5 min at — 78 °C. The mixture was 

R20 

R1 R1 

0 R20 

1 2 
la: R ^ M e , R 2 = E t 
l b : R ^ H , R 2 = E t 
l c : R ! = H , R a = M e 

EtO-

R20 

^ 0 0 

4a 4b 
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quenched with cold aqueous tartaric acid and extracted 
with benzene. The extracts were worked up to give 700 mg 
(98 %) of a threo j erythro mixture of 2a (R 1=Me, R 2 =Et , R 3 = 
-HC=CHMe): rap 44.0—45.5 °C; IR (Nujol) 3320 (OH), 
1654, 1633 (C=0), 1610 cm"1 (G=C); 1H NMR Ô 1.08 (s, 3, 
CH3), 1.12 (s, 3, CH3), 1.37 (t, 3, 7 = 7 Hz, CH3), 1.68 (d, 
3 , 7 = 6 Hz, CH3), 2.27 (br, 2, CH2), 2.48 (d, 1, 7 = 4 Hz, 
COCH), 3.73 (br, 1, OH), 3.96 (q, 2, 7 = 7 Hz, OCH2), 4.32 
(d, d, 1, 7 = 8 , 4 Hz, CHO), 5.42 (s, 1, HC=C), 5.58—5.82 
(m, 2, HC=C); 13C NMR Ô 14.1 (q), 17.8 (q), 24.6 (q), 29.8 
(q), 34.4 (s, C-5), 43.3 (t, C-4), 60.4 (d, C-6), 64.5 (t), 
72.2 (d, C-7), 102.3 (d, C-2), 129.0 (d, C-9), 131.2 (d, C-8), 
176.8 (s, C-3), 202.1 (s, C-1). Found: C, 70.53; H, 9.43 %. 
Calcd for C14H2203: C, 70.56; H, 9.30 %. 

The reaction of 3-alkoxy-2-cyclohexen-l-ones (la—c) with 
a,/?-enals was carried out similarly; the results are listed in 
Table 1. The physical properties, spectral data, and elemental 
analyses of 2b—e are given below. 

Compound 2b (R}=Me, R?=Et, £3=C9 / /1 6 , threo-erythro 
mixture); IR (neat) 3440 (OH), 1640 (C=0), 1610 cm-1 

(C=C); m NMR Ô 1.03, 1.11 (s, 6, CH3), 1.36 (t, 3, CH3), 
1.59, 1.66, 1.74 (s, 9, CH3), 2.01—2.19 (m, 4, CH2), 2.25 (s, 
2, CH2), 2.51 (d, 1, 7 = 4 Hz, COCH), 3.26 (br, 1, OH), 3.92 
(q, 2, OCH2), 4.56 (d, d, 1, 7 = 1 0 , 4 Hz, CHO), 5.05 (m, 
1, HC=C), 5.28 (m, 1, HC=C), 5.37 (s, 1, HC=C); 1 3CNMR 
ô 14.1 (q), 16.4 (q), 17.6 (q), 24.6 (q), 25.7 (q), 26.1 (t, 
C-4), 29.8 (q), 34.5 (s, C-5), 39.9 (t), 43.3 (t), 60.5 (d, C-6), 
64.5 (t), 67.0 (d, C-7), 102.4 (d, C-2), 124.0 (d), 124.5 (d), 
131.6 (s), 139.0 (s), 176.9 (s, C-3), 202.4 (s, C-1). Found: C, 
74.66; H, 10.04 %. Calcd for C19H30O3: C, 74.47; H, 9.87 %. 

Compound 2c (R1=H,R2=Et,R3=-HC=CHMe, threo-erythro 
mixture); IR (neat) 3400 (OH), 1648, 1639 (C=0), 1609 cm-1 

(C=C); m NMR ô 1.28—2.36 (m, 4, CH2), 1.37 (t, 3, 7 = 7 
Hz, CH3), 1.73 (d, 3, 7 = 6 Hz, CH3), 2.44 (m, 1, COCH), 
3.95 (q, 2, 7 = 7 Hz, OCH2), 4.23 (d, d, 1, 7 = 8 Hz, CHO), 
4.40 (br, 1, OH), 5.33—5.95 (m, 2, HC=C), 5.39 (s, 1, HC=C) ; 
13C NMR ô 14.1 (q), 17.7 (q), 24.0 (t, C-5), 28.7 (t, C-4), 
49.5 (d, C-6), 64.6 (t), 74.2 (d, C-7), 102.4 (d, C-2), 128.9 
(d), 131.0 (d), 178.6 (s, C-3), 203.0 (s, C-1). Found: C, 68.67; 
H, 8.74%. Calcd for C12H1803: C, 68.55; H, 8.63 %. 

Compound 2d (R1=H, R2=Me, R3=Ph, threoj ; IR (neat) 
3400 (OH), 1635 (C=0), 1605 cm-1 (C=C); 1H NMR ô 1.23 
—1.63 (m, 2, CH2), 2.00—2.38 (m, CH2), 2.55 (m, 1, COCH), 
3.70 (s, 3, OCH3), 4.77 (d, 1 ,7=9 Hz, CHO), 5.33 (br, 1, OH), 
5.41 (s, 1, HC=C), 7.32 (br s, 5, Ph) ; 13C NMR <5 24.3 (t, C-5), 
28.5 (t, C-4), 51.0 (d, C-6), 56.0 (q, OMe), 75.9 (d, C-7), 
102.1 (d, C-2), 127.1 (d, 2C), 127.9 (d), 128.3 (d, 2C), 141.3 
(s), 179.5 (s, C-3), 203.1 (s, C-1). Found: C, 72.51 ; H, 7.05 %. 
Calcd for C14H1603: C, 72.39; H, 6.94 %. 

Compound 2d (R1=H, R2=Me, R3=Ph, erythroj; IR (neat) 
3400 (OH), 1635 (C=0) cm-1; W NMR <5 1.48—1.95 (m, 
2, CH2), 2.04—2.40 (m, 2, CH2), 2.63 (m, 1, COCH), 2.98 
(br, 1, OH), 3.67 (s, 3, OCH3), 5.41 (s, 1, HC=C), 5.51 
(d, 1, 7 = 3 Hz, CHO), 7.30 (br s, 5, Ph); 13C NMR ô 20.5 
(t, C-5), 28.6 (t, C-4), 52.0 (d, C-6), 55.8 (q, OMe), 71.7 
(d, C-7), 102.7 (d, C-2), 125.9 (d, 2C), 127.0 (d), 128.2 (d, 
2C), 141.9 (s), 179.1 (s, C-3), 200.5 (s, C-1). Found: C, 72.56; 
H, 7.09 %. Calcd for C14H1603: C, 72.39; H, 6.94 %. 

Compound 2e (R1=H, R2=Me, R3=2-Juryl, threo-erythro 
mixture); IR (neat) 3380 (OH), 1635 (C=0), 1605cm-1 

(C=C); m NMR ô 1.32—2.07 (m, 2, CH2), 2.20—2.49 (m, 
2, CH2), 2.52—2.97 (m, 1, COCH), 3.73 (erythro) (s, OCH3), 
3.75 (threo) (s, OCH3), 4.91 (threo) (d, 7 = 9 Hz, CHO), 5.33 
(erythro) (d, 7 = 3 Hz, CHO), 5.41 (s, 1, HC=C), 6.30 (com­
plex, 2, HC=C), 7.37 (complex, 1, HC=C); 13C NMR (threo) 
ô 23.8 (t, C-5), 28.5 (t, C-4), 48.9 (d, C-6), 55.9 (q, OMe), 
69.2 (d, C-7), 102.0 (d, C-2), 108.0 (d), 110.0 (d), 142.3 (d), 

153.7 (s), 179.5 (s, C-3), 203.5 (s, C-1); (erythro) ô 22.0 (t, 
C-5), 28.5 (t, C-4), 49.2 (d, C-6), 56.0 (q, OMe), 67.8 (d, 
C-7), 102.5 (d, C-2), 106.8 (d), 110.2 (d), 141.4 (d), 155.2 
(s), 179.1 (s, C-3), 200.3 (s, C-1). Found: C, 64.95; H, 6.42 %. 
Calcd for C12H1404: C, 64.85; H, 6.35 %. 

6-(tra.ns-2-Butenylidene)-3-ethoxy-5,5-dimethyl-2-cyclohexen-l-one 
(3). A solution of 2a ( R ^ M e , R 2 =Et , R 3 = - H C 
=CHMe, 171 mg, 0.72 mmol) and MeSOaCl (330 mg, 2.9 
mmol) in pyridine (2 ml) was stirred for 1 h at 0 °C and for 
2 h at 45—50 °C. The cooled mixture was quenched with 
cold aqueous tartaric acid. A subsequent work-up gave 141 
mg (89%) of 3 : bp 75.5—76.5 °C/0.015 Torr (Kugelrohr); 
IR (neat) 1663, 1650 (C=0), 1630, 1615 (C=G) cm-1; m 
NMR ô 1.20 (s, 6, CH3), 1.35 (t, 3, CH3), 1.83 (d, d, 7 = 7 , 
1 Hz, CH3), 2.33 (br s, 2, CH2), 3.92 (q, 2, OCH2), 5.34 
(br s, 1, HC=C), 5.55—7.35 (m, 3, HC=C). Found: C, 
76.52; H, 8.88 %. Calcd for C14H20O2: C, 76.33; H, 9.15 %. 

4-(trans-2-Butenylidene)-3,5,5-trimethyl-2-cyclohexen-l-one (4a, 
4b). To a solution of 3 (122 mg, 0.55 mmol) in ether 
(9 ml) at 0 °C we added an ether solution of 0.9 M MeLi 
(0.95 ml, 0.86 mmol). The mixture was stirred for 1 h at 
room temperature and worked up to give 89 mg (85 %) of a 
mixture of 4a and 4b: bp 85.0—86.0 °C/0.007 Torr (Kugelrohr); 
IR (neat) 1660 (C=0), 1632, 1584 cm-1 (C=C); W NMR ô 
1.19, 1.36 (s, 6, CH3), 1.85 (d, 3, 7 = 7 Hz, CH3), 2.06—2.36 
(m, 2, COCH2), 2.29 (complex, 3, CH3), 5.72—6.95 (m, 3, 
HC=C), 5.92 (br s, 1, HC=C); 13C NMR <5 18.7, 18.9 (q, 
C-10), 22.3, 25.2 (q, C-l l) , 28.2 (q, C-12), 29.8 (q, C-13), 
38.4, 40.5 (s, C-5), 52.5, 54.0 (t, C-6), 125.8, 128.4 (d), 128.6, 
128.9 (d), 129.6, 132.6 (d), 134.7, 137.0 (d, C-7), 140.1, 140.7 
(s, C-4), 155.2, 155.4 (s, C-3), 198.9, 199.1 (s, C-1). 
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Synopsis. 3,5-Diphenyl-l,2-dithiolium Perchlorate 
(1) was synthesized in a new, convenient way, and the reaction 
of 1 with several active methylene compounds was studied. 
The compounds possessing no less than one ester group gave 
novel products, 3-substituted 4,6-diphenyl-2//-thiopyran-2-
ones, while those possessing a carbamoyl group gave 3-sub­
stituted 2-hydroxy-4,6-diphenylpyridines or 3-cyano-l,4,6-tri-
phenyl-2-pyridone. Malononitrile, however, gave 1-mer-
capto-l,3-diphenyl-4,4-dicyanobutadiene (10). On treatment 
with methyl iodide or /»-chlorobenzyl chloride, 10 gave 
1-methylthio- or l-(/?-chlorobenzylthio)-l,3-diphenyl-4,4-dicy-
anobutadiene, and also led to bis(l,3-diphenyl-4,4-dicyano-
butadienyl) disulfide on treatment with hydrogen peroxide. 

The reaction of 3-alkylthio-l,2-dithiolium salts or 1,2-
dithiol-3-thiones with active methylenes gives 1,2-
dithiol-3-ylidene derivatives with the liberation of 
methanethiol or hydrogen sulfide.1) However, it is 
difficult to suppose that 3,5-diaryl- or 3,5-dialkyl-l,2-
dithiolium salts give l,2-dithiol-3-ylidenes by the same 
reaction course. There is thus an interest in the study 
of the behavior of these salts toward active methylenes. 
In this investigation, the reaction of 3,5-diphenyl-l,2-
dithiolium perchlorate (1) with several active methylenes 
was checked, and some new information was obtained. 

R e s u l t s a n d D i s c u s s i o n 

The synthesis of 1 has already been done by two 
methods.2»3) In this study, another new method was 
applied: hydrogen sulfide was passed into a dibenzoyl-

methane- i ron bromide( I I I ) mixture in chlorobenzene, 
and simultaneously bromine was added drop by drop. 

Methyl cyanoacetate, dimethyl malonate, ethyl 
benzoylacetate, ethyl carbamoylacetate, and methyl 
acetoacetate were refluxed with 1 in methanol to give 
novel products, 2—6 respectively, in good yields. 
According to their mass spectra, the molecular weights 
were measured and found to be 289, 322, 368, 307, and 
306 respectively. The I R spectra of 2—6 resembled 
each other. The absorption assigned to an ester group 
was absent in the spectra of 2, 4—6; this fact suggested 
that an ester group of these reagents part icipated in 
these reactions. O n treatment with j&-toluenesulfonic 
acid, 4 easily gave 2,4,6-triphenylpyrylium salt, while 
releasing carbonyl sulfide. These spectral results, the 
chemical evidence, and their analytical data confirm 
that 2—6 are 3-cyano, 3-methoxycarbonyl, 3-benzoyl, 
3-carbamoyl, and 3-acetyl-4,6-diphenyl-2//-thiopyran-
2-one. The reaction courses seem to be shown in Scheme 
1. This recyclization process resembles the reaction ot 
l ,3-diphenyl-2-propyn-l-one with dimethyl malonate, 
which affords 3-methoxycarbonyl-4,6-diphenyl-2-
pyrone.4) 

Cyanoacetamide, benzoylacetamide, or cyanoacet-
anilide was treated with 1 to give 7, 8, or 9 in a good 
yield. 7 and 8 were identified by direct comparison 
with the authent ic samples and found to be 2-hydroxy-
3-cyano- and 2-hydroxy-3-benzoyl-4,6-diphenylpyri-
dines respectively.5»6) Wi th regard to 9, its molecular 
weight was measured as 348. The I R spectrum and the 
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11 : 
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CH, 

12.-p-ClC6H4CH2 
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TABLE 1. DATA FOR 2—6, 9—13 TABLE 2. THE IR AND MASS SPECTRA FOR 2—6, 9—13 

C o m P d recryst. (°C) 
Yield 

(%) 
Formula 

Found (Calcd) % Compd IR spectra (cm - 1) Mass spectra (m/e) 

H N CI 

2 

3 

4 

5 

6 

9 

10 

11 

12 

13 

E t O H 

E t O H 

MeCN 

AcOH 

E t O H 

MeCN 

MeCN 

E t O H 

E t O H 

MeCN 

178.0 

195.0 

156.7 

•270.3 

179.2 

232.6 

225.3 

159.0 

180.4 

254.1 

94 

61 

65 

48 

60 

63 

95 

69 

61 

96 

C 1 8 H u N O S 

C1 9H1 403S 

C24H1602S 

C l s H 1 3 N0 2 S 

C 1 9 H u 0 2 S 

C24H16NaO 

C18H12N2S 

C1 9HUN2S 

C25H17N2SC1 

C36H 2 2 N 4 S 2 

74.60 
(74.71 
70.81 

(70.79 
78.29 

(78.21 
70.26 

(70.34 
74.99 

(75.11 
82.74 

(82.74 
74.79 

(74.97 
75.38 

(75.47 
72.78 

(72.72 
75.40 

(75.23 

3.84 
3.84 
4 .35 
4.38 
4 .39 
4.38) 
4.35 
4 .26 
4.81 
4.85) 
4.65 
4.63 
4.25 
4.20 
4.69 
4.67 
4.11 
4.15 
3.80 
3.86 

4.79 
4 .84 

4 .54 
4.56 

8.02 
8.04) 
9.79 
9.71 
9.29 
9.26 
6.86 
6.78 
9.68 
9.75 

11.08 
11.08) 
9.93 
9.94) 

10.56 
10.43) 

11.12-
11.12) 
10.66 
10.60) 
7.48 
7.76 

11.17 
11.16) 

8.58 
8.58) 

analytical data confirmed that 9 is 3-cyano-l,4,6-
triphenyl-2-pyridone. The reaction course seems to be 
similar to the course by which thiopyran-2-ones are 
given; however, hydrogen sulfide is eliminated during 
the recyclization process. 

Malononitri le gave only a thiol, 10, on treatment with 
1. 10 remained unchanged on treatment because the 
cyano group of 10 may have no ability of cyclization. 
The reaction of 10 with methyl iodide or />-chlorobenzyl 
chloride afforded an alkylthiobutadiene, 11 or 12, with 
the l iberation of a hydrogen halide. 10 was easily 
oxidized by hydrogen peroxide to give a disulfide, 13. 
The structures of 10—13 were identified by means of 
their I R and mass spectra and analytical data . The 
reaction of 1 with other active methylenes, such as 
dibenzoylmethane, ni tromethane, 1,3-indandione, and 
benzoylacetonitrile, was also at tempted, but it is failed 
to give any stable products. 

Hence, it is proved that the reaction of 3,5-diphenyl-
1,2-dithiolium perchlorate, 1, with active methylenes 
proceeds as shown in Scheme 1. 

E x p e r i m e n t a l 

Preparation of 3,5-Diphenyl-l,2-dithiolium Perchlorate (1). 
Into a solution of dibenzoylmethane (23 g) and iron bromide-
(III) (45 g) in chlorobenzene (175 ml), hydrogen sulfide was 
passed; simultaneously bromine (20 g) was stirred in, drop by 
drop, over a 30-min period. After that, the reaction tempera­
ture was gradually elevated to 110 °G, and maintained at that 
point for 2 h; the introduction of hydrogen sulfide was stopped. 
After having been refluxed for another hour, the reaction 
mixture was allowed to stand in a refrigerator overnight. 
The resulting precipitate was filtered, dried in vacuo, washed 
with water, and dissolved again in hot ethanol. The solution 
was filtered to remove any insoluble substances, poured into 
an ethanol solution of sodium perchlorate, and allowed to 
stand overnight. This gave 22 g (61.9 %) of yellow needles 
o f l (mp 260.4 °G). 

Reaction of 1 with Active Methylenes, Into a mixture of 
an active methylene (2.4 mmol) and 0.72 g (2 mmol) of 1 in 
3 ml of methanol, we stirred 2.5 mol dm-3 MeONa-MeOH 
(2 ml) at room temperature; after a while, the mixture was 
refluxed for 1 h and poured into dilute hydrochloric acid. 

2 2210(CN), 1633, 1555, 1496, 
1487, 1444 

3 1727(CO), 1605, 1562, 1509, 
1489, 1440 

4 1673 (CO), 1605, 1556, 1505, 
1486, 1439 

5 3440(NH), 1664(CO), 1603, 
1552, 1501, 1486, 1441 

6 1720 (CO), 1606, 1563, 1505, 
1494, 1446 

9 2210 (CN), 1650, 1566, 1514, 
1486, 1441, 1365, 1201 

10 2160(CN), 1581, 1554, 1528, 
1470, 1230, 1207, 1188 

11 2216, 1572, 1523, 1492, 1406, 
1368, 1261, 1077 

12 2208, 1570, 1524, 1490, 1409, 
1367, 1089 

13 2200, 1570, 1523, 1489, 1409, 
1366 

289(M),261(M-CO), 191(C15Hn), 121 
(C6H5CS), 77(C6H5) 
322(M), 294(M-CO), 263(M-COOCH3), 
234(263-CO, H), 191, 121, 77 
368(M), 340(M-CO), 263(M-C,HsCO), 
234, 191, 121, 105(C6HSCO), 77 
307 (M), 279 (M-CO), 263(M-CONH,), 
234, 191, 121, 77 
306(M), 278(M-CO), 263(M-CH3CO), 
234, 121, 77 
348(M), 347 (M-l), 320(M-CO), 180, 
140, 77 
288(M), 255(M-SH), 228(255-HCN), 
140, 77 
302(M), 301 (M-l), 255(M-SCH3), 151 
(M/2), 102(CaH6CCH), 77 
414(M+2), 412(M), 411(M-1), 344, 255 
(M-SCH2C9H4C1), 125(ClCaH4CH2) 
576(M+2), 575(M+1), 574(M), 288 
(M/2+1), 287(M/2), 255, 140, 77 

The resulting precipitate was filtered and purified by recrys-
tallization from an appropriate solvent. The data of 2—6, 9, 
and 10, are summarized in Table 1, while their IR and mass 
spectra are shown in Table 2. When the procedure described 
above has used, cyanoacetamide or benzoylacetamide gave 
2-hydroxy-3-cyano-4,6-diphenylpyridine (7) or 2-hydroxy-3-
benzoyl-4,6-diphenylpyridine (8) in a 68.2 or 64.2 % yield 
respectively. Their IR spectra could be completely superim­
posed on those of authentic samples. 

Conversion of 4 to 2,4,6-Triphenylpyrylium Tetrafluoroborate. 
A mixture of 4 (0.50 g) and /?-toluenesulfonic acid (5.00 g) 
was heated at 140 °G for 2 h, and then poured into 50 ml of 
1 mol dm - 3 tetrafluoroboric acid. The resulting precipitate 
was collected by filtration to give 2,4,6-triphenylpyrylium 
tetrafluoroborate almost quantitatively; its IR spectrum com­
pletely agreed with that of the authentic sample.7) 

1-Methylthio- or l-(v-Chlorobenzylthio)-l,3-diphenyl-4,4-dicyano-
butadiene (11 or 12). Into a mixture of malononitrile 
(0.16 g), 0.72 g (2 mmol) of 1, and 3 mmol of methyl iodide 
or />-chlorobenzyl chloride in 3 ml of methanol we stirred 2.5 
mol dm~3 MeONa-MeOH (2 ml) at room temperature. The 
reaction mixture was allowed to stand overnight and then 
poured into dilute hydrochloric acid. The resulting precipitate 
was filtered and purified by recrystallization to give 11 or 12. 
These results are also shown in Tables 1 and 2. 

Bis(1,3-diphenyl-4,4-dicyanobutadienyl) Disulfide (13). Into 
a solution of 10 (0.58 g) in DMF (5 ml), an aqueous solution 
of 30 % hydrogen peroxide (1 ml) was stirred drop by drop. 
The reaction mixture was kept at 50 °G for 2 h and then 
poured into water. The resulting precipitate was filtered and 
purified by recrystallization to give 13. These data are also 
shown in Tables 1 and 2. 
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The Reductions of Carbonyl Compounds with Sodium 1-Benzyl-
3-carbamoyl-l,4-dihydropyridine-4-sulfinate 

Hiroo INOUE,* Ichiro SONODA, and Eiji IMOTO 
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(Received September 8, 1978) 

Synopsis. It is found that sodium 1 -benzyl-3-carba­
moyl- l,4-dihydropyridine-4-sulfinate reduces a-keto carbonyl 
compounds to oc4iydroxy carbonyl compounds with the assist­
ance of MgCl2 and reacts with 9-fluorenone to give an adduct. 

Although sodium l-benzyl-3-carbamoyl-l,4-dihydro-
pyridine-4-sulfinate (BNA-S0 2Na) is of interest as a 
reducing agent, not a great deal is yet known about 
the chemical reactivity of BNA-SO aNa. Recently we 
reported that BNA-S0 2 Na can undergo reductions of 
a-halo ketones to the parent ketones1) and that of 
acridine to 9,9'-bi(9,10-dihydroacridine)2> in a protic 
solvent. I n analogy with sodium hydroxymethanesul-
finate3) and thiourea dioxide,4) the carbon-sulfur bond 
of BNA-S0 2 Na is cleaved in the reduction process. 
Our interest in the reactivity of BNA-SO aNa prompted 
us to examine the capability of BNA-S0 2 Na for the 
reductions of the carbonyl compounds. We now wish 
to report several results giving information on the 
reactivity of BNA-S0 2 Na caused by its unique structure. 

R e s u l t s and D i s c u s s i o n 

Reactions of BNA-S02Na with a-Keto Carbonyl Com­
pounds. BNA-S0 2 Na reacted under nitrogen with 
benzil (1) in 80 vol % aqueous methanol at 25 °C for 
12 min to give «-hydroxydeoxybenzoin (2) and a 
thermally unstable adduct (3) in isolated yields of 80 
and 19% respectively. In this reaction, BNA-SO aNa 
was converted to l-benzyl-3-carbamoylpyridinium salt5> 
in a 9 2 % yield, based on 1. T h e amount of the salt 
produced indicates that BNA-S0 2 Na undergoes a two-
electron reduction of 1. When the reaction mixture 
was allowed to stand at 25 °C for a prolonged reaction 

H SOaNa 

PhCOCOPh 

1 

,CONH9 

+ \ N / 

CH2Ph 

BNA-S09Na 

PhCOCH(OH)Ph + 
xCONH2 

O H -
(or NaS03~) 

CHoPh 

time (20 h) , the yield of 2 (88%) increased with a 
decrease in that of 3 (5%) . O n the other hand, the 
reaction of 1 with BNA-S0 2 Na in a 0.6 M sodium 
hydroxide solution (80 vol % aqueous methanol) gave 
3 as the only product in a 9 2 % yield. 

The addit ion of MgCl 2 to the reaction system contain­
ing 1 and BNA-S0 2 Na (the molar ratio of MgCl 2 : 
B N A - S 0 2 N a : 1 = 5 : 2 : 1) resulted in the selective 
formation of 2 in a high yield, as Table 1 shows. Fur­
thermore, 3 reacted with MgCl 2 to give 2 in a high 
yield (87% at 25 °C for 17 h) . These facts indicate 
that 3 is converted to 2 with the assistance of MgCl 2 . 
The results of the reductions of the other a-keto carbonyl 
compounds by the B N A - S 0 2 N a - M g C l 2 system are 
summarized in Table 1. In the absence of MgCl 2 , the 
yields of the «-hydroxy carbonyl compounds became 
much lower because of the formation of adducts and 
unproved by-products. Thus , the B N A - S 0 2 N a - M g C l 2 

system is effective as a reducing system for the conversion 
of a-keto carbonyl compounds to a-hydroxy carbonyl 
compounds. 

TABLE 1. THE YIELDS OF <X-HYDROXY CARBONYL COMPOUNDS 

IN THE REDUCTION OF OC-KETO CARBONYL COMPOUNDS 

WITH THE BNA-S02Na-MgCl2 SYSTEM** 

Substance 

PhCOCOPh 
PhCOCOOEt 
PhCOCHO 
C3H7COCOC3H7 

/\*o 
1 1 
V^o 

Time, h 

1 
17 
18 

1 

2 

Product (%)b> 

PhCOCH(OH)Ph (92) 
PhCH(OH)COOEt (70) 
PhCOCH2OH (55) 
C3H7COCH(OH)C3H7 (61) 

A / O H 
1 1 (49) 
N/^o 

a) Molar ratio of MgCl2: BNA-SOaNa: substance^ 
5: 2: 1. Concentration of the substance : 0.06 mol/1. 
80 vol % aqueous methanol. 25 °C. b) Isolated yield. 

Reactions o/BNA-S02Na with Diaryl Ketones. T h e 
reaction of BNA-S0 2 Na with 9-fluorenone (4) in 80 
vol % aqueous methanol was carried out under condi­
tions similar to those in the case of 1. With a BNA-
S 0 2 N a : 4 molar ratio of 2 : 1, an adduct (5) and 

minor) 

major) 

9-fluorenol (6) were obtained in 30 and 1% yields 
respectively, with a 6 2 % recovery of 4. [9,9'-Bi-9JF/-
fluorene]-9,9'-diol (7) was not obtained at all. BNA-
SOaNa was converted to l-benzyl-3-carbamoylpyridi-
nium salt in a 72% yield, based on 4 . The yield of 
the salt was approximately comparable to the recovery 
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% of 4. Even with a B N A - S 0 2 N a : 4 molar rat io of 
5 : 1 , the yields of 5 and 6 did not increase, as Table 2 
shows. These facts suggest that the reaction proceeds 
through the cleavage of the carbon-sulfur bond of 
BNA-S0 2 Na to give an unstable S0 2 Na-adduc t (8) in 
addit ion to 5. The 8 must be converted to 4 and 
N a H S 0 3 by hydrolysis, accompanied by oxidation with 
air on the separation of the products. 

v 5 + NaHS0 3 

4 + BNA-SOaNa 
H 2 0 

y\ xx + BNA+OH-

HO SOaNa 

8 

]c 
4 + NaHS0 3 

In an alkaline medium, the yield of 5 became better. 
Furthermore, MgCl 2 was ineffective in the reduction of 
4 to 6 and 7 by BNA-S0 2 Na. When M g ( O C H 3 ) 2 was 
used with BNA-S0 2 Na, 5 was obtained in a good yield 
(Table 2). 

TABLE 2. THE REACTION OF 4 WITH BNA-SOaNaa) 

Additive Molar 
Additive/4 

Yield °/ b> ratio ' / 0 Recovered 
4, %b> 

Nonec> 
NaOH 
MgCl2

d> 
Mg(OCH3)2

e> 

0 
10 
5 
1 

30 
53 

3 
75 

1 
0 
0 
0 

0 
0 
4 
0 

62 
27 
85 
21 

a) Concentration of 4: 0.06 mol/1. BNA-S02Na:4 
molar ra t io=2: 1. 80 vol % aqueous methanol. 1 h. 
25 °C. b) Isolated yield, c) In the BNA-SOaNa: 4 
molar ratio of 5: 1, 5 was obtained in a 35% yield, 
with a 62% recovery of 4. d) 20 h. e) MeOH sol­
vent. 

Benzophenone did not react with BNA-S0 2 Na, even 
in an alkaline medium at 25 °G, and was recovered 
unreacted. When the temperature was raised to 90 °G, 
however, benzhydrol was found to be obtained in a 
16% yield.6) Thus, BNA-S0 2 Na was not effective as a 
reducing agent for the reductions of monoketones to 
alcohols. 

PhCOPh 
BNA-S02Na 

90 °C 

E x p e r i m e n t a l 

Material. The BNA-SOaNa was prepared according 
to the procedures described in our preceding paper.1) 

Reaction of 1 with BNA-S02Na. A typical experiment 
was as follows : to a solution of 3 mmol of 1 in 50 cm3 of 80 
vol % aqueous methanol we added 5.9 mmol of BNA-SOaNa. 
The solution was stirred under nitrogen at 25 °C for 12 min. 
A pale yellow precipitate of 3 was removed by filtration, 
washed under nitrogen with 80 vol % aqueous methanol, and 
dried in vacuo. The yield of 3 (mp 132—134 °C), was 19%. 
3 exhibited NMR (DMSO-</6) signals at 6=3.9 (d, 1H, H4), 
4.4 (s, 2H, CH2)5 4.7 (d, 1H, H5), 5.95 (d, 1H, H6), 7.02 (s, 

5H, aromatic protons), 7.23 (s, 10H, aromatic protons), and 
7.5 ppm (d, 1H, H2), and an IR (KBr) peaks at 3450 (OH), 
3200—3250 (NH), and 1680 cm-1 (CO). 

Found: C, 74.51; H, 5.84; N, 6.56%. Calcd for C27H04-
N 20 3 l /2 H 2 0 : C, 74.78; H, 5.81; N, 6.47 %. 

The removal of the methanol from the filtrate gave 80% 
of 2 (mp 131—132 °C), which was identified by comparing 
its IR and NMR spectra with those of authentic specimens. 
After the removal of the methanol, the residual solution was 
developed on an anion-exchange resin (Amberlite IRA-400) 
to yield 92% of BNA+C1-, based on 1. Similar procedures 
were used for the reaction of 1 with BNA-SOaNa in an alkaline 
medium and the reactions of 1 and the other a-keto carbonyl 
compounds with the BNA-S02Na-MgCl2 system. 

Reaction of 4 with BNA-S02Na. To a solution of 3 
mmol of 4 in 50 cm3 of 80 vol % aqueous methanol we added 
5.7 mmol of BNA-SOaNa. After the solution had been stirred 
under nitrogen at 25 °C for 1 h, the mixture was neutralized 
by dilute hydrochloric acid, the methanol was removed in 
vacuo, and the resinous material was extracted with benzene. 
After the removal of the benzene in vacuo, the residue was 
chromatographed on silica gel. Elution with benzene and then 
chloroform gave 4, 5, and 6 in 62, 30, and 1% yields respec­
tively. The purification of 5 was carried out as follows: a 
solution of 5 in chloroform was placed on the silica gel column 
and eluted with 15 % acetone in chloroform to give the 
purified 5 (mp 88 °C (dec)); 5 exhibited NMR (CDC13) 
signals at d=2.2 (s, 1H, OH), 3.85 (s, 2H, CH2), 4.2 (d, 1H, 
H4), 5.2 (d, 1H, H5), 6.35 (d, 1H, H6), 6.5—6.7 (m, 2H, 
NH2), and 7.0—7.5 (m, 14H, aromatic protons and H2), and 
IR (KBr) peaks at 3300—3350 and 3170—3200 (NH2) and 
1680 cm-1 (CO). 

Found: C, 78.99; H, 5.75; N, 7.14%. Calcd for C25H22-
N 2 0 2 : C, 79.14; H, 5.62; N, 7.10 %. 

In the reactions of 4 with BNA-SOaNa in the presence of 
NaOH, MgCl2, and Mg(OCH3)2, the procedures of the reac­
tions and the isolation of the products were carried out in a 
manner similar to that described above. 

Reaction of Benzophenone with BNA-S02Na. To a solution 
containing 6 mmol of sodium hydroxide in 100 cm3 of 80 vol 
% aqueous methanol we added 2 mmol of benzophenone and 
then 10 mmol of BNA-S02Na. The solution was heated under 
nitrogen at 90 °C for 2 h. The white precipitate was then 
removed by filtration, and the methanol was evaporated in 
vacuo. The residual solution, containing a solid, was extracted 
with benzene. After the removal of the benzene, the residue 
was placed on the silica gel column and eluted with benzene 
and then chloroform to give benzophenone (81%) and 
benzhydrol (16%). 
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Cobalt Metallocycles. VII.1) ^-Cyclopentadienyl-^Mmino-
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of Cobaltacyclopentadienes with Isocyanides 
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Synopsis. The reaction of (^-cyclopentadienyl)-
(triphenylphosphine) cobaltacyclopentadienes with isocyanides 
gives J?5-cyclopentadienyl-J74-iminocyclopentadienecobalt com­
plexes in good yields. Treatment of the product with HBF4 

or CH3I yields the corresponding aminocobalticinium salt. 

Cyclopentadienone-metal complexes have been isolat­
ed and characterized from the reactions of metal 
carbonyls with alkynes and direct reaction with sub­
stituted cyclopentadienones.2) However, few examples 
of the imino analog i.e. iminocyclopentadiene-metal 
complexes are known. Weiss and Hubel reported tha t 
Fe (CO) 5 reacts with phenyliminotetraphenylcyclopenta-
diene to yield an iron tricarbonyl complex.3) More 
recently, i-butylimino-tetrakis(trifluoromethyl) cyclopen-
tadiene complexes of M o and W have been reported.4) 
Previous work in this laboratory has shown that carbon 
monoxide reacts with (j?5-cyclopentadienyl)(triphenyl-
phosphine)cobaltacyclopentadienes (1) to afford the 
cyclopentadienone complexes. Consequently it has been 
predicted that isocyanides would be incorporated into 
the r ing. The synthetic procedure for the preparat ion of 
immocyclopentadienecobalt has the advantage that 
substituents can be introduced into the iminocyclo­
pentadiene ring, since the parent cobaltacyclo­
pentadienes with corresponding substituents are readily 
accessible.5) Some reactions of the obtained imino-
cyclopentadiene-cobalt complexes are reported, which 
indicate the strong polarization of the coordinated 
iminocyclopentadiene r ing. 

A benzene solution of (j?5-cyclopentadienyl) (triphenyl-
phosphine)tetraphenylcobaltacyclopentadiene ( l a ) and 
/-butyl isocyanide when heated at 70 °C gradually 
turned dark-brown, and crystals of 2a (air stable) were 
isolated in good yield. IR , N M R , and elemental 
analysis, indicated 2a to be (>?5-cyclopentadienyl) {y*-t-
butyliminotetraphenylcyclopentadiene) cobalt. Other 

cobaltacyclopentadiene complexes similarly reacted with 
isocyanides, but higher temperatures were required to 
complete reaction due to the presence of electron 
withdrawing substituents in the cobalt metallocycles. 
T h e complexes are summarized in Table 1. 

l a R \ R « = P h 
l b R ^ P h , R 2 = M e 
lc R ^ P h , R 2 =CO a Me 

The iminocyclopentadiene ligand in these complexes 
is strongly coordinated to the cobalt. An at tempt to 
liberate the coordinated iminocyclopentadiene in 2c by 
carbon monoxide (40 atm, 120 °C) resulted in the 
formation of a small amount of the desired product, 
most of the complex remaining unreacted. 

In the iminocyclopentadiene-cobalt complexes, by 
analogy with the cyclopentadienone analogs,6) an ionic 
resonance contribution 2 ' may be expected. In agree­
ment with this expectation, the v(C=N) absorption in 
2,6-xylyliminotetraphenylcyclopentadiene (1630 cm - 1 ) 
was markedly reduced on coordination to cobalt (1575 
c m - 1 ) . 

Furthermore, complex 2 readily forms aminocobaltici­
nium salts (3) on protonation and methylation (Eq. 2). 
The protonation by fluoroboric acid was performed by 
shaking a benzene solution of 2 with the acid. The 
v(C=N) peak was absent in the I R spectrum of the 
resulting complex while the v(N-H) appeared at 3300— 

T A B L E 1. IMINOCYCLOPENTADIENE-COBALT COMPLEXES 

2a 

2b 

2c 

2d 

2e 

R1 

Ph 

Ph 

Ph 

Ph 

Ph 

Compound 

R2 

Ph 

Ph 

Ph 

Me 

CQ2Me 

I 

R3 

*-Bu 

/>-MeC6H4 

2,6-Me2C6H3 

2,6-Me2C6H3 

2,6-Me2C6H3 

Yield 
(%) 

84 

49 

86 

79 

67 

i Mp 
(°C) 

213—215 

166—168 

250—251 

211—212 

178—179 

Found (Calcd) % 

C H N 

81.26 
(80.98 
82.37 

(82.40 
82.75 

(82.47 
79.36 

(78.84 
70.89 

(70.95 

6.12 
6.08 
5.52 
5.40 
5.46 
5.60 
6.44 
6.20 
5.23 
5.25 

2.58 
2.49) 
2.24°) 
2.34) 
2.18 
2.29) 
2.78 
2.87) 
2.38 
2.43) 

NMR 

4.71 

4.60 

4.58 

4.29 

4.97 

a> Ô (ppm) 

~^ CH3 

1.27 

2.12 

1.88,2.59 
(3H) (3H) 
1.69,1.89,2.67 
(3H) (6H) (3H) 
1.51,2.47,3.81d> 
(3H) (3H) (6H) 

IRb> 
v(C=N) 
(cm-1) 

1580 

1555 

1575 

1565 

1575 

a) In C6D6. b) KBr disk. c) Solvated with C6H8. d) In CDC13. 
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Compound 

R3 R4 X 

Mp 
(°G) 

Found (Galcd) (%) 

H N 

NMRa) Ô (ppm) IRb> 
. - N r(N-H) 

?-C5H5 G-GH3 N-CH3 N-H (cm 1 ) 

3a *-Bu H BF4 277—282 

3b 2,6-Me2G6H3 H 

3c t-Bu Me 

3d />-Me-C6H4 Me I 

70.25 5.40 2.12 
(70.06 5.42 2.15) 

TW 9on 9oq 72.08 5.08 1.98 
m<4 zyu—zyj ( 7 2 1 2 5 0 4 2 0 0 j 

66.71 5.11 2.02 18.05 
(66.39 5.29 1.99 17.99) 
70.65 5.07 1.78 15.55 

(70.51 5.05 1.71 15.52) 

5.54 1.08 

5.50 1.82 
2.48 

4.02 3375 

6.22 3350 

275—277 

303—304 

5.78 0.99 2.80 

5.80 2.02 3.33 

a) In CDClg. b) KBr disk. 

3400 c m - 1 . O n shaking the fluoroborate salt with alkali, 
smooth deprotonation occurred yielding the parent 
neutral complex (2). N-Methylated cobalticinium salts 
were obtained when 2a and 2 b were treated with 
iodomethane. 2c did not react with iodomethane 
possibly due to steric hindrance around the N atom. 
T h e cyclopentadienyl proton resonances shifted from ô 
4.58—4.71 in 2a—2c to ô 5.49—5.79 ppm in 3a—3d, 
in accord with the increase of oxidation number of the 
cobalt. 

(R 4 =H) 

2' 

R4= 
X= 

= H or Me 
BF4 or I 

E x p e r i m e n t a l 

IR spectra were recorded on a Shimadzu IR-27G and NMR 
spectra on a Varian HA-100 spectrometer. Melting points 
were determined on a Mitamura micro-melting point appara­
tus. (^-Cyclopentadienyl) (triphenylphosphine)cobaltacyclo-
pentadiene complexes were prepared by the methods re­
ported.5) 

Preparation of (7}*-Cyclopentadienyl) (7)*-iminocyclopentadiene)-
cobalt. A solution of la (0.742 g, 1.0 mmol) and *-BuNC 
(0.4 ml) in benzene (10 ml) was heated at 70 °G for 8 h. The 
volume of the solvent was reduced in vacuo and hexane added 
to give black crystals of 2a (0.473 g). 

Similar treatment of cobaltacyclopentadiene complexes with 
isocyanides gave the corresponding iminocyclopentadiene-
cobalt complexes (Table 1). Preparation of 2e was conducted 
at 130 °C. 

Reaction of 2c with Carbon Monoxide. A solution of 2c 
(0.122 g, 0.2 mmol) in benzene (20 ml) was placed in an 

autoclave and carbon monoxide introduced (40 atm). After 
heating at 120 °G for 8 h, the solution was concentrated. The 
addition of hexane afforded the starting cobalt complex (0.06 
g, 49% recovery). The mother liquid was chromatographed 
on alumina and a red fraction eluted with benzene/hexane 
(1: 1). Evaporation of the solvent, followed by crystalization 
from hexane gave dark-red crystals of 2,6-xylyliminotetraphe-
nylcyclopentadiene (0.018 g, 18%), mp 190 °G. Found: G, 
91.11; H, 6.03; N, 2.79%; mol wt, 487 (mass spectrum). 
Galcd for G37H29N: G, 91.13; H, 5.99; N, 2.87%; mol wt, 
487. NMR (CDClg): à 1.99 (s, 9H); 6.5—7.2 (multiplet, 
Ph protons) ppm. IR (KBr): v(C=N), 1630cm"1. 

Reaction of 2 with Fluoroboric Acid. To a solution of 2a 
(0.10 g, 0.18 mmol) in benzene (10 ml) was added a few drops 
of fluoroboric acid (42 %, aq solution). The mixture turned 
pale immediately after shaking and an orange-red solid pre­
cipitated. Extraction of the solid with a small amount of 
GH2C12 followed by the addition of benzene gave red crystals 
of 3b (0.083 g, 73%). 3a was similarly prepared (46%). 
The physical properties of the complexes are summarized in 
Table 2. 

Reaction of 2 with Iodomethane. A solution of 2a (0.056 
g, 0.1 mmol) and iodomethane (0.2 ml) in benzene (10 ml) 
was left overnight at room temperature. The resulting dark 
red-brown solution was concentrated in vacuo to give dark red 
brown crystals of 3c (0.063 g, 89%). 3d was similarly 
obtained. 
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Synopsis. Various silyl enol ethers gave the corre­
sponding mono benzyl products in moderate to good yields by 
the reaction with benzyl bromide in the presence of silver 
Perchlorate in dichloromethane at —78—0 °C. 

Silyl enol ethers are known to be useful intermediates 
for the alkylation of carbonyl compounds; the alkylation 
is usually performed through the enolate anion generated 
by the treatment with MeLi1) or R4N+F~.2) O n the 
other hand, the £-butylation of silyl enol ethers was 
recently accomplished by the use of Lewis-acid 
catalysts.3) 

Silver (I) salts are well known to activate the halo-
genated compounds. Therefore, it seemed possible to 
alkylate the silyl enol ethers with alkyl halides activated 
by silver(I) salt. In this paper, we will describe the 
silver(I) salt-promoted benzylation of silyl enol ethers.4* 

R k /OSiMe3 
C = G 

R 2 / \ R 3 
+ PhCH2Br 

AgX 
R1 O 
i 

R 2 -C 

CH2Ph 

ii 
C-R 3 

R e s u l t s a n d D i s c u s s i o n 

First, we examined the reaction of 1-trimethylsiloxy-
cyclohexene and benzyl bromide in dichloromethane as 
a model reaction. When the reaction was carried out 
in the presence of silver(I) oxide or silver (I) nitrate, no 
alkylated product was obtained. However, 2-benzyl-
cyclohexanone was obtained in 9% (AgaO) or 15% 
(AgN0 3 ) yield by the addit ion of a catalytic amount of 
zinc chloride to the reaction mixture. Therefore, in 
order to ascertain the best conditions for the reaction, 
various silver (I) salts, Lewis acids, and reaction tern-

TABLE 1. REACTION OF 1-TRIMETHYLSILOXYCYCLOHEXENE 

WITH BENZYL BROMIDE IN DICHLOROMETHANE 

Silver (I) salt 
(1 equiv) Catalyst^ Temp/°G ry,. ,, Isolated 

T i m e / h yield/% 

Ag20 
AgN03 

AgC104 

AgN03 

AgN03 

AgN03 

AgN03 

AgC104 

AgC104 

AgBF4 

AgBF4 

ZnCl2 

ZnCl2 

ZnCl2 

ZnCla 

TiCl4 

SnCl4 

BF3 .Et20 
BF3.EtaO 

— 
BF-.Et20 

— 

room temp 
room temp 
room temp 
-78—0 
-78—0 
-78—0 
-78—0 
-78—0 
-78—0 
-78—0 
-78—0 

20 
20 
20 
14 
14 
14 
14 
14 
14 
14 
14 

ga) 

15a> 

21a> 

llb> 

14b> 
2 2 b ) 

4gb) 

82b> 
64b> 
3 2 b ) 

51b> 

a) 1-Trimethylsiloxycyclohexene (1 equiv) and benzyl 
bromide (1 .1 equiv) were used, b) 1-Trimethylsil­
oxycyclohexene (1.2 equiv) and benzyl bromide ( 1 
equiv) were used, c) A catalytic amount of Lewis 
acid was used. 

peratures were examined. These results are summarized 
in Table 1. 

As shown in Table 1, a combination of silver Per­
chlorate and boron trifluoride etherate was the best one. 
Moreover, it was found that the reaction could proceed 
without a Lewis-acid catalyst when silver perchlorate or 
silver tetrafluoroborate was used. In the case of the 
reaction of 1 -phenyl-1-trimethylsiloxyethene and benzyl 
bromide, silver perchlorate alone gave the best result 
(44%), although the addition of boron trifluoride 
etherate, zinc chloride, or magnesium chloride gave the 
corresponding benzylated product in 21 , 41 , or 34% 
yield respectively. The reaction of several silyl enol 
ethers and benzyl bromide in the presence of silver 
perchlorate was also examined; the results are listed 
in Table 2. 

TABLE 2. BENZYLATION OF VARIOUS SILYL ENOL ETHERS8^ 

Silyl enol ether Product6) Isolated yield/% 

OSiMe3 

A 
OSiMe3 

0 
OSiMe3 

phA 
O OSiMe3 

II I 
E t o / ^ ^ ^ O E t 

O 

/ \ / C H 2 P h 
1 1 

O 

/ \ / C H 2 P h 

1 1 
o 

II 

p h / \ / \ p h 
o o 

II II 

E t o / ^ Y ^ O E t 
GH2Ph 

69 

82b> 

44 

35 

a) Silyl enol ether (1.2 equiv) and benzyl bromide 
(1 equiv) were used in dichloromethane at —78—0 
°G for 14 h in the presence of AgC104 (1 equiv). 
b) A catalytic amount of BF3»Et20 was used. 

These yields are well in accordance with the order 
of the electron density of the carbon-carbon double 
bond of silyl enol ethers. Therefore, it is reasonable to 
assume that the reaction is an electrophilic one. Under 
similar reaction conditions, we examined the alkylation 
of 1-phenyl-1-trimethylsiloxyethene using other alkyl 
halides. However, all attempts failed in the cases of 
isopropyl iodide, allyl brimide, and butyl iodide. The 
only successful case except for benzyl bromide was that 
of methyl iodide (51%). 

To ascertain the regioselectivity of the reaction, we 
also examined the reaction of 6-methyl-1-trimethyl-
siloxycyclohexene with benzyl bromide. However, the 
reaction was found not to be regioselective even under 
ra ther basic conditions. 
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T A B L E 3. REACTION OF 6-METHYL-1-TRIMETHYLSILOXY­

CYCLOHEXENE WITH BENZYL BROMIDE8* 

o 
Me x A/ ' 

1 1 

Additive 

— 
2,4,6-Collidine 

(1 equiv) 

Product6* 

CH2Ph 

Yield(%)b> 

eis trans 

34 

28 

14 

22 

O 
x » CH2Ph 

U^Me 

Yield/ 
% b ) , 

22 

14 

Total 
yield/% 

70 

64 

a) 6-Methyl-1-trimethylsiloxycyclohexene (1.1 equiv) 
and benzyl bromide (1 equiv) were used in dichloro­
methane at —78—0 °G for 14 h in the presence of 
AgC10 4 (1 equiv). b) Isolated yield. 

E x p e r i m e n t a l 

A typical procedure for the benzylation of silyl enol ethers5) 
was as follows. 

2-Benzylcyclohexanone. A dichloromethane solution (2 
ml) of 1-trimethylsiloxycyclohexene (204 mg, 1.2 mmol) and 
benzyl bromide (171 mg, 1 mmol) was added to silver Perchlo­

rate (208 mg, 1 mmol) a t — 78 °G under argon atmosphere. 
T h e mixture was then allowed to warm to 0 °G over about 
14 h. T h e silver salts were filtered off, and water was added. 
T h e solution was then extracted with ether, and the organic 
layer was dried over sodium sulfate and evaporated. 2-Ben­
zylcyclohexanone was obtained by using T L G (hexane : ether 
= 10: l , Ä f = 0 . 4 ) ; 119 mg (64%) . 
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The study of the photoanodic reaction in the GdS/S2- system was carried out by means of the rotating ring-
disk electrode (RRDE) technique. The photoanodic reactions at an n-type CdS electrode are divided into two 
types; the photoanodic oxidation of redox agents in the electrolyte solution and the photoanodic dissolution of 
CdS electrode surface. The stabilization of a CdS photoanode could be attained through the preferential progress 
of the former of these two processes. The ratio between these two processes depends upon the concentration 
of S2~ in the electrolyte solution and the light intensity. Sulfide ion in the electrolyte solution stabilizes CdS 
photoanode and gives rise to the shift of the flatband potential of CdS electrode by ca. — 60 mV/log[S2-]. This 
dependence of the flatband potential on sulfide ions can be explained by an adsorptive dissociation equilibrium 
at a CdS electrode surface. The results of the photoanodic reaction were disscussed referring to the charge 
transfer process with the participation of some surface energy state within a bandgap. 

The behavior of the reactions at an illuminated 
semiconductor electrode has been recently drawing 
attention of a number of investigators primarily in 
connection with the solar energy conversion into elec­
trical and chemical energy, that is, the electrochemical 
photocell as a solar energy converting device.1-24) 

At T i O a electrode1-10^ and other stable semiconductor 
electrodes,11-14) the photosensitized electrolytic oxida­
tion of water1 - 1 4) and various reducing agents such as 
I - , Br - , CI - , Fe (CN) 6

4 - , hydroquinone, and Fe2+ 15-25> 
occurs by the action of the excess holes photo-
generated at the electrode surface, according to the 
following reactions. 

2H 20 + 4h+ • 0 2 + 4H+ (1) 

Red + «h+ • Ox (2) 

These semiconductors possess relatively wide bandgaps 
except W 0 3

8 ) and Fe203
4 '1 3) and hence can not ef­

ficiently utilize the solar energy. In this respect, cad­
mium sulfide15-21) seems to be a promising material 
since it shows a strong absorption in wavelength shorter 
than 520 nm. However, the anodic reaction at an 
illuminated CdS electrode is known to be the dissolu­
tion26'27) of the electrode surface, according to 

CdS + hv • GdS(hv
+

al +e - n d ) , (3) 

2h+, + CdS • Sad + Cd2+, (4) 

where h+ai, e70nd and Sad denote a hole in the valence 
band, an electron in the conduction band, and a 
sulfur atom deposited on the electrode surface, res­
pectively. 

Hence, from the stand-point of practical application 
of CdS photoanode to the electrochemical photocell, 
it is desired to stabilize the CdS photoanode. In the 
previous paper15) we investigated the suppression of 
surface dissolution of CdS photoanode by reducing 
agents through the competitive oxidation between the 
process (2) and (4). 

Some reducing agents had the various efficiencies of 
the dissolution suppression and especially S 2 - , S 0 3

2 - , 
and S 2 0 3

2 - could markedly stabilize the CdS photo-
anode.15) Wrighton et al.19) reported that the cadmium 
calcogenide (CdX) photoanodes are stabilized through 
the oxidation of the calcogenide ions (S 2 - , Se 2 - , and 

T e 2 - ) in the electrolyte solution and the output power 
characteristics of the electrochemical photocell can be 
enhanced by using the C d X / X 2 - systems. 

Miller and Heller21) also reported the power char­
acteristics of the photocells with CdS and Bi2S3 poly-
crystal photoanodes/sulfide. Minoura et al.1*) reported 
that the dissolved Cd2+ and S 2 - ions cause the shift 
of the flatband potential of CdS and CdS photoanode 
is stabilized by the diffusion of S 2 - to the electrode 
surface. Memming2 0) investigated the oxidation ef­
ficiency of a ferrous cyanide at the CdS photoanode 
surface against p H variation by means of a rotating 
platinum-semiconductor R R D E technique. 

As for the effect of the illumination intensity on the 
electrochemical photolysis of water at T i O a and on 
the conversion of the light energy to the electricity at 
CdS, the power charateristics (photovoltages and photo-
currents) of the electrochemical photocells were inves­
tigated well.19'28) However, a quantitative dependence 
of the light intensity on the stability of CdS photoanode 
has not been investigated in detail. 

In this study,45) we investigated more precisely the 
dependence of a flat band potential on the dissolved 
sulfide ion and the dependence of the competitive 
reaction between the dissolution of CdS photoanode 
and the oxidation of the dissolved sulfide ions on the 
light intensity by means of a R R D E technique and 
others. We show the results that the stabilization of 
the CdS photoanode can be elucidated based upon 
the function of the concentration of the sulfide ions 
and the number of the incident photons. Then we 
discussed the charge transfer across the semiconductor/ 
electrolyte interface based upon the number of the 
carriers in both phases. 

Experimental 

Ring-disk electrode were constructed with single crystal 
of n-type CdS disk electrode together with Gu(Hg) as the 
ring electrode. General experimental procedures including 
electrode pretreatments, establishment of ohmic contacts 
and RRDE assembly have described elsewhere.15'29) 

The measurement principle of the RRDE method is sche­
matically illustrated in Fig. 1. In the absence of a reducing 
agent (S2-) in the electrolyte solution (A), Gd2+ ion is pro-
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(A) 

ring disk 

W77A 
ring 

ne-
hV c d 2 + Cd 

(B) 

ring disk ring 

VMA VA 1 
hv X / Ox I Ox 

fRed 
Red 

(5) 

electrode is based upon the application of Mott-
Schottky relationship31) which is expressed as 

where Cs represents the space charge differential cap­
acitance per unit area, q the electric charge, e the 
dielectric constant of semiconductor, e0 the permit­
tivity of vacuum, N the carrier concentration (practi­
cally equals the donor concentration in the present 
case (7.4 X 1016 c m - 3 ) ) , E the electrode potential and 
Eth the flatband potential. Thus the intercept of the 
E axis of the 1/C2 (approximately equals 1/C 2) vs. E 
curves gives a potential differing from the flatband 
potential by kTjq. 

Fig. 1. Schematic diagram of the RRDE system. 
(A) a detection of the dissolution product of GdS elect­
rode surface, (B) a detection of the oxidation product 
of a reducing agent. 

duced at the disk electrode through the photoelectrochemical 
process (4), and a part of which, determined by the collec­
tion efficiency, is reduced at the Gu(Hg) ring electrode. 
If a reducing agent is added (B), it undergoes the competi­
tive oxidation of S2 - by photogenerated holes, and the oxi­
dized species discharges at the ring electrode. 

Dependence of the flatband potential of GdS photoanode 
on the concentration of the sulfide ion was given by the 
capacitance measurement of the interface of GdS electrode/ 
electrolyte solution containing sulfide ion, whose method 
is described in elewhere.30) 

R e s u l t s and D i s c u s s i o n 

Variation of Flatband Potential of CdS Electrode. 
Figure 2 shows typical 1/C2 vs. E plots for the CdS 
electrode in the aqueous electrolyte solution with sulfide 
ions, obtained by the impedance measurement. The 
interface capacitance is assumed that the capacitance 
of a space charge layer is much smaller than any other 
regions. When a depletion layer is formed for majority 
carriers (electrons) for n-type semiconductor such a 
condition can be attained at the anodic polarization. 
So the determination of the flatband potential of CdS 

Fig. 2. Mott-Schottky plots for GdS electrode. 
1:1.0 M S 2 - , 2: 10- 2 MS 2 - , 3: 10~2 M S2~, 4 :10" 
M S 2 - , 5: 10" 4 MS 2 - , 6: 10~5 M S2~, 7 :0 .0MS 2 ~ 
All in 0.2 M Na2S04 aqueous solution. 

Fig. 3. Dependence of the flatband potential of GdS 
electrode on the concentration of S2~. 

The flatband potentials of CdS electrode thus deter­
mined is shown in Fig. 3 as a function of the concentra­
tion of S2~ with the slope ca. — 60 mV/log[S 2 - ] . The 
value of this slope is approximately the same as that 
reported by others.32) Otherwise, the flatband poten­
tials of T i 0 2 and Z n O depend upon the p H of the 
electrolyte solution with a slope of —59 mV/pH, which 
is explained in view of the following dissociation equi­
librium established at the semiconductor electrode sur­
face,33) for example 

Ti-O 2 - + H+ ^ = ± Ti-OH-, (6) 

Aç> = const H —— In 
E «TiOH-

2.3RT 
pH, 

where T i - O 2 - represents an element of the T iO a 

lattice at the surface, H+ a proton in the bulk of the 
electrolyte solution, and T i - O H - the lattice element 
protonated. From the thermodynamic theory, the 
flatband potential is reasoned with the inner potential 
difference of the interface between the electrode surface 
and the electrolyte solution. In the case of CdS 
electrode in the present study, the same consideration 
may well be taken. 

G d 5 + °soln 
-CdS*-»*, . , . 
- C d u ~ 1 ) + ' ad (8) 

where - C d £ + represents the lattice cadmium element 
of the CdS lattice at the surface, Sîôm a sulfide ion in 
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the electrolyte solution, _Q~p<-i>+>Sad the lattice cad­
mium element adsorbed by a sulfide ion. T h a t is, the 
interfacial potential difference (A0) generated by a 
surface adsorptive dissociation equilibrium of a sulfide 
ion at the GdS electrode surface depends upon the 
concentration of the sulfide ion in the bulk of the 
electrolyte solution and then changes the flatband 
potential of GdS electrode according to the following 
equation34) 

r, RT , C(N°-N) 
£fb — A<p = const ;=r~m 

C°N 
(9) 

where N° and N represent the surface concentrations 
of adsorbed sulfide ions for maximal coverage and 
for the equilibrium state, C and C° the concentration 
of sulfide ions in solution and that in the standard 
state. 

Consequently, the fact that the flatband potential 
of CdS photoanode shifts to the negative potential 
implies that the power characteristics, especially the 
photo-output voltage, of an electrochemical photocell 
can be increased, because the onset potential of the 
photocurrent based upon a photoanodic reaction cor­
responds to the flatband potential of a photoanode. 

Current-potential Characteristics of Cu(Hg)/CdS RRDE. 
An anomalous behavior of the CdS disk photocur­

rent was observed uniquely on addition of S 2 _ in the 
electrolyte solution. Figure 4 shows the change of the 
current-potential characteristics of CdS photoanode 
with the change in S2~ concentration. I t is seen that 
the onset potential for the photocurrent is shifted to 
more negative potential as S 2 _ concentration increases, 
corresponding to the flatband potential in Fig. 3, and 
the photocurrent appears as the twostep wave in lower 
S 2 _ concentrations. In the dark, the anodic photocur­
rent does not appear, but under illumination the 
anodic photocurrents appear at the negative onset 
potentials. In the absence of the sulfide ion in the 
electrolyte solution, the limiting anodic photocurrent 
is controlled by the photogenerated holes at the elec­
trode surface. O n the other hand, the first wave of 
the photocurrent observed in a lower concentration of 

-1.5 > 

\iït. 

5 ^ ^ 

/ ^ -1.0 

E ( V vs. 

-0.5 

SCE ) 

6 

•500 

700 
•300 ~ 

•200 3 

•100 - j 

— 
0 

Fig. 4. Current-potential curves of a rotating CdS 
electrode at 1000 rpm in the electrolyte solution con­
taining various concentrations of S2_. 
1: 0.0 M S 2 - , 2: 7 x l O - 4 M S 2 - , 3: 10~3 M S2-, 4: 
10- 2 MS 2 - , 5: Î O ^ M S 2 - , above 1—5; at illu­
minated, 6: in the dark. All in 0.2 M Na2S04 

solution. 

S2~ increases with an increase in the concentration of 
S 2 _ in the electrolyte solution. In a high concentra­
tion of S2 _ , the photoanodic current becomes one-step 
wave again. This phenomenon of appearance of a 
two-step wave photocurrent is considered to be originat­
ed from two different reactions at CdS electrode. 
Minoura and Tsuiki have also reported two- or three-
step wave photocurrent in the solution containing 
S2- , S 0 3

2 - , and S203
2-.35>36) In T i O a electrode, a 

two-step wave photocurrent, it is reported,37) appears 
at high p H values of the electrolyte solution, and it 
is explained that the first wave photocurrent is control­
led by the diffusion of a hydroxyl ion ( O H - ) to the 
T i O a surface and the second one by that of water ( H 2 0 ) . 

10 

<U) 

20 30 40 

( r p m ) 1 ^ 

Fig. 5. Dependence of photocurrents on the root of a 
rotating speed of CdS disk electrode. 
1 : With and without S2-, potentials at 0.0 V (vs. SCE), 
2: 10" 4 MS 2 - , at - 0 . 8 V, 3: 5 x l 0 - 4 M S 2 - , at - 0 . 8 
V, 4: 7 x l 0 - 4 M S 2 - , at - 0 . 8 V. 5: 10-3 M S2", at 
- 0 . 8 V, 6: 1 .5x l0 - 3 MS 2 - , at - 0 . 8 V. All in 0.2 
M Na2S04 solution. 

Concerning the appearance of the two-step wave 
of an anodic photocurrent, the dependence of the first 
and the second waves on the rotation speed (eo) was 
measured and the results are illustrated in Fig. 5. The 
magnitude of the second wave shows practically no 
change with c», which means that the rate-determining 
step is the formation of photoholes in the valence 
band. O n the contrary, the magnitude, /p h o t o , of 
the first wave varies linearly with the square root of 
en, and increases in an increase of S2~ concentration. 
7photo can be approximated by the following formula, 

/photo = const X [S2-]a>V2 (10) 

which, according to the theory of Levich,38) indicates 
that the process corresponding to the first wave is 
controlled by the diffusion of S2~ from the solution to 
the CdS electrode surface. Therefore, the first wave 
photocurrent is considered to occur from the following 
reactions 

rcS2- + 2 (n - l )h+ SM
2- (» = 2, 3, 4, 5), (H) 
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S2- + 2h+ 

S + S2- — 
s, 

> S2
2~. (12) 

This photoanodic oxidation at CdS photoanode was 
also reported by Wrighton et al.19) Miller and Heller,21) 
and Minoura et al.16) 

Figure 6 shows the dependence of the disk (7D) and 
ring (7R) currents on the ring potential (ER), with or 
without S 2 _ added in the electrolyte solution. In the 
dark (curves 1,3), negligibly small currents are observed 
at the CdS disk electrode fixed at + 1 . 0 V vs. SCE, 
while hydrogen evolution (EB< —1.5 V) occurs at the 
Cu(Hg) ring electrode. Illumination of the CdS disk 
gives rise to an anodic photocurrent (curve 2) and at 
the same time a reduction current appears at the Cu-
(Hg) ring electrode in the potential range more neg­
ative than —0.6 V vs. SCE. T h e latter current cor­
responds to the reduction of Cd 2 + produced by the 

-USÉS EÉE =b =*=k 

500 

< 

-2.0 -1.5 -1.0 -0.5 

ER ( V vs. SCE ) 

Fig. 6. Current-potential {IR-ER, ID'ER) curves of Gu-
(Hg)/CdS RRDE. Potential (ED) of GdS disk electro­
de is fixed at 1.0 V vs. SCE. 
1: 0.0 M S 2 - , in the dark, 2: 0.0 M S2~, GdS illu­
minated 3: 0.1 M S2-, in the dark, 4: 0.1 M S2~, GdS 
illuminated. All in 0.2 M Na2S04 solution. 

dissolution reaction of the CdS photoanode (4). Since 
the ratio of the limiting reduction current at the Cu(Hg) 
ring electrode to an anodic photocurrent at the CdS 
disk electrode fairly coincides with the theoretical col­
lection efficiency for the ring-disk electrode employed, 
it is evident that the process (4) is totally responsible 
for the anodic photocurrents. By addition of 0.1 M 
Na2S in the electrolyte solution, the magnitude of the 
disk photocurrent undergoes practically no change, 
while a reduction current of Cd 2 + disappears and a 
new ring current (curve 4) appears at potentials more 
negative than — 1 . 2 V vs. SCE, corresponding to the 
reduction (13) of Sw

2 _ generated by the process (11) 
or (12). 

Sw
2- + 2( /z - l )e - • T Z S 2 - (13) 

The occurrence of this process can also be verified 
by the dependence of the disk and ring currents on 
the disk potential (ED), with the ring potential fixed at 
— 1.8 V for Sw

2- reduction and at —0.8 to —1.1 V for 
Cd2+ reduction, with or without S 2 _ added in the 
electrolyte solution, as shown in Fig. 7. In Fig. 7(A), 
in the absence of S2~ in the electrolyte solution both 
reduction currents (curves 1, 2) at the Cu(Hg) ring 
electrode are corresponding to the reduction of Cd2 + . 
In Fig. 7(B), in the presence of 5 X 10~4 M S2~ added 
in the electrolyte solution the reduction current (curve 
1) at the Cu(Hg) ring electrode appears at the same 
time in occurance of the second wave of the anodic 
photocurrent at the CdS disk electrode. Then the 
reduction current (curve 2) at the ring electrode shows 
a two-step wave similar to the anodic photocurrent 
at the CdS disk electrode. This first wave of a reduc­
tion current is deduced from the reduction of Sw

2_. 
In Fig. 7(C), in the presence of 0.1 M S2~ in the electro­
lyte solution the reduction (curve 1) of Cd2+ at the ring 
electrode disappears, while the reduction current 
(curve 2) of Sw

2_ at the ring electrode shows one wave 
and its value coincides with the theoretical collection 
of the disk photocurrent for the ring-disk electrode. 
Therefore, it is evident that the process (11) or (12) 
is totally responsible for the anodic photocurrent at 
the CdS electrode. 

( A ) 
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Fig. 7. Current-potential (IR-ED, ID-ED) curves of Cu(Hg)/CdS RRDE, when GdS 
disk is illuminated. 
(A) With 0.0 M S 2 - , 1: £ R = - 0 . 8 V {vs. SGE), 2: £ R = - 1 . 8 V . (B) With 5x l0~ 4 

M S 2 - , 1: £ R = - 1 . 0 V , 2: £ R = - 1 . 8 V . (G) With 1 x 10"1 M S2~, \; En=-\A 
V, 2: £ R = - l f 8 V . All in 0.2MNa2SO4 solution. 
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10" 10"5 10"A 10"3 

[S2 " ] (M) 
10"z 10" 

Fig. 8. Dependence of the ratio (R) of a competitive 
reaction on the concentration of a sulfide ion. 
— # — : A dissolution of CdS electrode, —O—: an 
oxidation of S2~ in an electrolyte solution. 

If we denote the magnitude of the total ring current 
by II, that due to Gd2+ reduction by /R i C d , and 
that due to S„2 _ reduction by IRS, then 100/R>Cd//£ 
and 100/R S / / R can be termed as the competition ratio 
(Ä) between CdS surface dissolution and oxidation 
of S 2 _ in the course of the photoelectrochemical process 
at the CdS photoanode. Figure 8 shows the ratio 
(R) of the competitive oxidation between CdS photo-
node and S 2 _ as a function of S 2 _ concentration in the 
electrolyte solution. It is seen that the value of R 
for the competitive oxidation of S 2 _ increases with the 
increase in [S2~] and the value of R for the dissolution 
of CdS photoanode decreases with the increase in 
[S 2 - ] . This result suggests that in a high concentra­
tion of S 2 _ added in the electrolyte solution the dis­
solution of CdS photoanode can be suppressed, which 
has been partly reported in a previous paper.15) 

Dependence of Electrode Reactions on Light Intensity. 
Above results were observed under the constant inten­
sity (ca. 3.5 X101 5 photon/s) of illumination (wave­
length range from 300 to 410 nm) , while the dependence 
of the two-step wave photocurrent at CdS electrode 
on the intensity of illumination was observed, as shown 
in Fig. 9. In Fig. 9(A), with a concentration of 1 X 10 - 4 

M S 2 - added in the electrolyte solution, in a low inten­
sity of illumination one-step wave photocurrents (curves 
1 and 2) appear which are controlled by the number 
of photoholes formed, and in a high intensity of illumina­
tion the two-step wave photocurrents (curves 3 and 4) 
appear where the first wave photocurrent is constant 
against the intensity of illumination, however, the 
second wave photocurrent increases by an increase 
of the illumination intensity. 

In the presence of sufficient sulfide ions in the elec­
trolyte solution, the photocurrent-potential curves be­
come one step waves as shown in Fig. 9(B). In 
this stage, anodic photocurrents were totally caused 
by the oxidation of sulfide ions supplied to the CdS 
electrode surface and the values of photocurrents 
depend on the number of the incident photons. 

T h e dependence of the two-step wave anodic photo­
currents on the intensity of illumination in various 
concentrations of S 2 _ is shown in Fig. 10. T h e dots 
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Fig. 9. Dependence of current-potential curves on the 
intensity (L) of illumination 
(A) With 10- 3 MS 2 - , 1: L=0.07a.u. , 2: L=0.15, 
3: £=0.35, 4: £=0 .5 . (B) With 10"1 M S2", 1 : £ = 
0.07 a.u., 2: £=0.15, 3: £=0.35, 4: £=0 .5 . 
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Fig. 10. Dependence of the photocurrents on the illu­
mination intensity (L) and that of the first wave photo­
currents on [S2 -]. 

(1, 2, 3, and 4) correspond to the limiting values of the 
photocurrents in Fig. 9(A), respectively. The curve 
(a-a') shows the dependence of the limiting photo­
currents of the first waves on [ S 2 - ] . I n the region 
(I) below the curve (a-a ') , only a one-step wave photo­
current appears even if the illumination intensity 
is high, where the oxidation of S 2 _ is controlled by the 
number of the photogenerated holes. O n the contrary, 
in the region (II) above the curve (a-a') , the second 
wave photocurrent appears based on the dissolution 
of CdS photoanode occurs. T h e oxidation ratio of 
a sulfide ion depends on the quantitative correlation 
between the concentration of a sulfide ion and the 
number of the incident photons. 

So we can say that the CdS photoanode can be stabi­
lized when excess sulfide ions are dissolved in the 
electrolyte solution versus the number of the photo-
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TABLE 1. RELATIONS BETWEEN THE THEORETICAL LIMITTING CURRENTS (II) 

AND THE FIRST WAVE-PHOTOCURRENTS ( / P ) 

[S2"] 
mol/1 

_JL_ 

mol/s 

[xA 

(xA 
[Fe(GN)j-

mol 

-TD.OX 

1 

10-5 

1.80X10-11 

3.47 

io-5 

4.0 

5 x l 0 - 5 

8.98X10-11 

17.3 

16.0 

10-4 

1.80xl0-1 0 

34.7 

29.9 

io-4 

38.0 

5 x l 0 - 4 

8.98X10-10 

173 

112 

io-3 

1.80xl0- 9 

347 

211 

io-3 

310 

5 x l O a 

8 .98x l0 - 9 

1730 

790 

io-3 

1.80xl0-8 

3470 

1410 

IO-2 

1760 

generated holes at the electrode surface. 
Here, we approximate the flow rate (Jh) of the sul­

fide ion towards the CdS electrode surface and the 
limiting oxidation current (7L) of the sulfide ion employ­
ing the following equations 

Jh = 1.95Z)2/3r-i/6,0V2[S2-]r2, 

/L - nFJu 

(14) 

(15) 

where D denotes the diffusion coefficient, v the dynamic 
viscosity, r the radius of the rotating disk electrode, 
n the covalent number, and F Faraday constant, 
respectively. Substituting the experimental conditions, 
D= IO-5 cm2/s, v= IO"2 cm2/s, co= 1000 rpm, r = 0 . 3 cm, 
n=2, and F=96500, into the Eqs. 14 and 15, we obtain 
the numerical results for the first-wave photocurrents 
as shown in Table 1. The oxidation currents( / D 0 X ) 
of varous concentration of Fe(CN)6

4~ at the rata ting Pt 
disk electrode with the same diameter as the CdS disk 
electrode are also shown in Table 1 in order to compare 
with the magnitude of photocurrents (7P). From the 
results of Table 1, we can consider that the first wave 
photocurrents are controlled almost by the limitting 
diffusion of sulfide ions and increase with the increase 
of the sulfide concentration. Reflecting the facts 
that the flatband potential of CdS and the onset poten­
tial of the first wave photocurrent make shifts to the 
negative potential with the increase of the sulfide con­
centration, the photogenerated holes may transfer 
to sulfides via the active sites which may be caused by 

< 
iL 

o 
PL, 

400r 

200 

h 2 A 

Time (h) 

Fig. 11. Time-dependence of photocurrents at CdS 
electrode. 1: In 0.2 M Na„S04, 2: in 0.2 M Na2S04 

+ 1.0 M Na2S. 

the adsorption of sulfides or by the imperfections (for 
example, kink sites, step sites or dislocations) on the 
CdS surface.39> 

Stabilized CdS Photoanode. From the results 
in Figs. 8 and 10, we suggest that a stable photocurrent 
flows at a high concentration of S2~ added in the elec­
trolyte solution where the ratio of the competitive oxi­
dation of S 2 _ is almost 100% even if under the high 
intensity [ca. 1 X 1017 photon/cm2 s) of illumination. 

(A) 

(B) 

-V& A, 

,.,, '<' . 
> ' " i 

: > «* T \, % ' 

0 2 

Fig. 12. 
(A) 
(B) 

6pm f 
SEM photographs of the CdS electrode surface. 

After 2 h photoelectrolysis in 0.2 M Na2S04. 
After 2 h photoelectrolysis in 0.2 M Na2S04 + 

0.5 M Na2S. 
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Fig. 13. Schematic diagram of GdS photoanode reac­
tions. 
(A) Stabilization of CdS surface with sulfide ions 
in solution, (B) Oxidation dissolution of GdS surface 
without sulfide ions in solution. 

We show the photocurrent-time characteristics for 
the electrolyte solution with and without 1 . 0 M N a 2 S 
in Fig. 11. In the absence of a reducing agent (S2_) 
in the electrolyte solution, the photocurrent (curve 1) 
at CdS photoanode usually shows an abrupt decay 
with time. This phenomenon is attributed to the 
deposition of sulfur, which acts as a light filter on the 
electrode surface, produced according to reaction 
(4). In the presence of a reducing agent (S2_) the 
photocurrent continues to flow remarkably stably 
for a long period, as expected above, hence the stabili­
zation of the electrode surface is attained. 

The stabilization of CdS photoanode can be visua­
lised by comparing the scanning electron microscopy 
(SEM) pictures of a CdS surface after photoelectro-
lysis for 2 hours with (Fig. 12 (B)) and without (Fig. 
12(A)) 0.5 M S 2 - in the electrolyte solution. A rough 
reticulate structure in (A) might reflect the deposition 
of sulfur produced by the dissolution reaction (4). 
The photoanodic reactions at the CdS electrode can 
be described schematically as shown in Fig. 13, where 
kink denotes an imperfection site as the example of 
the active site. 

Conclus ion 

We show in Fig. 14 the schematic diagram of the 
correlation of the energy levels between a semiconduc­
tor (CdS) electrode and reducing agents in the elect­
rolyte solution. En in the figure denotes the redox 
potential of CdS calculated from the thermodynamic 
data according to the following equation40) 

CdS ; = ^ Cd2+ + S + 2e-, ED = 0.08 (V vs. SGE). (14) 

Concerning the competition ratios14) of various reducing 
agents and the values of the reorganization energy 
(0.7—1.8eV)41> of them the charge transfer across 
the interface is considered to proceed in the partici­
pation of some surface energy level.42) 

We propose the schemes in Fig. 15 for the elucida­
tion of the current-potential behaviour of CdS photo-
anode in contact with an electrolyte solution containing 
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Fig. 14. Schematic diagram of the correlation of the 
energy levels between a semiconductor (GdS) electrode 
and reducing agents in the electrolyte solution. 

Solution 

( A ) 

CdS Solution 

( B ) 

Fig. 15. Schematic diagram of the charge transfer ac­
ross GdS/electrolyte solution interface. 
(A) Dissolution of the CdS electrode surface. (B) 
Competition between dissolution of the CdS electrode 
surface and oxidation of S2_. 

S2 _ . Without S2~ in solution CdS photoanode can be 
oxidized by photogenerated holes as shown schematical­
ly in Fig. 15(A). In the scheme of Fig. 15(B) it is 
postulated that a surface state, capable of acting as 
the recombination center for the photoelectron hole 
pairs, is induced upon adsorption of S 2 _ on the CdS 
surface. At potentials differing little from the falt-
band potential, both the conduction electron (path 2) 
and hole (path 1) are easily transferred to such a re­
combination center. A part of the transferred holes, 
not undergoing recombination, can oxidize S 2 _ by the 
path 3 at the rate controlled by the diffusion of S 2 _ to 
the electrode surface (first wave). When the anodic 
polarization exceeds a critical value, the probability 
of the pa th 2 becomes negligible.43) At this stage, 
the excess holes begin to oxidize the electrode itself 
causing dissolution (second wave), since the rate of 
oxidation of S2~ (path 3) is diffusionally controlled. 
When the electrolyte solution contains excess sulfide 
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ions a g a i n s t t h e i n c i d e n t p h o t o n s t h e o x i d a t i o n of a 
sulfide ion p r e c e d e s t h e d isso lu t ion of C d S p h o t o a n o d e 
t h r o u g h t h e a b o v e c o m p e t i t i v e r e a c t i o n s c h e m e , w h i c h 
c a n e l u c i d a t e t h e s t ab i l i za t ion of t h e C d S p h o t o -
anode . 4 4 ) 

H o w e v e r , t h e c o n c r e t e cha rac t e r i s t i c s of t h e surface 
s t a t e h a v e n o t b e e n wel l k n o w n , a n d a r e c u r r e n t l y 
u n d e r inves t iga t ion in this l a b o r a t o r y . 
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Study of Metal-Polycarboxylate Complexes Employing Ion-selective 
Electrodes. III. Complex Formation between Maleic Acid 

Copolymers and Bivalent Transition Metal Ions 
Fumitaka YAMASHITA,* Tsuyoshi KOMATSU, and Tsurutaro NAKAGAWA 

Department of Polymer Science, Faculty of Science, Hokkaido University, Sapporo 060 
(Received July 27, 1978) 

The complex formation of bivalent transition metal ions, Mn(II), Co(II), Ni(II), Cu(II), and Zn(II), with 
copoly(maleic acid-ethylene) and copoly(maleic acid-styrene) in aqueous solution was studied by Potentiometrie 
titration at 25 °C and the ionic strength of 0.1. The systems containing copper(II) ions were investigated by 
potentiometry employing the copper(II) ion-selective electrode. The titration curves of the bivalent metal-
copoly(maleic acid-ethylene) systems were situated in a lower pH region than in the absence of the metal ions. 
The complex formed involves two carboxylate groups: primary and secondary. The equilibrium constant of 
the copper(II) complex was estimated to be 10~2-6. In copoly(maleic acid-styrene) systems, however, the titra­
tion curves in the absence and presence of bivalent metal ions overlapped partly in the first neutralization step. 
From the Potentiometrie results employing the ion-selective electrode, it was observed that the concentrations 
of copper(II) ions decrease slightly in the region of overlap. This anomalous behavior is due to the acid dis­
sociation influenced by the conformational transition, including the effect of the side groups of the polymers. 

The study of solution properties of the aqueous 
polyelectrolytes containing various counterions has 
been well established, especially in the cases of poly­
mery lie acid) and poly(methacrylic acid), from the 
viewpoints of the counterion binding and the conforma­
tional transition of polyelectrolytes. Since the various 
hydrophobic residues of maleic acid copolymers can 
be relatively easily introduced in polymer chains as 
comonomers, they are of interest in connection with 
the short range interaction of the side groups and have 
been extensively studied. 

In addition, the succinic acid residues derived from 
maleic anhydride units are also of interest as a poly­
meric ligand consisting of carboxyl pairs, because the 
acid dissociation constants of these carboxyl groups 
are found to be quite different. The interaction and 
complex formation with metal ions, especially with 
bivalent ones, are important and have been studied 
by some workers.1-5) 

In our previous papers,6-7) the systems consisting of 
copper(II) ions and poly(itaconic acid), whose monomer 
unit has two carboxyl groups, have been studied by 
Potentiometrie titration employing the copper (II) 
ion-selective electrode. It was concluded that bis-
(carboxylato)copper(II) complexes are formed and that 
one of chelating carboxylate groups is the secondary 
carboxyl group, even in the first neutralization step. 
In a recent paper,8) the systems of maleic acid-styrene 
copolymer were studied and the anomalous overlap 
of the titration curves in the absence and presence of 
the bivalent metal ions was observed. 

In the present paper, the overlap in maleic ac id-
styrene copolymer systems was investigated by poten­
tiometry employing an ion-selective electrode, and 
the maleic acid-ethylene copolymer, in which the 
hydrophobic side groups are absent, was studied for 
comparison. 

Exper imenta l 

Materials. Copoly (maleic acid-ethylene), MAEt, was 
obtained by hydrolysis of the alternating 1 : 1 copolymer of 
maleic anhydride with ethylene ; this was Monsanto Chemi­

cal Co.'s Grade 31. Its characterization was outlined in 
Technical Bulletin 1-261 of the company. 

Copoly (maleicanhydride-styrene) was prepared and 
reprecipitated by the procedures of Ohno and coworkers,9) 
and the copolymer was hydrolyzed to obtain copoly(maleic 
acid-styrene), MASt, in water at 60 °C for 24 h. The aque­
ous solution of MASt was purified by dialysis using cello­
phane tubing. The 1 : 1 composition of comonomers was 
confirmed by elemental analysis, and the molecular weight 
was found to be 105 by viscometry.9) 

The other chemicals and bivalent metal nitrate salts used 
were guaranteed reagent grade. 

Potentiometrie Titration. The pH measurements were 
performed by use of a Yokogawa Model KPH-51A pH meter 
equipped with Toadenpa Model HG-4005 galss and Model 
HC-2005 calomel electrodes. The titrations were carried 
out with about 0.1 mol/1 aqueous solution of carbonate-
free NaOH at 25±0.05 °C and ionic strength of 0.1(KNO3) 
under nitrogen atmosphere. 

The activity measurements of free copper(II) ions were 
carried out by use of an Orion Model 801A digital ion meter 
equipped with Beckman Model 39612 Cupric and Horiba 
Model 2010-05T calomel electrodes. The corrections and 
determination of the concentrations of copper(II) ions were 
carried out with the calibration curve obtained by Poten­
tiometrie measurements of the systems free from polymeric 
ligands. 

Each system measured consists of about 5xl0~ 3 mono-
mol/1 polyacid, 1 X 10-1 mol/1 KN0 3 , and about 1 X lO"3 

mol/1 bivalent metal ions. 
All the Potentiometrie measurements were operated in 

the pH region less than 6.00 because of the precision of pH 
titration of this weak polyacid and the formation of bivalent 
metal hydroxides. 

R e s u l t s and D i s c u s s i o n 

Titration Behaviors of Copolymers without Complexing 
Metal Ions. The apparent dissociation constant 

P^i.app °f t n e pr imary carboxyl groups is given as 

P^i.app = pH - logotj/O-aO, 

where ax is the degree of dissociation of the primary 
carboxyl groups. The ccx dependences of P-^i,app 

of MAEt and MASt are shown in Fig. 1. The shapes 
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Fig. 1. Apparent dissociation constant, pA\,app, as a 
function of VLX for MAEt and MASt at the ionic strength 
of 0.1(KNO3): ( • ) MAEt(0.00498monomol/l); (O) 
MASt(0.00432 monomol/1). 

0 0.2 0.4 0.6 0.8 

Fig. 2. Titration curves of MAEt(0.00498 monomol/1) 
in (O) the absence and (# ) the presence of zinc(II) 
ions(l X 10~3 mol/1 Zn(N03)2) at the ionic strength 
of 0.1(KNO3). 

of these curves are similar to those of the same sample^ 
observed by some other authors,9»10) and small dis 
crepancies of p ^ i > a p p values may correspond to the 
difference of concentrations of neutral salts added. 

The values of pÄ"1>app of MAEt are linearly dependent 
on a l3 which shows that the acid dissociation is influ­
enced only by the change of charge density on poly-
ions and that interaction of side groups is absent, as 
can be concluded from its chemical structure. And 
the fact that the slope of the p^ i > a p p curve is smaller 
than that of other homopolymers confirms the depen­
dence on charge density. 

In the case of MASt, an anomalous dependence 
of p ^ i > a p p on a l3 the so-called pH-induced conforma­
tional transition, is observed. This anomaly was dis­
cussed in detail by Ohno and coworkers,9»11»12) who 
interpret this anomalous behavior as due to the 
conformational transition from the compact form, 
which is stabilized by the hydrophobic interaction 
between the phenyl groups, to the extended coil form 
of the copolymer chain. This interpretation is prob­
ably reasonable, but it is strange that the decrease 
of pÄ"lf with increasing in a± is apparently observed 
in the range from 0.4 to 0.8. This behavior is also 
observed in the case of poly(methacrylic acid). Such 
a tendency implies that there occurs some promotion 
of dissociation with a l3 which is generally improbable. 
In this dissociation range, the fact that the polymer 
chain extends suddenly was observed in the viscometric 
data by Ohno . In such a case, the hydrophobic 
interaction may decrease, and the local effective di­
electric constant may vary; its effect may be reflected 
in the decrease of the acid dissociation constant, al­
though this point must be confirmed by other experi­
ments. 

Titration Behaviors of Systems Containing Bivalent Metal 
Ions. The titration curves of MAEt in the absence 
and presence of zinc(II) ions are shown in Fig. 2; 
the cases of the other bivalent metal ions are similar 
to this. When complex formation occurs, it is general­
ly observed that the titration curves in the presence 
of transition metal ions are situated in a lower p H 
region than in the case of such simple salts as the alkali 
metal salts. I t can be seen from Fig. 2 that a complex 

is formed between the carboxylate groups of MAEt 
and zinc(II) ions. In the cases of the other metal 
ions, the same result was obtained. 

Furthermore, the first equivalence point of the 
titration curve in the presence of the metal ions is ob­
served a little beyond 1.0 of ocv As is discussed in 
the previous papers,7»8) the point at a : = 1 corresponds 
to the end of the titration of the primary carboxyl 
groups. It is considered that the deviation of the 
equivalence point from ^ = 1 . 0 results from the complex 
formation including the secondary carboxyl groups. 

Thus, it can be concluded that the complex formed 
involves two carboxylate groups in the same succinic 
unit : one is a primary carboxylate group and the 
other a secondary one, even in the first neutralization 
step; this conclusion agrees with those of Felber2»3) 
and Delben.4»5) 

The titration curves of MASt in the absence and 
presence of zinc(II) ions are shown in Fig. 3. The 
curves for the other metal ions are similar to this figure, 
except those of copper(II) ions. Around at 0^=1.0, 
behaviors like those of MAEt systems are observed: 
there is an apparent shift of the first equivalence point. 
Thus it can be concluded that bis(carboxylato)zinc(II) 
complexes which have both the primary and secondary 

6.0 

Fig. 3. Titration curves of MASt(0.00432 monomol/1) 
in (O) the absence and (# ) the presence of zinc(II) 
ions ( l x l O - 3 mol/1 Zn(N03)2) at the ionic strength 
of 0.1(KNO8). 
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carboxylate groups are formed. 
In the neighborhood of 0^=0.7, a behavior quite 

different from the case of M A E t is observed; this is 
shown in Fig. 3. In this region of a l5 the titration 
curves of MASt in the absence and presence of the 
metal ions overlap partly, which suggests that the 
carboxylate groups are released from the metal ions 
by some effect. However, it is well known that the 
carboxylate groups produce relatively stable complexes 
with bivalent transition metal ions. In order to elu­
cidate this point, the results of potentiometry employ­
ing the ion-selective electrode were examined. 

Titrations Employing a Copper (II) Ion-selective Electrode. 
Since there is some complexity in the response of 

this electrode,6 '13) the reproducibility and stability 
of the response were confirmed again in the present 
study by measurements of the solutions containing cop-
per(II) ions of known concentrations under similar 
conditions without the added copolymer. 

Fig. 5. Dependence of concentration of free copper(II) 
ions on VLX ( 3 ) , and titration curves of MASt 
(0.00432 monomol/1) in (O) the absence and (#) 
the presence of copper(II) ions (5xl0~4mol/l Cu-
(N03)2) at the ionic strength of 0.1(KNO3). 

0 0.2 0.4 0,6 0, i.o a, 
Fig. 4. Dependence of concentration of free copper(II) 

ions on OLX ( 3 ) , and titration curves of MAEt 
(0.00498 monomol/1) in (O) the absence and (# ) 
the presence of copper (I I) ions (5xl0- 4 mol/ l Gu-
(NOj)2) at the ionic strength of 0.1(KNO3). 

In Fig. 4, the titration curves of MAEt in the absence 
and presence of copper(II) ions and the dependence 
of the concentrations of free copper(II) ions, [Cu 2 + ] , 
on ax are shown. In this figure, the initial concentra­
tion of copper(II) ions is 5.00 X 10~4 mol/1. The 
(xx dependence of the p H difference, A p H , between the 
values in the absence and presence of copper (I I) ions 
at the same value of ax corresponds well to the depen­
dence of [Cu 2 + ] . This fact shows that the complex 
formation proceeds along with the increase in o^. 
Relatively stable complexes are formed in the VLX range 
above 0.35. But when the total concentration of 
copper(II) ions added is relatively high: more than 
10 - 3 mol/1, it was confirmed that the complexes are 
formed from the first titration step. 

Just as in MAEt-z inc( I I ) systems or poly(itaconic 
acid)-copper(II) systems,6) it can be concluded that 
relatively stable complexes are formed between M A E t 
and copper (I I) ions and that the complex involves 
both the primary and secondary carboxylate groups 
in the same succinic acid unit. 

In Fig. 5, the dependences of p H and concentrations 
of free copper (I I) ions on a2 in the case of MASt are 

shown. The anomalous overlap of the titration 
curves, as in MASt-z inc( I I ) systems, is observed in 
the &! ranging from 0.6 to 0.8, which shows that the 
complexes once formed are broken. In the same 
ocj range, on the other hand, the concentration of free 
copper(II) ions decreases slightly, which shows that the 
complexes are not broken and do not change to free 
copper(II) ions. These two results are incompatible 
with each other. Considering that rather stable 
complexes are generally formed between the carbo­
xylate groups of the other polyelectrolytes and cop­
per (II) ions, and that the concentration of carboxy­
late groups as a ligand increases with a l5 it is difficult 
to conclude that the complexes once formed may break 
up. 

Thus, one of causes of the anomalous overlap may lie 
in the character of the dissociation equilibrium of 
MASt, because this overlap corresponds to the a± 

range where the values of p ^ i > a p p are decreasing. 
The equilibrium constant of the complex formation 
can be described as the products of the acid dissocia­
tion constant, K&, and the stability constant, ß, of the 
complex; for example: 

= [MA2][H+]2
 = [MA2] [A-]»[H+T 

2 [M2+][HA]2 [M2+][A-]2 [HA]2 

= Ax (*a)
2. 

If the equilibrium constant is only slightly dependent 
on a l3 the value of ß decreases with the decrease in 
pK&. In the neighborhood of 0^ = 0.7, where the 
overlap occurs, such a relation of each constant. can 
be assumed, and the concentration of the complexes 
scarcely increases, because of the cancelling between 
the decrease of ß and the increase of the concentration 
of the free carboxylate groups. Such a discussion 
interprets the variation of the concentration of free 
copper(II) ions. In order to explain the anomalous 
overlap of the titration curves sufficiently, it is neces­
sary to have more detailed knowledge of the conforma­
tional transition not only of the MASt chain itself but 
also of the chain which contains the complexing metal 

ions. 
Stability of Complexes. The stability of the 
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metal complex can be compared by use of the p H 
difference, A p H , between the values in the absence and 
presence of the bivalent metal ions at the same metal 
concentration and at the same degree of dissociation. 
In Table 1, A p H of MAEt systems where the initial 
concentration of each metal ion added is about 1 X 10~3 

mol/1 are given. The copper(II) complex is much 
more stable than the others, and the stabilities of each 
metal complex are roughly in the order of C u ( I I ) > 
Z n ( H ) > N i ( I I ) ^ C o ( I I ) ~ M n ( I I ) . This result agrees 
approximately with the results for the same systems 
of Felber2) and Delben5) and those for the poly-
(methacrylic acid) of Sunahara.14) 

In Table 2, the values of A p H of MASt systems 
are given. The stabilities of the MASt complex are 
in the order of C u ( I I ) > Z n ( I I ) ~ N i ( I I ) ~ C o ( H ) > 
M n ( I I ) . These results are reasonable, except for 

TABLE 1. EFFECT OF BIVALENT TRANSITION METAL IONS 

ON pH TITRATION OF MAEt (polymer concentration = 
0.00498 monomol/1) AT THE IONIC STRENGTH 

OF 0.1 (KN03) 

«1 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

Blank 
pH 

3.50 
3.77 
4.02 
4.24 
4.49 
4.79 
5.19 
5.69 

Mn-
(II) 

0.04 
0.05 
0.06 
0.06 
0.08 
0.10 
0.18 
0.29 

Co­
a l ) 

0.03 
0.04 
0.04 
0.05 
0.07 
0.11 
0.20 
0.30 

- A p H 

Ni-

0.04 
0.06 
0.06 
0.07 
0.08 
0.11 
0.20 
0.30 

Zn-
(II) 

0.04 
0.06 
0.07 
0.08 
0.10 
0.14 
0.24 
0.40 

Gu-
(II) 

0.17 
0.33 
0.47 
0.54 
0.62 
0.70 
0.84 

l.Oo 

TABLE 2. EFFECT OF BIVALENT TRANSITION METAL IONS 

ON pH TITRATION OF MASt (polymer concentration = 
0.00432 monomol/1) AT THE IONIC STRENGTH 

OF 0.1 (KNO3) 

« 1 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

Blank 
pH 

3.51 
3.79 
3.97 
4.08 
4.19 
4.36 
4.74 
6.02 

Mn-
(II) 

0.01 
0.01 
0.02 
0.01 
0 
0 
0 
0.24 

Co­
a l ) 

0.03 
0.02 
0.02 
0.01 
0 
0 
0.03 
0.37 

- A p H 

Ni­
a i ; 

0.05 
0.03 
0.03 
0.02 
0 
0 
0.06 
0.43 

Zn-
(II) 

0.05 
0.03 
0.03 
0.02 
0 
0.01 
0.04 
0.47 

Cu-
(II) 

0.17 
0.16 
0.15 
0.06 
0.03 
0.02 
0.17 
1.1, 

manganese (II) . 
The stability or formation constant of the complex 

must be estimated for detailed comparison. In the 
case of the MAEt-copper ( I I ) complex, since the con­
centration of copper(II) ions can be obtained from 
potentiometry employing an ion-selective electrode, 
and since pKx &pp of MAEt changes relatively line­
arly with al5 the formation constant B2 can be esti­
mated by the scheme proposed in the previous paper.6) 
Here, the constant B2 is defined as follows: 

rCuA2][H+]2 

C u - + 2HA — CuA, + 2H+, B, = [ Q , ^ ] . • 

In the <xx range less than 0.65, the real average coordina­
tion number nT of the copper ( I I ) -MAEt system is 
equal to about two, and each value of log B% evaluat­
ed from titration is constant and equal to —2.6. 

O n the other hand, P-^i )app of MASt shows a compli­
cated dependence on al5 so that the reference plot 
method proposed by Mandel and Leyte15) cannot 
be applied. But the value of log B% of the copper(II) 
complex was roughly estimated to be —4. 

Thus, it is concluded that the bis(carboxylato) biva­
lent transition metal complex is formed, in fact, in the 
first neutralization step of MAEt and MASt, and 
that the copper(II) complex is the most stable one. 

The authors would like to thank Mitsubishi Monsanto 
Chem. Co., Ltd. and Monsanto Chem. Co. in U. S. A. 
for a generous supply of MAEt sample. 
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Perturbation Calculation of Spin Densities in 7r-Electron Radicals 
Hidekazu H A M A N O * and Hiroshi K O N D O 
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(Received July 31, 1978) 

The unrestricted Hartree-Fock perturbation technique was applied to the calculation of spin densities in 
many hydrocarbon radicals. The method is similar to that of McLachlan but contains partly the SCF and 
projection procedures. The results agree with the more rigorous SCF ones. 

Spin density distributions in conjugated radicals 
and ions can be successfully explained by the simpli­
fied unrestricted McLachlan method.1) Though ap­
proximate U H F functions without projection are used, 
the spin densities thus obtained are in good agree­
ment with experiment. A discussion on this has been 
given by Snyder and Amos.2) They concluded that 
this might be caused by compensating errors, the use 
of a single SCF iteration and the failure to project 
or annihilate. The McLachlan method does not ap­
pear to be theoretically well founded. Modified 
versions of the method have been presented by many 
authors3 - 8) without due attention to theory. 

This paper presents an alternative form of the 
McLachlan method within the perturbed Hückel ap­
proximation. Since our approach still contains the 
SCF and projection procedures, the spin densities 
in ^-electron radicals and ions calculated can be com­
pared with the results obtained by the more rigorous 
U H F method. 

Theory 

Let us consider a doublet ground state for a conju­
gated radical. According to Brickstock and Pople9) 
the SCF 7r-electron Hamiltonian matrix elements are 
given by 

F?p = U„ + PlPy„ + S (PVV-ZV)Ï!1V ) 

where 

"pv = •* f" ' Pfv 

and the superscripts a and ß refer to a and ß electrons 
respectively. Throughout this paper, Greek suffixes 
will be used for atomic orbitals and italics for molecu­
lar orbitals. Let us take the arithmetical mean values 
of the matrix elements given by Eq. 1 as 

Fpp = —^-(F^ft + Fï/t) = UpP -\——F*ppy'pp 

(2) 

These matrix elements are just those defined by 
Longuet-Higgins and Pople.10) From Eqs. 1 and 2 
we obtain 

AF% = F% -Fltu = — Y p " » y i " 

AF$V =F>^ -F!JV = —Pitvyt 

(3) 

where 

PpV^Papv-PU- (4) 

Equation 3 suggests that the approximate restricted 
Hartree-Fock method of Longuet-Higgins and Pople10) 
is a good starting point for perturbation treatment 
of the U H F method. 

We are now in a position to formulate the spin 
density by means of perturbation theory. Equation 
4 is modified as 

where 

PP» = (Ptv-P$u) + (AP;U-AP^ 

= p% + (AP%-APßp>) 

P pv P pv — C0pL0v = ppu 

(5) 

Lxr pv — r pv r pv 

Ppi^ and p% stand for the corresponding quantities 
of Ppih and PpV, respectively, within the R H F scheme. 
We can put 

APfP = HX\ap9\xAFa
K\^ (6) 

* x 

where the polarizability ^\.f-f}Kl can be defined as 

nap9,lx = dPap^jdFKX. 

Since 

pa , pp _ p 
* ft v T • ' / i n — r P v 

we obtain 

dp^jdFTx = n%,KX + n ^ , . 2 s n ^ , . i . (7) 
Using Eqs. 3, 6, and 7, the resulting expression for 
the spin density matrix elements is reduced to 

ppV = pï> - T s n xP.x7.x- (8) 

If we restrict ourselves to the consideration of atom 
spin densities only, Eq. 8 becomes 

p PP — p pp 0 2-11 ipp, ,pvvy, (9) 

Since Hückel-type and SCF-type MO' s do not differ 
significantly, according to McLachlan,1) the Hückel-
type M O ' s can be applied introducing a parameter 
A. Thus Eq. 9 can be written as 

PPP = p°pp - i s n p / ) v „ (io) 
V 

where the II ̂  are dimensionless atom-atom polariz-
abilities. From Eq. 7, they are defined by 

doubly 

i J*i £i — £j 

i 2 V C°''Cl:''Co>'Ck' 
k*o e0 — ek 

(11) 

xP.x7.x-
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or 

n , , = n<A} + n<„v (i2) 
where 

doubly \ 

• ' e'~e' (13) 
doubly 

Subscript 0 refers to the odd electron orbital. The 
polarizability defined by Eq. 11 or 12 is not that for 
closed shell molecules but is valid for radicals and 
ions. A similar definition of polarizability has also 
been proposed by Devolder,8) but it was incorrect.7) 
I t is easy to show that the pairing theorem holds for 
alternant hydrocarbons, even if the polarizability 
defined above is used in our theory; that is, the spin 
density distributions in the anion and cation of an 
even alternant are expected to be identical. 

Equation 10 is similar to the McLachlan formula,1) 
but is in principle a simultaneous equation. The 
explicit solution of Eq. 10 can be written as 

Pl7 = ^X„uPU (14) 

where 

*„„ = {-ly^A^iA 

A =det{ôpv+mi,v}. 

Atlv is the determinant obtained by striking out the 
H\h column and vXW row from the determinant A. 
The equation can be rewritten as 

PV/ = P% - A s n s / , f / » ; „ (15) 

where 

n%F= (<*„ „ - * „ ) / * . (16) 

The p^*F thus obtained approximately corresponds to 
the spin density for the SCF U H F function, though 
a perturbation theory is used in our approach where 
the SCF procedure is partly introduced by solving the 
simultaneous equation instead of iterations. Such an 
SCF perturbation theory was applied successfully to 
the bond order problem by Coulson and Golebiewski.11) 
Validity of the procedure is confirmed by the numerical 
results. 

In general, U H F spin densities do not agree with 
experiment because of spin contamination. Let us 
now introduce the projection procedure to our ap­
proach. To the first order of perturbation theory, 
the spin density for the projected U H F function is 
given by 

PIT = ph - 4-Asn^v°v - i s n ^ ; „ (17) 

where the last term comes from the pure doublet 
configurations, so it is left through a projection.2 '12-15) 
However, within the SCF perturbation theory, such 
a procedure as separating the last two terms of Eq. 
17 may be cumbersome ; our aim is to obtain a simpli­
fied formula. Fortunately, Snyder and Amos2) sug­
gested that the following approximation is practically 
reasonable. 

P™> « P% - \ ^ nvtps, (is) 

Therefore we may approximate the projected spin 
density as above. 

Let us deal with the next difinition of spin density. 
If the p v v which appears in the second term of Eq. 
10 can be approximated as the plv, we have 

*>??' = ^ , - A S I W ? , . (19) 

The approximation indicates the use of the usual 
perturbation theory instead of the SCF one. Equation 
19 is now formally reduced to the McLachlan formula.1) 
However, our formula is different from McLachlan's 
in the definition of polarizabilities, which is given by 
Eq. 11 or 12. 

Calculat ions and R e s u l t s 

First let us evaluate the adjustable parameter X. 
McLachlan obtained A=y/2 | /? |« 1.2 using the param­
eter of Pariser and Parr 7 = 10.53 eV. However, 
Gutfreund and Little16) concluded from the considera­
tion of the screened potential that the 7 values are of 
the order of 7—9 eV in most cases for large ^-electron 
systems, depending on the position of the given atomic 
site in the molecule. To a cruder approximation, 
we can neglect the small variation of ß and position 
dependence of 7, taking the average value of 7. The 
X values then become proportional to the constant 7. 
It can be inferred that the average value of 7 for the 
anion is smaller than for the corresponding cation and 
the neutral radical falls into the middle, since the 7 
values can be considered to be proportional to the 
screening constants. O n this assumption, the spin 
density distributions for the anion and the correspond­
ing cation differ from each other, indicating a violation 
of the pairing theorem. However, the pairing theorem 
should be valid only within certain approximations; 
a more rigorous theory violates it. For instance, a 
renouncement of the approximations of zero-differen­
tial overlap or an introduction of penetration energies 
into the term Up? which appears in Eq. 1 or 2 leads 
to breakdown of the pairing theorem. Our assump­
tion is thus reasonable. 

O n the other hand, the experimental fact that the 
proton hyperfine splittings of the anions and the cor­
responding cations of even alternants are not identical 
has so far been accounted for by using the Colpa-
Bolton (CB) relationship17) which includes the charge 
effect or the Giacometti-Nordio-Pavan (GNP) effect18) 
including that of the nearest-neighbor bond spin densi­
ties. However, both relations fail to explain the fact 
that the lower splittings (for example, at the 2 position 
of anthracene and naphthacene in Tables 1 and 2) 
for cations are generally smaller in magnitude than for 
the corresponding anions in contrast to what is found 
for the higher splititngs. 

In view of the discussion above we will introduce 
partly the small difference between cations and the 
corresponding anions into our theory by adjusting the 
parameter X. Let us take the X values as / l = l . l , 1.0, 
and 0.9 for cations, neutral radicals and anions, respec-
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TABLE 1. PROTON HYPERFINE SPLITTINGS FOR THE ANIONS AND CATIONS OF ANTHRACENE AND NAPHTHACENE (G)a>b> 

Radical 

Anthracene^ 

Naphthacene ̂  

Atomc> 

/ 1 

2 

\ 9 

( ' 

2 

I 5 

PUHF 

- 2 . 7 8 
- 2 . 8 6 

- 1 . 1 1 
-1 .02 

- 6 . 0 7 
- 6 . 4 8 

- 1 . 5 9 
- 1 . 6 5 

- 0 . 7 6 
- 0 . 7 0 

- 4 . 5 6 
- 4 . 8 3 

Md> 

MMc 

- 2 . 9 1 
- 2 . 9 7 

- 1 . 0 0 
- 0 . 9 2 

- 6 . 5 9 
- 6 . 8 9 

-1 .62 
- 1 . 6 5 

- 0 . 6 8 
- 0 . 6 2 

- 4 . 9 9 
- 5 . 2 1 

SA 
(aa) 

- 2 . 8 3 

- 0 . 7 5 

- 7 . 0 2 

- 1 . 4 9 

- 0 . 4 3 

- 5 . 3 2 

Mc 

- 3 . 1 8 

- 0 . 8 6 

- 6 . 9 1 

- 1 . 7 6 

- 0 . 6 2 

- 5 . 1 0 

PUHF 

- 2 . 6 5 
- 3 . 0 0 

- 1 . 0 8 
- 1 . 0 5 

- 5 . 4 8 
- 7 . 1 3 

- 1 . 5 5 
- 1 . 6 9 

- 0 . 7 4 
- 0 . 7 1 

- 4 . 2 1 
-5 .22 

CE 

MMc 

- 2 . 7 7 
- 3 . 1 2 

- 0 . 9 8 
- 0 . 9 4 

- 5 . 9 0 
- 7 . 6 3 

- 1 . 5 8 
- 1 . 6 9 

- 0 . 6 6 
- 0 . 6 3 

- 4 . 5 9 
- 5 . 6 5 

;e> 
SA 
(aa) 

- 2 . 7 2 
- 2 . 9 7 

- 0 . 7 3 
- 0 . 8 0 

- 6 . 3 2 
- 7 . 7 4 

- 1 . 4 6 
- 1 . 5 3 

-0 .42 
- 0 . 4 5 

- 4 . 9 1 
- 5 . 7 3 

Mc 

- 3 . 0 4 
- 3 . 3 3 

- 0 . 8 4 
- 0 . 8 8 

- 6 . 2 8 
- 7 . 5 4 

-1 .71 
- 1 . 8 0 

- 0 . 6 1 
- 0 . 6 4 

- 4 . 7 5 
- 5 . 4 6 

PUHF 

- 2 . 5 2 
- 3 . 1 2 

- 0 . 9 7 
- 1 . 1 7 

- 5 . 5 7 
- 6 . 9 8 

- 1 . 4 9 
- 1 . 7 5 

- 0 . 7 0 
- 0 . 7 6 

- 4 . 2 8 
- 5 . 1 2 

GNPf) 

MMc 

-2 .66 
- 3 . 2 3 

- 0 . 8 5 
- 1 . 0 8 

- 6 . 1 0 
- 7 . 3 8 

-1 .52 
- 1 . 7 5 

- 0 . 6 2 
-0 .67 

-4 .71 
- 5 . 5 0 

SA 
(aa) 

- 2 . 6 5 
- 3 . 0 3 

- 0 . 6 5 
- 0 . 8 7 

- 6 . 4 0 
- 7 . 6 4 

- 1 . 3 3 
- 1 . 6 5 

- 0 . 3 5 
- 0 . 5 1 

- 4 . 8 1 
- 5 . 8 3 

Mc 

- 2 . 9 3 
- 3 . 4 4 

- 0 . 7 4 
- 0 . 9 9 

- 6 . 4 1 
- 7 . 4 2 

- 1 . 6 5 
- 1 . 8 6 

- 0 . 5 6 
- 0 . 6 8 

- 4 . 8 3 
- 5 . 3 7 

Expt.e) 

- 2 .76 
-3 .12 

- 1 . 5 3 
- 1 . 4 0 

-5 .41 
- 6 . 6 5 

- 1 . 5 5 
-1 .72 

- 1 . 1 5 
- 1 . 0 6 

-4 .25 
-5 .17 

a) Where pairs of members are given, the upper value is for the anion and the lower for the cation, b) Each notation refers to the 
corresponding spin density listed in Table 2. c) For the numbering see Ref. 2. d) Calculated using the McConnell relationship with 
the numerical coefficient in Ref. 2. e) Calculated using the CB relationship16) with the numerical coefficients in Ref. 2. f) Calculated 
using the GNP relationship17) with the numerical coefficients in Ref. 2. The bond spin densities are defined in a similar manner to 
the atomic ones, g) Sources listed in Ref. 2. 

tively. The test calculation is carried out for the 
cations and anions of anthracene and naphthacene. 
The proton hyperfine splittings and the spin densities 
calculated are given in Tables 1 and 2, respectively. 
We see that our calculation gives better agreement 
with experiment than the others. I t should especially 
be noted that our calculation predicts the relative 
magnitudes of splittings at the 2 positions of the cations 
and anions except for the G N P relationship, though 
the magnitudes are too low. This seems to support 
our assumption. We will therefore employ the values 
above throughout this paper. 

Secondly, let us see whether the p™F values defin­
ed by Eq. 14 or 15 coincide with the spin densities 
obtained by means of the more elaborate U H F method. 
The values of p™F for a number of hydrocarbon 
radicals and ions are computed and compared with 
the spin densities (before annihilation) obtained by 
Snyder and Amos2) (Table 2). The spin densities 
agree reasonably well with each other except for some 
positions of benzil. This seems to justify our SCF 
perturbation treatment. Moreover, if it is borne in 
mind that the perturbed Hückel M O ' s are used in 
our treatment, and the SCF MO' s in theirs, it may 
be regarded as an unexpected success. 

We have computed the spin densities pl%UF and 
p%%c defined by Eqs. 18 and 19 respectively, for a 
number of hydrocarbon radicals and ions in order to 
compare the results with the ones obtained by Snyder 
and Amos2) and by McLachlan1) (Table 2). A close 
inspection of Table 2 shows the following : 
1) As a whole the values of the four different ex­
pressions of spin densities plV*, Pw% pit, and pMc 

agree fairly well with each other. 
2) In particular agreement between p^c and pMc, 
and between PwHF and pit is quantitatively good. 
3) The values of PwHF and p^c are in good agree­
ment with each other in spite of different difinitions. 

The discrepancy between the />^ c and pMc spin 
densities is due to the use of different values of A and 
11^ except for odd alternant hydrocarbon radicals. 

A similar discussion applies to a comparison of the 

Let us now compare the pwilF and p**c spin 
densities. The important difference between the two 
is that the projected U H F functions and the SCF per­
turbation theory are used for the former, and unprotect­
ed ones and a simple perturbation theory for the latter. 
Nevertheless the two give almost equivalent spin densi­
ties. This seems to give numerical evidence of the 
validity of the McLachlan-type formulas. The theore­
tical basis of the formulas is not yet established, but 
agreement between them may probably be due to 
accidental cancellation in errors when a perturbation 
method is used. The problem has been discussed by 
Snyder and Amos.2) 

D i s c u s s i o n 

O u r theory employs the perturbed Hückel approach 
with use of the SCF and projection procedures. The 
McLachlan-type formulas are therefore obtained as 
a special case. We wish to clarify the correlation 
between the McLachlan-type formulas and ours. 

Since A « l and usually 111̂  v |<C 1, we may expand 
the SCF polarizability II? SF as 

nSCF = n.„-Asn,.n„ + (20) 

Substituting Eq. 20 into Eq. 15, we obtain 

V V K 

(21) 
By comparing Eq. 21 with Eq. 19 we see that the 
difference between the U H F spin density p™F and 
the modified McLachlan-type one p^c is the qua­
dratic and higher order terms of polarizabilities. The 
contributions from these higher order terms to the 
spin density appear to be rather small. However, 
the order of magnitude of the Hflv ( I I ^ ^ + I I ^ ) which 
appears in the second term of Eq. 20 can be compared 
with the one of the first term Hflv. Actually the order 
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T A B L E 2. SPIN DENSITIES CALCULATED WITH VARIOUS METHODS FOR ALTERNANT 

AND NON-ALTERNANT HYDROCARBON RADICALS AND IONSA> 

Radical 

Ally 

Benzyl 

Butadiene-

Naphthalene-

Anthracene T 

Naphthacene^ 

Azulene-

Fluoranthene-

Acenaphthylene~ 

Atom 

. 
2 

1 
2 
3 
4 
7 

1 
2 

1 
2 
9 

1 

2 

9 

11 

1 

2 

5 

13 

17 

1 
2 
4 
5 
6 
9 

1 
2 
3 
7 
8 

11 
12 
13 
14 

1 
3 
4 
5 

9 
10 
11 

„UHF 
y -p 

0.688 
- 0 . 3 7 6 

- 0 . 2 3 8 
0.225 

- 0 . 1 4 9 
0.140 
0.947 

0.466 
0.034 

0.233 
0.042 

- 0 . 0 5 0 

0.117 
0.126 
0.027 
0.018 
0.289 
0.334 

- 0 . 0 2 9 
- 0 . 0 5 0 

0.065 
0.071 
0.018 
0.012 
0.213 
0.243 

- 0 . 0 1 8 
- 0 . 0 3 0 
- 0 . 0 6 5 
^0 .086 

0.008 
0.099 
0.367 

- 0 . 1 8 5 
0.403 
0.060 

0.200 
- 0 . 0 8 2 

0.279 
- 0 . 0 0 6 

0.036 
- 0 . 0 8 9 

0.015 
0.046 
0.064 

0.102 
0.250 

- 0 . 1 1 5 
0.300 

- 0 . 1 0 1 
0.022 
0.002 

This work 

„PUHF 
y pp 

0.563 
- 0 . 1 2 6 

- 0 . 0 7 9 
0.170 

- 0 . 0 5 0 
0.142 
0.697 

0.397 
0.103 

0.200 
0.059 

- 0 . 0 1 9 

0.103 
0.106 
0.041 
0.038 
0.225 
0.240 

- 0 . 0 0 7 
- 0 . 0 1 4 

0.059 
0.061 
0.028 
0.026 
0.169 
0.179 
0.002 

- 0 . 0 0 2 
- 0 . 0 1 9 
- 0 . 0 2 6 

0.005 
0.100 
0.269 

- 0 . 0 5 5 
0.308 
0.077 

0.148 
- 0 . 0 1 3 

0.202 
0.009 
0.038 

- 0 . 0 3 0 
0.005 
0.067 
0.061 

0.103 
0.184 

- 0 . 0 2 9 
0.219 

- 0 . 0 3 4 
0.007 
0.036 

MMc 
y t*h 

0.588 
- 0 . 1 7 7 

- 0 . 1 0 2 
0.161 

- 0 . 0 6 3 
0.137 
0.770 

0.416 
0.084 

0.213 
0.054 

- 0 . 0 3 3 

0.108 
0.110 
0.037 
0.034 
0.244 
0.255 

- 0 . 0 1 7 
-0 .022 

0.060 
0.061 
0.025 
0.023 
0.185 
0.193 

- 0 . 0 0 5 
- 0 . 0 0 9 
- 0 . 0 2 9 
- 0 . 0 3 6 

- 0 . 0 1 9 
0.111 
0.276 

- 0 . 0 5 8 
0.327 
0.082 

0.149 
- 0 . 0 1 4 

0.212 
0.004 
0.037 

- 0 . 0 3 5 
- 0 . 0 1 2 

0.074 
0.061 

0.106 
0.188 

- 0 . 0 3 3 
0.228 

- 0 . 0 4 0 
- 0 . 0 1 1 

0.036 

Work of 
Snyder 

plf^~ 
0.651 

-0 .302 

- 0 . 1 8 9 
0.254 

- 0 . 1 5 8 
0.225 
0.771 

0.457 
0.043 

0.262 
0.026 

- 0 . 0 7 6 

0.138 

0.014 

0.319 

- 0 . 0 6 1 

0.078 

0.006 

0.252 

- 0 . 0 4 1 

- 0 . 0 8 8 

- 0 . 0 1 1 
0.118 
0.313 

- 0 . 1 7 8 
0.434 
0.099 

0.189 
- 0 . 1 0 2 

0.304 
- 0 . 0 2 4 

0.041 
- 0 . 1 3 0 

0.026 
0.051 
0.089 

0.111 
0.216 

- 0 . 1 2 3 
0.317 

- 0 . 1 3 8 
0.050 
0.023 

and Amos 

„SA c) 
f a a 

0.547 
- 0 . 0 9 3 

- 0 . 0 6 0 
0.157 

- 0 . 0 5 0 
0-128 
0.718 

0.389 
0.111 

0.215 
0.048 

- 0 . 0 2 4 

0.105 

0.028 

0.260 

- 0 . 0 1 4 

0.055 

0.016 

0.197 

- 0 . 0 0 5 

- 0 . 0 2 8 

- 0 . 0 0 1 
0.080 
0.236 

- 0 . 0 4 6 
0.356 
0.093 

0.140 
- 0 . 0 2 0 

0.228 
- 0 . 0 0 3 

0.029 
- 0 . 0 4 1 

0.012 
0.070 
0.070 

0.097 
0.158 

- 0 . 0 2 9 
0.236 

- 0 . 0 4 4 
0.017 
0.052 

Work of 
McLachlan 

j O M c 

Ö7588 
-0 .177 

-0 .102 
0.161 

- 0 . 0 6 3 
0.137 
0.770 

0.442 
0.058 

0.222 
0.047 

- 0 . 0 3 7 

0.118 

0.032 

0.256 

- 0 . 0 2 8 

0.065 

0.023 

0.189 

-0 .010 

- 0 . 0 3 3 

-0 .027 
0.120 
0.292 

-0 .081 
0.368 
0.071 

0.157 
- 0 . 0 2 3 

0.227 
0.000 
0.037 

- 0 . 0 3 9 
- 0 . 0 1 3 

0.063 
0.064 

0.101 
0.196 

- 0 . 0 4 1 
0.245 

- 0 . 0 4 5 
-0 .012 

0.027 

a) See footnotes a) and c) in Table 1. b) Before annihilation, c) After annihilation. 
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of magnitude of II^CF is fairly greater than the one 
of 11^ in many cases. O u r result confirms this; the 
p¥vc spin density is far from the p™F one at many 
positions of radicals (Table 2). In the following we 
will discuss the question why such a crude model as 
the McLachlan method can successfully interpret ex­
perimental results. 

Marshall12) showed that the unprojected spin density 
should be closer to experimental result than the project­
ed one under certain conditions. O n the other hand, 
Snyder and Amos2) showed that in first order to 
Lowdin's extended Hartree-Fock scheme,19) in terms of 
our theory, the spin density can be approximated as20) 

PÏÏT ~ P% - Ja s nyjv;, (22) 
V 

where K is a dimensionless coefficient which can be 
expressed as some ratio of energy terms; if K=\ the 
plV is reduced to the /o?J* and if K=l/3 to the 
PwHF. Most radicals fall between these extremes, 
the conjugated hydrocarbon radicals appearing to ap­
proximate the second case. They suggested that the 
McLachlan spin density, which falls between the un­
projected U H F spin densities and projected ones in 
most cases, can be good approximations to the ones 
obtained by the extended Hartree-Fock method. Our 
results also confirm the suggestion ; since | II | ^ 
| II?JP | in many cases, if K<\ the p™c might agree 
with the / o " T . This condition is practically satisfied 
together with that K^l/3 in most cases. Harr iman 
and Sando21) demonstrated explicitly that this is true 
in many cases by their numerical results, though K is 
rather closer to unity. 

A comparison is given between our approach and 
that given in other works. Recently Amos et al.22) 
suggested a method for improving the spin densities 
obtained from U H F wave functions. Their procedure 
differs from ours; they have employed the usual pertur­
bation theory, while we take the self-consistency effect 
into consideration. Nakatsuji and Hirao23) have pro­
posed a pseudo-orbital theory which corresponds to 
an extension of U H F and spin-extended H F theories, 
containing self-consistency terms. 
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X-Ray Fluorescence Spectroscopy of Inorganic Solids. III. 
Si Ka and Kß Spectra in Binary Silicates 
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The Si Ka and Kß spectra of several silicates were measured. The Ka spectra showed negative energy shifts 
referred to SiOa; these are consistent with the results for the binary silicate glasses. On the other hand, the Kß 
shifts were positive and the absolute values were about ten times as large as the Ka shifts in each compound. A 
linear relation was observed between Ka and Kß energy shifts. The Si Is energy shift for the orthosilicate was 
estimated from the Kß spectral splitting of Na2Si205. The stability of the silicon-oxygen bond was discussed 
with the aid of the shifts in Kß and the Si Is. The above linear relation suggests that the silicon-oxygen bond 
strength is lowered (the Kß energy is increased) with decreasing Goulombic interaction (lowering K„ energy) 
between silicon and oxygen in the silicates. 

Recently the chemical state analysis by means of 
X -ray fluorescence spectroscopy has been extensively 
developed. In the previous paper, we reported the 
variations of the Si Ka energy in binary silicate glasses 
as functions of the concentration and the kind of the 
basic oxides.1) However, in order to discuss the nature 
of the silicon-oxygen bond, it is necessary to investigate 
further the Kß spectra in these materials. The SiKß 

spectra correspond to the transition from Si 3p to Is 
and they naturally bring out more valuable informa­
tion about the electronic states in the silicon-oxygen 
bond than the Ka spectra do. 

Dodd and Glen explained the origin of the SiKß 

spectra in silicates by means of an M O theory and 
defined the destabilization energy of the silicon-oxygen 
bond.2) Urch3) and Tossell4-5) extended this M O 
treatment by a more quantitative calculation and 
discussed the details of the nature of the silicon-oxygen 
bond. However, they were concerned mainly with 
S i 0 2 and orthosilicates, whose spectra are simple and 
can be explained by assumming the tetrahedral cluster 
around silicon atoms. Sakka and Matusita measured 
the S i ^ spectra of simple binary silicate glasses of 
different compositions and discussed the chemical shifts 
and the changes of the band width in terms of 
the destabilization energy of the silicon-oxygen bond 
strength and the difference of the state of the silicon 
atoms, i.e. degree of the polymerization.6) When we 
applied an improved two-crystal spectrometer to meas­
ure the Si Kß spectra of silicates, we found some 
appreciable changes of the spectral profile, as well as 
the spectrum width and the frequency, which have 
not been reported. The Si Kß energy shifts were 
also measured and discussed in terms of the destabiliza­
tion of the S i -O bond caused by an introduction of 
the basic oxides to the silica network. 

Exper imenta l 

Samples. Commercial a-quartz and other single oxides 
or carbonates were used to prepare the silicate glasses and 
crystals. Na2SiOs was prepared by dehydrating a commer­
cial Na2Si03-9H20. These synthesized samples were 
all checked by the X-ray powder diffraction method. Com­
mercial Na4Si04, Al2Si309, Mg2Si308 • 5H 2 0, and kaolinite 
were also used. The crystalline samples were ground and 
pressed into pellets within a polyvinyl chloride ring. The 
glassy samples were prepared by melting crystalline com­

pounds or the mixtures of the component oxides and pouring 
them onto a stainless steel plate. The flat glasses were direct­
ly introduced into the spectrometer. 

Apparatus. The spectrometer used in this experiment 
was of the two-crystal type. The analyzing crystal was 
ADP, and the Cr or Rh X-ray tubes were used for the pri­
mary X-ray source. The details of the apparatus were des­
cribed in previous papers.1,7) 

Ka Chemical Shifts. In a previous paper we employed 
a fourth order equation for curve fitting to the upper part 
of the Ka spectra in order to evaluate the chemical shift. 
However, there is a better way to evaluate the shift than the 
curve fitting method when the Ka spectra of a series of com­
pounds are different from each other only in absolute energy 
and are quite similar in their profiles. In this paper the 
following method was adopted. It consists of 4 steps. (See 
also Fig. 1.) 
(i) The "standard" spectrum with a detailed profile of 
the reference material is obtained. 
(ii) A sandwiched series of a "sample" and the "reference" 
spectra for the sample and for the reference materials res­
pectively is obtained, 
(iii) Both spectra are normalized. 
(iv) Both spectra are displaced along the energy abscissa 
to fit the "standard" spectrum. The difference of the energy 
displacements evaluated with the least square method gives 
the chemical shift. 

An energy discrepancy between the "standard" and 
"reference" spectra is usually found, partly because the 
former is obtained with a much greater number of scan 

Fig. 1. Determination of the Ka energy shifts. 
(A) "Standard" spectrum; (B) "reference" spectrum; 
(C) "sample" spectrum. 
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repeats than the "reference" and partly because the perfor­
mance of the instrument changes from day to day. 

Kß Energy Shifts. As the Kß spectra were complex 
in line shape the shift was evaluated from the energy of the 
center of gravity of the spectrum. Any complex spectrum was 
assumed to be composed of two to four Lorentzian curves 
of various positions and heights. The temperature fluctua­
tion of the analysing crystal(ADP) causes errors of 0.04 
eV/deg, which were corrected. 

R e s u l t s 

The Si Ka energy shifts of silicates referred to a-
quartz are listed in Table 1. All chemical shifts are 
negative. Generally the absolute values of the chemical 
shifts are large in samples with high alkali content 
whenever the comparison is possible. This tendency 
is in good agreement with the previous findings.1) 
Table 1 also shows the Kß energy shifts referred to 
a-quartz. The shifts are positive and the absolute 
values are ten times as large as the corresponding 
Ka energy shifts. These values generally agree well 
with previous values.6) 

Figure 2 shows Si Kß spectra of several sodium 
silicates crystals as well as a-quartz and a-cristobalite. 
No difference between the latter two was detected. 
The profile becomes complex with N a a O content and 
then returns to a single peak of different energy at 
Na 4 Si0 4 composition. Similarly the C a O - S i 0 2 system 
shows a complex profile at intermediate composition, 
followed by a single peak at the orthosilicate. Table 
2 shows the results of Ca Ka, which were also measured 
for the discussion of ionic charges in silicates. 

TABLE 1. CHEMICAL SHIFTS OF SiK„ AND Kß 

E N E R G Y OF SILICON COMPOUNDS 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Sample 

a-Quartz 
a-Cristobalite 
SiOa (glass) 
a-CaSi03 

£-CaSi03 

£-Ca2Si04 

y-Ca2Si04 

Na2Si205 

Na2Si205 (glass) 
Na2Si03 

Na2Si03 (glass) 
Na4Si04 

K2Si205 (glass) 
Mg2Si04 

ZrSi04 

Mn2Si04 

Al2Si309 

Mg2Si308-5H20 
Kaolinite 

Na2SiF6 

Si3N4 

SiC 
Si 
Erros (average) 

AE KJeV 

— 
-0 .002 
- 0 . 0 1 0 
-0 .101 
- 0 . 0 6 6 
- 0 . 1 0 7 
- 0 . 0 8 8 
- 0 . 0 5 0 
- 0 . 0 6 1 
- 0 . 0 7 3 
- 0 . 0 9 3 
- 0 . 1 0 9 
- 0 . 0 7 0 
- 0 . 0 8 8 
- 0 . 0 4 6 
- 0 . 0 8 2 
- 0 . 0 2 6 
-0 .041 
-0 .021 

0.364 
- 0 . 1 6 1 
- 0 . 3 7 9 
- 0 . 6 0 7 
± 0 . 0 1 

AE Kß/e 

— 
- 0 . 1 1 

0.0 
1.08 
0.93 
1.17 
1.25 
0.56 
0.68 
0.81 
0.96 
1.56 
0.69 
1.05 
0.45 
0.85 
0.24 
0.51 
0.08 

0.70 
1.70 
2.60 
2.97 

± 0 . 1 

1825 1830 1835 1840 

Fig. 2. SiKß spectra of the Na 2 0-S i0 2 system. 
(A) a-Gristobalite; (B) a-quartz; (C) Na2Si205; (D) 
Na2Si03; (E) Na4Si04. 

TABLE 2. Ca Ka ENERGY OF SOME CALCIUM 

COMPOUNDS REFERRED TO CaF2 

Sample AE KJéV 

cäF2 — 
a-CaSi03 0.104 
jff-Ca2Si04 0.121 
CaO 0.161 
GaS 0.233 
Error (average) 0.008 

D i s c u s s i o n 

Si-O-Si and Si-0~ Bonds in Silicates and the Profiles 
of the Kß Spectra. The molecular orbital of S i 0 4

4 _ 

ion has been constructed to assign the Si Kß spectra 
of silicates.4) T h e Si Kß spectra involve the transition 
from Si 3p to Si 1 s. According to the selection rule, 
however, the electrons in the molecular orbital of t2 

symmetry can take par t in the transition if the tetra-
hedral geometry is considered. According to Tossell4) 
the main bonding orbital 4t2 consists of Si 3p and 
O 2p atomic orbitals and the transition from this to 
Si Is is the origin of the Kß main peak. The peak of 
higher energy than the main peak, which is shown as 
a shoulder in SiO a , corresponds to the transition from 
5t2 non-bonding orbital, which consists mainly of 
0 2p with a small mixing of Si 3p, to Si Is. Further, 
the transition from 3t2 ( 0 2s + Si3p) produces the 
spectrum on the energy side lower than the main peak. 
This has been called the Kß' satellite peak, but it is 
out of the spectral range covered by the present study. 

I t is understood that the silica network is modified 
by an introduction of a basic oxide, as expressed by 
the following chemical reaction.8) 

ESi-O-SiE + M 2 0 = 2=Si-0- + 2M+ 
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Thus there are two types of silicon-oxygen bonds: 
one is S i -O-S i and the other S i - O - . T h e oxygen 
in the former type is called a bridging oxygen and 
in the latter is called a non-bridging oxygen; these 
are designated by O 0 and O - respectively. Consider­
ing only the nearest neighbor oxygens, the structure 
around the silicon a tom can be considered as Si[O 0 ] 4 

and S i [ 0 ~ ] 4 for SiO a and orthosilicate respectively. 
In the compounds of intermediate composition, the 
general structure around a Si a tom can be described 
as S i [O 0 ] n [O~] 4 _ n , when the chemical formula of the 
compounds is M 4 _ w Si0 4 _ w / 2 ( M ; univalent cation).t 
The experimental spectra for Na 4 Si0 4 , Ca 2 Si0 4 and 
SiO a can be well understood by the T d symmetry, 
while in N a 2 S i 2 0 5 there are two intense peaks. The 
positions are located near the same positions as those 
of SiO a (S i -O-Si only) and N a 4 S i 0 4 ( S i - 0 - only). 
A complex profile is also seen in the spectrum of Na2-
S i 0 3 , which consists of a peak and two or more shoul­
ders. T h e fact that the higher energy peak increases 
with the concetration of the basic oxides also suggests 
that the shape of the Kß spectra could be resolved into 
two main components, one corresponding to the S i - O -
Si type and the other to the S i - O - type bond. 

Shifts of the Si Is Energy. A discussion of the 
stability of the silicon-oxygen bond has been developed 
in terms of energy shifts of the Kß spectra.2 '6) T h e 
X-ray spectra do not give an absolute orbital energy, 
but give only a energy difference among levels. I t 
is necessary to take the energy shift of the Is level 
into consideration in order to discuss the stability of 
a bond from a Kß spectrum. In the following we 
will show one way of estimation of the Is level shifts 
from the X-ray spectra. 

In the proceeding section we assummed that the 
double peaks of Si Kß in N a 2 S i 2 0 5 could be assigned 
to the transition from S i -O-S i and S i - O - type bonding 
orbitals. All silicon atoms in the crystalline materials 
are identical and they are bound to one non-bridging 
oxygen and three bridging oxygens in a first coordina­
tion shell. T h e Is electron of the silicon atom is under 
the average shielding effects of Si 3p ( + 0 2s and 
O 2p) electrons. This implies that the separation of two 
peaks of Kß spectrum of N a 2 S i 2 0 5 corresponds to the 
difference of the orbital energies of S i -O-S i and S i - O -

bonds, since the two peaks correspond to the transitions 
to the same Si Is level. This energy difference is 
evaluated to be 2.4 eV. 
Thus, 

£„(Si -0- , Na2Si2Os) - E„ (Si-O-Si, Na2Si2Os) = 2.4 eV. 

(1) 
Ea's are the orbital energies of the bonding orbitals 

of the two types of S i -O bonds. O n the other hand, 
the Kß energies of SiO a and N a 4 S i 0 4 are given by 

£ ^ (Si-O-Si, Si02) = £„ (Si-O-Si, Si02)-.E ls(Si02) (2) 

E ^ ( S i - 0 - , Na4Si04) = £ , ( S i - 0 - , 

Na4Si04) - £ l s(Na4Si04) (3) 

t n/2 + (4 — n)=4 — n/2= (Total number of oxygen atoms 
per silicon atom in the compound); for example, n = 2 and 
3 for Na2Si03 and Na2Si205 respectively. 

respectively. If A £ l s is defined by 

AEls ~ Els (Na4Si04) - E1S (Si08), (4) 

AEls is the energy difference of the Is level between 
S i 0 2 and Na 4 Si0 4 . From Eqs. 2 to 4, 

AEKß (Si-O-, Na4SiO) = EKß (Si-O-, Na4Si04) 

- EKß (Si-O-Si, SiOo) 

= Ea (Si-O-, Na4Si4) 

~Ea (Si-O-Si, SiOa) -AE1S. 

(5) 

If the first two terms of the right hand side in Eq. 5 
are replaced by Eq. 1, 

A ^ S i - O - , Na4Si04) = 2.4 - AEls 

= 1.6 (see Table 1). (6) 

Thus the energy shift of Si Is of N a 4 S i 0 4 referred to 
SiO a can be estimated to be about 0.8 eV. In this 
argument the energies of S i -O in S i -O-S i and S i - O -

are assumed to be constant irrespective of the molec­
ular symmetry. Nefedov et al. obtained the binding 
energy of 2p electrons of silicon of many silicon com­
pounds from ESCA measurement.9) In the S i 0 4

4 _ 

type silicates, the 2p level is destabilized about 0.5— 
1.1 eV from that of S i 0 2 . By combining the X-ray 
Ka energy shifts of these materials (about —0.1 eV), 
the Is level energy shifts are calculated to be 0.6— 
1.2 eV. The present value of 0.8 eV agrees well with 
these experimental findings. 

Heat of Formation of the Silicates and the Silicon-Oxygin 
Bond Strength. In alkali silicates and silicate mine­
rals, the Si Kß energy is larger than that of S i 0 2 . This 
is interpreted in terms of the destabilization of the 
silicon-oxygen bond in these materials. White and 
Gibbs observed a linear relation between Kß energy 
shifts and the silicon-oxygen bond length.10) Dodd 

1825 1830 1835 1840 

E/eV 

Fig. 3. Si Kß spectra of the CaO-Si0 2 system. 
(A) a-Quartz; (B) jff-CaSi03; (C) a-CaSi03; (D) 
£-Ca2Si04; (E) y-Ca2Si04. 
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and Glen defined the relative destabilization energy 
of silicon-oxygen bonds from the X-ray Kß energy 
shifts.2) However, according to the above argument, 
the relative destabilization energy of a bonding orbital 
is better redefined as 

A = AEKß + AEls. (7) 

One obtains a larger destabilization energy for silicates 
than the previous value deduced only from the Kß 

chemical shifts. 
I t is worthwhile to note that when S i 0 2 reacts with 

a basic oxide M O , the S i - O bond becomes weak in 
spite of the observation that the reaction is usually 
exothermic. Tossell explained this by an increase of 
the M - O bond strength.11) As seen from the Ca Ka 

sequence measured in the present study (Table 2), 
the Ka energy shifts to a lower value when the counter 
F atom is replaced by a less electronegative O and S. 
In other words, Ga Ka decreases with the decrease of 
the positive charge on that atom. This means the 
charge of Ca in silicates C a S i 0 3 and Ca 2 Si0 4 is higher 
than that of CaO. Therefore the destabilization of 
the S i -O bond will possibly be counterbalanced by 
stabilization of the Ca-silicate anion coulombic energy. 

Relation between Ka Shifts and Kß Shifts. From 
the argument that Si Ka energy shifts reflect the degree 
of the cationic charge on silicon atoms, a relation 
between Si Ka and Kß energy shifts is expected among 
silicon compounds. T h e two quantities are plotted 
in Fig. 4, whose reference is silicon metal. Except 
for Na2SiF6 , which is octahedral in coordination, a 
quadratic relation was obtained. A linear relation 
was obtained among silicates where the nearest neigh-
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Fig. 4. Relation between Si Ka and Kß energy shifts 
for the several silicon compounds. The reference 
material is Si metal. 

% 

? 
9 

AEKJeV 

Fig. 5. Relation between Si Ka and Kß energy shifts 
for the silicates. The reference material is a-quartz. 
Numbers indicated in the figure correspond to the 
compounds in Table 1. 

bors are always 4 oxygen atoms and the charges on 
Si do not change much ; this result was independent 
of the next nearest neighbor cations. (See Fig. 5.) 
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The ESR spectrum of bis (dibenzoylmethanato) oxovanadium (IV) dissolved in a number of pyrene and 
fluoranthene complexes with aromatic polynitro compounds just above their melting points indicates that the 
motion of the spin probe is more or less restricted. In some favorable cases, the high effective viscosity of the 
melts can be partially attributed to the association of the electron donor and acceptor molecules. No abrupt 
change in the ESR spectral pattern is noted upon solidification and the motion of the probe gradually ceases upon 
lowering the temperature. Therefore, the lattice appears to be not rigid in these crystalline complexes. On 
the other hand, the ESR spectrum observed in the molten naphthalene-dinitrophenol complex is not far from 
isotropic at the melting point. Because of the segregation of the probe upon solidification, the measurements 
on this solid complex could not be made. 

When a phase diagram indicates the formation of 
a 1 : 1 complex with a congruent melting point, it 
does not necessarily follow that the complex is stable 
in the molten state. The greater the extent of dis­
sociation, the more flat the curve for the region between 
the eutectic points is expected, in general, to be.1-3> 
However, nothing more can be safely inferred in the 
absence of any definite information regarding the dis­
sociation of the complex in the molten state. As 
reported by one of the present authors,4) all the patterns 
from the isotropic ESR spectrum to the anisotropic 
one of oxovanadium chelates can be recorded by 
employing molten o-terphenyl as a solvent. The 
observed anisotropic molecular motion of the spin 
probe has been speculated to be evidence for the re­
stricted motion of the host molecules, in other words, 
the formation of clusters. Therefore, one may hope 
that the ESR spectral measurement of oxovanadium 
chelates is equally capable of detecting molecular as­
sociation in molten charge-transfer complexes. The 
larger the chelate molecule, the more difficult the 
motion; thus bis (dibenzoylmethanato) oxovanadium-
(IV) may be the probe which is effective in the widest 
temperature range among the three chelates examined 
before. As will be described below, this chelate was 
found to be incorporated into the crystalline pyrene, 
fluoranthene, and phenanthrene complexes with aro­
matic polynitro compounds and to be a probe for the 
molecular motion in solids as well. 

Exper imenta l 

Materials. The bis (dibenzoylmethanato) oxovana-
dium(IV) (VO(dbm)2) was prepared following the proce­
dure reported by Selbin et a/.5) The donors employed were 
pyrene, fluoranthene, phenanthrene, and naphthalene and 
the acceptors were m-dinitrobenzene (DNB), 2,4-dinitro-
fluorobenzene (DNF), 2,4-dinitrochlorobenzene (DNC), 
2,4-dinitrotoluene (DNT), 2,4-dinitrophenol (DNP), 2,4,6-
trinitrochlorobenzene (TNC), and 2,4,6-trinitrotoluene 
(TNT). The pyrene, Eastman white label, and TNT, 
Eastman yellow label, were recrystallized from appropriate 
solvents. The phenanthrene, Eastman white label, was 
boiled with maleic anhydride in xylene to remove any an­
thracene.6> The other reagents were used without further 
purification. The complexes were prepared by melting 
mixtures of equimolar amounts of the component compounds. 

Their melting points were read from calorimetric curves 
recorded on a Rigaku Denki differential scanning calori­
meter, Model 8001 SL/C, at a heating rate of 3 °C min-1. 
As the paramagnetic probe is not very stable above 150 °C, 
the complexes with relatively low melting points were select­
ed for the present work. 

Measurements. The ESR spectra were recorded on 
a JEOL model JES-ME-3X (X-band) spectrometer with 
100 kHz modulation in the range from temperatures well 
above the melting point of each complex to the temperature 
where the probe precipitates from the solid complex. The 
magnetic-field scan was calibrated with Mn2+-doped MgO 
powder. 

R e s u l t s a n d D i s c u s s i o n 

The ESR spectra of V O ( d b m ) 2 recorded in most 
of the pyrene complexes kept just above their melting 
points deviate markedly from the isotropic one. For 
example, the first derivative of the spectrum in pyrene-
D N C (mp 87 °C) recorded at 88.5 °C is shown in 
Fig. 1. In this spectrum one may locate more lines 
than the eight expected for the isotropic spectrum. 
Thus it is apparent that the motion of the probe is 
restricted. The parameter, S, defined by 

S= {An'-a)f(Att-a) 

will be employed as a measure of the molecular mo­
tion of VO(dbm) 2 . Here, An is the component par­
allel to the V = 0 bond direction of the approximately 
axial hyperfine tensor of the spin probe, a is the iso-

Fig. 1. ESR spectrum of bis (dibenzoylmethanato)-
oxovanadium (IV) observed at X-band in pyrene-
dinitrochlorobenzene at 88.5 °C. The superimposed 
small signals are due to the marker, Mn2+-doped 
MgO powder. 
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tropic hyperfine constant, and Aw' is one-seventh of 
the separation of the outer hyperfine extrema (these 
are indicated by arrows in Fig. 1). They are signals 
from the ensemble of the probe molecules oriented with 
the applied field, on the average, parallel to the V^O 
bond direction. The parameter is equal to zero if the 
probe molecules are tumbling rapidly and unity if they 
are immobilized in a medium. With the values of A w 
and a observed in molten o-terphenyl, namely, 188 and 
108 G ( 1 G = 1 0 - 4 T ) , the S value for the spectrum in 
Fig. 1 is estimated to be 0.71. The spectra recorded at 
higher temperatures indicate a shorter distance for 
1A H '. This means an increased molecular motion. It 
was not possible to locate the corresponding signals 
above 114°C. The probe was found to be dissolved 
even in the crystalline complex. The spectra recorded 
below the melting point are still intermediate between 
the anisotropic and isotropic ones. In this way, the 
plots given in Fig. 2 were obtained. The open and 
shaded circles are for two runs with independently-
prepared solutions. It must be noted that no dis­
continuity in the S value is found at the melting point 
of the complex. This observation may imply that 
the change of the motional behavior upon solidifica­
tion is not large or that the motion is slow on an 
ESR time scale in both the phases. From the macro­
scopic standpoint, the restriction may be attributed to 
the high viscosity of the medium, rj. Assuming that 
the f}\T value of the medium can be approximated 
by that of molten o-terphenyl at the same S value, 
the effective viscosity of the molten complex was 
estimated as 12.2 cP ( l c P = 1 0 ~ 3 Pa s) at the melting 
point. The viscosity value of o-terphenyl required for 
this estimation was calculated by means of the equa­
tion of Greet and Turnbull.7) It must be added that, 
if special interactions are conceivable between the 
probe and solvent molecules, viscosity alone may not 
account for the deviation from the isotropic ESR 
spectrum. Therefore, the effective viscosity estimated 
here may be larger than the actual one. 

The S values observed with solidified samples are 
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Fig. 2. Temperature dependence of the parameter 
S in pyrene-dinitrochlorobenzene. The open and 
shaded circles are for two independent runs. 

t/°c 
Fig. 3. Temperature dependence of the parameter 

S in pyrene-dinitrotoluene. The open and shaded 
circles are for two independent runs. 

not very reproducible. In Fig. 3, two independent 
measurements with the D N T complex are plotted 
against the temperature. Both the measurements give 
the same S value, 0.67, at the melting point, 92.5 °C. 
The open and shaded circles fit on to one curve above 
this temperature but not below it, suggesting the 
absence of supercooling of the molten complex. It is 
unlikely that the difference observed below the melting 
point arises from a small deviation from the 1 : 1 
stoichiometry in the complex for which the lower S 
values were found. When the complex contains an 
excess of one of the components, the solid 1 : 1 complex 
and a liquid coexist in the temperature range from the 
melting point to the eutectic point. As the probe is 
generally more soluble in the liquid than in the solid, 
the observed S value may be largely of the probe in 
the former phase. If this happens, one expects, in 
contrast to the observation, that the open circles would 
lie on the extrapolation of the S-t relation above the 
melting point. When the temperature is lowered still 
further, the probe will be more concentrated, eventually 
leading to the segregation at the eutectic point. As 
the matter of fact, the segregation was observed at 
43 °G, far below the eutectic points, which are 89 °C 
in the hydrocarbon-rich region and 57.5 °C in the 
DNT-rich region.8) Consequently, the large difference 
in the S values given by these two measurements can 
be best interpreted in terms of the degree of disorder 
surrounding the V O ( d b m ) 2 molecules in the solid. 

It is well known that dislocations function as a nat­
ural haven for solid-state impurities.9) The large probe 
molecules may be more satisfactorily accommodated 
in the expanded region of the dislocation cores and 
more mobile than elsewhere in the host lattice. O n 
the other hand, Möhwald and Böhm have shown that 
various guest acceptor molecules can be accommodated 
in the naphthalene-tetracyanobenzene complex assum­
ing the same very homogeneous orientation as the 
host donor molecules.10) In this situation, the motion 
of the probe molecules does not always occur readily, 
unless the neighboring host molecules have a large 
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degree of motion. Thus, the motional behavior of 
the probe may be dependent upon where the molecules 
are accommodated which, in turn, may depend on 
how the melt is quenched. 

In addition to the 1 : 1 complex with a congruent 
melting point, four more pyrene -TNC complexes with 
mole ratios of 4 : 3, 2 : 1 , 3 : 1 , and 4 : 1 are known 
to be formed.11) The 4 : 3 and 2 : 1 complexes de­
compose to the solid 1 : 1 complex and a liquid at 
136 °C, and the 3 : 1 and 4 : 1 complexes decompose 
to the solid 2 : 1 complex and a liquid at 126 °C, 
which is practically the same as the eutectic point. 
The results obtained with the 1 : 1 and 2 : 1 complexes 
are illustrated in Fig. 4. The S value at the melting 
point of the former complex (154.5 °C) is 0.53 and that 
at the decomposition point of the latter, 0.59. How­
ever, the value observed with the 2 : 1 complex at 
a given temperature above 100 °C is consistently lower 
than that with the 1 : 1 complex. Thus, the probe 
molecules are made more mobile as a result of the 
presence of an excess pyrene in both the molten and 
solid states. The same tendency was observed with 
the other T N C complexes containing more pyrene 
than the 1 : 1 mole ratio. Around 100 °G the S value 
in the 2 : 1 complex abruptly increases and then 
becomes almost the same as the value in the 1 : 1 
complex. O n raising the temperature, a change in 
the reverse direction occurs between 118 and 125 °C. 
This change may be associated with the solid-solid 
transition which was reported earlier to take place 
at 126 °C. 

50 100 150 
t/8C 

Fig. 4. Temperature dependence of the parameter 
S in pyrene-trinitrochlorobenzene, the 1 : 1 complex 
(open circles) and the 2 : 1 complex (shaded circles). 

The pyrene complexes with all the aromatic poly-
nitro compounds examined are listed in Table 1 with 
the S values observed at their melting points. In 
no case does the value change discontinuously upon 
solidification. When the molten D N P and T N T com­
plexes are employed as solvents, the outer hyperfine 
extrema cannot be detected in the ESR spectra near 
their melting points; however, the extrapolation of 
the S-t relation obtained with the solid complexes 
indicates that the required S values are not far from 
0.50. Thus, the rapid tumbling of V O ( d b m ) 2 occurs 

TABLE 1. THE S VALUES OF VO(dbm)2 DISSOLVED IN 

THE 1 : 1 MOLECULAR COMPLEXES AT THEIR MELTING 

POINTS ( M p ) , THE EFFECTIVE VISCOSITIES (^eff) AT 

THE SAME TEMPERATURES, AND SHINOMIYA'S MELTING 

POINT ELEVATIONS (T) (1 c P = 10 3 Pa s) 

Complex 

Pyrene-DNB 
Pyrene-DNF 
Pyrene-DNC 
Pyrene-DNT 
Pyrene-DNP 
Pyrene-TNC 
Pyrene-TNT 
Fluoranthene-DNB 
Fluoranthene-
Fluoranthene-
Fluoranthene-

DNF 
DNC 
DNT 

Fluoranthene-DNP 
Fluoranthene- TNC 
Fluoranthene-TNT 
Phenanthrene-TNC 

Mp/K 

366 
392 
360 
365.5 
417 
427.5 
435 
349.5 
361 
316 
346 
364.5 
394 
407 
361 

S 

0.68 
0.71 
0.73 
0.67 

< 0 . 5 
0.53 

< 0 . 5 
0.68 
0.71 
0.90 
0.78 
0.73 
0.70 

< 0 . 5 
0.78 

9eff/cP 

9.4 
12.1 
12.2 
9.0 
5.6 
6.1 
5.8 
9.0 

11.2 
43.6 
15.8 
12.4 
11.1 
5.5 

16.5 

T/K 

- 2 7 
31 

- 1 5 
- 1 8 

12 
38 
46 

- 2 3 
9 

- 3 8 
- 1 7 
- 2 0 

25 
39 

- 4 

in none of these molecular assemblages at their melting 
points. The parameter S measures the motion around 
two axes lying in the flat plane including the vanadium 
atom. When the probe is dissolved in a liquid, this 
motion is largely governed by the volume of the solvent 
to be displaced by the probe molecule.12) The ESR 
spectrum of V O ( d b m ) 2 dissolved in molten pyrene 
is essentially isotropic, that is, £ = 0. Therefore, the 
restricted motion in the T N C and T N T complexes, 
which have melting points a little higher than that 
of the hydrocarbon, may be considered as evidence 
for the association of the electron donor and acceptor 
molecules in the melts. The magnitude of the S 
value may depend not only on the size of such clusters 
but also on the concentration. When the melting 
point of a pyrene complex is much lower than 150 °C, 
we must deal with the question of how large the temper­
ature dependence of the viscosity is for each complex. 
As the answer is not available at present, it is difficult 
to say in such cases whether the effect of cluster forma­
tion is really large enough to increase the S value or 
not. Nevertheless, if two complexes with nearly the 
same melting points show significantly different S values, 
the extent of molecular association may be larger in 
the complex with a larger S value. Three pyrene 
complexes have their melting points near 90 °C (363 
K ) . Among them the D N C complex exhibits a much 
larger S value than those of the other two. Further­
more, the viscosity value estimated for the D N F com­
plex is as large as that for the D N C complex, in spite 
of the melting point being higher by 32 °C. These 
observations lead qualitatively to the suggestion that 
the molecular association in these two complexes is 
considerable. 

With the exception of the DNB complex, the pyrene 
complexes employed here are known to show rather 
small enthalpies of melting.13-14) T h e broad-line N M R 
measurements clearly indicate the onset of a large 
degree of thermal motion in the crystalline complexes 
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upon polymorphic transitions.14) The motion of V O -
(dbm)2 observed in these complexes seems to be con­
sistent with these earlier results. The enthalpy of 
melting for the DNB complex not included in our 
previous work was determined to be 29 k j m o l - 1 which 
is slightly larger than the others.15) Except in the 
case of the 2 : 1 T N C complex shown in Fig. 4, the 
solid-solid transition could not be detected by the 
variation of S with temperature. This observation 
is probably due to the fact that the high-temperature 
forms can be readily supercooled.13) 

The ESR measurements were extended to the fluor-
anthene complexes where the donor molecule is iso­
meric to pyrene. Their enthalpies of melting are as 
low as those of the pyrene complexes; namely, 18 to 
35 k j mol -1.15) The S values measured at the melting 
points and the effective viscosities at the same temper­
atures are summarized in Table 1. The fluoranthene 
complexes melt at lower temperatures by 16 to 52 °C 
compared with the corresponding pyrene complexes. 
The difference in the melting point is especially large 
when the acceptors are D N C and DNP. Since the 
DNC complex melts at an exceptionally low temper­
ature and gives an unusually high S value and effective 
viscosity, measurements can be made over a wide 
temperature range for this particular melt. The com­
position of the clusters was assumed to be determined 
by locating the maximum in the ^-composition iso­
therms; therefore, the mixtures with mole ratios of 
3 : 2 and 2 : 3 were also examined for this interesting 
combination. Unfortunately, no deviation from the 
curve for the 1 : 1 complex could be established. This 
complex provides a further clue as to the possible 
molecular association. Fig. 5 shows a plot of the 
logarithm of effective viscosity against the reciprocal 
temperature for the 1 : 1 complex. The exponential 
temperature dependence can be noted above 60 °G, 
but the increase of the viscosity is considerably greater 
on approaching and passing the melting point. This 
behavior may be considered as an indication that 
molecules pack into clusters, following the argument 
by Ubbelohde et al. made for molten o-terphenyl.16-17) 

IO3T"VK"1 

Fig. 5. Temperature dependence of the effective vis­
cosity in fluoranthene-dinitrochlorobenzene. 

Nevertheless, it must be emphasized that the high 
viscosity is largely due to the low melting point and 
that the value at the melting point may be as large 
as 36 cP even if the molecular association is absent. 

If a complex composed of smaller molecules is select­
ed, the molecular motion above the melting point 
may be fast enough on an ESR time scale to produce 
an abrupt increase of the S value upon solidification. 
With the hope of fulfilling this condition, we examined 
the E S R spectra of V O ( d b m ) 2 dissolved in the phen-
an th rene -TNC complex melting at 88 °C and the 
naphthalene-DNP complex melting at 95 °C. The S 
value in the former complex varies continuously through 
the melting point. In the melt of the latter, the ESR 
spectrum of the probe is essentially isotropic at 106 °C, 
but slightly deviates from it below this temperature. 
The value in the crystalline state could not be measured 
because of the segregation of the probe upon solidifica­
tion. 

As we mentioned already, the congruent melting 
point of a 1 : 1 complex is expected to be lowered 
when the association in the melt is less extensive. In 
order to compare the sequence of the complex forma­
tion, Shinomiya defined the melting point elevation 
for a 1 : 1 complex by 

T = tC- (tD + tA)ß, 

where tc is the melting point of the complex and t0 

and tA are the melting points of the donor and acceptor 
compounds respectively.18) As we have seen, the large 
S value of a complex with a low melting point is mostly 
attr ibutable to the exponential temperature dependence 
of the viscosity of the medium; therefore, no correlation 
between the parameters r and S could be found. 
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The V 2 0 5 crystal, prepared from the pure V 2 0 5 powder by a zone-melting method in the air, did not show 
any ESR signal. When the crystal came into contact with a mixture of CO and 0 2 ( (CO/0 2 )>4) , an ESR 
spectrum with the hfs of 15-lines (g//= 1.932, g±= 1.978; <£> = 1.963), which has been previously ascribed to 
an oxygen defect, was found at the beginning, but after prolonged contact a sharp spectrum (<(g>= 1.954) ap­
peared. The intensity of the hf-lines was constant but that of the sharp spectrum increased with the contact 
time. The g-value and line shape of both spectra did not change with the contact time. The same spectra were 
also found in the crystal grown under a mixture of CO and 0 2 . On the thermal decomposition of pure NH4VOs 

in vacuo a similar spectrum with a sharp line was found. The g-value became lower in the sample reduced further 
by S0 2 after the thermal decomposition. With reference to the data of TGA, DTA, magnetic susceptibility 
(Xmoi)j and X-ray analysis of the vanadium oxides, the sharp spectrum was ascribed to a lower oxide or oxide 
state such as V 30 7 . Based on the ESR results, the working state of pure V , 0 5 crystal under CO-oxidation and 
its catalytic property are discussed. 

Many phases, described by the general formulas 
of V2TO05TO_2 ( m = 3 , 4, (5), and 6)D and V , O t o - i ( « = 
3—9),2,3> have been found for the vanadium oxides 
( V 2 0 5 - V 2 0 3 ) . T h e phase transitions between them 
have been well explained by the insertions and elimina­
tions of the oxygen planes through the crystal from 
one side to the other, that is, by "shear planes."4 '5) 
The excellent properties of the vanadium oxides as 
catalysts,6-8) for instance, high selectivities on the partial 
oxidations of hydrocarbons and the very long life, 
have been connected to this feature of the vanadium 
oxides, that the insertions and the eliminations of the 
oxygen can occur easily and reversibly during the 
phase transitions. Many authors9 - 2 0) have discussed 
the catalytic mechanisms and the working states of 
vanadium oxide catalysts. 

Recently, the X-ray analyses on the crystal structures 
of V 30 7

2 1 ) and V 40 9
2 2 ) have been accurately done. 

The crystal structures of the oxides were not so simple 
as to be induced from that of V 2 0 5 based on the idea 
of the shear plane. The recent T G A and D T A studies 
on the vanadium-oxygen system have shown that the 
appearances and disappearances of the intermediate 
phases depend delicately upon the experimental condi­
tions.23-25) Furthermore, it has recently been made 
clear that vanadium oxides easily take several kinds 
of metals into the lattices and form several types of 
"vanad ium bronzes."26) The properties of the bronzes 
complicatedly depend upon the kinds and the contents 
of metallic impurities. Therefore, catalytic properties 
of vanadium oxide should be further investigated by 
taking the results, obtained recently on the oxide, into 
consideration. 

Our kinetic work,27) which was carried out on several 
types of the V 2 0 5 crystals over wide ranges of the 
(GO/0 2 ) ratios, the total pressures, and the temper­
atures, suggested that even small amounts of metal 
impurities gave great effects to the catalytic activities 
and to the working states of the surface. Especially, 
it was noticed that, during the course of CO-oxidation 
on the highly purified thin plate crystallines of V 2 0 5 , 
the activation energy changed abruptly from a low 
(2.3 kcal/mol) to a high value (29 kcal/mol) even under 

the stoichiometric mixture of C O and 0 2 ; the (CO/ 
0 2 ) = 2 . 1 . The change in the activation energy sug­
gested the change in the working state from V 2 O s to 
some lower oxide. 

In the present paper, the working states of the highly 
purified V 2 0 5 crystal during the CO-oxidation was 
investigated by means of ESR spectroscopy. The pro­
blem of which phase or state of vanadium oxides is 
effective for promoting the catalysis is discussed, espe­
cially for the pure crystal. 

Exper imenta l 

Materials. NH 4 V0 3 was chemically purified accord­
ing to the procedures of McCarley et a/.28) and Haemers.29> 
Pure V 2 0 5 powder was obtained by the thermal decomposi­
tion of the purified NH4V03 . The single crystals of the 
pure V 2 0 5 were prepared by a zone-melting method, as is 
mentioned in detail below. 

Procedures. The single crystals of V 2 0 5 were prepared 
as follows: a Pt-boat, which contained the purified V2Os 

powder of about 5.3 g, was placed in a quartz tube (volume, 
ca. 157 cm3) and then a zone-melting furnance was driven 
along the quartz tube. The atmosphere in the tube was 
controlled by varying the ratio and the total pressure of 
the mixture of CO and 0 2 . In the preparation under the 
air, one end of the tube was opened to the air. The width 
of the melting zone and the maximum temperature in the 
zone were 1.5 cm and 720 °C, respectively. 

The single crystal of V205 , which was prepared in the 
air and cut down in the proper size, was taken into a quartz 
tube (0.4 cm in inner diameter) for the measurement of 
ESR. The tube was gradually jointed with a glass tube 
(0.8 cm in the inner diameter) for the connection to a vacu­
um line. After the sample tube was heated preliminarily 
in vacuo, a given amount of the reaction gas was introduced 
at room temperature, and then the tube was sealed. The 
reaction tube was heated and was quenched in ice-water 
just before the ESR measurements. The reaction conditions 
are summarized in Table 1. 

Some purified NH4VO s powder, 0.123 g, was taken in 
each of the three quartz tubes for the ESR measurements. 
One of the tubes was opened to the air and the others were 
connected to a vacuum line. They were heated at 550 °C 
for 3 h. After heating, both the open tube and one of the 
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T A B L E 1. T H E CONDITIONS OF THE CONTACT OF THE 

PURE V 2 0 5 CRYSTALS WITH THE REACTANTS 

OF C O AND 0 2 

(Volume of ESR measurement tube sealed : 4 cm3 , 

temperatures : 460 and 560 °C) 

Sample C O ° * fCO/O ) V * 0 * ("excess-CO"/V205)a) sample T o r r T o r r (LU/U 8 ) m o l e m d o 

T A B L E 2. ESR SPECTRA IN THE PURE V 2 0 5 CRYSTALS 

G R O W N U N D E R VARIOUS ATMOSPHERES 

S-S-l 330 

S-S-2 352 

S-S-3 

S-S-4 32 

20 

88 22 

16 
4 
4 
4 

0.182 
0.182 
0.115 
0.115 

0.07 

0 .04 

0.016 

0.006 

a) "excess-CO": the amount of C O which remained 
after the equilibrium of the CO-oxidation, C O + 0 2 / 2 
— C 0 2 , was achieved. 

evacuated tubes were sealed and then the ESR were measured. 
The other evacuated tube was filled with SO a gas at 724 
Torr (1 Torr = 1 . 3 3 3 X 102 Pa) after it was cooled down to 
room temperature and then was sealed. T h e inner volume 
of the tube was about 4 cm3 . T h e sample tube was again 
heated at 585 °C and, after quenching the tube in ice-water, 
ESR measurements were done. 

ESR Measurements. ESR measurements and the de­
terminations of the spin concentrations were done with the 
same procedure as was mentioned in the previous papers.30) 

R e s u l t s 

ESR Spectra in the V205 Crystal Prepared under Various 
Atmospheres. N o E S R s p e c t r u m w a s f o u n d for 

t h e V 2 0 5 c rys ta l p r e p a r e d in t h e a i r . I n t h e V 2 0 5 

crysta l p r e p a r e d u n d e r t h e m i x t u r e of C O a n d 0 2 

( C O / 0 2 = 4 ) a t t h e to t a l p r e s su re of 200 T o r r , h o w e v e r , 
a s p e c t r u m w i t h t h e wel l - reso lved hfs of 15-lines (A//= 
8.2, ^ 4 _ L = 4 . 6 m T ) w a s found , as w a s i l l u s t r a t ed i n 
Fig . 1 (a ) . O n t h e o t h e r h a n d , in t h e c rys ta l , p r e p a r e d 
u n d e r t h e m i x t u r e of C O a n d 0 2 ( C O / 0 2 = 1 6 ) a t t h e 
to ta l p re s su re of 350 T o r r , a n e w s h a r p l ine a p p e a r e d 
n e a r t h e cen t e r of t h e hfs of 15-lines, as w a s s h o w n in 
Fig . 1 ( b ) . I n this case , t h e re so lu t ion of t h e hfs-lines 

Fig. 1. ESR spectra in the pure V 2 0 5 crystals grown 
under the reactants of C O and 0 2 . (a) P t o t a l = 200 
Torr, C O / 0 2 = 4, and the mean composition = V 2 0 4 9 7 5 

(b) P t o t a i = 350 Torr , C O / 0 , = 16, and the mean com­
position = V 2 O 4 . 9 0 . 

Conditions 
of 

preparat ion 

In air 

C O / 0 2 = 4, 

200 Tor r 

C O / 0 2 = 1 6 

350 Torr 

ESR parameters Line widths (mT)a> 

ç-tensor -4-tensor , c i A , . , n i i 
/ \ / A\ i rr\ l ° w " e l d high field 
<g> ( i ) ( m T ) ë 

No spectrum 

1.964 5 .8 — — 

i / / « 1.939 A/,^8.2 
•j.« 1.976 ^ j . « 4 . 6 . 

1.954 — 3 .1 4 . 3 

a) T h e distances from the low field peak of the first 
derivative curve of the spectrum to the center and from 
the center to the high field peak were indepently 
estimated in the estimation of the line width. 

w a s also good , a l t h o u g h t h e crys ta l l in i t ies s e e m e d to 
b e n o t so g o o d as for t h e s ingle c rys ta l . 

T h o s e s a m p l e s s h o w e d n e i t h e r fine s t r u c t u r e n o r 
t h e h a l f r e s o n a n c e in E S R d u e to t h e sp in -sp in i n t e r a c ­
t ion for t h e sp in s t a t e of S= 1 o r h i g h e r . T h u s , b o t h 
s p e c t r a c o u l d b e a sc r i bed to t h e s ta te of £ = 1 / 2 . 

T h e E S R p a r a m e t e r s — t h e ^ -va lues , h f - coup l ing c o n ­
s t an t s , a n d t h e l ine w i d t h s — a r e g iven i n T a b l e 2 . 
T a b l e 2 i n d i c a t e s t h a t t h e c e n t e r of t h e s h a r p l ine 
differs a l i t t le b i t f rom t h a t of t h e hfs. T h e re l a t ive 
in tens i t ies of t h e hfs-lines to D P P H in Figs . 1 (a) a n d 
1 (b) s eem to b e a p p r o x i m a t e l y e q u a l to e a c h o the r . 

The ESR Spectrum for the Highly Purified V205 Crystal 
in Contact with the Mixture of CO and 0%. T h e 

E S R s p e c t r a w h i c h a p p e a r e d for t h e p u r e V 2 0 5 c rys ta ls 
in c o n t a c t w i t h t h e m i x t u r e of C O a n d 0 2 a r e i l l u s t r a t ed 
in F ig . 2. I n t h e F i g u r e , t h e l a r g e r t h e ( C O / 0 2 ) 
r a t i o a n d t h e t o t a l p r e s s u r e a n d t h e l o n g e r t h e c o n t a c t 
t i m e , t h e l a r g e r t h e in tens i ty of t h e s h a r p l ine b e c o m e s . 
I n t h e S-S-4 after t h e c o n t a c t of 49 h a t 460 ° C , on ly 
t h e s p e c t r u m w i t h t h e hfs of 15-lines is seen, b u t in 
t h e S-S-3 after t h e c o n t a c t of 49 h , a s h a r p l ine a p ­
p e a r e d t o g e t h e r w i t h t h e hfs-lines, a l t h o u g h it is r a t h e r 
w e a k . I n t h e S-S-2 after t h e c o n t a c t of 72 h a n d i n 

Fig. 2. ESR spectra in the pure V 2 0 5 crystal on the 
contact with the reactants of C O and 0 2 a t 460 °C ; 
(a) the sample S-S-4 in Table 1 after the contact for 
49 h, (b) the sample S-S-3 after the contact for 49 h, 
(c) the sample S-S-2 after the contact for 71 h, (d) the 
sample S-S-l after the contact for 115 h. 
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TABLE 3. ESR SPECTRA IN THE PURE V2Og CRYSTALS IN CONTACT WITH THE REACTANTS OF CO AND 0 2 

Sample 
Condition 

of 
reaction 

460 °C 
49 h 

460 °C 
49 h 

460 °C 
250 h 
560 °C 
240 h 

ESR parameters 

g-tensor ^4-tensor 
A(mT) 

Line widths (mT) 

low field high field 

S-S-4 

S-S-3 

S-S-1 
—S-S-4 
S-S-1 
—S-S-4 

1.963 
«//« 1.932 
^ j .« 1.978 

1.954 

i l / / «8 .2 
A± -

1.954 
±0.002 

1.954 
±0.002 

37 

34 

34 

43 

50 

47 

the S-S-1 after the contact of 115h, the intensity of 
the sharp line increased considerably. 

Figures 2(a)—2(d) indicate that the intensity of the 
sharp line increases depending upon contact time and 
the amount of the excess-CO, and, on the other hand, 
that of the hfs-lines does not depend on the contact 
time or on the amount of the excess-CO. This is 
seen in comparisons of the intensities of the spectra 
with that of D P P H . During the contact for 250 h 
an increase in the intensities of the sharp spectrum was 
found in all samples, S-S-1—S-S-4, but the line shape 
and the position of the center did not deviate from those 
at the very start. Even during further contact for 
240 h at 560 °C, the intensities of the spectrum in all 
samples still increased and the shape and the position 
of the center were also kept constant. The ESR 
parameters of the spectra are summarized in Table 3. 

The line shape of the sharp spectrum varied with 
the temperature of the measurements : the linewidth 
became larger at 300 K than that at 77 K. As an 
example, the spectrum in the S-S-3 after the contact 
for 240 h at 560 °G is given in Fig. 3. The broadening 
of the spectrum at room temperature would be caused 
by the shortening of the spin-lattice relaxation time. 
The growth of the sharp spectrum in the S-S-1 — 
the S-S-4 at 460 °G and 560 °C are shown in Fig. 4. 
The growth of the sharp spectrum is seen at 560 °G 
to be linear against the amount of the excess-CO for 

300 K 77 K 

Fig. 3. The changes in the line width of the sharp 
spectrum with the temperatures of measurement. 

I " • • • I 1 I I 

/ / ® 560'C, 1 
• © ' 240 h ' 

460'C, 
250 h 

10" 10' 
excess CO /molecules 

Fig. 4. The relations of the intensities of the sharp spect­
rum with the excess-CO. The dotted line indicates 
the spin concentration, expected in the crystal on com­
plete consumption of the excess-CO. 

the contact for 240 h, but at 460 °C in the runs with 
the higher contents of C O (S-S-3 and S-S-4) such 
linearity is not found. These findings might cor­
respond to the fact that at 460 °C the process in the 
reduction of the surface is more rapid than the process 
in the diffusion into the bulk, while at 560 °C both 
processes are comparable. Table 3 shows that the 
ESR parameters of the sharp spectrum are constant 
without regard to the intensity of the spectrum, as 
was pointed out above. 

After the contact with the mixture of C O and 0 2 

for a long time, the color of the crystal changed from 
bright brown to dark brown, but the brilliance of the 
(010) plane exposed to the surface from the start still 
remained after such treatments. The result was similar 
to that for the contact with the mixture of S 0 2 and 
O2.

30> 
ESR Spectra in the Vanadium Oxides, Obtained by the 

Thermal Decomposition of the Highly Purified NH4V03 and 
Then by the Reduction with S02. In the sample 
obtained by the thermal decomposition of the purified 
N H 4 V 0 3 powder in the air, no ESR signal was found, 
cf. Fig. 5 (a). After treatment of the sample with S 0 2 
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Decomposition 
in vacuo 

Fig. 5. ESR spectrum found on the thermal decom­
positions of the pure NH 4 V0 3 and then the changes 
in the spectrum by the contact with S0 2 . 

at 585 °C, an ESR spectrum grew, as illustrated in 
Figs. 5(b) and 5(c). In the sample obtained by the 
thermal decomposition under a vacuum, an ESR spec­
trum appeared, as is shown in Fig. 5(d). By further 
treatment of the sample by S0.2, the spectrum changed, 
as illustrated in Figs. 5(e) and 5(f). 

D i s c u s s i o n 

The ESR Spectra in the CO-02-V205 System. The 
ESR spectrum with the hfs of 15-lines was found in 
the V 2 0 5 crystal, which was prepared under the mixture 
of C O and 0 2 (rather weakly reductive), as is shown 
in Fig. 1(a). After the contact with the mixture of 
C O and 0 2 for a short time, the same spectrum ap­
peared in the crystal in which no ESR signal had been 
detected initially as is shown in Fig. 2(a). A quite 
similar spectrum has also been found in the crystal 
treated with a mixture of S 0 2 and 0 2 at the initial 
stage. The spectrum was assigned to a V 4 + — V 5 + 

pair, accompanied by an oxygen defect.30) O n the 
other hand, in the two cases in which the V 2 0 5 crystal 
was prepared under the mixture of C O and 0 2 (rather 
strongly reductive) and was brought into contact with 
such a mixture, a new sharp spectrum appeared in 
the crystal, together with the hf-lines, as shown in 
Figs. 1(b), 2(c), and 2(d). Since the centers of both 
spectra were different, the sharp line did not seem to 
be ascribed simply to the exchange narrowed line of 
the hfs of 15-lines. The sharp line could be ascribed 
to a lower oxide phase or a lower oxide state of vana­
dium oxides, by taking into consideration the results 
that the ESR parameters of the sharp spectrum are 
constant without regard to the intensity of the spectrum, 
as was mentioned above. 

According to the phase diagram of the v a n a d i u m -
oxygen system by Kachi and Kosuge et al.,31) the only 
phase which can coexist thermodynamically with V 2 0 5 

is V 3 0 7 . They8) also measured the magnetic suscep­
tibility (xmoi) of V 3 0 7 , V 6 0 1 3 , and V 0 2 and estimated 
//eff by using these equations: Xmoi = CjT—6 and ßeU= 

2.83VC. The neîî (=1 .32) in V 3 0 7 seems to be rather 
well in accordance with the # c a l c d (=1 .00 ) , calculated 
under the assumption that V 4 + ions were isolated and 
their concentration was given by the composition of 
( V 2 0 4 - 2 V 2 0 5 ) . In the case of V 6 0 1 3 the /ieff (=1 .92) 
is not very consistent with the//ca lC(J (=1 .41) calculated 
using similar procedures, and in the case of V 0 2 the 
-"eff ( = 2.96) and the i«calcd ( = 1.73) are quite different 
from each other. In V 6 0 1 3 and V 0 2 , therefore, the 
spin state of V 4 + ions in the crystals would not be so 
simple as that of V 3 0 7 . From these considerations, 
the sharp spectrum can be ascribed to the V 3 0 7 phase. 
The slight difference between the jueîî and //ealcd in 
V 3 0 7 suggests that V 4 + ions are not isolated comple­
tely in the V 3 0 7 phase. If the V 4 + ions were isolated 
completely in the crystal, it should give the hf-coupling 
with a nuclear spin of 51V (7=7/2) and thus the hfs 
of 8-lines should be found. But infact only a sharp 
line has been found because of the exchange nar­
rowing. 

O n heating the pure V 2 0 5 crystal at 160 °C and 
300 °C under high vacuum (10~6Torr) for a long 
period, Gillis and Boesman38) observed the growth of 
a new sharp spectrum, the center of which was ap­
proximately consistent with that of hfs of 15-lines. 
From the consistency of both centers of the spectra, 
the growth of the spectrum seems to correspond to 
a preliminary step before the phase transition, V205—> 
V 3 0 7 : for instance, the clustering of the oxygen va­
cancies. 

The ESR Spectra Found for the Thermal Decompositions 
of the Pure NH4V03 and Then for the Reductions by S02. 
In the D T A and T G A studies on N H 4 V O s by Taniguchi 
et al.,2*) N H 4 V 0 3 changed to V 2 0 5 by the decomposi­
tions in the air stream and to V 3 0 7 in vacuo. Further­
more, their results suggested that the V 3 0 7 was reduced 
to V 6 0 1 3 by a butadiene stream, and the V 2 0 5 was 
reduced by S 0 2 stepwise : V 2 O b ->V 4 0 9 ->V 6 0 1 3 ->VO a . 
(x=2). Wi th reference to these results, the changes 
in the E S R parameters with the thermal decomposi­
tions and then with the reductions by S 0 2 , as shown 
in Table 4, might be explained as follows. The spec­
t rum of <g> = 1.956, obtained on the thermal decom­
position in vacuo, is ascribed to the V 3 0 7 phase and 
the decrease in the g-value on the reduction by S 0 2 , 
<g> = 1.956-» 1.947, is caused by the process, V 3 0 7 -> 

TABLE 4. THE ESR SPECTRUM FOUND FOR THE THERMAL 

DECOMPOSITION OF A PURE N H 4 V O g AND THE CHANGE 

IN THE SPECTRUM WITH THE REDUCTION BY S O a 

Condition 
of 

reaction 

ESR parameter 
g-tensor Line widths 

(mT) 

In air dec 

+ so2 
heating for 45 h 

No spectrum 

1.949 4.9 5.4 

Evac. dec 
+ SOa 
at RT standing for 
4 days 
H S0 2 

heating for 59 h 

1.956 

1.953 

1.947 

4.2 

4.6 

4.5 

6.2 

5.3 

6.0 
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V 4 0 9 or V 6 0 1 3 . The decrease in the g-value, ac­
companied by the appearence of some lower oxides 
or some lower oxide states, can be understood by 
taking a change in the symmetry of the crystal field 
around the vanadium(IV) ion into consideration, as 
is discussed below. 

The V 2 0 5 crystal is constructed from a kind of 
octahedron unit, which distorts quite a bit, as shown 
in Fig. 6.32) In V 0 2 (rutile type)33) the octahedron 
is close to a proper one. In the intermediate phases : 
V307,21> V409,22> and V601 3 ,3 4) three or four types of 
the octahedron unit are contained in the crystals. T o 
show the comparisons of the V - O distances in the 
octahedron among the phases, Table 6 was prepared. 
For the intermediate phases, the V - O distances were 
evaluated as the simple means of those in all octa­
hedrons. In Table 6, the V - O ( l ) increases gradually, 
except for the V 6 0 1 3 , and on the contrary the V - O (6) 
decreases with the progress in the reduction. This 
means that the octahedron in the vanadium oxides 
changes gradually from a highly distorted structure to 
a proper one with the progress in the reduction, that 
is, the degree of the deviation of the V( IV) ion from 
the 0 ( 2 ) - 0 ( 3 ) - 0 ( 4 ) - 0 ( 5 ) plane becomes small, ex­
cept for V 6 Ö 1 3 . The crystal field splittings of V( IV) 
ions in T i Ö 2 (rutile) and V 0 2 crystals have been given 
by Simizu36) and Grunin et al.,37) as in Fig. 7(a). In 
the higher oxides the splittings probably change as 
in Fig. 7(b), because the V(IV) ion deviates further 

E g < \ 

T 2 g 

V +AcW* 

/ 

\ a » 

d " \ , 
>N 

S i 

Fig. 6. The V 0 6 octahedron unit in V 2 0 5 crystal 
(Ref. 32); small circle: vanadium ion and large circle: 
oxygen ions. 

dx a-y a "À dz2 

( a ) ( b ) 

Fig. 7. Schematical view on the changes in the energy 
diagram for the d-orbitals of the vanadium ion in the 
V 0 6 octahedron with the progress in the oxidation 
and the reduction of vanadium oxides ; (a) the energy 
diagram for the VOe unit in the VOa crystal (Refs. 36 
and 37) and (b) that in higher oxides than V0 2 . 

up from the oxygen square plane. The higher the 
oxidation states, the larger the ô becomes, while the 
A becomes a little smaller (or remains almost constant). 
T h e g-value can be roughly estimated by the familiar 
equa t ions : gzz=g0-^/A, gxx=g0-À/ô1 and gyy=g0 

—A/<52, where X is the spin-orbit coupling constant. 
Therefore, with the progress in the reduction, the 
following changes in the ^-values will be expected : 
gzz-»increase slightly (or remain constant), and gxx 

and gyy-»decrease quite a bit. 
For the V(IV) ion in the V 2 0 5 crystals, <g> = 

1.975 and gxx, gyy>gzz have been reported.38) O n the 
other hand, in the V( IV) ion in V 0 2 crystal, <g> = 
1.916 was given.37) The g-values of the V(IV) ions 
deped in T iO a , SnO a , and G e 0 2 were (g} = 1.927, 
1.928, and 1.935, respectively.39) The tendency of 
the changes in the ^-values is quite consistent with 
that expected above. The g-value in the spectrum 
found for the thermal decomposition of N H 4 V 0 3 in 
vacuo, (g)= 1.956, and also that for the reduction by 
S 0 2 , <g> = 1.947, given in Table 4, are also well 
understood according to the above discussion. Tha t 
is, the changes in the ^-values from 1.975 to 1.956 may 
correspond to the process, V 2 0 5 ~>V 3 0 7 , and the change 
from 1.956 to 1.947, to the process, V 3 0 7 - > V 4 0 9 or 

v6o1 3 . 
Recently, Kawashima et a/.25) examined in detail 

the process of the reduction of V 2 0 5 by S 0 2 by means 
of the T G A and the X-ray analysis. The processes 

TABLE 5. THE COMPARISONS OF THE V-O DISTANCES AMONG THE V 0 6 OCTAHEDRON UNITS CONTAINED 

IN THE VANADIUM OXIDES BETWEEN V 2 0 5 AND V 0 2 (V307 , V 4 0 9 , and V 6 0 1 3 are constructed 
from two or three kinds of the octahedron units. The simple mean values of the 

octahedrons were given in the oxides.) 

Compound 

v2o5 
v3o7 
v4o9 
v.cv> 
VO« (rutile) 

V-O, 

1.595 
1.624 
1.629 
1.906 
1.76 

v-o2 

1.780 
1.812 
1.891 
1.835 
1.87 

V - 0 3 

1.878 
1.946 
1.897 
1.865 
1.86 

v-o4 

1.878 
1.952 
1.931 
1.835 
2.01 

v-o5 

2.021 
1.984 
1.974 
2.086 
2.03 

v-oG 

2.785 
2.690 
2.531 
2.375 
2.05 

Ref. 

32) 
21) 
22) 
34) 
33) 

a) Since certain values of the V-O distances have not been given for the V601 3 , the authors estimated roughly, 
according to the data of Aebi. 
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in the reduction were found to occur stepwise and 
the phases described by the general formula of V n 0 2 n _ ! 
appeared successively. However, the appearance and 
disappearance of the intermediate phases depended 
delicately and complicatedly upon the experimental 
conditions: for instance, the flow rates of the reduct-
ants, the partial pressures, the temperatures, the states 
of the pilling of the powder, and so on. According 
to their results, the present ESR spectra and the param­
eters found on the thermal decomposition of N H 4 V 0 3 

and then on the reduction, are probably composite 
values. 

The Growth of the V205 Crystal and Its Coexisting 
Phase under Oxidative and Reductive Atmospheres. 
Similar spectra to those shown in Figs. 1(a) and 1(b) 
have been found in the pure and doped V 2 O s crystals. 
Ioffe et Ö/.38) have regarded the spectrum as caused 
by metal impurities, since the spectrum became more 
intensive in proportion to the contents of metal impuri­
ties. O n the other hand, the spectrum was ascribed 
to the oxygen defect by Gillis et al.,Z8) as was mentioned 
above. The fact that no ESR signal was found in 
the crystal of the V 2 0 5 prepared in the tube opened 
to the air suggests that the concentrations of the im­
purities and the oxygen defects were below the sensiti­
vity in the detection, that is, the starting material 
had been fully purified and the growth of the single 
crystal was accomplished under the condition of equi­
librium. It means, furthermore, that the equilibrium 
pressure of the oxygen at the decomposition of the 
non-stoichiometric phase (V 2 0 5 _ 5 ) was very low, as 
compared to the partial pressure of oxygen in the air 
even at such a high temperature as the melting point 
of the V 2 0 5 (ca. 670 °C). 

In the case of the crystal prepared under the mixture 
of C O and 0 2 ( C O / 0 2 = 4 ) at the total pressure of 
200 Torr, only the spectrum ascribed to the oxygen 
defect was found, as discussed above. Since in the 
system the (excess-CO/V205) ratio is estimated to be 
0.025, the non-stoichiometric region of V 2 O s will ex­
tend at least up to V 2 0 4 > 9 7 5 near the temperature of 
670 °C. O n the other hand, in the crystal prepared 
under the mixture of C O and 0 2 ( C O / 0 2 = 1 6 ) at the 
total pressure of 390 Torr, a strong sharp spectrum, 
ascribed to a phase like V 3 0 7 , appeared in addition 
to the hfs-lines, as discussed above. In this case, the 
(excess-CO/V205) ratio was estimated to be 0.10. 
Thus the composition of V2O4 > 9 0 should be realized, 
if the equilibrium between the gaseous phase and the 
solid has been kept fixed throughout the crystal growth. 
Tha t is, the non-stoichiometric phase of V 2 0 5 would 
not extend up to V 2 0 4 90. 

The Change in the Surface States of the Highly Purified 
V2Ob Crystal during the CO-oxidation. The pure 
V 2 0 5 crystal, kept under the conditions of the C O -
oxidation (rather reductive atmosphere), showed a 
sharp spectrum, accompanied with the spectrum with 
the hfs of 15-lines. The line shape and the g-value 
of the ESR spectra were completely consistent with 
that in the crystal grown under a similar atmosphere. 
Both the line shape and the (g) were kept constant 
from the beginning of the appearence without depend­
ing on the ( C O / 0 2 ) ratio, the partial pressures of 

C O , the temperatures, or the reaction time. From 
the beginning the center of the sharp spectrum already 
differed from that of the hfs-lines, as seen in Fig. 2(b) 
and Table 3. This finding suggests the coexistence 
of the non-stoichiometric phase of the V 2 0 5 and the 
V 3 0 7 near the surface from the initial stage of the 
reduction. The intensity of the sharp lines increased 
gradually with the time, while that of the hfs-lines 
did not vary, as the comparison of the intensity with 
D P P H in Figs. 2 and 3 will show. This means prob­
ably that the other phases of the lower oxides did not 
exist in the crystal even locally. This idea will be 
supported by the fact that, although the color of the 
crystal varied from bright brown to dark brown, the 
brilliance of the (010) surface was always kept. The 
results of the isotopic exchange of oxygen also suggest 
that the mobility of the lattice oxygen was stimulated 
abruptly at above 500 °C.40) Therefore, at least at 
such a high temperature as 560 °C, the highly purified 
V 2 0 5 crystal is reduced homogeneously and gradually 
from the surface toward the bulk during the C O -
oxidation (under rather reductive atmosphere). 

The result obtained in a previous paper,27) the 
abrupt change in the activation energy from the lower 
value to the higher during the CO-oxidation, could 
be related to the change in the surface states from the 
nonstoichiometric V 2 0 5 to a lower oxides like as 
V 3 0 7 . The fact that, on the contrary, such a change 
in the working state was not seen for the unpurified 
crystal,27) suggests that very little amounts of metal 
impurities play some important roles in preventing 
the change in working state. This subject is a future 
problem for the solid state chemistry on vanadium 
bronzes. 
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Nuclear Magnetic Resonance Studies of the Cu-chlorophyllin Complex 
with Flavine Mononucleotide 
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The NMR relaxation time of the Cu-chlorophyllin (Cu-chln)-flavine mononucleotide (FMN) complex was 
measured, and its geometrical structure was proposed. The complex has an absorption band at 700 nm which 
is attributed to complex formation by analogy with the chlorophyll a-FMN complex. Its binding constant is 
330 1/mol at 25 °C; this value is larger than those of other Cu-chln complexes. From the analysis of its ESR 
data, it is clear that the greater part of the electron spin in Cu-chln is distributed on the Cu2+ ion. The distance 
between the nuclear and electron spins was calculated by measuring the spin-lattice relaxation times. From these 
results, the distance between the porphyrin ring and the isoalloxazine ring in the Cu-chln-FMN complex mo­
lecule is found to be 4.2 Â if the two rings are parallel to each other. The chlorophyll a-FMN complex is assumed 
to have a similar geometrical structure. 

There are various kinds of chlorophylls in the lam-
mela structure of the chloroplast. Most of these 
chlorophylls are called "an tana chlorophylls," which 
harvest solar energy, and par t of them exist as P700, 
which is the reaction center of Photosystem I. I t is 
generally imagined that P700 is formed by interaction 
between chlorophyll a and an electron acceptor. T u 
and Wang1) have shown that the optical spectrum 
of the chlorophyll a-flavine mononucleotide (FMN) 
complex in an acetone-water mixture has a maximum 
peak at 700 nm and some characteristics of P700. 
Though the characteristics of this complex are thought 
to be related to its structure, the structure of the complex 
was not discussed in their paper. Because the ground 
state of this complex is not paramagnetic, it is difficult 
to presume a geometrical arrangement of each con­
stituent molecule in the complex. Cu-chlorophyllin 
(Cu-chln) is an interesting molecule since the electron 
magnetism on it will make it easier to study its interac­
tion with itself and with other molecules by means 
of magnetic resonance methods. Thus, the interac­
tion of chlorophyllin molecules in solution may be 
studied easily with Cu-chln as a model compound. 
In the present study, the interaction of Cu-chln with 
F M N in an aqueous environment was studied in some 
detail by means of ESR, optical absorption and N M R 
spectroscopy. 

Exper imenta l 

Materials. Mg-chlorophyllin was prepared from 
spinach by the method of Oster and his coworkers.2) Cu-
chln was obtained from Mg-chlorophyllin by the method of 
Burdick and Carroll.3) 

FMN, reagent grade (Nakarai Chem. Co.), was used 
without further purification. 

Optical Measurement. The optical spectra were measur­
ed with a Hitachi PS-3T-type autorecording spectrometer. 

NMR Measurement. The proton, phosphorus-31, and 
carbon-13 NMR spectra were recorded at 100, 40.5, and 
25.15 MHz respectively on a JMN PS-100 system equipped 
with a pulse Fourier transform unit (PFT-100). The sizes 
of the sample tubes were 5 mm O.D. for 1H, 8 mm O.D. 
for 31P. The spin-lattice relaxation time ( 7\) was measured 

by the 180°-T-90° pulse method. The repetition times were 
30 s for both the XH and 31P measurements. The spectra 
were added 16 times for the 1H and 64 times for the 3 lP 
measurements respectively. 

Theoret i ca l 

For a system containing paramagnetic metal ions 
and a large excess of free ligands, with magnetic cou­
pling between the metal and a nucleus in the ligand, 
the following equation holds under appropriate condi­
tions,4»5) 

1 / 
77 TS Tf T lM + rM ' 

(1) 

where Tm is the spin-lattice relaxation time of the 
ligand in the complex, f is the fractional number of 
the complexed ligand to the total ligand, Tx° is the 
relaxation time without a paramagnetic substance, 
7 \ * is that with a paramagnetic substance, and T"1P is 
the apparent relaxation time. If we consider a system 
consisting of two spins that undergo an isotropic Brown-
ian motion, the nuclear relaxation rate due to magnetic 
dipolar interaction between the nucleus and the electron 
spins is given by5) (for G> S T C >1) , 

1 - 2 v , c + n y i W * 3r° (2) 

* Present address: Central Research Laboratory, Mitsu­
bishi Electric Corp., Amagasaki 661. 

where a>x and œs are the Larmor angular frequencies 
of t h î nucleous and the electron spin respectively. 
Hence, T1M is proportional to the sixth power of the 
distance, r, between the unpaired electron and the 
nuclei. If TC is known, T"1M can be converted to the 
electron nuclear distance by means of Eq. 2. T h e 
electron-nuclear distance for various neclei in the 
molecule can give information as to the geometrical 
arrangement of the intermolecular complex when in­
formation about the distribution of the unpaired electron 
is available. 

R e s u l t s a n d D i s c u s s i o n 

Distribution of the Unpaired Electron in Cu-chln. 
T h e ESR spectrum of Cu-chln in an aqueous solution 
(10mmol/ l) frozen at 77 K shows an almost smeared-
out singlet because of the dipolar and the exchange 
interactions between electron spins on neighboring 
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(a) 

(b) 

i 
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i i 1 

2900 3000 3100 3200 3300 

H/Oe 

Fig. 1. ESR spectra of Gu-chln at liquid nitrogen tem­
perature a) 0.01 mol/1 Gu-chln only, b) 0.01 mol/1 
Gu-chln plus 0.1 mol/1 FMN. Microwave frequency 
9.1 GHz, power 2 mW. Modulation width 2.0 G 
at 100 kHz. 

molecules of Gu-chln (Fig. 1(a)), when F M N of 0.1 
mol/1 is added to this Gu-chln solution and the ESR 
is measured at 77 K, however a clear superhyperfine 
structure due to nitrogen atoms is observed, as is shown 
in Fig. 1(b). The sharpening of the ESR spectrum 
by the addition of F M N indicates that F M N forms 
an intermolecular complex with Cu-chln in which the 
Gu-chln molecules are separated far enough from 
each other to make the dipolar and exchange interac­
tion between electron spins negligible. T h e present 
author previously observed similar effects on the ESR 
spectrum for Gu-chln with p o l y v i n y l p y r r o l i d o n e ) 
in aqueous solutions and for Gu-chln with Mg-chln 
in ethanol, both at 77 K. 

The hyperfine splitting due to the nitrogen a tom is 
16.7 G in the Gu-ch ln-FMN system (Fig. 1(b)). By 
following the treatment proposed by Koski et Ö/.6) 
for the ESR spectra of Gu-etioporphyrin and Cu-
phthalocyanine, we may conclude that 6 5 % of the 
unpaired electrons occupy the Gu dx

2-y
2 orbital, 

and while 8 .8% occupy each of the four nitrogen atoms, 
and that the spin density on the pheophytin ring 
carbons is negligibly small. These findings regarding 
the spin distribution in Cu-chln and the N M R relaxa­
tion measurements to be shown in a later section were 
used to simulate the structures of the molecular complex 
between Cu-chln and F M N . 

Equilibrium Binding Study between Cu-chln and FMN. 
The optical difference spectra of the Cu-ch ln -FMN 
complex shows a maximum at 700 nm and a minimum 
at 630 nm. The intensity of the maximum increases 
with an increase in the concentration of F M N and 
can be attr ibuted to the complex formation of Gu-
chln with F M N . As the change in the concentration 

of F M N induces no change in the position of the maxi­
m u m peak, we may assume that the peak height of 
the difference spectra at 700 nm is proportional to the 
concentration of the Cu-ch ln -FMN complex. We 
further assume this equilibrium: 

Gu-chln + nFMN ^± Complex, (3) 

for which the equilibrium constant, K, is given by: 

1 
K=c^_x 

CF
n' 

(4) 

where Cch lb, Cch l f , and CF are the concentration of 
the bund Cu-chln, that of the free Cu-chln, and that 
of F M N respectively. Equation 4 can be rewritten 
as:7) 

l o g fth«L = l o g C p + l o g J C > 

^chlf 
(5) 

Qhib c a n be determined from the ratio of the peak 
height at 700 nm at a given concentration of F M N to 
that in the presence of a large excess of F M N at a 
constant Cu-chln concentration. Thus, the plot of 
log Cch lb/Cch l f against log CF gives the slope n, i.e. the 
number of F M N molecules bound per Cu-chln; it 
also gives the equilibrium constant, K. From Fig. 2, 
we obtain rc=0.91 and X = 5 1 2 1/mol at 9 °C, w=0.94 
and X = 3 3 0 1/mol at 25 °C, and w=1.02 and K=\0\ 
1/mol at 84 °C. We may thus conclude that, in this 
concentration range of F M N (0—7.0 X 10"2 mol/1), 
Cu-chln forms a one-to-one complex with F M N in 
this temperature range. Tsuchida et al. measured 
the Cu-chln-pyridine and poly(4-vinylpyridine) com­
plexes with the same method, thus obtaining values 
of Z = 3 9 1/mol and # = 1 5 0 0 1/mol at p H 10 respective­
ly.8) The present author previously measured the 
Cu-chln-adenosine-5'-monophosphate complex and 

CF/mol dm - 3 

Fig. 2. Optical difference spectrum of Gu-chln-FMN 
complex and Hill plot for Gu-chln-FMN complex. 
Reference side: Gell A (Gu-chln 2.99 X 10~4 mol/1, 
phosphate buffer ,pH 7.0, 0.1 mol/1), Gell B (FMN 
7 x l 0 - 2 mol/1, phosphate buffer, pH 7.0, 0.1 mol/1). 
Sample side: Gell G (Gu-chln 2.99X 10~4 mol/1, 
FMN 7 x l 0 - 4 mol/1, phosphate buffer, pH 7.0, 0.1 
mol/1), Gell D (phosphate buffer, pH 7.0, 0.1 mol/1) 
at 25 °G. 
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obtained K= 191/mol at 30 °C.9> T h e view of all 
these data, it can be said that the Cu-ch ln -FMN 
complex has a rather strong binding. 

Spin-lattice Relaxation Times of 1H and 31P Nuclei 
of FMN. A Probable Structure of the Complex : T h e 
detail of the structure may be obtained from studies 
of F M N and Cu-chln at low concentrations where 
a one-to-one complex seems to be formed by optical 
titration. For this purpose, we have measured the 
spin-lattice relaxation times of nonexchangeable 
protons, i.e., G(6) -H, C(9 ) -H , C(7) -CH 3 , and G ( 8 ) -
CH 3 of F M N at 70 mmol/1 in the presence (0.9 mmol/1) 
and the absence of Cu-chln in a neutral D a O solution 
(pH 5.8). The results are shown in Fig. 3 (as T1F) 
as a function of the temperature. T h e Tx values vary 
considerably among different protons, indicating that 
they are determined by T1M rather than by a common 
value, rM, in Eq. 2. The T l p of each proton shows 
a minimum at about 30 °C; and according to Eq. 2 
we have T C » 1 . 6 X 1 0 ~ 9 at this temperature. Using 
this TC value and the bound fraction of F M N (f) cal­
culated from the association constant (Xa = 3.3 X 102 

1/mol) for a one-to-one complex, we obtained the distan­
ces from the unpaired electron to the respective protons. 
The distance from the unpaired electron to the phos­
phorus atom was similarly calculated using the same 
TC and / value at 30 °C obtained from the 7 \ data 
in Fig. 3. All the results are listed in Table 2. 

The long distance obtained for the phosphorus (8.0 A) 
indicated that the coordination of the phosphate 
group to Cu does not occur in the complex formation. 
The interaction primarily occurs with the known 
atomic coordinates of F M N and Cu-chln,11 '12) taking 
the electron-spin distribution of Cu-chln obtained 
from the ESR study into account. 

For this purpose, a computer program developed 
in our laboratory13) was applied to this complex. By 
assuming a parallel arrangement between the two 

Fig. 3. Temperature dependence of proton and phos­
phorus relaxation. 
FMN (70 mmol/1), Cu-chln (0.9 mmol/1), pH 5.8. 
G(9)-H: • , G(6)-H: O, C(8)-CH3: • . C(7)-CH3: 
• , phosphorus: A. 

TABLE 1. THE DISTANCES FROM THE ELECTRON SPIN ON 

Cu-chln TO THE NONEXCHANGEABLE PROTONS AND 

THE PHOSPHOROUS ATOM OF F M N IN THE 

Cu-chln-FMN COMPLEX (30 °C, pH 5.8) 

s nra 

C(6)-H 8.1x10-4 0.60 
G(9)-H 6.1x10-* 0.58 
C(7)-CH3 1.81 x lO- 3 0.69 
C(8)-CH3 1.73X10-3 0.68 
P 1.50X10-2 0.80 

a) Tlbosd is the observed TlB. b) R is the apparent 
distance between the protons or phosphorus and the 
electron spin. 

planes of F M N and Cu-chln, we find that the central 
Cu atom is closer to the methylated ring and that 
the interplane distance is 4 .20±0.05 Â. This inter-
plane distance is a little longer than those of the TT-TT 
complex consisting of two aromatic compounds with 
carbon 2pyr orbitals, but considering the involvement 
of d-orbitals in the present system, the structure is 
essentially similar to the stacking arrangement of 
two aromatic compounds. 

Barry et al. suggested that the family structures 
of the Co-mesoporphyrin I X dimethyl ester-2,4,7-
trinitro-9-fluorenone complex with 4.00±0.02 Â are 
closely related to those determined for similar com­
plexes in the crystalline state in that the planes of 
Co2+ M P D E and T N F are parallel.14) We may, 
therefore, confirm that the interaction between F M N 
and Cu-chln in an aqueous environment is probably 
of hydrophobic origin, with the two planes mutually 
stacked.15) 

From the close similarity in the optical difference 
spectra between the Cu-ch ln -FMN system and the 
chlorophyll a - F M N system, we can expect that chloro­
phyll a also forms a similar complex with F M N in 
an aqueous environment. 

T h e author is deeply indebted to Professor Hiroyuki 
Ha tano for his continual encouragement throughout 
this work, and also to Dr. Kazuyuki Akasaka for his 
helpful advice and discussions. He also wishes to 
thank Mr . Hideaki Kusakawa for his advice on the 
writing of this paper. 
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The Vibrational Spectra and Rotational Isomerism of 3-Butenylsilane 
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The infrared and Raman spectra of 3-butenylsilane, CH2=GHGH2GH2SiH3 (and -SiD3), were measured 
for the gaseous, liquid, and solid states. The fundamental vibrations were assigned, and the normal vibrations 
were calculated in relation to the rotational isomerism. The calculations indicated that the cis-trans (CT), skew-
trans (ST), and skew-gauche (SG and SG') forms coexist in the gaseous and liquid states, while the GT form only 
persists in the solid state. From the temperature variation in the Raman intensities, the stability of the molecular 
conformations was found to be in this order: CT2>ST>SG'>SG in the liquid state, indicating that an appreci­
able interaction between the silicon atom and the C=C bond, such as in the case of allylsilane, is not present for 
3-butenylsilane. 

The properties of the U V and I R spectra of un­
saturated organosilanes have long been investigated 
and have been commonly cited as evidence of the 
interaction between vacant 3d-orbitals of the silicon 
atom and the C=C n electron system, i.e., (p—>d)-
7r-bonding and long (p-^d^-bonding. 1 ) Recently, 
however, the bathochromic effect of the U V spectra 
and the abnormal high reactivity to the C=C bond 
of ^-unsaturated organosilanes have been interpreted 
in terms of the o-n hyperconjugation between the 
C=C n and the Si-C a bonds.2) The magnitude of 
this hyperconjugation varies with the dihedral angle 
about the axis between the carbon atoms in the a-
and /?-positions, and it is maximal at 90°,3) indicating 
that the skew conformation is preferable to the eis 
conformation. Actually, in a previous paper4) the 
analysis of the vibrational spectra has confirmed that, 
for allylsilane, only the form near the skew form pre ­
dominantly exists in the gaseous, liquid, and solid 
states, although, for methylvinylsilane, the eis and 
skew forms coexist in the gaseous and liquid states. 
The same conclusion as to the molecular conformation 
of allylsilane has also been drawn from the electron-
diffraction study5) and the microwave spectral analy­
sis.6) 

In the present paper, we will, then, deal with the 
molecular vibrations and rotational isomerism of 
3-butenylsilane in order to obtain information on the 
interaction between the C=C bond and the silicon 
atom of the y-position. 

E x p e r i m e n t a l 

The samples of 3-butenylsilane, GH2=GHGH2CH2SiH3, 
and its deuterated species, CH2=CHCH2CH2SiD3, were pre­
pared as follows. Allyl bromide was converted to 3-buten-
l-ol using magnesium and paraform, and the 3-buten-l-ol 
was then converted to 3-bromo-l -butène using PBr3, by the 
method of Linstead et a/.7> A Grignard reagent prepared 
from the 3-bromo-l-butène was added to silicon tetrachloride 
in dry ether to yield 3-butenyltrichlorosilane. The resulting 
3-butenyltrichlorosilane was reduced to 3-butenylsilane with 
LiAlH4 or LiAlD4 in dry dibutyl ether. The purities of the 
3-butenylsilane-rf0 and -d3 were checked by NMR analysis.8> 

The infrared spectra in the 250—4000 cm - 1 region and 
the Raman spectra in the 10—4000 cm - 1 region were record­
ed on a Perkin-Elmer instrument (Model 621) and a JEOL 
Raman spectrometer (Model JRS-400D) with an argon-ion 
laser respectively. The infrared and Raman spectra were 

measured for the gaseous, liquid, and solid states and for 
the liquid and solid states respectively, using the technique 
described in a previous paper.4) 

R e s u l t s 

Normal Coordinate Treatment. A molecule of 
3-butenylsilane has two G-C axes and five possible 
isomers : cis-trans (CT) , cis-gauche (CG), skew-trans 
(ST), skew-gauche (SG: stretched), and skew-gauche' 
(SG' : bent) . In order to confirm the molecular 
forms and the assignments of the observed spectra to 
rotational isomers, the normal vibrations were calcu­
lated using the modified Urey-Bradley force field. 
The structural parameters used were transferred from 
those of 1-butène9) and ethylsilane10) determined by 
microwave study. All the valence angles except for 
the CH 2=CH group were assumed to be tetrahedral, 
and the dihedral angles were assumed to be 0° for 
the C form and 120° for the S form about the 
(CH 2 =)CH-GH 2 (CH 2 ) axis, and 60° for the G form 
and 180° for the T form about the (=CH)CH 2 -GH 2 -
(SiH3) axis. The force constants used in the present 
calculation were transferred from those of propylsilane,11) 
allylsilane,4) and olefins,12) and the torsional force 
constants13) of F(C-C=) and F(C-Si) were assumed 
from the barrier heights of 1.7kcal/mol for 1-butène9) 
and 2.04 kcal/mol for ethylsilane10) respectively. Ta­
bles 1 and 2 give the observed and calculated fre­
quencies of 3-butenylsilane-öf0 (BS-öf0) and 3-butenyl-
silane-ûfg (BS-d3), together with the assignments based 
on the predominant potential energy distributions. 

Rotational Isomerism. The molecule of 3-butenyl­
silane has 15 atoms and has the molecular symmetry 
of C s for the C T form and that of Gx for the CG, ST, 
SG, and SG' forms. In the C s symmetry, the 39 
normal vibrations are reduced to 24 of the A' species 
and 15 of the A" , while in the C1 symmetry all 39 are 
of A. All the normal vibrations are infrared and 
R a m a n active. 

Figures 1 and 2 show that several R a m a n lines 
in the liquid state disappear in the solid state, indi­
cating the existence of the rotational isomers in the 
liquid state. O n the other hand, almost all the fre­
quencies observed in the solid state are assigned to 
the fundamental vibrations for one isomer, as Tables 
1 and 2 show. 

For such w-alkylsilanes as propylsilane and butyl-
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Gas 

IR 

T A B L E 1. 

Liquid 

IR 

OBSERVED AND CALCULATED FREQUENCIES (cm - 1) OF 3-BUTENYLSiLANE-i/0
a> 

Solid Calculated 

R IR R CTb> ST SG' SG 

Assign­
ment0) >d> 

2171 shvs 2181 w s 2174 A' 2174 2174 2174 *-aSiH3 

2162 vs 2158 vs 2154 ws p /2158 vs /2154 w s 2174 A" 2174 2174 2174 i<aSiH3 

2148 vs V2149sh vs 

1646 m 1641 w 1640 w s p 
1445 w 1444 vw 1447 b vw dp 

1429 w 1432 b vw 1430 sh vw 
1416 w 1415 vw 1416 s p 

1405 vw 1406 sh w dp? 

1348 vw 1342 w w 1345 vvw 
1316 b vw 1314 vvw 1317 sh vw 

1300shs 

1178b w 

vz\j* 
1262 

1181 
1162 

w w 
w w 

vw 
vw 

1295 
1277 
1193 
1184 
1173 
1145 b 

vs 
m 
w 
w 
w 
vvw 

p 
p 
p 
p 
p 

1089 sh w 1095 vw 1087 b vvw 

1057 w 1053 vw 1057 b w w 
1013 w 

992 s 991 m 992 w dp? 

942 vs dp 

936 vs 922 b vs 931 s dp? 

908 shvs 912 m dp? 

898 w p 
878 vw 

802 m 

753 m 

697 w 

799 w 
789 sh w 
757 b w 
749 b w 

692 w 

643 
604 

vw 
vw 

582 b w 578 w 
549 vw 

524 b m 522 b vw 

800 vw 
790 sh vw 
758 s p 
745 w dp? 
699 sh w 
693 m p 
661 sh w 
651 w dp? 
610 w p 

584 vs p 
555 b vw 
525 w dp? 

2127 ws 2171 A' 2171 2171 2171 
1639 m 1639 vs 1645 A' 1642 

1430 
1416 

/1432sh w 
w \1423 m 
vw 1415 w 

1430 A' 
1426 A' 

1404 A' 1403 vw 1407 s 
1400 sh vw 
1344 vw 1345 vw 1347 A' 

1298 b vvw 1296 vs 1277 A" 
1281b w w 1280 w 1269 A' 

1183 w 1181 m 1190 A' 

1087 w 1095 vw 1104 A" 

1093 A' 

1000 m 1003 vw 998 A" 
981 vw 
939 sh s 

930 vs 
917 b vs 

904 vs 

760 m 
748 m 

985 m 
947 sh vs 
943 vs 
937 m 
922 w 
909 w 

984 A' 
950 A" 
947 A' 
925 A" 
917 A' 
903 A' 

1427 
1424 

901 m 900 A" 896 

763 vs 763 A' 758 
746 vw 731 A" 728 

623 

1642 
1434 

1144 1154 
1145 

601 m 

552 w 
528 w 

1642 
1432 

1422 1424 

1406 1405 1405 

1353 1351 
1329 
1290 

1282 1283 
1255 1255 1256 
1191 

1165 

1100 

1092 

1070 1047 

1008 
997 1004 1003 

995 990 
950 949 950 
947 948 948 
924 927 926 
917 917 917 
905 904 909 

887 885 

801 
787 

696 
692 
628 631 

568 569 574 rsSiH, 

433 sh w 
424 b vw 422 w w 423 m p 

613 s 602 A' 
607 m 

554 w 563 A" 
/538 w 538 A" 539 537 537 
V528 w 525 A' 

440 
439 438 

)'sSiH3 

*C=C 
5SiCH2 

5=CH2 

5SiCH2 

(CT.ST), 
j=CH2 

(SG', SG) 
5GCH2 

wCGH2 

wGCH2 

*CCH2 

*CCH2 

«S-TCH i.p. 

wSiCH2 

wSlCtî2 

wSiCH2 

r=C-C 
wSiCH2 

*SiCH2(CT), 
v=C-C(SG) 
v=C-C(CT), 
*SiCH2(SG) 
*SiCH2 

*>C-C 
*=CH2 

*>C-C 
<5aSiH3 

<5aSiH3 

w=CH2 

<5sSiH3 

r=CH2(CT, 
ST, SG'), 
rCCH2(SG) 
rCCH2 

rCCH9(SG'), 
r=CH2"(SG) 
rSiCH2 

rSiCH2 

nC-Si 
rSiCH2 

vG-Si 
vG-Si 
(5=CH o. p. 
<5=CH o. p. 
rsSiH, 

<5=CH o. p. 
raSiH3 

<5C=CC 
<5C=CC 
(5G=GC 

file:///1423


May, 1979] Vibrational Spectra and Rotational Isomerism of 3-Butenylsilane 

TABLE 1. (Continued) 

1281 

Gas 

IR 

Liquid 

IR ~R 

332 sh vw 
305 w 
261 w 
224 b w 

179 sh m 

96 sh m 

9 

P 
P 
dp? 

dp? 

dp? 

Solid 

IR R 

264 

208 
179 

158 

106 
/92 
^88 

79 sh 
59 
52 
36 

m 

w 
w 

w 

vs 
vs 
vs 

m 
s 
vs 
WS 

CTb> 

243 A' 

161 A' 

162 A" 

131 A" 
75 A" 

Calculated 

ST 

321 

188 

156 
95 

78 

SG' 

369 

229 

140 
91 

69 

SG 

371 

219 

139 
96 

69 

Assign­
ment^ >d> 

<5CCC= 
<5CCC= 
<5CCSi 
<5CCSi 
106x2 
<5CCC=(CT), 
(5GCSi(ST) 
rC-Si 
rC-Si 
T = C - G 

T G - G 

T G - C 

) Lattice 
vibrations 

a) Frequencies above 2200 cm"1 are not included, and infrared spectra below 250 cm - 1 are not recorded, s : 
strong, m: medium, w: weak, v: very, sh: shoulder, b : broad, p : polarized, and dp: depolarized, b) A', A": 
A' and A" species in the Gs symmetry, c) When molecular symbols are not indicated in parentheses, the band 
is assigned to each of the existing forms (CT, ST, SG', and SG). v. stretching, s: scissoring, w: wagging, t: 
twisting, r: rocking, ô: deformation, i. p. : in-plane, o. p. : out-of-plane, a: asymmetric mode, and s: symmetric 
mode, d) A large mixing of the modes occurred. (*CCH2, *SiCH2), (v=C-G, r=CH2), and (<5CCSi, <5CCC=) for 
CT. (rsSiH3, (5=CH o. p.) for ST, SG', and SG. (d=CH i. p., wSiCH2, *CCH2) for SG' and SG. (<5=CH o. p., 
ay=CH2, f=CH2) and (rCGH2, rSiCH2, w=CH2) for SG. 

1000 500 

Wave number / cm 

Fig. 1. Raman spectra of 3-butenylsilane-rf0 in the 
10—1700 cm - 1 region. 
(a) : Liquid state at room temperature, (b) : solid 
state at liquid nitrogen temperature. 

silane containing a - C H 2 C H 2 S i H 3 group, only 
the C-Si stretching and CH2Si rocking vibrations 
have been observed in the 650—850 c m - 1 region.11) 
By analogy with the case of the C-Cl stretching vi­
bration in alkyl chlorides,14) the C-Si stretching vi­
bration for the T form (Pc) has been assigned on a 
higher-frequency side than that for the G form (PH), 
while the reverse is true for the CH2Si rocking vibra­
tion,15) as is shown in Fig. 3. The CH2Si rocking 
vibration, however, is, in general, weak in the R a m a n 
scattering and is of medium strength in the infrared 

1000 

Wave number / cm" 

Fig. 2. Raman spectra of 3-butenylsilane-</3 in the 
10—1700 cm-1 region. 
(a) : Liquid state at room temperature, (b) : solid 
state at liquid nitrogen temperature. 

absorption. Thus, from a comparison of the spectra 
of BS-df0 with those of propylsilane and butylsilane, 
the stronger R a m a n lines at 758, 699 (shoulder), and 
693 c m - 1 are assigned to the G-Si stretching vibration, 
while the R a m a n lines at 800, 790 (shoulder), and 
745 c m - 1 are assigned to the CH2Si rocking vibration. 
T h e R a m a n lines at 800, 790, 699, and 693 cm- 1 , 
vanishing in the solid state, belong to the G form, 
and the R a m a n lines at 758 and 745 c m - 1 , persisting 
in the solid state, to the T form. 

O n the other hand, for 1-butène12) and allyl chlo-
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OBSERVED AND CALCULATED FREQUENCIES (cm - 1) OF 3-BUTENYLSILANE-^/ ) 

[Vol. 52, No. 5 

Gas 

IR 

Liquid Solid Calculated 

IR R IR R CTb> ST SG' SG 

Assign­
ment 0) »d> 

1646 m 
1575 vs 

1641 m 
1571 vs 

1639 vvs p 1641 s 1640 vs 1645 A' 
1570 vvs dp? 1580 vs 1589 vs 1572 A' 

1565 vs 

1642 1642 1642 
1572 1572 1572 

1564 vs 1550 vs 1551 ws p 
1564 vs 1572 A" 1572 1572 1572 

1545 1545 1545 1552 vs /1549 vvs 1545 A 
\1539 vvs 

1443 w 
1430 w 
1417 w 

1356 b vvw 
1314b vw 

1299 sh vw 
1260 vvw 

1170 b vw 

1445 w 
1431 w 
1415 w 

1407 w 

1359 sh vvw 
1345 vvw 
1317 vvw 

1295 vvw 
1263 vw 

1180 vw 
1161 vw 

1528 sh w 
1446 w 
1432 sh w 
1416 s 

dp 
1429 

1521 vw 

1425 w 1430 A' 
1434 1432 

1427 
1418 shvw 1416 shvw 1426 A' 1424 1422 1424 

1407 sh m dp? /1406 m 1407 s 1404 A' 1406 1405 1405 
\1401 sh vw 

1346 vvw 
1314 w p 
1299sh s 

1343 vw 1344 vw 1347 A' 1353 1351 
1329 
1290 

1088 b vw 1094 vw 1084 vvw 

1295 vs p 1299 vw 1296 vs 1277 A" 1282 1283 
1278 m p 1283 vvw 1280 w 1269 A' 1255 1255 1256 
1194 w p 1190 
1182 w p 1180 m 1179 s 1188 A' 
1171 w p 1164 
1142 b vw 1143 1154 

1144 
1090 m 1092 vw 1103 A" 1098 

1054 w 

999 

918 s 

912 s 

760 vs 

716 vs 

676 vs 

635 m 

1052 vw 
1010 w 

992 m 

918 s 

901 vs 

756 vs 

710 vs 

677 b vs 

635 w 
610 sh vw 
547 b vw 

1053 w w 
1007 w 

1093 A' 1091 

1068 1046 
1005 1003 1002 

994 w dp? 997 m 1002 vw 997 A" 996 993 988 

986 sh vw 
921 m p 
912 w dp? 

983 

903 

w 

vs 

896 
871 

w 
vw 

895 sh m 

981 
925 
907 

896 

m 
w 
w 

980 A' 
924 A" 923 927 925 
903 A' 903 900 905 

892 A" 
887 886 884 

755 vs p 764 vs 761 s 770 A' 766 785 770 

713 s p /727 m /722 vvw 718 A" 716 717 715 

\723 m \714 w w 
,688 shvw ,684 s 681 A" 

678 b vs dp? /674 vs /674 vs 680 A' 

\666 vs \668 m 664 A' 
\662 vs *661 vw 

634 vs p 
614 m p 
556 vw dp? 552 w /562 vw 563 A" 

\559 w 

680 681 681 
680 680 680 
662 

638 644 
593 608 613 

Î>C=C 

*>aSiD3 

î>aSiD3 

v8SiD3 

755x2 
.rSiCHo 
s=CH2 

^SiGH2 

(CT, ST), 
s=CH2 

(SC, SG) 
J G G H 3 

677x2 
H;CCH 2 

H;CCH 2 

/GGH2 

*CCHa 

<5=CH i. p. 
rcSiCHa 
wSiCHa 

Î>=C-C 

r^SiCHo 
*SiCH2(CT), 
Î>=C-C(SG) 

v=C-C(CT), 
*SiCH2(SG) 
*SiCH2 

vC-C(ST), 
*=CHa(SG', 
SG) 
f=CHa(CT, 
ST), Î>C-C 

(SG', SG) 
Î>C-C 

w=CH2 

r=CH2(CT, 
ST, SG'), 
rCCH2(SG) 
rCCH2 

rCCHo(ST, 
SG'), " 
r=GH2(SG) 
*'C-Si(CT, 
ST), rSiCHo 
(SG', SG) 
rSiCH2(CT, 
ST), ?>C-Si 
(SG', SG) 

<5aSiD3 
<5aSiD3 
<5sSiD3 
<5sSiD3 

<5sSiD3 

S=CH o. p. 
<5=CH o. p. 

file:///1539
file:///1401
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Gas 

IR 

492 b w 

424 b w 

IR 

489 b 
477 

437 

Liquid 

w 
w 

w 

^ R 

520 sh vw 
492 m 
481 w 

428 m 

406 m 
319 sh vw 
300 vw 
253 w 
211 w 

168 sh w 

100 sh s 

P 

P 

P 

P 
P 
dp? 

dp? 

dp? 

IR 

521 

474 

/434 

Solid 

vw 

s 

m 

\427sh w 

R 

529 

/482 
V476 
/438 

\430 

255 

/206 
Vl96 

165 

102 
88 

73 
52 
35 

vw 

s 
m 
vw 

w 

s 

vw 
w 
m 

vvs 
s 

s 
vs 
vs 

CTb> 

537 A' 

460 A' 

419 A" 

230 A' 

154 A' 

149 A" 
112 A" 
69 A" 

Calculated 

ST 

492 

424 

409 

316 

175 

129 
86 

76 

SG' 

483 

439 

416 

350 

215 

113 
80 

66 

SG 

496 

422 

418 

351 

207 

113 
85 

67 

) 

Assign­
ment«)'d> 

<5C=CC 
rsSiD3 

rsSiD3 

raSiD3(ST), 
(50=00(80', 
SG) 
raSiD3 

(5C=CC 
(5CCC= 
(5CCC= 
<5CCSi 
<5CCSi 
102x2 

<5CCC=(CT), 
(5CCSi(ST) 
rC-Si 
T=C-C 
T C - C 

T C - C 

Lattice 
vibrations 

a), b), c) See a), b), and c) of Table 1. d) A large mixing of the modes occurred. (*CCH2, fSiCH2), (v=C-C, 
r=CH2), (<5CCSi, <ÎCCC=), and (rC-Si, T=G-G) for CT. (raSiD3, <5C=CC) for ST. (wSiCH2, tCCH2, Ô=CH i.p.) 
and ((5=CH o.p., *=CH2, w=CH2) for SG' and SG. (rCCH2, rSiCH2, zo=CH2) for SG. 

ride,16) both containing the C H 2 = C H C H 2 - group, 
the C=CC skeletal bending vibration can be expected 
to be in the 400—550 c m - 1 region ; this vibration for 

IR 

R 

CC-CSi 

CCC-CSi 

(b) 

(a) 

(b) 

i • 

1 

y 

1 ' 1 1 } | 

IR 

R 

c=c-cc 
c=c-cci 1 

1 

(a) 

•A 
' ' 

! 1 1 
i i_i 

800 700 500 400 
-1 Wave number / cm 

Fig. 3. Comparison of the spectra of 3-butenylsilane-
d0 with those of analogous molecules. 
(a) : Liquid state at room temperature, (b) : solid 
state at liquid nitrogen temperature. 

the C form has been observed on a higher-frequency 
side than that for the S form, as is shown in Fig. 3. 
For BS-d0, the R a m a n lines at 525 and 423 c m - 1 

are assigned to the C=CC skeletal bending vibration; 
the latter (the S form) disappears in the solid state, 
while the former (the C form) persists. Therefore, 
for 3-butenylsilane, it is indicated that the C T form 
persists in the solid state and that the C T and other 
forms coexist in both the gaseous and liquid states. 
The above results were confirmed from the normal 
coordinate treatment. The calculated frequencies 
of the C T form reproduced well the observed fre­
quencies in the solid state. In the liquid state, the 
observed spectra were explained by the coexistence 
of the CT , ST, SG, and SG' forms. Especially, the 
R a m a n lines at 305 cm" 1 for BS-d0 and at 300 c m - 1 

for BS-ûf3 in the liquid state suggested the existence 
of the ST form, corresponding to the calculated fre­
quencies of 321 c m - 1 for BS-dQ and 316 c m - 1 for BS-
dz given in Tables 1 and 2. The R a m a n lines at 800 
and 693 c m - 1 and the shoulder R a m a n lines at 790 
and 699 c m - 1 were assigned to the vibrations of the 
SG' and SG forms respectively, as Fig. 4 shows. T h e 
existence of the CG form was not clear from the com­
parison of the observed frequencies with the calculated 
ones. However, this form is unlikely because of its 
large H---H nonbonded repulsion between the CH2^ 
C H and SiH3 or SiD3 groups.12) 

Stability of the Rotational Isomers. T h e enthalpy 
difference can be determined from the intensity ratios 

file:///427sh
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(b) / \ / \ 

| 1 I I J 
ICT o o 
ST o o 
SG' o o 

|S G o o 
800 750 700 

Wave number / cm" 

Fig. 4. Observed spectra in the 640—840 cm - 1 region 
and calculated frequencies of each molecular form 
for 3-butenylsilane-rfn. 
(a): Liquid state at — 84 °C, (b) : liquid state at 
— 115CC, O: calculated frequency. 

of the R a m a n lines belonging to different isomers.17) 
However, only two pairs of the R a m a n lines were 
used for the determination because of the requirement 
that the pair of R a m a n lines be well separated from 
each other. The relative intensities were measured 
in the liquid state at different temperatures between 
- 5 3 °C and - 1 1 5 °G. The intensity ratios of the 
R a m a n lines at 758 (the C T and ST forms) and 693 
cm" 1 (the SG and SG' forms) gave the apparent 
enthalpy difference, A / / [ ( S G - f S G ' ) - ( C T - f - S T ) ] = 0 . 7 4 
± 0 . 1 kcal/mol, and those at 261 (the C T form) 
and 305 c m - 1 (the ST form), A / / ( S T - C T ) = 0 . 2 2 ± 
0.2 kcal/mol. O n the other hand, Fig. 4 shows that 
the 800 and 693 c m - 1 R a m a n lines assigned to the 
SG' form increase in their relative intensities with a 
decrease in the temperature, as compared with those 
of the 790 and 699 c m - 1 R a m a n lines assigned to the 
SG form. Therefore, for 3-butenylsilane, the stability 
of the rotational isomers is in this order: C T i > S T > 
S G ' > S G in the liquid state. 

D i s c u s s i o n 

For 3-butenylsilane, it was found that only the C T 
form persisted in the solid state and that the stability 
of the rotational isomers was in this order : C T ^ S T > 
S G ' > S G in the liquid state. From the intensity 
ratios of the R a m a n lines belonging to the isomers, 
the enthalpy difference between the T and G conforma­
tions about the (=CH)CH 2 -CH 2 (SiH 3 ) axis was esti­
mated to be ca. 0.7 kcal/mol, and that the C and 
S conformations about the (CH 2 =)CH-CH 2 (CH 2 ) 
axis, 0.22±0.2 kcal/mol. For propylsilane with the 
(CH 3 )CH 2 -CH 2 (S iH 3 ) axis, the T form has been 
found from the R a m a n spectral analysis11) to be more 
stable than the G form by 0.60—0.65 kcal/mol. For 
1-butène with the ( C F f » C H - C H 2 ( C H 3 ) axis, the 
enthalpy difference between the C and S forms has 
been reported to be A / / ( C - S ) = 0 . 1 5 ± 0 . 1 5 kcal/mol 

from the microwave analysis9) and A / / ( C - S ) = — 0.10± 
0.05 kcal/mol from the N M R analysis.18) Therefore, 
3-butenylsilane has a rough additivity of the enthalpy 
differences. 

O n the other hand, Har rah and Mayo19) have re­
ported, on the basis of their infrared spectral analysis 
of 1-alkenes, that the isomer with the S conformation 
persists in the solid state. The molecular form (the 
C T form) of 3-butenylsilane in the solid state differs 
from that of 1-pentene. This is, however, not peculiar, 
for the enthalpy difference about the (CH 2 =)CH-
CH 2 (CH 2 ) axis is quite small. 

For 3-butenylsilane, the most and the least stable 
isomers in the liquid state were the C T and SG forms 
respectively. Therefore, the stability of the rotational 
isomers is mainly interpreted in terms of the steric 
repulsion between the nonbonded hydrogen atoms. 
The SG form has a considerable H---H nonbonded 
repulsion between the = C H - and CH2Si groups. For 
the C T form, the silicon atom is more apart from 
the CH 2=CH group geometrically. Thus, there is 
no appreciable interaction between the C^C bond 
and the silicon atom of the y-position for 3-butenyl­
silane. 

The authors wish to express their thanks to Dr. 
Hiroatsu Matsuura for his valuable discussion. 
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The Visible-UV Absorption and Circular Dichroism Studies of 
Poly(a-L-glutamic acid)-Copper(II) Complexes with 

Emphasis on the Extrinsic Cotton Effect1 

Kiwamu YAMAOKA* and Tsutomu MASUJIMA 

Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima, Hiroshima 730 
(Received September 20, 1978) 

The visible-UV absorption and circular dichroism, CD, of poly(a-L-glutamic acid)-Gu(II) solutions have 
been measured at 25 °G in the pH range 7 to 3.5 and at the mixing ratio, R, (Glu residues-to-Cu2+) 32 to 4. 
Complex formation between poly(Glu) and Cu2+ was evident from the three absorption bands of bound Cu(II) 
around 700, 370, and 250 nm. The molar absorption coefficients, e, varied with pH and R in a complicated 
but systematic manner. The pH dependence of e, however, was not in parallel with the helix-coil transition of 
poly(Glu)-Gu(II) complexes. The extrinsic CD bands of bound Gu(II) have been detected in the three absorp­
tion band regions, and found to depend on both pH and R. The optical dissymmetry factor indicated that the 
700 and 250 nm absorption bands of bound Cu(II) are associated with multiple CD bands of opposite signs. The 
intrinsic CD showed that the Cu(II)- and pH-induced helices of the poly(Glu)-Cu(II) complex are alike re­
garding the polymer backbone. 

In order to understand the catalytic function of 
polypeptide-metal ion complexes, the detailed study 
of the binding of the transition metal ion to the 
poly (amino acid) appears to be indispensable. For 
this purpose, poly(a-L-glutamic acid), poly (Glu), and 
Gu2+ have been extensively utilized as a model sys­
tem.1 - 8) The conformation of the macromolecular 
complex, i.e., the long-range or overall structure of 
poly(Glu) bound by Cu( I I ) , and complex formation 
between Cu(II ) and ligands, i.e., the species of the 
Cu( I I ) -G lu residue complex, however, remain un-
clarified. Potentiometrie titration is almost power­
less from this viewpoint,1) but optical spectroscopic 
studies should reveal changes in the configuration of 
Cu(II ) bound by ligands and the conformational 
transition of poly (Glu) induced by bound Cu( I I ) . 

Optical absorption studies on complex formation 
between Gu(II) and simple polyelectrolytes such as 
polyacrylate (denoted as poly(Acr)) and polymetha-
crylate (denoted as poly(Methacr)) are numerous. 
In the presence of such polyanions, the absorption 
spectra of Cu(I I ) show three bands around 700, 360, 
and 250 nm.9 - 1 5) T h e interaction between Cu(II ) 
and poly (amino acids) has also been extensively stud­
ied, i.e., poly (Glu),2-4-8) poly (Lys),16"18) poly(Arg),19) 
poly(His),20) poly(Gly),21) and poly (Ala).22-23) The 
circular dichroism, CD, method is valuable for stud­
ies of both complex formation and conformational 
transition, provided that the intrinsic CD of the chro-
mophore of poly (Glu) and the extrinsic CD of the 
complex formed between the optically inactive metal 
ion and the active Glu residue appear separately but 
simultaneously in the respective wavelength regions. 
Hence, the conformational change of the macromolec­
ular poly(Glu)-Cu(II ) complex can be related to 
the formation of the ligand complex between Cu(II ) 
and Glu residues. CD studies on the complex forma­
tion with Cu(I I ) have been reported for poly(Glu),2) 
poly(Lys),16-18) poly(Orn),18) poly(Dbu),18) poly(Arg),19) 
poly (His),20) poly (Ala),23) and some Schiff-base 
derivatives of poly (Lys) and poly(Orn).24) 

t Macromolecule-Metal Ion Complexes. IV. For the 
preceding papers, see Refs. 5—7. 

In the present work, both the absorption and 
CD spectra of poly(Glu)-Cu(I I ) solutions have been 
studied by varying the p H between 7 and 3.5 and 
the mixing ratio (Glu residues to Cu2 +) between 32 
and 4. The poly(Glu) -Cu(I I ) complex exhibited 
three absorption bands in the 700, 370, and 250 nm 
regions. The p H dependence of the intensity of each 
band has been found to be more complicated than 
previously reported.2) T h e extrinsic CD of bound 
Cu(II ) has been observed in all three absorption 
bands, again contrary to a previous report.2) The 
p H dependence of the CD of Cu(I I ) is not, however, 
completely in parallel, although closely related, to 
the helix-coil transition of the macromolecular poly-
(Glu) -Cu(I I ) complex. The present absorption and 
CD data suggest that the variation in the absorp­
tion intensity of the bound Cu(II ) with p H results 
not only from the change in amount and species of 
C u ( I I ) - G l u ligand complexes but also from the con­
formational change. Moreover, another conformation­
al transition, possibly helix-to-aggregate, has been 
shown to exist for the poly(Glu)-Cu(II ) complex 
at low p H where the helix is already completed. The 
present data are discussed in terms of the feedback 
of the poly (Glu) conformation to the complex forma­
tion between Glu ligands and Cu( I I ) , and vice versa. 

Exper imenta l 

Materials. Sodium poly(a-L-glutamate), abbreviated 
simply as poly(Glu), was kindly supplied from Ajinomoto 
Co., Ltd. (Tokyo) and purified by dialyzing against redistill­
ed water for 24 h, freeze-drying, and vacuum-drying at 
56 °C for 7 h. The weight-average degree of polymerization 
DPw was determined to be ca. 700 from the intrinsic viscosity 
in 2 M NaCl solution. The stock poly(Glu) solution was 
prepared by weighing the anhydrous sample with a mean 
residue weight of 151. Sodium polyacrylate, abbreviated 
simply as poly(Acr), was purchased from Nakarai Chemicals 
Co. (Kyoto) and purified by fractional precipitation,7) (DPW 

7700). In the CD study the poly (Glu) sample with a DPW 

of 610, purchased from Pilot Chemicals, Inc., was exhaus­
tively dialyzed against distilled water and freeze-dried. Rea­
gent grade copper(II) chloride dihydrate was dissolved in 
distilled water prior to use. 
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Preparation of the Polymer-Cu(II) Solutions. Typically, 
a sample solution at the appropriate pH, mixing ratio, R, 
and ionic strength was prepared by adding appropriate 
amounts of NaCl, CuCl2, and HCl solutions, in this order, 
to either poly(Glu) or poly(Acr) solutions. The value of 
R, denned as the ratio of the molar residue concentration of 
polymer to the total concentration of added Cu2+, was varied 
by adjusting the amount of Cu2+. The final concentration 
of the polymer residue was maintained constant at 8 mM 
throughout. The salt concentration in the polymer-Cu(II) 
solution was maintained constant at 7.5 mM in terms of the 
sum of HCl and NaCl by adjusting either of them. The 
effect of the mixing order was tested by interchanging the 
order of addition between CuCl2 and HCl at room temper­
ature. No difference was observed in the absorption and 
CD spectra, unless the pH of the solution was very low. 
However, the temperature effect on the absorption spectra 
of poly (Glu)-Cu(II) solutions was remarkable at low pH 
in that the temperature cycle between 4 and 70 °C showed 
irreversible changes. Therefore, the solutions were all pre­
pared and stored at 25 °C. 

Measurements of Absorption Spectra and pH. The absorp­
tion spectra were measured on a Hitachi Model EPS-3T 
recording spectrophotometer in the wavelength region 1200— 
210 nm at 25 °C, temperature-controlled water being circulat­
ed through the cell holder. The slit width was set at 0.18 mm 
at 700 nm. An intégrated-sphere attachment was used to 
minimize the effect of scattered light from poly(Glu)-Cu(II) 
solutions at low pH (<3.8). The absorption was expressed 
in terms of the apparent molar absorption coefficient, s 
(cm-^molTi-dm3), of the total Cu2+ added. Matched pairs 
of quartz cells, 1—50 mm in length were used. The pH of 
the solutions used for absorption measurements was determin­
ed on a Hitachi-Horiba Model N-5 pH meter. A one minute 
wait preceded by two minutes' stirring was necessary before 
the reading of the pH, because of a slight time dependence. 

Measurements of the CD Spectra and pH. The CD 
spectra of poly(Glu)-Cu(II) solutions were measured on a 
Cary Model 60 spectropolarimeter with a Model 6001 CD 
accessary at 25 °C. The visible and UV CD spectra at 
750—240 nm have been expressed in terms of the molar 
ellipticity, [0] (deg-cm^dmol-1), of the total Cu2+ added, 
the far UV CD spectra at 250—185 nm being expressed in 
terms of [Q] of the mean residue concentration of poly (Glu). 
Quartz cells of 5 cm (700—300 nm), 0.5 and 0.2 cm (340— 
240 nm), and 0.05 cm (below 250 nm) have been used. 
The slit width was set manually at 0.3 mm between 750 
and 600 nm (the dispersion being 15 nm at 750 nm and 8.5 
nm at 600 nm). The slit width was automatically varied 
at a preset dispersion of 1.7 nm in the visible and UV regions, 
and was set at 2.4 mm in the far UV region. The pH of 
the solutions used for CD measurements was determined on 
either a Radiometer TTT-1 or a Corning Digital Research 
pH meter in a manner similar to above. 

R e s u l t s 

Absorption Spectra of Cu2+ in the Presence of Poly (Glu). 
Figures l(a—c) and 2 (a—c) illustrate the absorption 
spectra of poly(Glu)-Cu(II ) solutions at three val­
ues of R. In the presence of poly (Glu), three ab­
sorption maxima appear in the spectra of Cu 2 + : a 
broad band (e=40—150) around 700 nm, a weak 
band (£=10—50) around 370 nm, and a strong band 
(e=3000—5500) around 250 nm. The formation 
of the complex between poly(Glu) and Cu2+ is thus 
evident. The spectrum of poly (Glu) exhibits only 

Fig. 1. The visible absorption spectra of Cu2+ in the 
presence of poly(Glu) ((a) Ä=32, (b) i?=16, and (c) 
R=8), poly(Acr) ((d) R=16), and butyrate ((e) R= 
16) at various pH. The spectrum of Cu2+ at p H = 
3.81 in the absence of polymer is also shown in (a) 
for comparison. The pH=3.78 spectrum in (c) was 
taken with the integrated-sphere attachment which 
limits the wavelength to 800 nm. The concentration 
of added HCl plus NaCl is 7.5 mM in terms of the 
total Cl~ throughout. The molar absorption coef­
ficient, e, is expressed in terms of the total concentra­
tion of Cu2+ present in solution. 

an ascending lobe below 250 nm (Fig. 2(f)). The 
spectrum of CuCl2 shows a weak and broad peak 
(e=10—20) around 800 nm and an ascending lobe 
below 250 nm (Figs. 1(a) and 2(f)). 

The 700, 370, and 250 nm bands, in the spectra of 
poly(Glu)-Cu(I I ) solutions at R=32 essentially remain 
unchanged in the p H range 7—5 but become most 
intense at p H 4.2—4.3 (Figs. 1(a) and 2(a)). In 
contrast, all the three bands of the R=16 and 8 solu­
tions increase in intensity steadily with decreasing 
p H (Figs. l(b—c) and 2(b—c)). The shape of the 
700 n m band at each value of R is skewed, tailing 
towards the long wavelength side. T h e family of 
spectra showed no isosbestic point in any of the three 
absorption bands in the entire p H range 7—3.5. 

Absorption Spectra of Cu2+ in the Presence of Poly(Acr) 
and Butyric Acid. The absorption spectra of 
Cu2+ were measured in the presence of either poly-
(Acr) (polymeric model lacking in the amide group), 
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Fig. 2. The UV absorption spectra of Cu2 + in the pres­
ence of poly (Glu) ((a) R=32, (b) Ä=16, and (c) 
R = 8), poly(Acr) ((d) Ä=16), and butyrate ((e) R= 
16) at various pH. The spectra of poly (Glu) at pH 
7.09 ( ), poly(Acr) at pH 5.39 ( ), butyrate 
at pH 5.25 ( ), and CuCl2 at pH 3.81 ( ) 
are shown in (f) for comparison. 

or butyric acid (model of the side-chain carboxylate 
of poly (Glu)). Figures 1(d) and 2(d) show that the 
three absorption bands appear again around 710 nm 
(a broad band £=40—150) , 370 n m (a weak band 
£ = 1 0 — 4 0 ) , and 250 n m (a strong band £=2000— 
4500) in the spectra of poly(Acr)-Gu(II) solutions. 
The 250 nm peak is distinct because of the weaker 
background absorption of poly(Acr) (Fig. 2(f)). 
There is no clear isosbestic point in the 250 nm or 
700 nm band in the entire p H range 7.3—3.8. The 
spectrum of Cu 2 + in the presence of butyric acid shows 
two bands : one in the region 800—750 n m ( e = 1 2 — 
25) and one around 240 nm (£=1000—2000) as indi­
cated in Figs. 1(e) and 2(e). In contrast with the 
two polymer-Cu(I I ) systems, the spectrum of butyric 
ac id-Cu(I I ) decreased steadily with decrease in p H , 
becoming close to that of the Cu(II ) aquo-complex. 
No measurement was carried out at a p H higher than 
6.5 because of the secondary reaction of precipitation. 

p H Dependence of the Absorption of Poly(Glu)-Cu(II). 
Each spectrum of poly(Glu)-Cu(I I ) complex may 
be characterized by three absorption bands, and the 
variations in e with p H at four selected wavelengths 
are shown in Figs. 3(a—d). At R=32 the e at 680 
nm, f680, is approximately constant in the p H range 
7—5.5, but increases sharply attaining a maximum 
at p H = 4 . 3 and decreasing with a further lowering 
of p H . At R=\6, however, the £680 begins to increase 

at p H = 7 reaching a maximum at p H = 4 . 1 after a 
marked shoulder near p H = 5. At R=S, the £680 

becomes still larger between p H = 7 and 5 showing a 
shoulder around p H 5.6, maxima at p H = 4 . 8 and 
between 4.1—4.3. These peculiar changes in e have 
been found for the first time. The intermediate 
shoulder may have been previously overlooked or 
mistaken for maxima.2) It is now clear that the ab­
sorption of poly (Glu)-Cu (I I) complexes depends on 
both p H and R in a complicated but systematic manner 
hitherto unreported. 

T h e p H dependence of e has also been determined 
at 880 n m (Fig. 3(b)), because the 700 nm band ex­
hibits a marked skewness. The £880 values generally 
behave in parallel with the £680 values at R = 32 but 
not at Ä = 1 6 and 8. This difference may be attrib­
uted to the development of a long-wavelength com­
ponent band around 900 nm with a decrease in R. 
T h e e370 vs. p H curve at R=S shows a maximum at 
p H = 4 . 1 but none at p H = 4 . 8 , as illustrated in the 
£68o vs- p H curve. This peculiarity offers two possible 
explanations, viz., the origin of the 370 nm band dif­
fers from that of the remainder, or the maxima in 
the e vs. p H curves at Ä = 8 are only apparent and 
actually result from a delicate interplay of two or more 
processes involved in the formation of Cu( I I ) -Glu 
ligand complexes. 

Contour Diagram of the Absorption of Poly (Glu)—Cu( II). 
A typical contour diagram is shown in Fig. 4, where 
the £710 values for a number of poly (Glu)-Cu (I I) 
solutions are related to p H and R. Similar diagrams 
may also be drawn for other wavelengths. Figure 
4 clearly shows that there are two distinct ridges which 
lead to two separate summits indicated by X and X ' 
respectively. T h e first (AX) is along the R path at 
a slightly varying value of p H and the second (BX') 
is along the p H path at an almost constant R value of 
approximately 4. In addition, a third, broader and 
less distinct ridge (CX') leading to the summit X ' 
exists. This path depends on both p H and R in 
clear contrast with the two other paths and represents 
the marked hump observed in the s vs. p H curves 
for the R=\6 and 8 poly(Glu)-Cu(I I ) solutions (Figs. 
3 (a—d)). T h e slope stretching out between R=50 
and 4 and below p H 4.4—4.2 on the left side of the 
first ridge (AX) is only apparent and should be a 
plateau with an approximate height of 150 in terms of 
the £ of the bound Cu(II).2 5) T h e appearance of 
this slope has been attr ibuted to the dissociation of 
the bound Cu(II ) from the polymer site at low pH.25> 

Extrinsic CD of Bound Cu(II) in the 750—300 nm 
Region. The appearance of the extrinsic CD 
of Cu(I I ) should attest to the formation of C u ( I I ) -
Glu ligand complexes. Two positive extrinsic CD 
bands are shown in Figs. 5 (a—d) : the long-wavelength 
CD band between 750 and 500 nm (designated as 
the visible CD band) and the short-wavelength band 
between 500 and 300 nm (designated as the near 
U V CD band) . These CD bands correspond to the 
broad 700 n m and weak 370 nm absorption bands 
shown in Figs. 1 (a—c) and have not hitherto been 
reported. 

At a high value of R of 32, the peaks of the visible 
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Fig. 3. The variation in the absorption coefficients of Cu2+ with pH in the presence of poly (Glu), 
poly(Acr), and butyrate at various R and at selected wavelengths of (a) 680 nm, (b) 880 nm, (c) 
370 nm, and (d) 250 nm. Poly (Glu) (Ä=32 —•—, 16 — -A— -, and 8 — • # — • ) , poly(Acr) (Ä=16 

O ), and butylate (Ä=16 D ). 

Fig. 4. The contour diagram of absorption intensity 
of Cu2+ at 710 nm in the presence of poly(Glu) at 
various pH and R. The numerals indicate the ap­
parent molar extinction coefficients of Cu2+. See 
text for other details. 

and near U V CD bands center at 660 and 375 nm 
(Fig. 5(a)). The intensity increases with a decrease 
in p H becoming highest at p H 4.60, below which it 
decreases largely due to dissociation of the bound 

Cu(II).2 5) At R=8, the CD bands have already ap­
peared in the high p H range 6—7. The peak position 
and intensity depend on p H (Fig. 5(b)). At a value of 
R=4r, CD bands with peaks at 670 n m and ca. 365 nm 
appear in the high p H range (Fig. 5(c)). The effect 
of R on the extrinsic CD band is shown in Fig. 5(d) 
at p H 5.75±0.05, which corresponds approximately 
to the midpoint of the helix-coil transition of poly-
(Glu) in the absence of Cu2 + . The highest value 
of [0] for the visible CD band is approximately 
430, when the Glu residues greatly exceed the Cu( I I ) , 
i.e., R=32 rather than 4, and when the p H of poly-
(Glu) -Cu(I I ) solution is low such that the helical struc­
ture of poly (Glu) is completed. Hence, the optical 
activity induced in the Gu(II) bound to poly(Glu) 
depends on both the backbone conformation of the 
macromolecular poly(Glu)-Cu(II ) complex and the 
species of the Cu( I I ) -G lu ligand complex. 

Extrinsic CD of Bound Cu(II) in the 310—240 nm 
Region. Corresponding to the U V absorption 
band of Cu(II) bound to poly(Glu) (Fig. 2), an ex­
trinsic CD band appears in the 290—250 nm region 
(designated as the U V CD band) as shown in Fig. 6. 
The R 32 poly(Glu)-Cu(II ) complex is in a helical 
conformation at p H 5.10 {vide post); yet, the negative 
[0] increases only steadily. A shallow minimum and 
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Wavelength (nm) 

Fig. 5. The visible and near UV extrinsic CD spectra 
of Gu(II) bound to poly(Glu) at various R and pH. 
(a) R=32, (b) R=8, (c) R=4, and (d) P H=5.75 . 
The molar ellipticity [0] is expressed in terms of the 
total Gu2+ concentration in each poly (Glu)-Gu(II) 
solution. 

maximum appear at 280 and 258 nm with the decrease 
in p H , respectively, and fully develope at p H 4.60 
(Fig. 6(a)). The U V CD band represents a double 
extrinsic Cotton effect (cf. Fig. 10). The U V CD 
band at R 8 and 4 is shown in Figs. 6(b) and (c). This 
CD band is not seen at higher p H where the overall 
conformation is mostly in the random-coil, it however 
gradually appears as the p H of the solution is lowered. 
At p H 5.75, where the formation of the helical struc­
ture is half completed, the U V CD band becomes 
discernible as the value of R is decreased (Fig. 6(d)). 
This is an indication that the helical structure is fos­
tered by the binding of Cu2+ to poly (Glu). 

Intrinsic CD of the Glu Residue of Poly(Glu)-Cu(II) 
in the 250—185 nm Region. The conformation of 
macromolecular poly(Glu)-Cu(I I ) complexes is reflect­
ed in the intrinsic Cotton effect of the peptide chromo-
phore in the far U V CD spectra as shown in Fig. 7. 
The CD spectra of poly (Glu) are also given as a 
reference (Fig. 7(a)). An isoelliptic point appears at 
203.5 n m in the p H range 7.5—5.1 but deviation 
occurs at lower p H (<3 .8 ) . The intrinsic CD spectra 
behave essentially the same as the reference poly-
(Glu) when the Glu residues are in excess ( # = 3 2 
in Fig. 7(b)). The general shapes of the CD spectra 
indicate that the helical conformation of poly (Glu ) -
Gu(II) is not altered by the formation of the C u ( I I ) -
Glu ligand complex. 

The intrinsic CD spectra exhibit a p H dependence 
when the bound Gu(II) is more densely populated 
on poly(Glu) (R=S in Fig. 7(c)), indicating the exist­
ence of helix-coil transition. The [0] values at 192 
and 222 nm of a solution containing four peptide 
residues per Cu 2 + manifest partial formation of the 
helix at p H 7 (R 4 in Fig. 7(d)). The R 4 CD spectrum 
is the largest at p H 5.75 where the reference poly-
(Glu) is still partly in a random-coil (a further lowering 
of p H promoted fibrous floats). Deviation from the 
isoelliptic point at 203.7 n m occurs, however, and does 
not develop as high as the CD spectra for the complete 
helical conformation (R oo and 32). Induction of 
the helix by bound Gu(II) is evident from the CD spec­
tra of poly(Glu)-Gu(II) solutions (R 8 at p H 7.10 and 
R 4 at p H 6.87 in Figs. 7(c) and (d)) to which no 
proton was added. 

Mixing-ratio Dependence of the Far UV CD of Poly-
(Glu)-Cu(II) and the Visible Absorption of Bound Cu(II). 
In order to clarify the effect of Cu 2 + on the conforma­
tional changes of poly (Glu)-Cu( 11) complexes at vari­
ous values of R, the far U V CD spectra were measured 
at a fixed p H of 5.75±0.05 which corresponds ap­
proximately halfway to the helix-coil transition of 
poly (Glu). The results are shown in Fig. 8, where 
the CD spectra show a typical helix-coil transition 
pattern. All CD spectra cross at 204 n m with the 
exception of the R 4 spectrum. The pattern of 
the spectral change is similar to that of the proton-
induced helix-coil transition of poly (Glu) (Fig. 7(a)), 
indicating that the Cu(II)- induced helix is approxi­
mately the same as the proton-induced helix. Hence, 
the Gu(II) bound to the random-coil or partially 
helical poly (Glu) probably promotes, but does not 
alter, the original helical structure in the macromolec­
ular complex assuming the ionizable carboxyls are 
not completely un-ionized by the protons. This condi­
tion is fulfilled even at R 4 and p H 5.75 where ap­
proximately 70% of the carboxyls are uncharged.26) 

Corresponding to the increase in CD intensity, the 
visible absorption band of Gu(II) also steadily develops 
(inset Fig. 8). The correlation between CD and ab­
sorption is, however, not linear as shown in Fig. 9, 
where the values of [0] at the positive and negative 
maxima (192 and 223 nm) are plotted against R, 
together with the change in the e710 of the visible band. 
Both [0]192 and - [ 0 ] 

223 r u n m parallel approaching 
the limiting values of the complete helix as R becomes 
less than 4, as indicated by the horizontal line. The 
curve shows a sharp increment when R is around and 
below 10, suggesting that the induction of helical 
structure by the bound Gu(II) is cooperative in nature, 
i.e., chelation and charge neutralization being re­
sponsible.25»26) The eno values change almost linearly 
with R between 25 and 5. Since the amount of un­
bound Cu 2 + is very small,25'26) the e110 vs. R curve 
indicates that complex formation between Gu(II) and 
the ligands is less cooperative than in helix formation. 
Thus , the latter may be essentially an overall phenom­
enon, while the former may be the sum of various 
local phenomena regarding complex species and bind­
ing modes. 

Comparison between Electronic Absorption, Extrinsic CD 
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Fig. 6. The UV extrinsic CD spectra of Gu(II) bound to poly(Glu) at various R and pH. 
Notations are all the same as those in Fig. 5. 

and Optical Dissymmetry Factor of Bound Cu(II). In 
order to realize the spectroscopic property of Gu(II) 
bound to Glu residues, a typical CD spectrum of 
Gu(II) bound to the complete helix (R 32 and p H 
4.6) is compared with the corresponding absorption 
spectrum in Fig. 10. The optical dissymmetry factor, 
g,27) is expressed as the ratio of the molar CD, Ae, to 
the molar absorption coefficient, e. The peak of the 
visible CD band is at 660 nm, while the absorption 
band is located at 690 nm, tailing toward the red. 
This unparalleled situation is reflected on the ^-factor 
which is constant only in the 650—550 nm region 
descending toward zero around 740 nm. This indi­
cates that the visible absorption band of bound Cu(I I ) 
is a composite of two or more optically active com­
ponent bands. The ^-factors of the visible Cu(II ) 
band are generally larger for the R 32 complex than 
for the R 8 or 4 complex, indicating that optical dis­
symmetry for the visible band is more pronounced 
when the bound Cu(I I ) is less densely populated on 
the polymer. 

Nozawa and Hatano16) have observed the double 
CD band for a poly(Lys)-Cu(II) complex in the 
visible region. Garnier and Tosi19) have shown that 
the extrinsic CD of poly(Arg)-Cu(II ) is either double 
or separable into two components in the visible region. 
The sign, position, and magnitude of the visible CD 
of Cu(II) bound to poly (Glu) differ from those data 

previously reported. The difference probably results 
from the specificity of the ligands participating in 
complex formation, i.e., y-carboxylate vs. £-amino or 
4-guanidinium, and the stereoselectivity of a particular 
poly (amino acid) for chelation, but not from the 
ability of forming helical structures. 19> 

It is not self-evident that the near U V CD band is 
a double type, because the absorption of bound Gu(II) 
is weak and discernible only as a shoulder so that 
the wavelength dependence of the ^-factor is only 
apparent . The greater g-value for the 370 nm band 
may indicate that the contribution of the magnetic 
transition moment to the rotatory power is greater 
in the near U V CD band (450—350 nm) than in the 
visible CD band (700—550 nm). A similar trend has 
been observed at all values of R and p H . Thus, the 
near U V CD band is more optically dissymmetric. 

The net CD band of bound Gu(II) in the 320— 
240 n m region may be obtained by subtracting the 
background intrinsic CD of the Glu residue. The 
far U V intrinsic CD spectrum of the R 32 poly(Glu) -
Gu(II) at p H 4.6 differs from that of the same at p H 
5.1 by a constant factor of 1.25zt:0.05 between 250 
and 200 nm. Therefore, the background ellipticity of 
the p H 4.6 complex is considered to be 1.25 times 
larger than that of the p H 5.1 complex which shows 
no extrinsic U V CD band (Fig. 6(a)). The net CD 
band of the bound Cu(I I ) thus cleared of background 
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Fig. 7. The far UV intrinsic CD spectra of the peptide chromophore of poly (Glu)-Gu(II) solutions 
at various R and pH. (a) R=co (no Gu2+ present), (b) Ä=32, (c) R=8, and (d) R=4. The molar 
ellipticity [0] is expressed in terms of the mean molar residue concentration of poly (Glu) in the 
presence and absence of Cu2+. 

is double : a negative component with a peak at 280 
nm followed by a positive peak around 256 nm. This 
doublet feature appears to be retained in most of the 
U V extrinsic CD spectra in Fig. 6. I t has also been 
observed in the poly(Lys)- and poly (Arg)-Cu( 11) com­
plexes,16-18) although the respective signs are probably 
reversed relative to the poly (Glu)-Cu (II) complex. 

D i s c u s s i o n 

Conformational Transitions of Poly(Glu)-Cu(II) Com­
plex and the Formation of Cu(II)-Glu Ligand Complex. 
In order to relate the p H - and Cu(II)- induced con­
formational transitions of poly(Glu)-Cu(II ) to the for­
mation of Cu( I I ) -G lu ligand complex, the extrinsic 
CD and absorption data are compared with the far 
U V intrinsic CD in Fig. 11. The £680, [0]68O, and 
[0]37O values of bound Cu(II) are also plotted against 
[0]223 in Fig. 12, which directly shows the dependence 
of the optical properties of bound Cu(I I ) on the con­
formation of macromolecular complexes. For the R 
32 complex, both the visible CD ([0]68O~O) and elec­
tronic absorption (?680~30) of bound Cu(I I ) are weak 
and remain constant over a wide p H range 7—5 (Fig. 

11). The helix-coil transition of the macromolecular 
complex does occur in the narrow p H range 5.1 and 
6.5; however, the bound Cu( I I ) hardly affects the 
transition, as clearly seen in Fig. 12. Thus, the feed­
back-effect of the macromolecular complex on the 
C u ( I I ) - G l u ligand complex, and vice versa, is weak 
when the bound Cu(I I ) is populated sparsely on poly-
(Glu). This effect however becomes pronounced for 
the macromolecular complex in which Cu(II ) is dis­
tributed in a high proportion (R 8 or 4), since both 
the extrinsic CD and absorption of the bound Cu(II) 
and the [0]223 of the Glu residue are already large 
around p H 7 where the poly(Glu) without Cu(II) is 
in the extended-coil form (Fig. 11). 

As Figs. 11 and 12 indicate, the optical properties 
of bound Cu(II ) for the R 8 and 4 complexes vary 
together in parallel, but never change linearly with 
respect to the helix content of the poly (Glu) backbone. 
(It is assumed that [0]2 2 3

 1S equal to —35400 for a 
100% helix.) In fact, the optical properties change 
with p H (Fig. 11) and helix content (Fig. 12), in a 
manner which is unexpectedly complicated, in the 
helix-coil transition, contrary to a previous report.2) 
For example, the distinct hump in the e680 curve around 
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Fig. 8. The variation in the far UV intrinsic CD spectra 
of poly (Glu)-Cu(II) solutions with J? at a pH of 
5.75±0.05. The molar ellipticity is expressed as in 
Fig. 7. The corresponding visible absorption spectra 
are given in the inset. 
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Fig. 9. The effect of added Cu2+ on the induction of 
helical structure in poly (Glu) and the formation of 
Gu(II)-Glu ligand complex at a constant pH of 5.75. 
The two horizontal lines ( h and c ) indicate 
the values of [0]192 (—#—) and [0]223 (—•—) for the 
poly(Glu) solutions without Gu2+ ions at pH 5.10 and 
7.49, respectively. The molar absorption coefficient 
£710 (—D—) is the same as plotted in Fig. 4. 

p H 5.3—6.0 (Figs. 3, 4, and 11(b)) probably cor­
responds to the second stage of the helix-coil transition 
after the midpoint, but not to the completion of the 

)260 280 300 320 400 500 600 700 800 
Wavelength (nm) 

Fig. 10. Comparison between extrinsic CD spectrum, 
Ae> electronic absorption spectrum, e, and optical dis­
symmetry factor, g, of a poly(Glu)-Gu(II) solution at 
R=32 and pH=4.60. The extrinsic CD spectrum 
is expressed in terms of the molar circular dichroism 
Ae (=[0]/33O5). 

helix or to the midpoint as previously concluded.2) 
T h e most prominent change in the optical properties 

of the bound Gu(II) probably occurs after completion 
of the intramolecular helix of poly(Glu)-Cu(I I ) com­
plex regardless of the amount of the Cu(I I ) bound 
to the Glu residues (Figs. 11 and 12). T h e ascending 
trend in the visible CD and absorption of Gu(II) is 
closely related to the second transition in the [0]223 
vs. p H curve (Fig. 11). Evidently, the backbone of 
the macromolecular complex undergoes a further con­
formational transition, probably, helix to aggregates, at 
low p H 5—4.4.26,28-31) j t j s however undeterminable 
from optical measurements alone whether or not the 
changes in optical properties arise from the transition 
of the intra- or interhelical conformation. In sum­
mary, it is probably the dissymmetric conformation of 
the G u ( I I ) -G lu ligand complex that is primarily re­
sponsible for the induced optical activity. Such a 
dissymmetry may be conferred on Gu(II) by stereospe-
cific binding (or chelation) to the side-chain carboxyl-
ates and backbone amides bi- or tridentately. The 
overall conformation of a macromolecular complex 
would promote such binding. These conclusions are 
new and important . 

The processes which are most responsible for the 
change in optical properties of the C u ( I I ) - G l u ligand 
complexes probably belong to two regions: the first 
half of the helix-coil transition region where the back­
bone of poly(Glu)-Gu(II ) attains a compact-coil form 
due to the formation of fragmental helices, and the 
second transition region where the backbone undergoes 
a further conformational transition, possibly, from helix 
to aggregates. Thus , the species of C u ( I I ) - G l u ligand 
complexes are multiple, probably three or more al­
together. I t is a delicate interplay of these processes 
and the concentrations of the complex species involved 
that are responsible for the very involved dependence 
of the optical properties of poly(Glu)-Cu(I I ) on both 
p H and R. 

The Cu(II)-Glu Ligand Complex and Its Absorption and 
CD Spectra. Complex formation between Gu(II) 
and Glu residues is evident from the absorption 
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Comparison of the pH-induced helix-coil transition curves of poly(Glu)-Cu(II) at three values 
a) 32 (squares), (b) 8 (circles), and (c) 4 (triangles) with the pH variation of the corresponding 

CD and absorption of Gu(II). s680 ( ),' [0]fi8o ( ), [0]223 ( ), and [0]223 at R=oo 

- [ 6 ] 2 2 3 xlO" 

Fig. 12. Correlation between the intrinsic CD of poly(Glu)-Cu(II), [0]223,
 a n d the absorption and ex­

trinsic CD of the Cu(II)-Glu residue complex at three R values of 32 (squares), 8 (circles), and 
4 (triangles). e680 ( ), [0]37O ( ), and [G]680 ( ). The actual values of [0]37O and [0]68O at 
R = 32 should be quadrupled. Regardless of the mixing ratios between Glu residues and Cu2+, the 
[0]223 values of +2500, —16500, and —35400 are assumed for the extended-coil, the midpoint of 
helix-coil transition, and the complete helix, respectively. 

and extrinsic CD spectra of Cu(I I ) (Figs. 1, 2, 5, and 
6). The present da ta manifest that previous reports 
have unraveled only a par t of the whole process involv­
ed in the complex formation.2>3) The absorption band 
at 700 nm results from the binding of Cu 2 + by the 
ionized carboxylate (and possibly amide) groups, as 
the data of poly(Acr)- and bu tyra te -Cu(I I ) solutions 
(Fig. 1) and poly(carboxylic ac id) -Cu(I I ) complexes 
have indicated.9"15) T h e number of the ligand car-
boxylates participating in complex formation may range 
from one to four, most likely two ionized carboxyl-
ates.26) An absorption study is insufficient to ascer­
tain the mechanism of carboxylate neutralization and 
chelation and the role of the amide group of the Glu 

residue in chelation. Detailed studies of equilibrium 
dialysis and electron spin resonance are needed. 

The skewed 700 n m band of the poly(Glu)-Cu(II) 
complex (Figs. 1 and 5) is not simple but composite 
revealing another component band on the long-wave­
length side around 900 nm (Figs. 1 and 3), as reported 
for the poly(Methacr ) -Cu(I I ) complex.13) The mul­
tiple band structure has also been supported by CD 
data (Figs. 5 and 10). Hirasawa and Kon32) analyzed 
the apparent 700 n m band of Cu(II ) doped in L-
histidine into three component bands centering at 
714, 781, and 901 n m ; these component bands may 
or may not correspond to the 685 and ca. 900 nm 
bands of the Cu( I I ) -G lu ligand complex. The CD 
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spectrum of a poly (Glu)-Cu (I I) solution at R 32 was 
scanned to 800 nm with a red-sensitive Hamamatsu 
R446 photomultiplier. At the longest attainable wave­
length, the negative CD component was only steadily 
increasing. Hence, the possibility still exists that the 
700 nm absorption band of the bound Gu(II) is a 
composite of two, instead of three, out of four compo­
nent bands. The actual situation may be very com­
plicated, since the chemical species of the C u ( I I ) - G l u 
ligand complexes would be numerous in the poly (Glu)— 
Cu(II) macro-complex as indicated by the p H and 
R dependence of e (Figs. 3 and 11). For instance, 
two side-chain carboxylates can chelate to a Cu(I I ) 
either in the eis or trans position. The absorption 
peaks for these isomers are known to be slightly different 
in amino ac id-Cu(I I ) complexes.33) 

The origin of the near U V band of the C u ( I I ) -
carboxylic acid complex remains a point of contro­
versy34) and, therefore, the 370 n m band of the poly-
(Glu)-Cu(II ) complex deserves comment. Leyte et 
al.13^ suggested the presence of binuclear Cu(I I ) com­
plexes of Cu(I I ) -ace ta te type dimeric structure in 
the poly(Methacr)-Gu(II ) complex on the basis of 
the appearance of the 380 nm band. The optical 
absorption studies alone however can not resolve the 
question whether or not the 370 n m band reflects the 
presence of the binuclear Cu(I I ) complex in which 
direct C u ( I I ) - C u ( I I ) interaction exists.34) The 350— 
380 nm shoulder appears in the absorption spectra of 
the Cu(II) bound to poly(Lys),17) poly(Arg),19) and 
poly (His),20) all of which lack the carboxyl side-chain 
group. It should also be noted that the 370 nm band 
is associated with Cu(II)-/?-diketone complexes which 
form a monomeric structure in solution.35) Model 
buildings with GPK atomic models indicate that the 
dimer structure of the Gu(I I ) -ace ta te type is impossible 
with four side-chain carboxylates in a single-stranded 
poly (Glu) which may exist as the a-helix at low p H . 
The dimer is quite likely to occur if Cu(I I ) bridges 
two poly (Glu) strands by binding to two carboxylates 
of each polymer-chain. Comparative work by ESR 
and other magnetic methods is necessary here to identify 
the individual chemical species of Cu( I I ) -G lu ligand 
complexes. 

The 370 n m CD band shows a slight hump in the 
shorter wavelength region suggesting a doublet structure 
(Fig. 5), although the absorption reveals no such feature 
(Fig. 1). Dubicki36) reported that the 370 n m band 
of the Cu(I I ) -ace ta te complex is a doublet, assigning 
it to the charge-transfer transition of ligand-to-metal 
nature. Graddon35) considered the 370 nm band of 
Cu (II)-ethyl acetoacetate complex as originating from 
the higher energy d-d transition (d^ , dyz-^dx2_y2 

type). His term-scheme is compatible with the present 
CD data of poly(Glu)-Cu(II ) complexes assuming a 
weakening of degeneracy of the near U V d-d transition 
and that the low energy 700 nm band consists of two 
of the four d-d components. T h e final assignment of 
the d-d transition of Cu(II ) and, consequently, the 
most likely coordination of the Cu( I I ) -G lu ligand 
complex remains unclear. The detailed CD study of 
a number of polypept ide-Cu(II) complexes in the near 
I R region is necessary for solving these problems. 

The 250 nm band has been studied because of the 
high absorption intensity and existence in the spectra 
of Cu(I I ) in the presence of polyanions such as poly-
(Glu),2'3>8) poly(Methacr)1 1-1 3) and poly(Lys).17) The 
band has been assigned to the allowed charge-transfer 
transition between carboxyl ligands and the metal 
ion.2) The 250 n m charge-transfer band is composite, 
as indicated by the positive and negative CD component 
bands (Fig. 10). T h e unambiguous determination of 
the number and polarization of the optical transition 
moments involved in the poly (Glu)-Cu( 11) complex 
are important for the understanding of the origin of 
induced optical activity associated with bound Cu( I I ) . 
Such studies may be conducted by means of film di-
chroism.37) 

Conclus ion 

The Cu 2 + ion bound to poly (Glu) exhibits the ex­
trinsic Cotton effects of multiple type in three charac­
teristic absorption bands in the visible, near U V , and 
U V regions. The effect of bound Cu(I I ) on the 
polymer conformation induces a helical structure but 
reduces the cooperative nature of the helix-coil transi­
tion. The absorption and CD spectra of bound Cu(II ) 
in this transition region are related but the behavior 
is not in parallel with the backbone conformation. 
In addition to the ordinary helix-coil transition, a 
second conformational transition is involved in the 
macromolecular poly(Glu)-Cu(I I ) complex in the p H 
range <5.3—5.2. Complex formation between Cu(II ) 
and Glu residues is strongly affected by this transition. 
The p H dependence of absorption and CD intensities 
results largely from the interplay of the two conforma­
tional transitions of the macrocomplex which affect 
the number of species and stereospecific configurations 
of the C u ( I I ) - G l u ligand complexes populated on the 
poly (Glu). 

One of the authors (K. Y.) should like to express 
his sincere gratitude to Dr. Elliot Charney of the 
National Institutes of Health, Bethesda, Md. (USA) 
for his encouragement. The CD measurements were 
carried out in his laboratory in the summer of 1973 
and 1975. 
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a Ring of Cyclopentane, Cyclohexane, Benzene, or Naphthalene** 
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A new group-contribution method for estimating the standard enthalpy of formation, the standard absolute 
entropy, and the standard molar heat of organic compounds in the ideal gas state is proposed with tables of the 
contribution values. This method (the ABWY method) is a completely revised and enlarged version of the 
Anderson, Bayer, and Watson method, and it can be used with regard to a more diverse variety of compounds 
with a higher reliability. The neighboring effects in group-contribution methods are introduced to obtain better 
estimated values. The substitutions of various functional groups on aromatic rings are discriminated. Type-
number corrections of the functional groups and multiple-substitution effects of halogens are also introduced; 
thus even heterofunctional compounds can be processed. A new concept, the quality of contribution values, 
is proposed to designate the qualitative reliability of the estimated physical properties. The manual procedures 
and tables of contribution values are given for estimating the thermodynamic properties of the compounds, as 
mentioned in the title, composed of C, H, O, halogens, S, and N. This method was critically compared with 
the Benson method in versatility and reliability. 

In spite of the tremendous efforts of many scien­
tists, the observed values of the fundamental properties 
of organic compounds, such as the heat of formation 
in the ideal gas state, are unexpectedly scarce; only 
around 1600 are known among several million com­
pounds. As for the observed data of IR, already 
nearly two hundred thousand spectra have been col­
lected by chemists. If we take into account the dif­
ficulty in the measurement of thermochemical and 
thermodynamic data as compared to that of the 
I R spectra, e.g., the necessary purity of the specimens 
and the skill in measurement, one can hardly expect 
rapid increase of the former data within the next 
few years. 

Thus, many investigators have published various 
methods of estimating the thermodynamic properties 
of organic compounds in the ideal gas state.1-2) All 
of the estimation methods employ the principle of the 
group contribution; the target molecules are decom­
posed into atom groups, or functional groups, and the 
sum of the contributions of these groups makes the 
estimated values. 

Among the group-contribution methods for esti­
mating the standard enthalpy of formation, the stan­
dard absolute entropy, and the standard molar heat, 
the Anderson, Bayer, and Watson method (the ABW 
method)3) and the Benson method4) have been rated 
as two of the best.2) T h e present author has already 
presented an extended method (the ABWY method)5) 
modified from the ABW method. In this paper, 
a further improved version of the ABWY method and 
updated tables of contribution values will be reported. 
The functional groups and correlations due to multiple 
bonds were much diversified in this version; the con­
cept of quality, or reliability, of the contribution 
values was also introduced. 

The present ABWY method was originally intended 
to be implemented in computer program packages, 

** CHEMOGRAM, a Computer Program Package for 
Chemical Logic, Part 3. 

EMPRIC 5 ) and EROIGA, 6 ) the outline of which 
has been published earlier. These programs permit 
the C H E M O inputs, i.e., the linear notations of ra­
tional formulas also proposed by the present author,5 '6) 
to accept information on organic compounds. T h e 
contribution values were statistically selected from the 
observed properties with the aid of the method of the 
least squares with a computer program, T H E D E S . 

In this paper the method is presented for estimating 
acyclic compounds and cyclic compounds that have 
only one of four ring compounds, cyclopentane, cyclo­
hexane, benzene and naphthalene, both composed of 
C, H, O, halogens, N, and S. Even the heterofunc­
tional compounds, i.e., compounds with plural kinds 
of functional groups, can be processed, not to men­
tion the monofunctional or the homqfunctional ones. The 
estimation method for complex compounds, excluded 
in this report, will be published in forthcoming papers. 

This group-contribution method may be applicable 
in principle even to properties other than those in the 
ideal gas state if the properties can be so ingeneously 
converted that the linear additivity holds in them. 
T h e methods of estimating the critical properties, the 
vapor pressure, the heat of vaporization, and the 
normal boiling point, as well as the thermodynamic 
properties in the liquid phase, will also be reported 
in the forthcoming papers. 

Theoret ica l 

Since the thermodynamic properties covered in this 
paper are those of ideal gas, intermolecular forces can 
play no par t in their estimation. Also, by the same 
reasoning, the law of corresponding states, used so 
widely in the estimation of other properties such as 
vapor pressure, is inapplicable. All methods of esti­
mating enthalpy, entropy, and molar heat involve 
some form of group-contribution method based on the 
structure of the molecule.4) 

Benson4) and Benson and Buss7) pointed out a hier­
archy of such methods, in the order of the additivi-
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ties of (i) a tom properties, (ii) bond properties, and 
(iii) group properties. The present author has des­
cribed the hierarchy in another way.5) The most 
successful method assigns the contribution to common 
groups, for example, - C H 3 , - O H , or - C O O - ; by 
simple additivity, one can then estimate the ideal-
gas properties from tables of the group-contribution 
values. 

Neighboring Effects in Estimation. Allowance 
is made at least for the next-nearest neighbors to this 
group in order to proceed to a more complicated and 
usually more accurate method. In principle, there is 
no limit to the extension of the neighborhood-envi­
ronmental concept, although the effect of neighboring 
groups separated by more than one atom usually 
becomes so small as to be insignificant. Some excep­
tions would be the effects of the eis-trans isomerism 
of olefin and the positional isomerism of polysubsti-
tuted ring compounds, and the influence of aromaticity ; 
these effects are due to interaction between groups 
separated by two or more atoms. 

Hence, the following classification and nomen­
clature of neighboring effects are given: 

(1) Nearest-neighboring effect: effect from direct­
ly bonded atoms. 

(2) Geminal effect: effect from atoms separated 
by one atom. 

(3) Vicinal effect: effect from atoms separated by 
two atoms. 

(4) Global effect: effect from atoms separated 
by more than two atoms. 
Examples of these hierarchial effects will be given 
later. 

Definition of Groups. In the ABWY method, a 
group is defined as follows: 

(1) Base groups, i.e., methane and ring compounds 
such as benzene, cyclohexane or naphthalene. Ex­
ceptions are the methyl radical, cation, and anion. 

(2) Functional groups including C H w ( « = 0 — 3 ) , 
but excluding H (hydrogen atom). Functional groups 
usually consist of an atom or an ensemble of atoms. 
Even when a complicated functional group could be 
decomposed into simpler or smaller functional groups, 
the original one should be adopted as a group when 
its contribution value is available, because complex 
groups include neighboring effects of a higher order; 
for example, the chloroformyl group, - C O C 1 , should be 
adopted instead of carbonyl and chlorine. The only 
two exceptions to this rule are the formyl group, or 
aldehyde, - C H O , and the carbonyl group, - C O - , 
which should be decomposed into carbon and the oxo 
group, = 0 , as a heritage from the ABW method. Thus, 
the ligancy of groups may be from one to four, in 
contrast to two or more in the case of the Benson 
method.4) 

Linear Additivity of Thermodynamic Properties. 
T h e thermodynamic properties7*1) of organic compounds 
in the ideal gas state can be empirically represented 
as the sum of group contributions by virtue of the 
absence of any intermolecular interaction: 

A#°f,298.15(g)/kcal mol-1 = S ntJA(AH)j (1) 
j 

S°298.i5(g)/cal mol-* K- i = £ n^ASj (2) 
j 

Cp°(g5r)/cal mol-1 K-1 = a + 10r*bT -f l O ^ T 2 (3) 

« = S KijAaj, b = ^riijAbj, and c -- S 'HJACJ (4) 
j j j 

where A(AH)p AS] and Aap Abp and Acj are the 
group-contribution values of the j - t h group for the 
standard enthalpy of formation, the standard absolute 
entropy, and their coefficients of the three-term 
molar heat equation respectively, where ntj is the 
contribution count of the j - t h contribution in the z-th 
compound, and where T is temperature in K. 

Thermodynamic Properties of Hydrocarbons. In 
the ABMY method, molecules with hetero atoms are 
processed by replacing C H n groups in the chain structure 
of a parent hydrocarbon with functional groups. 
Hence, the first step is the estimation of the properties 
of saturated hydrocarbon skeletons. Each compound 
is considered to be composed of a base group, i.e., 
methane, or a cyclic compound, which is modified 
by the substitution of the other groups for the atoms 
composing it. For example, all paraffinic hydro­
carbons are considered to be derived from methane 
by the successive substitution of C H 3 groups for hydro­
gen atoms. Similarly, any benzene derivatives are 
regarded as derived from a base group, benzene. 

Primary Methyl Substitution: The contributions re­
sulting from the primary substitution of a methyl 
group for a hydrogen atom in any one of the base groups 
are the specified ones for the groups concerned. In 
the cases of ring compounds as base groups, successive 
substitutions for the different hydrogen atoms on the 
ring involve different contributions depending on the 
number and position owing to geminal, vicinal, or 
global effects. 

Secondary Methyl Substitution: A secondary methyl 
substitution is the substitution of a methyl group 
with a hydrogen in the methyl group derived by the 
primary substitution or in recursively substituted methyl 
groups. Contributions from the secondary substitu­
tion depend empirically on the types of both the nearest-
neighboring atom and the geminal atoms. The carbon-
atom types are defined, on the basis of the number 
of non-hydrogen atoms attached, as follows: 

Type 1 -CH 3 

2 -CH2 

3 -CH 
i 

4 - C -
i 

9 G atom in aromatic rings. 

Branched hydrocarbons are usually more stable than 
straight-chain isomers, except for highly branched 
ones, which suffer from steric hindrance. Hence, 
the contributions of the secondary substitutions are 
naturally classified according to A, the type number of 
the carbon atom on which the substitution is made 
(the nearest-neighboring effect), and B, the highest 
type number among adjacent atoms (the geminal 
effect). The type number 9 of an aromatic ring 
indicates the strongest geminal effect among them. 
In the present estimation method, an aromatic ring 
is limited to a benzene ring or one of the benzene 
rings in fused-ring compounds. 
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Multiple Bonds and Corrections due to Their Context: 
After the properties of saturated-hydrocarbon chain-
structure are estimated, some of the single bonds may 
be replaced with multiple bonds, if any. Contribu­
tions for this replacement are classified according to 
the type numbers of the carbon atoms connected by 
the multiple bonds. Corrections due to conjugated 
multiple bonds, conjugation with an aromatic ring, 
and cumulative double bonds may be added. 

Replacement of CHn Groups with Functional Groups. 
The implementation of functional groups are made 
by the replacement of C H n groups with functional groups ; 
three kinds of contribution values, i.e., the fundamental, 
type-number correction, and multiple-substitution correction, 
will be described below. 

Fundamental Contribution : When one of the CH„ 
groups is replaced, a fundamental contribution is 
added. Table 1 shows examples of fundamental 
contributions, where the global effect of the aromaticity 
is significant. Therefore, the discriminated values 
must be given to groups directly connected to aroma­
tic rings. The divalent or trivalent functional groups, 
such as - O - , - N H - , - N < , or - C O O - , have different 
values from those of the monovalent parent groups, 
like - O H , - N H 2 , or - C O O H . 

T A B L E 1. G L O B A L E F F E C T O F A R O M A T I C R I N G O N F U N D A ­

M E N T A L CONTRIBUTION VALUES OF FUNCTIONAL GROUPS. 

-r, , A c Chance by replacement*) 
Replacement of & ^ 

CH3 with A TTO ço 

functional group a n f'298-15 ô 298'15 

kcal mol -1 cal mol - 1 K_ 1 

CH3-CH3->CH3-NH2 14.74 3.13 
C6H5-CH3->C6H5-NH2 8.81 0.36 

CH3-CH3->CH3-OH - 2 7 . 8 4 2.44 
C6H5-CH3->C6H5-OH - 34.98 - 1 . 2 1 

a) 1 cal = 4.184 J. Data from SWS.8) 

Type-number Correction for Functional Groups : The 
geminal effect for functional groups generally may 
be enhanced by the superconjugation between un­
shared electrons in functional groups and pseudo-
rc-orbitals in geminal methyl groups. Table 2 shows 
the reasonings for the type-number correction. Col­
umns 3 and 6 give, respectively, the increases caused 
by the replacement in the enthalpy of formation and 
in entropy, both at the standard state. The fun­
damental contributions being estimated as —0.39 
and 1.19 respectively (line 1), deviations solely due to 
the geminal effect are seen in Columns 4 and 7. O n 
the other hand, t in Column 2, which is equal to (^4-1), 
denotes the number of geminal methyl groups relative 
to the chloro group; therefore, the type-number cor­
rections for enthalpy and entropy are derived to be 
— 1.18 and 0.69 respectively, on the assumption that 
the geminal effect is simply additive regardless of the 
number of geminal atoms. Finally, Columns 5 and 8 
show the calculated geminal effects, which are in good 
agreement with those observed. 

Functional groups directly bonded to aromatic rings 
have no type-number corrections because these funda­

mental contributions already include the global ef­
fect. The groups directly bonded to non-aromatic 
rings, however, require the appropriate type-number 
corrections according to the type number of the methyl-
substituted carbon atom in the r ing; for example, 
the twofold corrections to chlorocyclohexane are 
necessary because the type number, A, of the carbon 
atom in the ring is three. 

Multiple-substitution Correction for Functional Groups: 
The polar groups bonded to one carbon atom may 
interact with each other, probably because of electrosta­
tic repulsion or steric hindrance. Therefore, the 
multiple-substitution correction may be added. Table 
3 shows an example of this correction. The quanti­
ties in Columns 2, 4, and 7 are the same as the corres­
ponding notations in Table 2. Columns 5 and 8 are 
the remainders of enthalpy and entropy respectively, 
after type-number correction by the use of t. T h e 
notation m in Column 3 implies the number of geminal 
C l - C - C l effects; its sum is ten. By the use of the 
averaged correction values of 5.04 and —1.66 derived 
from the totals in Columns 5 and 8 respectively, the 
values in Columns 6 and 9 are calculated; again, 
they are in good agreement with the observed values. 
The mixed substitutions such as F - C - C l can be corrected 
similarly. 

Preparat ion o f Contr ibut ion V a l u e s 

Sources of Observed Data. The newest observed 
values of the standard enthalpy of formation, the 
absolute entropy at 25 °C, and the molar heat at 
temperatures from 273 to 1000 K were selected from 
three major sources: SWS,8) API,9) and TRC; 1 0 ) 
the estimated, or correlated, values described very 
often in the sources were carefully excluded. The 
observed data thus selected (the molar heats were 
converted into three coefficients of Eq. 3) were stored 
in a database, the E R O I C A database,6) together 
with their contribution counts, as prepared by a com­
puter p rogram rigorously following the estimation 
procedures to be described in the next chapter. 

Besides these three sources, three other data sources, 
PRN1 1), BCG,12) and LBT1,13) were utilized suple-
mentarily in order to obtain the contribution values 
of functional groups which could not be retrieved from 
the former three. The PRN, which was recently 
published, complies the observed data of enthalpy 
reported up to early 1976, along with their uncertain­
ties, but this is not yet implemented into the E R O I C A 
database. In BCG, Benson et a/.8) estimated the 
enthalpies of formation in the gaseous phase of a wide 
variety of compounds from those in the liquid phase 
(even in the solid phase in rare cases) by assuming the 
heat of evaporation.14) These estimated values were 
adopted only when unavoidable. The data of molar 
heats at temperatures were adopted also from LBT1, 
which is also not implemented. 

Preparation of Contribution Values from the Database. 
Most of the contribution values were prepared with 
the aid of a computer program, T H E D E S , written 
in F O R T R A N IV, on a H I T A C 8800/8700 of the 
University of Tokyo. 
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T A B L E 2. TYPE-NUMBER CORRECTION FOR REPLACEMENT BY A CHLORO GROUP11) 

Line (1) 
Replacement by a chloro group 

(2) (3) 
A(A//°f)obsdc) 

(4) 
A(AJf)t,obBd 

(5) 
.calcd 

(6) 
A(S°W 

(7) 
t.obsd 

(8) 
AGS), ,calcd 

1 CH3GH3->CH3G1 

2 CH 3 CH 2 CH3^CH3CH 2 G1 

3 CH 3 CH 2 CH 2 GH3->CH 3 CH 2 CH 2 C1 

4 C H 3 C H ( C H 3 ) C H 3 ^ C H 3 C H ( C H 3 ) C 1 

5 CH 3 C(CH 3 ) 2 CH 3 ->CH 3 C(CH 3 ) 2 C1 

6 Total 

7 Mean 

0 
1 
1 
2 
3 

7 

- 0 . 3 9 
- 1 . 8 8 
- 0 . 9 5 
- 2 . 8 5 
- 4 . 1 3 

— 

— 

— 
- 1 . 4 9 
- 0 . 5 6 
- 2 . 4 6 
- 3 . 7 4 

- 8 . 2 5 

-1.18e> 

— 
- 1 . 1 8 
- 1 . 1 8 
- 2 . 3 6 
- 3 . 5 4 

— 

— 

1.19e) 
1.42 
2.15 
2.28 
3.77 

— 

— 

— 
0.23 
0.96 
1.09 
2.58 

4.86 

0.69e) 

— 
0.69 
0.69 
1.38 
2.07 

— 

a) l e a l — 4 . 1 8 4 J . Data from SWS.8) b) Number of geminal methyl groups, c) Uni t in kcal mol - 1 , d) Unit in cal m o l - 1 K - 1 . e) These contribution values 
are different from those listed in Tables A5 and A6 in the Appendex, as the latter values were obtained by employing a wider variety of compounds. 

T A B L E 3. M U L T I P L E SUBSTITUTION CORRECTION OF REPLACEMENT BY A CHLORO GROUP1) 

Line (1) (2) 
Replacement by a chloro group t 

(3) (4) (5) (6) (7) (8) (9) 
mb) A ( A / / ° f ) o b s d C ) A ( A / / ) m > o b s d A ( A # ) m , calcd A(5° )obsd d ) A0S) m , obsd A ( S ) m , c a l c d 

CH 3 GH 3 —> CH3G1 

GH 3 CH 2 GH 3 -» C1CH2C1 

G H , Gl 

G H G H , -> GHG1 

C R Gl 

4 

5 

6 

GH3 

Grd3GGJri3 -

GH3 

Total 

Mean 

CI 

-> C1GC1 

CI 

0 

1 x 2 

2x3 

3x4 6 

10 

- 0 . 3 9 

2.02 

7.95 

15.67 

4 .77 

15.42 

30.22 

50.41 

5.04e) 

5 .04 

15.12 

30.24 

1.19 

0 .08 

-0 .24 

0 .89 

- 2 . 4 9 

- 5 . 5 7 

-8 .58 

-16.64 

-1.66e) 

- 1 . 6 6 

- 4 . 9 8 

- 9 . 9 6 

a) l e a l = 4 .184 J . Data from SWS.8) b) Number of multiple substitutions, c) Uni t in kcal mol-1 , d) Uni t in cal mol - 1 Kr 1 , e) See footnote e) in Table 2. 
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Contribution Values in Tables Al through A4 : Table 
Al in the Appendix was prepared from the observed 
data themselves. 

First, all of the paraffins except methane were re­
trieved from the database, and simultaneous equations 
of Eqs. 1, 2, and/or 4 were prepared with given con­
tribution counts, flf/s, as independent variables and 
observed values minus that of methane as dependent 
variables; then the parameters, A{AH)Ji ASj, and 
AÜJ, Abj, and AcJ} were calculated by the method of 
the least squares. T h e primary substitution to me­
thane in Table A2 and secondary substitutions, except 
for those related with aromatic rings in Table A3, 
were thus prepared. 

Second, all of the olefins, diolefins and acetylenes 
were retrieved, and, after the elimination of contri­
butions due to primary and secondary substitutions, 
multiple-bond contributions and their corrections in 
acyclic compounds were calculated by the same 
method; the results are given in Table A4. 

Third, all of the hydrocarbon derivatives of cyclo-
pentane and cyclohexane were retrieved, and primary 
substitutions to these two cycloalkane base groups 
were estimated; these results are shown in Table A3. 

Finally, hydrocarbon derivatives of benzene and 
naphthalene were processed to estimate the primary 
substitutions to these two aromatic base groups (Table 
A2), the secondary substitutions related with the aro­
matic rings (Table A3), and the conjugation effects 
of multiple bonds with aromatic rings (Table 4). 

Contribution Values in Tables A5 and A6: T h e fun­
damental values, type-number corrections, and multi­
ple-substitution corrections were calculated at the 
same time with the aid of the same procedure, after 
eliminating the contributions already given in Tables 
Al through A4. In practice, compounds with hetero 
atoms derived from methane or the above-mentioned 
four cyclic base groups were subdivided, so that com­
pounds containing a specified hetero atom besides 
carbon and hydrogen were processed to calculate 
the contribution values for functional groups conta­
ining the above-mentioned hetero atom. Following 
this sequence, the majority of the values in Tables 
A5 and A6 were statistically estimated. 

Illustrations for Tables Al through A8. In Table 
A2, several primary methyl substitutions are possible 
for ring compounds, while only one primary substitu­
tion is possible for methane. Each line corresponds 
to one methyl substitution on the base group; hence 
the primary methyl substitutions to form 1,2,3-tri-
methylbenzene, for example, are composed of the first 
primary (line 23) and two of the second primary 
substitutions, i.e., 1,2 (line 24) and 1,2,3 (line 27). 
As for the cyclopentane and cyclohexane derivatives, 
eis or trans configuration must be discriminated 
in polymethyl derivatives, although averaged values 
without the eis-trans notation may be used for an equi­
librium mixture. The values designated as unspecified 
may be used to form derivatives which require additive 
substitutions; 1,2,3,4-tetramethylbenzene may be esti­
mated by adding the unspecified values (line 30) to 
those of 1,2,3-trimethylbenzene. 

In Table A4, the unspecified 2 = 2 contribution 

implies that of an equilibrium mixture of eis and trans 
configurational isomers. An additional correction to 
multiple-bond arrangements may be present in lines 
12 to 17. 

T h e fundamental contributions of the functional 
group in Table A5 are arranged in the order of O, F, 
CI, Br, I, S, and N. Two single bonds and one double 
bond should be discriminated; the values of - N H - , 
secondary amine, should not be used instead of those 
of =NH, imine. The contribution of functional groups 
directly connected to an aromatic ring (denoted by 
@) should be discriminated from the others. T h e 
observed values of o-difluorobenzene deviate slightly 
from the ordinarily estimated values because of the 
vicinal effect. 

Corrections due to type numbers are given in lines 
with one functional-group notation in Table A6. 
Topologically non-symmetric multivalent groups such 
as - C ( = 0 ) - 0 - should have two kinds of type-number 
corrections, for which a percent mark (%) is given to 
indicate the direction of the bonds to be considered. 
Corrections due to multiple substitutions are given 
in lines where two functional-group notations are des­
cribed. 

In addition, Table A7 lists simple substances and 
Table A8 lists inorganic compounds and a few organic 
compounds whose properties can not be estimated by 
the present method, for the convenience of users in 
calculating the change of properties in reaction, etc. 

Quality of Contribution Values. T h e reliability of 
contribution values given in these tables depends on 
the reliability and plentifulness of the observed thermo-
chemical and thermodynamic data from which the 
contribution values are derived. Since the compounds 
in Table Al are key compounds, the observed values 
are highly reliable. T h e contribution values in Tables 
A2 to A4, which are employed to form various hydro­
carbons, are usually of a high quality because the 
reliable observed data are available for diversified 
kinds of hydrocarbons ; some minor corrections for the 
context concerned with multiple bonds are, however, 
less reliable because of the scarcity of observed data 
of a high quality. T h e contribution values for some 
functional groups are less reliable, because often only 
one set of observed data even with a low accuracy is 
available. T h e assumed contribution values, which 
could not be otherwise determined because of the 
lack of observed data, may much diversify the range of 
organic compounds to be handled, but these assumed 
values are undoubtedly of less reliability. 

Thus, the quality given in Table 4 was assigned to 
each of the contribution values in parentheses following 
values. The qualities in Table 4 range from 1 (the 
most reliable) to 6. The reliability of a physical 
property obtained as a sum of the contribution values 
may be designated by the worst quality of the contribu­
tions. 

The uncertainty for quality 1 may be evaluated as 
0.5 kcal/mol, except for fluorides and chlorides, for 
the enthalpies of formation judged from the standard 
deviations discussed in Results and Discussion, while 
that for quality 4 may be more than 1 kcal/mol; pro­
perties with quality 5 or quality 6 must be used at the 
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TABLE 4. QUALITY OF CONTRIBUTION VALUES 

Quality Remarks 

1 Calculated values from reliable observed data 
2 Approximated values correlated from very similar 

contributions 
3 (Reserved for observed data) 
4 Calculated values from less reliable observed data— 

in the present version, those from observed data 
rated <C in SWS8) 

5 Assumed values by correlation with less reliability 
6 Assumed values by decomposing functional groups 

into their fragments 

user's risk. 
Contribution Values Manually Selected. In Tables 

Al through A6 of the Appendix, the values with quality 
2 were determined manually, although those from the 
reliable data in P R N are rated 1 ; the procedures of 
estimation are given in the corresponding footnotes of 
the tables. 

As for some pr imary methyl substitutions (Table 
A2), the contribution values were assumed from those 
of the relevant substitutions. T h e values of the rele­
vant combination of type numbers were also used in 
place in the secondary methyl substitutions (Table 
A3). Properties in the gaseous phase were estimated 
from those in the liquid or even solid phases when the 
former was unavailable;12) these values were rated 5. 

Fundamental Contribution Values for Functional Groups : 
I t is surprising that no data are available for the en­
tropy and the molar heat of any aromatic ether, a 
popular homolog, with which the chemical equilibria 
of its formation at temperatures may be calculated. 
The contribution values of aromatic ether ( @ 0 - ) may 
be assumed by subtraction : A ( @ O H ) 4 - { A ( - 0 - ) — 
A ( - O H ) } , where the contributions in the formula 
stand for phenol, ether, and alcohol, whose values 
have already been calculated. Supposedly, the en­
tropy and molar heat may be not so seriously affected 
by the bond to an aromatic ring as enthalpy,15) because 
the former is affected by the curvature of the potential 
surface, whereas the latter is determined by the bond 
energy itself. Hence, the application of this method 
to a fundamental contribution was restricted only for 
entropy and molar heat, although no data is available 
to verify the above discussion, even for the latter two 
properties. These methods may give less reliable 
values, so they were rated 5. 

In the cases where the fundamental values of the 

functional groups could not be estimated by means of 
any method given above, some of them were assumed 
by decomposing a group into small fragments. An 
example is the entropy and molar heat for -COBr , 
which was decomposed as consisting of - C ( = 0 ) - and 
Br.16) Table 5 shows the effects of decomposing groups 
whose contribution values were obtained beforehand 
from observed data. As regards the entropy and molar 
heat, the estimation by decomposition may not give 
bad values, although the agreement between values 
for enthalpy is untolerably poor; hence, a few values 
only for the former two properties were estimated by 
this method, and they were rated 6. 

Minor Corrections for Functional Groups : As for the 
minor corrections in Table A6, the subtraction method 
was employed even for enthalpy because of their small 
magnitude. In some cases, values were assumed from 
those of similar functional groups. One example is 
that the difference between the values for @COF and 
- C O F is assumed to be equal to that between the values 
for corresponding C O CI groups. Assumption that the 
type correction of % - C O O - is equal to that o f - C O O H 
is another example. Some type correction values for 
the entropy and molar heat, which could not be cor­
related by these methods, were assumed to be zero 
because they are usually small; they were rated 5. 

Sequence o f M a n u a l 
Opera t ions i n E s t i m a t i o n 

T h e following features have been changed from the 
original ABW method : (1) base groups are limited 
to methane and ring compounds; (2) functional groups 
substituted to aromatic rings are discriminated from 
those substituted to non-aromatic fragments; (3) type 
corrections are given throughout functional groups; 
(4) multiple-substitution corrections are also given to 
some of the functional group; (5) corrections due to 
the context of multiple bonds are expanded, (6) the 
quality of estimated values is made available in order 
to make it possible to recognize their reliability, and 
(7) minor corrections due to the chain length as 
well as the enlargement of the cyclohexane ring are 
abolished. 

Manual Operation. The suggested sequence of 
operations in estimating the properties of a complex 
compound is as follows : 

Step 1: Select the base group, and determine its 
properties from Table A l . In an acyclic compound, 
yan one of the terminal atom groups may be selected 

TABLE 5. EFFECTS OF DECOMPOSING FUNCTIONAL GROUPS INTO FRAGMENTS ON THEIR FUNDAMENTAL 

CONTRIBUTION VALUES 

Functional 

-COC1 

-NHNHo 

group 

from observed data 
- C O - and -CI 

from observed data 
- N H - and NH2 

A (AH) 

- 3 8 . 0 6 
- 3 2 . 5 8 

40.64 
29.13 

Fundamental 

AS 

12.89 
17.07 

11.76 
13.27 

group-contribution valuesa> 

A« 

5.41 
5.19 

— 

— 

Ab 

- 5 . 6 3 
- 7 . 2 9 

— 

— 

Ac 

- 0 . 5 8 
1.37 

— 

— 

a) The units are the same as those given in Table A5. 
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as the base group. In the case of a cyclic compound, 
a ring compound should be selected as the base group. 

Step 2: Make all the primary substitutions before 
starting the secondary substitutions, where substitution means 
an exchange of a hydrogen atom with a methyl group. 
In the case of methane, only one primary substitution 
is possible. With ring structures, one primary substitu­
tion (the first pr imary substitution) is possible for each 
hydrogen atom of the base group. If two or more 
primary substitutions (second pr imary substitutions) are 
to be made on a base ring, the two substitutions closest 
together should be made first. If more than one 
substitution is to be made on a specific carbon atom 
in the base ring, such additional substitutions are to 
be treated in the same way. The unspecified contribu­
tions may be assigned for substitutions other than 
those clearly indicated, Table A2 is used to evaluate 
the group contributions resulting from primary substi­
tutions. 

Step 3: Complete the carbon skeleton of the com­
pound by making a series of secondary substitutions, 
and use Table A3 to obtain the values of group contri­
butions for such substitutions. Each of the multi­
valent functional groups, e.g., - C O O - or — N < , should 
be regarded as a C H n group of the carbon skeleton. 
In order to have the results conform with the procedures 
used in developing the tables, the following rules should 
be observed, although the deviations are usually small 
even if they are violated: 
(a) The longest straight chain should be fully develop­
ed before any side chains are added. 
(b) Side chains are added in the order of their length. 
However, if the carbon atom with the longest side 
chain is to have a second side chain, this second side 
chain should be added before additions are made to 
other carbon atoms of the straight chain. 

Step 4: Make additional secondary methyl substi­
tutions for monovalent functional groups. Allowance 
for such substitution is made from Table A3. For 
multibonded functional groups in Steps 3 and 4, e.g., 
= 0 or =N-, additional secondary methyl substitutions 
should be made ; one additional substitution for double 
bonds and two for triple bonds. 

Step 5: Add multiple bonds and obtain from Table 
A4 the contributions resulting from such additions. 
If required, make the additional corrections indicated 
by Table A4 for correlations between bonds. 

Step 6: Replace CHW groups by the substitution 
groups listed in Table A5. 
(a) First, add the fundamental contributions given in 
Table A5. 
(b) Second, check the types of connecting atom groups, 
and add contributions for the type-number correction from 
Table A6. In counting the type, assume that all of 
the functional group (s) were replaced beforehand. 
(c) Third, check the other substituting groups to the 
group to which the present group is connected (the 
geminal effect). Add contributions for multiple-substi­
tution corrections from Table A6. Repetition from each 
substituent should be allowed. 

Step 7: Find out the maximum of quality associated 
with the contribution values. This gives the user a 
measure of the reliability of the estimated values. 

Examples of Estimation. Four examples will be 
illustrated in order to make clear the above-mentioned 
sequence of manual operations. 

Example 1. Enthalpy, Entropy, and Molar Heat of 
2-Methyl-1,3-butadiene (Isoprene) : T h e replacement of 
two single bonds with two double bonds in 2-methyl-
butane makes this compound. Methane is selected 
as the base group (Step 1); then a hydrogen atom is 
substituted by a methyl group as the pr imary methyl 
substitution to make ethane (Step 2). T h e carbon 
skeleton is completed by the successive secondary sub­
stitutions, with consideration paid to the type numbers 
of the atoms concerned (Step 3). Finally the contribu­
tion values due to double bonds as well as the cor­
rection for the conjugated double bonds are added to 
make the given compound (Step 5). T h e numerals 
will be given below: 

A (AH) A(S) 

Base group: 
Methane 
Primary substitution: 
CrigCrig 

Secondary substitutions : 
GH3CH2GH3 ( l , l ) b 

CH3CH2CH2CH3 (1,2) 
( • 

GH3GH(GH3)CH2CH3 (2,2) 
Multiple bonds: 
1=3 
1 = 2 
Conjugated double bonds 

Total 

- 1 7 . 8 9 ( l ) a 

-2 .35(1) 

-5 .04(1) 
-4 .92(1 ) 

-30.20)« 
-6 .35(1 ) 

27.94(1) 
30.15(1) 

-3 .66(1) 

17.88(1) 

44.50(1) 

10.35(1) 

10.44(1) 
9.29(1) 

(74.58)c 

6.53(1) 

0.17(1) 
-1 .43(1 ) 
-4 .06(1 ) 

75.79(1) 

where the superscripts a, b , and c indicate the quality, 
type numbers, and subtotals respectively. T h e ob­
served values8) are 18.10 for A # \ 2 9 8 . 1 5 and 75.44 for 
S°298A5, and the quality of the estimates is 1. T h e 
molar heats at 298 K and 1000 K were estimated 
similarly to be 25.43 cal m o l - 1 and 52.68 respectively, 
while the observed values9) are 25.00 and 52.90. T h e 
agreement among these observed and estimated values 
is surprisingly good in this case. 

T h e group contributions by the Benson method are 
composed of 2 x [(Cd-(H)2] + [Cd-(Cd)2] + [Cd-(Cd) 
(H)] + [C- (C)(H) 3 ] ; this gives the estimate of enthalpy 
of 13.7 in the same unit. 

Example 2. Enthalpy and Entropy of 2-Butanone: 
T h e replacement of two methyl groups with an oxc-
(=0) group will make this compound. First, 2,2-di-
methylbutane will be prepared by Steps 1 through 4; 
second, two methyl groups will be replaced by a sub­
stitution group with the twofold type-number cor­
rections, because the 2-carbon atom after substitution 
is tertiary (Step 6). 

A (AH) A(S) 
kcal mol"1 cal mol"1 K - 1 

(1-3) Methyl substitutions: 
CH3CH2GH2CH3 -30.20(1) 74.58(1) 
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(4) Additional substitutions 
for functional groups: 

G H 3 G H ( C H 3 ) C H 2 C H 3 

(2,2) 

C H 3 C ( C H 3 ) 2 C H 2 C r i 3 

(3,2) 
(6) Replacement by func­

tional g roup : 
C H 3 C O C H 2 G H 3 

Fundamenta l 

Type number 

Tota l 

( b ) Type number 

- 6 . 3 5 ( 1 ) 

- 6 . 8 4 ( 1 ) 

6 .53(1) 

4 .30(1) 

- 7 . 0 9 ( 1 ) - 2 0 . 1 9 ( 1 ) 

- 3 . 3 0 ( 1 ) x 2 7.39(1) x 2 

- 5 7 . 0 8 ( 1 ) 80.00(1) 

T h e obse rved values 9) a r e —56 .97 a n d 80 .81 respec t i ­
vely, w h e r e a s t h e B e n s o n m e t h o d gives a fair ly g o o d 
v a l u e of e n t h a l p y of — 5 6 . 5 6 . 

Example 3. Enthalpy and Entropy of Perfluoro-

ethane: S ince f luor ine a t o m s a r e s u b s t i t u t e d to e t h a n e 
b y r e p l a c i n g a m e t h y l g r o u p for e a c h fluorine a t o m , 
t h e h y d r o c a r b o n m o l e c u l e before r e p l a c e m e n t is 2 ,2 ,3 ,3 -
t e t r a m e t h y l b u t a n e , as e s t i m a t e d in S teps 1 t h r o u g h 4. 
I n S t e p 6, t h e f u n d a m e n t a l c o n t r i b u t i o n s of fluorine 
to n o n - a r o m a t i c f r a g m e n t s a r e a d d e d six t imes a t 
first. As for t h e t y p e - n u m b e r c o r r e c t i o n , threefo ld 
co r rec t ions for e a c h f luor ine a t o m a r e necessa ry b e c a u s e 
t h e 2- a n d 3 - c a r b o n a t o m s a r e q u a t e r n a r y ; h e n c e , 
a l t o g e t h e r 18 co r rec t ions a r e a d d e d . Besides, t h e m u l ­
t ip l e - subs t i tu t ion co r rec t ions m u s t b e a d d e d six t imes , 
b e c a u s e e a c h of t h e t w o t r i f l u o r o m e t h y l g r o u p s h a s a 
th reefo ld c o r r e c t i o n in it . 

(1-4) Methyl substitutions : 

CH 3 C(CH 3 ) 2 -
C(CH 3 ) 2 CH 3 

(6) Functional groups: 

( a ) Fundamenta l 

A (AH) 

kcal m o l - 1 

- 5 3 . 9 9 ( 1 ) 

-221.10(1) 
[-36.85x6) 

MS) 
cal m o l - 1 K - 1 

93.07(1) 

- 2 3 . 8 2 ( 1 ) 
( - 3 . 9 7 x 6 ) 

(c Multiple sub­
stitution 

- 2 6 . 4 6 ( 1 ) 17.82(1) 
( - 1 . 4 7 x 3 x 6 ) ( 0 . 9 9 x 3 x 6 ) 

- 2 2 . 0 2 ( 1 ) - 5 . 4 6 ( 1 ) 
( - 3 . 6 7 x 3 x 2 ) ( - 0 . 9 1 x 3 x 2 ) 

Total -323.57 81.61(1) 

T h e a g r e e m e n t b e t w e e n t h e e s t i m a t e d a n d obse rved 
values , 8 ) —321 .00 a n d 79.37, sha l l b e r a t e d as excel lent 
in t h e case of r a t h e r l a r g e n u m e r a l s . T h e e s t ima te of 
e n t h a l p y b y t h e Benson m e t h o d is —3 1 6 .8 . 

Example 4. Enthalpy and Entropy of 1,2,3,4-

Tetramethylbenzene : As a m a t t e r of course , b e n z e n e is 
se lec ted as t h e b a s e g r o u p (S t ep 1). T h e first- a n d 
s e c o n d - p r i m a r y subs t i tu t ions wil l b e p rocessed b y ex­
ac t ly fol lowing t h e desc r ip t ions in S t e p 2, as is s h o w n 
b e l o w : 

A (AH) A(S) 

(1) 

(2) 

Base group: 
Benzene 
Primary substitutions: 
( a ) First primary 
( b ) Second primary 

To make 1,2-
To make 1,2,3-
Unspecified (to make 

1,2,3,4-) 

kcal mol - 1 

19.82(1) 

-8 .48(1) 

-6 .64(1) 
-7 .26(1) 

-7 .61 (1 ) 

cal mol-1 K-1 

64.34(1) 

11.45(1) 

8.70(1) 
10.24(1) 

4.94(1) 

Tota l - 1 0 . 1 7 ( 1 ) 99.67(1) 

T h e a g r e e m e n t b e t w e e n t h e e s t i m a t e d a n d obse rved 
values , 9 ) —10.02 a n d 99 .55 , is a g a i n excel lent . I f o n e 
e m p l o y s t h e second p r i m a r y subs t i t u t i on to m a k e 1,2,4-
i n s t e a d of t h e a b o v e o n e to m a k e 1,2,3-, h e m a y o b t a i n 
t h e e s t ima tes of —10 .19 a n d 99 .85 , w h i c h a r e s l ight ly 
p o o r e r va lues t h a n t h e a b o v e ones , p r e s u m a b l y because 
of less e n h a n c e m e n t of t h e o r t h o effect a m o n g m e t h y l 
g r o u p s . T h e c o n t r i b u t i o n s b y t h e Benson m e t h o d , 
c o m p o s e d of 2 X [ C B - ( G ) ] + 4 x [ G B - ( H ) ] + 4 x [C-

T A B L E 6. ERRORS IN THE ESTIMATION OF THERMODYNAMIC PROPERTIES 

Line Compound 
AH< 

f, 298.15 

ivd
a> i W » ivs

c> *d> <7e> NA Nc Ns *d> 0f>) 

1 Alkanes 51 12 3 0 . 3 0 . 4 

2 Alkenes and alkynes 90 13 3 0 . 4 0 . 6 

3 Cycloalkanes 44 14 12 0 .1 0 .2 

4 Aromatics 43 14 4 0 . 3 0 . 4 

5 Of> 101 34 6 0 .9 1.4 

6 F 30 8 0 2 . 9 3 .5 

7 Gl 37 5 0 2 .2 2 . 6 

8 Br 21 4 1 0 . 8 1.1 

9 1 13 4 1 0 .5 0 .7 

10 S 49 10 3 0 . 4 0 . 6 

11 N 24 16 7 0 . 4 0 .7 

Tota l /mean 503 134 40 0.8«) 1.4«) 

51 

75 

44 

40 

49 

99 

30 

27 

18 

433 

12 

13 

14 

13 

19 

14 

12 

113 

3 

2 

12 

3 

7 

0 

2 
8 

38 

0 .5 

0 .5 

0 .1 

0 . 3 

1.2 

1.7 

0 .6 

1.3 

0.9«) 

0.7 
0.8 
0.1 
0.5 

2.0 

1.6 2 .1 

2.2 

1.0 

1.7 

1.5«) 

a) Number of compounds employed in calculation, b) N u mb er of contribution values calculated, c) Number of 
e r r o r = 2 j | ° b s d — calcd|/(iVd — Ns) ; kcal m o l - 1 for H, and percentage error for S and Cp. e) Standard deviation; 
f) For classification of compounds, see text, g) Mean . 
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( C ) ( H ) 3 ] + 3 x [ o r t h o correction], give —10.45. 

R e s u l t s a n d D i s c u s s i o n 

In the evaluation of the estimation methods by the 
use of the correlation of the physical properties of 
organic compounds, it may be worthwhile to discuss 
the following four items. 

Accuracy or Reliability of the Estimated Values. 
Table 6 shows the average errors and the standard 
deviations derived from the differences between the 
observed data and the calculated da ta by the use of 
contribution values; these tables were prepared during 
the statistical calculations using the program, T H E D E S . 

The errors as well as the number of compounds, 
iVd, employed for the calculation, the number of con­
tributions, Nc, whose values were found during the 
calculation, and the number of compounds which 
contain the unique contributions, Ns, are given for 
each classification of compounds. 

The degree of freedom used for the calculation of 
errors should not be the number of samples, NA, but 
Nd—Ns. Sometimes, it is necessary to determine the 
value for a specified contribution from one compound, 
that is, a compound which has a unique contribution; 
for example, the contribution due to the replacement 
of a single bond in ethane with a triple bond to form 
acetylene, or A( l = l) in Table A4, is derived solely 
from the observed value of acetylene. In these cases, 
the differences between observed and calculated data 
should be null by definition. Hence, the true accuracy 
must be estimated by excluding the null differences; 
this consideration suggests the use of Nd—Ns) instead 
of JVd, for the actual degree of freedom. A high ac­
curacy, including many nulls by definition, in the 
estimation of thermodynamic values has been reported 
by the use of group-contribution values, supposedly 
derived not statistically but by the mere subtraction 

Nâ 

28 

j 119 

40 

40 

^c 

10 

28 

13 

18 

^s 

3 

15 

3 

9 

Cp° 

300 K 

0.1 

0.9 

0.5 

0.9 

eV 

700 K 

0.0 

0.3 

0.2 

0.4 

<7e) 

300 K 700 K 

0.3 0.1 

1.8 0.6 

1.0 0.3 

1.5 0.7 

60 15 2.9 2.5 4.2 4.0 

24 
9 

320 

7 
8 

99 

1 
5 

37 

0.8 
0.0 

1.5s) 

0.7 
0.7 

1.0s) 

1.3 
0.2 

2.6B) 

0.9 
1.0 

2.2B) 

compounds having a unique contribution, d) Average 
kcal mol - 1 for H, and percentage error for S and Cp. 

method;17) nevertheless, such an unthinkably high ac­
curacy can not be expected throughout a wide variety 
of compounds other than those cited in their report. 

T h e average errors shown in Table 6 are usually 
small enough for practical purposes. The standard 
deviations described there give us the statistical reliabi­
lity of the estimated values; 9 5 % of the population 
has a deviation not larger than 2o, 7 0 % of it, one not 
larger than o, and 4 0 % of it, one not larger than aj2. 

During the processing, however, a number of com­
pounds were excluded because of the poor agreement 
between the estimated and the observed values, although 
these compounds very often had observed values mea­
sured many years ago and, hence, with less reliability. 

A certain monograph18) presents a comparison be­
tween the estimated and the observed values of 29 
organic compounds obtained by several methods. The 
average errors in enthalpy are obtained by excluding 
the compounds which are outside the scope of each 
method or which have unique contributions; for the 
Benson and the ABWY methods, the four compounds 
described in Examples are added. The average errors 
are : 

Benson: 35 .70/27=1.3 kcal mol" 1 ; Verma and Dor-
aiswamy:19) 50 .71/19=2.7 ; Franklin:20) 42 .28/20= 
2 .1 ; ABW:3) 82.8/23 = 3.6; ABWY: 21.06/27=0.8, 
where the numerator and the denominator are the 
sum of errors and the degree of freedom defined above 
respectively. In conclusion, the ABWY method may 
exceed the existing methods in accuracy or in the 
reliability of the estimated values. 

Every effort should be made to improve further 
the reliability of the estimated values; one of such 
effort may be the experimental determination of the 
properties of the key compounds which contain contri­
butions with poor quality in Table A2 through A6. 
The endeavors of thermochemists are particularly 
waited for. 

Soundness of the Empirical Rules and Formulations. 
As has been mentioned earlier, it has been empirically 
guaranteed that the additivity rule holds for the esti­
mation of the thermodynamic properties of organic 
compounds in the ideal gas state. Therefore, the 
soundness of the method may be criticized for its way 
of incorporating a variety of neighboring effects, es­
pecially the global effect. In the present method, the 
geminal effects includes even the multiple-substitution 
contributions between different halogen atoms, and 
the type-number corrections are also incorporated as 
one of the vicinal effects. The contributions of func­
tional groups to aromatic rings are, as a global effect, 
discriminated from those to non-aromatic fragments. 

T h e symmetry number has been taken into account 
in the Benson method in order to estimate the values 
of entropy. In our method, the symmetry number 
due to the three-dimensional geometry of compounds 
seems to be implicitly incorporated by adopting the 
secondary methyl substitution, discriminated from the 
primary one, which produces the propane skeleton with 
a higher symmetry number from the ethane skeleton. 
As for the case of more complicated compounds, the 
rather small correction due to the symmetry or the 
existence of optical isomers may be negligible as com-
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pared with the inevitable errors generally associated 
with the empirical methods. 

Variety of Estimable Compounds. The variety of 
estimable compounds can be judged by the kinds of 
fundamental, type-number, and multiple-substitution 
correction contributions and the combinations of them ; 
the present method exceeds others in this respect, 
because more recent data have been adopted in this 
method. 

The concepts of both the type number and the 
multiple substitution have been implicitly incorporated 
in the Benson method. For example, altogether four 
kinds of carbon atoms are given in the contribution 
of bromine, although six kinds are logically necessary 
to process every variety of bromide derivative of paraf-
finic compounds. T h e kind of contribution in their 
method should, however, be surprisingly increased in 
order to cover mixed halides such as -CFClBr and 
haloolefins like =CBr2 in contrast to the limited kinds 
of contributions in the present method. I t may be 
additionally remarked that no compound consisting 
of one carbon such as CFClBrI can, by definition, be 
treated with the Benson method. 

I t should be mentioned, however, that hydrogen is 
not a functional group in the present method, so H C O -
O H is not derived from = C O O H or H C O O - . Also, 
compounds that are composed only of functional groups 
can not be treated; thus, for example, the estimation 
of oxalic acid, H O O C - C O O H , by the ABWY method 
gives an enthalpy of —193.5 kcal m o l - 1 as compared 
with the observed value of —174.86.11) The com­
pounds which are otherwise not processed are listed 
in Table A8 for convenience. 

In conclusion, the ABWY method may be evaluated 
as having a higher potentiality for estimating a much 
wider variety of compounds than the existing methods. 

Applicability for Computation with the Aid of Computers. 
As was described in the opening paragraphs, the present 

method has been already implemented in computer 
programs including the whole logic. The symmetry 
number, a stereochemical concept, cannot be determin­
ed without the knowledge of the whole geometry of 
a compound, while the geometry can be estimated 
with only highly sophisticated computer programs such 
as a program, STERIC, 5 ) also prepared by the present 
author. A logic which requires no symmetry number 
for estimation may be rated higher for implementation 
into computer programs. 

The author's thanks are due to Dr. Makoto Misono 
for his helpful discussions. A part of the research 
expenses was defrayed from the Grant-in-Aid for a 
Special Project Research, "Chemical Research in the 
Development and Utilization of Nitrogen-Organic 
Resources," of the Ministry of Education, Science, and 
Culture. The clerical work of Miss Masako Oya and 
the technical aid of Mr . Kiyoshi Arai are highly ap­
preciated. 

Appendix 

Tables of Contribution Values for the Thermodynamic Properties 
of Organic Compounds in the Ideal Gas State, A1 through A8. 
Unit of standard enthalpy of formation (H) in kcal mol -1; unit 
of standard entropy (S) and three coefficients of molar heat 
(a, b, and c) in cal mol"1 Kr1. 1 cal=4.184J. The ab­
breviations for the contribution values of the functional 
groups are: Az: fundamental; At: type-number correction; 
Am: multiple substitution correction; @: aromatic ring 
directly connected ; % : direction of extending chain in which 
the type number may be counted. 'Single data source' in 
the footnotes implies that the contribution value was derived 
only from a compound (or a pair of compounds for the con­
tribution of functional groups having type-number cor­
rection) . 

The molar heats can be calculated from three coefficients 
at 273 through 1000 K. 

TABLE Al. THERMODYNAMIC PROPERTIES OF BASE GROUPS IN IDEAL GAS STATE 

Line 

1 
2 
3 
4 
5 

Base group 

Methane 
Gyclopentane 
Gyclohexane 
Benzene 
Naphthalene 

A " f, 298.15 

-17 .89(1) 
-18 .46(1) 
-29 .43(1) 

19.82(1) 
36.08(1) 

CO 
° 298.15 

44.50(1) 
70.00(1) 
71.28(1) 
64.34(1) 
80.22(1) 

a 

3.99(1) 
-10 .02(1) 
-12.48(1) 
-5 .38(1) 
-6 .79(1) 

b 

15.68 
113.22 
143.35 
96.21 

148.96 

c 

- 2 . 3 8 
- 4 3 . 6 4 
- 5 5 . 1 9 
- 4 0 . 9 7 
- 6 4 . 2 7 

TABLE A2. CONTRIBUTION OF PRIMARY METHYL SUBSTITUTION FOR THERMODYNAMIC PROPERTIES 

IN IDEAL GAS STATE 

Line 

1 

2 

3 
4 
5 

Base group 

Methane 

Gyclopentane 

( a ) 

( b ) 

First primary 
substitution 

Second primary 
substitution to form 

1,1 
1,2 (eis) 
1,2 (trans) 

A(AH) 

-2 .35 (1 ) 

-8 .23 (1 ) 

-6.36(1)«) 
-4 .27( l ) a > 
-5 .98( l ) a > 

AS 

10.35(1) 

11.77(1) 

4.10(l)a> 
5.74(1) ^ 
5.90(1) ^ 

Aa 

-2 .37 (1 ) 

2.09(1) 

-1 .44( l ) a > 
-0 .87(1) - ) 
-0 .59( l ) a > 

Ab 

24.81 

16.31 

27.81 
26.40 
25.71 

Ac 

- 1 0 . 4 0 

- 5 . 5 4 

- 1 3 . 2 8 
- 1 2 . 7 2 
- 1 2 . 4 6 
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TABLE A2. (Continued) 

Line 

6 
7 

8 
9 

10 

11 

12 
13 
14 
15 
16 

17 
18 
19 
20 
21 

22 

23 

24 
25 
26 
27 
28 

29 
30 

31 
32 

33 
34 
35 
36 
37 

Base group 

l,2(unspec.)b> 
1,3 (CM) 

l,3(trans) 
l,3(unspec.)h> 
Unspecified locant1) 

Cyclohexane 
( a ) 

( b ) 

First primary 
substitution 

Second primary 
substitution to 

1,1 
1,2 (m) 
\,2{trans) 
l,2(unspec.)h> 
1,3 (eis) 

1,3 (trans) 
l,3(unspec.)h> 

l,4(cw) 
1,4 (trans) 
l,4(unspec.)h> 

form 

Unspecified locant1) 

Benzene 

( a ) 

( b ) 

First primary 
substitution 

Second primary 
substitution to 

1,2 
1,3 
1,4 
1,2,3 
1,2,4 

1,3,5 

form 

Unspecified locant1) 

Naphthalene 
( a ) 

(b ) 

First primary 
substitution to 

1 
2 
Second primary 

substitution to 
1,2 
1,3 
1,4 
2,3 

form 

form 

Unspecified locant1) 

A (AH) 

-5 .12(2) b ) 
-5 .78( l ) a > 

-5 .24( l ) a > 
- 5 . 5 1 (2) b> 
-5.97(2) c> 

-8 .04(1 ) 

- 5 . 7 9 ( l ) a ) 
- 3 . 6 8 (l)a> 
— 5.55(l)a> 
- 4 . 6 1 (2) b> 
-6 .69( l ) a > 

-4 .73( l ) a > 
- 5 . 7 1 (2)b) 
- 4 . 7 5 ( l ) a ) 
- 6 . 6 5 (l)a> 
-5 .70(2 ) b> 

- 5 . 7 3 (2) d> 

-8 .48(1) 

-6 .64(1 ) 
-6 .96 (1 ) 
-6 .86 (1 ) 
-7 .26 (1 ) 
-8 .00 (1 ) 

-8 .22( l ) a > 
-7 .61 (1 ) 

-8 .15( l ) a > 
-8 .33( l ) a > 

- 6 . 3 1 (2)e) 
- 6 . 6 3 (2) e> 
- 6 . 5 3 (2) e> 
- 6 . 3 1 (2)*> 
- 8 . 2 4 (2) f> 

AS 

5.82 (2) b) 
5.90 (l)a) 

5.90(l)a> 
5.90 (2) b> 
6.55(2)°) 

11.07(1) 

4.89(1) *) 
7.16(l)a) 
6.30 (l)a) 
6.73 (2) b) 
6.19(l)a> 

7.57(l)a) 
6.88 (2) b) 
6.19(1)*) 
4.84(1)*) 
5.51 (2)b) 

6.77 (2) d> 

11.45(1) 

8.70(1) 
9.95(1) 
8.65(1) 

10.24(1) 
10.42(1) 

6.41 (l)a> 
4.94(1) 

9.99(1)*) 
10.61 (l)a) 

7.24 (2) e> 
8.50 (2)e) 
7.19(2) e> 
7.24(2) s) 

10.30 (2)f) 

Aa 

- 0 . 7 3 (2) b) 
-0 .59( l ) a > 

- 0 . 5 9 ( l ) a ) 
- 0 . 5 9 (2)b) 
-0 .33(2)°) 

2.77(1) 

- 3 . 2 3 ( l ) a ) 
- 1 . 9 1 (l)a> 
- 1 . 3 9 ( l ) a ) 
-1 .65(2) b ) 
- 1 . 5 1 ( l ) a ) 

- 1 . 0 3 ( l ) a ) 
-1 .27(2 ) b ) 
- 1 . 0 3 ( l ) a ) 
- 2 . 0 1 (l)a) 
-1 .52(2) b ) 

-1.17(2)d> 

1.38(1) 

2.98(1) 
1.20(1) 
1.31(1) 
3.38(1) 
3.92(1) 

1.48(l)a) 
1.47(1) 

1.52(l)a) 
2.55 (l)a> 

3.12(2)°) 
1.34(2)e) 
1.45(2)e) 
3.12(2)«) 
2.04(2)f) 

Ab 

26.05 
25.71 

25.71 
25.71 
24.61 

19.41 

26.63 
23.90 
24.69 
24.30 
22.74 

21.13 
21.94 
21.13 
25.72 
23.42 

23.17 

15.40 

11.95 
15.48 
14.41 
6.99 
4.45 

13.95 
24.17 

8.93 
14.76 

15.48 
19.01 
17.94 
15.48 
16.84 

Ac 

- 1 2 . 5 9 
- 1 2 . 4 6 

- 1 2 . 4 6 
- 1 2 . 4 6 
- 1 1 . 4 9 

- 9 . 4 6 

- 9 . 8 0 
- 9 . 2 5 

- 1 0 . 3 3 
- 9 . 7 9 
- 7 . 8 9 

- 7 . 6 9 
- 7 . 7 9 
- 7 . 6 9 

- 1 0 . 5 2 
- 9 . 1 0 

- 9 . 0 8 

- 4 . 6 6 

- 2 . 8 6 
- 4 . 6 9 
- 3 . 8 6 

2.31 
3.88 

- 3 . 5 2 
- 1 3 . 8 1 

- 7 . 6 7 
- 4 . 8 2 

- 5 . 8 7 
- 7 . 7 0 
- 6 . 8 7 
- 5 . 8 7 
- 6 . 2 4 

a) Single data source, b) Average of eis and trans, c) Average of lines 2, 3, 4, 5, 7, and 8. d) Average 
lines 11, 12, 13, 14, 16, 17, 19, and 20. e) Assumed as (values of the position corresponding to benzene) 
{A(1 -naphthalene)— Zl(1 -benzene)}, f) Average of zl(l-) and A(2-). g) Assumed to be the same as A(1,2 
h) Equilibrium mixture of eis- and trans-homer?,. i) For substitution location not mentioned otherwise. 

of 

+ 
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T A B L E A3. CONTRIBUTION OF SECONDARY METHYL SUBSTITUTION FOR THERMODYNAMIC PROPERTIES 

IN IDEAL GAS STATE 

Line 

1 
2 
3 
4 
5 

6 
7 

8 
9 

10 

11 
12 
13 
14 
15 

a) Single 

Type 

A 

2 
2 
2 
2 
2 

3 
3 
3 
3 
3 

number 

B 

1 
2 
3 
4 
9 

1 
2 
3 
4 
9 

1 
2 
3 
4 
9 

data source, b) 

A (AH) 

-5 .04(1) 
-4 .92(1) 
-3 .67(1) 
-3 .67(2) 
-4 .70(1) 

-6 .87(1 ) 
-6 .35 (1 ) 
-5 .31 (1 ) 
-4 .94 (1 ) 
-5 .82 (1 ) 

-7 .52(1 ) 
-6 .84(1 ) 
-4 .96 (1 ) 
-5 .66(1 ) 
-6 .24(1 ) 

Assumed to be 

AS 

10.44(1) 
9.29(1) 
8.75(1) 
8.75(2) 

10.83(1) 

5.13(1) 
6.53(1) 
6.54(1) 
6.57(1) 
6.71(1) 

a) 2.81 (l)a> 
4.30(1) 

a) 6.20 (I)*) 
a> 1.09(1) a> 
a> 6.71(2)°-) 

the same as Zl(3,2). 

Aa 

-0 .88 (1 ) 
0.35(1) 

-0 .23(1 ) 
-0 .23(2) 

0.37(1) 

-0 .50(1 ) 
-0 .15 (1 ) 
-1 .17( l ) a > 
-0 .29 (1 ) 
-0 .76(1 ) 

- 0 . 6 6 (l)a) 
-1 .65(1 ) 
-1.65(2)b> 
-1 .00( l ) a > 
-0.76(2)°) 

Ab 

23.46 
19.46 
21.90 
21.90 
21.16 

22.87 
21.67 
23.33 
22.00 
21.60 

25.74 
26.70 
26.70 
30.96 
21.60 

c) Assumed to be the same as A (2,9). 

Ac 

- 1 0 . 1 0 
- 7 . 5 2 
- 9 . 3 1 
- 9 . 3 1 
- 9 . 0 0 

- 9 . 9 6 
- 8 . 9 7 
- 9 . 9 5 
- 9 . 0 8 
- 8 . 6 8 

- 1 1 . 7 7 
- 1 2 . 3 5 
- 1 2 . 3 6 
- 1 5 . 8 5 
- 8 . 6 8 

T A B L E A4. MULTIPLE-BOND CONTRIBUTION REPLACING SINGLE BOND FOR THERMODYNAMIC PROPERTIES 

IN IDEAL GAS STATE 

Line 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 

15 

16 
17 

Type of bond or correction 

1 = 1 
1=2 
1 = 3 
2 = 2(unspec.)f) 
2 = 2(m) 

2 = 2(trans) 
2 = 3 
3 = 3 
1 = 1 
1=2 

2 = 2 
Adjacent double bonds 
Conjugated double bonds 
Double bond conjugated 

with aromatic ring 
Triple bond conjugated 

with aromatic ring 
Conjugated triple bonds 
Conjugated double and 

triple bonds 

A (AH) 

32.74(1) a> 
30.15(1) 
27.94(1) 
27.82 (2) b> 
28.30(1) 

27.35(1) 
27.40(1) 
27.70(l)a> 
74.43 (l)a> 
69.50(1) 

65.54(1) 
9.89(1) 

- 3 . 66 (1 ) 
-1 .72(1 ) 

2.1 (4) .̂«) 

4.2 (4)a'd) 
3.3 (4)a>e> 

AS 

-2.40(1)») 
-1 .43 (1 ) 

0.17(1) 
- 2 . 1 1 (2)b) 
-1 .51(1) 

-2 .72 (1 ) 
0.14(1) 

- 0 . 5 0 ( l ) a ) 
- 6 . 8 5 ( l ) a ) 
-4 .97 (1 ) 

-5 .72 (1 ) 
-3 .17 (1 ) 
-4 .06(1 ) 
-2 .27(1 ) 

- 4 . 8 (4)a-c> 

- 4 . 9 (4)a-d) 
- 1 . 4 (4)a-e> 

A» 
0.12(1) 
0.91(1) 
3.06(1) 
0.33 (2) b) 

-1 .53(1 ) 

2.19(1) 
-0 .25(1) 

1.41(1) 
4.58(1) 
3.95(1) 

3.07(1) 
2.33(1) 

-1 .60 (1 ) 
1.28(1) 

- 0 . 9 (4)a'c> 

0.8 (4)a.d> 
3.0 (4)a'e> 

Ab 

- 7 . 8 3 
- 1 2 . 1 7 
- 1 7 . 0 6 
- 1 2 . 5 5 

- 8 . 9 8 

- 1 6 . 1 4 
- 1 2 . 9 2 
- 2 2 . 9 1 
- 2 3 . 6 0 
- 2 7 . 9 8 
- 3 0 . 3 6 

- 1 . 8 6 
8.91 

- 2 . 1 7 

1.1 

3.5 
5.3 

Ac 

0.89 
3.90 
6.67 
4.55 
2.70 

6.40 
5.07 

13.75 
5.49 
9.73 

12.35 
0.51 

- 6 . 5 7 
1.24 

0.1 

- 3 . 5 
2.3 

a) Single data source, b) Average of eis and trans. 
C H 2 = C H C E C H . f) Equil ibrium mixture of eis- and 

c) From C H E C C 6 H 5 . d) From 
trans-isomers. 

CH=CC=CH. e) From 

T A B L E A5. FUNDAMENTAL CONTRIBUTION OF FUNCTIONAL GROUP REPLACING C H W GROUPS FOR 

THERMODYNAMIC PROPERTIES IN IDEAL GAS STATE 

Line 

1 
2 
3 
4 
5 

Functional group 

Oxygen 
=0(aldo) 
=O(ket0) 
- O H 
@OH 
- O -

A(AH) 

-2 .42(1) 
-7 .09 (1 ) 

-28 .44(1) 
-35 .01(1) 
-20.43(1) 

AS 

-13.00(1) 
-20.19(1) 

2.06(1) 
-0 .30(1) 
-1 .26(1) 

Aa 

4.09(1) 
1.51(1) 
1.74(1) 
2.87(1) 
3.17(1) 

A* 

- 5 1 . 1 6 
- 3 5 . 4 9 
- 1 5 . 7 0 
- 1 1 . 9 0 
-20.39(1) 

A* 

20.14 
8.76 
5.84 
5.80 
9.22 
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TABLE A5. (Continued) 

Line 

6 
7 
8 
9 

10 

11 
12 
12 a 
13 
14 
15 

16 

17 
18 
19 
20 
21 

22 
23 
24 
25 

26 
27 
28 
29 

30 
31 
32 
33 

34 
35 
36 
37 
38 

39 
40 
41 
42 
43 

44 
45 

46 
47 
48 
49 
50 

51 
52 

Functional group 

@ô  
-OOH 
- O O -
-COOH 
©COOH 

- C O O -
@COO-
@OOC-

-cooco-
-coo2co-
HCOO-

-co3-
Fluorine 
-F 
@F 
@F(ortho) 
-COF 
@COF 

Chlorine 
-CI 
@G1 
-COC1 
©COC1 

Bromine 
-Br 
@Br 
-COBr 
@COBr 

Iodine 
- I 
@I 
-COI 
©COI 

Sulfur 
-SH 
@SH 
- S -
@S-
-SS-

-so-
@SO-

-so2-
@so2-
-S03H 

-oso2-
-OS03-

Nitrogen 
-NH2 

@NH2 

-NH-
@NH-
- N < 

@N< 
=N-(keto) 

A(AH) 

-23.37(l)a«b> 
- 2 4 . 7 (4)a«b> 
-5 .22(1 ) 

-83.69(1) 
- 8 0 . 7 0 (l)a> 

-73.12(l)b«e> 
-75.93(l) a . b> 
-74.12( l ) a ' b > 

-112.32(l) a> 
- 9 3 . 7 (4)c'g> 
-65.93(1) 

-117 .17( l ) a ' b ) 

-36.85(1) 
-39.49(1) 
-34 .24(1) 
-84.96( l ) a> 
- 8 4 . 0 (5)1) 

0.49(1) 
2.36(1) 

-38.06(1) 
-37.12(l)a«b> 

11.84(1) 
13.76(l)a> 

-25.27(l) a« b) 
-23.54(l) a« b ) 

24.17(1) 
27.51 (l)a> 

-9 .09( l ) a » b ) 
- 7 . 4 (5)P) 

14.42(1) 
15.32(l)a> 
16.64(1) 
16.96(1) 
19.08(1) 

-10.31(1) 
- 9 . 5 (5)r> 

-66.90(1) 
-66.08(l) a» b) 

- 2 8 2 . 7 (5)s> 

-90.71(1) 
-139.38(l) a»b) 

14.69(1) 
9.42 (l)a> 

20.78(1) 
13.76(1) 
26.45(1) 

19.28(l)a> 
4 4 . 7 (5)c>e>s,t) 

AS 

- 3 . 6 (5)b> 

12.67(1) 
12.40 (l)a> 

13.1 (5)1) 
13.1 (5)J) 

27.93(l)a> 

17.15 (l)a> 

-3 .97 (1 ) 
-4 .31 (1 ) 
-3 .07 (1 ) 

13.7 (6)k> 

-1 .41 (1 ) 
-0 .95 (1 ) 
12.89(1) 

3.13(1) 
1.74(l)a> 

16.4 (6)m> 

3.48(1) 
2.1 (5)*> 

21.1 (6)°) 

5.75(1) 
4.72 (l)a> 
5.17(1) 
4.1 (5)^) 

15.17(1) 

3.13(1) 
0.49(l)a> 

-0 .05( l ) a > 
- 2 . 7 (5)ee) 
-1 .40( l ) a > 

- 4 . 0 (5)ff) 

Aa 

4.3 (5)b> 

1.89(l)a> 
-1 .92( l ) a > 

- 4 . 2 (5)D 
- 4 . 2 (5)J) 

-1 .26( l ) a > 

1.89(l)a> 

1.01(1) 
1.55(1) 
1.41(1) 
3.4 (6)k> 

1.78(1) 
2.56(1) 
5.41 (l)a> 

2.66(1) 
2.94 (l)a> 
5.0 (6)m> 

2.72(1) 
3.0 (5)») 
5.6 (6)°) 

3.44(1) 
2.90 (l)a> 
4.09(1) 
3.6 (5)q) 
8.51(1) 

1.79(1) 
2.11(l)a> 
0.33(l)a> 
0.6 (5)ee> 
0.01 (l)a> 

0.3 (5)ff) 

Â  
- 1 6 . 6 

6.98 
6.02 

0.3 
0.3 

29.79 

6.98 

- 1 8 . 3 0 
- 1 4 . 2 2 
- 1 8 . 8 5 

- 4 . 3 

- 1 5 . 5 0 
- 1 9 . 9 2 
- 5 . 6 3 

- 1 1 . 9 3 
- 1 6 . 8 1 
- 1 0 . 4 

- 1 7 . 3 3 
- 2 2 . 2 

- 7 . 9 

- 1 5 . 7 6 
- 1 0 . 1 4 
- 1 9 . 9 8 
- 1 4 . 4 
- 1 3 . 9 6 

- 9 . 0 0 
- 3 . 4 4 
- 5 . 8 8 
- 0 . 3 
- 4 . 4 4 

1.1 

Ac 

ôTï 

- 6 . 3 7 
- 1 . 0 9 

1.9 
1.9 

- 1 6 . 5 5 

- 6 . 3 7 

5.87 
4.39 
7.75 
1.1 

3.57 
7.42 

- 0 . 5 8 

3.12 
6.91 
2.2 

4.37 
8.2 
2.3 

6.79 
4.64 

11.00 
8.8 
4.88 

3.15 
1.05 
1.85 

- 0 . 2 
1.05 

- 1 . 0 
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Line 

53 
54 
55 

56 
57 
58 
59 
60 

61 
62 
63 
64 
65 

66 
67 
68 
69 
70 

71 
72 
73 

Functional group 

-N=N-
-NHNH2 

@NHNH2 

-N(NH2)-
@N(NH2)-
-NHNH-
©NHNH-
-GN 

@CN 
-NG 
=NOH 
-GONH2 

@CONHa 

-CONH-
©NHCO-
- C O N < 
- N 0 2 

@N0 2 

-ONO 
-ONO, 
-NCS 

Yukio YONEDA 

TABLE A5. (Continued) 

A (AH) 

63.6 (5)a.ce.u> 
40.64 (l)a> 
36.69 (l)a'b> 

44.87(1)a- b) 
40.9 (5)v> 
46.78 (l)a> 
42.8 (5)*> 
41.24(1) 

40.96 (l)a> 
56.14(l)a> 
22.0 (4)c 'f.s) 

- 3 6 . 7 2 (l)b'g> 
- 3 3 . 7 3 (5)z> 

- 3 0 . 6 (5)a-b.aa> 
-37 .83 ( l ) a . b ) 

21.00(l)a.b> 
2.75(1) 
4.30(l)b-&> 

4.94(1) 
-8 .77 (1 ) 
56.0 (5)°«) 

AS 

11.76(1) a> 

7.53(l)a> 

9.34(1) 

1.60(1) 

0.94(1) a> 
4.13 (1) a> 

18.5 (6)y> 

10.88(l)a> 
10.9 (5)bb> 

13.10(l)a> 
17.30(1) 
14.7 (5)dd) 

Aa 

3.42(1) 

4.25 (l)a> 
4.2 (5)*> 

3.6 (6)y) 

1.14(l)a> 
1.1 (5)bb> 

2.47 (l)a> 
4.12(1) 

Ab 

- 1 2 . 7 6 

- 1 1 . 3 7 
- 1 1 . 4 

5.7 

1.11 
1.1 

1.51 
7.61 
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__ 

3.51 

4.82 
4.8 

- 3 . 0 

- 3 . 4 8 
- 3 . 5 

- 3 . 8 4 
- 6 . 9 6 

a) Single data source, b) Data from PRN.U> c) Data from BCG.12> d) Data from LBT1.13> e) The values 
of the gaseous state were estimated from those of the liquid phase, f) The values of the gaseous phase were 
estimated from those of crystal, g) Stasistically calculated with weights reciprocal to errors, h) Assumed as A{(©O-) 
=At(@OH) + {At(-0-)-Af(-OH)}. i) From CH3GOOC2H5, assuming Zl f(%-OOG-)=zJ f(-0-) . j) Assumed as 
At(@COO-)=Af(-COO-). k) Assumed to be composed of - G O - and -F . See text. 1) Assumed as zlf(@COF) 
=zl f(-COF) + {zl f(@COCl)-/l f(-COCl)}. m) Assumed to be composed o f - G O - and -Br. See text, n) As­
sumed as Af(@l)—Af(-I) +{At(@Br)—At(-Br)}. o) Assumed to be composed of -GO- and - I . See text, p) 
Atsumed as zlf(@COI) = A{(-COI) 4- (zlf(@COBr) -Zl f(-GOBr)}. q) Assumed as Af (@S-) =Zlf(-S-) 4- {Jf(@SH) -
zJf(-SH)}. r) Assumedas/l f(@SO-)=/1 f(-SO-)4-{Zl f(@S02-)-/ lf(-S02-)}. s) Assumed as J t ( -S0 3 H)=/ l t ( -S03- ) . 
t) Assumed as zl t(%=N-)= At(%=NOH). u) Assumed as d t ( -N=N-)=4 t (%-N=) . v) Assumed as <df(@N(NH2)-) 
=Af(-N(NHa)-) 4- {Af(@NHNH2) - A t ( - N H N H 2 ) } . w) Assumed as Af(©NHNH-) =At(-NHNH-) + {zJf(@NHNH2) 
-JfC-NHNHa)}. x) Assumed as J f(-NG) =Zlf(-GN). y) Assumed to be composed of -GO- and -NH2. See 
text, z) Assumed as zlf(@CONH2)=zlf(-CONH2) + {zlf(@COOH)-/l f(-COOH)}. aa) From GH3CONHG4H9, 
assuming as /d t (%-NHCO-)=d t ( -NH-) . bb) Assumed as zJ f(@N02)=J f(-N02). cc) From CH2=CHCH2NGS, 
assuming as Zf t(-NGS)=J t(%-N=). dd) From the same compound, assuming as J t(-NCS) =zl t(-NH2). ee) As­
sumed as J f (@NH-)=J f ( -NH- ) + {J f (@NH 2 ) -d f ( -NH s )} . ff) Assumed as / d f ( @ N < ) = J f ( - N < ) + {^f(@NHa) 
- < d f ( - N H a ) } . 

TABLE A6. CORRECTIONS DUE TO TYPE NUMBER AND MULTIPLE SUBSTITUTIONS OF FUNCTIONAL 

GROUPS FOR THERMODYNAMIC P R O P E R T I E S IN IDEAL GAS STATE 

Line 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 

Functional group 

Oxygen 
=0(aldo) 
=0(keto) 
-OH 
- O -

@o-
- O O H 
- O O -
-COOH 
% - C O O -
%-OOC-

©COO-
-COOGO-

-coo3co-

A (AH) 

-5 .42(1 ) 
-3 .30 (1 ) 
-2 .65(1 ) 
-2 .28 (1 ) 
-2 .81( l ) a ' b > 

2.0 (4)a'b> 
-2 .50(1 ) 

1.54(l)a> 
-1.21(l)b 'S> 
- 2 . 8 0 ( l ) b . s ) 

1.79(l)b.s) 
-1 .21( l ) a ' b > 
- 5 . 1 (4)c-e.s) 

AS 

4.50(1) 
7.39(1) 
0.20(1) 

-0 .55(1 ) 
- 0 . 6 (5)b> 

8.58(l)a> 
8.58 (5) i) 

- 0 . 6 (5)h> 

- 0 . 6 (5)b) 
8.6 (5)D 

Aa 

-0 .86(1 ) 
1.59(1) 
0.10(1) 
0.51(l)a> 
0.5 (5)h> 

0.0 (5)O 
0.0 (5)1) 
0.5 (5)b> 

0.5 (5)b> 
0.0 (5)'> 

Ab 

1.61 
- 1 1 . 3 0 

0.00 
- 1 . 2 0 
- 1 . 2 

0.0 
0.0 

- 1 . 2 

- 1 . 2 
0.0 

Ac 

- 1 . 1 5 
8.21 

- 0 . 1 0 
0.79 
0.8 

0.0 
0.0 
0.8 

0.8 
0.0 
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TABLE A6. (Continued) 

Line 

14 
15 

16 
17 
18 
19 
20 

21 

22 
23 
24 
25 
26 

27 
28 
29 
30 

31 
32 
33 

34 
35 
36 
37 
38 

39 
40 
41 
42 
43 
44 

Functional group 

HCOO-

-co,-
Fluorine 
-F 
-F , -F 
-F, -Cl 
-F , -Br 
-F, - I 

-COF 

Chlorine 
-CI 
-CI, -CI 
-CI, -Br 
-CI, - I 
-COC1 

Bromine 
-Br 
-Br, -Br 
-Br, - I 
-COBr 

Iodine 
- I 
- I , - I 
-COI 

Sulfur 
-SH 
- S -

@s-
-ss-
-SO-

@so-
-so2-
@so2-
-S03H 

-oso2-
-OS03-

A(A#) 
7.99(1)*) 

-0.29(1)*.*» 

-1 .47(1) 
-3 .67(1) 

2.63(1) 
4.19(1) 
4.12(1) 

0.4 (5)*> 

-0 .62(1 ) 
4.25(1) 
5.14(1) 
4.9 (5)o) 
0.45(1) 

-1 .73(1 ) 
4.21(1) 
4.9 (5)P) 

0.4 (5)q) 

-1 .03(1) 
5.59(1) 
0.4 (5)<i> 

-0 .27(1 ) 
-0 .85(1) 
-0 .28( l ) a > 
-0 .82(1) 
-1 .97(1) 

- 2 . 0 (5)8) 
-0 .27(1) 

6.18(1)*.*) 
- 2 . 8 (5)*) 
-2.81(l)b,g) 

-2.57(l)b«&) 

AS 

- 0 . 6 (5)m> 

0.99(1) 
-0 .91(1 ) 
-0 .16(1) 

1.63(1) 
-0 .09(1 ) 

1.24(1) 
-1 .49(1) 

1.48(1) 
1.24(l)a> 

-1 .25(1 ) 
2.37(1) 
1.90(l)a> 

0.94(1) 
-0 .73(1) 

0.38(1) 
-0 .04 (1 ) 
- 0 . 1 (5)r> 

0.02(1) 

Aa 

0.5 (5)m) 

0.38(1) 
-0 .48(1) 

1.72(l)d^> 
0.99(l)d'&> 
1.68(l)a«d> 

0.90(1) 
-0 .62(1 ) 

1.73(l)d> 
1.68(l)d> 

0.39(1) 
1.12(l)d> 

-0.38(l) a«d> 

0.66(1) 
0.12(1) 

0.35(1) 
-0 .04(1) 
- 0 . 1 (5)r> 
-0 .42 (1 ) 

Ab 

- 1 . 2 

- 0 . 1 3 
- 0 . 1 8 
- 3 . 3 4 
- 4 . 0 1 
- 1 . 5 5 

- 3 . 0 0 
1.55 

- 6 . 9 5 
- 6 . 5 9 

- 6 . 3 5 
- 8 . 5 9 
- 7 . 7 4 

- 2 . 4 2 
0.18 

- 0 . 2 9 
1.08 
1.1 
2.66 

Ac 

0.8 

0.38 
- 0 . 4 2 

4.38 
1.05 
1.01 

1.92 
- 0 . 9 0 

3.02 
4.52 

2.31 
4.70 
3.84 

1.74 
- 0 . 3 6 

- 0 . 3 8 
- 0 . 9 0 
- 0 . 9 
- 2 . 2 9 

45 
46 
47 
48 
49 

50 
51 
52 
53 
54 

55 
56 
57 
58 
59 

60 
61 

Nitrogen 
-NH2 

- N H -
@NH-
- N < 
@N< 

%=N-
%-N= 
-N=N-
-NHNH2 

-N(NH2)-

@N(NH2)-
-NHNH-
©NHNH-
-CN 
-NC 

=NOH 
-CONHo 

1.30(1) 
2.33(1) 
2.08 (l)a) 
1.70(1) 
1.0 (4)a.e.v) 

0.2 (5)a'e«w) 
0.9 (4)c.e.g) 
0.9 (5)*) 
1.3 (5)*) 
1.3 (5)*) 

1.3 (5)») 
(5)u) 

1.3 (5) «O 
3.08(1) 
3.1 (5)y) 

0.2 (4)cf.g) 
0.03(l)b.s> 

- 1 . 3 

-0.34(l)a> 
-0.3 (5)*) 
-0.3 (5)u> 
-0.3 (5)u> 
-0.3 (5)u> 

- 0 . 3 (5)u> 
- 0 . 3 (5)u> 

- 0 . 3 (5)*) 

0.56(1) 
0.6 (5)y> 

8.6 (5)z> 

0.16(l)a) 
0.2 (5)u> 
0.2 (5)u> 
0.2 (5)u> 
0.2 (5)*) 

0.47 
0.5 
0.5 
0.5 
0.5 

1.02(1) 
1.0 (5)y> 

0.0 (5)0 

-4.88 
-4.9 

0.0 

-0.61 
-0 .6 
-0.6 
-0.6 
-0.6 

4.48 
4.5 

0.0 
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Line 

62 
63 
64 

65 
66 
67 
68 

functional group 

%-CONH-
%-NHGO-
©NHCO-

- N 0 2 

-ONO 
- O N 0 2 

-NGS 

A (AH) 

- 1 . 2 (5)aa) 
- 2 . 3 (5)bb> 
- 1 . 2 (5)aa) 

-2 .26(1) 
-6 .34(1 ) 
-2 .47(1 ) 
- 0 . 9 (5)dd) 

Yukio YONEDA 

TABLE A6. (Continued) 

AS 

0.0 (5)i) 
0.0 (5)i) 
0.66 (l)a> 

- 0 . 3 (5)u> 

Aa 

0.0 (5)i) 
0.0 (5)J> 

-0 .37( l ) a > 

Ab 

0.0 
0.0 
0.82 
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Ac 

0.0 
0.0 

- 0 . 5 5 

a) Single data source, b) Data from PRN.11) c) Data from BCG.12> d) Data from LBT1.13> e) The values 
of the gaseous phase were estimated from those of the liquid phase, f) The values of the gaseous phase were 
estimated fiom those of crystal, g) Statistically calculated with weights reciprocal to errors, h) Assumed to 
be equal to At(-0-). i) Assumed as zero, j) Assumed as zl t(%-COO-) =zl t(-COOH). 1) Assumed to be 
equal to J t ( -COOH) . m) Assumed as zl t(HCOO-) =Zl t ( -0 - ) . n) Assumed as J t ( -COF)=zl t ( -COCl) . o) As­
sumed as Am(-Cl, -I) = {zlm(-Cl, -CI) + Am(-l, -I)}/2. p) Assumed as Am(-Br, -I) = {Jm(-Br, -Br)+Zlm(-I, -I)}/2. 
q) Assumed to be equal to Zlt(-COGl). r) Assumed as At(@S-) =<d t(-S-). s) Assumed as zlt(@SO-) =zl t(-SO-). 
t) Assumed as J t ( - S 0 3 H ) = / j t ( - O S 0 2 - ) . u) Assumed to be equal to Zlt(-NH2). v) Data of liquid phase from 
SWS.8) w ) Assumed as d t (%=N-)=J t (=NOH) . x) Assumed as zJ t(-N=N-)=zl t(%-N=). y) Assumed as 
/1 t ( -NC)=J t ( -CN). z) Assumed as /1t(-CONH2) =/J t(-COOH). aa) Assumed as 4 t ( % - C O N H - ) = J t ( % - C O O - ) . 
bb) Assumed as At(%-NHCO-)=At(-NH-). cc) Assumed as /l t(@NHNH-) -=/1t,(-NH„). dd) Assumed as 
At(-NCS)=At(%-N-). 

TABLE A7. THERMODYNAMIC PROPERTIES OF SIMPLE SUBSTANCES IN STANDARD STATES'1) 

Line 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

Simple Substance 

Br2(g)b> 
Br2(l)*) 
G (graphite) 
G (diamond) 

Cla(g) 

F2(g) 
Ha(g) 

I2(g)c> 
i.00°> 
N2(g) 

o,(g) 
Ot(g) 
P (yellow) 
S (rhombic)d) 
S (monoclinic)d) 

f, 298.15 

7.47 
0 
0 
0.45 
0 

0 
0 

14.88 
0 
0 

0 
34.00 

0 
0 
0.07 

CO 
•J 298.15 

58.63 
36.80 

1.36 
0.58 

53.29 

46.80 
31.21 
62.28 
27.90 
45.77 

49.00 
57.05 
10.60 
7.62 
7.78 

a 

8.90 
17.10 
0.33 
0.01 
7.59 

6.50 
6.62 
9.00 

41.58 
6.50 

5.21 
5.68 
3.41 
3.63 
4.38 

b 

0.14 
0 
7.13 
8.09 
2.31 

1.00 
0.81 
0 

-191 .00 
1.00 

5.52 
14.70 
7.18 
6.40 
4.40 

c 

0 
0 

- 2 . 1 9 
- 2 . 4 5 
- 0 . 8 9 

0 
0 
0 

321.00 
0 

- 2 . 2 6 
- 7 . 4 2 

0 
0 
0 

a) Arrangement in alphabetical order. The properties of gases are in the ideal state, regardless of the most 
stable modifications at 298.15 K. Data are cited from Ref. 5. b) Liquid from 298 K to 332.62 K; ideal diato­
mic gas state from 332.62 K. c) Crystal from 298 K to 386.75 K; ideal diatomic gas state from 458.39 K. 
d) Rhombic crystal from 298 K to 368.46 K; monoclinic crystal from 368.46 K to 388.36 K. For those needing 
more accurate data on liquid and gas states, see W. H. Evans and D. D. Wagman, J. Res. Natl. Bur. Std., 55, 
147 (1955), and D. R, Stull and G. C. Sinke, "Thermodynamic Properties of the Elements," Advances in 
Chemistry Series No. 18, American Chemical Society, Washington, D. C. (1956). 

TABLE A8. THERMODYNAMIC PROPERTIES OF INORGANIC COMPOUNDS AND A FEW ORGANIC 

COMPOUNDS IN STANDARD STATES a) 

Line 

1 
2 
3 
4 
5 

6 
7 

Compound 

HBr(aq, 600H 
HBr(g) 
HCl(aq, 600H 
HGJ(g) 
NOCl(g) 

N02Cl(g) 
S02Cl(g) 

i O ) 

i O ) 

AHC 

f,298.15 
- 2 8 . 7 8 

- 8 . 6 6 
- 3 9 . 8 9 
- 2 2 . 0 6 

12.57 

3.12 
- 5 0 . 6 0 

" 298.15 

47.44 

44.64 
62.53 

65.01 
73.23 

a 

7.01 

7.05 
8.62 

7.54 
12.34 

b 

- 0 . 5 3 

- 0 . 6 6 
7.95 

20.51 
14.43 

c 

1.22 

1.19 
- 3 . 3 3 

- 9 . 9 4 
- 7 . 6 9 
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Line 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

Estimation of Thermodynam 

Compound 

~söÄ(gy 
S2Cl2(g) 

HF(aq, 50H2O) 

HF(g) 

NOF(g) 

NOFa(g) 

SF4(g) 

HI(g) 

NH3(g) 

N2H4(g) 

HN03(g) 

H20(g) 

H20(1) 

H202(g) 

HoS04(aq, 115H..O) 

H2S04(1) 

H2S(g) 

NO(g) 

N02(g) 

N20(g) 

S02(g) 

so3(g) 
CNBr(g) 

CNCl(g) 

CNI(g) 

CO(g) 

COCl2(g) 

GOF2(g) 

COS(g) 

C02(g) 

GS2(g) 

HCN(g) 

HCOOH(g) 

(CN),(g) 
(COOH)2(g)f> 

(COOH)2(s) 

G302(g) 

ic Properties of Organic Compounds 

TABLE A8. (Continued) 

f,298.15 

-85^40 

- 4 . 6 6 

- 7 7 . 0 3 

- 6 4 . 8 0 

- 1 5 . 7 0 

- 1 9 . 0 0 

-174 .10 

6.30 

- 1 0 . 9 2 

22.75 

- 3 2 . 0 2 

- 5 7 . 8 0 

- 6 8 . 3 1 

- 3 2 . 5 3 

-212 .20 

-194 .45 

- 4 . 8 2 

21.60 

8.09 

19.49 

- 7 0 . 9 5 

- 9 4 . 4 7 

43.35 

31.60 

53.80 

- 2 6 . 4 2 

- 5 2 . 8 0 

-153 .00 

- 3 3 . 0 8 

- 9 4 . 0 5 

27.98 

31.20 

- 9 0 . 4 9 

73.84 

-174 .86 

-198 .36 

- 2 2 . 3 8 

"-> 2 9 8 . 1 5 

" 74.37 

76.35 

41.51 

59.27 

62.24 

69.58 

49.35 

46.03 

57.41 

63.68 

45.11 

16.72 

55.66 

37.49 

49.18 

50.35 

57.35 

52.56 

59.30 

61.19 

59.07 

56.28 

61.33 

47.30 

67.82 

61.84 

55.32 

51.07 

56.83 

48.21 
59.49 

57.90 

28.70 

66.05 

a 

13.14 

14.71 

7.06 

7.34 

6.22 

8.74 

6.82 

5.95 

4.91 

4.70 

7.56 

18.00 

6.10 

19.37 

7.06 

6.85 

5.92 

6.04 

6.41 

5.34 

8.98 

8.82 

9.81 

6.76 

9.13 

5.23 

6.65 

5.54 

7.83 

6.09 

3.37 

9.96 

9.95 

b 

21.38 

11.30 

- 0 . 5 2 

9.98 

22.62 

34.86 

0.14 

8.91 

29.91 

31.90 

1.21 

0 

16.61 

58.34 

3.53 

0.66 

11.16 

12.43 

12.16 

26.49 

8.51 

7.65 

6.84 

0.38 

18.77 

24.01 

12.94 

12.89 

12.17 

9.56 

28.50 

14.21 

23.66 

1313 

c 

- 1 1 . 6 9 

- 6 . 5 2 

0.66 

- 4 . 5 9 

- 1 0 . 9 7 

- 1 9 . 2 6 

0.99 

- 1 . 3 7 

- 1 2 . 6 7 

- 1 4 . 7 7 

1.10 

0 

- 7 . 7 8 

- 3 9 . 2 5 

0.40 

0.66 

- 4 . 4 4 

- 5 . 4 0 

- 5 . 5 9 

- 1 2 . 1 9 

- 3 . 9 0 

- 3 . 1 0 

- 2 . 9 7 

0.82 

- 9 . 5 3 

- 1 1 . 5 6 

- 6 . 0 4 

- 5 . 5 1 

- 6 . 0 4 

- 3 . 5 1 

- 1 2 . 0 0 

- 5 . 9 8 

- 1 0 . 3 0 

a) Data from Ref. 5 unless otherwise mentioned, b) Da ta from PRN.1 1) 
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Electrical Properties of a One-dimensional Conductor, NajcVzOs 
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(Received October 9, 1978) 

l i r e resistivity measurement, D T A analysis, refinement of the crystal structure, and examination of the X-
ray diffuse scattering have been carried out on the /?-phase of the sodium vanadium bronze. A resistivity mini­
mum was observed around 200 K. T h e peak position of the logarithmic derivative of the resistance and an ano­
maly in the D T A curvature indicate that a metal-insulator transition occurs at about 130 K. The X-ray dif­
fuse scattering shows a tendency of the sodium atoms toward cluster formation. I t is concluded that the /?-phase 
of sodium vanadium bronze is neither a simple one-dimensional metal nor a simple semiconductor, but can be­
have partly as a one-dimensional metal and partly as an anisotropic semiconductor. 

S ince the 1960's m a n y inves t iga t ions h a v e b e e n 
u n d e r t a k e n b y solid s t a te chemis t s i n t h e field of v a n a ­
d i u m ox ide b r o n z e s ( M ^ V a C ^ ; M = Li , N a , K , C u , 
•••). I t was a t first c o m m o n l y a c c e p t e d t h a t t h e 
m a t e r i a l s lie n e a r t h e c r i t i ca l d o n o r c o n c e n t r a t i o n 
r a n g e r e q u i r e d in t h e M o t t t h e o r y for s e m i c o n d u c t o r -
m e t a l t r ans i t ions a n d t h a t t h e m e t a l - m e t a l s p a c i n g 
is a p p r o x i m a t e l y e q u a l to t h e c r i t i ca l d i s t a n c e p r e ­
d ic t ed b y G o o d e n o u g h for e l ec t ron d e l o c a l i z a t i o n 
via d -o rb i t a l over lap . 1 ) T h e ea r ly w o r k s s e e m e d to 
es tabl i shed t h a t t h e c h a r g e t ransfer in v a n a d i u m 
b ronzes is r ea l i zed via t h e a u t o - l o c a l i z e d e lec t rons 
(polarons) . 2- 3) H o w e v e r , it h a s r e c e n t l y sugges ted 
t h a t t h e /?-phase v a n a d i u m b r o n z e s s h o u l d b e cons i ­
d e r e d as q u a s i - o n e - d i m e n s i o n a l conduc to r s . 4 ) Ev i ­
d e n c e for this v iew comes f rom (1) c o n d u c t i v i t y m e a s ­
u r e m e n t s w h i c h s h o w t h a t t h e a n i s o t r o p y (ffn/ö"±) 
is 130 a t r o o m t e m p e r a t u r e (Ö-II (j_) is t h e c o n d u c t i v i t y 
pa ra l l e l ( p e r p e n d i c u l a r ) to t h e b axis) a n d rises as 
h i g h as 400 a t 125 K ; 4 ) (2) E S R m e a s u r e m e n t s w h e r e 
t h e l i ne shape is a s y m m e t r i c w h e n t h e electr ic-f ield 
v e c t o r is p a r a l l e l to t h e b axis , b u t L o r e n t z i a n for 
E _Lb,5) a n d (3) o p t i c a l ref lect ivi ty m e a s u r e m e n t s w h i c h 
give a m e t a l l i c p l a s m a e d g e w i t h l igh t p o l a r i z e d 
a l o n g t h e b axis , b u t a featureless b e h a v i o u r for 
p e r p e n d i c u l a r po la r i za t ion . 6 ) I n a d d i t i o n , r e c e n t 
inves t iga t ion b y G u n n i n g et al.,1) h a s s h o w n t h a t t h e 
d ie lec t r ic c o n s t a n t is h i g h l y a n i s o t r o p i c a n d v e r y l a r g e 
pa ra l l e l to t h e b axis . T h i s n e w v iew a p p e a r s to 
conflict w i t h t h e loca l i za t ion p i c t u r e of t h e e l ec t ron -
c o n d u c t i o n m e c h a n i s m . 

I n this p a p e r , w e wish to p r e s e n t t h e resul ts o n o u r 
e lec t r ica l c o n d u c t i v i t y , D T A m e a s u r e m e n t s , s t r u c t u r e 
re f inement , a n d e x a m i n a t i o n of t h e X - r a y diffuse 
sca t te r ings of t h e /?-phase of t h e s o d i u m v a n a d i u m 
b r o n z e ( 0 - N a V B ) . 

E x p e r i m e n t a l 

Preparation of Samples. The samples of the sodium 
vanadium bronze were prepared in a quartz boat. A 6 : 1 
mixture of V 2 0 5 and N a 2 C 0 3 or a 1 : 1 mixture of N a V O a 

and V 2 0 5 was heated for 17 h at 700 °C in an air atomosphere 
and then cooled at a rate of 6 °G/h.1 '8) The black needle-
shaped crystals were pried out of the quartz boat. Examina­
tion by X-ray diffraction revealed that the crystals are 
monoclinic with the Wadsley /?-type structure.H> 

Refinement and Brief Description of the Crystal Structure. 
The crystal structure of /?-NaVB was determined in the 

1950's by Wadsley8) and by Ozerov et al.3) Considering 
the fundamental significance of the Wadsley ^-structure2) 
and the relatively large R index (the R indices for hOl and 
Okl are 0.17 and 0.13 respectively8)), the crystal structure 
refinement would be desirable. Since our measurements 
were made before the publication of the works of Wallis 
et al^ and [Kaplan and Zylbersztejn,6) which have first 
suggested a "one-dimensional metallic character" of this 
compound, our observation seemed to be inconsistent with 
the semiconducting behavior previously accepted. At first 
sight, this discrepancy appears to be at tr ibutable to a 
slight change in the crystalline state, one which might be 
introduced in the stage of the sample preparat ion, because 
our samples were prepared in quartz boats, whereas the 
other authers used plat inum boats or plat inum dishes. T h e 
purpose of the structure refinement was partly to examine 
this possibility. 

The lattice constants were determined using a computer-
controlled four-circle diffractometer. The crystal da ta a re : 
monoclinic, space group C2/m,10) a= 16.435(16) Â, b = 
3.612(1), c= 10.086(10), / ?= 109.61(15)°, £>x = 3.55 g e m 3 , 
Z = 6 ( N a x V 2 0 5 ; x=0.287 (see Appendix)) . 

Some details of the structure refinements, the atomic 
coordinates, and the bond lengths and angles around the 
vanadium atoms are given in Appendix. There is no serious 
difference between the newly refined structure and the 
previously determined one. 

The crystal structure is shown in Fig. 1. The unit cell 
contains three crystallographycally independent vanadium 
sites. As was pointed out by Wadsley,8) the coordination 
of vanadium is of two kinds. V ( l ) and V(2) are each linked 
to six oxygens disposed at the corners of strongly distorted 
octahedra. The octahedra are associated in pairs, with a 
shared edge which unites with similar pairs above and below 
to form a zigzag ribbon extending along the b axis (Fig. 
2a). O n the other hand, V(3) has five bonds to oxygen to 
form trigonal bipyramids, which are associated in pairs to 
form a double chain by each having an edge in common 
with each V(3) neighbour (Fig. 2b) . The short distance 
between the vanadium ions (Figs. 1 and 2) appears to allow 
the formation of delocalized states arranged in linear chains 
along the b axis.5) T h e sodium atoms lie at random in two 
rows in the tunnels formed by the vanadium and oxygen 
atoms as a whole (Fig. 3). The distance between two sodium 
sites is only 1.95 Â. With an increase in the sodium content 
(Naa;V205 ; 0 . 2 O < 0 . 3 3 ) , the sodium sites are gradually 
filled; the occupancy probability is 5 0 % if x== 1/3. Because 
of the Coulomb interaction, sodium ions will tend to be 
arrayed regularly. In fact, a tendency for the regular ar­
rangement of sodium atoms has been revealed by the examina­
tion of oscillation photographs, which will be described later. 

Resistivity Measurements. The d.c. electrical resistivi­

ties were measured over the temperature range of 78 K— 
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Fig. 1. Projection of the crystal structure. 

( a ) ( b ) 

Fig. 2. Perspective view of the "chain structures" of 
the vanadium and oxygen atoms. 
(a) A complex chain constructed of the 6-coordinated 
vanadium atoms (V(l ) and V(2)) . (b) A double 
chain of the 5-coordinated vanadium atoms (V(3)). 

600 K for several specimens along the needle axis (the b 
axis) of the crystals using a four-probe method. T h e crystals 
were washed with aqueous N H 3 . Gold wires 0.025 m m in 
diameter were bonded to the crystals by silver conducting 
paint (Shoei 4895). Then the crystals were annealed for 
about 30 min at about 300 °G. The sample dimensions 
and probe separations were measured with a microscope. 
Because of the uncertainty in determining the exact probe 
separation and sample dimensions, the estimated error in 

Fig. 3. Perspective view of the tunnel structure. 

the resistivities is about 5 0 % . The results are shown in 
Figs. 4 and 5. T h e room-temperature resistivityis 6 . 0 ± 
3.0 X 10~3 Q, cm. T h e logarithmic derivative of the resistance, 
— (d In R/d T), versus the temperature is also shown in Fig. 4. 
In a one-dimensional conductor, a metal-insulator (M-I) 
transition temperature is defined by the peak posotion of 
-{dlnR/dT) versus J1.11»18) T h e inset of Fig. 4 shows a 
peak around 130 K. 

DTA Experiments. A quasi-one-dimensional conductor 
exhibits a specific heat anomaly in the temperature range 
around the M-I transition temperature.13 '14) Judging from 
the anisotropy of the electric conductivity and the optical 
reflectivity, the peak of the d In R/d T vs. T curveture around 
130 K (Fig. 4) can be considered to be an indication of the 
occurrence of a M- I transition. The D T A measurements 
were made to obtain further evidence. 
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)K 

1317 

10 11 12 13 

kK/r 
Fig. 4. Logari thm of normalized resistivity versus 

inverse temperature. T h e inset shows — (din R/dT) 
versus T. Gurvetures I — I V indicate the resistivities 
of four different samples. 

Fig. 5. The temperature dependence of the norma­
lized resistivity. Gurvetures I, I I , and I I I show the 
resistivities of the samples I, I I , and I V in Fig. 4, res­
pectively. 

The crystals of /?-NaVB were ground in a glass mortar and 
mixed thoroughly with an approximate amount of powdered 
almina. A copper-Constantan thermocouple was embedded 
in a quantity of the mixed powder placed in a hole (50 m m X 
6 m m 0 ) in a cylindrical copper block. T h e reference ther­
mocouple and the thermocouple used for temperature mea­
surements were in the other two holes, packed with powdered 
almina. The D T A measurements were made by warming 
or cooling the copper block. T h e rate of temperature change 
was controlled by raising or lowering a liquid-nitrogen vessel 
with respect to the copper block. Since a small anomaly 
was observed in the first run, the measurements were repeated 
eight times to confirm it. O n the repeated runs, however, 

( a ) 

160 K 

( b ) 

Fig. 6. (a) Averaged thermogram obtained from eight 
warming curves, (b) An example of the warming 
curves. 

only the warming cycles were examined because of the facility 
of the temperature control. The voltage readings of the 
eight thermograms were then added. T h e dependence on 
the temperature is shown in Fig. 6a. An anomaly was 
observed at about 130 K. T h e measurements were repeated 
on another sample in order to confirm the reproducibility 
of the anomaly (Fig. 6b) . T h e heat of transition was roughly 
estimated to be 10—20 cal/mol by reference to the thermo­
grams of NH 4 G1(T c =242 .8 K, 0.20 kcal/mol) and N H 4 -
H 2 P 0 4 ( T c = 1 4 8 K , 0.15 kcal/mol). 

X-Ray Diffuse Scatterings. X -Ray diffuse scatterings as­
sociated with the one-dimensional charge-density waves are 
among the most direct indications of the metallic state of 
a system. Besides this, another type of X-ray diffuse scat­
tering can also be expected in /?-NaVB. Although crystal-
structure analysis shows that the sodium atoms are randomly 
distributed in two rows in the tunnels, a short-range order 
among the sodium atoms, which gives rise to X-ray diffuse 
scatterings, also exists. 

Oscillation photographs around the b axis were taken at 
room temperature using Ni-filtered Gu Koc radiation. T h e 
exposure times were about 100 h. An example of the photo­
graphs is shown in Fig. 7. Weak and broad scatterings are 
observed between strong layer lines. The existence of the 
diffuse scatterings was confirmed by comparing the photo­
graph with one taken without mount ing a crystal on a glass 
capillary. 

T h e X-ray diffuse scattering associated with a one-dimen­
sional distortion or a K o h n anomaly generally consists of 
diffuse, narrow streaks15) and is inconsistent with the breadth 
of the observed diffuse scattering. T h e diffuse scatterings 
in the middle of the sharp layer lines indicates a tendency 
of the doubling of the lattice spacing along the b axis. 
Wadsley has suggested that sodium atoms in a tunnel alter­
nately occupy one of the two possible sites to form a staggered 
string.8) If this suggestion were true, the lattice spacing 
would be doubled along the b axis. Actually, the mode of 
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-*?(b*) 

Fig. 7. Oscillation photograph around the b axis and the scattering intensity along the dashed line. 

the arrangement of sodium atoms is even more complicated 
because of the nonstoichiometry of the sodium content. 
The staggered strings may be interrupted. Consequently, 
the diffuse scatterings may be attributable to existence of 
"imperfect staggered strings." The constant scattering in­
tensity along the direction perpendicular to b implies that 
the correlation between sodium atoms belonging to different 
tunnels is weak. If the "correlation length £" can be estimat­
ed by £ «2/ r i 6 > ( r is the full width at a half maximum of 
the diffuse scatterings), it is of the order of 20 Â for the b 
direction (the width of the "diffuse belt" is about 0.35 b*). 
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D i s c u s s i o n 

T h e room-temperature conductivity of 200±100 
( ß c m ) " 1 agrees with those values reported by Sienko 
and Sohn (230 (ficm)"1)1 7) and Wallis, Sol, and Zyl-
bersztejn ( H O ( ß c m ) - 1 ) ;4) it is also of the same order 
as that of the well-known one-dimensional metal 
K 2 P t ( C N ) 4 B r 0 3 3 H 2 O ( « 5 0 0 ( ß c m ) - 1 ) . " ) In addi­
tion, it is compatible with the optical conductivity 
along the b axis (250 ( ß c m ) " 1 ) as calculated from 
ö'opt = wp2Tr/4^ using the plasma frequency (cop= 1.44 
X l 0 1 6 s - 1 ) and the electronic relaxation time ( T = 
1 .35x l0 - 1 5 s ) reported by Kaplan and Zylbersztejn.6) 
Needless to say, this agreement does not necessarily 
support a "simplified one-dimensional metal p ic ture" 
of this compound. Some crystals show small, but 
distinct, resistivity minima around 200 K, and the 
other crystals give an indication of resistivity minima 
by means of their concave curvatures (Figs. 4 and 5). 
This is the first observation of the resistivity minimum. 
However, similar resistivity-w.-temperature behaviour 
can also be found in papers previousely reported: 
(1) log a plotted against \\T of Wallis et ö/.4> shows 
a distinct concave curve upwards around 180 K, 
implying a latent conductivity maximum. (2) De­
spite the small number of the da tum points, a de­
viation from the smooth curve of resistivity versus the 
inverse temperature around 200 K can be found 
reported in the paper of Sienko and Sohn.17) 

The existence of the relatively sharp minimum 
(Fig. 5) shows the non-semiconductive character 
of the compound. When the resistivity minimum is 
sharp, the logarithmic derivative of the resistance 
versus temperature gives a well-defined peak at about 

Fig. 8. Seebeck coefficient versus temperature of /?-
NaVB (A) (Ref. 1) and that of one-dimensional con­
ductor, (TTF)12(SCN)7 around its M-I transition 
temperature ( r c = 1 6 9 K ) (B) (Ref. 12). 

130 K, which suggests that the phase transition observed 
by D T A measurements is a M-I transition. The 
ratio of the low-temperature activation energy to the 
M-I transition temperature, d/Tc. is approximately 
constant in one-dimenstional systems (A/Tc=5±l). 
Wallis et afà reported that the conductivity shows a 
simple activated behaviour between 80 K and 125 K, 
the activation energy being 61 m eV ( = 708K) . The 
AjTa ratio is 5.5. Some observations indicating a 
phase transition can also be seen in the literature: 
(1) T h e Seebeck coefficient is almost constant when 
! T > 1 5 0 K and decreases abruptly when 7 X 1 1 0 K : 
that is, the temperature dependence changes around 
r c ( « 1 3 0 K ) (Fig. 8).D (2) T h e susceptibility follows 
a Curie-Weiss law from 150 K to 450 K, but its 
temperature dependence becomes more complicated 
when T< Ta.

19> (3) T h e anisotropy of the conducti­
vity reaches a maximum (ffn/ff±«400) at 125 K 

Thus, the occurrence of the M-I transition appears 
to be confirmed. O n the other hand, on the basis 
of an examination of the temperature dependence 
and the anisotropy of electric conductivity, Wallis et 
al. have shown that a variable-range hopping model 
is applicable at low temperatures ( T < 80 K) and have 
proposed an interrupted strand model.4) ESR study by 
Friederich et al. has suggested that the sodium ions are 
clustered rather than being distributed randomly among 
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possible sites in the tunnel structure, and that a crystal 
is separated into regions where the electron concentra­
tion is fixed at the value corresponding to A : = 1 / 3 . 1 9 ) 

This picture provides a basis for the interrupted strand 
model of the electronic-transport mechanism. As 
ha> been described above, the observation of diffuse 
X-ray scattering gives more direct evidence for the 
"cluster formation" of sodium atoms. 

Thus, /9-NaVB can be regarded as neither a simple 
metal nor a simple semiconductor; rather, it has the 
following two aspects: (1) a one-dimensional metal­
lic character originating from the dereal iza t ion states 
arranged in a linear chain along the b axis,5) and 
(2) a semiconductive nature due to the localization 
of the electron. 

O n the basis of this information, the temperature 
variation in Seebeck coefficient will now be inter­
preted. The room-temperature Seebeck coefficient 
of M x V 2 0 5 ( M = N a , Cu, Ag; 0 .2<x<0 .6 ) has been 
explained by Goodenough in terms of a small polaron 
formula.2) Since a Seebeck coefficient, a, is generally 
small in a metallic state, the large room-temperature 
value of 135 fxV/K (Fig. 8)1) appears to be incon­
sistent with the observation of matallic behaviour 
around room temperature. However, if a includes 
the sum of aA (the contribution from the "metallic 
pa r t " ) , and aB (the contribution from the "semicon­
ductive p a r t " ) , the large room-temperature value 
can be attr ibuted to aB. When a one-dimensional 
metal undergoes a M-I transition, the magnitude 
of the Seebeck coefficient (aA) increases abruptly 
(Fig. 8).12'20) Thus, the temperature variation of 
a can be explained. 

Figure 9 shows a typical example of the resistivity 
behaviour of a one-dimensional metal around the 
M-I transition temperature (A) and that of a variable-
range hopping mechanism in a disordered semi­
conducting system (B).4'21> T h e sample dependence 
of the resistivity (Fig. 5) can be interpreted by the 
superposition of A and B, if the contribution of A 
(RA) and B(i?B) to the resistivity vary from sample 
to sample (R=RA-\-RB). Below the M-I transition 
temperature, RA increases exponentially with a de­
crease in the temperature. Therefore, the magnitude 
of the resistivity can be mainly determined by the 
variable-range hopping process (R^RB). In fact, 
Wallis et al. have pointed out that the activation 
energy decreases smoothly below 80 K. O n the other 
hand, at high temperatures R is approximately equal 

to RA and the "metallic conductivity" may be ob­
served. 

I t is well-known that small amounts of disorder 
and defects in a crystal have a great influence on the 
electrical conductivity and frequently smear out the 
M-I transition.12-22) Kapuskin et al. have reported 
that the lattice parameters of M^VgOg ( M = L i , Na, 
K) are changed slightly by the evolution of oxygen 
on heating to 730—780 K.23) Although no more than 
0.7 atoms of oxygen are evolved from one element­
ary cell of bronze, a drastic change in electronic 
properties is produced. As has been mentioned be­
fore, the crystals of /?-NaVB were prepared at about 
700 °G and then cooled at a rate of 6 °C/h. Since 
the reaction temperature is higher than 730—780 K, 
it may be possible that a slight modification is made 
in the crystalline state, which then gives rise to a 
sample dependence of the electrical resistivity. 

In conclusion, /5-NaVB appears to be a non-stoi-
chiometric compound which can behave partly as 
a one-dimensional metal and partly as an anisotropic 
semiconductor. T h e chain-like structure of vanadium 
and oxygen atoms and a tendency towards the forma­
tion of disordered strings of sodium atoms accomon-
dated in the tunnels provide a structural background 
for this picture of the compound. 

Appendix 

Refinement of the Crystal Structure. The intensity data 
were collected with a Rigaku automated four-circle dif-
fractometer using Mo Koc radiation. There are 1180 inde­
pendent reflections ( |F 0 | >3<x( |F 0 | )) up to 20^70°. The 
systematic abscences indicate the space group to be C2/m, 
Cm, or C2. The N(z) test and the statistical intensity dis­
tribution of \E\(hkl) favoured the centrosymmetrical group; 
the space group was, therefore, assumed to be C2/m.10) 
The atomic parameters and the occupancy probability of 
the sodium site were refined by a full-matrix least-squares 
method. The final i?-factor is 0.038. The occupancy prob­
ability becomes 43% (Na^VgOg; x=0.287) for the crystal 
subjected to this structure refinement. The positional and 
thermal parameters are given in Table 1. The structure 

TABLE 1. ATOMIC COORDINATES (xlO5) 

Their standard deviations are in parentheses. 

Fig. 9. Schematic illustration of the resistivity versus 
temkerature curve of a one-dimensional metal around 
the M-I transition temperature (A) and that by one-
dimensional variable range hopping conduction (B). 

V(l) 
V(2) 
V(3) 
Naa> 

O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 

X 

33757(7) 
11624(8) 
28791(7) 

99(54) 
0 

81425(33) 
63373(32) 
43625(35) 
26323(31) 
10674(37) 
75701(36) 
39762(36) 

y 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

z 

10079(10) 
11885(11) 
40997(10) 
40367(84) 

0 
5535(49) 
7802(47) 

21898(54) 
22299(45) 
27294(51) 
42520(48) 
47111(54) 

a) The occupation probabiliy is 43%. 
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T A B L E 2 INTERATOMIC DISTANCES 

Bond lengths and angles around vanadium atoms. 

Symmetry code 

None x, 

ii - 1 / 2 + *, 

iv 1/2-*, 

V(l) . . .0(4) 

V(l) . . -0(2) i 

V(l)...0(2)„ 
V(2).-0(6) 

V(2). . .0(l) 

V(2)...0(2)i 

V(3)...0(8) 

V(3)...0(6) 

V(3)...0(7)1U 

0(4) -V( l ) -0(5) 

0 (4) -V( l ) -0 (2)„ 

0 ( 5 ) - V ( l ) - 0 ( 2 ) u 

0(2) i i -V( l ) -0 (3) i 

0(5)-V(2)-0(6) 

0(5)-V(2)-0(3)1 1 

0(6) -V(2) -0(3) u 

0( l ) -V(2)-0(2) i 

0(8)-V(3)-0(5) 

0(8) -V(3) -0(7) n 

0(5) -V(3) -0 (7) m 

y> * i \-x,y, - z 

l/2+y, z iii 1— x, y, 1 — z 

1/2+.* 1-z v 

1.588(5) A 

2.344(4) 

1.868(1) 

1.609(6) 

1.792(1) 

2.346(6) 

1.596(5) 

2.671(5) 

2.005(6) 

97.99(25)° 

103.97(17) 

92.83(17) 

82.03(16) 

87.23(24) 

84.40(13) 

106.03(21) 

96.08(6) 

103.27(24) 

76.43(18) 

149.45(20) 

— x, y, 1 -z 

V(l) . . .0(5) 

V(l) . . -0(3) i 

V(2)..-0(5) 

V(2). . .0(3)u 

V(3)...0(5) 

V(3). . .0(7)u 

0(4) -V( l ) -0 (3 ) i 

0(5 ) -V( l ) -0 (2 ) i 

0(2)11-V(1)-0(2)1 

0(3) i -V( l ) -0 (2 ) i 

0(5)-V(2)-0(2)i 

0 (6) -V(2) -0( l ) 

0(1)-V(2)-0(3) U 

0(2)1-V(2)-0(3)11 

0(8) -V(3) -0 (7 ) m 

0(5) -V(3) -0(7) u 

0(7 ) u -V(3 ) -0 (7 ) m 

1.945(5) 

1.996(5) 

2.157(4) 

1.892(2) 

1.794(5) 

1.887(2) 

103.32(23) 

75.90(19) 

76.61(11) 

82.79(20) 

72.18(19) 

104.51(22) 

92.20(6) 

71.69(15) 

107.28(25) 

96.62(16) 

76.43(18) 

viewed down to the b axis is shown in Fig. 1. T h e bond 
lengths and angles around vanadium atoms are given in 
Table 2. T h e distance of V - V and N a - O are given in Fig. 1. 
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T h e solubility of diaspore ( a - A 1 2 0 3 - H 2 0 or a -AlOOH) has been measured in N a O H aqueous solutions from 
523.15 K to 598.15 K, and at concentrations of N a a O up to 150.7 g/1. In order to evaluate the equilibrium con­
stant, A"2 = (OAIO2~*0!H2O)/^OH-J f ° r the dissolution equilibrium of diaspore A 1 0 0 H ( s ) - f O H _ ( l ) = A 1 0 2 ( l ) - f H 2 0 ( l ) , 
two methods have been applied to the solubility data . In the first method, analogous to the method previously 
applied to the dissolution equilibria of gibbsite, bayerite and beohmite, the values of K2 at relatively low con­
centrations of N a O H were extrapolated to zero N a O H concentrations. The temperature dependence of K° 
was expressed as log K°2 = — ( 2 5 0 0 / T ) + 4 . 4 5 . T h e second method was based on the extended Debye-Hückel 
theory for the variation in the activity coefficients of A l O j , O H - , and H+ ions with ionic strength at any temper­
ature, that is, the value of the solubility product , Kï = an+-aAi0-, was obtained at a given temperature by extra­
polating values of Kl9 equal to (m^mAi0-), to zero ionic strength. According to the second method, K° was 
expressed as a function of the tempera ture : log K°2 = — ( 1600/T) + 2 . 5 2 when A = 2.0 or log K°2 = — ( 1550/ T)+ 2.48 
when ^4= 1.5, where A is a parameter . From kinetic analysis of the dissolution rate of diaspore in N a O H solu­
tion, the rate constants per unit surface area of diaspore were found to be 0.31, 0.45, and 0.68 m - 2 h _ 1 a t 548.15, 
573.15, and 598.15 K, respectively. 

T h e d isso lu t ion of a l u m i n a h y d r a t e s in a q u e o u s 
N a O H solu t ions is wel l k n o w n , a n d serves as a key 
s tep in t h e ex t r ac t i ve m e t a l l u r g y of a l u m i n i u m ( t h e 
Baye r process ) . T h e solubi l i t ies of a l u m i n a h y d r a t e s 
in N a O H solut ions h a v e b e e n m e a s u r e d b y Russe l l , 
E d w a r d a n d Tay lo r . 1 ) T h e solubil i t ies of g ibbs i t e , 
b a y e r i t e a n d b o e h m i t e in N a O H solut ions f rom 313 .15 
K to 473 .15 K w e r e r e p o r t e d , a n d e q u i l i b r i u m con­
s tan ts for t h e r e a c t i o n in w h i c h a l u m i n a h y d r a t e s 
r eac t w i t h O H ~ ion to fo rm A l O l ion w e r e p r e s e n t e d . 
T h e solubi l i ty of g ibbs i t e w a s precise ly d e t e r m i n e d 
in o r d e r to c a l c u l a t e t h e free e n e r g y of f o r m a t i o n a n d 
to clarify t h e s t ruc tu re s of t h e a l u m i n a t e ions in solu­
t ion a t h i g h p H . 2 - 5 ) B e r n s h t e i n a n d M a t s e n o k r e ­
p o r t e d t h e solubil i t ies of b o e h m i t e 6 ) a n d d iaspore 7 ) 
a t h i g h t e m p e r a t u r e s b e t w e e n 532 .15 a n d 573 .15 K . 
T h e d a t a o n t h e solubi l i t ies of d i a s p o r e , h o w e v e r , 
a p p e a r to b e insufficient for discussion of t h e t h e r m o ­
d y n a m i c p rope r t i e s of d i a s p o r e in N a O H solu t ions . 

T h e p u r p o s e of this w o r k is to d e t e r m i n e t h e solu­
bili t ies of d i a s p o r e in N a O H solut ions a n d to clarify 
t h e t h e r m o d y n a m i c a n d k ine t i c p r o p e r t i e s of t h e dis­
so lu t ion process . 

E x p e r i m e n t a l 

Diaspore samples were prepared by the hydrothermal 
treatment of boehmite in 0.5 M N a O H solution, to which 
10 wt % of natural diaspore was added as seed crystals (623 
K, 170 a tm for two weeks).8 '9) In order to increase the 
purity of the diaspore samples, the hydrothermal treatment 
was repeated several times, using the synthesized diaspore 
as seed crystals. The results of chemical analysis of the 
samples are listed in Table 1. X-Ray diffraction analysis 
showed the presence of only diaspore. Furthermore, D T A 
analysis indicated an endothermic peak from 623 K to 873 K, 
corresponding to the transformation of diaspore into a-
alumina. The above results confirmed the purity of the 
diaspore to be higher than 9 9 % . 

Measurements of the solubility of diaspore were as follows : 
a sample (0.40 g) and N a O H solution (5 ml) were laid in 
a Morey-type reactor which was made of Hastelloy with 
Ag packing. Heat was supplied and the temperature was 

T A B L E 1. CHEMICAL COMPOSITIONS OF DIASPORE 

SAMPLES (wt %) 

Sample 

Natural 
No. 1 
No. 2 
Calcd 

A1203 

76.86 
83.73 
85.22 
85.00 

SiOa 

4.04 
0.00 
0.00 

— 

Fe203 

0.43 
0.36 
0.04 

— 

TiOa 

3.75 
0.57 
0.10 

— 

Ignition 
loss 

15.16 
15.49 
14.57 
15.00 

kept constant in an electric furnace for the at ta inment of 
equilibrium. Quenching to room temperature, t reatment 
with hot hydrochloric acid removed the a luminium hydroxide 
precipitated. Experimentally it was confirmed that the 
amounts of diaspore dissolved in the hot H C l solution were 
negligible. The concentrations of alumina dissolved in the 
N a O H solution, mAi0-, were calculated from the differences 
in the weights of the diaspore before and after dissolution. 
The concentrations of the O H ~ ion at equilibrium, m 0 i r , 
were calculated from the differences between the initial 
concentration of N a O H , (WOH)O? a n d that of mAi0~, i.e., 
ff*OH-= (w?OH-)o—mAior-

R e s u l t s a n d D i s c u s s i o n 

Solubility of Diaspore. I n T a b l e 2 a r e s h o w n 

t h e resul ts of solubi l i ty m e a s u r e m e n t s for d i a s p o r e 
( N o . 1) in N a O H so lu t ion u p to 4 .83 M from 523 .15 
K to 598 .15 K . T h e disso lu t ion process for d i a s p o r e 
in N a O H so lu t ion m a y b e expressed as fol lows; 

A l 2 0 3 . H 2 0 ( s ) + 2 0 H - ( l ) = 2A107(1) + 2 H 2 0 ( 1 ) (1) 

or 

AlOOH(s ) + O H - ( l ) = A l O i ( l ) + H a O ( l ) . (2) 

T h e e q u i v a l e n t r a t i o of t h e A l O ; ion to t h e O H ~ 
ion , a, m a y b e used as a m e a s u r e of t h e solubi l i ty of 
d i a s p o r e , i.e., as t h e so lubi l i ty increases , a a p p r o a c h e s 
u n i t y . As s h o w n in F ig . 1, t h e va lues of a shifted to 
u n i t y n o t on ly w i t h inc rease in t h e d isso lu t ion t e m p e r a ­
t u r e b u t also w i t h t h e in i t ia l c o n c e n t r a t i o n s of N a O H 
so lu t ion . B e r n s h t e i n a n d M a t s e n o k 7 ) a lso obse rved 
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R u n 

ï 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 

14 

15 

16 

17 

18 

19 

20 

21 

22 
23 

24 

25 

26 

27 

T A B L E : 

T 

(K) 

523.15 

523.15 

523.15 

523.15 

523.15 

523.15 

553.15 

553.15 

553.15 

553.15 

553.15 

553.15 

573.15 

573.15 

573.15 

573.15 

573.15 

573.15 

573.15 

573.15 

598.15 

598.15 

598.15 

598.15 

598.15 

598.15 

598.15 

Byong-Tae C H A N G , Li 

I. SOLUBILITY AND 

Initial 
concentration 
of N a a O 

(g/1) 

6 . 8 

13.6 

22 .3 

31 .6 

63 .6 

91 .5 

6 .2 
13.6 

2 2 . 3 

31 .6 

63 .6 

119.0 

4 . 9 

9 .9 

2 2 . 3 

31 .6 

45 .6 

6 3 . 6 

91 .1 

150.7 

6 .2 

13.6 

2 2 . 3 

32 .5 

6 3 . 6 

119.0 

150.7 

EQUILIBRIUM 

Time 

(h) 

116 

116 

95 

97 

94 

100 

72 

72 
71 

71 

72 

70 

82 

74 

74 

48 

70 

69 

7 . 

70 

56 

65 

47 

48 

48 

45 

45 

-Hye P A K , and Yu-Suk Li 

CONSTANT OF 

Equil ibr ium 

^ A l O i 
(equiv./l) 

0 .08 

0 .15 

0 .22 
0 .33 

0.51 

0 .77 

0 .10 

0 .23 

0 .34 

0 .48 

1.08 

2 .29 

0 .09 

0 .17 

0 .39 

0 .57 

0 .83 

1.16 

1.81 

3 .73 

0 .13 

0.21 
0 .46 

0.71 

1.41 

2 .80 

4 . 3 4 

DIASPORE IN N a O H SOLUTIONS 

concentration 
y v ^ 

(equiv./l) 

0 .14 

0 .30 

0.51 

0 .70 

1.55 

2 .18 

0 .10 

0.21 
0 .38 

0 .54 

0 .97 
1.55 

0 .07 

0 .15 

0 .32 
0 .45 

0 .64 

0 .88 

1.13 

1.13 

0 .07 

0.11 
0 .25 

0 .34 

0 .63 

1.05 

0.52 

H 2 0 activity 

(mole fraction) 

0.996 

0.99 

0.985 

0 .98 

0 .94 

0 .89 

0.996 

0 .99 

0.985 

0 .98 

0 .94 

0 .84 

0.997 

0.994 

0 .985 

0 .98 

0 .96 

0 .94 

0 .89 

0 .79 

0.996 

0 .994 

0.985 

0 .98 

0 .94 

0 .84 

0.79 
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Equil ibrium 
constant 

0 .57 

0.50 

0 .43 

0 .56 

0.31 

0.31 

1.00 

1.08 

0 .88 

0 .87 

1.05 

1.24 

1.28 

1.13 

1.20 

1.24 

1.25 

1.24 

1.43 

2.61 

1.85 

1.90 

1.81 

2 .05 

2 .10 

2 .24 

6 .59 

>* 4h 

3h 

1h 

r 

r 

r 

-

h 

1 1 — 

1 
2 
3 
A 
5 

523.15 K 

553.15 
573.15 
598.15 
ACCORDING TO 
BERNSHTEIN 

( 573.15 K) 

/ 
cx =1 / 

/ /Â 

/ J/<// 

/ 
/ 

a 

i • • • • i 

/ , 
/ • / 

/ / 

l/jZ 

. -^ST=0.2 

i i 

5/ 
~ 

• 

-

-

50 100 150 200 250 

g-Na20/l 

Solubilities of diaspore in NaOH solutions from Fi&. 1 
523.15 K to 598.15 K. 

similar results in the solubility of diaspore. The values 
of a for diaspore in this work, however, are lower. 

In Fig. 2, the values of a for diaspore are compared 
with those of a-alumina for approx. equal concentra­
tions of NaOH.1 0) At 626 K the two curves inter­
sected which agrees with the transformation tempera­
ture of diaspore into a-alumina under 100 a tm in 
the phase diagram of A 1 2 0 3 - H 2 0 system.8'9) It is 
readily seen from Fig. 2 that the temperature depend-
ancy of the solubility of diaspore was much larger 

w 
o 
S 
1 Cl 

o 
• - t 

tf 

1.0 

0-8 

0.6 

0Â 

0.2 

ol 

ï ï 

/ 
^/DIASPORE 

!....__.. 1 

—! , 

* -ALUMINA _ 

J 

J 

i i 1 
500 550 600 650 700 750 

r/K 
Fig. 2. Comparison of the solubilities of diaspore with 

those of a-alumina in about 1 M NaOH solution. 
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than that of a-alumina. 
Equilibrium Constants of Dissolution. In order 

to discuss the dissolution process of diaspore, three 
equilibrium constants were used as follows: 

AlOOH(s) = AlOï(l) + H+(l) 

K° = OA1OÏ'0H+ 

AlOOH(s) + OH-( l ) = AlOi(l) 4- HaO(l) 

K° = ÖA10i"aH2oA*OH-

H20(1) = H+(l) + OH-( l ) 

Kw = aH+-aon-jan2o 

where 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

Russell et al.1) derived equilibrium constants, K%, at 
various temperatures by extrapolating ^2= mAio¥* 
nimo/mon- to zero N a O H concentration, assuming 
that the activity coefficients of the O H - and A102~ 
ions are equal and using values of the activity of water 
in N a O H solutions at 298.15 K. The values of K% 
for diaspore obtained by Russell's method are given 
in Table 2 and Fig. 3 where the values of Kl have been 
neglected at very low N a O H concentration because 
of large deviations. From the linear relationship 
between log K ° and 1 / T, K% was found to be a func­
tion of the temperature by the following equation : 

Jog A" S = - 2 5 0 0 / r + 4.45. (10) 

In Table 3 the equilibrium constants and thermo­
dynamic quantities for the dissolution equilibrium 
(5) obtained from K°, Eq. 10 and the thermodynamic 
relationships are given. T h e solubility product of 
HA10 2 , KÎ, was found to be 1 .13x l0" 1 3 at 573.15 K, 

553.15 K 

O 523.15 K 

20 40 60 80 100 120 K 0 160 

g-Na20/l 

Fig. 3. Equilibrium constants (K2) obtained by the 
Russel's method for the dissolution of diaspore in NaOH 
solutions. 

which was approx. six times greater than at 298.15 
K(2x lO- 1 3 ) .D 

Several assumptions are made in the detremina-
tion of equilibrium constants by Russell's method. 
Firstly, the activity coefficients of A l O l and O H -

ions are assumed to be equal, neglecting the difference 
in ion size. Secondly, the values of ÖH2O at 298.15 K 
were used at high temperatures without any correc­
tion (up to 598.15 K ) . Thirdly, it is not appro­
priate to mix units in an equilibrium constants ex­
pression by multiplying the activity of water on the 
mole fraction scale together with the activities of A l O l 
and O H ~ ions on the normality scale. 

As described above, generally the value of a at a 
given temperature becomes larger with increase in the 
concentration of N a O H solution. The addition of 
salts such as NaCl, N a 2 S 0 4 , and N a N 0 3 to the N a O H 
solution increased the solubility of the alumina hy­
drates.4) In the case of diaspore, it was experimentally 
confirmed that the solubility in a mixed solution con­
taining 1 M N a O H and 1 M NaCl was one and a half 
times larger than in 1 M N a O H solution at 573.15 K. 
This indicates that the increase in N a O H concentra­
tion raises the solubility of diaspore not only through 
an increase in the O H - ion concentration but also 
through an increase in the ionic strength of the solu­
tion. Marshall et al. discussed the effect of ionic 
strength on the solubilities of C a S 0 4 and its hydrates, 
and Ca (OH) 2 by applying the extended Debye-Hückel 
theory to high temperature aqueous solution sup to 
the critical temperature of water.12 '13) 

According to Marshall 's method, the solubility 
products are given as follows: 

K\ = mH+• mA10i • yH+• 7Aioi 0 1 ) 

= K1.f± (12) 

where 

Ki = mn+mA10-2. (13) 

According to the extended Debye-Hückel theory, 

logy± = -STIVz/(l+baIV2) 

= -SvPPKl+AI1/*) (14) 

where ST is the limiting Debye-Hückel slope, b is a 
function of temperature and dielectric constant, a is 
an "ion size parameter ," and A = ba. From Eqs. 12 
and 14, 

l o g * ; - logJTx + 2^/1/2/(1+^/1/2). (15) 

The ionic strengths, 7, are equal to the initial concent­
rations of N a O H solution expressed as molality, i.e., 

TABLE 3. EQUILIBRIUM CONSTANTS OBTAINED BY RUSSEL'S METHOD AND THERMODYNAMIC 

QUANTITIES FOR THE DISSOLUTION EQUILIBRIUM 

Equilibrium constants AG AH AS 
(K) 

523.15 
553.15 
573.15 
598.15 

K\ 

4.01 x lO-i2 

8.70xl0- 1 2 

1.13X10-H 
1.29x10-11 

K2 

0.45 
0.87 
1.24 
1.82 

Kw*) 

8.91x10-12 
l.OOxlO-u 
9.12x10-12 
7.08x10-12 

(kj) 

3.4 
0.63 

- 1 . 0 
- 3 . 0 

(kj) 

47.8 
47.8 
47.8 
47.8 

(J/deg) 

85 
85 
85 
85 

a) From Ref. 11. 
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I = K u O i + ^OH- +^Na + ) /2 (16) 

= (%aOH)o- ( l 7 ) 

Figures 4 and 5 presnet the experimental data for 
the solubilities of diaspore plotted as log Kx against 
the Debye-Hückel function, 7 l / 2 / ( l +AIl/2). The values 
of ^4=1.5 and 2.0 used correspond to a=3.2 and4.3 Â 

-10.0. 

1 : 553.1 5 

0.5 0.6 0.1 0.2 03 0Â 

l / T ( l + 1.5i/T) 

Fig. 4. Logarithm of solubility products (KJ of dia­
spore in NaOH solutions vs. /V2/(l + 1.5/V2). 

-IO.O1 

0.1 0.2 0.3 0.4 0.5 

l / T / ( l + 2 v / T ) 

Fig. 5. Logarithm of solubility products (KJ of dia­
spore in NaOH solutions vs. I1/2/{\+2I1/2). 

1.65 1.85 

Fig. 6. 
stant 

1.70 1.75 1.80 

r - i / i o - 3 K - i 

Tempera ture dependencies of equilibrium con-
K2 obtained by the Marshall 's method. 

at 573.15 K, respectively. In the range of relatively 
low ionic strengths log Kx changed linearly with the 
Debye-Hückel function at three temperatures except 
523.15 K. The slopes correspond to 2ST in Eq. 15 
with the extrapolated values at zero ionic strength 
corresponding to log K °. Figure 6 shows an almost 
linear relationship between logK° and \/T, i.e., 

log K% = - 1550/r + 2.48 (A= 1.5) (18) 

logic? = - 1 6 0 0 / r + 2.52 (.4 = 2.0). (19) 

In Table 4 the equilibrium constants and the ther­
modynamic quantities are listed for Reaction 5 which 
have been calculated using Eqs. 18 and 19, and thermo­
dynamic relationships. The magnitudes of K% were 
smaller than those obtained by Russell's method. 
Although the values of ST were about half the calcu­
lated values according to the Debye-Hückel theory, 
the values of K° obtained by Marshall 's method may 
be more reasonable due to the improved extrapolation. 
As shown in Figs. 4 and 5, log K\ deviated from linear­
ity largely at high ionic strength, which may be a 
direct consequence of ion-solvent interactions14) and/or 
the formation of a new solid phase (s) such as N a 2 0 -
A1 2 0 3 -2 .5H 2 0 , 3 N a 2 O A l 2 0 3 - 6 H 2 0 , etc.15) 

Rate of Dissolution of Diaspore. In Fig. 7, the 
amounts of dissolved diaspore (No. 2) have been 
plotted as mAioj against reaction time, t, at three tem­
peratures (548.15, 573.15, and 598.15 K) with a con­
stant initial N a O H concentration of 0.970 M. The 
times required for the dissolution equilibrium to be 

T A B L E 4. EQUILIBRIUM CONSTANTS OBTAINED BY MARSHALL'S METHOD AND THERMODYNAMIC 

QUANTITIES FOR THE DISSOLUTION EQUILIBRIUM 

A 

-1 
2.0 • 

T 
(K) 

553.15 
573.15 
598.15 

553.15 
573.15 
598.15 

Equilit 

4.8X10-12 

5 .4x l0 - i 2 

5.5X10-12 

4.2x10-12 
4.9X10-12 

5.0x10-12 

Drium 

* 2 

0.48 
0.59 
0.78 

0.42 
0.54 
0.71 

constants 

Kw 

1 .00xl0-n 
9.12X10-12 

7.08x10-12 

l.OOxlO-11 
9.12X10-12 

7.08x10-12 

AG 
(HI) 

3.3 
2.5 
1.2 

3.9 
2.9 
1.7 

AH 
(kj) 

29.6 
29.6 
29.6 

30.6 
30.6 
30.6 

AS 
(J/deg) 

48 
47 
47 

48 
48 
48 

Limiting slope 
U f 

0.34 
0.39 
0.50 

0.44 
0.52 
0.67 
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t/h 

Fig. 7. Dissolution curves of diaspore in 0.970 M 
NaOH solution at three temperatures. 

attained were 40 h(548.15 K) , and 24h(573.15 and 
598.15 K) . The diaspore sample of No. 2 had a spe­
cial surface area of 3.40 m2 /g(BET). 

Assuming that the chemical reaction of A l O O H 
with O H - ions on the surface of the diaspore is the 
rate-determining step, the rate of dissolution may be 
expressed as follows: 

d(mA10-/mon-)/dt = kS[(mMoi/m0n-)e — (*»AIOÏ/»»OH-)] 

(20) 

where k is the rate constant per unit of surface area 
of the sample, S is the total surface area of undissolved 
diaspore at time t and (mAio^/moH-) is the concentra­
tion ratio of A l O l to O H ~ ions at equilibrium. 

In terms of a new variable, x, Eq. 20 becomes 

dx/dt = kS(xe-x) (21) 

where 

* = «Aïoï/moH-. (22) 

From the experimental data, xe equals 0.59 at 548.15 
K, 0.64 at 573.15 K, and 0.74 at 598.15 K, respectively. 

The value of S is also a function of x. Introducing 
the mean size of the diaspore particles, r, S, and the 
weight of the undissolved diaspore, W, may be ex­
pressed as follows: 

S(r) = a^ (23) 

W{r) = a2r
3 (24) 

S(r)/S(r0) = (r/r0) = [W(r)/W(r0)]2/3 (25) 

where ax and a2 are proportionality constants and r0 

is the initial mean size. From the mass balance for 
the diaspore sample, 

W(r0) - W{r) = (wAlo;.<?.7)/1000. (26) 

In this equation, G is the gram equivalent of diaspore 
equal to 60 and V is the volume of the solution. Sub­
stituting V=5 ml and G=60, 

W(r0) - W{r) = 0.030mAlo3. (27) 

Furthermore, since W ( r 0 ) = 0 . 4 0 g and (mOH-) -=0.970 
M, S may be expressed as a function of x as 

follows : 

5(*)/5„=[(l+0.27*)/(l+*)]»/» (23) 

where S0 is the initial total surface area and equal 
to 1.36 m2 when W(rt))=0A0 g. Substituting Eq. 28 
into Eq. 20: 

dx/dt = *S0[(l+0.27*)/(l+*)]2 /8(* e-*). (29) 

This differencial equation may be solved as follows: 

lf(l)-fM/(BS0) =kt 
where 

y= [( l+0.27*)/(l+*)]V3 

(30) 

(3i; 

f{y) = n> In (jf — m) - —In (y + my + mP) 

In (y-n) -— In (J* + ny+n2) 

(32) 

(33) 

(34) 

(35) 

B= 1.38m2n2(™3-fl2)(1+;te) 

m= [(l+0.27*e)/(l+JCe)]1/3 

n = (0.27)V3 = 0.65. 

Figure 8 shows the linear relationship between t and 
[/(!)—f(y)]KBSo)> From the slopes of the straight 
lines, the values of k were obtained as follows: 

k = 0.31 m-2-!*-1 (548.15K) (36) 

= 0.45 (573.15 K) (37) 

= 0.68. (598.15 K). (38) 

From the Arrhenius plot between log k and (1/3"), 
the activation energy for the dissolution of diaspore 
in N a O H solution was found to be 44 k j . 

0 1 2 3 4 5 6 

t/h 

Fig. 8. f(\)-f(y)/(BS0) vs. dissolution time. 
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Polymer Effects under Pressure. III. Hydrolysis of Normal Alkyl 
Acetate Catalyzed by Dodecyl Hydrogensulfate Micelle 
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Department of Chemistry, Faculty of Science and Engineering, 

Ritsumeikan University, Kita-ku, Kyoto, 603 

(Received November 6, 1978) 

Measurements of the rates of hydrolysis of methyl, ethyl, propyl, and butyl acetates have been made to 2 
kbar in water catalyzed by dodecyl hydrogensulfate (DSA) micelle at 40 °G. The rate of hydrolysis decreases 
with compression up to approximately 1 kbar and then increases above 1 kbar; methyl acetate differs in these 
respects. The inversion phenomenon under pressure has been explained by the incorporation of both the H30+ 
ion and ester molecules into the micellar phase. The observed value of the over all activation volume at 1 atm 
A.V* is — 5.3±1 cm3/mol for methyl, 0.40±1 cm3/mol for ethyl, 9.7±1 cm3/mol for propyl, and 20±1 cm3/mol 
for butyl acetate, respectively. From the activation volumes of HCl and DSA micellar catalysts, the volume 
change accompanying the incorporation of the esters into the micellar phase AAFmiCeiie> has been estimated to 
be 4.0±1 cm3/mol for methyl, 9.8±1 cm3/mol for ethyl, 18.7±1 cm3/mol for propyl, and 27.9±1 cm3/mol for 
butyl acetate, respectively. The values above have been explained in terms of the contribution to the hydro­
phobic interaction between the ester molecule and the micelle. 

Recently, there have been a large number of publica­

tions dealing with the enzyme and enzyme-model 

reactions as polymer and micellar effects;1"3) the micel­

lar catalyzed reaction being one of the polymer effects. 

The incorporation of substrates into the micellar phase 

is brought about by secondary forces such as the elec­

trostatic and hydrophobic interactions between sub­

strates and micelles. The rate of hydrolysis of esters is 

recognized to be markedly accelerated above the critical 

micelle concentration (CMC) and is expected to be 

retarded under pressure since the volume change ac­

companying each bond formation is positive. In a 
previous study,4) the rate of hydrolysis of alkyl acetates 

catalyzed by sulfonated polystyrene (PSS) accompany­

ing the hydrophobic incorporation of esters into the 

polymer domain was shown to be retarded by compres­

sion up to about 2 kbar. 

It is well documented that hydrophobic interactions 

participate in micelle formation5) and a maximum 

appears in the CMC vs. pressure plots at about 1 

kbar.6-13) In the present study, we measured the rate 

of the hydrolysis of methyl ethyl, propyl, and butyl 

acetates by dodecyl hydrogensulfate micelle as an acid 

catalyst up to 2 kbar. The reaction mechanism under 

pressure is discussed from the activation volume AV* 

for the micellar catalyzed reaction. 

Experimental 

Materials. Sodium dodecyl sulfate (SDS) was pre­
pared by the reaction of chlorosulfuric acid and 1-dodecanol, 
which was fractionally distilled three times and analyzed 
by gas chromatography. The reaction mixture was neu­
tralized with sodium hydroxide. The crude SDS was ex­
tracted three times with petroleum ether in a Soxhlet ap­
paratus for 50 h, and finally recrystallized from methanol. 
The CMC value of 8.3 X 10~3 mol/kg agrees with those of 
Hamann6) and Kaneshina et a/.10) A DSA solution was 
prepared from the SDS solution using an ion exchange resin 
(Amberlite IR-120). The CMC value was 1.8 X 10~3 mol/kg 
at atmospheric pressure and 40 °C. An ester was distilled 
prior to use. 

Apparatus and Procedures. The high pressure apparatus 
for measuring the hydrolysis of the ester has been described 
in detail elsewhere.4) Under these experimetal conditions, 

the rate of hydrolysis of DSA was negligibly smaller than 
that of the alkyl acetates from the blank test for 3 h, which 
was compared with the data of Kurz.14> Analysis of the 
acetic acid formed was conducted by titration using 1/20 
M NaOH solution. The rate constant £a was obtained by 
dividing the first-order rate constant by the concentration 
of acid at atmospheric pressure and 40 °G. 

Results 

At atmospheric pressure, the catalytic effects of the 

DSA micelle were greater than that of HCl as shown 

in Fig. 1. The ka values for the HCl catalyst are 

almost identical for all esters, however, those for the 

micellar catalyst increase with increasing carbon num­

ber, i.e., the hydrophobicity of the esters. For example 

the rates are 2.57, 4.31, 6.87, and l O ^ X l O ^ M " 1 

min - 1 for methyl, ethyl, propyl, and butyl acetate at 

40 °C, respectively. The accelerating effect is similar 

to that previously reported for PSS catalysts.4) 

Under high pressure, as shown in Fig. 2, the rates 

showed a minima at approximately 1 kbar, the ex-

10 h Y 

i / \ 
•S DSA / 

I / \ 

^ / 
-- 5 r / 
X // 
* s 

"* CJ 
O- O -O O 

HCL 

° ( T / 3 % 5 6 
Number of carbon atoms of esters 

Fig. 1. Plots of £a vs. number of ester carbon atoms 
for hydrolysis reactions catalyzed by HCl and DSA 
micelle at 1 atm and 40 °G. Each ester, HCl, and 
DSA catalysts concentrations are 2x ÎO"2 M, 2x 10"2 

M, and 8.3xlO-3M. 
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-0.4 
1000 

P/bar 

2000 

Fig. 2. Plots of log kp/k! vs. pressures for hydrolysis 
reactions catalyzed by DSA micelle at 40 °G. Each 
ester and DSA catalyst concentrations are 2 X 10~2 

M and 8.3xlO" 3M. 

TABLE 1. OBSERVED ACTIVATION VOLUME (AT7*) 

FOR ESTER HYDROLYSIS REACTIONS BY DSA 

MICELLE AT 40 ° G 

Catalyst 

HCl 
DSA 

CH3COO-R, AF*±1.0cm 3 /mol 
/ -̂  . 

-GH3 -C2H5 -ra-G3H7 -«-G4H9 

-9.3 a> -9.4 a> - 9 . 0 - 7 . 9 a ) 
- 5 . 3 0.40 9.7 20 

a) Ref. 4. 

ception being methyl acetate, and the pressure effects 
were larger with longer esters. The inversion pheno­
mena corresponded to the appearance of the maximum 
of the C M C of DSA at 1 kbar.12) The observed 
activation volume AV* is defined by 

(d\n(kp/k1)/dP)T= -AV*/RT, (1) 

where R is the gas constant and T the absolute temper­
ature. From the initial slope of the plot of log {kjk^j 
vs. pressure, the AV* values determined graphically 
have been summarized in Table 1, and compared 
with previous data for HCl,4) in addition to the data 
of propyl acetate catalyzed by HCl . 

D i s c u s s i o n 

T h e acid-catalyzed reaction of carboxylic esters in 
water is generally accepted to occur by an A-2 mech­
anism,15'16) 

H,0+ + RCOOR' 
K + 

==t RGOOHR' 4- H 2 0 

R'OH + RGOOH2 

(2) 

(3) 

RCOOH 2 + HaO • RGOOH + H30+ (4) 

at dilute ester concentration. The rate is given by 

RCOOHR' + H 2 0 — 
+ fast 

the equation: 

(rate) HOI = K-k-CesteI-CHa0
+ (5) 

where Cescpr and CH,o+ are the ester and H 3 0 + con­
centrations. In the micelle catalyst, Cmo+ is not uni­
form throught out the solution but is higher near the 
micellar anion and C e s t e r is also concentrated in 
the micellar region through hydrophobic interaction. 
Assuming that K-k in Eq. 5 is approximately indepen­
dent of the electric field, the rate of acid hydrolysis 
in the micelle is given by 

(rate)micel le = K-k{C6St6V-Cn3o
+y, (6) 

where <Cester-CH3o+> are the concentrations of the 
ester and H 3 0 + incorporated into the micellar phase. 

A strong acid such as DSA is completely ionized 
and the counterions are distributed closely to the 
micellar anion by electrostatic interaction. The effect 
of added salts on the C M C of SDS surfactants at high 
pressure was reported by Kaneshina et a/.,10) where it 
was suggested that the ratio of the number of count­
erions to surfactant in micelles decreases initially with 
an increase in pressure and then slightly increases 
with pressure via a minimum at 1.5 kbar. This sug­
gests that compression at low pressure causes dis­
sociation of the counterions from the micelle and that 
compression at higher pressure causes association of 
the ions to the micelle. If this tendency is the same 
as for the DSA micelle, the incorporation of the H 3 0 + 

ion into the micellar phase would show a minimum 
at approximately 1 to 1.5 kbar independent of the 
carbon number of the ester. 

T h e driving force of the incorporation of the ester 
molecules into the micellar phase is expected to be 
a hydrophobic from Fig. 1. Tha t the rate catalyzed 
by the DSA micelle increases with increasing carbon 
number in the ester, indicates a great degree of incor­
poration of the longer alkyl chain esters into the micel­
lar phase. The methyl acetate, however, would be 
poorly incorporated into the micelle since the rate 
catalyzed by DSA is approximately the same as that 
of the HCl catalyst. Therefore, the rate of methyl 
acetate catalyzed by DSA micelle under pressure may 
be expected to increase linearly independently of the 
behaviour of the micelle under pressure in a similar 
manner of HCl. The behaviour of the mixed micelle 
of DSA and ester molecules would be similar to that 
of the DSA micelle under pressure. From a study 
of the pressure effect on the C M C of SDS and dodecyl-
tr imethylammonium bromide (DTAB) in water-or­
ganic solvent mixtures,17) the maximum in the C M C -
pressure plots gradually shifts to higher values as the 
alcohol content of the solvent increases, and the effect 
of 1-butanol is larger than that of methanol. This 
agrees with the minimum pressure on the rate of 
hydrolysis for esters having longer alkyl chains under 
pressure which increase (Fig. 2). Therefore, the in­
version phenomena in the rate of hydrolysis for esters 
having long alkyl chain under pressure has been at­
tributed to the joint effects of the incorporation of 
the H 3 0 + ion and ester molecules into the micellar 
phase under pressure in Eq. 6. 

Table 2 shows the micellar effects on AV*, AAF m i c e l l e 
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TABLE 2. MICELLAR EFFECT ON A F * FOR ESTER 

HYDROLYSIS COMPARED WITH P S S POLYMER 

EFFECT AT 4 0 °G 

GH3GOO-R, AAFmiCeiie±1.0cm3/mol 
Catalyst x ~ . 

-GH3 -G2H5 -w-G3H7 -#-C4H9 

DSA 4.0 9J8 18/7 27\9 
PSS(100)a> 3.4 8.6 10.0 
PSS(60)ft) 6.6 12.5 15.5 

a) Ref. 4. 

compared with the PSS polymer effect. The increase 
of AAF m i c e l l e with increase in the carbon number of 
the esters needs consideration. The results correspond 
to the order of the incorporation of the esters into 
the micelle, and may be explained by the volume 
increase accompanying rupture of the hydrophobic 
hydration around the hydrocarbon part of the esters. 
It has been reported that the volume change for the 
formation of hydrophobic interaction is 1, 5, and 
8 cm3/mol for methyl, ethyl, and propyl groups, res­
pectively.18) The value of 1—2 cm3/mol per methyl 
group accompanying the breaking down of hydro­
phobic hydration is supported by Noguchi,19) Kane-
shina et al.,10) Corkill et al.,2Q) and Friedman et al.21) 
For butyl acetate the expected value accompanying 
the hydrophobic incorporation of ester molecules into 
the micelle is approximately half the AAF m i c e l l e 

suggesting additional contributions to AAF m l c e l l e ac­
companying a strong hydrophobic atmosphere e.g., 
the dehydration of H 2 0 molecules from the carbonyl 
oxygen atom of the esters for hydrophobic incorpora­
tion, which accompanies a positive volume change of 
5 to 7 cm3/mol.22-25) Also, the exclusion of water 
molecules by strong hydrophobic atmosphere may 
change the A-2 mechanism into an A-l mechanism in 
the /-butyl acetate system. Assuming such a deve­
lopment, the AFH C 1 in Eq. 1 becomes small and positive 
or zero.26) The AAF m i c e l l e for the butyl acetate system 
is 20 cm3/mol, which is a reasonable value. Further 
studies are necessary to confirm the A-l mechanism 
in the micelle. 
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Disintegration of Sulfonated Poly(l,4-piperazinediylterephthaloyl) 
Microcapsules by Poly(diallyldimethylammonium chloride) 
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Partially sulfonated poly (1,4-piperazinediyltereph thaloyl) microcapsules were found to undergo disintegra­
tion by the action of poly (diallyldimethylammoniurn) ions if the polycation concentration exceeded a certain value. 
T h e polycation concentration at which disintegration started was dependent on the degree of sulfonation of the 
microcapsules and p H of the medium. Exact electrical equivalence of the polyions involved was shown to be a 
necessary condition for disintegration of the microcapsules to take place. Disintegration of the microcapsules 
resulted in a formation of coacervate-like liquid drops. This formation of coacervate-like liquid was accelerated 
by mechanical and thermal agitation. Crosslinking among the polymers constituting the microcapsules pre­
vented disintegration from occurring. 

I n a p r e v i o u s p a p e r 1 ) t h e d i s i n t e g r a t i o n p h e n o m e n o n 
of poly( iV a , iV r £ -L- lys inediyl terephthaloyl ) m i c r o c a p s u l e s 
b y p o l y ( d i a l l y l d i m e t h y l a m m o n i u m ch lo r ide ) w a s r e p o r t ­
ed . T h e ca t i on i c po lye l ec t ro ly t e c a u s e d d i s i n t e g r a t i o n 
of t h e m i c r o c a p s u l e s if its c o n c e n t r a t i o n e x c e e d e d a 
c e r t a i n v a l u e w h i c h w a s d e p e n d e n t o n t h e p H of t h e 
m e d i u m w h i l e it a c t e d o n t h e m i c r o c a p s u l e s to b r i n g 
a b o u t t he i r a g g r e g a t i o n a t l ower c o n c e n t r a t i o n s . I n 
a n y case w h e r e d i s i n t e g r a t i o n w a s obse rved , exac t 
e lec t r ica l e q u i v a l e n c e of t h e po ly ions i n v o l v e d w a s 
found to exist. T h e phys i ca l p rocess of d i s i n t e g r a t i o n 
w a s i n d i c a t e d to b e a f o r m a t i o n of coace rva t e - l i ke 
l i qu id . 

As this w a y of t h e use of a p o l y c a t i o n shou ld b e 
useful to p r o b e t h e s tab i l i ty a n d e x c h a n g e a b i l i t y of 
t h e c o m p o n e n t s of a c o a c e r v a t e film it wil l b e w o r t h 
w h i l e to e x t e n d o u r w o r k to see if t h e m e c h a n i s m 
es tab l i shed for t h e a b o v e sys tem also w o r k s in o t h e r 
systems. I n v iew of th is , t h e p r e s e n t p a p e r dea l s w i t h 
d i s i n t e g r a t i o n of p a r t i a l l y su l fona ted p o l y ( l , 4 - p i p e r a -
z i n e d i y l p h tha loy l ) m i c r o c a p s u l e s b y po ly (d ia l ly ld i -
m e t h y l a m m o n i u m ch lo r ide ) in t e r m s of t h e d e g r e e of 
su l fona t ion of t h e p o l y m e r a n d t h e p H a n d ion ic 
s t r e n g t h of t h e m e d i u m . T h e effect of c ross l inking 
of t h e p o l y m e r s c o n s t i t u t i n g t h e m i c r o c a p s u l e s o n dis in­
t e g r a t i o n wil l also b e discussed. 

E x p e r i m e n t a l 

Preparation of Microcapsules. Sulfonated poly (1,4-
piperazinediyltereph thaloyl) microcapsules (SPP micro­
capsules) were prepared in a manner similar to that des­
cribed in an earlier paper.2) This way, SPP microcapsules 
with different degrees of sulfonation were prepared using 
mixtures of piperazine(Pip) and 4,4'-diaminostilbene-2,2 /-
disulfonic acid(DASSA) in varying ratios as water-soluble 
monomers in the interfacial polycondensation reaction be­
tween diamine and diacid dichloride, and named SPP-2, 
-3, and -5 microcapsules, respectively, according to the 
mixing ratio given in Table 1. 

T o 7.5 cm 3 of aqueous 1% polyethylene glycol (degree of 
polymerization 4000) solution in a 1 liter round bottom 
flask surrounded by ice was added an equal volume of 0.4 M 
solution of a mixture of Pip and DASSA in aqueous 0.45 M 
sodium carbonate solution containing 1% polyethylene 
glycol. 

T o this solution was added 75 cm3 of the mixed solvent 
(chloroform-cyclohexane 1 : 3, v/v, containing 10% sorbitan 

T A B L E 1. M O L A R MIXING RATIOS OF Pip TO DASSA 

IN DIAMINE MIXTURES USED FOR P R E P A R A T I O N OF S P P 

MICROCAPSULES AND SULFUR CONTENTS IN S P P 

MICROCAPSULES 

Molar mixing ratio Sulfur content 
Microcapsule p , p = ^ ^ ^ — _ 

SPP-2 2~: 1 3.82 

SPP-3 3 : 1 3 .53 

SPP-5 5 : 1 2 .89 

trioleate as an emulsifier). T h e mixture was then mechani­
cally emulsified with a constant speed stirrer for 5 min to 
yield a water-in-oil emulsion. The alkali served to neutra­
lize hydrogen chloride formed during the polycondensation 
reaction. Without stopping the stirring, 75 cm3 of tere-
phthaloyl dichloride solution were quickly added to the 
emulsion, and the stirring was continued for further 3 min. 
T h e terephthaloyl dichloride solution was prepared just 
before use by adding 0.6 g of pure terephthaloyl dichloride 
to 75 cm3 of the mixed solvent. SPP microcapsules thus 
obtained were separated from the organic phase by centri-
fugation at 1000 rpm for 3 min and washed with the mixed 
solvent containing no emulsifier on the centrifuge at least 
three times to remove the emulsifier. Then, the washed 
SPP microcapsules were transferred to aqueous phase with 
the aid of poly(oxyethylene) sorbitan monolaurate, washed 
repeatedly with deionized water on the centrifuge, and 
dialyzed in a Visking tube against distilled water for a week. 

Microscopic Observation of Microcapsule Disintegration. To 
the dialyzed suspension of each of SPP-2, -3 , and -5 micro­
capsules in test tubes was added an equal volume of a series 
of various concentrations of aqueous poly(diallyldimethyl-
ammonium chloride) (PDADMA) solution. The p H and 
ionic strength of the medium were adjusted by the addition 
of H C l or N a O H and NaCl, respectively. The mixtures 
were allowed to stand for 1 h with occasional shaking in 
a thermostated bath kept at 30 °C. At the end of this period, 
a small portion of each of the mixtures was withdrawn by 
a capillary tube and placed on a slide glass to observe the 
state of the SPP microcapsules under an optical microscope. 
In some cases, the microcapsules were photographed. 

Preparation of Dried Samples of SPP Microcapsule Membranes 
for Adsorption Experiments. Each of SPP-2, -3 , and -5 
microcapsules in the organic phase was washed repeatedly 
with the mixed solvent containing no emulsifier, thoroughly 
dried in vacuo, and ground down into fine powder in a porce­
lain mortar . The powdered samples were stored in a desic-
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cator until the time of use. 
Measurements of Adsorption of PDADMA to SPP Microcap­

sule Membranes. T o 0.05 g of the powdered samples 
of SPP microcapsule membranes was added 50 cm3 of various 
concentrations of aqueous P D A D M A solution at different 
pH(7.0, 4.0, and 2.0) and ionic strengths (0.1 and 0.2). T h e 
p H and ionic strength of the medium were adjusted by the 
addition of HCl or N a O H and NaCl , respectively. T h e 
mixtures were permitted to stand for 1 h with continuous 
stirring in a thermostat maintained at 30 °C to ensure complete 
dispersion of the samples. At the end of this period, the 
mixtures were centrifuged at 2000 rpm for 5 min to settle 
the floating particles. Then, 10 cm3 each of the supernatant 
solutions was withdrawn by a pipet and titrated with a 
standardized solution of potassium poly(vinylsulfonate) 
using toluidine blue as an indicator.3) The end point of 
titration could easily be detected visually by the meta­
chromatic color change from blue to purple of the indicator. 

Measurements of Electrophoretic Mobility of SPP Microcap­
sules. T o a dialyzed suspension of each of SPP-2, -3 , 
and -5 microcapsules in test tubes was added an equal volume 
of a series of various concentrations of P D A D M A solution. 
The mixtures were allowed to stand for 1 h with occasional 
shaking in a thermostated water bath kept at 30 °C. T h e p H 
and ionic strength of the medium were adjusted by the ad­
dition of the acid or alkali and the salt, respectively, as before. 

At the end of this period, nondisintegrated microcapsules 
were separated from the mixtures by centrifugation at 2000 
rpm for 3 min. A small portion of the separated SPP micro­
capsules as the top layer in the centrifuge tube was with­
drawn by a capillary tube and put into a 10 - 3 M NaCl solu­
tion. The resulted suspension was used for electrophoresis 
measurement. 

Electrophoretic mobility measurements of the SPP micro­
capsules were carried out at 30 °G using a microelectro­
phoresis apparatus (Rank Brothers Co., Ltd., England) . 
For each measurement, at least 20 microcapsules were timed 
in each direction to eliminate the polarization effect of the 
electrodes. The mobility of the microcapsules thus obtained 
was converted into the zeta potential by the Smoluchowski 
equation. 

A portion of disintegrated SPP microcapsules settled in 
the bottom of the centrifuge tube was also wi thdrawn by 
a capillary tube and put into a 10~3 M NaCl solution. T h e 
mobility of disintegrated SPP microcapsules was converted 
into the zeta potential in the same way as for nondisinteg­
rated SPP microcapsules. 

Preparation of Coacervate-like Liquid Drops from SPP Micro­
capsules and PDADMA and Measurements of Their Electrophore­
tic Mobility. O n the basis of the microscopic observa­
tions of disintegration of SPP microcapsules described later, 
coacervate-like liquid drops were prepared from SPP-2 and 
-5 microcapsules and P D A D M A under two extreme con­
ditions, i.e., the most favorable and unfavorable condi­
tions for disintegration. In the case of SPP-2 microcapsules, 
equal volumes of microcapsule suspension and 1 . 7 3 x l O - 1 N 
P D A D M A solution at p H 7.0 and ionic strength 0.1 were 
mixed in a 100 cm 3 Erlenmeyer flask immersed in a thermo­
stated water ba th kept at 30 °C and the mixture was allowed 
to stand for 1 h. The mixture was then transferred to a 
200 cm3 beaker in a water bath at 40 °C, stirred for 30 min, 
and centrifuged at 2000 rpm for 5 min to sediment coacer­
vate-like liquid. 

A small portion of the bottom layer in the centrifuge 
tube was withdrawn by a microspatula and put into 100 
cm3 of 10~3M NaCl solution. The electrophoretic mobility 
of the drops was measured in the same way as before. A 

similar procedure was employed to prepare coacervate-
like liquid drops from SPP-5 microcapsules and 1.73 X 
10~3 M solution of P D A D M A . In this case, the p H and 
ionic strength of the medium were 2.0 and 0.2, respectively. 

Treatment of SPP Microcapsules with Glutaraldehyde. The 
terminal amino groups of the constituent polymers of SPP-2 
microcapsules were crosslinked with glutaraldehyde in the 
following way. Dialyzed suspension of SPP-2 microcapsules 
and 0.1 M NaCl solution were mixed in a 30 cm3 Erlen­
meyer flask. Then, the p H of the resultant suspension was 
adjusted to about 10 by dropwise addition of 0.1 M N a O H 
solution to ensure complete deprotonation of the terminal 
amino groups. Twenty five grams of 2 5 % aqueous glutar­
aldehyde solution was added to the suspension in the flask 
and the mixture was kept at 30 °C for 1 h during which the 
flask was gently shaken. After this treatment, the mixture 
was centrifuged and the separated SPP-2 microcapsules were 
redispersed in a medium of p H 7.0 and ionic strength 0.1 
containing 1 . 7 3 x l 0 ^ 1 N P D A D M A to observe if the poly-
cations would cause disintegration of the aldehyde-treated mi­
crocapsules. 

R e s u l t s 

Microscopic Observations. I n F ig . 1 a r e s h o w n 
p h o t o m i c r o g r a p h s of i n t a c t S P P m i c r o c a p s u l e s . T h e y 
w e r e all sphe r i ca l in s h a p e a n d wel l -d i spersed in t h e 
m e d i u m . 

D i s i n t e g r a t i o n of S P P m i c r o c a p s u l e s b y P D A D M A 
was found to d e p e n d s t rong ly on t h e p o l y c a t i o n con­
c e n t r a t i o n , m o d e r a t e l y o n t h e p H of t h e m e d i u m , 
a n d s l ight ly o n t h e ion ic s t r e n g t h of t h e m e d i u m . 
I n T a b l e 2 is s h o w n t h e d e p e n d e n c y of t h e d i s i n t e g r a ­
t ion p h e n o m e n o n on t h e t h r e e va r i ab l e s . 

A t a n y p H a n d ionic s t r e n g t h of t h e m e d i u m , d is in­
t e g r a t i o n of S P P m i c r o c a p s u l e s w a s o b s e r v e d on ly 
w h e n t h e p o l y c a t i o n c o n c e n t r a t i o n e x c e e d e d a c e r t a i n 
v a l u e t h o u g h t h e po lyca t i ons c a u s e d a g g r e g a t i o n of 
t h e m i c r o c a p s u l e s a t l ower c o n c e n t r a t i o n s . I t was also 
obse rved t h a t l a rge m i c r o c a p s u l e s a r e r e a d i l y r u p t u r e d 
b y t h e a c t i o n of t h e p o l y c a t i o n s as c o m p a r e d w i t h smal l 
ones . 

O n t h e o t h e r h a n d , d i s i n t e g r a t i o n was a p p a r e n t l y 
affected b y t h e d e g r e e of su l fona t ion of S P P m i c r o ­
capsu les s ince t h e p H d e p e n d e n c e of t h e m i n i m u m 
P D A D M A c o n c e n t r a t i o n r e q u i r e d for t h e m i c r o c a p s u l e s 
to u n d e r g o d i s i n t e g r a t i o n v a r i e d w i t h t h e d e g r e e of 
su l fona t ion as s h o w n in T a b l e 2. T h a t is to say, 
d i s i n t e g r a t i o n of S P P - 5 m i c r o c a p s u l e s w i t h t h e lowest 
d e g r e e of su l fona t ion w a s p r e v e n t e d a t low p H w h i l e 
S P P - 2 m i c r o c a p s u l e s of t h e h ighes t d e g r e e of sulfona­
t ion w e r e r u p t u r e d i n d e p e n d e n t l y of t h e p H of t h e 
m e d i u m a b o v e a c e r t a i n p o l y c a t i o n c o n c e n t r a t i o n . 

A l t h o u g h t h e inf luence of t h e ion ic s t r e n g t h of t h e 
m e d i u m o n d i s i n t e g r a t i o n of S P P m i c r o c a p s u l e s w a s 
g e n e r a l l y ins ignif icant , it was a p p r e c i a b l e in t h e case 
of S P P m i c r o c a p s u l e s of low d e g r e e of su l fona t ion a t 
l ow p H . 

F i g u r e 2 gives t h e process of d i s i n t e g r a t i o n of S P P - 2 
m i c r o c a p s u l e s u n d e r t h e m o s t f avo rab le c o n d i t i o n for 
d i s i n t e g r a t i o n in t h e p r e s e n t work , i.e., a t p H 7.0 a n d 
ion ic s t r e n g t h 0.1 w h e n t h e P D A D M A c o n c e n t r a t i o n 
is i nc reased . 

A t first, a low c o n c e n t r a t i o n of P D A D M A caused 
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Fig. 1. Photomicrographs of intact SPP-2 (a), -3 (b), and -5 (c) microcapsules (X150) 

T A B L E 2. DISINTEGRATION OF SPP MICROCAPSULES BY P D A D M A 
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Fig. 2. A series of photomicrographs showing the process of disintegration of SPP-2 microcapsules by 
P D A D M A at p H 7.0 and ionic strength 0.1. P D A D M A concentration increases in the alphabetical 
order of the photos. 
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aggregation of the microcapsules(a) ; fusion among the 
aggregated microcapsules began here and there as 
the polycation concentration increased, large capsules 
having been liable to be the centers of fusion (b) ; the 
number of the centers from which fusion spread in­
creased rapidly with further increase in the polycation 
concentration(c) ; the fusion developed further and 
large coacervate-like drops were formed (d) ; coalescence 
among the large drops proceeded (e) ; and finally, the 
microcapsule membranes were almost completely bro­
ken to the extent that their original form could not 
be seen. 

Adsorption of PDADMA to SPP Microcapsule Membrane. 
In Fig. 3 is shown the effect of the degree of sulfonation 
on the adsorption of P D A D M A upon SPP microcapsule 
membranes at p H 7.0 and ionic strength 0.1. T h e 
abscissa represents the logarithm of the initial P D A D M A 
concentration. 

- 1 -•:>, - • ! - l u l 

log (PDADMA concn) 

Fig. 3. Adsorption isotherms of PDADMA on SPP 
microcapsule membranes in a medium of pH 7.0 
and ionic strength of 0.1 at 30 °G. 

In any case, the P D A D M A adsorption increased 
steeply first and then showed a tendency to saturate 
as the polycation concentration increased beyond 1.73 X 
10 _ 1 N. The adsorption was strongly dependent on 
the degree of sulfonation. Namely, it increased with 
increasing degree of sulfonation at all polycation con­
centrations. Variations in the p H and ionic strength 
of the medium did not alter this trend though not 
given here. 

The effects of the p H and ionic strength of the 
medium on the polycation adsorption are illustrated 
in Fig. 4 for SPP-3 microcapsules. 

As the p H was increased the adsorption rose remark­
ably. An increase in the ionic strength brought about 
a decrease in the adsorption. The adsorption decrease 
became less pronounced when the p H was lowered. 
Similar results were obtained with SPP-2 and -5 micro­
capsules. 

Electrophoretic Behavior of SPP Microcapsules in the Pres­
ence of PDADMA. Figure 5 shows the zeta poten-

log (PDADMA concn) 

Fig. 4. Adsorption isotherms of PDADMA on SPP-3 
microcapsule membranes at 30 °G. Ionic strength: 
0.1 (open symbols) and 0.2 (closed symbols). 

- io h 

«S - 2 0 

- 3 0 

Fig. 5. Zeta potential of SPP-3 microcapsules at 30 
°C as a function of PDADMA concentration, pH, 
and ionic strength. Ionic strength: 0.1 (open 
symbols) and 0.2 (closed symbols). 

tial of nondisintegrated SPP-3 microcapsules as a func­
tion of the polycation concentration and the p H and 
ionic strength of the medium. The values of these 
variables are those employed in the preparation of 
the samples for electrophoresis experiment. 

In all cases, the zeta potential changed its sign when 
the polycation concentration attained a value between 
1.65X10-2 and l ^ X l O ^ N . The polycation con­
centration at which the zeta potential reversed its sign 
shifted downward as the hydrogen ion concentration 
and ionic strength of the medium were reduced. A 
decrease in the degree of sulfonation gave rise to an 
increase in the polycation concentration required to 
cause reversal of the sign of the zeta potential. 

The zeta potential of disintegrated SPP-3 microcap-
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sules is shown in Fig. 6 as a function of the polycation 
concentration and the p H and ionic strength of the 
medium used for the preparation of the samples for 
electrophoresis. 

Reversal of the sign of the zeta potential was observed 
as the polycation concentration increased beyond 1.65 X 
10~ 2N as in the case of nondisintegrated SPP micro­
capsules. The positive zeta potential after the sign 
reversal was at most as high as 7 m V and insensitive 
to changes in the p H and ionic strength of the medium. 

Electrophoretic Behavior of Coacervate-like Liquid Drops 
Prepared from SPP Microcapsules and PDADMA. In 
Fig. 7 is given a photomicrograph of coacervate-like 
liquid drops prepared from SPP-2 microcapsules and 
PDADMA. 

The zeta potentials of coacervate-like liquid drops 
prepared from SPP-2 and -5 microcapsules and PDA-
D M A were almost zero or slightly positive, being 
indicative of a very low, if any, electric charge of the 
drops and they were almost independent of the degree 
of sulfonation and p H and ionic strength of the medium 
at which the drops were prepared. 
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Fig. 6. Zeta potential of disintegrated SPP-3 micro­

capsules at 30 °C as a function of PDADMA con­
centration, pH, and ionic strength. Ionic strength: 
0.1 (open symbols) and 0.2 (closed symbols). 
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a 

Fig. 7. Photomicrograph of coacervate-like liquid drops 
prepared from SPP-2 microcapsules and PDADMA. 

b Kj/ 
Fig. 8. Photomicrographs of glutaraldehyde-treated 

SPP-2 microcapsules taken in the absence (a) and 
presence (b) of PDADMA (X150). 

Effect of Glutaraldehyde Treatment on Disintegration of 
SPP Microcapsules. As described already, SPP-2 
microcapsules were appreciably ruptured in 1 h at 
p H 7.0 and ionic strength 0.1 when the polycation 
concentration was U S x l O ^ N . O n the contrary, 
glutaraldehyde-treated SPP-2 microcapsules were hard­
ly disintegrated by the action of P D A D M A under the 
same condition. Photomicrographs of glutaraldehyde-
treated SPP-2 microcapsules taken in the absence(a) 
and presence(b) of P D A D M A are shown in Fig. 8. 

D i s c u s s i o n 

As is apparent from the polycondensation reaction 
utilized in the preparation, SPP microcapsules have a 
number of sulfonato groups on their constituent polymer 
molecules as the ionizable group. Disintegration of 
the microcapsules is clearly caused by the electrostatic 
interaction between the negatively charged microcap­
sules and the oppositely charged polycations in the 
aqueous medium. Namely, it is a prerequisite for 
disintegration of the microcapsules that PDADMA 
ions are adsorbed on the sulfonato groups of the micro­
capsules. However, there seems to be a minimum 
number of sulfonato groups on the microcapsules for 
their disintegration to occur because SPP-5 microcap­
sules are not disintegrated at the P D A D M A concent­
ration of 1.73 X 10"1 N when the p H is low though this 
concentration produces disintegration of the microcap­
sules with higher degrees of sulfonation at the same 
pH(Tab le 2). I t is reasonable that the p H effect on 
disintegration is less significant for SPP microcapsules 
than for PPL1"1" microcapsules which have carboxyl 
groups as the ionizable group since - S O a H group has 

tt Abbreviation for poly(iVa,iVs-L-lysinediylterephthaloyl). 
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TABLE 3. NUMBERS OF QUARTERNARY AMMONIUM GROUPS OF PDADMA IONS ADSORBED 

ON SPP MICROCAPSULES 

Micro­
capsule 

SPP-2 

SPP-3 

1 
SPP-5 < 

p H 

C 7 . 0 

' 4.0 

!> 2.0 

( 7.0 

4 . 0 

^ 2.0 

7.0 

4 . 0 

2 .0 

Ionic 
strength 

0.1 
0.2 

0.1 
0.2 

0.1 
0.2 

0.1 
0.2 

0.1 
0.2 

0.1 
0.2 

0.1 
0.2 

0.1 
0.2 

0.1 
0.2 

0.23X10-3 

5x1018 
5xl0 i8 

3xl0i8 

2xl0i8 
2xlQi8 

0 . 3 3 x l 0 - 3 

1.3x1019 
1.3x1019 

9x1018 
9 x l 0 1 8 

6xl0i8 
6xl0 i8 

6 x l 0 1 8 

6xl0 i8 

5 x l 0 1 8 

5xl0i8 

3xl0i8 
3xl0i8 

5xl0 i8 
5 x l 0 i 8 

3xl0i8 
3 x 10i8 

PDADMA concr 

1.65X10-2 

6.02x1021 
5.41x1021 

3 .91xl0 2 i 
3 .61xl0 2 i 

3.61x1021 
3.31x1021 

4.81x1021 
4.21x1021 

3.31x1021 
2.70x1021 

2.70x1021 
2.40x1021 

3.31x1021 
2.70x1021 

2.40x1021 
1.86x1021 

2.10x1021 
1.86xl02 i 

t (N) 

1.73x10-1 

1.32x1022 
1.20x1022 

1.08x1022 
9.93x1021 

9.03x1021 
8.72x1021 

1.17x1022 
1.02x10« 

8.12x1021 
6 .92xl0 2 i 

7.22x1021 
6.65x1021 

9.33x1021 
7.22x1021 

5.71x1021 
5.41x1021 

4.81x1021 
4.21x1021 

1.77 

1.89x1022 
1.74x1022 

1.50x1022 
1.38x1022 

1.26x1022 
1.17x1022 

1.57x1022 
1.32x1022 

1.17x1022 
1.05x1022 

9.93x1021 
9 .03xl0 2 i 

1.20x1022 
9 .33xl0 2 i 

8.72x1021 
6.32x1021 

7.52x10 s 1 

6.02X1021 

a lower pK value than - C O O H group. 
The disintegration phenomenon, polycation adsorp­

tion, and zeta potential of SPP microcapsules are 
closely interrelated. When the P D A D M A concentra­
tion exceeds a value of 1 . 6 5 x l O _ 2 N the polycation 
adsorption to the microcapsules begins to increase 
abruptly (Figs. 3 and 4), disintegration of the micro­
capsules starts, and the zeta potential of the microcap­
sules reverses its sign (Fig. 5). In order to give this 
interrelationship a quantitative basis on which it rests, 
the numbers of sulfonato groups per unit weight of 
SPP-2, -3 , and -5 microcapsules were first calculated 
from the sulfur contents. They were 7.08, 6.64, and 
5.40 X 1021, respectively. Secondly, calculations were 
made of the numbers of quarternary ammonium groups 
of the PDADMA ions adsorbed on unit weight of the 
microcapsules based on the adsorption data. The 
results are given in Table 3. 

Interestingly enough, the number of sulfonato groups 
on the constituent polymers of the microcapsules and 
that of quarternary ammonium groups on the adsorbed 
polycations are nearly equal to each other in the 
polycation concentration region where the disintegra­
tion phenomenon is observed. This means that there 
exists an exact or nearly exact electrical equivalence 
between the polyanions and the polycations involved 
in disintegration. In fact, as mentioned before, coacer­
vate-like liquid drops prepared from the microcapsules 
and the polycations under the conditions favorable to 
disintegration to occur bear no or little electrical 
charge, indicating that the electrical equivalence holds 
in these cases. 

Inspection of Fig. 6 seems to give a clue to elucidate 
the mechanism of disintegration of the microcapsules. 
Disintegrated SPP microcapsules still have positive 
zeta potentials though not so high in the polycation 
concentration region in which coacervate-like liquid 

drops carry no or little electrical charge. This can 
be interpreted as showing that interminglement of the 
polyanions and the polycations is not sufficient and the 
latter component is still more abundant than the former 
in the surface layer of the disintegrated microcapsules, 
thus giving them positive zeta potentials though both 
components exist on the whole in approximately equiv­
alent amounts in the capsules. Application of thermal 
and mechanical agitations to the disintegrated capsules 
should bring about a complete interminglement of 
the polyion components and this really happens in 
the preparation of coacervate-like liquid drops. If 
there are crosslinks among the constituent polymers of 
the microcapsules random mixing of the polyanions 
of the microcapsules and the polycations must be 
prevented and therefore no disintegration is observed. 

Interaction between a strongly acidic polyanion and 
strongly basic polycation in aqueous solution usually 
yields a colloidal precipitate rather than a gelatinous 
coacervate.4 '5) The reason why ccacervate-like liquid 
drops were formed in the present work instead of 
colloidal precipitates as a result of the interaction 
between SPP polymers and P D A D M A polycations both 
of which are strong polyelectrolytes would presumably 
be due to a very low charge density of the former as 
compared with the latter. 

I t is obvious from the way in which the foregoing 
argument has been developed that P D A D M A ions 
adsorb on the surface of SPP microcapsules to interact 
electrostatically with sulfonato groups on the constituent 
polymers of the microcapsules, causing disintegration 
of the microcapsules which leads to a complex coacerva-
tion under favorable conditions. The electrical equiv­
alence holds in the coacervation and the effects of the 
degree of sulfonation and the p H and ionic strength 
of the medium on the disintegration phenomenon can 
be explained in terms of the effects of these variables 
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on the electrostatic interaction between the polyions 
involved. The effect of the molecular sizes of the 
components is left to be studied in future because there 
is no way of obtaining samples of the polyanions and 
the polycations of definite molecular dimensions at 
present. 

This work was supported in par t by a Grant-in-Aid 
for Scientific Research (76-154132) from the Ministry 
of Education. 
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Deuteration Kinetics of Tyrosine by Means of Fluorescence Measurement 
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When tyrosine was rapidly transferred from water into deuterium oxide medium by means of a stopped-
flow device, a time-dependent change in the fluorescence intensity at 305 nm (excited at 275 nm) has been ob­
served. The rate constant (ke) was found to be 116 s_1 at pH 5.8 and 14 °G. This ke value has been attributed 
to the rate constant of the O1!!—>02H reaction of the phenolic OH group, on the basis of similar fluorescence 
examinations on phenol, anisole, glycyl-L-tyrosine, and JV^-acetyl-iV-methyl-L-tyrosinamide as well as on the 
basis of a stopped-flow ultraviolet absorption study of tyrosine. The stopped-flow fluorometry has been applied 
to a study of tyrosine residues in yeast 3-phosphoglycerate kinase. 

Deuteration kinetics can, in general, be a sensitive 
means of detecting differences in the intramolecular 
environment of a given functional group in a biological 
macromolecular system. We have recently shown that 
an ultraviolet absorption measurement in combination 
with a stopped-flow device provides a useful method 
for tracing a rapid deuteration process of tryptophan 
or tyrosine residues in a protein in an aqueous solu­
tion.1,2) I t is known, however, that a fluorescence 
measurement often provides a greater sensitivity and 
selectivity than an ultraviolet absorption measurement 
for an examination of the same chromophore. We, 
therefore, started a development of "stopped-flow fluoro­
metry," with a possibility in mind that this may be 
a more useful method for deuteration kinetics. 

In general, the isotope effect on fluorescence intensity 
is not a simple problem.3 '4) There can be a number 
of possible mechanisms for the occurrence of such an 
effect, and the intensity does not always reflect the 
extent of deuteration of the chromophore (or the 
fluorophore) in question. Indeed, the fluorescence in­
crease of tryptophan on bringing it from 1 H 2 0 into 
2 H 2 0 medium is attributable to the deuteration of 
the a-ammonium (-NH3+) group, but not to that of 
the imino group of the indole ring.5 '6) For tyrosine, 
however, the fluorescence increase on bringing it from 
1 H 2 0 into 2 H 2 0 medium seems to be caused simply 
by the 0 1 H - ^ 0 2 H change at its phenolic hydroxyl 
group. This is shown in this paper, with an example 
which suggests a possible application to a protein study. 

E x p e r i m e n t a l 

Phenol, anisole, L-tyrosine, and glycyl-L-tyrosine were 
obtained from commercial sources, and were used without 
further purification. Acetyl-L-tyrosine-iV-methylamide (iVa-
acetyl-iV-methyl-L-tyrosinamide) was prepared by the Protein 
Research Foundation, Osaka, Japan, and was placed at our 
disposal by the courtesy of Dr. Y. Koyama, Kansei Gakuin 
University. Its purity was confirmed by an examination of 
its proton magnetic resonance. The sample of 3-phospho­
glycerate kinase of yeast was purchased from Boeringer, 
Mannheim. The solvents 1 H 2 0 and 2 H 2 0 were used after 
being distilled. Emission spectra were observed by the 
use of a Hitachi MPF-4 fluorometer. 

The time dependence of the fluorescence intensity or of 
the ultraviolet absorbance was observed by the use of a 
Union Giken stopped-flow spectrophotometer RA-401. This 
is equipped with a rapid-mixing device of dead time 500 [as, 
and with an ultraviolet monochromator of focal length 25 cm. 
For stopped-flow fluorometry, a 200 W deuterium discharge 

lamp was placed at the entrance of the monochromator, and 
at its exit a cell with optical path length of 2 mm was placed. 
The solution, after rapid mixing, is led into this cell, and 
when the flow is stopped the time dependent fluorescence 
change (if any) should start. The fluorescence is excited by 
monochromatic light, and is observed through a Hoya UV 
30 filter, which allows the emitted light of wavelength longer 
than 300 nm to come into the detector. For a stopped-
flow ultraviolet absorption study, the same deuterium dis­
charge lamp and the same cell were used with the same 
monochromator as above. Only the location of the photo-
multiplier was changed. The fluorescence intensity versus 
time curve or the absorbance versus time curve was obtained 
by the use of a Union Giken data processor RA-450, a 
monitorscope, and an XY recorder. 

R e s u l t s a n d D i s c u s s i o n 

Fluorescence of Tyrosine and Its Change on Deuteration. 
T h e observed emission spectra are reproduced in Fig. 
1. T h e fluorescence peaks are found at 296 nm for 
phenol and at 295 nm for anisole. O n transfering 
from 1 H 2 0 to 2 H 2 0 + 1 H 2 0 , the peak intensity increases 
by 2 2 % for phenol, but only 2 % for anisole. L-
Tyrosine, glycyl-L-tyrosine, and JV"-acetyl-JV-methyl-
L-tyrosinamide show their fluorescence maxima at 303 
nm. On changing the solvent from 1 H 2 0 to 2 H 2 0 + 
1 H 2 0 , the intensity increases of 18, 13, and 16% are 
found, respectively, for these three compounds. Of 
the total 1 3 % fluorescence increase for L-tyrosine, 9 % 
takes place rapidly within 1 ms, while the remaining 
4 % increase takes place more slowly, in a period of 
about 20 ms (see Fig. 2(c)). A re-plot of such a 
fluorescence intensity on a logarithmic scale against 
time indicates that the process is apparently a single 
first order process. T h e rate constant is found to be 
116 s-1 at p H 5.8 and 14 °C. This is exactly equal 
to the rate constant value obtained by a stopped-flow 
ultraviolet absorption measurement at 285 nm as des­
cribed in our previous paper2) (see also the curve 
given at the bottom of Fig. 2, (c)). This rate 
constant was assigned to that of the deuteration reaction 
0 1 H - ^ 0 2 H of the phenolic hydroxyl group of tyrosine.2) 

A similar fluorescence increase takes place with nearly 
equal rate for phenol (Fig. 2, (a)), but not at all for 
anisole (Fig. 2, (b)). In contrast with glycyl-L-trypto-
phan, which shows no time-dependent fluorescence 
increase when it is transferred from 1 H 2 0 into 2 H 2 0 
medium,6) glycyl-L-tyrosine shows an increase with 
nearly an equal rate constant to that for tyrosine 
(Fig. 2, (d)). All of these facts support the idea that 
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ÇH2 . 
NH3CH2CONHCHC0O ÇH2 

CH3CONHCHCONHCH3 

280 300 320 340 360 280 300 320 340 360 

Wavelength/nm 

/ \ 3-PhosphogIycerate 
\ kinase 

280 300 320 340 360 380 

Fig. 1. Emission spectra in ^ „ O (full line) and in 2 H 2 0 + 1 H 2 0 (broken line), at pH 5.8 and at 
14 °G. 
(a) Phenol, excited at 270 nm. (b) Anisole, excited at 270 nm. (c) L-Tyrosine (0.15 mM), excited at 
275 nm. (d) Glycyl-L-tyrosine, excited at 275 nm. (e) iV"-Acetyl-iV-methyl-L-tyrosinamide, excited 
at 275 nm. (f) Yeast 3-phosphoglycerate kinase (0.01%), excited at 280 nm. 

the time-dependent fluorescence increase in question 
is caused by the 0 1 H - > 0 2 H process of the phenolic 
hydroxyl group. 

The amount and the rate of fluorescence increase 
for JVa-acetyl-iV-methyl-L-tyrosinamide is also nearly 
equal (Fig. 2(e)) to those of L-tyrosine or to phenol. 
Such a rate constant value is to be used as a standard 
(ke) value in estimating the attenuation factor yj = 
k-Jke of a given tyrosine group (j) in a protein molecule 
whose rate constant value is k-y 

Application to a Protein Study. 3-Phosphoglycerate 
kinase (EC 2.7.2.3) from yeast contains two tryptophan 
and eight tyrosine residues per molecule.7> Nojima 
et al.8) has found that, in its emission spectrum, a 
fluorescence maximum is present at 308 nm if excited 
at 280 nm, while at 329 nm if excited at 295 nm. 
The former (308 nm) is considered to be caused by 
the tyrosine residues, and the latter (329 nm) by the 
tryptophan residues. The emission spectrum of this 
protein excited at 280 nm is shown in Fig. 1, (f). As 
may be seen here the fluorescence intensity increases 
by 2 8 % on bringing it from i H a O to ^ O + iHjjO. 
The same amount (27.5%) of total fluorescence in­
crease was observed when an 1 H 9 0 solution of this 

protein is rapidly mixed with the same volume of 
2 H 2 0 by means of the stopped-flow fluorometry tech­
nique. Of this total 2 7 . 5 % increase, 2 2 % takes place 
within the dead time of the stopped-flow equipment, 
and the remaining 5 % increase takes place very slowly 
(see Fig. 3). The rate of this slow process was found 
to be 3.9 s"1 at p H 5.9 and at 29 °C. At this p H 
and at this temperature, ke of tyrosine is estimated to 
be 350 s_1, and therefore the attenuation factor }'.= 
3.9/350=1/90. It may be interpreted that the tyrosine 
residue (or residues) now in question is rather rigidly 
fixed inside of the protein molecule, and that the 
chance of its being exposed to the solvent is only 1 /90. 

In a protein molecule an energy transfer takes place 
often from tyrosine to tryptophan, and even when a 
tyrosine residue is excited the fluorescence comes often 
from the tryptophan residue instead of the tyrosine 
residue itself.9> If a protein containing both tyrosine 
and tryptophan residues gives a tyrosine fluorescence, 
such a tyrosine residue is considered to be firmly fixed 
at a particular orientation in the protein molecule, 
so that no energy transfer takes place between the 
tyrosine residue now in question and any of the tryp­
tophan residues in the same molecule. Because 3-
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Fig. 2. The time dependence of the fluorescence inten­
sity observed when an 1 H 2 0 solution of each compound 
indicated is rapidly mixed with the same volume of 
2HaO, so that the solvent of the final solution is 1 : 1 
1 H 2 0 + 2 H 2 0 . For each compound, a curve recorded 
in a control experiment in which the same 1 H 2 0 
solution was mixed with 1 H 2 0 instead of 2 H 2 0 is also 
shown. 

(a) Phenol (pH 5.3, at 15 °C), excited at 255 nm. 
(b) Anisole, (pH 5.5, at 15 °C), excited at 255 nm. 
(c) L-Tyrosine (final concentration 1.2 mM, pH 5.8, 
at 12.5 °C), excited at 275 nm. The curve at the 
bottom is the time dependence of the ultraviolet ab-
sorbance recorded at 285 nm when an L-tyrosine in 
1 H 2 0 solution was mixed with the same volume of 
2 H 2 0 , so that the final concentration was 1.2 mM, 
pH 5.8, at 12.5 °C. (d) Glycyl-L-tyrosine, pH 5.5, 
at 17 °C, excited at 275 nm. (e) iVa-Acetyl-JV-methyl-
L-tyrosinamide pH 5.5, at 17 °G, excited at 275 nm. 
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Fig. 3. Change in time of fluorescence intensity at 
308 nm (excited at 280 nm) is observed for yeast 3-
phosphoglycerate kinase in 1 H 2 0 upon mixture with 
2 H 2 0 ( 1 : 1 in volume; final concentration of the 
protein is 0.05%, pH 5.9) at 29 °C. 

phosphoglycerate kinase has both the tyrosine and 
tryptophan residues, the tyrosine fluorescence (at 309 
nm) we have observed is attributed to such a tyrosine 
residue (or tyrosine residues) rigidly fixed in a special 
orientation. The fact that the hydrogen-deuterium 
exchange reaction between this tyrosine residue and 
the solvent 2 H 2 0 is 90 times as slow as the tyrosine 
exposed to the solvent is therefore understandable. 
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/?-Uridine-5'-phosphoric acid-15N2 has been prepared from 15N-RNA of baker's yeast which was grown in 
(15NH4)2S04 as the sole nitrogen source. Its Raman spectrum has been observed both in 1 H 2 0 and 2 H 2 0 solu­
tions. On the basis of the observed 15N isotope effects on the Raman spectra and on the basis of other data previ­
ously obtained, normal modes of vibration have been discussed for six Raman bands of the uracil residue that 
are considered to be in resonance with its electronic transition at 260 nm. The result has led to a conclusion 
that G5=C6 is longer and G4-C5 is shorter in the excited electronic state A (260 nm) than those in the ground elec­
tronic state X. 

Resonance R a m a n spectroscopy may sometimes 
be useful as a tool for exploring the excited state 
geometry of a molecule.1 '2) Let us suppose that our 
present aim is to ellucidate the geometrical structure 
of the electronic excited state of the uracil residue 
corresponding to its 260 nm absorption band. For 
this aim we first need to examine which R a m a n lines 
of the uracil residue are in resonance with the 260 nm 
electronic transition (A-X),3) and secondly we need 
to find the normal modes of vibration that are to be 
assigned to these particular R a m a n lines. W e can 
then predict that, on going from the ground (X) to 
the excited (A) state, a distortion of the molecular 
conformation takes place along such a normal coordi­
nate or along a linear combination of such normal 
coordinates. This prediction is based upon a theory 
which is valid only in a certain approximation.1-2) 
In combination with other data, however, this approach 
often leads to a useful piece of information on the 
excited state geometry. 

In our present study we have used a set of 15N isotope 
shifts in the vibrational frequencies of the uracil re­
sidue, as a data for fixing normal modes, in addition 
to the usual data obtained by an examination of deute-
rated products. In our normal coordinate treatment, 
it has been found that a fixing of the force constant 
values corresponding to interactions of two bond-
stretching motions in the six-membered ring is critical. 
In this respect, a recent work on the force field in 
benzene5) was found to be helpful. O n the basis 
of these data, the normal modes of vibration of the 
six R a m a n bands, which were previously found3 '4) 
to be in resonance with the electronic transition at 
260 nm, have now been determined with a considerable 
reliability. 

Exper imenta l 

Preparation of 15N RNA. Baker's yeast was grown in 
a medium in which (15NH4)2S04 is the sole nitrogen source. 
This part of our experiment was made in collabotation with 
Dr. Masatsune Kainosho in the Central Research Laboratory, 
Ajinomoto Company, Ltd. 400 g of wet cells of such yeast 
were placed in 1 litre of 0.0125 M phosphate buffer (pH 
6.8) with 2% sodium dodecyl sulfate and 4.5% ethanol. 
The suspension was incubated at 95 °C for 5 min, rapidly 
cooled with dry ice plus methyl cellosolve, and then cen-

trifuged at 4000 rpm for 5 min. From the supernatant, 
crude RNA was precipitated by adding 2 litre ethanol. 
The precipitate was washed with 70% ethanol and then 
with 80% ethanol overnight. The precipitate was dissolved 
again in 500 ml of 5 mM phosphate buffer, and centri-
fuged at 4000 rpm for 5 min. RNA was precipitated from 
the supernatant with 1 M NaCl plus ethanol. This was 
dissolved in 500 ml of 2.5 mM phosphate buffer and dia-
lyzed against 1 mM phosphate buffer. By an ethanol pre­
cipitation, 3.3 g purified 15N RNA was obtained. 

Preparation of ß-Uridine-5'-phosphoric acid-15N2 (5'-UMP-
15N2). 15N-RNA was dissolved in phosphate buffer 
(pH 5.2) and incubated with nuclease Pj (kindly provided 
by Dr. A. Kuninaka, The Research Laboratory of Yamasa 
Shoyu Co., Ltd., Chyoshi Japan) at 37 °C overnight. After 
the pH of the digested solution was adjusted to 7.2, the solu­
tion was subjected to a Dowex 1X2 column chromatography, 
where the formic acid form of 200—400 mesh was placed 
in a 20x1000 mm tube. For elusion, HCOOH gradient 
(from 0 to 3 M) was used, and 5'CMP, 5AMP, 5'GMP, 
and finally 5'UMP came out. 5'UMP-15N2 was recrystal-
lized with ethanol and water. This gave only one spot 
in a thin-layer chromatography. Its isotopic purity was 
judged from the isotopic purities determined of 5'AMP-
15N5 and 5'-CMP-15N3, prepared from the same batch of 
15N-RNA with that for 5'-UMP-15N2. The isotopic purity 
of each of these two nucleotides was examined by mass-
spectrometry of ammonia produced by a micro-Kjeldahl 
procedure from the nucleotide sample. The 15N content 
was found to be 89% of the total nitrogen both for 5'-AMP 
and for 5'-CMP. Because the biosynthesis process is similar 
for cytosine residue to that for uracil residue, the 15N content 
of our 5'UMP is considered to be also 89% of its total nitrogen. 

Raman Spectroscopic Measurement. Raman spectra of 
5'-UMP-14N2 and 5'-UMP-15N2 were examined in neutral 
1 H 2 0 and 2 H 2 0 solutions. The measurements were made 
by the use of a JEOL (Japan Electron Optics Laboratory 
Co.) JRS-U1 spectrophotometer with 514.5 nm line of a 
Coherent Radiation model 52 GA argon ion laser. The 
15N isotope shift was examined for each Raman line by 
repeating a short-range scan for 5'-UMP-14N2 and for 5'-
UMP-15N2 alternately many times by keeping the conditions 
of the instrument as steady as possible. 

R e s u l t s a n d D i s c u s s i o n s 

15 JV Isotope Effects on the Raman Spectra. In Figs. 1 and 
2 are given the observed Raman spectra, observed Raman 
frequencies (in cm -1), and the amounts of 15N-shifts determin­
ed for 5'-UMP, both in ^ O and in 2HaO (pH 7.2). In 



May, 1979] Vibrational Modes of Uracil Residue 1341 

T A B L E 1. T H E SET OF FORCE CONSTANTS FOR THE URACIL RESIDUE ( m d - A - 1 for K, m d - A for H , m d - A _ J 

for stretch/stretch interaction constants and md for bend/stretch interaction constants) 

1. K ( N - G ) 6 .380 ; 2 . K(G-G) 6 .202 ; 3 . K(G=G) 8 .900; 4 . K ( N - R ) 5 .000 ; 

5 . K(C 2 =0 8 ) 11.000; 6 . K ( N - H ) 5 .397 ; 7 . 

9 . H(G6N1C2) 1.163; 10. H(G2N3C4) 1.168; 

H(N 3C 4C 6) 1.654; 

H(RN 1 C 2 ) 1.060; 

HÇOCaNj) 1.019; 

H(HN 3 G 4 ) 0 .459 ; 

13. H(C 4C 5C 6 ) 0 .522 

16. H(RN 1 G 6 ) 1.056; 

19. H(OG 4 G 5 ) 1 .071; 

H(HN 3 G 2 ) 0 . 4 5 9 ; 22 

K(C4=O1 0) 10 .800; 8 . K ( G - H ) 5 .204 ; 

11 . H(N 1C 3N 3 ) 1.587; 

14. H(G5G8N1) 0 . 5 2 8 ; 

17. H(OC 2 N 3 ) 1.019; 

2 0 . H(OG 4 N 3 ) 1.028 

2 3 . H(HC 5 G 6 ) 0 .344 

O 
H 4 " 12. 

15. 

18. 

2 1 . 
24 . H(HG 5 C 4 ) 0 . 3 7 1 ; 2 5 . H C R C ^ ) 0 .352 ; 26 . H(HG 6 C 5 ) 0 .342: 

2 7 . fKing , "ring)ortho 0 . 8 0 7 ; 28 . f (v r l n g , vllng) m e t a - 0 . 5 2 2 ; 29 . f > r l n g , v r i n g ) p a r a 0 . 1 6 1 ; 

30 . f(»c = 0,vIlns) 1.207; 3 1 . f(vCt = 0,vc=c) - 0 . 1 8 7 ; 32 . f (ô l i n g , v l l n g ) 0 . 4 0 1 ; 3 3 . ï(ôc=0,vling) 0 .279 ; 

34 . f(ôN_H ,x- r i n g) 0 .072 ; 3 5 . f(<5c_H, * r l n g ) 0 .197 ; 36 . f(«5c = 0 , vc=0) 0 . 980 ; 3 7 . f K - K ) " r i n g ) 0 . 4 7 1 . 

0 / \ N ^ H 
i i 

R 

^1800 

514 5 n m exc. 

1400 1200 1000 

Wavemmber/cm"1 

Lw^*^ 

12ÔÔ 
Wavenunber/cm 

Fig. 1. R a m a n spectra of ß-uridine-5'-phosphoric acid (5 ' -UMP- 1 4N 2 and 5'-UMP-1 5N2) in 1U20, p H 
7.2 at room temperature, concentation 10%. Excited by 514.5 n m line of an Ar+ laser. 

514-5 nm exc 

§bw^' 
K ? W > ^ 

1200 
Wavenunber /cm"1 

Waverumber/cm-' 

Fig. 2. R a m a n spectra of /?-uridine-5'-phosphoric acid (5 ' -UMP- 1 4N 2 and 5'-UMP-1 5N2) in 2 H 2 0 , p H 
7.2 at room temperature, concentration 10%. Excited by 514.5 n m line of an A r + laser. 
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2 H 2 0 , the N H group at position 3 is deuterated (ND) (for 
number ing of the positions, see Table 1). As may be seen 
in Figs. 1 and 2, most of the R a m a n lines assignable to the 
uracil residue show appreciable 15N-shifts, while the line at 
979 c m - 1 assignable to the phosphate group6) shows no shift 
at all. T h e observed amounts of 15N-shifts form a useful 
set of da ta for determining the force constants and normal 
modes of vibration of the uracil residue. These are discussed 
later in this paper . Here , a comment is added as for an 
interesting isotope effect on the R a m a n scattering intensity. 
As may be seen in Fig. 2, the relative intensity of the 1246 
c m - 1 line of 5'-UMP-ûf3 is appreciably raised on 15N substitu­
tion. This R a m a n line (let us call its mode " V " ) is one of 
the characteristic lines of pyrimidine bases. This is isolated 
and strong when it is located at about 1235 c m - 1 or lower 
frequency {e.g., in uracil residue, and uracil res idue-^, 1 5N2) . 
O n the other hand, it is weaker and has a few satellite lines 
when it is located at a frequency higher than 1240 c m - 1 

{e.g., in deprotonated uracil residue, deuterated uracil residue, 
and cytosine residue). This is the strongest R a m a n line in 
the uracil residue and shows the greatest intensity enhance­
ment on bringing the exciting wavelength from 514.5 n m to 
351.1 nm. T h e 15N-isotope effect on the intensity of this 
line may be ascribed to a change in the vibrational mode 

" V " in the electronic excited state A (260 nm) rather than 

that in the electronic ground state X . I t may be explained, 
in other words, by taking a Duschinsky effect into account. 

Thus , it is not improbable that, in the first excited state 

A (260 nm) of the uracil residue, the C5=C6 bond order is 
very low so that its intrinsic stretching frequency is as low 
as 1234 cm- 1 . If so, "mode I I " (mainly C5=C6 stretching) 
and "mode V " have nearly equal frequencies to each other 

in the upper A state; while, in the ground electronic state, 
"mode I I " (mainly C5=C6 stretching, at about 1600 cm-1) 
and "mode V " (1234 c m - 1 ) are orthogonal to each other. 
In such a situation, the Franck-Gondon overlap integrals 
that cause the R a m a n scattering of the "V-vibra t ion" may 
have an appreciable value. If the "V-frequency" is exactly 
1234 c m - 1 (as that for 5 ' -UMP-1 5N2 , ds), then the vibrational 

coupling in A would be very strong and the " V - R a m a n l ine" 
would be strong. If, on the other hand, the "V-frequency" 
is slightly higher than 1234 cm" 1 (as that for 5 ' -UMP-1 4N2 , 

ds) the vibrational coupling in A would be weaker and the 
" V - R a m a n l ine" would be weaker. 

The Raman Lines That are in Resonance with the 260 nm Elec­
tronic Transition. R a m a n spectra of /?-uridine-5 '-phosphoric 
acid (5 ' -UMP) in neutral aqueous solution were examined 
with excitation at 647.1, 514.5, 488.0, 457.9, 363.8, and 
351.1 n m (Fig. 3). By the use of the 979 c m - 1 R a m a n line 
( P 0 3

2 ~ symmetric stretching) as an internal intensity standard, 
the R a m a n intensity versus excitation frequency relation 
(excitation profile) has been examined for each of the R a m a n 
lines of the uracil residue. From a comparison of such an 
observed excitation profile with theoretical ones, it was 
shown4) (i) that the R a m a n lines at 1231, 1394, and 1475 
c m - 1 are primarily associated with the absorption band at 
260 nm, (ii) that, to the 1680, 1630, and 783 c m - 1 R a m a n 
lines, there are appreciable amounts of contribution from 
the 260 n m absorption band, but contribution from the 
210 nm band or from other bands of shorter wavelengths 
should also be taken into account, and (iii) that the contribu­
tion of the 260 n m transition to the 560 c m - 1 R a m a n line 
is rather small. 

A rigorous resonance R a m a n effect of 5 ' -UMP was examin­
ed with 257 n m excitation3) (see Fig. 3(e)). I t became 

5'-UMP(pH72) 

1800 1600 U00 1200 1000 800 600 4(30 cm"l 

5K.5 nm exc. b) 

1800 1600 U00 1200 1(J00 800 600 cm"1 

c ) 457.9 nm exc 

1800 1600 U00 1200 1000 800 600 cm"1 

d) 

363.8 nm 
^ - > ^ exc. 

1700 1500 1300 1100 900 700 500 cm-1 

257 3 nm 

1700 1500 1300 1100 900 700 500 cm"' 

Fig. 3. R a m a n spectra of 5 ' -UMP in neutral aqueous 
solution. Excited by (a) 647.1 n m (Kr) , (b) 514.5 nm 
(Ar), (c) 457.9 n m (Ar), (d) 363.8 n m (Ar), and (e) 
257.3 n m (Ar ion laser plus a frequency doubler) 
lines. Broken lines indicate the spectral sensitivity 
of the monochromator and detector system. 

evident that the six R a m a n lines at 1680, 1630, 1475, 1395, 
1231, and 787 c m - 1 of the uracil residue are caused by the 
electronic excited state at 260 nm. Let us call these six 
R a m a n lines U r I , U r I I , U r I I I , U r I V , U r V , and U r V I , 
respectively. 

Characterization of the On-resonance Raman Lines. Pre-
resonance and resonance R a m a n spectra were observed4) 
of various related compounds which are considered to be 
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Fig. 4. R a m a n lines observed for uridine and its deri­
vatives. XH is replaced by 2 H at the position indicated. 

relevant to the interpretation of the R a m a n spectrum of 
the uracil residue. Observed R a m a n lines of uridine and 
some uridine derivatives are shown in Fig. 4. O n the basis 
of these data, a detailed discussion were given on the R a m a n 
lines of the uracil residue in our previous article.4) Some of 
the results and conclusions are briefly summerized below: 

a) All of the six R a m a n lines, U r I to U r V I , are in the 
skeletal-stretching frequency region. All of these R a m a n 
lines, except U r I I I , are strong in off-resonance condition. 
In addition, neither position-3 deuteration nor position-5 
deuteration causes a wavenumber shift greater than 100 c m - 1 

for any of these R a m a n lines. Therefore, all of these are 
assignable primarily to in-plane skeletal bond-stretching 
vibrations of the neutral uracil residue. 

b) The 787 c m - 1 line is assignable to a vibration in 
which all eight skeletal stretching motions take place in-phase 
(ring breathing).7 ,8) I t is understandable that, while the 
relative intensity of this line is very strong in an off-resonance 
R a m a n spectrum (see Fig. 3(a)) , it is very weak in a rigorous 
resonance R a m a n spectrum (Fig. 3(e)) excited in the longest 

wavelength (260 nm) absorption band ( A < - X ) . T h e distor­
tion of the uracil residue does not take place along such a 

ring breathing coordinate on going from X to A states. 
(c) In the 1600 to 1700 c m - 1 region there are three 

skeletal stretching vibrations expected, because of the three 
double bonds, G 2 =0 , G 4 =0 , and C5=C6. Actually there are 
observed three R a m a n lines (and three infrared bands) 
for the position-3 deuterated uracil residues (see Fig. 4 ; 
(2), (4), (10), and (12)). In each of the R a m a n spectra 
of undeuterated uracil residues (Fig. 4 ; (1), (3), (9), and 
(11)), however, one of these three is missing. T h e missing 
vibration here must be at 1710 c m - 1 , because the undeuterat­
ed uracil residue gives a strong infrared absorption band at 
1710 cm - 1 .8) This is assignable to the C 2 = 0 stretching 
vibration.9) Thus, the U r I and U r I I are probably assignable 
to a coupled pair of the G 4 = 0 stretching and the G5=G6 

stretching vibrations. 
(d) An additional support to the assignments of the 

U r I and U r I I R a m a n lines is obtained from an examination 
of the R a m a n spectrum of 4-thiouridine. This is a derivative 
of uridine in which the position-4 carbonyl is replaced by 
thiocarbonyl, so that it has residue. In a resonance condition, 

S 
II 

H C 
\ / 4 \ 

N 3 5 G H 
I II 

G 2 6 C H 
/ \ i / 

O N 
I 

this shows six strong R a m a n lines at 1619, 1482, 1372, 1243, 
1160, and 709 c m - 1 . In the 1600—1700 c m - 1 region only 
one R a m a n line (assignable to U r I I ) is observed as is expected. 
T h e G 2 =0 stretching line is missing as it is for the uracil 
residue, and G 4 = 0 is absent here. Instead, there are 
two strong R a m a n lines observed at 1167 and 709 c m - 1 , 
which are assignable to the two vibrations caused by a strong 
coupling of the G4=S stretching and the ring breathing mo­
tions. T h e three lines at 1482, 1372, and 1243 c m - 1 are 
considered to correspond to the U r I I I , U r I V , and U r V 
lines of the uracil residue, respectively. 

(e) T h e R a m a n lines corresponding to the U r I I I and 
U r I V are found at about 1470 and 1400 c m - 1 , respectively, 
for all of the uridine derivatives examined (see Fig. 4) except 
for dihydrouridine. U r V R a m a n line is also found for all 
of the uridine derivatives with high intensities. Deuteration 
at position-3 causes a slight higher frequency shift of this 
line and at the same time an appearance of a few satellite 
lines (see Fig. 4 ; (2), (4), (7), (10), and (12)). A similar 
effect is caused also by the position-3 deprotonation (Fig. 
4, (5)). Position-5 deuteration, on the other hand, causes 
a slight lower frequency shift of U r V line (Fig. 4, (3)). 
This is caused also by the position-5 substitution with 
bromine or iodine (Fig. 4, (9) and (11)). 

(f) Dihydrouridine shows a completely different R a m a n 
spectrum (Fig. 4, (15) and (16)) from those of the uridine 
derivatives with G5=G6 double bond. Here, no strong R a m a n 
lines are found in the 900 to 1500 c m - 1 region. It is clear 
that the G5=C6 double bond, which makes the whole six-
membered ring nearly conjugated, is essential for giving, 
rise to the U r I — U r V R a m a n lines (the G5=G6 double bond 
is also essential for the 260 n m absorption band) . 

Normal Modes of Vibration for the On-resonance Raman Lines. 
A normal coordinate t reatment was made for in-plane vibra­
tions of 1-methyl uracil. Here , every hydrogen atom (ex­
cept that of the methyl group) was taken as a dynamical 
unit, while the methyl group was assumed as one dynamical 
unit. T h e bond lengths and bond angles in the uracil resi­
due were assumed to be equal to those given by a crystal-
lographic study of 1-cyclohexyluracil (Dr. T . Katsura, personal 
communicat ion). T h e calculation was carried out using a 
H I T A G 8800/8700 in the Computer Center at the Uni ­
versity of Tokyo, and the programs, BGLZ, and LSMA, 
written by Shimanouchi and his collaborators.10) In the 
calculation, a general valence force field was assumed, 
where all the bond-stretch bond-stretch interaction terms 
were taken into consideration. T h e force constants were 
determined by a trial and error method so that the 
calculated frequencies were in the best agreement with the 
observed frequencies. T h e adjustment of the force constant 
values was guided by the Jacobian matrix which was 

�ihyarourMi.no
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calculated for each trial set of force constants. T h e adjust­
ment was made by taking the following items into account: 

(a) T h e calculated 15N-shifts should be in the best agree­
ment with the observed shifts (see Table 2). 

(b) T h e observed effects of the position-3 deuteration 
and position-5 deuteration on the vibrational frequencies 
should be well reproduced by the calculation. This was 
achieved by a proper adjustment of the bending force con­
stant values, so as to bring the N 3 H in-plane bending vibration 
to about 1416 cm - 1 ,1 1) and the G5H in-plane bending vibra­
tion to about 1100 cm- 1 . 

(c) Not only the R a m a n frequencies of the uracil residue 
observed in the aqueous solutions of uridine and its deriva­
tives, but also Raman1 2 '1 3) and infrared11) frequencies observed 
for powder 1 -methyluracil are to be taken as a set of data . 

(d) Not only the bond-stretch bond-stretch cross terms 
for adjacent two bonds (let us call "o r tho" ) , but also those 
for two bonds "next door but one" from each other (meta) 
and for two bonds two doors away from each other (para) 
should have appreciable values. Such force constant values 
were not found to be negligible in a conjugated double-
bond system such as benzene.5) 

T h e final set of force constant values are given in Table 1, 
and the calculated vibrational frequencies for the undeuter-
ated and deuterated (at position-3) uracil residues are given 
in Table 2. T h e agreement between the observed frequencies 
(also given in Tab le 2) and the calculated ones are satis­
factory. The agreement between the observed and calcu­
lated 15N-isotope shifts are also good except for the 1397 
(UrIV) line of the undeutera ted uracil residue and for the 

1689 (C 2 =0) , 1464 ( U r I I I ) , and 1402 c m - 1 (UrIV) lines 
of the deuterated uracil residue . In the actually observed 
15N shifts, there must be some factors involved, such as 
anharmonicity, Fermi resonance, and vibrational couplings 
with the solvent molecules, which were not taken into con­
sideration in our present calculation. I t may also be pointed 
out here that the amount of the 15N-shift of each vibration 
is extremely sensitive to the amount of the contribution of 
the N - H in-plane deformation motion to the vibration now 
in question. This is, however, not always be properly esti­
mated in our present calculation on the basis of a simple 
harmonic potential function. 

In Fig. 5, are depicted the normal modes of vibration 
calculated on the basis of the set of force constants given 
in Table 1. This forms one of the main conclusions of our 
present study. T h e modes of the U r I — U r V I vibrations 
now in question may be characterized as follows: 

UrI(1680 cm- 1 ) . G 4 = 0 stretching and C 5-G 6 

stretching vibrations take place in-phase. 
U r I I (1630 cm- 1 ) . C 4 = 0 stretching and G5-G6 

stretching vibrations take place with 180° phase difference. 
U r I I I (1475 cm- 1 ) . A skeletal stretching vibration which 

has a similarity to one of the e2g. stretching vibrations of 
benzene at 1584 c m - 1 . 

U r I V (1397 cm- 1 ) . A skeletal stretcing vibration 
which has a similarity to one of the eJU stretching vibrations 
of benzene at 1485 c m - 1 . 

U r V (1231 c m - 1 ) . A skeletal stretching vibration which 
has a similarity to the b211 vibration of benzene at 1309 c m - 1 

(Kekulé vibration). 

T A B L E 2. OBSEVED AND CALCULATED FREQUENCIES OF THE URACIL RESIDUE 

Frequency, c m - 1 

^̂  
Obsda> 

3131* 

3079* 

3079* 

1720* 

1680 

1630 

1475 

1423* 

1397 

1231 

1201* 

1156* 

1084* 

1008* 

806* 

783 

639 

557 

482 

421 
268* 

Calcd 

3132 
3100 

3091 

1707 

1673 

1625 

1476 
1415 

1397 

1245 

1240 

1182 

1115 

1001 

811 

780 

622 

546 

485 

385 

336 

15N-shift; 

^^ 
Obsd 

, c m - 1 

Calcd 

Undeutera ted 

— 
— 
— 
— 

- 2 

- 3 

- 1 3 

— 
- 7 

- 8 

— 
— 

— 
— 
— 

- 2 

- 6 

- 5 
— 

- 2 
— 

- 9 

0 

0 

- 8 

- 4 

- 3 

- 1 4 

- 9 

- 1 5 

- 9 

- 1 7 

- 1 8 

- 3 

- 1 0 

- 9 

- 1 

- 4 

- 3 

- 3 

- 3 

- 1 

PED*>> 

*>N-H (99) 

*-C-H (98) 

vC-U (99) 

v G 2 = 0 (64) 

v G 4 =0 , 
G=G (70) 

v C = C , 
C 4 = 0 (76) 

^ r i n g (72) 

<5NH (55) 

v ring (52) 

j^ring (100) 

(5C-H (56) 

v ring (64), 
i^N-R (32) 

<5C-H (84) 

v ring (47) 

<5 ring (38) 

v ring (52) 

<5C=0 (57) 

ô ring (61) 

d r i n g (48) 

(5C=0 (65) 

(5N-R (60) 

U r I 

U r I I 

U r I I I 

U r I V 

U r V 

U r V I 

Frequency, c m - 1 

^̂  
Obsda> 

3087* 

3087* 

2260* 

1689 

1655 

1618 

1464 

1402 

1303 

1246 

1211 

1136 

1043* 

914* 

812* 

780 

620 
551 

478* 

395* 

266* 

Calcd 

3100 

3091 

2311 

1698 

1666 

1622 

1465 

1395 

1306 

1242 

1206 

1115 

1102 

886 

793 

778 

610 

543 

485 

384 

336 

15N-shift, 
^̂  

Obsd 

, c m - 1 

Calcd 
PEDb> 

Deuterated (position-3) 

— 
— 
— 

+ 2 
- 2 

- 2 

- 3 

- 7 

- 1 9 

- 1 2 

- 9 

- 3 

— 

— 
— 

- 1 

- 5 

- 3 

— 
— 
— 

0 

0 

- 1 2 
- 5 

- 4 

- 2 

- 1 3 

- 1 5 

- 2 0 

- 1 5 

- 1 7 

- 1 

- 9 

- 3 

- 3 

- 3 

- 5 

- 4 

- 3 

- 1 
0 

vC-U (99) 

r C - H (99) 

v N - D (96) 

i>C2=0 (71) 

v C 4 = 0 , 
C=C (75) 

v C 4 = 0 , 
C=C (78) 

v ring (81) 

j - l ing (51) 

v ring (47) 

i ' r ing (100) 

i -N-R (22), 
v ring (34) 

<5C-H (83) 

<5N-D (21), 
r N - R (15) 
«5N-D (44) 

Ô ring (42) 

v ring (60) 

(5C=0 (56) 

ô ring (61 ) 

ô ring (48) 

U r I 

U r I I 

U r I I I 

U r I V 

U r V 

U r V I 

ô ring C = 0 (64) 

<5N-R (60) 

a) R a m a n or infrared frequencies observed11-13) for powder 1-methyluracil are shown by *. b) Potential energy 
distribution is given in parenthesis, v, stretching; ô, bending. 
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Fig. 5. Normal modes of vibration of the uracil residue, 
calculated using the set of force constants given in 
Table 1. Some of the normal modes of the skeletal 
stretching vibrations of benzene are shown in parenthe­
ses for reference, s: stretch, c: contract. 

U r V I (783 cm- 1 ) . All of the eight bonds, G-C , G-C, 
C -N , and G = 0 , stretch and contract in-phase (ring breath­
ing vibration). 

Excited State Geometry for the 260 nm Band. Among 
the six on-resonance R a m a n lines of the uracil residue, three 
at 1475 ( U r I I I ) , 1397 (Ur IV) , and 1231 c m - 1 (UrV) are 
considered to be most intimately associated to the excited 

electronic state A corresponding to the 260 nm absorption 
band. Among the vibrational modes for these three R a m a n 
lines, a motion in which the C*-C5 stretching and C5=C6 

stretching take place with 180° phase difference is commonly 
predominant (see Fig. 5). Therefore, it is probable that , 

on going from the electronic ground state X to the excited 

state A, a distortion of the molecualr conformation takes 
place along this coordinate; as shown in Fig. 6, the G5=G6 

bond is probably longer in A than in X , while G 4-G 5 is shor­

ter in A than in X . This is another main conclusion of 

our present study. 
The conclusion just reached by our R a m a n spectroscopic 

investigation is in an agreement with an expectation from 

Fig. 6. A schematic drawing to show a possible change 
in the molecular conformation of the uracil residue 

on going from the electronic ground state X (shown 

by full line) to the electronic excite I state A (shown 
by broken line). 

theoretical studies on the electronic structure of the uracil 
residue. Thus , Nagata et Ö/.14> made a semiempirical Pariser-
Parr-Pople calculation for the ^-electron system of this base 
residue. This calculation shows that, on going from the 
highest occupied to the lowest vacant ^-orbital, C5=C6 bond 
should change dramatically from bonding to antibonding, and 
G 4 -C 5 bond should change from antibonding to bonding, while 
all other bonds should change only very slightly from bond­
ing to antibonding. This means that , on going from X to Ä, 
the bond order of the C5=G6 should appreciably decrease, 
that of the G 4 -C 5 should appreciably increase, and those 
of other bonds should only slightly decrease (see also re­
ference4)) . 

H u g and Tinoco15) made an all-valence electron M O -

CI calculation for uracil. I t was shown that a marked localiz­

ation of the monopoles of transitions A ^ - X and B « - X along 

the acrolein-like fragment 0 = C 4 - C 5 = C 6 is expected to take 

place. For the A<—X transition, the above view based upon 
the result of the calculation of Naga ta et a/.14> is supported 
by this more elaborate treatment. 

W e wish to express o u r t h a n k s to D r . C . N a g a t a , 
N a t i o n a l C a n c e r C e n t e r R e s e a r c h I n s t i t u t e , T o k y o , 
for his k indness in s h o w i n g a n u n p u b l i s h e d p a r t of 
t h e resul ts of his c a l c u l a t i o n a n d a l l o w i n g us to use 
t h e m , a n d to D r . S. N i s h i m u r a , N a t i o n a l C a n c e r 
C e n t e r R e s e a r c h I n s t i t u t e for his k i n d i n s t r u c t i o n in 
o u r p r e p a r a t i o n of 1 5 N - R N A . 
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The triplet-triplet absorption spectra of [2.2]paracyclophane and related cyclophanes (naphthalenophane, 
pyrenophane, and anthracenophane) were measured. Cyclophanes in which two component subunits fully 
overlap, show new bands together with monomer-like bands. The electronic structures of triplet states of these 
cyclophanes were studied theoretically by the "molecules in molecule" method, special attention being paid to 
the correlations of the electronic structures of cyclophanes with those of corresponding monomers and also to the 
dependences of the charge transfer interaction upon the overlapping between the component subunits and upon 
the molecular size. 

[2.2]Paracyclophane and other cyclophanes have 
the conjugated aromatic rings faced to each other 
and are of particular importance because of the trans-
annular interaction. [2.2]Paracyclophane is regarded 
as a model of a benzene dimer; especially in the ex­
cited state it is a model of a benzene excimer. Thus 
the electronic structure of this molecule has been 
studied by several authors.1) 

Previously, we investigated the singlet states of 
[2.2]paracyclophane from both experimental and the­
oretical points of view.2) The near and vacuum 
ultraviolet absorption spectra were well analyzed by 
considering the configuration interaction (CI) among 
the ground, locally excited, and charge transfer con­
figurations. 

Hausser et al. showed in their O D M R (optical 
detection of magnetic resonance) and ESR studies 
that in the lowest triplet state, T l 5 of cyclophanes 
which contain two same aromatic molecules two 
unpaired electrons are rather localized in either ring.3) 
In other words, the charge transfer character is not 
significant in the lowest triplet state. 

In this paper, we have studied the triplet-triplet 
(Tw<-Tx) absorption spectra of several cyclophanes in 
order to elucidate the character of the lowest triplet 
state and higher triplet states, T n , and also the de­
pendences of the charge transfer interaction upon 
the ring overlapping and upon the molecular size. 

Exper imenta l 

Cyclophanes studied here are shown in Fig. 1 : [2.2]para-
cyclophane (PC), anti-[2.2~\( 1,4) naphthalenophane (anti-
NP), syn- [2.2] (1,4) naphthalenophane (JJW-NP), [2.2](2,7)-
pyrenophane (PyP), anti- [2.2] (1,4) anthracenophane (anti-
AP), [2.2] (1,4) (9,10) anthracenophane ((1,4)(9,10)-AP), 
and syn- [2.2] (1,4) anthracenophane (syn-AP). [2.2] Para -
cyclophane (the Aldrich Chemical Company ) was purified 
by column chromatography and vacuum sublimation. The 
preparation and purification of other cyclophanes were 
described previously.4) 

The Tn<-T! absorption spectra of PC, anti-NP, syn-NP, 
and PyP were observed at 77 K in 2-methyltetrahydrofuran 

by an improved "parallel beam method"5) in which the ex­
citing light and the monitoring light was set to pass a sample 
through the same optical path by the use of two sectors 
synchronized by stepping motors. By setting up the double 
beam system, the S/N ratio was much improved. Conse­
quently, we could measure the transient spectra with the 
absorbance less than 0.01. The polarized T « * - ^ spectrum 
of PC was measured by the photoselection method,6) two 
polarizer films being used. 

The sensitization method was used for excitation to the 
triplet states of anthracenophanes since the quantum yields 
were low for the direct excitation. Biacetyl was added into 
the sample solution as a triplet sensitizer. Biacetyl was 
excited with a dye laser pumped with a nitrogen laser at 
room temperature. Through the energy transfer from 
triplet biacetyl, anthracenophanes were populated in their 
Ti states, and their Tn<-T! absorption spectra were measured. 
The details of the excitation and detection systems used for 
the measurement were described previously.7) 

Theoret ica l 

The "molecules in molecule" method was used 
for the calculation of the energy levels of triplet states 
of PC in a similar way as for the calculation of singlet 
states.2a) 

T h e energies of the locally excited (LE) configura­
tions for PC were taken to be equal to the observed 
values of benzene:8) 

£(3B+) = 3.9 eV, E(SE±U) = 4.7 eV, £(3Bru) = 5.6 eV, 

£(3E+g) = 6.8 eV, £(3E2-g) = 9.3 eV. 

The energies of the C T configurations were calcu­
lated by the usual method.9) The energy, ECT(i->j), 
for the configuration in which one electron transfers 
from the i-th occupied orbital of one benzene ring 
to the j-ih vacant orbital of the other is given by the 
following equation: 

Ecrd-^j) = It-AJ-C
I
ti". (1) 

Here Ii and Aj are the ionization potential for the 
z'-th orbital and the electron affinity for the j - t h orbital, 
respectively. T h e Coulombic interaction term, C. i,H 

ij 

# Present address: The Institute for Molecular Science, 
Myodaiji, Okazaki, Aichi 444. 

was evaluated with the aid of the Nishimoto-Mataga 
approximation.10) 

In actual calculation, It and Aj were evaluated by 
the following equations for the cyclophanes except 
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for PC. 

Ii-I+ EX (2) 

Aj = A- Ej (3) 

Here / and A are the first ionization potential and the 
electron affinity of an appropriate neutral molecule 
(naphthalene for naphthalenophane) , respectively. Et 
and Ej are the excitation energies of the correspond­
ing cation and anion determined experimentally,11) 
respectively. Since the assignment of spectra has 
some ambiguity for the benzene cation and anion, 
Eqs. 2 and 3 are not applicable to PC. Therefore 
we evaluated Ii and Aj by the following equations: 

It = I+ («HO-*«), (4) 

Aj = A- (ey-eLv). (5) 

Here euo, thV, ei} and €j are the orbital energies for the 
highest occupied, lowest vacant, f-th, and j - t h orbitals, 
respectively. They were calculated with the Pariser-
Parr-Pople method.12) 

The molecules of ^«-series, namely, PC, syn-NP, 
PyP, and syn-AP belong to the D2 h symmetry, and 
other cyclophanes to the C2 h symmetry. The coordi­
nate systems are shown in Fig. 1. In all cyclophanes 
that belong to D2 h 5 the symmetry of T x is 3B2 g and 
the allowed transitions are 3B l u<-3B2 g (x-polarization), 
3Au<-3B2g (y-polarization), and 3B3u<^3B2g (z-polariza-
tion). In the case of C2 h , T t is 3Bg , and the allowed 
transitions are 3Au<^3Bg(x,y-polarization) and 3BU<^-
3B g (z-polarization). 

The semi-empirical SCF M O - C I calculation was 
also made, using M O ' s calculated by the Pariser-
Parr-Pople method. 

R e s u l t s a n d D i s c u s s i o n 

PC. We found a very weak band at 550 nm and 
a broad strong band around 330—400 nm. The 
polarization experiment using the 313 nm light for 
excitation shows that the strong band consists of two 
transitions with the polarizations perpendicular to 
each other. Therefore, three distinct T n < - T ! absorp­
tion bands were observed for PC. O n the other hand, 
benzene has only two weak Tw<—Tx transition bands 
at 430 nm (3Etg<-3Bl«)8b) and at 280 nm (3Elg<-
3B|u) .8 c) The difference in the T n <-T x absorption 
spectrum between benzene and PC is clearly due to 
the transannular interaction in the excited triplet 
states of PC. 

In order to analyze the T n <-T x absorption spectra, 
we performed the semi-empirical SCF M O - C I calcula­
tion and the "molecules in molecule" calculation. 
Figure 3 shows the calculated ("molecules in molecule" 
method) and observed energy levels of the triplet 

350 400 450 500 550 
l/nm 

Fig. 2. The Tw<—Tx absorption spectrum of PC and 
the polarization, P. 

[2.2~]Paracyclophane (PC). Figure 2 shows the 
T n <-T x absorption spectrum and its polarization of 

0,4)(9,10)-AP syn-AP 

Fig. 1. The molecular structures of PC, anti-NF, syn-
NP, PyP, anti-AP, (1,4)(9,10)-AP, and syn-AP. 
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Fig. 3. Observed and calculated energy levels of the 
triplet states of PC and observed levels of benzene. 
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states of PC, together with the observed levels of ben­
zene. T h e zeroth-order LE levels of 3 Bl u , 3 Eî u , and 
3BÎ„ of benzene strongly interact with the CTX level, 
and those of 3 Eî g and 3 E l g with CT 2 . 

We can see from Fig. 3 that the lowest triplet state 
of benzene (3BÎU) is split into two states, 3 B 2 g and 
3 B l u in PC. The 3 B 2 g state is slightly lower than the 
3 B l u state and is of the neutral exciton nature. T h e 
weight of 3Bîu of benzene in the T x state of PC is 
more than 8 0 % . Hausser et al. recently showed that 
the zero-field splitting parameter, D, of PC is re­
duced only by 1 5 % with respect to the corresponding 
monomer, />-xylene.3b) This is consistent with the 
present result. The present result is also consistent 
with the result calculated by Hillier et al.1") 

Contrary to the T1 state, there are no previous 
studies on higher triplet states. From theoretical 
consideration we can see that the transitions from the 
3B2 g state to the 3B3 u and 3AU states (polarized paral­
lel to the ring), and to the 3 B l u state (polarized per­
pendicularly to the ring) are allowed. These states 
are shown in Fig. 3. The 3 B l u state located at about 
7 eV in the column of PC (calcd) is mainly of the 
C T character. As is clearly seen in this figure, the 
theoretical study predicts that three bands appear 
in the observed wavelength region. This prediction 
agrees well with the experimental result. The semi-
empirical SCF M O - C I calculation shows that the 
intensity ratio of the T ^ « - ^ absorption spectrum is 
1 : 0.38 : 0.03 for the 3B l u<-3B2 g , (2 3 B 3 u ^ 3 B 2 g +2 3 A u <-
3B2g), and ( l 3 B 3 u <- 3 B 2 g +l 3 A u ^ 3 B 2 g ) transitions. With 
the aid of this intensity ratio together with the calcu­
lated and observed transition energies, the three T n <-
T x absorption bands are assigned as follows. The 
most intense band at 380 nm is the C T band (3B lu<-
3B2g) characteristic of the transannular interaction. 
The band around 340 n m which is polarized perpen­
dicularly to the above C T band, is assigned to the 
LE band (2 3B 3 u^ 3B 2 g+2 3A u<- 3B 2 g ) and the parentage 
of this transition is the 3 E7g^ 3 Bt n transition of benzene. 
The weak band at 550 nm is ascribed to the LE band 
( l3B3 u<-3B2 g+l3Au<-3B2 g) which comes from the for­
bidden transition (3Eîg<-3BÎ„) of benzene. 

T h e polarization of the absorption of PC at 313 nm 
(the excitation wavelength for the measurement of 
the T n <-T j absorption spectrum of PC) is not clear, 
since the absorption band in this region consisting of 
two forbidden transitions, rEls<^-1As and 1B2g^

1Ag,
2li'1^ 

is only vibrationally allowed. By the polarized ab­
sorption spectra of PC crystal measured on the ac 
plane, the absorbance at 313 nm of the c// spectrum 
is about twice larger than that of the a// spectrum.2a> 
The c axis is parallel to the long axis of the molecule. 
O n the basis of this, the present experiment of the 
Tn<—Tx absorption is explained as follows. The degree 
of polarization, P, is expected to be 1/2 when the 
T ^ ^ transition is polarized parallel to the Sn<-S0 

transition used for excitation, and —1/3 when it is 
polarized perpendicularly. The band around 380 n m 
shows the negative value of P. This is consistent with 
our assignment that the band is the C T band the 
polarization of which is perpendicular to the benzene 
plane. In the T^-^-Tj absorption band around 340 nm, 

P becomes positive. This indicates that the transition 
parallel to the Sn<-S0 excitation is involved in this 
region. 

I t is interesting that the C T band was more distinctly 
observed in the T , , « - ^ absorption spectrum than in 
the usual Sn<-S0 absorption spectrum. This may 
be because of the weak Tn<—Tx transition of the com­
ponent molecule, benzene; that is, the transition 
localized in one ring is rather weak in the case of PC, 
and therefore the transition over two rings (CT tran­
sition) is observed clearly without the hindrance of 
L E bands. 

anti- and syn-NP. Figure 4 shows the Tn^-T1 

absorption spectra of anti- and ^jn-NP together with 
that of naphthalene. In the case of naphthalene, 
the very strong T n <-T x absorption is observed in the 
visible and ultraviolet regions. The most intense 
band at 417 nm is known to be polarized parallel 
to the long axis of the molecule and is assigned to the 
3B3g<-3B|u transition.14) The band in the shorter 
wavelength side is regarded as a vibrational structure. 
In the T j ^ T ! absorption spectrum of anti-NP, a dis­
tinct peak at 447.5 nm was observed but the vibra­
tional structure was not clear. We could not find 
other bands in the longer wavelength region up to 
900 nm. In the spectrum of .riw-NP, a peak was 
observed at 465 nm. This is similar to the band of 
anti-NP. In addition, a new broad band was observed 
around 612.5 nm. 

In order to interpret these spectra, the LE and 
C T levels were also analyzed with the "molecules 
in molecule" method. The lowest triplet states of 
anti- and .ryn-NP's have mainly a character of T x (3B1U) 
of naphthalene. Froines and Hagerman showed that 
the phosphorescence bands of anti- and syn-NP shifted 

3 

Naphthalene 

350 A00 450 

anti-NP 

350 400 450 500 550 600 650 700 

2/nm 

Fig. 4. The Tn<—Tĵ  absorption spectra of naphthalene, 
anti-NP, and syn-NP. 
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by 1700 cm- 1 and 2700 cm - 1 , respectively, to the 
longer wavelength side from the monomer, 1,4-dimeth-
ylnaphthalene, and that the vibrational structures 
in the phosphorescence spectra of anti- and syn-NP 
were rather similar to the monomer's. 15> According 
to Hausser et al. the D value of anti-NP is reduced by 
« 1 0 % with respect to l,4-dimethylnaphthalene.3a) 
Therefore, it is concluded that the C T character of 
T1 state of N P is small. 

Because of the similarity of the spectral shapes, 
both the T n ^ T x absorption bands of anti-NP at 447.5 
nm and of syn-NP at 465 nm are attributed to the LE 
transitions polarized parallel to the long axes of the 
molecules. Their parentage is the 3Blg<— 3B1U tran­
sition of naphthalene. O n the other hand, we attrib­
uted the new band of syn-NP around 612.5 nm to 
the C T band (3Blu<—3B2g) polarized perpendicularly 
to the ring plane. The calculated energy levels of 
the zeroth-order C T states clearly shows that the 
C T band appears in the longer wavelength side of the 
LE band at 465 nm. The next problem is why the 
T n ^ T ! C T band can be observed in .rjw-NP but not 
in anti-NP. The spacial overlapping of two rings 
is larger for .yw-NP than for anti-NP. Because of this 
difference in the overlapping, it is expected that the 
interaction between the zeroth-order C T level and the 
zeroth-order lowest triplet LE level is larger for syn-
NP than for anti-NP. This means that absorption 
intensity of the C T band is larger for .yn-NP than 
for anti-NP. 

Very recently, Subudhi and Lim observed the 
Tn<—Tx absorptions of the intramolecular excimers 
from fluid solutions of di(l-naphthyl)alkanes.1 6) T h e 
transient absorption spectrum of l ,2-di( l-naphthyl)-
ethane observed 150 [is after excitation has a broad 
band around 470 nm , and the band is continuing 
up to 600 nm. The band around 470 nm may corre­
spond to our " L E band" observed with anti- and syn-
NP's. Since the LE bands are conceivably rather 
insensitive to the geometry of the molecule, they are 
observed at similar positions for anti- and ^jn-NP's 
and also for di(l-naphthyl)alkanes. 

Pyrenophane (PyP)- The T n <-T x absorption 
spectra of PyP and pyrene are shown in Fig. 5. In 
pyrene, the Tn<—T1 spectrum has a sharp band at 413 
nm polarized parallel to the long axis (3Ag<-3Bîu) and 
another band at 518 nm polarized parallel to the 
short axis (3B7B<-3BÎ»).17> O n the other hand, the 
T n <-T x absorption spectrum of PyP has three bands: 
a sharp band at 380 nm, a weak band at 480 nm, 
and a strong band at 625 nm. From the considera­
tion of the spectral shape, the sharp band of PyP can 
be clearly assigned to the LE band (3B3 u^3B2 g) cor­
responding to the 413 nm band of pyrene (3Ag<-3B|„). 

The energy separation between the two absorption 
peaks of pyrene is about 5000 c m - 1 , and the separation 
between the sharp band and the weak band of PyP 
is 5400 cm - 1 . Because of this similarity the weak 
band at 480 nm was assigned to the LE band (3AU<^-
3B2g) corresponding to the 518 nm band of pyrene 
(3B3B<-3Blu). The strong band in the red region can 
be assigned to the C T transition (3B lu<^3B2g). It is 
interesting that the C T band was clearly observed 

< \-

350 400 450 500 550 600 650 700 

A/nm 

Fig. 5. The Tn<— Tt absorption spectra of pyrene and 
PyP. 

for PyP as well as for syn-NP. This may be due to the 
whole overlapping of two component subunits. 

anti-, (1,4) (9,10)-, and syn-AP. We measured 
the T n <-T x absorption spectra of anti-, (1,4) (9,10)-, 
and syn-AP by the sensitization method as mentioned 
in experimental section. The transient spectra ob­
served by the method are confirmed to be the T n < - 1 \ 
spectra of AP's, since the spectra are quenched by 
oxygen and the observed rise times of the spectra are 

^2 
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anti-AP 

a,4)(9,10)-AP 

450 500 550 

LE 

syn-AP 

CT 
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Fig. 6. The Tn<r-T1 absorption spectra of anti-, (1,4)-
(9,10)-, and syn-AP. 
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well explained in terms of the fact that the related 
energy transfer process is diffusion controlled. The 
T n * - T i absorption spectra of anti-, (1,4) (9,10)-, and 
syn-AP are shown in Fig. 6. Tn^-T1 absorption spectra 
could not be observed for anti- and syn-AP in the shorter 
wavelength region than 450 nm, because of the ground 
state absorption and of scattering of the exciting light. 

Anthracene shows the strong T ^ - T ^ absorption band 
at 425 nm with the polarization parallel to the long 
axis of the molecule ( 3 Bj g ^ 3 Bt u ) . 1 4 ) Contrary to the 
cases of N P and PyP, the T r a<-Tx absorption spectra of 
AP cannot be interpreted from a simple analogy with 
the monomer. In syn-AP, we found a new band in 
the red region. 

Although it is difficult to assign clearly the bands 
observed with the three AP's, the strong bands around 
500 nm may be due to the LE transition of anthracene, 
in view of their positions and intensities. 

From the calculation of the zeroth-order C T energy 
level, the C T band is expected to appear for syn-AP 
in the longer wavelength region than the LE band 
around 500 nm in consistence with the experimental 
result. The reason why the C T band is observed for 
syn-NP but not for anti-NP can be applied to the cases 
of AP's. 

Trend in syn-Series. In order to elucidate the 
dependence of the C T interaction upon the molecular 
size, the spectra of syn-series should be compared. 
Figure 7 shows the correlation of triplet energy levels 
of syn-series and corresponding monomers. The 
lower zeroth-order C T levels presented in the columns 
of monomers interact with the T1(3B l u) states, and the 
higher C T with the higher LE (3E2g, 3B3 g , and 3Ag) . 
The energy separation between T x and CTX levels are 
almost the same in naphthalene, pyrene, and anthra-

Fig. 7. Energy levels of triplet states of benzene, naph­
thalene, pyrene, anthracene, PC, yw-NP, PyP, and 
syn-AP. The zeroth-order CT levels are also pre­
sented in the columns of monomers. 

cene. In fact, in all of jjrc-NP, PyP, and syn-AP 
spectra the new C T bands are found around 600 nm. 

Conclus ion 

(1) The T1 states of PC and related compounds are 
the neutral exciton states. 
(2) Higher triplet levels of cyclophanes are well anal­
yzed in terms of the interaction among the zeroth-
order LE and C T levels. 
(3) C T bands are observed for the .yjm-series : PC, 
syn-NP, PyP, and syn-AP in which overlapping between 
the aromatic rings is large. 

The authors should like to express their sincere 
thanks to Dr. Toshihiko Hoshi, Aoyama Gakuin 
University, for his kind advice in preparing the polarizer 
film. 
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of Ti(HPO4)2-0—1/2H20 to Alkali Metal and Ammonium Ions 
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In order to develop an inorganic ion exchanger for industrial use, the ion exchange behaviour of Ti(HP04)2-
0—1/2H20 with alkali metal and ammonium ions has been investigated. The ion exchange capacities of Ti-
(HP0 4) 2- l /2H 20 (hemihydrate) have been determined by forward and backward titration. The saturation 
ion exchange capacities (Q,A) of the hemihydrate to Li, Na, K, Gs, and NH4 (M) ions by the forward titration 
method were 1.9, 3.2, 4.1, 2.5, and 3.7 meq/g at pH 4.5, respectively. The ion exchange capacities (Q?) of the 
hemihydrate from 0.1 M MCI were 0.31, 1.84, 2.31, 0.21, and 1.01 meq/g to each of the ions. The selectivity 
quotients (K%) estimated from the Q,A and Q.° were 0.028, 3.77, 15.7 0.008, and 0.255 to each of the ions, and 
the selectivities of the hemihydrate increased in the order Cs+<Li+<NH 4 +<Na + <K + . The empirical for­
mula of the 50% ion exchange products derived from the hemihydrate may be represented by TiMH(PO4)2-0—1/ 
2H 20, (where, M = N a , K, and NH4). The ion exchange of Li and Gs ions did not take place completely how­
ever to give a 50% ion exchanger, and the hemihydrate was then converted into a non-stoichiometric compound. 

Certain metal oxides, hydroxides, acid salts, hetero-
polyacids, insoluble hexacyanoferrate ( I I ) , and zeolite 
have been known as inorganic ion exchangers.2) 
Zirconium phosphate, as an acid salt of a multivalent 
metal is useful as an ion exchanger in analytical 
chemistry.3) In order to develop an ion exchanger for 
industrial use, the ion exchange behavior of various 
phosphates has been investigated.4 '5) Ti tanium phos­
phate as an ion exchanger appears promising because 
of the stability and low price of the raw material. 
The t i tanium(IV) bis(hydrogenphosphate) hemihydrate 
(T i (HP0 4 ) 2 - l / 2 H 2 0 ) has been synthesized by refluxing 
amorphous ti tanium (IV) phosphate (ATP) with con­
centrated phosphoric acid.6) The X-ray diffraction 
pattern of the hemihydrate was entirely different from 
that of the ti tanium (IV) bis(hydrogenphosphate) mono-
hydrate ( T i ( H P 0 4 ) 2 H 2 0 ) , known already.7) I t has 
been reported6) that the hemihydrate has an ion ex­
changeability with ions of relatively large ionic radius, 
such as potassium and cesium. Further, T i ( H P 0 4 ) 2 -
0—1/2H 2 0 has also been prepared by refluxing a 
phosphoric acid and a sulfuric acid solution of T i O S 0 4 , 
which is the intermediate in the industrial process of 
t i tanium(IV) dioxide.1) In the present work, the ion 
exchange properties of the hemihydrate toward Li, Na, 
K, Cs, and N H 4 ions have been investigated. Alberti 
et al."7) examined the ion exchange properties of Ti-
( H P 0 4 ) 2 H 2 0 with Li, Na, and K ions, and Takaguchi 
and Tomita8 '9) reported the ion exchange behaviour 
of the monohydrate with Li and Na ions by forward 
and backward titration. However, no data of the 
ion exchange reactions of the hemihydrate exist except 
for the Na, K, and Cs ions as determined previously 
by the forward titration.6) Ion exchange characteris­
tics, such as selectivity quotient, degree of absorption 
and distribution coefficient for the hemihydrate do 
not exist. The ion exchange behaviour of the hemi­
hydrate towards Li, Na, K, Cs, and N H 4 ions has 
been observed by forward and backward titration, and 
the saturation and equilibrium capacities determined. 
Ion exchange characteristics have been introduced from 
the relationship between the capacities. T h e ion ex­
change characteristics of the monohydrate have also 
been estimated and contrasted with the hemihydrate. 

Moreover, the apparently 50%, 100%, and the 5 0 % 
-*H ion exchange products have been examined by 
X-ray diffraction and chemical analysis. 

Exper imenta l 

Preparation of Ion Exchanger. Titanium(IV) bis(hydro-
genphosphate) were prepared by the methods described 
previously,1'6) the conditions for the monohydrate and hemi­
hydrate and the analytical results being summarized in Table 
1. 

Analysis. Product components, such as P205 , TiOa, 
and H 2 0 were determined by methods previously reported.6) 
The M 2 0 (M = Li, Na, K, Cs) content was derived from the 
following equation. 

100% - ( P 2 0 5 % + T i O % + H 2 0 % ) = M aO% 

The NH3 content was determined by KjeldahPs method. 
The X-ray diffraction patterns were obtained under the 
conditions reported previously.6) 

pH Titration Curves. Forward Reaction: The product 
(Nos. 1 and 2) (0.100 g)portion was placed in a 20 ml stop­
pered test tube, and the solutions in the proper ratio of 0.1 
M MCI to 0 . 1 M M O H added (10 ml). The contents in 
the test tube were shaken periodically and the pH of the 
supernatant liquid measured after 48 h. The forward titra­
tion curve was drawn from the relation between the pH and 
the ion exchange capacity estimated from the mixed ratio 
of 0.1 M MCI to 0.1 M MOH. 

Backward Reaction: 0.5 M MOH solution (40 ml) was 
gradually added to the product (0.01 mol) (Nos. 1, 2, and 
3) ; the neutralized product was separated from the mother 
liquor after 48 h, washed with water, and vacuum-dried over 
phosphorus pentoxide for 24 h. A portion (0.100 g) of the 
apparently 100% ion exchange product thus obtained was 
placed in a (10 ml) stoppered test tube, and the solution 10 
ml, mixed in the proper ratio of 0.1 M MCI to 0.1 M HCl 
added. The contents in the test tube were shaken periodi­
cally and the pH of the supernatant liquid measured after 
48 h. The backward pH titration curve was then drawn from 
the relation between the pH and the ion exchange capacity. 

Dissolution of Ion Exchanger. A portion of the above 
supernatant liquid (5.00 ml) was taken, and the phosphorus 
dissolved determined colorimetrically as phosphomolybdenum 
blue. 

Saturation Capacity at pH 4.5 (Q?, meq/g). Titanium-
(IV) bis(hydrogenphosphate) as an ion exchanger is stable 
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No. 

1 
2 
3 
4 

No. 

1 
2 
3 
4 

TABLE 1. SYNTHESIS 

Raw material 
ATPa> TiOS(V> 

(g) (ml) 

30.0 
25.0 

20.0 
30.0 

TiO, P ^ 
(%) (%) 

31.2 54.6 
32.0 56.4 
32.4 57.5 
32.4 60.7 

Etsuro KOBAYASHÎ 

AND ANALYSIS OF TITANIUM(IV) B I S ( H Y D R O G Ë N P H O S P H A T E ) 

H 3 P0 4 

(mol/1) 

8.03 
13.0 
8.60 

10.9 

H 2 0 
(%) 

14.2 
10.1 
8.85 
7.6 

Reaction conditions 

Mother liquor 
H2S04 Volume 
(mol/1) (ml) 

3.40 900 
1.80 880 
2.82 600 
3.06 900 

Reaction 

T i0 2 

(ir 

1.01 
1.01 
1.01 
0.95 

Droducts 

P 2 0 2 : H 2 0 
îole ratio) 

1.00 : 2.05 
1.00 : 1.43 
1.00 : 1.22 
1.00 : 0.99 

[Vol. 52, No. 5 

Temp Time Method0) 

(°G) (h) 

150 
160 
163 
165 

50 
50 
50 
50 

PPT 
REF 
REF 
REF 

Estimated formura 

Ti(HP04)2-
Ti(HP04)2 

Ti(HP04)2 

Ti(HP04)2 

H 2 0 
1/2H20 
0—l/2HaO 

a) Amorphous titanium phosphate containing TiOa 42.7%, P2Os 33.8%, H 2 0 23.3%. b) Solution containing 
TiOa 250 and H 2S0 4 1044 g/l. c) PPT : Precipitation method, REF : Refluxing method. 

in an acidic aqueous solution up to a pH of 4.5. Therefore, 
the ion exchange capacity at pH 4.5 on the forward titration 
curve was determined as the saturation ion exchange capa­
city. 

The Equilibrium Capacity at pH 4.5 (Q^, meqjg). The 
ion exchanger (0.500 g) was mixed with 0.1 M MCI (25 ml) 
solution in a 50 ml stoppered Erlenmeyer flask and the con­
tents in the flask periodically shaken. After equilibration, 
a portion of the supernatant liquid(10.00 ml) was titrated 
potentiometrically with 0.1 M NaOH using a recording auto 
titrator (Hiranuma Sangyo Co.). The relation between the 
pH and the volume of 0.1 M NaOH was drawn as the titra­
tion curve. In the titration curve, the ion exchange capacity, 
corresponding to a volume of 0.1 M NaOH consumed at 
pH 4.5, was determined as the equilibrium ion exchange 
capacity. 

Selectivity Quotient (K^). This was derived as follows. 

THEORETICAL ION-EXCHANGE CAPACITY 

215 50 75 100 (D 

Kl = 
(M+)i (H+)s dA 

QA 

(H+)i (M+)s Q,°-Q,A C - Q . A ' 

where C is the initial amount (2.5 meq) of 0.1 M MCI used 
for the determination of the equilibrium ion exchange capacity. 
Absorption Quantity (A). This was obtained as follows. 

QA/C-100 = A(%). 

Distribution Coefficient (KD, mljg). This was obtained 
from the expression, 

{A/(100-A)}-S/I=KB, 

where S is the volume (25 ml) of 0.1 M MCI used for the 
determination of the equilibrium ion exchange capacity, 
and I, the weight (0.500 g) of ion exchanger used. 

R e s u l t s and D i s c u s s i o n 

The Ion Exchange Behavior of Titanium (IV) Bis(hydro-
genphosphate) Dissolution. T h e ion exchange titra­
tion curves of the hemihydrate to alkali metal (Li, 
Na, K, Cs) and ammonium ions and solubility curves 
are shown in Figs. 1, 3, 4, 5, and 6. 

Lithium Ion: As shown by the forward titration 
curve in Fig. 1, the ion exchange capacities of the 
hemihydrate with Li+ were 1.9 and 3.9 meq/g at p H 
4.5 and 7.0, respectively, and these increased linearly 

2 4 6 8 10 

ION-EXCHANGE CAPACITY (MEQ/G) 

Fig. 1. Li ion-exchange titration curve of and dis­
solution curve of Ti(HP04)2-l /2H aO. 
O : Forward titration, # : backward titration, • : P 
released to the external solution on the forward ti­
tration, • : P released to the external solution on 
the backward titration. 

in the p H range 2.6—7. The P dissolved in the 
aqueous solution from the ion exchanger was 0.001— 
0.005% at p H 1—5. The forward and backward 
titration curves showed a hysteresis loop, and it is 
thought that the apparently 100% Li product used 
for the backward titration did not sufficiently absorb 
the Li+. In the backward titration, the dissolved P 
was smaller than in the forward titration. 

The ion exchange titration curve and the solubility 
curve of the monohydrate with Li+ have been report­
ed. 7>8> In contrast to the hemihydrate, the results of 
re-examination with regard to the monohydrate are 
shown in Fig. 2. The ion exchange behavior in the 
forward titration agrees with the previous reports.7,8> 
T h e capacities of the monohydrate were 1.9 and 7.0 
meq/g at p H 4.5 and 7.0, respectively. In the range 
of ion exchange capacities 1—6 meq/g, the p H of the 
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THEORETICAL ION-EXCHANGE CAPACITY 

25 50 75 100 (%) 

iHEORETICAL ION-EXCHANGE CAPACITY 

25 50 75 ICG (.%) 

2 4 6 8 10 
ION-EXCHANGE CAPACITY (MEQ/G) 

0.000 

Fig. 2. Li ion-exchange titration curve and dissolu­
tion curve of Ti(HP0 4 ) 2 -H 2 0. 
O: Forward titration, # : backward titration, D : P 
released to the external solution on the forward ti­
tration, • : P released to the external solution on 
the backward titration. 

THEORETICAL ION-EXCHANGE CAPACITY 
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Fig. 3. Na ion-exchange titration curve and dissolu­
tion curve of Ti(HP0 4 ) 2 - l /2H 2 0. 
O: Forward titration, # : backward titration, • : P 
released to the external solution on the forward ti­
tration, • : P released to the external solution on 
the backward titration. 

solution was 4.5—5.0, and then the change of p H 
slacked up entirely. The P dissolved in the solution 
at p H 3.8—7.0 was from 0.001—0.006% and the 
backward titration curve did not agree with the forward 
titration curve, the P dissolved in the backward titration 
being about 0.0025%. As reported above, the p H 
of the solution equilibrated with the hemihydrate for 
the forward titration increased with an increase in 
the ion exchange capacity. The p H in the case of 
the monohydrate did not change as much in the range 
of ion exchange capacities 0—6 meq/g. The ion ex­
change capacities of the hemihydrate and monohydrate 
at p H 5 were 3.5 and 6.0 meq/g, respectively. I t is 
unreasonable that the ion exchange capacity of the 
hemihydrate, which provides the large spacings rec-

0 2 4 6 8 

ION-EXCI-IANGE CAPACITY (MEQ/G) 

Fig. 4. K ion-exchange titration curve and dissolution 
curve of Ti(HP0 4 ) 2 - l /2H 2 0. 
O: Forward titration, # : backward titration, Q : P 
released to the external solution on the forward ti­
tration, • : P released to the external solution on 
the backward titration. 

EORETICAL I ON-EXCHANGE CAPACITY 

50 70 100 (") 

u0 2 4 6 8 10 

ION-EXCNAi'iGE CAPACITY ( M E O / G ) 

Fig. 5. Gs ion-exchange titration curve and dissolution 
curve of Ti (HP0 4 ) 2 - l /2H 2 0. 
O : Forward titration, # : backward titration, • : P 
released to the external solution on the forward ti­
tration, • : P released to the external solution on 
the backward titration. 

ognized by the X-ray diffraction pattern, should be 
less than that of the monohydrate which provides the 
small spacings. The explanation may be that an 
inorganic ion exchanger can absorb the metal ion, 
excluding part of the water molecules from the hydrated 
ion at the cavities and then the ion exchange reaction 
takes place. When the monohydrate is used as the 
ion exchanger for Li+, this explanation is reasonable. 
Approximately 8 4 % of H+ in the monohydrate ex­
changed with Li+. I t is well documented that the 
size of the alkali metal ions is in the order of L i+< 
N a + < K + < C s + , though the degree of hydration is the 
order of G s + < K + < N a + < L i + , and the Li+ is hydrated 
particularly in neutral and alkaline solutions. It is 
the hemihydrate which provides the cavities through 
which large ion particles can pass and when it is used 
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THEORETICAL ION-EXCHANGE CAPACITY 

25 50 75 100 (ÎD 

H 0.010 

2 4 6 8 10 

ION-EXCHANGE CAPACITY (MEQ/G) 

Fig. 6. NH4 ion-exchange titration curve and dissolu­
tion curve of Ti(HP0 4 ) 2 - l /2H 2 0. 
O : Forward titration, # : backward titration, D : P 
released to the external solution on the forward ti­
tration, • : P released to the external solution on 
the backward titration. 

as the ion exchanger for Li+5 the fully hydrated L i + 

is adsorbed. Consequently the H+ in the exchanger 
largely remains further ion exchange is restricted. 

Sodium Ion: The forward titration curve in Fig. 3, 
indicates the ion exchange capacities of the hemihy-
drate with Na+ as 3.2 and 6.6 meq/g at p H 4.5 and 
7.0, respectively. T h e P dissolved in the solution was 
0.0015—0.003% in the p H range 2.0—6.5. The be­
havior of the backward titration curve did not agree 
with that of the forward titration curve. Therefore, 
it is assumed that the apparently 100% Na product 
used as the starting material for the backward titration 
is in reality an 8 5 % ion exchange product. The P 
dissolved in the backward titration solution was about 
0.0005%, the same as with Li+ and the ion exchange 
capacities of the hemihydrate with Na+ were less than 
those of the monohydrate (5.8, 7.6 meq/g from Fig. 4 
in a previous report6)) at p H 4.5 and 7.0. This may 
be explained in terms of the adsorption of hydrated 
ions as mentioned above. 

Potassium Ion: In the forward titration curve in 
Fig. 4 the ion exchange capacities of the hemihydrate 
to K+ were 4.1 and 6.7 meq/g at p H 4.5 and 7.0, 
respectively. The P dissolved in the solution was 
about 0.0015% in a p H range 2.0—3.7, and then was 
increased rapidly at higher p H . A 5 0 % K product 
corresponding to a composition of T i K H ( P 0 4 ) 2 * 
1/2H20 was formed from the aqueous solution at p H 
4.5, and was stable in weakly acidic solution. The 
backward titration curve was similar to that of the 
forward titration curve. The P dissolved in the solu­
tion of backward titration was about 0.0007% below 
p H 4.5. 

Cesium Ion: In the forward titration curve in Fig. 
5, the ion exchange capacities of the hemihydrate with 
Cs+ were 2.5 and 3.3 meq/g at p H 4.5 and 7.0, respec­
tively. T h e P dissolved in the solution was 0.001— 
0.002% in the p H range 2.7—3.5, and the dissolubility 
of the ion exchanger markedly increased above p H 

3.5. The backward titration curve was at a consider­
able distance from the forward titration curve, the 
explanation being that an apparently 8 7 % Cs product 
adsorbs Cs+ to 3 5 % of the theoretical ion exchange 
capacity of T i ( H P 0 4 ) 2 - l / 2 H 2 0 . Also damage is 
caused to the exchanger by the alkaline aqueous solu­
tion. 

Ammonium Ion: In the forward titration curve in 
Fig. 6, the ion exchange capacities of the hemihydrate 
to NH 4+ were 3.7 and 4.8 meq/g at p H 4.5 and 7.0, 
respectively. The P dissolved in the solution was 
about 0 .001%. An apparently 100% N H 4 product 
was in reality about 5 0 % ion exchanger. Conse­
quently, the backward titration curve, drawn using this 
product, was at a considerable distance from the 
forward titration curve. As seen in the X-ray diffrac­
tion pat tern of Fig. 9, the apparently 100% N H 4 

product changed to an amorphous product by the 
ammoniacal solution. The hemihydrate however 
provides wide spacings which can adsorb ions of large 
ionic radii, such as NH4+. Therefore, it may be 
anticipated that the hemihydrate with prove useful 
for the exclusion of N H 4

+ in a solution below p H 4.5. 
The ion exchange properties of the monohydrate 

with NH 4+ have not been investigated, since, the 
behaviors of ion exchange are examined, and shown 
in Fig. 7. The radius of the NH4+ is larger than that 
of the Li+ and Na+. Therefore, the monohydrate, 
which provides narrow spacings, does not show ion 
exchangeability with NH4+. Part of the ion exchanger 
dissolved in the ammoniacal solution, and a consider­
able change in the structure was observed. 

Ion Exchange Characters. The titration curves 
drawn for the estimation of the equilibrium ion ex­
change capacity are shown in Fig. 8. The various 
ion exchange characters of t i tanium (IV) bis (hydrogen-
phosphate) to the alkali metals and ammonium ions 
are summarized in Table 2. 

The equilibrium ion exchange capacities (Q,A) of 

IHEORETICAL ION-EXCHANGE CAPACITY 

50 75 100 (Z) 

4 6 8 10 

ION-EXCHANGE CAPACITY (MEQ/G) 

JO.000 

Fig. 7. NH4 ion-exchange titration curve and dissolu­
tion curve of T i ( H P 0 4 ) 2 H 2 0 . 
O : Forward titration, # : backward titration, D : P 
released to the external solution on the forward ti­
tration, SB: P released to the external solution on 
the backward titration. 
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Fig. 8. Titrat ion curves for equil ibrium solution of 
t i tanium hydrogen phosphate with alkali metal and 
ammonium chlorides. 

t h e m o n o h y d r a t e w i t h Li+ , N a + , K + , Cs+, a n d N H 4 + 
w e r e 0 .025—0.12 m e q / g , i.e., t h e m o n o h y d r a t e h a r d l y 
a d s o r b e d t h e a b o v e ions in ac id i c so lu t ion a t equ i l i ­
b r i u m . T h e dA of t h e h e m i h y d r a t e to N H 4 + , N a + , 
a n d K + , excep t for Li+ a n d Cs+, w e r e 1.0, 1.8, a n d 
2.3 m e q / g , respec t ive ly . 

G e n e r a l l y , t i t a n i u m ( I V ) b i s ( h y d r o g e n p h o s p h a t e ) is 
s t ab le in ac id so lu t ion b e l o w p H 4 . 5 . T h e s a t u r a t i o n 
ion e x c h a n g e c a p a c i t y (Q,°) of t h e m o n o h y d r a t e w i t h 
N a + was 5.8 m e q / g a t p H 4 . 5 . W i t h o t h e r ions h o w ­
ever , t h e Q,° ° f t n e m o n o h y d r a t e w a s less t h a n 0.6 
m e q / g . T h e Q,° of t h e h e m i h y d r a t e w i t h Li+ , N a + , 
K + , Cs+, a n d N H 4 + w a s b e t w e e n 1.9—4.1 m e q / g . 

T h e select ivi ty q u o t i e n t s (K%) of t h e h e m i h y d r a t e , 
e s t i m a t e d f rom t h e va lue s of Q,A a n d Q?, w e r e 3.77 
for N a + a n d 15.7 for K + . I t is t h o u g h t t h a t t h e v a l u e s 
of Ku a r e s ignif icant for t h e s e p a r a t i o n of s o d i u m a n d 
p o t a s s i u m ions . 

T h e a d s o r p t i o n q u a n t i t i e s (A) of t h e m o n o h y d r a t e 
for t h e a lka l i m e t a l a n d a m m o n i u m ions w e r e less t h a n 

5 % . H o w e v e r , t h e A of t h e h e m i h y d r a t e i nc r ea sed 
in t h e o r d e r of C s + < L i + < N H 4 + < N a + < K + , a n d ex­
h i b i t e d a r e m a r k a b l y h i g h v a l u e of 9 2 . 4 % for K + . 

T h e d i s t r i b u t i o n coefficients (KD) of t h e h e m i h y d r a t e 
w i t h N a + a n d K + s h o w e d r e m a r k a b l y l a r g e v a l u e s . 
T h e 7TD of K + w a s a b o u t 4 t imes t h a t of K^ for N a + . 
T h e r e f o r e , T i ( H P O 4 ) 2 - 0 — 1 / 2 H 2 0 m a y b e cons ide r ed 
as a n i o n e x c h a n g e r for t h e r e c o v e r y of p o t a s s i u m in 
sea w a t e r a n d b r i n e . 

X-Ray Diffraction Patterns. Li+ Exchangers: A 
dif f ract ion l ine of 1 1 . 6 Â , w h i c h c h a r a c t e r i z e d t h e 
h e m i h y d r a t e , d i s a p p e a r e d in t h e p a t t e r n of a 5 0 % L i 
p r o d u c t . W h e r e s o m e lines a p p e a r e d spl i t in t h e 
p a t t e r n of t h e h e m i h y d r a t e , this d i s a p p e a r e d f rom t h e 
p a t t e r n of t h e 5 0 % L i p r o d u c t ; i.e., h a l f t h e dif f ract ion 
l ines d e c r e a s e d . I n a p r e v i o u s r epor t , 1 ) T i ( H P 0 4 ) 2 -
0 — 1 / 2 H 2 0 w a s t h o u g h t to consist of a t least t w o 
species a n d n o t j u s t o n e crys ta l l i te . T h e X - r a y dif­
f rac t ion p a t t e r n of a 5 0 % - > H p r o d u c t r e t u r n e d to t h a t 
of t h e in i t i a l H fo rm. T h e X - r a y d i f f rac t ion d a t a of 
a n a p p a r e n t l y 1 0 0 % L i p r o d u c t was a p p r o x i m a t e l y 
t h e s a m e as t h e 5 0 % L i p r o d u c t , a fact s u b s e q u e n t l y 
p r o v e d b y ana lys i s . 

Na+ Exchanger: T h e di f f ract ion l ines of t h e h e m i ­
h y d r a t e a t 11.6 a n d 9.21 Â d i a s p p e a r e d in t h e 5 0 % 
N a p r o d u c t . A s ingle d i f f ract ion l ine a t 10.2 Â a p ­
p e a r e d in t h e 5 0 % N a p r o d u c t . Seve ra l l ines a p ­
p e a r e d (in pa i r s ) in t h e X - r a y dif f ract ion p a t t e r n of 
t h e h e m i h y d r a t e , b u t d i s a p p e a r e d f rom t h e 5 0 % N a 
p r o d u c t . T h e r e f o r e , it is a s s u m e d t h a t t h e 5 0 % N a 
p r o d u c t is a s ingle crys ta l l i te . I n t h e 5 0 % Na—>H 
p r o d u c t , t h e di f f ract ion l ine a t 11.2 A a p p e a r e d , a n d 
t h e n u m b e r of d i f f rac t ion l ines t h a t d e c r e a s e d w a s 
g r e a t e r t h a n in t h e case of t h e h e m i h y d r a t e . T h e 
X - r a y d i f f rac t ion d a t a of a n a p p a r e n t l y 1 0 0 % N a 
p r o d u c t w a s v e r y s imi la r to t h a t of t h e 50 % N a p r o d u c t . 
T h e 8 5 % ion e x c h a n g e r w a s a t t a c k e d b y t h e a l k a l i n e 
so lu t ion a n d t h e in tens i t ies of t h e X - r a y dif f ract ion 

T A B L E 2. I O N EXCHANGE PROPERITIES OF TITANIUM HYDROGEN PHOSPHATE 

TO ALKAI METAL AND AMMONIUM IONS 

Exchanger Ion 
Equil ibrium 

capacity 
(Q.A, meq/g) 

Saturation 
capacity 

at p H 4.5 
(Q°, meq/g) 

Selectivity 
quotient 

(*S) 

Mole 
fraction 
(QMCL0) 

Absortion 
quant i ty 
{A, %) 

Distribution 
coefficient 
(*„ , ml/g) 

Ti(HP0 4 ) 3 .H 2 0 

Ti(HP0 4) 2- l /2H 20 -

I L i 

Na 
K 

1 Gs 
v N H 4 

( L i 

Na 
K 
Cs 
NH4 

0.12 
0.11 
0.05 
0.025 
0.035 

0.31 
1.84 
2.31 
0.21 
1.01 

0.6 
5.8 
0.6 
0.4 
0.1 

1.9 
3.2 
4.1 
2.5 
3.7 

0.0126 
0.0009 
0.0019 
0.0006 
0.077 

0.028 
3.77 

15.7 
0.008 
0.255 

0.20 
0.02 
0.01 
0.07 
0.35 

0.163 
0.575 
0.564 
0.084 
0.27 

2.4 
4.4 
2.0 
1.0 
1.4 

12.4 
73.6 
92.4 
8.4 

40.4 

1.23 
2.30 
1.02 
0.51 
0.71 

7.08 
139.4 
607.9 

4.59 
33.9 

Equilibrium capacity: Ion exchange capacity at p H 4.5 in Fig 8. 
Saturation capacity: Ion exchange capacity at p H 4.5 in Figs. 1, 7, and 4—6.6> 

T,M ( M + K ( H + ) S QA QA 

Absorption quant i ty : Q,A/C X 100 = A. Distribution coefficient: KD = A/I-S/(\00 — A). 
C: Initial quanti ty of M C I (2.5 meq) . S: M C I solution (25 ml) . / : Ion exchanger (0, 5g). 
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T A B L E 3. X - R A Y DIFFRACTION DATA OF TITANIUM HYDROGEN PHOSPHATE AND ION EXCHANGE PRODUCTS 

Ti(HP0 4) 2- l /2H 20 
(No. 2) 

(Â) 

11.6M 

9.21M 

5.60W 
5.21S 

4.48M 
4.31W 
4.00W 
3.90W 
3.65M 

3.44 S 

3.16S 
3.01W 

2.58W 
2.41W 

Exchangers of Li ion 
50% 5 0 % ^ H 100% 

(Â) (À) (À) 

9.50M 

5.24S 

4.41W 

3.97W 

3.53S 
3.41 S 

3.14S 
3.00W 

2.53W 
2.45W 

11.6M 

9.21W 
6.10W 
5.57W 
5.21S 

4.48M 
4.31W 
3.98W 
3.90W 

3.42 S 

3.16S 
3.00W 

2.57W 
2.41W 

9.82M 

5.24 S 

4.44W 

3.97W 

3.56 S 
3.42 S 

3.16S 
3.02W 

2.55W 
2.45W 

Exchangers of Na ion 
50% 50%->H 100% 

(Ä) (Â) (À) 

10.16S 

5.34S 

4.57W 

3.97W 

3.62S 
3.54 S 

3.15S 
3.01W 

2.54M 

11.2W 

5.98W 

4.69W 

3.80S 
3.74S 

3.16S 
3.02W 

2.56W 

11.6M 
10.8W 

5.37M 

4.57W 

3.81W 
3.62S 

3.16S 

2.55W 

Exchangers of K ion 
50% 50%-»H 100% 

(Ä) (À) (Â) 

11.OS 

5.47 S 

4.37W 

3.93W 

3.59W 
3.50M 

3.16S 
3.04W 
2.79W 
2.71W 
2.52W 
2.38W 

10.8S 

5.50W 

4.35W 

3.95W 

3.59W 
3.46M 

3.15S 
3.04W 
2.77W 

2.52W 

12.3S 

5.47W 

3.93W 

3.18W 
3.14M 

2.85W 

2.52W 

Exchangers of Gs ion 
50% 50%->H 87% 

(A) (Â) (A) 

4.72W 

4.27W 

3.93W 

3.56W 

3.15M 
2.96W 
2.86W 

2.55W 

9.21W 

5.21M 

4.50W 

3.90W 

3.56W 
3.44M 

3.16S 
3.01W 

2.58W 

3.16W 
2.97W 

2.56W 

Exchangers of NH4 ion 
50% 50%-»H 100% 

(A) ( A ) _ (A) 

11.3 S 

5.47 S 

4.35M 
4.00 S 

3.57W 
3.49M 
3.19W 
3.14M 
3.04W 
2.85W 
2.78W 
2.52W 
2.40W 

11.3S 

9.21W 

5.79W 
5.21M 

4.41W 

4.00M 

3.56M 
3.42M 

3.15M 
2.99W 

2.57W 
2.53W 

11.3W 

5.53W 

4.00W 

cl-

i-S 

o 

5 
te 

5 ? 
$ 

5 0 % : Product of forward titration. 50%—»H: Product of backward titration. 100%: Product of forward titration. 
Abbreviations: S = strong, M = medium, W = weak. 
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Fig. 9. X-Ray diffraction patterns of titanium hydro­
gen phosphate and its ion exchange products. 

pattern decreased. 
K+ Exchanger: The X-ray diffraction lines at 11.6 

and 9.21 Â, which characterized the hemihydrate, 
disappeared in the X-ray diffraction pattern of the 50 % 
K product. The number of diffraction lines was reduc­
ed by a half in contrast with that in the case of the 

hemihydrate. The diffraction intensities however were 
increased considirably. As seen in Fig. 4, the 5 0 % 
K product was in a state of equilibrium with the aqueous 
solution at p H 4.5. Thus, it is assumed that the 
composition of this product agrees with that of T i K H -
(PO 4 ) 2 -0—1/2H 2 0 . T h e X-ray diffraction pattern of 
a 5 0 % K - ^ H product did not change so much with 
that of the 5 0 % K product. In an apparently 100% K 
product, the diffraction line at 12.3 Â reappeared and 
the intensity of all the diffraction lines increased. 
As seen in Fig. 4, the apparently 100% K product 
was in a state of equilibrium with the aqueous solution 
at p H 7.5. Therefore, it is assumed that the composi­
tion of the product agrees with that of T iK 2 (P0 4 ) 2 * 
0—1/2H 2 0 . 

Cs+ Exchanger: The 5 0 % Cs product was attacked 
by the CsOH aqueous solution, and the intensity of 
the X-ray diffraction pattern decreased. With an ap­
parently 8 7 % Cs product, the ion exchange reaction 
was not completed, being converted into an amorphous 
substance. 

iV7/4+ Exchanger: In the 5 0 % N H 4 product, the 
diffraction line at 11.3 Â appeared, and the intensity 
of all diffraction lines was relatively high. I t is as­
sumed from the forward titration curve in Fig. 6 that 
the product T i N H 4 H ( P O 4 ) 2 - 0 — 1 / 2 H 2 0 , is formed. 
The diffraction lines at 9.21, 5.21, and 3.42 Â, which 
characterize the hemihydrate, reappeared in the dif­
fraction pattern of the 5 0 % N H 4 - ^ H product. There 
is the possibility that the product was reconverted to 
the hemihydrate. The apparently 100% N H 4 product 
was attacked by the ammoniacal solution, and convert­
ed into an amorphous substance. 

Composition of the Apparently 50% Ion Exchangers. 
From the view point of stability, T i ( H P O 4 ) 2 - 0 — 
1/2H20 possibly underwent ion exchange to become 
T i M H ( P O 4 ) 2 - 0 — 1 / 2 H 2 0 . The conditions for prepa­
ration of the 50 % products and their analytical results 
are summarized in Table 4. 

From these results, the compositions of the 5 0 % 
products were estimated as follows; TiLi0 6H1 4 ( P 0 4 ) 2 -
1/2H20, T iNaH(PO 4 ) 2 -0 .17H 2 O, T iKH(PÖ 4 ) 2 -0 .31-
H 2 0 , T i N H 4 H ( P 0 4 ) 2 - l / 2 H 2 0 , and Ti0.8Cs0 .6H2.3-
(PO 4) 2-0.11H 2O. As described above, the products 
of T i M H ( P O 4 ) 2 - 0 — 1 / 2 H 2 0 readily obtained by the 
ion exchange of T i ( H P O 4 ) 2 0 — 1/2H20 with Na, K, 
and N H 4 ions respectively. Ion exchange of the hemi­
hydrate with Li or Cs ions, however, brought about 
conversion of T i ( H P O 4 ) 2 - 0 — 1 / 2 H 2 0 to a non-stoichio-

TABLE 4. PREPARATION OF APPARENTLY 50% ION EXCHANGE PRODUCTS AND ANALYSIS 

Salt 

Li salt 
Na salt 
K salt 
Cs salt 
NH4 salt 

Reaction conditions 

Ti(HP04)2 

(g) 

2.40 
4.80 
4.80 
2.40 
4.86 

0.1M-MOHa> 
(ml) 

100 
200 
200 
87 

200 

Temp 
(°G) 

20 
20 
20 
20 
20 

Time 
(h) 

48 
48 
48 
48 
48 

YielcT 
(g) 

1.98 
4.76 
4.73 
1.37 
4.63 

TiOa 

(%) 
30.7 
30.1 
28.9 
20.1 
31.1 

P 2 O 5 

(%) 
53.1 
53.4 
49.6 
46.0 
55.1 

Reaction 

H 2 0 
(%) 
9.1 
4.4 
5.1 
6.3 
7.3 

product; 

M2O
b> 

(%) 

7.1 
12.1 
16.4 
27.6 
6.5e) 

5 

TiOa : P 2 0 5 : HaO : M 2 0 
(mole ratio) 

1.03 : 1.00 : 1.45 : 0.63 
1.00 : 1.00 : 0.65 : 0.52 
1.05 : 1.00 : 0.81 : 0.50 
0.78 : 1.00 : 1.25 : 0.30 
1.00 : 1.00 : 1.04 : 0.99d> 

a) MOH: LiOH, NaOH, KOH, CsOH. b) M 2 0 : LiaO, Na 2 0, K 2 0 , Cs20. c) % as NH3. d) Mole ratio as 
NH3. 
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Studies of Inorganic Ion Exchangers. IV.!) Ion Exchange Equilibrium 
between Titanium(IV) Bis(hydrogenphosphate) 

and NaCl-KCl Aqueous Solution 
Etsuro KOBAYASHI 

National Chemical Laboratory for Industry, Hon-machi, Shibuya-ku, Tokyo 151 
(Received July 27, 1978) 

In order to develop an inorganic ion exchanger, ion exchange equilibriums between titanium(IV) bis(hydro-
genphosphate) and NaCl-KCl aqueous solution have been investigated together with the possibility of separa­
tion of Na and K ions. A suitable quantity of Ti (HP0 4 ) 2 -H 2 0 (monohydrate), or Ti(HP04)2 (anhydrate) 
was added to a fixed volume of the mixed solution of 0.1 M NaCl with 0.1 M KCl at various ratios. The Na 
and K ions in the equilibrium solution were determined, and the mole fractions of the ions distributed in the 
liquid and solid phases estimated. When 0.1 or 0.5 g of the monohydrate were added to 10 ml of each initial solu­
tion, the sum of the ion exchange capacities for Na and K ions was approx. 0.1—0.3 meq/g. When 0.1 g of the 
anhydrate were added to 10 ml of each of the initial solutions, the pH of the final solutions showed values in the 
range of 1.6—1.9. With the mole fractions of KCl/(NaCl + KCl) above 0.5 in the initial solution, only 2.5— 
3.5 meq/g of the K ion adsorbed. With an excess (0.5 g exchanger to 10 ml soin) of the anhydrate, all K ions 
and a part of Na ions were removed together from the solution with the mole fractions of KCl/(NaCl+KCl) being 
in a range of 0—0.8. The K ion could be effectively separated, when a suitable amount of the anhydrate was 
added to a solution containing approx. an equimole of NaCl and KCl ; however, the elution of K ion with HCl 
could not be eased by this static method. 

Titanium phosphate has been of recent interest 
as an inorganic ion exchanger similar to zirconium 
phosphate.2^ In order to develop an ion exchanger 
for industrial use, ti tanium (IV) bis(hydrogenphos-
phate) hemihydrate ( T i ( H P 0 4 ) 2 - l / 2 H 2 0 ) has been 
synthesized by refluxing amorphous t i tanium (IV) 
phosphate with concentrated phosphoric acid.3) T h e 
X-ray diffraction pattern of the hemihydrate differs 
from that of the t i tanium(IV) bis(hydrogenphosphate) 
monohydrate ( T i ( F I P 0 4 ) 2 - H 2 0 ) , known already.4) 
It has been observed that the hemihydrate has an 
ion exchangeability toward ions of large size, such as 
the potassium ion. Further more, T i (HPO 4 ) 2 -0— 
1/2H20 was prepared5) by refluxing concentrated 
phosphoric acid with a sulfuric acid solution of Ti-
O S 0 4 , the intermediate in the production process 
of t i tanium(IV) oxide. In a previous work,1) the 
ion exchange properties of the hemihydrate towards 
alkali metals and ammonium ions have been reported 
where it was found that the equilibrium ion exchange 
capacities (Qj1) of the hemihydrate towards Na and 
K ions were larger than those of the monohydrate, 
and that the selectivity quotient ( ^ H ) and distribution 
coefficient (ÜTD) increased in the order Cs+<Li+< 
N H 4 + < N a + < K + . This result will aid in the separa­
tion of the Na and K ions. In the present work, the 
ion exchange equilibria between ti tanium (IV) bis 
(hydrogenphosphate) and N a C l - K C l aqueous solu­
tions have been examined under various conditions. 
It has been confirmed that the K ion can be selective­
ly separated from an aqueous solution containing 
approx. equivalent moles of Na and K ions. In this 
paper, the experimental data derived will be presented. 

Exper imenta l 

Preparation of Ion Exchangers. Titanium(IV) bis(hy-
drogenphosphate) were prepared by the refluxing methods 
described in previous reports.3,5) The composition of the 
monohydrate and hemihydrate, were found as follows: TiO,, 
31.1%; P205 , 54.6%; H 2 0 , 14.4%; giving an empirical 

formula of T i ( H P 0 4 ) 2 H 2 0 . For the hemihydrate: TiOa, 
33.1%; P205 , 58.8%; H 2 0 , 7.7%; giving the formula as 
the anhydrous salt, Ti(HP04)2 . 

Ion Exchange Equilibrium and Analysis of Na and K Ions. 
The ion exchanger (0.100 g) was placed in a 20 ml stoppered 
test tube, and the initial solution (10 ml), varying in volume 
ratio of 0.1 M NaCl and 0.1 M KCl added. The contents 
were shaken periodically and the pH of the supernatant 
liquid measured after 48 h. A portion of the supernatant 
liquid (5.00 ml) was taken, and diluted with distilled water 
to 1000 ml and the Na and K ions determined using a flame 
photometer at 589 and 768 nm, respectively. 

Separation of K Ion from NaCl-KCl Aqueous Solution. The 
solution mixed in the proper ratio of 0.1 M NaCl and 0.1 M 
KCl (100 ml) was placed in a 300 ml stoppered Erlenmeyer 
flask, and to this Ti(HP04)2 (2.00 g) was added. The con­
tents of the flask were periodically shaken and the pH of 
the supernatant liquid and the concentration of Na and K 
ions determined after 48 h. The ion exchanger was separat­
ed from the mother liquor using a centrifugal separator. 
The adsorbed Na and K ions in the solid phase were eluted 
with 0.1, 0.5, 1, and 5 M HCl (100 ml) respectively. The 
K ion in the effluent was determined by flame photometry. 

R e s u l t s and D i s c u s s i o n 

Ion Exchange Equilibrium between Titanium (IV) Bis-
(hydrogenphosphate) and NaCl-KCl Aqueous Solution. 
When the powder of t i tanium(IV) bis(hydrogen-
phosphate) was added to the initial solution varying 
ratio in volume of 0.1 M NaCl with 0.1 M KCl, the 
mole fractions of Na and K ions, estimated from the 
analytical data, are shown in Figs. 1—4. 

In No. 1 (Fig. 1), the monohydrate (0.1 g) as ion 
exchanger was added to the initial solution (10 ml). 
Consequently, the mole fraction ratios of the Na and 
K ions in the final solutions were approx. the same 
as those of the mole fraction of 0.1 M NaCl and 0.1 
M KCl in the initial solution at all times and this is 
indicated by the straight line dividing the L-Na+ and 
L-K+ areas, as seen in Fig. 1. The sum of the mole 
fractions of the Na and K ions in the solid phase was 
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Fig. 1. Distribution of ions in liquid and solid phases 
on the equilibrium between 0.1 g of Ti (HP0 4 ) 2 -H 2 0 
and 10 ml of M/10 MCI. 
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Fig. 3. Distribution of ions in liquid and solid phases 
on the equilubrium between 0.1 g of Ti(HP04)2 and 
10 ml of M/10 MCI. 
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Fig. 2. Distribution of ions in liquid and solid phases 
on the equilibrium between 0.5 g of Ti (HP0 4 ) 2 -H 2 0 
and 10 ml of M/10 MCI. 

0.03—0.04, a value equivalent to the mole fraction 
of the H+ in the final solution, corresponding to an 
ion exchange capacity of 0.3—0.4 meq/g, i.e. the ion 
exchange capacity of the monohydrate was consider­
ably smaller in weakly acid solution (pH 2.2—2.7). 
In the mole ratio range 1.0—0.8 (NaCl to N a C l + K C l ) , 
the Na ion was absorbed together with the K ion in 
the solid phase. In the mole ratio 0.8—0.0 (NaCl 
to NaCl + KCl) , only the K ion was adsorbed. How­
ever, the ion exchange capacity was small as mentioned 
above. 

In No. 2 (Fig. 2), the monohydrate (0.5 g) was 
added to the initial solution (10 ml). In this case, 
the sum of the mole fractions of Na and K ions adsorbed 
in the solid phase was 0.05—0.08. T h e ion exchange 
capacity however was 0.10—0.16 meq/g, and decreas­
ed more than No. 1. Both Na and K ions were 
adsorbed in the solid phase regardless of the mole 
ratio of NaCl with KCl in the initial solution, i.e. 
neither ion could be separated. 

In No. 3 (Fig. 3), the anhydrate (0.1 g) as ion ex­
changer was added to the initial solution (10 ml). 
The p H of the final solution showed values in the 
range 1.6—1.9, and this value decreased gradually 

1.0 0.5 1.0 

NaCl (MOLE FRACTION) KCl 

INITIAL SOLUTION 

Fig. 4. Distribution of ions in liquid and solid phases 
on the equilibrium between 0.5 g of Ti(HP04)2 and 
10 ml of M/10 MCI. 

with increasing mole fraction of potassium chloride 
in the final solution. T h e sum of the mole fractions 
of Na and K ions adsorbed in the solid phase was 
0.18—0.38 corresponding to an ion exchange capa­
city of 1.8—3.8 meq/g, i.e. the ion exchange capacity 
of the anhydrate was 3.6—4.7 times higher than that 
of the monohydrate. With a mole ratio of NaCl 
to NaCl + KCl in the initial solution in the range 
0.0—0.5, the ion exchange capacities were 2.5—3.8 
meq/g and only the K ion was adsorbed. The above 
results show that the Na and K ions remained con­
siderably in the final solution, although the anhydrate 
exhibited selective adsorptive behaviour towards the 
K ion. Consequently, five times the anhydrate in 
No.4 (Fig. 4) was used compared to No.3. The 
sum of the mole fractions of Na and K ions in the 
solid phase was 0.49—0.89, 2.5 times greater than 
the sum in No. 3. but the ion exchange capacities 
derived from the mole fractions were 0.98—1.78 
meq/g. When the mole ratio of NaCl to NaCl-}-KCl 
was 1.0—0.2, all K ions contained in the solution 
were adsorbed completely. However, at all points 
of the mole ratio of NaCl to N a C l + K C l , both the 
Na and K ions were adsorbed into the solid phase, 
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Ion 
excham 
Ti(HPC 

No. 

5 

6 

ger 

(g) 

~o7ï 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

Ion Exchange Equilibrium between Ti(HP04) ; 

TABLE 

M/lÖ~ 
NaCl 
(ml) 

6.0 
5.4 
4.8 
4.2 
3.6 
3.0 
2.4 
1.8 
1.2 
0.6 

— 
2.0 
1.8 
1.6 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 

— 

1. THE DISTRIBUTION 

Initial solution 

M/10 
NaOH 

(ml) 

4.0 
3.6 
3.2 
2.8 
2.4 
2.0 
1.6 
1.2 
0.8 
0.4 
— 
QA)~~ 
7.2 
6.4 
5.6 
4.8 
4.0 
3.2 
2.4 
1.6 
0.8 
— 

M/10 
KCl 

(ml) 

— 
0.6 
1.2 
1.8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 
6.0 

— 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

OF IONS 

M/10 
KOH 
(ml) 

— 
0.4 
0.8 
1.2 
1.6 
2.0 
2.4 
2.8 
3.2 
3.6 
4.0 

— 
0.8 
1.6 
2.4 
3.2 
4.0 
4.8 
5.6 
6.4 
7.2 
8.0 

, and NaCl--KCl Solution 

IN THE SOLID AND LIQUID PHASES 

. 

Na+ 

0.34 
0.25 
0.17 
0.11 
0.07 
0.05 
0.03 
0.01 
0.00 
0.00 
0.00 

0.64 
0.56 
0.47 
0.38 
0.33 
0.31 
0.27 
0.23 
0.18 
0.12 
0.00 

Solid 

K+ 
(n 

0.00 
0.10 
0.18 
0.25 
0.30 
0.32 
0.34 
0.39 
0.40 
0.41 
0.42 

0.00 
0.08 
0.17 
0.26 
0.31 
0.35 
0.39 
0.43 
0.46 
0.50 
0.58 

Final 

Na+ 
îole fraction) 

0.66 
0.64 
0.62 
0.58 
0.52 
0.46 
0.38 
0.25 
0.19 
0.09 
0.00 

0.36 
0.35 
0.33 
0.29 
0.25 
0.19 
0.13 
0.03 
0.03 
0.02 
0.00 

Liquid 

K+ 

0.00 
0.01 
0.03 
0.06 
0.11 
0.19 
0.25 
0.35 
0.41 
0.50 
0.58 

0.00 
0.01 
0.03 
0.07 
0.11 
0.15 
0.21 
0.31 
0.33 
0.36 
0.42 
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" ~ P H 

5.50 
5.50 
5.60 
5.86 
5.72 
5.86 
5.28 
5.25 
5.22 
5.14 
4.00 

7.60 
7.64 
7.82 
7.82 
8.02 
8.10 
8.08 
7.70 
7.66 
7.60 
7.36 

i.e. it was impossible to separate them. This is the 
manner in which an excess of ion exchanger is employed 
toward both ions in the initial solution. Thus , it may 
be expected from experiments Nos. 3 and 4 that the 
selective adsorption of the anhydrate towards the 
K ion is achieved. 

Effects of p H on Ion Exchange Equilibrium. 
Generally, the ion exchange capacity of an acid salt 
as an ion exchanger increased with a rise in p H of 
the aqueous solution. In a previous work,1) the 
equilibrium ion exchange capacities of t i tanium(IV) 
bis(hydrogenphosphate) with the alkali metal and 
ammonium chlorides, and the saturation ion exchange 
capacities have been estimated. As a direct conse­
quence of this the values of the latter at p H 4.5 were 
larger than those of the former measured in the acid 
liberated from the ion exchange. In the present 
study, the ion exchange equilibrium between Ti -
( H P 0 4 ) 2 and a weak acid-neutral aqueous solution 
containing the Na and K ions has been examined, 
the results of which are given in Table 1. 

In No. 5 (Table 1), the mole ratio of the sodium 
and potassium chlorides with the sodium and potas­
sium hydroxides in the initial solution was adjusted 
to 6 : 4 and consequently the p H values of the initial 
solutions were about 12.7. O n adding the anhydrate 
to the alkaline aqueous solutions, an ion exchange 
reaction took place and consequently the p H of the 
solution dropped to betweeen 4.0 and 5.5. The ion 
exchange capacities of the anhydrate toward the Na 
and K ions were 3.4 and 4.2 meq/g at p H 5.5 and 
4.0, respectively. The ion exchange capacity toward 

the K ion did not greatly increase in comparison with 
that estimated in the acid aqueous solutions of No. 3 
(3.8 meq/g). 

In No. 6 (Table 1), the mole ratio of the chloride 
and hydroxide was adjusted to 2 : 8 in the initial 
solution. The p H values of the initial solutions were 
about 13.0. When anhydrate was added to the 
alkaline aqueous solutions, the p H of the solution 
changed, lying in the range 7.4—8.1. T h e ion ex­
change capacities of the anhydrate toward Na and K 
ions were 6.4 and 5.8 meq/g, respectively. In the 
presence of both Na and K ions the sum of the ion 
exchange capacities for both ions was about 6 meq/g 
in all cases. In that case neither ion could be sepa­
rated despite the ratio of the Na and K ions in the 
initial solution. 

The ion exchange isotherms for the Na and K ions 
in Nos. 3, 5, and 6 are shown in Fig. 5. 

As reported earlier in No.3, the solutions were 
acidified by the ion exchange reaction. K ions were 
adsorbed on the ion exchanger when fractions of K 
ion in the final solution were in the range of 0.33— 
1.00 as shown by the isotherm. T h e ion exchange 
capacities increased as the p H of the final solution 
increased. However, it is clear from the isotherms 
in Nos. 5 and 6 that the separation of Na and K ions 
using the anhydrate may be progressively more difficult 
with the increase in p H of the final solution. 

Separation of Na+ with K+ and Elution of K+ from Ion 
Exchanger. From the above results the separation 
of K ion from a N a C l - K C l solution, such as sea water 
which contains a small quanti ty of KCl to NaCl, is 
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TABLE 2. THE SEPARATION OF Na WITH K IONS FROM THE NaCl-KCl MIXED 

SOLUTION AND THE ELUTION OF POTASSIUM ION 

Ion 
exchanger 
Ti(HP04)2 

(g) 

2.00 
2.00 
2.00 
2.00 
2.00 
2.00 

Initial solution 

M/10 
NaCl 
(ml) 

40 

50 

50 

50 

50 

60 

M/10 
KCl 
(ml) 

60 

50 

50 

50 

50 

40 

K 
Na + K 
(wt %) 

66 

56 

56 

56 

56 

49 

Final 
Solid 

Na+ K+ Na+ 
(mole fraction) 

0.00 
0.02 
0.03 
0.02 
0.03 
0.05 

0.42 
0.40 
0.41 
0.40 
0.40 
0.35 

0.40 
0.48 
0.47 
0.48 
0.47 
0.55 

Liquid 

K+ 

0.18 
0.10 
0.09 
0.10 
0.10 
0.05 

~ " P H 

1.44 
1.43 
1.43 
1.44 
1.43 
1.43 

Ions released fr< 
Elute 

0.1 M HCl 
0.1 M HCl 
0.5 M HCl 
1.0 M HCl 
5.0 M HCl 
0.1 M HCl 

K+ 
(%) 

4 . 2 

4 .1 

6 .0 

10.5 
35.5 

4 . 1 

NaCl/NaCl + KCl (V/%) 

74.8 43.9 24.0 

Fig. 5. Ion exchange isotherms between potassium and 
sodium ions on Ti(HP04)2 . 
Xk: the mole fraction of K+ in the solution. 

Xk: the mole fraction of K+ in the exchanger. 

difficult. However, K ions can be separated in high 
yield from an aqueous solution containing approx. 
an equivalent mole of NaCl and KCl , using an appro­
priate amount of ion exchanger. T h e separation of 
both ions using T i ( H P 0 4 ) 2 and the elution of K ion 
are summarized in Table 2. 

These experiments confirm that the K ion can be 
adsorbed in the solid pahse and that most of the Na 
ions remain in the liquid phase. With hydrochloric 
acid as the eluate in the static method, the adsorbed 
K ions were not released completely from the ion 
exchanger since the selectivity quotient (^5) of Ti-
( H P O 4 ) 2 0 — 1/2H20 toward K ion is larger than 
that of the hemihydrate toward other ions as reported 
in a previous paper.1) When T i ( H P 0 4 ) 2 was used 
as the ion exchanger for the separation of K ion, the 
release of K ion was not smooth. The granulation 
of T i ( H P 0 4 ) 2 and the recovery of K ion by the 
column method need further study. 
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Preparation, Optical Resolution, Racemization, and Ligand Isotopic 
Exchange of Tris(l,3-diphenyl-l,3-propanedionato)-

germanium(IV) Perchlorate in Acetonitrile 
F u m i o B . U E N O , A k i r a N A G A S A W A , a n d K a z u o S A I T O * 

Chemistry Department, Faculty of Science, Tohoku University, 

Aoba, Aramaki, Sendai 980 

(Received Ju ly 17, 1978) 

Tris( l ,3-diphenyl- l ,3-propanedionato)germanium(IV) [Ge(bzbz)3]+ was prepared as crystalline Perchlo­
rate, and resolved by the crystallization of its salt with hydrogen (i?, i?)-0,0-dibenzoyltartrate. T h e patterns 
of U V and circular dichroism spectra are very similar to those of [Si(bzbz)3]C104 . T h e racemization of the 
^J-[Ge(bzbz)3]C104 was studied kinetically in acetonitrile at 40—60 °G to find the rate law: Ra te = kISiC[complex], 
where £ r a c = 9 . 8 6 x 10"5 s"1 at 50 °C. T h e activation parameters ( A H * — 9 9 ± 2 k j mol r 1 and A S * = — 1 7 ± 2 J 
K _ 1 mol - 1 ) are very similar to those of tris(acetylacetonato) germanium(IV) complex. Compared with the rate 
of ligand isotopic exchange, the racemization should proceed via intramolecular mechanism. T h e steric effect 
coming from the substituents on the chelate ring should play an impor tant role in determining the racemization 
rate. 

W e h a d s tud i ed t h e kinet ics of r a c e m i z a t i o n a n d 
l i gand i so topic e x c h a n g e of tris ( a c e t y l a c e t o n a t o ) ger -
m a n i u m ( I V ) [Ge(acac ) 3 ]+ . 1 ' 2 ) W i t h a i m s of u n d e r ­
s t a n d i n g t h e d e t a i l e d processes of t h e i n t r a m o l e c u l a r 
r a c e m i z a t i o n of tris ( /?-diketonato) g e r m a n i u m ( I V ) c o m ­
plex , o u r s t u d y h a s b e e n e x t e n d e d to t r i s ( l , 3 - d i p h e n y l -
1 , 3 - p r o p a n e d i o n a t o ) g e r m a n i u m ( I V ) [ G e ( b z b z ) 3 ] + . T h e 
pK& v a l u e {K&; a c id d i ssoc ia t ion c o n s t a n t ) of 1,3-
d i p h e n y l - l , 3 - p r o p a n e d i o n e ( H b z b z ) is g r e a t e r b y t e n 
t imes t h a n t h a t of a c e t y l a c e t o n e , a n d dif ferent e lec­
t ron i c a n d ster ic effects a r e e x p e c t e d . T h i s p a p e r 
dea ls w i t h t h e synthes is , t h e r e so lu t ion a n d t h e kine t ics 
of r a c e m i z a t i o n in ace ton i t r i l e of this n e w c o m p l e x . 

E x p e r i m e n t a l 

Materials. Preparation of [Ge(bzbz)3]ClOi and [Ge-
(bzbz)3]Cl: [Ge(acac)3]C104 was synthesized by the report­
ed procedure.1^ An acetonitrile solution (80 cm3) of [Ge-
(acac)3]C104 (2.8 g, 6.0 X 10"3 mol) and Hbzbz (14.8 g, 6.6 X 
10~3 mol) was refluxed with stirring at ca. 110°C for ca. 
120 h, and poured into diethyl ether (500 cm3) . The yellow 
precipitates were filtered off and recrystallized from aceto­
nitrile by adding diethyl ether. Pale-yellow needles melted 
at 289 °G with decomposition, and are soluble in acetonitrile, 
chloroform, acetone, ni t romethane and glacial acetic acid. 
Found: C, 64.10; H , 4 .21 ; Ge (as G e O a in ash), 8 .85%. 
Calcd for C 4 5H 3 3O 1 0GlGe: C, 64.19; H , 3.95; Ge, 8.62%. 
The U V absorption spectra in acetonitrile are shown in 
Fig. 1. The I R absorption pat tern in KBr disc is very similar 
to that of [Si(bzbz)3]C104 . *H-NMR spectra in GD 3 CN 
show phenyl peaks at 8.1—8.2(ortho), 7.65(mete), 7.5(para) 
ppm and a methine peak at 7.75 p p m vs. tetramethylsilane 
(TMS) . 

[Ge(bzbz)3]Gl was prepared by treating [Ge(bzbz) 3]C10 4 

with the anion exchange resin Amberlyst A-26 (Cl~-type) 
in acetonitrile, and crystallized by adding diethyl ether. 

Optical Resolution: [Ge(bzbz)3]Cl (320 mg, 8 . 5 x l 0 ~ 4 m o l ) 
was dissolved in 56 cm3 of acetonitrile-acetone (5 : 2) , and 
treated with sodium hydrogen (A,A)-0,0-dibenzoyltar trate 
(340 mg, 8.5 X 10 - 4 mol) in 24 cm3 of aqueous acetone (5 : 1). 
Two hundred cm3 of water was dripped to the solution at 
a rate of 3 cm3 per minute with stirring at room temperature 
to give oily precipitates, which were recrystallized from 
acetonitrile by adding diethyl ether. A solution of this 
diastereoisomer (0.8 g, 7 . 2 x l 0 _ 4 m o l ) and magnesium per-

e?!>7nm^l09 600 

/ \ AB 

+ 1.0H / \ 

s 

CI 

o 

~ L O r 
25 30 35 

v /10 3 cm- 1 

Fig. 1. Ultraviolet absorption (AB) and circular di­
chroism (CD) spectra of ( —)5 8 9-[Ge(bzbz)3]C104 in 
acetonitrile. 

chlorate (1.0 g, 4 . 5 x l 0 _ 3 m o l ) in 60 cm 3 of glacial acetic 
acid was poured into diethyl ether to give partially resolved, 
optically active [Ge(bzbz) 3]C10 4 , which was collected by 
filtration. T h e product was fractionally crystallized from 
chloroform solution by adding diethyl ether, (yield ca. 10%) 
Circular dichroism spectrum of the partially resolved complex 
is shown in Fig. 1. (The optical resolution seems to be 
ca. 6% in this case.) 

Other Reagents: Acetonitrile, trichloroacetic acid, pyridine, 
and te t raethylammonium Perchlorate were purified by the 
ordinary methods. T h e labelled Hbzbz (Hbzbz [14C]) was 
prepared by the Claisen condensation between ethyl benz-
oate[14C] and acetophenone, and purified by recrystallization 
from ethanol (specific radioactivity; 19.1 mCi/g) . 

Kinetic Procedure. Racemization: Acetonitrile solution 
containing the optically active [Ge(bzbz)3]C104 , and other 
reagents whenever necessary, was kept in a thermostatted 
cell at 40 to 60 °C ( ± 0 . 1 °C), and the progress of racemiza­
tion was followed by observing the C D strength at a proper 
wavelength in the range from 390 to 414 nm. T h e U V 
spectra of the reaction mixtures were also recorded before 
and after the kinetic runs. T h e water content in the complex 
solution was determined by Kar l Fischer titration. 
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Isotopic Exchange: The complex and Hbzbz[14CJ were 
dissolved in acetonitrile. Aliquots were sealed in pyrex-
glass tubes and placed in a thermostat (60 and 90 °C). The 
ampoules were chilled one by one at proper time intervals, 
and the contents were poured into cold diethyl ether. Preci­
pitated [Ge(bzbz)3]C104 was filtered off, dried in vacuo, and 
dissolved in acetonitrile. The solution was divided into 
two portions. One portion was mixed with />-bis(5-phenyl-
2-oxazolyl) benzene (POPOP) solution in toluene and the 
^-activity was counted with a liquid scintillation counter. 
Another portion was diluted with acetonitrile and the ex­
tinction was measured at 377 nm to find the concentration 
of the complex. The rate of isotopic exchange was calculated 
on the basis of the change of specific activities of the complex 
by McKay's formula.5) 

Apparatus. Hitachi 323 Spectrophotometer and 
JASCO model J-40 Spectropolarimeter were used for record­
ing the UV absorption and CD spectra respectively. The 
/^-activity of 14C was recorded with a Nuclear Chicago Unilux 
II-A Liquid Scintillation Counter. 

2.5 

- 1.5 
» _ ^ _ A — 

>.,[ 
© o<>-

1.5|-

t-n-

•°o—°o— 

1(T2 10 L 

[H 2 0] , [CCl8GO,H], [Py], [Et4NC104], [Hbzbz]/M 

Fig. 3. Influence of water, acid, pyridine, free ligand, 
and tetraethylammonium perchlorate concentration 
upon the racemization rate in acetonitrile at 51 °C. 
A : Water, O : trichloroacetic acid, O.' pyridine, # : 
dibenzoylmethane, 3- ' tetraethylammonium perchlo­
rate, and ©: without any reagent. 

R e s u l t s 

The Kinetics of Racemization in Acetonitrile. The 
logarithm of CD strength decreased linearly with 
the reaction time. The extinction of U V spectra 
remained unchanged during several half-lives, and 
the decrease in CD strength should be due to intrinsic 
racemization of the complex. The rate was propor­
tional to the complex concentration ( 5 x l 0 ~ 6 to 5 X 
10 - 3 M) (Fig. 2), and expressed by the rate law 

Rate = &obsd [complex] = 2&rac [complex]. (1) 

Y ~o- -O— 61.0'C 

T 2-5 

o 2.0 

1.0 
0.5 

• • — • - • - - • • — 51.0°C 

-o o CL - O — 40.5 C 

10 J 10 4 10 J 

[Complex]/M 

Fig. 2. Influence of the complex concentration upon 
ôbsd i n acetonitrile. 

Water (10~3 to 10 - 1M) gave no influence on the race­
mization rate. (Fig. 3.) Neither did free Hbzbz, 
trichloroacetic acid, and pyridine in the concentra­
tion ranges given in Fig. 3. The rate is insensitive 
to the ionic strength (<6 .5 X 10 - 2 mol d m - 3 by tetra­
ethylammonium perchlorate.) T h e rate constants and 
activation parameters are shown in Table 1. 

Ligand Isotopic Exchange. Experimental condi­
tions were as follow: [Ge(bzbz) 3 C10 4 ]=3.95 X 10"3 M, 
[Hbzbz-14C] = 4 . 9 7 x 10-2 M, [ H 2 0 ] =3 .17 x 10"2 M. 
No exchange was observed at 60 °G within 1500 min. 
However, at 90 °G, the ligand exchange was ob­
served and the following rate law was obtained. 

Rate = kobsû[complex], £obsd = 2 . 1 8 x l 0 " 8 s - 1 

D i s c u s s i o n 

(2) 

Bond Rupture Mechanism. The results are 
summarized in Table 1 together with those of the 
related complexes. The [Ge(bzbz)3]+ racemizes faster 
but exchanges the ligand slower than [Ge(acac)3] + 
does. Absence of solvolysis, hydrolysis and ligand 
isotopic exchange at 40 to 60 °C under the given con­
ditions indicates that the racemization proceeds via an 
intramolecular mechanism. Absence of influence of 
the concentrations of the complex and the free ligand 
on the rate also supports this mechanism. The rate 

TABLE 1. RATE CONSTANTS AND ACTIVATION PARAMETERS FOR THE RACEMIZATION 

AND THE LIGAND ISOTOPIC EXCHANGE IN ACETONITRILE 

Complex21) 

[Ge(acac)3]+ 
[Ge(bzbz)3]+ 
[Si(acac)3]+ 
[Si(bzbz)3] + 
[Si(meacac)3]

 + 

P* a of ligandb> 

11.8 
13.4 
11.8 
13.4(9.70)e> 

(11 .8)«) 

^(50 °C) 
"To-5 s-1 

2.88 
9.86 
3.87 
5.46 
180 

AH* 
kj mol-1 

102±2 
99±2 

108±1 
105±4 
117±4 

AS* 
J K-1 mol-1 

- 1 8 ± 6 
- 1 7 ± 2 

+ 2 
- 4 

4-59 

h 
S"1 

2 .7x10 4 

0d> 
1.5X10-1 

0d> 
3.0xl0- a 1 

£ex(90°C) 
S"1 

6.48x10 6c) 
2.18X10-8 

Not observed 
within 10 h 
at 50 or 60 °G 

Racemization rate: R= {k^k^[base])[complex], Ligand isotopic exchange rate: R—keyL[complex] 
a) Counter anion is G104" in all cases, b) In CH3OH, from Ref. 4. c) Calculated from activation parameters 
in Ref. 2, and [HaO] = 3 X 10"2 M. d) Pyridine has no catalitic action in this case, e) In 50% aqueous dioxan, 
Ref. 6. 
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was not influenced by water, trichloroacetic acid, pyr­
idine and tetraethylammonium Perchlorate. These 
facts might appear to be consistent with the twist 
mechanism without bond break throughout the race­
mization. However, we tend to think that the present 
racemization proceeds via bond break mechanism, by 
comparing the activation parameters with those of 
related compounds. Racemization of [Ge(acac)3] + 
was claimed to involve a solvent assisted break of G e -
O bond, on the basis of solvent effect (i.e. linear 
correlation between the racemization rate and the 
nucleophilicity of the solvents1)). The AH* and AS* 
values of the present racemization are very similar to 
those for the [Ge(acac)3]+ complex. 

Jones and Fay studied the geometrical isomeri-
zation of dihalobis(ß-diketonato) germanium (IV) in 
an equimolar mixture of diphenylmethane and 1,3-
dimethoxybenzene by the nmr line broadening tech­
nique and proposed an intramolecular mechanism 
involving the break of one G e - O bond. T h e activa­
tion enthalpy and entropy are respectively 103±6 k j 
mol-1 , - 5 ± 1 3 J m o l - 1 K - 1 for [GeCl2(dpm)2] (dpm; 
enolate anion of 2,2,6,6-tetramethyl-3,5-heptanedione). 
These values are also very similar to ours, and 
provide support to the postulation that the racemiza­
tion involves one G e - O bond break as rate determin­
ing step. 

[Ge(bzbz)3]+ with a more basic ligand racemizes 
faster than [Ge(acac)3]+. If the racemization rate 
were governed by the ease of bond break alone, the 
rate should depend directly on the pKa of the free 
ligand. Hence, some other factors must be encoun­
tered. The proposed mechanism is visualized in 
Fig. 4. We studied the racemization kinetics of some 
tris (ß-diketonato) silicon (IV) complexes3), and found 
that the [Si(meacac)3]+(meacac; enolate anion of 

J? 0. 
0 0 

/ " \ - 0 

V/jZJ *_, 
Ges 

0 0 

0 i Z- * 
m . // i l , tin 

Symmetrical' Jh_ \ ) ^ ° ^ V 0 ^ ligand 

intermediate ~~^ S^\\ * * exchange 

0 
LI1I] 

0 

Fig. 4. Racemization mechanism of [Ge(bzbz)3] + in 
acetonitrile. 
S; Solvent molecule (acetonitrile). The present kinetics 
was studied only in acetonitrile because of the solu­
bility, and the role of solvent molecules was not ex­
amined. From the analogy to the racemization me­
chanism of [Ge(acac)3]+, however, the vacant coordina­
tion site formed by the break of one Ge-O bond is 
likely to be occupied by an acetonitrile molecule 
(donor number 14.1).8> HL*; labelled Hbzbz. 

3-methyl-2,4-pentanedione) racemizes faster in aceto­
nitrile than [Si(acac)3]+ does, despite of the larger 
pA"a of Hmeacac than Hacac. This observation 
was interpreted by Eq. 3 by considering a mechanism 
similar to Fig. 4. 

A2 Ks 

^rac — "a (3) 

where k1} k_1} k2, k_2, and k3 are the rates of S i -O bond 
break, ring closure, isomerizations of the unidentate 
ligand (from eis to trans and vice versa) and twist around 
Si(IV) respectively. The branching ratio k2k3/(k_1

Jr 
k2)(k_2-\-ks) for the meacac complex was considered 
to be greater than that for the acac complex on the 
basis of large steric interaction among the methyl 
groups in the state coresponding to I I . A similar 
interpretation would be applicable to the present race­
mization, if the branching ratio were greater for the 
bzbz complex than for the acac complex. This as­
sumption does not seem inadequate because molecu­
lar model studies disclose that more repulsive interac­
tion is expected in I I around the methine proton for 
the bzbz complex than for acac complex. How­
ever, there remains a possibility that the symmetri­
cal transition state (IV) might be formed directly 
from I I , so that the branching ratio is modified to 
kJ(ki-\-k_1). Nevertheless a steric factor coming from 
the terminal group must be responsible for the faster 
racemization of [Ge(bzbz)3]+ than [Ge(acac)3]+. 

O n the other hand, the ligand isotopic exchange 
of [Ge(bzbz)3]+ is slower by ca. 300 times than of 
[Ge(acac)3]+ at 90 °C. O n the basis of the AS* 
value and the deuterium isotopic effect,2) the iso­
topic exchange was claimed to be mostly governed 
by the ease of proton transfer from Hacac* to a c a c -

in an intermediate of the form [Ge(0 ,0 -acac ) 2 (0 -
acac)(0-acac* H)]+. If this mechanism commonly 
operates in the ligand isotopic exchange of [Ge(bzbz)3]+, 
increase in bulkiness of the terminal groups in the 
ligand will decrease the ease of proton transfer to 
result in slower isotopic exchange. 

The authors wish to thank the Ministry of Educa­
tion for the Great-in-Aid. 
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The purity of the potassium hydrogen phthalate (NBS SRM 84d) was determined by precise coulometric 
titration. The purity obtained was 99.995±0.002% (standard deviation: 0.003%), and was in excellent agree­
ment with the purities of the same SRM determined already in three laboratories in U.S.A. These results sup­
port the recommendation on the use of the Faraday constant as an international standard for titrimetric analysis. 

In 1974, the Commission V.5 of the Analytical 
Chemistry Division of I U P A C recommended the 
use of the Faraday constant as an international stand­
ard for chemical analysis.1) This recommendation 
has been partly supported by Yoshimori.2) H e dis­
cussed on the relationship between the results of chemi­
cal analysis and the basic SI units, and pointed out 
that the Faraday constant should be used as the inter­
national standard for titrimetric analysis. The re­
sults of gravimetric analysis are obtainable as the 
mass fraction by using the masses of a sample and of 
a precipitate, and usually the atomic weights or the 
molar masses of the elements concerned should be 
used. Therefore, the results of gravimetric analysis 
can directly be referred to the system of SI units (in­
cluding the values of international atomic weights). 
There is no opportunity to use the Faraday constant 
as the standard for gravimetry. 

O n the other hand, a standard solution in a titri­
metric analysis plays only the role which relates the 
elementary entities in a weighed portion of a standard 
reference material (SRM) to those of the material to 
be determined in a sample. Actually, an S R M of 
100% purity is not obtainable, and it is nearly impos­
sible to weigh an S R M without any contamination.2) 
Therefore, the concentration of a standard solution and 
the results obtained by using the solution always in­
clude, as a factor, the purity of the S R M which was 
utilized for the standardization. 

T h e SRMs for titrimetric analysis are now produced 
and certified individually in many countries. There­
fore, the results of titrimetric analysis are internation­
ally not unified yet. Thus, the Faraday constant 
becomes an excellent standard when it is used as the 
standard for titrimetric analysis.2) Since 1973, the 
Faraday constant has been defined as the electricity 
of one mole of electrons (or protons).3) Therefore, 
the purities (as mass fraction) of the SRMs for titri­
metric analysis determined by a precise coulometric 
titration are obtainable from both the values of molar 
masses and the physical measurements (weight of 
sample and electricity consumed), and provide the 
fundamentals of the system of the SI units. Thus, 
the results of the titrimetric analysis obtained by using 
the standard solutions which were standardized with 
such SRMs, may also be referred to the system of the 
SI units. 

t Presented at the 26th International Congress of Pure 
and Applied Chemistry, Tokyo, Japan, September 1977. 

In order to use the Faraday constant as an inter­
national standard for titrimetric analysis, the experi­
mental proof is not enough to get the international 
concensus, though the opinion has theoretically ex­
cellent fundamentals. One of the methods to support 
the use of the constant is to determine the purity of 
the same and important S R M for titrimetric analysis 
in collaboration with many laboratories in various 
countries by the precise coulometry. This paper 
presents one of such results, namely, the purity of the 
potassium hydrogen phthalate given by the National 
Bureau of Standards (SRM 84d) which was already 
assayed in three laboratories in U.S.A. by the precise 
coulometric titration. 

E x p e r i m e n t a l 

The instruments for the constant-current coulometric gener­
ation of hydroxide ion were similar to those shown previ­
ously.4'5) From the certified values of the measuring devices, 
it is expected that the standard deviation in the measurement 
of the generating current was not greater than 0.005%. 
A 50 Hz electronic oscillator based on the frequency of a 
quartz crystal and a cycle counter were used to measure the 
time interval of the electrolysis. All weights were corrected 
against absolute weights. The other apparatus and reagents 
were the same as those of the previous paper.5) 

The sample was gently crushed in an agate mortar to 
about 100 mesh, dried at 120 °C for 2 h and cooled in a 
desiccator containing magnesium Perchlorate before weigh­
ing. The procedure for the coulometric titration was the 
same as that of the previous paper.5) The following values 

TABLE 1. RESULTS OF ASSAY OF NBS 84d POTASSIUM 

HYDROGEN PHTHALATE 

Taken 
(mg) 

453.385 
444.449 
479.025 
516.018 
483.945 
438.308 
526.112 
538.650 

Found 
(mg) 

453.351 
444.406 
479.005 
516.013 
483.936 
438.284 
526.086 
538.615 

Mean = 
sRV--

Purity 
(%) 

99.993 
99.990 
99.996 
99.999 
99.998 
99.995 
99.995 
99.994 

= 99.995±0.002%a> 
= 0.003% 

a) The 95% confidence interval for the mean value. 
b) Standard deviation calculated from the range. 
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TABLE 2. SUMMARY OF THE RESULTS OF ASSAYS OF NBS 84d POTASSIUM HYDROGEN PHTHALATE 

Author Purity No. of 
detns. 

Standard Purity -^ . 
deviation recalculated^ J-3 

(%) (%) c o n d l t l o n 
Ref. 

Bates and Wichers 
Taylor and Smith 

Eckfeldt and Shaffer 

Knoeck and Diehl 

This work 

99.987b) 
99.977 

99.999 

99.991°) 

3 
5 

10 

6 

8 

0.002 
0.003 

0.003 

0.005 

0.003 

— 
99.992 

100.002 

99.991 

99.995 

100 °G 
120 °G 
2—3 h 
120 °G 

2 h 
110°G 
24 h 

120 °G 
2h 

(6) 
(7) 

(8) 

(9) 

a) Purity recalculated on the basis of the values of the Faraday constant and the molar mass in this work. 
b) Titrimetric analysis, c) Goulometric titration with the external generation of titrant. 

were used for calculating the results; Faraday constant: 
96484.6 G mol-1, molar mass of potassium hydrogen phtha­
late: 204.223 g mol-1, density of the reagent: 1.64 g cm -3. 

R e s u l t s and D i s c u s s i o n 

The results obtained by this investigation on the 
NBS SRM-84d are given in Table 1. The S R M 
was first assayed in NBS in 19576) by titrimetry based 
on the purity of the single crystal of benzoic acid, 
then by the precise coulometric titration in 1959.7) 
Eckfeldt and Shaffer8) and more recently Knoeck and 
Diehl9) also analyzed the same sample by the precise 
coulometry. These laboratories are in U.S.A. and 
based on the same system of prototypes and standards. 
Their results are summarized in Table 2 in comparison 
with the results given in Table 1. The purities shown 
previously were recalculated by using the latest val­
ues of the Faraday constant and the molar masses 
in 1977 (shown above). The recalculated results 
are in excellent agreement with the purity obtained 
by this investigation, though they were based on the 
different prototypes of weight and electricity between 
J a p a n and U.S.A. Therefore, the results in Table 2 
can be the fundamental data which support the rec­
ommendation on the use of the Faraday constant 

as an international standard for titrimetric analysis. 

The authors express their sincere thanks to Dr. 
J o h n K. Taylor (U.S. National Bureau of Standards) 
who supplied them the S R M . 
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Phase Relation in the System PbO-PbGe03 

K a z u s h i H I R O T A * a n d T o s h i m o r i S E R I N E 

National Institute for Researches in Inorganic Materials, Sakura-mura, Ibaraki 300-31 

(Received August 9, 1978) 

Phase relations in the system P b O - P b G e 0 3 were determined using both the quenching and D T A techniques. 
Two new lead germanate phases P b 5 G e 0 7 and P b n G e 3 0 1 7 were found to be stable. I t was found that the Pb5-
G e 0 7 melts incongruently at 738 °G to P b O plus liquid, whereas the P b n G e 3 0 1 7 decomposes into P b a G e 0 7 plus 
P b 3 G e 0 5 at 728 °G. T h e compounds P b 3 G e 0 5 , P b a G e 3 0 l l 5 and P b G e 0 3 were identified as congruently melt­
ing compounds, in accordance with previous investigations. Some other compounds, such as Pb 6 GeO g , P b 4 G e 0 6 , 
and P b 3 G e 2 0 7 , which have been reported previously could not be confirmed as stable phases. 

T h e P b O - G e 0 2 b i n a r y sys tem h a s b e e n s t u d i e d b y 
S p e r a n s k a y a , 1 ) Ph i l l ip s a n d Scroger , 2 ) a n d G o u j u et al.3) 
T h e r e is a n a l m o s t t o t a l d i s a g r e e m e n t r e g a r d i n g 
i n t e r m e d i a t e p h a s e s . S p e r a n s k a y a r e p o r t s P b 6 G e 0 8 , 
P b 3 G e 0 5 , P b 5 G e 3 O n , P b G e 0 3 , a n d P b G e 3 0 7 as s t ab l e 
c o m p o u n d s , w h i l e Phi l l ips a n d Sc roge r list P b 4 G e O e , 
P b 3 G e 2 0 7 , P b G e 0 3 , P b G e 2 0 5 , a n d P b G e 4 0 9 . O n l y 
t h e c o m p o u n d P b G e O s is c o m m o n to t h e t w o d ia ­
g r a m s . G o u j u et al. r e p o r t P b 3 G e O s , P b 3 G e 2 0 7 , 
P b G e 0 3 , a n d P b G e 4 0 9 in t h e i r p h a s e d i a g r a m . 

Sugi i , et al.*) g r e w crysta ls of P b G e 0 3 , a n d P b 5 G e 3 -
O n successfully b y m e a n s of t h e C z o c h r a l s k i m e t h o d , 
b u t w e r e u n a b l e to conf i rm t h e ex i s t ence of P b 3 G e 2 -
0 7 . Z w i c k e r et a/.5-6) also g r e w crysta ls of P b g G e g O n 
b y t h e C z o c h r a l s k i m e t h o d . T h e p r o t o t y p e s t r u c t u r e s 
of P b 5 G e 3 O n a n d P b 3 G e 0 5 w e r e d e s c r i b e d b y 
N e w n h a m et al.1) a n d N e u r g a o n k a r et al.s) r e spec t ive ly . 
T h e s e s tudies o n single crystals of P b 5 G e 3 O n a n d 
P b 3 G e O s a g r e e w i t h S p e r a n s k a y a ' s d a t a , b u t d i s a g r e e 
w i t h those of Phi l l ips et al. a n d G o u j u et al. C o n ­
t r a r y to S p e r a n s k a y a ' s p h a s e d i a g r a m , P e n t e g o v a et al.9) 
h a v e c o n c l u d e d t h a t t h e P b 3 G e 2 0 7 is a s t ab l e p h a s e . 

T h e a i m of t h e p r e s e n t s t u d y is to e x a m i n e t h e 
d i sc repanc ies a m o n g these p h a s e d i a g r a m s a n d to es­
tab l i sh t h e p h a s e re la t ions of i n t e r m e d i a t e c o m p o u n d s 
i n t h e sys tem P b O - P b G e 0 3 . 

E x p e r i m e n t a l 

General Procedure. Two different experimental methods 
were used in the present investigation: quenching and dif­
ferential thermal analysis (DTA). In the quenching method, 
samples were heated at given temperatures until an equilib­
r ium was attained among stable phases. T h e samples were 
then quenched rapidly to room temperature and the phases 
present were determined by electron probe microanalysis, 
X-ray diffraction, and microscopic examination. 

Melting and crystallization temperatures were obtained 
by means of DTA. Melt ing temperature of each compound 
obtained was also ascertained by the quenching method. 

Starting Materials. Commercial GeO a of purity 99.99% 
and a purified P b O were used as starting materials. The 
P b O was prepared from basic lead carbonate. A raw basic 
lead carbonate was brought into a lead nitrate solution by 
treating with an equivalent nitric acid. T h e solution was 
added with aqueous ammonia to form a small amount of 
lead hydroxide precipitate. After standing in a water bath 
for about 10 h, the solution was filtered. T h e solution was 
then heated again in a water bath, and an equivalent sulfuric 
acid was added to it. T h e precipitate with its mother liquid 
was heated in a water ba th for a day and the volume of the 

precipitate was allowed to decrease. T h e precipitate was 
filtered, washed, and mixed with an excess of ammonium 
carbonate to bring the precipitate into lead carbonate. The 
mixture was heated overnight in a water bath, filtered, and 
washed. T h e washed precipitate was treated with nitric 
acid to bring the carbonate into a solution of lead nitrate. 
T h e solution was kept again in a water ba th for a day and 
filtered. After that, lead nitrate crystals were allowed to 
deposit from the filtrate. T h e lead nitrate was heated at 
420 °G in air, and P b O was obtained as product. Only 
about 10 p p m of Al and Ni were detected in the P b O by 
means of spectroscopic analysis. 

Furnace and Temperature Control. A vertical-tube quench 
furnace with three heating zones was used for the equilibra­
tion runs. About 10 cm length of even heating zone reduced 
the total variation of temperature of the sample to less than 
± 0 . 5 °C. The actual temperature in the furnace was mea­
sured with a P t - P t R h (13%) thermocouple which was calib­
rated against the melting point of gold. Frequent calibra­
tion was necessary because a decrease in emf of the thermo­
couple was found after a series of runs. 

Checking of Equilibration and Q uenching Procedures. The 
approach to equilibrium was studied by X-ray diffraction 
and microscopy. The quenched samples in the equilibration 
runs were examined as a function of time. Starting from a 
mixture of P b O and GeO a , a complex mixture of more than 
3 phases of intermediate compounds was obtained for short 
runs. Two phases or a single phase was found at equilibrium. 
T h e equilibrium was approached closely, for example, after 
several hundred hours of reaction poriod at about 650 °G. 
Starting from glasses, metastable crystalline phases were 
found after short runs. 

Liquids of high P b O concentrations could not be quenched 
to glasses. The presence of a liquid phase, therefore, was 
evidenced by meniscus formation from the powdered com­
pound in question. 

Differential Thermal Analysis. About 2 g of P b O and 
G e O a were mixed and enclosed by welding in a platinum 
capsule, 6 m m in diameter and 35 m m long. The platinum 
capsule was mounted in a silver block and heated. T h e use 
of the silver block, which resulted in a long zone of even heat­
ing, reduced the total variation of temperature within the 
lead germanate sample to less than 2 °G. 

Electron Probe Microanalysis. A mixture of P b O and 
G e 0 2 , mixed thoroughly in an agate mortar , was enclosed 
in a pla t inum tube by welding and kept at 800 °G for several 
hours in a vertical tube furnace, and allowed to fall into 
chilled water. Three kinds of glasses thus obtained and the 
two pure oxides were used as standards of known compositions 
to determine the correction factor. T h e oxide binary has 
been known to have the following linear relationship for 
C/K vs. C: 

C/K=oc+ ( l - a ) C , 



T A B L E 1. ANALYTICAL RESULTS BY ELECTRON PROBE MICROANALYSIS 

Starting 

Phase 

PbO + Ge02 

PbO + GeG2 

PbO + Ge02 

Glass 
PbO + Ge02 

Glass 

P b O + G e 0 2 

Glass 
Glass 

PbO + Ge02 

PbO + Ge02 

Glass 

PbO + Ge02 

Glass 

materials 
N 

Composition 
mol %PbO 

85.7 
86.0 
83.4 
82.0 
81.0 
80.0 

90.0 
77.7 
76.0 

75.0 
70.0 
67.0 

62.5 
55.0 

Temp 
~ ^ G 

730 
660 
717 
636 
660 
726 

602 
603 
706 

730 
701 
603 

730 
706 

Duration 
h 

130 
290 
250 
288 
290 
200 

1840 
520 
530 

100 
350 
520 

130 
530 

GeOJwt 

av 
(calcd 

av 
(calcd 

(calcd 

8.6 
8.9 
8.8 
8.8 
8.9 
9.0 

8.8 
8.57 
0 

13.9 

13.8 

13.6 

13.7 

13.7 

13.7 

13.51 
— 

31.7 

31.91 

y—~ 

Phase 1 
% PbO/wt% 

9 2 ^ 
92.7 

91 . 7 

92.2 

92.! 
90.2 

9 1 . . 
91.4 

100 
84.3 

85.J 

84.2 

85.5 

84. , 

84., 
86.49 
— 

67.8 

68.09 

Pb/Ge 

5.05 

4.88 

4.89 

4.9! 
4.85 

4.70 

4.88 

5.00) 
•— 

2.84 

2.89 

2.90 

2.92 

2.90 

2.89 

3.00) 
— 
1.00 

1.00 

Products 
, N 

Phase 2 
Ge02/wt % 

av 
(calcd 

av 
(calcd 

0 
0 
— 

ll-o 
11 .3 

11-6 

11-5 

11-8 

11-5 

11.4 

11.33 
— 

21. 2 

2 1 . . 

22.3 

22.! 

21 . 8 

21.95 

PbO/wt % 

100 
100 

— • 

89.6 

89.7 

87.9 

89. , 
86.3 

86. , 

88. 5 

88.67 
— 

77.4 

79.4 

77.2 

76.2 

77. , 
78.05 

Pb/Ge 

— 
— 
— 
3.8, 
3.72 

3.50 

3.65 

3.42 

3.54 

3.62 

3.67) 
— 
1.7! 
1.7, 

1.62 

1.6, 

1.6, 
1.67) 

Phases 

Pb5GeO, + PbO 
Pb5GeO, + PbO 
Pb5GeO, 

Pb5Ge07+PbiiGe30i , 
Pb5Ge07 + PbnGe30i, 
PbsGeOj+PbnGejOi, 

(Pb5GeO,) 
PbO+PbnGesOi, 

PbaGeOä + PbuGeaOi, 
Pb3Ge05 + PbiiGe30i, 

(PbnGe30!,) 
Pb3Ge05 

Pb3Ge06 + Pb5Ge30!! 
Pb3Ge05 + Pb6Ge30!! 

(Pb3Ge05) 
Pb5Ge3Oü 

PbGe03+Pb5Ge30ii 

(PbGe03) 
(Pb5Ge3Oü) 
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where C is the concentration of oxide in weight, K is the 
background-corrected intensity of characteristic radiation 
relative to that of the element in the pure oxide, and a is 
the constant introduced by Bence and Albee.10) Under the 
present experimental conditions, i.e., 20 kV accelerating pot­
ential and 40° take-off angle, the correction factor a was 
determined as follows: aSJo,= 1.50 and <x?;0=1.54. Rela­
tive deviations of the analysis were determined by rep­
licate analysis and are within ± 2 % for PbO and GeOa 

respectively. 

R e s u l t s and D i s c u s s i o n 

Identification of Phases. T h e phases present in 
quenched samples were identified by X-ray diffraction 
and electron probe microanalysis. Selected results are 
summarized in Table 1. 

Four phases with intermediate compositions were 
detected between P b O and P b G e 0 3 . These composi­
tions of intermediate phases can be represented ap­
proximately by the following formulae: P b 5 G e 0 7 , 
P b n G e 3 0 1 7 , P b 3 G e 0 5 , and P b 5 G e 3 O u . The latter 
two, Pb 3 GeO s and P b 5 G e 3 O n have been reported by 
Speranskaya. But the former two phases, P b 5 G e 0 7 

and Pb 1 1 Ge 3 0 1 7 , have not been reported yet. 
Equilibrium relations are illustrated in Fig. 1. The 

P b 5 G e 0 7 was determined to be stable only between 
738 °C and 6 3 2 ± 7 °C. The composition of this phase 
was determined to be 4 .9±0 .2 in atomic ratio of Pb/Ge. 
T h e crystal structure determined by Kato indicates 
that the site ratio of Pb to Ge in the crystal lattice is 
equal to 5.11) These results are consistent with each 
other within the experimental errors. 

T h e phase P b u G e 3 0 1 7 seems the same compound 
as " P b 4 G e O e " reported by Phillips and Scroger. 
X-Ray diffraction data on Pb 4 GeO e shown by them 
could be indexed assuming that the sample was mainly 
P b n G e 3 0 1 7 mixed with a small amount of P b 5 G e 0 7 . 

T h e analytical results of this phase ranged from 
79.3 to 77.4 mol % P b O ; this variation is considered 
to be within analytical errors. This phase is not 

900 

TABLE 2. X - R A Y DIFFRACTION DATA OF 

POWDER SAMPLES 

Pb5GeO? 

d spacing 
Â 

6.70 
5.78 
4.082 
3.715 
3.341 
3.290 
3.064 
2.950 
2.885 
2.848 
2.776 
2.756 
2.327 
2.260 
2.216 
2.041 
1.907 
1.877 
1.842 
1.811 
1.800 
1.752 
1.742 
1.698 
1.645 
1.562 
1.556 

Relative 
intensity 

2 
6 
6 

16 
15 
13 

100 
19 
57 
28 
13 
26 
13 
6 
9 

10 
17 
5 
5 

13 
4 
2 
7 

24 
10 
10 
11 

Pbn 

d spacing 

A 
7.35 
3.534 
3.286 
3.268 
3.188 
3.159 
3.122 
3.054 
2.951 
2.763 
2.668 
2.576 
2.499 
2.333 
1.983 
1.928 
1.879 
1.851 
1.838 
1.796 
1.591 
1.580 

Ge3017 

Relative 
insensity 

n 
3 
6 
4 

13 
67 
10 

100 
29 
64 
22 
16 
12 
3 
4 

10 
14 
13 
12 
4 

10 
10 

PbO 10 20 30 40 50 

mol% GeOa 

Fig. 1. Phase relations in the system PbO-PbGe03 . 

regarded as a solid solution but as a compound with 
a constant composition. Preliminary study of the 
crystal structure of this compound indicates that there 
are 14 metal sites in a subunit cell, after Kato.14) The 
average atomic ratio Pb/Ge = 3.62 and the number 
of metal sites for this compound indicate the formula 
of P b n G e 3 0 1 7 (Pb/Ge = 3.67) to be the compound with 
the simplest integral ratio. 

Not Substantiated Compounds. No evidence for 
the existence of the compounds Pb 6 GeO g and P b 2 G e 0 4 

was obtained in this work. Speranskaya has reported 
P b 6 G e 0 8 as stable. I t is difficult to determine the 
chemical composition by means of D T A only, when 
a compound melts incongruently. The phase Pb 5 Ge0 7 , 
found in the present investigation, melts incongruently 
at 7 3 8 ±2 °G, while the Pb 6 GeO s also has been reported 
to melt incongruently at 740 °C. It is noteworthy 
that the temperatures of incongruent melting of the 
two are in good agreement with each other within 
experimental errors. The methods adopted to deter­
mine the chemical composition of the phase Pb 6GeO g 

were not given. 

The phase P b 2 G e 0 4 has been reported by Merker 
et al.12> An X-ray diffraction pattern has been given. 
But Hasegawa et a/.13> have pointed out that this dif­
fraction pat tern can be completely indexed by as-
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suming that the phase is a mixture of P b 5 G e 3 O n and 
Pb 3 Ge0 5 . 

The stability of a Pb3Ge201]L compound could not 
be substantiated at the temperature range in our 
experiment. The result is in accordance with Zwicker 
et al. and Sugii et al. The congruently melting phase 
in question is not P b 3 G e 2 0 7 but P b 5 G e 3 O n . Hasegawa 
et al. have reported that P b 3 G e 2 0 7 crystallized from a 
glass at lower temperatures and transformed to Pb5-
G e 3 O n at 489 °G. In the present investigation the 
presence of a phase with composition P b 3 G e 2 0 7 could 
not be verified at 600 °C, the lowest temperature in 
our experiment ; the product after 1600 h of reaction 
period was a mixture of P b 5 G e 3 O n and P b G e 0 3 . 

I t may seem surprising that the three published phase 
diagrams in the system P b O - G e 0 2 disagree with one 
another, and that the existence of compounds such as 
P b 5 G e 3 O n or P b 3 G e 0 5 has been questioned several 
times. One of the reasons for this is probably due 
to the presence of metastable phases. Slow cooling 
of melts tried by Pentegova et al., is not necessarily 
adequate to investigate the phase relations in the system 
P b O - G e 0 2 . For example, Zwicker et al. have shown 
that, in the system P b O - G e 0 2 , slow cooling can sub­
stantially bring about super-cooling of the melt, and 
rapid crystallization may form metastable crystalline 
phases. 

In order to assure the equilibrium state in this system, 
therefore, it is essential to keep the sample at constant 
temperature and composition for a sufficiently long 

time, this was tried in the present investigation. 
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A pale yellow solution, prepared from RuCl3-3H20 and carbon monoxide in 2-methoxyethanol, reacted 
with 1-phenylpyrazole (Hphpz), 2-phenylpyridine (Hphpy), and benzo[A]quinoline (Hbzqn) to give new chloro-
bridging dinuclear cycloruthenated complexes, [{RuCl(C~N)(CO)2}2] (C~N = cycloruthenated moiety). 
These complexes reacted with Tl(acac) (acac=acetylacetonato ligand), y-picoline (pic), and triphenylphos-
phine resulting in the break-down of the chloro-bridging bond of the complexes, and afforded new mononuclear 
cycloruthenated complexes, [Ru(acac)(C~N)(CO)2], [RuCl(C~N)(CO)2(pic)], and [RuCl(C~N)(CO)n-
(PPh3)3_n] (n=2 for phpz, and n=\ for phpy and bzqn), respectively. The complexes prepared in this study 
were characterized by IR, 1H-NMR, and mass spectroscopies. 

Recently, cyclometallation reactions have become of 
interest in view of the stabilization of transition metal-
carbon a bonds1-3) and of availabilities for the syntheses 
of heterocycles.3) Several investigations have been 
reported concerning cycloruthenation reactions of azo-
benzene,2 '4-7) polyhaloazobenzene,2'6) benzo[A]quino-
line,8) Schiff bases derived from benzaldehyde,9) 
triphenylphosphite,2'7'10) triphenylphosphine2'7) and 
l,3-di-/?-tolylimidazolidin-2-ylidene group.11) These 
cycloruthenation reactions in most cases were carried 
out using activated ruthenium species, such as 
[{RuCl2(CO)3}2],

4>9) or alkyl-,6'7) hydrido-,10) or zero-
valent5'8,9) ruthenium complexes. 

This paper deals with direct and convenient cyclo­
ruthenation reactions of 1-phenylpyrazole (Hphpz), 
2-phenylpyridine (Hphpy), and benzo[A]quinoline 
(Hbzqn) yielding new chloro-bridging dinuclear cyclo­
ruthenated complexes, and with some mononuclear 
complexes prepared by the bridge-splitting reactions 
of the dinuclear complexes with thallium acetylace-
tonate [Tl(acac)], y-picoline (pic), and triphenylphos-
phine (PPh3). 

Cyclometallated complexes of Hphpz and Hphpy 
have been obtained with palladium and rhodium,1-3) 
whereas those of Hbzqn have been reported for several 
transition metals.1'2) 

act 
phpz phpy 

Experimental 

bzqn 

Materials. Commercial grade ruthenium(III) chlo­
ride trihydrate (RuCl3-3H20), benzo[Ä]quinoline, and y-
picoline were used without further purification. 1-Phenyl­
pyrazole,12) 2-phenylpyridine,13) and Tl(acac)14) were pre­
pared according to the methods described in the literature. 
Solvents were dried by usual procedures and distilled. 

General Procedures, IR spectra were obtained using a 
Hitachi 285 grating spectrometer. 1H- and 31P-NMR spectra 
were run on JEOL model-JNM-MH-100 and -FX-100 spec-

t Present address: Sagamidai-jutaku 3-101, Iwase 531, 
Matsudo 271, 

trometers, respectively. Molecular weights were determined 
using a JEOL model MS-01SG double-focussing mass spectro­
meter, referring to parent ion peaks. Melting points were 
determined on a Yanagimoto MP-S3 microstage apparatus 
and are uncorrected. All preparative operations were 
performed in an atmosphere of dry dinitrogen. 

Cycloruthenation Reactions of Hphpz, Hphpy, and Hbzqn. 
Carbon monoxide was bubbled into a 2-methoxyethanol 
solution (30 ml) of RuCl3-3H20 (1 g) under refluxing for 
6 h to give a yellow solution. An excess amount of Hphpz 
(2.6 g) was added to the yellow solution, and the mixture 
was refluxed for 3.5 h. A yellow precipitate was separated 
and washed with diethyl ether and benzene to afford di-
ju - chloro - tetracarbonylbis{2 - ( 1 '- pyrazolyl)phenyl-1 -C,2'- N}-
diruthenium(II) (1) in 60% yield. 2-Phenylpyridine and 
benzo[A]quinoline reacted similarly with the yellow solution 
to yield [{RuCl(phpy)(CO)2}2] (2) and [{RuCl(bzqn)-
(CO)2}2] (3), respectively. 

Reactions of 1, 2, and 3 with Tl(acac). Thallium acetyl-
acetonate (0.6 mmol) and 1 (0.3 mmol) in 40 ml of dichloro-
methane were stirred under refluxing for 7 h and then at 
ambient temperature for 98 h. After the reaction mixture 
was filtered and concentrated, hexane was added to the 
resulting solution. A pale reddish gray solid precipitated 
and was washed with hexane to give mononuclear acetyl-
acetonatodicarbonyl {2- ( 1 '-pyrazolyl) phenyl ( 1 -C,T - N) }ruthe-
nium(II) (4) in 45.9% yield. 

Complexes 2 and 3 also reacted similarly with Tl(acac) to 
afford [Ru(acac)(phpy)(CO)2] (5) and [Ru(acac)(bzqn)~ 
(CO)2] (6), respectively. 

Reactions of 1, 2, and 3 with Triphenylphosphine. A 
dichloromethane suspension containing 1 (0.4 mmol) and 
triphenylphosphine (2.0 mmol) was stirred at room temper­
ature for 22 h. The resulting solution was concentrated, 
and diethyl ether was added. On standing overnight at 
5—6 °C, the mixture yielded a white crystal, which was 
separated and washed with diethyl ether to give mononuclear 
dicarbonylchloro{2- ( 1 '-pyrazolyl) phenyl ( 1 -C,2 '- N)} triphenyl-
phosphineruthenium(II)-diethyl ether(2/l) (7) in 87.4% 
yield. 

Complexes 2 and 3 also reacted analogously with triph­
enylphosphine to yield [RuCl(phpy)(CO)(PPh3)2] (8) and 
[RuCl(bzqn)(CO)(PPh3)2] (9), respectively. 

Reactions of 1, 2, and 3 with y-Picoline. A dichloro­
methane suspension (40 ml) involving 1 (0.4 mmol) and y-
picoline (2.4 mmol) was stirred at room temperature for 
3.5 h. After the concentration of the resultant solution, 
followed by addition of hexane, an off-white powder pre­
cipitated. Recrystallization of the off-white powder from 
diçhlorornethane gave a mother liquor and a white granule, 



May, 1979] Cycloruthenated Complexes of Some Heterocycles 1373 

The evaporation to dryness of the mother liquor, followed 
by recrystallization from dichloromethane-hexane, afforded 
a pale gray solid, dicarbonylchloro(y-picoline){2-(l'-pyra-
zolyl)phenyl-l-C,2'-JV}ruthenium(II) (10a) in 46.9% yield. 
Three times recrystallizations of the white granule from di-
chloromcthane yielded 10b (2.9% yield), which was ascribed 
to an isomer of 10a by elemental analysis, IR, and 1H-NMR 
data. 

Complex 2 reacted similarly with 4-picoline and gave 
[RuCl(phpy)(CO)2(pic)] (11a) and a slight amount of a 
mixture consisting of 11a and a by-product. Attempts to 
separate the mixture into the components were unsuccessful. 

A dichloromethane suspension (25 ml) containing 3 (0.27 
mmol) and y-picoline (0.73 mmol) was refluxed for 4 h and 
stirred at ambient temperature for 14 h. After the concen­
tration of the resulting solution, addition of hexane yielded 
a dark yellow microcrystal and a mother liquor. A silica-gel 
chromatography of a dichloromethane solution of the micro-
crystal afforded a yellow solid [RuCl(bzqn)(CO)2(pic)] (12a). 
An orange-yellow powder, formed gradually from the mother 
liquor on cooling, produced an orange yellow solid [{RuCl-
(bzqn)(CO)(pic)}2] (12b) with recrystallization from di­
chloromethane-hexane. 

R e s u l t s and D i s c u s s i o n 

Cycloruthenation Reactions of Hphpz, Hphpy, and Hbzqn. 
Chatt et al.15) reported that the 2-methoxyethanol 
solution of R u C l 3 - 3 H 2 0 was refluxed under bubbling 
carbon monoxide to yield the yellow solution, in which 
a main ruthenium species was represented by [RuCl m -
(CO)n].16> This solution reacted easily with tertiary 
phosphine or arsine resulting in the formation of com­
plexes, [RuCl2(CO)2L2] (L = a neutral donor ligand).15) 
In the present study, the yellow solution reacted also 
with Hphpz, Hphpy, and Hbzqn under reflux to give 
the cycloruthenated dinuclear complexes, [{RuCl(C<--' 
N)(CO)2}2] ( C ~ N = c y c l o r u t h e n a t e d moiety), 1, 2, 
and 3, respectively (vide infra as for configurations). 
O n the other hand, the preparation of a more carbony-
lated ruthenium complex, [{RuCl2(CO)3}2] , needs 
higher pressure of carbon monoxide than 10 atm.17) 

In consideration of these facts, it seems certain that 
the main ruthenium species in the yellow solution bears 
two carbonyl groups, and has a divalent state, not 
the initial trivalent one, judging from the 7r-back 
bonding character of the carbonyl groups. Accord­
ingly, the main ruthenium species is represented by 
[RuCl 2 (CO) 2S 2 ] , where S means a solvent molecule 
or a chloro ligand. The cycloruthenation reactions 
are shown by the following equat ion: 

[RuCl2(CO)2S2] + 2 H ( C - N ) > 

1 / 2 [ { R U C I ( C ^ N ) ( C O ) 2 } 2 ] + H2(C^N)-C1 4- 2S. 

These reactions proceed fairly smoothly, and seem 
to provide a convenient route for the syntheses of the 
cycloruthenated complexes of the aryl-substituted heter­
ocycles. Driving forces for these reactions are possibly 
associated both with a basicity of the heterocycles and 
with a structural factor of the aryl-substituted heter­
ocycles susceptible to the cyclometallation.1-3 '8) Tables 
1—3 summarize yields, elemental analyses, and some 
properties of 1, 2, and 3 and their derivatives. 

Complexes 1, 2, and 3 are stable and insoluble in 
common organic solvents. Each of these complexes 
contains terminal carbonyls as shown by I R spectra 
(Table 2), and has one chlorine atom and four other 
coordination sites per ruthenium atom, as indicated 
clearly by the elemental analyses (Table 1). It has 
been well known that most of divalent ruthenium 
complexes have a six-coordinated structure,4 '8 '9 '15 '17) 
and that chlorine atoms serve as bridging ligands to 
form a dinuclear structure in chlororuthenium(II) com­
plexes.4'17) O n the basis of these considerations, of 
the high insolubilities, and of reactivities towards a 
few reagents as stated later, each of 1, 2, and 3 was 
assigned to the dinuclear structure having the chlorine 
bridges, similarly to [{RuCl(azb)(CO) 2} 2] , (Hazb = 
azobenzene).4) 

Acetylacetonato and Triphenylphosphine Complexes. 
The dinuclear complexes 1, 2, and 3 reacted with 
Tl(acac) to afford the mononuclear acetylacetona-
toruthenium(II) complexes 4, 5, and 6, respectively. 

TABLE 1. YIELDS AND PROPERTIES OF THE RUTHENIUM COMPLEXES 

Complex 

{RuCl(phpz) (CO)2}2 

{RuCl(phpy)(CO)2}2 

{RuCl(bzqn)(CO)2}2 

Ru(acac)(phpz)(CO)2 

Ru(acac)(bzpn)(CO)2 

Ru(acac)(bzqn)(CO)2 

RuCl (phpz) (CO) a (PPh3)b 

RuCl(phpy)(CO)(PPh3)2 

RuCl(bzqn) (CO) (PPh3)2 

RuCl (phpz) (CO) 2 (pic) 

RuCl(phpy)(CO)2(pic) 
RuCl(bzqn)(CO)2(pic) 
{RuCl(bzqn)(CO)(pic)}2 

1 
2 
3 
4 
5 
6 

) 7 
8 
9 

J 10a 
(10b 
11a 
12a 
12b 

Yield 
(%) 

60.0 
61.5 
64.8 
45.9 
68.6 
72.6 

87.4 
47.9 
57.7 
46.9 

2.9 
40.0 
25.2 
10.0 

Mpa> 
(°C) 

243 
262—263 
278—280 
176—178 
140—164 
213—219 

190 
277—231 

270 
187—190 
164—167 
183—188 
204—210 

270 

Color 

Off white 
Pale yellow 
Yellow 

C 

Calcd 

~39 
45 

.36 

.35 
48.59 

Pale reddish gray 48 
Pale brown 
Pale yellowish 

brown 
White 
Yellow 
Yellow 
Pale gray 
White 
Dark yellow 
Yellow 
Orange yellow 

52 
55 

.12 

.68 

.30 

58.64 
68, 
68. 

.39 

.90 
47.61 
47.61 
51. 
54, 
55, 

.88 

.37 

.11 

(%) 

Found 

39.79 
45.60 
49.26 
47.68 
52.53 
56.18 

58.17 
68.51 
69.27 
48.23 
47.53 
51.58 
54.20 
55.14 

H (%) 

Calcd Found 

2.10 
2.31 
2.17 
3.53 
3.68 
3.48 

4.29 
4.51 
4.42 
3.29 
3.29 
3.44 
3.26 
3.47 

2.09 
2.59 
2.47 
3.31 
3.82 
3.58 

4.12 
4.49 
4.42 
3.24 
3.22 
3.37 
3.24 
3.82 

N (%) 

Calcd Found 

8.35 
4.02 
3.78 
7.01 
3.41 
3.22 

4.41 
1.66 
1.62 
9.80 
9.80 
6.37 
6.04 
6.48 

8.24 
3.99 
3.78 
7.06 
3.40 
3.34 

4.43 
1.57 
1.61 
9.89 
9.65 
6.31 
6.00 
6.59 

a) With decomposition, b) Containing a half mole of diethyl ether as solvent of crystallization. 
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TABLE 2. CHARACTERISTIC IR BANDS AND MOLECULAR 
WEIGHTS OF THE COMPLEXES 

Complex 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10a 

10b 

11a 

12a 

12b 

v(C=0) 

2038, 1987, 
1928(w)b> 

2020, 1975, 
1908(sh)b> 

2015, 1978, 

2040, 1978 

2040, 1974 

2030, 1970 

2040, 1985 

1910b> 

1920b> 

2050, 1987 

2020, 1940b> 

2050, 1987 

2045, 1984 

1923, 1950(sh) 

(cm" 

1962, 

1946, 

1960, 

-l)a) 

1941 (sh) 

1928(w) 

1930(w)b> 

, 1975(w), 2040(w) 

M . W.c> 

— 

— 

— 
400 (400) 

41] [(411) 

— 
— 
— 
— 
— 
— 
— 
— 
— 

a) In chloroform solution, unless noted elsewhere, b) 
In KBr disc. c) Calculated value corresponding to 
102Ru is given in parentheses. 

Triphenylphosphine also cleaved the chloro-bridging 
bonds of the dinuclear complexes, giving mononuclear 
complexes 7, 8, and 9. These complexes are stable 
in a solid state and soluble in dichloromethane and 
chloroform. The acetylacetonato complexes decom­
pose slowly in the solution, whereas the triphenylphos­
phine complexes are stable in the solution, too. 

i H - N M R spectrum of 4 (Table 3 and Fig. 1) shows 
two doublets at ô 7Al ( IH , 5'-H, / = 2 . 5 Hz) and 
8.09 ( I H , 3'-H, 7 - 2 . 5 Hz) , one triplet at ô 6.49 ( IH , 
4'-H) and two multiplets at ô 7.6—7.75 ( IH) and 
6.9—7.4 (3H), in addition to signals characteristic of 
the acac group. The multiplets differ completely from 
that of Hphpz , and are due to an o-phenylene group 
of the phpz moiety. As for mass spectrum of 4, peaks 
of m\e corresponding to 102Ru appeared at 400, 372, 
344, 301, 273 and 245, which were ascribable to a 
parent peak [Ru(acac) (phpz) (CO) 2]+, and fragment 

8.0 7.5 7.0 6.5 

in CD2C12 solution Fig. 1. iH-NMR spectrum of 4 
Rvalue from TMS). 

peaks [Ru (acac) (phpz) ( CO) ] +, [Ru (acac) (phpz) ] +, 
[Ru(phpz)(CO) 2 ]+, [Ru(phpz)(CO)]+, and [Ru-
(phpz)]+, respectively. These evidences elucidated 
unambiguously the cycloruthenated structure of the 
phpz moiety in 4. Mass spectrum of 5 gave also a 
very similar pattern to that of 4, to which the phpy 
moiety corresponded in place of the phpz one. This 
fact and the aromatic proton resonances18) in ^ - N M R 
spectrum of 5 indicate analogously the cycloruthenated 
structure of the phpy moiety in 5. Complex 6 was 
similarly ascribed to the cycloruthenated structure on 
the basis of the 1 H - N M R spectrum.19) 

It is noted that 8 and 9 bear two triphenylphosphine 
ligands and one carbonyl group, while 7 has one tri­
phenylphosphine ligand and two carbonyl groups, simi­
larly to [RuCl(azb)(CO)2(PPh3)].4> It is certain that 
both the phpy and bzqn moieties have a more conjugat­
ed skeleton than the phpz and azb moieties. The 
difference of the skeletal conjugation is probably res­
ponsible for that of the substitution of the carbonyl 
group with triphenylphosphine in these complexes. A 
proton-decoupled 3 1 P-NMR spectrum of 9 in dichloro­
methane showed a sharp singlet at 105.20 ppm to 
upper field from trimethyl phosphite (external stand­
ard) . This fact proves undoubtedly that two triphenyl-

TABLE 3. 1H-NMR DATA OF THE RUTHENIUM COMPLEXES^ 

Complex 

4d> 

5f> 

6f> 

7s. n) 

10ad> 

10bf> 

11a 

12as> 

3'-H 

ô, ppm 

8 . 0 9 ( d ) 

— 
— 

8 . 3 1 ( d ) 

8 . 2 9 ( d ) 

8 . 1 8 ( d ) 

— 
— 

Pyrazolyl 

4 ' -H 

ô, p p m 

6 . 4 9 ( t ) 

— 
— 

6.47 ( t ) 

6 . 5 5 ( t ) 

6 .51 ( t ) 

— 
— 

group 

5'-H 

(5, p p m 

7 . 4 1 ( d ) 

— 
— 

7 . 2 3 ( d ) 

8 . 0 9 ( d ) 

7 .2 ( d ) 1 ) 

— 
— 

J4,3 or 5 
Hz 

2 . 5 

— 
— 

2 . 5 

2 . 5 

2 . 5 

— 
— 

C rH
b> or H a 

ô, p p m 

b ) 5 - 2 6 ( s ) e > 

b ) 5 . 2 6 ( s ) e > 

b ) 5 . 4 7 ( s ) 

— 
c ) 8 . 3 7 ( d ) 

c ) 8 . 9 7 ( d ) 

c ) 8 . 3 2 ( d ) 

c ) 8 . 3 3 ( d ) 

acac or 

c> H^ 

ô, p p m 

— 
— 
— 
— 

6 . 9 7 ( d ) 

7 .4 ( d ) 1 ) 

6 . 9 3 ( d ) 

6 . 7 6 ( d ) 

pic 

J aß 
Hz 

— 
— 
— 

6 . 5 

6 .0 

6 . 5 

6 . 3 

C H 3 

ô, ppm 

1 . 6 9 ( s ) , 2 . 0 9 ( s ) 

1 . 6 8 ( s ) , 2 . 1 2 ( s ) 

1 . 6 2 ( s ) , 2 . 2 3 ( s ) 

— 
2 . 2 4 ( s ) 

2 . 4 8 ( s ) 

2 . 2 0 ( s ) 

2 . 1 1 ( s ) 

a) In CD2C12, unless noted elsewhere. Abbreviations used: s = singlet, d = doublet, t = triplet, q = quartet. b) 
Acac group. c) Pic group, d) See the text about the o-phenylene protons, e) Confirmed by a measurement 
in CDC13 solution, f) See the notes 18, 19, and 21 about the aromatic protons of 5, 6, and 10b, respectively. 
g) In CDCI3. h) Containing CH3[(5 3.58(q, y = 7 . 0 H z , 2H)] and CH3[(5 1.25(t, 3H)] resonances of diethyl 
ether, i) Overlapping with the o-phenylene protons. 
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phosphine ligands in 9 are located at trans positions 
to each other, but not at eis positions, because the two 
triphenylphosphine ligands at the latter positions would 
be magnetically unequivalent and result in two 31P 
resonances. The trans configuration of the ligands is 
presumably due to a steric interaction among the two 
triphenylphosphine ligands and the chelating bzqn 
moiety. 

Accordingly, two isomers A and B are possible for 
9, as demonstrated in Fig. 2. I R spectrum of this 
complex exhibits a comparatively low frequency of 
i'(CO) band. Low stretching frequencies of carbonyl 
group have been observed for [RuCl2( CO) (pyri­
dine^]2 0) and [Ru(azb)(pz 3 BH)(CO)] ( p z = l - p y r a -
zolyl),4) possessing the carbonyl group trans to a nitrogen 
donor ligand. In consideration of these facts, 9 was 
ascribed to configuration A, in which the nitrogen 
donor site was situated at a trans position to the carbonyl 
group. Complex 8 was also associated with the con­
figuration A, from the similarity of the composition 
and the v{QO) frequency. 

Ph3P
: 

A " ! ;PPh3 

Ru / A."; 
P h 3p: i--ci 

c 
o 
B 

;PPh3 

Fig. 2. Possible configurations of the bis (triphenyl­
phosphine) complexes. C ^ N = t h e cycloruthenated 
moiety. 

c„_j p _ y £ | L ç i c, 

/ Ru / )} / Ru / / ' Ru 
0C- \--.çj^^ oC'_ i_..c'| QC' {__+/ 

C C C 
0 0 0 
G D E 

Fig. 3. Possible configurations of the dicarbonyl com­
plexes. L=triphenylphosphine or y-picoline. 

Complexes 4, 5, 6, and 7 show two strong i>(CO) 
bands near 1978 and 2040 cm - 1 , revealing a cis co­
ordination of the two carbonyl groups. One of the 
two carbonyl groups is presumably situated at a trans 
position to the nitrogen donor site, analogously to 
the cases of 8 and 9, since the coordinations of these 
ligands are likely to be unaffected by the splitting 
reactions of the chlorobridging bonds of 1, 2, and 3 
with Tl(acac) or triphenylphosphine. These discus­
sions lead to proposals that 4, 5, and 6 are assignable 
to configuration C, and that 7 is to configuration D 
or E (Fig. 3). 

y-Picoline Complexes. y-Picoline also reacted 
with 1, 2, and 3 to yield corresponding derivatives 
10, 11, and 12, respectively. Each of 10 and 12 was 
separated into a major product a and a minor one b 
by means of the repeated recrystallizations. These 
complexes are stable in a solid state and soluble in 
dichloromethane and chloroform. 

Mononuclear complexes 10a, 11a, and 12a showed 
very similar i>(CO) bands to those of 4, 5, 6, and 7, 
suggesting a similarity among the configurations of 

these complexes. 1 H - N M R spectrum of 10a contains 
two multiplets at Ô 7.0—7.4 (3H) and 7.7—7.9 (1H) 
assignable to the o-phenylene protons, in addition to 
y-picoline and pyrazolyl proton resonances (Table 3), 
indicating the cycloruthenated structure of the phpz 
moiety in 10a. Moreover, 1 H - N M R spectrum of 10b21) 
showed lower field y-picoline proton resonances than 
that of 10a did. It is expected that all the protons 
of y-picoline trans to a carbonyl group are deshielded 
more strongly owing to a jr-back bonding character 
of the carbonyl group than those of y-picoline trans 
to the aryl carbon. O n the basis of these discussions, 
10b was assigned to configuration D, whereas 10a, 
11a, and 12a to configuration E. 

Complex 12b exhibited a medium v(GO) band at 
1923 c m - 1 , accompanied by very weak bands at 1950, 
1975, and 2040 cm- 1 . Elemental analysis of 12b 
reveals that this complex is not an isomer of the main 
product 12a, but has one chlorine atom and four other 
coordination sites per ruthenium atom, similarly to 
3. These data are consistent with a dimeric structure 
of 12b, retained even during the reaction of 3 with 
y-picoline, although y-picoline has been regarded as 
a typical bridge-splitting reagent. Complex 12b was 
probably formed by a substitution of two carbonyl 
groups in 3 with two y-picoline ligands, in place of 
the chlorine-bridge splitting reaction. However, fur­
ther characterization of 12b was impossible, since its 
yield was low and irreproducible. 

Dinuclear Complexes. All the mononuclear com­
plexes derived from the dinuclear ones 1, 2, and 3 
had one or two carbonyl ligands, but not more than 
three. In addition, all the mononuclear dicarbonyl 
complexes exhibited two strong i>(CO) bands. These 
facts indicate that each ruthenium atom in the dinuc­
lear complexes is coordinated with two carbonyl groups 
in a eis form, but not in a trans form. Accordingly, 
one of the two carbonyl groups is necessarily located 
at a cis position to the two bridging chlorine atoms. 
O n the basis of these discussions and the conclusion 
that the nitrogen donor site of the cycloruthenated 
moiety was situated at the trans position to one of the 
carbonyl groups, as stated above, four isomers are 

oc-

oC-' 

P |_. 
Ru \__ 
C 
0 

F ( i 

Ru 
L. 

C 
0 

— c i -

--Q----

0 
c 
Ru^ 

, 2Au) 

Cl-

-c i - - - - -T-4 
C 
0 

Px-I C I - t - - ^ ( 

oc-
Ru 
. 1 . 
C 
0 

--CI-

G ( C 2 , 2 A + 2B) 

-co 

H(C 2 ,2A + 2B) I (Cs,2A+2A) 

Fig. 4. Possible configurations of the dinuclear com­
plexes. The symmetry and the infrared active mode 
for the y(CO) vibrations are given in parenthesis. 
The cycloruthenated moiety is represented by G ^ N . 
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poss ible for e a c h of 1, 2 , a n d 3 , as d e p i c t e d in F ig . 4 . 
I n F ig . 4 , s y m m e t r y a n d a n in f ra red ac t i ve m o d e for 
t h e c a r b o n y l s t r e t c h i n g v i b r a t i o n s a r e g iven for e a c h 
somer . 

I R s p e c t r u m of 1, 2 , o r 3 shows t h r e e s t r o n g v(GO) 
b a n d s a n d a few w e a k ones . I n c o n s i d e r a t i o n of t h e 
s ter ic i n t e r a c t i o n b e t w e e n t h e t w o c y c l o r u t h e n a t e d 
moie t i es , it a p p e a r s t h a t e a c h of these d i n u c l e a r c o m ­
plexes consists of t w o i somers , F a n d G . T h i s p r o p o s a l 
is r e a s o n a b l e , s ince al l t h e m o n o n u c l e a r c o m p l e x e s 
i nves t iga t ed in t h e p r e s e n t s t u d y c a n b e d e r i v e d b y 
a s u b s t i t u t i o n of t h e b r i d g i n g c h l o r i n e a t o m s , a n d b y 
a n a d d i t i o n a l subs t i t u t i on of o n e c a r b o n y l g r o u p on ly 
in t h e cases of 8 a n d 9, f rom F o r G w i t h o u t a n y r ea r ­
r a n g e m e n t of t h e o t h e r l i gands . 

W e wish to express o u r g r a t i t u d e to M r s . H i s a k o 
M a z u m e a n d Miss Y u m i K o j i m a of N a g a s a k i U n i v e r s i t y 
for t he i r t e c h n i c a l ass is tances a n d also to M r . T o r u 
H i n o m o t o of J a p a n E l e c t r o n O p t i c s L a b o r a t o r y for 
t h e 3 1 P - N M R m e a s u r e m e n t . 
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The Absolute Configuration and Circular Dichroism of ( + K-[(2S,7S)-
2,7-Dimethyl-3,6-diazaoctane-l,8-diamine]platinum(II) Chloride Dihydrate 
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(Received September 11, 1978) 

The title compound was synthesized and characterized by means of absorption, circular dichroism, and its 
N M R spectra as well as X-ray structure analysis. T h e crystals are monoclinic, with a P2X space group, a = 
9.175(3), b= 12.423(5), c = 7 . 4 3 4 ( 3 ) A , £=108 .1 (4 ) ° , and Z = 2 . T h e structure was determined from the dif-
fractometcr da ta and refined by a least-squares method to R = 0.041 for 1732 observed reflections. The Pt atom 
has an essentially planar coordination with 4 N atoms. The disposition of the four donor atoms is not rectan­
gular, but trapezoidal; it is, moreover, slightly tetrahedral . The quadr identa te ligand forms three 5-membered 
chelate rings with the Pt atom. The two terminal rings are of a ô asymmetric envelope conformation, while the 
middle ring has a X symmetric skew conformation. Both of the secondary N atoms possess a R configuration. 
The complex ion has a pseudo-two-fold axis by which the two terminal rings are related to each other. The 
circular dichroism spectrum reflects mainly the conformations of the 5-membered chelate rings. T h e features of 
the absorption and circular dichroism spectra are discussed on the basis of the geometry of the PtN 4 chromophore. 

T h i s w o r k has b e e n u n d e r t a k e n as a p a r t of t h e 
inves t iga t ion i n t o t h e i n t e r r e l a t i o n b e t w e e n s t r u c t u r e 
arid c i r cu l a r d i c h r o i s m ( C D ) in t h e P t ( I I ) c o m p l e x e s . 
F o r t h e t i t le c o m p l e x t h e r e a r e t h r e e poss ible i somers , 
as is s h o w n in F ig . 1, w h e r e RR, RS, a n d SS d e n o t e 
t h e conf igura t ions of t h e a s y m m e t r i c n i t r o g e n s in e a c h 
isomer . T h e i n f o r m a t i o n f rom t h e P M R s p e c t r u m is 
t h a t t h e synthes ized c o m p o u n d is n o t a m i x t u r e of 
these isomers , b u t c o n t a i n s e i t h e r t h e RR- o r t h e SS-
i somer . T h e C D s p e c t r u m suggests t h a t t h e c o m p o u n d 
consists of t h e RR-homer, b u t this is n o t decis ive . 
The re fo re , a s ingle-crys ta l s t r u c t u r e ana lys is h a s b e e n 
p e r f o r m e d on t h e t i t le c o m p l e x . 

E x p e r i m e n t a l 

Preparation of the Compound. T h e (2»S,,71S')-2,7-dimethyl-
3,6-diazaoctane-l,8-diamine ^S-S^S-d imet r i en , N H 2 C H 2 -
C * H ( C H 3 ) N H ( C H a ) a N H C * H ( C H 3 ) C H a N H 2 ) hydrochloride 
was prepared according to the method described in the 
literature.1^ 

K 2 [PtCl 4 ] (3 .8g) and 35,8Ä-dimetrien-4HGl (2.0 g) were 
dissolved in 50 cm3 of water. T h e solution was heated at 
80 °C, and then a K O H solution (1.4 g in 10 cm3 of water) 
was added, drop by drop. T h e precipitate was washed 
with water and found by analysis to be [Pt(dimetr ien)]-
[PtCLJ. 

Found: G, 13.59; H, 3.13; N, 8 .01%. Galcd for [Pt-
(C8H2 2N4)] [PtCLJ: C, 13.60; H , 3.12; N, 7 .93%. 

The Magnus-type salt (2.0 g) was dissolved in 2 dm 3 of 
an aqueous HG10 4 solution (pH?s3) . The resulting solu­
tion was passed through an anion-exchange column (Dowex 
1X-8) in the chloride form, and the effluent was rotary-
evaporated. The single crystals of [Pt(3£,81S-dirnetrien)]Cl2-
2 H 2 0 were subsequently obtained by recrystallization from 
water-acetone. 

Found: G, 20.23; H, 5.57; N, 12.07%. Calcd for [Pt-
(C 8 H 2 2 N 4 ) ]G1 2 -2H 2 0: G, 20.16; H, 5.46; N, 11.76%. 

Spectral Measurements. T h e P M R spectrum was re­
corded at 60 M H z on a J E O L - G - 6 0 H L Spectrometer, using 
DSS as the internal reference. T h e F T 13G N M R spectrum 
was obtained at 15.04 M H z with broad-band proton de­
coupling. Dioxane was used as the internal reference. The 
values of the chemical shifts in the text have been converted 
to the T M S scale. The absorption spectrum was measured 

using a Hitachi EPS-3T Spectrophotometer, while the CD 
spectrum was recorded on a J A S G O J-20 Automatic Record­
ing Spectrometer. In order to protect the asymmetric 
nitrogens from inversion, samples were dissolved in a 0.01 
M DC1 solution in the N M R measurements, whereas a 0.03 
M HCl solution was used in the absorption and CD measure­
ments. 

X-Ray Data Measurement. Crystal Data: C8G12-
H,6N4OoPt, F.W.= 476.1, Monoclinic, a = 9.175(3), b = 
12.423(5"), c = 7.434(3)A, ß= 108.1(4)°, U= 805.4(5) A3, 
7 J m = 1 . 9 3 , 7 J c =1 .96g / cm 3 , Z = 2 , / / (Mo # a ) = 94.8 cm"1 . 
T h e Laue symmetry and approximate unit-cell dimensions 
were determined from Weissenberg and precission photo­
graphs. The unit-cell dimensions were refined by a least-
squares analysis of 28 0 values measured on a Philips PW1100 
diffractometer. 

Data Collection: A unique da ta set in the 2 0 < 5 5 ° range 
was collected by a conventional co-20 scan method using 
graphite-monochromated M o Ken. radiation. The crystal 
size was 0.16 X 0.17 X 0.19 mm. The scan speed and scan 
width in w were 0.017° s"1 and (1.0 + 0.2 tan 0)° respectively. 
T h e background was counted for 20 s at each end of the 
scan range. No significant variations were found in the 
intensities of three s tandard reflections menitored every 3 h. 
A total of 1732 intensities with It — 2 VTt> Ib were collected 
and used for the structure analysis (It, intensity at the 
peak of reflection; Ih, mean background count obtained 
from preliminary background measurements for 5 s at each 
side of the peak). Intensity da ta were corrected for the 
L p factors.2) A spherical absorption correction (r = 0.085 
mm) was applied. 

Structure Determination and Refinement. The crystal 
structure was solved by the heavy atom method. T h e posi­
tional and thermal parameters were refined by a block-
diagonal least-squares method. T h e minimized function 
was ^w(F0 — | F c | ) a . The weighting scheme, w=\.0 for 
F o < 9 6 . 0 and w = ( 9 6 . 0 / F o ) 2 for Fo>96.0, was found to be 
opt imum in order to make wA.Fl relatively constant over 
the ranges of F0. T h e final R value was 0.041. In the 
final cycle of refinement all the parameter shifts were less 
than 0.2 a. T h e positional and thermal parameters are 
listed in Table 1. 

T h e atomic scattering factors for all atoms were taken 
from Ref. 3, with corrections for anomalous scattering for 
Pt° and CI - . The absolute crystal structure was determined 
on the basis of the configuration (S) of asymmetric carbons. 

wA.Fl
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TABLE 1. POSITIONAL AND THERMAL PARAMETERS, WITH e.s.d. VALUES IN PARENTHESES 

Pt 
Cl(l) 
Cl(2) 
N(l) 
N(2) 
N(3) 
N(4) 
C(l) 
C(2) 

X 

0.25071(4) 
0.5369(5) -

-0.0842(5) -
0.441(1) 
0.400(1) 
0.096(1) 
0.068(1) 
0.581(2) 
0.551(2) 

y 

0.0 
-0.5526(4) 
-0.2292(4) 
-0.087(1) 

0.088(1) 
0.116(1) 

-0.077(1) -
-0.037(1) 

0.086(1) 

a) Anisotropic temperature factors 
parameters : 

Pt 
Gl(l) 
Gl(2) 

Bn 

75.9(4) 36 
173(6) 
160(6) 

67 
70 

z 

0.13658(4) 
0.2806(5) 
0.2125(6) 
0.138(2) 
0.334(1) 
0.132(1) 

-0.047(2) 
0.286(2) 
0.302(2) 

B/A2 

a) 
a ) 
a ) 

3.0(2) 
2.6(2) 
2.5(2) 
3.0(2) 
3.3(2) 
3.5(3) 

(Xl04) of the exp [ -

-#22 

•9(2) 
(3) 
(3) 

^ 3 3 

90.5(7) 
154(7) 
204 (8) 

C(3) 
G(4) 
C(5) 
G(6) 
G(7) 
G(8) 
Ow(l) 
Ow(2) 

X 

0.327(2) 
0.156(2) 

-0 .060(2) 
-0 .070(1) 

0.677(2) 
-0 .187(2) 

0.575(1) 
-0 .100(2) 

y 

0.196(1) 
0.177(1) 
0.066(1) 

-0 .007(2) -
0.131(2) 
0.152(2) 

-0 .305(1) 
0.397(2) 

(Bnh
2 + B22k

2 + B33l
2 + Bl2hk + BJil+B^kl)' 

Byi 

14(1) 
-20(7) 
-63(7) 

# 1 3 

70(1) 
151(10) 
186(11) 

z 

0.339(2) 
0.316(2) 
0.086(2) 

-0.087(2) 
0.466(2) 
0.038(3) 
0.183(2) 
0.407(3) 

| form for 

B/A2 

3.2(2) 
3.5(3) 
3.2(2) 
3.1(2) 
4.2(3) 
4.2(3) 
4.4(2) 
7.5(4) 

the 

^ 2 3 

16(1) 
-33(7) 
-74(8) 

The observed and calculated structure factors are available 
at the Chemical Society of Japan (Document No. 7916). 
All the computations were carried out using programs in 
the UNIGS.4) 

R e s u l t s a n d D i s c u s s i o n 

As is illustrated in Fig. 1, the complex ion may exist 
in three isomers. In the RR-isomer two terminal 
rings assume a ô conformation, while the middle ring 
is of a A conformation, both methyl groups being 
equatorial with respect to the chelate ring. The SS-
isomer has a ô middle ring and two X terminal rings 
with axial methyl groups. In the ifô'-isomer the mid­
dle ring has an envelope conformation, but one of 
the terminal rings is of a A conformation and the other 
is of a ô one. Of the two methyl groups, one is axial, 
whereas the other is equatorial. Although the RR-
isomer with equatorial methyl groups seems to be 
the most probable of the three, the RS- and ^ - i somers 
should not be left out of account, since, in the planar 
complex, the methyl group is not always constrained 
in the equatorial disposition.5) The RR- and SS-
isomers have a two-fold axis, but the RS-isomer has no 
symmetry. 

T h e P M R spectrum showed one prominent methyl 
doublet at 1.19 ppm, while four carbon signals ap­
peared at 12.73, 54.94, 56.76, and 61.24 p p m in the 
13C N M R spectrum. These observations indicate that 
the prepared compound is not a mixture of the isomers, 
but is, rather composed of either the RR- or the SS-

Me Me 
M v 6 (S) 1 (S) I 

> ^ N (R )N^;N A?,V^ N 

Me Me | 
Me 

RR JRS SS 

Fig. 1. Possible isomers for ( + )2
c
4?-[Pt(3^86'-dimetri-

en)]2+. 

Ml) 
C(l) 

06) N(4) 

C(8) C(5) 
N(2) 

Q4) 
C(3) C(7) 

Fig. 2. Structure of ( + )2
c
4?-[Pt(36',86,-dimetrien)]2+. 

isomer. Since the CD spectrum did not offer data 
decisive for distinguishing between these isomers, an 
X-ray structure analysis was performed. 

Figure 2 shows a perspective drawing of the complex 
ion. This structure corresponds to the RR-isomer. 
T h e ion has an approximate two-fold axis which runs 
through the Pt atom and bisects the N ( l ) - P t - N ( 4 ) 
bond angle. The molecular parameters (Table 2) 
related by this axis are in good agreement, within the 
limit of experimental error. In each of the three 5-
membered rings, the middle ring is of a symmetric 
À skew conformation, while the two terminal rings 
have an asymmetric ô envelope conformation. 

T h e projection of the complex ion is shown in Fig. 
3. T h e disposition of the 4 N atoms is not square or 
rectangular, but trapezoidal. Moreover, these atoms 
are disposed in a slightly tetrahedral configuration 
around the Pt atom, as may be seen in Fig. 3, where 
the deviations of atoms from the coordination plane 
defined by N ( l ) - N ( 4 ) are given in parentheses. Such 
a trapezoidal disposition of four ligators is usual in 
the metal chelates of triethylenetetramine ( = trien) 
and its substituted derivatives.6 '7) Although the N ( l ) -
Pt -N(4) angle is considerably larger than 90°, it is 
comparable to the corresponding angle (104°) in [Pd-
(trien)] (PF6)2-KPF6 .8) An examination of the scaled 
model of the complex ion indicates that the slightly 
tetrahedral disposition of the 4 N atoms results from 
the conformation of the 3£,8#-dimetrien ligand, in 
which both C ( £ ) - C H 3 groups are constrained equa-
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TABLE 2. BOND LENGTHS AND ANGLES 

Bond lengths (I) 
l/A l/A 

Pt-N(l) 
Pt-N(2) 
N(l)-G(l) 
N(2)-C(2) 
N(2)-C(3) 
G(l)-G(2) 
C(2)-G(7) 
G(3)-G(4) 

2.05(1) 
1.99(1) 
1.54(2) 
1.48(2) 
1.50(2) 
1.57(2) 
1.50(3) 
1.54(2) 

Pt-N(4) 
Pt-N(3) 
N(4)-G(6) 
N(3)-C(5) 
N(3)-C(4) 
C(5)-C(6) 
G(5)-C(8) 

2.04(1) 
2.02(1) 
1.49(3) 
1.50(2) 
1.50(2) 
1.56(3) 
1.54(3) 

Bond angles (çJ) 

N(l)-Pt-N(2) 
N(2)-Pt-N(3) 
Pt-N(l)-G(l) 
Pt-N(2)-G(2) 
Pt-N(2)-G(3) 
G(2)-N(2)-G(3) 
N(l)-G(l)-G(2) 
N(2)-G(2)-C(l) 
N(2)-G(2)-C(7) 
G(l)-G(2)-C(7) 
N(2)-G(3)-G(4) 

JJ° _ 
84.1(5) 
86.3(5) 

108(1) 
110(1) 
107(1) 
118(1) 
109(1) 
103(1) 
113(1) 
108(1) 
108(1) 

W 
N(3)-Pt-N(4) 
N(l)-Pt-N(4) 
Pt-N(4)-G(6) 
Pt-N(3)-G(5) 
Pt-N(3)-G(4) 
G(5)-N(3)-G(4) 
N(4)-G(6)-G(5) 
N(3)-G(5)-C(6) 
N(3)-G(5)-G(8) 
G(6)-G(5)-G(8) 
N(3)-G(4)-G(3) 

84.2(5) 
106.2(5) 

109(1) 
109(1) 
107(1) 
118(1) 
110(2) 
104(1) 
111(1) 
112(1) 
104(1) 

( i 0.39) (-0.25) 

C(4) C(3) 

—o -0.39) 

C(7) 

N(4) 
( i-o.il) 

Fig. 3. Projection of ( + )2
c^[Pt(3S,8.S-dimetrien)]2+ 

on the coordination plane defined by four nitrogen 
atoms. The deviations (A) of atoms from the plane 
are given in parentheses. 

torially. Such a disposition seems to be characteristic 
of the RR-isomer. This view is supported by the 
similar configuration of the 4 N atoms in ( — )589-
toj-[Co(N02)2(3S,8£-dimetrien)]C104,

6) in which the 
dimetrien ligand has the same conformation as the 
present complex ion. 

The P t - N (secondary) distance seems to be shorter 
than the P t - N (primary) distance. Such a tendency 
was also found in the P d - N (secondary) and P d - N -
(primary) bond lengths in the Pd(I I ) chelate of trien 
cited above for comparison. The C(2) -N(2)-C(3) and 
C(4)-N(3)-G(5) bond angles are significantly larger 
than the tetrahedral angle. This may be caused by 
the planar coordination of the quadridentate ligand. 
The other bond lengths and angles are normal. 

Figure 4 shows the crystal structure viewed along 
the b axis. All amino H atoms participate in the 

Fig. 4. Crystal structure viewed down the b axis. 

TABLE 3. POSSIBLE HYDROGEN BONDS 

A 

N(l)-Ha> 
N( l ) -H 
N(2)-H 
N(3)-H 
N(4)-H 
N(4)-H 
Cl(l) 
Cl(l) 
Gl(2) 
Gl(2) 

B 

Cl(ln) 
Ow(l I) 
C^l111) 
G1(2IV) 
G1C21) 
Ow(2V) 

O w ( l I ) 

O w ( 2 ™ ) 

Ow( lV I> 

Ow(2V I 1 1) 

A - B 
(l/A) 

3.21(1) 

2 .95(2) 

3 .25(1) 

3 .18(1) 

3 .30(1) 

2 .81(3) 

3 .20(2) 

3 .23(2) 

3 .21(2) 

3 .22(2) 

Roman-numeral superscripts refer 
following equivalent positions: 
I x, y, z; 
1+z; IV 
— l+x, y, 
+y, 1+z 

II l + x, (l/2)+y, z; 
x, (1/2) +y, z 

z; VII l + x, 
; v x, -
-l+y, z 

H —B N-H..-B 
(//A) (<f>/°) 

2.19 170 
2.18 131 
2.25 164 
2.16 168 
2.41 145 
1.79 168 

to atoms in the 

III 1 + *, (1/2) +y, 
- (1/2)+y,z; VI 
; VIII x, - (1 /2) 

a) The positions of the H atoms in the NH2 groups 
were calculated on the assumption that the N-H 
distance is 1.03 A. 

N - H - - C 1 - or N - H - 0 ( H 2 0 ) hydrogen bonding, the 
data of which are presented in Table 3. 

T h e absorption and CD spectra are presented in 
Fig. 5. The electronic spectrum shows three bands, 
at 35000, 41000, and 44200 cm"1 . The peak positions 
are very similar to those in [Pt (NH 3 ) 2 (RR-chxn or 
Ä-pn)]Cl2 and in [ P t ^ t f - c h x n or #-pn)2]Cl2 ;9) hence 
these peaks can be assigned to the 1A1-^-3A2 and 3E, 
1A1->1A2, and 1A1-»1E transitions (D4 symmetry), 
respectively (RR - chxn = ( 1 R,2R) -1,2 - cyclohexanedia-
mine; i?-pn = (/?)-l,2-propanediamine). However, the 
absorption is generally more intense than those in 
the chxn and pn complexes. Similarly, the absorption 
intensity in [Pd (trien) ]2+ was found to be about three 
times as intense as that in [Pd(i?-pn)2]2+.8> T h e dis­
position of the 4 N donor atoms is rectangular in [Pt-
(#-pn)2]2+;5 ) this may also be the case in [Pd(A-pn) 2 ] 2 + 

and in the Pt ( I I ) chelates of chxn, whereas the disposi­
tion is trapezoidal in the S^S^-dimetrien and trien 
complexes. The PtN 4 and PdN 4 chromophores in the 
last two complexes lack a center of symmetry, which 
may be responsible for the enhancement of the absorp-

i-o.il
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Fig. 5. Absorption (top) and CD (bottom) spectra of 
( + )2

C4?-[Pt(36,,86,-dimetrien)]Gl2.2H20 

tion intensity. The enhancement is largest in the 
1A1-*1A2 (dxy-*dx2_y2) transition. This is compatible 
with the interpretation of the intensity enhancement, 
because the electronic transition within the coordina­
tion plane should be the most sensitive to the disposition 
of donor atoms in the plane. 

The d—»d optical activity of the present complex 
could be regarded as composed of the contributions 
from the vicinal effects of the dissymmetric 5-membered 
rings and that of the asymmetric secondary nitrogen. 
The second effect may be small in magnitude, since 
the local effective symmetry around the secondary 
nitrogen can be taken as C s . Then, the RR-isomer 
can be anticipated to show a CD pattern similar 
to that of [Pt(NH3)2(SS-chxn)]2+,9) with one Ô ring. 
Indeed, the CD signs of the 3E and *E bands in the 
present complex are the same as those in the .SW-chxn 
complex, but there is a remarkable difference between 
the CD spectra of these complexes; the *A2 CD band 
which appears at 41000 c m - 1 in the former complex 

(Fig. 5) is not found in the latter complex. Similarly, 
the *A2 band is not observed in the CD spectra of 
[Pt(NH3)2(S-pn)]2+ and [ P t ^ - c h x n or S-pn)2]2+.9) As 
has been described above, the increase in the electric-
dipole transition moment is largest for the *A2 transi­
tion ; this is responsible for the emergence of the intense 
*A2 CD band in the former. The CD sign of this 
band is compatible with that of the *A2 band in trans-
[CoCl2(3S,8S-dimetrien)]+.10) The intensities of the 
other C D bands are also larger than those in [Pt(NH3)2-
(&S*-chxn)]2+; this increase is mainly attributable to 
the increase in the transition moments. 

This research was supported by a Grant-in-Aid for 
Scientific Research from the Ministry of Education. 
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Kinetic Studies of the Electron Transfer Reaction in Iron(II) and Iron(III) 
Systems. VIII. The Effect of Hexamethylphosphoric Triamide 
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The kinetics and mechanism of the electron transfer reaction between Fe(II) and Fe( I I I ) in mixed solvents 
of water and hexamethylphosphoric tr iamide (HMPA) were studied. The apparent rate constant k varies de­
pending upon [HMPA] and [H+] ; k exhibits a min imum value at [ H M P A ] = 1.5 M at constant [H+] and increases 
linearly with respect to [ H + ] - 1 at constant [ H M P A ] . Judg ing from the basicity constant of H M P A , the com­
plex formation constant of Fe(hmpa) 3 + , and the absorption spectra of aqueous solutions containing Fe( I I ) , Fe-
( I I I ) , H M P A , and HC10 4 , the existing species in the reaction systems are mostly Fe 2 +

a q , Fe 3 +
a q , F e ( O H ) 2 + , Fe-

(hmpa) 3 + , and F e ( h m p a ) ( O H ) 2 + at low concentrations of H M P A . Therefore, the probable reaction paths are 
Fe2+-Fe3+, (*0) ; Fe 2+-Fe(OH) 2+, (*H); Fe2+-Fe(hmpa)3+, (*L) ; and Fe 2 +-Fe(hmpa)(OH) 2 +, (*HL) at the con­
centration range of [ H M P A ] = 0 — 1 M and [HClO 4 ] = 0.03—0.2 M. The occurrence of a min imum value of 
k vs. [HMPA] is reasonably understood by taking the complex formation between Fe( I I I ) and H M P A into ac­
count in reaction rate equation. If the hydrolysis constants of both F e ( O H ) 2 + and F e ( h m p a ) ( O H ) 2 + are con­
sidered to be nearly of the same order, the value of kH are approximately ten times larger than that of A;HL- At 
higher concentrations of H M P A , the higher Fe (III)-complexes with H M P A might take par t in the electron 
transfer reaction. 

T h e e lec t ron t ransfer r e a c t i o n b e t w e e n i r o n ( I I ) a n d 
i r o n ( I I I ) in a q u e o u s m e d i a , F e ( I I ) + *Fe( I I I )—»Fe-
( I I I ) + * F e ( I I ) , has b e e n s t u d i e d since t h e r a d i o a c t i v e 
t r a c e r m e t h o d b y use of 5 9 Fe w a s first e s t ab l i shed b y 
S i l v e r m a n n a n d Dodson , 1 ) a n d it is n o w w e l l - k n o w n 
t h a t , in case t h a t n o c a t a l y t i c l i g a n d exists, t h e r e a c t i o n 
in a q u e o u s m e d i a p r o c e e d s p r e d o m i n a n t l y t h r o u g h a 
h y d r o g e n a t o m t ransfer m e c h a n i s m a l o n g t h e e x t e n d e d 
cha ins of t h e h y d r o g e n b o n d s b e t w e e n a c e r t a i n n u m b e r 
of w a t e r molecu les c o n n e c t i n g t h e t w o r e a c t i n g spe­
cies.2»3) T h e r e f o r e , in a q u e o u s solvents m i x e d w i t h 
a p r o t i c o r g a n i c subs tances , s u c h as ace tone , 4 ) n i t r o -
m e t h a n e , 5 ) a n d d i m e t h y l sulfoxide,6) t h e r a t e of t h e 
e lec t ron t ransfer r e a c t i o n via t h e h y d r o g e n a t o m t ransfer 
m e c h a n i s m is m a d e sma l l e r t h a n t h a t in p u r e w a t e r , 
b e c a u s e of t h e p a r t i a l b r e a k d o w n of t h e h y d r o g e n 
b o n d i n g s b y such a p r o t i c mo lecu le s . 

I n this inves t iga t ion , h e x a m e t h y l p h o s p h o r i c t r i a m i d e 
( a b b r e v i a t e d H M P A ) is a d o p t e d as a n o t h e r a p r o t i c 
subs t ance , s ince H M P A h a s c o m e i n t o no t i ce o n a c ­
c o u n t of a r e c e n t finding t h a t t h e life t i m e of so lva ted 
e lec t rons in this m e d i u m is su rpr i s ing ly long , as c o m p a r ­
ed w i t h those of h y d r a t e d e lec t rons o r o t h e r u s u a l 
so lva ted ones.7) I n this c o n n e c t i o n , i t looks to b e 
ve ry in t e re s t ing to s t u d y h o w t h e effect of H M P A 
a p p e a r s on t h e e lec t ron t ransfer r e a c t i o n m e c h a n i s m 
of i ron (I I) a n d i ron (111) sys tem. 

E x p e r i m e n t a l 

Materials. The commercially obtained H M P A of 
guaranteed reagent grade was refined as follows: after it 
was refluxed over bar ium oxide at 85—90 °G under a reduced 
pressure of nitrogen of 5 m m H g for 2 h and the first portion 
of the distillate was taken out, the rest of the liquid was 
distilled with iron(II) chloride at 80 °G under reduced pres­
sure of nitrogen, and then the middle portion of the distil­
late was collected and immediately used for the experiments. 
Since H M P A had a slight tendency to form a kind of per­
oxide with time which would per turb our present experiments, 
iron(II) chloride was adopted for reducing it under nitrogen 

atmosphere. 
T h e purification of other materials such as Fe(G104)2 , 

Fe(C104)3 , NaC10 4 , and water and the preparat ion of iron 
( I I I ) tracer labeled by radioisotope 59Fe were already de­
scribed elsewhere.8 '9) N a C 1 0 4 was used for maintaining 
the ionic strength of the reaction media at // = 0.2 M . 

Procedure of Measurements. For the purpose of deter­
mining the basicity constant of H M P A in water, the spectro-
photometric indicator method was adopted, using thymol 
blue as an indicator and a Hitachi-Perkin-Elmer U V - V I S 
spectrophotometer Model 139 for the observation. The 
detailed procedure is shown in the literature.10) 

For the determination of formation constant of Fe(hmpa) 3 + , 
Job ' s continuous variation method was applied using the 
same spectrophotometer.11) 

T h e method to determine the rate constants of the electron 
transfer reaction was also the same as that described in the 
literature,8 '9) except that the concentration of i ron(I I I ) in 
the reaction solution was initially kept much lower than 
those in the cases in other media, because a small amount 
of i ron(II) was inevitably oxidized to i ron(I I I ) by the peroxide 
in H M P A which happened to be formed even during the 
careful experimental procedure. 

R e s u l t s a n d D i s c u s s i o n 

Basicity Constant of HMPA. P r i o r to t h e k ine t ic 

obse rva t i ons , t h e bas ic i ty c o n s t a n t of H M P A in wa te r 
w a s n e e d e d to b e k n o w n in o r d e r to m a k e c lea r in 
w h a t fo rm H M P A exists in ac id ic m e d i a . T h e basici ty 
c o n s t a n t of H M P A is def ined as ^ a = [ H M P A ] [ H + ] / 
[ H M P A H + ] . H e n c e , t h e op t i ca l a b s o r b a n c e of a 
so lu t ion c o n t a i n i n g t h y m o l b l u e a n d H C 1 0 4 a t a c e r t a i n 
w a v e l e n g t h , A, is expressed as follows:1 0) 

£ a [ H + ] + £ b # H I n 
A = iTT+14-JT [ H I n ] o ( 1 ) 

w h e r e ea a n d eh s t a n d for t h e m o l a r absorp t iv i t i e s of 
t h y m o l b l u e ( H i n ) in ac id a n d base forms respect ive ly , 
[ H I n ] 0 t h e to ta l c o n c e n t r a t i o n of t h y m o l b l u e , a n d 
KHIn t h e dissocia t ion c o n s t a n t of t h y m o l b l u e as Kmn = 
[ H + ] [ I n - ] / [ H i n ] . W h e n H M P A is a d d e d a t t h e to t a l 
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concentration [ H M P A ] 0 to the initial solution of thymol 
blue and HC10 4 , the hydrogen ion concentration and 
the absorbance would alter as much as A[H+] and 
AA respectively, in a relation expressed by the following 
equation. 

AA = 
(Sa-Sb)*HInA[H+] 

[HIn]0 (2) 
([H+] + A[H+] +#Hm) ([H+] +XH I n; 

Since A[H+] is equal to [HMPA.H+] , K& can be 
calculated by using A[H+] which is obtained from 
Eq. 2.10> 

K* = 
([HMPA]0-A[H+])([HG1Q4]0-A[H+]) 

A[H+] (3) 

Thus, the value of K& was given K3i=0.7l±0A6 M 
as the mean value of thirty-one observations at 
[HMPA] 0 =0.23—1.15 M, [HClO 4 ] 0 =0.01—0.02 M 
and 25 °C at wavelengths 420, 440, 520, and 540 nm, 
where H M P A exhibits no absorption.12) This value 
corresponds to p Ä ^ O . 1 5 , indicating that H M P A is 
a very weak base although it is a little more basic than 
N,N-dimethylformamide, p # a ( D M F ) = -0.191 3> and 
dimethyl sulfoxide, p ^ a ( D M S O ) = -0.67.1 0> Accord­
ing to the Gutmann 's donor numbers, Z>sbci55 the 
sequence of the basic nature as Lewis bases agrees 
with the present results, H M P A > D M F > D M S 0 . 1 4 > 

Formation Constant of Fe(hmpa)3+. In aqueous 
solution of iron (I II) Perchlorate, optical absorbance 
increases at the shorter wavelengths than 450 nm with 
decreasing concentration of perchloric acid from 1.0 M 
to 0.01 M due to the partial hydrolysis of Fe 3 +

a q with 
the hydrolysis constant ^ H = [Fe(OH)2+] [H+]/[Fe3+] = 
2 . 2 X 1 0 - 3 M at 25 °C.15) In order to determine the 
formation constant of Fe (hmpa) 3 + defined as Kh = 
[Fe(hmpa) 3+]/[Fe 3+][HMPA], it is desirable that the 
acid concentration is chosen to be high enough to be 
able to avoid the partial hydrolysis of Fe 3 + , although 
too high acid concentration would give rise to the 
protonation of H M P A due to 7 ^ = 0 . 7 1 M, as described 
above. 

Thus, the formation constant K^ was determined 
under a carefully considered condition of [FIClO 4 ] 0 = 
1.0 M by Job 's continuous variation method . n ) In 

Fig. 1. Job's plot of continuous variation at 350 nm. 
y=(ci-c0)[Fe(hmpa)»+] and x= [Fe3+]0/([Fe3+]0+ 
[HMPA]0). 
a: [Fe3+]0+[HMPA]0=0.1 M, b : [Fe3+]0+[HMPA]0 

= 0.08 M. 

Fig. 1, are drawn two Job 's curves of [Fe 3 + ] 0 + 
[ H M P A ] 0 = 0 . 1 and 0.08 M at 350 nm, where Y is 
defined by the following relation, in which e0 and sx 

are the molar absorptivities of Fe 3 + and Fe(hmpa) 3 + 

respectively. 

Y = £0[Fe3+] + £l[Fe(hmpa)3+] - £0[Fe3+]0 

= (e1-e0)[Fe(hmpa)*+] (4) 

The curves exhibit maxima both at # = [ F e 3 + ] 0 / 
( [ F e 3 + ] 0 + [ H M P A ] 0 ) = 0 . 5 indicating that the pre­
dominant species is a 1 : 1 complex between Fe 3 + and 
H M P A at these concentration ranges, and give Kh= 
1.46ZL0.22M-1 as a result.11) 

At higher concentrations of H M P A than 0.1 M, 
higher complexes such as Fe (hmpa) n

3 + («^2) might 
be formed. 

Effect of Concentration of HMPA on Rates of the Electron 
Transfer Reaction. The process of the electron 
transfer reaction between iron (II) and iron (III) obeys 
the following McKay's relationship, as has been com­
monly recognized in any exchange reactions; 

l n ( l - - * - ) = 
\ Xoo J 

•([Fe(II)] + [Fe(III)])fc (5) 

in which x and #oo represent the specific radioactivity 
of Fe (II) species at reaction time t and at equilibrium, 
respectively. Therefore, the apparent second-order 
rate constant, k, is expressed by use of half-time period 
of the reaction, /1/2, which is obtained from the linear 
plot of ln(#oo—x) vs. t. 

. = 0-693 
([Fe(II)] + [Fe(III)])* l /a

 } 

When [H+] is maintained constant, k is affected by 
addition of H M P A ; at a low concentration range of 
H M P A , k is lowered by H M P A and after passing 
the minimum point at about [ H M P A ] 0 = 1 . 5 M, k 
increases with increasing [HMPA] 0 . The variation 
of k with [ H M P A ] 0 are shown in Fig. 2. Similar 
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Fig. 2. Variation of k with [HMPA]0 at //=0.2 M 
and 25 °G. 
a: [HGlOJ0=0.05 M, b : [HGlO4]0=0.1 M. 
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phenomena have been recognized in w a t e r - D M S O 
systems, with the minimum value of k appearing 
at the mole fraction of D M S O 0.2—0.3 ( [DMSO] 
=6.5—8.0 M) when [ H C 1 0 4 ] = 5 X 10~2 M,8) and in 
wa te r -DMF systems, with the minimum value of k 
appearing at [ H 2 0 ] = 2 M (namely [DMF] = 12.5M) 
when [HClO4] = l x l 0 - 2 M . 1 6 ) 

Dependence of Rate Constants upon Acid Concentration. 
The apparent rate constant k is also dependent upon 
[H+] at constant [ H M P A ] , becoming smaller as [H+] 
becomes larger. When k is plotted against the recip­
rocal [H+], straight lines are obtained at respectively 
constant concentration of H M P A , as is reproduced in 
Fig. 3, at the concentration range of [ H M P A ] 0 = 0 — 
3 M and [H+]=0.03—0.2 M. Therefore, k is appar­
ently expressed by the following equation at constant 
[ H M P A ] ; 

k = kA + 
[H+] 

(7) 

where kA and kB are the intercept and the slope of an 

• * 40h 

30 40 10 20 

[H+J-VM-1 

Fig. 3. Linear relationships of k with [H+] - 1 at ju= 
0.2 M and 25 °G. 
a : [HMPA] 0=0M, b: [HMPA]0= 1.0 M, c: [HMPA]0 

= 1.5 M, d: [HMPA]0=2.0 M, e: [HMPA]0=3.0 M. 

1 2 

[HMPA]0/M 

Fig. 4. Variation of kB with [HMPA]0 at // = 0.2 M 
and 25 °G. 

empirically observed straight line respectively in Fig. 
3 ; kAs are very small at every [HMPA] 0 , while kB 

varies with [ H M P A ] 0 and exhibits a minimum again 
at [HMPA] 0 = 1.5 M, as is shown in Fig. 4. 

Mechanism. According to the absorption spectra 
of aqueous solutions containing Fe3 + , H M P A , and 
H C 1 0 4 at various concentrations at a wavelength 
range of 270—500 nm, the following results are 
observed : in the ultraviolet region, the absorbance 
increases with increasing [HMPA] and decreasing 
[ H C I O J , whereas in the visible region, it increases 
with increasing both [HMPA] and [ H C I O J , and 
approximate isosbestic phenomena occur in the vici­
nity of 340—350 nm among spectra of different [ H C I O J 
at individually constant [ H M P A ] . These observed 
facts are caused by the hydrolysis of iron (I II) species 
and the complex formation between iron (I II) and 
H M P A . Consequently, it can be deduced that in 
the mixed solvents of water and H M P A , predominant 
part of i ron(III) exists in the forms such as Fe31", Fe-
(OH)2+, Fe(hmpa)3+, and Fe(OH)(hmpa) 2 +, and the 
rest par t is in the forms of some higher complexes 
of H M P A . Since the pK& value of H M P A is compar­
atively small, the occurrence of the protonated species 
of Fe(hmpa) 3 + is not probable. In regard to iron-
(II) species, both the hydrolysis and the complex for­
mation with H M P A would be weak. 

Thence, the important reaction paths of the electron 
transfer would be expressed by the following equations, 
having the activated complexes composed of [Fe2 + , 
Fe3+], [Fe2+, O H " , Fe3+], [Fe2+, H M P A , Fe3+], and 
[Fe2+, O H - , H M P A , Fe3+] respectively. The asterisk­
ed Fe in the equations stands for the labeled species 
by tracer radioisotope: 

Fe2+ + *Fe3+ -> Fe3+ + *Fe2+ (k0) (8) 

Fe2+ + *Fe(OH)2+ -> Fe(OH)2+ + *Fe2+ (*H) (9) 

Fe2+ + *Fe(hmpa)3+ ~> Fe(hmpa)3+ + *Fe2+ (kh) (10) 

Fe2+ + *Fe(OH)(hmpa)2+ 

-» Fe(OH) (hmpa)2+ + *Fe2+ (*HL) (11) 

When the respective rate constants of Reactions 
8—11 are denoted by k0, kH, £L, and £HL, the formation 
constant of Fe(hmpa)3+ by Kh, and the hydrolysis 
constants of Fe(OH) 2+ and Fe(OH)(hmpa) 2 + by 
Ku and Knlj respectively, the apparent rate constant 
k is given by the following equation. 

k = 

k0 + kuKu\H+]~1 + £LXL[HMPA] + kHIjKLKnij[HMFA] [H+]-* 
1 +KH [H+]- 1+#L [FIMPA] +XLXH L[HMPA][H+]-1 

(12) 
Since H M P A is slightly basic in aqueous solutions, 

the concentration of free H M P A , [ H M P A ] , appear­
ing in Eq. 12, has to be strictly expressed by the fol­
lowing equation. 

r H M P A 1 = [ H M P A ] Q 

(13) 

By using the values Ä"a=0.71 and Kh=lA6 and 
supposing that KHli would be approximately as small 
as 10~3 of the same order as KB, the value of the denomi-



1384 Goro WADA, Sayuri NAKAGO, and Yuriko ABE [Vol. 52, No. 5 

nator of Eq. 13 can be regarded as unity at low but 
not extremely low acid concentrations, and therefore, 
[ H M P A ] 0 may be plausibly used in place of [HMPA] 
in Eq. 12. 

O n the other hand, among the three terms in the 
denominator of Eq. 12, only ifL [HMPA] is no longer 
negligible as compared with unity, according to the 
numerical consideration. Therefore, Eq. 12 can be 
simplified as follows: 

A(1+4[HMPA]) = ( V ^ L # L [ H M P A ] ) 

+ M H + ^ H L ^ H L [ H M P A ] ) [ H + ] - I (14) 

Comparing Eq. 14 with Eq. 7, more accurate 
straight lines will be obtained when ^ ( l + i T L -
[HMPA]) , instead of the mere k, is plotted against 
[H+] - 1 , as are shown in Fig. 5, with the intercept kA' 
and the slope kB' of respective straight lines. 

^ = ^ o + W H M P A ] (15) 

kB' = knKH + * H L ^ L ^ H L [ H M P A ] (16) 

The values of kA' as obtained from the extrapolation 
of the straight lines are small and inaccurate to deter­
mine the value, while kB' is accurately determined and 
found to increase with the increasing [ H M P A ] , al­
though it is not linear against the expectation from 
Eq. 16. The variation of kB' with the function of 
[HMPA] is shown in Fig. 6, where any minimum 
phenomenon is no longer observed, which has been 
observed in the case of plotting kB vs. [HMPA] in Fig. 
4. 

In both cases of mixed solvents of water-iV-methyl-
acetamide (NMA) and water-iV,N-dimethylacetamide 
(DMA),17) the linear relationship corresponding to 
Eq. 14 with the same physical meanings of kA' and kB 

as the present case, was found to hold, and another 

500 

[H+J-VM-1 

Fig. 5. Linear relationships of £(l + iCL[HMPA]) with 
[H+]-1 at 0 = 0.2 M and 25 °C. 
a, b, c, d, and e: Respectively the same as in Fig. 3. 

0 1 2 

[HMPA]/M 

Fig. 6. Variation of kB with [HMPA] at / /=0 .2M 

and 25 °G. 

linear relationship of kB with [NMA] or [DMA] as 
represented by Eq. 16 was also noticed, giving reason­
able values of knKn and kKIjKIuKilh. 

Both of the observed facts that k exhibits a minimum 
value as a function of [ H M P A ] 0 as in Fig. 2 and that 
k-v also shows a minimum at the same [HMPA] 0 as 
in Fig. 4 may result from a same cause and reflect 
on the failure of kB from the linearity with respect 
to [HMPA] as in Fig. 6. 

The abrupt increment of kB failing from the linea­
rity in Fig. 6 may indicate a probability that the higher 
complexes of Fe(hmpa) n

3+ (T£>2) participate in the total 
reaction at higher H M P A concentration. From the 
limiting slope of the curve at [HMPA]->0, the value 
of kKIjKhKIlh may be given to be 1 . 2 M - V 1 , which 
may lead to a further estimation of £HL = 3.7 X 102 M " 1 

s-1. Since y t H = 2 . 7 x l 0 3 M - 1 s - 1 at 25 °C,15) the reac­
tion path (11) is supposed to be about ten times slower 
than the reaction path (9). The existence of H M P A 
molecule in coordinate sphere of the iron(III) com­
plex may interfere with the hydrogen atom transfer 
mechanism of the electron transfer, probably due 
to both the larger geometrical dimension of an H M P A 
molecule, and the poorer possibility of hydrogen bond­
ing of an H M P A molecule which is surrounded with 
as many as six methyl groups towards the outside 
of the complex, than that of a water molecule. 
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A stoichiometrical ion-exchange was observed for all the systems of Mg2+, Ca2+, Sr2+, and Ba2+ with H+ in 
the crystalline antimonic(V) acid as a cation exchanger. The selectivity sequence, Mg 2 + <Ba 2 + <Sr 2 + <Ca 2 + , 
has been found for the ion-exchange reactions in 0.1 M nitrate salt solutions of different alkaline earth metals. 
Breakthrough and further elution studies were carried out in order to test the reversibility of the ion-exchange 
reactions. X-Ray analysis indicates that a solid solution forms for the ion-exchange system of the alkaline earth 
metal ions in the crystalline antimonic(V) acid. 

Antimonic acid, S b 2 0 5 - 4 H 2 0 , has been of interest 
during last two decades because of its high ion-exchange 
capacity.1) Various antimonic acid materials have been 
obtained with different chemical compositions and ion-
exchange properties, depending on the method of pre­
paration as well as on aging. 2> The species can be 
classified into three groups-crystalline, amorphous, and 
glassy. Among three different antimonic acids, crystal­
line antimonic (V) acid, C-SbA, shows an unusual 
selectivity for alkali metal ions as compared with the 
strong acid-type cation-exchange resins. T h e increas­
ing selectivity shows: L i + < K + < C s + < R b + < N a + for 
microquantities of alkali metal ions in a nitric acid 
solution.3 '4) Similar unusual selectivity has been ob­
served for polyantimonic acid5) and hydrated antimony 
pentoxide.6) These materials can be applied to the 
effective separation of sodium ion from certain ele-
ments.3 '4-6 '7) 

An unusual selectivity has been found in the ion-
exchange system for microquantities of alkaline earth 
metal ions in a nitric acid solution.8) An increasing 
order of selectivity is: Mg 2 +<Ba 2 +<Ca 2 +<Sr 2 +. A 
large difference in the distribution coefficients has 
been observed for the pairs of Mg2+-Ba2+, Ba2+-Sr2+, 
and Cs+-Sr2+. Effective separations can be achieved 
for these pairs.8) Slightly different selectivities have 
been found for polyantimonic acid (PAA) : Mg 2 +< 
Ca2+<Sr2+<Ba2+.9) 

In general, the selectivities of the inorganic ion-
exchangers vary not only with the solution media, but 
also with exchange loading as a function of the con­
centration of the elements. 

In this paper, the ion-exchange properties of C-SbA 
with macroquantities of alkaline earth metal ions will 
be reported. 

Exper imenta l 

Reagents. The antimony pentachloride (Yotsuhata 
Chemical Co., Ltd.) was used without further purification. 
The other reagents used were all of an analytical grade. 

Preparation of C-SbA as an Ion-exchange Material. C-
SbA was prepared as has been described previously:2) the 
precipitate obtained by the hydrolysis of antimony penta­
chloride was kept in the mother solution at 40 °C for over 
20 days, and then washed with cold demineralized water with 
the aid of a centrifuge (about 10000 rpm) until it was free 

from chloride ions. After drying, the product was ground 
and sieved (100—200 mesh size). The collected sample 
was rewashed with demineralized water in order to obtain 
a clear supernatant solution following batch equilibrium 
experiments and to improve the elution-fiow rate. 

The Stoichiometry of Ion-exchange. Equilibrations 
were carried out by the batch technique as follows: a 0.25 g 
portion of the C-SbA was immersed in 25 ml of a 0.1 M 
nitrate salt solution of different alkaline earth metals at 
30±0.1 °C with intermittent shaking. The amounts of 
metal ions adsorbed were determined from the changes in 
the concentrations of the alkaline earth metal ions and hy­
drogen ions relative to the initial concentration of the solution 
after equilibration. The emf titration method was employed 
for determining the hydrogen-ion concentration by means 
of a standard sodium hydroxide solution. 

Breakthrough Curves. A column, 2.3 long and 0.4 cm 
i.d., containing 0.40 g of C-SbA in hydrogen ion-form, was 
employed, with a flow rate of 0.3 ml/min. The concentra­
tions of hydrogen ions liberated by the ion-exchange reaction 
were titrated with a standard sodium hydroxide solution, 
using methyl red as an indicator. 

Elution Curves of Alkaline Earth Metal Ions. A nitric 
acid solution at different concentrations was passed through 
the C-SbA column saturated with alkaline earth metal ions 
with a flow rate of about 0.3 ml/min. 

Composition of the Ion-exchanged C-SbA with Different Alkaline 
Earth Metal Ions. The ion-exchanged C-SbA of a 
weighed amount (0.1 g) was dissolved by heating in a mixed 
solution of 25 ml of a 12 M HCl solution and 10 ml of a 
0.5 M KI solution. After cooling, a 10 ml portion of a 
10% tartaric acid solution was added in order to avoid the 
hydrolysis of Sb(III) and a 50 mg portion of L-ascorbic acid 
was added to reduce of the I3~ formed as a result of the re­
action of oxidation-reduction from Sb(V) to Sb(III). The 
concentrations of the alkaline earth metals and of antimony 
in the solutions were determined by using a Varian-Tech-
tron 1100 atomic-absorption spectrometer. The water con­
tent of the ion-exchanged C-SbA was calculated by sub­
tracting the weights of the corresponding metal oxides from 
the initial weight. 

X-Ray Power-diffraction Analysis. The X-ray data 
for the ion-exchanged C-SbA were determined by using 
a JEOL X-ray diffraction meter Model, JDX-7E with, 
Ni-filtered Cu Ka. radiation. 

R e s u l t s and D i s c u s s i o n 

The results of the TGA, DTA, and X-ray studies 
of C-SbA in the hydrogen-ion form showed a good 



May, 1979] Ion-exchange Properties of Crystalline Antimonic (V) Acid 1387 

TABLE 1. STOICHIOMETRY OF THE ION-EXCHANGE REACTION OF ALKALINE EARTH METAL IONS ON C-SbA 

Ion-exchange system 

Amounts 
meq/g 

Mg2+/H+ Ca2+/IF Sr2+/ff Ba2+/I^ 

Adsorbed metal ions 
Liberated hydrogen ions 

0 .61±0.02 
0.60±0.05 

3.37±0.02 
3.40±0.05 

3.15±0.02 
3.10±0.02 

2.55±0.02 
2.50±0.05 

agreement with our earlier works.2'10) 
Batch Equilibration. The equilibrium for macro-

quantities of alkaline earth metal ions was attained 
within 3 months from our preliminary studies. For 
microquantities of Ca2+ and Sr2+, previous work indi­
cated that the exchange equilibrium would be attained 
in about 6 months. These phenomena may be ex­
plained by the presence of limited numbers of sites 
favorable to Ca 2 + and Sr2+ making for a very tight 
network structure of the C-SbA. Thus no difference 
in the adsorbed amounts was observed within the 
limits of experimental error, although a further uptake 
of very small amounts occurred for a few consecutive 
months. 

The relation between the liberated hydrogen ions 
and the adsorbed alkaline earth metal ions indicates 
a stoichiometry of the ion-exchange reaction for the 
systems studied (Table 1). The affinity sequence for 
macroquantities was found to be in this increasing 
order : 

Mg2+ < Ba2+ < Sr2+ < Ca2+ 

which was slightly different from the sequence for 
microquantities presented above. This may suggest 
that the selectivity sequence varys with the loading 
of the alkaline earth metal ions in C-SbA, as has been 
found for the ion-exchange systems of alkali metal 
ions-hydrogen ions on the C-SbA.10) A definite selec­
tivity sequence has been reported for both micro-
and macroquantities of the same system on PAA by 
Baetsle and Huys.5) However, no equilibrium time 
required has been reported in the literature. The 
rate of the adsorption of Ca 2 + and Sr2 + was extremely 
slow, and the same sequence observed on PAA was 
found at the initial stage of the adsorption within a 
few weeks. 

Breakthrough Curves. The breakthrough curves 
showed that hydrogen ions are liberated quantitatively 
for the equivalent uptake of alkaline earth metal ions 
by the ion-exchange reaction. The elution of the 
hydrogen ions by the ion-exchange proceeded rapidly 
at first, but they were still being liberated even after 
the passage of a relatively large volume of a 0.05 M 
nitrate salt solution of different alkaline earth metals, 
except in the case of the 0.05 M B a ( N 0 3 ) 2 solution 
(Fig. 1). The breakthrough curve obtained for Ba2 + / 
H+ exchange was steeper than those obtained for other 
systems. This can be explained by the fast rate of 
the adsorption for Ba2+ and the slow rate for the other 
alkaline earth metal ions, as was to be expected from 
a previous report.8) The breakthrough capacities were 
determined by the analysis of alkaline earth metal 
and antimony after decomposing the exchanged C-
SbA, because the determination from the liberated 
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0.0 5.0 10.0 15.0 

Effluent volume/ml 

Fig. 1. Breakthrough curves for 0.05 M alkaline earth 
metal nitrate on C-SbA. 
Column: 2.3x0.4 cm i.d., flow rate: 0.3 ml/min, 
- O - : Mg2+, -%—. Ca2+, - D - : Sr2+, - • - : 
Ba2+, - A - : H+. 

hydrogen ions may lead to large experimental error 
because of long tailing. 

Elution of the Alkaline Earth Metal Ions Adsorbed on 
the C-SbA. Individual elution peaks with a sharp 
front and a tailing rear were observed for the elution 
of Mg2+, Ca2+, and Sr2+ (Figs. 2 and 3). Incomplete 
regenerations were achieved for the systems of Ca2+/H+ 
and Sr2+/H+, even if a 10 M nitric acid was used as 
an eluant. These phenomena may be due to the slow 
rate of desorption and the highly adsorptive ability 
on the C-SbA for Ca2+ and Sr2+. 

The adsorbed Ba2 + were eluted easily v/ith a relatively 
small volume of a 1 M H N 0 3 as an eluant. The results 
of the breakthrough and the elution are summarized 
in Table 2. T h e breakthrough capacities are found 
to be in the following increased order: M g 2 + < C a 2 + < 
Ba2+<Sr2+. The lower value of the breakthrough 
capacity than the uptake by batch equilibration for 
Ca2+ may be due to the slow rate of adsorption. A 
complete regeneration was achieved for the Ba2+-ex-
changed C-SbA. Elutions of 79%, 3 1 % and 4 3 % 
for the adsorbed metal ions were achieved for Mg2+, 
Ca2+ and Sr2 + respectively under the above experi­
mental conditions. 

The water contents of the C-SbA exchanged by 
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Fig. 2. Elution curves of M g 2 + and Ga 2 + from the ion-
exchanged G-SbA. 
Column: 2 . 3 x 0 . 4 cm i.d., flow ra te : 0.3 ml/min. 

ö o 
Ü 20 " 4 0 

Eluate volume/ml 

Fig. 3. Elution curves of Sr2 + and Ba2 + from the ion-
exchanged G-SbA. 
Column: 2 . 3 x 0 . 4 cm i.d., flow ra te : 0.3 ml/min. 

T A B L E 2. PREPARATION AND COMPOSITION OF THE ION-EXCHANGED C-SbA WITH DIFFERENT 

ALKALINE EARTH METAL IONS 

Batch 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

Ion-exchange 
reaction 

H+ -> Mg2+ 

Mg2+ -» H+ 

H+ - * Ca2+ 

Ca2+ -» H+ 

H+ -» Sr2+ 

Sr2+ - * H+ 

H+ -» Ba2+ 

Ba2+ - * H+ 

Influent0) 

/ 
Breakthrough with 

40 ml of 

0 .05 M M g ( N 0 3 ) 2 

40 ml of 

0 .05 M M g ( N 0 3 ) 2 

800 ml of 

0 .05 M Ca(NO a ) 2 

800 ml of 

0 .05 M C a ( N 0 3 ) 2 

1000 ml of 

0 .05 M S r ( N 0 3 ) 2 

1000 ml of 

0 .05 M S r ( N 0 3 ) 2 

30 ml of 

0 .05 M B a ( N 0 3 ) 2 

30 ml of 

0 .05 M H N 0 3 

Elution with 

70 ml of 1 M H N 0 3 

1500 ml of 3 M H N 0 3 

and 

300 ml of 1 0 M H N O 3 

1500 ml of 3 M H N 0 3 

and 

300 ml of 10 M H N 0 3 

60 ml of 1 M H N O , 

M2+ 
Adsorbed 
(meq/g) a> 

0.53b> 

0.095 

2.61b> 

1.81 

3.31b> 

1.90 

3.00b> 

0 . 0 

Mole ratio in 

M O / S b 2 0 5 

0.105 

0 .019 

0.516 

0 .358 

0 .654 

0.375 

0.594 

0 .0 

the exchanger 

H 2 0 / S b 2 0 5 

2.01 

2 .83 

1.47 

1.85 

0.726 

1.04 

3.35 

4 .47 

a) meq/g of S b 2 0 5 - 4 H 2 0 . b) Breakthrough capacity, c) M : mol-1" 1 . 
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TABLE 3. X - R A Y DIFFRACTION DATA OF THE C-SbA EXCHANGED BY DIFFERENT 

ALKALINE E A R T H METAL IONS 

Batch No. 
Exchanged 

hkl 

111 
311 
222 
400 
331 
422 
511 
440 
531 
533 
622 
444 
711 
731 

H+ 

d{k) 

5.993 
3.131 
2.998 
2.596 
2.382 
2.119 
1.9985 

1.835s 

1.755 
1.5829 

1.5652 

1.4994 

1.4539 

1.3513 

W* 
100 
76 
78 
15 
10 
4 

22 
35 
23 
11 
28 
6 

18 
11 

1 
Mg2+ 

6.002 

3.134 
3.001 
2.599 
2.386 
2.1245 

2.0014 

1.8370 

1.7568 

1.585! 
1.5669 

1.5007 

1.4556 

1.3537 

Ilh 

100 
79 
74 
17 
11 
1 

18 
34 
20 
6 

27 
6 

12 
9 

3 
Ga2+ 

d{k) 

5.914 
3.091 
2.961 
2.564 
2.352 

1.9738 

1.813! 
1.7336 

1.564a 

1.546! 
1.4805 

1.4363 

1.3364 

Ilh 

85 
70 

100 
18 
6 

19 
45 
18 
9 

31 
8 

10 
12 

5 
Sr2+ 

d(k) 

5.973 
3.120 
2.986 
2.587 
2.373 

1.991 
1.8284 

1.749j 
1.5774 

1.5592 

1.493. 
1.447, 
1.3474 

Ilh 

59 
40 

100 
19 
5 

11 
38 
10 
6 

27 
5 
6 
8 

7 
Ba2+ 

d(k) 

6.010 
3.139 
3.005 
2.6025 

2.004 
1.8405 

1.7590 

1.5873 

1.569! 
1.5024 

1.4576 

1.3559 

Ilh 

50 
42 

100 
22 

11 
34 
13 
7 

30 
7 

10 
8 

ä{k) 10.38, 10.39« 10.257 10.34« 10.409 

ä: Mean lattice constant. 

different alkaline earth metal ions decrease with an 
increase in the amounts of the metal ions adsorbed 
and also with an increase in the crystal ionic radii 
of the metals, except in the case of Ba2+ . This indicates 
that the net transfer of some water molecules from the 
solid phase to the solution phase occurs with the ion-
exchange of the alkaline earth metal ions on the C-SbA 
in hydrogen-ion form. 

X-Ray Analysis. The X-ray diffraction data of 
the ion-exchanged C-SbA with different alkaline earth 
metal ions are summarized in Table 3. 

There are changes in the lattice constant of up to 
a few percent with the cations adsorbed, but no 
change in the space group, Fd3m. Similar behavior 
is established for C-SbA and various zeolites on the 
ion-exchange systems of the alkali metal ions.10-11) 
This may be due to the fact that C-SbA does not 
undergo remarkably any dimensional change with the 
ion-exchange because of its three-dimensional frame­
work structure, like that of zeolite. In contrast, clay 
mineral and crystalline zirconium phosphate, posses­
sing two dimensional structure, may undergo swelling 
or shrinking and may also be converted to two im­
miscible phases during the ion-exchange of some metal 
ions.11-12) All of the X-ray diffraction patterns de­
termined belong to Fd3m, and no immiscible phase 
was found over the entire range of systems studied. 
A remarkable decrease in the diffraction intensities of 
the (111) and (311) planes was observed with an in­
crease in the crystal ionic radii of the adsorbed metal 
ions, while the (222) plane increased. 

The calculated values of the lattice constant of 
the ion-exchanged C-SbA are plotted against the ef­
fective ionic radii of the metal ions in Fig. 4, the data 
of the C-SbA exchanged with alkali metal ions being 
included for comparison. The effective ionic radii 
can be found from the Shannon and Prewitt Table 
by assuming that the metal ion has six-coordinated 
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Fig. 4. Changes in the lattice constant of the C-SbA 
ion-exchanged with alkaline earth metal ions. 
A : H-form, O: (1), • : (3), • : (5), 9 : (7), A 
numeral in parenthesis indicates batch number. 

radii.13) A strong dependence on the effective ionic 
radii was noticed for the changes in the lattice con­
stant, although it may be very difficult to explain its 
relationship quantitatively because of the metal ions 
adsorbed in different amounts in the C-SbA. When 
the exchanging cation, Na+ or Ca2 + , has an ionic radii 
of about 1.0 Â, the lattice constant decreases markedly, 
as compared with that of the C-SbA in the hydrogen-
ion form. Increased lattice constants are observed 
for the adsorption of a metal ion with effective ionic 
radii of about 1.3 Â (in the case of K+ and Ba2 +) . 

O u r work indicates that C-SbA has interstitial-
(free) water with the chemically bonded water com­
bined as Sb-OH. 1 4) The shrinking of the crystal 
lattice makes it progressively easier to exclude some 
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TABLE 4. X - R A Y DIFFRACTION DATA OF THE ION-EXCHANGED G-SbA SAMPLES AFTER 

R E G E N E R A T I O N W I T H NITRIC ACID SOLUTIONS AS E L U ANTS 

Batch No. 
Exchanged 

hkl 

111 
311 
222 
400 
331 
422 
511 
440 
531 
533 
622 
444 
711 
731 

5(A) 

ä: Mean 

2 
Mg2+-

d{k) " 

6.001 
3.134 
2.999 
2.598 
2.384 
2.122 
1.996 
1.8363 

1.7558 

1.5838 

1.5664 

1.4992 

1.4548 

1.3529 

10.388 

lattice constant. 

I/h 

100 
67 
77 
15 
10 
4 

14 
20 
22 

6 
20 
4 

13 
9 

4 
Ca2+-^ 

d(A) " 

5.953 
3.104 
2.973 
2.574 
2.362 

1.9815 

1.819g 
1.740. 
1.5704 

1.5520 

1.486a 
1.4414 

1.340B 

10.296 

I/h 

100 
82 
95 
16 
8 

20 
44 
20 
12 
33 
6 
9 

12 

6 
Sr2+^ 

</(Ap" 
5.981 
3.121 
2.987 
2.588 
2.374 

1.9914 

1.8287 

1.7493 

1.5774 

1.56Û! 
1.4935 

1.4493 

1.347B 

10.349 

• H + 

I/h 

85 
61 

100 
23 

7 

18 
38 
17 
4 

33 
8 

10 
9 

8 
Ba 2 +-3 

d{k) 

5.993 
3.130 
2.995 
2.5945 

2.381 
2.118 
1.9972 

1.8343 

1.7539 

1.5824 

1.5640 

1.4988 

1.4527 

1.3512 

10.378 

• H + 

Ilh 

100 
58 
70 
14 
10 
2 

17 
28 
21 
9 

24 
6 

12 
13 

of the water molecules of the solid phase by the ion-
exchanging metal ions. In contrast, the swelling may 
cause some of the water molecules to be retained with 
the exchanging metal ions. If the dimension of the 
crystal lattice remain constant during the ion-exchange, 
the net transfer of some of the water molecules from 
the solid phase to the solution phase are probably 
caused by the adsorption of the metal ion with large 
effective ionic radii. The differences in the water 
content in the C-SbA exchanged with Ba2 + and with 
Ca 2 + can be explained by the swelling and the shrink­
ing. 

The X-ray diffraction data of the C-SbA regen­
erated by different nitric acid solutions are summarized 
in Table 4. The X-ray data for the regenerated 
sample (Batch No.8) show that the conversion from 
the Ba2+-exchanged C-SbA to the C-SbA in the hy­
drogen-ion form is indeed reversible within the limit 
of experimental error. In the other system, the X-ray 
patterns show intermediate profiles between the fully 
exchanged C-SbA and the C-SbA in hydrogen-ion form 
in the diffraction intensities and in values of the lattice 
constant. 

The apparent irreversibility for the ion-exchange 
systems of Ca 2 + /H+ and Sr2 + /H+ may be due to the 
extremely slow rate of adsorption and desorption in 
addition to the extremely high adsorptive ability of 
C-SbA for Ca2+ and Sr2+. 

Only a single phase is noticed over the entire range 

of C-SbA ion-exchanged with different alkaline earth 
metal ions. This indicates that a solid solution forms 
for the ion-exchange system of the metal ions in the 
C-SbA. 
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Synthesis, Absorption and CD Spectra of [Co(amino alcohol)(N)2(0)2]-
type Complexes 

K e n i c h i O K A Z A K I a n d M u r a j i S H I B A T A * 

Department of Chemistry Faculty of Science, Kanazawa University, Kanazawa 920 

(Received October 19, 1978) 

Complexes of the [Co(amOH)(N) 2 (0 ) 3 ] - type , where a m O H represents 2-aminoethanol or (,S)-2-amino-
1-propanol and ( N ) 2 ( 0 ) 2 represents (gly)2, 0?-ala)2, (ox) (en) or (ox)(NH3)2 , have been prepared and characterized 
on the basis of absorption and P M R spectra. Splitting of the T 2 g band has been observed in the solution spectra 
of certain isomers of the [Co(gly)2(eta)], [Co(gly)2(,S'-pra)], or [Co(/?-ala)2(eta)] complex. Using the crystal 
spectral data of the isomci's of [Go(gly)2(eta)], the a- and 7T-antibonding parameters for the ligating alcoholate 
O atom have been estimated and it has been found that each parameter shows a higher value than the correspond­
ing parameters for the other ligating N and O atoms. T h e C D spectrum, in the T 2 g region, of/àc-[Co(gly)2(eta)] 
has shown an intense peak at ca. 25000 cm- 1 , and the vicinal effect curve of each isomer of the [Go(gly)2(5'-pra)] 
complex has shown an intense peak at the same frequency. 

T h e m i x e d l i g a n d c o m p l e x of c o b a l t ( I I I ) c o n t a i n i n g 
2 - a m i n o e t h a n o l ( H e t a ) a n d e t h y l e n e d i a m i n e , [ C o ( e n ) 2 -
( H e t a ) ] 3 + , was first p r e p a r e d b y B u c k i n g h a m et al.1) 
L a t e r , O g i n o et al.2) p r e p a r e d op t i ca l ly ac t ive c o m ­
plexes such as [Co(en)2(>!>-Hpra)]3+ (S-Hpra, d eno t e s 
( S ) - 2 - a m i n o - l - p r o p a n o l ) , [ C o ( e n ) 2 ( H e t a ) ] 3 + a n d [ C o -
( N H 3 ) 4 ( 5 ' - H p r a ) ] 3 + a n d r e p o r t e d t h a t d issoc ia t ion of 
the h y d r o x y l p r o t o n s r e su l t ed in c h a n g e s in t h e a b s o r p ­
t ion a n d c i r cu l a r d i c h r o i s m ( C D ) s p e c t r a ; in t h e 
spec t r a of t h e d e p r o t o n a t e d [ C o ( e t a ) ( e n ) 2 ] 2 + a n d [ C o -
(6 ' -pra)(en) 2 ] 2 + complexes , a s h o u l d e r a n d m a x i m u m 
a r e obse rved in t h e second a b s o r p t i o n ( T 2 g ) r e g i o n . 
I n t he C D spec t r a of [ C o ( S - p r a ) ( e n ) 2 ] 2 + a n d [ C o -
( lS'-pra)(NH3)4]2+ c o m p l e x e s , t h e v ic ina l effect c u r v e 
shows of m e d i u m in t ens i ty p e a k s n o t o n l y i n t h e first 
a b s o r p t i o n ( T l g ) r eg ion b u t also a t t h e s h o u l d e r of 
t h e split T 2 g b a n d . T h e s e obse rva t i ons a r e of in te res t 
s ince, in g e n e r a l , sp l i t t ing of t h e T 2 g b a n d a n d a n 
in tense C D p e a k in t h e T 2 g r eg ion a r e b o t h r a r e . 
N i sh ide et al.3) p r e p a r e d [ G o ( a m O H ) ( N ) 4 ] - t y p e c o m ­
plexes us ing a v a r i e t y of a m i n o a lcohols ( a m O H ) a n d 
s tud ied t h e v ic ina l effect d u e to t h e c h e l a t e d a m i n o 
a lcohols . T h e r e is h o w e v e r n o s t u d y of o t h e r c o m p l e x e s 
w h i c h differ f rom t h e a b o v e in c h r o m o p h o r e . 

T h e p r e s e n t w o r k was u n d e r t a k e n to p r e p a r e m i x e d 
l i gand complexes of [ C o ( a m O H ) ( N ) 2 ( 0 ) 2 ] - t y p e , in 
w h i c h a m O H deno te s 2 - a m i n o e t h a n o l o r op t i ca l ly 
ac t ive ( .S ) -2 - amino - l -p ropano l a n d t h e ( N ) 2 ( 0 ) 2 m o i e t y 
deno tes t w o g lyc ina t e ions , t w o /5-a laninate ions , e t h y ­
l e n e d i a m i n e a n d o x a l a t e ion , o r t w o a m m o n i a a n d 
oxa l a t e ions. T h e c o m p l e x e s o b t a i n e d e x h i b i t e d r e ­
m a r k e d different a b s o r p t i o n a n d C D spec t r a , a n d 
spl i t t ing of t h e second a b s o r p t i o n b a n d was obse rved . 
I n o r d e r to clarify t h e sp l i t t ing of t h e T l g a n d T 2 g 

b a n d s , p o l a r i z e d c rys ta l s p e c t r a w e r e m e a s u r e d , a n d 
from the spec t ra l d a t a , t h e a- a n d j r - a n t i b o n d i n g 
p a r a m e t e r s of t h e N a n d O d o n o r a t o m s of t h e 2-
a m i n o e t h a n o l a t e i on e v a l u a t e d us ing t h e A n g u l a r 
O v e r l a p Mode l . 4 ) 

E x p e r i m e n t a l 

Preparation. a) (2-Aminoethanol) bis (glycinato) cobalt (HI) 
Perchlorate, [Co(gly)2(Heta)]ClOi: To a slurry of K[Co-
( G 0 3 ) ( g l y ) 2 ] - H 2 0 (9.7 g, 0.03 mol)5) in water (25 cm3) 
was added sufficient 3 M H C 1 0 4 ( M = m o l dm~3) to 

acid-hydrolyze the carbonato complex species. After 
removal of the precipitated K G 1 0 4 by filtration, 2-amino­
ethanol (1.8 g, 0.03 mol) was added to the filtrate. The 
solution was stirred at 50 °G for 40 min, during which the 
p H of the solution was maintained at ca. 8.5 by the addition 
of an aqueous K O H solution. T h e resulting solution was 
adjusted to p H ca. 2, and the precipitated material filtered 
off. The filtrate was charged on a column containing 100— 
200 mesh Dowex 50W-X8 resin (Na+ form, 5 x 2 0 cm). 
T h e red violet band held on the top of the column was eluted 
with 0.3 M NaCl solution and the band separated into four 
bands, the second and third bands being the desired species. 
Both eluates were concentrated to a small volume below 
35 °C under reduced pressure and the concentrate poured 
into a column of the same resin (5 X 45 cm). By elution with 
water, the concentrate from the second band gave a violet 
band which was the parent species and a dark blue band 
which was the desired species (labeled A - l ) . The concentrate 
from the third band gave three bands, dark violet, red violet 
and red bands, of the desired species labeled A-2, A-3, and 
A-4 respectively. Acidification of the eluates with H C 1 0 4 

to p H ca. 3 brought about a change in colour, A- l , A-2, 
and A-3 to red violet and A-4 to rose. After concentration 
of the acidified solutions to small volumes, the A-l and A-4 
concentrates were kept in a refrigerator overnight, A-2 be­
ing kept in a refrigerator after the addition of a mixture of 
ethanol and ether (1 : 1). With respect to A-3, red violet 
crystals deposited during concentration. The yields of A - l , 
A-2, A-3, and A-4 were approximately 0.1, 0.2, 2.3, and 
0.4 g, respectively. 

b) (2-Aminoethanol) (ethylenediamine) (oxalato)cobalt(III) Per­
chlorate, \Co(ox) (en) (Heta)~\ClO±. T o a green solution 
of t r icarbonatocobaltate(III) ( G o ( N 0 3 ) 2 - 6 H 3 0 , 0.1 mol)6> 
was added the solid material (17 g), prepared previously 
from ethylenediamine and oxalic acid. T h e mixture was 
stirred at 40 °G for 1.5 h, the resulting solution carefully 
acidified with H C 1 0 4 under ice-cold conditions and filtered 
to remove any material precipitated. T o this filtrate was 
added 2-aminoethanol (6 g, 0.1 mol), and the mixture 
stirred at 60 °G for 1 h, during which time the p H of the 
mixture was maintained at ca. 8.5 by the addition of an aque­
ous solution of K O H . The resulting solution was acidi­
fied to p H ca. 6 and concentrated. After the insoluble 
material had been filtered off, the filtrate was poured into 
a column of 1 0 0 - 2 0 0 mesh Dowex 50W-X8 resin (Na+ 
form, 7 x 2 0 cm). Elution with water produced two bands, 
one dark violet and the other red (B-l and B-2). Both 
eluates were adjusted to p H ca. 3 and concentrated. The 
crystals formed were recrystallized several times from aque-
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ous solution (pH 2 adjusted with H C I O J . 

c) (2-Aminoethanol) diamine (oxalato) cobalt (III) Perchlorate and 
Bis(2-aminoethanol)ammine(oxalato)cobalt(HI) Bromide, [Co(ox)-
(NHJzfHetaflClOt and [Co(ox)(NH3) (Heta)^Br: In the 
same manner as in a ) , K [ C o ( C 0 3 ) ( o x ) ( N H 3 ) 2 ] H 2 0 (12 
g, 0.04 mol)7) was acid-hydrolyzed with 3 M H G 1 0 4 and 
2-aminoethanol (2.4 g, 0.04 mol) and ammonium oxa­
late (0.7 g) added to the solution. After the mixture had 
been stirred for 40 min at 60 °C, the p H being maintained 
at 8.5, the solution was acidified to p H ca. 6 and concentrated. 
T h e material precipitated was filtered off and the filtrate 
charged on a column of the same resin (Na+ form, 7 x 2 0 
cm). Elution with water produced three bands consisting 
of an anionic species, non-charged dark violet species and a 
red species. T h e final eluate (G-l) was further acidified 
to p H ca. 3 with aqueous HG10 4 , concentrated and kept in 
a refrigerator overnight. T h e dark-violet eluate was made 
p H 2, whereupon the color turned violet. This solution was 
charged on a column of the same cation exchanger (4.5 x 
12 cm). Elution with a 0.3 M N a C 1 0 4 solution, produced two 
violet bands (C-2 and G-3). T h e eluates were adjusted to 
p H ca. 2 and concentrated under reduced pressure, whereby 
pure violet crystals were obtained with respect to G-3. Crys­
tals of C-2 were obtained as follows; to the concentrate was 
added a mixture of ethanol and ether (1 : 3), whereby a 
tarry material separated out. This material was dissolved 
in a small amount of water and an e thanol -HBr (47%) 
mixture ( 4 : 1 ) and ether added to the solution. The violet 
crystals (C-2) thus obtained were recrystallized from water 
by adding the same mixture of e thanol-HBr as above. 

d) Bis(ß-alaninato) ('2-aminoethanol) cobalt (HI) Perchlorate 
and Iodide, [Co(ß-ala)2(Heta)]X (X=ClOi or I): T o a solu­
tion of tricarbonatocobal täte ( I I I ) ( C o ( N 0 3 ) 2 . 6 H 2 0 , 0.05 
mol scale)6) was added ^-alanine (10.7 g, 0.12 mol), and 
the mixture stirred at 50 °C for 3 h. T o the resulting solution 
2-aminoethanol (3.5 g, 0.05 mol) neutralized previously with 
aqueous H C 1 0 4 and activated charcoal (4 g) were added, 
and the solution stirred at 50 °G for 30 min. After the 
activated charcoal had been removed, the solution was 
neutralized and concentrated. T h e concentrate was poured 
into a column of the same resin as above (Na+ form, 7 x 
20 cm), and eluted with water. A violet band and some 
overlapped bands descended after some bands of the anionic 
species had been eluted. For the sake of convenience, the 
violet band eluate has been named E- l , and the overlapped 
ones combined and named E-2. Each fraction was brought 
to p H 2 and charged on a column containing the same resin 
as above (5 X 22 cm). Elution with a 0.3 M N a C 1 0 4 solution 
at p H 2, enabled each band held at the top of the column 
to be separated into four bands colored red or violet, number­
ed Nos. 1—4 according to the order of elution. The 
eluates No. 1 and No. 2 of the E-l and No. 2 of the E-2, 
were subsequently concentrated. After the addition of a 
mixture of ethanol and ether (2 : 1), the concentrates were 
kept in a refrigerator overnight and the deposited crystals 
were recrystallized from water. With respect to eluate 
No. 4 of E- l , the addition of an ethanol-ether mixture (1 : 3) 
to the concentrate induced immediate crystallization. T h e 
crystals thus obtained sparingly recrystallized from aqueous 
solution due to the ready isomerized to an other species 
identical to No. 1 of E - l . The No. 1 eluate of E-2 was 
concentrated until red crystals were found and the crystals 
recrystallized from aqueous HG10 4 . The addition of eth­
anol-ether mixture (1 : 5) to No. 3 of E-2, resulted in a red 
tarry material separating from the aqueous phase, this being 
dissolved in a min imum amount of water. T o this solution 
a small amount of N a l and followed by an ethanol-ether 

mixture were added. O n standing in the refrigerator over­
night, red crystals deposited. No recrystallization was con­
ducted due to the poor yield of product. The eluates of 
No. 3 of E-l and No. 4 of E-2 were too small in quantity for 
crystals to be obtained. 

e) (S)-2-Amino-7-propanolbis(glycinato)cobalt(HI) Perchlo­
rate, [Co(gly)2(S-Hpra)~\ClOi: Four fractions were obtained 
in the same way as in a) , except that (£)-2-amino-l-propanol 
( 1.5 g, 0.02 mol) was used instead of 2-aminoethanol and 
that a longer time was necessary for reaction (1 h) . The 
fractions were conveniently named A- l—A-4. The following 
description concerns the separation of the diastereoisomers 
for each geometrical isomer: Eluate A- l , adjusted to p H 2 
with aqueous H C 1 0 4 was charged on a column of the same 
cation exchanger ( 3 x 3 5 cm). The red violet band held 
at the top of the column was eluted first with a 0.2 M aqueous 
solution of sodium ( + )5 8 9-bis(tartrato)diantimonate(III) , the 
p H being controlled to 3.5 with aqueous HC10 4 , until the 
band clearly separated into two, and secondly eluted with 
a 0.3 M aqueous solution of NaC10 4 . A-2 gave two bands 
in chromatographic elution conducted in a similar manner 
to that in A - l , using a 0.3 M N a C 1 0 4 solution as the eluent. 
The effluents were concentrated and ethanol added. The 
products of the diastereoisomeric pairs were recrystallized 
from water by the addition of ethanol. The diastereoisomers 
for A-3 were isolated in the following manner ; the eluate 
containing non-charged species was concentrated and charged 
on a column of the same resin ( 5 x 4 5 cm). Elution was 
conducted with water by means of a fraction collector. 
Frontal fractions, where the intensity ratios of the Ae values 
at 530 nm and the e values at 550 n m were smaller than 
— 0.033 and the rear fractions where the intensity ratios of 
the Ae values at 581 nm and the e values at 550 nm were 
larger than 0.015 were collected and labeled A-3( —) and 
A-3( + ), respectively. The collected eluates were adjusted 
to p H ca. 3 and evaporated. T h e violet crystals of A-3( —) 
separated out during concentration and the crystals of A-3(-|-) 
were obtained by adding an ethanol-ether mixture (1 : 1). 
Recrystallization was repeated until the A s of the main C D 
peak attained a constant value. One of the diastereoisomers 
of A-4 was obtained as red crystals from the concentrate 
adjusted to p H ca. 3 ; the crystals were recrystallized repeatedly 
until the Ae value remained constant. The solution contain­
ing the other diastereoisomer was charged on a column 
containing the same resin (3 X 35 cm) and the band held at 
the top of the column eluted with a 0.3 M NaC10 4 solution. 
T h e rear fractions exhibiting a ( —) C D sign were collected 
together and concentrated. A mixture of ethanol and ether 
(1 : 1) was added and the solution kept in a refrigerator 
until crystals separated. The crystals thus obtained were 
recrystallized until the Ae value remained constant. 

The elemental analyses are summarized in Table 1. 
Resolution. The A-1 and A-3 Isomers of [Co(gly)2-

(Heta)~\ + : In an aqueous, wa rm solution (ca. 40 °C) of the 
Perchlorate (0.76 g, 0.002 mol) was dissolved ( —)589Na[Co-
(ox)2(en)] (0.34 g, 0.001 mol),8) whereupon the less soluble 
diastereoisomeric salt crystallized. The crystals were dis­
solved in water (100 cm3) containing some N a H C O s in order 
to assist dissolution. The resulting alkaline solution was 
adjusted to p H 2 with aqueous H C 1 0 4 and concentrated 
until crystallization, after which recrystallization was repeat­
ed. 

The A-4 Isomer of [Co(gly)2(IIela)~\ + : The chloride which 
is more soluble than the perchlorate was prepared in the 
following manner ; the red effluent (A-4) described in a) 
was acidified with an aqueous HCl solution and concentrated 
and methanol added to precipitate the chloride. The chlo-
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Label 

A-1 

A-2 

A-3 

A-4 

B-l 

B-2 

G-1 

C-2 

G-3 

No. 1 
(E-l) 

No. 2 
(E-l) 

No. 1 
(E-2) 
No. 2 
(E-2) 
A- l ( + ) 

A - l ( - ) 

A-2( + ) 

A - 2 ( - ) 

A-3( + ) 

A - 3 ( - ) 

A - 4 ( + ) 

A - 4 ( - ) 

A-1 

A-3 

A-4 

Complex 

[Co(g ly) 2 (Heta ) ]ClCv0.5 H a O 

[Co(gly) 2(Heta)]GlO 4-0.5 H a O 

[Go(gly) 2(Heta)]C10 4 

[Go(g ly ) 2 (He ta ) ]G10 4 -H 2 0 

[Co(ox)(en)(Heta)]C10 4 

[Co(ox)(en)(Heta)]ClO 4 -0 .5 H 2 0 

[Co (ox) (NH3) 2 (Heta) ] C10 4 • H 2 0 

[Go (ox) (NH3) (Heta) 2]Br • H 2 0 

[Co (ox) (NH3) 2 (Heta) ] C10 4 • H 2 0 

[Co(/?-ala)2(Heta)]C104 

[Co (yff-ala) 2 (Heta) ] C10 4 • H a O 

[Co09-ala)3] • (HC10 4 ) 2 -0 .5 H 2 0 

[Co()9-ala)2(Heta)]GlO4-0.5 H a O 

[Co(gly)2(5 ,-Hpra)]GlO4 .0.5 H 2 0 

[Co(gly)2(6 '-Hpra)]ClO4 .0.5 H 2 0 

[Co (gly) 2 (S-Hpra) ] C10 4 • H 2 0 

[Go(gly)2( lS
,-Hpra)lC104 .1.5 H a O 

[Co(gly)2(,S ,-Hpra)]C104-1.5 H 2 0 

[Co(gly)2(6 '-Hpra)]ClO4 .0.5 H a O 

[Co(gly)2(5 '-Hpra)]G104 .1.5 H a O 

[Co (gly) 2 (S-Hpra) ] C10 4 • H a O 

[Co(gly)2(Heta)][Go(ox)2(en)] -2.5 H 2 0 

[Co(gly)a (Heta)] [Co (ox) 2 (en)] • 0.5 H 2 0 

[Co(g ly) 2 (He ta ) ] [Go(ox) 2 (en) ] .3 .5H 2 0 

C % H % N % 

19.10 
(19.13) 
19.16 

(19.13) 

19.90 
(19.60) 

18.71 
(18.69) 

19.57 
(19.60) 

18.95 
(19.13) 
13.39 

(13.36) 

19.24 
(19.21) 

13.60 
(13.36) 
24.27 

(24.29) 

23.30 
(23.23) 
20.50 

(20.28) 

23.79 
(23.75) 

21.88 
(21.58) 

22.00 
(21.58) 

21.08 
(21.09) 

20.61 
(20.63) 
20.68 

(20.63) 

21.60 
(21.58) 

20.81 
(20.63) 
21.07 

(21.09) 

23.84 
(23.70) 

25.26 
(25.19) 

22.93 
(23.01) 

4.41 
(4.29) 
4.44 

(4.29) 

4.13 
(4.12) 

4.47 
(4.45) 

4.14 
(4.12) 

4.22 
(4.29) 
4.19 

(4.21) 

4.80 
(5.11) 

4.10 
(4.21) 

4.85 
(4.84) 

5.38 
(5.12) 
4.08 

(3.97) 

4.87 
(4.98) 

4.46 
(4.40) 

4.42 
(4.40) 

4.87 
(4.55) 

4.70 
(4.70) 
4.68 

(4.70) 

4.44 
(4.40) 

4.86 
(4.70) 

4.91 
(4.55) 

4.51 
(4.64) 

4.00 
(4.23) 

4.65 
(4.83) 

10.82 
(11.16) 

10.91 
(11.16) 

11.45 
(11.43) 

10.92 
(10.90) 

11.44 
(11.43) 
11.14 

(11.16) 

11.63 
(11.69) 

11.55 
(11.20) 

11.65 
(11.69) 

10.52 
(10.62) 
10.00 

(10.16) 

7.93 
(7.88) 

10.03 
(10.38) 

10.76 
(10.79) 

10.61 
(10.79) 

10.58 
(10.54) 

10.37 
(10.31) 
10.44 

(10.31) 

10.85 
(10.79) 

10.28 
(10.31) 

10.49 
(10.54) 

11.55 
(11.51) 

12.26 
(12.24) 

11.15 
(11.18) 

( ) : Galcd. 

ride (2 g, 0.0065 mol) was dissolved in warm water (ca. 15 
cm3, ca. 40 °C), and ( - ) 5 8 9 Na[Co(ox) 2 (en) ] (1 g, 0.003 
mol)8) added. T h e addition of ethanol gave red, needle­
like crystals. Which was followed by recrystallization from 
warm water (ca. 40 °C). 

The elemental analyses are summarized in Table 1. 
Measurements. The absorption spectra were measured 

with a Hitachi 323 recording spectrophotometer, the absorp­
tion spectra of single crystals being measured by a micro-
spectrophotometer constructed in this laboratory.9) The C D 
spectra were recorded with a J A S G O Model O R D / U V - 5 
spectrometer with C D at tachments . Proton magnetic reso­
nance (PMR) spectra were conducted with J E O L Model 

JNM-PS-100 spectrometer (100 MHz) at ca. 24 °C. The 
values of the chemical shifts were measured in relation 
to sodium 2,2,3,3-tetradeuterio-3-(trimethylsilyl)propionate 
(TMSP) as the internal reference. T h e acid dissociation 
constants of the complexes were determined by p H titration 
at 25 °G and the ionic strength 0.1 adjusted by NaC10 4 . 

The absorption and C D spectra were measured in acid 
(pH 2) or alkaline solutions (pH 8). For the P M R spectra, 
all of the protons of - N H 2 of the isomeric complexes of [Co-
(gly)2(Heta)]+ were deuterized in alkaline D 2 0 solution and 
the chlorides of the isomers used for the samples in acid 
solutions (DC1). The P M R spectra of the C-2 and C-3 
were measured in D 2 0 - D 2 S 0 4 (30%) solutions. 
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Results and Discussion 

Characterization of Complexes. The possible geo­
metrical isomers of a [Co(Heta)(N) 2 (0) 2 ] - type complex 
are illustrated in Fig. 1, where trans(0), eis-eis, and 
trans (N) isomers are mer isomers with respect to the 
three N donor atoms. Assuming the ( N ) 2 ( 0 ) 2 moiety 
consists of two glycinate or two /?-alaninate ions, i.e. 

"rh^ 
w' N i 

0 
W 

trans {0) 

N 
0 1 M 

r 
N 

? 

0 

N' 

N 
j 
i 
0 

iN 

^0 

eis- eis 

0 
N 

0L 

A 
0' 

trans (N) fac 

Fig. 1. Possible geometrical isomers of [Co(Heta)(N)2 

(O)J . N - O denotes Heta. 

( N ) 2 ( 0 ) 2 = (gly)2 or (/?-ala)2, then the four isomers are 
possible. When the moiety consists of (ox)(en), two 
isomers, eis-eis and fac, are possible; (ox)(NH3)2 as 
the moiety gives, eis-eis, trans(N) and fac isomers. 

From the absorption spectra of whole complexes, 
some of which are shown in Figs. 2 and 3, a fac isomer 
is readily distinguishable from the corresponding mer 
isomer, but the mer isomers cannot be distinguished 
from each other despite the fact that there are remark­
able differences in the spectra for deprotonated isomers. 

Yoneda et al.10> explained theoretically the "through-
cobalt effect" which had been found experimentally,11) 
and on this basis assigned the signals of a number of 
complexes in the P M R spectra. The "through-cobalt 
effect" has been applied to the P M R data of the mer-
[Co(gly)2(eta)] isomers and to the C-2 and G-3 isomers 
for characterization. 

The P M R spectra, in alkaline solutions, of the 
[Go(gly)2(eta)] isomers are shown in Fig. 4, in which 
the signals of the methylene groups of the glycinate 
ions may be distinguished from the multiplets due to 
the methylene groups of the chelated eta, since the 
glycinate protons undoubtedly exhibit either a singlet 
or a doublet. No significant difference in chemical 

200 h 

looH 

lO^/cm-1 

Fig. 2. Absorption spectra of protonated complexes, 
a) [Go(gly)a(Heta)]+, b) [Co(ox)(en)(Heta)]+, and 
c) [Co(/?-ala)2(Heta)] + ; trans(O), cis-cis, 

trans(N), and fac. 
The s values of cis-cis-, /ac-[Co(/?-ala)2(Heta)]+ are 
taken arbitrarily. 

100 

200h 

100h 

100 

103 a/cm-1 

Fig. 3. Absorption spectra of deprotonated complexes, 
a) [Go(gly)a(eta)], b) [Go(ox)(eta)(en)]5 and c) [Go-
(/?-ala)2(eta)]; • trans(O), cis-cis, trans-
(N), and fac. 
The e values of cis-cis-, fac-[Co(ß-a\a.)2(eta.)~\ are taken 
arbitrarily. 
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UUIAJV~~ 
c 1 

LJIA 
a' 

JU_A. 

JULÀ^ 
d 

ILukl 
.JUv~A 1 
d' 1 

JO JLAJ 
4.0 3.0 4.0 

vs. TMSP 

3.5 3.0 2.5 

ppm, 
Fig. 4. PMR spectra of; a—d) [Go(gly)2(eta)] (de-

protonated form), a'—d') [Co(gly)2(Heta)]+ (proton-
ated form), a, a') trans(0) (A-l), b, b') cis-cis (A-2), 
c, c') trans(N) (AS), d, d') fac (A-4). 

shift between the two glycinate groups of the trans (N) 
isomer is expected because of the symmetric situations 
of the two N atoms in the glycinate ions. Thus the 
spectrum of A-3, which possesses two singlets around 
3.6 ppm, has been assumed to be the trans(N) isomer. 
Concerning the signals emulating from the chelated 
2-aminoethanol, the multiplet of the C H 2 protons 
adjacent to the oxygen is thought to appear at lower 
field than that of the GH 2 protons adjacent to the 
nitrogen because of the stronger electron-withdrawing 
effect due to oxygen. The spectrum of the A-l isomer 
shows two multiplets at approximately 3.2 and 2.8 ppm, 
whereas the spectrum of A-2 shows a multiplet around 
2.8 ppm, the integrated intensity of which corresponds 
to the four hydrogens of the 2-aminoethanol, i.e., the 
protons adjacent to the oxygen induce the signals at 
approximately 3.2 ppm in the A-l isomer and at 
approximately 2.8 ppm in the A-2 isomer. Thus the 

A-l isomer may be identified as the trans(0), and the 
A-2 as the cis-cis. The results12) of X-ray analysis 
of a crystal of the A-2 isomer supports this. 

The P M R spectra of the protonated [Co (gly) 2-
(Heta)] + isomers are also shown in Fig. 4. The reso­
nance signals of the protonated and deprotonated 
forms of the [Co (gly) 2 (He ta) ] + isomers may be as­
signed in the same manner as above, the results of which 
are summarized in Table 2. 

With respect to the C-2 and C-3 isomers, the P M R 
spectra measured in D 2 0 - D 2 S 0 4 (30%) solution are 
shown in Fig. 5. There are five signals in the C-3 
spectrum; the signal at 5.94 ppm is due to the N H 2 

protons of the chelated 2-aminoethanol (Deta), where 
the hydroxyl group is deuterated, and the signals due 
to the two N H 3 groups are at 4.40 and 3.72 ppm. 
The other two signals due to the methylene groups 
of the Deta are at ca. 3.6 and 2.9 ppm as multiplets. 
Since the spectrum indicates the existence of two 
non-equivalent N H 3 groups, the C-3 isomer is regarded 
as the cis-cis form. Furthermore, from the "through-
cobalt effect" the N H 3 proton signal at low field is 
due to the N H 3 trans to the N atom of the chelated 
Deta. From elemental analysis and P M R data it is 
thought that the C-2 isomer is [Co(ox)(NH3)(Heta)2]+, 
in which one of the Heta molecules acts as a bidentate 
ligand and another as a unidentate ligand. The P M R 
spectrum of the C-2 isomer is more intricate than C-3 ; 
there are two broad signals at 5.9 and 4.4 ppm and 
multiplets around 3.7 and 2.8 ppm, the integrated ratio 

ppm, vs. TMSP 

Fig. 5. PMR spectra of; a) m-oj-[Co(ox)(NH3)-
(Heta)2]+ (C-2) and b) «5-cw-[Co(ox)(NH3)a(Heta)] + 
(C-3). 

TABLE 2. ASSIGNMENT OF PMR SIGNALS^ OF THE [Co(gly)2(Heta)]+ AND [Co(gly)2(eta)] COMPLEXES 

Complex 

/raw (0)- [Co (gly)a (Deta) ] + 

fr«/u(0)-[Co(gly)2(eta)] 

eis • eis- [Co (gly) 2 (Deta) ] + 

eis • eis- [Co (gly) 2 (eta) ] 

;ra/u(A0-[Co(gly)2(Deta)] + 

*r<ww(iV)-[Co(gly)2(eta)] 

/ a c - [Go(gly) a (Deta) ]+ 

/flc-[Go(gly)a(eta)] 

Glycine 
s~ " 

CH 2 

3 . 7 5 ( o ) 

3 . 6 4 ( d ) 

3 . 7 7 ( s ) 

3 . 6 8 ( s ) 

3 . 7 2 ( s ) 

3 . 5 8 ( s ) 

3 . 3 6 ( d ) 

3 . 4 5 ( s ) 

v 

C H 2 

3 . 3 6 ( d ) 

3 . 4 5 ( d ) 

3 . 4 6 ( s ) 

3 . 2 6 ( s ) 

3 . 6 9 ( s ) 

3 . 5 4 ( s ) 

3 . 4 8 ( s ) 

3 . 3 1 ( o ) 

2-Aminoethanol 

^ 0 - C H 2 

3.75 (m 

3 . 2 1 ( m 

3 . 4 3 ( m 

2 . 7 8 ( m 

3 . 4 8 ( m 

2 . 8 8 ( m 

3 . 7 8 ( m 

3 . 2 6 ( m 

^ N - C H 2 

) 2 .95 (m) 

) 2 .80 (m) 

) 2 .99 (m) 

) 2 . 7 8 ( m ) 

) 2 .76 (m) 

) 2 .53 (m) 

2 . 7 8 ( m ) 

) 2 .56 (m) 

a) Values in ppm from TMSP. (s) : Singlet, (d) : Doublet, (m) : Multiplet, (o) : Overlap. 
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T A B L E 3. RESULTS OF THE ASSIGNMENT AND ABSORPTION SPECTRAL DATA 

Label Complex 
I band I I band 

î>/103cnr vjlO3 cm~ 

A-l *r<MM(0)-[Co(gly)a(Heta)]+ 

/m^(0) - [Co(g ly ) 2 ( e t a ) ] 

A-2 cw.«j-[Go(gly) a(Heta)]+ 

eis • eis- [Go (gly) 2 (eta) ] 

A-3 *iw«(iV)-[Co(gly)2(Heta)]+ 

fr<»u(iV)-[Co(gly)a(eta)] 

A-4 / a c - [Co(g ly ) a (He ta ) ] + 

/û^[Go(g ly) a (e ta ) ] 

B-l ds • eis- [Go (ox) (en) (Heta)]+ 

eis • eis-[Co(ox) (en) (eta)] 

B-2 /flC-[Go(ox)(en)(Heta)]+ 

/<zc-[Co(ox) (en) (eta)] 

G-1 fac- [Co (ox) (NH3) a (Heta) ] + 

/ ^ - [ C o ( o x ) ( N H 3 ) 2 ( e t a ) ] 

C-2 eis • eis- [Go (ox) (NH3) (Heta) 2]+ 

eis- m-[Co(ox) (NH3) (Heta) (eta)] 

G-3 cis-cis-[Co{ox) (NH3)2(Heta)]+ 

eis • m - [ C o (ox) (NH3)2(eta)] 

No. 1 (E-1) fra/w (0)- [Co (/?-ala)a (Heta) ]+ 

trans{0)-[Co (ß-ala) 2 (eta)] 

No. 2 (E-1) trans(N)-[Co (ß-a\a)2(Heta)~\ + 

trans(N)-[Co(ß-a\a)2(cta)] 

No. 4 (E-1) cw-aV [Co (ß-ala) 2 (Heta) ]+a> 

eis • eis- [Co (ß-ala) 2 (eta) ] a> 

No. 3 (E-2) / ^ - [ G o ( ß - a l a ) 2 ( H e t a ) ] + a ) 

fac- [Co (ß-ala) 2 (eta) ]a) 

A- l trans (0)-A-[Co(g\y)2(S-Hpra)]+ 

trans(0)-A-[Co(g\y)2(S-pra)~\ 

trans (0)-A-[Co(g\y)2{S-Hpra)]+ 

trans(0)-A-[Co(g\y)2(S-pra)] 

A-2 

A-3 

eis • cis-A - [Go (gly) 2 (S-Hpra) ]+ 

eis • cis-A - [Go (gly) a (S-pra.) ] 

eis -cis-A-[Co(gly)2(S-Hpra)]+ 

eis • cis-A- [Co (gly) 2 (.S-pra)] 

trans (N) -A - [Co (gly) 2 (5-Hpra) ]+ 

18.6 

17.2 
20.4 
18.0 

sh. 19.8 
sh. 17.0 

19.6 
18.2 

sh. 20.2 
18.2 
19.2 
18.8 
18.4 

sh. 19.8 

16.6 
19.4 

19.3 
19.0 

19.2 
19.0 
17.6 

sh. 16.6 
19.0 
18.0 

sh. 16.6 

19.2 
18.0 
16.8 

20.6 
17.7 
20.4 

17.8 

17.4 

20.2 
sh. 16.8 

19.2 
19.0 
18.4 

18.6 

17.2 
20.6 
18.7 

17.2 
20.5 
17.8 

sh. 20.0 
sh. 17.0 

19.6 
18.0 

sh. 20.0 
16.5 
19.4 
18.1 

sh. 20.0 

92.5 
66.9 

65.9 
72.2 
63.0 
54.6 
92.9 
78.0 
69.4 

124 
147 
166 
79.5 
75.2 
48.7 
103 
117 
134 
94.2 
115 
82.5 
45.1 
81.0 
77.7 
45.7 
89.0 
104 
77.2 
63.4 
79.4 
77.9 

128 

— 
— 
— 
— • 

— 
— • 

89.8 

62.7 
67.8 

98.5 
72.7 
74.2 
71.4 
62.9 

48.5 
87.4 
74.0 

62.2 
65.5 
105 
70.4 

62.0 

26.8 
26.0 

26.8 

25.6 

26.8 

25.2 
26.8 
25.4 
27.4 

25.2 

26.8 
27.6 
27.0 

27.2 
27.0 
24.6 

27.4 
25.0 

27.2 
25.2 

26.8 

sh. 24.0 
26.4 
27.0 

25.6 

27.3 
25.6 
27.1 

26.2 

26.8 
25.6 

26.7 

25.6 

26.6 

25.4 

26.7 

106 
137 

123 

117 

138 

108 
125 
144 
156 

171 

147 
143 
134 
137 
163 
148 

155 
158 

88 
133 

87.7 

64.9 

94.2 
— 

— 

— 
— 

108 
130 

119 
159 

122 

104 

133 

128 

131 
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Label Complex 

TABLE 3. (Continued) 

I band 

v/103cm ! e 

II band 

v/103cm -1 e 

A-4 

trans(N)-A-[Co(g\y)z(S-pra.)] 
trans (iVr)-J-[Co(gly)2(5

,-Hpra)]+ 

trans (N) -A- [Co (gly) 2 (S-pra) ] 
/fl<^-[Co(gly),(S-Hpra)]+ 
fae-A-[Co(gly)2(S-pra)] 
/f l^-[Go(gly)>(Ä ,-Hpra)]+ 
/flC-yl-[Co(gly)2(S-pra)] 

18.1 
18.2 

sh. 20.0 
18.2 
19.2 
18.9 
19.3 
18.9 

123 

84.4 
69.6 

141 

149 

183 

153 

180 

26.0 
26.8 

24.8 
26.8 
25.7 
26.8 
25.2 

96.3 
146 

127 

118 

132 

133 

170 

a) The e values were not obtained because of a lack of elemental analyses. 

of the four signals being estimated as 2 : 5 : 4 : 4 
(from lower to higher field). The multiplets are due 
to the methylene groups of the two Deta, while one of 
the broad signals at 5.9 ppm is assignable to the N H 2 

protons of the chelated Deta from a comparison with 
the spectrum of the C-3 isomer. With respect to 
the broad signal at 4.4 ppm, it is considered from the 
integrated ratio that the two types of signal due to 
the N H 3 and the N I L of the unidentately bound 
amino alcohol overlap. Comparing the signals due 
to N H 3 and NII 2 in the C-2 isomer spectrum (4.4 and 
5.9 ppm) with those in the C-3, eis-eis configuration 
with N H 3 in the trans position of the N of the chelated 
Deta is assumed to this isomer. T h e remaining isomer 
for the [Co(ox)(NH.5)2(Heta)] + complex should be 
trans (N), but no band corresponding to such a species 
has been observed in the chromatographic separation. 

The absorption spectra in alkaline solutions for the 
eis-eis isomers (A-2, B-l , C-2, and C-3) are similar. 
The No. 4 isomer of E-l which exhibits a similar 
spectrum to those of the eis-eis isomers has been as­
signed eis-eis. O n the basis of the similarity of spectra, 
the No. 1 isomer of E-l and the No. 2 isomer of E-2 
have been assigned trans(0) and the No. 2 isomer of 
E-l trans(N). 

The crystals of the No. 1 isomer of E-2 have been 
identified as fac-[Co(ß-ala)3] • (HClO 4 ) 2 -0 .5H 2 O from 
elemental analysis, the absorption spectrum,13) and the 
acid-base titration (see below). The complex species 
in acidified aqueous solution was adsorbed on the 
cation exchanger and the crystals contained perchloric 
acid of crystallization, both of which are of interest. 

The No. 1 isomer of E-l and the No. 2 isomer of 
E-2 have been identified as the same isomer since 
both species exhibit identical absorption spectra in 
acidic and basic solution and possess the same pK& 

values as seen from Table 4. 
Ogino et al.2) assigned the absolute configurations 

of the [Co(en)2(Heta)]3+ and [ C o ^ n y S - H p r a ) ] ^ com­
plexes by a comparison of the CD spectra with those 
of the [Co(gly)(en)2]2+ and [Co(L-ala)(en)2]2+ com­
plexes. Each CD spectrum of the mer and fac isomers 
of the present [Co(gly)2(amOH)]+ ( a m O H = H e t a , S-
Hpra) complexes exhibits a major CD peak in the 
T l g region, similarly to those of the mer and fac isomers 
of [Co(am)3] (am —gly, L-ala)14,15) complexes, respec­
tively. Thus, the sbaolute configuration of an isomer 

of [Co(gly)2(amOH)]+, which exhibits ( + ) CD sign 
at ca. 19000 cm - 1 , is assignable to A, and hence, the 
other isomer to A. The structures thus assigned are 
summarized in Table 3. 

pK& Values. Nishide et al.3) have reported that 
the pK& values of the [Co(NH 3 ) 4 (amOH)] 3 +, [Co(en)2-
(amOH)] 3 + and [Co(£-chxn) 2 (amOH)] 3 + complexes 
are ca. 3.6, 3.2, and 3.2, respectively. From the pKâ 

values of the present complexes summarized in Table 
4, it is seen that the eis-eis and trans (N) isomers exhibit 
lowerer p/Ca values (ca. 4.2) compare to the trans(0) 
and fac isomers (ca. 5.2). This indicates that the 
pKa value of a m O H , where the O atom is situated 
trans to the other O atom, shows ca. 4.2, while the 
value of a m O H , where the O atom is situated trans 
to the N atom, shows ca. 5.2. This difference may 
be due to reduced electron density on the former 
hydroxyl O atom. 

The No. 1 isomer of E-2, which has been assigned 
as [Co(/?-ala)3] from the absorption spectrum,13) be­
haves as a strong and dibasic acid in titration, this 
being additional evidence that the chemical formula 
is [Co(ß-ala)3]-(HC104)2 . 

Absorption Spectra. A spectra of [Co (gly) 2(S-
Hpra)]+ isomers show great similarity to the spectrum 
of the corresponding [Co(gly)2(Heta)]+ isomer. The 
numerical data for all the absorption spectra for the 
protonated and deprotonated isomers are summarized 
in Table 3. The spectrum of thejfo£-[Co(gly)2(Heta)] + 

TABLE 4. pKa VALUES 

Complex 

eis • eis- [Co (gly) 2 (Heta) ]+ 
trans (N) - [Co (gly) 2 (Heta) ] + 
eis • m-[Co (ox) (en) (Heta)]+ 
eis • eis- [Co (ox) (NH3) 2 (Heta) ]+ 
eis • eis-[Co(ox) (NH3) (Heta)2]+ 
trans (N)-[Go(ß-ala.)2(Ueta)-\+ 

/rflw(0)-[Co(gly)2(Heta)]+ 
/ae-[Go(gly)2(Heta)]+ 
/flc-[Go(ox)(en)(Heta)]+ 
/ac-[Go(ox) (NH3)2(Heta)]+ 
*r<H«(0)-[Co ÜS-ala)a (Heta) ]+ a> 

P*a 

4 . 1 

4 . 2 
4 . 4 

4 . 3 

4 . 4 

4 . 4 

5 .1 

5 .3 

5 .2 

5 .2 

5 .9 

a) No. 1 (E-l) and No. 2 (E-2) complexes. 
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complex is similar to that of fac-[Co(gly)3],1G) sug­
gesting that amino alcohol in the protonated form 
and the glycinate ion are situated in close positions 
in the spectrochemical series.17) For the mer isomers 
of [Co(/?-ala)2(Hpta)]+, having two six-membered che­
late rings, the spectra of the eis-eis and trans (N) isomers 
exhibit a remarkable degree of splitting in the T l g 

region, while no splitting has been observed in the 
spectrum of the trans(0) isomer. Among the eis-eis 
and trans(N) isomers of the [Co(gly)2(Heta)]+, [Co-
(g1y)2('5 ,-Hpi'a)]+ and [Co(ox)(Heta)(N)2]+-type com­
plexes, the spectra are similar and show a little split­
ting; however, no splittings have been observed in 
the spectra of the trans{0) isomers in the T l g region. 

Each of the deprotonated complexes exhibits quite 
a different spectrum from the corresponding protonated 
complex. The trans(O), eis-eis, tra?is(N) and fac isomers 
exhibit remarkedly different spectra. The T l g band 
for each trans{0) isomer is clearly split into two and 
the separation between the maxima is in the range 
3200—3800 cm- 1 ; the T 2 g band for each trans{0) 
isomer shows a sharp band. For the eis-eis isomers, 
the T l g bands are not split as clearly as the trans(O) 
isomers, but each has a noticeable shoulder at lower 
wave-number, the T 2 g band exhibiting a broad maxi­
m u m generally splitting. The exceptions are the eis-
eis isomers of B-l , C-2, and C-3, which contain no 
N - O chelate rings beyond eta, which show only sharp 
bands in the T 2 g region. For the trans(N) isomers, 
recognizable splittings in the T 2 g region and sharp 
bands in the T l g region have been observed in contrast 
to the trans(O) isomers. The remaining isomers of 
fac give sharp and red-shifted bands in both the T l g 

and T 2 g regions. The complexes are, however, shifted 
to the blue end. 

As seen in Fig. 3, there is a remarkable difference 
between the shapes of the T 2 g bands for the trans(N) 
isomers of the [Co(gly)2(eta)] and [Co(/?-ala)2(eta)] 
complexes, both of which have an identical chromo-
phore trans (N)-[Co (eta) (N)2(0)2]. The same differences 
in the T 2 g bands have been observed between the 
«j-«j '-[Co(ox)(eta)(N)2] isomer and each eis-eis isomer 
of the [Co(gly)2(eta)] and [Co(/?-ala)2(eta)] complexes 
as well as between the fac isomers of the [Co (ox) (eta) -
(N)2] complex and the [Co(gly)2(eta)] and [Co(/?-ala)2-
(eta)] complexes. These differences may be related 
to the manner of chelation of the ligands forming the 
( N ) 2 ( 0 ) 2 moiety. 

Three possible transitions for the T l g band have 
been revealed in the polarized crystal spectra of the 
trans(0) and eis-eis isomers of the [Co(gly)2(eta)] com­
plex, and the polarized crystal spectra of the eis-eis 
and trans(N) isomers provides clearer splitting of the 
T 2 g band (Fig. 6). The trans (O) isomer shows a 
large splitting of the T l g band and this together with 
the X-ray analysis of the eis-eis isomer12) allows as­
signment of the three bands. The paths of the polariz­
ed light are schematically shown in Fig. 7. In the 
II polarized spectra, a maximum at 15900 c m - 1 for 

the trans(O) isomer and two maxima at 20200 and 
16400 c m - 1 for the eis-eis isomer have been assigned 
to the transitions from the dzs orbital for the trans(0) 
and from the dyz and dzx orbitals for the eis-eis isomer, 
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Fig. 6. Absorption spectra of [Co(gly)2(eta)]; a) trans-
(N), b) cis-cis, and c) trans(O) ( solution, || , 

1 ) . 

a 

Fig. 7. The arrangements of the donor atoms and the 
paths of the polarized lights; trans(O)-[Co(gly)2-
(eta)] (upper) and a'.y-m-[Co(gly)2(eta)] (lower). 
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respectively (Fig. 7). In the spectra with _L polariza­
tion two maxima at 20600 and 17800 c m - 1 for the 
trans(O) and a maximum at 19500 c m r 1 for the eis-eis 
isomer have been assigned to the transitions from dyz 

and dxy for the former and from dxy for the latter 
isomer, respectively. Using the Angular Overlap 
Model4) (Appendix), the antibonding parameters, e, 
and eff, may be obtained from the above data assuming 
that the e,(N) parameters of the amino alcoholate 
and glycinate ions are equal. Assuming C=4B and 
5 = 4 5 0 c m - 1 (C and B denote the Racah parameters), 
the most reasonable values are shown in Table 5. 
Both the e«, and the e* values for the alcoholate O 
atom are large which are comparable with those for 
the O H - ligand. The e, and e* values for the O H ~ 
ligand have been reported as 8500 and 2100 cm - 1 , 
respectively, for the fr<my-[Cr(OH)2(NH3)4]

+ isomer.18) 
CD Spectra. The CD spectra of the protonated 

and deprotonated forms of the resolved three isomers 
of the [Co(gly)2(Heta)]+ complex are shown in Fig. 

TABLE 5. THE O- AND ^-ANTIBONDING PARAMETERS 

FOR THE N AND O DONOR ATOMS OF THE GLYCINATE 

AND 2-AMINOETHANOLATE IONS 

gly eta Value (cm-1) 

TjN) TjN) 7700 
e„(0) 5800 

e.(O') 8100 
e.(O) 325 

e„,(0')»> 2300 
e.,(OT> 700 

a) Appendix. 

Fig. 9. Configurational and vicinal effect curves of [Go(gly)2(6'-Hpra)]+ (a,c) and [Go(gly)2(«S'-pra)] 
(b, d); upper, configurational effect curves; lower, vicinal effect curves ( trans(O), eis-eis, 

trans(N), and foe). 

8, and the configurational and vicinal effect curves, 
calculated from the CD spectra of the protonated and 
deprotonated isomers of the [Co(gly)2(S-Hpra)] + com­
plex are shown in Fig. 9. The configurational curves 
show striking resemblances to the CD spectra, in both 
acidic and basic solutions of the corresponding isomers 
of the [Co(gly)2(Heta)] + complex indicating the ad-
ditivity of the configurational and vicinal effects in 
both the [Co(gly)2(S-Hpra)] + and [Co(gly)2(S-pra)] 

10'V/cm l 

\y 

Fig. 8. CD spectra of [Go(gly)2(Heta)]+ (upper) and 
[Go(gly)2(eta)] (lower); trans(O), trans(N), 
and fac. 
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TABLE 6. CD SPECTRAL DATA 

Label 

AÄ 

A-3 

A-4 

A-1 

A-2 

A-3 

A-4 

Complex 

*ra/w(0)-zl-[Co(gly)2(Heta)]+ 
Jra«.y(0)-zl-[Co(gly)2(eta)] 
trans (N)-A-[Go(g\y)2(¥Leta)]+ 
trans (N)-A-[Co(g\y)2(eta.)'] 
/«<;-zl-[Co(gly)2(Heta)] + 

/flc-J-[Go(gly)a(eta)] 

trans (0) -A - [Go (gly) 2 (S-Hpra) ] + 
trans (0) -A - [Go (gly) 2 (S-pra) ] 

trans(0)-A-[Co(gly)i(S-Hpra)-\+ 
*ranj(OM-[Co(gly)2(,S

,-pra)] 

eis • m-J-[Go(gly)2(,S
,-Hpra)]+ 

eis • eis-A - [Go (gly) 2 (S-pra) ] 
eis • m-yl-[Co(gly)2(6'-Hpra)]+ 
eis • eis-A- [Co (gly) a (S-pra) ] 

f ra«* ( JV) - J - [Go (gly) 2 (S-Hpra) ] + 
trans(N)-A-[Co{g\y)2(S-pra)] 
trans (iV)-yl-[Co(gly)2(6'-Hpra)]+ 

trans(N)-A-[Go(g\y)2(S-pra)-\ 

/ f l^-[Go(gly)8(5-Hpra)] + 
fae-A-[Co{gly)2(S-pa)] 
>C-yl-[Co(gly)2(lS-Hpra)] + 
/«C-yl-[Co(gly)2(S-pra)] 

I 

' v/103cm-x 

1972 
17.4 
18.8 
18.4 
18.8 

18.0 
20.8 
19.2 
18.0 

sh. 19.8 
18.9 
17.4 
21.0 
18.8 
18.9 
17.6 
17.0 
21.2 
19.1 
18.7 
18.6 
22.6 
17.2 

sh. 19.8 
19.4 
19.2 
18.6 
17.8 
20.0 

band 

-̂  Ae 

- 2 . 8 1 
- 1 . 5 1 
- 2 . 2 1 
- 2 . 7 6 
- 2 . 3 1 

- 1 . 4 4 
+ 0.16 
- 2 . 9 9 
- 1 . 5 5 
- 1 . 4 1 
+ 2.77 
+ 1.49 
- 0 . 7 4 
- 2 . 9 6 
- 3 . 8 5 
+ 2.29 
+ 1.86 
- 0 . 2 9 
- 2 . 6 9 
- 4 . 7 1 
+ 2.24 
- 0 . 3 2 
+ 2.50 
+ 0.44 
- 1 . 9 7 
- 1 . 7 3 
+ 2.38 
+ 1.54 
- 1 . 5 8 

II 
y . 

v/ lO^m- 1 

27.8 
26.2 

27.0 
25.2 
28.0 
25.0 

27.6 
25.6 

27.4 
25.2 

28.2 
24.8 
27.8 
24.4 

27.6 
25.4 
27.4 

24.4 

27.8 
25.6 

25.0 

band 

- ^ Ae 

+ 0.45 
+ 0.48 

+ 0.40 
- 0 . 1 9 
+ 0.19 
- 0 . 7 5 

+ 0.56 
+ 1.57 

- 0 . 3 3 
+ 1.21 

+ 0.50 
+ 2.02 
- 0 . 2 2 
+ 0.85 

+ 0.23 
+ 1.45 
+ 0.22 

+ 0.83 

+ 0.39 
+ 0.79 

+ 2.07 

complexes. The T 2 g transitions are magnetic-dipole-
forbidden, but nevertheless the configurational effect 
curve for the fac-[Co(gly)2(eta)] isomer exhibits a sharp 
peak at ca. 25000 cm - 1 . 

With respect to the [Co(N) 5 (0) ] - type complexes, 
Nishide et al.3) reported that all vicinal effect curves 
for the deprotonated [Co(»S'-pra)(en)2]2+ and [ C o ^ -
pra)(NH3)4]2+ complexes showed a weak positive and 
an intense negative CD peak in the T l g region and a 
moderately intense positive CD peak in the T 2 g region 
(ca. 25000 cm- 1 ) . In the [Co(N) 3 (0) 3 ] - type complex­
es, all the vicinal effect curves of the deprotonated 
isomers exhibit a strong negative CD band on the 
high-frequency-side in the T l g region and a strong 
positive CD band at ca. 25000 c m - 1 in the T 2 g region. 
I t is interesting that the strong positive CD peaks in 
the T 2 g region for both the [Go(N) 5 (0 ) ] - and [Co(N)3-
(0) 3 ] - type have been observed at the same frequency 
of 25000 cm - 1 . Among the mer isomers the half-width 
of each T l g band decreases in the order: trans(0), 
eis-eis and trans (N). In this order each major peak 
in the vicinal effect shifts to the lower-energy-side, 
while the minor ( + ) peak at a lower-energy gradually 
enhances in intensity. 

The authors wish to express sincere thanks to Dr. 

T. Nishide and Prof. K. Saito, Tohoku University, 
for the aid in the preparation of the (»S)-2-amino-l-
propanol ligand, and also to Dr. H. Miyamae and Prof. 
Y. Saito, Tokyo University, for the X-ray analysis of 
the eis -eis-[Co(gly)2(eta)] complex. 

Appendix 

Energy Matrices. For the trans(0) isomer, the ar­
rangement of gly- and eta~ is denned as in Fig. 7; all the 
ligating atoms are placed on the x, y, and z axes, and the 
lone pairs of the alcoholate ion interact with only the dxz 

and dyz orbitals. The n Orbitals of the chelating carboxylate 
ions at (2) and (4) in Fig. 7 interact with only dxz and dsy, 
respectively. Based on these assumptions, the antibonding 
parameters have been denned as follows: 

<7N = a a-antibonding parameter for the N donor atom of 
gly- or eta- = e„(N) 

a = a a-antibonding parameter for the O donor atom of 
g ly -=e , (0 ) 

a'—a a-antibonding parameter for the O donor atom of 
e ta -=e„(0 ' ) 

7r=a 7T-antibonding parameter for the O donor atom of 
g ly -=e . (0 ) 

7r' = a 7T-antibonding parameter for the O donor atom of 
eta - related with the dxz orbital = e j r l(0 /) 

7r"—a ^-antibonding parameter for the O donor atom of 
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eta~ related with the dy z o r b i t a l « e ^ O ' ) . 
The antibonding energies with non-vanishing values a re ; 

<z 2 |A |z 2 > = — <7N + " 2 - * + <*' 

<yz |A |yz> = 7r" 

<zx |A |zx> = n + n 

<xy |A|xy> = n 

<x2-y2 |A|x2-y2> = - | - ( 7 N + J_a 

<x»-y» |A |z»> = ^ [ t f N - t f ] . 

Using the above relations, the energy matrix for the trans(0) 
isomer may be obtained. 

O n the assumption that the N and O donor atoms for the 
eis • eis isomer are arranged as in Fig. 7, the energy matrix 
can be obtained similarly to that for the trans(0) isomer. 

Evaluation of Parameters. T h e three transitions as­
signed are for the trans(0) isomer, 

E(dy2_z2 < dyz) = 20600 c m - 1 

E(dz2_x2 < dzx) = 15900 c m - 1 

E(dx2_y2 < d x y ) = 17800 cm- 1 , 

and for the eis-eis isomer, 

E(dy2_z2 < dyz) = 20200 c m - 1 

E(dz2_x2 < dzx) = 16400 c m - 1 

E(dx2_y 2 < d x y ) = 19500 cm- 1 . 

Assuming the energy differences originating from the 
off-diagonal elements are negligibly small; the above relations 
may be rewritten in terms of the diagonal elements of T l g 

transitions 

•(3ffN+<0 - n" - C= 20600 

(ffN + 2<r + 0 - n - n' - C= 15900 

((TN + <T) -n-C= 17800 

(3ffN+ff) - C= 20200 

(aN + 2ff + ff') - n - n - C = 16400 

(2oH + c + a') - n - n" - C = 19500 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

The left-hand-sides of the equations are related as follows; 
(1) + (3) = (4) + (6) 
(2) = (5), 

and t .us the six equations may be reduced to four. As­
suming C=4B, the value of B may be estimated for the 

[Go(gly)2(eta)] complex (450 cm- 1 ) , since the values of B 
for the fac-[Co(g\y)3~] and / ^ - [ G o ( e t a ) 3 ] isomers are equal 
to 470 and 430 c m - 1 , respectively. Fur thermore, the value 
of <7N has been estimated as 7700 c m - 1 , which is identical 
with the value of <7N for the [Go(en)3] complex. 

Using these values of B and oN, the four independent 
equations, which have been arbitrarily chosen from the six 
equations, may be solved and eight groups of o,o' — \n"ß, 
n, and n'— n" values obtained. T h e average values of each 
<7,<7,-47T,73, n, and n'-n" are 5800, 7200, 325, and 1600 
c m - 1 , respectively. 

From the above relations, the energies of the diagonal 
elements of the T 2 g transitions are expressed by the use of 
the parameters. By comparing the absorption spectra with 
the calculated energies of the T 2 g transitions, the most rea­
sonable value of it" is 700 c m - 1 . Consequently, the para­
meters of ö"N, Ö", o', 71, 7t'', and n" have been evaluated as 
7700, 5800, 8100, 325, 2300 and 700 cm- 1 , respectively. 
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A Mössbauer Study of the Photolysis of Bis- and Tris-oxalato Iron(III) 
Complexes in a Solid, Solutions, and Frozen Solutions 

H a r u o S A T O a n d T a k e s h i T O M I N A G A * 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Tokyo 113 

(Received October 31 , 1978) 

T h e photolytic reactions of bis- and tris-oxalato i ron(I I I ) complexes in a solid, solutions, and frozen solu­
tions were studied by means of 57Fe Mössbauer spectroscopy. An iron(II) species was observed as a metastable 
intermediate product in the photolysis of tris (oxalato) ferrate (I II) in a solid and solutions. A mechanism with 
a sequence of i ron(II) intermediates was tentatively proposed for the photolysis and subsequent reactions in this 
compound. T h e Mössbauer technique was also used to examine whether or not tris(oxalato)ferrate(III) was 
diluted uniformly with diamagnetic substances in the mixed crystals and frozen solutions. 

I t h a s b e e n d e m o n s t r a t e d i n o u r ea r l i e r w o r k t h a t 
M ö s s b a u e r spec t ro scopy is a useful tool for d e t e c t i n g 
t h e c h a n g e s in o x i d a t i o n s ta tes a n d s t r u c t u r e s i n d u c e d 
b y rad io lys is , pho to lys i s , a n d pyrolys is in solid i r o n 
c o m p o u n d s . 1 - 6 ) R e c e n t l y , w e h a v e i nves t i ga t ed t h e 
photo lys i s of p o t a s s i u m tris (oxa la to ) f e r ra te (111) in 
a solid a n d solut ions 7) a n d p r o p o s e d t h e poss ib le a p ­
p l i c a t i o n of M ö s s b a u e r spec t ro scopy in t h e p h o t o ­
c h e m i s t r y of m e t a l c o m p l e x e s in t h e l i q u i d a n d frozen 
s ta tes . 

T h e ob jec t of th is a r t i c l e is to p r e s e n t a m o r e c o m ­
p l e t e r e p o r t of o u r w o r k c o n c e r n i n g t h e photo lys i s 
of p o t a s s i u m tris (oxa la to ) f e r ra te ( I I I ) in a solid a n d 
so lu t ions , t o g e t h e r w i t h o u r r e c e n t resul ts o n t h e p h o ­
tolysis of p o t a s s i u m d i a q u a b i s ( o x a l a t o ) f e r r a t e ( I I I ) in 
so lu t ions . I n a d d i t i o n , t h e M ö s s b a u e r t e c h n i q u e h a s 
also b e e n a p p l i e d to t h e inves t iga t ion of w h e t h e r 
o r n o t p o t a s s i u m t r i s ( o x a l a t o ) f e r r a t e ( I I I ) is d i l u t e d 
u n i f o r m l y w i t h d i a m a g n e t i c s u b s t a n c e s in m i x e d crys­
tals a n d in frozen so lu t ions . 

E x p e r i m e n t a l 

Materials. Potassium Tris (oxalato)ferrate (HI) Trihy-
drate K3[Fe(C2OJ3]'3H20: An aqueous solution of a (1 : 3) 
mixture (by mole ratio) of i ron( I I I ) chloride and potassium 
oxalate was heated for 2 h at 80 °G; after the solution had 
been cooled, the precipitate was collected and recrystallized 
three times from water. Found : G, 14.6; H , 1.2%. Galcd 
for K 3 [ F e ( C 2 0 4 ) 3 ] . 3 H 2 0 : G, 14.7; H , 1.2%. 

57'Fe-enriched Potassium Tris (oxalato )ferrate (III) Trihy drate 
KziblFe(CzOJz\ -3H20: A 0.2 M potassium hydrogenoxalate 
solution was added to an excess of freshly precipitated 57Fe2-
0 3 - r c H 2 0 , after which the mixture was heated for 1 h at 
70 °G (1 M = l m o l d m - 3 ) . T h e resulting solution was 
filtered, and the filtrate was concentrated in a vacuum.8) 
Found : G, 14.7; H , 1.0%. Galcd for K 3 [ 5 7 Fe(C 2 0 4 ) 3 ] • 
3 H 2 0 : G, 14.6; H , 1.2%. 

57Fe-doped Potassium Tr is ( oxalato) cob altate( III) Trihy drate 
K3[(57Fe,Co)(C2OJ3]-3H20: An aqueous solution contain­
ing a (1 : 33) mixture (by weight) of 57Fe-enriched potassium 
tris (oxalato) ferrate ( I I I ) t r ihydrate and potassium tris(oxa-
lato)cobal tate(III) tr ihydrate was quenched quickly in liquid 
nitrogen, and then the frozen solution was condensed in 
a vacuum at —21 °G by pumping it through a liquid nitrogen 
t rap . 

57 Fe-enriched Potassium Diaquabis( oxalato)ferrate (HI) (K-
[57Fe(C2OJ2(H20)2]) Solutions: A (1 : 3) mixture (by mole 
ratio) of potassium oxalate and oxalic acid in an aqueous 
solution was added to an excess of freshly precipitated 

5 7 F e 2 0 3 - r c H 2 0 ; the solution was then filtered after having 
been heated for 1 h at 70 °G. 

Potassium Diaquabis( oxalato )ferrate( II) K2[Fe(C2OJ2-
(H20)2\. This compound was prepared according to the 
procedures described by Temperly et Ö/.9> 

Potassium \L-Oxalato-bis\bis(oxalato )ferrate (II)] K6[Fe2-
(C2OJ5] : This was prepared by heating potassium tris-
oxa l a to ) ferrate (II I) for 15 min at 260 °G according to the 
method described by Bancroft et al.10) 

Photoirradiation. Samples were exposed either to a 
500-W superhigh-pressure mercury lamp (spectral range: 
300—600 nm) or to a 30-W low-pressure mercury lamp 
(253.7 n m ) . The solid samples were irradiated as crystals 
spread over a glass plate or adhesive tape, as film coated on 
an acrylic plate,11) or as a disk in KG1. 

A quartz cell with a 5-mm optical pa th was used for the 
irradiation of the solutions. Frozen solutions were irradiated 
as dipped directly in liquid nitrogen or as contained in acrylic 
or Teflon holders designed for Mössbauer measurements. 

Freezing of Solutions. Both irradiated and unirradiated 
solutions were frozen quickly by one of the following proce­
dures, A — D , prior to Mössbauer measurements: 
A) T h e holder containing the solution was placed on Dry 
Ice. 
B) T h e holder containing the solution was immersed in 
liquid nitrogen. 
G) Droplets of the solution were added directly to liquid 
nitrogen. 
D) A spatula precooled at 77 K was dipped into the solution 
so that a small amount was condensed on it, and then it 
was quickly put into liquid nitrogen. By repeating this 
procedure, small droplets of the frozen solution were collected 
in the liquid nitrogen. 
By Procedures B—D, we may achieve freezing rates of 5— 
8 K / s , 10—40K/s , and 100—250 K/s respectively. 

Measurements of Mössbauer Spectra, Infrared Spectra, and Powder 
X-Ray Patterns. T h e Mössbauer spectra at 77 K and 
293 K were measured by using a Hitachi AA-40 or a Shimadzu 
MEG-2 Mössbauer spectrometer against 57Co in copper or 
rhodium foil. Acrylic or Teflon holders (32 m m in diameter) 
were used for the measurements of the solutions. 

T h e curve-fitting of the spectra thus obtained was perform­
ed with a H I T A G 8800/8700 computer, assuming that they 
were composed of absorption peaks in a Lorentzian line 
shape. 

T h e infrared spectra were recorded on a Hitachi EPI-G2 
spectrophotometer (400—4000 c m - 1 region). The powder 
X-ray patterns of the (1 : 33) mixture of potassium tris-
(oxalato)ferrate(III) t r ihydrate with potassium tris (oxalato)-
cobal ta te(I I I ) tr ihydrate, and 57Fe-doped potassium tris-
(oxalato)cobaltate(III) tr ihydrate were taken by using a 
Rigaku Denki Geigerflex and Fe iCa-radiation. 
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R e s u l t s and D i s c u s s i o n 

Photolysis of Potassium Tris (oxalato)ferrate (III) in 
the Solid Phase. The Mössbauer spectrum at 
77 K of the unirradiated solid potassium tris (oxalato)-
ferrate (III) (Product I) in Fig. l a is composed of a 
single broad absorption indicative of an electronic 
spin relaxation effect.12) After irradiation at 253.7 nm 
for 5 h at room temperature, the Mössbauer spectrum 
(Fig. lb) represents two sets of quadrupole doublets 
for an iron(II) species (Product II) and an iron (III) 
species (Product I I I ) in addition to the broad single 
absorption of the unreacted parent compound. After 
the prolonged standing of the photolyzed sample in 
air, however, the intensities of the iron (I II) doublet 
peaks (Product I I I ) had increased, while those of the 
iron(II) doublet (Product II) had decreased and the 
iron(II) doublet (Product II) had disappeared even­
tually (Fig. lc) . 

When smaller amounts of 57Fe-enriched potassium 
tris(oxalato)ferrate(III) were irradiated in a solid, 
in a disk, or on film, two iron (I I) species (Products 
IV and V) other than Product I I were obtained as 
photolysis products, depending on the irradiation 
conditions (period, temperature, and atmosphere) 
(Fig. 2). 

Table 1 summarizes the Mössbauer parameters 
of the photolysis products from potassium tris (oxalato)-
ferrate(III) , together with the identities of those prod­
ucts tentatively deduced on the basis of the results 
reported previously for the pyrolysis and radiolysis 
of the same system.9,10 '13 '14) 

Among such products, Products V and VI15) are 
fairly unstable intermediates which have not been 
observed in the earlier work. The Mössbauer param­
eters and infrared spectra (Fig. 3) reveal that both 
products, V and VI , cannot be identical with any of 
the known products, I to IV, nor with any tetrahedral 
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nm light (Product II), (b) in KCl disk for 2 h at 0 °C 
in C 0 2 with 253.7 nm light (Product IV), and (c) 
in powder for 1 min at 40 °G in air with 300—600 
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Fig. 3. Infrared spectra of (a) K3[Fe(C204)3]-3H20, 
(b) Product II (K6[Fe2(C204)5])5 (c) Product V, and 
(d) FeC 20 4-2H 20. 

species. Furthermore, from the conceivable structures 
for Products V and VI , we may rule out the following 
ones : 
1) [ F e ( C 2 0 4 ) 3 ] 4 - and [ F e ( C 2 0 4 ) 2 ( G 2 0 4 H ) ( H 2 0 ) ] 3 -
can be excluded for stoichiometric reasons. 
2) [ F e ( H 2 0 ) 6 ] 2 - and [ F e ( C 2 0 4 ) ( H 2 0 ) 4 ] are unlikely 
because Product V I is stable in solutions containing 
excess potassium oxalate. 
3) Structures with bridging oxalates may also be 
eliminated because the infrared spectrum of Product 
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TABLE 1. MÖSSBAUER PARAMETERS OF THE PHOTOLYSIS PRODUCTS FROM POTASSIUM TRIS(OXALATO) FERRATE (III) 

77 K 293 K 
Product x '- ^ y '^ v Tentative assignment 

(5a> AEq <5a> A£ Q 

mm/s mm/s 
Product I 0 .44±0.02 — 0.33±0.02 — Parent compound 
Product II 1.26±0.02 4 .09±0.08 1.16±0.02 3 .89±0.08 [Fea"(Ca04)6]«-
Product III 0 .49±0.02 0 .70±0.03 0 .36±0.03 0 .68±0.04 [Fen i(C a04) a(H aO) a]-
Product IV 1.34±0.02 3 .27±0.04 1.22±0.02 2 .53±0.04 [Fen(C204)2(H20)2]2-
Product V 1.28±0.02 2 .94±0.03 — — Metastable iron(II) species 
Product VI 1.29rt0.01 2 .91±0.01 — — Metastable iron(II) species 

fproduc^V)18 l -29±0.02 2 .94±0.02 — — Metastable iron(II) species 

a) With respect to the centroid of the spectrum of iron foil at 293 K. Experimental errors are indicated of 
maximum deviations. 

V shows no absorption band in the 1300—1400 c m - 1 

region (characteristic of the iron complexes with 
oxalate bridging, such as F e C 2 0 4 - 2 H 2 0 and K6-
[Fe 2 (C 2 0 4 ) 5 ] ) . 
Although further investigation will be necessary for 
determining the identities of Products V and V I , 
we may assume tentatively that a geometrical iso­
mer of Product IV (K 2 [Fe (C 2 0 4 ) 2 (H 2 0) 2 ] ) remains 
as one of the possible structures for Product V (and 
V I ) . 

As has been mentioned above, the formation and 
subsequent conversion of Products I I , I I I , IV, and V 

Dilution of Potassium Tris (oxalato)ferrate (III) in 
Mixed Crystals and Frozen Solutions. As is shown 
in Fig. 4a, the Mössbauer spectrum of solid potas­
sium tris(oxalato)ferrate(III) trihydrate consists of a 
remarkably broadened absorption peak, indicating an 
electronic spin relaxation effect.12) If this compound 
is diluted uniformly with a diamagnetic substance 
{e.g., potassium tris(oxalato)cobaltate(III) trihydrate or 
water), however, a resolved hyperfine structure is 
observed in the Mössbauer spectrum due to the de­
veloping relaxation effect. In fact, the Mössbauer 
spectrum of 57Fe-doped potassium tris(oxalato)ferrate-
(III) trihydrate, K 3 [ ( "Fe ,Co) (C 2 0 4 ) 3 ] - 3 H 2 0 (Fig. 4b), 
indicates a resolved magnetic hyperfine structure 
and suggests that potassium tris(oxalato)ferrate(III) 
trihydrate is diluted uniformly in solid potassium tris-
(oxalato)cobaltate(III) trihydrate. By comparing the 
powder X-ray pat tern of the 57Fe-doped potassium 
tris(oxalato)cobaltate(III) with that of a (1 : 33) 
mixture of potassium tris(oxalato)ferrate(III) trihydrate 
and potassium tris(oxalato)cobaltate(III) trihydrate, it 

were governed mainly by the photoirradiation con­
ditions. A brief irradiation at a lower temperature 
generally favors the initial formation of Product V. 
After prolonged standing, Product V is converted 
into Products I V and I I , which are eventually con­
verted into Product I I I by oxidation in air. Product 
I I also appears on the heating of Product IV at 120 
°C. Thus, the overall mechanism for the formation 
of such products can be generally accounted for by 
assuming the following sequence of photolytic and 
subsequent reactions : 

may be presumed that the 57Fe-doped potassium tris-
(oxalato)cobaltate(III) trihydrate is constituted of 
mixed crystals. 

In frozen solutions containing uniformly dispersed 
i ron(III ) species, Mössbauer spectra have been re­
ported to show similar hyperfine structures resulting 
from long spin-relaxation times.16'17) Although we 
have, in this work, measured the Mössbauer spectra of 
frozen solutions (quenched by Procedure B) at various 
concentrations (0.002—1 M) of potassium tris(oxalato)-
ferrate(III) , no significant difference was observed 
in their spectra over the concentration range studied. 
For example, the Mössbauer spectrum of the 0.005 M 
potassium tris(oxalato)ferrate(III) solution (Fig. 4c) 
quenched by Procedure B resembles that of the 
same compound in the solid state (Fig. 4a) and sug­
gests that microcrystals of the solute were separated 
on freezing the solutions. However, the Mössbauer 
spectrum of the 0.005 M potassium tris(oxalato)-
ferrate(III) solution containing an excess of potassium 
hydrogenoxalate, frozen quickly by Procedure D 

Product I > Product V — 

-• Product II 

heat Product III 

or, in terms of tentative assignments; 

hv 

[Fen I(Ga04)3]3- > Metastable iron(II) species-

Product IV 1 

- [Fe2n(C204)5]< 

heat 

[Fen(Ca04)a(H20)2;p-

[Fe"1(C204)2(H20)2]-
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Fig. 4. Mössbauer spectra at 77 K of (a) solid K3[Fe-
(G204)3] -3H20, (b) solid K3[(57Fe,Co)(C204)3] -3H20, 
(c) a 0.005 M K3[57Fe(G204)3] solution quenched 
by procedure B, and (d) a 0.005 M K3[57Fe(C204)3] 
solution containing an excess of KHC 20 4 , quenched 
quickly by procedure D. 

(Fig. 4d), shows the hyperfine structure characteris­
tic of the relaxation effect. Accordingly, it is ob­
vious that the solute is diluted more uniformly in this 
frozen solution. Thus, the Mössbauer technique can 
be used to examine whether or not solutes are uni­
formly diluted in quenched solutions. 

Photolysis of Potassium Tris (oxalato)ferrate (III) in 
Aqueous Solutions and Frozen Aqueous Solutions. In 
Fig. 5 are illustrated the Mössbauer spectra of neutral 
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Fig. 5. Mössbauer spectra at 77 K of neutral aqueous 
solutions of K3[57Fe(C204)3] quenched by procedure 
B after photoirradiation for various periods, (a) 
Unirradiated, (b) 3-s irradiated, (c) 10-s irradiated, 
and (d) 120-s irradiated. 

aqueous solutions of potassium tris (oxalato) ferrate-
(III) quenched by Procedure B after photoirradia-
tion for 3, 10, and 120 s with a superhigh-pressure 
mercury lamp. T h e iron (III) single peak of the 
parent complex (Product I) tended to disappear, 
yet the iron(II) doublet (Product VI) became pre­
dominant with the increase in the irradiation period. 
Table 2 summarizes the Mössbauer parameters of the 
products obtained by the photoirradiation of the 
solutions, together with the percentage photoreduction 
for various irradiation periods. 

The Mössbauer spectrum of the photoirradiated 
frozen solutions of potassium tris (oxalato) ferrate (III) 
also indicates the formation of Product V I (Fig. 
6a). O n 5-min standing at room temperature after 
2-min exposure to the superhigh-pressure mercury 
lamp, iron(II) oxalate has already started precipi­
tating in an aqueous solution of potassium tris (oxalato)-

TABLE 2. MÖSSBAUER PARAMETERS AT 77 K OF THE PHOTOLYSIS PRODUCTS OF 0.02 M K3[57Fe(C204)3] 

AQUEOUS SOLUTIONS AND T H E P E R C E N T A G E P H O T O R E D U C T I O N FOR VARIOUS IRRADIATION PERIODS 

Iron (III) species 
(parent) 

Iron(II) species 
(Product VI) 

Percentage of photoreduc 

r (5a)/(mm/s) 
i A£Q/(mm/s) 

f/(mm/s) 

I «/% 
f (5a)/(mm/s) 

A£Q/(mm/s) 
r/(mm/s) 

> « /% 
tion/% 

0 

0.44(l)b> 

— 
2.48(5) 
2.5(1) 

— 
— 
— 
— 
0 

Period of photoirradiation/s 

3 

0.43(1) 

— 
2.41(5) 
2.7(1) 
1.29(1) 
2.91(1) 
0.43(2) 
2.4(1) 

17 

^ 
10 

0.43(4) 
— 

2.03(15) 
1.2(1) 
1.29(1) 
2.91(1) 
0.43(1) 
6.2(1) 

59 

120 

— 
— 
— 
— 

1.29(1) 
2.91(1) 
0.44(1) 

10.5(2) 
100 

a) With respect to the centroid of the spectrum of iron foil at 293 K. b) Figures in parentheses indicate 
standard deviations in units of the last significant digit, f': Line-width; e: resonance-effect magnitude. 
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Fig. 6. Mössbauer spectra at 77 K of (a) a photoirradi-
ated frozen aqueous solution of K3[57Fe(G204)3], (b) 
an aqueous solution of K3[57Fe(C204)3] quenched 
on 5-min standing at room temperature after photo-
irradiation, and (c) an aqueous solution of K3[57Fe-
(C204)3] quenched on prolonged standing at room 
temperature after photoirradiation. 

ferra te(II I ) ; Fig. 6b shows the spectrum of this solu­
tion quenched quickly. Although Product V I is at 
first converted into iron(II) oxalate, i ron(II) oxalate 
is in turn oxidized after prolonged standing in air 
and is dissolved again. The Mössbauer spectrum of 
the iron (III) species resulting from the oxidation of 
iron(II) oxalate (Fig. 6c) reveals the formation oi 
potassium diaquabis(oxalato)ferrate(III) and potas-
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Fig. 7. Mössbauer spectra at 77 K of 0.05 M sulfuric 
acid solutions of K3[57Fe(C204)3] quenched by pro­
cedure A after photoirradiation for (b) 3 s, (c) 10 s, 
and (d) 60 s. (a) : Unirradiated solution. 

sium tris (oxalato) ferrate ( I I I ) . 
The Mössbauer parameters and infrared spectra 

suggest that the product obtained from freeze-drying 
(at —21 °G) of Product V I may be identical with 
Product V. 

Hence, the photolysis and subsequent reactions of 
potassium tris (oxalato) ferrate (III) in aqueous solutions 
presumably proceed as in the following sequence: 

[Fe(C204)3]3 
hv Metastable iron (II) 

species (Product VI) 

freeze-drying 

Product V 

FeC 2 0 4 .2H 2 0 
(precipitate) 

[Fe"i(G204)2(H20)2]- or [Fei"(C204)3]3 

Photolysis of Potassium Tris (oxalato)ferrate(HI) in 
Sulfuric Acid Solutions. Based on spectrophoto­
m e t r y measurements, Parker has reported that both 
monooxalato- and bisoxalato- iron (III) complexes 
are present in sulfuric acid solutions of potassium 
tris (oxalato) ferrate (III) .18> 

The Mössbauer spectrum obtained in this work 
of a frozen 0.05 M sulfuric acid solution of potassium 
tris (oxalato) ferrate (III) reveals a broad singlet ab­
sorption of tris (oxalato) ferrate (III) ion in addition to 
the mono- and bis-oxalato complexes (Fig. 7a). The 
relative quantities of mono-, bis-, and tris-oxalato 
complexes in frozen solutions were found to depend 
on the freezing rate. Figures 7b—d illustrates the 
Mössbauer spectra of sulfuric acid solutions of potas­
sium tris (oxalato) ferrate (III) frozen by Procedure 
A after having been irradiated with the superhigh-
pressure mercury lamp for 3, 10, and 60 s. I t is ob­
vious that the parent complex was reduced to an iron-
(II) species (Product V I I ) . T h e Mössbauer param­
eters of Product V I I ((3=1.4 mm/s, AEq = 3.2—3.4 

mm/s) appear to change slightly with the change in 
the freezing rate. The percentage photoreduction to 
the iron(II) species was estimated as being about 
30, 70, and 100% for 3-, 10-, and 60-s irradiations 
respectively. T h e percentage reduction determined 
spectrophotochemically by means of the ö-phenan-
throline method19) was in good agreement with the 
Mössbauer data. 

Since Product V I I is unstable, iron(II) oxalate has 
already appeared in the solution after 120-s photo-
irradiation. When a frozen-sulfuric-acid solution of 
potassium tris (oxalato) ferrate (111) has been exposed to 
light, the Mössbauer spectrum also indicates the for­
mation of Product V I I . 

Photolysis of Potassium Diaquabis(oxalato)ferrate (III) 
in Aqueous Solutions. Figure 8 demonstrates the 
Mössbauer spectra of aqueous solutions of potassium 
diaquabis(oxalato)ferrate(III) frozen by Procedure B 
after photoirradiation; the percentage photoreduction 
of the parent complex to iron(II) species increases 
with the increase in the photoirradiation period. Table 
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T A B L E 3. MÖSSBAUER PARAMETERS AT 77 K OF THE PHOTOLYSIS PRODUCTS OF 0.02 M K[ 5 7 Fe(C 2 0 4 )2 (H 2 0)2] 

AQUEOUS SOLUTIONS F O R VARIOUS IRRADIATION PERIODS 

Product 
Period of photoirradiation/s 

s 
0 

0.49 
0.64 
0.54 
7.0 
— 
— 
— 
— 

3 

0.49 
0.58 
0.53 
5.6 
1.34 
3.21 
0.48 
3.3 

10 

b) 

*>) 
t>) 

b) 

1.31 
2.88 
0.57 
5.5 

60 

— 
— 
— 
— 

1.29 
2.83 
0.39 

11.0 

Iron (III) species 
(parent) 

I ron(II) species 
(photolysis product) 

(5a>/(mm/s) 
A£ Q / (mm/s ) 
r / ( m m / s ) 
«/% 

(5a>/(mm/s) 
A£ Q / (mm/s ) 
r / ( m m / s ) 
«/% 

a) With respect to the centroid of the spectrum of iron foil at 293 K. b) Reasonable values were not available. 
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Fig. 8. Mössbauer spectra at 77 K of aqueous solutions 
of K [ 5 7 F e ( C 2 0 4 ) 2 ( H 2 0 ) 2 ] quenched by procedure 
B after photoirradiation for (b) 3 s, (c) 10 s, and (d) 
60 s. (a) : Unirradia ted solution. 

3 s u m m a r i z e s t h e M ö s s b a u e r p a r a m e t e r s o b t a i n e d f rom 
curve- f i t t ing b y a s s u m i n g a q u a d r u p o l e d o u b l e t of 
t h e L o r e n t z i a n l i n e - s h a p e for t h e i r o n ( I I ) species . 
W h i l e t h e i somer shift a n d q u a d r u p o l e sp l i t t ing of t h e 
i r o n ( I I ) species a r e d e c r e a s e d w i t h t h e inc rease in t h e 
i r r a d i a t i o n p e r i o d , t h e l i n e - w i d t h shows a n o m a l o u s 
b e h a v i o r . A l t h o u g h t h e M ö s s b a u e r l i n e - w i d t h is, 
in gene ra l , e x p e c t e d to inc rease w i t h t h e c o n c e n t r a ­
t ion of i ron species,2 0) t h e l i n e - w i d t h of t h e i r o n ( I I ) 
species in F ig . 8 does n o t s i m p l y inc rease w i t h t h e 
c o n c e n t r a t i o n in t e r m s of t h e i r r a d i a t i o n p e r i o d ; t h e 
w i d t h s a r e 0 .48 , 0 .57, a n d 0.39 m m / s for 3 - , 10-, a n d 
60-s i r r a d i a t i o n s respec t ive ly . S u c h a n a n o m a l y c a n 
b e e x p l a i n e d t e n t a t i v e l y b y a s s u m i n g t h a t a t least 
t w o i r o n ( I I ) species w i t h s l ight ly different p a r a m e t e r s 
a r e fo rmed in pho to lys i s ; o n e of t h e m is p r e d o m i n a n t 
after 3-s i r r a d i a t i o n , w h i l e t h e o t h e r b e c o m e s p r e ­
d o m i n a n t after 60-s i r r a d i a t i o n . B o t h species c a n 
exist after 10-s i r r a d i a t i o n . U n f o r t u n a t e l y , t h e M ö s s ­
b a u e r s p e c t r u m o b t a i n e d after 10-s i r r a d i a t i o n (F ig . 
8c) c a n n o t b e resolved wel l b y c o m p u t e r curve-f i t ­

t i n g b e c a u s e of t h e b r o a d o v e r l a p p i n g a b s o r p t i o n 
of t r i s ( o x a l a t o ) f e r r a t e ( I I I ) , poss ibly f o r m e d b y t h e 
c o m b i n a t i o n of t h e p a r e n t c o m p l e x w i t h free o x a l a t e 
ions.2 1) 

F u r t h e r s t u d y wil l b e necessa ry for a c o m p l e t e 
u n d e r s t a n d i n g of t h e m e c h a n i s m of t h e photo lys i s 
of d i a q u a b i s (oxa la to ) f e r ra te ( I I I ) in a q u e o u s so lu t ions . 
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Preparation and Stereochemistry of Optical Isomers of the Tris-(3,3'-
dimethyl-2,2r-bipyridyl iVjiN^-dioxideJchromiumtlll) Complex 
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(Received October 30, 1978) 

A new ligand, (R)- and (6')-3,3/-dimethyl-2,2/-bipyridyl iV,iV-dioxide(mbdo) forms three diastereomers(I, 
II, and III) of [Cr(mbdo)3]3+ by the reaction with [Gr(H20)6]3+ in water. (I) was assigned to a pair of en-
antiomers, A(RRR) and A{SSS), and (II) and (III) to either a diastereomeric pair of A(RRS) and A(SSR) or 
A(SSR) and A(RRS). While the racemic (I) was resolved by SP-Sephadex column chromatography, (II) and 
(III) isomerized in water to each other ( I I ^ I I I ) by exposure to ultraviolet light, were resolved by the reaction 
of [Cr(H20)4(A or S)-mbdo]3+ with a stoichiometric amount of (S or i?)-mbdo. The circular dichroism spectra 
of these optically active isomers were measured in aqueous solutions and compared with those of complexes of 
the [Gr06]-type of known absolute configuration. The optically active free ( + )589- and ( — )589-mbdo were 
isolated by decomposing A(SSS)- and A (RRR)-[Cr (mbdo) z]

3+, respectively, with edta4-. The active mbdo is 
optically stable even in boiling water. 

2,2'-Bipyridyl JV,iV'-dioxide(bpdo) forms a skew 
seven-membered chelate ring upon coordination to a 
metal ion. Since the skew chelate ring is chiral (ô or 
À), a tris-type complex of bpdo has four theoretically 
possible diastereomers, each of which has a pair of 
enantiomers (A and A).1) By analogy with the stereo­
isomerism in [Co(en)3]3 +(en=ethylenediamine),2) these 
diastereomers can be designated as lel^(A(ÀAÀ), A(ôôô)), 
lel2ob(A(Uô), A(ÔÔÀ)), lelob2 (A(AÔÔ), A(ÔXX)), and 
ob3(A(ôôô), A(XXX)). However, we have reported that 
[Cr(bpdo) 3 ] 3 + forms only one pair of enantiomers 
which racemize spontaneously in water at room tem­
perature.3) This indicates that the bpdo chelate ring 

i s flexible, changing its conformation (d^X) very easily. 
If the rotation around the bond between the 2 and 2' 
carbons of bpdo is prohibited by replacing the 3 and 
3' hydrogens with some bulky substituents, such a con­
formational change is forbidden and the complex ion 
is expected to exist in some optically stable isomers. 
This paper deals with the preparat ion and stereo­
chemistry of the tris-chromium(III) complex with a 
new chelate ligand, (R)- and (S)-3,3'-dimetbyl-2,2'-
bipyridyl JVjJV'-dioxide(mbdo)(Fig. 1). 

R(X) S(S) 

Fig. 1. A pair of enantiomers of mbdo. 

E x p e r i m e n t a l 

Preparation of Ligand. 3,3/-Dimethyl-2,2/-bipyridyl 
iV,iV/-dioxide(mbdo) was prepared from 3,3'-dimethyl-
2,2/-bipyridyl4> according to a method similar to that for 
2,2/-bipyridyl iV,iV-dioxide(bpdo).5) An acetic acid solu­
t i o n ^ cm3) of 353,-dimethyl-2,2/-bipyridyl(18g, 0.1 mol) 
was mixed with 30% aqueous hydrogen peroxide(60 cm3). 
The solution was refluxed for 4 h, then mixed with another 
50 cm3 of 30% aqueous hydrogen peroxide and refluxed 
for 3 h. The resulting pale yellow solution was evaporated 

under reduced pressure to give an oily residue. A small 
amount of ethanol was added to the residue and the mixture 
was evaporated. This procedure was repeated several 
times to remove water contained in the product. White 
precipitate was obtained upon addition of a small amount 
of acetone and then ether to the oily residue. The precipi­
tate was filtered, washed with acetone and then ethanol, 
and air-dried. Recrystallization from a small amount of 
hot ethanol gave white cubic crystals. Yield: 12.3 g (60%), 
mp 212—214 °G (sublimation); IR(KBr disk) 1255 and 
1242(»N_o) and 802 c m - ^ N _ 0 ) ; 1H-NMR(D20) (5=2.17 
ppm(s, GH3). The mbdo ligand exists in a pair of enan­
tiomers. The optically active ligand was obtained by 
decomposing an optically active [Cr(mbdo)3]3+ complex 
(vide post). 

Preparation of [Cr(mbdo)3]
3+. A 10~2 mol/dm3 hydro­

chloric acid solution (40 cm3) containing Cr(N03)3-9H20 
(1.2 g, 3 mmol) and racemic mbdo(2.4 g, 11 mmol) was 
heated at 80 °G for 5 h. After cooling, sodium Perchlorate 
(2 g, 16 mmol) was added to the solution to give green pre­
cipitate, which was filtered, washed with water and then 
ethanol, and recrystallized from warm water. Yield: 1.1 g 
(73%). This complex perchlorate consists of three pairs 
of diastereomers of [Cr(mbdo)3]3+. 

Separation of Optical Isomers of [Cr(mbdo)3]
3+. The 

[Cr(mbdo)3]3+ complex obtained above was dissolved in 
water, and the solution was poured on a column(02.7x 130 
cm) of SP-Sephadex G-25 resin in the Na+ form. By eluting 
the adsorbed band with a 0.2 mol/dm3 sodium ( + )589-tartrato-
antimonate(III) solution, the column gave three separate 
bands, Ia,Ib, and Ic in the order of elution (Fig. 2a). All 
the fractions of la and of lb gave positive and negative, 
respectively, rotations at sodium D line, the GD patterns of 
la and lb fractions being enantiomeric to each other. Thus, 
the la and lb bands were assigned to a pair of enantiomers 
(diastereomer I (la, lb)). The fractions of Ic band were 
collected and rechromatographed. The adsorbed complex 
on an SP-Sephadex column(02.7x 130 cm) was eluted with 
a 0.15 mol/dm3 Na2S04 solution. Two separate bands 
(II and III) were obtained (Fig. 2b). The diastereomers 
in these bands isomerize to each other on exposure to light 
( I I ^ I I I ) , so that the chromatography should be carried 
out in the dark. The isomers la and lb in solution are 
stable in the light. The diastereomers II and III were found 
to be partially resolved by column chromatography. The 
fractions of la, lb, II, and III bands were collected separate­
ly, diluted several times with water, and poured on small 
columns of SP-Sephadex resin. The adsorbed isomers were 
eluted with a 2 mol/dm3 NaCl solution, and the eluates 
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Fig. 2. (a) Elution curve of [Gr(mbdo) 3 ] 3 + . Eluent : 
0.2 mol/dm3 sodium ( + ) 5 8 9 - tar t ra toant imonate(I I I ) . 
(b) Elution curve of le . Eluent : 0.15 mol /dm 3 sodium 
sulfate. 

were mixed with N a C 1 0 4 to give green crystals, which were 
filtered, washed with a small amount of cold water, and air-
dried. The formation ratio, I ( I a + I b ) : I I : I I I was 4 : 1 : 1 . 

Preparation of Cr(mbdo)Cl3-5H20. A 10"2 mol/dm 3 

hydrochloric acid solution(50 cm3) containing C r ( N 0 3 ) 3 -
9H 2O(0.8 g, 2.0 mmol) and racemic mbdo(0.5 g, 2.3 mmol) 
was heated at 70 °C for 3 h. After cooling, the resulting 
solution was poured on a column (çS 2.5 X 80 cm) of SP-
Sephadex G-25 resin. T h e adsorbed product was eluted 
with a 0.5 mol /dm 3 NaCl solution to give three separate 
bands. The last blue-green band was a mixture of the 
mono-mbdo complex and [ C r ( H 2 0 ) 6 ] 3 + , which were sepa­
rated by similar SP-Sephadex column chromatography using 
a 0.2 mol/dm3 N a 2 S 0 4 solution as an eluent. T h e green 
fraction of the mono-mbdo complex was again poured on 
a small column(çS 2 . 7 x 5 cm) of SP-Sephadex after dilution 
with water. The column was washed well with 10~2 mol /dm 3 

hydrochloric acid in order to replace Na+ ions on the resin 
with H+, and the adsorbed complex was eluted with 3 mol/ 
dm 3 hydrochloric acid. The eluate was evaporated to dryness 
in a vacuum desiccator over P 2 O s and N a O H to give violet 
crystals. They were washed with ethanol and air-dried. 
Yield: 6 0 % . This complex has the composition of Cr-
(mbdo)Cl 3 -5H 2 0 , and turns from violet to green in water, 
indicating that some chloride ions coordinate to the chromium-
(III) ion in the solid state. O n heating an aqueous solution 
of the complex at 60 °C for a few hours, the absorption spec­
t rum coincides with that of the green fraction ( ( C r ( H 2 0 ) 4 -
(mbdo)]3 +) separated by chromatography. 

Resolution of mbdo. Optically active mbdo was ob­
tained from the ( + )589-Ia or ( —)589-Ib isomer. T o an aque­
ous solution (20 cm3) of the l a or l b isomer(50 mg, 0.05 
mmol) was added Na 2 H 2 edta • 2 H 2 0 (100 mg, 0.27 mmol) 
and the solution was heated at 70 °C for 10 h. During the 

course of heating, the color of the solution gradually turned 
from green to red violet. The resulting solution was diluted 
with 500 cm3 of water, adjusted to p H 9—10 with N a O H . 
T h e solution was passed through first a column of Dowex 
1X8 anion exchange resin in the G l - form {<f> 2.7 X 20 cm) 
to remove [Cr (OH) (edta)]2~ produced and other anions, 
and then through a column of Dowex 50W cation exchange 
resin in the H+ form (<ß 2.7 X 10 cm) to remove cations such 
as Na+ and the unreacted mbdo-ch romium(I I I ) complex. 
The solution was then evaporated to dryness under reduced 
pressure to give optically active mbdo. T h e ( + )589-Ia 
isomer gave ( + )589-mbdo ([a]5

2
8
3
9= +10 .6° ) . T h e active 

mbdo is optically stable in solution. 

Preparation of Optically Active [Cr(H20)^(-^ ) ^ 9 - or ( — ) ^ % -
mbdo)~\3+. This complex was prepared from [Gr-
(H 2 0) 6 ] 3 + and optically active mbdo by the method de­
scribed for the racemic [Gr(H 2 0) 4 (mbdo)] 3 + complex. Its 
isolation was not achieved because of the small amoun t ob­
tained. The quanti tat ive circular dichroism(CD) spectrum 
of this complex was determined with the aid of the e values 
of the racemate. 

Preparation of Optical Isomers of [Cr(( +)58g-mbdo)2(( — j 5 8 9 -
mbdo)]3+. T o an aqueous solution of [Gr (H 2 0) 4 ( ( — )5 8 9-
-mbdo) ] 3 + was added twice the equivalent amount of ( + )5 8 9-
mbdo. T h e solution was heated at 50 °C for 7 h and poured 
on an SP-Sephadex column (ci 2 . 0 x 5 0 cm). T h e adsorbed 
product was eluted with a 0.5 mol /dm 3 NaCl solution in 
order to separate the tris-complex from the starting material . 
T h e fractions of the second band were collected and rechro-
matographed. By elution with a 0.2 mol/dm 3 N a 2 S 0 4 

solution, two bands( I Ia and I l i a ) were obtained, corre­
sponding to enantiomers of diastereomers I I and I I I , re­
spectively, described for the racemic complex. Both isomers 
show positive rotation at 589 nm and epimerize to each other 
in the light ( I l a ^ I I I a ) as observed for the racemic I I and 
I I I . Diastereomer I was not formed, indicating that no 
disproportionation took place. 

Analytical da ta of all the new compounds are given in 
Table 1. 

Measurements. Absorption and CD spectra were 
recorded on a Hitachi 323 spectrophotometer and a J A S C O 
J-40 spectropolarimeter, respectively. Optical rotations 
were determined with a J A S C O DIP-40 digital Polarimeter. 

R e s u l t s and D i s c u s s i o n 

A n e w l i g a n d m b d o c a n exist in a p a i r of e n a n t i o ­
m e r s , s ince free r o t a t i o n a r o u n d t h e c o m m o n axis 
c o n n e c t i n g t h e t w o r ings is p r o h i b i t e d b y t h e p r e s e n c e 
of t h e m e t h y l a n d N O g r o u p s . T h e l i g a n d m o l e c u l e 
h a s n o func t iona l g r o u p to fo rm d i a s t e r e o m e r s w i t h 
reso lv ing a g e n t s , b u t t h e op t i ca l r e so lu t ion w a s a c h i e v e d 
b y f o r m i n g op t i ca l ly ac t ive [ C r ( m b d o ) 3 ] 3 + , t h e l i gands 

T A B L E 1. ANALYTICAL DATA 

la: 
I I : 

I I I : 

mbdoa> 
[Cr (mbdo) 3] (C104) 3 • 5H 20 
[Cr (mbdo) 3] (C104) 3 • 2H 20 
[Cr(mbdo)3](C104)3-3H20 
CrCl3(mbdo)-5H20 

G/% 

Found 

66.64 
39.67 
41.68 
40.85 
30.83 

Calcd 

66.64 
39.69 
41.77 
41.05 
31.01 

H/% 

Found 

5.26 
4.06 
3.99 
3.92 
4.41 

Calcd 

5.60 
4.27 
3.90 
4.03 
4.78 

N/% 

Found 

12.84 
7.72 
8.26 
7.90 
6.05 

Calcd 

12.95 
7.72 
8.16 
7.98 
6.03 

a) mbdo — C 1 2 H 1 2 N 2 0 2 . 
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in which have the same chirality (vide infra). The 
resolved mbdo is optically stable even in boiling water. 
T h e enantiomers are denoted by R and S,6> as shown in 
Fig. 1. The R-(or S-) ligand forms a A(or ô) skew 
chelate ring stereoselectively upon coordination. In 
this paper, the chilarity of the ligand is represented 
by the symbols ô and A. 

The [Cr(mbdo) 3 ] 3 + complex has eight theoretically 
possible optical isomers; lel3(A(AAA), A (odd)), lel2-
ob(A(AAÔ), A(ÔÔA)), lelob2(A(Aôô), A(ÔAA)), and ob3 

(A(ôôô), A(AAA)). In the lel structure, the line join­
ing the two nitrogen atoms of the mbdo ligand is 
nearly parallel to the C 3 axis of the complex ion, while 
in the ob structure, it is extremely oblique to the same 
axis so that the line and the axis are almost perpen­
dicular to each other. 

Of the four possible diastereomers, three (I, I I , and 
I I I ) were obtained by the reaction of [ C r ( H 2 0 ) 6 ] 3 + 

with racemic mbdo. No indication was found for 
the presence of more than three diastereomers by 
column chromatography. The isomers show absorp­
tion spectra differing from each other in the region 
of the first absorption band (Fig. 3). Diastereomer 
I is completely resolved into enantiomers l a 
and l b by SP-Sephadex column chromatography. 
The enantiomers are optically stable in solution. O n 
the other hand, diastereomers I I and I I I isomerize 
to each other in solution by exposure to ultraviolet 
light. Since the chirality of the ligand is retained in 
the complexes and no disproportionation takes place, 
the isomerization between I I and I I I can be attrib­
uted to inversion in the arrangement of ligands around 
the metal ion (A^lA, epimerization). Such epimeriza-
tion will arise in the following two systems; (1) lel^t 
ob3[A(m) (or A (ôôô))7^A (AAA) (or A (ôôô))] and (2) 
lel2ob^lelob2 [zl(;U<3)(or A (ôôA))z$ A (AAÔ) (or A(ÔÔA))]. 
Reaction (1) does not seem to take place, since molecu-

p/KPcm-1 

Fig. 3. Absorption spectra of three diastereomers of 
[Cr(mbdo)3]3+, Ia( ), II( ), and III( ). 

lar models show that the ob3 isomer forms an extremely 
crowded structure, while reaction (2) appears to arise 
without difficulty from the studies of molecular models. 
Thus, diastereomer I which is stable in solution can 
be assigned to the lel3 isomer, and diastereomers I I 
and I I I to two isomers of the lel2ob and lelob2. The 
assignments are supported by the following experi­
mental results. Diastereomer I assigned to the least 
crowded lel3 structure is obtained in the largest amount 
(vide ante). The reaction of [ C r ( H 2 0 ) 6 ] 3 + with opti­
cally active mbdo obtained from the la (or lb) 
enantiomer gives only the l a (or lb) enantiomer. Thus, 
the ligand recovered from l a (or lb) is proved to be 
optically pure, and diastereomer I should be the lel3 

isomer. O n the other hand, the tris-complex prepared 
from [ C r ( H 2 0 ) 4 ( ( - ) 5 8 9 - m b d o ) ] 3 + and ( + )589-mbdo 
consists of two optically active I I a and I l i a isomers, 
no diastereomer I being formed (see Experimental). 
Isomers H a and I l i a thus formed should be enan­
tiomers of diastereomers I I and I I I , respectively, 
corresponding to either group of A(ÔAA) and A(ôAA) 
or A(ôôA) and A(ôôA). The isomers isomerize 
(epimerize) to each other in solution by exposure to 
ultraviolet light, distributing in almost equal amounts 
at equilibrium. Thus, the equilibration study gives no 
information on the assignment of the structures of 
diastereomers I I and I I I . In the column chromatog­
raphy, diastereomer l(lel3) eluates most quickly. 
If the elution order of the diastereomers is propor­
tional to the number of the lei ligand, diastereomers 
I I and I I I are assigned to the lel2ob and lelob2 isomers, 
respectively. 

Figure 3 shows the absorption spectra of diastereo­
mers l a , I I , and I I I . Their spectral patterns in the 
region of the first absorption band differ remarkably, 
while those in the other region are similar to each other. 
The first absorption band of l a is sharp and symmet­
rical, but those of I I and I I I split into three com­
ponents. All the diastereomers belong to the [CrOG]-
type in which the ligating oxygen atoms are the same 
kind. However, the actual symmetry of the lel3 iso­
mer will be D3 , and those of both lel2ob and lelob2 iso­
mers will lower to C2. In the fields of D 3 and C2 

symmetries, the first absorption band (4T2g) will split 
into two (4Al5

 4E) and three (24A, 4B) components, 
respectively. Although diastereomer l a shows no 
splitting in the first absorption band, the fact that 
diastereomers I I and I I I exhibit the presence of three 
components in these bands supports the previous as­
signment for structures of these diastereomers. The 
absorption spectrum of diastereomer l a is very similar 
to that of [Cr(bpdo) 3 ] 3 + over the whole region.3) This 
indicates that the latter complex in which the ligands 
can easily change the conformation exists in the lel3 

form in solution. The spectral data are given in 
Table 2. 

Figure 4 shows the CD spectra of (+) 5 8 9 - [Cr-
(( + )589-mbdo)3]3+ ( la) , ( + )589-[Cr(( + )589-mbdo)2-
((-)589-mbdo)]3+(IIa) , and ( + )589-[Cr(( + )589-mbdo)2-
(( —)5 8 9-mbdo)]3+(IIIa). The l a isomer gives strong 
CD in the regions of the first and the ligand absorption 
bands. O n the other hand, isomers H a and I l i a 
show very similar spectra to each other over the whole 
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TABLE 2. ABSORPTION AND CD SPECTRAL DATA 

Absorption 
i?/103cm-1 (loge) 

( + )589-mbdo 

la 

Ha 

I l ia 

IV 

38.61 (4.32) 
45.87 (4.57) 

16.23 (1.96) 
21.81 (1.90) 
22.5 (1.9 )sh 
35.09 (4.42) 
39.92 (4.46) 
46.08 (4.79) 

14.9 (1.8 ) 
15.27 (1.82) 
16.98 (1.80) 
21.51 (1.93) 
22.9 (1.8 ) 
35.09 (4.33) 
40.40 (4.59) 
46.30 (4.72) 

sh 

14.8 
15.97 

(1.6 )sh 
(1.76) 

16.92 (1.78) 
21.69 
23.2 
35.21 
40.00 
46.3 

(1.94) 
(1.8 )sh 
(4.28) 
(4.55) 
(4.8 )sh 

16.89 (1.36) 
23.64 (1.55) 
34.48 (3.90) 
41.49 (4.19) 
45.87 (4.38) 

CD 
iVWcm- 1 (Ae) 

32.47 

36.36 

38.61 

42.8 

45.05 

46.73 

16.00 

21.21 
28.65 
31.30 
36.0 
38.10 
41.15 
46.95 
14.71 
15.20 
17.24 
21.05 
28.49 
34.90 
38.54 
41.49 
46.08 
14.58 
15.22 
17.36 
21.19 
28.41 
35.46 
38.46 
42.02 
46.51 
15.77 
16.95 
21.23 
23.36 
27.50 
34.13 
38.50 
41.93 
46.73 

+ 0.19) 
- 2 . 0 5 ) 
+ 5.26) 
- 0 . 4 )sh 
- 1 . 4 0 ) 
+ 1.80) 
- 2 . 8 6 ) 
+ 0.46) 
+ 0.45) 
- 0 . 6 1 ) 
+ 63 )sh 
+ 142 ) 
- 9 3 . 9 ) 
- 7 9 . 9 ) 
- 1 . 2 6 ) 
- 1 . 1 7 ) 
+ 1.21) 
-0 .4 0 ) 
+ 0.08) 
+ 13.2) 
+ 24.4) 
- 8 . 5 5 ) 
- 2 0 . 7 ) 
- 0 . 57 ) 
- 0 . 6 3 ) 
+ 0.71) 
- 0 . 3 0 ) 
+ 0.06) 
+ 9.47) 
+ 16.3) 
- 8 . 2 0 ) 
- 1 2 . 6 ) 
- 0 . 14 ) 
+ 0.08) 
- 0 . 0 1 ) 
+ 0.02) 
+ 0.01) 
- 0 . 8 1 ) 
- 9 . 7 3 ) 
+ 11.5) 
-12 .6 ) 

la : ( + )689-LCr(( + )689-mbdo)J3+ 
I la: ( + )589-[Gr(( + )589-mbdo)2((-)589-mbdo) 
I l ia : ( + )589-[Gr(( + )589-mbdo)a((-)S89-mbdo' 
IV: [Gr(H20)4(( + )589-mbdo]^ 
sh: shoulder. 

region, although the strength of the former is some­
what larger. Both isomers consist of the same ligands, 
two ( + )589-mbdo and one ( — )589-mbdo. However, 
these isomers are antipodal to each other in the arrange­
ment of the ligands around the metal ion. If one is 
A -configuration, the other is ^-configuration. The 
similarity in the CD spectra suggests that the circular 
dichroism in these isomers is mainly caused by the 
contribution due to the vicinal effect of the chiral 
mbdo ligand (ô,À) rather than to the configurational 

+ 120 

v1103 cm-1 

Fig. 4. Absorption (AB) and CD spectra of ( + )58î)-
[Cr(( + )„,-mbdo)J»+ (Ia)( ), ( + )589-[Cr(( + )589-
mbdo)2((-)589-mbdo]3+ (IIa)( ), and ( + )589-[Cr-
(( + Wmbdo) t ( ( - ) M , -mbdo)F+ ( I I I a ) ( — ) . 

O 

v1103 cm-1 

Fig. 5. Absorption (AB) and CD spectra of [Cr(H20)4-
(( + )589-mbdo)]3+( ) and ( + )589-mbdo( ). 

effect (A, A). Since these isomers contain two ( + ) 5 8 9 -
mbdo and one ( — )589-mbdo, the vicinal effect would 
come from one ( + )589-mbdo, if such effects of chiral 
ligands function additively. The [Cr (H 2 O) 4 ( (+ ) 5 8 0 -
m b d o ) ] 3 + complex of the [CrO e]-type is a good exam­
ple for knowing the vicinal effect of ( + )589-mbdo. 
However, as Fig. 5 shows, the CD spectrum of this 
complex is similar in pattern but much weaker in 
intensity than that of isomers H a and I l i a , in the 
region of the first absorption band. In the ultra­
violet region, its spectrum differs remarkably from that 
of the isomers. This indicates that the configurational 
and vicinal effects do not contribute additively to the 
CD spectra of these complexes. T h e additivity rule 
has been reported to hold for a number of five-mem-
bered chelate complexes.7) The chiral conformation 
of the mbdo chelate ring does not cause inversion. 
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However, the chelate ring is large and would be flexi­
ble in a certain range. The most stable conformation 
of the ring may differ more or less from each other 
in each complex to minimize steric interactions among 
ligands. The different conformations would bring 
about different vicinal effects in CD spectra. The 
reason why the additive rule fails in the mbdo com­
plexes can be attributed to such flexible conformation 
of the chelate ring. The free (+) 5 8 9 -mbdo ligand 
which should be in a different conformation from those 
in the complexes exhibits a quite different CD spectrum 
in the ultraviolet region from that of the complexes. 
The absolute configurations of isomers H a and I l i a 
can not be assigned from the CD spectra. 

Isomer la , ( + )589-[Gr(( + )589-mbdo)3]3+ shows a 
strong negative CD band in the region of the first 
absorption band. The ( + )589-[C :r(bpdo)3]3+ isomer 
which gives a similar CD pattern in this region was 
assigned to the ^-configuration3) from comparison 
of the CD patterns of a series of complexes, [Cr(bpdo) n -
(en)3_n]3+. Figure 6 shows a comparison of the CD 
spectrum of l a isomer with that of J - [ C r ( o x ) 3 ] 3 - ( o x = 
oxalate ion)8»9) and yl-[Cr(mal)3]3- (ma l=ma lona t e 
ion).8»9) The spectral changes for these five-, six-, and 
seven-membered chelate complexes, are similar to 
those observed for a series of complexes, [Co(NH2-

(CH2)nNH2)3]3+ (n=2, 3, and 4).10) In the ultraviolet 
region, the l a (or lb) isomer exhibits a characteristic 
CD pattern with strong intensity; a positive (or nega­
tive) and a negative (or positive) CD band from the 
smaller wavenumber side. The other complexes of 
mbdo show no such strong CD in this region. The CD 
bands in this region may be assigned to the n-*n* 
transitions of the ligand. Since the l a isomer consists 
of ligands with the same chirality, ( + )589-mbdo, such 
strong CD might be caused by the exciton interaction 
among the ligands as observed for [M(phen) 3 ] n + 

(phen—ljlO-phenanthroline).11) Although the exciton 
CD for the system consisting of ligands with a twist 
conformation is unknown, the CD pattern of the l a 
isomer resembles that of yl-[Cr(phen)3]3+,11 '12) and the 
isomer can be assigned to the yl-configuration. The 
assignment agrees with that based on the CD sign in 
the region of the first absorption band. If the isomer 
has the yl-configuration, the ( + )589-mbdo ligand 
should be in the (5-skew conformation to form the 
lel3 structure. Hence the ( + )589-mbdo can be assigned 
to the .^-configuration. 

This work was carried out with Scientific Research 
Grant-in-Aid No. 243013 from the Ministry of Educa­
tion and the Kura ta Research Grant. 

<1 o 

P/Wcm- 1 

Fig. 6. CD spectra of [Gr06] complexes in the region 
of the first absorption band, ( + )s89-[C!r(( + )589-
mbdo)3]

3+ (Ia)( ), yI-[Gr(mal)3]3- ( ), and A-
[Gr(ox)3]3- ( - . _ ) . 
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Preparation and Circular Dichroism of Dichloro-(Ä)-2-(butylphenyl-
phosphinomethyl)pyrrolidine-palladium(II)([PdCl2L]) and 
Its Related Complexes, and the Absolute Configuration 

of [PdCl2L] Determined by X-Ray Analysis 
I s a m u K I N O S H I T A , K a z u o K A S H I W A B A R A , J u n n o s u k e F U J I T A , * T a k a s h i Y A M A N E , * * 

H i t o s h i U K A I , * * a n d T a m a i c h i A S H I D A * * 

Department of Chemistry, Faculty of Science, and **Department of Applied Chemistry, 

Faculty of Engineering, Nagoya University, Chikusa, Nagoya 464 

(Received November 29, 1978) 

(S)-2-(Butylphenylphosphinomethyl)pyrrolidine(L) was prepared from (^-pro l ine via four main reaction 
steps. A pair of diastereomers of the PdCl 2L complex, the isomerism of which comes from chiral configuration 
of the phosphorus atom, crystallized in different forms (needle and block), which were separated by hand pick­
ing. The molecular structure and absolute configuration of one (block) of the dichloro complexes was determin­
ed by X-ray analysis. Grystallographic data a r e : W^^, Z=4, «=13 .576(4) , £=16.351(3) , * = 8.041(2) A, 
and 72=7 .8% for 1659 reflections. T h e Pd atom has a distorted square planar coordination of four donor atoms. 
The Pd-Gl bond distance trans to P d - P , 2.367 A, is longer than that trans to P d - N , 2.296 A. T h e absolute con­
figuration of the coordinated phosphorus atom was determined to be R by assuming S configuration for the asym­
metric carbon atom of the aminophosphine. The corresponding diastereomers of the dibromo complex were 
also prepared from each diastereomer of the chloro complex. The circular dichroism spectra of these diaste­
reomers were compared with one another and with those of other related complexes, and the vicinal effects due 
to the chiral phosphorus atoms in these complexes were examined. 

T h e r e has b e e n m u c h in te res t in a s y m m e t r i c syntheses 

ca ta l i zed b y t r ans i t i on m e t a l complexes , especia l ly b y 

r h o d i u m (I) complexes c o n t a i n i n g c h i r a l p h o s p h i n e s . 

T h e s e s tudies h a v e ex tens ive ly d e v e l o p e d p r e p a r a ­

t ions 1 - 5 ) a n d op t i ca l resolut ions 6 ) for a v a r i e t y of c h i r a l 

p h o s p h i n e s . R e c e n t l y , s o m e of op t i ca l ly a c t i v e n a t u r a l 

p r o d u c t s h a v e b e e n used for p r ecu r so r s of c h i r a l p h o s ­

p h i n e s . 7 - 9 ) H o w e v e r , t ed ious p r o c e d u r e s a r e often r e ­

q u i r e d for p r e p a r i n g op t i ca l ly ac t ive p h o s p h i n e s w i t h 

a ch i r a l p h o s p h o r u s a t o m . T h e i m p o r t a n c e of a ch i r a l 

c e n t e r a t a p h o s p h o r u s a t o m has b e e n p o i n t e d o u t 

for h i g h efficiency of a s y m m e t r i c h y d r o g é n a t i o n . 1 0 ) 

T h i s p a p e r r epo r t s t h e p r e p a r a t i o n of (S)-2-(butyl­

p h e n y l p h o s p h i n o m e t h y l ) p y r r o l i d i n e , w h i c h ha s t h r e e 

ch i r a l cen te rs a t t h e c a r b o n , n i t r o g e n , a n d p h o s p h o r u s 

a t o m s , a n d the isola t ion of a p a i r of d i a s t e r e o m e r s of 

its d i ch lo ro p a l l a d i u m ( I I ) c o m p l e x c a u s e d b y a p a i r 

of t h e ch i r a l p h o s p h o r u s a t o m s . T h e c h i r a l c a r b o n 

a t o m has S con f igu ra t ion a n d t h e n i t r o g e n o n e s h o u l d 

yield t h e s a m e S con f igu ra t i on s tereoselect ively u p o n 

c o o r d i n a t i o n as seen in b i s ( 6 , - p r o l i n a t o ) p a l l a d i u m ( I I ) . 1 1 ) 

T h e p a p e r also descr ibes t h e m o l e c u l a r s t r u c t u r e a n d 

abso lu t e conf igu ra t ion of o n e of t h e d i a s t e r e o m e r s 

d e t e r m i n e d b y X - r a y analys is . 

So far l i t t le w o r k h a s b e e n r e p o r t e d c o n c e r n i n g 

c i r cu la r d i c h r o i s m ( C D ) s p e c t r a of m e t a l c o m p l e x e s 

c o n t a i n i n g ch i r a l p h o s p h i n e s . T h e a c c u m u l a t i o n of 

C D d a t a of ch i r a l p h o s p h i n e complexes wil l b e neces­

sary for inves t iga t ing t h e s t e r eochemis t ry of p h o s p h i n e 

complexes c a t a l y z i n g a s y m m e t r i c syntheses . I n this 

p a p e r t h e C D spec t r a of d i a s t e r e o m e r s of t h e d i c h l o r o 

c o m p l e x a r e c o m p a r e d w i t h those of t h e r e l a t e d c o m ­

plexes a n d t h e v ic ina l effects d u e to t h e c o o r d i n a t e d 

ch i ra l p h o s p h o r u s a t o m s a r e e x a m i n e d . A p a r t of 

this s t udy has b e e n r e p o r t e d briefly.1 2) 

E x p e r i m e n t a l 

All the preparations and handlings of the aminophos-

phines were carried out under an atmosphere of nitrogen 
or in vacuo. T h e pal ladium (II) complexes containing the 
aminophosphines can be handled in air. Absorption, CD, 
1 H - N M R , and I R spectra were recorded on a H I T A C H I 
323 spectrometer, a J A S C O J-20 or J-40 spectropolarimeter, 
a J E O L PMX-60 spectrometer, and a H I T A C H I EPI-L 
2 spectrometer, respectively. 

Preparations. T h e following compounds were prepared 
according to the methods previously reported; (£)-2-(diphenyl-
phosphinomethyl) pyrrolidine8) and (£)-2-(aminomethyl)-
pyrrolidine.13) 

(S) -2-(Phenylphosphinomethyl)pyrrolidine. To liquid am­
monia (150 cm3) in a 500 cm3 round-bottom, three neck 
flask with a mechanical stirrer, a dropping funnel, and nitro­
gen inlet was added sodium metal(3.3 g) and then phenyl-
phosphine(15 g) dropwise with vigorous stirring over 40 min 
at — 78 °C (Dry Ice-methanol ) . After stirring for further 
20 min, (S)-2-(bromomethyl)pyrrolidine hydrobromide1 4) 
( 17 g) was added in small portions and then the solution 
was stirred for 2 h at — 78 °C. The liquid ammonia was 
evaporated off at room temperature and oxygen-free tetra-
hydrofuran(THF) was added on the residue. The undis­
solved material (sodium bromide) was filtered off and the 
filtrate was evaporated to remove T H F . The oily residue 
was distilled under reduced pressure to yield colorless liquid. 
Yield: 7.4 g, bp 140.5—141 °C/933 Pa. 

(S) -2- (Butylphenylphosphinomethyl)pyrrolidine. To a mix­
ture of liquid ammonia (150 cm3) and sodium metal 
(0.52 g) was added dropwise (£)-2-(phenylphosphinomethyl)-
pyrrolidine(4.38 g) with vigorous stirring over 20 min at 
— 78 °C. T h e solution changed from blue green to green. 
After stirring for 1 h, butylchloride (6 cm3) was added drop-
wise to the solution. The color of the solution changed to 
deep red instantly and the stirring was continued until the 
color became light yellow. T h e liquid ammonia was evapo­
rated off at room temperature and oxygen-free T H F was 
added on the residue to extract the object. T h e undissolved 
material (sodium chloride) was filtered off and the filtrate 
was evaporated to give oily residue. I t was distilled in vacuo 
to yield colorless liquid. Yield: 3.6 g, b p 135—136 °G/ 
13.3 Pa. 
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{ (S) - 2- ( Butylphenylphosphinomethyl ) pyrrolidine} dichloropalla-
dium(II) (la and lb). T o an acetonitrile solution 
(50 cm3) of PdCl2(CH3CN)2

1 5) (198 mg) was added (5)-
2- (butylphenylphosphinomethyl)pyrrolidine( 190 mg) . After 
stirring for 3 h at 50 °G, appropriate amounts of diethyl 
ether and then hexane were added to the resultant solution 
to yield yellow precipitate, which was filtered(250 mg) . 
T h e product was dissolved in a small amount of chloro­
form and the solution was poured into a column (0 1.2 X 10 
cm) of acidic activated alumina. T h e adsorbed yellow band 
was eluted with a mixture of chloroform and ethanol(20 : 1). 
T h e yellow eluate was concentrated to a small volume(10 
cm3) and mixed with ethanol(50 cm 3) . T h e ethanol solu­
tion was slowly concentrated at room temperature in air 
to yield two different crystal forms (total yield 77%) , needle 
( l a ) and block ( l b ) , which were separated by hand picking. 
T h e crystals of each form were separately recrystallized 
from a mixture of chloroform and ethanol. Yield: ca. 
15% for each isomer. Found for l a : C, 42 .41 ; H , 5.66; 
N, 3 . 2 1 % . Found for l b : G, 42.43; H , 5.68; N , 3.26%. 
Galcd for PdCl 2(C 1 5H 2 4NP) : C, 42.22; H , 5.68; N , 3 .28%. 

{(S)-2-( Butylphenylphosphinomethyl ) pyrrolidine } dibromopalla-
dium(H) (2a and 2b). T o the complex l a or l b 
(60 mg) in a mixture(30 cm3) of chloroform and ethanol 
( 1 : 1 ) was added an ethanol solution (10 cm3) saturated 
with sodium bromide. After stirring for 3 h at room tem­
perature, the solution was evaporated to dryness under 
reduced pressure and dichloromethane was added to the 
residue to extract the dibromo complex. T o the extract 
was added diethyl ether to yield yellow precipitate, 2a or 
2b from l a or l b , respectively. Yield : 50 mg. Found for 
2 a : C, 34.65; H , 4.70; N, 2 .32%. Found for 2 b : C, 34.77; 
H , 4.69; N , 2 .50%. Calcd for PdBr2(G1 5H2 4NP) : C, 34.94; 
H , 4.70; N , 2 .32%. 

{(S) -2- ( Diphenylphosphinomethyl) pyrrolidine} dichloropalladium-
(II) (3). T o a suspension of PdCl 2 (CH 3 CN) 2 (328 mg) 
in chloroform(30 cm3) was added a chloroform solution 
(10 cm3) of (£)-2-(diphenylphosphinomethyl)pyrrolidine (341 

mg) . After stirring overnight, the solution was poured into 
a column (<f> 1 .5x10 cm) of acidic activated alumina and 
the adsorbed band was eluted with a mixture of chloroform 
and ethanol(5 : 1). Diethyl ether was added to the eluate 
to yield yellow crystals (3). Yield: ca. 3 0 % . Found: G, 
45.38; H, 4.50; N, 3 .03%. Galcd for PdCl2(C1 7H2 0NP) : 
C, 45 .71 ; H , 4.52; N, 3 .14%. 

{(S)-2-(Aminomethyl) pyrrolidine} dichloropalladium(II) (4). 
T o a chloroform solution(150 cm3) of PdCl 2 (CH 3 CN) 2 

(1.1 g) was added a chloroform solution(70 cm3) of (S)-
2-(aminomethyl)pyrrolidine (0.43 g) and the solution was 
stirred for 3 h at room temperature to give a precipitate 
gradually. T h e precipitate was filtered and dissolved in 
hot water containing a few drops of coned hydrochloric 
acid. T h e solution was concentrated and then potassium 
chloride was added to the concentrate to yield yellow crystals 
(4). Yield: 0.7 g. Found : G, 21.64; H , 4.37; N, 10.10%. 
Calcd for PdCl2(C5H1 2N2) : G, 21.39; H , 4.49; N, 10.09%. 

(2 - N , N - Dimethylaminoethyldiphenylphosphine) dichloropalladium-
(II) (5). This complex was prepared according to the 
method of Meek et al.16) 

Structure Determination of lb. T h e crystal data of 
l b are as follows: orthorhombic, P212121, a= 13.576(4), 
è=16 .351(3) , c=8.041(2)Â, £> m =1.60 , Z>x= 1.588 g cm- 3 , 
Z = 4 , and ^(MoiCa) = 14.1 c m - 1 . T h e intensity da ta were 
collected on a Hilger & Watts automatic diffractometer 
using Zr-filtered M o Ktx radiation. The crystal used for 
the data collections had the dimensions of 0.45 X 0.40 X 0.25 
m m . Independent 1840 reflections with 20<5O° were 
measured by the Ö-20 step scan technique, of which non­
zero reflections were 1659. The intensity da ta were corrected 
for Lorentz and polarization effects. Absorption correc­
tion was also carried out by the Furnas's method.17) 

T h e structure was solved by the heavy atom method. 
The refinement was carried out by the block-diagonal 
least-squares method.18) In the refinement, the weights 
w=\/(a*(F) + a\F0\+b\F0\

2) for | F o | > 0 , and w=c for 
| F01 = 0 were assigned ,where a (F) is the standard deviation 

T A B L E 1. T H E ATOMIC PARAMETERS AND THEIR ESTIMATED STANDARD DEVIATIONS ( x l O 4 ) OF l b 

Thermal parameters are in the form: exp(—ßnh
2 — ßZ2k

2 — Bä3l
2—ßnhk—ßnkl—ß23kl). 

Pd 

Gl(l) 

Gl (2) 

P 
N 
C(l) 

G (2) 

G (3) 

G (4) 

G (5) 

G (6) 

G (7) 

G (8) 

G (9) 

G (10) 

G (11) 

G (12) 

G (13) 

G (14) 

G (14') 

G (15) 

X 

1983(1) 

483 (2) 

1551(3) 

2575(3) 

3349 (7) 

3948(10) 

4998(11) 

5058(11) 

3972 (9) 

3874(9) 

2140(9) 

1226(8) 

886 (9) 

1394(10) 

2316(10) 

2676 (9) 

2418(10) 

2920 (20) 

3721 (28) 

3427 (29) 

4237(16) 

y 

880(1) 

1186(2) 

-498(2) 

2101(2) 

673 (5) 

1426(8) 

1097(9) 

335 (9) 

91(7) 

1975(7) 

2961 (6) 

2913(7) 

3599 (9) 

4320 (8) 

4351(6) 

3683 (6) 

2414(7) 

3207(11) 

2894(16) 

3456 (23) 

3325(18) 

z 

69Ô7ïy 
-472(5) 

1207(5) 

72(5) 

1803(14) 

2064 (22) 

2347 (22) 

1310(21) 

882 (18) 

515(23) 

1289(15) 

2055(16) 

2987 (23) 

3074(19) 

2266(19) 

1363(17) 

-2116(18) 

-2622(32) 

-3672(87) 

-3761 (75) 

-4692 (35) 

ßu 
45(1) 

59(2) 

77(2) 

53(2) 

64(6) 

67(9) 

50(7) 

72(9) 

53(7) 

54(8) 

77(9) 

41(6) 

70(9) 

92(10) 

105(11) 

77(9) 

41(13) 

309(31) 

126(30) 

135(33) 

153(22) 

ßm 

31(1) 
48(1) 

35(1) 

30(1) 

35(4) 

50(6) 

78(8) 

71(7) 

47(6) 

40(5) 

27(4) 

45(5) 

56(6) 

58(7) 

40(6) 

28(4) 

47(6) 

81(10) 

24(10) 

85(21) 

173(22) 

/*33 

~171(1) 
288 (9) 

279 (9) 

236 (7) 

203 (20) 

308 (38) 

326 (39) 

313(43) 

219(27) 

408 (43) 

188(24) 

194(25) 

288 (35) 

207 (27) 

250 (30) 

254(31) 

226 (30) 

583 (77) 

1177(99) 

983(98) 

448 (73) 

ß\% 

ïoT" 
21(3) 

-23(3) 

8(3) 

-5(8) 

-27(13) 

14(14) 

-2(16) 

30(10) 

5(10) 

16(10) 

7(10) 

-3(13) 

20(14) 

5(13) 

-11(10) 

46(16) 

-31(35) 

-29(29) 

29(45) 

-13(35) 

ßis 

5~(2P 
-60(8) 

-9(7) 

51(6) 

31 (20) 

-31(33) 

-101(30) 

16(33) 

-46(28) 

107 (35) 

-37(26) 

27 (23) 

-101(32) 

19(31) 

-81 (33) 

1(27) 

151(36) 

581(91) 

292(99) 

566(99) 

102(71) 

/?23 

~^ÏÔ(ïj " 
-51(6) 

31(5) 

-20(5) 

14(15) 

-52(27) 

-42(32) 

157(30) 

-1(23) 

-21(29) 

7(16) 

-50(20) 

-48(27) 

-63 (24) 

-20(21) 

-41 (20) 

8(24) 

177(46) 

34 (90) 

245 (99) 

83 (66) 
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TABLE 2. THE POSITIONAL ( X 103) AND THERMAL (Â2) 

PARAMETERS OF T H E H Y D R O G E N ATOMS OF l b 

The standard deviations are given in parentheses. 

Bonded 
to B 

H(l) 
H (2) 
H (3) 
H (4) 
H (5) 
H (6) 
H (7) 
H (8) 
H (9) 
H (10) 
H(ll) 
H (12) 
H (13) 
H (14) 
H (15) 
H (16) 
H (17) 

N 
G(l) 

G (2) 
G (2) 
G (3) 
G (3) 
G (4) 
G (4) 
G (5) 
G (5) 
G (7) 
G (8) 
G (9) 
G (10) 
G (H) 
G (12) 
G (12) 

307(10) 
378 (8) 
503(11) 
569 (8) 
515(11) 
532(10) 
373 (7) 
373 (8) 
414(9) 
426 (8) 
82(10) 
33(8) 
114(11) 
265(11) 
344 (9) 
145(10) 
267(10) 

41(8 
167(6; 
106(7; 
145(8; 

6(7; 
60(9 
12(5; 

-32(7; 
258 (8; 
178(7; 
225 (9; 
333 (8; 
494 (8 
500 (8 
361 (7 
269 (7 
222 (8; 

284(23) 
281(15) 
346(17) 
240(19) 
211(26) 

13(22) 
-11(13) 
113(15) 
87(16) 

-20(17) 
186(23) 

390(16) 
366(19) 
222 (23) 
69(17) 

-234(16) 
-259(20) 

8(4) 

3(3) 

6(4) 

6(4) 

8(5) 

7(5) 

1(2) 

4(3) 

6(4) 

4(3) 

8(4) 

5(4) 

7(4) 

8(4) 

5(3) 

7(4) 

8(4) 

based on counting statistics. A disorder occurs at the butyl 
group. Both the C'5 and C r atoms of the butyl group 
were located at two sites with occupancies of 0.5 each from 
the D-map. Finally the Cß atom converged into the result­
ant position, though its temperature factors are significantly 
larger than those of the other atoms. The H atoms were 
found on the D-map. However, those bonded to the C'5, 
C r , Cd atoms of the butyl group were not found, and not 
included in the further refinement. The final R value is 
9.9% («=-0.1777, b = 0.0082, and £ = 0.2184), while it is 
7.8% for non-zero reflections. 

The atomic scattering factors for the Pd2+, Cl~, P, N, C, 
and H were taken from International Tables for X-Ray 
Crystallography, Vol. IV.19) Calculations were carried 
out on the FACOM 230-75 computers at Nagoya University. 
The final atomic parameters are listed in Tables 1 and 2.20> 

R e s u l t s and D i s c u s s i o n 

Preparation and Properties. Mislow21) and 
Horner22) prepared a number of chiral phosphines 
and phosphine oxides containing asymmetric phos­
phorus atoms. However, their methods are somewhat 
tedious. In the present study, a pair of diastereomers 
of (S)-2- (butylphenylphosphinomethyl) pyrrolidine was 
easily obtained by the following scheme: 

Br 

PH2(C6H5) , C~\_CH9P /C6H5 n - ^ H 9 C I > r V c H 2 P ^ C 6 H 5 

<^>-CH2Br 
H2 

PdCl2(CH3CN)2 

liqNH3 
i 

Bu 

Ph" K Needles <^> r > C H 2 P ^ h 

CI CI N B u 

Ph 

>Bu^RW^>bIocks ^ - > O c H 2 p d L U 

C\ CI 

The aminophosphine was prepared from (S)-proline 
by a method similar to those for 2-aminoethylphenyl-
phosphine derivatives reported by Issleib.23) The di-
chloro palladium (II) complex of the aminophosphine 
yields only two diastereomers arising from a pair of 
chiral phosphorus atoms. The nitrogen atom will 
have S configuration stereoselectively upon coordina­
tion as confirmed by X-ray analysis on [Pd(5-prol)2] .n^ 
The diastereomers ( l a and l b ) crystallize in different 
forms, needle and block, by slow evaporation of an 
ethanol solution, and can be separated by hand picking. 
They are stable in air and do not isomerize in boiling 
ethanol. The free chiral phosphines are easily liberat­
ed from the diastereomers by treating with sodium 
cyanide in water. The corresponding chiral dibromo 
complexes (2a and 2b) were derived from each diaste-
reomer of the dichloro complex. 

TABLE 3. NMR SPECTRAL DATA OF PALLADIUM 

COMPLEXES IN C D G 1 3 

(<5/ppm from TMS) 

Complex -CH3 -GH2 N-H -CßH* 

l a 
laa> 
l b 
lba> 
2a 
2b 
3 

0.83 
0.93 
0.97 
0.88 
0.85 
0.91 

1—4.2 
1—4.0 
1—4.2 
1—4.0 
1—3.9 
1—4.1 
1—4.0 

7.5—8.3 

7.5—8.3 

7.4—8.3 

7.5—8.5 

7.5—8.3 

7.5—8.3 

7.3—8.3 

x Ph 

a) solvent: DMSO-</6. 

Table 3 shows the data of 1 H - N M R spectra of the 
aminophosphine complexes prepared. The peaks in 
the region 5.7—7.0 ppm can be assigned to the N - H 
protons, since these peaks disappear on deuteration. 
The N - H protons of l b and 2 b resonate at a consider­
ably higher magnetic field than do those of l a and 
2a respectively. The chiral phosphorus atoms of l a , 
and l b have S and R configurations, respectively (vide 
post). In the R configuration ( l b ) , the N - H proton 
and the phenyl group face each other on the same 
side of the complex plane. Therefore, the up-field 
shifts of the N - H protons of l b and 2 b indicate that 
the phenyl group causes the shielding effect to the 
N - H proton. In a previous paper,12) such a phenyl 
group was considered to give the deshielding effect to 
the N - H proton, hence the absolute configuration of 
l b was assigned reversely. The chemical shifts of 
these N - H protons seem to be sensitive to environment 
such as the kinds of ligating halide ions and solvents 
(Table 3). The complex 3, which has the phenyl 
group in the same arrangement as l b shows the N - H 
resonance at nearly the same field, 6.9 p p m as that 
of l a . 

In the far I R spectra, all the dichloro-aminophosphine 
complexes show absorption bands around 280 and 
330 c m - 1 . These bands can be assigned to the *>(Pd-
Cl), since the corresponding dibromo complexes show 
no band in this region. The dichloro-diamine com­
plex (4) exhibits two strong bands at 301 and 337 c m - 1 

which may be correspond to the r (Pd-Cl) of 306 and 
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327 c m - 1 observed for m-[PdCl2(NH3)2] .2 4) The I R 
spectra of the present complexes are too complicated 
to be assigned. 

Molecular Structure of lb The stereoscopic view 
of l b (block crystal) drawn by O R T E P II25) is shown 
in Fig. 1. The absolute configuration of the phos­
phorus atom in l b becomes R, when the asymmetric 
carbon a tom of the pyrrolidine ring is assumed to be 
S configuration. Therefore the phosphorus atom of 
l a (needle crystal) has S configuration. The bond 
lengths and angles concerning non-hydrogen atoms are 
shown in Fig. 2. The e.s.d.'s are ; 0.02—0.03 Â for 
bond lengths except for Pd-X(0.005—0.014 Â) and 
C(14)-X(0.05 Â), and 0.7—1.6° for bond angles except 

Fig. 1. The stereoscopic view of lb . 

C l ( l ) 

C l ( 2 ) vo 

C ( 1 0 ) 

C(3 ) C(2 ) 

Fig. 2.(a) The bond lengths(A) of lb . 

for X-Pd-X(0.2—0.4°) and C(13)-C(14)-C(15) (5°). 
The equations of the best planes and the related data 
are given in Table 4. 

The Pd(I I ) ion forms a distorted square plane with 
four donor atoms. The dihedral angle between the 
plane of Pd, Cl ( l ) , and Cl(2), and that of Pd, P, and 
N is 174.0°. The P atom deviates by 0.27 Â from the 
best plane formed with Pd, Cl ( l ) , Gl(2), and N. 
However, the planarity is rather better than that 
in [PdGl2{JV,JV-dimethyl-a-methyl-o-(butylphenylphos-
phino)benzylamine}] (BENZYL),26) in which the N 

TABLE 4. THE BEST PLANES OF l b 

(a) Equations of the best planes 

X=ax, Y—by^ Z—cz 
Plane I: Pd, Cl(l), Cl(2), P, N 

0.3384Z-0.3067y-0.8896Z+0.0011=0 
Plane I I : Pd, Cl(l), Cl(2), N 

-0.3693X+0.2483y+0.8955Z+0.1180-0 
Plane I I I : Pd, P, N 

0.3515Z-0.3562y-0.8658Z+ 0.0475-0 
Plane IV: Pd, Gl(l), Gl(2) 

-0.3523X+0.2565y+0.9001Z+0.0790=0 
Plane V: N, G(2), C(3), G(4) 

-0.0139X+0.5767y-0.8169Z+0.5990 = 0 
Plane VI : P, G(6), G(7), G(8), G(9), C(10), G(ll) 

- 0.4532X+ 0.3437y- 0.8225Z+ 0.4784=0 

(b) Dihedral angles (°) between the planes 

Fig. 2(b). The bond angles (°) of lb . 

II 
III 
IV 
V 
VI 

I 
176.2 
176.8 
177.0 
123.0 
118.2 

(c) Displacements 

II 

173.5 
178.9 
125.7 
118.9 

_ (x l0 2 A) 

The atoms with asterisks are 
plane 
I 
Pd 
Gl(l) 
Gl (2) 
P 
N 
G(l)* 
G (2)* 
G (3)* 
G (4)* 
G (5)* 
G (6)* 
G(12)* 

IV 
Pd 
Gl(l) 
Gl (2) 
P* 
N* 

calculations. 

- 2 
- 3 
10 
7 

- 9 
- 3 6 

8 
123 
115 
40 

- 1 4 3 
140 

0 
0 
0 

22 
- 6 

II 
Pd 
Gl(l) 
Cl (2) 
N 
p* 
G(l)* 
G (2)* 
G (3)* 
G (4)* 
G (5)* 
G (6)* 
G(12)* 

V 
N 
G (2) 
G (3) 
G (4) 
G(l)* 
G (5)* 
Pd* 

III 

174.0 
119.8 
115.5 

of atoms 

IV 

125.6 
119.5 

from the 

V 

151.2 

planes 

not included in the best 

2 
- 1 

0 
- 1 
27 

- 1 9 
26 

134 
120 
63 

- 1 1 8 
162 

- 1 
1 

- 3 
3 

52 
204 
94 

III 
Pd 
P 
N 
Gl( l )* 
Gl (2) * 
G(l)* 
G (2)* 
G (3)* 
G (4)* 
G (5)* 
G (6)* 
G(12)* 

VI 
P 
G (6) 
G (7) 
G (8) 
G (9) 
G (10) 
G(l l ) 

0 
0 
0 

- 8 
24 

- 3 2 
17 

136 
128 
37 

- 1 5 6 
126 

3 
- 3 

1 
- 1 

2 
0 

- 2 
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atom deviates by 0.423 Â from the best plane of Pd, 
Cl ( l ) , Cl(2), and P. The Pd-Cl(2) (trans to Pd-P) 
length of 2.367 Â is longer than the Pd -Cl ( l ) (trans to 
Pd-N) length of 2.296 Â. The same trend in the P d -
Cl lengths is seen in BENZYL (2.386 and 2.285 Â). 
The elongation of Pd-Cl(2) bond may be attributed 
to the stronger trans effect of P than that of N. 
The P d - P length of 2.208 Â is significantly short as 
compared with those of 2.241 Â in BENZYL and 
of 2.286 Â in [PdCl{(^)-isopropyl-/-butylphenylphos-
phine}{(i?) - N,N- dimethyl - a - (2-naphthyl) ethylamine-
3C,N}] (NAPHTHYL).6> The P d - N length of 2.086 À 
is also shorter than those in BENZYL (2.134 Â) and 
N A P H T H Y L (2.167 Â). 

The five-membered chelate ring is fairly puckered 
to form a ô conformation. The torsion angles con­
cerning the ring are : P d - N - C ( l ) - C ( 5 ) , - 4 0 . 9 ° ; N -
C ( l ) - C ( 5 ) - P , 49.7°; C ( l ) - C ( 5 ) - P - P d , - 3 5 . 7 ° ; C ( 5 ) -
P - P d - N , 11.9°; P - P d - N - C ( l ) , 13.7°. The deviations 
of C( l ) and G(5) from the plane of Pd, P, and N are 
0.32 Â (to the direction to G(6) (phenyl group)) and 
0.37 Â(to the direction to C(12) (butyl group)), res­
pectively. The N - P d - P angle is 85.5°, while that of 
the six-membered chelate ring in BENZYL is 94.0°. 
O n the contrary, the C l -Pd-Cl angle (93.6°) is larger 
than that in BENZYL (88.12°). 

The coordinated N atom of the pyrrolidine ring has 
S configuration. The torsion angles of the pyrrolidine 
ring are; X1 = ^2.2i % 2 = - 1 6 . 8 , x 3 = - 4 . 7 , and %4= 
25.1°. The C a ( = C(1)) atom is puckered out by 0.52 
Â in the pyrrolidine ring, while Cô puckering is observ­
ed for [Pd^-prol^] . 1 1 ) 

The disorder occurs at the location of G (14). There­
fore the abnormal bond lengths and angles concerning 
this atom are observed. However, the distance be­
tween C(13) and C(15), 2.49 Â is rather normal. 

Absorption and CD Spectra. The absorption and 
CD spectra of the dichloro ( l a and l b ) and the dibromo 
(2a and 2b) complexes are shown in Figs. 3 and 4, 
respectively. The numerical data are given in Table 
5 together with those of the other related complexes. 
The absorption spectra of a pair of diastereomers 
quite resemble each other, while the CD spectra are 
nearly enantiomeric to each other. The diastereoiso-
merism arises from a pair of enantiomeric configura­
tions of the phosphorus atom, the other chiral centers 
at the carbon and nitrogen atoms being all S configura­
tions. If it is assumed that the vicinal effects due to 
these three chiral atoms contribute additively to the 
CD, the vicinal effects of the chiral phosphorus atoms 
(S configuration) in the dichloro and dibromo complex­
es can be estimated by the following equations, re­
spectively; [ A e ( l a ) - A e ( l b ) ] / 2 a n d [ A e ( 2 a ) - A e ( 2 b ) ] / 
2. (Fig. 5) The calculated curves are very similar 
in the pattern between the dichloro and dibromo 
complexes, although the curve of the latter complex 
shifts to the smaller wavenumber side according to 
the spectrochemical series. From these curves, it is 
concluded that the coordinated (S)-phosphorus atom 
shows a positive main CD band in the region of the 
absorption band of the smallest wavenumbers. O n 
the other hand, the curve of the combined vicinal 
effect due to both chiral atoms of the carbon and nitro-

4 h 

bß 
O 

1 1 

! f 
r / 

i ~\> * 

\ 
\ 

r~ 
I 

1 

^^^y 

i 
i 
i 

\ i 
\ 

i 

" — « — i — | 

H 

1 / \ 1 

r-—^ * 
\ \ 

X 10 

H 

_ j 1 

H + 2 

Hi l 

H-2 

H-3 

25 30 35 40 

v / W c m - 1 

Fig. 3. Absorption and CD spectra of [(£) -2- (butyl­
phenylphosphinomethyl) pyrrolidine] dichloropalladium-
(II), la( ) and l b ( - — ) . 

1 <! 

30 

0/1 (Pcm-1 

Fig. 4. Absorption and CD spectra of [(S)-2-(butyl­
phenylphosphinomethyl) pyrrolidine] dibromopalladium-
(II), 2a( ) and 2b( -—) . 

gen can be derived by the equation, [ A e ( l a ) + A e ( l b ) ] / 
2. The derived curve is shown in Fig. 6 together 
with the absorption and CD spectra of the related 
complexes. The curve closely resemble the CD spec­
trum of 3 in the region of the smallest wavenumber 
absorption band. The complex 3 has two chiral 
centers at the carbon and nitrogen atoms with the same 
S chirality as l a and l b . The curve of the same 
vicinal effect calculated from 2a and 2 b also show a 
pattern similar to that of the dichloro complex. These 
results indicate that the vicinal effects of the three 
different chiral atoms are additive in the CD spectra 
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TABLE 5. ABSORPTION AND CD SPECTRAL DATA 

Com­
plex 

Absorption maxima 
v/ 103 cm-1 

(e/mol-1 dm3 cm-1) 

CD extrema 
v/lO'cm-1 

(Ae/mol-1 dm3 cm-1) 

l a 

l b 

2a 

2b 

3 

4 

5 

a) sh : 

28.75(1800) 
36.5 (5560 sha>) 

28.75(1790) 
37.0 (7270sh) 

27.00(2220) 
31.5 (1940) 
38.5 (13300) 

26.75(2150) 
31.4 (1900) 
38.5 (12100) 

28.25(2080) 
37.5 (12900) 

26.75(406) 
37.0 (996 sh) 

28.17(2050) 
37.2 (13400) 

shoulder. 

26.75 ( -0 .67) 
30.0 ( + 0.86) 
34.0 ( -0 .49) 
39.6 (+17.0) 

26.00( + 0.33) 
30.0 ( -3 .29) 
40.0 ( -5 .6 ) 

25.40 ( -0 .36) 
27.9 ( + 0.11) 
31.0 ( -0 .84) 
36.5 (+12.5) 

23.50( + 0.16) 
28.6 ( -3 .52) 
32.7 ( + 0.54) 
37.0 ( -9 .57) 

25.25( + 0.13) 
29.7 ( -2 .41) 
36.5 ( + 3.43) 

25.75( + 0.50) 
29.0 ( -0 .28) 
38.3 ( + 0.41) 

v/ lO^m- 1 

Fig. 5. CD curves calculated from (l/2)[Ac(la)— 
Ae(lb)]( ) and (l/2)[Ae(2a)-Ae(2b)]( ). 

of the present complexes. The diamine complex (4) 
which has the same chiral atoms as 3 also gives a CD 
pattern similar to that of 3 in the same region, although 
the CD intensity of the negative band is very weak. 

Meek et a/.16> reported that the complex 5 gives 
absorption bands due to the d-d transitions at ca. 
21000 cm 1. However, all of the aminophosphine com­
plexes prepared here shows neither absorptions nor 

v/KFcm-1 

Fig. 6. Absoprtion and CD spectra of [(>S)-2-(diphenyl-
phosphinomethyl)pyrrolidine]dichloropalladium(II), 3 
( ) and [(S)-2-(aminomethyl)pyrrolidine]dichloro-
palladium(II), 4 ( ), and CD curve calculated 
from (l/2)[Ae(la) + Ae(lb)] ( ). 

CD in this region. Therefore, the fairly strong bands 
at 28000 c m - 1 of the aminophosphine complexes may 
be assigned to those associated with the d-d transitions. 
This assignment will be supported by the fact that 
the dichloro(diamine)Pd(II) complexes27) including 4 
exhibit similar absorption bands at nearly the same 
wavenumbers. The nitrogen and phosphorus atoms 
are known to stand at nearly the same position in the 
spectrochemical series.28) 

The authors express their thanks to Professor J . 
Tanaka of Nagoya University, who kindly allowed 
them to use the diffractometer in his laboratory. The 
authors also wish to thank the Ministry of Education 
for Scientific Research Grant-in-Aid No. 243013. 
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Temperature Dependence of the Optical Resolution and Solubility 
Isotherm of Bis(ethylenediamine)oxalatocobalt(III) 

(1R,3S,4:S, 7#)-3-Bromocamphor-9-sulfonate 
Akira FUYUHIRO,* Kazuaki YAMANARI, and Yoichi SHIMURA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received December 27, 1978) 

The determination of solubility isotherm of a ternary system, J-[Co(ox)(en)2](rf-C10H14OBrSO3)-zl-[Co-
(ox)(en)2](^-C10H14OBrSO3)-H2O, between 5 and 25 °C, revealed that the resolving agent (lR,3S,4S,7R)-3-
bromocamphor-9-sulfonate ion is applicable to the optical resolution of the [Co(ox)(en)2]+ ion below 19 °C from 
the viewpoint of solubility in water, in spite of the formation of a pseudo racemic compound, yl-[Co(ox)(en)2] • 
z1-[Co(ox)(en)2](rf-C10H14OBrSO3)2-2H2O. 

Some useful informations on optical resolutions have 
been given from the studies of solubility isotherms 
for a multi-component system containing a pair of 
diastereomeric salts of metal complexes1 '2) or organic 
substances.3) T h e previous investigations showed 
that the formation of a pseudo racemate1) or solid 
solutions3) causes an unsuccessful or difficult optical 
resolution; for example, the resolving agent, (IR, 
3.S ,,45',7i?)-3-bromocamphor-9-sulfonate(l—) ion (ab­
breviated to öf-bcs-), is not applicable to the optical 
resolution of [Co(ox)(en)2]+ ion at 25 °C because 
of the formation of the pseudo racemate, A-[Co-
(ox)(en)2] •zJ-[Co(ox)(en)2](cf-bcs)2-2H20.1> Successive 
study to determine the isotherms of the rf-bcs salts at 
other temperatures revealed that the optical resolution 
becomes possible below 19 °C in spite of the formation 
of the pseudo racemate. Thus the solubility isotherm 
of the ternary system, -/l-[Co(ox)(en)2](rf-bcs)-zl-[Co-
(ox)(en)2](ûf-bcs)-H20, at 5 °C and the temperature 
dependence of two invariant points in a region of 
5—25 °C are presented here; a short letter of the re­
sults was presented elsewhere.4) 

Exper imenta l 

Materials. [Co(ox) (en)2\(d-bcs) : The A- and A-
diastereomers, and the pseudo racemate were prepared 
by the method previously reported1); e(497nm) = 120 for 
each complex, and A.e(523 nm) = + 2 . 7 1 , —2.71, and 0 
for the A- and zl-diastereomers, and the pseudo racemate, 
respectively. Found: C, 32.47; H, 5.48; N, 9.41%. Galcd 
for A-[Go(ox)(en)2] (</-bcs) • H 2 0 : G, 32.29; H, 5.42; N, 
9.41%. Found: G, 31.93; H, 5.56; N, 9.35%. Galcd 
for zJ-[Co(ox)(en)a](rf-bcs)-1.5H80: G, 31.80; H, 5.50; 
N, 9.27%. Found: G, 32.30; H, 5.42; N, 9.40%. Galcd 
for rflc-[Go(ox)(en)a](rf-bcs)-HaO: C, 32.29; H, 5.42; N, 
9.41%. The analytical values of the /1-diastereomcr cor­
responded to those of neither tetrahydrate nor 2.5-hydrate1) 
but 1.5-hydrate. 

Measurements. The solubilities of complexes in water 
were determined in molality in the same way as previously 
reported.2) The solid phases were identified from the ele­
mental analyses, the absorption and CD spectra, and so on. 
Optical densities were measured with a JASCO UVIDEG-1 
spectrophotometer and CD with a JASGO MOE-1 spectro-
polarimeter. 

R e s u l t s and D i s c u s s i o n 

The solubility data obtained are given in Table 1, 
and Figs. 1 and 2, where any saturated solution is 

Fig. 1. Solubility isotherm of the ternary system, A-
[Go(ox)(en)2](^-bcs)-zl-[Co(ox)(en)2](^-bcs)-H20, at 
5 °G. Solubility is presented in molality m of an­
hydrous salt; yl-[Co(ox)(en)2](J-bcs) (1) and A-[Co-
(ox)(en)2](rf-bcs) (2). 

expressed as a point defined by summing up the posi­
tion vectors of the solubilities of the one or two com­
ponent salt(s) contained.2) 

Solubility Isotherm of A-[Co(ox)(en)^\(d-bcs)-A-[Co-
(ox)(en)2](d-bcs)-H20 at 5 °C Figure l shows 
the solubility isotherm of the ternary system, A-[Co-
(ox)(en)2](^-bcs)-Zl-[Co(ox)(en)2](rf-bcs)-H20, at 5 ° C 
The pseudo racemate, vl-[Co(ox)(en)2] -/J-[Co(ox)-
(en)2](öf-bcs)2-2H20, exists in the region Gfi2 at 
5 °C as in the case of 25 °C.1> At 25 °C the in­
variant points, Gx and G2, appear on the left and 
the right hand sides of the "racemic line" OS, re­
spectively (see Fig. 2). O n the contrary, at 5 °C, 
both points appear on the left hand side of the 
"racemic line". Therefore, the isotherms at 5 °C 
represents the first case that the optical resolution 
becomes possible in spite of existence of the pseudo 
racemic compound. 

If an aqueous solution of rao[Co(ox)(en)2](ö?-bcs) 
is concentrated at the constant temperature 5 °C, 
in other words, if the solution whose composition 
is on the line OR-! in Fig. 1 is concentrated, the 
less soluble diastereomer /J-[Co(ox)(en)2](rf-bcs)-4H20 
will appear in the solid phase at the point R l 5 and then 
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TABLE 1. EQUILIBRIUM OF THE SYSTEM, yl-[Co(ox)(en)2](âf-bcs)-zl-[Co(ox) (en)2](âf-bcs)-H20, AT 5 

AND 25 °C, AND THE TEMPERATURE DEPENDENCE OF THE TWO INVARIANT POINTS, Gj AND G 2 

In liquid phase, solubility is presented in molality m of anhydrous salt. Abbreviations are as 
follows: yl-[Co(ox)(en)2](rf-bcs).H20 = yl, /l-[Co(ox) (en) 2] (</-bcs) -4H20 = zl, and yl-[Co(ox) (en)2] • 
zl-[Co(ox)(en)2](^-bcs)2-2H20 = rac; *, metastable state. 

77°C 

5 

a ) 

C 

C 

X ( 4 

G2 

G4* 

R2* 

R2* 
X 

G2 

Go V-J2 

X 

D 

G2 

X 
G * 
^ 3 

G * 
^ 3 

Liquid phaseb) 
m/10-

/ 
A 

1 
( 0 .66 

1.14 
1.66 
2 . 0 4 
2 .03 
2 .35 
2 .84 
2 .83 

I 3 .27 

J 3 .51 
| ( ± 0 . 1 0 ) 

1.97* 

2 . 5 7 * 

| 2 .89* 
I 3 .25* 

3.82 
3 .83 
4 .00 
4 .36 
4 . 5 3 
4 .55 
4 .56 
4 .66 
5.00 
5.10 
5 .53 
5.56 
5.80 
6-11 

f 6 .41 
1 (±0.13) 
( 6 .65 
1 (±0.03) 
f 4 . 26* 

4 . 6 9 * 
( 5 .38* 

( 6 .19* 
t (±0.08) 

2 mol k g - 1 

—'" \ 
A 

2 .78 
( ± 0 . 0 6 ) 

2 .46 
2 .33 
2 .18 
2 .05 
2 .04 
2 .04 
1.93 
1.94 
1.89 

1.79 
( ± 0 . 0 8 ) 

3 .22* 

2 . 5 7 * 

2 . 2 9 * 
2 .02* 

1.64 
1.66 
1.53 
1.36 
1.23 
1.26 
1.24 
1.21 
1.10 
1.06 
0 .96 
0 .91 
0 .86 
0 .82 

0 .73 
( ± 0 . 0 8 ) 

1.68* 
1.59* 
1.51* 

1.45* 
( ± 0 . 0 2 ) 

Solid 
phase 

A 

A 

A 
-{-rac 

rac* 

rac* 

& 
rac* 

rac 

A 
-{•rac 

A 

A* 

A* 
+ A* 

T/°C 

25 

~io 
15 

17.5 

20 

~ÏQ 

15 

17.5 

20 

a ) 

G 

G 
X 

G u 2 

G2 

R4 

R 
Jx4 

X \ 
Gx 

G! 

D 

G1 

G j 

G1 

G, 

G2 

G2 

G2 

G2 

Liquid phase13) 
I B / 1 0 -

J 

{ 
/ 0 .72 

1.41 
1.83 
2 .18 

1 2 .51 
\ 2 .85 

( 3 .13 
I (±0.11) 
j 3 .65 
1 (±0.02) 
/ 3 .83 

4 .67 
4 .97 
5.81 
5 .99 
6 .42 
7.27 
7.41 
7 .49 
7 .54 
8.56 

\ 8 .84 

j 8 .96 
{ (±0.10) 
( 9 .32 
{ ( ± 0 . 0 3 ) 

6 .93 

7.55 

7.87 

8.17 

3 .39 

3 .34 

3.31 

3.25 

2 mol k g - 1 

A 

5.15 
( ± 0 . 0 2 ) 

4 . 8 9 
4 .68 
4 .55 
4 .36 
4 .27 
4 .19 

4 . 1 3 
( ± 0 . 0 6 ) 

3.65 
( ± 0 . 0 2 ) 

3.50 
2 .83 
2 .57 
2 .10 
2 .02 
1.81 
1.48 
1.52 
1.48 
1.43 
1.09 
1.11 

1.06 
( ± 0 . 0 8 ) 

0 /78 

0 .90 

0 .93 

0 .99 

2 .26 

2 .75 

3.00 

3 .39 

Solid 
phase 

A 

A 

A 
+ rac 

rac 

rac 

A 
+ rac 

A 

A-\-rac 

A-{-rac 

A + rac 
A-{-rac 

A-{-rac 

A-{-rac 

A -{-rac 

A-{-rac 

a) Positions of the points in Figs. 1 and 2. In these expressions, Gj<-»G2, for example, does not contain the 
points G1 and G2. b) The values in parentheses are estimated errors and were calculated from twice the 
standard deviations of the experimental measurements, which were repeated 3—11 times. 

the point of the saturated solution will move along 
the curve RXG2. After the liquid phase composition 
reaches the point G2, the less soluble diastereomer 
will gradually disappear with precipitating the pseudo 
racemate, A - [Co (ox) (en)2] -zl-[Co(ox) (en)2] (öf-bcs)2-
2 H 2 0 , while the liquid phase composition will remain 
unaltered. Finally, only the solid pseudo racemate 
will remain. When the solid less soluble diastereomer 
is removed from the system just before reaching G2 

on the curve RjG2 , the yield of the diastereomer will 
be 4 9 % of Zl-[Go(ox)(en)2]+ ( 2 5 % of the racemic 

one). Further evaporation will change the composi­
tion of the liquid phase from G2 to Gx and the second 
solid, rac-[Co(ox)(en)2](ä?-bcs) - H 2 0 , will precipitate 
till the solution composition reaches the point Gv 

By separating and re-dissolving this pseudo racemate, 
successive optical resolution will become possible. 

If the initial solution composition is in the region 
O R x C in Fig. 1, the isothermal concentration of this 
solution will also cause the first precipitation of 
Zl-[Co(ox)(en)2](d-bcs)-4H20. When the solution 
composition reaches the point G2, the second solid, 
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Fig. 2. Temperature dependence of the two invariant 
points, G1 and G2, of the ternary system, yl-[Go(ox)-
(en)J(i-bcs)-J-[Co(ox)(en)2](i-bcs)-H20, at 5 - 2 5 
°G. Solubility is presented in molality m of anhy­
drous salt; yl-[Co(ox)(en),](</-bcs) (1) and A-[Go (ox)-
(en)J(rf-bcs) (2). 

A - [Go (ox) (en) 2] • A - [Go (ox) (en) 2] (</-bcs) 2 • 2 H 2 0 , will 
begin to precipitate, but the first solid will not 
completely disappear and both solids will remain 
to the last. If the initial solution composition is in 
the region OG2R1 ? the first and the second solids will 
deposit similarly, and then the solution composition 
will begin to move along the curve G2GX as soon as 
all the first solid dissolve in the liquid phase. When 
the solution composition reaches G l 5 the third solid, 
yi-[Co(ox)(en)2](<^-bcs)-H20, will appear in the system. 
At last, only the second and the third solids will remain. 

Therefore the point G2 is a kind of "pseudo invariant 
point", and corresponds to the final liquid phase 
composition of the right hand region in Fig. 1. Only 
when the liquid phase composition is in the region 
OGj^Gg or on the line OG 2 , the pseudo racemic 
compound, A- [Co (ox) (en) 2] • A - [Co (ox) (en) 2] (d-bcs) 2 • 
2 H 2 0 , deposits as the first precipitation in this system 
at 5 °C. Thus the pseudo recemate shows the iricon-

gruent solubility in water at 5 °C and can be recrys-
tallized at this temperature without decomposition 
only from an aqueous solution containing an appro­
priate amount of yl-[Co(ox)(en)2](d-bcs) salt. 

Certain metastable states which were maintained 
at least for several hours were observed at 5 °C. O n 
the curve G 2R 2G 4 in Fig. 1, the solution is in metastable 
equilibrium with the solid phase, yi-[Co(ox)(en)2] • 
zl-[Co(ox)(en)2](d-bcs)2-2H20, and the point R2 

represents the metastable solubility of the pseudo 
racemate. The point G3 corresponds to the meta­
stable invariant point, where both solids, -4-[Co (ox)-
(en)2](</-bcs)-H20 and zJ-[Co(ox)(en)2](^-bcs)-4H20, 
coexist. If the solution composition moves along the 
curve R 1 G 2 G 3 in an optical resolution, the yield of 
the Zl-diastereomer will increase. 

Solubilities of A-[Co(ox) (en)2] (d-bcs)-A-[Co(ox) (en)^\-
(d-bcs)-H20 between 5 and 25 °C. Figure 2 
represents the temperature dependence (5—25 °C) 
of the two invariant points, Gx and G2. The curve 
of the temperature dependence of G2 intersects the 
"racemic l ine" OS at 19 °C (point R 3 ) . Therefore, 
the optical resolution using this ternary system be­
comes possible at temperatures lower than 19 °C. 
Futhermore, it was found that the solubility data 
reported previously for rao[Co(ox)(en)2](d-bcs) - H 2 0 
at 5, 10, and 15 ""C1) are of metastable states and 
its value at 5 °C corresponds to the point R2 in 
Fig. 1. 

The solubility isotherm of the present system at 
25 °C has somewhat changed from that previously 
reported,1) in which some errors are included with 
regard to the solubilities of zJ-[Co(ox)(en)2](d-bcs) • 
4 H 2 0 , though the principal feature has not altered. 
Since the phase change in crystals of the Zl-diastereo-
mer from the 1.5- or 2.5-hydrate to the tetrahydrate 
required about half a day with considerable deviations, 
it seems that the true tetrahydrate was not realized 
in some determinations of the previous experiment.1) 
T h e corrected data are also given in Table 1. 
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The various values of j ' 0 H of l,2-benzocycloalken-3-ols observed in dilute CC14 solutions have been explained 
in terms of the inclination angle of the G-O bond to the plane of the benzene ring (0) and the conformational 
isomerism of the OH group with respect to the G-O bond. The ?̂ 0FI shift caused by OH---7T bonding is angle-
dependent, i.e., 9 cm-1 if 0=50—90°, or 17 cm-1 if 0=38—45°. 

Intramolecular O H - J Z bondings have been exten­
sively investigated by I R spectroscopy and have ac­
cepted successful application to the conformational 
and structural elucidation of various systems con­
taining both hydroxyl group and jr-source.1) Oki, 
Iwamura, et al. found the geometry dependence of 
the 7r-bonded von or rc-bond shift (Av0H) in biphenyl-
2-ols,2) alkenols,3) and 2-phenylalkanols.4) Such de­
pendence has not however been reported in 1-phenyl-
alkanols. The axial and equatorial O H groups of 
l,2-benzocyclohexen-3-ols however show yr-bonded ^0H 's 
of 3618 and 3600 cm" 1 respectively.4'5) 

In the present work, the angular dependence of 
Af0H in a series of l,2-benzocycloalken-3-ols having 
different inclination angles between the C - O bond 
and the plane of the benzene ring (0's) have been 
studied. The range of 0 has been from 10 to 82°. 
Table 1 gives the compounds examined and the rele­
vant 0's for the axial and equatorial!" C - O bonds (0a 

and 0e), as measured using Dreiding models. In 
this work, the cyclopentene, cyclohexene, and cyclo-
heptene rings have been assumed to take the enve­
lope,6-8) half-chair,9) and chair conformations,10-12) 
respectively. The cyclopentadiene rings of 5's have 
been assumed to be coplanar with the benzene rings. 

R e s u l t s and D i s c u s s i o n 

Table 2 gives the ^0H da ta observed in CC14, in which 
each alcohol exhibits at least one maximum at 3600, 
3607, 3616, 3620, or 3626 cm"1 . T h e last von is cha­
racteristic of monomeric secondary alcohols13) and the 
remaining v01I's will be assigned later. 

In each compound, the prefered orientation of the 
C - O bond is determined by at least one of the following 
factors: (1) the interaction between the equatorial 
hydroxyl group and the jten'-substituent (jbm-inter-
action), (2) 1,3-diaxial and/or other steric interactions, 
and (3) OH--yr bonding. A previous I R study of 
2a and 2b5) indicated that an axial orientation, free 
from factor (1), is prefered. In the I R and N M R 
studies of substituted 1-tetralols and analogs by Hanaya , 
et a/.14) factor (1) was found to predominate over 
(2) with a few exceptions. The same will not always 
apply to the l 's and 3's, however, since the substituent 
arrangements in space are different. I n the l 's where 
the equatorial hydroxyl and the jöm-substituent are 
less eclipsed than in the 2's, the jfon-interaction will be 

t In the text, "axial" and "equatorial" mean "quasi-
axial" and "quasi-equatorial," respectively. 

TABLE 1. INCLINATION ANGLES OF THE G-O BOND, 

0a AND 0e O 

Compound 0a 

l a , l b , l c 

45 

in—R 82 38 

2a , 2b , 

•R 50 10 

60 60 

5a, 5b 

Compound number R R' 

la—5a 
lb—5b 
lc and 2c 

H 
CH3 

H 

H 
H 

N 0 2 

less. In the 3's, with the substituents in a more 
eclipsed position, the peri- and also the 1,3-diaxial 
interactions will be greater. Nevertheless, the pre­
fered orientation will be decided by examining the peri-
substituent effects on the relative absorption intensi­
ties. 

The strongest O H bands of l a and l b appear at 
3601 and 3607 cm" 1 respectively. T h e shift to higher 
frequency in l b is due to the steric effects of the peri-
methyl substituent which are expected to cause changes 
in the population of the O H conformers around the 
G - O bond and/or conversion of the prefered orienta­
tion of the C - O bond. If the former is true and if 
the most favoured O H conformer of l a is that of Type 
I I (see Table 4), this conformer would convert to Type 
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TABLE 2. von DATA FOR THE BENZOCYCLOALKEN-3-OLS IN DILUTE GC14 SOLUTIONS (cm-1) 

Compound Substituent Equatorial, bonded vou, e Axial, bonded von, e Free j ' 0 H , £ 

3627, bra> 

3626, 52 

3626, sh 
3630, bra> 

l a 
l b 

l c 
2a5> 
2b5) 

2c 
3a 
3b 
4a 
4b 

5a 
5b 

— 
3',6'-Dimethyl 

5'-Nitro 
— 
3',6'-Dimethyl 

5'-Nitro 
— 
3',6'-Dimethyl 
— 
3',6'-Dimethyl 

9-Methyl 

3601,*) 52 

3600, 50 
3603,d) 32 

3600, sh 

3601, 110, 
3599,e> 140, 

14,c) and 
, IIe) 

3616,b) sh 
3607, 60, 20«) 
3615, sh 
3616, sh 
3618,d) 50 
3610, sh 
3621, 65 
3617, 55 
3619, 65, 20c> 
3621, 79, 17e) 
3615, 77, 20e) 
3620, 80, 18e) 

3620, bra> 

a) br: unusually broadened part (Î-OH is uncertain), b) Reported: 3594, 3610sh (W. R. Jackson and C. H. Mc-
Mullen, J. Chem. Soc, 1965, 1170); 3605, 3620 (J. M. Brewster and J. G. Buta, J. Am. Chem. Soc, 88, 2233 
(1966)). c) Apparent half band width, d) Reported:4) 3601, 3618. e) Repotted: 3602 (A. Allerhand and P. 
von R. Schleyer, J. Am. Chem. Soc, 85, 866 (1963)). 

TABLE 3. CHEMICAL SHIFTS (Ô) AND COUPLING CONSTANTS (J) FOR H(l) OF THE BENZOCYCLOALKEN-S-OLS4) 

Compound In CC14 In CDC13 

l a 4.98, t(J: 5.8, 5.8 Hz) 4 .3 , t(J: 6, 6 Hz)15) 
2a 4.48, mc) 3.9, m15) 
3ab) 4.77, md> 4.9, m15> 
4a 4.88, d d ( / : 4.5, 11.5 Hz) — 
l b 5.08, d d ( / : 2.5, 5.6Hz) 5.15, dd(J: 2.5, 6.2 Hz) 
2b 4.63, t(J: 3.0, 3.0Hz) — 
3b1» 5.27, dd(J: 2.5, 6.0Hz) 5.35, dd(J: 2.5, 6.5 Hz) 
4b 5.25, d d ( / : 4.5, 9.5 Hz) — 

a) ô of H(l) is concentration-dependent, b) Saturated solution, c) The unresolved multiplet has a width of 
12 Hz at the half height and a double intensity at the center relative to the side signals, d) The unresolved 
multiplet has a width of 12 Hz at the half height. 

I by peri-methyl substitution, relieving the resulting data for the H ( l ) of l a to 3a in CDC13, which are 
interaction between the O H hydrogen and peri-methyl. similar to those in CC14, suggest the preference for 
This conversion, however, can not explain the observed axial orientation in 2a and 3a but not in la.15> The 
v0H shift to higher frequency, since the vou of Type Jli2 values for l b to 3b are of a magnitude ex-
I should be lower than that of Type I I . 13> Conversion pected from the Karplus relationship and are very 
of Type I to I I is unlikely. I t appears reasonable similar to those observed for analogs with equatorial 
to assume that l a prefers the equatorial C - O orienta- H(l) .8 '1 1 , 1 2 , 1 6) I t appears that the prefered axial 
tion (von: 3601 c m 4 ) , not taking into account the orientation is caused predominantly by the peri-'mter-
question of the prefered O H conformer. The orienta- action which becomes greater with decreasing 0e 

tion is converted to the axial form (von: 3607 cm - 1 ) and increasing size of the j&m-substituent ( H < C H 3 ) . 
by the introduction of the j&m-methyl group, which The yr-bondings of the axial and the equatorial 
relieves the resulting interaction between the equato- O H species assigned above may be expected from the 
rial hydroxyl and peri-methyl. Both 2a and 2b prefer considerably low values of ^0H. In fact, the nitro 
an axial orientation.4 '5) In the case of 3a and 3b, substituent in l c and 2c increases the relative intensity 
the single 3620 c m - 1 band is practically unchanged by of the free O H band, indicating at least one of the 
the introduction of the peri-methyl group and thus O H species to be jz-bonded. Iwamura and Hanaya4) 
the axial orientation seems to be exclusively prefered. assigned the 3618 and 3600 c m - 1 bands of 1,2-benzo-

A comparison of the relative intensities of the axial cyclohexen-3-ols to the axial and equatorial ^-bonded 
and equatorial O H bands indicates that the axial O H species, respectively, by taking account of the 
orientation is increasingly prefered in the sequence usual conformational and ^-bonding effects on ?'0H 

from l a to 3a or with a decrease in 0e and exclusively and expected the yr-bond shifts to be 9 and 18 cm - 1 , 
prefered in l b to 3b. This result is consistent with the O n a similar base, the von values in Table 2 may be 
*H N M R results (Table 3). Indeed, the ^-coupling assigned to Types I, I I , and I I I of the O H conformers, 
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TABLE 4. TYPES OF OH CONFORMERA AND ASSIGNMENTS OF THE MAXIMUM J-QH BANDS 

R H a | I l i a 

Axial G-O orientation Equatorial C-O orientation 

Type of O H 
conformer 

l a 
H a 
I l i a 

le 
He 
H i e 

Free v0H 

assumed18) 

3618 
3627 
3627 

3618 
3627 
3627 

Compounds l a -
^ 

^OH 
observed 

3607 
3616sh 
3626 

3600 
— 

3626 

— 

Al'OH 

11 1 
H 

1 J 
18 1 

- l c 
N 

0° 

• 75 

> 45 

Compounds 2 a -
y 

^ 0 H 
observed 

3618 
3626sh 

3602 
— 

3626sh 

—, . 

A^OH 

9 

1 J 
16 

1 1 

- 2 c 
N 

0° 

> 82 

> 38 

Compounds 
,. 

J"OH 
observed 

3620 
— 

— 
— 
— 

Â  

3a, 3 b 
^ 

"OH 0° 

) 
7 50 

J 
) 

10 

as given in Table 4. In each type of conformer, the 
O - H is assumed to be staggered between the oppos­
ing bonds. OH---TT bonding occurs in Types I and 
I I in which the O H hydrogen is directed towards the 
jr-cloud. In l a to 3a, Type la , in which the O - H 
is pointing inside the cycloalkene ring, may be sterical-
ly unfavorable, since repulsion operates between the 
O H hydrogen and one or two axial hydrogens on the 
cycloalkene ring which are in close proximity.17) 
In Type H e also, the O H hydrogen is close to the 
/tfrc'-hydrogcn. Thus, Types H a and le , in which 
no overcrowding of the O H hydrogen may be expected, 
are probably prcfered and may largely contribute to 
the axial and equatorial O H absorptions at 3618 and 
3600 c m , - 1 respectively. The shifts from the free von 

values (Aron)18) are 7—11 and 16—18 cm - 1 , respecti­
vely, which are ascribable to O H - T T bonding. 

In l b to 3b, Type H a may contain an additional 
interaction between the O H hydrogen and peri-methyl. 
With a decrease of 0a or in moving from 3b to l b , 
this interaction will increase and Type H a becomes 
less possible, whereas the crowding in Type l a will 
be relieved. Thus, the prefered conformer will be 
H a in 3b and 2b (r0 H : 3620 cm- 1 ; A^0 H : 7 cm- 1 ) , 
but it will be la in l b (r0 I I: 3607 cm" 1 ; Avon: 11 cm" 1) . 
The weak absorptions at 3610 and 3615 c m - 1 which 
2b and l b exhibit may be assigned to l a and Ha , 
respectively, as the less prefered conformers. Benzyl 
alcohols with 0 = 90°19) show yr-bonded v0H (3617 
cm-1)13 '20) which may be assigned to Type I I , so that 
Av0H is 10 cm - 1 . These results indicate the angular 
dependence of the rc-bond shift: Avon is ca. 9 c m - 1 

if 0 = 50—90°, or ca. 17 cm" 1 if 0 = 38—45°. 5a and 
5b (0=60°) exhibit intense bands at 3600 c m - 1 which 
may be assigned to Type I, so that AvQn is 18 c m - 1 . 
This shift is larger than expected from the above rela­
tionship, probably because the O H may be jz-bonded 
with the two benzene rings. The weak 3620 c m - 1 

band of 5a is probably due to an O H species rr-bonded 
with one benzene ring, so that Av0H is 8 cm - 1 , as ex­
pected. The I R and N M R data of 4a and 4b are 
similar to those of 3a and 3b. I t thus appears that the 

cyclooctene ring21) is not as flexible as expected from 
molecular models.22) The above relationship between 
0 and Avou predicts that the C - O bond is axial (Avon : 
7 or 12 cm- 1 ) . 

Exper imenta l 

Samples. Most of the compounds examined are known 
substances. 5-Nitroindan-l-ol (lc) was prepared from the 
corresponding ketone by NaBH4 reduction and purified 
by recrystallization; mp 82.1— 82.9 °G; Found: C, 60.43; 
H, 5.07; N, 7.75%. Calcd for C9H9N03 : C, 60.33; H, 5.06; 
N, 7.82%. 

Measurements. IR spectra were recorded on a JASCO 
DS-403G grating spectrometer. The solvent was CG14 

distilled over P 2 0 5 before use and the concentration selected 
was ca. 0.003 mol/1 or less, so as to avoid intermolecular 
association (cell length: 50 mm). The spectral slit width 
was 1.5 cm-1 at 3600 cm -1. 

1H NMR spectra were measured using a JEOL JNM4H-
100 spectrometer operating at 100 MHz for ca. 10 w/v% 
solutions in GG14 or CDG13 with TMS as an internal re­
ference. All measurements were carried out at ambient 
temperature (20—25 °G). 

References 

1) For a comprehensive review and data of von, see 
M. Tichy, "Advances in Organic Chemistry," ed by R. A. 
Raphael, E. C. Taylor, and H. Wynberg, Interscience, New 
York, N. Y. (1965), Vol. 5, p. 115. 

2) M. Oki and H. Iwamura, J. Am. Chem. Soc, 89, 576 
(1967). 

3) M. Oki, H. Iwamura, T. Onoda, and M. Iwamura, 
Tetrahedron, 24, 1905 (1968). 

4) H. Iwamura and K. Hanaya, Bull. Chem. Soc. Jpn., 
43, 3901 (1970). 

5) N. Mori, M. Yoshifuji, Y. Asabe, and Y. Tsuzuki, 
Bull. Chem. Soc. Jpn., 44, 1137 (1971). 

6) G. W. Rathjens, / . Chem. Phys., 35, 2401 (1962); 
S. S. Butcher and G. G. Costain, J. Mol. Spectroscopy, 15, 
40 (1965); J. Laane and R. C. Lord, J. Chem. Phys., 47, 4941 
(1967). 

7) M. Hiscock and G. B. Porter, J. Chem. Soc, B, 1971, 



1426 Nobuo M O R I , Shin-ichi KASUYA, Hitoshi MIYAZAKI , and Toshiyuki TAKEZAWA [Vol. 52, No. 5 

1631; W. R. Jackson, G. H . McMullen, R. Spratt , and 
P. Bladon, J. Organomet. Chem., 4, 392 (1965); W. E. Rosen, 
L. Dorfman, and M . P. Linfield, J. Org. Chem., 29, 1723 
(1964). 

8) H . R. Buys and E. Havinga, Tetrahedron, 24, 4967 
(1968). 

9) E. L. Eliel, N. L. Allinger, and G. A. Morrison, "Con­
formational Analysis," Interscience, New York, N. Y. (1965), 
p . 109; N. L. Allinger, J . A. Hirsh, M. A. Miller, and I. J . 
Tyminski, J. Am. Chem. Soc, 90, 5773 (1968); J . F. Chiang 
and S. H . Bauer, ibid., 91, 1898 (1969). 

10) S. Kabuss, H . Friebolin, and H . G. Schmidt, 
Tetrahedron Lett., 1965, 469; S. Kabuss, H . G. Schmidt, 
H . Friebolin, and W. Faisst, Org. Magn. Reson., 1, 451 
(1969) and 2, 19 (1970); N. Neto, G. diLauro, and S. 
Galifano, Spectrochim. Acta, Part A, 26, 1489 (1970). 

11) G. L. Buchanan and J . M . McCrae , Tetrahedron, 
23, 279 (1967). 

12) M . St-Jacques and C. Vaziri , Org. Aiagn. Reson., 
4, 77 (1972). 

13) M . Oki and H . Iwamura , Bail. Chem. Soc. Jpn., 32, 
950, 955 (1959). 

14) K. Hanaya , S. Onodera , S. Awano, and H . Kudo , 
BulL Chem. Soc. Jpn., 47, 509 (1974); K. Hanaya , S. Onodera , 
and H . Kudo , ibid., 47, 2607 (1974). 

15) D. R. Brown and A. B. Turner , J. Chem. Soc, Perkin 
Trans. 2, 1975, 1307. 

16) S. Mitsui, A. Kasahara , and K. Hanaya , Bull. Chem. 
Soc Jpn., 41 , 2526 (1968). 

17) Such interaction was assumed to explain the slightly 
higher value of von for the axial O H group of cyclohexanols ; 
H . S. Aaron and G. P. Rader , J. Am. Chem. Soc, 85, 3046 
(1963); H . S. Aaron, G. P. Ferguson, and C. P. Rader, 
ibid., 89, 1431 (1967). 

18) In the text, AJ'OII is defined as the difference in Î '0H 
between 7Z>bonded and free O H species both situated in 
similar steric environments.3 '4) The free Î'OH'S for Types 
I and I I are assumed to be 3618 and 3627 c m - 1 , respectively. 

19) J . G. Evans, Spectrochim. Acta, 17, 129 (1961). 
20) P. J . Krueger and B. F. Hawkins, Can. J. Chem., 

51, 3250 (1973). 
21) Although no reliable experimental estimation has 

been made for the conformation, strain energy minimiza­
tion calculations22 '23) predict a nondescript flexible form 
as the lowest energy conformation. 

22) N . L. Allinger and J . T . Sprague, J . Am. Chem. 
Soc, 94, 5734 (1972). 

23) G. Favini, G. Buemi, and M . Raimondi , J. Mol. 
Struct., 2, 137 (1968). 



May, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (5), 1427—1430 (1979) 1427 
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The reaction of l,3-diphenyl-l,3-propanedione (1) with 2-chloroethanol (2) or 3-chloro-l-propanol (3) was 
performed in the presence of potassium carbonate and sodium iodide as an improved procedure for regioselective 
C-hydroxyalkylation, involving intramolecular alcoholysis; the effects of the solvents, the temperature, and the 
amounts of potassium carbonate and sodium iodide were also investigated. The reaction with 2 afforded 3-
benzoylpropyl benzoate (4) (ca. 70% yield), together with 2-benzoylmethyl-2-phenyl-l,3-dioxolane (5) (ca. 15% 
yield). The reaction with 3, on the other hand, gave 4-benzoylbutyl benzoate (92—94% yield); the correspond­
ing 1,3-dioxane derivative was detected only in a trace. Moreover, the reaction of 1 with 2-hydroxyethyl tosylate 
was similarly performed, but the yields of both 4 and 5 were unexpectedly low. 

The C-hydroxyalkylation of 1,3-dicarbonyl com­
pounds was first demonstrated by the reaction of 
2,4-pentanedionatosodium with ethylene oxide in 
ethanol at 0 °C; this gave 3-(2-hydroxyethyl)-2,4-
pentanedione (20% yield).1) O n the other hand, 
the synthesis of methyl ketones has been accomplished 
by the C-alkylation of 2,4-pentanedione with benzyl 
halides in ethanol in the presence of potassium car­
bonate, involving simultaneous ethanolysis.2) Based 
on these facts, a novel synthetic route to 4-oxoalkanols 
has been established ; i.e., the reaction of 2,4-pentane­
dione with 1,2-epoxyoctane in the presence of potas­
sium carbonate and sodium iodide in ethanol under 
reflux gave a 2 8 % yield of 5-hydroxy-2-undecanone.3> 
There have recently been reported the syntheses of 
some eleven-membered cyclic ketolactones by the 
C-alkylation of 2-substituted dimedones with 4-chloro-
2-butenyl acetate in the presence of potassium t-
butoxide and potassium iodide, followed by the hydro­
lysis of the esters and intramolecular alcoholysis.4) 
O n the other hand, we recently demonstrated that the 
sodium iodide-catalyzed reactions of ethylene carbo­
nate with some active methylene compounds, which 
are assumed to proceed via 2-iodoethanol, afforded 
the corresponding 4-oxoalkyl esters as predominant 
products.5) In view of the mechanism of these reac­
tions, therefore, we set out to develop an improved 
procedure for a more-highly regioselective and effec­
tive C-hydroxyaltion of 1,3-dicarbonyl compounds 
involving intramolecular alcoholysis by the use of 1,3-
diphenyl-l,3-propanedione (1) and 2-chloroethanol 
(2) or 3-chloro-l-propanol (3); we wish now to report 
our results. 

R e s u l t s and D i s c u s s i o n 

Although ethanol has usually been used as a solvent 
in the alkylation of 1,3-dicarbonyl compounds, we 
examined a series of solvents for the reaction ; a mixture 
of 1 (10 mmol), 2 (45 mmol), potassium carbonate 
(10 mmol), and sodium iodide (13 mmol) in a solvent 

t This paper was partly presented at 26th International 
Congress of Pure and Applied Chemistry, Tokyo, Japan, 
September 4—10, 1977; the Abstract p. 999. 

FhCO-CH^COPh + X-(CH )^0H 

(1) (2)X=CI n=2 
(3)X=CI n = 3 
(7)X=TsOn=2 

PhCOÇH-COPh 
(CH2)n-0H 

9-(CH2ViOH 
PhC=CH-COPh 

-PhC0-(CH2)n^-0C0Ph 

(A) n = 2 

(6) n = 3 

((CH2)nx 

PhC-CH2-COPh 

(5) n = 2 

Scheme 1. 

TABLE 1. EXAMINATION OF SOLVENT EFFECT ON THE 

REACTION OF 1,3-DIPHENYL-1,3-PR0PANEDI0NE (1) 

WITH 2-CHLOROETHANOL (2)A> 

E n t n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13b> 

/ Solvent 

Hexane 

Benzene 

Chloroform 

Diethyl ether 

1,4-Dioxane 

Ethyl acetate 

Acetonitrile 

1,2-Dimethoxy-
ethane 

Acetone 

iV,iV-Dimethyl-
formamide 

Dimethyl 
sulfoxide 

Hexamethyl-
phosphoric 
triamide 

ditto 

T e m p 
(°G) 

80—90 

75—85 

80—90 

80—90 

80—90 

85—95 

70—85 

85—95 

80—90 

80—90 

80—90 

80—90 

80—90 

Yield 
prod 

M%) 
6 

trace 

6 

— 
8 

41 

40 

59 

50 

39 

28 

29 

8 

of 
uct 

M%) 
— 
— 
— 
— 

2 

trace 

trace 

trace 

trace 

7 

14 

47 

48 

Recovery 
of 

1 (%) 

74 

86 

73 

89 

82 

53 

44 

26 

38 

44 

22 

20 

34 

a) All the reactions were performed by the use of 1 
(10 mmol), 2 (45 mmol), K 2 C0 3 (10 mmol), and Nal 
(13 mmol) in a solvent (50 ml). b) This reaction was 
performed without Nal. 

was stirred for 2 days in an autoclave under the condi­
tions given in Table 1. As expected, the products 
obtained were the same as those formed in the reaction 
of ethylene carbonate;5) we obtained small amounts 
of acetophenone and 2-chloroethyl benzoate in addi-
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tion to the main products of the corresponding 4-oxo-
alkyl ester and ethylene acetal derivative, namely, 
3-benzoylpropyl benzoate (4) and 2-benzoylmethyl-
2-phenyl-l,3-dioxolane (5). When hexane, benzene, 
chloroform, diethyl ether, and 1,4-dioxane were used, 
scarcely none of the benzoate, 4, was obtained, and 
the starting material, 1, was recovered in the yields 
shown in the table. In contrast with these, ethyl 
acetate, acetonitrile, 1,2-dimethoxyethane, and ace­
tone were effective for the coupling reaction, giving 
4 in 41 , 40, 59, and 5 0 % yields respectively, together 
with traces of 5. O n the increasing polarity of solvents 
in turn from A^N-dimethylformamide up to dimethyl 
sulfoxide and hexamethylphosphoric triamide, however, 
we obtained 4 (39, 28, and 2 9 % yields respectively) 
and 5 (7, 14, and 4 7 % yields respectively), in addition 
to the recoveries of 1 seen in the table. The last 
entry clearly demonstrated the importance of the ad­
dition of sodium iodide to the reaction system, result­
ing in the formation of 4 in only an 8 % yield. 

In order to check if an elevated temperature brings 
about any improvement in the reaction, we performed 
some of the reactions in acetone, 1,2-dimethoxyethane, 
acetonitrile, and ethyl acetate at 150 °C. However, 
no improved results were obtained, giving 4 (49, 28, 
21, and 2 7 % yields respectively) and 5 (trace, trace, 
9 % yield, and trace respectively) (see Table 2). Judg­
ing from the yield of 4 and the easy of handling the 
solvents, it was concluded that it is more advantageous 
to perform the reaction at around 90 °C in acetone. 

Subsequently, the molar proportions of 2 and potas­
sium carbonate in the reaction were examined; the 

TABLE 2. THE REACTION OF 1 WITH 2 IN SOME SOLVENTS 

AT AN ELEVATED TEMPERATUREA> 

TABLE 3. EXAMINATION ON EFFECT OF THE AMOUNTS 

OF 2 AND K 2 C 0 3 IN THE REACTION IN ACETONEA> 

Entry Solvent 
Yield of product Recovery 

^ ~ s of 
4 (%) 5 (%) 1 (%) 

1 

2 

3 

4 

Acetone 

1,2-Dimethoxyethane 

Acetonitrile 

Ethyl acetate 

49 

28 

21 

27 

trace 

trace 

9 

trace 

41 

51 

69 

69 

a) All the reactions were performed by the use of 1 
(2 mmol), 2 (15 mmol), K 2 C0 3 (2 mmol), and Nal 
(2.7 mmol) in a solvent (20 ml) in an autoclave at 
150 °C for 1 day. 

Entry 

1 

2 

3b> 

4 

5 

6 

7 

8 

9 

10 

II e) 

2 
(mmol) 

75 

15 

15 

15 

7.5 

6 

4 . 5 

3 

6 

3 

6 

K 2 G 0 3 

(mmol) 

2 

2 

2 

6 

2 

2 

2 

2 

4 

4 

4 

Yield of 

4^%T 
— 
18 

29 

69 

74 

69 

67 

65 

71 

41 

33 

product 

— 
6 

7 

11 

14 

16 

14 

13 

17 

10 

3 

Recovery 
of 

1 (%) 

99 

74 

64 

18 

12 

14 

18 

21 

11 

42 

55 

a) All the reactions were performed by the use of 1 
(2 mmol) and Nal (2.7 mmol) in acetone (20 ml) at 
90 °C for 2 days. b) This reaction was performed 
for 6 days, c) This reaction was performed in ethyl 
acetate for the sake of comparison. 

conditions used and the results thus obtained are sum­
marized in Table 3. The results led us to the conclu­
sion that the reaction gives the desired compound, 
4, in 6 0 — 7 1 % yields, provided the proportions of 
2 and potassium carbonate were 3.75 : 1—1.5 : 1. 

The utilization of an excess amount of 2 (75 mmol) 
in relation to potassium carbonate (2 mmol), however, 
gave no product at all. This may arise from the pre­
dominant reaction of 2 with potassium carbonate, 
by which the surface of potassium carbonate wTas cover­
ed with the resultant potassium chloride; this may 
make the potassium carbonate ineffective in the ob­
jective reaction. As may be seen from the third 
entry, the elongation of the reaction time was not 
fruitful; a 4 day-elongation improved the yield by 
only 1 1 % . For reference, the reaction in ethyl ace­
tate was checked by the use of 1.5 : 1 2-potassium 
carbonate as is shown in the last entry; this gave 4 
( 3 3 % yield) in parallel with the results shown in 
Table 2. 

Consequently, the reaction system for a highly 
regioselective C-hydroxyalkylation has been furhter 
investigated in terms of the reaction involving 3 in 

TABLE 4. REACTIONS OF 1,3-DIPHENYL-1,3-PROPANEDIONE (1) AND 3-CHLORO-1-PROPANOL (3) 

IN THE PRESENCE OF POTASSIUM CARBONATE AND SODIUM IODIDEA) 

Entry 

1 

2 

3 

4 

5 

6 

7 

Solvent 

Acetone 

Acetone 

Acetone 

Acetone 

Acetone 

Acetone 

1,2-Dimethoxyethane 

3 
(mmol) 

2 . 3 

4 . 6 

12 

12 

12 

12 

12 

T e m p (°G) 

reflux 

reflux 

reflux 

reflux 

90 

150 

reflux 

Period 
(dayb>) 

2 

2 

2 

4 

2 

15h 

2 

product 6 

59 

68 

71 

94 

92 

79 

80 

Yield of 

(%) recovered 1 (%) 

40 

26 

19 

trace 

— 
20 

— 

a) All the reactions were performed by the use of 1 (2 mmol), K 2 C0 3 (2 mmol), and Nal (2.7 mmol) in a 
solvent (20 ml). b) Unless otherwise noted. 
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T A B L E 5. REACTIONS OF 1,3-DIPHENYL-1,3-PROPANEDIONE (1) WITH 2-HYDROXYETHYL TOSYLATE (7) 

IN THE PRESENCE OF POTASSIUM CARBONATE AND SODIUM IODIDE IN ACETONEA> 

Entry 

l 

2 

3b) 

4 

5 

6 

7 
(mmol) 

2 .1 

4 . 2 

2 .1 

2 .1 

4 . 2 

2 .1 

K 2 C 0 3 

(mmol) 

4 

4 

4 

4 

4 

8 

T e m p (°C) 

reflux 

reflux 

reflux 

90 

90 

90 

prodi jet 4 

10 

21 

2 

41 

35 

14 

Yield 

(%) 

of 

product 5 

3 

4 

20 

6 

11 

5 

7%) 
Recovery 

of 1 

(%) 
71 

63 
65 

41 

42 

68 

a) All the reaction were performed by the use of 1 (2 mmol) and N a l (2 .7 mmol) in acetone (20 ml) for 2 
days, b) This reaction was performed without N a l . 

p l ace of 2 u n d e r t h e cond i t ions s u m m a r i z e d in T a b l e 4 . 
I n this case, t h e r e a c t i o n was a l m o s t regiospecif ical ly 
i n d u c e d o n t h e m e t h y l e n e c a r b o n of 1 to g ive a 9 2 % 
yield of 4 - b e n z o y l b u t y l b e n z o a t e (6) as is s h o w n in 
t h e fifth e n t r y . I n a d d i t i o n , i t s h o u l d b e n o t i c e d 
t h a t this r e a c t i o n cou ld also b e p e r f o r m e d in a c e t o n e 
u n d e r reflux, g iv ing 6 in a 9 4 % yield t o g e t h e r w i t h 
a t r ace a m o u n t of a b y - p r o d u c t w h i c h was b a r e l y 
conf i rmed as 2 - b e n z o y l m e t h y l - 2 - p h e n y l - l , 3 - d i o x a n e b y 
P M R spec t roscopy . T h e s ix th e n t r y shows t h a t a n 
e leva ted t e m p e r a t u r e is also i n a d e q u a t e for this 
r eac t ion . M o r e o v e r , t h e r e a c t i o n in 1 ,2 -d imethoxy-
e t h a n e ( E n t r y 7) also g a v e 6 in a n 8 0 % yield . T h e 
m e c h a n i s m of these r eac t ions is c o n c e i v a b l y s imi la r 
to t h a t p r o p o s e d in t h e s o d i u m i o d i d e - c a t a l y z e d r e a c ­
t ion of e thy l ene c a r b o n a t e w i t h l 5 ) as fol lows: t h e 
ch lo ro - subs t i t uen t of 2 o r 3 m a y first b e r e p l a c e d b y 
t h e iod ide ion to give t h e c o r r e s p o n d i n g i o d o a l k a n o l s , 
w h i c h a r e t h e n sub jec ted to t h e c o u p l i n g r e a c t i o n 
w i t h 1 in t h e p r e s e n c e of p o t a s s i u m c a r b o n a t e to g ive 
t h e c o r r e s p o n d i n g i n t e r m e d i a r y 3 ,3 - or 4 , 4 - d i b e n z o y l -
1-alkanol. S u b s e q u e n t l y , t h e r e su l t i ng d i b e n z o y l -
a lkanols m a y u n d e r g o i n t r a m o l e c u l a r a lcoholysis to 
give 4 or 6 as is d e p i c t e d i n S c h e m e 1. 

F ina l ly , w e p e r f o r m e d t h e r e a c t i o n of 2 - h y d r o x y ­
e thyl tosyla te (7) , in p l a c e of 2 , w i t h 1 in o r d e r to 
c o m p a r e it w i t h t h e a b o v e r eac t i ons , s ince 7 seems 
to b e h a v e s imi la r ly to 2 , j u d g i n g f rom t h e n u c l e o -
fugaci ty of t h e tosyloxy func t ion . T h e c o n d i t i o n s 
a n d the resul ts t h u s o b t a i n e d a r e s u m m a r i z e d in T a b l e 
5. W e obse rved a s imi la r t r e n d i n t h e yields of 4 , 
a l t h o u g h they w e r e infer ior to those o b t a i n e d in t h e 
reac t ions of 2 w i t h 1. 

E x p e r i m e n t a l 

The P M R spectra were recorded on a Varian T-60 instru­
ment in deuteriochloroform with tetramethylsilane (TMS) 
as the internal s tandard. The I R spectra were recorded 
on a Hitachi 285 spectrophotometer. The column chromato­
graphic separations were performed by the use of Wakogel 
G-300 (Wako Pure Chemicals, J a p a n ) , and TLG, by the 
use of Merck silica gel 60 F a 5 4 precoated plates (thickness, 
0.25 mm) ; spots were detected with a U V lamp (S. L. Light, 
Tokyo Machinery Co., Ltd. 253.7 and 365 nm) . 

Materials. W e purchased commercially 2-chloro-
ethanol (2) and 3-chloro-1-propanol (3) (Aldrich Chemical 
Co., Inc.) . l ,3-Diphenyl-l ,3-propanedione (1) was pre­
pared from l,3-diphenyl-2-propene-l-one according to the 

method of Allen et al?) m p 77—78 °G (from M e O H ) 
(lit,6) 77—78 °C). 2-Hydroxyethyl tosylate (7) was pre­
pared according to the method of R o m p u y et a/.;7> the 
P M R spectrum of the product was identical with that of 
an authetic specimen. 

Examination of the Solvent Effect on the Reaction of 1 with 2. 
A mixture of 1 (2.24 g, 10 mmol) , 2 (3 ml, 45 mmol) , potas­
sium carbonate (1.40 g, 10 mmol) , and sodium iodide (2.0 
g, 13 mmol) in a solvent (50 ml) was stirred in an autoclave 
at 90 °C for 2 days. T h e resulting mixture was evaporated 
in vacuo, and the residue was tr i turated with chloroform 
(50 ml) . The supernatant was filtered and evaporated. 
When D M S O , D M F , or H M P T was used as the solvent, 
the resulting mixture was made weakly acidifie by the use 
of 1 M ( = 1 mol d m - 3 ) hydrochloric acid and then extracted 
with chloroform (20 ml X 3). T h e extracts were combined 
and evaporated, after drying over anhydrous magnesium 
sulfate. T h e syrups thus obtained were subjected to chro­
matographic separation on a column of silica gel by the 
use of 1 : 1 v/v benzene-cyclohexane to give 1,3-diphenyl-
1,3-propanedione (1), 3-benzoylpropyl benzoate (4), and 
2-benzoylmethyl-2-phenyl-1,3-dioxolane (5) in turn. T h e 
P M R spectra of these products were superimposable with 
those of the corresponding authentic specimen.5) T h e results 
thus obtained are summarized in Table 1. 

The Reaction at 150 °C. T h e products were similarly 
chromatographed on a column of the silica gel after stirring 
a mixture of 1 (448 mg, 2 mmol) , 2 ( l m l , 15 mmol) , 
K 2 C 0 3 (280 mg, 2 mmol) , and N a l (400 mg, 2.7 mmol) in 
a solvent at 150 °C for 1 day. T h e results thus obtained 
are summarized in. Table 2. 

Examination of Appropriate Amounts of 2 and K2C03 in the 
Reaction. In acetone, a mixture of the agents as described 
above with various proportions of 2 and K 2 C 0 3 was treated 
in the same way as above; the results thus obtained are sum­
marized in Table 3. 

The Reactions of 1 with 3 in the Presence of K2C03 and Nal. 
A mixture of 1 (448 mg, 2 mmol) , 3 (2.3—12 mmol) , K 2 C 0 3 

(280 mg, 2 mmol) , and N a l (400 mg, 2.7 mmol) in a solvent 
(20 ml) was stirred under reflux, at 90 °C or at 150 °C for 
15 h, 2 days, or 4 days in an autoclave. T h e purification 
of the products thus obtained was performed in the same 
way as described above to give 1 and 4-benzoylbutyl benzoate 
(6); I R (NaCl) : 1720, 1680, 1270, and 1110cm- 1 ; P M R 
(GDGI3-TMS) : <51.7—2.1 (4H, m, C - G H 2 C H 2 - G ) , 3.03* 
(2H, P h C O - C H 2 - ) , 4.36* (2H, O - C H , - ) , and 7.2—8.2 (10 
H, m, aromatic) . T h e ^/-values with an asterisk could not 
be determined by the first-order analysis because of virtual 
coupling. Found : C, 76.48; H, 6.39%. Calcd for C18-
H 1 8 0 3 : C, 76.57; H, 6 .43%. T h e results thus obtained 
are summarized in Table 4. 
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The Reaction of 1 with 7 in the Presence of K2C03 and Nal. 
A mixture of 1 (448 mg, 2 mmol), 7 (2.1 or 4.2 mmol), 
K 2 C0 3 (4 or 8 mmol), and Nal (400 mg, 2.7 mmol) in 
acetone (20 ml) was treated under reflux or at 90 °G in an 
autoclave with stirring for 2 days; the solvent was then evapo­
rated after the addition of some water to dissolve the insolu­
ble crystals. The resulting aqueous residue was weakly 
acidified with 1 M hydrochloric acid, followed by extraction 
with chloroform (10 mix 3). After the organic layer had 
been dried over anhydrous sodium sulfate, the filtrate was 
evaporated; the residue was subjected to chromatographic 
separation on a column of silica gel. The results thus ob­
tained are summarized in Table 5. 

The authors wish to thank the members of the Labo­
ratory of Organic Analysis, Tokyo Institute of Tech­
nology, for the elemental analyses, and the Mini­
stry of Education, Japanese Government, for their 
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Phosphinyl- and Phosphinothioylamino Acids and Peptides. IV. 
Further Examples of Use of the Diphenylphosphinothioyl Group 

for the Protection of Amino Acids 
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The preparation and purification of diphenylphosphinothioyl (Ppt)-amino acids were studied. The side-
chain functional groups of tyrosine and cysteine were found to react also with diphenylphosphinothioyl chloride 
to form O-Ppt and „Ç-Ppt derivatives. Acidic reagents for the removal of iV-Ppt group were examined by using 
JV,0-bis-Ppt-tyrosine ethyl ester (III) as the most difficult model, HCl in HC02H-CH2C12 being found to be most 
preferable. The O- and S-Ppt bonds were stable during the course of acidic treatments, but could be removed 
by alkaline hydrolysis. An application of Ppt-amino acids to the solid phase peptide synthesis is given. 

Selection of the a-amino protecting group is impor­
tant in working out peptide synthesis because an 
iV-terminal elongation strategy is generally favored. 
Urethane groups such as benzyloxycarbonyl(Z)1) and 
i-butoxycarbonyl(Boc)2) have been used since they 
are superior in selectivity for the removal and pre­
vention of racemization. However, complete preven­
tion of side-reactions by carbonium ions formed dur­
ing the course of deprotection seems difficult. We 
have investigated a new series of amino protecting 
groups not producing such an active species by cleavage. 

The phosphazo method3) is well-known as regards 
its utilization of the reactivity of trivalent phosphorus-
nitrogen compounds with carboxylic acids. The acid 
lability of P - N bonds decreases in the oxidated state 
of phosphorus. In fact, the bis(benzyloxy)phos-
phinylidyne ( C 6 H 5 C H 2 0 ) 2 P ( 0 ) - group has been used 
as an amino protecting group in the syntheses of amino 
sugars4) and peptides.5) The group can be removed, 
as in the case of the Z group, by catalytic hydrogéna­
tion or hydrogen bromide in acetic acid. In the 
latter case of deprotection, it is not clear which bond, 
G - O (a) or P - N (b), is cleaved initially. Recently 

Î 
G6H5CH2-

G6H5CH2-

-O O 
\ P _ 

t 

- o / 
( a ) ( b ) 

- N < 

we have used monofunctional phosphinyl, R R ' P ( O ) - , 
and phosphinothioyl, R R ' P ( S ) - , groups as amino 
protecting groups and found that they can be removed 
not only by HBr in acetic acid but also by HCl re­
agents usually used for the removal of the Boc groups.6 '7) 
Among various kinds of phosphinyl and phosphino­
thioyl groups examined the diphenylphosphinothioyl 
(Ppt) group was thought to be the most useful since 
diphenylphosphinothioyl chloride can be easily pre­
pared both in laboratories and on an industrial scale 
starting from benzene and thiophosphoryl chloride 
by the Friedel-Crafts reaction.8) This paper gives 
further examples of the use of the Ppt group for the 
protection of amino acids. 

2G6H6 (benzene) + S=PG13 

AICI3 
(G6H5)2P(S)-C1 

(Ppt-Gl) 

N ( C 2 H 5 ) 3 

Ppt-Cl + H 2 N-CHR-C0 2 R' > Pp t -NH-CHR-C0 2 R' 
1) OH-

2) H+ 

Ppt-NH-CHR-C0 2 H Ppt-Cl + H 2 N-GHR-G0 2 -
1) OH-

> 
2) H + 

Ppt-amino acids were prepared by alkaline hydrol­
ysis of Ppt-amino acid esters obtained from Ppt-Gl 
and amino acid esters.6) Difficulties in the alkaline 
hydrolysis of iV-diisopropoxyphosphinylidyne- and 
JV-diphenoxyphosphinylidyneamino acid esters were 
reported.9 '10) However, no such steric hindrance 
was encountered in the case of Ppt derivatives. Im­
portance of the Ppt group exists in the direct synthesis 
of Ppt-amino acids from amino acid betaines. 

Phosphinothioyl chlorides are surprisingly resistant 
to hydrolysis as compared with phosphinyl chlorides.11) 
The rate of hydrolysis was accelerated by the addition 
of a suitable solvent such as dioxane (Fig. 1). Addi­
tion of dioxane up to the same volume of water is ad­
missible. 

The synthesis of Ppt-amino acids was studied by 
Schotten-Baumann type reactions in water or aqueous 
dioxane. An amino acid was dissolved in a 2 M 
(1 M = l m o l d m - 3 ) N a O H solution and Pp t -Cl was 
added in one portion. T h e mixture was stirred vig­
orously to initiate a rapid reaction within several 
minutes. Then, 2 M N a O H solution was added, the p H 
of the solution being kept in the desired range. An 
8.5—9.5 p H range was recommended,6) but yields from 

Time/min 

Fig. 1. Rate of hydrolysis of Ppt-Gl in dioxane-water 
(A: 2/1, • : 1/1, O : 1/2, • : 1/5) and in water (A) 
at pH 9.5. 
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reactions in this range were later found to be sometimes 
poor. This could be attributed to the second reaction 
of the Ppt-amino acid salt with Pp t -Cl to give the 
Ppt-amino acid diphenylphosphinothioic anhydride,12) 
since better yields were obtained by reactions at higher 
p H . This was confirmed by isolation of a small amount 
of dicyclohexylamine salt of P p t - G l y - G l y - O H , M p 
187—192 °C, Found: C, 63.52; H , 7.46; N, 7.99; 
P, 5 .45%. Calcd for C2 8H4 0N3O3PS : C, 63.53; 
H , 7.56; N , 7.93; P, 5.85%, from the mother liquor 
of recrystallization of P p t - G l y - O H . 

Most of the Ppt-amino acids were obtained as free 
acids which could be easily purified by recrystalliza­
tion. Complete removal of contaminating diphenyl­
phosphinothioic ac id (Pp t -OH) was difficult in the 
case of oily substances. However, the presence of a 
small amount of P p t - O H does not seem to hinder 
peptide synthesis by the dicyclohexylcarbodiimide 
(DCC) method since P p t - O H reacts very rapidly 
with D C C to produce a stable 1 : 1 adduct.13) Pure 
samples of Ppt-amino acids were obtained by utilizing 
the difference of acid strength of Ppt-amino acids 
and P p t - O H . Ppt-amino acids, which are weaker 
as an acid and more lipophilic than P p t - O H , can be 
extracted preferentially by organic solvents from slightly 
acidic aqueous solution. A considerable amount of 
dicyclohexylamine(DCHA) salt of P p t - O H remained 
without being made free after the usual treatment to 
regenerate a free Ppt-amino acid from its D C H A 
salt by shaking with ethyl acetate and 5 % aqueous 
citric acid solution. Ppt-glutamine could be puri­
fied by recrystallization from ethyl acetate or by column 
chromatography on silica gel. When a solution of 
crude P p t - G l n - O H in ether saturated with water was 
passed through a silica gel column, P p t - G l n - O H was 
absorbed completely, only P p t - O H being eluted out. 
Pure P p t - G l n - O H was then obtained by eluting with 
methanol. 

In the case of y-benzyl glutamate and £-Z-lysine 
only hydrolysis of Pp t -Cl occurred under the conditions 
described above. Various conditions were tested; 
Pp t -G lu (OBz l ) -OH can be prepared by using 5 0 % 
aqueous dioxane as a solvent and triethylamine as 
a base and isolated in 3 2 % yield as the ^-butylamine 
salt. 

The reactions of Pp t -Cl with side-chain functional 
groups were investigated. Alcoholic hydroxyl groups 
of serine and threonine were not affected by Ppt -Cl 
since P p t - S e r - O H and P p t - T h r - O H were obtained 
as D C H A salts in 66 and 4 7 % yields, respectively, 
by the Schotten-Baumann type reactions. Pp t -Se r -
O H can be benzylated with benzyl bromide and 
sodium hydride14) to give Ppt-O-benzyl-serine in 6 1 % 
yield as the D C H A salt. When tyrosine was treated 
with 2 molar equiv. of Pp t -Cl under the conditions 
described above, a mixture of two phosphinothioyl-
ated tyrosines was obtained. The mixture was sep­
arated by silica gel column chromatography to give 
iV-Ppt-tyrosine (I), which was isolated as the D C H A 
salt, and ^O-bis-Ppt- tyrosine ( I I ) , M p 117—124 °C, 
in 6 and 3 0 % yields, respectively. Ethyl tyrosinate 
also reacted with Pp t -Cl in the presence of triethyl­
amine to give iV^O-bis-Ppt-tyrosine ethyl ester ( III) 

contaminated with iV-Ppt-tyrosine ethyl ester. When 
I I I was hydrolyzed by 1 M N a O H at room temperature 
for 48 h, both carboxylate ester and phosphinothioate 
ester bonds were cleaved to afford I in 8 0 % yield. 
The O-Ppt group could also be cleaved slowly by hydra-
zinolysis. 

2 Ppt-Cl 

H-Tyr-OH > Ppt-Tyr-OH + Ppt-Tyr(Ppt)-OH 
OH" (I) \0H- (II) 

2 Ppt-Cl ^ 

H-Tyr-OEt —> Ppt-Tyr-OEt + Ppt-Tyr(Ppt)-OEt 
N ( C 2 H 5 ) 3 

(III) 

The N-Fpt group of compound I I I was found to 
be unexpectedly slow in cleavage by acidic reagents. 
Hydrogen bromide in acetic acid could remove the 
N-Fpt group within 5 min, but it took 4 days for com­
plete removal by trifluoroacetic acid-dichloromethane 
(1/1). Hydrogen chloride in dioxane or acetic acid 
and triphenylphosphine dihydrochloride solution in 
dichloromethane15) were also so impotent that it took 
more than 2—3 h for complete deprotection. The 
most preferable reagent for removal of the iV-Ppt 
group was HCl in formic acid. When compound 
I I I was dissolved in dichloromethane and the same 
volume of 0.6 M HCl in formic acid was added, com­
plete deprotection took place within 20 min to give 
O-Ppt-tyrosine ethyl ester hydrochloride (IV). These 
conditions are generally applicable to the removal 
of iV-Ppt groups. The O-Ppt group was quite stable 
during the course of acidic treatment since no Pauly 
positive spot16) was detected by T L C . The results 
suggest the possible use of the O-Ppt group for the 
protection of the O H function of tyrosine. This was 
exemplified in the following synthesis. IV was coupled 
in the presence of triethylamine with Z-Ser(Bu*)-OH 
by D C C to give Z-Ser (Bu ' ) -Tyr (Pp t ) -OEt (V) in 9 1 % 
yield. Alternative cleavage of the two O-protecting 
groups was accomplished by alkaline hydrolysis for 
the O-Ppt group and by treatment with trifluoroacetic 
acid for the O-Bu* group. 

0.3M HC1/HC0 2 H-CH 2 C1 2 (1 /1 ) 

III > H-Tyr(Ppt)-OEtHCl 
(IV) 

DCC 

Z-Ser(Bu*)-OH + IV > Z-Ser(Bu')-Tyr(Ppt)-OEt 
(V) 

O H -

V-
F 3 C C 0 2 H 

Z-Ser(Bu f)-Tyr-OH 

Z-Ser-Tyr(Ppt)-OEt 

The SH function of cysteine was more reactive than 
the amino function with Ppt-Cl . When cysteine 
methyl ester was treated with equimolar amounts of 
Pp t -Cl in the presence of triethylamine, £-Ppt-cysteine 
methyl ester hydrochloride (VI) was obtained as the 
main product. When 2 molar equiv. of the reagent 
was used, the a-amino group of VI was also phos-
phinothioylated to give iV^-bis-Ppt-cysteine methyl 
ester (VII) in 7 9 % yield. When VI was hydrolyzed 
by 1 M N a O H in ethanol, selective removal of the 
methyl ester occurred to give £-Ppt-cysteine (VIII) 
in 61 % yield. Stability of the #-Ppt group changed 
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with solvent. When aqueous dioxane was used as 
a solvent the phosphinothioate ester bond also under­
went hydrolysis. However, iV^-bis-Ppt-cysteine (IX) 
could be obtained in 12% yield when V I I I or 
cysteine itself was reacted for a short time with P p t -
Cl in aqueous dioxane in the presence of triethyl-
amine. Since the »S-Ppt group was also stable under 
the acidic conditions, I X would be useful for the syn­
thesis of cysteine containing peptides. 

Ppt-Cl Ppt-Cl 
H-Cys-OMe > H-Gys(Ppt)-OMeHCl > 

(VI) 
Ppt-Cys(Ppt)-OMe 

(VII) 
in aq EtOH 

VI 
in aq dioxane 

H-Cys(Ppt)-OH 
(VIII) 

~-> H-Cys-OH 

Ppt-Cl 

Ppt-Cys(Ppt)-OH 
(IX) 

TEA: triethylamine 

Arginine reacted very rapidly with Ppt -Cl , but no 
useful Ppt derivative was obtained probably because 
of the lactam formation.17) Since Pp t -Cl is unreactive 
toward the indole moiety of tryptophan, tryptophan 
reacted with Pp t -C l to give Ppt-tryptophan as a sole 
product. Pure acid was obtained as crystals containing 
1 mol of ethanol by recrystallization from ethanol. 

The physical properties of Ppt-amino acids prepared 
in the present experiments are summarized in Table 1. 

Coupling of the Ppt-amino acids was successful6) 
with use of D C C , mixed anhydride and the oxidation-
reduction condensation18) methods. No steric hin­
drance was observed in the coupling of the Ppt-amino 
acids contrary to the case of iV-trityl-amino acids.19) 

Ppt-amino acids can be used for the solid phase 
synthesis of peptides.20) Ppt-glycine was esterified 
via caesium salt21) to a chloromethylated resin. De-
protection was performed by treatment with 1 M 
HCl in HC0 2 H-CH 2 C1 2 (2 /1 ) for 30 min, carried 
out twice. Couplings were mediated with oxidation-
reduction condensation. After incorporation of P p t -
Leu followed by Ppt -Pro , the protected tripeptide 

T A B L E 1. DIPHENYLPHOSPHINOTHIOYLAMINO ACIDS AND THEIR SALTS 

Ppt deriv. 
of 

Gly 

L-Ala 

L-AlaDGHA 

L-Val 

L-Val-DGHA 

L-Leu 

L-Leu-DGHA 

L-IleCHA 

L-PheDCHA 

L-Pro 

L-ProDCHA 

L-MetDGHA 

L-Cys(Bzl).DCHA 

L-Cys(Ppt)-CHA 

L-Asp(OBzl)-DGHA 

L-Glu(OBzl).TBA 

L-Asn 

L-Gln 

Yield, %*> 
(Method) b> 

66(A) 

58(A) 

e ) 

62(A) 

e ) 

40(C) 

e ) 

52(E) 

75(D) 

62(A) 

e ) 

30(D) 

30(D) 

12(F) 

50(D) 

32(F) 

56(B) 

50(B) 

Mp, (°C) 

118—119 

120 

177—178 

112—114 

149—151 

60— 70s) 

137—138 

181 — 183 

190—191 

128—130 

194—195 

145—146 

170—171 

141—144 

156—157 

94— 98 

163—164 
(dec) 

77— 79 

MDC> 
(deg.) 

- 1 3 . 7 

- 3 . 7 

- 1 7 . 5 

- 1 0 . 0 

- 1 7 . 5 

- 1 5 . 0 

- 7 . 5 

+ 8.7 

- 1 5 . 0 

- 4 0 . 0 

- 1 . 2 

+ 22.5*> 

4-7.5 

- 1 3 . 7 

+ 10.0 

-5 .0*) 

+ 22.5 

TLC /ef
d) 

A B 

0.53 

0.55 

0.53 

0.52 

0.54 

0.54 

0.52 

0.52 

0.52 

0.53 

0.47 

0.53 

0.31 

0.31 

0.87 

0.87 

0.93 

0.91 

0.90 

0.89 

0.90 

0.88 

0.92 

0.94 

0.96 

0.88 

0.77 

0.77 

G 

57.65 
(57.75) 
58.86 

(59.03) 
67.78 

(67.75) 
61.12 

(61.27) 
67.63 

(67.72) 
59.12 

Found (Galcd), % 

H 

4.53 
(4.81) 
5.31 

(5.24) 
8.06 

(8.09) 
6.11 

(6.00) 
8.33 

(8.36) 
6.41 

(59.19)k) (6.57)k> 
67.92 

(68.14) 
64.39 

(64.54) 
70.72 

(70.42) 
61.47 

(61.64) 
67.72 

(67.93) 
63.88 

(63.74) 
66.96 

(67.06) 
60.36 

(60.74) 
67.57 

(67.75) 
63.85 

(63.89) 
55.19 

(55.16) 
56.04 

(56.36) 

8.78 
(8.59) 
7.89 

(7.91) 
7.71 

(7.71) 
5.45 

(5.43) 
7.87 

(8.08) 
7.84 

(7.86) 
7.48 

(7.46) 
5.71 

(5.82) 
7.47 

(7.25) 
6.93 

(6.65) 
4.86 

(4.93) 
5.29 

(5.24) 

N 

4.86 
(4.81) 
4.69 

(4.57) 
5.87 

(5.75) 
4.37 

(4.20) 
5.39 

(5.44) 
3.72 

P 

10.44 
(10.64) 
10.25 

(10.14) 
6.36 

(6.36) 
9.33 

(9.29) 
5.60 

(6.02) 
8.66 

(3.83)k) (8.48)k> 
5.15 

(5.29) 
6.14 

(6.27) 
5.09 

(4.97) 
4.14 

(4.22) 
5.50 

(5.46) 
5.14 

(5.12) 
4.65 

(4.60) 
4.22 

(4.29) 
4.51 

(4.51) 
5.38 

(5.32) 
7.93 

(8.04) 
7.76 

(7.73) 

6.19 
(5.85) 
6.89 

(6.93) 
5.30 

(5.50) 
9.03 

(9.35) 
5.79 

(6.04) 
5.83 

(5.66) 
5.00 

(5.09) 
9.18 

(9.49) 
5.15 

(4.99) 
5.85 

(5.88) 
8.79 

(8.89) 
8.38 

(8.55) 
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T A B L E 1. (Continued) 

Ppt deriv. 
of 

L-Gln-DCHA 

L-Ser-DGHA 

L-Ser(Bzl).DGHA 

L-Thr-DCHA 

L-Tyr-DGHA 

L-Tyr-(Ppt) 

L-Tyr(Bzl).DGHA 

L-Trp 

L-Trp-DCHA 

L- Arg (Tos) 

L-Arg(N02) 

L-Arg(N02) DCHA 

Yield, %a) 
(Method)b) 

Ö 
66(D) 

39f) 

47(D) 

6(B) 

33(B) 

43(D) 

e ) 

84(E) 

30(A) 

61(C) 

e ) 

Mp, 

172-

157-

138-

147-

192-

117-

182-

76-

190-

199-

129-

159-

(°C) 

-174 

-158 

-139 

-149 

-193 

-124 

-184 

- 82 

-191 

-201 

-132 

-161 

MDC> 
(deg.) 

+ 8.7 

- 5 . 0 

+ 5.0 

- 1 0 . 0 

-1 .2 h > 

- 1 7 . 5 

+ 15.0h> 

-8.7*) 

+ 7.5 

+ 4.9J) 

+ 2.5*) 

+ 5.0h) 

TLC £f
d> 

A B 

0.29 

0.52 

0.31 

0.31 

0.57 

0.57 

0.54 

0.20 

0.17 

0.83 

0.97 

0.84 

0.84 

0.93 

0.94 

0.92 

0.84 

0.86 

] 

y 

c 
63.37 

(63.05) i) 

64.37 
(64.50) 

68.74 
(68.93) 

64.91 
(65.08) 

66.18 
(66.46)m 

63.56 
(63.68) n> 

71.89 
(71.87) 

64.58 
(64.39)°) 
69.74 

(69.87) 

54.06 
(54.26) P) 
48.23 

(48.34) P) 

58.08 
(58.45) 

Found (Galcd), % 

H 

7.70 
(7.60) !> 

7.80 
(7.83) 

7.62 
(7.59) 
8.10 

(8.01) 

7.62 
)(7.54)m> 

4.85 
(4.66)*) 
7.36 

(7.33) 
5.71 

(5.79)°) 

7.43 
(7.31) 

5.35 
(5.42) P) 

5.42 
(5.22)« 

7.13 
(7.30) 

N 

~ 7.74 
(7.60)0 

5.42 
(5.57) 
4.57 

(4.77) 

5.39 
(5.42) 
4.50 

(4.69)m 

2.01 
(2.25) n> 
4.14 

(4.19) 

6.05 
(6.00)°) 
6.87 

(6.98) 

10.29 
(10.12)« 

15.50 
(15.65)1) 

13.37 
(13.62) 

P 

5.76 
(5.60)0 

6.17 
(6.16) 

5.25 
(5.22) 
5.78 

(5.99) 

5.12 
)(5.25)m) 

9.41 
(9.95)^ 

4.62 
(4.63) 
6.71 

(6.64)°) 

5.33 
(5.14) 
5.63 

(5.60) P) 

6.86 
(6.93)« 

4.94 
(5.02) 

a) Purified yields, b) Described in Experimental , c) c 1 in E t O H unless otherwise stated, d) Solvent systems: 
A ; chloroform: methanol : acetic a c i d = 9 5 : 5 : 3. B ; 1-butanol : acetic acid : w a t e r = 4 : 1 : 1. e) Pure sample 
prepared for analytical purpose, f ) Yield for the O-benzylation. g) Dehydrat ion temperature , h) c 1 in M e O H . 
i) T h e value we reported previously23) is corrected, j) c 1 in iV,JV-dimethylformamide. k) Galcd for C18H22-
N 0 2 P S H 2 0 . 1) Galcd for G 2 9 H 4 2 N 3 0 3 P S . l / 2 H 2 0 . m) Calcd for C 3 3 H 4 3 N 2 0 3 P S H 2 0 . n) Galcd for C33H29-
N 0 3 P 2 S 2 . 1 / 2 H 2 0 . o) Calcd for C 2 3 H 2 1 N 2 0 2 PS • C 2 H 5 O H . p) Galcd for C 2 5 H 2 9 N 4 0 4 PS 2 • 1/2H20. g) Galcd for 
C 1 8 H 2 2 N 5 0 4 P S . 1 / 2 H 2 0 . 

w a s r e m o v e d f rom t h e resin b y t ranses ter i f ica t ion 2 2 ) 

to g ive P p t - P r o - L e u - G l y - O M e in 9 5 % yie ld . N o 

u n d e s i r a b l e p r o d u c t , P p t - L e u - G l y - O M e , was d e t e c t e d 

b y T L C . 

E x p e r i m e n t a l 

Diphenylphosphinothioyl chloride (Wako Pure Chemical 
Ind. Ltd.) was distilled before use. 

iV-Diphenylphosphinothioylamino acids were prepared 
by the reaction of diphenylphosphinothioyl chloride and 
a-amino acids (or a-amino acids bearing a protected side-
chain functional group) in aqueous alkaline solution or in 
aqueous dioxane containing triethylamine. T h e diphenyl-
phosphinothioylamino acids thus prepared were isolated 
either as free acids (procedures A, B, and C) or in the form 
of dicyclohexylamine(DCHA), cyclohexylamine(CHA) or 
*-butylamine(TBA) salt (procedures D, E, and F). They 
are listed in Table 1. 

A. The amino acid (0.85 mol) was dissolved in 
400 ml of 2 M N a O H solution. Diphenylphosphinothioyl 
chloride (214 g, 0.85 mol) was added in one portion and the 
mixture was stirred vigorously to initiate a rapid reaction 
within several minutes. 2 M N a O H solution was added 
at a rate to keep the p H of the solution in the range 9.5— 
10.0. After the p H change had ended the reaction mixture 
was diluted with 1 1 of water and the remaining chloride 
was removed by extraction with ethyl acetate. T h e aqueous 
layer was acidified to p H 6 with solid citric acid, saturated 

with NaCl and extracted 3 times with ethyl acetate. Com­
bined ethyl acetate extracts were washed successively with 
saturated N a H G 0 3 solution, 5 % citric acid solution and 
saturated NaCl solution, dried over anhydrous N a 2 S 0 4 

and evaporated to give a pasty mass. This was crystallized 
by tri turation with petroleum ether. T h e crude products 
were recrystallized from ethyl acetate, ethyl acetate-hexane 
or benzene-hexane. 

B. T h e amino acid was treated with diphenylphos­
phinothioyl chloride as described in procedure A. The 
solution was acidified with 5 % citric acid solution, ether 
being added. The resulting precipitate was collected by 
filtration and washed thoroughly with water and then with 
ether and dried. I n the case of tyrosine, a mixture of N,0-
bis-Ppt-L-tyrosine (II) and iV-Ppt-L-tyrosine (I) was obtained. 
T h e mixture was dissolved in dichloromethane and applied 
to a silica gel column. I I was obtained by elution with the 
same solvent. Following elution with ether gave I. 

C. After synthesis and extraction as described in 
procedure A, dicyclohexylamine was added to the ethyl 
acetate extracts, the corresponding salt separating out. 
Sometimes, addition of the same volume of ether was neces­
sary. The product was filtered off and washed with ethyl 
acetate or ether. T h e crude salt was shaken vigorously 
in a separatory funnel with a mixture of ethyl acetate and 
5 % citric acid solution. After removal of insoluble sub­
stance, mainly D G H A salt of diphenylphosphinothioic acid, 
by filtration, the aqueous layer was separated and extracted 
twice with ethyl acetate. The combined ethyl acetate 
extracts were washed with 5 % citric acid solution and satu-
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rated NaCl solution, dried and evaporated to dryness. Ppt-
L-leucine was crystallized as a monohydrate by addition of 
water and recrystallized from methanol-water . 

D. The Ppt-amino acid obtained as in procedure 
C was converted again into the corresponding D G H A salt. 

E. After synthesis and extraction as in procedure 
A, cyclohexylamine or dicyclohexylamine was added to 
the ethyl acetate extracts, the corresponding salt separating 
out. The product was filtered off, washed with ethyl acetate 
and recrystallized from methanol or ethanol. 

F. The amino acid (0.30 mol) was dissolved in 
a mixture of 425 ml of water and 425 ml of dioxane by addi­
tion of 56 ml (0.4 mol) of triethylamine with vigorous stir­
ring under ice cooling. 90.7 g(0.36 mol) of diphenylphos-
phinothioyl chloride and 36.4 ml (0.26 mol) of triethylamine 
in 150 ml of 5 0 % aqueous dioxane were added separately 
in one portion. Within 5 min a clear solution resulted and 
was extracted twice with ether. T h e ether extracts were 
back extracted with 5 % N a H C O a solution. The combined 
aqueous solution was acidified to p H 4—5 with 5 % citric 
acid solution and extracted 3 times with ethyl acetate. T h e 
ethyl acetate extracts were washed successively with 5 % 
N a H C 0 3 solution, two portions of 30 ml of 1% N a H C O s 

solution, three portions of 150 ml of 5 % citric acid solution, 
two portions of 300 ml of water and saturated NaCl solution. 
The ethyl acetate layer was dried and concentrated to dryness. 
The oily residue was dissolved in dichloromethane, applied 
to a silica gel column (3 X 40 cm) and eluted with the same 
solvent (about 1.5 1). After evaporation of the eluate the 
product was dissolved in ether, the amine shown in Table 1 
being added to give the corresponding salt. 

Ppt--L-Tyr(Ppt)-OEt (III) and Ppt-\.-Tyr-OEt. P p t -
0 ( 5 . 0 5 g, 20 mmol) was added to a suspension of L-Tyr-
O E t - H C l ( 2 . 4 8 g , 10 mmol) in 20 ml of chloroform and 
4.2 ml (30 mmol) of triethylamine. After being stirred 
at room temperature for a day the solution was successively 
washed with water, 5 % citric acid, water, 5 % N a H C 0 3 , 
and water. The chloroform layer was dried and concentrat­
ed to dryness. T h e oily residue was dissolved in benzene, 
applied to a silica gel column ( 1 . 5 x 3 0 cm) and eluted with 
150 ml of benzene to give I I I as amorphous white powder ; 
3.93 g (61%). I t was homogeneous chromatographically. 
[a ] D - 1 0 . 0 ° (c 1, E t O H ) ; Found : G, 65 .81 ; H , 5.04; N, 
2 .28%. Calcd for C35H33N03P2S2 : G, 65.54; H, 5.14; 
N, 2 .18%. Further elution with CH 2C1 2 gave Pp t -L -Tyr -
O E t ; 0.86 g (20%>). M p 93—98 °G; [ a ] D - 3 2 . 5 ° (c 1, 
E t O H ) ; Found: C, 64.92; H, 5.75; N, 2 .90%. Calcd for 
C 2 3 H 2 4 N 0 3 P S : C, 64.96; H , 5.64; N, 3.29%. 

H--L-Tyr(Ppt)-OEt-HCl (IV). 111(0.64 g, 1 mmol) 
was dissolved in 10 ml of 0.3 M H C l / H C O a H - C H 2 C l 2 ( 2 / l ) . 
After being left to stand at room temperature for 30 min 
the solution was evaporated in vacuo, the residue being distrib­
uted between water and ether. T h e layers were separated 
and the ether layer was extracted with 1 M hydrochloric 
acid ( X 5). The combined aqueous extracts were concentrated 
and dried under reduced pressure over N a O H pellets. T h e 
product was tri turated with ether to give I V as white crystals ; 
0.42 g (93%). M p 137—141 °C; [ a ] D + 2 2 . 5 ° (c 1, E t O H ) ; 
Found: C, 58.37; H, 5.48; N, 3.07%. Calcd for C2 3H2 5-
N 0 3 P S C M / 2 H 2 0 : C, 58.68; H , 5.25; N , 2 .97%. 

Z--L-Ser(Bui)-i,-Tyr(Ppt)-OEt (V). IV(0.23 g, 0.5 
mmol), Z-L-Ser(Bu £ ) -OH(0.15g, 0.5 mmol) and triethyl­
amine (0.07 ml, 0.5 mmol) were dissolved in 1 ml of chloro­
form. Dicyclohexylcarbodiimide (0.11 g, 0.5 mmol) was 
added under stirring at 0 °C. Stirring was continued at 
0 °C for 30 min and at room temperature for 12 h. After 
the usual work-up the product was separated and purified 

by silica gel preparative layer chromatography to give an 
oil; 0.33 g (91%) . [ a ] D + 3 0 . 0 ° (c 1, E t O H ) ; Found : C, 
64 .91; H , 6 .31; N, 3.86%. Calcd for C 3 8 H 4 3 N 2 0 7 PS : 
C, 64.97; H , 6.12; N , 3.99%. 

Z-L-Ser-L-Tyr(Ppt)-OEt. V(0 .18g , 0.25 mmol) was 
treated with anhydrous trifluoroacetic acid(0.25 ml) a t 
0 °C for 20 min and at room temperature for 2 h. After 
the removal of trifluoroacetic acid by evaporation in vacuo 
the product was separated and purified by silica gel prepar­
ative layer chromatography to give an oil; 0.15 g (91%) . 
[ a ] D - 5 . 0 ° (c 1, E t O H ) ; Found : C, 62 .71; H , 5.46; N, 4 . 1 3 % . 
Calcd for C 3 4 H 3 5 N 2 0 7 P S : C, 63.17; H, 5 .41; N , 4 . 33% . 

Z-L-Ser(But)-h-Tyr-OH. A solution of 0.14 g (0.2 
mmol) of V in 3 ml of ethanol and 0.66 ml of 1 M sodium 
hydroxide was stirred at room temperature for 3 h. After 
removal of ethanol in vacuo the aqueous solution was extracted 
with ethyl acetate and acidified to p H 4 with 5 % citric acid. 
The acidified solution was extracted with ethyl acetate. 
T h e ethyl acetate extracts were washed with water, dried 
and concentrated. T h e oily residue was dissolved in methanol 
and purified by gel filtration on Sephadex LH-20 ( 1 . 7 x 1 7 
cm) to give a chromatographically homogeneous oil; 0.073 
g (80%) . [ a ] D + 4 0 . 0 ° (c 1, E t O H ) ; Found : C, 62.04; H, 
6.74; N, 6.16%. Calcd for C 2 4 H 3 0 N 2 O 7 - l / 2 H 2 O : C, 61.69; 
H, 6.63; N, 5 .99%. 

Solid Phase Synthesis of Ppt-L-Pro-L-Leu-Gly-OMe. 
Chloromethyl resin, prepared by chloromethylating the 
Bio-Beads S-Xl (Bio-Rad Laboratories), was esterified 
with Ppt-glycine by means of the caesium salt method (Gly 
content 0.43 mmol/g) . O n e g ram of the ester resin was 
placed in the reaction vessel of the Beckman model 990 
peptide synthesizer. T h e machine was programmed to 
perform the following steps automatically: (1) washing three 
times with CH2C12 , (2) pre-washing with 1 M HCl in H C 0 2 H -
CH 2C1 2 (2/1), (3) deprotection twice with 1 M H C l in H C 0 2 -
H - C H 2 C 1 2 (2/1) for 30 min, (4) washing three times each 
with CH2C12 , E t O H , and again CH2C12 , (5) neutralization 
three times with 10% triethylamine in CH a Cl 2 for 5 min, 
(6) washing three times with CH2C12 , (7) successive addition 
of 1.29 mmol each of Ppt-amino acid, tris(/>-methoxyphenyl)-
phosphine and 2,2'-dithiodipyridine in CH2C12 , (8) coupling 
for 60 min, (9) washing three times with CH2C12 , (10) repeti­
tion of steps 7, 8, and 9, (11) washing twice each with N,N-
dimethylformamide and E t O H . After the completion of 
coupling the protected peptide was removed from the resin 
by transesterification with use of 1 M triethylamine in M e O H 
for 12 h four times. T h e combined filtrates and washings 
were evaporated in vacuo and the residue was dissolved 
in ethyl acetate. The solution was washed with water, 
dried and concentrated to give a pasty mass. This was 
crystallized slowly by tr i turat ing with ether; 0.21 g (95%). 
M p 143—144 °C; [ a ] D - 7 0 . 0 ° {c 0.5, E t O H ) ; Found : C, 
60.38; H, 6 .61; N , 7.89; P, 5 .98%. Calcd for C2 3H3 4N3-
0 4 P S : C, 60.59; H , 6.59; N, 8.15; P, 6 . 0 1 % . 
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Synthesis of 3-Ethoxycarbonyl-l,2,3,4,5,10-hexahydroindeno[l,2-rf]azepine 
Masaru KIMURA* and Shiro MOROSAWA 

Department of Chemistry, Faculty of Science, Okayama University, Tsushima, Okayama 700 
(Received August 14, 1978) 

3-Ethoxycarbonyl-1,2,3,4,5,10-hexahydroindeno[l,2-^]azepine (10b) was synthesized from 1-benzylpiperidin-
4-one and l-benzyl-4-[o-(hydroxymethyl) phenyl]hexahydroazepin-4-ol. Compound 10b is of particular interest 
as an intermediate for the preparation of the hitherto unknown indeno[l,2-öT] azepine. It was found that 1-
ethoxycarbonyl-4- [o- (hydroxymethyl) phenyl] hexahydroazepin-4-ol and 1 -ethoxycarbonyl-4- [o- (hydroxymethyl) -
phenyl]piperidin-4-ol (16b) give l-ethoxycarbonylspirofazepin^l^S/Z^-isobenzofuran] and 1-ethoxycarbonyl-
spiropH-isobenzofuran-l^'-piperidine] (17b), respectively. Treatment of 16b with 88% formic acid gave 
17b and 2-ethoxycarbonyl-2,3,4,9-tetrahydro-l//-indeno[2,l-£]pyridine. 

Although several benzazazulenes have been exten­
sively studied in recent years,1-6) indeno[l,2-fiT] azepine 
(1, 7-azabenz[a]azulene) does not seem to have been 
reported. As the only example of this ring system, 
1,2,3,4,5,5a, 10,1 Oa-octahydroindeno [ 1,2-d] azepine was 
reported by Boyakchan et al.6) We wish to report two 
independent methods A and B for the preparation of 
the title compound 10a which might be converted 
into compound 1 by dehydrogenation. 

Method A is characterized by use of 3a -HCl , the 
structure of which was determined by X-ray analysis.7> 
The structure of the final product 10a was established 
as 3-ethoxycarbonyl-1,2,3,4,5,10-hexahydroindeno[ 1,2-
d] azepine. The method required 8 steps from 2a, the 
overall yield being only 4 % on the basis of 2a. It 
thus became necessary to develop another facile method 
for obtaining 10b. 

Recently, Parham et al. found that l-[o- (hydroxy­
methyl) phenyl] cycloheptan-1-ol gives the correspond­
ing 5,6,7,8,9,10 -hexahydrobenz[<2]azulene.8) We in­
vestigated the possibility of preparing 10b from 14a 
according to method B, and attempted application 
of this method to the preparation of indenopyridine 
(18b, Scheme 2). 

6) R-O >*"€& 
a - ^ ^ 2a 

•or R-N fY* 
P h 

3b 

Of 

v - / 6 > C 0 2 E t 
4b 

3a-HCI 

r-\jPh 

b ^ C 0 2 H 

5b 

CH0 <x Ph 

COoH 
RW Ol 

6b 7b 
H 

8b 

9b 

1 H+ 

A 

10b 

Scheme 1. 

a : R=CH2Ph 
b : R = C02C2R 

[OJ^OH m?H 

12 

/CH9)n 
R Vv° 

= 3, 13a,b 
= 2, 2a,b 

?i = 3, 14a,b 
n = 2, 16a,b 

14a,b 
16a,b 

!> ®y - êoQ 
= 3, 15a,b 
-2, 17a,b 

Scheme 2. 

:CH2)n 

= 2, 10a,b 
= 1, 18 

R e s u l t s and D i s c u s s i o n 

Method A. Synthesis of 3-Ethoxycarbonyl-l ,2,3,4,5, 
10-hexahydroindeno[l,2-d]azepine (10b) from 1-Benzyl-
piperidin-4-one (2a). l-Benzyl-5-phenylhexahydro-
azepin-4-one (3a) was obtained by ring expansion 
of 2a with ethyl iV-nitrosobenzylcarbamate in 2 1 % 
yield. Treatment of 3 a - H C l with ethyl chlorofor-
mate gave l-ethoxycarbonyl-5-phenylhexahydroazepin-
4-one (3b) quantitatively. Condensation of 3b with 
ethyl chloroacetate in the presence of potassium t-
butoxide by Darzen's method,10) followed by hydroly­
sis with K O H in methanol gave the corresponding 
glycidic acid (5b) in 5 5 % yield. When the reaction 
was stopped in the first step, the corresponding glycidic 
ester (4b) was isolated in 9 6 % yield. Decarboxyla­
tion of 5a at 150—155 °C without a solvent gave 
1 - ethoxycarbonyl - 4 - formyl -5- phenylhexahydroazepine 
(6b) in 6 4 % yield. Oxidation of 6a with silver 
oxide generated in situ gave l-ethoxycarbonyl-4-
phenylhexahydroazepin-5-carboxylic acid (7b) in 4 9 % 
yield. Cyclization of 7b by the Friedel-Crafts reac­
tion (PC15, SnCl4) resulted in the formation of 
3-ethoxycarbonyl- 1,2,3,4,5,5a, 10,10a-octahydroindeno-
[l,2-öf]azepin-10-one (8b) in 8 3 % yield. Further 
transformation of 8b by hydrogénation (LiAlH4 , Me-
O H ) , followed by heating with a trace of hydrochlo­
ric acid without a solvent at 215 °C gave the indeno-
[1,2-öT]azepine (10b, title compound) in 8 6 % yield; 
the structure of 10b was deduced by the N M R and 
I R data and analytical result. The final step from 
8b to 10b can be explained by acid catalyzed indene 
formation via a transient intermediate 9 b under the 
above conditions. Indenoazepines, such as 8b and 
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10b, are of particular interest as an intermediate 
in the preparation of the hitherto unknown indeno-
[1,2-öTJazepine (1). 

Method B. Synthesis of 10b from l-Benzyl-4-\o-
( hydroxy methyl) phenyl] hexahydroazepin-4-ol (14a). 
1-Benzyl- and l-ethoxycarbonyl-4-[o-(hydroxymethyl)-
phenyl]hexahydroazepin-4-ol (14a and 14b), and 
1-benzyl- and l-ethoxycarbonyl-4-[ö-(hydroxymethyl)-
phenyl]piperidin-4-ol (16a and 16b) were prepared 
in a similar way to that employed by Parham and 
Egberg,11) as follows. The lithium derivative (12) 
of tf-bromobenzyl alcohol (11) was allowed to react 
with 1-benzyl- or 1-ethoxycarbonylhexahydroazepin-
4-one (13a or 13b), and 1-benzyl- or 1-ethoxycar-
bonylpiperidin-4-one (2a or 2b) at —40 °C. The 
usual work-up gave 14a, 14b, 16a, and 16b in 80, 
48, 56, and 31%,8b) respectively. 

\ 1 t 10a' 

Î H+ T 

10a OH J 4 a 

Scheme 3. 

The reaction of 14a in the presence of boron triflu-
oride etherate in refluxing benzene for 10 h gave indeno-
azepine (10a or 10a'5 Scheme 3) in 10% yield accom­
panied by 1 -benzylspiro [azepine-4,1 ' (3H') -isobenzo-
furan] (15a) in 4 2 % yield. The structure of this 
indene has two possibilities, since there are two ways 
to form the indene ring via the elimination of water 
from 14a as shown in Scheme 3. For the confirma­
tion of the structure, the indene (10a or 10a') was 
treated with ethyl chloroformate in refluxing benzene. 
The expected 1-ethoxycarbonyl-1,2,3,4,5,10-hexahydro-
indeno[l ,2-d]azepine (10b, title compound) was ob­
tained in 8 3 % yield. 10b was identified by com­
parison with the N M R and I R data of the authentic 
sample obtained by method A. Method B from 14a 
requires much shorter steps than method A from 2a. 

O n the other hand, the reaction of 14b and 16b 
gave only 1 -ethoxycarbonylspiro [azepine-4,1 ' (3H')~ 
isobenzofuran] (15b) and 17b in 89 and 4 9 % yields, 
respectively, under the same conditions as in the case 
of 14a. However, the reaction of 16b in 8 8 % formic 
acid at 100 °C for 90 min gave r-ethoxycarbonyl-
spiro[isobenzofuran-l(3//) , 4 /-piperidine] (17b) and 
the other expected 2-ethoxycarbonyl-2,3,4,9-tetra-
hydro-l#-indeno[2, l-£]pyridine (18b) in 23 and 3 0 % 
yields, respectively. 16a which gave only the corres­
ponding spiro compound (17a)8b) afforded no corres­
ponding indene (18a) even in the formic acid at 100 °C. 

Exper imenta l 

The structures of all the new compounds were confirmed 
by NMR, IR, and analytical data. All melting points 
and boiling points are uncorrected. IR (Nujol) spectra 
were determined on a JASGO IRA-1 grating infrared spec­

trometer. NMR (CDClg/TMS, Hitachi-Perkin Elmer R-20) 
spectra were obtained at 60 MHz. The chemical shifts 
are represented in terms of ô values. Column chromato­
graphy and TLG were performed using Wakogel G-200 
and Kieselgel 60F 254, respectively. 2a, 2b, 13a, and 13b 
were prepared by the method developed by one of us (S. M).9> 

HCl Salt of 7-Benzyl-5-phenylhexahydroazepin-4-one (3a> 
HCl). Ethyl iV-nitrosobenzyl carbamate (19.8 g, 0.095 
mol) was added over a period of 1.5 h to a stirred mixture of 
freshly distilled 1-benzyl-1-azacyclohexan-4-one (2a, 15.5 g, 
0.082 mol), finely powdered potassium carbonate (14.5 g) and 
absolute methanol (8 ml), the reaction temperature being 
maintained at 25 °G by means of an ice-water bath. The 
dark red reaction mixture was then allowed to stand at room 
temperature until the evolution of nitrogen gas ceased (48 h). 
Ether (50 ml) and water (30 ml) were added to the mixture. 
After shaking, the two layers were separated. The ethereal 
solution was washed with saturated aqueous NaCl solution. 
A white solid appearing in the aqueous layer was collected, 
washed with a small amount of water and dried in a desic­
cator (soild KOH). The solid was recrystallized from ethanol 
to give colorless prisms (3a-HCl, 4.5 g, 21%): mp 225 °G 
(dec); IR 2540, 1710, 760, 740, 700 cm-1; NMR (GG14, free 
3a, mp 72 °G) 1.80—3.30 (9H, m), 3.61 (2H, s, -CH2Ph), 
7.20 (5H, m, aromatic H), 7.28 (5H, m, aromatic H). 
Found: G, 71.96; H, 6.74; N, 4.62%. Galcd for C19H21NO-
HG1: G, 72.25; H, 7.02; N, 4.44%. 

1-Ethoxycarbonyl-5-phenylhexahydroazepin-4-one (3b). 
A mixture of 3 a H C l (21.76 g, 0.078 mol) and ethyl chloro­
formate (19.0 g, 0.172 mol) was stirred for 4 h at 140 °G 
(bath temp). After being cooled to room temperature, 
excess formate was removed by a rotary evaporator at 50 °G. 
Benzyl chloride was then distilled at 70—80 °G/20 Torr 
(9.6 g). Distillation of the residue gave a colorless viscous 
oil (3b, 19.3 g, 95%, bp 171 °G/0.15Torr): IR (neat) 1700 
cm-^broad); NMR 1.24 (3H, t, J=7Hz), 2.00 (2H, m), 
2.70 (2H, m), 2.90—3.65 (2H, m), 3.70—4.40 (3H, m), 
4.15 (2H, q, y = 7 H z ) , 7.28 (5H, m, aromatic H). Found: 
G, 68.87; H, 7.48; N, 5.16%. Galcd for G15H19N03: G, 
68.94; H, 7.33; N, 5.36%,. 

7 - Ethoxycarbonyl-5- phenyl - 7,2,3,5,6,7 - hexahydrospiro[azepine-
4(4H),2'-oxirane\-3'-carboxylic Acid (5b). A flask flame-
dried at reduced pressure was charged with freshly distilled 
ethyl chloroacetate (3.07 g, 2.65 mmol) and 3b (6.98 g, 
2.50 mmol). A solution of potassium /-butyrate in J-butyl 
alcohol (50 ml, 2.6 mmol) was added from a dropping fun­
nel over a period of ca. 30 min to the flask with stirring, the 
temperature of the reaction mixture being maintained at 
10—15 °G on an ice bath. The mixture was stirred for 
1—1.5 h at ca. 10 °G. Most of the J-butyl alcohol was re­
moved by distillation. The oily residue was taken up in 
ether. The ether solution was washed with water, then 
with saturated aqueous sodium chloride solution, and was 
finally dried over anhydrous sodium sulfate. The residue 
obtained on evaporation of the ether was distilled to give 
colorless glycidic ester (4b, 8.8 g, 96.2%, 195—200 °G/ 
0.2 Torr), ethyl l-ethoxycarbonyl-5-phenyl-1,2,3,5,6,7-hexa-
hydrospiro[4//-azepine-4,2'-oxirane]-3/-carboxylate. IR (neat) 
1760 (sh), 1700, 1220, 770, 705 cm-1. No analytical sample 
could be prepared, since it was partially decomposed during 
the course of vacuum distillation. 

Grude 4b (8.8 g, 2.5 mmol) was dissolved in a solution 
of potassium hydroxide (2.65 g, 6.1 mmol) in absolute ethan­
ol (29 ml), and the resulting solution was kept at room 
temperature under nitrogen atmosphere for 40 min. The 
mixture was then warmed on a water bath (60 °G) for 7 h, 
the solvent being evaporated under reduced pressure. The 
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residue was dissolved in 50 ml of water and extracted with 
benzene (50 ml) . T h e water layer was acidified with aque­
ous 10% sulfuric acid, and extracted twice with ether (50 
ml portions). After the separation, the ether layer was dried 
over M g S 0 4 , the solvent being distilled off. A dark-red 
crude product (5b, 6.1 g, 75%) was obtained and crystallized 
from benzene to give pure 5b (4.1 g, 56 .8%, dec 153 °C) : 
I R 1730, 1630 c m - 1 ; N M R 1.25 (3H, t, y = 7 H z ) , 1.51— 
2.28 (4H, m) , 2.99—3.95 (5H, m) , 4.17 (2H, q, 7 = 7 H z ) , 
7.24(5H, m) , 8.45 (1H, bs, C O O H ) . Found : (dried for 
3 h at 130 °C) : C, 64.20; H , 6.93; N , 4 .38%. Calcd for 
C 1 7 H 2 1 N 0 5 : C, 63.94; H , 6.63; N , 4 .39%. 

1-Ethoxycarbonyl-4-formyl-5-phenylhexahydroazepine (6b). 
5b (2.8 g, 1.0 mmol) was heated on an oil ba th (at 150— 
155 °C) under nitrogen for 4 h. Ether (20 ml) was added. 
Drying and evaporation of the ether solution gave tan oil. 
The oil was mixed with 10% sulfuric acid (10 ml) and dioxane 
(14 ml) . The solution was heated under reflux for 14 h. 
The solution was evaporated under reduced pressure, and 
the usual work-up gave a reddish residue. T h e residue 
was distilled to give 6b (1.76 g, 6 4 % , 180—183 °C/0 .1 
T o r r ) : IR(neat) 1710, 1690cm- 1 ; N M R 1.24 (3H, t, J= 
7Hz), 1.59—2.35 (4H, m) , 2.59—3.08 (4H, m) , 4.14 (2H, 
q, y = 7 H z ) , 7.18 (5H, m) , 10.29 (1H, s, C H O ) . Found : 
C, 69.96; H , 7.86; N , 5 .13%. Calcd for C 1 6 H 2 1 N 0 3 : C, 
69.79; H, 7.69; N , 5.09%. 

7 -Ethoxycarbonyl-4 -phenylhexahydroazepine-5-carboxylic Acid 
(7b). T o a solution of 6b (2.8 g, 1.1 mmol) and sodium 
hydroxide (0.79 g, 1.75 mmol) in a mixed solvent (50 ml, 
ethanol: water = 3 : 2) cooled on an ice ba th was added 
a solution of silver nitrate in water (20 ml) in small portions 
with stirring. T h e oxidation was complete in ca. 5 min 
after the last addition. T h e black silver suspension was re­
moved by filtration and washed with several portions of hot 
water. T h e cold combined filtrate and washing were acidi­
fied with coned hydrochloric acid, a white powder being 
precipitated out. Recrystallization of this powder from 
water gave 7 b (2.6 g, 8 2 % , m p 146—147 °G) : I R 1720, 
1640, 705, 690 c m - 1 ; N M R 1.24 (3H, t, y = 7 H z ) , 1.60— 
2.30(4H, b) , 2.50—3.10 (2H, b) , 3.20—3.90 (4H, b) , 4.14 
(2H, q, y = 7 H z ) , 7.18 (5H, s), 10.30 (1H, s, C O O H ) . 
Found: C, 65.99; H, 6.88; N, 4 .54%. Calcd for C1 6H2 1-
N 0 4 : C, 65.96; H , 7.27; N, 4 . 8 1 % . 

7 - Ethoxycarbonyl - 4a, 5,6,7,8,9,9a, 10 - octahydro - 7 - azabenz -
\z\azulen-10-one (8b). T o a suspension of 7b (1.5 g, 
0.55 mmol) in 30 ml of benzene (dried over sodium) was 
added powdered phosphorus pentachloride (1.14 g, 0.55 
mmol) in portions with swirling and cooling on an ice-water 
bath. After evolution of hydrogen chloride had ceased 
by the vigorous reaction at 80 °C, all the volatile substances 
were distilled under reduced pressure at 100 °C. Aluminum 
chloride (0.5 g, 0.4 mmol) was added to a stirred solution 
of the residual oily acid chloride in 30 ml of dry benzene 
at room temperature over a period of 1.5 h. T h e mixture 
was then heated at 80 °C for 1.5 h. After being cooled to 
room temperature, the mixture was poured onto ice and hydro­
chloric acid, and ether (10 ml) was added for the separation 
of the layers. The ether layer was concentrated and the 
product was purified by distillation (8b, 1.14 g, 82 .6%, 
bp 180—195 °C/0.1 T o r r ) ; I R (neat) 1720, 1680, 770 c m - 1 ; 
N M R 1.26 (3h, t, 7 = 7 H z ) , 1.50—3.35 (6H, b) , 3.35—3.89 
(4H, b) , 4.17 (2H, q, y = 7 H z ) , 7.18—7.91 (4H, m) . (the 
oxime of 8b , m p 181 °G) : Found : C, 66.49; H , 6.99; N , 
9 .71%. Calcd for C 1 6 H 2 0 N 2 O 3 : C, 66.65; H , 6.99; N, 9 . 7 1 % . 

3 - Ethoxycarbonyl - 1,2,3,4,5, 70-hexahydroindeno[1,2-d]azepine 
(10b). A three-necked flask was charged with 1% 
aqueous sodium hydroxide (4 ml) and sodium borohydride 

(0.39 g, 1 mmol) and the system was purged with nitrogen. 
A solution of the indanone (8b, 4.8 g, 1.8 mmol) in me­
thanol (70 ml) was added dropwise over a period of 10—• 
20 min. After addition was complete, the mixture was 
carefully reheated to reflux for 2 h. T h e mixture was 
then cooled on an ice bath, and a sufficient amount of 3 M 
aqueous hydrochloric acid (50 ml) was carefully added drop-
wise to decompose excess sodium borohydride. T h e acidi­
fied solution was worked up immediately by extraction 
with benzene. T h e benzene extract was washed with 
saturated aqueous sodium hydrogencarbonate. T h e benzene 
solution was dried over anhydrous sodium sulfate, the benzene 
being removed. T h e residue was distilled and pressure 
reduced to give the indene 10b (4.1 g, 85 .4%, bp 215—216 °C/ 
0.23 T o r r ) : I R (neat) 1690, 1600, 760, 7 2 0 c m - 1 ; N M R 
(CC14) 1.25(3H, t, 7 = 7 H z , - C H 3 ) , 2.50—2.90(4H, b , ali­
phatic CH 2 ) , 3.25 (2H, s, C H 2 in indene system), 3.45—3.81 
(4H, b , aliphatic CH 2 N) , 4.15 (2H, q, J=l Hz, C H 2 C H 3 ) , 
7.02—7.22 (4H, m, aromatic H ) . Found : C, 74.21; H , 
7 .51; N , 5.64%. Calcd for C 1 6 H 1 9 N 0 2 : C, 74.68; H , 7.44; 
N , 5.44%. 

Reaction of o-Bromobenzyl Alcohol (11). Typical Procedure. 
1-Benzyl-4-\o-(hydroxymethyl)phenyl\hexahydroazepin-4-ol (14a). 
Butyllithium (12.2 ml, 3.2 mmol, 2.45 M in hexane) was 
added to a cold ( - 4 0 °C) mixture of 11 (1.3 g, 1.6 mmol) 
in T H F (15 ml) and hexane (10 ml) . T h e mixture was 
stirred for 5 min at —40 °C and l-benzylhexahydroazepin-4-
one (13a, 1.7 g, 0.8 mmol) was added at a rate such that 
the temperature was maintained at —40 °C for 30 min. 
T h e mixture was poured into a large volume of saturated 
aq NH 4C1, and extracted with ether. T h e extract was 
washed with water, and dried (Na 2 S0 4 ) . Removal of 
the solvent gave a practically pure product . Product 14a 
was purified by column chromatography on silica gel 
eluting with petroleum ether-ethyl acetate (1 : 1 ) : yield 
1.83 g ( 8 0 % ) ; I R (neat) 3360 ( O H , hydrogen bonding), 
and 720 c m - 1 ; N M R (DMSO-</6) 1.60—2.90 (10 H, two 
broad peaks, aliphatic CH 2 ) , 3.51 (2H, s, benzylic C H 2 N ) , 
4.72 (2H, s, benzylic C H 2 Ö ) , 4.55—5.32 (2H, bs, alcohol 
O H ) , 7.00—7.62 (9H, m, aromatic H ) . Found : C, 76.83; 
H , 8.07; N , 4 .88%. Calcd for C 2 0 H 2 3 NO 2 : C, 77.13; H , 
8.09; N , 4 .50%. 

1-Ethoxycarbonyl-4-[o- (hydroxymethyl)phenyI\hexahydroazepin-4-
ol (14b). T h e reaction was carried out as described 
for 14a. T h e crude product was purified by preparative 
T L C (using 5 0 % ethyl acetate in benzene as eluent) : 
14b, 4 7 . 6 % ; I R (neat) 3400, 750 c m - 1 ; N M R 1.18 (3H, t, 
y = 7 H z ) , 1.50—2.60 (6H, b) , 3.00—3.70 (4H, b) , 4.06 
(2H, q, 7 = 7 H z ) , 4.30—5.00 (2H, bs, O H ) , 4.80 (2H, s), 
7.10—7.20 (4H, m, aromatic H ) . Found : C, 65.60; H , 
7.82; N , 4 .89%. Calcd for C 1 6 H 2 3 N 0 4 ; C, 65 .51; H , 
7.90; N, 4 .78%. 

1-Benzyl-4-[o-(hydroxymethyl)phenyl]piperidin-4-ol (16a) was 
prepared by the method described in the literature.81") 

7 - Ethoxycarbonyl - 4 - [o - (hydroxymethyl) phenyl] piperidin - 4 - ol 
(16b). T h e crude product, obtained in a similar way 
to that used for 14a, was crystallized from ethyl acetate 
to give 16a: 31 .3% yield, m p 113—114 °C; I R 3400, 1670, 
750 c m - 1 ; N M R 1.22(3H, t, 7 = 7 Hz) , 1.55—3.68 (8H, 
two broad peaks), 3.95 (2H, s), 4.40 (2H, q) , 4.20—5.01 
(2H, bs, O H ) , 7.18—7.28 (4H, m) . Found : C, 64.20; 
H, 7.82; N, 4.91%,. Calcd for C 1 5 H 2 1 N 0 4 : C, 64.49; H , 
7.58; N, 5 . 01%. 

Reaction of 14a, 14b, 16a, and 16b with Boron Trifluoride 
Ether ate. 1 -Benzylspiro [azepine-4,1 ' (3/ / ' ) -isobenzofuran] 
(15a) and l -benzyl- l ,2 ,3 ,4 ,5 ,10- l / / - indeno[l ,2< |azepine 
(10a). Boron trifluoride etherate (2.0 g, 1.4 mmol) was 

file:///z/azulen-10-one
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added to the benzene (50 ml) solution of 14a ( 1.96 g, 0.66 
mmol) . T h e reaction mixture was heated to reflux for 2 h. 
T h e reaction mixture was poured into a large amount of 
ice water. T h e layers were separated and the benzene 
layer was washed with saturated aqueous sodium hydrogen-
carbonate followed by water, and dried over M g S 0 4 . T h e 
solvent was removed to yield an oil. T h e oil was chromato-
graphed on silica gel by elution with a mixed solvent (10% 
ethyl acetate in benzene). From fraction Nos. 17—27, 
a pale yellow oil ( 160 mg) was collected . T h e oil was dis­
tilled under reduced pressure to give 10a: 10% yield, 140— 
150°G/0 .14Tor r ; I R (neat) 1600, 750, 720, 690 cm" 1 ; 
N M R 2.15—3.10 (8H, two broad peaks), 3.12—3.35 (2H, 
bs, GH 2 in indene system), 3.76 (2H, s, benzylic GH 2 N), 
7.00—7.30 (4H, m, aromatic H ) , 7.32 (5H, m, aromatic H ) . 
When 10a was treated with ethyl chloroformate in refluxing 
benzene, the less labile oil 10b was obtained in 8 3 % yield. 
10b was identified by comparison with the sample obtained 
from 2 a by method A. 

7 -Ethoxycarbonylspiro [azepine-4,7 ' (3W ) -isobenzofuran] (15b). 
T h e reaction of 14b was carried out as described for 10a. 
T h e product was purified by preparative T L G (20% ethyl 
acetate in benzene as eluent). 15b ( i ? f =0.38) : 8 9 % yield; 
I R 1690, 1040, 755 c m - 1 ; N M R 1.22(3H, t, J=l Hz) , 
1.60—2.50 (6H, b) , 2.80—3.90 (4H, b) , 4.10 (2H, q, J= 
7 Hz) , 4.98 (2H, s), 6.90—7.30 (4H, m) . Found : G, 69.35; 
H , 7.92; N , 5.03 % . Galcd for G 1 6 H 2 1 N 0 3 : G, 69.79; H , 7.69; 
N , 5 .09%. 

7-Ethoxycarbonylspiro[isobenzofuran- 7 (3H),4''-piperidine] ( 17b). 
T h e reaction of 16b was carried out as described for 10a. 
T h e product was purified by preparat ive T L G (50% 
chloroform in benzene as eluent) . 17b (Rf=0A): 4 3 % 
yield; I R 1700, 1035, 750 cm" 1 ; N M R (GG14) 1.24 (3H, 
t, / = 7 Hz) , 1.50—1.90 (4H, b) , 2.70—4.30 (4H, two 
broad peaks), 4.10 (2H, q, / = 7 H z ) , 5.01 (2H, s), 
7.00—7.30 (4H, m) . Found : G, 69.42; H , 6.63; N , 5 . 4 1 % . 
Gi lcd for G 1 5 H 1 7 N 0 3 : G, 69.48; H, 6 .61; N , 5.40%. The 
reaction of 16a was carried out as described for 10a. When 
the labile product (17a) was treated with ethyl chloroformate 
in refluxing benzene, 17b was obtained in 6 5 % yield based 
on 16a. 

2- Ethoxycarbonyl - 2,3,4,9 - tetrahydro - 7H - indeno[2,7 - cjpyridine 
(18b). 16b (0.3 g, 0.11 mmol) was added to 2 ml of 
8 8 % formic acid and heated at the reflux temperature for 
1.5 h. T h e reaction mixture was added with stirring to a 
large amount of ice water and resulting mixture was ex­
tracted with benzene. After the usual work-up, the solvent 

of the extract was removed to give a yellow oil (0.23 g). 
T h e crude oil was subjected to preparative TLG on silica 
gel with 2 0 % ethyl acetate in benzene as eluent. From 
the first band ( £ f = 0 . 5 5 ) , 18b was collected: 80 mg, 30% 
yield; I R (neat) 1695. 1605, 760 c m - 1 ; NMR(GG14) 1.26 
(3H, t, / = 7 Hz) , 2.50—3.00 (2H, bt, J=ca. 5Hz), 3.24 
(2H, bs), 3.40—3.80 (2H, bt, J=ca. 5 Hz) , 4.24 (2H, q, 
7 = 7 H z ) , 7.00—7.40 (4H, m) . Found: G, 73.92; H , 7.04; 
N, 5.76%. Galcd for G 1 5 H 1 7 N 0 2 : G, 74.05; H, 7.04; N, 
5.76%. From the second band, 17b (Ä f=0.38) was collected 
in 2 3 % yield. 

When a solution of 16a in formic acid was refluxed for 
1.5 h, only 17a was obtained. Trea tment of 17a with ethyl 
chloroformate in refluxing benzene gave 17b in 9 0 % yield 
based on 16a. 
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5N2 Reactions in Dipolar Aprotic Solvents. VIII.1} Chlorine Isotopic 
Exchange Reaction of (Arylsulfonyl)chloromethanes, 

(Arylsulfinyl)chloromethanes, and 2-Chloro-l-arylethanones 
in Acetonitrile. A Role of the Nucleophile-substrate 

Interaction in the Finkelstein Reaction 
Jun-ichi HAYAMI,*»2) Tohru KOYANAGI, and Aritsune K A J I 
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(Received August 22, 1978) 

Chlorine isotopic exchange reactions of substituted chloromethanes [(arylsulfonyl)chloromethanes (1), 
(arylsulfinyl)chloromethanes (2), and 2-chloro-l-arylethanones (4)] with tetraethylammonium chloride-36Gl 
were studied in acetonitrile. This study enabled, for the first time, the accurate rate study of the former two 
classes of compounds (1 and 2) of extremely low reactivity. Both the large enthalpies of activation and the pos­
itive entropies of activation were the characteristics for these two substrates (l-/>-NOa and 2-/>-N02). High 
reactivity of 2-chloro-l-phenylethanone was substantiated, and was not associated with the significant secondary 
kinetic deuterium isotope effect. A nucleophile-substrate association that proceeds the reaction was suggested 
and the possible role of such an interaction was examined in the light of the intermediary of the nucleophile-sub­
strate complex in the Finkelstein reaction. 

The present authors have been investigating the 
symmetrical Finkelstein reaction between the substi­
tuted chloromethanes and radioactive chloride ion 
in dipolar aprotic solvent.3) Through the Hammet t 
type analysis of the reaction rates, two factors were 
pointed out to govern the reactivity of this reaction 
system: One is the approach of the nucleophile to 
the substrate, and the other is the electron-donating 
stabilization of the incipient electro-positive reaction 
center at the transition state. These findings were 
accomodated in the framework of the traditional 
SN2 reactions.4) 

However, in a recent work, the authors confirmed 
the presence of an 1 : 1 complex between the substrate 
and the anionic nucleophile in the Finkelstein reaction 
mixture. This complex shows many characteristics 
of the approach of a nucleophile in the 6*N2 reactions.5) 

In a separate study, secondary kinetic deuterium 
isotope effect at the a-hydrogen of the ^ 2 reaction 
center was substantiated for ,SN2 substrates of high 
reactivity.6) Inverse equilibrium deuterium isotope 
effects were also found for the substrate-nucleophile 
association, suggesting that the secondarty isotope 
effects are explained in terms of the intervention of 
the complex as the direct precursor of the Finkelstein 
reaction and in terms of the operation of the electron-
donating conjugation at the loose transition state of 
the unimolecualr scrambling of the complex.7) 

In the present work, chlorine isotopic exchange 
reactions of (arylsulfonyl) chloromethanes (1), (aryl-
sulfinyl)chloromethanes (2), and 2-chloro-l-aryletha­
nones (4) with tetraethylammonium chloride-36Gl were 
studied in acetonitrile to get an insight of the 
rate-controlling factors of the SN2 reactions. 

R e s u l t s and D i s c u s s i o n 

In dry acetonitrile as the solvent, substituted chloro­
methanes were treated with tetraethylammonium 
chloride-36Cl as are shown in Scheme 1. 

Good second-order kinetics was followed for this 
isotopic exchange reaction in the every instance. Good 

X-C6H4-Y-CH2Cl + (C2H5)4N *G1 ^ = ± 

X-C6H4-Y-CHa*CI + (C2H5)4NC1 

X: a) p-NO,, b) /»-Gl, c) H, d) p-CU3, e) p-CHsO. 
Y: a) S0 2 (1), b) SO (2), c) CO (4). 

Scheme 1. 

linear free energy relationships held for Hammet t 
a in each classes of substrates, giving positive p values. 
The accurate rate study for the substrates of diminished 
reactivity, (arylsulfonyl) and (arylsulfinyl) chloro­
methanes (1 and 2) was achieved for the first time.8) 
Results are shown in Table 1. 

In Table 2, the second-order rate constants for the 
substituted chloromethanes with unsubstituted phenyl 
ring are collected to show the effect of the functional 
group adjacent to the SN2 reaction center. Substi­
tuent effects on the phenyl moiety are also shown by 
the Hammet t pa relationship. 

As is shown in Table 2, reactivity spreads in wide 
range (1010) between the most reactive compound 
[(phenoxy)chloromethane] and the least reactive one 
[(phenylsulfonyl)chloromethane]. In 2-chloro-l-aryl­
ethanones (4), which are about 109 times as reactive 

TABLE 1. OBSERVED SECOND-ORDER RATE COEFFICIENTS 

OF SYMMETRICAL FINKELSTEIN REACTIONS 

X-G6H4-Y-GH2C1 + (C2H5)4N
36C1 

" •obsd 

M - 1 min - 1 

X 

/>-N02 

p-Gl 
H 
p-GHä 

p-CH^O 

P 

Y; SOa*> 

4.30 
1.78 
1.24 
0.942 
0.801 

0.70 
( r = 0 . 999) 

Y; SOb> 

5.15 
1.86 
0.918 
0.758 
0.647 

0.88 
(r= 0.997) 

Y; CO°) 

10.4 
2.71 
1.46 
0.962 
0.859 

1.02 
(r=0.998) 

Throughout this paper, l M = l m o l d m ~ 3 , 1 cal th = 
4.184J, °C = K-273.15. a) At 66.5 °C, x 106. b) At 
66.5 °G, xlO4 . c) At 0°G, xlO. 
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TABLE 2. EFFECT OF THE FUNCTIONAL GROUP ADJACENT 

TO THE REACTION CENTER. RELATIVE RATES AND P 

VALUES FOR SYMMETRICAL FLNKELSTEIN REACTION 

OF SUBSTITUTED CHLOROMETHANES 

(20 °C) 
Ph-Y-GH2G1 + (C2H5)4N

36C1 

-y ^obsd 

M - 1 min - 1 

O 15.0a.b> 
GO 1.22 
S 3.81xl0- 2 b> 
GH=CH 2 .54x l0 - 2 b ) 
NONE 1.23xl0-2b> 
GEG 9 .14x l0 - 3 b ) 
CH2 3.72xl0~5a>b) 
SO 1.14xl0-7 a> 
SOa 3 .77xl0- 1 O a) 

Relative rate 

3.98X1010 

3.24x10» 
1.01 xlO8 

6 .74x l0 7 

3.26 xlO7 

2.42 xlO7 

9.87x10* 
3.02X102 

1.00 

a) Calculated from the data at other 
b) Ref. 3. 

P 

- 1 . 5 6 ( 
1.02 

- 0 . 9 2 
U-shape 
U-shape 
- 0 . 1 9 

0.57 
0.88 
0.70 

• temperati 

tt) 
- 1 5 . 9 ) 

(0.0) 
(20.0) 
(20.0) 
(20.0) 
(20.0) 
(60.0) 
(66.5) 
(66.5) 

ures. 

as (arylsulfonyl)chlorome thanes (1), electron-with­
drawing groups on the phenyl ring facilitate the isotope 
exchange raection. While in all the other reactive 
substrates studied [especially in (arylthio)chloro-
methanes (3) and (aryloxy)chloromethanes] the effect 
of the substituent on the phenyl ring is reversed. 
Therefore, a quite different accelerating factor seems 
to be operative in the reaction of the halo ketone 4. 

Reaction of 2-Chloro-l-Arylethanone (4). A 
marked reactivity was shown by 2-chloro-l-aryletha-
nones, which were about 107—109 times more reactive 
than (arylsulfinyl)chloromethanes, and (arylsulfonyl)-
chloromethanes. 

The enhanced reactivity of an a-halo carbonyl 
compound is often cited9) and is a matter of controversy 
considering the presence of the carbonyl group which 
is an electron-withdrawing group as effective as the 
sulfinyl and sulfonyl groups.10) 

T o get the insight of the reactivity of the 2-chloro-
1-arylethanones 4, substrate-nucleophile interaction 
was examined first, as the importance of the approach 
of the nucleophile was implicated by the positive 

^obsd-

O n the addition of nucleophile, chloride ion, to the 
solution of 2-chloro-l-arylethanone in acetonitrile, 
a significant P M R shift was observed.5b) As are shown 
in the left side column of Table 3 for 2-chloro-l-phenyl-
ethanone (4-H), the representative compound of the 
class, the enthalpy of formation of the complex (AH°) 
was the most negative among the substrates studied, 
implicating some interaction other than hydrogen 
bonding.11) However, this stabilization (deactivation) 
is counterbalanced by the extensive decrease in the 
entropy of formation of the complex (AS°) giving rise 
a fairly small formation constant for the nucleophile-
substrate association (Tables 4 and 5).5b) 

A study on the proton spin-lattice relaxation time 
( 7^) suggested that such a large decrease of the entropy 

TABLE 3. ACTIVATION PARAMETERS AND THERMODYNAMIC PARAMETERS IN 

THE SYMMETRICAL FLNKELSTEIN REACTION 

Y 

GO 
[4-H] 

so2 
[ l * - N O J 
SO 
[2-/>-NOa] 
S 
[3-/>-N02] 

AH° a) AS°*>v AHï A5Tb) 

kcal-mol -1 eu kcal-mol -1 eu 

(P°) (Px) 

(a) Ph-Y-CH2G1 + (G2H5)4N
36G1 

- 4 . 3 0 - 1 8 . ! 21.0 6.8 

(0.52) (0.50) 

(b) Substrates with sulfur-containing functional groups 
/>-N02-C6H4-Y-CH2Cl + (G2H5)4N

36G1 

- 1 . 2 2 - 3 . 5 35.1 12.0 

(0.54) (0.16) 
- 1 . 4 0 - 4 . 2 30.0 6.6 

(0.66) (0.22) 
- 1 . 7 B - 7 . 2 21.3 - 2 . 8 

(0.59) (-1-51) 

A//otsd 
kcal • m o l - 1 

(|°obsd) 

16.7e) 
(1.02) 

33.9 
(0.70) 

28.6 
(0.88) 

19.5 
( -0 .92) 

As:bsi
 b) 

eu 

-11.,«) 

8.5 

2-4 

- lO .o 

AH°, AS°, p° are for the association equilibria, AHX, AS*, pi are for the rate-determining scrambling in the 
postulated scheme 2, and AH*bsä, A£*bSd> /Oobsd are for the overall isotope exchange reaction. 
a) Throughout this paper, errors for AH° and AS0 are estimated to be within 0.5 kcal/mol, and with in 2 eu. 
b) At 20°G. c) / t o b s d /M - 1 min - 1 : 1.46X10-1 (0.0°C); 4.20 x 10 -1 (10.0 °G) ; 1.22 (20.0°G). ^ / M ^ m i n - 1 : 1.50 
XlO-1 (0.0 °C); 4.25 x lO- 1 (10.0 °C); 1.23 (20.0 °G). Errors for AH0%sä and A ^ d are estimated to be within 
0.5 kcal/mol, and within 2 eu. 
* k2 = k0hsâxab/(a — x)(b — x), x/(a — x)(b — x)=K 
where alchemical concentration of the substrate [0.1 M for X-C6H4-Y-CH2C1; Y = SOa, SO, and S. 0.05 M for 
X-C6H4-CO-GH2Cl], 6 = chemical concentration of the nucleophile (36Cf-) [0.1 M for X-C6H4-Y-CH2G1; Y = 
S0 2 , SO, and S. 0.05 M for X-C6H4-CO-CH2Cl], x=chemical concentration of the association complex, K= 
formation constant of the association complex. 
** k2 is the second-order rate constant corrected for the decrease in the concentration of both the free nucleo­
phile and the free substrate on the formation of complex. Such correction gave essentially no effect on the 
Arrhenius parameters. 
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on complexing was accompanied by the extensive freez­
ing of the intramolecular rotation in the substrate.u> 
The examination of the limiting P M R shift and of the 
thermodynamic parameters of the association equilib­
ria pointed out the possibility that the nucleophilic 
anion interacts with the carbonyl group, as well as 
with the a-methylene protons.n) 

Another indication of such an interaction was ob­
tained by the 1 3 G-NMR study. Carbon-13 N M R 
(GMR) spectra were obtained for 2-chloro-l-phenyl-
ethanone-l-13G (C 6 H 5 - 1 3 CO-CH 2 Cl) , with phenyl-
chloromethane-l-1 3C (C6H5-13CH2C1) as the reference 
compound. As are shown in Table 4, a-methylene 
carbon of phenylchloromethane, carbon at the poten­
tial reaction center, showed no significant C M R 
shift (about 0.1 ppm or less) by the addition of chloride 
ion. 

TABLE 4. 13C-NMR SHIFT INDUCED BY THE 

FORMATION OF COMPLEX 

Ph-Y-CH2C1 + (C2H5)4NCN 

Y & b) ô C) 4 d> 
ppm ppm ppm 

NONE 47.2 47.3 « 0 . 5 ) 
(Ph-13CH2C1) 
CO 192.2 193.3 8.3 
(Ph-13CO-CH2Cl) 

a) At 25 °C, in acetonitrile-</3. b) ô from TMS. 0.1 M 
standard solution, c) «5 from TMS. TEA-C1 (1.0 M) 
is added to the standard solution, d) ôe = ô/f; "f" is 
the fraction of the complexed substrate. K/M-1 (25 °C) ; 
0.132 (Ph-13CH2C1), 0.157 (Ph-13CO-CH2Cl). 

O n the other hand, carbonyl carbon of 2-chloro-
1-phenylethanone, located at a-position to the reac­
tion center, gave the low field shift, amounting to 
1.1 ppm, on the addition of tetraethylammonium 
chloride (1.0 M ) . The amount of the shift is evidently 
larger than the errors inherent in the present G M R 
measurements (±0 .1 ppm).12) 

When correction is made of the fraction of the complex 
in the equilibrium, with the due assumption that the 
equilibration is rapid for the time scale of the N M R 
spectroscopy, the limiting shift of the complex of 8.3 
ppm is obtained for 2-chloro-l-phenylethanone. In 
P M R spectra, a-methylene proton of this substrate 
showed limiting complexing shift of —1.52 ppm, 
indicating the attacking nucleophile resides in the 
proximity of the methylene protons, at the site of the 
potential SN2 displacement.515) 

These results suggest that, preceding the isotopic 
exchange reaction, a nucleophilic anion coordinates 
to both a-methylene protons and the carbonyl group. 
Hindrance of the internal rotation thus sets in, as 
reflected on the sharp decrease in AS0 and the increase 
in the rotational correlation time (TC) of the substrate 
in the complex.513) 

Thus, a quite similar structure to that of the transi­
tion state of the nucleophilic displacement reaction 
accompanying "orbital overlap" is suggested for the 
nucleophile-substrate complex of 4. In this complex, 

a coordination of the nucleophile is already accom­
plished and the "entropy activation", necessary for 
the Sn2 reaction to take place, is essentially attained.9a>13) 

There seems to be no reason to suppose that such 
a complex should dissociate to the free components 
to enter the classical " ^ 2 " displacement. Possible 
intermediary of such an association complex was al­
ready discussed.8»9) 

As a second approach, the measurement of the second­
ary a-deuterium isotope effect (oc-d effect) using 
2-chloro-1-phenylethanone-2-ö?2 (4-H-Ü?2) was under­
taken to present a clue to the nature of the transition 
state of the displacement reaction of this chloro ketone. 
The results are shown in Table 5 along with the results 
of another reactive substrate, 3-p-N02. 

TABLE 5. Ä-DEUTERIUM ISOTOPE EFFECT OF THE 

FLNKELSTEIN REACTION SYSTEM IN ACETONITRILE 

Substrate A?/Jfc? Kn/KD A?/*? 
Ph-CO-CH2Cl 0.962

a> 0.942b) 1.02i 
(0°C) 
/>-N02-C6H4-S-CH2Cl 1.119

C> 0.976
C) 1.147

c> 
(20 °C) 

a) ^ / M - i m h ^ r L 5 0 X 1 0 - 1 (for Ph-CO-CH3Cl), 1.62 
XIO-1 (for Ph-CO-CD2Cl). b) K/M.-1: o".307 (for 
Ph-CO-CH2Cl), 0.326 (Ph-CO-CHDCl). c) Ref. 7. 

In the symmetrical Finkelstein reaction, the chloro 
ketone 4-H gave an inverse oc-d effect (A?/A;°=0.962) 
for the second order rate coefficient. 

Such an inverse kinetic isotope effect seems to be too 
large for a reaction that proceeds through a symmet­
rical transition state. In a symmetrical ^ 2 reaction, 
Seltzer suggested an operation of a normal isotope 
effect or an isotope effect of close to unity when the 
nucleophilicities of the incoming and leaving nucleo­
phile are equal.14) Interestingly, P M R experiments 
showed that the oc-d effect on the complex formation 
equilibrium for 4-H is appreciable and inverse (KH/ 
i P = 0 . 9 4 2 ) . 

Now an explanation in terms of the operation of 
an association-scramble mechanism, which was applied 
to accomodate the kinetic isotope effect of the reactive 
substrates,7) is worth trying. 

This mechanism postulates an intervention of the 
nucleophile-substrate association complex as a direct 
precursor of the rate-determining (unimolecular) 
scrambling and is depicted in Scheme 2.5) 

As expressed in Scheme 2, oc-d effect (kljkï), kinetic 
parameters (AH0%sd> ASobsa), and pohsd values can 
be separated into those parameters, both for the com­
plex-forming step and for the unimolecular-scrambling 
step. 

When one postulates the operation of the associa­
tion-scramble mechanism, oc-d effect ascribable to the 
rate-determining scrambling step of this halo ketone 
is calculated to be normal and is very close to unity, 
suggesting a very tight transition state16) (Table 5). 

For the chloro ketone 4, there is no intramolecular 
functionality among the substrate itself to stabilize 
the incipient electropositive center developing in the 
course of the SN2 reaction. This is in contrast to the 
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X-C6H4-Y-CH2C1 + *G1- X-C6H4-Y-CH2*C1 + Cl~ 

K Y\(rapid) (rapid)\\K 

[X-C6H4-Y-CH2G1.*C1-] —U [X-G6H4-Y-CH2*C1.G1-] 
(slow) 

K: Equil ibrium constant of the complex formation. 
kx\ Rate coefficient of the (unimolecular) scrambling 

in the complex. 
[Complex] 

[Substrate] [Nucleophile] 
Ra te = kx • [Complex] 

= K-kx [Substrate] [Nucleophile]15) 
/C2

 = = .A. • AJJ 

« / * ? = (K*/K°)(k*lk°) 

AS:bsd = AS° + AS* 
Pobsd = P° + Pi 
{Cf. Table 3, footnote) 
Scheme 2. Association-scramble mechanism. 

cases of the chloromethyl sulfide 3 and other reactive 
compounds. 

However, it is conceivable that the incoming chloride 
ion which resides at a position close enough to perturb 
the carbonyl group keeps interacting in the course 
of the rate-determining scrambling. This sort of an 
interaction could energetically be favored by the 
"orbital overlap" among the jr-orbital of the carbonyl 
group, the incipient /^-orbital of the reaction center, 
and the /^-orbital of the nucleophile.9a) 

Thus a kind of the attraction-dissociation process 
is feasible. In fact, very small oc-d effect can be rea­
sonably interpreted assuming a tight transition state 
where no significant charge separation around the 
reaction center is expected.17) Positive p± value 
in Table 3(a) also are in accord with the above ex­
planation, since the electron-withdrawing group on 
the phenyl ring facilitates the attraction of the nucleo­
phile. 

Effect of the Sulfur-containing Functional Group on the 
Finkelstein Reactions. As shown in Table 2, marked 
retardation in reaction was observed for (arylsulfonyl)-
and (arylsulfinyl)chloromethanes (1 and 2), in contrast 
to the appreciable rate acceleration in (arylthio)-
chloromethanes (3). In the present study, the reactiv­
ity gap between 2 and 3 was significantly larger 
than that reported earlier by Bordwell and coworkers.8) 

For (/?-nitrophenylsulfonyl)chloromethane (l-p-NO a) 
and for (jö-nitrophenylsulfinyl)chloromethane (2-p-
N 0 2 ) , as the representatives for these classes of the 
substrates, activation parameters were evaluated. In 
Table 6, these parameters are given with those for 
(/?-nitrophenylthio)chloromethane (3-p-NOa) as the 
reference substrate. 

The observed enthalpies of activation {AH0%sd) 
increase in the order of 3-/?-N02<2-/?-N02<l-/?-
N 0 2 , reflecting the relative reactivities of these sub­
strates. As to the observed entropies of activation 
(A£<rbSd) incontestable positive values were obtained 
for l-p-N02 and 2-p-N02. 

This is quite a contrast with the Bordwell's experi­
ment. They found large negative entropies of activa­
tion in the reaction of 2 and potassium iodide in 

T A B L E 6. ACTIVATION PARAMETERS FOR THE SUBSTRATES 

WITH SULFUR-CONTAINING FUNCTIONAL GROUPS 

X-C6H4-Y-CH2C1 + (C2H5)4N
36C1 

S02
a> />-N02 33 .9±0 .6 8 . 5 ±2.0 

SOb) p-N02 28 .6±0 .5 2 . 4 ±2 .0 
Sc> p-N02 19 .5±0.5 - 1 0 . 0 ± 2 . 0 

a) ^obsd/M-imin-1: 4.30 x 10-6 (66.5 °C) ; 1.23 X 10~4 

(89.6 °G); 1.42X10-3 (110.0°C). kJM'1 min-1: 5.15 
XlO-6 (66.5 °G); 1.45 x 10~4 (89.6 °C) ; 1.65 xlO- 3 

(110.0 °C). b) ^obsd/M-imin-1: 5 .15xl0- 4 (66.5°C) ; 
8.69X10-3 (89.6 °G); 6.95 x lO- 2 (110.0 °C). k^M'1 

min-1: 6.09 x 10~4 (66.5 °C) ; 1.01 x 10-2 (89.6 °G) ; 7.96 
XlO-2 (110.0°C). c) ^obsd/M-^min-1: 7.15xl0-3 

(20.0 °G); 2.27 x lO- 2 (30.0 °C) ; 6.46 x lO- 2 (40.0 °C). 
kJM^min-1: 7.92 X 10~3 (20.0 °C) ; 2.50 x 1 0 2 (30.0 
°G); 7.03 x lO- 2 (40.0 °G). [Cf. Ref. 3a.] 

acetone. They also claimed only a small difference in 
the enthalpies of activation between 2 and 3.8> 

These findings led Bordwell to accomodate the rate 
retardation in terms of the steric hindrance (and of 
the electrostatic repulsion) by sulfinyl (and possibly 
by sulfonyl) group.8) A similar explanation was 
made of the ring opening of the episulfonium ion, 
under the nucleophilic attack by chloride ion, substi­
tuted with alkylsulfonyl group.18) 

However, positive entropy of activation obtained 
in the present study cannot be accomodated in terms 
of increased steric restriction in the transition state. 
Thus the cause of the rate retardation other than the 
steric hindrance must be sought for the least reactive 
substrates 1 and 2. 

There is a possibility that an isokinetic relationship 
holds for the symmetrical exchange reaction of 1, 
2, and 3, although the apparent linear relationship 
found can probably be fallacious. If the present 
observation is not fortuitous in nature, an operation 
of a common mechanism should be postulated among 
the three classes of compounds.19) This implies a 
possible intervention of the nucleophile-substrate 
complex playing a role of the direct precursor of the 
rate-determining step, as behaviors of the chloro­
methyl sulfide 3 were better accomodated in the frame 
work of this mechanism.7) 

In Table 3(b), there are also shown kinetic and ther­
modynamic parameters which are obtained by taking 
into account the intervention of the complex. 

Interestingly, an isokinetic relationship about AH*-
ASt suggests a different interaction between chloro 
ketone 4 and the three classes of the sulfur-containing 
substrates, while AH0%sd-ASohsd relationship suggests 
a single interaction among those four classes of the 
substrates. 

The postulation of the association-scramble mecha­
nism suggests a more comprehensive picture. The 
effect of a facilitated approach of a nucleophile is 
separated from A:obsd into K, thus the rate retardation 
observed in 1 and 2 could be an outcome of the lack 
of the electron-donating capacity of both the sulfinyl 
and the sulfonyl groups to the reaction center in the 
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(un imo lecu l a r ) s c r a m b l i n g s tep of t h e nuc l eoph i l i c 
d i s p l a c e m e n t r eac t i on . T h e r e a r e e x a m p l e s of t h e 
difference in t h e e l e c t r o n - d o n a t i n g c a p a c i t y of these 
t h r e e su l fu r -con ta in ing groups . 2 0 ) 

A conce ivab le p r e s e n c e of t h e isokinet ic r e l a t ion ­
ship (s) a m o n g t h e nuc l eoph i l i c d i s p l a c e m e n t r eac t ions 
s tud ied , suggests a p r e v a i l i n g posi t ive e n t r o p y of ac t i ­
v a t i o n for subs t ra tes w i t h e x t r e m e l y h i g h a c t i v a t i o n 
e n t h a l p y . H o w e v e r , n o i n d i c a t i o n is o b t a i n e d f rom 
this r e a s o n i n g a b o u t t h e phys ica l m e a n i n g of t h e 
posi t ive e n t r o p y of a c t i v a t i o n w h e r e a t i gh t t r ans i t i on 
s ta te c a n p l aus ib ly b e ascr ibed . 2 1 ) 

A t p re sen t , t h e p o s t u l a t i o n of t h e i n t e r m e d i a r y of 
t h e n u c l e o p h i l e - s u b s t r a t e c o m p l e x r e m a i n s as a p r o ­
posal . F u r t h e r s tudies to s u p p o r t (or d i sp rove) t h e 
role of such a c o m p l e x a r e necessary to h e l p clarify 
t h e s i tua t ion on t h e possibi l i ty of t h e i n t e r m e d i a r y 
in t h e F inke ls te in r e a c t i o n sys tem. 

E x p e r i m e n t a l 

Preparative gas chromatography was performed on a 
Varian Model-920 gas Chromatograph. The C M R spectra 
were obtained on a J E O L J N M - F X 6 0 spectrometer. The 
mass spectra were recorded on a Flitachi M-52 spectrometer. 
The radioactivity was measured with a Nuclear Chicago 
Model-6801 liquid scintillation counter. 

Materials. Substituted chloromethanes were synthe­
sized according to the standard procedures.3 '8) 

2-Chloro-l'-phenylethanone-1-13C: (a) Benzoic-carboxy-13G 
Acid:22) A Grignard solution was prepared from 480 mg 
(20 mmol) of magnesium turning and 3.1 g (20 mmol) of 
bromobenzene in absolute ether (20 ml). Phenylmagnesium 
bromide was carbonated with carbon-1 3C dioxide liberated 
from 1 g (5 mmol) of bar ium carbonate-13G (isotopic enrich­
ment 9 0 % , Prochem). Following hydrolysis with aqueous 
ammonium chloride, the ethereal solution was extracted 
repeatedly (5 ml X 5) with saturated aqueous sodium hydro-
gencarbonate solution. Then the alkaline solution was wash­
ed with ether, acidified and extracted with a small amount 
of saturated aqueous sodium hydrogencarbonate solution. 
The hot aqueous solution was acidified with hydrochloric 
acid, and cooled to precipitate the product, yield 556 mg 
(91%). (b) Benzoy\-carbonyl-13C Chloride. A mixture of 
556 mg (4.6 mmol) of benzoic acid and 4 ml (30 mmol) of 
purified thionyl chloride was refluxed for 1 h and the excess 
thionyl chloride was removed under reduced pressure. The 
residual liquid was used without further purification, (c) 
2-Diazo-l-phenylethanone-1 3C: To a stirred and ice-cooled 
ethereal solution of diazomethane (65 ml) [from 10.8 g (50 
mmol) of iV-methyl-iV-nitroso-jfr-toluenesulfonamide] was add­
ed dropwise a solution of crude benzoyl chloride in 20 ml 
of absolute ether. The mixture was stirred for 15 min at 
0 °C and for additional 2 h at room temperature . The 
product was used for the following process without further 
purification, (d) 2-Chloro-l-phenylethanone-1-1 3C; Into a 
stirred dry ethereal solution (20 ml) containing 2-diazo-l -
phenylethanone was introduced anhydrous hydrogen chloride 
for 1 h at 0 °C. Then the solution was concentrated, and 
the resulting crude material was recrystallized from ethanol, 
to give a pure product, 506 mg, 7 2 % based on the benzoic 
acid. Mass; 156 (M+) (isotopic enrichment 9 0 % ) . 

2-Chloro-1-phenylethanone-2-d2: To a stirred and ice-cooled 
solution of 2-diazo-l-phenylethanone (400 mg, 2.7 mmol) in 
dry ether (20 ml) was bubbled anhydrous deuterium chloride, 
generated by the reaction between phosphorus pentachloride 

(24 g, 0.1 mol) and deuter ium oxide (2 g, 0.1 mol). The 
mixture was stirred for 1 h at 0 °C, then concentrated to give 
the crude material . Recrystallization from ethanol gave a 
pure product , 407 mg, 8 2 % based on the 2-diazo-l-phenyl­
ethanone. Mass; 157 (M+) (isotopic enrichment 99 .7%) . 

Benzyl-oc-lzC Chloride: (a) Methyl Benzoa.te-carbonyl-ldC; 
An ethereal solution (10 ml) of 500 mg (4.0 mmol) of benzoic-
1 3 CO acid was treated with a cold ethereal solution (65 ml) 
of diazomethane prepared from 10.8 g (50 mmol) of N-
methyl-JV-nitroso-jfr-toluenesulfonamide. The solution was 
concentrated under reduced pressure, and used for the fol­
lowing step without further purification, (b) Phenylmetha-
nol - l - 1 3 C; An ethereal solution (3 ml) of the ester was added 
dropwise to a stirred ethereal solution (15 ml) of 455 mg 
(1.2 mmol) of lithium a luminum hydride. T h e mixture was 
then refluxed for 2 h, cooled with ice bath, and acidified with 
dilute hydrochloric acid. T h e aqueous layer was separated, 
and extracted with several portions of ether. T h e ether 
layer and the extracts were combined and the combined 
solution was dried over anhydrous magnesium sulfate. 
Concentrat ion of the solution gave the cited compound as 
an almost colorless liquid. This product was used without 
further purification. T h e yield was essentially quantitative. 
(c) Benzyl-a-13C chloride; T o the crude benzyl alcohol, 
was added slowly 5 ml (25 mmol) of purified thionyl chloride, 
and the mixture was refluxed for 1 h. The excess thionyl 
chloride was distilled off, and the product was purified by 
preparat ive gas chromatography. T h e yield was 370 mg, 
7 1 % based on the benzoic acid. Mass; 127 (M+) (isotopic 
enrichment, 9 0 % ) . 

Kinetic Measurements. Batch method was employed 
for kinetic measurements. Procedures were almost similar 
as previously reported.3) At the appropriate intervals, the 
reaction mixture was quenched by cooling and dilution with 
cold ( — 78 °C) toluene, while te t raethylammonium chloride 
was extracted in water. Chlorine-36 radioactivity was mea­
sured by liquid scintillation counter. In the measurement 
of the less reactive substrate, te t raethylammonium chloride-
36C1 with high specific activity (10 (jiCi/mmol) was utilized. 
In such cases, to avoid the experimental error caused by 
the contamination of unreacted te t raethylammonium chlo-
ride-36Cl to the organic layer, the organic layer was washed 
repeatedly with water (at least six times) until the radio­
activity of the aqueous layer was reduced to that of the natural 
backgound. 

The tracer experiments were carried out at the Radioiso­
tope Research Center of Kyoto University. The authors 
are grateful to the staffs of this institution. T h e present 
work was supported by the Grant-in-Aid for Scientific Re ­
search from the Ministry of Education (No. 83151, 84076) 
and by the grants kindly given from Saneyoshi Shogakukai 
and from Ito Kagaku Shinkokai. Special thanks are due 
to the donors of these grants. 
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Michael Addition of 4#-Cyclopenta[efeif]phenanthrene to 
9,9'-Bifluorenylidene and the Related Reactions 
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The compound 9-(4//-cyclopenta[^]phenanthren-4-yl)-9,9'-bifluorene was synthesized by the Michael 
addition of 4i/-cyclopenta[ûfe/"]phenanthrene to 9,9'-bifluorenylidene and also by other reactions. In addition, 
five kinds of trimers which consisted of 4//-cyclopenta[öfe/"]phenanthrene and fluorene were obtained by the same 
reactions. The conformation of these trimers is assigned to be the gauche-gauche form. 

The Michael addition of fluorene (1) to 9,9'-bi-
fluorenylidene (2) has been reported in detail.1) In 
our previous publication,2) the ring expansions on the 
active methylene of 4//-cyclopenta[äfe/~]phenanthrene 
(3) were shown to have a property similar to that of 
1. The acidities of methylene protons of hydrocar­
bons 1 and 3 have been investigated closely, with their 
analogues, by determination of the dissociation con­
stant in some solvents.3) 

The present paper deals with the Michael additions 
of 3 and 1 to some fulvalenes in order to compare 
with additions of 1 to 2, and also to clarify the con­
formations of the resulting trimers. 

R e s u l t s and D i s c u s s i o n 

The Michael addition of 3 to 2 gave 9- (4//-cyclc-
penta[<^]phenanthren-4-yl)-9,9 ' -bif luorene (4); the 
yield of 4 increased (10—35%) with the increase of 
base concentration (2—10% of sodium ethoxide). 
This reaction proceeded rapidly under a potassium 
hydroxide-aqueous pyridine system to give 4 in a rea­
sonable yield. The addition can be explained by the 
nucleophilic attack of carbanion (A) on the highly-
polarized acceptor 2 to form carbanion (B) followed 
by protonation to give 4 (Scheme 1). 

Compound 4 was also prepared by the reaction 
of 9-lithiofluorene with bromide 5, and also by de-
hydrogenation of 9-(8,9-dihydro-4#-cyclopenta [*/<?/"]-
phenanthren-4-yl)-9,9'-bifiuorene (6), which was ob­
tained by the addition of hydrocarbon 74) to 2. 

The Michael reactions of fulvalene 85) with 1 and 
with 3 yielded 4-(9-fluorenyl)-4,4'-bi(4//-cyclopenta-
[<&/"] phenanthrene) (9) and 4,4' : 4' ,4"-ter(4//-cyclc-
penta[öfe/"]phenanthrene) (10), respectively. The ad­
dition of 1 to unsymmetrical ethylene l l 5 ) afforded 
isomeric 4 and 4,4-di(9-fluorenyl)-4//-cyclopenta [<&/"]-
phenanthrene (12) in a ratio of 75 to 25. Further­
more, the reaction of 3 with 11 gave 9,9-di(4//-
cyclopenta [<&/"] phenanthren-4-yl) fluorene (13) (73%) 
and 9 (27%). 

The methine protons in the N M R spectrum of hydro­
carbon 14 appear as two doublets about 0.3 p p m 
apart. In addition, the methine signals of alcohol 
15 and bromide 5 shift to lower fields than those of 
alcohol 16 and bromide 17, respectively. These 
findings may be explained as due to the difference of 

t Present address: Department of Environmental 
Chemistry, Faculty of Engineering, Utsunomiya University, 
Utsunomiya 321-31. 

(A) 2 (B) U 

Scheme 1. 

the acidities between the methylene protons of frag­
mental hydrocarbons 1 and 3.3) Also, this presump­
tion would be extended reasonably to the reactivity 
of fulvalene 1 1 : the electron distribution on the central 
double bond of 11 lies to the 3 moiety. Therefore, 
the carbanion preferentially attacks the Cr ate m 
rather than the C2 atom on 11. 

The assignment of the methine protons in the N M R 
spectra of the trimers was confirmed by comparison6) 
with the corresponding deuterated compounds, as 
summarized in Table 1. The methine protons of 
6 are observed as a two-proton singlet, which suggests 
that the electronic property of a methine proton on 
the 7 moiety of 6 is equivalent to that of a 1 segment. 
The two methine protons of the unsymmetrical trimers, 
such as 4 and 9, are observed as two separate singlets, 
which may be regarded as the case of 14. The two 
methine protons of 4 and 9 are assigned so that the 
methine on the leaflet of 3 corresponds to the peak 
in lower field and the methine on the leaflet of 1 to 
the one in higher field. 

The compound 4 would be symmetrical with re­
spect to the central fluorenylidene plane as in the ana­
logues, 10, 12, and 13, whose methine proton N M R 
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T A B L E 1. PROTON N M R SPECTRA OF THE MICHAEL ADDUCTS IN P Y R I D I N E - ^ 

Gompd Methine (<5) Aromatic (ô) 

4 
6a> 

9 

10 
12 
13 

5.65(IH, s), 
5.35 (2H, s) 

5.89(1H, s), 

6.41 (2H, s) 
5.73 (2H, s) 
6.14(2H, s) 

5.93(IH, s) 

6.18(1H, s) 

5.68(2H, d, J = 7 . 2 Hz), 6.46—8.78(22H, m) 
2.94(4H, s, -GH2-GH2-), 4.87(IH, d, J = 7 . 8 Hz), 
5.24(1H, d, 7 = 7 . 8 Hz), 6.18—8.70(20H, m) 
5.36(IH, d, 7 = 6 . 6 H z ) , 5.48(1H, d, 7 = 6 . 6 Hz), 
6.10—8.83 (22H, m) 
5.45(2H, d, J = 7 . 2 Hz), 6.52—8.90(22H, m) 
5.44(2H, d, y = 7 . 8 H z ) , 6.08—8.83(22H, m) 
5.74(2H, d, 7 = 7 . 2 Hz), 6.54—8.86(22H, m) 

a) Measured in DMSO-</fi. 

spectra showed a two-proton singlet. An examina­
tion of molecular scale models of 4 suggests that the 
gauche-gauche form is more appropriate to the con­
formation of 4 at the ground state than the anti-anti 
form, due to the steric interaction of the bulky aromatic 
rings. 

The anomalous spread of the aromatic signal zone 
in the spectrum of 4 is probably attr ibutable to the 
torsional conformation.1) The signals at higher 
fields would be assigned to be the 1-proton of the outside 
9-fluorenyl plane and the 3-proton of the 4//-cyclo-
penta[<&/"]phenanthren-4-yl plane, because of being 
located in the shielding zone of the adjacent central 
aromatic ring,1 '7 '8) as simulated in Scheme 1. O n the 
contrary, the peaks at lower fields are due to the 8-
proton of the 9-fluorenyl plane and the 5-proton of 
the 4//-cyclopenta [<&/*] phenanthren-4-yl plane. T h e 
broad aromatic zone on the spectrum of 4 is observed 
to become narrower with the elevation of temperature. 
At a high temperature, the central sp3-sp3 single bonds 
may be released from the torsion, which would increase 
the probability of the eclipsed-eclipsed form. There­
fore, the shielding effect of the central aromatic ring 
decreases and results in some reducing of the signal 
zone. A similar view can be applied to the other 
analogues: 6, 9, 10, 12, and 13. 

Exper imenta l 

All the melting points are uncorrected. The melting 
points of deuterated compounds in this series are identical 
with those of the parent hydrocarbons. 

The IR spectra were obtained as KBr disks using a IR-G 
spectrophotometer (JASGO). The mass spectra were mea­
sured with a RMU-6E apparatus (Hitachi). The proton 
NMR spectra were recorded with a JNM-G-60HL (60 MHz) 
spectrometer (JEOL) using TMS as an internal reference. 
The deuterium incorporation was determined from the aver­
age value of five peaks on the NMR spectra. 

Michael Reaction of 9,9'-Bifluorenylidene (2) with 4H-Cyclo-
penta[deî]phenanthrene (3). To a soln of KOH (0.05 g) 
in H 2 0 (1 ml) and pyridine (9 ml), there was added 492 mg 
(1.5 mmol) of 2 and 285 mg (1.5 mmol) of 3. The mixture 
was stirred for 1 h at room temperature under an atmosphere 
of nitrogen. 

The reaction mixture was then poured into HCl (2%, 
150 ml) and extracted with benzene (150 ml). The organic 
layer was dried over Na2S04 and evaporated to dryness, 
and the residual materials were separated by means of silica-
gel column chromatography (2.0x50 cm) in cyclohexane. 
The first and second eluates gave 34 mg of 3 (mp 114— 

116°G) and 72 mg of 2 (mp 185—187 °G), respectively. 
The third eluate was evaporated off and the residue was 

recrystallized from EtOAc to afford 554 mg (71%) of 4: 
mp 259—260 °G (dec); MS, m/e, 518 (M+), 353, and 329. 
Found: G, 94.91; H, 4.94%. Galcd for G41H26: G, 94.95; 
H, 5.05%. 

Michael Reaction between 2 and 8,9-Dihydro-4H-cyclopenta[def]-
phenanthrene (7). A mixture of 2 (492 mg, 1.5 mmol), 
7 (288 mg, 1.5 mmol), and aq K 2 C0 3 (1.1 g in 2 ml) in pyri­
dine (8 ml) was heated in a sealed tube at 95—98 °C for 
24 h. The reaction mixture was treated in a manner similar 
to the above to yield 273 mg (35%) of 6: mp 253—254 °G 
(dec); MS, m/e, 520 (M+) and 494. Found: C, 94.65; H, 
5.46%. Galcd for G41H28: C, 94.58; H, 5.42%. 

Michael Addition of 1 to 4,4'-Bi(4H-cyclopenta[def]phenanth-
ren-4-ylidene) (8). A mixture of 1 (249 mg, 1.5 mmol), 
8 (564 mg, 1.5 mmol), and aq KOH (0.3 g in 1 ml) in pyri­
dine (9 ml) was refluxed for 8 h under an atmosphere of 
nitrogen to give 520 mg (64%) of 9: mp 319—320 °C (dec); 
MS, m/e, 542 (M+) and 353. Found: G, 95.16; H, 4.67%. 
Galcd for G43H26: G, 95.17; H, 4.83%. 

Addition of 3 to 8. To a soln of NaOPrn prepared from 
metallic sodium (0.3 g) and n-PrOH (13 ml), there were 
added 564 mg (1.5 mmol) of 8 and 285 mg (1.5 mmol) of 
3. The resulting mixture was refluxed for 8 h under an 
atmosphere of nitrogen to yield 738 mg (87%) of 10: mp 
327—328 °G (dec); MS, m/e, 566 (M+). Found: G, 95.11; 
H, 4.30%. Galcd for G45H26: G, 95.37; H, 4.63%. 

Michael Reaction of 4-(9-Fluorenylidene)-4H.-cyclopenta[de£]-
phenanthrene (11) with 1. A mixture of 11 (528 mg, 
1.5 mmol) and 1 (249 mg, 1.5 mmol) in EtOH (10 ml) 
containing NaOEt ( 1.0 g) was heated in a sealed tube at 
95—98 °G for 8 h. After cooling, the precipitates were 
collected and separated by silica-gel column chromatog­
raphy to afford 381 mg (49%) of the mixture, which con­
sisted of 4 (75% by NMR) and 12 (25%). 

Michael Addition of 3 to 11. A mixture of 3 (285 mg) 
and 11 (528 mg) was allowed to react under the conditions 
similar to those of 1 and 11 to yield the products (545 mg, 
67%), which consisted of 13 (73% by NMR) and 9 (27%). 

9- (4H-Cyclopenta[def]phenanthren-4-yl)-9,9'-bifluorene (4). 
a) : A soln of 9-lithiofluorene (prepared from 870 mg of 
1 according to the procedure described elsewhere9)) was 
added dropwise to a soln of bromide 5 (1.00 g, 2.3 mmol) 
in benzene-xylene ( 1 : 1 , 60 ml) at 0 °C with stirring for 
10 min. After being boiled for an additional 2 h, the reac­
tion mixture was treated with aq NH4C1 (5%, 50 ml), dried 
over Na2S04 , and then evaporated to dryness in vacuo. The 
residue was recrystallized from cyclohexane to afford 550 mg 
(46%) of 4, which was identical in all respects with the speci­
men obtained by the Michael addition of 3 to 2. 

b) : A soln of 6 (281 mg, 0.54 mmol) in 10 ml of/»-cymene 
was refluxed with Pd-C (5%, 50 mg) for 40 h. The reaction 
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mixture was filtered and the filtrate was then steam distilled. 
The residue was chromatographed in cyclohexane on a 
silica-gel column to give 99 mg (35%) of 4 : m p 259—260 °G 
(dec). 

4,4-Di(9-fluorenyl) -4H-cyclopenta[deQphenanthrene (12). 
A mixture of 9-lithiofluorene and bromide 17 was treated 
in a manner similar to that used for 4, giving 12 in a yield 
of 5 0 % : m p 286—287 °G (dec); M S , mje, 518 (M+), 353, 
and 165. Found: G, 94.73; H , 5 .06%. Calcd for G4 1H2 6 : 
G, 94.95; H, 5 .05%. 

9,9-Di(4H-cyclopenta[def]phenanthren-4-yl)fluorene (13). 
Compound 13 was prepared by the reaction of 3 with 5 
according to a procedure similar to the above: yield 4 2 % ; 
m p 308—309 °G (dec); M S , m/e, 542 (M+), 353, and 189. 
Found: C, 95.08; H, 4 .89%. Galcd for G4 3H2 6 : C, 95.17; 
H, 4 .83%. 

9-(4H-Cyclopenta[def]phenanthren-4-yl) -9-fluorenol (15) .5> 
A soln of fluorenone (5.4 g, 30 mmol) in xylene (60 ml) 
was allowed to react with 4-li thio-4//-cyclopen ta [</<?/*] phen-
anthrene10) (prepared from 5.7 g of 3 with LiBu n in xylene) 
at 0 °G. T h e resulting mixture was refluxed for 1 h to 
afford 9.85 g (89%) of 15: m p 188—189 °G (lit,5) 188— 
189 °C) ; I R : 3310 c m - 1 ( - O H ) ; M S , m/e, 370 (M+); N M R 
(benzene-<4) : Ô 1.94 (1H, s, - O H ) , 5.27 (1H, s, > C H - ) 5 

and 6.50—7.65 (16H, m, A r - H ) . 
4-(9-Fluorenyl)-4H-cyclopenta[def]phenanthren-4-ol (16). 

T o a soln of 4//-cyclopenta[öfe/"]phenanthren-4-one (3.0 g, 
14.7 mmol) in benzene-xylene ( 1 : 1 , 80 ml) , there was 
added dropwise a soln of 9-lithiofluorene (prepared from 
2.5 g of 1) at 0 °G with stirring for 10 min. T h e mixture 
was boiled for an additional 2 h to yield 2.77 g (51%) of 
16: m p 202—203 °G; IR , 3275 c m - 1 ( - O H ) ; M S , m/e, 370 
(M+); N M R (benzene-rf6) : Ô 1.98 (1H, s, - O H ) , 4.96 (1H, 
s, > G H - ) , and 6.60—7.50 (16H, m, A r - H ) . Found : G, 
90.80; H, 4 .90%. Galcd for G 2 8 H 1 8 0 : G, 90.78; H , 4 .90%. 

4-(9-Fluorenylidene)-4H-cyclopenta[def]phenanthrene (11) .5) 

A soln of 15 (0.8 g, 2.2 mmol) in A c O H (30 ml) containing 
coned HCl (0.2 ml) was refluxed for 1 h to give 500 mg 
(66%) of 1 1 : m p 197—198 °G (dec) (lit,5) m p 196 °G, dec) ; 
MS, m/e, 352 (M+). 

Compound 16 was also converted into 11 in a 6 8 % yield. 
4-(9-Fluorenyl)-4H-cyclopenta[def]phenanthrene (14). A 

mixture of 11 (100 mg, 0.28 mmol) , Zn powder (1 g), and 
coned H C l (1 ml) in A c O H (30 ml) was refluxed for 1.5 h 
to give 97 mg (96%) of 14: m p 208—209 °C (from E t O A c ) ; 
MS, m/e, 354 (M+), 189, and 165; N M R (benzene-^) : 
ô 5.04 (1H, d, J = 4 . 2 Hz) , 5.35 (1H, d) , and 6.85—7.79 
(16H, m ) . Found : G, 94.60; H, 5 . 0 1 % . Calcd for G2 8H1 8 : 
C, 94.88; H, 5.12%. 

9-Bromo-9- (4H-cyclopenta [def]phenanthren-4-yl)ßuorene (5). 
Dry HBr was bubbled into a soln of 15 (3.7 g, 10 mmol) 

in A c O H (135 ml) for 1 h. T h e reaction mixture was al­
lowed to stand overnight and the precipitate was filtered, 
dried, and then recrystallized from benzene-cyclohexane 
(1 : 1) to afford 3.73 g (86%) of 5 : m p 185—187 °G (dec); 
M S , mje, 434, 432 (M+), 354, and 352; N M R (benzene-
d6) ô 5.53 (1H, s, > C H - ) and 6.46—7.66 (16H, m, A r - H ) . 
Found : C, 77.39; H, 3.74%,. Galcd for C2 8H1 7Br: C, 77.60; 
H , 3 .95%. 

4-Bromo-4-(9-fluorenyl)-4H-cyclopenta[def]phenanthrene (17). 
Compound 17 was produced from 16 by a method similar 
to the above in a 7 8 % yield: m p 171—172 °C (dec); M S , 
m/e, 434, 432 (M+), 354, and 352; N M R (benzene-</6) : ô 
5.24 (1 H, s, > C H - ) and 6.60—7.60 (16H, m, A r - H ) . Found : 
G, 77.90; H, 3.96%. Calcd for C2 8H1 7Br: G, 77.60; H , 
3 .95%. 

Syntheses of Deuterated Compounds. Hydrocarbon 3 was 
deuterated by the method applied in l11) to give 4,4-dideu-
terio 3 (3-4,4-i2) in a 9 2 % yield. T h e deuterium incorpora­
tion was calculated to be 97%, by N M R . 

Also, 7-4,4-</2 was obtained in a 9 3 % yield (deuterium 
incorporation, 9 7 % ) . 

Deuterated compounds of 4, 6, 9, 10, 12, and 13 were 
prepared by the Michael reaction using corresponding sub­
strates in a N a O E t - E t O D or N a O D - D 2 0 - p y r i d i n e system. 
The deuterium contents of these compounds were found to 
be ca. 100% at the methine protons. 
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The Grignard reaction of 7-methoxyphthalide with methylmagnesium iodide, followed by acetylation and 
dehydration, gave 3-acetoxymethyl-2-isopropenylanisole which, on catalytic hydrogénation, afforded 3-acet-
oxymethyl-2-isopropylanisole. This was then converted into (2-isopropyl-3-methoxybenzyl)triphenylphos-
phonium chloride (8) via 3-hydroxymethyl-2-isopropylanisole and 3-chloromethyl-2-isopropylanisole. The 
Wittig reaction of (R)-( — )-a-cyclocitral with 8 in the presence of butyllithium afforded the corresponding styryl 
derivative, which was converted into the dihydro compound (19) by partial catalytic hydrogénation. The in­
tramolecular cyclization of 19 gave ( + )-totaryl methyl ether (20) along with its cis-isomer. The methyl ether 
20 was finally demethylated with boron tribromide to give ( + )-totarol (1), which was further characterized as 
its acetate. Since the conversion of ( + )-l into ( + )-podototarin has already been reported, the present work 
can be regarded as the total synthesis of natural ( + )-podototarin. 

Totarol, a rare tricyclic diterpene phenol possessing 
an isopropyl group at the G-14 position, was first 
isolated as a major constituent of the heartwood of 
Podocarpus totara G. Benn. ex. D. Don by Easter-
field and McDowell.x) O n the basis of chemical and 
spectroscopic studies, Short and his coworkers2) de­
duced the structure of totarol to be 1; this was con­
firmed by the synthesis of the racemate by Barltrop 
and Rogers.3) The absolute configuration of totarol 
was determined by O R D measurements and by direct 
correlation with dehydroabietic acid by Chow and 
Erdtman.4) Podototarin (2), a novel bisditerpene, 
was also isolated from the heartwood of P. totara by 
Brandt and Thomas5) and Gambie and Mander.6) 
The structure of podototarin was determined by the 
synthesis7-9) of 2 from natural ( + )-totarol. However, 
no investigation on the total synthesis of optically 
active totarol has hitherto been reported. I t is thus 
still necessary to synthesize the optically active totarol 
to complete the total synthesis of natural podototarin. 
This paper describes the simple syntheses of ( + )-
totarol (1) and, consequently, of ( + )-podototarin (2). 

M i r ¥ 0 H 

i R=H y H 

20 R = Me 
.22 R=Ac 2 

O u r basic strategy for the synthesis of optically active 
octahydrophenanthrene backbone (3) is shown in 
Scheme 1. Since there are many precedents for the 
intramolecular cyclization of phenethylcyclohexene 
derivatives, the synthetic target is the optically active 
3-phenethyl-l-cyclohexene derivative (4), which might 
be constructed by the condensation of optically active 
cyclohexenylmethyl derivative (5) and benzyl deriva­
tive (6). 

In the present study, (R)-( — )-a-cyclocitral (7)10'11) 
and (2-isopropyl-3-methoxybenzyl) triphenylphospho-
nium chloride (8) were chosen as the compounds 

3 4 5 6 

Scheme 1. 

corresponding to 5 and 6. Thus, the first synthetic 
goal was to prepare the phosphonium salt 8. This was 
successfully achieved in the following manner. The 
Grignard reaction of 7-methoxyphthalide (9)12) in 
tetrahydrofuran with methylmagnesium iodide in ether 
afforded the corresponding diol (10), which was con­
verted into a monoacetate (11). The treatment of 
11 with jb-toluenesulfonic acid in hot benzene gave a 
mixture of the desired 3-acetoxymethyl-2-isopropenyl-
anisole ( 12) and 7-methoxy-1,1 -dimethyl-1,3-dihydro-
isobenzofuran (13) in a ratio of ca. 2 : 1 . Since the 
separation of 12 and 13 was somewhat difficult, the 
mixture was directly oxidized with Jones reagent and 
then purified by column chromatography on silica 
gel to afford 12 and 4-methoxy-3,3-dimethylphthalide 
(14), which was easily converted into 10 by reduction 
with lithium aluminium hydride. The catalytic hydro­
génation of 12 in ethanol over P t 0 2 gave 3-acetoxy-
methyl-2-isopropylanisole (15) which, on reduction 
with lithium aluminium hydride, afforded 3-hydroxy-
methyl-2-isopropylanisole (16). The alcohol 16 was 
treated at room temperature with thionyl chloride 
in ether and the resulting benzyl chloride derivative 
(17), without purification, was converted into the 
phosphonium salt 8, by treatment with triphenyl-
phosphine in refluxing benzene. The Wittig reac­
tion of 7 with 8 in benzene in the presence of butyl-
lithium gave 6-(2-isopropyl-3-methoxystyryl)-l,5,5-
trimethylcyclohexene (18). The N M R spectrum of 

18 showed signals at ô 5.63 (dd, J=9 and 15 Hz) 
and 6.68 ppm (d, J=15 Hz) due to the newly formed 
olefinic protons. These vicinal coupling constants 
( y = 1 5 H z ) suggested the presence of a trans-dhub-
stituted double bond in 18. The compound 18 in 
ethanol was submitted to partial catalytic hydrogéna­
tion over Pd-G to afford the corresponding phenethyl 
derivative (19). The intramolecular cyclization of 
19 with anhydrous aluminium chloride in dichloro-
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m e t h a n e afforded ( - f ) - t o t a r y l m e t h y l e t h e r (20) , 
[ a ] D + 2 3 . 3 ° ( E t O H ) , as t h e m a j o r p r o d u c t a n d its 
m - i s o m e r (21) , [ a ] D — 4 4 . 3 ° ( E t O H ) , as t h e m i n o r 
one . T h e m - c o n f i g u r a t i o n of t h e A / B r i n g j u n c t i o n 
in 2 1 was s u p p o r t e d b y its N M R s p e c t r u m , w h i c h 
showed a h i g h field s igna l , ö 0.41 p p m , d u e to t h e 
C4ß m e t h y l g r o u p a n d t h e s h i e l d i n g effect of t h e a r o m a ­
tic r ing . S ince t h e op t i ca l r o t a t i o n of 20 was s o m e w h a t 
lower t h a n t h a t of t h e n a t u r a l derivative,6> it w a s fur­
t h e r pur i f ied b y c rys ta l l i za t ion to g ive t h e op t i ca l ly 
p u r e c o m p o u n d , [ a ] D + 4 0 . 6 ° ( E t O H ) . T h e d e m e t h y l a -
t ion of 20 w i t h b o r o n t r i b r o m i d e in d i c h l o r o m e t h a n e 
g a v e ( + ) - to ta ro l (1) , w h i c h w a s c h a r a c t e r i z e d as its 
a c e t a t e (22) . 

As h a s b e e n desc r ibed a b o v e , t h e p a r t i a l synthesis 
of ( + ) - p o d o t o t a r i n f rom ( + ) - to t a ro l h a s a l r e a d y 
b e e n r e p o r t e d . 7 - 9 ) C o n s e q u e n t l y , t h e p r e s e n t synthesis 
of ( + ) - to ta ro l c a n b e r e g a r d e d as t h e to t a l synthesis 
of ( - f - ) -podo to ta r in . 

CHO 

TA 
" ; :^^^CH,0Ac 

OMe OMe 

CH2R 

8 R=PPh3CI 
15 R=0Ac 
16 R=0H 

17 R=CI 

OH 

CHzOR 

OMe 

10 R=H 

11 R=Ac 
13 R=H2 

14 R=0 

OMe 

OMe 

Exper imenta l 

All melting points are uncorrected. The I R spectra and 
optical rotations were measured in chloroform, and the N M R 
spectra in carbon tetrachloride at 60 M H z , with tetramethyl-
silane as the internal s tandard, unless otherwise stated. The 
chemical shifts are presented in terms of ô values; s: singlet, 
bs: broad singlet, d : doublet, d d : double doublet, m : mul­
tiplet. Column chromatography was performed using Merck 
silica gel (0.063 mm) . 

3-Hydroxymeihyl-2- ( 1 -hydroxy-1 -methylethyl) anisole (10). 
A solution of 7-methoxyphthalide (9)12> (mp 108—109 °C, 
3.347 g) in dry tetrahydrofuran (60 ml) was added dropwise 
to a stirred solution of methylmagnesium iodide prepared 
from magnesium (1.239 g) and methyl iodide (3.80 ml) in 
dry ether (20 ml), with cooling in an ice-water bath. The 
mixture was stirred at room temperature for 4 h, poured 
into aqueous ammonium chloride, and extracted with ether. 
The ether extract was washed successively with aqueous 

sodium thiosulfate and water, dried over sodium sulfate, 
and evaporated to give an oil. T h e crude product was 
purified by column chromatography on silica gel (100 g) 
using ether-chloroform (3 : 97) as the eluent to give 10 
(2.058 g: 5 2 % ) , which was recrystallized from hexane-ether : 
m p 63—64 °G; I R : 3607, 3386 c m - 1 ; N M R : 1.60 (6H, s, 

-G(GH 3 ) 3 ) , 3.78 (3H, s, - O C H 3 ) , 4.68 (2H, s, - C H 2 O H ) . 
Found : C, 67.26; H , 8 .23%. Galcd for C n H 1 6 0 3 : C, 67.32; 
H, 8.22%. 

3-Acetoxymethyl-2- ( 1 -hydroxy-! -methylethyl) anisole (H). 
A solution of 10 (345 mg), acetic anhydride (0.4 ml) , and 
pyridine (0.2 ml) was allowed to stand at room temperature 
for 15 h and diluted with ether. T h e ether solution was 
washed successively with dilute hydrochloric acid, aqueous 
sodium hydrogencarbonate, and water . After drying over 
sodium sulfate, the solvent was evaporated to dryness and 
the residue was chromatographed on silica gel (20 g) using 
ether-benzene (1 : 9) as the eluent to give a monoacetate 
(11) (352 m g : 84%) which was then recrystallized from pe­
troleum benzin; m p 61—62 °C; I R : 3585, 3511, 1733 c m - 1 ; 

N M R : 1.63 (6H, s, - C ( C H 3 ) 2 ) , 2.02 (3H, s, - O C O C H 3 ) , 
3.00 (1H, bs, - O H ) , 3.82 (3H, s, - O C H 3 ) , 5.48 (2H, s, - C H 2 -
O - ) . Found : G, 65 .61 ; H , 7 .58%. Galcd for C 1 3 H 1 8 0 4 : 
C, 65.53; H , 7 .61%. 

3-Acetoxymethyl-2-isopropenylanisole (12) and 4-Methoxy-3,3-
dimethylphthalide (14). A solution of 11 (1.880 g) and 
/>-toluenesulfonic acid (200 mg) in dry benzene (20 ml) was 
heated at 60 °C for 10 min, cooled to room temperature, 
and then diluted with ether. The solution was washed 
with aqueous sodium hydrogencarbonate and water, dried 
over sodium sulfate, and evaporated in vacuo to give an oil 
(1.812 g), whose N M R spectrum suggested the presence of 
the isopropenyl compound (12) and 7-methoxy-1,1-dimethyl -

1,3-dihydroisobenzofuran (13); N M R : 1.47 (6H, s, - C -
(CH 3 ) 2 ) , 3.83 (3H, s, - O G H 3 ) , 4.94 (2H, s, - O C H 2 - ) . Since 
the separation of 12 and 13 was unsuccessful, the above 
crude oil (1.812 g) was immediately oxidized with Jones 
reagent (8 N, 3.0 ml) in acetone (8.0 ml) at 16 °G for 1 h. 
The reaction mixture was diluted with ether, washed with 
water, and then dried over sodium sulfate. After the solvent 
had been evaporated, the residue was purified by column 
chromatography on silica gel (60 g) using benzene as the eluent 
to give 12 (764 m g : 44%) as an oil. I R : 1731, 1642 c m - 1 ; 

N M R : 2.00 (6H, s, =GCH 3 and - O G O C H 3 ) , 3.78 (3H, s, 

- O C H 3 ) , 4.79 and 5.23 (each 1H and bs, - C = C H 2 ) , 5.01 
(2H, s, - G H 2 0 - ) . Found : C, 70.84; H, 7.47%. Calcd 
for C 1 3 H 1 6 0 3 : C, 70.89; H , 7.32%. 

Further elution with ether-benzene ( 1 : 9 ) gave a phtha-
lide (14) (323 m g : 21%) which was recrystallized from hex-
ane : m p 88—89 °C; I R : 1751cm- 1 ; N M R : 1.65 (6H, s, 

- C ( C H 3 ) 2 ) , 3.95 (3H, s, - O G H 3 ) . Found : C, 68.90; H , 
6 .35%. Galcd for C n H 1 2 0 3 : C, 68.73; H , 6.29%. 

Conversion of the Phthalide (14) into the Diol (10). A 
mixture of 14 (1.020 g), lithium aluminium hydride (302 
mg), and dry tetrahydrofuran (35 ml) was refluxed for 
3 h. The reaction mixture was decomposed with aqueous 
ammonium chloride, extracted with ether, and the extract 
was washed with water. After drying over sodium sulfate, 
the solvent was evaporated in vacuo to give the diol (10) 
(968 m g : 93%) as a solid. The I R and N M R spectra were 
identical with those of the above authentic diol (10). 

3-Acetoxymethyl-2-isopropylanisole (15). A mixture of 12 
(2.988 g) and P t O a (170 mg) in ethanol (10 ml) was subjected 
to catalytic hydrogénation at room temperature for ca. 25 
min, After the usual work-up, the crude product was purifi-
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ed by column chromatography on silica gel (50 g) using 
benzene as the eluent to give 15 (2.733 g: 9 1 % ) , which was 
recrystallized from methanol : m p 31.5—32 °G; I R : 1731 
c m - 1 ; N M R : 1.32 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 1.99 
(3H, s, - O G O G H 3 ) , 3.18 (1H, m, - C H ( C H 3 ) 2 ) , 3.80 (3H, 
s, - O G H 3 ) , 5.05 (2H, s, - G H 2 0 - ) . Found : C, 70.48; H, 
8.25%. Galcd for G 1 3 H 1 8 0 3 : G, 70.24; H , 8.16%. 

3-Hydroxymethyl-2-isopropylanisole (16). A mixture of 
15 (2.544 g), l i thium aluminium hydride (434 mg), and dry 
ether (40 ml) was stirred at room temperature for 1.5 h, 
and then decomposed with aqueous ammonium chloride. 
T h e mixture was extracted with ether. T h e ether extract 
was washed with water, dried over sodium sulfate, and then 
evaporated to give an alcohol (16) (2.036 g: 9 9 % ) , which 
was used directly in the subsequent reaction. For micro­
analysis an aliquot of the crude product (157 mg) was purifi­
ed by column chromatography on silica gel (20 g) using 
ether-benzene (5 : 95) as the eluent to give the pure alcohol 
(147 mg) . I R : 3618, 3415 c m - 1 ; N M R : 1.30 (6H, d, J= 
1 Hz, - C H ( C H 3 ) 2 ) , 1.95 (1H, bs, - O H ) , 3.29 (1H, m, - G H -
(GH3)2) , 3.80 (3H, s, - O G H 3 ) , 4.51 (2H, s, - G H 2 0 - ) . 
Found : G, 73.45; H , 9.02%. Galcd for G n H 1 6 0 2 : G, 73.30; 
H , 8 .95%. 

3-Chloromethyl-2-isopropylanisole (17). A solution of 16 
(2.156 g) and thionyl chloride (1.7 ml) in dry ether (5.0 ml) 
was stirred at room temperature for 2 h, and then evaporated 
in vacuo. T h e residue was dissolved in dry benzene and the 
solution was evaporated in vacuo to afford 17 (2.278 g: 96%) 
which, without purification, was used in the next reaction. 
N M R : 1.36 (6H, d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 3.22 (1H, m, 
- G H ( G H 3 ) 2 ) , 3.82 (3H, s, - O G H 3 ) , 4.53 (2H, s, - G H 2 - ) . 

(2-Isopropyl-3-methoxybenzyl) triphenylphosphonium Chloride (8). 
A solution of 17 (2.595 g) and triphenylphosphine (3.444 g) 
in dry benzene ( 10 ml) was refluxed for 16 h. T h e precipi­
tates (8) (2.627 g, m p 239—241 °G) were filtered and washed 
with dry benzene. T h e filtrate was further refluxed for 
14 h to give an additional salt (2.299 g, m p 239—242 °G). 

(—) -6- (2-Isopropyl-3 - methoxystyryl) - 1,5,5 - trimethylcyclohexene 
(18). A solution of butylli thium in hexane ( 1 5 % ; 
4.5 ml) was added at room temperature to a stirred suspen­
sion of 8 (4.16 g) in dry benzene (25 ml) in a stream of nitro­
gen. T h e mixture was stirred at room temperature for 
1.5 h and a solution of (# ) - ( - ) -a -cyc loc i t ra l (7)10 'n> (860 
mg)* W D —710° ( E t O H ) , in dry benzene (5.0 ml) was 
added. After stirring at room temperature for 4 h, the 
reaction mixture was poured into a mixture of ice and aqueous 
ammonium chloride, and extracted with ether. T h e ether 
extract was washed with brine, dried over sodium sulfate, 
and then evaporated. T h e residue was tr i turated with 
hexane and the precipitated triphenylphosphine oxide was 
removed by filtration. T h e filtrate was evaporated and 
the residue was purified by column chromatography on 
silica gel ( 100 g) using hexane-benzene ( 9 : 1 ) as the eluent 
to give 18 (733 m g : 44%) as an oil. [ a ] D - 2 4 8 ° ; N M R : 

0.92 and 0.96 (each 3 H and s, - G ( G H 3 ) 2 ) , 1.30 (6H, d, J= 

7 Hz, - G H ( G H 3 ) 2 ) , 1.68 (3H, bs, =GCH 3 ) , 3.38 (1H, m, 

- G H ( G H 3 ) 2 ) , 3.80 (3H, s, - O G H 3 ) , 5.43 (1H, m, - C H = G - ) , 

5.63 (1H, dd, 7 = 9 and 15 Hz, - G H - C H = C H - ) , 6.68 (1H, 

d, J= 15 Hz, - G H - G H - G H - ) . Found : G, 84.72; H , 10.16%. 
Galcd for G 2 1 H 3 0 O: G, 84 .51 ; H , 10.13%. 

(—)-2-(2,6,6-Trimethyl-2-cyclohexenyl) -1 - (2-isopropyl-3-me-
thoxyphenyl) ethane (19). A suspension of 18 (1.550 g) 
and 5 % P d - G (700 mg) in ethanol (6.0 ml) was stirred at 
room temperature in an atmosphere of hydrogen. After 
pne mole equivalent of hydrogen ha,d been absorbed (ca. 

80 min) , the mixture was filtered. T h e filtrate was evaporat­
ed and the residue was purified by column chromatography 
on silica gel ( 150 g) using hexane and then hexane-benzene 
( 7 : 3 ) as the eluents to give the dihydro compound (19) 
(1.253 g: 80%) as an oil. [ a ] D - 9 9 . 7 ° ; N M R : 0.91 and 

1.01 (each 3H and s, -G(GH 3 ) 2 ) , 1.33 (6H, d, 7 = 7 Hz, 

- G H ( G H 3 ) 2 ) , 1.73 (3H, bs, =GGH3), 3.18 (1H, m, - G H -

(GH3)2) , 3.78 (3H, s, - O G H 3 ) , 5.29 (1H, m, - G H - G - ) . 
Found : G, 84.24; H , 10.79%. Galcd for G 2 1 H 3 2 0 : G, 
83.94; H , 10.73%. 

Intramolecular Cyclization of 19. Anhydrous aluminium 
chloride (450 mg) was added at 35 °G to a solution of 19 
(1.015 g) in dichloromethane (10 ml) . T h e reaction mixture 
was stirred at 35 °G for 20 min, poured into ice-water, and 
then extracted with ether. T h e ether extract was washed 
with water, dried over sodium sulfate, and evaporated to 
dryness. T h e crude product was chromatographed on silica 
gel (120 g) using hexane as the eluent to give the m-isomer 
(21) (305 m g : 3 0 % ) . [ a ] D - 4 4 . 3 ° (E tOH) ; N M R (GDG13) : 
0.41 (3H, s, G4 y 5-GH3), 0.94 (3H, s, G 4 a - G H 3 ) , 1.15 (3H, 
s, G 1 0 -GH 3 ) , 1.24 and 1.33 (each 3H, d, and 7 = 7 Hz, - G H -
(GH3)2) , 3.42 (1H, m, - G H ( G H 3 ) 2 ) , 3.79 (3H, s, - O G H 3 ) , 
6.70 and 7.13 (each 1H, d, and 7 = 9 Hz, G n - H and G 1 2 -H) . 
Found : G, 83.86; H , 10.74%. Galcd for G 2 1 H 3 2 0 : G, 
83.94; H , 10.73%. 

Fur ther elution gave the trans-isomer (20) (565 m g : 56%) , 
[ a ] D +23 .3° ( E t O H ) , which was recrystallized from ethanol 
to give pure totaryl methyl ether. M p 91—93 °G; [a ] D 

+ 40.6° (E tOH) [lit,6) m p 91—92 °G, [ a ] D + 4 2 ° ( E t O H ) ] ; 

N M R (GDG13): 0.94 (6H, s, -G(GH 3 ) 2 ) , 1.20 (3H, s, G1 0-
GH 3 ) , 1.31 (6H, d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 3.29 (1H, m, 
- G H ( G H 3 ) 2 ) , 3.77 (3H, s, - O G H 3 ) , 6.72 and 7.12 (each 
1H, d, and 7 = 9 Hz, G n - H and G 1 2 -H) . Found : G, 83.72; 
H , 10.80%. Galcd for G 2 1 H 3 2 0 : G, 83.94; H , 10.73%. 

( + )-Totarol (1). A mixture of 20 (45 mg) and 

boron tr ibromide (0.04 ml) in dichloromethane (1.5 ml) was 
stirred at 0—5 °G for 15 min and then at room temperature 
for 2 h. T h e reaction mixture was poured into ice-water 
and extracted with ether. T h e ether extract was washed 
with water, dried over sodium sulfate, and then evaporated 
to dryness. T h e crude product was purified by column 
chromatography on silica gel ( 10 g) using hexane-benzene 
(3 : 7) as the eluent to afford totarol (1) (38 mg : 88%) 
which was recrystallized from petroleum ether: m p 132— 
133 °G; [ a ] D +41 .5° (lit,13) m p 131—132 °G, [ a ] D + 4 2 ° ) ; 
I R : 3608, 3352 c m - 1 ; N M R (GDG13): 0.93 and 0.95 (each 

3H and s, -G(GH 3 ) 2 ) , 1.18 (3H, s, G 1 0 -GH 3 ) , 1.33 (6H, 
d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 4.50 (1H, bs, - O H ) , 6.49 and 
7.01 (each 1H, d, and 7 = 9 Hz, G n - H and G 1 2 -H) . Found: 
G, 83 .71 ; H , 10 .63%. Galcd for G 2 0 H 3 0 O: G, 83.86; H , 
10.56%. 

( + )-Totaryl Acetate (22). A solution of 1 (60 mg), 
acetic anhydride (0.2 ml) , and pyridine (0.8 ml) was heated 
at 75—80 °G for 2 h. After the usual work-up, the crude 
product was purified by column chromatography on silica 
gel (10 g) using hexane-benzene ( 1 : 1 ) as the eluent to 
give the acetate (22) (56 m g : 82%) which was recrystallized 
from ethanol : m p 122—124 °G (lit,6) m p 122—124 °G); 

[ a ] D + 4 6 . 0 ° ; I R : 1751 c m - 1 ; N M R : 0.95 (6H, s , -G(GH 3 ) 2 ) , 
1.20 (3H, s, G 1 0 -GH 3 ) , 1.21 and 1.24 (each 3H, d, and J= 
7 Hz, - G H ( G H 3 ) 2 ) , 2.21 (3H, s, - O G O G H 3 ) , 3.21 (1H, 
m, - G H ( G H 3 ) 2 ) , 6.65 and 7.05 (each 1H, d, and 7 = 9 Hz, 
G n - H and G 1 2 -H) . Found : G, 80.64; H , 9.89%. Galcd 
for C 2 2 H ? 2 0 2 : G, 80.44; H , 9 .83%. 
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The outstanding property of the Sn0 2 -Mo0 3 catalyst in the oxidation of propylene to acetone was confirm­
ed by tests of various oxide catalysts supported on pumice. The optimum composition was found to be SnOa-
70/MoO3-30 mol % for the oxidation at from 170 to 260 °G. It was also found that this pumice-supported catalyst 
is sufficiently selective for the acetone formation even at a high temperature of 260 °G, and that it gives a high 
yield of acetone while keeping its high selectivity. The selectivity increases up to 90 mol % with an increase in 
the partial pressure of water vapor and with a decrease in the oxygen partial pressure. On the basis of such in­
formation, it can be said that a high yield of acetone can be obtained by the divided introduction of oxygen. 

It has been shown that propylene can be oxidized 
to acetone in the presence of water vapor on molyb­
denum-containing catalysts,1-5) whereas the acetone 
yields attained in the previous works were limited 
because of low conversion at low temperatures or be­
cause of low selectivity at higher temperatures.2 - 5) 
Thus, further study is required to improve the acetone 
yield. 

Exper imenta l 

Catalysts. A number of mixed oxide catalysts were 
prepared by the procedures described in previous papers.6-8) 
That is, an aqueous solution or slurry containing the required 
quantity of metal compounds was mixed with 10—20 mesh 
pumice in a fixed ratio of one g-atom metal per 500 ml of 
pumice (in apparent volume), followed by evaporation to 
dryness with vigorous stirring and calcination in a stream 
of air at 500 °G for 4—5 h. 

Procedures. The catalytic reactions were carried out 
in a conventional continuous-flow system. The reactor was 
made of a steel tube coated with aluminum, 50 cm in 
length and 1.8cmi.d., which was mounted vertically and 
immersed in a lead bath. The reactant gas was fed from the 
top of the reactor, with water or isopropyl alcohol (IPA) 
being introduced into a preheater section by means of an 
injection syringe pump. 

The amount of catalyst in the propylene oxidation was 
20, 30, or 40 g, and the feed rates of the reactants in a standard 
run were as follows: propylene-20/air-20/water vapor-76 
ml (volume at 25 °G)/min. The effluent gas from the reactor 
was led successively into three chilled water-scrubbers to 
recover the water-soluble compounds. At the end of a 
1-h run, the contents of the scrubbers (about 50 ml) were 
collected and analyzed by gas chromatography. The inlet 
and exit gases were intermittently analyzed. 

The reaction of IPA was carried out at a fixed concentra­
tion of IPA (1.65 mol% in air) and a fixed total flow rate 
(1.5 1/min), changing the amount of catalyst in the range 
from 5 to 20 g. 

R e s u l t s and D i s c u s s i o n 

Catalyst Screening. Acetone-forming Activities of 
Various Composite Oxide Catalysts: I t seems apparent 
from the previous studies8-11) that the propylene 
oxidation to acetone proceeds through an alcoholic 
intermediate, requiring two different functions for 
the catalyst: the hydration of olefin and the oxidative 
dehydrogenation of the alcoholic intermediate. It 
can, accordingly, be expected that information regard­

ing the two functions will be helpful in the exploration 
of an effective catalyst. Since the hydration activity 
may be expected to run parallel with the activity for 
the dehydration of IPA, the catalytic activity for the 
dehydration and dehydrogenation of IPA in the pres­
ence of an excess of air would be relevant as measures 
of the two functions. 

Since the first function is generally accepted to be 
associated with acid catalysts, various binary or ter­
nary mixed oxide catalysts of an acidic property were 
tested for the ability to form acetone from propylene. 
The amount of catalyst used was 20 g, and the standard 
feed rates of the reactants were adopted. The results 
are summarized in Tables 1 and 2. 

Another series of experiments were carried out with 
each catalyst using a mixture of IPA and air as the 
reactant. The rates of IPA dehydration, rp, and de­
hydrogenation, ra (mol/h-g-catalyst), were measured 
at 175 °C. They are also shown in Tables 1 and 2. 

The results in Tables 1 and 2 may be summarized 
as follows. 

(i) Acetone is obtained, more or less, with every 
V 2 0 5 - or Mo0 3 -conta ining catalyst, at least at a 
low temperature. The acetone yields is likely to 
increase with an increase in rp, which can be regarded 
as a measure of the acidity.6-8) 

(ii) Although it gives a strikingly high value of 
rp, W 0 3 - P 2 0 5 does not convert IPA to acetone; 
thus, it is inactive for the propylene oxidation to actone. 

(iii) The S n 0 2 - M o 0 3 catalyst gives a strikingly 
high yield of acetone. It should be noted that both 
rp and ra are larger on this catalyst than on other 
catalysts. It is also notable that the high selectivity 
to acetone is retained at temperatures as high as 220 
°C. 

(iv) The Sn-60/V-40 is the second best catalyst. 
Effect of the Sn02-Mo03 Composition on the Yield of 

Acetone: Five S n 0 2 - M o 0 3 catalysts of different 
compositions were tested for the yield of acetone as 
well as for rp and ra, where the feed rate of air was 
twice as large as in the standard condition. The 
yields of acetone at 175, 190, 210, and 240 °G are 
plotted in Fig. 1, together with the values of rp and 
ra obtained at 140 °C. 

Although the highest yield of acetone is obtained 
at around 30 atom % Mo at each temperature, it is 
noticeable that the effect of the temperature increase 
on the acetone yield is more marked with the catalysts 



May, 1979] Propylene Oxidation to Acetone 1455 

TABLE 1. OXIDATION OF PROPYLENE TO ACETONE USING VARIOUS MOO»-BASED CATALYSTS'1) 

Catalyst 
(atomic ratio) 

M o - P (9-1) 

M o - S (9-1) 

M o - W (8-2) 

(2-8) 

M o - U (8-2) 

(2-8) 

M o - T i (5-5) 

M o - T i - P (5-5-1) 

Mo-Sn (3-7) 

Mo-Fe (2-8) 

Mo-Bi (8-2) 

M o - B i - P (9-1-2) 

Reactions 
for IPA 

at 175 °Cb> 

rv 

10.6 

12.0 

0 . 8 

25 .0 

3 .4 

8 .8 

36 .0 

32 .0 

217.0 

42 .0 

4 . 6 

15.0 

»a 

1.2 

0 .5 

1.2 

8 .4 

1.0 

0 .5 

5 .8 

3 .2 

205 

22 .0 

0 . 9 

0 .1 

T e m p 
(°G) 

330 

320 

320 

293 

369 

300 

248 
290 

250 
292 

182 
219 

235 
290 

330 

330 

Oxidation 

Acetone 

0 .6 

0 .83 

0.91 

3.21 

1.94 

0 .15 

2 .12 
4 .42 

1.8 
2 .66 

19.2 
24 .5 

3 .0 
2 .25 

1.23 

2 .20 

of propylene 

Conversion 

(Selec­
tivity) c> 

(37) 
(35) 

(50) 

(66) 

(39) 

( 7) 
(72) 
(52) 

(69) 
(41) 

(90) 
(87) 

(59) 
(22) 

(44) 

(46) 

(%) of propylene to 

Acidd> 
(X2/3) 

0 .25 

0 . 5 

0 .1 

0 . 3 

0 . 8 

0 . 3 

0 .3 
1.3 

0 .2 
0 . 8 

0 . 8 
1.0 

0 .9 
2 .5 

0 .5 

1.2 

co+co2 

( X l / 3 ) 

0 . 9 
1.0 

0 . 8 

1.4 

2 .1 

1.8 

0 .5 
2 . 8 

0 . 6 
3 .0 

1.4 
2 .5 

1.2 
5 .5 

1.1 

1.4 

Totale> 

1.8 

2 . 4 

1.8 

4 . 9 

4 . 9 

2 . 3 

2 . 9 
8 .5 

2 . 6 
6 . 4 

2 1 . 4 
28 .0 

5 .1 
10.3 

2 . 8 

4 . 8 

a) Feed rates = propylene-20/air-20/water vapor-76 
= 1.65 mol % in air. c) 100x (acetone)/(total). 
and C0 2 . 

ml/min, amount of catalyst used = 
d) Calculated as acetic acid, e) 

= 20 g. b) IPA concentration 
Sum of acetone, acid, CO, 

TABLE 2. OXIDATION OF PROPYLENE TO ACETONE USING VARIOUS V20=- AND WO,-BASED CATALYSTS'1) 

Catalyst 
(atomic ratio) 

V - M o (85-15) 

V - W (8-2) 

(2-8) 

V - T i (8-2) 

(1-9) 

V-Sn (4-6) 

(1-9) 

W - P (9-1) 

Reactions 
for IPA 

at 175 °Cb) 

rp r& 

39 .0 

4 7 . 0 

5 .0 

37 .0 

2 . 4 

80 .0 

2 .0 

about 
400 .0 

7 .8 

14.0 

2 . 5 

36 .0 

45 .0 

52 .0 

105.0 

0 .0 

T e m p 
(°C) 

214 
242 

198 
214 

209 
234 

187 
220 

176 
187 
209 
234 

220 

300 

Acetone 

2 .14 
2 .40 

5.20 
4 . 2 8 

1.20 
1.04 

0 .27 
0 .87 

4 . 3 
6 .36 

10.0 
8 .86 

0 .90 

trace 

Oxidat ion of 

Conversion 

(Selec­
tivity) c> 

(60) 
(38) 

(53) 
(49) 

(32) 
(15) 

(20) 
(35) 

(72) 
(69) 
(70) 
(58) 

(13) 

(0) 

propylene 

(%) of propylene to 

Acidd> 
(X2/3) 

1.1 
1.9 

2 . 9 
1.1 

1.7 
1.2 

0 . 9 
0 . 6 

1.2 
1.7 
1.4 
2 . 4 

1.8 

trace 

co+co2 
( X l / 3 ) 

0 . 3 
2 . 0 

1.8 
3 .4 

0 . 8 
4 . 8 

0 .2 
1.0 

0 .5 
1.2 
2 . 9 
4 . 0 

4 . 2 

0 .5 

Total e) 

3 .5 
6 .3 

9 .9 
8 .8 

3 .7 
7 .0 

1.4 
2 . 4 

6 .0 
9 .3 

14.3 
15.2 

6 .9 

0 .5 

a) Feed rates = propylene-20/air-20/water vapor-76 ml/min, amount of catalyst used = 20 g. b) IPA concentration 
= 1.65 mol % in air. c) 100x (acetone)/(total), d) Calculated as acetic acid, e) Sum of acetone, acid, CO, 
and CO„. 

with a lower Mo content, suggesting that the rate-
limiting step may be different depending on the Mo 
content. In fact, rp is much larger than ra on the 4 0 % 
Mo catalyst, while ra is much larger than rp on the 
20 % Mo catalyst. If rp and ra represent the two func­
tions required, the rate-limiting step on the 4 0 % 
Mo catalyst would be the oxidation of the alcoholic 
intermediate. The less extensive effect of the tem­
perature would be reasonable, because the equilibrium 

concentration of the alcoholic intermediate should 
decrease with an increase in the temperature. O n 
the other hand, the rate-limiting step on the 2 0 % 
Mo catalyst would be the hydration to form the alco­
holic intermediate; this is in agreement with the more 
marked effect of the temperature. Thus, rv and ra 

can be regarded as parameters for the two functions. 
Effect of the Third Components Added to Sn-70jMo-30: 

T h e effect of the third component to improve the ace-
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ö o 
V 
o 
a 

13 

o 

X 

13 
Ö 
d 

o 

a 
<+H 

o 
13 

0.1 0.2 0.3 0Â 0.5 
Atomic ratio Mo/(Sn + Mo) 

Fig. 1. Effect of Sn0 2~Mo0 3 composition on the yield 
of acetone and the values of rp and ra. 
Oxydation of propylene; catalyst used=20 g, feed 
rates=propylene-20/air-40/water vapor-76 ml/min (at 
25 °G). rp and ra; dehydration and dehydrogenation 
rates of IPA at 140 °G and 1.65 mol % IPA in air. 

tone yield was tested with P 2 0 5 , S 0 3 , V 2 0 5 , U 3 0 8 , 
T i 0 2 , A1203 , F e 2 0 3 , and S i 0 2 by adding 2—10 a t o m % 
to Sn-70/Mo-30, whereas none of then showed any 
improvement. 

Effect of the Reaction Conditions on the Yield of Acetone. 
Since the Sn-70/Mo-30 catalyst proved to be the best, 
the effect of the reaction conditions were investigated 
on this catalyst. 

Effect of the Reaction Temperature: The effects of 
the reaction temperature on the selectivity to acetone 
and on the yield were tested using different amounts 
of the catalyst. T h e results are shown in Figs. 2 and 
3. At the acetone yield of around 35 mo l%, almost 
all of the oxygen fed in was consumed. 

T h e results may be summarized as follows: 
(i) The yield of acetone increases with an increase 

in the temperature up to about 260 °G provided the 
oxygen is not completely consumed. 

(ii) T h e selectivity largely depends on the conver­
sion of propylene (Fig. 3), the effect of the temperature 
being less marked. 

Effect of the Feed Rate of Oxygen and Nitrogen: Two 
series of runs were performed, changing the feed rate 
of oxygen or nitrogen. The results are shown in Table 
3. Except for R u n 56, the conversion of oxygen 
was very close to 100%, so that the total conversion of 
propylene increased with the flow rate of oxygen. 

T h e results in Table 3 may be summarized as fol­
lows: 

(i) The selectivity to acetone decreased as the inlet 
oxygen concentration increases, so that there is an 
opt imum value in the oxygen-flow rate to give the 
highest yield of acetone for a fixed flow rate of propy­
lene. An acetone yield of 43 mol % was achieved 
with a selectivity of 78 mol %. 

(ii) T h e selectivity to acetone can be improved 

>H 10h 

200 220 240 

Reaction temperature (°G) 

Fig. 2. Effect of reaction temperature on the yield of 
acetone. Feed rates; propylene-20/oxygen-15/nitro-
gen-24/water vapor-104 ml/min (at 25 °G), amount of 
catalyst used; (O)=20g , (0) = 15g, (# ) = 10g. 

9 0 

60J 

wConv = 18-19*/. 

Conv = 28-30 % 

200 220 240 260 

Reaction temperature (°G) 

Fig. 3. Effects of reaction temperature and propylene 
conversion on the selectivity to acetone. Reaction 
conditions and notations are the same as in Fig. 2. 

by dilution with nitrogen, suggesting a suppression 
of complete oxidation in the presence of nitrogen. 

Effect of the Feed Rate of Water Vapor: The acetone-
synthesis runs were carried out at different concentra­
tions of water vapor. The results, shown in Table 4, 
indicate that the selectivity increases markedly with 
an increase in the water-vapor pressure. In the ab­
sence of water vapor, the catalytic activity was seriously 
impaired by the deposit of nonvolatile materials, while 
the catalyst was easily regenerated by air treatment 
at 500 °G. This suggests that the water vapor serves 
to prevent catalyst poisoning as well as to suppress 
complete oxidation. 
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T A B L E 3. EFFECTS OF FEED RATES OF OXYGEN AND NITROGEN ON THE YIELD OF ACETONE*) 

1457 

Run 
No. 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

QjH6 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

Feed 
(m 

HaO 

76 

76 

76 

76 

76 

76 

76 

76 

76 

76 

76 

rates of 
l/min) 

N2 

38 

36 

20 

40 

20 

40 

20 

0 

0 

0 

0 

o2 

2 

4 

10 

10 

17 

17 

40 

3 

5 

10 

17 

, 
Acetone 

15.6 

26.1 

36.4 

37.8 

43.7 

40.2 
34.6 

21.1 

29.6 

33.6 

40.0 

Conversion 

(Selec­
tivity)0) 

(92) 

(88) 

(89) 

(86) 

(78) 

(83) 

(35) 

(89) 

(87) 

(78) 

(75) 

(%) of propylene to 
~ 

Acidc) 
(X2/3) 

0.6 

1.4 

2.7 

2.3 

4.2 

3.1 
8.6 

0.8 

1.7 

2.2 

3.0 

co+co2 
(X1/3) 

0.7 

1.7 

1.7 

3.7 

7.8 

5.6 

55.0 

1.7 

2.8 

7.3 

10.1 

s 

Totald> 

16.9 

29.2 

40.8 

43.8 

55.7 

48.9 

98.2 

23.6 

34.1 

43.1 

53.1 

a) Catalyst = SnO2-70/MoO3-30, amount of catalyst u s e d = 4 0 g , temperature = 215 °C. b) 100 X (acetone)/(total), 
c) Calculated as acetic acid, d) Sum of acetone, acid, C O , and C 0 2 . 

T A B L E 4. E F F E C T OF FEED RATE OF WATER VAPOR ON THE YIELD OF ACETONE5) 

Run 
No. 

62 

63 

64 

65 

66 

67 

68 

69 

G3H6 

20 

20 

20 

20 

20 

20 

20 

20 

Feed 
(m. 

H 2 0 

0 

20 

76 

150 

152 

152 

152 

152 

rates of 
I/min) 

N2 

20 

20 

20 

20 

16 

32 
20 

20 

o2 

10 

10 

10 

10 

4 

8 

17 

40 

Acetone 

12.2 

22.0 

36.4 

47.0 

27.7 

44.0 

46.5 

53.5 

Conversion 

(Selec­
tivity)0) 

(66) 

(79) 

(84) 

(86) 

(92) 

(87) 

(75) 

(66) 

(%) of ] 

Acidc) 
(X2/3) 

0.4 

1.9 

2.7 

2.7 

1.0 

2.5 
3.8 

6.9 

propylene to 

co+co2 
(X1/3) 

5.8 

4.0 

4.5 

5.2 

1.6 

4.1 

11.3 

20.0 

Totale 

18.4 

27.9 

43.6 

54.9 

30.3 

50.6 
61.6 

80.4 

a) Catalyst = SnO2-70/MoO3-30, amount of catalyst used = 40 g, temperature = 215 °C. 
c) Calculated as acetic acid, d) Sum of acetone, acid, C O , and C O a . 

b) 100 x (acetone) / (total). 

T A B L E 5. OXIDATION OF PROPYLENE BY DIVIDED INTRODUCTION OF OXYGEN8) 

Reactor 

Temp 
(°G) 

197 

218 

194 

216 

1 

Feed of air 
(ml/min) 

Without 

Reactor 

193 
194 

203 

220 
220 

220 

20 

20 

40 

40 

1 

40 
20 
20 

20 

40 

40 

Reactor 

Temp 
(°C) 

Fa 

2 

ed of air 
(ml/min) 

Without 

Reactor 

220 

220 

210 

210 
210 

215 

215 

218 o2 

2 

20 

40 

0 

20 

20 

20 

20 

,= 10 

y 

24.5 

26.8 

23.3 

33.0 

23.3 

25.7 

31.0 

35.7 

42.5 

43.5 

48.0 

49.5 

Conversion 

(Selec­
tivity) b> 

(90) 

(90) 

(90) 

(83) 

(85) 

(85) 

(86) 

(88) 

(88) 

(87) 

(85) 

(84) 

(%) of 

Acidc) 
(X2/3) 

1.2 
1.1 

1.4 

2.7 

2.4 

2.0 

2.5 

2.4 

2.6 

2.6 

3.2 

4.0 

propylene to 

co+co2 
(xl/3) 

1.6 

1.9 

1.3 

4.1 

1.9 

2.8 

2.7 

2.5 

3.2 

3.6 

4.9 

5.6 

Totald) 

27.3 

29.8 

26.0 

39.8 

27.6 

30.5 

36.2 
40.6 

48.3 

49.7 

56.1 

59.1 

a) Catalyst = SnO 2-70/MoO 3-30, amount of catalyst used = 20 g (Reactor 1) and 20 g (Reactor 2), feed rate of 
propylene = 20 ml/min, feed rate of water vapor for each reactor = 76 ml/min. b) 100 X (acetone)/ (total), c) 
Calculated as acetic acid, d) Sum of acetone, acid, CO ? and C O a . 
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Improvement of the Acetone Yield. Although a 
high selectivity to acetone can be obtained by lowering 
the concentration of oxygen, the yield is limited by 
the oxygen feed. Thus, the reaction was performed 
successively in two reactor, with additional air or 
oxygen supplied to the second reactor. As is shown 
in Table 5, the yield is markedly improved by such 
a divided introduction of oxygen, while retaining the 
high selectivity. In this way, an acetone yield of 
48—50 mol % is achieved with a selectivity of about 
85 mol %. Although a retardation of acetone forma­
tion by product acetone was previously reported12), 
the above result shows that the retardation by acetone 
is not strong. 

Conclus ion 

The selective oxidation of propylene to acetone 
can be performed on S n 0 2 - M o 0 3 / p u m i c e , particularly 
with a composition of 3 0 % M o ; a high water partial 
pressure and a low oxygen partial pressure are requi­
sites in improving the acetone yield. The superior 
performance of the S n 0 2 - M o 0 3 catalyst is under­
stood in terms of two functions : the hydration of pro­

pylene and the oxidative dehydrogenation of I PA. 
When the Mo content is varied, both functions, indi­
cated by rp and ra, attain maxima at around 20 to 
3 0 % Mo, thus giving rise to an optimum composition 
of 3 0 % Mo. 
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The Total Synthesis of ( + )-Taxoquinone, ( — )-7a-Acetoxyroyleanone, 
( — )-Dehydroroyleanone, ( — )-Horminone, ( — )-7-Oxoroyleanone, 

and ( + )-Inuroyleanol 
Takashi MATSUMOTO* and Shogo H A R A D A 

Department of Chemistry, Faculty of Science, Hiroshima University, 
Higashisenda-machi, Hiroshima 730 
(Received September 4, 1978) 

Methylation of 12-benzoyloxyabieta-8,l 1,13-trien-l l-ol with methyl iodide afforded 1 l-benzoyloxy-12-
methoxyabieta- and 12-benzoyloxy-ll-methoxyabieta-8,ll,13-triene (9). Oxidation of the latter product with 
chromium trioxide, followed by sodium borohydride reduction and acetylation, gave 7/?-acetoxy-12-benzoyloxy-
ll-methoxyabieta-8,ll,13-triene (17) and its 7a-acetoxy isomer (18) in a ratio of ca. 5 : 1. On the other hand, 
treatment of 9 with lead tetraacetate produced 17 and 18 in a ratio of ca. 1 : 2. The 7/?-acetate (17) was then 
oxidized with chromium trioxide and the resulting />-quinone derivative was hydrolyzed with aqueous sodium 
hydroxide to give taxoquinone (1), which on dehydration gave dehydroroyleanone. Similarly, the 7a-acetate 
(18) was converted into horminone (4) via the />-quinone derivative, which was treated with aqueous sodium 
hydrogencarbonate to give 7a-acetoxyroyleanone. Oxidation of 4 with manganese dioxide afforded 7-oxoroy-
leanone. Methylation of 1 with diazomethane, followed by oxidation with a chromium trioxide-pyridine com­
plex, afforded 12-methoxyabieta-8,12-diene-7,ll,14-trione, which on reduction with sodium dithionite gave inu-
royleanol. 

There have been reports on the isolation and struc­
tural elucidation of many naturally-occurring highly-
oxygenated tricyclic diterpenes possessing an oxygen 
function at the C-11 position. In previous papers,1 '2) 
we reported the successful oxidation of the G-11 posi­
tion in the tricyclic G ring-aromatized diterpenes 
with benzoyl peroxide. As an extension of that work, 
our efforts were further directed toward the syntheses 
of highly-oxygenated tricyclic diterpenes possessing 
an abietane skeleton. This paper3) describes the 
syntheses of ( + )-taxoquinone (l),4 '5) ( —)-7a-acetoxy-
royleanone (2),6,7) ( — )-dehydroroyleanone (3),5>M>9) 
(—)-horminone (4),5'10) ( —)-7-oxoroyleanone (5),5>7) 
and (-j-)-inuroyleanol (6),7) all starting from ( + )-
ferruginol (7). Since the total synthesis of optically 
active ferruginol11) has recently been accomplished 
in our laboratory, the present work constitutes the 
total syntheses of all the above natural diterpenes 

The oxidation of ferruginol (7) with benzoyl peroxide 

OH OH OH 

2 R=Ac 3 
4 R=H 

in chloroform afforded 12-benzoyloxyabieta-8,l 1,13-
trien-11 -ol (8)2) which was methylated with methyl 
iodide and anhydrous potassium carbonate in reflux-
ing ethyl methyl ketone to give the two nionomethyl 
ethers, 9 and 10, in a ratio of ca. 3 : 2 . In order to 
elucidate the structures of these two products, the 
minor product (10) was reduced with lithium alu­
minium hydride in ether to yield a phenol (11) which 
responded positively to the Gibbs test,12) suggesting the 
presence of an aromatic proton para to a phenolic 
hydroxyl group. Therefore, the structure of 10 was 
determined as 1 l-benzoyloxy-12-methoxyabieta-8,11,13-
triene.13) This structure was further confirmed by 
the following conversion. The oxidation of 10 with 
chromium trioxide in acetic acid produced the cor­
responding 7-oxo compound (12), which on alkaline 
hydrolysis gave cryptojaponol (13).2>14) The major 
product (9) was then hydrolyzed with aqueous sodium 
hydroxide in refluxing methanol to give another phenol 
(14) which, in contrast with 11, showed a negative 
Gibbs test,12) suggesting the presence of a substituent 
para to a phenolic hydroxyl group. Therefore, the 
structure of 9 was assigned as 12-benzoyloxy-11-
methoxyabieta-8,l l ,13-triene. The compound 9 was 
also oxidized with chromium trioxide in acetic acid 
to give the corresponding 7-oxo compound (15) 
together with the jö-benzoquinone derivative, which 
was identical with 12-benzoyloxyabieta-8,12-diene-
11,14-dione (16)2) prepared from 8 by oxidation with 
m-chloroperbenzoic acid. The reduction of 15 with 
sodium borohydride in methanol at 0 °G followed by 
acetylation of the resulting mixture of epimeric alcohols 
with acetic anhydride in pyridine at room temperature 
produced a mixture of 7/?-acetoxy-12-benzoyloxy-
1 l~methoxyabieta-8,ll,13-triene (17) and its 7a-
acetoxy isomer (18) in a ratio of ca. 5 : 1. The stereo­
chemistry of the acetoxyl group was established on the 
basis of the G-7 proton signals with half-height width 
of 15 Hz at ô 5.93 ppm in 17 and 5 Hz at ô 5.86 ppm 
in 18 in their N M R spectra. This reaction procedure 
leading to the 7-acetoxy compounds (17 and 18) is 
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suitable for the synthesis of taxoquinone (1) possessing 
a 7/?-hydroxyl group. However, for the syntheses 
of 7a-acetoxyroyleanone (2) and horminone (4) it is 
necessary to prepare 18 predominantly. For this 
purpose, the direct acetoxylation on the G-7 position 
in 9 was carried out with lead tetraacetate in refluxing 
acetic acid in a stream of nitrogen. The chromato­
graphic purification of the crude porduct on silica 
gel afforded a mixture of 17 and 18 in a ratio of ca. 
1 : 2. The 7/9-acetate (17) was then oxidized with 
chromium trioxide in acetic acid at room temperature 
to yield Iß - acetoxy - 12 - benzoyloxyabieta - 8,12 - diene-
11,14-dione (19) along with the 7-oxo compound 
(15). The hydrolysis of 19 with aqueous sodium 
hydroxide in refluxing methanol, followed by treatment 
with dilute hydrochloric acid, afforded taxoquinone 
(1). This was dehydrated5) with jb-toluenesulfonic 
acid in refluxing benzene to give dehydroroyleanone 
(3) and also methylated5) with diazomethane to give 
Iß - hydroxy - 12 - methoxyabieta - 8,12 - diene -11,14-dione 
(20). Similarly, the 7a-acetate (18) was oxidized with 
chromium trioxide in acetic acid to give 7a-acetoxy-
12-benzoyloxyabieta-8,12-diene-11,14-dione (21) along 
with the 7-oxo compound (15). The treatment of 21 
first with aqueous sodium hydroxide in refluxing 
methanol, followed with dilute hydrochloric acid, 
produced horminone (4) which on oxidation5) with 
manganese dioxide in dioxane afforded 7-oxoroyle-
anone (5). O n the other hand, when 21 was hydro-
lyzed with aqueous sodium hydrogencarbonate in re­
fluxing methanol, 7a-acetoxyroyleanone (2) was ob­
tained. The hydroxyquinone (20) was then oxidized 
with a chromium trioxide-pyridine complex to give 
12-methoxyabieta-8,12-diene-7,ll,14-trione (22), which 
was reduced at 95 °C with sodium dithionite in 
acetic acid to afford inuroyleanol (6). 

8 R=H, R'-COPh 12 R=C0Ph,R-Me 16 R=H 
9 R=Me,R=C0Ph 13 R=H, R'=Me 19 R = £-0Ac 

10 R=C0Ph,R'=Me 15 R=Me, R'=C0Ph 21 R=ot-OAc 
11 R=H,R'=Me 
14 R=Me, R'=H 

17 R=|8-0Ac 20 22 
18 R=«-0Ac 

Exper imenta l 

All melting points are uncorrected. The IR and UV 
spectra were taken in chloroform and ethanol, respectively. 

The NMR spectra were obtained in carbon tetrachloride 
at 60 MHz with tetramethylsilane as an internal standard, 
unless otherwise stated. The chemical shifts are presented 
in terms of ô values ; s : singlet, d : doublet, bd : broad doublet, 
dd: double doublet, t: triplet, m: multiplet. The optical 
rotations were measured in chloroform using a Yanaco 
OR-50D. Column chromatography was performed using 
Merck silica gel (0.063 mm). 

Methylation of 12-Benzoyloxyabieta-8,11,13-trien-ll-ol (8). 
A mixture of 82>(10.00g), methyl iodide (16.0 ml), and 
anhydrous potassium carbonate (40.0 g) in ethyl methyl 
ketone (50 ml) was refluxed for 8 h. The mixture was cooled 
to room temperature, poured into water, and extracted with 
ether. The ether extract was washed with brine, dried over 
sodium sulfate, and then evaporated in vacuo. The residue 
was chromatographed on silica gel (300 g) using benzene 
as the eluent to give 12-benzoyloxy-ll-methoxyabieta-
8,11,13-triene (9) (6.25 g : 60%) which was recrystallized 
from ether-methanol: mp 125—126 °G; [a]D+76.4°; IR: 

1735 cm-1; NMR: 0.95 (6H, s, -C(CH3)2), 1.15 and 1.17 
(each 3H, d, and 7 = 7 Hz, -CH(CH3)2), 1.30 (3H, s, G10-
GH3), 3.68 (3H, s, -OGH3), 6.67 (1H, s, C14-H), 7.3—8.3 
(5H, m, aromatic protons). Found: G, 80.03; H, 8.45%. 
Calcd for C28H3603: G, 79.96; H, 8.63%. 

Further elution gave ll-benzoyloxy-12-methoxyabieta-
8,11,13-triene (10) (3.95 g : 38%) which was recrystallized 
from chloroform-acetone: mp 183.5—184.5 °G; [a]D+76.5°; 

IR: 1735 cm-1; NMR: 0.91 and 0.96 (each 3H and s, - C -
(GH3)2), 1.22 (6H, d, 7 = 7 Hz, -CH(CH3)2), 1.39 (3H, 
s, G10-GH3), 3.52 and 3.57 (each ca. 1.5 H and s, -OCH3),

15> 
6.74 (1H, s, C14-H), 7.3—8.4 (5H, m, aromatic protons). 
Found: C, 80.24; H, 8.55%. Calcd for C28H3603: C, 79.96; 
H, 8.63%. 

12-Methoxyabieta-8,11,l3-trien-11-ol (11). A mixture 
of 10 (208 mg) and lithium aluminium hydride (300 mg) 
in dry ether (15 ml) was refluxed for 2 h. The mixture 
was poured into ice-dilute hydrochloric acid and extracted 
with ether. The ether extract was washed with water, 
dried over sodium sulfate, and then evaporated in vacuo. 
The residue was chromatographed on silica gel (15 g) using 
benzene as the eluent to give 11 (126 mg: 80%) which re­
sponded positively to the Gibbs test.12) Mp 94—94.5 °C (from 
methanol); [oc]D+67.2°; IR: 3510cm-1; NMR : 0.94(6H, 

s, -C(CH3)2), 1.18 (6H, d, 7 = 7 Hz, -CH(CH3)2), 1.28 
(3H, s, C10-GH3), 3.70 (3H, s, -OCH3) , 5.79 (1H, s, C n -OH) , 
6.25 (1H, s, C14-H). Found: G, 79.92; H, 10.21%. Calcd 
for G21H3202: C, 79.70; H, 10.19%. 

11 -Benzoyloxy-12-methoxyabieta-8,11,13-trien-l-one (12). 
A mixture of 10 (2.00 g) and chromium trioxide (2.00 g) in 
acetic acid (60 ml) was allowed to stand at room tempera­
ture for 24 h. The mixture was poured into ether-aqueous 
sodium hydrogencarbonate and extracted with ether. The 
ether extract was washed with brine, dried over sodium 
sulfate, and then evaporated in vacuo. The crude product 
was chromatographed on silica gel (200 g) using ether-benzene 
(5 :95) as the eluent to give 1214) (1.24 g: 60%) which 
was recrystallized from chlroroform-ether : mp 197—198 °C; 
[a]D+68.9°; IR: 1739, 1676cm-1; NMR: 0.97 (6H, s, 

-C(CH3)2), 1.25(3H, s, G10-CH3), 1.26 and 1.39 (each 3H, 
d, and 7 = 7 Hz, -GH(CH3)2), 2.56 (2H, bd, 7 = 7 Hz, 
-CH 2CO-), 3.61 and 3.65 (each ca. 1.5 H and s, -OCH3),

14> 
7.85 (1H, s, C14-H), 7.3—8.3 (5H, m, aromatic protons). 
Found: G, 77.10; H, 7.85%. Calcd for G28H3404: C, 77.39; 
H, 7.89%. 

Cryptojaponol (13). A mixture of 12 (600 mg) and 
10% aqueous sodium hydroxide (5.0 ml) in methanol (35 ml) 
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was refluxed for 1 h and then evaporated in vacuo. The 
residue was acidified with dilute hydrochloric acid and 
extracted with ether. T h e ether extract was washed succes­
sively with water, aqueous sodium hydrogencarbonate , 
and brine. T h e dried solution was then evaporated in 
vacuo to afford a solid which was recrystallized from methanol , 
giving 13 (180 mg), m p 205—207 °G. Found : G, 76.21; 
H , 9 .08%. Galcd for G 2 1 H 3 0 O 3 : G, 76.32; H, 9 .15%. T h e 
mother liquor of crystallization was evaporated in vacuo 
and the residue was chromatographed on silica gel (20 g) 
using ether-benzene (1 : 99) as the eluent to give an addi­
tional 13 (106 mg) . T h e I R and N M R spectra of 13 were 
identical with those of authentic cryptojaponol.2) 

7 7-Methoxyabieta-8,71,73-trien-72-ol (14). A mixture 
of 9 (171 mg) and 10% aqueous sodium hydroxide (1.5 ml) 
in methanol ( 10 ml) was refluxed for 1 h. After the same 
work-up as described for the preparat ion of 13, the crude 
product was chromatographed on silica gel (15 g) using 
benzene as the eluent to give 14 (124 m g : 80%) which re­
sponded negatively to the Gibbs test.12) M p 114.5—115 °G 
(from methanol ) ; [ a ] D + 6 7 . 5 ° ; I R : 3545, 3 3 4 0 c m " 1 ; N M R : 

0.95 (6H, s, - G ( G H , ) 2 ) , 1.20 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 
1.28 (3H, s, G 1 0 -GH 3 ) , 3.74 (3H, s, - O G H 3 ) , 5.18 (1H, s, 
G 1 2 -OH) , 6.48 (1H, s, G 1 4 -H) . Found : G, 79.98; H, 10 .21%. 
Galcd for G 2 1 H 3 2 0 2 : G, 79.70; H , 10.19%. 

Oxidation of 9 with Chromium Trioxide. Chromium 
trioxide (6.0 g) was added to a stirred solution of 9 (5.959 g) 
in acetic acid (80 ml) over a 1 h period. T h e mixture 
was further stirred at room temperature for 5 h and then 
allowed to stand for 18 h. T h e mixture was poured into 
water and extracted with ether. The ether extract was 
washed successively with water, aqueous sodium hydrogen-
carbonate, and brine. After drying over sodium sulfate, 
the solvent was evaporated in vacuo and the residue was 
chromatographed on silica gel (300 g) using benzene as the 
eluent to give 12-benzoyloxyabieta-8,12-diene-l 1,14-dione 
(16) (1.630 g : 27%) which was recrystallized from ethanol: 
m p 196—197 °G. Found: G, 76.97; H, 7.89%. Galcd for 
G 2 7 H 3 2 0 4 : G, 77.11; H, 7.67%. T h e I R and N M R spectra 
of 16 were identical with those of authentic royleanone 
benzoate.2) Further elution with ether-benzene ( 1 : 9 ) 
afforded 12-benzoyloxy-11 -methoxyabieta-8,11,13-trien-7-one 
(15) (2.731 g: 44%) which was recrystallized from metha­
nol: m p 163—163.5 °G; [ a ] D + 3 8 . 0 ° ; I R : 1740, 1678, 

1600 cm- 1 ; N M R : 0.99 (6H, s, - C ( C H 3 ) 2 ) , 1.22 and 1.27 
(each 3H, d, and 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 1.40 (3H, s, G1 0-
GH3) , 3.70(3H, s, - O G H 3 ) , 7.76 (1H, s, G 1 4 -H) , 7.3—8.4 
(5H, m, aromatic protons). Found : G, 77.57; H , 7 .83%. 
Galcd for G 2 8 H 3 4 0 4 : G, 77.39; H, 7.89%. 

7 ß-Acetoxy-12-benzoyloxy-71'-methoxyabieta-8', 77,73-triene (17) 
and Its 7oi-Acetoxy homer (18). From the Methyl Ether 
(9): A mixture of 9 (1.00 g) and lead tetraacetate 
(3.00 g) in acetic acid (30 ml) was refluxed for 40 min with 
stirring in a stream of nitrogen. T h e mixture was cooled 
to room temperature and ethylene glycol (1.0 ml) was added. 
The mixture was further stirred at room temperature for 
30 min, poured into water, and extracted with ether. The 
ether extract was washed successively with water, aqueous 
sodium hydrogencarbonate, and brine. After drying over 
sodium sulfate, the solvent was evaporated in vacuo. The 
residue was chromatographed on silica gel (120 g) using 
ether-benzene (2 : 98) as the eluent to give a mixture of 
17 and 18 (647 m g : 57%) whose N M R spectrum showed 
the presence of 17 and 18 in a ratio of ca. 1 : 2 from the inten­
sities of the G-14 proton signals. T h e crystallization of the 
mixture from methanol gave 18 (290 mg) : m p 176—177 °G; 
[ a ] D + 7 5 . 2 ° ; I R : 1735 sh, 1725 cm" 1 ; N M R : 0.94 (6H, 

s, -G(GH 3 ) 2 ) , 1.19 and 1.21 (each 3H, d, and 7 = 7 Hz, 
- G H ( G H 3 ) 2 ) , 1.28 (3H, s, G 1 0 -GH 3 ) , 2.04 (3H, s, - O G O G H 3 ) , 
3.72 (3H, s, - O G H 3 ) , 5.86 (1H, m, Wlh=5 Hz , C 7 is-H), 
6.88 (1H, s, G 1 4 -H) , 7.3—8.4 (5H, m, aromatic protons). 
Found : G, 75.15; H , 7.94%. Galcd for G 3 0 H 3 8 O 5 : G, 75.28; 
H , 8.00%. 

T h e isolation of the pure 7/?-acetate (17) was difficult; 
it showed the following N M R spectrum: 0.95 and 1.00 

(each 3H and s, -G(GH 3 ) 2 ) , 1.18 (6H, bd, 7 = 7 Hz, - G H -
(GH3)2) , 1.37(3H, s, G 1 0 -GH 3 ) , 2.09 (3H, s, - O G O G H 3 ) , 
3.70 (3H, s, - O G H 3 ) , 5.93 (1H, m, ^ l / 2 = 1 5 H z , G 7 a - H ) , 
6.85 (1H, s, C 1 4 -H) , 7.3—8.4 (5H, m, aromatic protons). 

From the Ketone (15) : Sodium borohydride (600 mg) 
was added at 0—5 °G to a stirred solution of 15 (1.469 g) 
in methanol (20 ml) . T h e mixture was further stirred at 
this temperature for 3 h, acidified with dilute hydrochloric 
acid, and extracted with ether. The ether extract was washed 
with brine, dried over sodium sulfate, and then evaporated 
in vacuo to give a mixture of alcohols (1.17 g). I R : 3590, 

3350, 1740 c m - 1 ; N M R : 0.95 (6H, s, -G(GH 3 ) 2 ) , 1.28 (6H, 
d, 7 = 7 Hz, - C H ( G H 3 ) 2 ) , 1.33 (3H, s, G 1 0 -GH 3 ) , 3.70 (3H, 
s, - O G H 3 ) , 4.3—4.8 (1H, m, G 7 -H) , 7.25 (1H, s, G 1 4 -H) , 
7.3—8.3 (5H, m, aromatic protons). 

An aliquot of the above mixture (880 mg) was dissolved 
in acetic anhydride (15 ml) and pyridine (1.5 ml) , allowed 
to stand at room temperature for 24 h, and then diluted 
with ether. The ether solution was washed successively 
with dilute hydrochloric acid and water, dried over sodium 
sulfate, and evaporated in vacuo to give an oil (861 mg) whose 
N M R spectrum showed the presence of 17 and 18 in a ratio 
of ca. 5 : 1 . 

Oxidation of the 7OL-Acetate (18). Chromium trioxide 
(900 mg) was added to a stirred solution of 18 (900 mg) 
in acetic acid (15 ml) . T h e mixture was further stirred 
at room temperature for 20 h, poured into water, and ex­
tracted with ether. T h e ether extract was washed succes­
sively with water, aqueous sodium hydrogencarbonate, 
and water. After drying over sodium sulfate, the solvent 
was evaporated in vacuo. T h e residue was recrystallized 
from methanol to give 7a-acetoxy-12-benzoyloxyabieta-
8,12-diene-l 1,14-dione (21)16> (210 m g : 2 3 % ) . M p 2 6 1 — 
262 °C; [ a ] D + 4 2 . 0 ° ; I R : 1738, 1664, 1655 sh cm" 1 ; M N R 

(GDG13): 0.89 (6H, s, - C ( G H 3 ) 2 ) , 1.23 (6H, d, 7 = 7 Hz, 
- G H ( C H 3 ) 2 ) , 1.28 (3H, s, G 1 0 -CH 3 ) , 2.06 (3H, s, - O G O C H 3 ) , 
5.99 (1H, m, Wlh=b Hz, C 7 i 8 -H) , 7.4—8.3 (5H, m, aromatic 
protons). T h e mother liquor of crystallization was evaporated 
in vacuo and the residue was chromatographed on silica gel 
(40 g) using ether-benzene ( 1 : 99) as the eluent to give 
15 (354 mg) . 

Oxidation of the 7ß-Acetate (17). A solution of 17 
(900 mg) containing a small amount of 18 was oxidized with 
chromium trioxide (900 mg) at room temperature for 20 h. 
After the same work-up as described for the preparat ion of 
21 , the crude product was recrystallized from methanol 
to afford 21 (40 mg) . T h e mother liquor of crystallization 
was evaporated in vacuo and the residue was chromato­
graphed on silica gel (40 g) using ether-benzene ( 1 : 99) as 
the eluent to give a quinone fraction (400 mg) which was 
recrystallized from methanol to give 7/?-acetoxy-12-benzoyl-
oxyabieta-8,12-diene-l 1,14-dione (19)16> (140 mg) . M p 125— 
127 °G and 155—160 °G; [ a ] D + 3 0 . 0 ° ; I R : 1737, 1663, 
1653 sh c m - 1 ; N M R (GDC13) : 0.90 and 0.94 (each 3 H 

and s, -G(CH 3 ) 2 ) , 1.20 and 1.26 (each 3H, d, and J= 
7 Hz, - G H ( C H 3 ) 2 ) , 1.39 (3H, s, G 1 0 -CH 3 ) , 2.08 (3H, s, 
- O G O C H 3 ) , 6.02 (1H, t, 7 = 8 . 5 Hz, Wl/z=\7 Hz, G 7 a - H ) , 
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7.4—8.4 (5H, m, aromatic protons). Further elution gave 
15 (68 mg) . T h e mother liquor of the above crystallization 
was chromatographed on silica gel to afford some additional 
15 (201 mg) . 

Taxoquinone (1). A mixture of 19 (103 mg) and 10% 
aqueous sodium hydroxide (4.0 ml) in methanol (15 ml) 
was refluxed for 30 min. After the addition of methanol 
(5.0 ml) and 10% hydrochloric acid (8.0 ml) , the mixture 
was further refluxed for 5 min, cooled to room temperature, 
and extracted with ether. T h e ether extract was washed 
successively with water, aqueous sodium hydrogencarbonate, 
and brine, dried over sodium sulfate, and then evaporated 
in vacuo. T h e residue was chromatographed on silica gel 
(20 g) using ether-benzene (2 : 98) as the eluent to give 
taxoquinone (1) (49 m g : 68%) which was recrystallized from 
ether: m p 206—207 °G; [ a ] D + 3 4 4 ° (lit,4) m p 212— 214 °C, 
[ a ] D + 3 4 0 ° ) ; I R : 3548, 3378, 1671, 1647, 1623, 1597 cm" 1 ; 

N M R (GDG13): 0.93 (6H, s, - C ( C H 3 ) 2 ) , 1.22 (6H, d, J= 
7 Hz, - C H ( C H 3 ) 2 ) , 1.35 (3H, s, G 1 0 -GH 3 ) , 3.84 (1H, d, 
7 = 2 Hz, C 7 r O H ) , 4.84 (1H, m, Wl/2=20 Hz, G 7 a - H ) , 
7.33 (1H, s, G 1 2 - O H ) . Found : G, 72.04; H, 8.60%. Galcd 
for G 2 0 H 2 8 O 4 : G, 72.26; H , 8.49%. T h e synthetic 1 was 
shown to be identical with natura l taxoquinone by mixed 
melting point determination and I R and N M R spectral 
comparisons. 

Dehydroroyleanone (3). A mixture of 1 (36.1 mg) and 
jfr-toluenesulfonic acid (40 mg) in dry benzene (10 ml) was 
refluxed for 30 min. T h e mixture was cooled to room temper­
ature, stirred with sodium hydrogencarbonate for 30 min, 
and then filtered. T h e filtrate was evaporated in vacuo and 
the residue was chromatographed on silica gel ( 15 g) using 
ether-benzene (2 : 98) as the eluent to give dehydroroylea­
none (3) (12.5 m g : 37%) which was recrystallized from 
petroleum ether: m p 166—167 °G; [ a ] D - 6 0 9 ° (lit,6) m p 
166—168.5 °C, [ a ] D - 6 2 0 ° ) ; I R : 3363, 1665, 1635, 1610 
c m - 1 ; U V Am a x nm (e) : 247sh (8600), 333 (7100), 459 
(610); N M R (GDG13): 0.98, 1.02, and 1.04 (each 3H and 

s, - G ( G H 3 ) 2 and G 1 0 -GH 3 ) , 1.22 (6H, d, 7 = 7 Hz, - G H -
(GH3)2) , 2.14 (1H, t, 7 = 3 Hz, G 5 -H) , 6.45 (1H, dd, J= 
3 and 10 Hz, G 6 -H) , 6.81 (1H, dd, 7 = 3 and 10 Hz, G 7 -H) , 
7.32 (1H, s, G 1 2 - O H ) . Found: G, 76.52; H , 8.52%. Galcd 
for G 2 0 H 2 6 O 3 : G, 76.40; H , 8.34%. T h e I R and N M R 
spectra of 3 were identical with those of natural dehydroroy­
leanone. 

Fur ther elution gave the recovered 1 (20.0 mg) . 

7 cc-Acetoxyroyleanone (2). A mixture of 21 (41.9 mg) 
in methanol (30 ml) and 5 % aqueous sodium hydrogencar­
bonate (4.0 ml) was refluxed for 45 min and evaporated in 
vacuo. T h e residue was acidified with dilute hydrochloric 
acid, refluxed for 5 min, cooled to room temperature, and 
then extracted with ether. T h e ether extract was washed 
successively with aqueous sodium hydrogencarbonate and 
water, dried over sodium sulfate, and evaporated in vacuo. 
T h e residue (31.8 mg) was recrystallized from ethanol to 
give 7a-acetoxyroyleanone (2) (11 .9mg: 3 6 % ) . M p 212— 
214 °G; [ a ] D - 7 ° (lit,6) m p 212—214.5 °G, [ a ] D - 1 4 ° ) ; 
I R : 3390, 1736, 1671, 1642, 1608 cm" 1 ; U V A m a x n m (e) : 

272 (12,400), 410 (760); N M R (GDC13) : 0.84 (6H, s, - G -
(GH3)2) , 1.19 and 1.22 (each 3H, d, and 7 = 7 Hz, - G H -
(GH3)2) , 1.24 (3H, s, G 1 0 -GH 3 ) , 2.02 (3H, s, - O G O G H 3 ) , 
5.94 (1H, m, J^ l / 2 = 6 H z , G 7 j 8-H), 7.13 (1H, s, G 1 2 - O H ) . 
Found : G, 70.75; H, 8 .23%. Galcd for G 2 2 H 3 0 O 5 : G, 70.56; 
H, 8 .08%. T h e synthetic 2 was shown to be identical with 
natura l 7a-acetoxyroyleanone by mixed melting point de­
termination and I R and N M R spectral comparisons. 

Horminone (4). A mixture of 21 (105 mg) and 10% 

aqueous sodium hydroxide (4.0 ml) in methanol (20 ml) 
was refluxed for 30 min, acidified with 10% hydrochloric 
acid, and further refluxed for 5 min. After the same work-up 
as described for the preparat ion of 1, the crude product 
(88.3 mg) was recrystallized from ether-petroleum ether to 
give horminone (4) (39.3 m g : 5 4 % ) . M p 176—178 °G; 
[ a ] D - 1 2 0 ° (lit,6) m p 172.5—174.5 °G, [ a ] D - 1 3 2 ° ) ; I R : 
3570, 3380, 1671, 1647, 1627, 1601cm" 1 ; N M R (GDG13): 

0.91 and 0.99 (each 3 H and s, -G(GH 3 ) 2 ) , 1.22 (3H, s, G1 0-
GH 3 ) , 1.22 (6H, d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 4.75 (1H, m, 
J^ l / 2 = 9 H z , C 7 i 8 -H) , 3.05 and 7.27 (each 1H and s, 2 -OH) . 
Found : G, 72.11; H , 8.38%. Galcd for G 2 0H 2 8O 4 : G, 72.26; 
H , 8.49%. The synthetic 4 was shown to be identical with 
natura l horminone by mixed melting point determination 
and I R and N M R spectral comparisons. 

7-Oxoroyleanone (5). According to the method of 
Eugster et al.,5) a mixture of 4 (160 mg) and active manganese 
dioxide (1.80 g) in dioxane (25 ml) was stirred at 75—80 °G 
for 44 h. T h e crude product was chromatographed on 
silica gel (20 g) using ether-benzene (3 : 97) as the eluent 
to give the recovered 4 (107 mg) . Further elution with 
ether-benzene ( 1 : 9 ) afforded 7-oxoroyleanone (5) (13.0 mg) 
which was recrystallized from methanol : m p 202—203 °G 
dec (lit,7) m p 204—205 °G) ; I R : 3400, 1695, 1663, 1645, 
1575 c m - 1 ; N M R (GDG13) : 0.93 and 0.96 (each 3H and s, 

- C ( C H 3 ) 2 ) , 1.22 (6H, d, 7 = 7 Hz, - G H ( G H 8 ) a ) , 1.36 (3H, 
s, G 1 0 -GH 3 ) , 6.98 (1H, s, G 1 2 -OH) . T h e I R and N M R 
spectra of 5 were identical with those of natural 7-oxoroylea­
none. 

12-Methoxyabieta-8,12-diene-7', 11,14-trione (22). A solu­
tion of 1 (110 mg) in ether was methylated at 0—5 °G 
with diazomethane to give 7/^hydroxy-12-methoxyabieta-
8,12-diene-11,14-dione (20) ( 110 mg). T h e crude ether (20) 
was dissolved in pyridine (2.0 ml) and chromium trioxide 
(120 mg) was added at 0—5 °G. T h e mixture was stirred 
at room temperature for 45 h, poured into dilute hydrochloric 
acid, and extracted with ether. T h e ether extract was 
washed with brine, dried over sodium sulfate, and then evap­
orated in vacuo. T h e residue was chromatographed on 
silica gel (20 g) using ether-benzene (3 : 97) as the eluent 
to give 22 (26 mg) which was recrystallized from petroleum 
ether: m p 90—92 °G (lit,7) m p 88—91 °G) ; I R : 1700, 1663, 
1625, 1577 c m - 1 ; N M R (GDG13) : 0.92 and 0.96 (each 3H 

and s, -G(GH 3 ) 2 ) , 1.19 and 1.21 (each 3H, d, and 7 = 7 Hz, 
- G H ( G H 3 ) 2 ) , 1.42 (3H, s, G 1 0 -GH 3 ) , 3.90 (3H, s, - O C H 3 ) . 

Inuroyleanol (6). A solution of sodium dithionite (300 
mg) in water (1.0 ml) was added at 95—100 °G to a solution 
of 22 (42.0 mg) in acetic acid (1.5 ml) . T h e mixture was 
stirred at this temperature for ca. 2 min, cooled to room 
temperature, and extracted with ether. The ether extract 
was washed successively with water, aqueous sodium hydro­
gencarbonate, and brine. After drying over sodium sulfate, 
the solvent was evaporated in vacuo and the residue was 
recrystallized from methanol to give inuroyleanol (6) (29.4 
m g : 70%) . M p 185—186 °G; [ a ] D +106° (lit,7) m p 185— 
187 °G, [ a ] D +113 .9° ) ; I R : 3520, 1620 cm" 1 ; N M R (GDG13) : 

0.96 (6H, s, -G(GH 3 ) 2 ) , 1.37 (3H, s, G 1 0 -GH 3 ) , 1.39 (6H, 
d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 3.80 (3H, s, - O G H 3 ) , 5.72 (1H, 
s, G n - O H ) , 13.30 (1H, s, G 1 4 -OH) . Found: G, 72.77; 
H , 8 .85%. Galcd for G 2 1 H 3 0 O 4 : G, 72.80; H, 8.73%. 

T h e a u t h o r s a r e gra te fu l to A r a k a w a C h e m i c a l 
C o . , L t d . for a g e n e r o u s gift of rosin. T h a n k s a r e 
also d u e to Professors S. M o r r i s K u p c h a n , C. H . Eugs te r , 
a n d O . E . E d w a r d s for t he i r k i n d s u p p l y of t he n a t u r a l 
s amp le s a n d spec t r a l copies . 
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Solvent extracts of Athabasca tar sand were analyzed by the Brown-Ladner method, the Takeya et al. meth­
od, and the Speight method on the basis of the 1H-NMR data and by 13G-NMR spectroscopy. The structural 
characteristics of Athabasca tar sand derivatives were also compared with those of coal-hydrogenolysis products. 
The results show that the structural characteristics of hexane solubles, monomers consisting of one aromatic ring 
substituted highly with G6 aliphatic chains, resemble those of the oil fraction produced during the initial stage 
of the hydrogenolysis of Taiheiyo coal. However, the structural characteristics of the hexane insoluble-benzene 
solubles, oligomers consisting of 2 aromatic rings substituted highly with G4_5 aliphatic chains, are different from 
those of any coal-hydrogenolysis products. In addition, the close agreement between the / a value obtained by 
the Brown-Ladner method and 13G-NMR may indicate that, for solvent extracts of Athabasca tar sand, the 
assumption in the Brown-Ladner method that the atomic H/G ratio of aliphatic structures is 2 is proper. 

From the standpoint of developing alternative re­
sources to petroleum, studies of the chemical structures 
of coal, tar sand bitumen, and shale oil have been 
carried out with the view of utilizing these materials 
as raw material for energy. Studies of the chemical 
structure of tar sand bitumen have been carried out 
by the Speight method2 - 5) using the data of ultimate 
analysis, 1 H - N M R , and molecular weight. T h e 
present authors have previously studied coal-hydrogen­
olysis products6-9^ using the Brown-Ladner method10) 
and the Takeya et al. method,11) which determined the 
structural parameters for structural units from the data 
of ultimate analysis and 1 H - N M R . Therefore, in 
the present investigation solvent extracts of Athabasca 
tar sand were analyzed by the Brown-Ladner method 
and the Takeya et al. method, and the results were 
compared with the chemical structures of coal-hy­
drogenolysis products. The aromatici ty(/ a) determined 
by 1 3 G-NMR analysis was compared with the value 
obtained on the basis of the Brown-Ladner method. 
The Speight method is also discussed. 

Exper imenta l 

Solvent Separation. As solvents, hexane and benzene 
used in the separation of coal-hydrogenolysis products8'9) 
were adopted. A portion of about 10—20 g of tar sand 
was weighed accurately and they extracted with 5 vol of 
hexane per weight of tar sand. The solution was filtered 
after it had been stirred for 1 h at room temperature. The 
residue was again extracted with hexane in the same manner 
as the first extraction. The yield of hexane solubles (oil) 
was defined as the sum of the yields of the two hexane ex­
tractions. The hexane-insoluble residue was extracted with 
benzene in the same manner as in the hexane extraction. 
The yield of the hexane insoluble-benzene solubles (asphal-
tene) was obtained as the sum of two benzene extractions. 
Bitumen prepared from tar sand at the Research Council 
of Alberta was also separated in the same manner as the 
tar sand. 

Analysis of the Hexane Solubles and the Hexane Insoluble-Benzene 
Solubles. The ultimate analysis,8-9) XH-NMR analysis 
(solvent:CDCl3),

8>9> 13C-NMR analysis(solvent:GDGl3),
12) 

molecular-weight determination (solvent :CHC13),
8>9) GPG 

(solvent :THF),8) and determination of the hydroxyl-group 
content by trimethylsilylation13) were carried out on both 
fractions in the manners previously reported.8'9'12'13) 

R e s u l t s and D i s c u s s i o n 

The yields of the hexane solubles and the hexane 
insoluble-benzene solubles are 9.5—10.3% and 2.0— 
2 .2% respectively on the basis of tar sand, and the 
yield of bitumen is 11.5—12.5%. Consequently, the 
yields of the hexane solubles and the hexane insoluble-
benzene solubles are 82.4—82.6% and 17.4—17.6% 
respectively on the basis of bitumen. The yield of 
benzene-insoluble matter, namely sand, is 87.6— 
8 8 . 5 % on the basis of tar sand. T h e ash content of 
tar sand determined by high-temperature ashing tech­
niques (815 °C) is 87 .2%, which is almost equal to 
the yield of benzene-insoluble matter. These results 
indicate that the sand obtained here does not contain 
any organic matter. This fact was confirmed by the 
T G A of the benzene-insoluble matter. The weight 
loss of benzene-insoluble matter up to 800 °G is 0.2%. 

T h e data on the ultimate analysis of hexane solubles 
and the hexane insoluble-benzene solubles are shown 
in Table 1, along with the data for the coal-hydrogen-

T A B L E 1. ELEMENTARY ANALYSIS (%) 

C H O N 

Tar sand 
Hexane solubles 83.9 
Benzene solubles 80.5 

Tar-sand bitumen8-) 
Hexane solubles 84.4 
Benzene solubles 80.4 

Coal-hydrogenolysis products 
(Taiheiyo coal) 

Hexane solubles 86.4 
Benzene solubles 86.5 

11.3 
9.0 

11.4 
8.5 

9.2 
6.7 

0.7 
3.4 

0.5 
2.3 

3.5 
5.0 

1.1 
0.9 

1.8 
1.0 

4.2 
7.8 

4.2 
8.1 

0.7 0.2 
1.8 0.2 

a) This sample was obtained from the Research 
Council of Alberta. 



T A B L E 2. CHEMICAL STRUCTURE OF ATHABASCA TAR-SAND BITUMEN (BROWN-LADNER METHOD) 

Tar sand 
Hexane solubles 
Benzene solubles 

Tar-sand bitumen3-) 
Hexane solubles 
Benzene solubles 

Coal-hydrogenolysis products15) 
Hexane solubles 

ou(so )Taiheiy° 
l Oyubari 

oii(s2) !Taihe iy° 
(.Oyubari 

Benzene solubles 
Taiheiyo 
Oyubari 

coal 
coal 
coal 
coal 

coal 
coal 

Hydrogen distribution 

H a H a H0 

0.057 
0.082 

0.049 
0.101 

0.05—0.13 
0.15—0.21 
0.15—0.28 
0.25—0.30 

0.34—0.39 
0.29—0.36 

0.166 
0.202 

0.156 
0.178 

0.15—0.18 
0.24—0.29 
0.32—0.34 
0.31—0.35 

0.30—0.36 
0.30—0.32 

0.777 
0.716 

0.794 
0.721 

0.69—0. 
0.50—0. 

79 
60 

0.39—0.42 
0.37—0.40 

0.30—0. .33 
0.34—0.40 

f^~ 

0.25 
0.37 

0.26 
0.44 

/ a 

0.24 
0.39 

0.23 
0.43 

0.25—0.40 
0.42—0. 57 
0.57—0.62 
0.60—0.65 

0.67—0. 
0.66—0. 

71 
.71 

St 

a 

0.69 
0.68 

0.67 
0.63 

0.50—0.69 
0.44—0.50 
0.40—0.45 
0.38—0.45 

0.38—0.41 
0.39—0.44 

ructural parameter 

Hau/Ca 

1.07 
0.86 

1.07 
0.79 

0.90—1.00 
0.76—0.97 
0.81—0.88 
0.79—0.84 

0.77—0.90 
0.64—0.75 

H0 /H a 

4.9 
3.5 

5.1 
4.1 

3.8—5. .2 
1.7—2.4 
1.2—1. 
1.1—1. 

0.8—1 
1.0—1 

.3 

.3 

.0 

.3 

MnV 

320 
320 

330 
360 

270—350 
260—280 
190—220 
190—230 

160 
260 

Mv
e) 

440 
2130 

410 
2250 

220—260 
280—300 
220—260 
260—280 

420—470 
490—830 

M,lMn 

1.4 
6.7 

1.2 
6.3 

0.7—1.0 
1.0—1.1 
1.0—1.3 
1.2—1.5 

2.9 
3.2 

,Oii(So 
a) This sample was obtained from the Research Council of Alberta, b) Quoted from the papers of Yoshida et al. (1974, 1976) :8>9) Coal<f 

^ A s p h a l t e n e -» Oil(S2) 
c) Calculated from the da ta of 1 8 C-NMR. d) Weight of the average structural unit calculated numerically from the value of the structural parameter, e) Molec­
ular weight determined by vapor-pressure osmometry. 

T A B L E 3. COMPARISON OF THE RESULTS OBTAINED BY THE SPEIGHT METHOD WITH THE RESULTS OBTAINED BY THE BROWN-LADNER METHOD 

R$ JRV> G s a /C p a C s /C s a H 0 / H „ cjc& H a u / C a MAV. 

/Hexane solubles 1 .2—1.4 ca. 1.2—1.4 0 .59—0.61 0 .67—0.69 5 .7—6.2 4 . 9 — 5 . 1 0 .89—0.94 1.07 410—440d> 

\Oi l (Speight, 1970)a) 1.4 0 .58 4 . 7 0.92 424e) 

/Benzene solubles 10 .9—15.3 ca. 13.4 0 .47—0.55 0 .63—0.68 4 . 5 — 5 . 1 3 .5—4.1 0 .56—0.64 0 .79—0.86 2130—2250d> 

VAsphaltene (Speight, 1970)a) 5 7 . 4 0 .52 4 . 8 0.40 5489e) 

(2492)f) 

a) Quoted from the paper of Speight (1970).2) b) Aromatic rings per molecule: ( d + 2)/2. c) Aromatic rings per molecule: calculated from H a u / C a and M^jMn. 
d) Solvent: chloroform, e) Solvent: benzene, f) Quoted from the paper of Boyd et al. (1962).18) 
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Har 
hexane solubles 

J*fc«V^/#*'*Vkv^ 

I benzene solubles ]JL0^ 

coal derived oil 

0 ppm 

Fig. 1 m-NMR spectra of tar sand extracts and coal-hydrogenolysis product. 

olysis products. For both fractions of tar sand, the 
carbon content is lower and the hydrogen content 
is higher than those of the coal-hydrogenolysis products. 
The most remarkable differences in ultimate composi­
tion between the tar-sand derivatives and the coal-
hydrogenloysis products is that the oxygen content 
of the coal-hydrogenolysis products is higher, while 
the sulfur content of the tar-sand derivatives is higher. 
The hydroxyl oxygen content of tar-sand bitumen is 
0 . 3 % , lower than that of the coal-hydrogenolysis 
products(l . l—3.3%).8> In Figs. 1 and 2 the spectra 
of the 1 H - N M R and 1 3 G-NMR of tar-sand derivatives 
are compared with those of coal-hydrogenolysis prod­
ucts. In Table 2 the hydrogen distributions deter­
mined by means of 1 H - N M R , the structural param­
eters calculated on the basis of the Brown-Ladner 
method and 1 3G-NMR, the weights of the average 
structural units calculated from the values of the 

140 120 100 80 ppm 

Fig. 2. 13C-NMR spectra of tar sand extracts and coal-
hydrogenolysis product. 

structural parameters (Mn), and the molecular weights 
determined by the vapor-pressure osmometry(Mv) of 
tar-sand derivatives are compared with those of coal-
hydrogenolysis products. Regarding the hexane sol­
ubles, the aromatici ty( / a) is low, and the f& values 
based on the Brown-Ladner method and on 13G-
N M R agree closely. The measure of the substitution 
of the aromatic system (a) is high, the size of the 
aromatic rings in the structural unit is 1 ring (H a u / 
Ga : 1.07), and the measure of the aliphatic chain 
length (H 0 /H a ) is about 5, which means that the 
length of the aliphatic chain is G6. The molecular 
weight(Mv) is 410—440, and the degree of polymeriza-
t ion(M v /M n ) is 1.2—1.4. This shows that hexane 
solubles consist mostly of monomers. These structural 
characteristics resemble those of O i l ^ ) from Taiheiyo 
coal. They are however, different from those of 
Oil(Si) from Oyubari coal(G:85.6%), which is of a 
higher rank than Taiheiyo coal(C : 76.9%), from those 
of Oil(S2), and from those of benzene solubles, Asphal-
tene(R). The following reaction scheme for coal 
hydrogenolysis has been proposed:14»15) 

, Oiicso 
Coa l<^ 

^ Asphaltene(R) > Oil(S2) 
Oi^Si ) is the product produced during the initial 
stage of coal hydrogenolysis. Oil(S2) is the product 
produced through the reaction of Goal->Asphal-
tene(R)-*Oil(S2) . Regarding the hexane insoluble-
benzene solubles, f& is higher than for hexane solubles, 
while t h e j ^ values based on the Brown-Ladner method 
and on 1 3 G-NMR agree closely. The size of the 
aromatic rings is larger (about 2 rings, H a u /G a : 0.76— 
0.86), H 0 / H a is smaller, and My and MJMn are much 
larger than those for the hexane solubles. This is 
also obvious from the GPG chromatogram in Fig. 3. 
The structural unit of this fraction resembles O i l ^ ) 
from Oyubar i coal as t o / a and H a u /G a , but compared 
with Oil(S2) and Asphaltene(R) fK is much lower 
and H 0 / H a is much larger. Mv and MvjMn are much 
larger than those of coal-hydrogenolysis products. 



May, 1979] The Nature of Athabasca Tar Sand (Canada) and Tar Sand Derivatives 1467 

bitumen 
hexane solubles 
hexane insoluble-benzene solubles 

25 30 35 

Elution volume (counts) 

40 

Fig. 3. GPC chromatograms of tar-sand extracts. 

This fraction is an oligomer(Mv/Mn: 6.3—6.7) consist­
ing of 2 aromatic rings substituted highly with the 
G4_5 aliphatic chain. In Table 3, a comparison of 
the results obtained by the Speight method with the 
results obtained by the Brown-Ladner method is shown. 
Theoretically, R&, Gsa/Gp , G s/G sa , and Gp/Ga in the 
Speight method have the same meaning as i? / (a roma­
tic rings per molecule, they can be calculated from 
the values of H a u /G a and MY/Mn), a, H 0 / H a , and 
H a u /G a respectively. Comparing the analytical re­
sults obtained by the two methods, R& and i?a ' , and 
Gs/Gsa and H 0 / H a , agree precisely, but G sa/Gp and a, 
and Gp/Ga and H a u /G a , differ slightly. This may be 
due to the lack of consideration of heteroatoms in the 
Speight method. Gomparing the present data with 
Speight's data2) obtained by the Speight method for 
the hexane solubles, similar values for molecular weight 
and R& are obtained. However, for the hexane insol­
uble-benzene solubles the molecular weights are re­
markably different from each other. There is also 
a large difference between the values of R&. The 
present data on the molecular weight of the hexane 
insoluble-benzene solubles (2130—2250) agree closely 
with the data of Boyd et ß/.(2492).16> The value of 

i?a in the Speight method varies with the value of the 
molecular weight according to i?a = ( Q + l ) / 2 , where 
Ci is a function of the molecular weight. In addition, 
the close agreement between t h e j ^ values obtained by 
the Brown-Ladner method and by 1 3 G-NMR may indi­
cate that, for Athabasca tar-sand derivatives, the 
assumption in the Brown-Ladner method of 2 for the 
atomic H/G ratio of aliphatic structures is correct. 

The authors are grateful to Dr. Yosuke Maekawa 
of the Government Industrial Development Labora­
tory, Hokkaido, for samples, and would like to thank 
Prof. D. M. Bodily of the University of Utah for his 
helpful discussion. 
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The hydrogénation of methyl 2-methyl-3-oxobutyrate (I) to methyl 3-hydroxy-2-methylbutyrate (III) was 
carried out with various types of asymmetrically modified nickel catalysts (MNi). The use of MNi always result­
ed in the deviation of the ratio, 2S/2R==((26,,3JR)-III+(26,,36,)-III)/((2JR,3JR)-III+(2i2,36,)-III), from 1/1, in 
spite of the use of racemic I. A catalyst giving a larger 2S/2R value always gave a larger 3R/3S value. These 
results led to the conclusion that the configurations at the C-2 and G-3 positions of the product were determined 
in the process of the formation of the complex between the substrate and the modifying reagent (the absorption 
step), not at the step of the hydrogen addition to the adsorbed substrate (the rate-determining step). The best 
optical yield and the highest ratio of erythro-III/threo-III were obtained when (R,R)-tartaric acid-MNi was used 
as a catalyst. The amounts of the isomers produced were in the following order: 2S,3i?>2i?,3i?«2i?,3S>2S,3S. 
Stereochemical models are proposed to account for the formation of the 2S,3i?-isomer in a large excess. 

The comparative study of the rate and the optical 
yield of methyl acetoacetate (MAA) over an asym­
metrically modified Raney nickel catalyst has revealed 
that the enantioface-differentiating step of the sub­
strate took place elsewhere than in the step of the hydro­
gen addition to the adsorbed substrate (the rate-de­
termining step).1) Although the kinetic study has sug­
gested that the modifying reagent differentiated the 
enantioface of the substrate by making a complex 
with the substrate at the adsorption step, the mode of 
the differentiation has not yet been made clear. 

In the hydrogénation of methyl 2-methyl-3-oxo-
butyrate (I) to threo- and ^r^Aro-methyl 3-hydroxy-
2-methylbutyrate (III) over a modified nickel catalyst 
(MNi), it has been noticed that the function of the 
modifying reagent is not only to differentiate the 
enantioface of the substrate, but also to determine 
the ratio of the diastereomers produced.2) 

The readily interconvertible chiral center at the 
C-2 position of I may serve as an internal probe for the 
detection of the substrate-modifying reagent interac­
tion. In this respect, the stereochemical investiga­
tion of the hydrogénation of I was expected to give 
useful information about the mode of the enantio-
differentiation. 

In this paper, we will present an account of the 
mode of the enantio-differentiation and evidence which 
may support the conclusion of our kinetic study with 
respect to the enantio-differentiating step. 

R e s u l t s and D i s c u s s i o n 

The stereochemical relationship between the sub­
strate and the products in the hydrogénation of I is 
shown in Scheme 1. 

The results of the hydrogénations of I as well as of 
methyl 2-ethyl-3-oxobutyrate (II) and MAA over 
various sorts of modified nickel catalysts are summarized 
in Table 1. 

The amounts of the four stereoisomers, calculated 
from the data of Table 1, are listed in Table 2, together 
with following values: 2 R = ( 2 £ , 3 £ ) - I I I + (2R}3S)-
III, 2S=(2S,3R)-III + (2S,3S)-III, 3 R = ( 2 £ , 3 £ ) - I I I + 
(2£3£)-III ? 3S=(2R}3S)-ni + {2S,3S)-III, configura-
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Scheme 1. 

tion excess at the G-2 position: | 2R—2S | / (2R+2S) , 
and configuration excess at the G-3 position: |3R— 
3 S | / ( 3 R + 3 S ) . 

The activated nickel powders prepared either by 
the thermal decomposition of nickel formate (DNi) or 
by the hydrogenolysis of nickel oxide (HNi), gave 
better optical yields than did Raney nickel (RNi). 
As for modifying reagents, the enantio-differentiating 
abilities were in the order of tartaric ac id>va l ine« 
glutamic acid. These greneal features were the same 
as those found in the hydrogénation of MAA3). 

Enantio-differentiating Step. The preliminary ex­
periment indicated that an authentic H i e or H i t was 
not epimerized nor racemized under the conditions 
used for the hydrogénation of I to I I I . 

Therefore, in the course of the reaction, the con­
figuration of the product is determined before the ad­
dition of hydrogen to the substrate. Thus, the distribu­
tion of stereoisomers in the product directly reflects 
the equilibrium situation of the substrate, as is shown 
in Scheme 1. 

If the distribution of stereoisomers is different be­
tween the modified and unmodified catalysts, the dif­
ference indicates the interaction between the substrate 
and the modifying reagent prior to the step of the 
hydrogen addition. 

As may be seen in Tables 1 and 2, with asymmetrical­
ly modified catalysts the values of | 2R—2S| / (2R+2S) 
always deviated from zero despite the use of racemiç 
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TABLE 1. HYDROGÉNATION OF THE /?-KETO ESTER WITH A MODIFIED NICKEL CATALYST 

1469 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Catalyst 

MRNia> 
MDNib> 
MHNic> 
MHNi 
MDNi 
MDNi 
HNi 
MHNi 
NHNi 

Modifying reagent 

(R,R) -Tartaric acid 
(R,R) -Tartaric acid 
(R,R) -Tartaric acid 
(2^,36')-2-Methyltartaric acid 
(S) -Valine 
(S) -Glutamic acid 
None 
(R,R) -Tartaric acid 
(R,R) -Tartaric acid 

Substrate 

I 
I 
I 
I 
I 
I 
I 
II 

MAA 

Products 

Diastereomers ratio 

{erythro jthreo) 

65.1/39.4 
77.9/22.1 
78.4/21.6 
72.0/28.0 
62.3/37.7 
67.6/32.4 
62.6/37.4 
70.7/29.3 

— 

Optical purity(%) 

erythro^ threo^ 

24.0 17.3 
55.8 41.2 
56.7 64.4 
46.2f> 20.5&> 

5.5 0.5 
0.6 0 
— — 

79.9h> 71.3h> 
83.00 

a) RNi: Raney nickel, b) DNi: Activated Ni catalyst prepared by the thermal decomposition of nickel formate. 
c) HNi: Activated Ni catalyst prepared by the hydrogenolysis of nickel(II) oxide, d) (2SßR)-isomer in excess, 
e) (2R,3R)-isomer in excess, f) (2R,3S)-isomer in excess, g) (2S,3S)-isomer in excess, h) Enantiomer excess was 
determined by NMR. i) (R) -isomer in excess. 

TABLE 2. ISOMER DISTRIBUTION OF THE HYDROGÉNATION PRODUCT OF THE /?-KETO ESTER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Stereoisomer 

2R3R 

20.5 
15.6 
17.8 
11.2 
19.0 
16.2 
18.7 
25.1 

91 

2S3R 

40.5 
60.7 
61.4 
19.3 
32.8 
34.0 
31.3 
63.6 

.5 

distribution(%) 

2R3S 2S3S 

24.6 
17.2 
17.0 
52.7 
29.4 
33.6 
31.3 

7.1 
8, 

14.4 
6.5 
3.8 

16.8 
18.8 
16.2 
18.7 
4.2 

.5 

2R isomers 
(2R3R+ 

2R3S) 

45.1 
32.8 
34.8 
63.9 
48.4 
49.8 
50.0 
32.2 

— 

2S isomers 
(2S3R + 

2S3S) 

54.9 
67.2 
65.2 
36.1 
51.6 
50.2 
50.0 
67.8 

— 

3R isomers 
(2R3R + 

2S3R) 

61.0 
76.3 
79.2 
30.5 
51.8 
50.2 
50.0 
88.7 
91.5 

3S isomers 
(2R3S+ 

2S3S) 

39.0 
23.7 
20.8 
69.5 
48.2 
49.8 
50.0 
11.3 
8.5 

I2R-2SI 1 ' x 100 
2R+2S A 

8.3 
34.4 
30.4 
27.8 

3.2 
0.4 
0 

35.6 
— 

I3R-3SI i n / 1 WW*1 0 0 

22.0 
52.6 
58.4 
39.0 
3.6 
0.4 
0 

77.4 
83.0 

I, and the ratio of erthro-III/threo-III was also changed 
from the value obtained with an unmodified catalyst. 

Thus, it is evident that the relative amounts of 
(S)-I (keto) and (Ä)-I (keto), or of (Z)- I (enolate) 
and (E)-I (enolate), are changed by the modifying 
reagent. The present results clearly show the exis­
tence of an interaction between the substrate and the 
modifying reagent before the hydrogénation of the ad­
sorbed substrate took place. In Tables 1 and 2 it 
can also be seen that the catalyst giving a larger |2S— 
2 R | / ( 2 S + 2 R ) value always gave a larger | 3 R — 3 S | / 
(3R+3S) value. In connection with this relation, 
the increase in erythro-III resulted in an increase in 
the optical purity of both erythro- and threo-III. These 
facts strongly suggest that the configurations at both 
the G-2 and G-3 positions of I I I were determined by 
the same process involving the formation of a substrate-
modifying reagent complex. Therefore, the stereo­
chemistry of the product is considered to be fixed at 
the adsorption step of the substrate. 

This conclusion is very compatible with that obtained 
from our kinetic study.1) 

Mode of Enantio-differentiation. T h e use of (R,R)-
tartaric ac id -MHNi gave the best results with respect 
to the optical yield and the diastereomer excess. The 
amounts of stereoisomers produced were in the order 
of 2S,3R>2R,3R^2R,3S>2S,3S, According to the 

physicochemical studies, tartaric acid is adsorbed on 
the catalyst with one of its carboxyl groups ; the other 
carboxyl group and two hydroxyl groups are essentially 
free from the catalyst surface.4) T h e two hydroxyl 
groups of tartaric acid are expected to play an important 
role in interacting with the substrate.5) T h e excel­
lent enantio-differentiation obtained in the combina­
tion of tartaric acid and I as well as M A A can be 
attributed to the two-point interaction with hydrogen 
bondings between the modifying reagent and the sub­
strate. 

When the substrate takes a keto form, the co-adsorbed 
species with the best-fitting interaction between I and 
tartaric acid on the catalyst surface gives the complex 
shown in Fig. 1, in which the carbonyl group to be 
hydrogenated faces the catalyst with its si-face and the 
configuration at the G-2 position is S, so that the methyl 
group at the C-2 position is remote from the catalyst. 
T h e large deviation of the | 2 R — 2 S | / ( 2 R + 2 S ) value 
from zero indicates that the substrate originally having 
the 2R configuration is converted to the 2S configura­
tion in order to make this favorable complex. T h e 
addition of hydrogen to this complex gives (2»S,3i?)-III. 

When the substrate takes an enolate form, the com­
plex of (Z)-enolate with (R,R)-tartaric acid shown in 
Fig. 2 is the best fitting one. This complex also gives 
(2S,3R)-IU, 
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Fig. 1. Schematic representation of the complex be­
tween I(keto form) and (R,R) -tartaric acid on the MNi 
catalyst. The complex gives (2S,3R)-III by the at­
tack of hydrogen from the catalyst-side («'-face attack) 

Fig. 2. Schematic representation of the complex be­
tween I(enolate) and (R,R)-tartaric acid on the MNi 
catalyst. The complex gives (2S,3R)-III by the 
attack of hydrogen from the catalyst-side (si-fa.ce 
attack). 

Thus, the predominant formation of (2S,3R)-III 
may be well explained by both of the models. Al­
though it is not clear whether the substrate is hydrogen­
ated in a keto or an enolate form, the mode of the 
differentiation was found to be well understood without 
specifying the form of the substrate to be hydrogenated. 

T h e quantitative discussion of the amounts of minor 
isomers is difficult at present, since the distribution 
of stereoisomers depends on the relative amount of 
the unmodified par t of the catalyst. lb) T h e difference 
in the results with M R N i and M H N i may be expected 
to arise in par t from the difference in the unmodified 
par t of the catalyst. 

The use of (R,R)-tartaric ac id -MNi always gave 
the 3i?-isomer in a large excess in the hydrogénation 
of I as well as those of I I and M A A (entries 8 and 
9 in Table 2). Thus, it seems that the same mode of 
interaction between the substrates and the modifying 
reagent is involved in the enantio-differentiating hydro­
génation of ß-keto esters with tartaric ac id -MNi . 

Experimental 

The analytical GLG was carried out with a Shimadzu 
GG-4A-PF gas Chromatograph using a 3 m, 5 mm o.d. glass 
column packed with 15% Ucon 50-HB-2000 on Ghromosorb 

W at the stated temperature. The preparative GLG was 
carried out with a Shimadzu GG-3HA instrument using a 
6 m, 8 mm o.d. stainless column packed with the same pack­
ing. 

The TI-NMR spectra were taken with a JEOL-FX-100 
spectrometer. 

The optical rotations were measured with a Perkin Elmer 
241 polarimeter. 

Substrate. Methyl 2-methyl-3-oxobutyrate (I) was 
prepared from methyl acetoacetate and methyl iodide in 
the presence of sodium methoxide. A slight excess of methyl 
acetoacetate was used in order to minimize the formation 
of methyl 2,2-dimethyl-3-oxobutyrate. From 850 g of meth­
yl acetoacetate and 993 g of methyl iodide, 752 g of crude 
I containing 8% of methyl acetoacetate and 5% of methyl 
2,2-dimethyl-3-oxobutyrate was obtained. To 750 g of crude 
I, 50 g of freshly prepared Ni(OH)2 was added, after which 
the mixture was stirred for 5 days at room temperature. 
After removing the insoluble matter by filtration, the filtrate 
was mixed with 10 g of Raney nickel and allowed to stand 
overnight at room temperature. After the solid had been 
removed, the resulting liquid was dried over magnesium 
sulfate and then distilled under reduced pressure to give 
680 g of purified I ; bp 88—90 °G/20 mmHg. A GLG (at 
90 °G) analysis indicated 95% purity. Also, there were 
4% of methyl 2,2-dimethyl-3-oxobutyrate and 1% of methyl 
acetoacetate. 

Methyl 2-ethyl-3-oxobutyrate (III) (bp 75—80 °G/20 
mmHg was prepared by the same procedure except for the 
use of ethyl bromide instead of methyl iodide. 

Catalyst. The catalyst from nickel formate (DNi) : 
Well-dried nickel formate prepared from nickel chloride 
and sodium formate was thermally decomposed at 250— 
300 °G under a pressure of 20—25 mmHg for 1 h. Reduced 
nickel oxide (HNi) : This was obtained by the reduction of 
nickel oxide with hydrogen at 350 °G for 1 h. The nickel 
oxide used for this work was obtained by the dehydration 
(at 500 °G for 4 h) of nickel hydroxide prepared from nickel 
nitrate and sodium hydroxide. No active catalyst was 
obtained from nickel oxide of a commercial grade. Raney 
nickel (RNi): Raney alloy (Kawaken Fine Chemical Co., 
Ni 40% Al 60%) was leached with sodium hydroxide in the 
way previously reported. *•> 

Modification of the Catalyst. Each catalyst was soaked 
in a 1% solution of a modifying reagent adjusted to pH 
4.1 with 1 M sodium hydroxide at 85 °G for 1 h. The 
amount of the modifying solution used was 120 ml per gram 
of the catalyst. 

After the removal of the solution by décantation, the 
modified catalyst was washed successively with a 60 ml/(g 
catalyst) portion of water, two 300 ml/(g catalyst) portions 
of methanol, and a 60 ml/(g catalyst) portion of THF. 

Solvent. THF was used as a solvent of the hydrogéna­
tion. Commercial THF was dried over NaH overnight 
and was then distilled under a nitrogen atmosphere. 

Hydrogénation of I. In an autoclave (1000 ml capacity), 
I (100 g) in 300 ml of THF with 1.5 g of acetic acid was 
hydrogenated over 8 g of a modified catalyst under an initial 
hydrogen pressure of 110 kg/cm2 at 120 °G until no more 
consumption of hydrogen was observed. After the removal 
of the catalyst, the product was subjected to flash distillation 
under reduced pressure. 

Determination of Stereoisomers in the Hydrogénation Product of 
I. The flash-distilled hydrogénation product essentially 
consisted of two components, erythro-IIl (Hie) and threo-111 
(Hit), accompanied by less than 5% of an unidentified 
impurity. The relative amounts of the erythro isomer; Z)§=; 

si-fa.ce
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H i e , , , „ H i t 
-, and the threo isomer; Dt = -I I I e + I H t ' ~ " ' ~ l I I I e + H I t ' 

determined from the peak area of the analytical GLG (115 
°G). The retention times of H i t and I l l e were 21.6 min 
and 23.4 min respectively. 

The separation of I l l e and H i t in the reaction product 
was carried out by the method reported in our previous 
paper.6) 

The process of separation is illustrated in Scheme 2. 

Hxdrogenation product 

Saponification 

3-Hydroxy-2-methylbutyric acid 

Cyclohexylamine 

Cyclohexylammonium salt 

Crystals 

Recrystallization 
from ethanol 

Cyclohexylammonium salt 
of erythro-isomer 

1) HCl 
2) CH 2N 2 /e ther 

Crystallization from ethanol 

i 
Mother liquid 

I NaOH 

Sodium salt 

i Recrystallization 
from methanol-acetone 

Sodium salt of 
threo-isomer 

1) HCl 
2) CH 2 N 2 /e ther 

erythro-IIl 
( I l le) 

threo-lll 
( l i l t ) 

Scheme 2. 

The isolated I l l e and H i t were subjected to the Polarim­
etrie determination of their optical puri ty (OY)e=[2S3R— 
2R3S/(2S3R+2R3S)]xl00 and (OY)t= [2R3R-2S3S/(2R3R 
+2S3S)] X 100 as a methanol solution (c 5). T h e values 
were calculated based on the reported values: [a]2

D°, (2S,3S) + 
36.80° (c 5, methanol) and (2S,3R), +14 .32° (c 5, 
methanol) .6> 

The distribution of each stereoisomer in the reaction prod­
uct was calculated as follows: 

1 0 0 + ( O F ) , 

2S3R{%) = D, x (^±m^ 
1 0 0 - ( O F ) , 

2*3S'(%) = De x 
/ 1 0 0 - ( O F ) e \ 

2 ^ ( o / o ) = A x ( i ° 0 ^ ^ ) 

2 ^ ( o / o ) . A x ( i ° 0 ^ ^ ) 

The recrystallizations of the authentic sodium threo-3-
hydroxy-2-methylbutyrate and cyclohexylammonium erythro-
3-hydroxy-2-methylbutyrate with this separation process 
under the same conditions resulted in no change in the optical 
rotations. Thus , the optical purity of diastereomers in the 
hydrogénation product was proved to be the same as that 
of the isolated diastereomers. 

The Stereochemical Stability of Hie and Hit in the Presence of 
a Catalyst and Hydrogen. An authentic optically active 

T M S ) assigned to 

H(d) 

- C — C O O C H 3 ; 

C H 2 C H 3
 ( f ) 

(c) (a) 

«5, 0.93 (3H, 

I l l e or l i l t was shaken with M N i under a hydrogen pressure 
of 100 kg/cm2 a t 100 °C for one day. T h e subsequent GLG 
and Polarimetrie determination of the recovered I l l e or H i t 
indicated that no epimerization and racemization took place 
on this treatment. 

Hydrogénation of II. In an autoclave (100 ml capacity), 
I I (12.5 g) in 25 ml of T H F and 1.5 g of acetic acid were 
hydrogenated over 1 g of the modified catalyst in the way 
described above. 

Determination of Stereoisomers in the Hydrogénation of II. 
T h e analytical GLG (140 °C) of the product showed two 
peaks at the retention times of 7.4 min and 8.8 min. 

T h e two components were isolated by the preparative GLC. 
T h e compound with a shorter retention time (7.2 min) in 
the analytical G L C (140 °C) showed the N M R (CDC13 , 

H(g) 

C H 3 — C 

(b) O H 
(e) 

t, 7 = 7 . 1 Hz , (a)) , 1.23 (3H, d, 7 = 6 . 3 Hz, (b)) , 1.64 (2H, 
m, (c)), 2.33 (1H, m, (d)) , 2.45 (1H, d (broad), (e)), 3.73 
(3H, s, (f)), 3.91 (1H, m, (g)). 

The compound with a longer retention time (8.8 min) 
in the analytical GLG (140 °C) showed N M R (GDC13, 
T M S ) Ô, 0.91 (3H, t, 7 = 7 . 1 Hz (a)), 1.19 (3H, d, 7 = 6 . 4 
Hz , (b)) , 1.66 (2H, m, (c)), 2.35 (2H, overlapped two signals, 
(d) and (e)), 3.72 (3H, s, (f)), 3.90 (1H, broad, (g)). 

T h e compound with a shorter retention time was determin­
ed to be threo-TV (IVt) by the comparisons of its retention 
time with that of I l i t 6 ) or ethyl fAreo-3-hydroxy-2-propyl-
butyrate7) and of its N M R spectra with those of ethyl threo-
and ^fAro-3-hydroxy-2-propylbutyrate.7> 

T h e ratio in the amounts of threo-TV: Dt and erythro-TV: 
De was determined by the analytical G L C . 

T h e N M R spectra of IVe and I V t taken in the presence 
of Eu(hfmc)3 showed two signals of H ( f ) , which correspond 
to those of the enantiomers. Thus , the enantiomer excess 
(e.e.) of each diastereomer was determined from the relative 
peak area of the H(f) signals of the solution containing 
10 mg of IVe or IV t and 25 mg Eu(hfmc)3 in 500 [jd of 
CDG13. 

The absolute configuration at G-3 of IVe with the low-
field H(f) signal and that of IVt with the high-field H(f) 
signal was assigned to the S-configuration by the use of 
Horeau 's method.6 '8) 
When the enantiomer excess of each diastereomer is expres­
sed by e.e.(%) = [peak area (high-field) — peak area (low-
field)]/peak area (high-field + low-field) X 100, the distribution 
of each stereoisomer is calculated as follows: 

2iM (%, = A X ( J O O ^ i - ) 

2S3S (%) = A x ( 

' 100+ (e.e.)t 

2 

' 100-(*.*.) t 

2 

100-(e.«.)e v 

2 

100+ («.«.)« ' 

) 

2SSR{%) = D. X ( J O O ^ k ) 

W / o ) = D. x (JOO+^Oi.) 

T h e a u t h o r s wish to express t he i r g r a t i t u d e to P r o ­
fessor Y o s h i h a r u I z u m i , O s a k a U n i v e r s i t y , for his 
m a n y helpful d iscuss ions a n d sugges t ions in t h e course 
of this w o r k . T h e w o r k w a s s u p p o r t e d p a r t i a l l y b y 
a G r a n t - i n - A i d f rom t h e M i n i s t r y of E d u c a t i o n ( N o . 
2 0 3 5 2 2 ) . 
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Kinetics of the Reaction of a-Chloro Aliphatic Acids 
with Aqueous Ammonia0 

Yoshiro O G A T A , * Atsushi KAWASAKI, Yasuhiko SAWAKI, and Yuya YAMAUGHI 

Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya 464 
(Received November 30, 1978) 

The kinetics of the reaction of a-chloro aliphatic acids (GAA's) with aqueous ammonia to form the correspond­
ing a-amino acids and a-hydroxy acids have been studied by measuring the produced chloride ion. The observ­
ed rate for GAA's having GOOH on a s-C (.y-CAA's) is expressed as: v= (k^ ^[NH^^ICAA], while the rate for 
GAA having GOOH on a t-C (t-CAA) : v=k1[CAA]. These results together with previous observations indi­
cate that the mechanism changes with substrate, i.e., pure »SN2 type for chloroaret'c acid to pure »SNI type for a-
chloroisobutyric acid. The exclusion of a-lactone mechanism and the effect of carboxylato group are discussed. 
The reactivity of ammonia toward a-chloro aliphatic acids is as twice as that of hydroxide ion. 

The ammonolysis of a-halo aliphatic acids is an 
important method for preparation of a-amino acids.2-4) 
Generally, a-chloro aliphatic acids (1) are treated 
with a large excess of aqueous ammonia to give a-amino 
acids (2) accompanied by a-hydroxy acids (3). (See 
Eq. 1.) 

Gheronis and Spitzmuller5) have reported the effect 
of molar ratio, temperature, and p H on the yields for 
this ammonolysis, but not the kinetics and mechanism. 
We have reported the kinetics for the ammonol­
ysis of chloroacetic acid, where the rate law was: 
Z / = £ [ N H 3 ] [ C 1 C H 2 C 0 2 H ] , suggesting £N2 mechanism.6) 
But this nucleophilic mechanism may vary with the 
change of branching at a-position from primary to 
tertiary. 

The present study was undertaken to obtain some 
information on the kinetics of the reaction of a-chloro 
aliphatic acids having G O O H on s-C and t-C (ab­
breviated as .y-CAA and t-CAA, respectively) with 
aqueous ammonia, and the change of mechanism 
with structure. The role of carboxylate ion is dis­
cussed. 

R e s u l t s and D i s c u s s i o n 

Ammonolysis was conducted at 60 °G in aqueous 
ammonia, and the produced chloride ion was mea­
sured to follow the rate of reaction. The reaction 
gave a-amino acids (2) along with a-hydroxy acids 
(3). The products ratios are shown in Table 1. 

R ^ C C O a H + aq NH3 > 
I 
Gl 

(1) 
R ^ C C O a H + R ^ C C O a H (1) 

I I 
NH2 OH 
(2) (3) 

General Kinetics of the Ammonolysis. a-Chloro 
aliphatic acids were treated with over tenfold excess 
of ammonia. The rate of ammonolysis was first-
order in the acid. For the determination of the order 
with respect to ammonia, the rate constant was mea­
sured at constant concentration of a-chloro aliphatic 
acid and various concentrations of ammonia. The 
observed rate constants are in Table 2. The plot 
of the observed rate constants against the initial con­
centrations of ammonia gave a straight line with an 

TABLE 1. PRODUCT RATIO roT. AMMONOLYSIS OF 

a-CHLORO ALIPHATIC ACIDS (1) (See Eq. 1) 

la 
l b 
l c 
Id 

R1 

H 
H 
H 
Me 

R2 

Me 
Et 
f-Pr 
Me 

[GAA]C ( = 0.1M [NH3]ex = 5.1M 

2a : 3a = 83 : 17 
2b : 3b = 73 : 27 
2c : 3c = 39 : 61 
2d : 3d = 14 : 86 

intercept at [ N H 3 ] e x = 0 . Therefore, the rate equation 
consists of first- and second-order terms, where [ ] e x 

means excess concentration to that of GAA. 

|-[G1-] = (Ar1+^[NH3]ex)[GAA] (2) 

Here, kx was evaluated from the intercept of the plot 
and k2 from the slope. The results are shown in Table 
3. The a-amino acids and a-hydroxy acids produced 
in the reaction show that the ammonolysis and hydrol­
ysis occur competitively. 

s-CAA's. T h e rate equation for .y-CAA's ( l a , 
l b , and l c ) can be expressed as Eq. 2. (Table 3.) 
The second-order rate constants decrease in the 
order; R 2 : M e > E t > z - P r . 

The order is due to inductive effect as well as steric 
effect. Especially, the steric effect is important for 
the reaction of 2-chloro-3-methylbutyric acid ( l c ) . 
The transition state, crowded with leaving chloride 
ion, attacking ammonia, and carboxylato and isopropyl 
groups, reduced the second-order rate constants (/Co). 

The accompanying hydrolysis was confirmed by the 
isolation of a-hydroxy acids. The rate of hydrolysis 
for a-chloropropionic acid ( l a ) was measured. The 
rate equation was expressed as 

u= (0.35 + 0.76[OH ]l[GH3GH(Gl)G02H]x 10"5 

at 60 °G. (3) 

Therefore, ammonolysis of secondary a-chloro aliphatic 
acids is a "border line case" between £N2 and £ N 1. 

t-CAA. In contrast to .y-CAA's, t-CAA, a-
chloroisobutyric acid ( Id ) , has a rate independent of 
the concentration of nucleophiles. 

5J[C1-] = Ar1[(GH3)2G(Gl)G02H] (4) 

The first-order rate constant is greater than that 
for analogous secondary substrates. a-Amino acid 
(2a) is the main product of the reaction of a-chloro 
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TABLE 2. RATE CONSTANTS FOR THE REACTION OF OC-CHLORO ALIPHATIC ACIDS (GAA) 

WITH AMINO COMPOUNDS IN AN AQUEOUS SOLUTION AT ÖOlfcO. 1 °G 

[GAA]0 

M 

[NH3]exa> 

M 

NaOH 

M 

GH3GHG02H 

NH2 
M 

(GH3GHG02H)2NH 
i 

M 

K'obsd xio5 

GH3GHG02H 

Gl 

0.10 

GH3GH2GHG02H 

Gl 

0.071 

1.2 
1.88 
2.9 
3.5 

1.2 
1.8 
2.9 
4.5 

0.12 
0.49 
0.78 
0.60 
1.1 
1.6 
2.1 
0.40 
0.55 
0.70 
1.3 
1.6 

0.25 
0.50 
0.74 
1.0 

0.10 
0.15 
0.20 
0.40 
0.50 

0.070 

1.7 
2.6 
3.1 
4.1 
0.35 
0.56 
0.86 
0.68 
1.6 
2.6 
3.3 
0.45 
0.62 
0.71 
1.0 
1.1 

0.86 
1.4 
1.5 
2.3 
0.38 

(GH3)2GHGHG02H 
I 

Gl 

0.080 

1.2 
2.5 
3.8 
5.1 

0.080 

0.42 
0.44 
0.50 
0.52 
0.36 

(GH3)2GG02H 
I 

Gl 

0.087 

1.2 
2.5 
3.8 
5.1 

0.090 

96 
95 
96 
94 
90 

a) Excess ammonia [NH3]ex means the difference in the concentrations between added ammonia and [GAA]0. 

T A B L E 3. R A T E CONSTANTS FOR THE REACTION OF 

A-CHLORO ALIPHATIC ACIDS WITH AQUEOUS AMMONIA 

AT 60+0.1 °C (See Eq. 2) 

Substrate ^ x l O 5 ^ " 1 ) k2X 105 (M"1 s"1) k\x 105 (s"1)*) 

l a 
l b 
l c 
Id 

0.68 
0.48 
0.38 

95 

0.94 
0.40 
0.027 
— 

0.35 
0.38 
0.36 

90 

a) k\\ hydrolysis rate constants for a-chloro carboxyl-
ates. 

propionic acid ( l a ) with aqueous ammonia, while 
a-hydroxy acid (3d) is the main product from a-chloro-
isobutyric acid ( Id) with only a little a-aminoiso-
butyric acid (2d) (Table 1). 

The activation parameters were calculated from k^s 
at 60 and 30 °G. The energy of activation is 27.9 
kcal m o l - 1 and the entropy of activation + 9 . 3 e.u. 
This consistent with £N 1 mechanism, while the entropy 

of activation for ammonolysis of chloroacetic acid, 
where £N2 mechanism operates, is —16 e.u.6) 

Grunwald and et al J) suggested a-lactone mechansim 
for the hydrolysis of a-bromopropionic acid on the 
basis of the first-order rate equation, the retention of 
configuration, common ion effect, and a small solvent 
effect. Hence, solvent effect was studied with our 
a-chloroisobutyric acid to examine the intermediacy of 
a-lactone. The results expressed as Grunwald-Winstein 
equation,8) log(k/k0)=mY, are shown in Table 4. 

The observed m value for the ammonolysis of a-

T A B L E 4. SOLVENT EFFECT ON THE REACTION OF 

A-CHLOROISOBUTYRIC ACID WITH AMMONIA IN AQUEOUS 

METHANOL AT 30±0 .1°G ( [NH 3 ] e x = 2.5 M) 

Y value8) Solvent 

H 2 0 3.493 
40 vol % MeOH 2.391 
80 vol % MeOH 0.381 

^ x l O 5 (s-i) 

1.4 
0.64 
0.19 
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chloroisobutyric acid (m=0.27) is three times larger 
than that for the hydrolysis of a-bromopropionic 
acid (m=0.095) ; i.e., the former reaction is more sus­
ceptible to solvent effect than the latter.7) 

Gripenberg et al.9) proposed that a methyl group 
increased the unimolecular rate by a factor of 104 

and a carboxylato group by a factor of about 103. 
Based on these values, we can expect a decrease of 
the unimolecular rate by a factor of 10 by substitu­
tion of carboxylato group for methyl group. Contrary 
to this expectation, the unimolecular rate constant 
for the methanolysis of a-bromopropionic acid (5.12 X 
10~ 5 s - 1 at 64.5 °C)7> was found to be much larger 
than that of isopropyl bromide ( 5 . 0 x l 0 _ 8 s _ 1 at 64.5 
°C).7) This would be ascribed to the neighboring 
group participation of carboxylate ion in spite of the 
inductive rate-retarding effect of carboxylate ion. 
[The comparison of rate constants alone may not be 
appropriate to judge the participation]. 

O n the other hand, the observed first-order rate 
constant for the ammonolysis of a-chloroisobutyric 
acid ( l ^ x l O ^ s - 1 at 30 °G) was much lower than 
the reported value for the hydrolysis of i-butyl chloride 
( S . S x l O ^ s - 1 at 25 °G).8) Thus, no acceleration by 
neighboring carboxylate ion was observed; hence the 
a-lactone mechanism is excluded for the present reac­
tion. Namely, the ammonolysis of a-chloroisobutyric 
acid proceeds by iSNl mechanism, i.e., rate-determing 

+ 
dissociation of C I - forming zwitter ion M e 2 C C O O _ , 
where carboxylate ion acts as a weaker electron-
releasing group than methyl group. The change of 
mechanism to SN\ in isobutyric acid may be ascribed 
to the high stabilization of carbonium ion by the 
presence of two Me and a solvated C O O - . 

Subsequent Reaction of <x.-Chloropropionic Acid with Am­
monia. Ammonolysis of a-chloropropionic acid 
is a consecutive reaction. The kinetics for the reac­
tion of a-chloropropionic acid with a-aminopropionate 
or a,a'-iminodipropionate ion were studied. The rate 
constants are listed in Table 5. 

TABLE 5. RATE CONSTANTS FOR THE REACTION OF 

A-CHLOROPROPIONIC ACID WITH A-AMINOPROPLONATE 

AND A,A'-IMINODIPROPIONATE IONS IN 

AQUEOUS SOLUTION AT 6 0 ± 0 . 1 °G 

v = (k± + k2[Amino compound]) [la] 

Amino compound /^xlO 5 (s-1) k2xl05 (M - 1 s-1) 

NH3 

CH3CHGO7 

NH2 

(GH3GHCOi)oNH 

1 

NH3 + CH3GHG02H 
| 
CI 

0.68 0.94 
0.12 3.1 

0.33 1.7 

> PH CHCO" 
-HCl , -U* 1 

NH 

CH3CHCOi 
C H 3 C H ( C 1 ) C 0 2 H | 

> NH 
C H 3 C H ( C 1 ) C 0 2 H 

• (CH3CHCOi)3N 

a-Aminopropionate ion having an a-carboxylato-
ethyl group ( C H 3 C H C 0 2

_ ) is about three times as 

reactive as ammonia in k2, while a,a'-iminodipropionate 
ion is no more so stronger nucleophile than ammonia 
in spite of the presence of two a-carboxylatoethyl 
groups : 

CH3CHCOi £ (CH3CHCOi)2NH £ NH3 

I I 
NH2 

We reported that the reactivity toward chloroacetic acid 
was in the order: N H 2 C H 2 C 0 2 - ^ N H ( C H 2 C 0 2 - ) 2 > 
N H 3 in which the steric effect caused a slight decrease 
in the rate for iminodiacetate ion, compared with the 
rate for aminoacetate ion.6) Similarly, a small reac­
tivity of a,a'-iminodipropionate ion is due to the steric 
effect, because a-carboxylatoethyl group is much bulk­
ier than carboxylatomethyl group. 

In aqueous solution, the hydrolysis of a-chloro­
propionic acid is not negligible. (Eq. 3.) The rate con­
stant for the hydrolysis of chloroacetic acid in an aque­
ous solution at 60 °C (7.67 x 10~5 s"1 M" 1) was re­
ported to be ca.1/2 o f t ha t for the ammonolysis (15.0 X 
10-5 s - i M - 1) .1 0) We obtained the rate constants 
for hydrolysis (0.76 X 10~5 s_ 1 M _ 1 ) and for ammonol­
ysis (0.94 X 10~5 s _ 1 M _ 1 ) of a-chloropropionic acid 
in an aqueous solution at 60 °C. Hence, the nucleo­
philicity of ammonia toward alkyl chloride is ca. 1.6 
fold higher than that of hydroxide ion. But the rela­
tive nucleophilicity of O H - and N H 3 may depend 
on the structure of R X and the solvent. Though the 
Swain-Scott nucleophilicity parameter for ammonia 
is unavailable, aniline (re = 4.49) is twice as reactive 
as hydroxide ion (re=4.20).n) Ammonia seems to 
have the same reactivity as aniline. 

Mechanism. The above observations suggest 
a following scheme for the reaction in an aqueous 
solution. 

NH3 + H 2 0 

R ^ C C O a H 
I 

CI 

(1) 

; NH+ + O H -

R ^ C C O , + H+ 
I 

CI 

(4) 

N H 3 

X 
X-ci- / 

O H - \ / - H 

* RiRs+CCO; + Gl-
N H 3 / 

-HCl X X 

/ X 
1/ 

R ^ C C O i 
I 

NH2 

(2) 
Scheme 1. 

(5) 
O H " or 
H 2 0 , -H + 

X 
RiRsCCO: 

I 
OH 

(3) 

-HCl, - H + I -HCl , -H + 

CH3CHCOi 

The primary reaction is a competition between 
ammonia and hydroxide ion for a-chloro aliphatic 
acid. In the ammonolysis of a-chloropropionic acid, a 
fall of p H by addition of ammonium chloride decreased 
the formation of lactic acid, which suggests that the 
hydrolysis proceeds by an attack of hydroxide ion. 

The mechanism changes from ^ 2 to ^ 1 , as the 
alkyl group varies from primary to tertiary. This 
result agrees with the earlier observation in the sol-
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T A B L E 6. CHANGE OF MECHAMISM WITH STRUCTURE 

R1 

H 
H 
H 
H 
Me 

R2 

H 
Me 
Et 
f-Pr 

Me 

Mechanism 

SN2 
5N2 + S*l 

•SN2 + 5N1 

«S*N2 -f- «>N 1 

S*l 

volysis of a lkyl hal ides. 1 2) T h e hydro lys i s occur s 
compe t i t i ve ly , a n d t h u s t h e yields of a - a m i n o ac ids 
w e r e l o w e r e d . T h e yie lds of a - a m i n o ac ids d e c r e a s e d 
i n t h e o r d e r : 2 a > 2 b > 2 c > 2 d . T h e resul ts also s u p ­
p o r t this m e c h a n i s m . T h e hydrolys is c a n b e s u p ­
pressed o n a d d i t i o n of a m m o n i u m c h l o r i d e as w a s o b ­
served . I n these r eac t i ons , t h e c a r b o x y l a t o g r o u p ac ts 
as a w e a k e r e l ec t ron - r e l ea s ing g r o u p , b u t exer t s n o 
a n c h i m e r i c ass is tance . 

E x p e r i m e n t a l 

Melting points were measured by a Yanagimoto micro-
melting point apparatus and were corrected. Boiling points 
were uncorrected. I R spectra were recorded on a Perkin-
Elmer 337 grating spectrophotometer, and N M R spectra 
on a Hitachi R-24B spectrometer. 

Materials. Aqueous ammonia , nitric acid, hydrochlo­
ric acid, sodium hydroxide, ammonium chloride, a-amino-
isobutyric acid, and alanine used were of guaranteed reagent 
grade. a-Chloropropionic acid was redistilled under vacuum 
before use: bp 92—93 °G/15 Tor r (lit,13) 82.5—83.5 °G/12 
T o r r ; N M R (GG14) Ô 1.70 (d, 3H, GH 3 ) , 4.35 (q, 1H, GH) . 

Preparation of the Other a-Chloro Aliphatic Acids. 2-
Chloro-3-methylbutyric, a-chlorobutyric, and a-chloroiso-
butyric acids were prepared by a-chlorination14) of the 
corresponding acids. T h e corresponding aliphatic acid was 
reacted with a gaseous mixture of G l 2 - 0 2 gas in a molar 
ratio of 1/2 in the presence of chlorosulfuric acid and chloranil 
at 120 °G for 6 h. T h e product was then extracted with 
ether, the organic layer being distilled to obtain a-chloro 
aliphatic acid. a-Chlorobutyric acid: bp 101—111 °G/27 
Tor r (lit,15) 98 °C/10.5 T o r r ) ; NMR(GG14) ô 4.2 (t, 1H, 
GH) , 2.5—2.0 (m, 2H, GH 2 ) , 1.1 (t, 3H, G H 3 ) ; I R (neat) 
1730 cm" 1 ( C - O ) , 625 (G-Gl) . a-Chloroisobutyric acid: 
bp 97—99 °G/27 Tor r ; m p 29—30 °G (lit,16) m p 28—30 °G); 
N M R (GG14) ô 1.75 (s); I R (neat) 1720cm" 1 ( G = 0 ) , 615 
(G-Gl) . a-Chloroisovaleric acid: bp 108—109 °G/15 Tor r 
(lit,17) 125—126 °G/32 T o r r ) ; N M R (GG14) ô 4.05 (d, 1H, 
GH) , 2.5—1.8 (m, 1H, GH) , 1.10 (d, 6H, G H 3 ) ; I R (neat) 
1720 c m - 1 (G=0) , 620 (G-Gl) . 

Preparation of a-Amino Acid. A mixture of a-chloro 
aliphatic acids (0.01 mol) and aqueous ammonia (5.2 M , 
50 ml) was heated, in the case of a-chloropropionic and a-
chlorobutyric acids. A mixture of 2-chloro-3-methylbutyric 
acid and aqueous ammonia 50 ml (28%) was reacted at 
room temp mature for 3 weeks. T h e solution was evaporated 
under vacuum, and a-amino acids were recrystallized from 
aqueous methanol . T h e yields of isolated products were 
based on a-chloro aliphatic acids. Alanine: Yield 5 5 % ; 
N M R (D 2 0 /DSS) ô 4.2—3.8 (q, 1H, GH) , 1.75 (d, 3H, 
G H ) ; I R (KBr) 3200—3000 cm"1 , 2250 (NH 2 ) , 1600 (G0 2 ~) . 
a-Aminobutyric acid: Yield 3 9 % ; N M R (D 2 0 /DSS) ô 4.15 
(t, 1H, GH) , 2.4—2.2 (m, 2H, GH 2 ) , 1.5 (t, 3H, G H 3 ) ; 
IR(KBr) 3200—3000 c m - 1 (NH 2 ) , 1600 ( G 0 2 " ) . Val ine: 
Yield 1 7 % ; N M R (D 2 0/DSS) ô 3.55 (d, 1H, GH) , 2.2— 

1.9 (m, 1H, GH) , 1.0 (dd, 6H, G H 3 ) ; I R (KBr) 3200— 
3000 c m - 1 (NH 2 ) , 1600 ( G 0 2 " ) . 

Preparation of oc-Hydroxy Aliphatic Acid. An aqueous 
solution of a-chloro aliphatic acid (0.01 mol) and the equiv­
alent amount of N a O H was refluxed for 24 h. T h e solution 
was acidified with HGl and extracted with ether (20 ml). 
T h e solution was evaporated to obtain a-hydroxy aliphatic 
acid. In the case of a-chloropropionic and a-chloroiso-
butyric acids, the solution was dried without acidification 
and a-hydroxy aliphatic acid sodium salts were obtained. 
Sodium lactate: N M R (D 2 0 /DSS) ô 4.2 (q, 1H, GH) , 1.5 
(d, 3H, GH 3 ) . a-Hydroxybutyric acid: N M R (GG14) ô 
7.10 (s, 1H, O H ) , 4.15 (t, 1H, GH) , 2.2—1.9 (m, 2H, CH 2 ) , 
1.0 (t, 3H, G H 3 ) ; I R (KBr) 3450 cm" 1 (OH) , 1720 (C-O) . 
2-Hydroxy-3-methylbutyric acid: N M R (GG14) ô 7.15 (s, 
1H, O H ) , 4.1 (d, 1H, GH) , 2.2—2.0 (m, 1H, GH) , 0.9 (dd, 
6H, G H 3 ) ; I R (KBr) 3420 cm" 1 ( O H ) , 1720 ( C = 0 ) . Sodium 
a-hydroxyisobutyrate: N M R (D 2 0/DSS) ô 1.80 (s, CH3) ; 
I R (KBr) 3440 cm" 1 ( O H ) , 1610 (G0 2 ~) . 

T h e products were identified similarly by means of N M R 
in comparison with the authentic samples. T h e ratio of 
products of ammonolysis of a-chloropropionic and a-chloro-
îsobutyric acids was estimated by N M R spectra of the reaction 
mixture after evaporation of the solvent. In the case of 
a-chlorobutyric and 2-chloro-3-methylbutyric acids, the reac­
tion mixture of a-chloro aliphatic acids and aqueous am­
monia was acidified with aqueous HGl and extracted with 
ether. After evaporation of the solvent the molar ratio of 
a-amino acids to D M S O was estimated by N M R spectra 
of the residue of the aqueous layer. Similarly, the ratio's 
of a-hydroxy aliphatic acids to D M S O were estimated by 
that of the ether extract. Then , the ratio of products of 
ammonolysis of a-chlorobutyric and 2-chloro-3-methylbutyric 
acids was obtained in this way. 

Preparation of oc,a'-Iminodipropionic Acid. Alanine (25 g, 
0.3 mol) , 100 ml of aqueous N a O H (24 g, 0.6 mol), and 
50 ml of aqueous a-chloropropionic acid (32 g, 0.3 mol) 
were mixed in a flask equipped with a reflux condenser at 
room temperature . T h e solution was refluxed for 24 h. 
Then , the aqueous solution was acidified with HGl and was 
washed with ether (50 ml X 3) to extract lactic acid. After 
evaporation of aqueous layer in vacuum to dryness, a,a'-
iminodipropionic acid was extracted with ethanol (1.51), 
the ethanol solution being condensed in vacuum and cooled. 
a,a ' -Iminodipropionic acid was slowly crystallized, filtered, 
washed with cold ethanol, and recrystallized from water -
ethanol-ether (1 : 2 : 1). 5.0 g of colorless crystals of a,a'-
iminodipropionic acid was obtained: m p 236—238 °G (lit,18) 
238 °G) ; N M R (D 2 0 /DSS) ô 3.90 (q, d, 2H, GH) , 1.55 
(d,d, 6H, GH 3 ) ; I R (KBr) 3400 cm" 1 (NH) , 1720 (G=0) , 
1600 ( G 0 2 - ) . Found : G, 43.07; H , 6.45; N , 8.35%. Galcd 
for G 6 H u N 0 4 : G, 44.72; H , 6.88; N , 8.69%. 

Kinetics. A solution of a-chloro aliphatic acid (5 ml) 
was added to an aqueous solution of amino compound (45 ml) 
in a glass-stoppered flask, which had reached thermal equilib­
r ium in a thermostat. Aliquots (5 ml) were pipetted out 
at regular intervals of time and cold dilute nitric acid was 
added to stop the reaction. T h e chloride ion concentration 
was determined by the Volhard method.19) 

T h e rate constants for the reaction of a,a'-iminodipro-
pionate ion and a-chloropropionic acid was rather inaccurate 
( ± 1 0 % ) because of the lower initial concentration of a,a'-
iminodipropionate ion and a small amount of impurity 
(NaCl) , which could not completely be eliminated, but the 
content of NaCl was determined and subtracted. The 
initial first-order rate constants (up to 2 0 % conversion) 
were calculated by the least square method ( r>0 .98) . The 
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% conversion of the reaction of NH3 or OH" was 30—50%. 
Probable error in rate constants was ± 5 % . 
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Solvolysis in Carboxamides. V." Solvolytic Elimination of threo-
l-Methyl-2-phenylpropyl Brosylate in iV,iV-Dimethylacetamide. 

Kinetic, Product, and Deuterium Tracer Studies 
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Solvolysis of a series of ring substituted /Areo-l-methyl-2-phenylpropyl brosylates has been carried out in N,N-
dimethylacetamide (DMA) as solvent. Hammett treatment of the rate data indicated that the DMA solvolysis 
of the unsubstituted brosylate (lc) falls into the category of ks pathway (100%). In order to gain further informa­
tion of the nature of the ks pathway, the DMA solvolysis of l c or lc-2-d (labeled at C(2)) has been conducted. 
The product distribution, effect of water content on it, the composition and deuterium distribution of recovered 
brosylate, kinetic isotope effect, and the deuterium distribution of product have been investigated. The prod­
ucts consisted of the olefins ((E)- and (Z)-2-phenyl-2-butenes, and 2- and 3-phenyl-l-butènes), and, in the pres­
ence of water in DMA, the carboxylates (erythro- and £Ara?-l-methyl-2-phenylpropyl acetates) and the small 
amount of diastereomeric alcohols. The major product was (Z)-2-phenyl-2-butene, indicating the occurrence 
of anti-E\ process. The deuterium was substantially scrambled in each product. These findings suggest that 
the reaction proceeds through tight ion-pair and subsequent processes such as anti-E\, 2,1-phenyl and -hydride 
shifts, solvent capture, and threo-erythro interconversion take place competitively. In view of a substantial extent 
of intervention of such rearrangement, the involvement of nucleophilic solvent assistance is thought to be less 
probable in this A:s process. 

The ^-phenyl participation in solvolytic reactions 
has been one of interesting subjects in organic reaction 
mechanism for more than twenty years.2) Cram has 
first proposed the phenonium ion as intermediate in 
the acetolysis of optically active threo- and erythro-l-
methyl-2-phenylpropyl tosylates to account for the re­
markable stereospecificity of the reaction.3) For ex­
ample, the acetolysis of the threo-substrate gave acetate 
( 5 3 % yield) with 9 4 % retention of configuration, ac­
companied with the olefin formation (35 %).3) 

Winstein et al.*) have shown, however, that the rate 
enhancement expected for the /^-phenyl participation 
is generally quite small. In fact, when titrimetric 
rate is compared, the rate of the acetolysis of threo-l-
methyl-2-phenylpropyl tosylate was 0.6 times the rate 
of j--butyl tosylate under the same conditions.4) 

Such an apparent discrepancy between rate data 
and stereospecificity of product has made it difficult 
to clarify the role of /^-phenyl group in solvolytic reac­
tions and, therefore, was the starting point of the 
current controversy.2»5-13) 

Schleyer and his collaborators6) have recently sug­
gested that the solvolysis of ß-arylalkyl systems proceeds 
through discrete aryl-assisted (kà) and/or aryl-unas­
sisted (A;s) pathways. They have developed the meth­
od for the dissection of the observed rate constant 
(kt) into its Fkk and ks components by the use of 
Hammet t correlation.6a) 

The application of this approach621) to 2-aryl-l-
methylpropyl system has been performed by Brown 
and Kim.5e) They conducted the acetolysis of a series 
of ring substituted threo- l-methyl-2-phenylpropyl brosy­
lates and found the existence of an excellent rate-
product correlation, when 100 Fk^k^ value was com­
pared with the yield of retained acetate. However, 
since the rate ratio (k^ks) of 12 for the unsubstituted 
derivative ( lc) was too small to be ascribed to the 
mechanism involving the simultaneous formation of 
open and bridged ions,6) they have proposed a mech­
anism involving an open tight ion-pair as a common 

intermediate to which both the aryl-assisted and the 
aryl-unassisted pathways compete,5e,f) employing the 
original formulation of Shiner14) and Sneen.15) 

In a series of our investigations with respect to the 
nature of carboxamide solvolysis for typical secondary 
cycloalkyl systems, 4-£-butylcyclohexyl,16) 7/?-methylbi-
cyclo[3.3.1]non-3/?-yl,17) and exo-2-norbornyl1) systems, 
it has been revealed that the reactions proceed through 
an initially formed tight ion-pair intermediate [R+X - ] 
(classical) which undergoes various subsequent proces­
ses such as E\ reaction, solvent capture (formation of 
imidatonium ion), or rearrangements, as is outlined 
in Scheme 1. 

Rearranged Product 

RX =s= [R+X_] -»- Unrearranged Olefin 

R-Q=£ 
+ >NR2MeJ 

Imidatonium Ion 

+ H2O, contained 
in the amide 

Elimination 
Product 

R-O-C-R1 + H2NR2MeX" 

R1, R2 = H or Me 

Scheme 1. 

As a principal characteristic of the carboxamide 
solvolysis, it has been demonstrated that the carbox­
amides suppress the formation of rearranged products 
even when the substrate has a structure prone to rear­
rangement and, in addition, they accelerate syn-E\ 
process in the cyclic substrates1»16'17) to result in an 
increase in the yield of unrearranged olefin. Based 
on such trends observed in the previous studies,1»16»17) 
it was anticipated that a fraction of the k\ pathway 
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for l c might be suppressed in the carboxamide sol­
volysis as compared with that in the acetolysis.£e) It 
appeared also of interest to examine whether the rate-
product correlation, observed in the acetolysis,5e) is 
observed or not in carboxamide solvolysis of such 
system. 

In this paper, we report on a) the Hammet t treatment 
of rate data for the D M A solvolysis of a series of ring 
substituted threo -1 - methyl - 2 - phenylpropyl brosylates 
( l a—g) , b) the products of the D M A solvolysis of the 
unsubstituted derivative l c in the presence of various 
amounts of water, c) the composition and deuterium 
distribution of the unchanged brosylate recovered from 
half-life reaction of G(2)-deuterated substrate lc-2-d in 
D M A solvent, d) deuterium distribution of the prod­
ucts produced from the D M A solvolysis of lc-2-</, and 
e) kinetic isotope effect for lc-2-d solvolysis in four 
carboxamide solvents, i.e., 7V-methylformamide (NMF), 
7V-methylacetamide (NMA), iV,7V-dimethylformamide 
(DMF), and 7V,7V-dimethylacetamide (DMA). We also 
discuss the generality of the mechanism (Scheme 1) 
and the mechanistic problem2 '5 - 1 3) of 2-aryl-l-methyl-
propyl solvolysis, especially on the nature of the A"s 

process. 

l a R = H, X=/>-MeO 
l b R = H, X=/>-Me 
lc R = H, X = H 
lc-2-</ R = D, X = H 
Id R = H, X=/>-Cl 
l e R = H, X = m-Cl 
If R = H, X = m-CF3 

lg R = H, X=/>-N02 

R e s u l t s 

Rate Study and Hammett Correlation for the DMA Solvol­
ysis of la—g. The rates of solvolysis of l a — g in 
D M A solvent were determined titrimetrically in the 
same manner as reported.1) All the kinetic runs ex­
hibited first-order behavior over two to three half 
lives. Pyridine, added to neutralize liberated />-bromo-
benzenesulfonic acid, did not alter the rate, presum­
ably indicating that the reaction proceeds through 

O 
en 
2 1 

-1 h 

Fig. 1. Plot of logkt (^ro-2-aryl-l-methylpropyl 
brosylate) for the DMA solvolysis and acetolysis (Ref. 
5e) vs. a at 75 °G; p -value and correlation coefficient 
for the DMA line are —0.72 and 0.991, respectively. 

typical E\ or SNl mechanism. The rate constants 
and activation parameters are tabulated in Table 1. 
The Hammet t plot for the rates of l a — g at 75 °C is 
shown in Fig. 1, together with that for the acetolysis50) 
for the purpose of comparison. 

A satisfactory linear relation was observed for all 
the substrates except for />-methoxyphenyl derivative 
l a . The fcs line was determined by a least-squares 
treatment to obtain the /0-value of — 0.72.18) Unlike 
the acetolysis,5e) the J£A pathway was suppressed in 
D M A solvent for />-tolyl derivative l b as well as the 
parent phenyl derivative l c . Thus the D M A solvolysis 
of l c turned out to be the case of 100% ks solvolysis. 
This result is quite notable as compared with previ­
ously known solvolyses of unsubstituted phenyl deriv­
atives in the system such as 2-aryl-l-methyrpropyl,5e) 
2-aryl-l-methylethyl,6a_c '19) or £r<my-2-arylcyclopentyl5f) 
because these reactions are known to proceed more 
or less through the £A pathway. 

TABLE 1. KINETIC DATA FOR THE SOLVOLYSIS OF /A^O-2-ARYL-I-METHYLPROPYL 

BROSYLATES l a — g IN iV,iV-DIMETHYLACETAMlDE ( D M A ) a ) 

Substituent 

/>-OCH3 

/>-CH3 

H 

p-a 
m-Cl 
m-CF3 

p-N02 

25.0 °Ce> 

0.124 

0.00952 
0.00844 
0.00443 
0.00341 
0.00331 
0.00152 

50 

0. 

.0 

105/s" 

3G 

2990 
3.21 

i b ) 

75.0°G 

28.8 

4.15 
3.34 
1.90 
1.59 
1.44 
0.916e) 
4.41h> 

100.0°G 

47.1 
35.9 
21.4 
18.5 
16.3 
29.7^) 

(AH* 

V A 

22.9 

24.5 
24.4 
24.4 
24.7 
24.4 
25.1 

•r (-

AS* y> 

- 9 . 1 

- 8 . 5 
- 1 0 . 8 
- 1 0 . 3 
- 9 . 7 

- 1 0 . 7 
- 9 . 5 

a) [ROBs] = 0.075mol/dm3; [G5H5N] = 0.077 mol/dm3; [H20] = 0.003 mol/dm3. b) Mean deviation for kt's is 
± 2 % . c) At 25.0 °C; 4 = 4.184kJ/mol. d) At 25.0 °C; B = 4.184 J/(K mol), e) Extrapolated from data at 
other temparatures. f) At 33.0 °G. g) At 110.0 °G. h) At 90.0 °G. 
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Product Distribution and Effect of Water Content for the 
DMA Solvolysis of lc. In the light of the results 
mentioned above, it is pertinent to investigate the 
nature of k6 pathway by the use of the D M A solvolysis 
of l c . The product distribution for such reaction was 
determined by the combined use of gas chromatography 
and 1 H N M R spectroscopy. As illustrated in Scheme 
1, the carboxylates can be formed by rapid hydrolysis 
of the imidatonium ion. The stereochemistry of solvent 
capture on initial carbonium ion intermediate could 
be disclosed by efficient trapping of the imidatonium 
ion with water. This method has been successfully 
utilized in the previous works.1'17) Thus the effect of 
water content in D M A solvent on the product distribu­
tion was examined and the results are summarized in 
Table 2 and illustrated in Fig. 2. 

Similarly to the trends observed for cycloalkyl sys­
tems,1»17) the olefins, (Z)-2-phenyl-2-butene (7), its 
(E) -isomer (8), 2-phenyl-l -butène (9), and 3-phenyl-l-
butene (10), were produced in completley dried DMA. 
Among them, the (Z)-butène 7 was a major product 
( « 6 6 % ) . The carboxylates, e^Aro-l-methyl-2-phenyl-
propyl acetate (11) and its threo-isomer (12), were 
obtained only in the presence of water and they should 
stem from the reaction of water and the imidatonium 

UNREARRANGED 

0 0,05 0,1 0.15 

[H20]/(mol/dm3) 

Fig. 2. Effect of water content of DMA on the formation 
of (Z)-olefin 7 (C), (£)-olefin 8 ( # ) , 2-phenyl-l-butène 
9 (0 ) , 3-phenyl-l-butène 10 ((D), and erythro-a.ceta.te 
11 (O) at 75.0 °G. 

CHS 
£H3 

D OBs 

lc-2-d 

DMA 
^ 

75 °C 

55% 

CH 3 

*»H 

"D OAc 

16.3% 

REARRANGED 

3,2-Phenyl shift 

f 

11 

,»>CH3 

OAc 
12 

1.3% 

3,2-Deuteride shift 

ions, [erythro-R-DMA]+OBs- (4) or [ f a - R - D M A ] + -
OBs~ (5), respectively {vide infra). These imidatonium 
ions can be derived from the tight ion-pair intermediate 
(2) by solvent capture (Scheme 3, vide infra). 

Deuterium Distribution in the Products for DMA Solvolysis 
and for Acetolysis of lc-2-d. In the investigation 
of the product composition, the occurrence of 2,1-
hydride shift in the tight ion-pair 2 is disclosed in view 
of the formation of 2-phenyl-l-butène 9. However, 
2,1-phenyl shift, if any, is impossible to be proved, 
unless the substrate labeled at G (2). Thus, by the use 
of lc-2-öf, the extent of phenyl migration can be estimat­
ed from the deuterium distributions in the phenyl-
butenes, 7, 8, and 10, and also in erythro- and threo-l-
methyl-2-phenylpropyl acetates, 11 and 12. 

TABLE 2. EFFECTS OF ADDED H 2 0 ON PRODUCT DISTRIBUTION FOR THE DMA SOLVOLYSIS 

OF JÄrtfO-l-METHYL-2-PHENYLPROPYL BROSYLATE AT 7 5 . 0 °Ca> 

/ [H2Q] 
\ mol/dm3 

0.015 
0.025 
0.035 
0.055 
0.095 
0.155 

- ) 
7 

65.9 
66.4 
65.1 
66.8 
65.8 
64.5 

8 

16.5 
14.4 
14.0 
11.5 
10.8 
10.1 

Olefin 

9 

4.9 
4.5 
4.2 
4.2 
3.8 
3.6 

Product yield % 

10 11 

5.3 5.8 
5.9 6.9 
5.8 8.5 
5.5 9.3 
5.1 11.4 
4.9 13.4 

Acetate 

12 

1.1 
1.3 
1.7 
1.8 
2.2 
2.4 

ROHb> 

0.5 
0.6 
0.7 
0.9 
0.9 
1.1 

a) [ROBs] = 0.075 mol/dm3 ; [G5H5N] = 0.077 mol/dm3. b) Diastereomeric 3-phenyl-2-butanols : isomer compositions 
were comprable with those of the acetates. 

erythro-a.ceta.te
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TABLE 3. ISOTOPIC SCRAMBLING IN THE PRODUCTS FOR DMA SOLVOLYSIS AND ACETOLYSIS OF 

£Ar£0-1-METHYL-2-PHENYLPROPYL-2-*/ BROSYLATE lc-2'd AT 75 °G a ) 

Product 

Butène : 

(Z)-2-Phenyl-2-
(3-H : 3-D) 

(£)-2-Phenyl-2-
(3-H : 3-D) 

3-Phenyl-l-
(3-D : 2-D) 

2-Phenyl-l-
(3-D,H : 3-H2) 

Acetate : 

(7) 

(8) 

(10) 

W 

erythro-1 -Me-2-phenylpropyl 
(2-D : 1-D) (H) 

threo- l-Me-2-phenylpropyl 
(2-D : 1-D) (12) 

Solvent: wet DMAC) 

54.9 
(82 : 18) 

8.6 
(64 : 36) 

6.7 
(100 : 0) 

5.1 
(100 : 0) 

21.0 
(87 : 13) 

3.7 
(65 : 35) 

Yield % 
(Composition %) b> 

dry DMAd> 

57.5 
(73 : 27) 

26.7 
(62 : 38) 

7.4 
(100 : 0) 

8.4 
(100 : 0) 

tracef) 

0.0 

AcOH 

5.8 
(55 : 45) 

19.2 
(39 : 61) 

3.3 
(81 : 19) 

2.1 
(90 : 10e>) 

2.7 
(60 : 40) 

67.0 
(51 : 49) 

a) [lc-2-fl = 0.075 mol/dm3; [G5H5N] = 0.077 mol/dm3 

content was < 1 % ; reproducibility = ± 3 % . c) [H20] = 
f) Deuterium distribution was not determined. 

b) The accuracy for NMR measurement of deuterium 
:0.17 mol/dm3. d) [H 2 0]<0 .003 mol/dm3. e) See text. 

TABLE 4. SUMMARY OF CLEAVAGE REACTION OF RECOVERED BROSYLATE FROM HALF-LIFE SOLVOLYSES OF 

£AR£0-L-METHYL-2-PHENYLPROPYL BROSYLATE LC AND ITS G(2)-DEUTERATED BROSYLATE 

lc-2-d IN DMA AT 75 °Ca> 

ROBs 

lc-2-</d> 
lc 
l c 
lc-2-d 

% Recov.c> 

— 
98 
95 
99 

[C5H5N+HOBs-] 
(mol/dm3) 

— 
— 

0.15 
— 

3-Phenyl-2-butanol, 

threo 

2-D 3-D 

0 100 
94.1 
94.9 

13.9 80.1 

compn. %b> 

erythro 

2-D 3-D 

0 0 
5.9 
5.1 

1.3 4.6 

a) [ROBs] =0.075 mol/dm3; [G5H5N] = 0.077 mol/dm3; [HaO] = 0.17 mol/dm3. b) For deuterium distribution 
analysis: the accuracy^ 1% ; reproducibility = ± 3 % . c) Based on the theoretical amount, d) Control experiment. 

The D M A solvolysis of lc-2-ö? has been carried out 
at 75.0 °C, and for the purpose of comparison the 
acetolysis of IC-2-É/ was also conducted at the same 
temperature. The isotopic distribution was measured 
by means of *H N M R spectroscopy in the Fourier 
transform mode for all the products, which were sepa­
rated by the use of column chromatography, prepar­
ative gas chromatography, and/or an appropriate chem­
ical transformation. The extent of rearrangement, 
i.e., 2,1-hydride shift and 2,1-phenyl shift, was calculat­
ed from the product composition and the deuterium 
distribution in the each product. The results are 
summarized in Table 3 and illustrated in Scheme 2. 

Partial Solvolysis and the Analysis of Unchanged Brosylate 
for the DMA Solvolysis of lc and lc-2-à. Previously, 
we have demonstrated that 4-^-butylcyclohexyl tosylate 
undergoes rearrangement of the type cis^ltrans during 
the solvolysis in phenol-benzene,20) acetic acid,21) 6 0 % 
(v/v) acetone-water,21) and N M A solvent.16) From 
these results, it is anticipated that the rearrangement 
of l c from threo to erythro configuration may also occur 
during the D M A solvolysis. Accordingly, the half-life 
solvolysis of l c or lc-2-öf has been carried out in the 

absence and the presence of added pyridinium brosylate 
at 75.0 °G and then the unchanged brosylate was 
isolated. The recovered brosylate was converted into 
the corresponding alcohol keeping the stereochemical 
integrity by the use of sodium-naphthalene reagent 
in tetrahydrofuran at —78 °G. The alcohol was an­
alyzed to determine its isomer composition and/or 
deuterium distribution by means of gas chromatography 
and 1 H N M R spectroscopy. As expected, it was dis­
closed that threo brosylate l c rearranges to erythro 
brosylate (13) during the solvolysis. The results are 
summarized in Table 4. 

Kinetic Isotope Effect. In order to obtain informa­
tion on the transition-state structure for the D M A 
solvolysis of l c , the isotope effect on the D M A solvolysis 
rate of l c by deuteration of G(2) position was examined 
at 75.0 °G. Such examination has been also made on 
the other carboxamide solvolyses in DMA, NMA, and 
N M F . These results are tabulated in Table 5 together 
with data pertinent to appropriate systems. The ß-
effect {kK/kß_D) of 1.93 (DMA solvolysis) appears to 
be comparable to the values reported for solvolyses of 
the systems22-24) with the tertiary ^-hydrogen. 
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TABLE 5. SUMMARY OF ISOTOPE EFFECT FOR SOLVOLYSIS OF SECONDARY ALKYL SULFONATES 

BEARING TERTIARY /?-HYDROGENA) 

Substrate Solvent 
(77°C) 

kn/kß- Olefin 
Yield %b> Ref. 

threo-1 -Methyl-2-phenylpropyl OBs 

m-2-Phenylcyclopentyl OTs 
^Ar^o-2-Gyclohexyl-1 -methylpropyl OTs 
1,2-Dimethylpropyl OTs 

DMA (75) 
DMF (75) 
NMA (75) 
NMF (75) 
AcOH (50) 
AcOH (25) 
AcOH (25) 

1.93 
1.67 
1.63 
1.41 
2.07 
1.87 
2.26 

b) Data for the unlabeled substrate. 

83 
— 
62 
— 
96 
54c> 
70d) 

c) At 35 °G. 

this work 
this work 
this work 
this work 

22 
23 
24 

d) At 75 °G. a) Effect by substituting the tertiary /^-hydrogen. 

D i s c u s s i o n 

Possible Reaction Scheme Drawn on the Basis of the Prod­
uct Distribution and Effect of Water Content on It for DMA 
Solvolysis of lc. The yields of the (Z)-2-olefin 
7 and 1-butènes, 9 and 10, are virtually unchanged 
even with the increase in the water content (Fig. 2). 
In contrast, the yield, though much less, of (E)-2-
butene 8 decreases with the increase in water content, 
but becomes actually invariant at the water concentra­
tion higher than 0.15mol/dm 3 . O n the other hand, 
the yield of the er^Aro-acetate 11 increases comple­
menting the decrease in the yield of (£')-2-butene 
8, and it also becomes constant (Fig. 2), although the 
increase in the acetate 11 yield can not completely 
compensate the (E) -olefin 8 yield. 

From these features of the yield variation caused 
by increase in water content, the following reaction 
pathway can be depicted as one of the simplest reaction 
schemes: a) the (Z)-olefin 7 and 1-butène 10 are formed 
from the tight ion-pair 2, b) the ^Aro-ace ta te 11 can 
be produced by the reaction of water with erythro-

imidatonium ion 4, partially compensating the decrease 
in the yield of the (£)-2-butene 8, c) thus the (£ ) -
2-butene 8 comes actually from the erj^Aro-imidatonium 
ion 4, but a part of it can be formed through a rear­
ranged cation (6) which is formed after 2,1-hydride 
shift of the tight ion-pair 2, d) the 1-butène 9 can 
also be produced from the rearranged cation 6, and 
e) the £/zra?-acetate 12, although in very low yield, 
is derived from the ^ra?-imidatonium ion 5. These 
pathways are illustrated in Scheme 3, which are es­
sentially the same as those depicted in Scheme 1. 

The formation of conjugated terminal olefin 9 sug­
gests the occurrence of 2,1-hydride shift to produce 
tertiary benzylic cation 6. Gram and Sahyun25) 
have demonstrated that the acetolysis of a tertiary 
benzylic system, i.e., 1-methyl-1-phenylpropyl chlo­
ride, affords the olefins in 9 4 % yield which consist of 
(Z)-olefin 7, (E) -olefin 8, and 1-butène 9 in the ratio 
9 : 68 : 23. If the same ratio for Saytzeff orienta­
tion could be expected on the reaction of benzylic 
cation 6 in the solvolysis of l c in D M A containing 
0.155 mol/dm3 of water, the yields of 7 and 8 can be 
predicted to be 1.4% and 10.6%, respectively, based 

^ [R+X-] 

(X =OBs) 

Scheme 3. 
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on the observed yield (3.6%) of 9 (Table 2; [ H 2 0 ] = 
0.155 mol/dm3) . Since the observed yield of (E)-
olefin 8 (10.1%) is in line with the predicted value 
(10.6%), most of the (E)-olefin 8 should be derived 
from the benzylic cation 6 (Scheme 3). Obviously, 
most of (Z)-olefin 7 stems from the tight ion-pair 2, 
since the yield of 7 is far greater than the expected 
value (1.4%) from the cation 6. 

Stereochemistry of E i Reaction. When stereo­
chemistry of the E\ reaction was compared with the 
cyclic systems, in which elimination takes place in 
.ryw-fashion,1'16'17) the remarkable contrast was ob­
served. Namely, the formation of (Z)-olefin 7 should 
be ascribed to anti-El reaction from the tight ion-
pair 2 ; the (E) -olefin formation from the imidato-
nium ion 4 should also be attributed to anti-elimina­
tion (Scheme 4). 

In the solvolysis of cyclic substrates,1 '17) which bear 
no ß-hydrogens antiperiplanar to the leaving group, 
the ^«-elimination was predominant. However, 
the tight ion-pair derived from open-chain compound 
l c can rotate easily to afford the conformers capable 
of both syn- and aw/z'-eliminations. In the case of sol­
volysis of l-methylpropyl-2-öf tosylate in a dipolar 
aprotic solvent, i.e., nitrobenzene, Skell and Hall26) 
have demonstrated that it gives predominantly syn-
elimination product. In contrast, the D M A sol­
volysis of l c afforded overwhelmingly arcta'-elimination 
product 7. Thus, this feature seems to be characteris­
tic of D M A solvolysis of the open-chain system. Fur­
ther scrutinies are required to explain such contrast­
ing stereochemical results. 

Occurrence of 2,1-Phenyl Shift in the Tight Ion-pair 
2. Appearance of the label at G(3) positions of 
the olefins 7 and 8, or at C( l ) positions of the acetates 
11 and 12 (Table 3 or Scheme 2) clearly indicates that 
2,1-phenyl shift occurs not only during the acetolysis 
with kà process, but also actually in the DMA solvol­

ysis of 100% ks process. 
It is notable that the isotopic scrambling in the 

retained acetate 12 is far from complete equilibration 
(Table 3) for the D M A solvolysis. Consequently, 
the formation of this product can not be ascribed to 
intervention of a symmetrical intermediate expected 
for the phenonium ion pathway. Although Harris 
et a/.6a) have suggested that even the deactivated sub­
strates of a series of ring substituted 2-phenylethyl 
system undergo a small, almost undetectable amount 
of aryl participation (Fki), the present result rules 
out such a possibility so far as the D M A solvolysis 
of l c is concerned. 

Based on the dual mechanism ( £ A + ^ S ) of solvoly­

sis of /?-arylalkyl system,6) the inverted acetate should 
be produced by ks pathway without any scrambling, 
unless the starting material has first undergone the 
£A ionization at first and subsequently internal return 
to give a scrambled substrate. The D M A solvolysis 
of l c has already turned out to have no k& process 
but 100% ks pathway as is shown in Fig. 1 and men­
tioned above. Therefore, the scrambling of the isotope 
in the inverted acetate 11 can not be compatible with 
the previously proposed ks process without the scram­
bling.6) 

The extent of rearrangement of the D M A solvolysis 
and the acetolysis was calculated from the data in 
Table 3 and Scheme 2, to be 2 2 % and 4 7 % , respec­
tively. Thus, D M A solvent much more suppresses 
the rearrangement accompanied the solvolytic reac­
tion of the brosylate lc-2-d than does acetic acid as 
solvent. For the formation of 2-phenyl-l-butène 
9-3-H2 (Table 3), 3,1-hydride shift and the subsequent 
deuteron elimination is conceivable (Scheme 5). 

Possible Double Inversion Course for the Formation of 
Retained Acetate 12. As is shown in Table 4, it 
was revealed that threo brosylate l c rearranges to 
erythro brosylate (13) to a substantial extent (5.9%) 
during the half-life solvolysis of l c in D M A solvent. 
Furthermore, when the similar analysis has been con­
ducted for the solvolysis in the presence of two-fold 
excess of pyridinium brosylate, the essentially same 
result was obtained (Table 4), indicating that the 
threo-erythro interconversion is caused intramolecu-
larly by the rotation of C( l ) -C(2 ) bond at the stage 
of the tight ion-pair intermediate 2 (Scheme 6). Such 
crossover by an internal rotation in the tight ion-pair 
has also been suggested by Cram and Knight27) and 
by Collins et a/.28) 

O n the basis of Scheme 6, it is deduced that the 
formation of the retained acetate 12 in the D M A 
solvolysis of l c should be ascribed, at least partly, 

threo erythro 3 erythro 

2 I D H A 13 

(CH^N' \ H 3 . 

threo 

5 

Scheme 6. 

1-2-d 9-3-H2 
S c h e m e 4 ' Scheme 5. 
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to the double inversion course; ery thro-type ion-pair 
intermediate (3) should intervene between threo-type 
ion pair intermediate 2 and threo-type imidatonium 
ion 5 (Scheme 3). 

The Formation of (E)-Olefin 8 from [ery thro-R-DMA] +-
OBs~. As mentioned in the foregoing section 
(Scheme 4), in completely dried D M A , [erythro-K-
D M A ] + O B s - 4 undergoes ««^-elimination to give the 
(£)-olefin 8. T h e yield of the (£)-olefin 8 (8 .6% 
in the wet solvolysis (Table 3)) was increased to 26 .7% 
in the dry solvolysis (Table 3), whereas erythro-a.ceta.te 
11 was reduced from 2 1 % to trace amount under 
dried conditions. T h e amounts of the (E) -olefin 8 
arising from [erythro-K-DMA] +OBs~ 4, therefore, 
can be calculated to be 18.1 % ( = 2 6 . 7 — 8 . 6 % ) . If 
[erythro-K-DM.A] +OBs~ 4 undergoes anft'-elimination 
keeping the same isotopic distribution as that in the 
erythro-a.ceta.te 11 (Table 3), the deuterium content 
at G (3) position of (E) -olefin 8 produced can be esti­
mated to be about 20 %.29) However, as is indicated 
in Table 3, it actually amounts to 3 8 % . This result 
suggests that [erythro-K-DMA]+OBs~ 4 must undergo 
further 2,1-phenyl shift before it is transformed to 
(E) -olefin 8. T h e following scheme can be drawn to 
account for the situation (Scheme 7), and this scheme 
appears to be essentially the same as that proposed 
previously to explain the observed chemical behavior 
of imidatonium ion derived from tfxo-2-norbornyl 
cation.30) 

in the absence of 

WATER 

11-2-d 11-1 -d 

Co- (61 39) 

8 -3-d 

Scheme 7. 

Nature of the ks Pathway. Brown and Kim5e) 
have made a detailed comparison of the characteris­
tics of the hs pathway in secondary /?-arylalkyl sol­
volysis with the corresponding characteristics of pri­
mary /9-arylalkyl solvolysis in terms of AS", secondary 
isotope effect, p -value, lyate ion effect, or hydride 
shift. They have noted on the basis of these features 
that no evidence for strong nucleophilic solvent parti­
cipation in the secondary ks process could be detected 
and these were considered to lend support to an 6*N1 

mechanism. T h e present findings as regards AS* 
value (Table 1), ^-value (Fig. 1), the cocurrences 
of 2,1-hydride as well as 2,1-phenyl shift and of intra­
molecular threo-erythro interconversion of the brosylate 
l c (Table 4), or no effect of added pyridine on the rate 
(vide supra), are in line with the implications pointed 
out by Brown and Kim.5e) 

An additional mechanistic aspect could be drawn 
on closer inspection of the data for the kinetic isotope 
effects (Table 5) and the product distributions (Tables 2 
and 3), as in the following. First, the olefins arising 
from the process involving 2,1-hydride shift are not in 
large amount (Tables 2 and 3), probably suggesting 
that the relatively large /9-deuterium isotope effect 
for the D M A solvolysis of l c (Table 5) can not be 
ascribed to hydrogen participation.23 '24) Secondly, 
although the olefins arising from anft'-elimination is 
predominant , its yield is not sufficiently reduced by 
C(2)-deuteration, clearly indicating that the inter­
vention of E2 process can be eliminated from the present 
reaction: the yield of (Z)-olefin 7 is 64 .7% for l c and 
is 54 .6% for lc-2-d (Tables 2 and 3). Thus the iso­
tope effect for the D M A solvolysis of l c should be 
predominently associated with a specific transition-
state structure of the reaction. Thirdly, when the 
isotope effects for the solvolysis of lc-2-ä? in the four 
carboxamide solvents (NMF, NMA, D M F , and DMA) 
are compared with the yields of (Z) -olefin 7 in the cor­
responding reactions (Table 6), the larger isotope 
effect is accompanied with the increased yield of the 
(Z)-olefin 7. This may indicate that the magnitude 
of kinetic isotope effect for the carboxamide solvolysis 
of l c could be correlated to the degree of hyperconju-
gative stabilization14 '22) of the transition state with 
antiperiplanar conformation, from which (Z)-2-
phenyl-2-butene 7 is formed. The larger isotope 
effect probably means the more stabilization of anti­
periplanar transition state which, in turn, results in 
the more (Z)-olefin 7. 

As regards the relatively high ^-deuterium isotope 
effect in the acetolysis of cw-2-phenylcyclopentyl tosy-
late (Table 5), K i m and Brown22) have recently sug­
gested that it may be the result of the combined ef­
fects of hyperconjugative destabilization of the transi­
tion state, leading to tight ion-pair intermediate, and 
of destabilization of the subsequent transition state, 
leading to tertiary benzylic cation, by the difficulty 

T A B L E 6. COMPARISON BETWEEN KINETIC ISOTOPE EFFECT 

AND AMOUNT OF FLW^'-ELIMINATION PRODUCT FOR THE 

CARBOXAMIDE SOLVOLYSES OF lc-2-d AT 75 ° G 

Amide V*/3-D a ) Yield % 
of (Z)-olefin 7b> 

DMA 
DMF 
NMA 
NMF 

1.93±0.01 
1.67±0.01 
1.63±0.02 
1.41±0.01 

54.9 
43.5 
43.0 
35.5 

a) The kn values for DMF, NMA, and NMF solvolyses 
were 4.79, 18.1, and 38.5 (lO^s-1) , respectively; for 
the DMA solvolysis, see Table 1. b) Data for the 
labeled substrate, 

erythro-a.ceta.te
erythro-a.ceta.te
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of loosening a G - D b o n d c o m p a r e d to a G - H b o n d . 
I n conc lus ion , a l l t h e resul ts p r e s e n t e d a b o v e c a n 

b e e x p l a i n e d b y t h e m e c h a n i s m invo lv ing t h e t i gh t 
i o n - p a i r i n t e r m e d i a t e 2 w h i c h u n d e r g o r e s i n t r a m o l e c u ­
la r processes, such as anti-El r e a c t i o n , p h e n y l o r h y d ­
r ide shift, a n d threo-erythro i n t e r conve r s ion , c o m p e t i ­
t ively w i t h t h e solvent c a p t u r e l e a d i n g to t h e i m i d a -
t o n i u m ion 4 . T h e s e r e a r r a n g e m e n t s r e q u i r e t h a t t h e 
site of t h e c a r b o n i u m c e n t e r oppos i t e to t h e l e a v i n g 
g r o u p s h o u l d n o t b e sh i e lded b y so lven t m o l e c u l e 
a t t h e s tage of t h e t i gh t i o n - p a i r i n t e r m e d i a t e 2 , a n d 
this , i n t u r n , suggests t h a t t h e r e a c t i o n m a y p r o c e e d 
w i t h o u t a n y k ine t ica l ly s ignif icant i n v o l v e m e n t of 
nuc leoph i l i c so lvent ass is tence . 6 h ) 

Exper imenta l 

Melting points determined on a Yamato Model MP-1 
apparatus were uncorrected. N M R spectra were recorded 
in GDGlg at 60 M H z on a Hitachi R-24 spectrometer or 
at 100 M H z on a J E O L J N M - M H 100 or J E O L J N M - F X 
100 instrument. Infrared spectra were taken on a Hitachi 
EPI-S2 spectrometer. Both analytical and preparative 
GLG's were performed on a Hitachi K-53 gas Chromatograph 
equipped with a thermal conductivity detector. T h e fol­
lowing columns were used: A, 3 m x 3 m m 5 % Benton 3 4 + 
5 % D I D P on 60—80 mesh Neopak 1A; B, 3 m x 3 m m 10% 
PEG 6000 on 60—80 mesh Ghromosorb W (NAW). Silicic 
acid powder (Wakogel G-200) was employed for column 
chromatography. For the alumina column, Merck neutral 
alumina (activity 1) was used. 

Materials and Solvents. iV,iV-Dimethylacetamide (DMA) 
of commercial grade was purified in the same manner as 
described in the previous paper.1) NaBD 4 (97.0 D-atom %) 
was supplied from GEA. Ether, diglyme, T H F , and 
pentane used for reaction medium or recrystallization were 
distilled over sodium-benzophenone ketyl before use. Boron 
trifluoride etherate was distilled over CaH 2 . Pyridine was 
distilled over BaO. All other solvents and reagents were 
of reagent grade and liquid materials were distilled before 
use. 

CE)-2-Aryl-2-butenes. These olefins were prepared in 
the same manner as reported by Brown and Kim.5e) Treat­
ment of 2-butanone with arylmagnesium bromide (except 
for /?-nitrophenyl derivative) gave 2-aryl-2-butanol which 
was dehydrated to a mixture of (Z)- and (£)-2-aryl-2-butènes 
and 2-aryl-l-butène according to the procedure of Garbisch31) 
except for /?-methoxyphenyl derivative for which dehydration 
was carried out by the use of POCl 3 -pyr id ine mixture (0 °G— 
room temp, 24 h) . T h e olefin mixture was subjected to 
fractional distillation by the use of a spinning band column 
and fractions containing gas chromatographically pure (E)-
2-aryl-2-butène component were collected. 

threo-3-Aryl-2-butanols. Various £Ara?-3-aryl-2-butanols 
were prepared from corresponding (£)-2-aryl-2-butenes by 
hydroboration-oxidation reaction following the reported 
method.5e> 

threo-2-Aryl-1'-methylpropyl Brosylates. These substrates 
were synthesized from the corresponding alcohols in the 
usual manner.32) The melting points of the various brosyl­
ates were 100—101 ( l a ) , 97—98 ( l b ) , 94—95 ( l c ) , 91—93 
( Id ) , 69.5—71.5 ( l e ) , and 50—51 °G (If) (lit, 97.5—98.5 
(la),33) 97—98 (lb),5e> 93—93 (lc),3) 94—95 (lc),5e> 68.5— 
69.5 (Id),56 '34) 91.5—92.5 (le),56 '34) and 50—51 °G (lf)5e>). 

threo-3- (p-Nitrophenyl) -2-butanol and Its Brosylate. threo-
3-(/>-Nitrophenyl)-2-butanol was prepared from the parent 

phenyl derivative similarly to the method reported for the 
preparat ion of a.y-2-(/>-nitrophenyl)cyclopentanol;22) threo-3-
Phenyl-2-butanol (3.1 g, 20.6 m m o ) was treated with acetic 
anhydride (24 cm3) and pyridine (48 cm3) at room temp 
overnight. Workup gave acetate in 9 5 % yield. The ace­
tate was dissolved in a mixture of acetic acid (7 cm3) and 
acetic anhydride (10 cm3) and the resulting solution was 
cooled to 0 °G. T o the solution was added a solution of 
9 0 % nitric acid (2 cm3) in acetic acid (5 cm3) under stirring 
at 0 °G and the mixture was stirred for 2 h at 0 °G and over­
night at room temp. T h e mixture was poured on ice-water 
(100 cm3) and extracted several times with ether. The 
ether solutions were washed successively with 10% K 2 C 0 3 

and water, and dried ( N a 2 S 0 4 ) . Evaporation of the ether 
gave ^r£o-l-methyl-2-(/>-nitrophenyl)propyl acetate in 70% 
yield (3.3 g) . T h e acetate was dissolved in methanol contain­
ing 0.5 mol /dm 3 HG1 (43 cm3) and the resulting solution was 
heated under reflux for 8 h. After workup, threo-3-(p-nitro-
phenyl)-2-butanol was distilled to afford practically pure 
sample (2.7 g, 9 8 % yield). 

T h e brosylate l g was synthesized from this alcohol in 
the usual manner.32) l g : m p 104—105 °C; N M R (60 MHz) 
0 = 1 . 2 5 (d, 3H, GH 3 ) , 1.32 (d, 3H, GH 3 ) , 3.0 (quintet, 1H, 
G ( 2 ) - H ) , 4.74 (quintet, 1H, G ( l ) - H ) , 7.4 (d, 2H, A r - H ) , 
7.5 (s, 4H, A r - H ) , and 8.0 p p m (d, 2H, A r - H ) ; I R (KBr) ; 
1520 ( N 0 2 ) , 1350 ( S 0 2 ) , 1185, and 1170 cm" 1 ( S 0 2 ) . 

Found : G, 46.50; H, 3 . 7 1 % . Galcd for G 1 6 H 1 6 0 5 NSBr: 
G, 46.39; H , 3.89%. 

threo-3-Phenyl-2-butan-3-d-2-ol and Its Brosylate ic-2-d. 
Deuter ium at G (2) position was introduced by deuteriobora-
tion of (E)-2-phenyl-2-butene. Deuterioboration-oxidation 
was carried out according to the s tandard procedure.35) 
Diborane-öf6 was generated externally from NaBD 4 and 
borontrifluoride etherate in diglyme and was supplied into 
T H F solution of the olefin. After workup, the labeled alcohol 
was purified by column chromatography (alumina) to give 
pure alcohol in 9 0 % yield. 

Brosylate lc-2-d was prepared from this alcohol in the 
usual manner.32) lc-2-</: m p 93—94 °G (lit,5e) 93—94 °G 
for unlabeled sample). 1H (100 MHz) and 13G (25 MHz) 
N M R spectra of lc-2-<f indicated an isotopic purity of 9 7 % 
and the absence of deuter ium scrambling throughout its 
synthesis. 

Product Analysis. A reaction mixture for product study 
was prepared by the same method as described in the previous 
paper:1) [ROBs] = 0.075 mol /dm 3 ; [G5H5N] = 0.077 mol /dm 3 

(in an ampoule) . T h e sealed ampoule was then kept at 
desired temperature for ten half-lives. T h e contents of the 
ampoule were poured on ice-water and extracted with pen-
tane-e ther mixture. T h e pentane-e ther solution was washed 
several times with water, dried ( M g S 0 4 ) , and condensed to 
1—2 cm3 by the use of 30-cm distillation column packed 
with glass helices. T h e condensed solution was subjected 
to GLG on column A. An excellent separation was effected 
on the column for all the products except for (Z)-2-phenyl-
2-butene 7 and 3-phenyl-1-butène 10 which were identical 
in their retention times. T h e yields of ( 7 + 1 0 ) , 8, 9, 11, 
12, ^/Aro-3-phenyl-2-butanol, and JAra?-3-phenyl-2-butanol 
were calculated from GLG's peak areas, calibrating based 
on molar response ratios. T h e mixture of ( 7 + 1 0 ) was 
isolated by means of preparative GLG and their composition 
was analyzed from the integral intensities of N M R (100 M H z 
in the Fourier transform mode) signals of methyl protons for 
the respective olefins 7 and 10. 

Partial Solvolysis and Isolation of Unchanged Brosylate. The 
brosylate recovered from half-life solvolysis of l c or lc-2-öf 
in D M A solvent was isolated from the reaction mixture by 
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repeated recrystallization at —50 °G (ether-pentane) . Color­
less crystalline brosylate was obtained easily in 9 8 % yield 
based on the theoretical amount . T h e brosylate was kept 
under high vacuum (0.05 mmHg) at room temperature 
overnight. XH N M R spectrum (100 MHz) of the sample 
exhibited no sign of contamination with the solvolysis prod­
ucts. 

Cleavage Reaction of the Recovered Brosylate with Sodium-Naph-
thalene.36'* A mixture of naphthalene (0.49 g, 3.67 mmol) , 
sodium (0.088 g, 3.67 mmol) cut in small pieces, and T H F 
(12.5 cm3) was stirred at room temp for 2 h to result in a 
dark-green solution of sodium-naphthalene anion radical, 
and then, was cooled to — 78 °G. T o this solution was 
added the brosylate (0.226 g, 0.61 mmol) , recovered from 
half-life solvolysis of lc-2-d in D M A solvent, in T H F (3 cm3) 
by the use of a syringe through a septum. Within a minute, 
a critical color changeocc urred (from dark green to reddish 
black). T h e excess of reagent was quenched by the addition 
of T H F - w a t e r (1 : 1, 5 cm3) . Workup followed by column 
chromatography (silicic acid, 20 g) afforded a diastereomeric 
mixture of 3-phenyl-2-butanol in 8 0 % yield: column was 
eluted successively with benzene and GH2G12, and the mixture 
was collected from the fractions eluted with GH2G12. T h e 
mixture was subjected to preparat ive GLG (column B) which 
provided threo- and erjtfAro-3-phenyl-2-butanols without mu­
tual contamination. Deuter ium distribution in each alcohol 
was determined by means of XH N M R spectroscopy as de­
scribed below. 

Isotopic Distribution Analysis. T h e deuterium distribu­
tion analysis of the solvolysis products was carried out by 
means of XH N M R spectroscopy (100 MHz) in the Fourier 
transform mode. A sample for N M R assay was prepared 
under dry nitrogen in order to avoid contamination with 
moisture. T h e combined use of column chromatography 
and preparat ive GLG, and, in some cases, an appropriate 
chemical transformation, provided the compounds that meet 
the purpose of the determination of isotopic distribution. 

Although the separation of the (Z)-olefin 7 and nonconjugat-
ed terminal olefin 10 could not be effected on GLG, all the 
N M R signals due to the both olefins 7 and 10 were advan­
tageously well-resolved. T h e isotopic distribution in 7 and 
10 was, therefore, determined from the N M R spectrum of 
the mixture which was isolated by means of preparative 
GLG. For the (Z)-olefin 7 a decrease in the integral intensity 
of the olefinic proton signal was measured. The partial 
labeling at G (3) position was easily verified by the observa­
tion that the G (4)-protons (methyl) gave clean doublet and 
singlet signals when G(l)-protons (methyl) were irradiated. 

As for the 3-phenyl-l-butène 10, integral intensities of 
the benzylic proton and internal vinylic proton were measur­
ed and a relative intensity of the respective signals to that 
of methyl protons was calculated. T h e methyl proton signal, 
consisted of doublet and triplet, and complicated multiplet 
of the terminal vinylic proton signals indicated that deuter ium 
was situated at both G(2) and G(3) positions of the olefin 
10. 

With regard to 2-phenyl-1 -butène 9, relative integral 
intensity of the methylene protons (G(3)) to tha t of methyl 
or olefinic protons was determined. T h e methyl signal 
consisted of "doublet of sharp triplets" and clean triplet. 
T h e former is considered to be due to the presence of adjoin­
ing - G H D - group to which the methyl protons are coupled 
and the latter undoubtedly indicates that the methyl protons 
are involved in spin-spin coupling with the adjoining - C H 2 -
group. T h e integral intensity ratio for the olefinic proton 
eis to phenyl, tha t trans to phenyl, and the methyl protons 
was strictly 1 : 1 : 3. These findings clearly demonstrated 

that partial deuteron loss, though in small amount , actually 
occurred during the formation of the olefin 9. 

T h e deuterium content at G(3) position of the (E)-olefin 
8 was determined similarly to that described above for the 
(Z)-olefin 7. 

T h e mixture of diastereomeric acetates 11 and 12 was 
isolated by column chromatography (silicic acid) and was 
hydrogenolyzed (LiAlH4) into a mixture of threo- and erythro-
3-phenyl-2-butanols from which each isomer was separated 
by preparative GLG. Deuterium distribution was determined 
by measuring the relative integral intensity between the 
G ( 2 ) - H and G ( 3 ) - H signals. T h e partial labeling at both 
positions was easily observed in splitting pat tern of the two 
methyl signals. 

T h e deuterium distribution in each isomer of the diastereo­
meric 3-phenyl-2-butanol obtained from the cleavage reaction 
of the recovered brosylate (vide supra) was also determined 
similarly to the method mentioned above. 

The operating parameters employed in *H N M R spectro­
scopy in the Fourier transform mode were a spectral width 
of 1000 Hz, a 45° pulse, pulse repetition of 10 s, and an ap­
propriate number of pulses to provide spectra with almost 
same S/N ratio for each sample. T h e integral intensity of 
each observed nuclei was directly computed on a J E O L 
980B computer with S Y S T E M O J D P R O G R A M FAFT08/ 
11. T h e spectra of each unlabeled sample were recorded by 
the use of above-mentioned parameters and were used in 
order to calibrate the integral intensity obtained for each 
labeled sample. 

Kinetic Measurements. T h e procedure was described 
in the previous paper.1) In determining the kinetic isotope 
effect, simultaneous rate measurements of two compounds, 
the parent and G(2)-deuterated compounds l c and lc-2-d, 
were carried out. Three individual set of such determina­
tions were conducted. 
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Oxiranes reacted with aryl esters in the presence of base. The reactions of aryl carboxylates with alkyloxiranes 
afforded almost exclusively l-alkyl-2-(aryloxy)ethyl carboxylates, whereas the reactions with aryloxiranes gave 
a mixture of l-aryl-2-(aryloxy)ethyl carboxylates and 2-aryl-2-(aryloxy)ethyl carboxylates. Similar results were 
also obtained in the reaction with »S-aryl thiocarboxylates and diaryl carbonates. The rate of reaction between 
phenyl acetate and phenoxymethyloxirane (PMO) in the presence of tributylamine (w-Bu3N) as a catalyst has 
been determined in the temperature range 110 to 130 °C and may be expressed by — d[PMO]/d^=Aj2[/z-Bu3N] • 
[PMO]. The apparent activation energy calculated from the Arrhenius plots is 85.8 kj/mol. The reaction 

+ + 

catalyzed by tributylamine is assumed to proceed through zwitter ions, w-Bu3NCH2CH(R)0~ and w-Bu3NCH-
(R)CH20~, which attack aryl carboxylate. 

Oxiranes have drawn much attention recently as 
starting compounds in chemical syntheses. Reports1) 
have been published on the addition reactions of oxi­
ranes, but not on the addition reactions of aryl carbox­
ylates to oxiranes. In this paper it will be reported 
that an aryl carboxylate adds to an oxirane to give 
addition products, 1 and 2, as shown in Scheme 1. 
The reaction is catalyzed by bases such as pyridine, 
l ,8-diazabicyclo[5.4.0]undec-7-ene (DBU), tributyl­
amine, and potassium ^-butoxide. When the substi­
tuent R 2 on the oxirane is an electron donating group, 
e.g. methyl or phenoxymethyl, cleavage of the oxirane 
occurs almost exclusively at the ^-position, yielding 
1 as the product. When R 2 is an aryl group, a mixture 
of 1 and 2 is obtained. When aryl carbonates or 
jS-aryl thiocarboxylates are employed as aryl esters, 
similar results are observed. 

The reaction rate has been determined in the re­
action of phenoxymethyloxirane (abbreviated to P M O 
hereafter) with phenyl acetate in the presence of 
tributylamine as the catalyst. A probable reaction 
mechanism has been proposed. 

R e s u l t s and D i s c u s s i o n 

The reaction between an aryl carboxylate and alkyl-
oxirane in the presence of a base produced almost 
exclusive ^-cleavage of the oxirane to form aryl carbox-

R2 R2 R2 

I I I 
RiCOaAr + CH-CH2 R^OaCHCHa -f RiCOaCHaCH 

XX 
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Ph 

ylate adducts l a — g , as shown in Scheme 1. 
In several reactions, a very small amount of com­

pound resulting from a-cleavage was found in the prod­
ucts. The structure of the products has been con­
firmed by a comparison of the isolated reaction products 
with authentic samples prepared by other routes, 
the results of which are shown in Table 1. For exam­
ple, the compound isolated from the reaction product 
of phenyl acetate with methyloxirane has been identi­
fied as l-methyl-2-phenoxyethyl acetate by compar­
ison with an authentic sample of l b , synthesized 
through other routes.2) In the case of R 2 = G H 2 O G 6 H 5 

in Scheme 1, the reaction product was similarly com­
pared with an authentic sample of l c synthesized 
separately5) and found to be pure l c . 

The reaction between a phenyl carboxylate and 
phenyloxirane however caused both a- and /?-cleav-
age of the oxirane to form a mixture of the phenyl 
carboxylate adducts 1 and 2. For example, the reac­
tion of phenyloxirane with phenyl acetate produced 
2-phenoxy-l-phenylethyl acetate l h and /?-phenoxy-
phenethyl acetate 2h, which were identified by com­
parison with authentic samples derived from 2-phenoxy-
1-phenylethanol and 2-phenoxy-2-phenylethanol, each 
synthesized by Guss's procedure.3) The ratio of 1 to 
2 formed in the reaction has been determined by gas 
chromatography, the results of which are shown in 
Table 2. 

A similar reaction occurred when diphenyl carbon­
ate was used as an aryl ester. 

P.2 

I 
CO(OPh)o + 2CH-CH2 > 

\ / 
O 

R2 R2 

I I 
CO(OCHCH2OPh)2 + CO(OCH2CHOPh)2 

3a—b 4b 

R2 

I 
.OCHGHoOPh 

+ GO 
^OCH 2 CHOPh 

R2 

5b 

a: R2 = H? b : R2 = CH3 
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TABLE 1. REACTION OF ARYL ESTERS WITH OXIRANES*1) 

1489 

Initial reagents 
R1 R2 ' Ar 

Reaction 1 in the 
Catalyst temp time Product mixture 

(°C) (h) (%)*> 

Yields 
(%) 

Mp(Bp/kPa) 
(°C) 

Calcd , 0 / , 
(Found) Wo) 

C H 

DBU 140 4 l a 

n-Bu3N 140 7 Id 

Pyridine 150 4 lg, 2g 

jö-MeOG6H4 *-BuOK 170 5 l e 

Ph H />-PhCeH4 DBU 160 5 If 

Me PhOGH2 Ph *-BuOK 170 4 l c 

Me 

Ph 

Ph 

Ph 

H 

H 

Me 

H 

Ph 

Ph 

Ph 

6-l\ 

Me Me 
OPh H 

Ph 
Phb> 

Pyridine 150 4 l b , 2b 
*-BuOK 190 5 4a 

100 

100 

95 

100 

100 

100 

97 
100 

77 

84 

82 

88 

78 

92 

84 
79 

131/20 
[97.5—98.5/0.27]7)6) 

60 

239—241/4 

71 

95 

185/0.67 
[33]5>e> 
141/3.1 

91.5—92.5 
[92—93]8>e> 

74.63 
(74.49 
74.98 

(75.14 
70.57 

(70.72 
79.22 

(79.35 

5.82 
5.68) 
6.29 
6.14) 
5.92 
5.88) 
5.70 
5.90) 

a) The molar ratio of substrates: aryl esters/oxiranes/catalyst = 1/1.2/0.03 except in (b). b) The molar ratio of 
substrates: diphenyl carbonate/oxirane/catalyst = 1/2.4/0.06. c) The ratio was determined by integration of the 
NMR absorption area, d) Total isolated yield based on the aryl ester used, e) Value described in the literature. 

TABLE 2. REACTION OF PHENYL ESTER WITH PHENYLOXIRANE 

Phenyl estera> Catalyst 
Reaction 

temp time 
(°C) (h) 

Product Yield1» 
(%) 

1 in the 
mixture 

(%) 

Bp/kPa 
(°G) 

Calcd 
(Found) 
C H 

(%) 

AcOPh 

AcOPh 
BzOPh 

BzOPh 

DBU 

Pyridine 
*-BuOK 

DBU 

140 

180 
200 

150 

4 

6 
5 

6 

lh, 2h 

lh , 2h 
l i , 2i 

l i , 2i 

86 

34 
79 

88 

75.1 

59.0 
79.4 

72.9 

154—157/0.53 

202—205/0.4 

75.00 
(75.25 

79.22 
(79.49 

6.29 
6.37) 

5.70 
5.58) 

a) The molar ratio of substrates: phenyl ester/phenyloxirane/catalyst = 1/1/0.015. b) Total isolated yield. 

For example, diphenyl carbonate reacted with methyl-
oxirane to give a mixture of 3b , 4b , and 5b , the pro­
portion of 3b being more than 9 1 % in the product, 
which was determined by integration of the N M R 
peak. Product 3b was identified by comparison with 
an authentic sample prepared by the reaction of phos­
gene with l-phenoxy-2-propanol. 

The reaction of ^-phenyl thiobenzoate with oxirane 
was conducted in order to determine the reaction 
mechanism and was found to proceed as follows. 

\ / 
PhCOSPh + O - PhC02CH2CH2SPh 

6 

Product 6 was identified by comparison with an authen­
tic sample prepared by the benzoylation of 2-(phenyl-
thio)ethanol. No other products, for example, S-
(2-phenoxyethyl) thiobenzoate, were detected. T h e 
reaction proved therefore that the aryl ether oxygen 
of the product came from the aryloxyl group in the 
aryl carboxylate. 

Reaction Rates. The reaction rate was investi­
gated as follows. P M O was chosen as the oxirane 
and allowed to react with phenyl acetate in nitro­

benzene in the presence of tributylamine. The reac­
tion rate was determined by measurement of the 
unchanged P M O . 

Reaction Rate and Catalyst Concentration and Reaction 
Temperature. T h e rate of reaction was found to 
be in linearly related to the PMO concentration as 
shown in Figs. 1 and 2, i.e., 

-d[PMO]/df = /tj[PMO] (1) 

where kx is the first order rate constant and [PMO] 
is the concentration of PMO. 

The reaction rate was also determined at various 
[PMO]/[Phenyl acetate] ratios and was found to be 
first order with respect to [PMO] and zero order with 
respect to [Phenyl acetate] as may be seen in Fig. 1. 

The relation between kx and catalyst concentration 
was determined by changing the concentration of 
w-Bu3N. A linear relationship passing through the 
origin was established as shown in Fig. 3. 

Eq. 1 may be rewrit ten: 

- d[PMO]/d* == *2[cat] [PMO] (2) 

where k2 is the second order rate constant and 
[cat] is the concentration of catalyst. kz is equal to 
^ / [ c a t ] . 
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t/min 

Fig. 1. First-order decrease of [PMO] in the reaction 
of AcOPh with PMO. The reactions were carried 
out at various temperatures, A ; 130 °G, O; 120 °G, 
G ; HO °G, in the reaction system containing AcOPh 
(1.6 mol), PMO (1.6 mol), w-Bu3N (0.08 mol), and 
PhN0 2 with which the total weight of the system 
was adjusted to 1 kg. 0 ; Instead of using 1.6 mol 
of AcOPh in the system, 3.2 mol was used at 120 °G. 
d0; [ P M O ] i n i t i a i , a ; [ P M O ] d e C r eased-

t/min 

Fig. 2. First-order decrease of [PMO] in the reaction 
of AcOPh with PMO at 120 °G. The reactions were 
carried out in the reaction system containing AcOPh 
(1.6 mol) and PMO (1.6 mol) and various amounts of 
w-Bu3N, A ; 0.12 mol, O; 0.08 mol, • ; 0.016 mol. 

5 15 

[/z-Bu3N]/102molkg-1 

Fig. 3. The relation between the first order rate con­
stant (kj and the concentration of w-Bu3N at 120 °G. 
The reactions were carried out in the reaction system 
containing AcOPh (1.6 mol), PMO (1.6 mol), and 
various amounts of w-Bu3N. 

TABLE 3. RELATION OF REACTION TEMPERATURES TO kx 

AND k2 IN THE REACTION SYSTEM CONTAINING A c O P h 

(1.60 mol), PMO (1.60 mol), rc-Bu3N (0.08 mol), 
AND P h N O o (TOTAL WEIGHT OF 1 kg) 

110°C 120 °G 130 °G 

10**! (s-1) 6.048 8.222 10.60 
\02k2 (lmol-is-1)*) 0.713 0.979 1.274 

a) Converted by the density of the reaction system. 

2.5 26 

r-VK-1 io-3 

Fig. 4. Arrhenius plots of the second order rate con­
stants. 

Values of k± and k2 are given in Table 3. 
The Apparent Activation Energy. The Arrhenius 

plots based on k2 are shown in Fig. 4 and the apparent 
activation energy has been estimated as 85.8 kj/mol 
in the temperature range 110—130 °C. 

The Reaction Mechanism. 1) In the presence 
of tributylamine and nitrobenzene as catalyst and 
solvent respectively, the rate of the reaction shown in 
Scheme 1, may be expressed as follows: 

-d[PMO]/d* = £2|>-Bu3N][PMO] 

and is of zero order with respect to the concentration 
of aryl ester. 

2) In the reactions of Scheme 1, with methyloxirane 
and P M O as oxiranes the reaction products were 
produced almost exclusively by selective /?-cleavage 
of the oxiranes, i.e., l b , and l c . This shows that a 
nucleophile attacks the primary carbon of the oxirane. 

3) The formation of 6 in the reaction between 
•S-phenyl thiobenzoate and oxirane suggests that the 
addition of an aryl ester to an oxirane occurs via C - O 
bond cleavage between the carbonyl carbon and the 
aryloxyl group of an aryl ester. 

4) Laird and Parker4) assumed that the reaction 
of oxirane with an alcohol in the presence of triethyl-
amine as catalyst formed a intermediate zwitter ion, 

E t 3 N C H 2 C H 2 0 - . 
O n the basis of the above evidence, the reaction of 

alkyloxirane, catalyzed by a tertiary amine is assumed 
to proceed as follows. The rate determining step 
is Eq. 3. 

R2 

I 
CH-CH2 + R3N 
\ / 

O 

e 
R2 NR3 
I I 

-> CH-CH2 (3) 

O, 'e 
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R 2 N R 3 

C H - C H 2 + R^COgAr 
I 

O© 

© ^ 
R 2 

- > C H - C H 2 + R 3 N (4) 
I I 

O O A r 

I 
R ! - C 

II 
O 

I n t h e r e a c t i o n of p h e n y l o x i r a n e w i t h a p h e n y l c a r b o x -
y la te , it a p p e a r s t h a t t h e t e r t i a r y a m i n e a t t a c k s c o m ­
pet i t ive ly o n b o t h t h e p r i m a r y a n d s e c o n d a r y c a r b o n s 
in t h e o x i r a n e . T h i s is d u e to i n d u c t i v e a n d s ter ic 
effects of t h e p h e n y l g r o u p in t h e o x i r a n e , as s h o w n in 
E q . 5. T h u s , a m i x t u r e of 1 a n d 2 w a s f o r m e d . 

Ph 
I 

C H - C H 2 + R 3 N 
\ / 

O 

Ph N R , 

C H - C H 2 

I 
0 9 

Ph 

C H - C H 2 

I I 
R3N© OO 

(5) 

E x p e r i m e n t a l 

All boiling and melting points are uncorrected. T h e 
I R and N M R spectra were recorded on a Hitachi E P I - G 
and JEOL-PS-100/PET-100A spectrometer respectively. 
Mass spectra (MS) were obtained on a Shimadzu LKB-9000 
mass spectrometer at 70 eV. 

Reaction between Phenyl Acetate and Methyloxirane. 
Phenyl acetate (2.72 g, 20 mmol) , methyloxirane (1.28 g, 
22 mol) and tributylamine (0.11 g, 0.6 mmol) in T H F (15 
ml) were placed in an autoclave and stirred at 170 °C for 
3 h. The reaction mixture was distilled under reduced 
pressure giving 3.26 g (84%) of l b ; bp 141 °G/3.1 kPa ; 
IR(neat) 3040(=C-H), 2970(CH 3 ) , 2920(GH2) , and 1740 
( G = 0 ) c m - 1 ; M S (70 eV) m/e (rel intensity) 194(2), 134(2), 
101(46), 77(13), and 43(100); N M R (CDC13) Ô (ppm from 
TMS) 1.32 (3H, d, 7 = 7 . 1 Hz, C - C H 3 ) , 2.01(3H, s, O C O C H 3 

), 3.95(2H, d, J = 5 . 2 Hz, C H 2 - O P h ) , and 5.22(1H, m, 
C H 3 C 0 2 - C H ) . Found: G, 68 .21; H , 7.37%. Galcd for 
G n H 1 4 0 3 : G, 68.02; H , 7.27%. 

The product was identified as l b by comparison with an 
authentic sample of l b prepared by another route. 

Reaction between Phenyl Acetate and Phenyloxirane. 
Phenyl acetate (6.8 g, 50 mmol) , phenyloxirane (6.0 g, 
50 mmol) and potassium J-butoxide (0.090 g, 0.8 mmol) 
were heated at 170 ° G for 3 h. The reaction mixture was 
dissolved in ether and the ethereal solution washed with water, 
and distilled under reduced pressure, giving 11.6 g (91%) 
of a mixture of l h and 2 h ; bp 154—157 °C/0.53 kPa ; I R 
(neat) 1747(C=0) cm" 1 ; Found : G, 75,27; H , 6 .37%. Galcd 
for C 1 6 H 1 6 0 3 : G, 75.00; H , 6.29%. 

The product was found by means of gas chromatography 
to be a mixture of l h and 2 h ( l m column of SE-30 on Gelite). 
The products were identified by comparison with authentic 
samples prepared separately. The proportion of l h in the 
mixture was 68.2% determined by gas chromatography. 

Reaction between S-Phenyl Thiobenzoate and Oxirane. S-
Phenyl thiobenzoate (4.3 g, 20 mmol) , oxirane (1.8 g, 41 
mmol) and potassium J-butoxide (0.06 g, 0.53 mmol) were 

heated at 180 °G for 6 h to give 3.7 g (71.6%) of 6: bp 161— 
162°G/0 .27kPa ; I R (neat) 3050(=C-H), 2920(CH 2 ) , and 
1715(G=0) c m - 1 ; N M R (CDC13) Ô 3.24(2H, t, 7 = 6 . 8 Hz , 
PhSCH 2 ) , and 4.45 (2H, t, J= 6.8 Hz, C H 3 C 0 2 C H 2 ) . Found : 
C, 69.49; H , 5 .25%. Galcd for G 1 5 H 1 4 0 2 S : G, 69.74; H , 
5.46%. The product was identified as 6 by comparison 
with an authentic sample prepared by another route. 

Reaction of Biphenyl Carbonate with Methyloxirane. 
Diphenyl carbonate (3.2 g, 15 mmol) , methyloxirane (2.6 g, 
45 mmol) and potassium J-butoxide (0.09 g, 0.8 mmol) were 
heated at 170 °G for 4 h to give 3.7 g(75.0%) of a mixture 
of 3b , 4b , and 5 b : bp 182—186 °C/0.27 kPa ; I R (neat) 
2960(GH3) and 1735(C=0) cm" 1 ; N M R (CDC13) ô 1.39 
(d, 7 = 6 . 8 Hz , CH 3 ) , 3.98(d, 7 = 4 . 8 Hz , P h O C H 2 ) , 4.23(d, 
7 = 7.9 Hz , C 0 2 C H 2 ) , 4.58(m, P h O C H ) , and 5.10(m, G 0 2 -
C H ) . Found : G, 69.35; H , 6 .89%. Galcd for C 1 9 H 2 2 0 5 : 
G, 69.07; H , 6 . 7 1 % . The proportion of 3 b in the product 
was more than 8 2 % determined by integration of the N M R 
absorption area. 

Syntheses of Authentic Samples. lb, 2b, lg, and 2g: 
l-Phenoxy-2-propanol and 2-phenoxy-l-propanol were pre­
pared by Sexton's procedure2) and acetylated or benzoylated 
by Schotten-Baumann's reaction. 

lb: Bp 140—142 °C/3.2 kPa. Found : G, 68.09; H , 7.36%. 
2b: Bp 134—136 °C/3.3 kPa ; N M R (CDC13) ô 1.30(3H, 

d, J = 6 . 0 Hz, C H C H 3 ) , 2.02(3H, s, C H 3 C O ) , 4.18(2H, m, 
GH 2 ) , and 4.58(1H, m, GH) . Found : G 68.16; H , 7 .35%. 
Galcd for G n H 1 4 0 3 : G, 68.02; H , 7 .27%. 

Ig: Bp 135—137 °G/0.2 kPa ; N M R (CDC13) ô 1.47(3H, 
d, J = 6 . 8 Hz, CH 3 ) , 4.10(2H, m, GH 2 ) , and 5.48(1H, m, 
GH) . Found : G, 74.88; H , 6 .27%. 

2g: Bp 131—133 °G/0.2 kPa ; N M R (CDC13) ô 1.40(3H, 
d, 7 = 6 . 8 Hz, CH 3 ) , 4.39(2H, m, CH 2 ) , and 4.72(1H, m, 
GH) . Found : G, 74.90; H , 6 . 2 1 % . Galcd for C 1 6 H 1 6 O s : 
G, 74.98; H , 6 .29%. 

1c. l c was prepared by Fairbourne's procedure:5) 
bp 143—146°G/0 .27kPa; M S (70 eV) m/e 286(M+); N M R 
(GDG13) ô 2.00(3H, s, GH 3 ) , 4.10(4H, d, 7 = 4 . 8 Hz , 2 CH 2 ) , 
and 5.35(1H, m, G H ) . 

3b. 3 b was prepared by the reaction of 1-phenoxy-

2-propanol with phosgene in pyr idine: bp 185—186 °G/ 
0.27 kPa ; NMR(CDC1 3 ) ô 1.39(6H, d, 7 = 6 . 8 Hz , 2GH 3 ) , 
3.98(4H, d, 7 = 4 . 8 Hz, 2 C H 2 O P h ) , and 5.10(2H, m, 2 C 0 2 -
C H ) . Found : G, 69 .21 ; H , 6.77%. Galcd for C 1 9 H 2 2 0 5 : 
G, 69.07; H , 6 . 7 1 % . 

lh, li, 2h, and 2i. 2-Phenoxy-l-phenylethanol and 
2-phenoxy-2-phenylethanol were prepared by Guss's pro­
cedure3) and the products acetylated or benzoylated by 
Schotten-Baumann's reaction. 

lh: Bp 148—151 °G/0 .4kPa ; MS(12 eV), m/e 256(M+), 
and 196. Found : G, 75.15; H , 6.17%. 

2h: Bp 141—143°G/0 .4kPa ; MS(12 eV), m/e 256(M+), 
and 183. Found : G, 75.21; H , 6 . 2 1 % . Galcd for C1 6-
H 1 6 0 3 : G, 75.00; H , 6 .29%. 

li: Bp 205—208 °G/0.4 kPa ; MS(70 eV), m/e 318(M+), 
and 196. Found : G, 79.29; H , 5.59%. 

2i: Bp 200—205 °G/0.4 kPa ; MS(70 eV), m/e 225(M+ 
- C 6 H 5 0 ) , and 183. Found : G, 79.34; H , 5 .63%. Galcd 
for G 2 1 H 1 8 0 3 : G, 79.22; H , 5.70%. 

6. 6 was prepared by benzoylation of 2-(phenyl-
thio)ethanol by Schotten-Baumann's reaction. 

6: Bp 162 °C/0.27 kPa. Found : G, 69.83; H , 5.30%. 
Galcd for C 1 5 H 1 4 0 2 S : G, 69.74; H , 5.46%. 

Measurement of Reaction Rates. T h e rate of the reaction 
between P M O and phenyl acetate in the presence of tribu­
tylamine catalyst was determined. 

Samples: P M O was prepared from phenol and epichloro-
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hydrin by conventional means. The purity was determined 
according to Stenmark6) and was greater than 98.1 % . Phenyl 
acetate, and tributylamine were purified by conventional 
means. Nitrobenzene solvent was a commercially avail­
able product which was further purified. 

Determination: P M O , phenyl acetate and tributylamine 
were mixed in the appropria te amounts and nitrobenzene 
added until the total amount was 2.5 g. T h e mixture was 
charged into a sealed glass tube of 0.8 cm inner diameter 
and 8 cm length. The sealed glass tube was vigorously 
agitated in a thermostat ba th maintained at a specific tem­
perature . After a specified reaction period the sealed tube 
was taken out of the ba th and quenched. Unchanged 
P M O in the reaction mixture was determined by Stenmark's 
procedure.6) 

T h e a u t h o r wishes to express his t h a n k s to Prof. 
T a k e s h i M a t s u m o t o , F a c u l t y of Sc ience , H o k k a i d o 
U n i v e r s i t y , for helpful discussions. T h a n k s a r e also 
g iven to D r . T a k e o S h i m a for his e n c o u r a g e m e n t 
a n d s u p p o r t . 
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Reaction of triphenylphosphine with an equimolar amount of Pd(OAc)2 in acetic acid at room temperature 
in the presence of styrene gave *ra/w-stubene(94%), H3PO4(0.8%), PhP(O)(OH)2(40%), Ph2P(O)(OH)(19°/0), and 
Ph3P=0(35%). Reactions of tributyl- and trioctylphosphine with Pd(OAc)2 in acetic acid at 90 °G yielded 
butene(20%) and octene(l-; 22%, 2-; 17%), respectively, as main products. The phenylation of some olefins 
with triphenylphosphine in acetic acid-c/, as well as other features of the reaction lead to the conclusion that 
nucleophilic attack on coordinated phosphorus atom is the most probable pathway for the formation of the 
phenylation agent (phenylpalladium species) in the reaction system among the others, ortfAo-metallation and 
oxidative addition. 

Tertiary phosphines have been used as versatile 
and useful ligands in various phases of the chemistry 
and reactions of transtion-metal complexes, and are 
considered to bear carbon-phosphorus bond being 
stable under usual reaction conditions. Only a few 
has been known about the reaction of tertiary phos­
phines coordinated to transition metals,2) except for 
oriAo-metallation to arylphosphines and metallation 
of carbon-hydrogen bond in alkylphosphines which 
leads to five membered metal cycles.3) Thus, degra­
dation of the phosphines themselves in the metal 
complexes has hitherto been ignored or overlooked 
as a minor side reaction. Recent studies, however, 
indicated that the degradation of such ligands can 
take place under suitable conditions with surprising 
ease.1'2) These findings suggest that detailed informa­
tions of this type of degradation would not only serve 
for a full understanding of the chemical transformation 
of transition-metal complexes in general, but also 
may shed light on a specific problem such as the 
mechanism of catalyst decay where the transforma-
tionof the ligands may result in a significant loss of 
its activity after repeated reaction cycles. 

Previously, we reported that Pd(OAc) 2 (PPh 3 ) n 

( n = l or 2) served as an arylating reagent of various 
kinds of olefins, and proposed a tentative mechanism 
involving a facile cleavage of the carbon-phosphorus 
bond assisted by nucleophilic attack to the phosphorus 
with acetate ion, mostly based on the effect of j&-sub-
stituents in the aryl groups and the nature of the 
products.4) Moreover, a related C-A bond fission in 
A P h n - P d X 2 system ( A = A s , Sb, Bi, Se, or Te , « = 2 or 
3, X = O A c or halogen) evidenced that the behavior of 
PPh 3 -Pd(OAc) 2 system was clearly different from those 
containing Bi, Sb, (or Hg) , which proceeded via a 

simple electrophilic attack by bivalent palladium 
(or metal exchange) without the assistance of acetate 
ion.1) Present paper deals with the studies on a 
stoichiometry of the phosphorus compound and deu­
terium labeling to substantiate the mechanistic features 
of the arylation. An analogous carbon-phosphorus 
bond cleavage of some trialkylphosphines assisted 
by Pd(OAc) 2 is also presented. 

R e s u l t s and D i s c u s s i o n 

Reaction of Triphenylphosphine with Pd(OAc)2. 
A mixture of triphenylphosphine and 1 or 4 equi­
valents of Pd(OAc) 2 in acetic acid was allowed to re­
act at room temperature in the presence of excess 
styrene. After removal of organic compounds except 
for phosphorus containing compounds, chromatog­
raphy of the chloroform extract from aqueous phase 
afforded triphenylphosphine oxide and the other 
phosphorus compounds (Reaction 1 and Table 1). 

AcOH, room temp, 48 h 

PPh3 + Pd(OAc)2 + CH2=CHPh > 

PhCH=CHPh(l) + PhCH=CHOAc(2) + Ph3P=0(3) 

+ Ph2P(0)OH(4) + PhP(0)(OH)2(5) + H3P04(6) (1) 
In view of the results that in the absence of Pd(OAc) 2 

most of triphenylphosphine was recovered unchanged 
except for oxidation to its oxide, the formation of 
these compounds are reasonably understood in terms of 
aerobic oxidation and hydrolysis of probable interme­
diates acetoxyphenylphosphines, Ph n (OAc)3_nP (n=3— 
1), in the treatment. I t is to be noted that despite 
of the recovery of some amount of triphenylphosphine 
(as its oxide), much of the products was obtained as 
phenylphosphonic acid, especially in the presence 

TABLE 1. REACTION OF TRIPHENYLPHOSPHINE WITH Pd(OAc)2 IN THE PRESENCE OF STYRENE IN ACETIC AciDa> 

R u n 

1 

2 

Molar ratio 

PPh 3 : Pd(OAc) 2 : Styrene 

1 : 1 : 4 

1 : 4 : 16 

1 

94 

200 

Yield(%) 

3 

35 

14 

based 

4 

19 

8 

on PPh3
b> 

5 

40 

70 

6 

0 . 8 

2 . 0 

Yield(%) based on Pd 

2c) 

trace 

30 

a) At room temp for 2 days, b) Moles of product per moles of PPh3 utilized, c) The product is contaminated 
with a small amount of acetophenone and other carbonyl compounds. 
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of excess Pd(OAc) 2 . The results in Table 1 indicate 
that two of the three phenyl groups (and some of the 
third one) are effectively utilized in the phenylation, 
and the diphenylphosphine intermediate is more re­
active than triphenylphosphine in the present phenyl 
transfer. The marked depression of the amount of 
acetoxylated product (2) may be explained in terms 
of decrease of associated pal ladium(II) species in the 
presence of the phosphine ligand by considering 
the recent mechanistic study5) on olefin-acetoxylation 
describing that dimeric palladium acetate was the 
most reactive species. The specific role of Pd(OAc) 2 

is supported by the observations that none of the 
phenylated olefins or biphenyl was produced in the 
reactions of triphenylphosphine with PdCl2 or other 
transition metal salts, R h C l 3 - 3 H 2 0 , RuCl3 , CoCl2, 
NiCl2, and N i ( O A c ) 2 - 4 H 2 0 , but the systems of PdCl 2 -
NaOAc or RhCl 3 • 3 H 2 0 - A g O A c with PPh 3 gave rise 
to phenylated olefins (54% and a trace amount, re­
spectively, based on PPh3) . 

Reaction of Trialkylphosphine with Pd(OAc)2. 
Although an attempted alkylation of styrene with some 
trialkylphosphines in place of triphenylphosphine 
failed under the same conditions described above and 
even at temperature up to 50 °C, heating of an equi-
molar mixture of Pd(OAc) 2 and tributyl- or trioctyl-
phosphine in acetic acid at 90 °C gave a considerable 
amount of olefins and a small amount of oxidation 
product (Reactions 2 and 3) accompanied by 
precipitation of a considerable amount of palladium 
black. 

P(w-Bu)3 + Pd(OAc) 
AcOH, 90 °C, 3 h 

l-butene(20%) + 2-butanone(2.5%) 

-f 2-butenes (traces) -f butane (trace) 

AcOH, 90 °C, 20 h 
P(rc-C8H17)3 + Pd(OAc) 

l-octene(22%) + 2-octene(17%) + octane(0.2%) 

+ 2-octanone(2.2%) + octenyl acetates(2.1%) 

(2) 

(3) 

Carbon-phosphorus bond cleavage could not be found 
in the absence of Pd(OAc) 2 under the same reaction 
conditions. Only traces of cyclohexene and cyclo-
hexanone were formed from tricyclohexylphosphine. 
The formation of the olefins could be explained in 
terms of alkyl transfer from phosphorus to palladium 
to form an alkylpalladium species which decomposed 
to the olefins and palladium hydrides. The low 
reactivity of the alkylphosphines for the carbon-
phosphorus bond cleavage can be understood by 
considering larger electron donating ability of the 
alkyl groups as compared to phenyl group and steric 
effect, especially for tricyclohexylphosphine, if one 
assumes that nucleophilic attack of acetate ion on the 
coordinated phosphine is operative in the reaction as 
proposed previously.1 '4) 

Reaction of Triphenylphosphine or Triphenylphosphine-
d15 with Pd(OAc)2 in Acetic Acid~d. ortho-Metal-
lation to coordinated triarylphosphines has been 
widely observed in transition-metal complexes.2a>3>6) 
Furthermore, Nyholm et al.1) reported that in the reac­
tion with osmium carbonyl cluster complex triphenyl­

phosphine was subjected to cleavage of carbon-phos­
phorus bond to produce a benzyne complex as one of 
the products. When a solution of Pd(OAc)2(PPh3)2 in 
acetic-</3 acid-d was allowed to stand at room tempera­
ture for 11 days, the N M R spectrum showed that 1.2 
hydrogens per mole of triphenylphosphine were ex­
changed. The exchange can be reasonably inter­
preted by the process which involves the formation 
of an ortAo-metallated intermediate as delineated in 
Reaction 4. This observation led us to inquire the 
mechanistic relation between the arylation and the 
ortAo-metallation. 

- ^ 0 A c u AcOH 
$ * 

AcOD - - 0 A C n 
(4) 

If the ortAo-metallation were operative as a crucial 
step in the formation of a phenylpalladium species, 
either directly or through a benzyne complex, the 
arylation with ^-substituted triphenylphosphine would 
give rise to the product carrying the substituent(X) 
at a meta position or a mixture of phenylated olefins 
with meta and para substituent, as formally shown in 
Reactions 5, 6, and 7. Similarly /^^-substi tuted 
triphenylphosphine would give rise to a mixture of 
ortho, meta, and para substituted products. 

x 

JÔ AcOD >*xa CH2=CHR X 

RCH=CH-C^> 

D 

(5) 

/Pd^ 

X 

d T v P d 
X AcOD 

u 

and/or 

RCH=CH2 
» RCH=CH^O-X and/or RCH=CH-^0 (6) 

; p v 
J*' 

X RCH=CH2 N / 
> Pd , -> < r 

•*9 
"-Q- CH=CHR 

H 
and/or 4- Pd° (7) 

0-CH=CHR 
H 

However, this was not the case for the current aryla­
tion, and only jb-substituted products were obtained 
in the reactions with several jö-substituted triphenyl-
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TABLE 2. PHENYLATION OF 1-OCTENE AND STYRENE BY PPh3 OR PPh3-</15 WITH Pd(OAc)2 IN ACETIC ACID-*/ 

Run 
Phosphine and 

ratio to Pd(OAc)2 

Olefin 
Conditions 

temp (°G), t (h) 

Deuterium content in 
phenylated olefina) 

6 
7 
8 
9 

PPh3 

PPh3 

PPh3 

2 
2 
1 
1 

1-Octene 
Styrene 
Styrene 
Styrene 

40 
40 
r.t. 
r.t. 

4 
4 
2 
2 

C6H13CH=CH-Ph-</0.15 

Stilbene-*/0#13 

Stilbene-^0.0 

Stilbene-^3.08 

Deuterium content was estimated by MS measurement for Runs 6, 7, and 8, and by NMR measurement for Run 9. 

phosphines.4) The regiospecificity of the position 
where olefin is introduced was further evidenced by 
the fact that only ethyl m-methylcinnamate was formed 
in the reaction of tri-m-tolylphosphine with Pd(OAc) 2 

in the presence of excess ethyl acrylate. In order to 
obtain further information relating to the role of the 
ortAo-metallation, phenylation of olefins with triphenyl-
phosphine and Pd(OAc) 2 in acetic acid-*/ was carried 
out. The reaction with triphenylphosphine-öf15 in 
the same solvent was also conducted to differentiate 
between the usual route via phenylpalladium and the 
other which might occur through the benzyne inter­
mediate, if it formed (Reactions 6 and 7). As shown 
in Table 2, when one equivalent of triphenylphosphine 
or triphenylphosphine-öf15 was utilized, the phenyl 
group in the starting phosphines transferred as such 
without being subjected to any H - D exchange. 
On the other hand, the presence of another mole of 
triphenylphosphine gave rise to incorporation of deu­
terium in the products, though it is to a small extent. 
It is to be mentioned here that the ratio of triphenyl­
phosphine to Pd(OAc) 2 affects the rate of the phenyla­
tion as shown in Fig. 1. The reverse relationship 
between the rate of phenylation and the extent of the 
H - D exchange strongly suggests that the exchange 
became recognized only because of the decrease of the 

Fig. 1 Time course of phenylation of cyclohexene 
in acetonitrile. [Pd(OAc)J = 0.1 M, [PPhgj^O.05 

M (A), 0.1 M (B), 0.2 M (C), 0.05 M (D), 1/ Y j = 

0.2 M. Temp: 25.0 °C (A and D), 30.0 °C (ßTnd C). 
Yields are based on PPh3. 
—O—: Phenylcyclohexenes, —-#—: Ph-Ph. 

phenylation rate and that the ort/zo-metallation (Reac­
tion 4) does not contribute to the formation of the 
phenylpalladium species for phenylation of olefins. 

Mechanism of the Arylation. Previously we pro­
posed the tentative mechanism for the facile carbon-
phosphorus bond cleavage, which involved an ini­
tiatory nucleophilic attack on the coordinated phos­
phorus atom by acetate ion leading to phenyl transfer 
to palladium.4) 

Ph3P-Pd(OAc)2 P—Pd-

Ph 
» I 

- P - P d -
OAc 

.C=C Ph 

OAc 
[H-W-] (8) 

Recently, Fahey and Mahan8> have described revers­
ible oxidative addition of triphenylphosphine to zero-
valent nickel and palladium complexes (Reaction 9). 

C6F5-PPh2 + Pd(0) > C6F5-Pd(II)-PPh2 (9) 

This fact introduces an alternative pathway to be 
considered for the formation of the phenylpalladium 
species in the present phenylation, since the reaction 
proceeds with accompanied formation of zero-valent 
palladium. If the oxidative addition route is opera­
tive in the present system the phenylation should be 
expected to proceed more favorably under nitrogen 
atmosphere than under aerobic conditions. The effect 
of the atmosphere examined in the reaction of 
Pd(OAc) 2 (PPh 3 ) 2 with 1-octene (Table 3) shows that 
under nitrogen the yield of phenylated olefins de­
creased remarkably, whereas the addition of an oxidiz­
ing agent, C u ( O A c ) 2 - 2 H 2 0 , increases the yield even 
under nitrogen. Since the phenylation in the system 
of phenylmercury(II) aceta te-Pd(OAc) 2 is known to be 
little affected by the atmosphere,9) the results can be 
considered to indicate that the atmosphere influences 
the step of the formation of the phenylpalladium 
species, and divalent palladium is principally respon­
sible for the present carbon-phosphorus bond cleavage. 

Another feature of the current phenylation is the 
marked effect of the ratio of triphenylphosphine to 
Pd(OAc) 2 on the reaction rate (Fig. 1). The increase 
in triphenylphosphine/Pd ratio depressed both the 
rate and yield of the phenylation. Particularly, the 
use of double moles of triphenylphosphine to Pd(OAc) 2 

introduced a long induction period (curve G), and the 
presence of excess triphenylphosphine substantially 
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TABLE 3. THE EFFECT OF ATMOSPHERE ON THE PHENYLATION OF 1-OCTENE BY 

P d ( O A c ) 2 ( P P h 3 ) 2 IN ACETIC ACID 

R u n 

3 

4 
5 

Atmosphere 

air 

nitrogen 

nitrogen 

Additive 

Gu(OAc) 2 2 H 2 0 

Conditions 

t (h), (temp, °G) 

9 (50) 

70 (50) 

22 (50) 

Phenylated 
olefins (%)a> 

97 

35 

113 

Acetoxylated 
olefins (%)b> 

3 

5 

2 

a) 1- and 2-Phenyl-l-octenes and -2-octenes. Yields are based on the Pd complex, b) A mixture of isomeric 
octenyl acetates and octan-2-one. Yields are the sum of those of the acetates and the ketones. 

inhibited the reaction.4) I t would be unreasonable 
to consider that the rate of the oxidative addition 
(Reaction 9) reduces in such a manner as shown in 
Fig. 1 even in the presence of one or two equivalents 
of triphenylphosphine. It is most probable that 
coordination of two phosphine molecules to Pd(OAc) 2 

somehow prevents the phenyl migration from phos­
phorus to palladium (Reaction 8). Under aerobic 
conditions the phosphine is extruded from the coordina­
tion sphere by oxidation to the phosphine oxide, thus 
leaving a vacant site in the palladium complex which 
serves for the phenyl migration to take place. Under 
nitrogen atmosphere, such process obviously is not 
available, and cupric acetate is needed as oxidant or 
more probably as carrier of the "excess" triphenyl­
phosphine. The reasoning for the formation of the 
phenylpalladium species directly from Pd(OAc) 2 

and triphenylphosphine was further evidenced by the 
following experiment. The reactions A and D in 
Fig. 1 were carried out under the same conditions 
except for the mode of addition of cyclohexene. In 
the reaction A, the olefin was applied to a solution 
of Pd(OAc) 2 just before the addition of triphenyl­
phosphine. When a mixture of triphenylphosphine 
and Pd(OAc) 2 in acetonitrile was allowed to react 
for 5.5 h, a small amount of biphenyl was detected 
before the addition of cyclohexene (Reaction D) . O n 
addition of the olefin to the mixture, the formation of 
phenylcyclohexenes took place very rapidly and was 
completed within 5 min. Nevertheless, the yield (120 
%) was comparable to those under the condition A. 
The results strongly supports the conclusion that the 
phenylpalladium species are formed to a considerable 
extent even in the absence of olefins and the presence 
of zero-valent palladium species is unnecessary for the 
production of phenylating agent in the present reaction 
system. 

All of the observations are consistent with the fol-

R3P-Pd(OAc)2 

R=Ar 

P — P d -

V 
CH3 

R 
I I 

- I j > - P d -
OAc 

R= alkyl i M 

CH 2 

% 
LOI /OAc 
^ HOAc 

CH2=CHR' 

ArCH=CHR" 

+ AcOH +Pd° 

Scheme. 

R = Ar 

Ar-Ar 

+ Pd° 

R,CH=CH2 

+ AcOH + Pd° 

lowing reaction scheme which involves an nucleophilic 
attack by acetate on the coordinated phosphorus atom. 
The similar mechanism could be applied for the migra­
tion of the second and the third phenyl groups from 
phosphorus to palladium, though no direct evidence 
is available at present. 

Exper imenta l 

Materials. Palladium acetate and bis (triphenyl­
phosphine) palladium (II) acetate were prepared by the 
method of Wilkinson et Ö/.10) Triphenylphosphine and tri-
butylphosphine were of commercial origin and were used 
without further purification. Triphenylphosphine-^15 was 
prepared from pentadeuterophenyl magnesium bromide and 
phosphorus trichloride.11) Trioctylphosphine was prepared 
by the similar method described above; bp 183—187 °G/1 
mmHg (lit,12) 173—178 °C/0.3 mmHg). Olefins and sol­
vents were of commercial origin and were used after dis­
tillation. Acetic acid was refluxed with potassium per­
manganate before distillation. 

Reaction of Trialkylphosphine with Pd(OAc)2. The 
solution of trialkylphosphine (5 mmol) and Pd(OAc)2(5 
mmol) in acetic acid (20 ml) was heated at 90 °G under 
stirring for 3 to 20 h. Evolution of gas (24 ml at 15 °G) 
was observed for tributyl phosphine. The gas was consisted 
of l-butene(98%), 2-butene(l%) and butane(l%) according 
to the analysis with GLG (20% dibenzyl ether on Gelite 545). 
Palladium black deposited was removed by filtration and 
organic products in the reaction mixture were extracted 
with ether, neutralized with aq sodium hydrogencarbonate, 
washed three times with aq sodium chloride and dried. 
The products were identified by comparison with those of 
authentic samples and with decane as an internal standard 
on GLG. The peak assigned to ketones disappeared by the 
treatment of the ethereal solution with 2,4-dinitrophenyl-
hydrazine. 

Reaction of Triphenylphosphine with Pd(OAc)2 in the Presence 
of Styrene. In a 100 ml flask were placed 1.31 g(5 mmol) 
of triphenylphosphine, 1.12 g(5 mmol) of Pd(OAc)2, 2.08 g 
(20 mmol) of styrene and 10 ml of acetic acid. The mixture 
was stirred at room temperature for 48 h. Excess styrene 
and acetic acid were evaporated under vacuum at room 
temperature, and then styrene derivatives were steam-dis­
tilled from the residue. The distillate was extracted with 
ether. Stilbene, acetoxylated styrene and acetophenone 
in the extract was separated by column chromatography 
on silica gel (Wakogel, G-100). The residue was extracted 
with chloroform, and the chloroform layer gave triphenyl­
phosphine oxide and diphenylphosphinic acid after chroma­
tography on silica gel. Ph2P(0)OH, mp 188—192 °C(lit,13> 
194—195 °G). Phenylphosphonic acid was obtained from 
the aq layer, mp 145—150 °G (without purification, lit,14> 
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158—161 °G). A small portion of aq layer was used for 
the analysis of phosphoric acid.15) All the phosphorus com­
pounds obtained in the present reaction were identified by 
comparison of the I R with those of authentic samples except 
for phosphoric acid. The assignment of the phenylated 
and acetoxylated products was described previously.4 '16) 

Reaction of Tri-m-tolylphosphine with Pd(OAc)2 in the Pres­
ence of Ethyl Aery late. T o a mixture of Pd(OAc) 2 (5 
mmol) and ethyl acrylate(20 mmol) in acetonitrile(30 ml) 
was added tri-m-tolylphosphine at room temperature and 
stirred for 12 h. Palladium metal deposited was removed 
by filtration and a distillation of the filtrate gave 0.60 g of 
ethyl 772-methylcinnamate(bp 120 °G/5 m m H g ) . T h e struc­
ture of the product was identified by comparison of IR , 
N M R , and the retention time on GLG (Reoplex 400, 1.5 m, 
140 °G) with an authentic sample. T h e I R and GLG analysis 
excluded the formation of ethyl />-methylcinnamate. 

Phenylation in Acetic Acid-d. Reaction procedure in 
acetic acid-d was similar to that in acetic acid except for the 
protection from the moisture by a calcium chloride tube. 
trans-\-Phenyl- 1-octene was separated by preparative GLG 
as described previously4) and was analyzed by M S : m/e, 
188(M+) , relative intensities of isotope peaks; M-f 1=35 .7 
(%), M + 2 = 7.15(%) (values from lit17) for G14H205 M + l = 
15.45, M- \-2—1.11). Stilbene was isolated in the same 
way as described above. T h e relative intensities were as 
follows. R u n 7: m/e, 180(M+); M + 1 = 30.92, M + 2 = 5.01. 
R u n 8: M + l = 15.27. R u n 9 : M + l = 15.0 (values from 
lit,17) for G14H12, M + 1 = 15.32, M + 2 = 1 . 0 9 ) . Stilbene 
from the run 9 was hydrogenated over P d / B a C 0 3 to 1,2-
diphenylethane. P M R of the product showed two singlets 
placed at ô 2.86(methylene protons) and 7.12(aromatic 
protons). T h e ratio of the peak area of the aromatic to 
aliphatic protons was 1.23 (an average from five measurements) 
which showed the presence of 5.08 of deuterium in a molecule. 
The deuterium calcd from M S was 4.83. 

Determination of Time Course of Phenylation. Runs A 
and B : T o a solution of Pd(OAc)2(0.5 mmol) in aceto-
nitrile containing an internal standard (diethyleneglycol 
dibutyl ether), cyclohexene (1.0 mmol) triphenylphosphine 
(0.25 or 0.5 mmol) were added and stirred in a thermostated 
cell. Samples were withdrawn at appropriate time intervals 
by a microsyringe and directly analyzed on GLG equipped 
with flame ionization detector. Rection procedure for 
Runs G and D was similar to the above except for the way 
of addition of cyclohexene and triphenylphosphine. Thus , 
in R u n G, bis (triphenylphosphine) pal ladium acetate was 
used and in R u n D, triphenylphosphine was allowed to react 
with Pd(OAc) 2 for 5.5 h before the addition of cyclohexene. 

R e f e r e n c e s 

1) Par t I I I in this series, T . Kawamura , K. Kikukawa, 
M . Takagi , and T . Matsuda, Bull. Chem. Soc. Jpn., 50, 2021 
(1977). 

2) a) R. Mason and D. W. Meek, Angew. Chem. Int. Ed. 
Engl., 17, 183 (1978). b) D. R . Goulson, J. Chem. Soc, 
Chem. Commun., 1968, 1530. c) A. Nakamura and S. 
Otsuka, Tetrahedron Lett., 1974, 463. d) M. L. H . Green, 
M . J . Smith, H . Felkin, and G. Swierczewski, J. Chem. 
Soc, Chem. Commun., 1971, 158. e) R . Asano, I . Moritani , 
Y. Fujiwara, and S. Teranishi, Bull. Chem. Soc. Jpn., 46, 
2910 (1973). 

3) a) A. J . Cheney, B. E. Mann , B. L. Shaw, and R. M . 
Slade, J. Chem. Soc, A, 1971, 3833. b) G. W. Parshall, 
W. H . Kno th , and R. A. Schunn, J Am. Chem. Soc, 91, 
4990 (1969). c) S. Hie tkamp, D. J . Stuf kens, and K. 
Vrieze, J. Organometal. Chem., 134, 95 (1977); 139, 189 
(1977). d) A. A. Kiffen, G. Masters, and L. Raynand , 
J. Chem. Soc, Dalton Trans., 1975, 853. 

4) T . Yamane , K. Kikukawa, M. Takagi , and T . Matsuda 
Tetrahedron, 29, 955 (1973). 

5) S. Winstein, J . McCaskie, H . B. Lee, and P. M . Henry, 
J. Am. Chem. Soc, 98, 6913 (1976). 

6) G. W. Parshall, Ace Chem. Res., 3 , 139 (1970). 
7) a) G. W. Bradford, R. S. Nyholm, G. J . Gainsford, 

J . M . Guss, P. R. Ireland, and R. Mason, J. Chem. Soc, 
Chem. Commun., 1972, 87 ; b) G W. Bradford and R. S. 
Nyholm, J. Chem. Soc, Dalton Trans., 1973, 529. 

8) D. R. Fahey, and J . E. M a h a n , / . Am. Chem. Soc, 
98, 4499 (1976). 

9) Unpublished da t a ; T . Kawamura , K. Kikukawa, 
M . Takagi , and T . Matsuda . 

10) T . A. Stephenson, S. M. Morehouse, A. R. Powell, 
J . P. Heffer, and G. Wilkinson, J. Chem. Soc, 1965, 3632. 

11) M. A. Bennett and D. L. Milner, J. Am. Chem. Soc, 
91, 6983 (1969). 

12) M . M . Rauhu t , H . A. Currier, A. M . Semsel, and 
V. P. Wystrach, / . Org. Chem., 26, 5138 (1961). 

13) G. M . Kosolapoff and R. F. Struck, J. Chem. Soc, 
1959, 3950. 

14) H . Z. Lecher, T . H . Ghao, K. G Whitehouse, and 
R. A. Greenwood, J Am. Chem. Soc, 76, 1045 (1954). 

15) Y. Murakami and M. Takagi, J. Am. Chem. Soc, 91, 
5130 (1969). 

16) T . Matsuda, T . Mitsuyasu, and Y. Nakamura , Kogyo 
Kagaku Zasshi, 72, 1751 (1969). 

17) R. M. Silverstein, G. G Bassler, and T . G. Morrill, 
"Spectrometric Identification of Organic Compounds ," 
3rd ed, J o h n Wiley & Sons, Inc. N . Y. (1974), p . 41 . 



1498 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (5), 1498 — 15Ö5 (1979) [Vol. 52, No. 5 

A Simple MO Treatment on the Nucleophilic Substitution Reactions 
of Six-membered Aza-aromatic Compounds 

Minoru H I R O T A , * Hideyuki MASUDA, Yoshiki H A M A D A , * * and Isao T A K E U C H I * * 

Department of Applied Chemistry, Faculty of Engineering, Yokohama National University, 
Minami-ku, Yokohama 232 

**Department of Pharmacy, Meijo University, Tempaku-ku, Nagoya 468 
(Received October 30, 1978) 

Nucleophilic substitution reactions of monoaza- and diaza-naphthalenes and -phenanthrenes were discussed 
on the basis of an HMO calculation taking the nature of the reagent into consideration. Results were compared 
with the orientation of some nucleophilic substitution reactions, i.e. Ghichibabin animation, phenylation by phenyl-
lithium, and methylation by methylsulfinylmethanide ion. The nature of the reagent was explicitly taken into 
account as the difference in the coulomb integrals and the reagent-dependent orientation of these reactions were 
explained theoretically. 

In recent decades, molecular orbital theory has been 
applied to many organic reactions and, in most in­
stances, succeeded in interpreting the reactions. In the 
field of heteroaromatic chemistry, many applications 
of M O theory were also reported.1) In an earlier 
stage the reactivity indices were calculated and shown 
to reproduce the orientations of substitution reac­
tions. 2~5) However, several heteroaromatic compounds 
exhibit different orientations depending on the nature 
of nucleophiles (or electrophiles), which prevents the 
use of common reactivity indices throughout all kinds 
of nucleophilic (or electrophilic) reactions. For ex­
ample, quinoline, a typical of the six-membered aza-
aromatics, reacts with amide anion in liquid ammonia 
to produce 2-aminoquinoline,6) while it is methylated 
to produce 4-methylquinoline by methylsulfinylmeth­
anide ion (dimsyl anion) in D M S 0 . 7 ) Both reactions 
are caused by the attack of nucleophile, being usually 
classified as nucleophilic substitution reactions. The 
results are embarrassing when the reactions were pre­
dicted in terms of reactivity indices. O n the other 
hand, the reactivity indices themselves are also incon­
sistent, predicting the different sites of reaction depend­
ing upon the kinds of the indices. Brown8) has clas­
sified the reactivity indices from the theoretical consid­
eration on the transition states of the reactions and 
has given a general guideline to select the proper index 
as follows : When the reagent or the substrate is reactive, 
orientation of the reaction is determined by localization 
energy (Lr) or superdelocalizability (ST), while the 
orientation is determined by electron density (qT) or 
polarizability (nIT) in the case contrary. The clas­
sification is rationalized afterwords by several authors 
by considering the orbital energies of the reagents 
(and also of the substrates). Klopman9) has developed 
a generalized poly-electronic perturbation theory (GE 
theory) in which the energies of the unoccupied MO' s 
of electrophile (acceptor) and of the occupied MO' s of 
nucleophile (donor) were both taken into accounts and 
succeeded in explaining the different orientation of the 
nucleophilic substitution reactions of pyridinium salts. 
Simonetta10) has proposed a n-electronic model for 
the transition state of aromatic substitution reaction 
in which the AO's of the tetra-valent carbon and the 
leaving and the substituting groups were treated anal­
ogous to the case of hyper conjugation in order to 
separate the rc-orbitals from the tf-orbitals. The re­

activity is discussed on the basis of the 7r-part of MO's 
alone. Ghalvet and Daudel1 1 _ 1 3 ) have developed a 
theory for the treatment of the transition state of aro­
matic substitution, in which, again, TT-MO'S of the 
interacting system were solely considered to predict 
the orientation of the reaction as a function of the 
HOMO-energies of the attacking nucleophile. 

In practice, substituted benzenes are resistant to 
nucleophilic aromatic substitutions and react only at 
the ipso position of the nucleophilically activated halo­
gen or alkoxyl substituent. O n the contrary, nucle­
ophilic substitution reaction is quite common with 
so-called n- electron -deficient aza-aromatic com­
pounds,6» 7>14~22) and the orientations of the reactions 
are dependent on the nature of the attacking nucleo­
philes. The present authors have reported the nucleo­
philic substitutions of several monoaza- and diaza-
naphthalenes, -phenanthrenes, and -anthracenes,23-25) 
and found remarkable differences in orientations de­
pending upon the nature of the nucleophiles. In 
this paper, the different orientation observed in some 
nucleophilic reactions will be discussed according to 
the above mentioned theory developed by Ghalvet 
and Daudel. 

Theoret ica l 

In order to predict the orientations of the substitu­
tion reactions on the heteroaromatic compounds, the 
relative M O energies of the transition states leading 
to variously oriented substituted products were estimat­
ed by a method similar to the unified treatment of 
transition state proposed by Ghalvet et al. In this 
theory, a transition state is treated as a heteroaromatic 
^-system (substrate) with extension of dereal izat ion 
by reagent, and the M O 0 of the transition state is 
formed in terms of the linear combination of the reagent 
atomic orbital (or group orbital) y and the substrate 
molecular orbitals <fia and <j>n. 

0 = ^ + 2 ^ + ECj0 ï 

^ y + S G n z S + SCnZï 

As the reagent (X) attacks the periphery of the n-
electron cloud of the substrate aromatic molecule, 
the overlap between the <fia and y will be small and 
can be neglected. Thus, 

<y\r> = <y\xO = o 
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and 

<y|*l0'> = <y|*lz;> = o 
where r refers to the site of the nucleophilic (or electro-
philic) attack in the substrate molecule. This means 
that the relative energies of the transition state can 
be estimated by considering solely the following TT-MO'S . 

The calculation of the 0ff's can be carried out within 
the framework of the Hückel M O approximation if 
the following integrals are properly evaluated. 

«x = < y | * | y > 

These integrals can be evaluated by the following 
way. The perturbation energy caused by the interac­
tion with the reagent has been shown to increase mono­
tonously as the increase of ßIX without significant 
crossings of the energies within the range of ßIX=0— 
2.O.12) Thus the resonance integrals ßIX are simply 
evaluated to be 0.5 after Chalvet et al. 

The coulomb integrals ccx are evaluated with ref­
erence to the Mulliken's electronegativities26 '27) of the 
attacking nucleophiles. Discussions in this paper are 
confined to the following three reactions; (i) phenyl-
ation with phenyllithium, (ii) methylation by dimsyl 
anion, and (iii) Chichibabin amination. The phenyl-
ation with phenyllithium is assumed to be induced by 
the initial attack of phenyl carbanion. The anion 
has been proved to be a sigma anion carrying the 
unshared electron pair in an sp2 non-bonding AO. 
The anion is stabilized by the aromatic sextet of elec­
trons as is in the parent hydrocarbon. Methylation of 
the six-membered aza-aromatic compounds by dimsyl 
anion is rather complex in the mechanistic point of 
view, involving an initial addition of the nucleophile 
and subsequent elimination in some cases. However, 
the orientation of the reaction is determined by the 
initial attack of dimsyl anion towards the heteroaro-
matic nucleus. T h e transition state energies of this 
initial process can be properly evaluated by the method 
mentioned above. T h e dimsyl anion is a carbanion 
in conjugation with sulfinyl group, and its anionic 
center is supposed to be planar. Thus, the unshared 
electron pair of this anion should occupy a p-AO. 
Chichibabin amination reactions are carried out in 
liquid ammonia, and the effective nucleophile is amide 
anion. The anion is generally supposed to take an 
angular conformation. However, the hybridization 
state of its nitrogen atom is not known in details, since 
the exact geometry of the anion has not been determin­
ed. Anyhow the nitrogen atom has a non-bonding 
A O of which s-character is ranging from 0 to 5 0 % . 
In other words, the A O has an intermediate character 
between pure p and sp-hybridized. 

Ionization potentials 7, electron affinities A, and 
Mulliken's electronegativities xM for these AO's are 
given, together with the estimated ocx values, in Table 1. 
Ionization potentials, electron affinities, and other pro­
perties have been correlated with coulomb integrals by 
many authors.26 '28-31) Nevertheless, coulomb and other 
integrals for H M O calculations have been assigned in 
a qualitative manner with reference to these properties 

T A B L E 1. T H E ELECTRONEGATIVITIES AND THE COULOMB 

INTEGRALS OF CARBON AND NITROGEN ATOMS 

OF VARIOUS VALENCE STATES 

Atom 

G(sp2) 

Na> 

N(sp2) 

N(sp) 

A O 

2p(7T) 

tr(</) 

2p 

2p 

2p 

J/eV 

11.16 

15.62 

13.94 

14.12 

14.11 

a) Unhybridized N atom. 

A/eV 

0.03 
1.95 
0.84 
1.78 
2.14 

ZM 

5.60 
8.79 
7.39 
7.95 
8.13 

in most instances, and such integrals are also employed 
to formulate the Hückel determinant of the substrate 
heteroaromatic molecules in this investigation. Thus, 
the ax 's are also evaluated by taking the following 
factors into account. Firstly, as the ßTX is a priori 
assigned to be 0.5 which corresponds to a rather weak 
interaction, the effect of electronegativity should be 
a little exaggerated in the ax integrals to compensate 
the smaller ßTx. Secondly, the coulomb integrals for 
anionic centers should be shallower than those for the 
neutral atoms of similar electronic states. Thirdly, 
the electronegativities of the anionic centers of the 
reagents increase in the order; dimsyl an ion<amide 
anion < phenyl anion, even though there exists some 
ambiguity in the XM value of the nitrogen atom 
in amide anion. Thence, Ac (dimsyl) <ÄN (amide) <AC-
(phenyl). In conclusion, the integrals given in Table 1 
were employed in the calculations. These values are 
carefully adjusted so as to be consistent with other 
integrals in the substrate heteroaromatic molecules. 

R e s u l t s and D i s c u s s i o n 

By performing the M O calculations described in 
the theoretical part , total yr-energies of the models 
for the transition states were obtained. T h e total 
jr-energy E„(r) is dependent on the site (r) of reaction 
in a molecule concerned, and the one with the lowest 
7r-energy corresponds to the transition state for the 
most feasible reaction path, which should be realized 
in practice. The relative ^-energies for the various 
reaction sites in the heteroaromatic molecules 1 to 13 
are shown graphically in Fig. 1(a)—(n) as a function 
of the coulomb integral (ax=<x-\~hxß) of the attacking 
nucleophiles. In these figures, the "transition state" 
with the lowest rrc-energy at hx= — 3 is chosen as the 
reference(s) and the energy difference EK(r) — Ex(s) in 
ß unit are plotted as a function of hx. Then, the rel­
ative "transition state" energy for the site chosen as 
the reference is given by the straight line E„(s)=0 
(which superposed on the abscissa). When the energy 
curves for other "transition states" do not intersect 
the abscissa, the relative energies of them are always 
higher than En(s), and the heteroaromatic molecule 
is expected to react at the same site (s) irrespective 
of the nature of the attacking nucleophiles. When 
the energy curve(s) of other "transition states" crosses 
the abscissa, the lowest energy one is replaced as the 
change in hx. Therefore, the site of the nucleophilic 
attack is predicted to be altered as the change in the 
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Fig. 1. Relative 7T-energies for the transition states of various reaction sites (in ß units xlO3). 

nucleophilicity of the reagent. 
Of all the heterocycles investigated, isoquinoline (3), 

5-azaphenanthrene (10), 4,6-diazaphenanthrene (12), 
acridine (13), and 1,10-diazaanthracene (14) belong 
to the former cases. Nucleophilic substitution reac­
tions of these nitrogen heterocycles have been extensively 
investigated by several authors. Since the first report 
on pyridine and related substances by Ghichibabin 
and Zeide,6> the amination by alkali amide in liquid 
ammonia has been applied to a variety of the six-
membered aza-aromatic compounds and called Chichi-
babin reaction. This modification of amination on a 
series of naphthyridines have been studied in details 
by Paudler and Kress,17) and further extended to the 
benzo analogs of naphthyridines by the present au­
thors.23-25) T h e reaction on 1,5-naphthyridine had 
been reported to give the 2-amino derivative initially,17) 
but the 4-amino derivative was identified as the product 
of the amination recently.18»23) 

Phenylation by phenyllithium in ether or hydro­
carbon medium is also a well-known reaction, and the 
substitution occurs predominantly on the carbon atom 
ortho to the ring nitrogen a tom in almost all cases 
reported.14-16 '32) T h e present authors25) have investi­
gated on the orientation of the phenylation of \,x-
naphthyridines and shown that the main product is 
the 2-phenyl derivative in the reactions of all isomeric 
heterocycles. Methylation of these aza-aromatic com­
pounds were first reported by Rüssel and Weiner.7) 
They carried out the reaction on pyridine and several 
of its benzo analogs and, though pyridine is unreactive 
to dimsyl anion, showed that the ortho or para-substi­
tuted derivatives were produced via addition-elimina­
tion mechanism. T h e methylation was applied to 
diazanaphthalenes and diazaphenanthrenes by the 
present authors.24 '25) T h e products of these reactions 
were summarized in Table 2 together with the orienta­
tions predicted from Fig. 1 by assuming the coulomb 
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integrals of the reagents as given in Table 1. 
The orientations of the compounds 3, 10, 12, 13, 

and 14 are invariable throughout all three kinds of 
nucleophilic reaction, and the prediction from Fig. 1 
is shown to be consistent with the experimental results. 
With other heterocycles, the orientation alters with 
the change in reagents in accord with the crossing 
of the 7r-energy curve in Fig. 1. 1,5-Naphthyridine 
(4), for example, produce 2-phenyl-, 2- or 4-amino-, 
and 4,8-dimethyl-naphthyridines by the above men­
tioned reactions, and the difference in orientation is 
properly explained by the crossing of the transition 
state jr-energy curve for the 2 (and 6)-position with 
abscissa which corresponds to that for the 4(and 8)-
position. Thus, the reagent of which Ax is larger than 
1 (crossing point) is predicted to attack toward 2 (and 
6)-position. The compounds 1, 2, 5, 6, 7, 8, 9, and 11 
also have some similar crossings with abscissa in their 
"transition state" 7r-energy curve and expected to 

behave differently toward the attack of various nucle-
ophiles in orientation. The difference in orientation 
is verified with all the compounds investigated ex­
perimentally (2, 5, 6, 7, 8, and 9). Phenylation and 
amination have not yet been carried out on 1,10-
diazaphenanthrene (11), lacking the evidence for the 
different orientation, and pyridine (1) is unreactive 
toward dimsyl anion even if it is expected to react 
at the 4-position.33) After all the comparison with 
the experimental consequence illustrates that the 
method is quite trustworthy and widely applicable 
to the qualitative prediction of the orientation. 

The results are compared with the orientations 
predicted from reactivity indices. Among various 
reactivity indices, electron density qT, as well as 
superdelocalizability Srl~) and frontier electron density 

/ r<
_) for nucleophilic reactions, is suitable for this 

discussion, being given in Table 3. With the hetero­
cycles of which reaction site toward nucleophile is 
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Fig. 1. 

T A B L E 2. PRODUCTS OF SOME NUCLEOPHILIC SUBSTITUTION REACTIONS AS COMPARED WITH THOSE PREDICTED 

Compound 

Pyridine (1) 

Quinoline (2) 

Isoquinoline (3) 

1,5-Naphthyridine (4) 

1,6-Naphthyridine (5) 

1,7-Naphthyridine (6) 

1,8-Naphthyridine (7) 

1-Azaphenanthrene (8) 

4-Azaphenanthrene (9) 

5-Azaphenanthrene (10) 

1,10-Diazaphenanthrene (11) 

4,6-Diazaphenanthrene (12) 

Acridine (13) 

1,10-Diazaanthracene (14) 

Phenylation 
(Ax = 2.0) 

th. 

exp. 

th. 

exp. 

th. 

exp. 

th. 

exp. 

th. 

exp. 

th. 

exp. 

th. 

exp. 

th. 

exp. 

th. 

exp. 

th. 

th. 

exp. 

th. 

exp. 

th. 

exp. 

th. 

exp. 

2 > 4 

(2) 
2 > 4 

(2) 
1 > 3 

(1) 
2 > 4 

(2) 
2 > 5 

(2) 
8 « 2 

(2) 
2 > 4 

(2) 
2 > 4 

3 > 1 

6 > 7 

2 > 4 

5 > 3 

5 > 4 

5 > 2 

Amination 
(Ax=1.5) 

2 > 4 

(2) 
2 > 4 

(2) 
1 > 8 

(1) 
2 > 4 

(2),(4)*> 

2 > 5 

(2) 
8 > 2 

(8) 
2 > 4 

(2) 
2 > 4 

(2) 
3 > 1 

(3) 
6 > 7 

2 > 4 

5 > 3 

(5) 
5 > 4 

(5) 
5 > 2 

( 5 ) + (2, 5)0) 

Methylation 
( Ä x = - 0 . 5 ) 

— _ 

unreact . 

4 > 5 

(4) 
1 > 8 

(1) 
4 > 2 

(4,8)0) 

4 > 5 

(4) 
4 > 8 
(4,8)0) 

4 > 2 
(4,5)0) 

4 > 2 « 5 

( 4 ) + ( 5 ) + ( 6 ) + (4, 6)0) 

6 > 1 « 5 

(5) + (6) 
6 > 7 

(6) 
4 > 5 
( 4 ) + (4, 7)0) 

5 > 1 

(5) 
5 > 4 

(5) 
5 > 4 

(5) 

a) Different product was reported by several authors. 17>18>23) b) Disubstituted derivative. 
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T A B L E 3. REACTIVITY INDICES FOR THE NUCLEOPHILIC REACTIONS OF AZA-AROMATIC COMPOUNDS 

Compound tfr> /,<• Compound tfT* /r
( (-) 

Pyridine (1) 

Quinoline (2) 

Isoquinoline (3) 

1,5-Naphthyridine (4) 

1,6-Naphthyridine (5) 

1,7-Naphthyridine (6) 

1,8-Naphthyridine (7) 

1-Azaphenanthrene (8) 

2,6 
3,5 
4 
2 
3 
4 
5 
6 
7 
8 
1 
3 
4 
5 
6 
7 
8 

2,6 
3,7 
4,8 
2 
3 
4 
5 
7 
8 
2 
3 
4 
5 
6 
8 

2,7 
3,6 
4,5 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.943 
0.992 
0.951 
0.917 
1.001 
0.932 
0.989 
0.999 
0.984 
1.007 
0.918 
0.968 
0.991 
1.000 
0.984 
0.997 
0.986 
0.915 
0.985 
0.939 
0.901 
1.000 
0.919 
0.907 
0.951 
1.002 
0.912 
0.985 
0.933 
0.980 
0.966 
0.925 
0.903 
1.002 
0.992 
0.928 
0.998 
0.941 
0.997 
0.997 
0.999 
0.994 
1.000 
0.992 

0.983 
0.853 
0.978 
1.146 
0.881 
1.257 
1.058 
0.884 
0.938 
1.002 
1.259 
0.944 
1.039 
1.005 
0.937 
0.884 
1.058 
1.178 
0.953 
1.293 
1.228 
0.887 
1.338 
1.339 
1.003 
1.045 
1.173 
0.953 
1.291 
1.115 
0.950 
1.296 
1.235 
0.884 
1.342 
1.112 
0.874 
1.188 
1.020 
1.013 
0.981 
0.883 
0.897 
0.963 

0.271 
0.107 
0.627 
0.258 
0.102 
0.457 
0.296 
0.099 
0.145 
0.263 
0.480 
0.046 
0.338 
0.296 
0.177 
0.095 
0.352 
0.203 
0.116 
0.360 
0.285 
0.079 
0.446 
0.398 
0.070 
0.264 
0.208 
0.133 
0.394 
0.286 
0.323 
0.369 
0.251 
0.078 
0.392 
0.293 
0.026 
0.396 
0.303 
0.246 
0.112 
0.008 
0.147 
0.016 

4-Azaphenanthrene (9) 

5-Azaphenanthrene (10) 

1,10-Diazaphenanthrene (11) 

4,6-Diazaphenanthrene (12) 

Acridine (13) 

1,10-Diazaanthracene (14) 

1 
2 
3 
5 
6 
7 
8 
9 

10 
1 
2 
3 
4 
6 
7 
8 
9 

10 
2,9 
3,8 
4,7 
5,6 
1 
2 
3 
5 
7 
8 
9 

10 
1,9 
2,8 
3,7 
4,6 
5 
2 
3 
4 
5 
6 
7 
8 
9 

0.942 
0.999 
0.926 
1.008 
0.978 
0.995 
0.999 
0.996 
0.999 
0.996 
0.999 
0.993 
1.004 
0.891 
0.979 
0.999 
0.980 
1.001 
0.927 
0.993 
0.940 
0.994 
0.942 
0.979 
0.923 
0.898 
1.000 
0.992 
0.995 
0.995 
1.015 
0.974 
1.004 
0.981 
0.896 
0.887 
1.007 
0.910 
0.880 
0.977 
1.004 
0.970 
1.017 

1.152 
0.906 
1.083 
0.998 
1.090 
1.000 
0.864 
0.916 
0.943 
0.962 
0.909 
0.884 
0.991 
1.390 
1.072 
0.864 
0.987 
0.943 
1.115 
0.900 
1.194 
1.035 
1.178 
1.014 
1.099 
1.434 
1.022 
0.888 
0.938 
0.968 
1.068 
1.075 
0.924 
1.222 
1.926 
1.477 
0.920 
1.606 
2.138 
1.273 
0.929 
1.128 
1.070 

0.265 
0.154 
0.094 
0.275 
0.314 
0.148 
0.001 
0.157 
0.035 
0.099 
0.139 
0.016 
0.191 
0.484 
0.225 
0.001 
0.212 
0.068 
0.249 
0.001 
0.262 
0.296 
0.176 
0.181 
0.054 
0.419 
0.147 
0.005 
0.124 
0.051 
0.137 
0.126 
0.065 
0.191 
0.502 
0.207 
0.053 
0.270 
0.489 
0.170 
0.053 
0.121 
0.107 

indifferent with varying hx values (3, 10, 12, 13, 
and 14), their reactivity indices also foresee the same 
site for nucleophilic reactions. The predicted sites 
(indicated by bold letters in Table 3) are always con­
sistent with those from the transition state ^-energy 
curves in Fig. 1. 

The reactivity indices for other compounds investigat­
ed are apparently inconsistent among them, predicting 
different sites of nucleophilic reaction for a compound. 
All of these compounds have crossings with abscissa 
in the transition state 7z-energy curves in Fig. 1, and 
the reagent dependent orientation has been rationalized. 

As expected by the frontier electron theory, frontier 
electron density is the most suitable index to predict 
the site of the attack by dimsyl anion of which F I O M O 
energy is high (A x=— 0.5) and close to that of the 
L U M O of the heteroaromatic compounds reacting as 
substrates (Fig. 2). T h e orientations of the methyla-
tion agrees with those predicted from / r

( _ ) ' s in most 
instances. Hence, the methylation is frontier-control­
led. Only one exception is the case of 1,10-diaza-
phenanthrene. T h e 5,6-bonds of azaphenanthrenes 
usually have higher double bond character than the 
other bonds in the same molecule, and the bond alter-
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1,5-naphthyridine 1,6-naphthyridine 1,7-naphthyridine 1,8-naphthyridine 

Fig. 2. The LUMO's and the next LUMO's of naphthyridines. In this figure, magnitudes of the AO 
coefficients (^r's) are proportional to the radii of circles, and the hatched circles correspond to the 
coefficients with negative signs. Only the signs of clT

9s are given when they are too small to be illu­
strated by- circles. 

nation is significant in the ring annelated by two 
benzene nuclei. Since both the reactivity indices 
(Table 3) and the transition state ^-energy curves 
(Fig. 1) are calculated by assuming identical /?-values 
to all C - C and G-N bonds in the rings, the results 
become less trustworthy by the increase in bond al­
ternation. A variable y^-calculation will improve them 
considerably. 

O n the other hand, the orientations of the amination 
and the phenylation are predicted by the electron 
densities. In these reactions, the H O M O ' s of the 
nucleophiles are estimated to be considerably lower 
than the L U M O ' s of substrates, being charge-control­
led.34) 

Similar quantities for the delocalized jr-model of 
the transition states were also obtained by the pertur-
bational calculations on the PPP-SGF wave functions 
of these heterocycles.35) However, the results agree 
with the experiments only fairly, and no further im­
provement is expected by the calculations on the basis 
of more sophisticated M O . 

These calculations were carried out using the H I T A G 
8250 computer of Yokohama National University and 
the H I T A G 8700 computer of the University of Tokyo 
Computer Center. 

The authors thank to Mr . K. Hisada and Mr. N. 
Hyodo for their assistance in calculations. This 
research was supported in par t by grants from the 
Asahi Glass Foundation for the Contribution to In­
dustrial Technology to which the authors are grateful. 
I t was also supported in par t by the Grant-in-Aid for 
Special Project Research from the Ministry of Educa­
tion, Science and Culture. 
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Double Diels-Alder Reactions of Coumalic Acid with 1,3-Dienes 
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Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606 

(Received November 9, 1978) 

Thermal reaction of coumalic acid with 1,3-butadienes gave after diazomethane treatment dimethyl tri-
cyclo[3.2.1.02>7]oct-3-ene-2,4-dicarboxylate via double Diels-Alder reaction. This represents the simplest syn­
thesis of such a tricyclic system. The reaction with cyclopentadiene was also studied. 

Diels-Alder reaction of 2-pyrone and esters of some 
2-pyronecarboxylic acids are well documented.1) With 
acetylenes as dienophile the reaction provided the 
benzene derivatives by loss of carbon dioxide from the 
intermediary adduct. With olefinic dienophiles, a 
decarboxylative double diene synthesis occurred to 
afford a bicyclo[2.2.2]oct-2-ene system, and with elec­
tron-rich dienophiles the so-called Diels-Alder reaction 
with inverse electron-demand2) was effected with high 
regiospecificity. 

In view of these facts, the reaction in the combina­
tion of coumalic acid (1) and 1,3-butadienes (2) seems 
most probably to follow the path A (Scheme 1). 

COOH 

oV + 

2 HOOC ' Mnnr b 5 
HOOC 

3' 

COOH 

k^o^O 

CO 
COOH 

Scheme 1. 

Meanwhile, taking the properties of 1,3-butadienes as 
a good diene part in Diels-Alder reaction as well 
as the lesser electron-withdrawing nature of the car-
boxylic acid 1 than that of the ester in consideration, 
we are intrigued by the possibility of the reaction 
path B3) or C, the product 5 in the latter reaction path 
being a potential intermediate for the synthesis of 
natural products.4) 

Evidences to be presented gave the precedence to 
the reaction pa th A and the structural investigation 
and the fate of the adduct 3 will be described in detail 
in this report.5) 

R e s u l t s and D i s c u s s i o n 

The reaction of 1 with excess of butadiene (2a) in 
anhydrous methanolic solution at 100 °C for 6 h in 
a pressure bottle gave after treatment with ethereal 
diazomethane colorless needles 6a, m p 101—102 °C, 
in 7 0 % yield. This product was analyzed for C8H8-
( C O O M e ) 2 by elemental analysis and mass spectro­
metry. T h e presence of a saturated ester function and 
an a,/?-unsaturated ester moiety was apparent from 
the intense I R absorptions at 1735, 1710, and 1620 
cm - 1 . In U V spectrum a maximum at 243 nm (log 
e 4.08) was interpreted to show the presence of a 

MeOOCyLcOOMe M e 0 0 C v l c 0 0 M e MeOOC. 

fi> - fc + MeOOC 

6a 

R0CH2yl C H 2 OR 

9 R = H 
R=/>-BzN02 

ROCH2V^CH2OR 

10 R = H 
R = / K B Z N 0 2 

Scheme 2. 

/5-cyclopropylacrylic ester chromophore6) where the 
arrangement of the cyclopropane ring attains the 
maximum conjugation with the double bond, i.e., the 
"bisected" conformation. Catalytic hydrogénation over 
Raney-Ni resulted in the uptake of one equivalent of 
hydrogen to yield the saturated ester 7, but the hydro­
génation over Pd -G gave a mixture of 7 and another 
product 8 resulting from the uptake of two equivalents ; 
this fact clearly suggests the coexistence of a cyclopro­
pane ring and a double bond. The structure of 8 
was later deduced from the consideration of the reac­
tion path and the symmetry confirmed by seven signals 
in its 1 3 C-NMR spectrum. 

Lithium aluminum hydride reduction of 6a and 7, 
followed by treatment with />-nitrobenzoyl chloride 
gave the di-/?-nitrobenzoates 9 and 10, respectively. 
Although the N M R spectrum of 9 showed two singlets 
in the region of acyloxymethyl protons, 10 showed a 
singlet and a doublet of 6.6 Hz spacing. These facts 
indicate that 6a has a carboxyl group on a tertiary 
carbon atom and an a,/5-unsaturated ester group having 
no hydrogen at the a-position. 

The fact that thermal treatment of 6a over P d - C 
at 300 °G gave an aromatic isomer, dimethyl 4-ethyl-
isophthalate (11), especially combined with the fact 
that similar treatment of the 1,3-pentadiene adduct 
6d gave dimethyl 4-propylisophthalate (12), implicates 
the retention of a 1,3-dicarboxylate moiety and a 
butadiene moiety in 6a without rearrangement or 

" • O O C ^ o O M . p d _ c 

/ O R 300°C 

6a R = H 
6d R = Me 

Scheme 3. 

CH2-CH2R 

^ k ^ C O O M e 

V* 
COOMe 

11 R = H 
12 R = Me 
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cleavage as shown by bold lines in Scheme 3. These 
results, taken together, require the partial structure 
i in 6a. 

MeOOC M 
N / C ~ C V ^ C O O M e 

Formula 1. 

Further structural evidences were obtained from its 
N M R spectrum which showed five well-separated mul­
tiplets for eight ring-protons as well as the two singlets 
due to the ester methyl protons, indicating the inherent 
symmetry of the molecule (Fig. 1); its 1 3 C-NMR 
spectrum confirmed this symmetry. The large coupl­
ing constant between H a and H b (12.3 Hz) may be 
ascribed to the geminal coupling of the methylene 
protons. In view of the observed spin-spin couplings 
between H a (2FI) and H b (2H), and H c (2H) and H d 

(1H) (4.8 Hz) , these five protons must constitute the 
partial structure ii, in which the coupling J&d is nearly 

IAJ 
\ 

Fig. 1. iH-NMR spectrum of 6a (60 MHz). 

- C - H e 
H 

HQ C - Ha 
i u i i 

— c — c — c -
I I < 
H b H d H b 

Formula 2. 

0 Hz. The triplet signals of H d are further spin-split-
ted by the long-range coupling (1.7 Hz) with the 
olefinic proton H e ; this fact allows us to link the partial 
structures i and ii. Taking the total number of carbons 
and hydrogens into account, the other two protons 
(Hc) causing the 2H singlet may be divided into a 
cyclopropane ring as shown in the structure iii from 
consideration of the molecular symmetry. The bond­
ing of C a and C^ leads to a structure iii. 

MeOOC 

Formula 3. 

At this stage, it was helpful to consider the N M R 
spectral features of the reported tricyclo[3.2.1.02»7]oct-
3-ene system,7) particularly of benzo[3,4]tricyclo[3.2. 
1.02'7]oct-3-ene (13).7a) The cyclopropyl protons of 
13 form a doublet due to the coupling with the other 
cyclopropyl proton H2 , but that of 6a a singlet. The 
other coupling feature of the methylene protons is 
very similar in both compounds. I t is well establish­
ed7) that, since the dihedral angles of £rcöfo-H6-C6-C5-H5 

and £ftöfo-H6-C6-C7-H7 are close to 80°, little, if any, 
splitting is expected for these protons. 

The reaction of 1 and butadiene 2a under the same 
conditions described above gave, without diazomethane 
treatment, a half-ester 6b . The structure of 6 b follows 
from the N M R spectrum which showed a similar pat­
tern of the ring protons to that of 6a except one ester 
methyl group. Its I R spectrum displayed strong car-
bonyl absorptions at 1740 and 1680 c m - 1 : these bands 
are characteristic for a saturated ester and an a,ß-
unsaturated carboxylic acid. Therefore, to the half-
oster 6b is assigned the structure shown. Treatment 
of 6b with diazomethane gave 6a quantitatively. 

These findings lead to the conclusion that 6b is 
best explained as a result of two sequential Diels-Alder 
reactions. Tha t is, the thermal [4+2]cycloaddit ion 

HOOC 

MeOOC R 2 

Hoocr5*^ 
14 

2 

Cr* 
H O o C ^ ^ 

17 

6 a R1 = R2 = H, R = CH3 

b R1 = R2=R = H 

c R1 = H, R2=R=CH3 

15 a R2 = R3=R = H 
b R 2 = R 3 = H , R = CH3 

16 R2=R3=R=CH3 

Scheme 4. 
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reaction between the diene moiety of 1 and the ene 
par t of 2 as the dienophile with inverse electron-demand 
would generate the bicyclic lactone 3, which could 
then undergo methanolysis-dehydration to produce the 
half-ester of vinylcyclohexadienedicarboxylic acid 14. 
The succeeding intramolecular Diels-Alder reaction also 
takes place with inverse electron-demand, giving the 
product 6b . This [ 4 + 2 ] cycloaddition step leading 
to the cyclopropane ring formation has rather ample 
analogy.8) Since the reaction step D in Scheme 4 
without added acid-catalyst is unprecedent, the inter­
mediate 3 was trapped to disclose the reaction mech­
anism. The reaction at lower temperature (80 °G) 
and in aprotic solvent (benzene) gave the lactone 3. 
Thus obtained 3 reacted in anhydrous methanol only 
very sluggishly at 100 °C and gave at 150 °C 6 b and 
15a in a ratio of 1 : 3. The reaction temperature and 
course are different from those of the reaction of 
1 and 2a. This difference may be ascribed to the 
absence or presence of acid catalysis of 1 itself.9) 

The reaction of 1 with isoprene at 100 °C for 20 h 
gave after diazomethane treatment 6c in 2 3 % yield. 
The location of the methyl substitution is clearly 
demonstrated by consideration of the coupling pattern 
in the N M R spectrum. In this case, the coupling 
constant between the cyclopropyl proton H 7 and endo-
methylene proton H6 N was observed as 2.3 Hz. 

The reaction of 1 with 1,3-pentadiene at 100 °G 
for 20 h gave 6d in 2 0 % yield after diazomethane 
treatment. 

In sharp contrast to the aforementioned case, the 
reaction of 1 with 2,3-dimethylbutadiene at 100 °G 
for 30 h gave chiefly a crystalline decarboxylated ad-
duct 15b. The structure of 15b follows from its spec­
tral characteristics. Trea tment with diazomethane 
gave an oily ester 16, which was identical with the tri­
cyclic adduct obtained by the reaction of methyl 
coumalate with 2,3-dimethylbutadiene.3) 

This fact implies that with the change of the substi­
tuent (s) on the butadiene component, the construction 
of the ene-diene moiety necessary for the posterior 
Diels-Alder reaction of the primary cycloadduct was 
achieved by an alternative route E, i.e., a simple decar­
b o x y l a s e step into 17. Although the concurrent route 
E is supposed to be the reason for the low yield of 
6c and 6d, inspection of the fore-run of distillation was 
fruitless since so many components were included. 

We believe that the reaction presented herewith 
represents the simplest synthesis of the tricyclo[3.2. 
1.02,7]oct-3-ene system yet reported.10) 

The reaction of 1 with cyclopentadiene in boiling 
methanol for 3 h gave 18 in 4 8 % yield. Elemental 
analysis showed it to be an undecarboxylated 1 : 1 
adduct and its N M R spectrum revealed a marked 
similarity to that of the product 19 obtained by the 
reaction of methyl coumalate with cyclopentadiene. 
The identity of the skeletal structures of 18 and 19 was 
established by the fact that both gave the same 1,3-
dipolar cycloadduct of the methyl ester 20 by the 
treatment with excess of ethereal diazomethane. Half 
hydrogenated product 21 of the adduct 18 showed 
in its N M R spectrum three well separated, mutually 
coupled pairs of doublet of doublets in the lower field 

,0 /0 ,0 

-A £& -A 
18 R = H 20 21 
19 R = CH3 

Formula 4. 

region (<5 3.97, 5.73, and 7.57): this reinforces the 
assignment of the signals in the spectrum of 18. 

I t should be emphasized that even cyclopentadiene 
can behave mainly as a dienophile in this type of 
reaction. 

Exper imenta l 

All the melting points were determined on a Yanagimoto 
hot-stage apparatus and are uncorrected. IR spectra were 
recorded on a Shimadzu IR 27-G spectrometer, and UV 
spectra on a Hitachi EPS-2 spectrophotometer. Mass 
spectra (MS) were obtained with a Hitachi RMS-4 spectrom­
eter (70 eV). NMR spectra were measured on a JEOL 
G-60HL spectrometer using TMS as an internal standard. 
We are grateful to Dr. S. Kojima for the courtesy that made 
possible the use of this instrument. 13G-NMR spectra were 
obtained with a Varian CFT-20 spectrometer at 20 MHz 
in GDGlg solution using TMS as an internal standard. Micro­
analyses were performed by Mrs. K. Fujimoto using a 
Yanagimoto G.H.N. Gorder MT-1. GLG was performed 
with a Shimadzu GG-4AIT with a 3 mm X 3 m column 
packed with 10% High Vacuum Silicone Grease on Ghromo-
sorb W (80—100 mesh). 

Reaction of 1 with Butadiene. (a) A suspension of 
l9) (7.0 g) and excess of butadiene (20 ml) in methanol 
(35 ml) was heated in a pressure bottle at 100—110°G for 
5 h. After removal of the solvent, treatment with ethereal 
diazomethane, concentration, and distillation gave with a 
small amount of fore-run, a fraction of bp 172 °G/15 Torr, 
which crystallized immediately (mp 97—98 °G). Recrystal-
lization from diisopropyl ether or methanol gave 6a (2.2 g; 
70%) as colorless needles: mp 101—102 °C; IR and UV 
(EtOH): see text; MS, m/e(rél intensity) 222(M+, 44), 207 
(16), 191(25), 190(20), 163(100), 131(44), 119(20), 103 
(37), 91(26), 77(22), 59(45); NMR (GG14) : Ô 0.84 (2H, 
d, 12.3 Hz, H6N and H8N), 1.74(2H, dd, 4.9 and 12.3 Hz, 
H6X and H8X), 2.28(2H, bs, Hj and H7), 3.27 (IH, bt, 4.9 
and 1.8 Hz, H5), 7.36(1H, d, 1.8 Hz, H3), and 3.70 and 
3.73(3H each, s, GOOMe) ; 13G-NMR: ô 28.3(t, G6 and G8), 
29.4(d, Ci and G7), 29.7(s, G2), 31.1(d, G5), 51.4 and 52.0 
(q, OMe), 131.1 (s, G4), 132.4(d, G3), 164.9 (C=C-G=0), 
171.5(s, G=0). Found: G, 65.05; H, 6.38%. Galcd for 
G12H1404: G, 64.85; H, 6.35%. 

(b) A similar reaction using 2.00 g of 1 afforded without 
diazomethane treatment 0.89 g (30%) of 6b, on standing 
for many days after removal of the solvent: mp 178—178.5 °G 
(MeOH); IR(Nujol): see text; NMR (GDG13) : ô 0.88 (2H, 
d, 12.3 Hz, H6N and H8N), 1.82(2H, dd, 12.3 and 4.8 Hz, 
H6X and H8X), 2.43(2H, bs, Hx and H7), 3.32(1H, bt, 4.8 Hz, 
H5), 7.70(1H, d, 1.8 Hz, H3), 3.76 (3H, s, GOOMe). Found: 
G, 63.18; H, 5.65%. Galcd for G n H 1 2 0 4 : G, 63.45; H, 
5.81%. 

(c) A suspension of 1 (500 mg) and excess of butadiene 
( 1 ml) in benzene (20 ml) with a trace amount of hydro-
quinone was heated in a pressure bottle at 150 °C for 20 h. 
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After removal of the solvent, distillation gave a fraction of 
bp 160—180°G/25 Torr (381 m g ; 71%) , which crystallized 
soon (mp 107—110°G). Recrystallization from ether gave 
an analytically pure 15a: m p 117—118 °C; IR(Nujol) : 
1660, 1600 c m - 1 ; N M R (CDG13), ô 0.75(2H, d, 12.0 Hz, 
H 6 N and H 8 N ) , 1.5—2.0(3H, cm, H l 3 H 2 , and H 7 ) , 3.23(1H, 
bt, H 5 ) , 7.24(1H, dd, 5.4 and 2.0 Hz, H 3 ) . Found : C, 
71.97; H , 6 .65%. Galcd for G 9 H 1 0 O 2 : G, 71.98; H, 6 . 7 1 % . 

(d) A similar mixture from 310 mg of 1 was heated at 
80 °G for 6 days. After removal of the solvent, preparative 
T L C separation gave 109 mg of 3a as thermally very labile 
oil; NMR(CDC13) : »5 1.53 ( IH , ddd, 14, 4, and 2 Hz, H 5 N ) , 
2.52(1H, ddd, 14, 10, and 4 Hz , H 5 X ) , 2.90(1H, m, H 4 ) , 
3.80(1H, dd, 6.4 and 2.8 Hz, H 3 ) , 5.0—6.0(4H, complex 
m, H 6 and vinyl H ) , 7.48(1H, dd, 6.4 and 2.4 Hz, H 2 ) . 

The adduct 3 a (72 mg) in anhydrous methanol was heated 
at 100 °C for 6 h to result in only small conversion. Heat ing 
further at 150 °G for 4 h gave a mixture of 6 b and 15a in 
a ratio of 1 : 3 (by N M R analysis). 

Catalytic Hydrogénation of 6a. A solution of 6a (111 mg) 
in methanol (30 ml) was hydrogenated over Raney-Ni, 
resulting in one equivalent H 2 uptake. Filtration and sol­
vent removal gave oily 7 (110 mg) which showed only one 
peak on GLG analysis. Analytical sample of 7 had bp 
142—143.5 °C/5 Tor r : «2

D
4-8 1.4924; I R ( n e a t ) : 1750, 1720, 

1625 cm- 1 ; M S : mje 224(M+, 20), 193(35), 192(100), 164 
(76), 137(28), 132(49), 105(77), 79(23), 77(22), 59(26): 
NMR(CDG1 3 ) : Ô 1.4—2.7(10H, m) , 3.67 and 3.72(3H 
each, s, G O O C H 3 ) ; 1 3 G-NMR: Ô 19.3(t), 23.1(s), 27.0(t), 
27.7(d), 27.6(d), 32.4(t), 32.7(d), 41.8(d), 51.6(q), 51.7(q), 
174.7(s), 175.1(s). Found : G, 64.39; H , 7.17%. Calcd for 
G 1 2 H 1 6 0 4 : G, 64.27; H , 7.19%. 

A solution of 6a (444 mg) in ethanol (30 ml) was hydro­
genated over 5 % P d - G (400 mg), resulting in 74 ml (1.65 
eq) of H 2 uptake. Removal of the catalyst and the solvent 
gave an oily mixture, which was shown by GLG analysis to 
consist of two components 7 and 8 in the ratio of 5.9 : 1. 
After preparative G L C separation, the major component 
was identified to be 7 by spectral comparison. The minor 
component 8 had bp 140—145 °C(bath)/5 Tor r ; N M R 
(GDG13): ô 1.4—2.7 (12H, m) , 3.78(6H, s, G O O G H 3 ) ; 
1 3 G-NMR: Ô 21.9(t), 2 8 . 8 ( t x 2 ) , 32.5(f), 3 6 . 4 ( d x 2 ) , 44.8 
( d x 2 ) , 5 1 . 6 ( q x 2 ) , 175 .3 (sx2) ; M S : mje 226 (M+, 5), 
195(23), 194(59), 167(30), 166(100), 162(20), 160(20), 
135(31), 134(31), 107(61), 80(31), 79(55), 67(23). Found : 
G, 63.98; H, 8.06%. Galcd for C 1 2 H 1 8 0 4 : G, 63.70; H , 
8.02%. 

Di-p-nitrobenzoate 9. A solution of 6a (222 mg) in 
ether (30 ml) was added dropwise to LiAlH4 (100 mg) sus­
pended in dry ether (30 ml) . The mixture was stirred for 
2 h and excess of hydride was decomposed by addition of 
ethyl acetate and then satd. Rochelle salt solution (50 ml) . 
The ethereal solution was dried (Na 2 S0 4 ) and evaporated 
to give diol (227 mg). The diol without purification was 
dissolved in pyridine-GH2G12 , and /»-nitrobenzoyl chloride 
(371 mg) was added. After standing overnight at room 
temperature the mixture was poured onto ice water, and 
extracted with CH2G12 . The organic solution was washed 
successively with dil HCl , satd. N a H G 0 3 , and water. The 
solution was dried and evaporated, and digestion of the resi­
due with ethanol and several recrystallizations gave 9 : m p 
9 1 — 92 °C; IR(Nujol ) : 1720, 1528, and 1350 cm" 1 ; N M R 
(GDCI3): ô 0.95 (2H, d, 14 Hz, H 6 N and H 8 N ) , 1.66(2H, 
bs, H x and H 7 ) , 1.7(2H, m, H 6 X and H 8 X ) , 2.76(1 H, bt, 
H 5) , 6.17(1H, bs, H 3 ) , 4.47(2H, s, - O G H 2 ) , 4.88(2H, s, 
- O G H 2 ) , 8.28(8H, s, A r - H ) . Found : C, 61.88; H, 4 .23; 
N, 5.75%. Calcd for G 2 4 H 2 0 N 2 O 8 : G, 62.06; H, 4.34; 

N, 6 .03%. 
Di-p-nitrobenzoate 10. Similarly to the above, the 

dihydro ester 7 (254 mg) was reduced by LiAlH4 ( l l O m g ) . 
After usual work-up, the resulting diol without purification 
was treated with 400 mg of/»-nitrobenzoyl chloride, giving 10, 
m p 143—144 °C ( E t O H ) ; IR(Nujol) : 1722(with shoulder), 
1528, 1355 c m - 1 ; NMR(GDC1 3 ) : ô 1.4—2.3(10H, m) , 5.88 
(2H, s, - 0 - C H 2 ) , 5.76(2H, d, 6.6 Hz, - O C H 2 ) , 8.25(8H, 
s, A r - H ) . Found : G, 61.56; H, 4.78; N, 5 .75%. Galcd 
for C 2 4 H 2 2 N 2 0 8 : C, 61.80; H, 4 .75; N, 6 . 0 1 % . 

Isomerization of 6a with Pd-C. A suspension of 10% 
P d - G (500 mg) in 6a (1.0 g) was heated in a test tube at 
300—310 °G for 2 h. Ethereal extract of the reaction mixture 
was evaporated to give crude oil (802 mg) , which showed 
a single peak on G L C analysis. Distillation gave diemthyl 
4-ethylisophthalate12) (11) (591 mg) : bp 142—146 °G/5 
Tor r ; n™-° 1.5202; I R ( n e a t ) : 1738(with shoulder), 1614 
c m - 1 ; NMR(CG1 4 ) : ô 1.24(3H, t, 7.5 Hz , C H 2 C H 3 ) , 3.04 
(2H, q, 7.5 Hz , CH 2 GH 3 ) , 7.27(1H, d, 8.6 Hz, H 5 ) , 8.01 
( I H , dd, 8.6 and 2.0 Hz, H 6 ) , 8.44(1H, d, 2.0 Hz, H 2 ) , 
3.93(6H, s, C O O G H 3 ) . (Found: C, 64.94; H , 6 .38%). 

For comparison, when 6a (500 mg) was heated without 
addition of P d - G at 300—310 °C for 3 h, 6a (200 mg) was 
recovered after distillation: m p 98—110°G. 

Reaction of 1 with hoprene. A suspension of 1 (2.0 g) 
and isoprene (6 ml) in methanol (50 ml) was heated at 100—• 
110 °G for 24 h in a pressure bottle. Removal of the solvent, 
t reatment with ethereal diazomethane and subsequent eva­
poration gave an oily mixture. Fractional distillation with 
a Vigreux column gave a fore-run (bp 120—160 °G/15 
T o r r : 1.01 g) and 6c (761 m g : 2 3 % ) ; bp 160—165 °C/15 
Torr . The fore-run showed on G L C analysis at least six 
peaks and the structures were not further investigated. Ana­
lytically pure 6c had bp 132—136 °C/5 T o r r ; I R ( n e a t ) : 
1740 (with shoulder), 1620 cm" 1 ; NMR(CC1 4 ) : Ô 0.85(2H, 
d, 12.3 Hz, H 6 N and H 8 N ) , 1.43 (3H, s, C ^ C H , ) , 1.65 ( I H , 
dd, 12.3 and 5.0 Hz, H 8 S ) , 1.82(1H, ddd, 12.3, 5.0, and 
2.3 Hz, H 6 X ) , 2.26(1H, bd, 2 Hz, H 7 ) , 3.22(1H, bt, H 5 ) , 
7.32(1H, d, 1.7 Hz, H 3 ) , 3.67 and 3.73(3H each, s, G O O C H 3 ) . 
Found : C, 65 .91; H , 7 .06%. Calcd for C 1 3 H 1 6 0 4 : C, 66.08; 
H, 6 .83%. 

Reaction of 1 with 1,3-Pentadiene. A suspension of 
1 (2.0 g) and 1,3-pentadiene (eisjtrans mixture : 4 m l ) in 
methanol (50 ml) was heated at 110 °G for 9 h. After diazo­
methane treatment and solvent removal, the residue was 
fractionally distilled at 4 Tor r with a 10 cm Vigreux column, 
giving four fractions; A : 85—95 °G (470 mg) ; B : 95—118 
°C (837 m g ) ; G: 128—140 °C (725 m g ) ; D : 140—155 °G 
(249 mg) . From the fractions B, G, and D, crystalline 6 d 
(286 mg) was obtained: m p 98.5—99.5 °C. Column chro­
matography (A1203 : PhH) of the mother liquid (B,C,D) 
gave further crop of crystals (415 m g : total 21%) ; IR(Nujol) : 
1740 (with shoulder), 1620 c m - 1 ; M S : mje 326(M+, 77), 
221(29), 205(44), 204(60), 177(100), 163(33), 145(61), 
117(40), 105(36), 91(31), 59(37); NMR(CC1 4 ) : Ô 0.61 (3H, 
d, 7.2 Hz , eWo-CH3-C6), 0.90(1H, d, 12.2 Hz , H 8 N ) , 1.87 
( I H , ddd, 12.2, 2.0, and 4.8 Hz, H 8 X ) , 2.1 ( I H , ddd lower 
half was obscured by overlapping, 7.3, 3.7, and 2 Hz, H 6 X ) , 
2.18 and 2.28 ( I H each, AB q with further splitting, 5.4 
and 2 Hz, H j and H 7 ) , 3.16(1H, bt, H 5 ) , 7.67(1H, d, 2.0 
Hz, H 3 ) , 3.76(6H, s, 2 x G O O C H 3 ) . Found : C, 65.96; 
H , 6 .75%. Calcd for G 1 3 H 1 6 0 4 : C, 66.08; H, 6 .83%. 

Pd-C Treatment of 6d. A sample of 6d (200 mg) was 
heated with P d - G at 300—310 °G as described before. Work­
up and distillation gave a single substance 12: bp 150 °C 
(bath)/5 Tor r ; IR(neat ) : 1735 (with shoulder), 1610 c m - 1 ; 
M S : mle 236 (M+, 37), 205(100), 189(57); NMR(GC1 4 ) : 
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<5 1.02(3H, t, 7.0 Hz, CH 3 ) , 1.57(2H, m, C H 2 C H 2 C H 3 ) , 
2.99 (2H, t, 8.2 Hz, C H 2 C H 2 C H 3 ) , 7.31 (1H, d, 8.2 Hz, 
H 6 ) , 8.07 (1H, dd, 8.2 and 1.8 Hz, H 5 ) , 8.53(1H, d, 1.8 Hz, 
H 2 ) , 3.92(6H, s, 2 x G O O C H 3 ) . Found : G, 66.12; H , 
6 . 9 1 % . Galcd for G 1 3 H 1 6 0 4 : C, 66.08; H, 6 .83%. 

Reaction of 1 with 2,3-Dimethylbutadiene. A suspension 
of 1 (2.0 g) and 2,3-dimethylbutadiene (2 ml) in methanol 
(50 ml) was heated at 100—110 °G for 30 h. Removal 
of the solvent and distillation gave an oily mixture (2.156 g) : 
bp 150—180 °G/20 Torr . Upon standing 15b crystallized 
(378 m g ) : m p 191—192 °G(GH2G12) ; IR(Nujol) : 3400— 
2400, 1670, 1608 c m - 1 ; M S : m/e 178(M+, 82), 163(29), 
133(100), 119(26), 117(27), 105(70), 93(33), 91(71), 79(34); 
N M R (GDG13): Ô 0.82(2H, d, H 6 N and H 8 N ) , 1.63(2H, dd, 
12.3 and 3.4 Hz , H 6 X and H 8 X ) , 3.11(1H, bt, H 5 ) , 7.40(1H, 
dd, 7 and 2 Hz , H 3 ) , 1.28(6H, s, C H - , ^ and C H 3 - C 7 ) , 1.3 
(1H, d, H 2 ) . Found : C, 74.30; H , 7.99%. Galcd for 
C n H 1 4 0 2 : G, 74.13; H , 7.92%. 

The acid 15b was esterified with GH 2 N 2 giving in a quant i ­
tative yield the ester 16 which was identical in all respects 
with an authentic sample.3) 

Reaction of 1 with Cyclopentadiene. A solution of 1 
(2.0 g) and freshly prepared cyclopentadiene (2.5 g) in metha­
nol (80 ml) was heated under reflux for 3 h. Removal of 
the solvent and dicyclopentadiene gave a crystalline residue. 
Recrystallization from ethanol gave 17 (1.397 g : 4 7 . 5 % ) : 
m p 198—199 °G(dec); IR(GHC1 3 ) : 3400—2400, 1738, 
1688, 1630 c m - 1 ; N M R ( C D C l 3 + G F 3 G O O H ) : Ô 1.90(1H, 
d with further splittings, 17.2 Hz, H l N ) , 2.57(1H, dd, with 
further splittings, 17.2 and 9.2 Hz, H l X ) , 3.2(1H, m, H 7 a ) , 
3.4(1H, m, H 3 a ) , 3.93(1H, dd, 6.3 and 2.9 Hz, H 4 ) , 5.38 
and 5.58(1H each, AB q with further splittings, 6.8 Hz , 
H 3 and H 2 ) , 5.67 (1H, dd, H 7 ) , 7.32(1H, dd, 6.3 and 2.3 Hz , 
H 5 ) . Found : C, 63.82; H, 4 .87%. Galcd for G n H 1 0 O 4 : 
G, 64.07; H , 4 .89%. 

Partial Hydrogénation of 18. A solution of 18 (1.0 g) 
in ethanol (100 ml) was hydrogenated over 5 % P d - G (0.5 
g) until about one equivalent (120 ml) of H 2-uptake resulted. 
Immediate removal of the catalyst and the solvent, followed 
by several recrystallizations from ethanol gave 21 (525 mg) : 
m p 160—161 °G (dec with frothing); IR(Nujol) : 1716, 
1760(shoulder), 1628 cm" 1 ; N M R ( C D G l 3 + C F 3 C O O H ) : 
ô 0.8—2.2(6H, m, 3 x C H 2 ) , 2.4—3.2(2H, m, 2 x C H ) , 
3.97(1H, dd, 6.9 and 3.0 Hz, H 4 ) , 5.73(1H, dd, 4.2 and 
2.6 Hz, H 7 ) , 7.57(1H, dd, 6.9 and 2.6 Hz, H 5 ) . Found : 
G, 63.40; H , 5.69%. Galcd for C n H 1 2 0 4 : G, 63.45; H , 
5 .81%. 

1,3-Dipolar Cycloaddition of Diazomethane. A solution 
of 19 (650 mg) in GH2G12 was treated with excess of GH 2N 2 . 
After standing for 4 h, A c O H was added until the faint 
yellow color of CH 2 N 2 was disappeared. Solvent removal 
followed by recrystallization ( M e O H ) gave 20 (694 mg) : 
mp12) 146—147 °G(dec with frothing); I R (GHG13) : 1765, 
1746cm- 1 ; M S : m/e 234(M+, small), 190(20), 175(61), 
169(50), 131(100), 129(27), 116(27), 115(30), 91(45), 66(41), 
44(93); N M R ( C D C 1 3 ) : ô 2.3—2.8(2H, m, CH 2 ) , 2.7—3.5 
(4H, m, GH) , 4.82 and 4.92(1H each, AB q, N C H 2 ) , 5.6— 
5.8(2H, m, olefinic H ) , 3.85(3H, s, G O O C H 3 ) . Found : 
G, 59.29; H , 5.32; N , 10.77%. Galcd for C 1 3 H 1 4 N 2 0 4 : 
C, 59.53; H , 5.38; N, 10.68%. 

A solution of 18 (500 mg) in methanol was treated with 
GH 2 N 2 as described above. The obtained crystals had mp1 2 ) 

146—147 °G. The spectral characteristics were consistent 
with those of the product described above. 
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A new method is described for the stereoselective synthesis of /rö«.y-3-(2,2-dichlorovinyl)-2,2-dimethyl-l-
cyclopropanecarboxylic acid (2t) via ethyl 3,3-dimethyl-4,6,6,6-tetrachlorohexanoate (3a) as a key intermediate. 
The key intermediate (3a) was obtained by addition of carbon tetrachloride to ethyl 3,3-dimethyl-4-pentenoate, 
prepared by condensation of 3-methyl-2-buten-l-ol and triethyl orthoacetate followed by Claisen rearrangement. 
Treatment of 3a with sodium if-pentyloxide in benzene gave ethyl /rö«j-2,2-dimethyl-3-(2,2,2-trichloroethyl)-l-
cyclopropanecarboxylate (6t) in good yield. Dehydrochlorination and hydrolysis of 6t using potassium hy­
droxide in ethanol afforded 2t in high yield. 

Natural Pyrethrins and related synthetic pyre-
throids, which consist mainly of furylmethyl and cyclo-
pentenyl derivatives as alcohol moieties and chry-
santhemic acid as acid moiety, are unstable in air 
and light.3) This property restricts their use, particu­
larly against agricultural pests, in spite of their out­
standing potency against many insect species and low 
mammalian toxicity. 3-Phenoxybenzyl alcohol was 
discovered by the Sumitomo group to be useful as an 
alcohol moiety of pyrethroids and the benzyl chrysan­
themate (phenothrin) had been known to be relatively 
resistant to photo-irradiation.4) Its stability, however, 
has been assessed to be still insufficient for agricultural 
use. Recently, Elliott and his coworkers have found 
a new pyrethroid, 3-phenoxybenzyl 3-(2,2-dichloro-
vinyl)-2,2-dimethyl-l-cyclopropanecarboxylate ( 1 ; per-
methrin) which showed adequate stability in light and 
air, prominent insecticidal activity, and low mam­
malian toxicity.5) This breakthrough focused atten­
tion on the potential of synthetic pyrethroids in 
agricultural pest control. Further detailed investiga­
tion on permethrin (1) has clarified that the trans-
isomer of 1 was much less toxic to mammals than the 
m-isomer.6) 

7C0 : 
£) Permethrin (1) 

The acid moiety of permethrin (1), 3-(2,2-dichloro-
vinyl) -2,2-dimethyl-1 -cyclopropanecarboxylic acid (2 ; 
dichlorovinylchrysanthemic acid), was originally 
synthesized by Farkas et al?) by cyclopropanation of 
l,l-dichloro-4-methyl-l,3-pentadiene with ethyl diazo-
acetate. Alternatively, the acid (2) was prepared by 
ozonolysis of the parent chrysanthemate followed by 
condensation of the resulting 2,2-dimethyl-3-formyl-
1-cyclopropanecarboxylate with dichloromethylenetri-
phenylphosphorane.8) 

These methods, however, provide less satisfactory 
results from an industrial point of view concerning 
yield, stereoselectivity of the cyclopropanecarboxylate 
formation, and cost. Under these considerations, 
the stereoselective synthesis of 2 deserves high priority.9) 
In this report, we describe a new stereoselective syn­
thesis of the trans-isomer (2t)10) via ethyl 3,3-dimethyl-

4,6,6,6-tetrachlorohexanoate (3a) as a key interme­
diate.11) 

3-Methyl-2-buten-l-ol (4) was prepared by allylic 
rearrangement of 2-methyl-3-buten-2-ol in the presence 
of acetic acid and acetic anhydride followed by hydrol­
ysis with aqueous sodium hydroxide in good yield. 
Condensation of 4 and triethyl orthoacetate followed 
by Claisen rearrangement under catalysis of propion­
ic acid gave ethyl 3,3-dimethyl-4-pentenoate (5) in 
5 4 % yield according to the procedure of Johnson et al.12) 

OH 

AcOH 

AC2O 

OH M e C l 0 B ) 3 

EtCQ2H 

•CC^Et 

Addition reaction of haloalkanes such as carbon 
tetrahalides and haloforms to olefins using transition 
metal halides as catalysts was applied to elongation 
of the vinyl chain in 5 by trichloromethyl group.13) 
In addition of carbon tetrachloride to 5, the combina­
tion of iron (III) chloride and benzoin gave the ester 
3a in satisfactory yield. Addition of bromotrichloro-
methane to 5 occurred at lower temperature under 
the same catalyst to give ethyl 4-bromo-3,3-dimethyl-
6,6,6-trichlorohexanoate (3b) in moderate yield. 

CXClo 

CloC 

3a; X = C1 
3b; X = Br 

The mass spectrum of the adduct (3a) showed molec­
ular peaks at mje (relative intensity ) : 314 (1), 312 (4), 
310(9), and 308 (7) suggesting a 1 : 1 adduct between 
5 and carbon tetrachloride. The N M R spectrum of 
3a showed two doublets at 2.28 (1H; 7 = 1 5 . 1 Hz) 
and 2.53 ppm (1H; J= 15.1 Hz) assignable to non-
equivalent methylene protons adjacent to the carboxyl 
group, and three doubleting doublets at 3.08 (1H; 
7 = 6 . 3 and 16.2 Hz) , 3.22 (1H; 7 = 2 . 8 and 16.2 Hz) , 
and 4.40 ppm (1H; 7 = 2 . 8 and 6.3 Hz) assignable to 
nonequivalent two methylene protons and the chloro-
methine proton, respectively. 

Cyclization of 3a was conducted with the use of 
a variety of bases (Table 1). The distribution of 
reaction products substantially depends on the employ­
ed bases: sodium £-pentyloxide in £-pentyl alcohol 
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TABLE 1. GYCLIZATION OF ETHYL 3,3-DIMETHYL-4,6,6,6-TETRACHLOROHEXANOATE (3a) WITH VARIOUS BASES 

Run 
No 

1 
2 
3 
4 
5 

Base 
(2 mmol) 

EtONab) 
*-C5HnONa 
NaH«) 
NaNH2i) 
DBU 

Solvent 

EtOH 
/-C 6H uOH 
DMF 
DMF 
THF 

Time (h)a> 

16 
2 
4 
4 

16 

6 
eis 

> 1 
24 

5 
1 

— 

trans 

1 
41 
10 
8 

— 

Yield (%) 
7 

eis 

> 1 
2 

> 1 
> 1 
— 

trans 

2 
5 

> 1 
> 1 
— 

8 

14 
— 

> 1 
48 
75 

a) Reaction temperature: room temperature, b) The starting material (3a) was recovered in 67% yield, c) A 
complex mixture which was not separated was obtained in about 60% yield, d) An unidentified product was 
obtained in about 20% yield. 

gave the cyclized products in good yield, i.e., ethyl 
2,2-dimethyl-3-(2,2,2-trichloroethyl)-l-cyclopropanecar-
boxylate (6) as a main product and ethyl dichloro-
vinylchrysanthemate (7), the product of further elimina­
tion, as a minor one, whereas the reaction with sodium 
ethoxide, sodium amide, and l,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) in the solvents listed in Table 1 
only resulted in the formation of the dehydrochlo-
rinated compound, ethyl 3,3-dimethyl-4,6,6-trichloro-
5-hexenoate (8). 

3a > 

cue 
CC^Et 

.CO, Et 

CG^B CI 

Furthermore scrutiny of cyclization of 3a and 3b 
was made with various solvents using sodium tf-pentyl-
oxide as a base (Table 2). In cyclization of the chlo­
ride (3a), the use of benzene, a less polar aprotic 
solvent, furnished stereoselectively /rarc.s'-cyclization 
products (6t and 7t ) , whereas the use of polar solvents 
such as dioxane, ether, and tetrahydrofuran (THF) 
increased the amount of m-cyclization products (6c 
and 7c). In particular the use of T H F as a solvent 
gave predominantly the products of further elimina­
tion (7c and 7t) and the total ratio of eis j trans (6c + 
7 c / 6 t + 7 t ) was nearly 1 : 1 . Eventually combination 
of inverse addition of the base and controlled reaction 
temperature provided the maximal ratio of trans-
and a'-y-isomer (Run 2). However, the cyclization of 
the bromide (3b), even in a less polar aprotic solvent 
such as benzene, proved to be less stereoselective, 
resulting in a ratio of 3 : 5 (6c and 6t ) . T h e results 
suggest that the eisjtrans ratio of the product (6) depends 
to a great extent on both the polarity of the solvents 
and the leaving groups (CI or Br). Presumably in 
a less polar aprotic solvent the cyclization of the chlo­
ride (3a) may proceed by bimolecular 1,3-elimination 
reaction (E2), prefering önta'-parallel elimination to 
^«-elimination. O n the other hand, in a polar sol­
vent it may proceed by unimolecular 1,3-elimination 
reaction ( E l ) , leading to a mixture of eis- and trans-
isomers. There would be three conformers (A, B, 
and C) in the chloride 3a, among which, however, 
the conformer C would be unfavorable because of non-
bonded dipole-dipole interaction between the carbonyl 

TABLE 2. CYCLIZATION OF ETHYL 3,3-DIMETHYL-4-HALO-
6,6,6-TRICHLOROHEXANOATE (3a) AND (3b) WITH 

SODIUM J-PENTYLOXIDE IN VARIOUS SOLVENTS 
GH3 \ /GH 3 

C 
C13CGH2GH/ \GH2C02G2H5 

i 

X 
3a: X=G1, 3b: X = Br 

Run 
No X Solvent») f-C5HnONa 

(mmol) 

Yield (%) 
6 7 

eis trans eis trans 

1 
2 
3 
4 
5 
6 
7 

Gl benzene 
CI benzene13) 
CI dioxane 
CI ether 
Cl THF 
Cl THF 
Br benzene 

2 
1.5 
2 
2 
2 
5 
5 

6 
3 

17 
24 
24 

1 
29 

69 
67 
48 
49 
15 

1 
50 

7 
5 

14 
11 
26 
47 

1 

11 
13 
17 
12 
29 
44 

1 

a) Reaction conditions : room temperature for 2 h. b) 
Inverse addition of the base and reaction at 15—20 °C 
for 5 h. 

group and the chlorine atom. Of the conformers 
A and B, the conformer A undergoes cyclization 
smoothly by bimolecular arc^'-parallel 1,3-elimination 
of hydrogen chloride in a less polar aprotic solvent 
to lead to the trans-isomer, while the conformer B 
does not cyclize in a such manner because of its having 
no hydrogen anti-parallel to the chlorine atom. The 
cw-isomer would be formed by syn- 1,3-elimination of 
the conformer A and/or unimolecular 1,3-elimination, 
which is likely in polar aprotic solvents. Under the 
same conditions as the case of the chloride (3a), the 
bromide (3b) tended to increase the aV-isomer. Since 
the reactivity of the bromine atom as a leaving group 
is much higher than that of the chlorine atom, the 
unimolecular reaction may significantly compete with 
the bimolecular ««^'-parallel 1,3-elimination even in a 
less polar aprotic solvent such as benzene. 

CH3 CH3 

\f 9 
CH3 CH3 

Cl3CCH2v C COC2H5 Cl3CCH2. C H 

C C C C 

Cl H H II Cl H H COC2H5 
Ö 

B 

CH3 CH3 

\r 
Cl3CCH^ C H 

C C 

Cl H C H 
0 OC2H5 
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TABLE 3. DEHYDROCHLORINATION OF ETHYL trans-

2,2-DIMETHYL-3- (2,2,2-TRICHLOROETHYL) -1 -

CYCLOPROPANECARBOXYLATE (6t)a> 

Run Reagent Solvent Reaction Product Yield 
No (mmol) (ml) conditions (%) 

1 KOH (25) EtOH (30) 55 °G, 20 h 2t 92 
2 DBU(IO) — 90 °G, 15 min 7t 96 
3 ZnCl2(0.5) — 120 °G, 2 h 7t 38 

a) Compound 6t (5 mmol) was used. 

The eis- and trans-isomers of 6 were successfully 
separated by high pressure liquid chromatography 
(see Experimental par t ) . In the N M R spectrum 
(100 MHz) , the methine proton adjacent to the car-
boxyl group on the cyclopropane ring of the cw-isomer 
showed a doublet at 1.66 ppm with a coupling constant 
of 7 = 8 . 4 Hz, and the corresponding proton of the 
trans-isomer was observed at 1.36 ppm with a coupling 
constant of J=5A Hz. The fact that the methine 
proton of the trans-isomer appeared at higher field 
than the m-isomer may be due to the shielding effect 
of the trichloroethyl group in the same side. Further­
more these assignments are consistent with the values 
of the coupling constants in eis- and /rarc.y-protons on 
cyclopropane rings.14) 

Dehydrochlorination of trans-homer of the ester 
(6t) was examined with several dehydrohalogenation 
reagents (Table 3). Treatment of 6t with potassium 
hydroxide in ethanol and DBU gave the trans-acid 
(2t) and the ester (7t) respectively in excellent yield. 
The elimination from 6t was also effected by zinc 
chloride to afford 7t in moderate yield. Under the 
reaction conditions employed above, no isomerization 
from trans-isomers to «V-isomers was observed. 

~Hcl cic^c-v A 
7t > ^ - \ 9* 

\0 2Et 

Treatment of 7t with potassium ^-butoxide in T H F 
gave ethyl trans-3-(2-chloroethynyl)-2,2-dimethyl-1-
cyclopropanecarboxylate (9t) in good yield. 

Exper imenta l 

IR spectra were measured on a JASGO IR-A2 Spectrom­
eter. NMR spectra were obtained in a Varian High Res­
olution NMR Spectrometer A-60 or HA-100 using tetra-
methylsilane as an internal standard. Chemical shifts are 
expressed in ppm. Mass spectra were recorded on a Japan 
Electron Optics Lab. Spectrometer JMS-01SG. All melt­
ing and boiling points are uncorrected. 

3-Methyl-2-buten-1-ol (4). To a solution of acetic acid 
(500 ml), acetic anhydride (200 ml), and /»-toluenesulfonic 
acid (20 g) was added dropwise a solution of 2-methyl-3-
buten-2-ol (88 g) in acetic acid (100 ml) at 20 °G. After 

stirring for 15 min at room temperature, the mixture was 
poured into ice-water, neutralized with 10% aqueous potas­
sium hydroxide, and extracted with ether. The extracts 
were washed successively with 5% aqueous potassium hy­
droxide and aqueous sodium chloride and dried over an­
hydrous sodium sulfate. Distillation gave 79 g of 3-methyl-
2-butenyl acetate, bp 69—75 °G/53 mmHg (lit,15) bp 40— 
44 °G/15 mmHg). The acetate was hydrolyzed by sodium 
hydroxide in aqueous methanol to give 4 in 70% yield, bp 
65—68 °G/38 mmHg (lit,15) bp 45—52 °C/15 mmHg). 

Ethyl 3,3-Dimethyl-4-pentenoate (5). The pentenoate 5 
was prepared according to the procedure of Johnson et al.12) 
A solution of the alcohol 4 (8.6 g), triethyl orthoacetate 
(81 g), and propionic acid (0.45 g) was stirred at 130— 
140 °C for 4 h under removing of the resulting ethanol. 
After cooling, the reaction mixture was washed with saturated 
aqueous solution of sodium hydrogencarbonate and then 
with that of sodium chloride, and dried over anhydrous 
magnesium sulfate. The organic fraction was carefully 
distilled to give 5.3 g of 5;16) bp 81—83 °G/47 mmHg (lit,16*) 
bp 35—45°C/0.10mmHg), IR, C c m " 1 : 1740, 1645, 
1230, and 915, NMR (CDC13): 1.15 (s, 6H, 2CH3), 1.24 
(t, 3H; / = 7 . 1 Hz, OCH2CH3), 2.31 (s, 2H, GH2C02), 
4.16 (q, 2H; 7=7 .1 Hz, OCH2CH3), 5.01 (dd, IH; 7=1 .5 
and 10.4 Hz, CH=CHH), 5.03 (dd, IH; 7=1 .5 and 18.3 
Hz, CH=CHH), and 6.02 (dd, IH; 7=10 .4 and 18.3 Hz, 
CH=CHH). 

Addition of Tetrahalomethane to 5. A mixture of 5 
(0.1 mol), carbon tetrachloride (0.3 mol), isopropyl alcohol 
(0.2 mol), iron(III) chloride (0.01 mol), benzoin (0.01 mol), 
and diethylamine hydrochloride (0.015 mol) was heated 
under nitrogen at 70—80 °C for 8 h. After cooling, the 
mixture was diluted with 1 % hydrochloric acid and extracted 
with chloroform. The extracts were dried over anhydrous 
magnesium sulfate and evaporated in vacuo to give a residue, 
which was distilled to afford the 1 : 1 adduct, ethyl 3,3-
dimethyl-4,6,6,6-tetrachlorohexanoate (3a) in 82% yield, bp 
112—117 °C/0.6 mmHg, IR, v ^ c m - 1 : 1730 and 1200, 
NMR (CC14): 1.10 (s, 3H, CH3), 1.18 (s, 3H, CH3), 1.23 
(t, 3H; 7 = 7.0 Hz, OCH2CH3), 2.28 (d, IH; 7=15.1 Hz, 
CHHC0 2) , 2.53 (d, IH; 7=15.1 Hz, CHHC02) , 3.08 (dd, 
IH; 7 = 6 . 3 and 16.2 Hz, C1CHCHH), 3.22 (dd, IH; 7 = 
2.8 and 16.2 Hz, C1CHCHH), 4.11 (q, 2H; 7 = 7 . 0 Hz, 
OCH2CH3), 4.40 (dd, IH; 7 = 2 . 8 and 6.3 Hz, C1CHCHH), 
MS, m/e (relative intensity) for C10H16O2

35Cl4: 314 (1), 312 
(4), 310 (9), and 308 (M+, 7). With the same catalyst as 
the case of the addition of carbon tetrachloride, bromotri-
chloromethane and 5 were heated at 35—45 °C for 5 h to 
give ethyl 4-bromo-6,6,6-trichlorohexanoate (3b) in 33% 
yield, IR, C c m - 1 : 1730, 1150, and 650, NMR (CDC13) : 
1.17 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.27 (t, 3H; 7=7 .2 Hz, 
OCH2CH3), 2.37 (d, IH; 7=15.1 Hz, CHHC02) , 2.65 (d, 
IH; 7=15.1 Hz, CHHC0 2 ) , 3.31 (d, IH; 7=5 .0 Hz, Br­
CHCHH), 3.32 (d, IH; 7 = 3 . 5 Hz, BrCHCHH), 4.15 (q, 
2H; 7=7 .2 Hz, OCH2CH3), and 4.55 (dd, IH; 7=3 .5 and 
5.0 Hz, BrCHCHH). Found: C, 33.90; H, 4.52; Br, 22.60; 
CI, 30.11. Calcd for C10H16O2BrCl3 : C, 33.88; H, 4.54; 
Br, 22.54; CI, 30.00%. 

Cyclization of 3a and 3b. A solution of 3a or 3b (1 
mmol) in any one of solvents (1 ml) as listed in Tables 1 
and 2 was added dropwise to a solution or suspension of 
various bases (2—5 mmol) in the same solvent (2—5 ml) 
at room temperature, with the exception of run 2 in Table 
2. In run 2 a solution of sodium *-pentyloxide (1.5 mmol) 
in benzene was added to a solution of 3a at 10—15 °C. After 
stirring under the reaction conditions as shown in Tables 1 
and 2, the mixture was diluted with ice-water and extracted 
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with ethyl acetate. The extracts were washed with saturat­
ed water solution of sodium chloride and dried over an­
hydrous magnesium sulfate. Evaporation of the solvent in 
vacuo gave a residue, from which yields were determined by 
analytical G L C (PEG 20 M, 125 °C). Cis- and trans-isomers 
of ethyl 2,2-dimethyl-3-(2,2,2-trichloroethyl)-l-cyclopropane-
carboxylate (6) were separated by high pressure liquid chro­
matography on a jU-porasil column (Waters Associates Inc.,) 
using hexane as the eluent; 6t, IR , C c m " 1 : 1729 and 
1179, N M R (GDClj) at 100 M H z : 1.21 (s, 3H, GH 8 ) , 1.25 
(s, 3H, GH 3 ) , 1.26 (t, 3 H ; 7 = 7 . 2 Hz, O C H 2 C H 3 ) , 1.36 
(d, I H ; 7 = 5 . 4 Hz , C H G H C 0 2 ) , 1.73 (broad q, 1H; 7 = 
5.8 Hz , C H H G H G H ) , 2.72 (dd, I H ; 7 = 6 . 0 and 15.0 Hz , 
G H H G H ) , 2.77 (dd, I H , / = 6 . 3 and 15.0 Hz, C H H C H ) , 
4.08 (q, 2 H ; 7 = 7 . 2 Hz , O C H 2 C H 3 ) , M S , m/e (relative 
intensity) for G1 0H1 5O2

3 5Cl3 : 278 (1), 276 (5.3), 274 (17.1), 
and 272 (M+, 12.8) and 6c, IR , C ™ - 1 : 1725 and 1180, 
N M R (CDGI3) at 100 M H z : 1.22 (s, 6H, 2CH 3 ) , 1.23 (t, 
3 H ; 7 = 7 . 0 Hz, O C H 2 C H 3 ) , 1.48 (dt, 1H; 7 = 5 . 5 and 8.4 
Hz, C H H C H C H ) , 1.66 (d, I H ; 7 = 8 . 4 Hz, C H C H C 0 2 ) , 
3.01 (dd, I H ; 7 = 5 . 5 and 15.2 Hz, G H H G H ) , 3.13 (dd, 
I H ; / = 5 . 5 and 15.2 Hz, C H H G H ) , and 4.11 (q, 2 H ; J= 
7 .0Hz , O G H 2 C H 3 ) , M S , m/e (relative intensity): 278 (1), 
276 (3.5), 274 (11.0), and 272 (M+, 9.7). The mixture of 
eis- and trans-ethyl dichlorovinylchrysanthemate (7) was sepa­
rated by column chromatography (silica gel-silver nitrate, 
hexane/ethyl acetate = 100/3) ; 7t7), IR , C c m ' 1 : 1730, 
1620, and 1180, N M R (CCLJ : 1.20 (s, 3H, CH 3 ) , 1.27 (t, 
3 H ; 7 = 7 . 2 Hz, O C H 2 C H 3 ) , 1.29 (s, 3H, CH 3 ) , 1.53 (d, 
I H ; 7 = 5 . 2 Hz, C H C H C 0 2 ) , 2.19 (dd, I H ; 7 = 5 . 2 and 
8.3 Hz, - G H G H C H ) , 4.12 (q, 2 H ; 7 = 7 . 2 Hz, O C H 2 C H 3 ) , 
and 5.63 (d, I H ; 7 = 8 . 3 Hz, =CHCH) and 7c7>, IR , v ^ 
c m - 1 : 1725, 1620, and 1190, N M R (GDG13): 1.26 (s, 6H, 
2GH 3) , 1.27 (t, 3 H ; 7 = 7 . 1 Hz, O C H 2 C H 3 ) , 1.83 (dd, I H ; 
7 = 1 . 0 and 8.0 Hz , = C H G H C H G 0 2 ) , 2.02 (t, I H ; J= 
8.0 Hz, = C H C H C H ) , 4.11 (q, 2 H ; 7 = 7 . 1 Hz, O G H 2 C H 3 ) , 
and 6.28 (dd, I H ; 7 = 1 . 0 and 8.0 Hz , = C H C H C H ) . Ethyl 
3,3-dimethyl-4,6,6-trichloro-5-hexenoate (8) was purified by 
column chromatography on silica gel (hexane/benzene= 
1/1), IR , C c m " 1 : 1730, 1612, and 1150, N M R (CDC13): 
1.15 (s, 6H, 2CH 3 ) , 1.28 (t, 3 H ; 7 = 7 . 1 Hz , O C H 2 C H 3 ) , 
2.35 (d, I H ; 7 = 14.5 Hz, C H H C 0 2 ) , 2.51 (d, I H ; J= 
14.5 Hz, C H H C 0 2 ) , 4.21 (q, 2 H ; 7 = 7 . 1 Hz, O C H 2 C H 3 ) , 
4.98 (d, I H ; 7 = 10.5 Hz, =CHCHC1), and 6.13 (d, I H ; 
7 = 1 0 . 5 Hz, =CHCHC1), M S , m/e (relative intensity) for 
C1 0H1 5O2

3 5Cl3 : 278 (1), 276 (7.0), 274 (20.3), and 272 (M+, 
20.4). 

Dehydrochlorination of 6t. Compound 6t (5 mmol) was 
heated with a variety of reagents such as zinc chloride (0.5 
mmol) , DBU (10 mmol) , and potassium hydroxide (25 mmol) 
under reaction conditions described in Table 3. After the 
usual work-up, the crude products were chromatographed 
on silica gel, using benzene and benzene-ethyl acetate (3/1) 
as eluents for It and 2t, respectively. Following spectral 
data were obtained for 2t, m p 96—97 °C (lit,7) m p 9 5 — 
96.5 °C), IR , ^ c m - 1 : 2700, 1680, and 1620, N M R (CC14) : 
1.23 (s, 3H, CH 3 ) , 1.35 (s, 3H, CH 3 ) , 1.57 (d, I H ; 7 = 5 . 6 
Hz, C H C H C 0 2 ) , 2.25 (dd, I H ; 7 = 5 . 6 and 8.5 Hz, = C H C H -
C H C 0 2 ) , 5.61 (d, I H ; 7 = 8 . 5 Hz, = C H C H ) , and 11.97 
(broad s, I H , C 0 2 H ) . 

Ethyl trans-5- (2- Chloroethynyl) -2,2-dimethyl-1 -cyclopropanecar-
boxylate (9t). A solution of 7 t (0.21 g) in T H F 
(2 ml) was added dropwise to a slurry of potassium *-butoxide 
(0.22 g) in T H F (5 ml) at room temperature. After stirring 
for 6 hr, the reaction mixture was poured into ice-water and 

extracted with ether. The extracts were washed with saturat­
ed aqueous sodium chloride and dried over anhydrous sodium 
sulfate. Evaporation of the solvent in vacuo gave a residue, 
which was chromatographed on silica gel (hexane/benzene= 
1/1) to afford 0.11 g of 9t, IR , C c m " 1 : 2220, 1730, and 
1175, N M R (CCLJ: 1.20 (s, 3H, CH 3 ) , 1.27 (t, 3 H ; J= 
7.1 Hz , O C H 2 C H 3 ) , 1.29 (s, 3H, CH 3 ) , 1.59 (d, I H ; J= 
5.6 Hz, C H C H C O a ) , 1.85 (d, I H ; 7 = 5 . 6 Hz, C H C H C 0 2 ) , 
and 4.12 (q, 2 H ; 7 = 7 . 1 Hz, O C H 2 C H 3 ) , M S , m/e (relative 
intensity) for C1 0H1 3O2

3 5Cl: 202 (1) and 200 (M+, 2.7). 
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Layered Compounds. LIX.X) Facile Syntheses and Spectral Properties 
of [3.3]Cyclophanes and Related Cyclophanes 
Tetsuo OTSUBO, Masashi KITASAWA, and Soichi MISUMI* 

The Institute of Scientific and Industrial Research, Osaka University, Suita, Osaka 565 
(Received December 18, 1978) 

A simple synthetic method of [3.3]cyclophanes via dithia[4.4]cyclophanes is presented. The spectra of a 
variety of cyclophanes were examined and compared to those of [2.2]analogues. It was concluded from the 
absorption spectra that the transannular n-rt interactions of the cyclophanes were strongly dependent on both ring-
to-ring distance and overlapping mode. From the emission spectra, it was described that cyclophanes of parallel 
sandwich type formed easily normal excimers, whereas [2.2]metacyclophane and [2.2]- and [3.3]metaparacyclo-
phanes formed strained excimers showing marked red shifts of fluorescence bands. 

Cram and his coworkers reported the first synthesis 
of [3.3]paracyclophane 1 in the study of a series of 
[m.w]paracyclophanes and pointed out its unique 
properties, e.g., the formation of a rather stronger 
tetracyanoethylene complex than [2.2]paracyclophane 
31 in spite of longer ring-to-ring distance.2) In this 
regard, an investigation was undertaken for comparing 
the strength of intramolecular charge-transfer interac­
tion in a series of donor-acceptor [n.w]paracyclophanes, 
of which the [3.3]system was expected to provide the 
most stable intramolecular complex.3) 

It has been well known that [3.3]paracyclophane 
1 might be the most suitable system for the trans-
annular electronic interaction because 1 has a parallel 
sandwich structure of the two benzene rings with con­
siderably short ring-to-ring distance and without se­
vere ring strain.4) However, further extensive study 
of 1 has been limited owing to tedius route in the 
initial synthesis. Although a few synthetic methods 
of 1 were developed by means of ring expansion of 
[2.2]paracyclophane,5) 1,8-cycloaddition,6) and con­
densation of malonic ester,7) a general method has been 
expected for applying to a variety of [3.3]cyclophanes 
such as multibridged and multilayered types and 
donor-acceptor type. 

The synthesis of [2.2]cyclophanes by sulfur elimina­

tion from dithia[3.3]cyclophanes has proved to be very 
useful as a general method of [2.2]cyclophanes.8) 
This successful approach results from a facile extrusion 
of sulfur atom bonded to two benzyl groups forming 
relatively stable radicals in desulfurization, in contrast 
to stubborn sulfur atom bonded to alkyl groups. When 
bonded to phenethyl or longer phenylalkyl groups, 
elimination of sulfur a tom was difficult due to pre­
dominant decomposition. Recently we found that 
when either of two interposing groups was benzyl 
group, a similar extrusion of sulfur smoothly proceeded, 
and a series of [n] cyclophanes was prepared by desul­
furization of such type of dithiacyclophanes.9) Fur­
thermore, this method made it possible to extend to 
the syntheses of higher homologues of [«.w]paracyclo-
phanes. Here we present a general method for syn­
theses of [3.3]- and [4.4]paracyclophanes 1 and 2 
and the application to a variety of [3.3]- and related 
cyclophanes 3—7.10) Their absorption and emis­
sion spectra are discussed together with those of [2.2]-
analogues from view points of transannular electronic 
interaction and excimer formation. 

R e s u l t s a n d D i s c u s s i o n 

Syntheses: All the starting materials required in 
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CH2CH2SH 

LOIof«,r-i s 

the general synthesis of cyclic thia compounds were 
prepared according to the literatures or conventional 
methods, except commercially available 9 and 1 5 . n ) 

Cyclic thia compounds 10, 13, 16, 19, 23, 26, and 
29 were obtained in high yields (60—90%) by the 
corresponding coupling reactions of these precursors 
under high dilution conditions. [3.3]Paracyclophane 
1 was produced by irradiation of 2,13-dithia[4.4]-
paracyclophane 10 in triethyl phosphite with a high 
pressure mercury lamp for one week in 2 4 % yield 
or with a low pressure mercury lamp for 15 h in 2 0 % 
yield. As an alternative route, 10 was oxidized with 
hydrogen peroxide ( 9 5 % yield) or m-chloroperbenzoic 
acid ( 8 1 % yield) to disulfone 11, and the subsequent 
pyrolysis of 11 gave 1 in 7 5 % yield (flash pyrolysis) 
or in 3 3 % yield (flow system pyrolysis).12) [4.4]-
Paracyclophane 213> was similarly prepared by oxida­
tion (97% yield) of 2,15-dithia[5.5]paracyclophane 

13, followed by pyrolysis ( 76% yield) of disulfone 
14. In this case, the direct photodesulfurization of 
13 to 2 was unsuccessful. T h e pyrolytic method is 

widely applicable to the syntheses of all the other [3.3]-
cyclophanes, i.e., [3.3]metaparacyclophane 3 (40% 
yield), [3.3]metacyclophane 47) (52%), [3.3.3]( 1,3,5)-
cyclophane 514> (16%), [3.3]paracyclo(l,4)naphthaleno-
phane 6 (37%), and [3.3]paracyclo(2,6)naphthaleno-
phane 7 (13%). T h e photochemical method was also 
applied with success for the synthesis of 6 (5.6%) 
and 7 (12%), but not for 3, 4, and 5. All the new 
compounds were characterized by N M R and mass 
spectra and elemental analyses. 

Electronic Absorption Spectra: Cram et al. reported 
that the electronic spectra of [w.«]paracyclophanes 
showed bathochromic shift and broadening of absorp­
tion bands due to an increasing transannular 7r-electron-
ic interaction between the two benzenes as the number 
of n and m decreased.2) As seen in the spectra of 
[2.2]- and [3.3]paracyclophanes (Fig. 1), these anoma-
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Fig. 1. Electronic spectra of cyclophanes 1, 2, 5, 6, 7, 
and 31 in tetrahydrofuran. 
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lous phenomena become marked when the two benzene 
rings were more closely fixed within van der Waals 
contact.4-15) I t should be noted that the interac­
tion depends not only on ring-to-ring distance but 
also on overlapping mode. Thus, the two benzenes 
of [2.2]paracyclophane 31 are well superposed on 
each other,15) whereas those of [3.3]paracyclophane 
1 are stacked with a little parallel displacement, so 
that the pyr-pyr overlap somewhat diminishes.4) T h e 
overlapping in [3.3.3](l,3,5)cyclophane 5 is very 
similar as in 31 , though the ring-to-ring distance is 
the almost same as that of 1. If the ring-to-ring dis­
tance is main factor for the spectral anomalousness of 
cyclophanes, 5 should show a spectrum similar to that 
of 1. In practice, however, it showed considerable 
red shift of the longest wavelength band compared 
to that of 1, and its maxima (/lmax 261 and 310 nm) 
are, interestingly, quite similar to those (Amax 258 
and 312 nm) of the lower homologue, i.e., [2.2.2]-
(l,3,5)cyclophane 34.16) This result clearly indicates 
the significance of the overlapping mode rather than 
the ring-to-ring distance. The spectra of the two 
paracyclonaphthalenophanes 6 and 7 also reflect the 
difference in the overlapping mode. According to 
molecular model examination, the benzene ring of 
[3 .3]paracyclo(2,6)naphthalenophane 7 is stacked 
above the center of the faced naphthalene ring, but 
p7i-p7i overlapping may be less effective than that of 
[3.3]paracyclo(l ,4)naphthalenophane 6. In fact, the 
longest wavelength band (Lb transition) of 7 shows 
only a small red shift by ca. 5 nm as compared to that of 
2,6-dimethylnaphthalene and retains a fine structure, 
while that of 6 shows a striking red shift by ca. 25—30 
nm as compared to that of 1,4-dimethylnaphthalene. 

[2.2]Metaparacyclophane 32 and [2.2]metacyclo-
phane 33 exhibit weak transannular interaction due 
to partial overlapping of two benzene rings in the spec­
tra (Fig. 2). [3.3]Metaparacyclophane 3 no longer 
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Fig. 2. Electronic spectra of cyclophanes 3 and 4 in 
tetrahydrofuran and 32 and 33 in cyclohexane. 

demonstrates such an effect because the two benzene 
rings are far apar t beyond van der Waals contact. 
However, [3.3]metacyclophane 4 is not the case, in 
spite of longer distance between the two benzene rings. 
Its absorption bands are more broad than that of the 
lower homologue 33. This can be explained by a 
conformational flipping between syn and anti forms, 
which occurs much easily than the corresponding [2.2] 
system 33. Thus, 33 exists only as the anti form,17) 
which is hardly interconvertible to syn form, whereas 
4 favors the syn form 35 over the anti form 36, accord­
ing to molecular model examination. In other words, 
the increased overlapping of the two benzene rings 
in the syn form seems to be responsible for the marked 
interaction in [3.3]system. 

Emission Spectra : The emission spectra of paracyclo-
phanes have been studied as a model for examining 
the structure of benzene excimer, i.e., dimolecular 
associate in excited state.18) For example, Vala et al. 
observed the excimer emissions of [2.2]- and [4.4]-
paracyclophanes 31 and 2, indicating that an excimer 
was formed when two benzene rings were stacked in 
parallel.19) Study on the emission spectrum of [3.3]-
paracyclophane, in which two benzenes are stacked 
with little strain, is expected to give further informa­
tion about the excimer structure. Excimer fluores­
cences are readily distinguishable from the normal 
monomer fluorescences, because the former is character­
ized by large Stokes shifts, broadening, and weak 
intensity of emission bands. 

Table 1 summarizes the emission data of the pres­
ent cyclophanes measured at 77 K and room temper­
ature (RT) . [2.2]- And [3.3]paracyclophanes 31 
and 1 and [3.3.3]cyclophane 5 exhibit excimer emis­
sions at both temperatures, although their maxima 
appear at somewhat longer wavelength due to benzene 
ring warping than that {ca. 330 nm) of ordinary ben­
zene excimer.20) [4.4] Paracyclophane 4 shows an 
excimer emission at R T , but a monomer emission 
at 77 K. These results obviously indicate that the 
structures of 31 and 1 are favorable for strong n-n 
interaction even at the ground state, whereas 2 requires 
a conformational change to bring the two benzene 
rings close to a certain distance equal to or less than 
van der Waals contact for the excimer formation.21) 

Shizuka et al. reported that 33, which is consisted 
of anti form alone in the ground state, exhibited an 
excimer fluorescence together with a normal fluores­
cence at R T but no excimer fluorescence at 77 K, 
and the excimer fluorescence was resulted from its 
syn form22) A similar conversion of anti form to syn 
form in the excited state was observed with [2.2]-
( l ,3)pyrenophane 38.23) T h e fact that 33 exhibits 
excimer emission only at R T implies considerable 
activation energy for syn-anti conversion. In addi­
tion, significant red shift of the emission band (392 nm) 
reflects the severe strain in the syn form. O n the 
other hand, [3.3]metacyclophane, which favors syn 
form in the ground state in contrast to anti form 
for 33, emits an excimer fluorescence characteristic 
of less strained system even at 77 K. 

[2.2]- and [3.3]metaparacyclophanes 32 and 3 ex­
hibit both monomer and excimer emissions at R T and 
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T A B L E 1. EMISSION SPECTRA OF [2.2]- AND [3.3]CYCLOPHANES IN EPA 
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Compound 

[2.2]Paracyclophane 31 

[3.3]Paracyclophane 1 

[3.3.3] (1,3,5)Cyclophane 5 

[4.4]Paracyclophane 2 

[2.2]Metacyclophane 32 

[3.3]Metacyclophane 4 

[2.2]Metaparacyclophane 32 

[3.3]Metaparacyclophane 3 

[3.3] Paracyclo ( 1,4) naphtha lenophane 6 

[3.3]Paracyclo(2,6)naphthalenophane 7 

T e m p Fluorescence 

(77 K 
( R T 

77 K 
R T 

77 K 
R T 

(77 K 
{RT 

77 K 
R T 

(77 K 
(RT 

77 K 
R T 

(77 K 
( R T 
77 K 
R T 

(77 K 
R T 

354 (excimer) a> 
350 (excimer) a> 

361 (excimer) a> 
358 (excimer) a> 

374 (excimer) a> 
371 (excimer) ft> 
281 (monomer)b> 
335 (excimer) a> 
296 (monomer) b> 
392 (excimer) a> 

284 (monomer),a> 349 (excimer)a> 
348 (excimer) a> 

310 (monomer)b) 
314 (monomer) ,a> 393 (excimer) a> 

286 (monomer) b> 
292 (monomer) ,a) 393 (excimer) a> 

370 (excimer) a> 
372 (excimer) a> 
346 (monomer)b) 
346 (monomer) b> 

Phospho­
rescence (nm) 

470a> 

463a> 

446a> 

379") 

372b) 

440a> 

474a) 

398b) 

554b) 

504b) 

a) Broad, b) Fine structure. 

on ly m o n o m e r emiss ion a t 77 K . T h e m a x i m a of 
t h e i r e x c i m e r b a n d s lie a t a w a v e l e n g t h c o m p a r a b l e 
to t h a t of 3 3 . T h e emiss ion s p e c t r a suggest t he i r 
s t r u c t u r e s to b e of s a n d w i c h t y p e w i t h severe s t r a in 
s u c h as 3 9 a n d 4 0 , in w h i c h t h e t w o b e n z e n e r ings 
a r e s t acked w i t h r e m a r k a b l y di f ferent m o d e c o m p a r e d 
to t h e syn fo rm of 3 3 . 

T h e o r i e n t a t i o n d e p e n d e n c e of e x c i m e r f o r m a t i o n 
w a s found i n t h e case of p a r a c y c l o n a p h t h a l e n o p h a n e s 
6 a n d 7. T h e 1,4-isomer 6 exh ib i t s a n e x c i m e r emis ­
sion a t R T a n d 77 K , w h e r e a s t h e 2 ,6 - i somer 7 a 
m o n o m e r emiss ion a t b o t h t e m p e r a t u r e s . E v i d e n t l y , 
pn-pn i n t e r a c t i o n is a lso a n i m p o r t a n t fac tor for ex­
c i m e r f o r m a t i o n . 

E x p e r i m e n t a l 

Melting points are uncorrected. All solvents are of re­
agent grade. N M R measurements were made with a Hitachi 
Perkin-Elmer R-20 spectrometer (60 M H z ) or a J E O L 
J N M - F X 1 0 0 in deuteriochloroform using tetramethylsilane 
as an internal s tandard. Mass spectra were determined 
on a Hitachi R M U - 7 spectrometer at 70 eV using direct 
insertion technique. U V spectra were recorded on a Hitachi 
EPS-3T spectrophotometer. Emission spectra were taken 
on a Hitachi MPF-2A spectrophotometer at tached with a 
H T V R-446F photomultiplier in EPA (ethyl ether-isopen-
tane-ethanol of 5 : 5 : 2 volume ratio). A solution of about 
1X 10 - 3 M was prepared and degassed by freeze-pump-
thaw method. Emission spectra were uncorrected. 

1,4-Bis(2-mercaptoethyl) benzene 8. A mixture of 1,4-
bis(2-bromoethyl)benzene24) (19.70 g, 0.068 mol) and thio­
urea (12.32 g, 0.162 mol) in 200 ml of 9 5 % ethanol was 
refluxed with stirring for 2.5 h. After evaporation of the 
solvent, the residue was refluxed with potassium hydroxide 
(80 g) in 400 ml of water for 7 h under nitrogen. T h e 
mixture was cooled in an ice ba th and acidified with 
1 : 1 of coned sulfuric acid-water . The resulting oil was 
extracted with benzene. T h e extract was washed with water, 

dried over anhyd magnesium sulfate, and evaporated to 
give a colorless oil, 12.83 g (96%) , bp 125—127 °C/1 Torr . 

N M R (CDC13 , 60 M H z ) <5=1.39(m, 2H, SH), 2.4—3.0 
(m, 8H, GH 2 ) , 7 .14ppm(s , 4H, A r H ) . Found: G, 60.29; 
H , 6.82; S, 32.14%. Galcd for G1 0H1 4S2 : C, 60.55; H , 
7.11; S, 32 .33%. 

1,4-Bis(3-mercaptopropyl) benzene 12. Dithiol 12 was 
obtained in 9 7 % yield from l,4-bis(3-bromopropyl)benzene25) 
in a similar manner as described in dithiol 8 ; colorless oil, 
bp 165—167 °G/2 Torr . 

N M R (GDC13, 60 M H z ) <5=1.34(t, 2H, 7 = 8 Hz, SH) , 
1.89(quint, 4H, 7 = 7 Hz, GH 2 ) , 2.48(t, 4H, 7 = 7 Hz, CH 2S), 
2.71(t, 4H, 7 = 7 Hz, ArCH 2 ) , and 7.09 ppm(s, 4H, ArH) . 
Found : G, 63 .81 ; H , 7.95; S, 28 .13%. Galcd for G12H18-
S 2 : C, 63.66; H , 8 .01; S, 28 .32%. 

1,4-Bis(2-mercaptoethyl) benzene 18. Dithiol 18 was led 
from l,3-bis(ethoxycarbonylmethyl)benzene26) as described 
below. 

A solution of l,3-bis(ethoxycarbonylmethyl)benzene(1.65 g, 
6.6 mmol) in 15 ml of dry tetrahydrofuran was slowly added 
into a suspension of l i thium aluminium hydride (0.53g, 
13.9 mmol) in 25 ml of dry T H F over a period of 30 min at 
room temperature . After 30 min of reflux, a small amount 
of ethyl acetate, water, and dil hydrochloric acid were added 
successively. T h e mixture was saturated with sodium 
chloride and extracted with ethyl ether. The extract was 
washed with satd. aq NaCl solution and dried over magnesium 
sulfate. Evaporat ion gave a colorless oil of l,3-bis(2-hydroxy-
ethyl) benzene, 1.05 g (96%) . 

N M R (GDCI3, 100 M H z ) <5=2.75(t, 4H, 7 = 6 . 7 Hz, 
A r C H 2 ) , 3.27(bs, 2H, O H ) , 3.71(t, 4H, 7 = 6 . 7 Hz, G H 2 0 ) , 
and 6.9—7.3 p p m ( m , 4H, A r H ) . 

The above l,3-bis(2-hydroxyethyl)benzene (1.48 g, 8.9 
mmol) was mixed with 100 ml of 4 8 % hydrobromic acid and 
6 ml of coned sulfuric acid. T h e mixture was refluxed for 
1.5 h, cooled to room temperature, and extracted with 
benzene. The extract was washed with water and dried 
over anhyd magnesium sulfate. Evaporation gave a colorless 
oil of l,3-bis(2-bromoethyl)benzene, 3.2 g (84%), bp 141 °C/2 
Torr . 
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N M R (GDGI3, 100 M H z ) <5 = 3.12(A2B2m, 4H, ArGH 2 ) , 
3.53(A2B2m, 4H, CH 2Br) , and 7.0—7.3 ppm(m, 4H, A r H ) . 

The above dibromide was converted to l,3-bis(2-mercapto-
ethyl)benzene 18 in 8 1 % yield as described in the pa ra 
analogue 8 ; colorless oil, bp 115 °G/10 Torr . 

N M R (CDCI3, 60 MHz) <5=1.37(m, 2H, SH) , 2.5—3.1 
(m, 8H, CH 2 ) , and 7.0—7.3 ppm(m, 4H, A r H ) . Found : 
C, 60.28; H, 6 .81; S, 32.12%. Calcd for C 1 0H 1 4S 2 : G, 
60.55; H, 7.11; S, 32 .33%. 

General Method of Coupling Reaction. A solution of the 
corresponding thiol (0.01 mol) and halide (0.01 mol) in 100 
ml of benzene was added dropwise into a refluxed ethanol 
solution (1 1) containing potassium hydroxide (1.78 g) 
in a nitrogen atmosphere. T h e addition was complete 
in 12 h. The mixture was refluxed an additional 12 h and 
then concentrated. The residue was taken up in benzene 
and chromatographed over silica gel with benzene-hexane 
(1 : 1) to give a crystalline solid of the desired cyclic dithia 
compound from the main fraction of eluates. 

2,13-Dithia[4.4]paracyclophane 10. Yield 6 2 % , colorless 
plates from benzene, m p 183—185 °C. 

N M R (CDC13, 60 MHz) <5=2.75(A2B2m, 8H, CH 2 ) , 
3.39(s, 4H, GH 2 ) , and 6.80 ppm(s, 8H, A r H ) . M S mje 
300(M+). Found: C, 71.75; H , 6.57; S, 2 1 . 1 1 % . Calcd 
for C1 8H2 0S2 : G, 71.95; H , 6 .71; S, 21 .34%. 

2,15-Dithia[5.5]paracyclophane 13. Yield 9 1 % , colorless 
scales from benzene-hexane, m p 153—153.5 °C. 

N M R (GDG13, 60 MHz) <5=1.85(m, 8H, GH 2 ) , 2.60 
(m, 4H, ArCH 2 ) , 3.55(s, 4H, ArCH 2 S) , 6.87(s, 4H, A r H ) , 
and 7.03 ppm (s, 4H, A r H ) . M S mje 328(M+). Found : 
C, 72.94; H, 7.36; S, 19.30%. Calcd for G2 0H2 4S2 : C, 73.12; 
H, 7.36; S, 19.52%. 

3,12-Dithia[4.4]metaparacyclophane 16. Yield 7 6 % , 
colorless needles from benzene-hexane, m p 81—82 °C. 

N M R (CDCI3, 60 MHz) <5=2.83(bs, 8H, CH 2 ) , 3.46(s, 
4H, ArCH 2 S) , 6.40(bs, I H , meta A r H ) , 6.88(s, 4H , para 
ArH) , and 6.98 ppm(bs, 3H, meta A r H ) . M S m/e 300(M+). 
Found: C, 71.78; H , 6.53; S, 2 1 . 6 1 % . Calcd for C1 8H2 0-
S 2 : C, 71.95; H , 6 .71; S, 21 .34%. 

2,13-Dithia[4.4]metacyclophanel9. Yield 7 9 % , colorless 
prisms from benzene-hexane, m p 109—109.5 °C. 

N M R (CDCI3, 60 MHz) d=2.74(A 2 B 2 m, 8H, CH 2 ) , 
3.65(s, 4H, ArCH 2 S) , 6.67(bs, I H , A r H ) , 7.0—7.2(m, 3H, 
ArH) , and 7.39 ppm(bs, 4H, A r H ) . M S mje 300(M+). 
Found: C, 72.06; H, 6.52; S, 29 .49%. Calcd for C1 8H2 0-
S2 : C, 71.95; H, 6 .71; S, 21 .34%. 

2,13,22-Trithia[4.4.4](1,3,5)cyclophane 23. Yield 6 5 % , 
colorless plates from benzene-hexane, m p 251—252 °C. 

N M R (CDCI3, 100 MHz) <5=2.71 (A2B2m, 12H, CH 2 ) , 
3.31 (s, 6H, ArCH 2 S) , 6.56(s, 3H, A r H ) , and 6.62 ppm 
(s, 3H, A r H ) . M S mje 372 (M+). Found : C, 67.87; H , 
6.65; S, 25.57%. Calcd for C 2 1H 2 4S 3 : C, 67.69; H , 6.49; 
S, 25.82%. 

2,13-Dithia[4.4]paracyclo(1,4) naphthalenophane 26. 
Yield 6 3 % , colorless columns from benzene-hexane, m p 
187—188 °C. 

N M R (CDCI3, 60 M H z ) 0=2 .3—3.1 (A2B2m, 8H, CH 2 ) , 
3.86(s, 4H, ArCH 2 S) , 6.45(s, 4H , A r H ) , 6.72(s, 2H, A r H ) , 
7.53(A2B2dd, 2H, 7 = 7 and 3 Hz, A r H ) , and 8.02 p p m 
(A2B2dd, 2H, 7 = 7 and 3 Hz, A r H ) . M S m/e 350(M+). 
Found: C, 75.65; H, 6.17; S, 18.04%. Calcd for C 2 2H 2 2S 2 : 
C, 75.38; H , 6.33; S, 18.29%. 

2,13-Dithia[4.4]paracyclo(2,6)naphthalenophane 29. 
Yield 8 9 % , colorless plates from benzene-hexane, m p 198— 
200 °C. 

N M R (CDC13, 60 MHz) 0=2 .2—2.8(m, 8H, CH 2 ) , 3.77 
(s, 4H, ArCH 2 S) , 6.41 (s, 4H , A r H ) , 7.26(ABd, 2H , 7 = 8 

Hz, A r H ) , 7.36(bs, 2H, A r H ) , and 7.53 ppm(ABd, 2H, 
7 = 8 Hz, A r H ) . Found : C, 75.52; H , 6.19; S, 18 .51%. 
Calcd for C 2 2H 2 2S 2 : C, 75.38; H , 6.33; S, 18.29%. 

General Synthetic Method of Disulfone. A) With Hydro­
gen Peroxide : Cyclic disulfide (4 mmol) was mixed with 8 
ml of acetic acid and 2.4 ml of 3 5 % hydrogen peroxide, 
and heated at 100 °C with stirring for 6 h. T h e mixture 
was cooled in an ice bath, and the resulting white crystalline 
solid of disulfone was filtered, washed, and dried. 

B) With m-Chloroperbenzoic Acid: A mixture of cyclic 
disulfide ( 1 mmol) and m-chloroperbenzoic acid ( 1.1 g, 6 mmol 
as 8 5 % active) in 20 ml of dichloromethane was stirred at 
room temperature for 2 d. After some milliliters of dichloro­
methane was added to dissolve the resulting precipitate, 
the solution was washed successively with 3 M N a O H solu­
tion and water, dried, and concentrated to give a white 
powder of disulfone. Disulfones thus obtained were essen­
tially pure and used in the following pyrolysis without further 
purification. 

2,13-Dithia[4.4]paracyclophane 2,2,13,13-tetraoxide 11, 
yield 9 5 % (method A) and 8 1 % (method B), dec 330—340 
°C. 2,15-Dithia[5.5]paracyclophane 2,2,15,15-tetraoxide 14, 
yield 97%(by A) , dec 310—320 °C. 3,12-Dithia[4.4]-
metaparacyclophane 3,3,12,12-tetraoxide 17, yield 9 0 % 
(by A) and 67%(by B), m p 283—285 °C. 3,12-Dithia-
[4.4]metacyclophane 3,3,12,12-tetraoxide 20, yield 72%, 
(by B), dec 320—325 °C with melting. 2,13,22-Trithia-
[4.4.4] (1,3,5)cyclophane 2,2,13,13,22,22-hexaoxide 24, yield 
83%(by A) , dec 350 °C. 2,13-Dithia [4.4] paracyclo( 1,4)-
naphtha lenophane 2,2,13,13-tetraoxide 27, yield 8 2 % (by 
B), dec 240 °C. 2,13-Dithia[4.4]paracyclo(2,6)naphthaleno-
phane 2,2,13,13-tetraoxide 30, yield 9 6 % (by A) , dec 320— 
330 °C. 

General Synthetic Method of [3.3]-, [4.4]-, and [3.3.3]Cyclo-
phanes. A)Flash Pyrolysis: Sulfone (100—500 mg) was 
packed in a Pyrex tube sealed at one end. T h e open 
end was connected to a rotary p u m p and the system was 
maintained under 0.1—0.5 Torr . T h e tube was placed 
in a furnace (15 cm in length, preheated to 650 °C) in such 
a way as the middle of the tube could be heated. T h e 
sample part was slidden smoothly inside the furnace. As 
soon as pyrolysis started, an oily product condensed at the 
opposite cool end. Column chromatography of the product 
on silica gel wi th hexane led to the isolation of the desired 
cyclophane as white crystals. 

B) Flow System Pyrolysis: Sulfone (100 mg) was placed in 
a pyrolytic flow system modelled after that of Boekelheide 
et al.*1) The first furnace was set at 300 °C and the second 
at 600 °C. T h e whole system was maintained under 0.1 
Torr . T h e pyrolysis was complete in a few hours. T h e 
resulting cyclophane was t rapped in the cold finger and 
purified by column chromatography. 

C) Photodesulfurization: Cyclic dithia compound (100 
mg) was dissolved in 10 ml of benzene and 5 ml of triethyl 
phosphite in a quartz tube. T h e solution was irradiated 
with a high pressure mercury l amp in a nitrogen atmosphere 
(one week for [3.3]paracyclophane and 3 h for [3.3]para-
cyclonaphthalenophane). After removal of the solvent, 
the residue was chromatographed on silica gel to give white 
crystals of the desired product . 

[3.3]Paracyclophane 1. Yield 7 5 % (method A) , 3 3 % 
(method B), and 2 4 % (method C) , colorless plates from 
methanol , m p 103—104 °C (lit2), m p 104.3—105.3 °C). 

N M R (CDClg, 60 MHz) <5=2.03(m, 4H , CH 2 ) , 2.72 
(t, 8H, CH 2 ) , and 6.66 ppm (s, 8H, A r H ) . M S mje 236 
(M+). 

[4.4]Paracyclophane 2. Yield 76% (by A) , colorless 
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plates from ethanol, m p 147.5—149 °G (lit,13) m p 146.2— 
147.3 °G). 

N M R (CDG13, 60 M H z ) <5=1.6(m, 4H , GH 2 ) , 2.3(m, 
4H, ArCH 2 ) , and 6.68 ppm(s, 8H, A r H ) . M S mje 264 
(M+). 

l3.3]Metaparacyclophane 3. Yield 4 0 % (by A) , 2 0 % 
(by B), colorless plates from hexane, m p 90—91 °C. 

N M R (CDClg, 60 MHz) (5=1.9—2.9(m, 8H, CH 2 ) , 
2.71(t, 4H, 7 = 6 Hz, GH 2 ) , 5.55(bs, 1H, meta A r H ) , 6.63 
(s, 4H , para A r H ) , and 6.6—7.2 p p m (m, 3H, meta A r H ) . 
M S mje 236(M+). Found : G, 91.25; H , 8.30%. Calcd for 
G1 8H2 0 : C, 91.47; H , 8 .53%. 

[3.3]Metacyclophane 4. Yield 5 2 % (by A) , 2 .7% (by 
B), colorless plates from ethanol, m p 81—82 °G (lit,7> 79— 
80 °G). 

N M R (GDCI3, 100 MHz) 0=1.92—2.15(m, 4H, GH 2 ) , 
2.74(t, 8H, 7 = 5 . 8 Hz, ArCH 2 ) , 6.54—6.84 (A2B2m, 6H, 
outer A r H ) , and 6 .84ppm(bs , 2H, inner A r H ) . M S mje 
236(M+). 

[3.3.3]( 1,3,5)Cyclophane 5. Yiled 16% (by A), color­
less plates from pentane, m p 134—135.5 °C (lit,14) m p 140 °G). 

N M R (CDGI3, 100 MHz) (5 = 2.18(m, 6H, CH 2 ) , 2.75 
(t, 12H, 7 = 5 . 8 Hz, A r C H , ) , and 6.52 ppm(s, 6H, A r H ) . 
M S mje 276 (M+). 

[3.3]Paracyclo(7,4)naphthalenophane 6. Yield 13% (by 
A), 12% (by C) , colorless fine crystals from pentane, m p 
106—107 °C. 

N M R (GDGI3, 60 M H z ) 0=2 .0—3.0 (m, 10H, GH 2 ) , 
3.4—3.8(m, 2H, CH 2 ) , 5.95(bs, 2H, A r H ) , 6.70(s, 2H , A r H ) , 
6.76(bs, 2H, ArH) , 7.43(A2B2dd, 2H, J=7 and 3 Hz , A r H ) , 
and 7.94 ppm(A2B2dd, 2H , J = 7 and 3 Hz, A r H ) . M S 
mje 286(M+). Found : C, 91.82; H , 7.32%. Calcd for 
C2 2H2 2 : G, 92.26; H , 7.74%. 

[3.3]Paracyclo(2,6)naphthalenophane 7. Yield 37% (by 
A) , 5.6% (by C) , colorless plates from benzene-hexane, m p 
160—161 °C. 

N M R (CDCLj, 60 MHz) 0=1 .8—3.0 (m, 12H, CH 2 ) , 
6.04(s, 4H , A r H ) , 7.01 (bs, 2H, A r H ) , and 7.13 ppm(bs , 
2H, A r H ) . M S mje 286(M+). 

Found : C, 92.31 ; H , 7 .51%. Calcd for C 2 2 H 2 , : C, 92.26; 
H , 7.74%. 

T h e p r e s e n t w o r k w a s s u p p o r t e d b y G r a n t - i n - A i d 
for Scient i f ic R e s e a r c h f rom t h e M i n i s t r y of E d u c a ­
t i o n , t o w h i c h a u t h o r s ' t h a n k s a r e d u e . 
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(Received December 4, 1978) 

Synopsis. Photochemical reduction of the title 
compound has been studied and the result is compared 
with that from the reaction with thiobenzophenone, an 
aromatic thioketone. 

In a previous communication, we reported the result 
from the photoreaction of di-£-butyl thioketone (1) 
in the n,n* triplet state ( 7 \ , ZtT=43—45 kcal/mol) 
with various olefins.1) The thioketone 1 reacted with 
electron-rich olefins affording open-chain photo-
adducts instead of cycloadducts. This is a marked 
contrast between 1 and other thioketones such as 
thiobenzophenone and adamantanethione.2) 

It is known that thiobenzophenone in the n,n* 
triplet state abstracts a hydrogen from various hydro­
gen-donors yielding the corresponding thiol or disul­
fide.2-3) Hydrogen-abstraction by aliphatic thioketones 
are scarcely studied,2 '4) and we now wish to report 
some interesting observation in the photohydrogen-
abstraction of 1 from various hydrogen-donors. 

R e s u l t s a n d D i s c u s s i o n 

The photo-irradiation was continued until the 
color of l (A m a x =540 nm) disappeared. The reaction 
is summarized in Table 1. Since hydrogen-donors 
presently employed for the reaction have no absorption 
above 300 nm, there is no doubt that the reaction 
takes place through the excitation of 1 into the 
n,jr:* singlet state (Sx) with the lights of 550 and 580 
nm.5) Namely, it has been confirmed that the reac­
tion of tetraphenylethylene with thiobenzophenone 
under the irradiation for 60 days with the light of 
589 nm from sodium lamps (8x60W) 6 > yields 9,10-
diphenylphenanthrene. The photoreaction of 9,10-
dihydroanthracene with thiobenzophenone has already 
been reported.7) Although we did not study the 
reaction quantitatively, existence of self-quenching, 
that is, the retardation of reaction by the increase 
of the concentration of 1, suggests that the T1 state 
of 1 is responsible to the reaction.2»8) 

Table 1 reveals a remarkable reactivity of excited 
(S± or Tj) 1 toward the hydrogen-abstraction; generally, 
the reactivity of 2-propanol is larger than, or at least 
comparable to, that of toluene toward hydrogen-
abstraction,9 '10) whereas toluene and even tetraphenyl­
ethylene are much better hydrogen-donors than ali­
phatic alcohols and ethers in the present photo-reduc­
tion. The large reactivity of aromatic compound can 
be corelated with their ionization potentials11) and seems 
to imply the formation of a charge-transfer-type com­
plex between 1 (in Sx or Tx) and a hydrogen-donor. 
Similar process has been suggested for the photo-
reductions of benzophenone,12) a,a,a-trifluoroaceto-

TABLE 1. P H O T O R E D U C T I O N OF DI-J-BUTYL THIOKETONE 

Hydrogen-donor Reaction 
time, day 

Yield of 
Bu^CHSH, % 

PhBH, 

/in G6H6 

28 

21 

72 

85a> 

(400 mg) (10 ml) 
Ph2G=CPh2/in C6H6 or CHC13 

(800 mg) (10 ml) 
PhCH2OH 
EtOH 
î-PrOH 
Et3N 
Î -BUNH 2 

PhNH2/in EtOH 
(5 ml) (10 ml) 

Et 2 0 

n 
\ Q / 

14 

6 
^ 6 0 
^60 

2 
7 

28 

=s60 

s 60 

70b> 

82c> 

0d> 
0d> 

80 
27e) 

240 

0d> 

0d> 

a) Anthracene was isolated in 9 0 % yield, b) 9,10-
Diphenylphenanthrene was isolated in 7 0 % yield. 
c) Benzaldehyde was detected on V P C . d) No reac­
tion took place. 1 was recovered quantitatively, e) 
1 was recovered in 4 9 % yield, f) 1 was recovered in 
6 1 % yield. 

phenone,13) and thiobenzophenone.7) The interme-
diacy of the charge-transfer-type complex is also witnes­
sed by facile reaction with amines.3a>14) Tha t is, 
the photo-excited 1 does not abstract a hydrogen 
from ethanol, whereas it does in the presence of ani­
line, an electron-donor. 

I t is noteworthy that the excitation of 1 into the 
n,7i* state results in completely different reactivity 
from 1 in the n,7i* state.15) I t is also interesting to 
compare the reactivity of 1 with that of thiobenzo­
phenone, an aromatic thioketone, by the following 
two sets of reactions.3a '12 '16) 

/ Ph2C=S 4- EtOH 
hv 

Ph2GSH + MeCHOH 

Ph„CHSH 
hv 

Ph,CHSSCHPh9 

{ Bu£C=S + EtOH > no reaction 
hv 

Ph2C=S + PhCH3 ^ = ± Ph2GSH 4- PhCH2 • 

-» no reaction 

B u | O S 4- PhCH, 
hv 

Bu|GSH 4- PhCH2 

PhCH3 
-> BulCHSH 4- PhCH2CH2Ph 
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T h e resul ts c lea r ly suggest t h a t , i n the i r b i r a d i c a l -
t y p e exc i ted s ta tes , t h i o b e n o p h e n o n e h a s m o r e r a d i c a l -
c h a r a c t e r o n sulfur t h a n o n t h i o c a r b o n y l - c a r b o n , 
a n d t h e reverse is t r u e for 1. T h a t is, t h e e l ec t ron ic 
c o n f i g u r a t i o n of t h i o c a r b o n y l g r o u p is m u c h affected 
b y t h e subs t i t uen t . T h i s is also t r u e for t he i r g r o u n d -
s ta t e chemis t ry . 1 7 ) 

E x p e r i m e n t a l 

Materials. Di-/-butyl thioketone (1) and thiobenzo-
phenone were prepared as previously mentioned.6 '18) Sol­
vents were dried and distilled prior to the use. 

Procedure. As a s tandard procedure, 300 mg of 1 
in 10 ml of a hydrogen-donor solvent was sealed in a Pyrex 
tube (10 mmçi) under an atmosphere of nitrogen. T h e 
mixture was irradiated with a 500 W high-pressure mercury 
lamp at a temperature of running water. After the reac­
tion, the solvent was evaporated under a reduced pressure 
and the residual oil was subjected to column chromato­
graphy on silica gel with an eluent of hexane-benzene (4 : 1 
v/v) mixture. T h e product isolated was identified to be 
2,2,4,4-tetramethyl-3-pentanethiol by comparing the spectral 
da ta with those of the authentic sample. 
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Synopsis. The optical and magnetic properties of 
solid cation radical salts derived from 9,10-dimethylanthra-
cene and 9,10-dichloroanthracene were explained in terms 
of one-dimensional Hubbard model composed of equivalent 
sites of the cation radicals, while those of perylene cation 
radical salt, in terms of Hubbard model of cation radical 
dimer. 

There have been made extensive investigations 
concerning the optical and magnetic properties of 
a number of crystalline ion radical salts.1-10) O n 
one hand, a deviation from the Curie or Curie-Weiss 
law has often been found in the temperature depen­
dence of their magnetic susceptibilities, and this de­
viation has been explained in terms of an existence 
of spin exchange interaction between ion radicals. 1 - 3) 
On the other hand, the electronic spectrum of such 
solid ion radical salt is found to be different from the 
monomer spectrum of the corresponding ion radical 
molecule, but shows a charge-transfer transition be­
tween ion radicals in the low-energy region.3-5) 

In most solid ion radical salts, the planar ion radical 
molecules are known to form, in themselves, a segregated 
stacking into one-dimensional columns.5) In this 
respect, the intermolecular charge-transfer interac­
tion between ion radical molecules is important for 
the solid-state properties of ion radical salts. In order 
to understand this situation in more detail, we have 
applied half-filled Hubbard model to the segregated 
stack of ion radical molecules and investigated the 
optical and magnetic properties characteristic of solid 
ion radical salts.6-10) Earlier, Sato et al. examined 
the optical absorptions and the magnetic suscepti­
bilities of crystalline cation radical salts of 9,10-
dimethylanthracene (DMA), 9,10-dichloroanthracene 
(DCA) and perylene (P) with antimony pentachlo-
ride and perchlorate anions.3) In the present paper, 
we shall explain their experimental results in terms 
of our Hubbard model and understand the electronic 
states of those crystalline cation radical salts. 

A compound of DMA-SbCl 5 was obtained as chemi­
cally stable cation radical salt. Its solid-state 
spectrum showed a band peak at 14400 c m - 1 and 
a shoulder around 11600 cm - 1 .3) T h e high-energy 
peak at 14400 c m - 1 corresponds to the monomer ab­
sorption of the 9,10-dimethylanthracene cation radical 
at 14800 cm - 1 . The shoulder in the lower-energy 
region is characteristic of the solid salt and was assigned 
to the charge-transfer transition between the 9,10-
dimethylanthracene cation radicals.3) O n the other 
hand, the temperature dependence of the paramag­
netic susceptibility of DMA-SbCl 5 showed a broad 
maximum at approximately 80 K. The observed 
magnetic properties could be well explained in terms 

of antiferromagnetic linear I sing model with exchange 
coupling constant J=56 cm - 1 .3) In order to under­
stand those optical and magnetic properties, we con­
sider a system of non-alternant one-dimensional stack 
of 9,10-dimethylanthracene cation radicals in terms 
of Hubba rd Hamiltonian, which can be written by 

= S TtJCu 

', J, " 

vCja + / S n i l » i T , (1) 

where nu=Cu+Cio, and Cia+ and Cig are the 
creation and annihilation operators of an electron 
with a-spin at the i-th site, respectively, and where 
Ttj(<0) is the transfer matrix element between the 
i-th and 7-th sites. T h e Coulomb repulsion poten­
tial, I, appears only when two electrons with up and 
down spins are at the same site. For non-alternant 
one-dimensional column of the 9,10-dimethylanthra­
cene cation radicals, we consider the half-occupied 
molecular orbital of the unpaired electron as one site 
of cation radical molecule, and take into account 
only the transfer matrix element between the nearest 
neighbor sites. Hereafter, it is simply denoted by 
T(<0). T h e shape of the intermolecular charge-
transfer absorption spectrum of this system, a (co), 
is then given by6) 

" " » " 7 av»»- / . ^ - - H - J 1 - (2) 

Here, a <3-function was assumed for each elementary 
transition in which the spin and the wave vector of 
an electron are conserved. T h e charge-transfer ab­
sorption of Eq. 2 has a sharp divergent peak at eo = / 
and has a band width of V / / 2 + 4 7 " 2 — / in the region 
m>I. O n the other hand, for the magnetic proper­
ties of the same system, the Hubba rd model leads 
to, in a region of small | T\ limit, a non-alternant 
one-dimensional antiferromagnet with an exchange 
interaction y « 2 T ' 2 / / . 8 ' 9 ) Therefore, if we combine 
the experimental data on the peak energy of the ob­
served charge-transfer absorption and the exchange 
interaction parameter, we can uniquely determine 
the magnitudes of I and T of Eq. 1. For the cation 
radical salt of DMA-SbCl 5 , the observed peak energy 
of the charge-transfer absorption, 11600 c m - 1 , thus 
corresponds to 1= 11600 cm - 1 . As for the antiferro­
magnetic exchange interaction, rigorously speaking, 
the J value of Heisenberg model should correspond 
to 2T2jI, but only the J value estimated with linear 
Ising model is available at the present time. There­
fore, we approximately use the estimated J=56 c m - 1 

value as J ^2T2jI. By putting the 7=11600 c m - 1 

value into this relation, we obtain T 1 « — 5 7 0 c m - 1 for 
the one-dimensional system of the DMA-SbCl 5 salt. 

The optical and magnetic properties of D C A -
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SbCl5 salt can be understood in quite a similar way. 
Sato et al. observed a weak charge-transfer absorption 
at 11200 cm - 1 .3) T h e observed temperature depend­
ence of the magnetic susceptibility was again analyzed 
in terms of antiferromagnetic linear Ising model with 
exchange coupling constant J—56 cm - 1 . Then, the 
application of non-alternant one-dimensional Hubba rd 
model gives 7=11200 cm" 1 and T « — 5 6 0 c m - 1 for 
the cation radical salt of DCA-SbCl 5 . 

Next, we consider the electronic state of P - C 1 0 4 

salt. Its magnetic susceptibility was weakly para­
magnetic and the intrinsic paramagnetism decreased 
with decrease of temperature. The observed magnetic 
susceptibility versus temperature curve fitted closely to 
the curve calculated from the singlet-triplet model, 
where the excited triplet state lies 1370 c m - 1 above the 
ground singlet state.3) Therefore, the perylene cation 
radicals appear to form dimers in the solid state. In 
contrast to the DMA-SbCl 5 and DCA-SbCl 5 salts, 
the electronic spectrum of the solid P - C 1 0 4 salt showed 
a strong low-energy absorption at 7700 cm - 1 , which 
was attributable to the charge-transfer absorption of 
the dimer of the perylene cation radicals.3) We 
consider the above optical and magnetic properties 
of the P - C 1 0 4 salt in terms of the dimer model of 
Hubba rd Hamiltonian, which can be written by 

& = S T(Cla+C2a + CZa+Cla) + % j « l t + W t ) , (3) 
a 

where the notations are common to those in Eq. 1. 
T h e suffixes, 1 and 2, denote two sites of perylene 
cation radicals in a dimer, and 7T(<0) is the transfer 
matrix element between the cation radicals in the dimer. 
If we again take the half-occupied molecular orbital 
of the cation radical for each site, there are six bases 
of the wave functions for the dimer. After solving 
the eigenvalue problem, we have three singlet states 
and one triplet state. A detail of the wave functions 
and the energy levels are described in a previous paper.8) 
T h e energy of the charge-transfer absorption, hvCT, and 
the singlet-triplet energy separation, <5, are given by 

hvCT = {(//2)2+ (27y}V2 + //2, (4) 

Ô = {(//2)2+ (2r)a}V» - 1/2. (5) 

This dimer model was then applied to the above opti­
cal and magnetic properties of the P - C 1 0 4 salt. By 
putting the observed values of AvCT=7700 c m - 1 and 
(5=1370 c m - 1 into Eqs. 4 and 5, we obtain I=hvCT— 
6 = 6330 c m - 1 and 7 = —1630 cm - 1 , respectively. 

T h e transfer matrix elements thus estimated are 
considered as a measure of the intermolecular interac­
tion between cation radicals in the solid state. In 
this respect, the intermolecular interaction in the 
dimer of the perylene cation radicals of the P - C 1 0 4 

salt should be strongest, while the intermolecular 
interactions between the 9,10-dimethylanthracene cat­

ion radicals in the DMA-SbCl 5 salt and between 
the 9,10-dichloroanthracene cation radicals in the D C A -
SbCl5 salt will be of the same order but will be much 
weaker than that of the P - C 1 0 4 system. Sato et al. 
noted that the intensity of the charge-transfer band 
observed in solid spectrum was correlated to the mag­
nitude of exchange coupling constant.3) In fact, 
solid P - C 1 0 4 shows the large values both in exchange 
coupling constant and intensity of the charge-transfer 
band, while DMA-SbCl 5 and DCA-SbCl 5 have weak 
charge-transfer absorptions and small exchange cou­
pling constants. Although their suggestion was quali­
tative, we can verify quantitatively their idea on the 
basis of our Hubba rd model. According to our theo­
retical work,10) in the region of small | T | limit, the 
intensity of the intermolecular charge-transfer ab­
sorption in non-alternant one-dimensional system of 
ion radicals is given by CT2/I, where C is a con­
stant including electric charge, unit cell length and 
number of sites of the system. O n the other hand, 
the absorption intensity in the dimer model is expressed 
by C'T2/I,%) where the constant C is somewhat dif­
ferent from C. Regardless of this minor difference, 
the intensity of charge-transfer absorption is predomi­
nantly governed by the magnitude of T2/I. If we take 
into consideration the T and I values estimated above, 
the charge-transfer absorption intensity of the P -
C10 4 salt will be ten times or more stronger than those 
of the D M A - S b C l 5 and DGA-SbCl 5 salts. More­
over, we have found that, since the antiferromag­
netic exchange coupling constant is given by J~ 
2T2/I, the charge-transfer absorption intensity is ap­
proximately proportional to the magnitude of y.10) 

In this respect, Sato's suggestion that the observed 
charge-transfer absorption intensity in solid spectrum 
may be greatly dependent on the magnitude of J 
receives strong evidence from our Hubbard model. 
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Synopsis. The process of peroxyacetyl nitrate (PAN) 
formation has been disscussed on the basis of INDO calcula­
tions. The acetylperoxy radical (APR) has been found to 
be more reactive towards nitrogen monoxide than towards 
nitrogen dioxide. The bond strength of the O-O linkage 
in CH3C(-0)OONO, however, is weaker than that of PAN 
or H 20 2 . 

Peroxyacetyl nitrate (PAN) is a major class of eye 
irritant (lachrymators) in photochemical smog,1-9) 
exhibiting toxicity in the inactivation of enzymes 
such as hemoglobin, papain, reduced ribonuclease 
and glutathione, and coenzyme A by the oxidation 
of the susceptible mercapto groups.8-10'11) PAN 
has hitherto been considered to be formed in two 
distinct ways: 

CH,C=0 
o2 NO, 

CH 3 C(=0)0 2 N0 2 

/ 

CH3C(=0)02 -
(Stephens's mechanism2-6'8)) 

[CH3C(=0)02NO] 
- N 0 2 

[CH3C(=0)0] 
N0 3 

(1) 

(2) GH 3G(=0)0 2N0 2 (Hanst's mechanism4)) 

where the acetyl radical is produced by the photo­
chemical decomposition of ketones or the oxidation 
of olefins and aldehydes in smog.7) Louw et ß/.6) 
and Cox et Ö/.12) recently supported Stephens's mecha­
nism, but suggested the presence of a competitive 
reaction between C H 3 C ( = 0 ) 0 2 (APR) and NO.12) 
Although there are some I R spectroscopic studies of 
PAN,1-3'13) PAN has hitherto been the object of only 
limited investigation in terms of the molecular orbital 
treatment. The present M O study deals with the 
process of PAN formation. 

M e t h o d o f Calculat ion 

Conformational optimizations were performed on 
C H 3 C = 0 C H 3 C ( = 0 ) 0 2 , C H 3 C ( = 0 ) 0 2 N O , and CH 3 -
C ( = 0 ) 0 2 N 0 2 by means of the I N D O method14) which 
is reliable for bond angles but less so for bond 
lengths.14,15) The optimization, by means of a repeated 
SCF-procedure for the minimization of the total 
energy of a molecule, was conducted by changing 
the geometric parameters in turn until the opt imum 
conformations of identical bond length and angle 
(within ±0 .01 Â and 1°) were reached, the parameters 
of which are shown in Fig. 1. 

R e s u l t s a n d D i s c u s s i o n 

The o-type acetyl radical undergoes a rapid reac­
tion with 0 2 in air to form the acetylperoxy radical 
(APR) via the overlapping between the singly-occu­
pied (SO), sp2-like hybridized carbon orbital (spin 
density=0.62) on C H 3 C = 0 and the SO jrg-orbital 
of 0 2 with a binding energy of 180.6 kcal/mol. A P R 

Hl09'28' 126' 

Fig. 1. Optimized geometric parameters for CH 3 C-0, 
CH3C(=0)02 CH 3C(=0)0 2N0 2 , and CH3C(=0)02-
NO. (The H C - C ( = 0 ) - 0 0 fragment is on the same 
plane.) 

CHqC=0 

O O 

CH3-cf O or C H 3 - < / 
sc/ N o 

(3) 

(I) / O (II) 

corresponds to I which is energetically more stable 
than I I by 1.03 kcal/mol (rotational barrier around 
the C - O b o n d = 4 . 8 6 kcal/mol). The SO orbital 
(located at —0.504 a.u.) on the terminal oxygen 
(spin density=0.819) in APR, which expands per­
pendicularly to the C ( = 0 ) - 0 - 0 plane, is capable 
of coupling with the nitrogen SO orbital (at —0.489 
a.u.) on the N 0 2 (spin densi ty=0.383) or with that 
(at —0.454 a.u.) on the N O (spin density = 0.468). 
The minimized energetic process of the above cou­
pling reaction was followed by the optimization of 
the geometric parameters of C H 3 C ( = 0 ) 0 2 - N O 
or C H 3 C ( = 0 ) 0 2 - N 0 2 along the O - N bond. As 
can be seen from Table 1, the A P R - N O 2 reaction 
is more energetically favored than the A P R - N 0 2 reac­
tion. The most stable C H 3 C ( = 0 ) 0 2 N O and C H 3 C ( = 0 ) -
0 2 N 0 2 are obtained at an O - N distance of 1.28 and 
1.31 Â respectively. The nuclear-electron attraction 
(Ej) makes the A P R - N 0 2 reaction more favorable 
than the A P R - N O reaction, but the increase in the 
internuclear and interelectron repulsions (EN and 
En respectively) in the reaction is more remarkable 
in the A P R - N 0 2 reaction. Tha t the A P R - N O reac­
tion predominates the A P R - N 0 2 reaction agrees with 
the priority of C H 3 C ( = 0 ) 0 2 N O formation in the 
following competitive reactions: 

APR— 
k 

NO, 

-» CH3C(=0)02NO (4a) 

(£/£'-1.7 la>) 

-> CH 3 C(=0)0 2 N0 2 (4b) 

The relatively small amount of N O as compared 
with that of N 0 2 in air ( [ N O ] / [ N 0 2 ] = 0 . 1 (daytime)— 
l.O(night) in towns12)), however, does not make Re­
action 4a predominate over Reaction 4b in photo­
chemical smog. The calculated binding energy of 
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T A B L E 1. CHANGES IN THE GEOMETRIC PARAMETERS AND 

TOTAL ENERGIES (I\E) ALONG THE REACTION BETWEEN 

A P R AND N O a AND BETWEEN A P R AND N O 

Ä N O / Ä 

foo/Â 

»WÂ 

0/deg. 

a)/deg.a> 

0/deg. 

A£/a.u.b> 

oo 

1.20 
(1.20) 
1.20 

(1.16) 

138.5 

0.0 
(0.0) 

2.20 

1.20 
(1-21) 
1.20 

(1.16) 
100 
(90) 
0.0 

(180) 
142 
(92) 
0.135 

(0.122) 

1.75 

1.22 
(1.22) 
1.20 

(1.16) 
102 
(98) 
0.0 

(180) 
136 

(100) 
- 0 .058 

(-0.069) 

1.50 

1.23 
(1.23) 
1.20 

(1.16) 
105 

(107) 
0.0 

(180) 
134 

(109) 
-0 .213 

(-0.230) 

1.31 

1.23 
(1.24) 
1.20 

(1.16) 
110 

(113) 
0.0 

(180) 
128 

(115) 
-0 .292 

(-0.319) 

1.28 

(1.24) 

(1.20) 

(109) 

(180) 

(111) 

(-0.324) 

Values in parentheses are those for the APP-NO system, a) co = 0° in 
the following conformations, b) A-E=£totai(APR-N02 or APR-NO)— 
£ t 0 t a l (APR)-£ t 0 U 1 (N0 2 o r N O ) . 

Hints'lu:,- '••" 0 
K 

H!'l.U'j 1.37 ^ Q ^fecri^o. 
HlO'J 2S'i25* 1-27 0 

A 1.46 ° < 113 Aü(>C 

iïffo 

( H C - C ( = 0 ) - 0 0 fragment is in the same plane). 

the weakest O - O bond in C H 3 C ( = 0 ) O O N O (249 
kcal/mol) is less than that of the same bond in H 2 0 2 

(281 kcal/mol). Consequently, C H 3 C ( = 0 ) 0 2 N O under­
goes thermal decomposition through the following 
reaction. 

CH3C(=0)02NO > CH 3 C(=0)0 + NOa (5) 

PAN formed by Reaction 4b has many rotational 
isomers (Fig. 2). The rotational barrier around the 
0 - N 0 2 bond was found to be 10.2 kcal/mol, around 
the O - O bond 1.66 kcal/mol, and around the C - O 
bond 11.9 kcal/mol. The bond strength of the O - O 
linkage (binding ene rgy=273 kcal/mol) in PAN 

a>i = a>3 = 90°, a)2 = 270° 

1 
8.10 ^ = 90* 

<uitt)2 = 90° 
Ü)3 = 180° 

O)2 = Û)3 = 0 

„1 = 0" °"Z%' , *i = «3=90-

O2.05 t V̂ f 1 T 0.61 

6.76 

- J Q>3=^/U - | -

0,1=$=90 ' - f ro.16 ' T f 

0 , 3 = 0 3.16 I 
u)!=90°, o)2=270°, 0)3=0°! o 7.45 

8 - 3 8 o , 2 = 90° ,«»t=0 1 8 0 -
0)3 = 1 8 0 ° |tt>2=tt>3= j 

. I 2.59 
ü)i = ü)3 = 0 J I 4.52 
o.2=90° I 

1 
1 0 )1=0)2 = 0 ) 3 = 0 

Fig. 2. Relative stability of the rotamers of PAN 
(energy difference: kcal/mol. co1 = a>i = œ3 = 0 and 
dihedral angle of the two planes = 90° in the above 
energetically most stable conformation of PAN). 

is of the same magnitude as that of H 2 0 2 , so that 
PAN is also thermally decomposed in the following 
way:7> 

PAN [CH3C(=0)0-j-ONOa] 

[CH3-jC(=0)0] + O N 0 2 GH3ON02 + C 0 2 (6) 

where the binding energy of the C - C bond in CH3-
C ( = 0 ) 0 has been calculated as 249 kcal/mol. 
The photo-irradiation of PAN in the daytime, however, 
may bring about [n^?r*] type electron excitation 
on the carbonyl group (calculated excitation energy 
= 227 kcal/mol). Such an electron excitation on 
the carbonyl group results in a weakening of the neigh­
boring acyl bond in addition to that of the C = 0 
bond per se; the excitation decreased the overlap popu­
lation of the acyl bond by more than 10% with re­
spect to the same bond in the ground state. Thus, 
the decomposition of PAN in the daytime may be 
expressed as follows :7) 

PAN 
hv H 2 0 

> GH3G=0 + 0 2 N 0 2 > 

GH3ON02 + CH4 + CH3OH 4- HC0 2 H + NO, + 0 2 . 

(7) 

T h e radicals formed through the photochemical 
decomposition of PAN possibly abstract hydrogen 
from the SH group of the enzymes, thereby inactivat­
ing the enzymes via the formation of disulfides which 
are unobtainable from the ^-acetyl group oxidation 
by PAN (or by H A ) . 1 1 ) 
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Synopsis. The formation and dissipation kinetics of 
H 0 2 radical was investigated by means of UV absorption 
measurement in a gas mixture, H2 + ca. 1% 0 2 + a trace of 
Hg vapor which was irradiated by a 253.7 nm light pulse. 
The rate constant of the reaction 2H02—>H202-{-02 was 
determined to be (2.8±0.3) X 1012 cm3 mol-1 s-1. 

The reported values of the reaction rate constants 
of H O 2 which is relevant to photochemical pollution 
are not in very good agreement with each other.1) 
This may be attributed partly to lack of a reliable 
recombination rate constant of H 0 2 , since in most 
reactions the rate constants are determined relative 
to that of the recombination reaction. However, be­
cause of the difficulty in observing accurately the 
absolute concentration of H O a , the recombination rate 
constants determined in different reaction systems show 
a relatively large scatter.2-4) 

In this note, the direct lifetime measurement as well 
as the determination of its absolute concentration are 
described. The method of H O a formation is based 
on the association reaction of H and 0 2 , the former 
of which is produced by the Hg photo-sensitized decom­
position of H 2 . The method is essentially similar to 
the one employed by Hunziker and Wendt who observ­
ed the near I R absorption spectrum of H0 2 . 5 ) 

The experimental apparatus is schematically shown 
in Fig. 1. The H 2 gas containing ca. 1% 0 2 with a 
trace of Hg vapor is passed through a quartz cell, 
whose diameter and length are 3 and 30 cm, respec­
tively, its flow rate being controlled to be several tens 
c m 3 s - 1 at 1 a tm and at room temperature. The cell 
was surrounded by six low pressure Hg lamps which 
were turned on periodically with a pulse width of ca. 
20 ms and with a repetition frequency of several Hz . 
A d.c. source for the lamps was controlled by power 
transistors whose base current was supplied from a 
pulse generator. Thus, the Hg resonant light pulse 
with a rise time of 30 [j.s and variable pulse width was 
obtained. The U V light beam from a D 2 discharge 

Hg 
D2 LAMP 

EXHAUST 

i 

lamp was passed through the cell, and fed into a mono­
chromator. In order to measure a very weak absorp­
tion, the signal from the monochromator was digitized 
and accumulated to obtain the averaged signal of 
repeated light pulses. This made it possible to observe 
a change of transmittance as small as 5 X 10 - 5 . When 
a signal change A is obtained with the original light 
intensity of I0, the optical density of the absorption is 
defined by 

Z) = l n [ / 0 / ( / 0 - J ) ] = z l / / 0 

= M H 0 2 ] , (1) 

where ß is the absorption coefficient of H 0 2 and / is 
an optical pathlength. 

A transmittance change following the irradiation of 
the 253.7 nm light and its recovery after termination 
of the irradiation were found in the wavelength range 
of 200—250 nm as shown in Fig. 2. The absorption, 
which has a maximum intensity around 205 nm, is 
assigned to that of H 0 2 since the absorption disap­
pears with reduction of the 0 2 content even if its fraction 
in H 2 is less than 10 - 2 . H 0 2 must be formed by the 
reaction mechanism: 

Hg + hv (253.7 nm) 

Hg* + H2 -

Hg*, (Rl) 

- Hg + 2H, (R2) 

H + 0 2 + H2 > H 0 2 + H2. (R3) 

A large H g * quenching cross section of H 2 leads to 
the instantaneous formation of H atoms by irradiation 
of the H g resonant light pulse. In Fig. 2, the transmis­
sion of the 205 nm light begins to decrease at the onset 
of the 253.7 nm light pulse approaching gradually a 
stationary value. After termination of the light pulse, 
the transmission recovers to some extent, and for com-

100.00h 

99.99 h 

99.97 h 

99.95h 

Fig. 1. Block diagram of the apparatus. 

Time/ms 

Fig. 2. An example of the observed transmittance 
change at 205 nm. The flow rates of H2 and Oa 

are 500 and 5 cm3 min -1, respectively, and the 253.7 
nm light pulse width is 20 ms with its repetition 
frequency of 4 Hz. Number of data accumulated is 
256. 
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plete recovery a fairly long time, during which the 
cell is refilled with fresh gas, is necessary. 

Referring to the table of the reaction rate constants 
of HOa,1) the most probable reactions for the dissipa­
tion of H 0 2 must be as follows: 

H 0 2 + H 0 2 — > H 2 0 2 + 0 2 , (R4) 
H 0 2 + H > H2 + 0 2 . (R5) 

Reaction R 5 is excluded because [ H 0 2 ] is at most on 
the order of 10 - 1 1 mol c m - 3 in comparison with ca. 
10~7 mol c m - 3 of the 0 2 concentration. Thus, H atoms 
react with 0 2 rather than with H 0 2 . Hence, the 
following kinetic relation is derived; 

d[HOa]/d* = ai - 2£5[H02p, (2) 

where / represents the 253.7 nm radiation intensity 
per unit volume and time and a is a constant to de­
scribe the conversion of the absorbed light quan tum to 
moles of H 0 2 . After termination of the light pulse, 
Eq. 2 is integrated to give the relation 

(l /[H02] t) - ( l / [H0 2 ] t = J = 2k5(t-r), (3) 

where x is the duration of the light pulse. This equa­
tion is modified by substituting Eq. 1 as 

(1/A) - (llDt=T)=2(k5/ßl)(t-r). (4) 

Thus, the absorption coefficient must be known in 
order to determine the relevant reaction rate. 

Inspecting the data of Fig. 2, it is found that a sta­
tionary concentration of H 0 2 is not realized strictly 
during the irradiation of 253.7 nm light, and that the 
U V light does not recover its original intensity long 
after the termination of the light pulse. These facts 
may be attributed to the formation of H 2 0 2 which 
absorbs the U V light with an absorption coefficient 
smaller than that of H 0 2 . Hence, Eq. 1 should be 
corrected to 

D = M H O J + 07LH2Oa], (5) 

where ß' is the absorption coefficient of H 2 0 2 . O n 
the beginning of the irradiation, the increase of absorp­
tion intensity can be assumed to be solely due to the 
formation of H 0 2 , i.e., 

(dZ>/d*)« = o = Md[HO2]/d0<=0 

= ßlal. (6) 

Since the absorption at the final stage should originate 
from H 2 0 2 , that is the end product, the stoichiometric 
relation 

A=oo = jS7[H202]t = co = ß'laIr/22 (7) 

is satisfied. Substituting Eq. 7 into Eq. 6, the ab­
sorption coefficient ß may be determined by the use 
of the equation 

2Dt = oo/(dD/dt)t=0r = ß'/ß, (8) 

where ß' is known accurately.6) The absorption coef­
ficient thus determined is (1.80±0.14) X 106 cm2 m o l - 1 

at 205 nm in good agreement with the value reported.4) 
If we deal with the behavior of H 0 2 after termina­

tion of the light pulse, the following stoichiometric 
relation is obtained: 

[H0 2 ] t + 2[H202] t = 2[H202;UCO, (9) 

where t>r. Then, [ H 0 2 ] £ may be determined by 
the equation 

[H0 2L = \_D(t)-D(t=oo)]/l(ß-0.5ß') . (10) 

Time/ms 

Fig. 3. Plots of [ H 0 2 ] - 1 vs. time after the termination 
of the light pulse. A : 1% 0 2 in H2, O: 2%0 2 , 
• : 0.5% 0 2 . 

TABLE 1. RATE CONSTANT OF 2H0 2 —» H 2 0 2 + 0 2 

Investigator 

Foner & Hudson2) 
Hochanadel et al.*) 
Paukert & Jonston3) 
This work 

/t5/1012cm3mol-1s-1 

ca. 1.8 
5 .7±0 .5 
2 . 2 ± 0 . 3 
2 . 8 ± 0 . 3 

The reciprocals of the obtained values of [ H 0 2 ] t are 
plotted in Fig. 3 as a function of time lapse after ter­
mination of the light pulse, (t—r). According to Eq. 3 
the initial slope gives the relevant rate constant. A 
good linearity is found for the initial decay of [ H 0 2 ] 
supporting the second order reaction of the H 0 2 dis­
sipation. However, in a later stage, the bimolecular 
process becomes a minor one since atomic hydrogen 
or impurity molecules may react with H 0 2 , so that 
the plots of [ H 0 2 ] _ 1 vs. (t—r) deviate significantly from 
the linear line, although the quantity of H 0 2 which 
reacts in non-bimolecular processes is fairly small, 
probably less than 10% of the original [ H 0 2 ] . The 
rate constant obtained is given in Table 1 together with 
the literature values. 

This work was supported partly by a Grant-in-Aid 
for Scientific Research from the Ministry of Education 
(No. 111202). 

References 

1) A. G. Lloyd, Int. J. Chem. Kinet., 6, 169 (1974). 
2) S. N. Foner and R. L. Hudson, J. Chem. Phys., 21, 

1608 (1953). 
3) T. T. Paukert and H. S. Johnston, J. Chem. Phys., 

56, 2824 (1972). 
4) C. J. Hochanadel, J . A. Ghormley, and P. J. Ogren, 

J. Chem. Phys., 56, 4426 (1972). 
5) H. E. Hunziker and H. R. Wendt, J. Chem. Phys., 

60, 4622 (1974). 
6) R. B. Holt, G. K. McLane, and O. Oldenberg, J. 

Chem. Phys., 16, 255, 638 (1948). 



May, 1979] N O T E S 1529 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 5 2 ( 5 ) , 1529 1530 (1979) 

Matrix Representation of an Olefinic Reference Structure for 
Monocyclic Conjugated Compounds 
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Synopsis. A reference polynomial which represents 
an olefinic reference structure of a monocyclic conjugated 
system can be expressed in the form of a Hermitian matrix. 
Some interesting features of the reference structure have 
been deduced from it. 

The author has developed a graph theory of arom-
aticity,1»2) in which the resonance energy due to arom-
aticity is given as the difference between the total n-
electron energy of a conjugated compound and that 
of its olefinic reference structure. The reference energy 
of a conjugated hydrocarbon, i.e., the total yr-electron 
energy of its reference structure, has been defined by 
the following reference polynomial:1) 

LN/2-3 
R(X) = XN + S (-\yp(r)XN~*r, (i) 

where N is the number of sp2-carbon atoms in a con­
jugated system, [NI2] is the maximum integer not 
exceeding N/2, and p(r) is the number of ways of 
choosing r disjoint n bonds from the conjugated system.3) 
The reference energy is given as twice the sum of the 
larger [N/2] roots of the equation 

R(X) = 0. (2) 

A matrix representation of such a reference polynomial 
is possible for any monocyclic conjugated system, and 
is discussed below. 

Consider a monocyclic conjugated hydrocarbon with 
N sp2-carbon atoms, M of which constitute a closed 
n ring. The other carbon atoms, if any, belong to 
the substituent (s). Let an adjacency matrix4) for this 
conjugated system be denoted by A and the elements 
by aiy The matrix element a^ is therein equal to 
unity if there is a n bond between the atoms i-j. All 
the other matrix elements are zero. The eigenvalues 
of this matrix represent the orbital energies of a con­
jugated system. 

The elements of the matrix A are then changed as 
follows. If matrix element a^ corresponds to one of 
the M n bonds forming a n ring, it is weighted with 
a factor exp(i^ i jö), where the numerical value of 6 
is nj{2M), and 

-f 1 if atoms i—>j are arranged clockwise in 
a n ring of a conjugated system, and 

?U = 
- 1 if not. 

The remaining matrix elements are left unchanged. 
The resulting matrix is denoted by B and the elements 
by biy Matrix B is thus a weighted adjacency matrix. 

Next, consider a secular determinant defined by 

d(X) = ( - l ) * d e t | * - E * | , (4) 

where £ is a unit NxN matrix. O n expansion, 
Q(X) leads to a polynomial in X, the coefficients all 

being expressible in terms of the closed cyclic products 
of the type biSb^'"bvqbql.

&) Such products of more 
than two matrix elements represent a cyclic array of 
n bonds, i.e., a n ring, in a conjugated system. These 
products, however, vanish in the present case since 

bub. ij0jk***0pq0qi A w A i + bub^ybarybia = 2 COS 

The non-zero cyclic product is represented by 

1 (6) bifat = exp (0) 

for each n bond. Then, apply an extended version 
of Sachs' graph-theoretical theorem5) to the secular 
determinant QSX) with Eqs. 5 and 6 in mind, and 
the determinant will necessarily be expanded into 
the same polynomial as the reference polynomial for 
the same conjugated system, namely, 

R(X) = d(X). (7) 

I t has thus been proved that a reference polynomial 
for a monocyclic conjugated system can be expressed 
in the form of Eq. 4. Since matrix B is a Hermit ian 
matrix, the eigenvalues of the matrix, i.e., the roots 
of the equation Q(X)=0, are all real. 

For example, matrix B for styrene in Fig. 1 is 

/ 0 1 0 0 0 0 0 0 ^ 

1 0 1 0 0 0 0 0 

B = 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

2 * 

0 

0 

0 

2 

z 

0 

2 * 

0 

0 

0 

0 

2 

0 

2 * 

0 

0 

0 

0 

2 

0 

2 * 

0 

0 

0 

0 

2 

0 

2 * 

2 

0 

0 

0 

2 

0 

(8) 

where 

* = e x p ( ^ - i ) . (9) 

This matrix leads to the same polynomial as R(X) 
for this compound, i.e., 

Q(X) = R(X) = X*-8X« + 19X4 - 14*2 + 2. (10) 

From the present definition of matrix B, the following 

Fig. 1. A conjugated system of styrene. 
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equalities have been clarified for monocyclic conjugated 
hydrocarbons : 

T r B = T r ^ = 0, (11) 

TrB* = TrA2 = 2H, (12) 

where His the number of n bonds in an entire conjugat­
ed system. Note that the trace of a matrix is the sum 
of the eigenvalues. Equation 11 indicates that the 
sum of the orbital energies vanishes both for a conjugat­
ed system and its reference structure. Equation 12 
indicates that the sum of the orbital energies squared 
for a conjugated system is equal to that for its reference 
structure. According to extensive numerical analysis, 
these equalities appear to hold true for polycyclic 
conjugated hydrocarbons without exception. Since the 
sum of the orbital energies squared is preserved in 
the reference structure, it can be deduced that some of 
the occupied orbitals in a conjugated system must be 
energetically higher than the corresponding orbitals 
in its reference structure6) even if the conjugated system 
is aromatic with positive resonance energy. 

A reference polynomial for a monocyclic heterocyclic 
conjugated system can also be derived from the secular 

determinant simply by weighting the matrix elements 
with the same factors exp(i^ i jö) as in the case of mono­
cyclic conjugated hydrocarbons. It is interesting to 
note that, if 0=7r/Af, matrix B represents a Möbius 
conjugated system, i.e., a singly twisted conjugated 
system.7) 
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S y n o p s i s . T h e self-diffusion coefficient of nickel in 
nonstoichiometric nickel sulfide, Ni j -^S , was measured as a 
function of <5, using 63Ni in the temperature range of 550—750 
°G. At ô=0.028, the self-diffusion coefficient, D&, was 
expressed by the following equat ion: 

7 3 . 2 ± 9 . 2 / k J m o l - 1 \ , _x 
Z > * = 3 . 3 x 1 0 - 7 e x p ( — 

RT 

At 550 °C and 650 °C, D& increased with an increase in 
ô from 0 to 0.04 and tended to reach the saturation point 
above <5=0.04. 

G e n e r a l l y , t h e self-diffusion i n i n o r g a n i c crys ta ls 
takes p l a c e via p o i n t defects , so i t is necessa ry to k n o w 
t h e r e l a t i o n b e t w e e n t h e self-diffusion coefficient a n d 
t h e defect c o n c e n t r a t i o n i n o r d e r to e l u c i d a t e t h e dif­
fusion m e c h a n i s m . T h e r e h a v e , h o w e v e r , b e e n o n l y 
a few s tudies w h i c h h a v e d e t e r m i n e d t h e self-diffusion 
coefficient as a func t ion of t h e defect c o n c e n t r a t i o n . 
N i ! _ , S h a s a w i d e n o n s t o i c h i o m e t r i c r eg ion , <5.1-3) 
T h e p u r p o s e of t h e p r e s e n t s t u d y is t o d e t e r m i n e t h e 
self-diffusion coefficient of n icke l i n N i 1 - 3 S as a func t ion 
o f Ô a t 5 5 0 — 7 5 0 ° C . 

E x p e r i m e n t a l 

Specimen. The nickel sulfide was prepared by sulfidiz-
ing electrolytic nickel powder (99.99% purity) with sulfur 
purified by distillation in vacuo. 

They were reacted in a Vycor reaction tube, first at 400 °C 
for a week and then at 900 °C for 4 days to complete the 
sulfidization. A single crystal of nickel sulfide, 5 m m in 
diameter and 50 m m long, was grown by the Bridgeman 
method. T h e crystal orientation was determined by the 
Laue method. Disks, 2 m m in thickness, were cut perpen­
dicular to the c-axis from the single crystal by means of a 
crystal cutter and polished with polishing paper. 

Controlling of ô. A sulfide specimen and sulfur were 
sealed in an evacuated Vycor tube and placed in an electric 
furnace which had two different temperature zones. T h e 
specimen was set in the high-temperature zone (700 °G), 
while the sulfur was placed in the low-temperature zone. 
T h e specimen was then annealed for 4 days in sulfur vapor, 
whose vapor pressure was controlled by the lowest temper­
ature of the tube. T h e ô was determined using the relation 
between the sulfur pressure and <5,2> and doubly checked by 
means of the lattice constant using Laffitte's results.3) 

Diffusion Annealing. About 10 jxCi of 63Ni was applied 
to one end of the disk specimen, after which the specimen 
was placed in a Vycor tube, evacuated, and sealed. T h e n 
the tube was placed in an electric furnace kept a t a desired 
temperature for diffusion annealing. I n order to avoid any 

••Present address: National Institute for Researches in 
Inorganic Materials, Sakura-mura, Ibaragi . 

• • • P r e s e n t address: Onoda Cement Co., Ltd. , Fujiwara-
cho, Mie. 

change in composition resulting from the decomposition of 
sulfide, the volume of the reaction tube was minimized to 
about 3 cm3 . 

Measurement of the Self-diffusion Coefficient. After the 
diffusion-annealing the specimen was taken out and sectioned 
by successive grinding by means of a grinding machine which 
has been described elsewhere.5) T h e thickness of each layer 
was 5—10 [im, as determined from the weight decrease in 
the specimen after grinding. 

T h e radioactivity of 63Ni on the polishing paper was count­
ed by the liquid-scintillator-method, since /?-rays from 63Ni 
are too weak for the radioactivity to be measured by the 
use of a Geiger-Muller counter, especially at low radioactivity. 
Polishing paper smeared with sulfide powder was immersed 
in the liquid scintillator, and photons activated by /?-rays 
were measured by means of a photomultiplier. 

R e s u l t s a n d D i s c u s s i o n 

F i g u r e 1 shows t h e A r r h e n i u s p l o t for t h e self-dif­
fusion coefficient, D&, i n N i x . , S a t 0 = 0 . 0 2 8 . T h e 
D*i v a l u e o b t a i n e d b y K l o t s m a n a t «5=0.03 is also 
s h o w n i n t h e s a m e figure for t h e sake of c o m p a r i s o n . 
T h e r e is a g o o d a g r e e m e n t b e t w e e n t h e t w o resul t s . 
T h e p r e s e n t resu l t a t 5 = 0 . 0 2 8 c a n b e expressed b y 
t h e fo l lowing e q u a t i o n : 

7 3 . 2 ± 9 . 2 / k J m o l - 1 

D*L = 3 . 3 X 1 0 - 7 e x p ( -
RT 

S i n c e ô is c o n s t a n t , t h e a c t i v a t i o n e n e r g y , 73.2 k j m o l - 1 , 
i nd i ca t e s t h e e n t h a l p y of a c t i v a t i o n for t h e m i g r a t i o n 
of n icke l i n N i ^ j S . 

F i g u r e 2 shows t h e r e l a t i o n b e t w e e n D*i a n d Ô 

a t 550 ° C a n d 6 5 0 °G. D*L increases w i t h a n i n c r e a s e 
i n ô f rom 0 to 0 .04 a t b o t h t e m p e r a t u r e s . H o w e v e r , 

10 
.-H 

* S 5 

10 
.-12 

A: Klotsman 
(tf = 0.03) 

O: This Work 
U = 0.028) 

0 8 12 1-3 0-9 1-0 M 

r-vkK-1 

Fig. 1. Arrhenius plot of D*L in Ni j -^S . 
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Fig. 2. Relation between Dm and ô in Nij-^S. 

Z)?i is not linearly related to ô and tends to reach 
the saturation point above (5=0.04. A simple defect 
model would thus appear to be inappropriate for 
N i > - < s -

The same tendencies for the Z)*e in F e ^ ^ S , which 

has the same Ni-As type of crystal structure,6) and also 
for D*e in F e - ^ O 7 ) have been reported. The de­
pendence of the jD*e in F e ^ ^ O on ô was explained by 
the formation of clusters of iron vacancies.7) If the 
defect clusters are formed in N i ^ ^ S , the concentration 
of free vacancies that are responsible for the diffusion 
process would not be expected to be linearly related 
to the deviation from stoichiometry. To ascertain the 
defect structure of Nix_ ô S, detailed studies, for example, 
neutron and X-ray diffraction studies, are necessary. 

The authors wish to thank Dr. Koichi Kitazawa for 
his helpful discussions. 
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Synopsis. The origin of the phosphorescence observ­
ed for l,3,5-triphenyl-2-pyrazoline and its substituted deriv­
atives was investigated. Unlike the previously accepted 
conclusion, our conclusion is that the phosphorescence 
originates from the corresponding pyrazoles formed from 
the pyrazolines by the action of light. 

Numerous studies have been made of the electronic 
absorption and emission spectra of 1,3,5-triphenyl-
2-pyrazoline (TPP) and its derivatives. These com­
pounds exhibit three absorption bands, i.e., two in­
tense bands in the wavelength regions at around 230— 
260 nm and 350—420 nm, and a less intense one 
appearing frequently in the form of an inflection 
at the 300—330 nm region.1»2) O n excitation in the 
longest wavelength absorption band, an intense fluores­
cence with a quan tum yield of close to unity appears 
in nonpolar solvents, no phosphorescence being ob­
served.3'4) I t has been reported, however, that a 
weak, long-lived green phosphorescence is observed 
with T P P and some of its derivatives on excitation 
in the shorter wavelength absorption band by the 
light of 313 nm, and the phosphorescence has been 
ascribed as due to the 5-aryl group that constitutes 
an independent set of singlet and triplet levels from 
the conjugated jr-electron system A r - N - N = G - A r in the 
pyrazoline ring which is responsible for the character­
istic spectral features of T P P and its derivatives.2) 
This conclusion has been cited also in a recent publica­
tion by an independent researcher.5) 

4CH2-C3-C6H5 

1 " N2 

V 
TPP 

As a part of our studies on the physical and 
chemical properties of T P P and its derivatives,6) 
we have reinvestigated the origin of the phosphores­
cence emission observed for T P P and its derivatives. 
Three compounds, i.e., T P P , l,5-diphenyl-3-(jö-methoxy-
phenyl)-2-pyrazoline (MTPP) , and 1,5-diphenyl-
3- ( jö-dimethylaminophenyl) -2-pyrazoline (DMATPP) , 
were examined in the present study. The use of the 
amino-substituted T P P has made the assignment of 
the phosphorescence emission easy and successful. 
As shown in Fig. 1, T P P and M T P P purified by re­
peated recrystallizations exhibit a very weak phos­
phorescence in the wavelength region of 400 to 500 nm 
on excitation by the light of 300 to 320 nm, whereas 
only intense fluorescence appears in the wavelength 
region of 400 to 500 nm on excitation in the long-
wavelength absorption band of these compounds. 
The phosphorescence was so weak that it was detected 
under conditions of the maximum sensitivity of the 

instrument with a wide slit width. O n the other 
hand, D M A T P P purified by repeated recrystalliza­
tions shows a much more intense phosphorescence 
in the wavelength region of 440 to 550 nm on excita­
tion by the light of 300 to 340 nm (Fig. 2d), whereas 
on excitation in the long-wavelength absorption band, 
only intense fluorescence of D M A T P P appears in the 
wavelength region of 400 to 500 nm (Fig. 2a). I t 
was also found that, in the total emission spectrum 
(Fig. 2c), the appearance of the phosphorescence is 
accompanied by the appearance of a new fluores­
cence at around 350 to over 400 nm. T h e excitation 
spectra for the phosphorescence and the new fluores­
cence were found to be the same with each other, but 
different from that for the D M A T P P fluorescence 
at the 400 to 500 nm region which corresponds to the 
absorption spectrum of D M A T P P . 

These results indicate that the phosphorescence 
and the new fluorescence (in the case of D M A T P P ) 
observed on excitation by the light of 300 to 340 nm do 
not result from the singlet and triplet levels of the 5-
phenyl group in the pyrazoline ring as has been stated 
in the literature. Emitt ing impurities conceivable 
to be incorporated into the pyrazoline compounds 
during the synthetic process were examined, but 
their emission spectra did not agree with those shown 
in Figs. 1 and 2. I t was found that the intensity of 
the phosphorescence and the new fluorescence observed 
for D M A T P P increases when a sample solution was left 
to stand as it is for long days or after spectral measure­
ments were repeated, and that these emissions are 
extremely weak with respect to a virgin sample prepared 
in the dark throughout the processes of purification, 
drying, and preparation of a solution (Fig. 2b). These 

-t-> 

Ö 

o 

s 
350 400 450 500 

1/nm 

Fig. 1. Corrected phosphorescence spectra observed 
for TPP (a) and MTPP (b) on excitation by the 
light of 320 nm in MTHF at 77 K. 
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Fig. 2. Corrected emission spectra observed for 
DMATPP in MTHF at 77 K. 
a, b, and c: Total emission spectra; d: delayed 
emission spectrum. 
a: Fluorescence spectrum inherent to DMATPP 
observed on excitation by the light of 370 nm. b : 
Emission spectrum observed for a virgin smaple pre­
pared in the dark on excitation by the light of 320 nm. 
c: Emission spectrum observed on excitation by the 
light of 320 nm. d: Phosphorescence spectrum ob­
served on excitation by the light of 320 nm. 

results indicate that the impurity which is responsible 
for these emissions is derived from the pyrazoline com­
pound probably by the action of light such as sunlight, 
light from fluorescent room lamps, and the light 
employed for spectral measurements. Confirmation 
for this conjecture was obtained from the result 
that the intensity of the new emissions for D M A - T P P 
increases gradually on illuminating a sample so­
lution by the light of 366 nm using a 500 W high 
pressure mercury lamp, while the intensity of the 
D M A T P P fluorescence decreases with an isoemissive 
point at 396 nm.7) 

The phosphorescence and the new fluorescence 
observed for D M A T P P on excitation in the ostensible 
shorter wavelength absorption band were identified 
as the ones originating from the excitation of 1,5-
diphenyl-3- (/>-dimethylaminophenyl) pyrazole (DMAT-
PPzole) based on the identity of the shape and posi­
tion of the emission bands, the excitation spectra, 
and the lifetimes of the emissions with those of the 
authentic DMATPPzole ( r f = 7 . 2 n s at room temp, 
r p = 0 . 9 7 s at 77 K, in a degassed solution of 2-methyl-
tetrahydrofuran). Likewise, the phosphorescences ob­
served for T P P and M T P P were found to be identical 
with those of the corresponding pyrazoles, although 
the resolution of the vibrational structure of the phos­
phorescence bands shown in Fig. 1 is lower as compared 
with the phosphorescence bands of the authentic 
1,3,5-triphenylpyrazole (TPPzole) and 1,5-diphenyl-
3-(jft-methoxyphenyl)pyrazole (MTPPzole) . T h e ma­
jor reason why the emission due to the impurity 
pyrazole is much more intense for D M A T P P as com­
pared with T P P and M T P P is that DMATPPzole 
absorbs the light of 300 to 340 nm much more strongly 
than TPPzole and MTPPzole (^max(log e) in M T H F 
at room temp: 257 nm(4.46) for TPPzole; 261 nm 

(4.51) for MTPPzole : 290 nm(4.54) for DMATPPzole) . 
Although the photochemical conversion of T P P and 

its derivatives into the corresponding pyrazoles has 
been known,8) the present sudy of the measurement 
of the emission spectra has revealed that these com­
pounds are very sensitive to light. The phenomena 
observed in the emission spectra seem to be general 
with many other derivatives of T P P which undergo 
photodehydrogenation. T P P and its derivatives have 
found applications for practical use, e.g., as fluorescent 
whitening agents,9) and as material for electrophoto­
graphy.10) The chemical properties described above 
should be taken into account in evaluating the function 
of these materials. 

Exper imenta l 

Materials. TPP (mp 141—2 °C), MTPP (mp 140.5— 
141.5 °C) were prepared according to the known procedure,11) 
purified by repeated recrystallizations from EtOH and dried 
in vacuo. DMATPP (mp 199.5—201 °C) was synthesized 
in a similar manner by the reaction of Phenylhydrazine with 
l-(/>-dimethylaminophenyl)-3-phenyl-2-propenone which was 
obtained by the reaction of /?-dimethylaminoacetophenone 
with benzaldehyde, purified by repeated recrystallizations 
from EtOH and dried in vacuo. TPPzole (mp 138— 
138.5 °C), MTPPzole (mp 141—142 °G), and DMATP­
Pzole (149—149.5 °C) were prepared from the corresponding 
pyrazolines by the dehydrogenation reaction with chloranil 
in refluxing xylene, followed by column chromatography 
over neutral alumina, recrystallized several times from EtOH, 
and dried in vacuo. 

Spectral Measurement. The electronic absorption spectra 
were recorded with a Hitachi 124 spectrophotometer. The 
emission and excitation spectra were recorded with a Hitachi 
MPF-3 spectrofluorometer fitted with a R446 photomultiplier. 
The concentration of the solution was ca. 2x l0 _ 5 mol / l . 
The fluorescence lifetime was measured by means of a pulsed 
N2 laser with a pulse width of ca. 2 ns and repetition of ca. 
3 Hz. 
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Rate and Mechanism of the Complex Formation of Thallium(III) with 
4-(2-Pyridylazo)resorcinol (PAR) in Aqueous Solution1 

Ryuichi F U N A D A , ^ Tai ra IMAMURA, and Masatoshi FUJIMOTO* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received July 26, 1978) 

Synopsis. The kinetics of complex formation of 
Tl(III) with PAR (LH3+) was studied in aqueous solution 
at 25 °C, [H+] = 0.1—1.0 mol dm-3, and ionic strength / = 
2.0 mol dm-3 (NaC104). The formation rate constants kt 

and k2 assigned to the reactions of Tl3+ and T10H2+ with 
LH3+ were determined to be 4.1x10* and 1.8x 105 mol -1-
dm3 s_1, respectively. The rate data were discussed in com­
parison with those for Tl(III)-Semi-Xylenol Orange system. 

Thal l ium(II I ) has been reported to form colored 
complexes with some o-hydroxy azo multidentate 
ligands as PAR and its analogs even in acidic media.1,2) 
However, no kinetic studies have been reported so 
far except for our early work on the complex formation 
of T l ( I I I ) with Semi-Xylenol Orange, S X O , which 
gives the rate constant 3 x 105 mo l - 1 dm 3 s"1 for the 
reaction of T10H 2 + and a neutral species of S X O , 
H4SXO°.3 '4) In the present paper we report the 
kinetic data for the complex formation of T l ( I I I ) 
with PAR, in order to compare the rate constants 
with those for the reaction of T l ( I I I ) with S X O . 

PAR (LH+) 

In the proton concentrations 0.1—1.0 mol d m - 3 

the formation of 1 : 1 T1( I I I ) -PAR complex was 
confirmed by means of the method of continuous vari-

Fig. 1. Dependence of rate constants, A;obsd, on total 
concentrations of Tl(III) at various proton concentra­
tions. [H+] = 0.2 (©), 0.3 O ) , 0.5 (O), and 0.6 mol-
dm-3 ( # ) . [PAR]0 = 2.49X10-5 mol dm-3. 7=2.0 
mol dm-3 (NaCl04-HC104) and 25 °G. 

t Presented at the 1978 Winter Meeting in Hokkaido 
of the Chemical Socity of Japan and the Japan Society 
for Analytical Chemistry, Sapporo, February 2, 1978. 

tt Present address: Hitachi, Ltd., Hitachi 317. 

ation at 520 nm, the absorption maximum of the 
complex.5) For the kinetic measurements the total 
concentration of T l ( I I I ) was kept at least in ten­
fold excess over the PAR concentration. The change 
in the absorbance at 560 nm, a shoulder of the absorp­
tion spectrum of 1 : 1 complex, was followed by stop-
ped-flow technique. This wavelength was adopted 
for the measurements in order to avoid the influence 
of the absorbance of the free ligand. Under the ex­
perimental conditions the value of the pseudo-first-
order rate constants, kohsd, did not depend on the 
total concentrations of PAR. 

Figure 1 shows the dependence of the pseudo-first-
order rate constants, kohsû, on the total concentration 
of T l ( I I I ) , [T1(III)]0 , at various proton concentra­
tions. T h e slopes and the intercepts of the straight 
lines give the overall rate constants, kt and kd, for the 
formation and dissociation of 1 : 1 complexes, re­
spectively. 

The acid-dissociation constants of PAR, 7<rc=[LH,] x 
[H+]/[LH8+] = 1 0 - 3 1 mol dm-3 ,1) suggests that "the 
protonated species of PAR, LH3+, should be the main 
species responsible for the complex formation in the 
acidic region as [ H + ] = 0 . 1 — 1 . 0 m o l d m ~ 3 . 

According to the following scheme with due consid­
erations on the contribution of a base-catalyzed 
path and the equilibria for very fast protolytic reac­
tions 

kn 
„ , 3 + + -*• ^ ( n + l ) + , 
T l + L H 3 S- T1LH* + ( 3 - n ) H + 

A k - 1 A 

T 1 0 H 2 + + LH+ s T 1 0 H L H * + + ( 3 - n ) H + 

k - 2 

the formation rate constant kf can be expressed as 
follows, 

= ^[H+] + k2K& 
f [H+] + K& 

or 

* f([H+]+* a) = ^ [ H + ] + M: a . 

The plot of £ f ( [ H + ] + i y against [H+] gives a 
straight line as shown in Fig. 2.6) From the slope and 
the intercept the rate constants were determined to 
be £ i = 4 . 1 x l 0 4 and k2=l.8x 105 mol" 1 dm 3 s"1, re­
spectively. 

The value of kz was in the same order of magnitude 
as the formation rate constant for the reaction of Tl-
OH 2 + and H 4 SXO°. For the completion of the com­
plex formation between T l ( I I I ) and multidentate 
ligand S X O , the cleavage of the hydrogen-bond 
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T 1 1 1 r 

°0 0.2 0.4 0.6 0.8 1.0 

[H+]/mol dm-3 

Fig. 2. Plots of Af([H+] + Äa) versus [H+] at 25 °C 
and 7-2 .0 mol dm-3 (NaC104-HC104). Xa-10"1-14 

mol dm-3.10) 

between the o-hydroxyl group and the nitrogen of 
iminodiacetate group should necessarily be involved. 
As regards the first step of the complex formation of 
PAR with T l ( I I I ) two reaction paths are possible, 
namely, the first attack of metal ion on the protonated 
pyridyl nitrogen or the first attack of metal ion on the 
intramolecular hydrogen-bond between the o-hydroxyl 
group and the azo nitrogen. However, the attack 
at the protonated unipositive pyridyl group of PAR 
is very unlikely as reported in the case of the G o ( I I ) -
PAR7) and the N i ( I I ) - P A R system.8) Furthermore, 
it is surprising that the rate constant for the complex 
formation of T l ( I I I ) with PAR is in the same order 
of magnitude as that of T l ( I I I ) - S X O despite the dif­
ferences in the structure, charge type, and the donor 
atoms between these two ligands. This fact suggests 
the control of the reaction rate by the step of dissocia­
tion of the coordinated water molecule from aqua 
T l ( I I I ) ion. I t is likely that the first attack of T l ( I I I ) 
ion occurs on the hydrogen-bond between the o-hydro­
xyl group and azo nitrogen of PAR to form the com­
plex.9) 

E x p e r i m e n t a l 

Measurements. All measurements were carried out at 
25.0±0.2 °C and ionic strength 2.0 (NaC104-HC104). The 
kinetic measurements were carried out with a stopped-flow 
spectrometer Yanagimoto SPS-1. The absorption spectra 
were measured with a Hitachi recording spectrophotometer 
EPS-3T. 

Materials. All reagents are of analytical grade, unless 
otherwise specified. Water was deionized and distilled. A 
stock solution of Tl(III) Perchlorate was prepared by anodic 
oxidation of T1(I) Perchlorate in 2 mol dm - 3 perchloric 
acid.10) The concentration of Tl(III) was determined titri-
metrically with EDTA using XO as an indicator.11) The 
stock solution was stored in the dark. The monohydrate 
of monosodium salt of PAR was synthesized and purified 
by repeating recrystallization from ethanol.2) The purity 
was confirmed by elemental analysis.7) 
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Kinetics of the Substitution of Acetonitrile in (Acetonitrile)chloro-
bis(triphenylphosphine)rhodium(I) by Triphenylphosphine 
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Synopsis. The substitution of coordinated aceto­
nitrile in (acetonitrile) chlorobis (triphenylphosphine) rho­
dium (I) by triphenylphosphine was studied in benzene 
by the stopped-flow method under anaerobic conditions. 
The reaction was found to proceed through both an associ­
ative and a dissociative path to yield chlorotris(triphenyl­
phosphine) rhodium (I) . 

The catalytic activity of Wilkinson's complex, 
RhClL 3 (L = PPh3) , in homogeneous hydrogénations 
strongly depends on the nature of the solvent. The 
highest activities are usually observed in weakly co­
ordinating solvents.1^ Hydrogénation is practically 
inhibited in a strongly coordinating solvent such as 
acetonitrile.2 '3) Since kinetic data on coordination 
of the solvent molecule to the rhodium catalyst are 
limited,4 '5) we have carried out a kinetic study on 
the coordination of an acetonitrile molecule to the 
Wilkinson's complex: 

RhClL3 + CH3CN ^ = ^ RhCl(NCCH3)L2 + L. (1) 

Since the direct measurement of the reaction between 
RhClLg and CH 3 CN was difficult because of the small 
equilibrium constant K and partial dimerization of 
RhCLL3, 2 R h C l L 3 ^ ^ ( R h C L L 2 ) 2 + 2 L , we measured 
the reverse reaction observed upon addition of PPh 3 

to RhCl (NCCH 3 )L 2 in benzene. 
Equilibria. When a solution of PPh 3 is added 

to a solution of RhCl (NCCH 3 )L 2 , the absorption 
spectrum of the latter changes to that of RhClL 3 . 
The equilibrium constant for Reaction 1 is expressed 
as follows: 

K-
[RhCl(NGCH3)L2][L] _ (A*-^)[L]add 

[RhGlL3][GH3GN] ~ (A-A0)[GH3GN] ' (2) 

where A, A0, Aœ, and [L] a d d denote the absorbance 
at equilibrium, the initial absorbance, the limiting 
absorbance at high [PPh3] , and the concentration 
of PPh 3 added, respectively. Figure 1 shows a typical 
change in absorbance at 500 nm at [CH 3 CN] = 1.9 
mol d m - 3 . The solid line is reproduced by assuming 
X = 1 . 0 x l 0 - 3 , ^ 0 = 0 . 0 7 7 , and A o = 0 . 3 3 0 in Eq. 2, 
the result showing good agreement with experimental 
values. 

At [GH8GN] = 1.0 and 3.8 mol dm"3 , the value of 
K was calculated to be 1.3 X 10 3 and 0.9 X 10 3, re­
spectively, giving the average equilibrium constant 
# a v = l . l x l 0 - 3 . 

Kinetics. The rate of substitution of CH 3 CN 
in RhCl (NCCH 3 )L 2 by PPh 3 was measured at 500 
nm using a single exponential change observed upon 
addition of a solution of PPh 3 to a solution of Rh-
C1(NCCH3)L2 . Observed rate constants, £obsd, were 
proportional to [PPh3] at constant [CH 3 CN] (Fig. 2). 
The dependence of kQhsd on [CH 3 CN] at constant 

[PPh3]/10-3moldm-3 

Fig. 1. Change in absorbance of the solution of 
RhCl(NCCH3)(PPh3)2 by the addition of PPh3 at 
500 nm. Solid line is reproduced by assuming Eq. 2 
with X = 1 . 0 x l 0 - 3 , ^O=0.077, and ,4 = 0.330. [Rh-
Cl(NCCH3)(PPh3)2]0==5.4x 10~4 mol dm~3. 

Fig. 2. 

[PPh3]/10-2moldm-3 

The dependence of &obsd on the concentration 
of PPh3; [RhCl(NCCH3) (PPh3)2]0 = 3.9 X 10~4 mol • 
dm-3 and [GH3GN] = 0.50 (O), 1.0 ( 3 ) , and 2.9 
(# ) mol dm - 3 . 

[GH3GN]/mol dm"3 

Fig. 3. The dependence of £obsd on the concentration 
of GH3GN. [RhCl(NCCH3) (PPh3)2]0=4.0 X 10~4 and 
[PPh3] = 3.7 X 10-2 mol dm-3. 
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[PPh3] is shown in Fig. 3. From Figs. 2 and 3 the 
observed rate constant is given by 

The following reaction mechanism is postulated for 
the interpretation of the above relationship: 

RhClL3 + CH3CN ;==* RhCl(NCCH3)L3 

h\U-3 **\\k-4 (4) 

RhGlL2 + GH3GN ^=± RhCl(NGCH3)L2. 
+ L k-2 -f L 

By applying the steady-state approximation to the 
intermediate species, RhClL 2 and RhCl(NCCH 3 )L 3 J 

we obtain 

_ ^ 4 [ C H 8 C N ] -\-k^k^[L,] 

*obsd " k^+kT " 
^ [ C H 3 C N ] + * - 2 * - 3 [ L ] 

^[CH3CN] + *-3[L] ' [ } 

The rate terms for the reaction between RhClL 3 and 
GH3GN, ^ [ C H g C N ] and £2Ä;3[GH3GN], can be 
neglected, since Equilibrium 1 lies far to the left-
hand side under the reaction conditions. If A:_3[L] 
is small as compared with £ 2 [GH 3 CN], viz., the 
step RhCl (NCCH 3 )L 2 ^ RhClL 2 + CH 3 GN is pre-
equilibrated, Eq. 5 is modified as 

k°™ = I x ^ T + ̂ f ' [CH3CNj|[L]" (6) 

The equation was found to fit the kinetic data for 
the values, £_1A;_4/(A;_1+A;4) = 2 . 4 x 102 mol" 1 dm 3 s"1 

and A:_3/A:2=3.5 x 102 s_1. The value of k3 is calculated 
to be 0.39 s _ 1 from the overall equilibrium constant 
^T=^T2A:3/A:_3=1.1 X 10~3. The value of k3 agrees 
with the value 0.4 s _ 1 obtained from the experiment 
on the substitution of a coordinated PPh 3 in RhClL 3 

by C2H4,6) even when an experimental error (about 
20%) is taken into consideration. The results indicate 
that both the associative and dissociative paths exist. 

Schrock and Osborn suggested that an acetonitrile 
should compete with an olefin for coordination site 
on the central metal.5) Thus, it is expected that an 
olefin cannot coordinate to RhCl (NCCH 3 )L 2 without 
prior dissociation of CH 3 CN (Eq. 7) as observed in 
the case of RhClL 3 (Eq. 8).6) Actually, ethylene 
cannot coordinate to RhCl (NCCH 3 )L 2 without dis­
sociation of GHoGN.7> 

RhCl(NCCH3)L2 + Ol ^ = ^ RhCl(ol)L2 + GH3GN (7) 

RhClL3 + Ol ^ = ^ RhCl(ol)L2 + L, (8) 

where Ol denotes olefin. In the case of cyclohexene, 
K" is too small to be determined by the spectrophoto-
metric method; styrene has an even smaller K" (2.4X 
10~4)8) than K for acetonitrile. Thus, Reaction 
7 in the solution containing a considerable amount of 
acetonitrile lies far to the left-hand side under the 
conditions of hydrogénation. The coordination of 
GH 3GN suppresses the formation of olefin complexes, 
RhCl(ol)L 2 and RhClH2(ol)L2 , the rate of hydro­
génation of the olefins being lowered in acetonitrile. 

Exper imenta l 

RhCl(C2H4)(PPh3)2 was prepared according to Osborn 
et al.2) A solution of RhCl(NCCH3)(PPh3)2 was prepared 
by dissolving RhCl(C2H4)(PPh3)2 in benzene containing 
an appropriate amount of CH3CN, the coordinated G2H4 

being easily replaced by GH3GN.9) Benzene and aceto­
nitrile were distilled. Distilled acetonitrile contained 0.06 
mol dm - 3 of water, which affected neither the spectrum 
nor the reaction rate. All the measurements were carried 
out at 20zt0.2 °G in oxygen-free benzene. Equilibrium 
measurements were carried out in vacuo with a Hitachi 
EPS-3T spectrophotometer. The rate of substitution of 
the coordinated GH3CN in RhCl(NCCH3)(PPh3)2 by PPh3 

was measured with a Union Giken RA-1300 stopped-flow 
apparatus under nitrogen atmosphere. 
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Convenient Synthesis of ^-Leucine and the Optical Resolution 

of the iV-Benzyloxycarbonyl Derivative1* 
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Synopsis. ^-Leucine has been conveniently pre­
pared on a large scale from the phenylhydrazone of tri-
methylpyruvic acid, which was readily obtained as a precipi­
tate from the oxidation of pinacolone. The iV-benzyloxy-
carbonyl derivative of DL-i-leucine has been resolved with 
quinine and quinidine in ethanol. 

In the course of investigation,2) it has been necessary 
to prepare optically active Meucine on a large scale. 
For this purpose the route shown in Scheme was chosen. 

KMnO, PhNHNH2 

Me3G-GO-GH3 > [Me3C-CO-COOH] • 
OH-

H2/Pd-C 

Me3G-G-GOOH > Me3G-GH-COOH 

NNHPh NH2 

(I) (II) 

Scheme. 

Pinacolone has been oxidized with aqueous alkaline 
permanganate to trimethylpyruvic acid.3) This keto 
acid has been converted, without isolation, into the 
insoluble phenylhydrazone (I) and separated by filtra­
tion. Hydrogénation of I in the presence of palladium 
on carbon gave ^-leucine (II) in good yield. 

i\f-Z-DL-£-Leucine (III) has been resolved with qui­
nine and quinidine in ethanol, and the optical purities 
of the resolved isomers confirmed by gas chromato­
graphic analysis4) after conversion to the JV-pivaloyl-
Meucyl-L-valine methyl ester. 

Exper imenta l 

All melting points are uncorrected. Optical rotations 
have been measured by Yanagimoto OR-10 and JASGO 
DIP-4 Polarimeters. 

Phenylhydrazone of Trimethylpyruvic Acid (I). Pinacol­
one (50 g) was oxidized with alkaline potassium perman­
ganate (160 g) by Knoop's method.3) To the filtrate of 
the reaction mixture (ca. 5.51), after neutralization with 
HCl, was added Phenylhydrazine (65 g) dissolved in acetic 
acid (250 ml) and the mixture allowed to stand at room 
temperature overnight. The resulting precipitates were 
separated by filtration, dried, and recrystallized from 70% 
ethanol, affording pale yellow needles (84 g, 76%) of mp 
157—158 °G (lit,5) mp 157—158 °C). 

Hydrogénation of the Phenylhydrazone (I). The phenyl­
hydrazone (I) (100 g) was dissolved in a mixture of ethanol 
and water (510 ml EtOH+75 ml H 2 0) , and hydrogenated 

** Morishita Pharmaceutical Co., Ltd., 29, 4-Chome, 
Doshomachi, Higashi-ku, Osaka 541. 

with 5% Pd-G (20 g) at 70 °G under an initial pressure of 
50—140 kg/cm2. The resulting solution was removed 
from the catalyst and evaporated to dryness under reduced 
pressure. The residue was dried sufficiently and washed 
repeatedly with dry benzene. The crude DL-f-leucine 
(II) (53.7 g ; mp248—251 °G (sublime)) was recrystallized 
from aqueous acetone; yield, 41.6 g (70%); mp 250—251 
°G (sublime) (lit,6-7) mp 250 °G (sublime)). 

Optical Resolution of N-Z-m,-t-Leucine(III). Thirty-
eight mmol of III8) and quinine (or quinidine) were dissolved 
in hot ethanol (90 ml), and the precipitated white crystals 
recrystallized from ethanol four times. The purified salt 
was suspended in ethyl acetate, and shaken with 2 M HCl 
to remove the base, and subjected to the usual work-up. 
The optically active f-leucine was obtained by hydrogénation 
of the corresponding N-Z-derivative. 

iV-Z-D-f-Leucine quinine salt: mp 166—167 °C, [a]n 
-106.5° (c 1.0, MeOH). Found: G, 69.46; H, 7.47; N, 
7.12%. Calcd for G34H43N306: C, 69.24; H, 7.35; N, 7.13%. 

JV-Z-D-f-Leucine: syrup, [a]2D° +5.9° (c 1.0, MeOH). 
iV-Z-D-/-Leucine dicyclohexylamine (DGHA) salt: mp 

165.5—166 °G (from EtOH-EtaO), [a]sD° +8.5° (c 1.0, 
MeOH). Found: G, 69.90; H, 9.56; N, 6.04%. Calcd 
for G26H42N204: C, 69.92; H, 9.48; N, 6.27%. 

D-f-Leucine: mp 250—252 °G (sublime), [a]2
D' +10.5° (c 

1.0, H 2 0) , [a]2
D

8 -29.1° (c 1.0, AcOH) (lit,9) [a]2
D°+10.01° 

(c 5.19, H 2 0) (cf. Refs. 3 and 10)). Found: G, 54.74; H, 
9.87; N, 10.35%. 

JV-Z-L-f-Leucine quinidine salt: mp 134—136 °G (ca. 
98 °C sinter), [a]2D° +127.7° (c 1.0, MeOH). 

iV-Z-L-J-Leucine: syrup, [a]2D° -6 .0° (c 1.0, MeOH). 
JV-Z-L-f-Leucine DCHA salt: mp 166—166.5 °C (from 

EtOH-EtaO), [a]2D° -8 .7° (c 1.0, MeOH)(lit,11) mp 165— 
168 °C, [a]D - 8 .4 ° (c 0.59, MeOH)). Found: C, 69.79; 
H, 9.35; N, 5.98%. 

L-f-Leucine: mp 250—252 °C (sublime), [a]2^ -10.9° 
(c 1.0, H 2 0) , [a]2

D
6 +30.0° (c 1.0, AcOH) (lit, mp 250 °G 

(sublime),12) [a]»-5 -10.15° (c 4.63, H20)9) (cf. Refs. 3, 
10, and 13), [a]2D

B +36.0° (c 2, AcOH)3)). Found: C, 
54.77; H, 9.91; N, 10.35%. 

T h e present work was supported by a Grant-in-Aid 
for Scientific Research from the Ministry of Education. 
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Synopsis. iV-Imidoyliminotriphenylphosphoranes 2 
have been prepared by the reaction of triphenylphosphine 
with iV-chloroamidines followed by treatment with base. 
2 can react readily with hydrochloric acid or methyl 
iodide to give the corresponding salts. Treatment of 2 
with carbon disulfide gave JV-(thioacyl)iminotriphenyl-
phosphoranes together with isothiocyanates. 

In a previous paper1) the reaction of imidoyltriphenyl-
phosphonium methylides 1 with carbon disulfide was 
reported. The products were a result of the attack 
on either the ylide carbon atom or the imidoyl nitrogen 
atom. 
Imincphosphoranes show similar chemical properties 
to those of phosphonium methylides.2) In this paper 
the reaction of JV-imidoyliminotriphenylphosphoranes 
2 with carbon disulfide and halides will be reported. 

Iminophosphoranes 2 have been prepared by the 
reaction of JV-(l-chloro-2,2-diphenylvinyl)iminophos-
phorane, prepared from chlorodiphenylacetonitrile and 
triphenylphosphine, with aromatic amines3) or the reac­
tion of iV-chlorobenzamidines with triphenylphosphine 
followed by treatment with base.4) In the reports 
however, no information of the nature of the com­
pounds 2 was reported. Based on the second route, 
several iminophosphoranes 2 have been synthesized to 
give moderate yields, the results of which are given 
in Table 1. The hydrochloric acid salts of 2 (Rx = 
aryl, R 2 = C H P h 2 ) , prepared by the reaction of 2 with 
hydrochloric acid, have been found to be 3 ( R 1 = a r y l , 
R 2 = C H P h 2 ) 3 ) [protonation on imidoyl nitrogen] not 
4 [protonation on the nitrogen atom of iminophos-
phorane]. 

The structure of 3 has been elucidated by N M R 
analysis of the N - C = N H proton,3) which shows a down 
field shift due to the electron withdrawing group 
R1.3) The N H protons in 3 ( R ^ - M e g N C ^ , R 2 = 
CHPh2) and 3 ( R ^ - N C ^ C Ä , R 2 = C H P h 2 ) appear 

at Ô 11.4 and 12.8 in CDC13, respectively. 
Elucidation of the structure of the hydrochloric acid 

salts of 2a— i posed difficulties. T h e salt of 2h, however, 
was confirmed as 3h and not 4h on the basis of the 
N M R studies. T h e N M e protons of 2 h appear at 
ô 3.23 as a doublet due to coupling with phosphorous 
( 5 y p N C N C H =2 Hz) . T h e N M e protons of the hydro­
chloride of 2h in CDC13 appear at ô 3.36 as a 
doublet ( 7 = 5 Hz) . The addition of D 2 0 to the solu­
tion disappeared the splitting indicating that the 
splitting is due to H N C H interaction not P N C N C H . 

The reaction of 2 with methyl iodide was conducted 
at room temperature to give 5 ( R = M e ) . T h e struc­
tures of the products were elucidated on the basis of 
the N M R results (Table 3). The N M e protons of 

© /NRRi © e T ^NRi Q 
Ph3P-N=C I Ph3P-N-C I 

\ R 2 \ R 2 
5 6 

R 

e / N -
Ph3P-N=C 

\ R 2 

5' 

R1 e 
1 ^ = ± 

R 1 

e / N -
Ph3P-N=C 

\R2 
5 " 

R e 
I 

5 show no coupling with phosphorus, indicating that 
methylation of the nitrogen atom in the imidoyl group 
occurs, since VPNCH—10—12 Hz5) has been reported 

© 
for compounds of the type Ph 3 PNCH 3 . 
The N M R spectra of 5 derived from 2h with ethyl 
iodide and 2i with methyl iodide showed two groups 
of peaks of the same intensity (Table 3), indicating the 
presence of two isomers 5 ' and 5",6) especially in the 
case of sterically hindered compounds 5e, f, h , i. 

The reaction of iV-alkyl or aryl iminotriphenylphos-
phoranes with carbon disulfide has been shown to 
give phosphine sulfide and isothiocyanates.2) In con­
trast, it was found here that iminophosphorane 2 

.NR1 •NR1 /NHR1 © ^NHR1 © 
Ph3P=C£ 

2a 

2b 

2c 

2d 

2e 

2f 

2g 
2h 

2i 

1 

R l 

/.-MeCjHj 

Ph 

m-MeC6H, 

Ph 

o-MeC,H4 

Ph 

Ph 

Me 

Et 

IC 
\ R 2 

R 2 

Ph 

/>-MeC,H4 

Ph 

m-MeCsH4 

Ph 

o-MeC.Hj 

P h 

Ph 

Ph 

Yield 

(%) 

37 

48 

39 

44 

23 

38 

49 

30 

25 

P h 3 P ^ 

2 

M P (°C) 

161 —163~ 

199—202 

177—180 

173—174 

172—174 

169—172 

157—159 

172—175 

160—161 

ÏC Ph3P-N=C CI 
\ R 2 \ R 2 

3 

[ <-> Ph3P=N-C 

3 ' 

! 1 
\ R 2 

TABLE 1. PREPARATION AND PHYSICAL PROPERTIES OF 2 

N M R (<5 in CDC13) 

2.17(s, Me), 6.7—7.7(m, arom) 

2.20(s, Me), 6.3—8.1 (m, arom) 

2.13(s, Me), 6.2—8.2(m, arom) 

2.18(s, Me), 6.3—8.1 (m, arom) 

2.18(s, Me), 7.1—8.1(m, arom) 

2.15(s, Me), 6.1—8.1 (m, arom) 

6.6—8.3(m, arom) 

3.23(d, J = 2 , Me), 
6.9—8.0(m, arom) 

1.84(t, y = 7 , Me), 4.16(q, CH2) 
6.5—7.7(m, arom) 

I R (KBr) 
c m - 1 

1530 1340 

1530 1340 

1530 1340 

1530 1340 

1520 1330 

1500 1300 

1520 1340 

1630 1390 

1630 1390 

M+ 

470 

470 

470 

470 

470 

470 

456 

394 

Cl Ph3P-NH-C Gl 
\ R 2 

Found (Calcd) (%) 

C 

81.32(81.68) 

81.52(81.68) 

81.74(81.68) 

81.43(81.68) 

81.63(81.68) 

81.55(81.68) 

81.33(81.56) 

78.98(79.19) 

79.73(79.39) 

H 

5.92(5.78) 

5.64(5.78) 

5.81(5.78) 

5.71(5.78) 

6.04(5.78) 

5.54(5.78) 

5.37(5.52) 

6.03(5.88) 

6.03(6.17) 

N 

5 .81(5 .95)^ 

6.01(5.95) 

5.77(5.95) 

5.84(5.95) 

5.83(5.95) 

6.19(5.95) 

5.94(6.14) 

6.91(7.10) 

6.41 (6.86) 

R 

Temp 
(°C) 

25 

25 

25 

25 

70 

70 

25 

25 

4 

eaction with CSa 

T{™ Products (o/o) 

3 6a (96), RiNCS(85) 

3 6b (92), R1NCS(81) 

3 6a (90), R1NCS(79) 

3 6c (87), RiNCS(88) 

2 6a (89), R1NCS(64) 

3 6d(72), R1NCS(57) 

3 6a (94), R1NCS(83) 

1 6a (93), R1NCS(95) 
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T A B L E 2. T H E H C l SALTS OF 2 

3a 

3b 

3c 

3d 

3e 

3f 

3g 
3h 

3i 

Mp (°C) 

262—264 

232—334 

192—195 

205—210 

251—253 

167—169 

240—242 
257—262 

146—148 

N M R (d in CDCI3) 

2.27(s, Me), 6.8—8.4(m, arom), 
12.57(broad s, NH) 
2.22(s, Me), 6.7—8.4(m, arom), 
12.73(broad d, J =6, NH) 
2.31 (s, Me), 6.8—7.9(m, arom), 
12.92(broad s, NH) 
1.96(s, Me), 6.8—8.1 (m, arom), 
12.28(broad d, J=5, NH) 
2.36(s. Me), 6.5—8.0(m, arom), 
12.66(broad d? J =7, NH) 
1.92(s, Me), 6.6—8.2(m, arom), 
12.53(broad d, J^6, NH) 
6.6—8.2(m, arom), 12.61 (broad s, 
3.36(d, y = 5 , NMe), 6.8—8.0(m, 
arom), 10.28(broad s, NH) 
1.47(t, J =7, Me), 3.87(q, CH2), 
6.8—8.0(m, arom), 10.32(broad s, 

NH) 

NH) 

IR(KBr 

1530 

1530 

1530 

1530 

1580, 

1530 

1530 

1640, 

1640, 

) cm- 1 

1500 

1590 

1600 

T A B L E 3. ALKYLATION OF 2 WITH ALKYL IODIDE 

IN CHLOROFORM 

5 

5a 
5b 
5c 
5d 
5e 

5f 

5g 
5h 

5i 

a) 

Mp (°C) 

Resinous 
142—144 
Resinous 
Resinous 
203—206 

255—256 

Resinous 

230—232 
214—216*: 

+ 
230—232 
216—218") 

+ 
230—232 

A mixture 

R I 

Mel 
Mel 
Mel 
Mel 
Mel 

Mel 

Mel 
Mel 

» EtI 

Mel 

N M R {ö in CDC13) 

2.15(s, Me), 4.04(s, NMe), 6.6—7.9(m, arom) 
2.10(s, Me), 3.98(s, NMe), 6.4—7.9(m, arom) 
2.21 (s, Me), 4.00(s, NMe), 7.0—7.9(m, arom) 
1.84(s, Me), 4.03(s, NMe), 6.4—8.0(m, arom) 
1.39 and 1.46(s, 44 : 56, Me), 3.39 and 4.02 
(s, 56 : 44, NMe), 6.7—8.0(m, arom) 
1.65 and 1.88(s, 5 6 : 4 4 , Me), 3.27 and 4.07 
(s, 44 : 56, NMe), 6.5—7.8(m, arom) 
3.92 (s, NMe), 6.5—8.0(m, arom) 
3.09 and 3.75(s, NMe), 6.8—7.8(m, arom) 
1.18 and 1.59(t, 7 = 7 , 5 9 : 4 1 , Me), 3.07 and 
3.74(s, 41 : 59, NMe), 3.44 and 3.80(q, 7 = 7 , 
59 : 41, CH2), 6.8—8.0(m, arom) 
1.18 and 1.59(t, 7 = 7 , 63 : 37, Me), 3.07 and 
3.74(s, 37 : 63, NMe), 3.44 and 3.80(q, 7 = 7 , 
63 : 37, CH2), 6.8—8.0(m, arom) 

of two crystalline compounds. 

r e a d i l y r e a c t e d w i t h c a r b o n disulf ide to give iV-(thio-

acyl) i m i n o p h o s p h o r a n e 6 a n d i s o t h i o c y a n a t e : 

Ph ,P=NC '" 
N R 1 

\ R 2 
+ GS2 

A-
Ph,P=NC + R*NCS 

\ R 2 

I m i n o p h o s p h o r a n e s 6 h a v e b e e n cons ide red as in te r ­
m e d i a t e s in t h e r e a c t i o n of t h i o b e n z o y l a z ide ( p h e n y l 
t h i a t r i a zo l e ) w i t h t r i p h e n y l p h o s p h i n e , 7 ) g iv ing b e n z o -
n i t r i l e a n d p h o s p h i n e sulfide. I n t h e the rmolys i s of 
t h e p h o s p h o n i u m salts 7 ( R = M e , / -Bu) , t h e i sola t ion 
of 6 h a v e n o t b e e n successful.3 '7) T h e s t r u c t u r e of 
6 h a s b e e n con f i rmed o n t h e basis of N M R , I R , a n d 
M S . 8 ) 

0 / G H P h 2 © 
Ph 3 P-N=C Gl 7 

\ S R 

E x p e r i m e n t a l 

Preparation of 2 . As a typical experiment the pre­
paration of 2a will be given. iV-Phenyl-iV'-chlorobenz-
amidine was prepared according to the literature9) and used 
without purification. To a stirred solution of iV-phenyl-
iV /-chlorobenzamidine(0.01 mol) in dry benzene(30 ml) 
was added a solution of triphenylphosphine(0.01 mol) in 
dry ether(20 ml) , the temperature being kept below 10 °C. 
After 2 h the oily precipitate was separated and dissolved 
in E t O H (20 ml) . To the solution was added in one step 
a solution of K O H (0.03 mol) in E t O H ( 1 0 ml) and the solu­

tion stirred vigorously. After 3 min the mixture was quenched 
with water (60 ml) and extracted with CHCl 3 (50ml ) . The 
extract was dried over N a 2 G 0 3 and concentrated in vacuo 
to give a crystalline material . Crystallization from CHC1 3 -
petroleum ether gave 2a in 37% yield, the results of which 
are shown in Table 1. 

Preparation of the Hydrochloric Acid Salts of 2- To a 
solution of 2a(5 mmol) in GHG13(20 ml) was added coned 
HG1(1 ml) in one portion. The mixture was stirred and the 
organic layer separated. Concentration of the solution 
in vacuo gave white crystalline substance 3a quantitatively 
(Table 2). 

Alkylation of 2 with Alkyl Iodide. To a solution of 
2a (5 mmol) in GHG13(20 ml) was added Mel(0 .5 ml) in 
one portion. The mixture was left at room temperature 
for 24 h. Concentration of the solution in vacuo gave a 
white resin 5 a ( R = M e ) quantitatively. 

The Reaction of 2 with Carbon Disulfide. A solution of 
2a (10 mmol) and CS2( 100 mmol) in CHC13(30 ml) was 
left to stand for 3 days at room temperature. The mixture 
was dried in vacuo and extracted with petroleum ether. O n 
crystallization from A c O E t the extracts gave 6a in 96% 
yield. The mother liqour was found to be p-to\y\ isothio­
cyanate by comparison of the I R spectrum with that of 
authentic sample. The yield was determined by VPC 
(Silicone Grease 2 0 % on celite) using mesitylene as an inter­
nal s tandard. 

6 a ( R 2 = P h ) : m p 158—160 °C. NMR(CDC1 3) <5=6.6— 
8.2(m, a rom) . M + 3 9 7 . IR(KBr) 1340 cm" 1(P=N). Found: 
C, 75.23; H , 4.98; N, 3 . 6 1 % . Calcd for C 2 5H 2 0NSP: G, 
75.55; H, 5.07; N, 3 .53%. 

6b(R 2=/>-MeC 6H 4 ) : m p 159—160 °G. NMR(CDG13) Ô 
= 2.31(s, Me) , 6.9—8.1 (m, a rom) . M+ 411. IR(KBr) 
1350cm- 1 (P=N) . Found : C, 75.96; H, 5.43; N, 3 .21%. 
Calcd for C 2 6 H 2 2 NSP: C, 75.89; H, 5.39; N , 3.40%. 

6 c ( R 2 = m - M e C 6 H 4 ) : m p 144—145 °C. NMR(CDC13) 0= 
2.38(s, Me) , 6.9—8.2(m, arom). M+ 411. IR(KBr) 1350 
cm- 1 (P=N) . Found: C, 75.64; H , 5.14; N, 3.26%. Calcd 
for C 2 6 H 2 2 NSP: C, 75.89; H , 5.39; 3.40%. 

6 d ( R 2 = o - M e C 6 H 4 ) : m p 143—145 °C. NMR(CDC13) 0= 
2.54(s, Me) , 6.9—8.1(m, a rom) . M+ 411. IR(KBr) 1350 
cm- 1 (P=N) . Found: C, 75.81; H, 5.26; N, 3.49%. Calcd 
for C 2 6 H 2 2 NSP: C, 75.89; H , 5.39; N , 3.40%. 
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The Formation of 3,4,5-Tris(substituted phenyl)-4,5-dihydro-l,2-oxazole 
iV-Oxides in the Oxidations of (Substituted phenyl)nitro-

methanide Anions with Silver Nitrate or Peroxodisulfate 
Kimitoshi FUKUNAGA,* Kenji HAMANAKA, and Makoto KIMURA 

Faculty of Engineering, Yamaguchi University, Tokiwadai, Ube, Yamaguchi 755 
(Received May 11, 1978) 

Synopsis. The reaction of an alkali metal salt of 
(substituted phenyl) nitromethane (1) with silver nitrate 
or peroxodisulfates in dimethyl sulfoxide (DMSO) gives 
3,4,5-tris (substituted phenyl)-4,5-dihydro-l,2-oxazole N-
oxides (2) in a good yield. 

The oxidations of an alkali metal salt of primary 
nitroalkane with peroxodisulfates1-3) or silver ions l j 3 j4 ) 

have been known to be a general method for the forma­
tion of vicinal dinitro compounds. Particularly, the 
oxidation of the alkali metal salt of a-arylnitroalkane 
with silver nitrate in aqueous dimethyl sulfoxide 
(DMSO) or acetonitrile has been recognized as one 
of the most convenient methods for the formation of 
vicinal dinitro compounds.4) Little information is, 
however, available about the formation of 4,5-dihydro-
1,2-oxazole iV-oxides in the oxidation of an alkali metal 
salt of nitroalkane under similar reaction conditions 
to those described above. Shechter and Kaplan1) have 
reported that the reaction of nitroethane with peroxo­
disulfate in alkaline medium gives 3,4,5-trimethyl-l,2-
oxazole in a 2 5 % yield. Nenitzescu5) has reported 
that anodic oxidation of an aqueous solution of sodium 
salt of phenylnitromethane ( l a ) gives 3,4,5-triphenyl-
1,2-oxazole (4a). The mechanism of these reactions 
has not been discussed but it should involve the inter­
mediate 4,5-dihydro-l,2-oxazole iV-oxide ring forma­
tion. Recent studies by Pagano and Shechter have 
shown that the sodium salt of l a reacts with ammonium 
peroxodisulfate in aqueous sodium hydroxide to give 
3,4,5-triphenyl-4,5-dihydro-l,2-oxazole iV-oxide (2a) in 
a 1.3% isolated yield together with other products.3) 
We describe here the reactions of alkali metal salts 
of (substituted phenyl)nitromethanes ( l a—e) with per-

TABLE 1. REACTION OF (SUBSTITUTED PHENYL)NITROMETHANIDE ANION WITH SILVER NITRATE*1) 

Run 

1 
2 
3 
4 
5 
6C> 

7C> 

8 

Substrate 
(mmol) 

l a (50) 
l b (44) 
l c (44) 
Id (44) 
l e (25) 
l a (25) 

l a (25) 

l a (20) 

AgN03 

(mmol) 

60 
45 
45 
45 
28 
26 

26 

23 

Solvent 
(ml) 

DMSO (150) 
DMSO (120) 
DMSO (120) 
DMSO (120) 
DMSO (120) 
DMF (30) 

CH3CN (50) 

DMSO (90) 
+ H 2 0 (25) 

Reaction time 
( h ) 

2 
4 
4 
4 
4 
2 

2 

2 

Products and yieldsb> 
(%) 

2a (57.1°), 49.5d>) 
2b (41.9°), 44.0d>) 
2c (46.3e), 41.9d>) 
2d (47.2e), 43.8d)) 
2e (40.4d)) 
2a (3,8), 5a (16.5), benzaldehydee) 
laf) (trace) 
2a (7.6), 5a (17.8), benzaldehydee) 
laf) (trace) 
2a (50.5e)) 

(8.2), 

(8.9), 

a) All the reactions were conducted at room temperature, b) Yields were based upon 1, and referred to isolated 
ones, c) By Method A. d) By Method B. e) Benzaldehyde was identified and analyzed as its 2,4-dinitro-
phenylhydrazone. f) A trace amount of l a was determined by means of gas chromatography using Tenax GC 
column at 240 °C. 

oxodisulfates or silver nitrate6) in D M S O to give 
3,4,5-tris(substituted phenyl) -4 ,5-d ihydro- 1,2-oxazolc 
iV-oxides (2a—e) without concomitant formation of the 
corresponding vicinal dinitro compounds (3a—e). 

Alkali metal salts of l a — e were allowed to react 
with an equimolar amount of silver nitrate in D M S O 
according to methods A and B, and the corresponding 
2a—e were obtained in good yields, as shown in 
Scheme 1. The structures of 2a—e were confirmed 
by the analytical and spectral data reported in Ref. 6. 

DMSO A r v / A r 
Ar-CH=NOaNa + AgN0 3 > I || (Method A) 

I N 

A r / \ 0 / \ 
Na salt of la—e O 

2 
DMSO 

Ar-CH2N02 + KOH + AgN03 > 2 (Method B) 
1 

A f a: C6H5, b : 2-CH3C6H5, c: 4-CH3C6H5, 
A r 1 d: 2-ClC6H5, e : 3-NOaC6H5 

Scheme 1. 

The reaction of the sodium salt of l a with silver nit­
rate in A'jiV'-dimethylformamide (DMF) or acetonit­
rile, however, gave yellow (is)-a-nitrostilbene (5a) as 
the main product. When a mixture of the sodium 
salt of l a and peroxodisulfate was stirred in D M S O 
at room temperature for 1 h, only 2a was obtained. 
The reaction also took place in other solvents such as 
D M F and acetonitrile, but it was slower and the yield 
of 2a was lower than that in D M S O . Typical results 
are summarized in Tables 1 and 2. The reason for 
the ineffectiveness of silver nitrate or peroxodisulfate 
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T A B L E 2. REACTIONS OF SODIUM SALT OF PHENYL -

NITROMETHANE (LA) WITH PEROXODISULFATES1) 

R u n 
Peroxodisulfate 

(mmol) 
Solvent 

(ml) 

Reaction Product 
time and yieldb> 
( h ) (%) 

K 2 S 2 0 8 (15) 

K 2 S 2 0 8 (15) 

K 2 S 2 0 8 (15) 

(NH 4 ) 2 S 2 0 8 (15) 

K 2 S 2 0 8 (25) 

DMSO (30) 
DMF (30) 
CH3CN (50) 
DMSO (25) 
DMSO (25) 

12 
12 
12 
12 

1 

2a (62.4) 
2a (22.8) 
2a (19.0) 
2a (63.5) 
2a (64.7) 

a) All the reactions were carried out using 3 .98 g 
(25 mmol) of sodium salt of l a and 1.05 g (12.5 mmol) 
of sodium hydrogencarbonate at room temperature . 
T h e amounts of peroxodisulfates and solvents are given 
in parentheses, b) Yields were based upon l a , and 
referred to isolated ones. 

in D M F or ace ton i t r i l e seems to b e t h e low solubi l i ty 
of t h e s o d i u m salt of l a in these cases. T w o possible 
m e c h a n i s m s for this r e a c t i o n m a y b e cons ide red . T h e 
first m e c h a n i s m is a n ion ic p a t h w a y p o s t u l a t e d or igi ­
na l l y b y P a g a n o a n d Shech te r 3 ) for t h e r e a c t i o n of t h e 
s o d i u m salt of l a w i t h a m m o n i u m pe roxod i su l f a t e . 
T h e s econd poss ib le m e c h a n i s m involves b o t h SRNl 
a n d ERC\ r e ac t i ons , as s h o w n in S c h e m e 2 . T h i s 
S c h e m e is b a s e d o n t h e o b s e r v a t i o n t h a t t h e r e a c t i o n 
of a - b r o m o p h e n y l n i t r o m e t h a n e w i t h t h e s o d i u m sal t 
of l a in D M S O gives also 2a.6>8> T h e exclusive f o r m a ­
t ion of 2 c a n b e wel l e x p l a i n e d b y »SRN a n d £"RC processes , 
b u t t h e r e is n o e x p e r i m e n t a l e v i d e n c e for e x c l u d i n g 
a n ionic p a t h w a y . 

+ AgN03 

A r - G H = N O a - -

-> A r - C H N 0 2 + N 0 3 - + Ag (la) 

+ l/2S2Os
2-
-> A r - C H N 0 2 + l / 2 H S 0 4 -

+ 1/2S04
2- (lb) 

A r - C H N O a + A r - G H = N 0 2 - > 

[ A r - C H ( N 0 2 ) - C H ( N 0 2 ) - A r ] ^ (II) 

3 

[ 3 ] - > A r - C H - C H ( N 0 2 ) - A r + N O , - ( I I I) 

A r - C H - C H ( N 0 2 ) - A r + A r - C H N 0 2 > 

A r - C H ( N 0 2 ) - C H - A r 

C H - N 0 2 (IV) 

6 Ar 

6 > 2 + N 0 2 - (V) 

Ar = phenyl and substituted phenyl group 

Scheme 2. 

T h e on ly a l t e r n a t i v e r o u t e to 2 a is t h e r e a c t i o n of 
5 a w i t h l a , 7 ) b u t t h e p r e s e n t r e a c t i o n seems t o p r o v i d e 
a m o r e c o n v e n i e n t o n e - s t e p m e t h o d for p r e p a r a t i o n 
of 2 , b e c a u s e r e a d i l y a v a i l a b l e 1 is t h e on ly s t a r t i n g 
m a t e r i a l . 

E x p e r i m e n t a l 

Materials. Silver nitrate, potassium peroxodisul­
fate, ammonium peroxodisulfate, and sodium hydrogen-

carbonate were commercial reagent-grade. Commercial 
D M S O , D M F , and acetonitrile were distilled prior to use. 
(Substituted phenyl)nitromethanes ( l a—d) were prepared 
from the corresponding arylacetonitriles9) according to the 
method of Black and Bakers.10> 3-Nitrophenylnitromethane 
( le ) was prepared by nitration of l a with fuming nitric 
acid.11) T h e sodium salts of l a — e were prepared by addition 
of methanol solution of l a — e to an equivalent amount of 
sodium methoxide in methanol . 

General Procedure for Reaction of 1 with Silver Nitrate. General 
Procedure by Method A. A sodium salt of 1 (0.05 mol) 
was added in portions to a stirred solution of silver nitrate 
(0.06 mol) in D M S O (150 ml) at room temperature. The 
mixture was stirred at the same temperature for 2 h, and 
then the silver deposited was removed by filtration, and washed 
with small amounts of D M S O . T h e filtrate and washings 
were poured into cold water to give a pale yellow precipi­
tate, which was collected by filtration, washed with water, 
and dried. Crystallization from acetic acid or ethanol 
gave 2 as colorless needles. 

General Procedure by Method B. A mixture of 1 (0.05 
mol), water (20 ml) , and potassium hydroxide (0.05 mol) 
was added rapidly to a solution of silver nitrate (0.06 mol) 
in D M S O (150 ml) with stirring. The mixture was stirred 
at room temperature for 2 h and work-up was carried out 
as described under Method A. 

General Procedure for Reaction of the Sodium Salt of la with 
Peroxodisulfates. T o a stirred mixture of potassium 
peroxodisulfate (0.015 mol) and sodium hydrogencarbonate 
(0.0125 mol) in D M S O (30 ml), the sodium salt of l a (0.025 
mol) was added in portions and the mixture was stirred at 
room temperature for 12 h. The solution was then poured 
into cold water to give slightly yellow precipitates, which 
were collected, washed with water, and dried. Crystal­
lization from acetic acid gave 2a. 
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Synopsis. The glow-discharge reactions of propyl­
amine, dipropylamine, and iV,JV-dimethyl-2-methyl-l-
propenylamine were studied. The results show that the 
primary amines yield RN=CHR' and RNHCH2CN, and 
that the secondary amines produce R(R')NCH(R")CN. 
iV,JV-Dimethyl-2-methyl-l-propenylamine produces a series 
of imine and nitrile. 

We have already reported that the glow-discharge 
reactions of butylamine, pyrrolidine, and pyrrole1) gave 
characteristic products. In this note, propylamine, 
dipropylamine, and iV,iV-dimethyl-2-methyl-l-propenyl-
amine, whose double bond may be supposed to stabi­
lize the active species produced by a G-N fission, 
were chosen as the starting materials in order to clarify 
the glow-discharge reactions of amine derivatives. 
Their glow-discharge reactions were discussed principal­
ly on the basis of detailed product analyses. 

Propylamine gave such products as could be deduced 
from the reaction of butylamine, while dipropylamine 
gave the same kind of products that could be deduced 
from the products of pyrrolidine, considered as a 
typical secondary amine, so it has become apparent 
that primary and secondary amines gave characteristic 
products in the discharge field. 

iV,iV-Dimethyl-2-methyl-l-propenylamine was pre­
pared by the dehydration of dimethylamine with iso-
butylaldehyde. From the product analyses, the double 
bond of enamine may be supposed to stabilize the 
N-radical produced by the cleavage of the weakest 
C-N bond in the discharge field, accordingly, several 
characteristic products were produced. These results 
will be reported in this note. 

Exper imenta l 

The propylamine and dipropylamine were obtained from 
Wako Pure Chemical Industries, Ltd., and were used with­
out further purification. JV,iV-Dimethyl-2-methyl-l-propenyl-
amine, which was composed of a fraction with a bp of 87— 
88 °C/760 mmHg, was prepared according to the ordinary 
method.2) The apparatus was a fast-flow system which 
has been previously described,3) it was operated in a similar 
way. The rate of the reactants was adjusted by being 
controlled the heating of their reservoir. The reaction 
products were collected in the liquid nitrogen trap. 

The principal liquid products were isolated from an ap­
propriate fraction using preparative gas chromatography 
(Shimadzu GG-2C, Silicone DC 550, 4.5 m, H2), and were 
identified by the analyses of their NMR spectra, IR spectra, 
and mass spectra obtained using GC-MS, and by comparing 
their retention times with those of the authentic samples 
in the gas chromatogram. The quantitative analyses of 
the liquid products were undertaken by comparing the 
area of the chromatogram using a Shimadzu GC-4BPTF 
apparatus (4.4 m x 3 mm column packed with 10% and 
20% SE-30 on Chromosorb W and Uniport B respectively; 

oven temp: 30—270°C; program rate: 10 °C/min; H2 

was used as the carrier gas). 

R e s u l t s and D i s c u s s i o n 

N- Propylidenepropylamine, N- ethylidenepropyl-
amine, and (propylamino)acetonitrile were produced 
by the glow-discharge reaction of propylamine. N-
Propylidenepropylamine and 7V-ethylidenepropylamine 
are assumed to be formed by the attack of the propyl 
and ethyl radicals upon the N-atom of propylamine, 
followed by dehydrogenation. (Propylamino)aceto-
nitrile is supposed to be produced by the reaction of 

C H 2 C N with propylamine. I t is obvious that these 
compounds correspond to the reaction products of 
butylamine. 

The results of both reactions under similar conditions 
are cited in Table 1 in an at tempt to deduce a general 
rule with regard to the behavior of pr imary aliphatic 
amines under the influence of the glow discharge. 
The glow-discharge reactions of C H 3 ( C H 3 ) C H C H 2 N H 2 

and C H 3 C H 2 ( C H 3 ) C H N H 2 also gave the products 
deduced from the above results. 

TABLE 1. GENERAL PRODUCTS OF PRIMARY AMINES 

(%y )̂ (%)a) 

«-PrNH2 25.9 rc-BuNH2 38.8 

w-PrN=CHR (35.1) H - B U N = C H R (22.3) 
R = CH3 30.5 R = CH3 21.0 
R = CH2CH3 4.6 R = CH2CH3 tr 

R=CH 2 CH 2 CH 3 1.3 
n-PrNHCH2CN 34.3 «-BuNHCH2CN 27.7 

a) Ratio in the liquid products. 

Concerning the cleavage of the secondary amines 
obtained in the mass spectra, ^-fission is very important ; 

also, in the discharge field, the C H 3 C H 2 C H 2 N H C H 2 

formed according to the /5-fission of dipropylamine is 

considered to rearrange to C H 3 C H 2 C H C N accompany­
ing dehydrogenation. The a-fission of dipropylamine 

formed C H 3 C H C N , and the double ^-fission of dipro­
pylamine yielded CH 2 CN. The reactions of these 
radicals with dipropylamine were supposed to lead to 
2-aminonitriles. As the process caused by ß-fission is 
supposed to be a main one, it seems probable that 
the amount of 2-(dipropylamino)propionitrile is less 
than that of 2-(dipropylamino)butyronitrile. 

The discharge reaction of pyrrolidine also gave a 
series of 2-(1-pyrrolidinyl)nitrile as the main products; 
therefore, the formation of such products seems to be 
a general feature in the glow-discharge reactions of 
secondary aliphatic amines (see Table 2). 
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CH3\ r^. 
G - G H - N 

C H / t j X G H 3 

/ 2 
/ 

C H , 
C - C H = N - C H , 3 

C H / ' 

+ CH3 

3 \ 

\ - H . 

\ 

C H 3 \ C H 
C H C H = N - C H 3 4 ( C H 3 ) 3 C G H = N - G H 3 5 C C H = N - C H 3 6 

C H / C H / 

- C H 4 

(GH 3 ) 2 CHCN 7 

- C H 4 

(CH 3 ) 3 GCN 8 

Scheme 1. 

- C H 4 

C H 3 \ 

GCN 9 
C H / 

T A B L E 2. G E N E R A L PRODUCTS OF SECONDARY AMINES 

(«-Pr)2NH 

(%)a> 

2 5 . 4 N H 

(%)a> 

19.9 

(rc-Pr)2NCH(R)CN (40.8) 

R = H 

R = C H 3 

R = CHoCHo 

17.7 

4 . 7 

18.4 

N C H ( R ) C N 

R = H 

R = C H 3 

R = ( j H o L H « 

(47.8) 

2 0 . 4 

16.0 

11 .4 

a) Rat io in the liquid products. 

T h u s , t h e g l o w - d i s c h a r g e r eac t i ons of p r i m a r y a m i n e s 
g a v e R N = C H R ' a n d R N H C H 2 C N , wh i l e t h a t of sec­
o n d a r y a m i n e s g a v e R ( R ' ) N C H ( R " ) C N . 

T a b l e 3 shows t h e resul ts of t h e g l o w - d i s c h a r g e 
r e a c t i o n of i V , A r - d i m e t h y l - 2 - m e t h y l - l - p r o p e n y l a m i n e . 
T h i s t a b l e i nd i ca t e s t h e f o r m a t i o n of m a n y k inds of 
n i t r i l e a n d i m i n e u n d e r t h e p r e s e n t e x p e r i m e n t a l c o n d i ­
t ions . T h e process l e a d i n g to these p r o d u c t s c o u l d 
b e r e a s o n a b l y d e d u c e d in t h e fo l lowing w a y (see S c h e m e 
1). A c c o r d i n g to t h e e v a l u a t i o n of t h e b o n d e n e r g y 
of J V , i V - d i m e t h y l - 2 - m e t h y l - l - p r o p e n y l a m i n e o n t h e 
basis of t h e d a t a of E g g e r a n d Cocks,4) t h e (a) b o n d in 
C = C - N ^ C is be l i eved to b e t h e weakes t in t h e m o l e c u l e . 
T h e la rges t f r a g m e n t in t h e mass s p e c t r u m of N,N-
d i m e t h y l - 2 - m e t h y l - l - p r o p e n y l a m i n e is a lso M — M e . 
T h e N - r a d i c a l p r o d u c e d b y a c l e a v a g e of t h e N - M e 
b o n d in t h e d i s c h a r g e field a t t a c k e d t h e n e i g h b o r i n g 
s p 2 - c a r b o n , f o r m i n g a n i m i n e , a n d p r o d u c e d a re la t ive ly 
s t ab l e t e r t i a r y r a d i c a l a t t h e jö-position. S u p p o s i n g 
t h e ex is tence of this r a d i c a l in t h e m i d d l e of t h e w a y , 
w e c a n e x p l a i n t h e f o r m a t i o n of 4 , 5 , a n d 6. T h e 
d o u b l y - o c c u r r i n g c l e a v a g e of t h e N - M e b o n d s i n t h e 
s t a r t i n g e n a m i n e , fol lowed b y t h e e l i m i n a t i o n of h y ­
d r o g e n , l eads to 7, 8, a n d 9. T h e f o r m a t i o n of o t h e r 
ident i f ied p r o d u c t s , such as p r o p i o n i t r i l e , a c ry lon i t r i l e , 
a n d h y d r o g e n c y a n i d e , a r e a t t r i b u t e d to t h e fu r the r 
d e c o m p o s i t i o n of 7, 8, a n d 9. 

A n o t h e r f ea tu re of t h e d i s c h a r g e r e a c t i o n of N,N-

T A B L E 3. EXPERIMENTAL CONDITIONS AND YIELDS OF THE 

LIQUID PRODUCTS FOR THE GLOW-DISCHARGE REACTION 

OF JV,IV-DIMETHYL-2-METHYL-1 -PROPENYLAMINE 

Reaction condition 
R u n No. 

2 

Anodic current of 
discharge (mA) 

Reactant fed in (g) 

Liquid products (g) 

50 

3.13 

3.00 

65 

2.54 
2.07 

80 

4.06 
3.00 

% in liquid products 

C4 0 . 9 

CH 3 =GHGN 3.1 

C H 3 C H 2 C N 1.5 

CH 2 =C(CH 3 )CN 1.2 

(CH 3 ) 2 CHCN 0 . 4 

(CH 3 ) 3 CCN 0 . 6 

CH 2 =C(CH 3 )GH=NCH 3 4 . 9 

(CH8) 2 G H C H = N C H 3 2 . 3 

(GH 3 ) 3 CGH=NCH 3 3 .1 

(GH 3 ) 2 NCH 2 CN 0 .5 

( C H 3 ) 2 G H C H ( C N ) N ( C H 3 ) 2 0 . 9 

Others (50 peaks) 5 .9 

[ (CH 3 ) 2 C=CHN(CH 3 ) 2 ] 74.7 

2 .0 

4 . 7 

2 . 8 

2 .5 

0 . 8 

1.7 

5 . 8 

1. 

3. 

0, 

1. 

11. 

5 
5 
2 
5 
2 

61.8 

2 . 8 

6 .1 

1.1 

4 . 1 

1.5 

1.7 

5 .6 

0 .9 

1.0 

1.0 

5 .0 

25 .5 

43 .7 

d i m e t h y l - 2 - m e t h y l - l - p r o p e n y l a m i n e is t h e f o r m a t i o n of 
N, N- d i m e t h y l - 1 - c y a n o - 2 - m e t h y l - 1 - p r o p y l a m i n e , p r o ­
d u c e d b y H C N a d d i t i o n to t h e e n a m i n e , w h i c h o c c u r r e d 
d u r i n g t h e w a r m i n g u p of t h e r e a c t i o n m i x t u r e in t h e 
t r a p t o r o o m t e m p e r a t u r e . 
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Synopsis. Of two isomers of dibromoperylene, the 
one possessing the higher melting point has been determined 
to be 3,9-dibromoperylene from the X-ray diffractometer 
data. The crystals are monoclinic, with a space group of 
P2!/a, a= 15.238, 0=11.826, £ = 3.928 A, £=95.53°, Dm = 
1.90, Z>x=1.94g cm-3, and Z = 2 . The structure was solved 
by the heavy-atom method. The final R value was 0.090 
for 931 reflections. 

applied, but no absorption correction was made. The profiles 
of the reflection peaks showed that the crystal was rather 
poor in quality. Of the 1845 independent measured reflec­
tions, 931 (with |F0 |>3<7(F)) were used in the analysis. 

Crystal Data. G20H10Br2, Afr=410.11, monoclinic, 
space group WIJSL, «=15.238(3), 0=11.826(3), £ = 3.928(3) 
A, £=95.53(2)°, £7=704.5 A3, Z>m=1.90 (flotation), Dx = 
1.94 g cm"3, Z = 2 , / /=59.8cm- 1 (MoAa). 

As early as 1925, Zinke et al.2) obtained two kinds 
of dibromoperylene, 1 and 2, by adding bromine to 
perylene. They presumed the one with the lower 
melting point, 2, to be 3,10-dibromoperylene, since it 
was oxidized in sulfuric acid to produce 3,10-perylene-
quinone. However, the other dibromoperylene, 1, has 
remained ambiguous as to the positions of its substituted 
bromine atoms. From the view point of our system­
atically synthetic study of perylene derivatives, the 
above-mentioned ambiguity is not permissible. There­
fore, we have now determined the crystal and molec­
ular structure of 1 from the three-dimensional X-ray 
data. 

< : > - < : 

Br -<x. 
-Br Br-

+ : > - < : > • 

Br 

Exper imenta l 

Materials. Perylene (2.5 g) was dissolved in benzene 
(375 ml) at 80 °G; the solution was then cooled and the 
temperature kept at 35 °G with stirring. After adding bro­
mine (7.5 g) to it in a drop-by-drop manner for about 10 
min, the mixture was cooled and 3.9 g of solid products 
were separated. Then, the reaction products were fractionat­
ed into two parts, 1 and 2, with aniline-nitrobenzene (1/1 
v/v), the fractionation being done on the basis of the dif­
ference in their solubility. 

The 1 portion was purified by repeated recrystallizations 
from aniline-nitrobenzene (1/1 v/v). Yield, 0.51 g; mp 289— 
293 °G. Found: G, 58.96; H, 2.28%. Galcd for G20H10Br2: 
G, 58.57; H, 2.46%. 2 was obtained similarly by recrystal-
lization from aniline-toluene (5/3 v/v). Yield, 0.71 g; 
mp 218—223 °C.3> Found: G, 58.16; H, 2.34%. Galcd 
for G20H10Br2: G, 58.57; H, 2.46%.4> 

Procedures. A c-elongated needle crystal of 1, 0.05 X 
0.1 x0.5 mm, was grown in a benzene solution. The reflec­
tion intensities and cell parameters were determined with 
a Rigaku four-circle diffractometer at the University of 
Tokyo with LiF-monochromatized Mo Ka radiation (A= 
0.7107 A). The data were collected by the 20-eo scan method 
up to 20<55°. Lorentz and polarization corrections were 

Structure D e t e r m i n a t i o n 
a n d D i s c u s s i o n 

The structure was solved by the heavy-atom method 
and refined by the block-diagonal least-squares pro­
cedure. The discrepancy index, R, was finally reduced 
to 0.090 with the anisotropic thermal parameters for non-
hydrogen atoms, a constant isotropic thermal param­
eter (4.0 Â2) for hydrogen atoms, and an anomalous 
dispersion correction for the bromine atom. The atom­
ic scattering factors were adopted from the Inter­
national Tables for X-Ray Crystallography, Vol. IV.5 ) 

All the computations were performed at the Computer 
Centre of the University of Tokyo, using the U N I CS 
program system.6) 

1 .43(2 

Fig. 1. Bond distances (A) and angles(°). Estimated 
standard deviations are shown in parentheses. 

The structure analysis indicates that the molecule 
has a center of symmetry and is 3,9-dibromoperylene. 
Table 1 gives the positional and thermal parameters,7) 
while the bond distances and angles are shown in Fig. 
1. Though the relatively high value of the estimated 
standard deviations (esd's) prevents any precise discus­
sion of the results, the structure of the perylene skeleton 
is not affected by the substituted bromine atoms.8»9) 
These large esd's might due to the poor crystallinity, 
as has been mentioned above. 

The molecule makes the following least-squares plane : 

0 . 3524X- 0 .12807+ 0.9270Z = 0 

where X, Y, and Z are coordinates (in Â) referred to 
the a, b , and c* crystal axes respectively. The largest 
atomic deviation from this plane is 0.02 Â for C(7). 

The dibromoperylene molecules stack to form a 
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TABLE 1. THE FINAL ATOMIC PARAMETERS (xlO4), WITH THEIR ESTIMATED STANDARD DEVIATIONS 

The anisotropic thermal parameters are of the form: exp [— (Bnh
2 + B22k2-\-B3Zl2-\-B12hk-\-Blzhl-\-B2zkl)] 

Br 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
H(2) 
H(3) 
H(7) 

H(8) 
H(9) 

X 

-1350(1) 
-1087(11) 
-1711(9) 
-1567(9) 
-799(8) 
-163(8) 
655 (8) 
1271(10) 
1103(10) 
346 (9) 

-301(8) 
-2211(144) 
-2020(139) 

1609(135) 
1695(143) 
332(149) 

y 

4166(1) 
2631(11) 
1834(13) 

697(12) 
348(11) 
1176(11) 
848(12) 
1685(14) 
2849(14) 
318(13) 
2358(11) 
1813(164) 
238(182) 
1463(177) 
3353(173) 
4134(151) 

z 

3826 (4) 
2813(34) 
3469 (33) 
2731(37) 
1357(33) 
734 (30) 

-628(30) 

1161(42) 
-454(40) 
810(39) 
1446(33) 
4842 (579) 
3359(530) 

-2943(529) 
-996(544) 
2245 (547) 

Bn 

58(1) 
50(7) 
29(6) 
29(6) 
26(6) 
19(5) 
22(5) 
35(7) 
31(7) 
28(6) 
24(6) 

#22 

62(1) 
41(9) 

79(12) 
67(11) 
48(9) 
53(9) 
73(10) 
83(13) 
76(12) 
78(12) 
46(9) 

^33 

697(11) 
378 (80) 
343(78) 
502 (87) 
457 (85) 
346(74) 
308(70) 
630(110) 
601 (104) 
559(100) 
463 (83) 

#12 

43(2) 
19(13) 
40(14) 
11(13) 
23(12) 
22(11) 
3(13) 

22(15) 
14(14) 

-9(14) 

12(11) 

^13 

52(5) 
-3(38) 
-3(34) 
74(35) 
72 (34) 

-74(30) 
-3(31) 
94(44) 
66(42) 

-115(40) 
3(34) 

#23 

-27(6) 
71(45) 
-3(50) 
71 (54) 
21(46) 

-35(42) 
-46(50) 

119(61) 
15 (57) 
134(58) 
37 (46) 

Fig. 2. The structure viewed along the a axis. 

Fig. 3. Molecular overlap projected to the best plane. 

column parallel to the c axis, as is shown in Fig. 2. 
Figure 3 gives the overlapping scheme of two adjacent 
molecules in a column projected on the molecular 
plane. The ovelapping manner of the perylene skel­
eton is very similar to that in the a-form crystal of 
perylene.9) All the intermolecular B r - H distances 
exceed 3.0 Â. Since the sum of the van der Waals 
radii of Br and H is 3.12 Â, there might well not be 
any special interaction between intercolumnar atoms. 

The authors wish to thank Dr. Maki Sato of the 
University of Tokyo for his help in the data collection. 
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of Guaiene : 3,6,9-Trimethylazuleno[4,5-6]thiophene and 

2-Methylthioguaiazulene1) 
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Synopsis. Two new azulene derivatives, 2-methyl-
thioguaiazulene and 3,6,9-trimethylazuleno[4,5-0] thiophene, 
have been obtained and characterized, along with known 
3,5,8-trimethylazuleno[6,5-£]thiophene and 2,2'-biguaiazul-
enyl, by the sulfur dehydrogenation of guaiene. 

Guaiazulene2) is a well-known azulene derivative 
and is readily accessible as a major product of the 
sulfur dehydrogenation of guaiene. In our factory, 
guaiazulene was produced in large quantities as a 
precursor for sodium salt of guaiazulene-3-sulfonic acid. 
During the production of the guaiazulene, several 
products retaining an azulene skeleton were obtained 
as minor ingredients. This paper will deal with the 
isolation and structural elucidation of these minor 
products. 

Exper imenta l 

All the melting points are uncorrected. The infrared spec­
tra were determined with a Hitachi Model EPI-G2 spectrom­
eter. The proton nuclear magnetic resonance spectra 
were recorded as a solution in chloroform-^, with internal 
tetramethylsilane, on a Varian T-60, a Varian A-60D, or 
a Varian XL-100-15 spectrometer. The mass spectra were 
measured at 70 eV. The guaiene was prepared by the 
dehydration of guaiol with formic acid.3) 

The dehydrogenation of guaiene was performed with 
sulfur at 200—260 °G for 2—3 h. After the separation of 
guaiazulene by extraction with sulfuric acid, followed by 
distillation, the mother liquor of the recrystallization of 
guaiazulene from methanol was extracted again with 55% 
sulfuric acid. The extract was diluted with water, and the 
products were taken into benzene and washed with an aqueous 
solution of sodium carbonate. The solvent was removed by 
distillation, and the residue was subjected to fractional vacuum 
distillation. Seven fractions; i) bp 155 °G/3.5 Torr, ii) bp 
155—160 °G/3.5 Torr, iii) bp 160—170 °C/3.5 Torr, iv) bp 
170—185 °G/3.5 Torr, v) bp 185—190 °C/3.5 Torr, vi) bp 
190—195 °C/3.5 Torr, vii) bp 195—203 °C/3.5 Torr, were 
thus obtained. Fractions i, ii, and iii contain mainly guai­
azulene. From the latter fractions, four kinds of crystalline 
products were obtained through repeated column chroma­
tography on alumina and/or silica gel as follows: 

Product A'- Fraction iii was dissolved in hexane and they 
allowed to stand in a refrigerator. The crystals thus separat­
ed were recrystallized from hexane and benzene (10 : 1) 
to give purple crystals; mp 116—117°G ( Ä 1 % ) . 4 > Found: 
G, 79.34; H, 6.14%. Calcd for G15H14S: G, 79.60; H, 
6.23%. 

Product B'- After the separation of a small quantity of 
Product A from Fraction vii, the residue was extracted with 
40% sulfuric acid. The usual work-up of the extract af­
forded blue crystals with a mp of 73—74 °G (recrystallized 
from hexane) in a 0.3% yield.4) A^a

hrane nm (log e) 235 
(4.24), 259 (4.46), 300 (sh, 4.18), 321 (4.37), 335 (4.34), 

365 (3.52), 383 (3.58), 403 (3.12), 622 (2.72), 650 (sh, 2.67), 
683 (2.59), 725 (sh, 2.28). Found: C, 79.54; H, 6.21%. 
Galcd for C15H14S: C, 79.60; H, 6.23%. 

Product C : Products A and B were removed from Fraction 
v in the usual manner, and the residue was dissolved in 
hexane and allowed to stand in a refrigerator. The crystals 
thus separated were purified by repeated column chroma­
tography on silica gel containing 3% of water eluted with 
hexane. Product C was thus obtained as blue crystals with 
a mp of 58.5—59 °C in a 0.1% yield.4) # £ " " nm (log e) 
254 (4.28), 307 (4.70), 316 (4.74), 348 (3.45), 365 (3.66), 
383 (3.89), 403 (4.03), 570 (2.60), 605 (2.58), 670 (sh, 2.18). 
Found: G, 78.63; H, 8.24; S, 12.74%. Galcd for C16H20S: 
G, 78.63; H, 8.25; S, 13.12%. 

Product D: This product was separated from Fraction vii 
through repeated column chromatography on alumina with 
hexane. Pure Product D was obtained as blue crystals 
with a mp of 176 °G (recrystallized from hexane) in a »0.05% 
yield.4) 

R e s u l t s and D i s c u s s i o n 

Product A was easily identified as 3,5,8-trimethyl-
azuleno[6,5-6]thiophene (1) on the basis of a compari­
son of its melting point and i H - N M R spectrum with 
those of the authentic sample reported by Hayashi 
et al.5) 

The structure of Product B was unambiguously 
established by an examination of its ^ - N M R spectrum, 
which exhibited two sets of AB-quartets at ô 6.94 and 
7.68 ( J = l l Hz) and 7.29 and 7.57 ( 7 = 4 . 5 Hz) , in­
dicating the presence of vicinal hydrogens on both 
seven- and five-membered rings. Along with the res­
onance of two methyl groups at ô 2.88 (6H, s), a signal 
at ô 2.42 (3H, d, 7 = 1 . 5 Hz) and a broad singlet at 
ô 7.07 (1H, bs) indicate that the condensed thiophene 
ring is substituted with the methyl group at the im­
position.6) In trifluoroacetic acid, Product B exists as 
its conjugate acid (2'), showing three methyl groups 
at ô 2.92 (3H, d, 7 = 1.0 Hz, 3-CH3), 3.04 (3H, q, 
7 = 1 . 5 Hz, 9-CH3), and 3.22 (3H, s, 6-CH3), a two-
proton multiplet at ô 4.15 (7,7'-H), a one-proton mul­
tiplet at ô 7.85 (8-H), a one-proton broad singlet at 
ô 8.65 (2-H), and an AB-quartet at ô 8.58 and 9.11 
( 7 = 1 0 . 5 Hz, 5-, 4-H). These N M R data are fully 
consistent with the formulation of Product B as 3,6,9-
trimethylazuleno [4,5-6] thiophene (2). To the best of 
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our knowledge, Compound 2 is the second example of 
an azulene derivative in which a thiophene ring is 
annulated to the seven-membered ring of an azulene 
skeleton. 

The fact that Product C retained a guaiazulene 
structure was confirmed by the absorption in the *H-
N M R spectrum at Ô 1.33 (6H, d, J=l Hz, - C H -
(CH3)2) , 3.07 (1H, septet, J=7 Hz, - C H ( C H 3 ) 2 ) , 2.76 
(3H, s, 4-CH3) , and 2.63 (3H, s, 1-CH3). Furthermore, 
seven-membered ring protons appeared as a doublet 
at 7.97 (1H, d, J=2.0 Hz, 8-H) and AB-quartet, with 
further small doublet splittings in the lower-field half 
of the signals at 6.98 (1H, d, y = 1 0 . 0 H z , 5-H), 7.26 
(1H, dd, 7 = 1 0 . 0 , 2.0 Hz, 6-H). In addition, a one-
proton singlet attributable to 3-H appeared at ô 6.99. 
Since the methyl protons characteristic of the methyl-
thio group were observed at ô 2.49 as a singlet,7) it 
may be concluded that Product C is to be identified 
as 2-methylthioguaiazulene (3). Further support for 
the structure of 3 was obtained from the sodium per-
iodate oxidation of 3. The sulfoxide (4) was easily 
obtained in a pure form by chromatography on alumina 
eluted with benzene as a blue oil. The 4-CH 3 hydrogen 
resonance in the N M R spectrum of 4 appeared as a 

«*^çP »3̂ t©> °j-bd~ 
3 3 4 

singlet at ô 2.68 which is comparable to that of 3. 
As expected, 1-CH8, S-CH3 , and 3-H resonated at 
ô 2.89 (6H, bs) and 7.72 (1H, s) respectively, points 
lower than those for the corresponding signals of 3. 
The spectrum of 3 taken in trifluoroacetic acid can 
also be interpreted as supporting the assignment as a 
conjugate acid (3') of 3. 

Product D was identified as 2,2'-biguaiazulenyl since 
its physical and spectral data are identical with those 
of the reported values for 2,2'-biguaiazulenyl.8) 
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Synopsis. The oxidation of methylferrocene with 
manganese(III) acetate in acetic acid yielded three products 
which arose from the ferrocenylmethylation of methylfer­
rocene. The reaction of methylferrocene with manganese-
(III) acetate in presence of styrene was also examined. 

Previously, Heiba et al.1) have reported the oxida­
tion of aromatic hydrocarbons by manganese (111) 
acetate in acetic acid; they suggested that a free radi­
cal mechanism involving the selective generation 
and oxidation of organic free radicals is present. For 
example, the reaction of toluene with manganese (111) 
acetate led to the formation of a mixture of benzyl 
acetate, methylbenzyl acetate, and tolylacetic acid. 
The present investigation deals with the manganese-
(III) acetate oxidation of methylferrocene (1). 

Mn(OAc)3 ^ ^ > -CH2C00H + Mn(0Ac)2 

<§>CH3 

(Us 

C»2> <Ô>C"2+ <ù>CH20Ac 
Mn(W) _ yr HOAc y y J? 

< 0 > . <@>. (6) (7) 

<&-C»2-<£& <&CH2^CH3 <Q/CH2^ 
Fe Fe + Fe Fe + Fe Fe 

<t> <5> <t> <8> <Q> <Q>^ 

R e s u l t s and D i s c u s s i o n 

In a solution of acetic acid containing manganese-
(III) acetate and anhydrous potassium acetate, 1 was 
heated at 120 °C until the dark brown color of M n ( I I I ) 
ion disappeared. Ferrocenyl(2-methylferrocenyl)meth­
ane (2), ferrocenyl(3-methylferrocenyl) methane (3), 
and ferrocenyl(r-methylferrocenyl) methane (4) were 
obtained as the products. 

In general, the thermolysis of manganese (111) ace­
tate leads almost exclusively to the formation of -CH2-
C O O H radicals.1»2) O n the other hand, ferrocene 
does not appear to be particularly susceptible to attack 
by free radicals.3) Consequently, in the reaction of 
1 with manganese (111) acetate, the attack by the 
• C H 2 C O O H radical most likely occurs at the methyl 

group of 1; this mechanism is shown in Scheme 1. 
Kochi et alV suggested that the C H 2 C O O H radical 
is oxidized relatively slowly to the correposnding 
carbonium ion, in contrast to the benzylic radical. 
In the oxidation of 1 with manganese (111) acetate, 
the formation of 2, 3, and 4 indicates therefore that 
the - C H 2 C O O H radical reacts more rapidly with 1 
than the radical is oxidized by Mn( I I I ) and the ferro-
cenylmethyl radical (5) is oxidized somewhat more 
rapidly to the corresponding carbonium ion (6) than 
the - C H 2 C O O H radical is oxidized by M n ( I I I ) . 
Furthermore, the absence of the formation of ferro-
cenylmethyl acetate (7), which is an expected side 
product in this reaction, indicated that the 6 carbo­
nium ion reacts more rapidly with 1 than with acetic 
acid. 

Heiba and Dessau5) described a reaction of olefins 
with aromatic ketones such as acetophenone in the 
presence of manganese (111) acetate, leading to the 
formation of cyclized ketones together with noncy-
clized products. We have now found that the reaction 
of 1 with manganese (III) acetate in the presence of 

4$> 
CH2=CHPh 

(8) 

+ CH2C00H 

<Qty-CH2CH2-CH-Ph 

(11) 

H00C<H2-CH2-CH-Ph 

\ 
Ph 

0 
(W) 

<^r^H2CH=CH-Ph 

(12) 

styrene (8) led to the formation of a noncyclized prod­
uct (9), together with 2, 3, and 4. The formation 
of 9 and the absence of y-lactone (10), which is an 
expected product in the reaction, indicate that the 6 
carbonium ion adds to the olefin more quickly than 
the - C H 2 C O O H radical adds to the olefin and that 
the H+ abstraction from an intermediate (11) is faster 
than the intramolecular cyclization of 11 to 12 or 13. 

Exper imenta l 

Materials. All the melting points are uncorrected. 
The IR and mass spectra were measured using a Hitachi 215 
spectrophotometer and a Model RMU-6M mass spectrometer 
at 70 eV. The NMR spectra were obtained on a Hitachi 
Model R-22 (90 MHz), using TMS as an internal standard. 

The preparation of the following compounds has already 
been reported: methylferrocene (1)6> and manganese (III) 
acetate dihydrate.1) 

The Reaction of Methylferrocene (l) with Manganese (HI) 
Acetate. A mixture of 1 (3.0 g, 15 mmol) and anhydrous 
potassium acetate (7.4 g) in 75 ml of acetic acid was heated 
at 120 °G under nitrogen with manganese (I II) acetate dihy-
drate (4.0 g, 15 mmol) until the brown color of Mn(III) ion 
disappeared (14 h). The reaction mixture was diluted with 
water and extracted several times with ether. The ether 
extracts were then dried over anhydrous magnesium sulfate 
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and evaporated. The residue was chromatographed on 
silica gel with hexane as the eluent. 

The first elution with hexane gave 1.82 g of the starting 
material (1). 

T h e second elution with hexane-benzene (1 : 1) gave 
0.38 g (6.4%0

7>) of 2, m p 95—97 °G (ethanol). Found : C, 
66.21 ; H, 5 .43%. Galcd for G2 2H2 2Fe2 : G, 66.37; H , 5.56% ; 
m o l w t , 398. I R : 3090, 2980, 2920, 1100, 1000, and 910 
cm- 1 . N M R (GDG13): «5 1.90 (3H, s, CH 3 ) , 3.33 (2H, 
s, GH 2 ) , 3.97, 4.01, and 4.05 p p m (17H, m, Gy protons). 
M S : m/e 398 (M+ for G2 2H2 2Fe2). The physical constants 
and I R and N M R spectra were identical with those of fer­
rocenyl (2-methylferrocenyl) methane (2), which was prepared 
by the reduction with LiAlH 4-AlGl 3 of ferrocenyl 2-methylfer­
rocenyl ketone (mp 102—103 °G). 

The third elution with benzene-hexane ( 1 : 1 ) gave 0.47 g 
(7.8%) of 3 , m p 83—85 °G (ethanol). Found : C, 66.22; 
H , 5 .45%. Galcd for G2 2H2 2Fe2 : G, 66.37; H , 5.56%, mol 
wt, 398. I R : 3090, 2980, 2920, 1100, 1000, 920, and 910 
cm- 1 . N M R (GDGI3): à 1.87 (3H, s, GH 3 ) , 3.28 (2H, s, 
CH 2 ) , 3.96, 4.03, and 4.07 p p m (17H, m, Gy protons). 
M S : m/e 398 (M+ for C2 2H2 2Fe2) . T h e 3 compound is 
identical in all respects with ferrocenyl (3-methylferrocenyl)-
methane, which was prepared by the reduction of ferrocenyl 
3-methylferrocenyl ketone (mp 90—92 °G) with L i A l H 4 -
AIGI3. 

The following elution with benzene-hexane ( 1 : 1 ) gave 
0.43 g (7.0%) of 4, m p 85—97 °G (ethanol). Found : G, 
66.31 ; H, 5 .48%. Galcd for G2 2H2 2Fe2 : G, 66.37; H , 5.56% ; 
m o l w t , 398. I R : 3090, 2980, 2920, 1100, 1000, and 910 
cm- 1 . N M R (GDGI3): Ô 1.91 (3H, s, GH 3 ) , 3.36 (2H, s, 
GH 2 ) , 3.97, 4.02, and 4.07 p p m (17H, m, Gy protons). 
M S : m/e 398 (M+ for G2 2H2 2Fe2). T h e 4 compound is 
identical in all respects with ferrocenyl (l '-methylferrocenyl)-
methane , which was prepared by the reduction of ferrocenyl 
r-methoxycarbonylferrocenyl ketone (mp 180—182 °G)8> 
with LiAlH4-AlGl3 . 

The Reaction of Methylferrocene (l) with Manganese (HI) 
Acetate in the Presence of Styrene. A mixture of 1 (3.0 g, 
15 mmol) , styrene (1.54 g, 15 mmol) , and anhydrous potas­
sium acetate was heated at 120 °G under nitrogen with man-

ganese(III) acetate dihydrate (4.0 g, 15 mmol) until the brown 
color of M n ( I I I ) ion disappeared (10 h) . The isolation of 
the products in the same manner as was used for the oxida­
tion of 1 with manganese ( I I I ) acetate gave 2 (mp 95— 
97 °G, 0.35 g, 6 .0%), 3 (mp 83—85 °G, 0.41 g, 7.0%), 4 
(mp 85—87 °G, 0.38 g, 6 .3%), and 9 (mp 68—70 °G, 0.52 
g, H . 5 % ) . 

T h e 9 compound is identical in all respects with 3-ferrocen-
yl-1-phenyl-1-propene, which was prepared by the reduction 
of cinnamoylferrocene (mp 139—140 °C)9> with LiAlH 4 -
AIGI3. Found : G, 75.38; H , 5 .83%. Galcd for G1 9H1 8Fe: 
C, 75.51; H , 6 .00%; m o l w t , 3.02. I R : 3090, 2980, 2920, 
1100, 1000, 905, and 960 cm" 1 (trans - G H = G H - ) . N M R 
(GDGI3): Ô 3.21 (2H, t, GH 2 ) , 4.10 (5H, s, Gy protons), 
4.16 (4H, br-s, Gy protons), 6.40 (1H, m, y = 1 5 H z , - C H = 
G-Ph) , and 7.20—7.40 p p m (6H, m, - G = G H - P h + P h pro­
tons). M S : m/e 302 (M+ for G1 9H1 8Fe). 
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presented in this paper. 
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Synopsis. cw-Jasmone (7a) and dihydrojasmone 
(7b) have been synthesized by facile five-step processes starting 
from methyl acetoacetate involving electrolysis procedure. 
Methyl 2-(2-benzothiazolylthio)oct-5-en(or -an)oate, prepared 
from methyl 2-acetyloct-5-en(or -an)oate (1) by the reaction 
with the iV-(2-benzothiazolylthio)morpholine, were allowed 
to react with methyl vinyl ketone, leading to the Michael 
adducts 4. After hydrolysis of 4, the corresponding acids 
5 were electrolyzed to afford the desired 1,4-diketone 6 in 
45—48% overall yields (based on 1), whose base-catalyzed 
cyclization gave 7 smoothly. 

As part of our program to investigate the electro­
chemical functionalization of carboxylates, we examined 
the conversion of the carboxylates bearing 2-benzo-
thiazolylthio group in the a-position into the corre­
sponding oxo compounds by electrolysis. Our efforts 
to utilize 2-(2-benzothiazorylthio)-2-(3-oxobutyl)oct-5-
en(or -an)oic acid (4) in such a reaction led success­
fully to the expected 1,4-diketone 6,1) important pre­
cursors of m-jasmone (7a) and dihydrojasmone (7b). 

Methyl 2-(2-benzothiazolyl thio)oct-5-en(or -an)-
oate (2) was smoothly prepared by treatment of methyl 
2-acetyloct-5-en(or -an) oate (1) with 7V-(2-benzo-
thiazolylthio)morpholine (3)2) in methanol under 
refluxing for ca. 16 h.3) The reaction of 2 with methyl 
vinyl ketone was carried out successfully in refluxing 
acetone using excess amounts of potassium carbonate 
for 12 h in the presence of a trace of 2,5-di-/-butyl-
hydroquinone as a polymerisation inhibitor. This 
afforded 4a in 8 7 % yield and 4b in 7 9 % yield. Hydrol­
ysis of Michael adducts 4 in aqueous methanol in 
the presence of potassium carbonate at 45—55 °C 
for 14 h afforded the corresponding acids 5 in 92— 
9 6 % yields. 

The electrolysis of 5a using carbon rod electrodes 
in acetic acid-i-butyl alcohol-triethylamine (6/3/ 
0.2, v/v) at a current of 20 mA/cm2 (applied voltage 
18—25 V) at 45—55 °C for 2.5 h gave 6a in 6 1 % 
yield. Similarly, the electrolysis of 5a could be car­
ried out using plat inum electrodes in methanol- tr i -
ethylamine (10/0.2, v/v) at a current of 30 mA/cm 2 

(applied voltage 18—22 V) at 45—50 °C for 2.5 h, 
giving 6a in 5 4 % yield. O n the other hand, the acid 
5b favored the electrolysis in the two-phase system, 
consisting of water and hexane (extracting solvent) 
layers as described in the preceeding paper.4) Thus, 
an aqueous solution of 5b and sodium hydroxide was 
electrolyzed using an undivided cell fitted with two 
platinum electrodes under a current of 30 mA/cm2 

BT—S 
R 

COOMe 
COOMe 

la, R = CH2CH=CHEt 
lb , R=(GH2)4Me 

2a (95%) 
2b (98%) 

/ X o 

o 
7a 
7b 

R 

(87%) 

R 

O 
6a (61%) 
6b (64%) 

BT—S COOR' 
4a, R' = Me (87%) 
4b, R' = Me (79%) 
5a, R' = H (96%) 
5b, R' = H (92%) 

BT= | 

i) B T - S - N ' X 0 (3)-MeOH; ii) MeCOCH=CH2-
\ _ / 

K2C03-Aceton ; iiii) K2C03-aqueous MeOH; iv) — e, 
- G 0 2 ; v) aqueous KOH. 

(applied voltage 7—9 V) at 46—50 °G for 4 h, giving 
the desired 6 b in 64 % after evaporation of the organic 
layer. 

The carbonyl group of 6 seems to be formed by 
electrolytic decarboxylation of 5 followed by hydroxy-
lation (methoxylation, acetoxylation), leading to 
intermediate (A), and subsequent elimination of 2-
benzothiazolylthio group.5) 

The base-catalyzed cyclization of the 1,4-diketones 
6 afforded m-jasmone (7a) and dihydrojasmone 
(7b), respectively.1) 

BT-S OY 

(A) 

Y = H , Me, or Ac 

Exper imenta l 

All boiling points were uncorrected, the boiling points 
indicated being air-bath temperatures. IR spectra were 
determined with a JASCO Model IRA-1 spectrophotometer 
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with a grating. 1 H N M R spectra were obtained with Hitachi 
R-24 and/or J E O L MH-100 spectrometers. Elemental an­
alyses were carried out in this laboratory. 

Methyl (Z)-2-Acetyl-5-octenoate (la) > A suspension of 
methyl acetoacetate (540 mg, 4.65 mmol) , (Z)-3-hexenyl bro­
mide (836 mg, 5.13 mmol) , K 2 G 0 3 (2.57 g, 18.6 mmol) , and 
K I (1.07 g, 6.45 mmol) in acetone (20 ml) was heated to 
reflux for 6 h. Insoluble materials were filtered off and the 
filtrate was concentrated. The residue was chromatograph­
ed (S i0 2 , benzene/AcOEt, 30/1) to give l a (840 mg, 9 1 % ) : 
bp 94—98 °G/9 Tor r ; I R (neat) 1745 (ester G = 0 ) , 1717 
(G=0) , 1649 c m - 1 ; 1H N M R (GG14) ô 0.98 (t, 3, 7 = 7 Hz, 
GH 3 ) , 1.55—2.34 (m, 9), 3.34 (t, 1, 7 = 7 Hz, GH) , 3.70 (s, 
3, G H 3 0 ) , 4.89—5.66 (m, 2, HG=GH) . Found : C, 66.56; 
H , 9 .14%. Galcd for G n H 1 8 0 3 : G, 66.44; H , 9 .15%. 

Methyl (Z)-2-(2-Benzothiazolylthio)-5-octenoate (2a). A 
solution of l a (619 mg, 3.12 mmol) and iV-(2-benzothiazolyl-
thio)morpholine2> (3, 886 mg, 3.51 mmol) in M e O H (7 ml) 
was heated to reflux for 15 h. After evaporation of the 
solvent, the residue was chromatographed (SiOa , benzene/ 
hexane/AcOEt, 20/10/1) to give 2 a (955 mg, 9 5 % ) : bp 120— 
124 °G/0.01 T o r r ; I R (neat) 3056 (HG=G), 1734 cm" 1 ( G = 0 ) ; 
m N M R (GG14) Ô 0.93 (t, 3, 7 = 7 Hz, GH 3 ) , 1.72—2.30 
(m, 6, GH 2 ) , 3.70 (s, 3, G H 3 0 ) , 4.68 (t, 1, 7 = 7 Hz, GH) , 
5.22—5.57 (m, 2, HG=GH) , 7.02—7.92 (m, 4, HG=G). 
Found : G, 59 .61; H , 6 . 1 1 % . Galcd for G 1 6 H 1 9 N0 2 S 2 : G, 
59.78; H , 5.96%0. 

Similarly, methyl 2-(2-benzothiazolylthio)octanoate (2b) was 
obtained in 98%0 yield, bp 120—123 °G/0.004 Tor r (lit,3) 
bp 123—126 °G/0.005 Tor r ) . 

Methyl (Z) -2- (2-Benzothiazolylthio) -2- (3-oxobutyl) -5-octenoate 
(4a). A mixture of 2 a (515 mg, 1.60 mmol) , methyl 
vinyl ketone (562 mg, 8.01 mmol) , K 2 C 0 3 (443 mg, 3.21 
mmol) , and 2,5-di-^-butylhydroquinone (7 mg) in acetone 
(7 ml) was heated to reflux for 12 h. The insoluble materials 
were filtered off and the filtrate was concentrated. The 
residue was chromatographed (S i0 2 , benzene/AcOEt, 15/1) 
to give 4 a (547 mg, 8 7 % ) : bp 150—154 °G/0.005 T o r r ; I R 
(neat) 3061 (HG=G), 1729 (ester G = 0 ) , 1717 c m - 1 ( G = 0 ) ; 
m N M R (GG14) ô 0.92 (t, 3, 7 = 7 Hz, GH 3 ) , 1.68—2.85 
(m, 13), 3.69 (s, 3, G H 3 0 ) , 5.12—5.50 (m, 2, HG=GH) , 
7.10—8.00 (m, 4, HG=G). Found : G, 61.43; H , 6.69%. 
Galcd for G 2 0 H 2 5 NO 3 S 2 : G, 61.35; H, 6.44%. 

Similarly, methyl 2-(2-benzothiazolylthio)-2-( 3-oxobutyl)-oct-
anoate (4b) was obtained in 79% yield, bp 152—155 °G/0.01 
T o r r ; I R (neat) 3058 (HG=G), 1731 (ester G = 0 ) , 1716 c m - 1 

( G = 0 ) ; m N M R (GG14) ô 0.62—1.04 (m, 3, GH 3 ) , 1.04— 
2.81 (m, 17), 3.71 (s, 3, G H 3 0 ) , 7.08—8.02 (m, 4, HG=G). 
Found : G, 60.95; H , 7.04%. Galcd for G 2 0 H 2 7 NO 3 S 2 : G, 
61.04; H , 6.92%. 

(Z ) -2- (2-Benzothiazolylthio) -2- (3-oxobutyl) -5-octenoic Acid 
(5a) • A solution of 4 a (950 mg, 2.43 mmol) and K 2 G 0 3 

(1 .01g, 7.31 mmol) in M e O H (20 ml) containing water 
(5 ml) was stirred at 45—55 °G for 14 h. The solution was 
concentrated to ca. 5 ml of total volume, diluted with brine, 
acidified with aqueous 10% HG1, and extracted with AcOEt . 

The extracts were washed with brine, dried (Na 2 S0 4 ) and 
concentrated. The residue was chromatographed (Si0 2 , 
benzene /AcOEt /MeOH, 30/3/1) to give 5a (882 mg, 9 6 % ) : 
I R (neat) 3650—2200 ( G O O H ) , 1713cm- 1 ( G = 0 ) ; XH 
N M R (GDG13) ô 0.86 (t, 3, 7 = 7 Hz, GH 3 ) , 1.69—2.95 (m, 
15), 5.14—5.54 (m, 2, HG=GH) , 7.20—8.08 (m, 4, HG=G), 
10.41 (s, 1, G O O H ) . Found : G, 60.40; H , 6 .13%. Galcd 
for G 1 9 H 2 3 N0 3 S 2 : G, 60.45; H , 6.14%. 

Similarly, hydrolysis of 4 b afforded 5 b in 9 2 % yield, I R 
(Nujol) 2996 ( G O O H ) , 1713 c m - 1 ( G = 0 ) ; 1 H N M R (GDG13) 
ô 0.86 (t, 3, 7 = 6 Hz , GH 3 ) , 1.02—2.96 (m, 17), 7.22— 
8.07 (m, 4, HG=G), 12.10 (s, 1, G O O H ) . Found: G, 60.34; 
H , 6.64%. Galcd for G 1 9 H 2 5 N0 3 S 2 : G, 60.13; H, 6.64%. 

Electrolytic Decarboxylation of 5 . Method A : A solution 
of 5 a (51 mg, 0.14 mmol) in A c O H (6 ml) , *-BuOH (3 ml) , 
and Et 3N (0.2 ml) was electrolyzed under a constant current 
of 20 mA/cm 2 (applied voltage 18—25 V) at 42 °G using 
two carbon electrodes ( 1 . 5 x 2 cm2) for 2.5 h. Evaporation 
of the solvents followed by column chromatography (SiOa , 
benzene/AcOEt, 10/1) gave 6a (15 mg, 61%,), whose I R 
and N M R spectra were identical with those of reported one.1) 

Method B: The electrolysis of 5a (48 mg, 0.13 mmol) in 
M e O H (10 ml) and Et 3 N (0.2 ml) at 30 mA/cm2 , 18—22 V, 
at 45—55 °G using plat inum electrodes ( 1 . 5 x 2 cm2) for 
2.5 h gave 6a (12.5 mg, 5 4 % ) . Similarly, the electrolysis 
of 5 b gave 6 b in 5 4 % yield. 

Method C: The electrolysis of 5 b (101 mg, 0.27 mmol) in 
aqueous 0.025 M N a O H (20 ml) covered with hexane (10 ml) 
using pla t inum electrodes ( 1 . 5 x 2 cm2) at 30 mA/cm2 , 7— 
9 V, at 46—50 °G for 4 h gave 6 b (31 mg, 64%) after evapora­
tion of the organic layer (upper layer). Extractive workup 
of the aqueous alkaline solution gave 5 b (7 mg, 5%) . 

cis-Jasmone (7a) and Dihydrojasmone (7b) • According 
to the reported procedure, l a> a solution of 6 a (15 mg, 0.08 
mmol) in aqueous 2 % K O H was heated to reflux for 3 h. 
Extractive workup of the solution gave 7a (12 mg, 89%) . 
Similarly, 7 b was obtained in 8 7 % yield. Their spectral 
da ta were identical with those of reported ones.1) 
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Crystals of the 1: 1 molecular complex of perylene-2,5-dibromo-3,6-dichloro-/>-benzoquinone are triclinic, with 
a-8.669, 6 = 9.697, £=7.321 Â, cc= 103.20, ß= 110.92, y=64.60°, space group PÏ, Z = 1. The structure has been 
determined from diffractometer data by the heavy atom method and refined using the full-matrix least-squares 
method to R 0.069 for 2241 independent reflections. Stacks, with alternating donor and acceptor molecules, extend 
along the c direction. The acceptor molecule assumes two orientations, with a population ratio 1:1. A small 
degree of correlative change in the C-C bond lengths has been found in the perylene molecule on complex forma­
tion. The geometry of the quinonoid skeleton of the acceptor is similar to those of the anils and their complexes. 

Perylene is a characteristic electron donor among 
poly cyclic aromatic hydrocarbons. The perylene-
iodine possesses the lowest electrical resistivity among 
hydrocarbon-iodine complexes.1) And the perylene-
antimony pentachloride is highly conductive in com­
plexes which include antimony pentachloride as an 
electron acceptor.2) Recently, perylene and 7,7,8,8-
tetracyanoquinodimethane (TCNQ,) were found to form 
a new type of complex, composed of three perylene 
molecules and one T C N Q , moiety.3 '4) I t is very rare 
in T C N Q , complexes that more than two molecules of 
donor adduct to an acceptor molecule. 

Tetrahalobenzoquinones are very useful electron 
acceptors, forming mainly n-n type donor-acceptor 
complexes. Their high electron affinity often gives 
complexes of ionic ground states.5) 

In this paper, the crystal structure of the 1: 1 complex 
of perylene and 2,5-dibromo-3,6-dichloro-/?-benzoqui-
none (BCQJ will be reported. 

E x p e r i m e n t a l 

Dark blue prismatic crystals of perylene-BCQ, complex have 
been grown in a toluene solution. The crystal (2.0 X 0.5 X 0.2 
mm3) was mounted with the c axis parallel to the <j> axis of a 
Rigaku four-circle automated diffractometer. The cell param­
eters and intensity data were obtained with LiF-monochro-
matized Mo KOL radiation (̂  = 0.7107 A). The intensities of 
the 2916 unique reflections were collected by the 26-co scan 
technique with a scan speed of 1° min - 1 in 2d in the range 
20<6O°, 2241 reflections (F0>3a(F)) were used in the calcu­
lations. The scan range for each reflection was (1 +0.45tanô)°, 
and the background measurements were made 15 s at the 
extremeties of the scan range. Four reflections were monitored 
every 50 measurements and the fluctuations in the intensities of 
the monitored reflections were within ±2 %. Lorentz and 
polarization corrections were made, but no absorption correc­
tion was applied. 

Crystal Data. C20H12.C6Br2Cl2O2, F.W. =587.1; 
Triclinic,^=8.669(3), 6=9.697(3), c=7.321(3)A, a=103.20 
(2), £=110.92(2), y=64.60(l)°, 7=517.2 A3; Z>m=1.87, 
Z>x=1.885gcm-3, Z = l , //(Mo #a) = 43.9 cm"1, F(000) = 
288. Space group PI. 

The density was measured by the flotation method in an 
aqueous solution of K2HgI4. Structure determination was 
conducted assuming the space group PÏ, and the possibility 
of PI was excluded at the refinement step. 

Structure D e t e r m i n a t i o n 

The structure was solved by the heavy atom method. 
Several block-diagonal, least-squares calculation cycles 
for non-hydrogen atoms gave convergence at a residual 
index # = 0 . 1 7 6 . At this stage, the electron densities 
about the Br and CI atoms, both in the Fourier and 
difference Fourier maps, suggested the existence of 
orientational disorder in the BCQmolecule . Subsequent 
full-matrix, least-squares refinements were performed 
with two sets of Br and CI atoms positionally overlapping, 
based on the assumption that the two kinds of overlap­
ping halogen atoms had equal probability of occupancy 
(0 .5 :0 .5) . The anomalous dispersion corrections for 
the Br and CI atoms, reduced the value of R to 0.074. 
T h e positional parameters of the six hydrogen atoms 
attached to perylene, were estimated, assuming a C - H 
bond distance of 1.08 Â. T h e next refinement including 
the hydrogen atoms with an isotropic temperature 
factor of 4.5 Â2 converged at # = 0 . 0 6 9 . In the final 
cycle, the average parameter shift/e.s.d. for non-
hydrogen atoms was 0.26. 

T h e final difference m a p showed maxima about 1.3 
e Â - 3 and only around the halogen atoms. This may 
be due to systematic error arising from the Br and CI 
atoms being located at almost the same positions. 

T h e quanti ty minimized in the refinement was 
^jw(\F0\—k\Fc\)

2, w=l.0. The numerical calculations 
were carried out on a H I T A C 8800/8700 computer at 
the Computer Centre of the University of Tokyo with 
U N I C S program6) and X R A Y system.7) T h e atomic 
scattering factors and anomalous dispersion factors were 
taken from "Internat ional Tables for X-Ray Crystal­
lography" (1974).8) The final atomic parameters are 
shown in Tables 1 and 2 and the F0-Fc data is kept 
as Document No. 7918 at the Bulletin. 

R e s u l t s a n d D i s c u s s i o n 

Figure 1 shows the molecular packing in the crystal 
and the numbering of the atoms. Each molecule 
occupies a center of symmetry. As is common to n-n 
complexes, the donor and the acceptor molecules 
alternately stack in a plane-to-plane manner along the 
c axis, forming columns. T h e molecular overlapping 
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TABLE 1. THE FINAL ATOMIC PARAMETERS ( X 104) FOR NON-HYDROGEN ATOMS 

The anisotropic thermal parameters are of the form ; 
exp [-(B11h i+B22k2+B33l2+2B12hk+2B13hl+2B23kl)]. 

Atom y B, B9 Bs Bi B, B9 

Br(l)* 
Cl(l)* 
Br (2)* 
Gl(2)* 
O 
G(l) 
G(2) 
G(3) 
G(4) 
G(5) 
C(6) 
G(7) 
G(8) 
G(9) 
G(10) 
G(ll) 
G(12) 
G(13) 

2945(10) 
3866(19) 
3899(3) 
2686(24) 

-889(7) 
1320(9) 
1728(8) 

-493(9) 
-2744(11) 
-3830(10) 
-3335(10) 
-1699(8) 
-1156(9) 
-2215(10) 
-1681(11) 

-70(11) 
1055(10) 
546(9) 

*Br(l) andCl( l ) 

1339(8) 
-2295(19) 
-2310(2) 

1590(18) 
3034(6) 
556(8) 

-950(8) 
1657(8) 
4179(8) 
3544(9) 
1950(8) 
976(7) 

-700(7) 
-1412(8) 
-3007(9) 
-3919(8) 
-3250(8) 
-1634(7) 

3028(10) 
2248(22) 
2304(3) 
3249(23) 
600(9) 

1395(10) 
1050(10) 
317(10) 

4339(13) 
2992(13) 
2690(11) 
3825(10) 
3526(10) 
2162(11) 
1889(12) 
3036(13) 
4441(11) 
4732(10) 

104(6) 
442(36) 

91(3) 
81(11) 

156(11) 
104(11) 
96(11) 

106(11) 
152(15) 
135(14) 
125(13) 
93(10) 

105(11) 
128(13) 
183(16) 
197(17) 
148(13) 
101(10) 

95(6) 
548(37) 

88(2) 
51(8) 
72(7) 
83(9) 
89(9) 
78(9) 
67(9) 
89(10) 
95(9) 
81(8) 
78(8) 
93(9) 

116(11) 
68(9) 
65(8) 
78(8) 

148(9) 
541(46) 
169(4) 
126(15) 
274(16) 
151(15) 
127(13) 
157(14) 
235(20) 
232(20) 
167(16) 
140(13) 
137(14) 
196(17) 
209(19) 
242(21) 
194(17) 
133(13) 

-43(5) 
199(27) 
- 6 ( 2 ) 

-17(7) 
-27(7) 
-39(8) 
-19(8) 
-27(8) 

-4 (9 ) 
3(9) 

-28(9) 
-24(7) 
-33(8) 
-48(9) 
-81(11) 
-53(10) 
-30(8) 
-27(7) 

are located at the same positions of Cl(2) and Br(2) respectively. 

T A B L E 2. T H E FINAL POSITIONAL PARAMETERS 

49(4) 
90(31) 
15(3) 
68(8) 
48(10) 
32(10) 
24(9) 
31(10) 
33(14) 
36(13) 
32(11) 
43(10) 
42(10) 
32(12) 
27(14) 
68(15) 
48(12) 
35(9) 

-39(4) 
295(32) 

31(2) 
-49(7) 

7(8) 
1(9) 

20(8) 
10(9) 
17(10) 
34(11) 
14(10) 
11(8) 

-3 (8 ) 
-2(10) 

-11(12) 
-20(11) 

4(9) 
7(8) 

OF HYDROGEN ( X 103) 

Isotropic thermal parameter 5 = 4 . 5 Â2. 

Atom y 

H(4) 
H(5) 
H(6) 
H(9) 
H(10) 
H( l l ) 

-284(14) 
-506(14) 
-424(14) 
-335(13) 
-243(14) 

23(14) 

532(12) 
427(12) 
144(12) 

-80(12) 
-352(12) 
-501(12) 

450(15) 
192(15) 
169(15) 
91(15) 
92(15) 

286(15) 

manner of B C Q onto perylene, shown in Fig. 2, is the 
same as that in the perylene-fluoranil complex.9) T h e 
perylene and the BCQ, molecules are planar within 
standard deviations except for the halogen atoms. T h e 
shifts of Br( l ) (0.074 Â) and Gl(2) (0.151 Â) from the 
least-squares B C Q plane are nine and eight times as 
large as the e.s.d.'s, but the existence of disorder qualifies 
the significance of these values. T h e equations of the 

Fig. 1. Projection of the molecular arrangement onto 
the (100) plane. 

Fig. 2. Two overlapping molecules, viewed along normal 
to least-squares plane of a perylene molecule. 

least-squares planes of the perylene and the B C Q 
molecules (calculated without hydrogen and halogen 
atoms) are 

0 .7345Z+ 0 . 0 1 3 2 7 - 0.6784Z = - 3 . 2 7 0 and 

0.6752Z + 0.0292 Y - 0.7370Z = 0 . 0 respectively, 

where X, Y, and Z are orthogonal coordinates (in Â) 
given by the following equation. 

( X \ la b cos y c cos ß \ ( x \ 

7 = 0 6 sin y - c sin ß cos a* )[ j> I 

Z/ \ 0 0 csinßsina* )\z J 
T h e mean separation between the two planes (in the 

region of overlap) is 3.35 Â and the angle between the 
plane normals is 4.9°. T h e values are larger than 
those of the perylene-fluoranil complex (3.23 Â, 1.8°),9> 
which may be explained in terms of the difference 
between the van der Waals radii of the halogen atoms. 
T h e minimum interatomic distances between the 
overlapping molecules are 3.334 Â for O ' -C(10) , 3.350 Â 
for G(3 ' ) -C(9) , 3.371 Ä for C(3 ' ) -C(8) , 3.376 Â for 
C(3)-G(6) , 3.378 Â for C(3) -C(7) , and 3.395 Â for 
0 - C ( 5 ) . 
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geometry of the perylene molecule is similar to that of 
perylene itself (a-form)10) or the complexes.9 '11-14) 

Table 3 shows the bond lengths of the perylene 
skeleton together with six references.9~14> The seven 
perylene skeletons show the following trends: (1) the 
longest bond length, C(7) -C(8) , is close to a single bond 
as expected, and the lengths of C(4)-C(5) and C(10 ) -
C ( l l ) are the shortest within the same skeleton, (2) 
shortening of the G(7)-C(8) bond is accompanied by 
elongations of the C(8)-C(13) , C(7) -C(13 ' ) , C(8) -C(9) , 
and C(6)-C(7) bonds, (3) the chemically equivalent 
bond lengths slightly deviate from each other when the 
acceptors on both sides of the perylene are symmetrically 
situated about the molecular axis through C(12) and 
C(12') . T h e deviations become relatively large when 
the acceptors are not symmetrically situated about the 
axis. 

Figure 3b shows the geometry of the quinonoid 
skeleton in B C Q . Although it is similar to that of 
other anils and their complexes,9 '15-30) the positional 
and thermal parameters of the halogen atoms are little 
reliable and the lengths of C - X bonds are not standard 
because of disorder. T h e bond lengths of C ( l ) - B r ( l ) , 
G(2)-Br(2), C(2)-G1(1), and C(1)-C1(2) are 1.814, 
1.820, 1.786, and 1.870 Â respectively. A similar effect, 
caused by disorder, was reported for benzo[c]phenan-
threne and 2,3-dichloro-5,6-dicyanobenzoquinone.31) 

T h e authors would like to thank Mr . Teruyuki 
Kodama of the University of Tokyo for his help in the 
data collection and also to Mr . M . Kaneko and Mr . N . 
Edeh for their co-operation in this work as under­
graduate students. 
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The bond distances and angles of the constituent 
molecules are shown in Fig. 3, in which the thermal 
vibrational motion has not been corrected for. T h e 
largest difference in the chemically equivalent bonds 
in the perylene skeleton is 0.037 Â between C(4)-C(12') 
and C( l 1)-C(12) (2.2<r). Thus , in the perylene skeleton, 
all C - C lengths do not differ from the chemically 
equivalent bonds within experimental error. T h e 
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Effect of Etching on Intrinsic and Dye-sensitized Photocurrents 
in Zinc Oxide Electrodes 
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T h e photoelectrochemical behavior of sintered zinc oxide electrodes was studied. T h e intrinsic photocurrent , 
generated by ultraviolet i l lumination of the zinc oxide electrode, significantly diminished by grinding the electrode 
surface with an abrasive, and was restored by etching in 2 M ( M = mol d m - 3 ) H C l for ca. 120 s. T h e dye-sensitized 
photocurrent caused by rose bengal was also lowered by grinding, but the effect was not as large as in the case of the 
intrinsic photocurrent , and the photocurrent was restored in a much shorter t ime of etching. The dye-sensitized 
photocurrent for an insufficiently etched electrode was enhanced by addit ion of a reducing agent, e.g., hydro-
quinone or allylthiourea. However, no enhancement was observed for a well etched electrode. T h e results, toge­
ther with the luminescence and reflection spectra of zinc oxide, were discussed by means of models for the semi­
conductor electronic bands. 

M a n y s tudies h a v e b e e n c a r r i e d o u t o n e l ec t ro ­
c h e m i c a l so lar cells e a c h c o m p r i s i n g a s e m i c o n d u c t o r 
e l ec t rode s u c h as Z n O , T i 0 2 , o r C d S , a n e lec t ro ly te 
so lu t ion , a n d a m e t a l c o u n t e r e l e c t r o d e . 1 - 6 ) I n these 
cells, t h e p h o t o c u r r e n t g e n e r a l l y ar ises b y t h e b a n d g a p 
exc i t a t ion of t h e s e m i c o n d u c t o r . T h e p h o t o c u r r e n t is 
referred to as in t r in s i c p h o t o c u r r e n t , ilnt, of t h e semi­
c o n d u c t o r e l e c t r o d e . 

T h e dye-sens i t ized p h o t o c u r r e n t s in t h e s e m i c o n d u c t o r 
e lec t rodes , iàye, h a v e a lso b e e n s t u d i e d . 7 - 1 1 ) T h e 
dye-sens i t ized p h o t o c u r r e n t s a r e caused b y t h e d y e 
a d s o r b e d o n t h e e l e c t r o d e , b u t n o t b y those d issolved 
in t h e so lu t ion . 1 1 - 1 3 ) S t a t i o n a r y p h o t o c u r r e n t s c a n b e 
o b t a i n e d on ly w h e n r e d u c i n g a g e n t s a r e a d d e d to t h e 
solut ion. 1 2 ' 1 4 ) R e l a t i v e l y h i g h p h o t o c u r r e n t s h a v e b e e n 
o b t a i n e d b y use of rose b e n g a l as a sens i t izer a n d a 
p o r o u s z inc ox ide electrode.1 5»1 6) I n this p a p e r , f u r t h e r 
results o n s o m e f u n d a m e n t a l aspec t s of t h e dye-sens i t i za -
t ion effects a r e r e p o r t e d . 

E x p e r i m e n t a l 

Zinc oxide sintered disks were prepared by heat ing com­
pressed zinc oxide powder at 1300 °G in the air for 1 h. T h e 
dye adsorptivity on the disk varies a great deal with the source 
of zinc oxide powder. This seems to be due to impurit ies such 
as Z n C 0 3 present in a small amount . I n the present experi­
ment, the powder (Kanto Chemical Go.) was used without 
further purification. T h e sinter made from this material has 
low adsorptivity, giving a reproducible photocurrent . The 
density of the sinter is almost equal to that of a single crystal. 
The scanning electron micrograph shows a very compact 
array of crystalline grains and no visible pore (Fig. 1 ) . The 
sinter has low electric resistivity Ä 10 f l cm. T h e shape of 
the electrode is the same as tha t described previously.15) All 
the other chemicals were of reagent grade and used without 
further purification. 

The photocurrents were measured under potentiostatic 
conditions with a Hokutodenko HA-101 potentiostat and a 
saturated calomel electrode (SGE). A 500 W xenon lamp 
(Ushio Electric, Inc.) was used as the light source. T h e light 
was monochromatized by use of a Japan-Jarre l l Ash 0.25 m 
Ebert type monochromator. T h e light intensity was measured 
with an Eppley bismuth-silver thermopile. T h e dye-sensitized 
photocurrents were studied in aqueous solutions of rose bengal 
and 0.2 M (mol d m - 3 ) potassium ni t ra te , the p H of the solution 
being 6.1. For the measurements of intrinsic photocurrents, 

Fig. 1. T h e scanning electron micrograph of the zinc 
oxide sinter. 

the p H of the solution was adjusted to 7.8 with a borate buffer. 
Dissolved oxygen was removed by bubbling the solution with 
high puri ty nitrogen. In many cases, the zinc oxide sinter was 
ground with a silicon carbide abrasive (No. 2000), etched in 
2 M hydrochloric acid, washed with water and dried. 

T h e luminescence intensity of zinc oxide sinter excited by 
the same light source as above was measured by use of an R C A 
1P28 photomultiplier equipped with Toshiba B46 and 052 
glass filters. T h e luminescence spectra were measured with an 
Aminco-Bowman spectrofluorimeter. T h e absorption spectra 
and the diffuse reflectance spectra were measured with a 
Shimadzu MPS-50L spectrophotometer. T h e Z n O sinter was 
colored slightly after d ipping in the dye solution. T h e amount 
of the dye adsorbed on the electrode was estimated from the 
diffuse reflectance spectra of the Z n O sinter taken out of the 
dye solution, the residual solution on the sinter being soaked 
with a filter paper . 

T h e differential capacitance at the semiconductor-electrolyte 
interface was measured with a Yokogawa Hewlet t-Packard 
4265B universal bridge at a frequency of 1 kHz. 

R e s u l t s 

T h e dye-sens i t i zed p h o t o c u r r e n t u n d e r s t e a d y i l l u m i ­
n a t i o n d e c a y e d e x p o n e n t i a l l y d u r i n g t h e first severa l 
seconds ( c u r v e 1, F i g . 2 ) . T h e in i t i a l v a l u e of t h e d y e -
sensi t ized p h o t o c u r r e n t , i%7e, w a s d e t e r m i n e d b y 
e x t r a p o l a t i n g t h e c u r v e to z e r o t i m e of t h e i l l u m i n a t i o n . 
W h e n t h e d y e s o l u t i o n c o n t a i n e d a r e d u c i n g a g e n t s u c h 
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Fig. 2. Change of photocurrent vs. time for un-etched 
electrodes in a solution of 2 X 10-5 M Rose Bengal at 
potential of 0.4 V (vs. SGE). Curve 1, without hydro­
quinone. Curve 2, with 1.6 X 10-3 M hydroquinone. 

as hydroquinone, allylthiourea, or potassium iodide, the 
decay was suppressed. In some cases the initial value 
of the photocurrent was enhanced as shown by curve 2 
for the case of hydroquinone as a reducing agent. The 
decay of idye was suppressed by addit ion of hydro­
quinone or allylthiourea at a concentration as low as 
5 X 10 - 5 M , while the increase of ia7e was small at such 
a low concentration and reached saturation at ca. 
1 x 10-3 M . In the case of iodide ion, the decay of idye 

was not prevented at concentrations below 5 x 10~2 M , 
and the increase of ^y e could not be observed even at 
1.0 M . T h e difference seems to arise from the weaker 
electron donor strength of the iodide ion than hydro­
quinone or allylthiourea. O n the other hand, the 
intrinsic photocurrent did not decay even when the 
electrolyte solution contained no reducing agent, nor 
was it affected by the reducing agent. 

T h e photocurrent-potential curves of both i-mt and 
idye for electrodes etched for various periods of time 

Fig. 3. Current-potential curves of (a) intrinsic photo-
currents (excited at A 360 nm) and (b) the initial values 
of dye-sensitized photocurrents (A 562 nm) of ZnO 
electrode etched for various periods of time. 

are shown in Fig. 3. T h e photocurrents are proportional 
to the illumination intensity, the shapes of the photo-
current-potential curves not being changed by decrease 
in the illumination intensity to 1/7. The apparent 
quan tum efficiency of ilnt, defined as the number of 
electrons flowing per the number of incident photons 
on the electrode, is ca. 8 0 % for the electrode etched 
for more than 120 s and polarized at a higher electrode 
potential than 0.3 V (vs. SCE). The onset potentials 
of the photocurrents did not change with etching. 
The flat band potentials of Z n O electrodes in the 
solutions used for the measurements of iint and idye as 
determined by the Mott-Schottky plots of the differential 
capacitance are ca. —0.48 and —0.32 V (vs. SCE), 
respectively, agreeing nearly with the onset potentials 
of photocurrents. The donor densities were determined 
to be in the range 4.9 X 1022—7.1 X 1022 m~3 by assuming 
the roughness factor of 2 for the electrode surface. 

Etching time/s 

Fig. 4. The photocurrent (at 0.4 V vs. SCE) vs. etching 
time in the electrode ground with an abrasive. 
O • Initial values of dye-sensitized photocurrent (A 562 
nm) in the presence of 2 X 10-5 M Rose Bengal, £ : the 
dye-sensitized photocurrent obtained by addition of 
1.6X 10_3M hydroquinone into the solution; /\: the 
intrinsic photocurrent (k 360 nm). 

The photocurrents observed at the electrode potential 
of 0.4 V (vs. SCE) are plotted against the etching time 
in Fig. 4. The $y e value becomes constant at an 
etching time much shorter than that for the z in t . The 
enhancement of fjye by hydroquinone occurs only at 
an etching times less than 15 s. The addition of hydro­
quinone up to the concentration of 10~2 M did not affect 
the adsorptivity of dye. The amount of the dye adsorbed 
on the electrode changed slightly by etching, being 
approximately proportional to the idye observed in the 
presence of hydroquinone. This might be due to the 
change of the surface area caused by etching. 

T h e Z n O sinter emits luminescence when exposed to 
ultraviolet light. The emission band lies in the range 
400—750 n m with a maximum near 530 nm (Fig. 5). 
The luminescence intensity was quenched drastically by 
grinding the sinter, but was gradually restored with 
etching. By etching for 150 s, the luminescence intensity 
returned to the value before grinding. Figure 6 shows 
the luminescence intensity at various electrode poten­
tials. T h e luminescence intensity falls near the onset 
potential of the photocurrents, decreasing nearly to zero 
at potentials where the ilnt value is saturated. 
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Fig. 5. The luminescence spectrum of ZnO sinter excited 
at 360 nm. 

UjW vs. SGE 

Fig. 6. The luminescence intensity of zinc oxide electrode 
etched for various periods of time vs. electrode potential. 
The luminescence was excited at 360 nm. 

By measuring the weight loss of the Z n O sinter 
etched in 2 M HCl , the average thickness of the Z n O 
sinter dissolved by the solution was determined to be 
4.3 |jim m i n - 1 . 

D i s c u s s i o n 

Our results have revealed that there are fundamental 
differences between the behavior of the intrinsic 
photocurrent (iint) and that of the dye-sensitized 
photocurrent (idye) : 

1. The / i n t is weakened to a greater extent than 
idye by grinding the electrode. 

2. The increase in idye with etching reaches satura­
tion when etching time is ca. 15 s. The imt value increaes 
much more slowly by etching, reaching saturation at ca. 
120 s. 

3. The iint value for an insufficiently etched 
electrode rises gradually as the electrode becomes 
anodically polarized up to quite high voltages, whereas 
idye rises sharply and is saturated at 0.0 V (Fig. 3). 

4. By addition of reducing agents to the solution, the 
decay of idye is suppressed. Sometimes i%ye increases, 
whereas i-mt is hardly affected. 

Based on these results, we shall discuss the mechanism 
of these photocurrents. 

Intrinsic Photocurrent. The mechanism of the 

C.B. 

-0#-
Dye 

Semiconductor Electrolyte 

(a) 

Semiconductor Electrolyte 

0») 

Fig. 7. The energy level diagrams of the semiconductor 
illustrating the mechanisms of the intrinsic photo­
current (a) and dye-sensitized photocurrent (b). 

generation of iint is shown in Fig. 7a. When an n-type 
semiconductor immersed in an electrolyte is polarized 
anodically, a potential gradient develops in the space 
charge layer. By the band gap excitation, the electrons 
in the valence band are excited to the conduction band . 
The electron-hole pairs thus generated in the space 
charge layer are separated efficiently by the electric field. 

The i-lnt value of a well etched electrode reaches 
saturation at the electrode potential of ca. 0.3 V (Fig. 3). 
The quan tum efficiency of the saturated i-mt is regarded 
to be almost 100% if the reflection of the incident light 
at the surface is taken into account. 

The depth of the space charge layer, L, is ap­
proximately given by17) 

L = */2{U-Uth)eeüINae 0) 
where U is the electrode potential in the bulk, Ufb 

the flat band potential , s the dielectric constant, s0 

the permittivity of vacuum, and e the elementary electric 
charge. T h e value of L is calculated to be 110 nm at the 
electrode potential of 0.3 V, at which z'int of a well-
etched electrode reaches saturation, by substituting 
E / f b = - 0 . 4 8 V , e = 8 . 5 , # d = 6 x l 0 2 2 m - 3 (the mean 
value of the observed donor density) into Eq . 1. O n the 
other hand, the penetration depth of the incident light 
(X 360 nm) in Z n O , /, defined as the distance at which 
the light intensity becomes 5 % , is calculated to be ca. 
100 nm from the absorption constant of ca. 3 x l 0 7 

m - 1 , 18> in good agreement with the above derived L 
value. T h e result suggests that the recombination is 
negligible in the space charge layer of a well-etched 
electrode. 

O n the other hand, the i-mt value for an insufficiently 
etched electrode did not reach saturation even when the 
electrode potential was raised to 5 V (vs. SCE). This 
cannot be explained by the relation between the 
penetration depth of the light and the depth of the space 
charge layer, but by taking into account the recombina­
tion center of electron-hole pair in the space charge 
layer generated by the grinding. At a higher anodic 
polarization, the electric field strength near the surface 
of the electrode increases and the electrons and holes 
are separated more rapidly, leading to a higher photo­
current . 
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This mechanism is supported by the measurements of 
luminescence from Z n O . The luminescence drops 
sharply at around —0.5 V (vs. SCE) to the more positive 
region where iint begins to rise (Figs. 3 and 6). This is 
reasonable since the luminescence is caused by a 
recombination of the electron-hole pairs. The figures 
also indicate that non-radiative recombination centers 
are generated by grinding the electrode, since both 
the luminescence and i-int are weak when the etching 
time is short, increasing in a similar way with longer 
etching. 

Dye-sensitized Photocurrent. I t is generally admitted 
that the dye sensitized photocurrent (/dye) is caused by 
an electron injection from the excited dye into the 
conduction band, the electrons being driven inward by 
the electric field in the space charge layer (Fig. 7b). 
In the case of idye, free holes do not exist in the valence 
band, and, therefore, the recombination process does 
not take place even though defects are present in the 
space charge layer. This can explain /d y e being less 
affected than iint by grinding of the electrode. 

The effect of grinding on z"§ye can be explained by 
assuming the formation of electron traps near the surface 
which capture electrons injected from the dye and send 
them back to the dye. The fact that the photocurrent 
at sufficiently high anodic polarization became constant 
by etching for 15 s indicates that the density of the traps 
is high in the region very close to the surface (Fig. 4) . 

Sintered Z n O , normally slight yellow, turns deep 
yellow on grinding. The increase in absorbance of the 
sinter from 380 to 650 nm thus produced can be measur­
ed by diffuse reflectance spectroscopy. This can be 
removed by etching for ca. 15 s, which is comparable 
to that necessary to make z'Sye reach saturation. The 
increased absorbance seems to be due to the surface 
defects, which t rap the injected electrons. 

The Effect of Reducing Agents on idye. There are 
two features of the effect of reducing agents on idye,

12^ 
the increase of z'dye and the prevention of decay of / d y e . 

Hydroquinone increases i%ye for an electrode etched 
for less than 15 s, but not for a sufficiently etched 
electrode (Fig. 4). This can be explained by assuming 
the presence of surface traps (Fig. 8). Without a reducing 
agent, a par t of the injected electrons are capturated by 

C.B. ^ / V 

Reducing 
Dye Agent 

Semiconductor Electrolyte 

Fig. 8. The energy level diagrams explaining the influ­
ence of the surface defect and the reducing agent on 
the dye-sensitized photocurrent. 

the surface traps, returning to the dyes which have 
injected these electrons. Such a backward movement 
of electrons is prevented by a rapid electron supply from 
the reducing agent, increasing ^ y e . 

Some authors pointed out that the effect of reducing 
agents on idye is at t r ibutable to either an electron 
transfer from the reducing agent to the dye in excited 
state or an exciplex formation between the dye and the 
reducing agent. In the present case, however, the results 
are explained in terms of the electron transfer from the 
reducing agents to the photo-oxidized dye. There seems 
to be no general "super sensitization" effect of the 
reducing agents. 

From the present study, the dye-sensitized photocur­
rent has been proved to be less sensitive to the defects 
in the electrode than the intrinsic photocurrent, especial­
ly when the solution contains reducing agents. This 
is one of the advantages of the dye-sensitized photocur­
rent as regards utilization of imperfect solid specimens 
for electrochemical photocells. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Education (No. 911504). 
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Association and Photolysis of l-Benzyl-4-methoxycarbonylpyridinyls 
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1-Benzyl- and l-(4-methylbenzyl)-4-methoxycarbonylpyridinyl radicals have been prepared by reducing the 
corresponding pyridinium iodides with sodium amalgam. Hyperfine structures of the ESR spectra were analyzed. 
The radicals were decomposed photochemically with visible light in the region 380—440 nm in order to generate 
the intermediate benzyl radicals which were identified spectroscopically at 77 K. Association of each radical at 
low temperature forms a diamagnetic radical dimer, which is transformed by irradiating the solution with 440—470 
nm light into the triplet dimer with zero-field parameters, D = ca. 0.017 cm - 1 and E&0. Another radical, l-(4-
nitrobenzyl)-4-methoxycarbonylpyridinyl, is unstable at room temperature. 

Pyridinyl radicals play an important role in studies 
on radical structure, radical reactions and radical 
association since the radicals are stable, neutral , and 
aromatic.2) One peculiar property of pyridinyls is the 
association to form both the diamagnetic singlet (As) 
and paramagnetic triplet (AT) dimers at low tempera­
ture. Another triplet species (BT) is generated from A s 

by irradiating the radical solution with visible light.3»4) 
l-Benzyl-4-methoxycarbonylpyridinyl (1) was prepared 
in order to investigate the effect of iV-substituent on 
stability and association.5) In the course of the study, an 
unexpected sensitivity of the radical to light was ob­
served. The photosensitivity as well as the association 
were examined for the radical and its derivatives. 

R e s u l t s a n d D i s c u s s i o n 

Preparation. Generation of radicals 1—3 for 
preliminary study was performed by electrolytic reduc­
tion of the corresponding pyridinium iodides in degassed 
acetonitrile or Af,Af-dimethylformamide using tetra-
propylammonium Perchlorate as the supporting electro­
lyte. Each radical was generated in a stable form, 
exhibiting the expected ESR spectrum. 

Treatment of l-benzyl-4-methoxycarbonylpyridinium 
iodide with 3 % sodium amalgam in degassed aceto­
nitrile under ice-cooling in the dark afforded a green 
solution. Removal of the solvent gave blue crystals 
composed of 1 and N a l . The radical is slightly soluble 

0 ^ c / O C H 3 

' 3% Na-amalgam 
/ %, or electrolysis 

II + X 

O N X G / O C H 
14 

1: R = H 
2: R = CH3 

3 : R=NO„ 

in hydrocarbons, soluble in ethereal and aprotic polar 
solvents, and not distillable in a vacuum. In solution 
it is stable for a long period at room temperature in the 
dark, but decomposes gradually in the light and rapidly 
in contact with alcohols, water, or air. Yield of the 
radical in preparation, based on spectroscopic titration, 
was over 8 5 % . The 4-methylbenzyl derivative 2 
prepared in a similar manner to the above showed 

4 

10G 

— V i 

10G 

10 G 

Fig. 1. ESR spectra of 1-benzyl- (a), 1-(4-methylbenzyl) -
(b), and l-(4-nitrobenzyl)-4-methoxycarbonylpyridinyls 
(c) in acetonitrile at room temperature. The 4-nitro-
benzyl derivative was generated electrolytically. 

similar properties. O n the other hand, the 4-nitro-
benzyl derivative 3 was not so stable as 1 and 2. The 
deep blue color of 3 turned gradually yellow even in the 
dark. Approximate half-life for the decomposition, 
estimated by the ESR signal intensity, was ca. 15 min in 
acetonitrile at 20 °C. Because of the instability, 
spectroscopic examination of 3 was not carried out. 

ESR spectra of radicals 1—3 in acetonitrile at room 
temperature are shown in Fig. 1. The hyperfine struc­
ture of each spectrum is interpreted as arising from the 
radical structure with six splitting constants. The 
constants observed in two solvents are summarized in 
Table 1, the assignments being given tentatively accord­
ing to the type of splitting and by comparing them with 
the assignments to the constants of l-methyl-4-methoxy-
carbonylpyridinyl.6) The coplanarity of the carbonyl 
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TABLE 1. HYPERFINE SPLITTING CONSTANTS FOR RADICALS 

1 3 AT ROOM TEMPERATURE 

Assignment 

CH3 

3,5-H 
2-H 
6-H 
N 
- C H 2 -

1 ( R 

In 
GH3CN 

0.88 
0.56 
3.73 
3.83 
6.30 
3.56 

Spl 

= H) 

In 
MTHF 

0.84 
0.42 
3.95 
4.05 
6.26 
3.56 

itting con 

2 (R= 

In 
CH3CN 

0.91 
0.58 
3.70 
3.80 
6.24 
3.59 

stant, G 

= CH3) 

In 
MTHF 

0.80 
0.40 
3.98 
4.08 
6.28 
3.60 

3 ( R = N 0 2 ) 

In 
CH3CN 

0.92 
0.54 
3.95 
4.07 
6.28 
3.51 

group with pyridinyl ring is clearly seen in the nonequi-
valence of the constants at positions 2 and 6. 

The radical concentration of the solution of 1 or 2 for 
spectroscopic studies was determined spectroscopically 
by the following electron-transfer reaction. 

1 (or 2) + l,l'-Dimethyl-4,4'-bipyridinium (MB2+) 

• 1+ (or 2+) + MBt 

The reaction of a dilute solution of the radical ( concn< 
5 x l O ~ 3 M ) with an excess of solid 1, r -dimethyl-4,4 ' -
bipyridinium (MB2+) dichloride in acetonitrile in the 
dark proceeded rapidly to form the corresponding radical 
cation (MB+) (Paraquat radical cation). The absorption 
intensity of the resulting cation at 605 n m (e=10060)7) 
was used to calculate the radical concentration. 

TABLE 2. ABSORPTION MAXIMA OF RADICALS 1 AND 2 

IN ACETONITRILE (23 °C) 

Radical («0 
1 246(25300) 302(14900) 393(6830) 630(91) 
2 241(22380) 303(14970) 393(6840) 630(104) 

Ho.io 

0.05 

400 500 
X/nm 

600 700 800 

Fig. 2. Absorption spectrum of 1 in acetonitrile and the 
spectral change on light irradiation at room tempera­
ture: (a) 3 .9x lO- 3 M and (a') 2 .6x lO- 2 M before 
irradiation; (b) after 100 s irradiation of (a) with 
visible light; (c) after 5 min irradiation. A 100 W 
tungsten lamp equipped with a Toshiba filter UV-39 
was used for the irradiation. 

200 300 400 500 
A/nm 

600 700 800 

Fig. 3. Absorption spectrum of 1 in MTHF and the 
spectral change on light irradiation at 77 K: (a) 8.8 x 
10-3 M before irradiation; (b) after 1 min irradiation; 
(c) after 6 min irradiation with a 100W tungsten 
lamp. A '• Indicates the bands due to the products. 

200 300 400 500 
A/nm 

600 700 800 

Fig. 4. Absorption spectrum of 2 in MTHF and the 
spectral change on light irradiation at 77 K: (a) 6.8 X 
10~4 M before irradiation; (b) after 1.5 min irradiation ; 
(c) after 6 min irradiation; (d) after 32 min irradiation. 
A 500 W xenon lamp equipped with a Toshiba filter 
UV-39 was used for the irradiation. 

Spectra and Photolysis. Radical 1 shows absorption 
maxima given in Table 2 with features similar to 1-alkyl 
homologs.8-10* Irradiat ion of the solution with visible 
light caused the disappearance of the three longer bands 
as a result of photolysis ; the dispersed weak light in the 
spectrometer caused no photolysis. T h e effect of 
irradiation on the spectrum is shown in Fig. 2 ; the same 
phenomenon is observed in M T H F at room tempera­
ture. The photolysis occurred also in M T H F glass at 
77 K, leading to the spectral change shown in Fig. 3, 
in which the disappearance of strong bands at 286, 372, 
and 616 nm on irradiation is accompanied by the 
appearance of new bands at 260, 306, and 319 nm. The 
new bands coincide in their wavelengths with those of 
the benzyl radical generated in 2-methylpentane at 
77 K.11) Irradiat ion of radical 2 also led to its substantial 
loss. The absorption bands at 267, 300, 311, and 323 nm 
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(Fig. 4) correspond to those of the 4-methylbenzyl 
radical.11) Thus, the photolysis is interpreted to be the 
following C-N bond cleavage. 

1 (or 2) 
hv (380—440 nm) 

H.COOG- N 
=/ 

+ -CH2- - R 

The photolysis occurred with 380—440 nm wave­
lengths. Strong irradiation of the solution with light of 
wavelength shorter than 350 nm from a 500 W mercury 
lamp led to further photoreaction showing a complex 
spectral change with t ime. Photolytic change was also 
observed in the ESR spectrum of a dilute solution at 
77 K, an example of which is shown in Fig. 5 for radical 
2. The hyperfine structure appearing on irradiation is 
ascribed to the 4-methylbenzyl radical. Irradiat ion of 1 
in a similar way resulted in appearance of hyperfine 
structure in the ESR spectrum differing from that in 
Fig. 5. 

10G 

Fig. 5. The ESR spectral change observed by irradiating 
the dilute solution of 2 in MTHF at 77 K: (a) 1.2 X 
10-4 M before irradiation; (b) after 10 min irradiation 
of (a) with a 500 W xenon lamp using a Toshiba filter 
VY-50; (c) after 1 min irradiation of (b) using a 
Toshiba filter VY-42 ; (d) after further 9 min irradia­
tion of (c). 

Since 1 -alkylpyridinyls are not sensitive to visible light, 
the photolysis should be interpreted in terms of a 
photochemical interaction between the arene ring and 
the pyridinyl ring. One possible explanation is that 
excitation of the pyridinyl radical leads to the formation 
of an intramolecular exciplex via electron transfer to 
the aryl ring, followed by dissociation to an unstable 
free radical and a stable molecule, methyl iso-
nicotinate.12) If this is the case, the instability of the 4-
nitrobenzyl derivative (3) can be explained by a thermal 
mechanism analogous to the photochemical one, as 
Mochida et Ö/.13> recently substantiated a general formu­
lation, originally put forth by Kosower,14) that electron-
transfer processes resulting from charge-transfer interac­
tion can share common photochemical and thermal 
pathways. 

Radical Association and Associated Triplet State. 
The absorption spectrum of 1 at low temperature (Fig. 
3a) has an intense band at 616 nm, while the absorption 
in this region at room temperature (Fig. 2a') is very 
weak. The strong absorption is due to the radical dimer 
denoted by Ti-mer.15) Since the solution contains a 

considerable amount of sodium iodide, the strong 
intensity might be partially due to the complex forma­
tion of the radical with sodium iodide. Complex 
formation can account for the hypsochromic shifts of the 
bands at 300 and 391 nm to 286 and 372 nm, respec­
tively, on lowering the temperature in MTHF. 1 6 ) The 
spectrum of 2 can be interpreted similarly (Fig. 4a) . 

The radical association is also observed as conspicuous 
decrease in the ESR signal intensity with fall in tempera­
ture. The decrease in intensity for the solution of 1 at 
— 150 °C is less than 2 % o f t h a t at room temperature. 
(Fig. 6). This can be ascribed to the formation of the 
diamagnetic radical dimer at low temperature. 

i00r°-°—-* 

80 

>; 60 

40 

* 20L 

-•o—,--o. 
20 0 -20 -60 -100 -M0 

t / "C 
Fig. 6. Decrease of the ESR signal intensity with lower­

ing temperature for the radical 1 in MTHF at the 
concentration, 4.0 X 10"2 M. 

Fig. 7. ESR spectrum of 1 in MTHF at 77 K. 2.5 x 
10_2M. (a) Before irradiation; (b) after 20 min 
irradiation with a 500 W xenon lamp using a Toshiba 
filter VY-46. (a) was recorded with 1/2.5 gain ampli­
tude ofthat for (b). 

It has been demonstrated for 1-alkyl-4-methoxy-
carbonylpyridinyls that the diamagnetic dimer (As) is 
convertible into the triplet dimer (BT) by light irradia­
tion.3»4) The same phenomenon is observed for the 
radicals. Radicals 1 in M T H F at 77 K shows a very 
weak signal corresponding to the central line in Fig. 7. 
Irradiat ion of the solution with light of wavelength 
longer than 440 nm added a new triplet signal to the 
ESR spectrum, with no significant change in the central 
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l i n e . A p p e a r a n c e of t h e AM=2 t r a n s i t i o n i n t h e E S R 
s p e c t r u m a t a r o u n d 1650 G conf i rms t h e t r i p l e t . T h e 
zero-field p a r a m e t e r s e s t i m a t e d r o u g h l y a r e D = 0 . 0 1 7 4 
c m - 1 a n d E^O, w i t h 2 Z > = 3 7 2 G . T h e D v a l u e is 
cons i s ten t w i t h a sp in - sp in d i p o l a r i n t e r a c t i o n for a n 
a v e r a g e s e p a r a t i o n of 5 .3 Â , u s ing t h e r e l a t i o n D = 
— (3/2)g2/3V"3 .17) A s i m i l a r t r i p l e t s p e c t r u m w a s 
o b t a i n e d for r a d i c a l 2 , t h e zero-f ield p a r a m e t e r s , D = 
0 .0166 c m - 1 a n d E<*&0 w i t h 2Z) = 356 G , c o r r e s p o n d i n g 
to t h e sp in - sp in i n t e r a c t i o n for a n a v e r a g e s e p a r a t i o n of 
5 .4 Â . T h e s e D v a lue s for t h e assoc ia t ion of 1 a n d 2 
a r e close to those of 1-methyl- a n d 1 - e t h y l - 4 - m e t h o x y -
c a r b o n y l p y r i d i n y l s . T h i s i n d i c a t e s t h a t t h e JV-subst i tuent 
h a s n o s igni f icant in f luence u p o n t h e s t r u c t u r e of t h e 
t r i p l e t d i m e r f o r m e d b y a n access of p y r i d i n y l r i n g s . 

N o s p e c t r a l c h a n g e w a s o b s e r v e d b y i r r a d i a t i o n w i t h 
l i g h t of w a v e l e n g t h l o n g e r 470 n m . T h e s ing le t - t r ip l e t 
t r a n s f o r m a t i o n o c c u r r e d w i t h v is ib le l i g h t i n t h e r e g i o n 
4 4 0 — 4 7 0 n m , w h i c h differs f rom b o t h t h e l i g h t specific 
t o t h e pho to lys i s a n d t h e l i g h t c o r r e s p o n d i n g t o t h e l o n g -
w a v e l e n g t h c h a r g e - t r a n s f e r a b s o r p t i o n of j r - m e r a t ca. 
620 n m . S i n c e n o s t r o n g a b s o r p t i o n w a s o b s e r v e d i n t h e 
4 4 0 — 4 7 0 n m r e g i o n (Figs . 3 a n d 4 ) , e x c i t a t i o n e x p e c t e d 
i n this r eg ion , c o r r e s p o n d i n g t o t h e b a n d a t 437 n m 
o b s e r v e d before i r r a d i a t i o n for p u r e l - m e t h y l - 4 - m e t h -
o x y c a r b o n y l p y r i d i n y l i n M T H F a t 77 K, 4 ) m i g h t c a u s e 
t h e d y n a m i c r e o r i e n t a t i o n of t h e r a d i c a l s i n a d i m e r to 
t h e pos i t ions c a p a b l e of t r i p l e t t r a n s i t i o n . 

E x p e r i m e n t a l 

Solvents. Acetonitrile (guaranteed reagent, Kan to 
Chemical Co.) was passed through an a lumina (Woelm, 
neutral) column and distilled. After being degassed by at 
least five freezing-pumping cycles, the solvent was treated with 
1 -methyl-4-methoxycarbonylpyridinyl radical, prepared by the 
reaction of the pyr idinium iodide with sodium amalgam ; to 
remove radical-reactive impurit ies. T h e solvent was distilled 
again in a vacuum system at low tempera ture and left to stand 
over previously degassed molecular sieves (4A) in a storage 
vessel. 2-Methyltetrahydrofuran ( M T H F ) (Eastman Organic) 
was refluxed over sodium for 3 days and then distilled. T h e 
solvent was degassed and then distilled onto sodium and 
anthracene in a storage vessel. Solvents were transferred, 
when needed, by distillation into the appara tus using a vacuum 
system. 

Salts. 1 -Benzyl-4-methoxycarbonylpyridinium iodide 
was prepared by the method of Craig et al. through the chlo­
ride.18) M p 163—164 °C. l-(4-Methylbenzyl)-4-methoxycar-
bonylpyridinium iodide was prepared as follows. A solution 
of 4-methylbenzyl chloride (0.04 mol) in acetone (50 ml) was 
refluxed with an excess of sodium iodide (0.05 mol) under 
nitrogen for 2 h. T h e sodium chloride produced was filtered 
off. Methyl isonicotinate was added to the solution, the tem­
perature being mainta ined at 50 °C for 2 h, the solution allow­
ed to cool overnight, then left at 0 °C for 40 h. T h e yellow 
crystals were filtered off and recrystallized from ethanol and 
then from methanol . M p 151—152 °C. Found : C, 49.12; H , 
4.34; N , 3.97%. Calcd for C 1 5 H 1 6 N 0 2 I : C, 48.80; H , 4.37, 
N , 3 .79%. l-(4-Nitrobenzyl)-4-methoxycarbonylpyridinium 
iodide was prepared by the method of Kosower et al.19) as 
orange red crystals, m p 152 °C. l , l ' -Dimethyl-4,4 ' -bipyridi-
nium dichloride (Wako Chemical Co.) was recrystallized from 
ethanol, and then dried thoroughly. 

Radicals. Pyridinyl radicals were prepared using the 
apparatus shown in Fig. 8. A pyridinium iodide (0.001 mol), 
3 % sodium amalgam, and a magnetic stirrer were pu t into 
A and the apparatus was evacuated with an oil diffusion p u m p 
to 2 X 10 - 6 Torr . After the addit ion of solvent acetonitrile into 
A by distillation, the mixture was stirred under ice-cooling 
(1—2 h) until a clear green color was obtained. The solution 
was filtered in order to remove insoluble substance and the 
filtrate was pu t into three tubes (B, C, and D) , which were 
subjected to determination of radical concentration and spec­
tral measurements. 

Fig. 8. Apparatus for radical preparation. 

Spectral Measurements. A Cary 14 spectrophotometer 
was used to record absorption spectra. A specially constructed 
glass Dewar vessel20) was used to measure the spectra at 77 K. 
ESR spectra were measured with a Varian E-4 ESR spectro­
meter. Electrolytic generation of radicals was carried out in 
the cavity of the spectrometer using acetonitrile or N,N-di-
methylformamide as the solvent and tetrapropylammonium 
Perchlorate as the supporting electrolyte. A J E O L spectrum 
computer, J E C - 5 , was used for spectral simulation. 

T h e i nves t i ga t i on w a s s u p p o r t e d b y t h e A s a h i Glass 
T e c h n o l o g i c a l F o u n d a t i o n . W e t h a n k Prof. S h u i c h i 
Se to for his a d v i c e a n d M r . T a k a s h i M u r a m a t s u for the 
p r e p a r a t i o n of p y r i d i n i u m sal ts . 
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Hydrogen Atom Abstraction of p-Chloranil Triplet in 1,4-Dioxane in 
the Presence and Absence of Tetrachlorohydroquinone 
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Mechanisms of hydrogen atom abstraction by triplet ^-chloranil [CA(T)] from 1,4-dioxane (DOH) and tetra­
chlorohydroquinone (CAH2) were studied in detail by means of nanosecond laser flash photolysis. A broad band 
around 740 n m in the transient absorption spectrum of CA in D O H was assigned to the charge-transfer band of the 
triplet EDA complex between CA and D O H . Efficiencies for the hydrogen atom abstraction from D O H and CAH 2 

were determined to be 0.13 and 0.58, respectively. T h e former value indicates that the hydrogen atom abstraction 
from D O H is less effective than a physical process in deactivation of the triplet complex. From the latter value 
together with the measured value of the quenching rate constant (1.7 x 109 dm 3 mol" 1 s~x) of the triplet by CAH 2 , it 
is inferred tha t the hydrogen a tom abstraction of CA(T) from C A H 2 takes place competing with an efficient radia-
tionless deactivation via the triplet exciplex between CA(T) and CAH 2 as a common intermediate. 

I n a p r e v i o u s w o r k a r e p o r t w a s g i v e n o n t h e i n t e r a c ­
t i o n of jb-chlorani l t r i p l e t w i t h severa l v i n y l m o n o m e r s 
a n d solvents . 1) I t w a s f o u n d t h a t t h e h y d r o g e n a t o m 
a b s t r a c t i o n b y G A ( T ) d e p e n d s r e m a r k a b l y o n t h e 
c h a r g e - t r a n s f e r ( C T ) i n t e r a c t i o n b e t w e e n G A ( T ) a n d 
t h e h y d r o g e n d o n o r s , a n d t h a t C A H 2 a d d e d q u e n c h e s 
C A ( T ) efficiently i n c o m p a n y w i t h s i m u l t a n e o u s f o r m a ­
t i o n of jb-chlorani l s e m i q u i n o n e r a d i c a l ( C A H - ) t h r o u g h 
t h e C A ( T ) + C A H 2 - > 2 C A H - r e a c t i o n . W e h a v e c a r r i e d 
o u t a n e x t e n d e d s t u d y o n t h e m e c h a n i s m , e spec ia l ly 
o n t h e poss ib le ex i s t ence of e x c i p l e x as a n i n t e r m e d i a t e 
for t h e h y d r o g e n a t o m t ransfer . I n g e n e r a l , t h e i n t e r -
sys tem cross ing ( I S C ) c a n b e e n h a n c e d as i n E D A 
system, 2 ) w h e n a r e m a r k a b l e C T i n t e r a c t i o n occu r s . 
D e a c t i v a t i o n of C A ( T ) m a y t h u s b e c o n s i d e r e d to 
p r o c e e d t h r o u g h t h e t r i p l e t exc ip l ex as a c o m m o n 
i n t e r m e d i a t e for t h e h y d r o g e n a t o m t rans fe r f rom C A H 2 

c o m p e t i n g w i t h phys i ca l q u e n c h i n g l e a d i n g t o t h e 
g r o u n d s t a t e . I n o r d e r to conf i rm this t h e d e t e r m i n a t i o n 
of efficiency of C A H • f o r m a t i o n d u e to h y d r o g e n a t o m 
t rans fe r m i g h t b e v a l u a b l e . T h i s w o r k dea l s w i t h t h e 
n a n o s e c o n d lase r flash pho to lys i s of C A i n D O H a n d 
t h e a d d i t i o n effect of C A H 2 o n t h e efficiency of C A H • 
f o r m a t i o n . 

E x p e r i m e n t a l 

T h e nanosecond flash photolysis at 347 n m by a ruby laser 
was carried out at room temperature with use of the apparatus 
described previously.1) Photomultipliers HTV-1P28 and 
HTV-R106 were used for analysis in the wavelength ranges 
of <;650 n m and 650—1000 nm, respectively, according to 
the low noise operation technique developed by H u n t and 
Thomas.3^ T h e intensity of the laser pulse was measured with 
a photodiode (HP 4220), the output being recorded digitally 
on a hand-made peak-hold meter4) calibrated with a thermo­
pile ( T R G , Model 107) and a pulse generator (Anritsu, M G 
41 IB). When the laser intensity was too high the decay of the 
triplet chloranil showed a considerably nonexponential feature 
at the initial stage owing to the triplet-triplet annihilation. In 
order to reduce this effect the energy of the excitation pulse 
was at tenuated to less than 25 mj/pulse by glass plates. 

/>-Chloranil (CA), tetrachlorohydroquinone (CAH 2 ) , and 
benzophenone were the same as used previously.1) 1,4-Diox­
ane ( D O H , the letter H is used separately from others in order 
to emphasize a hydrogen a tom which is abstracted) and 

benzene (Dotite spectrograde) were used without purification. 
T h e benzophenone solution in benzene was used as a reference 
for the determinat ion of the extinction coefficient of CA(T) . 
T h e concentrations of CA and CAH 2 were 2 . 5 x l 0 ~ 3 m o l 
d m - 3 and 5^2.5 X 10~3 mol d m - 3 , respectively. The sample 
solutions subjected to photolysis were degassed by freeze-pump-
thaw cycles. Fresh solutions were used separately for time 
resolved spectral measurements, determination of efficiencies 
of C A H • formation, and measurement of extinction coefficient 
of CA(T) , respectively. 

R e s u l t s a n d D i s c u s s i o n 

CA-DOH System. F i g u r e l a shows t h e g r o u n d 
s ta te a b s o r p t i o n s p e c t r u m of C A i n D O H . T h e a b s o r p ­
t i o n w i t h a m a x i m u m a t ca. 335 n m c a n b e ass igned to 
t h e C T b a n d of t h e E D A c o m p l e x b e t w e e n C A a n d 
D O H a c c o r d i n g to t h e l i n e a r r e l a t ionsh ip 2 ) b e t w e e n t h e 
C T b a n d ene rg ies a n d i o n i z a t i o n p o t e n t i a l s of d o n o r s . 
T h e i n t ens i t y of t h e C T a b s o r p t i o n b a n d a t 347 n m is 
c o n s i d e r a b l y h i g h e r t h a n t h a t of t h e a b s o r p t i o n of C A in 
n o n - i n t e r a c t i n g so lvent such as 1 ,2 -d ich loroe thane 
( D C E ) (F ig . l b ) . T h e laser l i g h t for e x c i t a t i o n is t hus 
a b s o r b e d p r a c i c a l l y o n l y b y t h e E D A c o m p l e x b e t w e e n 
C A a n d D O H . 
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Fig. 1. Electronic absorption spectra of /»-chloranil in 
1,4-dioxane (a) and 1,2-dichloroethane (b). 
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Fig. 2. Transient spectra from laser photolysis of degassed 
solution of CA (2.5 X lO"3 mol dm~3) in DOH taken 
at different time after the end of excitation pulse: 
(a) t=0 and (b) f=8 (xs. 

The transient absorption spectra obtained by laser 
photolysis are shown in Fig. 2. The spectrum im­
mediately after excitation (Fig. 2a) consists of a strong 
band with a maximum at 515 nm and a weak, broad 
band in the region 600—900 nm. The spectrum in the 
wavelength region less than 400 nm has only a qualita­
tive significance since the ground state absorption of CA 
considerably overlaps in this region and the transient 
absorption is distorted by the recovery of CA after 
the photolysis. Concerning the identification of the 
spectrum (Fig. 2a), the following observations are noted. 
(1) The strong absorption band around 515 nm is very 
similar in wavelength position and shape to that of 
CA(T) in other solvent systems.1) The decay time of 
this band which obeys pseudo-first order kine.ics in the 
time range from just after pulsing to 10 [is is obtained 
to be 3.4 [is. (2) The absorption in the long wavelength 
region has a maximum at ca. 740 nm, its decay profile 
being almost the same as that of the 515 nm band. (3) 
By addition of CAH 2 to the solution, the two bands 
were quenched efficiently, decaying with an identical 
time constant. (4) The transient absorption spectrum 
obtained on photolysis of an aerated solution of CA 
resembles very closely that shown in Fig. 2a. It decays 
rapidly keeping its whole spectral feature, no new bands 
appearing after complete decay. 

We identified the spectrum immediately after excita­
tion (Fig. 2a) as the one attr ibutable to the triplet EDA 
complex between CA and D O H , although the band due 
to CA(T) free from the C T interaction with the solvent 
would be superposed a little. Thus, the band located 
around 515 nm can be assigned to the local triplet-
triplet absorption in CA moiety. O n the other hand, 
the band in the longer wavelength region may be 
assigned to the C T transition from D O H to GA(T) for 
the following reasons. Ionization potentials, 9.13 eV,5) 
of 1,4-dioxane is comparable with 9.245 eV5) of benzene. 
Both of the C T bands of CA complexes with 1,4-
dioxane and benzene in the ground state are located 
closely together in energy i.e., 3.7 and 3.6 eV,6> 
respectively. Since benzene forms a triplet complex with 
CA having the C T absorption band beyond 550 nm, ') 
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it is expected that the triplet complex of C A - D O H also 
has the corresponding absorption in a similar wavelength 
region. By the same consideration as given by Kawai 
etal.,1) the C T band of the complex between CA(T) and 
D O H can be roughly estimated by 

where ElT and £ C T are the C T transition energies of the 
complex in the triplet and the ground state, respectively, 
and ET is the energy of GA(T) above the ground state. 
When we take 3.7 eV for E£T and 2.1 eV8> for Er, El? 
is calculated to be 1.6 eV ( = 770 nm) , in agreement 
with the experimental value, 1.68 eV ( = 740 nm) . The 
assignment for the long wavelength band seems to be 
reasonable. 

After the disappearance of the 515 and 740 nm bands, 
the relatively weak absorption with maximum at 435 nm 
still remains. Figure 2b shows the absorption at 8 [xs 
after the end of the excitation pulse, the band shape 
resembling that of CAH- in C A - D C E system.1) The 
absorption also resembles that of CAH- produced 
through the C A ( T ) + C A H 2 - > 2 C A H - reaction. The 
decay of this long-lived transient was approximately 
of the second order. We thus identify, the transient 
spectrum as that of C A H - . Wong et al.9) identified the 
corresponding transient in the same system as CAH-
which decays by the disproportionation with a second 
order rate as observed by means of electron spin reso­
nance spectroscopy. I t is obvious that the CAH- has 
been produced through the interaction of GA(T) with 
the solvent, since no absorption around 435 nm could 
be detected by the addition of a quenching species for 
CA(T) as in styrene1) or air. 

If the intersystem crossing of CA from Sx to T j 
proceeds with unit efficiency (0 I S C =1) as is the case 
for duroquinone,10) the extinction coefficient of CA(T) , 
ecA(T)> interacting with D O H can be determined by 
comparison with that of benzophenone triplet.1) The 
value of CCA(T) at 515 nm was found to be (5 .8±0.1) x 
103 dm 3 m o l - 1 c m - 1 . The extinction coefficient of CAH-
in D O H , €CAH-, is known to be 7.7 X 103 dm 3 mol" 1 c m - 1 

at 435 nm.9) Using these values, we can estimate the 
yield (0?) of CAH- produced from GA(T) in D O H by 

00 = AjAH.(435)/ecAH.(435) 
D0(515)/£cA(T)(515) 

where Z)0(515) is the absorbance at 515 nm just after 
the cessation of the pulse and £) C AH-(435) is the residual 
absorbance at 435 nm at the time when GA(T) disap­
peared completely. A small amount of CAH- absorption 
decayed before this was neglected because the cecay of 
CAH- is considerably slower than that of GA(T) . 0? 
was estimated to be 0 . 1 3 ^ 0 . 0 3 by five runs. The error 
indicated is the maximum deviation from the mean. 
Since CAH- is considered to be produced through the 

/iv 
reaction sequence, CA(S 0 ) - - -DOH • C A ( S 1 ) - D O H 

ISC 

• C A ( T ) - D O H ^ C A H - + D O - , the efficiency ( # ) 
of CAH- formation from CA(T) interacting directly 
with solvent D O H is related to 0? by 0?=0i S C ^? 
where 0 , s o = l . We then have 0?=O.13. This indi­
cates that the hydrogen atom abstraction from the 
solvent contributes to deactivation of CA(T) to a smaller 
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extent than the physical quenching process. The first 
order rate constants of CAH- formation (Ä?) and 
another deactivation process (k°d) ofCA(T) are evaluated 
to be 3.8 X 104 s-1 by use of # = 0 ? / T Î and 2.6 x 105 s"1 

by use of AS = (1— 0 , ) / T T , respectively, where T° is the 

lifetime of CA(T) . Thus, the deactivation processes of 
GA(T) interacting with D O H [CA(T) -DOH] are 
expressed as follows: 

GA(T) ••• DOH • CAH- + DO-, 

k* = 3.8 X 10* s"1 (1) 

CA(T) ••• DOH • CA ••• DOH, 

k°d=2.6x 105s-x (2) 

CA-CAH2-DOH System. The ground state 
absorption spectrum in C A - C A H 2 - D O H system, which 
is not illustrated here, was exactly the same as that 
constracted by the superposition of individual spectrum 
of CA and CAH 2 in D O H up to the maximum concent­
ration of CAH 2 . No spectral evidence of complexation 
was obtained between CA and 
state at room temperature. 

A/nm 

CAH 2 in the ground 

ÜX lO-s/cm-1 

Fig. 3. Transient spectra observed in CA (2.5 X 10~3 mol 
dm-3)-CAHa (2.5X10-3 mol dm-3)-DOH system: 
(a) *=0, (b) £-200, and (c) *=600 ns after pulsing. 

Figure 3 shows the transient spectra in C A - C A H 2 -
D O H system at an equal concentration of CA and 
CAH 2 , 2.5 X 10~3 mo ldm~ 3 . The spectrum obtained 
immediately after pulsing is very similar to that shown 
in Fig. 2a except for a small increase around the 435 nm 
band. With the lapse of time the triplet absorption 
beyond 500 nm decays rapidly and the 435 nm band 
grows remarkably. I t is apparent that the band around 
435 nm is at t r ibuted to the characteristic band of CAH • 
produced by the C A ( T ) - D O H + CAH 2-+2CAH- reac­
tion. This is also confirmed by the simultaneous increase 
of another characteristic band of CAH- at ca. 370 nm. 
There are isosbestic points at 22.3 X 103, 24.8 X 103, and 
25.8 X 103 c m - 1 . This indicates that the growing-up of 
CAH- absorption around 435 nm is not disturbed by 
any transient species formed by processes other than 
the CA(T) - D O H + C A H 2 - > 2 C A H - reaction. The 
CAH- absorption decays exactly according to the 
second order kinetics after reaching the maximum. T h e 
decay rate constant (kt) obtained is 4.5 X 108 dm 3 m o l - 1 

s - 1 , in good agreement with the reported value, 4.1 X 108 

dm 3 mol" 1 s-1. 9> 
The small peak at 435 nm (Fig. 3a) may be assumed 

to be due to absorption of CAH- produced within the 
time of excitation pulse width. This is understandable 
on the basis of the following observations. The 435 and 
515 nm-band intensities immediately after pulsing show 
dependence upon the concentrations of CAH 2 added; 
increase of CAH 2 concentration makes the 515 nm band 
decrease and the 435 nm band increase. This shows 
that the small peak at 435 nm immediately after pulsing 
is due to CAH- produced within the pulse width. This 
is also supported by the kinetic analysis at 435 nm. After 
subtraction of the 435 nm absorbance presumed to be 
due to CAH- produced within laser excitation and the 
absorbance due to CA(T) contributing to 435 nm from 
the observed absorbance, the remaining absorbance 
which corresponds to that of CAH • produced gradually 
by the reaction between CA (T)-- D O H and CAH 2 

gives a rise time approximately equal to the decay time 
of the triplet monitored at 515 nm. The kinetic behavior 
of 435 nm absorption can thus be analyzed. Production 
of CAH- from the excited singlet state of CA would 
be rare if occurring at all . The finite difference between 
the 435 nm absorbances (Figs. 2a and 3a) does not 
indicate the existence of the triplet exciplex between 
GA(T) and CAH 2 . 

In general, the quenching processes of CA(T) interact­
ing with D O H by CAH 2 can be represented by 

CA(T) ... DOH + CAH2 • 

2 CAH- + DOH, kt (3) 

CA(T) ... DOH + CAH2 > 

CA---DOH + CAH2. Ad (4) 

Reaction 3 represents the hydrogen atom abstraction 
from CAH 2 and Reaction 4 the physical quenching. 
T h e relation between the yield (0 r) of CAH- generated 
after the cessation of pulsing and the efficiency (0r) of 
CAH- formation through the interaction between the 
triplet and CAH 2 , is expressed by 

= ^ g ( £ r ° + * g ) + 2 ^ ( ^ 2 1 
(*r°+*S)+*q[CAH2] 

= {(#/ t*) + 2&AJCAHJK» (5) 

where, TT and T" are lifetimes of CA(T) in the presence 
and absence of CAH 2 , respectively, $* is the efficiency 
of CAH- formation by the interaction with solvent 
( D O H in this case), kq(=kr-\-kd) is the quenching rate 
constant of CA(T)---DOH by CAH 2 , and [CAH2] is the 
molar concentration of CAH 2 . The value of £q was 
determined to be 1.7 X 109 dm 3 m o l - 1 s - 1 from the plot 
corresponding to the l/rT = l/TT+A;q[CAH2] equation. 
Since kq is so high as to be close to the value for diffusion 
control, when CAH 2 of adequate concentration is 
present, Eq. 5 can be simplified to 

0 r = 2ç*r(l-TT/r?r) (6) 

for the case of 0? /4<20 r A; q [CAH 2 ] , or 

0 r = 2^ r (7) 

for the case of T T C ^ T - When CAH 2 is absent, Eq. 5 
becomes 0 r = 0? in accordance with 0°. O n the other 
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hand, 0r is obtained experimentally from absorbance 
changes : 

m = {Dmax(435) - AJ)0(435)}/gcAH.(435) 
Z>O(515)/6OACT>(515) ^ } 

whereZ)0(515) is the absorbance at 515 nm immediately 
after pulsing,Z)max(435) the maximum absorbance at 435 
nm, and AZ>0(435) the absorbance at 435 nm of CAH-
formed within laser excitation. £CA(T)(515) and £CAH-
(435) are as noted before. Hence, <fir(=krl(kr-\-kq) = 
krlkq) can be calculated by combining Eq. 5 with Eq. 8. 
The average value of <j>r was found to be O ^ ^ O . O ö 1 1 ) 
from 15 different observations for three different 
concentrations of CAH 2 , 2.5 X 10~3, 2.0 X 10~3, and 
1.5 x 10~3 mol c m - 3 . T h e error indicated is the standard 
deviation. T h e results are summarized in Table 1. 

TABLE 1. RATE PARAMETERS AND THE EXTINCTION COEFFICIENT 

OBTAINED BY LASER FLASH SPECTROSCOPY IN G A - D O H 

AND C A - C A H o - D O H SYSTEMS 

GA(T)...DOH CA(T)...DOH-fCAH2 

# = 0.13 
T?.-3.4(jis 
A ^ O . é x H ^ s - 1 

*g =2 .5x10* s-1 

eCA(T)(515) = 
5.8X 103 cm3 mol-1 cm-1 K-

r = 0 . 5 8 
1 = 1 . 7 x l 0 9 d m 3 m o l - 1 s - 1 

: = 1 . 0 x l 0 9 d m 3 m o l ^ s 1 

^ O ^ x l O ^ m S m o l - i s - 1 

= 4 .5x 108dm3 mol-1 s-1 

In the absence of CAH 2 , C A ( T ) — D O H decays by 
the hydrogen atom abstraction from D O H but mainly 
by the physical process of deactivation. This is similar 
to the previous result in D C E or acrylonitrile.1) It is 
evident from kv and kd values that Reaction 4 is present 
competing with Reaction 3 in the efficient quenching 
(see kq value) of CA(T)—DOH by CAH 2 and the two 
processes take place with almost the same probability, 
indicating that ISC of GA(T) is enhanced by the 
interaction with CAH 2 . This is often observed in the 
excited singlet12) and the triplet state13) in electron 
transfer or charge-transfer quenching. Recently, Steiner 
and Winter elucidated the mechanism of the physical 
quenching of thionine triplet competing with radical 
formation by halogenated anilines.14) Their result is 
explained in terms of a heavy atom effect on ISC 
(occurring after nearly complete electron transfer) in a 
triplet exciplex. In the present hydrogen atom abstrac­
tion, the existence of such an enhanced ISC also seems 
to favor an exciplex as an intermediate. Results suggest­
ing the existence of exciplex are as follows. (1) A study15) 
on the solvent effect of CAH- formation yield strongly 
suggests the C T nature of the intermediate in question; 
the efficiency of the hydrogen atom abstraction increases 
with solvent polarity. (2) In fluid media no C T band 
is found in the CA and CAH 2 system nor in the duro-
quinone and durohydroquinone system.16) However, 
D O H solution of the former system shows pink coloration 
in the frozen state at l iquid nitrogen temperature. 
Even jfr-benzoquinones substituted by very bulky groups 
such as chlorine or methyl form the quinhydrone type 
complexes17) with hydroquinone in the solid state.18) 
The above finding seems to be attr ibuted to the same 

type of complex under restricted conditions. In the 
triplet state the electron affinity of CA becomes greater 
than in the ground state. Thus, even in fluid media, 
CA(T) might form a quinhydrone type complex with 
CAH 2 by the aid of the C T force surpassing the steric 
hindrance caused by bulky chlorine atoms. We may 
assume that the triplet exciplex between CA(T) and 
CAH 2 exists as a precursor for the hydrogen atom 
abstraction. This is essentially the same as suggested 
by Amouyal and Bensasson for duroquinone triplet 
reduction by durohydroquinone.10) 

From an unified point of view, deactivation processes 
of CA ( T ) - D O H in the absence and presence of CAH 2 

are as follows: 

GA(T) ... DOH + CAH2 

CA.. . DOH CAH- + DO-

(CA(T)5- ... CAH2*
+) + DOH 

+CAH. kf
dy \K h 

CA + CAH2 

CA + CAH2 «-

2CAH-

where the ground state CA is the same as CA- • D O H in 
the D O H solvent, (CA(T)S""---CAH2

S+) represents the 
triplet exciplex with some charge-transfer interaction 
between CA(T) and CAH 2 , kd and k'v are the first 
order rate constants for the ISC and the semiquinone 
radical formation in the exciplex, respectively, and 
other rate constants having their usual meanings. If 
we define the quenching probability per collision as y, 
kq is replaced by ykD where kD is the diffusion controlled 
rate constant calculated by 8i?77(3000 YJ). T h e value 
of y is obtained as 0.34 in D O H at 24 °C. In other 
solvents y values were found to be of the same order of 
magnitude.19) T h e quenching reaction can be con­
sidered as a diffusion controlled reaction. T h e para­
meters given in Table 1 are related to the rate 
parameters in this scheme: 

kq = ykB 

kd = ykD.kjJ(kt+kQ 

T h e values of k'T and k'd would be so large that no 
exciplex absorption could be observed. 

Although no absorption spectrum due to exciplex 
could be detected, the existence of the triplet exciplex 
from which the hydrogen atom abstraction takes place 
competing with the intersystem crossing to the ground 
state may be postulated in order to understand the 
mechanism of the hydrogen atom abstraction by CA(T) 
from CAH 2 . 
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The electrochemical behavior of JV,JV"-dimethyl-m-toluidine (DMMT) in an acetonitrile solution at a Pt 
electrode was investigated. By controlled-potential oxidation at 0.65 V (vs. Ag/0.01 mol dm - 3 AgC104), the di-
hydro compound (I-a), which had been considered to be an intermediate in the reaction forming benzidine, was 
probably obtained. I-a was gradually converted to N,N,Nf,N'-tetramethy 1-2,2'-dimethylbenzidine (TMMB) in 
the solution within several hours. I-a was easily converted to TMMB by the cathodic re-reduction at —0.9 V or 
by adding either pyridine or water; this reaction pathway is useful for the synthesis of TMMB. Preliminary mecha­
nistic information on the anodic oxidation of DMMT is also given by cyclic and ring-disk electrode voltammetry, 
current-reversal chronopotentiometry, and controlled-potential coulometry. The proposed reactions are: A— 
e-*A+, A+ + AAA-A+, and A-A+ —e—>DH2

2+, where A and At are, respectively, DMMT and its cation radical, 
DH2

2+ is the dihydro compound (I-a), and k is the rate constant of the coupling reaction (ca. 5 X 103 dm3 mol - 1 s"1). 
TMMB is formed by: DH2

2++2e(or 2Py)->D+H2(or 2PyH+), where D is TMMB and Py is pyridine. 

Af,iV-dialkyl-substituted aromatic amines show very 
similar behavior to each other on the anodic oxidation 
in a nonaqueous solution. In the case of J\f,JV-dimethyl-
aniline (DMA),1) the pr imary electrode reaction is a 
one-electron transfer to form a cation radical which 
then couples to form N,N, iV'jiV'-tetramethylbenzidine 
(TMB) with simultaneous loss of protons. T M B thus 
formed is more readily oxidized than the starting amine 
and is converted to the diquinoid structure (TMB2+). 
Thus, a general reaction scheme is 

-NR9 

2 H V / N > N R , 

-NR2 

H y=\ + 
> N R 2 , (1) 

^ \ -NR2 + 2H+, (2) 

(D) 

R o N - / y ~ 

(D) 

-NR2 

R,N= 

-2e 

= \ _ =NR,. (3) 

(D2+) 

In the coupling reaction (Eq. 2), the dihydro compound 
(DH2

2+) is considered to be an intermediate,2) 

R 2 N = / ~ V - / < ^ ~ ^ > = N R 2 J (2r) 2 R2N=< 

and D is formed by loss of protons from DH 2
2 + . 

The same reactions as Eqs. 1—3 were proposed for 
D M A also in AlCl 3 -NaCl melts.3) However, an inter­
mediate such as DH 2

2 + is usually unstable and has not 
yet been isolated. Furthermore, some coupling reactions 
other than Eq. 2 are possible, but the mechanism has 
usually not been clarified. 

The aims of this paper are to describe the interesting 
fact that a DH2

2 +-like compound was formed by the 

anodic oxidation of iV,7V-dimethyl-m-toluidine 
( D M M T ) , to give preliminary information on the 
mechanism of this electrode reaction, and also to 
describe the fact that A ^ j V ^ N ' - t e t r a m e t h y l ^ ^ ' -
dimethylbenzidine (TMMB) was easily synthesized by 
the re-reduction of the oxidation product of D M M T or 
by adding a base to the product. 

D M M T was adopted for the present study because (i) 
the ring-substituted methyl group makes the cation 
radical stable, and thus the coupling reaction may be 
easily examined, (ii) the low basicity of D M M T 4 ) 
compared to its isomers may decrease the complication 
of the oxidation pathway due to protonation of the 
parent molecule, and (iii) no study has been reported 
on the anodic oxidation of D M M T in a nonaqueous 
solution. 

E x p e r i m e n t a l 

DMMT (analytical GR grade) was used as received. Sodi­
um Perchlorate (analytical EP grade) was recrystallized twice 
from ethanol, dried overnight under a reduced pressure (3 
mmHg, 1 m m H g » 133.3 Pa), and stored over silica gel. 
Acetonitrile (MeCN) was purified by distillation from P 2 0 5 , 
from K2G03 , and then three times by slow fractional distilla­
tion. The water content of the MeCN (0.18 wt %) was 
determined by the Karl-Fischer titration. 

Cyclic voltammograms were measured at a Pt disk electrode 
(1.96 X 10~3 cm2) sealed in a soft glass using a set of Yanaco 
P8 polarographs. The working electrode was polished with 
an oilstone before each measurement. The counter electrode 
was an Hg pool (ca. 3 cm2). A Ag/0.01 mol dm~3 AgC104 

couple in MeCN, which was connected to the test solution 
with a 1 mol dm - 3 NaC104 agar bridge, was used as a reference 
electrode. All potentials appearing in this paper are referred 
to this electrode (whose potential was 0.19 V vs. SGE). 

Macro-scale electrolyses were carried out using a Nikko 
Keisoku NPGS 301 potentiostat. A two-compartment cell 
with a fine glass frit was used. The anode electrolyte was 
usually 200 ml in volume. The working and the counter 
electrodes were planar Pt. During electrolysis, cyclic voltam­
mograms of the solution were measured at suitable times to 
check the changes of the composition of the solution. Low 
concentrations of DMMT «[10 mmol dm -3) were used 
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because a benzidine-type product was generally formed pre­
dominantly at a low concentration of a starting amine.5) 
After exhaustive oxidation at 0.65 V (vs. Ag/Ag+), the product 
I was obtained as follows : After evaporation of the solvent and 
then addition of 100 ml of aqueous 0.2 mol dm - 3 HG104 to 
remove the supporting electrolyte, I was extracted with 
benzene and was obtained by evaporation of the benzene. 
When the supporting electrolyte was removed by water with 
no perchloric acid, the same product as II described below 
was obtained. Since the product I was gradually converted 
to product II in the test solution within several hours and its 
stability depended sensitively upon the concentration of water 
contained in the solution, repeated trials for obtaining I were 
made to get reproducible data. The product II, which was 
produced by re-reduction at —0.9 V of the solution obtained 
by exhaustive oxidation at 0.65 V, was obtained by the same 
method as that used for the product I except for the use of 
water to remove the supporting electrolyte. To check the 
purity of the products, they were chromatographed on both 
an alumina (Wako B-10F) and a silica gel (Wako B-10) with 
benzene, and the chromatograms obtained were developed 
with iodine. For both products, three spots due to products 
I and II , and DMMT which remained unreacted, were 
detected. Thus, I obtained here contained II (typically about 
10—20 %) and a small amount (less than 5 %) of DMMT, 
while II obtained here contained only a small amount of 
DMMT and a trace amount of I. For both products I and 
II without further purification, IR (in KBr wafer using a 
Hitachi 125 G spectrophotometer), NMR (in GDG13 using a 
Hitachi R-24 at 60 MHz), and mass (at 75 eV using a JOEL 
JMS D-100) spectra were measured. A UV spectrum of the 
test solution was measured by a Hitachi 200-10 spectro­
photometer. 

Other electrochemical measurements for rotating ring-disk 
electrode (RRDE) voltammetry and current-reversal chrono-
potentiometry (GRG) were carried out by using commercially 
available apparatuses constructed by Nikko Keisoku. All 
experiments were carried out at 25^0.3 °G. 

Results and Discussion 

T h e cyclic vol tammogram of D M M T exhibited one 
anodic wave (la) having a peak potential (Ep) of 0.45 V 
(Fig. l a ) , and no other appreciable wave was observed 
near this peak. T o obtain the oxidation product, 
controlled-potential electrolysis at 0.65 V was carried 
out. During electrolysis the height of the wave l a 
decreased and a new irreversible reduction wave (He) 
appeared at Ep= —0.83 V (Fig. lb ) . Since no wave was 
observed at the potential near 0.45 V, T M M B was not 
produced because T M M B , if formed, must be oxidized 
at a somewhat less anodic potential than that for the 
wave of D M M T . The vicinity of the anode was colored 
pink, which might be due to the formation of the cation 
radical of D M M T , and the bulk solution became green. 
By coulometry for a 5 mmol d m - 3 D M M T solution, 
0.97 electrons/molecule of D M M T were consumed and 
the product I was obtained. 

Controlled-potential re-reduction at —0.9 V was 
carried out consecutively after exhaustive oxidation at 
0.65 V. 0.9 electrons/molecule of D M M T were consumed 
to make the reduction wave H e on the voltammogram 
of the solution disappear; the solution turned dark 
brown and this color no longer changed to green by the 
anodic re-oxidation. The cyclic voltammogram of the 
solution obtained by the re-reduction showed one 
reversible wave ( I I I a / IHc) at a somewhat less anodic 
(Ep=0A2 V for I l i a ) potential than that for D M M T 
(Fig. lc ) . This suggests that T M M B is produced by the 
re-reduction of the product I . In confirmation of this 
consideration product I I was isolated after exhaustive 
re-reduction of I . Both products I and I I thus obtained 
were analyzed to determine their structures, and the 
characteristics of the analytical data are summarized in 

TABLE 1. ANALYTICAL DATA ON THE PRODUCTS (I AND II) AND DMMT 

Compound II DMMT 

IRa> (KBr) (cm-1) 

UVm a x (MeCN) 
(nm) (log e) 

NMRb> (CDC18) 
5 (ppm) 

MSC> (75 eV) 
mje (rel intensity) 

Elemental analysis 
Found (%) (Calcd) 

1687 (yC=N), 1120 (C104-), 
1607, 1491 (Ring yC=C), 
2800—3000 (Me yC-H) 

255 (<3), 300 « 2 . 6 ) 

2.08 (3H, s, Me), 3.08 (6H, 
s, Me2N), 6.8—7.3 (3-4H, 
m, Ar-H) 
269.5 (17.9), 268.5 (51.6), 
267.5 (14.7), 254.5 (9.5), 
253.5 (12.1), 209 (10.5), 135 
(67.4), 134 (100), 121 (25.3), 
120 (32.6), 119 (29.5), 118 
(23.2), 91 (34.7) 

C : 50.413 (46.055)d> 
H : 5.631 (5.543) 
N : 6.100 (5.970) 

Others: 37.856 (42.431) 

1610, 1498 (RingyC=C), 1350, 
(1228) (Ar. /-amine yC-N), 815, 
808, 832 (1,2,4-trisubstituted 
benzene <5C-H), 2800—3000 
(Me yC-H) 
265 (4.36), 300 (3.8—3.9 
shoulder) 
2.04 (3H, s, Me), 2.92 (6H, s, 
Me2N), 6.5—7.3 (3H, m, 
Ar-H) 
269 (21.2), 268.5 (100), 267.5 
(24.1), 253 (16.6), 252 (11.2), 
209 (10.7), 157 (20.2), 133 
(31.6) 

80.207 (80.471)e> 
8.696 (8.941) 
9.673 (10.439) 
1.424 (—) 

1607, 1500 (Ring yC=C), 1350, 
(1230) (Ar. /-amine yC-N), 767, 
692 (1,3-disubstituted benzene 
<5C-H), 2800—3000 (Me vC-H) 

255 (4.19), 300 (3.34) 

2.30 (3H, s, Me), 2.83 (6H, s, 
Me2N), 6.5—7.3 (4H, m, 
Ar-H) 
135 (66.3), 134 (100), 121 
(10.0), 120 (13.7), 119 (12.1), 
118 (8.4), 91 (19.5), 77 (9.5), 
69 (13.2), 65 (10.5) 

a) Absorption bands are listed in the order of their strength except for those in the parentheses. v = 
stretching, 3=bending, t=tertiary, Ar=aromatic, and Me=methyl. b) TMS was used as the 
internal standard. s=singlet and m=multiplet. c) Only main peaks are listed. d) Calcd for 
I-a. e) Calcd for TMMB. 
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3 

a 

/Me 

-1.0 -0.5 

(E vs. Ag/Ag+)/V 

Fig. 1. Cyclic voltammograms of 5 mM DMMT in 
NleCN-0.4 M NaC104. Scan rate: 0.5 V s"1. The 
direction of the potential scan is shown by arrows on 
the voltammograms. 
a) Before controlled-potential electrolysis, b) after 
exhaustive oxidation at 0.65 V, and c) after exhaustive 
re-reduction at —0.9 V. 

Table 1. 
Re-reduction Product II. Comparing the analytical 

data on I I with those on D M M T , we easily find that I I 
is T M M B , as was suggested by the cyclic voltammetric 
behavior. The reasons for the conclusion that I I is 
identical with T M M B are as follows, a) The I R data 
on I I show that (i) C - N stretching absorption of the 
tertiary aromatic amine at 1350 c m - 1 remains and (ii) 
absorption due to C - H bending of the 1,3-substituted 
aromatic ring at 692 and 767 c m - 1 observed for D M M T 
changes to those of the 1,2,4-substituted one at 808, 815, 
and 832 cm"1 , b) The N M R data on I I indicate that 
(i) since the peak of methyl protons on the r ing shifts 
to a higher field (3=2 .04 for I I and 3 = 2 . 3 0 for D M M T ) , 
a shift which probably results from the ring-current 
effect, the methyl group is not coplanar to the r ing and 
thus a 2,2 /-dimethylbiphenyl-type structure is suggested, 
and (ii) the number of aromatic protons reduces to 
three-fourths of that of D M M T . c) In the mass spec­
trum, the parent ion peak of T M M B is observed 
(Found: m\e 268.5, Calcd for T M M B : M, 268.4) and 
the fragmentation is also reasonably explained, d) The 
U V spectrum of I I is similar to that of 2,2'-dimethyl-
benzidine6) (the red-shift of Amax for I I is explained in 
terms of the replacement of H atoms on nitrogen with 
methyl groups), e) The electrochemical data are also 
consistent with the conclusion of the formation of 
T M M B , and the reaction for the wave I l l a / I I I c is 

(Me)2N-

(TMMB) 

>-N(Me)2 

xMe 

-2e(IIIa) 

+2e"(IIIc) 

(Me)2N=<^_p>=<^_p>=N(Me)2. (4) 

"" M e / _ 

(TMMB2+) 

Furthermore, anodic oxidation of I I gave a blue 
solution having absorption maxima at 378 and 680 nm, 
a result which is similar to that reported for the oxida­
tion of 3,3'-dimethylbenzidine.7> Thus , T M M B was 
formed either by the re-reduction or by adding a base 
after exhaustive oxidation of D M M T in MeCN. This 
simple method is useful for the synthesis of T M M B in 
the yield of 80—90%. 

Oxidation Product I. Some remarkable differences 
in the analytical data on I from those on D M M T and 
T M M B are observed. However, since T M M B is easily 
produced by the reduction of I or by adding pyridine 
(or a base) to I, the structure of I must be similar to 
that of I I . The strong absorption at 1120 c m - 1 in the 
I R spectrum shows that I forms a salt with a perchlorate 
anion; the N M R data also support this conclusion 
because the electron density near JV,iV-dimethyl protons 
of I (0 = 3.08) is lower than those of D M M T (0=2.83) 
and T M M B (6=2 .92) . The methyl-proton peak of I 
shifts to a higher field (6=2.08) than that of D M M T 
(6=2 .30) , as is observed for T M M B (6=2 .04) , a fact 
which indicates that the structure of I is similar to that 
of T M M B . These results and the fact that no strong U V 
absorption of I was observed suggest the following two 
possible structures : 

Me 

(Me)2N=< 
H 

H 
=N(Me)2 

Me 

(C104)2, (I-a) 

Me 

H(Me)2N- / \ -N(Me)2H 

Me 

(G104)2. (I-b) 

Thus , to determine the structure of I, we tried to 
distinguish between I-a and I-b by measuring the 
number of aromatic protons by integration of the N M R 
spectrum, but no reproducible result was obtained (the 
number of protons was 3—4). No appreciable absorption 
was observed for an N - H proton. However, the structure 
I -b is rejected because (i) in the I R spectrum of I, the 
C=C ring stretching absorption at 1491 and 1607 c m - 1 

is reduced and the C=N stretching absorption at 1687 
c m - 1 appears, and (ii) in the mass spectrum of I, the 
peaks at m/e=\34 and 135 have larger intensity than 
that of the parent ion peak, a fact which shows that I 
has an unstable structure which can be split easily into 
two halves. O n the other hand, the largest-intensity 
peak of I -b may be the parent ion peak, as is observed 
for T M M B . Thus, product I is determined to be the 
dihydro compound (I-a). 

I-a was easily converted, as is expected from its 
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structure, to T M M B by cathodic reduction or by adding 
pyridine (or a base) : 

(Me)2N= 

Me 
- ' H 

H 
=N(Me)2 

+2e 

Me 

Me 

(Me)2N- -N(Me)2 

M̂ e 

+ H 2 ( or 2 NH *)• (5) 

Oxidation Mechanism. T o obtain mechanistic 
information on the formation of the dihydro compound 
(I-a), some preliminary experiments were carried out. 
By cyclic voltammetry, the ratio of the anodic peak 
current of the wave l a to the square root of the scan rate, 
ipjv1'2, decreased with increasing scan rate, and the 
ratio of the cathodic reversal current (ipc) to ipa, 
ipjipa, decreased with an increase in the concentration 
of D M M T (Table 2). These results are explained in 
terms of the reactions in which a second-order chemical 
reaction is involved between two charge-transfer reac­
tions (so-called an ECE mechanism). Usually two 
possible types of coupling reactions are considered. One 
is dimerization of intermediates and the other is the 
coupling of an intermediate with a parent molecule. 
These two mechanisms are distinguishable by both 
R R D E voltammetry8 '9) and CRC.1 0) Thus , R R D E 
voltammetry was first applied to obtain precise informa­
tion. O n the basis of Bard's method, the kinetic collec­
tion efficiency, Nk( — — iT/id where ir and id are the 
ring and the disk currents, respectively), was measured 

TABLE 2. CYCLIC VOLTAMMETRIC DATA FOR OXIDATION 

OF DMMT IN MeCN- 0.4 M NaC104 

(1 M = l mol dm-3) 

Conen of 
DMMT (C) 

mM 

1.0 

2.0 

4.0 

7.0 

10.0 

Scan 
rate (v) 
Y s - 1 

0.05 
0.1 
0.25 
0.5 
1.0 
0.05 
0.1 
0.25 
0.5 
1.0 
0.25 
0.5 
1.0 
0.25 
0.5 
1.0 
0.25 
0.5 
1.0 

I IA : 

0.82 
1.18 
1.70 
2.32 
2.78 
1.58 
2.16 
3.12 
3.96 
4.88 
6.40 
7.80 
10.1 
11.4 
13.5 
15.4 
13.9 
18.6 
23.9 

iJvV*C 

[iA V-V* 
sV* mM- 1 

3.67 
3.73 
3.40 
3.28 
2.78 
3.53 
3.42 
3.12 
2.80 
2.44 
3.20 
2.76 
2.53 
3.26 
2.73 
2.20 
2.78 
2.63 
2.39 

^pc/^pa 

0.48 
0.53 
— 
— 
— 

0.42 
0.55 
— 

0.39 
0.52 
— 

0.39 
0.52 
— 

0.39 
0.45 

as a function of the disk current, C O N I ( = *dAd,i where 
idA is a limiting disk current for the oxidation of 
D M M T ) . The Nk values decreased with increasing 
1-CONI (Fig. 2). This trend shows8) that the inter­
mediate generated by the first charge-transfer reacts 
with the parent molecule and is further oxidized to form 
the dimer : 

A*, (6) 

At + A -£-> A-A+, (7) 

A-A+ - e <=± DH2
2+, (8) 

where A and A+ are D M M T and its cation radical and 
D H 2

2 + is the dihydro compound (I-a). 

1-CONI or ttjrt 

Fig. 2. Collection efficiency (Nk) vs. 1-CONI and rT/tf 

vs. tt/rr for oxidation of 1 mM DMMT in MeCN-0.1 M 
NaC104. Points are experimental data. For RRDE 
voltammetry the ring electrode was maintained at 0 V 
and the rotation rate of the electrode was 105 rad s_1. 
For CRC the ratio of reverse to forward currents was 
1/2 and 7 f = 1.0 s. Solid lines are simulated results 
corresponding to the rate constant of 5x 103 M _ 1 s_1 

(for RRDE) and 7 x l 0 3 M - 1 s ~ 1 (for CRC) for Eqs. 
6—8. 

T o give further support for this mechanism, C R C 
using the method developed by Evans10) was also applied. 
The plots of xx\ti vs. t{/tf, where rf and r r are the 
forward and the reverse transition times, respectively, 
and t{ is the forward electrolysis time, showed an 
upward trend in Tr/t{ values with increasing £f/rf 

(Fig. 2) ; this trend also indicates10) the above reaction 
pathway (Eqs. 6—8). By using a digital simulation 
method the rate constant for the coupling reaction 
(Eq. 7) was estimated to be approximately 5 x l 0 3 

dm 3 m o l - 1 s - 1 (Fig. 2). T o obtain an accurate value of 
k and more precise mechanistic information, the 
details of the kinetics of the reaction are being inves­
tigated by C R C and R R D E voltammetry and will be 
reported later. 
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Clustering Reactions of the Protonated Nitrogen N2H+ with 
Hydrogen Molecule in the Gas Phase 
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Faculty of Engineering, Yamanashi University, Takeda, Kofu 400 
(Received September 28, 1978) 

Clustering reactions of the protonated nitrogen N2H+ with hydrogen molecule, N2H+(H2)n_1+H2=N2H+(H2)n 

(n— 1, n), were studied in a pulsed electron beam mass spectrometer with a high-pressure ion source. The values 
of enthalpy change — A//n_1>n(kcal/mol) and the entropy change — A^n_1)n(e.u.) obtained from the van't Hoff 
plots of equilibrium constants were (0, 1 ) 7.2, 22.6, (1,2) 1.5, 14.0. No cluster ions larger than N2H+(H2)2 were ob­
served even at — 187 °C. The relatively low values of enthalpy change for the clustering reactions (0, 1) and (1,2) 
suggest that the positive charge in N2H+ is delocalized, the N2H+ ion very weakly interacting with additional hy­
drogen molecules electrophilicly. The calculated entropy change also suggests that hydrogen molecules in N2H+-
(H2)n are weakly bound to the core ion N2H+, having considerable freedom of motion in the cluster ion. The ther-
mochemical study proves that the cluster ion N2H+(H2)2 does not have the structure of the protonated hydrazine 
N2H5+. 

Studies of ion-solvent molecule interactions in 
solution date back to the beginning of physical chemi­
stry. However, it is only 10 years since a systematic 
study of ion-solvent molecule interactions in the gas 
phase was begun. Studies of ion-solvent clustering 
reactions in the gas phase provide direct indication of 
the preferred coordination of ions by solvent molecules 
and the energy relations between solvated species in the 
gas phase containing different numbers of coordinated 
solvent molecules. 

A merit of studies in the gas phase by means of mass 
spectrometry is that the stoichiometry of detectable 
species can be deduced exactly. The mass spectrometric 
method also permits measurements of gas phase ion 
equilibria and their temperature dependence. These 
data in turn lead to enthalpies, entropies and free 
energies for ionic reactions. These thermochemical 
data often give information on the structure of ionic 
species. 

A mass spectrometric study of the ions present in 
the air at near atmospheric pressures (^^100 Torr) led 
to the incidental observation1»2) of the proton hydrates 
H + ( H 2 0 ) w formed by ion-molecule reactions involving 
a trace of water vapor. The observation of clusters such 
as N H 4 + ( N H 3 ) w ( H 2 0 ) w and H+(CH 3 OH) w in ammonia , 
methanol and other gases led to the systematic study of 
ion-solvent molecule interactions and ion equilibria in 
the gas phase.3) Because of hydrogen bonding, bond 
energies are very large in the water. Since the charge 
is very efficiently dispersed by hydrogen bonding, the 
relative stability difference between the favorable and 
the unfavorable structures is small. 

Recently, Hiraoka and Kebarle investigated two 
clustering reactions, H 3

+ (H 2 ) w _ 1 - [ -H 2 =H3 + (H 2 ) w and 
CH5+(CH4)W_1 + CH 4 =CH 5 +(CH 4 ) M . 4 ' 5 ) From the ther­
mochemical data obtained, they predicted the structure 
of H3+, CH 5

+ and of cluster ions H3+(H2)W and 
CH5+(CH4)M . In both systems, the positive charge is 
not so well dispersed in the cluster ions as in the case of 
water system, because hydrogen and methane have no 
hydrogen bonding ability. Since the charge is not 
efficiently dispersed in the cluster ions, the relative 
stability differences between the favorable and the 
unfavorable structures are larger, thus making it easier 

to predict the structure of cluster ions. 
In this investigation, the clustering reactions of the 

protonated nitrogen N 2 H + with hydrogen molecule were 
studied. Since the protonated molecule and the solvent 
molecule are different, new information was expected. 

E x p e r i m e n t a l 

The ion-molecule reaction ion source and the mass spec­
trometer were described;6) only a brief description oF the 
procedures is given herewith. 

The H2 gas (Linde UHP) was purified by passing through 
a liquid nitrogen cooled trap containing molecular sieve 5 Â 
at atmospheric pressure. Downstream of this trap, the H2 gas 
passed through a variable needle valve in order to reduce the 
pressure to 1—6 Torr, flowing in and out of the ion source. 
The H2 gas thus prepared contains no impurities except a 
trace amount of nitrogen.7) 

Ionization is produced by a short pulse of 2 keV electrons 
which enters the sourse through a small slit ( 12 [Jim X 2 mm, 
razor blade edges) of the field free ion source. The electron 
beam is pulsed "on" for 10 [is and "off" for 5 ms. Each pulse 
contains some 106 electrons. The primary ions H2+ and H+ 
are rapidly converted by ion-molecule reactions into H3+. 
This species reacts further giving H5+, H7+, etc. The reaction 
occurs due to proton transfer from H3+ and H5+ to impurity 
N2 leading to N2H+ and its hydrogen clusters. The vast 
majority of ions are ultimately destroyed by diffusion towards 
the wall. Some ions diffuse to the vicinity of an ion exit slit 
(12 [xmx 3 mm, razor blade edges) and escape into an evacu­
ated region where they are accelerated, magnetically mass 
analyzed and detected with counting equipments attached to 
a multichannel analyser. Collection of some 104 pulses at a 
given m/e gave a satisfactory temporal profile of the ion with 
a channel dwell time of 20—30 pis. 

The equilibrium constants for the clustering reactions (n— 
1, n) were calculated by 

Kn-l,n = In/In-l X Ps 

where IJIn-.i is the stationary intensity ratios of the corre­
sponding cluster ions and Ps is the solvent (hydrogen) pressure. 

R e s u l t s a n d D i s c u s s i o n 

General. The solvation of ions by neutral 
molecules is an exothermic process. Since the solvated 
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ions may fall apart or be collisionally dissociated to 
reform the original reactants, it is possible that thermo­
dynamic equilibrium can be achieved under conditions 
where the complex can undergo sufficient collisions to 
remove the heat of reaction. By the rule of thumb the 
achievement of equilibrium can be determined by the 
rate of the slow reaction, which has a rate constant 
k^> 10 - 2 9 cm6 molecule - 2 s_1 . With this value one can 
calculate the half-life for the clustering reaction at 3 
Torr of H 2 as 2 X 10 - 6 s or less. The subsequent steps in 
the clustering sequence require considerably shorter time 
since their rate constants are considerably higher. Thus, 
thermodynamic information about the clustering reac­
tions can be obtained from equilibrium constants. At 
equilibrium we have 

-RT\nK= AG = AH- TAS (1) 

The enthalpy of reaction can be obtained from the 
slope of a van ' t Hoff plot. We can evaluate AS if AG 
and AH are known. 

Results. Figure 1 shows the temperature and 
pressure ranges for the (0, 1) equil ibrium. The 
equilibrium constant is independent of the hydrogen 
pressure. Figure 2 gives the van ' t Hoff plots of the 
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T T - 0 - _CL 
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Pressure of H2/Torr 

Fig. 1. Equilibrium constant K0l for the reaction N2H+ 
+ H2=N2H+(H2) at 3 temperatures plotted vs. hydro­
gen pressure. Standard state for K as given in these 
plots is 1 Torr. 

k K / r 
Fig. 2. van't Hoff plots for the reactions N2H+(H2)n_1 

+ H a =N a H+(H a ) n (n - l , n). ( ) plots for the 
reactions H3+(H a)n_1+H a=H8

+(H a)n (n-l, n), 
Ref. 4. 

clustering reactions of N2H+ with hydrogen molecule. 
For the sake of comparison the results of the clustering 
reactions of H 3

+ with hydrogen molecule4) are given in 
Fig. 2. The thermochemical values obtained are given 
in Table 1 together with the results of H 2 solvation 
reaction of HCO+.8) The solvent molecule is hydrogen 
for all the reactions. 

Free Energy and Enthalpy Change. Decrease in 
AHfltfl^1 (AHntn^1=—AHn^ln) with n is observed as is 
always the case for ion clusters. The decrease is expected 
because of gradual charge dispersal with the addition 
of new clustering molecules. The irregularity of the 
van ' t Hoff plots for the clustering reactions of H3+ with 
H 2 shown in Fig. 2 was discussed.4) In the hydrogen 
experiment, cluster ions H3+(H2)W for n=\ to 4 were 
observed as major ions between room temperature and 
—170 °G. However, in the present experiment, the ion 
N 2 H+(H 2 ) 2 (w=2) was the largest cluster observed at 
low temperatures, no higher clusters (n^>2) being 
observed even at —187 °C; N 2 H + has much lower 
hydrogen molecule affinity than H3+. The vertical 
distance between two adjacent van ' t Hoff plots taken at 
a constant 1 /Tcorresponds to (AGn+ltn —AGMtM„1)(l/2' 
3RT), being proportional to the free energy difference 
at a certain temperature T. A big gap between two 
van ' t Hoff plots thus indicates a big drop of stability 

TABLE 1. THERMOCHEMICAL DATA OBTAINED FROM MEASUREMENT OF EQUILIBRIA 

BH+(H a)n .1+H a=BH+(H a)n ( n - 1 , n) 

Reaction -Af l . . , , -ASn. •l.n - A G n 

(1) N2H++H2=N2H+(H2) 
(2) N2H+(H2) + H2=N2H+(H2)2 

(3) H3++H2=H3+(H2) 
(4)H3+(H2) + H2=H3+(H2)2 

(5) H8+(H a) a+H a=H8+(H a)3 

(6) H3+(H2)3+H2=H3+(H2)4 

(7) HCO++H 2 =(H 2 )HCO+ 

7 .2±0 .2 
1 .5±0.3 
9.6 
4.1 
3.8 
2.4 
3.9 

22 .6±1 
14.0±2 
24.6 
19.8 
20.2 
19.3 
20.5 

.0 
0 

0 . 4 ± 0 . 4 
- 3 . 3 ± 0 . 5 

2.3 
- 1 . 8 
- 2 . 3 
- 3 . 4 
- 2 . 3 

a) AH and AG values in kcal/mol. Standard state 1 atm. AG values are for 298 K. b) AS 
values in entropy units (cal/deg). Standard state 1 atm. AS values are for temperatures in 
the temperature range in which each reaction was studied. 
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toward dissociation of one molecule. We see from Fig. 2 
that there is a very big gap between plots n=\ and 2 
(Reactions 1 and 2, Table 1), indicating that (a) the 
first incoming H 2 molecule interacts with reasonable 
strength with N2H+, but the second molecule experi­
ences very weak interactions with N 2H+(H 2 ) , and (b) 
the stability of N2H+(H2)2 is remarkably lower than that 
ofH 3 +(H 2 ) 2 . 

100 120 140 

Proton affinity 
Fig. 3. Relationsflip between —AHol for the reaction 

BH++H2==BH+(H2) and proton affinity for molecule 
B as H2, N2 and CO. See text. 

The values of enthalpy change AHt 0 (Table 1 ) give 
the order A / / (H3+ . . .H2)>A/ / (N 2 H+. . .H2)>A/ / (HCO+ 
•••H2), i.e., the order of the hydrogen molecule affinity 
for each protonated species is H 3 + > N 2 H + > H C O + . The 
order is opposite that of proton affinities of H 2 , N2 , and 
C O , which are 101.0, 113.7, and 139.1 kcal/mol, 
respectively.9) The relationship between proton affinities 
and — A / / 0 t l is shown in Fig. 3. For all Reactions 1, 3, 
and 7, the solvent molecule is hydrogen which interacts 
nucleophilicly with each protonated molecule. If the 
positive charge is more delocalized in the protonated 
species, the interaction of the solvent molecule with the 
ion should be weaker, and vice versa. The larger proton 
affinity indicates that the positive charge is more 
dispersed in the protonated species, and the following 
clustering step should be less favorable (Fig. 3). This is 
also the case for polar molecules which have a strong 
tendency to hydrogen bonding. Water has been known 
as the best solvent for proton. However, the proton 
affinity of water is the lowest among all other oxygen 
containing hydrocarbons.10) 

The Structure of N2H+ (H2) and N2H+ (H2) 2. The 
characteristic enthalpy changes for Reactions 3—6 led 
to the prediction of the structure of H3+(H2)M.4) For the 
present clustering Reactions 1 and 2, the big drop of 
—AHn-ln seems somewhat unusual. A theoretical 
calculation predicts that N2H+ has a linear equilibrium 
geometry.11) However, no theoretical work has been 
carried out on the structure of N2H+(H2)M for n=\. 
Tentatively two possible structures are suggested (Fig. 4), 
a solvent hydrogen molecule interacting with the 
terminal hydrogen atom in structure (a), and with the 
central nitrogen atom in structure (b). From the large 
electronegativity of a nitrogen atom and the relatively 
low proton affinity of a nitrogen molecule, an appreciable 
amount of positive charge is considered to be on the 

hydrogen atom in N2H+. Because of the smaller size 
of the hydrogen atom, the nucleophilic interaction 
between a solvent hydrogen molecule and the terminal 
hydrogen atom may be stronger than that between a 
solvent hydrogen molecule and the central nitrogen 
atom. We would like to suggest that the cluster ion (a) 
would be the most stable isomer of the cluster ion 
N 2H+(H 2 ) . In (a), the proton is sandwiched between 
N2 and H 2 molecules. In such a structure, the potential 
energy curve for the proton may have double potential 
minima.12) Since the proton affinity of nitrogen is 
larger than that of hydrogen, the proton in N2H+(H2) 
should be closer to the nitrogen molecule (Fig. 4(a)). 

N = N - - H -

(a) 
H 

N= N----H 

H H 

(b) 
Fig. 4. Possible structures of cluster N2H+(H2), 

When the cluster ion N2H+(H2) has structure (a), the 
second incoming hydrogen molecule would interact 
either with the central hydrogen atom o r the nitrogen 
atom adjacent to the central hydrogen atom. In either 
case, the nucleophilic interaction would be much weaker 
than that for the first clustering step, since the positive 
charge is already dispersed in N 2H+(H 2) . This might 
explain the big drop of the enthalpy changes for Reac­
tions 1 and 2. 

N 2 H + (H 2 ) 2 has the same chemical formula as the 
protonated hydrazine, N2H5+. From a comparison of 
heat of formation of N 2H+(H 2)2 and N2H5+, it can 
easily be shown that the cluster ion N 2 H + (H 2 ) 2 docs 
not have the structure of protonated hydrazine. The 
heat of formation of N 2 H + ( H 2 ) 2 can be obtained from 
the proton affinity of N2 and the enthalpy changes of 
Reactions 1 and 2 as 244.6 kcal/mol. So far no proton 
affinity of hydrazine has been measured. The proton 
affinity of hydrazine is considered to be equal or larger 
than that of ammonia (202 kcal/mol) because of the 
inductive effect of - N H 2 group. Thus the heat of 
formation of the protonated hydrazine should be < 187.8 
kcal/mol. The difference between these two values is 
large enough to conclude that N2H+(H2)2 and N2H5+ 
are structural isomers. Although the reaction of the 
formation of protonated hydrazine, N 2 H + ( H 2 ) - t - H 2 = 
N2H5+, is highly exothermic (<M50 kcal/mol), it must 
have a large free energy barrier, i.e., an activation 
energy barrier as well as an entropy barrier, since the 
reaction sould undergo the rearrangement of atoms. 

Entropy Change. The entropy of a molecule in 
the gas phase is given by 

S = St + SF + Sv + Se (2) 

where St, Sr, £ v , and Se are translational, rotational, 
vibrational and electronic entropy, respectively. The 
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contribution of the electronic entropy Se is usually 
negligible at normal temperatures. The translational 
entropy is evaluated by 

St = ~R\nM+ ~R\n T- RInP - 2.315 (3) 

where R, M, T, and P are gas constant, molecular 
weight in atomic unit, temperature, and gas pressure 
in atmospheric pressure unit, respectively. The rota­
tional entropy for a linear molecule and that for a 
non-linear molecule are respectively given by the 
equations 

Sr = R\nI + R\n T- Rlna + 177.671 (4) 

Sr = ~\n IJBIC + y i ? In T - R In a + 267.644 (5) 

where / and a are the moment of inertia and the sym­
metry number of the molecule, respectively. The 
vibrational entropy is given by 

S. = * ? [ - I n (1-exp ( - W ^ ) ) + ^ ^ r - p r ] 

(6) 

where V{ is the frequency of the z-th fundamental 
vibration. 

The translational entropy change which is by far the 
most important term is readily evaluated for Reaction 1 
by means of the Sackur-Tetrode equation 

ASt = iRlni^M;~îRlnT+RlnP +2-315 (y) 
where Ml9 M2, and M3 are the molecular weights of 
N2H+, H 2 , and N 2H+(H 2) , respectively. Substituting 
265 K for T, we obtain ASt = — 27.3 e.u. The tempera­
ture 265 K corresponds to the average in the tempera­
ture range of the van ' t Hoff plot from which A / / 0 1 

and also AS0tl were obtained (Fig. 2). 
In order to evaluate the rotational entropy change, 

we should know the structure of N 2 H + and N 2 H + ( H 2 ) . 
The linear structure of N2H+11> theoretically predicted 
leads to the moment of inertia of N=N---H+ of 1.74x 
lQ-39g. c m 2 The following assumptions will be made 
for the possible structures of N 2 H + (H 2 ) shown in Fig. 4. 
Since the N2H+ -H2 ion consists of weakly bonded 
N 2 H + and H 2 , the vibrational modes in H 2 and N 2 H + 

would be essentially preserved in N 2H+---H 2 . The 
distance between H atom and H 2 in structure (a), and 
N atom and H 2 in structure(b) is 1.9 Â. This value is 
adopted on the basis of the theoretical calculation done 
by Yamabe, Hirao and Kitaura.1 3) They predicted the 
bond distance H3+---H2 of 1.857 Â. Since the bond 
energy of H3

+---H2 (9.6 kcal/mol) is of the same order 
as that of N 2 H + - - 'H 2 (7.2 kcal/mol), the predicted value 
would not be in large error. Actually, the calculated 
rotational entropy changes are rather insensitive to a 
small change in the molecular structure. Substitution 
of these values in Eqs. 4 and 5 leads to A6* r=1.3 e.u. 
for the cluster ion (a) and A £ r = 4 . 2 e.u. for the cluster 
ion(b). The total entropy change AS01 experimentally 
determined is —22.6 e.u., indicating that A £ v ^ 3 e.u. 
for the formation of the cluster ion(a) and ASv^»l e.u. 

for that of the cluster ion(b). The new vibrational 
modes in N 2 H + (H 2 ) can be represented by a rocking 
motion with œ1 in which alternately one end of H 2 and 
then the other swings toward N 2 H + , a nearly free 
internal rotation with co2 of H 2 around the bond N2H+---
H 2 , a bond stretching vibration a>3, and two normal 
bending vibrations a>4 and a>5. Salmon and Poshusta14) 
have estimated co^co 2***200 c m - 1 and a> 4^o) 5^50 c m - 1 

for H3
+---H2 . Frequencies of 50 and 200 c m - 1 lead to 

vibrational entropy changes of —1.8 and —2.44 e.u. 
at 265 K, respectively. If the values are used for vibra­
tions in N 2 H + - H 2 , the four vibrations lead to ASy = 
— 8.5 e.u. Evidently the actual vibrations in N 2 H + - H 2 

should be considerably milder than the predicted 
vibrations in H3

+---H2 . Certain vibrations with the 
frequency of 30 c m - 1 ( A £ v ^ 1 . 6 e.u) or less and the 
near free internal rotation of H 2 ( A £ V ^ 2 e.u.) should 
be taken into consideration in order to explain the 
estimated A£v . 

A number of assumptions would be required for the 
evaluation of the entropy change for Reaction 2. The 
translational entropy change AS12 calculated by Eq. 7 
is —21.9 e.u. at 90 K. The temperature 90 K corre­
sponds to the average in the temperature range of the 
van ' t Hoff plot for Reaction 2. The total entropy 
change AS12 experimentally determined is —14.0 e.u., 
indicating that ASr+ASy = 7.9 e.u. We obtain A S ^ l 
e.u. by assuming several structures of N 2 H + (H 2 ) 2 in 
which an additional hydrogen molecule interacts with 
clusters (a) and (b) with the bond length of 2 Â. This 
value leads to the value of 7 e.u. for A£ v . The large 
positive value of the predicted vibrational entropy 
change strongly suggests that bonds in N 2 H + ( H 2 ) 2 are 
very loose, additional hydrogen molecules having a 
large freedom of motion in the cluster ion. 

The author is greatly indebted to Professor P. Kebarle 
for valuable discussions and for the use of the high 
pressure mass spectrometer. 
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For polyatomic quenchers there is a fairly accurate linear relation between ÖQ1/2 and r, where aq is the quenching 
cross-section of rare gas metastables (especially Ar(3P2)) and r, the effective radius of the quencher. 

The quenching process for metastable rare gas atoms 
by neutral molecules is one of the simplest and most 
elementary chemical reactions. So far many workers 
have studied the quenching cross-sections, aq (esp. for 
metastable argon), and also discussed the quenching 
mechanism.1 - 5) However, as will be summarized in the 
next section, there seems to have been no definite 
conclusion as to the quenching mechanism. All the 
theoretical approaches are also unsuccessful.6) There­
fore, what we should do first is to study the existing 
experimental data systematically and to search for 
empirical laws. As will be mentioned in the next 
section, some attempts of this kind have already been 
done, but the empirical laws they have proposed are 
not sufficiently quantitative. 

The purpose of the present paper is to give a much 
more quantitative empirical law than has ever been 
reported: a linear relation between ÖQ1/2 (esp. for 
metastable argon) and the effective diameter of the 
quencher. Empirical laws of this type for several 
gaseous processes have already been given in a previous 
paper.7) O u r study shows that diatomic quenchers and 

TABLE 1. THE QUENCHERS CONSIDERED IN THIS REPORT 

Mono- and diatomic quenchers 
1 : Krypton, 2 : Xenon, 3 : Hydrogen, 4 : Deuterium, 5 : 
Nitrogen, 6: Carbon monoxide, 7: Nitrogen monoxide, 
8: Oxygen, 9: Hydrogen chloride, 10: Hydrogen bro­
mide, 11 : Hydrogen iodide, 12: Chlorine, 13: Bromine, 
14: Iodine monochloride, 

Polyatomic quenchers 
15: Water, 16: Ammonia, 17: Methane, 18: Dinitrogen 
oxide, 19: Carbon dioxide, 20: Methanol, 21: Acetylene, 
22: Ethylene, 23: Ethane, 24: Acetaldehyde, 25: Hy­
drogen sulfide, 26: Nitrosyl chloride, 27: Chloromethane, 
28: Carbonyl sulfide, 29: Sulfur dioxide, 30: Propane, 
31: Propionaldehyde, 32: Isobutane, 33: Butane, 34: 
Benzene, 35: Carbon disulfide, 36: Dichloromethane, 
37: 1-Butanol, 38: Phenol, 39: Bromomethane, 40: 
Pentane, 41: Toluene, 42: Benzaldehyde, 43: Chloro-
benzene, 44: Chloroform, 45: o-Xylene, 46: m-Xylene, 
47: />-Xylene, 48: 1-Hexanol, 49 : />-Chlorotoluene, 50: 1-
Naphthol, 51: 2-Naphthol, 52: Phosphorus trichloride, 
53: o-Dichlorobenzene, 54: Carbon tetrachloride, 55: 
Iodomethane, 

Fluorine-containing quenchers 
56: Fluorine, 57: Nitrosyl fluoride, 58: Fluorine oxide, 
59: Fluoromethane, 60: Nitrogen trifluoride, 61: Fluo-
roform, 62 : Carbon tetrafluoride, 63 : Trifluoromethoxy 
fluoride, 64: Dinitrogen tetrafluoride, 65: Thionyl fluo­
ride, 66 : Sulfur hexafluoride, 67 : jb-Fluorotoluene 

polyatomic quenchers are rather clearly different. All 
the quenching cross-sections cited in this paper are 
those obtained from k/v, where k is the rate constant and 
v, the mean velocity of the colliding particles. 

S u m m a r y o f the P r e s e n t V i e w o n the 
Q u e n c h i n g M e c h a n i s m 

Bourène and Calve suggested that the ionization 
potential, / , is relevant to oq from the fact that there is 
a rough inverse relation between <J§ and / . As will be 
discussed later, this suggestion does not hold. Moreover, 
there is an experiment8) showing that the ionization 
process does not contribute to the quenching process 
of Ar(3P2) . Bourène and Calve3) also suggested that the 
dispersion force is relevant and obtained a rough linear 
relation between tfQ and the polarizability, aQ, of the 
quencher. We reexamined this plot and obtained an 
approximate relation, Ö-QOCOCQ

2/3 (Fig. 1). However, if 
ocQ governs tfQ, a dimensional analysis asserts that 
ö-QocaQ

1/3. Hence, their second suggestion is also 
doubtful. Later we will see that the empirical relation 
just mentioned is one derivable from other empirical 
relations which appear more fundamental. 

Setser et ß/.1'2'8) have been studying the quenching 
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Fig. 1. The relation between ÖQ for Ar(3P2) and the 
polarizability #Q of quenchers. The slope of the lines 
are: 1, 2/3, 1/3. Thus the line with the 
slope 1/3 (which is suggested by a dimensional analysis 
or quantum mechanical considerations) does not fit the 
data, which are taken from Ref. 3. The line with the 
slope 2/3 best fits the data. The data for aQ are taken 
from Ref. 11. All the numbers correspond to those 
in Table 1. 
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process extensively; they have also considered quenching 
mechanisms. Their conclusions thus far are summarized 
in Ref. 6. They plotted log <Jq vs. log <76, where C6 is 
the van der Waals coefficient, and obtained a linear 
relation with a unit slope. Their experiments showed 
that the nature of the product channel is irrelevant to 
ÖQ. Therefore, they suggested that <Jq is determined 
by the long-range forces in the entrance channel. 
Hereafter we will interpret the long-range interaction as 
the interaction which does not include the direct 
repulsive interaction due to the molecular core, i.e., 
the overlap of electron clouds. As is the case of ÖQ vs. 
ocQ, however, the slope of the log aq vs. log C6 plot 
apparently contradicts the mechanism suggested (a 
dimensional analysis shows ^ Q ^ C ^ 3 ) . King and 
Setser6) suggested that this contradiction is either 
because the long-range forces are not properly repre­
sented by <76, or because the probability of quenching 
increases in a systematic way, making the slope larger 
than 1/3. Thus, they seem to assert that the relevant 
mechanism is due to long-range interactions (esp. 
dipole-dipole interaction). However, apart from the 
ad hoc nature of their explanation of the value of the 
slope, the long-range-force mechanism contradicts the 
facts that <rQ for Ar(3P2) and that for Ar(1P1) have the 
same order of magnitude and that permanent dipoles 
are irrelevant to ÖQ, as will be shown below (Fig. 6). 

Thus, we may conclude that there is no conclusive 
view on the quenching mechanism of metastable rare 
gas atoms. 

P h e n o m e n o l o g i c a l Survey o f the 
Quench ing P r o c e s s 

As was discussed in the introductory par t of this paper, 
the ÖQOCOCQ* 0 ^ 2 / 3 ) and o^Cf (j*&l) relations 
afford universal phenomenological relations independent 
of the detailed nature of the quenchers. However, these 
relations are not sufficiently quantitative. 

I t has been shown7) that the effective hard-core radius 
of the molecule, r, appearing in the statistical mechanics 
of liquids can be successfully used as the representative 
length of the molecules in gaseous reactions. Therefore, 
it is natural to try to find the relation between r and <Jq. 
I t is known that r is a good measure of the radius of the 
repulsive core of molecules, i.e., a good measure of the 
effective radius of the electron cloud of molecules. A 
dimensional analysis suggests a linear relation between 
ÖQ1/2 and r. As a convenient measure of r, we adopted 
rv = @VJ4nN)1/3> w h e r e Vw is the van der Waals 
volume of the quencher, which is calculated by using 
the tables of Bondi,9) and N, the Avogadro constant. 
A linear relation holds between r and rw, as has been 
shown in Ref. 10. First, we will consider Ar(3P2) . 

Figure 2 shows the linear relation for polyatomic 
molecules involving only atoms belonging to the first 
and second periods of the periodic table. The linear 
relation is much more accurate than any previously 
reported. Note that the plot is not a log-log one, in 
contrast to the relations previously obtained. This 
linear relation, however, does not hold accurately for 
quenchers containing sulfur, bromine, etc. Still, we can 

Fig. 2. The linear relation between rw (see the text) 
and ÖQ1/2 for polyatomic quenchers consisting of atoms 
belonging to the first and second periods of the periodic 
table. The data are taken from Ref. 4. 

get a universal linear law similar to it. For this purpose 
we systematically modify the van der Waals volumes 
allotted to the larger atoms as follows: for the atoms 
belonging to the («+2) - th (rc>0) period of the periodic 
table, the modified van der Waals volume, Vw', is 
related to that of Bondi9) as Vw' = (l.7)nVw. This 
modification seems to reflect the extension of the 
outermost shell of atoms, but we cannot give a clear 
physical meaning for it. At any rate, by this modification 
of the van der Waals volume allotted to the larger atoms, 
we get the linear relation shown in Fig. 3 for all poly­
atomic quenchers except those containing fluorin atoms. 
The accuracy of the linear relation is excellent. The 
effect of the modification of the van der Waals volumes 
is shown in Fig. 4. As may clearly be seen from Fig. 5, 
the diatomic quenchers and the polyatomic quenchers 

'w/A 

Fig. 3. The linear relation between rw and ÖQ1/2. rw is 
calculated from the modified van der Waals volumes 
in the text. The line denotes Ö- Q

1 / 2 =4.80 rw. The 
thin lines show ffQ

1/2=(4.80=b0.48) rw. Thus our 
empirical relation is very accurate than those so far 
obtained. All the numbers in the figure correspond 
to those in Table 1. The data are taken from Refs. 
1, 2 ( # ) , Ref. 3 (Ji), and Ref. 4 (v). The quenchers 
containing fluorine atoms deviate from the linear law 
wildly. This suggests that the quenching mechanism 
for these compounds are different from other quenchers. 
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Fig. 4. The effect of the modification of the van der 
Waals volumes. Open symbols show the ÖQ1/2 VS. rw 

relation before the modification of the van der Waals 
volumes and solid symbols show that after the modifi­
cation. All the numbers correspond to those in Table 
1. Triangles and circles correspond to those in Fig. 3. 

Fig. 5. The OQ1/2 VS. rw relation for mono- and diatomic 
quenchers. The <jq of these quenchers are systemati­
cally smaller than those of polyatomic quenchers (de­
noted by solid symbols). All the numbers correspond 
to those in Table 1. 

T A B L E 2. IRRELEVANCE OF THE POLARIZABILITY aq (Â3) 

TO W H E T H E R OR NOT Ö"Q
1/2OC r w HOLDS 

Although King and Setser6> suggested that the 
quenchers with smaller aQ values are different from 
other quenchers, their suggestion does not hold. In 
the table, the numbers in parentheses show the aQ 

values in Â3. 

Mono- and diatomic 
quenchers 

o2 
N2 

NO 

CO 

Kr 
HCl 

HBr 

(1.57) 
(1.74) 
(1.70) 

(1.94) 

(2.48) 
(2.58) 

(3.49) 

Polyatomic 
quenchers 

H 2 0 

NH, 

co2 
CH4 

H2S 
so2 
CH3OH 

(1.45) 

(2.16) 

(2.59) 
(2.56) 

(3.61) 
(3.78) 
(3.25) 

a r e d i f fe ren t . T h i s d i f ference c o u l d n o t b e found , 
t h o u g h , as l o n g as w e h a d o n l y t h e r o u g h e m p i r i c a l l aws 
m e n t i o n e d a b o v e . 

T h e di f ference c a n n o t b e a s c r i b e d to t h a t of t h e 
n u m b e r of (va lence) e l ec t rons n o r to t h a t of t h e ion iza ­
t i o n p o t e n t i a l (see a lso t h e n e x t s ec t i on ) . F u r t h e r m o r e , 
a l t h o u g h t h e m a g n i t u d e of t h e p o l a r i z a b i l i t y m a y seem 
r e l e v a n t , as has b e e n s u g g e s t e d . b y Se tse r et al., aQ h a s 
n o d i r e c t effect o n w h e t h e r o^ccr ho ld s o r n o t ( T a b l e 
2 ) . T h e r e f o r e , i n so far as w e b a s e o u r conc lus ions o n 
t h e ex i s t ing d a t a , t h e m o s t n a t u r a l c o n c l u s i o n is t h a t 
t h e n u m b e r of n u c l e i i n t h e q u e n c h e r is r e l e v a n t to t h e 
q u e n c h i n g process ( m e c h a n i s m ) . T h i s f u r t h e r suggests 
t h a t t h e n u m b e r of v i b r a t i o n a l degrees of f r e e d o m of t h e 
q u e n c h e r is r e l e v a n t . 

I r r e l e v a n c e o f O t h e r Q u a n t i t i e s 

T h e i r r e l e v a n c e of o t h e r q u a n t i t i e s , s u c h as t h e pe r ­
m a n e n t d i p o l e m o m e n t , t h e i o n i z a t i o n p o t e n t i a l , etc., 
to t h e q u e n c h i n g m e c h a n i s m c a n b e seen as follows. 
Poss ib le r e l e v a n t q u a n t i t i e s , o t h e r t h a n r, m a y i n c l u d e 
t h e r e d u c e d mass , //, of c o l l i d i n g p a r t i c l e s ; t h e d e 
Brog l i e w a v e l e n g t h , A; t h e p e r m a n e n t d i p o l e m o m e n t , 
Z); t h e i o n i z a t i o n p o t e n t i a l , 7; t h e i n i t i a l r e l a t i v e ve loc­
i ty , v( = (3kTlju)^2), a n d t h e i n i t i a l k i n e t i c e n e r g y , 
E( = 3kT/2). A d i m e n s i o n a l ana lys i s i m p l i e s t h e fol­
l o w i n g func t iona l r e l a t i o n : 

(a) 
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Fig. 6. Irrelevance of dipole moment D of quenchers. 
(a) Shows that there is no direct relation between D 
and 0Q. (b) Shows, furthermore, tha t D is irrelevant to 
rw. Therefore there is no indirect relation between 
D and <rq either. 
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Fig. 7. Irrelevance of the ionization potential / of 
quenchers, (a) Shows that there is no direct relation 
between / and ÖQ. Although (b) shows a vague correla­
tion between rw and / (this is the reason why Bourène 
and Calvé suggested the relevance of/) , but (a) and (b) 
show that / is substantially irrelevant to ÖQ. All the 
numbers correspond to those in Table 1. The data 
for / are taken from Ref. 2. 

fff/* = rfWr,ItDV*/pV*r,:.) 

where constant dimensional quantities are suppressed. 
All the existing data are obtained from experiments 
performed under almost the same E (or T). Figures 
6—8 show that all the quantities other than r have no 
direct relevance to ffQ. The irrelevance of the permanent 
dipole moment is evidence that the interaction due to 
the so-called long-range forces has no direct effect on 
aq, as we suggested at the beginning of this paper. 

D i s c u s s i o n 

It may seem quite curious that the number of nuclei 
in the quencher is relevant. There is a possibility that 
the relevance is explained by the relation between the 
stochasticity of the motion of a nonlinear oscillator and 
its number of degrees of freedom. T h e stochasticity of 
the internal motion of the quencher enhances its 
quenching ability. Diatomic quenchers never exhibit 
stochastic internal motion, so that the quenching cross-
section is smaller than would be expected from the 
empirical law for polyatomic molecules. This explana­
tion is mere speculation, but it is fascinating because 
there is a growing interest in the chaos appearing in 
dynamical systems with even a small number of degrees 
of freedom. 
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Fig. 8. Irrelevance of the reduced mass ß or the de 
Broglie wavelength of quenchers, (a) Shows that there 
is no direct relation between jn and <rQ. Of course, as 
is shown in (b), there is a positive correlation between 
[x and rw, but the comparison of the scattered distribu­
tion of points in (b) and fairly compact distribution of 
points in (a) implies that reduced mass (and de BrogHe 
wave length) are irrelevant to <rQ. All the numbers 
correspond to those in Table 1. 

Fig. 9. The relation between modified rw and the polar-
izability c*Q. The slope of the line is 3, i.e., aQocrw

3. 
aQ are taken from Ref. 11. All the numbers correspond 
to those in Table 1. 

A close examination of aq suggests that there is some 
effect of the shape of the quencher. For the series of 
quenchers with the same van der Waals volume, we 
have the order of: bu tane>isobutane and />-xylene> 
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m-xylene>o-xylene. Thus, the deviation from the 
spherical shape increases <rq slightly. These deviations 
are, however, very small, and the main feature is that 
Ö-Q is governed by the effective radius of the quencher. 

The empirical relation, ÖQ^OCQ2/3, mentioned earlier 
is derived from öQ1/2°crw and the empirical relation 
aQoc rw3 shown in Fig. 9. 

Figure 10 suggests that the quenching mechanisms 
for Ar(3P2) and Ar(3P0) or Kr(3P2) are the same. 
However, since only a few results are known for Kr(3P2) 
for polyatomic quenchers, we cannot make a aq

1/2 vs. 

rw plot. I t seems that the same conclusion can be drawn 
for Xe( 3P 2 ) , but there are not sufficient data in this 
case, either. For He(21S), as was shown in a previous 
paper,7) no universal relation between tfQ and r was 
found. 

One of the authors (Y. O.) is grateful to Dr. M . Tsuji 
for informing him of Ref. 1—3. He would also like to 
thank Professor K . Hirakawa and Professor T . Oyama 
for their stimulating discussions and encouragement. 
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The Electronic Spectra and Nonaqueous Oxidation and Reduction 
Potentials of Azoxybenzenes, and Their Mutual Correlation 
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T h e near-ultraviolet absorption spectra of various p,p'- and m,m'-disubstituted azoxybenzenes were recorded in 
aprotic and protic solvents. T h e P P P - S G F M O - C I calculation was used in analyzing the spectra and the solvent 
effect on them. T h e n-n* bands of azoxybenzene could be well interpreted on the basis of the electronic structure 
of benzaldehyde JV-phenyl oxime (a nitrone). In addition, the half-wave potentials of reduction (E{%) and oxida­
tion (£i/2d) were also measured in nonaqueous solvents. These electrochemical da ta and the above spectral da ta 
satisfied a good linear relation : (Effi — E{*$)=kx • E^_ln+k2, this equation having been previously proposed by us. In 
the Appendix, we have discussed the physical meaning of the constant term, k2, from the quanti tat ive standpoint, 
using a series of al ternant hydrocarbons as a typical example. Finally, a good linear relation between the E{<$ 
or Effi values and the substituent constants was demonstrated and discussed in azoxybenzenes. 

So far t h e e l ec t ron ic s p e c t r a a n d t h e e l ec t ron i c s ta tes 
of mu l t i f a r i ous a r o m a t i c a m i n e oxides h a v e b e e n 
ex tens ive ly s t u d i e d e x p e r i m e n t a l l y a n d t h e o r e t i c a l l y in 
s ing le t , d o u b l e t , a n d t r i p l e t states.1) V a r i o u s k i n d s of 
e x p e r i m e n t a l t e c h n i q u e s h a v e also b e e n used i n t h e 
s tudies . 1 ) H o w e v e r , as far as w e k n o w , t h e r e h a v e b e e n 
o n l y a few discuss ions of t h e e l ec t ron ic s t a t e of azoxy­
b e n z e n e s ( A O B ' s ) , 2 - 6 ) w h i c h a r e classified as o n e of t h e 
a r o m a t i c a m i n e ox ides . I n this r e p o r t , t h e e l ec t ron i c 
s p e c t r a a n d t h e ha l f -wave p o t e n t i a l s of t h e o x i d a t i o n 

(E?$) a n d r e d u c t i o n (E\%) of v a r i o u s subs t i t u t ed 
A O B ' s h a v e b e e n sys t ema t i ca l l y e x a m i n e d f rom t h e 
v i e w p o i n t of e x p e r i m e n t a l a n d t h e o r e t i c a l t r e a t m e n t s . 
F o r t h e Eîf£ a n d E™i v a lue s , t h e i n t e r r e l a t i o n of t h e 
ha l f -wave p o t e n t i a l s a n d t h e e l ec t ron ic spec t r a is also 
discussed.7) 

Exper imenta l 

Spectral and Polarographic Measurements. T h e absorption 

T A B L E 1. SUBSTITUTED AZOXYBENZENES INVESTIGATED, WITH THEIR SYNTHETIC AND 

PURIFICATION METHODS, MELTING POINTS, AND DIPOLE MOMENTS 

Substituent6) 

H( = AOB) 

4,4'-[N(CH3)2]2 

4,4'-(OCH3)2 

4,4'-(OC2H5)2 

4,4'-(CH3)2 

4,4'-Cl2 

4,4'-(COOC2H5)2 

4,4'-(CN)2 

4,4'-(N02)2 

m,m'-(OCH3)2 

m,m'-(CH3)2 

m,m'-Cl2 

m,m'-(COOC2H5)2 

m,m'-(CN)2 

3,3'-(N02)2 

Mpb> 
°G 

37(34.5—35.5) 10> 

249—250(252)n> 
119.5—120.5(116.5—118.5)10> 
138—139 
71.0—71.5(66—68) 10> 
157.5—157.8(154—156)10> 
115.5—116.0 
227.5 

194.5—195(190—192)12> 

53.0—53.5 
35.0—35.5(33—35) 10> 

98.5—99.0(95.5—97) 10> 
80.5—81.0 
134.5—135.5 
149(143)3) 

Dipoh i moment 
(D.U.)C) 

1.93(1. 

1.76 

2.66 

4.74 

72, 1. ,57)14> 

Synthesic 
methoda) 

B 

A 
A 
G 
G 

G 
A 
A 
A 
G 
G 

Refining 
method^ 

R 
R 
R 
R 
R 
T 

R 
AG 
TR 

R 
R 
R 
R 
R 
T 

a) T h e compounds designated by A, B, and G were synthesized according to Refs. 10, 11, and 12 in 
the text respectively. T h e others were commercially available. b) T h e melting points are uncor­
rected. T h e values in parentheses were taken from the l i terature in the text. c) Measured at 25 
°G in dioxane.13) T h e values in parentheses were taken from Refs. 14a (1.57: 27 °G, benzene) and 
14b (1.72: 22 °G, benzene), d) R : Recrystallized from ethanol except for m,m'-(CN)2 and 4,4'-
[N(CH 3 ) 2 ] 2 , where benzene and chloroform were suitable as the solvents respectively. T : Purified 
by preparat ive thin-layer chromatography. For 4,4'-Cl2 it was developed with heptane and then 
recrystallized from ethanol. For 3 ,3 ' - (N0 2 ) 2 , benzene was used for both the development and the 
recrystallization. A G : Alumina column chromatography was used for 4,4 ' -(CN)2 . Elution was 
made first with benzene and then with a benzene( l ) - e the r ( l ) mixture, the latter portion being 
recrystallized from ethanol. T R : Although purification was tried repeatedly by thin-layer chro­
matography (TLG) and by recrystallization for this compound, its purity was not sufficient judging 
from the T L G and the elemental analyses. Its puri ty, however, may be about 9 5 % . e) See text 
and Ref. 50. 
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spectra were recorded in the usual manner with a Beckman 
DK-2A Far-UV spectrometer at room temperature. The 
organic solvents used were CC14, CH2C12, CH3CN, heptane, 
ethanol, and methanol, all of which were spectrograde in 
purity. They were desiccated sufficiently with a suitable 
drying agent, such as CaCl2, Na, or Mg ribbon, and then 
carefully rectified.lb'd) The electrochemical data were obtain­
ed using the Polarographie technique, whose details have been 
described in a previous paper.7a) The DC and AC polaro-
grams were measured with a Yanagimoto polarograph, Model 
P8-AP (three-electrode system), a saturated calomel electrode 
(SCE) being used as the reference electrode. The capillary 
used for the dropping mercury electrode to yield the E\^ 
was: m=0.855 mg/s and t=5.17 s at A = 70cm in distilled 
water at an open circuit. Alternatively, the Effi values were 
obtained with a rotating platinum electrode, the type and the 
manipulation of which are exactly the same as in our previous 
report.7*) All the experiments were carried out at 25^0.1 °C 
in iV,iV-dimethylformamide (DMF) or CH3CN containing 0.1 
mol dm - 3 terapropylammonium Perchlorate (TNPAP). The 
method used in the purification of DMF, CH3CN, and TNPAP 
was also the same as in our references.7*1'8'9) 

Samples. The substances employed here are listed in 
Table 1 along with their synthetic and purification methods 
and the melting points. The compounds whose preparation 
method and physical constants have not yet been reported 
were synthesized and purified by applying the methods of 
similar substances known already (see Table 1 ). The structure 
and purity of the samples were checked by means of TLG, IR, 
UV, dipole moment, and elemental analyses. A good agree­
ment was obtained between the calculated and experimental 
values of elemental analyses except for the 4,4'-dinitroazoxy-
benzene, the purity of which is less than the others. The 
structure of the AOB's synthesized here is well known to be 
the'trdns-m plane-form, just like [I]. 

vi; 
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ill. 
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Fig. 1. Electronic spectra of azoxybenzene in aprotic 
(curve 1) and protic (curves 2 and 3) solvents and of 
benzaldehyde iV-phenyl oxime (curve 4) in heptane. 

for the characteristic strong n-n* band appearing in the 
longest wavelength region, although the bands in the 
275—217 nm region is more clearly separated for AOB. 
This spectral behaviour is very reasonable, as the 
molecules are the trans-in plane-form for both the 
benzene rings,17) and suggests that the electronic spectra 
and the electronic structures of AOB's can be inter­
preted on the basis of those of BANO previously reported 
(vide infra).3*16) In the spectra of various substituted 
AOB's, the spectral pat tern of the compounds with 
electron-donating or electron-accepting substituents at 
the jb,//-positions is quite similar to that of AOB, as 
may be seen in Fig. 2 for 4,4'-bis(dimethylamino)-AOB. 

4' 5' 

For the m,m'-derivatives, however, we could not determine 
any accurate configuration50) except for the dinitro derivative, 
whose N 0 2 groups are judged to be in the 3 and 3' positions 
from a comparison of the observed (see Table 1) and calculated 
dipole moments. The latter value is 5.3ID, as the vector sum 
of 1.93D (AOB, whose moment is assumed to be in the direc­
tion of the N—>0 a moment) and the N 0 2 group moment 
(3.98D)15) at the 3 and 3 ' positions. If two N 0 2 groups are 
in the 5 and 5' positions, the calculated value is 8.62D. 

R e s u l t s a n d D i s c u s s i o n 

Electronic Spectra of Azoxybenzene Derivatives. As a 
typical example, the spectrum of AOB is shown in 
Fig. 1 and compared with that of benzaldehyde N-
phenyl oxime (BANO: a kind of nit rone),16) since these 
are isoelectronic in ^-electron systems. I t can easily 
be understood from the figure that the spectra of AOB 
and BANO are quite similar to each other, especially 

Wavelength, nm 

Fig. 2. Electronic spectra of 4,4/-bis(dimethylamino)-
azoxybenzene in aprotic (curve 1) and protic (curves 2 
and 3) solvents. 

For the case of m,m'-substituents, the weak electron-
donating groups like C H 3 and CI lead also to spectra 
analogous to that of AOB. O n the other hand, if the 
groups showing quite a large substituent effect are 
introduced in the m,m'-positions of AOB, the spectral 
patterns become very different from that of AOB, as 
may be understood from Fig. 3. T h e spectral data are 
collected in Table 2. Alternatively, the main difference 
in the spectral behaviour of AOB and BANO is that 
the well-known blue-shift phenomena found in protic 
solvents on aromatic amine TV-oxides including nitrones 
and nitrile JV-oxides18) could not be generally observed 
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Compound^ 

AOB 
4,4'-(CH3)2 

4,4'-Cl.2 

4,4'-(OCH3)2 

4,4'-(OC2H5)2 

4,4'-[N(CH3)2]2 

4,4'-(GN)a 

4,4'-(COOC2H5)2 

4,4'-(N02)2 

m,m'-(CH3)2 

m,m'-Cl2 

m,m'-(OCH3)2 

m,m'-(CN)2 

mX-(COOC2H5)2 

3,3'-(N02)2 

, Hiroshi 

TABLE 2. 

First 

(nm) 

321.5 
330.3 
333.2 
350h) 
349.5 
400.3 
334.8 
335.5 
— 

324.6 
322.8 
320.0 
320.4 
321.7 
316.4 

MIYAZAKI 

SPECTRAL 

, Masumi YAMAKAWA, Kiyoshi EZUM 

AND P O L A R O G R A P H I C 

[, and Yoshiko YAMAMOTC 

DATA AND SUBSTITUENT CONSTANTS 

ON VARIOUS SUBSTITUTED AZOXYBENZENES 

71-71* b a n d a > 

e m a x 

16050 
19620 
21370 
23780 
26910 
40640f) 
18350f> 
22180 
— 

16120 
15410 
14090 
16560 
15920 
15380 

A5C> 
(cm-1) 

- 5 0 
+ 120 
- 1 5 0 
+ 700 
+ 690 

+ 1390 
- 3 2 0 
- 1 6 0 

— 
- 8 0 

- 1 7 0 
+ 40 
- 7 0 
+ 70 
- 3 0 

Em 
(volt)d> 

- 1 . 3 9 6 
- 1 . 4 9 0 
- 1 . 2 2 6 
- 1 . 5 9 6 
- 1 . 5 8 6 
- 1 . 7 6 6 
- 0 . 8 4 4 
- 0 . 9 6 9 
- 0 . 6 1 5 
- 1 . 4 2 5 
- 1 . 1 3 3 
- 1 . 3 6 4 
- 1 . 0 0 1 
- 1 . 1 9 1 
- 0 . 9 3 0 

First waveb> 

Em 
(volt)6) 

- 1 . 4 1 3 
- 1 . 5 0 5 
- 1 . 2 6 0 
- 1 . 5 8 6 
- 1 . 6 0 5 
- 1 . 7 4 8 
- 0 . 9 0 0 
- 1 . 0 2 5 
- 0 . 7 0 5 
- 1 . 4 3 5 
- 1 . 1 8 3 
- 1 . 3 8 2 
- 1 . 0 6 0 
- 1 . 2 3 4 
- 0 . 9 4 7 

/DC
d) 

GzA/ 
mol 
m-3) 

~2728~ 
2.19 
2.36 
2.04 
2.06 
2.00 
2.19 
2.09 
2.55 
2.31 
2.24 
1.93 
2.22 
1.79 
2.24 

T d) 
•«AC 

iml 
mol 
m 3) 
541 
575 
589 
508 
489 
439 
541 
514 
307 
551 
565 
523 
518 
435 
438 

First wave* 

Z^oxd 

(volt) 

2.028 
1.835 
2.055 
1.463 
1.446 
0.757 
2.382 
2.272 
2.467 
1.962 
2.198 
1.760 
2.350 
2.280 
2.423 

-«DC 

(pA/ 
mol 
m-3) 

20.7 
18.7 
14.5 
17.7 
16.8 
11.3 
16.5 
16.1 
20.9 
16.8 
22.8 
11.1 
26.6 
22.1 
29.2 

>,e) 

he 
{ml 
mol 
m-3) 
175 
216 -
190 
298 -
281 -
532 -
164 
76 

183 
146 -
186 
126 
172 
125 
189 

[Vol. 

Subs 
const 

a 

~0 
-0.170 

0.227 
-0.268 
-0.250 
-0.600 

l.OO'' 
0.678') 
1.270') 

-0.069 
0.373 
0.115 
0.56 
0.398 
0.710 

52, No. 6 

ti tuent 
antg) 

0 
- 0 . 3 1 1 

0.114 
- 0 . 7 7 8 

•— 
- 1 . 7 8 

0.659 
0.482 
0.790 

- 0 . 0 6 6 
0.399 
0.047 
0.562 
0.366 
— 

a) Data in heptane. b) Data vs. S.C.E. c) Av = 5 (heptane) — (ethanol). d) Obtained with a dropping 
mercury electrode in DMF. e) Obtained with a rotating platinum electrode (çi= 1 mm, 600 rpm) in CH3CN. 
f ) Values in CH3CN. g) Taken from Refs. 7a, 8, 45, and 46 given in the text. h) The symmetry of this 
absorption curve is bad. The 350 nm is the weighted mean wavelength (center of gravity) of the curve, but 
the peak is 345.4 nm. i) This is a a~ value (Jaffé's a*) cited from Ref. 47. j) See text and Ref. 50. 
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Fig. 3. Electronic spectra of azoxybenzenes substituted 
at m,m'-positions with the groups showing quite a 
large substituent effect. 

for AOB and its derivatives. The red shift, rather than 
the blue shift, of the strong TC-TC* band in the longest-
wavelength region was observed in protic solvents in the 
case of substituted AOB's. This red shift is especially 
large for the AOB's with 4 ,4 ' - [N(CH 3 ) 2 ] 2 (2003 cm- 1 ) , 
4 ,4 ' - (OC 2H 5) 2 (976 cm- 1 ) , and 4 ,4 ' - (OCH 3 ) 2 (949 
cm - 1 ) : the values in parentheses are the red shift from 
heptane to aqueous ethanol ( C 2 H 5 O H : H 2 0 = 3: 2). 
T h e spectral change with protic solvents is illustrated 
in Fig. 2 for the AOB substituted with 4,4 ' - [N(GH 3) 2] 2 . 
The mechanism of the effect of protic solvents on the 
Ti-Ti* band seems to be more or less different between 
-N=N—>0 and -C=N—>0 groups, the former having two 

-1.0 +0.5 
Volt vs. SCE 

Fig. 4. DG(1) and AC(l') reduction polarograms in 
DMF and DC(2) and AC (2') oxidation voltammo-
grams in CH3CN of azoxybenzene respectively. Curves 
3 and 3' are DC and AC voltammograms of 4,4'-bis-
(dimethylamino) azoxybenzene respectively. The abso­
lute value of current is taken at the ordinate for the 
conveniences's sake. 

active sites for intermolecular hydrogen-bonding in­
teraction. 

Nonaqueous Polarograms and Half-wave Potentials of 
Reduction and Oxidation. In Fig. 4 are illustrated 
the reduction polarogram in D M F and the oxidation 
vol tammogram in CH 3 CN on AOB as an example. 
T h e first reduction wave in Fig. 4 is due to the formation 
of the corresponding anion radical in the reversible 
process. This was inferred from the high value (541 
u,ö/mol m - 3 ) of the AC wave, and directly verified by 
recording the ESR spectrum at the potential of the first 
limiting current. T h e same circumstances as the above 
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can be applied to the substituted AOB's, the first wave 
of which is quite a bit similar to that of AOB in showing 
a high AC wave. Almost the same reduction D C and 
AC waves which were obtained with a dropping H g 
electrode were also yielded with a rotating Pt electrode. 
These first waves may be at tr ibuted to the anion radical 
formation. T h e data are listed in Table 2. O n the other 
hand, the first oxidation wave of AOB, depicted in 
Fig. 4, seems not only to be overlapped with the next 
waves, but also the reversibility is less19) than in the 
case of the reduction wave. The AC waveheight (175 
[jto/mol m~3) is considerably smaller than that (vide 
supra) of the reduction wave. Of the AOB derivatives, 
4,4'-bis(dimethylamino)-AOB showed a typical oxida­
tion wave. The ESR measurement at the oxidation 
wave of the compound has ravealed a well-resolved 
spectrum due to the cation redical. Although the 
reversibility of the first oxidation wave of all the other 
AOB's is less than that of 4,4'-bis(dimethylamino)-AOB 
mentioned above, the E°fi values were determined by 
the wave analysis as reasonably as possible. All the 
data are included in Table 2. 

Molecular Orbital (MO) Calculation and the Character 
of the Electronic Spectra. Some qualitative discussions 
of the excited states of AOB's have previously been 
reported,2 - 6) but there have been no systematic conside­
rations of their electronic states. In order to interpret 
the electronic spectra and their correlation with the 

.EÎ/2 and Exfê values, we have carried out the so-
called PPP-SCFMO-CI calculations of the AOB's. 
As has been discussed in the "Electronic Spectra" 
section, the spectrum of AOB is quite similar to that 
of BANO (a nitrone). Since the electronic structures of 
nitrones including BANO were previously studied in 
detail,16) the electronic states of AOB's may reasonably 
be understood by replacing the carbon atom in the 
bridge part of nitrones with a nitrogen atom, whose 
valence-state ionization potential (IP: 14.51) and 
electron affinity (EA: 1.20) are taken for the n electron 
in sp2 hybridization.20) The substituents employed in 
the calculations are the CH 3 , Gl, O C H 3 , and N(CH 3 ) 2 

groups, the IP, EA, and core resonance energy (ßxye) 
of which are the same as those reported in a foregoing 
paper. l d) The benzene ring in AOB was assumed to be 
a regular hexagon with the distance of 1.384 Â, cited 
from the X-ray analysis data of substituted AOB's.17a) 

The ßlfe values in the bridge part , i.e., ßZ°J$ and 
/ A , were evaluated as follows. The ß&n was 
estimated by applying the Nishimoto and Forster 
equation,21) {%£*= — 0.53PCN—2.24, where the bond 
order, PCN, was calculated from the i?cN= 1.451— 
0.1o\PCN relation and where the observed CN distance, 
Rcx= 1.496 Â.17a> The obtained value is ßc

cT= 
—2.108 eV. Alternatively, the value of /fôftg tentavively 
estimated by employing the various equations connecting 
the ß™™, SfiV, valence state IP, etc. led to the conclusion 

TABLE 3. CALCULATED VALUES OF TRANSITION ENERGIES, OSCILLATOR STRENGTHS, AND MAIN 

SINGLY EXCITED CONFIGURATIONS OF AZOXYBENZENE AND BENZALDEHYDE 

IV-PHENYL OXIME, WITH THEIR EXPERIMENTAL DATA 

Compound 
y calcd 

(KPcm-1) /« 
yobsd 

(lO'cm-1) 
Main configuration (%)b) 

O 

30.28 
33.63 
35.89 
38.65 
42.09 
44.09 
45.90 
46.43 
47.57 
50.06 
51.20 
53.54 
54.44 
29.76 
34.66 
37.36 
38.94 
41.42 
42.13 
42.47 
43.60 
48.09 
48.89 
51.16 
53.10 

0.679 
0.064 
0.044 
0.261 
0.038 
0.050 
0.027 
0.081 
0.012 
0.134 
0.175 
0.670 
0.905 

0.666 
0.007 
0.040 
0.398 
0.004 
0.000 
0.266 
0.011 
0.018 
0.253 
0.321 
0.803 

31.10 

38.94 

43.09 

50.61 

53.25 

31.14 

41.25 
42.05 
44.58 

51.33 

16050 

7945 

10180 

27520 

35340 

18600 

11500 
11800 
8540 

32300 

92.6(8/9) 
77.8(7/9), 12.9(8/12) 
76.2(6/9), 13.8(5/10) 
93.9(5/9) 
5.6.1(8/12), 15.2(7/13), 13.9(7/9) 
78.0(4/9) 
76.6(8/11) 
39.5(8/10), 
55.8(8/10), 
35.1(8/13), 
57.2(6/10), 

19.9(6/11), 17.0(6/9) 
29.3 (5/10) 
30.8(7/12), 10.9(8/11) 
24.8(5/11) 

27.7(7/13), 26.0(7/11), 19.8(7/12) 
29.8(7/12), 28.7(8/13) 

97.5(8/9) 
61.7(7/9), 26.6(8/12) 
61.8(5/9), 13.9(6/10) 
85.8(6/9) 
73.0(8/11), 
84.2(8/10) 
46.4(8/12), 
80.8(4/9) 
41.7(6/10), 
46.7(8/13), 
64.5(5/10), 

17.0(8/12) 

25.3(7/9), 12.9(8/11) 

21.3(8/13), 
12.9(7/12), 
23.1(6/11) 

16.7(5/9) 
11.2(5/11) 

62.6(7/12), 12.7(8/13) 

a) All the experimental data are 
phenyl oxime (BANO). b) For 

in heptane. See Ref. 
example, (8/9) means 

16 for the spectral data of benzaldehyde N-
a singly excited configuration from <ps to <pa. 
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Fig. 6. Effect of substituents at ^»/»'-positions on the 
electronic spectra of azoxybenzene. T h e " s " in the 
figure means the shoulder band. 

AOB BANO 

Fig. 5. Comparison of the orbital charge distributions, 
which are pertinent to the longer wavelength absorp­
tion bands, between azoxybenzene and benzaldehyde 
JV-phenyl oxime. 

t h a t t h e ß^°=TS k i n t h e r a n g e 2 . 0 0 — 3 . 0 0 e V . W i t h 

this result in mind, the ß ^ — 2J5 eV was the most 
suitable for reproducing the observed U V spectra and 
dipole moments of AOB's.22) The N atoms in the 
- N = N ( 0 ) - bridge group are assumed to be in sp2 

hybridization, so that the angles of ZlCNN and z l C N O 
are 120° in the trans-form, as is shown in [ I ] . Here, 
one-electron transitions alone were taken into account 
in the U V spectral calculation. T h e excited-state 
energies of AOB are illustrated in Fig. 1 as stick diagram, 
while all the calculated and experimental spectral data 
on it are collected in Table 3, where the corresponding 
data of BANO are included for the sake of comparison. 
T h e orbital electron densities pertinent to the U V 
spectra are also shown in Fig. 5 for AOB and BANO. 
It is clear from Table 3 that the strong band of AOB 
(^321 .5 nm) and that (^321.1 nm) of BANO appear­
ing in the longest-wavelength region are mainly 
contributed by the HOMO—»LUMO transition. This 
conclusion is the same as that reported hitherto by 
other workers;2-6^ their discussions were, however, in 
the framework of H O M O , without any CI treatment. 
The tentative assignment of the other bands of AOB 
and BANO is indicated in Table 3. Qui te a good 
similarity is observed between the two calculations, 
which may suggest that the two bands recorded at 
256.8 and ^ 2 3 2 . 1 nm on AOB are coagulated into one 
band (263—224 nm) for BANO. T h e orbital-charge 
distribution (25.4%) on the JV-oxide group oxygen atom 
in the H O M O of AOB is much less than that (43.6%) 
of BANO, so the charge-transfer (CT) character24) from 
the above oxygen atom to the jr-residual system is also 
smaller for AOB than in BANO for the case of the 
H O M O - * L U M O transition (the strong band at ^ 3 2 2 
nm) . For AOB, this transition is, rather, considered to 
be an intramolecular C T from the A ring to the bridge 
N = N ( 0 ) group and to the B ring (see Fig. 5 and [I]).2 6 ) 

Let us now focus our attention on the substituent 

lOcnrf1 

Z/obs 

Wavenumber, lOcrrf1 

Fig. 7. Mutual correlation of calculated and observed 
values for the first strong TZ-TZ* band of />,//-disubsti-
tuted azoxybenzenes. 

effect on the spectrum of AOB. As may be seen in 
Table 2 and Fig. 6, the first strong TZ-TZ* band is quite 
sensitive to the 4,4'-substituents with an electron-donor 
nature, and shows a red shift which is particularly 
large for the N(CH 3 ) 2 group. This result was confirmed 
by the present M O calculation, as Fig. 7 shows. The 
calculation indicates that the first strong TZ-TZ* band 
observed on the 4,4'-substituted AOB's is also contrib­
uted mainly by the HOMO—>LUMO transition. O n 
the other hand, the shift of the first strong TZ-TZ* band is 
small for the case of m,m'-substitution of AOB. The 
results, listed in Table 2, may be explained qualitatively 
as follows. The M O coefficients of AOB at the m,m'-
positions are quite small (see Fig. 5) for the H O M O and 
L U M O , which contribute greatly to the above TZ-TZ* 
band. Therefore, the small perturbation of these orbitals 
can be expected from the introduction of m,m'-sub-
stituents, leading to the small spectral shift. The red 
shift of the spectra of AOB's due to the solvent change 
from heptane to protic solvents was described in the 
foregoing section. T h e general rule pertaining to the 
blue-shift phenomena27) caused by the solvent effect on 
the electronic spectra of aromatic tertiary amine TV-
oxides seems not to hold for AOB's.28) Tha t the first 
strong TZ-TZ* band of AOB is somewhat different in C T 
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nature from that of BANO has already been discussed. 
This tendency increases with, for example, an increasing 
electron-donor nature of the substituents introduced at 
4,4'-positions. For 4 ,4 ' - (OCH 3 ) 2 or 4 ,4 ' - [N(CH 3 ) 2 ] 2 , 
the electron densities on the JV-oxide-group oxygen atom 
are quite small at H O M O (14.36 and 6 .33% for the 
former and the latter respectively), so there is almost no 
C T from the oxygen atom to the jr-residual system in 
the case of the HOMO—»LUMO transition. O n the 
other hand, the electron densities at the N(8) atom 
(see [I]) always increased upon the HOMO—»LUMO 
transition. These circumstances would be favorable to 
the red shift of the TZ-TZ* band in protic solvents; that is, 
such intermolecular interactions as hydrogen bonding 
with protic solvents would become more or less stronger 
in the excited TZ-TZ* state than in the ground state. 

The Correlation of the Electronic Spectra and Half-wave 
Potentials. The fact that the first strong TZ-TZ* band 
of substituted AOB's at the 4,4'-positions is mainly 
contributed by the HOMO—>LUMO transition has 
been shown in the previous chapter. The linear relation 
written as Eq. 1 can thus be expected for the AOB's : 

(£i°/x2d- •^1/2 J — Kl ^ h o - ^ l u T" K2 (1) 

Here, 1£,Sor-iu is the singlet electronic transition energy, 
in which the HOMO—»LUMO transition is the main 
configuration.30) Of course, if the configuration of 
triplet excited states (32i£5Liu) is localized mainly in 
the H O M O - * L U M O transition, Eq. 2 can also be 
expected : 

{E;J*-E$) = k^EZLto + * 3 (2) 

This relation was recently observed by Loutfy and 
Loutfy.31) Figure 8 gives the correlation of Eq. 1, each 
of the experimental data being taken from Table 2. A 
good linear relation is found there for 4,4'-substituents, 
as is to be expected from the M O calculation.32) The 
observed kx value is 1.27, which is near the theoretical 

3.5 », P 
&>* 

N=N 

44-(CN) t 

44-(0CHs) t 

(E#-E#> B 1.276 'EÜoVu-1.449 

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 
I r r U V 

-HCHLU ( the First Strong Bond) ev 

Fig. 8. The relationship between (Effi — Elji) values 
and the first strong TZ-TZ* band energies for 4,4'-disub-
stituted azoxybenzenes. 

value, 1. Alternatively, the k2 value of —1.44 was 
obtained. In the case of the m,m'-substituents, the shift 
of the U V spectra is insensitive even to the groups of a 
stronger electron-donor or -acceptor, as may be seen in 
Fig. 3 so that the correlation of Eq. 1 was not obtained. 
T h e character of the absorption bands for these sub­
stances seems to be somewhat different from those of 
4,4'-substituents. For the physical meaning of the k2 

and k3 terms in Eq. 1 or 2, see the Appendix. 
Substituent Effect on the Effi and ElJi values. In a 

previous paper we have already pointed out that , in the 
electrode oxidation process, the <r+ substituent constant 
is the better parameter to explain the substituent effect 
on the Eîfi values.73) O n the other hand, the usual 
a or a~ scales afford a better description of the sub­
stituent effect on the £1/2 values.8»33) In the series of 
AOB's these same relationships have also been observed. 
The plotting of the Effi values against the 2<J+ gave 
a nice linear relation, as is indicated in Fig. 9.34) In the 
case of the E\% values, the good linearity shown in 
Fig. 10 was also found for 2o and partly 2<J~ parameters; 
a~ values were adopted for 4 ,4 ' - (N0 2 ) 2 , 4 ,4 ' -(CN)2 , and 
4 ,4 ' - (COOC 2 H 5 ) 2 , because the electron-accepting ability 
in the transition state is large for these. The above 
fact indicates that the treatment of a linear free-energy 
approximation can safely be applied to the half-wave 
potentials of AOB's in nonaqueous media, and that 
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nvrHCOOCjH,}, O X f 4.4-(CN), 

^ P ^ - I C O O C J H J . 

4.4'-(CH,), 

44-(0CH,) t 

+2.0 

Fig. 9. Linear relationship between the a+ values (see 
Table 2) and the first Effi values for substituted 
azoxybenzenes. 
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Fig. 10. Linear relationship between the a and a~ values 
(see Table 2) and the first E[% values for substituted 
azoxybenzenes. 
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t h e a b o v e - m e n t i o n e d l i n e a r r e l a t ions m a k e it easy to 
p r e d i c t t h e E\% a n d £î/x

2
d of s u b s t i t u t e d A O B ' s . 

A p p e n d i x 

In our previous papers7) we did not discuss quantitatively 
the physical meaning of the constant terms, k2 and k3, in Eqs. 
1 and 2 respectively. Here an interpretat ion of the k2 and k-6 

terms will be given. Let us now consider a reversible svstem 
of anion-radical formation, such as R-J-e«=^R , so tha t the k-± 
value of Eqs. 1 and 2 becomes 1 when the electron volt (eV) 
is adopted as the energy unit.36) Applying the Born-Haber-
type3r,) thermochemical cycle given in Scheme 1 for anion-
radical formation in solution, the E\e

/2 (R" /R) can be written 
by Eq. 3 in eV units, where the energy zero level is placed in 
vacuo :31»37) 

E f # ( R 7 R ) = AG° • 

R 

A£Sc (3) 

*?olv J 

Ra 

in gas phase 
(-/?A = «ln) 

in solution 
> 

Scheme 1. 

R 1 

A^soiv is the solvation energy difference of the anion radical 
and neutral species; AE^oly=Ef^—Eloly. The contribution 
from the Ef^[y term is predominant . T h e absorolute potential 
of the reference electrode is expressed as AG°3 which is —4.70 
eV in the case of the (Ag/Ag+) electrode in acetonitrile (0.01 
mol d m - 3 AgC10 4 , 0.1 mol dm~3 Et 4N+C10 4-) .37> Similarly 
the E?J2

d(R*/R) is given by : 

£i°/x2d(RVR) = AG° - eh0 + AE+oly (4) 

T h e AE£0\y equals (E+oly — Eloly). Taking account of the 
difference between Eqs. 3 and 4, Eq. 5 is obtained under the 
same experimental conditions, i.e., the AG° term is cancelled 
out:38) 

Note that the ( £ ? # + £ $ ) / 2 « * E ° ( R 7 R + ) may become (-eho 

- 6 l u ) / 2 + A G ° = ( / p + £ A ) / 2 + AG 0 when we use Eqs. 3 and 4 
and AEsoly=AE+oly. This relation was employed by Senda 
and Takahashi to determine the standard electrode potential 
in nonaqueous solvents.375'49) We will now combine Eq.5 
with this relation: 1E^_lVL=elu — Eho—Jho.lu + 2Kho.lu+1Ecl, 
where the small contribution from the CI energy (}ECI)

 1S 

postulated.7) Thus , the k2 value in Eq. 1 is given by Eq. 6 
in eV units for a completely reversible system : 

ki — i/ho-lu — ^ ^ h ( ^ c i + A£So lv + A £ £ l v 

*** Jho'ixx — 2^Tho.lu — ̂ c i + 2A£'Soiv 

Similarly, the kz value in Eq. 2 is given by 

*» = 71,0.1» - 3 £ c i + A£So,v + AEi 

(6) 

>yho.,u-3£ci + 2A£s
i
olï 

(Eîiï-Efë) = *lu - ebo + A£s
+

olv + AE£, (5) 

(7) 

Recently Loutfy and Loutfy discussed the meaning of the k2 

and k3 values.31) However, they completely neglected the term 
of (A-E'soiv+A-E'stiv)- In addition, their M O ' s participating 
in the U V transition, which they interpreted as the "molecular 
orbital in solution" of neutral species, should rather be 
ascribed to those of the anion and cation radicals ( 2 j p state) 
generated by electrolysis. Also, they used the E{^ and E%J2

Û 

values obtained in different solvents (CH 3 CN and DMF) for 
plotting Eqs. 1 and 2 in the case of A H hydrocarbons, so the 
(AGCH.CN—AG^MF) term should appear in Eq. 5. They 
did not take care in this point. Their discussions, therefore, 
are erroneous. 

In the case of the A H hydrocarbons there are some experi­
mental da ta by which to estimate the k2 and kd values. In 
addit ion, the fact tha t the kx value of Eq. 1 is experimentally 
almost 1 has already been reported.7) T h e A£Soiv

 a n d AE+oly 

values can be estimated from Eqs. 3 and 4 respectively by 
adopting the experimentally determined 7P , EA, E\e

/2, and 
E°xji values.37) In turn, the value of ( 7 h o . i u - 2 ^ h o . i u - 1 ^ c i ) 
can be experimentally derived from the evaluation of the 
(/p—EA—^hof-iu) value. T h e x L a bands of AH's correspond 
to the ^ho^iu value.7) Here note that , in the foregoing 
papers,7) we discussed how the value of the (,Ao.iu~"2iCho.lu 

— ^ c i ) term becomes nearly constant from the standpoint of 
the P P P - S C F M O - C I calculation in a series of similar com-

T A B L E 4. T H E k2 AND kz VALUES THEORETICALLY ESTIMATED ON T H E ALTERNATE HYDROCARBONS, WITH 

SOME PHYSICAL CONSTANTS (see t e x t ) NECESSARY FOR DERIVING THE k2 AND k3 VALUES 

Compound 
77red 77oxd T 

— ZL1/2 - C 1 / 2 -ip _ 
(V)a) (V)a> (eV)b> (eV)c> 

Anthracene 2 .37 0 .99 

Pyrene 2 .49 1.12 

Ghrysene 2 .73 1.29 

Phenanthrene 2 . 88 1.45 

Benz [a] anthracene 2 .40 1.16 

Triphenylene 2 .87 1.50 

7.66 
7.47 
7.72 
7.41 

8.01 
7 .60 
8 .06 
7 .86 
7 .74 
7.47 

8 .19 
7.89 

(eV)c> 

0.552 

0.579 

0.419 

0.288 

0.696 

0.284 

(eV)d> 

3.310 

3.718 

3.886 

4.238 

3.491 

4.365 

i-theo /i2 

(eV)8»1) 

0.05 

- 0 . 1 0 8 

0.134 

0.082 

0.069 

0.005 

0.039 
±0.083 

3La 
(eV) 

1.838e) 

2.083e) 

2.455e) 

2.689f) 

2.050f) 

2.907f) 

/-theo 

(eV)V) 

1.522 

1.527 

1.565 

1.631 

1.510 

1.463 

1.551 
±0.057 

a) Taken from Ref. 37a. b) Taken from Refs. 37a, 37b, and 40. c) Taken from Refs. 37b and 
4 1 . d) Taken from Refs. 7b and 42. e) Taken from Ref. 43. f) Taken from Ref. 44. g) T h e 
constant term in Eq. 1 in the test, h) T h e constant term in Eq. 2 in the text, i) T h e k2 or k3 value 
listed for each compound was obtained by averaging the values derived from the two different 
/ ' s . 

AGch.cn
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pounds such as AH's or aromatic iV-oxides.48> The same 
treatment as the above leads to the evaluation of the C/h0. IU 

— 3EC1) term, which is obtained from the calculation of (/P — 
£A- 3£ho-iu)- Here , 3E^lu is for the 3 L a bands. We can 
now obtain the k2 and k3 values in Eqs. 6 and 7 respectively 
from the experimental values alone. T h e results thus obtained 
are listed in Table 4, from which it may be understood tha t 
the k2 value is «?0.04 eV and quite small, while the k3 value 
is «*L55eV. The E\% and Effi values in Table 4 are 
those reported under the same conditions as were used for 
the determination of AG0——4.70 eV,37> so these are the best 
values for the evaluation of k2 and k3. T h e plott ing of Eqs. 1 
and 2 was as follows: (Effl-E$)= 1.011 x L a - 0 . 0 0 1 with 
n = 6 , *=0.094, r = 0.980, and (Eff£-E{%)= 1.018 3 L a + 
1.496 with n = 6 , j = 0 . 0 6 7 , r=0.990.39> Note that our previ­
ously reported result7b>c) was (Effi- E$) = 0.941 x L a + 
0.092. The values of the cons tant term given above seem 
to be in good agreement with the ones estimated theoretically 
in the order of magni tude and in the approximation adopted. 
For AOB's we did not a t tempt to evaluate the k% term in Eq. 1 
because of the lack of experimental da ta and because of the 
smaller reversibility of the E{% and, especially, Effi values. 
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Thermodynamic Study on the Adsorption of Dioctadecyl Ether 
at Hexane/Water Interface 
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Kinsi MOTOMURA, and Ryohei MATUURA* 

Department of Chemistry, Faculty of Science, Kyushu University, Hakozaki, Fukuoka 812 
(Received October 27, 1978) 

The adsorption of dioctadecyl ether was studied at hexane/water interface, as functions of temperature, pres­
sure, and mole fraction of dioctadecyl ether in hexane. The phase transition between expanded and condensed films 
was observed with decreasing temperature and increasing pressure and concentration. The thermodynamic quan­
tities associated with the adsorption such as entropy, volume, and energy change were evaluated and comparison 
was made with the adsorbed films of 1-octadecanol at the same interface in which phase transition takes place. It 
is found that the dioctadecyl ether shows small negative discontinuous changes of the thermodynamic quantities with 
the transition from the expanded to the condensed films. 

It is of great importance from the viewpoint of 
surface chemistry to clarify the structure and properties 
of adsorbed films at interface. In recent papers, we have 
shown that it can be achieved by applying the thermo­
dynamic treatment developed previously.1 '2) Further 
we have revealed that the adsorbed film of 1 -octadecanol 
at hexane/water interface shows a phase transition from 
an expanded to a condensed one and this phase transi­
tion is characterized by large negative discontinuous 
changes of the thermodynamic quantities associated 
with the adsorption.3) 

As an extension of this study, measurements are made 
for the adsorbed film of dioctadecyl ether at the same 
interface, in which the phase trandition takes place. 

E x p e r i m e n t a l 

Dioctadecyl ether was purified by repeated recrystallization. 
The purity was checked by the gas-liquid chromatography. 
Only one peak was obtained. Hexane used in this study was 
dehydrated and the impurity was removed by passing through 
an activated alumina column. Water distilled thrice from 
alkaline permanganate solution was used. The purity of 
hexane and water was always checked by the value of the 
interfacial tension between them. 

The interfacial tension was measured by the pendant drop 
method. Detailed description of the apparatus and the method 
was given previously.2»4) 

R e s u l t s 

According to the phase rule the state of the system 
under consideration is completely specified by three 
independent variables and the structure and properties 
of interface are speculated by the thermodynamic 
quantities.1 '2) Then, the interfacial tension y is measured 
as functions of temperature T and pressure p at the 
constant mole fraction of dioctadecyl ether in hexane 
xl. Plots of y against JT under atmospheric pressure are 
shown in Fig. 1. At low concentrations the interfacial 
tension decreases linearly with increasing temperature. 
At higher concentrations, on the other hand, it increases. 
At intermadiate concentrations, the y vs. T curve 
appeares to have a break point. This behavior is 

| Present address: Fuculty of Fisheries, Nagasaki Univer­
sity, Bunkyo-cho, Nagasaki 852. 

295 305 300 

r/K 
Fig. 1. Interfacial tension vs. temperature curves at 

various concentrations under 0.1 MPa. 
1)*?=0; 2) 7.88X10-5; 3) 2.66x 10"*; 4) 3.11x10-*; 
5) 3.35x10-*; 6) 4.00x10"*; 7) 5.46x10-*; 8) 7.19 
X 10-*. 

Fig. 2. Interfacial tension vs. mole fraction of dioctadecyl 
ether in hexane curve at 303.15 K under 0.1 MPa. 
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similar to that of the adsorption of 1-octadecanol at 
hexane/water interface.3) However, the break point is 
limited within a very narrow concentration range, i.e. 
between 2 . 7 x l 0 - 4 and 3 . 6 x l 0 ~ 4 of x\ in this work. 
In Fig. 2 the interfacial tension vs. composition curve 
at 303.15 K is drawn which is prepared from Fig. 1. 
I t has a sharp break point. I n the study of the adsorp­
tion of 1-octadecanol, we observed that the first order 
phase transition is reflected on the y vs. x° curves as a 
break point.3) I t is, therefore, conceivable that in the 
adsorbed film of dioctadecyl ether a similar phase 
transition takes place. Further, it is observed that at 
concentrations corresponding to the expanded state y 
reaches rapidly its equil ibrium value and at concentra­
tions corresponding to the condensed state y decreases 
gradually to an equilibrium value. 

p/MPa 

Fig. 3. Interfacial tension vs. pressure curves at various 
concentrations at 303.15 K. 
1) *J=0; 2) 1.02X 10-*; 3) 1.77x 10~*; 4) 3.54x 10-*; 
5) 4.25x 10-*; 6) 6.04x 10-*; 7) 8.66x 10-*. 

In Fig. 3 the interfacial tension is plotted against the 
pressure at various concentrations. The slope of y vs. 
p curve is linear and positive except the curve at x? = 
1.77 X 10~4 which has the break point at about 90 M P a . 
This figure is considerably different from that of 1-
octadecanol. 

D i s c u s s i o n 

Taking into account that the mutual solubility of 
hexane and water is in fact negligible and dioctadecyl 
ether is soluble only in hexane, the thermodynamic 
quantities associated with the adsorption are estimated 
by applying the treatment developed previously.1) The 
measurements being made on the solution of solute 
mole fraction below 1.0 X 10~3, the solution is assumed 
to be ideal. Thus the interfacial density of surface 
active solute J1" is calculated by 

T? = -(xyRT)(dy/dxl)TtP (1) 

and other thermodynamic quantities are given as the 
derivatives of y with T and p, that is 

As=-{dy/dT)Pttl (2) 

A» = (dy/dp)T^ (3) 

and 

Au = y - T(ßyldT)PtX, - p{dyjdp)T,x,, (4) 

where As, Av, and Au are the entropy, volume, and 
energy changes associated with the adsorption, respec­
tively. 

First rf was calculated by Eq. 1 at various tempera­
tures and pressures. Its value increases with concentra­
tion and pressure and decreases with temperature. An 
abrupt change is seen on the TT, vs. x\ curve at the 
break point at which the expanded and condensed films 
coexist in equil ibrium. Its values of the expanded and 
condensed states are 0.410 and 4.43 [j.mol m - 2 , respec­
tively. This significant behavior of dioctadecyl ether in 
the interface is revealed more clearly by drawing the 
interfacial pressure n vs. area per molecule A curve on 
the assumption that the adsorbed film is monomolec-
ular. The n vs. A curve at 303.15 K and at 80 M P a is 
shown in Fig. 4 in which the curve of 1-octadecanol is 

Fig. 4. Interfacial pressure vs. area curves at 303.15 K 
under 80 MPa. 1) Dioctadecyl ether; 2) 1-octadecanol. 

also drawn. Although they seem somewhat different in 
shape, they are essentially identical with each other. 
In the condensed state the value of A of dioctadecyl 
ether is almost twice that of 1-octadecanol. Then it 
can be expected that the molecule adsorbes at the 
interface in such a way that its polar part is directed to 
the water phase and its two hydrocarbon chains are 
perpendicular to the interface. This restricted conforma­
tion might be related to the fact that the time depend­
ence of interfacial tension is pronounced for the concent­
rated solutions. 

I t is now interesting to compare the entropy change 
of the adsorption on dioctadecyl ether and that of 1-
octadecanol. The value of As evaluated by Eq. 2 is 
shown grafically as a function of x\ at 303.15 K under 
atmospheric pressure in Fig. 5. The corresponding 
one of 1-octadecanol is also shown in this figure. It is 
seen apparently that dioctadecyl ether has a larger 
value than 1-octadecanol in the expanded state although 
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0.5 

103x» 

Fig. 5. Entropy change vs. concentration curves at 303.15 
K under 0.1 MPa. 1) Dioctadecyl ether; 2) 1-octa­
decanol. 

dioctadecyl ether has a more restricted conformation. 
We notice here that in such a comparison the difference 
between their interfacial densities is ignored. In Fig. 7A, 
As is plotted against J T . As expected, the value of As 
of dioctadecyl ether is smaller than that of 1-octadecanol 
when compared at the same value of J1?. Thus we may 
say that the dioctadecyl ether molecule makes more 
negative contribution to As than 1-octadecanol molecule. 
I t is also found that the entropy change associated with 
the phase transition, Asc—Ase, in which the super­
scripts c and e represent the condensed and expanded 
states, respectively, has a significantly small negative 
value compared with that of 1-octadecanol, i.e., —1.4 
m j K - 1 m - 2 at 303.15 K and at 80 M P a . This small 
negative value might be ascribed in part to a loosely 
packed structure of the condensed film. 

It is worthwhile to note that the fact that the break 
point on the y vs. T curve is observed in a limited range 
of the concentration is related closely to a small difference 
between A.yc and Ase. The variation of the equilibrium 
interfacial tension yeq between the expanded and 
condensed phases with temperature is given by3) 

(dyevdT)p= -(Asc/ne-Aseme)/(\/nc-une). (6) 
The left side of Eq. 6 is given by the slope of the locus 
of break points in Fig. 1; its value estimated roughly is 
ca. — 0.12 m N m - ' K " 1 . O n the other hand, the 
numerical value of the right side, calculated from the 
experimental results of Figs. 3 and 5, is —0.087 m j K _ 1 

m - 2 (mN m - 1 K _ 1 ) . Taking account of some uncer­
tainty in accuracy, the agreement of these numerical 

0.03, 

0.02r 

O.Olr 

0.5 

10s x\ 

Fig. 6. Volume change vs. concentration curves at 
303.15 K under 0.1 MPa. 1) Dioctadecyl ether; 2) 
1-octadecanol. 
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Fig. 7. A) Variation of entropy change with interfacial 
density at 303.15 K under 0.1 MPa. 
B) Variation of volume change with interfacial density 
at 303.15 K under 0.1 MPa. 1) Dioctadecyl ether; 
2) 1-octadecanol. 

values is not unsatisfactory. 
Lutton et a/.5) measured the interfacial tension as a 

function of temperature for the systems of monoglyceride 
and diglyceride solutions in cotton seed oil and water. 
Although the data are not complete, it is found that 
the difference in the slope of y vs. T curve at the break 
point obtained for diglyceride is fairly smaller than that 
obtained for monoglyceride. Their data seem to 
support our observation that the phase transition of 
dioctadecyl ether is characterized by the small difference 
in As. 

By use of Eq. 3 the value of Av was evaluated from 
Fig. 3. The comparison of Av vs. x\ curves between 
dioctadecyl ether and 1-octadecanol is also made in 
Fig. 6. This figure is quite similar in appearance to 
Fig. 5. Further, a figure analogous to Fig. 7A is obtained 
when Ay is plotted against J1? (Fig. 7B). This fact 
indicates that the change in entropy associated with 
the adsorption is interrelated to the changes in volume. 
I t is also explicable by the corresponding equation to 
Eq. 6 that the break point in the y vs. p curve is observed 
only in a limited range of concentration as seen in Fig. 3. 

Let us now calculate the energy of interface formation 
Au by applying Eq. 4 to the above data . In Fig. 8, the 

S 

<1 

-100 
0.5 

io3*î 
Fig. 8. Energy change vs. concentration curves at 303.15 

K under 0.1 MPa. 1) Dioctadecyl ether; 2) 1-octa­
decanol. 
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value of Au is plotted against xl at 303.15 K under 
atmospheric pressure. It varies with Xi in a similar 
manner as As and Av do. In the condensed state, 
however, its decrease with increase in x° is found to be 
relatively steep. This might reflect a gradual change of 
the structure of dioctadecyl ether film at the hexane/ 
water interface with the concentration. 

References 

1) K. Motomura, J. Colloid Interface Sei., 64, 348 (1978). 
2) K. Motomura, N. Matubayasi, M. Aratono, and R. 

Matuura, J. Colloid Interface Sei., 64, 356 (1978). 
3) N. Matubayasi, K. Motomura, M. Aratono, and R. 

Matuura, Bull. Chem. Soc. Jpn., 51, 2800 (1978). 
4) N. Matubayasi, K. Motomura, S. Kaneshina, M. 

Nakamura, and R. Matuura, Bull. Chem. Soc. Jpn., 50, 523 
(1977). 

5) E. S. Lutton, G. E. Stauffer, J . B. Martin, and A. J. 
Fehl, J. Colloid Interface Sei., 30, 283 (1969). 



June, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (6), 1601—1605 (1979) 1601 

Excited-state Electronic Interaction of m-Aminoacetophenone 
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The electronic interaction of both ground-state and excited-state m-aminoacetophenone (MAAP) with several 
aliphatic alcohols in nonpolar viscous solvent was investigated by steady-state and nanosecond fluorescence spectro­
scopies. Concentration dependence of several alcohols in liquid parafïin-hexane (LPH) mixed solvent upon fluores­
cence and absorption spectra suggests a complex formation of MAAP with aliphatic alcohols in the ground state. 
In the typical LPH solution of MAAP containing high concentration of alcohol, the complex fluorescence exhibits 
two-component decay and a longer wavelength fluorescence than the complex fluorescence exhibits a rise and decay. 
The results demonstrate that the complex in the excited state further associates with alcohol to make an exciplex 
including an alcohol molecule. 

The fluorescence properties of many aromatic 
molecules strongly depend on the solvent system; 
fluorescence maximum, fluorescence quan tum yield, and 
lifetime remarkably change from nonpolar to polar 
solvent. In most cases, these changes have been explain­
ed in terms of " the solvent effect," which usually in­
volves dispersion force of solvent, and dipole-dipole and 
dipole-induced dipole interactions between solute and 
solvent.1) However, the possibility of a new type of 
the electronic interaction was reported by Lumry and 
his coworkers;2) they suggested the importance of the 
excited-state solute-solvent complex (exciplex) forma­
tion in the polar solvent. Actually, they investigated 
the fluorescence of indole and indole derivatives in the 
mixed systems of nonpolar-polar solvents (mainly in 
pentane-alcohol systems), and showed that an excited-
state solute-solvent complex is responsible to a large red 
shift and loss of vibrational structure in the fluorescence 
spectra of indole and indole derivatives in the polar 
solvents. However, since the possibility of the ground 
state solute-solvent complex was not strictly excluded 
and since they did not show any dynamical experimental 
evidence, their explanation does not seem to be generally 
accepted. O n the other hand, Ware and his coworkers3) 
investigated the problem of the origin and nature of 
the temperature-dependent spectral shift characteristic 
of aminophthalimides in alcoholic solvents by the aid 
of nanosecond time-resolved emission techniques. They 
showed that at least two relaxation times characterize 
the phenomenon. One relaxation time was observed 
to be subnanosecond in character and may be associated 
with the exciplex that presumably is present in the 
system. The other relaxation time was presumably 
associated with the nonspecific dipolar reorientation. 
Recently, the interaction of 2-anilinonaphthalene with 
ethyl alcohol and glycerol in the excited state was 
studied by DeToma and Brand.4) They showed a 
direct kinetic evidence that 2-anilinonaphthalene under­
goes a specific reversible association with ethyl alcohol 
and glycerol in the excited state. 

In the previous paper,5 '6) we have clarified that 
m-aminoacetophenone (MAAP) makes a complex with 
£-pentyl alcohol in the ground state and that the complex 
further associates with alcohol in the excited state (i.e., 
the complex in the excited state makes an exciplex with 

alcohol). However, £-pentyl alcohol may be not so 
popular as ethyl alcohol in spectroscopic studies, and 
the results look some special case. Therefore, we have 
extended the study to other alkanols. This paper 
describes the excited-state complex formation (exciplex 
formation) of M A A P with several alcohols, and the 
results clearly suggest the general importance in studying 
the fluorescence properties of polar aromatic molecules 
in the alcoholic solvents. 

E x p e r i m e n t a l a n d Kine t i c A n a l y s i s 

MAAP (Nakarai EP Grade) was recrystallized twice from 
ethyl alcohol, followed by vacuum sublimation. f-Butyl 
alcohol, butyl alcohol (both Nakarai EP Grade) were dried 
with molecular sieve and thereafter distilled. Isopropyl alcohol 
(Merck Uvasol) and ethyl alcohol (Nakarai Spectro Grade) 
were used as supplied. Liquid paraffin and hexane (both 
Nakarai Spectro Grade) were also used as supplied. The 
mixture of them (9: 1 volume ratio) was used as a viscous 
nonpolar solvent. Solutions for lifetime measurements were 
degassed with the freeze-thaw technique. 

Absorption and fluorescence spectra were measured on 
Hitachi 323 and MPF-4 spectrophotometers at room tempera­
ture unless denoted. Fluorescence lifetimes were measured 
with a similar method described in a previous paper.5) Observ­
ed lifetimes were analyzed by a nonlinear least-squares method 
including the exciting pulse shape.7* 

For the fluorescence quantum yield measurements,8) the 
spectral response of the observed system was corrected by 
using the fluorescence of quinine sulfate in 0.5 M sulfuric acid 
as a standard. Fluorescence spectra of both ethyl alcohol 
solutions of MAAP and quinine sulfate standard solution were 
measured successively, and after correcting absorbances and 
refractive indices, the quantum yield of ethyl alcohol solution 
of MAAP was determined. Here, the quantum yield of quinine 
sulfate solution was assumed to be 0.55, and solutions were 
excited by the 360 nm light. The yields of other solutions were 
then determined by using the ethyl alcohol solutions of MAAP 
as a second standard and by correcting similarly. 

The experimental results are shown to be consistent with the 
kinetic scheme given below.9) 

K 
MAAP + A <=± G (1) 

hv k3 

G • G* + A <=> E* (2) 

*>/ J*» *•/ V 
C + hv' C G + A + hv" G + A 
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where A, G, C*, and E* are alcohol, the complex, the complex 
in the excited state, and excited-state complex (exciplex) 
generated from C* and A, respectively; K is equilibrium 
constant of the complex formation in the ground state, and 
kh are rate constants of respective processes. 

Under photostationary state, the process 2 gives the follow­
ing equations; 

[CWc = <'{*3(*5 + *6)[A]/(/:4 + *5 + *6) +k1 + kt} (3) 
FE/FC = Ck^Wlik^h + h + k,)} (4) 

<f> = i(h+h+K)K+hhW}!i(h+h+hW) 
X(*4 + *5 + A'6)-M;4[A]} (5) 

In Eqs. 3, 4, and 5, Fc and FE are the fluorescence intensities 
of G* and E*, respectively; [A] and [G] are the concentra­
tions of the alcohol and the complex, respectively, ç5 is the 
fluorescence quantum yield of total emission, and c' and c" 
are proportional constants. 

For the pulse excitation, following equations are also 
obtained. 

[C*] = cx exp (-Xxt) + Cz exp (-X2t) 

[E*] = c3{exp ( - ^ ) - e x p (~Xzt)} 
(6) 

(7) 

where 

and 

^1.2 = l/2[/:1+/:2 + A'3[A]+/:4 + ^ + ^ :P{(^4 + ^5+^6 
-* X _* 2 -* 3 [A] )* + 4*3*4[A]}V2] 

Cl = [(X2-X)l(Xi-X1)][C^]0 

H = [ (* -<* i ) / (^ -^ ) ] [C*]„ 

ca = *3[A][C*]0/(,i2-^) 

X = kx + k2 + A,[A] 

X, + X2 = kx + k% + k3[A] + *4 + k5 + A-6 

R e s u l t s a n d D i s c u s s i o n 

(8) 

Absorption and Fluorescence Spectra of MAAP. 
Figure 1 shows the absorption and fluorescence spectra 
of M A A P in several solvents. In hexane, absorption 
maximum appears at 325 nm and no fluorescence band 
is practically observed. In 2-methyltetrahydrofuran 
( M T H F ) , the absorption maximum of M A A P shifts 
to the longer wavelength (/lmax 340 nm) , while a strong 
fluorescence band appears at «»420 nm. The absorption 
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Fig. 1. Absorption and fluorescence spectra of MAAP in 
various solvents; MTHF, 2-methyltetrahydrofuran; 
TBA, f-butyl alcohol; BA, butyl alcohol: EA, ethyl 
alcohol. The excitation wavelength is 360 nm. 

maxima of this compound in tetrahydrofuran, M T H F , 
and several alcohols appear in similar wavelength 
region each other, while the fluorescence in alcohols 
remarkably shifts to 490—510 nm. The Stokes shifts 
in alcoholic solvents are about 9000—10000 cm - 1 , 
though about 5600 c m - 1 in M T H F . The unusually 
large Stokes shift seems to suggest some specific interac­
tion between M A A P and alcohols. Since general feature 
of the absorption and fluorescence spectra was common 
in all systems reported here (i.e., MAAP-/-butyl alcohol, 
MAAP-bu ty l alcohol, MAAP-isopropyl alcohol, and 
MAAP-e thy l alcohol), the results on the MAAP-f-
butyl alcohol in liquid paraffin-hexane mixed system 
(abbreviated to L P H hereafter) were mainly described 
in this paper. Figure 2 shows the concentration depend-

400 450 550 500 
A / n m 

Fig. 2. Fluorescence spectra of MAAP in LPH containing 
several concentrations of TBA. The excitation wave­
length is 360 nm. 

ence of /-butyl alcohol (TBA) in the L P H solution of 
M A A P upon fluorescence spectra. Although MAAP is 
practically non-fluorescent in L P H , the fluorescence 
with a short lifetime appears at »»430 nm by adding a 
small amount of TBA, and the band increases in inten­
sity with increasing the concentration of TBA « 0 . 2 M) 
(1 M = l mol d m - 3 ) . Furthermore, including a small 
red shift, a new band with a long lifetime appears at 
Ä » 4 9 0 nm, and increases in intensity with further 
increasing the concentration of the alcohol ( > 0 . 2 M ) . 

/ y 

- 6 ns 

. ^> 

i 

-26 ns 

\ . -46 ns 

400 450 X/nm 500 550 

Fig. 3. Time-resolved fluorescence spectra of MAAP (1.4 
XlO- 5 M) in LPH containing TBA ( l x l O ^ M ) . 
Times indicated are after a peak of an exciting laser 
pulse. 
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Fig. 4. Absorption spectra of MAAP in LPH, containing 
several concentrations of TBA. Absorption spectrum of 
the complex, C, was depicted from K and concentra­
tions of MAAP and TBA. 

Time-resolved fluorescence spectra in Fig. 3 exhibit 
these two kinds of fluorescence bands. Since it can be 
expected that MAAP and TBA make a hydrogen-
bonding complex in the ground state, the shorter 
wavelength band, which is predominant in the low 
concentration of TBA, is most probably due to the 
hydrogen-bonding complex. Figure 4 shows the effect 
of TBA concentration upon the absorption spectra of 
MAAP in L P H . A new band appears at ^ 3 6 0 nm and 
gradually increases in intensity with increasing the 
concentration of TBA (an isosbestic point at 334 nm) . 
Therefore, assuming the complex formation in the 
ground state, the spectra were analyzed in terms of an 
ordinary 1: 1 complex formation, shown in Eq. I.6) 
Figure 5 shows the Scott plots of absorption intensity 
of the new band (Ic) vs. [TBA]. The plots exhibit 
linear relationship, as is clear from Fig. 5, affording an 
equilibrium constant of 4.6 M _ 1 . Fluorescence intensity 
of the shorter wavelength band (Fc) was also analyzed 
in the same manner by assuming that the intensity is 
proportional to the absorption intensity of the new band. 
Figure 6 shows the plots of [TBA]/FC vs. [TBA], which 
afford the equilibrium constant of 3.4 M" 1 . Both results 
agree each other within experimental errors. 

0 0 5 0-10 
[TBA]/M 

0-15 

Fig. 5. Plots of [MAAP][TBA]/Ic vs. [TBA]. Absorp­
tion intensities (7C) were monitored at 370 nm. 

0 5 
CMAAP] 
2.3 x10" 6 M 

005 0-10 0-15 
CTBA3/M 

Fig. 6. Plots of [TBA]/FC vs. [TBA]. Fluorescence 
intensities (Fc) were monitored at 430 nm. In the 
range of TBA concentration (0.05—0.2 M), spectral 
shift of the fluorescence was small. 

Now, let us examine the longer wavelength fluores­
cence which appears at rather concentrated solution of 
TBA. The excitation spectrum monitored at 530 nm 
(i.e., at the longer wavelength band) is identical with 
that at 430 nm (i.e., at the shorter wavelength band) . 
Fluorescence intensity of the longer wavelength band 
increases with increasing the concentration of TBA, as 
mentioned above. Figures 7 and 8 show the plots of 

CC ] / Fr 

0-3 0 5 
CTBA3/M 

Fig. 7. Plots of [C]/Fc vs. [TBA]. Fluorescence inten­
sities (F0) were monitored at 430 nm. Concentrations 
of G in the plots were evaluated from A", [MAAP] 
and [TBA]. 

03 0-5 
CTBA3/M 

Fig. 8. Plots of FE/FC vs. [TBA]. Fluorescence inten­
sities, (F0 and FE) were monitored at 430 nm and at 
530 nm, respectively. 
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[G] /F 0 vs. [TBA], and FE/Fc vs. [TBA], respectively. 
They show the linear relationships expected from Eqs. 3 
and 4, respectively, though fluorescence intensities, Fc 

and F E , may include the spectral shift owing to the 
change of solvent polarity. Wi th these findings and 
time evolution of the fluorescence intensities which will 
be mentioned later, the longer wavelength fluorescence 
is tentatively ascribed to the exciplex (E*j formed 
between the complex in the excited state (C*) and TBA. 

TABLE 1. KINETICAL PARAMETERS OF THE MAAP-ALCOHOL 

SYSTEMS IN L P H AT ROOM TEMPERATURE 

[MAAP] 
3 4 x 1 0 " b M 

Fig. 9. Time evolution of the fluorescence intensities of 
MAAP in LPH. 

The Time Evolution of Fluorescence and the Estimation of 
Kinetic Parameters. From Eq. 1, one can expect a 
simple two-component decay for [C*] and a growth 
and decay for [E*] . Figure 9 shows the typical time 
evolutions of the fluorescence of [G*] and [E*] , in the 
M A A P - T B A - L P H system. The shorter wavelength 
band (C*) exhibits typical two-component decay, and the 
longer one (E*) shows a growth and decay as expected. 
The X1 and X2 obtained from both fluorescence bands 
coincide with each other within experimental errors. 
Therefore, these findings provide an evidence that the 
longer wavelength fluorescence (FE) is ascribed to the 
exciplex, E*, generated from C* and TBA. 

CO 

'o 

<< 
W 1 

O-430 nm 
• - 5 3 0 nm 

0-2 0-4 0-6 
CTBA3/M 

0 8 

Fig. 10. Plots of ^ + ^ 2 vs. [TBA]. Fluorescence inten­
sities were monitored both at 430 nm and at 530 nm. 
The fluorescence intensities at 530 nm was analyzed as 
a superposition of the fluorescence of both C* and E*, 
since both spectra partly overlapped each other in this 
region. Concentration of MAAP is 3.4 X 10-5 M. 

Equat ion 8 gives k3 from the plots of X1-\-X2 vs. [TBA]. 
As [TBA] >0, 

A i • k\ ~T~ ri<L 

x2 • AJ4 -f- k5 + K6 

Thus k3, k1-\-k29 and £4+A;5+# e can be obtained (see 

Alcohol TBA BA IPA EA 

K, M- 1 c> 
A:3xl0-9, M - i s - 1 

( ^ H - ^ x l O - 8 ^ - 1 

12.5 17.5 19.9 24.5 
0.56 0.08 0.19 0.05 
4.6 5.7 5.6 12.2 
0.09 0.31 0.19 0.68 
0.58 0.49 0.52 0.69 
0.17 0.15 0.14 0.35 

a) Dielectric constant of alcohol, b) Total fluorescence 
quantum yield (see text). c) Equilibrium constant of the 
complex formation at room temperature. 
TBA, £-butyl alcohol; BA, butyl alcohol; IPA, isopropyl 
alcohol; EA, ethyl alcohol. 

Fig. 10). The results were shown in Table 1. Then 
combining Eq. 4 and the above values obtained, £4 and 
k5-\-k6 can be calculated separately (see Fig. 7). If one 
may calculate the fluorescence quantum yields of more 
than two TBA concentrations of the solution, one may 
solve Eq. 5 to estimate kx and k5. From this analysis, 
the radiative and nonradiative rate constants of respec­
tive states, C* and E*, were estimated to be of nearly 
the same order of magni tude. Furthermore, if only 
the exciplex formation is an activation process, the 
energy barrier may be obtained from the plots of FB\FC 

vs.l/T (T: temperature, K ) , assuming that only k3 in 
Eq. 4 is temperature dependent.10) Figure 11 shows 
this relationship and the activation energy was obtained 
to be 7 kcal mol - 1 . 
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Fig. 11. Plots of - ln(F E /F c ) vs. l/T. Fluorescence 

intensities, Fc and FE, were monitored at 430 nm and 
at 530 nm, respectively. Concentrations of MAAP 
and TBA are 3.4 X 10~5 M and 0.82 M, respectively. 

Fluorescence behavior of the MAAP-buty l alcohol, 
MAAP-isopropyl alcohol, and MAAP-ethyl alcohol in 
L P H is essentially parallel to that of MAAP-TBA 
mentioned above, and observed data in these systems 
were analyzed in the same procedure as mentioned 
above. Unfortunately, the activation energy of these 
systems could not be obtained, because of lack of the 
solubility of the alcohols at low temperature. The results 
obtained were listed in Table 1. From the Table, 
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equilibrium constants of the complex formation seem to 
increase with increasing strength of the dielectric 
constant of the alcohols. The rate constants of the 
exciplex formation, k3, also seem to increase with the 
dielectric constant of the alcohols. 

Generally, unusually large spectral change observed 
in the high concentration of TBA ( > 0 . 2 M) (see Fig. 2) 
might be explained in terms of following mechanisms ; 
1 ) the internal rotation of M A A P leading to the intra­
molecular C T interaction in MAAP, 2) the general 
solvent effect, 3) the reorientation of alcohols around 
MAAP, and 4) the exciplex formation with the solvent 
molecules. As for the mechanism 1, the process may 
be expected to occur very fast in the order of some 
picoseconds, which is inconsistent with our observation. 
The mechanism 2 means that the long-range inter-
molecular interaction between solute and solvent 
molecules such as dispersion force, dipole-dipole interac­
tion, etc.1) In this mechanism, the effect of alcohol upon 
the fluorescence band shape may be considered to be 
small, and wavelength-independent decay in a certain 
fluorescence spectrum may be expected. However, 
these are in contradiction to the observation reported 
here, since Figs. 2, 3, and also 9 show the drastic change 
of fluorescence band with increasing the TBA concentra­
tion, and the time-resolved fluorescence spectra including 
two different fluorescent species. Then, the mechanism 
3 may be ruled out as follows. If M A A P molecule may 
be surrounded by TBA molecules by adding small 
amount of TBA in the L P H solution, it is unlikely that 
there are the two different fluorescent states stable in 
the excited state of M A A P surrounded by unspecified 
alcohol molecules. T h e rate for the reorientation of 
surrounding molecules may be of the order of picosecond. 
However, if the alcohol molecule may diffuse to make 
an interaction with M A A P in L P H , the rate may be 
of the order of some nanosecond. The diffusion rate 
constant in L P H is approximately estimated to be of 
the order of 1 0 8 M - 1 s _ 1 from the viscosity of L P H 
(<=*-100 cp). With this mechanism, observations shown 
in Figs. 2, 3, and 9 may be qualitatively explained. 
Figure 8 shows a linear relationship of FE/FC vs. [TBA], 
and may strongly suggest the stochiometric complex 
formation in the excited state. T h e mechanism 4 may 
suggest the specific intermolecular interaction between 
the complex and another alcohol molecule (i.e., stochio­
metric excited-state complex formation). As already 
shown, all the observations have been quantitatively 
explained with this mechanism. T h e mechanism 4 
seems to be most reasonable in the interpretation of the 
results observed in this paper. 

Preliminary results on the fluorescence of m-dimethyl-
aminoacetophenone11 '12) (DMAAP) show essentially 
the similar fluorescence property to that of MAAP. 
Although the weak fluorescence band appears at «*405 
nm in L P H , a new fluorescence band appears at ^»430 
nm by adding a small amount of TBA, and increases in 
intensity with increasing the TBA concentration 
« 0 . 1 5 M ) . Furthermore, with further increasing the 
TBA concentration, another new fluorescence band 
appears at «»490 nm (>0 .15 M ) . The L P H solution of 
DMAAP containing high concentration of TBA exhibits 

the two-component decay of the shorter wavelength 
(at 440 nm) , and the rise and decay of the longer 
wavelength fluorescence (at 530 nm) . T h e similar 
kinetic analysis suggests that D M A A P makes the 1: 1 
complex with TBA in the ground state (K=4—10 M _ 1 ) , 
and the complex in the excited state (C*) further 
associate with the alcohol molecule (k3=0.08x 109 M _ 1 

s"1, kt+k2=0Ax 108 s-1, and ké+k5+k6=Q.l X 109 s-1). 
Here, if the complex formation in the ground state 
might be tentatively at tr ibutable to a kind of the 
hydrogen-bonding with alcohol, the interaction between 
carbonyl of M A A P and hydroxylic hydrogen of alcohol 
seems to be most reasonable to the complex formation 
in the ground state. Furthermore, it is likely that the 
exciplex may be stabilized by the weak electronic 
interaction such as charge-transfer between C* and 
alcohol molecule, as already discussed in indole fluores­
cence by Lumry and his coworkers.2) However, this 
is not obvious at this stage. 

The authors wish to thank Dr. Kiyokazu Fuke for his 
help in the analysis of fluorescence lifetimes by a 
nonlinear least-squares fit, and for valuable discussions. 
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A formalism has been developed for the calulation of vibration-rotation energy levels of linear XYZ and X2Y2 

type molecules through direct numerical diagonalization of vibration hamiltonian matrix. The procedure of evalu­
ating vibration as well as vibration-rotation energies can be described mostly in matrix algebra and thus easily con­
verted to computer languages. The N 2 0 molecule was chosen as an example of numerical treatment. Several 
approaches have been checked in evaluating BY and Dy and they are discussed from the view point of accuracy and 
efficiency in computations. It is found that the variational approach of computing By

T> contribution of rotational 
hamiltonian to By, is very efficient and accurate. Some peculiar features of the molecular potential of the X2Y2 

type molecule are discussed in connection with their adaptation on the direct numerical diagonalization method. 

There has been an increasing number of studies on 
the direct numerical diagonalization method of vibra­
tional hamiltonian matrix in terms of a large number of 
harmonic oscillator basis wave functions.1-7) T h e major 
advantages of reducing the vibrational hamiltonian 
numerically to fit the observed spectroscopic quantities 
are threefold. (1) Accidental degeneracies, which 
require special and somewhat cumbersome treatments 
in conventional perturbation method, are automatically 
taken care of. (2) Higher order terms in vibrational 
potential as well as in expansions of moment of inertial 
tensor are incorporated without changing the general 
scheme of computations. (3) Orthonormal vibrational 
wave functions are readily available through diagonali­
zation as linear combinations of basis harmonic oscil­
lator wave functions. These wave functions may be 
used to compute any average molecular properties in a 
given vibrational state. 

I t is also possible, at least in principle, to apply this 
method to individual vibration-rotation energy levels. 
The Coriolis coupling terms in the hamiltonian, how­
ever, interact the ro-vibrational states with A / ^ ^ l in 
linear polyatomic molecules, and the factorization is no 
longer possible for the vibration-rotation states with 
y=£0. Therefore, an entire vibration-rotation hamil­
tonian matrix (unfactorized) must be solved at a time, 
which forces to use a huge number of basis wave func­
tions (usually products of harmonic oscillator wave 
function and symmetric rotor type wave function). Since 
the vibration-rotation coupling constants are as impor­
tant as the vibrational wavenumbers themselves in the 
determination of molecular force field, several less 
rigorous methods have been proposed to calculate 
vibration-rotation levels. Recent studies of Whiffen 
et a/.6'7) on the OCS molecule have made a significant 
contribution to this field. 

This is our third report on the above subject and the 
method previously reported (hereafter referred to as I 
and II) has been extended to include the X Y Z and 
X 2Y 2 type linear molecules. I t is shown that the rota­
tional and Coriolis parts of the vibration-rotation 
hamiltonian are reduced to almost identical forms for 
these two types of molecule. Several methods have 

been tested for the evaluation of vibration rotation 
levels and in each case these levels are converted to 
the corresponding rotational constant (Bv) and the 
centrifugal distortion constant (Dv). The results are 
compared from the view point of accuracy and efficiency 
in computations. 

Extensive numerical calculations have been made on 
the N 2 0 molecule and the results are given in the 
present paper. This molecule is of particular interest, 
for we plan to apply the resultant vibrational wave 
functions to the intensity problem for N 2 0 . In some 
cases we also used the OCS molecule so that the direct 
comparison is possible for the results of Whiffen et <z/.6>7) 

The X2Y2 type molecule requires some extra handling 
since it has two degenerate modes and individual /4 and 
l5 are no longer "good" quantum numbers. The proper 
treatment in direct diagonalization procedure has also 
been discussed. 

H a m i l t o n i a n 

The general form of the vibration-rotation hamil­
tonian of a polyatomic molecule given by Goldsmith, 
Amat , and Nielsen8) is reduced to a much simpler form 
for a linear molecule.9»10) I t is conveniently expressed as 
the sum of the vibrational, rotational, and Coriolis 
hamiltonians : 

H = HvIb + H r o t + HCor , (1) 

Hv lb = Vh(q*,j*) + Fanh(?g) + H; ib, (2) 

H; i b = B(jx* + j/) = OB/2) ÜJ- + JJ+), (3) 

H r o t = B(Jx> + Jy>) = (B/2)(J+J- + J-J+), (4) 

HCor = -2B(jxJx + jyJy) = -B(j+J-+j-J+). (5) 

The definitions for symbols appearing in Eqs. 1—5 are 
summarized in Table 1. All the operators are dimen-
sionless, hamiltonains and other constants are given in 
c m - 1 as in I and I I . The reduced moment of inertia, / ' , 
can be expressed in the following form.9'10) 

r = Ie[l+yiqi + ysqaY. (6) 

For the molecules of current interest, the expansion 
coefficients, y's, are given as 
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TABLE 1. LISTINGS OF SYMBOLS TO DESCRIBE 

VIBRATION-ROTATION HAMILTONIANS 

qs Dimensionless normal coordinate 
jB Dimensionless vibrational momentum conjugated 

Vh Harmonic part of vibrational potential 
Fanh Anharmonic part of vibrational potential 

j x , j y x,y-Gomponents of vibrational angular momenta 

Ux=PJk>Jy=Py/k) 
j+,j- Ladder operators for vibrational angular momenta 

( i±=ix±i/y) 

Jx,Jy Dimensionless total angular momenta (Jx=PJ~h, 

J+,J- Ladder operators for total angular momenta 
U±=J*±Uj) 

Ie Equilibrium moment of inertia 
Be Equilibrium rotational constant ft = /(47tcIB) 
I' Instantaneous moment of inertia with correction of 

Goriolis effect 
B Instantaneous rotational constant defined as 

fil^ncF) 
a) The molecular axis coincides with the z-axis. 

XY2: y1=(2BJœlyfl s = 3 y3 = 0 

X Y Z : y 1 = ( 2 5 > 1 ) V 2 | C 2 3
x | s = 3 y3 = (2Ä>,)V»|Ci1 

X2Y2: Yl = (2B>1)V2|C42xj s = 2 y a = (25>2)i/2|Ç41
x[ 

This is the results from the fact that only <z1
xx = a1

yy 

and as
xx=as

yy are nonvanishing among the derivatives 
of moment of inertia with respect to normal coordinate : 
i.e. ^ = {dIa^ldQs„). See, for example, Eq. 17 of 
Ref. 10. The phases of normal coordinates qx and qs 

are taken so that the coefficients a^x and as
xx, and 

thus y1 and ys, are positive. Taking the reciprocal of 
/ ' and expanding it in terms of the related normal 
coordinates, B is given as 

B = B6J](-ink+l)(yiqi + Ysqsr 
k=0 

= B^ + Ti(-mk+i)(y1g1+ysqsn (7) 
k=l 

Equation 7 reflects the vibrational effects on rotational 
constants through the changes in moment of inertia. 
Coupling between the vibrational and rotational 
angular momenta also affects vibration-rotation energies. 
Vibrational angular momentum operators j ± are given 
as the sum of 

TO 

j± = gASi ,d i )> (8) 
where m is a number of nonvanishing Coriolis coupling 
constants, s,- and d,- denote nondegenerate and degener­
ate dimensionless normal coordinates associated with the 
Coriolis coupling constant. Each term in summation 
is given as 

./<••« = ± i . Çds
x[(a>>s)<7s/>± - (ft>>d)isc7±], (9) 

where q± = qdx±i<Idy a n d J&±=Jdxd=i/dy a n d the suffix 
i for the coordinate is dropped in Eq. 9. For the present 
case, the relevant indeces are : 

XY2: m= 1 (s1 = 3 ,d 1 =2) , 

XYZ: m = 2 ( s 1 = l , d1 = 2) and (s2 = 3, da = 2), 

X2Y2: m = 3 (s1== 1, d1 = 4), (sa = 2, d 2=4), and 

(s3=3, d3=5) 

Substitutions ofj± into Eqs. 3 and 5 yield the final forms 
of hamiltonians in terms of dimensionless normal 
coordinates and their conjugate momenta . 

Energy Leve l s 

Vibrational Energy and Its Matrix Representation. 
Pure vibrational energies are determined from harmonic 
and anharmonic potential as well as from squared 
angular vibrational momenta designated as H ' v î b in 
Eq. 3. T h e number of nonvanishing force constants are 

TABLE 2. NON-VANISHING FORCE CONSTANTS IN 

GENERAL QUARTIC FORCE FIELD 

XY2 

XYZ 
X2Y2 

Quadratic8) 

3 
4 
6 

Cubic 

3 
6 

11 

Quartic 

6 
9 

23 

Total 

12 
19 
40 

a) This column corresponds to the sum of harmonic 
frequencies and independent Coriolis coupling con­
stant^) in normal coordinate space. Because of the 
Coriolis sum rule, only one Coriolis coupling constant 
is independent in XYZ and X2Y2 type molecules. 
(None in XY2 type) 

tabulated in Table 2 for the three types of linear mole­
cules. As in I I , the force constants in curvilinear internal 
coordinates are transformed into normal coordinate 
space. I t is also convenient to set up the vibrational 
hamiltonian matr ix as the sum of its component matrices 
for individual force constants. 

Hy=
fJlk&Z&, (10) 

i = i 

where fis a total number of force constants, Ar0) could 
be either cos, kss>s>> or £SS 'S"S"'. The matrix element 
Znn' is defined as 

2Ä? = <»|J7«(?)K> (11) 

If £<a) =kin, for example, U™=qx
3, and if £<b> =k1122, 

then U(b) = q1
2q2

2, \n^> represents harmonic oscillator 
wave function. To be more precise it is either \n^> = 

\ni> nz> hi nù> o r \ni> n2> nz> n4> hi n5> h^- I t is convenient 
to include the term arising from H ' v i b in Zw and treat 
as if it were the ( y + l ) t h force constant, i.e. £ (^+1) = 
Be and Z%:P=(\l2)<n\j+j-+j-j+\n'>+higher terms. 
By selecting a proper set of basis functions, Hv is divided 
into a desired number of symmetry manifolds (a, n, 
ô, •••), each of which may be treated seperately. Then 
the eigenvalue problem is solved which yields a diagonal 
eigen value matrix Wv and the eigen vector matrix Av, 
the n-th column corresponds to the eigenvector of the 
n-th. eigenvalue. 

HVAY = AVW, (12) 

As described in I and I I , only a limited number of 
lower eigenvalues, which is of immediate interest to us, 
is usually obtained by a modified Givens-Housholder 
method for symmetric matrices.11) Therefore, Av is not 
necessarily a square matr ix but may be considered as a 
rectangular matrix. A set of orthonormal vibrational 
wave functions is readily obtained as a linear combina­
tion of the harmonic oscillator wave functions : 
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l"> = 2« J»>, (13) 
n 

where ÛVM is a corresponding element of ^4V. 
Vibration-rotation Energy. The contributions from 

H r o t as well as from HCor must be considered to obtain 
the rotational energies of a given vibrational state. The 
basis function is usually in the form of \nsJ^> = |n>« | / > , 
the latter being a symmetric rotor type wave function. 
Since the matrix elements are diagonal with respect to 
J, the vibration-rotation hamiltonian matr ix may be 
set for any required value of J. Since the operators 
Jx2+Jy

2 c a n be replaced by [ 7 ( 7 + 1 ) — I2] for practical 
purposes, the effect of H r o t is most conveniently treated 
as the ( / + 2 ) t h component of Z: 

BÀJ) = k<f**>Z<f**>, (14) 

*(/+2> = £ e [ y C / + l ) - / 2 ] , (15) 

3Kt» = J] ( - l)*(A+ 1 ) E kCmYl
k-mYs

m 

k=0 m=0 

X<n\qi
k-mqr\nfy\ (16) 

The y's are given in Eq. 6 and kCm=k\j[ml(k—m)!]. 
T h e contribution from H r o t may be obtained either 
by diagonalizing directly Hvr(J) 

KrU) = By + Ht{J) = U*«Z« , 

HVr(J)^rU) = AyT{J)WyT{J) (17) 

or by using a variation method : Z(f+2) is transformed by 
Ay in Eq . 12 and the diagonal elements are taken to 
represent the rotational contribution. 

Wyr{J) =Wy + AC/+« [2vZ(/^)^v]d i a g o n a l (18) 

In either case we define Wy
r{J) as the contribution from 

H r o t to the energy specified by J and v. 

W/U) = Wyr(J) - Wy = Wyr(J) - TTvr(0) (19) 

The Coriolis hamiltonian, H0 or, consists essentially of 
the products of the total and vibrational angular 
momentum operators and thus has no diagonal matr ix 

«A 

»I3 

0 

0 

0 

0 

0 

HVR 

H 1 2 

0 

0 

0 

0 

H 1 
HVR 

H 0 1 

Hc 

0 

0 

0 

"vi 

»J° 
0 

0 

Symmetric 

< 

41 

0 

H 2 
HVR 

H 3 2 
HC »vï 

Fig. 1. A full vibration-rotation hamiltonian matrix with 
| / |<;3. Each square represents the matrix of size up to 
200 by 200. The Coriolis hamiltoniam matrix Hc is 
off-diagonal with respect to /. For rotationless state 
(J— 0)> -ETc vanishes and each £TVR matrix can be 
treated separately. 

elements with respect to vibrational quantum numbers. 
T h e total hamiltonian matrix with an arbitary nonzero 
J is schematically shown in Fig. 1, where each small 
square represents the submatrix of the size up to 200 
by 200 and a superscript / specifies symmetry manifold. 
Let this total hamiltonian matrix be H(J)=Hvrc (J), 
then the ultimate purpose of our calculation is to obtain 
W(J) in Eq . 20, 

H{J)AJ) = A{J)W(J) (20) 

We may also define Wy
c{J) as the contribution from 

Hoor, 

WAJ) = W(J) - Wyr(J) = Wyrc(J) - WYt(J) (21) 
However, the total hamiltonian matrix for the states 
with | / | ^ 3 is well over one thousand. This total hamil­
tonian matrix may be divided into two blocks (so called 
c- and d-states) by taking symmetric and antisymmetric 
combinations of the basis functions with respect to ±1, 
which seperates the /-type doublets (see Fig. 2). Still 

c-levels d-levels 

H ° 
"VR 

/2HJ° 

0 

0 

"vi 

»? 
0 

•vi 

'I2 «vij 

"vi 

41 

0 

Symm. 

H 2 

"VR 

H 3 2 

HC 
HVR 

^ c = C1//2) U'£+*n£) / = C1//2) U^n
l) 

Fig. 2. The seperation of c- and d-states which causes 
/-type doubling. It is easily seen from the figure that 
jr-states are most strongly affected. 

the size of the matrices is beyond the present practical 
limit and introduction of a certain approximation is 
inevitable. The second-order perturbation theory was 
used in I I to calculate the Coriolis effects, however, this 
method requires summation over the third vibrational 
states and takes considerable computing time. A double 
diagonalization method is employed in the present case, 
which is almost equivalent to the perturbation method, 
but is much simpler to handle in computer since each 
step is described by matrix algebra. First, we start with 
Avr

l(J) in Eq. 17, which is rectangular in most cases, a 
superscript being added again to specify the symmetry 
manifold. The original Hc

11' matrices are successively 
transformed by using the related Avr

l and Avr
1', where 

/ ' = / ± l . Finally an assembly of the transformed 
matrices is diagonalized again to yield (approximate) 
solutions, W{J). The total process is schematically 
shown in Fig. 3 . 

T h e rotational levels in the n-th vibrational state are 
given for linear molecules as 

E,(J)=Vo(v)+By[JU+l)-P] 

-Dy[J(J+\)-P]* + ... (22) 

where Bv and Dv are the rotational and centrifugal 
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HVR AVR 
= V u^ 
1 

\ R 

H 
C 

f 

\ R 

=5 UJU'! 
n 

c 

( i ) 

( Ü ) 

P\ 
A° 

h 0 1 rr 
V 

Sym. 

A2 , 

h 2 3 
* -

( i i i ) 

Fig. 3. Schematic representation of double diagonaliza-
tion procedure. (i) The first diagonalization of HyR 

(The matrix size is usually 200 by 200, and / = 0 , 1,2,--) 
The lowest fortv eigenvalues are obtained: A1 is a 
diagonal matrix of 40 by 40 and AjR is an eigen 
vector matrix of 40 by 200. (ii) Transformation of 
HQ' matrix (iii) Reassembled matrix which is sub­
jected to the second diagonalization to yield (approxi­
mate) solutions to W(J) in Eq. 20. 

distortion constants, respectively. They are usually 
determined from the observed transitions experimental­
ly. Theoretical values of By and Dv are obtained by 
solving Eq. 12 first, then Eq. 20 for two different 
nonzero J's, say 5 and 10. The contributions from H r o t 

and Hcor to Bw and Dy may be written as 
By = Be + Bv

r + By
c (23) 

and 
Dy = DB + Dy* + ZV (24) 

Each term in Eqs. 23 and 24 gives a good measure for 
the effect of H r o t or HC o r and can easily be obtained 
from Wv

r(J) and WV
C(J). T h e calculated values of 

By
r and Bv

c are used to compare the results of different 
approaches and approximations. 

The variational method given in Eq. 18 for evaluation 
of Bv

r and the analytical method of Foord, Smith, and 
Whiffen (hereafter referred to as FSW method6)) have 
also been tested. The latter uses the analytical expres­
sions derived from the second-order perturbation theory, 
however, the vibrational quan tum numbers in the 
expression are replaced by the "averaged" quan tum 
numbers obtained from the perturbed wave functions. 
Their formula can easily be extended to cover X 2 Y 2 

type molecules and it is in the following form, 

BS = S ( C d s ^ / K , <od) (*. + y ) + / K a>s)(*d+1)], (25) 

where f(x,y) = (3x2-\-y2)l[x(x2—y2)], ns and nd are 
averaged contributions of ns and nd to a particular 
vibrational level. Their values are readily obtained 
from the corresponding avn

9s. Although this treatment 
ignores certain off-diagonal effects, it is nonetheless an 
attractive approximation if it works reasonably well, 
since this approach requires only Av in Eq . 12 and the 
second diagonalization process may be skipped 
altogether. 

C o m p u t a t i o n a l P r o c e d u r e s 

Most of numerical computations ha^e been carried 
out by a Hitac 8800/8700 system in Computer Centre 
in the University of Tokyo. As described in I I the 
harmonic oscillator basis functions are specified either 
by a set of four integers corresponding to nl9 n2, n3, and l2 

for X Y Z or by a set of seven integers corresponding to 
n± through TZ5, /4 and /5 for X2Y2 . A desired number of 
basis functions is systematically generated with the 
condition 5 X ^ w m a x (*t=«t> nt~2> "-1 or 0). For 
the case of N 2 0 , l2 uniquely specifies the symmetry 
species, while the following simple rule applies for X2Y2 . 

(1) nz + n5 (even, odd) (g, u) 

(2) l=U + l5 ( 0 , 1 , 2 , 3 , . . . ) ( * , * , « , £ . . . ) 

T h e generation of matrix elements was described in I I 
in detail and it is not repeated here. As indicated in 
Eq. 8, the vibrational angular momentum operators j± 
have more than one term in the present case. The 
evaluation of Znn>

{f+1) involves the product of operator 
j+

( s* , d< ) -j-{sj,é5) with i¥=j. Therefore, the treatment of 
H ' v i b has been modified to incorporate the cases 
mentioned above. A modified version of the Givens-
Housholder method for real symmetric matrices, which 
allows to compute a limited number of either lowest or 
highest eigenvalues has been used as in I I . Usually 200 
basis functions are used for each symmetry species and 
the lowest 40 eigenvalues and eigenvectors are obtained ; 
This saves considerable computing time and memories 
as compared with the case where a full set of eigenvalues 
and eigenvectors is forced to acquire. 

R e s u l t s a n d D i s c u s s i o n 

T h e general quartic force field previously deter­
mined for the nitrous oxide molecule12) has been used 
in the present calculation. These force constants are 
transformed into dimensionless normal coordinate space 
and their values are listed in Table 3 . Within the 

TABLE 3. FORCE CONSTANTS OF N 2 0 IN DIMENSIONLESS 

NORMAL COORDINATES ( c m - 1 ) 

0)x 

^122 

1300.44 
596.49 

2281.57 

- 5 9 . 7 2 
80.76 
54.40 

-226 .60 
51.06 

- 6 4 . 8 2 

H l l 3 

2.96 
- 8 . 5 9 

- 1 0 . 1 5 
20.10 
2.76 
1.66 
2.13 

-30 .40 
7.14 

framework of the second-order perturbation scheme 
three quart ic force constants, AJ1113, k1333, and k1223 do not 
contribute to the vibrational energy and thus their 
values were not listed in the original paper,12) however, 
they are all included in the present calculation. The 
bond lengths initially used were the same as those 
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previously given.12) Later the more recent values of 
re (NN) = 1.1282 and re (NO) = 1.1843 A are used, which 
yield £ e =0 .4211312 cm- 1 . 13> 

T h e requirement of a1
xx^>0 and a3

xx^>0 determines 
the phases of g1 and q3 uniquely. The transformation 
coefficients from mass-adjusted Cartesian to dimen-
sionless normal coordinates (Nielsen's /ls<,14)) are as 
follows. 

Vi 

?2x(?2y) 

*l(N) 
-0 .6184 
-0 .5471 

*1 ( J l ) 
-0.4228 

*i(N) 
-0 .1952 

0.8023 

*2 &i) 

0.8247 

*s(0) 
0.7612 

-0 .2387 

*3 Us) 
-0.3760 

TABLE 4. CALCULATED VIBRATIONAL LEVELS OF N 2 0 

AND THEIR CONVERGENCE TEST. 

The major components of eigenvector coefficients 
avn's are also given. 

v v(200)a> Av(150)b> Major components of avW
c> 

The molecular axis coinsides with z-axis, the phases of 
<72x and q2y are chosen so that they go smoothly to the 
case of the XY 2 type molecules where C23

X is taken to 
be + 1 . 0 . 

Convergence Test. As described in I and I I , the 
accuracy of the present treatment depends on the 
number of the basis functions used. Ten lowest wave-
numbers of the a- and 7r-species with 200 basis functions 
are listed in Table 4 along with the 15 and 20th wave-
numbers for comparison. In this case nm a x is about 13 
which is smaller than the corresponding value of 19 for 
XY 2 , because of lower symmetry. Calculation has also 
been made with 150 basis functions and the differences 
in wavenumbers are entered in the second column of 
Table 4 . Also listed are some coefficients aVM's which 
contribute significantly to the vibrational levels in Table 
4. Similar treatment has been done for the calculated 
values of Bv

r and the results are given in Table 5. The 
terms up to &=4 in Eq. 7 are retained in H r o t . The 
accuracy of the computed By

c depends on the second 
factor, namely the number of eigenvalues and eigen-

(1)« 
1 
2 
3 

4 
5 
6 

7 

8 
9 

10 
15 
20 

(2): 
1 
2 
3 
4 

5 
6 

7 

8 
9 

10 

15 
20 

7-state (/2 = 0) 
0.00 

1167.51 
1284.08 

2223.41 
2316.40 
2460.88 

2559.20 

3362.60 
3446.60 

3479.67 
4489.16 
4899.29 

zr-state (/2=1) 
588.67 

1746.84 
1878.23 
2795.99 
2886.33 
3043.30 

3158.18 

3929.43 
4006.93 

4054.22 

5048.57 
5470.11 

0 
1 
2 

5 
2 
4 

10 

8 
8 

34 
38 

155 

0 
0 
2 
7 
2 
6 

14 

12 
11 

49 

48 
215 

0.996 (000) d> 
0.944(020) 0.316*(100) 
0.925(100) 0.320(020) 

0.967(001) 
0.828(040) 0.533*(120) 
0.706(120) 0.520(040) 
0.430*(200) 
0.807(200) 0.437(120) 
0.263(300) 
0.935(021) 0.253*(101) 
0.695(060) 0.636*(140) 
0.262(220) 
0.850(101) 0.313(021) 
0.829(041) 0.472*(121) 
0.590(320) 0.499*(160) 
0.409*(080) 0.223*(400) 

0.998(010) 
0.901(030) 0.420*(110) 
0.890(110) 0.422(030) 
0.971(011) 
0.769(050) 0.592*(130) 
0.569(130) 0.566(050) 
0.551*(210) 
0.738(210) 0.546(130) 
0.237(050) 0.211(310) 
0.897(031) 0.355*(111) 
0.652(150) 0.634*(070) 
0.324* (230) 
0.826(111) 0.359(031) 
0.276(211) 
0.767(051) 0.542*(131) 
0.547(330) 0.432*(171) 
0.430*(090) 0.327*(410) 

TABLE 5. 

V 

(1) 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
15 
20 

(2) 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
15 
20 

~B7= 
(ml, 

CALCULATED ROTATIONAL CONSTANTS OF 

N 2 0 AND THEIR CONVERGENCE TEST 

All Units < 

B,-B0 

<7-state (/2 

0 
928 

-1872 
-3363 

1787 
-1010 
-3692 
- 2 4 5 8 

2708 
-5185 
-1555 
-2161 

7r-state (/2 

511 
1370 

-1335 
—2933 

2241 
- 6 5 0 

- 3 1 1 4 
- 2 0 3 6 

3232 
-4750 

- 7 3 9 
-1047 

By
r 

M)j 
-2030 
- 3 7 8 

-3881 
-5930 

1144 
-2237 
- 5 6 4 8 
-4310 

2715 
-7799 
-2793 
-2943 

= 1) 
-1110 

427 
-2869 
-5079 

1948 
-1501 
-4517 
-3523 

3572 
- 6 8 9 8 
-2020 
-2312 

=By (40/200) ,B/= 
n) means 

are given in 10~ 

AB/ 

0 
0 
1 
2 
1 
3 
8 
5 
0 

24 
27 

101 

0 
1 
2 
3 
0 
5 

12 
8 
1 

29 
29 

137 

E c 
ß Y 

- 1 2 7 
- 8 5 1 
- 1 4 8 

410 
-1513 

- 9 2 9 
- 2 0 1 
- 3 0 5 

-2163 
457 

- 9 1 8 
-1375 

- 5 3 6 
— 1213 

- 6 2 2 
- 1 0 

-1863 
-1305 

- 7 5 4 
- 6 6 9 

-2495 
- 9 

- 8 7 6 
- 8 9 2 

6 cm-1 

(iT 

0 
0 
0 
0 
1 

- 1 
0 

- 1 
0 
1 

- 6 
- 1 1 

0 
— 1 

0 
- 1 

0 
0 

- 1 
- 5 
- 1 

4 
10 

- 4 7 

5/(40/200), and B/= 

AB' 
'—* v 

(H) 

0 
0 
0 
2 
3 
2 
1 

13 
25 
0 

749 
108 

0 
0 
0 
5 

11 
10 
6 

287 
307 
125 

* 
* 

"(HI) 

2 
26 
22 

- 4 6 
85 
13 

- 4 0 
63 

166 
- 1 2 5 

81 
- 2 1 2 

18 
61 
2 

23 
133 
58 

- 1 9 
38 

208 
- 1 1 5 

443 
* 

=£v
c(40/200). 

that the value is calculated from an 1 7 by n 
a) v(n) in cm - 1 : obtained by solving nXn eigenvalue 
problem. b) Av{m) in lO^cm- 1 : Av{m)—v{m) — 
y (200). c) Asterisks indicate negative coefficients. 
d) The basis functions are given as a set of three 
integers (ni«2«3), /2 is omitted since it is constant in a 
given symmetry block. 

eigenvalue problem, and the lowest m eigenvalues are 
obtained. 
AB/=B/(40/150) -B/y AB/(l) =5V

C(40/150) -B/, 
AB/(ll)=B/(30/200)-B/, and A£V

C(III) = 
£V

C(FSW)-£T
C , where B/ÇPSW) is estimated from Eq. 

25. 
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vectors actually obtained. By varying this number with 
the fixed basis functions, another convergence test is 
performed for Bv

c. Only a leading term is retained in 
Hcor so that direct comparison is possible for the FSW 
method in dealing HC o r- The last column in Table 5 
shows the differences of Z?v

c's computed by the two 
different methods. 

The convergence test for wavenumbers and rotational 
constants has a markedly similar trend to that of C 0 2 . 
This result is in accordance with the earlier conclusion 
(II) that ys is a good measure for the convergence. 
The value y 1(N aO) = 0 . 0 2 5 is very close to that of 
y1{C02)=0.024. T h e value of y3) which is zero for XY 2 , 
is still very small (0.0036). I t is gratifying to know that 
for most low-lying vibrational levels, the present 
method of the 200 basis functions with the 40 eigenvalues 
yields the wavenumbers and rotational constants free 
from the truncation effect of matr ix sizes. I t must be 
pointed out here, however, that the 10th lowest wave-
number of N 2 0 in the jr-species, for example, is around 
4000 c m - 1 which is much lower than the corresponding 
value of 7000 c m - 1 for the 7rg-species of C 0 2 . A test 
run for the OCS molecule, of which y1 value is 0.021, 
has been at tempted. This molecule shows much quicker 
convergence than N 2 0 . 

As mentioned earlier, the quart ic force constants 
&1333, &1223, and k1113, do not contribute to the vibrational 
energies within the second-order perturbation theory. 
To see the actual effects of these force constants, the 
calculation is proceeded to drop these force constants 
one at a t ime. The results are summarized in Table 6, 
where only differences in 10 - 2 c m - 1 are given. Table 6 
shows in a way a limitation of the second order pertur­
bation theory. T h e effect of £1113 is the largest, but this 
may be due to its relatively large value. 

If we compare the present results with those calculated 
earlier by perturbation theory, discrepancies as large 
as 20 c m - 1 are found for some levels involved in Fermi 
resonance. This has also been observed for the C 0 2 

molecule. More strictly, the quintic force constants, 
1̂11225 1̂22225 a n d 1̂2233 m u s t be considered to make the 

present calculation directly comparable with that of 
perturbation theory, since these quintic force constants 
were implicitly included as the parts of the third-order 

parameters in Fermi resonance.12) This has not been 
tested, although the values of these force constants have 
become available recently.15) The agreements of 
wavenumbers and rotational constants are much better 
for the levels which are relatively free from the effect 
of Fermi resonance. For example, discrepancies are 
within 0.6 c m - 1 for the 001 and 002 levels located at 
2223.7 and 4417.3 cm- 1 , respectively. 

Variational Method in Computing Bv
r. Off-diagonal 

matrix elements of transformed Z matr ix were ignored 
in Eq. 18. This may be justified since the off-diagonal 
elements contribute mostly to higher order rotational 
terms : [J(J-\-l)—l2]n, where n is greater than one. The 
equation may be rewritten so as to give the explicit 
expression for Bv

r, 

BJ = 5 e [ i ^ ( / + 2 ) ^ v ] d l a g o n a l (26) 

The Bv
r values computed from Eq. 26 are found to 

agree almost exactly with those obtained by solving 
Eq. 17 successively with three J's (0, 5, 10) and then 
fitting the energies to Eq. 22. Discrepancies are less 
than 10 - 8 c m - 1 . T h e agreements are less perfect 
( ~ 5 x 10 - 6 cm - 1 ) if we drop the centrifugal term in 
Eq. 22 and fit the remaining two parameters from the 
results of J=0 and J=5, as has been done in I I . In a 
way this is a numerical verification that Eq. 26 holds 
rigorously since Bv

r is a coefficient of L / C / + 1 ) - ^2L 
which is the leading term in the rotational energy 
expansion. I t also implies that the consideration of 
centrifugal distortions is required to obtain an accurate 
value of rotational constant. 

FSW Method in Evaluating Bv
c. Although the 

Coriolis coupling is considered as the second-order effect, 
the By

c values are far from negligible. O n the average 
the \BV

C\ value is smaller than the | i?v
c | value, however, 

in some vibrational levels this tendency is reversed. 
The treatment of H C o r may be the most cumbersome 
and time-consuming in the direct diagonalization 
procedure and this makes the FSW method mentioned 
earlier quite attractive. In the last column of Table 5 
entered the calculated differences of 2?v

c. T h e discre­
pancies are in the order of 10 to 1 5 % . This was rather 
expected since Eq . 25 was derived by dropping some 
off-diagonal terms: Eq . 25 is independent of the sign of 

TABLE 6. EFFECTS OF "Off-Diagonal" FORCE CONSTANTS TO VIBRATIONAL FREQUENCIES^ 

^-species 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
15 
20 

^1333 

(1.66) 

0 
- 2 

11 
- 9 

- 1 0 
18 
28 

- 6 
- 2 5 

13 
- 2 2 

54 

#1223 

(2.76) 
0 

- 9 
21 

- 3 
- 8 6 

85 
60 

- 4 
- 2 7 3 

35 
43 

301 

^1113 

( -8 .59) 
0 
9 

- 1 3 5 
- 1 3 3 

50 
- 1 6 3 

502 
119 
149 
788 

- 9 4 
835 

7r-species 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
15 
20 

*1333 

(1.66) 
1 

- 4 
18 

- 3 
- 1 6 

19 
45 

- 9 
- 3 4 

57 
- 3 4 
- 2 5 

*1223 

(2.76) 
1 

- 3 3 
58 

- 1 
- 1 6 0 

95 
161 

- 1 6 
- 4 2 0 

86 
94 

306 

*1113 

( -8 .59) 

- 2 
21 

- 1 6 5 
- 1 2 6 

- 8 5 
- 1 9 1 
- 6 2 4 
- 1 1 6 

224 
- 7 7 9 
- 6 9 

- 8 8 0 

a) Only the differences are listed in 10~2 cm-1: Ay=v(without k listed in column head) — y (200). 
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C's, while sign dependent terms are expected as off-
diagonal contribution.7) However, the overall errors 
due to this are relatively small for the total computed 
value of Bv. In addition, this method is not affected by 
the second truncation problem discussed earlier. I t is 
more robust and may give better approximation for 
higher vibrational levels. 

If only wavenumbers and rotational constants are to 
be computed, the logical approach is to solve pure 
vibrational hamiltonian, Eq. 12, and then to apply Eqs. 
25 and 26 to obtain Bv

r and Bv
c, respectively. This is 

particularly useful in the refinement process in which a 
number of cycles of calculations should be carried out. 
The more exact method may be applied in the final 
stage of refinement. 

Centrifugal Distortion and I- Type Doubling Constants. 
If the centrifugal distortion constants are also to be 
computed, the procedure given in Eq. 12 through Eq. 
21 cannot be avoided. To obtain an accurate Dj value 
the third-order term Hj[J(J+\)— I2]3 should be added 
to Eq. 22 and the four parameters must be fit from four 
sets of calculations ( y = 0 and three nonzero y ' s ) . This 
has already been done by Whiffen for the O C S 
molecule.7) The present calculation shows that the 
DV

T values are almost constant and in the range of 
35—40 ( 10 - 8 c m - 1 ) . The variations of the Dv values 
seem to arise mostly from Dv

c, the contribution of 
Hoor tO Dy. 

T A B L E 7. OBSERVED AND CALCULATED / -TYPE DOUBLING 

CONSTANTS (QY) FOR THE 7T-SPECIES OF N 2 0 

IN THE UNIT OF 1 0 ~ 6 CHI" 1 

Level 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Obsd 

792 

909 
777 

1075 
1459 

883 

Ref 

a 

a 
a 

a 
b 

b 

Galcd 

834 
1556 
988 
819 
2252 
1724 
1190 
1518 
2918 
928 

a) Ref. 16. b) Ref. 17. 

The /-type doubling constants are obtained by a 
procedure analogous to that given in I I (see also Fig. 2). 
The comparison of experimental and calculated con­
stants are listed in Table 7. Just in the cases of C 0 2 and 
CS2 , the calculated values slightly exceed the observed 
values, but overall profile is well represented by the 
calculation. 

The X2Y2 Type Molecule. Acetylene may be an 
only X 2 Y 2 type molecule on which the general quart ic 
force field has been studied in some detail.1 8 - 2 0) 
Numerical computations were carried out by using a 
modified GVFF1 9) to test an extended portion of the 
direct diagonalization procedure. However, the details 
of numerical computations are not given here. Acetylene 
has two G H stretching fundamentals over 3000 c m - 1 , it 
seems necessary to use more than 200 basis functions 

because of slower convergence. Rotational expansion 
is also slow in convergence with y2 = 0.033. Peculiar 
features of the X2Y2 molecular potential and their 
t reatment in the direct diagonalization method are 
briefly described here. This type of molecule has non-
vanishing force constants kM5 (&1345 and &2345 as well) 
and £'4455 which appear in F a n h as21) 

*845?8V5 c o s (Z4-XB) and Äi«5r4V c o s (2ja-2x5). 

They have oft-diagonal matr ix elements with respect 
to individual /s, although the final matrix elements are 
always diagonal with respect to /=/ 4 - ( - / 5 . These force 
constants cause the well-known vibrational /-type 
doubling or resonance. In the ag- and ö^-species, it is 
possible to reduce the size of hamiltonian matrices by 
taking linear combinations such as l l U - ^ i l l - 1 ! 1 ^ 
However, the merit of taking similar combinations 
diminishes in the states with / % 0 . In the present 
calculation no attempts have been made to separa te+ 
and —states. They are mixed in the ag- or ffu-species, 
but their symmetries are obvious from the corresponding 
signs of avn's. 

The angular parts as well as the radial parts of 
degenerate normal coordinates have to be considered 
in evaluating the matr ix elements associated with the 
above force constants, the subroutine O P E R R is 
modified to allow this type of operations. 

Concluding Remarks. A general algorithm for the 
direct diagonalization method of vibrational hamiltonian 
matr ix has been extended to the X Y Z and X 2Y 2 type 
linear molecules. The use of matrix algebra makes it 
easily adaptable to the computer programs. Some 
improvements have been made on the treatment of 
vibration-rotation energies. As pointed out in I I , the 
present method yields an improved set of orthonormal 
vibrational wave functions, which may be used to 
evaluate an expectation value of any physical property 
P for a given vibrational level, where ? is a function 
of normal coordinates. 

P. = <v\P(q)\v> = Ha^m(n\P{q)\my (27) 

Formula for the transition moment has been given in 
I I and extensive studies have been done on the dipole 
moment functions of the C 0 2 and N 2 0 molecules and 
the vibrational wave functions obtained here are very 
useful, the details will be given elsewhere.22) 

A part of this work was done while the author was 
visiting the University of Minnesota. The author 
expresses his grati tude to Prof. J o h n Overend for his 
hospitality and fruitful discussions, particularly on the 
phases of normal coordinates and vibrational wave 
functions. 
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Hel and Hell Photoelectron Study of N2O4 
Katsunori NOMOTO, Yohji ACHIBA, and Katsumi KIMURA* 

Physical Chemistry Laboratory, Institute of Applied Electricity, Hokkaido University, Sapporo 060 
(Received December 11, 1978) 

A 304 Â Hell photoelectron spectrum of N 2 0 4 in the gaseous phase has been deduced in the region up to 29 eV 
from a Hell spectrum of N 0 2 - N 2 0 4 mixture obtained with a nozzle beam technique, indicating three new maxima 
in the region between 20 and 29 eV. A 584 A Hel spectrum of N 2 0 4 was also obtained here. From a comparison 
of the Hel and Hel l spectra of N 2 0 4 below 20 eV, it was confirmed that two ionization bands exist at 16.5 and 18.2 
eV which appear as shoulders in the Hel l spectrum. At least fourteen ionization bands have been identified from 
the Hel l spectrum in the region studied. The thirteen bands below 24 eV have been assigned on the basis of a 
recent Green's function study of von Niessen et al. 

I t is well known that there exists a monomer-dimer 
equilibrium between N 0 2 and N 2 0 4 ( N . 2 0 4 ^ 2 N 0 2 ) in 
the gaseous phase. Its thermodynamic properties have 
been studied extensively by Hisatsune.1) Anomalous 
geometric features such as an unusually long N - N 
distance ( 1.78 Â) and planar structure for N 2 0 4 have 
been found from a gas-phase electron diffraction study 
by Hedberg et al.2) Furthermore a relatively high 
barrier to internal rotation (2.9 kcal mol - 1 ) and a 
relatively small heat of dissociation (12.7 kcal mol - 1 ) 
have been reported for N 2 0 4 by Snyder and Hisatsune.3) 
Because of such anomalous features, N 2 0 4 has been 
received much attention in molecular structure and 
electronic structure from both experimental and 
theoretical points of views. 

Vacuum U V photoelectron (PE) spectroscopy provides 
ionization energy data useful for studying valence 
electron orbitals.4) H e l and H e l l PE spectra of the 
N 0 2 monomer have well been studied by Edqvist et al.5) 
and Brundle et al.6) For its bonded dimer ( N 2 0 4 ) , 
however, there is some difficulty in obtaining PE spectra 
for N 2 0 4 with a conventional PE spectrometer, because 
of its rapid dissociation in the ionization chamber in 
which the sample pressure is normally the order of 10 - 3 

Torr . In order to overcome this difficulty, special gas 
inlet systems have recently been used to measure H e l 
PE spectra for mixtures of N 0 2 and N 2 0 4 by Ames and 
Turner,7) Yamazaki and Kimura,8) Frost et al.,9) and 
Gan et al.10) Ames and Turner7) have used a nozzle 
inlet system in which rapid expansion of gas takes place 
by a large pressure difference through a pinhole with a 
nozzle pressure of about 1 a tm. In a previous work in 
our laboratory, Yamazaki and Kimura8) have used a 
long-path cooling inlet system in which the gas sample 
is cooled to — 60 °C. Frost et al.9) have used two kinds 
of gas samples one of which is a vapor from a frozen 
N 2 0 4 sample condensed in the inlet system and the 
other is a continuous rapid flow of a cold N 0 2 gas 
(—30——50 °C). In those works of Ames and Turner7) 
and Frost et al.,9) the effused gas in the ionization 
chamber has been pumped out by an additional pump­
ing system to increase the mole fraction of N 2 0 4 up to 
60—70%. Gan et al.10) have also used a nozzle inlet 
system with a pressure near 1 a tm. 

I n each of those PE studies,7-10) the H e l spectrum of 
N 2 0 4 has been deduced from that of the N 0 2 - N 2 0 4 

mixture by subtracting the N 0 2 component in an 
appropriate manner . Spectral assignments already 

reported on the H e l spectra however differ largely 
from one another, although they are based on ab initio 
M O calculations. A number of theoretical studies on 
molecular orbitals of N 2 0 4 have been published, 
employing ab initio methods11-14) and many kinds of 
semiempirical methods.15) Very recently, von Niessen 
et al.16) have carried out ab initio many-body Green's 
function calculations on the photoionization of N 2 0 4 . 

I n order to obtain a further information about the 
photoionization of N 2 0 4 , in the present work we 
considered it important to compare H e l and H e l l PE 
spectra with each other in spectral shape and intensity, 
as well as to find new PE bands in the region above 
21 eV. 

E x p e r i m e n t a l 

PE measurement by Hel (584 A) and Hel l (304 A) reso­
nance radiations were carried out with our PE spectrometer 
with some improvements in the gas inlet system and a data 
accumulation system. The spectrometer is essentially the 
same as used previously,17'18) containing a hemispherical 
electrostatic analyzer of 10 cm in diameter. The resolution 
is about 25—30 meV as measured for Ar using 584 A radia­
tion. The improvements of the gas inlet system and the 
data accumulation system are the following. 

The gas inlet system used here is shown schematically in 
Fig. 1. Gas sample was introduced into the ionization chamber 
through a pinhole of a glass tube connected to a 2-litre gas 
reservoir in which the sample was contained at about 600 

Vacuum 

I . - - - - L Nozzle 

p u C / / ^ ^ Liquid-Nitrogen 

e v/T jy Trap 

|:| I Capillary 

f hv 

Fig. 1. Schematic drawing of the ionization chamber, 
the gas inlet system and the cold traps. 



June , 1979] H e i and H e l l Photoelectron Study of N 2 0 4 1615 

Torr . The nozzle pinhole was formed by discharge with a 
Tesla coil and then appropriately expanded by slowly dissolv­
ing in an aqueous H F solution so as to keep the pressure of the 
ionization chamber in the order of 1 X 10~3 Torr . (The 
diameter of the pinhole is approximately 50—60 pirn.) In 
order to prevent accumulation of a static charge, the glass 
nozzle was covered with a brass cap coated by Aquaduck. 
The effused gas in the ionization chamber was pumped out 
with two additional diffusion pumps (2" and 6") as well as a 
liquid nitrogen t rap , since N 2 0 4 rapidly decomposes upon wall 
collision. 

The data accumulating and processing system used consists 
of a multichannel analyzer (16 bit, 4 K memory) and a 
computer (YHP 2105-A). T h e P E spectrum was repeatedly 
measured, stored in the multichannel analyzer. After improv­
ed in signal-to-noise ratio by numerous numbers of repetitions, 
the da ta were transferred from the mult ichannel analyzer to 
the computer for da ta analysis. H e l and H e l l spectra of pure 
N 0 2 monomer were also measured in order to subtract them 
from those of the mixture. The procedure of extracting the 
dimer component is the following. (1) The spectra of both the 
monomer and the mixture were corrected in intensity for 
electron collecting efficiency on the basis of the intensity da ta 
of N2 , 0 2 and C O a reported by Gardner a n d Samson.19) (2) 
All the H e l and H e l l spectra were smoothed by a moving 
average method20) with which five successive points were 
averaged making each point. T h e number of points to be 
averaged was selected as it does not affect spectral resolution 
seriously. (3) Finally, H e l and H e l l spectra of N 2 0 4 were 
obtained from those of N 0 2 - N 2 0 4 mixture by substracting the 
N 0 2 component. Before each substraction, a slight correction 
for PE kinetic energy was also carried out for the N 0 2 spec­
t rum, since the abscissa of the spectrum depends slightly on 
the sample pressure.21) (The spectra of N 0 2 - N 2 0 4 mixture 
and pure N O a were observed under different pressure condi­
tions.) 

A relatively intense DC-discharge lamp which has recently 
been designed and constructed in our laboratory22) was used 
for measurements of H e l l spectra. Wi th this H e l l lamp, the 
PE count rate obtained as a test for the first ionization peak 
of N a was 400 cps under discharge conditions of 500 V, 100 

mA and 0.7 Torr H e pressure. Under such conditions, count 
rates of about 70 and 50 cps were obtained at highest peaks 
for the pure N 0 2 and N 0 2 - N 2 0 4 mixed samples. 

R e s u l t s 

T h e H e l P E s p e c t r a o b t a i n e d h e r e for p u r e N 0 2 a n d 
a m i x t u r e of N 0 2 a n d N 2 0 4 a r e s h o w n i n F i g . 2 (a a n d b , 
respec t ive ly) a l r e a d y c o r r e c t e d for a n a l y z e r t r a n s m i s ­
s ion . T h e s p e c t r u m of p u r e N 0 2 i n F i g . 2a w a s o b t a i n e d 
w i t h a n o r d i n a r y gas in l e t sys tem, w h i l e t h e s p e c t r u m 
of N 0 2 - N 2 0 4 m i x t u r e i n F i g . 2 b w a s o b t a i n e d w i t h 
t h e p i n h o l e n o z z l e . T h e s p e c t r u m of N 2 0 4 i n F i g . 2c 

13 14 15 16 
Ionization Energy (eV) 

Fig. 2. H e l PE spectra corrected for analyzer transmis­
sion, (a) Spectrum of pure N 0 2 , obtained with a 
normal inlet system. (b) Spect rum of N 0 2 - N 2 0 4 

mixture, obtained with a nozzle inlet system at a total 
pressure of 600 Torr , (c) Spectrum of N 2 0 4 , deduced 
by subtraction of Spectrum a from Spectrum b . Spectra 
a and b are those already smoothed by a moving 
averaged method. 

T A B L E 1. VERTICAL IONIZATION ENERGIES (eV) OBTAINED HERE FOR N 2 0 4 

AND THOSE REPORTED BY OTHER WORKERS 

This work 

Hel, Hel l (Tentative \*) 
' \assignment/ 

11 .4 6 ±0.1 (6ag) 
12.39±0.03 (4b2g) 
13 .0 5 ±0.1 

13 .5 6 ±0.1 

15.6 ± 0 . 1 
16.5 ± 0 . 3 
17.2 ± 0 . 3 
18.2 ± 0 . 3 
18.6 ± 0 . 3 
(19.5) 
20.7 
22.5 
25.9 

(lau) 
J(lb lg) 
l(4b3u) 
(5blu) 
(lb,g) 
(3b2g) 
(3b3u) 
(lb2u) 
(5aB) 
(4blu) 
(4ag) 

Ames, Turnerb) 

Hel 

11.6 (6ag) 
12.4e) (lau) 
12.4*) (lb l g) 
13.00 (4b2g) 
13.5«) (4b3u) 
15.5 (5blu) 
16.9 (3b2g) 

18.6°) (lh3g) 
(3b3u) 

Frost et a/.d) 

Hel 

11.4 ± 0 . 1 (6ag) 
12.35±0.03 (lau) 
13.0 ± 0 . 1 (lb l g) 
13.5 ± 0 . 1 (4b2g) 
15.6 ± 0 . 1 (4b3u) 
17.1 ± 0 . 2 (5blu) 
18.0 ± 0 . 3 (lb3g) 
18.6 ± 0 . 3 (3b2g) 

Gan et al.e~> 

Hel 

11.4 (6ag) 
12.4 (4b2g) 
13.0 ( l a j 
13.4 (lb l g) 
13.5 (4b3u) 
15.6 (5blu) 
17.1 (lb,,) 
18.1 (3b2g) 
18.6 (3b3u) 
19.0 (lb2u) 
19.7 (5ag) 

a) Based on the Green's function study of von Ni essen et al. (Ref. 16). Throughout this paper , 
the z axis is pu t on the N - N bond and the y axis is perpendicular to the molecular plane. b) 
Ref. 7. c) Read from the positions of band maxima. d) Ref. 9. e) Ref. 10. 
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Ionization Energy (eV) 

Fig. 3. Hell PE spectra corrected for analyzer trans­
mission, (a) Spectrum of pure N0 2 , obtained with a 
normal inlet system. (b) Spectrum of N 0 2 - N 2 0 4 

mixture, obtained with a nozzle inlet system at a total 
pressure of 450 Torr, (c) Spectrum of N 2 0 4 , deduced 
by subtraction of Spectrum a from Spectrum b. Spectra 
a and b are those already smoothed by a moving 
averaged method. 

was obtained by subtracting a from b . Essentially no 
N 0 2 peaks remain in the subtracted spectrum shown 
in Fig. 2c. 

Similarly, H e l l PE spectra obtained here for the 
monomer and dimer of N O a and their mixture are 
shown in Fig. 3 (a, c, and b , respectively). In the H e l l 
spectrum of N 2 0 4 in Fig. 3c, there appear three new 
maxima at 20.7, 22.5, and 25.9 eV. Results unionization 
energies obtained here for N 2 0 4 are summarized in 
Table 1, together with literature data for comparison. 
Relative intensities of the first five PE bands obtained 
from the H e l and H e l l spectra of N 2 0 4 are summarized 
in Table 2. 

TABLE 2. EXPERIMENTAL RELATIVE INTENSITIES (BAND 

AREAS) IN THE TRANSMISSION-CORRECTED Hel 

AND Hel l SPECTRA OF N 2 0 4 

Band 
maximum 

(eV) 

11.4, 
12.39 
13.0, 
13.55 

15.6 

Relative band 
^ 

Hel 

0.71 
1.00 
0.8 1 
1.2 J 
0.36 

area 

Hell 

1.13 
1.00 

2.4 

0.49 

D i s c u s s i o n 

The mole fraction of N 2 0 4 in the reservoir behind the 
nozzle was 6 5 % in the H e l PE measurements, while 
it was 5 8 % in the H e l l measurements. However, the 
mole fraction in the ionization chamber is not the same 
as that in the reservoir. The H e l spectrum of the 
mixture (Fig. 2b) indicates that the N 2 0 4 mole fraction 
in our H e l measurements is very close to that in the 

work of Gan et a/.,10) and considerably higher than those 
in the works of Ames and Turner7) and Frost et Ö/.9) 
The peak height ratio of the 12.39 eV band to the 
13.05eV band is about 1:1 in our intensity-corrected 
H e l spectrum, while it is 0 .8: 1 in the spectrum of Ames 
and Turner7) and 0.6: 1 in the spectrum of Frost et a/.9) 

The reported H e l spectra of N 2 0 4 more or less 
differ in band shape from one another, and there are 
some discrepancies in the number of PE bands.7,9 '10) 
I t should be mentioned that the H e l spectrum of N 2 0 4 

shown in Fig. 2c is most close in spectral shape to that 
reported by Gan et a/.10) For H e l l spectra of N 2 0 4 , no 
reports have been published so far. From the present 
H e l l spectrum of N 2 0 4 , two interesting facts may be 
pointed out, one of which is the fact that three broad 
maxima appear in the region beyond 20 eV, and the 
other is that the H e l and H e l l spectra below 20 eV 
considerably differ from each other in spectral shape 
and relative intensity. 

Region below 14 eV. The H e l and H e l l spectra 
below 14 eV, showing four maxima, largely differ in the 
relative intensity from each other. In the previous He l 
studies7-10) there have been large discrepancies in spec­
tral interpretation in this region. Ames and Turner7) 
have assigned the 12.39 eV band as a serious overlap 
of two ionization bands. Frost et 0/.9) have considered 
that each of the maxima corresponds to a single ioniza­
tion. Gan et 0/.10) have interpreted that two ionization 
bands exist very closely at 13.4 and 13.5 eV to form 
apparently one maximum. 

If Koopmans ' theorem23) is assumed, the first five 
ionic states are given in the order of (6ag) -1<C(lau) -1<C 
(lb l g)~1<^(4b2g)~1<C(4b3u)_1 with increasing ionization 
energy on the basis of ab initio M O calculations.11-13) 
Such Koopmans ' theorem assignment has been used in 
the previous PE studies except that of Gan et a/.10) who 
have proposed the following order on the basis of 
relative band intensities as well as orbital interactions 
between two N 0 2 moieties: ( 6 a g ) - 1 < ( 4 b 2 g ) - 1 < ( l a u ) - 1 

< ( 1 t > i g ) - 1 < ( 4 b 3 u ) - 1 . This PE assignment of Gan 
et a/.10) that differs from the Koopmans ' theorem assign­
ment has been supported by the recent Green's function 
study of von Niessen et Ö/.16) 

In Fig. 4 the H e l l spectrum obtained from the 
present work is compared with a theoretical ionization 
spectrum obtained by von Niessen et a/.16) If the Green's 
function calculation of von Niessen et a/.16) is correct, 
the three maxima in the 12—14 eV region should 
correspond to four rather than three ionized states. 
Considering the fact that the 13.5 eV band is highest 
in intensity in the H e l l spectrum, there may be a large 
possibility that this band is due to two ionizations. Such 
interpretation of the 13.55 eV band supports the spectral 
assignment of Gan et a/.10) At the present stage, however, 
it is difficult to interpret unambiguously the H e l and 
H e l l spectra in the 12—14 eV region in terms of the 
Green's function results. The relative intensity data 
given in Table 2 will give a clue to solve this question 
in future theoretical studies. 

Region from, 14 to 20 eV. In this region, the He l 
and H e l l spectra considerably resemble each other in 
spectral shape except that a b u m p is observed at 18.2 eV 
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Fig. 4. Comparison of (a) the PE spectra and (b) the 
theoretical spectrum of von Niessen et al. (Ref. 16) in 
which lines with pole strengths larger than 0.05 are 
shown and the numbers indicate the following ionized 
states: l = (6ag)-1,2 = ( la u ) - 1 ,3=( lb l g ) - 1 ,4=(4b 2 g ) - 1 , 
5=(4b3u)-1 , 6=(5b l u) -i, 7=(3b„) - 1 , 8 = (lb,,)-*, 9 = 
(2bau)-i, 10=(lb,n)- i , l l = (5ag)-i, 12=(4b lu)~i, 13 = 

in the latter. As can be seen from Fig. 3c, two band 
maxima are clearly observed at 15.6 and 17.2 in the 
H e l l spectrum. 

The 15.6 eV band has previously been assigned to the 
( 5 b l u ) - 1 ionization by Ames and Turner7) and Gan 
et a/.10) This assignment has also been supported by the 
Green's function calculation of von Niessen et al.16) 

The shoulder appearing at 16.5 eV in the H e l 
spectrum has been neglected in the previous PE studies 
in which, for instance, Gan et a/.10) have assigned it to 
a He l ß (537 Â) band of the 18.6 eV peak. However, 
this 16.5 eV shoulder has been confirmed to appear also 
in the H e l l spectrum, so that there should be at least 
one ionization band around here. Gan et al.10) have 
mentioned that there are two ionization bands at 19.0 
and 19.7 eV in the H e l spectrum. In the present work, 
however, we have not been able to identify any shoulder 
at 19.0 eV from the H e l l as well as the H e l spectra. 
A slight shoulder may be seen at about 19.5 eV in the 
He l spectrum, although there is no such shoulder in 
the H e l l spectrum. From the H e l and H e l l spectra, 
it may be considered that there is at least one ionization 
band in the 19—20 eV region. From their H e l spectra 
Gan et al.10) have taken a total of six ionization energies, 
15.6, 17.1, 18.1, 18.6, 19.0, 19.7 eV in the 14—20 eV 
region. In the present work, however, we have selected 
a different set of six ionization energies (15.6, 16.5, 17.2, 
18.2, 18.6, 19.5 eV) in this region. 

As shown in the theoretical spectrum of von Niessen 
et al.16) in Fig. 4b, there are several main ionization lines 
in the 14—20 eV together with many satellite lines due 
to strong correlation effects. I n this region, the main 
lines (6—11) are located in the order of the Koopmans ' 
theorem assignment except that two lines 7 and 8 are 
reversed. Taking these theoretical results into account, 
we may point out a possibility that the six maxima or 
shoulders in the 14—20 eV correspond to theoretical 
lines 6, 8, 7, 9, 10, and 11 in this order, besides the 
satellite lines. 

Region above 20 eV. T h e H e l l spectrum obtained 
here shows three additional maxima at 20.7, 22.5, and 
25.9 eV. There are no available spectra for comparison 
in this region. From the ab initio M O calcula­
tions,11-13 '16) it has been known that the first thirteen 
valence M O ' s are located between —12 and — 30 eV 
in orbital energy and the remaining four valence M O ' s 
of oxygen 2s-type are between —40 and —50 eV. If 
Koopmans ' theorem is assumed, thirteen PE bands 
would be observed below about 30 eV. However, 
according to the Green's function study of von Niessen 
et al.16) thirteen main ionizations occur below about 
22 eV and the last two main lines (12 and 13) appear 
with a separation of about 1.5 eV in the region 20—22 
eV, as shown in Fig. 4b. Therefore, it may be possible 
to correspond the two main theoretical lines (12 and 13) 
to the two PE maxima observed at 20.7 and 22.5 eV 
with a separation of 1.8 eV. T h e remaining broad 
maximum appearing at 25.9 eV may be due to a 
contour of many satellite lines. 

Finally it may also be pointed out that the minima of 
the H e l l spectrum above 17 eV are considerably lifted 
upwards from the base line, this suggesting the existence 
of many satellite ionizations indicated by von Niessen 
et al.16) According to von Niessen et al.16) there are many 
satellite lines with considerably strong intensities even 
in the higher-energy region up to 50 eV. In the present 
work we were unable to deduce any H e l l spectrum 
above 29 eV for N 2 0 4 owing to a serious overlap of the 
H e l spectrum. A further experimental study on such 
higher-energy region is quite interesting in testing a 
validity of the Green's function calculations. 
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On the Phase Transitions in Hydrazinium(2+) Sulfate 
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The existence of a "diffuse" phase transition below room temperature has been confirmed in N2H6S04 crystal 
by powder X-ray and DTA experiments. The transition temperature is very sensitive to the grain size. This size 
effect was discussed on the basis of the thermodynamic nucleation theory taking into account the interfacial energy 
between the high and the low temperature phases. The diffuse nature of the transition was interpreted by a theory 
proposed by Tobolsky et al. The spin-lattice relaxation times of XH were redetermined and the nature of the cationic 
motion in each phase was discussed. 

Hydraz in ium(2+) sulfate (N 2 H 6 S0 4 ) crystallizes in 
two modifications at room temperature, one ortho-
rhombic and the other monoclinic.1) The orthorhombic 
form has been studied extensively by the X-ray and 
neutron diffraction methods.2 - 4) Its crystal structure is 
described by the space group D2

4-P212121 with four 
formula units in the unit cell; the crystal is ionic and 
contains distorted N2H6

2+ and S 0 4
2 _ ions. The N - H 

bond distances in one of the two NH3-groups, N H 3 ( I ) , 
in an N2H6

2+ ion distribute between 0.965 and 0.981 Â 
and those in the other NH 3-group (NH 3 ( I I ) ) between 
1.048 and 1.061 Â, the latter seems to form stronger 
hydrogen bonds with S 0 4

2 - groups than the former. 
The proton spin-lattice relaxation time 7 \ was measured 
by Harrell and Howell in 1972 and there was found a 
first order phase transition at 481 K.5) More recently 
Harrell and Peterson measured the spin-lattice relaxa­
tion time in the rotating frame, T1P, in N 2 H 6 S 0 4 as 
well as the line shapes of the deuteron resonance in 
N2D6S04 .6) They ascribed each of the two minima 
obserbed in both T1P and 7 \ in the room temperature 
phase to the reorientation of the NH3-groups about the 
N - N axis and to the 180°-flips of N2H6

2+ cation as a 
whole. They explained the steep decrease in T1P above 
the transition point in terms of translational diffusion of 
N2H6

2+. 

R a ma n spectra were studied with regard to the 
distortion of the ionic species and the existence of the 
high temperature phase change at about 200 °C was 
also reported in Ref. 7. While these N M R and R a m a n 
studies failed to "see" any phase transition below room 
temperature, there is a report on the existence of a 
phase transition at —50 °C.8> This phase transition was 
recognized by Power et al. in the process of their neutron 
diffraction experiment4) and later examined in detail 
by Caville by R a m a n measurements.9 '10) Caville 
pointed out that the lowest temperature phase could 
exist in a metastable state even at room temperature. 

We were interested in the nature of the lower phase 
transition and undertook a differential thermal analysis 
(DTA) and X-ray measurements on powdered speci­
mens of N 2 H 6 S 0 4 as well as remeasurements of proton 
spin-lattice relaxation time Tx. This paper reports the 
results of these experiments; an interesting grain-size 
dependence of the transition temperature will be 
described. A possible interpretation for the mechanism 
of the phase transition will be presented. 

•j- Present address: The Institute for Solid State Physics, 
University of Tokyo, Roppongi, Tokyo 106. 

E x p e r i m e n t a l 

Polycrystalline specimens were obtained by recrystallization 
from an aqueous solution of N2H6S04 (Reagent Grade), fol­
lowed by desiccation over 4 days. The crystals were ground 
to fine powders for X-ray, NMR, and DTA measurements. 
The grain-size effect on the lower phase transition was exam­
ined on the specimens which were divided into four parts by 
use of three sieves of different mesh dimensions. X-Ray powder 
patterns were obtained with a difFractometer (Rigaku Denki 
Kogyo Co.) at room temperature («»18 °C). Proton magnetic 
relaxation times were determined by the saturation-90°method 
with a homemade pulsed spectrometer at 10 MHz. The 
exponential recovery of the magnetization was confirmed over 
the entire temperature range of the experiments. The details 
of the NMR measurements have been published elsewhere.11) 
DTA experiments were carried out by use of a homemade 
DTA apparatus with about 1 g of specimen for each experi­
ment. Chromel-jb-constantan thermocouples (Driver and Har­
ris Co., Ltd.) were used as the thermal sensors. Errors in 
the temperature measurements were within ± 1 °C. 

R e s u l t s a n d D i s c u s s i o n 

X-Ray Powder Diffraction. Figure 1 shows the 
X-ray powder patterns obtained at room temperature. 
Sample I in this figure is a specimen grown from an 
aqueous solution; the diffraction peaks of this sample 
were indexed consistently by use of the reported cell di­
mensions, a = 8 . 2 3 2 , £=9 .145 , and £=5.535 A4) togeth­
er with the intensity data.3) Samples I I and I I I were 
obtained by cooling Sample I down to 189 and 77 K, 
respectively, kept at each temperature for a few minutes, 
and warmed up to the room temperature. O n e may see 
that Sample I I I gives a different powder pat tern from 
that of Sample I, suggesting that the original ortho-
rhombic crystals (hereafter referred to as Phase II) have 
transformed almost completely into the lowest tempera­
ture phase by cooling down to 77 K . Sample I I , on the 
other hand, gives a powder pat tern which is a superposi­
tion of those of Samples I and I I I . Therefore, one may 
understand that the phase transition occurred only in 
part by cooling down to 189 K. Annealing Sample 
I I I at 381 K for 2 h gave the pat tern of Sample I V 
in which the majority of the crystal is transformed back 
to Phase I I but some par t still remains as a metastable 
phase even after the annealing. 

Differential Thermal Analysis. A unique behavior 
of this material as mentioned above was also evidenced 
by a D T A experiment as shown in Fig. 2. When the 
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Sample II 
cooled down to 189 K 

ilMilil^SlliM;:l^!IÉ!liMia^ 
Sample IV 

. sample III : annealed at 381K.2hrs.| 
:l::"li:':|::r:i::::|:: 

30 
20/degree 

Fig. 1. X-Ray powder diffraction patterns of N2H8S04 

at room temperature. 

480 490 500 r/K 

phaseI 

180 200 220 240 

Fig. 2. DTA curves of N2H6S04 obtained by recrystal­
lization (upper curves); after experienced the II—>III 
transition once (middle) and twice (lower). 

polycrystalline sample obtained by recrystallization 
(Phase I I ) was heated it transformed into Phase I , the 
highest temperature phase, at 485 K, but the D T A peak 
associated with this transition had some fine structure. 
Upon cooling, Phase I transformed into Phase I I at 
474 K, showing obvious thermal hysteresis as had been 
observed in Ref. 5. By further cooling a thermal 
anomaly with fine structure was observed between 242 
and 200 K, indicating the transition from Phase I I to 
I I I . Phase I I I did not give significant endothermic 
effect up to 488 K where there is a heat absorption 
corresponding to the transition from Phase I I to I.12) 
This fact suggests that Phase I I I can exist as a metastable 
state at least up to room temperature as evidenced in 

the X-ray study and can be transformed very gradually 
to Phase I I at higher temperatures in such a way as to 
show no discernible D T A peaks. 

T h e occurrence of this gradual transition was con­
firmed by the following experiments : First, after Phase 
I I I is heated up to 420 K a small peak was observed on 
cooling at 234 K, corresponding to the partial transition 
from Phase I I to Phase I I I . Secondly, when Phase I I I 
had been annealed at about 380 K for 12 h it gave an 
anomaly on cooling at about 230 K as shown in Fig. 2 
corresponding to the transition from Phase I I to I I I ; 
thus we concluded that Phase I I I had been transformed 
into Phase I I during the annealing period. 

T h e feature of the transition from Phase I I to I I I 
will be summarized as follows : 1 ) This transition occurs 
over a very wide temperature range, namely 40 K, 2) 
the temperature at which the anomaly begins becomes 
displaced to a successively lower temperature after 
repeated thermal cycling, and 3) the fine structure in the 
D T A peak disappears gradually by repeating the 
thermal cycle. The shift of the transition point as well 
as disappearance of the fine structure of the DTA peak 
was also observed at the higher transition from Phase I I 
to I, though only after the material had experienced 
the lower transition. 

Grain-size Effect on the II—III Transition Point. 
Among the three characteristics of the I I — I I I transition 
mentioned above, 2) and 3) may directly be interpreted 
in terms of a "size effect." The shattering of the crystal 
upon cooling down through the lower transition has 
been recognized by Caville.9) Let us assume that the 
specimen with a smaller grain size undergoes the 
transition from Phase I I to I I I at a lower temperature 
and that each grain shatters to finer ones as it passes its 
transition point. I t follows then that the apparent 
transition point should be shifted to a lower temperature 
after each successive thermal cycle. If there is an 

840nm</? 

350Mm<ff<840nm 

HO 160 220 260 

Fig. 3. DTA peaks of II—vIII transition in specimens 
with different grain sizes. 
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ultimate grain size obtained by such thermal cyclings, 
the specimen would have a homogeneous distribution 
in grain size and show a single, not composite, D T A 
peak with no fine structure. 

In order to confirm the suggested size effect on the 
transition point we carried out the D T A on specimens 
with reasonably defined grain sizes. The results are 
shown in Fig. 3, which clearly demonstrate that the 
transition point becomes higher for larger grains. Also 
the structure of the peak is more prominent for larger 
grains whereas the transition region spreads broader for 
smaller grains. By plotting the temperature Tc at 
which the transition begins to occur against the recip­
rocal of the average grain size R a linear relation 

T0 - Tc = e/R (1) 

was obtained as given in Fig. 4, with £=2 .36 m m K 
and r 0 = 2 3 7 . 5 K (the bulk transition point) . 

60 cm//? 

Fig. 4. The II—>III transition temperature plotted 
against the reciprocal of the grain size. 

Equation 1 has the form that has been derived for 
the first order phase transition from thermodynamic 
cosiderations which take into account the interfacial 
energy yaß between the high temperature parent modifi­
cation (a-form) and the low temperature /?-form.13) 
There the coefficient depends totally on the "mode l" 
of the cc-ß interface : In the case of the liquid-to-solid 
phase change c is shown related to ys[, the interfacial 
energy between the solid and the liquid through 

c = 2T0yJLpB (2) 

by assuming that a spherical nucleus of solid is in 
equilibrium with the surrounding bulk liquid phase,14) 
where L is the latent heat of fusion and ps the density 
of the solid. O n the other hand the relation for the 
reverse (melting) transition 

c=(2T0/Lps){ysl+(l-ps/pl)y1} (3) 

was derived on the assumption that a crystallite can 
melt below the bulk melting point by the formation 
of a liquid skin which covers the entire crystal surface 
so as to make full use of the surface energy of the 
particle.15) In this case T0 is the "skin melting tempera­
ture ." In Eq. 3 y\ denotes the surface tension of the 
liquid and px the density of the liquid. 

Validity of Eqs. 2 and 3 as well as of some other 

theoretical models was recently examined in relation 
to experiments on the melting transition of small lead 
particles. For the melting of lead particles Eqs. 2 and 3 
predicted c = 3 6 0 and 270 n m K, respectively, latter 
being found close to the experimental results.13) 

The value of c in our present study of II—>III solid-
solid transition of N 2 H 6 S 0 4 is surprisingly large in 
comparison with that for the melting transition of lead 
(by a factor of 104). Although a value of c can not be 
estimated theoretically for N 2 H 6 S 0 4 because of the lack 
of the knowledge of the interfacial energies, it seems 
that not only the interfacial energy but also some other 
factors will contribute to the large supercooling phe­
nomenon. These factors are, e.g., the large molecular 
misfit across the boundary of the two phases,16) and the 
facility with which the nucleus of the new phase is 
formed in the mother crystal.17) 

In the case of the phase transition from Phase I I to I 
the D T A peak is displaced to the higher temperature 
side as the grains become finer. This tendency is 
opposite to that in the II—>III transition. If one is to 
apply Eq. 3 for the II—>I transition, the surface tension 
of Phase I, y l5 must be larger than yi,ul(Pu/pi—l). 
Since Pu could be larger than pi no more than 10%, 
this would mean that yC>\0yîtU which is very ques­
tionable. Therefore, there will be other reason or 
reasons for the shift of the transition point in the II—>I 
transition. 

Diffuseness of the II—III Transition. As is pointed 
out in a previous section the phase transition between 
Phases I I and I I I occurs gradually over a wide range. 
The possible origin of such a sluggish or diffuse phase 
transition was examined by Tobolsky et Ö/:18) They 
developed an a posteriori theory for the diffuse phase 
transition which is by nature the transition of the first 
order but actually occurs over a wide temperature 
range. They postulated the existence of a boundary 
phase K between two different phases A and B which 
are stable at high and low temperatures, respectively. 

By solving for eigenvalues of an Ising matrix of 
molecular partition funct ions / A , / B , a n d / K they obtained 
an expression for the number nA or the number fraction 
#A of molecules in the phase A as 

1 - y + (ey)i/a + [(1 _J ,)2 + 4(eJ,)i/2]i/2 

n0 ; i - ; ) H 4 M 1 / H ( l + ; ) [ ( l - ; ) 2 + 4 ( £ ; ) 1 / ä ] ^ 

where 

and 

j> = exp(-AGJRT) 

(4) 

(5) 

e = exp(-2AGK/RT). (6) 

Here AGt and AGk are changes of the molar Gibbs 
functions associated with A-to-B and A-to-K transitions, 
respectively, the latter being taken as infinite for an 
infinitely sharp transition. The expressions of xB and xK 

has also been given in Ref. 18. The anomalous par t 
ACp(T) of the heat capacity at a temperature T is 
written as 

ACp(T) = -{(AHt)*/RT*}XdxJdy) (7) 

where AHt is the molar enthalpy change in the 
transition. 
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Fig. 5. The DTA curve (open circles) and the fraction 
of molecules in Phase III (filled circles) in II—>III 
transition of the specimen with 149 tjim ^ / ? ^ 3 5 0 [im. 

Tobolsky et al. applied the theory to the heat capacity 
anomaly in several materials in detail and found that 
the heat capacity curve can be described using only 
one numerical parameter , s or AG k . I n the present 
case of N 2 H 6 S 0 4 no heat capacity data are available. 
But the shape of the anomaly in the D T A curve reason­
ably represents what one would expect for the anomalous 
par t of the heat capacity curve. Thus, as an example, 
the D T A curve in the cooling direction for the specimen 
of the size 149 [im <7?<350[ j im in Fig. 3 was then 
fitted to Eqs. 4 and 7, the result being shown in Fig. 5. 
In this figure the fraction of the low temperature phase 
n/n0 at each temperature was obtained by integrating 
the D T A thermogram (the height of which stands for 
AT, the temperature difference between the reference 
material and the sample under investigation). 

Such a fitting gave the thermodynamic functions for 
the transition the values, AHt = 174 J mol"1 , A S t = 0 . 8 3 
J m o l - 1 K - 1 , and £ = 1 0 ~ n , corresponding to 2A£ k «s44 
k j m o l - 1 . AGk, the Gibbs energy of formation of a 
boundary phase K from Phase I I , is not too large to 
neglect the formation of the phase K in the transition 
from Phase I I to I I I . The disappearance of the reverse 
phase transition in the heating run as mentioned in 
the preceding section can also be accounted for if e^>10 -7 

is assumed for the formation of phase K from Phase I I I . 
I n such a case the theoretical curve becomes so flat 
that one can hardly "observe" any evidence of the 
phase transition. 

The postulate of the boundary phase K has no direct 
bearing with the particle size effect but it certainly will 
be one form of manifestation of the significance of the 
interface energy. Unfortunately it is not possible to 
relate the value of AGk derived here to any realistic 
structural model of the transition. 

Spin-lattice Relaxation Time. Since the general 
na ture of the phase transitions in N 2 H 6 S 0 4 has been 
understood in the X-ray and the D T A experiments, we 
proceed to the results of measurements of the spin-
lattice relaxation time 7 \ on a polycrystalline sample 
in order to shed some light on the type of motion that 
N 2 H 6

2 + cations undergo in each phase. 
The results are shown in Fig. 6. O n heating the 

Fig. 6. Tr of XH in polycrystalline N2H6S04 at 10 MHz. 
The two pairs of arrows indicate the transition regions. 
The solid curve is calculated with Eqs. 8 and 9. 
For the illustration of the symbols see in text. 

specimen obtained by recrystallization from room 
temperature upwards the Tx behavior was very similar 
to that reported by Harrel l and Howell5) as shown by 
filled circles in Fig. 6. However, on initial cooling of 
Phase I I , the values of Tx longer than those given in 
Ref. 5 were obtained (open circles) ; we also observed a 
significantly irregular behavior of Tx in the transition 
region between about 210 and 250 K as will be described 
in the following. O n heating, Phase I I I gave Tx value 
shorter than those in Phase I I , the former being shown 
by dots and open triangles. 

O u r values of Tx for Phase I I I agree with the Harrell 
and Howell's results, indicating that what they were 
looking at was Phase I I I without being aware of the 
occurrence of the II-—III transition when they cooled 
their specimen. As one sees in Fig. 6 the difference in 
Tx between Phases I I and I I I becomes smaller with 
increase in temperature and converges to zero some­
where around 300 K . This fact suggests that the transi­
tion from Phase I I I to I I proceeds continuously during 
the T1 measurements. 

The Tx data were interpreted according to the BPP 
type of formulation for the dipole-dipole interaction 
between protons in the form19) 

TV"1 = *-Oe/0 + *oW) + 4TC/(1 + 4 O » „ V ) } (8) 

where co0 is the Larmor frequency of the nuclear spin, 
r c the correlation t ime of a specified motion, and K a 
factor representing reduction of the strength of dipolar 
interaction due to that motion. If the two crystallo-
graphically nonequivalent NH3-groups rotate about 
their figure axes (C3-rotation) with different correlation 
times (rci), the relaxation rate can be written as 

^ r 1 = l /2C^{T c i / ( l+ ö >o%i 2 )+4T c i / ( l+4^r c ^)} 5 

i = 1, 2. (9) 

By fitting Eq. 9 to the experimental T^ - 1 curve in 
Phase I I I as shown in Fig. 6 by solid line the activation 
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TABLE 1. THE ACTIVATION PARAMETERS FOR THE 

MOTION OF N«H R
2 + CATIONS 

Phase 

I 
II 

III 

Mode of Motion 

Translational diffusion11) 
Cg-rotation of NH3-group 
180°-flipofN2H6

2+ 
180°-flipofN2H6

2+a> 
Cg-rotation of NH3(I) 
Cg-rotation of NH3(II) 
Cg-rotation ofNH3

b> 

K/Ws 

s-1 

— 
— 

2.5 
1.9 

104 
66 
— 

EM 
mol - 1 

184 
24.9 
54.0 
40.5 
24.9 
27.8 
26.2 

TO/10-15 

s 

— 
— 

1.0 
166 

7.9 
3.9 
6.0 

a) Ref. 6. b) Ref. 6. A single correlation time was 
assumed for the motion of two kinds of NH3-groups. 

energies and r0 î ' s were obtained for the G3-rotation as 
listed in Table 1. Here the Arrhenius activation process 
was assumed for the motion: 

TCf = rotexp (EJRT). (10) 

Of the two sets of values for activation parameters for 
Phase I I I , the one with the smaller Ea and the larger 
K may be assigned to NH 3 ( I ) and the other set to 
NH 3 ( I I ) . This is because NH 3 ( I I ) forms stronger 
hydrogen bonding with the surrounding S 0 4

2 _ groups 
than NH 3 ( I ) does. 

Only the average activation energy was calculated 
for the C3-rotation in Phase I I from the slope of In 7 \ 
vs. \jT between 250 and 295 K by assuming CO0TC 

C I (see in Table 1). The activation parameters for 
the 180°-flip of N2H6

2+ were obtained by fitting Eq. 8 
to the observed 7Y -1 by assuming that the correlation 
time of this motion is so large in comparison with TC of 
C3-rotation that the two modes of motion can be treated 
independently. The analysis gave Ea and T0 in Table 1 
and the solid line in Fig. 6. 

The activation energy and r 0 for the 180°-fiip of 
N2H6

2+ in the present work are significantly different 
from those in Ref. 6 which have been deduced from the 
T1P data . Such a discrepancy may have come from the 
ambiguity in fitting the theoretical Tx curve to the 
experimental one in a rather narrow temperature range. 

I t is interesting to note, however, that the free energy 
of formation of a boundary phase K between Phases I I 
and I I I is comparable to the activation energy for the 
180°-flip of N2H6

2+, suggesting some rearrangement of 

N 2 H 6
2 + cations takes place in the phase change process. 

We are grateful to M r . Takechika I ida for his assist­
ance in the D T A measurements. Acknowledgment is 
made to the Mitsubishi Foundation for financial support 
of this research. 
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The Wheland polynomials, the set of the numbers, w(G,j), of thej-th excited resonance structures, for a number 
of acyclic polyenes were calculated. The relations of w(G,j) with the non-adjacent numbers, p(G,k), topological 
index, ZG, and the total ^-electronic energy, E„, were analyzed in detail for linear polyenes. For branched polyenes 
similar results were obtained, and it was found and proved that E„ is linearly related with the number of Dewar 
(singly excited)structures. Method for the numbering of atoms to generate the canonical resonance structures was 
discussed. 

Recently a number of interesting relations between 
the Hückel molecular orbital (MO) and resonance or 
valence bond (VB) theories have been found and/or 
reinterpreted by the application of the graph theory 
(GT) and combinatorial theory to the electronic 
structures of conjugated molecules.1-7) The essence of 
these lines of studies does not lie in the accurate predic­
tion of certain properties of molecules by the use of 
many sophisticated parameters and approximations but 
in the physical interpretation of the empirical relations 
and also in the analysis of the mathematical structures 
of the theories which have been proposed. 

Enumerat ion of the resonance structures of conjugated 
hydrocarbons is one of the revived problems, yielding 
abundant crops.M,8-is) Although it has long been 
pointed out that as the size of the conjugated molecule 
increases the weight of the contribution of the Kekulé 
structures in the ground state rapidly decreases, the 
total ^-electronic energy EK of conjugated hydrocarbons 
is shown to be closely related to the number of the 
Kekulé structures, K.2>3>7) From quite a different point 
of view one of the present authors has proposed the non-
adjacent numbers p(G,k) and topological index for 
characterizing the topological structure of a graph,14) 
and found the relations of the p{G,k) numbers with K 
and D, the number of the (singly excited) Dewar 
structures.5) Further, the topological index ZG , namely, 
the sum of the p(G, k) numbers, for a tree graph is known 
to be closely related to the EK value of the corresponding 
hydrocarbon molecule.15) Then there must be also 
some useful relations between E„ and the numbers of 
higher excited resonance structures. 

However, very few studies have been done on the 
analysis of the excited resonance structures. An effective 
method (hereinafter called as Wheland polynomial) for 
enumerating the set of numbers of the canonical reso­
nance structures was proposed by Wheland8) in 1935 
but has been overlooked ever since.16) The aims of the 
present paper are to generate the Wheland polynomials 
for a number of tree graphs, i.e., the carbon atom 
skeletons of acyclic conjugated hydrocarbons, to find 
out the relations among these quantities of different 
origins, i.e., of VB, M O , and GT, and to analyze these 
relations. 

Defini t ions and Calculations8) 

Consider N{=2n) circularly arranged and numbered 
points representing the carbon-atom skeleton of either 
an annulene or a linear polyene, and draw n non-
crossing bonds. We get Cn = (2n) ! /{n ! (n + 1 ) ! }17) 
patterns as exemplified in Fig. l a for the case with JV=6. 
When each pat tern is projected back onto the a-bond 
skeleton of the structural formula of the conjugated 
molecule concerned, a resonance structure is obtained. 
The degree of excitation of each resonance structure is 
defined as the number of "ineffective" or long bonds. 
The (2rc)!/{n!(rc+l) !}- resonance structures thus ob­
tained form a set of the canonical structures. 

The Wheland p o l y n o m i a l ^ (AT) is defined as 

WG(x) = J}w(G, k)x* (1) 

where w(G,k) is the number of the k-th excited structures 
for a given set of the canonical structures of graph G. 
Given any graph with N numbered points, a set of the 
canonical structures are automatically obtained by the 
above procedure (see Fig. l b ) . All the w(G,k) numbers 
in this paper were obtained by computers.18) Note that 
the set of w(G,k) numbers, or the Wheland polynomial 
WG(x) depends on the numbering of points, or atoms, 
as shown in Fig. lc . Among a set of various WQ(x) 
expressions for a given graph, let the highest priority 
be given to the one which would be the first entry 
when aligned in the "dictionary order." Such WG(x) 
may have the property that, if a proper value ô is 
chosen such that 0<j5<Cl, the value of WQ{§) is the 
largest among the set of the possible numberings. In 
Appendix some discussion on the numbering will be 
given. 

R e s u l t s and D i s c u s s i o n 

In order to clarify the relation between the Wheland 
polynomial and the ^-electronic energy of conjugated 
hydrocarbons, first the results of the linear polyenes 
will be analyzed in detail, and the effect of the branching 
will be discussed later. 

Linear Polyene. Let us denote a linear polyene 
with n double bonds, or 2n{ — N) sp2 carbon atoms, by 
Ä.19) The Wheland polynomials for smaller members 
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Fig. 1. Generation of the canonical set of the resonance structures and Wheland polynomial . 
a) The s tandard patterns. 
b) The Wheland polynomials of the highest priority obtained by the proper numbering. 
c ) The Wheland polynomials obtained by the improper number ing . 

T A B L E 1. COEFFICIENTS OF THE W H E L A N D POLYNOMIAL FOR LINEAR POLYENES^ 

ttb> 

7 = 0 1 

0 1 
1 1 
2 1 1 
3 1 3 
4 1 6 
5 1 10 
6 1 15 
7 1 21 
8 1 28 
9 1 36 

a) WG(x)=J}w(GJ)x\ 
j = 0 

T A B L E 2. 

nh) 

k=0 1 

0 1 
1 1 1 
2 1 3 
3 1 5 
4 1 7 
5 1 9 
6 1 11 
7 1 13 
8 1 15 
9 1 17 

2 

1 
6 

20 
50 

105 
196 
336 

w(n,j) 

3 4 

1 
10 1 
50 15 

175 105 
490 490 

1176 1764 

b) Number of double bonds. c) 

5 

1 
21 

196 
1176 

6 

1 
28 

336 

Catalan number. 

7 8 

1 
36 1 

NON-ADJACENT NUMBERS AND TOPOLOGICAL INDEX FOR LINEAR POLYENES^ 

2 

1 
6 

15 
28 
45 
66 
91 

120 

p(h, k) 

3 4 5 

1 
10 1 
35 15 1 
84 70 21 

165 210 126 
286 495 462 
455 1001 1287 

6 

1 
28 

210 
924 

7 

1 
36 

330 

8 9 

1 
45 1 

5MÄ,J)C> 

l 
l 
2 
5 

14 
42 

132 
429 

1430 
4862 

Zn=p(n,k)V 

1 
2 
5 

13 
34 
89 

233 
610 

1597 
4181 

a) Pa(
x) =^}P((-*> k) •**• b) N u m b e r of double bonds, c) Z% is the 2n-th Fibonacci number , F2n. 

Fn=Fn-i+Fn-2 with F 0 = F 1 = 1. 
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of the series are given in Table 1, from which the general 
expressions are derived, 

Noriko OHKAMI and Haruo HOSOYA 

one gets 

w(nJ) = -

(»>0) 

n ! ( n - l ) ! 
jl(j+mn-j)l{n-j-l)l 

•i(;)G;o-
By definition WÖ(X) = 1. 

The following relations have been known.8) 

(10 

(2) 

W-n{x) Wi=l(*) + * JJ^j(*)W5=Fl(*)» 

W*(l) = ï>(",./) = .ff'., 

(3) 

(4) 

or 

if (40 » \ = (2n)! 
U + l / n ! ( n + l ) ! ' 

The non-adjacent number p(G,k), i.e., the number of 
ways for choosing A; disjoint lines, for linear polyene n is 
given by14) 

*M)-(V> 
or 

/>(«, n-k) = 
n + k 
n-k 

(5) 

(6) 

The topological index ZG is defined as the sum of the 
/>(G,Jfc)'s for graph G,14) 

m 

Z G = ^ ( G , * ) . (7) 

For a linear polyene 

Zn = t\P(n,k) =£p(n,n-k). (8) 
These values are given in Table 2. 

In order to get the relation between w(G,k) and 
p(G,k), try to take the summation of w(G,k) with weight 
as 

(^+1)1 («-1)1 * / n \f k \ 

(2A) !(»-*)! è . l i+1 /U- iA 
By using the Vandermonde convolution formula20) 

'n + p\ ™ / n \( P 

(9) 

( m ) " S(ifi-JU)' (10) 

È\j+l)\k-j 
n + k 

k+l 
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(H) 

which gives 

S = 
n—£ 

(12) 

T h a t is, Eqs. 6 and 9 are found to be equal, 

,_ n *!(A+1)! À (n-f\ (- .v 

This is the relation between the coefficients of the 
Wheland polynomial and the non-adjacent numbers for 
a linear polyene. Similarly we get 

«M»â^'^ïAGK*"-«- (i3) 

Specifically, the following relations for a linear 
polyene are to be noted: 

w(n, 0) = K (number of "Kekulé structures") 

= P(n,n) (14) 

w{n, \) — D (number of "Dewar structures") 

= p(n,n-l) -np{h,n) (15) 

w(n, 2) = D2 (number of "double Dewar structures") 

= 2p(n,n-2) - (n-l)p(n, n-l) 

n(n-l] 
+ 

Lp{n,n). (16) 

By substituting Eq. 12 into Eq. 8, followed by the 
substitution k=j-\-i, one gets the relation between the 
topological index and the coefficients of the Wheland 
polynomial for a linear polyene as 

„ » * k\{k+\)\ (n-j\ 

= ^C(n,j)w{n,j) 
j = 0 

CM) Vf U+i)lU+i+l)l (n-J 
èà (2 /+20! I i 

(17) 

(18) 

For an acyclic hydrocarbon, whose carbon atom 
skeleton is expressed as a tree graph, the total n-
electronic energy EK calculated by the Hückel mo­
lecular orbital method is known to be related to ZG as15) 

E, = A In Za (Getree), (19) 

which, by the substitution of Eq. 17, yields 

TABLE 3. WEIGHT OF THE COEFFICIENTS OF THE WHELAND POLYNOMIAL IN THE 

7T-ELECTRONIC ENERGY FOR LINEAR POLYENES 

0 
1 
2 
3 
4 
5 
6 
7 
8 

i=o 
1.0000 
2.0000 
3.5000 
5.7000 
8.8714 
13.3810 
19.7219 
28.5554 
40.7648 

1 

1.0000 
1.5000 
2.2000 
3.1714 
4.5095 
6.3409 
8.8335 
12.2094 

2 

0.5000 
0.7000 
0.9714 
1.3381 
1.8314 
2.4926 
3.3759 

3 

0.2000 
0.2714 
0.3667 
0.4933 
0.6612 
0.8833 

CM) 
4 

0.0714 
0.0952 
0.1266 
0.1679 
0.2221 

5 

0.0238 
0.0314 
0.0413 
0.0542 

6 

0.0076 
0.0099 
0.0129 

7 

0.0023 
0.0030 

8 

0.0007 
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EK = AlnJ\C(n,j)w(nJ). (20) 

From this equation one can obtain the contribution 
or weight of each coefficient w(n,j) of the Wheland 
polynomial to the total TT-electronic energy. 

Although Eq. 22 has been derived for larger n, 
numerical calculation shows that this relation is also 
fairly valid even for smaller linear polyenes (Fig. 3). 
Later it will be shown that Eq . 23 can also be applied 
to branched polyenes. 

Fig. 2. Convergence of the ratio C(n, j)/C(n, j—l) for 
larger polyenes. See also Table 3. 

The values of C(n,j) for smaller n and j ' s are given 
in Table 3, which shows a rapid decrease of C(n,j) with 
the increase of/. Further, as seen in Fig. 2 t h e ratio of 
C(n,j) to C(n,j—\) converges to a certain value for 
larger n, or 

C(n,j)->C(n,0)aJ, (21) 

with the value of a a little above 0.2. 
By the substitution of Eq . 21 into Eq. 20, it turns out 

that En can approximately be expressed in terms of the 
Wheland polynomial, 

En = A\n{C(n,0)WM}, (22) 

or simply as 

JE, = a In WG{a) + b (o = 0.2). (23) 

nC^n)V\(j«X2) 

Fig. 3. Linearity between Ex and ln{C0(m) WG(0.2)}. 
The straight line is drawn so as to pass the origin. 

3 4 5 6 7 
j degree of excitation 

Fig. 4. Dependence of w(G, j) and w(G, j)aj on the 
degree of excitation for polyene G20H22. 
—.—: w(GJ). 

: Gaussian curve, 5600 exp{-0.392(j-4.5)2>, 
to fit the w{G,j) values. 

—o—: w(G,j)aj. 

Among the whole spectrum of the resonance structures 
scanned with the order of excitation, one can analyze 
what is the largest contribution to the energy of the 
ground state. The values_of w(G,j) and W(G3J)QL' with 
a = 0 . 2 for linear polyne 10 are plotted in Fig. 4, where 
two remarkable features are seen. Although a rigorous 
proof can not be obtained yet, the smoothed curve of 
w(n,j)cLj against j is symmetric with respect to j=n/2 
and very close to that of the Gaussian curve, exp(—x2) 
(see the broken line). Next the peak of the smoothed 
curve oîw{n,j)oii is found at a b o u t j = 0 . 3 « . This can be 
proved as follows. 

For larger n the value of; at which the curve w(n,j)<x.J' 
is an extremum is the root of the following equation 

v . J - 1 

Jj\j+Va ~ n\j-\t 

and is found to be approximately as 

or 
j/n = y/~cîlWct+\) = 0.309, 

if a takes 0.2. 
As has been pointed out earlier,21) this result confirms 

that the contributions of the Kekulé structures and even 
of the lower excited structures get vanishingly small 
with the increase of the size of the molecule. However, 
it might still be possible that the numbers of the lower 

(24) 
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TABLE 4. TOPOLOGICAL CHARACTERISTICS OF HEXATRIENE AND OCTATETRAENE ISOMERS 

w(GJ) p(G,k) 
Isomera> b) - , , . ZG E^ 

j=0 1 2 3 4 k=0 1 2 3 4 

3-1 
3-2 

4-1 
4-2 
4-3 
4-4 

la 
A3 

I4 
B4, 
A4 

D4 

G4 

1 3 

I 2 

I 6 

I 5 

I 4 

3 

1 
2 

6 
5 
8 
9 

1 
3 ] 

0 1 ] 

1 ] 

I 5 

I 5 

I 7 

I 7 

7 
7 

6 
5 

15 
14 
14 
13 

1 
1 

10 
9 
8 
7 

1 
1 
1 
1 

13 
12 

34 
32 
31 
29 

6.9879 

6.8990 

9.5175 

9.4459 

9.4093 

9.3317 

a) See Chart 1 for the structure and numbering of carbon atoms, b) Xm refers to the polyene of 
the series X with m double bonds. See Chart 3. c) Total Hückel ^-electronic energy in ß units. 

TABLE 5. TOPOLOGICAL CHARACTERISTSCS OF DECAPENTAENE ISOMERS 

w(GJ) p(G,k) 
Isomer8* b) , ~ , > - . ZG £/> 

j=0 1 2 3 4 * = 0 1 2 3 4 5 

5-1 
5-2 
5-3 
5-4 
5-5 
5-6 
5-7 
5-8 
5-9 
5-10 

5-11 

I5 
B5 
c5 ] 
A5 1 
— ] 

— 
E5,F5 ] 

— ] 

D5 1 
— ] 

— ] 

I 10 

I 9 

I 8 

7 
I 8 

I 6 

I 6 

I 6 

5 
I 5 

I 4 

20 
15 
18 
21 
14 
22 
20 
17 
22 
20 
19 

10 
14 
11 
8 
18 
8 
12 
11 
12 
8 
13 

1 
3 ] 

4 ] 

5 ] 

1 ] 

5 ] 

3 ] 

6 ] 

2 1 

7 ] 

4 1 

I 9 

I 9 

I 9 

9 
I 9 

I 9 

9 
I 9 

9 
I 9 

9 

28 
27 
27 
27 
26 
27 
26 
26 
26 
26 
25 

35 
32 
32 
31 
30 
31 
29 
28 
28 
27 
25 

15 
14 ] 

13 ] 

12 ] 

13 
11 ] 

11 ] 

11 ] 

10 ] 

10 ] 

9 1 

I 89 

I 84 

I 83 

I 81 

I 80 

I 80 

I 77 

I 76 

75 
I 74 

70 

12.0534 

11.9852 

11.9669 

11.9375 

11.9248 

11.9180 

11.8747 

11.8636 

11.8428 

11.8314 

11.7636 

a) See Chart 2 for the structure and numbering of carbon atoms, b) Xm refers to the polyene of the 
series X with m double bonds. See Chart 3. c) Total Hückel ^-electronic energy in ß units. 

excited structures are good indicators for EK. This will 
be the case if the shape of the curve W(G,J)OL* does not 
appreciably change from isomer to isomer or does change 
somewhat systematically so that some cancellation 
occurs. 

Branched Polyenes. Analysis on the relation 
between the Wheland polynomial and the electronic 
energy can be extended to branched polyenes in two 
different aspects, i.e., difference among isomers and 
general properties within a series of branched hydro­
carbons. Questions a re : 1) does relation 23 hold for a 
group of isomers, and 2) does Eq. 12 or 13 hold for a 
series of branched polyenes ? 

T h e Wheland polynomials for smaller branched 
polyenes are given in Tables 4 and 5, where the p(G,k) 
numbers, topological index, and the total ^-electronic 
Hückel energy En are also given. Here the isomers are 
numbered according to the values of En. I t is to be 
noted that with only one exception (between compounds 
5-4 and 5-5) for each group of isomers with n<5 this 
is just the order of decreasing the number of the first 
excited or Dewar structures, w(G,l)—D. For the group 
of isomers with the same D , the larger the number of 
the second excited or double Dewar structures, w(G,2) = 
D2, the larger the E„ value. 

T o be more quantitative, the En values of the decapen­
taene isomers are plotted against the ln{PVG(0.2)} values 
in Fig. 5a (see also Table 5). T h e linearity is a little 
worse than the remarkably good plot of EK— ln ZG 

— 1 2 3 4 5 6 7 8 
1 2 3 4 5 6 

4 - 1 
3 - 1 

II 1 2 5 6 7 8 
4 3 2 5 6 

4 -2 
3-2 

4 3 2 5 6 7 8 

4 - 3 

1 2 3 6 7 8 

4 -4 

Chart 1. 

(Fig. 5c), but unexpectedly good in spite of the several 
assumptions and approximations we have made. 
Similar linearity, though a little more scattered than 
the smaller polyenes, was obtained for the twenty four 
isomers of dodecahexaenes. I t was found, further, that 
the contributions of only the first and second excited 
structures, OLD-\-OL2D2, can predict the order of En value 
as well as the \n{WG(oC)} value with a = 0 . 2 (see Fig. 5b). 
Namely, for a group of isomers of acyclic polyenes, the 
En values are linearly related with the numbers of the 
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1 2 3 4 5 6 7 8 9 10 4 | | 7 1 2 3 6 7 8 9 10 

e , 1 2 3 8 9~T0 5-9 

111 II 10 

* 4 3 2 5 6 9 8 7 

1 2 5 6 7 8 9~To 6 5 4 3 2 7 8 9~To 5-10 

5-2 5-6 

111 6|| l|7 

_ J; ___ 
1 2 3 4 7 8 9~To 

5-3 

I I 1 0 

1 2 3 8 7 6 5 

5-7 

4 3 2 5 8 9 10 

5 -11 

4 3 2 5 6 7 8 9 10 -1 II | 7 

5-4 4 3 2 5 6 9~To 

5-8 

Chart 2. 

E*(P) 

Fig. 5. Dependence of the E„ value of the decapentaene 
isomers on the various topological quantities. See also 
Table 5. 
(a) Eq. 23, (b) Eq. 25, (c) Eq. 19. 

first and second excited structures as 

(25) 

This is also an unexpectedly good correlation, if one 
knows that the numbers of the Dewar structures for 
decapentaene and dodecahexaene isomers are, respec­
tively, around 20 and 10% of the total number of the 
resonance structures. 

In order to clarify the secret of this fortuitous result, 
the distributions of the w(G,j) coefficients of the Wheland 
polynomial for the following six typical series of branched 
polyenes were studied (see Char t 3 and Table 6). 

In Fig. 6 are plotted the w(G,j) and W(GJ)OLJ values 
against j for linear polyene 14 and one of its isomers. 
Although both the two curves of the isomer shift a 
little toward larger j values, the overall shapes are 
simulated fairly well by Gaussian functions. Both the 
w(G,j) and p(G,n—j) values for an isomer with n 
double bonds in each series studied are expressed by 

-JL 
' n - 2 

' n - 3 

' n - 1 

n - 3 

Chart 3. 

F 

0 1 2 3 U 5 6 7 8 9 10 II 12 13 

i 
Fig. 6. Similar behaviors of w(G,j) and w(G,j)aj against 

j for C28H30 and one of its isomer. 
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TABLE 6. GENERAL EXPRESSIONS FOR THE COEFFICIENTS OF WHELAND POLYNOMIAL AND THE 

NON-ADJACENT NUMBERS FOR VARIOUS SERIES OF BRANCHED ACYCLIC GRAPHS 

Series j HGJ) P(G,n-j) Ap(G,n-j) 

I 1 y « ( « - l ) 

2 - ^ - « ( « - l ) 2 ( « - 2 ) 

3 TÏ4 " ( " - 1 ) 2 ( " - 2 ) 2 ( " - 3 ) 

A 1 i - ( « 2 - 3 « + 4 ) 

2 _±- ( n _2)(« 3 -6n 2 +29«-36) 

3 - i _ ( „ _ 2 ) ( « - 3 ) ( « - 4 ) ( « 3 - 6 « 2 + 

59«-78) 

B 1 l ( „ + l ) ( » - 2 ) 

2 - Ü « 4 - 4 « 3 - 7 « 2 + 5 8 « - 6 0 ) 

3 -^(n-2)(n-3)x 

(« 4 -4« 3 -25« 2+220«-264) 

G 1 - I ( n
2 - 3 « + 6 ) 

2 -y (« 4 -8« 3 +53« 2 -202«+276) 

3 - | - ( « - 3 ) ( « 5 - 1 2 « 4 + 1 3 3 « 3 -

1026«2+3808«-4848) 

D 1 y ( « 2 - 5 « + 1 0 ) 

2 _l_(„_2)(n3_1o„2+63„_102) 

•n(n+l) 

(«-!)«(«+1)(«+2) J_ 
24 

1 
720 

y("2-«+4) 

(n -2) («- ! )«(«+1)(«+2)(«+3) 0 

_1_ 
24 

1 
720 

( n _ l ) ( „ 3 _ n 2 + 2 2 « - 2 4 ) 

•rc(«-l)(ra-2)(«3+53«-66) 

l(»-l)(»+2) 

_1_ 
24 

1 
720 

(« 4+2« 3 -13« 2+58«-72) 

- ( « - 2 ) ( « - l ) X 

(« 4 +6« 3 - 19«2+216«-360) 

y(*2-*+6) 

_1_ 
24 

1 
720 

(« 4 -2« 3 +35« 2 - 130«+168) 

- («-2) (« 5 -« 4 +83« 3 -479« 2 + 

1476« -1800) 
1 («2-3«+10) 

- ! - ( « 4 - 6 « 3 + 5 9 « 2 - 174«+192) 

y(»-2) 

1L(»-l)(„-2)(n-3) 

f(»-2) 
- ! - ( « - l ) ( « - 2 ) ( « - 3 ) 

0 

(«-3) 

1 
« - l ) ( « - 3 ) < 

^-(«2-5«+8) 

3 - y i 4 ( " - 2 ) ( « - 3 ) ( n 4 - 1 6 n 3 + 

173«2-734«+1008) 

1 - i ( « 2 -5«+12) 

2 -^-(«4-12«3+89«2-294«+360) 

3 - y | 4 ( " - 4 ) ( « - 3 ) ( « 4 - 1 4 « 3 + 

161«2-688«+1404) 

1 - i ( « 2 -7«+22) 

2 -^-(« 4 -16« 3+16l« 2 -662«+900) 

720 
(« -2 ) (« 5 -7« 4 +131« 3 -

593«2+1548«-1800) 

^- (« 2 -3«+12) 

24 
_1_ 
720 

(«4-6«3+71«2-282«+456) 

(«6-9«5+175«4-1395«3+ 

6664«2- 18396«+21600) 

(«2-5«+22) 

^ - ( « 4 - 10«3+131«2-578«+936) 

40 
(« -2 ) (« -3 ) (« 2 -5«+16) 

^-(« 2 -7«+14) 

20 
( « 4 - 14«3+89«2-280n+348) 

y(n2-7«+14) 

3 -4-(«-3)(«5-24«4+397n3-
144 v 

3150«a+11320«-14736) 
720 

( « 6 - 15«5+325«4-2865«3+ 

13714«2-34920«+36720) 

- ^ - ( « 4 - 14«3+89«2-280n+348) 

polynomials of n with order 2/ . The results for smaller 
j values are given in Table 6. All these results confirm 
that the values of w(G,j) and w(G,j)<x.' for the isomers 
behave quite similarly with those for the linear polyene. 

Try to expand the function below 

1 , • rc— l „ , = 1 + w-^a H w-fcr 

+ 

2« 

( r c - l ) (« -2 ) , 3 , 
6«2 

1+i^M = ! + « * « + . „ 
n V 2 

wxa \ '" f I n\( wxa 
= 2V> (26) 

« / + \ 3 + where w1 is w(n,l), or the number of the De war structures 
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of linear polyene n. Note that the coefficient At to a-7 

is proportional to w-^ or to the 2j-th power o f« . Com­
pare this expansion with the Wheland polynomial for 
n as 

^«(«)=2^(" ,JV, (27) 

whose coefficient w(n,j) is also proportional to the 2J-th 
power of n (see Eq. 2). Owing to the small value of a, 
Wn (a) can be approximated, though not accurately bu t 
reasonably well, as expression 26, namely, 

Wn{a) 1 + 
W^Ct (28) 

As inferred from the behavior of w(G,j) observed 
above, we may also assume 

WG(a)~(l+^y (29) 

for an isomer G with ^ ' = ^ ( 0 , 1 ) . Then from Eq. 23 
one gets 

AE. = E.{n) - E,{£) 

~ In {Wn(a)/WG(a)} 

wia \ /11 i wi'a 

«In 1 + 1+- (30) 

Since wx is equal to n(n—\)j2 (from Eq. 2), the value 
ujja/n is smaller than unity for small n. Then AEn can 
be approximated as 

AEx f<»a(w1 — w1 (31) 

This is a partial proof of relation 25. For larger n, 
however, the expression 31 would no longer be a good 
expansion of AEK. In this case one has to expand WG(QL) 
by the inclusion of higher w(G,j) terms. This means 
that the larger the molecule the larger the weight of 
higher excited structures. However, for a group of 
moderate size of acyclic polyenes, the number of the 
Dewar structures is thus shown to be a good measure 
of the yr-electronic energy. 

Next the relation between w(G,j) and p(G,n—k) 
was studied. For j,k<\ the results are the same as the 
case of linear polyenes. Namely, for polyene G with n 
double bonds, 

K = w(G, 0) = p(G, n) (140 
and 

D = w(G, 1) = p(G,n-l) - np(G,n). (15') 

However, for larger values of j and k small correction 
should be introduced into relations 12 and 13. 

Relation 14' is guaranteed by definition. Relation 
15' has already been presented without proof by one 
of the present authors.3 '22) Since an acyclic polyene is 
an alternant hydrocarbon, namely, the corresponding 
graph is bipartite, the carbon atoms are grouped into 
starred and unstarred so that all the bonds are formed 
between atoms of different groups. As will be exem­
plified in Appendix, all the ineffective bonds in an 
excited canonical structure are also formed between 
atoms of different groups. 

Suppose the C-G single bond skeleton of polyene G 
with n double bonds and choose n— 1 disjoint bonds on 
which double bonds are to be drawn. There are 
p(C}n— 1) different ways. Since each double bond is 
so chosen as to span a couple of starred and unstarred 

atoms, there are left a couple of starred and unstarred 
atoms. Irrespective of the situation that they may or 
may not be adjacent, join them to form the n-th n bond. 
The resultant p(G,n—1) graphs are the candidates for 
the set of the first excited canonical structures, or Dewar 
structures. I t is obvious that no other candidate is 
possible. If the n-th n bond is formed between two 
adjacent atoms, the resultant graph is nothing else but 
the unexcited Kekulé structure to be deleted from the 
counting of w(G,l) or D, and there are n such possible 
ways for each Kekulé structure. This completes the 
proof of Eq . 15'. Note that this relation is valid even 
for a graph with more than one Kekulé structures. 

Let the difference between the right and left hand 
sides of Eq. 12 be defined as 

Ap(G,n-k) =p(G,n-k) 
k\(k+l)[ * fn-j\ 

(32) 
which was shown to be always positive for k>2 of all 
the series studied. I n Table 6 are given the general 
expressions of the Ap(G,n — 2) and Ap(G,n — 3) for each 
series. I t is seen from the expression of p{G,n — k) and 
Ap(G,n — 'k) that the relative correction is at most in the 
order of n~2 and negligible for larger polyenes. This 
is also the case with the higher values of k. Thus the 
number of the higher excited structures can be approxi­
mated by Eq . 13 for branched polyenes in terms of the 
set of the p{G,k) numbers, which can systematically be 
obtained by the use of several recursion formulas.14 '23) 

I t is worth mentioning here that the quantities 
independently obtained from VB and G T are thus 
found to be closely related with each other through 
the quanti ty of M O . Work in these lines is in progress 
for the mathematical properties of the number of the 
resonance structures of polycyclic hydrocarbons. 

Appendix 

A Note on the Numbering of Atoms for Acyclic Polyenes. At 
present we are not yet in a position to state the unambi guous 
method for numbering the atoms to generate the Wheland 
polynominal of the highest priority for an arbitrary acyclic 
polyene. However, our experience on a number of examples 
has led to several empirical rules for the numbering of a 
polyene with a few branches. 

Consider first the mapping procedure for generating the 

n=1 n=2 n=3 n=4 

n=5 n = 6 n=7 

Fig. 7. Distribution of the numbers of the effective and 
ineffective bonds spanning from a pivot point among a 
set of Cn standard patterns. No bond is found between 
a pair of atoms of the same parity, and the distribution 
is symmetrical. 
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Wheland polynomial exemplified in Fig. 1. Draw Cn=(2n)\ 
/{n\ (n-f 1) !}- s tandard patterns for the set of circularly ar­
ranged and numbered 2n{ = N) points. In each pat tern n non-
crossing lines are drawn. Choose a point as the pivot from 
the 2n points. Then for each member of the 2n — 1 points count 
the number of pat terns in which it is connected with the pivot 
point. T h e results for smaller n's are shown in Fig. 7. Observe 
that no line is drawn between a pair of points of the same 
parity. Namely, an al ternant hydrocarbon has no bond 
between a pair of starred atoms a n d also between a pair of 
unstarred atoms. T h e number of the effective bonds are the 
largest, and the number of the ineffective bonds rapidly 
decreases with the increase of the length. T h e sum of these 
numbers is Cn. 

Recall that the set of the canonical resonance structures are 
obtained by mapping the given arbi t rary numbered graph G 
(or the jr-electron skeleton) onto each of the Cn s tandard 
patterns. T h e degree of excitation j for a resonance structure 
is the number of the ineffective bonds and w(G, j) is the 
number of/'-th excited structures for G. Then the total number 
of the effective bonds J in the set of the Cn resonance struc­
tures is given by 

J=n-Cn-J]j.w(GJ). 

Note tha t the summation in the second term is equal to 
WG'{l) = {dWG{x)jdx)x=1, where WG(x) is the Wheland poly­
nomial WQ(x)=^w(G, j)'XJ. T h e highest priority is given 

to such a WG(x) expression tha t has the top-heaviest set of 
the coefficients, which we are going to search. It is not 
sufficient bu t necessary for that expression to have the largest 
7" value, or the smallest WG (\) value. 

For convenience's sake let us define the term " n u m b e r 
difference", J i j = min (\i—j\, 2n—\i—j\), for a pair of atoms 
/ and j forming a bond. All the bonds are then classified into 
the following three types according to their dtj value as, 

a-type with dtj = 1 

ß-type with dtj = 2, 4, 6, ••-

y-type with dtj = 3, 5, 7, ••• 

Unless confusion may occur a, ß, and y s tand also for the 
numbers of the bonds of the corresponding types. Then all 
the above observations and discussions lead to the following 
recipes for the number ing of atoms so as to give the largest 

J value, or the smallest WG (1) value. 
(1) Every bond should be composed of a pair of atoms of 

different pari ty, or ß—0. 
(2) T h e number of y-type bonds should be minimized. 

There are several possible ways for satisfying the conditions 
(1) and (2). In these cases recipe (3) would be applied. 

(3) T h e sum D=T} dti of the "number difference" for 
i<j 

all the bonds should be minimized. Further , to the case where 
several numberings are still possible in which recipes (1)—(3) 
are obeyed we may apply. 

(4) T h e sizes of the polyene fragments obtained by excising 
the y-(and also ß-) type bonds should be as uniform as possible. 

However, (3) and (4) should not necessarily be obeyed, and 
their relative priority seems to change from case to case. 

Linear Polyene. Application of recipes (1) and (2) to a 
linear polyene assures tha t the following numbering gives the 
Wheland polynomial of the highest priority, 

-O-
* 

2n-\ 
- Ü 
In 

T h e cyclic change of number ing as 

-O- •O-
1 + * 2 + k 3 + k 2n 1 k-l 

-O (0<Ä<2n) 
k 

gives the same result. 
Polyene with One Branch. Three carbon chains, P l 5 P2 , 

and P3 , emanate , from the carbon a tom as the junction of the 
polyene with one branch, where Px is an odd chain, P2 a 
shorter even chain, and P 3 longer even chain. Application 
of recipes (1) and (2) gives the number ing as shown in Chart 
4a. For graph 4-3 in Char t 1 the following two numberings 
give the same result, 

U) (k) 
since they are related to each other by the formula 

j + k — I or I + 2n, 

where J and k are the numberings given to the same ato ns, 
respectively, by the number ing systems (j) and (k), and / is 
an arbi t rary integer (here 1=3). 

Polyene with Two Branches. Consider first those polyenes 
with two branches, which are separated by one bond. There 

1 2 2k-) 2k 2k+1 

2/+1 

(b) 

2k« 2k+l 1 2 2k 2k*( 2 J M 

Zi+ I 2m-\ 2m 21+2 2m-1 2m 

(O (d) 
Char t 4 . 
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T A B L E 7. A N EXAMPLE SHOWING THE FACTORS FOR DETERMINING THE 

COEFFICIENTS OF THE W H E L A N D POLYNOMIAL 

Numbering a ) 

5 6 7 

2 3 4 5 6 7 

WG(x) 

l+4*+8x 2 +* 4 

l + 4x+7x2+2*3 

l + 3*+7*2+3*3 

l + 2x+10x2+*4 

MV(1) 

24 

24 

26 

26 

ßt» 

0 

0 

1 

1 

yc) 

1 

1 

0 

0 

Fragmentd) 

4 + 4 

1 + 7 

2 + 6 

4 + 4 

a) : a-type bond, - + - : /?-type bond, : y-type bond, b) Number of the /?-type bond. 
c) Number of the y-type bond. d) Indicates the sizes of the polyene chains obtained by 
excising the ß- and y-bonds. 

are two cases depending tha t the central bond is single or 
double. For the former case the two number ings in Charts 
4b and c are the candidates for the highest priority. Then 
compare the number differences at the central bridge bond, 
and the numbering giving the smaller value is chosen as the 
best. 

In the case of the polyene with a central bridge double bond, 
the numbering with the highest priority can be chosen as the 
one having the smallest number difference at the bridge from 
the possible numberings of the types as in Char t 4d. 

Table 7 shows how the Wheland polynomial depends on 
the recipes for the numbering given above. 
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X-Ray Molecular Structure of l-Cyano-7,8-benzo-ll-oxatricyclo-
[4.2.2.12.5]undeca-3,7,9-trienet 

Kojiro KAN, Yasushi KAI, Noritake YASUOKA, and Nobutami KASAI* 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 

(Received February 9, 1979) 

C 1 6 H u O N , M.W. 221.17, monoclinic, space group P2x/c, a = 9 . 4 5 1 ( l ) , £=8 .267(1) , c= 14.336(2) Â, ß= 
94.37(1)°, Dm= 1.31, £>c= 1.32 g cm- 3 , Z = 4 , R=0.088 for 1300 non-zero reflections. T h e molecule has an endo-
configuration, and the furan ring has an envelope form. 

P h o t o r e a c t i o n b e t w e e n 1 - n a p h t h o n i t r i l e a n d f u r a n 
g a v e a s ingle c y c l o a d d i t i o n p r o d u c t , a l t h o u g h endo- a n d 
£W-isomers w e r e e x p e c t e d to b e fo rmed . 1 ) 

CN 

exo-ïorm. 

CN 

endo-form 

I n o r d e r to d e t e r m i n e t h e s t e r e o c h e m i s t r y of t h e cyclo-
a d d u c t , a n X - r a y ana lys i s of t h e p r o d u c t h a s b e e n 
c a r r i e d o u t . 

E x p e r i m e n t a l 

For the da ta collection, a crystal with suitable size was 
mounted on a G.E. single crystal orienter equipped on a 
Rigaku SG-2 goniometer. Stationary crystal-stationary counter 
method was applied. Dur ing the data collection the intensity of 
the s tandard reflections decreased; as it did so uniformly with 
t ime, a linear correction factor was applied. 1397 unique data 
collected u p to 2 0 = 110° were then corrected for Lp effect but 
not for absorption [fi{Cu ÜToc) = 6.70 c m - 1 ] . The structure was 
solved by the symbolic addition method.2) Signs of 181 {E^s 
(|is |]>1.4) were determined, and all the non-hydrogen atoms 

T A B L E 1. FRACTIONAL ATOMIC COORDINATES ( x 104 for C, N , and O atoms and X 10a 

for H atoms) AND THERMAL PARAMETERS WITH e.s.d.'s IN PARENTHESES 

Anisotropic thermal parameters ( x 104) expressed in the form: exp{— (ßuh2+ 
ß2zk*+ßj*+ß12hk+ßi;ihl+ß23kl)}. 

Atom 

Ö 
N 
G(l) 
C(2) 
C(3) 
C(4) 
G(5) 
C(6) 
G(ll) 
C(12) 
C(13) 
G(14) 
C(21) 
G(22) 
C(23) 
C(24) 
C(31) 
H(2) 
H(3) 
H(4) 
H(5) 
H(12) 
H(13) 
H(14) 
H(21) 
H(22) 
H(23) 
H(24) 

X 

~2756(4) 
1952(6) 
3253(6) 
3225(7) 
2536(6) 
1894(7) 
1921(6) 
2596(5) 
2764(6) 
4312(6) 
4945(6) 
4001(6) 
2894(7) 
1409(6) 
750(6) 

1822(6) 
2307(7) 

364(5) 
240(6) 
146(5) 
130(6) 
502(6) 
625(5) 
463(7) 
306(6) 

83(6) 
-38(6) 

141(5) 

y 
9468(4) 
4576(6) 
6508(6) 
5868(7) 
4412(7) 
3606(6) 
4210(6) 
5675(6) 
6482(6) 
6903(6) 
7701(7) 
8099(7) 
9450(6) 
9044(6) 
8258(6) 
8137(6) 
5383(7) 

635(6) 
393(7) 
269(6) 
370(7) 
642(7) 
792(7) 
865(9) 

66(7) 
926(7) 
783(8) 
838(6) 

z 

4979(2) 
6412(3) 
3440(3) 
2544(4) 
2346(4) 
3022(4) 
3939(3) 
4138(3) 
5104(3) 
5284(4) 
4616(4) 
3728(4) 
3973(4) 
3615(4) 
4268(4) 
5116(3) 
5840(4) 

207(3) 
167(4) 
289(3) 
442(4) 
587(4) 
463(4) 
316(5) 
375(4) 
297(4) 
424(4) 
574(3) 

ßu or B 

190(6) 
270(10) 
143(8) 
191(10) 
181(9) 
194(10) 
154(8) 
132(7) 
137(7) 
154(8) 
154(8) 
175(9) 
195(10) 
170(9) 
156(8) 
173(9) 
212(10) 
1.6(11) 
4.0(15) 
1.6(11) 
3.6(14) 
3.5(14) 
2.7(13) 
6.1(19) 
3.5(14) 
3.9(15) 
4.7(16) 
2.2(12) 

# 2 2 

102(6) 
178(10) 
113(9) 
161(10) 
144(10) 
101(9) 
104(8) 
92(8) 

104(8) 
109(9) 
118(9) 
131(9) 
96(9) 

102(9) 
113(9) 
104(8) 
120(9) 

ß™ 
~ 4 6 ( 2 ) _ 

48(3) 
37(3) 
35(3) 
40(3) 
51(3) 
40(3) 
30(3) 
31(3) 
42(3) 
53(3) 
40(3) 
48(3) 
54(3) 
53(3) 
35(3) 
36(3) 

ß\% 
-66(10) 
-51(16) 
-60(14) 
-9(17) 

12(16) 
-13(15) 
-9(14) 

-15(13) 
-32(13) 
-28(14) 
-69(15) 
-2(15) 

-50(15) 
-6(15) 
22(14) 

-34(14) 
-3(16) 

ß\z 
28(6) 
45(9) 
13(7) 
23(8) 

-1 (8 ) 
-32(9) 

6(8) 
4(7) 
5(7) 
2(8) 
8(8) 
4(8) 

29(9) 
11(8) 
27(18) 
12(8) 
6(9) 

ß%z 
-25(6) 

31(9) 
7(8) 

-5 (9 ) 
-29(9) 
-46(9) 

-3 (8) 
-4 (7) 
-4 (8) 

-11(8) 
-28(9) 

-2 (9) 
15(9) 

-2 (9) 
-2 (9) 

-16(8) 
-16(8) 

t Read at the 28th National Meeting of the Chemical Society of J a p a n , Tokyo, April 1973. 
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were located in the Z?-map. All the H atoms were located by 
difference syntheses. The refinements was carried out by 
block-diagonal least-squares {HBLS V)'^ with anisotropic tem­
perature factors for non-hydrogen atoms. The final R values 
were 0.088 for 1300 non-zero and 0.094 for all reflections. 
Atomic scattering factors for C, N, and O were taken from 
Hanson and coworkers,4) and H from Stewart and cowork­
ers.5) The final atomic parameters are listed in Table l.tt 

C (21) 
C( I4 ) C(2) 

C(3J 

C(4) 

Fig. 1. Molecular structure with the numbering scheme 
of atoms. 

115.9(5) 

108.5(4) tyf's« 2 

© 

Fig. 2. Bond lengths and bond angles with e.s.d's in 
parentheses. 

ft A Table of observed and calculated structure factors are 
kept as Document No. 7922 at the Chemical Society of Japan. 

Fig. 3. Crystal structure projected along the b axis. 

R e s u l t s and D i s c u s s i o n 

The molecular structure is shown in Fig. 1, which 
indicates that the cycloadduct has the m^o-configura-
tion. Bond lengths and bond angles are given in Fig. 2. 
The G( l l ) -G(24) and G(14)-C(21) bonds [1.633(8) 
and 1.588(8) Â, respectively] involved by the photo-
cycloaddition are comparable with those observed in 
photodimers of anthracene [1.62(2) Â],6> 2-methoxy-
naphthalene [1.610(5) Â]7) and 9-anthracenecarbal-
dehyde[1.61(l) Â],8> which are longer than the usual 
C(sp2)-C(sp3) bond length. T h e furan ring has an 
envelope form, the O atom is located by 0.58 Â out of 
the plane containing G(21) through C(24) atoms. T h e 
dihedral angle between the planes defined by O, G(21), 
and C(24) and C(21), C(22), G(23), and C(24) is 
139.4°. T h e dihedral angle between C(l) , C(6), C ( l l ) , 
and G(14) and C ( l l ) , C(12), C(13), and G(14) planes 
is 125.9° (Fig. 1). 

T h e crystal structure is shown in Fig. 3. No close 
intermolecular atomic contact less than usual van der 
Waals distance can be observed. 

T h e authors wish to express their deep thanks to 
Professor H . Sakurai and coworkers for crystals. 
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Properties and Structure of Alkali Aluminophosphate Glass 
A k i r a K I S H I O K A 
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Kioicho, Chiyoda-ku, Tokyo 102 

(Received Ju ly 14, 1978) 

Several series of alkali (sodium and potassium) aluminophosphate glasses were prepared with compositions 
of 32—63 mol % of P 2 O s and the properties of these glasses were determined. In the glasses wi th a higher P 2 0 5 

content ( P 2 0 5 > 4 2 . 5 mol % in the N a 2 0 - A l 2 0 3 - P 2 0 5 glass and P 2 0 5 ^ 4 5 mol % in the K 2 0 - A 1 2 0 3 - P 2 0 5 glass), 
the density, refractive index, and chemical resistivity increased with increasing amounts of A1 20 3 . In the glasses 
with a lower P 2 0 5 content (P 2 0 5 <;37 .5 mol % in the N a 2 0 glass and P2O5«»40 mol % in the K 2 0 glass), however, 
almost no increase of the density was found by an increase of A1 2 0 3 ; the increases in the refractive index and chemical 
resistivity were also smaller than those in the glasses with a higher P 2 0 5 content. T h e infrared absorption spectra 
of the glasses varied also with the P2O r, content. These changes in the properties are due to a marked structural 
difference between the glasses with a higher P 2 0 5 content and those with a lower P 2 0 5 content, and are also associat­
ed closely with the structural role of Al3 + ions in the glass. 

T h e s t r u c t u r e a n d t h e ro le of A l 3 + ions i n a l u m i n o ­
p h o s p h a t e glasses a r e a t t r a c t i n g t h e a t t e n t i o n of m a n y 
inves t iga tors b e c a u s e A 1 2 0 3 c a n b e i n c o r p o r a t e d i n 
fairly l a rge q u a n t i t i e s i n t o p h o s p h a t e glass a n d s tabi l izes 
the glass s t r u c t u r e . K r e i d l a n d Weyl 1 ) c o n s i d e r e d t h a t 
t he ( A 1 P 0 4 ) g r o u p w a s f o r m e d b y A 1 0 4 a n d P 0 4 

t e t r a h e d r a in t h e glass s t r u c t u r e . O n t h e o t h e r h a n d , 
Sakka 2 ' 3 ) h a s r e p o r t e d t h a t t h e r e a r e t w o k i n d s of Al3+ 
ions w i t h different c o o r d i n a t i o n n u m b e r s i n p h o s p h a t e 
glass. T h e p r e s e n t au thor s 4 ) h a v e i nves t i ga t ed t h e 
f o r m a t i o n of t h e glasses in t h e t h r e e - c o m p o n e n t d i a g r a m 
i n a lka l i ( s o d i u m a n d p o t a s s i u m ) a l u m i n o p h o s p h a t e 
systems a n d f o u n d o n e A 1 2 0 3 p e a k i n a b o u t 65 m o l % 
of P 2 0 5 a n d a n o t h e r p e a k in a b o u t 35 m o l % of P 2 0 5 . 
W e also r e p o r t e d t h e s t r u c t u r a l d i f ference b e t w e e n t h e 
glasses w i t h a h i g h e r P 2 0 5 c o n t e n t a n d those w i t h a 
lower P 2 0 5 c o n t e n t . R e p o r t s c o n c e r n i n g t h e f u n d a ­
m e n t a l p r o p e r t i e s s u c h as dens i ty , r e f rac t ive i n d e x , 
viscosity, etc. of a l u m i n o p h o s p h a t e glass , h o w e v e r , a r e 
re la t ive ly few c o m p a r e d w i t h those o f a l u m i n o s i l i c a t e 
glass . T h e r e f o r e , it m a y b e i n t e r e s t i n g t o inves t i ga t e t h e 
c h a n g e s of t h e p r o p e r t i e s of t h e glass w i t h r e g a r d to t h e 
difference i n glass s t r u c t u r e . 

I n this i nves t i ga t ion , t h e dens i ty , r e f rac t ive i n d e x , 
a n d in f r a red a b s o r p t i o n s p e c t r a a n d a lso t h e m o l a r 
v o l u m e , v o l u m e p e r m o l e of o x y g e n , a n d m o l a r r e f rac ­
t ion w e r e d e t e r m i n e d for severa l series of t h e N a a O -
A 1 2 0 3 - P 2 0 5 a n d K 2 0 - A 1 2 0 3 - P 2 0 5 glasses w i t h t h e s a m e 
con t en t s of P 2 0 5 , w h i c h r a n g e d f rom 32 to 6 3 m o l % . 
F o r N a 2 0 - A l 2 0 3 - P 2 0 5 g lass t h e c h e m i c a l res is t ivi ty 
a n d solubi l i ty i n w a t e r o r h y d r o c h l o r i c a c id w e r e 
e x a m i n e d . F r o m these resu l t s , t h e c h a n g e s i n t h e 
p r o p e r t i e s w e r e discussed i n c o n n e c t i o n w i t h t h e glass 
s t r u c t u r e . 

E x p e r i m e n t a l 

Preparation of Series of Glasses with the Same P205 Contents. 
The glass specimens containing 32.5—45 mol % of P 2 0 5 , as 
reported in the previous paper,5) were used as the lower P 2 0 5 

alkali aluminophosphate glasses in this investigation. Further­
more, about fifty glass specimens containing more than 45 mol 
% of P 2 0 5 were prepared in the glass-forming regions of the 
N a 2 0 - A l 2 0 3 - P 2 0 5 and K 2 0 - A 1 2 0 3 - P 2 0 5 systems.4) T h e 
materials used were reagent grade chemicals of sodium dihy-

drogenphosphate, potassium dihydrogenphosphate, a luminum 
oxide, and orthophosphoric acid (85 % ) . A batch (40-g) 
obtained by mixing appropria te amounts of the above chemi­
cals was placed in A1 2 0 3 crucible and heated in an electric 
furnace. After dehydrat ion, the temperature of the batch was 
raised to 1350 °C and kept a t this temperature for 1 h. T h e 
melt was poured out and quenched by pressing it with a 
copper plate cooled with water . All the quenched melts were 
obtained as t ransparent colorless glasses. T h e composition of 
these glasses were determined by chemical analyses and several 
series of glasses with the same P 2 O s contents were selected and 
used in this experiment. 

Determination of Al203. Glass powder containing about 
0.1 g of A1 2 0 3 was fused with 5—9 g of sodium carbonate and 
dissolved in 200 cm3 of 1 mol/dm 3 hydrochloric acid. T h e 
Al3+ ion in the obtained solution was determined gravimetric-
ally as A1P04.«> 

Determination ofP205. Glass powder containing about 
0.1 g of P 2 0 5 was fused with about 3 g of sodium carbonate 
and dissolved in 100 cm 3 of 1 mol/dm 3 hydrochloric acid. T h e 
P 0 4

3 ~ ion in the solution was determined gravimetrically as 

Mgap,cy> 
Determination of H20. T h e H 2 0 content of the glass 

was determined gravimetrically by the method of Naruse et 
a/.,8) namely from the weight loss incurred by heat ing a mix­
ture of the pulverized glass and preignited zinc oxide a t 700 
°C for 2 h. 

Density and Volume of Glass. T h e density of the glass 
was determined pycnometrically using 1-butanol at 25 °C. 

T h e molar volume and the volume per mole of oxygen of 
the glass were calculated by the following equations:9) 

and V0 = - ^ - (2) 

where V is the molar volume of the glass, V0 is the volume per 
mole of oxygen, Wf is the gram formular weight of the glass 
based on the composition determined by chemical analyses, p 
is the density of the glass, and N0 is the number of gram 
molecular weight of oxygen (32 g units) in the glass. 

Refractive Index and Molar Refraction of Glass. T h e 
refractive index was estimated by the Becke oil immersion 
method. 

T h e molar refraction of the glass was calculated by the 
following equation:9) 
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n2 + 2 (3) 
2.7 

where R is the molar refraction of the glass, n is the refractive 
index, and V is the molar volume. 

Chemical Resistivity and Solubility of Glass. Glass grains 
(0.25—1 mm) of about 1 g were placed in a 100-cm3 Erlenmeyer 
flask and 50 cm3 of either water or hydrochloric acid were 
added into the flask. After shaking at a speed of 80 strokes per 
minute in the thermostat, the weight loss and the A1203/P205 

(molar ratio) in the residual glass were determined. The 
experimental conditions : concentration of hydrochloric acid, 
temperature of the thermostat, and shaking time were selected 
so as to be suitable for the sample glass or the series of samples. 

Infrared Spectra. The infrared absorption spectra ranging 
from 1500 to 600 cm - 1 of the glasses were recorded by means 
of a Hitachi EPI-2G spectrophotometer, using the KBr pellet 
technique. 

R e s u l t s a n d D i s c u s s i o n 

Composition of Glass. T h e analyses of the glasses 
with more than 45 mol % of P 2 0 5 are given in Tables 1 
and 2. T h e N a a O or K a O content was calculated by 
subtracting the A1 2 0 3 and P 2 O s contents from the 
weight of the sample. T h e H 2 0 content was in the 
range from 0.11 to 0.42 wt % in eight kinds of the 
glasses of two series of the N a 2 0 - A l 2 0 3 - P 2 0 5 glass with 
59—61 mol % of P 2 0 5 and K 2 0 - A 1 2 0 3 - P 2 0 5 glass with 
61—62 mol % of P 2 0 5 , and the H 2 0 content tended to 
decrease with an increase in the amount of A1 2 0 3 . Since 

TABLE 1. COMPOSITION OF Na 20-ALO«-P,0, GLASS 

P205/mo 1°/ 

(1) 49 

(2) 55 

(3) 59—61 

(4) 63 

&) 
Na20/mol % 

45.74 
39.99 
39.68 
33.38 
34.08 
29.24 
25.81 
20.86 
20.53 
17.69 
13.38 

Composition 

Al203/mol % 

5.00 
9.81 
5.03 

11.40 
4.92 

10.78 
14.77 
18.70 
16.59 
19.02 
23.31 

P205/mol % 

49.26 
49.20 
55.29 
55.22 
61.00 
59.98 
59.42 
60.43 
62.88 
63.30 
63.32 

a) P 2 0 5 content in the glass. 

TABLE 2. COMPOSITION OF K 20-A1 20 3 -P 20 5 GLASS 

P205/mol %a> 

(1) 49 

(2) 55—56 

(3) 61—62 

K20/mol % 

40.67 
36.19 
38.89 
33.17 
32.40 
27.68 
25.10 
21.41 

Composition 

Al203/mol % P205/mol % 

9.95 
14.61 
4.98 

11.35 
5.14 

10.20 
13.83 
17.34 

49.38 
49.20 
56.13 
55.48 
62.46 
62.12 
61.08 
61.25 

2.6h 

2.5h 

2.4 
10 25 30 15 20 

Al203/mol % 

Fig. 1. Density (p) of Na 2 0-Al 2 0 3 -P 2 0 3 glass. 
A : 63 mol % P205 , A : 59—61 mol % PaOä, A.: 55 
mol % P2Oà, • : 49 mol % P205 , # : 42.5 mol % P205 , 
O : 37.5 mol % P205 , 3 : 32.5 mol % P 20 5 . 

a) P 2 0 5 content in the glass. 

Al203/mol % 

Fig. 2. Density (p) of K 20-A1 20 3-P 20 5 glass. 
A : 61—62 mol % P205 , Jk. : 55—56 mol % P205 , f j : 49 
mol % P205 , # : 45 mol % P205 , O: 40 mol % P205 . 

the H 2 0 content was less than 0.42 wt % in the above 
glasses, even though they were prepared by adding a 
large amount of orthophosphoric acid, it is considered 
that the properties of the glass are not seriously effected 
by water. 

Density and Volume. The densities of these 
glasses are given in Figs. 1 and 2. In Fig. 1 the densities 
in the N a 2 0 - A l 2 0 3 - P 2 0 5 glasses with the same P 2 0 5 

contents are plotted vs. the A1 2 0 3 content; also in Fig. 2 
those in the K 2 0 - A 1 2 0 3 - P 2 0 5 glasses are similarly 
plotted. T h e density of the N a 2 0 glass was larger than 
that of the K 2 0 glass in the same composition. 

As shown in Figs. 1 and 2, a marked difference in the 
changes of the densities can be recognized between the 
glasses with a higher P 2 0 5 content and those with a 
lower P 2 0 5 content. T h e densities increased with an 
increase in the Al 2 O a content in the glasses in the 
N a 2 0 - A l 2 0 3 - P 2 0 5 system with 42.5 mol % of P 2 0 5 or 
more and those in the K 2 0 - A 1 2 0 3 - P 2 0 5 system with 
45 mol % of P 2 0 5 or more. O n the contrary, no 
increase of the densities was found in the glasses of 
32.5, 37.5 ( N a 2 0 system), and 40 mol % of P 2 0 5 

( K 2 0 system). Furthermore, the densities of the glasses 
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with a lower A1 2 0 3 content in both systems decreased 
with an increase in the P 2 0 5 content. In the glasses 
with 32.5, 37.5, and 40 mol % of P 2 0 5 , the P - O - P 
chain is changed to the P - O - A l chain by an increase 
in the A1 2 0 3 content.5) The density should tend to 
decrease rather than to increase because the N a 2 0 or 
K 2 0 content decreases with increasing amounts of 
A1 20 3 and also because the P - O - A l chain formed is 
not very long in such a glass. O n the other hand, the 
increase in the densities in the glasses with a higher 
P 2 0 5 content may be interpreted from the assumption 
that most of the Al3 + ions do not form the chain and 
network consisting of P - O - A l linkages. The Al3 + ions 
outside the P - O - P chain should easily strengthen the 
glass structure because the ionic field strength 
(Z i / ( r i+r 0 ) 2 ; where Zx: charge of cation, rx: radius 
of cation, r0 : radius of oxygen ion)10) of the Al3+ ion is 
much larger than that of the Na+ or K+ ion. I n addi­
tion, the decrease in the densities with an increase in 
the P 2 0 5 content in the glasses with a lower A1 2 0 3 

content may be interpreted from the following facts: 
an increase of P 0 4 groups having one nonbridging O 2 -

ion in each and decrease of Na+ or K+ ions tend to open 
the structure compared with that of the glass with a 
lower P 2 0 5 content. 

The molar volumes and the volumes per mole of 
oxygen in the N a 2 0 - A l 2 0 3 - P 2 0 5 glass are given in 
Figs. 3(a) and 3(b) and those in the K 2 0 - A 1 2 0 3 - P 2 0 5 

glass are given in Figs. 4(a) and 4(b) . The molar 
volumes increased with an increase in the P 2 0 5 content, 
while the volumes per mole of oxygen decreased. This 
indicates that the O 2 - ions are packed more closely 
together as the A1 2 0 3 and P 2 0 5 contents increased. I n 

15 20 25 
Al203/mol% 

Fig. 3, (a) Molar volume (V) and (b) volume per mole 
of oxygen ( V0) of Na20-Al203-P205 glass. 
A : 63 mol % P205 , A : 59—61 mol % P205 , ±: 55 mol 
% P205 , • : 49 mol % P205 , # : 42.5 mol % P205 , Q : 
37.5 mol % P205 , 3 : 32.5 mol % P205 . 

15 20 25 
Al203/mol% 

H 34 

o 
a 32 

CO 

0 30 

^ . 2 8 

26 

! 1 1 • 1 1 I 

• o ^ (h) 

• S ^ > ^ C^^T^-A^w^T^n ^-# w 

1 1 1 1 ! 1 
10 15 20 25 30 

Al203/mol? 

Fig. 4. (a) Molar volume ( V) and (b) volume per mole 
of oxygen (V0) of K 20-A1 20 3 -P 20 5 glass. 
A : 61—62 mol % P205 , ±: 55—56 mol % P205 , Q : 4$ 
mol % P205 , # : 45 mol % P205 , Q : 4 0 m o 1 % p

2 ° 5 -

the glasses with a lower P 2 0 5 content in both systems 
the molar volumes exhibited the tendency to increase 
slightly with an increase in the A1 2 0 3 content. 

Refractive Index and Molar Refraction. The 
refractive indices of the N a 2 0 - A l 2 0 3 - P 2 0 5 glass were 
in the range of 1.482—1.513 and those of the K 2 0 -
A 1 2 0 3 - P 2 0 5 glass were 1.474—1.501. The values 
increased with increasing amounts of A1 2 0 3 and P 2 0 5 , 
as shown in Figs. 5 and 6. The extent of the increase 
in the refractive indices with increasing amounts of 
A1 2 0 3 in the glasses with a higher P 2 0 5 content was 
much larger than that in the glasses with a lower P 2 0 5 

1.51 

1.50 

1.49 

1.48 r 

Al203/mol % 

Fig. 5. Refractive index (nD) of Na 2 0-Al 2 0 3 -P 2 0 5 glass. 
A : 63 mol % P205 , A : 59—61 mol % P2055 A.: 55 mol 
% P2055 • : 49 mol % P205 , # : 42.5 mol % P205 , Q : 
37.5 mol % P205 , 3 : 32.5 mol % P 20 5 . 
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1.50 h 

1.49 

1.48 

1.47 

Al203/mol % 

Fig. 6. Refractive index (/?D) of K 20-A1 20 3 -P 20 5 glass. 
A : 61—62 mol % P205 , ±: 55—56 mol % P2Ô5, Q : 49 
mol % P205 , « : 45 mol % P 2 0 5 , Q : 40 mol % P 20 5 . 

content. In the glasses with a lower A1 2 0 3 content in 
both systems, however, the increase in the refractive 
indices with an increase in the P 2 0 5 content was 
extremely small in the compositions with more than 
42.5 mol % of P 2 0 5 (Fig. 5) and 45 mol % of P 2 0 5 

(Fig. 6). 
O n the other hand, as shown in Figs. 7 and 8, the 

changes in the molar refractions vs. the A1 2 0 3 content 
were almost the same as those in the molar volumes of 
the glasses in both systems (Figs. 3(a) and 4(a)) . 

From the measurements of the chemical shift of the 
Al Ken line by X-ray emission spectroscopy, Sakka has 
reported that most of the Al3 + ions in the glasses with a 
higher P 2 0 5 content ( P / O ^ 0 . 3 3 ) are 6-fold coordinated, 
while those with a lower P 2 0 5 content ( P / O ^ 0 . 2 5 ) 
are 4-fold coordinated.2 '3) In the present investigation, 
the P /O ratios of the glasses with more than 42 mol % 
of P 2 0 5 are in the range of 0.28—0.35 and those of the 

Al203/mol % 

Fig. 7. Molar refraction (R) of Na 2 0-Al 2 0 3 -P 2 0 5 glass. 
A : 63 mol % P205 , A : 59—61 mol % P205 , JL: 55 mol 
% P205 , • : 49 mol % P205 , # : 42.5 mol % P205 , O : 
37.5 mol % P205 , O : 32.5 mol % P205 . 

Al203/mol % 

Fig. 8. Molar refraction (R) of K20-A1203-P205 glass. 
A : 61—62 mol % P205 , JL: 55—56 mof% P2Ö5, • : 49 
mol % P205 , # : 45 mol % P205 , Q • 40 mol % P205 . 

glasses with less than 42 mol % of P 2 0 5 are 0.22—0.30. 
Therefore, the above results concerning the densities as 
well as the refractive indices can also be related with 
the difference in the coordination number of the Al3+ 

ion. From the changes in the densities and refractive 
indices with increasing amounts of A1 20 3 shown in 
Figs. 1, 2, 5, and 6, it may be considered that the marked 
structural changes in the glasses with P 2 0 5 content take 
place between 37.5 and 42.5 mol % of P 2 O s in the 
N a 2 0 - A l 2 0 3 - P 2 0 5 system and also between 40 and 45 
mol % of P 2 0 5 in the K 2 0 - A 1 2 0 3 - P 2 0 5 system. There­
fore, in both systems the P 2 0 5 content of 41—42 mol % 
may be taken as the boundary composition where the 
structural change occurs. This is associated closely with 
the above-mentioned change in the coordination 
number of Al3 + ion between the glasses with a higher 
P 2 0 5 content and those with a lower P 2 0 5 content. 

Chemical Resistivity and Solubility of Glass. The 
chemical resistivities in hydrochloric acid in two series 
of the N a 2 0 - A l 2 0 3 - P 2 0 5 glasses with 37.5 mol % and 
59—61 mol % of P 2 0 5 are given in Fig. 9. Although 

Al203/mol % 

Fig. 9. Chemical resistivity of Na 2 0-Al 2 0 3 -P 2 0 5 glass in 
hydrochloric acid (Lw: weight loss). 
O : 37.5 mol % P205 , 1 mol/dm3 HCl, 25 °C, 1 h, A = 
59—61 mol % P205 , coned HCl, 50 °C, 1 h. 
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the glasses of both series are strengthened chemically 
with an increase in the A1 2 0 3 content, the resistivity of 
the glass with 59—61 mol % of P 2 0 5 is very much larger 
than that of the glass with 37.5 mol % of P 2 0 5 . This 
indicates that the strengthening of the structure by the 
incorporation of A1 2 0 3 is very effective in the glasses 
with a higher P 2 0 5 content. This seems to be due to the 
tightening of the structure by the Al 3 + ions outside the 
P - O - P network or chain in these glasses. 

TABLE 3. SOLUBILITY OF 52. 5NaaO • 10Al2O3 • 37. 5P205 

GLASS IN H 2 0 (25 °C) 

evh 
0 
1 
3 
5 

W % 
— 

14.51 
38.99 
59.30 

Al203/P205
d> 

0.27 
0.28 
0.29 
0.29 

b) /s is the shaking time, c) Lw is the weight loss, 
d) Molar ratio in the glass. 

TABLE 4. SOLUBILITY OF 42. 5Na20.20Al2O3 • 37. 5P2Os 

GLASS IN 0.5 mol/dm3 HCl (25 °G) 

s
b)/h £ w C ) / % Al203/P205

d) 

0 
1 
3 
5 
7 

— 
8.64 

21.75 
37.82 
48.12 

0.54 
0.53 
0.52 
0.52 
0.53 

b) *s is the shaking time, c) Lw is the weight loss, 
d) Molar ratio in the glass. 

Table 3 shows the solubility of the 5 2 . 5 N a 2 0 -
10Al2O3-37.5P2O5 glass in water and Table 4 shows 
that of the 4 2 . 5 N a 2 O 2 0 A l 2 0 3 - 3 7 . 5 P 2 0 5 glass in 0.5 
mol/dm3 hydrochloric acid. T h e increase in the weight 
loss of each glass is approximately proportional to the 
shaking time. The molar ratio A 1 2 0 3 / P 2 0 5 in the 
residual glass is substantially the same value as that in 
the original glass. These facts indicate that a network 
consisting of P 0 4 tetrahedra does not exist bu t short 
P - O - P or short P - O - A l chains exist in the glasses with 
a lower P 2 O s content, and thus the structure of such 
a glass may be taken as "aggregates of molecules." 
This is an important result for the structure of the 
glasses with a lower P 2 0 5 content. 

Infrared Spectra. The infrared absorption spectra 
of the N a 2 0 - A l 2 0 3 - P 2 0 5 and K 2 0 - A 1 2 0 3 - P 2 0 5 glasses 
are given in Figs. 10 and 11, respectively. Between the 
glasses with a higher P 2 0 5 content ((1), (2), and (3) in 
Figs. 10 and 11) and those with a lower P 2 0 5 content 
((4), (5), and (6) in Fig. 10; (4) and (5) in Fig. 11), 
the following marked differences are found in the 
absorption bands: the absorptions in 1300 c m - 1 (P=0 
stretching8 '11 '12 '13)) move to lower frequencies with 
decreasing P 2 0 5 content and those in 900 c m - 1 ( P - O - P 
stretching8-11 '12 '13)) to higher frequencies with increasing 
A1203 content, and also the absorptions in 1000 c m - 1 

( P 0 4
2 _ group8 '11 '12-13)) increase in intensity with 

increasing A1 2 0 3 content in the glasses with a lower 
P 2 0 5 content. These results show the structural changes 

9 10 11 12 

1500 1300 1100 900 700 

ff/cm-1 

Fig. 10. Infrared spectra of Na 2 0-Al 2 0 3 -P 3 0 5 glass (T : 
transmittance, a: wave number). 
(1) 29.24Na20- 10.78Al2O3.59.98P2O5, 
(2) 20.86Na2O • 18.70Al2O3 • 60.43P2O5, 
(3) 39.99NaaO • 9.81A1203.49.20P2O5, 
(4) 52.5Na20 • 10Al2O3 • 37.5P205, 
(5) 42.5Na2O-20Al2O3.37.5P2O5, 
(6) 47.5Na2O-20Al2O3.32.5P2O5. 

A/(xm 

1500 1300 900 700 1100 

a/cm -1 

Fig. 11. Infrared spectra of K 20-A1 20 3-P 20 5 glass (T : 
transmittance, a: wave number). 
(2) 27.68K20- 10.20Al2O3.62.12P2O5, 
(2) 21.41K20.17.34AL>03.61.25P205, 
(3) 40.67K2O • 9.95A12Ô3.49.38P205, 
(4) 50K2O • 10Al2O3 • 40P2O5, 
(5) 40K2O-20Al2Cv40P2O5. 

of the glasses corresponding to the variation of P 2 0 5 

and A1 2 0 3 contents. Especially in the glasses with a 
lower P 2 0 5 content the infrared spectra indicate the 
change of the short P - O - P chain to the short P - O - A l 
chain with increasing amounts of Al 2 O a . 

From the changes in the properties described above 
and the coordination number of the Al3+ ion in phos-
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phatc glass,2»3) the structure of alkali aluminophosphate 
glass may be considered to be as follows: the glasses 
with a higher P 2 0 5 content consist of a network or long 
chain of P 0 4 tetrahedra, Al3+, and alkali metal ions, 
while those with a lower P 2 0 5 content are formed from 
random aggregates of short P - O - P chains, Al3 + , and 
alkali metal ions (low A1 2 0 3 glass) or random aggregates 
of short P - O - A l chains of P 0 4 and A10 4 tetrahedra 
and alkali metal ions (high A1 2 0 3 glass). 

The author wishes to thank Associate Professor Makio 
Kinoshita of Sophia University for his interest and 
encouragement. 
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Complexation Equilibria of Vanadium (V) with 8-Quinolinolate 
in Aqueous Solutions 
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The complexation equilibria of vanadium (V) with 8-quinolinolate ion (ox-) were investigated spectrophoto-
metrically. Depending upon the acidity of the solution various 1: 1 and 1: 2 complexes are formed: V03ox2~, 
V03Hox~, V02ox, and V02ox2~. The formation and protonation constants of these complexes are discussed in 
terms of their structures. 

Vanadium (V) reacts with 8-quinolinol (Hox) to give 
a black precipitate in weakly acidic solution. This 
complex has been identified to be V 2 0 3 ox 4 or V O ( O H ) -
ox2 from the vanadium content.1 - 5) This complex, 
reacting with alcohols ( R O H ) , gives rise to a red 
complex, of which the structure has been established 
as VO(OR)ox 2 by X-ray study.6) Furthermore, a yellow 
precipitate has also been isolated from nearly neutral 
solution, for which the composition N a V 0 2 o x 2 has been 
given according to the elemental analysis.1 '4 '7) It seems 
interesting to make it clear why the protonation of 
NaV0 2 ox 2 causes such a pronounced color change. 

The solvent extraction of vanadium (V) with 8-
quinolinol has also revealed the metal to ligand ratio 
of 1: 2, from which the composition of V O ( O H ) o x 2 has 
been given to the black extracted species.8,9) This 
extraction system has been utilized to determine the 
hydrolysis constants of dioxovanadium(V).9 , 1 0) In 
these studies no complexed species being assumed in the 
aqueous phase, it is sometimes indispensable to take 
into account the formation of lower complexes especially 
in the extraction of multivalent metals.11 '12) Vanadium-
(V) itself tends to be hydrolyzed and is correspondingly 
expected to form various 1: 1 and 1: 2 complexes with 
8-quinolinolate of various degree of hydrolysis. T h e 
complexation reactions of Mo(VI) and W(VI) with 
8-quinolinolate were studied under limited condi­
tions.13) However, the stepwise complex formation of 
multivalent ions has been little studied. 

In order to understand the complexation reaction and 
the extraction behavior of vanadium (V) with 8-
quinolinol, we first study the complexation reaction of 
vanadium (V) with 8-quinolinolate under conditions 
where no black precipitate appears in the aqueous 
solution. 

Exper imenta l 

Reagent. Dioxovanadium(V) Perchlorate: Ammonium 
metavanadate, recrystallized from isothermally distilled ammo­
nia, was dissolved in sodium hydroxide solution. Then the 
solution was heated with nitrogen gas bubbling to expell 
ammonia. After cooling, perchloric acid was added to obtain 
dioxovanadium(V) Perchlorate solution, which was stand­
ardized titrimetrically against a standard potassium perman­
ganate solution. 

8-Quinolinol: Reagent grade 8-quinolinol was recrystallized 
twice from aqueous acetone. 

The method of preparation of sodium Perchlorate and 
sodium hydroxide has been described previously.1 *) 

Measurement. All the experiments were carried out in 

a room thermostated at 25^0.5 °C. All the measurements 
were performed in a thermoelectric circulating bath thermo­
stated at 25^0.1 °C. The ionic strength was maintained at 
1.00 mol dm - 3 with sodium Perchlorate. Spectrophotometric 
measurements were performed on a UNION High Sens 
Spectrophotometer SM-401 with a thermostated cell compart­
ment. Hydrogen ion concentration was determined by a 
Radiometer pH meter (PHM 22 type) with a Radiometer 
glass electrode (G 202 C type) and a calomel electrode filled 
with a saturated sodium chloride as an internal solution. A 
1.00 X 10~3 mol dm - 3 perchloric acid solution of ionic strength 
1 mol dm - 3 was used as a standard of hydrogen ion concen­
tration: — log [H+] = 2.00. The change of a liquid-junction 
potential was taken into account.14) 

In order to avoid the polymerization of vanadium (V),15) 

it is indispensable to control the total concentration of 
vanadium (V), to observe the order of mixing various solu­
tions, and to stir the solution vigorously. All the experiments 
have been carried out under conditions where no polymerized 
species occurs. The formation of polymers was always moni­
tored by the near ultraviolet and visible spectra. 

R e s u l t s 

Protonation Equilibria of 8-Quinolinolate Ion. T h e 
protonation equilibria of 8-quinolinolate are expressed 
by Eqs. 1 and 2 : 

ox" + H+ « = • Hox 

ÄH20X 
Hox + H+ <=± H,oxH 

(1) 

(2) 

The absorbance at 350 nm of the solution containing 
3.91 X 10 - 4 mol d m - 3 8-quinolinol was plotted against 
— log[H + ] . According to the plot we have two equilibria, 
which are separated enough to treat them as two 
independent steps. The plot was compared with a set 
of normalized curves; A^=log x, Y=al(\-\-x). The 
values of the protonation constants and the molar 
extinction coefficients obtained are as follows: 

log*H,o* = 5.36 ± 0.02; eH,ox = 1560; 

logKUox = 9.43 ± 0 . 0 2 ; eKox = 260; 

sox = 2710 

at 2 5 ± 0 . 1 °C and at an ionic strength of 1.0(NaClO4). 
Protonation Equilibrium of Hydrogen Orthovanadate Ion. 

The protonation of hydrogen orthovanadate ion is 
expressed by Eq. 3:16) 

HV0 4
2 " + H+ «=± VO3- (3) 

The ultraviolet spectra of the solutions containing about 



1644 Akio YUCHI, Shinkichi YAMADA, and Motoharu TANAKA [Vol. 52, No. 6 

5 x 10~4 mol d m - 3 vanadium (V) were measured at 
various hydrogen ion concentrations. A distinct isosbes-
tic point is observed at 290 n m over the range of —log 
[H+] = 7.6—10. The deviation of the isosbestic point at 
—log [H+] value lower than 7.6 was thought to be due 
to the formation of polymers. The absorbance change 
at 265 nm was plotted against —log [H~*~] over the range 
of —log [H+] = 7.6—10. The plot was compared with 
a normalized curve; X=logx, Y=a/(\-{-x) and we 
obtained log KYOt=8.07^0.06. The value obtained by 
Schwarzenbach and Geier (log ^ V o , = 8 . 0 4 at 20 °C 
and 1 mol d m - 3 KCl)17) agrees with ours. 

Fig. 1. Absorbance change at 350 nm as a function of 
- l og [H+] . C v =1.39x l0 - 3 moldm- 3 , CHox = 3.93x 
10~4 mol dm~3. The solid line: the calculated curve 
with the constants obtained; the dotted line: data in 
the absence of vanadium (V). 

Complexation Equilibria. The absorbance at 350 
nm of the solution containing 1.39 X 10~3 mol d m - 3 

vanadium(V) and 3.93 X 10~4 mol d m - 3 8-quinolinol 
was plotted against —log [H + ] (Fig. 1). T h e absorbance 
change under the same conditions without vanadium(V) 
is also shown by the dotted line. Thus the difference 
between these two lines can be ascribed to the complex 
formation. 

In the presence of an excess amount of vanadium (V), 
the formation of only 1: 1 complex is anticipated and 
the equilibrium is generally expressed by Eq . 4 : 

H V 0 4
2 - + mU+ + ox-

ßlml 

=± V04Hm+1ox (»-"•) " (4) 

where m is the number of protons involved in the 
complexation reaction and ßlml is the overall formation 
constant of the species formed. We have Eqs. 5 and 6: 

A-A' 
£ l m l ^ H o x - ^ 

[HV042~] = 

[HV04
2-][H+]w 

Cv- A-A' 
r-A ' X QlOX j 

(5) 

(6) 

where A and Ä are observed absorbances in the presence 
and in the absence of vanadium (V), respectively, CHox 
and Cy are the total concentration of 8-quinolinol and 
vanadium (V), respectively, and oc0x and aHvo« are the 
side reaction coefficients taking into account the proto­
nation reaction of 8-quinolinolate ion and hydrogenor-
thovanadate ion, respectively. At 350 nm the molar 

extinction coefficients of the uncomplexed vanadium (V) 
species are negligibly small as compared with those of 
the complexes and the ligand. (log {{A —A')l(elmlCHox— 
A))— log [ H V 0 4

2 ~ ] + l o g <Xox) being plotted against 
—log [H+], a straight line with a slope of m and an 
intercept of log ßlml will be obtained, provided only 
one complex is involved in reaction given by Eq. 4. 

8 10 11 9 
-logtHl 

Fig. 2. Determination of the formation constants of 
vanadium(V)-8-quinolinolate complexes. Plot of log 
((A-A')/(elmlCUox-A))-log [HVCV-] + log aox vs. 
- l o g [H+]. 

The slope of the plot is close to 2 at lower value of 
—log [H+], while at higher value of —log [H+ ] it tends 
to be unity (Fig. 2). This points to the formation of two 
types of 1: 1 complex, namely V 0 3 H o x _ and V0 3ox 2~. 
The complex is now described not to have more than 1 
proton by the repeated elimination of two protons with 
one oxo group as one water (see Discussion). The 
overall formation constants and the molar extinction 
coefficients obtained by the graphical plot were refined 
with an electronic computer to have the following 
values : 

log Aal = 22.1 ± 0 . 1 ; c121 = eVOlH 3830=t50; 

logAui = 1 2 . 8 + 0 . 1 ; eni = eVOlOX = 3650±100. 

The data for the solution containing 1.48 X 10~4 mol 
d m - 3 vanadium(V) and 7.82 X 10~5 mol dm~3 8-
quinolinol are also well interpreted with the above 
constants. This confirms the absence of polymerization 
under the present experimental conditions: the above 
results are regarded as reliable. 

Equilibria in more acidic media were studied by 
decreasing the total concentrations of vanadium (V) and 
8-quinolinol to 5.92 X 10~5 and 3.13 X 10~5 mol dm~3, 
respectively, the polymerization of vanadium (V) being 
avoided. T h e absorbance of the solution at 400 nm was 
measured at various hydrogen ion concentration and 
plotted against —log [H + ] (Fig. 3). Under these con­
ditions protonation equilibria of vanadium(V), Eqs. 7 
and 8, must also be considered :18> 
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O.O61 

2 3 A 5 6 7 
-logM*] 

Fig. 3. Absorbance change at 400 nm as a function of 
- l o g [H+]. C v -5 .92x 10-5 mol dm"3, CHox = 3.13x 
10~5 mol dm - 3 . The solid line: the calculated curve 
with the constants obtained; the dotted line; the calcu­
lated curve without taking into account the formation 
ofV02ox. 

V 0 3 - + H+ 
KH 

H V 0 3 (7) 

H V 0 3 + H+ <=> V 0 2
+ (8) 

The assumption of V 0 3 H o x ~ as a sole species leads 
to the deviation at lower value of —log [H + ] as shown 
by the dotted line in Fig. 3. This deviation points to the 
formation of a further protonated species, for example 
V 0 2 o x . The combination of the formation constants 
and the molar extinction coefficients of the above two 
protonated species, V 0 3 H o x ~ and V 0 2 o x , leads to the 
best fit curve indicated by the full line in Fig. 3 with the 
following : 

logA81 = 2 7 . 5 ± 0 . 1 ; e m = eWOtOX = 1100±50. 

The absorbance at 350 nm of the solution containing 
7.00 X 10~5 mol d m - 3 vanadium(V) and 3.91 x 10~4 mol 
d m - 3 8-quinolinol was plotted against —log [H+] 

1.0r 

S 
o0.5 

1 

O n 

1 1 

... 

1 

— 1 

,''' 

/ 

r^ 

8 
-logM*] 

10 

Fig. 4. Absorbance change at 350 nm as a function of 
- l o g [H+]. Cv=7.00x 10-5 mol dm"3, CHox = 2.91 X 
10~4 mol dm~3. The solid line: the calculated curve 
with the constants obtained; the dotted line: data in 
the absence of vanadium (V). 

(Fig. 4). In the presence of excess amounts of 8-
quinolinol the formation of 1: 2 complex is also anti­
cipated : 

ßim.2 

HV04
2~ + mH+ + 2ox- <=> V04Hm+1ox2<4—>- (9) 

I t was revealed that in addition to 1: 1 complexes 
only V 0 2 o x 2

_ with m = 3 forms. The combination of the 
overall formation constant and the molar extinction 
coefficient giving a minimum error square sum is as 
follows : 

log&32 = 3 6 . 0 ± 0 . 1 ; e132 = eVOtOXt = 7660±100. 

D i s c u s s i o n 

Species identified in this study are represented in 
Scheme 1 together with pKa and logarithmic formation 
constants. 18>19> 

In Scheme 1 the changes from left to right correspond 
to hydrolytic reactions and the changes from upper to 
lower complexation reactions. I t can be seen that the 
complexation ability decreases with increasing degree 
of hydrolysis of vanadium (V) : the formation constant 
of V 0 3 o x 2 - is 105-6 times as low as that of V 0 3 H o x ~ . 
The same trend has been observed in the complexation 
of tungsten(VI) with 8-quinolinolate,13) where the 
formation constant of W 0 4 H o x 2 _ is 105-6 times as low 

as evident from the following as that 
scheme : 

of WO3OX-

H 2 W0 4 

WOoOx-

3.5 2.3 
wo4

2-

9.1 

H W 0 4 -

i i -
W04Hox2~ 

This difference is mainly at tr ibutable to the effect of 
charge and the number of oxo groups. 

The formation constants of the dioxovanadium 
complexes with various ligands are summarized in 
Table 1, in which 2 P^a>

 t n e summation of the loga-

TABLE 1. FORMATION CONSTANTS OF DIOXOVANADIUM 

COMPLEXES WITH VARIOUS LIGANDS AT 2 5 ° G 

Numbei 

1 
2 
3 
4 
5 
6 
7 

* Ligand 

edda2-

nta 3 -

mida2 ~ 
pda2* 
edta4-
nta 3 -

2ox-

Ionic strength 
mol dm - 3 

1.0(NaClO4) 
1.0(NaClO4) 
1.0(NaClO4) 
1.0(NaClO4) 
3.0(NaClO4) 
3.0(NaClO4) 
1.0(NaClO4) 

logß 

14.5 
13.8 
10.2 
8.7 

15.5 
13.8 
21.0 

2 P * a 

20.5 
14.5 
13.4 
7.3 

20.3 
15.1 
29.6 

Reference 

14 
14 
14 
20 
21 
21 

this work 

edda2-, nta3- , mida2-, pda2~ and edta4- denote ethyl-
enediamine-iVjiV'-diacetate, nitrilotriacetate, iV-methyl-
iminodiacetate, 2,6-pyridinedicarboxylate and ethyl-
enediamine-iV, N, N', N'-tetraacetate, respectively. 

3.2 3.8 8.1 

black 
ppt. * 

v o 2
+ <=> H V O 3 ^ = > VO3-

H"4
 5 3 I10'3

 93 i l " 
VOoOx ^ = > V O 3 H 0 X - ^ z = > VO3OX2-

i i -
V02ox2 

Scheme 1. 

HV04
2~ vo4

3~ 
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VO(OH)3(OH2)2 ^ ± VOa(OH)2(OH2)2- £L V0 3 (OH)(OH g )^" ^± V0 4
3 " 

1.8 0.3 -1 .0 

VO(OH)2ox(OH2) <=t V02(OH)ox(OH2)~ <=± V03ox(OH2)2-

[not V02ox(OH2)2] h [not V02(OH)2ox2"] 

VOoOXo" 

Scheme 2. 

ri thmic stepwise protonation constants for the donor 
atoms which actually coordinate to the central metal , 
is also listed. When the overall formation constant is 
plotted against 2 P-^a? a fairly good linear relationship 
is observed (Fig. 5).22) 

20 

10 

i 

^ 

</** 

5 ^ ^ ^ 

^ 

1 

, 

^ ^ 7 1 

0 10 20 30 
:pKc 

Fig. 5. Correlation of the overall formation constant of 
vanadium (V) complex with ^J pATa of the ligand. For 
the number Table 1 should be referred to. 

In order to compare pKa values Scheme 1 is rewritten 
as Scheme 2 with probable structures23) and logarithmic 
constants. I n Scheme 2 the species are arranged to 
have a same charge in a row. So the change from upper 
to lower is the substitution reaction of hydroxo group by 
8-quinolinolate. VO a ox and V 0 3 o x 2 - have more than 
one possible structures. 

The pKa of a neutral acid of the formula H a X O a + 1 , 
which have one oxo group, lies in the range of 2—3 and 
increases by 4—5 for each successive proton dissociation 
with increase of oxo groups.25 '26) Vanadic acid belongs 
to this category and can be described as V O ( O H ) 3 -
(OH 2 ) 2 , which gives rise to V 0 2 ( 0 H ) 2 ( 0 H 2 ) 2

_ and 
V 0 3 ( 0 H ) ( 0 H 2 ) 2

2 - upon proton dissociation. T h e 
formulation V O ( O H ) 4 ( O H 2 ) " for metavanadate ion10) 
seems unlikely. 

When pKa values of complexes are compared with 
those of the corresponding vanadic acid, nearly the same 
difference is observed: 3.8 as compared to 5.3 for the 
first proton dissociation (difference of 1.5) and 8.1 as 
compared to 9.3 for the second proton dissociation 
(difference of 1.2). These differences may be ascribed 
to the difference in electron donating ability between 
hydroxide and 8-quinolinolate. Thus we may conclude 
that the change in the number of oxo groups during the 
hydrolysis of the complex is the same as in the proton 
dissociation of vanadic acid and that the skeleton of 

vanadium (V) species is retained during the complexa-
tion. Thus V 0 2 o x is VO(OH) 2 ox(OH 2 ) and not 
V 0 2 o x ( O H 2 ) 2 ) and V 0 3 o x 2 - is V 0 3 o x ( O H 2 ) 2 - and not 
V 0 2 ( O H ) 2 o x 2 - . 

Furthermore, this Scheme suggests that the constant 
of the substitution reaction of one hydroxide by 8-
quinolinolate is largely affected by the number of 
coordinated oxo groups: 1.8 for VO(OH) 2 ox , 0.3 for 
V 0 2 ( O H ) o x - and —1.0 for V 0 3 o x 2 - . O n the other 
hand, the coordinated 8-quinolinolate does not affect 
much the subsequent coordination of the same ligand : 
0.3 for V 0 2 ( O H ) o x _ as compared to 0.1 for V0 2 ox 2 ~ 
in Scheme 2. 

The pKa values are also available for iV-methylimino-
diacetato and 2,6-pyridinedicarboxylato complexes:14 '20) 

V02(mida)(OH2)- ? = > V02(mida)(OH)2- + H+ 

P# a = 6.13 ± 0 . 0 5 

V02(pda)(OH2)- <=> V02(pda)(OH)2- + H+ 

p# a = 5.87 ± 0 . 0 2 

However these reactions involving no increase of oxo 
groups, they can not be discussed on the same ground 
as in the present case. 

Among the species which have been identified, 
V0 3 ox 2 ~, V 0 3 H o x ~ , and V 0 2 o x 2

- have the absorption 
maximum at 363 n m . O n the survey of ultraviolet and 
visible spectra of various metal 8-quinolinolate com­
plexes, it is noticed that the absorption maximum 
depends upon the oxidation number of metal ions, e.g. 
410—460 nm for Mox2 , 380—420 nm for Mox3 , 380 nm 
for Mox4 , and 360—370 n m for M 0 2 o x 2 (hexavalent).27) 
Vanad ium (V) complexes mentioned above are well 
lined up in this series, whereas the black complex has 
absorption maximum at 550 nm. O n the other hand 
complexes with the dimeric M o 2 0 3

4 + unit have a fairly 
strong absorption maximum near 510 nm and mono-
meric species containing the same ligand do not.28) 
This absorption maximum is at tr ibutable to the oxo 
bridged structure of molybdenum and the absorption 
maximum at 550 nm for the black vanadium(V) 
complexes also seems to be ascribed to the oxo bridged 
dimeric structure. T h e dimeric structure of black 
vanadium (V) 8-quinolinolate has recently been estab­
lished by the solvent extraction in our laboratory. 
Details on this point will be shortly published elsewhere. 
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Circular Dichroism and Stereochemistry of Tetranuclear Cobalt(III) 
Complexes of Hexol Type. I. Dodecaammine-hexa-ju-hydroxo-

tetracobalt(III) Ion, [Co{(OH)2Co(NH3)4}3]6+ 
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From the circular dichroism spectra of optically active dodecaammine-hexa-/*-hydroxo-tetracobalt(III) ion, 
( + )589_[Co{(OH)2Co(NH3)4}3]6 + , measured in the visible and ultraviolet region in several solvents such as 
0.01M-HC1 and 0.17M-Na2SeO3 , the d-d transitions of the complex are assigned in consideration of the ion-pairing 
effect. T h e absolute configuration of ( + )589 isomer is assigned as A based upon a negative sign of the E a component 
for the C o 0 6 chromophore. T h e circular dichroism change by the ion-pairing is a t t r ibuted to the vicinal effect of 
chiral oxygen centers stereospecifically produced by the ion-pair formation, and the importance of the oxy­
gen chirality is discussed on the basis of the time-course of circular dichroism change in the solutions. 

D o d e c a a m m i n e - h e x a - j u - h y d r o x o - t e t r a c o b a l t ( I I I ) c o m ­
p l ex salt w a s firstly p r e p a r e d b y J ö r g e n s e n , 1 ) a n d w a s 
reso lved i n t o o p t i c a l i somers as t h e first p u r e l y i n o r g a n i c 
c o m p l e x b y W e r n e r , 2 ) w h o n a m e d t h e c o m p l e x " h e x o l " 
af ter t h e b r i d g i n g l i g a n d s . T h e s t r u c t u r e of t h e po ly -
n u c l e a r c a t i o n h a s b e e n e s t ab l i shed b y a n X - r a y c rys ta l 
s t r u c t u r e ana lys i s of t h e r a c e m i c c h l o r i d e salt ,3) a n d 
t h e r e h a v e b e e n d o n e severa l i nves t iga t ions c o n c e r n i n g 
t h e o p t i c a l ac t iv i ty of t h e reso lved i somers a n d r e l a t e d 
h e x a - ^ - h y d r o x o - t e t r a c o b a l t ( I I I ) t y p e c o m p l e x i o n s . 2 , 4 - 7 ) 
H e r e t o f o r e t h e r e h a v e b e e n t w o dif ferent a s s i g n m e n t s 
for t h e a b s o l u t e c o n f i g u r a t i o n of this t y p e of c o m ­
plexes. 5 ' 7) T o solve t h e p r o b l e m , a d e t a i l e d C D inves­
t i g a t i o n of t h e d o d e c a a m m i n e - h e x a - ^ - h y d r o x o - t e t r a -
c o b a l t ( I I I ) i on , [ C o { ( O H ) 2 C o ( N H 3 ) J 3 ] 6 + , w h i c h is t h e 
mos t bas ic of this t y p e of c o m p l e x e s , wi l l b e r e p o r t e d 
i n t h e p r e sen t p a p e r ; t h e a b s o l u t e c o n f i g u r a t i o n wi l l 
b e d e t e r m i n e d m a i n l y o n t h e bas is of t h e effect of ion -
p a i r i n g o n t h e C D s p e c t r a . 

E x p e r i m e n t a l 

Preparation and Optical Resolution. (1) \Co\fOH)%Co-
(NH3)4}3]Cl6 • 6H20 : The sulfate salt [Co{(OH) 2 Co(NH 3 ) 4 } 3 ] -
( S 0 4 ) 3 - 4 H 2 0 which was prepared by an established method8) 
was converted into the chloride salt by treating with BaCl2. 
Found : H , 6.13; N, 19.29; Gl, 25.05 % . Galcd for H4206N12"-
C l 6 C o 4 . 6 H 2 0 : H , 6 .31; N, 19.48; Gl, 24 .65%. 

(2) ( + )^-VCo{(OH),Co(NH3)iys\(ClOi),-2.5H2O-0.5-
NaClO^ : The optical resolution was achieved by a modification 
of the procedure of Goodwin et al.,^ which was for the corre­
sponding ethylenediamine complex [Co-{(OH)2Co(en)2}-3]6 ' . 
The racemic chloride hexahydrate (2.00 g, 2.32 X 10~3 mol) 
was dissolved in 200 cm3 of cold water, and to this dark brown 
solution the first quar te r of cold solution of Na2[Sb2(<i-C4H2-
O f i ) 2 ] . 2 . 5 H 2 0 (2.18 g, 3 .48X10- 3 mol) in 160 cm3 of water 
was added dropwise with stirring. Dur ing the reaction the 
vessel was cooled in an icebath. A voluminous pale-brown 
precipitate of the less soluble diastereoisomer deposited, which 
was filtered, washed with cold water, and air-dried. The 
filtrate was again cooled in an icebath, whereupon the second 
quar ter of [Sb2(<i-C4H206)2]2- solution was added to it, and 
the second fraction of the diastereoisomer was obtained. T h e 
procedure was repeated 4 times in total. T h e t ime for the 
separation of each fraction did not exceed 20 min. 

Each fraction was converted into the Perchlorate as follows. 

A mixture of the less soluble diastereoisomer and solid NaC10 4 

(ca. 2 g) was ground up finely in a mortar , and then to this 
mixture was added 7 cm3 of ice-cold water which was in 
advance acidified to p H 5 with HGIO, . This mixture was 
rubbed with a pestle, the vessel being cooled in an ice bath. 
The resulting mixture was filtered, washed with an ethanol-
water (2 :1 ) mixture, ethanol and then ether. The brown 
violet powdery crystals were dried in a vacuum desiccator 
over CaCL,. The Ae614 values of the fractions were —13.5, 
— 12.9, —6.23, and —1.35 in the order of precipitation. In 
other experiments the racemic compound was treated to yield 
8 fractions or 16 fractions. But the Ae614 value of each the 
first fraction was same as that described above (Ae6i4 = — 13.5). 
Found : H , 3.78, N, 1 3 . 5 6 % . Calcd for H4 2O3 0N1 2Cl6Co4 • 
2 .5H 2 O-0 .5NaClO 4 : H , 3.80; N, 13.50 % . 

Measurement. The visible and ultraviolet absorption 
measurements were made by a Shimadzu UV-200 spectro­
photometer. T h e C D spectra were recorded on a J A S C O 
MOE-1 spectropolarimeter. T h e time-course of CD change 
was followed at 614 and 505 nm in H 2 0 , 0.01M-HC1, 0.17M-
N a 2 S e 0 3 , 0.17M-Na2 tart , 0.17M-H2 tart , and N a O H aqueous 
solutions (pH 8.1 and 10.4) at 22 °C (tart stands for ( + )58ö-
tartrate(2 —) ion). T h e time-course of absorption change 
was followed at 625 and 505 nm in each case. The CD 
measurements in 0.17M-Na2SeO3 were made with the solu­
tions prepared freshly every about 10 minutes, and the CD 
curve was obtained by extrapolating the spectra back to zero 
time. 

R e s u l t s a n d D i s c u s s i o n 

T h e a b s o r p t i o n a n d C D spec t r a a r e s h o w n in Fig . 1 
a n d t h e n u m e r i c a l d a t a in T a b l e 1. S ince m u t a r o t a t i o n 
of this c o m p l e x w a s ve ry fast in w a t e r , t h e C D spec t r a 
w e r e m e a s u r e d in 0 . 0 1 M - H C 1 so lu t ion , in w h i c h the 
c o m p l e x is c o n s i d e r a b l y s t ab l e for t h e m u t a r o t a t i o n . 
T h e C D s p e c t r a i n 0 . 1 7 M - N a 2 S e O 3 w e r e o b t a i n e d b y 
e x t r a p o l a t i n g t h e o b s e r v e d Ae va lue s b a c k to ze ro t i m e . 
T h e d o d e c a a m m i n e - h e x a - / / - h y d r o x o - t e t r a c o b a l t ( I I I ) 
ion , [ C o { ( O H ) 2 C o ( N H 3 ) 4 } 3 ] 6 h , is r e g a r d e d as c o m p o s e d 
of a C o ( O H ) 6 a n d t h r e e C o ( O H ) 2 ( N H 3 ) 4 c h r o m o p h o r e s . 
I n t h e fo l lowing discussion t h e f o r m e r c h r o m o p h o r e wil l 
b e a b b r e v i a t e d to C o 0 6 o n e , a n d t h e l a t t e r to C o N 4 0 . 2 

o n e . T h e C o 0 6 c h r o m o p h o r e h a s a conf igura t iona l 
ch i r a l i t y , A o r A, d u e to t h e t r i s -che la te t ype s t r u c t u r e 
of t h e w h o l e c o m p l e x , w h i l e e a c h t h e C o N 4 0 2 c h r o m o -
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15 20 25 30 35 40 45 50 

ff/Wcm-1 

Fig. 1. Absorption and CD curves of ( + )589-[Co{(OH)2-
Co(NH3)3}3]

6+ in 0.01 M-HC1 ( ) and 0.17 M-
Na2Se63 ( ). 

TABLE 1. THE ABSORPTION AND CD DATA OF ( + )68a-

[Co{(OH)2Co(NH3)4}3]6+ (Wave numbers are given 
in lO^m-1 unit and loge or Ae values (in 

parentheses) mol - 1 dm3 cm - 1). 

solvent 

0.01M-HC1 

0.17M-Na2SeO3 

ffmax 

( 
15.97 
19.86 

32.21 

Us. 90 

16.27 
19.76 

31.85 

(log e) 

(2.15) 
(2.36) 

(3.70) 

(4.64) 

(2.13) 
(2.39) 

(3.70) 

*ext 

14.47 
16.28 
19.78 
25.44 
32.00 
41.20 
46.00 
14.61 
16.30 
19.60 
25.09 
31.55 
40.40 

(As) 

( + 2.07) 
( - 1 3 . 5 ) 
(+11 .3 ) 
( - 0.29) 
(+10.0 ) 
( + 34.4 ) 
( - 6 7 . 1 ) 
( + 2.63) 
( - 1 0 . 8 ) 
(+11.9 ) 
( - 1.34) 
( + 6.65) 
(+19.9 ) 

phore itself has no chirality. 
The first and second d-d transition bands of 

[Co(H20)G]3<- are located at 16500 and 24700 cm"1 , 
respectively,9) and those of m- [Co(NH 3 ) 4 (H 2 0) 2 ] 3 + at 
19900 and 28100 cm- 1 . Therefore, the absorption bands 
of [Co{(OH)2Co(NH3)4}3]6+ at 15970 and 19860 cm" 1 

in 0.01M-HC1 are assigned to the first d-d transition 
bands of G o 0 6 and C o N 4 0 2 chromophores, respectively. 
The second d-d transition bands of both chromophores 
seem to be masked by an intense band at 32210 cm- 1 , 
which is due to the charge transfer transition from the 
O H bridge group to the central metal , pn (0 ) -»e g (Co) . 
These assignments of the absorption bands are consistent 
with earlier assignments for those of similar hexa-/;-
hydroxo-tetracobalt(III) type ions.5-7) 

Upon going from in 0.01M-HC1 to in 0 .17M-Na 2Se0 3 , 
the peak of the first d-d absorption band of C o 0 6 

chromophore shifted to higher energy side, while the 
peak of C o N 4 0 2 chromophores to lower energy side. 
The charge transfer band shifted to lower energy side. 
For the CD spectra, the intensity of the longer wave­
length extremum of C o 0 6 chromophore increased with 
shifting to higher energy side, but the intensity of the 
shorter wavelength one of C o 0 6 chromophore dras­
tically decreased without shifting. The CD band of 
C o N 4 0 2 chromophore shifted to lower energy side and 
the intensity increased slightly. Both CD bands at 
about 32000 and 41000 cm- 1 shifted to lower energy 
side and their intensities decreased. 

I t has been well known that the CD spectra of A-
[Co(en)3]3+ with D 3 symmetry show strong ion-pairing 
effect in the region of the first d-d absorption band when 
a kind of oxoanion species such as P 0 4

3 ~ or S e 0 3
2 _ is 

added; the CD intensity of E a component of the first 
d-d transition decreases, and those of A2 component of 
the first d-d transition and E b component of the second 
d-d transition increase.10-12) Mason and Norman 
proposed that hydrogen bonds played an important 
role in the ion-pair formation between P 0 4

3 _ and 
[Co(en)3]3+,11) and this view has been supported by an 
X-ray crystal structure analysis of [Co(en) 3 ] 2 (HP0 4 ) 3 -
9H 2 0 1 3 ) and another CD study of [Co{l , l , l - t r is (2-
aminoethylaminomethyl) ethane}] 3+.14) In a similar 
way, hydrogen bonds may occur between S e 0 3

2 " and 
the O H bridge groups of [Co{(OH)2Co(NH3)4}3]6+, 
because a set of three O H groups is available each on 
the upper face and below the downward face of the 
ion of D 3 symmetry. The CD intensities increased at 
the bands of 14500, 19800, and 25400 cm"1 , while 
decreased at the band of 16300 c m - 1 (Fig. 1 and 
Table 1). Therefore, the bands at 14500 and 16300 
c m - 1 can be assigned to A2 and E a component of the 
CoO e chromophore respectively. 

< - 2 

a/lO'^cm-1 

Fig. 2. The ion-pairing effect curve, {Ae(in 0.i7M-Na!Seo,) 
- A e ( i n 0 0 1 M _ H C I ) } , ( ) (the left ordinate), and CD 
curve of ( + )589-[Co{(OH)2Co(NH3)4}3]6+ in 0.01 M-
HC1 ( ) and its component curves separated by 
curve analysis ( ) (the right ordinate). 
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Figure 2 shows the difference CD curve between in 
0.01M-HC1 and in 0.17M-Na2SeO3 ; this presents the 
ion-pairing effect of Se0 3

2 ~ ion on the CD of (+) 5 8 9-
[Co{(OH) 2Co(NH 3 ) 4} 3 ] 6 + . The curve have six extrema 
at 14200, 16000, 19600, 21600, 24600, and 27800 c m - 1 

in the d-d transition region. The first and next extrema, 
at 14200 and 16000 c m - 1 , correspond to the increment 
of the positive A2 component and the decrement of 
the negative E a component, respectively, of the first 
d-d transition of C o 0 6 chromophore. The extrema at 
19600 and 21600 c m - 1 correspond to the first d-d 
transition components of C o N 4 0 2 chromophores, and 
it seems that the last two extrema, at 24600 and 27800 
c m - 1 , correspond to the second d-d transition com­
ponents of C o 0 6 or C o N 4 0 2 chromophores. Since the 
second d-d transition CD bands have been observed 
at 24300 and 26500 cm- 1 for ^-[Co(ox)3]3-1 5) and at 
26500 and 29400 c m - 1 for yl-[Co(en)2(H20)2]3+,1 6 ) it 
seems that the extremum at 24600 c m - 1 shows the 
increment due to the ion-pairing effect on the longer 
wavelength negative CD component of the second 
band of C o 0 6 chromophore. The extremum at 27800 
c m - 1 corresponds to the longer wavelength CD com­
ponent of the second band of C o N 4 0 2 chromophore 
or the shorter wavelength CD component of the C o 0 6 

one. Gaussian curve analysis of the CD spectra measured 
in 0.01M-HC1 showed six CD components at 14680 
c m - 1 ( A £ = + 3 . 0 0 ) , 16340 ( - 1 3 . 5 4 ) , 19690 ( + 11.10), 
21980 (+1 .65 ) , 24460 ( - 0 . 2 8 ) , and 28120 (+1 .07) 
(Fig. 2). These extremum positions are well close to 
the extrema on the ion-pairing effect curve. 

As for the chirality of the hexol type ions, two different 
assignments of absolute configuration have been 
offered.5»7> Both assignments based on the CD sign of 
E a component of C o 0 6 chromophore, the assignments 

component being reversed. Mason and 
the E a component from the 
E a component is invariably 

stronger than the A2 component in many trigonal 
cobalt(III) complexes. The major CD band of C o 0 6 

chromophore of the hexol type complexes situated at 
higher energy side than the minor band, and they 
assigned ^-configuration to the complex which has a 
positive sign in the higher energy CD component. O n 
the other hand, Masuda and Douglas7) have assigned 
the E a component on the basis of the CD extremum 
position, because the E a component appears usually at 
lower energy side of the A2 component for many trigonal 
cobalt ( III) complexes. Thus they assigned the complex 
which has a positive sign in the lower energy CD band 
as having the absolute configuration A. 

of the E 
Wood5) have assigned 
intensity, because the 

From the present study of the ion-pairing effect, it is 
shown that the intensity of the lower energy CD band 
of C o 0 6 chromophore increases upon ion-pairing, while 
that of the higher energy CD band decreases. In 
consequence the higher energy band can be assigned 
to the E a component; this suports the assignment of 
Mason and Wood. As a conclusion the (+)5 89-[Co-
{(OH) 2 Co(NH 3 ) 4 } 3 ] 6 + which shows a negative sign in 
the 16280 c m - 1 CD band is assigned as having A-
configuration. 

Table 2 summarizes the rates of mutarotation, £, of 
the ( + )589 isomer determined from the time-course of 
CD change at 614 and 505 nm for the early reaction 
stage. The values of Ae614 and Ae505 are also presented, 
which were obtained by extrapolating the CD values 
back to zero time by using the rate constants £614 and 
k505. In a N a O H solution of p H 8.1, ( + )589 isomer lost 
the optical activity completely within 3 min. In a 
N a O H solution of p H 10.4 the complex decomposed 
immediately. During the mutarotation, the absorption 
intensities at 625 and 505 nm did not change for more 
than 30 min in H 2 0 , for more than 120 min in 0.17M-
H 2 tar t , 0.17M-Na2 tart , and 0.17M-Na2SeO3 , for more 
than 2 days in 0.01M-HC1, and for more than 5 min 
in a N a O H solution of p H 8 .1 ; in these periods the 
absorption spectra did not change in the d-d transition 
region. 

As Table 2 shows, the Ae614 values in 0.01M-HC1 
and H 2 0 were —13.5 and —13.7, respectively; they 
are approximately equal. In 0.17M-Na2SeO3 , 0.17M-
Na2 tar t , and 0.17M-H2 tart , they were —10.5, —12.4, 
and —12.2, respectively. O n the other hand, the 
Ae505 values were almost equal for different solvents. 
The ion-pair formation affects strongly the Ae614 values, 
but not the Ae505 values. Thus the ion-pairing affects 
in a large extent the C o 0 6 chromophore and less the 
C o N 4 0 2 chromophores. This means that the hydrogen 
bonding between oxygen atoms of the counter ion and 
the O H bridge groups of the complex is more important 
than that between the counter ion and the ammonia 
ligands. 

I t may be worthwhile to consider the chirality of the 
oxygen atoms of the bridging O H groups, because they 
bonded directly to the cobalt(III) atoms and it is 
expected to produce rather strong vicinal effect on the 
CD bands of the C o 0 6 and C o N 4 0 2 chromophores. 
Since each oxygen atom of the six O H bridge groups has 
probably a pseudo-tetrahedral configuration of the three 
different attached groups and a lone pair of electrons, 
it must be asymmetric. For the complexes of //-configu­
ration, axial disposition of the O H bond (parallel to 

TABLE 2. RATES OF MUTAROTATION FOR THE EARLY STAGE AND THE INITIAL Ae VALUES AT 614 nm 

(16280 cm-1) AND 505 nm (19780 cm-1) (Ae values are given in mol-1 dm3 cm-1 unit). 

Solvent 

0.01M-HG1 
0.17M-H2tart 
0.17M-Na2tart 
0.17M-Na2SeO3 

H 2 0 
NaOH (pH8.1) 

Ae614 

- 1 3 . 4 8 
- 1 2 . 1 9 
- 1 2 . 3 6 
- 1 0 . 5 3 
- 1 3 . 6 7 

Ae5o5 

+ 11.26 
+ 11.64 
+ 11.34 
+ 11.87 
+ 11.11 

k61Js 

f.63xl0-6 

2 . 6 7 x l 0 - 5 

5.10X10-4 

3 . 5 2 x l 0 - 4 

1.78x10-* 
ca. 4 x 10-2 

^505 / S 

T^oxio1« 
1.85xl0- 5 

4.17X10-4 

3.18x10-4 
2 . 9 8 x l 0 - 3 

ca. 5x 10-2 

^ m e a n / S 

2.01X1016" 
2 . 2 6 x l 0 - 5 

4.64x10-4 
3.35x 10-4 

— 
— 
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the C3 axis) constraint (S) chirality for the asymmetric 
oxygen atom. Recently, Dixon et al.11) made an X-ray 
crystal structure analysis of rac-[Co{(OH)2Co(en)2}3]-
( S C N ) 4 ( N 0 3 ) 2 - 2 H 2 0 , and the two allowed (tetrahedral) 
positions were calculated for the hydrogen atoms of the 
O H bridge groups and the correct choice was made 
on the basis of difference maps, which revealed that all 
five but one of the six oxygen atoms take the axial 
disposition, only one O H group taking equatorial 
disposition. A molecular model consideration also 
shows that the axial orientation of the O H bridge 
groups may be more stable than the equatorial orienta­
tion because of some steric repulsion found in the latter 
case. It can therefore, be pressumed that the six asym­
metric oxygen atoms of the J-(-h)58o"[Co{(OH)2Co-
(NH3)4}3]6+ complex have predominantly (S) configura­
tions in the perchlorate crystals. 

From absorption measurements during the time-
course of CD change, other species expected for the 
original complex ion were not detected in the experi­
mental time. Therefore the CD intensity decrease for 
the time-course can be ascribed to the racemization of 
^- ( + )589-[Co{(OH)2Co(NH3)4>3]«+. The _ origin of 
optical activity decrease of this complex is divided into 
the racemization of the chirality A for the C o 0 6 chromo-
phore and that of the chirality (S) for the asymmetric 
oxygen atoms. In an acid solution oxonium ions rapidly 
attack the lone-pair electrons enforcing the inversion of 
the oxygen chiral center, and the oxygen center may 
be regarded as being in an equilibrium (R)^(S) (this 
kind of configurational equilibrium is denoted by E in 
the following); thus the racemization in this case 
corresponds to the reaction A{EEEEEE)~+A{EEEEEE). 
O n the other hand, in the S e 0 3

2 _ solution, the oxoanion 
enforces the O H groups to take the axial positions ; then 
the racemization in this case corresponds predominantly 
to J(SSSEEE)->A(RRREEE) or J(SSSSSS)-+ 
A(RRRRRR)) if 1: 1 or 1:2 ion-pairing is assumed, 
respectively. Since the N a 2 S e 0 3 solution is alkaline 
( p H = 1 0 . 4 ) , the k value is much greater for the S e 0 3

2 _ 

solution than for the HCl solution. Nevertheless the k 
value in S e 0 3

2 _ solution is much less than that in N a O H 
solution of p H 10.4. Evidently the ion-pairing depressed 
the racemization. The k value in 0.17M-Na2 tart 
solution ( p H = 8 . 1 ) is about 10_ 1 m i n - 1 and that in a 
N a O H solution of p H 8.1 about 2—3 m i n - 1 . I t has been 
well established that the t a r t 2 - ion is also capable of 
forming ion-pairs with several cobalt (111) com­
plexes.18-20) Therefore, the difference in the k values 
at equal p H is due to the ion-pairing between the O H 
bridge groups and the doubly charged tartrate anion 
in the 0.17M-Na2 tart solution. I t may be expected that 
the k value is smaller in 0.17M-Na2 tart (pH 8.1) than 
in 0.17M-Na2SeO3 (pH 10.4) in terms of the p H values. 
However the k value in 0.17M-Na2 tart (about 5 x 10~4 

s_1) is larger than that in 0.17M-Na2SeO3 (about 
3 x 10 - 4 s_1) (Table 2). This is because the ion-pairing 
effect of N a 2 S e 0 3 is larger than that of Na2 tart , as can 
be seen from the comparison of the Ae614 values. 

Some plots of ln |Ae| vs. time (min) for the mutarota-
tion of (+) 5 8 9-[Co{(OH) 2Co(NH 3) 4} 3] 6+ were given in 
Figs. 3—5. The plots for the early stage gave a straight 

t/min 

Fig. 3. Plots of ln|Ae| vs. time for ( + )589-[Co{(OH)2Co-
(NH3)4}3]6+ in 0.01 M-HG1 (Ae614; Q Ae505; • and 
in water (Aefll4; Q> Ae606; #> . 

QDPpaa—a—B—a—B—a—B—a—g—H—H—a—a—a—B—a—a—a—a—a—g-

0 10 20 30 40 50 60 70 80 90 

//min 

Fig. 4. Plots of In |Ae| vs. time for ( + )589-[Co{(OH)2Co-
(NH3)4}3]

6+ in 0.01 M-HG1 (Ae614; Q , Ae60B; • < and 
in 0.17 M-Na2Se03 (Ae614; Q, Ae505; • -

o 

Fig. 5. Plots of ln|Ae| vs. time for ( + )58„-[Co{(OH)2Co-
l(NH3)4}3;r in 0.17M-H2tart (Aedl4; Q Aes05; • ) 
and in 0.17 M-Na2tart (Ae6l4; Q, Ae505; # ' • 
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line; the lines in Figures were calculated by the least 
square method on the basis of the plots of initial stage. 
With elapse of time, a steep departure from the line was 
observed in H 2 0 (Fig. 3). In 0.17M-Na2 tart and 
0.17M-Na2SeO3 , with elapse of time, a slight departure 
from the line was observed (Figs. 4 and 5). While in 
0.01M-HC1 and 0.17M-H2 tart , only a slight departure 
from the line was observed (Figs. 4 and 5) ; the mutaro-
tations in the latter two cases represent a true racemiza-
tion A(EEEEEE)->A(EEEEEE), J(SSSEEE)-+A(RRR-
EEE), or A(SSSSSS)->A{RRRRRR). I t can be con­
sidered that the departure from a line, especially in 
the case in water, is due to a complicated configurational 
change due to the coexistence of different kinds of 
chiralities. 

Sarneski and Ulbach14) pointed out that the major 
source of CD change in the d-d transition region of 
yl-[Co(en)3]3 +-P043~ ion-pair system may be the vicinal 
effect of chiral nitrogen centers stereospecifically 
produced at the primary amine donors by the ion-pair 
formation of Mason type. Similarly in the present 
polynuclear complex, the difference CD curve between 
in 0.01M-HC1 and 0.17M-Na 2SeO 3 (Fig. 2) is regarded 
to have the origin in the vicinal effect of chiral oxygen 
centers stereospecifically produced by the ion-pair 
formation, because this curve corresponds to the 
difference A{SSSEEE)-A{EEEEEE) or A(SSSSSS)-
A(EEEEEE). Thus the vicinal effect of the (S) oxygen 
atoms has a positive sign in the E a component of the 
C o 0 6 chromophore and this is in accord with the fact 
that the vicinal effect of (R) nitrogen center in the 
^ - [Co(en ) 3 ] 3 + -P0 4

3 ~ ion-pair system has a negative sign 
in the E a component of the CoN6 chromophore. 

The authers are grateful to Dr. Takashi Komorita 
of Osaka University for his help in calculation of CD 
curve analysis. 
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Aqueous organic two-phase reactions (halogen exchange, cyanation, and borohydride reduction) have been 
catalyzed by phosphoric triamides containing hydrophobic groups. T h e phosphoric triamides, which have a high 
cation binding ability, exibited high catalytic activity for the two-phase reactions. T h e catalytic activity of N-
alkylteramethylphosphoric triamides (1) was higher than that of the corresponding pentamethyl derivatives and the 
difference has been explained in terms of the contribution of the dimeric species of 1 and/or hydrogen bonding bet­
ween the N H of 1 and the anionic moieties of inorganic reagents. 

A q u e o u s o r g a n i c t w o - p h a s e r eac t i ons a r e c a t a l y z e d 
b y q u a t e r n a r y a m m o n i u m o r p h o s p h o n i u m salts,1) 
c r o w n ethers ,2) c ryp tands , 3 ) a n d a - p h o s p h o r y l sulf­
oxides4) a n d h a v e f o u n d use in o r g a n i c syntheses . 5) 
R e c e n t l y , i t was found t h a t JV-a lky lpen t ame thy lphos -
p h o r i c t r i a m i d e s ( l ) 6 ) a n d i V - a l k y l t e t r a m e t h y l p h o s p h o r i c 
t r i a m i d e s (2) c a t a l y z e d t w o - p h a s e react ions^ t h e ac t i v i t y 
b e i n g d e p e n d e n t o n t h e s t r u c t u r e of t h e c o m p o u n d s . 

CH3CH3 

CH3'
N I V 

CH3CH3 

CHU V xR 

CH, II VH 
3 0 

I n this r e p o r t , t h e r e l a t i o n s h i p b e t w e e n t h e s t r u c t u r e 
a n d t h e ca t a ly t i c ac t iv i t y wi l l b e discussed. 

E x p e r i m e n t a l 

Reagents. iV-Alkylpentamethylphosphoric triamides (1) 
have been prepared by the reaction of the sodium salt of 
pentamethylphosphoric triamide7) and the corresponding alkyl 
halides in toluene at 0 °C. iV-Alkyltetramethylphosphoric 
triamides (2) have been synthesized by the reaction of bis-
(dimethylamino)chlorophosphine oxide8) with the correspond­
ing pr imary amine, in the presence of triethylamine, in reflux-
ing benzene. 1 and 2 were purified by distillation under 
reduced pressure or recrystallization, and the structure 
confirmed by N M R , I R , and M S . The yields and physical 

T A B L E 1. YIELDS AND PHYSICAL PROPERTIES OF 

PHOSPHORIC TRIAMIDES 

Name 
Alkyl group 

(R) 

Yield Bp /mmHg (mp) 

% °c 
Pentamethylphosphoric tr iamide derivatives 

l a 
l b 
lc 
Id 
l e 
If 

lg 

CH3
a> 

PhCH2 

PhCH=CH-CH2 

Ph(CH2)3 

1-C10H7CH2 

C12H25 

^•16^33 

— 
81 
80 
44 
75 
66 
70 

68/1 
117/0.5 
155/1 
144/0.5 

(116— 119)b>c> 
142/0.5 
165/0.01 

Tetramethylphosphoric tr iamide derivatives 
2a C H 3 72 103/0.5 
2 b P h C H 2 78 (84—90)b>c> 

2c l-C1 0HCHo 56 (119—124) b»c) 

a) Commercial product, b) Hygroscopic. 
c) Uncorrected. 

properties are summarized in Table 1. 
JV-Benzylformamide,9) tridecyl methyl sulfoxife,10) 18-crown-

6,11) and benzo-18-crown-612> were prepared by the methods 
described in the li terature. iV-Dodecyl-2-pyrrolidone (Mitsu­
bishi Petrochemical) was distilled under reduced pressure prior 
to use. O the r organic reagents were obtained from commercial 
sources and distilled under reduced pressure prior to use. 
Inorganic reagents and quaternary ammonium salts were 
obtained commercially, and used without further purification. 

Reaction Procedure. T h e two-phase reactions were 
conducted under s tandard phase-transfer conditions2 '3) and the 
yields determined by gas chromatography. 

Measurements. The cation binding ability of the 
phosphoric triamides was evaluated by the procedure describ­
ed by Smid et A/.13) and the degree of association measured 
cryoscopically in benzene. 

R e s u l t s 

Halogen Exchange Reaction. T a b l e 2 shows t h e 
resul ts of t h e r e a c t i o n of oc ty l b r o m i d e w i t h p o t a s s i u m 

T A B L E 2. REACTION OF C8H17Bra> WITH KIb> UNDER 

PHASE-TRANSFER CONDITIONS0) 

Catalystd> 

None 
l a 
l b 
l c 
Id 
l e 
If 

lg 
2a 
2b 
2c 
PhCH2NHCHO 
C13H27SOCH3 
NDPf) 
18-Crown-6 
Benzo-18-crown-6 
PhCH2N(CH3)3

+Cl-
C16H33N(CH3)3+Br-

Time 
h 

24 
24 

6 
6 
6 
6 
6 
6 

24 
6 
6 

24 
24 
24 

6 
6 
8 
2 

Yielde> 
% 

< 5 
5 

25 
77 
32 
11 
38 
21 

5 
73 
92 

5 
26 

5 
16 
68 

< 5 
100") 

a) No solvent was used for the 
aqueous solution, 5.0 mol equiv 
°C ; internal s tandard, tetralin. 
G L P C analysis, f ) N-Dodecyl-: 
sified reaction. 

substrate, b) Saturated 
c) React ion temp, 80 

d) 0 .08 mol equiv. e) 
2-pyrrolidone. g) Emul-
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i o d i d e u n d e r phase - t r ans fe r c o n d i t i o n s . B o t h h e x a m e t h -
y l p h o s p h o r i c t r i a m i d e ( l a ) a n d p e n t a m e t h y l p h o s p h o r i c 
t r i a m i d e (2a ) w e r e n o t effective ca ta lys t s for t h e h a l o g e n 
e x c h a n g e . J V - A l k y l p e n t a m e t h y l p h o s p h o r i c t r i a m i d e s 
( l b — l g ) a n d iV-alkyl t e t r a m e t h y l p h o s p h o r i c t r i a m i d e s 
( 2 b , 2 c ) c o n t a i n i n g h i g h e r a l i p h a t i c or a ry l a lky l g r o u p s 
w e r e h o w e v e r f o u n d to c a t a l y z e t h e r e a c t i o n . I n 
p a r t i c u l a r , t h e t e t r a m e t h y l p h o s p h o r i c t r i a m i d e d e r i v a ­
tives s h o w e d h i g h c a t a l y t i c ac t i v i t y . 

F o r m a m i d e , sul foxide , a n d 2 - p y r r o l i d o n e de r iva t ives 
h a v i n g h y d r o p h o b i c g r o u p s i n t h e mo lecu l e s ex ib i t ed 
low c a t a l y t i c ac t iv i ty . B e n z o - 1 8 - c r o w n - 6 w a s effective 
as a ca t a ly s t , w h i l e 18 -c rown-6 w a s n o t . B e n z y l t r i m e t h -
y l a m m o n i u m c h l o r i d e w a s also n o t effective. H e x a d e c -
y l t r i m e t h y l a m m o n i u m b r o m i d e ( G T A B ) s h o w e d t h e 
h ighes t c a t a l y t i c ac t iv i ty of a l l t h e ca ta lys t s u s e d . 

T A B L E 3. REACTION OF C8H17Bra> WITH NaCNb> 

U N D E R PHASE-TRANSFER CONDITIONS0* 

T A B L E 4. REDUCTION OF KETONES^ WITH NaBH4
b> 

UNDER PHASE-TRANSFER CONDITIONS0* 

Catalystd> 
T ime 

h 
Yielde> 

None 24 

l a 8 
l b 10 

l c 10 
I d 10 
l e 10 
2a 8 
2 b 10 
2c 10 
P h C H 2 N H C H O 10 
C 1 3 H 2 7 SOCH 3 10 

NDPf> 10 
Benzo-18-crown-6 8 
C 1 6H 3 3N(CH 3 ) 3+Br- 6 

11 
22 
47 
70 
34 
68 
24 
76 
91 

7 
6 
4 
84 
98g> 

a) No solvent was used for the substrate, b) 33 wt % 
aqueous solution, 1.5 mol equiv. c) React ion temp, 80 
°C ; internal s tandard, naphthalene, d) 0 .05 mol equiv. 
e) GLPG analysis. f) iV-Dodecyl-2-pyrrolidone. g) 
Emulsified reaction. 

Cyanation. T a b l e 3 shows t h e resul ts of t h e 
r e a c t i o n of oc ty l b r o m i d e w i t h s o d i u m c y a n i d e . T h e 
c y a n a t i o n , as w e l l as t h e h a l o g e n e x c h a n g e r e a c t i o n , 
w a s c a t a l y z e d b y l b — l e a n d 2 b — 2 c , t h e c a t a l y t i c 
ac t iv i ty of t h e l a t t e r b e i n g h i g h e r t h a n t h a t of t h e 
f o r m e r . B e n z o - 1 8 - c r o w n - 6 a n d G T A B s h o w e d h i g h 
c a t a l y t i c ac t iv i ty , b u t G T A B emuls i f ied t h e sys tem w i t h 
i n c r e a s i n g conve r s ion of t h e r e a c t i o n . 

Reduction of Ketone. T h e resu l t s of t h e r e d u c t i o n 
of a c e t o p h e n o n e a n d 2 - o c t a n o n e w i t h s o d i u m b o r o -
h y d r i d e a r e s h o w n i n T a b l e 4 . T h e r e d u c t i o n p r o c e e d e d 
v e r y s lowly i n t h e a b s e n c e of p h o s p h o r i c t r i a m i d e 
ca ta lys t s . T h i s r e a c t i o n , a n d t h e t w o r e a c t i o n s d e s c r i b e d 
a b o v e , w e r e c a t a l y z e d b y t h e p h o s p h o r i c t r i a m i d e s , 
espec ia l ly 2 b a n d 2 c . 

Interaction between Phosphoric Triamides and Picrate Salts. 
T h e c a t i o n b i n d i n g ab i l i t y of t h e p h o s p h o r i c t r i a m i d e s 
w a s i n v e s t i g a t e d b y t h e e x t r a c t i o n m e t h o d d e s c r i b e d b y 
S m i d et a/.13) a n d t h e resul ts of t h e e x t r a c t i o n of p o t a s ­
s i u m p i c r a t e b y t h e p h o s p h o r i c t r i a m i d e s a r e s h o w n in 

Ketone 
RCOCH3 

R = Phf) 

R=C6H18«> 

Catalyst^ 

None 
l b 
l e 
2b 
2c 
None 
l b 
l e 
2b 
2c 

Time 
h 

8 
8 
8 
6 
6 

24 
8 
8 
3 
3 

Yield6) 
% 
10 
65 
69 
94 
92 

3 
93 
87 

> 9 5 
> 9 5 

a) 2 5 . 5 mmol, b) 0 .76 mol equiv. c) Benzene (4 ml) 
was used as solvent; 1 wt % aqueous N a O H (1 ml) ; room 
temp, d) 0 .10 mol equiv. e) G L P C analysis, f) In­
ternal s tandard, diphenyl. g) Internal s tandard, ethyl-
benzene. 

T A B L E 5. EXTRACTION OF POTASSIUM PICRATE BY 

PHOSPHORIC TRIAMIDES11) 

Phosphoric 
t r iamide 

Potassium picrate 
extracted1') 

% 
lac> 
l b 
l c 
I d 

l e 
I f 

l g 
2ac) 
2b 
2c 

1 
4 
8 

1 
11 

1 

1 
1 

12 
12 

a) Solvent system, H 2 0 - C H 2 C 1 2 (50: 50, v/v); [Picric 
acid] = 7 . 0 x 10-6 M : [ K O H ] = 0.01 M ; [Phosphoric 
tr iamide] = 7.0 X 10 ~3 M . b) Based on total amount 
of potassium picrate. T h e picrate concentration was 
measured by optical spectroscopy, using s= 1 .8x 10* 
in GH2C12 . c) [Phosphoric tr iamide] = 7.0 X 10~a M. 

T a b l e 5 . T h e c a t i o n b i n d i n g ab i l i t y of l a a n d 2 a w a s 
v e r y low. T e t r a m e t h y l p h o s p h o r i c t r i a m i d e s c o n t a i n i n g 
t h e b e n z y l (2b ) o r 1 - n a p h t h y l m e t h y l (2c) g r o u p 
ex ib i t ed h i g h c a t i o n b i n d i n g ab i l i t y , c o m p a r e d w i t h 
t h e o t h e r p h o s p h o r i c t r i a m i d e s . P e n t a m e t h y l p h o s ­
p h o r i c t r i a m i d e s possessing b e n z y l ( l b ) , c i n n a m y l ( l c ) , 
o r 1 - n a p h t h y l m e t h y l ( l e ) g r o u p s also p r o v e d efficient 
i n t h e e x t r a c t i o n of p o t a s s i u m p i c r a t e . T h e p e n t a m e t h y l ­
p h o s p h o r i c t r i a m i d e s h a v i n g a d o d e c y l ( I f ) or h e x a d e c y l 
( l g ) g r o u p s h o w e d v e r y low c a t i o n b i n d i n g ab i l i ty . 

T h e c a t i o n b i n d i n g a b i l i t y of t h e p h o s p h o r i c t r i a m i d e s 
w a s l a r g e l y i n d e p e n d e n t of t h e species of a lka l i cat ions,6) 
i n c o n t r a s t w i t h t h e obse rva t i ons o n c r o w n ethers .1 3) 

Association of Phosphoric Triamides. T a b l e 6 shows 
t h e d e g r e e of assoc ia t ion of t h e p h o s p h o r i c t r i a m i d e s i n 
b e n z e n e w h i c h for 2 b a n d 2 c w a s 1.2, a n d for l b a n d 
l e was 1.0. l b a n d 2 b w e r e f o u n d to b e p resen t as 
m o n o m e r i c forms i n d i o x a n e . 
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TABLE 6. ASSOCIATION OF PHOSPHORIC TRIAMIDES 

IN BENZENE AND DIOXANE 

Phosphoric 
triamide 

l b 
l b 
l e 
2b 
2b 
2c 

Conen 
M 

0.055 
0.013 
0.037 
0.051 
0.011 
0.039 

Degree of association in 

benzene dioxane 

1.0 

1.0 
1.2 

1.2 

1.0 

1.0 

D i s c u s s i o n 

It has been shown that the phosphoric triamides 
containing hydrophobic groups are effective as phase-
transfer catalysts. T h e catalytic activity of some of the 
phosphoric triamides was comparable to that of benzo-
18-crown-6, and somewhat lower than that of C T AB. 
The activity was considerably higher than that of 
formamide, sulfoxide, and pyrrolidone derivatives 
containing hydrophobic groups. T h e donor numbers 
of the corresponding compounds containing methyl, in 
place of the higher groups are as follows:14) hexamethyl-
phosphoric triamide, 38.8; A^JV-dimethylformamide, 
26.6; dimethyl sulfoxide, 29.8; iV-methyl-2-pyrrolidone, 
27.3. O n the basis of this data , it is suggested that the 
phosphoric triamides containing hydrophobic groups 
interact strongly with the cationic moieties of inorganic 
reagents through pole-dipole interactions. 

The mechanism of two-phase reactions catalyzed by 
ammonium or phosphonium salts was first proposed by 
Starks,1) and supported by Herriot and Picker.15) I n 
the system, the onium salts are thought to extract the 
anionic reagent into the organic phase. I n the reactions 
catalyzed phosphoric triamides, the compounds which 
were efficient extractors of potassium picrate from the 
aqueous to the organic phase (CH2C12), exibited high 
catalytic activity for the two-phase reactions (see Tables 
2, 3, 4, and 5). These observations may be explained 
in terms of the mechanism proposed by Starks,1) i.e., 
the phosphoric triamides, and the onium salts, transfer 
the inorganic reagent from the aqueous phase to the 
organic phase, and thereby catalyze the two-phase 
reaction. 

The catalytic activity of the phosphoric triamides 
was found to be dependent on the structure of the 
hydrophobic groups. In this study, the activity of the 
phosphoric triamides having arylalkyl groups such as 
benzyl or 1-naphthylmethyl groups was higher than 
those having alkyl groups such as dodecyl or hexadecyl. 

CH 

CH, 

CH3CH3 

N 

CH,CH3 \3/ 3 
N 

CH A I k,/R 
3 > - P - N : 

H N H 0 
CH 3 ' 

+ 
0 

Hx ÎÏ 

M X -
(reagent) 

\ 

M 
(A) 

vCH, 

CH3CH3 

II u 
H N I' •CH, 

FT • CH^ 
N / \ 

CH CH 

The catalytic activity of 2 is higher than that of 1, 
although the electron-donating power of the dialkyl-
amino group is stronger than that of the monoalkyl-
amino group.16) This result may be explained as 
follows; 2 slightly associates in benzene (Table 6) and 
the hydrogen of N H in 2 is weakly acidic (2 reacts 
easily with NaH) suggesting the participation of a 
dimeric species. This is formed through hydrogen 
bonding, in the two-phase reaction (Scheme A). 

CH3CH3 

N 

civ N 4 V * 
C H / II VH 

0 
+ M+X~ 

C H C H 3 

C H 3 ' Il N 
°- A-

( B ) 

Moreover, it appears reasonable to assume that the 
anionic moiety (X~) of the inorganic reagent (M+X") 
may interact with the acidic hydrogen of 2 through 
hydrogen bonding (Scheme B). T h e enhanced interac­
tion of 2 with M + X - , as described in schemes A and B, 
will result in an increase in the solubility of M+X~ in 
the organic phase, and thereby an increase in the 
catalytic activity of 2. I n the case of 1 which does not 
contain an acidic hydrogen, the interaction of 1 with 
X - is not expected. 

©-€> 
N 
! ,CH3 

CHO
 3 

CH3 CH3 \3/ 3 

N 

Solid-phase catalysts (3 and 4) , prepared by the 
reaction of chloromethylated polystyrene resin cross-
linked with divinylbenzene and the sodium salts of 
pentamethylphosphoric triamide or tetramethylphos-
phoric triamide, were found to be effective for two-
phase reactions.17) In the tri-phase18) and the two-phase 
system, the activity of the tetramethyl derivative 4 was 
higher than that of the pentamethyl derivative 3 . Such 
a difference between 3 and 4 may be interpreted by 
assuming a strong interaction of 4 with M + X - through 
hydrogen bonding as shown in scheme B, since the 
cooperative interaction of the phosphoric triamide 
groups, with M + X - as shown in scheme A, may be 
assumed to occur with difficulty in the immobilized 
system.19) 
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a,^-Unsaturated Carboxylic Acid Derivatives. XVII. The Facile 
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Several pathways leading to ethyl a-azido-oc-alkenoates (8) by the /^-elimination to ethyl oc-azido-/?-substituted 
(hydroxy-, acetoxy-, or mesyloxy)-alkanoates with NaN3 or Et3N have been examined. The optimized procedure, 
in combination with subsequent reduction provides a general synthetic route to a-amino-oc-alkenoic acid esters (9). 
The configuration of 8 and 9 have been shown to be of (Z)-geometry. 

a,/?-Unsaturated a-amino acid (a-dehydroamino acid ; 
DHA) or the a-imino form has been postulated as the 
intermediate in the biological epimerization of the 
L-a-amino acid into the enantiomer by the process of 
dehydrogenation-hydrogenation.2) In addition, D H A 
is of great importance as a starting material for the 
incorporation and synthesis of dehydropeptides and 
peptide antibiotics.2-5) 

In previous papers,6»7) the facile synthesis of ethyl 

2-amino-2-alkenoates (9) by reduction of the corre­
sponding 2-azido compounds (8) with aluminium-
amalgam (Al-Hg) have been reported. Schmidt et al. 
reported the preparation of methyl 2-amino-2-alkenoates 
by the elimination of methanol from the corresponding 
a-methoxy a-amino acids8) or the dehydrochlorination 
of a-chloro amino acid derivatives.9) 

The synthesis of 8 and the subsequent selective 
reduction of 8 into 9 will be reported in detail. T h e 

TABLE 1. ETHYL 2-BROMO-3-SUBSTITUTED ALKANOATES (2, 3, AND 4) 

Compound Yield Bp °C/mmHga> _ . 
M« (o/\ f\/t^°n\ rormul 

Found (Calcd), IR spectrum,b) NMR spectrum,0) 
5 

No. (% (Mp °C) 
C H COOEt 2-proton 3-proton cpxj 

OH COCH3 S 0 2 0 (Hz) (Hz) ^ ^ 

2a 

2b 

2c 

2d 

2e 

3a 

3b 

3c 

3d 

3e 

4a 

4b 

4c 

4d 

4e 

58 

51 

48 

50 

45 

83 

85 

86 

84 

90 

59 

51 

53 

46 

81 

65—70/3 

67—71/1.5 

72—75/0.5 

70—73/0.5 

(72—73) d> 

67—73/1.5 

78—80/1 

82—86/1 

80—85/1 

syrup 

110—115/1 

120—122/1 

120—125/0.8 

121—125/0.8 

(70—71)p> 

CgHj^OßBr 

C7H1303Br 

C8H1503Br 

C8H1503Br 

CuH1 303Br 

C8H1304Br 

C9H1504Br 

G10H17O4Br 

C10H17O4Br 

C13H1504Br 

C7H1305SBr 

C8H1505SBr 

C9H1705SBr 

C9H1705SBr 

C12H1505SBr 

34.11 
(34.12 
37.39 

(37.33 
39.98 

(40.17 
40.11 

(40.17 
48.40 

(48.35 
37.85 

(37.94 
41.08 

(40.70 
42.27 

(42.70 
42.78 

(42.70 
49.66 

(49.52 
29.10 

(29.06 
31.74 

(31.68 
34.13 

(34.07 
34.12 

(34.07 
41.00 

(41.08 

5.43 
5.21) 
5.66 
5.78) 
6.23 
6.28) 
6.15 
6.28) 
4.80 
4.76) 
5.19 
5.14) 
5.40 
5.62) 
6.15 
6.05) 
6.18 
6.05) 
4.78 
4.76) 
4.56 
4.50) 
4.87 
4.95) 
5.42 
5.36) 
5.56 
5.36) 
4.30 
4.29) 

3450, 

3440, 

3440, 

3450. 

3400. 

4.15d(7.6), 4.01— 4.22m 

4.15d(7.6), 3.85—4.08m 

4.14d(7.6), 3.85—4.09m 

4.19d(7.9), 3.86dd(4.0) 

4.34d(8.0), 5.05dd(5.1) 

4.29d(7.7), 5.23dq(6.0) 

4.32d(7.8), 5.12—5.56m 

4.32d(7.1), 5.26—5.36m 

4.28d(9.0), 5.35dd(3.7) 

4.48d(10.0), 6.16d(10.0) 

4.32d(8.0), 4.95—5.22m, 3.06s 

4.41d(8.0), 4.91—5.08m, 3.06s 

1740, 1360 4_4 6 d(7.o)54.95—5.12m, 3.04s 

1 ? 4 5 ' 1175 4-36d(8.3), 4.96—5.10m, 3.05s 

1 7 5 0 ' 1180 4 - 5 0 d ( 1 0 - ° ) 3
5 - 9 0 d ( 1 0 - ° ) 5 2.71s 

1750 

1743 

1743 

1740 

1720 

1755 

1750 

1755 

1755 

1750 

1741, 1365 
1180 

1740, 1360 
1180 

a) Colorless oil. b) Recorded in KBr. c) Measured in CDC13. d) Colorless needles from benzene-cyclohexane 
(1:4 v/v). e) Colorless needles from hexane. 
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geometric structure of 8 and 9 has been shown to be of or TV-bromoacetamide (NBA) and water.6) 
(Z)-configuration. The direct reaction of 2 with 3M NaN 3 in hexamethyl-

phosphoric triamide (HMPA) gave 8 in low yield 
R e s u l t s and D i s c u s s i o n (Procedure A). 

T o effect ^-elimination after azidation, 2 was con-
The starting material , ethyl 2-bromo-3-hydroxy- verted into ethyl 3-acetoxy-2-bromo (3)- and 2-bromo-

alkanoate (2) were readily prepared by treating ethyl 3-mesyloxyalkanoates (4) by conventional means, and 
(£')-2-alkenoates (1) with TV-bromosuccinimide (NBS) subjected to a similar substitution-elimination. The 

R-CH=CH-COOEt 

(tf)-(l) 

NBS (NBA)/H20 
-> R-CH-CH-COOEt 

NaN3/DMF 

OH Br 

(2) 

R-CH-CH-COOEt 

O H N , 

(5) 

^ AcoO 
or MsCl 

NaN3/HMPA [B-l] 
R-CH-CH-COOEt 

I I or NaN3/DMF [B-2] 
OX Br 

NaNJHMPA 
[A] 

^ MsCl 
Et3N/CH2Cls [D] 

NaN3/HMPA [C-l] 
> R-CH=C-COOEt < 

I or Et3N/CH2Cl2 [C-2] 
No 

Ac«0 or MsCl 

(3); X = COCH3 
(4); X = S 0 2 C H 3 

(Z)-(8) 

I Al-Hg 

R-CH=C-COOEt 
i 

ClCH2COCl 

R-CH-CH-COOEt 
i i 

O X N 3 

(6); X = COCH3 
(7); X = SOaGH3 

-> R-CH=C-COOEt 
Et3N 

NH2 

(Z)-(9) (Z)-(10) 

a; R = CH3, b ; R = C2H5, c; R=rc-C3H7, d; R = z-C3H7, e; R = G6H5 

Scheme 1. Alphabet in brackets is the type of procedure. 

TABLE 2. ETHYL 2-AZIDO-3-SUBSTITUTED ALKANOATES (5, 6, AND 7) 

Compel 
No. 

5a 

5b 

5c 

5d 

5e 

6a 

6b 

6c 

6d 

6e 

7a 

7b 

7c 

7d 

7e 

Yield 
(%) 

75 

80 

75 

72 

70 

92 

91 

95 

92 

89 

75 

82 

81 

80 

76 

Bp 
°C/mmHga> 

(Mp °G) 

72—75/1.5 

75—80/1.7 

81—83/1 

80—82/1.5 

syrup 

73—76/1 

75—81/1 

80—82/0.2 

80—82/0.5 

syrup 

135—140/1.5 

135—137/1 

138—139/1 

140—142/1.5 

(68—69)d> 

Formula 

C.HuN.O, 

C7H13N303 

C8H15N303 

C8H15N303 

C n H 1 3 N 3 0 3 

C«H13N304 

C9H15N304 

C10H17N3O4 

C10H17N3O4 

C13H15N304 

C,H1305SN3 

C8H1505SN3 

C,H1706SN, 

C9H1705SN3 

C12H1505SN3 

Founc 

C 

41.71 
(41.61 
45.12 

(44.91 

I (Cal( 

H 

6.45 
6.40 

:d), % 

N 

24.30 
24.27) 

7.10 22.39 
7.00 22.45) 

47.79 7.70 20.90 
(47.75 7.51 20.88) 
47.61 

(47.75 
56.18 

(56.16 

7.56 20.92 
7.51 20.88) 
5.65 
5.57 

44.58 6.12 
(44.64 6.09 
47.19 6.70 

(47.15 6.60 
49.43 

(49.37 
49.56 

(49.37 
56.58 

( -
33.56 

(33.47 
36.32 

(36.23 
38.88 

(38.71 
38.75 

(38.71 

7.10 
7.04 
6.98 
7.04 
5.44 

5.19 
5.18 
5.78 
5.66 
5.87 
6.09 
6.11 
6.09 

45.79 4.77 
(46.01 4.79 

17.76 
17.86) 
19.61 
19.53) 
18.43 
18.33) 
17.32 
17.28) 
17.33 
17.28) 
15.31 
— ) 

16.77 
16.73) 
15.86 
15.85) 
15.23 
15.05) 
14.98 
15.05) 
13.45 
13.42) 

IR 

OH 

3450, 

3450, 

3450, 

3450, 

3450, 

spectrum,b) cm - 1 

M COOEt 
^ COCH3 

2100, 

2100, 

2100, 

2100, 

2100, 

2100, 

2100, 

2100, 

2100, 

2100, 

2110, 

2110, 

2110, 

2110, 

2100, 

1750 

1740 

1740 

1740 

1740 

1750 

1750 

1750 

1750 

1755 

1750, 

1750, 

1755, 

1760, 

1745, 

x 

so2o 

1370 
1190 
1370 
1185 
1370 
1190 
1380 
1190 
1370 
1187 

NMR spectrum,c> ö 

2-proton 3-proton cp t r 
(Hz) (Hz) *^n* 

3.79d(4.0),4.02—4.32m 

3.84d(3.5), 3.85—4.20m 

3.85d(3.4), 3.81—4.18m 

3.86d(3.0), 3.70dd(6.9) 

3.98d(4.0), 4.50d(4.0) 

3.72d(3.5), 5.36dq(6.6) 

3.78d(3.5), 5.26dt(6.9) 

3.74d(3.2), 5.36dt(6.5) 

3.18d(3.0), 5.12dd(7.8) 

4.02d(5.0), 6.23d(5.0) 

3.85d(3.8), 5.20dq(6.2), 3.05s 

3.89d(3.2), 5.04dt(6.9), 3.06s 

3.87d(3.2), 5.14dt(6.8), 3.06s 

3.87d(3.2),4.86dd(7.8), 3.08s 

4.16d(5.9), 5.94d(5.9), 2.88s 

a) Colorless oil. b) Recorded in KBr. c) Measured in CDC13. d) Colorless needles from hexane. 
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TABLE 3. THE PERCENTAGE YIELDS AND NMR SPECTRA (<5) OF 8 

1659 

Compound 
No. 

8a 

8b 

8c 

8d 

8e 

A 

45 

40 

35 

37 

41 

Procedures and yields (') 

1 

90 

81 

74 

75 

95 

2 

68 

71 

69 

69 

43 

1 

90 

81 

74 

75 

95 

Q 

2 

92 

90 

89 

88 

90 

]3 

91 

92 

96 

93 

85 

N M R 

3-proton 
(Hz) 

6.18qaa> 
(7.0) 

6 .15t 
(7.2) 

6 .16t 
(7.6) 

5 .96d 
(7.4) 

6.96s 

spectrui 

(V 

Tl,a> Ô 

3-alkyl 
(Hz) 

1.80d 
(7.0) 

2.24qic> 
(7.2) 

2.21qab> 
(7.6) 

2.80md> 
(6.3) 

.32—7.52m 

.80—7.92m) e> 

a) Measured in CDC13. b) Quartet, c) Quintet, d) Multiplet, e) Phenyl protons. 

TABLE 4. THE PERCENTAGE YIETDS AND NMR SPECTRA OF 9 AND 10 

Compound 
No. 

9a 

9 b 

9c 

9d 

9e 

Yield 

(%) 

75 .6 

85 .7 

80 .0 

84 .5 

70 .9 

3-proton 
(Hz) 

5.65qa> 
(7.2) 

5.56tb> 
(7.1) 

5.59tb> 
(7.3) 

5.46dc> 
(9.1) 

6.50sd> 

N M R spectrum, 

N H 2 

3.50 

3 .45 

3.50 

3.52 

4 . 3 0 

Ô in CDClg 

3-alkyl 

1.68q 

2 .07t 

2 .04t 

2.45m°) 

7 .20—7.55m e ) 

Compound 
No. 

10a 

10b 

10c 

lOd 

10e 

Yield 

(%) 

86 

87 

79 

85 

65 

a) Quartet, b) Triplet, c) Doublet, d) Singlet, e) Multiplet. 

reaction of 4 in iV,iV-dimethylformamide (DMF) gave 
8 in ca. 6 5 % yield together with the direct ^-elimination 
product, the ethyl 2-bromo-2-alkenoates (Procedure 
B-2). 3 was completed in H M P A in ca. 8 0 % yield 
(Procedure B-l ) . 

In subsequent experiment, 2 was firstly conversted 
into ethyl 2-azido-3-hydroxyalkanoate (5), and sub­
sequently into ethyl 3-acetoxy-2-azido (6)- and 2-azido-
3-mesyloxyalkanoates (7) in good yields. T h e similar 
elimination reaction of 6 in H M P A in the presence of 
NaN 3 (Procedure C-l) and 7 in CH2C12 in the presence 
of Et3N (Procedure C-2) proceeded more smoothly to 
give 8 in ca. 85 and 9 0 % yields respectively. T h e 
reaction of 5 with mesyl chloride in CH2C12 in the 
presence of Et3N was completed immediately to give 8 
quantitatively (Procedure D) . 

Procedure D is the most satisfactory method for the 
preparation of 8 from 2 and is generally applicable for 
the conversion of a-hydroxy azides into the correspond­
ing azido olefin, the results of which will be published 
elsewhere. 

The reduction of 8 with A l -Hg in ether readily gave 
the expected 9 in ca. 8 0 % yield.7) In order to determine 
the geometric configuration of 9, chloroacetylation was 
performed to give ethyl 2-(chloroacetylamino)-2-
alkenoates (10). All physical constants and spectral 
data of 10 were in good agreement with the authentic 
samples of the (Z)-configuration.10) Therefore, the 
structures of 8, 9, and 10 have been unambiguously 

assigned the (Z)-configuration. 
The configuration of the addition products (2—4), 

have been the erythro-isomer from the observed y 2 3 

values of over 7.0 Hz. Similarly, from the J2 3 values 
(ca. 3.5 Hz) , the configuration of 5, 6, and 7 has been 
assigned to the threo-isomer. 

Consequently it is considered that the stereospecific 
trans addition to (Z£)-ln) gave the erythro-isomer, which 
was converted into the threo-isomer by substitution and 
trans ^-elimination of the two isomers above proceeded 
to give (Z)S. 

E x p e r i m e n t a l 

All boiling and melting points are uncorrected. The IR and 
NMR spectra were recorded with Hitachi EPI-G3 and JNM-
PS-100 Spectrometers with tetramethylsilane as the internal 
standard respectively. 

Preparation of 2. To a solution of 1 (0.5 mol) in H 2 0 
(300 ml) and tetrahydrofuran (300 ml) was added portionwise 
NBS or NBA (0.6 mol) below 10 °C. After reaction at the 
same temperature for 12 h, the resulting solution was allowed 
to stand for 24 h at room temperature. The solution was 
extracted four times with ether (200 ml) and the ethereal 
extracts washed twice with water and dried over anhydrous 
MgS04 . Evaporation of the ether gave a syrup, which was 
distilled under reduced pressure to give 2. 

Preparation of 5. A mixture of 2 (0.1 mol) and NaN3 

(0.25 mol) in DMF (150 ml) was heated with stirring at 60— 
70 °C for 20 h. The reaction solution was poured into ice-
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water (400 ml) and the aqueous solution extracted three times 
with benzene (100 ml) . The combined benzene extracts were 
washed twice with water and dried over anhydrous M g S 0 4 . 
Evaporat ion of the solvent gave 5. 

Preparation of 3 and 6. Two drops of concentrated 
H 2 S 0 4 were added to a solution of 2 (0.1 mol) in acetic anhy­
dride (0.15 mol) . After stirring at 50—60 °C for 30 min, the 
reaction mixture was diluted with benzene (60 ml) . The 
benzene solution was washed once with aqueous NaHCOg 
and twice with water and dried over anhydrous N a 2 S 0 4 . 
Concentrat ion of the benzene solution gave a syrupy residue, 
which was distilled under reduced pressure to give 3 . A 
similar reaction of 5 gave 6. 

Preparation of 4 and 7. To a solution of 2 (0.05 mol) 
and mesyl chloride (0.05 mol) in CH2C12 (50 ml) was added 
Et 3 N (0.05 mol) under nitrogen at 0—3 °C. The chilled solu­
tion was allowed to stand at room temperature and the reaction 
solution continuously stirred at room temperature for 30 min. 
The reaction solution was washed three times with water and 
the solution dried over anhydrous N a 2 S 0 4 and evaporated. 
The syrup obtained was distilled under reduced pressure to 
give 4. A similar reaction of 5 gave 7. 

Preparation of 8. Procedure A. A solution of 2 (0.05 
mol) and N a N 3 (0.15 mol) in H M P A (70 ml) was stirred at 
30—35 °C for 24 h. The reaction solution was poured into 
ice-water (300 ml) and the aqueous solution extracted three 
times with benzene (60 ml) . T h e benzene extracts were 
washed twice with water, dried over anhydrous M g S 0 4 , and 
evaporated under reduced pressure. The syrupy residue 
obtained was purified on a silica gel column using a mixture 
of hexane and benzene (2: 1 v/v) as eluentent to give 8. 

Procedure B. B-l: A solution of 3 (0.05 mol) and N a N 3 

(0.15 mol) in H M P A (70 ml) was stirred at room temperature 
for 20 h. The reaction solution was poured into ice-water 
(300 ml) and the aqueous solution similarly worked up to give 
8. B-2: Similarly, 4 (0.05 mol) was treated with N a N 3 in 
D M F (70 ml) at 40—45 °C for 48 h to give 8. 

Procedure C. C-l: Similarly, 6 (0.05 mol) and NaN 3 

(0.1 mol) in H M P A (70 ml) was worked up for 12 h to give 8. 
C-2: T o a solution of 7 (0.05 mol) in CH2C12 (50 ml) was 
added dropwise Et 3 N (0.08 mol) with stirring under nitrogen 
below 5 °C. After stirring at room temperature for 30 min, 
the reaction solution was washed once with 3 M H C l and three 
times with water and dried over anhydrous M g S 0 4 . A similar 
work-up of the residual syrup gave pure 8. 

Procedure D. To a solution of 5 (0.05 mol) and mesyl 
chloride (0.06 mol) in CH2C12 (50 ml) was added dropwise 
Et 3 N (0.15 mol) with stirring under nitrogen below 3 °C. After 

stirring at room temperature for 40 min, the precipitated salt 
was filtered off and the filtrate washed once with 3 M HCl and 
three times with water and dried over anhydrous M g S 0 4 . 
Finally, a similar purification gave 8. 

Preparation of 9. A solution of 8 (0.05 mol) in ether 
(30 ml) was added dropwise to a suspension of A l - H g (made 
from 4 g of Al) in ether (50 ml) with vigorous stirring at room 
temperature . After a few minutes, the ether began to reflux, 
and the refluxing was maintained by the addition of a few 
drops of water at 20 min intervals. After the addition of the 
solution was completed, stirring was continued for 3 h. The 
mixture was extracted several times with an ether-ethyl acetate 
mixture ( 1 : 3 v/v). The combined extracts were evaporated 
and distilled under reduced pressure to give 9. 

Preparation of 10. T o a solution of 9 (0.02 mol) and 
Et 3N (0.025 mol) in dry ether (20 ml) was added chloroacetyl 
chloride (0.025 mol) dropwise with stirring at room tempera­
ture. After stirring for 4 h, the salt separating out was filtered. 
The filtrate was washed once with 3 M HCl , once with aqueous 
N a H C 0 3 , and twice with water and dried over anhydrous 
Na 2 SOj . The ether solution was evaporated to give a viscous 
syrup, which was purified on a silica-gel column using a 
benzene-acetone mixture (8 : 1 v/v) as the eluentent. The 
fraction obtained was concentrated under reduced pressure 
to give 10. 
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Disproportionation of propylene over M o 0 3 - S i 0 2 (atomic ra t io : M o / S i = 1/25) catalyst treated with HCl and 
aqueous ammonia was studied in the temperature range 350—600 °C under atmospheric pressure. T h e activity of 
M o 0 3 - S i 0 2 catalyst extracted with aqueous ammonia remained for a long time, since most of free M o O a was remov­
ed from the M o 0 3 - S i O a surface. This gave rise to increase in the selectivity for disproportionation of propylene 
to ethylene and butènes and decrease in the selectivity for hydrogénation, isomerization and polymerization. When 
M o 0 3 - S i 0 2 not subjected to t reatment was pretreated by H 2 gas, it showed higher catalytic activity and lower selec­
tivity for disproportionation than the one treated by N 2 gas. 

I n p r e v i o u s p a p e r s 1 - 4 ) w e r e p o r t e d t h a t M o 0 3 - A l 2 0 3 

shows h i g h ca t a ly t i c ac t iv i ty for t h e olefin d i s p r o p o r ­
t i o n a t i o n i n t h e t e m p e r a t u r e r a n g e 1 0 0 — 2 0 0 °C a n d t h a t 
R e 2 0 7 - A l 2 0 3 h a s h i g h c a t a l y t i c ac t iv i ty even a t a m b i e n t 
t e m p e r a t u r e . O g a s a w a r a et al. r e p o r t e d t h a t t h e p r e -
t r e a t m e n t b y H 2 gas m a k e s a c t i v e M o 0 3 - S i 0 2 ca ta lys t 
w h i c h h a s m u c h free M o O s o n its surface. 5) I t is 
a s s u m e d t h a t t h e free M o 0 3 a c c o m p a n i e s s ide r e a c ­
t ions such as p o l y m e r i z a t i o n a n d h y d r o g é n a t i o n w h i c h 
cause t h e ca t a ly t i c d e g r a d a t i o n . 6 ) W e h a v e c a r r i e d o u t 
d i s p r o p o r t i o n a t i o n of p r o p y l e n e us ing M o 0 3 - S i 0 2 c a t a ­
lyst t r e a t e d w i t h H C l a n d a q u e o u s a m m o n i a a t r e ­
la t ive ly h i g h t e m p e r a t u r e s . 

T h e o x i d a t i o n s ta tes of t r a n s i t i o n m e t a l affect t h e 
ca t a ly t i c ac t iv i ty of t h e d i s p r o p o r t i o n a t i o n of olefins. I t 
is k n o w n t h a t M o 0 3 - A l 2 0 3 c a t a lys t is h i g h l y ac t ive even 
in h e x a - v a l e n t s t a te , a n d t h e l ower the o x i d a t i o n s ta te 
of M o , t h e g r e a t e r t h e d e c r e a s e i n ca t a ly t i c ac t iv i ty . 
I t has b e e n r e p o r t e d t h a t t h e o x i d a t i o n v a l u e of M o 
over M o 0 3 - S i 0 2 ca ta lys t is l ower t h a n t h a t over M o 0 3 -
A1 2 0 3 . 7 ) W e wish t o cons ide r t h e di f ference i n o x i d a ­
t ion s t a t e of M o b e t w e e n t h e case of p r e t r e a t m e n t of 
M o 0 3 - S i 0 2 b y H 2 a n d t h a t b y N 2 . 

E x p e r i m e n t a l 

The M o 0 3 - S i 0 2 catalyst was prepared by impregnating a 
( N H 4 ) 6 M o 7 0 2 4 - 4 H 2 0 solution with silica which was evap­
orated to dryness "Snowtex" (Nissan Kagaku Co., Ltd.) , 
and then by calcining in a flow of air at 550 °C for 5 h. T h e 
atomic ratio of M o to Si was 1: 25, the same as that of M o to 
Al, and R e to Al previously reported (A and B catalyst 
without t reatment) .1 - 4) 

The M o 0 3 - S i 0 2 catalysts ( C , C" , C " ) were extracted 
with aqueous ammonia of various concentrations for 24 h. 
They were first filtered and washed with water, and then 
evaporated to dryness prior to calcination in a flow of air at 
550 °G for 5 h. The catalysts (D' , D") treated with HCl 
solution were evaporated to dryness in a flow of N 2 gas at 
100 °G and then calcined at 550 °C for 1 h in a stream of air. 

After pretreatment of the A catalyst with N 2 gas and the 
other catalysts with H 2 gas for 2 h, the reaction was carried 
out by the conventional fixed bed flow system with a U type 

reactor in the temperature range 350—600 °G. T h e reac­
tion products were periodically analyzed by a gas chromato-
gram connected to the reaction system. 

R e s u l t s a n d D i s c u s s i o n 

Effects of Various Treatments of Mo03-Si02 on the Cata­
lytic Activity. T h e profiles of t h e ac t iv i ty c h a n g e of 
p r o p y l e n e d i s p r o p o r t i o n a t i o n over M o 0 3 - S i 0 2 ca ta lys t 
w i t h v a r i o u s t r e a t m e n t s a r e s h o w n in F i g . 1. I n t h e 
in i t i a l r e a c t i o n t i m e , t h e c a t a l y t i c ac t i v i t y for t h e dis­
p r o p o r t i o n a t i o n w a s i n t h e o r d e r M o 0 3 - S i 0 2 t r e a t e d 
w i t h H G l > M o 0 3 - S i 0 2 w i t h o u t t r e a t m e n t > M o 0 3 - S i -
0 2 e x t r a c t e d w i t h a q u e o u s a m m o n i a . T h e ac t iv i t y of 
ca ta lys t s e x t r a c t e d w i t h a q u e o u s a m m o n i a differs g r e a t l y 
f rom t h a t of ca ta lys t s n o t sub jec ted to such t r e a t m e n t 
b u t t r e a t e d w i t h H C l so lu t ion . I n t h e f o r m e r case , t h e 
c a t a l y t i c ac t iv i ty shows a m a x i m u m v a l u e a t 25 m i n of 
t h e r e a c t i o n t i m e a n d t h e n dec reases g r a d u a l l y . E v e n 
after 20 h , i ts ac t iv i ty r e m a i n s h i g h . I n t h e l a t t e r case 

3 4 5 " 20 25 

Reaction time on stream/h 

30 

** Present address: Depar tment of Industrial Chemistry, 
Faculty of Engineering, Chiba University, Yayoi-cho, Chiba 
260. 

Fig. 1. Effect of various treatments of M o 0 3 - S i 0 2 

catalyst on the gas phase disproportionation of propyl­
ene at 500 °C and G H S V = 6 0 ( h - 1 ) . 
M o O ; j - S i 0 2 catalyst without t rea tment ; 
0 : disproportionation, 0 : hydrogénation. 
M o 0 3 - S i 0 2 catalyst extracted with 5 % aqueous 
ammonia ; 

A. : disproportionation, A : hydrogénation. 
M o O a - S i 0 2 catalyst treated with 5 % HCl solution; 
• : disproportionation, • : hydrogénation. 
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the catalytic activity decreases rapidly with the reac­
tion time. The catalytic activity for hydrogénation 
over M o 0 3 - S i 0 2 extracted with aqueous ammonia was 
suppressed and the disproportionation to ethylene and 
butènes was promoted. 

Effects of Reaction Temperature. I n the tempera­
ture range 350—6000 °C, the activity for the dispro­
portionation and hydrogénation of propylene changes 
within 60 min (Figs. 2—4). At all temperatures ex­
amined, the activity of the catalyst extracted with aque­
ous ammonia for the disproportionation shows a maxi­
m u m value at 25 min. The new active sites seem to be 
formed by the reduction of the catalyst with H 2 or aque­
ous ammonia . At 600 °C, the catalytic activity remains 

ö 
o 

> 
o 

U 

400 450 500 550 600 

Reaction temperature/0C 

Fig. 2. Effect of temperature on the catalytic activity of 
Mo0 3 -S i0 2 without treatment in the gas phase dispro­
portionation at GHSV=60 (h-1). 
Disproportionation; Q : 10 min, A : 25 min, • : 60 min. 
Hydrogénation; Q : 10 min> A • 25 rnin, Q : 60 min. 

ö 
o 
U 

400 450 500 550 600 

Reaction temperature/0 C 

Fig. 3. Effect of temperature on the catalytic activity of 
M0O3-S1O0 extracted with 5 % aqueous ammonia in 
the gas phase disproportionation at GHSV=60 (h_1). 
Disproportionation; % : 10 min, A : 25 min, • : 60 min. 
Hydrogénation; Q : 10 min, A '• 25 min, • : 60 min. 

o 
U 

400 450 500 550 600 

Reaction temperature/°C 

Fig. 4. Effect of temperature on the catalytic activity of 
Mo0 3 -S i0 2 treated with 5 % HCl solution in the gas 
phase disproportionation at GHSV=60 (h -1). 
Disproportionation; 0 : 1 0 min, A.: 25 min, • : 60 min. 
Hydrogénation; 0 : 10 rnin, A '• 25 min, • : 60 min. 

unchanged during the course of reaction. At tem­
peratures below 400 °C, the activity for the dispropor­
tionation becomes much lower. This indicates that the 
suitable reaction temperatures for the disproportionation 
are above 450 °G. 

T h e mode of activity change for hydrogénation re­
action vary with catalyst. In the catalyst not subjected 
to treatment, the activity for the hydrogénation becomes 
maximum at 450 °G. 

Effects of Concentration of Aqueous Ammonia. The 
initial activity of the catalyst extracted with various 
concentrations of aqueous ammonia is shown in Fig. 5. 

50i 

40h 

30 

20 

1 0 t 

\ ^~---~"~"—A 

SX^X^-
tt Q 

A-

• 

1-

Ö 

• - A -
Ö 1 

14 28 

Concentration of NH3/% 

Fig. 5. Effect of concentration of aqueous ammonia on 
the catalytic activity of Mo0 3 -Si0 2 in the dispropor­
tionation of propylene at 500 °C and GHSV=60 (h-1). 
Disproportionation; 0 : 1 0 min, A.: 25 min, • : 60 min. 
Hydrogénation;Ç): \0 min, A : 25 min, • : 60 min. 



June, 1979] Disproportionation of Propylene over Mo0 3 -S i0 2 Catalyst 1663 

In each case, the catalytic activity after 10 min was 
lower than that not subjected to treatment. This seems 
to be due to the decrease of M o metal by the extraction 
with aqueous ammonia. After 25 min the activity of 
the catalyst extracted with aqueous ammonia had higher 
value than that of the other catalysts. It seems that 
the hydrogénation over M o 0 3 - S i 0 2 extracted with 
aqueous ammonia is suppressed, and the active sites 
for the disproportionation increase. 

The hydrogénation decreased gradually with increase 
in reaction time. Yermakov et al. suggested that the 
oxidation state of M o for the disproportionation or 
polymerization is + 4 , and that for hydrogénation is 
+ 2 . 8 ) It seems that many active sites are formed for 
the disproportionation, the oxidation state of M o being 
+ 4 , but few for hydrogénation, the oxidation state of 
Mo being + 2 . 

After removal of the free M o 0 3 over M o 0 3 - S i 0 2 

catalyst by leaching with aqueous ammonia, the activity 
for the disproportionation remained unchanged as shown 
in Fig. 5. It is assumed that the increase in the acidity 
of the catalyst is due not to S i 0 2 or M o 0 3 , but to the 
new acidic sites formed by the interaction of the two. 
The free M o 0 3 can be extracted with aqueous ammonia . 
In the case of M o 0 3 - A l 2 0 3 catalyst, 8 0 % of free M o 0 3 

is removed from the catalyst surface, whereas in the 
M o 0 3 - S i 0 2 , 3 0 % of free M o 0 3 is taken off from the 
surface of M o 0 3 - S i 0 2 . 5 ) Vaghi et al. reported that 
the removal of polymolybdate by leaching with aque­
ous ammonia restores the activity in the tetrahedral 
Mo (VI) region, and the decomposition of the molybdo-
silicate anion occurs at p H 10.9'10> From our results, 
it seems that leaching of M o 0 3 - S i 0 2 with aqueous am­
monia prefers the removal of free M o 0 3 to the decom­
position of M o - O - S i bonds. 

Product Distribution. An example of products dis­
tribution is given in Table 1. The catalysts extracted 
with aqueous ammonia ( C , C" , C " ) exhibit higher 
selectivity to ethylene and butènes as compared with 
the catalysts, the one without treatment and the other 
with treatment by HCl (D'5 D"). O n the other hand, 
the selectivity for hydrogénation of propylene to propane 
over M o 0 3 - S i 0 2 extracted with aqueous ammonia is 
lower than that of the other catalysts. The isomeriza-

tion of 2-butene to 1-butène produced via the dispro­
portionation over the catalysts treated with aqueous 
ammonia decreases. This shows that the dispropor­
tionation over the catalysts subjected to aqueous am­
monia extraction is promoted more selectively by sup­
pression of self-hydrogenation or polymerization.11 '12) 

The difference in products distribution between the 
catalyst pretreated by H 2 (A) and that by N 2 (B) shows 
that the oxidation state of M o for each case is different. 
I t may be assumed that the oxidation state of Mo in 
the case of H 2 becomes + 4 according to Yermakov 
et al.8) 

i 
2C3H6 

(trans-, eis-) 

C2H4 1-C4H8 (a) 

i t-
2C 3H 6 (a) • C 2H 4 (a) + 2-C4H8 (a) -

| 2 H ( a ) | 2 H ( a ) 

C 2H 6 (a) C4H1 0 (a) 

I 
Hyd 

C3H6 • C3H6 (a) > C3H8 (a) • C3H8 

2H(a) 

C3H6_X (a) + xH (a) 

i 
C2H3_B(a) + C H 3 ( a ) + yH (a) 

I 
CH 3 (a) + C 3 H 6 _, (a) + ( * - 1)H (a) • C4H8 

Q A ^ a ) and C2H3_y(a) • 
the complexes or polymerization products 

D: Disproportionation, I: isomerization, Hyd: hydro­
génation, (a) : adsorbed species. 

Reaction Scheme. 

TABLE 1. PRODUCTS DISTRIBUTION IN THE GAS PHASE DISPROPORTIONATION OF PROPYLENE OVER 

Mo0 3 -S i0 2 CATALYST AT 500 °C AND GHSV=60 (after 25 min of reaction) 

Catalyst 
Conversion for 

disproportionation (%) 
(C 2 +C 2 ' +C 4 +C 4 ' ) selectivity (%) 
(C 4+C/) / (C 2+C 2 ' ) ratio 
C47C2' ratio 
C2/(C2+C2 ') (%) 

c4/(c4+cv) (%) 
i-cv/CY (%) _ 
Uam-jch- ratio in 2-C4' 
Conversion for hydrogénation (%) 
C3 selectivity (%) 

Aa) 

17.3 

60.5 
0.183 
0.380 

53.0 
15.5 
46.8 

1.33 
15.2 
40.7 

Bb) 

6.23 

80.7 
0.231 
0.675 

68.0 
6.74 

47.2 
1.31 
1.42 

18.5 

C7*) 

29 .0 

92.2 
0.757 
0.807 

7.62 
1.59 
31.0 

1.30 
0.90 
3.31 

CT*) 

32.8 

92.4 
0.603 
0.660 

9.93 
1.42 
39.9 

1.34 
1.55 
4.53 

Ç.///C) 

35.7 

90.0 
0.641 
0.711 

11.8 
2.10 

42.5 
1.35 
2.38 
6.26 

D^) 

7.63 

58.5 
0.172 
0.391 

60.5 
10.2 
39.6 

1.30 
5.29 

40.9 

D"3) 

6.51 

62.2 
0.153 
0.373 

63.3 
10.6 
47.2 

1.31 
3.80 

36.9 

a) Pretreated with H2. b) Pretreated with N2. c) Extracted with 5% aqueous ammonia (C) , 14% 
aqueous ammonia (C"), and 28% aqueous ammonia (C" ) . d) Treated with 5% HCl (D') and 
14% HCl solution (D"). 
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Since the ratio of ( 0 4 + 0 4 ' ) to (C2 + C2 ') *s lower 
than 04702 ' and the ratio of C2 to (C2 + C2 ') is larger 
than that of C4 to (04 + 04') , hydrogénation of ethylene 
to ethane proceeds more rapidly than that of butènes 
to butane during the course of disproportionation. The 
ratio of trans- to eis- in 2-butenes approximates to equi­
librium value at each reaction temperature. 

In the catalyst subjected to aqueous ammonia extrac­
tion, the molar ratios 04702 ' and (C4+C 4 ' ) / (C 2 + C2') 
in the temperature range 400—600 °C decrease with 
increase in the reaction temperature (Fig. 6). At all 
temperatures, the values increase with reaction time. 
In the initial reaction periods, the desorption of C4 and 
C4 ' from the catalyst surface is more difficult than that 
of C2 and G2 ', the decomposition of C4 and C4 ' proce­
eding very rapidly at high temperature. 

The molar ratios CY/Cy and (C4 + C4 ' ) / (C2 + C2 ') for 
the catalysts treated with aqueous ammonia are greater 
than those not subjected to such treatment but treated 
with HCl . It seems that the active sites for dispro­
portionation are formed. In the reaction below 450 
°C, the ratio C 4 7C 2 ' or (C4 + C4 ' ) / (C2 + C2 ') after 25 
min of the reaction is approximately 1.0, indicating the 
most selective disproportionation. 

The molar ratios of 1-butène in all butènes are shown 
in Fig. 7. At temperatures below 550 °C, each ratio 
in the catalyst extracted with aqueous ammonia is the 
lowest among the catalysts subjected to various treat­
ments. The ratio in the case of the catalyst treated 
with H C l is lower than that of the catalyst not subjected 
to treatment. Decrease in the ratio in aqueous am­
monia shows that acid sites are necessary for the isomeri-
zation over M o 0 3 - S i 0 2 catalyst. O n the other hand, 

.2 
u 
u 

0.2h 

Reaction temperature/°C 

Fig. 6. Effect of temperature on C47C2
/ and (04+04')/ 

(Cg+CgO molar ratio in the disproportionation of pro­
pylene over Mo0 3 -Si0 2 catalyst extracted with 5 % 
aqueous ammonia. 
Reaction after 10 min ; 
(C8+C2 ' ) , 25 min; ±: (Y /G/ , 
C2'), 300 min; • : CY/Q/. 

C47C2
/, O : (C4+C4 ' ) / 

A : (C4+C4 ' ) /(C2-

400 450 500 550 

Reaction temperature/°C 

Fig. 7. Effect of temperature on molar ratio of 1-butène 
in all butènes in the gas phase disproportionation over 
MoO,-Si02 catalyst' at GHSV=60 (h-1) after 25 
minutes of reaction time. 
0 : Mo0 3 -S i0 2 catalyst. A.: Mo0 3 -Si0 2 catalyst 
extracted with 5 % aqueous ammonia. • : Mo0 3 -
Si02 catalyst treated with 5 % HCl solution. 

HCl which neutralizes basic sites is also effective for 
decreasing the isomerization activity of M o 0 3 - S i 0 2 cata­
lyst. This suggests that both acid and basic sites func­
tion effectively in isomerization of 2-butenes to 1-
butene over M o 0 3 - S i 0 2 catalyst. 

The behavior of M o 0 3 - S i 0 2 catalyst in the shift of 
the double bond from 2-butenes to 1-butène may be 
explained as follows.13) The mechanism of this reac­
tion involves the existence of an electron accepting (oxi­
dative, i.e., acid) center in the vicinity of the 7r-bond 
between carbons 2 and 3 and the presence of an electron 
donating (reducing, i.e., basic) center in the vicinity 
of the a-bond between carbons 1 and 2. The shift of 
the double bond is of a concerted type. 
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Syntheses of Several Muramyl Peptides in Relation to Chemical 
Structures of Less Immunoadjuvant Bacterial Cell Walls 
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Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 

(Received September 21 , 1978) 

Various structural analogs of iV-acetylmuramyl-L-alanyl-D-isoglutamine, which had been shown to be the 
minimum structure required for the immunoadjuvant activity of bacterial cell walls, were synthesized in order to 
investigate in more detail the relationship between the activity and chemical structures. Particularly, the com­
pounds of the structures corresponding to the cell walls of special bacteria without immunoadjuvant activity were 
prepared in this study. Several novel procedures including the preparat ion of a branched glutamyl peptide were 
newly exploited to accomplish the syntheses of muramyl peptides with complicated structures. As a result of this 
synthetic study, new informations were obtained on the structural requirement for the immunoadjucant activity. 

S ince # - a c e t y l m u r a m y l - L - a l a n y l - D - i s o g l u t a m i n e 

( M u r N A c - L - A l a - D - G l u ( O H ) - N H 2 ) 1 ) (1) h a d b e e n 
s h o w n to b e t h e m i n i m u m s t r u c t u r e r e q u i r e d for t h e 
i m m u n o a d j u v a n t ac t iv i ty of t h e b a c t e r i a l cel l walls,2»3) 
inves t iga t ions o n t h e r e l a t i o n s h i p b e t w e e n t h e s t r u c t u r e 
a n d t h e a d j u v a n t ac t iv i ty f rom t h e v i ew p o i n t of syn­
the t i c a p p r o a c h e s w e r e m u c h u r g e d . I n fact , w e r e ­
conf i rmed t h e m o r e s ignif icance of t h e s t r u c t u r e of M u r -
N A c - L - A l a - D - G l u ( O H ) - N H 2 (1) b y c o m p a r i s o n w i t h 
va r ious s y n t h e t i c analogs . 2 ) 

T h e r e a f t e r , w e e x t e n d e d t h e s t u d y i n t h e a b o v e l i ne 
to t h e inves t iga t ion o n t h e s t r u c t u r a l r e l a t i o n of a d j u v a n t 
i nac t ive cel l wa l l s . A c c o r d i n g to t h e r e c e n t s t u d y of 

K o t a n i et al.fi t h e r e h a v e b e e n k n o w n q u i t e a few 
b a c t e r i a w h o s e cel l wa l l s d o n o t s h o w t h e i m m u n o ­
a d j u v a n t ac t iv i ty , a l t h o u g h u s u a l b a c t e r i a possess t h e 
s ignif icant ac t iv i t ies . I t s h o u l d b e n o t e d t h a t m o s t of 
i n a c t i v e b a c t e r i a b e l o n g to p l a n t p a t h o g e n i c ones a n d 
a r e n o t f ami l i a r to m a m m a l s . A l t h o u g h M u r N A c - L -
A l a - D - G l u ( O H ) - N H 2 (1) m e n t i o n e d a b o v e is t h e c o m ­
m o n s t r u c t u r a l u n i t i n m a n y b a c t e r i a l p e p t i d o g l y c a n , 
a n u m b e r of v a r i a t i o n s a r e often e n c o u n t e r e d espec ia l ly 
i n a d j u v a n t i n a c t i v e b a c t e r i a , for i n s t a n c e , r e p l a c e m e n t 
of L-Ala w i t h G l y o r L-Ser r e s idue , o r l i n k a g e of a-
c a r b o x y l g r o u p of D - G 1 U r e s idue to t h e o t h e r a m i n o 
acid . 5 ) I n these respec t s , w e syn thes ized n o w # - a c e t y l -

T A B L E 1. SYNTHETIC JV-ACETYLMURAMYL PEPTIDES 

MurNAc peptides Corresponding 
original bacteriumb ) 

O H 

MurNAc-L-Ala -D-Glu -NH/ ) 

H 

,-L-Lys-D-Ala-OHa> 

MurNAc-L-Ala-D-Glu-NH 2 

O H 

M u r N A c - G ly - D - G h i - N H 2 

O H 

MurNAc-L-Ser -D-Glu-NH 2 

O H 

MurNAc-D-Ala-D-Glu-NH 2 

O H 

MurNAc-L-Ala-D-Ghi -Gly-OH 

H 

-L-Lys-D-Ala-OH 

MurNAc-L-Ala-D-Glu-Gly-OH 

O H 

M u r N A c - G l y - D - G l u - G l y - O H 
O H 

MurNAc-L-Ala-D-Glu-D-Ala-NH 2 

O H 

MurNAc-L-Ala-D-Glu-Gly-NH 2 

(1) 

(2c) 

(3c) 

(4c) 

(5c) 

(6c) 

(7c) 

(8c) 

(9c) 

Staphylococcus aureus 

Staphylococcus aureus 

Microbacterium lacticumc) 

Eubacterium limosum^ 

Micrococcus lysodeikticus 

Micrococcus lysodeikticus 

Corynebacterium poinsettiae 

Arthrobacter sp. (NGIB 9423) 

Arthrob acter atrocyaneus 

a) These are prepared in our previous study. See Ref. 2b in the text. b) T h e names of the corresponding 
representative bacteria are given, tha t have the partial structure mentioned in each line. See Ref. 9. c) In 
the cell walls of these bacteria, the a-carboxyl group of glutamic acid does not exist actually as a simple 
amide but further links with a basic amino acid part icipating in a cross linkage. 

al.fi
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muramyl peptides corresponding to the partial struc­
tures of inactive cell walls in order to investigate whether 
changes in rather small moieties are reflected in the 
inactivities of cell walls. 

The iV-acetylmuramyl peptides (2c—9c) prepared in 
this study are summarized in Table 1 together with the 
names of the representative bacteria in which the cor­
responding structures are involved. For the synthesis 
of these compounds, the same strategy was employed 
as described previously for the muramyl dipeptide (1).2> 
Thus, peptide portions (2a—9a) were prepared in prin­
ciple by conventional methods using Boc1) and Bzl1) 
groups for amino and carboxyl protections, respective­
ly. After removal of the iV-terminal Boc groups, the 
resulting peptide benzyl esters were coupled with pro­
tected muramic acid, i.e.> l-a-0-benzyl-4,6-0-benzyli-
dene-iV-acetylmuramic acid (10), by means of the active 
ester method to give protected muramyl peptides (2b— 
9b) , whose protecting groups were then removed sim­
ultaneously by catalytic hydrogenolysis. This pro­
cedure is illustrated for the preparat ion of 2c in Fig. 1 
for an example. In some syntheses, modifications were 
required as described below. 

The first group of muramyl peptides (2c, 3c, and 4c) 
were synthesized in order to elucidate the role of the 
amino acid adjacent to the muramic acid moiety; the 
L-Ala residue in 1 was replaced with Gly or L-Ser as 
models of plant pathogenic and adjuvant-inactive cell 
walls and with D-Ala as non-natural peptidoglycan 
analog. Thus, the synthesis of MurNAc-L-Ser-D-Glu-
( O H ) - N H 2 (3c) and MurNAc-D-Ala -D-Glu(OH)-NH 2 

(4c) were performed in a similar manner to that il­
lustrated for M u r N A c - G l y - D - G l u ( O H ) - N H 2 (2c) (Fig. 
1) except that the mixed anhydride method was used 
for the coupling of 10 with the peptide moieties. 

In the another group of the analogs prepared so far, 
the a-carboxyl group of D - G 1 U is linked with an amino 
acid (5c, 6c , and 7c) or an amino acid amide (8c and 
9c) in place of ammonia in 1. This type of variations 
has been mostly found also in adjuvant-inactive cell 
walls. For instance, the muramyl tri- and pentapeptides, 
i.e., MurNAc-L-Ala -D-Glu (OH)-Gly -OH (5c) and 
MurNAc-L-Ala-D-Glu(L-Lys-D-Ala-OH)-Gly-OH 
(6c) are involved in the cell wall of Micrococcus lysodeikti-

/ 
0CH2 

C6H5CH y— ov 

0V—(OBzL 
I NHCOCH3 

CH3CHC02H 

,0Bzl 
Boc-Gly-ONSu H-D-GIU-NH2 

DCC-HONSu 

C6H5CH } — 0X 

\<J0 > 
0V |—fOBzL 

I NHCOCH3 
CH3CHCO-ONSU 

,0Bzl 
Boc-Gly-D-Glu-NH2 

2a 

,0Bzl 
H-Gly-D-Glu-NH2 

X>CH? 

C6H5CH y L - a 

O Î—fOBzl 
I NHCOCH3 OBzl 

CH3CHCO-Gly-D-Glu-NH2 

2b 
H2-Pd 

,0H 
HO 

CH20H 

I NHCOCH3 OH 
CH3CHCO-Gly-D-Glu-NH2 

2c 

Fig. 1. Synthetic scheme for 2c. 

eus which shows exceptionally no adjuvant activity 
though this bacteria is familiar to human beings. 

Though the compound 5c was obtained according to 
usual series of reactions, some difficulty was encountered 
in the synthesis of muramyl pentapeptide (6c) particu­
larly for a construction of the branched peptide struc­
ture at the D-Glu residue. Therefore, we improved a 
classical reaction of Boc-D-glutamic anhydride with H -
Gly-OBzl to obtain the key intermediate Boc-D-Glu-
(OH)-Gly-OBzl (13) directly by a simple procedure. 
In this reaction, the isomeric y-peptide, Boc-D-Glu-
(Gly-OBzl ) -OH (14), formed simultaneously must be 
removed anyhow. LeQuesne and Young6a> employed 
fractional extraction for this purpose, but their pro-

TABLE 2. PHYSICAL AND ANALYTICAL DATA OF SYNTHETIC A^-ACETYLMURAMYL PEPTIDES 

Compda> 

4c 

5c 

6c 

7c 

8c 

9c 

Yield 

(%) 

97 

60 

90 

95 

98 

94 

MD 

after 5 min 

+ 67° 

+ 42° c> 

+ 19° 

+ 45° 

+ 49° 

+ 42° 

after 24 h 

+ 64° 

+ 39° d> 

+ 19° 

+ 42° 

+ 48° 

+ 38Q 

(c) 

(0.45) 

(0.48) 

(0.63) 

(0.54) 

(0.52) 

(0.50) 

Molecular 
formula 

G 1 9 H 3 2 0 1 1 N 4 . 1 / 2 H 2 0 

C 2 1 H 3 4 0 1 3 N 4 . 3 / 4 H 2 0 

C 3 0 H 5 1 O 1 5 N 7 . 3 /2H 2 O 

C 2 0 H 3 1 O 1 3 N 4 . 3 /4H 2 O 

G 2 2 H 3 7 0 1 2 N 4 

G 2 1 H 3 6 0 1 2 N 5 . H 2 0 

Fou 

n o / 
W o 

45 .58 
(45.50 

44.62 
(44.72 
46 .54 

(46.38 

43 .83 
(43.75 

46 .70 
(46.88 

44.31 
(44.44 

nd (Ga 

H % 

6.63 
6 .63 

6 .30 
6 .34 

6.81 
7.01 

5 .95 
5.97 

6 .60 
6.62 

6 .35 
6.57 

led) 

N % 

11.21 
11.17) 

10.51 
9.93) 

12.64 
12.62) 

10.27 
10.21) 
12.36 
12.43) 

12.44 
12.34) 

a) All these compounds were obtained by precipitation from abs ethanol-abs ether followed by lyophilization. 
See Ref. 18 in the text, b) In H 2 0 at 25—28 °G. c) At 19 °G. d) At 15 °G. 



June, 1979] Synthesis of Muramyl Peptides Related to Less Immunoadjuvant Bacteria 1667 

cedure was too tedious to be applied in a preparative 
scale.(ib> We improved the procedure as follows. Boc-
D-glutamic anhydride was added to a solution of H -
Gly-OBzl in T H F and the resulting mixture of a- and 
y-peptides (13 and 14) was dissolved in ethyl acetate. 
On addition of 1 equivalent of DOHA1) to this solution, 
the desired a-peptide (13) was obtained as pure D C H A 
salt in 6 0 % yield, where the y-peptide (14) remained 
in the mother liquor. The idea came from the method 
of a selective precipitation of a-esters of iV-protected 
glutamic acid,7) but no one has yet applied it in direct 
peptide formation. The structure of the a-peptide ob­
tained was checked after deprotection by amino acid 
analyzer and TLG in comparison with the authentic 
free dipeptides, i.e., H - D - G l u ( O H ) - G l y - O H (15) and 
H - D - G l u ( G l y - O H ) - O H (16), which were obtained via 
unequivocal ways (see experimental). Meanwhile, we 
recognized a fact that the amount of a-peptide (13) 
decreased slightly in the presence of D C H A as compared 
to that in its absence at the stage of anhydride ring 
opening. The ratio of a- and y-peptides was measured 
for the reaction mixture of Boc-D-glutamic anhydride 
and H-Gly-OBzl after deprotection by amino acid ana­
lyzer. Tha t in the presence of D C H A was actually 
2.0: 1.0 and in its absence 2.6: 1.0. These ratios did 
not change in a range of the reaction temperature be­
tween — 70 and 20 °C. Furthermore, the same tech­
nique in our method was also applicable to the reaction 
of Z-D-glutamic anhydride with H-Gly-OBzl as de­
scribed in the experimental section. In this case, the 
pure y-peptide, i.e., Z-D-Glu(Gly-OBzl ) -OH, could be 
also isolated from the mother liquor, besides the crystal­
line a-peptide D C H A salt. 

L-Ala o-Glu fily 

Boc-

Boc--Ko H-i-

Boc-

Boc-

Boc-fONSu 

OH 

13 

Boc 

L-Lys o-Ala 
I 7 

V 

i z l 

17 

19 

- O B z l 

6a 
• O B z l 

Fig. 2. Synthetic scheme for 6a. 

Concerning with the muramyl pentapeptide (6c), 
Boc-D-Glu(OH)-Gly-OBzl (13) was first condensed 
with H-L-Lys(Z)-D-Ala-OBzl (17) to give a branched 
tetrapeptide, i.e., Boc-D-Glu(L-Lys(Z)-D-Ala-OBzl)-
Gly-OBzl (18), whose Boc group was then selectively 
removed by treating with TFA (100 equivalents) at room 
temperature for 5 min.8) The resulting H - D - G 1 U ( L -
Lys(Z)-D-Ala-OBzl)-Gly-OBzl (19) was successively 
coupled with Boc-L-Ala-OH. After removal of the Boc 
group, the product was condensed with the protected 
muramic acid 1-succinimidyl ester (11) to give the 

muramyl pentapeptide derivative (6b). Finally, hy-
drogenolysis of 6b afforded MurNAc-L-Ala-D-Glu(L-
Lys -D-Ala -OH) -Gly -OH (6c). 

The muramyl tripeptide containing glycine, i.e., Mur-
N A c - G l y - D - G l u ( O H ) - G l y - O H (7c) was also prepared 
in a similar manner to that described above for 5c. 

Concerning with the syntheses of two muramyl tri-
peptides containing acid amide groups at their termini, 
i.e., MurNAc-L-Ala-D-Glu(OH)-D-Ala-NH 2 (8c) and 
MurNAc-L-Ala-D-Glu(OH)-Gly-NH 2 (9c), the former 
(8c) could be prepared by conventional method start­
ing from D-alanine amide, whereas a modified procedure 
should be used for the latter (9c) to avoid difficulties 
in experimental procedures due to high solubility of 
glycine amide derivatives in water. Thus, a tripeptide 
ester, i.e., Boc-L-Ala-D-Glu(OBzl)-Gly-OEt (22), was 
first prepared by conventional method and its terminal 
ethyl ester was converted into amide function after se­
lective removal of y-benzyl ester group (Fig. 3). Other-

MUTNAC L-Ala fily 

B o c -

Boc -

Boc-

-ONb H-

Boc-

-ONSu H-

OBzl 

20 
OBzl 

21 

OBzl 

22 

23 

9a 
OH 

24 

\L 

-ort 

-ont 

-NU 2 

•mu 
9b 

R=l-a-0-benzyl-4,6-0-benzylidene 

Fig. 3. Synthetic scheme for 9b. 

wise, a,y-peptide migration would occur in the am-
monolysis step. For the coupling of the protected mura­
mic acid (10) with the ambient tripeptide, H-L-Ala-
D-Glu(OH)-Gly-NH 2 (24) (Fig. 3), with less solubility 
in organic solvent and high solubility in aqueous media, 
we adopted HONb 1 ) ester method, particularly since 
this active ester has been known to afford relatively good 
yields in condensation in aqueous media.9) In fact, the 
desired l-a-0-benzyl-4,6-0-benzylidene-MurNAc-L-
Ala-D-Glu(OH)-Gly-NH2 (9b) was obtained in a sat­
isfactory yield by this method. The product (9b) was 
then hydrogenolyzed to give the free iV-acetylmuramyl 
tripeptide (9c). This advantageous method for the 
coupling of the active ester of muramic acid with a 
free peptide moiety was further utilized in our another 
synthesis of MurNAc-L-[U- 1 4 C]Ala-D-Glu(OH)-NH 2 

successfully.10) 
The immunoadjuvant activities of the muramyl pep-
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t ides ( 2 c — 9 c ) p r e p a r e d a b o v e w e r e m e a s u r e d b y K o t a n i 
et tf/.n'12> F r o m these resu l t s , t h e r e l a t i o n s h i p b e t w e e n 
t h e s t r u c t u r e a n d t h e a d j u v a n t ac t iv i t y h a d b e e n a l r e a d y 
discussed. 1 1) F o r t h e r e fe rence , on ly t h e conc lus ion is 
n o w s u m m a r i z e d as follows, i) T h e L-Ala r e s idue i n 
M u r N A c - L - A l a - D - G l u ( O H ) - N H 2 (1) c a n b e r e p l a c e d 
w i t h L-Ser w i t h o u t s ignif icant d e c r e a s e i n t h e ac t iv i t y . 
O n t h e o t h e r h a n d , less a c t i v i t y is obse rved i n t h e G l y 
a n a l o g a n d c o m p l e t e i n a c t i v i t y i n t h e D-Ala a n a l o g . 
ii) C o u p l i n g of a n o t h e r a m i n o ac id r e s idue a t t h e a-
c a r b o x y l t e r m i n a l of D - g l u t a m i c ac id i n 1 i n p l a c e of 
t h e s i m p l e a m i d e caused a r e m a r k a b l e d e c r e a s e i n t h e 
ac t iv i ty , w h i l e r e p l a c e m e n t w i t h a n a m i n o a c i d a m i d e 
k e p t t h e h i g h ac t iv i ty . T h e r e f o r e , t h e t e r m i n a t i o n w i t h 
a n a m i d e g r o u p i n t h e m o l e c u l e of m u r a m y l p e p t i d e 
seems to b e a d v i s a b l e i n o r d e r to m a i n t a i n t h e a d j u v a n t 
ac t iv i t y i n h i g h e r l eve l . 

E x p e r i m e n t a l 

All melting points are uncorrected. Silica gel 60 (0.063— 
0.2 m m ) , Merck, was used for column chromatography and 
silica gel G, Merck, for thin layer chromatography. T H F 
as solvent was purified by refluxing with LiAlH 4 followed 
by distillation and stored with Na-wire. 

Boc-Gly-v-Glu(OBzl)-NH2 (2a). Boc -Gly -ONSu 
(2.72 g, 10.0 mmol) was added to a mixture of H - D - G 1 U 
( O B z l ) - N H 2 . H C l (2.36 g, 8.7 mmol) and tr iethylamine (1.50 
ml, 11.0 mmol) in T H F (40 ml) . After the usual work-up, 
the product was recrystallized from ethyl ace ta te -hexane; 
yield, 3.08 g ( 9 0 % ) ; m p 112—113 °G; [a]*9 + 4 . 9 5 ° (c 2.00, 
ethyl acetate) . 

Found : G, 57.76; H , 6.90; N , 10.64%. Galcd for C1 9H2 7-
0 6 N 3 : G, 58.00; H, 6.92; N , 10.68%. 

1 -a- O -Benzyl-4,6 -O-benzylidene-MurNAc-Gly- D -Glu(OBzl)-
NH2 (2b). Compound 2a (2.36 g, 6.0 mmol) was dis­
solved in T F A (6 ml) and allowed to stand at room tempera­
ture for 1 h. O n addition of abs ether and hexane, an oily 
layer separated. The supernatant was removed by décanta­
tion, the remaining oil was dissolved in T H F , and then the 
solvent was removed in vacuo. T h e residue solidified by drying 
over K O H in vacuo. It was tr i turated with abs ether and 
filtered to give H-Gly -D-Glu (OBzl ) -NH 2 T F A salt; yield, 
2.08 g (85%) . 

A solution of l -a-0-benzyl-4,6-0-benzylidene-MurNAc-
ONSu2b> (11) (0.57 g, 1.0 mmol) in D M F (10 ml) was added 
to a solution of the T F A salt obtained above (0.41 g, 1.0 
mmol) and triethylamine (0.14 ml, 1.0 mmol) in T H F (15 
ml) with stirring. After the mixture had been kept at room 
temperature overnight, T H F was evaporated in vacuo and 
ethyl acetate was added to the remaining mixture. T h e re­
sulting gelatinous solid was filtered and recrystallized from 
dioxane-water ; yield, 0.57 g ( 7 5 % ) ; m p 234 °G (dec); [a]*8 

+ 82° (*0.95, D M F ) . 
Found : G, 61.50; H , 6.24; N, 7.40%. Galcd for C39H4fi-

O n N 4 . H 2 0 : G, 61.24; H , 6.33; N , 7 .33%. 
MurNAc-Gly-v-Glu(OH)-NH2 (2c). A solution of 2 b 

(0.30 g, 0.39 mmol) in acetic acid (20 ml) was hydrogenolyzed 
in the presence of pal ladium black catalyst. After removal of 
the catalyst, the filtrate was diluted with water and then 
evaporated in vacuo. T h e residue was crystallized from 
methanol ; yield, 0.19 g (quantitative) ; m p 234 °G (dec) ; [oc]£8 

+ 35° (after 5 min) , + 3 3 ° (after 24 h) (c 0.46, H 2 0 ) . 
Found : G, 44.08; H , 6.32; N , 11.55%. Galcd for G18H30-

O n N 4 . l / 2 H 2 0 : G, 44.35; H , 6 .41; N , 11.49%. 

Boc-L-Ser-r>-Glu(OBzl)-NH2 (3a). A mixture of Boc-
L-Ser-OH (1.54 g, 7.5 mmol) , H - D - G 1 U ( O B Z 1 ) - N H 2 . H G 1 
(2.04 g, 7.5 mmol) , and iV-methylmorpholine (0.82 ml, 7.5 
mmol) in T H F was treated with DGG (1.70 g, 8.2 mmol) and 
HOBt1) (1.01 g, 7.5 mmol) under ice-cooling. After the usual 
work-up, the product was recrystallized form ethyl ace ta te-
hexane ; yield, 3.13 g ( 9 8 % ) ; m p 73—75 °G; [a]J9 +0 .70° 
(c 2.98, ethyl acetate). 

Found : G, 56.61; H , 7.02; N , 9.90%. Galcd for G20H29 

0 7 N 3 : C, 56.72; H , 6.90; N , 9.92%. 
l-vL-O-Benzyl-4,6-0-benzylidene-MurNAc--L-Ser--D -Glu(OBzl)-

NH2 (3b). Compound 3a (1.27 g, 3.0 mmol) was dis­
solved in T F A (3 ml) and set aside at room temperature for 
35 min. Evaporat ion of T F A in vacuo afforded H-L-Ser-
D-Glu(OBzl)-NH 2 T F A salt as a syrup, which was dried over 
K O H in vacuo. Ethyl chloroformate (0.29 ml, 3.0 mmol) was 
added to a solution of the protected iV-acetylmuramic acid 
(10) (1.42 g, 3.0 mmol) and triethylamine (0.42 ml, 3.0 mmol) 
in T H F (20 ml) at —19 °C. After being stirred a t the same 
temperature for 15 min, a solution of the above T F A salt 
and triethylamine (0.42 ml, 3.0 mmol) in T H F (15 ml) was 
added to the mixture, and stirring was continued overnight. 
Gelatinous solid obtained by addit ion of water was collected 
by filtration; yield, 1.95 g (82%). Recrystallization was ef­
fected from dioxane-water ; m p 197 °G (dec); [a]£8 +81 .6° (c 
1.12, D M F ) . 

Found : G, 60.56; H , 6.19; N , 7.08%,. Galcd for C4 0H4 ,-
0 1 2 N 4 . H 2 0 : G, 60.44; H , 6.34; N, 7 .05%. 

MurNAc-i^Ser-v-Glu ( OH) -NH.2 (3c). Compound 3 b 
(0.30 g, 0.38 mmol) was dissolved in acetic acid (35 ml) and 
hydrogenolyzed in the presence of pal ladium black catalyst. 
After addit ion of water, the solvent was evaporated in vacuo 
and the residue was precipitated from abs ethanol-abs ether 
to afford colorless hygroscopic solid. It was again dissolved 
in a small amount of water, and subjected to lyophilization;13) 

vield, 0.11 g ( 5 5 % ) ; [a]*8 + 3 9 ° (after 5 min) , [a]£9 + 3 5 ° 
(after 24 h) (c 0.49, H 2 0 ) . 

Found : G, 44.29; H , 6 .41; N, 10 .91%. Calcd for G19H.,2-
0 1 2 N 4 - 1 / 2 H 2 0 : C, 44.10; H , 6.43; H , 10.83%. 

Boc-T>-Ala-T>-Glu(OBzl)-NH2 (4a). This compound 
was prepared from Boc-D-Ala-OH (1.25 g, 6.6 mmol) and 
H - D - G l u ( O B z l ) - N H 2 . H C l (1.79 g, 6.6 mmol) by means of 
the D C G - H O N S u method in T H F and recrystallized from 
ethyl ace ta te-hexane; yield, 2.33 g ( 8 7 % ) ; m p 130.5—131.5 
°C; [a]*9 +19 .2° (c 1.88, ethyl acetate). 

Found : G, 59.03; H , 7.20; N , 10.37%. Calcd for G20-
H 2 9 0 5 N 3 : C, 58.95; H , 7.17, N , 10 .31%. 

l-<x-O-Benzyl-4,6-O-benzylidene-MurNAc-T>-Ala--D-Glu(0Bzl)-
NH2 (4b). Compound 4a (1.22 g, 3.0 mmol) was treat­
ed with T F A (3 ml) and the resulting H-D-Ala-D-Glu(OBzl)-
N H 2 was coupled with 10 (1.42 g, 3.0 mmol) by means of 
the mixed anhydride method as described for 3 b ; yield, 1.69 g 
(73%) . Recrystallization was effected from dioxane-water; 
m p 223 °G (dec); [a]£8 + 8 3 . 5 ° (c 1.09, D M F ) . 

Found : G, 62.40; H , 6.39; N , 7 .05%. Calcd for G40H4S-
O n N 4 . l / 2 H 2 0 : C, 62.40; H , 6.42; N , 7 .28%. 

MurNAc-v-Ala-T>-Glu(OH)-NH2 (4c) and Other Mur N Ac 
Peptides (5c—9c). These compounds were prepared by 
hydrogenolytic deprotection in acetic acid of 4 b and 5b—9b 
whose syntheses are described below, followed by precipitation 
from abs e thanol-abs ether in a similar way to that for 3c. 
T h e hygroscopic powders thus obtained were dissolved in 
water and lyophilized,13) respectively. T h e yields, [a]D valu­
es and the results of elemental analyses are summarized in 
Table 2. 

Boc-v-Glu(OBzl)-Gly-OBzl (12). Boc-D-Glu(OBzl)-
O N S u (8.69 g, 20.0 mmol) was added to a mixture of H -
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Gly-OBzl .HCl (4.03 g, 20.0 mmol) and triethylamine (2.82 
ml, 20.0 mmol) in T H F (100 ml) . After the usual work-up, 
the product was recrystallized from ethyl acetate-hexane ; 
yield, 8.67 g (89%) ; m p 7 1 — 72 °C; [a]£° + 6 . 9 9 ° (c 1.03, 
ethyl acetate). 

Found: C, 64.07; H , 6.75; N , 5 .83%. Calcd for G26H3ä-
0 7 N 2 : C, 64.45; H , 6.66; N , 5 .78%. 

Boc-i,-Ala-v-Glu( OB zl)-Gly-OBzl (5a). The T F A 
salt of H-D-Glu(OBzl) -Gly-OBzl obtained from 12 (4.32 g, 
8.9 mmol) was neutralized with triethylamine and then cou­
pled with Boc-L-Ala-OH (1.70 g, 9.0 mmol) by means of 
DCG in a usual manner . T h e product was recrystallized 
from ethyl ace ta te-hexane; yield, 2.38 g ( 4 8 % ) ; m p 107 °C; 
[a]J,9 +f)'.5° (c 1.01, D M F ) . 

Found: C, 62.68; H , 6.77; N, 7 .63%. Calcd for C,9H3 7-
0 8 N 3 : C, 62.69; H , 6 .71; N, 7.56%. 

l-a-O-Benzyl-4,6-O-benzylidene-MurNAc--L-Ala-r>-Glu(0Bzl)-
Gly-OBzl (5b). Compound 5a (0.28 g, 0.50 mmol) was 
treated with T F A as described in the synthesis of 3 b . The 
syrupy H-L-Ala-D-Glu(OBzl)-Gly-OBzl T F A salt solidified 
on tri turation with abs ether. I t was filtered and dried over 
K O H in vacuo. A mixture of 10 (0.24 g, 0.51 mmol) , H O N S u 
(0.063 g, 0.55 mmol) and D C C (0.10 g, 0.49 mmol) in T H F 
was stirred under ice-cooling for 4 h. After iV, JV'-dicyclo-
hexylurea had been filtered off, the filtrate was again cooled 
in an ice bath, and a solution of the T F A salt and triethylamine 
(0.70 ml, 0.50 mmol) in a small amount of T H F was added. 
The mixture was stirred overnight, and gelatinous solid was 
collected by filtration and then recrystallized from d ioxane-
water; yield, 0.28 g ( 6 3 % ) ; m p 220 °C (dec); [a]*,9 + 6 8 ° 
(c 0.49, D M F ) . 

Found: C, 64.48; H , 6.23; N, 6 .26%. Calcd for C4 9H5 6-
0 1 3 N t : C, 64.74; H , 6 .21; N, 6.16%. 

Boc-T>-Glu(OH)-Gly-OBzl (13) DCHA Salt. A mix­
ture of H - G l y - O B z l - H C l (8.87 g, 44.0 mmol) and triethyl­
amine (6.20 ml, 44.0 mmol) in T H F (100 ml) was stirred at 
room temperature for 3 h, and then triethylamine hydro­
chloride was filtered off. T h e filtrate was cooled in an ice 
bath and Boc-D-glutamic anhydride (9.17 g, 40.0 mmol) was 
added with stirring. After being stirred in an ice ba th for 
6 h, the solvent was evaporated in vacuo. The residue was 
dissolved in ethyl acetate, washed with 1 M citric acid and 
water, and dried over N a 2 S 0 4 . After addition of D C H A 
(8 .0ml , 40 mmol) , the mixture was left stand at room tem­
perature to afford crude crystalline material , which was col­
lected by filtration (20.1 g) . This was recrystallized from 
methanol-ethyl aceta te-hexane; yield, 12.40 g ( 5 3 % ) ; m p 
164—167 °C. The mother liquor of the recrystallization was 
condensed in vacuo, and the residue was shaken with ethyl 
acetate and 1 M citric acid. The organic layer was washed 
with water, dried and again treated with D C H A (2.0 ml, 
10 mmol) to give an additional amount of the product ; 1.46 g 
( 6 % ) ; m p 165.5—167.5 °C. 

Found : C, 64.30; H , 8.67; N, 7.04%. Calcd for C3 1H4 9-
0 7 N 3 . 1 / 4 H * 0 : C, 64.17; H , 8.60; N , 7.24%. 

Compound 13 was hydrogenolyzed in the presence of pal­
ladium black and then treated with T F A to give a free di-
peptide, which was identified with the authent ic specimen of 
H - D - G l u ( O H ) - G l y - O H (15) described below by means of 
T L C and amino acid analysis. 

Determination of the Ratio of 13 to 14. A solution of 
H-Gly-OBzl (0.11 g, 0.55 mmol) in T H F (3 ml) was prepar­
ed as above and stirred at — 70, 0, or 20 °C with or without 
addition of D C H A (0.10 ml, 0.50 mol). Boc-D-glutamic 
anhydride (0.11 g, 0.50 mmol) was added to the solution and 
the mixture was stirred overnight. After the solvent was 
removed in vacuo, the residue was dissolved in ethyl acetate 

and washed with 1 M citric acid and water. Hydrogenolysis 
with pal ladium black followed by t reatment with T F A at room 
temperature afforded a mixture of free dipeptide 15 and 16, 
whose ratio was determined by means of amino acid analyser. 
The s tandard color values for each substance were obtained 
using the pure authent ic samples described below. 

DCHA Salts of Z-D-GIU( OH)-Gly-OBzl and Z-n-Glu(Gly-
OBzl)-OH. For the synthesis of these compounds, a 
similar procedure to that, described for 13 was employed. A 
solution of Z-D-glutamic anhydride (0.53 g, 2.0 mmol) in 
T H F (10 ml) was added to an ice-cooled solution of H - G l y -
OBzl (2.2 mmol) in T H F (8 ml) . After being stirred over­
night, the mixture was worked up as above and dissolved in 
ethyl acetate. After addition of D C H A (0.40 ml, 2.0 mmol) , 
the mixture was left stand in a refrigerator for 4 days to afford 
Z -D-Glu (OH)-Gly -OBz l D C H A salt; yield, 0.57 g ( 4 8 % ) ; 
Rf on T L C , 0.60 (CHCl 3 -acetone-acet ic acid, 1 6 : 4 : 1 ) . 
When the mother liquor was seeded with Z-D-Glu(Gly-
O B z l ) - O H D C H A salt and again left stand in a refrigerator 
for further 2 days, the y-peptide D C H A salt was solidified; 
yield, 0.52 g ( 4 3 % ) ; R{ on T L C , 0.50. 

H-D-Glu(OH)-Gly-OH (15). i) TFA Salt as a Stand-
dard Sample: Boc-D-Glu(OBzl)-Gly-OBzl (12) (0.70 g, 1.4 
mmol) was deprotected by hydrogenolysis followed by action 
of T F A to afford white precipi ta te; yield, 0.43 g ( 9 4 % ) ; m p 
139—140 °C (dec); Rf on T L C , 0.41 (1-butanol-acetic ac id -
water, 4 : 1:2) . 

ii) From Z--D-Glu(OH)-Gly-OBzl DCHA Salt: This salt 
(0.30 g, 0.50 mmol) was washed with aqueous citric acid and 
hydrogenolyzed in ethyl acetate with pal ladium black. T h e 
product was recrystallized from water -e thanol -e ther ; yield, 
0.070 g ( 6 8 % ) ; m p 177.5—178.5 °C (dec). 

Found : C, 40.74; H , 5.98; N , 13.66%. Calcd for C 7H J 2 -
0 5 N 2 - 1 / 8 H 2 0 : C, 40.72; H , 5.98; N , 13.57%. 

H-T>-Glu(Gly-OH)-OH (16). i) TFA Salt as a Stand­
ard Sample: Coupling of Boc-D-Glu(OH)-OBzl derived from 
its D C H A salt (2.60 g, 5.0 mmol) with H - G l y - O B z l ^-toluene-
sulfonate (1.69 g, 5.0 mmol) by means of ethyl chloroformate 
afforded Boc-D-Glu(Gly-OBzl)-OBzl , which was recrystal­
lized from ethyl acetate-hexane ; m p 98—99 °C. 

Found : C, 64.42; H , 6.63; N, 5 . 8 1 % . Calcd for C2GH,2-
0 7 N 2 : C, 64.45; H , 6.66; N , 5 .78%. 

This dipeptide (0.23 g, 0.47 mmol) was deprotected as 
described in the preparat ion of 15 to afford 16 T F A salt; 
yield, 0 .14g ( 9 4 % ) ; m p 42 °C (dec); R{ on T L C , 0.29 (1-
butanol-acet ic acid-water , 4 : 1:2) . 

ii) From Z-v-Glu(Gly-OBzl)-OH DCHA Salt: A similar 
procedure to that described above for 15 afforded a product , 
which was recrystallized from wate r -e thanol -e ther ; m p 
196—197 °C (dec). 

Found : C, 40.55; H , 5.90; N, 13 .53%. Calcd for C 7 H l 2 -
0 5 N 2 - 1 / 8 H 2 0 : C, 40.72; H , 5.98; N, 13.57%. 

H-*L-Lys(Z)-v-Ala-OBzl (17) HCl Salt. A 2 M solu­
tion of dry H C l in ethyl acetate (60 ml, 120 mmol) was added 
to a solution of Boc-L-Lys(Z)-D-Ala-OBzl2b> (8.21 g, 15.2 
mmol) in ethyl acetate (70 ml) under ice-cooling. After the 
mixture had been kept at room temperature overnight, the 
crystalline product was filtered; yield, 7.00 g ( 9 5 % ) ; m p 
142—144 °C. 

Found : C, 59.51; H , 6.70; N, 8.73; CI, 7.42%,- Calcd 
for C 2 4 H 3 „ 0 5 N 3 C M / 4 H , 0 : C. 59.74; H , 6.79; N, 8 .71; CI, 
7 .35%. 

Boc-n-Glu(L-Lys(Z)-r>-Ala-OBzl)-Gly-OBzl (18). A 
solution of 13 D C H A salt (1.20 g, 2.1 mmol) in CHC1 3 (30 
ml) was shaken twice with 0.3 M citric acid solution, washed 
with water, dried over M g S 0 4 , and then added to a mixture 
of 17 HCl salt (1.00 g, 2.1 mmol) and triethylamine (0.29 
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ml, 2.1 mmol) in CHC1 3 (30 ml) . To the total mixture was 
added D C C (0.50 g, 2.4 mmol) with stirring under ice-cooling. 
Stirring was continued at room temperature for 67 h with 
further addition of D C C (0.80 g, 3.9 mmol) during the first 
48 h. After the usual work-up, the product was purified by 
silica gel column chromatography (CHCl 3 -acetone, 1:1) , 
and then recrystallized successively from methanol-e ther and 
e thanol -water ; yield, 0.92 g ( 5 4 % ) ; m p 175.5—176 °C; 
[ a ß 2 + 1 . 9 ° (c2.16, D M F ) . 

Found : C, 62.92; H , 6.92; N , 8.69%. Calcd for C 4 3 H „ -
O n N 5 : C, 63.14; H , 6.78; N, 8.56%. 

Boc--L-Ala-T>-Glu(L.-Lys(Z)-T>-Ala-OBzl)-Gly-OBzl (6a). 
Compound 18 (0.87 g, 1.1 mmol) was dissolved in T F A (8 ml) . 
After 2.5 min at room temperature , abs ether and hexane 
were added to the mixture. The resulting gelatinous pre­
cipitate was crystallized from abs ethanol-ethyl ace ta te -
hexane to give 19 T F A salt; yield, 0.86 g (98%) . 

T o a suspension of 19 T F A salt (0.40 g, 0.48 mmol) obtained 
above in T H F (20 ml) was added 1 M triethylamine in T H F 
(0.48 ml, 0.48 mmol) . The mixture was then cooled in an 
ice ba th and Boc-L-Ala-ONSu (0.29 g, 1.0 mmol) was added. 
After being stirred overnight, the insoluble gelatinous solid 
was filtered and washed successively with acetone, water, 
acetone and then ether ; yield, 0.29 g (67%) ; m p 173—174 °C 
(with softening at 167 °C) ; [a]2,6 + 0 . 5 0 ° (c 1.99, D M F ) . 

Found : C, 61.58; H , 6.82; N, 9 .27%. Calcd for C1(iHG0-
0 1 2 N 6 : C, 62.14; H , 6.80; N , 9 .45%. 

1-a-O-Benzyl-4, 6-0-benzylidene-MurNAc--L-Ala--D-Glu(-L-Lys-
(Z)-v>-Ala-OBzl)-Gly-OBzl (6b). Compound 6a (0.30 
g, 0.34 mmol) was dissolved in TFA(2.5 ml) . After 2.5 min 
at room temperature , abs ether was added and the precipitate 
of the T F A salt was filtered. It was dissolved in D M F 
(30 ml) , treated with 1 M triethylamine in T H F (0.32 ml, 
0.32 mmol) , and then cooled in an ice bath . 1-a-O-Benzyl-
4,6-O-benzylidene-MurNAc-ONSu (11) (0.28 g, 0.50 mmol) 
was added to the cooled solution, and the mixture was stirred 
overnight. The insoluble solid was filtered and washed with 
T H F ; yield, 0.22 g. An addit ional amount of the product 
(0.12 g) was recovered by condensation of the mother liquor 
in vacuo followed by removal of THF-soluble materials from 
the residue. The combined products were reprecipitated from 
dioxane-water ; yield, 0.30 g (75%) ; m p 220 °C (dec) ; [a]f,5 + 
56° (c0.50, D M A ) . 

Found : C, 63.37; H } 6.47; N , 7 .70%. Calcd for C66H7<)-
0 1 7 N 7 - 1 / 2 H 2 0 : C, 63.34; H , 6.44; N, 7.84%. 

Boc-Gly-T>-Glu(OBzl)-Gly-OBzl (7a). After removal 
of the Boc group in 12 (2.42 g, 5.0 mmol) with T F A (4 ml) 
in a usual way, the resulting T F A salt was dissolved in T H F 
(30 ml) . T o the solution were added iV-methyimorpholine 
(0.55 ml, 5.0 mmol) , Boc-Gly -ONSu (1.50 g, 5.5 mmol) and 
K 2 C 0 3 (0.5 g) under ice-cooling. T h e mixture was worked 
u p as usual and then subjected to silica gel column chromato­
graphy. Elution with benzene-ethyl acetate ( 3 :1 ) gave pure 
7a as a syrup; yield, 2.1 g (78%) . T h e structure was confirm­
ed by means of N M R spectrum. 

H-Gly-v-Glu(OBzl)-Gly-OBzl. i) HCl Salt: Com­
pound 7a (80 mg, 0.15 mmol) was treated with 2 M dry H C l 
in ethyl acetate (1 ml) in a usual way and the product was 
recrystallized from methanol -e ther ; yield, 60 mg ( 8 4 % ) ; m p 
133—134 °C; [a]£° + 1 3 . 7 ° {c 1.74, methanol) . 

Found : C, 57.53; H , 5.88; N, 8.77; CI, 7 .38%. Calcd 
for C 2 3 H 2 8 0 6 N 3 C1: C, 57.80; H , 5 .91; N , 8.79; CI, 7.42%. 

ii) TFA Salt: Compound 7a (80 mg, 0.15 mmol) was 
treated with T F A (1 ml) , and the product was recrystallized 
from T H F - a b s ether ; yield, 80 mg ( 9 7 % ) ; m p 84 °C (dec). 
This substance was identified with the H C l salt mentioned 
above on T L C . 

1-a-O-Benzyl- 4, 6- O -benzylidene-MurNAc-Gly- D -Glu(OBzl)-
Gly-OBzl (7b). This compound was prepared in a 
similar manner to that described for 6b from H-Gly-D-Glu-
(OBzl)-Gly-OBzl T F A salt (0.56 g, 1.0 mmol) and 11 (0.68 g, 
1.2 mmol) , and recrystallized from dioxane-water ; yield, 0.70 
g ( 7 8 % ) ; m p 2 0 3 ° C . 

Found : C, 63.94; H , 6.03; N, 6 .23%. Calcd for C48H54-
0 1 3 N 4 . 1 / 2 H 2 0 : C, 63.77; H , 6.13; N , 6.20%. 

Boc-T>-Glu(OBzl)-T>-Ala-NH2. This compound was 
prepared from Boc-D-Glu(OBzl)-ONSu (3.04 g, 7.0 mmol) 
and H - D - A l a - N H 2 . H C 1 (0.93 g, 7.5 mmol) and recrystallized 
from ethyl ace ta te-hexane; yield, 2.57 g (90%) ; mp 139.5— 
140.5 °C. 

Found : C, 58.94; H , 7.20; N, 10.19%. Calcd for C2 0H,9-
0 6 N 3 : C, 58.95; H , 7.17; N, 10 .31%. 

Boc--L-Ala-T>-Glu(OBzl)-n-Ala-NH2 (8a). After 
removal of the Boc group in Boc-D-Glu(OBzl)-D-Ala-NH2 

(2.42 g, 5.9 mmol) with T F A (6 ml) , the resulting T F A salt 
was treated with triethylamine (0.83 ml, 5.9 mmol) and Boc-
L-Ala-ONSu (1.43 g, 5.0 mmol) in T H F . T h e product was 
recrystallized from CHCl 3 -hexane ; yield, 2.35 g (98%) ; mp 
182.5—183.5 °C (dec); [ a ] ^ - 4 . 9 8 ° (c 2.03, D M F ) . 

Found : C, 57.73; H , 7.14; N, 11 .61%. Calcd for C23H34-
0 7 N 4 : C, 57.72; H , 7.16; N , 11 .71%. 

l-a-O-Benzyl-4,6-O-benzylidene-MurNAc-i.-Ala-T)-Glu(0Bzl)-
n-Ala-NH2 (8b). Compound 8a (0.57 g, 1.2 mmol) was 
treated with T F A (2 ml) in a usual manner, and the resulting 
T F A salt was neutralized with triethylamine and coupled 
with 11 (0.57 g, 1.0 mmol) in a mixture of D M F (8 ml) and 
T H F (30 ml) overnight. Water was added to the mixture 
to afford gelatinous solid, which was filtered and then washed 
with 0.2 M citric acid and water. Reprecipitation was car­
ried out from dioxane-water ; yield, 0.60 g (72%) ; m p 275 °C 
(dec); [ a ] | 8 + 8 3 ° (c 0.10, D M F ) . 

Found : C, 61.77; H , 6.40; N, 8 .31%. Calcd for C4 3H5 ,-
0 1 2 N 5 : C, 62.28; H , 6.42; N , 8.42%. 

Boc-v>-Glu(OBzl)-Gly-OEt (20). This compound 
was prepared from H - G l y - O E t - H C l (1.66 g, 11.9 mmol) and 
B O C - D - G 1 U ( O B Z 1 ) - O N S U (5.18 g, 11.9 mmol) in T H F and 

was recrystallized from CH 2 Cl 2 -hexane ; yield, 3.96 g (79%) ; 
m p 7 1 — 72 °C ; [a]2,5 + 6 . 2 0 ° (c 2.34, ethyl acetate). 

Found : C, 59.79; H , 7.14; N , 6.59%. Calcd for C21H30-
0 7 N 2 : C, 59.70; H , 7.16; N, 6 .63%. 

Boc -1,-Ala - v-Glu ( OBzl) -Gly-OEt (22). Compound 
20 (3.00 g, 7.1 mmol) was treated with 1 M dry HCl in ethyl 
acetate (50 ml) , and the product was crystallized from CHC1 3 -
ether to give H-D-Glu (OBz l ) -Gly -OEt (21) HCl salt (2.15 g, 
8 4 % ) . This salt (2.00 g, 5.6 mmol) was neutralized with 
tr iethylamine and coupled with Boc-L-Ala-ONSu (1.63 g, 
5.7 mmol) in a usual manner . The product was recrystallized 
from ethyl ace ta te -hexane; yield, 2.55 g, ( 9 2 % ) ; m p 104— 
105 °C; [a] 2 / + 7 . 1 9 ° (c 2 .31, ethyl acetate). 

Found : C, 58.37; H , 7.13; N , 8 .45%. Calcd for C24H35-
0 8 N 3 : C, 58.40; H , 7.15; N , 8 .51%. 

Boc-\.-Ala-v-Glu( OH)-Gly-OEt (23) DCHA Salt. 
Compound 22 (1.03 g, 2.1 mmol) was hydrogenolyzed in the 
presence of pal ladium black in ethanol (30 ml) . The product 
was dissolved in ethyl acetate, and D C H A (0.42 ml, 2.1 mmol) 
and ether were added to the solution to afford 23 D C H A salt 
as colorless crystals; yield, 1.04 g ( 8 3 % ) ; m p 138—139 °C ; 
[a]*» + 3 . 1 ° (c 2.06, methanol) . 

Found : C, 58.94; H , 9.05; N, 9.42%. Calcd for C29H52-
0 8 N 4 - 1 / 2 H 2 0 : C, 58.66; H , 9.00; N , 9 . 4 4 % . 

Boc--L-Ala-n-Glu(OH)-Gly-NH2 (9a) DCHA Salt. D-
C H A salt of 23 (0.29 g, 0.49 mmol) was dissolved in methanol 
(15 ml) . T h e solution was saturated with N H 3 and left stand 
at room temperature in a pressure bottle for 3 days. After 
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removal of the solvent in vacuo, the residue was t r i turated 
with ether to afford 9a D C H A salt; yield, 0.28 g (quanti tat ive) . 
Recrystallization was effected from ethanol-ethyl ace ta te -
ether; mp 183 °C (dec); [ a ] « - 1 0 . 5 ° (c 1.99, methanol ) . 

Found : C, 57.61; H , 8.78; N, 12.57%. Calcd for C2 7-
H 4 9 0 7 N 5 . 1 / 2 H 2 0 : C, 57.42; H , 8.92; N, 12.40%. 

1-a-O-Benzyl- 4, 6-O-benzylidene-MurNAc-L-Ala-T>-Glu(0H)-
Gly-NH2 (9b). A solution of 9a D C H A salt (0.56 g, 
1.0 mmol) in water was passed through a column of Dowex 50 
(H+ form). T h e column was washed with water, and the 
combined eluate and washings was condensed in vacuo. T h e 
residue was twice dissolved in abs ethanol and the solvent 
was evaporated in vacuo to remove water completely. T h e 
final residue was dissolved in T F A (2 ml) and allowed to 
stand at room temperature for 20 min. Addit ion of abs 
ether to the solution afforded white precipitate of H-L-Ala-D-
G l u ( O H ) - G l y - N H 2 (24) T F A salt (0.35 g, 0.90 mmol) . An 
aqueous solution of this T F A salt was adjusted to p H 8 by 
addition of aqueous 1 M K 2 C 0 3 solution and mixed with a 
solution of l - a -0 -benzy l -4 ,6 -0 -benzy l idene -MurNAc-ONb 
(0.44 g, 0.70 mmol) in T H F (10 ml) . The reaction mixture 
was stirred at room temperature for 4.5 h, and then brought 
to p H 3 by addit ion of 2 M HCl . Water was added to the 
mixture to afford gelatinous solid, which was collected by 
filtration; yield, 0.39 g (76%) . Reprecipitat ion was effected 
from D M F - e t h a n o l ; m p 240 °C (dec); [oc]S5 + 1 0 0 ° (c 0.95, 
D M F ) . 

Found: C, 57.10; H , 6.28; N , 9 .55%. Calcd for G35H46-
0 1 2 N 5 - 1 / 2 H 2 0 : C, 57.05; H , 6.29; N, 9 . 5 1 % . 
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Synthesis of a Protected Hexadecapeptide Corresponding to 
Positions 1—16 of Human Lysozyme 
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For a semi-synthesis of human lysozyme by coupling its natural fragment with synthetic peptides, a protected 
hexadecapeptide corresponding to positions 1—16 of the enzyme was constructed from three protected peptide frag­
ments (V, IX, and XII) by the conventional method in pure state on the basis of analyses. 

Lysozyme, isolated from the urine of patients with 
monocytic or monomyelocytic leukemia1) and from 
human milk,2) is a basic single-chain protein, 130 amino 
acid residues in length, cross-linked by four disulfide 
bridges.3-5) The three dimensional structure6) of 
human lysozyme shows considerable homology with 
that of hen egg-white lysozyme, in spite of the insertion 
of a glycine residue between positions 47 and 48 and 
the substitutions of about 4 0 % of the amino acid residues 
of the latter. The enzyme can be unfolded by reduc­
tion with dithiothreitol, and the rapid refolding of the 
reduced disordered enzyme can be achieved in a high 
yield in the presence of oxidized and reduced gluta­
thione,7) as in the case of hen egg-white lysozyme. Re­
cently,8) investigation was made on the influence of an­
hydrous liquid hydrogen fluoride (HF) on human lyso­
zyme. I t was found that the original intact lysozyme 
can be recovered in fair yield from HF-solutions of 
native lysozyme and its derivative substituted by the 
2-chlorobenzyloxycarbonyl group. 

decapeptide corresponding to positions 1 —16 of human 
lysozyme. The procedure for synthesis of this peptide 
is outlined in Figs. 2—5. Figure 2 shows the syn­
thesis of protected hexapeptide V with sqeuence [Lys1 

Lys 

Boc-f 

rBoc 
-ONSu 

Phe 

„OBu1 

f-OMe 

„0But 

f-OMe 
I) 

,0But 

'2"3 
( H I ) 
, t 

Arg 

f-OMe Boo 
( I D 

,0Bu t
 v 

f - N , H , Boc -£ 

Tos 
-OH 

Cys 

Fig. 2. Scheme for synthesis of sequence 1—6. 

MBzl 
H-JLOMe 

, MBzl 
f-OMe 

(IV) 

1 17 

H-Lys-Val-Phe-Glu-Arg-Cys-Glu-Leu-Ala-Arg-Thr-Leu-Lys-Arg-Leu-Gly-Met 

Asp 

29 Sly 

I 
Ser-Glu-Trp-Lys-Ala-Leu-Cys-Met-Trp-Asn-Ala-Leu-Ser-I le-Gly-Arg-Tyr 

Gly 

Tyr 

Asn-Thr-Arg-Ala-Thr 

Fig. 1. N-Terminal region of human lysozyme.3'4) 

130 

•Val-OH 

H u m a n lysozyme contains two residues of methionine 
located in the N-terminal region of the peptide chain 
of the enzyme (Fig. 1). Cleavage by cyanogen bro­
mide9) of the methionyl bonds in the derivative8) of 
the enzyme in which all the amino groups are substi­
tuted with 2-chlorobenzyloxycarbonyl group, followed 
by reductive alkylation10) of the disulfide linkages gives 
a large fragment lacking the 29 amino acid residues 
at the N-terminal of the enzyne. The fragment seems 
to be a suitable material for a semi-synthesis11,12) of 
the enzyme, because it has only one free amino group 
at the amino end. The coupling of the natural frag­
ment with a synthetic peptide leads to the semi-syn­
thesis of the enzyme. This prompted us to synthesize 
protected peptide fragments containing the N-terminal 
section of human lysozyme removed from the enzyme 
by cleavage with cyanogen bromide. 

This paper describes the synthesis of a protected hexa-

Glu 

,0BuL 

Leu 

Leu Ala Arg Thr 

r0Bu 
-ONSu Z-

•ONSu Z-

-ONSu Z-

,Tos 
-OH H-r-OEt 

Jos 

Jos 

Jos 

,Tos 

•OEt 
(VI) 

•OEt 
(VII) 

•OEt 
(VIII) 

•OEt 

Fig. 3. Scheme for synthesis of sequence 7—11. 

Lys 

j£ 

Z-hONSu Z-

Arg 

Jos 
Z-f-OH 

Jos 

Leu Gly 

ONp 

Boc 

,Boc 

Jos 

Jos 

•OEt 

• OEt 
(X) 

-OEt 
( X I ) 

•OEt 
( X I I ) 

Fig. 4. Scheme for synthesis of sequence 12—16. 
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Boc OBu Tos MBzl 
Boc-Lys-Val-Phe-Glu—Arg-Cys-OMe 

(V) 

Boc OBu Tos MBzl 
Boc-Lys-Val -Phe-Gl u—Arg-Cys-OH 

(XV) 

OBu1, Tos 
Z-Glu-Leu-Ala-Arg-Thr-OEt 

(IX) 

OBu1" ' Tos 
Z-Glu-Leu-Ala-Arg-Thr-N2H3 

I (XIII) 

Boc Tos 
Z-Leu-Lys-Arg-Leu-Gly-OEt 

(XU! 

OBu Tos Boc Tos 
Z-Glu-Leu-Ala-Arg-Thr-Leu-Lys-Arg-Leu-Gly-OEt 

I (XIV) 

Boc OBu1" Tos MBzl OBu Tos Boc Tos 
Boc-Lys-Val-Phe-Glu— Arg-Cys —Gl u-Leu-Ala-Arg-Thr-Leu-Lys-Arg-Leu-Gly-OEt 

( X V I ) 

Fig. 5. Scheme for synthesis of the hexadecapeptide corresponding to positions 
1—16 of human lysozyme. 

to Cys6].13> Namely, Z-Phe-Glu(OBu' ) -OMe 1 4 > was 
subjected to catalytic hydrogénation and the peptide 
ester obtained was not isolated but allowed to react 
with Z-Val-ONSu 1 5 ) to give Z - V a l - P h e - G l u ( O B u ' ) -
O M e (I) . The protecting group was removed by cata­
lytic hydrogénation and the resulting tripeptide methyl 
ester was condensed with Boc-Lys(Boc)-ONSu1 2) to 
yield Boc-Lys(Boc) -Val -Phe-Glu(OBu ' ) -OMe ( I I ) . 
The tetrapeptide methyl ester was converted to the 
corresponding hydrazide ( I I I ) . Boc-Lys(Boc)-Val-Phe-
Glu(OBu' ) -N 3 prepared from compound I I I was not 
isolated, but allowed to react directly with H - A r g ( T o s ) -
Cys(MBzl)-OMe prepared by removal of the Boc group 
from Boc-Arg(Tos)-Cys (MBzl ) -OMe (IV) by trifluor-
acetic acid. In this way Boc-Lys(Boc)-Val-Phe-Glu-
(OBu') -Arg(Tos)-Cys(MBzl)-OMe (V) was obtained. 

Figure 3 illustrates the synthesis of protected penta­
peptide I X with sequence [Glu7 to Thr 1 1 ] . First, Z -
Arg(Tos)-OH-CHA1 6> was condensed with H C 1 - H -
T h r - O E t in the presence of HOBt by DCC.17> Z -
Arg(Tos ) -Thr -OEt (VI) thus obtained was hydrogenat-
ed catalytically and then coupled with Z-Ala-ONSu 1 5 ) 
to give Z -Ala -Arg (Tos ) -Thr -OEt (VI I ) . The pro­
tecting group was removed by catalytic hydrogénation 
and the resulting tripeptide ethyl ester was condensed 
with Z-Leu-ONSu 1 5 ) to give Z -Leu-Ala -Arg (Tos ) -
T h r - O E t (VI I I ) . The Z group was cleaved by cata­
lytic hydrogénation and the tetrapeptide ethyl ester thus 
obtained was coupled with Z-Glu(OBu')-ONSu1 8> to 
yield Z -Glu (OBuO-Leu-Ala -Arg (Tos ) -Thr -OEt ( IX) . 

As shown in Fig. 4, protected pentapeptide X I I with 
sequence [Leu12 to Gly16] was constructed by stepwise 
elongation using Z-Leu-Gly-OEt 1 9 ) as starting mate­
rial. The Z group was removed by catalytic hydrogé­
nation, and the resulting peptide ester was coupled with 
Z-Arg(Tos)-OH1 6> in the presence of HOBt by D C C . 
The protected tripeptide ester (X) was hydrogenated 
catalytically, the peptide chain being elongated by step­
wise acylation with Z-Lys(Boc)-ONp2 0) and Z - L e u -
ONSu.15) The pentapeptide derivative, Z-Leu-Lys-
(Boc)-Arg(Tos)-Leu-Gly-OEt (XI I ) , was thus ob­
tained. 

Construction of the sequence [Lys1 to Gly16] was car­
ried out as illustrated in Fig. 5. Namely, the penta­

peptide ethyl ester (IX) was converted to the correspond­
ing hydrazide (XI I I ) by usual hydrazinolysis. The 
hydrazide (XI I I ) was converted to the corresponding 
azide by the method of Honzl and Rudinger21) and 
coupled directly with pentapeptide ethyl ester, which 
was obtained by removal of the Z group of pentapeptide 
ethyl ester (XII) by catalytic hydrogénation. The de-
capeptide derivative (XIV) thus obtained was then hy­
drogenated over a palladium-catalyst in D M F and the 
resulting decapeptide ester was coupled with hexapep-
tide acid (XV) in the presence of HOBt by DCC17) 
prepared from the corresponding methyl ester (V) by 
saponification. However, the resulting material could 
not be easily purified. Therefore, the decapeptide de­
rivative (XIV) was hydrogenated over a palladium-
catalyst in methanol, the catalyst was filtered off and 
the filtrate was mixed with D M F . Only the methanol 
in the mixture was evaporated under reduced pressure, 
and the remaining solution was mixed with hexapeptide 
acid (XV) , and treated under the same conditions as 
those described above. Thus, a protected hexadeca­
peptide (XVI) corresponding to positions 1 — 16 of hu­
m a n lysozyme, Boc-Lys(Boc)-Val-Phe-Glu(OBuO-Arg-
(Tos) -Gys(MBzl ) -Glu(OBu ' ) -Leu-Ala-Arg(Tos) -Thr -
Leu-Lys(Boc)-Arg(Tos) -Leu-Gly-OEt , could be pre­
pared in pure form. Investigations toward a semisyn-
thesis of the enzyme by coupling its natural fragment 
with synthetic peptides given in this and the following22* 
papers are in progress. 

Exper imenta l 

All melting points were measured by the capillary method 
and are uncorrected. Thin layer chromatography was per­
formed on silica gel G (Merck) using the following solvent 
systems (volume ratios) ; CHC13: MeOH: AcOH (95:5:3) , 
AcOEt: benzene (1:1), 1-butanol: AcOH: H 2 0 ( 4 : 1 : 1 ) , 
and CHC13 : MeOH : AcOH : H 2 0 (10 : 10 : 1 : 10, lower 
phase). Peptide derivatives were hydrolyzed in 6 M HCl 
with phenol in sealed tubes at 105 °C for 24 or 48 h, and the 
hydrolysates were analyzed in a Hitachi KLA-5 analyzer by 
the method of Moore et tf/.23) The purity of the peptide 
derivatives synthesized was confirmed by thin layer chromato­
graphy and by the ratio of their constituent amino acids meas­
ured in acid hydrolysates by amino acid analysis. Optical 
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rotations of the peptide derivatives synthesized were measured 
with a Perkin-Elmer Model 241 Polarimeter. The chemicals 
used in this paper were of reagent grade and were used without 
further purification. All the amino acids used except glycine 
were of the L-configuration. 

Z- Val-Phe-Glu(OBu1) -OMe (I). Z - P h e - G l u ( O B u { ) -
OMe14> (14.7 g, 29.5 mmol) was dissolved in M e O H (400 
ml) , and hydrogenated at atmospheric pressure over 5 % pal­
ladium-charcoal catalyst. The catalyst was filtered off and 
the filtrate was concentrated to an oil in vacuo. The oil was 
dissolved with Z-Val -ONSu 1 5 ) (10.3 g, 29.5 mmol) in CHCL, 
(200 ml) . T h e solution was stirred overnight at room tem­
perature and mixed with iV,iV-dimethyl-l,3-propanediamine 
(3 ml) . After 1 h the solution was diluted with CHC1 3 and 
then washed successively with 0.1 M HCl , 5 % aqueous N a H -
C 0 3 and H 2 0 . The washed solution was dried over N a 2 S 0 4 , 
and the dried solution was concentrated to a solid in vacuo. 
The solid was collected with CHC1 3 and ether, and then 
recrystallized from CHC1 3 and hexane; wt 15.5 g (85.6%), 
m p 175—178 °C, [ a ß 5 - 4 0 . 6 ° (c 0.6, M e O H ) . 

Found : C, 64.14; H, 7.29; N, 7.06%. Calcd for C3 2H4 3-
0 8 N 3 : C, 64.30; H , 7.25; N, 7 .03%. 

Boc-Lys (Boc) - Val -Phe - Glu ( OBu%) - OMe (II). Com­
pound I (11.9 g, 19.9 mmol) was dissolved in M e O H (350 
ml), and hydrogenated at atmospheric pressure over 5 % 
pal ladium-charcoal catalyst. T h e catalyst was filtered off 
and the filtrate was concentrated to an oil in vacuo. T h e oil 
was dissolved with Boc-Lys(Boc)-ONSu12> (8.85 g, 19.9 mmol) 
in D M F (100 ml) under cooling. T h e solution was stirred 
at room temperature for 2 days, and then concentrated to 
a syrup in vacuo. T h e syrup was dissolved in CHC1 3 and 
washed successively with 0.1 M HCl , 5 % aqueous N a H C 0 3 

and H 2 0 . T h e washed solution was dried over N a 2 S 0 4 and 
then concentrated in vacuo to an oil, which was repeatedly 
crystallized from E t O H and ether ; wt 10.3 g (65.3%), m p 
168—170 °C, [a] 2 5 - 4 3 . 5 ° (c 1.0, M e O H ) . 

Found : C, 60.63; H , 8.30; N, 8 .83%. Calcd for C40H( ;5-
O n N 5 : C, 60.66; H , 8.27; N, 8.85%. 

Boc-Lys (Boc) - Val -Phe -Glu ( OBu1) -N2HZ (III). Com­
pound f l (7.93 g, 10.0 mmol) was dissolved in D M F (56 ml) 
and mixed with 9 0 % hydrazine hydrate (5.6 ml) . The mix­
ture was stirred at room temperature overnight, and concen­
tra ted in vacuo to a gelatinous residue, which was t r i turated 
with H 2 0 ; wt 7.87 g (99.2%), m p 188.5—191 °C. 

Found : C, 59.04; H , 8.32; N, 12.35%. Calcd for C3 9H6 5-
O 1 0 N 7 : C, 59.14; H, 8.27; N, 12.38%. 

Boc-Arg( Tos) - Cys(MBzl) - OMe (IV). Boc-Arg-
(Tos)-OH 1 6 ) (4.14 g, 9.88 mmol) was added to a solution of 
H C l . H - C y s ( M B z l ) - O M e (3.50 g, 12.0 mmol) and T E A 
(1.68 ml) in D M F (50 ml) , and cooled to - 10 °C 20 °C. 
H O B t (1.50 g, 11.1 mmol) and D C C (2.30 g, 11.2 mmol) were 
added to the cooled mixture. T h e mixture was stirred at 
the same temperature for 1 h and at 0 °C for 2 days. T h e 
precipitate formed was filtered off and the filtrate was con­
centrated to an oily residue in vacuo. T h e residue was dis­
solved in AcOEt and the solution was washed successively 
with 0.2 M HCl , 5 % aqueous N a H C O , and H 2 0 . The 
washed solution was dried over N a 2 S 0 4 and then concen­
trated to an oil in vacuo. T h e oil was purified on a column of 
silica gel using a solvent mixture of AcOEt and benzene ( 1 : 1 , 
v/v). A syrupy material was obtained; wt 5.85 g. 

Boc-Lys (Boc) -Val- Phe-Glu(OBut)'rArg( Tos)-Cys(MBzl)-
OMe (V). Compound I I I (2.38 g, 3.00 mmol) was 
dissolved in D M F (17 ml) , cooled below —20 °C and mixed 
with 4.60 M HCl in dioxane (2.50 ml) . T h e solution was 
mixed with isopentyl nitrite (0.37 g, 3.15 mmol) and stirred 
at the same temperature for 45 min, the solution was then 

mixed with a solution in D M F (10 ml) of the material pre­
pared by t reatment of compound I V (2.55 g, ca. 3.9 mmol) 
with trifluoracetic acid (10 ml) at 0 °C for 60 min. The 
solution was made slightly basic by adding T E A below —30 
°C, and stirred at 0 °C for a day. The precipitate formed 
was filtered off and the filtrate was concentrated to half its 
volume in vacuo, and then diluted with CHC1 3 under cooling. 
The diluted solution was washed successively with 0.3 M I ICI, 
5 % aqueous N a H C O a and H a O , and dried over N a 2 S 0 4 

and concentrated to an oil in vacuo. The oil was solidified 
in A c O E t and hexane; wt 3.83 g. The crude product was 
recrystallized from M e O H ; wt 2.65 g (66.6%), mp 217— 
218 °C (dec), [a]*0 - 2 3 . 0 ° (c 1.0, D M F ) . Amino acid 
ratio in the acid hydrolysate: Glu, 1.00 (1); Cys, 0.49 (1); 
Val , 0.89 (1); Phe 1.00 (1) ; Lys, 0.91 (1); Arg, 1.06 (1). 

Found : C, 57.15; H , 7.28; N, 10.24; S, 4 . 7 1 % . Calcd 
for C 6 4 H 9 6 O 1 6 N 1 0 S 2 -H 2 O: C, 57.21; H , 7.35; N, 10.43; S, 
4 .77%. 

Z-Arg(Tos)-Thr-OEt (VI). A solution of H C 1 - H -
T h r - O E t (14.7 g, 80.0 mmol) in tetrahydrofuran (100 ml) was 
added to a suspension of Z-Arg(Tos) -OH-CHA 1 6 > (42.0 g, 
75.0 mmol) in tetrahydrofuran (300 ml) . The resulting solu­
tion was mixed with H O B t (10.8 g, 80.0 mmol) , cooled to 
—10 °C and then mixed with a solution of D C C (16.5 g, 
80.0 mmol) in tetrahydrofuran (100 ml) . The mixture was 
stirred at —10 °C for 1 h and then overnight at room tem­
perature. T h e precipitate thus formed was filtered off and 
the filtrate was concentrated to a syrup in vacuo. The syrup 
was dissolved in AcOEt and washed successively with 0.5 M 
HCl , 5 % aqueous N a H C 0 3 and H a O . It was then dried 
over N a 2 S 0 4 and concentrated to an oily residue in vacuo. 
T h e oily residue was purified on a column of silica gel using 
a mixture of AcOEt and benzene ( 1 : 1 , v/v). The purified 
material was solidified in CHC1 3 and ether; wt 37.0 g (83.5%), 
m p 64—66 °C, [a]*4 - 6 . 4 ° (c 1.1, M e O H ) . 

Found : C, 54.39; H , 6.42; N, 11.60; S, 5 . 21%. Calcd 
for G 2 7 H 8 7 0 8 N 5 S: C, 54.81; H , 6.30; N, 11.84; S, 5.40%. 

Z-Ala-Arg(Tos)-Thr-OEt (VII). Compound VI 
(30.0 g, 50.0 mmol) was dissolved in M e O H (800 ml) and 
hydrogenated at atmospheric pressure over 5 % pal lad ium-
charcoal catalyst. The catalyst was filtered off and the filtrate 
was concentrated to an oil under reduced pressure. The oil 
was dissolved with Z-Ala-ONSu 1 5 ) (19.2 g, 60.0 mmol) in 
D M F (50 ml) . T h e mixture was stirred at room temperature 
for a day, and concentrated to a residue under reduced pres­
sure. The residue was dissolved in AcOEt , and washed suc­
cessively with 0.5 M HCl , 5 % aqueous N a H C 0 3 and H a O , 
and dried over N a 2 S 0 4 . The dried solution was concen­
tra ted in vacuo to a syrup, which was solidified in a mixture 
of CHC1 3 and ether. The crude product was reprecipitated 
from a mixture of CHC13 , M e O H , and ether; wt 26.5 g 
(80.2%), m p 66 °C (sintered), [a]2* - 2 5 . 1 ° {c 0.9, M e O H ) . 

Found : C, 54.10; H , 6.52; N , 12.74; S, 5 .23%. Calcd for 
C 3 0 H 4 2 O 9 N 6 S: C, 54.37; H , 6.39; N, 12.68; S, 4 . 83% . 

Z-Leu-Ala-Arg(Tos)-Thr-OEt (VIII). Compound 
V I I (19.9 g, 30.0 mmol) was dissolved in M e O H (500 ml) 
and hydrogenated at atmospheric pressure over 5 % pa l lad ium-
charcoal catalyst. T h e catalyst was filtered off and the filtrate 
was concentrated to an oil under reduced pressure. The oil 
was dissolved with Z-Leu-ONSu 1 5 ) (13.0 g, 36.0 mmol) in 
D M F (65 ml) . T h e solution was stirred at room temperature 
for 24 h, and then concentrated to a residue under reduced 
pressure. The residue was dissolved in AcOEt and washed 
successively with 0.7 M HCl , 5 % aqueous N a H C 0 3 and H 2 0 . 
The solution was dried over N a 2 S 0 4 , and concentrated to a 
syrupy residue under reduced pressure. The residue was 
precipitated repeatedly with CHC1 3 and ether; wt 19.3 g 
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(82.6%), mp 80—85 ÜC, [a]«4 - 3 2 . 6 ° (c 1.0, M e O H ) . 
Found: C, 54.44; H , 6.95; N , 12.48; S, 4 . 0 1 % . Calcd for 

C3 ( lH5 3O1 0N7S: C, 54.46; H , 6.98; N, 12.35; S, 4 .12%. 
Z-Glu(OBut)-Leu-Ala-Arg( Tos)-Thr-OEt (IX). 

Compound V I I I (15.5 g, 20.0 mmol) was dissolved in M e O H 
(350 ml) and hydrogenated at atmospheric pressure over 5 % 
pal ladium-charcoal catalyst. T h e catalyst was filtered off 
and the filtrate was concentrated to a foaming residue in 
vacuo. The residue was dissolved with Z-Glu(OBu £ ) -ONSu 1 8> 
(10.7 g, 24.0 mmol) in D M F (40 ml) . The solution was stir­
red at room temperature for a day, and then concentrated to 
a residue in vacuo. T h e residue was dissolved in AcOEt , and 
washed successively with 0.5 M HCl , 5 % aqueous N a H C O a 

and H 2 0 . The washed solution was dried over N a 2 S 0 4 and 
then concentrated in vacuo to a syrup, which was precipitated 
from a mixture of AcOEt , E t O H , and ether. The crude 
product was reprecipitated from the same solvent mixture ; 
wt 13.3 g (69.3%), m p 151—153 °C, [a]*4 - 3 7 . 6 ° (c 0.9, 
M e O H ) . Amino acid ratio in the acid hydrolysate: Thr , 
0.89 (1); Glu, 1.02 (1); Ala, 1.00 (1); Leu, 1.00 (1); Arg, 
1.07 (1). 

Found: C, 55.73; H , 7.18; N, 11.30; S, 3.02%. Calcd 
for C 4 5 H 6 8 0 1 3 M 8 S . 1 / 2 H 2 0 : C, 55.71; H , 7.17; N, 11.55; S, 
3 .33%. 

Z-Arg(Tos)-Leu-Gly-OEt (X). Z-Leu-Gly-OEt 1 9 > 
(17.5 g, 50.0 mmol) was dissolved in M e O H (500 ml) and 
hydrogenated at atmospheric pressure over 5 % pa l l ad ium-
charcoal catalyst. T h e catalyst was filtered off and the 
filtrate was concentrated to a gelatinous solid in vacuo. T h e 
solid was dissolved with Z - A r g ( T o s ) - O H obtained from Z -
Arg(Tos ) -OH.CHA 1 0 ) (28.1 g, 50.0 mmol) , and H O B t (8.1 g, 
60.0 mmol) in tetrahydrofuran (400 ml) at 0 °C. T h e solu­
tion was cooled to —10 °C and mixed with a solution of D C C 
(12.4g, 60.0 mmol) in tetrahydrofuran (150 ml) . The mix­
ture was stirred at — 10 °C for 4 h and overnight at room tem­
perature. The precipitate formed was filtered off and the 
filtrate was concentrated to a syrup in vacuo. The syrup was 
dissolved in AcOEt , and washed successively with 0.5 M HCl , 
5 % aqueous N a H C 0 3 and H a O . The washed solution was 
dried over N a 2 S 0 4 , and concentrated to a syrup in vacuo. 
The syrup was purified by chromatography on a column of 
silica gel using a mixture of AcOEt and benzene ( 1 : 1 , v/v). 
The main fractions were collected and concentrated to a 
syrupy residue in vacuo. The residue was repeatedly precipi­
tated from CHC1 3 and ether; wt 25.0 g (75.8%), m p 65—68 
°C, [a]*4 - 2 4 . 8 ° (c 1.0, M e O H ) . 

Found: C, 55.06; H, 6.62; N, 12.35; S, 4 .77%. Calcd for 
C 3 1 H 4 4 0 8 N 6 S - H 2 0 : C, 54.87; H, 6.83; N, 12.38; S, 4 .84%. 

Z-Lys(Boc)-Arg(Tos)-Leu-Gly-OEt (XI). Compound 
X (19.8 g, 30.0 mmol) was dissolved in M e O H (500 ml) and 
hydrogenated a t atmospheric pressure over 5 % pa l l ad ium-
charcoal catalyst. The catalyst was filtered off and the filtrate 
was concentrated to a syrup in vacuo. The syrup was dis­
solved with Z-Lys(Boc)-ONp2 0> (16.5 g, 33.0 mmol) in D M F 
(100 ml) . The solution was stirred at room temperature 
for a day and concentrated in vacuo to a syrupy residue, 
which was dissolved in AcOEt . The solution was washed 
successively with 1 M citric acid, 5 % aqueous N a H C 0 3 

and H 2 0 , dried over N a 2 S 0 4 , and concentrated in vacuo to 
a gelatinous solid, which was collected with a mixture of 
AcOEt, E t O H , and hexane. T h e crude material was re-
crystallized from the same mixture; wt 23.5 g (88.4%), m p 
147—149 °C, [ a ß 4 - 2 0 . 4 ° (c, 1.0, D M F ) . 

Found: C, 55.87; H , 7.24; N, 12.41; S, 3.52%. Calcd 
for C 4 2 H 6 4 O n N 8 S - l / 2 H 2 0 : C, 56.17; H, 7.30; N, 12.48; S, 
3.60%. 

Z-Leu-Lys(Boc)-Arg( Tos) -Leu-Gly-OEt (XII). Com­

pound X I (17.8 g, 20.0 mmol) was dissolved in M e O H (500 
ml) and hydrogenated at atmospheric pressure over 5 % pal­
ladium-charcoal catalyst. The catalyst was filtered off and 
the filtrate was concentrated to a syrup in vacuo. The syrup 
was dissolved with Z-Leu-ONSu 1 5> (8.4 g, 22.0 mmol) in 
D M F (50 ml) . T h e solution was stirred at room temperature 
for 36 h and concentrated to a syrup in vacuo. T h e syrup 
was dissolved in AcOEt , and washed successively with 5 % 
aqueous N a H C 0 3 and H 2 0 . The washed solution was dried 
over N a 2 S 0 4 , and concentrated to a solid in vacuo. The solid 
was dissolved in a mixture of AcOEt and E t O H and precipi­
tated by adding a mixture of ether and hexane. The crude 
product was reprecipitated from a mixture of E t O H , hexane 
and ether; wt 16.0 g (80.8%), m p 159—161 °C, [ a ß 7 - 1 8 . 8 ° 
(c 1.0, D M F ) . Amino acid ratio in the acid hydrolysate: 
Gly, 1.00 (1); Leu, 1.96 (2) ; Lys, 1.00 (1) ; Arg, 0.98 (1). 

Found : C, 56.32; H , 7.44; N, 12.32; S, 3 .13%. Calcd for 
C 4 8 H 7 5 0 1 2 N 9 S - H 2 0 : C, 56.50; H, 7.61; N, 12.36; S, 3.19%. 

Z-Glu(OBut)-Leu-Ala-Arg(Tos)-Thr-N2H^ (XIII). 
Compound I X (19.2 g, 20.0 mmol) was dissolved in a mixture 
of E t O H (200 ml) and D M F (50 ml) by gentle heating. T h e 
solution was cooled to 0—5 °C and mixed with 9 0 % hydrazine 
hydrate (60 ml) . T h e mixture was stirred at room tempera­
ture for a day and concentrated to a residue in vacuo. The 
residue was collected with ether, and reprecipitated from 
E t O H and ether. T h e crude material was redissolved in a 
mixture of D M F and E t O H , and reprecipitated by adding a 
mixture of hexane and ether ; wt 16.9 g (89.9%), m p 125—128 
°C, [ a ß 4 - 2 2 . 0 ° (c 1.0, D M F ) . 

Found : C, 53.80; H, 7.19; N, 14.84; S, 3 .32%. Calcd for 
C 4 3 H 6 6 O 1 2 N 1 0 S-H 2 O: C, 53 .51; H , 7.19; N, 14.51; S, 3 .38%. 

Z-Glu(OBut)-Leu-Ala-Arg(Tos)-Thr-Leu-Lys(Boc)-Arg-
( Tos)-Leu-Gly-0Et (XIV). Compound X I I (3.00 g, 
2.94 mmol) was dissolved in M e O H (300 ml) and hydrogenat­
ed over 5 % pal ladium-charcoal catalyst in a water ba th at 
35 °C. The catalyst was filtered off and the filtrate was mixed 
with D M F (5 ml) . Only the methanol in the filtrate was 
evaporated off under reduced pressure and the remaining 
solution was left to stand in a refrigerator. Meanwhile, com­
pound X I I I (3.13 g, 3.24 mmol) was dissolved in D M F (12 ml) 
by gentle heating, cooled to — 20 ° C — 30 °C, and mixed 
with 3 M H C l in dioxane (6 ml) and isopentyl nitrite (0.48 ml, 
3.7 mmol) . The solution was stirred at the same temperature 
for 45 min and mixed with the solution obtained above and 
T E A (2.5 ml) . The mixture was stirred at 0 °C for 10 days 
in a refrigerator. T h e precipitate formed was filtered off 
and the filtrate was concentrated to a syrup in vacuo. The 
syrup was t r i turated in cold 0.2 M HCl (250 ml) , filtered and 
washed well with H 2 0 . The crude material was repeatedly 
crystallized from M e O H ; wt 1.89 g (35.7%), m p 224—226 °C, 
[a]£4 —20.3° (c 0.50, dimethyl sulfoxide). Amino acid ratio 
in the acid hydrolysate: Glu, 1.05 (1); Leu, 3.01 (3); Ala, 
0.95 ( l ) ; A r g , 1.94 (2); Thr , 1.02 ( l ) ; L y s , 1.03 ( l ) ; G l v , 1.00 

(1). 
Found : C, 54.55; H , 7.48; N , 13.19; S, 3.69%,. Calcd for 

C 8 3 H m O o 2 N 1 7 S 2 - 2 H 2 0 : C, 54.80; H, 7.48; N, 13.09; S, 
3.52%. 

Boc-Lys(Boc) -Val-Phe- Glu ( OBu1) -Arg( Tos) -Cys (MBzl) -
OH (XV). Compound V (5.29 g, 3.94 mmol) was dis­
solved in a mixture of M e O H (100 ml) and D M F (20 ml) , 
mixed with 1 M N a O H (8 ml) in an ice-bath under cooling 
and stirred at room temperature for 3 h. T h e solution was 
made neutral by adding 1 M HCl and concentrated to a 
syrupy residue under reduced pressure. T h e residue was 
tr i turated in cold 0.2 M HCl (300 ml) , filtered and washed 
well with H 2 0 . The crude material was repeatedly crystal­
lized from M e O H and e ther ; wt 4.27 g (81.5%), m p 234—236 
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°C, [a]J4 - 1 3 . 6 ° (c 0.51, dimethyl sulfoxide). 
Found : C, 56.83; H , 7.29; N , 10.45; S, 4 .95%. Calcd for 

C e a H ^ O ^ N j o S a - I ^ O : C, 56.91; H , 7.28; N3 10.54; S, 4 . 8 1 % . 
Boc-Lys(Boc)- Val-Phe-GlufOBu1) -Arg( Tos)-Cys(MBzl)-

Glu(OBux)-Leu-Ala-Arg( Tos)-Thr-Leu-Lys(Boc)-Arg( Tos)-
Leu-Gly-OEt (XVI). Compound X I V (0.89 g, 0.49 
mmol) was dissolved in M e O H (200 ml) and hydrogenated 
over 5 % pal ladium-charcoal catalyst at 35 °C for 3 h in a 
water-bath. T h e catalyst was filtered off and the filtrate was 
mixed with D M F (4 ml) . Only the methanol in the filtrate 
was evaporated in vacuo. T h e remaining solution was mixed 
with H O B t (0.14 g, 1.0 mmol) and compound X V (0.79 g, 
0.59 mmol) , cooled below —20 °C and mixed with D C C (0.15 
g, 0.7 mmol) . The mixture was stirred at —20 °C for 50 min 
and at room temperature for 2 days. T h e gelatinous mix­
ture formed during the course of reaction was made clear by 
adding a small volume of dimethyl sulfoxide. T h e precipi­
tate formed was filtered off and the filtrate was concentrated 
to a residue under reduced pressure. T h e residue was pre­
cipitated from M e O H and ether; wt 0.85 g. T h e crude 
product was reprecipitated from acetonitrile and M e O H ; wt 
0.57 g (39.6%), m p 244 °C (dec), [a]£4 - 2 2 . 0 ° (c 0.49, di­
methyl sulfoxide). Amino acid ratio in the acid hydrolysate : 
Lys, 1.85 (2) ; Val , 0.88 (1); Phe, 0.95 (1); Glu, 2.23 (2); 
Arg, 3.00 (3) ; Cys, not determined; Leu, 3.11 (3); Ala, 1.00 
(1); Thr , 1.10 (1); Gly, 0.97 (1). 

Found : C, 56.02; H , 7.42; N , 12.80; S, 4 . 3 1 % . Calcd for 
C 1 3 8 H 2 1 7 0 3 5 N 2 7 S 4 : C, 56.33; H , 7.43; N , 12.85; S, 4 .35%. 

T h i s w o r k w a s s u p p o r t e d b y a G r a n t - i n - A i d (247128 , 
1977) for Sc ien t i f ic R e s e a r c h f r o m t h e M i n i s t r y of E d u ­
c a t i o n , S c i e n c e a n d C u l t u r e . 
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Synthesis of a Protected Tridecapeptide Corresponding to 
Positions 17—29 of Human Lysozyme 

Shoko YOSHIMURA and Yasutsugu SHIMONISHI* 

Institute for Protein Research, Osaka University, Yamada-kami, Suita, Osaka 565 
(Received September 22, 1978) 

For a semi-synthesis of human lysozyme by coupling its natural fragment with synthetic peptides, a protected 
tridecapeptide corresponding to positions 17—29 of the enzyme was prepared from three protected peptide frag­
ments (II, VI, and XI) by the conventional method in pure form on the basis of analyses. 

H u m a n lysozyme1) contains two residues of methio­
nine at the positions 17 and 29 of the peptide chain of 
the enzyme.2»3) Cleavage by cyanogen bromide4) of the 
methionyl bonds in the enzyme followed by reductive 
alkylation5) of the disulfide linkages give a fragment 
lacking the 29 amino acid residues at the N-terminus 
of the enzyme. The natural fragment is considered to 
be a suitable material for a semi-synthesis,6'7) as describ­
ed in the preceding paper.8) Coupling of the natural 
fragment with synthetic peptides via the formation of 
peptide linkages will give a covalent semi-synthesis of 
human lysozyme. For the aim, we have at tempted to 
isolate the natural fragment5) and synthesize comple­
mentary peptide fragments. The peptide fragments 
refer to the N-terminal region corresponding to posi­
tions 1—29 of human lysozyme, which is liberated from 
the enzyme by treatment with cyanogen bromide. The 
N-terminal section of the enzyme was divided into two 
parts and synthesized; a hexadecapeptide8) correspond­
ing to positions 1 —16 and a tridecapeptide corresponding 
to positions 17—29. This paper reports the synthesis 
of the latter peptide. 

Met Asp Gly 

Boo 

Boo 

Boo 

Boo 

•ONSu H-f 

r0Bu 
-ONSu H-

,0BiT 

OBiT 

OBiT 

-OBz l 

• OBzl 

• OH 
( I ) 

• OH 
( I I ) 

Fig. 1. Synthesis of sequence 17—19. 

The peptide was constructed from three peptide frag­
ments, Boc-Met -Asp(OBuO-Gly-OH (II),9) Boc-Tyr -
Arg(Tos) -Gly- I le -Ser -OMe (VI), and Boc-Leu-Ala-
A s n - T r p - M e t - O M e (XI ) . The first fragment was 
synthesized by coupling Boc-Met-ONSu 1 0 ) with H-Asp-
(OBuO-Gly-OH (I) (Fig. 1). The dipeptide (I) was 
obtained by the catalytic hydrogénation of the syrupy 
material, Z-Asp(OBu' ) -Gly-OBzl , which was prepared 
by condensing Z-Asp(OBuO-ONSu n > with H - G l y -
OBzl. The synthesis of the second fragment, Boc-Tyr -
Arg(Tos) -Gly- I le -Ser -OMe (VI) , was started by cou­
pling Z-I le-ONp 1 2 ) with H - S e r - O M e (Fig. 2). Z - I l e -
Se r -OMe (III) thus obtained was catalytically hydro-
genated and the resulting dipeptide methyl ester was 

Tyr 

Boc-f-

Boo 

Arg Gly H e Ser 

Tos 
-OH 

Tos 

Tos 

•ONSu 

•ONp •OMe 

-OMe 
( H I ) 

-OMe 
( I V ) 

•OMe 
(V) 

.OMe 
( V I ) 

Fig. 2. Synthesis of sequence 20—24. 

acylated with Z-Gly-ONSu 1 0 ) to give Z -Gly - I l e -Se r -
O M e (IV) . The tripeptide (IV) was catalytically hy-
drogenated and condensed with Z-Arg(Tos)-OH 1 3 ) by 
D C C in the presence of HOBt.14) The resulting tetra-
peptide, Z -Arg(Tos ) -Gly - I l e -Se r -OMe (V), was cata­
lytically hydrogenated. The tetrapeptide methyl ester 
was not isolated, but directly coupled with Boc-Tyr -N 3 

prepared from the corresponding hydrazide,15) to give 
Boc-Tyr -Arg(Tos ) -Gly- I l e -Ser -OMe (VI) . 

For the synthesis of the last fragment, Boc-Leu-Ala-
A s n - T r p - M e t - O M e (XI) , Boc-Asn-ONp1 6) was first 
coupled with H - T r p - O M e . The resulting dipep­
tide, B o c - A s n - T r p - O M e (VII ) , was converted to the 
corresponding hydrazide (VIII ) by usual hydrazinolysis. 
The hydrazide (VII I ) was allowed to react with iso-
pentyl nitrite by Rudinger 's method,17) the resulting 

Leu Ala Asn Trp Met 

Boo 

Boc-f-ONSu Boo 

Boo 

Boo 

Boo 

Boc-f-ONSu Boo 

-ONp -OMe 

-OMe 
( V I I ) 

( V I I I ) 

H-f-OMe 

•OMe 
( I X ) 

• OMe 
( X ) 

•OMe 
( X I ) 

Fig. 3. Synthesis of sequence 25—29. 
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TABLE 1. AMINO ACID ANALYSES OF HYDROLYSATES OF OLIGOPEPTIDES CONTAINING THE Asn-Trp LINKAGE 

1 5 a ) 
Acid hydrolysisb) 

2 3 4 

Enzymatic hydrolysis 

Boc-Asn-Trp-Gly-OEt 
H-Asn-Trp-Gly-OH 
Z-Asn-Trp-Ile -OBzl 

Boc-Asn-Trp-Phe-OEt 
Z-Ala-Asn-Trp-OMe 

Boc-Leu-Ala-Asn-Trp-OMe 
Boc-Ala-Asn-Trp-Met-OMe 

Boc-Leu-Ala-Asn-Trp-Met-OMe 

H-Leu-Ala-Asn-Trp-Met-OH 

0.97 

0.99 
0.96 
0.92 
0.92 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

0.78 
0.81 
0.67 
0.65 
0.82 
0.69 
0.64 
0.48 
0.59 
0.84 
0.79 

0.58 
0.78 
0.45 
0.50 

c) 
C) 

C) 

C) 

c) 

C) 

c) 

1.00 
1.00 
1.00 
1.00 

0.59 
0.56 
0.59d> 
0.88 
0.84d> 

1.01 0.97 1.00 

1.00 1.00 0.96 1.07 1.05 

a) Residue number from N-terminus. b) Value obtained after hydrolysis for 24 h. 
d) Value obtained after hydrolysis for 72 h. 

c) Not determined. 

TABLE 2. ANALYTICAL DATA OF SYNTHETIC PEPTIDES CONTAINING THE Asn-Trp LINKAGE 

Boc-Asn-Trp-Gly-OEt 

Z-Asn-Trp-Ile-OBzl 

Boc-Asn-Trp-Phe-OEt 

Z-Ala-Asn-Trp-OMe 

Boc-Leu-Ala-Asn-Trp-OMe 

Mp (°C) 

106—108 

207—208 

129—131 

162—165 
(dec) 
146 (sintered) 
153 (melted 
and dec) 

MS 

- 2 1 . 9 ° (c 1.0, DMF) 

- 1 8 . 9 ° (c 1.0, DMF) 

- 3 1 . 8 ° (c 1.0, DMF) 

+ 11.2° (c0.5, DMF) 

+ 0.2° (c 1.0, DMF) 

Found 
Calcd 
Found 
Calcd 
Found 
Calcd 
Found 
Calcd 
Found 
Calcd 

Analysis (%) 

C H N 

57.18 
57.24 
65.35 
65.94 
62.41 
62.71 
60.03 
60.32 
57.98 
58.42 

6.69 13.58 
6.61 13.19 
6.22 10.53 
6.30 10.68 
6.72 11.56 
6.62 11.80 
5.86 12.89 
5.81 13.03 
7.36 13.39 
7.19 13.63 

azide being condensed in situ with H - M e t - O M e to give 
B o c - A s n - T r p - M e t - O M e ( IX) . T h e tripeptide (IX) 
was treated with formic acid for removal of the Boc 
group, and elongated by two single-step reactions using 
Boc-Ala-ONSu1 0) and Boc-Leu-ONSu1 0> for acylation, 
the pentapeptide, B o c - L e u - A l a - A s n - T r p - M e t - O M e 
(XI) , thus being obtained (Fig. 3). Amino acid anal­
ysis of the acid hydrolysate of pentapeptide (XI) showed 

that the recovery of aspartic acid is low. The same 
phenomenon was observed on analyses of the acid hy­
drolysates of the peptides containing Asn-Trp linkage 
given in Table 1, which were synthesized separately 
(Table 2). I n contrast, amino acid analyses of enzyma­
tic18) hydrolysates of the corresponding free peptides 
gave a theoretical recovery of asparagine. T h e results 
are summarized in Table 1. 

OBir 
Boc-Met-Asp-Gly-OH 

( I I ) 

OBIT 
( Boc-Met-Asp-Gly-ONSu ) 

Tos 
Boc-Tyr-Arg-Gly-Ile-Ser-OMe 

(VI) 

Tos 
Boc-Tyr-Arg-Gly-Ile-Ser-N2H3 

I (XII) 

Boc-Leu-Ala-Asn-Trp-Met-OMe 
(XI) 

Tos T 

Boc-Tyr-Arg-Gly-Ile-Ser-Leu-Ala-Asn-Trp-Met-OMe 
(XI11 ) J 

OBiT Tos 
Boc-Met-Asp-Gly-Tyr-Arg-Gly-Ile-Ser-Leu-Ala-Asn-Trp-Met-OMe 

Fig. 4. Synthesis of the tridecapeptide corresponding to positions 17—29 of 
human lysozyme. 
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T h e t r i d e c a p e p t i d e , B o c - M e t - A s p ( O B u ' ) - G l y - T y r -
A r g ( T o s ) - G l y - I l e - S e r - L e u - A l a - A s n - T r p - M e t - O M e 
( X I V ) , w a s o b t a i n e d as s h o w n in F i g . 4 . F i r s t , t h e 
second f r a g m e n t ( V I ) w a s c o m b i n e d w i t h t h e t h i r d 
f r a g m e n t ( X I ) . T h e Boc g r o u p of t h e p r o t e c t e d p e n t a -
p e p t i d e m e t h y l es ter ( X I ) w a s r e m o v e d b y t r e a t m e n t 
w i t h fo rmic ac id i n t h e p r e s e n c e of m e r c a p t o a c e t i c a c i d . 
T h e r e su l t i ng p e n t a p e p t i d e w i t h a free a m i n o g r o u p 
w a s c o u p l e d w i t h B o c - T y r - A r g ( T o s ) - G l y - I l e - S e r - N 3 , 
p r e p a r e d f rom t h e c o r r e s p o n d i n g h y d r a z i d e ( X I I ) b y 
t h e m e t h o d of H o n z l a n d R u d i n g e r , 1 7 ) to g ive a d e c a -
p e p t i d e , B o c - T y r - A r g ( T o s ) - G l y - I l e - S e r - L e u - A l a - A s n -
T r p - M e t - O M e ( X I I I ) . T h e d e c a p e p t i d e ( X I I I ) 
t hus o b t a i n e d w a s t r e a t e d w i t h fo rmic a c i d for r e m o v a l 
of t h e Boc g r o u p a n d t h e r e su l t i ng p e p t i d e w a s c o u p l e d 
w i t h B o c - M e t - A s p ( O B u ' ) - G l y - O N S u o b t a i n e d f rom 
t h e first f r a g m e n t ( I I ) as a n oi ly m a t e r i a l a n d used 
w i t h o u t fu r the r pu r i f i ca t i on . T h u s , a p r o t e c t e d t r i d e c a ­
p e p t i d e c o r r e s p o n d i n g to pos i t ions 1 7 — 2 9 i n t h e a m i n o 
ac id s e q u e n c e of h u m a n ly sozyme , B o c - M e t - A s p ( O B u ' ) -
G l y - T y r - A r g ( T o s ) - G l y - I l e - Se r - L e u - A l a - A s n - T r p -
M e t - O M e ( X I V ) , w a s o b t a i n e d . 

E x p e r i m e n t a l 

The experimental and analytical methods are the same as 
described in the preceding paper.8) 

H-Asp(OBui)-Gly-OH (I). Z-Asp(OBu { ) -ONSu 1 1> 
(42.1 g, 0.1 mol) was added to a solution of T o s O H ^ H -
Gly-OBzl (33.7 g, 0.1 mol) and T E A (14.0 ml) in D M F 
(150 ml) . The solution was stirred at room temperature for 
a day and then concentrated to an oily residue under reduced 
pressure. T h e residue was dissolved in AcOEt . T h e solu­
tion was washed successively with 0.5 M HCl , 5 % aqueous 
NaHCOg and H 2 0 , and then dried over N a 2 S 0 4 and con­
centrated to an oil. T h e oil was dissolved in a mixture of 
E t O H (600 ml) and H a O (150 ml) , and hydrogenated over 
5 % pal ladium-charcoal catalyst under atmospheric pressure. 
The catalyst was filtered off and the filtrate was concentrated 
in vacuo. T h e residue was repeatedly flashed wi th benzene 
and then crystallized from M e O H and ether ; wt 22.5 g 
(91.5%), m p 158—159 °G, [a]£4 + 1 8 . 5 ° (c 1.0, A c O H ) . 

Found: C, 48.12; H , 7.45; N , 11.05%. Calcd for C1 0H1 8-
0 5 N 2 : C, 48.77; H , 7.37; N , 11.38%. 

Boc-Met-Asp(OBut)-Gly-OH-DCHA (II). B o c - M e t -
ONSu10> (24.2 g, 69.9 mmol) and T E A (8.4 ml) were added 
at 0 °C to a suspension of compound I (14.8 g, 60.1 mmol) 
in a mixture of D M F (200 ml) and H 2 0 (70 ml) . T h e 
mixture was stirred at room temperature for 3.5 h to give 
a clear solution, which was concentrated to an oil under 
reduced pressure. T h e oil was redissolved in AcOEt and 
the solution was washed with 0.5 M H C l and H 2 0 , dried 
over N a 2 S 0 4 , and concentrated to an oily residue in vacuo. 
The oil was dissolved in a mixture of ether (1 litre) and 
AcOEt (200 ml) , and then mixed with D C H A (10.8 g) . The 
resulting precipitate was filtered and recrystallized from 
E t O H , AcOEt , and hexane; wt 27.7 g (69.9%), m p 165—166 
°G, M i 8 - 1 9 . 4 ° (c 1.0, D M F ) . 

Found: C, 58.08; H , 8.99; N, 8.41; S, 4 . 8 8 % . Calcd for 
C 3 2 H 5 8 0 8 N 4 S: C, 58.33; H , 8.87; N, 8.50; S, 4 .87%. 

Z-Ile-Ser-OMe (III). Z- I le -ONp 1 2 ) (38.6 g, 0.1 mol) 
was added to a solution of H C l • H - S e r - O M e (17.0 g, 0.11 
mol) and T E A (15.4 ml) in D M F (100 ml) . T h e solution 
was stirred at room temperature for 3 days, and then con­
centrated to an oily residue in vacuo. The residue was di­

ssolved in AcOEt and H 2 0 . T h e AcOEt layer was separated, 
washed successively with 5 % aqueous N a H C 0 3 , 0.7 M H C l 
and H 2 0 a n d dried over N a 2 S 0 4 . T h e dried solution was 
concentrated to half its volume, and mixed wi th hexane and 
ether. Resulting crystals were separated and recrystallized 
from A c O E t ; wt 31.1 g (85.0%), m p 179—181 °C, [oft8 + 4 . 3 ° 
(c 1.0, D M F ) . 

Found : C, 58.76; H , 7.11; N , 7 .95%. Calcd for C1 8H2 6-
0 6 N 2 : C, 59.00; H , 7.15; N , 7 .65%. 

Z-Gly-Ile-Ser-OMe (IV). Compound I I I (22.0 g, 
60.1 mmol) was dissolved in a mixture of M e O H (600 ml) 
and 4.74 M H C l in dioxane (14 ml) , and then hydrogenated 
under atmospheric pressure over 5 % pal ladium-charcoal 
catalyst. T h e catalyst was filtered off and the filtrate was 
concentrated to a solid residue in vacuo. T h e solid was dis­
solved in D M F (150 ml) , and then mixed with T E A (8.4 ml) 
and Z-Gly-ONSu 1 0 ) (20.2 g, 66.0 mmol) . T h e solution was 
stirred at room temperature for 2 days, and then concen­
tra ted to a syrup under reduced pressure. T h e syrup was 
dissolved in AcOEt , and washed successively with 0.7 M HCl , 
5 % aqueous NaHCOg and H 2 0 . T h e washed solution was 
dried over N a 2 S 0 4 , and then concentrated to a syrup in 
vacuo. T h e material was then crystallized from AcOEt and 
hexane, and recrystallized from AcOEt , ether and hexane; 
wt 23.0 g (90.6%), m p 137—139 °C, [a]^8 - 0 . 2 ° {c 1.0, D M F ) . 

Found : C, 56.29; H , 6.97; N , 9 . 8 1 % . Calcd for C2 0H2 9-
0 7 N 3 : C, 56.72; H , 6.90; N , 9 .92%. 

Z-Arg(Tos)-Gly-Ile-Ser-OMe (V). Compound I V 
(12.7 g, 30.0 mmol) was dissolved in M e O H (1 litre) and 
hydrogenated over 5 % pal ladium-charcoal catalyst at atmos­
pheric pressure in a water ba th at 30—35 °C. T h e catalyst 
was filtered off and the filtrate was concentrated to a solid 
under reduced pressure. T h e solid was dissolved with Z -
A r g ( T o s ) - O H , obtained from the corresponding cyclohexyl-
ammonium salt13) (18.4 g, 32.7 mmol) , and H O B t (8.1 g, 
60.0 mmol) in a mixture of D M F (100 ml) and tetrahydro-
furan (200 ml) . T h e solution was cooled to — 20 °C in a 
cold bath , and mixed with a solution of D C C (6.8 g, 33.0 
mmol) in tetrahydrofuran (40 ml) . T h e mixture was stir­
red at —10 °C for an hour and at room temperature over­
night, and then concentrated to a solid residue under reduced 
pressure. T h e residue was suspended in AcOEt , the in­
soluble material being filtered off. T h e filtrate was washed 
successively with 0.7 M HCl , 5 % aqueous N a H C 0 3 and H 2 0 . 
T h e washed solution was dried over N a 2 S 0 4 , and then con­
centrated to an oily material in vacuo. T h e material was 
dissolved in a mixture of E t O H and AcOEt , and crystallized 
by adding hexane. T h e crude product was recrystallized 
from E t O H , AcOEt , and hexane; wt 18.8 g (85.5%), m p 
138 °C (sintered) and 152 °C (melted), [ a ß 8 - 1 . 9 ° (c 1,1, 
D M F ) . 

Found : C, 53.86; H , 6.52; N , 13.29; S, 4.58%0. Calcd for 
C 3 3 H 4 7 O 1 0 N 7 S: C, 54 .01; H , 6.46; N , 13.36; S, 4 . 37%. 

Boc- Tyr-Arg( Tos) -Gly-Ile-Ser- OMe ( VI). Com­
pound V (14,7 g, 20.0 mmol) was dissolved in M e O H (350 
ml) and hydrogenated over 5 % pal ladium-charcoal catalyst 
under atmospheric pressure. T h e catalyst was filtered off 
and the filtrate was concentrated to a foaming residue in vacuo. 
Boc-Tyr-N 2H 3

1 5 ) (6.5 g, 22.0 mmol) was dissolved in D M F 
(80 ml) . T h e solution was cooled below —20 °C in a cold 
ba th and mixed with 4.74 M HCl in dioxane (21.6 ml) and 
then isopentyl nitr i te (3.6 ml) . T h e solution was stirred at 
the same temperature for 45 min and mixed with a solution 
of the foaming residue in D M F (20 ml) as described above 
and then with T E A (14.5 ml) . T h e mixture was stirred a t 
0 °C for 5 days. T h e precipitate was then filtered off and the 
filtrate was concentrated to a small volume under reduced 
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pressure. T h e remaining solution was diluted with AcOEt , 
and washed successively with 0.4 M HCl , 5 % aqueous N a H -
C 0 3 and H a O . T h e washed solution was dried over Na. 2S0 4 

and then concentrated to a foaming residue under reduced 
pressure, the residue being solidified in a mixture of E t O H , 
AcOEt , and hexane. T h e crude material was repeatedly 
crystallized from a mixture of E t O H , AcOEt , and ether, and 
then a mixture of CH 3 CN, AcOEt , and ether; wt 13.7 g 
(77.8%), m p 138 °C (sintered) and 142 °C (melted), [a]*8 

— 4.8° (c 1.2, D M F ) . Amino acid rat io in the acid hydro-
lysate: Tyr , 0.99 (1); Arg, 0.96 (1); Gly, 1.00 (1); He, 0.96 
( l ) ; S e r , 0 . 9 1 (1). 

Found: C, 53.38; H , 6.72; N, 12.52; S, 3 . 8 1 % . Calcd 
for C 3 q H 5 8 0 1 2 N 8 S . H 2 0 : C, 53.17; H , 6.86; N , 12.72; S, 
3.64%. 

Boc-Asn-Trp-OMe (VII). H - T r p - O M e • H C l (22.8 
g, 89.4 mmol) was dissolved in D M F (150 ml) and mixed with 
T E A (12.6 ml) . Boc-Asn-ONp1 6) (28.2 g, 79.9 mmol) was 
added to the solution which was stirred at room temperature 
for a day and then concentrated to a syrup in vacuo. T h e 
syrup was dissolved in AcOEt and washed successively wi th 
5 % aqueous N a H C O a , 0.5 M HCl , and H 2 0 . The washed 
solution was dried over N a 2 S 0 4 with active charcoal, and 
then concentrated to a solid in vacuo. T h e solid was dis­
solved in a mixture of E t O H and AcOEt and crystallized 
by adding hexane. T h e crude material was recrystallized 
from the same solvent mixture ; wt 30.2 g (86.5%), m p 132— 
133 °C, [a]»* + 1 4 . 3 ° (c 1.0, D M F ) . 

Found : C, 57.75; H, 6.53; N , 13.00%. Calcd for C2 1H2 8-
0 6 N 4 - l / 4 H a O : C, 57.72; H, 6.57; N , 12.82%. 

Boc-Asn-Trp-N2H3 (VIII). Compound V I I (30.2 g, 
69.1 mmol) was dissolved in M e O H (350 ml) and cooled to 
0 °C in an ice-bath. Then 9 0 % hydrazine hydrate (100 ml) 
was added to the chilled solution. T h e solution was stirred 
at room temperature for 2 h, and concentrated to an oil in 
vacuo. T h e oil was t r i turated with cold water, and washed 
thoroughly with water. T h e crude product was crystallized 
from E t O H , ether, and hexane; wt 26.6 g (88.4%), m p 151— 
153 °C, [a]*4 - 2 4 . 6 ° (c 1.0, D M F ) . 

Found : C, 55.09; H, 6.64; N, 18.93%. Calcd for C2 0H2 8-
0 5 N 6 - 1 / 4 H 2 0 : C, 54.97; H , 6.58; N, 19.23%. 

Boc-Asn-Trp-Met-OMe (IX). Compound V I I I (21.6 
g, 49.4 mmol) was dissolved in D M F (120 ml) and cooled 
below —20 °C in a cold ba th and mixed with 4.74 M H C l in 
dioxane (33 ml) and then isopentyl nitr i te (7.5 ml) . T h e 
solution was stirred at —20 °C for 45 min, and then mixed 
with H - M e t - O M e - H C l (12.0 g, 60.0 mmol) and T E A (30.4 
ml) below —20 °C and stirred at 0 °C for a day. T h e pre­
cipitate was filtered off and the filtrate was concentrated to 
a small volume under reduced pressure. T h e remaining solu­
tion was diluted with AcOEt and washed successively with 0.3 
M HCl , 5 % aqueous N a H C O s and H 2 0 . T h e washed solu­
tion was dried over N a 2 S 0 4 with active charcoal. T h e dried 
solution was concentrated under reduced pressure to a solid, 
which was crystallized from AcOEt , E t O H , and hexane. T h e 
crude material was recrystallized from E t O H , hexane, and 
ether; wt 21.9 g (77.9%), m p 140—144 °C, [aft4 - 3 9 . 0 ° (c 
1.0, D M F ) . 

Found: C, 54.99; H , 6.70; N , 12.29; S, 5 .95%. Calcd 
for C 2 6 H 3 7 0 7 N 5 S - 1 / 4 H 2 0 : C, 54.96; H , 6.65; N , 12.33; S, 
5.64%. 

Boc-Ala-Asn-Trp-Met-OMe (X). Compound I X 
(16.9 g, 29.8 mmol) was mixed with 9 8 % formic acid in an 
ice-bath, and the mixture was kept at room temperature over­
night. T h e clear solution obtained was evaporated in vacuo 
and the residue was mixed with 2.5 M HCl in AcOEt under 
cooling. T h e mixture was concentrated to dryness in vacuo, 

and then t r i turated with ether. The powder was filtered 
and dried in vacuo. T h e dried powder was dissolved in D M F 
(60 ml) and mixed with T E A (4.2 ml) and Boc-Ala~ONSu10> 
(9.5 g, 33.2 mmol) . T h e mixture was stirred at room tem­
perature for 2 days, and then concentrated to a syrupy residue 
in vacuo. T h e residue was dissolved in AcOEt and washed 
successively with 0.4 M HCl , 5 % aqueous N a H C 0 3 , and H 2 0 . 
T h e washed solution was dried over N a 2 S 0 4 , and concen­
trated in vacuo to a syrup, which was tr i turated in a mixture 
of AcOEt , E t O H , and hexane. T h e crude product was re­
peatedly crystallized from C H 3 C N and ether; wt 15.8 g 
(83.2%), m p 134—136 °C, [aft4 - 4 4 . 8 ° (c 1.0, D M F ) . 

Found : C, 54.52; H , 6.72; N , 12.96; S, 5.07%. Calcd for 
C 2 9 H 4 2 O g N 6 S. 1 /4H 2 0 : C, 54.48; H, 6.70; N , 13.15; S, 5.02%. 

Boc-Leu-Ala-Asn-Trp-Met-OMe (XI). Compound X 
(12.7 g, 19.9 mmol) was mixed with 9 8 % formic acid (40 ml) 
containing mercaptoacetic acid (4 ml) under cooling, and the 
mixture was left to stand at room temperature overnight. 
T h e solvent was evaporated under reduced pressure, and the 
residue was mixed with 2.5 M H C l in AcOEt (20 ml) under 
cooling. T h e mixture was concentrated under reduced pres­
sure to a solid, which was collected with ether. T h e solid 
was dissolved in D M F (50 ml) and mixed with T E A (2.8 ml) 
and Boc-Leu-ONSu 1 0 ) (7.2 g, 22.0 mmol) . T h e mixture was 
stirred at room temperature for 6 days, and then concen­
tra ted to a syrup in vacuo. T h e syrup was dissolved in AcOEt 
containing a small amount of E t O H . T h e solution was wash­
ed successively with 0.3 M HCl , 5 % aqueous N a H C 0 3 , and 
H 2 0 . The washed solution was dried over N a 2 S 0 4 and 
concentrated in vacuo to a syrup, which was crystallized from 
E t O H and hexane. T h e crude product was recrystallized 
from C H 3 C N and ether ; wt 8.0 g (53.3%), m p 173—175 °C. 
The material thus obtained was further purified by chromato­
graphy on silica gel, using a solvent mixture of CHC1 3 and 
M e O H (v/v, 5/1); wt 6.6 g (44.0%), m p 174—176 °C, [aft4 

— 41.0° (c 1.0, D M F ) . Amino acid ratio in the acid hydro-
lysate: Leu, 0.99 (1); Ala, 1.00 (1); Asp, 0.48 (1); T r p , not 
determined (1); Met , 0.56 (1). 

Found : C, 55.87; H , 7.15; N, 12.57; S, 4 .38%. Calcd 
for C 3 5 H 5 3 0 9 N 7 S - 1 / 4 H 2 0 : C, 55.87; H , 7.17; N, 13.03; S, 
4 .26%. 

Boc-Tyr-Arg(Tos)-Gly-Ile-Ser-N2H3 (XII). Com­
pound V I (25.9 g, 29.4 mmol) was dissolved in E t O H (250 ml) 
by gentle heat ing. T h e solution was cooled to 0 °C in an 
ice-bath and mixed with 9 0 % hydrazine hydrate (70 ml). 
T h e mixture was stirred at room temperature for a day, and 
then concentrated and flashed repeatedly with benzene. The 
resulting solid was filtered with a mixture of AcOEt and E t O H . 
T h e solid was crystallized from D M F , E t O H , and ether; wt 
23.8 g (92.0%), m p 156—158 °C, [aft8 - 7 . 2 ° (c 1.1, D M F ) . 

Found : C, 51.78; H , 6.95; N, 15.64; S, 3.70%. Calcd for 
Q s H s g O n N i o S - H j O : C, 51.85; H , 6.87; N, 15.90; S, 3 .63%. 

Boc-Tyr-Arg(Tos)-Gly-Ile-Ser-Leu-Ala-Asn-Trp-Met-OMe 
(XIII). Compound X I (4.75 g, 6.31 mmol) was dis­
solved in 9 8 % formic acid (60 ml) containing mercaptoacetic 
acid (0.5 ml) . T h e solution was stirred at room temperature 
for 3.5 h, and then concentrated to a syrupy residue in vacuo. 
T h e residue was mixed for 1 min with 4 M HCl in dioxane 
(1.5 ml) under cooling and concentrated in vacuo to a syrup, 
which was t r i turated in ether. T h e powder was dried over 
N a O H in vacuo. Compound X I I (3.74 g, 4.25 mmol) was 
dissolved in D M F (20 ml) . The solution was cooled below 
— 20 °C in a cold ba th and mixed with 4 M HCl in dioxane 
(7 ml) and isopentyl ni tr i te (0.78 ml) . T h e solution was stir­
red at the same temperature for 30 min and then mixed with 
the powder described above in dimethyl sulfoxide (15 ml) , 
and iV-methylmorpholine (4.0 ml) , and stirred at 0 °C for 
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7 days. The precipitate formed was filtered off, and the 
filtrate was concentrated to a small volume under reduced 
pressure. T h e residual solution was poured into ice-water, 
and the precipitate formed was filtered, washed thoroughly 
with H 2 0 and dried over P 2 0 5 in vacuo. T h e crude material 
was dissolved in a mixture of M e O H (300 ml) and GHC13 

(200 ml), and insoluble material was filtered off. T h e filtrate 
was concentrated in vacuo to a residue, which was boiled in 
a mixture of M e O H (100 ml) and AcOEt (300 ml) and mixed 
with ether under cooling. T h e precipitated material was 
boiled in a mixture of GH 3 GN (100 ml) and M e O H (20 ml) , 
and reprecipitated with ether under cooling; wt 3.70 g 
(57.5%), m p 228—230 °G, [a]J6 - 2 1 . 2 ° (c 1.0, D M F ) . 
Amino acid ratio in the acid hydrolysate: Tyr , 0.95 (1) ; Arg, 
1.08 (1); Gly, 1.01 (1); He, 0.93 (1); Ser, 0.83 (1); Leu 0.90 
(1); Ala, 1.00(1); Asp, 0.55 (1); T i p , 0.62 (1); Met , 0.66 (1). 

Found: G, 53.84; H , 6.73; N , 13.71; S, 4 .40%. Galcd 
for G 6 8 H 9 9 0 1 8 N r j S 2 . 2 H 2 0 : G, 53.92; H , 6.85; N , 13.87; S, 
4 .23%. 

Boc-Met-Asp(OBut)-Gly-Tyr-Arg(Tos)-Gly-Ile-Ser-Leu-
Ala-Asn-Trp-Met-OMe (XIV). Compound I I (2.70 g, 
4.10 mmol) was suspended in AcOEt (150 ml) , and washed 
with 1 M H 2 S 0 4 and then H 2 0 . T h e washed solution was 
dried over N a 2 S 0 4 , and then concentrated to an oily material 
under reduced pressure. T h e oil was dissolved in a mixture 
of AcOEt (50 ml) and dioxane (30 ml) . T h e solution was 
cooled to 0 °G in an ice ba th , and mixed with H O N S u (0.52 g, 
4.5 mmol) and DCG (0.93 g, 4.5 mmol) . T h e mixture was 
stirred at room temperature for a day. T h e precipitate form­
ed was filtered off and the filtrate was concentrated to an 
oily material in vacuo. 

Compound X I I I (3.70 g, 2.44 mmol) was dissolved 
in 9 8 % formic acid (50 ml) . T h e solution was stirred at 
room temperature for 3 h and then concentrated to a residue 
in vacuo. The residue was stirred with 2.5 M H C l in AcOEt 
(5 ml) for 1 min in an ice ba th , and then concentrated in 
vacuo to a syrup, which was solidified in ether and dried over 
N a O H under reduced pressure. T h e dried material was dis­
solved in a mixture of dimethyl sulfoxide ( 10 ml) and D M F 
(5 ml) with T E A (0.35 ml) . T h e solution was mixed with 
the oily substance obtained as described above from com­
pound I I in D M F (5 ml) . T h e mixture was stirred at room 
temperature for 4 days and then concentrated to a syrup in 
vacuo. T h e syrup was t r i turated in a mixture of A c O E t and 
ether, and the crude product was crystallized from M e O H . 
The crystallized material was repeatedly precipitated from 
a mixture of D M F and ether; wt 3.30 g (72.2%), m p 203 °G, 
[a]J4 —28.1° (c 1.0, D M F ) . Amino acid rat io in the acid 
hydrolysate: Met , 1.33 (2); Asp, 1.54 (2); Gly, 1.88 (2); 

Tyr , 0.99 (1); Arg, 0.98 (1); Ile, 0.99 (1); Ser, 0.85 (1) ; 
Leu, 0.99 (1); Ala, 1.00 (1); T r p , not determined. 

Found : G, 52 .91; H , 6.83; N , 13.31; S, 4 .80%. Calcd 
for C 8 3 H 1 2 30 2 3N 1 8 S 3 . 2H 2 0 : C, 53.19; H , 6.88; N , 13.45; 
S,5.13%. 

T h i s w o r k w a s s u p p o r t e d b y a G r a n t - i n - A i d (247128 , 
1977) for Scient i f ic R e s e a r c h f rom t h e M i n i s t r y of E d u ­
c a t i o n , Sc ience a n d C u l t u r e . 
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Restricted Rotation Involving the Tetrahedral Carbon. XXV. 
Barriers to Exchange between dl and meso Forms 

of 9-(Arylmethyl)triptycenes1) 
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Barriers to exchange between dl and meso forms via rotation about the C9-Gsubst bond of 9-(arylmethyl)-l,4-
dimethoxytriptycenes are obtained by the use of the methoxyl signals in the XH NMR spectra. It is found that, 
although the population ratios are affected by the substituent in the 9 position, the enthalpy of activation for the 
rotation is almost invariant at ca. 10 kcal/mol. 

9-Substituted triptycenes constitute a unique system 
in that unusually high barriers are observed for rotation 
about the C 9 -C s u b s t bond.2) Thus freezing the rotation 
of even methyl groups on the N M R time scale has been 
realized3) and stable rotational isomers isolated at room 
temperature.4) Whereas barriers to rotation about the 
C 9 -C s u b s t bond are known in the cases where the sub­
stituent is a tertiary alkyl,5) an isopropyl,6) or a methyl 
group,3) barriers to rotation about the C 9 -CH 2 bond 
have not been known except for one case, 9-(chloro-
methyl) triptycene, where signals due to ring protons7) 
and ring carbons8) have been used for the analysis. 

y [ OCHs M OCHs 

O H 

dl-îorm. meso-form 

(1) 

9-Benzyltriptycenes are interesting in that there is an 
attractive interaction between the 9-benzyl group and 
the benzo group of the triptycene skeleton:9) the dl forms 
are unusually favored if there is an electron-attracting 
substituent in the benzyl group and the benzo group 
has a group of low ionization potential. T h e interac­
tion should affect the enthalpy of activation for rotation 
if other conditions are the same. This paper describes 
the reinvestigation of the population ratios of the dl 
and the meso forms of 9-(arylmethyl)-l ,4-dimethoxytrip­
tycenes (1) using the F T N M R technique to obtain 
better da ta and the study of the barrier to exchange 
between the dl and the meso forms by internal rotation 
using the line shapes of the methoxyl signals in 1 H N M R 
spectra. 

E x p e r i m e n t a l 

Syntheses of Triptycenes. The substituted benzyltripty-
cenes were prepared by the Diels-Alder reaction between the 
corresponding 9-benzylanthracenes (2) and />-benzoquinone 
followed by enolization and methylation. 

9- (m-Nitrobenzyl) anthracene. m-Nitrobenzylidene-
anthrone10) (3 g) was heated under reflux with 10 ml of etha-
nol and 3 ml of water and 3 g of sodium borohydride was 

CH2Ar O 

added in small portions. The mixture was heated for 1 h and 
cooled. The insoluble material was removed by filtration and 
the mother liquor was concentrated. The residue was taken 
up in 200 ml of carbon tetrachloride and the solution was 
heated for 2 h with 20 g of phosphorus pentaoxide. The solu­
tion was decanted and evaporated. The residue was chro-
matographed on silica gel, using benzene as an eluent. The 
desired product was obtained in 70% yield and used directly 
for subsequent reactions. 

9-(Arylmethyl)-l,4-dimethoxytriptycenes. These com­
pounds were prepared by the following general procedure. 
The compounds were known unless otherwise stated and their 
physical properties agreed well with those reported. 

A solution of 1.3 g (0.005 mol) of 9-benzylanthracene and 
1.1 g (0.01 mol) of />-benzoquinone in 20 ml of acetonitrile 
was refluxed for 24 h and evaporated. The residue was chro-
matographed on silica gel and eluted with benzene-chloro­
form (10: 1). An adduct was obtained in over 90% yield. 
To a solution of the adduct (0.6 g) in 20 ml of dioxane was 
added 20 ml of 1 M aqueous potassium hydroxide in 10 min 
and the mixture was treated with 5 ml of dimethyl sulfate 
in small portions. The potassium hydroxide solution was 
added in small portions to the mixture until the addition 
caused no color change. After 10 min stirring, the precipi­
tate was collected and purified by alumina chromatography 
using hexane-benzene (4: 1) as an eluent. The yield was 
over 90%. 

l,4-Dimethoxy-9- (p-methylbenzyl) triptycene : Mp 223—224 °C. 
Found: G, 85.94; H, 6.25%. Calcd for G30H26O2: C, 86.09; 
H, 6.26%. m NMR (CDC13) <5=2.28 (GH3), 3.21 (CH30), 
3.80 (GH30), 4.64 (CH2), 5.95 (bridgehead), 6.47 (AB quar­
tet for dimethoxybenzo H's, yAB = 9.0Hz, AvAB = 6.3 Hz), 
6.8—7.5 (aromatic H's). 

l,4-Dimethoxy-9-(ra-nilrobenzyl)triptycene: Mp 301—305 °C 
(dec). Found: G, 77.34; H, 4.95; N, 3.10%. Calcd for 
G29H23N04: C, 77.48; H, 5.16; N, 3.12%. XH NMR 
(CDC13-GS2, integrated for 70 times) (5 = 3.19 (CH30), 3.85 
(CH30), 4.70 (CH2), 5.92 (bridgehead), 6.48 (AB quartet 
for dimethoxybenzo H's, yAB = 9.0Hz, AvAB=11.0 Hz), 
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6.8—7.6 (aromatic H's). 
1H NMR Spectra. The spectra were obtained on a 

JEOL FX60 spectrometer equipped with FT facilities. The 
solvent was a 3: 1 mixture of chloroform and carbon di­
sulfide and sample tubes were of 10 mm diameter. In one 
case dichloromethane-</2 was used as a solvent. The tem­
perature was read by a thermocouple directly dipped 
into the mixed solvent placed in the probe. The error in 
reading the temperature was ±0.6 °C. Pulses of 20 [is dura­
tion was used with 5 s intervals. The data were accumulated 
ca. 40 times except for the m-nitro derivative which required 
400 time accumulation. 

Total Line Shape Analysis. It was performed with the 
use of a modified Binsch program,11) treating the spectra as 
a pair of uncoupled A<z±B exchanges. Populations were ob­
tained as described in Results and Discussion and the rate 
constant (kx) of the meso-^d (or I) process was varied in the 
calculation, the rate constant (k_-^) of the reverse process 
being put outside of the consideration. Since there are two 
identical processes transforming the meso to the dl form, 2kx 

[m«o]=A_1[rf and/] is obtained: namely K(dl/meso) = 2k1/k_l. 
Thus the rate obtained by the computer simulation was divided 
by 2 to obtain kx. Chemical shift differences were used as 
observed. T2 was calculated from the half band width of 
the tetramethylsilane signal added as an internal standard. 

The signal due to the 4-methoxyl group was always included 
in the calculation. jb-Chloro and m-nitro compounds gave 
excellent results by this method. The presence of the p-
methoxyl group in the /»-methoxybenzyl compound gave a 
strong drawback to this method. Thus the line shape analysis 
was performed only at the higher field. The spectra of the 
j!>-methylbenzyl and the benzyl compounds were analyzed 
similarly. The calculated spectra were compared with the 
observed and the best fit spectra were chosen by visual fitting. 
The agreement between the observed and the calculated spec­
tra was excellent. 

R e s u l t s a n d D i s c u s s i o n 

Assignment of the Spectra. Fig. 1 shows 1 H N M R 
spectra of 9-(/>-chlorobenzyl)-l,4-dimethoxytriptycene 
at three temperatures. Apparently the methoxyl and 
the methylene signals broaden on lowering the tem­
perature. The latter splits into a quartet signal and 
a singlet. Assignments of the spectral peaks of the meth­
ylene part is straightforward: a quartet is due to the dl 
form and a singlet the meso form (see Newman projec­
tions). The former has two singlets which split into 

_^A_A/I u 
-59.1±0.6°C 

-15.3±0.6°C 

TMS 

24.5±0.6°C 

/JLA. L 

two large singlets and a small singlet at the lower tem­
perature. The former two singlets are assigned to the 
dl forms and the latter to the meso form from the inten­
sity considerations. T h e methoxyl groups of the dl form 
in 1- and 4-positions suffer from a large difference in 
magnetic environment because of the presence of the 
benzylic phenyl group in the proximity of the 1-posi­
tion: the signal at the higher field is thus assigned to 
the 1-methoxyl group. I n contrast, the two methoxyl 
groups of the meso form seem to be in similar magnetic 
environments. 

T h e aromatic region of the/>-chloro compound showed 
temperature dependence in its spectrum but the change 
was too complicated to analyze. 

Other compounds showed similar behavior in the 1H 
N M R spectra at various temperatures. The assign­
ments were performed similarly. 

Populations of Rotamers. I n principle, it should 
be possible to obtain population ratios at various tem­
peratures by calculation, because the ratios can be used 
as variants in the total line shape analysis. I n practice, 
however, it will add another uncertainty in the simula­
tion. I t was also hoped to reduce the number of para­
meters in simulations of the line shapes of the methylene 
part.12) Thus we decided to obtain the ratios from 
other sources. 

There are two signal pairs to be used for the popula­
tion analysis. The methylene signals appear as an AB 
quartet and a singlet. Integration of these signals 
should produce the population ratio at a given tem­
perature. However, in practice, there are some over­
laps in the down-field par t of the AB signal with that 
of the meso and in the up-field par t of the AB signal 
with that of the methoxyl signal. T h e signal due to 
the methoxyl groups of the meso form heavily overlaps 
with that due to the 4-methoxyl of the dl form in the 
down-field. Thus integration of the methoxyl signals 
is less hopeful. 

Fig. 1. XH NMR spectra of 9-(/>-chlorobenzyl)-l,4-di-
methoxytriptycene at three temperatures. 

1/TxlOOO 

Fig. 2. Population ratios (dl/meso) of 9-(/>-methylbenzyl)-
1,4-dimethoxytriptycene at various temperatures : • by 
integration of the methylene region, A by integration 
of the methoxyl region, O by the drift in the chemical 
shift of the methoxyl signal after coalescence. Those 
with cross marks are rejected in drawing the straight 
line. See text for the reasons. 
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TABLE 1. EQUILIBRIUM CONSTANTS AND THERMODYNAMIC PARAMETERS PERTAINING TO 

ROTAMERS OF 9-ARYLMETHYL-1,4-DIMETHOXYTRIPTYCENES 

Aryl 

/>-CH3OC6H4 

/>-CH3C6H4 

C6H5 

/>-ClC6H4 

m-N02C6H4 

Representative K 

- 2 0 °C 

2 . 7 ± 0 . 2 
2 . 5 ± 0 . 2 
2 . 8 ± 0 . 2 
4 . 1 ± 0 . 2 
4 . 4 ± 0 . 2 

(Obsd) 
.--— 

s (dl/meso) 

\ 
- 5 0 °C 

3 .0±0 .2 
2 . 5 ± 0 . 2 
2 . 8 ± 0 . 2 
4 . 5 ± 0 . 2 
4 . 9 ± 0 . 2 

-AH 
(kcal/mol) 

0 .32±0.02 
0.05±0.01 
0 .57±0.03 
0 .44±0.06 
0.36±0.12 

AS 
(e.u.) 

- 1 . 5 ± 0 . 5 
— 1.1=1=0.2 
+ 0 . 3 ± 0 . 1 
— 1.6=1=0.1 
- 0 . 7 ± 0 . 1 

To avoid these uncertainties, we decided to use the 
cross-check method of using both the methylene and 
the methoxyl signals. For the latter, both the integrat­
ed intensities and the chemical shift drift at tempera­
tures higher than the coalescence were used. T h e re­
sults are shown in Fig. 2, taking the case of the/»-methyl-
benzyl compound as an example. As is seen in the 
figure, the chemical shift method gives apparently absurd 
values at temperatures close to the coalescence, which 
are rejected as the unreliable. Those data obtained by 
integration of the AB signals were found to give ap­
parently larger values in the cases where the population 
of the meso form was large. Therefore these were also 
abandoned in the least squares t reatment . 

T h e equilibrium constants and thermodynamic para­
meters thus obtained are tabulated in Table 1. T h e 
equilibrium data are in general accordance with those 
reported,9) but we take the values reported here to be 
more reliable because of the better S/N ratios relative 
to the previously reported. T h e results confirm that the 
dl form is stabilized relative to the meso form and the 
stabilization is enhanced when the benzyl par t carries 
an electronegative substituent. 

Barriers to Exchange between the dl and the meso Forms. 
There are 6 rotational processes as depicted in Fig. 3. 
However, since we are looking at the signals due to the 
dl forms as a package, we can neglect the d^l processes. 
Thus there remain 4 processes of which meso-+d and 
meso-^l are identical and so are the reverse processes, 
because d and / forms are not distinguishable. 

Fig. 3. Processes of mutual exchanges among meso, d, 
and / forms. 

For the m-nitro compound, it is possible to take two 
conformations for the meso and the dl forms with respect 
to the nitrophenyl group, although that phenyl group 
will assume the conformation in which the or-system 
bisects the H - C - H angle of the a-methylene group.9) 
They are N0 2 - ins ide and NOa-outside conformations. 
However, these species were not distinguishable by the 
present technique. We tentatively assume that the av­
erage processes are observed, although it is likely that 
the NOa-inside conformations are unstable and we are 
observing processes which involve the NOa-outside con­
formations. 

OCHs OCH3 

O2N 

NO2-inside NO2-outside 

Fig. 4. N02-inside and NOa-outside conformations of a 
d (or /) form. 

Temp/X 1.5 - 4 . 3 —8.7 —15.31 —19.9 —26.3i —31.1 

Obsd 

Calcd 

LU 

IXlAJ 

UL 

lA_ 

lA_. 

LAJ U. 

LAJI 

IX. 

IUUJUH 
Ä1 446 251 199 106 59.5 39.8 19.9 

Fig. 5. Computed and observed spectra of 9-(/>-chloro-
benzyl)-l,4-dimethoxytriptycene at various tempera­
tures. 

In Fig. 5 the results of computer simulation of the 
line shapes of the j&-chloro compound are shown with 
the rate constants and compared with the observed 
spectra. These results were put into the Eyring's plot 
and excellent linear relationships were obtained. From 
the slopes and the intercepts, the activation parameters 
were obtained as shown in Table 2. 

I t is interesting to note that the ground state sta­
bilities seen in the equilibrium constants K(dl/meso) is 
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TABLE 2. ACTIVATION PARAMETERS FOR THE EXCHANGE BETWEEN THE meso AND 

THE dl FORMS OF 9-ARYLMETHYL-1,4-DIMETHOXYTRIPTYCENES IN G D G 1 3 - G S 2 ( 3 : 1 ) 

Aryl 

/>-CH3OC6H4 

/>-CH3C6H4 

/>-CH3C6H4
a> 

G 6 H 5 
/>-ClC6H4 

m-N02G6H4 

A#*(kcal/mol) 

meso—>dl dl—>meso 

8 . 8 ± 0 . 3 
11.8±0.4 
11 .3±0.4 
10.0±0.1 
11 .8±0.3 
9 . 6 ± 0 . 1 

9 . 1 ± 0 . 3 
11 .8±0.4 
12 .1±0 .4 
10.7±0.2 
12.1=1=0.3 
10.0±0.1 

meso-^-dl dl—>meso 

- 1 3 . 6 ± 0 . 3 
- 2 . 6 ± 0 . 5 
—4.4±1 .4 
- 7 . 7 ± 0 . 6 
- 3 . 4 ± 1 . 3 

- 1 2 . 3 ± 0 . 4 

- 1 2 . 9 ± 1 . 4 
- 2 . 8 ± 1 . 5 
—1.5±1.8 
- 5 . 5 ± 1 . 0 
- 3 . 7 ± 1 . 3 

- 1 2 . 3 ± 0 . 4 

AG* (kcal/mol) 
( -15°G) 

/ '̂  v. 
meso-^dl dl—>meso 

12.3±0.5 
12 .4±0.3 
12.4±0.1 
11.9±0.2 
12.6±0.2 
12.8dz0.2 

12 .4±0.5 
12 .5±0 .3 
12 .4±0.1 
12.1±0.2 
13.0dz0.2 
13.2=t0.2 

not reflected in the AH*'s. All the compounds ex­
amined show almost the same A//* 's irrespective to the 
substituent. Since the ground state stability of the com­
pounds with electronegative substituents is ascribable 
to the charge transfer interaction, it should be reflected 
in the AT/^'s, if the other factors are the same. Al­
though we must carefully discuss the entropy of activa­
tion derived by the total line shape analysis,13) it is 
tempting to consider that in the transition state of rota­
tion the m-nitro compound suffers from the decrease in 
entropy probably due to change in solvation which 
counterbalances the enthalpy factor in the ground state. 
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Benzyl methylene signals, which split into an AB quartet and a singlet and show temperature dependence, are 
obtained at various temperatures and are simulated with the use of two independent rates of rotation. Certain 
limitations of accuracy are found in this method. The uncertainty becomes less if additional data are provided 
from other sources, but never becomes negligible. Contribution of the slower process is found difficult to detect 
especially when the population involved in the process are the less. 

T h e total line shape analysis of the N M R spectra is 
becoming increasingly popular due to the widespread 
utilization of high-speed computers and availability of 
the computing program.2) The method furnishes the 
rate constants of 10 - 1 —10 5 s - 1 easily and the data are 
favorably compared3) with those obtained by other 
methods, when the exchanging sites are two, although 
there is a warning that the entropy of activation thus 
obtained may include a considerable error.4) 

As to the exchanging sites of more than two, there 
are some scattered reports which claim the rates of dif­
ferent processes are separately obtained. A typical ex­
ample is a combination of internal rotation about the 
C~N bond and inversion with respect to the nitrogen 
atom of amines. Bushweller et al. succeeded in sepa­
rating the two processes in a deuterated N-eth.y\-N-
methylisopropylamine (1) and obtained the rates of 
the respective process.5) This method takes advantage 
of the fact that the rates of the two processes are so 
much different that the coalescence phenomena are 
found at two temperatures. The classical example of 
the carbon skeleton in this type of exchange was reported 
by Kessler et al. on m-l,2-di-i-butylcyclohexane (2) in 
which rotation about the C^-C^ bond and ring inversion 
are observed at different temperatures.6) A recent re­
port by Anet and coworkers7) on a 1,2-cyclononadiene 
(3) also falls into this category. 

w / \ C H 2 C D 3 X ^ X H - ^ — - ^ 

(1) (2) (3) 

H H X Y 

CH3-C — C-CH 3 CH 3-C — C - C H 3 
i i i i 

H3C CH3 H3C CH3 

(4) (5) 

Reports from this laboratory made use of the fact 
that d and / isomers are not distinguishable by 1H N M R 
spectroscopy and treated many ethane derivatives, as 
if there were only two sites exchanging, although there 
are actually three sites.8a) The use of 13C N M R in the 
rate analysis of internal rotation815) also falls in this cate­

gory. This type of treatment seems to be convenient 
when one barrier is high relative to others. Thus 
Lunazzi et al. treated the 13C N M R spectra of 2,3-di-
methylbutane (4) in this manner and good agreement 
between the observed and the calculated spectra was 
obtained.9) By ab initio calculation barrier to gauche-
to-gauche transformation is found to be ca. 8 kcal/mol, 
whereas the line shape analysis (4.3 kcal/mol) and ab 
initio calculation (4.6 kcal/mol) afforded barriers to 
gauche-to-trans transformation which are in good ac­
cordance. Bushweller et al. performed also total line 
shape analysis on 2,3-dimethylbutane derivatives (5) 
by assuming that the gauche-to-gauche barrier is high 
and the agreement between the observed and the cal­
culated spectra was good.10) The rotation of gauche-
to-gauche seems to contribute little to the whole process. 

T h e above cited cases are not general, of course. In 
the rotamer exchange, the barriers to rotation of gauche-
to-gauche and gauche-to-trans are in general close to 
each other. Namely two processes of rotation compete 
in the general case. Then a question arises: to what 
extent can we rely upon the total line shape analysis 
in obtaining rate data when more than two independent 
processes are competing? T o answer this question we 
have analyzed the line shape of benzyl methylene pro­
tons of 9-benzyltriptycenes (6) which exist as a mixture 
of meso, d, and / isomers, by taking all the processes 

Fig. 1. Exchanging conformers and exchange processes. 
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@pgkY
Y (6) 

ArCH2 x 

into consideration. In this case three back-and-forth 
processes are possible, but , due to the presence of a 
pair of enantiomers, the number of rate constants con­
verges to three: kx, £_l5 and k2, as shown in Fig. 1. 

In this paper we describe the results of the total line 
shape analysis and discuss uncertainties associated with 
the calculation. 

Experimental and Data Processing 

Materials. The syntheses of 9-arylmethyl-1,4-dimetho-
xytriptycene and 9-(/?-chlorobenzyl)-l,2,3,4-tetrachlorotrip-
tycene used in this study have been reported elsewhere.1»11) 

Measurement. The spectral measurement was perform­
ed on a JEOL FX 60 spectrometer equipped with FT facili­
ties. The conditions of the measurements were the same as 
described in a previous paper.1) 

Total Line Shape Analysis. The benzyl methylene sig­
nals consisted of an AB quartet and a singlet due to the dl 
and the meso forms, respectively. The system was treated 
as the exchange of AB-BA-C2 by the modified Binsch pro­
gram.12' The chemical shift difference and the coupling con­
stant are used as observed. T2 was calculated from the line 
width of TMS added as an internal standard. Population 
ratios derived in the previous paper were used for the calcula­
tion except for 9-(/>-chlorobenzyl)-l,2,3,4-tetrachlorotripty-
cene, with which determination of the population ratio was 
straightforward because clear AB quartet and C2 signals were 
observed owing to the absence of the methoxyl signals which 
prevented the accurate determination in the other compounds. 
Other pertinent considerations are described in the previous 
paper. 

R e s u l t s and D i s c u s s i o n 

General Consideration. As a starting point, we dis­
cuss the limitation of the usefulness of the total line 
shape analysis. Shown in Fig. 2 are the computed 
spectra of various relative rates of the two processes 
using the chemical shift differences and the coupling 
constant of 9-benzyl-l,4-dimethoxytriptycene. The 

t A g A 5o°? A 4o°? 
A m A 33°n° 

Fig. 2. Computed spectra with the use of various £x's 
and &2's taking other necessary data from those of 
9-benzyl-l,4-dimethoxytriptycene. 

variables are limited to two because kx and k-x are re­
lated by the equilibrium constant: K{dljmeso)=2k1lk-1. 
In our cases the population ratios are available from 
the integrated intensities and/or the chemical shifts as 
discussed in the previous paper.1) We stick to the two 
independent variables because, although it is possible 
to obtain kx and k_x independently in the computation 
of the spectra, increasing the number of the variables 
will increase the uncertainty in the obtained data . T h e 
used parameters were as follows: AvAB 38.33Hz, AvAG 

3.395 Hz, JAB 17.46 Hz, T2 0.318 s, molar fractions 
of the meso and the d (or /) forms 0.22 and 0.39, re­
spectively. 

In the rows 1, 3, and 5, are shown the line shapes 
computed with a constant k2 of 0.1 s_ 1 and various Â '̂s 
from 1000 s - 1 to 40 s - 1 . The line shapes seem to be 
determined by the main process at the level of this slow 
process, because changing the k2s to 0.01 s - 1 , while 
using the kxs of the same range as above, did not produce 
any significant change. I t may be concluded that a 
process, the rate constant of which is less than 1/100 
of that of a main process has no effect on the line shape 
of the N M R spectra. 

In the rows 2, 4, and 6, are shown the line shapes 
computed using relatively large k2 values. As is seen 
from the simpler spectra, it is clear that a unique com­
bination of two rates cannot be obtained if the spectral 
shape is simple (compare for example, the shape of kx = 
300 and A:2=0.1 s - 1 with that of ^ = 1 0 0 and £ 2 = 1 0 0 ) . 
Thus we may better exclude one-peaked spectra from 
the calculation as was pointed out previously.3) In 
sharp contrast, the computed spectra with a constant 
k2 of 0.1 s_ 1 can differentiate the kxs of 80, 60, and 40 s _ 1 

as shown in the row 5 and the rate of a slow process 
may be reflected if it becomes 1/10 of that of a fast 
process as is shown in the bottom row. I t seems that, 
if the spectra are complex, there is a possibility that 
the rates of the two processes are uniquely determined 
by this method. Thus we will discuss the line shapes 
of considerable complexity in the following text to make 
the discussion more reliable. Another point worthy of 
note is that, if we neglect a process which does exist, 
the apparent rate constant of the main process is ob­
tained larger than the real : if k2 is practically neglected 
by putt ing the value of 0.1, the top right curve is simulat­
ed by using kx of 400 s_1, whereas the curve may actual­
ly correspond to kx and k2 of 300 and 30 s_1, respectively 
(second from top, right curve). Therefore we should 
take the rate constant as a maximum value even though 
the main process could explain the line shape completely 
and the minor process is negligible. 

If we assume that the transition state of rotation is 
a fully eclipsed form, the transition state of the highest 
energy is the one (7) in which the aryl group eclipses 

d(or I) (7) /(or d) 
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obsd 

calcd 

- 4 . 3 

- 8 . 7 

Ä=501.2 

Ä=316.2 

£=281.8 

-15.3 

-19.9 

-26.3 

Ä=158.2 

Ä=63.1 

Fig. 3. Observed and calculated spectra of the methylene 
region of 9-(^-chlorobenzyl)-l,4-dimethoxy triptycene at 
various temperatures. The strong signal at the higher 
field corresponds to the methoxyl signal and is neglected 
in the computation. 

the peri substituent. This transition state is realized 
when the rotation occurs from a d form to an / form 
or vice versa but never appears in the process of meso-^d 
(or / ) . Therefore we can reasonably assume that kx 

and AJ_! are larger than k2. 
Since the line shapes are affected by fast processes 

to a greater extent than slower processes, we may be 
able to obtain fairly good agreement between the real 
and the calculated rates which are obtained by ne­
glecting the d^l process. Fig. 3 shows the observed 
spectra at the methylene and methoxyl region of 9-
( jb-chlorobenzyl) -1,4- dimethoxy triptycene at various 
temperatures and the computed spectra which were ob­
tained by neglecting the d^l process and the methoxyl 
signal and were considered the best fit. The used para­
meters for computation were differences in chemical 
shifts of A^AB—40.52 Hz and A*>Ac 2.148 Hz, coupling 
constant of 17.4 Hz, and T2s and populations1) at the 

obsd -26.3°C 

0.5 

0.0 

g-..s 
rS " L U 
1 

- 1 . 5 

- 2 . 0 

Vv O 

N N J . A 

1 1 . . _ 1 

- C H 2 -

-OCH3 

A ^ 

1 1 
3.7 3.8 3.9 4.0 

i/rxiooo 
Fig. 4. Comparison of the Eyring's plots using A '̂s 

obtained by the analysis of the methylene part and the 
methoxyl signals of 9-(/?-chlorobenzyl)-l,4-dimethoxy-
triptycene. 

respective temperatures. Fig. 4 shows the Eyring's plot 
using the rate constants thus obtained and compares 
the result with the straight line corresponding to the 
meso^d (or /) process as obtained by the total line shape 
analysis of the methoxyl singnals.1) Apparently this 
treatment gives higher rate values and a lower A / / # , 
the difference amounting over 3 times of the standard 
deviation. Thus the results indicate that we should 
not overlook the process d^l, although the rate may 
be small. 

Aquisition of Two Independent Rate Constants by Calcula­
tion. We tried to evaluate the best kx and k2 of 
the 9-(chlorobenzyl)-l,4-dimethoxytriptycene by using 
the computation only. For each spectrum, population 
ratio at that temperature, coupling constant, differences 
in chemical shifts, and T2 are put as constants and kx 

and k2 as variables. T h e rate constants are roughly 
changed by the scale of log e for the convenience of 
computat ion and an array of line shapes is made. From 

, * i 51.2 46.4 42.1 38.3 34.8 
Ä2 

10.0 

6.81 

4.64 

3.16 

2.15, 

Fig. 5. Computed line shapes with various k±'s and A:2's using the data of ^-(chlorobenzyl)-
1,4-dimethoxytriptycene at —26.3 °C. Those marked with stars are the best fit spectra. 
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the array a seemingly best fit region is picked up and 
the portion is expanded with small variations in kx and 
k2 to make a finer array. An example is shown in 
Fig. 5, taking the spectrum at —26.3 °C. By visual fit­
ting, we cannot specify a single computed spectrum but 
can pick up 6 spectra which fit best. Thus it is possible 
to obtain kx and k2 with certain ranges. Similarly at 
other temperatures, sets of 2 to 6 best fit spectra are 
obtained. The results are shown in Table 1. 

TABLE 1. RATE CONSTANTS OBTAINED BY THE VISUAL FITTING 

OF THE COMPUTED SPECTRA WITH THE OBSERVED FOR 

9 - (jfr-CHLOROBENZ YL) - 1 , 4 - D I M E T H O X Y T R I P T Y C E N E 

AT VARIOUS T E M P E R A T U R E S 

-2 .0 

Temperature 
(°C) 

Rate constants (s"1) 

kx k 

- 1 5 . 3 
- 1 9 . 9 
- 2 6 . 3 
- 3 1 . 1 
- 3 7 . 3 

110—90.9 
75.0—48.6 
46.4—38.3 
2 1 . 5 - 1 9 . 6 
16.2—13.3 

14.7—6.81 
14.7—4.64 
6.81—3.16 
6.81—4.64 
3 .16-1 .47 

- l . o h 

"^ -2.0 h 

-3.0 h 

4.0 4.2 

l/TxlOOO 

Fig. 6. Eyring's plot showing the ranges of possible 
errors for the process meso^-d (or /) of 9-(/>-chloroben-
zyl)-l,4-dimethoxytriptycene. Open rectangles corre­
spond to those obtained by computation only and 
hatched rectangles to those derived by the methoxyl 
signals, the temperature ranges of the latter being 
changed slightly for the convenience of comparison. 

Figure 6 illustrates an Eyring's plot pertaining to the 
rate constants kx with probable error ranges indicated 
by the widths in the ordinate direction. The widths 
in the direction of abscissa is written by taking the error 
of temperature reading, which is ± 0 . 6 °C, into con­
sideration. Similarly Fig. 7 shows an Eyring's plot 
pertaining to the rate constants k2. Although it is pos­
sible to obtain AH* and AS" as 10.2 ± 0 . 6 kcal/mol and 
— 9 . 6 ^ 2 . 3 e.u., respectively, for the process meso~+d (or 
/) with a percent error of 5.6, it may contain errors 
derived by the ambiguity in the A^'s. It is difficult to 
draw a straight line in the case of k2s. 

-3 .0 h 

-4 .0h 

-5.0 h 

3.8 4.0 4.2 

1/Tx 1000 

4.4 

Fig. 7. Eyring's plot showing the ranges of possible 
errors for the process«/^/ of 9-(/>-chlorobenzyl)-l,4-di-
methoxytriptycene. Open rectangles correspond to 
those obtained by computation only and hatched 
rectangles to those derived by using kxs obtained from 
the methoxyl signals. For the temperature ranges of 
the latter, see the caption of Fig. 6. 

Barrier to the Minor Process. As pointed out in 
the previous paper, the rate constants kx may be ob­
tained by analyzing the line shapes of the methoxyl 
signals. One may hope then that if we put these data 
to obtain the best fit spectra, we should be able to obtain 
k2s of better quality. Indeed, the rate constants were 
obtained as follows at the temperatures where we have 
the methylene data , using the methoxyl signal shapes 
(units are s-1) : 106 ( - 1 5 . 3 °C), 59.5 ( - 1 9 . 9 °C), 39.8 
( - 2 6 . 3 °C), 19.9 ( - 3 1 . 1 °C), 12.6 ( - 3 7 . 3 °C). These 
data are also shown in Fig. 6, taking the error limit as 
± 5 % , because we selected the best fit spectra by com­
paring the computed spectra of ca. 5 % intervals of rates. 
T h e ranges of the k2s can then be reduced and are 
shown in Fig. 7. Apparently the linear relation may 
not be claimed: although we can treat the data by the 
least squares method to draw a straight line, its percent 
error amounts to 20.7. Thus it is not practical to ob­
tain the kinetic parameters for the d^l process from 
these data . 

I t is noteworthy, however, that the calculated spectra 
suggest that k2 is close to 1/10—2/10 of kx. This cor­
responds to the difference of ca. 1 kcal/mol in the bar­
riers to the two processes. Therefore we conclude that 
the d^l process possesses a higher barrier to rotation 
than the meso-*d (or /) process by ca. 1 kcal/mol. 

The Case of 9-Benzyl-l,2,3,4-tetrachlorotriptycene. 
This compound is picked up as a model because it poses 
another problem: does lesser population have any in­
fluence on determing a rate constant ? Variation of the 
temperature influenced the spectra of the methylene 
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7.6°C obsd —14.2°C 

5.2°C - 1 1 . 3 

2.3 -14 .2 

-0 .5 

Fig. 8. Temperature dependent spectra of the methylene 
region of 9-benzyl-l,2,3,4-tetrachlorotriptycene. 

TABLE 2. POPULATIONS OF THE meso AND THE dl FORMS 

AND EQUILIBRIUM CONSTANTS OF 9-BENZYL-l,2,3,4-

TETRACHLOROTRIPTYCENE AT VARIOUS 

TEMPERATURES 

Temperature 
(°C) 

Populations 

d (or /) 
K 

(dl/meso) 

7.6 
5.2 
2.3 

- 0 . 5 
- 5 . 8 

- 1 1 . 3 
- 1 4 . 2 
- 1 9 . 9 

0.63 
0.62 
0.62 
0.61 
0.60 
0.59 
0.58 
0.56 

0.18 
0.19 
0.19 
0.19 
0.20 
0.21 
0.21 
0.22 

0.58 
0.59 
0.61 
0.63 
0.66 
0.70 
0.73 
0.78 

par t as shown in Fig. 8. The population was ca. 6 
to 4 {meso: dl). T h e temperature dependence of the 
population ratios was determined as shown in Table 2 
and the thermodynamic parameters were obtained as 
follows: AH - 2 . 3 ± 0 . 3 kcal/mol, AS - 9 . 8 ± 1 . 4 e.u. 
Therefore this compound is a model which possesses 
less populations of which exchange corresponds to the 
slow process. 

Typical calculated spectra are shown in Fig. 9, where 
the spectrum at — 14.2 °C is taken as an example. Para­
meters used for the calculation were as follows: AyAB 

- 5 2 . 2 9 H z ; AvAC 4.095 H z ; JAB 18.6 H z ; populations, 
meso 0.58 and d (or /) 0.21. T2's were observed at respec­
tive temperatures. As is seen in the figure, it is hardly 
possible to detect the effect of the slower process, al­
though the rate constant was changed by a factor of 
almost 50. Thus we may be able to specify the rate 
constant of the faster process but not the slower one 
in this case : the line shapes are controlled by the faster 
process almost exclusively. We may obtain the rates 
of exchange meso^d (or /) independently by looking 

Fig. 9. Computed spectra of 9-benzyl-l,2,3,4-tetrachlo-
rotriptycene at —14.2 °C using various A:i's and A:2's. 

at the 13C N M R line shape but the rates thus obtained 
do not help in obtaining the rates of the slower process. 

The rate constants £x's were obtained as follows (given 
in s-1) : 56.2 (7.6 °C), 46.4 (5.2 °C), 42.1 (2.3 °G), 26.1 
( - 0 . 5 °G), 14.7 ( - 5 . 8 °C), 12.1 ( - 1 1 . 3 °C), 7.50 
( - 1 4 . 2 °C), 4.64 ( - 1 9 . 9 °C). The Eyring's plot using 
these values affords AH* 12 .5±0 .3 kcal/mol and AS* 
— 6 . O i l . 3 e.u. for the meso-+d (or l) process. The 
activation parameters for the reverse process d (or /)—> 
meso are then AH* 14 .0±0 .3 kcal/mol and AS* 2 . 0 ± 0 . 2 
e.u. We may have to expect that these values contain 
errors as large as 10 % in addition to that of the least 
squares treatment. 

Conc lus ion 

We conclude that, in 9-benzyltriptycenes possessing a 
substituent in one of the peri positions which are close 
to the substituent, the barrier to rotation is ca. 13 kcal/ 
mol. T h e activation parameters may be obtained by 
treating the rate constants obtained by the total line 
shape analysis of the methylene part in 1 H N M R spectra. 
However, the following should be kept in mind in discus­
sing the data . 

1) The process with a large rate constant plays a 
decisive role in determining the line shape, as was 
pointed out by Bushweiler et Ö/.10> and the rate of the 
slow process, if obtained, includes a larger error. 

2) If the rate constant of a slower process is less 
than a hundredth of that of a faster process, the former 
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cannot be detected by the visual fitting of calculated 
spectra with the obersved. The difference in free en­
ergies of activation for the two processes must be smaller 
than 2—3 kcal/mol to be detected. 

3) It is extremely difficult to obtain accurate data 
for a slow process by comparison of the observed and 
the calculated spectra. Neglect of the slow process re­
sults in overestimation of a fast process, the enthalpy 
of activation of which is obtained smaller than the true. 

4) The populations in the exchange sites have in­
fluence on the detectability of a slow process. The 
exchange between two sites with fewer populations con­
tribute to the line shape too little to affect, if the rate 
is small. 

5) The ambiguity in determining the rates of two 
exchanging processes is reduced to some extent by uti­
lization of information obtained by other means. How­
ever, it was not possible to erase all the ambiguities in 
the present case. 
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Yoshio INOUE,* Yukio KATÔNO, and Riichirô CHÛJÔ 

Department of Polymer Chemistry, Tokyo Institute of Technology, O-okayama 2-12-1, Meguro-ku, Tokyo 152 
(Received November 29, 1978) 

The molecular dynamics of the inclusion complexes of cyclohexaamylose as a model of enzyme have been studied 
by means of carbon-13 NMR spectroscopy. As substrates we have chosen L-phenylalanine, L-tyrosine, L-tryptophan, 
glycyl-L-phenylalanine, and L-phenylalanyl-L-lysine. The molecular motion of both the cyclohexaamylose and the 
substrates in D20-DC1 solutions have been investigated by dividing the spin-lattice relaxation time into two con­
tributions, the overall molecular reorientation and the anisotropic internal rotation. Upon complex formation, 
the correlation times for the internal motion of the phenyl ring of phenylalanine residue increase by a factor of up 
to 8, while those for the overall reorientation increase by a factor of only 2. These results indicate that the complex 
formation of the substrate with the cyclohexaamylose are induced by the insertion of aromatic side chain into a cavity 
of cyclohexaamylose even in the aqueous solution. The overall correlation times of the substrates are about three 
to seven times shorter than those of the host molecule. Thus the forces which bind the host cyclohexaamylose and 
the substrate are relatively weak. It was observed that the tightness of the inclusion varies with the types of aromatic 
amino acids and dipeptides. 

Cycloamylose (cyclodextrin, CD) is known to form 
inclusion complexes with various types of small molecules 
of appropriate size in solution as well as in the crystalline 
state.1-3) Cyclohexaamylose («-CD, cyclohexagluco-
pyranose) has the shape of a hollow truncated cone with 
6 pr imary and 12 secondary hydroxyl groups crowning 
opposite ends of its torus. All the glucose units in CD 
are present in the CI chair conformation, and the C H 
groups of carbons 3 and 5 of each unit compose the 
inside of the hollow torus, even in the aqueous solu­
tion. !'2 '4-6) Thus , the hollow space should be relative­
ly hydrophobic. 

Cycloamyloses have been used as models for enzymes 7> 
because their structures are well defined and because they 
can specifically bind substrates into their hydrophobic 
cavity. Cycloamyloses are especially good models at 
present for hydrolytic enzyme, chymotrypsin.2 - 7) I t is 
well known that chymotrypsin does not cleave all pep­
tide bonds at a significant rate, and rather it is selective 
for peptide bonds on the carboxyl side of residues with 
aromatic side chains, t ryptophan, tyrosine, and phenyl­
alanine, and of large bulky hydrophobic residues such 
as methionine.8) In these residues aromatic or bulky 
nonpolar side chains are assumed to be fitted neatly 
into a nonpolar pocket on chymotrypsin chain. 

I t is of great interest to investigate the molecular 
dynamics of inclusion complexes between CD and aro­
matic amino acids and peptide as models for enzyme-
substrate specific binding. Interactions between phenyl­
alanine and a-CD and ß-GD (cycloheptaamylose) in 
aqueous solution have been studied using 1H NMR.5-6) 
I t has been also studied the thermodynamics of binding 
of the aromatic guest molecules, including L-phenyl­
alanine (Phe), L-tyrosine (Tyr) , and L-tryptophan (Try), 
to a- and /?-CD.9) These studies have been providing 
the evidence for the inclusion nature of CD's complex 
formation with the aromatic side chain of amino acids. 
Since measurements of carbon-13 spin-lattice relaxa­
tion times are particularly useful for the investigation 
of molecular dynamics of CD inclusion complexes in 
detail,10 '11) we will study the molecular motion of both 
guest and host molecules in the inclusion complexes of 

a-CD with amino acids and dipeptides having aromatic 
side chain in aqueous solution by means of carbon-13 
spin-lattice relaxation. As substrates we will chose Phe, 
Tyr, T r p , glycyl-L-phenylalanine (Gly-Phe), and Na-
(TV-acetyl-L-phenylalanyl)-L-lysine methyl ester (Phe-
Lys) for studying the effect of the types of aromatic 
ring and of the peptide sequence on the dynamics of 
the inclusion complex. 

Experimental 

Materials. a-CD, Phe, Tyr, Try, and Gly-Phe were 
purchased from Tokyo Kasei Kogyo Co., Ltd. Phe—Lys was 
supplied by the courtesy of Mr. M. Sakurai of our laboratory. 
D 2 0 (isotopic purity: 99.7 atom %D) and 38% (w/w) DC1 
solution in D 2 0 were used as solvents and the deuterium 
field-frequency lock signal in 13C NMR measurement. These 
deuterated compounds were purchased from Merck Sharp 
and Dohme Canada Ltd. 

Methods. 13C spin-lattice relaxation times (13C-7T
1) 

were measured by the inversion-recoverly method using a 
180°-/-90° pulse sequence as described by Freeman and Hill,12) 
where t is time in seconds between the 180° and 90° pulses, 
on a JEOL JNM PS-100 spectrometer (25 MHz) equipped 
with a PFT-100 Fourier-transform system and a proton noise 
decoupler. Data were accumulated in a JEOL JEC-6 com­
puter using 4000 Hz sweep widths in 4096 points (resolution : 
2.0 Hz). The 90° pulse recycle times were chosen to be at 
least five times the longest 13C- 7\ to be measured. The molar 
concentrations in D20-DC1 solutions of both a-CD and the 
substrates for the 13C NMR measurements were kept ca. 0.1 
M, namely the molar ratio of a-CD to the substrate was 1: 1 
in the mixture. Samples in D20-DC1 solutions were thor­
oughly deoxygenated with nitrogen in order to prevent from 
the paramagnetic effect of oxygen molecules on Tx values, 
because 13C-T'1 of protonated carbon nucleus obtained on 
such samples may be identical with those from samples degas­
sed by repeated freeze-pump-thaw cycles.13>14> In all experi­
ments the decrease in amplitude of each resonance with in­
creasing t followed an exponential curve characterized by a 
single T1} and there was no evidence of heterogeneous relaxa­
tion times. The estimated error in 7\ was less than ±10%. 

Ultraviolet absorption (UV) spectra were taken on a 
Beckman-25 spectrometer. For the UV measurements, the 
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molar concentrations of the aromatic substrates were kept 
ca. 5x 10-5 M and those of a-CD were varied from zero to 
10-2 M. 

The pH values, read on a TO A pH meter HM-7A, of all 
samples were adjusted to ca. 2 unless otherwise stated. The 
temperature was kept at 32 ± 2 °C for all experiments. 

R e s u l t s and D i s c u s s i o n 

Association Constants. T h e association constants 
(Ka) for the complexation of Phe, Tyr , and T r p with 
a-CD have been estimated by the U V spectral changes 
induced by the addition of a-CD.15) T h e iCa values 
obtained by assuming the 1: 1 complexation5 '6 '9) were 
ca. 2 x l 0 2 — 6 x l 0 2 M for these three a-CD-substrate 
systems. These values are comparable with those of 
closely related systems,2 '3 '6 '9) where the complexes are 
of the 1: 1 inclusion types. Thus , in this paper, the 
values of 13C-T'1 were analysed by assuming that the 
complexation of the substrates with a-CD are induced 
by the insertion of an aromatic side chain of the substrate 
into a cavity of a-CD. 

Carbon-13 NMR Spectra. All peaks in the 13C 
N M R spectra of both a-CD and the substrates have 
been assigned based on the assignments previously given 
by several authors.16) The 13C N M R spectrum of each 
a-CD-substrate system consists of only one set of peaks, 
indicating that only one type of complexation occur 
and/or the chemical exchange process expressed by Eq. 1 
is rapid on the 13C N M R time scale, 

a-CD + S *=> [a-CD, S] (1) 

where S and [a-CD, S] are the substrate and a-CD-
substrate complex, respectively. The 13C chemical 
shifts induced in the spectra of a-CD by complexation 
with the substrates were less than 0.40 ppm of upper-
field shifts, which could be attr ibuted to the hydrophobic 
nature of the interaction between a-CD and the sub­
strate.11 '17) 

13C Relaxation Times. In the limit of rapid ex­
change process of Eq. 1, one measures an average re­
laxation rate18) 

1 
Tx 

= Pt 
1 

+ A (2) 

where T1{ and Tlc are intramolecular spin-lattice re­
laxation times for a spin at the free and complex states, 
and p{ and pc ( = 1 — pi) are the probabilities that a-
CD or the substrate is found in the free and complex 
states, respectively. Eq. 2 is valid only if the relaxation 
times 7\ f and TXc are much larger than the life times 
in the free and complex states. Since the association-
dissociation process between a-CD and the aromatic 
substrates in the aqueous solution is performed in the 
microsecond to millisecond range3) and the observed 
values of 1 3 C - 7 \ are in the order of 1—10_1s (see 
below), the Eq. 2 is applicable to the present study. 

For the reaction of Eq. 1, the probability pc to find a 
a-CD or a substrate molecule in the complex state can 
be expressed by 

1 
= f(l + *) 1 - 1 - 4X„ 

(3) 
__k__ 

K&+\ \\+k)\ 

where k is the molar ratio of a-CD to substrate S (or 

-n 

converse). In the present case, Ka— 10 2>1 and k=\, 
hence pc — 1. Eq. 2 can be, therefore, simplified as, 

4 " = -TfT- (4) 

that is, the 1 3C- Tx values observed in the present a-CD-
substrate mixed system can be considered to be exclu­
sively that of the complex state. 

T h e values of 13C relaxation time measured for the 
free substrates, free a-CD, and the complexes between 
them are listed in Table 1. From this table we shall 
analyse the molecular motions in the inclusion com­
plexes. 

For molecules of medium size whose motion is rapid 
on the 13C N M R time scale, it is likely that the 1 3C- Tx 

value of the carbon atom directly linked at least one 
proton is governed by 13C-1H dipole-dipole relaxation 
brought about by a rotational motion.19) In this case, 
if the overall molecular reorientation is isotropic, 13C- Tx 

is given by 

•jr = » V O ^ H ^ C H 0 * . « (5) 

where Teff is the effective correlation time for overall 
molecular reorientation, rcn is the carbon-hydrogen 
bond length, yn and yc are the gyromagnetic ratios of 
1 H and 13C nuclei, and N is the number of directly 
bonded proton. This ref f can be related to the iso­
tropic rotational diffusion constant D, and according 
to the Brownian diffusion model20-22) 

eff 6D 6kT kT (6) 

where k is Boltzmann's constant, T is the absolute tem­
perature, v) is the viscosity of the solution in poise, ft 

is a microviscosity factor, rQ is the radius of a spherical 
solute molecule, and Vm is the molecular volume Vm = 
4/37i;r0

3. From Eqs. 5 and 6, a relationship between 
NTX value and the molecular volume is derived as fol­
lows 

1 
NTX 

= ti2yc2Yn%ivfrVJkT. (7) 

If a-CD is considered to be a spherical molecule of 
7.31 X 10 - 1 0 m radius,2-3) and the viscosity of the solu­
tion is assumed to be determined mainly by the solvent 
D 2 0 ( = 1 . 0 4 x l 0 - 2 poise at 32 °C24>), NTX values for 
the ring carbons of a-CD in the free states can be cal­
culated from Eq. 7 using a value of/ r equal to unity20) 
and the temperature equal to 305 K. We have 0.122 s 
for NTX value which agrees well with the observed mean 
value of 0.132 s for ring carbons Cx_5 within experi­
mental error. For the carbons of the free amino acids 
and dipeptides NTX values were calculated by a similar 
way. Here, the values of molecular volume of these 
molecules were calculated by the atomic increments 
method based on the van der Waals radii of the con­
stituent atoms.25) Since the molecules investigated here 
have the freedom of local internal rotation in the side 
chain and the backbone in addition to the overall mo­
tion, it is difficult to find the NTX value of the carbon 
which is determined mainly by the overall reorientation 
of the molecule. In general, the additional internal 
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T A B L E 1. VALUES OF 13C JV7T
1

a't) FOR CYCLOHEXAAMYLOSE (a-CD), SUBSTRATES, AND MOLECULAR INCLUSION 

COMPLEXES BETWEEN THEM MEASURED IN D g O - D C l SOLUTIONS AT 32 ° C AND p H 2 

Compdc> 

[a-CD] 

[a-CD, Phe] 

[a-CD, Tyr] 

[a-CD, T rp ] 

[a-CD, Gly-Phe] 

[a-CD, Phy-Lys] 

[Phe] 

[a-CD, Phe] 

[Tyr] 

[a -CD, Tyr] 

[Trp] 

[a-CD, T rp ] 

[Gly-Phe] 

[a-CD, Gly-Phe] 

[Phe-Lys]e> 

[a-CD, Phe-Lys]e> 

1 

0.127 

0.115 

0 .124 

0.121 

0.097 

0 .083 

a 
1.34 

1.06(0.79) 

0 .99 

0.67(0.68) 

a 
0 .81 

0.61(0.75) 

Phe-a 
0 .99 

0.56(0.57) 

Phe-a 

0 .34 

Lys-a 
0 .39 
Phe-a 

0 .28(0.82) 

Lys-a 
0 .24(0.62) 

2 
0 .136 

0.119 

0 .113 

0 .124 

0 .114 

0.090 

ß 
1.60 

1.18(0.74) 

1.26 

0.86(0.68) 

ß 
0 .84 

0 .76(0.90) 

ß 
1.14 

0.82(0.72) 

ß 
0.42 

ß 
0.40 

ß 
0.34(0.81) 

ß 
0.34(0.81) 

i*C NTx(s) ±10% 

3 
0.128 

0.131 

0 .110 

0.127 

0.115 

0 .098 

Ô 

1.44 

0.91(0.63) 

1.16 

0.87(0.75) 

* i 
0.76 

0 .40(0.53) 

Ö 

1.05 

0.66(0.63) 

ô 

0.53 

Y 
0.72 

ô 

0.25(0.47) 

Y 
0.48(0.67) 

4 
0 .133 

0.120 

0.105 

0.127 

0 .114 

0.081 

e 
1.44 

0.91(0.63) 

1.16 

0.87(0.75) 

e3 

0 .73 

0 .36(0.49) 

e 

1.02 

0.62(0.61) 

e 

0 .54 

ô 

0.92 
e 

0 .24(0.44) 

d 
0.54(0.59) 

5 
0 .135 0 

0.119 0 

0 .118 0 

0.119 0 

0.099 0 

0.088 0 

C 
1.08 

0 .82(0 .76) 

C2 
0 .84 

0.41(0.49) 

C 
0.75 

0.51(0.68) 

C 
0.37 

e 
1.14 

C 
0.22(0.59) 

e 
0.78(0.68) 

6 
.168 

.140(0.83) 

.164(0.98) 

164(0.98) 

.124(0.74) 

.100(0.60) 

V 
0 .73 

0 .41(0 .56) 

Gly -a 
1.42 

0.64(0.45) 

<7\> 1_. [a-CD]ä) 
0.132 

0.121(0.92) 

0.114(0.86) 

0.124(0.94) 

0.108(0.82) 

0.088(0.67) 

Ci 
0 .73 

0.37(0.51) 

a) Here , Tx is the spin-lattice relaxation time and N is the number of hydrogens at tached to the carbon. 
T h e measured NTX values correspond to the underlined species, b) T h e values shown in parentheses are the 
NTX ratios of the complexed states to the free states, c) Assignments of carbon atoms are as follows, d) T h e 

«-CD 

6 C H , O H -, 

—O 

H O O H 

Phe (Tyr) 

H 2 N - C a H - C O O H 
i 

CsHo 

mean values of Tx for Cx_5. 

c 

(OH) 

e) Measured at p H 7.0. 

T r p 

H 2 N - C a H - C O O H 
i 

C^Ha 

N H 

T A B L E 2. OBSERVED AND CALCULATED NTX VALUES, IN 

SECONDS, OF SUBSTRATE AMINO ACIDS AND DIPEPTIDES 

Compd 

Phe 
T y r 

T r p 

Gly-Phe 

Phe-Lys 

C ; 

ca 
r c a 
1 C .̂c 

C c 

f C a(Phe) 
C c(Phe) 

1 Ca(Lys) 

Observed 
NTX 

1.08 

0 .99 

0 .81 
0 .73 
0 .75 
0 .34 

0 .37 
0 .39 

Calculated 
NTX 

1.01 

0 .96 
0 .85 

0 .76 

0 .45 

V a> 
v m 

148 
156 

176 

197 

329 

a) T h e molecular volume used for the calculation of 
NTX value, estimated by the atomic increments 
method.25^ 

m o t i o n faster t h a n t h e ove ra l l o n e m a k e s t h e NTX v a l u e 
l eng then . 1 9 ) T h e r e f o r e , w e r e g a r d e d t h e smal les t NTX 

va lue s as t h e r e p r e s e n t a t i v e of t h e m e a s u r e of t h e overa l l 
r e o r i e n t a t i o n . A g r e e m e n t s b e t w e e n t h e c a l c u l a t e d a n d 
t h e o b s e r v e d NTX v a l u e s a r e wel l as s h o w n i n T a b l e 2 , 
n o t w i t h s t a n d i n g t h e va lue s of m o l e c u l a r v o l u m e used 
i n t h e c a l c u l a t i o n of NTX a r e o n l y a p p r o x i m a t e . T h u s 
w e c a n use E q . 5 for t h e ana lyses of t h e overa l l m o l e c u ­
l a r r e o r i e n t a t i o n of b o t h a - C D a n d t h e subs t ra tes i n 
t h e free s t a tes . E q . 5 m i g h t b e a p p l i c a b l e , a t least 
q u a l i t a t i v e l y , t o t h e ana lyses of m o l e c u l a r m o t i o n s of 
b o t h a - C D a n d s u b s t r a t e m o l e c u l e s i n t h e c o m p l e x 
s t a tes . 

F o r t h e g r o u p u n d e r g o i n g a n a d d i t i o n a l i n t e r n a l m o ­
t ion , t h e NTX v a l u e of a p r o t o n a t e d c a r b o n w i t h N 
d i r e c t l y b o n d e d h y d r o g e n s is g i v e n by 1 9 ' 2 6 ) 
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1 _ VYKW A+B- Grc • + C- 3tr, 
NT, rc«H "mC ' 6rG + reff ' ~3r G +2r e f f J

 ( 8 ) 

where TG is the correlation time for internal motion and 

TABLE 3. ROTATIONAL CORRELATION TIME reff AND TG 

OF a-CD, SUBSTRATES, AND MOLECULAR INCLUSION 

COMPLEXES BETWEEN THEMa) 

A = 1/4(3 cos2 0 - 1 ) 2 

B = 3 sin2 B cos2 6 

C = 3/4 sin* 0. 

(9) 

(10) 

(H) 

Here d is the angle between the C - H vector and the 
axis of internal rotation. I n the case of rotation of a 
tetrahedral C - H bond about the C - C bond, d= 109°, this 
yields ,4 = 1/9, £ = 8 / 2 7 , and C= 16/27. Similarly, in 
the case of a phenyl ring rotation about Cp-Cy bond 
of the Phe residue, C s - H and C £-H vectors intersect 
with the rotational axis at 0 = 60° and 120°, respective­
ly, and then ,4 = 1/64, £ = 9 / 1 6 , and C = 2 7 / 6 4 . 

From Eqs. 5 and 8, it is clear that the greater the 
NTX value, the more mobile is the 13C moiety, and that 
the additional internal rotation faster than the overall 
one makes the NTX value lengthen as mentioned in the 
preceding paragraph. 

As shown in Table 1, for a-CD in the free and the 
complex states, the NTX values for the ring carbons 
(Cj-g) are equal within experimental error in each sys­
tem, indicating the absence of specific fast internal mo­
tion in the pyranose ring.10) Thus the mean value 
<!T1>1_5 could be used to calculate the effective cor­
relation times for overall molecular reorientation of a-
CD. The NTX values show the existence of rapid in­
ternal rotation of the pr imary alcohol group of a-CD, 
the phenyl group of Phe and Tyr residues, and all the 
Cß-methylene groups even in the complex states. De­
finite increase is observed in NTX values in Lys residues 
when going from the a-carbon to the terminal e-carbon. 
These results also show the existence of the internal 
motion.27) I n the case of Phe residue, the axis of rota­
tion of the phenyl ring about Cß-C y bond coincides 
with the Cc-H bond. Therefore, the rotation about 
Cß-Gy bond cannot affects the Tx value of Cc, since 
0 = 0 and thus Eq. 8 is reduced to Eq. 5. Then we can 
estimate the TG value for the internal rotation of phenyl 
ring of Phe residue by using the Teff value for Cc. 
Since the phenyl ring of Tyr has no C - H bond on the 
prefered axis of internal rotation, we cannot estimate 
accurately the rG value. T h e results of calculation of 
the correlation times are shown in Table 3. Here the 
correlation time Teff for the substrate was calculated 
by adopting the smallest NTX value in each substrate as 
the representative of the overall molecular reorientation 
having no or a little contribution from the internal 
motion. Throughout these calculation we have as­
sumed that all C - H bond lengths (r0H) are 1.10 X lO"10 

m. 

Effect of Complex Formation on the Molecular Motion 
of a-CD and the Substrates. As can be seen in 
Tables 1 and 3, all the values of NTX (reîî, rG) for both 
a-CD and the substrates decrease (increase), namely, 
the motions of these molecules slow down by com­
plexation between them. The reductions of NTX are 
qualitatively explainable as a consequence of the in­
creases in apparent molecular volume by complexation 
as expected from Eq. 7. T h e change in molecular di-

Compdb> Correlation time (10_11 s 

[a-CD] 
[a-CD, Phe] 
[q-CD, Tyr] 
[q-CD, Trp] 
[q-CD, Gly-Phe] 
[q-CD, Phe-Lys] 

[Phe] 
[q-CD, Phe] 

[Tyr] 
[q-CD, Tyr l 

[Trp] 
[q-CD, Trp] 

[Gly-Phe] 

[q-CD, Gly-Phe] 

[Phe-Lys]" 

q-CD overall 
(*eff)C) 

37 
41(1.1) 
43(1.2) 
40(1.1) 
46(1.2) 
56(1.5) 

substrate overall 
(*eff)d) 

4.6 
6.0(1.3) 

0 
2(1.4) 
7 
(1.9) 

6 
7(1.5) 

[q-CD, Phe-Lys] 

5. 

7. 

6. 

13 

6. 

9. 
13 
22 ;i-7) 

-CH 2 OH internal 
(*o) 

55 

100(1.8) 

36(0.7) 
49(0.9) 

130(2.4) 
170(3.1) 

phenyl internal 

4.6 

19 (4.1) 
4.2f> 
5.6(1.3)f) 

5.6 
13 (2.3) 
9.0 

69 (7.7) 

a) The values shown in parentheses are the ratios of 
the correlation times of the complexed to the free 
states. b) The calculated values correspond to the 
underlined species, c) Calculated by using the mean 
values of Tx for C^s. d) Calculated by using the 
smallest NTX values shown in Table 1. e) The 
average Tx values for Ct 5 and for reff for C: were 
used for the calculation of TG. f ) The values of reff 

were shown, so these values could not compare direct­
ly with other TG values. 

mension induced by complexation is relatively small for 
a-CD and relatively large for substrates, namely the 
reduction in NTX value of the former is smaller than 
the latter. For the substrates, it is noticeable that the 
NTX values of aromatic groups show larger changes by 
complex formation than those of other groups. The 
effect of the complex formation on the molecular mo­
tion could be discussed quantitatively in terms of cor­
relation time. Despite the lack of accurate C - H lengths, 
the results shown in Table 3 are givi ng some interesting 
facts. 

T h e correlation times for the internal motion of the 
phenyl ring are clearly showing the mechanism of com­
plex formation. The values of rG for the free substrates 
are comparable or slightly smaller than those of reff, 
indicating the existence of rapid internal rotation of 
the phenyl ring. U p o n complex formation with a-CD, 
the internal motion of the phenyl ring slows down by 
a factor of up to ca. 8, while the reduction factor of the 
overall motion is only less than 2. These results support 
the assumption that the substrates investigated here form 
the complexes with a-CD by the insertion of an aro­
matic side chain into a cavity of a-CD even in the aque­
ous solution. The TG values of the phenyl ring in the 
inclusion complexes show still the existence of apprécia-



1696 Yoshio INOUE, Yukio KATÔNO, and Riichirô CHÛJÔ [Vol. 52, No. 6 

bly rapid internal rotation. The results that the NTX 

values of Cs and Ce in phenyl ring agree with each 
other and they are always larger than those of Cc indi­
cate that a-CD favors the axial inclusion in which the 
internal rotational axis C y -Cc of the phenyl ring of 
the guest is parallel to the axis of the a-CD cavity. 
According to the space-filling models, the diameter of 
the cavity of a-CD is about 6.0 X 10-1 0 m.3) The mo­
lecular diameter, including the van der Waals radii of 
the proton, of the benzene nucleus is about 6.8 X 10 - 1 0 m, 
thus the axial inclusion is the most natural mode of 
inclusion.5) 

For the substrates themselves the overall correlation 
time ref f increases in the order P h e < T y r < G l y - P h e — 
T r p < P h e - L y s , and this order is also valid after the 
complex formation. The Teff value of the three sub­
strates Phe, Tyr , and T r p in the free states are about 
same and are in the range expected for a molecule of 
similar size. The T r p , however, shows the prominent 
increase in Teff by the formation of complex. T h e 
peculiarity of T r p should be a partly due to the dif­
ference of the inclusion mode and a partly due to the 
bulkiness of the indolyl group. In the most probable 
inclusion mode of the indolyl group, the long axis of 
the benzene ring C.g-Cçj may crosses at about right 
angles with the axis of the a-CD cavity. This inclusion 
mode induces larger steric interactions between the 
indolyl group of T r p and the internal and peripheral 
group of the a-CD's cavity due to the bulkiness of 
indolyl group as compared with the axial inclusion of 
the monocyclic aromatic ring of Phe and Tyr . Thus 
the bulkiness and type of the aromatic side chain are 
important factors determining the tight packing of the 
substrate into the cavity. 

Several mechanisms have been proposed for the for­
mation of CD inclusion complex,2 '3-28) but the force 
driving complex formation and the mechanism of in­
clusion are still unclear and a mat ter of speculation.28) 
A formation of hydrogen bond between a-CD and sub­
strate may promote complex formation and stabilize 
resulting complex. It is generally accepted that many 
benzene derivatives and a-CD form 1: 1 complexes with 
benzene ring inserted into the cavity from the secondary 
hydroxyl side.3'6»10) According to this model several 
groups of the substrates investigated here have the hy­
drogen-bonding capabilities to the a-CD's hydroxyl 
groups located on the outside of the torus. The ex­
istence of hydrogen bond may be confirmable from an 
analyses of NTX values.29-30) The hydroxyl group of 
Tyr has no noticeable influence, as compared to the 
other substrates, on the molecular motions of both a-
CD and Tyr in the complexed state, indicating the 
absence of strong hydrogen bonding interaction between 
Tyr hydroxyl group and a-CD primary hydroxyl group. 
T h e NTX value of Gly-C« in Gly-Phe, in spite of the 
adjoining carbon to the end group, reveals a significant 
decrease of motion by complex formation, while that 
in the free state indicates an evidence of appreciable in­
ternal motion. T h e reduction of G l y - C a motion may 
be due to the anchoring effect of the hydrogen bond 
at the chain end on the molecular motion.29) 

Upon complex formation of Phe-Lys with a-CD, the 

NTX values of alkyl chain carbons of Lys residue show 
slightly larger reductions as compared with those of C a 

and Cß of Phe and Lys residues of Phe-Lys, suggesting 
an existence of further weak interaction between alkyl 
chain of Lys residue and a-CD. In this case, two causes 
can be pointed out as the origin of interaction, i.e., 
steric hindrance due to access of huge a-CD to Phe re­
sidue and NSH hydrogen bonding to a-CD. The 
changes of NTX values, however, are too small to clear 
the causes. 

Phe dipeptide, Phe-Lys, in both free and complexed 
states shows the largest reff and rG values among the 
corresponding values of all substrates. The magnitude 
of Phe-Lys's reff is not unreasonable as compared with 
those of other substrates. However, Phe-Lys shows an 
unexpected increase in rQ value of phenyl group by 
complex formation. Since, in the complex state, the 
phenyl rQ value of Gly-Phe is shorter than that of Phe, 
a largeness of molecular volume or molecular weight 
of Phe-Lys is not a only reason for this unusual increase 
in rG value. From these results, we can say that the 
type of the amino acid residue adjoining to aromatic 
residue in peptide chain is also one of the factors for 
the tight packing of the substrate into the cavity. 

It is noteworthy that, in the complexes, the overall 
correlation times of the five substrates are about three 
to seven times shorter than those of the host a-CD mo­
lecule. This result indicates the weakness of a dynamic 
coupling between a-CD and the substrates, namely the 
extensive independency of a overall motion between 
them. This result further suggests the shallowness of 
penetration of the aromatic ring of the substrates into 
the cavity of a-CD. If the penetration is deep, all mo­
tions of aromatic ring other than anisotropic internal 
rotation about Cß-C y bond are greatly restricted within 
narrow limits due to the steric hindrance. In this case, 
however, the NTX values of Cc of Phe residue are too 
large to explain because the internal rotation about Cß-
CY bond cannot affects the Tx values of Cc- Thus the 
penetration of the aromatic ring into the cavity may 
be an extent to allow the substrate a relatively rapid 
motion. The shallowness of the insertion is suggested 
by the absence of hydrogen bond between the hydroxyl 
group of Tyr and the primary hydroxyl group of a-CD. 
T h e results of 1H N M R study also support the shallow 
insertion of phenyl ring of Phe into the a-CD cavity.6) 
The inclusion of the phenyl ring of D- and L-Phe into 
the cavity is evident from the upperfield shift of the 
a-CD's H 3 resonances, but the H 5 resonances are not 
affected by complexation and furthermore the mag­
nitude of the H 3 upperfield shift induced by complexa­
tion is only 0.10 ppm.6) The three times larger shifts 
(0.31 ppm) of the H 3 resonances have been observed in 
the complex between a-CD and j&-iodoaniline.6) T h e 
strongest coupling between a-CD and the substrate 
overall motions is seen in [a-CD, Phe-Lys] system, 
where several intermolecular interaction may partici­
pate in the dynamic coupling. 

In conclusion, the inclusion complexes between a-
CD and the aromatic amino acids and dipeptides in­
vestigated here show some characteristics like general 
peculiarities of enzyme-substrate complex.8) The host 
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a-CD has the cavity leading to substrate specifity and 
the shape matching between the cavity and the sub­
strate is one of the factors determining the strong coupl­
ing between them. A nonpolar character of the host 
cavity and a intermolecular hydrogen bond enhance 
the binding of substrate and a-CD, but the forces which 
bind them are relatively weak. T h e strength of the 
dynamic coupling also depends on the types of dipep-
tides. 
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Structure of AInustic Acid, a New Secodammarane-type 
Triterpenic Acid from Alnus sieboldiana 
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(Received December 4, 1979) 

A novel C31 3,4-secodammarane-type triterpenoid, alnustic acid, was isolated from the male flowers of Alnus 
sieboldiana Matsum. (Betulaceae). Its structure was elucidated to be (12i?,206')-12,20-dihydroxy-24-methylene-3,4-
secodammar-4(28)-en-3-oic acid by a combination of chemical and spectroscopic methods. 

The occurrence of only aromatic ring-containing com­
pounds, such as phenyl propane derivatives, flavonoids, 
and stilbenes, in the male flowers of Alnus sieboldiana 
Matsum. (Betulaceae) was previously reported from 
our laboratory.1 - 5) Ohmoto et al. also described the 
presence of a flavone glucoside in the pollens of this 
plant.6) O u r further investigation of the male flowers 
has newly led to the isolation of a novel C3 1 3,4-secodam­
marane-type triterpenic acid, named alnustic acid, dif­
fering from the above-described group of compounds. 
We here wish to report evidence which led to the es­
tablishment of its structure. 

HO = 

TABLE 1. 13C-CHEMICAL SHIFTS OF 1, 2, 5, AND 6 IN CDC13 

1 R = H 
2 R = C H 3 

Results and Discussion 

The male flowers of Alnus sieboldiana Matsum. were 
collected just before the flowering and immersed in 
benzene. T h e benzene extract was subjected to chro­
matography on a silica gel column and then to prepara­
tive thin layer chromatography to give alnustic acid. 

Alnustic acid (1), C 3 1 H 5 2 0 4 , showed the I R absorption 
bands due to a carboxyl and a hydroxyl group. Methy-
lation of 1 with CH 2 N 2 gave a methyl ester (2), which 
upon Jones oxidation yielded a keto alcohol (3). Ace-
tylation of 2 with acetic anhydride under mild condi­
tions gave a methyl ester monoacetate (4), which was 
found to possess another unaltered hydroxyl group from 
the I R spectrum. This inidcates that 1 possesses both 
a secondary and a tertiary hydroxyl group. The O R D 
curve pat tern, as well as the CD curve, of 3 resembled 
to those of the previously-described dammaran-12-one 
derivatives,7-9) implying the presence of the secondary 
hydroxyl group located at position 12 in the acid (1) and 
the similarity in surroundings of the newly-formed 
carbonyl chromophore in the keto alcohol (3). The 
presence of both the carboxyl group located at position 
3 and the secondary hydroxyl group occupying the R 
position on C-12 (ôc 70.6 ppm) was demonstrated by 

Carbon 
No. 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
OMe 

1 

24^8 
33.6 

177.8 
147.3 
40.6 
28.4 
33.6 
39.5 
50.7 
39.5 
31.8 
70.6 
47.5 
52.1 
31.2 
26.6 
53.5 
15.5 
20.0 
74.2 
26.6 
34.0a> 
34.5a> 

156.7 
28.6 
22.0 
22.0 

113.6 
23.2 
16.9 

106.3 

Compds 

2 

24/7 
30.4 

174.5 
147.1 
40.6 
28.4 
33.5 
39.4 
50.7 
39.1 
31.8 
70.6 
47.7 
52.0 
31.1 
26.5 
53.7 
15.5 
20.1 
73.6 
26.7 
33.9a> 
34.4a> 

156.9 
29.0 
22.0 
22.0 

113.6 
23.2 
16.7 

106.2 
51.6 

5 

24/7 
34.0 

180.2 
147.4 
41.0 
28.4 
34.3 
40.1 
50.4a> 
39.1 
22.1 
25.5 
43.2 
50.4 
31.1 
26.8 
50.9a> 
15.4 
20.1 
85.3 
25.1 
37.3b> 
36. lb> 
85.8 
38.0 
18.8 
17.6 

113.4 
23.2e) 
16.3 
22.9e> 

6 

24^9 
29.7 

175.8 
147.4 
39.9 
29.5 
34.7 
40.5 
52.1 
38.8 
71.2 
42.0 
42.3 
50.1 
30.5 
25.5 
49.9 
16.0 
20.4 
85.3 
24.6 
37.4a> 
36.0a> 
85.3 
38.0 
18.7 
17.5 

113.7 
23.1b> 
16.4 
22.9b> 
51.4 

a), b), and c) : Values in any vertical column may be 
reversed although those given here are preferred. 

comparing the C M R chemical shifts (Table 1) with 
those of the corresponding carbon atoms of alnuseric 
acid (5) and the methyl ester (6)10,11) and protopanaxa-
diol.12) Simultaneously, the presence of an isopropenyl 
group on C-5 was shown by the C M R spectra (ôc 147.3 
and 113.6 ppm) , as well as by the I R bands, the P M R 
signals, and the MS fragment. These findings indicate 
that alnustic acid is a 3,4-secodammarane-type deriva­
tive. O n the other hand, the mass spectral fragmenta­
tion pattern (Scheme 1) indicated the presence of an 
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m/e 141- ?__m/e 123 

m / e 330 - + H < ™/e 4 4 5 ^—m/e 427 
-H20 \ m / e 387 V—m/e 4 3 

\ ^ 2 ° / 

m/e 41 

Scheme 1. Mass spectral fragmentation pattern of 
alnustic acid (1). 

acyclic side chain. T h e presence of a terminal methy­
lene and a tertiary hydroxyl group located, respec­
tively, on C-24 and C-20 of the side chain was estab­
lished by a combination of the I R bands, the P M R 
signals, the M S peaks (Scheme 1), and the C M R sig­
nals (Table 1). In addition, the comparison of these 
C M R chemical shifts with those of alnuserrudiolone 
(7),8,9> alnuserrutriol,9) and protopanaxadiol12) demon­
strated that the chirality at C-20 (<5C 74.2 ppm) is S. 
This was supported by occurrence of both the free and 
the intramolecularly hydrogen-bonded hydroxyl bands 
between the 12-carbonyl and the 20-hydroxyl groups 
in 3.13> We here wish to propose structure 1 for alnus­
tic acid. This proposed structure (1) possesses all the 
features necessary to explain all the spectral data of the 
acid. 

The structure (1) was confirmed by its synthesis 
starting from alnuserrudiolone (7)8,9> following the meth­
od established for ring-opening at the 3,4-position in 
ring A of /?-amyrenone.14) Acetylation of 7 gave a 
monoacetate, which was then transformed to the cor­
responding ketoxime, followed by treating with p-to\-
uenesulfonyl chloride to yield an abnormal Beckmann 
rearrangement product (8). Hydrolysis of the product 
(8) with alkali under mild conditions gave (12i?,20.S)-
12,20-dihydroxy-24-methylene-3,4-secodammar-4(28)-
en-3-oic acid. Identity of an authentic sample of this 
acid with naturally occuring alnustic acid was estab­
lished by direct comparison of a mixed melting point, 
thin layer chromatogram, and the infrared, mass, and 
nuclear magnetic resonance spectra. 

Thus, the structure of alnustic acid (1) has been eluci­
dated to be (12i?,205 ,)-12,20-dihydroxy-24-methylene-
3,4-secodammar-4(28)-en-3-oic acid. 

Exper imenta l 

The mass spectral analyses were performed on a Hitachi 
RMS-4 mass spectrometer at 70 eV. The PMR spectra 
were taken on a Varian T-60 spectrometer using TMS as an 
internal standard. The CMR spectra were obtained on a 
JEOL JNM FX-100 spectrometer operating at 15.1 MHz 
(<5TMS=0). 

Extraction and Isolation. The male flowers (95.0 kg) of 
Alnus sieboldina Matsum. naturally grown on a hill in suburbs 
of Hiroshima city were collected just before the flowering 
in March. After minced mechanically, the flowers were im­

mersed in benzene at room temp for 2 months. The benzene 
extract was chromatographed on a silica gel column (Merck; 
type 60) with a hexane-EtOAc mixture with EtOAc increas­
ing 0 to 100%. The eluate with 50% EtOAc in hexane, 
after removal of the solvent, was subjected to repeated pre­
parative TLC (silica gel, Merck GF254; EtOAc-CHCl3-hexane 
(5: 1: 1, v/v); R{ 0.47) to give alnustic acid (577 mg), which 
was recrystallized from a hexane-EtOAc mixture to yield 
colorless needles. 

Alnustic Acid (1). Mp 195—196 °C; [a]*6 +27.8° (c 
0.52, CHC13); IR (Nujol) rmax3400—2800 and 1710 (COOH), 
1640 and 892 cm"1 (>C=CH2); PMR (CDC13) Ô 0.88—1.19 
(Mex6) , 1.75 (3H, s, >C=C (GH8)-), 3.60 (1H, br, > C H -
OH), 4.71 and 4.87 (4H, br, >C=CH 2 x2) , 7.36 (1H, s, 
-COOH); MS, m/e (rel intensity), 470 ( ( M - H 2 0 ) + , 8), 445 
(4), 427 (6), 391 (13), 387 (7), 330 (21), 141 (42), 123 (68), 
43 (100), and 41 (71). 

Found: C, 75.88; H, 10.56%. Calcd for C31H5204: C, 
76.18; H, 10.72%. 

Methylation of 1. 1 (363 mg) was methylated with 
CH2N2, followed by purification with preparative TLC [silica 
gel; benzene-dioxane-acetic acid (90: 25: 4, v/v)], to give a 
methyl ester (2) (389 mg) : mp 157—158 °C; [o]» +42.7° 
(c 0.59, CHCI3); IR (0.001 M, CC14) vmax 3610 (free OH), 
3435 (intramolecularly hydrogen-bonded OH), 1730 cm-1 

(COOMe); PMR (CDCLJ Ô 0.98—1.18 (Mex6), 1.73 (3H, 
s, >C=C(CH3)-) , 3.60 (1H, br, > C H - O H ) , 3.65 (3H, s, 
-COOCH3) , 4.73 and 4.86 (4H, br, >C=CH 2 x2) . 

Found: C, 76.20; H, 10.92%. Calcd for C32H5404: C, 
76.44: H, 10.83%. 

Acetylation of 2. A mixture of 2 (380 mg), dry pyridine 
(4 ml), and acetic anhydride (8 ml) was allowed to stand over­
night at room temp and the product, obtained on treatment 
of the reaction mixture in the usual method, was subjected 
to preparative TLC [silica gel; hexane-EtOAc (7: 3, v/v)] to 
give a methyl ester monoacetate (4) (376 mg) : IR (Liquid) 
Vax 3530 (OH), 1738 (C=0), 1642 and 900 cm"1 (>C=CH2); 
PMR (CDCLJ ô 0.85—1.10 (Mex6) , 1.71 (3H, s, >C=C-
(CH3)-), 2.02 (3H, s, -OCOCH3) , 3.65 (3H, s, -COOCH3), 
4.67 (1H, br, >CH-OAc) , 4.77 and 4.84 (4H, br, >C= 
CH 2 x2) . 

Oxidation of 2. A soln of 2 (58 mg) in dry pyridine 
(2 ml) was added to the Cr03-pyridine complex prepared 
from 100 mg of C r 0 3 and 4 ml of pyridine. The reaction 
mixture was stirred overnight to give a keto alcohol (3) (49 
mg): IR (0.001 M, CC14) *>max 3620 (free OH), 3450 (intra­
molecularly hydrogen-bonded OH), 1735 (COOMe), 1707 
cm-1 (C=0); PMR (CDCLJ ô 0.80—1.20 (Mex6), 1.72 (3H, 
s, >C=C (CH3)-), 2.92 (2H, d, J = 1 0 Hz, >CH-CH 2 -CO- ) , 
3.65 (3H, s, -COOMe), 4.70 and 4.88 (4H, br, >C=CH 2 x 2) ; 
ORD (c 0.75, dioxane) [*]600 +117°, [3>]589 +117°, [$]309 

-780° , [<ï>]303 -552° , [3>]300 - 584° , [<ï>]263 +1218°; CD (c 
0.75, dioxane) [6]3i? 0, [0]284 - 2 4 4 , [0]25O 0. 

Synthesis of 1. i) Acetylation of 7: A mixture of 7 (290 
mg), dry pyridine (2 ml), and acetic anhydride (2.5 ml) was 
left overnight at room temp and, after treatment as usual 
method, the product obtained was subjected to preparative 
TLC [silica gel; hexane-EtOAc (7:3, v/v)] to give a 
monoacetate (260 mg) : IR (Nujol) vmax 3550 (OH), 1730 
(COOMe), 1710 (C=0); PMR (CDC13) Ô 2.06 (3H, s, 
-COOMe). 

ii) Cleavage of Ring A of 7 : According to the previously-
described procedure,14) a mixture of 12/5-acetoxy-alnuser-
rudiolone oxime (145 mg) and/»-toluenesulfonyl chloride (100 
mg) in dry pyridine (4 ml) was kept for 24 h at room temp. 
After addition of a few drops of water, the reaction mixture 
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was further stirred for 30 min at room temp, acidified with 
5% hydrochloric acid (15 ml), and extracted with ether to 
give a solid mass. This mass was subjected to preparative 
TLCto give (12R,20S)-12-O-acetoxy-3-cyano-20-hydroxy-24-
methylene-3,4-secodammar-4(28)-ene (8) (16 mg): MS, m/e 
(rel intensity), 511 (M+, 1), 414 (3), 311 (7), 141 (10), 123 
(14), 43 (100), and 41 (72); IR (Nujol) vm&x 3550 (OH), 
2250 (-G=N), 1730 (OCOMe), 3077, 1638, and 888 cm-1 

(>C=CH2); PMR (CDC13) Ô 2.05 (3H, s, -OCOMe), 4.73 
and 4.90 (4H, br, >C=CH 2 x2) . 

tit) Hydrolysis of 8: A soln of 8 (16 mg) in 20% KOH/ 
MeOH (6 ml) was refluxed for 15 h. The reaction mixture, 
after acidification with 5% hydrochloric acid, was extracted 
with ether. The ether extract was subjected to preparative 
TLC [silica gel; EtOAc-benzene (7:3, v/v)] to give (12Ä, 
20S> 12,20-dihydroxy-24-methylene- 3,4-secodammar-4 (28)-
en-3-oic acid (1) (14 mg): mp 195—196 °C; IR (Nujol) 
"max 3400—2800 and 1713 (COOH), 1638 and 890 cm"1 (>C= 
CH2); PMR (CDCI3) Ô 0.88—1.18 (Mex6) , 1.73 (3H, s, 
>G=C (CH3)-), 3.58 (1H, br, > C H - O H ) , 4.73 and 4.90 (4H, 
br, >C=CH 2 x2) , 5.90 (1H, br, -COOH) ; MS, m/e (rel in­
tensity), 470 ( (M-H 2 0)+ , 5), 445 (4), 427 (4), 391 (6), 387 
(4), 330 (6), 141 (20), 123 (26), 43 (100), and 41 (82). 

The authors thank J E O L Co., Ltd. for obtaining the 
1 3 C-NMR spectra. T h e present work was partially sup­
ported by a Grant-in-Aid for Scientific Research Nos. 
234033 and 247027 (1977 and 1978, to T.S.) and No. 

354189 (1978, to T.A.) from the Ministry of Education, 
Science, and Culture and Matsunaga Science Founda­
tion in 1977 ( t o T . H . ) . 
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Syntheses of Cecropia Juvenile Hormones by Selective 
Side-chain Methylation of (JE

,,2?)-Farnesol1) 
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The stereoselective route to the title insect hormones (JH-1 & JH-2) depends crucially on the epoxida­
tion of allylic alcohols with 2-butyl hydroperoxide in the presence of oxobis(2,4-pentanedionato-0,O')vana-
dium(IV). The oxidation of 2-methyl-l-hepten-3-ol exclusively produces the (2R*,3S*) isomer of the diastere-
omeric epoxy alcohols. This is converted into (Z)-6-methyl-5-undecene by the sequence involving oxirane 
reaction with lithium dibutylcuprate (I) and the removal of both hydroxyl groups of the resulting 1,2-diol. 
Extension of the series of reactions to the mono- and bisoxirane derived from (E,E) -farnesol gives JH-2 and 
JH-1, respectively. 

Since C18-Cecropia juvenile hormone (1), now 
called J H - 1 , was first synthesized in a nonstereo-
selective manner, no less than ten syntheses of 1 and 
the lower homolog, JH-2 (2), have appeared.2) 

C0 2CH 3 
CH20H 

Apparently of great interest are those routes which 
give only the required stereoisomer with the right 
configuration about each of the double bond. This 
paper presents a simple and efficient route starting from 
the readily available (E,E) -farnesol (3) and giving 
the desired products selectively. 

The approach is based on a combination of cataly­
zed, stereoselective epoxidation of allylic alcohols 
and the transformation of the resulting glycidols into 
3-alkylated 1,2-diols. 

The principle is first illustrated with a simple exam­
ple, then its application to syntheses of insect hormones 
being described. 

Stereoselective Preparation of (Z)-6-Methyl-5-undecene 
(7) and Its Isomer (9). Sharpless et al. showed 
that catalytic epoxidation of cyclic allylic alcohols 
with £-butyl hydroperoxide proceeds with high degrees 
of stereoselectivity.3) The same technique can be 
successfully extended to a variety of acyclic allylic 
alcohols.1) Of special interest for the syntheses of 
1 and 2 is the observation that epoxidation of the ally­
lic alcohol 4 with VO(acac) 2 - / -BuOOH reagent 
in benzene at room temperature produced (2R*, 
3S*) epoxy alcohol 5 in 9 6 % selectivity. This was 
improved ( > 9 9 % ) when the epoxidation was car­
ried out in toluene at 0 °G. In contrast, m-chloro-
perbenzoic acid epoxidation of 4 gave a 62 : 38 mixture 
of (2R*,3S*) and (2S*,3S*) epoxy alcohols. The 
(2R*,3S*) structure of 5 was established, after acetyla-
tion, by GLPG comparison with the known data.4 '5) 
Further study is required before stereochemical and 
mechanistic details can be understood.6) However, 
from the observation that cyclic allylic alcohols exhibit 

t Present address: The Institute for Molecular Science, 
Myodaiji, Okazaki 444. 

tt Present address: Department of Chemistry, University 
of Hawaii at Manoa, Honolulu, Hawaii 96822. 

a strong preference for epoxidation eis to the hydroxyl 
group, we can assume that the preferred conforma­
tion of this allylic alcohol at the epoxidation transi­
tion state might be the one illustrated, close to that 
proposed in the case of cyclic allylic alcohols. The 
epoxy oxygen is then introduced on the same side 
as the hydroxyl group to give (2R*,3S*) epoxy alco­
hol 5.2>4>7) 

/ CAH9 

CH 3 CAH9 

9 

<-0 C 4 H 9 5 n t 0 H C 4 H i 

CHC£" Lc^J. 
* V ^ 

C5H11 C 4 H 9 

a) VO(acac)2-*-BuOOH; b) Bu2CuLi; c) BuLi, p-
TsGl; d) Me2NGH(OMe)2, AcaO; e) Nal-AcOH, 
SnCl2-POCl3-C5H5N; f) LiPPh2, Mel. 

Trea tment of the epoxy alcohol 5 with excess lith­
ium dibutylcuprate (I) in ether at —26 °G for 2 h 
produced (5R*,6S*) diol 6 in 8 8 % overall yield from 
4. As expected from earlier reports,8) dibutylcuprate-
(I) exclusively attacked the unsubstituted carbon 
atom of the epoxide ring to furnish 1,2-diol as the 
sole product. Several methods for stereospecific 
deoxygenation of diols have been given;9) the one 
reported by Eastwood et a/.9c) (Me 2 NCH(OMe) 2 , 
Ac 2 0) afforded (Z)-6-methyl-5-undecene (7) in 8 0 % 
yield. GLPC analysis of the olefin 7 displayed two 
peaks in the ratio 97 : 3. T h e major peak, having 
a shorter retention time, was ascribed to the Z isomer10) 
and this was supported by a vinyl methyl signal appe­
aring at ô 1.65.11) 

O n the other hand, the geometrical isomer 9 was 
obtained from epoxide 8 by the Gornforth procedure12) 
in 8 0 % yield, whose N M R spectrum supports the 
E configuration.11) T h e epoxide 8 was also con­
verted into Z olefin 7 by treatment with lithium di-
phenylphosphide and then with methyl iodide (80% 
yield).13) 

Stereospecific Synthesis of dl- JH-2 (2). Two meth­
ods of nonselective homologation of (E,E) -farnesol (3) 
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are known to afford a triene having the skeleton of 
JH-1 (I).14,15) We now report a stereoselective route 
to hormones 1 and 2 which utilizes the series of reac­
tions mentioned above. 

The key intermediate in the synthesis of dl-JH-2 
(2) is the allylic alcohol 13 prepared as follows. The 
epoxide l l 1 6 ) was efficiently converted into bis-ally-
lic alcohol 12 (90% yield) by reaction with diethyl-

10 

14 15 
16 R = CPh3 

17 R = H 

a) NBS, NaOPr-f; b) Et2Al-TMP; c) Ph3CCl-/>-TsOH; 
d) VO(acac)a-*-BuOOH; e) Me2CuLi; f) (CH3)2NCH-
(OCH3)2, Ac 2 0; g) HC104. 

a luminum 2,2,6,6-tetramethylpiperidide,1 7) followed 
by tritylation of the pr imary hydroxyl group ( 8 8 % 
yield). T h e trityl ether 13 was oxidized to the 
epoxy alcohol 1418> by the V O (acac) 2-*-BuOOH 
reagent and the resulting crude 14 was methylated 
to furnish the diol 1518) ( 8 1 % yield after preparative 
TLG purification), which was found to be homoge­
neous upon T L C analysis. Application of the East­
wood procedure90) gave the triene trityl ether 16 
stereospecifically in 5 5 % yield. Removal of the 
protecting group by perchloric acid furnished the 
desired homofarnesol 17 almost quantitatively. The 
homogeneity of 17 was indicated by T L C analysis, 
its infrared and N M R spectra being identical with 
those obtained for homofarnesol.19) The synthesis 
of JH-2 (2) from 17 has been reported.19) 

^OR 

10 

OH [OH 

19 R = H 

20 R=H 

21 22 

23 R=CPh3 
24 R = H 
25 R = Ac 

a) MCPBA, K 2 C0 3 ; b) LiNEt2; c) Ph3CCl-/>-TsOH ; 
d) VO(acac)2-*-BuOOH; e) (CH3)2CuLi; f) (CH3),-
OCH3)2, Ac 2 0; g) HG104. 

Synthesis of d\-JH-l (1). (£,£)-Farnesol (3) 
was transformed by the van Tamelen-McCormick 
procedure15) into the triene trityl ether 20. The con­
version of the intermediate 20 into the bishomofarnesol 
24 was accomplished by the sequence of steps described 
above. T h e I R and N M R spectra of 24 were entirely 
analogous to those reported,15 '19) its structure and 
homogeneity being further confirmed, after acetyla-
tion, by T L C and GLPC comparison with an authen­
tic sample of the acetate 25.21) The transformation of 
24 into JH-1 (1) has been reported.15«19) 

Exper imenta l 

IR spectra were determined on a Shimadzu IR-27-G 
spectrometer, mass spectra on a Hitachi RMU-6L mass 
spectrometer, and NMR spectra on a Varian EM-360 or 
JEOL-G-60-H spectrometer; chemical shifts are given in 
ô with tetramethylsilane as an internal standard. Micro­
analyses were carried out at the Elemental Analyses Center 
of Kyoto University, and GLPC analyses on a Yanagimoto 
GGG-550F. All experiments were carried out under an 
atmosphere of dry nitrogen or argon, preparative thin layer 
chromatography on silica gel 60 PF254 (Merck, Art. 7747) 
plates, and preparative column chromatography on silica gel 
60 (Merck, Art. 7734). 

(2R*,3S*)-2-Methyl-1,2-epoxyheptan-3-ol (5). J-Butyl 
hydroperoxide (90%, 600 mg, 6.0 mmol) was added dropwise 
over a period of 10 min at room temperature to a solution 
of 2-methyl-l-hepten-3-ol (4) (512 mg, 4.0 mmol) and oxobis-
(2,4-pentanedionato-0,0')vanadium(IV) (32 mg, 0.12 mmol) 
in benzene (15 ml). After being stirred at ambient temper­
ature for 2 h, the resulting solution was poured into saturated 
aqueous sodium sulfite. The mixture was vigorously stirred 
for 20 min and extracted with ether. The ethereal phase 
was washed with water, dried (anhydrous sodium sulfate), 
and concentrated in vacuo to give the epoxy alcohol 5 as a 
pale yellow liquid: bp 80 °G (bath temp, 1 Torr); TLC, 
R{ 0.55 (3:1 hexane-ethyl acetate); IR (neat), 3400 (s), 1470 
(m), and 1110 cm-1 (m); NMR (CC14), 1.28 (3H, s, CH3-
GO), 2.61 (2H, dd, GH 2 -0) , and 3.32—3.67 (1H, m, GH-
OH). 

A small aliquot was acetylated by stirring with acetic 
anhydride in pyridine. GLPC analysis (10% PEG 20 Mesh, 
110°G, 1.0 kg/cm2) of the resulting acetates showed a peak 
at 6.5 min (96%), corresponding to the (2R*,3S*) epoxy 
acetate, and a small peak at 5.8 min (4%), corresponding 
to the (2S*,3S*) isomer: bp 80 °C (bath temp, 1 Torr) ; 
TLC, Rt 0.53 (1:1 hexane-ether) ; IR (neat), 1735(s), 1360 
(m), 1230—1240(s), and l l lOcm-^m) ; NMR (GG14), 1.21 
(3H, s, GH3-GO), 1.91 (3H, s, CH3-C02) , 2.50 (2H, dd, 
GH 2 -0) , and 4.32 (1H, t, CH-O); MS (m/e), 186 (7), 156 
(14), 144 (23), 127 (100), and 114 (52). 

Found: C, 64.4; H, 9.5%. Galcd for C10H18O3: G, 64.5; 
H, 9.7%. 

(SR.*,6S*) -6-Methylundecane-5,6-diol (6)- Lithium 
dibutylcuprate(I) was prepared by the addition of 32.0 
mmol (16.2ml of 1.98 M hexane solution) of butyllithium 
to a vigorously stirred suspension of 3.04 g (16.0 mmol) of 
copper (I) iodide in 40 ml of ether at —26 °C. After being 
stirred at this temperature for 20 min, the crude epoxy alcohol 
5 dissolved in 20 ml of ether was added at the same temper­
ature. Stirring was continued for 2 h, then the product 
was isolated by quenching the reaction mixture in ether, 
filtering through a pad of Gelite 545, extracting with ether, 
drying over sodium sulfate, and concentrating to give an 
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oil. Preparative T L C (3:1 hexane-ethyl acetate) afforded 
663 mg (82% yield from 4) of the (5R*,6S*) diol 6, which 
showed a single spot of Rt 0.60 upon T L C analysis (3:1 
hexane-ethyl acetate) : bp 120 °G (bath temp, l T o r r ) ; I R 
(neat), 3450(s), 1470(m), and l O S ô c m - ^ s ) ; N M R (GDC13), 
3.10—3.36 (1H, m, G H - O H ) ; M S (m/e), 182 (18), 157 (36), 
115 (36), 63 (100), and 57 (100). 

Found: G, 71.2; H , 13.0%- Galcd for G 1 2 H 2 6 0 2 : G, 
71.2; H , 13.0%. 

(Z)-6-Methyl-5-undecene (7). A. From Diol 6: A 
mixture of the (5R*,6S*) diol 6 (606 mg, 3.0 mmol) and 
i\f,iV-dimethylformamide dimethyl acetal (3.0 ml) was stir­
red at room temperature for 17 h. After removal of the 
volatile material in vacuo, the resulting dioxolane derivative 
was heated in acetic anhydr ide (3.0 ml) at 130 °G for 17 h. 
The reaction mixture was allowed to cool to room temper­
ature, poured into water, and the product was extracted 
with pentane. After being washed with saturated aqueous 
sodium hydrogencarbonate, saturated brine, and water, the 
organic phase was dried (Na 2 S0 4 ) , and concentrated. 
Column chromatography using pentane as an eluent gave 
(Z)-6-methyl-5-undecene (7) (403 mg, 8 0 % yield) as a clear 
oil: bp 130 °G (bath temp, 24 Torr) ; T L C , Rt 0.80 (hexane) ; 
I R (neat), 1660— 1675(w), 1385(m), and 8 4 0 c m - 1 ( w ) ; 
N M R (GG14), 1.65 (3H, s, CH 3 -C=) , and 5.03 (1H, bt, 
GH=) ; M S (m/e), 168(12), 114(10), 94(31), 68(72), and 
55(100). 

Found: G, 85.8; H , 14.6%. Galcd for G1 2H2 4 : G, 85.6; 
H, 14.4%. 

B. From Oxirane 8: According to the procedure of 
Vedejs and Fuchs,13) l i thium diphenylphosphide in tetrahy-
drofuran (0.83 M) was prepared from chlorodiphenylphos-
phine (0.92 ml, 5.0 mmol) and lithium wire (140 mg, 20.0 
mmol) in T H F (5 ml). A solution of the oxirane 8 (184 mg, 
1.0 mmol) in T H F (5 ml) was added over a period of 5 min 
to the solution of li thium diphenylphosphide in T H F (3.0 ml, 
2.5 mmol) at ambient temperature . The resulting mixture 
was stirred at the same temperature for 17 h. Methyl iodide 
(0.27 ml, 4.3 mmol) was then added and the mixture was 
allowed to stand at room temperature for 1 h. After aqueous 
workup, the organic phase was dried (Na 2 S0 4 ) , and freed 
of the solvent. The residual liquid was subjected to column 
chromatography with pentane as an eluent to give pure 
olefin 7 (132 mg, 8 0 % yield). 

(E)-6-Methyl-5,6-epoxyundecane (S). A 1.83 M hexane 
solution of butylli thium was added dropwise at 0 °G to an 
ethereal solution (2 ml) of the diol 6 (202 mg, 1.0 mmol) 
containing a trace of 1,10-phenanthroline until the initially 
colorless solution turned orange. After 10 min, hexamethyl-
phosphoric triamide (1 ml) and /»-toluenesulfonyl chloride 
(229 mg, 1.2 mmol) were successively added and then the 
whole mixture was stirred at ambient temperature for 6 h. 
The crude product obtained on extractive workup was 
purified by preparative T L G (benzene) which furnished 166 
mg (90% yield) of the oxirane 8. GLPG analysis (10% 
PEG 20 Mesh, 90 °C, 1.0 kg/cm2) showed the oxirane to 
be > 9 7 % pure : b p 86 °G (bath temp, 2 Torr) ; TLG, Rt 

0.65 (benzene); I R (neat), 1470(s), 1376(m), and 1 1 2 0 c m - 1 

(w); N M R (GDG13), 1.18 (3H, s, C H 3 - C O ) , and 2.30— 
2.67 (1H, bt, G H - O ) ; M S (m/e), 184(2), 155(6), 127(10), 
114(18), and 58(100). 

Found: G, 78.2; H , 13 .3%. Galcd for G 1 2 H 2 4 0 : C, 78.3; 
H , 13.0%. 

(E)-6-Methyl-5-undecene (9). T h e oxirane 8 (80 mg, 
0.44 mmol) was added to a cooled (—16 °C) solution of 
sodium iodide (150 mg, 1.0 mmol) and sodium acetate (15 
mg, 0.18 mmol) in acetic acid (0.6 ml) . After 1 h, the 

mixture was warmed to room temperature and poured into 
ether and aqueous sodium hydrogencarbonate. T h e ethereal 
solution was washed with a little sodium hydrogensulfite 
and water, dried ( N a 2 S 0 4 ) , and freed of the solvent. T h e 
resulting iodohydrin was added to a cooled (0 °C) solution 
of t in(I I ) chloride (230 mg, 1.21 mmol) in pyridine (0.9 ml) . 
Phosphoryl chloride (0.06 ml, 0.40 mmol) in pyridine (0.2 
ml) was then added with cooling, and the mixture was al­
lowed to stand at room temperature overnight. After being 
diluted with hexane, the organic phase was washed with 
1 M hydrochloric acid, and water, dried (Na 2 S0 4 ) , and 
concentrated. T h e crude product was subjected to column 
chromatography with hexane as an eluent. T h e olefin 9 
(62 mg, 8 0 % yield) was obtained as a colorless oil: bp 130 °C 
(bath temp, 24 Torr) ; T L G , Rt 0.80 (hexane); I R (neat), 
1665—1675(w) and 840—860 c m - ^ s h ) ; N M R (GC14), 1.59 
(3H, s, CH 3 -C=) and 5.05 (1H, bt, C H = ) ; M S (m/e), 168 
(16), 112(10), 96(30), 59(78), and 55(100). 

Found : G, 85.7; H , 14.5%0. Galcd for C1 2H2 4 : C, 85.6; 
H , 14.4%. 

(2E,6E) -3,7,12- Trimethyl-2,6,11 -dodecatriene-1, 1 0-diol (12). 
Diethylaluminum 2,2,6,6-tetramethylpiperidide was prepared 
in situ from diethylaluminum chloride (1.7 ml of 1.0 M 
benzene solution) and 1.68 mmol of l i thium 2,2,6,6-tetra­
methylpiperidide in benzene (5 ml) at 0 °G for 30 min.17> 
T o this slurry was added dropwise the epoxy alcohol 1116> 
(80 mg, 0.34 mmol) dissolved in 4 ml of benzene at the same 
temperature . After being stirred for 2 h, 5 ml of 1 M hy­
drochloric acid was added. Ethereal extracts were dried 
(Na 2 S0 4 ) and freed of the solvent. T h e remaining liquid 
was subjected to preparat ive T L C (5 : 2 ether-hexane) to 
give pure 12 (71 mg, 9 0 % yield); T L G , R{ 0.41 (2:1 e ther -
hexane) ; I R (neat) , 3300—3420(s), 1650— 1675(m), 1450 
(m), 1000(m), and S g ô c m - ^ m ) ; N M R (CDC13), 1.59 (3H, 
s, CH 3 -C= on C-3), 1.67 (3H, s, CH 3 -C= , C - l l ) , 3.86 (1H, 
bt, C H - O H ) , 3.97 (2H, d, C H 2 - O H ) , 4.69 (2H, dd, CH 2=), 
and 4.82—5.40 (2H, m, GH=). 

Microanalysis was performed after trimethylsilylation of 
both hydroxyl groups: 

Found : C, 66 .1 ; H , 11.2%. Calcd for C 2 1 H 4 2 0 2 Si 2 : C, 
65.9; H , 11 .1%. 

(10R*,11$*)-(2E,6E)-3,7,11- Trimethyl-1-trityloxy-2,6-tri-
decadiene-10,11-diol (15). T h e diol 12 (71 mg, 0.31 
mmol) was converted into the pr imary mono (trityl ether) 
13 by reaction with trityl chloride (92 mg, 0.33 mmol) in 
2 ml of pyridine at 50 °C for 2.5 h. Preparative T L C ( 1 : 1 
hexane-ether) gave purified 13 (130 mg, 88%, yield). 

/-Butyl hydroperoxide (90%,, 32 mg, 0.33 mmol) was 
added to a mixture of oxobis(2,4-pentanedionate-0,0 ' ) -
vanadium(IV) (11 mg, 0.04 mmol) , the allylic alcohol 
13 (130 mg, 0.27 mmol) , and benzene (3 ml) as described 
above, yielding the epoxy alcohol 14 as a pale yellow liquid: 
T L C , Rt 0.68 (1 : 1 hexane-e ther ) ; N M R (CDC13), 1.23 
(3H, s, C H 3 - C O ) , 1.62 (3H, s, GH 3 -C= on C-7), 1.95 (3H, 
s, CH 3 -C= , C-3), 2.25—2.70 (2H, m, C H 2 - 0 , C-12), 3.19 
(1H, m, C H - O ) , 3.31—3.70 (2H, bd, C H 2 - 0 , C-1), 5.03— 
5.52 (2H, m, CH=) , and 7.00—7.40 (15 H , m, aromatic) . 

The crude epoxy alcohol 14 in ether (1 ml) was added 
at —26 °G to a solution of li thium dimethylcuprate(I) (0.56 
mmol) in ether (3 ml) and the whole mixture was stirred 
at 0 °G for 12 h. According to the procedure described 
above, the trityl ether 15 (113 mg, 8 1 % yield from 13) was 
obtained as a pale yellow liquid after purification by pre­
parat ive T L G ( 1 : 1 hexane-e ther ) : T L C , R{ 0.54 ( 1 : 1 
hexane-e ther ) ; I R (neat), 3410—3490(s), 1480(m), 1450 
(s), 1380(m), and lOSOcm-^s ) ; N M R (CDG13), 1.12 (3H, 
t, C H 3 - C H 2 ) , 1.45 (3H, s, CH 3 -C= on C-7), 1.62 (3H, s, 
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C H 3 - 0 on G-3), 3.15—3.56 (1H, m, G H - O H ) , 4.94— 
5.53 (2H, m, CH=) , and 7.05—7.45 (15H, m, aromatic) . 

Microanalysis was performed with the 10,11-0-isopropyl-
idene-1-trimethylsilyl ether derivative: 

Found : C, 69 .1 ; H , 11 .3%. Galcd for C 2 ,H 4 o0 3 Si : 
G, 69 .1 ; H , 1 1 .1 %. 

(2E,6E, 10Z) -3,7,11 - Trimethyl-2,6,10-tridecatrien-1 -ol (17). 
T h e diol 15 (113mg, 0.22 mmol) was transformed into 
the triene trityl ether 16 (56 mg, 5 5 % yield) as described 
above for 7 : TLG, Rt 0.54 (3 : 1 petroleum ether-ben­
zene) ; I R (neat), 1490(w), 1055(s), and 790 cm" 1 (s); N M R 
(GDCI3, 100 M H z ) , 0.95 (3H, t, J=8 Hz, C H 3 - G H 2 ) , 1.65 
(6H, s, CH 3 -C= on G-7 and C - l l ) , 1.88—2.40 (12H, m, 
methylenes except C - l ) , 1.96 (3H, s, GH 3 -C= on C-3), 
3.60 (2H, d, 7 = 7 Hz , G H 2 - 0 ) , 5.09 (2H, bt, CH= on G-6, 
10), 5.44 (1H, bt, CH= on C-2), and 7.16—7.68 (15H, 
m, aromatic) . 

T h e trityl ether 16 thus obtained was treated with 
3 ml of 5 % perchloric acid in tetrahydrofuran at 0 °C for 
1.5 h. After being diluted with ether, the mixture was 
washed with water, saturated sodium hydrogencarbonate, 
and saturated brine, dried ( N a 2 S 0 4 ) , and concentrated 
in vacuo. Chromatography on silica gel ( 1 : 1 hexane -
ether) gave the purified homofarnesol 17 (28 mg, 9 9 % yield) 
which exhibited appropriate physical properties:19) T L C , 
Rt 0.41 ( 2 : 1 ether-hexane) ; I R (neat), 3250—3380(s), 
1665(m), 1450(s), 1380(s), and 1000—1020 c m - 1 (s); N M R 
(CDGI3, 100 M H z ) , 0.95 (3H, t, 7 = 7 Hz , G H 3 - G H 2 ) , 
1.58 (3H, s, CH 3 -C= , G-3), 1.65 (6H, s, CH 3 -C= , G-7, 11), 
1.85—2.16 (11H, m, methylenes except C-l and O H ) , 4.05 
(2H, d, J = 7 H z , C H 3 - O H ) , 4.89—5.14 (2H, m, CH=, 
C-6, 10), and 5.35 (1H, bt, CH=, C-2); M S (m/e), 236(2), 
218(2), 160(5), 83(71), and 55(100). 

(2E,6E, 10Z) -7-Ethyl-3,11 -dimethyl-2,6,10' - tridecatrien-1-ol 
(24)- According to the same procedure as afore­
mentioned, compound 24 was obtained in 2 5 % overall 
yield from the diol 20.15> The bisoxirane 21:18> T L C , R{ 

0.68 (ethyl aceta te) ; N M R (CDG13), 1.23 (3H, s, C H 3 -
C O ) , 1.95 (3H, s, CH 3 -C=) , 2.25—2.80 (4H, m, C H 2 - 0 , 
C-7, G-12), 3.19 (2H, m, C H - O H ) , 3.31—3.70 (2H, bd, 
C H 2 - 0 , C- l ) , 5.13—5.52 (1H, bt, CH=) , and 7.00—7.40 
(15H, m, aromatic) . T h e tetrol 22 : T L G , Rt 0.60 (ethyl 
acetate) ; N M R (CDG13), 1.65 (3H, s, C H 3 - C = ) , 2.90—3.35 
(2H, m, C H - O H ) , 3.60 (2H, d, C H 2 - 0 , C- l ) , 5.46 (1H, 
bt, CH=) , and 7.10—7.55 (15H, m, aromatic) . T h e bisho-
mofarnesol 24 so obtained was spectrometrically identical 
with the reported data:1 4 '1 7) T L G , Rt 0.54 ( 1 : 1 hexane -
e ther) ; IR(nea t ) , 3280—3370(s), 1665(w), 1450(s), 1380-
(m), and 1000—1020 c m - 1 (s); N M R (CDG13, 100 M H z ) , 
0.95 (6H, t, 7 = 7 Hz, C H 3 - G H 2 ) , 1.65 (3H, s, CH 3 -C= 
on C-3), 1.90—2.35 (13H, m, methylenes except C-l and 
O H ) , 4.12 (2H, d, 7 = 7 Hz, C H 2 - O H ) , 5.04 (2H, bt, CH=, 
C-6, 10), and 5.40 (1H, t, 7 = 7 Hz, CH=, C-2); M S (m/e), 
232(3), 203(3), 175(5), 149(12), 83(50). and 55(100). 

T h e structure and homogeneity of the alcohol 24 were 
further confirmed, after acetylation, by T L G and GLPG 
comparison with an authentic sample of acetate 25. T L C 
analysis showed a single spot of Rt 0.24 (3 : 1 hexane-ether) . 
The substance was found to be > 9 3 % pure by GLPG analy­
sis (10% P E G 20 Mesh, 165 °G, 45 ml/min, 14.1 min reten­
tion time). 

T h e w o r k w a s c a r r i e d o u t w i t h G r a n t s - i n - A i d 
911506 , 011010 , 110309, 203014 , a n d 3 0 3 0 2 3 f rom 
t h e M i n i s t r y of E d u c a t i o n . 
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A Highly Stereospecific Isomerization of Oxiranes into Allylic 
Alcohols by Means of Organoaluminum Amides1) 
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Organoaluminum reagents of type R1R2NA1R2 allow highly stereospecific oxirane ring opening producing 
allylic alcohols under mild conditions. fraw-Epoxycyclododecane is converted to (£)-2-cyclododecen-l-ol by reac­
tion with diethylaluminum 2,2,6,6-tetramethylpiperidide (DATMP) in quantitative yield, while the «j-isomer 
gives only 8% yield of the same alcohol. Furthermore, this reagent enables us to perform the stereospecific isomeri­
zation of trisubstituted oxiranes: c-3-butyl-2-methyl-r-2-pentyloxirane is transformed into 2-pentyl-l-hepten-3-ol 
and the diastereomeric oxirane into (£)-6-methyl-6-undecen-5-ol, respectively. Such a rigorous stereospecificity 
is rationalized on the basis of a concerted syn elimination via the boat-like six membered ring imtermediary stage, 
in which the substituents of the oxirane ring should be arranged so as to minimize the severe nonbonded interactions. 

A variety of synthetic methods have been developed 
to bring about the introduction of the allylic alcohol 
moiety.2) Among them oxirane-allylic alcohol conver­
sion by means of a strong base offers the advantage of 
wide spread applicability and experimental simplicity 
to a unique degree.3-7) While lithium diethylamide has 
been widely used for this reaction, the rather vigorous 
conditions required decrease its practicability.4-6) A 
further limitation arises in the reaction with unsymmet-
rical oxiranes and this reagent is rather nonspecific in 
the sense that the side chain methyl usually contributes 
proton to be removed. Accordingly the double bond of 
the resulting allylic alcohol is located rarely on the main 
chain. These facts led us to search for a new reagent 
allowing stereospecific isomerization of oxiranes into 
allylic alcohols under mild conditions which forms the 
subject of this paper. 

Our attention has been focused on organoaluminum 
amides, since organoaluminum compounds in general 
are markedly strong Lewis acids and many of them are 
known to form stable 1: 1 complexes with neutral bases 
such as amines or even ethers. In addition, the alumi­
num-nitrogen bond is cleaved readily by the attack of 
proton bearing base such as alcohol to leave aluminum-
oxygen bond.8) It was anticipated that an aluminum 
amide should be active with respect to both the oxirane 
ring and the proton to be removed simultaneously. 

A series of dialkylaluminum iVj^-dialkylamides were 
prepared in situ from ( 1 ) diethylaluminum chloride and 
lithium amides9) obtained from secondary amines and 
butyllithium,10) or from (2) diisobutylaluminum hydride 
and amines.11) Reactions with fra/zj-epoxycyclododecane 
(l)7) under mild conditions (0 °G, 1 h) are summarized 
in Table 1. Best results were obtained upon the use of 

TABLE 1. CONVERSION OF 1 TO 2 BY VARIOUS 

ALUMINUM AMIDES*) 

Cr 
t Present address: The Institute for Molecular Science, 

Myodaiji, Okazaki 444. 
tt Present address: Department of Chemistry, University 

of Hawaii at Manoa, Honolulu, Hawaii 96822. 

Aluminum amideb) 

Et2Al-TMPd> 
Et2Al-TMP 
Et2Al-TMP 
Et2Al-TMP 
Et2Al-N(*'-Pr)2

d> 
Et2Al-N(Cy)2

d> 
Et2Al-NEt2

d> 
(;-Bu)2Al-NPh2

e> 
(?-Bu)2Al-NMePhe> 
(*-Bu)2Al-N(/-Pr)2

e> 

Solvent 

benzene 
hexane 
ether 
te trahy drofuran 
benzene 
benzene 
benzene 
benzene 
benzene 
benzene 

Yield (%)c> 

99 
99 
76 
5 

65 
36 
5 

48 
69 
30 

a) For detailed reaction conditions, see Experimental 
part, b) Abbreviations used here are in accordance 
with those cited in Ref. 10. c) Yields are based on 
material isolated by preparative TLC. d) Prepared 
from diethylaluminum chloride and the correspond­
ing lithium amide at 0 °C for 30 min. e) Prepared 
from diisobutylaluminum hydride and the corre­
sponding amine. 

fourequiv. of diethylaluminum 2,2,6,6-tetramethylpipe­
ridide (DATMP) in benzene or hexane.12) Other 
a luminum amides also gave (JË')-2-cyclododecen-l-ol (2) 
as a sole product, however the rates of conversion were 
lower than that observed with D A T M P . Thus the 
reactivity of alminum amides is apparently dependent 
on the structure of amine component.13) Either benzene 
or hexane proved to be effective, as these do not solvate 
the a luminum species.14) 

Remarkably, the eis isomer 3 («=10) reacted very 
reluctantly with D A T M P under the same conditions (8 
% yield of 2). In addition, attempts to obtain allylic 
alcohols from medium ring-attached oxiranes 3 (n = 3, 
4, 5, and 6) were unsuccessful. Most of starting oxiranes 
were recovered unchanged. 

3 

V _ ^ A Q H 

A few examples illustrate the efficient conversion of 
oxiranes to allylic alcohols in the presence of D A T M P . 
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The oxirane 4 was smoothly converted to 5 in 9 2 % 
yield, while in contrast the reaction with lithium amide 
yielded less than 5 % of 5. Oxiranes 67> and 815> gave 
allylic alcohols 7 and 9 in 98 and 9 6 % yield, respec­
tively. Notably, none of cyclized byproducts was pro­
duced in these two cases. 

OH 

RV^C-CH2R1 

d 
£\' 
O® 
Fig. 1. 

Me R1 

Conformer A ( R ^ B u , R 2 =H) 
B ( R ^ H , R2=Bu) 

Fig. 2. 

With the demonstration of the facility and effective­
ness of this reagent, attention was directed toward the 
orientational selectivity in the reaction of unsymmetrical 
trisubstituted oxiranes. Remarkably, D A T M P did react 
with oxiranes 10 and 12 under sharp discrimination of 
the configuration of oxiranes. Thus , the reaction of 
D A T M P with oxirane 10 in benzene at 0 °G for 30 min 
gave the disubstituted allylic alcohol 11 in 9 6 % yield. 
In marked contrast, the diastereomeric oxirane 1216) 
gave under the same conditions the trisubstituted (E)-
allylic alcohol 13 predominantly in 8 3 % yield. The 
structure of the product was unambiguously confirmed 
by the alternative synthesis of 13 and 14 by means of 
the /?-oxido ylide technique.17) 

C4H9., /C5H11 
H - \ 7 ^ C H 3 

0 

10 

OH 

11 

OH 
13 

C/JHQ\ ,'CH 

12 

CH3 

C,H '4n9 
OH CAH9 

above finding that only sluggishly cw-2,3-disubstituted 
oxiranes 3 reacted with D A T M P . In addition, the 
resulting allylic double bond prefers the (E)-configura­
tion. Such significantly high stereoselectivity observed 
with D A T M P is rationalized by presuming intermediary 
stage illustrated in Fig. 2 with respect to the reaction of 
the oxirane 12 with D A T M P . Of the possible confor-
mers, the chair ones should suffer from substantial steric 
interference because of the bulk of the extremely large 
T M P group. Moreover, of the two boat conformers (A 
and B), obviously the conformer A has the least steric 
crowdedness and the subsequent collapse would certain­
ly furnish trisubstituted (£')-allylic alcohol 13. The 
conformer B has severe crowdedness below the six-
membered plane and this explains the minor amount of 
(Z)-allylic alcohol 14. 

Such a remarkable selectivity inherent in D A T M P is 
further demonstrated by the following example. Bisox-
irane 15 gives triol 16 upon exposure to lithium diethyl­
amide,18) while treatment of 15 with D A T M P has 
converted it to the isomeric triol 1719>2°) in 41 % yield. 

OH 

15 

OH 

OH OH 

16 

OH 

OH OH 

17 

Aluminum amides preferentially abstract a-proton of 
the alkyl group located on the same side as hydrogen of 
oxirane to give the corresponding allylic alcohols (see 
Fig. 1). This is at tr ibuted to the attack of the a luminum 
reagent from the less hindered side of the oxirane group 
("steric approach control") . This is supported by the 

The selection rules of the D A T M P isomerization of 
oxiranes into allylic alcohols are therefore : 

(1) The sole product is a secondary allylic alcohol. 
(2) The required proton is supplied by the alkyl 

group located on the same side as hydrogen of oxirane 
C(3). 
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(3) T h e r e su l t i ng d o u b l e b o n d prefers t h e (E) con ­

figuration. 

Exper imenta l 

The infrared spectra were determined on a Shimadzu 
IR-27-G spectrometer; the mass spectra on a Hitachi R M U -
6L mass machine ; the GLPG analyses on a Yanagimoto G C G -
550F; and N M R spectra on a J N M - P M X 60 or Var ian 
EM-360 spectrometer. T h e chemical shifts are given in ô in 
p p m with T M S as the internal s tandard. Splitting patterns 
are designated as s, singlet; d, doublet ; t, tr iplet; q, quar te t ; 
m, multiplet. The microanalyses were carried out by the 
staffs at the Elemental Analyses Center of Kyoto University. 
All experiments were carried out under an atmosphere of dry 
argon. In experiments requiring dry solvents, tetrahydrofuran 
was distilled from sodium-benzophenone. Ether, benzene, and 
hexane were dried over sodium metal . Dur ing workup, drying 
of the organic solution was performed over anhydrous sodium 
sulfate. Thin layer or preparat ive thick layer plates were made 
of E. Merck PF-254, and preparat ive column chromatography 
on silica gel E. Merck Art. 7734. 

Preparation of Dialkylaluminum N,N-Dialkylamides. From Dieth-
ylaluminum Chloride and Lithium Amides:9) A benzene solution 
of diethylaluminum chloride (1 equiv) was added at 0 °C 
dropwise to a solution of li thium iV,iV-dialky]amide ( 1 equiv) 
in benzene. T h e resulting slurry was stirred at the same 
temperature for 30 min and used immediately. The following 
a luminum amides were prepared by this me thod : diethylalu­
minum 2,2,6,6-tetramethylpiperidide (DATMP) ; diethylalu­
minum diisopropylamide ; diethylaluminum diethylamide. 

From Diisobutylaluminum Hydride and Amines'^ Diisobutyl-
a luminum hydride (1 equiv) dissolved in benzene was added 
drop by drop to a solution of amine ( 1 equiv) in benzene at 
0 °C. The resulting solution was gently heated until theoreti­
cal volume of hydrogen gas was evolved. The reaction mixture 
was allowed to cool to 0 °C and then used immediately. T h e 
following a luminum amides were prepared by this method: 
diisobutylaluminum diphenylamide ; diisobutylaluminum N-
methylanilide ; diisobutylaluminum diisopropylamide. 

Preparation of Oxiranes. l-Oxaspiro[2,ll]tetradecane (4) : T o 
a mixture of methylenecyclododecane21) (540 mg, 3.0 mmol) 
and dichloromethane (15 ml) m-chloroperbenzoic acid (712 
mg, 3.3 mmol) was added at 0 °C in small portions. The 
whole mixture was stirred at the same temperature for 1.5 h. 
After dilution with ether, the mixture was poured into ice-cold 
saturated sodium sulfite. T h e separated organic phase was 
washed with saturated sodium sulfite and saturated sodium 
bicarbonate, dried, and concentrated in vacuo. T h e residue 
was submitted to column chromatography using 10: 1 hexane -
ether as an eluent to give 534 mg ( 9 1 % yield) of pure 4 as 
a clear oil: bp 90 °C (bath temp, 1 Torr) ; T L G , Rt 0.28 (5 : 1 
hexane-ether) ; I R (neat), 2940 (s), 1470 (s), 1445 (m), and 
1150 c m - 1 (w) ; N M R (CC14), 2.39 (2H, s, C H 2 - 0 ) ; M S (m/e), 
196 (13), 178 (12), 153 (25), 125 (70), and 111 (100). 

Found: G, 79.3; H , 12 .3%. Calcd for G 1 3 H 2 4 0 : G, 79.5; 
H , 12.3%. 

c-3-Butyl-2-methyl-r-2-pentyloxirane (10). A solution of 
(Z)-6-methyl-5-undecene16> (250 mg, 1.50 mmol) in dichloro­
methane (8 ml) was treated with w-chloroperbenzoic acid (354 
mg, 1.65 mmol) as described above to furnish 10 (250 mg, 90 
% yield) as a colorless l iquid: bp 64 °C (1 T o r r ) ; T L C , Rf 

0.65 ( 1 : 1 hexane-e ther ) ; I R (neat), 1470 (s), 1370 (s), and 
1115cm- 1 (m) ; N M R (CC14), 1.19 (3H, s, G H 3 - C O ) , and 
2.48 ( IH , bt, C H - O ) ; M S (m/e), 184 (13), 155 (4), 141 (38), 
127 (12), and 71 (100). 

Found : C, 78.2; H , 13.4%. Calcd for C 1 2 H 2 4 0 : C, 78.2; 
H , 13 .1%. 

Reaction of Oxiranes with Aluminum Amides. A General Procedure: 
T o a stirred mixture of a luminum amide (4.0 mmol) and 

benzene (10 ml) a solution of oxirane (1.0 mmol) in benzene 
(3 ml) was added at 0 °C drop by drop over a period of 5 min. 
T h e whole mixture was stirred at the same temperature until 
oxirane could not be detected by T L C analysis. T h e reaction 
was quenched by the addit ion of ice-cold 1 M hydrochloric 
acid and the resulting organic phase was separated. T h e 
aqueous layer was extracted with ether. T h e organic solutions 
were combined, washed with saturated brine, dried, and 
concentrated in vacuo. T h e residue was submitted to prepara­
tive T L C to give the desired allylic alcohol. 

(E)-2-Cyclododecen-l-ol (2):6> T L C , Rt 0.22 (2: 1 hexane -
e ther ) ; I R (neat) , 3330—3370 (s), 1465 (s), 1450 (m), and 
970 c m - 1 (s); N M R (CC14), 3.73—4.20 ( I H , m, C H - O H ) , 
and 4.97—5.82 (2H, m, C H = ) ; M S (m/e), 182 (16), 164 (13), 
139 (32), 125 (46), and 98 (100). 

1-Cyclododecenylmethanol (5): This is an (E,Z) -mixture, bp 
110°C (bath temp, 1 T o r r ) ; T L C , Rf 0.40 ( 1 : 1 h e x a n e -
e ther ) ; I R (neat), 3300—3360 (s), 1665 (w), 1470 (s), 1000— 
1010 (s), and 800 cm" 1 (w); N M R (CC14), 3.96 and 4.10 (2H, 
s, CHo-O) , and 5.15—5.71 ( I H , m, C H - ) ; M S (m/e), 196 
(19), 178 (6), 149 (8), 109 (35), and 83 (100). 

Found : C, 79 .3 ; H , 12 .5%. Calcd for C 1 3 H „ 4 0 : C, 79.5; 
H , 12 .3%. 

A small aliquot of 5 was acetylated by stirring with acetic 
anhydride in pyridine. G L P C analysis (10 % Apiezon, 230 
°C, 1.3 kg/cm2) showed a 69 : 31 mixture of (E) and (Z)-ally­
lic acetates. 

(E)-3,7-Dimethyl-2,7-octadiene-1,6-diol (7) :22> T h e title com­
pound was prepared according to the general procedure, 
except the use of 5 equiv. of D A T M P ; T L C , R{ 0.28 (ether) ; 
I R (neat) , 3340—3400 (s), 1650 (m), 1440 (m), 1000 (s), and 
890 c m - 1 (s); N M R (CDC13), 1.67 (3H, s, C H 4 - C = on C-3), 
1.73 (3H, s, C H 3 - C = on C-7), 3.87—4.23 (3H, d and t, C H - O 
and C H 2 - 0 ) , 4.90 (2H, bd, CH 2=), and 5.43 ( I H , bt, C H = ) ; 
MS (m/e), 152 (2), 134 (10), 119 (30), 84 (95), and 67 (100). 

(E,E,E,E)-2,6,10,15,19,23-Hexamethyltricosa-l,6,10,14,18,22-
hexaen-3-ol (9): Bp 195 °C (bath temp, 0.5 T o r r ) ; T L C , Rt 

0.45 ( 1 : 1 hexane-e ther ) ; I R (neat), 3400—3480 (m), 1710 
(m), 1450 (s), 1380 (s), and 895 cm" 1 ( m ) ; N M R (CC14), 3.92 
( I H , bt, C H - O ) , and 4.60—5.33 (7H, m, CH= and CH 2=). 

Found : C, 84.6; H , 11.7 % . Calcd for C 3 0 H 5 0 O: C, 84.4; 
H , 1 1 . 8 % . 

2-Pentyl-l-hepten-3-ol (11) : Bp 105 °C (bath temp, 1 T o r r ) ; 
T L C , Rt 0.64 (30: 1 benzene-ethyl acetate, 3 developments); 
I R (neat) , 3310—3400 (s), 1650 (m), 1465 (s), 1015 (s), and 
895 c m - 1 (s); N M R (CCLJ, 3.97 ( I H , m, C H - O ) , 4.80 and 
4.96 (2H, s, CH 2 =) ; M S (m/e), 184 (2), 155 (3), 127 (15), 113 
(25), and 71 (100). 

Found : C, 78 .1 ; H , 13.0%. Calcd for C 1 2 H 2 4 0 : C, 78.2; 
H , 1 3 . 1 % . 

(E)-6-Methyl-6-undecen-5-ol (13). A sample free from 
11 was produced by preparat ive T L C purification (30: 1 ben­
zene-ethyl acetate, 3 developments): bp 105 °C (bath temp, 
1 T o r r ) ; T L C , Rt 0.55 (30: 1 benzene-ethyl acetate, 3 devel­
o p m e n t s ) ; I R (neat) , 3310—3400 (s), 1470 (s), 1010 (s), and 
850 c m - 1 (w); N M R (CCLJ, 1.60 (3H, s, C H 3 - C = ) , 3.90 ( I H , 
bt, C H - O ) , and 5.33 ( I H , t, C H = ) ; M S (m/e), 184 (4), 155 
(8), 127 (66), 109 (30), and 71 (100). 

Found : C, 78.0; H , 1 3 . 1 % . Calcd for C 1 2 H 2 4 0 : C, 78.2; 
H , 1 3 . 1 % . 

A small aliquot was acetylated with Ac a O-pyr id ine . G L P C 
analysis (10%, Apiezon, 210 °C, 1.0 kg/cm2) showed tha t the 
product was ^>96 % pure . 
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Alternative Synthesis of a Mixture of 13 and 14.11) T o a 
slurry of ethyltr iphenylphosphonium bromide (2.32 g, 6.0 
mmol) in T H F (10 ml) was added dropwise butyll i thium (4.6 
ml of a 1.3 M hexane solution, 6.0 mmol) at 0 °G. After 
stirring at 0 °G for 30 min, the resulting red ylide solution was 
cooled to — 78 °G and treated with pentanal (516 mg, 6.0 
mmol) dissolved in T H F (5 ml) . Butyllithium (4.6 ml of a 
1.3 M hexane solution, 6.0 mmol) was added dropwise at this 
temperature to effect immediate red coloring. T o this solution 
was added pentanal (516 mg, 6.0 mmol) dissolved in T H F (5 
ml) , and the solution was brought to room temperature and 
stirred for 2 h. T h e reaction mixture was poured into ice-cold 
water, and the product was extracted with ether. T h e ethereal 
solution was dried and freed of the solvent to leave a crude 
oil, which was purified by preparat ive T L G (4: 1 h e x a n e -
ether) to furnish a mixture of 13 and 14 (820 mg, 7 4 % yield). 
G L P G analysis as described above showed the ratio of 13 : 14 
84: 16. 

(E,E)-3,7,1 l-Trimethyldodeca-2,7,1l-triene-l,6,10-triol (17) : 
T h e title compound was prepared from 15 by the reaction of 
10 equiv. of D A T M P in benzene at 0 °G for 3 h : T L G , Rt 

0.25 (ether) ; I R (neat), 3260—3400 (s), 1650 (m), 1450 (s), 
1000 (s), and 900 cm" 1 (m) ; N M R (GDG13), 1.64—1.80 (9H, 
bs, GH 3 -G=) , 3.83—4.69 (4H, m, C H 2 - 0 and G H - O ) , 4.80— 
5.12 (2H, d, GH2=), and 5.20—5.77 (2H, m, GH=). 

T h e microanalysis was performed after trimethylsilylation of 
both hydroxyl groups. 

Found : G, 61 .5 ; H , 10.5%. Galcd for C 2 4H 5 0O 3Si 3 : G, 
61 .3 ; H , 10.6%. 

T h e a u t h o r s wi sh to t h a n k t h e M i n i s t r y of E d u c t i o n , 
J a p a n , for G r a n t - i n - A i d ( N o . 0 1 1 0 1 0 , 110309 , 2 0 3 0 1 4 , 
a n d 3 0 3 0 2 3 ) . 
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Syntheses of Capreomycin Analogs in Relation to Their 
Antibacterial Activities1) 

Shinya NOMOTO and Tetsuo SHIBA* 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received December 11, 1978) 

Six analogs of an antituberculous antibiotic capreomycin were synthesized in order to clarify the structure-
activity relationship, especially with regard to the significance of the ß-amino group in oc,/?-diaminopropionic acid 
residue as well as the position of linkage of the branch residue, /^-lysine, to the cyclic peptide moiety. All 
the synthetic products were found to have the same conformations in solution as those of the natural antibiotics in 
terms of NMR spectra. It was found from their antibacterial activities that an amino group located at /^-position 
of the a,/5-diaminopropionic acid residue adjacent to ureidodehydroalanine residue remarkably strengthens the 
biological activity, and that the position of a branch does not significantly influence the antibacterial potency. 

Peptide antibiotics such as, capreomycin,2) viomycin,3) 
and tuberactinomycin,4) show comparable antitubercu­
lous activities. From a structural point of view, these 
antibiotics constitute one group of branched cyclic 
pentapeptides with analogous amino acid sequence (Figs. 
1 and 2). However, capreomycin, whose chemical 
structure was established,5) is structurally unique. The 
Ser4 residue6) in all tuberactinomycins including viomy­
cin (tuberactinomycin B) is replaced by A2pr7) residue 
in capreomycins. This antibiotic contains one more 
amino group in its molecule than in tuberactinomycin. 
Capreomycin differs from tuberactinomycin in the posi­
tion of linkage of the branch part , i.e., /?-Lys or y-Hy-
/?-Lys,7) to the cyclic pentapeptide moieties, which is of 
interest in connection with the structure-activity rela­
tionship as well as biosynthesis of capreomycin. 

Little is known about structural requirements for the 
antimicrobial activity of capreomycin so far. Syntheses 
of several capreomycin analogs have been carried out in 

[31 
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0 I H 
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Fig. 1. Structures of capreomycins. 
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Fig. 2. Structures of tuberactinomycins. 

Fig. 3. Structures of capreomycin analogs synthesized. 

the present study in order to clarify how the above-
mentioned structural differences between capreomycin 
and tuberactinomycin are reflected on the antibacterial 
activity. 

Capreomycin analogs and related compounds synthe­
sized are summarized in Fig. 3. Capreomycin I IA and 
I IB lacking ß-hys residue in capreomycin IA and IB 
molecules, respectively, were obtained from natural 
sources as minor components of the antibiotics.8) 
Capreomycin I IA and I IB have comparable antibacte­
rial activities to those of IA and IB,9) whereas a similar 
cyclic moiety of tuberactinomycin, i.e., tuberactinamine 
N shows less activity than tuberactinomycin itself.10) I t 
was suggested that the ß-amino group of A2pr4 residue6) 
in capreomycin I I might act to enhance the antibacterial 
activity. For the sake of confirmation, we compared not 
only the antimicrobial spectra of tuberactinamine N and 
capreomycin I IA and I IB synthesized here, under the 
same conditions, but also those of tuberactinomycin O 
and so-called pseudocapreomycin IB whose branch par t 
is linked to the second amino acid (A2pr) residue in a 
similar way to that of the former. [Orn4]-Capreomycin 
IIB6) and reversecapreomycin I IB , in which the positions 
of Ala3 and A2pr4 residue in capreomycin I IB are 
exchanged, were also synthesized for the purpose of 
observing the effects of the length of the side chain in 
the basic amino acid residue and its sequential position. 
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In order to prepare a more potent analog of this 
antibiotic than natural capreomycin or tuberactinomy-
cin, and taking into account the fact that the addition of 
/9-lysine branch to the cyclic peptide moiety virtually 
increases the biological activity in the case of tuberac-
tinomycin, introduction of /J-Lys to the free a-amino 
group of A2pr2 residue6) in capreomycin IB, viz-, the 
preparat ion of di-/?-Lys-capreomycin I IB, was under­
taken. 

Bzl 
I 7 

(a) Ser , 
Boc —A 2pr-» or -»A2pr-

(b) Ala 

N0 2 

-Cpd<—Dea< 

1) H2-Pd (a) Ser 
•^•A2pr-> or -»A2pr-

(b) Ala 2) H + 

3) Urea 
— Cpd<—Uda< 

2a or 2b 

la or lb 

Fig. 4. Synthetic scheme for capreomycin IIA(2a) and 
IIB (2b). 

Syntheses of Capreomycin IIA and IIB. The protected 
cyclopentapeptides l a and l b (Fig. 4), whose syntheses 
were reported in the total syntheses of capreomycin IA 
and IB,5) were deprotected by catalytic reduction follow­
ed by acid treatment. T h e products were immediately 
treated with excess urea in order to convert the aldehyde 
group liberated from Dea7) into Uda7) residue, affording 
capreomycin I IA and I IB (2a and 2b) . 

NO 2 

Cpd A 2pr 

Nps-

Nps 

Nps 

(a) A2pr Ala 

or Z 
I 

(b) Ala Orn 

Boc 

Dea 

Boc-

Boc-

Boc-

HCl-EtOH 

•ONSu H-

NMM 

ONSu II-

NMM 

5a or 5b 

6a or 6b 

Boc-JZ 
I ICI-I; tOH 

OH H -j 

DCC-HOBt, NMM 

Boc-
8a or 8b 

NaOH 

9a or 9b 

1) DCC-HONSu 2) H + 3) Pyridine 

-OEt.AcOH 

L 
B o c -

10a or 10b 

-OEt 

- O E t - H C l 

-OEt 

-OEt -HCl 

-OEt 

-OH 

Fig. 6. Synthetic scheme for protected cyclopentapep­
tides 10a and 10b. 

l b • 

1) HC00H 

Boc 

2) Boc-ß-Lys-ONSu 

NEt 3 

Boc Z 
-> Boc-ß-Lys —A 2pr-> Ala-»A 2pr —. 

NO 2 
_Cpd<—Dea<-1 

1) KCOOK 

2) H2-Pd 

3) H + 

4) Urea 

-Lys — A2pr-»Ala-»A2pr 

Î 
1 Cpd<—Uda 

] 
Fig. 5. Synthetic scheme for pseudocapreomycin IB (4). 

Synthesis of Pseudocapreomycin IB. After cleavage 
of the Boc7) group in l b (Fig. 5) with 99 % formic acid, 
Boc-ß-Lys(Boc) residue was introduced to the a-amino 
group of the A2pr2 residue by the ONSu7) active ester 

Boc— A 2pr-» 

Z 

(a) A 2pr-»Ala 1) HC00H 

Z 

(b) Ala—» Orn 

N 0 2 

-Cpd<—Deaf-J 

2) H2-Pd 

3) H + 

4) Urea 

(a) A2pr->Ala 
-> A2pr-> or 

(b) Ala—> Orn 

-Cpdf— Uda «J 

11a or lib 

10a or 10b 

Fig. 7. Synthetic scheme for reversecapreomycin IIB 
( l ia) and [Orn4]-capreomycin IIB(l lb) . 

method. The product 3 was subsequently converted into 
pseudocapreomycin IB (4) through successive removal 
of Boc, Z, and nitro groups followed by the transforma­
tion of Dea into U d a residue. 

Syntheses of Reversecapreomycin IIB and [Orn*]-Capreomycin 
IIB. The synthetic schemes for these compounds 

i 
Boc-3-Lys 1 Boc-S-Lys-ONSu j 

2b > Boc-S-Lys —A 2pr-»Ala-»A 2pr 
NEt 3 

H2-Pd 

Boc 
I 

Boc-3-Lys-ONSu 

Boc 
I 

^ Boc- ß-Lys — A2pr-> Ala-» A 2pr 

ß-Lys-

Lys—A 2pr-»Ala-»A 2pr—î 

Uda J Cpd4 

13 

Fig. 8. Synthetic scheme for di-^-Lys-capreomycin IIB (13). 
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are given in Figs. 6 and 7. The C-terminal tripeptides 
(6a) and (6b) were prepared by the stepwise elongation 
method from the C-terminal utilizing ONSu active 
esters. Cleavage of Boc groups in dipeptides (5a) and 
(5b) was carried out in ethanol, otherwise severe decom­
position occurred at diethyl acetal group of Dea residue. 

The N-terminal dipeptide 712) was condensed with 
deprotected C-terminal tripeptides (6a) and (6b) by 

means of DCC-HOBt 7) to afford linear pentapeptides 
(8a) and (8b), which were then cyclized by the ONSu 
active ester method. Conversion of the protected cyclic 
pentapeptides (10a) and (10b) thus obtained into the 
final products (11a) and ( l i b ) were carried out as in 
the preparat ion of capreomycin I I A (2a) or I IB (2b). 

Synthesis of Di-ß-Lys-capreomycin IIB. This analog 
was prepared in the following two ways. Route A (Fig. 

TABLE l.a> CHEMICAL SHIFTS (6) OF CAPREOMYCIN ANALOGS IN D 2 0-TFA (4: 1) 

Position of 
amino acid 
residue 

1 

2 

3 

4 

5 
6 

Position of 
amino acid 
residue 

i 

2 

3 

4 

5 
6 

a-CH2 

jff-CH 
y-CH2 

(S-CH2 

e-CH2 

a-CH 
£-CH2 

a-CH 
£-CH2 

£-CH3 

a-CH 
£-CH2 

£-CH 
a-CH 
£-CH 
y-CH2 

<5-CH2 

a-CH, 

/3-CH 
y-CH2 

<5-CH2 

e-CH2 

a-CH 
|S-CH2 

a-CH 
£-CH2 

£-CH3 

a-CH 
/5-CH2 

/5-CH3 

y-CH2 

3-CH2 

/?-CH 
a-CH 
/S-CH 
y-CH2 

<5-CH2 

C p m l A 

2.63(dd) 
2.85(dd) 
3.8 (m) 
1.8 (m) 
1.8 (m) 
3.10(m) 

4.3—4.5(m) 
3.3 (m) 
3.8 (m) 
4 . 8 6 ( t ) 
3 .84 (d ) 

4.3—4.5(m) 
3.7 4 .3(m) 

8.04( s ) 
5 .01 (d ) 
4.5 (m) 

1.6—2.3(m) 
3.3 (m) 

Pseudo 
C p m l B 

2.65(dd) 
2.83(dd) 
3.7 (m) 
1.8 (m) 
1.8 (m) 
3.08(m) 
4.68(dd) 
3.2 (m) 
4.1 (m) 
4 . 7 4 ( q ) 

1.45(d) 
4.3—4.5(m) 
3.6—4.1 (m) 

8.03( s ) 
4 . 9 7 ( d ) 
4.5 (m) 

1.6—2.3 (m) 
3.3 (m) 

CpmlB 

2.50(dd) 
2.81(dd) 
3.7 (m) 
1.8 (m) 
1.8 (m) 
3.08(m) 

4.2—4.5(m) 
3.3(m) 
3.8(m) 
4 . 6 7 ( q ) 

1.43(d) 
4.2—4.5(m) 
3.7—4.2(m) 

8.03( s ) 
4 . 9 6 ( d ) 
4.5 (m) 

1.6—2.3(m) 
3.3 (m) 

Reverse 
Cpm IIB 

4.3—4.6(m) 
3.3 (m) 
4.1 (m) 
5.18(dd) 
3.60(dd) 

4 . 0 ^ . 4 ( m ) 

4 . 3 3 ( q ) 

1.46(d) 

8.05( s ) 
5 . 0 2 ( s ) 
4.5 (m) 

1.6—2.3(m) 
3.3 (m) 

Cpm IIA 

4.3—4.6(m) 
3.3 (m) 
4.1 (m) 
4 . 8 4 ( t ) 
3 . 9 5 ( d ) 

4.3—4.5(m) 
3.7—4.2(m) 

8.05( s ) 
5 .01 (d ) 
4.5 (m) 

1.6—2.3(m) 
3.3 (m) 

[Orn4]-
Cpm IIB 

4 . 1 ^ . 4 ( m ) 
3.4 (m) 
4.1 (m) 
4 . 6 8 ( q ) 

1.47(d) 
4.1—4.5(m) 

2.0 (m) 

1.8 (m) 
3 . 0 8 ( t ) 
8.06( s ) 
4 . 9 7 ( d ) 
4.4 (m) 

1.6—2.3(m) 
3.3 (m) 

Cpm IIB 

4.3—4.6(m) 
3.3 (m) 
4.1 (m) 
4 . 6 8 ( q ) 

1.45(d) 
4.3—4.5(m) 

3.79(dd) 
3.8—4.2 (m) 

8.04( s ) 
4 . 9 5 ( d ) 
4.5 (m) 

1.6—2.3(m) 
3.3 (m) 

Di-/?-Lys-
Cpm IIB 

2.7—3.0(m) 

3.8 (m) 
1.8 (m) 
1.8 (m) 
3.10(m) 
4.68(dd) 
3.4 (m) 
4.0 (m) 
4 . 6 9 ( q ) 

1.43(d) 
4.3—4.6(m) 
3.6—4.1 (m) 

8 . 0 2 ( s ) 
5 .97 (d ) 
4.4 (m) 

1.6—2.3 (m) 
3.3 (m) 

a) Abbreviation: Cpm, capreomycin. 
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TABLE 2.a) CHEMICAL SHIFTS (<5) OF NH PROTONS OF CAPREOMYCIN ANALOGS IN H 2 0 (pH 2.5) 

1 
2 
3 
4 
5 
6b> 
7b) 

8 
9 

10 
11 
12 

GpmlA 

9 . 3 3 ( d ) 
9 .24 (d ) 
8.82 ( s ) 
8 .64 (d ) 

8.22( t ) 
8 . 1 0 ( t ) 
7 .61(d ) 
7.46( s ) 
7.46( s ) 
6.48( s ) 
6.29( s ) 

CpmlB 

9 .72 (d ) 
9 .24 (d ) 
8.76( s ) 
8 .68 (d ) 

8 . 1 5 ( t ) 
8 . 1 5 ( t ) 
7 .62(d ) 
7 . 4 2 ( B ) 

7 . 4 2 ( s ) 
6.49( s ) 
6.34( s ) 

Cpm IIA 

9 . 6 0 ( d ) 
9 . 3 3 ( d ) 
9.10( s ) 
8 .73 (d ) 

8 . 1 9 ( t ) 
7 .50(d ) 
7.44( s ) 
7.31 ( s ) 
6.43( s ) 
6.29( s ) 

Cpm IIB 

9 .50 (d ) 
9 .30 (d ) 
9.10( s ) 
8 .73 (d ) 

8 . 0 8 ( t ) 
7 .49 (d ) 
7.44( s ) 
7.18( s ) 
6.34( s ) 
6 . 2 7 ( s ) 

Pseudo 
CpmlB 

9 .43 (d ) 
9 .29 (d ) 
9.05( s ) 
8 .59 (d ) 
8 .44 (d ) 

7 . 9 5 ( t ) 
7 .50 (d ) 
7.44( s ) 
7.23( s ) 
6.44( s ) 
6 . 2 9 ( s ) 

Reverse 
Cpm IIB 

9 .61 (d ) 
9 . 2 5 ( d ) 
8.88( s ) 
8 .78 (d ) 

8 . 2 7 ( t ) 
7 .68(d ) 
7.41 ( s ) 
7.41 ( s ) 
6.45( s ) 
6 . 2 3 ( s ) 

[Orn4]-
Cpm IIB 

9 .39 (d ) 
9 .28 (d ) 
8 . 8 2 ( s ) 
8 .78(d) 

8 . 0 9 ( t ) 
7 .72(d) 
7.39( s ) 
7 . 1 7 ( s ) 
6.49( s ) 
6.31 ( s ) 

Di-jg-Lys-
Cpm IIB 

9 .20(d) 
9 .19(d) 
8.77( s ) 
8 .58(d) 
8 .41(d) 
8 . 1 2 ( t ) 
8 . 0 0 ( t ) 
7 .61(d) 
7.40( s ) 
7.40( s ) 
6.46( s ) 
6.30( s ) 

a) Abbreviation: Cpm, capreomycin. b) The chemical shifts of protons 6 and 7 are exchangeable. 

.0) 

,0™ L 

(5) 

V " - , • 

0 • 0 

i H ( , 0 ) 

(6) 

R3: p-Lys-NH- in CpmlA.IB 
and di-p-Lys-Cpm IIB 

8) : Boc-/?-Lys(Boc) residue was introduced simultane­
ously to both the a-amino group of A2pr2 and /?-amino 
group of A2pr4 in capreomycin I IB (2b). Subsequently, 
four Boc groups in the product 12 were removed to 
afford di-ß-Lys-capreomycin I IB (13). Route B (Fig. 8) : 
when the protected hexapeptide (3, Fig. 5) was hydro-
genated in the presence of Boc-/?-Lys(Boc)-ONSu, a 
heptapeptide 14 was directly obtained in a good yield 
without cleavage of the nitro group as well as JV,iV-acyl 
migration at the A2pr4 residue.5) The hexapeptide 14 
was then subjected to deprotection followed by conver­
sion of Dea into U d a residue. 

The advantage of route B over route A lies in its 
applicability to a possible need in which analogs possess­
ing different kinds of amino acid residues at two branch 
positions are required. 

NMR Analysis. The N M R spectral data of 
capreomycin analogs prepared in this study are summa­
rized in Tables 1 and 2, together with those of natural 

antibiotics for comparison. Assignment of each signal 
was performed by means of decoupling technique and 
a comparison with the spectra of natural antibiotics.11,12) 

The cyclic peptide moieties of tuberactinomycin and 
capreomycin as well as tuberactinomycin analogs have 
a stable and rigid conformation with an intramolecular 
hydrogen bond in commom as shown in Figs. 1 and 
2,11a) This [s shown in particular by constant chemical 
shifts of each a -NH and a -CH signal in all the cyclic 
moieties. The fact that all capreomycin analogs show 
similar N M R spectral patterns to those of the natural 
ones, especially with respect to signals of a -NH and 
a-CH, indicates the conformational similarity of the 
analogs to the natural antibiotics. 

Antibacterial Activities. The minimum inhibitory 
concentrations of capreomycin analogs were determined 
by a serial agar dilution method (Table 3). Both 
capreomycin H A and I IB showed apparently greater 
activities than the corresponding tuberactinamine N, 

TABLE 3. MINIMUM INHIBITORY CONCENTRATIONS (mcg/ml) OF CAPREOMYCIN ANALOGS 

Test organism 

Staphylococcus epidermidis sp-al-1 
Streptococcus pyogenes 1022 
Streptococcus agalactiae 1020 
Corynebacterium diphtheriae P.W.8 
Bacillus subtilis ATCC 6633 
Escherichia coli B 
Klebsiella pneumoniae ATCC 10031 
Salmonella typhosa H 901 
Shigella sonnei E 33 
Proteus vulgaris OX 19 
Mycobacterium ATCC 607 

Cpm 
IA 

100 
>100 
>100 

3.1 
25 
50 
25 
25 
50 
50 
6.3 

Cpm 
IB 

>100 
>100 
>100 

3.1 
25 

100 
50 
50 

100 
50 
6.3 

Turn 
O 

>100 
>100 

— 
3.1 

50 
100 
25 

100 
50 
50 
6.3 

Tua 
N 

>100 
>100 

— 
50 

>100 
>100 
>100 
>100 
>100 
>100 

50 

Cpm 
IIA 

>100 
50 
50 
6.3 

50 
50 
25 
50 

100 
50 
25 

Cpm 
IIB 

>100 
50 

100 
6. 

25 
100 
25 
50 

100 
100 
12. 

Pseudo Reverse [Orn4]-
Cpm IB Cpm IIB Cpm IIB 

50 >100 
50 100 

>100 >100 
3 1.6 100 

6.3 100 
50 >100 
25 >100 
25 >100 

100 >100 
50 >100 

5 12.5 100 

>100 
100 
100 
25 
50 

>100 
100 

>100 
>100 
>100 

25 

Di-ß-Lys-
Cpm IIB 

50 
>100 
>100 

1.6 
3.1 

100 
50 
50 

100 
100 

3.1 

a) Abbreviations: Cpm, capreomycin; Turn tuberactinomycin; Tua, tuberactinamine. 
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being comparable to Turn O, whereas activities of both 
reversecapreomycin I IB and [Orn4]-capreomycin I IB 
proved to be weaker than that of capreomycin I IB , being 
comparable to that of tuberactinamine N . O n the other 
hand, pseudocapreomycin IB and di-/?-Lys-capreomycin 
I IB showed even slightly greater activities than those of 
capreomycin IB or tuberactinomycin O . 

Structure-activity Relationship. Both capreomycin 
I IA and I IB lacking the /?-Lys branch showed stronger 
activities than tuberactinamine N which is also a cyclic 
peptide having no branch part . I t is suggested that the 
/?-amino group of A2pr4 residue promotes biological 
potency, although no such effect could be recognized 
for the same /?-amino group of A2pr4 residue in pseudo­
capreomycin IB as compared with tuberactinomycin O . 
A possible explanation is as follows: the antibacterial 
potency of tuberactinomycin or capreomycin I might 
reach the upper limit in this sort of peptide antibiotics, 
since no synthetic analog has been found remarkably 
more active than the natural antibiotics so far. 

Weaker activities of both [Orn 4 ] - and reversecapreo­
mycin I IB apparently indicate the significance of the 
location of /?-amino group of A2pr4 residue for its 
function as an activity-enhancing group. 

A comparable activity of pseudocapreomycin IB to 
natural capreomycin IA or IB may imply that the 
effectiveness of /?-Lys residue does not differ so much at 
either position of A2pr residues for the enhancement of 
antibacterial activity. However, even if two /?-Lys 
residues were attached to both amino groups, no signifi­
cant increase of the activity was observed as seen in the 
case of di-^-Lys-capreomycin I IB . 

E x p e r i m e n t a l 

All the melting points are uncorrected. NMR spectra were 
recorded with a Varian XL-100-15 spectrometer using sodium 
dimethylsilapentanesulfonate as an internal standard. Specific 
rotations were measured with a Perkin-Elmer 141 Polarimeter. 
Molecular weights were determined with a Knauer vapor 
pressure osmometer using DMF as a solvent. 

Capreomycin HA (2a). A protected cyclopentapeptide 
la5> (170 mg, 0.180 mmol) was treated with 99 % formic acid 
(5 ml) at room temperature for 1 h. After removal of formic 
acid by evaporation, the product was hydrogenated with 
palladium black in methanol. The filtrate from catalyst was 
concentrated in vacuo. The residue was dissolved in 1 M 
hydrochloric acid-acetone (1:1) (5 ml) and heated under 
reflux for 10 min. To the cooled solution was added urea 
(500 mg, 8.33 mmol) and the mixture was stirred at room 
temperature overnight. After evaporation of the solvent in 
vacuo, ethanol was added to the residue to form a white 
precipitate, which was reprecipitated from water-methanol-
ethanol, yield 99 mg (84.6 % ) , mp 250 °C (dec), [a]3

D
3 +9.3° 

(c 2.8, H 2 0) . Found: C, 34.77; H, 5.60; N, 25.13; CI, 15.35 
%. Galcdfor C19H35N1207C13 • 1/2H20. l/2CH3OH: G, 34.70; 
H, 5.67; N, 24.90; CI, 15.76 %. 

Capreomycin IIB (2b). The compound was prepared 
from a protected cyclopentapeptide lb5) (150 mg, 0.179 mmol) 
in a similar manner to that for 2a, yield 93 mg (81.6 %) , mp 
252 °C (dec), [a]2

D
3 -24.9° (c 0.57, H 2 0) . Found: C, 31.99; 

H, 6.15; N, 23.82; CI, 15.24 %. Calcd for C19H35N1206C13 • 
4H 2 0: C, 32.32; H, 6.14; N, 23.81; CI, 15.07 %. 

Cyclo [Boc-ß-Iys (Boc)-A.2pr-Ala-A2pr (Z) -Dea-Cpd(NOJ] 
(3). 

Compound lb5> (300 mg, 0.359 mmol) was treated with 99 
% formic acid at room temperature for 2 h. Formic acid was 
removed in vacuo and the residue was dried over sodium 
hydroxide under reduced pressure. The white powder thus 
obtained was then coupled with Boc-/3-Lys(Boc)-ONSu10> (191 
mg, 0.431 mmol) in DMF (2 ml) in the presence of triethyl-
amine (54 mg, 0.538 mmol) at room temperature for 40 h. 
To the reaction mixture was added chloroform to form a 
gelatinous precipitate (335 mg, 87.7 % ) . The product was 
reprecipitated from DMF-ether for elemental analysis, mp 
240 °C (dec), [oc]2D

3 -43.7° (c 0.90, DMF). Found: C, 50.36; 
H, 6.81; N, 17.13%. Calcd for C46H73N13016 • 3/2H20 : C, 
50.63; H, 7.02; N, 16.69%. 

Pseudocapreomycin IB (4). Deprotection of 3 (110 mg, 
0.132 mmol) and conversion of Dea into Uda residue were 
carried out as in the preparation of 2a, yield 62 mg (74 % ) , 
mp 245 °C (dec), [a] g -30.7° (c 0.61, H 2 0) . Found: C, 
37.44; H, 6.09; N, 24.27 %. Calcd for C25H48N1407C14 : C, 
37.60; H, 6.06; N, 24.56%. 

Boc-Orn(Z)-Dea-OEt (5b). Z-Dea-OEt5b> ( 12.4 g, 36.6 
mmol) was hydrogenated with palladium black catalyst in 
ethanol (100 ml) in the presence of acetic acid (4.40 g, 73.2 
mmol) to give an oil of H-Dea-OEt • AcOH. This was then 
dissolved in ethyl acetate (30 ml) and added dropwise to an 
ice-cooled solution of Boc-Orn(Z)-ONSu (17.0 g, 36.6 mmol) 
in ethyl acetate (30 ml) with stirring. Subsequently, iV-meth-
ylmorpholine (4.44 g, 43.9 mmol) was added dropwise and the 
mixture was stirred at 0 °C for 2 h and at room temperature 
for 16 h. The solution was washed with 10 % aqueous citric 
acid, saturated aqueous sodium hydrogencarbonate and brine. 
The organic layer was dried over anhydrous magnesium 
sulfate and concentrated in vacuo to afford a white solid (17.1 
g, 84.7 % ) . It was recrystallized from ethyl acetate-hexane, 
mp 62—63 °C, [a]2

D
8 - 5 .9 ° (c 2.4, DMF). Found: C, 57.91; 

H, 7.96; N, 7.27%. Calcd for C27H43N309-1/2H20: C, 
57.67; H, 7.89; N, 7.47%. 

Boc-A2pr(Z)-Ala-Dea-OEt (6a), A protected tripeptide 
6a was obtained from Boc-A2pr(Z)-ONSu12> (10.0 g, 22.9 
mmol) and Z-Ala-Dea-OEt (5a)12) (9.40 g, 22.9 mmol) in a 
similar way to that in the preparation of 5b, yield 11.7 g 
(85.3 % ) , mp 94—96 °C, [oc]̂ 3 -10.7° (c 2.4, DMF). Found: 
C, 56.69; H, 7.48; N, 9.45%. Calcd for C28H44N4O10: C, 
56.36; H, 7.43; N, 9.39 %. 

Boc-Ala-Orn(Z)-Dea-OEt (6b). Compound 5b (6.00 g, 
10.8 mmol) was treated with 28 ml of 5.8 M hydrogen chloride 
in ethanol at room temperature for 90 min. Benzene (300 ml) 
was added to the solution, which was then lyophilized. After 
the same procedure had been repeated twice, the resulting 
white powder was dried over sodium hydroxide under reduced 
pressure. To a solution of the deprotected dipeptide thus 
obtained and Boc-Ala-ONSu (3.10 g, 10.8 mmol) in ethyl 
acetate (70 ml) was added iV-methylmorpholine (1.32 g, 13.0 
mmol) dropwise at 0 °C with stirring. After being stirred at 
0 °C for 2 h and then at room temperature for 16 h, the 
solution was washed with 10 % aqueous citric acid, saturated 
aqueous sodium hydrogencarbonate and brine successively, 
and dried over anhydrous magnesium sulfate. When ethyl 
acetate was removed in vacuo, a white solid (6.06 g, 89.5 %) 
was obtained. For elemental analysis, the product was recrys­
tallized from ethylacetate-hexane, mp 70—75 °C, [ocJo —4.3° 
(c 2.3, DMF). Found: C, 57.49; H, 7.68; N, 8.96%. Calcd 
for C30H48N4O10: C, 57.68; H, 7.74; N, 8.97 %. 

Boc-A2pr(Nps-Cpd(N02))-Azpr(Z)-Ala-Dea-OEt (8a). 
Removal of Boc group in 6a (2.36 g, 3.95 mmol) was carried 
out as in the preparation of 6b. The deprotected tripeptide 
obtained above was dissolved in DMF (15 ml) together with 
dipeptide 712> (2.00 g, 3.59 mmol), HOBt (680 mg, 5.03 mmol), 
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iV-methylmorpholine (436 mg, 4.31 mmol) , and D C C (815 mg, 
3.95 mmol) at 0 °C with stirring. Stirring was continued at 
0 °C for 2 h and at room temperature for 16 h. T h e solution 
was filtered and concentrated in vacuo. The resulting oily 
residue was dissolved in ethyl acetate, washed with 10 % 
aqueous citric acid, saturated aqueous sodium hydrogencar-
bonate and brine successively and dried over anhydrous 
magnesium sulfate. The solution was concentrated in vacuo 
to give a yellow solid (3.30 g, 88.7 % ) . For elemental 
analysis, it was reprecipitated from T H F - e t h e r , m p 136—140 
°C (dec), [a] g + 3 2 . 9 ° (c 2.0, D M F ) . Found : C, 49.19; H , 
6.08; N , 15.78; S, 2.96 %. Calcd for C 4 3 H 6 2 N 1 2 0 1 6 S . H 2 0 : 
G, 49.04; H , 6.13; N , 15.96; S, 3.04 % . 

Boc-A2pr(Nps-Cpd(N02))-Ala-Orn(Z)-Dea-OEt (8b). 
The compound was obtained from 6 b (3.37, 5.39 mmol) and 
712) (3.00 g, 5.39 mmol) as a yellow solid according to the 
method used for 8a, yield 4.89 g (85.3 % ) , m p 155—160 °G 
(dec), [a]g + 3 8 . 0 ° (c 1.8, D M F ) . Found : C, 50.70; H , 6 .33; 
N, 15.40; S, 3 . 0 3 % . Calcd for C 4 5 H 6 6 N 1 2 0 1 6 S: C, 50.84; 
H , 6.26; N , 15.81; S, 3.02 % . 

Boc-A2pr(Nps-Cpd(N02))-A2pr(Z)-Ala-Dea-OH (9a). 
T o a suspension of 8a (3.00 g, 2.90 mmol) in ethanol (5 ml) 
was added 2.2 ml of 2 M aqueous sodium hydroxide. After 
being stirred at room temperature for 30 min, the solution was 
diluted with water (50 ml) , and acidified with 10 % aqueous 
citric acid. T h e precipitated oil was extracted wi th ethyl 
acetate. The organic layer was washed with brine and dried 
over anhydrous magnesium sulfate. When the solvent was 
removed in vacuo, a yellow solid (2.45 g, 83.9 % ) was obtained. 
I t was reprecipitated from T H F - e t h e r for elemental analysis, 
mp 134—137 °C (dec), [a] g + 4 2 . 5 ° (c 1.7, D M F ) . Found : 
C, 48.64; H , 6.05; N , 15.98; S, 3.07 % . Calcd for C4 1H5 8N1 2-
0 1 6 S - 1 / 2 H 2 0 . 1 / 2 C 4 H 8 0 : C, 49.09; H , 6.04; N , 15.98; S, 
3.05 % . 

Boc-A2pr( Nps-Cpd( N02) )-Ala-Orn(Z)-Dea-OH (9b). 
This pept ide was obtained as a yellow solid from 8 b (4.44 g, 
4.18 mmol) according to the method used in the preparat ion 
of 9 a : yield 3.91 g ( 9 0 . 5 % ) , m p 125—130 °G (dec), [a]g 
+ 34.0° (c 1.9, D M F ) . Found : C, 49.94; H , 6.27; N , 15.18; 
S, 2.79 % . Calcd for C 4 3 H 6 2 N 1 2 0 1 6 S• l / 2 H 2 0 • l / 2 C 4 H s O : C, 
50.04; H , 6.25; N , 15.56; S, 2.97 % . 

Cyclo{Boc-A2pr-A2pr(Z)-Ala-Dea-Cpd(N02)] (10a). T o 
a solution of 9a (2.20 g, 2.19 mmol) and H O N S u (276 mg, 
2.40 mmol) in T H F (10 ml) , was added D C C (496 mg, 2.40 
mmol) with stirring room temperature . After being stirred for 
5 h, the solution was filtered and concentrated in vacuo. T h e 
residual yellow oil was t r i turated with hexane to give a yellow 
powder of the O N S u ester of 9a, yield 2.51 g. Only an oil 
was obtained in spite of efforts to crystallize the product . 

T o a solution of the active ester obtained above in T H F 
(3 ml) was added 1.85 ml of 2.7 M hydrogen chloride in 
T H F dropwise with stirring at 0 °C, stirring being continued 
for 30 min. Ether was added to the solution to obtain a 
pale yellow powder (1 .94g) . 

T h e deprotected pept ide active ester thus prepared was then 
dissolved in D M F (200 ml) and added slowly to pyridine (2 1) 
with vigorous stirring for 40 h, stirring being continued for 
20 h. T h e solution was then concentrated in vacuo. T h e 
desired cyclic pentapept ide 10a was isolated by silica gel 
column chromatography using a mixture of chloroform and 
methanol (19: 1) as an eluting solvent. The product was 
recrystallized from hot methanol to give fine needles (441 mg, 
26.5 % based on 9a ) , m p > 2 5 0 °C, [oc]2D

3 - 3 8 . 1 ° (c 1.2, D M F ) . 
Found: C, 49.42; H , 6.32; N , 18.21 % ; molecular weight, 781 . 
Calcd for C 3 5 H 5 3 N n 0 1 3 . H 2 0 : C, 49.23; H , 6.49; N, 18.04 % ; 
molecular weight, 854. 

Cyclo[Boc-A2pr-Ala-Orn(Z)-Dea-Cpd(N02)] (10b). T h e 

cyclopentapeptide was obtained from 9b (3.70 g, 3.57 mmol) 
according to the method used for 10a as fine needles (561 mg, 
20.1 % ) , m p 2 5 0 ° C , [a]g - 4 4 . 7 ° (c 1.6, D M F ) . Found: C, 
51.04; H , 6.64; N, 1 7 . 6 6 % ; molecular weight, 743. Calcd 
for C 3 7 H 5 7 N n 0 1 3 . l / 2 H 2 0 : C, 50.91; H , 6.70; N, 1 7 . 6 5 % ; 
molecular weight, 873. 

Reversecapreomycin IIB (IIa). This analog was synthe­
sized from 10a (150 mg, 0.179 mmol) as in the preparat ion of 
capreomycin I IA, yield 101 mg (88.6 % ) , m p > 2 5 0 °C, [oc]£8 

+ 29.2° (c 0.26, H 2 0 ) . Found : C, 31.15; H , 5.99; N, 22.80; 
CI, 1 4 . 5 5 % . Calcd for C 1 9 H 3 5 N 1 2 0 6 C1 3 . 5 .5H 2 0 : C, 31.13; 
H , 6.33; N, 22.93; CI, 14.51 % . 

[Orn^-Capreomycin IIB (lib). This analog was obtained 
from 10b (150 mg, 0.174 mmol) in a similar way to that for the 
preparat ion of capreomycin H A , yield 107 mg (93.0 % ) , mp 
245—248 °C (dec), [oc]g> - 5 1 . 5 ° (c 1.5, H 2 0 ) . Found: C, 
33.02; H , 6.24; N, 22.07; CI, 14.14 % . Calcd for C21H3qN12-
0 6 C 1 3 . 5 . 5 H 2 0 : C, 33.14; H , 6.62; N, 22.09; CI, 13.98 % . 

Di-ß-Lys-capreomycin IIB (13). Route A: To a suspension 
of capreomycin I IB-3HC1 (2b) (45 mg, 0.071 mmol) in D M F 
(2 ml) were added Boc- /3-Lys(Boc)-ONSu1°) (79 mg, 0.18 
mmol) and triethylamine (18 mg, 0.18 mmol) with stirring 
at room temperature. After being stirred for 48 h, the solution 
was concentrated in vacuo. To the residual oil was added 3 M 
hydrochloric acid (5 ml) . The mixture was stirred at room 
temperature for 1 h and then neutralized with 4 M aqueous 
sodium hydroxide. T h e solution was applied to a column 
(2.5 X 80 cm) of Sephadex G10. T h e desired product 13 was 
eluted with water, yield 51 mg (75 % ) . For elemental analysis 
the product was reprecipitated from water-methanol-ethanol , 
m p 245 °C (dec), [a]g - 5 0 . 5 ° (c 1.3, H 2 0 ) . Found: C, 35.01 ; 
H , 6.89; N, 20.23; CI, 1 6 . 4 4 % . Calcd for C3 1H6 1N1 608C15 • 
6 H 2 0 - C H 3 O H : C, 34.83; H , 7.03; N , 20.31; CI, 16.07 % . 

Route B: T h e hexapeptide 3 (150 mg, 0.141 mmol) was 
hydrogenated with pal ladium black catalyst in D M F (15 ml) 
in the presence of Boc-/2-Lys(Boc)-ONSu10) (94 mg, 0.21 mmol) 
for 40 h. T o the filtrate from catalyst was added ethyl 
acetate (50 ml) to form a gelatinous precipitate of 14, which 
was collected by centrifugation, yield 147 mg (83.1 % ) . I t 
was reprecipitated from DMF-chloroform-ether for elemental 
analysis, m p > 2 5 0 °C, [a]g - 4 3 . 1 ° (c 0.42, D M F ) . Found: 
C, 50.07; H , 7.52; N , 16.61 % . Calcd for C 5 1H 9 5N 1 50 1 9• 
2 H 2 0 : C, 50.10; H , 7 .71; N , 16.23 % . 

Deprotection and conversion of Dea to U d a residue in 
compound 14 (66 mg, 0.052 mmol) were carried out by a 
similar procedure to tha t in the preparat ion of 2a, yield 39 
mg (78 % ) . T h e product thus obtained was identical with 
the product in route A in thin-layer chromatography (silica 
gel ; phenol-water-concd aqueons ammonia 30: 10: 1 ; R{ 0.22). 

T h e a u t h o r s a r e i n d e b t e d to T h e R e s e a r c h L a b o r a ­
tor ies , T o y o J o z o C o . , L t d . for m e a s u r e m e n t s of a n t i ­
b a c t e r i a l ac t iv i t i es , a n d to D r . K e n j i O k a w a a n d his 
c o w o r k e r s for use of t h e v a p o r p re s su re o s m o m e t e r . 
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Alkylation and Acylation of Active Methylene Compounds Using 
l,8-Diazabicyclo[5.4.0]undec-7-ene as a Base1) 

Noboru O N O , * Tetsuji YOSHIMURA, Tadashi SAITO, Rui TAMURA, 

Rikuhei TANIKAGA, and Aritsune K A J I 

Department of Chemistry, Faculty of Science, Kyoto University, Sakyo-ku, Kyoto 606 
(Received December 13, 1978) 

Active methylene compounds are selectively monoalkylated with alkyl halides in benzene using 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU) as a base. Selectivity of monoalkylation decreases when the reaction is carried out 
in a polar solvent. Ethyl acetoacetate is O-acylated with acyl halides in the presence of DBU in acetonitrile to give 
the (E)-enol esters stereoselectively. 

Alkylation and acylation of active methylene com­
pounds are important reactions in organic chemistry 
and have been studied extensively.2) Most reactions 
have been carried out in hydroxylic or dipolar aprotic 
solvents, for the anion species of active methylene com­
pounds are not soluble in less polar solvents. Recent 
development of phase transfer method3* or the method 
of ion pair extraction4) has enabled this reaction to be 
carried out in a nonpolar solvent. T h e merits of the 
reaction in a nonpolar solvent are found in the simple 
work-up better yields and better selectivity.3-4) In a 
previous paper it has been shown that carboxylic acids 
are esterified with alkyl halides in the presence of 
l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in benzene.5) 
In this paper we wish to report that active methylene 
compounds are alkylated or acylated with alkyl halides 
or acyl halides, respectively, in the presence of DBU. 
The new procedure is noteworthy for affording the 
selectively monoalkylated products in alkylation of active 
methylene compounds and the (ii)-enol esters stereo­
selectively in acylation of ethyl acetoacetate. 

R e s u l t s a n d D i s c u s s i o n 

Alkylation of active methylene compounds (la—f) 
was carried out as follows. A mixture of la—f, DBU, 
and alkyl halides (RX) in benzene was stirred at room 
temperature for an appropriate period, after which the 
DBU-hydrogen halide (DBU-HX) was either filtered 
off or washed out with water from the reaction mixture. 
T h e products were purified by distillation, recrystalliza-
tion or column chromatography. The products of the 
reaction of l a—c were also analyzed by GLPC to 

/Y DBU /Y /Y 
CH2 + RX > RCH + RRC + DBU-HX (1) 

\ Z benzene \ £ \ £ 

la—f lia—f Ilia—f 

la : Y=CN, Z = COOC2H5 
lb : Y=CCH 3 , Z = CCH3 

ii ii o o 
Ic : Y=CCH 3 , Z = COOCH3 

II 

O 
Id: Y=COOCH 3 , Z = S02C6H4-CH3-(/>) 
l e : Y=CC6H5 , Z = S02CH3 

II 
O 

If: Y=CCH 3 , Z = S02C6H5 
II 

O 

determine the exact ratio of monoalkylation to dialkyl-
ation ( I I / I I I ) . Results are summarized in Table 1. The 
O-alkylated products are also formed in alkylation of l b 
or Ic, but the yields of them are poor, so discussion of 
O-alkylation is omitted in this paper. 

T h e monoalkylated products (Ha—f) are important 
intermediates in organic synthesis, for example, they are 
readily coverted to the corresponding nitriles, ketones or 
esters by dealkoxycarbonylation or desulfonylation, and 
H a , H e , or l i d can be the starting materials for the 
preparation of a,/?-unsaturated nitriles,6) #,/?-unsaturated 
ketones,7) or «^-unsa tura ted esters,8) respectively. 

Alkylation of la—f has been done by various method, 
but the present procedure has some advantages over the 
conventional methods. First, the reaction proceeds in 
benzene, making the work-up very simple. Secondly, as 
seen in Table 1, the new procedure gives the monoal­
kylated products exclusively. In general, the selective 
monoalkylation of relative stable carbanions involves 
difficulties such as concurrent dialkylation.9) This prob­
lem becomes paticularly serious in alkylation of ethyl 
cyanoacetate ( la ) . Alkylation of l a with ethyl iodide 
was carried out under various conditions to search for 
the best monoalkylation method. Results are summa­
rized in Table 2. As can be seen from Table 2, the 
method using DBU in benzene gives monoalkylated 
products more selectively than the other methods and 
is far more superior to the ion pair extractive method of 
Bröndstrom4) which has been the best monoalkylation 
method known to date.10) T h e use of a nonpolar solvent 
such as benzene is important for this selective monoal­
kylation, since the ratio of mono to dialkylation decreases 
when the reaction is carried out in a polar solvent. The 
ratio of monoalkylation increases when alkylation of l a 
is carried out in a nonpolar solvent, but such a 
tendency is not observed in alkylation of the sodium 
salt of l a (Table 2). Bröndstrom and Junggern also 
point out that polarity of the solvent causes no appreci­
able effect on the ratio of mono to dialkylation in 
alkylation of the tetrabutylammonium salt of l a . 

T h e concurrent occurrence of mono and dialkylation 
can occur if the proton transfer equilibrium between the 
unreacted anion ( I - ) and the monoalkylated product 
(II) is established at a rate comparable with that of the 
alkylation process.11) The small ratio of dialkylation in 
the reaction using DBU in benzene can be explained by 
assuming that this conditions suppress proton transfer 
relative to alkylation. However, it is difficult to discuss 



June, 1979] Alkylation of Active Methylene Compounds 1717 

TABLE 1. ALKYLATION OF ACTIVE METHYLENE COMPOUNDS (la—f) WITH ALKYL 

HALIDES ( R X ) IN BENZENE IN THE PRESENCE OF D B U 

Substrate 

la 
la 
la 
la 
la 
lb 
lb 
lb 
Ic 
Ic 
Id 
Id 
Id 
le 
le 
If 
If 

RX 

C2H5I 
H-C 3 H 7 I 

*-C3H7I 
w-C4H9Br 
rc-C4H9I 
C2H5I 
n-C3H7I 
n-C4H9Br 
C2H5I 
n-C4H9I 
n-C4H9Br 
n-C8H17Br 
CH2=CH-CH2Br 
CH3I 
C2H5I 
CH2=CH-CH2Br 
n-C3H7I 

Time (h) 
Composition of products (%) 

ja) IIb> IIIe) IVd) 

Isolated yield 
o f H ( % ) 

3.0 
3.0 
4.0 

15.0 
5 
2 
4 
6 
1 
3 

15.0 
15.0 
15.0 
1.0 
5.0 
5.0 

15.0 

9 
17 
38 
8 
6 

11 
8 
9 
7 
6 

83 
76 
61 
88 
90 
81 
82 
80 
85 
87 

3 
6 

10 
5 
7 

80 

65 

77 

93 
81 
96 
80 
76 
80 
72 

a) Starting materials, b) Monoalkylated products, c) Dialkylated products, d) O-alkylated products. 

TABLE 2. EFFECTS OF BASE AND SOLVENT ON ALKYLATION 

OF ETHYL CYANOACETATE WITH ETHYL IODIDE 

Base 

DBU 
DBU 
DBU 
DBU 
NaH 
NaH 
NaH 
C2H5ONa 
(n-C4H9)4N+OH-

Solvent 

benzene 
THF 
CH3CN 
DMF 
THF 
CH3CN 
DMF 
C2H5OH 
CHC13 

) 

P> 

9 
18 
17 
8 

26 
23 

9 
21 
14 

Composition of 
products (%) 

Ub) 

83 
72 
66 
64 
29 
55 
58 
42 
72 

IIP) 

8 
10 
17 
28 
45 
22 
33 
37 
14d> 

C O O G 2 H 5 

72-C4H9-CH + C 2 H 5 I 

CN 

a) Starting materials, b) Monoalkylated products. 
c) Dialkylated products, d) Data from Ref. 4a. 

this matter further at the present stage, for we do not 
have the precise information about the structures of the 
reactive species in such solvents.12) 

Recently, it has been reported that DBU is effective 
as a base for dialkylation of active methylene compounds 
in JV,iV-dimethylformamide (DMF).13) This and the 
results in Table 2 tell us that the use of DBU in a polar 
solvent is preferable when dialkylation or second alkyla­
tion in stepwise alkylation of I is the desired reaction. 
In fact, alkylation of l a successively with butyl iodide 
in benzene and with ethyl iodide in D M F gave ethyl 
2-cyano-2-ethylhexanoate in a good overall yield (60 % ) . 
The second step could also be carried out in benzene, 
but the reaction proceeded more slowly in benzene than 
in D M F . 

COOC2H5 
DBU 1 5 

la + n-C4H9I > n-C4H9-CH (2) 
benzene 1 

CN 
(77%) 

COOC2H5 
DBU 1 2 5 

> n-C4H9-C-C2H5 
DMF I 

CN 
(78%) 

(3) 

Acylation of ethyl acetoacetate with acyl chlorides was 
carried out in the presence of DBU. Various bases such 
as sodium hydride, triethylamine, or pyridine have so 
far been used for this reaction. In general, the reaction 
using sodium hydride gives the C-acylated products and 
the reaction using triethylamine or pyridine gives the 
O-acylated products consisted of the mixture of the E 
and Z enol esters.14) T h e composition of these mixtures 
depends on the initial concentration of the enolate, for 
acyl chlorides are much more reactive than most alkylat­
ing reagents. T h e DBU salt of ethyl acetoacetate upon 
treatment with acyl chlorides gave the E enol esters 
stereoselectively, the selectivity became poor when acyla­
tion was carried out in benzene. T h e results of acylation 
are summarized in Table 3 . Selectivity of the formation 
of the E isomers is poor in acylation induced by triethyl­
amine. These results suggest that the reactive forms of 
the enolate consist of the mixture of the E and Z form 
and the ratio of them depends on the nature of solvent 
and bases. The 1 H N M R and carbon spectra indicate 
that the triethylamine salt of /5-dicarbonyl compounds 
in a nonpolar solvent is best described as one in which 
the chelated enol form of /?-dicarbonyl compounds is 
hydrogen bonded to triethylamine.15) From the analogy 
of the triethylamine salt, the DBU salt is also considered 
as the similar hydrogen bonded complex in a nonpolar 
solvent. In a polar solvent, these complexes become 
the solvent separated ions, where the E conformation 
would be preferred since the oxygen atoms bearing 
negative charge are maximally separated. The DBU salt 
is more easily solvated than the triethylamine salt, for 
the DBU salt has a larger and more delocalized cation 
than the triethylamine salt. 
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B 

H —o o 
O C O C 2 H 6 C H 3 C O C 2 H 5 

XC = C / < = ± NC = CX + B H + (4) 

C H 3 O " O H 

Z E 

C o n s e q u e n t l y , a c y l a t i o n of e t h y l a c e t o a c e t a t e w i t h acyl 
ch lo r ides u s i n g D B U in a c e t o n i t r i l e gives t h e E eno l 
esters s te reose lec t ive ly . F o r s y n t h e t i c p u r p o s e s , t h e E 

eno l esters a r e v e r y i m p o r t a n t , for t h e r e a c t i o n of t h e m 
w i t h d i a lky l c u p r a t e s gives t h e E i somers of /?-dialkyl-a , 
/ ^ -unsa tu r a t ed esters i n g o o d yie lds w i t h h i g h s te reospec i -
ficity, w h i c h a r e i m p o r t a n t i n t e r m e d i a t e s i n t h e s y n t h e ­
sis of n a t u r a l p roduc t s . 1 4 ) 

T A B L E 3. T H E REACTION OF ETHYL ACETOACETATE 

WITH ACYL CHLORIDE IN THE PRESENCE OF D B U 

Isomer distribu-
RCCl 

ii o 

CH3CC1 

0 
C6H5CC1 

O 
(CH3)3CCC1 

O 
C6H5CC1 

O 
C6H5CC1 

Solvent 

CH3CN 

CH3CN 

CH3CN 

benzene 

CH3CNb> 

Yield 
(%)a) 

53 

79 

95 

55 

75 

tion of 

£(%T 
97 

97 

100 

67 

84 

' product 

3 

3 

0 

33 

16 

a) Yield of isolated products, b) Triethylamine was 
used as a base. 

I n s u m m a r y , D B U c a n b e used as a b a s e for a l k y l a t i o n 
of v a r i o u s a c t i v e m e t h y l e n e c o m p o u n d s a n d a c y l a t i o n of 
e thy l a c e t o a c e t a t e , a n d t h e r e a c t i o n p r o c e e d s b o t h i n a 
p o l a r a n d i n a n o n p o l a r so lven t . T h e m e r i t of t h e use 
of D B U c a n b e f o u n d i n t h a t t h e r e a c t i o n cou r se is eas i ly 
con t ro l l ed b y p o l a r i t y of t h e so lven t . 

E x p e r i m e n t a l 

Solvents, DBU, and other commercially obtained materials 
were purified by distillation. T h e I R spectra were recorded 
with a Hitachi 215 spectrophotometer. T h e 1 H N M R spectra 
were recorded using a J E O L PS-100 spectrometer with T M S 
as an internal s tandard. G L P C analyses were performed with 
a Var ian Aerograph 920 using a column containing Silicone-
DC-550 (20%) . Most of the starting materials and products 
were prepared by the li terature methods. Sulfonyl ester (Id) 
was prepared by the reaction of methyl chloroacetate with 
sodium /»-toluenesulfinate in DMF.1 6) Keto sulfone (le) was 
prepared by the reaction of ethyl benzoate with the anion of 
dimethyl sulfone.17) Keto sulfone (If) was prepared by the 
reaction of chloroacetone with sodium benzenesulfinate in 
DMF.1 6) 

Alkylation of la—c. A solution of alkyl halides (0.01 
mol) in benzene (10 ml) was added to a stirred solution 
containing l a — c (0.01 mol) and DBU (0.01 mol) in 50 ml of 
benzene. T h e reaction mixture was stirred a t room tempera­
ture for the period indicated in Table 1, then washed with 

water, and the organic layer was dried over anhydrous magne­
sium sulfate. After removal of the solvent the residue was 
analyzed by G L P C . T h e results are given in Table 1. Some 
typical procedure to isolate the pure products is given below. 
Physical and spectral properties of the products are in good 
agreement with the li terature value. 

Ethyl 2-Cyanohexanoate (Ha, R=n-CiHJ from Butyl Bromide. 
A solution of butyl bromide (13.7 g, 0.1 mol) in 50 ml of 

benzene was added to a solution of ethyl cyanoacetate (11.3 g, 
0.1 mol) and DBU (15.2 g, 0.1 mol) in 100 ml of benzene and 
the mixture was stirred at room temperature for 15 h. The 
reaction mixture was then washed with water, the organic 
layer was dried over anhydrous magnesium sulfate, and distill­
ed. Ethyl 2-cyanohexanoate; bp 130°C/22 m m H g (lit,18) 108 
°C/8 m m H g ) , 11.0 g (65% yield). N M R (CC14) (5=0.95 (3H, 
t, 7 = 4 . 8 Hz) , 1.2—1.4 (7H, m) , 1.9 (2H, m) , 3.5 (1H, t, 
7 = 5 . 6 H z ) , 4.25 (2H, q, 7 = 7 . 2 H z ) ; I R (neat) 2250 c m - 1 

(CN), 1740 c m - 1 ( C = 0 ) . 

Ethyl 2-Cyanohexanoate from Butyl Iodide. A mixture of 
ethyl cyanoacetate (6.7 g, 0.05 mol), DBU (7.6 g, 0.05 mol), 
and butyl iodide (9.2 g, 0.05 mol) in 150 ml of benzene was 
stirred at room temperature for 5 h, and was worked up as 
above to give ethyl 2-cyanohexanoate (6.5 g, 77% yield). 
T h e puri ty of the product was more than 95 % . 

Ethyl 2-Cyano-2-ethylhexanoate. A mixture of ethyl 
2-cyanohexanoate (3.4 g, 0.02 mol), DBU (3.1 g, 0.02 mol), 
and ethyl iodide (3.2 g, 0.02 mol) in 50 ml of D M F was 
stirred at room temperature for 5 h. T h e reaction mixture 
was worked up as above. Ethyl 2-cyano-2-ethylhexanoate; 
bp 141 °C/22 m m H g , 3.1 g (78% yield). N M R (CC14) 6 = 0 . 9 
(6H, t, 7 = 4 . 8 Hz) , 1.25 (3H, t, 7 = 7 . 2 Hz) , 1.3 (4H, m) , 1.8 
(4H, m) , 4.2 (2H, q, 7 = 7 . 2 H z ) ; I R (neat) 2250 cm" 1 (CN), 
1740 c m - 1 ( C = 0 ) . 

Ethyl 2-Cyanobutanoate (Ha, R=C2H5). A mixture of 
ethyl cyanoacetate (10.4 g, 0.1 mol), DBU (15.2 g, 0.1 mol), 
and ethy iodide (15.6 g, 0.1 mol) in 200 ml of benzene was 
stirred at room temperature for 3 h. T h e reaction mixture 
was then worked up as above to give 2-cyanobutanoate ( 11 g, 
8 0 % yield, bp 109 °C/29 mmHg) which contains ethyl cyano­
acetate (about 5%) and dialkylated product (about 5%) . 
They could not be separated by simple distillation. 

Alkylation of Id. Methyl 2-(p-Tolylsulfonyl)hexanoate (Hd, 
R=n-CiH9). A mixture of Id (11 .0g , 0.05 mol), DBU 
(7.6 g, 0.05 mol) , and butyl bromide (6.9 g, 0.05 mol) in 
benzene ( 150 ml) and D M F (5 ml) was stirred at room tem­
perature for 15 h. T h e reaction mixture was then washed 
with water and the organic layer was dried over anhydrous 
magnesium sulfate. After removal of the solvent, the residue 
was chromatographed on silica gel with benzene as an eluent 
to give methyl 2-(/>-tolylsulfonyl) hexanoate (13.6 g, 9 3 % 
yield). M p 54—55 °C; N M R (CDC13) (5=0.9 (3H, t, 7 = 4 . 8 
Hz) , 1.28 (4H, m) , 1.90 (2H, m) , 2.48 (3H, s), 3.60 (3H, s), 
3.70 (1H, t, 7 = 5 . 6 Hz) , 7.3 (2H, d, 7 = 8 . 0 Hz) , 7.6 (2H, d, J= 
8.0 Hz) ; I R (Nujol) 1740 cm" 1 ( C = 0 ) , 1320, 1140 cm" 1 ( S 0 2 ) . 

Methyl 2-(p-Tolylsulfonyl)decanoate (lid, R=n-C8H17). 
A mixture of I d (2.3 g, 0.01 mol), DBU (1.52 g, 0.01 mol), and 
octyl bromide (1.94 g, 0.01 mol) in benzene (20 ml) and D M F 
(5 ml) was stirred at room temperature for 15 h. The reaction 
mixture was worked up as above, and the crude product was 
chromatographed on silica gel with benzene as an eluent to 
give methyl 2-(/»-tolylsulfonyl)decanoate as a colorless oil in 
81 % yield (2.7 g) . N M R (CDC13) (5=0.88 (3H, t, 7 = 4 . 8 
H z ) , 1.22 (12H, m) , 1.82 (2H, m) , 2.42 (3H, s), 3.60 (3H, s), 
3.70 (1H, s, 7 = 5 . 6 Hz) , 7.30 (2H, d, 7 = 8 . 0 Hz) , 7.60 (2H, d, 
7 = 8 . 0 H z ) ; I R ( n e a t ) 1740 c m - 1 ( C = 0 ) , 1320,1140 c m - 1 ( S 0 2 ) . 

Methyl 2-(p- Tolylsulfonyl)-4-pentenoate(IId,R=CH2-CH=CH2). 
A mixture of Id (4.56 g, 0.02 mol), DBU (3.04 g, 0.02 mol), 
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and allyl bromide (2.44 g, 0.02 mol) in benzene (100 ml) and 
D M F (5 ml) was stirred at room temperature for 5 h. The 
reaction mixture was worked up as above to give methyl 
2-(/>-tolylsulfonyl)-4-pentenoate (5.1 g, 9 6 % yield) as a color­
less oil. N M R (CDC13) (3-2 .40 (3H, s), 2.60 (2H, m) , 3.60 
(3H, S), 3.80 (3H, s), 5.00 (2H, m) , 5.58 ( I H , m) , 7.25 (2H, 
d, 7 = 8 . 0 Hz) , 7.60 (2H, d, J=8.0 Hz) ; I R (neat) 1740 c m - 1 

(C=0).. 1600 c m - 1 (G=G), 1320, 1140 c m - 1 ( S 0 2 ) . 
Alkylation of le. a-Methylsulfonylpropiophenone (He, R=CH3). 
A mixture of l e (1.0 g, 0.005 mol) , DBU (0.76 g, 0.005 mol), 

and methyl iodide (0.71 g, 0.005 mol) in benzene (10 ml) and 
D M F (2 ml) was stirred at room temperature for 1 h. T h e 
reaction mixture was then washed with water and the organic 
layer was dried over anhydrous magnesium sulfate. After 
removal of the solvent, the residue was recrystallized from 
ethanol to give colorless needles (0.85 g, 8 0 % yield), m p 55 
°C (lit,16) 56—57 °G). N M R (CDC13) 6 = 1 . 8 0 (3H, d, 7 = 7 . 8 
Hz) , 2.98(3H, s), 4.98 ( I H , q, 7 = 7 . 8 Hz) , 7.7—8.2 (5H, m ) . 

ct-Methylsulfonylbutyrophenone (He, R=C2H5). A mixture 
of l e (1.0 g, 0 .005mol) , DBU (0.76 g, 0.005 mol) , and ethyl 
iodide (0.8 g, 0.005 mol) in benzene (10 ml) and D M F (2 ml) 
was stirred at room temperature for 5 h. T h e reaction mixture 
was worked up as above, and the crude product was recrystal­
lized from ethanol to give the product (0.86 g, 76 % yield) as 
colorless needles, m p 110 °C (lit,19) 113 °C). N M R (CDC13) 
0=1.0 ( 3 H , t , 7 = 7 . 8 Hz) , 2.3 (2H, q, 7 = 7 . 8 Hz) , 1.98 (3H, 
s), 4.80 ( I H , t, 7 = 7 . 8 Hz) , 7.5—7.8 (5H, m) . 

Alkylation of If. 3-Phenylsulfonylhex-5-en-2-one (Ilf R= CH2-
CH=CH2). A mixture of If (1.93 g, 0.01 mol) , DBU 
(1.52 g, 0.01 mol), and allyl bromide (1.27 g, 0.01 mol) in 50 
ml of benzene was stirred at room temperature for 5 h. T h e 
reaction mixture was worked up as above, and the crude 
product was chromatographed on silica gel with benzene as 
an eluent to give the product (1.8 g, 8 0 % yield) as a colorless 
oil. N M R (CC14) 6 = 2 . 3 0 (3H, s), 2.50 (2H, m) , 4.15 ( I H , t, 
7 = 7 . 2 Hz) , 5.00 (2H, m) , 5.51 ( I H , m) , 7.6 (5H, m ) ; I R 
(neat) 1725 c m - 1 ( C = 0 ) , 1310, 1140 c m - 1 ( S 0 2 ) . 

3-Phenylsulfonyl-3-hexanone (Ilf R=n-C3H7). A mixture 
of I l f (1.93 g, 0.01 mol), DBU (1.52 g, 0.01 mol), and propyl 
iodide (1.7 g, 0.01 mol) in 50 ml of benzene was stirred at 
room temperature for 15 h. The reaction mixture was worked 
up as above and the crude product was chromatographed on 
silica gel with benzene as an eluent give the product (1.7g, 
72 % yield as a colorless oil. N M R (CCLJ <5=0.85 (3H, t, 
7 = 4 . 8 Hz) , 1.20 (2H, m) , 1.78 (2H, m) , 2.38 (3H, s), 4.16 
( IH , t, 7 = 5 . 6 Hz) , 7.6—7.9 (5H, m ) ; I R (neat) 1725 c m - 1 

( C = 0 ) , 1310, 1140 c m - 1 ( S 0 2 ) . 
General Procedure of Acylation of Ethyl Acetoacetate. A 

solution of an acyl chloride (0.012 mol) in 10 ml of acetoni-
trile was added dropwise over 30 minutes to a stirred solution 
of ethyl acetoacetate (1.3 g, 0.01 mol) and DBU (1.8 g, 0.012 
mol) in 10 ml of acetonitrile maintained below 5 °C by an ice 
bath . T h e reaction mixture was then stirred at room tem­
perature for 3 h and was worked up by addition of water and 
ether, separation, and extaction of water layer with ether. 
The combined ethereal layers were washed with water, dried 
over anhydrous magnesium sulfate, and distilled to give the 
O-acylated product (enol ester), and the E/Z ratio of the 
product was determined by G L P C . T h e yield and the E/Z 
ratio of the product are given in Table 3. T h e following enol 
esters were prepared by this procedure. 

Ethyl (E)-3-Benzoyloxy-2-butenoate: Bp 112 °C/0.4 m m H g 
(lit,14a) 111 °C/0.4 m m H g ) ; N M R (CC14) 6 = 1 . 3 0 (3H, t, 
7 = 7 . 2 Hz) , 2.45 (3H, s), 4.20 (2H, q, 7 = 7 . 2 Hz) , 5.82 ( I H , 
s), 7.2—8.2 (5H, m ) ; I R (neat) 1750, 1725 cm" 1 ( G = 0 ) . 

Ethyl (E)-3-Acetoxy-2-butenoate: Bp 110 °C/19 m m H g (lit,14c) 
78 °C/5 mmHg) ; N M R (CC14) 6 = 1 . 2 5 (3H, t, 7 = 7 . 2 Hz) , 

2.10 (3H, s), 2.30 (3H, s), 4.05 (2H, q, 7 = 7 . 2 Hz) , 5.50 
( I H , s) ; I R (neat) 1755, 1730 c m - 1 ( C = 0 ) . 

Ethyl (E)-3-Pivaloyloxy-2-butenoate: Bp 103 °C/3 m m H g 
(lit,20) 100 °C/2.5 m m H g ) ; N M R (GG14) 6 = 1 . 2 6 (9H, s), 1.35 
(3H, t, 7 = 7 . 2 Hz) , 2.32 (3H, s), 4.12 (2H, q, 7 = 7 . 2 Hz) , 
5.55 (1H, s) ; I R (neat) 1755, 1730cm- 1 ( C = 0 ) . 

T h e a u t h o r s a r e g ra te fu l to t h e S a n y o C h e m i c a l C o . , 
L t d . ( K y o t o ) for t h e s u p p l y of D B U . 
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Synthesis of D:A-Friedo-18j8-lupane Derivatives1) 
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D: ^-Friedo-18/?-lup-19-ene and D: 24-friedo-18/?-lup-19-en-3-one with a new migrated lupane framework 
were synthesized and the former compound was converted into known methyl trinorshionanoate. 

There have been reported a number of migrated 
triterpene compounds with D-, D:C-, D:B-, and D: 
^4-friedo-type frameworks. Among them, a series of 
migrated oleanane derivatives, taraxerol, multiflorenol, 
walsurenol, alnusenone (=glu t inone) , and friedelin (1) 
are well known.2) In a series of migrated lupane deriva­
tives, however, only guimarenol (2) has been isolated 
from Ceropegia dichotoma as a migrated lupane derivative, 
which has been shown to possess a D : i?-friedolupane 
framework.3) Neither isolation nor synthesis of a triter­
pene with a D : C- or D : ^4-friedolupane framework has 
yet been reported. We wish to describe a synthesis of 
D: ^-friedo-18/9-lup-19-ene (3) andZ) : ^-friedo-18/9-lup-
19-en-3-one (4) from friedelin (1) and also conversion 
of 3 into known methyl trinorshionanoate (5)4> via a 
trinor ketone (6). 

Friedelan-19a-ol (7),5> prepared from friedelin (1) via 
friedel-18 -ene (8), was treated with phosphorus penta-
chloride in toluene at 0 °C to give an olefin mixture. 
The mixture was separated by column chromatography 
on silica gel impregnated with silver nitrate into an 
olefin (3 ; yield 61%) and friedel-18-ene (8; yield 4 % ) . 
The olefin (3) has a molecular formula C3 0H5 0 deter­
mined by elemental analysis and mass spectrum, and 
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shows a signal at ô 1.64 characteristic of an isopropyl-
idene group together with signals at ô 0.78—0.90 due 
to six methyl groups in the XH N M R spectrum. These ob­
servations indicate the occurrence of E-ring contraction 
during the dehydration reaction and, therefore the struc­
ture of 3 could be inferred to be D : ^4-friedo-18/?-lup-
19-ene. T h e structure 3 was further confirmed by the 
following transformation. 

Oxidation of the olefin (3) with ruthenium tetraoxide6* 
in carbon tetrachloride at room temperature gave a 
ketone (6), C 2 7 H 4 4 0 . The presence of a-monosubstituted 
five-membered ketone was demonstrated for 6 by I R 
(rc=o 1725 cm-1) and N M R (ô 2.18, 2H, m and ô 2.20, 
1H, s) spectra. CD measurement showed a positive 
Cotton effect. Godtfredsen et alJ) reported that 3a,\\a-
diacetoxy-13/?-fusidan-17-one showed a positive Cotton 
effect, while its 13a-isomer a strong negative maximum. 
Therefore the D\E r ing juncture in 6 could be determin­
ed to be eisy leading to 18/?H configuration. 

T h e trinor ketone (6) in methanol was irradiated using 
a high pressure mercury lamp to afford methyl trinor­
shionanoate (5), which was identical with a specimen 
obtained from shionone (9).5) The framework of 6 was 
thus confirmed and the structure of the olefin (3) was 
shown to be D\ ^4-friedo-18/?-lup-19-ene. 

Since a C(3)-functionalized D: ^4-friedolupane deriva­
tive is considered to be one of the important key 
compounds for preparation of migrated lupane deriva­
tives with D : B- and D : C-friedo-type frameworks, D : 
^4-friedo-18/?-lup-19-en-3-one (4) was prepared as fol­
lows. 

Friedel-18-en-3-one (10)8) was converted into fried-
elane-3,19-dione (11)9) via 18/9,19/9-epoxyfriedelan-3-one 
(12)9> and friedelane-3«,19jff-diol (13).10> The diketone 
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(11) was stable to an alkaline treatment. This suggests 

an 18/?H configuration (ring juncture CjDjE: frmr-anti-

cis) for 11. The 18«H isomer (trans-syn-trans) is consid­

ered to be much less stable than the 18/9H isomer.5'11) 

Treatment of the diketone (11) with ethylene glycol 

in the presence of jft-toluenesulfonic acid in benzene gave 

a mono-ethylene acetal (14). The absorption band at 

1685 cm"1 in the IR spectrum of 14 indicated that the 

carbonyl group at C-19 was left unchanged and that 

the ethylene acetalization occurred on the carbonyl 

group at C-3. Reduction of 14 with lithium aluminium 

hydride in tetrahydrofuran gave 19a-hydroxyfriedelan-

3-one 3-ethylene acetal (15), which, on treatment with 

/»-toluenesulfonic acid in acetone, afforded 19a-hydroxy-

friedelan-3-one (16; Von 3450 and 3620 and vc=o 1705 

cm -1) in about 76% yield from 11. The NMR spec­

trum of 16 showed a multiplet at ô 2.1—2.5 due to three 

protons a and a' to the carbonyl group and a doublet at 

<S 3.79 (7=5.5 Hz)5> due to a proton on C-19ß. The 

19#-hydroxy configuration for 15 and 16 received sup­

port from the fact that the reduction of friedelan-19-one 

with lithium aluminium hydride gave friedelan-19a-ol 

(7) as a sole product.5) 

The dehydration reaction of the hydroxy ketone (16) 

with phosphorus pentachloride was examined under 

various conditions and it was found that the best results 

were obtained under the following reaction conditions. 

The hydroxy ketone (16; 0.012 mmol) in toluene (5 

ml) was treated with phosphorus pentachloride {ca. 10 

mg) at - 10 °C for 20 h to give an olefin (4) as a single 

reaction product in 90% yield. Reaction under reflux 

conditions resulted in the formation of undesired friedel-

18-en-3-one (10), and reaction with a larger amount of 

phosphorus pentachloride gave an unidentified olefin in 

considerable amounts (see Experimental). 

The olefin (4), mp 276—278 °C, gave a molecular 

formula C30H48O (by elemental analysis and mass spec­

trometry) and showed the presence of a carbonyl group 

{vc=o 1710 cm-1) and an isopropylidene group (d 1.65, 

br s, 6H) in the IR and NMR spectra, indicating that 

the olefin (4) corresponds to an Zi-ring contraction 

product. On Huang-Minion reduction, the olefin (4) 

gave D: ^4-friedo-18/?-lup-19-ene (3) identical with a 

specimen obtained from 7 {vide supra). Therefore, the 

structure of the olefin (4) was shown to be D : J-friedo-

18/?-lup-19-en-3-one. 

Experimental 

General Procedures. Melting points were measured on 
a Mel-temp capillary melting point apparatus (Laboratory 
Devices) and were uncorrected. IR spectra were measured in 
Nujol mull using a Hitachi EPI-G2 spectrometer. CD mea­
surement was carried out on a JASGO Model J-20 spectrome­
ter. Optical rotations were measured on a JASCO DIP-SL 
Polarimeter. Mass spectra were taken on a Hitachi RMU-
6-Tokugata mass spectrometer at 70 eV with a direct inlet 
system. The relative intensity was expressed in the parenthesis. 
XH NMR spectra were measured using a Hitachi R-20 
spectrometer. Chemical shifts were expressed in ô downfield 
from TMS as an internal standard and coupling constants in 
Hz. GLC analyses were made using a Shimadzu Gas Chro­
matograph GC-6A equipped with a hydrogen flame ionization 

detector (column: Dexsil 300GC, temperature 290 °C). HPLC 
analyses were carried out on a Waters Liquid Chromatograph 
ALC/GPS 202/401 at room temperature with an RI detector 
(column: (x-Porasil 1/8 (inch) X 1 (foot); solvent system: 5% 
ether-hexane; flow rate: 0.5 ml/min; pressure: ca. 250 psi). 
TLG was carried out on Kieselgel G (E. Merck) coated in 
0.25 mm thickness. Wakogel C-200 (Wako) was used for 
column chromatography. 

Dehydration of Friedelan-19OL-OI (7). To a solution of 
friedelan-19oc-ol5> (7; 407 mg) in toluene (100 ml) kept at 0 
°C, phosphorus pentachloride {ca. 660 mg) dissolved in toluene 
(25 ml) was added and the reaction mixture was stirred for 
1.5 h at 0 °C. After addition of 15% sodium carbonate 
solution (70 ml), the reaction product was treated in usual 
way and subjected to separation by column chromatography 
on silica gel (40 g) impregnated with 20% silver nitrate. 
Elution with petroleum ether (320 ml) gave an isopropylidene 
derivative (3; 236 mg) and further elution with benzene (160 
ml) and then with ether (80 ml) gave friedel-18-ene (8; 15 mg). 
The isopropylidene derivative (3) was recrystallized from 
acetone to afford D: ^4-friedo-18/?-lup-19-ene (3; 218 mg), mp 
181.5—182.5 °C; NMR (CDC13) ô 0.78—0.90 (6xCH3), 1.64 
(6H, s; (CH3)2C=GQ, and the absence of signals due to 
olefinic proton; MS m/e (%) 410 (M+; 14), 395 (12), 259 (39), 
and 121 (100); Found: C, 87.86; H, 12.43%. Calcd for 
C30H50:C, 87.73; H, 12.27%. 

Oxidation of D : A-Friedo-18ß-lup-19-ene (3). A ruthenium 
tetraoxide solution was prepared according to Nakata's proce­
dure60) as follows. To ruthenium dioxide (83.6 mg) dissolved 
in carbon tetrachloride (10 ml), a solution of sodium periodate 
(361.4 mg) in water (10 ml) was added and the mixture was 
stirred for 19 h initially at 0 °C then at room temperature. 

A solution of Z): ̂ -friedo-18ß-lup-19-ene (3; 33.4 mg) in 
carbon tetrachloride (3 ml) was covered with water (2 ml) and 
stirred. The carbon tetrachloride solution (5 ml) of ruthenium 
tetraoxide was added dropwise and the stirring was continued 
for 21 h at room temperature. An excess of the oxidizing 
reagent was destroyed by addition of 2-propanol (2 ml). The 
reaction product was treated as usual and purified by column 
chromatography on silica gel (5 g). The unchanged hydro­
carbon (6.2 mg) was eluted with petroleum ether (20 ml) and 
subsequent elution with petroleum ether-benzene (1:1, 100 
ml) gave a trinor ketone (6; 17.0 mg), mp 217—218 °C (crys­
tallized from acetone); IR 1725 cm"1; CD {c 0.0014. dioxane, 
at 26 °G) [0]3o2 +7570, [0]313 +7710, and [9]325 +4190; NMR 
(GDGI3) ô 0.77—1.00 (6xCH3), 2.18 (2H, m; -CH2-CO-), 
and 2.20 (1H, s; -CH-CO-) ; MS m/e (%) 384 (M+; 32), 
369 (37), 259 (39), 257 (41), 245 (29), 190 (41), 149 (82), 
and 109 (100); Found: G, 84.19; H, 11.73%. Calcd for 
C27H440: C, 84.31; H, 11.53%. 

Photoirradiation of Trinor Ketone (6). A solution of 
trinor ketone (6; 27.2 mg) in methanol (35 ml) in a quartz 
vessel was irradiated using a high pressure mercury lamp ( 100 
W) for 2.5 h under a nitrogen atmosphere at room tempera­
ture. Column chromatographic separation on silica gel (6 g) 
gave methyl trinorshionanoate (5; 14.4 mg) together with 
unidentified hydrocarbons and the unchanged starting material 
(4 mg). The photo-produced methyl trinorshionanoate (5) was 
identical (mp, IR, NMR, MS, and TLG) with an authentic 
specimen prepared from shionone (9) .5> 

Treatment of Friedelane-3,19-dione (11) with Alkali. 
Friedelane-3,19-dione9> (11; 14.6 mg) in methanol (15 ml) was 
heated under reflux with sodium methoxide {ca. 55 mg) for 
2 h. The residue, after removal of the solvent, was extracted 
with ether. The ethereal extract was worked up as usual and 
the examination on TLC showed only one spot identical with 
that of the starting diketone (11). 
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Ethylene Acetalization of Friedelane-3,19-dione (11). A 
mixture of friedelane-3,19-dione (11 ; 2.9 g) , ethylene glycol 
(5 ml) , /»-toluenesulfonic acid (ca. 100 mg) , and benzene (600 
ml) was heated under reflux using Dean-Stark apparatus for 
2.5 h. T h e reaction mixture was worked u p as usual, and 
crystallization from dichloromethane-ether gave friedelane-3, 
19-dione 3-ethylene acetal (14; 2.7 g) , m p 271—272 °C) crys­
tallized from chloroform-acetone) ; I R 1685 c m - 1 ; N M R 
(GDG1,) Ô 0.77 (3H, d, 7 = 7 H z ; J - C H 3 ) , 0.89 (9H, s; 3 x 

*-CH3), 1.01, 1.18 ( e a c h 3 H , s ; * - C H 3 ) , 1.11 (6H, s; 2 X f-CH3), 
2.19 (1H, s; 18/J-H), and 3.8—4.0 (4H, m ; - 0 - C H 2 - C H 2 -
O - ) ; M S m/e (%) 484 (M+; 5), 469 (4), 317 (7), 139 (35), 
and 99 (100); Found : G, 79.22; H , 10.62%. Galcd for 
C 3 2 H 5 2 0 3 : C , 79.28; H , 10 .81%. 

Reduction of Friedelane-3,19-dione 3-Eihylene Acetal (14). 
T h e ethylene acetal (14; 2.7 g) dissolved in tetrahydrofuran 
(500 ml) was treated with l i thium aluminium hydride (300 
mg) at reflux temperature for 6.5 h and the reaction mixture 
was worked up as usual to give 19a-hydroxyfriedelan-3-one 
3-ethylene acetal (15; 2.6 g) , m p 287—289 °C (crystallized 
from chloroform-acetone); I R 3 5 0 0 c m " 1 ; N M R (GDC13) ô 
0.78 (3H, d, 7 = 7 H z ; s-CH3), 0.88, 1.08 (each 6H, s; 2 x 
f-CH s), 0.90, 1.01, 1.25 (each 3H, s; t -CH 8 ) , and 3.7—4.0 
(5H, m ; 190-H and - 0 - C H 2 - G H 2 - 0 - ) ; M S m/e (%) 486 
(M+; 6), 471 (4), 468 (4), 317 (14), and 99 (100). 

Deacetalization of Hydroxy Ethylene Acetal (15). A solution 
of the hydroxy ethylene acetal (15; 160 mg) in acetone (160 
ml) was heated with a catalytic amount of/»-toluenesulfonic 
acid. T h e reaction product was purified by column chroma­
tography on silica gel (20 g) to give 19<x-hydroxyfriedelan-
3-one (16; 139 mg) , m p 261—265 °G; I R 3620, 3450, and 
1705 c m - 1 ; [a]2

D
4 - 9 . 9 ° (c 0.25, GHG13); N M R (CDG13) ô 

0.74, 0.90, 1.02 (each 3H, s; t-CH3), 0.88 (3H, d, y = 7 H z ; 
J - G H 3 ) , 1.09, 1.26 (each 6H, s; 2 x * - C H 3 ) , 2.1—2.5 (3H, m ; 
- C H 2 - C O - C H - ) , and 3.79 (1H, d, 7 = 5 . 5 H z ; 19/S-H); M S 
m/e (%) 442 (M+; 3), 424 (13), 409 (13), 273 (43), 186 (31), 
and 123 (100); Found : C, 81.29; H , 11.32%. Calcd for 
C 3 0 H 5 0 O 2 : C , 81.39; H , 11.38%. 

Dehydration of 19a-Hydroxyfriedelan-3-one (16). Five 
portions of 19<x-hydroxyfriedelan-3-one (16; each ca. 2 mg) 
dissolved in toluene (each 3 ml) were treated with phosphorus 
pentachloride (each ca. 10 mg) at reflux temperature , 60 °C, 
40 °C, room temperature , and a t —10 °C, respectively, and 
the reaction product was examined by G L C . A single product 
was obtained at reflux temperature and was shown to be 
friedel-18-en-3-one (10). A mixture of D : ^4-friedo-18^-lup-
19-en-3-one (4) and an unidentified dehydrat ion product was 
obtained in a ratio of 3 : 4 and 1: 2 in the reactions at 60 °C 
and 40 °C, respectively. This mixture was inseparable by 
H P L C , silica gel chromatography, and by recrystallization. 
Reactions at room temperature and at —10 °C gave the same 
mixtures as above in a ratio of 3 : 1 and 8 : 1 , respectively. 

A solution of 16 (5.6 mg) in toluene (5 ml) was treated 
with phosphorus pentachloride (ca. 63 mg) at —10 °C for 20 
h, and the reaction product was examined by G L C . Only the 
unidentified dehydrat ion product was detected. A solution of 
16 (5.4 mg) in toluene (5 ml) was treated with phosphorus 
pentachloride (ca. 10 mg) under the same conditions to yield 
a reaction product (4.6 mg) , which was shown to be the 
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desired isopropylidene derivative (4), m p 276—278 °C (crys­
tallized from chloroform-acetone); I R 1 7 1 0 c m - 1 ; [ a ] " —24° 
(c 0.22, CHC1 3) ; N M R (CDC13) ô 0.73, 0.83 (each 3H, s; 
*-CH3), 0.78 (3H, d , y = 6 H z ; *-CH3) , 0.93 (9H, s; 3x* -CH 3 ) , 
1.65 (6H, br s; ( C H 3 ) 2 C = C O , and 2.0—2.5 (6H, m ; - C H 2 -

—CH 
C O - C H - a n d _ 2 \ c = C ( C H 3 ) 2 ) ; M S m/e (%) 424 (M+; 

- Ç H / 
13), 409 (4), 273 (33), and 121 (100); Found : C, 85.02; H , 
11.48%. Calcd for C 3 0 H 4 8 O: C, 84.84; H , 11.39%. 

Huang-Minion Reduction ofD: A-Friedo-18ß-lup-19-en-3-one(4). 
A mixture of D: ^-friedo-18ß-lup-19-en-3-one (4; 23 mg) , 

hydrazine hydrate (100 %, 0.3 ml) , potassium hydroxide (200 
mg), and diethylene glycol (2 ml) was heated under reflux for 
1 h. An excess of hydrazine was distilled off and the distillation 
was continued until the vapor temperature reached to about 
220 °C. Then the reaction mixture was heated under reflux 
for 4 h. Usual work up gave a residue, which was subjected to 
separation by column chromatography on silica gel (3 g) 
impregnated with 2 0 % silver nitrate. Elution with hexane 
(20 ml) gave a hydrocarbon (11 mg) , which was completely 
identical with D: ^4-friedo-18/3-lup-19-ene (3) prepared from 7. 
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10) Ozonat ion of friedel-18-ene (8) to yield 18ß,19ß-epoxy-
friedelane, and subsequent t reatment of this epoxide with 
L i - E t N H 2 - / - B u O H to give friedelan-19ß-o\ were described in 
Ref. 5. 

11) E. L. Eliel, "Stereochemistry of Carbon Compound," 
McGraw-Hil l , New York (1962), p . 282. 
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Synthesis and Reactions of Perylenecarboxylic Acid Derivatives. VI. 
Sulfonation of 3,4-Perylenedicarboximide 

Yukinori NAGAO* and Takahisa MISONO 
Department of Industrial Chemistry, Faculty of Science and Technology, 

Science University of Tokyo, Yamazaki, Noda-shi, Chiba 278 

(Received Ju ly 3, 1978) 

The sulfonation of 3,4-perylenedicarboximide (1) with sulfuric acid has been studied. T h e position of the 
sulfo group in the monosulfonated product (2) obtained at 100 °C has been discussed on the basis of the N M R 
and I R spectra of 2 and the related compounds, and has been confirmed to be the 9-sulfoperylene-3,4-dicarboximide. 
The localized t reatment of 1 by Hiickel and Pople M O calculations confirmed substitution at the 9-position. Paper 
chromatographic analysis indicated tha t the reaction product was only 2 in the temperature range 60—120 °G, 
and the reaction rate was determined spectroscopically. T h e max imum formation of 2 was approximatedly 
9 7 % at 100 °C. The rate of reaction was found to be a pseudo first order process and the activation energy found 
to be 19.5 kcal/mol. 

I n a p r e v i o u s p u b l i c a t i o n t h e 3 , 4 - p e r y l e n e d i c a r b ­
o x i m i d e ( P D C I ) (1) w a s su l fona ted a t 100 °G, a n d 
t h e i V - s u b s t i t u t e d - p e r y l e n e - 3 , 4 - d i c a r b o x i m i d e (iV-R-
P D C I ) (5) p r e p a r e d f rom t h e sulfonic ac id ( P D C I -
S 0 3 H ) (2) via 3 a n d t h e JV-subst i tu ted-sul foperylene-
3 , 4 - d i c a r b o x i m i d e ( i V - R - P D C I - S 0 3 H ) ( 4 ) , as p r e s e n t e d 
below. 1 ) 

HN 

O 
11 

o 

II 

o 

S03H 

KOH 

o 

RN 

11 

o 

-<^o)>-<b)> HaSOl /C- /oVYo>5 Koi 

o 
1 2 

_ SO3H O _ _ SO3H 

- < b y - < o ^ RNHa /C- /o)>-<^o^ 

6 
3 4 

1 2 1 1 a : R = - C H 2 C H 3 
b : R = - C H 2 C H 2 O H 

6 6 7 8 

5 
a : R = —CH2CH3 

T h e s u b s t i t u t e d pos i t i on of t h e sulfo g r o u p i n 2 , 
h o w e v e r , r e m a i n s . T h e pos i t i on of s u b s t i t u t i o n h a s b e e n 

O OH 
10% n /— 

KOH / C - < O 
> HN \—: 

o 

NH, 

06 H.SO. /C-/o^>-<^0 

°> NÇ-<2>-<o 

S03H 
OH 

HN 

O _ _ 

- c -<(o)>—<^O)>-COOH 
x c -<(o)>—<(o)> NaN> 

6 ~ ~ 

HN 
NC-< 

11 
o 

NH2 

8b 

discussed o n t h e basis of t h e N M R a n d I R s p e c t r a d a t a 
of 2 a n d r e l a t e d c o m p o u n d s ; 4 a , 4 b , 5 a , 7 , 8 a , p e r y l e n e , 
pe ry l ened i su l fon ic ac ids , a n d 8 b . T h e k ine t i cs of t h e 
su l fona t ion of 1 h a v e also b e e n d e t e r m i n e d . 

E x p e r i m e n t a l 

Materials. P D C I (1), the potassium salt of P D C I - S O s H 
(PDCI-SO3K), the potassium salt of JV-(2-hydroxyethyl)-
PDGI-SO3H (4b), the potassium salt of iV-ethyl-PDCI-S0 3H 
(4a), and JV-ethyl-PDCI (5a) were prepared and purified 
by previous methods.1) T h e free sulfonic acid was 
prepared by adding hydrochloric acid to the solution of the 
potassium salt. PDCI-SO3H was confirmed to be a free 
sulfonic acid by ti trat ion with potassium hydroxide solution 
and in the T G analysis the water of hydrat ion was lost a t 100 
°C. PDCI-SO3H dried at 100 °C was used as the s tandard 
reagent for spectroscopical determination. 

Perylene was prepared from 3,4,9,10-perylenetetracarboxylic 
dianhydride by the method of Goto et a/.2) Perylenedisulfonic 
acid was prepared by the methods of Marschalk.3) 

Measurements and Molecular Orbital Calculations. T h e 
N M R spectra were obtained using a JNM-4H-100 spectrom­
eter ( Japan Electron Optics Laboratory Co.) at 100 M H z . 
All spectra were measured in DMSO-ûf6 using T M S as an 
internal s tandard and samples for measurement a t 150 °G 
were contained in sealed tubes. Mass spectra were obtained 
using a Hi tachi R M U - 7 M mass spectrometer. Visible spectra 
were measured using a Hitachi 124 spectrometer for solutions 
in coned sulfuric acid and I R spectra on a Nippon Bunko 
I R - E spectrophotometer. T h e developing solvent used in 
paper chromatography was a l -butanol-pyr id ine-28 % ammo­
nia -wate r mixture ( 1 : 1: 1: 1). T h e molecular orbitals were 
calculated using an I B M 370 computer with a modification of 
the program of Wiberg.4) 

Sulfonation of Hydroxyperylene-3,4-dicarboximide. Hydroxy-
perylene-3,4-dicarboximide (6) : In an autoclave was added 
PDCI-SO3K 0.60 g and 10% K O H 50 ml. T h e autoclave 
was heated a t 200 °G for 10 h with stirring. T h e reaction 
mixture was filtered, the precipitate washed with water, and 
poured into water. T h e suspension was acidified with hydro­
chloric acid and filtered and the precipitate washed with 
water, and dried, 6 0.50 g : ^ m a x (H 2 S0 4 ) 620 n m ; Rt 0.78 
(violet); M S (70 eV) , m/e 337 (M+). After sublimation at 
400 °C/3—5 m m H g , an analytical sample was given. 

Found : C, 77.53; H , 3.05; N , 4 .08%. Calcd for C 2 2 H n -
0 3 N : C, 78.33; H , 3.29; N , 4 . 1 5 % . 

Sulfonation of Hydroxyperylene-3,4-dicarboximide: In to a three 
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necked flask fitted with a stirrer was added concentrated 
sulfuric acid 20 ml and 6 0.10 g. The mixture was warmed 
at 50 °G for 2 h with stirring, and the cooled mixture poured 
into ice water 100 ml. The mixture was filtered and the solid 
dissolved in refluxing ethanol, and filtered to remove the 
unreacted 6. The solution was concentrated in an evaporator, 
and concentrated hydrochloric acid added until the material 
solidified. The solid was filtered and dried, giving the sulfonic 
acid 7 0.08 g: Amax (H2S04) 623 nm; R{ 0.62 (violet). 

Aminoperylene-3,4-dicarboximide. Preparation from PDCI-
SOzK: In an autoclave was added PDGI-S03K 0.50 g and 
28% ammonia 50 ml, followed by ammonia gas until a 
pressure of 10 kg/cm2 was attained. The autoclave was heated 
at 200 °G for 10 h. The reaction mixture was filtered, and 
the precipitate washed with hot 1% potassium hydroxide to 
remove the unreacted PDCI-SO3K. The precipitate was 
washed with water and dried, giving the amine 8a 0.32 g : 
^max (H2S04) 609 nm; Rt 0.88 (blue); MS (70 eV), mje 336 
(M+). After sublimation at 400 °C/1 mmHg, an analytical 
sample was given. 

Found: G, 78.23; H, 3.31; N, 7.72%. Galcd for G22H12-
N 2 0 2 : G, 78.56; H, 3.60; N, 8.33%. 

Preparation from 9-Carboxy-3,4-perylenedicarboximide (9) : 9 
0.50 g was dissolved in concentrated sulfuric acid 25 ml and 
to the solution was slowly added sodium azide 0.10 g. The 
solution was maintained at 50 °G for 4 h and then the reaction 
mixture was poured into water and filtered. The precipitate 
was washed with hot 1 % potassium hydroxide, water, ethanol, 
and dried, giving the amine 8b 0.22 g: >lmax (H2S04) 609 nm; 
Rf 0.88 (blue); MS (70 eV), mje 336 (M+). The DMSO 
solution gave an analytical sample by acidification with hydro­
chloric acid. 

Found: G, 71.08; H, 3.23; N, 6.59 %. Galcd for G22H12-
N 2 0 2 +HG1: G, 70.88; H, 3.51; N, 7.51%. 

Sulfonation of PDCI. In order to study the rate of 
sulfonation, concentrated sulfuric acid 25 ml was added into 
a three neeked flask, and the temperature of the flask adjusted 
to the temperature of the rate measured. To the flask was 
added PDGI 0.50 g and the flask maintained at the same 
temperature with stirring. An aliquot of the reaction mixture 
was withdrawn periodically and analyzed by paper chroma­
tography and spectroscopy. 

Paper Chromatography: The reaction mixture was poured 
into water and the precipitated reaction mixture separated 
by centrifuging. The precipitate was dissolved in 1 % potas­
sium hydroxide, placed on the paper and developed by the 
solvent. 

Determination by Spectroscopy. T h e reaction mixture were 
diluted with concentrated sulfuric acid, and the absorbance 
at two wavelength (570 and 585 nm) measured. The mole 
ratio of PDGI and PDGI-SOsH to the mixture was calculated 
from the following relationship : 

Abl0 = 0.743 X (PDGI) + 0.583 X (PDGI-S03H) 

A585 = 0.714 x (PDGI) + 0.726 X (PDGI-S03H) 

A510 and AbS5; Absorbances of the reaction mixture at 570 and 
585 nm. (PDGI) and (PDGI-S03H) are the concentrations 
of PDGI and PDCI-SO3H (mg/ml), respectively. 

Results and Discussion 

NMR Spectra of Sulfonic Acids. The sulfonic acid 
2 was confirmed to be a mono-sulfonic acid by the 
potassium analysis of the potassium salt of 2.1* The 
position of the sulfo group in 2 has been evaluated by 
comparing the N M R spectra of the related compounds, 

TABLE 1. NMR SPECTRA OF PERYLENE DERIVATIVES 

Com­
pound 

2 a > < 

4aa> < 

4ab> • 

4ba> 

10a> 

l l a > J 

5ab> < 

1 
( 

7a> 

Chemical shift 
(5/ppm 

' 11.5—11.6 (1H, singlet) 
8.8—9.1 (1H, doublet) 
8.0—8.5 (7H, multiplet) 

[ 7.5—7.8 (1 H, triplet) 
( 8.8—9.1 (1 H, doublet) 

8.0—8.5 (7H, multiplet) 
, 7.5—7.8 (1 H, triplet) 
' 9.0—9.2 (1 H, doublet) 

8.4—8.6 (6H, multiplet) 
8.1—8.2 (1 H, doublet) 

!> 7.5—7.8 (1H, triplet) 
r 8.8—9.1 (1H, doublet) 

8.0—8.5 (7H, multiplet) 
> 7.5—7.8 (1 H, triplet) 
r 8.3—8.5 (4H, doublet) 

7.8—7.9 (4H, doublet) 
. 7.4—7.7 (4H, triplet) 
- 8.7—8.9 (2H, doublet) 

8.3—8.5 (4H, triplet) 
7.9—8.1 (2H, doublet) 

* 7.4—7.7 (2H, triplet) 
' 8.2—8.6 (6H, multiplet) 

7.7—8.0 (2H, doublet) 
7.5—7.7 (2H, triplet) 

11.4—11.6 (singlet) 
8.0—8.5 (multiplet) 
7.4—7.9 (triplet) 

Position 

"N 
10 
1, 2, 3, 6, 7, 
11 
10 
1, 2, 3, 6, 7, 
11 
10 
1, 2, 3, 6, 7, 
8 
11 
10 
1, 2, 3, 6, 7, 
11 
X 
B 
A 
4, 10 
1, 6, 7, 12 
2 ,8 
5, 11 
1, 2, 5, 6, 7, 
9, 10 
8, 11 
N 

8, 12 

8, 12 

12 

8, 12 

12 

a) Measured at 25 °G. b) Measured at 150 °C. 

the spectra data being shown in Table 1. Assignment 
of the proton positions has been assumed on the basis 
of the perylene spectrum (in CC14).

5»6) The differences 
between the spectra in DMSO-öf6 and CC14 were 
significantly small. 

Both 4a and 4 b exhibited similar peaks to 2 except 
the peak ô 11.5—11.6 — the addition of D 2 0 to the 
solution of 2, caused the peak at 11.5—11.6 to diminish. 
The potassium salt showed a similar relation. Thus 
in the spectrum of 2, the ô 11.5—11.6 peak has been 
assigned to the proton of the imide group, and ô 8.8—9.1 
and 7.5—7.8 to the single proton in the perylene ring. 

The structures of the perylenedisulfonic acids have 
not been confirmed as 3,9- or 3,10-disulfonic acids, and 
it is expected that there will be no significant differences 
in the spectra due to the symmetrical structures. 
Consequently the structure of the 3,9-derivative (11) 
has been tentatively assigned on the following basis 
(Table 1): the ô 8.3—8.5 triplet signals appear to 
overlap the two doublet signals, and the ô 8.7—8.9 
signal has been attributed to the 4 and 10 positions, 
since the steric effect of the sulfo group is larger than 
that of the others. 

The N M R spectrum of 5a1" shows that the imide 
group does not influence the protons at the 8, 9, 10, and 
11 positions. 

t In order to examine the influence of the imide group the 
NMR spectrum of 5a was taken at 150 °G—5a has the 
greatest solubility among the other iV-substituted PDCI. 
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TABLE 2. ELECTRON DENSITIES AND THE 

CHEMICAL SHIFTS OF 5A 

Position 

1, 6 
2, 5 
7, 12 
8, 11 
9, 10 

Electron densities 

Hückel Pople 

1.007 1.297 
0.895 0.596 
0.914 0.785 
1.001 1.124 
0.918 0.826 

Chemical shifts (ppm) 

5a Perylene 

8.2—8.6 8.3—8.5 
8.2—8.6 7.4—7.7 
8.2—8.6 8.3—8.5 
7.5—7.7 7.4—7.7 
7.7—8.0 7.8—7.9 

The ring proton shift has been found to be approxi­
mately proportional to the calculated charge densities 
on the attached ring-carbon sites.7) In the polycyclic 
molecules however, the resonance shifts of a particular 
ring proton need be corrected for the ring current of the 
neighbouring rings.8) There have been several theoret­
ical studies of N M R chemical shifts in polycyclic 
aromatic hydrocarbons on the basis of the ring current 
theory.5»6»9»10) For a complex molecule such as 5a both 
the charge densities and ring currents must be 
considered. The electron densities of 5a (see later) 
and the chemical shifts of the protons are shown together 
with the chemical shifts of perylene in Table 2. The 
lowest density position showed the largest proton shift 
to lower field for perylene. 

11 12 1 _ 2 

(oy~(oy io<b)>-<(o)>-so3H 
<b)>-^o)>A Ho3s-<(b)>^o)>« 

X B 8 7 6 5 

10 

11 12 1 2 O 

< O > - < O > C , N H 

a S - < 0 > - < 0 > C / 
8 7 6 5 Q 

2a 

11 

The N M R spectra of 4a at 150 °C gave sharper 
peaks than at room temperature. T h e peaks at ô 9.0— 
9.2, 8.1—8.2, and 7.5—7.8 almost coincide with the 
peaks at 8.7—8.9, 7.9—8.1, and 7.4—7.7 of perylenedi-
sulfonic acids. Therefore on the basis of the N M R 
spectra of the related compounds, 2 has been estimated 
as the 9-sulfonic acid (2a), and the position of the 
proton assigned as in the Table . Substitution of the 
sulfo group confirmed that the peak near ô 9.1 was not 

observed, as shown in the spectrum of 7. 
Preparation of the Amine from the Sulfonic Acid. By 

the reaction of the sulfonic acid 2 with NH 3 , the corre­
sponding amine 8a has been prepared and compared 
with the amine 8b , prepared by the Schmidt reaction 
from 9-carboxy-3,4-perylenedicarboximide (9). These 
compounds were very difficult to purify due to poor 
properties of sublimation and solubility in the solvent. 
Subsequent analysis gave rather low N analysis (%) 
but the effect of impurities on the spectra as shown in 
Fig. 1 is negligible since paper chromatography gave 
only one spot. Both the I R (Fig. 1) and mass spectra 
of 8a and 8 b showed the same spectra. 

1600 1400 1200 1000 800 

Wave number/cm -1 

Fig. 1. IR spectra of aminoperylene-3,4-dicarboximide; 
(a) 8b, (b) 8a. 

Localized Treatment of the Hückel and Pople Method. 
The total energies of the calculated models (Fig. 2) 
for perylene and PDCI by the methods of Hückel11»14) 
and Pople12»13) have been calculated for the localized 
treatment of electrophilic aromatic substitution.15»16) 
The parameters used are shown in Table 3 and the 
calculated total energies are shown in Table 4. The 
results show that 9-substitution for PDCI and 3-sub-
stitution for perylene have the lowest energy and thus 
the quan tum chemical calculations support the conclu­
sions. 

Sulfonation of PDCI. Yields of Sulfonation: From 
paper chromatography, the reaction products were 

TABLE 3. PARAMETERS FOR HÜCKEL AND POPLE CALCULATIONS 

Hückela> Popleb> (eV) 

a+2ß 
G+ 
N2+ 
o+ 
ßczzC'y 

ßc~K> 
ßc-oj 

w2vi 
- 1 1 . 1 6 
- 2 8 . 5 3 
- 1 7 . 7 0 

- 1 
- 1 
- 2 

(ii,ii) 
10.988 
16.574 
13.827 

.7515 

.4030 

.220 

("»17) 

{^+T[(»,«)+(i/,i?)r} i /2 

a) Ref. 15. b) Ref. 13, W2vù ionization potentials, (ii,ii) and (Jjjj); one-center repulsion 
integrals, {ujj); two-center repulsion integrals, rtj; distances, ß; resonance integrals. 
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Perylene 

( A - l ) ( A - 2 ) 

PD.CI 

(A-3 ) ( A - 4 ) 

( B - l ) (B -2 ) ( B - 3 ) (B--4) 

Fig. 2. Calculation models for perylene and PDG I. 

TABLE 4. THE TOTAL ENERGIES OF THE MODELS 

Perylene PDGI 

Hückel 

(-fl) 
Pople 
(eV) 

Hückel Pople 
(eV) 

(A-l) 
(A-2) 
(A-3) 
(A-4) 

-28.245 
-26.042 
-25.735 
-26.106 

-259.086 (B-l) 
-237.604 (B-2) 
-235.935 (B-3) 
-237.864 (B-4) 

-43.042 
-40.562 
-40.501 
-40.654 

-369.942 
-345.386 
-345.470 
-345.776 

shown to contain only one product 2 until 120 °C, then 
the reactions were followed spectroscopically. The 
maximum yield of sulfonic acid was approximately 9 7 % 
at 100 °C as shown in Fig. 3. 

50 100 
Reaction time/min 

Fig. 3. Sulfonation of PDGI (1) at 100 °G. 
O ; PDGI, A : PDGI-SO3H. 

Pseudo First Order Reaction Constant and Activation 
Energy : 

k 
PDGI • PDCI-SO,H 

The linear plots of \n{a—x)\a against reaction time t 
at 63, 80, i00, and 119 °C were obtained at the initial 
stages in the reaction, where a and x represent the 
concentrations of initial PDCI and PDCI-SO3H, 
respectively. The rate constants k, estimated from the 
slopes have been compared in Table 5. The activation 
energy was obtained as 19.5 kcal mo l - 1 . 

TABLE 5. RATE CONSTANTS FOR SULFONATION 

OF PDGI WITH H 2S0 4 

Temp 
(°C) 

Rate constant 
k (min-1) 

119 
100 
80 
63 

1.26xl0- l a> 
3.11xl0-2 b> 
6.74xl0-3 a> 
2.02xl0- 3 a> 

a) Average of two measurements. 
b) Average of four measurements. 
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Preparation of Model Polymers for Visual Pigment and 
Spectral Changes 
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iV-(8/-Apocarotene-8/-ylidene)butylamine (Bu-SB) has been protonated with amino acid derivatives in aqueous 
solution and the absorption maxima of the protonated products observed at 500 nm. Copolymers (from iVa-meth-
acryloyl-L-lysine methyl ester and oc-methyl iV-methacryloyl-L-glutamate) bearing long conjugated double bonds 
as a side chain have been synthesized for the simulation of rhodopsin. The absorption spectra shifted to longer 
wavelengths, and the absorbances amounted to 4—8%, based on the maximum peaks. 

The literature is extensive concerning the photo- apocarotene-8'-ylidene)-L-lysine methyl esters and a-
chromic process in visual pigments and a number of methyl L-glutamates as side chains. The spectral 
interesting observations and results have been reported,1) changes of the amino acid derivatives have been inves-
Nevertheless the mechanism remains unclarified. tigated. 
Absorption maxima (Amax) of pigments bonded to opsin 
by Schiff base (SB) linkages are observed at approxi­
mately 500 nm, although the 11-aV-retinylidene ana- - ( -CH 2 -C- )—(-CH 2 -C- ) m —(-CH 2 -C) W -
logue in solution absorbs in the ultraviolet. The C = 0 C = 0 C = 0 
bathochromic shift was thought due to the protonation ^p j Q NH 
of the SB linkage/) this hypothesis being qualitatively MeOOC_^H ^ H 6 - C O O M e 
supported by indirect methods and theory. 

GH3 CH3 
1 1 1 

The absorption spectra of long pendant conjugated 
1 1 1 

Cri2 CH2 CH2 
1 1 1 

chains attached to peptide backbones was reported to GH2 GH2 CH2 

shift approximately 120 nm to longer wavelengths by CH2 CH C = 0 
the addition of acceptors with strong electron affinities XTT ÂTT 
and small molecular sizes.3) I t is difficult to produce an 1 2 CH3, 
experimental model identical with rhodopsin in which II 1 3 1 
the absorption peak shifts reversibly to the red region, C H / ^ / ^ / ^ / ^ / * ^ / ^ » 
but the following models have been prepared with the CH3 CH3 GH3 

intention of simulating a visual pigment and examining m. Q 4 n. Q 2 
spectral changes: amino acid derivatives have been 
employed as protonating agents for low molecular SB, The methacryloyl chain has been employed as the 
since the acid components reported to date were polymer backbone in place of peptides, since poly 
mineral acids4) and organic acids possessing a strong (amino acid) s are insoluble in organic solvents by 
proton transfer constant such as trichloroacetic acid;5) denaturat ion during cleavage of the protecting groups 
other models have been vinyl polymers bearing iV£- (8'- and subsequent purification, bringing about low yields 

TABLE 1. POLY (VINYL AMINO ACID) S AND SB 

Composition11) 
Vinyl-Z-Ly(OMe) 
Vinyl-Glu-OBzl(OMe) 
BMA 

Yield % 
M dl/gb> 

Content mM/gc> 

-NH 2 

-COOH 

Spectra of SB 
; 
'''max 
El% 

Amount of SBd> mol% 

Poly-Ly 

1 
0 
0 

54.0 
0.235 

3.32 
(75.9) 

428 
208 
38.0 

Poly-Ly-1 

1 
0 
4 

73.1 
0.392 

1.07 
(85.6) 

430 
127 
44.4 

Copoly-1 

1 
1 
0 

63.8 
0.182 

1.85 
(87.2) 

1.77 
(83.2) 

Copoly-2 

1 
1 
4 

78.8 
0.180 

0.65 
(66.6) 

0.70 
(72.7) 

415 
26.3 
11.0 

Copoly-3 

1 
2 
4 

68.4 
0.295 

0.37 
(77.9) 

0.66 
(69.8) 

416 
8.3 
6.1 

a) Composition of monomer for polymerization, b) In DMF at 25 °C. c) Content of 
a)-group in polymer measured by titration with 0.1 M NaOH or 0.1 M HCl in T H F -
H 2 0 , figures in parentheses indicate calculated values in %. d) Calculated values 
from the absorptivity of Bu-SB (Amax 440 nm, E1X 826) and amino residue in polymer. 
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of SB and difficulties in measurement of the shift 
magnitude in a heterogeneous system. JVa-Methacrylo-
yl-iVe-benzyloxycarbonyl-L-lysine methyl ester [Vinyl-
Z-Ly(OMe)] has been prepared by the esterification of 
Z-Ly with thionyl chloride-methanol,6) followed by 
amidation with methacryloyl chloride. Attempts to 
esterify y-benzyl L-glutamate by conventional means 
were unsuccessful due to ready hydrolysis and ester ex­
change. Consequently y-benzyl a-methyl JV-methacryl-
oyl-L-glutamate [Vinyl-Glu-OBzl(OMe)] has been 
prepared by the amidation of Glu-OBzl in cold alkaline 
solution with methacryloyl chloride, followed by the 
esterification with ethereal diazomethane solution. In 
order to examine the effect of neighboring groups and 
increase in solubility of the polymers, the vinyl amino 
acid derivatives have been copolymerized with butyl 
methacrylate (BMA) in dioxane by conventional free 
radical polymerization. The protecting groups at the 
amino acid co-position have been cleaved with hydrogen 
bromide. 

Table 1 gives the polymers and the SB linkages 
synthesized. The co-group contents are seen to be 
slightly lower than the calculated values due to the 
preferential polymerization of BMA and the presence 
of protecting groups. T h e copolymer of Vinyl-Glu 
(OMe) and Vinyl-Ly(OMe) which consisted of 1: 1 
or 2 : 1 molar ratios did not bond with 8'-apocarotene-
8'-al presumably due to salt formation of the amino 
groups with neighboring carboxyl groups in the polymer 
molecule. I t was reported that only 11-cir- and 9-cis-
retinal combine with opsin to form pigments and that 
only the 11-cis pigment has an absorption spectrum 
identical with that of rhodopsin.7) In this study, how­
ever, the effect of the isomers of carotenal was not 
examined and 8'-apocarotene-8'-al, which was readily 
obtained by the potassium permanganate oxidation of 
/S-carotene8) and put up resistance to oxidation, was 
used as a pigment. 

The absorption maxima (Amax) of Poly-SB shifted 
to shorter wavelengths compared with Bu-SB (Table 1 ). 
This tendency increased after isolation and drying for 
Poly-SB (e.g. Poly-Ly-1 : Amax, 427 n m ; E1%9 118), which 
may indicate that the derea l iza t ion of the ^-electrons 
involved in the long pendant conjugated chain is 
affected by steric hindrance. T h e absorptivities were 
lower than the calculated values based on the amino 
group content in the polymer and the ElX of Bu-SB, 
especially that of Copoly-SB being below 10. The 
measurements were conducted in the concentration 
range satisfying Lambert 's Law, so that the low absorp­
tivities indicate that SB formation is affected by the 
polymer backbones and the amount of amino group 
available for SB formation is decreased by salt formation 
in the polymer. 

The spectrum of Bu-SB protonated with hydrochloric 
acid shifted 95 nm to longer wavelengths as previously 
reported.9) For amino acid derivatives with low acidic 
dissociation constants (pKa)9 Bu-SB remained unpro-
tonated in non aqueous solvents but protonated in 
strong organic acids such as />-toluenesulfonic acid. In 
aqueous solvents, however, the spectrum of Bu-SB 
shifted to the red on mixing with amino acid derivatives, 

1.2 h 

0.8! 

0.41 

-

/ 1 

yyc 

• 

\y 

i 

2 

i ^ ^ i ^ 

400 500 600 700 
nm 

Fig. 1. Absorption spectra of Bu-SB with amino acids. 
1; Bu-SB, 2; Bu-SB with HCl, 3; Bu-SB with Z-Glu, 
4: Bu-SB with Poly-Glu(OMe). Solvent: 80% DMF. 

although new peaks were observed at shorter wave­
lengths than that with hydrochloric acid (Fig. 1). The 
cause of this may be the difference in electrostatic 
energies of the counter ions.10) The region of the 
maximum peaks are not clear with a- and y-carboxy 
groups of amino acids. T h e absorptivity of Bu-SB 
protonated with poly (a-methyl JV-methacryloyl-L-
glutamate) [Poly-Glu(OMe)] was approximately half 
the value with low molecular amino acids, probably 
due to limited protonation by steric hindrance. 

T h e spectra of Poly-Ly-SB protonated with amino 
acids were similar to those of Bu-SB, but the shifts 
were smaller. The amino acids as proton donors were 
in a large excess to the amino residue of Poly-Ly, and 
consequently neutralization was negligible. The positive 
charge on the nitrogen of the protonated lysine delo-
calized throughout the ^-electron system is presumably 
interfered with the torsion of the conjugated chains and 
a small amount of acid components may be brought in 

Fig. 2. Absorption spectra of Poly-SB and Copoly-SB 
1: Poly-Ly-SB, 2: Poly-Ly-SB with Poly-Glu(OMe), 
3: A4 for Poly-Ly-SB with Z-Glu, 4: AA for Copoly-
SB. Solvent: 80% DMF. 
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the proximity of the C=N bond due to steric hindrance 
of the polymer backbone or the long side chains. T h e 
low absorbance of Poly-Ly-SB with acids possessing 
large molecular sizes are analogous to those of Bu-SB 
and may be interpreted in terms of the steric hindrance 
discussed above. The bathochromic shift decreased in 
the order Z-Glu and Poly-Glu(OMe) (72, 47 nm 
respectively), indicating that the poorly dissociated 
carboxylic acid is incompletely bonded to the nitrogen 
in the hydrophobic region of the polymer matrix, 
thereby bringing about the poor derea l iza t ion of the 
positive charge throughout the conjugated double bonds. 

The spectrum of Copoly-SB, which possesses an 
environment analogous to rhodopsin slightly shifted 
towards a longer wavelength by the addition of water. 
In order to obtain more obvious magnitude of the 
shift, the difference in absorbance (AA) plotted against 
the wavelength of Copoly-SB and Bu-SB in aqueous 
solution, the AA at the maximum peak being 4 % of 
that for the Amax of Copoly-SB (Fig. 2). This low 
absorbance appears to be due to there being fewer 
opportunities for collision between the SB linkage and 
the carboxylic acids fixed as side chains in the copoly­
mer, since the addition of a lower molecular acid 
instead of an acid component as the side chain increases 
the absorbance (9%) . The A^4max of Copoly-SB and 
with the addition of low molecular acids in aqueous 
solution was located at a slightly longer wavelength 
(5—10 nm) compared with Poly-SB and Bu-SB with 
the addition of amino acids. This suggests that the 
pendant polar groups such as the carboxylate anions 
and the salts in the vicinity of the chromophore pull 
the positive charge into the conjugate chain,11) thus 
increasing the contribution to the resonance structure. 

I t is experimentally impossible to produce a highly 
selective and restrictive model which forms a SB in 
the aqueous phase and protonates quantitatively. I t 
has been possible, however, to synthesize a simple 
polymer model simulating rhodopsin, in which 
the absorption spectrum shifted towards the longer 
wavelength via intramolecular protonation without the 
addition of external acid components. The magnitude 
of the shift, however, was small. 

Experimental 

The infrared, visible, 1H-NMR and mass spectra were 
obtained using a Hitachi 215, a Hitachi 200-10, a JEOL-
PXM60 and a Hitachi RMU-6MG spectrometer respectively. 
Elemental analyses were conducted using a Perkin-Elmer 250 
instrument. 8'-Apocarotene-8'-al was prepared by the KMn0 4 -
oxidation of /5-carotene and purified by aluminum oxide chro­
matography (Woelem-neutral), followed by partition separa­
tion. 

Preparation of Vinyl-Z-Ly(OMe) : Z-Ly(OMe) was prepared 
with Z-Ly and methanol-thionyl chloride.6) To Z-Ly(OMe) 
HCl (10 g, 30.3 mM) in DMF-THF (2:5 , 70 ml) was added 
triethylamine (8.9 ml, 60 mM) and the Et3N-HCl precipitated 
was filtered off. Methacryloyl chloride (3.5 ml) was added to 
the filtrate maintained below 5 °C. Stirring was maintained 
overnight in an ice bath, after which the mixture was filtered 
and washed with benzene. The filtrate, washed with dil.HCl, 
10 % NaHC0 3 and water, was dried over anhydrous sodium 

sulfate and concentrated in vacuo. The oily residue was purified 
by precipitation with a mixture of carbon tetrachloride and 
hexane. Yield 11.0 g. Found: C, 62.23; H, 7.08; N, 7.13%. 
Calcd for C19H26N205: C, 62.64; H, 7.14; N, 7.69%. IR 
(CC14) : 3400 (NH), 1730 (ester C=0), 1700 (carbamate C=0), 
1670 (amide C=0), 945 (C=C) cm"1. XH-NMR (CC14), 3: 
1.4—1.7 (m, 6H, lysine CH2), 1.9 (s, 3H, methacryl CH3), 
3.1 (d, 2H, lysine d-CH2), 3.6 (s, 3H, ester CH3), 4.3 (s, 1H, 
lysine a-CH), 5.1 (s, 2H, benzyl CH2), 5.3, 5.6 (s, 2H, CH2-
C), 7.3 (s, 5H, phenyl) ppm. Mass (m/e) : 364 (M+, 5 % to 
CH2=C-CH3+). 

Preparation of Vinyl-Glu-OBzl(OMe) : A finely powdered 
Glu-OBzl (7.13 g, 30 mM) was vigorously stirred for one 
minute with Et3N (5 ml) in H 2 0 (50 ml) in an ice bath, 
followed by the immediate addition of methacryloyl chloride 
(3 ml) below 5 °C. The mixture was vigorously stirred for 15 
min, after which the reaction mixture was extracted with two 
portions of chloroform (100 ml). The extract, washed with 
dil.HCl and water was dried over anhydrous sodium sulfate 
and concentrated in vacuo. The Vinyl-Glu-OBzl thus obtained 
was esterified with an ethereal diazomethane solution and the 
solution washed with 10 % NaHC0 3 and water, dried over 
anhydrous sodium sulfate and concentrated in vacuo. The 
reaction product was purified by precipitation with a mixture 
of carbon tetrachloride and hexane. Yield 4.7 g. Found : C, 
63.34; H, 6.36; N, 5.23%. Calcd for C17H21N05: C, 63.95; 
H, 6.58; N, 4.39%. IR (CC14) ; 3400 (NH), 1740 (ester C=0), 
1675 (amide C=0), 920 (C=C) cm-1. ]H-NMR (CC14), Ô: 
1.9 (s, 3H, methacryl CH3), 2.2—2.4 (m, 4H, glutamate CH2), 
3.8 (s, 3H, ester CH3), 4.6 (t, 1H, a-CH), 5.1 (s, 2H, benzyl 
CH2), 5.3, 5.8 (s, 2H, CH2=C), 7.4 (s, 5H, phenyl) ppm. 
Mass (mje): 319 (M+, 15 % to benzyl ion). 

Preparation of Poly-SB: A portion of the monomer (5 g), 
the'eomposition of which is listed in Table 1, the a,a'-azobisiso-
butyronitrile (50 mg) and dioxane (10 ml) were placed in a 
Pyrex glass ampoule which had been previously flushed with 
nitrogen, sealed, and heated at 75 °C for 48 h. The polymer 
thus obtained was precipitated by ether, washed with ether, 
and dried in vacuo. The polymer (1 g) was dissolved in triflu-
oroacetic acid (3 ml). Cleavage of the protecting groups was 
conducted with a 30 % solution of hydrobromic acid in acetic 
acid (3 ml) at 50 °C for 1 h. The polymer thus obtained was 
tranformed into the free state of the co-position by the following 
procedure: Poly-Ly HBr in H 2 0 (10 ml) was basified with 
Et3N, precipitated into acetone, and freeze-dried from H 2 0 ; 
Poly-Glu(OMe) was dissolved in 5% Na 2 C0 3 solution and 
acidified with dil.HCl to pH 2, the polymer thus precipitated 
was washed with water and dried in vacuo; the copolymer 
dissolved in a mixture of THF and H 2 0 was neutralized with 
0.1 M NaOH to the isoelectric point12) and stirred at this point 
for 10 h. The polymer thus precipitated was washed with 
water and freeze-dried from dioxane. IR (KBr) and 1H-NMR 
(DMSO-fl?6) indicated no absorption peak at 695 cm - 1 and 
7—8 ppm. 

Poly-SB was prepared as follows: 0.5 mM of polymer (based 
on lysine residue) and 1 mM of 8'-apocarotene-8'-al were 
stirred in DMF (10 ml) with a molecular sieve (3A) under 
nitrogen and allowed to stand in the dark for several days. 
The reaction mixture was poured into ether, dissolved in DMF 
without drying, and the DMF solution extracted with petro­
leum ether using a Soxhlet liquid extractor to attain a sufficient 
removal of remaining 8'-apocarotene-8'-al. The spectra were 
measured in a 1 mm cell approximately 5 min after 10 -3 M/l 
of SB (1 ml) and 10 -3 M/l of amino acid derivatives (10 ml) 
in DMF were mixed. 
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In the Ul lmann condensation of bromoanthraquinones (AQBr) with ethylenediamine using copper (I) bromide 
as a catalyst, the reaction rate decreased with time which has been interpreted in terms of the formation of the 
ineffective copper(II ) species. T h e kinetic investigation showed the reaction rate to be first order both for the 
copper(I) species and AQBr. After prolonged reaction the copper(I) species was quanti tat ively converted to the 
copper(II ) species, the copper(II ) species appearing to have little catalytic activity due to strong coordination 
with ethylenediamine. T h e reactivities of the haloanthraquinones were dependent on the ease of coordination 
with Cu(I) and the rate of Cu( I I ) formation. T h e mechanism, including the reaction between CuT(AQBr) and 
ethylenediamine, has been proposed and discussed. 

Ary l ha l ides r e a d i l y u n d e r g o n u c l e o p h i l i c r e p l a c e ­
m e n t of t h e h a l o g e n a t o m b y mo ie t i e s s u c h as O R a n d 
N H 2 , w i t h t h e a i d of a c o p p e r ca t a ly s t . T h e r e a c t i o n 
m e c h a n i s m , h a s h o w e v e r , b e e n t h e sub jec t of l i t t le 
r e sea rch a n d t h e c a t a l y t i c a c t i o n of t h e c o p p e r species 
r e m a i n s o b s c u r e . 

T h e a u t h o r s h a v e r e p o r t e d t h e m e c h a n i s m of t h e 
U l l m a n n c o n d e n s a t i o n r e a c t i o n for h a l o a n t h r a q u i n o n e s 
w i t h a m i n e s u s ing c o p p e r salts as t h e ca ta lys t i n p r o t i c 
a n d a p r o t i c so lven t s . 1 - 4 ) I n a p r o t i c so lvents , t h e effective 
c o p p e r ( I ) species oxidizes t o t h e ineffect ive c o p p e r ( I I ) 
species d u r i n g t h e cou r se of r e a c t i o n a n d t h e f o r m a t i o n 
of t h e c o p p e r ( I I ) species h a s b e e n s h o w n to h a v e a n 
i m p o r t a n t ro le i n t h e r eac t i on . 2 ' 3 ) T h u s , i n t h e c o n d e n ­
sa t ion w i t h 2 - a m i n o e t h a n o l , t h e r e su l t i ng c o p p e r ( I I ) 
species i nc rea sed t h e c a t a l y t i c a c t i v i t y of t h e c o p p e r (I) 
species . T h e pseudo-f i rs t o r d e r r a t e c o n s t a n t m a y b e 
expressed as fol lows: 

k = ^ [ C u 1 ] + ^ [Gu^ lCu 1 1 ] . 4 ) 

I n th is p a p e r t h e r e a c t i o n of h a l o a n t h r a q u i n o n e s w i t h 
e t h y l e n e d i a m i n e , wi l l b e r e p o r t e d w h i c h is m o r e r e a c t i v e 
t h a n 2 - a m i n o e t h a n o l , b y c o p p e r ( I ) ca t a lys t i n a p r o t i c 
m e d i a . 

O Br 
ii 

+ NHoCHoCHoNH 
Cui 

under Na 

O R 
1 : R = H 
2 : R = N H 2 O N H C H 9 C H 9 N H 

2 V J X ± 2 1 , | X ± 2 

O R 
3 : R = H 
4: R = N H 2 

E x p e r i m e n t a l 

General. 1-Bromoanthraquinone (1), l-amino-4-bromo-
anthraquinone (2), and copper (I) bromide were prepared by 
the methods described in a previous paper.2) Commercially 
available ethylenediamine was dried over sodium, distilled, 

and stored under nitrogen. T h e solvents used were dried by 
s tandard procedures, distilled, and stored under nitrogen. T h e 
details of the kinetic measurements have been described in 
Par t I of this series.2) T h e anthraquinone and 1-amino-
anthraquinone formed in the course of reaction were analyzed 
by high speed liquid chromatography in a manner similar to 
tha t described in a preceding paper 4) ; column, Zorbax O D S 
25 c m ; mobile phase, methanol -water 6 7 : 3 3 ; temperature , 
40 °C; detector, UV-254 nm. ESR spectra were measured as 
described in preceding papers.3»4) I R and U V and visible 
spectra were recorded with J A S C O IRA-1 and Shimadzu 
UV-200 spectrophotometers respectively. N M R spectra were 
obtained on a Hi tachi R-24 spectrometer for solutions in 
dimethyl-^,, sulfoxide with tetramethylsilane as an internal 
reference. Mass spectra were taken on a J E O L J M S - D 100 
mass spectrometer by direct insertion. 

Condensation Products. T h e condensation product , 
l-(2-aminoethylamino) an thraquinone (3), was very liable, 
cyclizing thermally to give compound (5) .5) T h e condensa-

CHp 

O N H 
II C H , 

V N H ' 

II 
O 

(5) 

tion reaction of 1 and 2 with ethylenediamine in 1,2-dime-
thoxyethane-methyl cellosolve (4: 1) solution were conducted 
at temperatures below 100 °C in order to avoid possible side 
reactions, e.g., cyclization of the condensation products. 

T h e condensation products were obtained from the reaction 
mixture in a following manne r : T h e solvents were removed 
under reduced pressure and the reaction mixture poured into 
water . After filtration, the products were washed with water 
and dried and the precipitate chromatographed on a silica gel 
column with benzene-methanol (4: 1, v/v) as the eluent. No 
formation of ring closed compounds were observed. 

l-(2-Aminoethylamino) anthraquinone (3): A m a x (C 2 H 5 OH) 501 
n m (e 6460) ; I R (KBr) 1660 cm" 1 (C=0) ; N M R <5=2.37 (2H, 
disappearing on deuterat ion, N H 2 ) , 2.85 (2H, - C H 2 - ) , 3.25 
(2H, - C H 2 - ) , 6.95—8.35 (7H, quinone r ing), 9.80 (1H, NH) ; 
M S , m/e=266 (M+). 

l-Amino-4-(2-aminoethylamino) anthraquinone (4): Am a x(C2H3-
O H ) 501 n m (e 15700), 571 nm (e 14100); N M R (5=2.85 
(2H, - C H 2 - ) , 3.44 (2H, - C H 3 - ) , 7.10—8,40 (6H, quinone 
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ring), 10.91 (1H, disappearing on deuteration, NH); MS, 
m/*=281 (M+). 

R e s u l t s a n d D i s c u s s i o n 

T h e reactivities of the haloanthraquinones in the 
presence or absence of copper (I) catalyst have been 
compared in Fig. 1 and indicate the following observa­
tions : 

(i) T h e copper(I) catalyst greatly enhanced the 
reactivities of the haloanthraquinones. 

(ii) 1-Bromoanthraquinone (1) was more reactive 
than l-amino-4-bromoanthraquinone (2), both in the 
absence and presence of catalyst. T h e relative initial 
rates have been calculated as follows: 1 (without 
catalyst) : 2 (without catalyst) : 1 (with catalyst) : 2 
(with catalyst) = 2 0 : 1: 5900: 5500. 

(iii) The catalytic activity decreased as the reaction 
proceeded, a tendency more marked in reaction 2 than 
in 1. 
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Fig. 1. Pseudo-first order plots of the reaction between 
bromoanthraquinones and ethylenediamine. [AQBr]0 

= 5 x 10-3 mol/1, [EN]0=0.5 mol/1, [CuBr]0=l X 10~3 

mol/1, temp 70 °G, solvent 1,2-dimethoxyethane-methyl 
cellosolve 4 : 1 . 
0 : l-BrAQ(l)-EN-CuBr,Jk: l-NH2-4-BrAQ,(2)-EN-
CuBr, 0 : 1-BrAQ-EN, A : l-NH2-4-BrAQ,-EN. 

The above results may be explained in terms of the 
change in catalyst from copper (I) to copper ( I I ) . The 
following kinetic studies of the reaction between the 
haloanthraquinones and ethylenediamine reasonably 
support this reasoning. 

Kinetics of Catalyst-free Reactions. Figure 1 shows 
that both the reactions of 1 and 2 in the absence of 
copper(I) bromide catalyst can be interpreted in terms 
of pseudo-first order kinetics. Since ethylenediamine 
(EN) was in a large excess, the second order rate 
constants were obtained by dividing the pseudo-first 
order rate constants by the concentration of amine. 
The second order rate constants of 1 and 2 (ki and ku) 
are expressed by Eqs. 1 and 2 : 

kz (I-mol"1.min"1) = (3.2[EN] + 7.0) X 10"4, (1) 

kn (1.mol"1.min"1) = (7.16±1.22) X 10"«. (2) 

Bunnett et al. reported that the nucleophilic substitu­
tion reactions of halonitrobenzenes with amines were 
accelerated, strongly or mildly with an increase in the 
concentration of amine or by the addition of bases.6) 
Under these conditions the second order rate constant 
largely conform to Eq. 1. This observation has been 
interpreted by the following scheme: 

ArX + RNH2 

*-. 

• X 
Ar 

\NH2R 
ArNHR. (3) 

*C[RNH2] 

Application of steady state hypothesis to this mechanism 
gives a second order rate constant (kf) expressed by 

kafch £A[RNH2] 
*_ a+*b+*.[RNHJ *_.+*b+*.[RNHJ ' ; 

Assuming k-a is much larger than (Ab+£C[RNH2]) 

in the reaction of 1, k\ may be expressed as follows: 

i = M b + A^ERNHJ ( 5 ) 

By comparing Eq. 5 with Eq. 1, kakh\k.a and kakjk-a 

have been evaluated as 7.0 X 10~4 1 • mol" 1 • m i n - 1 and 
3.2 X 10-4 min-1- l2-mol~2 , respectively. Thus , the ratio 
of kc to kb has been calculated as 0.46 m o l - M indicating 
that the reaction of 1 with ethylenediamine is mildly 
accelerated. Assuming k-a is much less than (kh-\-kc 

[RNH 2 ] ) , Eq . 4 simplifies to k'=ka and the reaction 
is not base catalyzed. The reaction of 2 may correspond 
to this instance. 

Kinetics of Copper(I) Catalyzed Reactions. The 
pseudo-first order plots for the reaction using copper(I) 
bromide as a catalyst were not linear (Fig. 1) presumably 
indicating that the reaction rate decreased with the 
formation of the ineffective copper(II) species. The 
rate equation has been interpreted as first order in 
concentration of bromoanthraquinones (AQBr) and 
copper (I) species. Thus , 

d[AQBr] 
d* 

fo + A^CuBrMAQBr], (6) 

where k0 denotes the pseudo-first order rate constant 
(*i[EN] or An [EN]) of the catalyst-free reactions. 

ESR measurements suggested that the copper (I) 
species was oxidized to the copper(II) species exponen­
tially increased during the course of reaction. Then, 
the concentration of CuBr may be mathematically 
expressed by Eq. 7: 

[CuBr] = a-exp (-y*) + b- (7) 

The initial concentration of CuBr is given by 

[CuBr]0 = a + b, (8) 

and the concentration of CuBr approaches b after 
prolonged reaction. 

Combining Eq. 6 with Eq. 7 and integrating gives 

Eq. 9. 

- l n ( l - * ) = - ^ - ( 1 - e - ^ ) + {kxb + h)t 
y 

This may be rewritten: 

l n ( l - * ) 
t 

= A- (1- r-rt) 
+ B, 

(9) 

(10) 
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where x denotes the yield of the condensation product, 
and A=k1aly and B=k1b+k0. By assuming a value of 
y9 A and B were determined by means of linear regres­
sion analysis. The values of the parameters {A, B9 and 
y)9 which gave the maximum correlation coefficient, 
were taken to be the most suitable parameters. The 
agreement between calculated and observed data was 
very good, since the correlation coefficients were greater 
than 9 9 % in all cases. 

The rate constant k± can be obtained from Eq. 11, 

*, 
yA+B-k0 

[CuBr]0 
(H) 

and the values of k± and y are summarized in Tables 1 

TABLE 1. RATE CONSTANT kl9 y9 AND THE VALUE 

OF b/(a+b) FOR THE REACTION OF 1-
BROMOANTHRAQUINONE (1) WITH 

ETHYLENEDIAMINE ( E N ) 

EN ( 

CuBr { 

1 

mol • 1_1 

( 0.256 
0.502 
0.669 
0.998 
1.410 

( 3.72x10-* 
7.57 

10.7 

v 15.2 
' 1.07X10-3 

2.50 
5.02 
7.53 

, 10.1 

kx (l.mol-1. 
min -1) 

17±0.5 
23±1 
2 3 ± 0 . 5 
25±0 .5 
31±1 
15±1 
26±2 
23±1 
23±1 
26±0 .5 
22±1 .6 
23±1 
23±1 
20±1 

y 

0.16 
0.17 
0.17 
0.12 
0.15 
0.14 
0.16 
0.17 
0.18 
0.07 
0.11 
0.17 
0.19 
0.20 

- T T x 1 0 0 
a + b 

(%) 
0.9 
2.0 
8.6 
3.3 
6.2 
0 
3.4 
2.0 
3.1 

12.8 
7.2 
2.0 
1.2 
0 

Temp 70 °G, solvent 
cellosolve 4 : 1 . 

1,2-dimethoxyethane-methyl 

TABLE 2. RATE CONSTANT kl9 y9 AND THE VALUE 

OF b/(a+b) FOR THE REACTION OF 1-AMINO-

4-BROMOANTHRAQUINONE (2) WITH 

ETHYLENEDIAMINE ( E N ) 

moM-1 kx (1-mol-
min-1) 

" XlOO 
a-\-b 

(%) 

EN 

CuBr 

0.260 
0.516 
0.747 
1.00 
1.42 
4.34X10-4 

7.07 
9.51 

11.76 
2.59X10-3 

5.01 
7.54 

10.03 

23±2 
2 9 ± 3 
33±2 
34±3 
40±2 
47±4 
33±2 
29±3 
32±3 
29±1 
29±3 
23±3 
21 ± 4 

0.29 
0.26 
0.25 
0.19 
0.18 
0.27 
0.26 
0.26 
0.27 
0.15 
0.26 
0.35 
0.35 

2.1 
2.9 
4.1 
4.8 
8.0 
3.1 
2.9 
2.9 
3.2 
2.7 
2.9 
1.2 
1.7 

Temp 70 °G, solvent 1,2-dimethoxyethane-methyl 
cellosolve 4 : 1 . 

and 2. Tables 1 and 2 show that the rate constant kx is 
approximately independent of the initial concentration 
of CuBr. The plot ofy^4 against the initial concentration 
of CuBr gives a straight line supporting the assumption 
that the condensation with ethylenediamine is first order 
with respect to copper (I) bromide. The values of the 
ratio bf{a-\-b) are given by Eq. 12: 

b_ 
a + b 

B-k0 

yA + B-k0 
(12) 

As shown in Tables 1 and 2, the value of bj(a+b) was 
less than about 4 % in most cases indicating that the 
copper (I) species is almost perfectly oxidized to the 
copper(II) species after prolonged reaction.7) Under 
these condensation conditions debrominated products 
were also produced suggesting that the copper (II) 
species was formed by an electron transfer from copper-
(I) to bromoanthraquinone ( A Q B r + C u ( I ) •AQBrT 

+ Cu(I I ) ) in a similar manner to the condensation 
with 2-aminoethanol and that par t of the resulting 
bromoanthraquinone anion radical may be debrom­
inated.4) 

The catalytic activity of copper (I) species in the 
reaction with ethylenediamine was insensitive to the 
resulting copper (I I) species. This is presumably because 
ethylenediamine strongly coordinates to the copper (I I) 
species and thereby prevents cooperation between the 
copper(I) and copper(II) species. I t has been reported 
that copper(II) forms stable chelate complex with 
ethylenediamine ([Cu(EN)]2+ and [Cu(EN)2]2+).8> 

T h e catalytic activity of the copper (I) species in the 
reaction with ethylenediamine was 20 times greater 
than that with 2-aminoethanol. After a statistical 
correction of 2 was applied, ethylenediamine was more 
reactive than 2-aminoethanol by a factor of 10. This 
has been at tr ibuted to the fact that electrons are more 
delocalized in the copper (I) species with a bidentate 
amine such as ethylenediamine. 

Reaction Mechanism. As indicated in Tables 1 
and 2, the rate constant k± increased with increasing 
concentration of amine, the plot of l/Ajj against 1/[EN] 
giving a linear relationship (Fig. 2). O n the other hand, 
the rate constant kx decreased with increasing concent­
ration of bromoanthraquinone ([AQBr]), the plot of 
\\kx against [AQBr] giving a straight line (Fig. 3). 

[EN]"1 1/mol 

Fig. 2. Plots of 1/*! against 1/[EN]. Temp 70 °C, solvent 
1,2-dimethoxyethane-methyl cellosolve 4 : 1 . 
0 : 1-BrAQ-EN-CuBr, Q : l-NH2-4-BrAQ,-EN-CuBr. 



1734 Sadao ARAI, Akira TANAKA, Mitsuhiko HIDA, and Takamichi YAMAGISHI [Vol. 52, No. 6 
m

ol
 • 

m
in

/1
 

o 

O 

X 

0 

• . Ä — -
^j. 

• i 

. — Ï — • 

1 1 I • . i i . 1 

TABLE 3. K; 

Rate parameter 1 

kT (mol ~M-min -1) 
Kx (1-mol-1) 
K2 (1-mol-1) 

^TE PARAMETERS 

-BrAQ (1) 1 -NH2-4-BrAQ (2) 

ÏT24 0^98 
8.9 10.0 

243 500 

Temp 70 °C, solvent 1,2-dimethoxyethane-
methyl cellosolve 4 : 1 , [AQ,Br]0=5xlO-3 

mol-1-1, [EN] 0 =5x lO^mol-l-1 . 

0 5.0 10.0. 

[AQBr]0xl03mol/l 

Fig. 3. Plots of 1/*! against [AQBr]. Temp 70 °C, 
solvent 1,2-dimethoxyethane-methyl cellosolve 4: 1. 
%: 1-BrAQrEN-CuBr O : l-NH2-4-BrAQ-EN-CuBr. 

All results can be interpreted by assuming the follow­
ing reaction scheme (Eq. 13) : 

Cu1 + EN <==• CuJ(EN) 

K2 EN V13) 
Cu1 + AQBr 7 • Cu^AQBr) • product. 

O n the basis of this (Eq. 13), the rate constant kx is 
expressed by 

MTa[EN] 
k,= (14) 

1 +JC1[EN]+JC1[AQBr] * 

The concentration of AQBr under smal conversion is 
approximately equal to the initial concentration 
([AQBr]0) . Thus equation 14 may be rewrit ten: 

K 

A*"1 

• i = h l+* a [AQBr] 0 

kTK2 "*" kvK2 

_ 1+KJßN] . K9 

+ -ktK2[EN] kTK2[EN] 

(15) 

(16) 

The values kr, Kl9 and K2 can be evaluated from the 
slope and the intercept of Figs. 2 and 3, and the concent­
rations of AQBr and EN, the values of which are shown 
in Table 3 . Since the equilibrium between Cu1 and EN 
does not include haloanthraquinone, there should not 
be any difference in the magnitude of Kx between 1 
and 2 . Table 3 shows that Kx in the reaction of 1 is 
approximately equal to that in the reaction of 2, which 
supports the above mechanism. 

The parameter y corresponds to the decreasing rate 
of copper(I) species. As shown in Tables 1 and 2, the 
magnitude changes with the initial concentrations of 
haloanthraquinone and copper(I) bromide, but it is 
little affected by the concentration of amine. The 

however, is not yet clearly understood. 
As previously reported, in the presence of copper(I) 

catalyst, 1 is more reactive than 2 and this may be 
reasonably explained as follows: The rate constant kr 

of 2 is smaller than that of 1, while the equilibrium 
constant between Cu(I) and 2 has a greater value than 
that between Gu(I) and 1. Thus , 2 has an initial rate 
similar to that of 1. The reaction rate of 2, however, 
diminishes more rapidly than that of 1 with time, an 
observation caused possibly by the concentration of 
copper (I) species decreasing more rapidly in the reaction 
of 2 than in the reaction of 1, since the magnitude of the 
parameter y of 2 is greater than that of 1. 

The authors wish to thank Dr. Kinji Anda and Mr . 
Masao Usui of the Tokyo Metropolitan Industrial 
Technical Institute for assistance with the mass spectral 
measurements. 
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The Regioselective Amino-exchange Reaction of ß-Amino 
Conjugated Enones 

Choji KASHIMA* and Yasuhiro YAMAMOTO 

Department of Chemistry, University of Tsukuba, Sakura-mura, Niihari-gun, Ibaraki 300-31 
(Received September 21, 1978) 

By heating with various amines, the amino-exchange reaction of /5-amino conjugated enones was regioselec­
tively accomplished on ß-carbon to give the corresponding /î-amino conjugated enones. The resulting /S-dialkyl-
amino conjugated enones could then be used for the synthesis of /3,/2-disubstituted conjugated enones by treatment 
with Grignard reagents. 

Previously, it has been reported that m-1-substituted-
4-amino-3-penten-2-ones were regioselectively prepared 
from 2,4-pentanedione through 5-substituted 3-methyl-
isoxazoles by catalytic hydrogénation.1) Benary 
described2) how /?-dialkylamino conjugated enones 
reacted with Grignard reagents to afford /?,/?-disub-
stituted conjugated enones. However, JV-unsubstituted 
and JV-monosubstituted /?-amino conjugated enones are 
inert toward Grignard reagents, even under forced 
conditions. Therefore, the conversion from iV-unsub-
stituted /?-amino conjugated enones to iV,iV-disubstituted 
analogues seems to be the key step in the regioselective 
synthesis of /?,/?-disubstituted conjugated enones. 

The reactions of /5-amino conjugated enones with 
hydroxylamine3) and ureas4) have already been reported. 
In both cases, nucleophiles attack first the /?-carbon of 
/S-amino conjugated enones as a Michael-type addition, 
and then eliminate the amine or ammonia to afford 
the corresponding heterocycles. By analogy, we expected 
the amino-exchange reaction of /9-amino conjugated 
enones upon the treatment with a pr imary or secondary 
amine to afford iV-monosubstituted or JV^iV-disub-
stituted /9-amino conjugated enones. (Scheme 1). 

When «>-4-amino-3-penten-2-one (1) was treated 

R \ 

H,N 
R» 

NH 

o 
M e ' V ^ R 1 

1: R ^ M e 
3: R! = Pr 
5: R! = Ph 
7 : R1 = />-Tolyl-CH-CH2-

10: Ri = i-Bu 

MeOTs/NaH 

> 
(R*=R» = Me) 

Me 

R2 
Me O 

i n 
X N / X V / X R 1 

i 
R3 

R \ 
NH 

(R«=H) 

R3
X /R

2 

N O 

M e A ^ R 1 

4: R! = Pr 
6: R! = Ph 

a: R 2 = R 3 = M e , 
b : R 2 = R 3 = E t , 
c :R 2 =R 3 =z-Pr , 
d : R 2 , R 3 = ( C H 2 ) 4 , 
e :R 2 ,R 3 =(GH 2 ) 5 , 

2: R! = Me , , 
4: Ri = Pr ^ e 

8 : R1 = />-Tolyl-CH-CH2-
11: Ri = »-Bu 

R4MgX 

Me O 
i ii 

R 4 / V X R 1 

Me 

9 : R1 = />-Tolyl-CH-CH2-, 
R4 = Me 

13: R ^ t - B u , R4 = />-Tolyl-
12: R ^ i - B u , R4 = CH2=CH-

f : R 2 , R 3=(CH 2) 20(CH 2) 2 

g: R 2 =Me, R3 = Bu 
h : R2 = H, R 3 = M e 
i : R2 = H, R3 = Bu 
j : R 2 = H , R3 = Et 

Scheme 1. 

with dimethylamine, £ra«.y-4-dimethylamino-3-penten-2-
one (2a) was formed in a quantitative yield. In this 
reaction, the /?-amino conjugated enone has two reaction 
sites, on the/9-carbon and on the carbonyl carbon atoms. 
I n the case of the reaction of m-2-amino-2-hepten-4-one 
(3) with dimethylamine, four reaction products, trans-
2-dimethylamino-2-hepten-4-one (4a), £r<my-4-dimethyl-
amino-3-hepten-2-one, and their eis isomers, could be 
expected. When 3 was treated with dimethylamine 
under the same conditions, however, only one product 
was obtained. This product was independently prepared 
from 3 by direct methylation on nitrogen in the presence 
of sodium hydride. This result showed that the amino-
exchange reaction occurred regioselectively on /?-carbon 
to afford 2-dimethylamino-2-hepten-4-one. For deter­
mining the configuration, the N M R spectrum of this 
product was compared with those of 1, 2a , 2d, 2e, 
2f, and 2h, which configurations had already been 
confirmed by means of the I R , U V , and olefinic proton 
N M R spectra.5) T h e allyl methyl proton signal appeared 
at ô 2.49 ppm, and the molarinduced shift (A<3) by 
Eu(fod)3 was larger than that of the olefinic proton 
signal. This was similar not to the cases of 1 and 2h, 
but to those of 2a , 2d , 2e, and 2f {cf. Table 2). 
These results indicated that £rarc.y-2-dimethylamino-2-
hepten-4-one (4a) was more favorable for the reaction 
product from 3 and dimethylamine. 

Similarly, 1 and 3 were treated with various secondary 
amines to give the corresponding /?-amino conjugated 
enones, 2 and 4, with trans configurations, as are listed 
in Table 1. O n the contrary, the reaction products 
from primary amines with 3 and 5 were found to be 
the corresponding m-^-(iV-monosubstituted) -amino con­
jugated enones, 4h , 4i , and 6j , which showed allyl 
methyl protons and the chelated N H signals at about 
ô 1.9 and 10.5 p p m in N M R respectively. These results 
suggested that the configurations of the resulting ß-
amino conjugated enones were easily changed to the 
thermodynamically stable form under an amino-
exchange reaction or on alkylation reaction. In the 
cases of piperidine, morpholine, diethylamine, diiso-
propylamine, aniline, iV-methylaniline, acetamide, and 
iV-methylacetamide, the reaction did not occur, even 
at high temperatures, because of their bulkiness and/or 
the lack of nucleophilicity. 

As applications of this amino-exchange reaction, the 
syntheses of several terpens, such as ar-turmerone (9)6) 
and targetone (12),7) were demonstrated. T h e synthesis 
of 11 was carried out from a.y-2-amino-6-/>-tolyl-2-
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TABLE 1. THE YIELDS OF AMINO-EXCHANGE REACTION PRODUCTS 

2a 
2b 
2c 
2d 
2e 
2e 
2f 
2g 
4a 
4b 
4d 
4e 
4f 
4h 
4i 
6j 

8d 
l i d 

R1 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Pr 
Pr 
Pr 
Pr 
Pr 
Pr 
Pr 
Ph 

p-Tolyl 
i-Bu 

Product 

R2 R3 

Me Me 
Et Et 
z-Pr f-Pr 

-(CH 2) 4-
-(CH 2) 5-
- (CH 2 ) 5 -

-(CH2)20(CH2)2-
Me Bu 
Me Me 
Et Et 

-(CH 2) 4-
-(CH 2) 5-

-(CH2)20(CH2)2-
H Me 
H Bu 
H Et 

Me 

-CH-GH 2- -(CH2)4-
-(GH2)4-

Temp 
(°C) 

90 
150 
150 
90a> 

105a> 
125 
130a> 
90a> 
90 

150 
90a> 

105a> 
130a> 
120 
130 
110 

90a> 
90a> 

Time 
(h) 

12 
24 
24 

6 
24 
12 
48 
48 
12 
24 

6 
24 
24 
12 
12 
24 

12 
12 

Yield 
(%) 

90 
0 
0 

98 
0 

13 
0 

46 
92 
0 

100 
0 
0 

96 
79 
95 

65 
73 

a) The reaction was carried out under refluxing without benzene. 

TABLE 2. THE NMR DATA OF CAMINO CONJUGATED ENONES [R2R3N-C(Me)=CH-CO-R1] 

Compd 

1 
2h 
3 
4h 
4i 
5 

6j 
7 

10 
2a 
2d 
2e 
2f 
2g 
4a 
4d 
8d 

l i d 

Gonf. 

eis 
eis 
eis 
eis 
eis 
eis 
eis 
eis 
eis 
trans 
trans 
trans 
trans 
trans 
trans 
trans 
trans 
trans 

<5Me 

1.90 
1.90 
1.90 
1.92 
1.92 
2.00 
2.07 
1.82 
1.90 
2.41 
2.48 
2.42 
2.48 
2.35 
2.49 
2.51 
2.49 
2.45 

dPH 

5.01 
4.98 
4.97 
5.00 
4.95 
5.70 
5.66 
4.93 
5.00 
4.95 
4.95 
5.14 
5.25 
4.82 
5.00 
4.91 
4.85 
4.80 

Ô*2 

9.6 
10.7 
9.7 

10.8 
11.0 
10.2 
10.5 
9.6 
9.7 

« 5 R B 

6.4 
2.93 
5.2 
2.92 
0.93, 
5.5 
1.19, 
5.15 
4.9— 

2.92 
1. 
1. 
3 

2.79 
2 

1. 
1. 
2. 

94,3.14 
63,3.32 
.52 
' 0.88, 
.95 
94, 3.31 
9,3.25 
0, 3.32 

1 

4 

5. 

1. 

.55, 3.25 

.1—4.5 

2 

.38, 3.17 

<5R l 

1.99 
2.00 
0.95, 1.2—1.9,2.25 
0.92, 1.6,2.2 
0.93, 1.55,2.22 
7.2—7.5,7.7—8.0 
7.2—7.5, 7.7—8.0 
1 .23 ,2 .27 ,2 .5 ,3 .2 ,7 .1 
0.93,2.11 
1.96 
2.01 
1.98 
2.09 
1.85 
0.92, 1.6,2.15 
0.91, 1.53,2.25 
1 .23 ,2 .29 ,2 .5 ,3 .25 ,7 .1 
1.90,2.0 

A < 5 M e 

3.78 
3.36 

8.32 
8.18 
7.81 
8.29 

5.99a> 

A < 5 ° H 

6.50 
5.48 

5.90 
5.74 
5.61 
6.34 

1.31a> 

hepten-4-one (7) through fr<ms--2-(l-pyrrolidinyl)-6-/>-
tolyl-2-hepten-4-one (8d). Similarly, 12 was syn­
thesized by the reaction of m-2-amino-6-methyl-2-
hepten-4-one (10) and pyrrolidine, followed by the 
reaction with vinylmagnesium bromide. The total 
yields of 9 and 12 were 22 and 9 % , based on the 
corresponding iV-unsubstituted /?-amino conjugated 
enones respectively. 

I n conclusion, the treatment of iV-unsubstituted ß-
amino conjugated enones with various amines afforded 
iV-substituted /?-amino conjugated enones by the 
regioselective amino-exchange reaction. The resulting 
/S-dialkylamino conjugated enones should be very useful 
intermediates for the synthesis of ^,/S-disubstituted 

conjugated enones in combination with the Grignard 
reaction. 

Exper imenta l 

The Preparation of N-Unsubstituted ß-Amino Conjugated Enones. 
cw-4-Amino-3-penten-2-one (1) was prepared from 2,4-pen-
tanedione by treatment with anhydrous ammonia in anhydrous 
ethanol.8) By hydrogénation on platinum, cw-2-amino-2-hep-
ten-4-one (3) was prepared from 3-methyl-5-propylisoxazole, 
which had itself been obtained by the action of ethyl bromide 
on 3,5-dimethylisoxazole in the presence of sodium amide in 
liquid ammonia.1) The configurations of all the /?-amino 
conjugated enones were confirmed by the chemical shifts of 
the allyl methyl and the chelated NH proton signals, and the 
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shifts of the allyl methyl and olefinic proton signals induced 
by Eu(fod)3, on NMR in chloroform-</15 as are listed in Table 2. 

cis-2-Amino-6-p-tolyl-2-hepten-4-one (7). According to 
the alkylation method,1) 3,5-dimethylisoxazole was treated with 
l-bromo-l-/>-tolyl-ethane to afford 3-methyl-5-[l-methyl-2-(/>-
tolyl)ethyl]isoxazole; yield, 37 %. Bp 110 °C/3 mmHg. IR 
(liquid film): 2950, 1610, 1530, 1450, 1420, 1120, and 815 
cm-1. Found: C, 78.09; H, 7.93; N, 6.13%. Calcd for 
G14H17NO: C, 78.10; H, 7.96; N, 6.51 %. This isoxazole 
derivative was then hydrogenated to Compound 7, which was 
purified by distillation in vacuo; yield, 95%. Bp 137 °C/4 
mmHg. IR (liquid film) : 3350, 3200, 2950, 1615, 1530, 1410, 
1020, and 815 cm-1. 

cis-2-Amino-6-methyl-2-hepten-4-one (10). By the hydro­
génation of 3-methyl-5-isobutylisoxazole, 10 was obtained and 
purified by recrystallization from hexane; yield, 57%. Mp 
56—57 °C, bp 102—105 °C/5 mmHg. Found: C, 67.82; H, 
10.57; N, 9.82%. Calcd for C8H15NO: C, 68.04; H, 10.71; 
N, 9.82%. 

General Procedure of Amino-exchange Reaction. A solution of 
/5-amino conjugated enone (5 mmol) and primary or secondary 
amine (6 mmol) in 2 ml of benzene was heated in a sealed 
tube. The mixture was then cooled to room temperature and 
concentrated. The crude iV-substituted jS-amino conjugated 
enone was purified by fractional distillation and/or recrystal­
lization. The product was identified with an authentic sample 
by means of VPC and the spectral data. 

trans-2-Dimethylamino-2-hepten-4-one (4a). Compound 
4a was prepared from 3 and dimethylamine. The NMR 
peaks were shifted by Eu(fod)3 {cf. Table 2). Bp 100—110 
°C/3mmHg. Mass (m/e): 155 (M), 140 ( M - 1 5 ) , 138, 127 
( M - 2 8 ) , 112 ( M - 4 3 ) , 98, 85, 84, 70, 69, 56, and 44. 
Found: C, 68.80; H, 11.07; N, 8.82%. Calcd for C9H17-
NO: C, 69.63; H, 11.03; N, 9.02%. 

trans-2- ( 1-Pyrrolidinyl) -2-hepten-4-one (4d). Compound 
4d was prepared from 3 and pyrrolidine. Bp 112—114 °C/5 
mmHg. IR (liquid film): 2950, 2910, 1630, 1530, 1340, and 
1020 cm-1. Found: C, 72.44; H, 10.40; N, 7.88%. Calcd 
for C nH 1 9NO: C, 72.88; H, 10.57; N, 7.73%. 

cis-2-Methylamino-2-hepten-4-one (4h). Compound 4h 
was prepared from 3 and methylamine. Bp 53—55 °C/5 
mmHg. Found: C, 68.33; H, 10.46; N, 9.90%. Calcd for 
C8H15NO: C, 68.04; H, 10.71; N, 9.92%. 

cis-2-Butylamino-2-hepten-4-one (4i). Compound 4i was 
prepared from 3 and butylamine. Bp 105 °C/3 mmHg. IR 
(liquid film): 2950, 2915, 1605, 1580, 1300, and 735cm-1. 
Found: C, 72.19; H, 11.21 ; N, 7.65%. Calcd for C n H 2 1 NO: 
C, 72.08; H, 11.55; N, 7.64%. 

trans-2-( 1-Pyrrolidinyl) -6-p-tolyl-2-hepten-4-one (8d). 
Compound 8d was obtained from 7 and pyrrolidine, and 
subsequently purified by distillation. Bp 130 °C/5 mmHg. IR 
(liquid film): 2950, 1630, 1340, 1020, 815, and 730cm-1. 

trans- 2- ( 1-Pyrrolidinyl) - 6-methyl-4-hepten-2-one (lid). 
Compound l i d was obtained by the amino-exchange reaction 
from 10 and pyrrolidine, and subsequently purified by recrys­
tallization from hexane. Mp 67—68.5 °C. Found: C, 73.26; 
H, 10.57; N, 7.15%. Calcd for C10H21NO: C, 73.79; H, 
10.84; N, 7.17%. 

The Direct Methylation of 3. Sodium hydride in Bayol 
was washed with dry ether 2 times. To the suspension of 
sodium hydride in dry ether, 3 (5 mmol) was then added, 
drop by drop, at 0 °C to precipitate a pasty mass. Then 
methyl tosylate (12 mmol) in dry ether was added slowly to 
the mixture. After the reaction mixture had been stirred at 
room temperature for 5 h, the reaction mixture was washed 
with aqueous sodium chloride and dried over anhydrous 
magnesium sulfate. The ether was evaporated off, and the 
residue was distilled in vacuo to afford 4a, which was identi­
fied with amino-exchange reaction product by means of VPC 
and the spectral data; yield, 34%. 

ar-Turmerone (9). The title compound was obtained 
from 8d and methylmagnesium iodide, and the product was 
identified with authentic sample by means of its spectral 
data;6) yield, 28 %. 

ar-Dihydroturmerone (14). By the treatment of l i d with 
/»-tolylmagnesium bromide, 2-/>-tolyl-6-methyl-2-hepten-4-one 
(13) was prepared; yield, 24 %. Bp 70—75 °C/2 mmHg. 
NMR (CDClg): 0.92 (d, 6H, 7 = 7 . 0 Hz), 2.0 Km, 1H), 2.3 (m, 
2H), 2.34 (s, 3H), 2.47 (s, 3H), 6.35 (broad s, 1H), 7.04 (d, 
2H, 7=10.0 Hz), and 7.30 ppm (d, 2H, J= 10.0 Hz). IR 
(liquid film): 2950, 1680, 1600, 1195, 1060, and 810cm-1 . 
Found: C, 82.23; H, 9.20%. Calcd for C15H20O: C, 83.28; 
H, 9.32%. Compound 13 was hydrogenated on platinum 
in ethanol to afford Compound 14; yield, 36 %. Bp 111— 
114°C/6mmHg. NMR (CC14): 0.90 (d, 6H, 7 = 7 . 0 Hz), 
1.16 (d, 3H, 7 = 7 . 5 Hz), 2.06 (m, 3H), 2.27 (s, 3H), 2.48 
(m, 2H), 3.21 (m, 1H), and 7.0 ppm (s, 4H). Found: C, 
82.95; H, 10.25%. Calcd for C1 5H2 20: C, 82.51; H, 10.16%. 

The title compound was also obtained by the hydrogénation 
of 9 on platinum in ethanol ; the two products were identical 
in their spectral data. 

Targetone (12). The title compound was prepared 
from l i d and vinylmagnesium bromide, and subsequently 
purified by distillation. The product was identified with an 
authentic sample by means of its spectral data.8) 
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Acetophenone a-methylbenzylhydrazone was produced by the thermolysis of l , l ' -d iphenylazoethane in the 
presence of a cobalt complex in benzene. In this reaction, the cobalt complex seemed to stabilize the radicals 
formed from the azo compound by the elimination of a-hydrogen. T h e stabilized radicals underwent 1,3-rearrange-
ment to form acetophenone a-methylbenzylhydrazone. T h e driving force of this rearrangement is considered to be 
the na ture of the cobalt a tom, which prefers a bond formation with a more electronegative nitrogen atom to a 
carbon atom. 

I n o u r p r e v i o u s s tudy, 1 ) it w a s f o u n d t h a t scarce ly 
/ G N / G \ 

n o i n n e r olefin C = C w a s p r o d u c e d b y t h e 
\ C / X 3 N / 

the rmolys i s of 2 , 2 ' , 3 , 3 ' - t e t r a m e t h y l - 2 , 2 ' - a z o d i b u t y r o -
n i t r i l e i n b e n z e n e , b u t t h e s u b s t a n c e w a s p r o d u c e d i n 
q u a n t i t y i n t h e p r e s e n c e of a c o b a l t c o m p l e x such as 
C o ( I I ) T P P . T h e m e c h a n i s m for t h e f o r m a t i o n of t h e 
i n n e r olefin w a s e x p l a i n e d b y t h e fo l lowing s c h e m e : 

37.16°).3> 
{S,S)-{ — ) - l , l ' -Diphenylazoethane (SS-Azo compound) was 

prepared according to the method of Green et al.*) 
[ a ] S = - 2 8 4 . 2 ° (453.8 mg/5 ml CC14) ( [a] 2

D
5=-304.9° (35.8 

mg/2 ml CC14)).
4> 

Ph H 
\ 

H - " C - N = N - C - C H 3 

CH 3 Ph 

SS-Azo compound 

CH3 CH3 CH3 CH3 

V H 3 VH3 

I I 
C H 3 - C - N = N - C — CH3 

CN CN 
s-— Co—s. 

N C ' l CH3 

CH3 CH3 CH3 yCH3 

C H 3 , r _ r - C H 3 

N C CH3 

Scheme 1. 

w h e r e t h e p a r t i c i p a t i o n of C o ( I I ) T P P w a s a s s u m e d in a 
c e r t a i n h y d r o g e n - t r a n s f e r r e a c t i o n . 

A t y p i c a l e x a m p l e of a h y d r o g e n - t r a n s f e r r e a c t i o n 
c a t a l y z e d b y a m e t a l c o m p l e x is a r e a c t i o n i n t h e c o ­
e n z y m e v i t a m i n B 1 2 . P a r t i c u l a r l y , 1 ,2 -hydrogen 
t ransfer processes f rom glycol to a l d e h y d e c a t a l y z e d b y 
d io l d e h y d r a s e w e r e s t u d i e d ; t h e c o - e n z y m e B 1 2 w a s 
e s t ab l i shed as p l a y i n g a n i m p o r t a n t ro le i n t h e h y d r o g e n -
t rans fe r r eac t ion . 2 ) 

T h e p r e s e n t p a p e r r e p o r t s t h a t a c e t o p h e n o n e a-

m e t h y l b e n z y l h y d r a z o n e is p r o d u c e d f rom l , l ' - d i p h e n y l -
a z o e t h a n e b y the rmolys i s i n t h e p r e s e n c e of a c o b a l t 
c o m p l e x as a resu l t of a h y d r o g e n - t r a n s f e r r e a c t i o n 
( 1 , 3 - r e a r r a n g e m e n t ) . T h i s r e a c t i o n p r o v i d e s n o t on ly 
e v i d e n c e for a poss ib le i n t e r a c t i o n b e t w e e n a t r a n s i t i o n -
m e t a l c o m p l e x a n d a free r a d i c a l , b u t also a m o d e l 
for t h e r e a r r a n g e m e n t r e a c t i o n of v i t a m i n B 1 2 . 

E x p e r i m e n t a l 

Syntheses of Azo Compounds. (£)-(—)-a-Methylbenzy lamine 
and ( i?)-(+)-a-methylbenzylamine were obtained using the 
resolution method of Theilacker.3) 

T h e levorotatory amine : a2
D

3=-38.2°(neat) ( a£ 2 =-38 .3° ) . 3 ) 
T h e dextrorotatory amine : a2

D
3=+38.3°(neat) ( a | 2 = + 

(i?,i?)-( + ) - l , l ' -Diphenylazoethane (RR-Azo compound) 
was prepared by means of the procedure used in the case of 
the SS-Azo compound except for the use of (Ä)-( + )-a-methyl-
benzylamine in place of (S)-( — )-a-methylbenzylamine. 

[ a ] S = + 288.8°(156.8 mg/5 ml CC14) 

Ph CH3 

C H 3 - - C - N = N - Q - H 

H Ph 

RR-Azo compound 

m^o-l j l ' -Diphenylazoethane (RS-Azo compound) was pre­
pared starting with racemic a-methylbenzylamine according 
to the procedure described above; when the reaction products 
(mixtures of SS, RR, and the RS-Azo compound) were allowed 
to stand in a refrigerator, crystals of the RS-Azo compound 
were formed. T h e crystals were recrystallized twice from 
e thanol ; white prism crystals; m p 72.5—73.5 °C (72—73 °C).4) 

Ph ,CH3 

H-C-N=N-C^-H 

CH3 Ph 

RS-Azo compound 

Preparation of Metal Complexes. Tetraphenylporphyrin 
(H 2 TPP) was prepared according to the method of Falk.5) 
Cobal t ( I I ) te t raphenylporphyrin [Co( I I )TPP] was prepared 
according to the method of Ro themund and Menotti.6) Ni(I I ) -
T P P , Mn( I I )TPP , and C u ( I I ) T P P were prepared using nickel-
(II) acetate, manganese(I I ) acetate, and copper(II) acetate, 
respectively, in place of cobal t ( I I ) acetate. 

( 1R, 2R) - N, JV'-Disalicylidene-1,2 -cyclohexanediaminatoco-
ba l t ( I I ) [Co(I I ) ( sa l ) a (Ä-CHXDA)] was prepared according 
to the method of Aoi et alV Ni( I I ) (sa l ) 2 ( i?-CHXDA), M n ( I I ) -
(sal) 2 (Ä-CHXDA), and Cu(II)(sal) 2 ( i?-GHXDA) were pre­
pared using nickel (II) acetate, manganese (I I) acetate, and 
copper(II) acetate, respectively, in place of cobalt(II) acetate. 

Preparation of Acetophenone oi-Methylbenzylhydrazone. A 
mixture of 1-bromo-l-phenylethane (50 g, 0.27 mol), 1 0 0 % 
hydrazine hydrate (103 g, 2.06 mol) , triethylamine (50 ml), 
and benzene (100 ml) was refluxed for 6 h. The contents 
were then poured into an aqueous solution of sodium hydroxide 
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and extracted five times with 400 ml of diethyl ether. After 
drying over Na 2C0 3 and removing the ether, the resulting 
a-methylbenzylhydrazine was purified by distillation (64.5— 
66.0 °C/1.6 mmHg); yield, 31.2 g (78%); IR: 3280 cm-1 

(N-H); and PMR: 1.24 ppm (methyl), 3.16 ppm (N-H), 3.66 
ppm (methine), and 7.25 ppm (phenyl). 

A mixture of a-methylbenzylhydrazine (31.2 g, 0.211 mol), 
acetophenone (25.3 g, 0.211 mol), acetic acid (40 mg), and 
anhydrous ethanol (50 ml) was purged with nitrogen and then 
refluxed for 12 h. After the solvent had been removed, a 
pale yellow viscous liquid was obtained; yield, 50 g (94 % ) ; 
IR: 3275 cm-1 (N-H) and 1597 cm-1 (C=N); PMR: 2.02 
ppm (a), 1.56 ppm (b), 4.55 ppm (c), 7.25 ppm (d), 7.55 ppm 
(e), and 4.87 ppm (f); and GC-MS: m/e (rel intensity), 238 
(parent peak, 0.6), 237 (2.9), 222 (3.8), 133 (2.3), 118 (2.9), 
105 (100), 104 (2.4), and 92 (2.3). 

CH, 

0 / > - C = N - N - C - < ^ 0 
d ~ f H H c ~ 

Decomposition of Azo Compound. A benzene solution of 
an Azo compound with or without a metal complex was 
charged into an ampoule and degassed twice by a freeze-thaw 
method to remove the oxygen; the ampoule was then sealed 
in vacuo. After standing at 104 °C in a light-shielded oil bath 
for 2 days, the contents of the ampoule were subjected to 
analysis. 

Analysis of Decomposition Products. 2,3-Diphenylbutane 
was isolated from the decomposition products by using column 
chromatography (silica gel-hexane). It was identified by 
PMR: 1.01 ppm (methyl), 2.78 ppm (methine), and 7.20 ppm 
(phenyl); and GC-MS: m/e (rel intensity), 210 (parent peak, 
1.1), 106 (9.5), 105 (100), 104 (25), 79 (4.4), and 77 (1.9). 

It was not easy to isolate acetophenone a-methylbenzylhy-
drazone from the decomposition products because of the 
oxygen-sensitive nature of the hydrazone. Therefore, a reac­
tion mixture was freeze-dried for six hours, and the remaining 
oily residue (C) was subjected to elemental analysis and PMR, 
GC-MS, and IR analyses. The oily residue (C) was found 
to be almost pure acetophenone a-methylbenzylhydrazone 
(purity 98 %, by GLC determination) when the thermolysis 
was carried out with the AS-Azo compound (512.1 mg) and 
Co(II)TPP (15.6 mg) in benzene (50 ml) at 104 °C. The 
PMR, GC-MS, and IR spectra of (C) agreed well with those 
of acetophenone a-methylbenzylhydrazone synthesized sepa­
rately. Found: C, 80.76; H, 7.57; N, 11.09%. Calcd:** 
C, 80.57; H, 7.51; N, 11.65%. 

Quantitative analyses of the products were carried out by 
means of GLC techniques using a column packed with Silicone 
DC-550. The column temperatures were 120 °C for ethyl-
benzene and styrene, 200 °C for 2,3-diphenylbutane, and 250 
°C for acetophenone a-methylbenzylhydrazone. Benzene, the 
solvent, was used as the internal standard. 

Measurement of Decomposition Rates. The decomposition 
rates of the azo compounds were measured in benzene using 
a differential pressure gauge at 70 °C. After the calculation 
of the rates, the vapor pressure of the benzene used as the 
solvent was corrected. AIBN: 3.7 X 10~5 mol l"1 s"1, SS-Azo 
compound: 1.1 X 10-6 mol 1_1 s_1. 

Measurement of ESR. The ESR of a benzene solution 
of the reaction mixture was measured under nitrogen at room 
temperature or at — 196 °C. A benzene solution of Co(II)TPP 

** The values calculated in consideration of Co(II)TPP 
(15.6 mg) and the hydrogen-transfer product (512.1 mg) con­
tained in (C). 

and a mixture of Co(II)TPP and acetophenone a-methylben­
zylhydrazone synthesized separately were measured in the 
manner described above. 

Measurement of the Specific Rotation of the Hydrogen-transfer 
Product. The SS-Azo compound (3.67 x 10 -2 M) was 
decomposed in the presence of Co(II)TPP (6.3X lO"5—1.56 
X 10~4 M) in benzene at 104 °C. An optical rotation of the 
benzene solution containing decomposition products was meas­
ured using a 100 mm quartz cell at 20 °C. The optical 
rotation was reduced to optically active products, especially 
the hydrogen-transfer product, based on a quantitative analysis 
of the products by means of GLC. 

R e s u l t s a n d D i s c u s s i o n 

General Aspects of Decomposition. The yield 
distribution of the thermolysis products from 1,1'-
diphenylazoethane (Azo compound) with or without a 
metal complex are summarized in Table 1. The products 
from the Azo compound by thermolysis in the presence 
of a metal complex are identified as ethylbenzene, 
styrene, 2,3-diphenylbutane, and acetophenone a-
methylbenzylhydrazone (called hereafter the hydrogen-
transfer product) . 

T h e hydrogen-transfer product is resistant to heat 
(unchanged at 104 °C for 10 days) or light (unchanged 
for 60 min under U V light), but it is very sensitive to 
oxygen and turns to acetophenone and 1-phenylethanol 
when placed in contact with oxygen.8) Table 1 shows 
that the hydrogen-transfer product is formed in the 
presence of a metal complex such as C o ( I I ) T P P or 
Go(II)(sal)2(Ä-CHXDA) (Scheme 2(b)) , and that the 
yield is increased with an increase in the concentration 
of the metal complex. The Azo compound was changed 
into the hydrogen-transfer product almost quantitatively 
with 1 mol % of C o ( I I ) T P P for the Azo compound. 
No hydrogen-transfer product is produced in the 
absence of the metal complex. 

T h e mode of the decomposition of the Azo compound 
without a metal complex, on the other hand, is shown 
in Scheme 2(a).9> The decomposition products are 
styrene, ethylbenzene, and 2,3-diphenylbutane derived 
from the 1-phenylethyl radical. 

CH, CH, 

P h - G - N - N - C - P h 
i i 

H H 

ü r l j d l i j 

P h - C - - N - N - C - P h 
i 

A Metal complex 

CH3 
i 

CH, 

P h - C - N H - N = C - P h 

** (b) 

Disproportionation 

CH, 

H 

ÇH3 
P h - C - N2 

i 
H 

H,C 

P h - C - H , Ph-CH=CH2, Ph-C-

à H 
(a) 

Scheme 2. 

H 

ÇH3 
C-Ph 

i 
H 

Coupling 

CH3 

-C-Ph 
i 

H 



1740 Kenji YOSHINO, Yasukazu OHKATSU, and Teiji TSURUTA [Vol. 52, No. 6 

T A B L E 1. YIELDS OF PRODUCTS FROM 1,1 ' -DIPHENYLAZOETHANE BY THERMOLYSIS 

IN THE PRESENCE OF A METAL COMPLEX 

Az< 

0 

ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
RR 
RR 
RR 
RS 
RS 
RS 
RS 
RS 
RS 
RS 
RS 
RS 
RS 

o compd 
<102M) 

4.3 
4.3 
4.3 
4.3 
7.1 
4.7 
4.7 
6.7 
4.7 
4.6 
4.6 
4.6 
4.3 
3.7 
4.3 
5.3 
4.7 
4.8 
5.2 
5.6 
5.5 
4.5 

Cobalt complex 
( x l 0 4 M ) 

0 
CoTPP 
CoTPP 
CoTPP 
CoTPP 
Co* 
Co* 
Co* 
Co* 
Co* 
Co* 
Co* 

0 
CoTPP 
CoTPP 
CoTPP 
Co* 
Co* 
Co* 
Co* 
Co* 
Co* 

0.38 
1.1 
3.4 

17 
11 
22 
40 
44 
11 
22 
44 

3.0 
3.5 
6.4 
1.1 
2.3 

16 
23 
26 
52 

Co complex. 
Azo compd 
(molar ratio) 

(Xl03) 

0 
0.88 
2.6 
7.9 

24 
23 
47 
60 
94 
24 
48 
96 

0 
8.1 
8.1 

12 
2.4 
4.7 

30 
41 
47 

114 

Ph-CH2CH3 

1.1 
0.7 
0.4 
0.3 
0.1 
2.0 
1.8 
2.0 
1.8 
2.0 
1.8 
1.8 
1.6 
0.4 
0.2 
0.1 
1.8 
2.0 
2.4 
2.4 
2.4 
2.1 

Products (%) 

Ph-CH=CH2 

0.4 
0.6 
0.8 
1.7 
1.6 
1.3 
1.4 
1.8 
1.9 
1.3 
1.4 
1.9 
0.4 
1.6 
1.4 
1.8 
0.6 
0.7 
1.3 
1.4 
1.4 
2.4 

CH3 CH3 

P h - C — C - P h 
1 1 

H H 

79.5 
36.5 
14.8 
5.9 
0 

50.8 
43.8 
55.9 
40.0 
52.2 
48.1 
46.8 
95.0 

6.4 
4.2 
0 

92.1 
91.2 
63.9 
68.4 
61.9 
43.2 

CH3 CH3 

Ph-C=N-NH-CH-Ph 

0 
59.8 
82.0 
91.1 
98.0 
29.5 
40.0 
41.1 
47.4 
25.1 
33.1 
35.1 

0 
89.5 
93.3 
98.0 
4.6 
8.4 

26.4 
18.5 
25.6 
45.8 

Co* : Co(II)(sal)2(Ä-CHXDA). Reaction Conditions: 104 °C, 2 days, in benzene (50 ml). 

Stabilization of the Radical by Metal Complexes. 
T h e formation of the hydrogen-transfer product is not 
observed at room temperature, regardless of the presence 
of a metal complex in the reaction system. A comparison 
of the yield of the hydrogen-transfer product from the 
AS-Azo compound with C o ( I I ) T P P in the presence and 
in the absence of AIBN at 70 °C is shown in Fig. 1. 
T h e rates of the decomposition reaction at 70 °C were 
found to be 3 . 7 x 10~5 M s"1 for AIBN and l . l x l O " 6 

M s - 1 for the SS-Azo compound, AIBN being decom­
posed 34 times more rapidly than the SS-Azo compound. 

T h e radical concentration in the reaction system with 
AIBN should be much higher than that in the system 
without AIBN. As may be seen in Fig. 1, the rate of the 
formation of the hydrogen-transfer product is very high 
in the reaction system containing AIBN (A). This 
shows that a radical formation is necessary for the 
formation of the hydrogen-transfer product. 

Table 2 shows the influence of the central metal and 
its ligand on the yield of the hydrogen-transfer product. 
T h e yields of the hydrogen-transfer product decreased in 
this order; C o > N i > M n > C u , and TPP>(sa l ) 2 OS-

TABLE 2. INFLUENCE OF THE CENTRAL METAL OF THE COMPLEXES ON THE YIELD 

OF THE HYDROGEN-TRANSFER PRODUCT 

SS-Azo compd 
( x l 0 2 M ) 

8.45 
8.45 
8.45 
8.45 
4.3 
4.3 
4.3 
4.3 

Metal complex 
(X103M) 

CoTPP 8.04 
NiTPP 8.04 
MnTPP 8.10 
CuTPP 8.00 
Co* 13.2 
Ni* 10.6 
Mn* 15.5 
Cu* 10.4 

Ph—CH2CH3 

0.2 
0.5 
0.9 
1.2 
2.0 
0.8 
0.8 
0.8 

Products (%) 

Ph-CH=CH2 

1.4 
0.3 
0.4 
1.2 
1.3 
0.8 
1.0 
0.8 

CH3 CH3 

P h - C — C - P h 
1 1 

H H 

8.9 
34.7 
60.8 
91.5 
48.8 
92.2 
90.6 
94.3 

CH3 CH3 

Ph-C=N-NH-CH-Ph 

88.0 
53.6 
41.3 

3.2 
34.6 

1.3 
1.0 
0.8 

Co*, Ni*, Mn*, Cu* : Co(II), Ni(II), Mn(II), Cu(II)(sal)2(i?-CHXDA). 
Reaction conditions: 104 °C, 2 days, in benzene (50 ml). 
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^3 O 

O oo 

0 50 100 150 200 250 

Reaction time/min 

Fig. 1. Effect of AIBN on amount of acetophenone 
a-methylbenzylhydrazone formed. 

A B 
SS-Azo compd 8.9 x 10"2 M 8.4 x 10"2 M 
Co(II)TPP 6.0X10-4 M 5 .3x lO- 4 M 
AIBN 2 .1x lO- 2 M 0 M 
Reaction Conditions : at 70 °C in benzene. 

C H X D A ) . This order is in good agreement with that 
of the ability of metal complexes to stabilize l-cyano-1,2-
dimethylpropyl radical (CH 3 Ç(CN)GH(CH 3 ) 2 ) , Co(I I ) -
T P P > N i ( I I ) T P P > M n ( I I ) T P P > C u ( I I ) T P P . 1 ) I t may 
be supposed that the oc-hydrogen of the Azo compound 
is easily abstracted by a radical. By the elimination 
of the a-hydrogen, P h - Ç ( C H 3 ) - N = N - C H ( C H 3 ) - P h (I) 
is produced as is shown below : 

Ph-

CH3 
1 

-C-
1 

H 

-N= 

R. 

CH3 

=N-C-Ph + R. 
i 

H 
• 

CH3 

Ph-C 

CH3 

= P h - C . or CH3-
i 

H 

-N=N-

(I) 

CH3 
i 

-c. 
CN 

CH3 

- C - P h + RH 
i 

H 

It is considered that the dependence of the yield of the 
hydrogen-transfer product on kinds of metal complex is 
attributable to degree of interaction between radical (I) 
and the metal complex, that is, the stability of the 
intermediate(II) formed in the reaction system. 

ÇH 3 ÇH 3 

Ph-C-N=N-Ç-Ph 

H 
'file-

(ID 

Me: metal 

The ESR spectra of a reaction mixture which contains 
decomposition products from the SS-Azo compound in 
the presence of Go( I I )TPP are shown in Fig. 2. A 
peak of Co11 was observed when the reaction mixture 
was measured at room temperature (a). At —196 °C, 
on the other hand, a characteristic octet of Co11 was 
observed, and each peak was split into a triplet, indicat-

= 2.311 

200 G 

Fig. 2 (a). ESR spectrum of reaction mixture of .S^-AZÜ 
compound in the presence of Co(II)TPP at room 
temperature. 

Fig. 2 (b). ESR spectrum of reaction mixture of ^ -Azo 
compound in the presence of Co(II)TPP at —196 °C. 

Fig. 2(c). ESR spectrum of reaction mixture of SS-Azo 
compound in the presence of Co(II)TPP at —196 °C. 

ing the N-Co 1 1 bond (b). Furthermore, a very small 
peak (g=2.0012) was observed at —196 °C; the inten­
sity of this peak increased upon irradiation with U V 
light (c). I t is considered that the peaks in Figs. 2(a) 
and 2(b) are at tr ibutable to an intermediate ( I I I ) which 
has a cobalt nitrogen bond, while the peak in Fig. 2(c) 
is at tr ibutable to a radical(IV) formed possibly by the 
cleavage of the cobalt-nitrogen bond of the inter-
media te ( I I I ) , as is shown below: 

ÇH3 

Ph-C-N-N=C-Ph 

(III) 

ÇH3 ÇH3 

Ph-C-N-N=C-Ph 
I ' 

(IV) 
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In this connection, it should be noted that carbon-
cobalt bond of alkyl cobalamine or vitamine B12 is 
cleaved by U V light.10) 

No peaks were observed, at room temperature, for 
either the benzene solution of C o ( I I ) T P P only, or the 
benzene solution of C o ( I I ) T P P and the hydrogen-
transfer product synthesized separately. This means 
that the peaks in Fig. 2 can not result from an interac­
tion of C o ( I I ) T P P and the hydrogen-transfer product . 

1.0X10-3 2.0X10"3 3.0X10" 

Co(II)TPP/&S'-Azo compd (molar ratio) 

Fig. 3. Yield and specific rotation of the hydrogen-
transfer product obtained from SS-Azo compound in 
the presence of Co(II)TPP in benzene at 104 °G for 
2 days. 

Stereochemistry of Acetophenone a-Methylbenzylhydrazone. 
T h e specific rotation of the hydrogen-transfer product, 
which was obtained from the .S^-Azo compound by 
thermolysis in the presence of Co( I I )TPP , was almost 
constant ( [ a ] D = — 88°), regardless of its yield (Fig. 3). 
This means that the configuration of one of the two 
asymmetric carbons of the original .SS-Azo compound 
is probably retained in the hydrogen-transfer product. 

CH3 GH3 CH3 GH3 
I* i* Co(II)TPP |* 3 , 3 

P h - C - N = N - C - P h • P h - C - N - N = C-Ph 
H H H H 

A Possible Mechanism : 

ÇH3 ÇH3 

Ph-C-N=N-C-Ph 
I I 
H H 

A V f* 
^ » Ph-C- N2 -C-Ph (3) 

H 

ÇH3 

Ph-C- 4-

H 

f H 3 ÇH3 

Ph-C-N=N-C-Ph Ph-CH2CH3 + 
ÇH3 ÇH3 

Ph-C-N=N-C-Ph 

H 

(4) (I) 

I + Co(II)TPP-

ÇH3 ÇH3 

-* Ph-C-N=N-C-Ph 

ÇH3 ÇH3 

~* Ph-C-N-N=C-Ph 

ÇH3 ÇH3 

•± Ph-C-N-N=C-Ph (6) 

(W) 

ÇH3 ÇH3 

Ph-C-N=N-C-Ph 

A A 

ÇH3 ÇH3 

Ph-C-N-N=C—Ph 

n o 
Scheme 3 is a step in which radicals are released by 

thermolysis. In the beginning, the concentration of the 
radical is very low; therefore, scarcely no coupling and 
disproportionation reactions of the diffusion radicals 
occurs, and the diffusion radical formed abstracts the 
a-hydrogen of the Azo compound (Scheme 4). The 
radical (I) thus formed is immediately stabilized by a 
cobalt complex (Scheme 5) or abstracts the a-hydrogen 
from another Azo compound to form the radical (I) 
again. However, the latter mechanism is not probable 
in the light of the results shown in Fig. 3. The inter­
mediate (I I) undergoes a rearrangement reaction to the 
intermediate ( I I I ) , in which a nitrogen-cobalt bond is 
newly formed. T h e intermediates(II) and (III) are 
presumably equilibrated with each other (Scheme 5). 
T h e existence of the intermediate (I II) is suggested by 
the results of the ESR spectra, shown in Fig. 2. The 
series of steps from Scheme 4 to Scheme 7 is a chain 
reaction. 

T h e authors would like to express their thanks to 
Professor Shohei Inoue for giving useful advice. 
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Temperature Effects on the Stereochemistry of the Solvolysis 
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The temperature effects on the stereochemistry of the acid-catalyzed ethanolysis of fran.y-2,3-diphenyloxirane 
were examined. The stereochemistry of the reaction became more retentive as the reaction temperature was 
raised. The reaction mechanisms are discussed, and it is concluded that concurrent reactions take place in the 
ethanolysis, one of them giving an inverted product, and the other, a retained one, and that the former reaction 
is caused by a nucleophilic attack of ethanol on the carbon of the conjugate acid of the epoxide, while the latter 
proceeds via an intermediate which has a carbonium-ion character. 

Nucleophlic ring-opening reactions of epoxide have 
been widely studied.1) I t is now generally accepted that 
epoxides react by means of an S^2 mechanism under 
basic conditions. The mechanism of the ring opening of 
epoxides in acidic media is, however, quite a complex 
matter. The initial protonation to the epoxide oxygen 
atom is recognized as a fast, reversible step.2) In the 
limiting form, two mechanisms are possible for the ring 
opening and the attack of the nucleophile, i.e., A\ and 
A2 mechanisms. As the attacking nucleophile is the 
solvent in the solvolyses, though, both mechanisms lead 
to the same rate expression. Thus, alternative criteria 
have been used. They have been carefully discussed by 
Chapman and his coworkers.3) Long et al.f> following 
a suggestion by Taft and his coworkers,5) proposed the 
use of AS* as a criterion for the mechanism of a hydro-
lytic reaction. The entropies of activation for the acid-
catalyzed hydrolysis of simple epoxides are between 
—6.1 and —3.9 cal m o l - 1 K - 1 , 6) much lower than those 
of the reactions of the established A\ mechanism and 
yet greater than those of the established A2 mechanism ; 
these values can be explained in terms of a borderline 
A2 mechanism.13 '7) 

A nucleophilic attack by an A2 mechanism involves 
complete inversion of configuration, whereas an A\ 
mechanism involves racemization in the limiting form. 
It is generally recognized that simple aliphatic epoxides 
give inverted products in acid-catalyzed ring opening.13) 
The only exception is the reaction of eis- and trans-2,3-
dimethyloxirane with a luminum chloride in rïitro-
methane, which yields more than 8 5 % retained 3-
chloro-2-but anol.8) 

In aryl- or carbonyl-substituted epoxides, reactions 
are known in which epoxides ring-open with retention of 
configuration at the position attacked. In a few epoxides, 
ring openings give rise to both stereoisomeric products. 
Parker and Isaacs concluded that concurrent S^i and 
SN2 mechanisms take place in reactions of this type.13) 

Recently Chapman and his coworkers have studied 
the acid-catalyzed ethanolysis of 2-phenyloxirane both 
kinetically and stereochemically.3,9) The reaction 
yielded a mixture of 89 % inverted and 11 % retained 
products at 23 °C. They explained their observation by 
only a borderline A2 mechanism involving the transition 
states depicted in Scheme 1. Obviously, the two 
transition states, which have different situations around 

Me 
cl H 

I I - - C - — C r - H 
Ph* V[ 

Me „ 

„5%—WH 
PH H 

t r a n s i t i o n s t a t e 

-H + MeO OH 

• * * " $ — c -

H - - C 
Ph* 

• \ 
V 

PhUN ô > '^ 
n*^C- Gr-H 

ö6 + H 

t r a n s i t i o n s t a t e 

-Hn 

P1Ï 

H OH 
P 1 ^ c — c ' 

OMe H 

t Taken from Ph D. thesis of M. I. 

'vw> d i p o l e - i o n i n t e r a c t i o n 

p a r t i a l bond 

Scheme 1. 

the carbon atom attacked by ethanol, are different in 
energy. Therefore, the reaction parameters, activation 
enthalpy and activation entropy, are different for the 
two reactions, one of which yields a retained product, 
while the other gives an inverted one. As the two 
reactions have different activation parameters, it is 
ridiculous to discuss the two reactions in terms of a 
single pair of AH* and AS*. The stereochemical 
outcome must also be altered by the variation in the 
reaction temperatures. They did not, however, explore 
the temperature effects on stereochemistry. 

Although a number of papers, including those of 
Chapman et al., have discussed the temperature effects 
on reaction kinetics, i.e., activation parameters, only a 
few papers have dealt with the effects on stereochemistry. 
Even so, two contrasting results have appeared in the 
literature. Fisher and Koch reported the acid-catalyzed 
hydrolysis of trans- and cw-2-methyl-3-phenyloxiranes in 
aqueous dioxane.10) The reaction afforded 6 7 % 
inverted and 3 3 % retained glycols from the trans 
epoxide and 7 6 % inverted and 2 4 % retained ones from 
the eis isomer, and the stereochemistry of the reaction 
did not change in the temperature range of 20—45 °C. 
From these results, one can expect that the reaction 
has only one transition state, yielding both retained 
and inverted products. 

O n the other hand, Macchia et al. reported that the 
acid-catalyzed solvolysis of l-aryl-l,2-epoxycyclohexane 
afforded larger amounts of the retained product at 
higher reaction temperatures.11) From this observation, 
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one can expect that concurrent reactions take place, 
one of which leads to a inverted product, and the other, 
to a retained one. 

A previous paper has described the co-solvent effects 
on the stereochemistry of the ethanolysis of trans-2,3-
diphenyloxirane (1). In that paper, we reported that 
the steric course of the reaction can be controlled from 
8 5 % re ten t ion-15% inversion (nitromethane : ethanol = 
2 0 : 2 by volume) to 10% retention-90 % inversion 
( H M P A : e t h a n o l = 10: 12) by the choice of co-solvent.12) 
This paper will report the temperature effects on the 
stereochemistry of the ethanolysis of 1 and will discuss 
the mechanism of the reaction. 

R e s u l t s and D i s c u s s i o n 

In the study of the stereochemistry of the acid-
catalyzed ethanolysis of 1 in the temperature range 
below the boiling point of ethanol, the same experi­
mental conditions as in the previous paper were chosen. 
The results are summarized in Table 1. The reaction 
products were £Ara?-2-ethoxy-l,2-diphenylethanol (threo-
2, the retained product) , the erythro isomer (erythro-2, 
the inverted product) , l , l-diethoxy-2,2-diphenylethane 

(3), and benzophenone (4, an oxidized product of 
diphenylacetaldehyde (5) in the course of the work-up) ; 
the identification and an outline of the sequence of the 
formation of these products have already been presented 
in the previous paper. As is shown in Table 1, the 
proportion of the retained product threo-2 increased as 
the reaction temperature was raised. Similar tempera­
ture effects were observed in the experiments in binary 
solvent systems. 

To examine the stereochemistry of the reaction at 
temperatures higher than the boiling point of ethanol, 
experiments were carried out in an autoclave. Unex­
pectedly, sulfuric acid, which was used as a catalyst 
in the experiments listed in Table 1 and in those of the 
previous paper, has no catalytic activity in the tempera­
ture range higher than 130 °C; only the starting 
material, 1, accompanied by traces of 1,2-diphenyl-
ethanol (6) and 2,2-diphenylethanol (7), 1,2-diphenyl-
2-hydroxyethanone (8), and/or diphenylethanedione (9), 
was detected on GLG analysis when an ethanolic 
solution of 1 containing sulfuric acid was allowed to 
stand at 200 °C for 4 h. This observation may be 
attributed to the facts that sulfuric acid acts as an 
oxidizing agent and that the reduced material of sulfuric 

T A B L E 1. TEMPERATURE EFFECTS ON THE ETHANOLYSIS OF fram-2,3-DiPHENYLOXiRANE (l)a> 

Reaction 
temp 
(°C) 

30 

50 
70 

50 

70 

Solvent 

E t O H 

E t O H 

E t O H 

E t O H -

E t O H -

C H 3 C N (46: 

C H 3 C N (46: 

54, 

54, 

vol) 

vol) 

3 

8 

12 
16 

9 

18 

Product distrib 

4 

tr 

tr 

tr 

15 

12 

»ution (%) 

threo-2 

18 

23 

26 

36 

37 

erythro-2 

74 

65 
58 

40 

33 

Retention*) 

(%) 

20 

26 

31 

48 

53 

a) The experimental conditions were described in a previous paper (Ref. 12). 
b) The proportion of threo-2 to the total 2. 

TABLE 2. TYPICAL RESULTS OF ACID-CATALYZED ETHANOLYSIS OF 

£RANJ-2,3-DIPHENYLOXIRANE AT HIGH TEMPERATURES 

T e m p 
(°C) 

9 0 ± 2 
1 0 3 ± 1 

1 2 0 ± 3 

1 3 0 ± 2 
1 4 0 ± 1 

1 4 9 ± 1 

1 6 5 ± 1 

1 9 0 ± 4 

206 ± 3 

2 2 0 ± 3 

1 3 0 ± 2 

1 3 0 ± 2 

1 3 0 ± 2 

1 3 0 ± 2 

1 3 0 ± 2 

Time 
(h) 

4 

4 

3 .5 

3 
3 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

Acidc> 

100 

100 

100 

100 

80 

100 

100 

75 

20 

50 

200 

150 

80 

50 

30 

1 

37 .3 

29 .2 

22 .1 

17.9 
18.9 

19.8 

5 .7 

22 .0 

57 .6 

2 8 . 5 

0 . 4 

0 .7 

2 5 . 5 

4 9 . 3 

6 8 . 9 

3 

0 . 4 

1.3 

3.2 
5 .0 

5 .5 

6 .1 

16.1 

4 . 3 

0 .2 

3 .0 

10.6 

15.3 

2 . 7 

0 . 3 

0 .1 

Product distribution8^ 

4 

1.1 

1.0 

2 . 3 

1.1 
1.3 

0 .5 

0 . 8 

3 .6 

4 . 9 

3.2 

0 .5 

0 . 4 

1.7 

1.4 

0 . 8 

threo-2 

18.5 

22 .9 

27 .1 

3 0 . 7 

30 .7 

30 .7 

30 .9 

30 .3 

13.9 

2 8 . 3 

28 .0 

28 .6 

28 .1 

19.7 

12.2 

erythro-2 

4 1 . 7 

45 .1 

4 3 . 8 

4 4 . 7 

4 2 . 6 

4 2 . 9 

3 9 . 5 

36.2 

14.8 

2 9 . 4 

50 .9 

4 8 . 3 

41 .0 

28 .6 

17.7 

(%) 

11 

0 .6 

0 .5 

0 .6 

0 .6 

0 .7 

tr 

1.1 

3.2 

5 .7 

3 .9 

0 . 4 

0 . 4 

0 . 8 

0 .7 

0 .6 

10 

5 .9 

1.2 

9 .2 

6 .3 

Others^ 

0 .1 

tr 

0 .4 

2 . 6 

2 .1 

0 .2 

Retention 

(%) 

29 .6 

33 .7 

38 .9 

4 0 . 7 

4 1 . 9 

41 .3 

43 .9 

45 .6 

48 .4 

49 .1 

35 .5 

37.2 

40 .7 

4 0 . 8 

41 .3 

a) Determined by the relative area ratio on GLC. b) The oxidation-reduction products, 6, 7, 8, 
and 9. c) Hydrochloric acid (ca. 0.005 mol/1) in ethanol was added to 1 ml of an ethanolic solution 
containing 10 mg of 1. 



June, 1979] Solvolysis of £rarcj-2,3-Diphenyloxirane 1745 

acid has no catalytic activity toward the ethanolysis. 
Therefore, hydrochloric acid was used as the catalyst 
for the experiments at higher reaction temperatures. 
Some typical results are given in Table 2. As is shown 
in Table 2, larger proportions of the retained product 
were observed at higher temperatures, and almost equal 
amounts of retained and inverted products were formed 
at 200 °C. Although it is interesting whether or not the 
proportion of the retained product increases monot­
onously at more higher temperatures, no clear-cut 
results could be obtained because of the formation of 
undesired products, i.e. rearranged products (3, 5, 1,2-
diphenyl-1-ethoxyethylene (10), and benzyl phenyl 
ketone (11)) and oxidation-reduction products (6, 7, 8, 
and 9). I t must be noted that the yield of 11 increased 
suddenly at higher than 160 °C; 11 has previously been 
reported not to be formed in the rearrangement by 
acid.13) 

Higher acid concentrations gave more inverted 
product; this forms a striking contrast to the results 
mentioned in the previous paper, in which we reported 
that the stereochemical outcome of the sulfuric acid-
catalyzed ethanolysis of 1 at ordinary temperatures was 
not affected by the variation in the acid concentration. 
Four reasons for this can be considered: a the effects 
of a trace of water contaminating the acid solution; 
b the contamination of the non-acid-catalyzed reaction 
which yields the retained product ; c the formation of 
chlorohydrin, or the subsequent ethanolysis of the 
chlorohydrin, and d the effects of the ion-pairing of the 
acid. To examine the effects of water, reactions were 
carried out with small amounts of water added. The 
results are shown in Fig. 1. As the proportion of the 
retained product increased with an increase in the 
amount of water added, the a reason can be excluded. 
The b reason can also be easily excluded because no 
reaction occurred without an acid catalyst. The c 
reason was recently proposed by Whalen et al. as the 

50 100 150 200 

H , 0 added/(xl 

Fig. 1. Effects of water on ethanolysis of trans-2,3-di-
phenyloxirane. 

specific effects of chloride ion in the hydrolysis of 
phenanthrene 9,10-oxide;14) it cannot be completely 
excluded in the present case, though no chlorohydrin 
was detected in the reaction products and the chloride-
ion concentrations are a hundred times smaller than 
those of 1. The d reason was proposed by Wylde and 
his coworkers;15) it seems to be the most probable 
explanation in the present case. As the counter anion 
exists near the protonated oxygen in the ion pair of 
protonated epoxide and chloride, the probability of the 
existence of ethanol in the front side of the epoxide 
ring decreases as compared with that in free ion, and 
an inversion reaction is favored by the ion pair. As the 
dilution of the acid solution causes the ion pair to 
dissociate into free ions, the reaction becomes more 
retentive with a lowering in the acid concentration. 

As the stereochemistry of the ethanolysis is affected 
by the reaction temperatures, two reaction are expected 
to take place in the ethanolysis. If Parker-Isaacs' 
conclusion is true, the overall kinetical expression is as 
follows : 

*obsd = k'K\H+] = (*ret + *i„v)tf [H+] 

in which kret is a second-order rate constant for the 
reaction which gives the retained product, while k-lnv 

is that for the inversion reaction. The pre-equilibrium 
constant between 1 and the oxonium ion is presented as 
K. Then, the reaction parameters for each of the 
reactions can be defined as16) 

^ret = Y e x p 

*inv = / exp 

-AG? e 

RT 

-AGS 
RT 

= exp 

= exp 

TAS*t-AHT%t 

RT 

(TAS&-AH& 
V RT 

Therefore, 

exp 
AST%t~AS^ 

R exp -
AHT%-AH^ 

RT 

Assuming that the activation parameters are constant 
in the temperature range of the experiments, the 
following equation can be deduced: 

AH^-Am 
In \CJ RT 

-^ + Const. 

If two reactions have the same reaction order, which was 
proved to be the case by the constancy of the stereo­
chemical outcomes with the variation in the reaction 
times, the ratio of the two rate constants, kretjk-mv> can 
be substituted for the ratio of the two reaction products, 
threo-2jerythro-2. Therefore, a straight line should be 
obtained if \n{threo-2jerythro-2) is plotted vs. 1/7"; the 
results are shown in Fig. 2. From the results, A / / #

r e t > 
A £ P i n v and A 5 % e t > A S #

i n v are obtained. The 
enthalpic factor favors the formation of the inverted 
product, whereas the entropie factor favors the retention 
reaction. 

Macchia et al. proposed the mechanism shown in 
Scheme 2 for the acid-catalyzed solvolysis of l-aryl-1,2-
epoxycyclohexanes.11) However, we cannot agree with 
their mechanism in view of the following considerations : 
(1) the entropy of the transition state, 12, is expected to 
be equal to, or smaller than, that of 13, because 12 
involves a molecule of ethanol and (2) the enthalpy of 
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io4K/r 
Fig. 2. Plot of ki(kTJklnY) vs. IjT for the ethanolysis of 

trans-2,3-diphenyloxirane. 

12 is expected to be smaller than that of 13, because 
hydrogen bonding from the ethanol involved in the 
transition state to the oxygen of the epoxide supplies 
an additional stabilization energy to 12. Both supposi­
tions are contrary to the observations. 

Bruice et al. examined the temperature effects on the 
product distribution of the hydrolysis of phenanthrene 

OR 

ROH 

*Ar 

„ . . . -H- . n ^K 

^K?> 
W >Ar 

1 2 

H 
\ 5 + 

^v •< 
HS ô+jS\r 

H - Ö ^ R 

13 

Scheme 2. 

-H+ 

- H + 

> à 

\ 

^ X P^rkT 
^ ^ V - - 0 H 

H 

HO 

V ^ H f 
OR 

9,10-oxide18) and reported those relative activation 
parameters : A / / * r e t — A # * i n v = 2 . 0 5 kcal m o l - 1 and 
AS*ret-AS*inv=5.0 cal deg"1 mol"1 . They explained 
their observations in terms of an 6*N1 mechanism. The 
energy difference, 2.05 kcal mol - 1 , however, seems to be 
rather large for the fast reaction step after the rate-
determining formation of a carbonium ion. 

A possible mechanism for the reaction is shown in 
Scheme 3, in which (A) is the conjugate acid of the 
epoxide and (C) is a completely developed carbonium 
ion. The intermediate (B) is considered to be in a 
circumstance in which jfr-obital of the carbon is solvated 
by the intramolecular hydroxyl group. As the broken 
C - O bond provides more freedom to the system, the 
reaction which yields the retained product should have 
a lower activation entropy than the reaction yielding 
the inverted product. 

Finally, we shall discuss briefly the rearrangement of 
1. Blum et al. reported that Rh 2 (CO) 4 Cl 2 catalyzed 
rearrangement of 1 gave 8 % of 11, 2 5 % of 5, 1 1 % of 
diphenylmethane, 12% of 1,2-diphenylethylene, and 
1 8 % of «j-2,3-diphenyloxirane after 2 h at 210 °C, while 
the same catalyst gave 2 5 % of 5, 5 % of 1,2-diphenyl­
ethylene, and 6 5 % of unchanged 1 without 11 after 
5 h in boiling benzene.18) These results, together with 
the results shown in Table 2, indicate that the predo­
minant factor affecting the rearranged-product distri­
bution is the reaction temperature, and that high 
reaction temperatures favor the formation of 11 . These 
observations may be explained by Pearson's HSAB 
principle.19) At low temperatures C - O bond breaking 
is assisted by the more polarizable (softer than hydride) 
phenyl group, resulting in phenyl migration to give 5. 
O n the other hand, the fully developed carbonium ion 
formed at a high temperature is attacked by the more 
electronegative (harder) hydride ion, since the positive 
charge of the cation is easily neutralized by the electron 
density of the hydride ion. 

E x p e r i m e n t a l 

The materials and analytical methods have been described 
in a previous paper.12) 
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Ethanolysis of 1 in an Autoclave. T o a 1-ml port ion of 
an ethanolic solution containing 10 mg of 1, a definite volume 
of hydrochloric acid in ethanol {ca. 0.005 mol/1) was added. 
The reaction mixture was then shaken vigorously, set in an 
autoclave, and heated to the desired temperature . Ten 
minutes usually (and thirty minutes at the longest) were 
required to arrive at the reaction temperature . After an 
appropriate t ime interval at tha t temperature , the mixture 
was cooled and poured into sampling tube containing a small 
amount of potassium carbonate. T h e quenched sample was 
then kept at room temperature for a day and analyzed by 
GLG. 

Isolation of the Product. T o a mixture of 206.4 mg of 1 
and 20 ml of ethanol, 0.5 ml of ethanolic hydrochloric acid 
{ca. 0.005 mol/1) was added. T h e reaction mixture was then 
shaken vigorously, set in an autoclave, and heated to 240 °C. 
Thirteen minutes were required to arrive at tha t t empera ture ; 
the autoclave was then held at tha t temperature (237—260 
°C) for 3 h. T o the cooled reaction mixture, a port ion of 
potassium carbonate was added. T h e filtered mixture was 
washed with water, and the aqueous layers were extracted 
with ether. After the removal of the solvent, the dried product 
was chromatographed on an 8 0 X 720 m m H silica-gel column 
under a 1-m head of elutant (hexane, hexane-benzene and 
benzene-diethyl ether successively, with concentration gradi­
ents) . T h e products (in the order of elution) and the yields 
were as follows: 10 (0 .4%), recovered 1 ( 4 % ) , 5 ( 9 % ) , 4 
(8%) , 9 (0 .5%), 3 (2%) , 8 (0 .3%), 6 (3%) , 2 (50%) , and 
7 ( 3%) . 

T h e a u t h o r s w i sh to t h a n k Professor K u n i o O k a m o t o 
of this D e p a r t m e n t for h i s c r i t i ca l d iscuss ion . 
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As a modification for facilitating small-scale reactions, sodium iV-methylanilinide was prepared from sodium 
hydride and iV-methylaniline instead of by the usual method from sodium, iV-methylaniline, and naphthalene 
(as assistant). Sodium iV-methylanilinide, made by this procedure, was successively converted to sodium guaiazul­
enide, the formation of which was checked by tracing known reactions. The reaction of the reagent with 3-formyl-
guaiazulene was also studied, and found to yield 4-substituted 2-formyl-l,4-dihydroguaiazulene and 6-substituted 
2-formyl-3,6-dihydroguaiazulene. In this case, nucleophilic addition of guaiazulenide anion occured not at 
the carbonyl group but at the 6- and 8-positions of the seven-membered ring of formylguaiazulene, accompanied 
by formyl group and hydrogen migrations. 

In the previous paper we reported that l-[2-(4-
azulenyl) vinyl] azulene and l - [2-( l -azulenyl)vinyl]-
azulene derivatives were formed by thermolysis of 3-
formylguaiazulene (9).1) One of the skeletal hydro­
carbons, 1- [2- (1-azulenyl) vinyl] azulene, has already 
been synthesized from azulenylmethylphosphonium salt 
and formylazulene.2) 

As a means of access to hitherto unknown l-[2-(4-
azulenyl)vinyl] azulene, the reaction of sodium guai­
azulenide (1) with 9 was studied, since the reaction was 
thought, if followed by dehydration of the resulting 
alcohol, to be a possible route to l-[2-(7-isopropyl-l-
me thyl-4-azulenyl) vinyl] guaiazulene.3> 4> 

Sodium iV-methylanilinide, used for preparation of l,3) 
is usually made from sodium wire and iV-methylaniline, 
using naphthalene as an assistant.5) However, the 
procedure was not satisfactory for our purpose of small-
scale experiments, due to the technical problem of how 
to make such fine wires as would allow a fairly smooth 
reaction with a millimol-order quanti ty of iV-methyl-
aniline. For this reason, the sodium hydride available 
as fine powder (as oil mull) was used instead of sodium 
metal, without the aid of the assistant, for the prepara­
tion of 1 in this paper. 

R e s u l t s a n d D i s c u s s i o n 

Sodium hydride and iV-methylaniline reacted smooth­
ly with evolution of hydrogen when a suspension in 
T H F was heated, to form a pale yellow solution of 
sodium iV-methylanilinide, which was subsequently 
changed into 1 by addition of 3 . The formation of 1 was 
apparent from the immediate color change of 3 from blue 
to brown, but was also proved by the reaction of 1 with 
methyl iodide to afford 4-ethyl-7-isopropyl-l-methyl -
azulene (4),3> though the yield (27.6%) was slightly 
lower than that (35%) in Ref. 3. 

In this reaction, a by-product C17H22 (MS) was also 
found in a 3 .4% yield. This compound is thought to 
be 4,7-diisopropyl-l-methylazulene (5) formed from 2, 
because an alternative structure, l,4-diethyl-7-isopropyl-
azulene, is impossible owing to the lack of 1-ethyl-7-
isopropyl-4-methylazulene in the reaction products. 

For an additional proof of 1, the reactivity toward 
formyl groups was examined by reaction of 1 with 
benzaldehyde.4) The same products 6, 7, and 8 were 

R 3 : R = CH3 

*i?^\ 4 : R = C2H., 

v=K^ 5 : R=CH(CH3)2 

6 : R = CH = CHC6Hr, 

7 : R = CH2COC6H5 

8 : R = CH2CH(OH)CBH5 

9 : R = CH0,R' = H 

10 : R-H,R'=CHO 

12 
Fig. 1. 

isolated as in Ref. 4 and identified by U V , IR , N M R , 
and mass, but the yield of dehydration product 6 was 
prominent in our case (in T H F ) in contrast to the mere 
trace of 6 in Ref. 4 (in benzene).7) 

Reaction of 1 with 9 yielded two products: 1,4-
dihydro-5-isopropyl-4-(7-isopropyl-1 -methyl-4-azulenyl)-
methyl-3,8-dimethyl-2-azulenecarbaldehyde (11) and 
3,6-dihydro-7-isopropyl-6-(7-isopropyl-l-methyl-4-azulen-
yl)methyl-l,4-dimethyl-2-azulenecarbaldehyde (12), in 
25.6 and 19.6% yields, respectively. Contrary to our 
expectation that addition of 1 would occur at carbonyl 
group, as in benzaldehyde, the nucleophilic addition 
of methylene carbanion of 1 took place at 6- and 8-
positions of 9, followed by migrations of the formyl 
group and hydrogen. 

Rearrangement of the formyl group was shown by 
dehydrogenation of 11 and 12 with chloranil or o-
chloranil, yielding 2-formylguaiazulene (10). The 
substitution mode of five-membered ring was also 
indicated by the N M R of 11 and 12, in which the 
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» 11 

12 

Fig. 2. 

coupling constant 2.2 Hz (or 2.3 Hz) of 3-methyl and 
1-methylene protons (or 1-methyl and 3-methylene 
protons) is in good agreement with 1.9 Hz of those of 
azulenium cations.8'9) 

In the N M R of 11, moreover, 6-, 7-, and 4-hydrogens 
appeared as doublet (6.06), double quartet (6.44) 
(quartet is due to allyl coupling with 8-methyl protons), 
and double doublet signals (3.96 ppm), respectively, in 
accordance with the 4-substituted 1,4-dihydroguai-
azulene structure. Also, the 6-substituted 3,6-dihydro-
guaiazulene structure of 12 was supported by the ap­
pearance of singlet (6.33), double quartet (5.34), and dou­
blet signals (2.84) for 8- and 5-hydrogens and for the 6-
methylene group, though splitting of 6-hydrogen signals 
were not clear owing to the overlapping with 3-methyl­
ene signals. Furthermore, all of these assignments were 
ascertained by double resonance spectra. 

Addition of a nucleophilic strong base at 4- and 6-
positions of the azulene nucleus was already observed 
by N M R spectroscopy.10) In the present reaction, 4-
(or 8-) and 6-positions of 9 would become reactive 
toward nucleophiles owing to the contribution of the 
mesomeric form of a tropylium cation type, in which 
the formyl group plays an important role. This may 
cause an exclusive addition of the methylene carbanion 
of 1 to the seven-membered ring and thus would explain 
the difference between this reaction and that with 
benzaldehyde. This conclusion is supported by the fact 
that the seven-membered ring of diethyl 1,3-azulenedi-
carboxylate and its derivatives is activated enough to 
react with Grignard reagents.11) 

O n the other hand, conjugation of the formyl group 
with double bonds of dihydroguaiazulene is only 
attainable in 11 and 12 in a successive reaction course, 
and this might act as a driving-force of subsequent 
migrations of the formyl group and hydrogen. 

E x p e r i m e n t a l 

NMR spectra were taken in CDC13 with TMS as internal 
standard on a JEOL MH-100 spectrometer (100 MHz), or on 
a JEOL FX-90Q instrument (90 MHz) for spin-decoupling 
experiments. Mass spectra (MS) were obtained at 70 eV with 
a JEOL JMS-OISG spectrometer, or at 24 eV with a JEOL-
D300 instrument for GC-MS. UV spectra were recorded in 

cyclohexane on a Hitachi 624 digital spectrometer with a 
Hitachi 056 recorder, and IR spectra (liquids as films; solids 
as CC14 solutions) on a Hitachi 260-10 spectrometer. Mps 
are uncorrected. GLC was carried out on a Shimadzu GG-
3AH instrument. 

Preparation of Sodium Guaiazulenide (1). Under dry 
nitrogen 500 mg (10.4 mmol) of sodium hydride (50% disper­
sion in Bayol 85) was washed with hexane (10 cm3), then with 
dry THF (10 cm 3x2) , and suspended in a solution of 3.62 g 
(33.8 mmol) of iV-methylaniline in 20 cm3 of THF. This 
suspension was heated to refluxing for 30 min, and the resulting 
pale yellow solution was refluxed for 30 more min to complete 
the reaction. To this solution, at room temperature, was 
added another solution of 1.98 g (10.0 mmol) of 3 in 10 cm3 

of THF over a period of 20 min. The color of 3 changed 
from blue to brown at each moment of addition, and finally 
yielded a brown solution of 1 in THF, which was used for 
successive reactions without further purification. 

Reaction of 1 with Methyl Iodide. To a stirred solution 
of 1 in THF was added dropwise 2.20 g (15.5 mmol) of methyl 
iodide over a period of 5 min; stirring was continued for an 
additional 1 h. The reaction mixture, after evaporation of 
THF (reduced pressure), was taken up into 200 cm3 of hexane 
and the insoluble sodium iodide was filtered off. The filtrate 
was washed with 7% hydrochloric acid (100 cm3 X 3), then 
with water, dried on sodium sulfate, and concentrated(reduced 
pressure) to give a blue oil. Successive hexane-silica gel elution 
chromatography afforded blue fractions containing 3, 4, 5, and 
unknown minor components. From GLC analysis of these 
fractions, the yields of 3 (recovery), 4, and 5 are calculated 
to be 47.4, 27.6, and 3.4%, respectively, based on 3. Puri­
fication of each compound was not successful by means of 
elution chromatography, except that 4 was isolated as a 
mixture with 3 and 5, and characterized by its NMR spec­
trum. 3 : GC-MS, m/e (rel intensity), 198 (66), 183 (100), 
168 (17), 167 (18), 155 (17), 153 (26), and 128 (12). 4: 
GC-MS, 212 (100), 197 (94), 169 (13), 167 (15), 154 (11), 
and 153 (12); NMR 6=1.26 (6H, d, 7 - 7 . 0 Hz, CH(CH3)2), 
1.34 (3H, t, 7 = 7 . 5 Hz, CH2CH3), 2.64 (3H, s, 1-CH3), 3.04 
(2H, q, 7 = 7 . 5 Hz, CH2CH3), 3.84 (1H, m, 7 = 7 . 0 Hz, CH-
(CH3)2), 3.82 (1H, d, 7 = 11.0 Hz, 5-H), 7.23 (1H, dd, J= 
11.0 and 2.0 Hz, 6-H), 7.24 (1H, d, 7 = 3 . 8 Hz, 3-H), 7.58 
(1H, d, 7 = 3 . 8 Hz, 2-H), and 8.16 (1H, d, 7 = 2 . 0 Hz, 8-H). 
5: GC-MS, 226 (100), 211 (76), 183 (39), 181 (17), 169 (17), 
and 155 (23). 

Reaction of 1 with Benzaldehyde. To a stirred solution 
of 1 in THF (from 10 mmol of 3) was added dropwise 2.5 g 
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(24 mmol) of benzaldehyde over a period of 20 min; stirring 
was continued for 4 h. The reaction mixture was worked up 
in the usual manner,3'4) and 6, 7, and 8 were isolated in 64, 
12, and 24% relative yields ( 6 + 7 + 8 = 100%).7> 6: NMR 
0=1.32 (6H, d, 7 = 7.0 Hz, CH(CH3)2), 2.64 (3H, s, 1-CH3), 
3.04 (1H, m, 7 = 7 . 0 Hz, CH(CH3)2), 7.08—7.60 (9H, m, 3-H, 
5-H, 6-H, vinyl-H, and Ph), 7.60 (1H, d, 7 = 4 . 0 Hz, 2-H), 
7.94 (1H, d, 7=17.0 Hz, vinyl-H (trans)), and 8.14 (1H, d, 
7 = 2 . 0 Hz, 8-H); MS, m/e (rel intensity), 286 (100), 285 (38), 
284 (27), 271 (97), 243 (45), 241 (31), 239 (22), and 228 (26). 
7: NMR 0=1.32 (6H, d, 7 = 7 . 0 Hz, CH(CH3)2), 2.64 (3H, 
s, 1-CH3), 3.04 (1H, m, 7 = 7.0 Hz, CH(CH3)2), 4.76 (2H, s, 
CH2), 6.99 (1H, d, 7 = 10.0 Hz, 5-H), 7.16—7.72 (6H, m, 
2-H, 3-H, 6-H, and B2G part of A2B2C system of Ph), 8.00— 
8.20 (2H, m, A2 part of A2B2C system of Ph), and 8.08 (1H, 
d, 7 = 2 . 0 Hz, 8-H); MS, 302 (95), 105 (100), and 77 (28). 
8: NMR 0=1.38 (6H, d, J= 7.0 Hz, CH(CH3)2), 2.70 (3H, 
s, I-CH3), 3.12 (1H, m, 7 = 7 . 0 Hz, CH(CH3)2), 3.56 (2H, d, 
7 = 8 . 0 Hz, GH2), 5.20 (1H, m, CH(OH)), 7.03 (1H, d, 7 = 
10.0 Hz, 5-H), 7.20—7.80 (8H, m, 2-H, 3-H, 6-H, and Ph), 
and 8.24 (1H, d, 7 = 2 . 0 Hz, 8-H); MS, 304 (100), 198 (69), 
185 (90), 184 (25), 183 (63), 167 (21), 165 (21), 155 (57), 149 
(97), 143 (25), 107 (21), 105 (46), 84 (27), 79 (33), 78 (24), 
77 (33), 43 (21), and 41 (26). 

Reaction of 1 with 3-Formylguaiazulene (9). A solution of 
1.13 g (5.00 mmol) of 9 in 15 cm3 of THF was added to a 
solution of 1 in THF (from 10.0 mmol of 3 and 25 cm3 of 
THF) drop by drop over a period of 40 min. The reaction 
mixture was stirred for an additional 4 h, diluted with water 
(20 cm3), and extracted with benzene ( 100 cm3 X 3) ; the extract 
was washed with 7% hydrochloric acid (100 cm3 X 3), then 
with water, dried, and concentrated (reduced pressure) to 
give a green oil. The oil was subsequently submitted to silica 
gel chromatography with hexane-AcOEt (4: 1) as the eluant, 
and separated into 331 mg (16.7%) of unchanged 3, 543 mg 
(25.6 %) of 11, 417 mg (19.6%) of 12, 89.6 mg of unknown 
mixture, and 336 mg (29.7%) of recovery of 9. 

Dimer 11 was obtained as a green oil, which solidified in a 
refrigerator to give green microprisms, mp 113—115 °C. TLC 
(hexane-AcOEt) Rf 0.30. UVm a x 205 nm (log e 4.50), 246 
(4.44), 287 (4.61), 305 (sh 4.17), 341 (sh 4.09), 353 (4.17), 
366 (sh 4.14), 543 (sh s 269), 568 (sh 384), 592 (sh 469), 610 
(543), 632 (493), 667 (485), 698 (sh 254), and 739 (192); IR 
1650 (G=0), 2720 and 2825 cm"1 (formyl GH); NMR12) <5= 
1.10 (6H, q, 7 = 6 . 8 Hz, 5-CH(CH3)2), 1.30 (6H, d, 7 = 6 . 8 
Hz, 7 /-CH(CH3)2), 1.55 (3H, t, 7=2 .2 Hz, 3-CH3>), 2.26 (3H, 
broad s, 8-CH3) (broadening is due to couplings with 6-H and 
7-H), 2.47 (1H, m, 7 = 6 . 8 Hz, 5-CH(CH3)2), 2.62 (3H, s, 
r -CH3) , 2.93 (1H, m, 7 = 6 . 8 Hz, 7'-CH(CH3)2), 3.04 (2H, 
dd, 7 = 8 . 8 and 6.6 Hz, 4-CH2), 3.27 (2H, q, 7 = 2 . 2 Hz, 1-H2), 
3.96 (1H, dd, 7 = 8 . 8 and 6.6 Hz, 4-H) (double doublets look 
like a broad triplet due to allyl coupling with 6-H), 6.06 (1H, 
broad d, J= 7.0 Hz, 6-H) (broadening is due to couplings with 
4-H and 8-CH3), 6.44 (1H, dq, 7 = 7 . 0 and 1.3 Hz, 7-H), 
6.52 (1H, d, 7 = 10.6 Hz, 5'-H), 7.15 (1H, d, 7 = 4 . 0 Hz, 3'-H), 

7.21 (1H, dd, 7=10 .6 and 1.8 Hz, 6'-H), 7.59 (1H, d, 7 = 4 . 0 
Hz, 2'-H), 8.08 (1H, d, 7 = 1.8 Hz, 8'-H), and 9.62 (1H, s, 
2-CHO) ; MS, m/e (rel intensitv), 424 (4), 227 (100), 226 (11), 
199 (13), 183 (14), 157 (21), and 142 (14). 

Found: G, 87.79; H, 8.35%. Calcd for C3 1H3 60: C, 87.69; 
H, 8.55%. 

Dimer 12 was obtainde as a blue oil, which also solidified 
in a refrigerator to give blue crystals, dec at ca. 70 °G. TLC 
(hexane-AcOEt) Rf 0.26. UVm a x 202 nm (log e 4.44), 249 
(sh 4.51), 285 (4.62), 289 (sh 4.61), 303 (sh 4.18), 346 (sh 
4.10), 352 (4.14), 368 (sh 4.03), 543 (sh s 298), 565 (sh 402), 

591 (sh 489), 609 (557), 632 (500), 666 (482), 699 (sh 238), 
and 738 (182); IR 1655 (C=0), 2720 and 2825 cm"1 (formyl 
CH); NMR12) (5=1.02 (6H, d, 7 = 6 . 8 Hz, 7-CH(CH3)2), 1.35 
(6H, d, 7 = 7 . 0 Hz, 7'-CH(CH3)2), 1.96 (3H, d, 7=1 .3 Hz, 
4-CH3), 2.40 (1H, m, 7 = 6 . 8 Hz, 7-CH(CH3)2), 2.48 (3H, t, 
7 = 2 . 3 Hz, 1-CH3), 2.65 (3H, s, l'-CH3), 2.84 (2H, d, 7=7 .9 
Hz, 6-GH2), 3.06 (1H, m, 7 = 7 . 0 Hz, 7-CH(CH3)2), 3.50 (1H, 
broad m, 7 = 9 . 0 and 7.9 Hz, 6-H) (broadening is due to allyl 
coupling with 8-H), 3.61 (2H, m, 7 = 2 . 3 Hz, 3-H2), 5.34 (1H, 
dq, 7 = 9 . 0 and 1.3 Hz, 5-H), 6.33 (1H, broad s, 8"-H) (broad­
ening is due to allyl coupling with 6-H), 6.62 (1H, d, 7=10-8 
Hz, 5'-H), 7.06 (1H, d, 7 = 3 . 7 Hz, 3'-H), 7.32 (1H, dd, 7 = 
10.8 and 2.0 Hz, 6'-H), 7.60 (1H, d, 7"= 3.7 Hz, 2'-H), 8.13 
(1H, d, 7 = 1.7 Hz, 8'-H), and 10.08 (1H, s, 2-CHO); MS, 
424 (7), 227 (100), 157 (15), 149 (19), 142 (11), and 43 (11). 

Found: C, 87.80; H, 8.35%. Calcd for C31H330: C, 
87.69; H, 8.55 %. 

2-Formylguaiazulene (10). A. From 11. A solution of 
10 mg (0.024 mmol) of 11 and 15 mg (0.061 mmol) of chloranil 
in 2 cm3 of benzene was stirred for 12 h at room temperature. 
The reaction mixture was diluted with petroleum ether (20 
cm3), shaken with a 4% aqueous solution of potassium 
hydroxide (25 cm3), washed with water, dried, and the result-
ng green precipitates, insoluble in most organic solvents, were 
filtered off. Evaporation of the solvent and subsequent 
benzene-silica gel elution chromatography yielded 0.33 mg 
(6.2%) of 10, identical with the authentic specimen in TLC, 
IR, and MS. 

B. From 12. The procedure given in A afforded 0.71 
mg (4.7%) of 10, identical (TLC and IR) with that from A, 
from 28 mg (0.067 mmol) of 12 and 60 mg (0.24 mmol) of 
o-chloranil. 

As a control experiment, 9 was treated with a mixture of 
chloranil and o-chloranil in the same manner as described in 
A. In this case, however, only unchanged 9 was observed and 
formation of 10 was not detected in TLC of the reaction 
mixture. 

T h e author wishes to thank Miss Naoko Ki tahara of 
Saga University for her assistance in the experimental 
work as a par t of her graduation thesis of Saga Univer­
sity. Thanks are also due to Dr. Hajime Koga of 
Hisamitsu Pharmaceutical Co. , Ltd. , and Dr. Toru 
Hinomoto of J E O L , Ltd. , for their kind measurements 
of mass spectra and double resonance spectra. 
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Allylic Alcohols into 1,3-Dienes1) 
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The title synthesis involves (1) epoxidation of allylic alcohols with J-butyl hydroperoxide in the presence 
of vanadium catalyst followed by trimethylsilylation, (2) specific oxirane ring opening by means of diethylaluminum 
2,2,6,6-tetramethylpiperidide and subsequent desilylation producing 3-ene-l,2-diols, and (3) removal of both 
hydroxyl groups through bromination with a mixture of phosphorus tribromide and copper(I) bromide and the 
successive zinc debromination. The sequence of reactions has been extended with considerable success to the 
preparations of /?-myrcene from nerol, trans-ß-ocimene from geraniol in a specific way, and a- and /?-farnesenes from 
their biological precursors. A C12 sex pheromone of red bollworm moth has been prepared efficiently by this 
method with cyclododecene as a starting material. 

The high regio- and stereospecific isomerization of 
oxiranes into allylic alcohols has recently been accom­
plished by means of a luminum amides, especially dieth­
ylaluminum 2,2,6,6-tetramethylpiperidide(DATMP).2> 
To explore the applicability of this technique, we have 
undertaken an investigation of the reactions with a 
variety of oxirane derivatives. 

OH 

V^\ /OH 
o, 

,OH ,OH W 
Of part icular interest among them should be the 

conversion of 2,3-epoxy alcohols to 3-ene-l,2-diols. The 
recent development of effective methods of catalytic 
epoxidation of allylic alcohols with £-butyl hydroperoxide 
has made 2,3-epoxy alcohol species readily available 
for synthetic purpose.3) Furthermore, it could be 
envisioned that such ene-diols would provide us with 
the chance of success in the stereocontrolled synthesis of 
1,3-dienes.4) 

Epoxidation of nerol ( l a ) with the Sharpless reagent 
(VO(acac) 2 -MJuOOH) furnished epoxy alcohol 2a in 
quantitative yield. Although the direct transformation 
of 2a into 3-ene-l,2-diol 4a by means of D A T M P did 
not proceed smoothly, the problem was easily solved by 
protection of the hydroxyl group with either trimethyl-
silyl ether or 1-ethoxyethyl group. Of the two protecting 
groups, the trimethylsilyl group was more favorable for 
our purpose for ease of both introduction and removal. 
Thus, the epoxy alcohol 2a was converted in situ to the 
epoxy silyl ether 3a by the successive addition of 
pyridine, hexamethyldisilazane, and chlorotrimethyl-
silane at 0 °C. The crude product was immediately 
subjected to the action of D A T M P , followed by desilyla­
tion with potassium fluoride in aqueous methanol , to 
furnish 4a in 7 9 % overall yield from l a . A striking 
feature is that none of the vinyl silyl ether was detected 
in the crude reaction mixture before K F treatment . As 
anticipated from the previous results,2) geraniol (5a) 
gave the isomeric diol 8a as a predominant product. 
The detailed product distribution in the reaction of 7a 
with D A T M P and diethylaluminum diisopropylamide 

t Present Address: The Institute for Molecular Science, 
Myodaiji, Okazaki 444. 
tt Present Address: Department of Chemistry, University 

of Hawaii at Manoa, Honolulu, Hawaii 96822. 

l a R = H 2a R = H , X = H 
2b R=Me2C=CHCH2 , 

X = H 
l b R=Me2C= 3a R = H , X=SiMe 3 

GHCH2 3b R=Me2C=CHCH2 , 
X=SiMe, 

is 
/ \ H 2 R 

4a R = H 

4b R=Me2C= 
CHCH2 

5a R = H 8a R = H 6a R = H , X = H 
6b V=Me2C=CHCH2 , 

X = H 
5b R=Me2C= 7a R = H , X=SiMe 3 8b R=Me2C= 

7b R=Me2C=CHCH2 , CHCH2 

X=SiMe 3 

CHGH, 

TABLE 1. PRODUCT DISTRIBUTION IN THE REACTION 

OF 7 WITH ALUMINUM AMIDES 

Aluminum amidea) Isomer distribution1^ Yield (%)c) 

8a : 9*) : 4a 

DATMP 
Et2Al-N(*-Pr)2 

90 : 5 : 5 
44 : 48 : 8 

65 
64 

H O , / ^ O H 

a) Aluminum amide reagents were prepared as pre­
viously reported.2) b) Isomer ratio was determined 
as follows. After KF treatment, the resulting crude 
1,2-diols were converted to the corresponding al­
dehydes by the reaction with sodium periodate in 
ethanol. The chemical shifts (CDC13, TMS) of 
aldehyde protons appeared at ö 9.3 (the aldehyde 
derived from 8a) ; 10.1 (the aldehyde derived from 
9); 9.5 (the aldehyde derived from 4a). The ratio 
was determined by their intensities, c) Yields are 
based on material isolated by preparative TLC. 
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are listed in Table 1. In addition to the previous 
observation, Table 1 shows following points of interest: 

(1) This transformation can be believed to involve 
initial complex formation where a luminum amides 
approach the oxirane so as to enable a greater orbital 
overlap. Then the presence of the bulky trimethyl-
siloxyl group should make the attack of a luminum 
amides even more selective so that the reagents attack 
the oxirane group exclusively on the less hindered side 
(on the same side as hydrogen of oxirane) to produce 
trisubstituted olefinic diol 8a or the isomer 9. 

(2) Substitution of diisopropylamide for tetramethyl-
piperidide moiety results in the complete lack of the 
(E) preference, which supports that the bulk of the 
extremely large T M P group did play an even more 
significant role in determining the course of elimination. 
Thus, in the abstraction stage of hydrogen, the favored 
direction is to be strictly arranged so as to minimize 
the severe nonbonded interactions. I t should be added 
that using ^-butyldimethylsilyl protecting group5) in 
place of trimethylsilyl moiety even more improved the 
selectivity (4a: 8a : 9 = 2 : 96: 2). 

A similar sequence was extended to transform (2Z,6E)-
farnesol ( lb ) to ene-diol 4 b (71 % yield) and the isomer 
5b to 8b (70% yield), respectively. 

Now the remaining step toward 1,3-dienes consists 
in selective transformation of 1,2-diol group into vinyl 
moiety. Attempted application of the Eastwood 
method6) proved to be disappointing. Trea tment of the 
diol 4a with 7V,iV-dimethylformamide dimethyl acetal 
and the subsequent heating of the resulting dioxolane 
derivative in acetic anhydride at 110°C afforded 
myrcene (10a)7) in less than 2 0 % yield.8) Reaction of 
the benzaldehyde acetal of the diol with butyllithium 
was also tested without any success.9) We therefore 
developed the following alternative route. The diol 4a 
was initially brominated with a mixture of copper (I) 
bromide (2.5 equiv) and phosphorus tribromide (1.2 
equiv) at 0 °C for 1 h and then successively treated with 
excess zinc dust at room temperature for 2 h to furnish 
myrcene (10a) in 5 8 % yield. Similarly, the following 
terpenes were prepared efficiently from the correspond­
ing ene-diols: trans-ß-ocimene ( l ia) , 1 0 ) from diol 8a ; 
/2-farnesene (10b),11) from 4 b ; tomr-tf-farnesene ( l ib) , 1 2 ) 
from 8b . The homogeneity of each product was attested 
by the N M R analysis. Although the role of excess 
copper (I) bromide in this process is still obscure, it 

10a R = H 
10b R=Me2C=CHCH9 

11a R= 
l l b R = Me2C=GHCH2 

appears to facilitate both bromination and debromina-
tion and is essential for securing good yields. The 
synthesis of 10b and l i b should be monitored by T L C 
assay, since the longer reaction time causes cyclization 

induced by zinc bromide at the expense of the desired 
product . 

The present method permitted the facile synthesis of 
the following 1,3-diene compounds. 1,3-Cyclododeca-
diene (15) was prepared from (£')-2-cyclododecen-l-ol 
(12). 13> In addition, (£)-9 , l 1-dodecadienyl acetate (19), 
which was known as the major sex pheromone of the 
red bollworm moth,14) was prepared smoothly from the 
diol 14 as a starting material . Thus, 14 was converted 
to the open chain diol 16 by sodium periodate oxidation 
followed by sodium tetrahydroborate reduction. The 
same series of reactions transformed 16 into the triol 17. 
The terminal alcohol (C-12) was converted to the 

HO(CH2)8
x \Xs^OH a ,b ,C ,d> HO(CH2)8-

16 

A c O ( C H 2 ) 8 X / ^ / ° H 

OH 

15 

O H ^ 

17 

18 19 

a, VO(acac)2-*-BuOOH; b, Me3SiCl-(Me3Si)2NH-C5H5N; 
c, DATMP; d, KF; e, PBr3-Cu2Br2-Zn; f, Na I0 4 ; g, 
NaBH4; h, Me2C(OMe)2-/>-TsOH; i, Ac20-C5H5N; j , 
(CH2OH)2-/>-TsOH. 

acetate 18 as follows. Trea tment of 17 with 2,2-dimeth-
oxypropane with a catalytic amount of jfr-toluenesulfonic 
acid followed by acetylation (acetic anhydride-pyridine) 
afforded acetonide acetate, which was transformed to 
diol 18 using ethylene glycol and trace jfr-toluenesulfonic 
acid. The desired diene 19 was obtained by the similar 
treatment with PBr 3 -Cu 2Br 2 -Zn. 

Finally a further extension of the sequence should be 
added. Reaction of an epoxy silyl ether 20 with D A T M P 
and then K F gave 2-methylene-l,3-diol 21 . Although 
this class of compounds are potential intermediates for 

OH 

/OH 

OH 
21 

the synthesis of substituted trimethylenemethane and 
other related compounds, there exist few synthetic 
routes available.15) 

E x p e r i m e n t a l 

The infrared spectra were determined on a Shimadzu 
IR-27-G spectrometer; the mass spectra on a Hitachi RMU-
6L mass machine ; and NMR spectra on a JNM-PMX 60 or 
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Varian EM-360 spectrometer. T h e chemical shifts are given 
in <5 in p p m with T M S as the internal s tandard. Splitting 
patterns are designated as s, singlet; d, doublet ; t, tr iplet; q, 
quar te t ; m, multiplet. T h e microanalyses were carried out 
by the staffs at the Elemental Analyses Center of Kyoto 
University. All experiments were carried out under an a tmo­
sphere of dry argon. In experiments requiring dry solvents, 
tetrahydrofuran was distilled from sodium-benzophenone. 
Ether and benzene were dried over sodium metal . Dur ing 
workup, drying of the organic solution was performed over 
anhydrous sodium sulfate. Th in layer or preparat ive thick 
layer plates were made of E. Merck PF-254, and preparat ive 
column chromatography on silica gel E. Merck Art . 7734. 

Synthesis of Myrcene (10a). 2-Methyl-x-2- (4-methyl-3-pentenyl) -
c-3-trimethylsiloxymethyloxirane (3a). T h e epoxy alcohol 
2a was prepared as previously reported.311) A solution of 
f-butyl hydroperoxide (300 mg, 3.0 mmol) in benzene (3 ml) 
was added at 0 °C dropwise to a mixture of nerol ( l a ) (308 
mg, 2.0mmol) and oxobis(2,4-pentanedionato-0,0 ')vanadium-
(IV) (16 mg, 0.06 mmol) in benzene (10 ml) . Stirring was 
continued at room tempera ture for 3 h ( T L C analysis indicated 
the absence of starting material) . T h e epoxy alcohol 2a was 
converted in situ to the epoxy silyl ether 3a by the successive 
addit ion of pyridine (4.0 ml) , hexamethyldisilazane (0.8 ml) , 
and chlorotrimethylsilane (0.4 ml) at 0 °C. T h e reaction was 
completed in 1 h at room temperature , then saturated sodium 
sulfite was added and the whole mixture was vigorously stirred 
at ambient tempera ture for 20 min. T h e separated organic 
phase was washed with saturated copper(II ) sulfate and water, 
dried, and concentrated in vacuo. T h e crude product was 
immediately subjected to the next reaction. 

A sample was purified by column chromatography on silica 
gel (20: 1 hexane-ether) followed by bulb-to-bulb distillation: 
bp 92—94 °C (bath temp, 1 Torr) ; T L C , R{ 0.49 (2: 1 h e x a n e -
e ther ) ; I R (neat) , 1450 (m), 1245 (s), 1122 (s), 1080 (s), a n d 
845 c m - 1 (s); N M R (CC14), 0.11 (9H, s, CH 3 -S i ) , 1.25 (3H, s, 
C H 3 - C O ) , 1.59 (3H, s, C H 3 - C = ) , 1.65 (3H, s, C H 3 - C = ) , 2.63 
( I H , t, 7 = 6 Hz , C H - O ) , 3.54 (2H, dd, C H 2 - 0 ) , and 5.00 
( I H , bt , C H = ) ; MS (m/e), 242 (1), 181 (8), 173 (10), 160 
(100), and 145 (44). 

Found : C, 64.4; H , 1 0 . 7 % . Calcd for C 1 3 H 2 6 0 2 Si : C, 
64.4; H , 10.8 % . 

7-Methyl-3-methylene-6-octene-1,2-diol (4a). T o a benzene 
solution (20 ml) of diethylaluminum 2,2,6,6-tetramethylpipe-
ride (8.0 mmol) a solution of crude 3 a (ca. 2.0 mmol) in 
benzene (2 ml) was added at 0 °C dropwise and the mixture 
was stirred at the same temperature for 1 h. T h e reaction 
mixture was quenched with dil. hydrochloric acid at 0 °C 
and the resulting organic phase was separated. The aqueous 
layer was extracted with ether, and the combined organic 
solutions were washed with saturated brine, dried, and freed 
of the solvent. T h e residue was dissolved in 80 % aqueous 
methanol (5 ml) and potassium fluoride (1.2 g, 20.0 mmol) was 
added at 0 °C. After stirring at room temperature for 3 h, the 
volatile material was removed under reduced pressure. T h e 
residue was part i t ioned between saturated brine and ethyl 
acetate, and the aqueous phase was extracted several times 
with ethyl acetate. T h e combined organic phase was washed 
with saturated brine, dried, and concentrated in vacuo. T h e 
remaining liquid was submitted to preparat ive T L C ( 1 : 1 
hexane-ethyl acetate) to give pure 4a (269 mg, 79% yield from 
l a ) as a clear oil: bp 130 °C (bath temp, 1 Torr) ; T L C , Rt 0.41 
(ether) ; I R (neat) , 3350—3440 (s), 1440—1455 (m), 1065— 
1090 (s), and 905 cm" 1 ( m ) ; N M R (CDC13), 1.61 (3H, s, 
GH 3 -C=) , 1.69 (3H, s, C H 3 - C = ) , 4.00—4.33 ( I H , m, C H - O ) , 
and 4.83—5.27 (3H, bd, CH= and C H 2 - ) ; MS (m/e), 170 (1), 
152 (4), 127 (9), 109 (18), and 69 (100). 

Microanalysis was performed after converting the 1,2-glycol 
group to isopropylidene acetal group by treating the glycol 
with 2,2-dimethoxypropane in dichloromethane in the presence 
of a catalytic amount of /»-toluenesulfonic acid : 

Found : C, 74.4; H , 10.7%. Calcd for C 1 3 H 2 2 0„ : C, 74.2; 
H , 10.5%. 

Myrcene (10a).1) T o an ethereal solution (10 ml) of 
diol 4a (200 mg, 1.2 mmol) , copper(I) bromide (860 mg, 3.0 
mmol) and phosphorus tr ibromide (0.09 ml, 0.5 mmol) were 
successively added at — 78 °C, and the whole mixture was 
stirred at 0 °C for 1 h. Zinc dust (392 mg, 6.0 mmol) was 
added at 0 °C and stirring was continued at room temperature 
for 2 h. Dilution of the mixture with pentane, folowed by 
workup and short-path column chromatography (pentane as 
an eluent) , furnished myrcene (10a) (98 mg, 58 % yield) as a 
colorless oil: T L C , R{ 0.80 (hexane); I R (neat), 1600 (s), 1435 
—1450 (m), 1365 (m), 990 (s), and 890 c m - 1 (s); N M R 
(CC14), 1.53 (3H, s, CH 3 -C=) , 1.62 (3H, s, CH 3 -C=) , 2.20 
(4H, d, C H 2 - C = ) , 4.98 (2H, s, CH2= on C-3), 4.81—5.46 (3H, 
m, CH 2= on C-l and CH= on C-6), and 6.35 ( I H , dd, 7 = 1 8 
and 10 Hz , CH= on C-2); M S (m/e), 136 (8), 121 (7), 107 
(5), 93 (100), and 69 (99). 

Synthesis of trans-ß-Ocimene (IIa). 2-Methyl-x-2-(4-methyl-
3-pentenyl)-t-3-trimethylsiloxymethyloxirane (7a). The epoxy 
alcohol 6a3a> was converted to epoxy silyl ether 7a as described 
above, and used for the next reaction without purification. 

A small aliquot was purified by column chromatography 
(20: 1 hexane-ether) followed by evaporative distillation : bp 
95 °C (bath temp, 1 Torr) ; T L C , R{ 0.50 (2: 1 hexane-ether) ; 
I R (neat), 1450 (m), 1240 (m), 1120 (s), 1065—1080 (s), and 
840 c m - 1 (s); N M R (CC14), 0.11 (9H, s, CH 3 -S i ) , 1.19 (3H, 
s, C H 3 - C O ) , 1.59 (3H, s, C H 3 - C = ) , 1.65 (3H, s, CH 3 -C=) , 
2.63 ( I H , t, 7 = 5 Hz, C H - O ) , 3.54 (2H, dd, C H 2 - 0 ) , and 
5.00 ( I H , bt , C H = ) ; M S (m/e), 242 (1), 181 (14), 160 (100), 
145 (45), and 103 (76). 

Found : C, 64.2; H , 10.7%. Calcd for C 1 3 H 2 6 0 2 Si : C, 64.4; 
H , 10.8 % . 

(E)-3,7-Dimethyl-3,6-octadiene-l,2-diol (8a). T h e title 
compound was prepared from the crude 7a by treatment with 
D A T M P (4 equiv) at 0 °C for 1.5 h in benzene and then with 
potassium fluoride ( 10 equiv) at room temperature for 3 h (59 
% yield based on geraniol 5a) : bp 135 °C (bath temp, 1 Torr) ; 
T L C , Rt 0.37 (ether) ; I R (neat) , 3250—3400 (s), 1430—1445 
(s), 1035—1070 (s), and 880—890 c m - 1 (m) ; N M R (CDC13), 
1.64 (6H, s, C H 3 - C = ) , 1.69 (3H, s, CH 3 -C=) , 2.52—2.94 (2H, 
t, 7 = 8 Hz , C H 2 - C = ) , 3.80—4.32 ( I H , m, C H - O ) , 5.12 ( I H , 
bt, CH= on C-6), and 5.46 ( I H , bt , CH= on C-4); MS (m/e), 
170 (6), 152 (11), 139 (36), 109 (60), and 81 (100). 

Microanalysis was performed with the isopropylidene acetal 
derivative : 

Found : C, 74.4; H , 10.5%. Calcd for C 1 3 H 2 2 0 2 : C, 74.2; 
H , 10 .5%. 

trans-ß-Ocimene (IIa).10) The title compound was 
prepared from sequential t rea tment of the diol 8a with copper-
(I) bromide, phosphorus tr ibromide, and zinc as described 
above. T h e desired triene 11a (66 % yield) formed a clear 
oil: T L C , R{ 0.80 (hexane); I R (neat), 1650 (m), 1610 (s), 
1380 (s), 990 (s), and 890 c m - 1 (s); N M R (CC14), 1.65—1.72 
(9H, m, C H 3 - C = ) , 2.79 (2H, bt , CH 2 -C=) , 4.58—5.55 (4H, 
CH= on C-4 and C-6, GH a=), and 6.26 ( I H , dd, 7 = 1 8 and 
10 H z , CH= on C-2); M S (m/e), 136 (13), 121 (24), 105 (18), 
93 (100), and 79 (47). 

Synthesis of ß-Farnesene (10b). r-2-[(3E)-4,8-Dimethyl-3,7-
nonadienyl\-2-methyl-c-3-trimethylsiloxymethyloxirane (3b): Bp 135 
°C (bath temp, 1 Torr) ; T L C , Rf 0.48 (5 : 1 hexane-ether) ; 
I R (neat), 1450 (m), 1245 (s), 1120 (s), 1080 (s), and 845 
c m - 1 (s); N M R (CC14), 0.09 (9H, s, CH 3 -S i ) , 1.23 (3H, s, 
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C H 3 - C O ) , 2.67 (1H, t, C H - O ) , 3.54 (2H, d, 7 = 6 Hz, C H 2 -
O ) , and 4.82—5.23 (2H, m, C H = ) ; MS (m/e), 310 (M+). 

Found : C, 69.7; H , 11.2 % . Calcd for C 1 8 H 3 4 0 2 Si : C, 69.6; 
H , 1 1 . 0 % . 

(6E)-7,1 l-Dimethyl-3-methylene-6,10-dodecadiene-1,2-diol (4b). 
The title compound (169 mg, 71 % yield) was prepared 

from l b employing a series of reactions as aforementioned: 
T L C , R{ 0.53 (ether); I R (neat) , 3330—3420 (s), 1438—1454 
(m), 1065—1090 (s), and 905 c m - 1 (s); N M R (CDC13), 1.61 
(6H, s, CH 3 -C= on C-7 and C-11), 1.69 (3H, s, C H 3 - C = on 
C-11), 3.39—3.91 (2H, m, C H 2 - 0 ) , 4.00—4.36 (1H, m, C H -
O ) , and 4.70—5.34 (4H, bd, CH2= and CH=) . 

Microanalysis was performed with its isopropylidene acetal 
derivative : 

Found : C, 77.9; H , 10.9 % . Calcd for C 1 8 H 3 0 O 2 : C, 77.7; 
H , 10.8 % . 

ß-Farnesene (10b).iv> T h e preparat ion of the diene 
10a was repeated, except stirring was stopped in 1.5 h to 
suppress the formation of by-products. ß-Farnesene (10b) (78 
mg) was obtained from the diol 4 b (238 mg) in 38 % yield 
as a colorless l iquid: T L C , Rf 0.80 (hexane) ; I R (neat) , 1600 
(s), 1440—1465 (s), 990 (s), 910 (sh), and 895 c m - 1 (s); N M R 
(GGI4), 1.60 (6H, s, CH 3 -C=) , 1.69 (3H, s, CH 3 -C=) , 4.82— 
5.41 (6H, m, CH2= and CH= on C-6, C-10), and 6.32 (1H, dd, 
7 = 1 8 and 11 Hz, CH= on C-2); M S (m/e), 204 (8), 161 (10), 
133 (20), 93 (59), and 69 (100). 

Synthesis oftrans-a-Farnesene (lib). v-2-\_(3E)-4,8-Dimethyl-
3,7-nonadienyl]-2-methyl-t-3-trimethylsiloxymethyloxirane (7b) : Bp 
135 °C (bath temp, 1 Torr) ; T L C , Rf 0.53 (5:1 hexane-ether) ; 
I R (neat), 1450 (m), 1250 (s), 1120 (s), 1060—1080 (s), and 
835 c m - 1 (s); N M R (CC14), 0.09 (9H, s, CH 3 -S i ) , 1.19 (3H, 
s, C H 3 - C O ) , 2.67 (1H, t, C H - O ) , 3.54 (2H, d, 7 = 6 Hz, 
C H 2 - 0 ) , and 4.82—5.23 (2H, m, C H = ) ; MS {m/e), 310 (M+). 

Found: C, 69.6; H , 11.1 % . Calcd for C 1 8 H 3 4 0 2 Si : C, 
69.6; H , 1 1 . 0 % . 

(3E,6E)-3,7,11- Trimethyl-3,6,10-dodecatriene-1,2-diol (8b). 
The same sequence as aforementioned furnished the diol 8 b 
(168 mg, 7 0 % yield) from ( E ^ - f a r n e s o l (5b) (222 mg) as 
a clear oil: T L C , Rf 0.48 (ether) ; I R (neat), 3340—3420 (s), 
1440—1455 (m), 1060—1080 (m), and 890 c m - 1 (w) ; N M R 
(CDCI3), 1.61 (6H, s, C H 3 - C = on C-7 and C-11), 1.65 (3H, 
s, CH 3 -C= on C-3), 1.69 (3H, s, C H 3 - C = on C-11), 2.72 (2H, 
t, 7 = 7 Hz, CH 2 -C= on C-4), 3.92—4.31 (1H, m, C H - O ) , 
5.12 (2H, bt, CH= on C-6 and C-10), and 5.46 (1H, bt, CH= 
on C-4). 

Microanalysis was performed with its isopropylidene acetal 
derivative : 

Found : C, 77.9; H , 11.1 % . Calcd for C 1 8 H 3 0 O 2 : C, 77.7; 
H , 10.8 % . 

trans-tx-Farnesene (lib).12) T h e title compound was 
obtained in 45 % yield from 8 b : T L C , Rf 0.80 (hexane); I R 
(neat), 1610 (m), 1440—1455 (s), 1380 (s), 990 (s), 910 (sh), 
and 895 c m - 1 (s); N M R (CC14), 1.50—1.74 (12H, m, C H 3 -
C=), 2.80 (2H, bt , C H 2 - C = on C-4), 4.60—5.66 (5H, m, 
CH2= and CH= on C-4, C-6, and C-10), and 6.32 (1H, dd, 
7 = 1 8 and 11 Hz , CH= on C-2); MS (m/e), 204 (9), 135 (14), 
119 (48), 107 (43), and 93 (100). 

Synthesis of 1,3-Cyclododecadiene (15). trans-1,2-Epoxy-3-tri-
methylsiloxycyclododecane (13): Bp 110—112°C (bath temp, 1 
T o r r ) ; T L C , R{ 0.59 (3 : 1 hexane-e ther ) ; I R (neat), 1240 (s), 
1105 (m), 950 (w), 865 (m), and 840 c m - 1 (s); N M R (CC14), 
0.10 (9H, s, CH 3 -S i ) , 2.42—2.90 (2H, m, C H - O on C-l a n d 
C-2), and 3 . 8 3 - 4 . 1 6 (1H, m, C H - O on C-3); M S (m/e), 270 
(1), 255 (48), 185 (6), 129 (100), and 95 (38). 

Found: C, 66.9; H , 1 1 . 4 % . Calcd for C 1 5 H 3 0 O 2 Si : C, 
66.6; H , 11.2 %. 

(E)-3-Cyclododecene-l,2-diol (14). This compound was 

prepared from 12 in 63 % yield: m p 89—91 °C (benzene-
hexane) ; T L C , R{ 0.68 (ether) ; I R (Nujol), 3300—3410 (s), 
1450 (s), 1030 (s), 980 (s), and 915 c m - 1 (m) ; N M R (CDC13), 
3.20—3.98 (2H, m, C H - O ) , and 5.39—5.83 (2H, m, CH=) . 

Found : C, 72.7; H , 11.3 % . Calcd for C 1 2 H 2 2 0 2 : C, 72.7; 
H , 1 1 . 2 % . 

1,3-Cyclododecadiene (15).16> T h e diol 14 was transformed 
to the title compound in 70 % yield: T L C , Rt 0.80 (hexane); 
I R (neat) , 1470—1485 (s), 1445 (m), 980 (s), and 950 cm" 1 

( m ) ; N M R (CC14), 5.00—6.59 (4H, m, C H = ) ; M S (m/e), 164 
(37), 121 (25), 93 (37), 79 (100), and 67 (100). 

Synthesis of (E)-9,l 1-Dodecadienyl Acetate (19). (E)-2-Dodecene-
1,12-diol (16). Sodium periodate (3.08 g, 14.4 mmol) was 
added at 0 °C to a solution of diol 14 (1.42 g, 7.2 mmol) in 
80 % aqueous ethanol (26 ml) . After stirring at 0 °C for 1.5 
h, the solid was filtered off and the filtrate was concentrated 
in vacuo. T h e residue was part i t ioned between saturated brine 
and ether, then the ethereal solution was washed with saturat­
ed brine, dried, and freed of the solvent to yield dialdehyde : 
T L C , Rt 0.60 (2: 1 e ther-hexane) ; I R (neat) , 1720—1730 (s), 
1690 (s), 1460—1470 (m), and 980 c m - 1 ( m ) ; N M R (CC14), 
6.00 (1H, dd, 7 = 1 6 and 8 Hz , CH= on C-2), 6.80 (1H, dt , 
J= 16 and 7 Hz , CH= on C-3), 9.43 (1H, d, 7 = 7 Hz, C H = 0 
on C- l ) , and 9.70 (1H, t, C H = 0 on C-12) ; M S (m/e), 196 (3), 
98 (48), 83 (76), 70 (74), and 55 (100). 

The crude product was treated with sodium tetrahydrobo-
rate (274 mg, 7.2 mmol) in methanol (10 ml) at room 
temperature for 1 h. Acetic acid was then added dropwise to 
hydrolyze the excess hydride and the volatile material was 
removed in vacuo. T h e residue was diluted with ethyl acetate 
and the organic phase was washed with saturated brine, dried, 
and concentrated in vacuo. Purification by column chroma­
tography ( 1 : 1 benzene-ethyl acetate) furnished the diol 16 
(1.05 g, 73 % yield from 14) as a semi-solid: T L C , Rf 0.13 
(1:2 hexane-ether) ; I R (neat) , 3350—3450 (s), 1480 (m), 1470 
(s), 1090 (s), and 970 c m - 1 (s); N M R (CDC13), 3.60 (2H, t, 
C H 2 - 0 on C-12), 4.05 (2H, d, C H 2 - 0 on C- l ) , and 5 .41— 
5.73 (2H, m, CH=) . 

Microanalysis was performed after trimethylsilylation of both 
hydroxyl groups: 

Found : C, 63.0; H , 1 2 . 0 % . Calcd for C1 8H4 0O2Si2 : C, 
62 .8 ; H , 1 1 . 7 % . 

(E)-9,11-Dodecadienyl Acetate (19).14:) T h e sequence as 
described above converted the diol 16 to the triol 17 in 75 % 
yield: T L C , R{ 0.31 (ethyl aceta te) ; I R (neat), 3300—3450 
(s), 1450—1480 (m), 1050—1070 (s), and 970 c m - 1 (s); N M R 
(CDC13), 3 .20^1 .05 (5H, m, C H 2 - 0 and C H - O ) , and 5.51 
—5.73 (2H, m, CH=) . 

Before the synthesis of diene 19, the terminal alcohol (C-12) 
was converted to the acetate as follows. T o a mixture of triol 
17 (80 mg, 0.37 mmol) , 2,2-dimethoxypropane (0.07 ml, 0.55 
mmol) , and T H F (3 ml) was added />-toluenesulfonic acid (4 
mg, 0.02 mmol) at 0 °C, and the solution was stirred at room 
temperature for 4 h. A drop of pyridine was added and the 
mixture was diluted with ether. T h e organic solution was 
washed with saturated brine, dried, and freed of the solvent. 
T h e residue was treated with acetic anhydride (0.5 ml) in 
pyridine (0.5 ml) a t ambient temperature for 5 h. Aqueous 
workup in the usual manner , drying, and concentrating in 
vacuo gave acetonide acetate, which was treated with />-toluene-
sulfonic acid (4 mg, 0.02 mmol) in ethylene glycol (2 ml) at 
room temperature for 4 h to furnish diol 18 (89 % yield based 
on 17) after purification by preparat ive T L C (2:1 e the r -
hexane) : T L C , R{ 0.53 (2: 1 e ther -hexane) ; I R (neat), 3400 
—3450 (s), 1740 (s), 1370 (m), 1235—1255 (s), and 970 c m - 1 

(m) ; N M R (CDC13), 1.96 (3H, s, C H 3 - C O ) , 3.59 (2H, t, 
C H 2 - O A c ) , 3.87—4.38 (3H, m, C H - O and C H 2 - 0 ) , and 
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5.18—6.09 (2H, m, CH=) . 
The diol 18 was converted to the desired diene 19 with the 

Cu 2 Br 2 -PBr 3 -Zn system in 75 % yield: T L C , Rf 0.38 (5 : 1 
hexane-ether) ; I R (neat), 1740 (s), 1260 (s), 1005 (m), 960(w), 
and 900 c m - 1 (m) ; N M R (CDC13, 100 M H z ) , 2.02 (3H, s, 
C H 3 - C O ) , 1.95—2.21 (2H, m, C H 2 - C = ) , 4.06 (2H, t, J=7 
Hz, C H 2 - 0 ) , and 4.85—6.50 (5H, m, CH= and CH2=, 5.00, 
5.15, 5.61, 5.69, 5.75, 5.82, 5.92, 6.03, 6.15, 6.24, 6.30, 6.40, 
and 6.50); M S (m/e), 224 (7), 164 (18), 135 (15), 121 (20), 
and 67 (100). 

2-Methyl-2-(l-trimethylsiloxypentyl)oxirane (20) : Bp 60 °C 
(bath temp, 1 T o r r ) ; T L C , Rf 0.68 ( 1 : 1 hexane-e the r ) ; I R 
(neat), 1450—1700 (w), 1245 (s), 1090 (s), 940 (m), 865 (sh), 
and 840 cm" 1 (s); N M R (CC14), 0.53 (9H, s, CH 3 -S i ) , 1.67 
(3H, s, C H 3 - C O ) , 2.68—3.16 (2H, dd, C H 2 - 0 ) , and 3.50— 
3.90 (1H, bt, C H - O ) ; M S (m/e), 216 (2), 201 (25), 160 (43), 
131 (34), and 75 (100). 

Found : C, 61.3; H , 1 1 . 3 % . Calcd for C n H 2 4 0 2 S i : C, 
61 .1 ; H , 1 1 . 2 % . 

2-Methylene-1,3-heptanediol (21). Trea tment of 20 (216 
mg, 1.0 mmol) with D A T M P (4.0 mmol) and then with K F 
furnished the diol 21 (108 mg) in 75 % yield: T L C , Rf 0.33 
(ether) ; I R (neat), 3340—3400 (s), 1655 (w), 1010—1060 (s), 
and 905 c m - 1 (m) ; N M R (CDC13), 3.84—4.48 (3H, m, C H - O 
and C H 2 - 0 ) , and 5.09 (2H, s, CH 2=). 

Found : C, 66.5; H , 11.5 % . Calcd for C 8 H 1 6 0 2 : C, 66.6; 
H , 1 1 . 2 % . 

T h e a u t h o r s wi sh to t h a n k t h e M i n i s t r y of E d u c a t i o n , 
J a p a n , for a G r a n t - i n - A i d ( N o . 0 1 1 0 1 0 , 110309, 203014 , 
a n d 3 0 3 0 2 3 ) . 
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A Stereoselective 1,3-Transposition Reaction of Allylic Alcohols1) 
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Reduction of glycidyl mesylate with dissolving metal produces allylic alcohol in fair to excellent yield. 
Combined with the highly stereoselective epoxidation of allylic alcohols with i-butyl hydroperoxide and oxobis(2,4-
pentanedionato-0,0') vanadium (IV) as a catalyst, the sequence provides a new and efficient means for 1,3-trans-
position of allylic alcohols, by which geraniol is transformed into linalool, farnesol into nerolidol, and furthermore, 
( —)-cw-carveol into the (-f- ) antipode and vice versa in a stereospecific way. 

The recently discovered procedure for making 2,3-
epoxy-1-alkanols by catalytic epoxidation of allylic 
alcohols2) has initiated an investigation into the possible 
utilization of the dissolving metal reduction of glycidyl 
mesylate (methanesulfonate) obtained therefrom as a 
possible way of 1,3-transposition of allylic alcohols. 

- C = C - C • - C — C - C • - C - C = C -

6 H X O / 6SO2CH3 OH 

The epoxy alcohol 2 was treated with methanesulfonyl 
chloride and triethylamine in dichloromethane at —26 
°C to give the mesylate 3 . Reduction of 3 with calcium 
metal in liquid ammonia-tetrahydrofuran furnished 
linalool (4) (88% yield). Some variations in the metal 
reagent have been studied: sodium, 8 7 % yield; l i thium, 
5 0 % yield. The use of methylamine, ethylamine, and 
hexamethylphosphoric t r iamidein place ofliq. ammonia 
was tested without any success. Reduction with sodium-
naphthalene in T H F also effected the same transforma­
tion yielding linalool. This procedure gave the best 
result when a T H F solution of the mesylate was added 
to a T H F solution of the radical anion.3 '4) Nerolidol 
(8)5> was similarly obtained by reaction of the mesylate 
7 with sodium-metal in liq. ammonia -THF. 

employing the same sequence as described above. From 
the known specific rotation,6) each product was found 
to be no less than 9 0 % optically pure. 

ROv^Kl 

10 R = H 
11 R = M s 

In order to examine the stereochemistry of the reduc­
tion of an open-chain glycidyl mesylate, (2R*,3S*)-
glycidol 142b) was prepared and subjected to the 
transformation. 

Bu 

A Me 

13 

,H 
lvrk)R 

Bu. ,H * I + I 
Me HOv^N/le HOvx^Me 

14 R = H 
15 R = M s 

16 

DVCXacac^-

^ f ^ U M 2)MeS02Cl-
RCH2 

1 R = H 

5 R=Me2C= 
CHCH2 

Et3N 

2 
3 
6 

OR' 

RCH2 

Na(Ca) 
, £ 

liq.NH3 
ce 
RCH2 

R = R ' = H 
R = H , R ' = S 0 2 M e 
R=Me2C=CHCH2 , 
R ' = H 
R=Me2C=CHCH2 , 
R ' = S 0 2 M e 

4 R = H 

8 R=Me2C= 
CHCH2 

Although the facility and directness of this procedure 
are appealing, even more important is the advantage 
that glycidols are prepared from allylic alcohols with 
high stereospecificity by the Sharpless reagent.2) For 
example, ( — )-m-carveol (9) was selectively oxidized to 
the cw-epoxy alcohol 10. Trea tment of the mesylate 
11 with either N a - N H 3 or Na-naphthalene furnished 
( + )-cù-carveol (12) in good yield. The reverse trans­
formation of 12 into 9 was smoothly carried out by 

t Present Address: The Institute for Molecular Science, 
Myodaiji, Okazaki 444. 

tî Present Address: Department of Chemistry, University 
of Hawaii at Manoa, Honolulu, Hawaii 96822. 

Reduction of the mesylate 15 with dissolving calcium 
furnished an (E), (Z) mixture of allylic alcohols 16 in a 
ratio of «»4: 1. Obviously, the oxirane ring opening is 
not in concert with thé reductive cleavage of the mesylate 
moiety, but the indicated rotation around the C - C 
bond is allowed in the acyclic mesylate 15. 

E x p e r i m e n t a l 

The optical rotations were measured using a Yanaco-OR-50 
Polarimeter. The infrared spectra were determined on a 
Shimadzu IR-27-G spectrometer; the mass spectra on a 
Hitachi RMU-6L mass machine; the glpc analyses on a 
Yanagimoto GCG-550F; and the NMR spectra on a JNM-
PMX 60 or Varian EM-360 spectrometer. The chemical 
shifts are given in ô in ppm with TMS as the internal standard. 
Splitting patterns are designated as s, singlet; d, doublet; t, 
triplet; q, quartet; m, multiplet. The microanalyses were 
carried out by the staffs at the Elemental Analyses Center of 
Kyoto University. AH experiments were carried out under an 
atmosphere of dry argon. Tetrahydrofuran was dried by 
distillation from sodium-benzophenone. During workup, 
drying of the organic solutions was performed over anhydrous 
sodium sulfate. Thin layer or preparative thick layer plates 
were made of E. Merck PF-254, and preparative column 
chromatography on silica gel E. Merck Art. 7734. 



1758 Ara ta YASUDA, Hisashi YAMAMOTO, and Hitosi NOZAKI [Vol. 52, No. 6 

Transformation of Geraniol (1) into Linalool (4). T o a 
mixture of epoxy alcohol 2 (340 mg, 2.0 mmol) prepared from 
geraniol (1) according to the procedure of Sharpless,2a) and 
triethylamine (0.3 ml, 2.2 mmol) dissolved in dichloromethane 
(3 ml) a solution of mesyl chloride (252 mg, 2.2 mmol) in 
dichloromethane (3 ml) was added drop by drop at —26 °G. 
After stirring at this temperature for 1 h, the reaction mixture 
was quenched in ice-cold water. The organic phase was 
removed and the aqueous layer was extracted with ether. The 
combined organic solutions were washed with saturated brine, 
dried, and concentrated in vacuo to leave a crude oil, which 
was purified by preparat ive T L G (1:1 hexane-ether) to furnish 
epoxy mesylate 3 (436 mg, 96 % yield) : T L G , i?f 0.50 ( 1 : 1 
hexane-ether , 2 developments); I R (neat) , 1450 (m), 1340— 
1360 (s), 1240 (w), 1170 (s), and 940—980 cm" 1 (s); N M R 
(CDC13), 1.34 (3H, s, GH3-CO) , 1.64 (3H, s, GH 3 -C=) , 1.71 
(3H, s, C H 3 - C = ) , 2.89—3.24 (1H, m, C H - O ) , 3.03 (3H, s, 
C H 3 - S ) , 4.13 and 4.41 (2H, dd, y = 11 and 5 Hz , C H 2 - O S ) , 
and 5.07 (1H, bt , CH=) . 

T o a mixture of the mesylate 3 (248 mg, 1.0 mmol) , T H F (l 
ml) , and redistilled ammonia (10 ml) freshly polished calcium 
metal was added in small pieces a t —35 to —37 °C (cooling 
ba th temperature) with vigorous stirring and as rapidly as the 
metal dissolved, until the blue color persisted. After another 
10 min, ammonium chloride (1.00 g) was added carefully to 
discharge the blue color. T h e cooling ba th was removed and 
the mixture was poured into ice-cold water . T h e product was 
extracted with ether, dried, and freed of the solvent. T h e 
residue was submitted to preparat ive T L C ( 1 : 1 hexane-ether) 
to give linalool (4) (136 mg, 88 % yield) as a clear oil which 
was homogeneous by T L C . I R and N M R spectra were 
superimposable on those of authent ic specimen. 

Linalool (4) was also prepared from 3 using the sodium-
naphthalene reagent as follows. A green solution of sodium-
naphthalene (3.0 mmol) in T H F (10 ml) was prepared in the 
usual manner.7) T o this a solution of the mesylate 3 (124 mg, 
0.5 mmol) in T H F (1 ml) was added drop by drop over a 
period of 10 min at room temperature . Stirring was continued 
for 10 min and the reaction was terminated by the addition 
of ammonium chloride ( 1.00 g) . T h e resulting mixture was 
part i t ioned between ether and ice-cold water and the organic 
layer was washed with saturated brine, dried, and concentrated 
in vacuo. Preparat ive T L G purification ( 1 : 1 hexane-ether) 
of the residue gave linalool (4) (64 mg, 83 % yield). N M R 
analysis indicated tha t the product was almost free from 
impurities. 

Transformation ofFarnesol (5) into Nerolidol (8). T h e epoxy 
alcohol 68> was converted to the mesylate 7 in 97 % yield as 
described above: T L C , Rs 0.23 ( 1 : 1 hexane-ether) ; I R (neat) , 
1450 (s), 1350 (s), 1250 (m), 1160—1180 (s), and 950—980 
c m - 1 (s); N M R (CDC13), 1.33 (3H, s, C H 3 - C O ) , 2.85—3.20 
(1H, m, C H - O ) , 2.99 (3H, s, G H 3 - S ) , 4.10—4.35 (2H, dd, 
C H 2 - O S ) , and 4.82—5.23 (2H, m, CH=) . 

Freshly cut sodium was added in small pieces to a mixture 
of the mesylate 7 (316 mg, 1.0 mmol) , T H F ( 1 m l ) , a n d 
redistilled ammonia (10 ml) at —37 °C (cooling ba th temper­
ature) until the blue color persisted. After stirring for another 
10 min, the reaction mixture was worked u p according to the 
above mentioned procedure. After drying and concentrating 
in vacuo, the remaining liquid was submit ted to preparat ive 
T L C ( 1 : 1 hexane-ether) to furnish nerolidol (8)5> (194 mg, 
87 % yield) as a clear oil. This material was identical in 
all respects with the reported one.5> 

Transformation of ( — )-cis-Carveol (9) into the (' + ) Antipode 
(12). According to the previously reported procedure,9) 
( - ) -cu-carveo l (9) (18.24 g, 8 0 % yield, [a]2

D
5 - 2 6 . 4 ( c - 5 . 6 , 

C 2 H 5 O H ) ) was prepared from ( - ) - c a r v o n e (22.50 g, [a]2
D

5 - 5 8 

(neat)) by reduction with l i thium aluminum hydride (226 mg) 
in T H F ( 150 ml) and purified by column chromatography 
(5 : 1 hexane-ether) followed by distillation (106—107 °C/10 
Tor r ) . From the known specific rotation,6) the product was 
estimated to contain 98 % of ( —)-cw-carveol (9) and 2 % of 
the trans isomer. G L P C analysis (10 % P E G 20 Mesh, 120 °C, 
0.2 kg/cm2) also showed the same isomer ratio. 

A solution of f-butyl hydroperoxide (600 mg, 6.0 mmol) in 
benzene (8 ml) was added drop by drop to a mixture of 
(—)-m-carveol (9) (608 mg, 4.0 mmol) and oxobis(2,4-pen-
tanediona to-O,0 ' )vanadium(IV) (16 mg, 0.06 mmol) dissolv­
ed in benzene (8 ml) at 0 °C. After stirring at 50 °C for 4.5 h, 
the reaction mixture was cooled to room temperature and 
poured into saturated sodium sulfite. The product was 
extracted with ether, washed with water, dried, and freed of 
the solvent. T h e residue was submitted to column chroma­
tography (5 : 1 hexane-ether) to give epoxy alcohol 10 (420 
mg, 64 % yield) as a pale yellow oil:10) T L C , R{ 0.18 ( 1 : 1 
hexane-e the r ) ; I R (neat) , 3400—3500 (s), 1370 (m), 1065 
(m), 890 (s), and 860 c m - 1 (m) ; N M R (GDC13), 1.25 (3H, 
s, C H 3 - C O ) , 1.60 (3H, s, C H 3 - C = ) , 3.10—3.25 (2H, m, 
C H - O ) , and 4.95 (2H, s, CH 2 =). G L P C analysis (5 % PEG 
20 Mesh, 140 °C, 0.2 kg/cm2) showed tha t the product was 
^>94 % chemically pure . 

Trea tment of 10 with mesyl chloride-triethylamine as 
described above afforded the epoxy mesylate 11 in 87 % yield: 
T L C , R{ 0.15 ( 1 : 1 hexane-e ther ) ; I R (neat), 1450 (m), 1350 
(s), 1170 (s), 960 (s), and 890 c m - 1 (s); N M R (CDC13), 1.34 
(3H, s, C H 3 - C O ) , 1.60 (3H, s, CH 3 -C=) , 3.10 (3H, s, CH 3 -S ) , 
3.50—4.55 (2H, m, C H - O ) , and 4.98 (2H, s, GH2=). 

Dissolving sodium reaction with the epoxy mesylate 11 (246 
mg, 1.0 mmol) furnished 57 % yield of (+)-cù-carveol (12)11) 
(87 mg) as a clear oil: [a]2 5 + 3 5 . 9 (c=4.3, C 2 H 5 O H ) , > 9 2 % 
optically pure . IR , N M R , and mass spectra were identical 
with those of the authentic sample. 

T h e sodium-naphthalene reagent also effected the same 
reductive cleavage to give 12 in 54 % yield. 

Transformation of ( -{-)-cis-Carveol (12) into the ( — ) Antipode 
(9). T h e same sequence described above afforded ( — )-cis-
carveol (9) [a] 2 5 - 2 3 . 0 (c=5 .6 , C 2 H 5 O H ) (98 % optically 
pure) from 12 [a]2"5 + 3 5 . 9 (c=5 .6 , C 2 H 5 O H ) (95 % optically 
pure ) . 

Preparation of (E) -2-Methyl-2-hepten-l-ol (16). The epoxy 
alcohol 142b) was converted to the mesylate 15 in 95 % yield: 
bp 110 °C (bath temp, 1 T o r r ) ; T L C , R{ 0.28 ( 1 : 1 hexane-
e ther ) ; I R (neat) , 1450 (s), 1360 (m), 1230—1240 (w), 1100 
(m), and 970 cm" 1 (s) ; N M R (CDC13), 1.21 (3H, s, C H 3 - C O ) , 
2.96 (2H, dd, C H 2 - 0 ) , 3.03 (3H, s, C H 3 - S ) , and 4.32 (1H, t, 
C H - O ) . Found : C, 48.8; H , 8.2 % . Galcd for C 9 H 1 8 0 4 S : 
C, 48.6; H , 8 . 2 % . 

T h e epoxy mesylate 15 (222 mg, 1.0 mmol) was treated with 
calcium metal in liq N H 3 - T H F as described above to give the 
alcohol 16 (74 mg, 58 % yield) as a clear oil: bp 120 °C (bath 
temp, 25 Torr) ; T L C , R{ 0.35 ( 1 : 1 hexane-ether) ; I R (neat), 
3300—3360 (s), 1470 (m), 1380 (m), and 1005 cm" 1 (s); N M R 
(GC14), 1.75 (3H, s, C H 3 - C = ) , 4.12 (2H, s, C H a - 0 ) , and 5.29 
(1H, bt , C H = ) ; M S (mje), 128 (M+). 

Found : C, 74.7; H , 12.7 % . Galcd for C 8 H l e O : G, 74.9; 
H , 12.6 % . 
G L P C analysis (20 % P E G 20 Mesh, 130 °G, 0.4 kg/cm2) of 

the product showed two peaks in the ratio of 8 1 : 19. The 
major peak, having the longer retention t ime, was ascribed to 
the (£) isomer by comparison with the previously reported 
results.12) 

T h e a u t h o r s w i sh to t h a n k t h e M i n i s t r y of E d u c a t i o n , 

J a p a n , for G r a n t - i n - A i d ( N o . 011010 , 110309, 203014 , 
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and 303023). 
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A Highly Stereoselective Synthesis of Trisubstituted Ethylenes 
from a-Trialkylsilyl Ketones12) 

Michio OBAYASHI, Kiitiro UTIMOTO,* and Hitosi NOZAKI 

Department of Industrial Chemistry, Kyoto University, Yoshida, Kyoto 606 
(Received February 19, 1979) 

A novel procedure for preparing trisubstituted ethylenes stereoselectively is based on the reaction of oc-trialkyl-
silyl-substituted ketones with alkyllithium reagents and on the following highly discriminative elimination of the 
silyl and oxido (or hydroxyl) groups from the resulting adducts. The ^n-elimination of both groups is observed 
under basic conditions, while the reaction proceeds in anft'-fashion on acid treatment. Furthermore oc-trimethyl-
silylated ketones are shown to be readily obtained from 2-trimethylsilyl-2,3-dialkyloxiranes. The reaction sequence 
is applied to the stereoselective synthesis of tetrahomonerol which has been obtained from the codling moth. 

Synthesis of trisubstituted ethylenes3 '4) has received 
considerable attention because of the widespread 
occurrence of these olefin units in many classes of 
naturally occurring compounds. Furthermore, recent 
progress in organic synthesis via silicon compounds5) has 
disclosed novel methods for the synthesis of 1,2-disub-
stituted ethylenes with rigorous stereochemistry.6) This 
paper describes a facile procedure for the stereoselective 
synthesis of trisubstituted ethylenes via reaction of a-
trialkylsilyl ketones with alkyllithium reagents followed 
by ^ - e l i m i n a t i o n under basic conditions or by anti-
elimination on acid treatment.7 '8) 

Reaction of 5-trimethylsilyl-4-decanone (la)1) with 
MeLi in T H F at —78 °C afforded a reaction mixture 
containing Ha.9) Treatment of the reaction mixture 
directly with K O ' B u (Run 1 in Table 1) afforded 
(JE')-4-methyl-4-decene (III)10) in 7 6 % overall yield as 
shown in Scheme 1. When the reaction mixture was 
treated with glacial acetic acid saturated with sodium 
acetate (Run 5), the (Z)-isomer I V was obtained with 
EjZ ratio of 12/88.11) O n the contrary the elimination 
with concentrated sulfuric acid (Run 7) gave less the 
stereoselectivity. Similar results were obtained in the 
case of 5-triethylsilyl-4-decanone ( lb) . These and other 
data are summarized in Table 1.12>13) 

Further information about the stereoselectivity of this 
olefin synthesis was obtained from the reaction of 
3-trimethylsilyl-2-octanone with «-PrLi. Trea tment of 
the reaction mixture with KO 'Bu gave I V in 2 1 % 
yield (£ ' /Z=4/96) via the diastereomer of II.15) 

Clearly /?-trialkylsilyl alcoholates I I are produced from 
a-trialkylsilyl ketones and alkyllithium reagents with 
high stereoselectivity. Although it was unsuccessful to 
directly determine the diastereomeric composition of 

the alcoholate I I or the respective alcohol, the composi­
tion was inferred from the EjZ ratios of the olefins 
obtained in the elimination reactions. The high selec­
tivity of this carbonyl addition is explained formally 
by the Felkin model,16) in which the separation between 
the trialkylsilyl group and the incoming alkyllithium is 
the greatest. 

SiR3 

n-C5Hn 1 H 
R'Li 

The lithium salt or the potassium salt of the alcohol 
produces a trisubstituted ethylene by .yn-elimination of 
trialkylsilyl and oxido groups. Comparison of Runs 1 
and 2, or Runs 3 and 4 as well, indicates that the syn-
elimination from the lithium salt is slower than that 
from the potassium salt. O n the other hand, acidic 
treatment of the alcoholates I I directly or of the isolated 
alcohols induces arcfa'-elimination of trialkylsilyl and 
hydroxyl groups as shown in Scheme 2.6a~c) Poor 
stereoselectivity is observed when such nucleophiles 
having weak affinity to silicon as H S 0 4 ~ or H 2 Ö are 
present (Runs 7 and 8). Meanwhile, nucleophiles with 
strong affinity to silicon such as AcO~ and F~ give much 
improved selectivity data (Runs 5, 9—12). Probably 
in the absence of suitable nucleophiles, C-C bond 
rotation of the /?-silyl carbocation V competes with the 
«n^'-elimination. The effective nucleophiles obviously 
favor the concerted ««^'-elimination of the intermediate 
V I without the loss of stereochemistry. Runs 11 and 12, 
indicate that the acid strength is an additional factor 
influencing the EjZ ratio. 

n-C3H7. .H 

n-C3H7-C-ÇHSiR3 + MeLi 
0 n-C5l-h 

a: R = CH 3 

b:R = C 2 H 5 

c H 3 "v ; ' c _ c O>- c 5Hi i 

LiO ^S iRa 

II 

nC 3H 7 / S i R 3 

C H 3 C ' C _ C / 

LiCT X H 

Scheme 1. 

n-C3H7x M 

/ C = C \ 
CH3 n-CöHu 

Ill 

n-C3H7 n-C5Hu 
C=C 

IV 
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II or its E+Nu" 

alcohol 

Nu" 
i 

R' + / S , R 3 

R ,;;c-c<Hn.c5Hl l -
V 

Scheme 2. 

R' 
R-c-
H o ' 

i 
E 

M \ r _ r / b , M e 3 m-CPBA R ^ ' c - C ^ R HI 

K N R O 
VII VIII 

MeLi (1 equiv.) MeLi 
—*- R-C-CHR * 

G t h e r 8 SiMe3
 T H F 

X 

R = CH 3 (CH 2 >5 

acid 

base 

Nu" 
i 

^ i R a 

~~°ï n-C5Hn 
H 

VI 

-NuSiR3 

> 

/ V s i M e 3 
HO *R 

IX 

R v ^R 
*" C-C 

CH3
 X H 

XI 

R \ * » 

IV 

CH3 
\ c 

XII 
Scheme 3 . 

F u r t h e r m o r e as s h o w n i n S c h e m e 3 , b o t h i somers 
( X I a n d X I I ) of a t r i s u b s t i t u t e d e t h y l e n e h a v e b e e n 
o b t a i n e d f rom the s i ly la ted olefin ( V I I ) via t h e t r i a lky l -
s i ly loxi rane ( V I I I ) a n d t h e i o d o h y d r i n ( I X ) . T r e a t m e n t 

T A B L E 1. TRANSFORMATION OF 5-TRIALKYLSILYL-4-

DECANONE ( l a AND l b ) TO 4-METHYL-4-DECENE 

( I I I AND IV) 

R u n 
No. 

I Addition*) 
condition 

Elimination 
condition 

(temp) 

Olefin III/IVC> 
%b) (E/Z) 

1 
2 
3 
4 

6 

7 

10 

11 

12 

a 
a 
b 
b 

a 
a 

A 
B 
B 
B 

0 °C-r.t./ 
0 . 5 h 

A 
B 

B 

B 

K O ' B u (refl.) 
- (refl.) 

K O ' B u (refl.) 

— (refl.) 
A c O N a / A c O H 

( - 2 0 °C) 
A c O N a / A c O H 

( - 2 0 °G) 
H 2 S 0 4 (r.t.)d> 
H 2 S 0 4 (r.t.,)d> 
A c O N a / A c O H 

( - 2 0 °C) 
A c O N a / A c O H 

( - 2 0 ° G ) d ) 
K F / A c O H 

(r.t.)d> 

K F / H 2 S 0 4 

(r.t.)d) 

76 91/9 
53 86/14 
76 91/9 
30 

69 

e) 

69 
80 

57 

46 

72 

84 

e) 

12/88 

20/80 

24/76 
50/50 

10/90 

10/90 

12/88 

18/82 

a) A : Addition of MeLi was carried out at — 78 °C 
and then the mixture was allowed to stand at a 
room-temperature for 1—1.5 h. B : T h e addit ion 
occurred at — 78 °C and then the reaction completed 
at a room-temperature overnight. b) Yield deter­
mined by G L P C using dodecane as an internal 
s tandard. c) Determined by G L P C . d) Carried 
out after hydrolytic work-up of I I . e) Not deter­
mined. 

of I X w i t h 1 e q u i v a l e n t of M e L i i n e t h e r a f forded a-
t r ime thy l s i l y l k e t o n e ( X ) . T h e r e s u l t i n g m i x t u r e w a s 
f u r t h e r t r e a t e d w i t h M e L i (3 equ iv . ) a t — 7 8 °C a f fo rd ing 
( Z ) - 7 - m e t h y l - 7 - t e t r a d e c e n e ( X I ) af ter a c id i c w o r k - u p 
( S c h e m e 3 a n d T a b l e 2 ) . R e a c t i o n of I X w i t h 4 e q u i v a ­
len ts of M e L i i n e t h e r a t — 7 8 °C g a v e t h e s a m e resu l t . 
T h e s te reose lec t iv i ty of t h e olefin f o r m a t i o n is r a t h e r l ow 
as c o m p a r e d w i t h t h e p r e v i o u s r e a c t i o n (for e x a m p l e , 
R u n 5 i n T a b l e 1 ) . R e m a r k a b l y , t h e EjZ se lect iv i ty of 
olefin f o r m a t i o n is m u c h i m p r o v e d b y t h e coex i s tence of 
T H F i n t h e M e L i - t r e a t m e n t of X . 

A n a p p l i c a t i o n of these s tereoselec t ive olefin f o r m a ­
t ions ha s p r o v i d e d ( 2 Z , 6 Z ) - 7 - m e t h y l - 3 - p r o p y l - 2 , 6 -
d e c a d i e n - 1 - o l ( X I X ) , w h i c h is k n o w n to b e a t e t r a -
h o m o n e r o l o b t a i n e d f rom t h e c o d l i n g m o t h ( S c h e m e 
4).1 7) S i ly lox i r ane ( X I V ) p r e p a r e d f rom X I I I 6 k ) w a s 
c o n v e r t e d to X V I I b y t h e fo l lowing t w o w a y s . I s o m e r i -
z a t i o n of s i ly lox i rane X I V l b > i n t h e p r e s e n c e of M g l 2 

g a v e « - t r ime thy l s i ly l k e t o n e ( X V I ) . F u r t h e r t r e a t m e n t 

T A B L E 2. CONVERSION OF IODOHYDRIN (IX) TO 

TRISUBSTITUTED ETHYLENES ( X I AND X I I ) 

MeLia> 

uiv. 

1 
4 
1 
4 
1 

Temp 

- 2 0 °C 
- 7 8 °C 
- 2 0 °C 
- 7 8 °C 
- 2 0 °C 

MeLib> 
Equiv. 

Elimination 
condition 

Olefin X I / X I P ) 
%d) (Z/E) 

3C> A c O N a / A c O H 84 86/14 

— A c O N a / A c O H 85 84/16 
3 A c O N a / A c O H 74 91 /9 

— K O ' B u 78 15/85 
3 K O ' B u 79 9/91 

a) T h e amount of MeLi (ether) admixed initially. 
b) T h e amount of MeLi (ether) added (at - 7 8 °G) 
to the isomerization mixture, which was diluted 
with T H F in advance. c) Without dilution with 
T H F , the reaction was carried out in ether, 
d) Overall yield from V I I I . e) Determined by 
G L P C . 
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hk ^SiMe3 

FT X R' 

XIII 

HO V 

H. .SiMe3 

R^P—P^R' V 
XIV 

XV 

R = CH3 (CH2 )2 

R' = (CH2)2C=CSiMe3 

R-C-CHR' 
II i 
O SiMe3 

XVIII 

XVI 

) C = C 
CH 3

 X H 

XVII 

9, 
C=C-COOEt 

XIX ^ 

a: m - C P B A / C H 2 C I 2 b: Mgl2 / e ther c: H I / e t h e r 

d: n - B u L i / e t h e r e: M e L i / T H F , AcONa/AcOH 

f: MeLi /THF~HMPA,CICOOEt g: .n-PrCu h: A IH 3 

Scheme 4. 

of X V I with MeLi , A c O N a / A c O H afforded X V I I . 
Secondly, iodohydrin (XV) obtained from X I V was 
treated with n-BuLi (1 equiv.) followed by MeLi 
giving X V I I after acidic work-up. Direct ethoxycarbon-
ylation of X V I I to acetylenic ester X V I I I was effected 
by treatment with MeLi /THF-HMPA 1 8 ) and then with 
CICOOEt . The acetylenic ester was finally transformed 
into X I X by the reported procedure.17) 

E x p e r i m e n t a l 

GLPC was performed on Shimadzu GC-4BPT with 3 mX 3 
mm glass column packed with 20 % polyethylene glycol and 
20 % HVSG on Chromosorb W-AW (80—100 mesh). Mass 
spectra were obtained on Hitachi RMU-6L with 70 V chamber 
voltage. NMR were measured on Varian EM-360, JEOL 
JNM-PMX 60, and Varian EM-390 with Me4Si as internal 
standard and CC14 as solvent. IR on Shimadzu IR-27G 
spectrometer. Elemental microanalyses were performed by 
Elemental Analyses Center of Kyoto University. All the 
reactions were carried out under an atmosphere of dry argon. 

Reaction of a-Trialkylsilyl Ketones (I) with Alkyllithium Reagents. 
(~E)-4-Methyl-4-decene (HI, Run 1) : To a solution of 5-tri-
methylsilyl-4-decanone (la, 0.23 g, 1 mmol) in 5 ml of THF was 
added MeLi (3 mmol, 3.5 ml of 0.87 M ethereal solution) at 
— 78 °C. The mixture was stirred at a room-temperature for 
1 h and treated with KO*Bu (1.0 g, 9 mmol) at reflux for 1 h. 
The resulting mixture was poured into aq NH4C1 overlaid 
with hexane, washed (aq NH4C1, sat. NaCl), and dried 
(Na2S04). GLPC analysis indicated that III was formed in 
76 % overall yield (E/Z =91/9). Bp 93—96 °C/21 mmHg; IR 
(neat) 1380 cm"1; MS m/e (rel. % ) , 154 (M+, 11), 111 (13), 97 
(22), 84 (16), 69 (52), 55 (100); NMR (CC14) 6=0.60—1.03 
(6H, m), 1.03—1.70 (8H, m), 1.55 (3H, br-s), 1.70—2.20 (4H, 
m), 5.03 (1H, t, 7 = 7 Hz). 

Found: C, 85.50; H, 14.45 %. Calcd for C n H 2 2 : C, 85.63; 
H, 14.37 %. 

(Z) -4-Methyl-4-decene (IV, Run 5) : The reaction mixture 
from la (1 mmol) and MeLi (3 mmol) was treated with 10 ml 
of glacial acetic acid saturated with sodium acetate under stirr­
ing at —20 °C for 30 min and at a room-temperature overnight. 
The resulting mixture was poured into sat. NaCl overlaid with 

hexane, washed (sat. NaHC0 3 , sat. NaCl), and dried 
(Na2S04). GLPC analysis indicated that IV was formed in 
69 % overall yield (E/Z= 12/88). Bp 90—95 °C/21 mmHg; 
IR (neat) 1380 cm"1; MS m/e (rel. % ) , 154 (M+, 15), 111 (15), 
97 (23), 84 (19), 69 (57), 55 (100); NMR (CC14) 6=0.60— 
1.03 (6H, m), 1.03—1.70 (8H, m), 1.63 (3H, br-s), 1.70—2.15 
(4H, m), 5.01 (1H, t, 7 = 7 Hz). 

Found: C, 85.77; H, 14.40 %. Calcd for C nH 2 2 : C, 85.63; 
H, 14.37 %. 

4-Phenyl-4-decene: To a solution of la (0.23 g, 1 mmol) in 
5 ml of THF was added PhLi (3 mmol, 3.5 ml of 0.87 M 
ethereal solution) at —78 °C. The mixture was stirred at a 
room-temperature for 1 h and poured into aq NH4C1 overlaid 
with ether. The ether layer was washed (aq NH4C1, sat. 
NaCl) and dried (Na2S04). The concentrate was dissolved in 
5 ml of THF and treated with a few drops of concentrated 
H 2S0 4 at a room-temperature for 1 h. The reaction mixture 
was poured into sat. NaHC0 3 overlaid with hexane, washed 
(sat. NaHC0 3 , sat. NaCl), and dried (Na2S04). Chromatog­
raphy of the concentrate on silica-gel column (hexane) afforded 
0.11 g (52 %) of 4-phenyl-4-decene (E/Z= 39/61). The mix­
ture formed an oil; IR (neat) 1601, 1492, 1380, 705 cm"1; 
NMR (CC14) 6=0.65—1.10 (6H, m), 1.10—1.67 (8H, m), 
1.67—2.60 (4H, m), 6.90—7.70 (5H, m) and two olefinic 
signals at 5.35 (br-t, 7 = 7 Hz, C=CH of (4Z)-isomer) and 5.58 
(br-t, 7 = 7 Hz, C=CH of (4E)-isomer). The sum of these 
olefinic signals was equal to 1H. GLPC gave each isomer in 
pure form. 

(4E)-Isomer: MS m/e (rel. % ) , 216 (M+, 19), 173 (31), 159 
(16), 131 (20), 118 (33), 117 (100), 105 (14), 91 (49), 77 (7), 
55 (5), 41 (12), 40 (48), 29 (32). 

Found: C, 88.80; H, 11.44 %. Calcd for C16H24: C, 88.82; 
H, 11.18%. 

(4Z)-Isomer: The mass spectrum was very similar to that 
of (4.E) -isomer. 

Found: C, 88.55; H, 11.24 %. Calcd for C16H24: C, 88.82; 
H, 11.18%. 

Reaction of ( 7S*, #S *) -8-Iodo-8-trimethylsilyl-7-tetradecanol (IX) 
with MeLi. Iodohydrin (IX) was prepared according to 
the reported procedure from (2i5,*,3)5

,*)-2-trimethylsilyl-2,3-di-
hexyloxirane (VIII). lc) 

(Z)-7-Methyl-7-tetradecene (XI) : To a solution of IX (0.41 
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g, 0.98 mmol) in 5 ml of ether was added MeLi (0.98 mmol, 
0.61 ml of 1.63 M ethereal solution) at - 2 0 °C. T h e mixture 
was stirred at a room-temperature for 1 h and treated wi th 
5 ml of T H F and MeLi (3 mmol, 1.84 ml of 1.63 M ethereal 
solution) at — 78 °C. T h e resulting mixture was stirred at a 
room-temperature for 1 h and treated with 5 ml of glacial acetic 
acid saturated with sodium acetate under stirring at — 20 °C for 
0.5 h and at a room-temperature overnight. T h e mixture was 
poured into sat. NaCl overlaid with hexane, washed (sat. 
N a H C 0 3 , sat. NaCl ) , and dried ( M g S 0 4 ) . Chromatography 
of the concentrate on silica-gel column (hexane) afforded 0.16 
g of X I (yield, 74 % based on 1 mmol of V I I I , E/Z=9/91). 
Bp 115—120 °C/4 m m H g ; I R (neat) 1368 c m - 1 ; M S m/e (rel. 
%) 210 (M+, 12), 181 (0.6), 140 (10), 125 (16), 112 (14), 111 
(17), 97 (26), 84 (25), 83 (65), 71 (17), 70 (100), 43 (33), 41 
(50), 29 (23); N M R (GG14) (5-0 .88 (6H, t, 7 = 6 H z ) , 1.05— 
1.50 (16H, m) , 1.62 (3H, s), 1.70—2.10 (4H, m ) . 

Found: C, 85.22; H , 14.33 % . Calcd for C 1 5 H 3 0 : C, 85.63; 
H , 1 4 . 3 7 % . 

(E)-7-Methyl-7-tetradecene (XII) : T h e reaction mixture from 
I X (0.39 g, 0.94 mmol) and MeLi (0.94 mmol, 0.58 ml of 1.63 
M ethereal solution) was treated wi th 5 ml of T H F and MeLi 
(3 mmol) at — 78 °C. T h e resulting mixture was stirred at 
a room-temperature for 1 h and poured into sat. N a H C O g 
overlaid with ether. T h e ether layer was washed (sat. 
N a H C 0 3 , sat. NaCl) and dried ( M g S 0 4 ) . T h e concentrate 
was dissolved in 5 ml of T H F and treated with K O ' B u ( 1.0 g, 
8 mmol) at a room-temperature for 1 h. T h e resulting mixture 
was poured into aq. NH4C1 overlaid with hexane, washed (aq 
NH4C1, sat. NaCl) and dried ( M g S 0 4 ) . Chromatography of 
the concentrate on silica-gel column (hexane) afforded 0.17 g 
of X I (yield, 79 % based on 1 mmol of V I I I , E/Z=9l/9). 
Bp 115—120 °C/4 m m H g ; I R (neat) 1368 cm" 1 ; N M R (CC14) 
0 = 0 . 8 8 (6H, t, 7 = 6 H z ) , 1.05—1.50 (16H, m ) , 1.53 (3H, s), 
1.75—2.10 (4H, m ) . T h e mass spectrum was very similar to 
that of (7Z)-isomer. 

Found: C, 86.27; H , 14.47 % . Calcd for C 1 5H 3 0 : C, 85.63; 
H 14.37 °/. 

'(2Z, 6ZJ- 7-Methyl-3-propyl- 2,6-decadien- l-ol (XIX). (2S *, 
3S*)-2- Trimethylsilyl-2-(4-trimethylsilyl-3-butynyl) -3-propyloxirane 
(XIV): Trea tment of (£)-l ,5-bis(tr imethylsi lyl)-5-nonen-l-
yne ( X I I I , 1.0 g, 3.9 mmol) with m-chloroperbenzoic acid (85 
% purity, 1.0 g, 5 mmol) in CH2C12 at 0 °C overnight gave 
1.1 g (quantitative yield) of X I V . I R (neat) 2200, 1245, 837, 
758, 696, 640 c m - 1 ; M S m/e (rel. % ) , 282 (M+, 0.2), 267 (0.2), 
253 (2), 239 (3), 225 (8), 171 (9), 169 (5), 147 (15), 133 (5), 
91 (5), 83 (4), 75 (13), 74 (9), 73 (100), 59 (8), 43 (5) ; N M R 
(CC14) (5=0.03 (9H, s), 0.10 (9H, s), 0.75—1.15 (3H, m ) , 
1.15—2.50 (8H, m) , 2.61 (1H, br-t, 7 = 6 Hz) . 

Found : C, 63.82; H , 10.88 % . Calcd for C 1 5 H 3 0 OSi: C, 
63.76; H , 10.70 % . 

Conversion of XIV to (Z)-l-Trimethylsilyl-6-methyl-5-nonen-l-yne 
(XVII) Involving the Isomerization of XIV to 5,9-Bis(trimethylsilyl)-
8-nonyn-4-one (XVI) in the Presence of Mgl2: T o a solution of 
M g l 2 (10 mmol) in 10 ml of ether was added X I V (0.28 g, 1 
mmol dissolved in 10 ml of ether) . T h e resulting mixture was 
stirred at reflux for 2 h a n d then treated with 6 ml of 1,4-di-
oxane at 0 °C overnight. T h e solution was freed from solids 
by filtration. T h e solids were washed with hexane several times 
and the combined organic layer was washed (sat. NaHCOg, 
sat. NaCl) , dried ( M g S 0 4 ) , and concentrated affording 
0.28 g (98 %) of X V I . Oi l ; I R (neat) 2200, 1686, 1246, 840, 
761, 700, 642 c m - 1 ; M S m/e (rel. % ) , 282 (M+, 1), 267 (2) 
253 (3), 239 (2), 225 (2), 209 (5), 172 (10), 171 (61), 147 (11), 
143 (12), 130 (32), 115 (5), 75 (22), 74 (9), 73 (100), 59 (7), 
45 (16), 43 (7). T o a solution of X V I (0.28 g, 0.98 mmol) 
in 2 ml of T H F was added MeLi (3 mmol, 2.9 ml of 1.04 M 

ethereal solution) at —78 °C. T h e mixture was stirred at 0 °C 
for 1 h a n d treated wi th 3 ml of glacial acetic acid saturated 
wi th sodium acetate under stirring at —20 °C for 30 min and 
at a room-temperature overnight. T h e resulting mixture was 
poured into sat. NaCl overlaid wi th hexane, washed (sat. 
N a H C 0 3 , sat. NaCl ) , a n d dried ( N a 2 S 0 4 ) . Chromatography 
of the concentrate on silica-gel column (hexane) afforded X V I I 
(0.11 g, yield, 51 % based on X I V , E/Z=5/95). Bp 104—108 
°G/17 m m H g ; I R (neat) 2210, 1247, 844, 763, 701, 645 c m - 1 ; 
M S m/e (rel. % ) , 208 (M+, 0.6), 193 (3), 179 (4), 165 (2), 149 
(5), 144 (12), 119 (6), 105 (5), 97 (37), 96 (15), 83 (7), 81 (16), 
75 (3), 74 (7), 73 (65), 69 (10), 59 (22), 55 (100), 43 (12); 
N M R (CC14) 0 = 0 . 1 0 (9H, s), 0.90 (3H, t, 7 = 6 Hz) , 1.10— 
1.65 (2H, m ) , 1.67 (3H, br-s), 1.80—2.40 (6H, m) , 5.14 (1H, 
br-t, J = 6 Hz) . 

Found : C, 75.05; H , 1 1 . 7 4 % . Calcd for C1 3H2 4Si: C, 
74.92; H , 11.61 % . 

Conversion of XIVto XVIIvia (4S*,5S*)-5,9-Bis(trimethylsilyl)-
5-iodo-8-nonyn-4-ol (XV) : T o a solution of X I V (0.37 g, 1.3 
mmol) in 5 ml of ether was added 0.6 ml of 57 % H I at —20 
°C. After 20 min the mixture was poured into sat. N a H C O g 
overlaid with ether. T h e ether layer was washed (10 % 
N a 2 S 2 0 3 , sat. NaHCOg, sat. NaCl ) , dried ( M g S 0 4 ) , and 
concentrated, affording 0.50 g (29 %) of X V . T o a solution 
of X V (0.50 g, 1.2 mmol) in 5 ml of ether was added n-BuLi 
(1.2 mmol, 1.5 ml of 0.82 M hexane solution) at - 2 0 °C. T h e 
mixture was stirred at room temperature for 0.5 h and treated 
with 5 ml of T H F and MeLi (3.7 mmol, 2.2 ml of 1.63 M 
ethereal solution) at - 7 8 °C. Work-up gave X V I I (0.16 g, 
yield, 57 % based on X I V , E/Z= 5/95). 

Transformation of XVII into ( 2Z,6Z)-7-Methyl-3-propyl-2,6-
decadien-1-ol (XIX): T o a solution of X V I I (0.10 g, 0.48 
mmol) in 2 ml of T H F and 1 ml of H M P A was added MeLi 
(0.6 mmol, 0.58 ml of 1.04 M ethereal solution) at - 7 8 °C. 
T h e mixture was stirred at —30 °C for 1 h and treated with 
C I C O O E t (0.06 ml, 0.6 mmol) at - 7 8 °C. T h e resulting 
mixture was stirred at a room-temperature for 0.5 h and poured 
into sat. NaHCOg overlaid with ether. T h e ether layer was 
washed (sat. N a H C 0 3 , sat. NaCl) and dried ( M g S 0 4 ) . Chro­
matography of the concentrate on silica-gel column (benzene) 
gave 70 mg (70 %) of ethyl (Z)-7-methyl-6-decen-2-ynoate 
( X V I I I , £ / Z = 4 / 9 6 ) . I R (neat) 2265, 1709, 1371, 1360, 1243, 
1070, 757 c m - 1 ; M S m/e (rel. % ) , 208 (M+, 0.5), 193 (1), 180 
(16), 151 (7), 149 (5), 135 (8), 134 (7), 121 (7), 112 (15), 
111 (7), 97 (26), 84 (16), 69 (11), 56 (8), 55 (100), 43 (8), 41 
(13); N M R (CC14) (5=0.88 (3H, t, 7 = 6 Hz) , 1.25 (3H, t, 
7 = 7 H z ) , 1.10—1.53 (2H, m) , 1.65 (3H, br-s), 1.75—2.15 
(2H, m) , 2.15—2.40 (4H, m) , 4.04 (2H, q, 7 = 7 Hz) , 4.80— 
5.25 (1H, m) . T h e product X V I I I was transformed into the 
tetrahomonerol X I X according to the reported procedure.16) 
I R (neat) 3300, 1659, 1366, 1239, 1002, 833, 750 cm" 1 ; M S 
(as trimethylsilyl ether) m/e (rel. % ) , 282 (M+, 10), 267 (3), 
239 (12), 197 (13), 192 (10), 171 (11), 169 (15), 161 (25), 156 
(15), 155 (11), 149 (48), 143 (10), 129 (12), 121 (24), 119 
(25), 97 (38), 93 (18), 91 (20), 81 (20), 79 (22), 75 (59), 73 
(81), 55 (100), 43 (23), 41 (22); N M R (CC14) 0 = 0 . 9 0 (6H, 
t, 7 = 6 Hz) , 1.10—1.77 (4H, m) , 1.67 (3H, br-s), 1.77—2.40 
(9H, m) , 4.02 (2H, br-d, 7 = 7 Hz) , 5.10 (1H, m) , 5.33 (1H, 
t, 7 = 7 H z ) . 

T h e a u t h o r s wish to t h a n k t h e M i n i s t r y of E d u c a t i o n , 
Sc ience a n d C u l t u r e , J a p a n , for t h e G r a n t - i n - A i d 
(911506 , 0 1 1 0 1 0 , 110309 , 203014 , 3 0 3 0 2 3 ) . 
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The difference in the hydrogen migration in urea and acetamide under electron impact has been discussed 
from the standpoint of the all-valence electron semi-empirical SCF-MO theory (CNDO/2). The features of the 
molecular ion in the ground state and the hydrogen-migration models for both compounds were estimated based 
on the variations in the total and the partitioned energies. The variation in the total energy with the hydrogen 
migration in urea was smaller than that in acetamide. Moreover, the bonding interaction between carbon and 
nitrogen becomes weak ; the cleavage of the migrated molecular ion to NH3 was predicted. On the other hand, the 
weak bonding interaction between carbon and carbon in acetamide does not change through the migration 
of hydrogen. It is predicted that the a-cleavage in the C-C bond will occur in preference to the migration of 
hydrogen. Finally, in acetamide, it was found that the possibility of the migration of hydrogen is lower than 
that in urea, judging from the variations in the total and the partitioned energies. 

It is interesting to ascertain the hydrogen-migration 
process involved in fragmentation from the standpoint 
of the molecular orbital (MO) theory. The analyses, 
by M O theory, of the mass spectral da ta of the organic 
compounds have not been completely established 
because of the complexity of the driving factors governing 
the cleavage of the molecular ion (M*) on electron-
impact collision. 

The mass spectra of urea1) and acetamide2) have been 
reported. In the mass spectrum of urea, a peak thought 
to be the ion formed by the migration of hydrogen has 
been observed. This shows that the N H 3 ion with mje 
17 is richly abundant , accompained by the migration 
of hydrogen from one nitrogen to another nitrogen. O n 
the other hand, in acetamide the most important 
fragmentation arises from a-cleavage, resulting in the 
formation of an ion with a mass of 44. T h e migration 
of hydrogen from carbon to nitrogen does not appear 
as clearly as that of urea. This fragmentation of acet­
amide has, however, not been fully elucidated, but only 
speculated from the mass spectral data . 

This paper will describe an at tempt to analyze the 
hydrogen migration in urea and the possibility of the 
migration of hydrogen in acetamide by calculations 
based on the CNDO/2 method. 

M e t h o d and Calculat ions 

Interaction Energies. These discussions were 
supported by unrestricted open-shell SCF calculations 
with a CNDO/2 approximation. T h e total molecular 
energy, E, can be expressed by the sum of one- and two-
center terms:3) 

^totai = J}EA + J}EAB 
A A<B 

where 

EA = J}APrrUrr + ~Y\AJ}A{PrrPSS-(p
ars)*-(pmrAA r 1 r s 

^AB = 5}AJ}B2prsß°A»Srs - S A H B { ( Ä ) 2 + ( / ^ ) 2 } y A B r s r s 

+ (ZA-PAA)(ZB-PBB)yAB 

EAB is the contribution to the total energy from all the 
two-center integrals involving A and B centers; it can 

T A B L E 1. M O L E C U L A R GEOMETRIESC) 

FOR THE M + IONS 

Urea 

r i 

H 
H 

Z O C N 

1.2875a> 
1.375a> 
1.375 

121.5° 

Acetamide 

» l 

r2 

r3 

Z.OCN 

1.220 
1.540 
1.3675b> 

125.0° 

a) The total energy shows minimum at 1.2875 
Â and 1.375 Â. b) This value was decided 
from the minimum total energy as a function of 
r3. c) Lengths in Angstrom. 

be partitioned into covalent binding, core repulsion, and 
ionic terms. T h e total EAB is used for discussing the 
nature of each bond with a hydrogen migration. 

Geometry. I t is difficult to determine absolutely 
the reaction coordinate in the hydrogen-migration 
process under electron impact.4) Consequently, the 
parameters for the geometry of the M + ion employed 
here were decided as is shown in Table 1. These values 
of the bond lengths and the bond angles for the starting 
geometry, with the exception of the r1} r2, and rz, were 
taken from the standard tables.5) 

\ X 
0, C2 0, C2 

H8 H9 
Urea Acetamide 

Fig. 1. Representation of the geometries of urea and 
acetamide. 

The basic conformations in the M f ions of urea and 
acetamide are shown in Fig. 1. As the lengths of the 
N - H bonds in urea and acetamide we employed 
1.000 Â, and as that of the C - H bonds in acetamide, 
1.080 Â. 

Migration Model. T h e total energy contour 
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T A B L E 2. EAB VALUES8-) BETWEEN NITROGEN 

A N D H Y D R O G E N IN U R E A 

ß(a=ö°) 
0C 30c 60c 90c 

•^ total 

N . - H , 
- 1 3 9 9 . 5 1 1 - 1 3 9 9 . 3 0 0 - 1 3 9 8 . 8 4 3 - 1 3 9 8 . 6 0 0 

- 0 . 1 6 8 - 0 . 2 0 2 - 0 . 2 8 2 - 0 . 3 1 1 

ß(a=30°) 

30c 60c 90c 

-^ to ta l 

N 4 - H 5 

- 1 3 9 9 . 0 5 2 - 1 3 9 8 . 5 6 3 - 1 3 9 8 . 3 1 6 
- 0 . 2 2 2 - 0 . 3 0 5 - 0 . 3 3 5 

a) Energies in eV. 

T A B L E 3. EAB VALUES3^ BETWEEN NITROGEN 

A N D H Y D R O G E N IN ACETAMIDE 

-^tota l 

N4-H5 

N4-H6 

-^•total 

N4-HG 

N4-H7 

0° 

-1295.831 

- 0 . 0 3 1 

30° 

-1295.577 
- 0 . 0 7 1 
- 0 . 0 2 5 

a(ß=QP) 

90° 

-1278.794 
0.011 

- 0 . 0 7 9 

ß(a=0°) 

60° 

-1294.967 
- 0 . 0 6 2 
- 0 . 1 1 7 

180° 

-1295.797 
0.057 

~90° 

-1294.644 
- 0 . 1 2 1 
- 0 . 1 2 1 

a) Energies in eV. 

d i a g r a m 6 ) of t h e M f i on for t h e o r ig in of t h e m i g r a t i o n 
shows t h e d e e p e n e r g y m i n i m a a t a=0° a n d ß=0° i n 
b o t h c o m p o u n d s , a d o p t i n g t h e va lue s i n T a b l e 1. T h e 
v a r i a t i o n in t h e EAB of t h e N 4 H 5 b y t h e r o t a t i o n b y ß is 
s h o w n in T a b l e 2 for u r e a . T h e b o n d i n g i n t e r a c t i o n 
b e t w e e n N 4 a n d H 5 is s t r o n g a t / ? = 9 0 ° . T h e s e resul ts 
sugges t t h a t t h e poss ib i l i ty of t h e m i g r a t i o n of h y d r o g e n 
to N 4 is l a r g e i n th is c o n f o r m a t i o n . H o w e v e r , i n th is 
c o n f o r m a t i o n t h e v a r i a t i o n i n t h e t o t a l e n e r g y w i t h t h e 
h y d r o g e n m i g r a t i o n i n t h e first s t age w a s l a r g e . O n t h e 
o t h e r h a n d , i n a c e t a m i d e t h e b o n d i n g i n t e r a c t i o n i n t h e 
poss ib le c o n f o r m a t i o n of t h e h y d r o g e n m i g r a t i o n w a s 
w e a k , as is s h o w n in T a b l e 3 . C o n s e q u e n t l y , as a m o d e l 
of t h e h y d r o g e n m i g r a t i o n , t h e p l a n a r g e o m e t r i e s 
s h o w n in F i g . 2 w e r e e m p l o y e d , j u d g i n g f rom t h e EAB 

va lues a n d t h e t o t a l ene rg i e s . 
M o d e l s of b o t h c o m p o u n d s , i n w h i c h t h e m i g r a t i o n 

of h y d r o g e n w a s a s s u m e d to follow t h e c u r v e p a t h (2) , 

Urea Acetamide 

Fig. 2. Migration model and paths. 

s h o w t h a t t h e m i g r a t i n g h y d r o g e n m o v e s to N 4 . T h e 
d e v i a t i o n s f rom t h e l e a s t - m o t i o n p a t h 7 ) a t t h e t r ans i t i on 
s t a t e a r e a t 0 .4 Ä i n u r e a a n d 0.2 Â in a c e t a m i d e . 
T h e v a r i a t i o n s in t h e to t a l energ ies w i t h t h e h y d r o g e n 
m i g r a t i o n in t h e m o d e l s , c a u s e d b y t h e l ea s t -mo t ion 
p a t h ( l ) a n d t h e o t h e r p a t h s , w e r e l a r g e i n c o m p a r i s o n 
w i t h t h a t c a u s e d b y t h e c u r v e p a t h . T h e c u r v e - p a t h 
m o d e l w a s , the re fore , chosen for t h e h y d r o g e n m i g r a t i o n 
in b o t h c o m p o u n d s . 

R e s u l t s a n d D i s c u s s i o n 

Urea. T h e resul ts c a l c u l a t e d b y us ing t h e c u r v e 
p a t h a r e s h o w n in T a b l e 4 a n d F i g . 3 . I t is a p p a r e n t 
f rom t h e s h a p e of t h e c u r v e t h a t t h e to t a l e n e r g y of t h e 
t r a n s i t i o n s t a t e , i n w h i c h t h e N 3 - H 5 d i s t a n c e is 1.306 Â , 
w a s low in t h e c u r v e p a t h . T h e p o t e n t i a l e n e r g y was 
4 . 7 3 6 e V . T h e t o t a l e n e r g y t e n d s to dec rease in t h e 
l a t t e r h a l f of t h e m i g r a t i o n of h y d r o g e n . I t is t h o u g h t 
t h a t a c o m p a r a t i v e l y s t ab l e s t a t e resul ts f rom t h e 
h y d r o g e n m i g r a t i o n . I n th is case , t h e v a r i a t i o n in t h e 
to t a l e n e r g y b e t w e e n t h e o r ig in a n d t h e t e r m i n u s of 
t h e m i g r a t i o n w a s 2 .105 e V . 

-1395 h 

> 

&3 

- 1 4 0 0 » 
2.5 2.0 1.5 

Ä ( N S - H 5 ) / A 

React ion coordinate for hydrogen migration 

Fig. 3. Variat ion of the total energies in urea. 
: The curve pa th (1). — 

path (2). 
T h e least-motion 

T A B L E 4. VARIATIONS IN THE TOTAL ENERGY AND i?AR
a) 

•^total 

i?(N4-H5)/Â 

^AB O l - C 2 

C2-N3 

C2-N4 

N3-H5 + N4-

Point 1 

-1399.511 
2.494 

-34 .266 
-36 .436 
-36 .436 

-H5 - 20 .934 

3 

-1394.775 
1.359 

-33 .787 
-37 .299 
-30 .561 
-18 .056 

5 

-1397.406 
1.000 

-37 .462 
-37 .607 
-26 .857 
-19 .843 

a) Energies in eV. 

T h e i nc r ea se i n t h e t o t a l e n e r g y resul ts f rom t h e 
inc reases i n t h e EAB v a l u e of t h e C 2 - N 4 a n d t h e s u m of 
t h e EAB v a l u e s of t h e t w o b o n d s ( N 3 - H 5 a n d N 4 - H 5 ) , 
as is s h o w n in T a b l e 4 . 

A l t h o u g h it is t h o u g h t t h a t t h e s l ight i nc rease i n t h e 
s u m of t h e EXB v a lue s of t h e t w o b o n d s h i n d e r s t h e 
m i g r a t i o n of h y d r o g e n , t h e r e is a t e n d e n c y to dec rease 
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near the terminus of the migration. 
The tendency of the EAB value of the C 2 -N 4 bond to 

increase with the approach of H 5 to N 4 shows that the 
interaction between C2 and N 4 is weakened ; this results 
from the change in the bond length of this bond through 
the hydrogen migration. O n the other hand, the 
variations in the EAB values of the C 2 -N 3 and the 
C^-Ca were small; this shows a slight tendency to 
decrease, after which these values were large and 
negative. This phenomenon may be related to the 
cleavage of the migrated M + ion to the fragment ion, 
m/e 17 or mje 42. 

+ 0.1 

P3 

u 

& 
+ 0.5h 

oc 

3 

Points 

Fig. 4. Variation of the net electric charges. 

Next, the variation in the net electric charge is shown 
in Fig. 4. The charge of the C O tends to be positively 
small with the hydrogen migration, while that of the 
N 4 H H is large and positive. In the O C N 3 H , after the 
migration of hydrogen, the density increases. These 
results may be reflected in the intense peak height of 
the N H 3 ion. 

Acetamide. The most apparent fragmentation 
arises from cleavage, resulting in the formation of the 
ion with a mass of 44. If the migration of hydrogen as 
well as urea occurs, the hypothetical process for the 
migration of hydrogen can be expected to be energetical­
ly favored. 

-1285 

> -1290 

&J 

-1295h 

2.0 1.5 

Ä(N4-H6) /A 

Reaction coordinate for hydrogen migration 

Fig. 5. Variation of the total energies in acetamide. 
: The curve path (1). 

path (2). 

T h e variation in the total energy in the model was 
larger than that in urea, as is shown in Fig. 5. This 
variation in the least-motion path was larger than that 
in the curve path. T h e potential energy in this curve-
path process was 6.675 eV, which is larger by 2.0 eV 
than that in urea. Moreover, the variation in the total 
energy between the point of origin and the terminus 
of the migration was 4.075 eV, which is large. The 
variation in the total energy with the hydrogen migra­
tion at the conformation at a = 1 8 0 ° and ß=0° was also 
large, similar to that at or=0° and /9=0°, which was 
11.284 eV. 

Difference in Urea and Acetamide. The values of 
the EAB of the N 4 - H 6 in a = 0 ° and of the N 4 - H 5 in 
« = 1 8 0 ° were —0.031 and 0.057 eV respectively, as is 
shown in Table 3. The values of the resonance interac­
tion were positive (0.097 and 0.144 eV) in acetamide, 
while in urea this value of the N4—H5 was —0.168 eV. 
Therefore, the bonding interaction between hydrogen 
and nitrogen in urea is strong; this may be related to 
the ease of the migration of hydrogen. I t may be 
predicted that the chance of the migration of hydrogen 
in urea is fairly strong. 

Although the decrease in the EAB values of the two 
bonds is not smooth, the variation in this energy in 
urea is smaller than that in acetamide. In acetamide, 
the increase (from —20.185 to —16.561 eV) shows 
the hindrance of the migration of hydrogen. 

tf 

— ZD 

- 3 0 

-3b 

• **" 

.X 

l 
j 

~~"^"-«y' / 
/ N / 

//N--
/ '' i 

<:' '] 

^ - ] — _ _ _ 
1 

2 

4 

3 

1 | 

The least-motion 

1 2 3 4 5 
Points 

Fig. 6. Variation of the EAB values of the skeletal bonds 
with the hydrogen migration. 

: Urea, 1: C2-N3, 2: C2-N4. : Acetamide, 
3: C2-C3, 4: C2-N4. 

Fig. 6 shows the variations in the EkB values of the 
C - C and C - N bonds. The £AB value of the C 2 -N 4 

decreases smoothly. In acetamide, that of the G 2 -C 3 

is negatively small in comparision with the other bonds, 
including that of urea, in the origin of the migration. 
Moreover, the variation in this value is small, as in the 
case of the C 2 -N 4 bond in urea. 

I t is found that the bonding interaction between C2 

and N 4 in acetamide is weaker than that of the C 2 -C 3 

bond after Point 3. However, the interaction in the 
first stage is strong. These features in acetamide show a 
great difference from urea. I t may be thought that, 
even if the hydrogen migration occurs, the cleavage of 
the C 2 -C 3 bond will occur preferentially to that of the 
G 2-N 4 . 
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Conc lus ion 

The estimation of the C N D O scheme provides fairly 
good information with respect to the fragmentation, 
including the migration of hydrogen in urea and 
acetamide. T h e treatment for the M f ion in the ground 
state shows a different profiles for the hydrogen migra­
tions in the two compounds. As for the variation in the 
total energy in acetamide, the potential energy is large; 
therefore, there are large differences in the changes in 
2?AB values of the skeletal bonds. It is, therefore, found 
that the possibility of the migration of hydrogen is 
undoubtedly large in urea. 

Finally, the quantitative discussion was unsatisfactory ; 
the precise relation between the relative intensity of the 
rearranged ion and the estimation of the energy by the 
migration process has not been established. However, 
the possibility of the migration of hydrogen was quali­
tatively predicted by this treatment with respect to urea 

and acetamide, based on the partitioned energy and the 
migration model. 
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A Theoretical Approach to the Possible Hydrogen Migration in 
Butadiene under Electron Impact 
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The hydrogen migration in butadiene under electron impact was studied by means of the calculated potential 
energy surfaces. The all-valence electron semi-empirical SCF-MO(MINDO/2-Unrestricted Hartree Fock) 
theory was employed. The possibility of the migration of hydrogen has been discussed. Moreover, the mecha­
nisms (I—IV) including the hydrogen migration for the formation of the C3H3 ion have been discussed. The 
hydrogen-migration models are presented based on the variations in the total and the partitioned energies. It 
is very probable that the hydrogen on C1 in the M+ ion migrates to the other carbon, C4, via Models 1 and 2 in 
Mechanism IV. It was predicted that the formation of the C3H3 ion occurs by means of the fragmentation of the 
migrated M+ ion, although the other mechanisms can not always be ignored. Finally, for the hydrogen-migration 
models, the theoretical predictions were found to be in good agreement with the available experimental results. 

The fragmentation in the unsaturated hydrocarbons 
is more complex than in the case of the saturated 
hydrocarbons. The hydrogen migration in the molecular 
ion(M f ) can be expected to be essentially prevalent if 
the M + ion possesses a large amount of excess vibrational 
energy. In this case, it is thought that the hydrogen 
migration proceeds via the four- or six-ring transition 
state.1-2) 

The possibility of the migration of hydrogen in 
butadiene can not always be neglected, judging from 
the mass number of the produced fragment ions. In 
butadiene, the C3H3 , C2H3 , and C 4 H 5 ions are found 
in the mass spectrum in rich abundance. The precise 
mechanisms for the formation of these fragment ions, 
especially the C 3 H 3 ion, have, however, not yet been 
elucidated, but only speculated from the mass spectral 
data. 

By the way, the Woodward-Hoffmann rule is very 
useful in discussing the migration of hydrogen. However, 
with respect to the mechanism of the formation of the 
C 3H 3 ion including the hydrogen migration, the con­
tribution of the hydrogen migration to the cleavage of 
the C-C bond can not be discussed in terms of the W - H 
rule. Therefore, it is necessary that the role of the M + 

ion for the hydrogen migration be discussed in terms of 
energy. 

The mechanisms for the C 3 H 3 ion with mje 39 are 
thought to be as follows: 

C HCHCH-CU -> |C3HJ + :CH2 I 

-H' migration 

M+ • :CH2 II 

CHXHCHCHT 1 1 " ^ CHCHC+-CH9 2 2 I f L 

migration 
CHCHCH-CH."lt 

A....j 2 

[ C J H J T + :CH2 I I I 

[<VS]+-CHj IV 

Mechanism I shows the formation of the C 3 H 3 ion by 
the scission of the C - C bonds in the [M —H]+ion. The 
mechanism with the hydrogen migration to the carbon 
atom loses a hydrogen atom as is shown in I I . In 
Mechanism I I I , this process shows the simple fragmenta­

tion of the [M —H]+ion. If the existence of the five-ring 
transition state in Mechanism IV is real, i.e., if it is 
estimated that the hydrogen-migration process is 
energetically favorable, Mechanism IV should not be 
ignored. Mechanism I V shows the process with the 
migration of hydrogen. 

The present paper is concerned with a discussion of 
the migration of hydrogen and with the treatment by 
the simple models for the formation of the C 3 H 3 ion in 
order to gain a better understanding of the fragmenta­
tion in butadiene from the standpoint of the M O 
theory. 

M e t h o d and Conformat ion 

Computations. All the computations were carried 
out on a F A C O M 230-48 computer at Kansai Univer­
sity. The wave functions were calculated by means of 
the M I N D O method, with the original parameteriza­
tion.3) The M I N D O calculation of the open shell-
configuration was carried out using the method reported 
by Dewar.3) 

The total energy, E, can be partitioned into these 
chemically useful terms:4 '5) 

E = J}EA + J}EAB 
A A<B 

EA is the energy due to the atom A. EAB is the contribu­
tion to the total energy from all two-center integrals 
involving A and B centers, and can be partit ioned into 
covalent binding, core repulsion, and ionic terms.6) 

Geometry. The starting geometry for the 
hydrogen-migration model requires a minimization of 
the total energy of the system with respect to all its 
independent internal coordinates, as has been discussed 
in a previous paper.7) Moreover, it is difficult to deter­
mine absolutely the reaction coordinate passing through 
the equilibrium geometry. A full optimization of the 

TABLE 1. MOLECULAR GEOMETRIES 

FOR THE M * ION 

Parameter Parameter 

1.37Â 
1.47 A 
1.06 A 

122c 
125c 

119° 
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-595.200 -595.036 

Fig. 1. Definition of the geometrical parameters for the 
M* ion. 

geometries at each point in the migration process is 
thus quite impractical. Consequently, we employed the 
parameters8) for the geometry of the M + ion as shown 
in Fig. 1 and Table 1. 

The geometries were chosen by assuming the same 
valence angles for the hydrogen atoms on the CH 2 

groups and by neglecting the changes in the C - C bond 
lengths in the migration process. The twisting of the 
carbon frame is expressed by y>3 the dihedral angle 
between the CjC^Cg and C4C3C2 planes; ^ = 0 ° for 
eis. The C H bond length was changed from 1.06 Â in 
the starting geometry to 1.09 Â in the terminus of the 
migration. At the terminus of the hydrogen migration, 
the angles of ß and (p are 109.5° and 90° respectively. 

Rotation. The variation in the total energy of the 
M + ion, as a function of the angle, <p, keeping the other 
internuclear distances and angles constant, is shown in 
Table 2. 

The bond distance between C4 and H 5 is 2.691 Â 
in cis(<p=0°) and 2.812 Â in <p=30°, while the bond 
distance between C4 and H 7 is 2.720 Â in trans ((p= 180°). 
Upon the rotation in <p from 0° to 180°, the chance of 
the migration of H 7 to C4 becomes large. The resonance 
interaction (ER) between C4 and H 5 is slightly stronger 
at 30° than at 0°. Therefore, as a starting conformation, 
it seems reasonable to adopt that one at (p=30° with 
respect to the migration of H 5 to C4 . 

By the way, the net electric charge on C4 is 0.2048, 
which is larger and more positive than that as C3 . If 
the migration of hydrogen is induced by the positive 
charge, it can be predicted that the migration of hy­
drogen to the end carbon atom is possible. One findings 
are, of course, as yet insufficient for us to discuss the 
possibility of the migration of hydrogen. 

Energy Contour. In order to ascertain the migra­
tion path , a two-dimensional energy surface was 
generated by calculating the energy minimum as a 
function of the ex angle, as well as of <p9 assuming the 

120° 

Ö 90' 

60' 

593.300 

-588.068 
I 

-590.890 

30 60 90 

9 
Fig. 2. Energy contours (in eV) of the M f ion of the 

origin of the migration of bent and twisted butadiene, 
as a function of the angles a and (p. Note that the 
contours are not separated by equal intervals of energy. 

-594.650 -594.600 -594.450 
120' 

90° 

60 

594.260 

594.150 

9 
Fig. 3. Energy contours (in eV) of the M f ion of the 

terminus of the migration of bent and twisted butadi­
ene, as a function of the angles a and <p. Note that the 
contours are not separated by equal intervals of energy. 

other parameters in Table 1. The calculations were 
carried out with the <p angle increased from 0° to 90°, 
and at each value of (p, with a varying from 60° to 122°. 

The total energy-contour diagram for the origin of 
the migration is given in Fig. 2. The most obvious 
feature was the deep energy minimum at ^ = 3 0 ° and 
« = 1 2 2 ° . I t can be predicted that this feature results 
from the electron deficiency ; the rotation of the C 2 -C 3 

bond is comparatively more favorable than a neutral 
molecule. O n the other hand, the total energy-contour 
diagram calculated for the terminus of the migration 
is given in Fig. 3 . The energy minimum was situated 

TABLE 2. VARIATIONS IN THE TOTAL ENERGY AND THE PHYSICAL PARAMETERS 

Angle/cp 

F a) 
-^total #(C4-H5)b> 
Ä(C4-H7) 
G3

C> 

G4 

1 < R ( C 4 - H 5 ) d > 

0° 

-594.560 
2.691 
3.422 
0.0506 
0.2048 

- 0 . 0 3 1 

30° 

-595.270 
2.812 
3.379 
0.0324 
0.1559 

- 0 . 0 3 3 

60° 

-595 .203 
3.118 
3.260 
0.0422 
0.1386 

- 0 . 0 1 9 

90° 

-594.702 
3.494 
3.091 
0.0555 
0.1576 
0.009 

120° 

-595.150 
3.833 
2.911 
0.0138 
0.1572 

- 0 . 0 0 4 

150° 

-595.301 
4.063 
2.773 

-0 .0091 
0.2020 
0.001 

180° 

-594.716 
4.144 
2.720 
0.0355 
0.2372 
0.000 

a) Energies in eV. b) Distances in Angstroms, c) Net electric charge, d) ER=2^]A^]Bprsß
<lBSrs in Ek 
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TABLE 3. VARIATIONS IN THE TOTAL ENERGY AND £ . / ' IN MODEL 1 

Points 1 

tf(C4--H5)/A 
•^total 

f Gx-G2 

EAB • 
C2~C3 

C3-C4 
^ C^-Hg+Qj-Hg 

a) Energies 

2.812 
-595.270 

-19 .984 
-16 .164 
-21 .135 
-12 .507 

in eV. 

2.320 
-595.476 

-20 .377 
-17 .114 
-20 .304 
- 1 2 . 2 8 4 

1.849 
-594.186 

-21 .365 
-16 .756 
-19 .599 
- 9 . 6 3 4 

1.422 
-594.664 

-21 .157 
-17 .255 
-17 .556 
-10 .772 

1.090 
-594.966 

-21 .367 
-17 .094 
-17 .207 
-12 .520 

at ^ = 30° and « = 1 2 2 ° , while the local min imum 
energy was —594.662 eV at <p = 60° and a = 6 0 ° . If this 
local minimum-energy state is formed by the hydrogen 
migration, an interesting feature emerges: the formation 
of the C 3 H 3 ion with a three-memberd ring will be 
accelerated by the fragmentation of the M* ion after 
the hydrogen migration. 

R e s u l t s and D i s c u s s i o n 

Migration Models. Mechanism I V was also 
discussed assuming several models for the hydrogen 
migration. Model 1, in which the starting and final 
geometry are <p=30° and a = 1 2 2 ° , is the migration 
process of H 5 to C4 . The C4 carbon atom was then 
changed from sp2 to sp3 hybridization by means of the 
C 3 -C 4 bond through the hydrogen migration, as is 
shown in the following figure. The other parameters 
were kept constant. 

> 
V 

CO 

- 1 6 

-18r 

- 2 0 h 

2.0 

Ä(C3-H5)/A 

Reaction coordinate for hydrogen migration 

Fig. 4. Variation of EAB of the C-C bonds due to the 
hydrogen migration in Model 1. 

SP3.C i--'H9 

Table 3 shows the variation in the total and the 
partitioned energies. I t is apparent from the variation 
in the total energy that the transition state lies at Point 3 
along the coordinate representing the migration of 
hydrogen from Cx to C4 . The potential energy in this 
process in Model 1 was 1.290 eV, smaller than the 
minimum energy required for the scission of the C - C 
bond. The total energy in the first stage shows a 
tendency to decrease. This results from the decrease 
in the sum of the two-center energies of the C - C bonds. 
The increase in the total energy from Point 2 to the 
transition state results from the increase in the sum of 
the .EAB values of the two bonds (Ci-Hg and C 4 -H 5 ) . 

The variation in the bonding interaction of each C - C 
bond is shown in Fig. 4. The variation in the EAB value 
of the C 3 -C 4 bond increases remarkably with the 
approach of H 5 to C 4 ; this shows that the interaction 
between C 3 and C4 is weakened by the hydrogen 
migration, while the variations in the EAB values of the 
C-^Cg and C 2 -C 3 bonds are small, which shows a slight 
decreasing trend. These results may be related to the 
fragmentation of the migrated M f ion to the [M — 
CH3]+ ion. 

TABLE 4. 

0° 

CHARGE DISTRIBUTION OF THE M* ION 

Origin Terminus 

30° 180° 0° 30° 

0.1699 Cx 0.2048 "'2465)*) 0.2372 0.1791 0.1453 

0.1210 
2 U.UÜUO (o.i535) 

0.0324 
(0.0109) 

C2 0.0506 

C3 0.0506 

0.0356 -0 .0966 -0 .0541 

0.0356 0.3551 0.3220 

C4 0.2048 (0*2803) ° - 2 3 7 2 - 0 .0267 -0 .0190 

a) The values in parentheses correspond to the 
net electric charge on the pz orbital. 

The sum of the EAB values of the C j - H 5 and C 4 - H 5 

bonds decreases in the latter half of the reaction. This 
implies that the bonding interaction between C4 and H 5 

becomes strong through the migration process. 
The net electric charge of the C4 atom is large and 

positive, as is summarized in Table 4 . The net electric 
charge on the p z orbital on C4 at ^ = 30° is very positive­
ly large. It seems, therefore, that the possibility of the 
migration of hydrogen to C4 is certainly large. There is 
also an electron flow of the CjCgCg moiety, changing 
from +0 .3233 to +0 .4132 by the migration of hydrogen. 
Consequently, it is apparent that the charge on the 
migrated M + ion remains on the C H 3 moiety, suggesting 
the formation of the [M — CH3]+ ion with m/e 39. These 
features are shown in the following process: 
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TABLE 5. VARIATIONS IN THE TOTAL ENERGY AND £'AB
a) IN MODEL 2 

Points 1 

Ä(C4-Hß)/A 2.691 
-594.560 
-20 .359 
-17 .059 
-20 .359 
-12 .484 

1.948 
-594.824 

-19 .619 
-16 .971 
-20 .928 
-11 .426 

1.716 
-594.151 

-19 .354 
-16 .580 
-19 .905 
-11 .738 

1.322 
-594.382 

-19 .154 
-15 .479 
-16 .143 
-11 .660 

1.090 
-594.662 
-18 .519 
-14 .109 
-14 .423 
-12 .396 

a) Energies in eV. 

CH-CH-CH-cä1t-

! 3 2 
[cH-CH-CHpCH3 

H 
w CH, 

In the simple model employed here, these results indicate 
that the migration of H 5 to C4 is very probable. More­
over, the hydrogen migration gives fairly good informa­
tion with respect to the formation of the C 3 H 3 ion. 

In Model 2, the calculations were carried out with 
the C 1C 2C 3 chain bent at C2 with the a values varying 
from 122° to 60° in 15.5° increments; then, at each 
value of #, the calculations were made by increasing cp 
from 0° to 60° in 15° increments. For the other param­
eters we adopted the same values as in Model 1. 

Table 5 shows the variations in the total and the 
partitioned energies in Model 2. The energy profile is 
depicted by the curve, as in Model 1. The total energy 
at the terminus of the migration is —594.662 eV, 
nearly equal to that in Model 2. The most remarkable 
difference from Model 2 is that the bonding interaction 
between Cx and C3 becomes strong. These results 
indicate that the hydrogen-migration process in Model 2 
is energetically favorable, as in Model 1. 

Next, the starting geometry at <p=90° and a= 122°, in 
which H 5 migrates to C4 , is shown as Model 3. The 
migration path of H 5 was chosen as the least-motion 
path9) from C± to C4 . This release of H 5 from Cx requires 
more energy than in Models 1 and 2; the potential 

energy in this process was 1.367 eV. This is related to 
the increase in the sum of the EAB values of the C1-H5 

and C 4 - H 5 bonds; this remarkable increase shows that 
the migration of H 5 is prevented in this process. The 
bonding interaction between C2 and C3 was almost 
unchanged with the hydrogen migration. The value 
of the C 2 - C 3 bond is larger than that of the C 3 -C 4 bond ; 
it may be thought, therefore, that the scission of the 
C 2 - C 3 bond occurs in preference to that of the C 3 -C 4 

bond. As a result, judging from this variation, it may 
be predicted that the C 2 H 3 ion is formed. 

In Model 4, the variation in the total energy between 
the origin and terminus of the migration was 0.276 
eV; the potential energy was, then, 1.448 eV. It is 
possible to form the resonance structure by the migra­
tion of H 7 as follows : 

CH-C-CH-CHTI1 

w 1 

CH2-C= ̂ CH-CHT^ 

Points 

C2-C3 

C3-C4 

Gi-H5 + C4-H5 

C2-C3 

C3-C4 

Ci-H 7 +C 4 -H 7 

-594.702 
-16 .852 
-20 .536 
-12 .621 

-595.301 
-17 .273 
-21 .016 
-12 .657 

-594.527 
-14 .973 
-21 .849 
-11 .539 

-595.561 
-15 .259 
-21 .046 
-12 .136 

Model 3 
-593.335 
-14 .812 
-20 .733 
- 5 . 8 0 4 

Model 4 
-593.853 
-15 .080 
-20 .021 
- 9 . 7 3 4 

-593.751 
-16 .074 
-17 .049 
-10 .106 

-594.323 
-16 .683 
-17 .374 
-10 .693 

-594.435 
-16 .233 
-17 .392 
-12 .476 

-595.025 
-16 .993 
-17 .174 
-12 .434 

a) Energies in eV. 
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T h e b o n d i n g i n t e r a c t i o n e n e r g y b e t w e e n G 2 a n d C 3 w a s 

l a r g e r t h a n t h a t b e t w e e n C 3 a n d G 4 . T h i s is t h e s a m e 

as i n M o d e l 3 . O n t h e o t h e r h a n d , t h e v a r i a t i o n i n 

the s u m of t h e EAB va lues of t h e C 2 - H 7 a n d C 4 - H 7 

b o n d s i n M o d e l 4 was s imi l a r to t h a t i n M o d e l 1. 

T h e r e f o r e , t h e poss ibi l i ty of t h e m i g r a t i o n of H 7 t o C 4 

is l a r g e r t h a n i n M o d e l 3 . 

T A B L E 7. T H E TOTAL ENERGIES AND THE NET 

ELECTRIC CHARGES IN THE [ M — H ] + IONS 

£tota,/eV 

c3 
C4 

^totai/eV 

[M-H5]->-

-578.031 

-578.034 

[ M - H J + 

Trans 

-578.196 

Cis 

-575.796 

[ M - H J + 

-578.219 

0.3138 

0.0118 

-578.191 

[M—H]+ Ion. I n o r d e r to discuss M e c h a n i s m I I , 

t h e ca l cu l a t i ons for t h e [ M —H]+ ion w e r e c a r r i e d o u t 

us ing t h e s a m e p a r a m e t e r s as i n M o d e l 1. T h e s t ab l e 

s t r u c t u r e of t h e [ M — H ] + i o n w a s i n a s t a t e w h i c h lost 

H 7 a n d H 8 i n trans; th i s p h e n o m e n o n is e s t i m a t e d to b e 

m o r e ene rge t i ca l ly f a v o r a b l e t h a n in eis. T a b l e 7 shows 

t h e to t a l ene rg ies of t h e severa l s t r u c t u r e s for t h e 

[ M —H]+ ion a n d t h e n e t e lec t r i c c h a r g e s o n t h e c a r b o n 

a t o m s . T h e n e t e lec t r i c c h a r g e of t h e C 3 w h i c h h a d 

lost H 8 w a s + 0 . 3 1 3 8 , w h i c h is l a r g e a n d pos i t ive . I f 

t h e d r i v i n g force is this pos i t ive c h a r g e , as m u c h as 

in t h e M + i o n , i n t h e [ M —H]+ ion it c a n b e p r e d i c t e d 

t h a t t h e poss ib i l i ty of t h e m i g r a t i o n of h y d r o g e n to C 3 

is l a r g e . T h e r e f o r e , as a m o d e l , t h e m i g r a t i o n process 

of H 5 to C 3 w a s d i scussed . 

T h e to t a l e n e r g y i n t h e [ M — H ] + i on u p o n t h e r o t a ­

t i on of t h e C 2 - C 3 b o n d w a s t h e e n e r g y m i n i m u m a t 90° . 

T h e r e f o r e , th i s s t a r t i n g g e o m e t r y for t h e m i g r a t i o n of 

H 5 f rom C j to C 3 a t 90° w a s c h o s e n : 

T h e v a r i a t i o n i n t h e to t a l e n e r g y i n th is process is 

s h o w n i n T a b l e 8 . T h e pos i t i on of t h e H 5 a t o m a t 

P o i n t 3 w a s d e c i d e d o n t h e bas is of t h e e n e r g y - m i n i m u m 

s t a t e ; t h e pos i t i on of H 5 , i n w h i c h t h e C^HgCa a n g l e is 

90° , w a s c h o s e n . 

T h e p o t e n t i a l e n e r g y i n th is process w a s 3 .251 e V , 

l a r g e r t h a n t hose i n t h e m o d e l s of t h e M f i o n . M o r e o v e r , 

t h e b o n d i n g i n t e r a c t i o n b e t w e e n C 2 a n d C 3 w a s w e a k e n ­

e d , c o n t r a r y to t h e case of t h e C 2 - C 3 b o n d i n t h e M * 

i o n . T h e r e f o r e , i t c a n b e p r e d i c t e d t h a t th is b o n d is 

easy to c leave i n t h e [ M —H]+ i o n . T h e b o n d i n g i n ­

t e r a c t i o n of th is b o n d a t 180° w a s also w e a k e n e d f rom 

— 17.257 to — 1 5 . 2 1 0 e V b y t h e loss of t h e h y d r o g e n 

a t o m ; i n o t h e r [ M —H]+ ions th is t r e n d a lso a p p e a r e d . 

C o n s e q u e n t l y , i t seems t h a t it is m o r e difficult for t h e 

T A B L E 8. VARIATIONS IN THE TOTAL ENERGY AND EAB^ IN THE [M —H] + ION 

Points 1 

Ä(C 3 -H 5 ) /A 

^total 

C 2 - C 3 

C3-C4 

2.783 
-578.563 

-16 .286 

-23 .761 

2.301 

-578.069 

-16 .222 
-23 .689 

1.716 

-575.312 

-16 .316 
-22 .937 

1.313 

-577 .413 

-14 .079 

-22 .831 

1.060 

-578 .028 

- 1 4 . 7 8 8 

-22 .910 

a) Energies in eV. 

,+ . Migrated M • ion(-594.966 in Model 1) 

[CHCHCH] + :CH2 + H-

/ ^ [CHCHCHCH2]
+ + H- ^ ~585 '688 

-592.541 ^ ^ [CHCrL] + + :CHCH + H 
L -588.272 

.1 
[CH CHCHCH]+ + H- —>[CHCHCH]+ + H- + :CH2 

-592.376 -584.631 

M t i o n > [ C H X C H C H J + + H- > [CHCUf + :CH90 + H-

-592.564 \ 
-587.577 

[ C H 9 C C H ] + + :CH9 + H-
1 -585.416 L 

[ C H C H C H J + + :CH9 > [ C H C H C H ] + + :CH9 + H-
7 Z -586.862 L • 2 J 

-588.705 

[CH2CH]+ + CHOi 

-589.350 

Fig. 5. Fragmentat ion pat tern of butadiene. T h e dotted arrow shows the hydrogen-migration 
process. T h e total energies of the fragments are the sum of the fragments. 
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migration of H 5 to occur in the [M —H]+ ion than in 
the M f ion. 

Fragmentation Pattern. Considering the variation 
in the total energies in the fragmentation process, the 
energy relations are shown in Fig. 5. I t is apparent 
from the total energies that the variation for the 
hydrogen migration is smaller than that for the simple 
fragmentation. The variation for the C 3 H 3 ion which 
is produced from the [M —H]+ ion is larger than that 
for the G 2H 3 ion. The fragmentation of the M f ion to 
the C 3 H 4 ion is energetically less favorable than the 
direct cleavage to the C 2 H 3 ion; it may, then, be 
asserted that the formation of the C 3H 4 ion by the 
direct release of the CH 2 radical is energetically less 
favorable. This tendency causes the [ M — H ] + ion to 
appear. Moreover, by the fragmentation of the migrated 
[M —H]+ ion, the scission of the C 2 - C 3 bond occurs in 
preference to that of the C 3 -C 4 bond. 

Conc lus ion 

Calculations have been presented in support of a 
discussion of the possibility of the hydrogen migration 
in butadiene, taking account of the variations in the 
total and the partitioned energies with respect to the 
migration of hydrogen in the M f ion. 

This treatment is not absolutely essential, bu t it is a 
very convenient starting point. 

The following features were postulated: (1) The net 
electric charges on the Cx and C4 atoms were large 
and positive in the M f ion. The positive charge on the 
carbon atom was one of the driving factors in the 

migration of hydrogen. (2) I t is very probable that the 
hydrogen atom migrates via Models 1 and 2 in Mecha­
nism IV, judging from the variation in the total energy. 
(3) The migration of hydrogen from Cx to C4 migrates 
in the M + ion, and then the C 3 H 3 ion is produced by the 
hydrogen migration. (4) I t was found that the positive 
charge remains in the C-L^Cg moiety after the hydrogen 
migration. (5) I t can be predicted that the formation 
of the C 3 H 3 ion results from the fragmentation of the 
M f ion. (6) The fragmentation of the [M —H]+ ion 
leads to the formation of the C 2 H 3 ion. Finally, this 
t reatment for the migration of hydrogen gives fairly 
good information as the mass spectrum of butadiene. 
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Rotat ing disk electrode voltammetry was applied to study the reduction mechanism of />-dimethylaminobenzal-
dehyde (1) in water-e thanol alkaline solutions by using a mercury-plated p la t inum rotating disk electrode. In 
the logarithmic analysis of the wave, the plots of log [i2/3/(id— i)] vs. E showed good linearity, and the shifts of the 
half-wave potential with an increase in the rotation speed of the electrode (co) and in the initial concentration 
of 1 (C) were dE1/2/dlog co= — 2 2 ± 2 m V and dE^Jdlog C=19±2 mV, respectively. O n the other hand , no 
appreciable change in E1/2 was observed with varying alkalinities of the solutions. These results and the large shift 
of Ex/2 with an increase in the concentration of water (dE1/2/dlog[H20] = ca. 50 mV) are explained in terms of 
the following reactions : 

R + e < > R T (solvated by water) , (1) 

2 R T > D 2 " (r.d.s.), (2) 

D 2 - + 2 H 2 0 • D H 2 + 2 0 H - , (3) 

where R and R T are the molecule and the radical of 1, respectively, D 2 _ is the dimer of R T and D H 2 is the hydro-
dimer (2) of R. T h e rate of the dimerization reaction (k in Eq. 2) was estimated to be 2.5 X 104 M _ 1 s _ 1 from the 
shift of E±/2 with log œ for the 5 0 % water-e thanol solution containing 1 M N a O H , and this rate constant decreased 
with decreasing water concentration. 

R o t a t i n g disk e l e c t r o d e v o l t a m m e t r y ( R D E V ) is o n e 
of t he m o s t useful t e c h n i q u e s for s t u d y i n g a n e l ec t rode 
r e a c t i o n . I t is m o r e a d v a n t a g e o u s t h a n p o l a r o g r a p h y 
us ing a d r o p p i n g - m e r c u r y e l e c t r o d e b e c a u s e (i) t h e 
r o t a t i o n speed of t h e e l e c t r o d e c a n b e v a r i e d over a 
w i d e r a n g e , w h e r e a s t h e v a r i a t i o n of t h e d r o p - t i m e is 
l i m i t e d , a n d (ii) even i n a h i g h c o n c e n t r a t i o n of a 
r e a c t a n t t h e c u r r e n t - p o t e n t i a l c u r v e a t a n R D E c a n b e 
o b t a i n e d a n d t h e r e a c t i o n m e c h a n i s m m a y b e e x a m i n e d 
u n d e r c o n d i t i o n s s imi l a r to those for a m a c r o - s c a l e 
e lec t ro ly t ic synthes is . F u r t h e r m o r e , r e c e n t l y S a v e a n t 
et al. h a v e reported 1» 2) t h e t h e o r e t i c a l r e l a t i o n s h i p 
b e t w e e n c u r r e n t a n d p o t e n t i a l a t a r o t a t i n g disk elec­
t r o d e ( R D E ) a n d h a v e g iven s o m e d i a g n o s t i c c r i t e r i a 
for d e t e r m i n i n g t h e co r r ec t m e c h a n i s m a m o n g v a r i o u s 
types of h y d r o d i m e r i z a t i o n r e a c t i o n s c o u p l e d to a n 
e lec t ron t ransfer . 

O n t h e o t h e r h a n d , A l l e n r e p o r t e d 3 ) t h a t / ? -d imethy l -
a m i n o b e n z a l d e h y d e (1) w a s r e d u c e d to l,2-bis(/>-
d i m e t h y l a m i n o p h e n y l ) - l , 2 - e t h a n e d i o l (2) ( t he m i x t u r e 
of dl a n d meso types) i n a w a t e r - a l c o h o l so lu t ion of K O H 
w i t h a m e r c u r y e l ec t rode a t —1 .9 V (vs. N C E ) i n 9 7 % 
yie ld . H o w e v e r , n o r e p o r t h a s b e e n p u b l i s h e d for t h e 
r e d u c t i o n m e c h a n i s m . T h u s , t o clarify t h e r e a c t i o n 
p a t h w a y , R D E V w a s a p p l i e d for t h e r e d u c t i o n of 1 to 
2 i n a lka l i ne so lu t ions a t a m e r c u r y - p l a t e d r o t a t i n g disk 
e l ec t rode ( M P R D E ) . 

E x p e r i m e n t a l 

The voltammograms were measured using a set of appara t ­
uses for R D E V (Nikko Keisoku R R D - 1 , SC-2, NPS-2, and 
NPGS-1) and an X-Y recorder (Riken D-72BP). T h e 
electrolytic cell (NKC-1) and the plat inum rotat ing disk 
electrode (PRDE) were also constructed by Nikko Keisoku. 

T h e M P R D E (r=0.302 cm) was prepared for each set of 
runs as follows: T h e P R D E was first polarized cathodically 
at 5 mA and at the rotat ion speed of the electrode of 104.7 
rad s _ 1 for 10 min in a copper sulfate solution used commonly 
for a copper coulometer, and then the copper-plated p la t inum 
electrode was dipped into a saturated H g ( N 0 3 ) 2 solution for 
30 s. T h e M P R D E thus prepared was set into the apparatus 
immediately after being washed with distilled water. 

T h e test solution was a 1 M N a O H solution containing 50 
% v/v ethanol, unless stated otherwise, and the solution was 
deaerated by bubbling with purified nitrogen. T h e measure­
ments were carried out at 2 5 ± 0 . 5 °C under continuous flow 
of nitrogen over the solution surface. T h e rate of potential 
sweep used was 16.7 m V s_1. T h e reference electrode was a 
saturated calomel electrode (SCE) ; the potentials given in this 
paper are referred to this electrode without any correction 
the liquid junct ion potential . The value of the half-wave 
potential adopted is the average of values obtained by several 
experiments. The uncertainty is within ± 3 m V . T h e kine­
mat ic viscosity (v) of the solution (0.0331 cm2 s _ 1 for a 1 M 
N a O H solution containing 5 0 % v/v ethanol) was measured 
by using a viscometer (Shibata SF 7741). T h e diffusion 
coefficient (D) of 1 (3.09 X 10~6 cm2 s_1) was determined by 
using the Levich equat ion, and this value was also assumed 
to be valid for the diffusion coefficient of the anion radical of 1. 

T h e macro-scale electrolyses were carried out in 100 ml of 
1 M N a O H water-e thanol solutions containing 1 g (67 m M ) 
of 1 by controlling the cathode potential at —1.8 V vs. SCE. 
An H-type electrolytic cell, which is the same as that described 
elsewhere,4) was used. T h e cathode was a mercury pool (20 
cm2) and the anode was a p la t inum plate (4 cm 2 ) . During 
electrolysis, one electron/molecule of 1 was consumed. After 
reduction, the products were separated into dl and meso types 
of 2 by Allen's method,3) and were weighed to determine the 
dl/meso ratio. After electrolysis, meso-2 was always obtained 
from 50 % water -e thanol solution, by adding water when 
necessary. The total yield of the products was ca. 70%. 
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The diastereomers were identified by means of both their 
NMR spectra5) (100 MHz at room temperature) and melting 
points.3) The characteristics obtained are : 
dl; mp 113 °G, NMR (DMSO-rf6) 0=5.0 (2H, s, hydroxylic), 
meso; mp 178 °C, NMR (DMSO-</6) 0=4.76 (2H, s, hydrox­
ylic). 

All reagents used were analytical GR grade without further 
purification. Throughout this paper 1 M = 1 mol dm - 3 . 

R e s u l t s 

The voltammograms for the reduction of 1 at the 
M P R D E were measured in water-ethanol alkaline 
solutions by changing the rotation speed of the electrode 
(a>), the initial concentration of 1 (C), and the alkalinity 
of the solution. The results are shown in Figs. 1—4. 
In the logarithmic analysis of the wave (Fig. 1), the 
relationship between log [s'2/3/(&'d-—*")] a n d the cathode 
potential (E) shows good linearity, with the slope of 
the line being 5 7 ^ 3 m V (the plots of log [//(«d—*)] vs-

-1 h 

-1.6 -1.7 

E vs. SCE/V 

Fig. 1. Logarithmic analysis of the wave for 9.7 mM of 
1 atco=261.8rads-1 . 

-1.65 V 

hf 
-1.70 h 

2.0 2.5 
log (ö)/rad s-1) 

Fig. 2. Variations of half-wave potential as a function 
of the rotation speed of the electrode at various concen­
trations of 1 ; 0 : 15.7 mM, 0 : 9 . 7 1 mM, A-- 1.19 mM, 
^ : 0.406 mM. 

• 1.65 h 

^ 

-1.70 h 

-3.5 -3.0 -25 -2.0 -1.5 

log (C/M) 

Fig. 3. Variations of half-wave potential as a function 
of the concentration of 1 at various rotation speeds of 
the electrode; 0 : 62-8 rad s"1, # : 104.7 rad s"1, Q : 
157.1 rad s-1, A : 209.4 rad s"1, A,' 314.2 rad s~\ 

-1.65 

tf 

-1.67k 

-1.69 

log ([NaOH]/M) 

Fig. 4. Variations of half-wave potential as a function 
of NaOH concentration at various rotation speeds of 
the electrode; 0 : 62-8 rad s-1, # : 104.7 rad s"1, \J: 
157.1 rad s"1, A : 209.4 rad s"1, J>>: 314.2 rad s"1. 
[1] = 10 mM. The ionic strength and sodium ion con­
centration were maintained constant ( IM) by adding 
NaC104 crystals. 

E are also shown for comparison in Fig. 1). The half-
wave potential {Exj^) shifted to more negative potentials 
with increasing co (dExj2jd log co = — 2 2 ± 2 mV, see 
Fig. 2) and to more positive potentials with increasing C 
(dE1J2ld log C = 1 9 ± 2 m V , see Fig. 3). O n the other 
hand, no appreciable change in Exi2 was observed with 
alkalinity of the solution (Fig. 4), when we take into 
account the liquid junction potential (from the 
Henderson equation, the liquid junction potentials 
between the test solution and the saturated KCl solution 
are : 8.5 m V (1 M N a O H ) , 0.44 m V (0.1 M N a O H + 
0.9 M NaC10 4 ) , and 0.01 m V (0.01 M N a O H + 0 . 9 9 M 
N a C l O J ) . 

D i s c u s s i o n 

Reduction Mechanism. The results shown in Fig. 1 
indicate that the reduction of 1 is successfully explained 
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in terms of Eq. 13 in the appendix of the present paper, 
for n=\. This mechanism is also consistent with the 
facts that (i) the «-value (electrons consumed/molecule 
of 1) obtained by coulometry was one, (ii) 2 was pro­
duced by controlled-potential electrolysis, and (iii) the 
dependences of Exi2 on both co and C were in good 
agreement with those estimated by Eq. 14 in the 
appendix. Thus , when we take into account the diagnos­
tic criteria (see Tables 3 and 4 in Ref. 2), 1 was reduced 
by 

R + e <=± RT, (1) 

2RT • D2- (r.d.s.), (2) 

D2- + 2HaO • DH2 + 2 0 H - , (3) 

where R and RT are the molecule and the anion radical 
of 1, respectively, D is the dimer of R, and thus D H 2 is 
the hydrodimer (2). I t should be noted that, as is shown 
by Eq. 2, the dimerization reaction occurred between 
two anion radicals of 1. 

For dimerization reactions, (i) the coupling between 
two anion radicals ( D I M I mechanism) has been 
excluded because of the coulombic repulsive force 
between the radicals, and the coupling between an 
anion radical and a neutral radical produced by a 
protonation to the anion radical ( D I M I I mechanism) 
has generally been considered to be the predominant 
reaction in aqueous alkaline solutions, and (ii) in a 
non-aqueous medium without proton-donating reagents, 
an ion-pair formation of an anion radical with the 
cation of a supporting electrolyte ( D I M I I I mechanism) 
has been reported to be important for the coupling 
reaction. Both these considerations were examined. 
For the D I M I I mechanism, Exj2 must vary in 19.7 
m V / p H (in fact, for the reduction of benzaldehyde, 
Ex\2 shifts in this manner6)) , but in the present experi­
ment, since no appreciable change in Exi2 was observed 
with alkalinity of the solution (see Fig. 4), the D I M I I 
mechanism must be rejected. When the anion radical 
forms an ion-pair with the cation of a supporting 
electrolyte, Ex\2 is affected by the concentration and 
the kind of the cation. Thus the variation of Ex\2 was 
tested by changing the supporting electrolyte. No 
appreciable difference in Ex\2 was observed when either 
0.1 M tetraethylammonium hydroxide or 0.1 M sodium 
hydroxide was used as a supporting electrolyte. 

According to recent developments in the study of 
ion-pair formations,7 '8) not only does an anion radical 
form a contact ion-pair (RT /M+, where M+ is the 
cation of a supporting electrolyte), but an anion radical 
interacts with water molecules; thus solvation ( R T / H 2 0 ) 
and/or a separated ion-pair (R~/H 2 0/M+) formation 
are to be considered when water concentration is 
greater than 1 M . In both cases the electric repulsion 
between anion radicals diminishes. Recently, Lamy 
et a/.9) have concluded from the results obtained by 
linear sweep voltammetry that for the electrohydro-
dimerization of activated olefines, the coupling of two 
anion radicals solvated by water molecule was the most 
probable reaction in a low acidity media. 

T h e effect of water concentration of Ex\2 was then 
examined. The Ex\2 shifted to a more negative potential 
with a decrease in the concentration of water (Fig. 5). 

-1.65 V 

o 

&q -1 .70 \-

0 1 2 

log ([H2OJ/M) 

Fig. 5. Variations of half-wave potential as a function 
of water concentration in 1 M NaOH water-ethanol 
solutions containing 10 mM of 1 at various rotation 
speeds of the electrode; Ç): 62.8 rad s"1, £ : 104.7 
rad s-1, A : 209.4 rad s"1, A.: 314.2 rad s~\ 

Though the shift of Exj2 may include the variation of the 
liquid junction potential which results from the change 
of the composition of the test solution, the large shift 
oî Exj2 {pa. 50 mV/log [ H 2 0 ] ) suggests strongly that an 
increase of the number of anion radicals solvated by 
water facilitates the rate of coupling between the anion 
radicals because of a decrease in the coulombic repulsive 
force between two anion radicals. 

T o examine whether or not the reactions (Eqs. 1—3) 
are applicable in the solution containing a low concen­
tration (7.5%) of water, the voltammograms for the 
reduction of 1 were also measured by changing the 
experimental parameters. In the 7 .5% water-ethanol 
solution, results similar to those obtained in the 5 0 % 
water-ethanol solution were obtained. T h a t is, the plots 
of log [i2lsl(id — i)] vs. E showed a straight line having a 
slope of 53 mV, and the dependences of Ex\2 on both 
co and C, dE^Jd log co and dExi2jd log C, were —25 
and 20 mV, respectively. Thus , we concluded that no 
serious change in the mechanism occurred in the water 
concentration range tested. 

The dl/meso Ratio of the Products. T o give further 
experimental support for the formation of the solvated 
anion radical, the variation of isomer ratio (dl/meso) of 
2 was examined. O n steric grounds, when the water 
concentration is high enough to solvate all anion 
radicals, the most favorable conformation in the transi­
tion state of the dimerization reaction is I , whereas when 
a par t of the radicals are solvated, structure I I is more 
attractive than I because of the aid of inter-radical 
hydrogen bonding. 

R . R 
_\H20 

0 • ^ H 

y H 

iH90 

yields meso (I) 

where R = - C 6 H 4 N ( C H 3 ) 2 . 

yields dl (IT) 
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TABLE 1. ISOMER RATIOS IN REDUCTION PRODUCTS OF 1 

[Vol. 52, No. 6 

Run 

1 1 
2 

3 J 

4 1 
5 

6 J 

Solvent^ 

50% H 2 0 

+ 
50% EtOH 

5% H 2 0 

+ 
95% EtOH 

Amount of 1 
g (mM) 

1.0045 
1.0090 
1.0011 

1.0236 
1.0116 
1.0044 

(67.0) 
(67.3) 
(66.7) 

(69.4) 
(67.3) 
(67.0) 

Charge passed 
mF 

6.57 
6.57 
6.57 

6.94 
8.66 
6.58 

Yield of product 
(2) 

meso dl 
g 

0.38 
0.38 
0.38 

0.23 
0.28 
0.24 

0.32 
0.31 
0.30 

0.45 
0.44 
0.47 

Av 

Av 

Ratio of 
dljmeso 

0.84 
0.82 
0.79 
0.82 
2.0 
1.6 
2.0 
1.9 

Total yield 
of product 

% 

70 
68 
68 

66 
71 
71 

a) The volume of all solutions was 100 ml. 

Thus , the dljmeso ratio of the products must increase 
with a decrease in the concentration of water. According 
to the macroscale electrolysis data obtained (Table 1), 
the dljmeso ratio changed from 0.8 in the 5 0 % wate r -
ethanol solution to 1.9 in the 5 % water-ethanol solution. 
In the latter case, the current decreased to less than 
one-tenth of the current in the former case at the same 
cathode potential, —1.8V vs. SGE; this is because the 
rate of dimerization decreased with decreasing water 
concentration, as will be described later. The result 
of the dljmeso ratio is consistent with the above considera­
tion about the formation of the solvated anion radical. 

For some aromatic aldehydes, the D I M I I mechanism 
which was rejected in the present experiment for 1 has 
been proposed in aqueous basic solutions. This unusual 
behavior for 1 is probably because the electron density 
on the oxygen atom of the carbonyl group is high, due 
to the extremely strong electron-donating effect of the 
JV,iV-dimethylamino group, and thus the hydrogen 
bonding with a water molecule is facilitated. To 
clarify the structure of the anion radical and the mecha­
nism of the solvation, further experiments are required. 

TABLE 2. RATE CONSTANT CALCULATED FROM Eq. 4 

Concentration of 
Watera> 
vol % 

50 
50 

15 
7.5 

1 
mM 

1.19 
0.406 

9.31 
10.0 

log<y0 

2.70 
2.34 

2.38 
2.25 

(O0 

rad s-1 

501.2 
218.8 

239.9 
177.8 

P> 
M - i s - i 

2.21X104 

2.38 
Av 2.5 xlO4 

1.4 xlO 3 

9.6 xlO3 

a) Water-ethanol solution containing 1 M NaOH. 
b) For the calculation, the diffusion coefficient (D) 
of 1 and the kinematic viscosity of the solution 
obtained for each solution were used. 

Rate of the Dimerization. T h e rate constant of the 
dimerization (k) can be estimated from the variation of 
Ex\t with log co.2) The value of co at the intersection of 
the oblique linear part of the E1/2—log co plots with the 
horizontal part , co0, gives 

(l/3)AC(a»/2>) = 1, (4) 

where <5= 1.61 D1!3 v1^ co^1!2. 
As can be seen in Fig. 2, an intersection in the 

E1j2—log co plots is observed for the concentrations of 
1 lower than 1.2 m M in 5 0 % water-ethanol solutions 
containing 1 M N a O H . Thus the apparent rate 
constant for the dimerization is calculated to be 2.5 X 104 

M _ 1 s_ 1 by using Eq. 4 (Table 2), where the value of 
k obtained is the total value of the rate constants for the 
two reactions of R/ to both dl and meso types of 2. When 
the water concentration decreased, the intersection in 
Eih~ 1°S w plots was observed even in the solution 
containing 10 m M of 1 (Fig. 5) ; this is because the rate 
of dimerization decreased. For 7.5 and 1 5 % water -
ethanol solutions, the values of k thus obtained are 
listed in Table 2. T h e decrease in the k value at low 
concentrations of water indicates that an increase in 
the coulombic repulsive force between the anion radicals 
lowered the rate of the dimerization. 

The authors wish to express their thanks to Associate 
Professor Tsutomu Nonaka of Tokyo Institute of 
Technology for his useful advice. 

Appendix 

Let us consider the following reactions: 

A + ne < > B (reversible) 

2B B2 (irreversible fast dimerization) 

At the steady state, the boundary value problem of the above 
reactions at an RDE can be formulated as follows, under the 
usual experimental conditions: 

D 
dx3 - ^ = °> 

D** _ dB _ kB2 = 
B dx2 x d* 

;i) 

(2) 

where Vx = — 0.51 co3/2!*"1/2 x2, with the boundary conditions of 

x = 0: A = A0, B = B0, and / Ä = ~D^ = -^ 

ax ax nt> 

(DA = DB = D is assumed), 

* -* oo : A = A*, and B = 0, 

(3) 

(4) 

where A* is the bulk concentration of A, and A0 and B0 are, 
respectively, the concentrations of A and B at the surface of 
the RDE. The symbols used without definition have their 
ordinary meanings.10) 

The solution of Eq. 1 is 
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A = A0 + (A*-A0 
(o e X P(!o-Hd V 

(5) 

t6XP (J."^)** ' 
and the concentration gradient of A at the electrode surface is 

A*-A. 
(6) 

and thus the current density (i) is represented by 

i = nFü(-^-\ = nFD(A*-A0)/ô (7) 

where 5 = 1.61 D1/* v1'6 Ù)'1/2. 

By using the limiting current, id (Ao=0 in Eq. 7), we obtain 

A, \nFDJ (8) 

O n the other hand, Eq. 2 can not be solved analytically, bu t 
we may use the simplified model.11) Here , let us neglect the 
second term in Eq. 2 ; thus we obtain 

v d 2 £ 
D-

d*2 kB2 = 0. (9) 

After satisfying the boundary conditions, we obtain the solu­
tion of Eq. 9: 

6D/k 
B = 

Thus, the current is 

i = - nFD 

WSDlWà+x)* ' 

\dx)x=0 

FD)*/2B0
3/2/e 

where e - ^ ) 1 ' 3 (nF)1!3 D2!3 k'1'3, 
and we obtain 

B{ 
I i2/3 \ 

= \-nFDr 

(10) 

(11) 

(12) 

Under the condition of the Nernst equation holding for the 
electron transfer reaction (A-j-w e«±B), we obtain 

* = *°-^lnt 
17 R T 1 

0 

£2/3 _ e_ 

L — i) ö 

j? RT , E 

= E°--nF-lnJ 
RT . *2/3 

nF (id-i) 
(13) 

By substituting i=(l/2)id and id=nFDA*lô into Eq. 13, we 
get the half-wave potential : 

-1 /2 

= En 

RT 21/3e 

nF n idV*d 

RT 31/3^)1/3^-1/3^* -1/3 

~nF~ n ÖW 

or 

J7 R T 1 

= E°--3nFln 

RT 
= En 

3nF 
In 

3D 

kA*ö2 

3D1/3 RJll kA*_ 
1 . 6 1 V / 3 3nF n a) ' 

(14-1) 

(14-2) 

Equations 13 and 14 obtained here are the same as those 
derived by other workers,2»12) and were used in the present 
work. 
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Electron Spin Resonance Study of the Pyramidal Geometry around the 
Tervalent Carbon Atom of the Bicyclo[2.1.1]hexan-5-yl Radical1) 

Takashi KAWAMURA,* Shigeru HAYASHIDA, and Teijiro YONEZAWA 

Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606 
(Received September 11, 1978) 

The bicyclo[2.1.1]hexan-5-yl and the 5-deuteriobicyclo[2.1.1]hexan-5-yl radicals have been examined using 
ESR. A comparison of the spectra confirmed that geometry around C5 is pyramidal and showed highly stereo­
selective long-range spin-transfer from C5 to the endo proton on C6; a(H6end0) =28.22 and a(Hßexo) = 0.49 G. 
A potential curve for the out-of-plane bending motion of the C5-H5 bond, selected from the trial curves gave a 
reasonable simulation of the temperature dependence and isotope effects on a(H5) and a(H6end0). The curve 
has two minima with a relatively low barrier to inversion; the geometry of the C5-H5 bond bent in the exo direciton 
has been estimated as approximately 0.9 kcal/mol more stable than that with the G5-H5 bond located in the endo 
direction. 

Stereospecific intramolecular interactions in bicyclo-
[2.1.1]hexanes have been of theoretical and experimental 
interest for several years and large long-range nuclear 
spin couplings between the two endo protons on methano 
bridges of bicyclo[2.1.1]hexanes have been observed.2) 
A strong interaction has been revealed by the nonem-
pirical molecular orbital calculation of bicyclo[2.1.1]-
hexane between the two endo C - H bonds on the 
methano bridges.3) Furthermore the endo-hicyclo[2.1.1 ] -
hexan-5-yl tosylate has been found to undergo faster 
solvolysis, by a factor of 108 than the exo isomer.4) 
All these results indicate a strong stereospecific intra­
molecular interaction operating between the two endo 
C - H bonds on the methano bridges. 

1b:R = D 

The potential curves for the umbrella-mode vibrations 
around tervalent carbon atoms of several alkyl radicals 
have been correlated with the temperature dependence 
and the isotope shifts of hyperfine splitting constants 
(hfsc) of a carbon nuclei and/or a protons.5) In the 
bicyclo[2.1.1]hexan-5-yl radical ( l a ) , the temperature 
dependences of ß(H5) and a(H6 e n do) a n d their shifts 
upon replacement of H 5 with a deuterium atom are 
closely correlated with the out-of-plane bending motion 
of the C 5 - H 5 bond. l b ) The potential curve for this 
motion will be estimated by simulating the temperature 
dependence and isotope effects with the aid of geo­
metrical dependence of spin distribution calculated 
from I N D O - U H F method.6) 

R e s u l t s a n d D i s c u s s i o n 

ESR Spectra and Stable Geometry of 1. The radical 
l a and the 5-deuteriobicyclo[2.1.1]hexan-5-yl radical, 
l b , have been generated in an ESR cavity by the 
photolysis of bis(bicyclo[2.1.1]hexane-5-carbonyl) per­
oxide and bis(5-deuteriobicyclo[2.1.1]hexane-5-carbon-
yl) peroxide in cyclopropane solvent, respectively. 
Typical ESR spectra for these radicals and the computer 
simulations have been published elsewhere.1) The 
spectrum of l a at —115 °C has been analyzed as three 
sets of doublets (28.22, 9.14, and 0.49 G) , split further 
into three sets of 1: 2 : 1 triplets (0.80, 0.49, and 0.25 G) 
with a g factor of 2.00276. At the same temperature the 
spectrum of l b consisted of two sets of doublets (28.80 
and 0.50 G) , three sets of 1 :2 : 1 triplets (0.82, 0.36, 
and 0.11 G) , and a 1 : 1 : 1 triplet of 1.34 G. The 
principal difference between the spectrum of l a and 
that of its deuterated analogue, l b , is the replacement 
of the large doublet of 9.14 G by the 1 : 1 : 1 triplet of 
1.34 G. This result reconfirms the assignment13) of 
| a ( H 5 ) | = 9 . 1 4 G for l a and previous estimations of the 
stable geometry of l a ; l a ) l a has a pyramidal radical 
center with C 5 -H 5 bent in the exo direction (i.e., Ö>0). 

T h e remaining two sets of doublets of 28.22 and 0.49 
G for l a should belong to H 6 e n d o and H 6 e x o . The 
C 6 -H 6 e n d o bond is arranged in a double W-plan7) with 
respect to the odd electron orbital in the stable geometry 
of 1, suggesting that a (H 6 e n d o ) is larger than fl(H6exo). 
This is consistent with the I N D O - U H F calculations.13) 
Thus the largest doublet of 28.22 G has been assigned 
to H 6 e n d o and the smallest doublet of 0.49 G to H6 e x o-
It should be pointed out that the long-range spin-
transfer from the tervalent carbon atom to the two 
hydrogen atoms on C6 is highly stereoselective. The 
remaining three sets of triplets of 0.80, 0.49, and 0.25 G 
of l a are expected to arise from H l 5 H 2 s y n and H 2 a n t i 
and their equivalents, but the assignments remain 
uncertain. Table 1 summarizes the observed hfsc's of 
l a and l b together with the assignments. 

Temperature Dependence and Isotope Shift of hfsc's. 
The replacement of H 5 with a deuterium atom shifted 
not only the splitting pattern attr ibuted to H 5 but also 
the hfsc's of other protons; a typical example is the 
increase of the hfsc of H 6 e n d o from 28.22 to 28.80 G 
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TABLE 1. OBSERVED hfsc's OF l a AND l b AT — 115 °G 

1781 

Radical hfsc's (G)a> 

l a 
l b 
signt. 

28.22d 
28.80d 

•"-6endo 

9.14d 
1.34 tb) 

HK 

0.49d 
0.50d 

0.80 t 
0.82 t 

(Hi 

0.49 t 
0.36 t 
•H-9,qr l tl 

0.25 t 
0.11 t 
H 2syn )*> 

a) d: doublet; t: triplet. b) Triplet due to a deuterium nucleus c) The hfsc's of the protons 
in the parentheses have not been assigned. 

upon the deuteration. l b) The ratio of the observed 
splitting of 0 (D 5 ) of lb] / [>(H 5 ) of l a ] at - 1 1 5 °C is 
0.147 lb) which is smaller than that of the magnetic 
moments of the nuclei (0.1535). 

The temperature dependence of the hfsc's of l a are 

28.1 h 

27.3 h 
Ü 

œ 

26.5 h 

-120 -100 -80 

Temp/°G 

Fig. 1. Temperature dependence of a(H5) and ö(H6endo). 

0.8 

0.6 

0.4 h 

0.2 

triplet 

J L_ 
-130 -70 -110 -90 

Temp/°G 

Fig. 2. Temperature dependence of the small hfsc's of la . 

illustrated in Figs. 1 and 2. The hfsc's of H 5 and H 6 e n d o 

depend on the temperature (T) as d | a ( H 5 ) | / d 7 ' = 7 . 9 
m G d e g - 1 and d|<z(H6endo)|/d7 = —33 m G deg - 1 , respec­
tively. 

The replacement of an a hydrogen atom with a 
deuterium atom has a similar effect as the lowering of 
the temperature for the out-of-plane bending mode 
vibration of the C a - H a (or C a - D a ) bond; both effects 
decrease the average amplitude of the vibration. 
Therefore, the small ratio of a(D5) of l b to a(H5) of l a 
and the positive temperature dependence of |a(H 5 ) | 
may be assumed to originate largely from the shift of 
the average amplitude of the out-of-plane bending 
vibration of the C 5 - H 5 (or C5-D5) bond. 

The temperature effect on <z(H6endo) of l a may 
result from the temperature dependence of the out-of-
plane bending vibration of the C 5 - H 5 bond or of some 
mode(s) of vibration (s) resulting in a shift of the time-
averaged arrangement between the odd electron orbital 
on C5 and the C 6 - H 6 e n d o bond. The observed increase 
of a (H 6 e n d o ) upon replacement of the H 5 with a deute­
r ium atom was 28.80 — 28 .22=0.58 G, which is similar 
to the observed increase of the hfsc upon lowering the 
temperature 15—20 °C. This indicates that the tempera­
ture and isotope effects result from the out-of-plane 
bending mode (and/or the in-plane bending and the 
stretching modes) vibration of the C 5 - H 5 bond. Other­
wise, the observed isotope effect on #(H 6 e n d o ) is unrea­
sonably large, since the replacement of H 5 with a 
deuterium atom has only a small effect on the reduced 
masses of the other modes of vibrations. 

The small triplets of 0.49 and 0.25 G of l a (at —115 
°G) exhibit a relatively large temperature dependence 
(Fig. 2). The corresponding splitting of the deuterated 
analogue, l b , at —115 °C are 0.36 and 0.11 G, respec­
tively, which are similar to those of l a at a 15 to 20 °C 
lower temperature. These results indicate that the 
temperature dependences and deuterium isotope shifts 
of the hfsc's of 1 may originate largely from the out-of-
plane bending vibration of the C 5 - H 5 bond. 

Procedure for Estimation of the Potential Curve for the 
Out-of-plane Bending Motion of the C5-H5 Bond. The 
potential curve for the out-of-plane bending vibration 
of the C 5 - H 5 bond may be estimated by reproducing 
the four experimental values (the temperature depen­
dences and the isotope shifts of the hfsc's of H 5 and 
H 6 e n d o ) with trial potential functions. 

For this procedure the geometrical dependences of 
the hfsc's of 1 are required. Calculations using the 
U H F - I N D O method have been shown to give reliable 
geometrical dependences of the spin distribution. The 
valence s orbital spin densities on the hydrogen atoms 
of 1 were calculated at 7.5° intervals of 0, where 6 is 
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defined as the angle between the C 5 - H 5 bond and the 
CjCgC^ plane. The remaining geometry of 1 is assumed 
to be the same as the parent hydrocarbon reported by 
Chiang.8) T h e I N D O spin densities, p, on H 5 and 
H 6 e n d o have been fitted to fourth-order polynomials 
in 6 in order to evaluate p at any value of 6 desired, 
and multiplied by C, which converts the spin density 
into the hfsc: 

a (6) = c(Po+Ple+p.ß>+p3œ+Pie*). ( î ) 
Figure 3 illustrates the calculated geometrical depend­
ence of the hfsc's of H 5 and H 6 e n d o . The conversion 
factor C was set tentatively to 1100 G in Fig. 3 . 

O 

O 

PH 

-40 0 40 

0/degree 

Fig. 3. Geometrical dependence of a(H5) and a(H6endo). 

The vibrations of the C 5 - H 5 bond have been treated 
as motions of H 5 bonded to an infinite mass. The 
hamiltonian for the out-of-plane motion is expressed 
by the following equation : 

fi2 a2 

#e = — 2-1 
+ V(0) (2) 

where lis the moment of inertia and V(0) an arbitrary 
potential function which is expressed by an eighth-order 
polynomial in 0. The eigenfunctions, <pi, are calculated 
as linear combinations of the lowest twenty eigenfunc­
tions of an appropriate harmonic oscillator that mini­
mizes the difference between the square of the expecta­
tion value of the hamiltonian and the expectation value 
of the square of the hamiltonian in the lowest state, 

\<<Po\^\<Po>2-<<Po\^\<Po>\-

The expectation values, ai=<i<pi\a(6)\<ßi^>, for each 
vibrational level i were then calculated using the wave 
functions obtained for the particular potential. The 
hfsc of a proton at a given temperature, a(T), is ex­
pressed as an average of the expectation values weighted 

by Boltzmann populations : 

<T) = E v e x p (-eJkT)]/[J] exp (-eJkT)]. (3) 
i i 

For convenience in the comparison between the 
experimental and calculated values, the isotope shift of 
the hfsc of H 5 , A|a(H5) |, is defined as shown below from 
the hfsc's of l a and l b observed at — 115 °C: 

A | A ( H B ) | = [|a(D6)| of lb]/0.1535-[|fl(H6) | of l a ] , (4) 

where 0.1535 is the ratio of the magnetic moments of 
the deuterium nucleus and proton. The isotope shift 
of the hfsc of H 6 e n d o is simply given as the difference 
between the observed hfsc's of the H6enci0 of l a and l b 
at —115 °G. The temperature coefficient, d |a(T) | / d7 = 
[IflCT^)! —|fl(Ti) | ] / (T'2—7\), and the isotope shift, 
A|fl(H)|, are divided by \a( —115 °C)| in order to get 
rid of the somewhat arbi trary multiplication factor, C, 
in Eq. 1 : 

d\A(H)\/dT= [d | ö ( r ) | / dT] / | f l ( -115°C) | , 

AM(H)| = A|Ö (H) | / |Ö ( -115°C) | . 

T h e experimental values are d | ^ ( H 5 ) | / d T = - j - 0 . 8 6 x 
10-»deg-*, AM(H6)[ = - 4 . 5 x 1 0 - » , d ^ ( H 6 e n d o ) | / d r 
= - 1 . 2 X 10-3 deg- i , a n d A M ( H 6 e n d o ) | = + 2 . 1 x l 0 - 2 . 
From this point d | i4 (H) | /dT and A | ^ ( H ) | are defined 
as the temperature dependence and isotope shift of the 
hfsc of a particular proton. 

Effect of Vibrations of In-plane Bending and of Stretching 
Modes of the C5-H5 Bond. The wave numbers of 
the vibrations of the in-plane (or in-cone) bending mode 
and the stretching mode of the C 5 - H 5 bond are expected 
to be around 1000 and 3000 c m - 1 , respectively.9) The 
energy gaps between these vibrational levels are too 
large for effective thermal excitation; these vibration 
modes can not effectively contribute to the temperature 
dependence of the hfsc's of H 5 and H 6 e n d p . However, 
the replacement of H 5 with a deuterium atom changes 
the average amplitude of these modes of vibration, 
possibly resulting in isotope shifts of the hfsc's of H 5 and 

H6endo-

The isotope shifts of the hfsc's of H 5 and H 6 e n d o due 
to these two modes of vibration have been examined. 
The motions of the in-plane bending and the stretching 
vibrations taken into account are shown below: 

T h e angle 0 = 57° is the estimated potential minimum 
for the out-of-plane bending of the C 5 - H 5 bond (vide 
infra). The stretching and in-plane bending vibrations 
have been assumed harmonic with wave numbers in 
the range 2800—3100 and 800—1500 cm- 1 , respectively. 
The geometrical dependence of the spin densities on H 5 

and H 6 e n d o for these modes of motions may be calculât-
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ed using the U H F - I N D O method and expressed in 
quadratic forms {cf. Eq. 1). The isotope shifts of the 
hfsc's of H 5 and H 6 e n d o due to in-plane bending vibra­
tion of C 5 -H 5 are then obtained10) as A | ^ ( H 6 ) | = 
(0.22—0.75) X 10-2 ( - 5 17% of the observed) and 
A | i ! (H e e n d o ) | = (0.05—0.17) X l 0 - 2 ( 2 — 8 % of the ob­
served). The calculated values of the isotope shifts 
resulting from the stretching vibration of the C 5 - H 5 

bond are A | 4 ( H 6 ) | = (1.8—1.9) X 10"2 ( - 4 0 4 2 % of 
the observed) and A | , 4 ( H 6 e n d o ) | ^ - 0 . 0 2 X 10~2 ( - 1 % 
of the observed). These modes of vibration have 
negligible effects on the isotope shift of the hfsc of H 6 e n d o . 
These vibrations, however, have quite a large contribu­
tion to the isotope shift of the hfsc of H 5 , and the estimat­
ed contribution of both vibrations are opposite to the 
experimental observation and also opposite to the 
contribution of the out-of-plane bending motion 
{vide infra). 

The foregoing analyses show that the temperature 
dependence of the hfsc's of H 5 and H 6 e n d o and the 
deuterium isotope shift of the hfsc of H 6 e n d o arise 
largely from the out-of-plane bending vibration of the 
C 5 -H 5 bond. The isotope shift of the hfsc of H 5 is, 
however, a result of the counteracting contributions 
from the out-of-plane bending motion and the stretching 
and in-plane bending vibrations. Therefore, the isotope 
shift of the hfsc of H 5 is not such a good indicator as the 
other three experimental values in the estimation of the 
potential curve for the out-of-plane bending motion 
of the C 5 -H 5 bond. Calculations, taking only into 
account the out-of-plane bending vibration, may 
overestimate the isotope shift of the hfsc of H 5 . 

Estimation of the Potential Curve. T h e dependence 
of the hfsc of H 5 on the pyramidal deformation of C5 

in Fig. 3 reveals that the hfsc of H 5 should be negative, 
otherwise the radical center must have an unreasonably 
pyramidal geometry. Thus the hfsc of H 5 has been 
assumed negative. Based on this assumption the 
observed positive temperature dependence of the 
absolute value of the hfsc of H 5 indicates that the 
potential curve for the out-of-plane vibration of C 5 - H 5 

bond is anharmonic.5 a '5 e) Several typical trial anhar-
monic potential functions, selected from more than 
thirty trials, are illustrated in Fig. 4. Table 2 summarizes 
the calculated temperature dependences and isotope 

T A B L E 2. CALCULATED TEMPERATURE DEPENDENCES AND ISOTOPE SHIFTS 

OF hfsc's OF H 5 AND H 6 e n d o 

Curve 

Vx 
v2 
V3 
v4 
v5 
v„ 
v7 
V8 
v„ 
obsd 

d|^(H6endo)|/d7-> 

15 
68 
62 
26 
76 
104 
92 
104 
29 

-1.2X10-3 

d|^(H5)|/dr
a) 

229 
-154 
-127 
235 
76 
88 
-1.5 

d) 
208 

0.86X10-3 

A^(H6endo)
a> 

40 
76 
54 
46 
142 
92 
361 
92 
48 

2.1X10-2 

A^(H 5)-

341 
94 
22 
458 
246 
494 
-43 
413 
341 

-4.5xl0-2 

A £ b ) 

c) 
c) 

0.95 
0.79 
0.89 
0.87 
0.60 
0.66 
1.30 
— 

Aeb> 

c) 
c) 

0.75 
0.96 
0.18 
0.15 
0.20 
0.10 
0.17 
— 

a) Calculated values are given as a per cent of the experimental values. b) In kcal/mol. 
c) Single-minimum, d) Not monotonous and very small. 

Fig. 4. Trial potential curves. Horizontal solid lines are 
vibrational levels calculated with curve V5 for la . 

shifts of the hfsc's of H 5 and H 6 e n d o . 
Simple single-minimum anharmonic potential curves 

(V1? V2) gave calculated values which were too small 
for the temperature dependence of the hfsc of H 6 e n d o . 
The reason for this is that the expectation values of 
<z(H6endo) for the second and higher vibrational levels 
of l a are not sufficiently shifted from the lowest vibra­
tional level to reproduce the observed large temperature 
dependence of <z(H6endo). In order to reproduce the 
experimentally observed large negative temperature 
dependence of the hfsc of H 6 e n d o , the lowest vibrational 
level needs to be restricted in the positive range of 6, 
whereas in the second and higher excited vibrational 
levels, the extent of the vibration of G 5 -H 5 bond needs 
to be extended to a very large negative value of 6. Such 
requirements can be satisfied by unsymmetrical double-
minimum potential curves. AE (kcal/mol) is defined 
as the difference between the two minima and Ae 
(kcal/mol) as the barrier to inversion measured from 
the higher min imum. Double-minimum potential 
curves with relatively high barrier to inversion (V3, V4) 
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predict a too small temperature dependence and a too 
small isotope shift of the hfsc of H 6 e n d o . 

The potential curves with a AE of around 0.9 kcal/mol 
and a relatively low barrier to inversion (V5, V6) give 
reasonable temperature dependences of the hfsc's of H 5 

and H 6 e n d o and an acceptable isotope shift for H 6 e n d o . 
The isotope shifts of the hfsc of H 5 calculated with V 5 

and V6 are acceptable since the contributions of the 
in-plane and stretching vibrations to the isotope effects 
on a(H5) (vide supra) have been ignored. Potential 
curves with small values of AE gave an unacceptable 
small temperature dependence of a(H5) (V7, V8) and 
a curve with a large value of AE gave a too large 
temperature dependence of a(H5) (V9). 

Thus the potential curve for the out-of-plane vibration 
of C 5 -H 5 bond is suggested as a double-minimum 
potential with a small barrier to inversion with an 
energy difference of around 0.9 kcal/mol between the 
two energy minima. The geometry with the C 5 - H 5 

bond tilting in the exo direction is about 0.9 kcal/mol 
more stable than that with the C 5 - H 5 bond located on 
the endo side. The barrier to inversion, Ae, is very 
small and there is no vibrational steady state in which 
the C 5 -H 5 bond is localized in the endo side of the 
C1C5G4 plane (0<CO) ; even the zero-point vibrational 
level in the left well (6<C0) is located above the barrier 
top and effectively mixed with the vibrational state(s) 
in the right well (0>O). 

Estimation of the Potential Curve. The dependence 
of a(H 6 e n d o ) on the out-of-plane deformation angle, 0, 
is large and monotonie. This feature was helpful in 
estimating the potential curve of the out-of-plane 
vibration of C 5 -H 5 bond. However, in the case of most 
alkyl radicals, the parameters available for estimation 
of the potential curve would be only the temperature 
dependence of the hfsc of a proton (s). In such cases, 
it would be impossible to estimate the potential curve 
only from the temperature dependence of the hfsc of 
the a proton(s). For example in the case of the present 
radical, the results in Table 2 show that at least three 
potential curves would give acceptable temperature 
dependence of the hfsc of H 5 : a single-minimum curve 
lying between V1 and V2 , a double-minimum curve 
with a relatively high barrier to inversion lying between 
V 3 and V4 , and a double-minimum potential with a 
low barrier to inversion similar to V 5 or V 6 . 

E x p e r i m e n t a l 

ESR Measurements. The ESR spectra of la and l b 
were obtained during photolysis of bis(bicyclo[2.1.1]hexane-
5-carbonyl) peroxide and bis(5-deuteriobicyclo[2.1.1]hexane-
5-carbonyl) peroxide, respectively. The solvent was deoxy-
genated liquid cyclopropane. Measurements were conducted 
on a JEOL PE-2X spectrometer modified with a JEOL 
ES-SCXA gunn diode X-band microwave unit equipped with 
a cylindrical mode cavity with slits for UV irradiation. The 
field sweep was monitored during each ESR measurement 
with 1H NMR using a water sample, which was set just 
outside the ESR cavity. A tunable NMR radio frequency 
was supplied from a JEOL ES-FC3 oscillator and counted 
on a Takeda-Riken TR-5501 frequency counter. The magnetic 
field difference between the ESR and NMR sample position 
was calibrated daily with perylene cation in concentrated 

sulfuric acid, (g—2.002583) .u> Photolysis was performed with 
a Philips SP-500 super-high-pressure mercury lamp focused 
with two quartz lenses and filtered through a distilled water 
cell of 45 mm path length. Accumulations and simulations 
were performed using a JEOL JEC-6 minicomputer. 

The g factor and hfsc's were corrected against the microwave 
frequency drift,12> which may result from the heating of the 
cavity by radiation and/or the change of chemical constituents 
in the sample through photochemical reactions. 

The ESR samples were cooled with a cold nitrogen gas flow 
controlled by a JEOL JES-VT-3A temperature controller. 
The heating of samples by radiation was calibrated by measur­
ing the temperature of liquid cyclopropane in a sample tube 
during irradiation and the temperature of the cooling nitrogen 
gas. 

For the measurements of the isotope shifts of the hfsc's, the 
spectrum of l b was measured immediately after observation 
of the spectrum of l a without any change in the setting of the 
temperature of the nitrogen gas flow cooling the sample. 

Bicyclo\2.1.T\hexane-5-carbonyl Chloride. A mixture of 
bicyclo[2.1.1]hexane-5-carboxylic acid13) (3.0 g, 24 mmol) and 
thionyl chloride (8.7 g, 73 mmol) in chloroform (14 ml) was 
refluxed for 4 h. The chloroform was removed by distillation 
under atmospheric pressure. Distillation of the residue gave 
a forerun of the excess thionyl chloride (52—54 °C/400 Torr) 
followed by bicyclo[2.1.1]hexane-5-carbonyl chloride (2.8 g 
19 mmol) (bp 68—74 °G/21 Torr) ; yield 80 %. 

Bis(bicyclo\2.1.T\hexane-5-carbonyl) Peroxide. To a suspen­
sion of sodium peroxide (290 mg, 3.7 mmol) in dry ether (12 
ml) cooled in an ice bath was added a solution of bicyclo-
[2.1.1]hexane-5-carbonyl chloride (1.0 g, 6.9 mmol) in dry 
ether (8 ml) and two drops of water. The mixture was stirred 
overnight in an ice bath and then at room temperature for 
several hours followed by the dropwise addition of cold water 
(20 ml) to dissolve the excess sodium peroxide and the gener­
ated sodium chloride. The ethereal layer was washed with a 
saturated sodium hydrogencarbonate aqueous solution and 
then with a sodium chloride aqueous solution and finally dried 
over anhydrous magnesium sulfate. The ether was evaporated 
to dryness by a flow of nitrogen gas; yield 50 %. The white 
crystalline peroxide was stored as a pentane solution (or 
suspension). 

5-Deuteriobicyclo\2.1. l\hexane-5-carboxylic Acid. A solution 
of norbornane diazo ketone13) (3.5 g, 0.026 mol) in a mixed 
solvent of 1,4-dioxane (70 ml) and D 2 0 (50 ml) was irradiated 
under nitrogen with a 200 W medium-pressure mercury lamp. 
The course of the reaction was monitored by the disappear­
ance of the diazo band at 4.80 y.m in the infrared absorption, 
and required about 1.5 h. Approximately 100 ml of the mixed 
solvent was removed by distillation through a 30-cm Vigreux 
column under reduced pressure (bp 43—44°C/100 Torr). 
The residue was made alkaline with 1 M sodium hydroxide 
and extracted with three 50 ml portions of ether to remove 
the neutral materials. The aqueous solution was acidified with 
hydrochloric acid and extracted with four 50 ml portions of 
ether, and dried over anhydrous magnesium sulfate. The 
ether solvent was removed and distillation of the residue gave 
0.88 g of 5-deuteriobicyclo[2.1.1]hexane-5-carboxylic acid, bp 
106—109 °C at 7 Torr; yield 27 %. 

Bis(5-deuteriobicyclo[2.1.1]hexane-5-carbonyl) Peroxide. The 
5-deuteriobicyclo[2.1.1]hexane-5-carboxylic acid was convert­
ed to the acid chloride with thionyl chloride and treated with 
sodium peroxide to obtain the peroxide. 

The authors would like to thank Dr. S. Ka to (Institute 
of Molecular Science) for the computer program to 
solve the anharmonic oscillation. This work was partly 



J u n e , 1979] ESR Study on Bicyclo[2.1.1]hexan-5-yl Radical 1785 

s u p p o r t e d b y a g r a n t f rom t h e M i n i s t r y of E d u c a t i o n . 
I N D O - U H F c a l c u l a t i o n s a r e p e r f o r m e d w i t h F A C O M 
M 1 9 0 c o m p u t e r a t D a t a P rocess ing C e n t e r of K y o t o 
U n i v e r s i t y . 

N o t e A d d e d i n P r o o f 

The potential curve for the out-of-plane bending motion of 
the C 5 - H 5 bond of 1 was calculated with ab initio U H F meth­
od. Basis functions were the STO-3G set14) except those 
for the tervalent carbon atom, for which Dunning 's 4s/2p 
basis set15) was adopted. T h e calculated curve resembles the 
curve V 3 in Fig. 4. The extrema of the calculated curve are 
(0 deg, E kcal/mol): ( - 2 2 , 1.2), (7, 2.1), and (42, 0.0). This 
result is consistent with the present conclusion. 

We thank Dr. H . Nakatsuji and Mr . K . O h t a (Kyoto) for 
discussions and Gauss-70 program. Ab initio calculations 
were performed on H I T A G M-180 computer at Insti tute of 
Molecular Science. 
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The Correlation of Basicity and Equilibrium Constants Evaluated 
from Lanthanoid-induced Shifts in the Eu(fod)3-

p-Substituted Aniline Systems 
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An approximate linear correlation has been found between the basicity of substrate (pKJ and the logarithm 
of the equilibrium constant Kx for 1:1 adducts evaluated from the least squares analysis of lanthanoid-induced 
shifts (LIS) for the systems containing Eu(fod)3 and a series of/^-substituted anilines in CDC13. In contrast, both 
the observed ^-values and intrinsic shifts have shown no simple correlation to p/Ca's of substrates. 

The equilibrium constants (K) and chemical stoichi-
ometry for several systems containing shifts reagents 
(LSR) and substrates (S) in solution have quantitatively 
been investigated by several workers in terms of the 
least-squares analysis of lanthanoid-induced shifts 
(LIS).1 - 9) The orders of magnitude of K have, though 
roughly, been estimated for several functional groups 
as a coordination site. The validity of these estimates of 
K values has been checked solely by the degree of fits 
of the LIS da ta to the equilibrium system and by the 
magnitude of the free energy change, AG. Indeed, it 
has generally been confirmed that such a fit to each 
envelope of proton data in a substrate molecule is 
satisfactory (measured in terms of the standard deviation, 
a). However the variation in K-values with the position 
in a molecule is relatively large. I t has not been inves­
tigated which of some possible origins of errors is 
directly related to this variation in K. 

From the characteristics of LSR as a Lewis acid it is 
reasonable to expect that the Ä-values should be 
correlated to the basicity of the substrate, the degree 
of steric hindrance on complexation, and the nature of 
the solvent, e.g., the dielectric constant. I t has recently 
been found in our laboratory that there is a qualitative 
correspondence between K and the degree of steric 
hindrance on complexing to LSR for the Eu(fod) 3 -
alkylaniline system in CC14.

6) 
This paper will report on the relation of K to the 

basicity of the substrate for a selected series of jo-sub­
stituted anilines with similar steric effects and various 
pica's with Eu(fod)3 in CDC13 . 

E x p e r i m e n t a l 

Eu(fod)3 dried over P 2 0 5 in a vaccum desiccator was used 
immediately after sublimation. CDC13 as the solvent and 
liquid amine samples were dried over molecular sieves in the 
dark, the solid samples being recrystallized. The sample 
solutions were prepared by the so-called "S0-incremental 
dilution method,"1) with a constant concentration of substrate 
(S0), 0.2 M. The maximum ratio, [L0]/[S0] (p), was 2.4 to 
3.4, where [L0] is the total concentration of Eu(fod)3, the 
number of data points, 23 to 28. NMR spectra were recorded 
on a Hitachi R-20A at 60 MHz at 34 °G in the frequency-
swept mode, using TMS as an internal standard. The program 
used for the fitting analysis was LISA5) developed by Shapiro 
et al. and partially modified in this laboratory. All computa­
tions were made on HITAC 8800/8700 computers at The 
University of Tokyo. 

R e s u l t s and D i s c u s s i o n 

T h e systems consisting of aniline and Ln(fod)3 in 
CDC13 at room temperature fullfil " the condition of fast 
substrate exchange" for the measurement of N M R 
shifts,6'11'12) as well as those studied in most literatures. 
I t has been found for most substrates with Ln(fod)3 that 
the highest complex present in solution is LS 2 for very 
small values of jO.1»3-9) Consequently, the equilibria to 
be considered are 1) L + S ^ L S - ^ , 2) LS + S ^ L S 2 -
K2) and 3) L + 2S^LS2—tf s . Eq. 3 may be neglected 
because its formation constant is expected to be much 
smaller than for the others. The formation of L2 dimer 
(L-\-'L^'L2---Kh (4)) has been considered in the litera­
ture through vapor phase osmometric measurements.13) 
The introduction of this effect to the fitting analysis of 
LIS gave poorer fits for several substrates in solution.4'5) 
This suggests that Kh has a very small value, even if the 
dimerization reaction were considered. Thus, in the 
present analysis for each substrate, the attempts were 
made for fitting the LIS data to the four equilibrium 
systems; (a) only (1), (b) ( l) + (4), (c) (l) + (2), and 
(d) ( l ) + (2) + (4). For the two step equilibrium (c), 
the appropriate ranges of Kt and K2 were first estimated 
on the basis of the Ä-values6) already obtained for 
analogous substrates. The respective (^-values (Q,— 

N 

^(<5exp>j—<5Caicd.*')25 where the <5-values represent the 

LIS's and N the number of data points) for o- and m-
proton data , Q0 and Q,m, were calculated by the intro­
duction of a set of Kt and K2 values common to the 
two data series. T h e (£av-value was evaluated as the 

TABLE 1. SUBSTRATES AND pK&
K) -VALUES 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Compound 

X = CH3 

F 
C 6 H 5 
CI 
Br 

I 
CN 
N 0 2 

OCH3 

COOCH(CH3)2 

COCH3 

P*a a ) 

4.90 
4.48 
4.22 
3.83 
3.73 
3.65 
1.75 
0.93 
5.16 
2.49 
2.20 

a) Taken from Ref. 10. 
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TABLE 2. EQUILIBRIUM CONSTANTS AND INTRINSIC SHIFTS^ 

Compound dp op Kx K9 

7«) 

8 

o-H 
m-H 
o-H 
m-H 
o-H 
m-H 
o-H 
m-H 
o-H 
m-H 
o-H 
m-H 
o-H 
m-H 
o-H 
m-H 
o-H 
m-H 

- 1 0 . 0 0 ± 0 . 2 1 
- 2 . 3 8 ± 0 . 1 6 

- 1 3 . 8 9 ± 0 . 2 1 
- 2 . 8 9 ± 0 . 0 3 

- 1 0 . 7 3 ± 0 . 1 9 
- 2 . 5 6 ± 0 . 0 8 

- 1 0 . 6 0 ± 1 . 2 7 
- 2 . 1 7 ± 0 . 2 3 
- 9 . 9 1 ± 0 . 1 3 
- 2 . 0 7 ± 0 . 0 3 

- 1 3 . 6 0 ± 0 . 3 5 
- 2 . 8 4 ± 0 . 6 6 

- 1 1 . 3 0 ± 0 . 1 4 
- 6 . 9 3 ± 0 . 8 8 

- 1 1 . 9 0 ± 0 . 1 6 
- 7 . 3 7 ± 0 . 1 2 

- 1 1 . 4 7 ± 2 . 3 9 
- 8 .98±1.85 

-7 .07±0.05 
-1 .54±0.08 

-8.91±0.11 
-1 .91±0.03 
-7.03±0.09 
-1.22±0.06 
-6.59±0.36 
-1.52±0.10 
-5.67±0\82 
-1.27±0.21 
-5 .51±0.04 
-1.25±0.007 

-3 .93±0.14 
-2.65±0.10 

212± 30.5 

228±100.0 

153±29.9 

69± 7.4 

91±33.9 

84±4 .0 

14.8±1.14 

11.2±0.76 

3 .0±0.57 

13±12.7 

55±14.5 

26±14.1 

20±27.6 

15±6.4 

193±61.6 

2 .6±0 .14 

0.7±0.07d> 

23.0±5.7d> 

1.03X10-2 (0.021) 

8.00X10-3 (0.018) 

9.20X10-3 (0.019) 

4.50X10-2 (0.046) 

3.27X10-1 (0.128) 

7.50X10-2 (0.061) 

2.42X10-2 (0.032) 

2.83X10-2 (0.035) 

2.60X10-3 (0.011) 

a) The values of Kv K2i ôx and <52 are those corresponding to Q.av,min- The standard deviations given in paren­
theses were evaluated on the basis of each pair of parameters corresponding to Q,0imin and Q.OT)mln. b) Mea­
sured in ppm. Negative signs designate shifts to lower field, c) See text for Q,aV)min. a is the standard deviation 
for the fitting analysis, \/Q.av,min/-^ where N is the number of date points, d) A"L-values, e) Two sets of 
parameters obtained by the fitting analyses to both the equilibrium systems are listed. See text. 

average which was weighted for the respective bx-
values corresponding to Q,0 and Qm, where ö1 is the 
intrinsic shift for the 1: 1 complex (LS). The minimum 
value of Qav, (Liv.min» w a s found from the Q,av-map in 
the range of Kx and K2 selected above. In the equilib­
rium system (d), after the introduction of the appro­
priate value (0.01^KL^s50) into Kh) the above proce­
dure was conducted. For the one step mechanisms, (a) 
and (b), the Q,av-map for Kt and Kh was prepared, 
where KL was assumed to be zero for (a). 

For compounds 1 to 6, the best results were obtained 
from the analysis using (c), satisfactorily small values 
being observed for Qav.min- Thus , the set of Kx and K2 

values which gives the CLav.min va^UG> 1S a reasonable 
one, and the values are shown in Table 2 together with 
the Q,av,min values. Simultaneously, the Q,o.min and 
ô.w,min f ° r t n e °~ a n d w-proton data were independently 
determined from the Q0 and Qm maps, respectively. 
The values of Q,min were satisfactorily small except for 
the o-proton data of 5. The standard deviations for 
each of the values of Kx and K2 decided above were 
evaluated from the respective Kt and K2 values corre­
sponding to Q,0>min and CL .̂min (Table 2). Represen­
tative examples of the analysis and Q,-map's are shown 
in Figs. 1 and 2 for the two step equilibrium, respec­
tively. The values of K vary widely from the o- to the 
m-system, especially for the Äg-values as presumed. I t 
is, however, difficult to determine the error responsible 
for this variation and some explanations will be given 
later. 

The optimum values for the intrinsic shifts, ôt and ô2> 

were obtained from the set of Kx and K2 values which 
gave Q,av.min> a n d each standard deviation was calculat­
ed on the basis of the ôt and ô2 values corresponding 
to Q,0,min and Qm,m\n, as the case of K. As may be seen 

9 
Fig. 1. Results of theoretical fits of the observed Eu-

(fod)3-induced shifts to the two step mechanism for 
(a) /»-chloroaniline and (b) 4-aminobiphenyl. 
O : The observed data. 

from Table 2, the values of the intrinsic shift do not 
vary so widely as the iC-values, since they are not so 
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(a) 

100 
N N 

Fig. 2. Contour plots of Q,calculated by fitting the LIS's 
to the equilibrium system, L-f S<±LS and LS + S^±LS2, 
for the/>-fluoroaniline-Eu(fod)3 system in CDC13 at 34 
°C. a) The results calculated independently for o- and 
m-proton data. Solid and broken lines denote Q0 and 
dm, respectively, b) The average of Q0 and Qm, Q,av. 

sensitive to small variations in Q near Qm-in as the K-
value. 

For 8, while the data did not fit well (c), the con­
siderably small value of Q,av,min w a s observed solely 
by the application of (b) to the analysis of da ta ; the 
0,-map's are shown in Fig. 3. Attempts to fit the data 
for 7 to both (b) and (c) resulted in similar small 
magnitudes of Q,av,min5 a n d further small variation in 
values of K, ô± and <52. I t is difficult to select the equilib­
r ium system for the determination of K1} and however, 
(b) appears preferable to (c), from the view point of the 
linearity of log Kx vs. pKa (Fig. 4). T h e considerably 
small or zero values of K2 obtained for compounds 7 
and 8, appear consistent with the fact that these pKa 

values are smaller than for 1 to 6. Furthermore, it is 
very plausible from the view point of the competing 
effect of coordination that only the data for the com­
pound 8 having the smallest pKa value can be well 
explained in terms of the addition of the effect of self-
association of Eu(fod)3 in solution. In Fig. 4, log Kx 

is plotted vs. pKa, where the approximately linear 
relationship is valid from the nature of the Lewis acid 

w 
10 

20 
, J 
fc< 

30 

1 TA}?-—-~" " ' " " 

- - ' ' ' " ' . - ̂ ^ ^ S ^ x " io-r ~"; 

,''^/^ ,' '' _ ^ ~ " ~s'' ~~~><C. 

'// / l^^^ '''' ''' \ 
' /^^ - ' ' ' -''' / ,% /^ -''*' "'' / 

K/M .---y 
( s' ''' /v 

^ - ' • ' " " / 

) ïx lo^ 

,-' 
,-' 

/t. y\ 

/ \ 
10 

Kx 

Fig. 3. Contour plots of Q, calculated by fitting the LIS's 
to the equilibrium system, L+S?±LS and L+L^±L2, 
for the />-nitroaniline-Eu(fod)3 system in CDC13 at 34 
°C. a) Solid and broken lines denote Q,0 and Qmm9 

respectively, b) Qav. 

of Eu(fod)3 . This is supported by the larger shifts 
observed for methoxy protons than those expected from 
the adduct formed by coordination through the N-lone 
pair. For 10 and 11, the fits of data to (a) were relatively 
good for the envelope of ;rc-proton shifts (Q^O.01) , but 
very poor for the o-proton shifts. These two substrates 
did not lead to a clear min imum of Q from the fitting 
analysis to any other equilibrium systems. This may 
be due also to the expected effect of coordination of the 
X-group to the Eu(fod)3 . For this type of bifunctional 
substrate, an additional coordination state, Eu»--X-0-
N H 2 needs to be taken into account in the equilibrium 
system.14) However, the number of parameters deter­
mined by least squares analysis becomes considerably 
greater. Even if more parameters could be evaluated, 
the results would have no physical significance. 

The possible sources of scatter in data in Fig. 4 may 
be attr ibuted to the following facts; (1) the steric 
accessibility of the substrate to Eu(fod)3 may be affected 
by X, (2) the substrate molecule in the present system 
may be under somewhat different condition from that 
under which the p^Ta-value was measured in Ref. 10, 
(3) the effect of the coordination effect of X to Eu(fod)3 
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Fig. 4. The logarithms of the equilibrium constants for 
1: 1 adducts (K-^ formed between Eu(fod)3 and p-sub-
stituted anilines in CDC13 at 34 °C, vs. pK&-values. 
The range of each data point corresponds to its stan­
dard deviation. 

on the observed shifts is not taken into account for all 
the groups, and (4) a small error may be inherent in the 
measurement of the concentration of substrate or shift 
reagent. 

The weighting average of Kly 667, obtained for 
aniline (pK3i=4A6) with Eu(fod)3 in CDC13 is very 
large in the tendency of variation of Kx in Fig. 4. It 
may be thought that aniline is not subject to the steric 
hindrance anticipated for /»-substituted anilines.16) 
However, such a large magnitude of Kx may not be 
ascribed solely to this effect. From Table 2, no correla­
tion may be seen between the K2 and pKa values for 
1 to 6. This seems acceptable from the possible expecta­
tion that the relative acidity and geometry of 1: 1 
adducts (LS) and the steric effect of LS on the acces­
sibility of the second amine molecule may vary with X . 
O n the other hand, the ^-values and intrinsic shifts 
estimated in the present investigation also showed no 
correlation to the pK^ values, in contrast to the linear 
correlation of ^-values to p ^ a ' s for the same substrate 
with Eu(dpm) 3 obtained by Ernst et al.11) There may 
be several explanations to account for such different 
results with the Eu-chelete, containing the observation 
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of the larger £*-values with Eu(dpm) 3 than with 
Eu(fod)3.17) It appears that the difference in contact 
shift contribution to LIS may dominate among the 
various explanations. 

The authors would like to express their grateful 
appreciation to Professor B. L. Shapiro for the LISA 
program. 
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The details of electromotive-force measurement by means of a concentration cell consisting of sodium tetradecyl 
sulfate (NaTS) in e thanol-water mixtures and of anionic and cationic ion-exchange membranes as septams were 
described. T h e membranes used proved to be permeable exclusively to the surfactant ( T S - ) and N a + ions respec­
tively. T h e activities of the T S - and N a + ions were measured separately, and then the mean activity was computed 
as a function of the ethanol content in the solvent. Below the C M C , the activities for T S - and Na+ ions and the 
mean activity increased with an increase in the N a T S concentration, but decreased with an increase in the ethanol 
concentration. Above the C M C , the activity of the T S - ion decreased, whereas that of the Na+ ion increased; 
the mean activity also slightly increased with an increase in the N a T S concentration. The values of C M C obtained 
were 1.5 x 10 - 3 , 1.7 X 10 - 3 , and 2.2 X 1 0 - 3 m o l / d m 3 for 5, 10, and 15 vol % ethanol concentrations respectively. 
The mechanism of mixed micelle formation was also expressed by a charged phase-separation model in an e thanol-
water mixture much as in the case of a simple aqueous solution. T h e degrees of counterion a t tachment were 
found to be 0.73, 0.68, and 0.62 for 5, 10, and 15 vol % ethanol respectively. The intermicellar concentrations 
of T S - , (CTS), and Na+ ions, (CN a) , were calculated. With an increase in the N a T S concentration, CNa mono­
tonously increased, but CNa decreased. At a given N a T S concentration, CNa increased with an increase in the 
ethanol concentration, while CNa was approximately constant. 

It is well known that the addition of a nonelectrolyte 
to a surfactant solution greatly affects the nature of 
the solution. Many studies regarding the influence of 
nonelectrolytes on the C M C values have been performed 
with anionic1 - 4) and cationic1 '5 '6) surfactants. O n the 
addition of alcohols, the decrease in the C M C was ex­
plained by the diluted surface-charge density and the 
enhanced hydrophobic interaction on a micelle.7 '8) The 
increase in the C M C was correlated by the hydrophobic 
nature of the additives and their micellar breaking-up 
power.1) Though there have been investigations of the 
effects of the addition of nonelectrolytes, there have been 
relatively few studies of the adsorption from the solu­
tion,9) the state of the solution10) and the micellar state;11) 
this has been due in part to the difficulty of activity 
measurement. In a previous report, the various prop­
erties of an aqueous sodium tetradecyl sulfate (NaTS) 
solution were investigated by measuring its activity.12) 
In the present paper, the dissolved state of N a T S in 
an ethanol-water mixture was studied by measuring the 
electromotive force (EMF) of the concentration cell. 
Ethanol was used as a nonelectrolyte additive since it 
mixes with water in all proportions; also, it is a good 
solvent for the surfactant. From the activity measure­
ments, the mechanism of micelle formation, the degree 
of counterion at tachment to the micelle, and the inter­
micellar concentration will be discussed. 

E x p e r i m e n t a l 

Materials. The sodium tetradecyl sulfate used was 
synthesized and purified as in the previous paper.12) Special-
grade ethanol was dehydrated by calcium oxide and distilled 
before use. Deionized water was used for the EMF measure­
ment. 

Procedure. The construction of the concentration cell and 
the method of measurement were the same as in the previous 

* Present address: Laboratory of Chemistry, Faculty of 
Education, Chiba University, Chiba 260. 

paper.12) For the E M F measurements, a solution of 4.0 X 10~3 

mol/dm 3 N a T S was used as a reference for each composition 
of the ethanol-water mixture. The surface tension was mea­
sured by the Wilhelmy plate method.13) 

R e s u l t s and D i s c u s s i o n 

Calculation of Activities. The values of the E M F of 
the T S - ion, E1S, and of the Na+ ion, ENa, were obtained 
from the concentration cells. According to Nernst's 
equation, ET$ and isNa in an ethanol-water mixture are 
given by 

ETS = (tJS-^J(2.303RTJF) log ( % S K T S ) (1) 

£Na = (4s -4a ) (2 .303 /? r /F ) log K>ONa) (2) 

where ATS, and ANa are the transport numbers of the 
T S - and Na+ ions for an anionic exchange membrane, 
and Aas, and A^a, those for a cationic membrane ; F, 
the Faraday constant; R, the gas constant, and T, the 
absolute temperature. The values of aTS and <zNa are 
the activities of the T S - and Na+ ions in a given solution, 
and floTs and a0Na, the corresponding values in a ref­
erence solution. If the following Eqs. 3 and 4, may 
be assumed: 

4 s = 1 , V = 0 > (3) 

4 s = 0, 4 a = 1 . (4) 

Eqs. 5 and 6 are obtained: 

ETS = (2.303R TjF) log (aJS/ams) (5) 

-(2.303RT/F)log(aNJaONJ. (6) 

If the values of ÖOTS and «0Na are known, the activities 
of the given solutions can be computed from Eqs. 5 
and 6 by the substitution of the E^s and ESa, measured. 
Plotting the following extrapolation function,14) A0TS 
and floNa can be obtained: 

E^s = (2.303RT/F) log C - £TS 

= (2 .303Är/F)( - log/ T B + log*oiB) (7) 
E^ = (2.303Ä77F)logC + £Kll 

= (2.303RT/F)(-logf^ + \ogao^). (8) 
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Here, C denotes the concentration of N a T S , and yis 
and fsn, the activity coefficients of the TS~ and Na + 

ions at the C concentration respectively. If Eis and 
E^& are plotted against C1 / 2 and the curves are extra­
polated C to 0, «oTs and a0Na can be calculated by Eq. 9 
from the extrapolated values of EOTS and EQ^; 

logaO Ts= (F/2.303Är)£Xrsj ( 

logf loNa=(^/2 .303Är)^ N a J 

because/T S a n d / N a are unity at C—0 in Eqs. 7 and 8. 
The mean activity and also each activity are calculated 
by introducing Eq. 9 into Eqs. 5 and 6. 

The assumption of Eqs. 3 and 4 of N a T S in an e thanol -
water mixture must be confirmed by experiments ; how­
ever, verification is difficult. T h e influences were ex­
amined, as the addition of ethanol might affect the 
nature of the ion-exchangers by swelling, dissociation 
of ion-exchange fixed groups, and transport of the solvent 
through them; (osmosis effect), depending on the etha­
nol concentration. I t has been reported that swelling, 
which is closely related to the effective mean pore size 
of a membrane, its decrease interfering with the ion 
transport because of the steric disturbance, is little af­
fected by the addition of a low concentration of a lower 
alcohol, and even in a 2 0 % concentration is nearly 
equal to that in water.15) Therefore, the other influences 
were investigated from the point of view of whether or 
not Eqs. 10 and 11 for the anionic and cationic exchange 
membranes hold, using NaCl , the activities of which 
have been established. 

*Ol = 1, 4 a = 0 (10) 

^1 = 0, 4 a = 1 (H) 

The E M F values of the Cl~ ion, EC\, and of the N a + ion, 
î Na, resulting from the concentration cell with the ref­
erence solution containing the 4.0 X 10 _ 3 mol/kg mixed 
solvent, were measured for NaCl in an ethanol-water 
mixture containing 20 wt % ethanol at 25 °C in a manner 
similar to that used for N a T S . The results obtained 
are shown in Fig. 1. The value of EC\ increased, and 
that of i£Na decreased, linearly with an increase in the 
logarithmic concentration of NaCl in a way analogous 

40 
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Fig. 1. Electromotive force of Na+ and Cl - ions against 
NaCl concentration. 
O ; Na+ ion, %; Gl~ ion. 
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Fig. 2. Mean activity of NaCl in the 20 wt % ethanol-
water mixture against NaCl concentration. 
O ; Experimental value, ; calculated value by the 
Eqs. 12 and 13. 

to that in water. The activities were calculated from 
these results. The equations corresponding to those from 
1 to 9 were also set up in the case of NaCl . T h e extra­
polated Eoci and Ebn& values were obtained as —144.3 
and —144.5 m V respectively; then, a0ci and a0Na were 
calculated to be 3.64 x 10~3 and 3.61 X 10~3 mol/kg mix­
ed solvent respectively. The activities of the CI" and 
N a + ions and the mean activity were calculated sepa­
rately. The mean activities of NaCl in the e thanol -
water mixture are shown by the circles in Fig. 2. A 
rule for the activity coefficients of NaCl in ethanol-water 
mixtures has been states as16»17) 

C/±NaCl)org = U±NaCl)waterL(y±HCl)org/(y±HCl)waterJ- (12) 

Here, C/±Naci)water and (/±Hoi)water are the activity 
coefficients of NaCl and H C l respectively, in water and 
(/±Naci)org and (/±Hci)org are the activity coefficients 
of NaCl and HCl respectively in ethanol-water mixtures. 
In Eq. 12, (/±Naoi)water a n d (/±HOI)water were cal­
culated using the Debye-Hückel equation, with the 
mean ionic radii of 4.0 Â for NaCl and of 4.3 Â for 
HCl . O n the other hand, (y±Hci)org n a s been given 
by this empirical equation:1 8) 

log (/±Hoi)org = -[0.6428CV2/(i + i.529CV2)] 

+ 0.1293 - log (1 + 0.04104m) (13) 

where C and m denote the concentrations of NaCl in 
a mol/dm3-mixture and in a mol/kg-mixture respectively. 
The computed mean activities of NaCl in an e thanol -
water mixture containing 20 wt % ethanol are shown 
as a solid line in Fig. 2. The experimental mean activ­
ities were in good agreement with the values calculated 
by means of Eqs. 12 and 13; therefore, Eqs. 10 and 11 
were verified. Even in an ethanol-water mixture con­
taining below 20 wt % ethanol, no significant changes 
occur in the characteristics of anionic and cationic ex­
change membranes ; that is they swell well, their ion-
exchange fixed groups fully dissociate, and no solvent 
transport takes place, as in water. Eqs. 3 and 4 for 
N a T S can also be established as in water.12) 

The values of ETS and EN& measured for N a T S in 
e thanol-water mixtures containing 5, 10, and 15 vol % 
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1Q 10" 10" 

C /mol dm-1 

Fig. 3. Electromotive force of T S - ion against NaTS 
concentration. Ethanol concentrations for 5 vol % ; 
O , 10 vol % ; # , and 15 vol % ; 3 . 
The curves for 10 and 15 vol % ethanol were trans­
ferred downward by 20 and 40 mV respectively. 

-40h-

C/mol dm-3 

Fig. 4. Electromotive force of Na+ ion against NaTS 
concentration. Ethanol concentrations for 5 vol % ; 
O , 10 vol % ; # , and 15 vol % ; Q . 
The curves for 10 and 15 vol % ethanol were trans­
ferred downward by 20 and 40 mV respectively. 

ethanol are shown in Figs. 3 and 4. With an increase in 
the logarithmic concentration of N a T S , EJS increased 
linearly to the C M C and then decreased, while isNa 

decreased linearly to the C M C and through a plateau 
region decreased in all ethanol concentrations. In order 
to calculate the activities of the T S - and Na+ ions, the 
plots by the extrapolation functions, 7 and 8, are shown 
in Fig. 5 for 5 and 15 vol % ethanol concentrations. 
The extrapolated values of EOTS and Edm, and also 
the activities of <Z0TS and <z0Na as computed by Eq . 9, 

1 2 3 

CV2/10 2 m o l 1 / 2 d m - 3 / 2 

Fig. 5. Extrapolation of E?s and E^ against NaTS 
concentration. 
OI 5 vol % etflanol concentration, 
3 ; 15 vol % etflanol concentration. 

are shown in Table 1. The activities of the T S - and 
Na+ ions, as calculated from Eqs. 5 and 6, are shown 
in Figs. 6 and 7. Wi th an increase in the NaTS concentra­
tion, the activities of the TS~ and Na+ ions increased, 
but above a breaking point concentration that of the 
TS~ ion decreased. The increase in the ethanol con­
centration caused a decrease in the activities of the TS~ 
and Na+ ions. T h e breaking points agreed with the 
CMC's determined from the surface-tension measure­
ments, which are shown in Fig. 8 for different ethanol 
concentrations. T h e C M C values were 1.5 x 10-3 for 
5 vo l%, 1.7 X 10-3 for 10 vo l%, and 2.2 X 10"3 mol/dm3 

or 15 vo l% ethanol . T h e mean activities, as calculated 
from the definition, are shown in Fig. 9. Above the 

10" 10"2 1(T3 

C/mol dm"3 

Fig. 6. Activity of TS~ ion against NaTS concentration. 
Ethanol concentrations for 5 vol %; Ç), 10 vol %; £ , 
and 15 vol %; 3 -

TABLE 1. CALCULATED VALUES OF E0' AND a0 AT VARIOUS ETHANOL CONCENTRATIONS 

CE/vol% £oTs/mV E'ouJmV aOTS/mol dm- a0Na/mol dm-

oa> 
5 

10 
15 

- 1 8 3 . 0 
- 1 8 2 . 1 
- 1 8 9 . 0 
- 1 9 6 . 3 

- 1 5 5 . 0 
- 1 6 9 . 0 
- 1 6 9 . 3 
- 1 6 6 . 3 

9 . 5 9 x 1 0 ^ 
9.93X10-4 

7.64x10-* 
5.79x10-* 

2.78X10-3 

1.63X10-3 

1.61X10-3 

1.81x10-3 

a) The data for 0 vol % ethanol are quoted from a previous report,12) where the 
10.0 x IQ-3

 mol/dm3 NaTS solution was chosen as the reference solution. 
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HT4 l (Ta 10-
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Fig. 7. Activity of Na+ ion against NaTS concentration. 
Ethanol concentrations for 5 vol %', Q, 10 vol % ; £ , 
and 15vol%; 3 . 

C/mol dm-3 

Fig. 8. Surface tension of NaTS in ethanol-water 
mixtures against NaTS concentration. 
Ethanol concentrations for 5 vol %; Q), 10 vol %; 0 , 
15 vol % ; 3 , and 20 vol % ; ©. 
The curves for 10, 15, and 20 vol % ethanol were trans­
ferred downward by 5, 10, and 15 mN/m respectively. 

C M C , the mean activities were not constant, but in­
creased slightly with an increase in the N a T S concen­
trations, as in the aqueous solution without ethanol; 

TABLE 2. CONSTANT VALUES OF a AND ß BELOW 

AND ABOVE THE C M C AT VARIOUS 

ETHANOL CONCENTRATIONS 

CE/vol % 

0 
5 

10 
15 

C<( 

a 

0.070 
0.102 
0.157 
0.212 

ß 
0.283 
0.421 
0.648 
0.890 

C > C M C 

a 

0.996 
0.924 
0.904 
0.868 

ß 
2.702 
2.932 
2.725 
2.673 

a 

a 
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Fig. 9. Mean activity of NaTS against NaTS concen­
tration. Ethanol concentrations for 5 vol % ; Ç), 10 
v o l % ; # , and 15vol%; 3 . 

also, the tangents increased with an increase in the 
ethanol concentration. The mean activity coefficients 
of NaTS are given for different ethanol concentrations, 
both below the C M C down to 1.0 X 10~4 mol /dm 3 and 
above it up to 40.0 X 10~3 mol/dm3 , by 

l o g / ± = -(alogC + ß), (14) 

where a and ß are constants, the values of which are 
shown in Table 2. 

Micelle Formation and Counterion Attachment. I t has 
been reported that the micelle formation of N a T S in 
water can be explained by the charged phase-separation 
model12) according to 

/»TS- + ?Na+ 3 = ± TSpNafW-v 

where a micelle consists of pTS 
therefore, 

p log aTS + q log aNa = constant. 

ions and ^Na+ ions; 

(15) 

Since, in the ethanol-water mixture, the mixed micelles 
are considered to be formed by the penetration of 
ethanol, penetration is taken account of in the discussion 
of the micelle-formation mechanism. If the charged 
phase-separation model holds in the mixed micelles, the 
formation of a mixed micelle, which consists of j&TS-

ions, qNa+ ions, and n ethanol molecules, can be ex­
pressed as follows : 

pTS~ + ?Na+ + nEtOH <=± TSpNagEtOHn- <»-<0 

and also: (a^y(a^)q(aE) = constant where E t O H de­
notes ethanol. Then, the following equation is given: 

P log aTS + q log aNa + n log aE = constant. (16) 

In the present study, the activity of ethanol is considered 
to be constant in Eq . 16 because the experiments were 
performed with the concentration of ethanol kept con­
stant when that of N a T S was varied. Moreover, the 
decrease in the ethanol activity due to the formation 
of the mixed micelle can be neglected because the con­
centration of ethanol was much larger than that of 
N a T S . The value of n can be regarded as constant, 
since the concentrations of NaTS were varied within 
a narrow range of N a T S concentrations above the C M C . 
Therefore, Eq. 16 can be simplified to 
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- 3 . 0 - 2 . 8 - 2 . 2 - 2 . 0 - 2 . 6 - 2 . 4 

log flNa 

Fig. 10. Relation between log aTS and log aNa above 
the CMC. Ethanol concentrations for 5 vol % ; Q, 10 
v o l % ; # , and 15vol%; 3 . 

p log aTS + ? log am = constant, ( 17) 

which can then be reduced to the same form as Eq. 15. 
According to Eq. 17, the degree of counterion attach­
ment can be estimated from the slope of the curves if 
a linear relation is obtained when log aTS is plotted 
against log aNa. We at tempted to examine whether or 
not Eq. 17 holds. The relations between log <zTS and 
log aNa are shown in Fig. 10, where the plots give good 
linear relationships for each ethanol concentration. 
Thus , the mixed-micelle formation in the ethanol-water 
mixtures can also be explained by the charged phase-
separation model. Moreover, the value of n proves to 
be constant in each concentration range. T h e degree 
of counterion at tachment , r=—qjp} was obtained as 
0.73 for 5 vol %, 0.68 for 10 vol %, and 0.62 for 15 vol 
% ethanol. Figure 11 shows the degrees of counterion 
at tachment and the C M C values obtained. T h e C M C 
values decrease, pass through a min imum near the 5 
vol % ethanol concentration, and then increase, while 
the degree of counterion at tachment gradually de­
creases with an increase in the ethanol concentration. 

10 15 20 25 

CE/vol % 

Fig. 11. Degree of counterion attachment and CMC 
value against ethanol concentration. 
0 ; Degree of counterion attachment, 
O ; CMC value. 

The decrease in the C M C value in the low ethanol-
concentration range can be explained by the penetra­
tion of ethanol into the N a T S micelle forming the mixed 
micelle; this causes the decrease in the electrostatic en­
ergy on the micelle surface by the dilution of the charge 
density and the increase in the entropy of mixing.7-8) 
T h e increase in the C M C value in the high ethanol-
concentration range results from the increasing affinity 
of the hydrocarbon chain for ethanol ; consequently, the 
ethanol-rich mixture is a good solvent for NaTS. The 
degree of counterion at tachment gradually decreases; 
therefore, the charge density on the micelle surface de­
creases, the result mainly of the penetration of ethanol 
into the micelle and the decrease in the micelle size.19) 

0 logc+ loge 

log C, log C± 

Fig. 12. Schematic representation of calculation of inter­
micellar concentration. 
The broken line determined by the Eq. 14. 

Calculation of Intermicellar Concentration. The principles 
of the calculation of the intermicellar concentration are 
shown schematically in Fig. 12, where the O K B N line 
represents the mean activity curve observed and where 
the K point is the C M C . If a relation between the 
mean activities and the concentrations of NaTS below 
the C M C is held similarly above the C M C , the broken 
line, K L M , which is obtained by the extension of the 
O K line to above the C M C indicates the relation be­
tween the mean activity and the intermicellar concen­
tration. I t can be considered that the micelles have no 
effects upon the relation between the mean activity 
above the C M C and the intermicellar concentration; 
that is the activity cofficient for the mean intermicellar 
concentration behaves the same as just below the C M C 
when the micelle concentration is very dilute. The mean 
concentration is defined by the same relation as that 
o f b e l o w t h e C M C ; 

a±=f±-C± (18) 

where f± and C± denote the intermicellar activity 
coefficient and the intermicellar concentration respec­
tively. The value of/± is assumed to be expressed by 
Eq. 14. O n the other hand, the mean intermicellar 
concentration is given by 

C±=(CNa .CTS)V2. (19) 

Here , CTS and CNa express the intermicellar concen­
trations of the T S - and Na+ ions, since they are not 
necessarily equal to each other. Then, the intermicellar 
mean concentration corresponding to the total concen-
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Fig. 13. Intermicellar concentrations of Na+ and TS~ 
ions and intermicellar mean concentration. 
CNa, CTg, and C± represent intermicellar concentrations 
of Na+, T S - ions and intermicellar mean concentration 
respectively. Ethanol concentrations for 0 vol %; ©, 
5 vol % ; O , 10 vol % ; # , and 15 vol % ; (}. 

tration, C, of NaTS is obtained by the process of ABLD 
on the diagram shown in Fig. 12, while the intermicellar 
concentration of the TS~ and N a + ions for the solution 
with a total concentration of C are related to each 
other20) thus: 

(C-CTB)(l-r) + G, TS (20) 

where r denotes the degree of counterion at tachment . 
From Eqs. 18, 19, and 20, the intermicellar concen­
trations are given thus: 

CTB = _ ( l - r ) (C /2 r ) + (l/2r)l(l-r)*C* + 4rC±*y/*, 

Qa = - ( l - r ) ( C / 2 ) - (l/2)[(l-r)*C2 + 4rC±2]i/2. 

The results calculated are shown in Fig. 13 for the four 
ethanol-water mixtures ; in the calculation for the 0 vol % 
ethanol medium, the experimental data are quoted 
from the previous paper.12) The intermicellar concen­
tration of CNa increased monotonously, while that of 
CTS decreased and then asymptotically approached a 
constant value, with an increase in the N a T S concen­
tration. I t was noticed further that CTs was approxi­
mately constant, independent of the ethanol concen­
tration, while CNa increased with an increase in the 
ethanol concentration. The intermicellar mean con­
centration also increased with increases in both the Na­
TS and ethanol concentrations. This increase indicates 
the effect of a good solvent for N a T S , as has been 
mentioned previously. Also, the difference in inclina­

tions between the CTS and CNa curves in Fig. 13 is 
roughly proportional to (1— r), which is the degree of 
dissociation of the N a + ion from the micelles. 

I t should be noted that such relations21) as 

Qra = \C~ QîMc)(l ~~r) + QîMC 

and aNa =A&(C-CCiiC)(l-r) + CCMC 

are not correct because CCMC varies with an increase 
in C, as is shown in Fig. 13. The problem, howeve^ 
remains of to what extent the presence of micelles in­
fluences the activity of intermicellar ions. 

The author wishes to express his hearty thanks to 
Professor Tsunetaka Sasaki of Tokai University for his 
encouragement and guidance throught the experiments. 
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The Similarity between the n^n* Absorption Spectra of 1-Indenone 
and 1,2-Naphthoquinone 

Akira KUBOYAMA* and Hitoshi MATSUMOTO* 
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The 71,71* absorption spectrum and its solvent effect of 2-methyl-l-indenone have been found to be similar to 
those of 1,2-naphthoquinone. This fact is discussed on the basis of the results calculated using the P-P-P method. 
The similarity of the calculated ^-electronic structures in the low-energy 71,71* singlet states between 1-indenone 
and 1,2-naphthoquinone is not so good as that between fluorenone and 9,10-phenanthrenequinone. 

Recently, we have found a similarity between the 
n,n* absorption spectra of fluorenone and 9,10-phenan­
threnequinone.1) This similarity is thought to be due 
to a similarity between the ^-electronic systems of the 
two compounds, on the assumption that the carbonyl 
group of fluorenone and the a-dicarbonyl group of 
phenanthrenequinone are equivalent. According to 
this idea, the above similarity has been reasonably ex­
plained on the basis of the results calculated using the 
P-P-P method. Such a similarity may be expected to 
exist between 1-indenone and 1,2-naphthoquinone. 
Heretofore, scarcely nothing has been known about the 
7t,71* absorption spectra of 1-indenone and its alkyl de­
rivatives.2) In this work, we have obtained the 71,71* 
absorption spectra of relatively stable 2-methyl-l-inde­
none in solutions and have studied the similarity between 
the 71,71* absorption spectra of 2-methyl-l-indenone and 
1,2-naphthoquinone.3 '4) 

O O 
7 II 8 II 

4 3 5 4 

1-Indenone 1,2-Naphthoquinone 

E x p e r i m e n t a l 

Measurements. The absorption spectra of 2-methyl-
l-indenone and 1,2-naphthoquinone were measured with a 
Hitachi 200-20 and a Gary 14 spectrophotometer respectively. 
Hexane, heptane, benzene, and methanol were used as the 
solvents. 

Materials. According to an earlier article,5) 2-methyl-
l-indenone was synthesized from fomj-a-methylcinnamic acid 
by UV inside irradiation (Hg 253.7 nm line) in the ethanol 
solution,6»7) and then by a ring-closure reaction in sulfuric 
acid. The product thus obtained was purified by vacuum 
distillation and then by recrystallization from a diluted aqueous 
solution of ethanol (mp 46.5—47.0 °G). It began to decompose 
four days after its preparation. The 1,2-naphthoquinone was 
the same as that used in a previous work.4) The solvents used 
were of a commercially available spectrograde. 

Results. The absorption spectra obtained and the 
numerical data about them are shown in Fig. 1 and Table 1 
respectively. 

Calculat ions 

Method. I n the calculations using the P-P-P method 
for 1-indenone, the values of the core and electronic 

Wavelength/nm 

Fig. 1. Absorption spectra of 2-methyl-l-indenone and 
1,2-naphthoquinone in solutions. 
Lower curves: 2-methyl-l-indenone ( : hexane, 

: methanol). Upper curves: 1,2-naphthoquinone 
( : heptane, : methanol). e denotes molar 
absorption coefficient/10-3 mol cm -2 . In the heptane 
solution of 1,2-naphthoquinine, the scale of the ordinate 
is arbitrary. 

repulsion integrals were the same as those used for 1,2-
naphthoquinone in the previous work.4) As for the 
effect of alkyl-group substitution, the core Coulomb in­
tegral of the substituted carbon atoms was taken as 
—9.00 eV, considering only the inductive effect, as in 
the previous work. In the calculations, all the singly-
excited configurations were included. The molecular 
dimensions8) of 1-indenone assumed are shown in Fig. 2. 

Results. The calculated results are shown in Tables 
2 and 3 and in Fig. 3. In Table 2, the first column 

Fig. 2. Molecular dimension of 1-indenone (A). 
a: 108.5°, b : 108,5°, c: 127.5°. 
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TABLE 1. WAVELENGTHS (A) AND MOLAR ABSORPTION 

COEFFICIENTS (s) OF T H E ABSORPTION MAXIMA 

AND T H E OSCILLATOR STRENGTHS ( / ) 

OF T H E ABSORPTION BANDS 

(1) 2-Methyl-
Hexane 

Benzene 

Methanol 

X 
nm 10 

•1-indenone 
396 
387.5 
329.5 
316 
306 
242 
236 
397 
331 
319 
401.5 
318.5 
242 
237 

(2) 1,2-Naphthoquinone 
Heptane 

Methanol 

382 
337.5 1 
326 J 
251 1 
245 J 
396 
337 
249 

s 
~3 mol cm -

565 1 
574 J 
975 } 

1100 [ 
1000 J 

50300 1 
43800 J 

558 
929 1 

1265 J 
492 

1385 
47400 1 
42700 J 

1710 
1990 

19200 

3 / 

0.013 

0.020 

0.56 

0.012 
0.027 

0.56 

0.034 
0.050 
0.36 

TABLE 2. CALCULATED RESULTS 

1 -Indenone 1,2-Naphthoquinone4> 

No. E — ~ 

eV 

1 4.16 
2 4.39 
3 5.45 

f 

0.043 
0.023 
0.655 

E 
eV 

4.32 
4.49 
5.29 

f 

0.077 
0.091 
0.587 

Band 

I 

II 

III 

I 

II 

I 
II 

III 

I 

II 

III 

I 
II 

I II 

Band 

I 
II 

III 

TABLE 3. CALCULATED RESULTS FOR THE 

CONFIGURATIONAL MIXINGS a ) 

(1) 1-Indenone 
State (5-+6) 
No. 1 0.872 
No. 2 0.003 
No. 3 0.083 

(4->6) 
0.013 
0.603 
0.337 

(2 ) 1,2-Naphthoquinone 
State (6-*7) 
No. 1 0.481 
No. 2 0.464 
No. 3 0.015 

(5->7) 
0.175 
0.277 
0.488 

(5->7) 
0.029 
0.150 
0.143 

(6->8) 
0.169 
0.133 
0.247 

(4^7) 
0.044 
0.085 
0.239 

(5->8) 
0.030 
0.000 
0.108 

a) (t—>j) denotes the electron configuration due 
to the one-electron promotion of f-MO-•j-MO. 
Each configuration of 1-indenone in the table 
corresponds to that of 1,2-naphthoquinone di­
rectly below it. 

denotes the numbering of the states in the order of 
increasing excitation energies (calculated). 

NQ ID 

Fig. 3. rc-Molecular orbitals of 1-indenone and 1,2-naph­
thoquinone. The N and N + 1 MO energy levels denote 
the highest occupied and lowest vacant levels respec­
tively. The figures on both sides denote the ^-electron 
distributions and the signs of coefficients of the 2prc 
AO's in the corresponding MO's. 

D i s c u s s i o n 

As may be seen in Fig. 2, both 2-methyl-l-indenone 
and 1,2-naphthoquinone have two weak 7r,7r* bands at 
the longer wavelengths and a strong TZ,:7Z* band at the 
shorter wavelengths. These 71,71* bands are denoted as 
Bands I—II I , as is shown in Table 1. Bands I—III of 
2-methyl-l-indenone9) are located close to the corre­
sponding bands of 1,2-naphthoquinone. In the hexane 
solution of 2-methyl-l-indenone, Band I I has a far 
sharper structure than Band I . O n the other hand, in 
the heptane solution of 1,2-naphthoquinone, while Band 
I I has a structure, Band I has no structure at all. I n 
the solvent effects of Bands I—II I , the following two 
similarities are found between the two compounds. 
First, Band I in the methanol solutions, where the hy­
drogen bond may be formed between the solute and 
solvent molecules, lies at longer wavelengths than that 
in the cyclohexane solutions, while Bands I I and I I I 
lie at almost the same position in both solutions. Second, 
the intensity ratio of Band I to Band I I in the methanol 
solutions is similar than that in the cyclohexane solu­
tions. The 7i,n* absorption spectrum and its solvent 
effect of 1-indenone are thought to be similar to those 
of 2-methyl-l-indenone. Therefore, the above discussion 
may also equally hold good between the 71,71* absorption 
spectra of 1-indenone and 1,2-naphthoquinone. 

O n the other hand , in Table 2, the calculated results 
for the low-energy TI^TI* singlet states of 1-indenone and 
1,2-naphthoquinone are similar and Bands I—III are 
favorably assigned on the basis of them. T h e assignment 
of Band I of 1,2-naphthoquinone in Table 2 was sup-
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ported by the consistency between the experimental and 
calculated results for the energy shift of Band I through 
alkyl-group substitutions in the previous work.4) As may 
be seen in Fig. 3, the corresponding highest occupied 
and lowest vacant TZ-MO'S of the two compounds are 
similar if we assume that the carbonyl group of 1-
indenone and the a-dicarbonyl group of 1 ̂ - n a p h t h o ­
quinone are equivalent, as in the case of the pair of 
fluorenone and 9,10-phenanthrenequinone. However, 
the similarity between the TZ-MO'S of 1-indenone and 
1,2-naphthoquinone is less than that between the above 
pair . This may be due to the poor molecular symmetry 
of 1-indenone and 1,2-naphthoquinone. In a previous 
work,1) a close similarity of the configurational mixings 
in the low-energy 71,71* singlet states was found between 
fluorenone and 9,10-phenanthrenequinone. O n the 
other hand, in Table 3, although the configurational 
mixings in 1-indenone and 1,2-naphthoquinone are sim­
ilar in the No. 3 state, those in the Nos. 1 and 2 states 
are not so similar. Therefore, the similarity between 
the TZ,:7Z* absorption spectra of 1-indenone and 1,2-
naphthoquinone can not be so clearly explained as that 
between fluorenone and 9,10-phenanthrenequinone. 
T h e above-mentioned dissimilarity between the con­
figurational mixings in the two compounds is puzzling 
in view of the similarity between their TZ-MO'S . 

As for the change in the calculated excitation energy 
of the No. 1 state of 1-indenone through an alkyl-group 
substitution, it is found that the energy decrease (AE= 
—0.094 eV) for the 2-position is the largest and that 
there is an energy increase (A£"=0.014 eV) for the 5-
position. T h e 2- and 5-positions in 1-indenone are the 
positions a and para to the carbonyl group respectively. 
In 1,2-naphthoquinone, similar calculated results have 
been obtained in a previous work.4) Therefore, these 
findings may support the assignment of Band I of 1-
indenone to the transition, the No. 1 state«—ground 
state, in Table 2. After all, it may be concluded that 
the similarity between the calculated ^-electronic struc­
tures in the low-energy TZ,TZ* singlet states of 1-indenone 
and 1,2-naphthoquinone is not so good as that between 

fluorenone and 9,10-phenanthrenequinone. 
Recently, data about the TZ,TZ* absorption spectrum of 

/>-tropoquinone I ®=\ L I have been obtained by I to 

et al.11) which are similar to those of jfr-benzoquinone.12) 
This similarity can be clearly explained, on the basis 
of the calculated results, much as that between fluo­
renone and 9,10-phenanthrenequinone. 

The authors are grateful to Drs. Hideaki Tanaka and 
Koichi Honda of this laboratory for their helpful advice 
about the photochemical trans-+cis isomerization of a-
methylcinnamic acid in the preparation of 2-methyl-
1-indenone. 
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Solvent Extraction Equilibria of Acids. VII. The Co-extraction of 
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The extraction of water from a 1 mol dm - 3 sodium perchlorate solution with trioctylphosphine oxide (TOPO) 
in four organic solvents and the co-extraction of water with hydrochloric, hydrobromic, hydroiodic, perchloric, 
nitric, and thiocyanic acids from 1 mol dm - 3 of the acid solution by TOPO in hexane have been studied at 25 °C. 
The extraction constants of water in the absence of any of the adds, X H S 0 = [TOPO-H aO]o r g [TOPO] o rg

_1, were 
determined to be 100-40, 100-00, lO-0-12, and lO-0-36 in benzene, hexane, carbon tetrachloride, and chloroform respec­
tively. A discrepancy from the 1: 1 molar ratio of TOPO and water in the extract was observed in the higher-
TOPO-concentration region in the hexane system. The co-extraction of water with the acids disolvated by TOPO 
was greater in the order of HCl~HBr^>HI^>HC104, and it was much poorer with the monosolvated acids, nitric 
and thiocyanic acid. The equilibria for these co-extractions of water with the acids are complicated. 

The co-extraction of water with various acids by 
oxygen-containing solvents has been studied with ethers, 
ketones, alcohols, and tributyl phosphate.1»2) T h e 
extraction of acids and the co-extraction of water with 
the acids into various organic diluents containing 
trioctylphosphine oxide (TOPO) have also been studied, 
and the equilibria have been considered from several 
standpoints. 3_8> 

After a series on the extraction equilibria of several 
acids with T O P O , 9 _ 1 4 ) the present authors have studied 
the co-extraction of water with some of these acids. T h e 
present paper will describe the experimental results and 
will discuss the equilibria of these co-extractions. 

E x p e r i m e n t a l 

All of the experiments were carried out in a thermostatted 
room at 25 °C in a manner essentially similar to that described 
previously.9-14) A portion of a 1 mol dm - 3 aqueous electrolyte 
solution and the same volume of an organic solution were 
placed in a stoppered glass tube, and the contents were vigor­
ously agitated and centrifuged. The concentration of water in 
the organic phase was determined by the Karl Fischer method. 

In the present paper, H X and E denote an acid and 
T O P O , and the subscript " o r g " denotes chemical 
species in the organic phase. 

In the absence of any acid, the extraction equilibrium 
of water with T O P O may be written by the following 
equations, on the basis of the results to be presented 
later : 

E(org) + H aO <=± E.HaO(org) (1) 

Klo = [E.H,O]0 r g[E];ä (2) 

The concentration of water in the organic phase is 
written as 

[H2O]org>t0tai = [H20]o r g > b l a n k + [H2O]0rgfE (3) 

where [ H 2 0 ] o r g i b l a n k and [ H 2 0 ] o r g > E are the concentra­
tions of free water in the diluent and of bound water 
with T O P O respectively. 

In the presence of an acid, the concentration of water 
in the organic phase may be written as 

[H20] org> totai = [HaO]o r g .blank + [H20] org.E 

+ [H2O]0rg>HX (4) 

where [H 2 0] o r g ( H x is the concentration of the water co-
extracted with the acid. Since the extraction of the acids 
in the absence of T O P O is negligible, the concentration 
of the extractant may be written as 

[ELrg.tota, - a[H+]o r g = [E]org + [E-H2O]0 r g (5) 

where [H+] o r g is the concentration of the acid in the 
organic phase and where a is the mole of T O P O com­
bined with one mole of the acid. As has been described 
previously,9 '10 '13) the value for this a is two for hydro­
chloric, hydrobromic, hydroiodic, and perchloric acid, 
while it is one for nitric and thiocyanic acid. 

The concentration of the acid-free T O P O , that is, 
T O P O combined with no acid, can be calculated by 
means of Eq. 5, and the amount of water combined with 
the acid-free T O P O , [ H 2 0 ] o r g > E , can be calculated from 
the calibration curves, log [ H 2 0 ] o r g > E vs. log [ E ] o r g i t o t a l . 
Finally, the concentration of the water co-extracted 
with the acid can be calculated by introducing this 
calculated value of [ H 2 0 ] o r g i E and the experimentally 
obtained value of [ H 2 0 ] o r g > b l a n k into Eq . 4. 

The concentrations of water in the organic solvents 
containing no T O P O and being equilibrated with an 
aqueous 1 mol d m - 3 sodium perchlorate solution are 
listed in Table 1. The amounts of water in the organic 
phases containing T O P O and being equilibrated with 
this aqueous solution (thus, no extraction of any acid 

TABLE 1. T H E VALUES OF THE EXTRACTION CONSTANT 

IN Eq. 2 AND THOSE OF THE WATER CONCENTRATION 

DISSOLVED BY THE DILUENT AT EQUILIBRIUM 

log [H2O]0rg>1 

Benzene —1.45 
Hexane —2.39 
Carbon tetrachloride —2.02 
Chloroform —1.14 

blank log K'Ht0 

0.40 
0.00 

- 0 . 1 2 
- 0 . 3 6 

Org. phase: diluent containing TOPO. Aq. 
phase: 1 mol dm - 3 sodium perchlorate solution. 

Stat is t ical R e s u l t s 
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- 2 
l o g [EJorg.total 

Fig. 1. Variation of water content of the organic phase 
with total TOPO concentration in benzene (Q) , hexane 
( O ) J carbon tetrachloride (B) , or chloroform (A)> 
after correction for the dissolved water by the diluent. 
The straight lines are slope of + 1 • The aqueous phase 
was 1 mol dm - 3 sodium perchlorate solution. 

Figure 2 shows the values as a function of the concentra­
tion of the extracted acid in the organic phase. In these 
experiments, the aqueous phase was a solution of the 
acid at 1 mol d m - 3 except in the thiocyanic acid system; 
in this case, the aqueous phase contained 0.9 mol d m - 3 

of hydrochloric acid and 0.1 mol d m - 3 of sodium 
thiocyanate, and the calculation was made by assuming 
that the extraction of the hydrochloric acid was 
negligible compared to that of the thiocyanic acid {cf. 
Refs. 10 and 13). 

I t is anticipated that the error in the water co-
extracted with hydrochloric acid is greater than that 
co-extracted with the other acids, because its extraction 
with T O P O was poor, and so much smaller amounts of 
co-extracted water had to be determined. 

Another series of experiments on the co-extraction of 
water were also made by keeping the T O P O concentra­
tion at 0.04 mol d m - 3 , while changing the hydrogen-ion 
concentration in the 1 mol d m - 3 (H,Na)C10 4 or 1 mol 
dm" 3 ( H , N a ) N 0 3 ionic media. T h e log [ H 2 0 ] o r g , H X vs. 
log [H+] o r g plots obtained from these data were found 
to overlap approximately with those shown in Fig. 2. 

was expected) were also determined; the [ H 2 0 ] o r g > E 

values were calculated by means of Eq. 3. Figure 1 
shows these calculated values as a function of the total 
T O P O concentration in the organic phase. The values 
of .KH.O were calculated from these data by using Eq. 2 ; 
they are listed in Table 1. (For the calculation of the 
value in the hexane system, only those data which fitted 
with the straight line of a slope one were employed). 

The co-extraction of water with mineral acids by 
T O P O was studied only when the diluent was hexane. 
The concentration of the co-extracted water with the 
acid by T O P O was calculated by means of Eq. 4. 

é - 2 h 

o 
X 
l — l 

o 

- 3 - 2 

log [H+]org 

Fig. 2. Co-extracted water with hydrochloric (,A.), 
hydrobromic ( • ) , hydroiodic (A)> perchloric ( £ ) , 
nitric (Q), or thiocyanic ( • ) acid-TOPO complex in 
the hexane phase containing various amount of TOPO, 
where the aqueous phase for thiocyanic acid system 
was 0.9 mol dm - 3 hydrochloric acid and 0.1 mol dm - 3 

sodium thiocyanate, and that for others was 1 mol dm - 3 

only the acid. 

D i s c u s s i o n 

T h e above results may be summarized as follows. 
i) T O P O in benzene, carbon tetrachloride, and 

chloroform, and that in hexane at its low concentrations 
(below 0.02 mol d m - 3 ) , extract water from a 1 mol dm~3 

sodium perchlorate solution as a 1:1 species, TOPO« 
H 2 0 . The mole fractions of the T O P O - H 2 0 species 
relative to the total T O P O are 0.72, 0.50, 0.43, and 0.30 
in benzene, hexane, carbon tetrachloride, and chloro­
form respectively. Thus, the T O P O is not completely 
hydrated. In hexane, a discrepancy from the 1: 1 mole 
ratio in the extract was observed when the T O P O 
concentration was higher. 

ii) The amount of water co-extracted into hexane 
with the three hydrohalogenic acids was proportional 
to the amount of acid extracted. One mole of hydro­
chloric and hydrobromic acid in hexane which is 
combined with two moles of TOPO 1 0 , 1 3 ) co-extracted 
approximately three moles of water, but one mole of 
hydroiodic acid which is also combined with two moles 
of TOP0 1 3 > co-extracted only approximately 1.3 moles 
of water. 

iii) One mole of perchloric acid which is combined 
with two moles of T O P O in hexane9> co-extracts less 
than one mole of water, and the amounts of water co-
extracted per mole of the acid decrease with an increase 
in the acid concentration. 

iv) The co-extractions of water with nitric and with 
thiocyanic acid, each of which is combined with one 
mole of T O P O in hexane,9»13) are approximately the 
same as each other, and much less than with the other 
acids ; only about one-tenth mole of water is co-extracted 
with one mole of each of the acids, but the mole ratio 
of water and acid slightly increases with an increase 
in the acid concentration. 

T h e extraction of water in the absence of acid in the 
present work is similar to that in the previous reports;3 -5) 
moreover, the present results when the solvent is hexane 
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are similar to those when the solvent was cyclohexane 
or isooctane in the previous reports. 

Attempts were made to find species other than 
T O P O H 2 0 in the hexane system in the higher T O P O 
concentrations by statistical treatments of the data , but 
they were not successful. Thus , the present authors 
can not conclude whether the discrepancy from unity 
of the slope of the plot in Fig. 1 is due to the formation 
of higher aggregates such as ( T O P O ) è ( H 2 0 ) c (where 
bjc is lower than unity) or is due to changes in the 
chemical activities of the solutes. T h e same kind of 
discrepancy found in the previous work was explained 
in terms of the formation of a species, (TOPO) 3 -
(HaO)4 ."> 

I t is noticeable that, although a 1: 1 species of T O P O 
and water is formed in the organic phase, still a certain 
fraction of T O P O , sometimes more than a half of the 
total T O P O , is in the unhydrous state. Although the 
salt in the aqueous phase may affect the extraction of 
water, this can not be explained by the decrease in the 
water activity because the water activity in a 1 mol d m - 3 

sodium perchlorate solution is about 0.96; thus, the 
change is not serious.16) 

As may be seen from Fig. 2, the co-extraction of water 
was proportional to the extraction of the acid when it 
was a hydrogen halogenide. However, the slope of the 
log [H20]o r g ,Hx vs. log [H+] o r g plot was somewhat 
lower than unity when the acid was perchloric acid 
and higher than unity when the acid was nitric or 
thiocyanic acid (in the latter cases, the slopes were about 
1.5). I t is difficult to give an explanation of these values 
of the slope of the log [H 2 0] o r g > H x vs. log [H+] o r g plot 
or of the observation that the molar ratio of the extracted 
acid and the co-extracted water is quite different when 
the acid is different. Furthermore, these results can not 
explain why certain monoprotonic acids are extracted 
with two molecules of T O P O in the organic phase. 

As was previously reported,9 '10-13) only perchloric and 
the three hydrohalogenic acids among the monoprotonic 
inorganic acids we have studied were disolvated with 
T O P O in hexane. One of the explanations for this 
disolvation to one proton may be that the proton in the 
extract is in the oxonium-ion form ; two of the hydrogens 
are combined with the phosphoryl oxygen of T O P O , 
and the last hydrogen is combined with the anion. 
However, this does not explain the finding that the 
average composition of the extract was (TOPO) 2 -
( H C 1 0 4 ) ( H 2 0 ) d , where d is a number decreased by an 
increase in the acid concentration in the organic phase 
and always lower than unity. Moreover, for the three 
extracted hydrohalogenic acid species, whose average 
compositions were ( T O P O ) 2 ( H X ) ( H 2 0 ) c , where e was 
about 1.3 for hydroiodic acid and about 3 for the other 
two acids, we should consider that a certain proportion 
of co-extracted water was in a form other than the 
oxonium-ion form. 

Diamond and his coworkers studied the co-extraction 
of water with hydrochloric, hydrobromic, perchloric, 
perrhenic, and tetrachloroauric acid by T O P O in 
various solvents and reported a tendency similar to that 
shown by the present results.3-6) Since less than one mole 
of water was co-extracted with one mole of the per­

chloric, perrhenic, and tetrachloroauric acid which were 
disolvated with T O P O , they concluded that the proton 
combined with the T O P O molecules was not a oxonium-
ion, but was unhydrous, and that the anion which was 
assumed to combine with the proton as an ion pair was 
responsible for the co-extraction of water. 

However, when the water is assumed to be co-
extracted only by an " ion-paired" anion, the very poor 
co-extraction of water with nitric and thiocyanic acid 
can not be explained ; a nitrate ion should interact with 
water molecules more strongly than a perchlorate ion. 

I t is noticeable that the two monoprotonic acids which 
co-extracted water only poorly were monosolvated by 
T O P O in the organic phase, while the other mono­
protonic acids, which co-extracted greater amounts of 
water than nitric and thiocyanic acid, were disolvated. 
I t is also marked that these monosolvated acids were 
weaker acids than the disolvated ones. These facts seem 
to lead us to other kinds of explanations. For example, 
none of the anions of the monosolvated acids are in the 
form of an ion pair in the organic phase; they all 
interact with the proton more strongly, and thus are 
less available for the water molecules than the ion-
paired anion, and/or each of the two phosphoryl oxygens 
of T O P O in the disolvated acid species interact with the 
proton less strongly than that in the monosolvated acid 
species, thus becoming more available for hydration. 
However, since spectroscopic measurements have not 
been made, no final conclusion can be reached on the 
basis of only the results in the present study. 
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A kinetic study has been carried out on the low-temperature polymerization of propene with the soluble 
catalyst system, VC14 and alkylaluminium (AlEt2Cl, AlEt2Br, or AlEt3). The rate coefficients of the elementary 
reactions were evaluated at —78 °C. The molecular weight distribution function was derived on the basis of the 
polymerization mechanism. The theoretical distribution curves and experimental distribution curves obtained 
by use of a gel permeation chromatography agree, supporting the mechanism proposed for the coordination poly­
merization. 

The molecular weight distribution (MWD) of 
polymers depends on the kinetic scheme of polymeriza­
tion. Flory1) and Bamford et alV derived some distribu­
tion functions related to kinetic parameters for vinyl 
polymerization. Since the advent of gel permeation 
chromatography,3) detailed kinetic investigations on the 
basis of the M W D data of polymers produced have been 
carried out for various models of polymerization, such 
as the radical polymerization of styrene with benzoyl 
peroxide as initiator4) and the radiation-induced 
polymerization of styrene5) and a-methylstyrene.6) 
Agreement between the theoretical and experimental 
M W D curves can be regarded as evidence for the 
proposed kinetic scheme. However, this type of inves­
tigation does not seem to have been applied to the 
coordination polymerizaton of «-olefin with Ziegler-
type catalysts. 

In the present study, carrying out the polymerization 
of propene with the soluble catalyst mixture of VC14 

with alkylaluminium [AlEt2Cl, AlEt2Br, or AlEt3 

( E t = C 2 H 5 ) ] at —78 °C, we compare the experimental 
M W D curves with a theoretical one derived from a 
proposed kinetic scheme. T h e catalyst system, VC14 / 
AlEt2Cl8) or VCl4/AlEt2Br,7> at - 7 8 °C gives the 
syndiotactic form of polypropylene, whereas VC14/ 
AlEtg10) gives the stereoirregular (atactic) form of poly­
propylene. 

T h e kinetic scheme for polymerization is discussed, 
values being then determined for the rate coefficients 
of elementary reactions along the scheme. 

Kinet ic S c h e m e 

The mechanism of syndiotactic polymerization of 
propene with the soluble catalyst system VCl4 /AlEt2Cl 
has been extensively investigated by Nat ta and co­
workers.8-11) Their kinetic data9 ,10) on the polymeriza­
tion and spectroscopic data11) of the catalyst system 
suggest the following mechanistic features concerning 
the polymerization of propene. T h e catalytically active 
vanadium formed by the reaction of VC14 with AlEt2Cl 
is only a small fraction (less than 1 %) of the total 
amount of vanadium9) and a trivalent state.11) T h e 
polymerization of propene takes place via two successive 
reactions, propene monomer coordination to the active 
vanadium and the subsequent insertion of the coordinat­
ed monomer into the growing chain attached to the 

metal.10) T h e molecular weight of the growing chain 
is restricted either by the propene monomer coordinated 
or by the attack of alkylaluminium.9 '10) The chain 
transfer with monomer may be caused by a hydrogen 
transfer from the growing chain to the coordinated 
monomer with the subsequent formation of a new 
growing chain and a dead polymer. In the chain 
transfer with alkylaluminium, the growing chain attach­
ed to the vanadium may be replaced by the alkyl group 
on aluminium. In both cases the number of polymeriza­
tion centers remains unchanged. For the purpose of 
calculation, the above reactions are written as follows. 

Coordination to monomer 

Rw + M £± C„ (1) 

Propagation 

Cn - ^ Rn + 1 (2) 

Chain transfer with monomer 

C„ - ^ > Rx + Yn (3) 

Chain transfer with alkylaluminium 

Rn + A - ^ > Rx + Zn (4) 

Here Cn and Rw represent the growing chain with n 
units attached to the active vanadium metal with and 
without the monomer coordinated, respectively. M, A, 
Yn, and Zn represent the propene monomer, alkyl­
aluminium, polymer with n units and polymer molecule 
with n units attached to inactive aluminium metal, 
respectively. 

T h e overall rates of propagation, Rp, and chain 
transfer, Rt, are given by 

Äp = ApÇECJ = Vr m i ] [R w ] [M] 

= ^(ifc[w)l]([CJ+[RJ) (5) 

Rt = (ktmKm[M] +* t a l[A]) |][Rn] (6) 

T h e number average degree of polymerization of the 
isolated polymers, Pn, at a given time, t, is given by 

î]([CJ + [RJ) + fV* 
l Jo 
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If we assume the steady-state conditions under which 
Rp and Rt remain constant during the course of poly­
merization, the reciprocal of ~Pn can be expressed as 

1_ = fl+KJM]} 1 [ Rt 

Pn \ kpKm[M] J t ' Rp
 ( 8 ) 

Under the conditions that J > 0 , Eq . 8 can be approxi­
mated as 

[A] 
Pn ~ Rp kp kpKm [M] V } 

We now derive the M W D function in this polymeriza­
tion. The formation of the growing chain with n units 
is given by 

d [ R w
d ^ C J = M U M ] ( [ R . . J - [RJ ) 

-(^ t m iCm[M]+ü: t a l[A])[RJ (10) 

When the polymerization is stationary, i.e., [Cw] and 
[Rw] remain constant during the course of polymeriza­
tion, the right-hand side of Eq . 10 is zero. Thus we have 

[ R J = flR^J = / ^ [ R J (11) 

with . kpKm[M] 
kpKm[M] + ktmKm[M] + *tal[A] 

(12) 

T h e rate of formation of the polymer with n units is 
given by 

d [ Y " d | Z J = (*tm*m[M] +* t a l[A])[RJ (13) 

For a low conversion of monomer the concentration of 
polymer, [Y M +Z M ] , may be expressed as a function of t. 

[Yn + Z J = (* tm*m[M] +*tal[A])/?"-i[R1]* (14) 

Thus, we have the mole fraction of polymer with n units, 
X{n) 

X{n) = ( l - i ^ - i (15) 

which is the same as the M W D function derived by 
Flory.D 

E x p e r i m e n t a l 

Reagents. Propene (Mistubishi Petrochemical Co. 99.7 
% purity, the impurity being propane) was dried by passing 
through columns of NaOH and P 20 5 . Heptane (reagent 
grade) was dried by refluxing over sodium metal under nitro­
gen atmosphere after distillation. Alkylaluminiums (Japan 
Aluminium Alkyl Co.) and VC14 (Wako Pure Chemicals) were 
used without further purification. 

Polymerization Procedure. A three-neeked glass flask with 
a magnetic stirrer was used as a reactor. Propene was con­
densed into heptane in the reactor kept at — 78 °C with 
methanol-Dry Ice. The amount of heptane used was adjusted 
to be 100 ml as the total volume of solution. Prescribed 
amounts of alkylaluminium and VC14 were charged one after 
the other. Polymerization was timed from the addition of the 
VC14 component, and quenched at a given time by introducing 
100 ml of an ethanol solution of hydrochloric acid cooled at 
— 78 °C. The polymers obtained were washed several times 
with 200—300 ml ethanol and dried in vacuo at room tem­
perature. 

Gel-permeation Chromatography Analysis. Molecular weight 
distributions of polymers were measured by gel permeation 
chromatography (GPC) (Waters Associates, Model 200) with 
the use of five polystyrene gel columns (107, 106, 105, 104, and 
103 Â pore sizes) and o-dichlorobenzene as a solvent at 135 
°C. The solvent flow rate was maintained at 1.0 ml/min. 

A molecular weight calibration curve was obtained on the 
basis of the universal calibration,12'13) with 10 standard samples 
of monodisperse polystyrene of molecular weights 2100— 
2610000. From the GPC data, the number-average and 
weight-average molecular weights (Mn, Mw) were obtained 
by standard procedures by using the data at 1/2 count (2.5 
ml elution volume). 

R e s u l t s a n d D i s c u s s i o n 

The polymerization results obtained at — 78 °C under 
various conditions are summarized in Tables 1, 2, and 
3 for the VGl4 /AlEt2Cl, VCl4/AlEt2Br, and VCl4 /AlEt3 

catalysts, respectively. Polymerization was carried out 
in the range of a low conversion of propene monomer 
up to several percents. T h e concentration of monomer 
may be regarded as constant during the course of poly­
merization. Kinetic analysis for the polymerization was 
made from the da ta given in the Tables. 

Polymerization Rate. T h e time dependence of the 
yields of polymers produced in the course of polymeri­
zations with different catalyst systems is shown in Fig. 1. 
The yield-time curves are almost linear with no induc­
tion periods. This shows that the formation of the 
polymerization centers is complete just after the start 
of polymerization and the number of the centers remains 
constant during the course of polymerization. 

T h e polymer yields at a given polymerization time 
were of first-order, as anticipated, with respect to the 
amount of vanadium tetrachloride at a constant con­
centration of alkylaluminium. O n the other hand, it 
was found that the relationship between polymerization 
rate and propene monomer concentration is not of 
simple first-order kinetics. The polymerization rate, Rp, 
increased to a constant value with increase in monomer 

TABLE 1. POLYMERIZATION RESULTS OBTAINED AT 

— 78 °C UNDER DIFFERENT EXPERIMENTAL 

CONDITIONS WITH V C l 4 / A l E t 2 C l 

CATALYST SYSTEM 

Sample 

A-1 
A-2 
A-3 
A-4 
A-5 
A-6 
A-7 
A-8 
A-9 
A-10 
A-11 
A-12 
A-13 
A-14 
A-15 
A-16 
A-17 

AlEt2Cl 
(mol/1) 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.03 
0.10 
0.15 
0.20 
0.25 
0.05 
0.05 
0.05 
0.05 

CßHg 
(mol/1) 

8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
1.2 
2.4 
4.8 

11.7 

Polymeri 
zation 
period 

(h) 

0.5 
0.75 
1.0 
2.0 
3.0 
4.0 
5.0 
7.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 

- Poly­
mer 
yield 
(g) 

0.05 
0.14 
0.19 
0.49 
0.72 
1.01 
1.39 
2.00 
0.52 
0.99 
0.96 
0.97 
0.94 
0.23 
0.46 
0.66 
0.66 

(xlO4) 

2.39 
2.32 
2.99 
3.06 
3.19 
3.73 
3.58 
4.07 
3.28 
2.93 
3.06 
2.68 
2.87 
1.92 
2.27 
2.97 
— 

(MJMJ 

1.4 
1.5 
1.5 
1.5 
1.5 
1.6 
1.7 
1.7 
1.5 
1.6 
1.7 
1.8 
1.6 
1.9 
1.7 
1.7 
— 

VC14 concentration of 0.01 mol/1, polymerization 
solution of 0.1 1. 
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T A B L E 2. POLYMERIZATION RESULTS OBTAINED 

AT - 7 8 °G WITH VGl4 /AlEt2Br 

CATALYST SYSTEM 

Sample 

Polymeri- Poly-
AlEt2Br C 3H 6 zation mer 
(mol/1) (mol/1) period yield 

(h) (g) 
( x l O 3 ) (MJMJ 

B-l 

B-2 
B-3 
B-4 
B-5 
B-6 
B-7 

B-8 
B-9 
B-10 
B- l l 

0 .050 
0 .050 
0 .050 
0 .050 
0 .015 
0 .025 
0 .075 
0 .100 
0 .200 
0 .025 
0 .025 

8 . 4 
8 . 4 
8 .4 
8 .4 
8 .4 
8 .4 
8 .4 
8 .4 
8 .4 
4 . 8 

12.3 

2.0 0.06 3.34 2.3 
0 . 0 8 
0 .10 
0 .16 
0 .05 
0 .09 
0 . 0 4 
0 .04 
0 .03 
0 .06 
0 .14 

5.17 
6.58 
5.50 

3.0 
2.7 
2.6 

24 
61 
40 
34 
02 
93 

VC14 concentration of 0.01 mol/1, polymerization 
solution of 0.1 1. 

T A B L E 3. POLYMERIZATION RESULTS OBTAINED 

AT - 7 8 °C WITH VCl 4 /AlEt 3 

CATALYST SYSTEM 

Sample 

Polymeri- Poly-
AlEt3 C 3 H 6 zation mer 

(mol/1) (mol/1) period yield 
(h) (g) 

M n _d_ 
[XlO») (MJMn) 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-8 
C-9 
C-10 
C-ll 
C-12 
C-13 

0.025 
0.025 
0.025 
0.025 
0.025 
0.005 
0.015 
0.100 
0.150 
0.200 
0.025 
0.025 
0.025 

8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
1.2 
4.8 

11.9 

0.5 
1.0 
1.5 
2.5 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
2.5 
2.5 
2.5 

0.30 
0.49 
0.92 
1.25 
1.43 
1.08 
0.83 
0.57 
0.40 
0.47 
0.22 
0.82 
1.42 

2.57 
3.43 
5.45 
7.55 
7.75 
6.81 
5.97 
4.86 
3.46 
3.82 
2.74 
5.74 

10.7 

1.6 
1.8 
2.0 
2.0 
2.0 
2.1 
2.4 
2.6 
2.6 
2.2 
2.1 
2.0 
1.8 

VC14 concentration of 0.001 mol/1, polymerization 
solution of 0.1 1. 

c o n c e n t r a t i o n , [M].1 4> l / / ? p is p l o t t e d a g a i n s t 1 / [M] 
for t h e r e spec t ive ca t a lys t sys t em i n F i g . 2 . T h e l i n e a r i t y 
of t h e p lo ts i n d i c a t e t h a t E q .5 is a p p l i c a b l e to t h e 
p o l y m e r i z a t i o n of p r o p e n e w i t h so lub le v a n a d i u m - b a s e d 
ca t a ly s t s . T h e va lues of t h e c o o r d i n a t i o n e q u i l i b r i u m 
c o n s t a n t of m o n o m e r , Km, w e r e d e t e r m i n e d f rom t h e 
slopes a n d t h e i n t e r c e p t s of t h e s t r a i g h t l i nes . T h e 
resul ts a r e g iven i n T a b l e 4 . 

0 2 4 6 8 
Polymerization t ime/h 

Fig. 1. Polymer yield-time curves of the polymerizations 
with different catalyst systems. 
( O ) ; VCl4 /AlEt2Cl system (samples A- l—A-8) , ( A ) ; 
VCl4 /AlEt2Br system (samples B-l—B-4), ( • ) ; VG14/ 
AlEt 3 system (samples C-1—C-5). 
For experimental conditions see Tables 1—3. 

0.2 0.8 1.0 0.4 0.6 
[ M ] - ! / l m o l - 1 

Fig. 2. Plots of the reciprocal of polymerization rate, 
i?p_1, against the reciprocal of propene monomer 
concentration, [ M ] - 1 . 
( O ) ; VCl4 /AlEt2Cl system ( a = l for Ä ^ x 10°), ( A ) ; 
VCl4 /AlEt2Br system (<j=0 for Äp-1 X 10°), ( • ) ; VC14/ 
AlEt3 system (a=2 for R^X 10a). 
- 7 8 °C, [AlEt2Cl] = [AlEt 2 Br]= 0.05 mol/1 or [AlEt3] 
= 0.025 mol/1. 

T h e effect of a l k y l a l u m i n i u m c o n c e n t r a t i o n o n t h e 
p o l y m e r i z a t i o n r a t e is c o m p l i c a t e d (F ig . 3 ) . T h e 
p o l y m e r i z a t i o n r a t e rises to a m a x i m u m v a l u e fol lowed 
b y a g r a d u a l fall w i t h i n c r e a s e i n t h e c o n c e n t r a t i o n of 
a l k y l a l u m i n i u m , i.e., i n t h e A l / V r a t i o . T h e p o l y m e r i ­
z a t i o n r a t e is c o r r e l a t e d w i t h t h e fo l lowing func t ion of 
t h e c o n c e n t r a t i o n of a l k y l a l u m i n i u m [ A ] . 

* A [ A ] 
Ä . 

: I + * A [ A ] ) 2 
(16) 

T A B L E 4. R A T E COEFFICIENTS OF ELEMENTARY REACTIONS IN THE POLYMERIZATION OF 

PROPENE WITH VCl 4 /AlEt 2 X ( X = C 1 , Br, Et) CATALYST SYSTEMS AT —78 °C 

AlEt2Cl AlEt2Br AlEts 

^(1-mol - 1 ) 
^(1-mol-1) 

Mh-1) 
^ ( h - 1 ) 
^ ( l - m o l - L h - i ) 

0.26±0.03 
6 . 8 ± 0 . 3 

( 4 . 3 ± 1 . 0 ) x l 0 3 

5 . 4 ± 0 . 1 
18±6.5 

0 .02±0.01 
31±3 

( 2 . 5 ± 1 . 2 ) x l 0 2 

1.7±0.1 
3 . 5 ± 2 . 0 

0.04±0.01 
46±2 

( 5 . 3 ± 0 . 6 ) x l 0 4 

2 . 3 ± 0 . 3 
9 . 0 ± 1 . 5 
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The value of the constant, KA, decreases in the order : 
AlEt 3 >AlEt 2 Br>AlEt 2 Cl (Table 4) . T h e order 
appears to correspond to the reducing powers of the 
alkylaluminium for VC14 . Though we can not present 
a conclusive explanation for Eq . 16, alkylaluminium 
seems to take part in the deactivation of polymerization 
centers as well as in the formation of the centers through 
the alkylation and complexation of VC14 . This is 
supported by the obervation of Lehr15) that higher A l / V 
ratios result in some reduction of vanadium to its 
divalent state at —78 °C in the VG14/Al(t-Bu)8 catalyst 
system. The influence of the alkylaluminium concent­
ration on the polymerization rate is thus understandable 
as a result of the change in the number of polymeriza­
tion centers, S ( [ C J + [ R J ) . 

0.05 0.20 0.25 0.10 0.15 

[A]/mol I"1 

Fig. 3. Influence of alkylaluminium concentration, [A], 
on polymerization rate, Rp. 
(O) ; VCl4/AlEt2Cl system (a=0 for Rpx 10a), (A) ; 
VCl4/AlEt2Br system (a= - 1 for Rp x 10a), (Q) ; VC1J 
AlEt3 system (a= 1 for RpX 10°). 
- 7 8 °C, [M] = 8.4mol/l. 

Average Molecular Weight. The number-average 
molecular weghts, Mn, of polymers produced increase 
with the polymerization time, attaining constant values 
in a few hours for all the catalyst systems (Tables 1—3). 
The plots of l[Mn vs. Ijt are shown for different catalyst 
systems in Fig. 4. T h e linearity of plots indicates that 
the experimental results are satisfactorily correlated by 
Eq. 8, which is a linear form of Eq . 7. Using the values 
°f ^m given in the preceding section, we can estimate the 
values of the propagation rate coefficient of monomer, 
kp, from the slopes of the straight lines. The values of 
kp for different catalyst systems are summarized in 
Table 4. 

The values of ~Mn of the polymers produced at 3 h 
increase with increase in the concentration of propene 
monomer, [ M ] . T h e dependence of the value of ~Mn 

on [M] is given by Eq. 9. T h e relation between the 
value of Mn °f the polymers produced and the concent­
ration of alkylaluminiums, [A], also follows Eq. 9 
(Figs. 5—7). T h e values of intercepts of both straight 
lines in the respective figure agree closely with each 
other. This suggests that the chain terminating steps 
other than the transfer with monomer and alkylalumi-

o 
X 

f-Vh-1 

Fig. 4. Plots of 1/Mn vs. Ijt. 
(O) ; VCl4/AlEt2Cl system (a=5 for 1/Afnx 10°, sam­
ples A-l—A-8), (A) ; VCl4/AlEt3Br system (a=4 for 
l/Mn x 10a, samples B-l—B-4), ( • ) ; VCl4/AlEt3 system 
(a=6 for 1/Afnx 10a, samples C-l—C-5). 
For experimental conditions see Table 1—3. 

o 
X 

[ M ] - ! / l mo l - 1 

0.2 0A 0.6 0.8 1.0 
i 1 r 

Rf 

0.1 0.2 0.3 
[AlEt2Cl]/mol l-1 

Fig. 5. Plots of 1/Mn vs. 1/[M] and vs. [A] for VC14/ 
AlEt2Cl system. 
( # ) ; Samples A-14—A-16 and A-5, (O) ; Samples A-9 
—A-13 and A-5. 
For experimental conditions see Table 1. 

[M]~V1 mol"1 

0 0.2 0A 
1 1 1 1 

A h J-

0 0.1 0.2 
[AlEt2Br]/mol l"1 

Fig. 6. Plots of 1/M„ vs. 1/[M] and vs. [A] for VC14/ 
AlEt2Br system. 
( JO; Samples B-10, B-ll and B-2, (A) ; Samples B-6 
—B-9 and B-2. 
For experimental conditions see Table 2. 

n ium is not significant in the polymerization. The values 
of the rate coefficients of the chain transfers, ktm and 
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[M]-i/l mol-1 

0 0.5 1.0 1.5 

[AlEtJ/mol l-1 

Fig. 7. Plots of \lMn vs. 1/[M] and vs. [A] for VC1J 
AlEtg system. 
( • ) ; Samples C-ll— C-13 and G-4. 
( • ) ; Samples C-5—G-10. 
For experimental conditions see Table 3. 

kta], may be obtained from the intercepts and slopes 
of the straight lines. The values of ktm and £ t a l are 
given in Table 4 with the experimental deviation for 
each catalyst system. 

T h e rate coefficients of the elementary reactions are 
remarkably affected by the type of alkylaluminium used. 
T h e mole fraction of syndiotactic dyads of the poly­
propylene produced decreases as follows.7) 

AlEt2Gl (86) > AlEt2Br (65) > MEt, (50) (17) 

The remarkable influence of the type of alkylaluminium 
on the elementary reaction rates and stereospecificity 
may be interpreted in terms of the bimetallic structure 
of the polymerization center, first proposed by Zambelli 
et al. y11) in which the alkylaluminium complexed with 
alkylvanadium chloride regulates the catalytic capa­
bility. 

Molecular Weight Distributions. Comparison has 
been made between the theoretical and experimental 
M W D curves of the polypropylene samples. Three 

Molecular weight 

Fig. 8. Experimental and theoretical molecular weight 
distribution curves of polypropylenes prepared at — 78 
°G with different soluble vanadium-based catalysts. 
( ) : Experimental curves, ( ) theoretical curves. 

nomalized GPC curves of samples A-8, B-4 and C-5 are 
shown in Fig. 8 by solid lines. T h e polypropylene 
samples were prepared by the polymerization with 
different catalyst systems. T h e weight fraction of 
polymer is plotted against common logarithms of 
molecular weight. For the sake of comparison the 
theoretical M W D curves of the three samples were 
calculated from a plot of 42-n2-[X(n)~\ vs. log (42-n), 
with [^T(«)] by means of Eq . 15 and the values of ß 
(0.99865 for sample A-8, 0.98915 for sample B-4 and 
0.99995 for sample C-5) were determined using the 
kinetic parameters (Table 4), taking the conditions for 
the preparation into consideration. The results are 
shown in Fig. 8 by dotted lines. T h e modes of curves 
and the values of maxima are in close agreement between 
theory and experiment, except sample B-4 prepared with 
VCl4/AlEt2Br system. T h e shoulder at the higher 
molecular weights observed in the GPC curve of sample 
B-4 may be due to the coexistence of AlEt2Cl formed 
by the halogen interchange between VC14 and AlEt2Br. 

I t may be concluded that the molecular weight 
distributions of polymers produced with soluble 
vanadium-based catalysts are expressed by the distribu­
tion function of Eq. 15 derived from the kinetic scheme 
proposed. 
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CD spectra of ß-cyclodextrin complexes with 2-naphthol, 2-naphthyloxyacetic acid, potassium 2-naphthoate, 
and potassium 2-naphthylacetate were measured at various concentrations of ß-cyclodextrin and at temperatures 
ranging from 10 to 70 °G. The temperature-dependent CD spectra of the 2-naphthyloxyacetic acid complex clearly 
show the 1: 1 complex formation, but the other three complexes give CD intensity changes which are inexplicable 
in terms of the 1: 1 stoichiometry. The molecular ellipticity and thermodynamic parameters were determined 
by the least-squares method. Enthalpy and entropy are in the ranges from —22.2 to —26.8 kj«mol -1 and from 
—24 to — 38 J« K - 1-mol - 1 , respectively. They are strongly correlated to the volume of the substituent of the 
guest molecule, although the free energy is found in a quite narrow region (from —14.3 to —15.4 kj .mol - 1) . 
The correlation is explained on the basis of the ß-cyclodextrin-guest interaction and the solvation around the guest 
molecule. 

Cyclodextrins, which are <*-1,4-linked cyclic oligosac­
charides, form a number of inclusion complexes with a 
variety of guest molecules owing to the large cylindrical 
cavity in the center of the molecule.1»2) Since cyclodex­
trins are asymmetric molecules, optical activity is 
induced when an optically inactive guest is included in 
the cavity.3-7) For the cyclodextrin complexes with 
aromatic guests, the origin of induced optical activity 
was reasonably explained in terms of the Kirkwood-
Tinoco coupled oscillator model.5 - 7) Although CD 
spectra of many cyclodextrin complexes have already 
been reported, the molecular ellipticity of the complex 
has not been precisely determined. Since the induced 
CD is caused by cyclodextrin-guest interactions, CD 
spectra are expected to give information on the structure 
of the complex in solution. In the previous paper,8) 
we reported the temperature dependence of CD spectra 
of «-cyclodextrin complexes with m- and /?-nitrophenols. 
We present here the temperature effects on CD spectra 
of /3-cyclodextrin complexes with 2-substituted naph­
thalenes and will discuss the structure and binding force 
of the complexes on the basis of the thermodynamic 
parameters determined by the least-squares method. 

E x p e r i m e n t a l 

Materials. ^-Cyclodextrin (G. R., Tokyo Kasei Go.) 
was twice recrystallized from water and dried in vacuo over 
phosphorous pentaoxide. 2-Naphthol and 2-naphthyloxyacetic 
acid (G. R., Tokyo Kasei Go.) were recrystallized from etha­
nol. Potassium 2-naphthoate and potassium 2-naphthylacetate 
were prepared from 2-naphthoic acid and 2-naphthylacetic 
acid, which were treated by KOH-saturated ethanol, and were 
recrystallized from water. 

CD Measurements, Solutions were prepared with 
deionized and distilled water. The GD spectra were recorded 
on a JASGO J-40A circular dichrograph with a J-DPZ data-
processor. The recording of each spectrum was repeated four 
times, and the averaged spectra were obtained on the data-
processor. The temperature was regulated by using a Tokyo 
Rico TC-100 thermo-controller with an accuracy of ±0.5 °G 
inside the cell. 

R e s u l t s 

The GD spectra measured at 30 °G are shown in 

200 250 300 350 

Wavelength(X/nm) 

Fig, 1. GD spectra of ^-cyclodextrin complexes with 
2-naphthol ( ), 2-naphthyloxyacetic acid ( ), 
potassium 2-naphthylacetate (-•-•)? a n d potassium 
2-naphthoate (-••-) at 30 °G. The concentrations of 
^-cyclodextrin, 2-naphthol, 2-naphthyloxyacetic acid, 
potassium 2-naphthylacetate, and potassium 2-naph­
thoate are 5.0xl0~3 , 1.89xl0"4, 2 .12xl0"4 , 2.02X 
10~4, and 1.90 X 10~4 M, respectively. 

Fig. 1. The concentrations of/3-cyclodextrin, 2-naphthol, 
2-naphthyloxyacetic acid, potassium 2-naphthoate, and 
potassium 2-naphthylacetate are 5.0 X 10~3, 1.89 X 10~4, 
2.12 X 10-4 , 1.90 x 10-4 , and 2.02 X 10~4 M , respectively. 
Each complex shows negative CD bands in the wave­
length region longer than 250 n m . T h e CD bands 
found in the 250—300 n m region give a peak intensity 
higher than the intensity of the 300—350 n m bands. 
A large positive-signed CD band was found in the 
wavelength region from 200 to 250 nm. T h e temperature 
dependence of the CD intensity was measured by 
increasing the temperature from 10 to 70 °C. After 
the measurement at 70 °C, the temperature was again 
lowered to 10 °C. Then , the CD intensity returned to 
the initial value. 
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200 250 300 350 
Wavelength(X/nm) 

Fig. 2. CD spectra of /?-cyclodextrin-2-naphthol complex 
measured at 10 °C ( ), 20 °C ( ), 30 °C ( ), 
50 °C ( ), and 70 °G ( ). The concentrations 
of ß-cyclodextrin and 2-naphthol are 5.0 x l O - 3 and 
1.89 X 10~4 M, respectively. 

ß-Cyclodextrin-2-Naphthol Complex. T h e C D 
spectra measured at 10, 20, 30, 50, and 70 °C are shown 
in Fig. 2. With the increase of temperature, the negative 
CD bands lower their intensity. T h e intensity change 
in these bands is more rapid at lower temperature 
conditions. When the temperature is raised from 10 to 
30 °C, the C D intensity of the 285 n m band decreases 
by O . H d e g ' d m - 1 , which corresponds to 3 3 % of the 
intensity measured at 10 °C. O n the other hand, the 
intensity change is only 0.035 d e g - d m - 1 between the 
temperatures of 50 and 70 °C. T h e 285 n m band is 
slightly sharpened by increasing the temperature, and 
a shoulder appears at 274 nm. A similar sharpening is 
observed in the positive CD band centered at 222 n m . 
T h e intensity change in the 222 n m band is different 
from that of the negative-signed bands measured in 
the longer wavelength region. T h e CD intensity 
enhances when the temperature is raised up to 20 °C; 
after that , however, the intensity lowers with increasing 
temperature. Figure 4a gives the more detailed intensity 
change measured at 222 n m . In this case, the concen­
tration of 2-naphthol is adjusted to 1.83 X 10-4 M , and 
the intensity was measured at /?-cyclodextrin concentra­
tions of l .Ox lO" 3 , 2 .0X10- 3 , and 9 . 0 x l O - 3 M . At 
each /5-cyclodextrin concentration, the highest CD 
intensity was not observed at 10 °C. The temperature 
which gives the maximum CD intensity becomes lower 
with the decrease of the /?-cyclodextrin concentration. 
At 9 . 0 x l 0 - 3 M ß-cyclodextrin concentration, the CD 
intensity increases with the temperature up to 40 °C, 
and after that decreases gradually. T h e intensity 
maxima were also observed at 20 and 15 °C at the 
/?-cyclodextrin concentrations of 2.0 X 10~3 and 1.0 x 1 0 - 3 

M , respectively. The molecular ellipticity of the complex 
and thermodynamic parameters were determined by the 
least-squares method (see Appendix) on the basis of 

the assumption of the 1: 1 stoichiometry. The intensity 
data measured at temperatures lower than 40 °C 
(9.0 x 10-3 M ) , 30 °C (2.0 X 10-3 M ) , and 25 °C (1.0 x 
10 - 3 M) were not included in the calculation, since 
these values systematically deviated from the expected 
ones and can not be explained on the basis of the 1: 1 
stoichiometry. T h e calculated intensity is shown by the 
solid line in Fig. 4a. T h e 1: 1 stoichiometry predicts 
the monotonous decrease of the C D intensity with the 
increase of the temperature. The molecular ellipticity 
of the complex is 5.7(1) X 104 d e g - c m ^ d m o l - 1 , and the 
dissociation constant at 25 °C is 2.0(2) X 10"3 mol. T h e 
free energy at 25 °C, enthalpy, and entropy for the 
complex formation are —15.4(3), —26.8(9) kj«mol - 1 , 
and — 38(3) J « K - 1 - m o l - 1 , respectively. 

200 250 300 350 
Wave length( A/nm) 

Fig. 3. CD spectra of /?-cyclodextrin-2-naphthyloxyacetic 
acid complex measured at 10 °G ( ), 30 °G ( ), 
50 °C ( ), and 70 °C ( ). The concentrations 
of /?-cyclodextrin and 2-naphthyloxyacetic acid are 5.0 
X 10"3 and 2.13 X 10~4 M, respectively. 

ß-Cyclodextrin-2-Naphthyloxyacetic Acid Complex. The 
CD spectra of the 2-naphthyloxyacetic acid complex 
measured at 10, 30, 50, and 70 °C are shown in Fig. 3 . 
Unlike the 2-naphthol complex, the intensity change is 
slow in the temperature range from 10 to 30 °C. Two 
weak CD bands are centered at 313 and 326 nm, while 
the larger negative band found at 280 nm has a weak 
shoulder at 273 nm. T h e intensity of these C D bands 
becomes lower with the increase of the temperature, 
and the intensity change is more rapid at higher tem­
perature. The intensity of the 280 n m peak reduces 
to ca. 6 5 % of the intensity measured at 10 °C when the 
temperature is raised to 70 °C. T h e intensity of the 
positive C D band, which is centered at 224 nm, also 
decreases with increasing temperature. The intensity at 
70 °C is about 6 0 % of that measured at 10 °C. Figure 
4b shows plots of the intensity change measured at 
224 n m against the temperature. The concentration of 
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20 40 60 

Temperature(t /°C) 

20 40 60 

Tempérât ure(t/°C) 

2-naphthyloxyacetic acid is 1.73 X 10~4 M , and the 
measurement was carried out at the /?-cyclodextrin 
concentrations of 1.0 X 10~3, 2.0 X IO-3, and 9.0 X 10~3 

M . The least-squares calculation was done by using 
all the intensity data measured. T h e CD intensity 
decreases monotonously with the temperature increase, 
and the calculated values (shown by solid lines) fitted 
well with the observed ones. In this case, the molecular 
ellipticity is 4.20(4) X 104 deg«cm2«dmol-1 , and the 
dissociation constant at 25 °C is 2.7(1) x 10~3 mol. T h e 
free energy at 25 °C, enthalpy, and entropy are 
- 1 4 . 6 ( 1 ) , - 2 2 . 5 ( 5 ) k j -mol- 1 , and - 2 4 ( 2 ) J -K- 1 « 
mol - 1 , respectively. 

ß-Cyclodextrin-Potassium 2-Naphthoate Complex. 
This complex shows two weak peaks at 328 and 312 n m 
in the longer wavelength region, while in the 250—300 
nm region there is found a negative CD peak at 289 n m 
and a shoulder at 281 n m . T h e positive CD band is 
observed at 230 n m . T h e intensity change measured 
at 230 nm is shown in Fig. 4c. T h e concentration of the 
guest is 1.71 X 10 - 4 M . At the /5-cyclodextrin concen­
tration of 9 . 0 x l O ~ 4 M , an enhancement of the CD 
intensity is observed when the temperature is raised 
from 10 to 15 °C, but after that , the intensity decreases 

20 40 60 

Temperature( t / °C) 

20 40 60 

Temperature(t /°C) 

Fig. 4. Plots of CD intensity against the temperature; 
the intensity is measured at 222 nm for the 2-naphthol 
complex (a), 224 nm for the 2-naphthyloxyacetic acid 
complex (b), 230 nm for the potassium 2-naphthoate 
complex (c), and 224 nm for the potassium 2-naphthyl-
acetate complex (d) with the concentrations of 1.83 X 
IO-4, 1.73 X IO-4,1.71 X IO-4, and 1.96 X 10~4 M, respec­
tively. The concentration of/5-cyclodextrin is 1.0 X 10~3 

(A), 2.0x IO-3 (B), and 9.0x 10~3 M (C). Solid lines 
are calculated intensity by using molecular ellipticity 
and thermodynamic parameters which are determined 
by the least-squares method on the basis of a 1:1 
complex. 

with the increase of the temperature. At the /?-cyclodex-
trin concentrations of 2.0 x l O - 3 and 1 . 0 x l O _ 3 M , an 
intensity decrease was observed during the temperature 
increase up to 70 °C. In the least-squares calculation, 
the intensity data measured at temperatures less than 
20 °C were not included because of the reasons men­
tioned above. T h e molecular ellipticity of the complex 
is 3.88(7) X 104 deg«cm2«dmol - 1 , and the dissociation 
constant at 25 °C was determined to be 2.7(2) X 10~3 

mol. T h e free energy at 25 °C, enthalpy, and entropy 
are - 1 4 . 6 ( 2 ) , - 2 5 . 5 ( 8 ) k j -mol- 1 , and - 3 7 ( 2 ) J -K" 1 « 
mo l - 1 , respectively. 

ß-Cyclodextrin-Potassium 2-Naphthylacetate Complex. 
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TABLE 1. MOLECULAR ELLIPTICITY AND THEE 

COMPLEXES WITH 2-SUBS: 

nm 104deg'Cm2 'dmol_1 

2-Naphthol ~~ 222 5.7(1) 
2-Naphthyloxyacetic acid 224 4.20(4) 
Potassium 2-naphthoate 230 3.88(7) 
Potassium 2-naphthylacetate 224 5.5(1) 

In the longer wavelength region, a very weak CD band 
is centered at 318 n m . T h e larger negative peak is 
observed at 279 nm, while a shoulder is observed at 
288 n m . In the shorter wavelength region, a positive 
CD band is found at 224 n m . T h e temperature depen­
dence of the 224 n m band was measured at the guest 
concentration of 1 . 9 6 x l O - 4 M , as shown in Fig. 4d. 
At the jS-cyclodextrin concentration of 9 . 0 x l O ~ 3 M , 
the CD intensity increased with the temperature up to 
20 °C, then decreases with increasing temperature. Only 
an intensity decrease was observed at the /?-cyclodextrin 
concentrations of 2 . 0 x l 0 ~ 3 and 1 . 0 x l O - 3 M . T h e 
least-squares calculation was done by using the intensity 
data measured at the temperatures higher than 30 °C 
for the /?-cyclodextrin concentration of 9 . 0 x l O ~ 3 M 
and 20 °C for the concentrations of 2.0 X IO-3 and 1.0 X 
10~ 3 M. T h e molecular ellipticity of the complex is 
5.5(1) X 104 deg«cm2-dmol_ 1 , and the dissociation con­
stant at 25 °C is 3.1(2) X 10~3 mol. T h e free energy at 
25 °C, enthalpy, and entropy are —14.3(2), —23.0(6) 
k j ' m o l - 1 , and — 29(2) J«K _ 1 »mol - 1 , respectively. 

D i s c u s s i o n 

Structure and Stoichiometry of the Complex. ß-
Cyclodextrin complexes with four 2-substituted naph­
thalenes give similar CD spectra: two negative CD 
bands in the 250—350 nm region and a positive CD 
band in the 200—250 n m region. T h e origin of 
induced CD by cyclodextrins is reasonably interpreted 
in terms of the Kirkwood-Tinoco coupled oscillator 
model.5 - 7) T h e rotational strength with an electric 
transition-dipole-moment of nodL is given by 

Ä O a ~ ( 4 > a + *oaCOs20)/& (1) 

where Aoa and Boa are constants dependent only on the 
wavelength, and 6 is the angle made by the dipole 
moment and the molecular axis of /?-cyclodextrin. Since 
Aoa and Boa are positive values and Aoa is about one-
third of Boa, the sign of the induced CD is determined 
only by the relative orientation of the dipole moment 
in the /?-cyclodextrin cavity. T h e dipole moment 
parallel to the molecular axis of /9-cyclodextrin gives a 
positive CD and the perpendicularly polarized dipole 
moment produces a negative CD. T h e CD bands 
observed in the 200—250 and 250—300 n m regions 
indicate that the guest molecule is included with the 
naphthyl group parallel to the molecular axis of ß-
cyclodextrin. T h e CD band found in the 300—350 nm 
region may be ruled out since the Kirkwood-Tinoco 
model should be applied to the transition with a strong 
electric dipole moment . 

MODYNAMIC PARAMETERS OF /7-CYCLODEXTRIN 

I T U T E D N A P H T H A L E N E S 

7^(298 K) AG(298 K) AH AS 
10-3-mol kj.mol-1 kj.mol-1 J -K-Lmol- 1 

2.0(2) -15 .4(3) -26 .8(9) -38(3) 
2.7(1) -14 .6(1) -22 .2(5) -24(2) 
2.7(2) -14 .6(2) -25 .5(8) -37(2) 
3.1(2) -14 .3(2) -23 .0(6) -29(2) 

In the complexes with 2-naphthol, the temperature 
dependent CD intensity change can not be fully ex­
plained on the basis of a 1: 1 complex model. The 1: 1 
stoichiometry predicts the monotonous decrease of the 
CD intensity with the increase of the temperature. But, 
an intensive enhancement of the CD intensity is observed 
in the lower temperature region. The discrepancy in 
these results may be interpreted in terms of the structural 
change of the complex with the temperature increase 
and/or the formation of the complexes with higher 
stoichiometry than a 1:1 molar ratio. But the structural 
change seems to be less likely in this case if we consider 
only a 1: 1 complex. The guest molecule must rotate 
around the axis perpendicular to the naphthyl plane 
to reduce the CD intensity of the 222 nm band. But 
such a rotation also decreases the intensity of the 285 nm 
band, although the observed intensity change clearly 
shows the opposite tendency. T h e displacement of the 
naphthyl group either to the pr imary hydroxyl side or 
to the secondary hydroxyl side also decreases the 
intensity of both 222 and 285 nm bands. Moreover, 
according to the inspection of molecular models, the 
naphthyl group is expected to be tightly packed in the 
ß-cyclodextrin cavity. T h e tight packing may impose 
a strong restriction upon the translational and rotational 
freedom of the naphthyl group because of the repulsive 
interaction between hydrogen atoms of /?-cyclodextrin 
and the naphthyl group. 

T h e formation of a complex with higher stoichiometry 
than a 1: 1 molar ratio is more plausible. The temper­
ature which gives the intensity maxima of positive CD 
bands becomes lower with the increase of /?-cyclodextrin 
concentration. T h e discrepancy found between observed 
and calculated intensities is more remarkable at higher 
/?-cyclodextrin concentrations. These facts suggest 
that the association at lower temperature produces a 
complex in which two or more /?-cyclodextrin molecules 
are bound to one guest molecule. I t seems unlikely that 
/?-cyclodextrin binds two or more guest molecules since 
the concentration of the guest is lower than one-fifth 
of the /9-cyclodextrin concentration. In the crystalline 
complexes,9-11) two /S-cyclodextrin molecules are linked 
by many hydrogen bonds between secondary hydroxyl 
groups to form a dimer structure with a head-to-head 
arrangement . Therefore, the /?-cyclodextrin dimer with 
the same structure may be formed in aqueous solutions.11) 
T h e rotational strengths of a 2 : 1 complex were estimated 
by assuming that the transition-dipole-moment is located 
at the center of the dimer; the structure of/?-cyclodextrin 
and the parameters used in the calculation were those 
used in the earlier work.5) For the transition-dipole-
moments parallel and perpendicular to the /?-cyclodex-
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trin axis, the rotational strengths are 1.25 X 10 - 4 pn
2 

(at 222 nm) and — 0.26 X 10-4 /zx
2 (at 285 nm) , respec­

tively. O n the other hand, the corresponding rotational 
strengths in the 1: 1 complex are 1.53 X 10 - 4 ju^2 and 
—0.15 x 10"4 ß±

2. Therefore, the formation of the 2 : 1 
complex may decrease the intensity of positive CD 
and enhance the negative CD, giving an explanation 
for the observed intensity change. 

In the 2-naphthyloxyacetic acid complex, the calcu­
lated CD intensity based on the thermodynamic para­
meters determined by the least-squares method is in good 
agreement with the observed intensity (Fig. 4d) . This 
indicates that the association of two or more /?-cyclodex-
trin molecules does not occur in this case. T h e guest 
molecule has a relatively large substituent, so that the 
substituent group may hinder the formation of complexes 
with higher stoichiometry. 

Thermodynamic Parameters and Binding Force in the 
Complex. Free energies at 298 K are in the range 
from —14.3 to —15.4 kj«mol - 1 , a remarkably narrow 
region in spite of the different guest molecules. Enthalpy 
and entropy are in the range from —22.2 to —26.8 
kJ«mol_ 1 and —24 to — 38J*K _ 1 >mol - 1 , respectively. 
A plot of AH against AS is given in Fig. 5. AH is 
linearly correlated to AS. A similar correlation has been 
also observed in the a-cyclodextrin complexes.12) 
Changes in AH are almost compensated by changes in 
AS. Therefore, the free energy is restricted in a quite 
narrow region. Such compensation phenomena are 
widely observed in water solutions.13) 

The thermodynamic parameters indicate that AH 
and AS are strongly correlated to the molecular volume 
of the guest. Figure 6 shows plots of AH and AS against 
the van der Waals volume of the substituent in the 
guest molecule. T h e volumes were estimated according 
to Bondi.14) AH and AS decrease in magnitude with an 
increase of the substituent volume. Changes in AH and 
A.S* can be explained on the basis of the /?-cyclodextrin-
guest interaction and solute-solvent interaction. Owing 
to the cylindrical cavity of /?-cyclodextrin, a guest 
molecule with a smaller substituent may fit better into 
the cavity. A bulky substituent seems to inhibit the close 
packing of the guest molecule, and to impose an unfa­
vorable conformational change on /?-cyclodextrin. The 
tight inclusion of the guest molecule also imposes 
restrictions on the conformational flexibility of ß-
cyclodextrin as well as on translational and rotational 
freedom of the guest molecule.15) Therefore, a guest 
molecule with a small substituent may give large values 
of enthalpy and entropy of complex formation compared 
with the guest molecule having a bulky substituent. 

In the uncomplexed state, the guest molecule is 
surrounded by solvent molecules, while some water 
molecules are included in the /?-cyclodextrin cavity.16) 
These water molecules may be removed by the complex 
formation and become bulk water. T h e enthalpy 
change for the process is expressed as 

A/ / s = f/s(ß-cyclodextrin-guest) + Hs(nH20) 

-//s(ß-cyclodextrin-wH20) - //s(guest) (2) 

= A//" + AHl + Am. (3) 

HI is the energy required to create a cavity to 

accomodate the solute molecule in solution, and is 
calculated according to Pierotti.17) HI and H% are the 
electrostatic interaction energy and the van der Waals 
interaction energy, respectively, between solute and 
solvent molecules. T h e detailed descriptions of H% and 
H% are given in the earlier paper.18) In the crystalline 
state, the uncomplexed /?-cyclodextrin contains 2.5 
water molecules in the center of the cavity.16) Therefore, 
« = 2 . 5 was assumed in this calculation. The calculated 
enthalpy, which is in the range from —21.9 to —24.3 
k j ' m o l - 1 (Table 2), suggests that the bulky substituent 
group decreases the enthalpy of complex formation. 

2-Naphthol 
2-Naphthoate ion 
2-Naphthylacetate ion 
2-Naphthyloxyacetic acid 

13.4 
25.6 
42.5 
55.1 

AH 

kj.mol-1 

- 2 4 . 3 
- 2 1 . 9 
- 2 4 . 1 
- 2 2 . 1 

a) The van der Waals volume of the 
substituent. 

-2 2 h 

i _ 
o 
E -24h 

< -26r-

-28h 

-40 -35 -30 
AS /J-K~- m o l 1 

-25 

Fig. 5. Plot of AH against AS. Vertical and horizontal 
bars indicate error limits. 

10 20 30 40 50 60 

van der Waals volume (V7Â3) 

Fig. 6. Plots of AH (O) and AS ( # ) against van der 
Waals volumes of substituent in naphthalene deriva­
tives. Vertical bars indicate error limits. 

TABLE 2. CALCULATED SOLVATION EFFECTS ON AH FOR 

T H E COMPLEX FORMATION OF yff-CYCLODEXTRIN 

W I T H 2-SUBSTITUTED N A P H T H A L E N E S 
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The calculated results also indicate that the naphthyl 
group is highly hydrophobic, so that it may be more 
favorable for the group to be located in the hydrophobic 
cavity of /9-cyclodextrin than in the aqueous environ­
ment . 

Appendix 

When ß-cyclodextrin forms a 1: 1 complex with a guest in 
an aqueous solution, 

ß-cyclodextrin + guest < > ß-cyclodextrin-guest, (AI) 

the dissociation constant at the temperature of Ti K is given by 

K*i = 0 - *ij) iPj - xtJ)/xtJ (A2) 

where a, bj9 and xtj are the concentrations of the guest, ß-cyclo-
dextrin, and the complex, respectively. The observed CD 
intensity is expressed by using the molecular ellipticity of 0m : as 

Oij = < W (A3) 

Then, by substituting Eq. A3 to Eq. A2, 

KM = 
0« 

-a-bf + (A4) 

If we assume that the enthalpy (AH) and entropy (AS) for 
the complex formation are independent of temperature under 
the experimental conditions, the free energy for the complex 
formation is given by 

AG* = AH - TtAS (A5) 

= RTtlnKdi. (A6) 

By substituting Eq. A4 to Eq. A6, we obtain 

*(^--'.+fc)-ig+^" <«> 
6m, AH, and AS can be determined by the least-squares 
technique if we know the rough values of 0£, AH°, and AS°: 

6m = 6°m+ A0m 

AH = AH° + A(AH) 

AS = AS° + A(AS). 

Then, by expanding In Kdi, we obtain 

InK^^lnKSt + AO, K£ 

where 

Kdi = — a — bj + 

(A8) 

(A9) 

(A10) 

(All) 

(A12) 

Therefore, the quantity to be minimized is given by 

A ( A # ) —rffê-è)^- RTt 

+^M)+A,]2 
(A13) 

A _ . 0 AH- AS° (A14) 

If Qtj is measured at more than two /?-cyclodextrin concentra­
tions, 0£ Î A/ / ° , and AS° are determined by Eqs. 4, 5, 
and 6. But if the measurement is carried out without 
changing the concentration, 0£ may be estimated on the 
basis of the observed dtj. By solving the simultaneous equa­
tion of 

8M/dA6m = 0, dMjdA(AH) = 0, 
and 

dMjdA(AS) = 0 (A15) 

A0m, A (AH), and A(AS) are obtained. This procedure should 
be repeated until the magnitudes of A0m, A(AH), and A(AS) 
are sufficiently smaller than the corresponding standard devia­
tion, which is given by 

ov = [«2q^&)/(tf-3)]v» (A16) 

with 

where m^}, Atj, and N are the p-th. diagonal element of the 
inverse matrix, the residual for dtj, and the number of data, 
respectively. Usually, the convergence is achieved within ten 
cycles. 
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The relationship between the acid-base properties and the oxidation activity of a series of ternary oxide 
catalysts, Mo0 3 -V 2 0 5 -P 2 05, with different V/Mo composition and a constant phosphorus content, P/(Mo+V) = 
0.1, was investigated. The acidity was determined by means of the NH3 adsorption and by studying the catalytic 
activity for acid-catalyzed reactions, such as dehydration of isopropyl alcohol and isomerization of 1-butène, in the 
presence of an excess of air. A new acidic site is generated by the combination of two binary oxides, i.e., Mo0 3 -P 2 O s 

and V205-P2O s , and a broad maximum in the acidity occurs at V/(Mo+V) = 0.4—0.9. The basic property is 
so small that no satisfactory data can be obtained from the adsorption of acidic molecules such as C0 2 , S0 2 , and 
acetic acid. The catalysts, regardless of composition, are inactive for reactions which are accelerated by basic 
sites, such as oxidative dehydrogenation of isopropyl alcohol to acetone, oxidative decomposition of formic acid 
to G02 , and oxidation of methanol to C0 2 . The oxidation activities for butadiene and methanol can be tied 
to the acidity of the catalysts. 

A variety of multi-component oxides containing more 
than three kinds of metal oxides have been proposed as 
being effective as practical catalysts. Why can a good 
performance be obtained only by the combination of 
several oxides? Wha t is the role of each component 
in the catalytic action of a multi-component oxide? 
Moreover, what are the functions universally required 
for an oxidation catalyst? 

We have studied selective oxidations on the basis of 
the idea that an acid-base-type interaction between the 
catalyst surface and the organic substance to be oxidized 
plays the determining role in mild oxidations, and as a 
result, the combination of metal oxides contributes to an 
enhancement or modification of the acid-base 
properties.1) 

M o 0 3 , V 2 0 5 , and P 2 O s are all typical acidic oxides. 
Therefore, composite oxides consisting of these oxides, 
naturally, are characterized by their acidic property. 
Actually, they have been proposed as catalysts suited 
only for "acid-formation" reactions, such as syntheses 
of maleic anhydride, phthalic anhydride, acrylic acid, 
and methacrylic acid.2 - 4) 

As for the three binary systems made up by two of the 
three oxides, i.e., M o 0 3 - V 2 0 5 , M o 0 3 - P 2 0 5 , and 
V 2 0 5 - P 2 0 6 , the relationship between the acid-base 
properties and the catalytic behavior in mild oxidations 
has been studied earlier.5-7) 

In this work, we were interested in seeing how the 
replacement of molybdenum in the M o 0 3 - P 2 0 5 (P/Mo 
=0 .1 ) catalyst by vanadium induces a change in the 
catalytic behavior and, then, in confirming whether or 
not the change in the catalytic activity can be inter­
preted by the change of the acid-base properties. 

E x p e r i m e n t a l 

The catalysts used in this study were a series of ternary 
oxides, Mo0 8 -V 2 0 6 -P 2 05, with nine different V/Mo compo­
sitions and a constant phosphorus content, P/(Mo+V) = 0.1 
(atomic ratio). The method of the preparation was the same 
as that employed in the previous studies.5-7) That is, the 
required quantities of (NH4)6Mo7024«4H20, NH4V03 , and 
85 wt % H3PC*4 were dissolved in hot water by using oxalic 

acid, if necessary, and to this was added 10—20 mesh pumice. 
Then, the mixture was evaporated with stirring. The catalyst 
were calcined in a stream of oxygen at 500 °C for 4—5 h. 

The techniques of acidity measurement and the reaction 
procedures were the same as those employed earlier.8) 

R e s u l t s 

Surface Properties. In Table 1 are shown the 
specific surface areas. They are of the order of 1 m2 /g 
over the entire range of composition and the effect of 
composition is found to be small. 

TABLE 1. SURFACE AREAS OF THE 

M o 0 3 - V a O s - P 2 0 5 CATALYSTS 

Compo- Surface Gompo- Surface 
sitiona) area sitiona) area 

V/(Mo+V) (m»/g) V/(Mo+V) (m^/g) 

0 1.2 0.60 1.0 
0.05 1.1 0.80 0.9 
0.10 1.2 0.90 0.9 
0.20 1.0 1.0 1.5 
0.40 1.1 

a) P/(Mo+V) = 0.10: atomic ratio. 

T h e acidity (number of acidic sites) was measured 
directly by the irreversible adsorption of N H 3 at 200 °C 
using the static method.8) The results are shown in 
Fig. 1. 

It seems difficult to determine in this way the acidity 
with satisfactory accuracy. Therefore, another at tempt 
was made to determine the acidity indirectly, that is, 
the catalytic activity for certain acid-catalyzed reactions 
was investigated. The dehydration of isopropyl alcohol 
(IPA) to propylene and the isomerization of 1-butène 
to 2-butenes, in the presence of an excess of air, were 
chosen as the model reactions, as in the previous 
studies.4-8) 

The reactions were carried out at the I PA and 1-
butene concentrations of 1.33 and 1.0 mol % in air, 
respectively, and the total flow rate of 1.01/min, by 
changing the amounts of the catalysts in the range of 1 
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0 0.2 0.4 0.6 0.8 1.0 

Atomic ratio V/(Mo+V) 

Fig. 1. Acidity of M o 0 3 - V 2 0 5 - P 2 0 5 as a function of 
the V/(Mo+V) ratio. P/(Mo+V) = 0.1. 
O : Irreversible adsorption of NH3 at 200 °G, A.: 
dehydration activity for IPA at 145 °C, rp, 0 : iso-
merization activity for 1-butène at 172 °C, rv 

to 20 g. T h e M o 0 3 - V 2 0 5 - P 2 0 5 catalysts exhibit a 
very high activity for the two reactions and, therefore, 
the reactions can occur, to a considerable extent, at a 
fairly low temperature. Propylene is the sole product 
in the reaction of IPA. The initial rate of IPA dehydra­
tion at 145 °C, rp , and the rate of butène isomerization 
at 172 °C, ri (mol/h«m2 of catalyst), are plotted together 
with the amounts of adsorbed N H 3 in Fig. 1. 

As for the basicity, we tried to measure it by the 
adsorption of S 0 2 as well as C 0 2 , using the static 
method, and by the adsorption of acetic acid using the 
pulse method.8) However, the amounts were so small 
that the effect of catalyst composition could not be 
obtained. 

Decomposition of Formic Acid. It has been reported 
that the catalytic activity for decomposition of formic 
acid to C O and that for the oxidative decomposition to 
C 0 2 can be tied to the acidic and basic properties, 
respectively, of the metal oxide catalysts.9) Because of 
the simplicity of the reaction system, the catalytic 
activity for these reactions was tested. 

T h e reaction was carried out at the concentration of 
1.8 mol % H G O O H in air and the total flow rate of 
1.01/min. The catalysts weighed 2 to 20 g. Details 
of the reaction procedures were described earlier.9) The 
products were GO and H 2 0 , and the amount of C 0 2 

was negligibly small regardless of the catalyst composi­
tion. The initial rate of C O formation at 259 °C, r00 

(mol/h-m2 of catalyst), are plotted in Fig. 2. 
Oxidation of Butadiene. Since the M o 0 3 - V 2 0 5 -

P 2 O s catalysts are fairly acidic and rarely basic, satis­
factory results can be expected merely for the activity 
in the oxidation of basic reactants and for the selectivity 
in the "base to acid" type reactions.1) Therefore, the 
oxidation of butadiene was chosen as a model reaction. 

T h e reaction was carried out in an excess of air 
( C 4 H 6 = 1 . 0 m o l % ) at 360—450 °C and at a constant 

o 1.0 0.2 0.4 0.6 0.8 

Atomic ratio V/(Mo+V) 

Fig. 2. Catalytic activity for the decomposition of formic 
acid to CO at different V/Mo compositions. rco : Rate 
of CO formation at 259 °C and 1.8 mol % HCOOH 
in air. 

total flow rate (1.0 1/min). The amounts of the catalysts 
were varied in the range of 1 to 20 g to achieve a proper 
conversion. The rate of butadiene consumption at 
365 °C, rB (mol/h-m2 of catalyst), was adopted as a 
measure of the activity, for convenience in the experi­
mental procedures. T h e results are shown in Fig. 3 . 

0.2 0.4 0.6 0.8 1.0 

Atomic ratio V/(Mo+V) 

Fig. 3. Oxidation activity for butadiene as a function of 
the V/(Mo+V) ratio. rB: Consumption of butadiene 
at 365 °C and 1.0 mol % C4H 6 in air. 

0 0.2 0.4 0.6 0.8 

Atomic ratio V/(Mo+V) 

Fig. 4. Selectivity of butadiene to maleic anhydride at 
a total conversion of 40—50%. r = 360—450 °C, 
C 4 H 6 =1.0mol% in air. 
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ol • i i i I 
0 0.2 0.4 0.6 0.8 1.0 

Atomic ratio V/(Mo+V) 

Fig. 5. Oxidation activity for methanol as a function 
of the V/(Mo+V) ratio. rM: Rate of formaldehyde 
formation at 250 °G and 2.6 mol % CH3OH in air. 

The main products were maleic anhydride, C O , and 
C 0 2 . The selectivity of butadiene to maleic anhydride 
at a fixed conversion, 40—50%, was measured with 
each catalyst; it is shown in Fig. 4. 

Oxidation of Methanol. The oxidation of methanol 
was tested, because the catalytic activity for this reaction 
was found to be correlated with the acid-base properties 
of the catalysts.10) 

The reaction was carried out at 2.6 m o l % C H 3 O H 
in air. Formaldehyde was almost the sole product and 
the amounts of C 0 2 and C O were very small, even 
when the conversion was about 5 0 % . The rate of 
formaldehyde formation at 250 °C, rM (mol/h*m2 of 
catalyst), is shown in Fig. 5. 

D i s c u s s i o n 

The activities for the two acid-catalyzed reactions 
vary in the same fashion with the variation of V / M o 
composition. However, the shape of the NH3-curve in 
Fig. 1 is not the same as that of the activity-curves. 
With regard to these results, one may be led to consider 
that the catalytic activities reflect the true acidity better 
than the amounts of NH 3 , because the surface areas 
of the catalysts are so small that it is difficult to measure, 
with satisfactory accuracy, the amounts of adsorbed 
N H 3 . I n the following, it is sure that a new acidic site 
is generated by the combination of the M o 0 3 - P 2 0 5 

(P /Mo=0 .1 ) and the V 2 0 5 - P 2 0 5 (P /V=0 .1 ) or by the 
replacement of molybdenum in the M o 0 3 - P 2 0 5 by 
vanadium. The acidity attains a broad maximum at 
V / ( M o + V ) =0 .4—0.9 . This feature of the acid-
generation is different from that observed in the case 
of M o 0 3 - V 2 0 5 binary system, where a sharp maximum 
in acidity occurs at V / ( M o + V ) =0.85—0.905>. 

The possession of a very high activity for the two 
acid-catalyzed reactions proves that the M o 0 3 - V 2 0 5 -
P 2 0 5 catalysts are eminent in acidic property, as can 
easily be expected from the natures of M o 0 3 - P 2 0 5 

and V 2 0 5 - P 2 0 5 . O n the other hand, the absence of 
the catalytic activity for the reactions which are promot­
ed by basic sites, for example, the oxidative dehydrogen-

ation of IPA to acetone,1) the oxidative decomposition 
of formic acid to C0 2 , 9 ) and the oxidation of methanol 
to C0 2 , 1 0 ) indicates that the catalysts regardless of the 
V / M o composition are very poor in basic property. 
T h e basic property of M o Ö 3 and V 2 O s may be ex­
tinguished completely by P205 .7) 

The presence of a parallelism between the activity 
for decomposition of formic acid to C O (Fig. 2) and the 
acidity (the activities for IPA dehydration and butène 
isomerization) supports the earlier view that catalytic 
activity for the C O formation is tied to the acidic 
property of the catalyst.9) 

The catalytic activity for the oxidation of butadiene 
(Fig. 3) also varies in the same fashion as do the activ­
ities shown in Fig. 1, except for the V / ( M o + V ) = l 
catalyst. This finding suggests that the oxidation of 
butadiene is decided mainly by the activation of buta­
diene by the acidic sites, as has been pointed out earlier.1) 

T h e selectivity to maleic anhydride is relatively high 
over the entire range of composition. This can easily 
be understood from the fact that the catalysts, regardless 
of composition, are fairly acidic and rarely basic, because 
one of requirements for an effective catalyst suited for 
"acid-formation" reactions is the possession of a sufficient 
acidic property.1) 

The catalysts, regardless of the composition, exhibit 
a very good selectivity in the oxidation of methanol to 
formaldehyde, which is consistent with the earlier 
proposal that formaldehyde is the sole product as long 
as the catalyst is acidic enough.10) The presence of a 
parallelism between the catalytic activity for the 
formaldehyde formation (Fig. 5) and the acidities shown 
in Fig. 1 also supports the view that the activity for 
formaldehyde formation is decided mainly by the 
activation of methanol on acidic sites.10) 

I t is concluded that the M o 0 3 - V 2 0 5 - P 2 0 5 catalysts 
are eminent in acidic property but poor in basic 
property, regardless of the V / M o composition, that a 
new acidic site is generated by the combination of the 
M o 0 3 - P 2 0 5 and the V 2 0 5 - P 2 0 5 , and that the acidity 
attains a broad maximum at V / ( M o + V ) = 0 . 4 — 0 . 9 . 
T h e catalytic behavior in the oxidation of butadiene 
and methanol can be explained relatively well in terms 
of the acid-base properties of the catalysts. 
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Solvent Effects and Hyrogen-bonding Interactions on Absorption and 
Fluorescence Spectra of l-Methyl-2-pyridone 
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Department of Applied Science, Faculty of Technology, Tokyo Denki University, Kanda, Chiyoda-ku Tokyo 101 
(Received December 21, 1978) 

The electrostatic solvent effects and hydrogen-bonding interactions on IR and UV absorption and fluorescence 
spectra of l-methyl-2-pyridone has been investigated. It was found that the UV absorption and fluorescence 
bands of l-methyl-2-pyridone shifted towards the shorter-wavelength region with increasing solvent polarity and 
that these bands exhibited a blue shift on hydrogen bond formation with alcohols and chloroform. The excited-
state dipole moment of l-methyl-2-pyridone, and the equilibrium constants in the ground and excited states and 
enthalpy change in the ground state for hydrogen-bond formation between l-methyl-2-pyridone and ethanol have 
been determined from the spectroscopic studies. 

K imura etal.1) have suggested from fluorescence data , 
that the lowest excited singlet state of l-methyl-2-
pyridone (abbreviated to MPD) is n-n* in character 
in alcoholic solution. I t was not reported that the 
fluorescence band characterized by the n-n* transition 
shifted towards the shorter-wavelength region with 
increasing solvent polarity and that the band exhibited 
a blue shift on hydrogen bond formation with alcohols. 

As par t of this study2) on the electronic spectra of 
heterocyclic compounds, the solvent effects and 
hydrogen-bonding interactions on U V absorption and 
fluorescence spectra of M P D in isooctane (2,2,4-
trimethylpentane) have been investigated. T h e presence 
of an intermolecular hydrogen bond between M P D and 
ethanol has been confirmed by I R analysis. 

E x p e r i m e n t a l 

MPD was purified by vacuum distillation to give a sample 
of boiling point 103.0—103.5 °C/930 Pa. The solvents used 
were commercially available and further purified by distilla­
tion. IR spectra were measured using a Hitachi Model 260-30 
infrared spectrophotometer; measurements were conducted at 
ambient temperature, a cell of 0.5 mm path length being used. 
Measurements of UV absorption and fluorescence were con­
ducted with the spectrophotometers reported previously,24) 
The temperature of the UV absorption cells (10 mm) was 
regulated by a Komatsu-Yamato Model GTR-120 electronic 
cooling circulator within the temperature range 8 to 50 °G. 

R e s u l t s a n d D i s c u s s i o n 

T h e C = 0 absorption bands of M P D observed in the 
several solvents at room temperature are given in 
Table 1. As may be seen the C = 0 band shifted to the 
lower-frequency region with increasing polarity of the 
solvents; notably the frequency shift of the corre­
sponding band is appreciably larger in alcohols and 
chloroform than in other solvents. As Fig. 1 illustrates 
remarkable changes are produced in the I R spectra of 
M P D by the addition of ethanol to the carbon tetra­
chloride solution : the C = 0 streching band of M P D was 
observed at 1667 cm" 1 in CC14, while the corresponding 
band shifted to the lower-frequency region with increas­
ing ethanol concentration (1660 c m - 1 , ethanol concen­
t r a t i o n ^ . 1 4 mol dm" 3 ) . A similar frequency-shift was 
observed on the addition of chloroform to a carbon 

1700 1500 1600 

Wave number/cm -1 

Fig. 1. IR spectra of the MPD-ethanol-carbon tetra­
chloride system. Concentration of MPD: 8.26 XlO - 3 

mol dm - 3 . Concentrations of ethanol (mol dm -3) : (1) 
0, (2) 8.8 x lO-2, (3) 1.76 x 10"1, (4) 2.14. 

tetrachloride solution of M P D . Such frequency-shifts 
in alcohol and chloroform may be attributed to inter­
molecular hydrogen bonding between the C = 0 group 
of M P D and alcohol, and between the C = 0 group of 
M P D and chloroform. T h e hydrogen bond between 
M P D and ethanol is represented by the following 
equil ibrium : 

ex C2H5OH 

CHo 
(X en 

(• -K 0 ,C 2 H 5 

Here M P D acts as a proton acceptor and ethanol as a 
proton donor. In Fig. 1, the absorption band at 1603 
c m - 1 , corresponding to the ring streching vibration of 
MPD3) disappeared, while a new band maximum was 
observed at 1584 cm- 1 , attributed to the redistribution 
of the ring electrons as a result of hydrogen-bond 
formation with the O H group of ethanol. 

T h e solvent effects on the electronic spectra of organic 
compounds have been studied by many workers: 
Lippert,4) Mataga et al.^ and McRae6) proposed the 
following equation (Eq. 2) for the evaluation of the 
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difference in the dipole moments of the excited and 
ground states, i.e. An = fie — /ig. 

hcAo = const + 2F(D, n)(A//)2/a3, (2) 
where 

A<7 = of — of 
and 

™ = (wr 2n2+ V)-
In Eq. 2 of and of represent the wave number of the 
peak of the U V absorption band and the fluorescence 
band maximum, respectively. D and n represent the 
dielectric constant and refractive index of the solvent 
and a represents Onsager's reaction radius of the 
solute molecule. 

x 
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Fig. 2. The plot of Ao vs. F(D, n), 

TABLE 1. WAVE NUMBERS OF THE G=0 BAND MAXIMA 

(v), U V ABSORPTION MAXIMA (of), AND FLUO­

RESCENCE BAND MAXIMA (of) OF M P D 

MEASURED IN SOLVENTS OF DIFFERENT 

POLARITY AT ROOM 

TEMPERATURE 

No. 

1 
2 

3 

4 
5 
6 
7 
8 
9 

10 

Solvent 

Isooctane 
Benzene 
Carbon tetra­
chloride 
Dioxane 
Chloroform 
Ethyl acetate 
Dichloromethane 
Ethanol 
Acetonitrile 
Methanol 

F(D,n) 

0.000 
0.002 

0.010 

0.020 
0.185 
0.202 
0.218 
0.298 
0.304 
0.308 

V 

cm-1 

1677 
1667 

1667 

1666 
1660 

a) 

1665 
1660 
1664 
1659 

of 
cm - 1 

32410 
32440 

32440 

32420 
32840 
32570 
32680 
32950 
32790 
33000 

cm-1 

26700 
26700 

26700 

26700 
26800 
26700 
26800 
26800 
26800 
26800 

a) The C=0 band of MPD was hidden by the 
intense absorption band of the C=0 group of 
ethyl acetate. 

The observed values of of and of are given in Table 
1, together with the values of F(Z),n).4»5> I t may be seen 
that the U V absorption and fluorescence band maxima 

tend to shift towards the shorter-wavelength region with 
increasing solvent polarity and the blue shift of the U V 
absorption band maximum is much larger than that 
of the fluorescent counterpart . A similar phenomenon 
has been observed for the U V absorption and fluores­
cence spectra of pyridine iV-oxide in several solvents.7) 
I n analogy with pyridine iV-oxide the above experi­
mental facts indicate that the 7E-electron transfer from 
the oxygen atom to the pyridine r ing is much larger 
in the excited state than in the ground state. According­
ly, the dipole moment appears to be larger in the ground 
state than in the excited state, Mg>ße- In Fig. 2 the 
Ao has been plotted against F(D,n) and as can be seen 
there is a linear relationship between Ao and F(D,n) 
except for alcohols and chloroform. The linear relation­
ship between Ao and F(D,n) corresponds to Eq. 2 and 
may be approximately represented as follows: 

Ao = 5730 + 770F(D, n). (3) 

From this equation, the Aß value for M P D has been 
evaluated as —1.1 D , assuming 2.5 Â for a. jue has been 
estimated to be 2.94 D , using the values Afi and fig 

(4.04 D) determined by Krackov et al.8) In Fig. 2 the 
solvents such as alcohol and chloroform cause a large 
deviation and this has been attr ibuted to hydrogen-
bonding as described in the experimental section. 

The equilibrium constant in the ground state (Kg), 

2.4 -ft-

Absorption Fluorecence 

-0-

Wavelength/nm 

Fig. 3. UV absorption and fluorescence spectra of the MPD-
ethanol-isooctane system at ambient temperature. Concentration of 
MPD: 4.2X 10-4 mol dm-3. Concentrations of ethanol (mol dm-3) : 
(1) 0, (2) 7.0 X 10-2, (3) 1.5 x 10-1, (4) 5.0 X 10"1, (5) 2.0. Excitation 
wavelength : 300 nm. 
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enthalpy change ( — AH), and entropy change (—AS) 
due to hydrogen-bond formation have been obtained 
by U V spectroscopy.9) As shown in Fig. 3, considerable 
changes are produced in the U V spectra of M P D by 
the addition of ethanol to the isooctane solution. I n 
order to eliminate the interference of the ordinary 
solvent effect, a three-component system was em­
ployed.9) Consequently, it may be assumed that the 
spectral changes are due to the formation of a hydrogen-
bonded complex between M P D and ethanol. I t has 
been found that the U V absorption spectra, charac­
terized by the TI-TI* transition1) exhibits a large blue-
shift and an increase in total absorption intensity with 
increasing ethanol concentration. The values, 5.91 
mol" 1 dm 3 for Kg, 18 k j mol" 1 for -AH, and 45.6 J K " 1 

m o l - 1 for — AS which were interpolated at 25.0 °C, 
were obtained from the U V spectra of the M P D -
ethanol-isooctane system. 

T h e fluorescence spectra of the MPD-e thano l -
isooctane system are presented in Fig. 3 . A blue shift 
of the fluorescence band maximum is evident and the 
intensity of the fluorescence band increases with increas­
ing concentration of ethanol. T h e degree of spectral 
shift of the band maximum caused by hydrogen bonding 
is smaller in the fluorescence spectrum than in the 
absorption one. Experimentally it has been established 
that the addition of ethanol to the isooctane solution 
of M P D does not change either the fluorescence or 
absorption spectra when the concentration of ethanol 
is more than 2.0 mol d m - 3 . From the fluorescence and 
absorption band spectra and the concentration of 
ethanol being 2.0 mol d m - 3 , the fluorescence and 
absorption band maxima wave numbers were found to 
be 26800 and 32950 c m - 1 , respectively. These values 
agree with the values of of and <C in ethanol, respec­
tively (Table 1). 

The equilibrium constant of the hydrogen-bond 
formation in the excited state (Ke) may be related to Kg 

using the U V absorption and fluorescence spectral da ta 
in Eq. 4:10> 

log Ke = log Kg - 0.625 da J T, (4) 
where 

da = (<5<7a + <5af)/2. 

ô<?a (540 cm - 1 ) is the difference between the U V 
absorption band maxima of M P D in isooctane and 
ethanol, and àof (100 cm - 1 ) corresponds to the 
difference between the fluorescence band maxima in 
the above two solvents and T is the absolute tempera­
ture. The value of Ke at 25.0 °C has been estimated to 
be 1.3 m o l - 1 dm 3 from Eq. 4 . T h e equilibrium constant 
in the excited state may also be obtained via Eq. 5.11) 

[1 - C/o//m) (dJd0)]/[D] = -Ke + aK6(f0/fm) (djd0) (5) 

a = (DJ®,., 

w h e r e / m a n d / 0 correspond to the fluorescence intensities 
with and without the addition of donor, and dm and d0, 
the absorbances at a definite wavelength with and 

0 0.2 0.4 0.6 0.8 

(fo!fm)(djd0) 

Fig. 4. The plot of [l-(f0/fJ(dJd0)VlB] vs. (fjfm) 
(dm/d0). From the observed change of fluorescence 
intensity at 375 nm, the equilibrium constant of hydro­
gen bond formation in the excited state (Ke) was 
obtained. 

without the addition of donor, respectively. <DC and 0 a 

correspond to the quan tum yields of fluorescence of the 
acceptor and hydrogen-bonded complex, respectively, 
and [D] is the concentration of donor. The analysis 
of the fluorescence intensities is shown in Fig. 4 where 
it may be seen that Ke is approximately 1.8 m o l - 1 dm 3 . 
This value is in reasonable agreement with the Ke 

value obtained by Eq. 4. Both Ke values are smaller 
than the Kg value indicating that the hydrogen-bonding 
is weaker in the excited state than in the ground state. 

This work was supported by grants from the Tokyo 
Denki University Research Fund. 
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Spectroscopic and Equilibrium Dialysis Studies of the Poly(acrylic 
acid)-Cu(II) Complex in the pH Range 3.5—71) 

Kiwamu YAMAOKA* and Tsutomu MASUJIMA 

Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
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The complex formation between poly(acrylic acid), poly(Acr), and Cu2+ ion was studied in 150 mM NaCl 
solutions at 25 °G and at the mixing ratios of Acr residues-to-Gu2+, R, of 32, 16 and 8, in the pH range of 3.5—7 by 
the spectroscopic and equilibrium dialysis methods. The dialysis results showed that more than 90% of the Cu2+ 

ions remain bound to the polymer at pH's higher than 4.5, but the bound Cu(II) begins to dissociate at lower pH 
values. The data also revealed that the true absorption spectra of poly(Acr)-Cu(II) complexes varied with pH 
and R in a complicated manner. The analysis of the bound Cu(II) spectra disclosed the presence of three different 
kinds of Cu(II)-Acr complexes over the entire pH range. It is the relative amounts of these three complexes 
that vary with pH and R. With a newly devised plot of the dialysis data, the stability constant for each Gu(II)-Acr 
complex was determined. In the poly(Acr)-Cu(II) macrocomplex, each Cu(II) was estimated to bind to two 
or four carboxylato ligands. 

In a previous investigation in which the complex 
formation of poly(a-L-glutamic acid), poly (Glu), with 
Cu2 + was studied in the p H range between 7 and 3, 
poly (acrylic acid), poly (Acr), was chosen as the poly­
meric model of poly (Glu).2) The absorption spectra of 
poly(Glu)- and poly(Acr)-Cu(II ) systems were both 
found to vary with p H in an unexpectedly complicated 
manner, but their p H dependence differed from each 
other. The finding was qualitatively attr ibuted to the 
difference in the conformational change between 
poly(Glu) and poly(Acr) to which Cu(I I ) is bound, and 
also to the fact that the peptide nitrogen, a likely ligand 
to Cu( I I ) , is lacking in the poly (Acr) residue. T h e 
finding also indicated that Gu(II)-residue complexes 
of various types are present in each polyanion-Cu(II ) 
system. It is thus quite significant to study the structural 
details of poly(Glu)- and poly(Acr)-Cu(II ) complexes 
by analyzing their absorption spectra quantitatively. 

Spectroscopic and structural studies of the poly (Acr) -
Cu(II) system in solutions are numerous;2 - 1 0) however, 
some conflicting views have been given on the nature 
of the binding of Gu(II) to poly (Acr). For example, the 
p H variation of the absorption intensity was attr ibuted 
either to the conformational change of the macromolec-
ular complex3) or to the change in the amount of bound 
Cu(II).8) Two binding schemes between Cu2 + and the 
side-chain carboxylato groups of poly (Acr) have been 
presented: Cu(I I ) binds to two adjacent3-7) or distant8) 
carboxylato groups. In addition, the number of the 
ligands participating in the complex formation has been 
suggested to be either two carboxylato groups3 '7 - 1 0) or 
more than two,4) or both depending on the conditions.6) 
The same points of controversy have also been noted 
in the reports on the poly(methacrylic ac id ) -Cu( I I ) 
complex.4»5»11-16) 

In order to clarify those unresolved questions, the 
visible-UV absorption spectra of poly(Acr)-Cu(II) 
solutions were measured in the p H range 7—3.5. The 
concentration and the molar absorption coefficient of 
the bound Gu(I I ) , eb, were directly determined by the 
equilibrium dialysis method. The eb values vary in a 
complicated way, but systematically depend on both 
p H and the mixing ratio of Acr residues-to-Gu2+ ion. 
The eb vs. p H curves could be explained reasonably well 

as the interplay of three limiting spectra which charac­
terize three types of Cu( I I ) -Acr complexes in poly (Acr). 
The binding schemes between Cu 2 + and poly (Acr), the 
dissociation constants of poly (Acr), and the stability 
constants of poly(Acr)-Cu(II ) complexes were also 
determined by means of graphical plots. The schemes of 
two and four side-chain carboxylato groups bound by a 
Cu(I I ) are sufficient to explain the binding data . By 
comparing those new data with the spectra of such low 
molecular weight models as the glutaric acid- and 
malonic ac id-Cu(I I ) complexes, the nature of the 
poly(Acr)-Cu(II ) complex will be discussed. 

E x p e r i m e n t a l 

Materials. Poly (sodium acrylate), abbreviated simply 
as poly (Acr), was purchased from Nakarai Chemical Co., 
Kyoto, and purified from an aqueous solution by means of 
dialysis against redistilled water for 24 h. The sample solution 
was freeze-dried and then vacuum-dried at 56 °C for 7 h. 
The degree of polymerization was determined to be ca. 7700 
from the intrinsic viscosity in 1 M (=moldm - 3 ) NaCl.17) 
Reagent grade copper(II) chloride dihydrate was crystallized 
from redistilled water before use. All other chemicals were 
of reagent grade and used without further purification. 

Preparation of Sample Solutions. Each of the NaCl, GuCl2, 
and HCl solutions was added to a stock polymer solution in 
this order. In every poly(Acr)-Cu(II) solution, the concen­
tration of the polymer and the total of the concentrations of 
HCl and NaCl were always kept constant at 8 mM and 150 
mM, respectively. The mixing ratio, R, defined as the mean 
residue weight concentration of Acr residues to the total 
concentration of Cu2+ in the sample solution, was adjusted by 
changing the initial Cu3+ concentration. The pH of the sam­
ple solution was adjusted by the addition of 0.125 M HCl. 

Equilibrium Dialysis. The procedures and device for 
equilibrium dialysis were described elsewhere.18) The volumes 
of the two chambers of the dialysis cell were designed to be 
ca. 14 and 3.5 ml. The poly(Acr)-Cu(II) solution (13 ml) 
and the 150 mM NaCl solution (3.3 ml) were filled in the 
larger and smaller chambers, respectively, in order to minimize 
the changes in both R and pH of the poly(Acr)-Cu(II) solution 
during dialysis. The assembled dialysis cells were rotated 
continuously for 45 h at 15 rpm and at 25 °C. A period of 
24 h was sufficient for a Cu2+ solution to reach a complete 
equilibrium. The adsorption of Cu2+ on the dialysis membrane 
was negligible. When the dialysis was completed, the absorp-
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tion spectra and pH of the sample solution in the larger cell 
chamber were measured in sequence. The colorimetric 
determination of unbound Gu2+ ions in the smaller chamber 
was carried out as described below. 

Colorimetric Determination o/Cu2+ Ions. 2,2,-Biquinoline 
(Merck Co., Ltd.) was used as a chelating agent to determine 
the Cu2+ concentration. The procedure for this colorimetry 
is given in Merck Gat. No. 2955. A molar absorption coeffi­
cient of 5780 at 546 nm was used for the chelated Gu(II). 
The calibration curve obeyed Beer's law up to 15 uM of Gu2+. 
With the concentration of the unbound Cu2+, [Gu]f, thus 
determined from the dialysate, the concentration of the bound 
Gu(II) in the dialyzed poly(Acr)-Gu(II) solution, [Gu]b, was 
calculated as: 

[Gu]b = [Gu], - [ C u ] f - ^ ± ^ - , (1) 

where [Cu]0 is the initial concentration of Gu2+ in the poly-
(Acr)-Gu(II) solution; Vx and V2 are the initial volumes of 
the poly(Acr)-Cu(II) and 150 mM NaCl solutions, respective­
ly. The volume change in the poly(Acr)-Cu(II) solution 
before and after dialysis was ca. 1.5 % at most, even in the 
high pH and R range where the Donnan effect could possibly 
be appreciable. Thus, the Donnan effect should be negligible 
under the present experimental conditions. The binding frac­
tion of Gu(II),yb, is obtained as follows: 

A = 
[Cu] t 

[Gu]b+[Gu] f* (2) 

Measurements of Absorption Spectra and pH. The absorption 
spectra and pH of sample solutions were measured as described 
elsewhere. 2> The pH calibration was made against the stan­
dard pH solutions (pH 6.88 and 4.00). All experiments were 
carried out at 2 5 ± 1 °C. 

R e s u l t s 

Absorption Spectra of Poly(Acr)~Cu(II) Solutions. 
The absorption spectra of poly(Acr)-Cu(II ) solutions 
at various p H and R are shown in Fig. 1. T h e spectra 
are characterized by three new bands : a peak at 250— 
260 n m (e^5000) , a weak shoulder near 370 n m 
( e ^ 4 0 ) , and a peak at 680—710 n m ( 4 0 ^ e ^ l 2 0 ) . 
These bands are denoted as the UV- , near UV- , and 
visible bands from the short wavelength end. T h e 
spectrum of the CuCl2 solution in 150 m M NaCl (pH 
3.45—5.74) shows a shoulder near 250 n m (e«^230) 
and a weak peak near 800 n m (g«»13) (Fig. 1 (a)). T h e 
spectrum of the poly(Acr) solution in 150 m M NaCl 
also shows only an ascending curve below 250 n m 
(Figs. 1(a)—(c)). The new three bands clearly reflect 
the formation of the poly(Acr)-Cu(II ) complex. 
However, no isosbestic point was observed in either 
band in the p H range 4—7. 

The spectra of poly(Acr)-Cu(II ) solutions vary in a 
complicated manner depending on p H and R. In Fig. 
2, the apparent molar absorption coefficients, si, a t 
250 and 710 n m are plotted against p H . T h e wave­
lengths are close to the peaks of the U V - and visible 
bands, respectively. The e values at the two wavelengths 
vary differently in the p H range 6.5—4.3. As the p H 
is lowered from 6, the visible band intensity increases 
and reaches a maximum at a p H of 4.4—4.3, while 
the UV-band intensity remains almost unchanged. At 

240 260 280 300400500 600 700 800 9001 
Wavelength / nm 

Fig. 1. The UV and visible absorption spectra of Cu2+ 

in the presence of poly(Acr) in 150 mM NaCl at various 
pH. (a ) : i2=32;pH=3.85( l ) ,4 .11 (2), 5.50 (3), and 
6.60 (4). (b) : R= 16; pH=3.90 (1), 4.17 (2), 5.87 (3), 
and 6.51 (4). (c) : R=8; pH=3.94 (1), 4.21 (2), 6.09 
(3), and 6.42 (4). The numeral in the parentheses 
corresponds to the numbered spectrum. The molar 
absorption coefficient, e, is expressed in terms of the 
total concentration of Cu2+ present in solution. The 
dotted curves (without number) in the UV region are 
the spectra of poly(Acr) expressed in terms of e-R. 
The spectra of CuCl2 solutions are constant in the pH 
range 3.54—5.74. An example is given in (a) ( 
without number). 

TO 

b 

8 
CM 

5 6 4 5 6 
pH pH 

Fig. 2. The variation of the molar absorption coefficients 
of Cu2+, e, with pH in the presence of poly(Acr) at 
various R and at selected wavelengths of (a) 250 nm 
and (b) 710 nm. 

the p H lower than 4 .3 , however, all of the e vs. p H curves 
descend monotonically. 
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Fig. 3. The variation of the binding fraction of Cu(II), 
fb, with pH at various R. 

The Binding Fraction of Cu2+ and Its Variation with p H . 
In order to express the p H dependence of the absorp­
tion intensity in terms of the amount of the bound Cu ( I I ) , 
the binding fraction, fh, was estimated from the dialysis 
data with the aid of Eq. 2. The results are shown in 
Fig. 3 . Almost all the Cu 2 + ions added in the poly(Acr) 
are bound to the polymer at p H values higher than 5.5, 
and more than 9 0 % of the total Cu 2 + indeed remain 
bound in the p H range 5.5—4.5. The bound Cu(I I ) 
begins to dissociate from the polymer site with the 
further decrease in p H . Only at a p H lower than 4.5 
do t h e / b vs. p H curves behave similarly to the s vs. p H 
curves (cf. Fig. 2). These dialysis results show that 
the variation in e at a p H higher than 4.5 is not due 
to the change of the amount of the bound Cu( I I ) , bu t 
to the change in the e of the bound Cu(I I ) itself. 

The p H Dependence of the Molar Absorption Coefficient and 
the Peak Position of the Bound Cu(II). Since the 
bound and unbound Cu 2 + concentrations are now 
available, the molar absorption coefficient of the bound 
Cu(I I ) , eb , can be determined by using fh in the follow­
ing equation : 

•?=-7-fe-«î)- [Cu]0 

[Gu]b 
•R'ti +eU (3) 

where ex, £?, and e\ are the molar absorption coefficients 
at wavelength A of the poly(Acr) -Cu(I I ) , poly(Acr), 
and unbound Cu2 + in 150 m M NaCl solutions, respec­
tively. The eb values are evaluated at four wavelengths: 
250 and 710 n m (near the peaks of U V - and visible 
bands), 370 nm (the shoulder of near UV-band) , and 
880 n m (a hump of the visible band) . The results are 
shown in Figs. 4(a)—(d) , together with the peak 
wavelengths of the U V - and visible bands, denoted as 
Amax, in Figs. 4(e) and (f). I t should be noted that these 
eb vs. p H curves demonstrate the real changes in the 
optical property of the bound Gu(II) in poly(Acr)-
Cu( I I ) . 

The £250 vs. p H curves are peculiar in that they show 
a U-type change (Fig. 4(a)) . O n the other hand, the 
ebio and £b8o curves are sigmoidal (Figs. 4(b) and (d)). 
In both sets of these curves, however, the £b converges 
to the limiting £b values on the high and low p H sides, 
as indicated by broken lines I and I I I . The limiting 

690 i 

Fig. 4. The pH variation of the absorption coefficients 
of bound Gu(II), eb, at selected wavelengths of (a) 
250 nm, (b) 710 nm, (c) 370 nm, and (d) 880 nm, and 
the variation of the peak positions of (e) the UV- and 
(f ) visible-bands, Amax. The eb and Amax were estimated 
by applying Eq. 3 to each absorption spectrum of poly-
(Acr)-Gu(II) solution. The broken lines in (a), (b), 
and (d) show the characteristic values of eb at three 
pH regions of I, II , and I I I . 

£̂ 5o values are 4800 ( p H > 6 . 8 and # = 3 2 ) and 4950 
( p H ^ 3 . 6 and it!=8) in Fig. 4(a) , while the limiting 
£b

10 and £b
80 values are 40 and 19 ( p H > 6 . 8 and # = 3 2 ) , 

and 150 and 60 ( p H ^ 3 . 6 and # = 8 ) in Figs. 4(b) and 
(d), respectively. T h e minimum points in the £250 VS. 
p H curves yield a constant value of 4250 regardless of 
# ( p H = 5 . 0 and # = 3 2 , p H = 5 . 5 and £ = 1 6 , and p H = 
5.9 and # = 8 ) , as indicated by broken line I I in Fig. 
4(a) . Interestingly, the £bi0 and £b

80 values are also 
constant regardless of R at these respective p H values, 
becoming 60 and 28 respectively, as indicated by broken 
line I I in Figs. 4(b) and (d). 

Concurrently with the changes in £b, the peak 
positions, Amax, in the spectra of bound Cu( I I ) vary 
with p H in two steps, as shown in Figs. 4(e) and (f). 
T h e 2 m a x of the UV-band is almost constant (252.5 nm 
( # = 3 2 ) , 253 n m ( # = 1 6 ) , and 254 n m ( # = 8 ) ) in the 

TABLE 1. THE MOLAR ABSORPTION COEFFICIENTS, 

eb IN cm - 1 -mo l^dm 3 , AND THE PEAK POSI­

TIONS, Amax IN nm, IN THE SPECTRA OF 

Gu(II) BOUND TO poly(Acr) IN 
THREE p H REGIONS 

I, I I , AND I I I 

P H 

I 
II 
III 

£250 

4800 
4250 
4950 

^max 

252.5—253.5 
254.0—254.5 

260 

pb 
fc710 

40 
60 

150 

pb c880 

19 
28 
60 

'''max 

685 
710—713 
710—713 
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p H range between 6.8 and 5.9—5.5, where the £250 
values are lowest, and then begins to shift to ca. 260 nm 
with the further lowering of p H . O n the other hand, 
the Amax of the visible band varies from 685 n m ( i?=32 
at p H = 6.8) to near 711 n m and remains constant in 
the lower p H range (pH<;5.0). These da ta are sum­
marized in Table 1. The two-step change of the respec­
tive absorption peaks of the visible and UV-bands for 
the bound Cu(I I ) suggests the presence of two or three 
kinds of the Cu( I I ) -Acr complexes in poly(Acr) -Cu(I I ) . 

Assignment ofsh- Values to the Three Complexes. T h e 
complicated variations of the e? of bound Cu(I I ) with 
p H in Fig. 4 can be best explained as an interplay of 
three limiting e?-values over the entire p H range under 
consideration of the data given in the preceding section. 
These limiting e?-values may then be either charac­
teristic of three different chemical species of the C u ( I I ) -
Acr complexes or representative of three different states 
of a single or a mixture of Cu( I I ) -Acr complex(es) 
formed in poly(Acr) -Cu(I I ) . 

O n the assumption that three limiting values of £•? 
in Table 1 specify three structurally different C u ( I I ) -
Acr complexes, which are denoted as complexes I , I I , 
and I I I , the fraction of each complex i ( i = I , I I , I I I ) 
to the total of the bound Cu( I I ) , f, fu, and fm, may 
be calculated at a given p H and at a selected wavelength 
of X as follows : 

«J = XJ/i(«J)i and f j / i = 1, (4) 
i=I i=I 

where (e?)i is the e\ -value characteristic of complex i. 
With the values of (e?)i at 250 and 710 nm in Table 1, 
Eq . 4 can be written explicitly as follows: 

£250 = 

4800/! + 4250/„ + 4950/ l u , 
(5) 

«?io = 40/j + 6 0 / n + 150/ r a , a n d / ! + / „ + / m = 1. 
By solving these simultaneous equations f o r / l 3 / n , and 

fm with the observed £250 and £710 at given p H and R 
values, the p H dependence of the / j ' s may be obtained. 

Figure 5 shows the variation of the fraction of com­
plex i , / b with p H at three different R. At R=32 (Fig. 
5(a)) , complex I is dominant at high p H ( > 6 . 1 ) and 
then its fraction decreases on lowering the p H . Simul­
taneously, the fraction of complex I I , fu, increases to 
unity at p H = 5 and then decreases in the lower p H 
range where complex I I I now becomes dominant . With 
decrease in R (Figs. 5(b) and (c)), t h e / j vs. p H curves 
shift to the high p H region as compared with the curves 
for R=32. These shifts may result from the lowering 
of the degree of dissociation, a', of the side-chain 
carboxylato groups by the binding of Cu(I I ) even a t 
the same p H . In order to test this hypothesis, the p H 
should be converted into the a ' , which is defined as 

a . = ! _ [HCl]add + 2[Cu] ( 6 ) 

[Acr]0
 v ' 

where [Acr]0 is the initial residue concentration of 
poly(Acr), and [ H C l ] a d d is the concentration of HCl 
added to the solution. 

The dependence of f on a' is shown in Fig. 5(d) . 
T h e f vs. a* curves at three R do not coincide with 
one another in this plot. Thus the horizontal displace­
ment of the / toward higher p H is not due solely to the 

Fig. 5. The pH dependence of the fraction of the 
Gu(II)-Acr complex i ( i= I , II , and III) to the total 
bound C u ( I I ) , / , at various R; (a) £ = 3 2 , (b) 16, and 
(c) 8; Complex I (- and open symbols), complex 
II ( and filled symbols), and complex III ( 
and half-filled symbols), together with the variation 
of the / with the degree of dissociation of poly(Acr), 
a.*, at various R (32—, 1 6 - . , 8—-) in (d). 

neutralization of the carboxylato group by Cu(I I ) but 
due also to the change in the £b of the bound Gu(II) 
with R. In any case, complex I I is most dominant when 
about half of the carboxyl groups of poly(Acr) are 
ionized, while complexes I and I I I become a major 
entity in the fully ionized and un-ionized conformations 
of poly(Acr) -Cu(I I ) , respectively. Accordingly, the 
p H region may also be divided into three subregions, 
i.e., p H regions I, I I , and I I I . 

Component Spectra of the Bound Cu(II) in Poly(Acr)-
Cu(II). Since the overall spectrum of the bound 
Cu(I I ) in the poly(Acr)-Cu(II ) could be obtained in 
terms o£ e°x (Eq. 3), it is now possible to divide it into 
three component spectra characteristic of complexes I , 
I I , and I I I by using the results shown in Fig. 5. For 
the poly(Acr) -Cu(II ) at a given R ( = 32, 16 or 8), the 
pH-independent component spectra can be calculated 
from Eq. 4 first by solving simultaneous equations for 
(fii)ij (e?)iij and (ej)in at a wavelength of X with 
both £?- and / r v a l u e s at any three p H , and then by 
repeating the same calculations at other wavelengths 
in the 940—230 n m regions. Several of those spectra 
were derived by employing the data at different sets 
of three p H values and averaged. The mean spectra 
were designated as component spectra I, I I , and I I I 
for complexes I , I I , and I I I at a given R. The results 
are shown for the visible and UV-bands in Fig. 6. I t 
should be noted that each of the component spectra is 
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Fig. 6. The spectra of complexes I, II , and I I I in poly(Acr)-Cu(II). Complex I : R=32 
(A), 16 (A), and 8 ( JL) . Complex I I : R=32 (Q), 16 (C) , and 8 ( • ) . Complex 
I I I : R=32 (0)> 16 ( C ) J a n ( i 8 ( • ) • F° r the procedure of the determination of these 
spectra, see text. This procedure could not be applied to the near UV-band because 
of the low absorption intensity. Instead, some typical spectra, which are closest to 

fi=l, are shown (Complex I - • - • , Complex II , and Complex III ). The 
spectra of Cu(II)-glutarate ( ) and -malonate ( ) complexes (R= [carboxyl 
group]/[Cu2+]0=80) are also shown for comparison. 

nearly independent of the R and p H values. I t is 
component spectrum I I I , which represents the dominant 
complex in the low p H region, that is most intense in 
the visible wavelength and gives rise to a considerable 
shoulder in the near UV-band . Although component 
spectra I I and I I I both show the peak of the visible 
band at the same wavelength of 710 nm, they differ 
from each other in that I I is weaker but broader than 
I I I . 

The spectra of the bound Cu(I I ) in the glutaric 
acid- and malonic ac id-Cu(II ) complexes are also shown 
in Fig. 6 for comparison. Glutaric acid was chosen as 
the model for the nearest neighbor ligands of poly(Acr), 
because it has the same number of carbon atoms between 
two carboxylato groups. Malonic acid is known to 
form a four-coordinated complex with Cu(I I ) at the 
high carboxylate-to-Cu(II) ratio.19) The spectra of the 
glutaric ac id-Cu(I I ) complex with the R values up to 
60 never resemble any of those component spectra I, 
I I , and I I I as regards the peak position and intensity. 
However, the spectra of malonic ac id-Cu(I I ) complexes 
at high R are quite similar to component spectrum II 
of the Cu( I I ) -Acr complex in the poly(Acr)-Cu(II ) as 
regards the general spectral features in the visible band. 
This similarity is suggestive of the structure of complex 
I I . 

Formation of Cu(II)-Acr Complexes in Poly(Acr)-Cu(II). 
The structure of the Cu( I I ) -Acr complex may be 
reflected in the stoichiometry of the complex formation 
between the Acr residue and Cu2 + . O n the basis that 
the equilibrium constant depends inversely on the first 
power of [Acr]0 , Wall and Gill3) have concluded that 
a pair of the intramolecular adjacent carboxylato groups 
is chelated with a Cu( I I ) . O n the other hand, Tamaoki 
et ö/.8) considered that two carboxyl ligands separated 
from each other on a single polyanion are associated 

with a Cu( I I ) , because the Cu(I I ) showed almost the 
same binding strength for polycarboxylates of varying 
tacticities. In order to clarify the binding process 
between Cu2 + and poly (Acr) from the equilibrium 
dialysis data , some graphical methods were devised. 

The following equilibrium schemes are considered for 
the binding between Cu 2 + and carboxylato ligands of 
poly (Acr). 

Scheme A : COOH <==• COQ- + H + , 

Scheme B 

(coo-; 
COOH 

2 + CU 2 + 
K2 

(COO)2Cu. (7) 

COO" + H + , 
K3 

2(COO~) + Cu2+ < = • COOCuOOC. (8) 

I n these schemes, the Kl9 K2, and K3 are the dissociation 
constant of poly (Acr) and the stability constants of two 
different Cu(II)-residue complexes and are given as 

[COO"] [H+] 
K1 = 

and 

[COOH] ' 

[(COO)2Cu] 

[(COO-)2][Cu*+r 

[COOCuOOC] 

(9) 

(10) 

(H) [COO-]2[Cu2+] 

In Scheme A, a Cu 2 + ion binds to two adjacent carbox­
ylato groups, whereas in Scheme B it binds to any two 
carboxylato groups. All the values of Kv K^ and K% 
are only apparent , since they are expressed in terms of 
concentrations and include the contribution of the 
electrostatic potential field of the polyanion. The total 
concentration of the ligands of poly (Acr) is given as 

P0 = [Acr]0 = [COO"] + [COOFI] 

+ 2[(GOO)2Gu]. (12) 
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T h e concentration of the pairs of nearest-neighbor 
carboxylato groups in poly(Acr), [ (COO~) 2 ] , may be 
given as: 

[(GOO-)J = rfCOO-]. (13) 

Equations 9, 10, 12, and 13 are combined for Scheme 
A: 

l o g ( ^ - 2 ^ - l ) = - p H + P ^ , 

(14) 

(15) 

Equations 9, 11, and 12 are combined for Scheme B : 

1 P0-2ß = jH+]_ , (16) 

l o g ( { P Q ~ ^ - / ^ - l) = - P H + pK» (17) 

where ß is the concentration of bound Cu(II ) or C u ( I I ) -
Acr complex, and o is the ratio of the concentration of 
the bound Cu(I I ) to that of unbound Cu2 + . The 
quantities P 0 , ß, a, and [H+] are all obtained experi­
mentally. When the left-hand side of Eq. 14 or 16 is 
plotted against [H+], a straight line would result, 
provided that the complex formation occurs according 
to Scheme A or B. The intercept and tangent of this 
line give the K2 or K3 together with Kx. The results 
are shown in Fig. 7, where the value of q is assumed 
to be O.5.3) Alternatively, Eqs. 15 and 17 may be 
utilized, in the cases where the intercepts are too small 
to estimate K1: K2, and K3 unambiguously. With a 
number of assumed K2 and K3 values, the left-hand 
side of Eq. 15 or 17 is plotted against p H , until a straight 
line with a slope of — 1 is obtained. Then the assumed 

65 4.5 

Fig. 7. The binding plots at three R for Scheme A (the 
right ordinate) and for Scheme B (the left ordinate). 
Ä=32 (C and • ) , 16 ( ^ and A) , and 8 (© and O)-
See text for other details. 
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Fig. 8. The logarithmic binding plot at various R for 
Scheme B in pH regions II (open symbols) and III 
(filled symbols). The straight lines are best fitted by the 

/j-weighted least-squares method. See text for other 
details. 

K2 or K3 is the desired value and, in this case, the pü^ 
is equal to the p H at which the straight line crosses 
the abscissa. The results are shown in Fig. 8. 

If Scheme A describes the complex formation between 
Cu 2 + and Acr ligands in all three p H regions I, I I , and 
I I I , the above plot (Eq. 14) should give rise to a straight 
line over an entire range of [ H + ] . This is not the case, 
as is demonstrated in Fig. 7. Scheme A may tentatively 
be concluded not to describe adequately the complex 
formation in the lower p H regions I I and I I I , at least, 
under the assumption that the concentration of the 
adjacent two carboxylato groups is proportional to the 
concentration of the side-chain carboxylato groups 
remaining on poly (Acr),3) i.e., q is constant in Eq. 13. 
However, the validity of this assumption is believed 
open to further investigations. O n the other hand, 
Scheme B is adequate to describe the complex formation 
in p H regions I I and I I I , because the points of the 
ü! = 32, 16, and 8 complexes fall approximately on 
straight lines which yield positive intercepts as required 
by Eq. 16. From those graphic methods, however, no 
clear conclusion can be given on whether or not Scheme 
A is the correct one in p H region I . This is mainly 
because the unbound Cu2 + ion is almost undetectable 
in the high p H (>6 ) region, regardless of R, and also 
because the intervals between experimental points 
become narrow exceedingly as the p H becomes larger 
than about 5. These factors introduce large errors in 
the plots in Fig. 7. 

From the logarithmic plots shown in Fig. 8, the values 
of K1 and K3 were estimated in p H regions II and III 
and are summarized in Table 2. I t is interesting to 
note that the apparent dissociation constants, pKv of 
poly(Acr)-Cu(II ) vary from p H region I I to p H region 
I I I , as the R = 8 and 16 plots indicate in Fig. 8. The 



June, 1979] Absorption Spectra and Stoichiometry of Poly(Acr)-Gu(II) Complex 1825 

TABLE 2. THE pK1} log K3, AND log (K^-K^ OF Cu(II)-Acr complexes IN 
poly(Acr)-Cu(II) AT VARIOUS R IN pH REGIONS II AND III 

R 

pH 

f 32 

16 
8 

II (Scheme B) 

pK1 log # 3 

mol-dm-3 (mol-dm-3)-2 

5.4 7.3 
5.5 7.2 
5.2 6.8 

III (Scheme B) 

P*i log K3 

mol-dm ^3 (mol-dm-3)-2 

5.1 6.8 
5.1 6.9 

II (Scheme C) 

pK1 log(Kt-K<) 
mol »dm-3 (mol «dm-3)-2 

5.4 8.0 
5.5 7.9 
5.2 7.8 

p^rx values are in good agreement with those previously 
obtained for poly(Acr)-Cu(II) by the Potentiometrie 
titration method (4.91 in 0.2 M NaNOs

5> and 5—6 in 
0.25 M NaN03

6>). The stability constants, log K3, are 
quite large as compared with those for C u ( I I ) -
dicarboxylic acid complexes, suggesting a strong binding 
of Cu(II) to two carboxylato ligands of poly(Acr). 

A slightly more complicated class of the binding 
reaction schemes involves four Acr residues per Cu( I I ) . 
On the assumption that the four ligands are paired and 
each pair consists of two adjacent carboxylato groups of 
poly (Acr), the binding scheme may be written as 

Scheme C : GOOH <=^> COO" + H + , 

(COO-)2 + Gu2+ <r=L» (GOO)aGu, 

(GOO)2Gu + (COO-)a T=± 

[(GOO)aGu(COO)2]2- (18) 

The overall stability constant K^K^ is then given as 

K K = L C " ( C O ° ) 4 2 - ] 
2 ' 4 [(COO-)2]2[Gu2+] 

(19) 

By combining K1 and K2-Ki} the following expression 
results : 

2q{{P0j2)-2ß) = [H+] 1 

This expression is close to Eq. 16. T h e plots at three 
R values also give straight lines in p H region I I similar 
to those in Fig. 8, when a value of 0.5 is again assumed 
for q throughout p H regions I I and I I I {cf. Table 2). 
It should be noted then that the coordination of any 
two residues by a Cu( I I ) , i.e., Scheme B, can not be 
discriminated from the coordination of any two pairs 
of four residues by a Cu( I I ) , i.e., Scheme C, provided 
that each pair consists of two nearest neighbor car­
boxylato groups. 

D i s c u s s i o n 

The Absorption Spectra of Poly(Acr)-Cu(II) Macro-
complex. The UV- , near UV- , and visible bands 
have been reported for poly (Acr)- and poly(methacrylic 
acid)-Gu(II) systems.2-4>8'10>12>15>16> The U V - and 
visible bands are commonly observed in the Gu(I I ) -
complexes with low molecular weight carboxylic acids 
of various types.20-21) The UV-band at 250 nm may be 
assigned to an allowed charge-transfer band between 
the carboxyl ligands of poly (Acr) and Cu(I I ) on the 
basis of its peak position and high intensity.2-20) The 
skewed visible band at 700 n m should be the d-d 

transition on the basis of its peak position and low 
absorption intensity.10-15'20) The skewed shape suggests 
the composite nature of this band, which should involve 
two or more d-d transitions.20-22) T h e existence of such 
multiple transitions was noted in the 860—890 nm 
region for the poly(methacrylic ac id) -Cu(I I ) complex.15) 

Ley te et a/.15) have observed the near UV-band at 
380 n m in the poly(methacrylie ac id ) -Cu( I I ) system 
and suggested a binuclear Cu(I I ) complex of the acetate 
type by comparing their results with the studies of the 
Cu(I I ) complexes with acetate,23) unsaturated acid,24) 
and «,a>-dicarboxylic acid.25,26) However, the appear­
ance of the near UV-band can not be considered as 
conclusive evidence of the binuclear Cu(I I ) complex.21) 
O n the contrary, Graddon27) has assigned this band to 
the dx y , dyz—>-dx2_y2 transition of the planar, coor­
dinated cupric ion from the results of the G u ( I I ) -
acetylacetonate complex which has no dimeric structure. 
Hence, it is still unresolved whether or not the 370 nm 
band reflects the presence of the binuclear Cu(I I ) 
complex in poly(Acr) -Cu(I I ) . This band appears even 
at a high ratio of the side-chain carboxyl groups to 
bound Cu(I I ) and is remarkable only in the low p H 
region I I I . Therefore, the Cu( I I ) -Acr complexes, 
which give rise to component spectra I I and I I I (Fig. 6), 
could possibly be related structurally to the C u ( I I ) -
acetylacetonate complex. 

Structures of Cu(II)-Acr Complexes hi Poly(Acr)-Cu-
(II) and Their Dependence on p H . The presence of 
three kinds of Cu( I I ) -Acr complexes in poly(Acr)-
Cu(I I ) has been unraveled in the present work. 
However, it is not verified at present whether or not 
complexes, I, I I , and I I I have unique structures. I t 
is possible that each kind of complex i (i = I, I I , I I I ) 
is a mixture of several chemical species whose structures 
differ from each other slightly but do not affect the 
optical spectra appreciably. Figure 9 shows some of the 
likely chemical species for Cu( I I ) -Acr complexes. The 
structures of the species are by no means a complete 
list nor a conclusion introduced by this work, but 
should be considered as a working hypothesis. As 
regards the number of the ligands bound by a Cu( I I ) , 
two carboxylato groups of poly (Acr) are normally 
considered because of the electric charge neutrality.3 '8 '10) 
As the remaining ligands to Gu(I I ) , the solvent water, 
hydroxide ion, counter-ion (CI - ) , and the additional 
carbonyl and carboxyl groups of poly (Acr) are all 
possible participants in the coordination with Cu( I I ) , 
on the analogy of the Cu(II)-complexes with the 
small-molecular-weight ligands.19-21) The Cl ion may 
be discounted because the spectra of poly(Acr)-Cu(II) 
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:-0H 
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i 

CH 

Fig. 9. Some possible structures of Cu(II)-Acr complexes 
in poly(Acr)-Cu(II). Neither hydration of water nor 
geometric isomer was explicitly considered. Complexes 
were assumed to be formed between Gu(II) and the 
side-chain carboxyl groups of a single poly(Acr) strand. 

in 150 and 7.5 mM2> NaCl solutions show no essential 
differences. 

Although the present data fail to confirm that the 
complex formation reaction involves the [Acr]-1-term 
in the high p H region (Scheme A) , complex I is likely 
to be a bidentated-type complex, as already reported.3 ,7) 
Poly(Acr) is in a rather extended conformation in this 
p H region because of the charge repulsion, so that the 
Cu(I I ) may bind to a pair of nearest-neighbor carbox-
ylato groups. Nevertheless, the binding of Cu 2 + to a 
carboxylato groups and an O H - ion could not be 
omitted. The complex formation reaction depends on 
the [Acr]-2-term (Scheme B) in the intermediate and 
low p H regions I I and I I I where complexes I I and 
I I I are dominant , respectively. This finding substan­
tiates the notion that a bound Cu(I I ) is associated with 
the two carboxylato groups which are separated from, 
and independent of, each other on a single polymer 
strand (or possibly on different strands). The Cu(I I ) 
may also be coordinated by four carboxylato groups, 
as indicated by Scheme C. The profile of the component 
spectrum for complex I I is very close to the spectrum 
of the Cu( I I ) -malona te complex which is also coor­
dinated by four carboxylato groups (Fig. 6).19) 

It is impossible at present to discriminate whether or 
not the chemical species for complexes I I and I I I are 
formed between carboxylato groups of intra- or inter­
chains. The poly(Acr)-Cu(II ) complex may take on a 
compact or aggregated conformation, as the ionization 
of the side-chains is suppressed by the added protons. 
This view is supported by the remarkable decrease in 
the viscosity of poly(Acr) solutions in the presence of 
Cu 2 + or H+.8'10) However, the bound Cu(II ) can also 
bridge two polymer-strands by forming a planar, four-

coordinated complex with two each out of four carbox­
ylato groups (Scheme C). The overall conformation 
of the poly(Acr)-Cu(II ) macro-ion should be studied 
by the light-scattering or sedimentation method to 
draw a definite conclusion on the role of the bound 
Cu(I I ) in the low p H regions. 

The stability constants, in terms of log K3, of the 
Cu( I I ) -Acr complexes (cf. Table 2) are three to four 
orders of magnitude greater than the log K of C u ( I I ) -
glutarate [3.16 (no salt),28) 3.88 (no salt), and 3.64 
(in 0.2 M NaNO s )

5 ) ] and are comparable with those of 
Cu( I I ) -malona te and -oxalate complexes (ca. 8 and 
5.545)). Gregor et a/.5) considered that the enormous 
electrostatic attraction of poly(Acr) toward Cu2 + 

contributes to the formation of a Cu( I I ) -Acr complex 
in poly(Acr) as stable as the Cu(II ) -a lkanoate com­
plexes composed of five- and six-membered rings. 
However, it is also possible that the electrostatic repul­
sion is effectively suppressed in the presence of 150 m M 
NaCl and the conformation of poly(Acr) becomes 
either in the compact-coil or in the multi-stranded 
aggregates. The peculiar feature of the ligand field 
of the carboxyl groups of poly(Acr) toward the Cu2 + 

ion and the flexible backbone structure thereof may be 
the important cause to produce stable and large-ring 
Cu( I I ) -Acr complexes in poly(Acr). 

Conclus ion 

The complicated p H dependence of the absorbance 
and peak position of the U V and visible absorption 
spectra of poly(Acr)-Cu(II) solutions was verified to be 
due partly to the dissociation of bound Cu(II) from the 
polymer sites in the low p H range (<Ç4.3), but mostly 
to the genuine variation of the spectra of the bound 
Cu(II ) with p H . This variation with p H was interpreted 
as being due to the interplay of three component spectra 
characteristic of Cu( I I ) -Acr complexes I, I I , and I I I . 
T h e fractions of complexes I, I I , and I I I vary with pH, 
becoming most dominant in the high, intermediate, 
and low p H regions, respectively. The analysis of the 
binding reactions showed that the chemical species 
constituting those complexes involve both chelation and 
coordination of two to four side-chain carboxylato 
groups of poly(Acr). T h e present study strongly 
suggests the possibility that the bound Cu(II) also 
bridges two or more poly(Acr) strands to form multi-
strand aggregates. 
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The reorientational correlation times of phenyl groups in 2,4-diphenylpentane in solution were measured as a 
function of the temperature by means of Raman line-shape analysis. The reorientational correlation times of 
both isomers increase as the temperature increases, that is, the reorientational motion of phenyl groups in molecules 
gradually become active. In the low-temperature region, the reorientational correlation times of the meso 2,4-
diphenylpentane are longer than those of the racemic one. This fact that the molecular motion of phenyl groups 
of the racemic isomer rotates more easily than that of the meso one is in agreement with the results obtained from 
ultrasonic study by Monnerie et al. On the other hand, in the higher-temperature region, the reorientational 
correlation times of the meso isomer are shorter than those of the racemic one. In addition, the potential barriers 
for the reorientational motion of phenyl groups are found to be (3.3^0.3) kcal/mol for the meso isomer and (2.0± 
0.3) kcal/mol for the racemic isomer. 

Ultrasonic absorption studies of vinyl polymers in 
solution, especially of polystyrene, have shown that 
local segmental motions of the backbone and motions 
of the side chains themselves were observed for the 
ultrasonic relaxation phenomena in the megahertz 
region. 

Recently, in order to clarify the nature of the elemen­
tary motion of polymer chains in solution, Monnerie 
et al.1) have reported very interesting results on the 
ultrasonic relaxation of 2,4-diphenylpentane in solution. 
The 2,4-diphenylpentane is the simplest polystyrene 
model molecule ; two configurational isomers are present 
of the racemic and meso types. Monnerie et al. have 
indicated that the single relaxation observed for both 
racemic and meso types of 2,4-diphenylpentane in 
solution is due to the equilibrium reaction of the rota­
tional isomers between g~t and tt, and between tt and 
g~g~, conformations for the meso and racemic isomers 
respectively. Though they have suggested that the 
observed ultrasonic relaxation can be explained by 
taking into account the rotational motions of phenyl 
groups, the ultrasonic studies did not give any detailed 
information. 

In our previous papers,2»3) we reported that the 
reorientational correlation times of phenyl groups in 
polystyrene chains in solution could be determined by 
means of laser R a m a n spectroscopy. The same quan­
tities can also, in principle, be determined by means of 
N M R relaxation experiments, infrared-band-shape anal­
ysis, and depolarized Rayleigh scattering. Compared 
with these methods, however, R a m a n studies can give 
information of interest more directly. 

In the present paper, we will report on the tempera­
ture dependence of the reorientational correlation times 
of phenyl groups in racemic- and m^o-2,4-diphenyl-
pentane in solutions and will discuss the molecular 
motions of the phenyl groups in these molecules in 
solution. 

E x p e r i m e n t a l 

The apparatus used consisted of an argon-ion laser (800 
mW at 488 nm) manufactured by the Coherent Radiation Co., 

Ltd. and a JRS-U1 Laser Raman Spectrometer of the Japan 
Electron Laboratory Cov Ltd. The Raman spectrum was 
observed at 90° with respect to linearly polarized incident 
light. In the analysis of the Raman line shape of the v2(alg) 
mode of the phenyl group, all the experiments were carried 
out with a fixed slit width (40 (xm). 

The measuring temperatures were in the range from —90 
°C to 40 °C. A variable-temperature Raman cell of the 
Harney-Miller type was used. The details of the experimental 
procedures were described previously.4) 

The meso and racemic 2,4-diphenylpentane, abbreviated 
m-DPP and r-DPP respectively, were kindly provided by Prof. 
Monnerie; these samples were the same as those used for 
ultrasonic studies. The detailed properties of the samples used 
have been given in detail in the literature.5»6»7) By means of 
NMR and IR studies, the samples used have been confirmed 
for the following points; for m-DPP, the twofold degenerated 
g~ t (or tg+) state is predominant, and the other conformations 
of r-DPP are 75% in the tt state and 25% in the g-g- state 
at room temperature. 

The chloroform used as a solvent was commercial product, 
a spectral-grade regent. The concentrations of m-DPP and 
r-DPP were both 20.0 wt %. 

R e s u l t s a n d D a t a A n a l y s i s 

Before we determined the reorientational correlation 
times of phenyl groups of m- and r-DPP in solution, we 
confirmed that the R a m a n spectra of D P P did not 
change in the pure liquid state nor in chloroform 
solutions over the whole temperature range. This fact 
clearly indicate that the conformational changes of m-
and r-DPP in solution do not occur in these experiments. 

The reorientational correlation times (r(or)) of the 
phenyl group of D P P were determined by means of the 
Raman-line-shape analysis of stretching mode. For 
example, the Raman-line-shapes of Iw(co) and I±(co) 
of the ^2(aig) band are shown in Fig. 1, where I\\(co) 
and I± (co) represent the paralleled and polarized Raman 
intensities respectively with respect to the linearly 
polarized incident light. 

As the v2 band of D P P shown in Fig. 1 overlapped the 
other bands, it was extracted by resolving these Raman 
lines into their components with Lorentzian functions, 
using the non-linear least-mean squares method of 



June, 1979] Molecular Dynamics of Polystyrene Model Molecules; Rcoricntational Correlation Times 1829 

2,4-Diphenyl 
pentane 

(Meso) 

980 »00 1020 
Wave number/cm -1 

Fig. 1. Raman line shape of v2 band meso 2,4-diphenyl-
pentane at 19 °C. Dotted line; observed, solid line; 
composed and decomposed with Lorentzian functions. 

Fletcher-Powell.8) After the correction for the line-
boading effects of the instrumental slit width,9) the true 
half-widths were determined for each one, It (w) and 
IJL(CO). AS we found the depolarization ratio, Ps( = I±((o)l 
/„(co)), to be about 0.02 for each isomer in throughout 
the temperature range, the intrinsic vibrational line 
shape, /jS0t(ft>), and the measured line shape, /„(co), 
can be considered to be the same without the introduc­
tion of any significant errors. 

The temperature dependences of the half-width of the 
isotropic and anisotropic parts of the R a m a n scattering, 
co1/2(isot) and co1/2(anis), are shown in Fig. 2. As was 
seen in Fig. 1, the R a m a n line shapes o f / „ (co) and 
Ix(co) can be represented by the Lorentzian curve within 
the limits of experimental error, also, we can estimate 
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Dig. 2. Temperature dependence of tü1/2(isot) (O) and 
o)1/2(a.nk) ( 0 ) for each isomer, a); Meso isomer, b) ; 
racemic isomer. 

the reorientational correlation times, r (or ) , by means of 
the following relations; 

a)(or) = (w^anis) — û^/^isot), (1) 

r(or) = {7ico)(or))-\ (2) 

where c is the velocity of light. 
The molecular symmetries of r- and m-DPP are Cx 

and G2 respectively. As has clearly been mentioned by 
Nafie and Peticolas,10* in the D P P molecule the reorien­
tational correlation time obtained from the v2(a lg) band 
of the ring-stretching vibration of phenyl groups should 
be related to a set of motions about the axes which 
diagonalize the moment-of-inertia tensor and also 
diagonalize the rotational diffusion tensor. However, 
the reorientation about the axis of the phenyl group, 
C - C r i n g , will be faster than those about the other 
axes, taking into account the moment-of-inertia of each 
axis in the m- and r-DPP molecules. Accordingly, we 
may consider that the reorientational correlation time 
obtained from the v2(a lg) mode of the phenyl group is 
mainly concerned with the motion about the C - C r i n g 

axis. 

-60 - 4 0 -20 0 20 40 

r/°c 
Fig. 3. Temperature dependence of the reorientational 

correlation time. Q ; Racemic isomer, 0 ; meso isomer. 

The temperature dependence of r(or) for each isomer 
of D P P in solution shown in Fig. 3. In the low-tempera­
ture region, the reorientational correlation times, r (or ) , 
of both isomers decrease sharply with an increase in the 
temperature and the values of r(or) of the racemic-type 
D P P are longer than those of the meso-type D P P at the 
same temperature. O n the contrary, with an increase 
in the temperature, the temperature dependences of 
their r(or) become smaller and the r(or) values of 
meso-type D P P are longer than those of the racemic-type 
one. 

D i s c u s s i o n 

At the lowest temperature measured (—90 °C), of 
course, the solution was in a solid state (the melting point 
of chloroform is —63.5 °G), therefore, all the molecular 
reorientational motions were frozen out, that is, 
ft)1/2(anis) —co1/2(isot). 

Even in the liquid state, below temperatures of 
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about —30 to —40 °C, the differences between co1/2(isot) 
and a*!/ 2(anis) can hardly be distinguished, taking the 
experimental accuracy into account. This fact clearly 
indicated that the reorientational motion of phenyl 
groups in m- and r-DPP is frozen out and/or is extremely 
slow. In both isomers, as the temperature inceases, the 
differences between co1/2(isot) and co^^(anis) increase. 
The reorientational motion of phenyl groups in a 
molecule gradually becomes active. 

In the low-temperature region, the reorientational 
correlation times, r (o r ) , of m-DPP are longer than those 
of r -DPP; that is, the molecular motion of phenyl 
groups of the latter in the tt state rotates more easily 
than that of the former in the t g _ state. This fact is in 
agreement with the results obtained by ultrasonic study. 

However, at higher temperature, it seems that the 
reorientational motion of the phenyl groups of m-DPP 
becomes faster than that of racemic ones. As has been 
mentioned above, the conformational changes in each 
isomer could not be observed at any temperature. This 
suggests that there are some changes in the inter-
molecular relations in solution and open the way to 
further investigation of this subject. 

-25h 

1-6 
\s* F ti 

< 

i i l . 

> S* » 

.V
 

i i 
1-8 2-0 2-2 

( i / i ? r ) x i o 3 

Fig. 4. Natural logarithmic reorientational correlation 
time versus l/RT. Q; Racemic isomer, i meso isomer. 

The potential barrier for the reorientational motin of 
phenyl groups can be estimated from the following 
equation;11) 

r(or) oc exp(UJRT) (3) 

where R is the gas-constant, T is the absolute tempera­
ture, and Ur is the potential barrier. Figure 4 shows 
the relationship between In (r(or)) and l/RT. As may 
be shown in Fig. 4, the difference between the meso and 
racemic isomers can be observed. The values obtained 
are (3 .3±0 .3) kcal/mol and (2 .0±0.3) kcal/mol for the 
meso and racemic isomers respectively. 

Usually, in solution the rotational relaxation time 
can be expressed by the Debye-Einstein relation; 

r(or) = 4jia*y/{3RT) (4) 

where rj is the viscosity coefficient of the solvent in a 
dilute solution. For chloroform, the activation energy 
obtained from the viscosity data12) is 1.65 kcal/mol. 
This value is comparable to that obtained from the plot 
of ln(r(or)) vs. IjRT for r-DPP. The value of Ur for 

w-DPP is larger than that for the racemic one. The 
intramolecular interaction of phenyl groups in m-DPP 
may contribute to this difference in the rotational 
potential barrier. This fact shows that the rotational 
molecular motion of phenyl groups in m-DPP is hindered 
more than that of r-DPP. 

TABLE 1. REORIENTATIONAL CORRELATION TIME 

Sample 

Toluene 
1,2-Diphenylethane 
2,4-Diphenylpentane 
Polystyrene Mw = 600 

2200 

r(or)/s 

0 . 6 0 x 1 0 - " 
0.96 
2.4 
4.6 
6.4 

(20 w t % i n C H C y . 

In Table 1, the r(or) of D P P at room temperature is 
compared with those of several other molecules.2»3) As 
the two phenyl groups in D P P are located at the 2 and 4 
positions in normal pentane, the interaction between 
phenyl groups in D P P is much stronger than that of the 
1,2-diphenylethane, where the two phenyl groups are 
located at the terminal carbon atoms. Therefore, the 
r(or) of D P P is much longer than those of 1,2-diphenyl­
ethane and toluene, in which the phenyl group rotates 
freely. Moreover, the r(or) values of polystyrene are 
longer than that of D P P and increase with the molecular 
weights, because of the short-range interaction between 
phenyl groups in the polymer chain. 

In conclusion, the molecular motion of phenyl 
groups in D P P is very slow, and the rotation is almost 
completely hindered at low temperatures, where the 
single relaxation has been observed by ultrasonics. 
Accordingly, the single relaxation observed by ultra­
sonics should be considered to be due to the chain-
conformational change in the molecule, as has mentioned 
by Monnerie et al. This is because the reorientational 
relaxation time of phenyl groups is of an order of 10 - 1 1 s, 
therefore, this motion should not be coupled with the 
rotational motion of the alkyl chain itself. 

In addition, we can not consider that the elementary 
motion of polymer chains in solution is a conformational 
change, tt and tg+ and/or tg~ and g~g~, observed in 
2,4-diphenylpentane. Usually in polystyrene solutions, 
the ultrasonic relaxations have been observed in the 
regions of M H z and several hundred M H z at room 
temperature.13) Extrapolating the data obtained by 
Monnerie et al. to room temperature, the relaxation 
should be observed at 204 M H z in the tg-(tg+)->tt 
process and at 575 M H z in tt-*g~g-. Besides, the 
relaxation amplitude, A, in those frequency regions 
is of an order of 1—2 X 10~17 neper/s2 c m - 1 ; this value 
can hardly be detected at higher frequencies by means 
of present-day experimental techniques. Therefore, the 
unit of elementary motion of polymer chains in solution 
must be longer than the 2,4-diphenylpentane molecule. 

The authors wish to thank Professor Lucien Monnerie 
for supplying the meso and racemic 2,4-diphenyl­
pentane. 
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Metal Complexes with Amino Acid Amides. IV. Relationship between 
the CD Spectra of Palladium, Nickel, and Copper Complexes 

with cis-Bis(amino carboxamidato) metal (II) Type 
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Square p lanar complexes of [ML] type, where M = P d 2 + , Ni2 + , and Cu 2 + for L = JV,JV'-bis(L-alanyl)-l,3-
propanediaminate anion and M = Ni 2 + and Cu21 for L = JV,JVM)is(L-alanyl)-l,2-ethanediaminatc anion, were 
synthesized. Their absorption and CD spectra were measured in aqueous, ethanol, and D M F solutions. The 
results are discussed in comparison with those of eis- and trans-bh(amino carboxamidato) complexes. Definite 
correspondence is found between the component d-d bands of iV,iV /-bis(L-alanyl)-l,3-propanediaminatopalladium-
(II) and those of its nickel analog, in line with a similar correspondence for the corresponding /ra>?.y-bis(L-amino 
carboxamidato) complexes. Assignment of the component d-d bands has been reexamined for the copper com­
plexes of bis (amino carboxamidato) type by comparing their C D data with those for the pal ladium and nickel 
analogs. 

So lven t effects o n C D s p e c t r a h a v e b e e n s t u d i e d for 

a l a r g e n u m b e r of s q u a r e p l a n a r bis ( a m i n o c a r b o x ­

a m i d a t o ) c o m p l e x e s . 1 - 4 ) A def in i te c o r r e s p o n d e n c e has 

b e e n f o u n d b e t w e e n t h e l i g a n d field b a n d s of t r a n s 

p a l l a d i u m ( I I ) c o m p l e x e s a n d those of n icke l ( I I ) 

ana logs . 3 ' 4 ) H o w e v e r , n o s imi l a r e x a m i n a t i o n h a s b e e n 

c a r r i e d o u t o n t h e eis t y p e o r c o p p e r ( I I ) c o m p l e x e s , 

d u e to t h e l ab i l e n a t u r e of t h e c o p p e r ( I I ) a n d n i c k e l ( I I ) 

c o m p l e x e s . 

T h i s p a p e r p r e sen t s spec t r a l r e l a t i o n s h i p f o u n d for 

t h e n i c k e l ( I I ) , p a l l a d i u m ( I I ) , a n d c o p p e r ( I I ) c o m p l e x e s 

of aV-b i s (L-ammo c a r b o x a m i d a t o ) t y p e . T h e w o r k w a s 

a c h i e v e d b y use of t e t r a d e n t a t e l i g a n d s , N,N'-bis(L-

a l a n y l ) - l , 3 - p r o p a n e d i a m i n e a n d - 1 , 2 - e t h a n e d i a m i n e , 

w h i c h m a k e t h e c o m p l e x e s t a k e t h e eis g e o m e t r y . 

<CH2)n 

ocA/ço 
I Mv I 

CH3CKN
/ N

N-CHCH3 

H2 H2 

Experimental 

Materials. The ligands, N, N /-bis(L-alanyl) diamines 
were synthesized according to Scheme 1. 

N,N''-Bis(N-benzyloxycarbonyl-h-alanyl) -1. 2-e thane diamine (1) : 
A-Benzyloxycarbonyl-L-alanine (31.6 g, 0.14 mol) was dissolv­
ed in 700 cm3 of absolute tetrahydrofuran ( T H F ) . T h e 
resulting solution was cooled to the temperature range — 10— 
— 5 °C, and 14.4 g (0.14 mol) of triethylamine was added to it 
under stirring. The temperature was kept in the range, 
stirring being continued. A solution of 19.4 g (0.14 mol) of 
isobutyl chloroformate in 60 cm3 of absolute T H F was added 
drop wise to the reaction mixture. After the addition had been 
completed, the mixture was stirred for 20 min, and a solution 
of 3.3 g (0.055 mol) of 1,2-ethanediamine in 250 cm3 of absolute 
T H F was added drop wise. T h e mixture which turned curdy 
was gradually warmed to room temperature under stirring for 
several hours and then allowed to stand overnight. 

The white precipitate, which contained t r ie thylammonium 
chloride as well as the desired compound, was separated by 
a glass filter, washed with water three times and recrystallized 
from ethanol : the compound crystallizes in needles if it is of 

adequate purity. T h e samples for elemental analyses were 
dried in vacuo over CaCl2 . Another crop of the product was 
obtained from the mother liquor. Total yield, 19.1 g (74 %) ; 
m p 188.5—190.5 °C (uncorr.) . 

Found : C, 61.15; H , 6.45; N, 11.82 % . Calcd for C24H30-
N 4 0 6 : C, 61.26; H , 6.43; N, 11.91 % . 

This compound is readily soluble in ethanol, ethyl acetate, 
chloroform, and T H F only when hot. 

N,N'-Bis (~L-alanyl)-1,2-ethanediamine Dthydrobromide Hemihy-
drate, \,,\,-balaenH^2HBr^0.5Hfi (2): A 1:2 mixture (100 
g) of hydrogen bromide-acet ic acid was added to 23.0 g of 1 
previously damped with 50 cm3 of graciai acetic acid. On 
stirring the whole mixture for 80 min, the starting material 1 
was dissolved and the desired product deposited as a resinous 
mass. An additional amount of the product was precipitated 
as a powder by adding 300 cm3 of ether. Recrystallization of 
the crude product from ethanol-ether yielded colorless micro-
crystals. These were washed with a 1: 2 mixture of e thanol-
ether and dried in vacuo over P 2 0 5 at about 75 °C overnight. 
Yield, 15.4 g ( 8 6 % ) ; [a]l% = + 4 . 1 ° (*=0.114; water ) ; mp 
ca. 135 °C (dec). 

Found : C, 25 .81; H , 5.67; N , 15.03 % . Calcd for C16H42-
N 8 0 5 B r 4 : C, 25.75; H , 5.67; N, 15.02 % . 

N,N' -Bis( N-benzyloxycarbonyl-iu-alanyl) -1,3-propanediamine (3). 
A solid product was obtained by a procedure similar to that 

for the 1,2-ethanediamine analog 1, except for the use of 
1,3-propanediamine in place of 1,2-ethanediamine. I t was 
separated by a glass filter and washed with T H F , water, 
aqueous 5 % N a H C 0 3 solution, and water, successively. 
Recrystallization from T H F yielded fibrous crystals which 
were dried in vacuo over CaCl2 . An addtional amount of the 
compound was obtained from the mother liquor. Total yield 
was 8.00 g (88 %) starting with 11.2 g (50 mmol) of N-benzyl-
oxycarbonyl-L-alanine and 1.4 g (19 mmol) of 1,3-propanedi­
amine : m p 192.5—193.5 °C (uncorr). 

Found : C, 61.86; H , 6.74; N, 11.44 % . Calcd for C25H32-
N 4 0 6 : C, 61.97; H , 6.66; N , 11.56 % . 

This compound is easily soluble only in hot T H F , chloro­
form, and ethanol. 

N, N' -Bis (~L-alanyl)- 1,3-propanediamine Dihydrobromide, L, L-
balatnH2 • 2HBr (4) : This compound can be derived from 3 
by a similar procedure to that for the 1,2-ethanediamine 
analog 2, bu t does not seem to be so easily crystallizable as 2 : 
Thus , the resinous mass of the crude product 4 was obtained 
from an appropriate amount of 3 each time before the prepara­
tion of metal complexes. 

Cu(-L,L-balaen) *2H20\ A solution containing 1.5 g (4.1 
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mmol) of 2 in 25 cm3 of water was poured into a column 
( 1 . 3 c m x l 0 c m ) packed with Amberli te IRA-410 of O H -
form and the column was eluted with water. T o the eluate 
was added C u ( O H ) 2 freshly prepared from 1.03 g (4.1 mmol) 
of C u S 0 4 • 5 H 2 0 , and the mixture was stirred until it turned 
red. The solution was evaporated to dryness below 35 °C in 
vacuo. To the residual reddish violet powder was added 20 
cm3 of water, and a small amount of insoluble substances was 
filtered off. From the filtrate diluted with 80 cm3 of ethanol, 
a small amount of less soluble bluish precipitate and a large 
amount of brick-red needles (or plates), the desired complex, 
were deposited successively by careful addit ion of ether. After 
the supernatant suspension of the bluish precipitate had been 
decanted, the brick-red crystals were washed with ether by 
décantation and dried in air. Addit ional crops of these crystal, 
were obtained by fractional t reatment of the supernatant solu­
tion with ether. Total yield, 0.78 g (72 % ) . 

Found : C, 31.97; H , 6.73; N , 18.63 % . Calcd for C8H2 0-
N 4 0 4 C u : C, 32.05; H , 6.72; N, 18.69 % . 

Cu(-L,\.-balatn) '3H20: An aqueous solution (40 cm3) 
containing 4 derived from 4.84 g ( 10 mmol) of 3 was neutral­
ized with an aqueous K O H solution and mixed with C u ( O H ) 2 

prepared from 2.25 g (9 mmol) of C u S 0 4 - 5 H 2 0 . T o the 
resulting violet solution was added such an amount of aqueous 
K O H solution as necessary to raise the p H to 8.5, where the 
color of the solution turned pink. T h e solution was evaporated 
to dryness on a rotary evaporator below 35 °C. T h e desired 
complex was extracted wi th ethanol from the residue and 
recrystallized as shiny reddish violet plates, the tr ihydrate, by 
addition of ether. The crystals were dried in a i r : yield, 1.80 
g ( 6 4 % ) . 

Found: C, 32.23; H , 7.20; N , 16.94 % . Calcd for C9H2 4-
N 4 0 5 C u : C, 32.57; H, 7.29; N , 16.88 % . 

Cu(L,L-balatn)'2H20: T h e crystals of the tr ihydrate, 
described above, released a par t of the water of crystallization 
to give an orange solid upon exposure to dry atmosphere. 
The sample for elemental analyses was prepared by drying 
the trihydrate over CaCl2 overnight. 

Found: C, 34.06; H , 6.99; N , 17.75 % . Calcd for C9H2 2-
N 4 0 4 C u : C, 34.44; H, 7.07; N , 17.85 % . 

Ni(-L^-balaen) • 2H20: A solution of 2.00 g (5.5 mmol) of 
2 in 10 cm3 of water was neutralized with a solution containing 
0.62 g (11.1 mmol) of K O H in 10 cm 3 of water. To the 
resulting solution was added a solution of 1.50 g (5.2 mmol) 
of N i ( N 0 3 ) 2 - 6 H 2 0 in 10 cm 3 of water. The blue solution was 
neutralized with a K O H solution (0.62 g in 10 cm3 of water) . 
A green precipitate appeared immediately, disappearing almost 
within 40 min under stirring. Desalting was performed from 
the resulting dark yellow solution by a few cycles of successive 
procedures: evaporation to dryness and extraction of the 
desired complex into ethanol. Brown yellow needles were 
separated from the ethanol extract by adding a small amount 
of water and a large amount of ether and dried in air : yield, 
0.71 g (47 % ) . 

C H 3 

- C H , O C O N H C H C O O H 

Found : C, 32.26; H , 6.75; N, 18.70 % . Calcd for C8H2 0-
N 4 0 4 N i : C, 32.57; H , 6.83; N, 18.99 % . 

Ni(~L,i,-balatn) • 2H20 : An ethanol solution containing the 
complex was prepared by a similar procedure described for 
the balaen analog, by use of 2.62 g (9 mmol) of Ni (N0 3 ) 2 « 
6 H 2 0 and 4.84 g (10 mmol) of 3, the volume being reduced 
in vacuo to a few cubic centimeters. Orange-yellow microcrys-
tals of the desired complex were separated from the concen­
trated solution by adding several drops of water. These were 
collected on a glass filter, washed with a mixture of wa te r -
e thanol-ether (roughly 1 : 4 : 3 ) and dried in a i r : yield, 1.97 g 
(71 % ) • 

Found : C, 34.73; H, 7.24; N, 18.10 %. Calcd for C9H2„-
N 4 0 4 N i : C, 34.98; H , 7.18; N , 18.13 % . 

Pd(iu,L-balatn) • 2.5H20 : The crude compound 4 derived 
from 2.42 g (5 mmol) of 3 was dissolved in 25 cm3 of water 
and neutralized with 10 cm3 of a 1 M N a O H solution. T o 
the resulting solution was added a solution containing 1.18 g 
(4 mmol) of Na 2 PdCl 4 in 10 cm3 of water. A brownish precipi­
tate was immediately formed. T h e solution suspending the 
precipitate was subjected to a similar neutralization procedure, 
by use of 1 M NaOH. 4 ) During the course of procedure 
followed by stirring for 2.5 h, most of the precipitate was 
dissolved. T h e residue was then filtered off. Mixed salts and 
yellow sirup were obtained by evaporat ing the yellow solution 
in vacuo. Most of the salts were removed by a similar procedure 
to that described for Ni(L,L-balaen) - 2 H 2 0 , except for the use 
of methanol in place of ethanol . T h e resulting methanol 
extract was evaporated to dryness. T h e residue was dissolved 
in a small amount of water, poured into a column (1.3 c m x 
23 cm) packed with Amberli te IRA-410 of O H - form and 
eluted wi th water. T h e eluate was concentrated in vacuo below 
35 °C to give pale yellow needles which were washed with a 
small amount of cold water and dried over CaCl 2 : yield, 0.42 
g ( 2 9 % ) . 

Found : C, 29.46; H , 6.37; N , 15.19 % . Calcd for C18H46-
N 8 0 9 P d 2 : C, 29.56; H , 6.34; N , 15.32 % . 

Measurements. T h e absorption and CD measurements 
were made with a Shimadzu UV-200 spectrophotometer and 
a J A S C O M O E - 1 spectropolarimeter, respectively, at room 
temperature . The solvents employed were the same as those 
reported.2) 

Gaussian Analyses. Gaussian analyses for selected 
absorption and CD curves were performed by use of a slightly 
modified version of p rogram LGNS: 5 ' 6 ) best fit between the 
observed and calculated curves was obtained by use of 3 5 — 
49 spectral points per curve; each point was weighted with 
the square of e in the least-squares t reatment in absorption-
curve analyses, bu t not in CD analyses. T h e number of 
components of ligand field ansorption and CD bands was 
fixed to three and four for the nickel and pal ladium complexes, 
respectively. All the calculations were performed at Compu­
tat ion Center, Osaka University. 

î'-BuOCOCl 

HjNCCH^NHj 

(w=2 or 3) 
/ " 

(C2H5)3N in T H F \ = . 

CH„ 

C H 3 

- C H 2 O C O N H C H C O 

/ - B u O C O / 

C H 3 

O 

- C H 2 O C O N H C H C O N H ( C H 2 ) „ N H C O C H N H C O O C H 2 -

HBr-CHsCOOH 
C H , C H a 

-> H 2 N C H C O N H ( C H 2 ) „ N H C O C H N H 2 . 2 H B r 

Scheme 1. 
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R e s u l t s and D i s c u s s i o n 

Absorption and CD data of the complexes are shown 
in Tables 1 and 2 and Figs. 1—5. The absorption and 
CD spectra of [Cu(L,L-balaen)] in aqueous solution have 
been recorded by Parris and Hodges, without isolation 
of the complex.7) Our data do not differ much from 
theirs. 

Gaussian Analyses. Gaussian analyses were 
performed for the CD spectra of the palladium and 
nickel complexes and for the absorption spectra of 
[Ni(L,L-balatn)] in three kinds of solvents. The results 
are given in Table 3. 

For the analysis of CD curves of the palladium 
complex, the position of the first component, a spin-
forbidden band,1) was assumed to be equal to the 
corresponding output value8) of m-bis(L-valinamidato)-
pal ladium(II ) . This does not seem to affect the overall 
results seriously, since the component is small enough. 
Overlapping of the intense charge transfer bands 

might affect the results seriously if inappropriate data 
in the overlapping region were chosen as inputs. 

All the standard deviations of Ae values (Table 3) 
are within experimental error. O n the other hand, 
those of e values are, seemingly, of considerable magni­
tude, but the deviations in the region of relatively large 
e values should be much smaller due to the weight 
scheme adopted. 

The results of absorption- and CD-curve analyses for 
[Ni(L,L-balatn)] coincide with each other as regards the 
positions. This shows the validity of the assumption of 
three components in the ligand field band region of 
this or similar nickel complexes. 

Absorption Spectra. The complex, [Ni(L,L-balatn)]s 

exhibits an absorption maximum with a little higher 
intensity at a slightly lower wave number than the 
trans-bis(amino carboxamidato)nickel(II) complexes,1'4) 
in each of the solvents (Table 1 and Fig. 1). This 
behavior is in line with that found between the absorp­
tion spectra of eis- and trans-bis (amino carboxamidato)-
pal ladium(II) complexes.1 '4) Consequently, the absorp-

TABLE 1. ABSORPTION DATA OF THE COMPLEXES 

Complex 

Pd(L,L-balatn)-2.5H20 

Ni(L,L-balatn)-2H20 

Ni(L,L-balaen)-2H20 

Cu(L,L-balatn)-3H20 

Cu(L,L-balaen).2H20 

a) W : water, Et : ethanol. b) 
log e, in parentheses. 

Complex 

Pd(L,L-balatn).2.5H20 

Ni(L,L-balatn).2H20 

Ni(L,L-balaen).2HaO 

Cu(L,L-balatn)-3H20 

Cu(L,L-balaen)-2H20 

Solvent8-) Maxima^ 

(W) ca. 27sh 34.8br(2.64) 
(Et) ca. 27sh ca. 32sh 34.9(2.68) 
(DMF) ca. 29sh 35.3(2.81) 
(W) 22.8(1.85) 
(Et) ca.21sh 22.9(1.88) 
(DMF) ca.20.5sh 23.1(1.88) 
(W) ca. 22sh 24.5(2.36) 
(Et) ca.2l.5sh 24.6(2.41) 
(DMF) ca. 21.5sh 24.7(2.46) 
(W) 19.8(1.81) 
(Et) 20.6(1.85) ca. 22.5sh 
(DMF) 21.0br(1.83) 
(W) 19.6(2.24) 
(Et) 20.2(2.24) ca. 23sh 
(DMF) 20.4(2.35) ca. 23sh 

Wave numbers given in 103 cm - 1 unit; intensities, 
sh: shoulder, br: broad peak. 

TABLE 2. 

Solvent*' 

~~(W) 
(Et) 
(DMF) 
(W) 
(Et) 
(DMF) 
(W) 
(Et) 
(DMF) 
(W) 
(Et) 
(DMF) 
(W) 
(Et) 
(DMF) 

C D DATA OF THE COMPLEXES 

Extremab> 

29.7(4-0.07) 36 .4 ( -0 .80 ) 
ca.32sh(-) 36 .7 ( -0 .72 ) 
<ra.31.5br(4-0.16) 36 .8 ( -0 .29 ) 
23 .7 ( -0 .62 ) 
cfl.21sh(-) 24 .0(^0 .54) 
21.0(4-0.15) 24.3 ( -0 .42) 
21 .9 ( -0 .70 ) *z .24.5sh(-) 
21.6( —0.51) 24 .9 ( -0 .47 ) 
20 .0 ( -0 .02 ) 22.4(4-0.13^ 25 .5^-0 .19) 
19 .7 ( -0 .48) 
19 .9 ( -0 .50) 23.9(4-0.008) 
20.1 ( -0 .30) 23.3(4-0.05) 
20 .0 ( -0 .80 ) 
20.1 ( -0 .80) 
16.3(4-0.004) 19 .9( -0 .37) 24.9br (+0.008) 

a), b) See footnotes of Table 1. 

ca.20.5sh
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TABLE 3. RESULTS OF GAUSSIAN ANALYSES*5 

1835 

Solvent11) 

(W) 

(Et) -, 

(DMF) ] 

[Ni(L,L-balatn)] 

Absorption components 

Band-
Ö"max emax w i d t h C > 

21.38 
21.99 
23.58 

[ SDd> 

20.80 
21.98 
23.59 

I SD 

20.54 
22.10 
23.68 

SD 

13.5 
22.9 
46.2 

= 1.4 

8.5 
29.1 
50.5 

= 1.8 

27.8 
16.0 
59.3 

= 2 . 2 

3.48 
3.86 
4.38 

3.57 
4.10 
4.45 

3.32 
3.82 
4.02 

CD 

tfext 

21.44 
21.98 
23.60 

components 

Aeext 

- 0 . 0 6 6 
+ 0.111 
- 0 . 6 5 8 

SD=0.009 

20.90 
21.89 
23.65 

- 0 . 1 7 5 
+ 0.336 
- 0 . 6 2 2 

SD=0.004 

20.59 
22.20 
23.60 

SE 

+ 0.147 
+ 0.291 
- 0 . 4 8 1 

»=0.005 

Band­
width 

3.31 
3.93 
3.94 

2.45 
2.73 
3.99 

3.06 
2.29 
4.27 

[Pd(L,L-balatn)]e> 

CD componen 

tfext A e e x t 

27.00f> +0.011 
31.24 +0.130 
32.79 - 0 . 2 3 9 
36.50 - 0 . 7 9 2 

SD=0.003 

26.83f> +0.047 
31.35 - 0 . 0 5 3 
34.42 +0.153 
36.46 - 0 . 7 7 0 

SD=0.007 

26.80f) - 0 . 0 1 1 
29.49 +0.140 
33.51 +0.155 
36.63 - 0 . 3 1 3 

SD=0.002 

ts 

Band­
width 

3.25 
4.44 
3.10 
5.17 

3.31 
4.25 
3.14 
4.43 

3.43 
4.57 
3.96 
4.10 

[Ni( 

CD 

tfext 

21.52 
22.54 
24.53 

SE 

21.39 
22.93 
24.59 

SE 

20.81 
22.47 
25.08 

SD 

L,L-balaen)] 

components 

Aeext 

- 0 . 4 6 2 
- 0 . 0 6 8 
- 0 . 4 8 5 
= 0.007 

- 0 . 4 3 9 
+ 0.112 
- 0 . 5 1 1 
= 0.006 

- 0 . 0 7 2 
+ 0.228 
- 0 . 2 1 5 
= 0.003 

Band­
width 

2.36 
3.63 
4.85 

2.43 
3.31 
4.67 

2.33 
3.17 
4.44 

a) tf's and band widths are given in 103 cm - 1 unit, b) See footnote a) of Table 
d) Standard deviation of the calculated values of e or Ae from the corresponding 
the input data used, see Fig. 5. f ) Fixed values ; see text. 

1. c) Half-value width, 
observed values, e) For 

2 

co 1 

bß 
O 

•o 

- i 1 1 1 1 r 

f \ •il \ 
i \ X 

i-<"^ • • • 
''JT^^VNN / " * " 1 V-/ 
J 1 1 1 1 L. 

1 

/ 

\A 
\ \A 

+ 0.2 

0 
w 

-0.2 < 

-0 .4 

-0.6 
30 18 20 22 24 26 28 

ff/103 cm-1 

Fig. 1. Absorption and CD spectra of [Ni(L,L-balatn)] 

in water ( ), in ethanol ( ), and in DMF(-•-•)• 

tion spectra of [Ni(L,L-balatn)] are considered to 
correspond to those of a cis-his (amino carboxamidato)-
nickel(II) complex, which has not been isolated so far. 

The absorption spectra of [Ni(L,L-balaen)] (Table 1 
and Fig. 2) suggest an abnormally strong ligand field 
in this complex. The absorption maximum shifts 
toward blue by 1000—1500 c m - 1 as compared with 
those of the trans-bis(amino carboxamidato)nickel(II) 
complexes, in each solvent. Such a blue shift is found 
also for each component band of the balaen complex 
(Table 3). This suggests that the ligand fits a nickel(II) 
ion so closely as to cause a constrictive effect found in 
different kinds of macrocyclic complexes.9) 

In contrast with the complexes of nickel (II) ion, both 
ligands, balatn and balaen, give ligand field strengths 

2V 

W 

1 1 1 1 1 1 — 

\ ^ 
[il 
\i \i 
L L / _ L - * • kL » • • m 

\f\ x — ^'y^^ 

i i i i i i i 

— i — i 
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i 

-

+ 0.2 

0 

-0.2 

-0.4 

-0.6 

20 22 30 32 24 26 28 

<r/103 cm-1 

Fig. 2. Absorption and CD spectra of [Ni(L,L-balaen)] 
in water ( ), in ethanol ( ), and in DMF (-•-•) . 

of the same order of magnitude as the copper(II) ions. 
T h e absorption peak of [Cu(L,L-balaen)] lies near that 
of the balatn analog in each solvent (Table 1 and Figs. 
3 and 4). This is in line with the fact that me ta l -
nitrogen bonds are longer for copper(II) than for 
nickel(II) by roughly 8 pm10) in square-planar complexes 
of similar type. 

T h e absorption spectra of [Pd(L,L-balatn)] (Table 1 
and Fig. 5) essentially coincide with those of the cis-
bis(amino carboxamidato)pal ladium(II) complexes in 
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Fig. 3. Absorption and CD spectra of [Cu(L,L-balatn)J 
in water ( ), in ethanol ( ), and in DMF (-•-•) . 

H-0.8 
10 22 ' ' 

<r/103 cm-1 

Fig. 4. Absorption and CD spectra of [Cu(L,L-balaen)] 
in water ( ), in ethanol ( ), and in DMF ( •). 

respective solvents. However, at tempts to prepare the 
monomeric balaen complex, [Pd(L,L-balaen)], under 
similar conditions to those adopted for the balatn analog, 
have so far been unsuccessful. The results are under­
standable if pal ladium(II) ion were of favorable size 
for balatn to form a stable mononuclear complex but 
not for balaen. However, this is not the case, since 
available data of X-ray analyses11) show that me ta l -
nitrogen distances are nearly equal to each other 

30 38 •10 32 34 36 

ff/KPcm-1 

Fig. 5. Absorption and CD spectra of [Pd(L,L-balatn)] 
in water ( ), in ethanol ( ), and in DMF (-•-•)• 
Arrows signify the terminal points of input data used 
in the Gaussian analyses. 

between some square-planar complexes of pal ladium(l l ) 
and of copper ( I I ) . 

CD Correspondence between Palladium and Nickel 
Complexes. The CD spectra of [Pd(L,L-balatn)] 
apparently resemble those of the nickel analog (Figs. 1 
and 5). Thus Gaussian analyses (Table 3) are expected 
to disclose the relationship between the spectra of both 
complexes in more detail. Since the three component 
bands of the nickel complex have comparable absorption 
intensities, they should correspond to the second, third, 
and fourth components (Table 3) of the palladium 
complex. For the corresponding components of cis-
bis(amino carboxamidato)palladium(II) complexes, 
three of the four spin-allowed d-d transitions, ?-3', r2 ', 
and v^', respectively, have already been assigned.4,12) 
As regards the three components, the CD sign patterns 
for the nickel complex coincide with those for the 
palladium complex in ethanol and in D M F solutions.13) 
I t might be concluded that the first, second, and third 
components of [Ni(L,L-balatn)] should correspond to 
the second, third, and fourth of the palladium analog, 
respectively. Thus a definite correspondence was 
found between the ligand field bands of nickel(II) and 
of pal ladium(II) complexes with m-bis (amino carbox­
amidato) type, as already found for the trans analogs. 

The CD-sign patterns of [Ni(L,L-balaen)] differ from 
those of the balatn analog in aqueous and D M F solution 
(Table 3 and Figs. 1 and 2), but differ from that of 
m-bis(L-valinamidato)palladium(II) only in aqueous 
solution. Gaussian analyses for the last complex showed 
( — , + , — ) pat tern in water, ethanol and D M F . A 
question still remains about the ( — , — , — ) pattern of 
the balaen complex in aqueous solution. 

Band Assignment for the Copper Complexes. There 
are at least three components at roughly 17000, 19000, 
and 21000—22000 cm- 1 in the ligand field band region 
of bis(amino carboxamidato)copper(II) complexes and 
the three components have been tentatively assigned to 
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the electronic transitions, v2, v%, and vé, respectively.4) 
However, there are many copper complexes that 
exhibit a small positive extremum on the longer wave-
number end of CD spectrum.2»4) In most cases it seems 
inadequate to regard the extremum as a residue of 
compensation among those three components. This 
is also the case for [Cu(L,L-balaen)] in D M F (Fig. 4). 

Let us reexamine the four components inferred to 
exist in the ligand field band region of the copper 
complexes. The balatn and the balaen complexes 
(Figs. 3 and 4) display similar CD patterns to the 
bis(L-amino carboxamidato) complexes with alanin-
amidato, leucinamidato, and valinamidato ligands, 
although the latter complexes may be trans or predom­
inantly so in the solutions. I t seems reasonable to 
assume that the d-level orderings are essentially the 
same for the trans and eis complexes of bis (amino 
carboxamidato) type. 

The order v2<Cyz<Cy± has been inferred for the trans 
complexes.4) The corresponding order v2'<Cvs'<Cv4 
should hold for the m-type complexes with balatn and 
balaen. 

The second and third CD components, which closely 
overlap each other to give a negative extremum in most 
of the complexes including [Cu(L,L-balatn)] and 
[Cu(L,L-balaen)], are much larger than the others, 
having net negative sign.2) For most of the similar 
nickel or palladium complexes, the two components due 
to vz and r4 (or v3' and i>4') exhibit large and net negative 
CD, irrespective of the geometrical structures. 

Thus it is preferable to assign the four components 
of the copper complexes to the transitions v2, v3'9 v±, 
and Vi (or v2, v3, r4, and v±), respectively, in the order 
of increasing wavenumbers. 

The assignment is supported by the following observa­
tions: (1) The component due to v2 corresponds to a 
positive CD band in most of the bis(L-amino carbox­
amidato)-type complexes irrespective of the central 
metal ions and geometrical structures, (2) the component 
due to vl9 which can be found only in the copper com­
plexes, exhibits a small positive CD extremum or none 
in most cases (Table 2 and Figs. 3 and 4).2) This is 
in line with the theory that the transition v1 is magnet­
ically forbidden in first-order approximation.14) 
Remarkable exceptions to (2) are the vx components 
of the L-prolinamidato, L-phenylalaninamidato, and 
(S) -2-amino-4-methyl-7V-methylpentanamidato com­
plexes; the vx component seems to correspond to a 
large negative CD extremum in these complexes. 
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T h e preparat ion and properties of the pa l lad ium(II ) amine complexes containing 3-hydroxy-2-methyl-4-
pyronate ions as the counter anions, [Pd(N) 4 ]L 2 and [ P d ( N N ) 2 ] L 2 - n H 2 0 , are reported, where N = p r o p y l a m i n e or 
benzylamine, N N = ethylenediamine, tr imethylenediamine or JV,iV-dimethylethylenediamine, HL=3-hydroxy-2 -
methyl-4-pyrone, and n = 2 — 4 . T h e unidentate-amine complex, [Pd(N) 4]L 2 , reacts with N a l to afford [PdI 2 (N) 2 ] , 
whereas the bidentate-amine complex, [ P d ( N N ) 2 ] L 2 - n H 2 0 , reacts with N a l to give [Pd(NN) 2 ] I 2 . The mixed-
ligand complexes, [PdL(bpy) ]X and [PdL(phen) ]X (where bpy=2,2 ' -b ipyr id ine , p h e n = 1,10-phenanthroline, 
X = C 1 0 4 or B(C 6H 5) 4) , are also reported. O n the basis of the P M R spectra, the I R spectra, and the electric 
conductivities, the structures of the isolated complexes are discussed. 

3 - H y d r o x y - 2 - m e t h y l - 4 - p y r o n e ( H L ) h a s s o m e r e s e m ­
b l a n c e to t h e /3-diketones, a l l b e i n g m o n o b a s i c ac ids a n d 
usua l ly f u n c t i o n i n g as 0 , 0 ' - c h e l a t i n g agents . 1 ' 2 ) T h e 
b i s -che la tes of t h e s e l i g a n d s w i t h b i v a l e n t m e t a l ions , 
s u c h as C o ( I I ) , N i ( I I ) , a n d Z n ( I I ) , r e a c t w i t h n i t r o g e n 
bases to f o rm five- o r s i x - c o o r d i n a t e adducts . 3» 4 ) O n 
t h e o t h e r h a n d , t h e c o r r e s p o n d i n g P d ( I I ) c o m p l e x e s , 
[Pd ( / ? -d ik ) 2 ] , r e a c t w i t h a n excess of a m i n e to afford 
[ P d ( ß - d i k ) ( a m i n e ) 2 ] (/5-dik) o r [ P d ( a m i n e ) 4 ] ( ß - d i k ) 2 , d e ­
p e n d i n g u p o n w h e t h e r t h e a m i n e is s e c o n d a r y or 
p r i m a r y respect ive ly . 5 ) A s w a s r e p o r t e d i n a p r e l i m i n a r y 
c o m m u n i c a t i o n , 6 ) t h e P d ( I I ) c o m p l e x of 3 - h y d r o x y - 2 -
m e t h y l - 4 - p y r o n e , P d L 2 , a lso r eac t s w i t h e t h y l e n e d i ­
a m i n e to resu l t i n [ P d ( e n ) 2 ] L 2 « 2 H 2 0 . As a n ex t ens ion 
of th is s t u d y , t h e p r e s e n t p a p e r wi l l r e p o r t o n t h e 
syntheses a n d p r o p e r t i e s of severa l P d ( I I ) a m i n e 
c o m p l e x e s c o n t a i n i n g t h e 3 - h y d r o x y - 2 - m e t h y l - 4 -
p y r o n a t e a n i o n as a c o u n t e r i o n . T h e c o m p l e x e s 
o b t a i n e d b y t h e r e a c t i o n s of t h e a b o v e P d ( I I ) a m i n e 
c o m p l e x e s w i t h s o d i u m i o d i d e or l i t h i u m b r o m i d e wi l l 
also b e d e s c r i b e d . 

E x p e r i m e n t a l 

Preparation of Complexes. Bis (3'-hydroxy-2-methy1-4-pyronato) -
palladium(II), [PdL2] (1). Pal ladium(II) chloride (10 
mmol) was dissolved in a hot aqueous solution (100 ml) of 
NaCl (15 g) , after which the mixture was cooled to 0—5 °C 
in an ice-bath. In to this solution we then vigorously stirred, a 
cold aqueous solution (0—5 °C, 50 ml) containing H L (20 
mmol) and N a O H (20 mmol) . A brown precipitate was 
formed immediately. After the solution h a d been stirred for 
1 h at room temperature , a crude precipitate was filtered; 
this was then dissolved in chloroform (400 ml) at 40—50 °C. 
After the filtration of the insoluble materials, the solvent was 
evaporated at 35 °C. The brown residue was washed with 
ethanol and ether and then dried in vacuo. Yield: 86 % . 

Tetrakis (propylamine) palladium (II) 3-Hydroxy- 2-methyl-4-pyro-
nate, \Pd(pa)9\L2 (2a) : Complex 1 (1.5 mmol) was dissolved 
in 10 ml of benzene containing propylamine (8 mmol) at room 
temperature. After the removal of the insoluble materials by 
filtration, the solvent was evaporated at ca. 25 °C. A white 
residue was collected on a glass filter, washed with cold acetone, 
and dried in vacuo. Yield : 40 % . By using benzylamine instead 
of propylamine, a white precipitate of [Pd(ba) 4 ]L 2 (2b) was 

also obtained in a 50 % yield. 
Bis (ethylenediamine)palladium (II) 3-Hydroxy-2-methyl-4-pyronate 

Dihydrate, [Pd(en)2]L2'2H20 (3a): T o a stirred suspension 
of Compound 1 (1.5 mmol) in chloroform (10 ml) we added 
a chloroform solution (10 ml) of ethylenediamine (10 mmol) , 
after which the mixture was stirred for 30 min. A pale yellow 
precipitate was filtered and washed with cold ethanol and 
ether. The precipiate was then dissolved in warm ethanol 
( 15 ml) . After the removal of the insoluble materials by 
filtration, ether (100 ml) was added to the pale yellow filtrate. 
The white precipitate thus obtained was filtered, washed with 
cold ethanol and ether, and then dried in vacuo. Yield : 64 % . 

Bis (trimethylenediamine)palladium (II) 3-Hydroxy-2-methyl-4-pyr-
onate-Water( 1/2.5), [Pd(tn)2]L2-2.5H20 (3b): To a stirred 
suspension of Compound 1 (1.5 mmol) in benzene (6 ml) we 
added a benzene solution (20 ml) of trimethylenediamine (40 
mmol) , after which the mixture was stirred for ca. 2 h. The 
crude pale yellow precipitate thus obtained was filtered and 
washed wi th ether. The precipitate was then dissolved in 
ethanol (15 ml) . After the removal of the insoluble materials 
by filtration, ether (150 ml) was added to the pale yellow 
filtrate to obtain a white precipitate, which was then filtered 
washed wi th ether, and dried in vacuo. Yield: 67 % . 

Bis (N, N- dimethylethylenediamine) palladium (II) 3 - Hydroxy - 2-
methyl-4-pyronate Tetrahydrate, [Pd(N,N-Me2en)2]L2-4H20 (3c) : 
T o a stirred suspension of Compound 1 (1.5 mmol) in 
benzene (6 ml) we added a benzene-ethanol (5 : 2 by volume) 
solution (14 ml) containing iV,iV-dimethylethylenediamine (10 
mmol) , after which the mixture was stirred for ca. 1 h. After 
the removal of the insoluble materials by filtration, the solvent 
was evaporated at ca. 27 °C. The white residue was collected 
on a glass filter, washed with ether, and dried in vacuo. Yield: 
7 4 % . 

(2,2'-Bipyridine) (3-hydroxy- 2-methy I- 4-pyronato) palladium (II) 
3-Hydroxy-2-methyl-4-pyronate, [PdL(bpy)]L (4a): To a stirred 
suspension of Compound 1 (3 mmol) in chloroform (15 ml) we 
added a chloroform solution (2 ml) of 2,2 /-bipyridine (3 mmol) , 
after which the mixture was stirred for ca. 1 h. The yellow 
precipitate thus obtained was filtered, washed with chloroform 
and ether, and then dried in vacuo. Yield: 76 % . This com­
pound is fairly hygroscopic, and a color change from yellow 
to reddish yellow occurs in the presence of moisture. By using 
1,10-phenanthroline instead of 2,2 /-bipyridine, a yellow pre­
cipitate of [PdL(phen) ]L (4b) was also obtained in a 43 % 
yield. This compound is also hygroscopic, and a change in 
color to reddish yellow also takes place in the presence of 
moisture. 
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Although we could not isolate Compounds 4a and 4b in a 
satisfactory purity, as the analytical data in Table 1 indicate, 
we obtained stable complex salts, 4c—4f, by replacing the 
counter ion, L, with a Perchlorate or tetraphenylborate anion. 

( 2,2'-Bipyridine) (3-hydroxy- 2-methyl- 4-pyronato) palladium (II) 
Perchlorate, [PdLfbpy^ClO^ (4c) : To an aqueous ethanol 
(1: 1 by volume) solution (40 ml) of 2,2'-bipyridine (1.5 mmol) 
we added Compound 1 (1.5 mmol) ; then we stirred the mixture 
for ca. 1 h at room temperature. After the removal of the 
insoluble materials by filtration, an aqueous solution (10 ml) 
of NaC104-H20 (1.5 mmol) was added to the yellow filtrate. 
The yellow precipitate thus obtained was filtered, washed with 
water, ethanol, and ether successively, and then dried in vacuo. 
Yield: 73 %. By using NaB(C6H5)4 in place of NaC10 4 .H 20, 
a yellow precipitate of [PdL(bpy)]B(C6H5)4 (4d) was also 
obtained in a 71 % yield. 

The corresponding 1,10-phenanthroline complexes, [PdL-
(phen)]C104 (4e) and [PdL(phen)]B(C6H5)4 (4f), were obtain­
ed as yellow precipitates by the same methods as were used for 
Compounds 4c and 4d respectively, using 1,10-phenanthroline 
instead of 2,2'-bipyridine. The yields were 80 and 76 % 
respectively. 

Reactions of [PäfN)^ (2) and [Pd(NN)2\L1-nH20 (3) with 
Sodium Iodide. To an ethanol solution (5 ml) containing 
Compound 2a (0.5 mmol) we added an ethanol solution (3 
ml) of Nal (1.0 mmol), after which the mixture was stirred 
for ca. 45 min. The red brown precipitate thus obtained, 
[Pdl2(pa)2], was filtered, washed with ethanol and then ether, 
and dried in vacuo. Yield: 60 %. (Found: C, 14.95; H, 3.84; 
N, 5.60 %. Calcd for [PdI2(pa)2] = C6H18N2I2Pd: C, 15.06; 
H, 3.79; N, 5.86 %.) Other compounds, [Pdl2(ba)2], [Pd-
(en)2]I2, [Pd(tn)2]I2, and [Pd(iV,iV-Me2en)2]I2, were also 
obtained similarly from the reactions of Compounds 2b, 3a, 
3b, and 3c with Nal, in the mole ratio of one to two in each 
case. (Found for [Pdl2(ba)2] : C, 29.08; H, 3.13; N, 4.90 %. 
Calcd for C14H18N2I2Pd: C, 29.27; H, 3.16; N, 4 .88%. 
Found for [Pd(en)2]I2: C, 10.41; H, 3.45; N, 11.72 %. Calcd 
for C4H16N4I2Pd: C, 10.00; H, 3.36; N, 11.66%. Found 
for [Pd(tn)2]I2: C, 14.19; H, 4.08; N, 10.84%. Calcd for 
C6H20N4I2Pd: C, 14.17; H, 3.96; N, 11.02%. Found for 
[Pd(iV,iV-Me2en)2]I2: C, 17.92; H, 4.52; N, 10.39 %. Calcd 
for C8H24N4I2Pd: C, 17.91; H, 4.51; N, 10.44 %.) 

Reaction of [PdLfbpy or phen)]L with Lithium Bromide and 
Sodium Iodide. An ethanol solution (10 ml) of LiBr-H20 
(15 mmol) was stirred into a yellow aqueous ethanol solution 
(1: 3 by volume) of [PdL(bpy)]L (1.5 mmol) in situ. After the 
stirring had continued for ca. 40 min, the yellowish brown 
precipitate thus obtained was filtered, washed with ethanol 
and ether, and then in vacuo. Yield: 70 %. (Found: C, 28.42; 
H, 1.89; N, 6.43 %. Calcd for [PdBr2(bpy)] = C10H8N2Br2Pd: 
C, 28.44; H, 1.91 ; N, 6.63 %.) By using phen instead of bpy, 
a yellowish brown precipitate of [PdBr2(phen)] was obtained 
in an 82 % yield (Found: C, 33.29; H, 1.98; N, 6.03 %. 
Calcd for [PdBr2(phen)] = C12H8N2Br2Pd: C, 32.29; H, 1.81; 
N, 6.28 %.) . The corresponding iodo complexes, [Pdl2(bpy)] 
and [Pdl2(phen)], were also obtained similarly as red brown 
precipitates from the reactions of [PdL(bpy or phen)]L with 
twice as many moles of Nal (Found: C, 23.92; H, 1.75; N, 
5.32 %. Calcd for [PdI2(bpy)] = C10H8N2I2Pd: C, 23.26; H, 
1.56; N, 5.42 %. and Found: C, 27.49; H, 1.56; N, 5.18 %. 
Calcd for [PdI2(phen)] = C1oH8N2I2Pd: C, 26.67; H, 1.49; N, 
5.18%.). 

Measurements. The IR spectra in the 200—4000 cm - 1 

region were recorded on a JASCO DS-701G infrared spectro­
photometer in Nujol mulls between Csl plates. The PMR 
spectra were obtained with a JEOL JNM-PS-100 spectrometer. 

The water contents in the hydrated complexes were determined 
from the thermogravimetric curves, which had themselves been 
obtained with a Shimadzu TGA-30 thermobalance at a heating 
rate of 5 °C/min in an atmosphere of nitrogen flowing at 50 
ml/min. The electric conductivities of the solutions were 
measured with a Toa Electronics CM-2A conductivity meter. 
The molecular weight was determined with a Hitachi Perkin-
Elmer 115-type vapor-pressure osmometer, employing benzil 
as the reference substance. 

R e s u l t s a n d D i s c u s s i o n 

Bis (3-hydroxy-2-methyl-4-pyronato) palladium (II ) , 
[PdL2] (1), reacts with an excess amount of an aliphatic 
amine to give a complex of the [Pd(N) 4 ]L 2 type (2) 
(where N is propylamine (pa) (2a) or benzylamine (ba) 
(2b)) or the [Pd(NN) 2]L 2-rcH 20 type (3) (where N N 
is ethylenediamine (en) (3a), trimethylenediamine (tn) 
(3b), or JVr,iV-dimethylethylenediamine(iV,iV-Me2en) 
(3c)). These Pd( I I ) amine complexes contain the 3-
hydroxy-2-methyl-4-pyronate ion as counter anions. 
When Compounds 2a and 2b , which have monodentate 
amines, were reacted with twice as many moles of N a l , 
two of the coordinated amines were replaced by two 
iodide anions to afford neutral complexes, [Pdl 2(pa) 2] 
and [Pdl 2(ba) 2] respectively. O n the other hand, when 
Compounds 3a, 3b , and 3c, which have bidentate 
amines, were treated with twice as many moles of N a l , 
the 3-hydroxy-2-methyl-4-pyronate ions were replaced 
by iodide anions to give [Pd(en)2]I2 , [Pd(tn)2]I2 , and 
[Pd(./V,N-Me2en)2]I2 respectively. 

The parent complex, Complex 1, reacts with an 
equimolar amount of a heterocyclic nitrogen base such 
as bpy and phen to give rise to [PdL(bpy or phen)]L, 
(4a, 4b) . Even when twice as many or more moles of 
bpy or phen were used, a complex of the [Pd(NN) 2 ]L 2 

type was not afforded, but 4a or 4 b resulted. Although 
Compounds 4a and 4 b could not be isolated in a 
satisfactory purity, their P M R spectra in the intact 
solutions indicate unequivocally that two kinds of L 
exist, one in the coordination sphere and the other in 
the outer sphere (Table 2). By replacing the counter 
ion, L, with Perchlorate and tetraphenylborate anions, 
stable complex salts, 4c—4f, were obtained. When 
the ethanol solutions of 4a and 4 b in situ were treated 
with an excess amount of LiBr>H 2 0 or twice as many 
moles of N a l , the coordinated 3-hydroxy-2-methyl-4-
pyronate ligand was replaced by two bromide or iodide 
ions to give [PdX 2 (bpy or phen)] , where X is Br or I. 
The analytical and I R data of the newly isolated 
compounds are listed in Tables 1 and 3 respectively. 

[PdL2] (1). Compound 1 exhibits strong I R 
bands at 1600, 1564, and 1545 c m - 1 ; the former band 
can be assinged to the C = 0 , and the latter two, to the 
C=C stretching vibrations, by reference to the data of 
the other metal complexes of 3-hydroxy-2-methyl-4-
pyrone.1) The band observed at 419 c m - 1 can tentative­
ly be assigned to the P d - O stretching vibration by 
reference to the data of the bis (acetylacetonato) palla­
d i u m ^ ) . 7 ) 

In the P M R spectrum of Compound 1 in CDC13, the 
signal of the 5-position proton is composed of two 
doublets, the area ratio of which is 1: 1, as is listed in 
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T A B L E 1. 

Complex 

1 

2a 

2 b 

3a 
3 b 

3c 

4a 

4 b 

4c 

4 d 

4e 

4f 

[PdL2] 

[Pd(pa) 4 ]L 2 

[Pd(ba) 4 ]L 2 

[ P d ( e n ) 2 ] L 2 . 2 H 2 0 
[ P d ( t n ) 2 ] L 2 . 2 . 5 H 2 0 
[Pd(iV,iV-Me2en)2]L2. 

[PdL(bpy)]L 

[PdL(phen)]L 

[PdL(bpy) ]C10 4 

[PdL(bpy)]B(C 6 H 5 ) 4 

[PdL(phen) ]C10 4 

[PdL(phen)]B(C 6 H 5 ) 4 

COLOÏ 

4 H 2 0 

;ru SHIMOMURA, ; and Shinichi K A W A G U C H I 

L AND ANALYTICAL DATA OF THE PALLADIUM ( 

Color 

brown 

white 

white 

white 

white 

white 

yellow 

yellow 

yellow 

yellow 

yellow 

yellow 

C 

40 .26(40 .42) 
48 .44(48 .61) 

61 .41(61 .18) 

37 .52(37 .47) 

39 .01(39 .32) 
39 .80(39 .71) 

47 .33(51 .53) 

51 .11(53 .70) 
38 .91(39 .45) 

67 .90(67 .96) 

42 .03 (42 .29) 

69 .30(69 .01) 

Found ( 

H 

2 .90 (2 .83 ) 

7 .92(7 .82) 
6 .15 (5 .91 ) 

5 .99(5 .90) 

6 .67(6 .42) 

7 .16(7 .00) 
3 .23(3 .54) 

3 .31(3 .37) 
2 .68 (2 .69 ) 

4 . 6 8 ( 4 . 7 1 ) 

2 .49 (2 .56 ) 

4 .47 (4 .55 ) 

1 1 ) COMPLEXES 

;Calcd), % 

N 

9 .33(9 .45) 

6 .99(7 .14) 

10.83(10.92) 
10.61(10.19) 

9 .15 (9 .26 ) 

4 .87 (5 .46 ) 

4 .87 (5 .22 ) 
5 .67(5 .75) 

3 .83(3 .96) 

5 .53(5 .48) 

3 .85(3 .83) 

[Vol. 52, No. 

H 2 0 

6 .78(7 .03) 
7 .43(8 .19) 

11.69(11.91) 

6 

Compound 

T A B L E 2. 

Solvent 

P M R SPECTRA OF THE PALLADIUM ( I I ) COMPLEXES AT ROOM TEMPERATURE 

L 

C H 3 H 5 H 6 

CDCl3
a> 2.42 (6H,s) {jj-29 | j ^ 

2a CDCJ,a> 

d) 
d) 

2.17 (6H,s) 6.11 (2H,d) 

2 b 

3a 

3 b 

3c 

4a 

D2Ob> 

CDCl3
a> 

D2Ob> 

D2Ob> 

D2Ob> 

D2Ob> 

2.75 (6H,s) 6.78 (2H,d) 

1.20 (6H,s) 5.74 (2H, d) 

2.73 (6H,s) 6.75 (2H,d) 
2.75 (6H,s) 6.78 (2H,d) 

7.66 (2H,d) 

7.44 (2H,d) 

8.23 (2H,d) 

d ) 

8.20 (2H,d) 
8.24 (2H,d) 

2.69 (6H, s) 6.72 (2H, d) 8.20 (2H, d) 

2.52 (3H,s) J6.76(1H, d) 
2.80 (3H,s) 16.87 (IH, d) 

4b D,Ob> 2.22 (3H, s) 
2.70 (3H,s) 

6.31 (IH, d) 
6.75 (IH, d) 

4c (CD3)2SOa> 2.20 (3H, s) 6.53 (IH, d) 

f ) 

8 ) 

f ) 

0.79 (12H, t, -CH3) , 1.48 (8H, unresolved 
sex, -CH2-CH2-CH3) , 2.62 (8H, broad, 
-CH2-NH2) , 5.80—6.40 (8H, -NH2)

C> 
1.36 (12H, t, -CH3) , 2.09 (8H, sex, -CH 2 -
CH2-CH3), 3.04 (8H, t, -CH2-NH2) 
3.78 (8H, broad, -CH2-NH2) , 6.70—7.80 

(m, H6, -CH 2-NH 2 and - C H 2 - / c > \ ) 

3.10 (8H, s, -CH2~NH2) ~~'_ 

2.14 (4H, quin, -CH2-CH2-CH2-) , 3.08 
(8H, t, -CH2-NH2) 
3.05 (s, -N-(CH3)2 , 3.04—3.20 (m, -CH 2 -
N-(CH3)2),e> 3.20—3.28 (4H, m, -CH 2 -
NH2) 

7. 70—8.70 (m, H6 and bpy) 

7.20—8.80 (m, He and phen) 

7.50—8.40 (9H, m, H« and bpy) 

a) TMS was used as an internal reference, b) TMS was used as an external reference, c) The signal 
overlaps with 5-position proton of the pyronate anion, the composite area corresponding to 10H. d) The 
signal overlaps with the amine and phenyl protons of ba. e) The signal overlaps with the methyl 
protons of the iV,JV-Me2en, the composite area corresponding to 16H. f) The signal overlaps with the 
bpy resonances, g) The signal overlaps with the phen resonances. 

TABLE 3. CHARACTERISTIC IR BANDS (cm-1) OF THE PALLADIUM(II) COMPLEXES 

Compound 

1 

2a 

2 b 

3a 
3 b 

3c 

4c 
4d 

4e 

4f 

y (C=0) 

1600 

1612 

1612 

1607 

1604 

1603 

1594 

1604 

1596 

1598 

v (C=C) 

1564 1545 

1573 1514 

1573 1516 

1595 1552 

1559 1499 

1567—1558 

1564 1543 
1565 1550 

1564 1550 

1566 1548 

^ 

1510 

v ( M - O ) 

419 

411 
411 

410 

410 

v ( M - N ) ô (N-M-

520 288 

512 257 

510 269 

-N) 

768 

764 

1632 

1633 

Others 

722 1110—1075 622 

720 

1520 1090—1074 622 

1520 
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Table 2. The spectral pat tern suggests the coexistence 
of two different magnetic environments for the 5-
position protons. The complex may exist as a mixture 
of eis and trans isomers, as is shown below: 

H H H CH3 

vVw0rV V w v S 
CH3 CH3 CH3 H 

eis trans 

Whether the two carbonyl groups occupy mutually eis 
or trans positions seems to exert a different influence on 
the proton in question. The nearly equal intensities of 
the two signals at 6.29 and 6.52 ppm indicate that the 
eis and the trans isomers exist in equal amounts in 
chloroform, although the signal assignments to the two 
isomers are not possible. The methyl protons and the 
6-position protons resonate as a singlet and a doublet 
respectively. Their insensitivity to the geometrical 
structure might arise from the fact that they are farther 
from the donor atoms than the 5-position protons. 

TABLE 4. MOLAR CONDUCTIVITIES OF THE 

P A L L A D I U M ( I I ) COMPLEXES45 

Complex 

2a 

2b 
3a 
3b 
3c 
4c 
4e 
[Pd(pa)2I2] 
[Pd(ba)2I2] 
[Pd(en)2]I2 

[Pd(tn)2]I2 

[Pd(iV,iV-Me2en)2]I2 

[Pd(bpy)I2] 
[Pd(phen)I2] 

Solvent 

H 2 0 
EtOH 
EtOH 
H 2 0 
H 2 0 
H 2 0 
DMSO 
DMSO 
DMSO 
DMSO 
DMSO 
DMSO 
DMSO 
DMSO 
DMSO 

Au 

119 
16. 
17. 

165 
163 
165 
28. 
17. 
0 
0 

95. 
135 
133 

4. 
8. 

a) Molar conductivity of the 10-3 M solution 
at 25 °C (ohm-1-cm2-mol-1). 

[Pd{N)i\Lz (2). As may be seen in Table 3, 
these complexes exhibit the v{C=0) and v(C=C) bands 
at 1612 cm - 1 , and at 1573 and 1515 c m - 1 , respectively. 
The ^(C=0) frequency is slightly higher than that for 
1, but it is not diagnostic for the presence of L in the 
outer sphere. O n the other hand, no band is observed 
in the P d - O stretching region (400—500 c m - 1 ) , suggest­
ing that the 3-hydroxy-2-methyl-4-pyronate anion is not 
coordinated to the Pd(I I ) ion. The molar conductivity 
data (Table 4) indicate that Compound 2a is a 1:2 
electrolyte in water, while Compounds 2a and 2 b do 
not dissociate completely in ethanol.8) The molecular-
weight data of these complexes (Table 5) also show 
that they are partially dissociated in ethanol. During 
the measurements of the conductivity and the molecular 

TABLE 5. MOLECULAR-WEIGHT DATA FOR 

THE [Pd(N)4]L2 COMPLEXES45 

Compound 

2a 

2b 

Solvent 

EtOH 
EtOH 
EtOH 
CHC13 

EtOH 
CHC13 

Temp 
°C 

40 
40 
40 
30 
40 
30 

Concen­
tration 

(X10"3M) 

1.33 
3.32 
4.65 
1.70 
2.51 
2.53 

Calcd 

593 

758 

Found 

342 
401 
435 
606b) 
367 
256°) 

a) The molecular-weight values listed were de­
termined ca. 30 min after dissolution, b) This 
value changed with the time, reaching 538 and 
399 ca. 1 and 25 h after dissolution respectively. 
c) This value changed with the time, reaching 
240 ca. 25 h after dissolution. 

weight in ethanol, the color of the solution gradually 
changed from faintly yellow to yellow orange. These 
results seem to be caused by ionization and the following 
ligand substitution: 

[Pd(N)4]L2 «=> [PdL(N)2]L + 2N (1) 

The molecular weight of 2a , determined ca. 30 min 
after dissolution in chloroform, nearly coincides with 
the calculated value, reflecting poor ionization in this 
solvent, but the value diminishes with time, suggesting 
the gradual progress of the ligand substitution of 2a 
according to Eq. 1. 

In the P M R spectrum of 2a in D 2 0 , the signals of 
the methyl, 5-position, and 6-position protons of 3-
hydroxy-2-methyl-4-pyronate anion were observed at 
2.75 s, 6.78 d ( / 5 > 6 = 5 . 2 Hz) , and 8.23 d p p m respec­
tively. These values coincide with those for the protons 
of L in [Pd(NN) 2 ]L 2 -nH a O (3), which are 1:2 electro­
lytes in D 2 0 , suggesting again that 2a dissociates 
completely in D 2 0 . 

O n the other hand, Table 5 shows that 2a exists as 
the ion aggregate for at least 30 min after dissolution in 
chloroform; thereafter the substitution and decomposi­
tion occur gradually with t ime. Compound 2 b changes 
more rapidly in chloroform than does 2a . The P M R 
data for 2a and 2b in chloroform (Table 2) were taken 
immediately after dissolution. The protons of L in 2b 
resonate at a much higher field than these in 2a . The 
benzylamine molecules in the coordination sphere may 
exert an anisotropic magnetic effect on L in the outer 
sphere. 

Recently, Okeya et a/.9) found that hydrogen exchange 
occurs between CDC13 and amine protons in palladium-
(II) amine complexes containing a /5-diketonate anion 
in the outer sphere, [PdL4](/?-dik)2 and [Pd(ß-dik)L'2]-
(ß-dik), where L = pr imary amine, L ' = secondary amine, 
and /?-dikH = acetylacetone or trifluoroacetylacetone. 
In the present P M R studies of 2a and 2b in CDC13 , 
the hydrogen-exchange reactions between CDC13 and 
propylamine and benzylamine are also observed, the 
signal due to the amine proton diminishing and the 
peak due to CHC1 3 growing concurrently with time 
(Fig. 1). The pKa value of H L (8.61)10> is near that of 
acetylacetone (8.82),10> and the pyronate anion, L, in 
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Jul ji 
J i 1 i I i I 

(5/ppm 

Fig. 1. The PMR spectra of [Pd(pa)4]L2 [2a] in CDC13 

5 min (a), 30min (b) and 100 min (c) after dissolution, 
respectively. 

the outer sphere may accept a hydrogen ion from the 

amine in the coordination sphere : 

[Pd(RNH2)4P+ ( L-)2 ç = ± 
[Pd(RNH) (RNH2)3]+L-(HL) (2) 

[Pd(RNH)(RNH2)3]+L-(HL) + GDC13 • 

[Pd(RNHD)(RNH2)3]2+(L-)2 + CHC13 (3) 

[Pd(NN)2]L2-nH20 (3). The water contents 
of 3a, 3b , and 3c were determined from the thermo-
gravimetric curves of these complexes. T h e T G curves 
show that the liberation of the water occurs at around 
45—110 °C in either case. In the I R spectra of the 
dehydrated complexes, the intensity of the fairly strong 
and broad bands which appeared at 3170 (3a), at 3460 
and 3340 (3b), and at 3325 and 3180 (3c) cm- 1 , 
diminished, although none of these bands except the 
3460 and 3340 c m - 1 bands disappeared completely. 
These results suggest that the bands observed in the 
3170—3460 c m - 1 region are mainly due to the O - H 
stretching vibration, al though the N H 2 stretching bands 
also appear in this region. These complexes exhibit 
no band in the P d - O stretching region, but they do 
show the P d - N stretching and N - P d - N bending bands, 
suggesting that L is contained in the outer sphere, as 
in the cases of 2a and 2 b . The tentative assignment of 
the v(Pd-N) and <5(N-Pd-N) bands is based on the 
data for [Pd(en) 2]X 2 (where X = C 1 , Br, or I).11) The 
molar conductivity data of these complexes also indicate 
that all three complexes are 1:2 electrolytes in water. 

In the P M R spectra of these complexes in D 2 0 , the 
signals due to the methyl, 5-position, and 6-position 
protons of the 3-hydroxy-2-methyl-4-pyronate anion 
were observed at about 2.72 s, 6.75 d, and 8.22 d p p m 
respectively, as is shown in Table 2. Although eis and 
trans isomers are possible for Compound 3c, the methyl 
and methylene - C H 2 - N H 2 protons of iV,iV-dimethyl-

ethylenediamine appear as a kind of singlet and a kind 
of multiplet at 3.05 and 3.26 ppm respectively, while 
the methylene - C H 2 - N - ( C H 3 ) 2 protons overlap with 
the methyl protons of iV,iV-Me2en. This spectral 
behavior seems to suggest that 3c exists in D 2 0 solely 
as the trans or eis isomer or that , alternatively, the two 
isomers exhibit identical chemical shifts by chance. 

The counter anion, L, in [Pd(NN) 2 ]L 2 -wH 2 0 (3) can 
readily be replaced by treating it with double the molar 
amount of sodium iodide in ethanol to precipitate the 
[Pd(NN) 2 ] I 2 complex in a 75—85% yield. This 
behavior is contrasted with that of the unidentate-amine 
complex, Complex 2, which readily reacts with sodium 
iodide in ethanol to precipitate [PdI 2 (N) 2 ] . The 
bidentate-amine in 3 is bonded to Pd(II ) much more 
strongly than is the unidentate-amine in 2 and resists 
being displaced by the iodide ion. 

[PdL(bpy orphen)]X (X=Cl04i or B(C6H5)J (4). 
The infrared data of these complexes suggest that : (a) 
The perchlorate ion is not coordinated to the palladium 
ion, since the bands at 1070—1110 vs. and 622 cm- 1 

assigned to the perchlorate ion are not split in Com­
pounds 4c and 4e . (b) The bpy ligand is coordinated 
to the palladium ion, since the characteristic band 
(751 cm- 1) of the free bpy is shifted and split to 765 and 
720 c m - 1 in 4c and 4d.12> (c) The phen ligand is 
coordinated to the palladium ion, since the characteristic 
bands (1505 and 1605 cm"1) of the free phen are shifted 
to 1520 and 1632 c m - 1 respectively in 4e and 4f.13> 
(d) The 3-hydroxy-2-methyl-4-pyronate anion is coor­
dinated to the pal ladium ion, since the band (410 cm-1) 
assignable to the P d - O stretching vibration is observed 
for all the complexes, 4c, 4d, 4e, and 4f. The molar 
conductivity data of 4c and 4e indicate that these 
complexes are 1: 1 electrolytes in dimethyl sulfoxide,8) 
supporting the idea that the perchlorate ion is not 
coordinated to the palladium ion. Compounds 4d and 
4f are not soluble in common solvents and prevent any 
conductivity measurement. In the P M R spectrum of 
4c in (CD3)2SO, the signals of the methyl protons and 
the 5-position proton of the pyronate ligand were 
observed at 2.20 s and 6.53 d p p m C/5,6 = 5.2 Hz) 
respectively, but no signal of the 6-position proton is 
discernible because of overlapping with the bpy reso­
nances. The appearance of one kind of doublet due to 
the 5-position proton is in accordance with the lack of 
geometrical isomers for this complex, contrary to the 
coexistence of the eis- and trans-[FdL2] isomers in the 
CDC13 solution. Unfortunately, 4e , like 4d and 4f, 
is not soluble enough in common solvents to give P M R 
spectra. 
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The Separation of Tin from Water and Sea-water by Flotation and 
the Determination of Tin by Atomic Absorption Spectro­

photometry Following Stannane Generation 
Susumu NAKASHIMA 

Institute for Agricultural and Biological Sciences, Okayama University, Kurashiki-shi, Okayama 710 
(Received November 30, 1978) 

A method is described for the separation and determination of sub-microgram levels of tin in water. A sub-
microgram amount of tin(II, IV) in a 1000-ml sample of water is coprecipitated with iron(III) hydroxide at pH 
4.0 ±0.2. The precipitate is floated with the aid of sodium dodecyl sulfate and small air bubbles, and then separated 
and dissolved in 2 ml of 6 M hydrochloric acid and diluted to 10 ml with water. Finally, the tin content is deter­
mined by the generation of stannane, using sodium borohydride as a reductant, followed by atomic absorption 
spectrophotometry with a long absorption cell (60 X 1.2 cm i.d.). This separation technique has also been success­
fully applied to the determination of sub-microgram amounts of tin in natural sea-water. The time required for 
the pre-concentration of tin from a 1000-ml volume of solution is about 15 min per sample after 15 min of stirring. 

It is important to establish a rapid, sensitive, and 
accurate method to determine tin in natural waters 
from the viewpoints of environmental chemistry, 
geochemistry, marine biology, and limnology. T in has 
so far received little attention as an environmental 
pollutant in natural waters. Furthermore, almost 
nothing is known about the tin content in natural 
waters. T in probably exists at concentrations below 
1 (jig l - 1 in natural water samples. At such low concen­
trations, a precise, direct determination is impractical, 
even by the atomic absorption spectrophotometry of 
stannane, which has a high sensitivity.1-3) In addition, 
nickel(II) causes serious negative interference in the 
determination of tin by the above hydride-generation 
method. Hence, it is necessary to pre-concenträte tin 
from water and separate it from nickel(II) prior to 
determination. 

Coprecipitation with iron (III) hydroxide4 - 6) or 
zirconium hydroxide7 '8) is used as a pre-concentration 
technique for the determination of tin in aqueous 
systems. These bulky amorphous precipitates, however, 
are difficult to filter, and centrifugation is cumbersome 
for larger volumes. 

Mizuike and Hiraide9) reported a flotation technique 
carried out with the aid of a hot ethanolic paraffin 
solution and small nitrogen bubbles for the separation 
of the t in(IV) coprecipitated with i ron(I I I ) hydroxide. 
This separation technique was successfully applied to 
the spectrophotometric determination of tin at the ppb 
level in high-purity zinc metal . 

In a previous paper,10) a flotation technique9»11 '12) in 
which the precipitate of iron ( I I I ) hydroxide is floated 
with the aid of sodium oleate and small air bubbles 
was used for the pre-concentration of arsenic in natural 
non-saline waters. 

This communication will describe the application of 
this separation technique, with suitable modifications, 
to the pre-concentration of sub-microgram amounts of 
t in ( I I , IV) in water. The precipitate is readily separated 
from the mother liquor and then dissolved in dilute 
hydrochloric acid for the atomic absorption spectro­
photometry by the generation of stannane, using sodium 
borohydride as a reductant . T h e various parameters 
that affect the flotation and determination of tin were 
investigated. This method is simple and rapid, and it is 

applicable to the extraction of tin at low ppb levels from 
large volumes of water and sea-water. 

E x p e r i m e n t a l 

Apparatus. A Nippon Jarrell-Ash, Model AA-1 Mark 
II, atomic absorption spectrophotometer equipped with a 
Jarrell-Ash tin hollow-cathode lamp and a custom-made silica 
absorption cell (60x1.2 cm i.d.) was used, along with a 
Beckman burner supplied with nitrogen and hydrogen. 

The apparatus used for the stannane generation was a 
modified Nippon Jarrell-Ash, Model ASD-1A, hydride-mea­
surement unit coupled to a custom-made hydride-generating 
cell. The schematic diagram of the analytical system is similar 
to that described previously.10) 

All the pH measurements were carried out with a Hitachi-
Horiba, Model M-5, pH meter, together with a combined 
glass electrode. 

The flotation and separation apparatus was similar to that 
described by Mizuike and his coworkers.11'12) The flotation 
cell was a glass cylinder, 40 X 6.5 cm i.d., which was fitted 
with a sintered-glass filter (No. 4) to generate small bubbles. 
A side arm was added near the bottom of the cell in order to 
drain out the mother liquor rapidly after the flotation, as is 
shown in Fig. 1. 

Fig. 1. Flotation cell for pre-concentration of tin. 
1 : Foam layer containing iron(III) hydroxide and tin, 
2 : sintered-glass disk (porosity 4), 3 : cock, 4 : drain pipe. 

Reagents. All the reagents were of an analytical-reagent 
grade except for sodium dodecyl sulfate and sodium oleate. 
The aqueous reagents were prepared in de-ionized, distilled 
water. The tin standard solutions were freshly prepared by 
diluting stock solutions before use. 
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Tin (IV) Stock Solution ( 1 mg mh1) : Some (500 mg) high-
purity t in metal was dissolved in 40 ml of concentrated sulfuric 
acid by heating. After cooling, the solution was made up to 
500 ml with 2 M hydrochloric acid. 

Tin(II) Stock Solution (1 mg ml'1) : Some (950 mg) stannous 
chloride dihydrate was freshly dissolved in 50 ml of concen­
trated hydrochloric acid, and then the solution was made up 
to 500 ml in 2 M hydrochloric acid. 

Iron (III) Solution (arngmh1): Some (43.17 g) ammonium 
iron sulfate was dissolved in water, after which the solution 
was diluted to 1000 ml in 1 M hydrochloric acid. 

Sodium Dodecyl Sulfate Solution (1 mg mh1) : Sodium dodecyl 
sulfate (powder, extra-pure reagent, Wako Pure Chemical 
Industries, Ltd.) was dissolved in 99.5 v/v % ethanol. 

Sodium Oleate Solution ( 1 mg ml'1) : Sodium oleate (powder, 
extra-pure reagent, Wako Pure Chemical Industries, Ltd.) 
was dissolved in 99.5 v/v % ethanol with stirring. 

Sodium Borohydride Solution (5 w/v %) : This solution was 
used in a 0.1 M sodium hydroxide solution. 

Procedure for the Flotation Step. O n e thousand ml of 
acidified water is placed in a 1000-ml beaker, and 2 ml of 
an i ron(II I ) solution is added. T h e p H of the solution is 
adjusted to 4 . 0±0 .2 with an aqueous ammonia solution, while 
being stirred magnetically, in order to precipitate i ron(I I I ) 
hydroxide, and the mixture is stirred for 15 min. After adding 
2 ml of a sodium dodecyl sulfate solution to the beaker, the 
contents of the beaker are transferred to a flotation cell and the 
residue in the beaker is washed into the cell by using three 
small portions of water. Air is passed through a t a flow rate 
of 50 ml m i n - 1 from the lower end of the cell for about 2 min 
in order to obtain a complete mixing and flotation of the 
precipitate. Most of the mother liquor is drained from the 
side a rm by opening the cock of the dra in pipe. After closing 
the cock, the residual mother liquor is sucked off through 
the sintered-glass disk, and the precipitate is washed wi th 30 
ml of water. Two ml of 6 M hydrochloric acid is added to 
the cell to dissolve the precipitate, the filtrate is collected by 
suction in a 10-ml calibrated flask, the sintered-glass disk is 
washed wi th water, the washings are added to the flask, and 
the mixture is diluted to 10 ml wi th water. 

Procedure for the Determination of Tin. One ml of a freshly 
prepared 5 w/v % sodium borohydride solution is transferred 
into a stannane-generating cell a n d the cell is a t tached to the 
apparatus. A plastic syringe containing 1 ml of the sample 
solution is inserted into the side-arm seal of the cell. T h e 
four-way stopcock of the apparatus is tu rned to the sweep 
position in order to introduce nitrogen into the system, and 
the sample is injected into the cell. T h e stannane thus gener­
a ted is swept into the long absorption cell with nitrogen and 
then atomized in the nitrogen-hydrogen flame, and the absorp­
tion signal is recorded on a recorder. The stopcock is re turned 
to the by-pass position. The cell is carefully rinsed with 
distilled water. 

A calibration curve is constructed using 1.2 M hydrochloric 
acid solutions containing 1.0 mg m l - 1 of i ron( I I I ) and 0—0.10 
jxg m l - 1 of t in(IV) ; this curve is linear within the above range 
of tin. T h e detection limit of t in was found to be 0.5 ng m l - 1 . 
No appreciable difference in sensitivity was observed between 
t in(II) and t in ( IV) . T h e coefficients of variations were 1.5 
and 1.4 % in 10 replicate runs of 0.04 and 0.08 jxg m l - 1 of 
t in(IV) respectively. 

The atomic absorption apparatus was operated under the 
following conditions: wavelength, 286.3 n m ; lamp current, 8 
m A ; gas-flow rates: nitrogen, 1.5; hydrogen, 1.5, and auxiliary 
nitrogen, 6 liter m i n - 1 ; slit (spectral band width) , 1 nm. 

R e s u l t s a n d D i s c u s s i o n 

The Optimum Conditions for the Determination of Tin. 

T h e effect of t h e s o d i u m - b o r o h y d r i d e c o n c e n t r a t i o n on 
t h e e v o l u t i o n of s t a n n a n e w a s i n v e s t i g a t e d . As is s h o w n 
in F i g . 2 , it w a s f o u n d t h a t m o r e t h a n 3 w / v % of t h e 
r e d u c t a n t c o n c e n t r a t i o n ( 1 m l v o l u m e ) c a n q u a n t i t a t i v e ­
ly r e d u c e u p to 0 .10 [xg of t in to s t a n n a n e . I n th is w o r k , 
1 m l of 5 w / v % of t h e so lu t ion w a s u s e d . 

O 

Xi 

J2 
< 

1 2 3 4 5 6 

Concentrat ion of N a B H 4 / % 

Fig. 2. Effect of sodium borohydride concentration on 
the evolution of s tannane. 
Solution containing 0.10 fxg of Sn( IV) , sample volume: 
1 ml . 

0.30 

o 
CO 

^ 2 

2 3 4 5 6 7 8 

Flow-rate of nitrogen/1 m i n - 1 

Fig. 3 . Effect of nitrogen flow-rate on the evolution of 
s tannane. 
Solution containing 0.05 [xg of Sn( IV) , sample volume: 
1 ml. 

T h e o p t i m u m c o n d i t i o n s for t h e sensi t iv i ty of t in w e r e 
d e p e n d e n t o n t h e flow r a t e of a u x i l i a r y n i t r o g e n , as is 
s h o w n in F i g . 3 . T h e t in a b s o r b a n c e i n c r e a s e d w i t h a n 
i nc r ea se in t h e flow r a t e of a u x i l i a r y n i t r o g e n u p to 
6 1 m i n - 1 w h e n t h e flow ra te s of b o t h n i t r o g e n a n d 
h y d r o g e n w e r e 1.5 1 m i n - 1 . T h e o p t i m u m sensi t ivi ty 
w a s o b t a i n e d w i t h a flow r a t e of a u x i l i a r y n i t r o g e n 
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between 6 and 8 1 m i n - 1 

nitrogen of 6.01 m i n - 1 

throughout. 

a flow rate of auxiliary 
was, therefore, adopted 

PH 

Fig. 5. Coprecipitation of tin with iron(III) hydroxide 
as a function of pH. 
Solution containing 0.8 [ig of Sn and 10 mg of Fe(III), 
sample volume: 1000 ml, # : Sn(II), Q : Sn(IV). 

Concentration of HC1/M 

Fig. 4. Effect of hydrochloric acid concentration on the 
evolution of stannane. 
Solution containing 0.10 [ig of Sn(IV), sample volume: 
1 ml. 

Figure 4 shows the effect of the hydrochloric-acid 
concentration on the generation of s tannane. The 
optimal concentration of hydrochloric acid is between 
0.3—1.4 M and is critical because of the pronounced 
decrease in sensitivity with an increase in the acid 
concentration. Therefore, it is necessary to adjust the 
acid concentration of the sample solution carefully for 
reliable results. The use of a t in(II) solution gave 
similar results. Thus , the final acidity of hydrochloric 
acid was maintained at 1.2 M in further work. 

The effect of iron (III) added as a collector on the 
generation of stannane was also studied. A slighter 
larger suppression (about 6%) of the tin absorbance 
was observed in the presence of 0 . 2 5 — 2 . 5 m g m H of 
iron (III) in comparison with that in the absence of 
i ron( I I I ) . Therefore, a calibration curve for tin was 
constructed using t in(IV) solutions containing 1.0 mg 
m l - 1 of i ron( I I I ) . 

The Optimum Conditions for the Flotation of Tin, 
Effect of p H : The effect of the p H of a 1000-ml solution 
containing 0.8 \ig of t in( I I , IV) , 10 mg of i ron(I I I ) and 
2.0 mg of surfactant on the coprecipitation of tin was 
studied. Hydrochloric acid and an aqueous ammonia 
solution was used to adjust the p H to values within the 
range of 3.4—10.0. The results are shown in Fig. 5. 
Quanti tat ive recoveries of both the divalent and the 
tetravalent states of tin were obtained over this range, 
as well as in the case of arsenic(III , V).10) The most 
stable layer of surface foam supporting the precipitate 
of i ron(I I I ) hydroxide when sodium dodecyl sulfate was 

used was found within the p H range of 3.4—7.0; the 
p H of 4 . 0 ± 0 . 2 was, therefore, used throughout the work. 
At a p H above 7, a stable surface-foam layer was 
obtained by using sodium oleate as a surfactant. 

Amounts of Iron (HI) and Surfactant: The recovery of 
tin as a function of the amount of i ron(II I ) added to 
the solution is given in Table 1. Quanti tat ive recoveries 
of tin were obtained above 5.0 mg of i ron( I I I ) . In this 
work, therefore, 10 mg o f i ron ( I I I ) was added to 1000 
ml of a solution. The amount of sodium dodecyl 
sulfate required for the complete flotation of the pre­
cipitate was also studied. Quanti tat ive recoveries of tin 
were obtained between 0.5—8.0 mg of sodium dodecyl 
sulfate, and so 2.0 mg of it in a 1000 ml solution was 
added in further work. 

Stirring Time : The relation between the stirring time 
and the recovery of tin was investigated. The results 
are shown in Table 2. Coprecipitation was quantitative 
over the range of 5—40 min ; stirring for 15 min was 
found best. 

TABLE 2. RELATION BETWEEN STIRRING TIME 

AND RECOVERY OF TINA) 

Stirring time (min) 5 ÏÔ 15 2(3 25 30 4cT 
Sn recovered (%) 95 99 100 98 99 102 100 

a) Solution containing 0.8 jxg ofSn(IV) and 10 mg 
of Fe(III); pH, 4.0±0.2; sample volume, 1000 ml. 

Effect of Foreign Ions: By following the proposed 
procedure, the effects of various ions on the separation 
and determination of t in(IV) were investigated. Table 
3 compares the permissible amounts of foreign ions for 
the determination of tin (IV) with and without copre­
cipitation. As can be seen, when coprecipitation at 

TABLE 1. RELATION BETWEEN AMOUNT OF IRON(III ) ADDED AND RECOVERY OF TIN&> 

Fe(III) added (mg) 2~T5 5~Ô 7~5 ÏÏÏ7Ô ï~570 2ÖTÖ 25.0 
Sn recovered (%) 91 99 100 99 99 100 101 

a) Solution containing 0.8 [ig of Sn(IV) and 2 mg of sodium dodecyl sulfate; pH, 4.0^0.2; 
sample volume, 1000 ml. 
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TABLE 3. COMPARISON OF PERMISSIBLE AMOUNTS OF 

FOREIGN IONS FOR DETERMINATION OF TIN WITH 

AND WITHOUT COPRECIPITATION 

TABLE 4. RECOVERY OF TIN ADDED TO 

NATURAL SEA-WATER SAMPLESA) 

Ion 

Mo8+ 

Hg2+ 
Te4+ 
Se6+ 
Bi3+ 
Co2+ 

Limit, [I 

Direct^ 

600 
400 

400 
200 
100 
100 

on]/[Sn] 

With 
copptnb) 

1000 
1000 
400 

1000 
100 

1000 

Ion 

Sb3^ 

Cu2+ 
As3+ 
As5+ 
Se4+ 

Ni2+ 

Limit, [I 

Direct*) 

100 
60 

50 
50 
40 

2 

on]/[Sn] 

With 
copptnb) 

100 
800 

50 
50 
40 

800 

Tin Tinb) Tin Mean Tin in 
added found recovered recovery sample 
(re) (re) (re) (%) (re I"1) 

The following are tolerable: Na+, K+, Ca2+, Mg2+, 
CI-, SO2", N 0 3 - , SiO2- (excess, x 10000), Sr*+, 
Ba2+, Cd2+, Zn2+, Mn2+, Al3+, Cr3+, Cr«+, Pb2+, 
V5+, PO|~ (excess, x 1000). a) Solution contain­
ing O.lOfxg of Sn(IV); sample volume, 1 ml. 
b) Solution containing 1.0 (xg of Sn(IV) and 10 
mg ofFe(III); sample volume, 1000 ml. 

p H 4 . 0 ^ 0 . 2 is used, most foreign ions normally present 
in natural waters hardly interfere at all with the deter­
mination of t in ( IV) , and suppressive effects by diverse 
ions, especially, those by nickel(II) , copper(II ) , cobalt-
( I I ) , selenium(VI) and mercury(I I ) , were found to 
be largely eliminated in comparison with those which 
occur when tin is directly determined without copre-
cipitation. The values of the permissible amounts 
(Ion/Sn in weight) of these ions in the proposed method 
increased from 2, 60, 100, 200, and 400 to 800, 800, 
1000, 1000, and 1000 for nickel(II) , copper(II ) , cobalt-
( I I ) , selenium (VI) , and mercury (II) respectively, 
compared with the values permissible in the direct 
determination. However, hydride-forming elements, 
such as selenium (IV), antimony ( I I I ) , arsenic(III , V) 
and b ismuth( I I I ) , are coprecipitated with i ron(I I I ) 
hydroxide in the same way as tin and had a relatively 
great effect on the generation of stannane. 

Recovery of Tin: The solutions (1000 ml) at p H 
4 . 0 ^ 0 . 2 containing 10 mg of i ron( I I I ) , 2.0 mg of sodium 
dodecyl sulfate, and 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 6.0, 
8.0, 10.0, 15.0, and 20.0 (jig of t in(IV) were analyzed 
by the procedure described above. The recoveries of 
the tin that had been added were greater than 9 5 % in 
all instances. No blank value was detected throughout 
the whole analytical process. The proposed conditions, 
therefore, appear to be optimal for 1000-ml volumes of 
a solution containing up to 20 u.g of t in ( IV) . 

T h e relative standard deviations of ten-times-repeated 
analyses of the solutions containing 0.4 and 0.8 u,g of 
t in(IV) per 1000 ml were 2.4 and 2 . 3 % respectively. 

Applications to Natural Sea-water: In order to inves­
tigate the applicability of this method to sea-water, the 
recoveries of known amounts of tin (IV) added to 
natural sea-water samples taken up at two different 
locations were examined by the above procedure. The 
analyses were carried out 1000-ml aliquots of clear, 
uncontaminated sea-water, filtered through 0.45 fjtm 
Millipore filters after the addition of hydrochloric acid 
immediately after sampling. Table 4 presents the 

c) 

d) 

None 0.139±0.004 0.14 
0.200 0.338±0.008 0.199 100 
None 0.068±0.003 0.07 
0.400 0.459±0.009 0.391 98 

a) Volume of sample, 1000 ml. b) The mean value 
of four measurements, c) This sample was taken at 
Shibukawa, Okayama Prefecture, d) This sample 
was taken at Ajino, Okayama Prefecture. 

recovery data of the tin. These results indicate that 
the analytical process had a satisfactory recovery of tin 
from sea-water at p H 4 . 0 ^ 0 . 2 . The average tin con­
centrations for both sea-water samples were low, 0.07 
and 0.14 (Jigl-1. 

Hamaguchi et Ö/.5>6) reported an average of 0.81 fxg 
1_ 1 in the range of 0.30—1.22 u.g 1 _ 1 of the tin concentra­
tions in four sea-water samples collected from the Pacific 
Ocean. Moreover, Kodama and Tsubota13) reported 
that the tin concentrations in six water samples from 
the Nor th Pacific ranged from 0.63 to 1.93 (xgl - 1 , 
showing an average of 1.15 [ig 1_1 . The reason for the 
discrepancy between the values reported in this work 
and those in the literature is not clear. A possible 
explanation may be that the former sea-water samples 
were collected near the seashore, and the latter ones, 
in the ocean. 

Conc lus ions 

The flotation of sub-microgram amounts of t in( I I , IV) 
coprecipitated with iron (III) hydroxide is useful as a 
pre-concentration technique for the extraction of 
tin (II , IV) from a large volume of water, and subsequent 
atomic-absorption measurement in a long absorption 
cell of the stannane from the t in(I I , IV) is an accurate 
method for the determination of tin. In addition, the 
satisfactory isolation of tin from such interfering ions as 
nickel(II) and copper(II) present in water is the 
advantage of the proposed method. 

T h e author wishes to thank Professor Atsushi Mizuike 
and Dr . Masataka Hiraide of Nagoya University for 
their helpful advice on the flotation technique, and 
Assistant Professor Fuji Morii of Okayama University 
for her useful discussions. 
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C2~ Ion as Impurity from Halogen Ion Source and a Possibility 
of Its Application to Reaction Kinetics Studies 
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Synopsis. Negative ions from a hot LaB() surface were 
studied with a quadrupole mass filter. C2

_ ion was formed 
via a charge exchange process. About 1 0 - u A of mass-se­
lected C2- ion current was obtained above 40 eV of ion ener­
gies. A possibility of employing this to study a reaction 
kinetics is discussed. 

We constructed an ion source for the negative atomic 
halogen ions based on surface ionization1»2) and succes­
sfully applied it to a study on the ion-molecule reactions 
of Br-+CH 4 , 3 > Br- + CH3F.4) The ion source delivered 
ca. 10 - 8 A of the atomic halogen ion current above 20 
eV of the ion energy with caesium halide as the source 
material and LaB6 as ionizing material . T h e ion beam 
was checked in terms of energy spread and purity. T h e 
intrinsic energy spread at the zero energy was found to 
be 0.55 eV2) from measurement of dependence of the 
energy spread on ion energy with an electrostatic energy 
analyzer of parallel plate type. The purity of the beam 
was studied by mass analysis with a R F quadrupole 
mass filter. T h e result indicated that the ion beam is 
quite pure, no measurable amounts of impurity ions 
being observed. 

In the present paper we report on the ionic impurities 
in the ion beam observed with more sensitive electrom­
eter under optimal conditions for the minority ions 
but not necessarily for the main ion, and discuss their 
possible use as an ion beam. In the case of caesium 
bromide as the source material such negative ions as 
F - (m/«=19), C 2 - (m/*=24), CN~ (m/<?=26), 0 2 " {mje= 
32), and CI - (m/*=35 and 37) were observed as the 
minority ions besides B r - ion, although their ion inten­
sities were less than 100 ppm of Br~ ion under normal 
operating conditions and ca. 10 - 1 1 A for C 2

_ ion with a 
kinetic energy of 40 eV and less for others under optimal 
conditions. As the Br~ ion,1 '2) the halogen ions C l _ 

and F~ are formed by a negative surface ionization on 
the hot LaB6 surface which has a small work function 
of 2.6eV,5) due to the large electron affinities of their 
neutral species, Br, CI, and F being 3.54 eV, 3.76 eV 
and 3.58 eV, respectively.6) Since the neutral species 
of these minority halogens exist as an impuri ty in CsBr, 
the contribution of the corresponding ions can be in 
the same order of magni tude as an impurity content . 

Of the minority ions, the particularly interesting one 
is C2~ ion which is the second abundant ionic species 
next to B r - ion in the mass spectrum. Contrary to the 
halogens, the neutral species for C2~ and C N _ ions may 

not be impurities of the source material but are formed 
only at the hot graphite surface as seen in an emission 
study with a graphite electrode. Furthermore, C2 has 
the electron affinity of 3.54 eV6) which is large enough to 
be surface ionized on the hot LaB6 surface. However, the 
experimental result shows that no such ion was formed 
when no CsBr was supplied. Thus , it is concluded 
that C 2

_ ion is not produced by the surface ionization. 
As an alternative process for the formation of this ion 
we assign the accidental near resonance charge exchange 
between Br~ and C2 , since the electron affinity of C2 

matches that of Br. T h e cross section for this process 
is supposed to be large, possibly in the order of 10 X 10~16 

cm2.7) However, the correct mechanism for C 2
_ ion 

formation remains open to question. 
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Fig. 1. Energy dependence of C2~ ion current with CsBr 
at 1400 °C. 

Although the ion source was originally designed and 
operated only for the sake of the major ion, we tested the 
possibility of employing it as the beam source for the 
minority ions. T h e C 2

_ ion current was measured under 
the opt imum operating conditions in order to get a max­
imum current. The variation of the ion intensity as 
a function of the ion energy is shown in Fig. 1. T h e 
ion intensity of C2~ ion is ca. 10 - 1 1 A above 40 eV, 
declining sharply for lower ion energies. T h e behavior 
is similar to that of the major ion indicating a space 
charge effect. However, the intensities for these ions 
can not be directly compared since they were measured 
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under optimal conditions for each ion. 
The energy spread of the C2~ ion beam was also 

measured, an intrinsic energy spread of ca. 0.55 eV be­
ing obtained as the major ion by extrapolating an energy 
spread-ion energy curve to zero energy. 

In applying this ion source to the reaction kinetics for 
the minority ions, however, a mass discrimination of the 
desired ion from others, especially the major ion, is neces­
sary prior to the deceleration and focussing of ion beam 
onto a scattering cell. This can be easily achieved with 
a small permanent magnet or a R F quadrupole mass 
filter, since only a moderate mass resolution is required. 
Furthermore, a very small number of ionic products 
can be detected by mass analysis in combination with 
a pulse counting technique. 

Since C2~ ion is very stable and an important pre­
cursor in flame reactions reacting with such molecules 
as H 2 , H 2 0 and hydrocarbons, it would be interesting 
to study such ion-molecule reactions by means of the 
present source. 

E x p e r i m e n t a l 

The apparatus consists of an ion emitter, a magnet, an 
acceleration-deceleration multistage lens and a RF quadrupole 
mass filter. The ion source chamber and the chamber which 
accomodates a mass filter are separately pumped with oil 
diffusion pumps. The operating pressures of both chambers 
are maintained below 1 0 " Torr (1 Tor r= 133.322 Pa). The 
ion source, unless otherwise specified, is constructed of stainless 
steel. The main part of the ion source is the ion emitter made 
of a rear-fed layer of LaB6 as the ionizing material (Fig. 2). 

' GRAPHITE TUBES IONIZER PLUG 
ALKALI HAU DE OVEN 

Fig. 2. Gross sectional view of the alkali halide type ion 
emitter. 

Graphite (type EK 87, Ringsdorff, Bonn) was used as a 
structural material. However, since graphite does not bind 

firmly with LaB6, LaB6 powder was suspended in a small 
amount of methanol and then pressed onto the porous graphite 
plug; after evaporation of the solvent in a vacuum, it was 
heated to its operating temperature, affording a mechanically 
stable sedimentary layer of LaBe. The concentric graphite 
tubes are in contact with each other at their front ends and 
heated by an alternating current of ca. 100 A to 1300 °C 
in the region of the ionizing area. The desired halogen is 
supplied as caesium halide from the oven heated by means of 
a molybdenum wire to 500 °C or higher. The vapor passes 
the inner graphite tube and diffuses through the porous graph­
ite plug and the sedimentary layer of LaB6, at which the 
alkali halide molecules are eventually surface ionized. The 
negative ions thus formed are extracted and simultaneously 
accelerated in order to avoid a space charge effect. After 
being focused by a couple of lenses and then decelerated to 
the desired ion energy equal to the voltage applied to the 
ion emitter, the ions are subjected to mass analysis with a RF 
quadrupole mass filter (Extranuclear Laboratries, Model 324-
9) and collected on a cylindrical Faraday cup, the current 
from which is measured with a Keithley 414S Picoammeter. 
At the operating temperature 1300 °C, the LaB6 surface also 
emits electrons, in a number at least three orders of magnitude 
greater than that of major negative ions. The electrons are 
removed from the ions by means of a magnetic field perpendic­
ular to the beam axis. The ions proceed practically un­
affected by the field due to their far larger masses. When 
necessary, energy analysis is carried out after deceleration by 
means of an electrostatic energy analyser. 

T h e authors thank Professor G. Stöcklin for his en­
couragement and advice. One of them (N.K.) thanks 
him particularly for the opportunity to carry out the 
experiments at K.F.A. 

References 

1) N. Kashihira and E. Vietzke, Report Jül-1032-NC, 
Jülich (1973). 

2) N. Kashihira, E. Vietzke, and G. Zellermann, Rev. 
Sei. Instr., 48, 171 (1977). 

3) N. Kashihira, E. Vietzke, and G. Zellermann, Chem. 
Phys. Lett., 39, 316 (1976). 

4) N. Kashihira, E. Vietzke, and G. Zellermann, "Pro­
ceeding of the 9th International Symposium on Hot Atom 
Chemistry," Blacksburg, USA, September 18—23, (1977). 

5) J. M. Lafferty, J. Appl. Phys., 22, 299 (1951). 
6) V. I. Vedenyv, L. V. Gurvich, V. N. Kondratyev, 

V. A. Medveden, and Ye. L. Frankevich, "Bond Energies, 
Ionization Potentials and Electron Affinities (English Edi­
tion)," St. Martins Press, New York, N. Y. (1966). 

7) R. F. Stebbings, "Molecular Beam," ed by J. Ross, 
Interscience Publishers, New York, N.Y. (1966), p. 242. 



June, 1979] N O T E S 1851 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 ( 6 ) , 1851 1852 (1979) 

The Crystal Structure of the 1: 2 Tetrapropylammonium 
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Synopsis. The crystal of the title complex is mono-
clinic, P2x/a with these unit cell dimensions: a= 16.16, b = 
19.18, c= 15.46 Â, and /ff=98°. The crystal structure has 
layers of hydrogen-bond networks formed by the guanidinium 
and bromide ions. Two different conformers of the tetra­
propylammonium ions are packed between the networks. 

This work is one of a series of X-ray studies on the 
crystal structures of tetraalkylammonium guanidinium 
halide complexes.1-3) Two kinds of the crystals of tetra­
propylammonium guanidinium bromide complexes, 1: 2 
and 2 : 1 (Pr)4NBr-GuBr, were obtained from the aque­
ous solutions of the mixed tetrapropylammonium bro­
mide and guanidinium bromide salts.1) T h e crystal 
structure of the 1: 2 complex described in this note re­
ceived attention in relation to that of the 2 : 1 complex 
reported previously.2) 

E x p e r i m e n t a l 

The crystals obtained by the evaporation method were very 
unstable in the air. Thus,, the X-ray experiments were per­
formed by sealing the crystals in a capillary tube. The crystals 
are monoclinic, space group P2!/a, as indicated by the sys­
tematic absences of hOl for h odd and OkO for k odd. The cell 
dimensions are a-16.65(9), 4=19.18(5), c= 15.46(14) Â, and 
,#:=98(2)0. The observed crystal density is 1.415 g/cm3, while 
the calculated density is 1.485 g/cm3 if eight chemical unit, 
[N(C3H5)4][C(NH2)3]2 Br3, are assumed in the unit cell. The 
higher order reflections were not observed in the Weissenberg 
films taken by rotating the crystals about the b- and c-axes, 
using Ni-filtered Cu KOL radiation. Intensity data of 1498 
reflections were collected by the use of a SYNTEX AD-1 
densitometer. 

The structure was solved by the heavy-atom method. The 
six bromide ions were determined by the direct method using 
the program MULTAN. The structure was refined by suc­
cessive cycles of the block-diagonal and full-matrix least-
squares methods with the anisotropic thermal parameters of 
the bromide ions. The refinement was terminated at the 
stage where an Ä-value was reduced to 0.15, since the tempera­
ture factor of this crystal is large (5=4.9) . All computations 
were performed on a FACOM M-190 in the Data Processing 
Center of Kyoto University, using the program system KPAX 
which included the UNI GS program. 

R e s u l t s a n d D i s c u s s i o n 

Table 1 lists the positional parameters and their es­
timated standard deviations, and Figs. 1 and 2 show 
the crystal structures projected along the a- and b-axes, 
respectively. 

The structure is composed of the two-dimensional 
hydrogen-bond network formed by the guanidinium 
ions and the bromide ions. The tetrapropylammonium 

T A B L E 1. POSITIONAL PARAMETERS AND THEIR ESTIMATED 

STANDARD DEVIATIONS 

The values have been multiplied by 104. 

Atom 

Br(l) 
Br(2) 
Br(3) 
Br(4) 
Br(5) 
Br(6) 

C(G1) 
N ( l l ) 
N(12) 
N(13) 

C(G2) 
N(21) 
N(22) 
N(23) 

C(G3) 
N(31) 
N(32) 
N(33) 

C(G4) 
N(41) 
N(42) 
N(43) 

X 

3797(5) 
13(6) 

3842(5) 
2400(4) 
2704(5) 

31(5) 

505(46) 
958(31) 
642(25) 

-238(27) 

513(36). 
1079(31) 
541(35) 

-99(26) 

2137(58) 
2860(30) 
1506(32) 
1849(32) 

2201(49) 
2936(34) 
1629(36) 
1878(35) 

y 
1728(4) 
- 2 0 ( 5 ) 
1755(4) 
5047(4) 

303(6) 
4719(5) 

4261(38) 
4740(25) 
4049(20) 
4210(21) 

4345(29) 
4642(27) 
4274(30) 
3988(22) 

759(47) 
885(24) 
667(26). 
882(25) 

655(40) 
601(29) 
297(30) 
772(28) 

z 

4054(5) 
2409(6) 
8725(5) 
4808(6) 

222(6) 
2504(6) 

5526(53) 
5989(34) 
4814(29) 
5770(30) 

333(43) 
880(35) 

-452(40) 
575(31) 

2230(62) 
2225(33) 
1570(37) 
3092(37) 

7314(55) 
7359(38) 
6718(40) 
8041(40) 

Atom 

N(P1) 
C( l l ) 
C(12) 
C(13) 
C(21) 
C(22) 
C(23) 
C(31) 
C(32) 
C(33) 
C(41) 
C(42) 
C(43) 

N(P2) 
C(51) 
C(52) 
C(53) 
C(61) 
C(62) 
C(63) 
C(71) 
G(72) 
C(73) 
C(81) 
C(82) 
C(83) 

X 

3625(28) 
3311(60) 
2764(57) 
2418(45) 
3918(31) 
4325(49) 
4760(44) 
4228(44) 
5075(54) 
5721(53) 
3062(50) 
2414(70) 
1671(38) 

3509(23) 
2932(42) 
2511(59) 
2333(44) 
3804(44) 
4349(64) 
4624(49) 
4184(31) 
4737(40) 
5453(35) 
282.5(44) 
2105(33) 
1477(65) 

y 

3065(22) 
3371(47) 
3804(48) 
4055(37) 
3601(25) 
3554(39) 
4089(36) 
2518(36) 
2689(44) 
2272(44) 
2742(42) 
2145(56) 
2043(32) 

3079(20) 
3508(35) 
3077(50) 
3549(37) 
3678(36) 
3349(50) 
4028(40) 
2630(26) 
2966(33) 
2460(29) 
2643(37) 
2979(28) 
2323(55) 

z 

6308(31) 
7142(62) 
7048(64) 
7930(51) 
5791(37) 
5080(54) 
4746(49) 
6557(52) 
7212(61) 
7484(60) 
5740(57) 
•6087(76) 
5254(44) 

1265(27) 
1904(48) 
2469(64) 
3139(49) 

784(50) 
105(68) 

-196(53) 
1836(38) 
2355(45) 
2751(43) 

659(51) 
105(38) 

-219(75) 

Fig. 1. The [lOOj projection of the structure of 1: 2 
tetrapropylammonium guanidinium bromide complex. 
The large circle indicates a bromide ion. 

groups are packed between these hydrogen-bond net­
works. This layer-like structure resembles that ob­
served previously in the crystal of te trabutylammonium 
guanidinium bromide monohydrate complex.3) How­
ever, an interesting aspect of this crystal structure is 
found in its unique hydrogen-bond networks. Each 
guanidinium ion is bonded to three bromide ions by 
the six N H - B r hydrogen-bonds, and forms a rigid 
triangular GuBr3 g roup; the average N - B r distance 
is 3.45 Â. T h e GuBr3 groups are linked together in a 
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Fig. 2. The [010] projection of the structure of 1: 2 tetrapropylammonium 
broken line indicates a NH-«-Br 

tetrapropylammonium groups exist in both structures. 
The two conformers have approximately 4 mm and 4 
symmetries, as reported previously.2) This common fact 
will provide the evidence that these two conformations 
for tetrapropylammonium are energetically very close. 
The second point of the common features is that the 
guanidinium ion forms a GuBr3 group with three bro­
mide ions. A similar GuGl3 group has been observed 
in the crystal structure of guanidinium chloride salt.4) 
These facts may indicate that the GuBr3 formation is 
favorable in a crystalline state. A definite difference 
between the three structures is how these stable GuBr3 

groups link in the structure. In the 2 : 1 complex, each 
GuBr3 group is apart from the others and act as a 
divalent anion.2) O n the other hand, in the 1: 2 com­
plex, the GuBr3 groups are linked together at the bro­
mide ion, and they form a two-dimensional network 
as mentioned above. In the case of guanidinium chloride 
salt, three GuCl 3 groups are linked together at a chloride 
ion, and they form a complicate three-dimensional net­
work as a whole.4) The apparent charge of the GuBr3 

group in the 1: 2 complex is smaller than in the 2 : 1 
complex, since each bromide ion contributes half a unit 
of charge onto the GuBr3 group in the network. Hence, 
the ionic character of the crystal of the 1: 2 complex is 
considered to be smaller than that of the 2 : 1 complex. 
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guanidinium bromide complex, 
hydrogen-bond. 

Fig. 3. A schematical drawing of the hydrogen-bond 
networks composed of the GuBr3 groups. 
The two networks weaved into each other are viewed 
down the b-axis. 

manner such that the bromide ion forms four hydrogen-
bonds with the nitrogen atoms of the two adjacent guani­
dinium ions, and they form four-membered rings and 
eight-membered rings in an infinite two-dimensional 
network. As is shown schematically in Fig. 3, the two 
networks related by the T symmetry are, furthermore, 
interwoven with each other; the four-membered rings 
and the eight-membered rings in the different networks 
are entangled together. T h e closest approach of these 
networks is found between the antiparallel guanidinium 
planes at the entanglement point of the two rings. 

When the crystal structure described above is com­
pared with that of the 2 : 1 complex,2) one of the common 
structural features is that two different conformers of 
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ESR Studies of a New Stable nr-Conjugated Bisaryloxyl Biradical 
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Synopsis. The new stable ^-conjugated bisaryloxyl 
biradical, 4,4'-(m-phenylene)bis(2,6-di-/-butylphenoxyl), was 
prepared, and the g- and ZMensor values of the biradical 
were determined from an analysis of an asymmetric ESR 
spectrum of a frozen solution containing the biradical. A 
resolved hyperfine structure was observed in the ESR spectrum 
of a liquid solution of the biradical, giving the hyperfine split­
ting values theoretically expected for the triplet state of the 
biradical. 

2,6-Di-/-butyl-4-phenylphenoxyl (aryloxyl (I)) (see 
Fig. 1) is a fairly stable phenoxyl radical, first prepared 
by Müller et al., which can be separated as a solid 
with 9 0 % radical concentration.1) 4,4' ,4"-(l ,3,5-Ben-
zenetriyl) tris (2,6- di- /-butylphenoxyl) (trisaryloxyl) is 
also known as a stable phenoxyl triradical prepared by 
Kothe et al.2) The existence of a quartet state in the 
trisaryloxyl radical has been confirmed by ESR meas­
urements in rigid media at 77 K.3) These radicals can 
be prepared from their phenol and triphenol precursors 
by their P b O a oxidation in toluene under vacuum or 
nitrogen gas, respectively 

0 (H) 

(I) (II) and (II-AB) 
Fig. 1. Molecular structures of aryloxyl radical (I), 

bisaryloxyl biradical (II), and monoradical precursor 
(II-AB) of the biradical (II), and the atomic number­
ing system. 

We have prepared the bisphenol precursor (IV) which 
is related to the above phenol and triphenol precursors, 
and have succeeded in synthesizing the corresponding 
^-conjugated bisaryloxyl biradical ( I I ) , 4,4'-(m-pheny-
lene)bis(2,6-di-£-butylphenoxyl), (see Fig. 1). Zero-field 
splitting parameters and hyperfine splitting constants of 
the biradical (II) have been determined from its frozen 
and fluid solution ESR spectra, respectively. 

HO 

(III) 

OH 

E x p e r i m e n t a l 

m-Bis (4-oxo-1-hydroxy- 3,5-di-t-butyl-2,5-cyclohexadienyl) benzene 
(quinol (III)). Quinol (III) was synthesized by a 
Grignard reaction of 2,6-di-£-butyl-/>-benzoquinone with m-
dibromobenzene and Mg in tetrahydrofuran (THF) under an 

atmosphere of nitrogen, following a method similar to that 
used with 4-hydroxy-2,6-di-/-butyl-4-phenyl-2,5-cyclohexa-
dien-1-one.4) The viscous reaction mixture obtained was 
added to an aqueous ammonia, then they were taken up in 
diethyl ether, washed with water, and dried over anhydrous 
sodium sulfate. After removal of the diethyl ether, a pasty 
solid remained. By adding petroleum ether (bp 50—70 °C) 
to the pasty residue, some white solids were precipitated. The 
solids were filtered off, washed with petroleum ether, and 
recrystallized from methyl alcohol. Mp 248—251 °C. (Found: 
C, 78.42; H, 9.16%. Calcd for C34H4604: C, 78.72; H, 8.94%). 
UV spectrum (Amax = 231 nm, log e-4.50 in THF). NMR 
spectrum (<5=1.24ppm (36 H, s, /Bu), 2.35 (2H, s, OH), 
6.53 (4H, s, m-ring), 7.33 (3H, s, phenylene ring), 7.52 (1H, 
s, phenylene ring) ; à in CDC13 with TMS as internal standard). 

m-Bis(3,5-di-t- butyl-4-hydroxyphenyl) benzene (bisphenol (IV) ) . 
Bisphenol (IV) was synthesized by reduction of quinol (III) 
with Zn powder and coned HCl in methyl alcohol, following 
the same process as that of Rieker et a/.4> The white solids 
obtained were recrystallized twice from methyl alcohol. Mp 
223—225 °C. (Found: C, 82.95; H, 9.73%. Calcd for C34H46-
0 2 : C, 83.90; H, 9.53%). UV spectrum (Amax = 268 nm, log 
e-4.57 in THF). NMR spectrum ((5=1.53ppm (36H, s, 
*Bu), 5.24 (2H, s, OH), 7.42 (4H, s, m-ring), 7.42 (3H, s, 
phenylene ring), 7.65 (1H, s, phenylene ring); ô in CDC13 

with TMS as internal standard). 
All the ESR measurements were carried out using a JES-

ME-3X spectrometer equipped with a Takeda-Riken micro­
wave frequency counter. The ESR splittings were determined 
using (KS03)2NO as a standard. The g-values were measured 
relative to the value of Li-TCNQ, powder, calibrated with 
(KS03)2NO (£=2.0054).*) 

R e s u l t s a n d D i s c u s s i o n 

When the bisphenol precursor of the bisaryloxyl bira­
dical (II) was oxidized with P b O a in toluene under 
vacuum, the color of the bisphenol solution immediately 
became purple. The ESR spectrum of this solution 
(see Fig. 2(a)) showed a sextet-doublet hyperfine pat­
tern (gfc o=2.00419±0.00003), and we assigned the 
spectrum to the primary aryloxyl monoradical (II-AB) 
formed from the parent phenol by abstraction of a 
phenolic hydrogen atom. The large sextet splitting (aK= 
1.72 ± 0 . 0 4 G) in the primary radical will be due 
to five magnetically equivalent ring protons (H1? H 2 , 
H 4 , H55 H6) and the doublet splitting ( t f H =0.71±0.04 
G) is explained by a ring proton (H3) . These hyperfine 
splittings and g/50-value are in good agreement with 
those (fl?.2.4=1.74±0.04, Û ? = 0 . 7 4 ± 0 . 0 4 G and giso= 
2.00415±0.00003) for the aryloxyl radical (I) in toluene. 
By further oxidation, the purple color changed to yel­
low-brown, and the sextet-doublet spectrum of the 
monoradical was altered to a twelve-line spectrum of 
the bisaryloxyl biradical (II) with an equivalent split­
ting distance of 0.86 G and with £/5O=2.00414=j= 
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tings (-Û?.3.5 = 1 . 7 2 G (3H) and a£3 .e=0.86 G (5H)) for 
the biradical (II) agree exceedingly well with the ones 
calculated from the monoradical precursor; this 
strongly supports the above explanation. 

2 G 
Fig. 2. (a) ESR spectrum of the monoradical precursor 

(II-AB) of the bisaryloxyl biradical (II) in toluene at 
20 °C. (b) ESR spectrum of the bisaryloxyl biradical 
(II) in toluene at 20 °C. 

0.00003, as shown in Fig. 2(b). The radical was stable 
for many weeks in toluene under vacuum at room tem­
perature. The spectrum can be reconstructed with two 
sets of three and five equivalent protons (ÖH- :=1-.72 (3H), 
a H = 0 . 8 6 G (5H)). 

Ra ther few triplet molecules show resolved proton 
hyperfine structure, because of the spin-spin dipolar 
broadening. The ESR spectrum of the bisaryloxyl 
biradical (II) shows twelve lines from the hyperfine 
interaction of the electrons with the eight ring protons, 
as described above. Kopf et al.^ have proposed a sim­
ple theory to explain the hyperfine splitting of weakly n-
conjugated verdazyl biradicals; their results indicate 
that the splitting constants of nuclei contained in rings 
connecting the two monoradical halves are the average 
of splittings from protons in corresponding positions in 
the monoradical, while the splitting constants for nuclei 
in other parts of the molecules were one-half of the 
monoradicals splittings. T h e bisaryloxyl biradical (II) 
is considered to be a strongly ^-conjugated biradical 
consisting of two aryloxyl groups (AB- and BC-types) 
with two unpaired electrons in a molecular orbital, in 
which ring B is common to both monoradical-AB and 
-BG. Therefore, in the biradical ( I I ) , the theoretically 
expected values for the hyperfine splittings of the eight 
ring protons from those of the monoradical precursor 
(III-AB) are Ä ? I 4 . 5 = 1 . 7 2 G (3H), fl?.e=0.86 G (4H), 
and Û3=0.71 G (1H) ; the observed hyperfine split-

Fig. 3. ESR spectrum of the bisaryloxyl biradical (II) 
in toluene at 77 K. 

When a solution containing the bisaryloxyl biradical 
(II) is frozen into glass at 77 K, one can observe dipolar 
splittings, as is shown in Fig. 3. A central weak line 
at g = 2 is at tr ibutable to the monoradical impurity. 
Assuming non-axial symmetry, the zero-field splitting 
parameters D and E were tentatively estimated from 
the positions of the three pairs of turning points ZZ'', 
YY\ and XX' in Fig. 3, as performed for the bisgal-
vinoxyl biradicals in Refs. 7 and 8. The values are D = 
3 4 , 0 ± 1 . 0 G and £ = 3 . 0 ± 1 . 0 G. Because of the sym­
metry of the biradical molecule, we can expect that 
the principal axes of the D- and gr-tensors are coaxial. 
Consequently, the frequency centers of these three pairs 
of absorption lines, ZZ', YY', and XX', give gzz= 
2.0024 ± 0 . 0 0 0 4 , ^ = 2 . 0 0 3 5 ± 0 . 0 0 0 4 , and gxx = 
2.0051 ±0 .0004 , respectively. The average gav= 
ll3{gxx+gyy+g„)=2.O037±0.(Xm is in agreement 
with the isotropic g,- s o=2.00414±0.00003 value meas­
ured at room.temperature , indicating that the fir-tensor 
values obtained by the above analysis are consistent. 
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Synopsis. Secondary deuterium isotope effects in the 
intramolecularly-competing methoxymercuration of ethylene-
1,1 -d% and w-2-butene-2-</l5 determined from the rate ratio 
(k (ß- deuteriomercurial) /k (oc-deuteriomercurial) = 1.12, 1.06), 
indicate that the transition state for the methoxymercuration 
of ethylene and cù-2-butene does not have a symmetrical 
structure such as a mercurinium ion, but is accompanied by 
considerable C-O bond formation. 

The oxymercuration of olefins followed by reductive 
demercuration with sodium borohydride is a synthetical­
ly important method for the synthesis of alcohols and 
ethers.1) The remarkable feature of the oxymercuration 
is that the reaction has almost all the usual features 
of an electrophilic addition but structural rearrange­
ment, substitution, and conjugate addition do not ac­
company the reaction.2) The process is strictly a 1,2-
addition in the Markownikov sense and occurs in a 
stereospecific anti fashion for unstrained simple olefins.3) 

Although extensive studies have been accumulated,4) 
there is still dissension regarding the mechanism of this 
reaction, as was comprehensively reviewed by Ambidge 
et al. recently.5) One convincing line of approach has 
involved an application of a linear free-energy relation­
ship,6) but the interpretation of the rate data seems 
rather diverse, and depends on the category of olefins 
selected. I n order to remove the ambiguity in the mech­
anistic problem, it is important to determine accurately 
the mechanism for the most simple olefin, ethylene. 

From this viewpoint, we utilized here the secondary 
deuterium isotope effect to elucidate the transition-state 
structure for the methoxymercuration of ethylene to­
gether with ôy-2-butene. Isotopic substitution is unique 
in that it generates no variation of electronic potential-
energy surfaces for molecules.7) When ethylene-1,1 -d2 

(1) or m-2-butene-2-öf1 (2) is oxymercurated, two iso­
meric adducts are obtained, i.e., a- and ^-deuterio-oxy-
mercurials where the designation of a and ß is made 
from the mercurated carbon. Because the formation 

CH,=CD, 
1) HgCOAc)a-MeOH 

2) aq NaCl 

CH2(OMe)CD2HgCl + CD2(OMe)CH2HgCl 
l a Iß 

1) Hg(OAc)2-MeOH 
m-CH3CH=CDCH3 • 

2) aq NaCl 

Mreo-CH3CH(OMe)CDCH3HgCl 
2a 

+ Mreo-CH3CD(OMe)CHCH3HgCl 
2ß 

Scheme 1. 

of these isomers is competitive, the ratio of the product 
isomers is equivalent to the corresponding rate con­
stants, kßjka. 

Secondary deuterium isotope effects on reaction rates 
have been generally recognized as evidence of hybridiza­
tion change at the position of isotopic substitution be­
tween reactant and transition state.7 '8) Accordingly, 
we can directly deduce the symmetry concerning the 
hybridization of oc- and /^-carbons in the transition state 
by examining the value of kßjka. 

R e s u l t s a n d D i s c u s s i o n 

Methoxymercuration of 1 and 2 was effected at 25 °C 
by standard procedures (Scheme l).9) In the absence 
of mineral acid, oxymercuration of olefins with mercury-
(II) acetate gives kinetically controlled products,10) and 
there was no possibility of discrepancies of temperature 
or other conditions in the formation of the two isomers. 
The ratio of the product isomers was determined by 
using P M R spectroscopy carefully for the quantitative 
analysis. 

The P M R spectrum of the methoxymercurials formed 
from 1 is shown in Fig. 1. Obviously two peaks with 
unequal intensity appear at <5 2.16 and 3.60; deuterium 
decoupling did not alter the peak rat io. I t is evident 
from Fig. 1 that Iß (ô 2.16) was formed in preference to 
l a (ô 3.60). T h e isomer ratio for the methoxymercura­
tion of 2 was determined with methyl peaks. T h e re­
sults are tabulated in Table 1. 

T A B L E 1. R A T E RATIO FOR THE INTRAMOLECULARLY-

C O M P E T I N G METHOXYMERCURATION 

OF DEUTERIO-OLEFINS 

Olefin hik0 

CH2=CD2 

m-CH„CH=CDCH, 
1.21 
1.06 

t Present add ress : Sumitomo Chemical Company Limited, 
7-9, Nihonbashi 2-Chome, Chuo-ku, Tokyo 103. 

For unsymmetrically deuterium-substituted symmet­
rical olefins such as 1 or 2, the olefinic carbons are 
equivalent on the electronic potential-energy surface. If 
the transition state for the methoxymercuration of eth­
ylene or m-2-butene is symmetrical, retaining the equiv­
alence of the two carbons, the secondary deuterium 
isotope effect would be identical for the two isomers. 
The observed substantial deviation of kßfka from unity, 
therefore, indicates that the symmetrical transition state 
such as 3 or 4 is unfavorable for ethylene and cis-2-
butene, despite the symmetry in substituents. 

An intervention of oxy-addendum in the transition 
state has been claimed by several authors on the basis 
of the substituent effect on the rate of oxymercura­
tion2 '11) O n the assumption of the inverse a-deuterium 
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al though the content of C - H g and C - O bond formation 
may be variable with the kind of olefin substituents 
or mercury ligands. 

Fig. 1. PMR spectrum of the methoxymercurials of 
ethylene-1, W 2 at 25 °C and 100 MHz in GDC13 solu­
tion; (a) without deuterium irradiation; (b) with 
deuterium irradiation at 15.349345 MHz which corre­
sponds to the center of the a- and /S-deuterium 
resonance. 

isotope effect (A;H/^D<C1)} which has been usually ob­
served when there is a change from sp2 to sp3 in the 
carbon bond hybridization,7 '8) the observed magnitude 
of the rate ratio for the intramolecularly-competing pro­
cess, kßjka, directly shows that the C - O bond is con­
siderably formed in the transition state. Hence, the 
transition-state structure for the methoxymercuration of 
ethylene and tw-2-butene would be represented as 5. 
The position of mercury along the C-C bond axis may 
be of interest, bu t seems to be a complicated problem 
since the molecular orbital calculation12) suggests that 
rather small energy is required to shift the mercury 
along that axis (as compared with halonium ions), and 
that the ease of the displacement depends appreciably 
on the kind of the ligand bonded to mercury( I I ) . T h e 
"mercur inium ion" intermediate, formulated frequently 
as 3 in analogy to olefin-Ag(I) ^-complex or bromonium 
ion,12) may be involved in the reaction path, possibly 
in the pre-rate-determining step equilibria,13) bu t its 
formation is not a rate-determining step.14) 

I t is noteworthy that 5 is similar to the transition-
state structure proposed by Kreevoy and coworkers for 
the deoxymercuration reaction.15) In view of the re­
versible nature of the oxymercuration of olefins and the 
deoxymercuration of the formed adducts, it is reasonable 
that their transition-state structures resemble each other, 

> . / 
HOCH /\ 

;c'—£ v/ 
Hg 

4 

HOCH, 

Experimental 

Preparations of 1 and 2 were described elsewhere.16'17) All 
the reagents and solvents were commercially available. PMR 
spectra were recorded on a JEOL PS-100 spectrometer. Deute­
rium decoupling was carried out with a JEOL OA-1 synthe­
sizer. 

In determining the isomer ratios, both radio-frequency 
power and sweep rate were selected to avoid saturation of 
signal intensity. Spectra were obtained in both the frequency-
increasing and -decreasing conditions ten times on a 4- or 
10-fold expanded scale of the standard sweep width, so as 
to secure the precision of area measurement. Reported values 
were the avarage of three independent runs with an error of 
3% (standard deviation) for the total measurement. 

Methoxymercuration was performed by introducing 1 or 2 
via a vacuum line into the solution consisting of methanol (5 
cm3) and mercury(II) acetate (2 mmol) at 25 °G, which was 
stirred by a magnetic stirring bar until all the mercury(II) 
ions were consumed to yield a homogeneous solution. Mer­
curials were isolated in the form of chloride by the method 
described by Ichikawa et a/.9> 
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Crystal and Molecular Structure of Bis(l-diphenylphosphinothioyl-
3-methylthioureato)nickel(II) 

Toschitake IWAMOTO,* Fujio EBINA, Hiroshi NAKAZAWA, and Chiaki NAKATSUKA 

Department of Chemistry, College of General Education, The University of Tokyo, Komaba, Meguro, Tokyo 153 
(Received November 24, 1978) 

Synopsis. The title compound [Ni{(C6H5)2PSNCS-
NHCH3}-2] was found to crystallize in the monoclinic space 
group C2/c with a=23.29(l), 6=9.457(2), *= 16.40(1) A, 
0=121.33(8)°, Z = 4 . The six-membered chelate ring built 
of five kinds of atoms, Ni, 2S, P, N, and G, was demonstrated. 

Ojima et A/.1»2) proposed that some diphenylphos-
phinothioylthioureatometal (II) complexes have a 
chelate structure consisting of five kinds of atoms, M(II ) , 
2S, P, N , and C. In order to confirm the existence of 
such a chelate ring, the title compound was subjected 
to X-ray structural analysis. 

E x p e r i m e n t a l 

Among the complexes reported,1'2) a complex previously 
described as bis ( 3 -diphenylphosphinothioyl - 1 , 1 - dimethyl-
thioureato) nickel (II) was chosen because of its good ap­
pearance as fine crystals. A 0.2 X 0.4 X 0.6 mm single crystal 
grown up from a dichloromethane-ethanol solution was used 
for the X-ray diffraction experiments. In the course of structure 
refinement, the crystal was confirmed to be that of the title 
compound, bis ( 1 - diphenylphosphinothioyl - 3 - methylthio -
ureato)nickel(II). After preliminary Weissenberg photo­
graphs were taken, precise determination of lattice parameters 
and collection of intensity data were carried out on a Rigaku 
automated four-circle diffractometer using CM Ko. radiation, 

the procedure being similar to that reported.3) Of 4142 ob­
served reflections with 20<12O°, 1671 with | F 0 | > 3 < T ( | F 0 | ) 
were used for the structure refinement. The absorption cor­
rections4) were applied together with Lp ones. The density 
was measured by the flotation method using potassium tetra-
iodomercurate solution. Crystal data: NiCggHgg^PaS.^ 
F.W. = 669.44. Monoclinic, space group G2/c, 0=23.29(1), 
6=9.457(2), *=16.40(1) Â, 0=121.33(8)°, Z = 4 . Z>m=1.45, 
Z>x= 1.44 g cm -3. Systematic absences: hkl, h-\-k=2n-\-1 ; hOl, 
/ = 2 w + l . ß(CuKa) =45.36 cm"1. 

The structure was solved by the heavy-atom method. All 
the calculations were carried out on a HITAG 8800/8700 
computer at the Computatinon Center of this University. The 
programs used were those in UNI GS5> and their local versions. 
The atomic scattering factors were taken from those of Cromer 
and Waber.R> From the three-dimensional Patterson synthe­
sis, the Ni atoms were located at the inversion centers in the c 
glide planes. In successive Fourier syntheses, the positions of 
all the remaining non-hydrogen atoms could be found out 
except that of the second methyl-C atom should have been 
found for the dimethyl compound around the N(2) atom of the 
side chain. Since the measured density was smaller by 0.02 
g cm - 3 than that calculated for the dimethyl compound, the 
refinement was progressed assuming this crystal to be that of 
the title compound. Several cycles of block-diagonal least-
squares calculations were carried out to the final i?=0.093, 
the real and imaginary parts of the anomalous dispersion 

TABLE 1. POSITIONAL AND THERMAL PARAMETERS FOR [Ni{(C6H5)2PSNCSNHCH3}-2]
a> 

Atom 

Ni 
S(l) 
S(2) 
P 
N(l) 
N(2) 
C(l) 
C(2) 
C(l l) 
C(12) 
G(13) 
C(14) 
C(15) 
C(16) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 

X 

5ÖÖÖ 
4786(1) 
3948(1) 
3555(1) 
3529(3) 
3908(4) 
4000(4) 
3272(5) 
2966(4) 
2494(4) 
1839(4) 
1390(4) 
1590(4) 
2231(4) 
3955(4) 
3721(5) 
4006(6) 
4536(5) 
4757(5) 
4480(4) 

y 
5000 
4419(2) 
5125(2) 
3349(2) 
3260(7) 
3545(8) 
3668(8) 
2920(12) 
3230(7) 
3796(10) 
3637(11) 
2842(10) 
2261(11) 
2480(10) 
1788(8) 
475(10) 

-759(10) 
-690(10) 

580(10) 
1851(9) 

z 
5000 
3560(1) 
4664(1) 
3889(1) 
2890(4) 
1869(4) 
2747(4) 
1092(5) 
3587(4) 
4179(5) 
3966(6) 
3196(6) 
2599(6) 
2783(6) 
4574(5) 
4132(6) 
4645(7) 
5606(8) 
6030(7) 
5533(5) 

uu 
11(1) 
17(1) 
13(1) 
13(1) 
26(4) 
30(4) 
32(5) 
53(6) 

7(4) 
27(5) 
12(4) 
26(5) 
14(4) 
28(5) 
17(4) 
46(6) 
92(9) 
40(6) 
24(5) 
19(4) 

Un 

23(1) 
40(1) 
28(1) 
25(1) 
41(4) 
61(4) 
28(4) 
91(7) 
35(4) 
55(5) 
73(6) 
59(6) 
63(6) 
52(5) 
27(4) 
37(5) 
33(5) 
40(5) 
57(6) 
43(4) 

u33 
19(1) 
21(1) 
29(1) 
23(1) 
27(3) 
19(3) 
22(3) 
23(4) 
22(3) 
40(4) 
57(5) 
43(5) 
53(5) 
42(4) 
46(4) 
59(6) 
71(7) 

102(8) 
66(6) 
44(4) 

u12 
- 2 ( 1 ) 
- 3 ( 1 ) 
- 3 ( 1 ) 
- 3 ( 1 ) 
- 9 ( 3 ) 

-14(3) 
0(4) 

-39(6) 
- 5 ( 3 ) 
- 8 ( 4 ) 

-14(5) 
- 4 ( 4 ) 

-18(4) 
-12(4) 

1(3) 
- 6 ( 5 ) 

9(5) 
15(5) 
10(5) 
9(4) 

u13 
6(1) 
8(1) 

10(1) 
8(1) 

14(3) 
12(3) 
12(3) 
12(4) 
4(3) 

19(4) 
23(4) 
13(4) 
9(4) 

18(4) 
27(4) 
32(5) 
45(6) 
52(6) 
24(4) 
15(4) 

u23 
- 2 ( 1 ) 
- 5 ( 1 ) 
- 6 ( 1 ) 
- 2 ( 1 ) 
- 4 ( 2 ) 

-10(3) 
- 3 ( 3 ) 

-18(4) 
0(3) 

-11(4) 
- 7 ( 4 ) 
- 1 ( 4 ) 

-13(4) 
-18(4) 

4(3) 
-12(4) 

8(4) 
21(5) 
24(4) 
12(3) 

a) The positional and thermal parameters have been multiplied by 104 and 103, 
respectively, the numbers in parentheses being esd's in the last signigicant digits. 
The form of thermal parameters is exp[— 2n2(U11h

2a*2+U22k
2b*2+US3l

2c*2-\-
2 U12hka*b*+2 Ulshla*c* cosß*+2 U2Sklb*c* )]. 
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Nl'-P'-C21': 
S2'-P'-C1T: 

109.0(4) 
105.6C») 

Fig. 1. An ORTEP view of [Ni{(G6H5)2PSNGSNHGH3>2] molecule using 50% probablity 
ellipsoids. The bond distances and angles are given in Â and degree, respectively, and the 
numbers in parentheses are esd's in the last significant digits. 

correction being also made.7) The shift of each atomic 
parameter was within one-third of the estimated standard 
deviation at the last two cycles. The final difference Fourier 
map showed no significant peak attributable to the "second" 
methyl-G atom. This shows that the analyzed crystal is com­
posed of the title compound. The refinement with the Gc 
space group, another possible one for the observed systematic 
absences, afforded no improvement. 

D e s c r i p t i o n o f the Structure 

T h e final atomic parameters are given in Table 1. 
The molecular structure of the complex is shown in 
Fig. 1 with the values of important bond distances and 
angles. The Ni atom is bonded to S( l ) and S(2) atoms 
of the ligands in a square-planar trans configuration. 
T h e six-membered chelate ring is built of Ni, S ( l ) , C ( l ) , 
N ( l ) , P, and S(2) atoms as proposed by Ojima et a/.1'2) 
The chelate ring, the phenyl ring 1, and the methyl-
amino side chain are roughly parallel to the ac plane, 
and the phenyl ring 2 protrudes from the P a tom of 
the chelate ring into a direction approximately parallel 
to the b axis. T h e NiS4 coordination sphere resembles 
that in bisdithioacetylacetonatonickel(II)8) and other 
conjugated bis(thioketo-thiolato)nickel(II) complexes. 
The chelate ring has the following features of bond dis­
tances. T h e average Ni -S bond length 2.215 Â is longer 
than those in the conjugated thioketo-thiolato type com­
plexes. The C ( l ) - S ( l ) bond is comparable in length 

to that in bismaleonitrildithiolatonickelate(II).9> The 
P-S(2) and P - N ( l ) bonds appear to be partially double. 
T h e N ( l ) - G ( l ) bond is too short for a C=N bond. Al­
though these features could support a partial conjugation 
of 7r-orbitals in the chelate ring, the unfavorable devia­
tions of the relevant atoms from the calculated best 
plane a re : P 0.59, N ( l ) 0.19, Ni 0.08, C( l ) - 0 . 1 1 , 
S( l ) - 0 . 1 6 , and S(2) - 0 . 4 7 Â. 
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Studies of the Separation Mechanism in Ion-exchange Chromato­
graphy. I. Inversion of the Elution Order of eis 

and trans Isomers of Metal Complexes 
Hayami YONEDA* and Shigeo YAMAZAKI 

Department of Chemistry, Faculty of Science, Hiroshima University, Hiroshima 730 
(Received December 4, 1978) 

Synopsis. The inversion of the elution order in ion-
exchange chromatography was found for eis and trans isomers 
of [Co(X)2(en)2]+ (X=N 8 - , N 0 2 - ; and NGS") by the addition 
of dioxane to NH4C1 or (NH4)2S04 aqueous solution as eluent, 
and the separation mechanism was discussed. 

Since King and Walters1) reported the chromato­
graphic separation of the eis and trans isomers of [Co-
(N0 2 ) 2 (NH 3 ) 4 ]+ by ion-exchange technique, it has been 
accepted as a general rule that the trans isomer is eluted 
earlier than the eis isomer.2»3) This is quite understand­
able when we consider that the eis isomer has a dipole 
moment and is adsorbed more strongly than the trans 
isomer having no dipole moment . This explanation is 
based on the assumption that separation is carried out 
mainly by adsorption, although chromatography con­
sists of two processes, adsorption and elution. Here 
it must be pointed out that the dielectric constant is 
fairly smaller in the stationary phase (resin phase) than 
in the moving phase (aqueous solution), so that ion 
association in the stationary phase should be more effec­
tive than in the moving phase, that is, adsorption should 
be more decisive than elution. Thus , it is natural to 
consider that the elution order is determined by the 
strength of adsorption. Therefore, if we set up conditions 
under which ion association in the moving phase is more 
effective than that in the stationary phase, the elution 
order of the eis and trans isomers is expected to be 
reversed. 

Based on this consideration, we tried to Chromato­
graph the eis and trans pairs of three cobal t ( I I I ) com­
plexes through the column packed with SP-Sephadex 
C-25 using dioxane-water mixed solution of an elec­
trolyte as an eluent. As such Sephadex contains many 
hydrophilic functional groups, the dielectric constant in 
the stationary phase should be fairly large and it can 
be easily overtaken by the dielectric constant in the 
moving phase (aqeuous solution) with the addition of 
some amount of dioxane to the eluent, which should 
result in the inversion of the elution order. This ex­
pectation was fulfilled in the present study. 

E x p e r i m e n t a l 

Samples. All the complexes were prepared according 
to the literature, and identified by UV absorption spectra 
and elemental analyses. Complexes used were the eis and 
trans pairs of [Co(N02)2(en)2]C104, [Co(NCS)2(en)2]Cl.H20, 
and [Co(N3)2(en)2]C104. 

Sample solutions were prepared by dissolving 10 mg of the 
complex in a few ml of an eluent. 

Eluent. The eluents were aqueous solutions of 0.4 
mol dm-3 NH4C1, 0.4 mol dm-3 NH4NCS and 0.05 mol dm-3 

(NH4)2S04 containing various amounts of dioxane. Dioxane 
was distilled before use. 

Apparatus. All the works were carried out on a labor­
atory-built chromatographic unit at room temperature. The 
column size was 25 cm long and 6.5 mm in diameter. SP-
Sephadex C-25 (Pharmacia, Sweden) was used as a packing 
material. The flow rates were ranged from 0.8 ml/min for 
zero dioxane to 0.25 ml/min for 60% dioxane content. The 
detector was operated at the first absorption band of each 
complex. The adjusted retention volume was measured from 
the elution curve. (NH4)3[Cr(NCS)6] was used as a marker.4) 
The sample solution 20 yd being typical was injected by a 
syringe into the column. 

R e s u l t s a n d D i s c u s s i o n 

Fig. 1(a) shows the trend of the retention volumes 
of the eis and trans pairs of three cobalt ( I I I ) complexes 
with increasing dioxane content of 0.4 mol d m - 3 NH4C1 
solution. As expected, in the low dioxane content region, 
the retention volume of the eis isomer having a dipole 
moment is larger in all three cases than that of the 
trans isomer having no dipole moment . This suggests 
that the electrostatic interaction between the complex 
cation and the functional group ( S 0 3

_ ) of Sephadex 
ion-exchanger plays a decisive role in chromatographic 
separation. T h e situation is reversed in the high dioxane 
content region where the retention volume of the eis 
isomer becomes smaller than that of the trans isomer. 
This means that the electrostatic interaction between 
the complex cation and the counter anion in the moving 
phase plays a dominant role in chromatographic sepa­
ration. 

The most important factors which govern the electro­
static interaction are the charge density of the counter 
ion (ionic charge times concentration) and the dielectric 
constant of the medium. In the case of SP-Sephadex C-
25, the exchange capacity and the bed volume of the 
gel at ionic strength 0.4 are known to be 2.3 m equiv-
alent/g(dry gel) and 6 ml/g(dry gel) respectively. 
Since the real volume of the swelling gel is estimated 
to be 2/3 of the bed volume, the concentration of the 
S 0 3 ~ group in the swelling gel is calculated to be 0.57 
mol d m - 3 which is larger than 0.4 mol d m - 3 , the Cl~ 
concentration of the eluent. In addition, the water 
caught in the Sephadex matr ix is presumed to be less 
structured than the water in the moving phase. Since 
the electrostatic interaction is dependent upon the prod­
uct of the charge density of the counter ion and the 
inverse of the dielectric constant, it should be larger in 
the stationary phase than in the moving phase in the 
absence or at the low content of dioxane. 

Although the addition of dioxane decreases the magni-
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[ C o ( N 3 ) 2 ( e n ) 2 - ] + [Co (N0 2 - ) 2 ( en ) 2 ] + [Co (NCS) 2 (en ) 2 ] + 
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( N H 4 ) 2 S 0 4 
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Dioxane vbU 

• trans isomer o eis isomer 

Fig. 1. Retention volume of trans(0) and cis(O) P a i r s of [Co(X)2(en)2]+ (X=N 3 - , 
N 0 2 - , and NCS") vs. dioxane content in 0.4 mol dm-3 NH4C1, 0.05 mol dm-3 (NH4)S04 

and 0.4 mol dm"3 NH4NCS solution as eluent. 

tude of the dielectric constant both in the stationary 
and moving phases, the rate of decrease should be larger 
in the moving phase. Since Sephadex contains many 
hydrophilic groups, it can hold much water strongly. 
Thus , the Sephadex matr ix contains more water than 
the moving phase when the dioxane-water mixed solu­
tion is kept in equilibrium with Sephadex.5) Therefore, 
the increase of dioxane content in the eluent results 
in a more gradual decrease of the dielectric constant 
in the stationary phase than in the moving phase. Thus, 
the magni tude of the dielectric constant in both phases 
becomes closer with the increasing content of dioxane, 
and at a certain content of dioxane the inversion of the 
magnitude of the dielectric constant takes place. T h e 
inversion of the elution order can be thus understood. 
In the case of 0.4 mol d m - 3 NH 4 C1, the inversion of 
the elution order takes place at about 35—40% (v/v) 
dioxane content above which the eis isomer is eluted 
earlier than the trans isomer. T h e inversion should 
take place at much lower dioxane content for the bi­
valent anion S 0 4

2 - than for the univalent anion C I - . 
Thus , for 0.05 mol d m - 3 ( N H 4 ) 2 S 0 4 solution, the in­
version takes place at about 10—20% dioxane content 
as shown in Fig. 1(b). 

However, it must be noted that for ( N H 4 ) 2 S 0 4 solu­
tion, the retention volume of the trans isomer does not 
decrease but rather increase with increasing content of 
dioxane. This means that the effective concentration of 
S 0 4

2 ~ to catch the complex cation decreases with in­
creasing content of dioxane. The addition of dioxane 
decreases the dielectric constant of the moving phase 
which results in strengthening the association of S 0 4

2 ~ 
not only with the complex cation but also with NH4+. 

Since the eis isomer has a dipole moment and a great 
tendency toward association with S 0 4

2 _ , it is not so 
much influenced by the presence of NH4+. However, 
for the trans isomer having no dipole moment, the 
existence of a large amount of NH4+ results in the de­
crease of the effective concentration of S 0 4

2 _ in the 
eluent of high dioxane content, so that the retention 
volume increases. 

If this interpretation is valid, the retention volume 
should decrease regularly with increasing content of 
dioxane, when an eluent contains a salt which has little 
tendency toward ion association even in the solution of 
high dioxane content. Ammonium thiocyanate solution 
as eluent is considered to be the case as shown in Fig. 
1(c). Here, N C S - solvates dioxane strongly and is 
presumed to be dissociated from NH4+ even in the high 
dioxane content. Such strong solvation of N C S - anion 
causes the decrease in its association with the complex 
(eis and trans) too, so that the association-promoting 
tendency due to the decrease of the dielectric constant 
is almost cancelled. Thus the inversion of the elution 
does not take place. 
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EPR Studies of the Cobalt(H)-(A2&)-Schiff Base Complex with 
Lewis Bases and CO 
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Synopsis. The EPR and optical spectra of JV, JV'-bis-
3-thioxo-1 -methylbutylidene) ethylenediaminatocobalt(II) in 
the presence of Lewis bases and GO were measured. The 
cobalt (II) complex formed five-coordinate adducts with Lewis 
bases and CO, which had a rhombic symmetry with a (dx,_y„ 
dXZî dyz)6^«)1 g r°und configuration. 

Basolo et al. have reported that several coba l t ( I I ) -
Schiff base complexes ( N 2 0 2 type) from monomeric 
oxygen adducts reversibly in the presence of nitrogen 
donors at a low temperature.1 , 2) Recently, Corrigan 
et al. has demonstrated that N, N' - bis (2-mercapto-
benzylidene)ethylenediaminatocobalt(II) (N2S2 type) 
reacts with molecular oxygen in the presence of pyridine 
at low temperatures.3) We have found ourselves that 
N, iV'-bis (3-thioxo-1 -methyl-butylidene) ethylenediami­
natocobalt (II) (N2S2 type) is capable of forming 
monomeric oxygen adducts in the presence of Lewis 
bases.4) Here we will report the axial ligation of the 
cobalt(II) complex with Lewis bases and CO, as studied 
by the EPR method. 

E x p e r i m e n t a l 

N,N'-Bis (3-thioxo-1 -methylbutylidene) ethylenediaminato­
cobalt (II), Co(tacacen), was prepared according to the lit­
erature.5) (Found: C, 45.90; H, 6.06; N, 8.73%. Galcd for 
C12H,sN2S2Co: C, 46.00; H, 5.79; N, 8.94%). Pyridine, 
piperidine, and JV-methylimidazole obtained commercially 
were purified by distillation, but triphenylphosphine, tributyl 
phosphine, tributyl phosphite, and trimethyl phosphite were 
used without further purification. All the EPR samples except 
the CO sample were prepared by dissolving Co(tacacen) in 
a toluene solution containing a proper quantity of the Lewis 
base. Prior to measurements, the samples were degassed thor­
oughly. The GO sample was prepared by exposing a degassed 
Co(tacacen) toluene solution to CO gas (500 Torr) at room 
temperature for three days. The EPR spectra were measured 
with a JEOL-ME-3X EPR spectrometer at X-band frequen­
cies and calibrated with Mn2+ in MgO and DPPH. The 
optical spectra were measured in dichloromethane with a 
Hitachi 323 automatic recording spectrophotometer. 

N,iV'-bis (3-thioxo-1 -methylbutylidene) ethylene­
diaminatocobalt (II), Co ( tacacen). 

R e s u l t s a n d D i s c u s s i o n 

The E P R spectra for Co (tacacen) with pyridine, C O , 
and triphenylphosphine are shown in Fig. 1. The E P R 
parameters are tabulated in Table 1. The nitrogen-14 
( / = 1 ) superhyperfine structure, split into a triplet com­
ponent, appears in the E P R spectrum for the pyridine 
system; this indicates that only one pyridine molecule 
coordinates to Co (tacacen). T h e phosphorus-31 (1= 1 /2) 
superhyperfine splitting similarly demonstrates that one 
triphenylphosphine molecule coordinates to Co (tacacen). 
Though we measured the E P R spectra of Co (tacacen) 
toluene solutions containing higher concentrations of 
these Lewis bases, no evidence for six-coordinate com­
plexes, Co(tacacen)(LB)2, was obtained. The C O ad-
duct was obtained by exposing a Co (tacacen) toluene 
solution to C O gas, but it did not form in the presence 
of the Lewis bases. 

When the g- and -4-tensors have the same principal 
axes, the first-order relationships between an electronic 
structure for the (dz.)1 ground state and the E P R param­
eters are given according to the following equations:6) 

gxs = 2.002 -6t/AEyz 

g77 = 2.002 -6t/AExz 

£ZZ = 2 . 0 0 2 
Axx = P[-K-2/7+(gxx-2.002) 

+ (l/14)(*yy--2.002)] (1) 
A7y = P [ - t f - 2 / 7 + ( £ y y - 2 . 0 0 2 ) 

+ ( l /14) (*„ -2 .002) ] 
Azz = P [ - j r + 4 / 7 + ( l / 1 4 ) { ( ^ „ - 2 . 0 0 2 ) 

+ (£y y-2.002)}] 

TABLE 1. EPR PARAMETERS FOR Co (tacacen) (LB) COMPLEXES 

LB 

JV-Methylimidazole 
Pyridine 
Piperidine 
Carbon monoxide 
Triphenylphosphine 
Tributylphosphine 
Trimethyl phosphite 
Tributyl phosphite 

Si 

2.421 
2 AAA 
2.432 
2.290 
2.320 
2.348 
2.364 
2.376 

£2 

2.219 
2.207 
2.189 
2.070 
2.161 
2.175 
2.185 
2.189 

£3 

1.993 
1.993 • 
2.004 
2.029 
2.014 
2.012 
2.012 
1.998 

-A, 

3.6 
- 1 6 . 2 
- 9 . 1 
25.6 

8.8 
8.9 
7.8 

12.7 

- A , 

37.8 
21.6 
26.3 
58.7 
28.9 
32.6 
33.6 
40.4 

A3 

65.0 
77.2 
67.1 
62.0 
67.7 
61.3 
65.1 
59.6 

V 
16.3 
15.3 
7.5 

V 

149 
140 
124 
126 

A3
p 

175 
162 
211 
199 

A£ x z 

10.2 
10.2 
10.2 

10.4 
10.4 
10.4 
10.4 

A£y z 

5.1 
5.1 
5.1 

5.2 
5.2 
5.2 
5.2 

P(cm-i) 

0.0169 
0.0173 
0.0157 
0.0162 
0.0136 
0.0148 
0.0155 
0.0160 

K 

0.169 
0.077 
0.099 
0.165 
0.108 
0.133 
0.140 
0.181 

A: IO-4 cm-1. AE: 103 cm - 1 (in dichloromethane solvent). 
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2 0 0 G H 

1 > 

TABLE 2. COBALT-59 SPIN DENSITIES FOR 

Co(tacacen)(LB) COMPLEXES 

ig3 

I 1 rt3 
Co 
3 

Fig. 1. EPR spectra of Co(tacacen) in the presence of 
Lewis bases at 77 K. (a) 10 % Pyridine; (b) 10-1 M 
triphenylphosphine ; (c) CO gas (500 Torr). 

where X is the effective spin-orbit coupling constant, 
and where AEXZ and AEyz are the energy separations 
for the dz .-»dxz and dz.—Klyz states respectively. P= 
einßßn<Zx~2r>vA a n d P K is the Fermi contact term. The 
second-order contribution has little significance where 
AE>A. T h e ^ 3 values in the five-coordinate Co(tacacen) 
(LB) complexes we studied are nearly 2.002. This im­
plies that the five-coordinate complexes have the (dx._yt, 
dxz> d y z ) 6 (d z , ) 1 ground configuration. 

The optical spectra for Co(tacacen) with N-donors 
and P-donors were measured in order to estimate the 
energy separations. The absorption bands were ob­
served at 10200 c m - 1 (e~80) and 5,100 c m - 1 (e~40) 
for the N-donors, and at 10400 c m - 1 (e-40) and 5,200 
c m - 1 ( e ^ 10) for the P-donors. Wayland rf «/. reported 
that the effective spin-orbit coupling constants for five-
coordinate complexes of iVjiV'-disalicylideneethylene-
diaminato cobalt(II) , Co(salen), with Lewis bases, 
which have the (dj,,)1 ground state, are 20—30% less 
than the free-ion value.7> In Co(tacacen)(pyridine), 
when it is assumed that AEXZ= 10200 c m - 1 , that 
A £ y z = 5100 c m - 1 , and that the spin-orbit coupling 
constant is less than the free-ion value by the same degree 
as in Co(salen)(pyridine), gxx, gyy, and gzz for (d z , )1 

ground state are equal to 2.425, 2.214, and 2.002 re­
spectively. These values are in good agreement with 
the g values observed. No such consistency is found 
for the other ground states. Therefore, it is concluded 
that the five-coordinate complexes in this study have 

LB 

iV-Methyl-
imidazole 
Pyridine 
Piperidine 
Carbon 
monoxide 
Triphenyl­
phosphine 
Tributyl-
phosphine 
Trimethyl 
phosphite 
Tributyl 
phosphite 

A: 

~Ae 

30.7 

13.2 
15.6 

26.8 

14.7 

19.6 

21.7 

28.9 

10-* cm 

A, 

104.0 

98.3 
89.6 

89.0 

77.8 

84.6 

88.5 

91.4 

-1- A-

Pzd 

0.717 

0.678 
0.617 

0.639 

0.536 

0.583 

0.610 

0.630 

= -PK. 

Pis 

0.024 

0.036 
0.029 

0.022 

0.025 

0.024 

0.024 

0.020 

PCo 

0.740 

0.714 
0.647 

0.661 

0.561 

0.607 

0.634 

0.650 

4i=(4/7)P. 

%4s 

3.24 

5.04 
4.48 

3.33 

4.46 

3.95 

3.79 

3.08 

%4s=(^ s / i o C o )x l00 . 

the (dx,_y., dx z , d y z ) 6 (dz ,)1 ground configuration. 
The cobalt-59 spin densities can be evaluated from 

the E P R parameters. The Fermi term has two main 
factors: (1) the polarization of filled Is, 2s, and 3s 
orbitals, which causes a negative spin on the cobalt 
nucleus because of the unpaired electron in the 3d or­
bital, and (2) the admixture of the 3dz, orbital into the 
4s orbital, which causes a positive spin. Thus, Acontact 

is written as follows : 

-^contact 
-PK = Pis[A{Co4s)] + io3dU(Co3d)] (2) 

where ^(Co4s) =0 .1232 cm" 1 and ^4(Co3d) =0.00840 
cm - 1 .8) psd and pis are the spin densities of the cobalt 
3dz. and 4s orbitals respectively. The cobalt 3dz. spin 
density is estimated by comparing the observed dipolar 
coupling constant with the theoretical value (^4d=(4/7)-
J P 0 = 0 . 0 1 4 5 cm - 1 ) according to this equation: j03d = 
(^d)obsd/(^d)obsd- The results for the cobalt-spin 
density are given in Table 2. The total cobalt-spin 
densities increase in the order of: N - d o n o r s > C O > P -
donors. This suggests that the N-donors have a smaller 
mixing between the cobalt 3dz. and the ligand ff-donor 
orbitals than do C O and the P-donors. This order 
also agrees with the tendency of the electronegativity 
of the ligand-donor atoms. 
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Synopsis. The diffusion coefficients (D) of Tl+ in 
0.1 and 0.5 mol dm-3 K N 0 3 and of Cd2+ in LOmoldm"3 

K N 0 3 in the temperature range 5 °C—35 °C are given with 
additional data including activation energies. kTjDrj, where 
7) is the viscosity of the nitrate solution, depends primarily 
on the diffusing species. 

A stationary mercury drop electrode hanging from 
a thin-walled capillary (HMDE) was found to be one 
of the most suitable means for reliable electrochemical 
determination of diffusion coefficients.1'2) This report 
gives the diffusion coefficients measured by the H M D E 
method for thallium (I) and cadmium (II) ions in aque­
ous nitrate solutions at several temperatures. 

When the diffusion current Id at a spherical electrode 
is plotted against t~1/2, where t is the time of electrolysis, 
a straight line should be obtained.3) From the slope and 
intercept of the plot, with the known size of the electrode, 
the diffusion coefficient (D) and the product nc are 
determined independently from a single chronoampero-
gram, n being the charge number of the electrode re­
action and c the bulk concentration of the electroactive 
species. A comparison of the observed value, (nc)ohsd, 
with the known value, (nc)ca{cd, provides a useful means 
of assessing the extent to which the obtained D is reliable. 

The linearity of the Id vs. t~1/2 plot is a qualitative 
criterion of experimental validity, but it is not sufficient. 
An example is given to demonstrate the importance of 
the "nc test" in a reliable diffusion coefficient measure­
ment . All the plots for [Fe(CN) 6 ] 3 " in 1.0 mol dm" 3 

KCl were quite linear even when the (nc)ohsd values 
were incorrect. The D values calculated from such 

linear plots were unreasonably high, scattered, and va­
ried with the cyanoferrate concentration. Thus , besides 
the reproducible surface of known area with high hy­
drogen overvoltage, an essential advantage of the use 
of an appropriately designed H M D E is its ability to 
approximate spherical diffusion satisfactorily. 

E x p e r i m e n t a l 

In earlier experiments a balanced-type HMDE1) was used. 
Later a micrometer-type HMDE assembly MGI AS01 
(Mitsubishi Chemical Industries, Ltd.) was adopted, its capil­
lary end being drawn to give a tip of ca. 0.2 mm in outer 
diameter, from which a mercury drop of 0.8 mm—1.0 mm 
diam. was produced. The size of the drop was read by the 
rotation of the micrometer, which had been calibrated by 
weighing the mercury delivered. For such an HMDE the 
total error due to the shielding and the non-sphericity is es­
timated to be 1% or less.2) Constancy and uniformity of the 
solution temperature were essential to maintain stagnancy. 
It was controlled within ± (0.002—0.05) °C, the fluctuation 
being larger at lower and higher temperatures. 

The potentiostat with a current follower was essentially 
the same as that used previously1) except that the high-speed 
pen recorder was replaced by a digital memory device (Bioma-
tion, Transient Recorder, Model 802), and the current signals 
stored therein were printed out. This arrangement eliminated 
the positive deviation at £<^1.5 s caused by the delay in 
response of the pen recorder.1) Another type of positive error 
in current magnitude was observed at much shorter times, 
t<^20 ms, attributable to the saturation of the current follower 
during the initial period of electrolysis. The difficulty was 
readily circumvented by appropriate adjustment in the gain 

TABLE 1. DIFFUSION COEFFICIENTS OF THALLIUM (I) IONS IN AQUEOUS 

POTASSIUM N I T R A T E SOLUTIONS 

Supporting 
electrolytea) 

T Number 
of 

runs 

1010Z> 
m2 s - 1 kj mol-1 

A e X p ( ^ ) 
nm 

kT/Dv 

nm 

0.1 M K N O , 

288 
293 
298 
303 
308 

6 
6 
29 
6 
4 

15.3±0.2 
17.5±0.2 
19.4±0.1 
21.6±0.2 
23.5±0.5 

15.8±1.7 0.26±0.09 

2.3 
2.3 
2.4 
2.4 
2.5 

0.5MKNO, 

278.20 
283.22 
288.24 
293.48 
298.52 
302.89 

6 
6 
6 
6 
6 
3 

11 .5±0 .4 
12 .8±0.1 
14.5±0.2 
16.9±0.2 
18 .7±0 .3 
2 0 . 3 ± 0 . 4 

16 .6±1 .3 0 .30±0.08 

2.6 

l .OMKNOo 298.19 11 17.3±0.2 2.7 

The uncertainty is 95% confidence limit, a) M=mol dm-
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TABLE 2. DIFFUSION COEFFICIENTS OF CADMIUM(II) IONS IN 

AQUEOUS NITRATE SOLUTIONS 

Supporting 
electrolyte*) 

O . I M K N O 3 

y Number 

"K" ° f 
•^ runs 

298.35 4 

1010Z> 

7.40±0.03 

A ^ A 

kj mol-1 

— 

nm 

— 

kTJDV 

nm 

6.3 

1.0MKNO, 

278.12 
283.17 
288.25 
295.17 
298.15 
303.01 
308.34 

12 
13 
10 
3 
6 
7 

4 .18±0.03 
4 .89±0.03 
5 .67±0.06 
6 .76±0.08 
7.31±0.10 
8 .26±0.08 
9 .07±0.05 

18 .5±0.9 0 .27±0.05 

1 .0MNaNO 3 298.01 12 6 .71±0.05 6.4 

The uncertainty is 95% confidence limit, a) M=mol dnr 

of the follower. The whole system is capable of recording 
diffusion currents from a few milliseconds. The time range 
100 ms—10 s was used in the present set of experiments. 

Preparation of the reagents and solutions and the procedure 
of chronoamperometry have been described in detail.1) The 
chronoamperograms were first examined for linearity against 
t~V2. The deviating points that reflected the convective dis­
turbance of diffusion layer at longer times1) were omitted, and 
the values of (nc)oi)Si were calculated for each set of measure­
ments. If the mean value of (nc)ohsA agreed with (w)calcd 

within the limits of experimental error for 95% confidence, 
the value of D that best reproduced the observed chrono-
amperogram was obtained by the least-squares method by 
using the value of {nc)ctùci. 

R e s u l t s a n d D i s c u s s i o n 

The diffusion coefficients for thallium (I) and cad­
mium (II) ions in nitrate solutions (Tables 1 and 2, 
respectively) were critically selected from the data ob­
tained in the authors ' laboratory since 1970. The values 

3.4 3.5 

103 rVir1 

Fig. 1. Arrhenius plots of D. 
O : T1+ in 0.1 mol dm-3 KN0 3 , # : T1+ in 0.5 mol dm"3 

KNO3, © : Cd2+ in 1.0 mol dm-3 KN0 3 . The error 
bars correspond to the uncertainty at 95% confidence. 

for 0.1 mol dm~3 K N O a at 25 °C supersede the cor­
responding ones presented earlier.1) 

The Arrhenius plots of the three systems gave curves 
slightly convex upward (Fig. 1). The average experi­
mental activation energies of diffusion, A*EA, are cal­
culated by linearly approximating the curved plots. I t 
is noted that these figures are comparable to 16.7 k j 
m o l - 1 of the diffusion of water molecules in 0.1 mol d m - 3 

KNO3.4) 
According to Eyring's absolute rate theory, the in­

tercept of the Arrhenius plot is related to A.exp(A*Sf2R), 
where A* S is the entropy of activation of diffusion, A 
is the distance between two successive equilibrium posi­
tions of the diffusing particle in the solution, and R 
the gas constant.5) The values for this quantity falling 
around 0.3 n m suggest that A* S cannot differ appre­
ciably from zero. A similar value, 0.34 nm, is calculated 
from the data4) for the diffusion of water in 0.1 mol d m - 3 

K N 0 3 . 
The viscosity, 37, of the supporting electrolyte solutions 

was estimated by inter- and extrapolation of the tabulat­
ed data,6) and kTjDr] are calculated. The result seems 
to depend primarily on the diffusing species, being 
fairly insensitive to the temperature and concentration 
of the supporting electrolyte, as might be expected from 
the Einstein-Stokes relation or Eyring's theory.5) 
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Synopsis. The reactions of iodine with ate-complexes 
prepared from trialkylboranes and 2-thienyllithium or 1-meth-
yl-2-pyrrolyllithium were found to give the corresponding 2-
alkylthiophenes or 1-methy 1-2-alkylpyrroles, respectively, in 
good yields. 

Useful methods for obtaining functionalized organic 
compounds can be found by employing a heterocycle 
with one hetero atom either as a precursor, reagent, 
or vehicle for the formation. The most general synthesis 
of pyrroles and thiophenes involves, as observed in the 
Knorr reaction, condensation of a carbonyl compound 
with the corresponding hetero atom containing com­
pound.1) O n the other hand, probably the most avail­
able procedure for the synthesis of 2-alkylated deriv­
atives of such heterocycles involves the reaction of the 
corresponding 2-lithio derivatives with alkyl halides.2) 
However, the synthesis is satisfactory only for pr imary 
alkyl halides which readily undergo nucleophilic sub­
stitution reactions. In the case of j-alkyl halide, it may 
involve a competitive elimination reaction.3) W e wish 
to report that the reaction of 2-lithiothiophene or 2-
lithio-1-methylpyrrole with trialkylboranes, followed by 
treatment with iodine gives the corresponding 2-alky­
lated derivatives in good yields (Eq. I).4) 

Ou Oa BR3 O- ( 1 ) 

X=S.N-Me JL 

Addition of an equimolar amount of butylli thium in 
ether to thiophene in ether containing tetramethylethyl-
enediamine (TMEDA) at room temperature resulted 
in quantitative metalation to give 2-lithiothiophene, 
which was then treated at room temperature with a 
solution of triisobutylborane in T H F . T h e reaction of 
the resulting solution of the ate-complex (1) thus ob­
tained with iodine, followed by the usual alkaline hy­
drogen peroxide oxidation to remove the residual or-
ganoborane, provided 2-isobutylthiophene in a 9 5 % 
yield. The results of reactions with representative tri­
alkylboranes are summarized in Table 1. 

In the present reaction, secondary alkyl and aryl 
groups appear to be introduced as readily as pr imary 
alkyl groups. I t seems that the reaction proceeds 
through the same type of reaction path as considered in 
the reaction of 1-alkynyltriorganoborates with iodine,5) 
i.e. via three stages: (1) coordination of trialkylboranes 
with the carbanion derived from the heterocyclic com­
pound, (2) iodine cation attack of the 5-position in the 
hetero ring with migration of an alkyl group from boron 
to 2-position, and (3) intermediate (2) gives the prod-

TABLE 1. 2-ALKYLATION OF THIOPHENE AND 1-

METHYLPYRROLE WITH TRIALKYLBORANES*) 

Hetero­
cycle 

Organoborane 
R„B R = Product Yield %b> 

Thiophene Propyl 2-Propylthiophene 62 
Butyl 2-Butylthiophene 91 
Isobutyl 2-Isobutylthiophene 95 
5-Butyl 2-J-Butylthiophene 100 
Octyl 2-Octylthiophene 66 
Gyclopentyl 2-Cyclopentylthiophene 100 
Phenyl0* 2-Phenylthiophene 42d> 

1-Methyl- Propyl 1 -Methy 1-2-propy lpyrrole 92 
pyrrole") ßutyl l-Methyl-2-buty lpyrrole 98 

Isobutyl 1-Methy 1-2-isobutylpyrrole 80 
j-Butyl l-Methyl-2-5-butylpyrrole 95 
Hexyl l-Methyl-2-hexylpyrrole 70 

Cyclopentyl eyc£pen^lpyrrole 7 3 

a) Thiophene or 1-methylpyrrole: trialkylborane = 
1.2: 1 b) Based on organoborane used. Analyzed 
by VPC. c) Prepared from PhMgBr and BF3 

etherate. d) Refluxed for 4 h. e) Metalation of 
1-methylpyrrole: To a stirred solution of 1-methyl­
pyrrole and TMEDA in dry ether was added butyl-
lithium, followed by heating at reflux temperature 
for 2 h. 

uct by the elimination of dialkyliodoborane (Eqs. 2, 3, 
and 4). 

r ^x 

'Âx>2 

1 - N < > V R 2 

( 2 ) 

( 3 ) 

U) 

E x p e r i m e n t a l 

Materials. All the chemicals and solvents were purified 
by distillation. Trialkylboranes were prepared by the usual 
procedure.61 

The IR and NMR spectra were taken on a Hitachi-Perkin-
Elmer Model 125 spectrophotometer and Hitachi R-22 
spectrometer at 90 MHz using tetramethylsialne as an internal 
standard, respectively. 

General Procedure. A representative procedure for the 
preparation of 2-butylthiophene is as follows. A dry 50 ml-
flask equipped with a magnetic stirring bar, a septum inlet, 
and a reflux condenser was flushed with nitrogen. The flask 
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was charged under nitrogen gas with thiophene (0.378 g, 4.5 
mmol) , T M E D A (0.627 g, 5.4 mmol) and anhydrous ether 
(5 ml) . Butyllithium (4.5 mmol, 3 ml of 1.5 M solution in 
ether) was then added at room tempera ture and the mixture 
was stirred for 1 h. After metalat ion was complete, tr ibutyl-
borane (3 mmol, 2 ml of 1.5 M solution in T H F ) was added 
at room temperature , followed by reflux for 2 h. T h e solution 
was cooled to —78 °C and iodine (1.143 g, 4.5 mmol) in 10 ml 
of dry ether was added. T h e reaction mixture was stirred 
for 30 min and allowed to warm to room tempera ture . After 
being stirred for 2 h, the mixture was treated with 5 ml of 
3 M aqueous sodium hydroxide and 5 ml of 3 0 % hydrogen 
peroxide at room temperature for 2 h. Saturat ion of the 
aqueous solution with potassium carbonate yielded an organic 
phase. T h e product was extracted with ether and analyzed 
by V P C . Analysis indicated the presence of 2.73 mmol (91%) 
of 2-butylthiophene. An analytically pure material was ob­
tained by preparat ive V P C . (10% Carbowax 20 M on Un i -
port B, 3 m) with Var ian autoprep Model-2800. 

Identification of the Products. 2-Propylthiophene: n2£ 1.5060. 
Found : C, 66.48; H , 7.86%. Calcd for C7H1 ( )S: C, 66 .61; 
H , 7.99%. Mass; mje=\26 (M+). I R ( n e a t ) ; 3050, 1460, 
850, 820, 690 cm" 1 . N M R (CC14) ; T, 9.00 (3H, t, 7 = 6 . 0 H z ) , 
8.40 (2H, m) , 7.18 (2H, t, 7 = 7 . 0 Hz) , 2.90—3.40 (3H, m ) . 

2-Butylthiophene: n™ 1.5064. Found : C, 68.47; H , 8 . 5 1 % . 
Calcd for C 8 H 1 2 S: C, 68 .51; H , 8.62%. Mass; m/<?=140 
(M+). I R (nea t ) ; 3050, 1460, 850, 820, 6 9 0 c m - 1 . N M R 
(CC14); T, 9.10 (3H, t, 7 = 7 . 0 H z ) , 8.45 (4H, m ) , 7.20 (2H, 
t, 7 = 7 . 0 H z ) , 2.92—3.36 (3H, m ) . 

2-Isobutylthiophene: n2
D° 1.4980. Found : C, 68.63; H , 8.59%. 

Calcd for C 8 H 1 2 S: C, 68.51 ; H , 8.62%. Mass; mje= 140 (M+). 
I R (nea t ) ; 3050, 1460, 1385, 1370, 1170, 700cm" 1 . N M R 
(CC14); T, 9.05 (6H, d, 7 = 6 . 0 Hz,) 8.08 (1H, m) , 7.30 (2H, 
d, 7 = 7 . 0 H z ) , 2.92—3.35 (3H, m ) . 

2-s-Butylthiophene: n% 1.5006. Found : C, 68.63; H , 8 .58%. 
Calcd for C 8 H 1 2 S: C, 68 .51 ; H , 8 .62%. Mass; m/<?=140 
(M+). I R (neat) ; 3050, 1450, 1380, 860, 820, 690 cm" 1 . N M R 
(CCLJ; T, 9.15 (3H, t, 7 = 6 . 0 Hz) , 8.76 (3H, d, 7 = 7 . 0 H z ) , 
8.43 (2H, m ) , 7.20 (1H, m ) , 2.92—3.35 (3H, m) . 

2-Octylthiophene: «g 1.4922. Found : C, 73.21; H , 10.35%. 
Calcd for C 1 2 H 2 0 S: C, 73.40; H , 10.27%. Mass; m/*=196 
(M+). I R (nea t ) ; 3050, 1450, 850, 820, 6 9 0 c m - 1 . N M R 
(CCLJ ; T, 9.10 (3H, t, 7 = 6 . 0 Hz) , 8.10—8.80 (12H, m) , 7.17 
(2H, t, 7 = 7 . 0 H z ) , 2.90—3.35 (3H, m ) . 

2-Cyclopentylthiophene: n2
D° 1.5365. F o u n d : C, 70.88;! H , 

7 .98%. Calcd for C 9 H 1 2 S: C, 71.00; H , 7.94%. Mass; m/e= 
152 (M+). I R (nea t ) ; 3050, 1440, 859, 820, 690 cm" 1 . N M R 
(CCLJ; T, 7.72—8.55 (8H, m ) , 6.75 (1H, m ) , 2.90—3.33 
(3H, m ) . 

2-Phenylthiophene: M p 34—35 °C. Found : C, 74.82; H , 
5 . 1 1 % . Calcd for C 1 0 H 8 S: C, 74.96; H , 5 . 0 3 % . Mass; mje= 
160 (M+). I R (Nujol); 3050, 1940, 1780, 1590, 1440, 860, 
825, 760, 6 9 0 c m " 1 . N M R (CCLJ; T, 2.18—3.18 (8H, m ) . 

l-Methyl-2-propylpyrrole: < 1.504. F o u n d : C, 77.85; H , 

10.59%. Calcd for C 8 H 1 3 N: C, 77.99; H , 10.64%. Mass; 
mje=m (M+). I R (neat ) ; 3100, 1500, 1310, 1100, 710 cm"1 . 
N M R (CCLJ; T, 9.00 (3H, t, 7 = 7 . 0 H z ) , 8.37 (2H, m) , 
7.52 (2H, t, 7 = 7 . 0 Hz) , 6.48 (3H, s), 4.06—4.35 (2H, m ) , 
3.17 (1H, t , J = 2 H z ) . 

l-Methyl-2-butylpyrrole: n2
D° 1.486. Found : C, 78.89; H , 

10.96%. Calcd for C 9 H 1 5 N: C, 78.77; H , 11.02%. Mass; 
m/*=137 (M+). I R (neat ) ; 3100, 1500, 1310, 1100, 710 cm"1 . 
N M R (CCLJ; r, 9.04 (3H, t, 7 = 6 . 0 Hz) , 8.35 (4H, m) , 7.50 
(2H, t, 7 = 7 . 0 Hz) , 6.48 (3H, s), 4.06—4.35 (2H, m) , 3.17 
( l H , r , 7 = 2 H z ) . 

1-MethyI-2-isobuty[pyrrole: n™ 1.515. Found : C, 78.83; H , 
11 .11%. Calcd for C 9 H 1 S N: C, 78.77; H , 11.02%. Mass; 
m/e=\37 (M+). I R (nea t ) ; 3100, 1490, 1380, 1360, 1090, 
7 0 0 c m - 1 . N M R (CCLJ; T, 9.05 (6H, d, 7 = 6 . 4 H z ) , 8.16 
(1H, m ) , 7.64 (2H, d, 7 = 7 . 0 H z ) , 4.50 (3H, s), 4 . 0 6 ^ . 3 5 
(2H, m ) , 3.17 (1H, t, 7 = 2 Hz) . 

1-Methyl-2-s-butylpyrrole: n2
D° 1.454. Found : C, 78.65; H , 

11 .13%. Calcd for C 9 H 1 5 N: C, 78.77; H , 11.02%. Mass; 
mje=l37 (M+). I R (nea t ) ; 3100, 1490, 1310, 1100, 700cm" 1 . 
N M R (CCLJ; T, 9.11 (3H, t, 7 = 7 . 3 Hz) , 8.80 (3H, d, J= 
6.4 Hz) , 8.44 (2H, m ) , 7.36 (1H, m) , 6.42 (3H, s), 4.06—4.35 
(2H, m ) , 3.17 (1H, t, 7 = 2 H z ) . 

l-Methyl-2-hexylpyrrole: «g 1.482. Found : C, 79.85; H , 
11.63%. Calcd for C n H 1 9 N : C, 79.94, H , 11.59%. Mass; 
mje= 165 (M+). I R (neat) ; 3100, 1490, 1310, 1090, 700 cm- 1 . 
N M R (CCLJ; T, 9.10 (3H, t, 7 = 5 . 0 Hz) , 8.20—8.82 (8H, 
m ) , 7.49 (2H, t, 7 = 8 H z ) , 6.46 (3H, s), 4.06—4.35 (2H, m) , 
3.17 (1H, t, 7 = 2 H z ) . 

l-Methyl-2-cyclopentylpyrrole: < 1.518. Found : C, 80.55; 
H , 10.06%. Calcd for C 1 0 H 1 5 N: C, 80.48, H , 10.13%. Mass; 
m/e= 149 (M+). I R (neat) ; 3100, 1490, 1100, 715 cm"1 . N M R 
(CCLJ; T, 7.82—8.59 (8H, m) , 7.04 (1H, m ) , 6.46 (3H, s), 
4.06—4.35 (2H, m ) , 3.17 (1H, t, 7 = 2 Hz) . 
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Steric Effect in 3,7-Disubstituted Tropolone. Chemical and 
Physical Properties of 3-Phenyl- and 3-Isopropyl-

7-(2,4,6-cycloheptatrienyl)tropolones1) 
Takahiro TEZUKA*'1" and Tetsuo NozoE n 

Department of Chemistry, Faculty of Science, Tohoku University, Sendai 980 
(Received August 28, 1978) 

Synopsis. The preparation and chemical and spec­
troscopic properties of 3-phenyl-7-(2,4,6-cycloheptatrienyl) -
tropolone (1) and 3-isopropyl-7-(2,4,6-cycloheptatrienyl)-tro­
polone (2) are described. The somewhat unusual properties 
of 1 and 2 have been discussed in terms of the steric effect 
of the two substituent groups at positions 3 and 7 in the tro­
polone ring. 

X-Ray crystallographic studies have revealed the 
distortion of the heptagon in tri and tetra-substituted 
tropolones.2) In this connection, this report will show 
that the 3,7-disubstituted tropolones (1 and 2) possess 
chemical and physical properties which differ from the 
parent tropolone. 

3-Phenyl- and 3-isopropyl-7-(2,4,6-cycloheptatrienyl)-
tropolones (1 and 2) have been prepared in good yield 
from 3-phenyl- and 3-isopropyltropolones, respectively, 
by reaction with di(2,4,6-cycloheptatrienyl) ether. 
T h e structures of 1 and 2 have been assigned on the 
basis of the spectral and chemical data (see Experi­
mental) . Compounds 1 and 2 afforded azo derivatives 
4a (71%), 4 b (63%), and 5 (68%) by the action of 
the corresponding aryldiazonium chlorides. Compound 
1 gave, on reaction with diazomethane, two kinds of 
methyl ethers 6 (61%) and 7 (24%), both of which 
reverted to 1 by acid hydrolysis. T h e isomeric structures 
of 6 and 7 have been tentatively assigned on the basis 
that a less hindered methyl ether would be formed in 
higher yield.3) T h e methoxyl group of the ethers (6 
and 7) was replaced by an amino group in the reaction 
of ammonia in methanol , giving amino derivatives 8 
and 9, the isomeric structures of which are again ten­
tative. The properties of 1 and 2 described are consistent 
with those of the parent tropolone.3) 

T h e properties of 1 and 2, however, differ from tropo­
lone in the following respects: (i) the compounds do 
not show a ferric chloride coloration characteristic of 
tropolones in benzene and ethanol, but show a pale 
green coloration in 1-butanol. I t is well documented 
that the ferric chloride coloration of tropolones in ben­
zene and ethanol is due to the formation of the tropolone-
iron (III) 3 : 1 or 2 : 1 complex.3-4) (ii) T h e hydroxyl 
absorption bands of 1 and 2 do not appear in the or­
dinary region (3200—3500 cm"1),5) appearing at 3050 
cm" 1 in low intensity (CC14). T h e absorption bands 
of the conjugated carbonyl appear at 1600 and 1550 
c m - 1 for 1, and 1590 and 1540 c m - 1 for 2 . T h e band 
positions are as expected,5) but the intensities are ex-

t Present address: Department of Chemistry, The Uni­
versity of Tsukuba, Sakura-mura, Ibaraki 300-31. 

tt Present address : Tokyo Research Laboratory, Kao Soap 
Ltd., Bunka, Sumida-ku, Tokyo 131. 

l : R = P h e n y l 4a: R = P h ; X = M e 
2: R=Isopropyl 4b : R = P h ; X = B r 
3 : R=2,4,6-Cycloheptatrienyl 5: R=z'-C3H7; X = M e 

©OP ®W 
6: X = O M e 7: X = O M e 
8: X = N H 2 9: X = N H 2 

tremely small compared with those of tropolone. (iii) 
Compounds 1 and 2 are inert to nitration with nitric 
acid in acidic medium, with which tropolone readily 
reacts to give nitrotropolone.3) Similar chemical and 
spectroscopic properties were found for 3,7-di(2,4,6-
cycloheptatrienyl) tropolone (3)6) prepared from 3-
(2,4,6-cycloheptatrienyl)tropolone and di(2,4,6-cyclo-
heptatrienyl) ether. 

T h e distortion of the heptagon and bond fixation in 
crowded tropolones such as 3,5,7-tribromohinokitiol and 
3,7-dibromohinokitiol have been reported by I tô et al.2) 
T h e somewhat unusual properties of 1, 2, and 3 found 
in this study may be related to the steric effect of the 
bulky substituent groups at the 3 and 7 positions of 
the tropolone ring. T h e boat conformation of 2,4,6-
cycloheptatriene is well documented and the steric hin­
drance caused by the 2,4,6-cycloheptatrienyl group may 
be comparable with that by the isopropyl group.7) 

E x p e r i m e n t a l 

Preparation of 3-Phenyl-7-(2,4,6-cycloheptatrienyl)tropolone (1) 
and 3,7-Di(2,4,6-cycloheptatrienyl)tropolone (3). A mixture 
of 3-phenyltropolone (5 g, 0.025 mol) and di (2,4,6-cyclohepta­
trienyl) ether (3 g, 0.015 mol) in dry ethanol (5 ml) was 
refluxed for 20 min. The precipitate formed was collected 
by filtration and crystalized (6.8 g ; 94%). Recrystallization 
from benzene gave 1 as yellow needles, mp 141—142 °G: 
A>£* (log e) 242 (4.36), 268 (4.33), 348 (3.84), 385 (3.86), 
and 410 (3.70) nm; Ô (GG14) 3.63 (IH, t, y = 4 . 8 H z ) , 5.18 
(2H, dd, J = 4 . 8 and 8.2 Hz), 6.13 (2H, m), 6.37 (2H, broad 
t), and around 8 (8H). Found: G, 83.17; H, 5.38%. Calcd 
for G20H16O2: C, 83.31; H, 5.59%. 

Similarly, heating a mixture of 3-(2,4,6-cycloheptatrienyl) -
tropolone (250 mg, 1.2 mmol) and di (2,4,6-cycloheptatrienyl)-
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ether (117 mg, 0.59 mmol) in dry ether (2.5 ml) under reflux 
for 3 h gave crystals (365 mg, 100%). Recrystallization from 
ethanol gave 3 as yellow needles, mp 137 °C, identical with an 
authentic sample.6) 

Preparation of3-Isopropyl-7-(2,4,6-cycloheptatrienyl) tropolone (2), 
A mixture of 3-isopropyltropolone (12.6 g, 0.0768 mol) and 
di(2,4,6-cydoheptatrienyl) ether (8.6 g, 0.0434 mol) was heat­
ed on a water bath for 20 min. The reaction mixture was 
extracted with benzene and the extract treated with aqueous 
copper(II) sulfate. The precipitate formed was collected 
by filtration, giving copper salts of 2 (20 g, 91%) as green 
needles (mp 229 °C). Dry hydrogen sulfide gas was passed 
through a suspension of the copper salts of 2 (200 mg, 0.035 
mmol) in chloroform (4 ml) for 30 min. and the mixture 
allowed to stand for 1 h. The copper(II) sulfide precipitate 
was filtered, and the filtrate was treated with active charcoal, 
washed with water and dried over sodium sulfate. Evapora­
tion of the solvent gave crystals of 2 (91 mg, 51%). Recrystal­
lization from a mixed solvent of ethanol and benzene gave 
2 as colorless needles, mp 77—78 °C: A ^ H (log e) 255 (4.18), 
321 (3.70), 363 (3.68), 374 (3.72), and 396 (3.58) nm; <5 (CCI.,) 
1.24 (6H, d, y = 4 . 0 H z ) , 3.30 (1H, m), 3.42 (1H, t, 7 = 4 . 2 
Hz), 5.28 (2H, dd, 7 = 4 . 2 and 8.8 Hz), 6.20 (2H, m), 6.54 
(2H, m), and 7.25 (3H, m). Found: C, 80.52; H, 7.32%. 
Calcdfor C17H1802: C, 80.28; H, 7.13%. 

3-Phenyl-5-(p-tolylazo)-7-(2,4,6-cycloheptatrienyl)tropolone (4a). 
To a pyridine solution (1 ml) of 1 (100 mg, 0.35 mmol) was 
added with stirring at 0 °C an aqueous solution of j&-toluene-
diazonium chloride, prepared from j&-toluidine (41 mg, 0.38 
mmol), 6 M hydrochloric acid (0.3 ml), sodium nitrite (35 
mg, 0.51 mmol), and water (0.1 ml). The stirring was con­
tinued for 1—1.5 h at 0 °C. After the addition of a small 
amount of water, the reaction mixture was extracted with 
chloroform and the extract washed with water and dried over 
sodium sulfate. Evaporation of the solvent gave 4a (100 mg, 
71%) as crystals. Recrystallization from benzene afforded 
4a as orange needles, mp 201.5—202.5 °C. Found: C, 79.60; 
H, 5.36%. Calcd for C2,H2202N2: C, 79.78; H, 5.46%. 

3-Isopropyl-5- (p-tolylazo)- 7- (2,4, 6-cycloheptatrienyl) tropolone 
(5). To a pyridine solution (1 ml) of 2 (100 mg, 0.39 
mmol) was added with stirring at 0 °C an aqueous solution 
of/>-toluenediazonium chloride, prepared from jb-toluidine (46 
mg, 0.43 mmol), 6 M hydrochloric acid (0.4 ml), sodium 
nitrite (40 mg, 0.58 mmol), and water (0.2 ml). The stirring 
was continued for 1.5 h at 0 °C. Work-up of the reaction 
mixture as described above gave 5 (100 mg, 68%) as crystals. 
Recrystallization from benzene afforded 5 as orange needles, 
mp 164—165 °C. Found: C, 77.65; H, 6.76; N, 7.49%. 
Calcd for C21H2402N2: C, 77.39; H, 6.50; N, 7.52%. 

3-Phenyl-5-(p-bromophenylazo) -7-(2,4, 6-cycloheptatrienyl) tro­
polone (4b). To a pyridine solution (0.1 ml) of the sodium 
salts of 1 (100 mg, 0.32 mmol) was added with stirring at 0 °C 
an aqueous solution of />-bromobenzenediazonium chloride 
prepared from ^-bromoaniline (62 mg, 0.36 mmol), 6 M hy­
drochloric acid (0.2 ml), sodium nitrite (30 mg, 0.43 mmol), 
and water (0.3 ml). The mixture was continuously stirred 
for 1 h at 0 °C. Work-up of the reaction mixture gave crystals 
of 4b (95 mg, 63%). Recrystallization from benzene gave 
4b as orange needles, mp 197—198 °C. Found: C, 65.96; 
H, 4.20; N, 6.21%. Calcd for C28H1902N2Br: C, 66.24; 
H, 4.03; N, 5.94%. 

Formation of Methyl Ethers (6 and 7) from 1. To an 

ethereal solution of 1 (1 g, 3.5 mmol) was added an ethereal 
solution of diazomethane (8 ml) prepared from iV-nitroso-
methylurea and potassium hydroxide.8) After the addition 
of methanol (one drop), the mixture was allowed to stand at 
room temperature for 30 min. The precipitate formed was 
collected by filtration giving crystals of 6 (640 mg, 61%). 
Recrystallization from ethanol gave 6 as yellow needles, mp 
133—134 °C. Found: C, 83.22; H, 6.03%. Calcd for C21H18-
0 2 : C, 82.42; H, 6.00%,. Concentration of the filtrate gave 
crystals of 7 (250 mg, 24%). Recrystallization from ethanol 
gave 7 as yellow needles, mp 112—113 °C. Found: C, 83.23; 
H, 5.86%. Calcd for C21H1802: C, 83.42; H, 6.00%. 

Hydrolysis of 6 and 7. A mixture of 6 (1 mg) or 7 (1.5 
mg) and 3 M sulfuric acid (one drop) in ethanol (0.1 ml) was 
refiuxed for 10 min. The reaction mixture was extracted with 
benzene and the extract washed with water and dried. Evapo­
ration of the solvent gave a crystalline compound which had 
an Rf value identical with that of 1. 

Formation of Amino Derivatives 8 and 9. A mixture of 
the methyl ethers (8 and 9) (110 mg) prepared from 1 with 
diazomethane (vide supra) was dissolved in methanolic am­
monia (25 volume %, 20 ml) and the mixture allowed to 
stand at room temperature for 48 h. Evaporation of the meth­
anol and excess ammonia gave an oil which solidified on the 
addition of a small amount of ethanol to give crystals (65 mg). 
Recrystallization from a mixture of ethanol and benzene gave 
yellow prisms (8), mp 126—127 °C. Found: N, 4.54%. Calcd 
for C20H17ON: N, 4.88%. The filtrate gave, after alumina 
chromatographic purification, crystals of 9 (10 mg), mp 65 °C. 
Found: N, 4.50%. Calcd for C2üH17ON: N, 4.88%. 

Nitration of 1, 2, and 3. To an acetic acid solution 
(2 ml) of 1 (200 mg, 0.69 mmol) was added with stirring an 
acetic acid solution (0.5 ml) of 92% nitric acid (140 mg, 2.4 
mmol) and the mixture continuously stirred for 3 h. The 
precipitate formed by the addition of water was collected by 
filtration giving crystals (200 mg). Recrystallization from ben­
zene gave yellow needles, mp 142 °C, identical with 1. 

Under similar conditions the nitration of 2 and 3 was at­
tempted which again leads to the quantitative recovery of the 
starting materials. 
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Yoshihisa W A T A N A B E , * Kenichi TANIGUCHI, Masataka SUGA, 

Take-aki MITSUDO, and Yoshinobu TAKEGAMI 

Department of Hydrocarbon Chemistry, Kyoto University, Sakyo-ku, Kyoto 606 
(Received August 31, 1978) 

Synopsis. a-Haloacetophenones and benzyl chlorides 
can be converted into derivatives of ß-keto acid and phenyl-
acetic acid respectively by two succesive reactions, with Na2-
Fe(CO)4 and then with nitrobenzenes or iodine-ethanol as 
the oxidizing reagents. 

Tetracarbonylferrate, such as potassium tetracar-
bonylhydridoferrate and disodium tetracarbonylfer­
rate, are excellent reagents for the carbonylation of 
alkyl halides.1) These reactions involve acylcarbonyl-
ferrates as the key intermediates, from which the cor­
responding carbonylated products, such as aldehydes, 
ketones, and acid derivatives are derived.2) The re­
action of the ferrates with a-haloacetophenones and 
benzyl chloride, however, has been shown to give only 
alkyl complexes, /?-oxoalkyl- (l)3) and benzyltetra-
carbonylferrate (2). lb) An at tempt to prepare the cor-

[Ph-C-CH a-Fe(CO)4]-

Ö 
[Ph-CH2-Fe(CO)4]-

responding acyl complexes from 1 and 2 in the manner 
described in the literature l b) has been unsuccessful. 1 
and 2 give acetophenone and toluene respectively upon 
protonation. 1 shows specific behavior in the reaction 
with acyl halides. The treatment of 1 with acyl halides 
and then with acetic acid gives enol esters.3) Acyl-
and carbamoyltetracarbonylferrates are excellent re­
agents for the reductive acylation and carbamoylation 
of nitro compounds into amides and ureas respective­
ly.2'1'4) 

[RCOFe(CO)4]- + ArN02 RCONHAr 

The present study will deal with the transformation 
of 1 and 2 into /5-keto acid derivatives and phenylacetic 
acid derivatives respectively by the treatment of 1 and 
2 with nitrobenzenes and iodine-ethanol as oxidizing 
reagents. 

R e s u l t s a n d D i s c u s s i o n 

Derivatives of tetracarbonylferrates are powerful re­
ducing reagents for the reduction of nitro compounds, 
giving amines, amides, and ureas. T h e alkyl complexes, 
1 and 2, also have a great reactivity for nitrobenzene, 
nitrotoluene, andjö-chloronitrobenzene. T h e nitro com­
pounds react smoothly with 1 and 2 at room tempera­
ture, with the evolution of gas. The reaction is completed 
in less than 30 min. T h e major products are /?-keto 
amides (3) and phenylacetamides (4) from 1 and 2 re­
spectively. T h e treatment of 2a with iodine-ethanol 
gives ethyl phenylacetate. The results are summarized 
in Table 1. 

T A B L E 1. T H E CARBONYLATION OF OC-HALOACETO-

PHENONES AND BENZYL CHLORIDES WITH 

DISODIUM TETRACARBONYLFERRATE 

Run Halide Oxidizing 
agent 

Product (Yield % 
per halide) 

, a-Chloro-
acetophenone 

2 a-Chloro-
acetophenone 

o a-Chloro-
acetophenone 

4 a-Bromo-p-phenyl-
acetophenone 

5 Benzyl chloride 
r- /»-Chlorobenzyl 

chloride 
j o-Chlorobenzyl 

chloride 

8 Benzyl chloride 

Nitrobenzene 
3a (44) and 
iV-Phenacyl-
aniline (trace) 

jf>-Nitrotoluene 3b (22) 

p-Chloro-
nitrobenzene 

Nitrobenzene 

Nitrobenzene 

Nitrobenzene 

3c (11) 

3d (50) and 
4-Acetylbipheny] 
(50) 
4a (35) 

4b (24) 

Nitrobenzene 4c (16) 

Iodine-ethanol / . " /QO7 acetate (38) 

These results indicate that a-haloacetophenones and 
benzyl halides can be transformed into carbonylated 
derivatives by a two-step procedure, a reaction with the 
ferrate and then with an oxidizing agent. iV-Phenacyl-
aniline, an expected products from l a , was obtained, 
but in only a poor yield. Although the reaction mech­
anism is not clear, the alkyl groups of 1 and 2 appear to 
be transformed into the corresponding acyl types through 
the reaction. Wi th the reaction of iodine, an oxidative 
addition of iodine to the alkyl ferrate(0) seems to be 
the first step; the coordination of iodine may cause an 
alkyl migration to one of the coordinated carbon mon-

O 
r R - / o V c - C H 2 - F e ( C O ) J 

0 2 N - < 0 > - Y 

R - / O V c O C H 2 C O N H - / o V Y 
3 

a : R = H, Y = H c : R = H, Y=C1 
b : R = H, Y = Me d : R = P h 3 Y = H 

\ O V c H 2 - F e ( C O ) 4 

Ia-EtOH 

PhCH2COOEt 

PhNO. 

Y = H 

c : Y=o-Cl 
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ox ides t o g ive a n acy l i r o n ( I I ) c o m p l e x s u c h as [ R C O F e -
( C O ) 3 I 2 ] , f r om w h i c h a n acy l i o d i d e m a y b e f o r m e d . 
T h e c l e a v a g e of a c y l c a r b o n y l m e t a l c o m p l e x e s w i t h 
i o d i n e a n d b r o m i n e h a s a l r e a d y b e e n r e p o r t e d i n m a n ­
g a n e s e a n d c o b a l t series.5) T h e r e a c t i o n of n i t r o b e n z e n e s 
a lso seems to i n v o l v e a n o x i d i z i n g s tep t o i r o n ( I I ) c o m ­
plexes , w h i c h m a y b e f a v o r a b l e for t h e f o r m a t i o n of 
acy l complexes . 6 ) T h u s , t h e r e d u c t i o n of n i t r o b e n z e n e s 
w i t h t h e f e r r a t e , 1 a n d 2 , is c o m p l e t e d b y iV-acyla t ion . 

E x p e r i m e n t a l 

Materials. The tetrahydrofuran was distilled over Li-
A1H4 prior to use. T h e disodium tetracarbonylferrate was 
prepared according to the method described an earlier ar t i -
cle. lb) T h e benzyl chloride, o- and /?-chlorobenzyl chloride, 
a-chloroacetophenone, a-bromo-/?-phenylacetophenone, and 
nitrobenzenes were all commercial products . T h e nitroben­
zenes were dried over a molecular sieve (3A) and distilled 
before use. 

General Reaction Procedure. T o the ferrate (11 mmol) in 
tetrahydrofuran (40 ml) , were added an a-haloacetophenone 
or benzyl chloride (11 mmol) solution in tetrahydrofuran (10 
ml) ; the reaction mixture was then stirred under an argon 
atmosphere at room temperature for 30 min. T o this solution, 
an oxidizing agent, such as a ni trobenzene ( 11 mmol) solution 
in tetrahydrofuran (10 ml) or an iodine-saturated solution in 
ethanol (30 ml) , was added drop by drop, and then the mix­
ture was stirred for about 1 h unt i l the evolution of gas ceased. 

Analyses. T h e ethyl phenylacetate was analyzed by GLG 
using a column (3 m m ^ , 3 m) packed with Apiezone Grease 
L (10%) on Neopak 1A. T h e other products were isolated 
by chromatography and analyzed by means of I R , P M R , 
and elemental analysis. T h e I R spectra were recorded on a 
215 Hitachi spectrometer. T h e XH N M R spectra were taken 
on a J E O L - P M - 6 0 spectrometer. All the chemical shifts are 
given in ô values relative to a Me4Si s tandard. All the melting 
points were taken on a Yanagimoto appara tus and are un­
corrected. All the products (3 and 4) are known compounds 
and were identified by means of their I R and P M R spectra. 
T h e elemental analyses of the products gave satisfactory re­
sults. 

Benzoylacetanilide (3a). T h e filtered and concentrated 
reaction mixture was chromatographed on a 2 X 30 cm florisil 
column. T h e elution of the chromatogram wi th benzene 
gave brown crystals: F o u n d : G, 79.53; H , 5.90; N , 6.35; O , 
8.22%. Galcd for C 1 4 H 1 3 N O : G, 79.62; H , 6.16; N , 6.64; 
O , 7 .58%. This compound appeared to be iV-phenacyl-
aniline, bu t its yield was not big enough for further analysis. 
Fur ther elution of the chromatogram with ether gave colored 
crystals (3a; yield, 4 4 % ) , which was later recrystallized from 
ethanol/petroleum ether. T h e I R and P M R spectra of the 
crystals were identical with those of an authent ic benzoyl­
acetanilide (Aldrich). M p , 107.5—108.5 °G. 

N-(p-Tolyl)benzoylacetamide (3b). Chromatography on a 
2 X 30 cm florisil column, using methanol as an eluant, gave 
crystals (3b ; yield, 2 2 % ) , which were later recrystallized from 
ethanol. M p , 142.0—143.0 °G. I R (KBr) : y(NH) 3300(m), 

K C O A r ) 1690(s), v (GONH) 1640(s) cm- 1 . P M R (d6 

D M S O ) : ô 2.3 (s, 3H) , 4.1 (s, 2H) , 7.0—8.2 (m, 9H) , 10.1 
(s, 1H) p p m . 

N- (p-Chlorophenyl) benzoylacetamide (3c). Chromatography 
on a 2 X 30 cm silica gel column, using ether as an eluant, 
gave crystals (3c; yield, 11%) . M p , 163.0—164.0 °G. I R 
(KBr) : y(NH) 3300(w), v(CO) 1690(s) and 1660(s) cm"1 . 
P M R (dQ D M S O ) : ô 4.2 (s, 2 H ) , 7.2—8.1 (m, 9H) p p m . 

(p-Pkenylbenzqyl)acetanilide (3d). Chromatography on a 
2 X 30 cm silica gel using dichloromethane gave yellow crystals 
(4-acetylbiphenyl ; yield, 5 0 % ) , identified by means of the I R 
and P M R spectra using an authentic sample. The further 
elution of the chromatogram with ethanol gave crystals (3d; 
vield, 5 0 % ) , later recrystallized from chloroform. M p , 181.0— 
184.0 °C. I R ( K B r ) : v(NH) 3300(m), v(CO) 1690(s) a n d 
1660(s) cm- 1 . P M R (dG D M S O ) : ô 4.2 (s, 2H) , 6.7—8.3 (m, 
14H), 10.2 (s, l H ) p p m . 

Phenylacetanilide (4a). T h e filtered and concentrated 
reaction mixture was extracted with ethanol to give crystals 
(4a ; yield, 3 5 % ) . M p , 116.5—117.5 °G. I R (KBr) : v(NH), 
3300(m), v(GO) 1655(s) cm- 1 . P M R (CDC13) : ô 3.7 (s, 2H) , 
6.8—7.9 (m, ÎOH) p p m . 

(p-Chlorophenyl)acetanilide (4b). Chromatography on a 
2 X 30 cm silica gel column, using ether and ethanol as eluants, 
gave crystals (4b ; yield, 2 4 % ) . M p , 169.5—171.5 °C. I R 
(KBr) : v(NH) 3300(m), y(GO) 1660(s) cm- 1 . P M R (CD-
Gl 8 ) : ô 3.7 (s, 2H) , 6.8—7.7 (m, 9H) , 10.1 (s, 1H) ppm. 

(o-Chlorophenyl)acetanilide (4c). Chromatography on a 
2 X 30 cm silica gel column, using dichloromethane and ether 
as eluants, gave crystals (4c; yield, 16%) , which were then 
recrystallized from ethanol . M p , 138.0—141.0 °G. I R (KBr) : 
v(NH) 3300(m), y(CO) 1660(s) cm- 1 . P M R (GDG18): ô 3.9 
(s, 2 H ) , 6.8—7.8 (m, 9H) , 10.1 (s, 1H) p p m . 
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H,o 

LiAlH4 

Synops i s . l ,3-Bis(4-aminobutyl)-l ,3-dimethyl-l ,3-di­
phenyldisiloxane has been readily obtained by the reduction of 
1,3-bis(3-cyanopropyl)-1,3 - dimethyl - 1,3 - diphenyldisiloxane, 
the hydrolysate of chloro(3-cyanopropyl)methylphenylsilane. 
The diamine reacted with abietic acid forming an equimolar 
crystalline adduct which gave a siloxane-containing polyamide 
by the conventional salt fusion technique. 

Severa l p r e p a r a t i o n s of c o m p o u n d s w i t h t h e g e n e r a l 
f o r m u l a [ N H 2 - R - S i ( R ' ) ( R " ) ] 2 0 , ( c a r b o f u n c t i o n a l a,co-
d i a m i n o s u b s t i t u t e d d is i loxanes) h a v e b e e n r e p o r t e d . 

I n t h e p r e p a r a t i o n of s i l o x a n e - c o n t a i n i n g <x,co-difunc-
t i ona l o l i gomer i c c o m p o u n d s , l , 3 - b i s ( 4 - a m i n o b u t y l ) 
t e t r a o r g a n o d i s i l o x a n e s h a v e b e e n o b t a i n e d i n g o o d y ie ld 
b y t h e r e d u c t i o n of t h e c o r r e s p o n d i n g d in i t r i l e s b y l i th ­
i u m a l u m i n u m h y d r i d e , fo l lowed b y a l k a l i n e hyd ro ly s i s . 
T h e t e t r a o r g a n o d i s i l o x a n e s e g m e n t s w e r e w h o l l y 
r e t a i n e d d u r i n g t h e p r o c e d u r e . 

T h e p r e p a r a t i o n of a , cu -d i amino c o m p o u n d s h a s b e e n 
c o n d u c t e d a c c o r d i n g to t h e fo l lowing s c h e m e : 

CH2=CHCH2CN, H2PtCl6 

R ' R " H S i C l > 

ClS i (R , ) (R / / )GH 2 GH 2 CH 2 CN -

[ C N C H 2 C H 2 C H 2 (R') (R") Si] 2 0 
[ N H 2 G H 2 C H 2 C H 2 C H 2 ( R / ) ( R " ) S i ] 2 0 

Al l p r o d u c t s w e r e wel l def ined spec t roscop ica l ly a n d 
t h e N M R a n d I R d a t a w e r e cons i s t en t w i t h t h e ass igned 
s t r u c t u r e s . 

T h e o b t a i n e d d i a m i n e s f u r t h e r u n d e r w e n t p o l y c o n -
d e n s a t i o n w i t h o r g a n i c d iba s i c ac ids to g ive modi f i ed 
p o l y a m i d e s c o n t a i n i n g d i s i l oxane l inkages i n t h e c h a i n 
b a c k b o n e . 

E x p e r i m e n t a l 

Starting Materials. Dichloromethylsilane (bp 41 °G) and 
chlorodimethylsilane(bp 36 °G) in purified grades were re­
ceived from Shin-etsu Ghem. Ind . Co. ; chloromethylphenyl-
si lane(bp66—67 °C/15 mmHg) was synthesized from Gr ignard 
reagents. 1,3-Dimethyl-l,3-diphenyldisiloxane (bp 90 °C/0.25 
m m H g ; «" 1.5250) was prepared by the acid hydrolysis2) 
of chloromethylphenylsilane (yield 8 6 % ) . Commercial grade 
allyl cyanide (bp 119 °C) was purified by distillation im­
mediately prior to use. 

3-Cyanopropylchloromethylphenylsilane. A mixture of allyl 
cyanide (20 g, 0.30 mol), chloromethylphenylsilane (61 g, 0.39 
mol), andhexachloroplat inic(IV) acid solution3) (300 \x\), was 
sealed in a stainless bomb mainta ined at 120 °C for 24 h . 
Fractionation of the resultant products gave 59 g (88%) pure 
3-cyanopropylchloromethylphenylsilane (1), bp 95—96 °G/ 
0.08 m m H g . 

I R (neat) : 2225 (vCN), 1425 (Si-C f iH5), 1255 (Si -CH 3 ) , 
490 (Si-Cl). 

N M R (CCLJ: <5-=0.65 (3H, s , - G H 3 ) , 1.12 (2H, m, S i -

C H 2 - ) , 1.72 (2H, m, C-CH>-C) , 2.23 (2H, t, - C H . - C N ) . 
7.40 (5H, m , - C 6 H 5 ) . 

1,3-Bis (3-cyanopropyl) -1,3-dimethyl-1,3-diphenyldisiloxane. 
Hydrolysis of 1 under refluxing for 1 h, accompanied by con­
ventional t rea tment gave quanti tat ively the dimeric product , 
1, 3- bis ( 3-cyanopropyl) - 1,3-dimethyl- 1,3-diphenyldisiloxane 
(2). (bp 193—195 °C/0.05 m m H g , n*D° 1.5298). 

I R (nea t ) : 2225 (vCN), 1425 (Si-G 6H 3) , 1255 (S i -CH 3 ) , 
1055 (S i -O-Si ) . 

N M R (CC14): (5 = 0.33 (6H, s, - C H 3 ) , 0.85 (4H, m, S i -
C H 2 - ) , 1.53 (4H, m, C - C H 2 - C ) , 2.10 (4H, t, - C H > - C N ) , 
7.30 (10H, m, - C 6 H 5 ) . 

1,3-Bis (4-aminobutyl) tetraorganodisiloxanes. A typical prepa­
ration will be given for l ,3-bis(4-aminobutyl)-l ,3-dimethyl-
1,3-diphenyldisiloxaae (3) : 

T o a suspension consisting of l i thium a luminum hydride 
(4.3 g, 0.114 mol) and anhydrous ether (230 ml) cooled below 
0 °G, a solution of 2 (18.7 g, 0.0476 mol) in anhydrous ether 
(30 ml) was added dropwise under vigorous stirring for 20 min . 
T h e resultant mixture was further stirred for an addit ional 
40 min and water (5 ml) . 2 0 % aqueous sodium hydroxide 
solution (3.5 ml) and water (16 ml) were added in succession. 
T h e contents were stirred with continuous cooling to ensure 
completion of the reaction. 

After removal of the inorganic salts formed by filtration, 
the ethereal layer was dried over anhydrous sodium sulfate 
and successively fractionated to give 14.9 g (78%) of 3 (bp 
182—184°C/0.1 m m H g ; n2

D° 1.5312). 1, 2, and 3 are new 
compounds not found in the l i terature. 

T h e prepara t ion of the intermediate , 2 from the hydrosilyla-
tion of 1,3-dimethyl-l,3-diphenyldisiloxane and allyl cyanide 
in the presence of p la t inum catalyst was unsuccessful, yielding 
only a small amount of 3-cyanopropyl-1,3-dimethyl-l,3-di­
phenyldisiloxane as an addit ion product . 

T h e use of chlorodimethylsilane in place of chloromethyl­
phenylsilane in the plat inum-catalyzed hydrosilylation of allyl 
cyanide followed by a similar procedure as above, unfailingly 
yielded the tetramethyl analog, l ,3-bis(4-aminobutyl)tetra-
methyldisiloxane (4), (bp 119—122 °C/0,04 m m H g ; n™ 1.4360). 
Compd 3: 

Found : G, 65.78; H , 8.93; N , 6.99; Si, 13.92%. Calcd for 
C 2 2H 3 6N 2OSi 2 : C, 65.95; H , 9,06; N , 6.99; Si, 14.02%. 

I R (nea t ) : 3350 (yNH), 1590 (5N H), 1425 (Si-C 6H 5 ) , 1250 
(S i -CH 3 ) , 1055 (S i -O-Si ) . 

N M R (CC14): 6 = 0 . 2 8 (6H, s, - C H 3 ) , 0.83 (4H, br, S i -
C H 2 - ) , 1.38 (8H, br, C - G H 2 - G ) , 2.60 (4H, br, - C H 2 - N ) , 
3.00 (4H, br, - N H 2 ) , 7.30 (10H, m, - C 6 H 5 ) . 
Compd4: 

Found : C, 52.22; H , 11.72; N , 9.86; Si, 20 .28%. Calcd 
for C 1 2H 3 2N 2OSi 2 : C, 52.12; H , 11.66; N , 10.13; Si, 2 0 . 3 1 % . 

I R (neat ) : 3340.. 3270 (yNH), 1590 (5N H), 1250 (Si -CH 3 ) , 
1055 (S i -O-Si ) . 

N M R (CC14): (5 = 0.03 (12H, s , - C H 3 ) , 0.48 (4H, m, S i -
C H 2 - ) , 1.05 (4H, br, - N H 2 ) , 1.37 (8H, m, C - C H 2 - C ) , 2.62 
(4H, t, - C H 2 - N ) . 

Polymerization. Compound 3 behaved in a similar manner 
as the polymethylenediamines towards organic dibasic acids, 
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an example of which will be given as follows : 
T o a stirred solution of adipic acid ( l l . O g , 75.4 mmol) in 

ethanol (85 ml) , a solution of 3 (30.8 g, 77 mmol) in ethanol 
(60 ml) was added. O n standing overnight the solution de­
posited a fine colorless crystalline mass from which was ob­
tained by recrystallization from ethanol-benzene ( 1 : 1) 31.7 g 
(77%) of the pure adipic acid salt of 3 , melting at 174—175 °C. 

Found : C, 61 .61; H , 8.29; N, 5.20; Si, 10.22%. Galcd 
for C 2 3 H 4 6 N 2 0 5 Si , : C, 61.54; H , 8.42; N , 5.13; Si, 10.26%. 

I R (nea t ) : 1630, 1540 (NH8+), 1580, 1390 ( C O O " ) , 1420 
(S i -C 6 H 5 ) , 1250 (S i -CH 8 ) , 1055 (S i -O-S i ) . 

X - R a y powder pa t tern (Cu Äbc/Ni) 
d, kX: 7.628 6.919 6.707 6.326 4.848 4.770 4.671 4.462 

4.291 4.230 4.058 3.802 3.708 3.520 3.440 3.376 3.187 2.950 
2.622 2.557 
I/I0 0.63 0.17 0.69 0.54 0.29 0.58 0.42 1.00 0.73 0.44 0.80 0.38 

0.19 0.24 0.20 0.20 0.15 0.13 0.11 0.17. 
Melt-polymerization of the salt was conducted according to 

the method of S. B. Speck,4) and the final beat ing was conduct­
ed at 270 °C under a pressure less than 0.5 m m H g . 

The polymer obtained was a pale yellow, t ransparent , tough 
solid softening over the range of temperature 100—150 °C 
to give a sticky highly viscous liquid with high spinnability 
and insolubility in ordinary organic solvents except for m-
cresol. The intrinsic viscosity of the polyamide measured at 
25 °C in w-cresol was [0.46]. 

IR (neat ) : 3300 (*NH), 1640 (vc=0), 1540 (<5NH), 1425 (Si-
C 6H 5 ) , 1255 (S i -CH 3 ) , 1055 (S i -O-S i ) . 

Terephthal ic acid and sebacic acid were also found to give 

similar solids with different softening points when analogously 
treated. 

T h e a u t h o r s w o u l d l ike to t h a n k S h i n - e t s u C h e m . I n d . 
C o . for t h e s u p p l y of t h e o r g a n o c h l o r o s i l a n e s . 
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Friedel-Crafts Reaction of Anisole with 2-f-Butyloxirane 
Masashi INOUE, Masatsune HARADA, 1 Nobuyuki UMAKI, and Katsuhiko ICHIKAWA* 

Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Yoshida, Kyoto 606 

(Received November 2, 1978) 

Synopsis. The title reaction in excess anisole gave a 
mixture composed of 3-(methoxyphenyl)-2,3-dimethyl-l-buta-
nols (2) (a mixture of ortho and para isomers), 2-(/>-methoxy-
phenyl)-2-methybutane (3), and oligomer of 2-/-butyloxirane, 
while the same reaction in nitromethane gave a product com­
posed of 2 (only the para isomer) and hexylanisoles, but not 
3. The reaction sequences to give the products are discussed 
in terms of step-by-step and concerted alkylation mechanisms. 

A recent paper has described that epoxides react 
competitively with the aromatic substance under Friedel-
Crafts conditions via two different paths:1) Path a; 
a nucleophilic attack of aromatics on epoxide to yield 
2-aryl-l-alkanols,2) and Path b ; a rearrangement of the 
epoxide to a carbonyl compound, followed by condensa­
tion with aromatics. It was also found that the alkyla­
tion of anisole with epoxides in a ni tromethane solvent 
takes place preferentially through Path b . In the 
course of our study of Friedel-Crafts reactions with 
epoxides, we found a curious behavior of 2-i-butyl-
oxirane (1) under Friedel-Crafts conditions. 

When 1 was allowed to react with an excess of anisole 
in the presence of a luminum chloride, 3-(methoxy-
phenyl)-2,3-dimethyl-l-butanols (2) ( 2 1 % yield;3) ortho 
isomer 5 0 % and para isomer 50%) and 2-(methoxy-
phenyl)-2-methylbutane (3) (14% yield; only para 
isomer) were found, together with the oligomer (4). 

The retention volumes on GLC suggested that 4 was 
a mixture of dimer (8 wt % on the basis of the weight 
of the 1 used) and trimer ( 8 w t % ) of 1. When the 
reaction was carried out in ni tromethane, a 14% yield 
of 2 (only para isomer) and a 30 % yield of a mixture 
of isomer of hexylanisole were obtained, but no forma­
tion of 3 was observed. 

As the ring-opening and the rearrangement of simple 
epoxide are widely accepted as proceeding without the 
formation of a fully developed carbonium ion,4) the 
formation of 2, which appears to be derived from a 
neopentyl rearrangement, is interesting. Although the 
base-catalyzed ring-opening and polymerization of 1 
have been well established,5) no report concerning a 
reaction under acidic conditions has appeared to our 
knowledge. Therefore, several kinds of acid-catalyzed 
ring-openings of 1 were carried out in order to examine 
the possibility of such a rearrangement. 

As is shown in Table 1, the products are those which are 
formed by the direct attack on the epoxide carbon of 
1 ; no product could be detected which is to be expected 
from the neopentyl rearrangement, followed by nucleo­
philic attack. The results of the alkylation reported 
here are the first example of this kind of rearrangement 
in a simple aliphatic epoxide.6) 

TABLE 1. ACID-CATALYZED RING-OPENING 
OF f-BUTYLOXIRANE ( 1 ) 

Reaction condition Product (isolated yield) 

35% HCl, dioxane, 10 °C, 
3h . 
AICI3, 1,2-dichloroethane, 
ice bath, 2.5 h. 
Acetic acid, 70 °C, 48 h, 
then 10% NaOH. 
Formic acid, ice bath, 24 
h. 

Ethanol, a drop of H2S04 , 
room temp, 8 days. 

1 - Chloro - 3,3 - dimethyl - 2-
butanol (10) (90%) 
10 (8.4%) 

3,3-Dimethyl-1,2-butanediol 
(11) (92%) 
t - Butylethylene diformate 
(18%), 2-hydroxy-3,3-di­
methyl formate (19%), 1-
( hydroxymethyl ) - 2, 2 - di -
methylpropyl formate (8%), 
and 11 (8%) 
1 - Ethoxy - 3,3 - dimethyl-2-
butanol (89%) 

fH3 
CH,-C-CH W : : — C H . 

fH3 
CH^-C-Tf-

A1C1. 

ÏH3 
•CH7CH 

4-A1C1-

CH, CH, , 3 1 3 
CH, -C CH-CH7 

OH 

CUf 

CH3 

CH 3 -C-CH 2 CH 3 

OCH, 
0 

O C H , 

Scheme 1. Proposed reaction sequences for the reaction of 
1 in excess anisole. 

Product 3 is also an abnormal product. It is well 
known that undesired reactions always take place as 
the side reactions of Friedel-Crafts reaction.7) The re­
action sequences which have thus far been proposed to 
explain the side reactions, however, cannot explain the 
formation of 3 . T h e most probable reaction sequence is 
as follows: 1 undergoes ring-opening, rearrangement of 
methyl group, and ß-cleavage to yield 2-methyl-2-butene 
(5), which then reacts with anisole to give 3 (Scheme 1). 
A similar cleavage was reported in the BF3-catalyzed 
rearrangement of pinene oxide (6).8) In the Lewis acid-
catalyzed rearrangement of epoxide, the migrating 
groups are usually the substituents attached directly to 

t Present address: Research Center, Osaka Gas Co., Ltd., 
Konohana, Osaka 554. 
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the epoxide ring. I n contrast, the alkyl groups which 
are in the /^-position to the epoxide ring shift in the 
reactions of 1 and 6. As the backside of the epoxide 
C - O bond is shielded by the bulky if-butyl group in 1 
or the methyl group on the bridge carbon in 6, alkyl 
groups attached to the epoxide rings are prevented from 
approaching the carbonium-ion center. 

As the reaction of anisole with 2,3-dimethyl-2-butene 
affords a product consisting of more than 9 5 % para 
isomer (as shown by a separate control experiment), 
the high proportion of the ortho isomer in 2 formed in 
the reaction of excess anisole seems to be unusual. 
Kretchmer and McCloskey9) found that ethyl allylmalo-
nate and 5-hexen-2-one (7) react preferentially with 
anisole at the ortho position and explained the mecha­
nism by a cyclic process, in which both anisole and 
the alkylating agent coordinate to an aluminum atom. 
A similar mechanism might be applied to the ortho 
alkylation of anisole with 1. But in the reaction of 
1, the exchange of the solvent from excess anisole to 
ni tromethane reduced the proportion of ortho alkyla­
tion from 5 0 % to 0 % , whereas the alkylation of an­
isole with 7 was reported to yield 6 5 % and 5 5 % ortho 
product in excess anisole and in 1-nitropropane re­
spectively. T h e solvent effects of the reaction reported 
here seem to be too large to be explained by the ortho-
alkylation mechanism. 

CH3 CH3 CH^ 
C H 3 > p C H — CH2

 aJ^Î^ ^ CH 3 -C— Ĉ H-CH 
/ C H 3 Cio A1C V CH 3 N0 2 ( S lH 

Ç A 1 C 13 5CH3 

0CH3
 2 

Scheme 2. 

Nakajima et al. reported an asymmetric induction in 
the reaction of benzene with optically active 1,2-epoxy-
butane to yield 3-phenyl-l-butanol.10> From their re­
sults, one can consider that the hydride shift from the 
ß to the a position occurs in concert with the alkylation 
step of benzene. In the reaction of 1 in ni tromethane, 
the alkylation step seems similarly to occur in concert 
with the methyl migration and ring-opning of epoxide, 
as is shown in Scheme 2. An (5

,
N2-like transition state 

favors an attack on the para position of anisole because 
of steric hinderance. Scheme 2 can also explain the 
fact that the reaction in ni t romethane does not give 3, 
because this reaction mechanism does not involve a fully 
developed carbonium ion. In the case of the anisole 
solvent, the reacting species have a more carbonium-
ion character (Scheme 1) and the proportion of the 
ortho isomer increases. 

E x p e r i m e n t a l 

Into a mixture of aluminum chloride (2.7 g) and anisole 

(25 ml) held in an ice bath, a solution of 1 (1.00 g) in anisole 
(10 ml) was added dropwise under vigorous stirring over a 
period of 30 min; stirring was then continued for an additional 
2 h at the ice-bath temperature. After the usual work-up, 
the products were separated by column chromatography on 
silica gel, using benzene as the elutant. The distillation of the 
least polar fraction by means of a ball-oven apparatus yielded 
230 mg ( 13 % ) of 3, which was identical wi th a sample prepared 
by the alkylation of anisole with 5; NMR (CDC13) : 0.67 (3H, 
t), 1.25 (6H, s), 1.6° (4H, q), 3.78 (3H, s), and 6.7—7.3 (4H, 
phenyl). MS m/e (rel intensity) 180 (M+, 13), 149 (100), 
121 (17), and 90 (10). IR; 830 c m 1 . Found: C, 81.09; 
H, 9.94%. From the middle fraction was obtained 170 mg 
of 4; NMR (CDC13) : 0.92 (3H, s) and 3.1—4.0 (unresolved 
multiplets, 1H). IR: 3600, 3450, 1480, 1365, 1120, 1095, and 
1060 cm-1. 

The distillation of the most polar fraction by means of the 
ball-oven apparatus yielded 350 mg (17%) of two isomers 
of 2. Para isomer of 2: NMR (CDC13) : 0.92 (3H, d, 7=6 .4 
Hz), 1.72 (6H, s), 1.8 (2H, m, methine and OH), 3.35 (1H, 
d, d, 7 = 7 . 6 and 10.6 Hz), 3.78 (1H, d, d, 7 = 4 . 8 and 10.6 Hz), 
3.78 (3H, s, OCH3), and 6.7—7.3 (4H, AA'BB' coupling, 
phenyl). IR: 3350, 1610, 1580, 1518, 1300, 1260, 1190, 1030, 
and 830 cm"1. 
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Oxidation-reduction Equilibrium between Anion Radicals. 
Electron-accepting Property of 2,3-Dichloro-

5,6-dicyano-zj-benzoquinone 
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Synopsis. The electron affinity and the oxidation-reduc­
tion potential of 2,3-dichloro-5,6-dicyano-/>-benzoquinone 
were estimated by means of the equilibrium constant of the 
preferred electron transfer reaction between anion radicals in 
acetonitrile solution. 

I t is known that 7,7,8,8-tetracyanoquinodimethane 
( T C N Q ) and cyano-substituted /»-benzoquinone mole­
cules are strong electron acceptors, forming stable anion 
radical salts with some diamagnetic counter cations.1-6) 

A method was worked out for determining the electron 
affinity values of electron acceptor molecules by means 
of preferred electron transfer reaction between anion 
radicals in solution.1) By measuring the equilibrium 
constant of such a reaction, we can estimate the dif­
ference of the electron-accepting strengths between two 
acceptor molecules. The method was applied to the 
following electron-transfer (oxidation-reduction) reac­
tion in acetonitrile solution : 

TCNQ' + />-X3QCy2 TCNQ + />-X2QCy2', (1) 

where p-H2QCy2 ( X = H ) and />-Cl2QCy2 (X=G1) stand 
for 2,3-dicyano-/?-benzoquinone and 2,3-dichloro-5,6-di-
cyano-/>-benzoquinone, respectively. The equilibrium 
constant K of this reaction is given by 

[TCNQ][>X 2 QCy 2 ' ] 

[TCNQT][/,-X2QCy2r 
(2) 

Chemical equilibrium was easily observable in the re­
action between T C N Q / and/>-H2QCy2 , when j&-H2QCy2 

was added to an acetonitrile solution of the sodium salt 
of T C N Q , anion radical. T h e effect of cations was 
neglected, the activity coefficients of the solutes being 
assumed to be unity since their concentrations were of 
the order 10~5 mol /1 . T h e concentrations of [ T C N Q / ] 
and [/>-H2QCy2

T] in the equilibrium state were easily 
estimated spectrophotometrically, the K value in aceto­
nitrile being determined as iT=30 at 2 0 ± 1 °C. 

In the reaction between T C N Q T and j&-Cl2QCy2, 
however, the chemical equilibrium was not easily 
observed when />-Cl2QCy2 was added to an acetonitrile 
solution of T C N Q anion radical . An unpaired electron 
of T C N Q anion radical is transferred almost completely 
to p-C\2QOy2, the equilibrium constant K being so great 
that we can hardly determine the [ T C N Q T ] concen­
tration in the equilibrium state by the usual spectro-
photometric method. We could determine only the 
lower limit of K as K>2 X 103 in acetonitrile solution 
at 2 0 ^ 1 °C. This hampered the quantitative estimation 
of the electron affinity and the oxidation-reduction po­
tential of j&-Cl2QCy2. Yamagishi overcame the above 
difficulty and succeeded in determining the K value for 
the reaction between T C N Q T and />-Cl2QCy2.4) By 

adding />-Cl2QCy2 to an acetonitrile solution containing 
the T C N Q anion radical in the presence of large excess 
of T C N Q and jb-Cl2QCy2

T, the equilibrium concentra­
tion of [ T C N Q T ] can be estimated spectrophotometri­
cally. T h e equilibrium constant of Eq. 2 for the case 
of X = C1 was then determined to be Ä = (4.7=bl.0)x 105 

at 15 °C in acetonitrile solution.4) 
First, we estimate the oxidation-reduction potential 

of j&-Cl2QCy2 by the use of the K value obtained and 
the equation 

£ 0 (TCNQ, TCNQT) - M- In ^ ^ 

= E0(p-C\2QCy2, />-Cl2QCy2
T) 

RT [/>-Cl2QCy2'] 
F |>Cl2QCy2] ' (3) 

where R, T, and F are the gas constant, the observed 
temperature and the Faraday constant, respectively, E0 

( T C N Q , T C N Q ' ) and E0 (p-C\2QCy2, j*-Cl2QCy2 ' ) 
representing the standard oxidation-reduction poten­
tials in the formation of the anion radicals of T C N Q + e 
^ T C N Q ' and />-Cl 2QCy 2+e^/>-Cl 2QCy 2 ' , respective­
ly. These reactions are assumed to be reversible elec­
trode reactions in acetonitrile solution. When the value 
of X"=(4.7zh 1.0) X 105 determined spectrophotometri­
cally is put into Eq. 3, we have 

E0(p-Cl2QCy2, />-Cl2QCy2') 

= £ 0(TCNQ, TCNQ') + 0.32 V. (4) 

The oxidation-reduction potential in the formation of 
/>-H2QCy2 anion radical was obtained as E0 Q&-H2QCy2, 
/> -H 2 QCy 2

T )=£ 0 ( T C N Q , T C N Q ' ) + 0 . 0 9 V in aceto­
nitrile solution. Thus , the value of E0 (^-Cl2QCy2 , 
^>-Cl2QCy2 ') is larger than E0 (p-U2QCy2, />-H2QCy2 ' ) 
by 0.23 V. T h e increase in the E0 (p-Cl2QCy2, p-C\2-
Q C y 2 ' ) value is caused by the introduction of two 
chlorine substituents into 2,3-dicyano-/?-benzoquinone. 
In view of the magnitudes of these oxidation-reduction 
potentials, the electron-accepting strengths of acceptor 
molecules lie in the range TCNQ<j&-H2QCy2<j&-Cl2-
QCy 2 . 

Next, we examine the electron affinities of these ac­
ceptors. The observed equilibrium constant of Eq. 2 
is related to electron affinity by 

-RT\nK= £A(TCNQ) - EA(p-X2QCy2) 

+ AAG°olv(TCNQ, TCNQ') 

- AAG°olv(/>-X2QCv2, />-X2QCy2'), (5) 

where EA(M) is the electron affinity of neutral acceptor 
molecule M , and AAG°olv (M, MT) the difference in the 
free energy of solvation between the molecule and its 
anion radical. As long as the molecular sizes and 
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shapes of the acceptors are similar, we can reasonably 
assume AAGs°olv ( T C N Q , TCNCT)~AAGs

0
0 lv (p-X2QCy2, 

jfr-X2QCy2
T)j and we have 

-RTln K = £A(TCNQJ - EA(p-X2QCy2). (6) 

Thus , the absolute values of EA (jfr-X2QCy2), ( X = H or 
CI), will be determined from this relation if the value 
is once given for EA (TCNQ,) . So far, Briegleb's value 
of EA ( T C N Q ) = 1.7 eV has been taken as a reference,2»5) 
but the value appears to be underestimated. Farragher 
and Page measured the EA ( T C N Q ) value by magnetron 
method and proposed EA ( T C N Q ) = 2 . 8 8 eV as a stand­
ard.6) Their value is considered to be more reliable. 
If we take EA ( T C N Q ) = 2 . 8 8 eV, we can estimate the 
values of EA (p-H2QCy2) and EA (p-C\2QCy2) by Eq . 6 
to be 2.97 eV and 3.20 eV, respectively. The electron-
accepting strength of jfr-Cl2QCy2 is very strong but some­
what weaker than that of hexacyanobutadiene ; 
Farragher and Page reported the electron affinity of 
the latter compound to be 3.30 eV.6) 

I t is of interest to compare the EA Qfr-X2QCy2)— EA 

( T C N Q ) , ( X = H or CI), values obtained from Eq. 6 
with those estimated from the charge-transfer absorption 
spectra. T h e acceptors of T C N Q , />-H2QCy2, and p-
Cl2QCy2 form charge-transfer complexes with various 
electron donors in solution. For a common donor, D, 
the energy difference of the charge-transfer bands, hvCT 
(D, T C N Q ) - ^ C T (D, />-X2QCy2), ( X = H or CI), can 
be approximately written as 

hvCT(D, TCNQ) - hvCT(D, />-X2QCy2) 

= EA(p-X2QCy2) - £A(TCNQJ. (7) 

T h e charge-transfer complexes with various donor mol­
ecules of polycyclic aromatic hydrocarbons were ex­

amined in 1,2-dichloroethane. By observing the charge-
transfer absorptions, together with Eq. 7, EA (jfr-X2Q-
C y 2 ) - £ A (TCNQ) , ( X = H or CI), was evaluated for each 
common donor. For five donors, the average value of 
EA (p-H2QCy2)-EA (TCNQ) was 0 .05±0 .05 eV, while 
that of EA (p-C\2QCy2)-EA (TCNQ) was 0 .29±0 .05 eV. 
O n the other hand, from Eq. 6, the experimental re­
sults of oxidation-reduction equilibrium give EA (jfr-H2-
QCy2) -EA ( T C N Q ) = 0 . 0 9 eV and EA (p-C\2QCy)2-EA 

( T C N Q ) = 0 . 3 2 eV. The values agree, within experi­
mental error, with those estimated from the charge-
transfer absorptions, respectively. This, in return, sup­
ports the assumption AAGs°olv ( T C N Q , T C N Ç T ) ^ 
AAGs°olv (/>-X2QCy2, p-X2QCy2*), (X = H or CI), in 
deriving Eq. 6. 

In conclusion, the present technique of oxidation-
reduction equilibrium between anion radicals is useful 
for determining the electron affinity values of electron 
acceptor molecules as well as the oxidation-reduction 
potentials in the formation of anion radicals of these 
acceptors. 

T h e author wishes to thank Dr. Akihiko Yamagishi 
for his helpful discussions. 
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Synopsis. Internal acetylenes substituted with alkyl 
groups and terminal acetylenes substituted with alkyl, aryl, 
and functionallized alkyl groups are converted to disubstituted 
quinones by the photochemical reaction with Fe(CO)5 fol­
lowed by treatment with Ce (IV). 

In the course of our investigations on quinonoid com­
pounds,1) we required a new synthetic methodology for 
disubstituted benzoquinone derivatives. Indirect meth­
ods,2) whereby two substituents are introduced stepwise 
into benzoquinone, suffer from several difficulties, such 
as low yields and frequent need for long reaction steps. 
Direct conversion can be achieved by the photochemical 
reaction of acetylenes with Fe(CO)5 .3) I t appeared that 
this procedure would provide an attractive route to 
disubstituted benzoquinones because of a simple opera­
tion and a satisfactory yield. However, a curious thing 
was that any systematic investigations had not been 
performed and the ratio of products (2,5- and 2,6-iso-
mers) had not been established. Consequently, we 
decided to explore the reaction of various types of acety­
lenes with Fe(CO) 5 in hopes of developing a practical 
procedure and establishing the scope and limitations. 

R e s u l t s a n d D i s c u s s i o n 

A benzene solution of an acetylene and Fe (CO) 5 was 
irradiated by a high pressure H g lamp under N 2 , and 
the reaction was followed by G L P C . After most of the 
starting acetylene was consumed, treatment of the reac­
tion mixture with eerie ammonium nitrate produced 
the desired quinones. T h e results are summarized in 
Table 1. The structure of 2,5-(2) and 2,6-isomers (3) 
was determined by the 1 H N M R spectra of their acetyl 
derivatives. Reductive acetylation of 2 and 3 produced 
4 and 5, respectively, in a good yield. Since the two 
acetyl groups of 4 possess an identical chemical shift 
and those of 5 two different chemical shifts, two isomers 
could be easily discriminated. 

TABLE 1. REACTION OF VARIOUS ACETYLENES 

WITH Fe(CO)6
a> 

Acetylene 1 
R 

Products, 
% (isold) Conversion 

o/ /o 

-(CH2)6CH3 (la) 
-(CH,),C1 (lb) 
-(CH2)8C02CH3 (lc) 
-C6H5 (Id) 
-C6H4CH3 (le) 
-C6H4C1 (If) 

28 
11 
22 
22 
18 
17 

22 
9 

16 
9 
9 

10 

94 
96 
93 
96 
96 
85 

R-C.C-H.Fe(C0)5 ^ ) a q
C / f f , 

0 0 ? A c
 T -

0 
(2) 

0 
(3) 

OAc 

(4) 
OAc 

(5) 

As is apparent from Table 1, the terminal acetylenes 
can be converted to the corresponding quinones and 
the functional groups can be introduced into the side 
chain. Normally, 2,5-isomer (2) is obtained predominant­
ly, presumably owing to the steric reason. However, 
diphenylacetylene does not give the desired quinone, 
though dimethylacetylene can be converted to duro-
quinone.3) Since the reaction of phenylacetylene, p-
methylphenylacetylene, and /?-chlorophenylacetylene 
proceeds in a similar fashion and the product distribu­
tions are nearly identical, it seems that the electronic 
circumstances around the triple bond do not influence 
the reaction cource. Other acetylenes such as 2-propyn-
l-ol, 3-bromo-l-propyne, 3-methoxy-l-propyne, and 1-
butyne-3-one, where the functional groups are involved 
in the alpha-position, did not produce the desired 
quinones. 

We next examined the reaction of acyclic alkadiynes 
with Fe (CO) 5 in hopes of obtaining cyclophanes bearing 
quinonoid structure.4) Unfortunately, however, similar 
treatment of 1,9-decadiyne with Fe (CO) 5 did not pro­
duce the desirable methylene bridged benzoquinone but 
afforded the normal intermolecular cyclization products. 
Other diynes such as 1,7-octadiyne and 1,11-dodeca-
diyne gave the similar results. Consequently, the intra­
molecular cyclization is an unfavorable reaction at least 
in the above three diynes. 

Finally the reaction of trimethylethynylsilane was 
examined to explore a possibility of obtaining quinone 
metalloids bearing a silyl group. Such a metalloid may 
be converted further to a number of functionallized 
quinone derivatives, since the transformation of G-Si 
bond to various G-Hetero bonds and G-G bond is well 
established.5) Unexpectedly, the reaction took an entire­
ly different course. Gyclopentadienone derivative was 
isolated from among tarry materials. Although the 
structure was assigned as the cyclopentadienone-Fe com­
plex (6 or 7), the discrimination between both isomers 

MeoSi Q. 
Me3Si r 5 iMe 3 

a) Conversion indicates the amounts of 
acetylene consumed after 2 h irradiation. 

SiMe-j 
0 NFe(C0)3 

(6) 

0 Te(C0)3 

(7) 
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T A B L E 2. T H E RELATIONSHIP BETWEEN THE SUBSTITUENTS 

OF ACETYLENES AND THE REACTION PRODUCTSA) 

R - G E G - R ' 

R 

-(CH2)mX 
-C6H4-Y 
-CaH6 

-SiMe3 

cyclo-C3H4-
Me-

R' 

Hb) 
Hb) 

w Hb) 
H') 
Me3) 

R' 

R 

) 

O 

II II 
/ \ X ^ R ' 

Ô Fe(CO)3 

Yes 
Yes 
No 
No 
Yes 
Yes 

O 

RVX/R 
|| -![-Fe(CO)a 

R / ^ F e ^ R ' 
(CO)3 

No 
No 
Yes 
No 
No 
No 

R' 

R 

v / R ' 
II II 

/ \ X X R 
Ô Fe(CO)3 

No 
No 
Yes 
Yes 
No 
No 

a) Yes indicates that the product is obtained, and No means the reverse. 
b) Our own works. 

w a s n o t poss ib le . T h e r e a c t i o n of t r i m e t h y l p r o p y n y l -
s i l ane o r t r i m e t h y l - 1 - h e x y n y l s i l a n e w a s q u i t e s luggish , 
a n d these ace ty l enes w e r e r e c o v e r e d e v e n after i r r a d i a ­
t i on for 2 4 h . 

I n c o n c l u s i o n , t h e c o u r s e of t h e r e a c t i o n h i g h l y d e ­
p e n d s u p o n t h e s t r u c t u r e of a c e t y l e n e s . T h e resul ts 
of o u r o w n e x p e r i m e n t s a n d o t h e r s a r e s u m m a r i z e d in 
T a b l e 2 . T h e r e q u i r e m e n t for o b t a i n i n g q u i n o n e d e ­
r iva t ives is t h a t i) i n t e r n a l ace ty l enes a r e s u b s t i t u t e d 
n o t w i t h a r y l g r o u p s b u t w i t h a lkyl g r o u p s , a n d t h a t 
t e r m i n a l ace ty l enes a r e s u b s t i t u t e d w i t h ii) a lky l g r o u p s , 
iii) a r y l g r o u p s , a n d w i t h iv) func t iona l l i z ed a lky l g r o u p s 
w h e r e t h e f u n c t i o n a l g r o u p s a r e s e p a r a t e d f rom t h e 
q u i n o n e m o i e t y a t leas t b y t w o m e t h y l e n e u n i t s . 

E x p e r i m e n t a l 

General Procedure for the Reaction of Acetylenes with Fe(CO)5. 
Oxygen-free dry benzene solution oj an acetylene (0.025 mol) 
and Fe(GO) 5 (4.9 g, 0.025 mol) was i r radiated by a high 
pressure H g l amp under N 2 at 20 °C. GLPG examination 
revealed tha t generally the acetylene was almost consumed 
after 2 h. Then , the solvent was removed under reduced 
pressure, giving black oil. T o an acetone solution of this oil 
was added an e thanol-water (72: 25) solution of (NH4)2Ce-
( N 0 3 ) 6 (13.7 g, 0.025 mol) with stirring and the resulting 
mixture was stirred overnight at room temperature . The 
organic materials were extracted with benzene and dried over 
anhyd. N a 2 S 0 4 . T h e products were filtered through the col­
u m n of silica, and benzene eluted the desired quinones in 
substantially pure form. These quinones (a mixture of 2,5-
and 2,6-isomers) were further filtered through the column of 
silica to separate the isomers, and to obtain analytically pure 
materials. 2a (yellow needles) ; m p 83—83.5 °G; N M R (CC14) 
0.89 (t, 6H) , 1.70—1.10 (m, 16H), 2.40 (t, 4H) , 6.50 (s, 2 H ) ; 
I R (KBr) 1652, 1615 cm" 1 ; Mass m/e 276; Found ; G, 78.38; 
H , 10.24%. Galcd for G 1 8 H 2 8 0 2 : G, 78.21; H , 10 .21%. 3a 
(brown oil); N M R (GG14) 0.90 (t, 6H) , 1.80—1.10 (m, 16H), 
2.45 (t, 4H) , 6.52 (s, 2 H ) ; I R (neat) 1659, 1615 c m - 1 ; Mass 
m/e 276; Elemental analysis was not performed since the pat­
tern of mass spectra was identical with 2a . 2b (yellow crystal) : 
m p 66—69 °G; N M R (GDG13) 2.08 (m, 4 H ) , 2.62 (t, 4H) , 3.56 
(t, 4H) , 6.57 ( s , 2 H ) ; I R (KBr) 1649 cm" 1 ; M S m/e 260.040. 
Galcd for G12H140.2G12; 260.037079. 3 b (brown oil) ; N M R 
(GDG13) 1.99 (m, 4 H ) , 2.61 (t, 4H) , 3.55 (t, 4H) , 6.50 (s, 
2 H ) ; I R (neat) 1655, 1616cm- 1 . 2c (pale yellow needles); 
m p 94—94.5 °G; N M R (GDG13) 1.60—1.20 (m, 28H) , 2.40 
(t, 4H) , 3.67 (s, 6H) , 7.16 (s, 2 H ) ; I R (KBr) 1733, 1651 cm" 1 ; 

Found ; G, 69.52; H , 9 . 0 1 % . Calcd for G 2 6H 4 0O 6 ; G, 69.61 ; 
H , 8.99%. 3c (yellow oil) ; N M R (GDG13) 1.60—1.20 (m, 
28H) , 2.30 (t, 4H) , 3.68 (s, 6H) , 6.50 (s, 2 H ) ; I R (neat) 
1740, 1665 c m - 1 ; Found; G, 69.52; H , 9 . 0 1 % . Galcd for 
G 2 6 H 4 0 O 0 ; G, 69.61; H , 8.99%. 2d (orange-yellow plates); 
m p 214—215 °G (lit,8) 214 °C) ; N M R (GDG13) 6.84 (s, 2H) , 
7.36 (m, 10H); I R (KBr) 1646cm- 1 . 3d (reddish needles); 
m p 137—138 °G (lit,9) 135 °G) ; N M R (GDG13) 6.82 (s, 2H) , 
7.36 (m, 10H); I R (KBr) 1652 cm- 1 . 2e (orange-yellow 
plates) ; m p 222—223 °G (lit,10) 220 °G) ; N M R (GDG13) 2.42 
(s, 6H) , 6.88 (s, 2H) , 7.50—7.10 (m, 8 H ) ; I R (KBr) 1657 
cm" 1 . 3e (orange-red needles); m p 150—155 °G (lit,9) 161 
°G); N M R (GDGI3) 2.40 (s, 6H) , 6.84 (s, 2H) , 7.30—7.00 
(m, 8 H ) ; I R (KBr) 1668cm- 1 . 2f (orange needles); m p 
223—224 °G; N M R (GDG13) 6.94 (s, 2H) , 7.50—7.20 (m 
8 H ) ; I R (KBr) 1652 cm" 1 ; Found ; G, 65.59; H , 2.89; Gl, 
21 .43%. Galcd for G1 8H1 0O2Gl2 ; G, 65.67; H , 3.07; Gl, 
21 .54%. 3f (orange crystal); m p 112—116 °G; N M R 
(GDGI3) 6.82 (s, 2H) , 7.50—7.20 (m, 8 H ) ; I R (KBr) 1660 
c m - 1 ; Found ; G, 65.59; H , 2.89; Gl, 21 .43%. Galcd for 
G 1 8H 1 0O 2 Gl2; G, 65.67; H , 3.07; Gl, 21 .54%. 

T h e reductive acetylation was carried out by the reported 
procedure.11) T h e reaction proceeded quite smoothly, and 
the reaction product was directly analyzed by 1H N M R spec­
tra without further purification. 4 a ; N M R (GG14) 0.88 (t, 6H) , 
1.70—1.10 (m, 16H), 2.19 (s, 6H) , 2.43 (t, 4 H ) , 6.77 (s, 2H) . 
5 a ; N M R (CGI,) 0.90 (t, 6H) , 1.70—1.10 (m, 16H), 2.19 
(s, 3H) , 2.24 (s, 3H) , 2.40 (t, 4 H ) , 6.75 (s, 2H) . 4 d ; N M R 
(GDGI3) 2.07 (s, 6H) , 7.16 (s, 2H) , 7.50—7.30 (m, 10H). 
5 d ; N M R (GDG18) 2.05 (s, 3H) , 2.10 (s, 3H) , 7.00 (s, 2H) , 
7.50—7.30 (m, 10H). 4 e ; N M R (CDC13) 2.08 (s, 6H) , 2.36 
(s, 6H) , 7.12 (s, 2H) , 7.40—7.20 (m, 7H) . 5 e ; N M R (GDG18) 
2.06 (s, 3H) , 2.11 (s, 3H) , 2.35 (s, 6H) , 7.05 (s, 2H) , 7.40—7.20 
(m, 8 H ) . Other isomers (2b and 3b , 2c and 3c, 2f and 3f) 
were determined by the i r carbonyl stretching frequencies. 

T h e reaction of ethynylsilane with Fe(CO)5 was performed 
similarly. After irradiation for 4 h, evaporat ion of the solvent 
followed by filtration through the column of florisil gave the 
complex (6 or 7 ) ; pale yellow needles (mp 135—138°G); 
yield 2 % ; N M R (GDG18) 0.32 (s, 18H), 5.52 (s, 2 H ) ; I R 
KBr) 2055, 1993, 1960, 1606 c m - 1 ; U V (GHG18) Amax 302 
nm, log 8 = 3 . 5 ; Mass m/e 364; Found; G, 45.39; H , 5.54%. 
Galcd for G l a H 2 0 O 4 Si 2 Fe; G, 46.15; H , 5 .53%. 
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Synopsis. The treatment of amino acids with ethyl 
/»-toluenesulfonate affords the /»-toluenesulfonates of the ethyl 
esters in good yields. Tryptophan ethyl-ester/»-toluenesulfonate 
was also prepared in an 81% yield. 

In the peptide synthesis, the /»-toluenesulfonates of 
ethyl esters of amino acids are of importance as starting 
materials.1) 

The /»-toluenesulfonates of the ethyl esters of amino 
acids have previously been prepared by the use of p-
toluenesulfonic acid as a catalyst; the synthesis involved 
the azeotropic distillation of a mixture of amino acid, 
jö-toluenesulfonic acid, ethanol, and carbon tetrachlo­
ride.2) 

We have now found that amino acids are easily con­
verted to the />-toluenesulfonates of the ethyl esters in 
good yields by treatment with ethyl /»-toluenesulfonate. 
The results thus obtained are summarized in Table 1. 
The method was very convenient and required neither 
special apparatus nor complicated manipulat ion: the 
ethanolic suspension of amino acid was refluxed while 
being stirred for 24—30 h in the presence of ethyl p-
toluenesulfonate. We have not observed any TV-ethyla-
tion or jV-tosylation of the amino acids under these con­
ditions. Tryptophan ethyl-ester /»-toluenesulfonate has 
not been synthesized previously, probably because of 
its instability to /»-toluenesulfonic acid. However, we 
succeeded in synthesizing this compound in an 8 1 % 
yield by the use of our method. 

It has previously been reported that the reaction of 
3/?-steroidal tosylates with te t rabutylammonium acetate 
in acetone gives 3«-acetates in good yields and appears 
to be a nucleophilic bimolecular S^2. displacement by 
acetate.3) Taking into account the fact that the tosylate 
is a very good leaving group,3 - 5) the esterification may 
be explained as is shown in the following reaction 
scheme. 

R 
+NH3-CH-COO^ 

CH3-CH2TJ-T0S 

reflux 
EtOH 

R 

TosO"-+NHrCH-COOEt 

E x p e r i m e n t a l 

All the melting points were uncorrected. The TLC was 
carried out on a silica-gel 60 F2M pre-coated plate (Merck 
and Go.) with the following solvent systems: R{ 1 CHC13-
MeOH (5 :1 , v/v); Rt 2 n-BuOH-AcOH-pyndine-H2b 
(15: 3: 10: 12, v/v). The optical rotations were measured on 
an Atago Polarimeter Polax. The IR spectra were recorded on 
a Hitachi EPI-2 spectrometer. Ethyl /»-toluenesulfonate was 
purified by distillation under reduced pressure, a fraction with 
a bp of 121 °C/2 mmHg being used. All the amino acids used 
in this experiment, except glycine and 4-aminobutyric acid 
(4-Abu), had an ^-configuration. 

General Esterification Procedure. A suspension of the amino 
acid (10 mmol) and ethyl/»-toluenesulfonate (11 mmol) in ab­
solute ethanol (40 ml) was refluxed while being stirred for 
24—30 h, during which dissolution occurred. After the evapo­
ration of the solvent, the residual material was treated with 
ether. The precipitate filtered off was recrystallized from hot 
ethanol-ether. 

L- Tryptophan Ethyl-ester p- Toluenesulfonate. This was pre­
pared from Trp (2.04 g, 10 mmol) and ethyl /»-toluenesul­
fonate (2.20 g, 11 mmol) as has been described above. Yield 
3.28 g (81%); mp 139—140 °C; [a]3D° +15.4° (c 4, EtOH); 
IR (Nujol) 3370 (indole NH) and 1730 c m - (C=0); R{ ± 0.49, 
R{ 2 0.81. Found: C, 59.38; H, 6.09; N, 6.67%. Calcd for 
C20H24O5N2S: C, 59.39; H, 5.98; N, 6.92%. 

TABLE 1. /»-TOLUENESULFONATES OF ETHYL ESTERS OF AMINO ACIDS 

Amino 
acid 

Yields 
(%) 

Mp (°G) ML O 

Obsd Lit2) Obsd 
(c, solvent, t °G) 

Lit2' 
(c 2, DMF, 20 °G) 

Gly 
4-Abu 
Val 
Leu 
Phe 
Tyr 
Met 
Trp 
Pro 

100b) 
86 
87 
92 
89 
93 
86 
81 

100b> 

oil 
82—84 

147—149 
153—154 

153.5—154 
190—190.5 
128—129 
139—140 

oil 

oil 
83 

143—144 
158 
153 
193 
127 

oil 

+ 12.5 (4 DMF 20) 
+ 6.0 (4 DMF 18) 
+ 14.9(2 DMF 17) 
+ 12.3(4 DMF 21) 
+ 6.9 (4 DMF 22) 
+ 15.4(4 EtOH 30) 

+ 10.2 
+ 7.8 
+ 15.5 
+ 12.6 
+ 6.5 

a) Yields were of recrystallized products, b) Yield was estimated by TLC. 
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The 14N nuclear quadrupole resonances (NQR) in sulfuric diamide (sulfamide), H2NS02NH2 , and meth-
anesulfonamide, CH3S02NH2 , were studied by the pulse method. The resonance frequency and the spin-lattice 
relaxation time (7\) were measured in the temperature range from liquid nitrogen temperature to room temper­
ature. In the case of sulfuric diamide, 7\ decreases monotonously as the temperature rises, and is dominated 
by the thermal torsional motion below 140 K. On the other hand, Tx is attributed to the reorientation of the 
amino group in the temperature range from 200 to 240 K, whereas it is due to the reorientation of the molecule 
above 240 K; the activation energies in these orientations are 43.5 and 61.5 kj-mol - 1 respectively. In the 
case of methanesulfonamide, the minimum of 7\ is found near 130 K. This is caused by the rotation of the 
methyl group. The activation energy for this motion is calculated to be 9.6 kj- mol -1. The dominant re­
laxation mechanism is attributed to the reorientation of the amino group from 200 to 240 K and to the re­
orientation of the molecule above 240 K. The activation energies for these motions are 19.2 and 40.6 kj-
mol -1 respectively. 

Structural studies on sulfuric diamide (sulfamide), 
H 2 N S 0 2 N H 2 , and methanesulfonamide, C H 3 S 0 2 N H 2 , 
have been performed by various spectroscopic means. 
The 14N nuclear quadrupole resonance (NQR) study 
on the former compound was recently reported by 
our group.1) We hope to obtain further information 
on the dynamical properties of the two materials from 
14N nuclear quadrupole relaxation. W e have measured 
the spin-lattice relaxation time (7 \ ) by the pulse 
method and will discuss the molecular motions in 
these compounds. 

Exper imenta l 

14N NQR measurements were carried out using a pulse 
spectrometer, consisting of a Matec gating modulator Model 
5100, a R. F. gated amplifier Model 515, and a tuned receiver 
Model 615, which was designed by Petersen.2»3) The reso­
nance frequency and the spin-lattice relaxation time were 
measured in the temperature range from liquid nitrogen 
temperature to room temperature by the repeating 90° pulse 
method.4) The pulse width was about 25—50 [is. The 
free induction decay signal was averaged in a Nicolet Instru­
ment Model 527 signal averager. The temperature was 
controlled by the method of Abe5) or Petersen.2»3) The 
temperature was measured by the use of a copper-constantan 
thermocouple and stabilized within ±0 .1 K. The frequency 
was checked by means of a frequency counter, TR-5104, 
from the Takeda Riken Go. 

The sulfuric diamide was obtained by the reaction of 
sulfuryl chloride with liquid ammonia and was purified by 
recrystallization from acetone.6) On the other hand, the 
methanesulfonamide was prepared by the reaction of meth-
anesulfonyl chloride with liquid ammonia and was purified 
by recrystallization from 1:2 ethanol-benzene.7) In the 
present measurements, we used about a 20-g portion of each 
sample melted in a glass ampoule. 

R e s u l t s and D i s c u s s i o n 

Generally a pair of 14N N Q R frequencies, v_ and 
v+9 are observed for a species of nitrogen a tom: 

\e2Qa\ 

where \e2Q^qjh\ and f] are the quadrupole coupling 

constant and the asymmetry parameter , respectively. 
In methanesulfonamide, a pair of resonance lines were 
found: r_=2442 .1 kHz and r+ = 3400.2 kHz (at liquid 
nitrogen temperature) . T h e quadrupole coupling 
constant and asymmetry parameter derived from these 
frequencies are as follows: \e*Qqjh| =3894 .9 kHz and 
7]=49.20%. These values are to be compared with 
those for sulfuric diamide: \e2QqfhI =3905 .3 kHz and 
? = 5 0 . 8 2 «ft.1) 

T h e temperature dependence of the resonance fre­
quencies, v_ and v+ lines, in sulfuric diamide and meth­
anesulfonamide is shown in Fig. 1. T h e temperature 
dependence in sulfuric diamide is smaller than that 
in methanesulfonamide. This fact may be explained 
by the intermolecular interaction, probably by the 
difference in the number of the hydrogen bonds between 
sulfuric diamide and methanesulfonamide. T h a t is, 
the vibration of the nitrogen atom in sulfuric diamide 
is more suppressed than in methanesulfonamide. 

3.38^ • • • 

S3 3 - 3 6 h *•• 

S 

2.44L 
O O O O O O O OO o <? • • • Ä 

2.42 ^ « J 

100 200 300 

T/K 

Fig. 1. The temperature dependence of the resonance 
lines in sulfuric diamide (O) and methanesulfonamide 
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200 

r/K 
Fig. 2. The temperature dependence of the spin-lat­

tice relaxation times in sulfuric diamide. O : v~ 
line; # : v+ line. 

T h e temperature dependence of the spin-lattice relax­
ation times (7 \ ) for v_ and v+ lines in sulfuric diamide 
is shown in Fig. 2. Both curves are coincident within 
the experimental error. This fact suggests that the 
molecular motions equally contribute to 7 \ for v_ and 
v+ lines. 

Below 140 K, the spin-lattice relaxation time is 
determined by torsional lattice vibration and is dominat­
ed by indirect two-phonon processes so that l / 7 \ o c T 2 . 

Above 200 K, the spin-lattice relaxation time drops 
exponentially as the temperature rises. This process 
can probably be attributed to the reorientation of 
the amino group around the S-N bond or to the reori­
entation of the molecule. In this case, the relaxation 
time is given by the following equation:8) 

l / 7 \ = Cr/(l+o>}r») ( i = + , - , A), (2) 

where C is a constant related to the intrinsic nature of 
the molecular motion, r is the correlation time, and 
coi is the resonance angular frequency. In the low 
temperature region of the 7 \ minimum, co i r> l , and 
assuming the Arrhenius' relation for the correlation 
time, the following equation holds: 

T = T0exp(EJRT), (3) 

where r0 is the inverse frequency factor and EA is the 
activation energy of the motion. Accordingly, we get 

llT1=f(a>i).exp(-EJRT). (4) 

Equation 4 can be rewritten as follows: 

l n C l / r j = -EjRT + f'fa) (5) 

where f (coj) is a function of coi5 whose temperature 
dependence is negligible. In Fig. 3, the l n ( l / 7 \ ) 
value is plotted as a function of \jT. A break point 
is found near 1 0 3 / T = 4 . 2 / K (about 240 K) as is shown 
in Fig. 3. This suggests that 7 \ above 240 K and 
7 \ below 240 K are dominated by different molecular 
motions. T h a t is, the dominant relaxation mechanism 
below 240 K is considered to be caused by the reorienta­
tion of the amino group around the S-N bond, whereas 
that above 240 K is brought about by the reorientation 

£ 2 

o 

~ 2 

4.0 4.5 5.0 

io3 r-VK-1 

Fig. 3. ln(l/7\) vs. \0S/T in sulfuric diamide. O: 
V- line; # : v+ line. 

0.05 h 

Fig. 4. The temperature dependence of the spin-lat­
tice relaxation times in methanesulfonamide. O : i'_ 
line; # : v+ line. 

of the molecule. In fitting Eq. 5 to the experimental 
7 \ values, the activation energies for these motions 
are determined: 43.5zt4.3 k j - m o l - 1 for the former 
motion and 61.5zt6.2 k j - m o l - 1 for the latter. 

T h e temperature dependence of the spin-lattice relax­
ation times for v_ and v+ lines in methanesulfonamide 
is shown in Fig. 4. In the temperature region from 
liquid nitrogen temperature to 200 K, Tx for the 
v+ line, i.e., 7 \ ( r + ) , are longer than those for the v_ 
line, i.e., Tx(y_). However, above 200 K both relaxa­
tion times are coincident within the experimental error. 
This fact suggests that the molecular motion contributes 
differently to Tx(v_) and 7\(v+) below 200 K, but 
equally above 200 K. 

In the temperature range from liquid nitrogen 
temperature to 170 K, a 7 \ minimum is found near 
130 K, as is shown in Fig. 4. This is caused by the 
introduction of the methyl group, and accordingly by 
the rotation of the group. The activation energy for 
this motion is calculated to be 9.6±0.9 k j - m o l - 1 by 
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4.0 4.5 5.0 
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Fig. 5. ln(l/7i) vs. \0S/T'm methanesulfonamide. O : 
V- line; # : v+ line. 

the BPP theory.9) This value is to be compared with 
9.2 k j - m o l - 1 for the rotation of the methyl group in 
acetonitrile.10) 

Above 200 K, Tx drops exponentially as the temper­
ature rises; this is shown in Fig. 4. As is shown in 
Fig. 5, in the ln(l/T'1) plot against l / T , a break point 
is found near 10 3 /T=4 .2 /K (about 240 K ) . This fact 
is explained in the same manner as for sulfuric diamide. 
Tha t is, T± is dominated by the reorientation of the 
amino group around the S-N bond below 240 K and 
by the reorientation of the molecule above 240 K. 
In fitting Eq. 5 to the experimental 7 \ values, the 
E& values are determined: 19.2±1.9 k j - m o l - 1 for the 
former motion and 40.6±4.1 k j - m o l - 1 for the latter. 
These values are smaller than those in sulfuric diamide. 
This suggests that the intermolecular interaction in 
methanesulfonamide is weaker than that in sulfuric 
diamide, that is, the number of the hydrogen bonds 
per molecule in the former compound is smaller than 
that in the latter. 

Takagi et al.11) calculated the energy of the hydrogen 
bonds in sulfuric diamide to be 19.7 k j -bond - 1 , as­
suming that there are only two N - H - O hydrogen 
bonds per molecule, although there are other weak 
N-H---N hydrogen bonds.12) Assuming that the 
activation energy (E&) for the reorientation of the 
amino group comes mostly from breaking the hydrogen 
bonds, N - H - O , it is estimated to be 39.3 kj-mol" 1 , 
which is in good agreement with our experimental 
value, 43.5 k j -mol - 1 . In the case of methanesulfon­
amide, the E& value for the reorientation of the amino 
group is 19.2 k j -mol - 1 , which is nearly equal to 19.7 
k j -bond - 1 . Accordingly, it is concluded that there 
is one hydrogen bond, N - H - O , per molecule, 
although there may exist other weak hydrogen bonds, 
for example N-H---N. 
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Ultrasonic Absorption in Dodecane Solution of Aerosol OT 
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The ultrasonic absorptions of Aerosol OT in dodecane solution were measured in the frequency range 5— 
95 MHz at various temperatures. An excess absorption caused by single relaxation was observed above the 
second critical micelle concentration. This is attributed to the conformational change in structure of two kinds 
of Aerosol OT micelles, since the maximum excess absorption per wave length depends on the concentration and 
temperature. The thermodynamic and kinetic parameters were determined in relation to the reaction. 

The kinetics of micelle formation in surfactant solu­
tions have been extensively studied in aqueous solutions 
by means of various relaxation methods.1 - 1 0) However, 
few studies have been performed on the kinetics of 
reverse micelles in nonpolar solvents. 

Aerosol O T (sodium l,2-bis(2-ethylhexyloxycarbon-
yl)ethanesulfonate) forms reverse micelles in dodecane 
and its solution properties have been extensively in­
vestigated by static methods.11 -13) The purpose of 
the present investigation is to clarify the kinetic behavior 
of dodecane solutions of Aerosol O T by means of 
ultrasonic absorption. 

Exper imenta l 

Dodecane was dried on P 2 0 5 and distilled under reduced 
pressure (8 mmHg). Aerosol OT (guaranteed reagent grade) 
was dried at 105 °G under reduced pressure (8 mmHg) 
until the weight became constant. The concentration of 
the sample solution was given in terms of weight. 

Ultrasonic absorptions were measured at the odd harmonics 
of 0.5, 5, and 20 MHz X-cut quartz transducers by means 
of pulse technique. The frequencies of the measurement 
were in the range 5—95 MHz. The major mechanical 
features of the apparatus were reported by Tatsumoto.14) 
The sound velocity was measured by the sing-around method 
operating at 2.0 MHz, the density being determined with 
a pycnometer. All the measurements were carried out at 
concentrations 33.4—80 wt % and at temperatures 20—40 
°G. 

R e s u l t s a n d D i s c u s s i o n 

The concentration dependence of the ultrasonic ab­
sorption spectra of dodecane solution of Aerosol O T 
is shown in Fig. 1 and the temperature dependence 
of the absorption spectra in Fig. 2. All the spectra 
can be represented by 

a//» = i4/[l + ( / / / r ) » ] + Ä , (1) 

where a is the absorption coefficient, f the frequency, 
fT the relaxation frequency, A the amplitude of the 
excess absorption, and B the residual absorption. T h e 
ultrasonic parameters A, B, a n d / r were so determined 
as to give the best fit of the experimental data to Eq. 
1. The results are given in Table 1. Figure 3 shows 
the concentration dependence of the sound velocity 
at 20 °G. We see anomaly at concentrations of ca. 
5 and 3 5 % . T h e former is equal to the first critical 
micelle concentration (CMC) of Aerosol O T in dodecane 
reported by Mattoon and Mathews.15) The latter can 
thus be assigned to the second C M C . Considering 
that the excess absorption appears near the second 

5000 

Ï5 

1000 

2.5 5 10 20 50 

/ /MHz 
Fig. 1. Ultrasonic absorption spectra in the dodecane 

solutions of Aerosol OT at 20 °G. Q 74.5%, f) 
67.4%, 3 59.1%, O 45.4% 

5000 

B 
o 

S 1000 

500 U 

2 5 5 10 20 50 

/ /MHz 
Fig. 2. Temperature dependence of ultrasonic absorp­

tion spectra in the 70% dodecane solution of Aerosol 
OT. O 20 °G, € 30 °G, 3 40 °G 

C M C , the cause of the excess absorption is presumed 
to be associated with the second C M C of Aerosol 
O T . Peri11) reported that two types of micelles exist 
in hydrocarbon solutions of Aerosol O T , their size 
changing slightly with concentration and temperature. 
Taking this into account together with our results in 
which the relaxation frequencies show no concentra-
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TABLE 1. ULTRASONIC AND THERMODYNAMIC PARAMETERS OF DODECANE SOLUTIONS OF AEROSOL OT AT 20 °G 

wt% A B 
( l O - ^ c m - 1 ) 

fr 
(MHz) 

P 
(g cm"3) 

ß 
(ÎO-^G-1) ( l O ^ ^ c m ) 

33.4 
40.0 
45.4 
50.0 
55.0 
59.1 
64.7 
67.4 
70.0 
74.5 
78.6 
80.0 

4.26 
6.68 
6.68 
8.63 
9.78 

11.5 
14.9 
21.3 
26.5 
33.4 
57.6 
72.5 

1.58 
1.96 
2.45 
3.11 
3.91 
5.12 
7.25 
8.61 

10.1 
14.9 
18.4 
19.6 

11.5 
11.5 
11.5 
11.5 
11.5 
11.5 
11.5 
11.5 
11.5 
11.5 
11.5 
11.5 

0.8443 
0.8663 
0.8864 
0.9022 
0.9219 
0.9397 
0.9603 
0.9720 
0.9812 
1.0035 
1.0226 
1.0267 

7.98 
7.82 
7.76 
7.54 
7.41 
7.23 
6.97 
6.67 
5.95 
5.22 
4.59 
3.80 

1.2888 
1.2865 
1.2877 
1.2891 
1.2900 
1.2926 
1.2959 
1.3007 
1.3046 
1.3142 
1.3238 
1.3247 

1330 h 

1300 

r < >- 1300 

- 1295 

1 

r 

5 
i , / 

io y 

1270 
20 50 

Aerosol OT concn/wt % 

Fig. 3. Concentration dependence of the sound velocity 
in the dodecane solutions of Aerosol OT at 20 °G. 

tion dependence (Table 1), we postulate a two state 
model for the relaxation mechanism: 

- B , (2) 

where A and B are the two types of micelles. O n 
the assumption that the relaxation strength is much 
smaller than unity and the total specific heat capacity 
is equal to the instantaneous specific heat capacity, 
the relaxation frequency and the maximum excess 
absorption per wave length //m a x are expressed by the 
following equations.16) 

2nfr = kt + kh, (3) 

^ m a x = <ppnc*V(AV/V - AHßjCp)*I2RT, (4) 

and 

<P = K(\-x18tc*c)l(l+K)\ (5) 

where kt and kh are respectively the forward and 
backward rate constants, p is the density, c the sound 
velocity, V the molar volume, ß the thermal expansion 
coefficient, Cp the specific heat at a constant pressure, 
and A V and AH are the standard volume change and 
the enthalpy change of the reaction, respectively. The 
equilibrium constant, K, is defined to be K=xjx&= 

TABLE 2. THERMODYNAMIC PARAMETERS ASSOCIATED 

WITH THE CONFORMATIONAL CHANGE IN DODECANE 

SOLUTION OF AEROSOL OT 

T ~K ~AV A H AS 
(°C) (cm3 mol"1) (kcal mol"1) (cal mol"1 K"1) 

20 0.089 
40 0.24 

24 
24 

9.8 
9.8 

29 
29 

20 0.089 
25 0.11 

b) 30 0.15 
35 0.18 
40 0.24 

23 9.2 27 

a) Determined from the concentration dependence of 
ZW* in the concentration range 33.4—80%. b) Deter­
mined from the temperature dependence in 70% solu­
tion. 

TABLE 3. RATE CONSTANTS FOR THE CONFORMATIONAL 

CHANGE OF THE MICELLE 

T 
(°G) 

20 
25 
30 
35 
40 

kt 
(KFs-1) 

5.9 
7.7 
9.4 

11 
14 

h 
(lO's-1) 

6.6 
6.4 
6.3 
6.1 
5.8 

kflkh=exp{—(AH—TAS)IRT}, where *a and xh are 
the mole fraction of species A and B, respectively, and 
AS is the entropy change. With Cp values determined 
by the interpolation of the values given by Finke 
et al.17) and Rihani and Doraiswamy,18) the thermody­
namic parameters, K, A V, AH, and AS were so deter­
mined as to give the best fit of the experimental values 
of /*max to Eq. 4. The values obtained are given in 
Table 2 ; the yields are shown by solid lines in Figs. 
4 and 5. T h e parameters were also determined from 
the temperature dependence of / /m a x at a constant 
concentration (Table 2). T h e thermodynamic para­
meters determined by these two procedures are very 
close to each other, indicating that the interpretation 
of the excess absorption mechanism by the two state 



1886 Teruyo YAMASHITA, Hiroshige YANO, and Tatsuya YASUNAGA [Vol. 52, No 7 

Aerosol OT concn/wt % 

Fig. 4. Concentration dependence of the maximum 
excess absorption per wavelength at 20 °G (O) and 
40 °G ( # ) . The solid lines represent the theoretical 
curves calculated by Eq. 4 using the parameters 
in Table 2. 

a 
5$. 

t/°G 

Fig. 5. Temperature dependence of the maximum 
excess absorption per wavelength in the 70% dodecane 
solution of Aerosol OT. The solid line was calculat­
ed from Eq. 4. 

model is reasonable. 
The forward and backward rate constants represent 

the rate of transition from the micelle formed above 

the first C M C to that above the second C M C and 
the rate of reverse transition, respectively. The rate 
constants were calculated from the relaxation frequency 
and the equilibrium constant at various temperatures 
(Table 3). The forward rate constant changes with 
temperature while the backward rate constant remains 
constant. This indicates that the free energy of activa­
tion of state B is almost constant and that of state A 
decreases with the temperature; micelles formed above 
the first C M C are destabilized with rise in temperature 
as compared with other micelles. 
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Intramolecular Charge-transfer Absorption Spectra of 
Tetracyanotetrathiafulvalene 

Shigeo YONEDA, Tokuzo KAWASE, and Zen-ichi YOSHIDA* 

Department of Synthetic Chemistry, Kyoto University, Yoshida, Kyoto 606 
(Received August 28, 1978) 

The electronic spectrum and structure of tetracyanotetrathiafulvalene have been investigated by the ASMO-
SCF-CI method, in which the 3d orbitals of sulfur atoms are taken into account. The calculated results showed 
that the absorption band at the longest wavelength can be interpreted in terms of intramolecular charge-transfer. 

In preceding papers,1»2) we reported the syntheses 
of several electronegative substituted tetrathiaful-
valenes such as tetracyanotetrathiafulvalene (1). 

NGs 

NCV 
rs>=<s 

] 
,CN 

NGN 

The compound 1 is composed of two parts, that is, 
the electron-donating par t (the central electron-
rich olefin moiety) and the electron-accepting par t 
(the dicyanoethylene moiety). I t seems reasonable 
to expect the appearance of an intramolecular charge-
transfer3) band in the electronic spectrum of 1. In the 
present work, experimental and theoretical investi­
gations of the electronic spectrum of 1 were carried 
out, and the absorption band at the longest wavelength 
(502 nm in benzene) was shown to be due to an intra­
molecular charge-transfer transition. 

In addition, the electronic structure of 1 in the ground 
state will be discussed and compared with that of 
the parent tetrathiafulvalene (TTF) . 

E x p e r i m e n t a l 

The compound, 1, was prepared from 4,5-dicyano-l,3-
dithiole-2-thione in the presence of triphenyl phosphite; mp 
264—265 °G (dec).2) The ultraviolet and visible absorption 
spectra of 1 were recorded on a Hitachi EPS-3T spectro­
photometer in benzene, dichloromethane, acetonitrile, and 
methanol. The observed spectra were analyzed by assuming 
Gaussian curves for the absorption bands. Three absorption 
bands thus obtained and their molecular extiction coefficients 
are presented in Table 1. 

Calculat ion 

The calculations were carried out by the use of 
the semiempirical ASMO-SGF-GI method involving 
all valence electrons.4) The sulfur atom has not only 
3s and 3p, but also 3d orbitals in the valence shell. 
As regards unsubstituted T T F , it was pointed out that 

the inclusion of sulfur 3d orbitals is necessary to ex­
plain the relative bond lengths of the two carbon-
carbon double bonds obtained from the X-ray analy­
sis of TTF. 5) Accordingly, in this calculation the 
3d orbitals of the sulfur a tom were taken into account. 

The overlap integrals were calculated using Slater-
type atomic orbitals, where the orbital exponents 
are taken from d e m e n t i and Raimondi.6) The one-
center exchange integrals were estimated from the 
Slater-Condon parameters evaluated by Hinze and 
Jaffé.7) The Slater exponents (Cr), valence-state 
ionization potentials (7r) of atomic orbitals, one-
center Coulomb integrals ( r r | r r ) , and one-center 
exchange integrals (rr ' | rr ') used in the present calcula­
tions are listed in Table 2. 

The structural model for 1 is shown in Fig. 1. The 
molecule is assumed to have D 2 h symmetry; the inter­
atomic distances are taken from the X-ray data of 
TTF 5 ) and the book by Pople and Beveridge.8) 

The M O energies for each of the six occupied and 
vacant levels, and their approximate descriptions 
are shown in Table 3, although the L C A O coefficients 
of the M O ' s are not given. 

In calculating the electronic transition energies, 
the 36 lowest singly-excited configurations were con­
sidered. T h e calculated singlet transition energies 

r \ 5 1 1 \ ^ - L 1 5 

Cl C10 

s14 c 1 7 -

^ 5 ^ 2 = 114.5° C r C 1 0 = 1.349 A 

^ C 1 S 2 C 3 = 94.4° C1-S2 
^S 2 C 3 C 4 = 113.3° 
^C6C3C^ = 120.0° 

s2-c3 

C3-C4 

C6-N7 

1.757 A 
= 1.731 A 
= 1.314 A 
= 1.450 A 
= 1.160 A 

Fig. 1. Geometries and bond lengths of tetracyano­
tetrathiafulvalene. 

T A B L E 1. E L E C T R O N I C S P E C T R A O F T E T R A C Y A N O T E T R A T H I A F U L V A L E N E 

Solvent 
A-band B-band G-band 

(nm) (log emax) (nm) (log (nm) (log en 

Benzene 

Dichloromethane 

Acetonitrile 

Methanol 

502 

500 

492 

480 

(3.30) 

(3.36) 

(3.30) 

(3.30) 

328 

326 

323 

320 

(4.18) 

(4.20) 

(4.16) 

(4.04) 

262 

261 

261 

(4.41) 

(4.33) 

(4.20) 
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TABLE 2. SLATER EXPONENTS (Çr) AND VALENCE STATE 

IONIZATION POTENTIALS ( 7 r ) a ) OF ATOMIC ORBITALS 

AND E L E C T R O N REPULSION INTEGRALS a ) 

Zv Z (rr|rr)b) (rr'|rr')c> 

G 2s 1.6083 - 2 0 . 0 1 12.10 (2s2p|2s2p) =2 .30 
2p 1.5679 - 1 1 . 2 7 10.93 (2p2p' |2p2p')=0.54 

0.9*0 6 .243 
H-. 3 . 9 0 ; > ^ S V 

N 2s 1.9237 
2p 1.9170 
3s 2.1223 
3p 1.8273 
3d 0.8400 

- 2 6 . 9 2 12.87 
- 1 4 . 4 2 11.88 
- 2 0 . 0 8 8.54 
- 1 3 . 3 2 9.82 
- 3 . 6 7 5.90 

(2s2p|2s2p) =2 .99 
(2p2p ,|2p2p ,) = 0.77 
(3s3p|3s3p) =1 .02 

(3p3p ,|3p3p ,) = 0.55 

a) Energy in eV. b) (rr |rr) = / r — Ev. c) Ref. 7. 

TABLE 3. ENERGIES AND APPROXIMATE DESCRIPTION 

OF THE MOLECULAR ORBITALS OF TETRACYANO-

TETRATHIAFULVALENE 

Enersfy 
MO No. — -—- Symbol Description 

eV 

D2h 
Symmetry 

label 

12 

11 

10 
9 

8 

7 

6 

5 

4 

-3 .13 

-3 .14 

- 3 . 1 9 
- 3 . 4 2 

-3 .53 

-3 .54 

-10.47 

-12.65 

-13.78 

-13.84 

-13 .88 
-13 .98 

a 
a 

Delocalized over bridge 
carbons and sulfur atoms 

Node at bridge carbons 
(delocalized over DCNE)a> 
Node at bridge carbons 
(delocalized over DCNE)a> 
Delocalized over TTEb> 
Delocalized over whole 
molecule (TTF) 
Node at bridge carbons 
(delocalized over DTE)C> 
Node at bridge carbons 
(delocalized over DTE)C> 

i s 

Ag 

A . 

Ag 

Bor 

a 
a 

-D2U 

B 2 U 

a) DGNE: Dicyanoethylene moiety, b) TTE: Tetra-
thioethylene moiety, c) DTE: Dithioethylene moiety. 

and oscillator strengths are presented in Table 4. 
For comparison, the results calculated both including 
and neglecting 3d orbitals of sulfur atoms are listed 
in Table 4. 

The electron densities and overlap populations 
of 1 are also shown, together with those of parent 
T T F , in Fig. 2. 

D i s c u s s i o n 

In the calculations of transition energies of organic 
compounds with a bivalent sulfur atom, the contri­
bution of sulfur 3d orbitals is usually not evaluated 
and often neglected. However, as seen in Table 4, 
the transition energies calculated with 3d orbitals 
were in better agreement with the observed ones 
than those calculated without 3d orbitals. This evi­
dently suggests that the 3d orbitals of the sulfur a tom 
are essential for the explanation of the electronic 
structure of the system 1. 

Intramolecular Charge-transfer Absorption Band. 
According to the calculated results, since the wave 

0.927 

3.889 

\ 3 . 7 9 0 / .j 

/ 1 .071 ^v .5 - ,, '! 
(0.256) v X ^ o - > < 4 

(0.^-M) 

00 
^ 3 . 7 7 4 

/ 0.931 
(0.213) fcsfr. 

1.04« 
| (0.261) 

<?s 
• o ^ 

% n>* 

oo 

5.476 

N V c 5 4 8 

X' 
5.454 

N>ss3.526 

^ C " ^ 

\\<-' 

3.901 

II 

3.900 

^C^ 

- - C ^ 

6.176 
^ . S S-

\3 .798 / 

/ 1.117 \ 

(0.239) 
6.233 

V / z==z / (0.2.15) tf\ 

^ ^ 
I, 1.081 

(0.262) 

II 

•1) 

^ ^ 
II 1 .034 
| (0.242) 

Fig. 2. Electron densities and overlap populations of 
tetrathiafulvalene (TTF) and tetracyanotetrathiaful-
valene. (a) : The results of TTF in the case of neglect­
ing d orbitals, (b) the results of TTF in the case of 
including d orbitals, (c) the results of tetracyanotetra-
thiafulvalene in the case of neglecting d orbitals, (d) 
the results of tetracyanotetrathiafulvalene in the case 
of including d orbitals. The numbers in the paren­
theses, ( ) and [ ] , indicate n- and d-overlap 
populations, respectively. 

function for the excitation at 2.48 eV was composed 
of V6_7 (95%), V5_8 ( 4%) , and V 4 _ n (1%) , where 
V m _ n represents the singly excited configuration 
from the m-th level to the n-ih (Table 3), the absorp­
tion band at 2.48 eV can be assigned to the excitation 
from the 6th orbital ( H O M O ) to the 7th (LUMO) : 

06= -0 .332(X! + + 0 . 3 8 3 ( % 2 + Z 5 + Z l l + 

+ 0.007(x2+ Xs- X n - Xi4)3dxz 

+ 0 .113(x 2 - x 5 + Xu- X14W 

-0.177(x 3+X4+Xi2 + X13J2PZ 

- 0 . 0 0 2 ( z 6 + z 8 + 

+ 0.087(Z ,+ Z 9 + Z l 6 +Zi 8 ) 2 p 2 (1) 

0 7 = - 0 . 1 4 7 ( z 2 + Z 5 + Z n + Z i 4 ) 3 p , 

+ 0.172(%2- Zs+ Z n + Zi4)sdM 

- 0 . 0 9 1 ( Z 2 + z 5 + Xl l+ Xu)3dyz 

+ 0 .360(x 3 -x 4 +x 1 2 -x 1 3 ) 2 p Z 

+ 0 . 1 4 8 ( x 6 - x 8 + x 1 5 - x 1 7 ) 2 p z 

- 0 . 2 1 6 ( x 7 - X 9 + ^i6-Xi8)2pz, (2) 

where the m of Xm corresponds to the number of 
atoms in Fig. 1. 

As can be seen from Eqs. 1 and 2, the large contri­
bution of the tetrathioethylene part (SaC^CSa) to 
the highest occupied TT-MO and that of the dicyano­
ethylene par t ( N C - O C - C N ) to the lowest vacant 

file:///3.790
file:///3.798
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TABLE 4. CALCULATED TRANSITION ENERGIES^ AND OSCILLATOR STRENGTHS 
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A-Eobsd 

2.48 (3.30)c> 
3.54 (4.18)e> 
4.77 

ASMO-SGF-GI 

A-^calcd 

3.22 
3.36 
5.41 
5.75 
6.21 

(with d) 

/ 

0.357 
0.656 
0.519 
0.130 
0.585 

ASMO-SGF-GI 

A-^calcd 

4.07 
5.80 
8.12 

(without d) 

/ 

0.527 
0.506 
0.347 

Assignment15) 

7T T T E —»TTDCNE 
5JC 

7TTTF—^TTTTE 

7T T T F >7TDCNE 

7Z\DTE~~^TTDCNE 

T^DTE—^TTTTE 

a) Energy in eV. b) TTE: Tetrathioethylene component. DGNE: Dicyanoethylene component. TTF: Tetra-
thiafulvalene component. DTE: Dithioethylene component, c) The numbers in parentheses indicate logem a x , 
obtained from measurements. obtained from measurements. 

TT*-MO are clearly represented. Thus, this rcTTE-> 
?Z*DCNE transition is reasonably understood as the 
transition from the electron-rich moiety (S2G=GS2) 
to the electron-deficient moiety ( N G - G - G - G N ) . 
Consequently, the absorption band at the longest 
wave length is well interpreted in terms of intramo­
lecular charge-transfer. 

A similar result was obtained in the calculations 
of 1 by the CNDO/2-GI method. If 3d orbitals of 
the sulfur atom are considered, the longest wave length 
absorption band can also be reasonably assigned to 
the 

^TTE ^^ DCNE transition. 
This interpretation is also supported by the results 

that the absorption band at the longest wave length 
exhibits blue shifts upon changing the polarity of 
solvents from benzene (502 nm) to methanol (480 nm) ; 
these results are listed in Table 1. 

The strong absorption band at 3.54 eV can be as­
signed to the excitation from the tetrathiafulvalene 
moiety to the tetrathioethylene moiety, since the 
molecular orbitals of the ground and excited states 
for this transition correspond to 7iTTF and rc*TTEJ res­
pectively (Table 4). Similarly, the absorption band 
at 4.77 eV is assigned to the excitation from the tetra­
thiafulvalene moiety to the dicyanoethylene moiety. 

In the case of the TTF ' s substituted with electron-
donating groups (such as methyl, hydroxyl and amino 
groups), the transition from the highest occupied 
M O to the lowest vacant M O could not be assigned 
to the 7i-*7i* one; this is obviously a different result from 
that of the calculation for 1. Therefore, it is reason­
ably concluded that the phenomenon of the intra­
molecular charge-transfer is characteristic of electro-
negatively substituted tetrathiafulvalenes. 

Electron Population Analysis. As seen in Fig. 
2(b), the total electron densities on the carbons, Gx 

and G3, in T T F are smaller than 4.0, but those of the 
2pz orbitals are 1.058 and 1.027, respectively, indica­
ting that T T F can be considered to be an electron-
rich olefin so far as ^-electron system is concerned. 
The formal charge of the sulfur a tom in T T F , in spite 
of a rather large positive charge (+0 .17) in the 3pff net 
charge, is negative (—0.30) as a result of the back 
donation of the o electrons. This back donation 
of electrons is mainly caused by the 3d orbitals of the 
sulfur atom, to which indeed considerable charge 
densities (about 0.24) are attributed. 

With regard to the overlap populations of T T F , 
in comparing the values calculated by including 3d 

orbitals with those found by neglecting 3d orbitals, 
the values for Cj-Cg and C 3 -C 4 bonds are smaller. 
Those for Gj-Sa and S2-G3 bonds reveal the most 
significant difference, in amount 0.25—0.29, between 
the case of including 3d orbitals and the case of neglect­
ing them. This prominent difference of overlap 
populations can be explained by the concept of the 
partial overlap populations between 3d orbitals of sulfur 
and 2pz orbitals of carbon atoms, whcih distributes 
to the G-S bonds in the amount of 0.25. Such partici­
pations of 3d orbitals should strengthen the G-S bonds 
up to those comparable to the double bond. These 
results indicate that the 3d orbitals of sulfur atoms 
are quite important in tetrathiafulvalene systems. 

Similar aspects in the electronic structure of 1 were 
obtained by comparing the results calculated by in­
cluding and neglecting 3d orbitals with each other. 

I t may be expected that the charge density of the 
central ethylene carbon atom would be decreased 
by the substitution of an electron-withdrawing group 
(GN). However, the calculated result shows that the 
charge density of the central carbon a tom increases 
and that of the sulfur atom decreases, which indicates 
a transfer of electrons from the sulfur atoms of the 
central tetrathioethylene par t to the dicyanoethylene 
part . This suggests that 1 is composed of two separable 
components, namely, a dicyanoethylene part and a 
tetrathioethylene part , which is coincident with the 
result obtained from the study of the electronic ab­
sorption spectra of 1. 
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In order to determine the chemical diffusion coefficients for AgBr and a-Agl, a new experimental technique 
was developed. A Pt probe was inserted into the middle of the AgX (X=Br or I) pellet in an improved d.c. 
polarization cell of the Ag/AgX/carbon type, and the applied potential difference between the Ag and carbon 
electrodes was changed abruptly. The accompanying change in E(L/2), the EMF between the Ag electrode 

and the Pt prcbe, was followed, and the cheirical diffusion coefficient, L>, was determined by the analysis of the 

change in E(L/2) with the time. In the temperature range from 325 to 400 °G, D for AgBr with excess silver 
was found to be 

~ / 1.96 Xl04 cal mol"1 \ 
D = 7.10 X 102exp( — Jcirfs-1 . (i) 

In the temperature range of 330 to 500 °G, D for a-Agl was 

/ 7.71 xlO3 cal mol-1 \ t ,.. 
D = 4.95 X 10-1 exp I — J cm2 s"1. (ii) 

Using these chemical diffusion coefficients and the electronic conductivity data, the nonstoichiometry, and 
apparent mobility of electronic carriers of AgBr and a-Agi were determined. 

Generally, the chemical diffusion coefficient for 
a solid compound is obtained from the measurement 
of the responding weight change or electrical conduc­
tivity change, both of which changes are caused by 
the sudden change in the chemical potential of its 
components. Gravimetric measurements are useful 
when the solid compound has a large nonstoichiometry, 
while the measurement of the electrical conductivity 
is effective when the conductivity of the sample is 
quite sensitive to the chemical potential of its com­
ponents. 

However, in the case of the silver halides, the non­
stoichiometry is too small to be detected by the gravi­
metric method, and the electrical conductivity, which 
is essentially ionic, is constant, irrespective of the chemi­
cal potential of silver. Therefore, the chemical dif­
fusion coefficients for silver halides cannot be determined 
by means of conventional techniques, and new 
techniques must be developed. 

Weiss has carried out some pioneering work on the 
determination of the chemical diffusion coefficient 
for AgBr.1»2) H e employed a Hebb-Wagner d.c. 
polarization cell of the type: 

(I) Ag/AgBr/carbon, inert atmosphere 
and tried to determine the chemical diffusion coefficient 
by two methods. In the first method, a constant 
potential was applied to the cell until a stationary 
state was reached. Then, the potential was removed 
abruptly and the E M F decay was followed. From 
the decay constant, the chemical diffusion coefficient 
was then determined. In the second method, the 
current decay was followed after the step-like change 
in the potential difference applied between the elec­
trodes. However, a large discrepancy was found 
between the results of these two measurements. 

Recently, the present authors have investigated 
the cell of the (I) type. They have found that the 
electrical potential of the electrode attached to the 
surface of AgX pellet is quite sensitive to the activity 

of the halogen, X, in the atmosphere in contact with 
the AgX surface and does not show the activity of the 
X in the AgX.3) Also, the ionic current due to the 
electrolysis of AgX was found not to be blocked com­
pletely in the cell of the (I) type, because the carbon 
electrode is exposed to an inert atmosphere and the 
halogen partial pressure around the electrode is con­
siderably lower than that at the AgX/carbon inter­
face.4) These findings suggest problems with Weiss' 
experiments. In Weiss' first method, the carbon 
electrode was exposed to an inert atmosphere, so the 
E M F decay might have reflected the decomposition 
of AgBr at the AgBr/carbon interface. In his second 
method, an appreciable ionic current due to the de­
composition of AgBr might have flowed in the cell. 

The purpose of the present study is to present a 
new polarization technique, one which is free from 
the problems encountered in Weiss' experiments, and 
to report the results of measurements, made using a 
new technique, of the chemical diffusion coefficients for 
AgBr and a-Agi. 

Theoret ica l 

Distribution Profiles of Nonstoichiometry in a d.c. Polar­
ization Cell. A schematic drawing of the d.c. 
polarization cell employed in the present study is shown 
in Fig. 1. I t is constructed of an AgX pellet with 
the length, L, sandwiched between an Ag electrode 
and a so-called 'ion-blocking' electrode.4) When 
an inactive electrode is inserted into AgX as a probe 
at a certain distance, x, from the Ag/AgX interface, 
and when a potential difference, E(L), is then applied 
between the Ag electrode and the ion-blocking electrode, 
an electrical potential difference, E(x), is observed 
between the Ag electrode and the probe. Denoting 
the electrochemical potential of electrons in AgX 
by tfe> we can express E(x) by 

E(x)F= -{Vo(x)-Vo(0)} (1) 
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where qe(x) denotes ye at the x position, Ve(0) repre­
sents rjQ at the Ag/AgX interface, and F denotes the 
Faraday constant. Expressing the chemical potential 
of silver in AgX by yWAg, and the electrochemical 
potential of silver ions in AgX by VAg+, we obtain 

Ve(x) = JUAg{x) - ??Ag+M • (2) 

From Eqs. 1 and 2, 

E(x)F= -{MAg(x)-MAg(0)} + {?Ag-(*)-?Ag-(0)} 

= E'(x)F+E"(x)F, (3) 

where 

W = - W * ) - ^ n ( 0 ) } . (4) 
and 

E"(x)F=7]As+(x)-7]As+(0). (5) 

When the ionic current in the cell is completely blocked, 
#Ag

+ in the cell is constant throughout the AgX pellet. 
Thus, 

E" - 0. (5)' 

From Eqs. 3, 4, and 5', 

E(x)F = - W * ) - H A g ( 0 ) } . (6) 

When the chemical potential of silver in AgBr is 
close to that of metallic silver, AgBr is known to show 
the n-type electronic conduction. In this case, the 
electronic conductivity, #e,

4) is expressed by 

ae = ae° exp {(juAg-juAg°)/RT}, (7) 

where fiAg° and ae° are the MAS and ae of AgBr in 
equilibrium with metallic silver, and where R is the 
gas constant, and T, the temperature. The n-type 
electronic conduction is caused by the conduction 
electrons released from the excess silver atoms. When 
we represent the nonstoichiometry of AgBr by ô> 
the metal-excess silver bromide is expressed by the 
chemical formula Ag1 + ôBr and the concentration of 
the conduction electrons and the conductivity, # e , 
of AgBr are both proportional to ô. Therefore, 

ô = ô°exp{(iiAs-iiAs
0)IRT}, (8) 

where ô° is ô in AgBr in equilibrium with metallic 
silver. From Eqs. 6 and 8, 

E(x)F) 
d(x) = 0° exp - (9) RT ) ' 

where ô(x) is ô at a ceretain distance, x, from the Ag/ 
AgX interface. As a-Agl shows the p-type electronic 
conduction due to electron holes, the electronic conduc­
tivity, &h, can be expressed as4) 

ah - ah°exp{(juAg
0-juAg)/RT}, (10) 

where tfh° is the &h of Agi in equilibrium with metal­
lic silver. The p-type conduction indicates that 
a-Agl is a metal-dificient compound with the chemical 
formula of A g ^ ^ I . The hole concentration and elect­
ronic conductivity of a-Agi are proportional to ô. Thus, 

ô = ô°exp{(nAg°-»Ag)/RT}. (11) 

From Eqs. 6 and 11, 

; E(x)F «—m- (12) 

In a previous paper3) the present authors have shown 
that, under ion-blocking conditions, E(x) in the n-
type region of AgBr shows a steady-state distribution 

E(L) 

H§h 

Ag 

.Probe 

AgX 

r* x < e i 

Ion blocking 
electrode 

Fig. 1. Schematic diagram of experimental method. 

1— exp ra 
1 — exp 

E(L)F) 
RT J 

(13) 

Similarly, for Agi with the p-type conduction, 

x 
~L 

exp m\ •1 

-m-- (14) 

(15) 

The combination of Eqs. 9 and 13 yields 

x__ ô(x)-ô° 
L " Ô(L)-Ô°' 

The combination of Eqs. 12 and 14 also results in the 
same equation. Equation 15 shows that when a steady 
state is reached under the ion-blocking conditions, 
the nonstoichiometry of AgBr and a-Agl is linearly 
distributed in the d.c. polarization cell. 

Determination of the Chemical Diffusion Coefficient for 
AgBr and a-Agl. When a constant potential dif­
ference, E^L), is applied between the electrodes of 
the cell in Fig. 1 for a time sufficient to attain the 
steady-state, and is then changed to E2(L) abruptly, 
the distribution of ô in AgX gradually changes with 
the time from one steady state to another steady state. 
This process is controlled by the chemical diffusion 
in AgX. If the molar amount of X in a unit volume 
of AgX is expressed by C, the amount of silver excess 
or silver deficit in a unit volume will be given by Co. 
Therefore, the diffusion equation is 

d(CÔ) =£>d2(CÔ) 

dt dx2 (16) 

where D denotes the chemical diffusion coefficient, 
and t, the time. Because C is constant, Eq. 16 can 
be rewritten as 

dt 
~d2ô 

(17) 

In the case of AgBr, the boundary conditions are 

«*3z?- = ± for* = 0 (18) 
Ô(L, 0)-ô° L v ' 

Ô(L) = ô° exp ( - ^ r ^ ) for t < 0 (19) 

Ô(L, t>0) = fi> exp j - ^ § ^ - } for t>0 (20) 
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«5(0, 0 = 3° for *=0 . (21) 

Solving Eq. 17 under the condition of Eqs. 18—21, 
we obtain 

ô(L/2,t)-ô(L/2,0) 

S(LI2,oo)-ô(L/2,0) 

where n is the integer. The same solution as Eq. 
22 is obtained in the case of a-Agi. When t becomes 
large, the n>2 terms in the series of Eq. 22 become 
negligibly small. I t follows that 

ô(LI2,oo)-ô(LI2,t) ± 
J(L/2,oo)-ô(Ll2,0)'~ n exp (23) 

The change in ô(L/2) with the time can be calculated 
from E(L/2) by using Eqs. 9 and 13. From the slopes 
of the plots of log[{<5(Z,/2, oo)-<$(Z,/2, t)}l{a(Lß, o o ) -
d(L/2,0)}] versus t, we can determine the chemical 
diffusion coefficient, D. 

Chemical Diffusion Coefficient and Electronic Conductiv­
ity. According to Wagner 's theory of metal 
oxidation,5) the diffusion through the oxide layer is 
generally interpreted as consisting of migration processes 
of ions and electrons, and, in the case of diffusion-
controlled oxidation, the chemical diffusion coefficient, 
Z), is given by 

D 
ZjF 2 tfi + tfa+tfg dô ' 

(24) 

where ov tf2>
 a n c^ az a r e t n e conductivities of cations, 

anions, and electrons respectively, and where "Z^ is 
the number of the charge of the cations, juM is the chemi­
cal potential of metal, and FM is the molar volume. 

T h e same diffusion situation as in the metal oxida­
tion is set up in the present experiment, except for the 
initial several seconds, where the transient current 
flows to charge or discharge the cell. For AgBr with 
the n-type conduction, the diffusion of Ag+ ions and 
electrons contributes most to the chemical diffusion. 
Therefore, 

D 
(<7Ag+-f<7e)F

2 dô 
(25) 

Since oA + is much larger than oQ, Eq. 25 becomes 

D = 
F2 RT-. 

Ô 
(26) 

Here Eq. 8 is used. Equation 26 indicates that the 
nonstoichiometry can be determined by chemical 
diffusion measurements and electronic conductivity 
measurements. 

Similarly, the diffusion of Ag+ ions and positive 
holes occurs during the chemical-relaxation process 
in a-Agi. 
From Eq. 24, 

Since 0Ag
+><* 

(^Ag
+ + ^h)^ 2 do 

h, using Eq. 10 we obtain 

D = -^L.RT-
F 2 3' 

(27) 

(28) 

Exper imenta l 

Cells and Samples. Figure 2 shows the cell structure 
and the block-diagram of the circuit used for the measurement. 
The samples were prepared in the way described elsewhere.3) 
The cell construction was essentially the same as that of 
the improved d.c. polarization cell,4) except that in the 
present work the platinum probe was placed in the middle 
of the AgX pellet. A hole, 0.8 mm in diameter, was drilled 
along the axis of the silver electrode to the middle of the 
AgX pellet. In this hole, a platinum wire 0.2 mm in 
diameter, protected by an alumina tube (0.8 mm in outer 
diameter and 0.4 mm in inner diameter), was buried as a 
probe so that only the tip of the wire was in contact with 
the AgX pellet. 

Measurement Procedure. The cell was set in an electrical 
furnace, the temperature of which was controlled within 
± 1 °G. Then a constant potential difference, E^L), was 
created between the silver and carbon electrodes by means 
of a potentiostat. The potential difference, E(L/2), between 
the silver electrode and the platinum probe was recorded 
by means of high-input-impedance voltage follower and a 
recorder. After E(L/2) had reached a steady value, EX{L) 
was changed abruptly to E2(L) by means of a function gen­
erator and the time change of E(L/2) was recorded. In 
several runs, the time change in the current passing through 
the cell was also recorded. The chemical diffusion coeffi­
cient was determined by the analysis of the recorded curve 
of E(L/2) versus the time. 

The measurement for AgBr was performed in the temper­
ature range from 325 to 400 °G, with E(L) values of from 
10 to 200 mV. Under these conditions, AgBr showed the 
n-type electronic conduction. The measurements for a-Agl 
were performed in the temperature range from 330 to 500 °G, 
with E{L) values of from 300 to 550 mV. 

R e s u l t s a n d D i s c u s s i o n s 

Several examples of the time change of E(L/2) for 
AgBr ( 1 = 6 . 0 mm) are shown in Figs. 3(a) and 3(b). 

Voltage 
recorder 

High impedance 
I—Ivoltage follower] 

4<— Pressure 

Fig. 2. Construction of cell and block-diagram of cir­
cuit. 
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I 
CNT 

Fig. 3(a). Time change of E(L/2) for AgBr, L = 6 . 0 m m . 
; 325 °C, ; 3 5 0 ° C , ; 375 °C, 

; 400 °C. 

Curves A ; Results for the step of E(L) from 200 m V 
to 40 mV. Curves B ; Results for the step o£E(L) from 
40 m V to 10 mV. 

t/s 

Fig. 3(b). Time change of E(L/2) for AgBr, L=6.0 m m . 
; 325 °C, ; 350 °C, ; 375 °C, 

; 400 °C. 

Curves A ; Results for the step of E(L) from 40 m V 
to 200 m V . Curves B; Results for the step of E{L) 
from 10 m V to 40 m V . 

T A B L E 1. COMPARISON OF CALCULATED AND OBSERVED 

VALUES OF E(L/2) IN A STEADY STATE (AGBR) 

T e m p E(L) 

E(L/2) 

m V 

m V Calcd Obsd 

325 

400 

10 
40 
200 
10 
40 
200 

4.8 
16.2 
34.6 
4.8 
16.6 
38.4 

L=4.7 m m 

7.2 
17.4 
33.5 
6.5 
17.8 
40.7 

L=6.0 

6.4 
16.0 
31.0 
3.3 
14.0 
34.3 

T A B L E 2. COMPARISON OF CALCULATED AND OBSERVED 

VALUES OF E(L/2) IN A STEADY STATE ( a - A g i ) 

T e m p E{L) 

E(L/2) 

m V 

m V Calcd Obsd 

L = 7 . 0 m m £ = 1 0 . 0 m m 

330 

500 

375 
400 
430 
500 
530 
300 
400 
500 

339 
364 
394 
464 
494 
254 
354 
454 

345 
364 

470 

256 

363 

452 

375 

405 

504 

345 
450 

120^ steady-
state 

t/s 

Figs. 4(a) , 4(b) . Time change of E(L/2), i, and E"{L\2) 
for a-Agl at 330 °C, L = 7 . 0 m m . 

; Step of E{L) from 400 m V to 500 mV. 
; Step of E(L) from 500 m V to 400 m V . 

T h e t i m e c h a n g e s of E(L/2) a n d t h e c u r r e n t for A g i 
( L = 7 . 0 m m ) a t 330 °C a r e s h o w n in Figs . 4 ( a ) a n d 
4 ( b ) . 

I n T a b l e s 1 a n d 2, t h e o b s e r v e d s t eady - s t a t e va lues 
a r e c o m p a r e d w i t h those c a l c u l a t e d b y us ing E q s . 
13 a n d 14. B o t h a g r e e w i t h i n t h e l imi ts of expe r i ­
m e n t a l e r r o r ; this e r r o r c a n b e a t t r i b u t e d to t h e in ­
a c c u r a c y in t h e p o s i t i o n i n g of t h e p l a t i n u m p r o b e , 
b e c a u s e t h e p l a t i n u m w i r e itself h a s a d i a m e t e r of 
0.2 m m a n d a sl ight p l a s t i c d e f o r m a t i o n of pel le ts 
p r i o r to t h e e x p e r i m e n t s m a y also resu l t in a sma l l 
d i s p l a c e m e n t of t h e p r o b e . 

As is s h o w n in F ig . 4 ( b ) , t h e cell exh ib i t s a t r a n s i e n t 
c u r r e n t for severa l seconds after t h e s u d d e n c h a n g e 
of E(L). I t a p p e a r s to b e a n ion ic o n e w h i c h flows to 
c h a r g e o r d i s c h a r g e t h e i m p r o v e d d .c . p o l a r i z a t i o n 
cell .4 ) T h e ion ic c u r r e n t , z ion , c a n b e expressed b y 

. _ tfAg+ d)?Ag+ _ E"{x) E'\Lß) 
°^ Lß ' (29) 

U s i n g t h e va lues of # A g
+ g iven b y B i e r m a n n a n d 

Jos t , 6 ) w e c a n c a l c u l a t e t h e E"(L12) va lues , w h i c h a r e 
s h o w n b y t h e subsca le in F ig . 4 ( b ) . O b v i o u s l y E"-

(L/2) d e c a y s to 0 ± 1 m V w i t h i n 2 s after t h e s u d d e n 
c h a n g e in E(L). W h e n E"{Lj2) a c t u a l l y van i shes , 

E(L/2)F= -{ßAg(LI2)-ßAg(0)}. (30) 

I n t h e case of A g B r , E q . 30 is f o u n d to h o l d w i t h i n 
0.5 s after t h e s u d d e n c h a n g e in E(L). 
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steady-
state 

t/s 

Fig. 5. Plots of ô(L/2, t)/ô° versus t for AgBr at 400 °G. 
; L=6 .0mm. ; L=4.7 mm. 

Curves A; Step of E{L) from 40 mV to 200 mV. 
Curves B; Step of E(L) from 200 mV to 40 mV. 

Figure 5 shows some typical examples of the plot of 
d{Lj2) versus t. The plots of log[{<5(Z,/2, oo)-<$(Z,/2, t)}j 
{<S(L/2, oo)— <S(Z,/2, 0)}] versus t are shown in Fig. 6. 
Clearly, the plots in Fig. 6 fall on a straight line. 
Thus, the chemical diffusion coefficient, Z), is cal­
culated from the slope of the plots. Figure 7 shows 
the D values obtained in the present work. T h e D 
values show a good linearity in the figure. D for 
AgBr can be expressed by this equation 

- 7.10 x 1 0 ^ x p ( - 1 - 9 6 X l 0 ^ a l m O l - 1 ) c m a s - S (31) D 

(32) 

and D for a-Agl can be given by 
f* . o , m i ( 7 .71x l0 3 ca lmol - i \ 
D = 4.95 X lO^expf — Jem2 

Using Eq. 26, the nonstoichiometry of AgBr in equili­
br ium with metallic silver can be calculated from the 
0e° obtained by Ilschner.7) The plot A in Fig. 8 
shows ô° of AgBr. From the intercept of the plot at 
the ordinate and the slope of the plot, the molar entropy, 
AS, and the molar enthalpy, AH, of the dissolution 
of silver can be calculated. The results are AS= 
2.87eu and A i / = — 2 1 . 4 kcal m o l - 1 respectively. Since 
the dissolution of silver into AgBr consists of the 
transfer of atoms between two solid phases, the entropy 
change is close to zero. 

In a previous paper,4) the present authors have 
determined tfh*, the hole conductivity of a-Agi in 
equilibrium with 1 a tm of iodine gas. We can cal­
culate <5*, the nonstoichiometry of a-Agi in equilibrium 
with 1 a tm of iodine gas, by using Eq. 28 and # h*. 
The calculated results are shown as the B plot in Fig. 8. 
The entropy and enthalpy of the dissolution of iodine 
into a-Agl in equilibrium with 1 a tm of iodine gas 
are AS= — 21.8 eu and AH= 1.51 kcal m o l - 1 respec­
tively. As iodine atoms are transferred from the gas 
phase to the solid phase, AS takes a large negative 
value. 

The apparent mobility of electrons in AgBr, mei and 
that of holes in a-Agi, mh, are calculated by means 
of the following equations: 

ae°=i^h' 

CM 

2.0 4.0 6.0 

tL~2/cm2 s 

Fig. 6. Plots of {<5(L/2, oo)-ö(L/2, t)}/{ö(L/2, oo) 
-(5(L/2, 0)} ÜS. tL~* for AgBr at 400 °C. 
O; L=6.0 mm, step of E(L) from 200 mV to 40 mV. 
A ; L=6.0 mm, step of E{L) from 40 mV to 200 mV. 
• ; L=4.7 mm, step of E(L) from 200 mV to 40 mV. 
A ; L=4.7 mm, step of E{L) from 40 mV to 200 mV. 

3 0 0 

1.4 

r-vio^K-1 

Fig. 7. Arrhenius plot of D. O ; a-Agi. 
this work. • ; AgBr by Weiss.1) 

>; AgBr by 

tfh' 
- ( • 

(34) 

(33) 

where N denotes Avogadro's constant and where e 
denotes the charge of an electron. At 400 °C, m0 = 
5 . 5 x l 0 " 3 c m 2 V ^ s " 1 for AgBr and 7 ^ = 2 . 5 X l 0 " 2 

cm2 V - 1 s _ 1 for a-Agi. 

In Fig. 7, the D values obtained by Weiss in his 
first work1) are also plotted. His results showed lar­
ger D values than those obtained in the present work, 
and the Arrehnius plot was not linear. When the 
applied potential difference is removed in Weiss' 
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1.4 
T-VIO^K-1 

Fig. 8. Plots of 0° and Ô* vs. T"1. 
B; (5* of a-Agl. 

A; d° of AgBr. 

cell, the activity of the silver at the AgBr/carbon inter­
face rises as a result of the diffusion of silver atoms 
toward the interface from the interior of AgBr, and 
also as a result of bromine gas be being released and 
silver atoms leaving at the interface due to the decompo­
sition. This decomposition causes a faster decay of 
E M F , whcih results in the apparent D values being 
larger than the real values. Because the decomposi­
tion rate is often controlled by the flow rate of the 
inert gas around the carbon electrode, the reproduci­
bility may not be good. Figure 7 suggests the high 
probability that the measurements in Weiss' first 
work were disturbted by the decomposition of AgBr. 

T h e D values in Weiss' second work2) were ten times 
or more larger than those in his first work. We can 
see in Fig. 4(b) that the decay in the current occurs 
much faster than the chemical relaxation of the sample. 
This fact can explain why Weiss' second work resulted 
in such extraordinarily large D values. 

Weiss' first method can be useful when the chemical 
relaxation due to the chemical diffusion in the sample 
occurs faster than the relaxation by other effects, while 
the second method can be applied to a sample in which 
the transient ionic current is small enough. However, 
it seems AgBr was not a sample suitable for either 
of these measuring methods. 

S u m m a r y 

1) A new technique for the detemination of the 
chemical diffusion coefficients in ionic crystals was 
devised and applied to AgBr and a-Agi. The chemi­
cal diffusion coefficient for AgBr was found to be much 
smaller than that reported by a previous investigator. 
2) Using the chemical diffusion coefficient and 
electronic conductivity of AgX, the nonstoichiometry, 
electron and hole mobilities, and entropy and enthalpy 
of the dissolution of elements into AgX were calculated. 
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Crystal and Molecular Structure of £rarcs-l,4-Dibenzoyl-
2,5-dimethylpiperazine1 

Kojun OKAMOTO,* Kiyotane SEKIDO, J u n I T O H , * * Teruo N O G U C H I , * * 

and Sakutaro HIROKAWA 

Department of Chemistry, The National Defense Academy, Hashirimizu, Yokosuka 239 
**Koa Oil Co., Ltd., Ötemachi, Tokyo 700 

(Received September 18, 1978) 

The crystal structure of ̂ rfl/zj-l,4-dibenzoyl-2,5-dimethyl-piperazine has been determined by the X-ray method. 
The space group is P2i/c, with a=7.483, 6=6.577, c= 19.939 Â, ß= 116.71° and Z=2. The structure was solved 
by the direct method and refined by the least-squares method to the final R factor of 0.094 for 2559 independent 
reflections. A nitrogen atom and three carbon atoms bonded to the nitrogen atom are approximately in a plane. 
The molecule is centrosymmetric, the piperazine ring having a chair-ïorm. The methyl groups are in the axial 
position. The oxygen atom is approximately in a plane formed by N, G(carbonyl), and C(benzene). The 
dihedral angle between this plane and the benzene ring is approximetely 70°. 

l,4-Dibenzoyl-2,5-dimethylpiperazine (DDP) has 
two isomers, the trans-form (mp 225 °G) and the eis-
form (mp 146 °G). The crystal structure of the cis-
form was reported by Sakurai et al.1) We have studied 
the trans-form in order to discuss the molecular geometry 
in both forms. The results are given below. 

E x p e r i m e n t a l 

Colorless prisms elongated along the b axis were obtained 
by slow evaporation from an ethanol solution of trans-DDV. 
The crystal is built upon a monoclinic unit cell. 

Crystal Data. Oscillation and Weissenberg photo­
graphs were taken with Gu Koc radiation. The systematically 
absent reflections indicated that the space group is P2!/c. 
The cell dimensions were refined by least-squares calculations 
on the basis of higher-order reflections measured on a dif-
fractometer. The density of the crystal was measured by 
the flotation method. Since there are two formula units 
per cell, the molecule has a center of symmetry. The crystal 
data are summarized in Table 1. 

Intensity Data. A prismatic crystal was ground to 
a cylinder 0.4 mm in diameter and 0.4 mm in length. This 
was mounted on a four-circle diffractometer (Rigaku AFG-

TABLE 1. CRYSTAL DATA 

Experimental error given in parentheses refers to the 

last figure. 

Molecular formula 
Formula weight 
Mp 
Crystal system 
a 
b 
c 

ß 
Space group 
V 
Z 

An 
Dx 

ju(MoKa) 

C*20-"-22N2O2 

322.4 
225 °C 
Monoclinic 
7.483(1) Â 
6.577(1) 
19.939(4) 
116.71(2)° 
P2i/c 
876.5(7) A3 

2 
1.229 gem- 1 

1.221 
0.856 cm-1 

t A preliminary report was presented at the 37th National 
Meeting of the Chemical Society of Japan, Yokohama, April 
1978. 

I l l ) with Nb-filtered Mo Koc radiation from a graphite mono-
chromator, and the intensity data were collected for 2559 
independent reflections with | F 0 g>3<7 (FQ) with 20^60.0°, 
using the co-20 scan technique with a scanning speed of 
4° min - 1 in 20. No corrections were made for absorption 
or extinction. 

Structure D e t e r m i n a t i o n 

The structure was analyzed by the direct method 
using MULTAN. 2 ) Phases were determined for the 
346 reflections with | £ | > 1 . 5 0 , eight E maps being 
calculated. T h e phases set with the lowest residual 
(33.1) and the highest figure of merit (1.10) produced 
a significant E map, which revealed the positions of 
all the non-hydrogen atoms. The atomic coordinates 
and temperature factors were refined by the block-
diagonal matrix least-squares method until R was re­
duced to 0.190. Locations of the hydrogen atoms were 
obtained by assuming a tetrahedral angle for each 
carbon atom and a bond length of 1.09 Â for each 
G - H bond. Further refinements were made on a 
GDG-6600 computer at Century Research Center Co., 
Tokyo, using anisotropic thermal parameters for the 
non-hydrogen atoms and isotropic B for the hydrogen 
atoms. Convergence was attained with i?=0.094 after 
six cycles of the procedure. The atomic scattering 
factors were taken from International Tables for X-
Ray Crystallography3). The final parameters with their 
standard deviations are given in Tables 2 and 3 * * * . 

C(23) C(2A) 

Fig. 1. The thermal vibration ellipsoids of non-
hydrogen atoms drawn by ORTEP.7) 

*** The complete F0-Fc data are deposited as Document 
No. 7921 at the Office of the Editor of the Bulletin of the 
Chemical Society of Japan. 
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TABLE 2. ATOMIC COORDINATES (xlO4) AND ANISOTROPIC THERMAL PARAMETERS (xlO4) 

OF THE NON-HYDROGEN ATOMS 

1897 

The estimated standard deviations 
temperature 

Atom 

N ( l ) 
C(2) 
G (3) 
C(7) 
0 ( 8 ) 
C(9) 
C(10) 
C ( l l ) 
G (12) 
G (13) 
C(14) 
G (15) 

TABLE 3. 

; factors is 

X 

908 (4) 
-1312(5) 
-1972(5) 

1719(5) 
732 (4) 

-1963 (6) 
3985 (5) 
5004(6) 
7082 (6) 
8098 (5) 
7114(6) 
5039 (5) 

ATOMIC 

given in 
of the form exp[— (h2ßn 

y 

1223(4) 
986 (6) 
534(5) 

3030 (5) 
4524 (4) 

-625(7) 
3128(5) 
4358 (6) 
4489 (7) 
3427 (7) 
2239 (7) 
2068 (6) 

COORDINATES (x 

z 

643 (2) 
271(2) 

-553(2) 
960 (2) 
946 (2) 
656 (2) 

1365(2) 
1100(2) 
1479 (3) 
2137(2) 
2415(2) 
2035 (2) 

parentheses 
Hr*2/?22 + %< 

ßn 
162(2) 
166(7) 
172(7) 
190 (7) 
217(6) 
227(9) 
185 (7) 
239 (9) 
246(10) 
193(8) 
232 (9) 
233 (8) 

; 103) OF THE 

refer to the last decimal position. The 
, + ^ 2 + ^ 1 3 + ^ 2 3 ) ] 

/?22 

204(7) 
218(8) 
204(8) 
202 (8) 
213(6) 
351(13) 
190(7) 
264(10) 
325(12) 
306(12) 
307(11) 
248 (9) 

/?33 

40(1) 
39(1) 
38(1) 
28(1) 
55(1) 
41(1) 
29(1) 
38(1) 
52(2) 
45(2) 
31(1) 
31(1) 

ßl2 

8(5) 
31(6) 
15(6) 

- 3 ( 6 ) 
11(5) 
8(9) 

- 1 ( 6 ) 
- 1 ( 8 ) 

-43(9) 
-17(8 ) 

5(8) 
-27(7 ) 

D i s c u s s i o n 

ßiz 

12(2) 
22(2) 
17(2) 
21(2) 
27(2) 
42(3) 
21(2) 
37(3) 
56(4) 
24(3) 
12(3) 
26(3) 

anisotropic 

ß» 
-19(2) 
- 7 ( 3 ) 

-10(3) 
- 7 ( 2 ) 

-27(2) 
10(4) 

- 8 ( 2 ) 
19(3) 
15(4) 

- 9 ( 4 ) 
5(3) 

11(3) 

H Y D R O G E N ATOMS 

The estimated standard deviations are in parentheses. 

Atom B 
Bonding 

atom 

H (25) 
H (26) 
H (27) 
H (31) 
H (32) 
H (33) 
H (34) 
H (35) 
H (36) 
H (37) 
H (38) 

-190(5) 
-156(5) 
-339(6) 
-175(6) 
-135(6) 
-331(7) 
440 (6) 
781(6) 
964(7) 
776(6) 
431(5) 

233 (6) 
177(5) 
21(7) 

-22(7) 
-194(7) 
-68(8) 
499 (7) 
505 (7) 
336 (7) 
151(7) 
131(6) 

31(2) 
-80(2) 
-72(2) 
113(2) 
61(2) 
51(3) 
66(2) 

122(2) 
230 (2) 
285 (2) 
228(2) 

4.7 
3.7 
6.2 
6.5 
7.7 
8.3 
6.5 
6.1 
7.8 
6.8 
4.6 

(0 
(0 
(1 
(1 
(1 
(1 
(1 
(1 
[1 
;i 

.8) 
•7) 
.0) 
.0) 
•2) 
.3) 
.0) 
.0) 
•2) 
1) 

(0.8) 

C(2) 
G (3) 
C(3) 
C(9) 
C(9) 
C(9) 
G (H) 
G (12) 
C(13) 
C(14) 
G (15) 

C(23) 
^ M 2 0 . 3 > K . 

C(22f_ n£X 
.121.0 

119.3 

9UC(24) 

C(21) "»SCO» I 007) 

«20) „£c<16)]23.7 

1.512 

C(9) 

126.7 I " 9 - 3 
i N(A) J C(18) 

c(3) Mo 
in.cn 

^C(2) (C(6) 

1.222 (̂7) 1 - 3 7 1 C ( 1 l ) 1 - 3 9 3 

0(8) 1.517 C(10) 

C(15) 

C(K) 

C(12) 

^C(13) 

.352 

Fig. 2. Intramolecular interatomic distances and 
angles. 

Molecular Geometry and Conformation. Numbering 
scheme and the thermal ellipsoids of the non-hydrogen 
atoms are illustrated in Fig. 1, where thermal vibration 
ellipsoids are set to 5 0 % probability. Bond distances 
and angles involving the non-hydrogen atoms are shown 
in Fig. 2. The standard deviations of these measure­
ments are 0.004—0.008 Â for distances, and 0.1—0.4° 
for angles. Since the molecule is centrosymmetric, 
the piperazine ring has a chair-form.^ The mean 
N - G bond length in the piperazine ring, 1.476 Â, is 
comparable to that of a>-l,4-dibenzoyl-2,5-dimethyl-
piperazine (m-DDP).1) The bond distances, 1.517 Â 
for G-G in the piperazine ring and 1.512 Â for G 
(piperazine)-G(methyl) , are shorter than the C-G 
covalent bond length. The bond angles of carbon 
atoms in the piperazine ring are approximately tetra-
hedral. The value for C(5) -N(4)-C(3) is comparable 
to 115.7° of aV-DDP, or 112.6° of piperidine.4 '5) 

The least-squares planes are given in Table 4 and 
the torsion angles in the molecule in Table 5. Exo-
cyclic torsion angles for G(9)-G(2)-G(3)-N(4) and 
C ( 9 ) - C ( 2 ) - N ( l ) - C ( 6 ) show that C(9) is in the axial 
position. The shift of N ( l ) from the p lane( l ) , con­
taining C(2), G(3), G(5), and G(6), is 0.639 Â, and 
that of G(9) from the plane( l ) is 1.383 Â. 

The G - O distance of 1.222 Â is in agreement with 
1.222 Â of m - D D P , and 1.229 Â of i^N'-dibenzoyl-^-
phenylenediamine(DPD).6) The N-G(carbonyl) di­
stance is 1.355 Â, corresponding to 1.357 Â in DPD, 
and 1.353 Â in râ-DDP. T h e G(carbonyl)-G(benzene) 
distance is 1.517 Â, being comparable to 1.499 Â of 
« j -DDP, and 1.502 Â of D P D . 

The mean value of the C-G bond distance in the 
benzene ring is 1.380 Â, being shorter than 1.397 Â 
of benzene. The corresponding values for m - D D P 
and D P D are both 1.386 Â. 

T h e dihedral angle between the planes(2) and (3) 
is 70.5°. The angle in m - D D P is about 55°. The 
dihedral angle between planes(l) and (2) is 56.0°, 
and that between planes(l) and (3) is 61.1°. 

in.cn
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TABLE 4. LEAST-SQUARES PLANE THROUGH VARIOUS 

GROUPS OF ATOMS AND THE DEVIATIONS (//Â) 

OF THE ATOMS FROM THE PLANE 

The equation is of the form AX+BY+CZ=D, where 
X, Y, and Z are the coordinates in Â along the a, b, 
and c* axes, respectively. (Atoms marked by ** are 
not included in the least-squares calculation.) 

Plane (1) 
-0 .431LY-
G(2) 
G (5) 
N ( l ) * * 
O (8) ** 
G (10)** 

Plane (2) 

-0.8956F+0.1096Z= 0.0000 
0.000 G (3) 
0.000 G (6) 

- 0 . 6 3 9 G (7)** 
- 2 . 3 5 1 G (9)** 
- 2 . 3 3 4 

0 .3979X+0.3280F-0 .8568Z- -0 .6488 
N ( l ) 
G (6) 
0 ( 8 ) 

Plane (3) 
0 .3591Z-0 
G (10) 
G (12) 
G (14) 

- 0 . 0 2 7 G (2) 
0.080 G (7) 
0.063 G (10) 

.77557-0.5193Z= -2 .2367 
0.010 G (11) 
0.007 G (13) 

- 0 . 0 0 4 G (15) 

0.000 
0.000 

- 1 . 7 8 1 
1.383 

- 0 . 0 3 9 
0.007 

- 0 . 0 6 1 

- 0 . 0 1 3 
0.001 

- 0 . 0 0 1 

TABLE 5. TORSION ANGLES (0) 

Torsion angle A(i)-A(j)-A(k)-A(l) is viewed down 
A(j)-A(k) with a clockwise rotation of A(i) to A{1) 
taken to be positive. 

Ring torsion angles 
N ( l ) — G (2)- -G(3)—N(4) 
G (2)— N ( l ) - - G ( 6 ) — G (5) 
G (3)—G (2)—N(l) —G (6) 

Exocyclic torsion angles 
G (7)— N ( l ) - - G ( 6 ) — G (5) 
G (9) — G ( 2 ) - - N ( l ) — G (6) 
G (9)— G ( 2 ) - - N ( l ) — G (7) 
G (3) — G ( 2 ) - - N ( l ) — G (7) 
G (9)— G (2)--G (3)— N(4) 

Bridge torsion angles 
G ( 6 ) — N ( l ) - - G (7)—0(8) 
G (2)— N ( l ) - - G ( 7 ) — 0 ( 8 ) 
G (6)— N ( l ) - - G ( 7 ) — G (10) 
G (2 )—N( l ) - -G(7 ) —G (10) 
N ( l ) —G (7)—C(10)-C (11) 
N ( l ) — G ( 7 ) - - G ( 1 0 ) - G (15) 
0 ( 8 ) — G (7)— G(10)-G (11) 
0 ( 8 ) — G (7)--G (10)-G (15) 

$r 
54.7 
58.1 

- 5 6 . 4 

- 1 1 5 . 5 
68.0 

- 1 1 7 . 8 
117.8 

- 6 8 . 6 

171.5 
- 1 . 9 
- 9 . 9 
176.7 
114.8 

- 6 9 . 2 
- 6 6 . 6 

109.4 

Fig. 3. The molecular packing viewed down the b 
axis, showing all intermolecular distances (the non-
hydrogen atoms) of less than 4.00 A. 

Molecular Packing. The molecular packing in 
the unit cell with intermolecular distances less than 
4.00 Â is shown in Fig. 3. The shortest contact of 
3.35 Â is seen between G(12) and 0 ( 8 ) related by a 
translation along the a axis. The second shortest 
contact of 3.43 Â is seen between 0 ( 8 ) and G(14) 
related by a two-fold screw axis. No other significant 
contact can be seen in this structure. The molecules 
are held together in the crystal by the van der Waals 
forces. 

The authors would like to thank Mr. Shigeru Hase-
gawa for the supply of crystals. 
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Adsorptive Mechanism on Activated Carbon in the Liquid Phase. I. 
Free Energy Change for Adsorption of Organic Compounds 

from Aqueous Solution on Activated Carbon 
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Osaka Municipal Technical Research Institute, Ogimachi, Kita-ku, Osaka 530 
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(Received October 12, 1978) 

The adsorption isotherms, from aqueous solution onto activated carbon, have been determined for the 22 
aliphatic monofunctional compounds; alcohols, carboxylic acids, ketones, ethers, esters, and aldehydes. The 
free energy change for the adsorption process has been calculated from the adsorption equilibrium constant at 
infinite dilution; a linear relationship exists between the free energy change and the number of carbon atoms in 
the solute. The free energy of adsorption has been divided into two contributions: the hydrocarbon and the 
functional group contribution. The free energy change for the adsorption process has been compared with the 
free energy change for the precipitation process from solution into the pure liquid solute. The free energy con­
tribution per individual methylene group to the adsorption process shows an approximate agreement with that for 
the precipitation process indicating that the adsorption process of the hydrocarbon portion of the solute is analo­
gous to the precipitation process. The free energy contribution of the functional group to the adsorption process 
is smaller than that for the precipitation process indicating that the functional group portion of the solute is not 
appreciably dehydrated in the adsorption phase. 

The adsorption theory in the gas phase has been 
extensively investigated but not in the liquid phase. 
In gas phase adsorption Polanyi's potential theory1) 
and its modifications2-5) have been widely used. In 
the theory Polanyi considered the energy processes in 
transferring a molecule from the gas to the adsorbed 
state and concluded that the free energy change in 
passing from the gaseous to the saturated liquid state 
represents a valid criterion for the free energy change 
of the whole process. 

In liquid phase adsorption the potential theory has 
been applied by Hansen and Fackler6) to the adsorption 
of liquid mixtures on carbon black, and by Manes7) 
et al. to the adsorption of solids from several solvents 
on activated carbon. Polanyi originally supposed that 
the adsorption of solid solutes from solution was ana­
logous to the adsorption of gases with precipitation 
of the solid taking the place of liquefaction of the gas, 
i.e., the adsorption process was identically equal to 
the reverse of the solution process. This suggests that 
the free energy change for the adsorption process is 
analogous to the reverse of the solution process. 

In this study, the free energy change of the adsorp­
tion process for aliphatic monofunctional compounds 
has been determined and compared with the free energy 
change of the solution process. 

Exper imenta l 

Materials. The adsorbent in all instances came from 
a single batch of Pittsburgh Activated Carbon (grade GAL) 
which was ground and sieved to yield 200x350 mesh size. 
After sieving, the carbon was washed with distilled water to 
remove all fines and dried at 110 °G. The BET surface 
area found from nitrogen adsorption at 77 K was 1010 m2/g. 
The pore volume was 0.575 ml/g, when calculated from the 
limiting vapor adsorption at P/P0->\. The experimental 
conditions and the pore volumes determined are listed in 
Table 1. 

All organic compounds were purchased from commercial 
sources and distilled, if necessary, to a minimum purity of 
99% as determined by gas chromatography. All aldehydes 

TABLE 1. PORE VOLUME OF THE ADSORBENT CALCULATED 

FROM THE LIMITING VAPOR ADSORPTION AT P/P0—> 1 

Adsorbate Temperature Pore volume 

Nitrogen^ 77 0.586 
Methanol*) 298 0.573 
2-Butanoneb) 298 0.568 
Benzeneb> 298 0.572 

Av 0.575 

a) Measured with BET adsorption apparatus. b) 
Measured by a modification of Hirata's method.8) 

were used without further purification. 
Procedure. Equilibration took place in 50-ml double 

stoppered flasks, which were shaken for a minimum of 14 h 
at 25 °G in a thermostated bath; check experiments at longer 
shaking times established that the shaking time sufficed for 
equilibration. In order to eliminate loss through evapora­
tion, pressure filtration was chosen for removing the carbon 
from the solution. The concentration of solute was analysed 
by determining the total organic carbon in a Shimadzu 
Model TOG-10A analyzer. The amount of adsorbed solute 
(mg) on carbon (grams) was calculated from the following 
relation : 

VAC 

where AC (mg/1) is the solute concentration decrease due to 
adsorption and V (1) is the volume of solution added to 
M (g) of carbon. 

R e s u l t s 

Figures 1—6 illustrate the 25 °G adsorption isotherms 
for alcohols, carboxylic acids, ketones, ethers, esters, 
and aldehydes, from solution, onto CAL carbon. The 
adsorption isotherms have been approximated by the 
adsorption Eqs. 2 and 3 : 

C 
-£ = a0 + axC (2) 
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-5? 
~bo 

a 

200 300 400 

C (mg/1) 

Fig. 1. Adsorption isotherms of alcohols on GAL 
activated carbon from aqueous solutions, 25 °G. 
A : 1-Propanol, A : 1-butanol, # : 1-pentanol, O : 
1-hexanol. 

"too 

a 

G (mg/1) 

Fig. 2. Adsorption isotherms of carboxylic acids on 
GAL activated carbon from aqueous solutions, 25 °G. 
A : Propionic acid, A : butyric acid, # : valeric acid, 
O : hexanoic acid. 

lOOH 

-3? 
~b0 

0 100 200 300 

C (mg/1) 

Fig. 3. Adsorption isotherms of ketones on GAL activat­
ed carbon from aqueous solutions, 25 °G. • : Acetone, 
A : 2-butanone, # : 2-pentanone, O : 2-hexanone. 

Fig. 

C (mg/1) 

4. Adsorption isotherms of ethers on GAL activat­
ed carbon from aqueous solutions, 25 °G. A: Diethyl 
ether, # : dipropyl ether. 

100 

^ > 0 

~bo 

100 300 200 

C (mg/1) 

Fig. 5. Adsorption isotherms of esters on GAL activated 
carbon from aqueous solutions, 25 °G. A : Methyl 
acetate, A : ethyl acetate, # : propyl acetate O: 
butyl acetate. 

^bo 
~b0 

200 

C (mg/1) 

Fig. 6. Adsorption isotherms of aldehydes on GAL 
activated carbons from aqueous solutions, 25 °G. A : 
Acetaldehyde, A : propionaldehyde, # : butyraldehyde, 
O : valeraldehyde. 
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TABLE 2. ADSORPTION PARAMETERS OF VARIOUS ORGANIC COMPOUNDS ON CAL 

ACTIVATED CARBON FROM AQUEOUS SOLUTIONS (25 °C) 

Compound 62X105 

[Alcohols] 
1-Propanol 

1-Butanol 

1-Pentanol 

1-Hexanol 

[Carboxylic acids] 

Propionic acid 

Butyric acid 

Valeric acid 

Hexanoic acid 

[Ketones] 

Acetone 

2-Butanone 

2-Pentanone 

2-Hexanone 

[Ethers] 

Diethyl ether 

Dipropyl ether 

[Esters] 

Methyl acetate 

Ethyl acetate 

Propyl acetate 

Butyl acetate 

[Aldehydes] 

Acetaldehyde 

Propionaldehyde 

Butyraldehyde 

Valeraldehyde 

-2.24 

-1.49 

-0.794 

-0.729 

11.7 

0.469 

-0.545 

-1.06 

-3.31 

1.63 

-0.652 

-2.01 

2.77 

-3.39 

2.84 

-1.71 

-3.02 

-4.44 

2.84 

13.3 

-2.44 

-2.64 

0.0407 

0.0167 

0.00801 

0.00356 

0.00526 

0.00870 

0.00770 

0.00569 

0.0448 

0.0114 

0.0100 

0.00974 

0.0133 

0.00719 

0.0196 

0.0148 

0.0136 

0.00892 

0.0424 

0.00674 

0.0119 

0.00995 

5.43 

1.48 

0.443 

0.110 

4.35 

1.24 

0.260 

0.0621 

7.96 

2.78 

0.719 

0.195 

1.83 

0.145 

3.65 

1.10 

0.236 

0.0633 

17.8 

6.63 

1.56 

0.413 

0.184 

0.680 

2.25 

9.08 

0.230 

0.813 

3.84 

16.1 

0.125 

0.361 

1.39 

5.13 

0.548 

6.91 

0.274 

0.913 

4.24 

15.7 

0.0561 

0.151 

0.641 

2.41 

0.0292 

0.0148 

0.00539 

0.00301 

0.0342 

0.0103 

0.00692 

0.00480 

0.0316 

0.0180 

0.00845 

0.00652 

0.0203 

0.00531 

0.0276 

0.00895 

0.0103 

0.00711 

0.0538 

0.0445 

0.00577 

0.00465 

6.17 

1.21 

0.609 

0.116 

2.84 

1.13 

0.285 

0.0735 

9.14 

2.20 

0.795 

0.306 

1.43 

0.152 

3.20 

1.51 

0.295 

0.0740 

16.8 

4.70 

1.89 

0.646 

- = *„ + bfi + *2C
2 (3) 

where C is the equilibrium concentration; X is the 
amount of adsorption at C; a0 £ft, 6-,, and b9 are 
constants. The results of regression analysis using Eq. 
2 or Eq. 3 are presented in Table 2. 

The adsorbability (a) of solute at infinite dilution 
has been defined as follows: 

- r X 
a =s h m —• 

C-+0 C/ 
(4) 

In order to determine the adsorbability, CjX has been 
plotted against C from the data of Figs. 1—6 and the 
result for butyl acetate shown in Fig. 7. T h e intercept 
of the adsorption isotherm gives the value of a. It 
is evident from Fig. 7 that the experimental data more 
closely approximates to Eq. 3 than to Eq. 2 and conse­
quently the value of a has been taken from Eq. 3. 
The values of a (l/£0) a r e presented in Table 2. 

Equation 2 is of Langmuir type: 

X' aXm 
• + • (5) 

where Xm is the amount of adsorption at saturation 

3 
H 
O 

40 50 10 20 30 

C (mg/1) 

Fig. 7. Adsorption isotherm of butyl acetate on CAL 
activated carbon from aqueous solution, 25 °C. # : 
Experimental, : best fitting model Eq. 2, : 
best fitting model Eq. 3. 
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TABLE 3. RESULTS OF REGRESSION ANALYSIS USING Eq. 11 

0.05 h 

3 4 5 

Carbon number 

Fig. 8. Relationship between adsorption constant a 
and carbon atom number N. O : Aldehydes, # : 
carboxylic acids, A : esters, A : ethers, • : ketones, 
• : alcohols. 

and a is a constant. The value of a calculated by 
Eq. 2 is identical with Xm ( = l/a0). As can be seen 
from Table 2, there is little difference between l/£0 

and l/<z0. 
Figure 8 illustrates the relationship between log a 

and the number of carbon atoms in the solute. It 
can be seen from Fig. 8 that for a homologous series 
the following relation exists: 

logoc=ßN+y (6) 

where N is the number of carbon atoms and ß and y 
are constants. This demonstrates that Traube 's rule9) 
is valid in the adsorption of the homologous paraffin 
chain solutes. 

For a thermodynamic study of adsorption from solu­
tion, it is necessary to determine the standard free 
energy change AG°. Alexander and Johnson10) calcu­
lated AG° by the following equation: 

AG° = -
V fCbulk / 

(7) 

where T is the surface excess per unit area and t the 
thickness of the adsorbed layer. In this equation it 
is assumed that the adsorbed molecules behave ideally. 
Fu and Bartell11) showed that the activity coefficient 
of the adsorbate on the solid greatly differed from unity, 
and proposed that the equilibrium constant K for the 
process (8) should be obtained from the limiting slope 
of the adsorption isotherms at zero concentration, in 
which the adsorbates behave ideally: 

Solute in solution ^ Solute in adsorption phase. (8) 

In order to determine K, it is necessary to convert the 
amount of adsorption into concentration and for this 
purpose, the volume of the adsorption phase must be 
determined. Bartell12) et al. used the product of the 
surface area of the adsorbent and the thickness of the 

Compound 

Alcohols 
Carboxylic acids 
Ketones 
Ethers 
Esters 
Aldehydes 

-A 

764 
848 
740 
755 
811 
755 

-7o 

1120 
969 
925 

1040 
1190 
1140 

Correlation 
coefficient 

r 

0.9996 
0.9993 
0.9987 
1.0000 
0.9991 
0.9974 

adsorbed layer as the volume. In the case of high-
porous adsorbents such as activated carbon, however, 
the adsorption process may be regarded as pore filling 
rather than monolayer coverage13) and consequently 
the pore volume has been adopted as the volume of 
the adsorption phase. It has been assumed that the 
pore volume is equal to the volume calculated from 
the limiting vapor adsorption at P/P 0 ->1, and that 
every pore contributes in the same manner to the 
adsorption of adsorbate. I t may be seen from Table 1 
that the volume is almost independent of the nature 
of vapor. Hence an average of the values obtained 
from four vapors has been adopted as the volume of 
GAL carbon (0.575 ml/g). After the volume of ad­
sorption phase (V) has been obtained, K and AG° 
may be calculated from the following equation: 

K=oc/V (9) 
AG° = -RTlnK. (10) 

By substituting for K from Eq. 9 into Eq. 10 and for 
log a from Eq. 6 into Eq. 10, it may be shown that 
at a certain temperature: 

AG° = -RT (In oc-lnV) 
= -2.303RT(ßN+y-logV) 
= ßoN+y0 (11) 

where ß0 and y0 are constants. The constants and the 
correlation coefficients calculated by regression analysis 
are given in Table 3. The overall statistics are excel­
lent with an average correlation coefficient of 0.9990. 
The constant ß0 corresponds to the standard free energy 
change per individual methylene group (AGS) and y0 

to the functional group contribution for AG°. There­
fore, assuming that the hydrocarbon and functional 
portions contribute independently to the standard free 
energy change for monofunctional aliphatic compounds, 
it follows tha t : 

AG° = AGS* + AG?G. (12) 

For the compounds examined in this study, AGHY 
may be expressed by the following equation: 

AG°HY = AG°c.N = ß0.N (13) 

As seen from Table 3, AGS and AGVQ give similar 
values for all functional groups (the averages are 
— 779 cal/mol and —1060 cal/mol, respectively). 

D i s c u s s i o n 

T h e free energy change for the solution process has 
been calculated by Amidon14 '15) et al. T h e molecular 
surface area for 158 aliphatic hydrocarbons, olefins, 
alcohols, ethers, ketones, aldehydes, esters, and fatty 
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TABLE 4. FREE ENERGY CONTRIBUTION PER ONE 

METHYLENE G R O U P TO T H E SOLUTION PROCESS 

TABLE 5. FREE ENERGY CONTRIBUTION OF FUNCTIONAL 

GROUPS TO THE ADSORPTION PROCESS 

Compound 

Alcohols 

Carboxylic acids 

Ketones/Aldehydes 

Ethers 

Esters 

AG°c,sol (cal/mol) 

798 

759 

807 

872 

720 

Av 791 

Compound Functional 
group 

Number of 
methyl 
groups 

7l Ï2 
(cal/mol) (cal/mol) 

acids were computed and correlated with the aqueous 
solubilities. For monofunctional aliphatic compounds 
the total surface area (TSA) may be divided into two 
contributions, namely the hydrocarbon (HYSA) and 
functional group (FGSA) contributions. 

TSA = HYSA -f FGSA (14) 

Assuming that the hydrocarbon and functional group 
portions contribute independently, the following general­
ized equation is suggested for use in solubility cor­
relations : 

log«1 = 6^ HYSA + 6^ FGSA + 63-IFG + 60 (15) 

where S is the aqueous solubility, @0 is the intercept, 
and IFG is the functional group index (zero for hydro­
carbons and unity for a monofunctional compound). 
From the coefficients for the HYSA term in Eq. 15, 
the free energy contribution per individual methylene 
group to the solution process (AGS,BOi) may be calculat­
ed (assuming 31.8 Â2 as the area per GH 2 group). 
The value of AGS,80i for each homologous series is 
shown in Table 4. The average AGS,soi value is 
791 cal/mol and shows approximate agreement with 
the value of — AGc.ad (779 cal/mol) obtained from 
the adsorption of the same homologous series on GAL 
carbon from aqueous solutions. This suggests that 
the adsorption process of the hydrocarbon portion of 
solute is analogous to the precipitation process from 
the aqueous solution into the pure liquid solute, and 
that the solute in the adsorption phase is in the liquid 
form. The Polanyi adsorption potential theory is also 
based on the concept that the adsorption process is 
identical to the precipitation process. 

For the six groups of compounds included in Table 
4 the general tendency is that the more polar com­
pounds give smaller methylene group hydrophobic 
effects. O n the other hand, Table 3 indicates that 
the more hydrophobic compounds have smaller hy­
drophobic effects caused by the methylene group. 
This may be due to the different effect of a methylene 
unit on the solute-solute interaction between the ad­
sorption phase and the pure liquid solute phase. 

The free energy contribution of the functional group 
to the solution process (AGPG.SOI) may be calculated 
from the FGSA and IFG terms in Eq. 15. T h e hydro-
xyl group contributes —3.81 kcal/mol to the free energy 
of solution for the addition of a hydroxyl group to a 
normal hydrocarbon in the 1-position.14) T h e values 
of AGFG.SOI for other functional groups are similar 
in magnitude to that for the hydroxyl group.15) T h e 
free energy contribution of the functional group to 
the adsorption process (AG°G,ad) is on average —1.06 

Alcohols 

Carboxylic 
acids 

Ketones 

Ethers 

Esters 

Aldehydes 

- O H 

- C O O H 

) C O 

- O -

- C O O R 

- C H O 

1 

1 

2 

2 

2 

1 

230 

381 

1775 

1660 

1510 

210 

230 

- 4 6 7 

1035 

1660 

699 

- 5 4 5 

kcal/mol for the six groups of compounds in Table 3, 
suggesting that the adsorption of the functional group 
portion of the solute differs from the precipitation 
process. There are, however, certain factors that 
influence the value of AGFG.ad. The first is the volume 
of the adsorption phase. T h e volume of the adsorption 
phase in liquid phase may differ from that in the gas 
phase. Assuming that the volume is half the value 
in Table 1, the value of AG%,ad decreases from —1.06 
kcal/mol to —1.47 kcal/mol. Therefore, the influence 
of this factor on the value of AG™,ad would not be 
very large. 

The second factor is the validity of extrapolation of 
the linear relationship in Eq. 11. T h e estimation of 
AG°G,ad from the intercept is based on the assumption 
that every carbon atom in a solute compound makes 
the same contribution to the free energy as one meth­
ylene group. I t has, however, frequently been noted 
that a methyl group and a methylene unit make dif­
ferent contributions:16-18) the contribution to the free 
energy of solution for a methyl group is greater by 
approximately 1.35 kcal/mol than that for a methylene 
group.14) T h e value of y0 in Table 3 has been cor­
rected on the basis that the adsorption process on 
hydrocarbons is identical with the precipitation process, 
the value of the corrected y0 being given in the fourth 
column of Table 5. A similar correction must be 
made for the carbon atom in the functional group. 
The value of yx does not contain the free energy con­
tribution of the carbon atom in the functional group 
and it is difficult to estimate this contribution. The 
free energy contribution of the functional group con­
taining the carbon atom is given in the fifth column 
of Table 5. 

T h e third factor is the effect of the surface oxygen 
complex of activated carbon on adsorption.19-21) The 
dominant component of the driving force for adsorption 
is the dispersion component of the Van der Waals 
forces. However, the polarizing component of the 
Van der Waals forces also contributes to adsorption 
for polar or polarizable substances. Consequently it 
is assumed that the value of y2 for carboxylic acids 
and aldehydes is smaller than that of other functional 
groups due to these polar effects. Aldehydes may 
be converted in part to carboxylic acids by oxidation 
in aqueous solution. 

I t is necessary to take into further consideration other 
factors in order to exactly estimate the free energy 
contribution of the functional group. However, in 
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view of these three main factors, the following conclu­
sions may be derived. T h e free energy contribution 
of the functional group to the adsorption process is 
smaller than the free energy contribution of the func­
tional group to the precipitation process, i.e., the 
functional group of the solute molecule in the adsorption 
phase is appreciably hydrated. 

The functional groups of alcohols, carboxylic acids, 
and aldehydes suffer little dehydration and be present 
in the solution phase, since the functional groups are 
situated at terminal positions in the alkyl chain. O n 
the other hand, the functional groups of ketones, 
ethers, and esters would be more dehydrated and be 
present in the pores of the activated carbon, since the 
functional groups are situated between the alkyl chains. 

The potential theory in liquid phase adsorption 
assumes that the adsorption of solute take place by 
precipitation of the solute in the adsorption phase. 
From the present investigation, however, it has become 
apparent that the adsorption of solute takes place by 
precipitation of the hydrocarbon portion of the solute 
and that the functional group portion of the solute 
is not appreciably dehydrated in the adsorption phase. 

The authors wish to express their thanks to Professor 
Nobuhiko Kuroki and Associate Professor Joichi Koga, 
The University of Osaka Prefecture, for their helpful 
discussions. 
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The Study of Carrier Effects on the ESR of Vanadium Ions 
Formed in Supported Catalysts, as Assisted by Spectrum Calculation 
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In order to study the carrier effects on the supported catalysts of vanadium, the ESR spectra of vanadium 
ions supported on y-Al203, Si02 , Zr0 2 , T i0 2 , MgO, or GaO and reduced in H2 at 500 °G were studied. When 
y-Al203, SiOa, Zr02 J or TiOa were used as the carriers, the main spectral component could be assigned to the V4+ 

ion. The results of data analysis, assisted by spectrum calculation, showed that, on catalyst which had a high 
activity in the reduction of NO^ by NH3, the V4 + ion had a highly populated dxy orbital, while on catalyst of low 
activity, V4+ had a dxy with a low spin density. If the carrier was MgO, the V ion was reduced to V2+. If the 
carrier was GaO, no ESR signals due to V ions were observed. It has been suggested that an inhomogeneous 
and axially symmetric crystal-field model may interpret the intensity ratios among the hyperfine lines of the V4+ 

ESR absorption rather than a non-axial symmetry model of the V4+ unpaired electron. 

A supported catalyst of vanadium can be prepared 
by adsorbing vanadate ions on the surface of the car­
rier from an aqueous solution and then calcining them 
to V 2 0 5 . The catalyst thus prepared has catalytic 
activities, e.g., in the reduction of nitrogen oxide by 
NH 3 . If this catalyst is placed in a reducing atmos­
phere, V 4 + is formed in some cases, depending upon 
the carrier used. The V 4 + ion thus formed may 
participate in the catalytic reaction cycles involved. 
The study of the supported states of the vanadium 
ion and its surface concentration can be important 
technique for elucidating the mechanism of the reaction 
and the catalytic activities. 

There have been many reports about the ESR spectra 
of V 4 + ions, including the principal values of g- and 
hyperfine tensors (the latter to be abbreviated simply 
as A in this paper) .1 - 8) Most of those data were 
obtained from the V 4 + ion diluted in a diamagnetic-
host single crystal. A few analyses of the ESR spectra 
of V 4 + porphyrin compounds, which are found in 
crude petroleum, have also been reported.8) Few de­
tailed reports about the V 4 + ion in supported catalysts 
have appeared, however. The characteristic feature 
of the ESR spectra of the V 4 + ion is its approximately 
axial symmetry and the large differences between gz 

(assumed to be the rotational axis) and gx , and between 
A and B (or C). 

As the vanadium nucleus, 51V, has a nuclear spin 
of 7/2, eight spectral lines overlap each other in the 
ESR spectrum of a supported vanadium catalyst in 
which anisotropic g- and A- tensors are averaged. In 
addition, the ESR absorption due to some species 
other than V 4 + will also overlap the V 4 + absorption 
lines in most cases. In such cases, the subtraction of 
the calculated V 4 + absorption from the entire spectrum 
observed will yield these secondary spectral components. 
Spectral subtraction, therefore, is an important method 
in spectral analysis. First derivative curves are not, 
to the knowledge of the present author, convenient 
when the addition or subtraction of two spectra is 
performed. Integrated curves are more easily normal­
ized, and with them it is more easier to grasp the mean­
ing of the spectral components. For this reason, the 
absorption curve obtained by the integration of a first 
derivative curve will hereafter be called the " t rue 
resonance curve" in this paper. 

The subtraction of spectra was performed by using 
true resonance curves in this work. Wha t the first 
derivative curve indicates is the slope of the true reso­
nance curve. Therefore, if more than two absorption 
peaks partly or fully overlap each other, the precise 
determination of gz and gx (or gy), and A and B (or 
C) is very difficult. In these instances, the values 
obtained from the peak and bottom positions of the 
first derivative curve are nothing more than a set of 
crude approximation values of gz and gx (or gy). In 
order to get more accurate results, therefore, it is 
advisable to repeat the spectral simulation procedures. 

In order to analyse the ESR spectra of the V 4 + 

ion formed on the surface of y-alumina powder, the 
spectral simulation method should be very useful for 
the reason stated above. However, only a little work 
has been done on this subject, using the type of samples 
described above. Campadelli and Bart analysed the 
line shape of the M o 0 3 A l 2 0 3 catalyst considering 
the g-value dispersion and the spin-spin interaction. 
Their calculation did not cover the entire region in 
which the experimental spectra had absorption in­
tensities. I t is not clear, therefore, if their assumption 
that the line width was caused only by the g-value 
dispersion and by spin-spin interactions was correct 
or not.9) 

Exper imenta l , D a t a P r o c e s s i n g , 
a n d S imula t ion 

Preparation of ESR Samples. The oxides used as car­
riers of V 2 0 5 were y-alumina (Baikowski, A125-AS2, 148 
m2/g), silica gel (Fuji Davison, SP-No. 3, 153 cm2/g), zir­
conium oxide (Mitsuwa Chemical Co., 99.9% pure, 8.5 
m2/g), titanium oxide (Kokusan Chemical Co., 7.4 m2/g), 
magnesium oxide (Nihon Rikagaku, Inc., 89 m2/g), and 
calcium oxide (Junsei Pure Chemicals, 3.0 m2/g, containing 
alkali metals and magnesium as impurities, the sum being 
less than 2%). These oxides were mixed with an aqueous 
solution of ammonium vanadate from which mixture water 
was evaporated at room temperature. After drying at 100 
°C, they were calcined at 550 °C in air to form V 2 0 5 . The 
final concentration in the solid mixtures obtained was 0.5%. 
The solid sample was then placed in a quartz tube 8 mm in 
inner diameter and was reduced at 500 °C with H2 at 1 atm 
pressure and at the flowing rate of 50 ml/min for 1 h. Some 
of the V4+ ions contained in this sample were reduced to 
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some extent. The sample was cooled in the hydrogen at­
mosphere and was then taken out into the air. It was then 
placed in a ESR sample tube and ESR measurements were 
made while evacuating it to 10~5 Torr. 

The results obtained are shown in Figs. 1—9, together 
with the simulated spectra. For the purpose of comparison, 
a sample of VOS04 supported on y-alumina was prepared. 
In this case, 1.0 mg of VOS04-2H20 was mixed with 5.0 ml 
of redistilled water and 1 g of y-alumina. After the water 
has been evaporated, it was vacuum-dried and then used 
for ESR measurements. Although the official SI unit re­
presentation of the magnetic-field flux density is Tesla, T, 
a conventional symbol, G, is used in this report to represent 
0.0001 T. 

Data Processing. The output of an ESR spectrum from 
the spectrometer is in the form of DC voltage from 0 to 10 
mV. This voltage is converted to natural numbers at the 
rate of 10 mV to 256. The numbers are stored in JEG-5 
computer of JEOL and are then punched out on paper data 
tape. This spectrum is then integrated by a Fortran system 
of Hitac 10 II. 

Spectrum Simulation. Several types of programming 
methods have been established to calculate the ESR spectra 
of the paramagnetic species existing in polycrystalline or 
multioriented substances.10-13) These methods, however, 
have been contrived to be executed by large computers. 
Therefore, if one intends to handle the calculation problem 
simply as a matter of calculation, those past works will assist 
the researcher to a great extent. However, if one is intending 
to use the calculation as a part of his experimental system, 
it often happens that one cannot afford to use a large com­
puter in his experimental system. In the present work, a 
calculation method which is essentially the same as those 
in the past reports, but which is modified so as to make it 
suitable for the computing system used in the present study, 
has been used. 

The calculation was done by the Fortran system described 
above, and the result was displayed on a conventional paper 
chart recorder placed after a digital-analogue converter.14) 
In the present problem, the spin Hamiltonian can be written : 

SP = (gÄ + gA + gySy)ßH+(ASz + BSx + CSy)I. 

According to this equation, the calculation of the spectra 
may be carried out in three different ways. In the first 
case, gz^zgx^zgy and A^B^C. In the second case gz^gx=gy 

and A^B=C. In the third case gz=gx=gy and A=B=C. 
The third case does not have to be considered in the present 
work. The ^-factor and coupling constant, e.g., A, were 
surveyed in the #±0.001 and ^±0.0002 regions, and the 
best combination was judged by a visual inspection. 

Results 

In Figs. 1—7 the spectra obtained by both experi­
ments and calculations are shown. The true absorp­
tion of ESR is plotted, except in Fig. 1, with the mag­
netic field increasing from right to left. The para­
meters used for the calculations is shown in Table 1. 
The first derivative curve of the spectrum of Fig. 2 
is shown in Fig. 1. The sample which gave these 
spectra was V 2 0 5 /T i0 2 reduced in H2. The "OBS" 
in Fig. 1 means the observed spectrum, while "S IM" 
means that obtained by spectral simulation. The 
vertical lines shown in the figures indicate the positions 
of resonance, with (^/#z^)+m IA shown by longer 
lines and (hvjg^-^m^B shown by shorter lines, in 

TABLE 1. THE ESR CONSTANTS FOUND BY SPECTRAL 

SIMULATION 

Car­
rier 

TiOa 

ZrOa 

Si02 

A1203 

A1203 

Ion 

V4+ 
V4+ 
V4+ 
V4+ 

vo2+ 

gz 

1.9400 
1.9036 
1.9333 
1.9494 
1.9490 

gx>gy 

1.9892 
1-9735 
1.9807 
1.9828 
1.9980 

,4/cm-1 

0.0160 
0.0170 
0.0102 
0.0165 
0.0174 

B/cm-1 

0.0050 
0.0070 
0.0048 
0.0055 
0.0067 

Half-
width/Ta> 

0.00632 
0.00200 
0.00365 
0.00632 
0.00316 

a) Simulation by Lorentz function. 

4098G 2861G 

Fig. 1. The first derivative curve of ESR spectrum of 
hydrogen reduced 0.5% V205/Ti02 sample. Mic­
rowave power was 0.4 mW, and at 9450 MHz. Vertic­
al lines indicate the positions of the principal values, 
Table 1. 

4098G 2861G 

Fig. 2. True absortion curves of the spectra in Fig. 1. 

which A and B are in the unit of the magnetic field, 
G. An axial symmetry is assumed, B=C. The z-
direction is taken as the symmetry axis. 

The peak and the bottom positions in the outer 
part of the spectrum in Fig. 1 almost exactly coincide 
with the magnetic-field value given by the principal 
values of g and A. Therefore, g and A may be found 
by solving this equation: H={hv—Aml)jg7ß using a 
first derivative curve. However, the magnetic-field 
values for the H=(hv—Bml)lgxß equation are extremely 
difficult to find because the central part of the spectrum 
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4215G 2877G" 

Fig. 3. 0.5% V 20 5 /Zr0 2 . Other conditions identical 
with those of Fig. 2. 

4097G 

Fig. 6. 0.5% V205/y-Al203 . Other 
identical with those of Fig. 2. 

2828G 

conditions are 

4132G 2794G 

Fig. 4. Sample used was the same as that for Fig. 3. 

3887G 3096G 

Fig. 5. 0.5% V205 /Si02 . Other conditions identical 
with those of Fig. 2. 

is crowded overlapping spectral lines. In these cases, 
KneubühFs equation is very hard to apply.15) 

In Fig. 2, OBSl is the observed spectrum. OBSSM 
was obtained from OBSl by the following processing 
method. At every magnetic-field point of the OBSl 
spectrum, the absorption intensities were integrated 
over the ± 4 0 G region and were then averaged, the 
average being registered as the intensity of OBSSM 
at that field value. From this smoothed curve, OBS2' = 
OBSl—OBSSM was calculated. By the normalization 

Fig. 7. 1.0 mg of VOS0 4 -2H 2 0 dispersed on the sur­
face of 1.0 g of y-Al203. 

of OBS2' , OBS2 was obtained. The hyperfine struc­
tures are found more clearly in OBS2, which makes 
the estimation of B and g easier. 

The V 4 + spectra formed in reduced V 2 0 5 / Z r 0 2 are 
shown in Fig. 3. The observed spectrum is OBSl . 
The explanation for OBS2 will be made later. The 
S I M spectrum was obtained by calculations using the 
parameters found in OBSl . The OBSl spectrum con­
tains two component spectra. One of them has the 
hyperfine structure of the OBS2 of Fig. 2, or the normal 
V 4 + hyperfine structure. The other component has 
a somewhat different structure. The I N T spectrum, 
which is not shown in the figure, was made from OBSl 
and S I M ; I N T = O B S - 0 . 3 5 2 S IM. The I N T S M 
spectrum was obtained by smoothing the I N T spectrum 
in the same way as was used to get the OBS2 of Fig. 2. 
I N T S M is shown in Fig. 4 with O B S l . 

A hyperfine structure different from that of OBSl 
is found in I N T S M , but it was not analysed. The 
OBS2 spectrum of Fig. 3 was obtained as OBSl—0.813 
I N T S M . The parameters found in OBS2 were com­
pared with those obtained from OBSl . Since there 
was some difference between these two groups of 
parameters, the S I M spectrum was again calculated 
from the data found in OBS2. By repeating the 
procedure described above, the I N T , the I N T S M , 
and the OBS2 spectra were again calculated. The 
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TABLE 2. THE K AND ß2 VALUES 

Carrier Ion K/cm-

200 G 

Fig. 8. 0.5% V205 /MgO. Other conditions are ident­
ical with those of Fig. 3. 

final agreement of OBS2 with S I M was fairly good. 
The ESR spectrum of the V 4 + ion formed in reduced 

V 2 0 5 supported on Si0 2 5 OBS, and the spectrum 
calculated to fit it, S IM, are shown in Fig. 5. The 
silica gel used has some impurities. The intensity of 
the absorption by V 4 + in this sample is not strong. 
For these two reasons, the background ESR spectrum, 
BG, which is not shown, was subtracted from the origi­
nally observed spectrum, O R O B S , which is not shown, 
either. Therefore, O B S = O R O B S - B G . A broad 
component, V, is found in the OBS spectrum in ad­
dition to the spectrum with the V 4 + hyperfine structure. 
This circumstance is similar to those shown in Figs. 
3 and 4. 

The ESR spectra of the V 4 + ion formed in the re­
duced V 2 0 5 on y-alumina are shown in Fig. 6. Since 
the carrier used in this sample was very pure and 
gave no appreciable absorption, and since the ESR 
absorption of V 4 + on y-alumina was relatively strong, 
the OBS spectrum itself could be fitted well by the 
calculated spectrum. The ESR spectrum of the V 0 2 + 

ion which was adsorbed on y-alumina and the spectrum 
calculated to fit it are shown in Fig. 7. In Fig. 6 the 
half-width used for the calculation was 63.2 G, but 
in Fig. 7 31.6 G gave a good fit. Here the difference 
between V 0 2 + and V 4 + is quite clear. No ESR 
spectra which are like those in Figs. 1—7 could be 
observed from the sample in which the carrier oxide 
was either C a O or M g O . If the carrier was C a O , 
no ESR signal due to V ions were observed. In the 
case of M g O , the spectrum shown in Fig. 8 was observ­
ed. It is not V 4 + but V 2 + that gives this spectrum.16) 
The position of the magnetic field indicating g=2 .0036 
is marked by an arrow and gd. The results obtained by 
C a O and M g O indicate that, on the surface of these 
alkaline earth oxides, V 4 + is not stable. 

D i s c u s s i o n 

The Electronic State of the d-Electron and the Carrier 
Effects on It. The hyperfine splitting values ob­
served from the V 4 + ion have two components, the 
isotropic term and the anisotropic term. For the 
electron in a d1 configuration, either the dz2 or dx y 

orbital is concluded to hold the unpaired electron.5) 
The molecular orbital formed between the ligand 
orbital, ^L(xy)5 a n d dxy is denoted by n. Let ß and 
ß' be the proper coefficients, then: 

Si02 

A1203 

ZrOa 

A1203 

TiOa 

V4+ 
vo2+ 
V4+ 
V4+ 
V4+ 

0.0242 
0.0229 
0.0222 
0.0206 
0.0200 

0.375 
0.727 
0.690 
0.754 
0.751 

The ß in this equation is different from that used in 
the spin Hamiltonian. The spin Hamiltonian is, if 
all the spectra are approximated by axially symmetric 
models : 

3P = gJH& + gJ[HxSx + HySy-] 

+ AI A + B[IXS* + IJSJ\. 

From the ESR spectrum, the hyperfine coupling con­
stants, A and B, are obtained. A and B are shown 
by the following equations:1 7 - 1 9) 

A = -K - (4/7) ß2P + (g- 2.0023) P 

+ (3/7)(£-2.0023)P 

B = -K+ (2/7)ß*P+ (11/14) (£-2.0023) 

The value of P is equal to 2.0023'gN'ß'ßN'<r~3), 
and the value for 51V4+ is 0.0172 cm"1.20) Therefore, 
K and ß2 are solved from the above equations. Those 
values calculated from the data in Table 1 are shown 
in Table 2. 

The isotropic contact term in the hyperfine interac­
tion of paramagnetic ions has been the subject of 
many studies.20-22) Abragam, Horowitz, and Pryce 
have observed that the quantity, X, defined as: 

4n 
X = -WSätoW) 

is negative and nearly constant in magnitude for ions 
in the first transition series.21) The X value is related 
with K by means of the following equation:21) 

3 
~2 X = 

( hca* \ 1 
K2.0023gNßßN) J 

In this equation, h is Planck's constant, c is the velocity 
of light, a0 is the Bohr radius, and gN is 5.050 for 51V. 
Therefore, the K value is proportional to the probabi­
lities of the 2s and 3s electrons to be excited to the 
3d orbital. In Table 2, the K value for V 4 +/Si0 2 is 
the largest and the one for V 4 + / T i 0 2 is the smallest. 
The ß2 value is proportional to the spin density in 
dxy , and the values are in a decreasing order when 
the samples are V4+/A1203 , V 4 +/Ti0 2 , V 4 +/Zr0 2 , and 
V 4 +/Si0 2 . 

The catalytic activity of V 2 0 5 supported on T i 0 2 , 
Z r 0 2 , S i 0 2 , and A l 2 0 3 greatly depends upon the 
carriers. I t has been considered that the specific 
surface areas of these carriers are different. The T i 0 2 

used has only 7.4 m2/g, while the S i 0 2 used had 153 
m2/g. There are several types of reactions in which 
y-alumina works as a good carrier. If used as a carrier 
of the supported catalyst applied to these types of 
reactions, the carrier effects of those oxides decrease 
in this order: y-alumina, Z r 0 2 , T i 0 2 , and S i 0 2 . From 
the values of K and ß2 shown in Table 2, it may be 
concluded that the highly active V 4 + ion has a dxy 
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Fig. 9. True absorption curves showing the effect of 
axial distortion on the ESR spectrum. WO : Spectrum 
for the ion without axial symmetry. About para­
meters, see text. W: Spectrum identical with Fig. 
7-SIM. OBS: Identical with Fig. 7-OBS. 

orbital which extends well toward the x and y directions, 
as an ideal dxy orbital should, or that dxy has a high 
spin density. 

Axial Distortion or Inhomogeneous Crystal Field. 
Broad spectral components are found in Figs. 2—5 
in addition to the hyperfine spectral components. 
Some of them are due to some impurities in the carrier. 
However, many of the broad components are caused 
by the minor distortions and the irregular crystal 
fields. The V 4 + ions on the surfaces of T i 0 2 5 Z r 0 2 , 
and S i 0 2 particles may be surrounded by these partial­
ly distorted crystal fields. Another minor irregularities 
of the crystal field can also be expected from the half-
width value of 63 G used in the calculation of the 
spectrum (Table 1). Sixty-three gauss, if it is caused 
by the irregular £-tensor, is equivalent to <5g=0.036. 
Therefore, if we assume a mixture of two V 4 + ions 
placed in two different environments which cause 
the principal values of the g-tensor to differ by some 
0.036, the 63 G half-width can be explained. 

The approximation of the calculated spectrum S I M 
in Fig. 7 is not satisfactory if the intensities of the 
absorption peaks are considered. The first thing to 
be examined is if the axial symmetry assumed in this 
work is effective or not. Figure 9 compares two 
spectra with and without axial symmetry. The W O 
spectrum was derived by the use of gz= 1.9490, g x = 
1.9955, £ y =2 .0005 , 4 = 0 . 0 1 7 4 , £ = 0 . 0 0 6 8 , C=0.0066 
cm - 1 , and a half-width of 23.62 G. The intensity 
ratios, especially that of the strongest peak to those 
of the remaining peaks, rather deviate from that of 
the OBS spectrum. Therefore, it does not seem pos­
sible to interpret the large line-width in terms of the 
axial distortion only. Among other factors to be con­
sidered is the inhomogeneity of the crystal field sur­
rounding the V 4 + ions, which might be located on the 
edge, on the ridge, or in the valley or the deep holes 
existing on the surface of the carrier particles. Figure 
10 shows one at tempt to study this subject. The 
OBS spectrum is identical with the one in Figs. 7 and 
9. The S I M spectrum was derived from the two 
spectra as an arithmetic mean. The one of the com­
ponent spectra was the Fig. 7-SIM spectrum. The 
other component spectrum was calculated by means 

on V4+ ESR 1909 

« 500 G 

Fig. 10. True absorption curves demonstrating the ef­
fect of inhomogeneous crystal fields on the ESR spect­
rum. SIM: An equal mixture of two spectra, para­
meters are in text. OBS: Identical with Fig. 7-OBS. 

of gz= 1.9599, £ x = £ y = 2 . 0 0 9 2 , ,4=0.00174, B=C= 
0.0067 cm- 1 , and a half-width of 31.62 G. The agree­
ment of the intensity ratios have been fairly well 
improved. 

The large line-width of the paramagnetic ions located 
on the surface of porous powders includes many factors 
which it is not easy to solve or to understand fully. 
In the case of a nucleus which has a large nuclear 
spin, such as V 4 + , the spin Hamiltonian has a nuclear 
quadrupole term, e.g., Q^(IZ

2—63/12). If the axis of 
the magnetization is perpendicular to the z-axis, secon­
dary transitions can occur between energy levels; 
therefore, the experimental ESR spectrum may not 
be accounted for by simply averaging the ESR spectra 
which are obtained from the V 4 + ions oriented in 
random directions in the magnetic field. The strong­
est absorption peak of the OBS spectrum in Fig. 7 
is relatively weaker than that which is to be expected 
by the calculated spectrum, S IM. This fact might 
be explained if one would consider the nuclear quadru­
pole term. However, it seems to the present author 
that the angular variation of the intensity ratio of the 
hyperfine lines should be studied by means of a system 
which is simpler than the supported catalysts used in 
this work. For this reason, such considerations have 
not been undertaken here. At any rate, the inhomo­
geneous crystal-field approach will solve a par t of this 
problem. 

CaO and MgO as Carriers. When used as the 
carrier of a catalyst for a reaction in which y-alumina 
works as a good carrier of the catalyst, C a O and M g O 
are poor carriers. I t seems there are no such sites 
as keep the V 4 + ion stable on the surfaces of these 
oxides. In the case of M g O , a Mg 2 + vacancy will be 
replaced by a V 4 + ion, which is then reduced to the 
+ 2 oxidation state if placed in a H 2 atmosphere above 
500 °G. The V 2 + ion thus formed is stable, probably 
because it is somehow equivalent to M g 2 + with respect 
to the electrostatic field that is produced in the sur­
rounding crystal lattice. 
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Effect of Methyl Substitution on the Electron Spin Resonance Spectra 
of Yang's Biradical 
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Mono- and dimethyl derivatives (II) and (III) of Yang's biradical (I) were prepared, and the methyl-substi­
tution effects on the molecular symmetry and spin-density distribution of Yang's biradical have been studied. 
Resolved hyperfine structures were observed in the ESR spectra of liquid solutions of the biradicals (II) and (III), 
giving the hyperfine splitting values theoretically expected for their triplet states. In a fluid solution, the biradical 
molecules retain a three-fold symmetry, as has been reported for Yang's biradical, and the expected methyl-substi­
tution effect is too small to induce any asymmetric, unpaired spin distribution. The g- and ZMensor values of the 
(II) and (III) biradicals were determined from analyses of the asymmetric ESR spectra of frozen solutions con­
taining the biradicals. The results suggest that these biradicals must also lack a three-fold symmetry in a frozen 
solution, as has been observed for Yang's biradical. Essentially the same g- and Z>-tensor values as those of Yang's 
biradical are observed for the monomethyl derivative (II). On the other hand, the dimethyl derivative (III) 
shows quite different g- and D-tensor values. 

Yang's biradical (I) is known as a fairly stable 
phenoxyl biradical; it has a structural three-fold 
symmetry and doubly degenerate non-bonding Orbi­
tals, each being half-filled.1»2) This implies the pos­
sible existence of a triplet ground state (S= 1 ), which has 
actually been confirmed by susceptibility measure­
ments.3) The fluid-solution ESR spectrum shows 
seven hyperfine splitting due to six equivalent meta-
ring protons in the three benzene rings of the biradi­
cal.4) The results of NMR 5 ) and ENDOR 6 ) studies 
in solution also indicate that the six meta-ring protons 
are magnetically equivalent, giving a hyperfine split­
ting attributable to the six meta-ring protons. How­
ever, the toluene rigid matrix ESR spectrum of Yang's 
biradical was recently reported to be a characteristic 
spectrum of a non-axially symmetrical triplet, with 
|Z>|=34.1 and | £ | = 2 . 3 G . 7 > This result may be 
explained by assuming that at least one of the twist 
angles of the three benzene rings is different from the 
other two rings in the low-temperature rigid matrix. 
The notable solvent effects observed for the zero-
field splitting parameters (D and E) suggest that the 
asymmetric environment due to frozen-solvent molecules 
contributes to the molecular distortion found for Yang's 
biradical.8) In the previous papers, the effects of 
asymmetric deuterium and ^-pentyl substitution on 
molecular distortion in Yang's biradical were also 
reported, indicating that the effects are negligible 

- [ - = tBu 

Yang's Biradical I Me-Yang's 2 Me-Yang's 

Biradical Biradical 

Fig. 1. Molecular structures of Yang's biradical (I), 
1 Me-Yang's biradical (II), and 2Me-Yang's biradical 
(III). 

for the former and small for the latter.7»9) 
In the present work, in order to obtain further 

information on such molecular distortion, we have 
prepared the two methyl derivatives (hereafter called 
as the l M e - and 2Me-Yang's biradicals (II) and 
( I I I ) ; see Fig. 1) of Yang's biradical by the P b 0 2 

oxidation in toluene of the corresponding bisphenol 
precursors. The isotropic hyperfine splittings and 
g- and ZJ-tensor values of these biradicals have been 
determined from their solution and asymmetric frozen 
ESR spectra respectively. The results provide direct 
experimental evidence for the symmetry and electro­
nic structure of these radicals. The isotropic hyper­
fine splittings of the monoradical precursors of the 
(I), ( I I ) , and (III) biradicals have also been determined 
by means of their solution ESR spectra and compared 
with those of the corresponding biradicals. 

In general, the effect of the methyl substitution 
on the unpaired spin distribution in free radicals, 
including phenoxyl radicals, is very small. However, 
as has been shown in ESR10) and NMR 1 1 ) studies 
of the benzene anion and its methyl derivatives, the 
effect can be significant if the orbital ground state 
of the parent free radical is two-fold degenerate and 
if methyl substitution, by lowering the symmetry, 
removes the degeneracy. A notable methyl sub­
stitution effect has also been observed in E N D O R 
studies12) of the pentaphenylcyclopentadienyl neutral 
radical, which has doubly degenerate non-bonding 
orbitals. By the asymmetric methyl substitution of 
Yang's biradical, therefore, we can expect a change 
in the unpaired spin distribution (the asymmetric 
spin distribution) and a lifting of the degeneracy. 

R e s u l t s a n d D i s c u s s i o n 

Solution ESR Spectra of lMe- and 2Me-Yang's Bira­
dicals (II) and (III). As has been described in 
previous papers,7 - 9) the oxidation product of the bis­
phenol precursor (bisphenol (I)) of Yang's biradical 
with P b 0 2 in toluene in a sealed, degassed system 
initially gives a quintet ESR spectrum ( a £ = 1 . 3 2 ± 
0.04 G) attributable to the four equivalent meta-ring 
protons of the monoradical precursor. After further 
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Fig. 2. Solution ESR spectra of (a) lMe-Yang's bira-
dical (II) and (b) 2Me-Yang's biradical (III) in tolu­
ene at 20 °G. Each spectrum includes a quintet signal 
due to remaining monoradical impurity. 

oxidation, a five-line spectrum of the monoradical 
is altered to a seven-line spectrum of Yang's biradical, 
with an equivalent splitting constant of « S = 0 . 9 1 ± 
0.04 G.4'7> 

The initial partial oxidation of the bisphenol ( I I ) , 
the bisphenol precursor of the 1 Me-Yang's biradical 
( I I ) , gives ESR spectra consisting of (i) a central 
strong quintet and (ii) weak quartet-quintet patterns 
on both sides of the central quintet. The spectra 
are thought to be attr ibutable to the two kinds of 
monoradicals (AB- and BC-types) produced when 
the oxidation proceeds from the A and C hydroxy-
phenyl rings in the bisphenol precursor respectively; 
the former monoradical is very stable, while the latter 
is unstable, disappearing within about 30 minutes 
at 20 °C. The spectra are readily analyzed, giving 
al=\.30±0MG for the (II-AB) monoradical and 
flgH,=4.07±0.04G and a S = 1 . 3 6 ± 0 . 0 4 G for the ( I I -
BC) monoradical. As the oxidation proceeds further, 
the spectra of the two monoradicals are altered 
into a sixteen-line absorption signal which may be 
attributed to the 1 Me-Yang's biradical ( I I ) . As 
this biradical is unstable, ESR measurements were 
performed on several samples, under slightly different 
conditions of oxidation, in order to obtain a better 
ESR spectrum. The best spectrum obtained is shown 
in Fig. 2(a). However, the spectrum indicates that 
a quintet signal caused by a monoradical impurity 
still remains. The sixteen-line absorption signal of 
the (II) biradical may be explained by three protons 
(tfcH3=2.59±0.04 G) of a methyl group and six equi-

TABLE 1. HYPERFINE SPLITTINGS OF YANG'S BIRADICAL (I), 

THE l M e - Y A N G ' s BIRADICAL ( I I ) , AND THE 2Me-YANG's 

BIRADICAL ( I I I ) , AND THEIR MONORADICAL PRECURSORS 

( A B - AND BC-TYPES) IN TOLUENE AT 2 0 °G (G) 

Biradical Monoradical precursors 

AB-type BG-type 

al*) 

Yang's (I) 0.91 
lMe-Yang's (II) 0.86 
2Me-Yang's (III) 0.86 

flCH3 

2.59 
2.58 

0 m 

1.32 
1.30 
1.31 

< 

1.32 
1.36 
1.30 

flCH3 

4.07 
4.05 

a) The experimental errors in the values of <z" and 
fl?H8 are ± 0 . 0 4 G . 

valently interacting protons (« m =0.86±0 .04 G) at the 
meta positions. 

Similarly, the oxidation of bisphenol ( I I I ) , the 
bisphenol precursor of the 2Me-Yang's biradical 
( I I I ) , initially gives ESR spectra consisting of (i) a 
strong quintet and (ii) a weak septet-quintet splitting; 
the spectra are attr ibutable to the two kinds of mono-
radicals (III-AB and -BC) produced when the oxida­
tion proceeds from the A and C hydroxyphenyl rings 
in the bisphenol precursor respectively. The hyper­
fine splittings ( a S = 1 . 3 1 ± 0 . 0 4 G ) and ( Ö ? H 3 = 4 . 0 5 ± 
0.04 G, a S = 1 . 3 0 ± 0 . 0 4 G ) were observed for the 
(III-AB) and (III-BC) monoradicals respectively. 
After further oxidation, the ESR spectra of the two 
monoradicals were altered to an ESR spectrum, as 
is shown in Fig. 2(b). This spectrum may be explained 
by considering the contribution from both an absorp­
tion signal of the ( I I I ) biradical and a central strong 
quintet signal of the remaining monoradical. The 
stability of the (III) biradical with two methyl groups 
is even less than is the case for the (II) biradical, which 
has one methyl group, disappearing within about 
20 minutes at 20 °C. The hyperfine splittings obtained 
for the ( I I I ) biradical are a?H8 = 2 .58±0.04 G and 
tf£=0.86±0.04 G, arising from six protons of two 
methyl groups and six magnetically equivalent meta-
ring protons respectively. All the hyperfine splittings 
are listed in Table 1. The ^-values (glBO) of these 
biradicals in toluene were also measured; they are 
listed in the last column of Table 2. 

As is clear from the results listed in Table 1, the 
hyperfine splittings obtained for the monoradical 
precursors (AB- and BC-types) of Yang's biradical 
and its methyl derivatives in solution are equivalent 
to each other as resolved by the ESR experiments. 
The hyperfine splitting constants of Yang's biradical 
and its methyl derivatives in a fluid solution also 
show a good agreement with each other within the 
limits of experimental error. As has been observed 
for the benzene anion and its methyl derivatives,10»11) 
the methyl-substitution effect can be significant if the 
two-fold degeneracy of the parent free radical is lifted 
by asymmetrical methyl substitution. Yang's biradi­
cal (I) has a structural three-fold symmetry and is 
orbitally degenerate.2) By asymmetric methyl substi­
tution, therefore, we can expect a lifting of the dege­
neracy, and thus a change in the unpaired spin dis-
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TABLE 2. D- AND ST-TENSOR VALUES OF YANG'S BIRADICAL (I), THE IMe-YANG'S BIRADICAL (II), 

AND THE 2Me-YANG'S BIRADICAL (III) IN TOLUENE AT 77 K 

|Z)|a)/G |2g|a)/G fab) gjy giz gavQ g i s Qd)-

Yang's (I) 34.1 2.3 2.0054 2.0054 2.0026 2.0045 2.00451 
lMe-Yang's (II) 34.2 2.2 2.0052 2.0055 2.0030 2.0046 2.00447 
2Me-Yang's (III) 23.3 1.4 2.0046 2.0041 2.0035 2.0040 2.00457 

a) The experimental errors in the values of \D\ and \E\ are ± 0 . 2 and 0.4 G respectively, b) The experimental 
errors in the values of £xx, gyy, gzz, and £av are ±0.0002. c) The average £ a v = (lß)(gxx + g77 + gzz)- d) The 
experimental errors in the values of giso are ±0.00005. 

§1 , 9 ^ 9 
(<^20) .Of0*© .(ETcXs). 

( i ) (ii) (iii) 

Fig. 3. Schematic representation of three valence-bond 
structures (i), (ii), and (iii) of the biradicals. 

tribution (an asymmetric spin distribution). However, 
the present experimental results indicate that the ex­
pected methyl-substitution effect is too small to induce 
any asymmetric unpaired spin distribution in a fluid 
solution. 

The hyperfine splitting (<zm=0.91 G) of the meta-
ring protons of Yang's biradical is nearly two-thirds 
of the splitting (aS=1.32 G) observed for the mono-
radical precursor. Similar results were observed 
for the IMe- and 2Me-Yang's biradicals, (II) and 
( I I I ) . For instance, in the ( I I I ) biradical, the pre­
dicted values for the hyperfine splittings of the meta-
ring protons and methyl protons from those of the 
monoradical precursor (III-BC) are 0.87 G and 2.70 
G, while the observed values are 0.86 G and 2.58 G, 
respectively. The relative ratio (2/3) of the hyper­
fine splitting constants of the biradicals to the mono-
radicals can be predicted on the basis of simple reso­
nance theory, as follows : one can, in principle, schemati­
cally draw three valence-bond structures, (i), (ii), and 
(iii) (see Fig. 3) for each biradical under study. The 
(i) structure is considered to be a strongly ^-conjugated 
biradical consisting of two galvinoxyl groups (AB-
and BC-types), with two unpaired electrons in a molec­
ular orbital, in which the B ring is common to both 
monoradical-AB and -BC. If the nucleus, X , is in 
the B ring, the splitting constant (aî-a) in the biradi­
cal will be the arithmetic average of the splitting 
constants from the monoradical-AB and -BC, as was 
proposed by Kopf et al. :13> 

„bl / mono i „monoX 
"I-B — o l"AB T^«BC ) 

If X is in the A ring (which is not included in the 
monoradical-BC), amcno=0, thus: 

Similarly, for the splitting constant (tff-c) of the C ring, 

1 
nhl „mono 

For the (ii) and (iii) structures, the hyperfine split­
tings may be similarly represented, using the hyperfine 
splittings of the monoradical. If the (i), (ii), and (iii) 
structures are equally probable, the hyperfine splitting 
(for instance, all) of a given nucleus, X , in the A 
ring of the biradical may be represented, taking the 
contribution from the three valence-bond structures, 
as: 

M l 1 1 , J 

This is what is experimentally observed for the methyl 
and meta-ring protons of the (I) , ( I I ) , and (III) bira­
dicals, as has been described above; the observed 
hyperfine splittings for the biradicals agree exceedingly 
well with those calculated from the corresponding 
monoradicals, thus strongly supporting the above 
explanation. 

Rigid Matrix ESR Spectra of the IMe- and 2Me-Yang>s 
Biradicals (II) and (III). The observation and 
detailed analysis of the rigid matrix ESR spectrum 
of Yang's biradical have been reported in a previous 
paper.7) When the bisphenol precursor (bisphenol 
(II)) of the IMe-Yang's biradical (II) was oxidized 
with P b 0 2 in toluene under a vacuum, the yellow-
brown color of the phenol solution immediately became 
the yellow-orange of the (II-AB) and (II-BC) mono-
radicals. Upon further oxidation, the color was 
changed to yellow-green. By quickly freezing the 
yellow-green solution containing the (II) biradical 
into a rigid glass (77 K ) , one can observe some dipolar 
splittings, as is shown in Fig. 4(b). The spectrum 
consists of two pairs of lines disposed about g=2 and 
a weak line at £ = 2 from the monoradicals. As has 
been described in a previous section, the (II) biradical 
is unstable at 20 °C; thus, the ESR observations were 
performed for several samples in order to minimize 
the central monoradical signal and in order to get 
a better spectrum. T h e best spectrum obtained is 
shown in Fig. 4(b). This spectrum remained un­
changed after a period of several hours at 77 K. Upon 
annealing at 20 °C for 30 min, however, the yellow-
green color disappeared along with the biradical 
signal. The spectrum of the IMe-Yang's biradical 
shows a shape essentially the same as that of Yang's 
biradical (see Fig. 4(a)) , except for the difference 



1914 Kazuo MUKAI [Vol. 52, No. 7 

Fig. 4. Rigid matrix ESR spectra of (a) Yang's biradi­
cal (I), (b) lMe-Yang's biradical (II), and (c) 2Me-
Yang's biradical (III) in toluene at 77 K. 

in the central monoradical intensity and the increase 
in the linewidth of each absorption line. The position 
and separation of the signals of the 1 Me-Yang's biradi­
cal are quite similar to those of Yang's biradical. The 
zero-field splitting parameters (D and E) and fir-tensor 
values have been tentatively estimated from the po­
sitions of the three pairs of turning points (ZZ' , YY', 
and X X ' ) , as performed for Yang's biradical in a 
previous paper. These values are Z )=34 .2±0 .2 G, 
E=2.2±0A G, £ z z =2.0030±0.0002, £ y y = 2 . 0 0 5 5 ± 
0.0002, and £ x x =2 .0052±0 .0002 . The average, g&v = 
l / 3 ( £ x x + £ y y + £ z z ) = 2 . 0 0 4 6 ± 0 . 0 0 0 2 , is in agreement 
with the isotropic g l s o =2.0044 7 ±0.00005 value mea­
sured at room temperature, indicating that the fir-
tensor values obtained by the above analysis are 
consistent. Similarly, the toluene rigid-matrix ESR 
spectrum of the 2Me-Yang's biradical (III) has been 
measured. The E S R spectrum of the 2Me-Yang's 
biradical at 77 K is very different from those of 
Yang's biradical and the 1 Me-Yang's biradical, as 
is shown in Fig. 4(c). The zero-field parameters 
and fir-tensor values were similarly estimated from the 
three pairs of turning points (ZZ' , YY', and X X ' ) , 
giving the values of Z>=23.3±0.2 G, £ = 1 . 4 ± 0 . 4 G , 
£ z z =2.0035±0.0002, gyy=2.0041 ±0.0002, £ x x =2 .0046 
±0.0002, and £av = 2.0040±0.0002. The observed Z>-
and fir-tensor values of these biradicals, (II) and (III), 
are summarized in Table 2, together with those of 
Yang's biradical. 

As has been described in a previous section, the 
results of the measurements of the solution ESR spectra 
of Yang's biradical (I) and its methyl derivatives 
(II) and (III) suggest that these radical molecules 
retain a three-fold symmetry in a fluid solution and 
show similar unpaired-spin distributions. O n the 
other hand, since the axial spectra, i.e., the spectra 
characterized by only one zero-field splitting parameter , 
Z), could not be observed in any of these biradicals, 

( I) , ( I I ) , or (III), these biradicals must lack a three­
fold symmetry in a frozen solution. Yang's biradical 
and its methyl derivatives may be considered to have 
a propeller configuration, with a twist angle of about 
30° in solution. Due to the dereal izat ion of each 
unpaired electron, the principal Z axis of the ZJ-tensor, 
corresponding to the maximum 2D value (ZZ') , is 
probably parallel to the 2pz orbital of the central 
triphenylmethyl carbon atom. Therefore, in the (I) , 
( I I ) , and (III) biradicals with non-zero E values, 
at least one of the twist angles of the three phenyl 
rings is different from those of the other two rings 
in the low-temperature rigid matrix. By substituting 
the methyl group for the tertiary butyl group, the 
steric interaction between the substituents will decrease 
to some extent. Consequently, the benzene ring 
into which the methyl groups are substituted will 
be twisted less than the other two benzene rings. There­
fore, we can expect an increase in the D-parameter 
of the methyl derivatives in comparison with that of 
Yang's biradical.14»15) However, in the 1 Me-Yang's 
biradical, both the fir- and Z)-tensor values are in good 
agreement with those of Yang's biradical. This, 
together with the results obtained in solution ESR 
spectra, gives further accurate evidence that mono-
methyl-substitution effects for molecular symmetry 
and spin-density distribution are negligible in Yang's 
biradical. 

O n the other hand, in the dimethyl derivative 
(III) of Yang's biradical, the change in the D- and 
fir-tensor values is very remarkable. However, in 
contrast to the above expectation (an increase in 
the D-parameter) , the Z)-parameter decreased 10.8 G 
compared to that (34.1 G) of Yang's biradical, sug­
gesting an increase in the twist angle. In fact, the 
increase in the gzz value and the decreases in the g77 

and gxx values observed for the 2Me-Yang's biradical 
may also be explained by the increase in the twist 
angle. A notable solvent effect has been observed 
for the zero-field parameters of Yang's biradical; for 
instance, the D- and ^-parameters vary from D= 
34.6 G and £ = 1 . 5 G in ethyl alcohol to Z>=32.1 G 
and E=3.6 G in diglyme.8) The results suggest 
that the asymmetric environment due to frozen solvent 
molecules may contribute remarkably to a change 
in the conformation of the radical molecule. How­
ever, the change in the Z)-parameter of the 2Me-Yang's 
biradical is more remarkable than that due to the 
solvent effect. The reason why dimethyl-substitution 
effects are negligible in a fluid solution, while they 
are very remarkable in a frozen solution, is not clear 
at present. 

Experimental 

Measurements. The ESR spectra were obtained 
in the X band using a JES-ME-3X spectrometer equipped 
with a Takeda-Riken microwave frequency counter, which 
was used to measure the klystron frequency. The ESR 
splittings were determined using (KS03)2NO (aN=13.05± 
0.03 G) as a standard. The ^-values were measured re­
lative to the value of Li-TGNQ powder, calibrated with 
(KS03)2NO (g=2.0054). 16> The proton magnetic reso-
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nance spectra were recorded on a J E O L G O 4H-100 100 M H z 
spectrometer. T h e N M R spectra were measured in a G6D6 

solvent, with tetramethylsilane as the internal s tandard. 
Preparation of Specimens. T h e bisphenol and tris­

phenol precursors of Yang's biradical (I) and its methyl 
derivatives (II) and (III) were prepared according to a 
procedure similar to that used by Yang and Gastro.1) T h e 
condensation of 2,6-di-J-butylphenol, 2-J-butyl-6-methyl-
phenol, and 2,6-dimethylphenol with 2,6-di-J-butyl-4-(3,5-
di-^-butyl-4-hydroxybenzylidene)-2,5-cyclohexadien-l-one17 '18> 
in H 2 S 0 4 - C H 3 C O O H gave a solid mixture of the bisphenol 
and the trisphenol, respectively. T h e mixture was separated 
by silica-gel-column chromatography (using benzene as 
the eluent). T h e subsequent removal of the benzene from 
bisphenol solution left a brick-red crystalline solid; this was 
heated at 160 °G for 5 h under a vacuum (0.1 Torr) to re­
move the solvent completely. T h e evaporation of the ben­
zene from the trisphenol solution left pale yellow crystals, 
which were subsequently recrystallized twice from ethyl 
alcohol. 

Bisphenol ( I ) , R ^ R ^ f B u 

Bisphenol ( I I ) , R j = *Bu, R 2 = GH 3 

Bisphenol ( I I I ) , R 1 = R 2 = G H 3 

Trisphenol ( I ) , R ^ R ^ / B u 

Trisphenol ( I I ) , R ^ j B u , R 2 = G H 3 

Trisphenol ( I I I ) , R 1 = R 2 = G H 3 

Bisphenol (I). M p 278.5—280.5 °G, brick red crystals; 
U V max 434 n m (loge 4.50) in tetrahydrofuran ; N M R 
1.32 (36 H , s, *Bu, rings A and G), 1.54 (18 H , s, *Bu, r ing 
B), 5.30 (2 H , s, O H ) , 7.53 (4H, s, aromatic H , rings A and 
G), 7.77 p p m (2H, s, aromatic H , ring B). Found : G, 
82.30; H , 10.10%. Galcd for G 4 3 H 6 2 0 3 : G, 82.83; H , 9 .97%. 

Trisphenol (I). M p 241.0—242.0 °G, pale yellow 
crystals; U V max 278 n m (log e 3.77) in cyclohexane; N M R 
1.35 (54 H , s, /Bu), 4.87 (3 H , s, O H ) , 5.70 (1 H , s, G H ) , 
7.43 p p m (6H, s, aromatic H ) . Found : G, 81.61 ; H , 10.54%. 
Galcd for G 4 3 H 6 4 0 3 : G, 82 .11; H , 10.26%. 

Bisphenol (II). M p 269.0—271.0 °G, brick red crys­
tals; U V max 432 n m (log e 4.46) in tetrahydrofuran; N M R 
1.32 (18 H , s, /Bu, ring A) , 1.47 (9 H , s, /Bu, ring G), 1.53 
(18 H , s, /Bu, ring B), 1.59 (3 H , s, GH 3 ) , 4.58 (1H, s, O H , 
ring G), 5.30 (1 H , s, O H , ring A) , 7.10 (1 H , s, aromatic 
H neighboring the methyl group) , 7.52 (2 H , s, aromatic 
H , ring A), 7.55(1 H , s, aromatic H neighboring the /-butyl 
group, ring G), 7.73 p p m (2 H , s, aromatic H , ring B). Found : 
: G, 82.04; H , 9 .79%. Galcd for G 4 0 H 5 6 O 3 : G, 82.14; 
H , 9 .65%. 

Trisphenol (II). M p 213.5—214.5 °G, pale yellow 
crystals; U V max 278 n m (log e 3.78) in cyclohexane; N M R 
1.37 (36 H , s, /Bu, rings A and B), 1.51 (9H, s, /Bu, ring 
G), 1.64 (3H, s, GH 3 ) , 4.12 (1 H , s, O H , ring G), 4.87 (2 H , 

s, O H , rings A and B), 5.62 (1 H , s, GH) , 7.02 (1 H , s, aro­
matic H neighboring the methyl group, ring G), 7.38 (1 H , 
s, aromatic H neighboring the /-butyl group, ring G), 7.40 
p p m (4H, s, aromatic H , rings A and B). Found ; G, 81.60; 
H , 10.12%. Galcd for G 4 0 H 5 8 O 3 : G, 81.86; H , 9 .96%. 

Bisphenol (III). M p 270.0—271.5 °G, brick red crys­
tals; U V max 430 n m ( loge 4.44) in tetrahydrofuran; 
N M R 1.33 (18 H , s, /Bu, ring A) , 1.51 (9 H , s, /Bu, ring 
B), 1.53 (9H, s, /Bu, ring B), 1.90 (6 H , s, GH 3 , ring G), 
4.37 (1 H , s, O H , ring G), 5.28 (1 H , s, O H , ring A) , 7.11 
(2H, s, aromatic H , ring G), 7.50 (2 H , s, aromatic H , ring 
A) , 7.70 p p m (2 H , s, aromatic H , ring B). Found : G, 
81.77; H , 9 .52%. Galcd for G 3 7 H 5 0 O 3 : G, 81.87; H , 9 .29%. 

Trisphenol (III). M p 170.5—172.0 °G, pale yellow 
crystals; U V max 278 n m (log e 3.77) in cyclohexane; N M R 
1.37 (36 H , s, /Bu, rings A and B), 1.91 (6 H , s, GH 3 ) , 3.95 
(1H, s, O H , ring G), 4.88 (2 H , s, O H , rings A and B), 5.59 
(1 H , s, G H ) , 7.05 (2 H , s, aromatic H , ring G), 7.38 p p m 
(4H, s, aromatic H , rings A and B). Found : G. 81.58; 
H , 9 .83%. Galcd for G 3 7 H 5 2 0 3 : G, 81.57; H , 9 .62%. 

W e a r e v e r y gra tefu l to Professor K a z u h i k o I s h i z u 
a n d Professor Y a s u o D e g u c h i for t h e i r k i n d a d v i c e 
a n d e n c o u r a g e m e n t . W e a r e also gra te fu l to M r . 
J u n S a k a m o t o for his k i n d h e l p in p r e p a r i n g t h e 
b i s p h e n o l p r ecu r so r s . 
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Reactions of Electrons in Organic Solutions 
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The reactions of electrons injected by field emission into solutions have been investigated. Free radicals 
generated by the dissociative electron attachment to chlorinated solutes in benzene solutions were detected by 
the spin trapping-ESR method, using pentamethylnitrosobenzene as a spin trapping agent. Nondissociative 
electron attachment to styrene caused by the field emission was also evidenced by detecting the a-methylbenzyl 
radical generated secondarily from the styrene radical anion. The electrons field-emitted into the solutions are 
captured almost quantitatively by the electron scavenging solutes. The field emission method has been found 
to be useful for generating authentically free radicals and for studying the anionic reaction induced by electrons 
without interference of countercations and of any reaction intermediates from solvent molecules. As an example 
of the chemical utilization of the field emission technique, the ESR parameters of the spin adducts of several hy­
drocarbon radicals have been collected by this technique. 

The reactions of electrons in solutions have been 
a leading subject in a variety of fields in chemistry.1-3) 
The irradiation with ionizing radiations has been 
widely used to generate the electrons in solutions, 
though it simultaniously generates countercations 
which sometimes complicate the electron reactions 
to be studied. The photo-injection4-8) and the field 
emission8-10) of electrons from a metal cathode into 
liquids can also be used as electron sources. These 
methods generate the electrons in the solutions with­
out accompanying countercations, but have been 
employed almost solely for studying the physical 
properties of the electrons in liquids, i.e., electron 
mobility4»8»9) and quasifree electron energy.5-7 '10) 
T h e field emission, emission of electrons from a sharp 
edge or a sharp tip of a metal cathode (emitter) at 
a high negative field, readily gives a current as high 
as 1 0 - 5 A . n ) Nevertheless, the utilization of this 
method in chemical reaction study has been limited 
to the polymerization of styrene and a-methyl-sty-
rene.11-13) 

In order to exploit the chemical utilization of the 
field emission method, we have recently studied the 
dissociative and nondissociative attachments to organic 
solutes of the electrons field-emitted into benzene 
solutions. Free radicals, the short-lived intermediate 
products of the electron at tachment reactions, have 
been detected by the spin trapping-ESR technique, 
in which the short-lived free radicals are transformed 
into stable nitroxyl radicals (to be detected readily 
by conventional ESR measurements) through the reac­
tions with a proper nitroso compound or a nitrone 
compound (spin trap) coexisting in the solutions.14-17) 

T h e present investigation will give several aspects 
of the electron at tachment in solution for some 
model reaction systems studied by the combined field 
emission-spin trapping method, and will demonstrate 
the general prospect of the field emission method for 
chemical utilizations. 

Exper imenta l 

A field emission cell was made of pyrex glass tubes equip­
ped with an emitter (a razor blade of 0.7 cm length) and 
a collecting electrode (a brass rod, 1.0 cm diameter) facing 
each other at a distance of 0.1—0.2 cm, as shown in Fig. 1. 

EMITTER COLLECTOR 

\ ESR TUBE 

Fig. 1. Field emission cell. 

The cell has a thin quartz tube (0.4 cm outer diameter) 
for ESR measurements. The emitter could be readily 
changed by disconnecting a part of the cell by means of 
a taper joint. The emitter and the collecting electrode 
could be completely covered with 3 ml of solution by turning 
the cell upside down. A high voltage, up to 15 kV, was 
applied by a stabilized high voltage supply. Typically ca. 
5 x l O - 5 F - d m - 3 of electronic charge was field-emitted into 
a solution by generating for 1 h, a field emission current 
(monitored with an electronic microammeter) of 5 \xA at 
a voltage of 5 to 6 kV applied to the emitter. Such a cur­
rent induced a significant bulk flow of the solution, which 
was visible as a violent disturbance at the surface of the solu­
tion. 

Benzene, ethanol, and cyclohexane of spectrograde were 
used as received. All organic halides used as solutes were 
purified by vacuum distillation. Styrene was purified as 
described elsewhere.18) Pentamethylnitrosobenzene synthe­
sized as described elsewhere19) was used as a spin trap. 
The solutions were degassed by repeated freeze-pump-thaw 
cycles, sealed in the cell, subjected to a high applied voltage 
for the field emission, and examined by a conventional ESR 
spectrometer with a 100 kHz magnetic field modulation. 
All the experiments were carried out at ambient temperature. 

R e s u l t s and D i s c u s s i o n 

Dissociative Electron Attachment. T h e depen­
dence of the field emission current on the applied 
voltage is shown in Fig. 2, for the benzene solution 
of benzyl chloride (0.04 mol -dm - 3 ) and spin traps 
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Fig. 2. Emission current-voltage curve for the benzene 
solution of benzyl chloride (0.04 mol • dm"3) and the 
spin trap (0.002 mol-dm-3). The electric circuit for 
the field emission experiment is also shown in the figure. 

(0.002 mol -dm- 3 ) . The current increases with the 
applied voltage sharply in the low voltage region and 
then slowly in the higher region. The steep increase 
in the current indicates the onset of the field emission. 
The onset occurs at a high applied voltage for cyclo-
hexane solutions. The characteristics of the current-
voltage curve have been studied in detail for several 
liquids,10) and the onset of the field emission has been 
found to depend on the quasifree electron energy in 
the liquids. 

Spin adduct radicals were found by ESR to be ge­
nerated in the solution to which electrons had been 
field-emitted (Fig. 3A). The spin adduct radicals 
indicated by hyperfine splitting due to a nitrogen 
nucleus (0.14 mT) and two equivalent protons (0.084 
mT) have been identified to be the nitroxide radicals 
generated by the reaction between the spin t rap 
and benzyl radical.19) The latter are unquestionably 
the products of the dissociative electron at tachment 
to benzyl chloride. The yield of the adduct radicals 
( 5 x 10 - 5 mol -dm - 3 ) was very close to the field-emitted 
charge ( 2 x l O " 7 F , or ca. 7 x 1 0 - 5 F - d m - 3 ) . This 
indicates that 0.04 m o l - d m - 3 of benzyl chloride ef­
fectively scavenges all the emitted electrons. T h e 
spin trap can act as an electron scavenger.14) In the 
present experiments, however, the concentration of 
electron-scavenging solutes is higher than that of the 
spin trap by one to three orders of magnitude, so that 
the solutes preferentially compete with the spin t rap 
in reacting with the field-emitted electron. T h e field 
emission appears to provide a method to study selec­
tively and quantitatively the electron reactions with 
the solutions. 

Tweleve free radicals were generated from the 
corresponding chlorinated compounds in benzene and 
studied by the combined field emission-spin trapping 
method. T h e ESR parameters of the spin adduct of 
these free radicals are summarized in Table 1, where 

i 2 0 m T , 

Fig. 3. ESR spectra of the spin-adduct radicals observ­
ed in a) the benzene solution of benzyl chloride (0.04 
mol • dm -3) and in b) the benzene solution of styrene 
(0.1 mol-dm-3) and ethanol (0.2 mol-dm-3). The 
concentration of the spin trap is 0.002 mol »dm-3 in 
both solutions. 

some other spin adducts generated by other means19) 
are also included for comparison. The spin-trapped 
free radicals were, in almost all the cases, those gene­
rated by the dissociative electron at tachment (by the 
rupture of the G-Gl bond) to the solutes. No free 
radical from solvents was generated by field emission 
into benzene and cyclohexane solutions of the chlori­
nated compounds, whereas in y-radiolysis the solvent 
radicals were also generated and spin-trapped. Field 
emission is a useful method to generate authentically 
free radicals. From o- and />-chlorotoluenes, both 
o- and jfr-chlorobenzyl radicals and o- and jfr-methyl-
phenyl radicals were generated and spin-trapped. 
The former radicals may have been formed secondarily 
by the hydrogen abstraction of the latter. 

Nondissociative Electron Attachment. When the 
benzene solution of styrene (0.1 mol -dm- 3 ) , ethanol 
(0.2 mol-dm" 3 ) , and the spin traps (0.002 mol-dm" 3) 
were subjected to the field emission, the a-methyl-
benzyl radical was identified by observing the ESR 
spectrum of its spin adduct (see Fig. 3B), which con­
tained the hyperfine splitting due to a nitrogen nucleus 
(0.144 mT) and a proton (0.044 mT).19) However, 
no ESR spectrum was observed in the absence of ethanol 
under the same conditions of measurement. Ethanol 
takes an essential role in the formation of a-methyl-
benzyl radical, which very probably results from the 
proton transfer from ethanol to a styrene radical anion 
generated by the nondissociative electron at tachment 
to styrene. The presence of styryl radical was con­
firmed in the benzene-ethanol solution of phenyl 
acetylene. Its formation can be interpreted, in the 
same way, by the nondissociative electron at tachment 
followed by the proton transfer. ESR parameters 
of these free radicals are also included in Table 1. 
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T A B L E 1. H Y P E R F I N E SPLITTING CONSTANTS AND g-VALUES FOR SPIN ADDUCTS (NITROXIDES) FORMED FROM 

PENTAMETHYLNITROSOBENZENE AS A SPIN TRAP IN BENZENE AT ROOM TEMPERATURE 

Trapped radical 

-CH3a> 
• C<rI2GrI3 

• CH2CH2CH3
a) 

•CH(CH3)2
a) 

.CH(CH3)CH2CH3
a> 

.G(GH3)3 

.C(CH3)2CH2C(CH3)3 

• cyclo-C6Hn
&) 

• GH2G6H5 

.CH2C6H4(o-Cl) 

.CH2C6H4(/>-Cl) 

.GH(GH3)G6H5 

•GH(G6H5)2 

'Oft 

• GH= GHG6ri5 
.GH2-G(G1)=GH2 

•C(CH3)=CHCH3 

.CH(CH3)CH=CH2 

.CH(CH3)OC2H5*> 

.GH(GH3)G(=0)GH3 

•C(CH 3 )0) 
.G(GN)(GH3)2a) 
.CH2Si(CH3)3a) 

Radical sourse 

GH3I+(w-G4H9)3SnH 
CH3CH2Br + FE 
ra-C3H7Cl-f-y 
CHCl(CH3)2 + y 
GHGl(GH3)G2H5 + 7 
*-C4H9Cl + FE 
G8H18^) 
cyclo-C6H12 + y 

C6H5CH2C1 + FE 
O-C1C 6 H 4 CH 3 + F E 

/>-ClC6H4CH3 + FE 
CH3CHC1C6H5 + FE 
(C6H5)2CHC1 + FE 
C6H5Br + FE 

C6H5CH=CHBr + FE 
CH2=C(C1)CH2C1 + FE 
CH3C(C1)-CHCH3 + FE 
GH3GH(G1) GH-GH2 + FE 

(C2H5)20 + 7 

CH3CHC1C(=0) CH3 + FE 
(CH3CO)a + Äi> 
((GH,)aG(GN)N:)a + Äv 
Si(CH3)4 + y 

g-value 

2.0058 
2.0062 
2.0058 
2.0059 
2.0058 
2.0060 
2.0060 
2.0058 

2.0062 
2.0061 
2.0062 
2.0060 
2.0061 
2.0058 

2.0063 
2.0060 
2.0061 
2.0061 

2.0058 
2.0060 
2.0058 
2.0063 
2.0060 

flN/mT 

1.38 
1.40 
1.42 
1.39 
1.37 
1.35 
1.35 
1.40 

1.40 
1.40 
1.40 
1.44 
1.42 
1.03 

1.34 
1.36 
1.37 
1.34 

1.40 
1.36 
1.32 
1.30 
1.38 

fljiH/mT 

1.23 
1.16 
1.12 
0.77 
0.78 
— 
— 

0.76 

0.84 
0.88 
0.84 
0.44 

<0 .24 
0.28(0, p-) 
O.lO(m-) 
0.40 
0.88 

— 
0.80 

0.46 
0.41 
— 
— 

1.58 

a) Ref. 19. b) 2,2,4-Trimethylpentane. 

Schnabel and Schmidt12) have studied the field 
emission into bulk styrene and found no indication 
of its anionic polymerization. They suggested that 
the electron at tachment to styrene does not occur 
because it possesses a negative electron affinity in the 
gas phase. In this connection, Horloyd20) has demon­
strated that an electron can be localized on a single 
styrene molecule in liquid hydrocarbons, whereas 
Shinsaka and Freeman21) have inferred that an electron 
cannot be localized on a single molecule in bulk aro­
matic compounds, but rather moves freely and is de-
localized. The present result indicates that the field-
emmitted electron in the benzene solution can be 
localized on a styrene molecule or a phenylacetyrene 
molecule to form the corresponding radical anion. 

Based on the possible electron localization on a 
styrene molecule, we attempted the anionic poly­
merization of styrene by the field emission method 
in benzene, as well as in cyclohexane and in diethyl 
ether, all carefully purified and dried by the standard 
methods in polymer chemistry.22) A small amount 
of polymer was actually obtained in benzene and 
cyclohexane with a field-emitted charge of ca. 10~5F, 
but not in diethyl ether. T h e polymerization was 
inhibited by adding triethylamine, an inhibitor for 
the cationic polymerization, into the benzene and 
the cyclohexane solutions. In addition, nitroethylene 
could not be polymerized by the field emission in tolu­
ene or in diethyl ether. I t is a monomer polymeriz-
able exclusively by the anionic mechanism.23) These 

results seems to indicate that the radical anions gene­
rated by the field emission have a lifetime too short 
to grow sufficiently long polymer chains before being 
neutralized at the collecting electrode. 

Ionization by the Injected Electrons. The field 
emission into the benzene solution of 0.2 m o l - d m - 3 

ethanol and 0.02 m o l - d m - 3 spin traps generated the 
spin adduct of the phenyl radical, while no ESR spec­
t rum was observed without ethanol. The phenyl 
radical adduct formation was efficiently suppressed 
by an electron scavenger, such a /-butyl chloride 
or styrene. The phenyl radical formation from ben­
zene cannot be interpreted by anionic reactions initi­
ated by the field-emitted electron, but it tentatively 
attributed to the cationic mechanism: the ionization 
of benzene by an energetic electron giving a benzene 
radical cation, which transfers a proton to ethanol 
and transforms to a phenyl radical. The emitted 
electron can be accelerated by a locally high electric 
field near the sharp edge of the emitter. Since the 
initial kinetic energy of the field-emitted electron is 
4 to 5 eV24) and the local electric field is thought 
to be 107—108V/cm, it is probable that the electron 
attains a kinetic energy of ca. 10 eV. 

The ionization energy of a molecule in condensed 
media is generally less than that in the gas phase by 
the sum of the polarization energy of a resultant posi­
tive ion, P t , and the quasifree electron energy in the 
media, F0.25) For benzene, the gas phase ionization 
energy is 9.6 eV,26) and Pt and V0 are roughly estimated 
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to be —2 eV25> and —0.1 eV27> in liquid phase. Thus , 
the ionization energy is expected to be about 7.5 eV 
for liquid benzene, which can be ionized by the field-
emitted electron after being accelerated. Such an 
ionization process has been demonstrated by Schnabel 
and Schmidt12) for the field emission into liquid styrene. 

In the presence of an electron scavenger, the emitted 
electrons are scavenged before being accelerated to 
a significant kinetic energy. This is the reason why 
the anionic reactions occur only in the presence of the 
electron scavenger. 

Conclusions. The field emission into liquid so­
lutions is a promising technique to study dissociative 
and nondissociative electron at tachment reactions 
in the solutions. This is superior to the radiation 
chemical techniques in that the anionic reactions 
exclusively occur in the solutions without being inter­
f e red with the reactive intermediate coming from 
solvent molecules. T h e field emission has been used, 
as an example of its chemical utilization, for the authen­
tic generation of several free radicals, whose spin 
adducts were examined by the ESR method. T h e 
ESR parameters of the spin adducts thus determined 
(Table 1) will be helpful for the spin trapping studies 
using pentamethylnitrosobenzene as the spin t rap. 
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The Solvent Extraction of Several Univalent Metal 
Picrates by 15-Crown-5 and 18-Crown-6 
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T h e overall extraction equilibrium constants (Kex) for 1:1:1 complexes of 15-crown-5 (15G5) and 18-crown-
6 (18G6) with several univalent metal picrates between benzene and water have been determined at 25 °G. The 
KeK sequences of the univalent metal ion with 15G5 and 18G6 are A g + > N a + > T l + > K + > R b + > G s + > L i + and 
T l + > K + > R b + > A g + > C s + > N a + > L i + respectively. The Kex series for each same crown ether reflects the 
stability and the extractability of the univalent metal ion-crown ether complex in the aqueous phase. T h e Kex 

sequences for the 15G5 system depends entirely on the extractability of the univalent metal ion-crown ether com­
plex. I n the case of the 18G6 system this largely depends on the stability of the univalent metal ion-crown ether 
complex. 

I t h a s b e e n r e p o r t e d t h a t c r o w n e the r s f o r m stoi-
c h i o m e t r i c a l l y s t ab l e c o m p l e x e s w i t h a v a r i e t y of ca t ­
ions , espec ia l ly those of t h e a lka l i a n d a lka l i ne e a r t h s , 
a n d t h a t t h e s t ab i l i ty of t h e c o m p l e x e s , in w h i c h t h e 
c a t i o n is h e l d in t h e c e n t e r of t h e c r o w n e t h e r cav i ty , 
d e p e n d s p r i m a r i l y o n t h e r a t i o of t h e ion ic size to t h e 
c a v i t y size of t h e c r o w n e ther . 1 ) 

So lven t e x t r a c t i o n is a n a v a i l a b l e a n d c o n v e n i e n t 
m e t h o d for i n v e s t i g a t i n g t h e c o m p l e x i n g ab i l i t y of 
c r o w n e the r s for v a r i o u s ca t ions , a n d severa l e x t r a c ­
t ion s tud ies h a v e b e e n r e p o r t e d to da te . 2 ) I n s o m e of 
t h e s tud ies t h e e x t r a c t a b i l i t y of t h e m e t a l c a t i o n - c r o w n 
e t h e r c o m p l e x as wel l as t h a t of t h e m e t a l c a t i o n h a v e 
b e e n discussed i n detail .2 b»d) 

I n this p a p e r , t h e overa l l e x t r a c t i o n e q u i l i b r i u m 
c o n s t a n t v a l u e s for t h e u n i v a l e n t m e t a l c a t i o n - 1 5 -
c r o w n - 5 (15C5) a n d 18 -c rown-6 (18C6) sys tems h a v e 
b e e n d e t e r m i n e d a n d t h e ove ra l l e x t r a c t i o n e q u i l i b r i a 
a n a l y z e d b y c o n s t i t u e n t e q u i l i b r i a . S ince a l a r g e a n i o n 
is r e a d i l y e x t r a c t e d i n t o n o n p o l a r solvents ,2 0) t h e p i c r a t e 
a n i o n has b e e n used as t h e c o u n t e r i on . B e n z e n e h a s 
b e e n used as t h e so lven t o n a c c o u n t of its n o n p o l a r i t y . 

E x p e r i m e n t a l 

Materials. 15G5 and 18G6 were purchased from 
Nisso Go., Ltd . and used without further purification. Ana­
lytical-grade benzene, H N 0 3 , L i O H . H 2 0 , N a O H , K O H , 
and reagent-grade T 1 N 0 3 were obtained from Wako-Pure 
Chemicals Ltd. A g N O s and picric acid were analytical 
grade reagents obtained from Koso Chemical Co., Ltd . 
Reagent-grade R b O H and C s O H were obtained from Mitsu-
wa Pure Chemicals Ltd. , and Kan to Chemical Co., Inc. , 
respectively. T h e purities of A g N 0 3 and T 1 N 0 3 , and the 
concentrations of the alkali metal hydroxides and picric 
acid solutions were determined by means of KCl , E D T A , 
acid and basic titrations, respectively. Benzene was washed 
twice with distilled water. 

Apparatus and Procedure. T h e organic phase of the 
crown ether (6.0 X 10~5—6.6 X 10~2 M ; 1 M = 1 mol dm~3) 
and the aqueous phase of the univalent metal hydroxide 
or nitrate (9.9 X 10~4—3.2 X 10~2 M) and the picric acid 
(1.0 X 10-3—1.1 X 1 0 - 2 M ) in stoppered glass tubes (30 ml) 
were shaken in a thermostated water ba th for approx. 30 
min at 2 5 ± 0 . 2 °C and centrifuged. T h e initial volume 
of each phase was 10 ml in all cases. A portion of the aque­
ous phase 8 ml was transferred to a 10 ml beaker and the 
hydrogen ion concentration determined by a Hitachi-Horiba 
F-5 p H meter. For the univalent metal hydroxide and 

nitrate systems the extractions were conducted at p H 9.7— 
12.1 and p H 2.3—2.8, respectively. For the systems of 
the alkali meta ls- 15C5 and 18C6, a portion of the organic 
phase 8 ml was transferred to a 50 ml beaker and allowed 
to evaporate over several days. The residue was dissolved 
in 0.01 M N a O H aqueous solution 8 ml and the picrate 
concentration determined at 356 nm by a Shimadzu U V -
200 spectrophotometer ( e = 1.45 X 104 c m - 1 M" 1 ) . For the 
systems of Ag and T1-15C5 and 18C6, the metal in the 
organic phase was back-extracted into 1 M nitric acid 
aqueous solution 8 ml and the metal concentration in the 
aqueous phase determined by a Seiko SAS-725 atomic ab­
sorption spectrophotometer. In control experiments in the 
absence of either the crown ether or picric acid, for the 
alkali metals and T1-15C5 and 18C6 system, and for the 
Ag-15C5 and 18C6 system it was found that there was no 
extraction and a little extraction, respectively. 

The Distribution Coefficient of the Crown Ether. A por­
tion 13 ml of benzene solution containing the crown ether 
and an equal volume of distilled water were placed in a 
stoppered glass tube and shaken under the same conditions 
as above. T h e range of concentration of 15C5 and 18C6 
were from 5 . 1 x l 0 ~ 2 to S ^ x l O ^ M and from 2.8 X 10"2 

to 3 . 1 x l O - 1 M , respectively. After centrifuging, a por­
tion 12 ml of the organic phase was transferred to a 10 ml 
beaker, allowed to evaporate over several days, and the 
residue weighed. T h e average distribution coefficients de­
termined in this way are given in Table 1. 

R e s u l t s 

I n a n e q u i l i b r i u m b e t w e e n a n a q u e o u s so lu t ion of 
a u n i v a l e n t m e t a l i on , M + , a p i c r a t e ion , A~, a n d a 
b e n z e n e so lu t ion of a c r o w n e the r , L , t h e e q u i l i b r i u m 

cons t an t s m a y b e def ined b y t h e fol lowing e q u a t i o n s : 

tfex = [MLA] 0 [H+] / [M+][L] 0 [HA] 0 (1) 

* D , L = [L]0 /[L] (2) 

tfex(HA) = [HA] 0 / [H+][A-] (3) 

# M L = [ML+]/ [M+][L] (4) 

tfex' = [MLA] 0 / [ML+][A~] (5) 

w h e r e t h e subsc r ip t " 0 " a n d t h e lack of subsc r ip t 
des igna tes t h e o r g a n i c p h a s e a n d t h e a q u e o u s p h a s e , 
r e spec t ive ly : s q u a r e b r a c k e t s i n d i c a t e t h e m o l a r con­
c e n t r a t i o n s . T h u s X e x c a n b e w r i t t e n as fol lows: 

^ e x = ^D,L~ 1^ 'ex(HA)- 1
JR:M L JR:eX ' (6) 

F r o m t h e mass b a l a n c e , [ L ] 0 , [ M + ] , a n d [A~] m a y b e 
g iven b y ; 
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Fig. 1. Plots oflog (DM/[A-]) VS. log[L]0 for the 15C5 
and 18C6 systems at 25 °C. O : 15C5, • : 18C6. 

[L]0 = ([L]0 - [MLA]0)/(a+j8[M+]) (7) 

[M+] = ([M] t - [MLA],)/(1 +/?[L]0) (8) 

[A-] = ([HA] t - [MLA]0)/{ 1 + (ürHA + ^ex(HA)) [H+]} (9) 

where the subscript " t " denotes the total concentration, 
a = l + ü r D i L - 1 , and ß=KMIjKI)i-L-1. The value of ÜCex 

(HA) has spectrophotometrically been determined as 
247 using the association constant of picric acid (-^HA — 
1.95

3>). Substitution of Eq. 8 into Eq. 7 gives: 

[LJo = [ - { * + / ? ( [ M ] t - [ L ] t ) } 

+ ^ { a + ^ ( [ M ] t - [ L ] t ) } 2 - 4 ^ ( [ M L A ] 0 - [ L ] t ) ] / 2 « ) S 
(10) 

The distribution ratio of the univalent metal may be 
represented by 

Z>M = [MLA]0/([M+] + [ML+]) (11) 

In the case of [ M + ] > [ M L + ] , Eq. 11 becomes 

DK = iTex^ex(HA)[L]0[A-] (12) 

The log(i)M/[A-]) vs. log[L]0 plot in Fig. 1 shows a 
linear relationship with a slope of 1 in every case, 
indicating that the crown ether forms a 1:1 complex 
with the univalent metal ion. The values of [L] 0 

and [A~] in Eq. 12 were calculated from Eqs. 10 and 
9, respectively. For the Li+-15C5 and 18C6 systems, 
however, the value of [L]0 has been calculated from 
Eq. 7, neglecting the term, ß[M+]. The equilibrium 
constants obtained from these data are summarized 
in Table 1, together with the literature values. 

D i s c u s s i o n 

From Table 1, the logKex series for 15C5 and 18C6 
for the alkali metal ions are given by N a + > K + > R b + > 
Cs+>Li+ and K + > R b + > C s + > N a + > L i + , respective­
ly, indicating that the extractabihty of the alkali metal 
ion depends on the ratio of the ionic size to the cavity 
size of the crown ether, as can be seen in Table 2. 
Although the crystal radii of the Ag+ and T1+ ions are 
nearly equal to that of the K+ ion (Table 2), for the 
15C5 system the l o g Ä ^ values for Ag+ and T1+ are 
much larger than that for K+, and for the 18C6 system 
the l o g ^ e x value for K+ is much larger than that for 
Ag+ and a little smaller than that for T1+ (Table 1). 

TABLE 1. SUMMARY OF EQUILIBRIUM CONSTANTS AT 25 ° G 

Grown ether KBih 

15G5 0.156 

18G6 0.0634 

Cation 

Li+ 
Na+ 
K+ 
Rb+ 
Gs+ 
Ag+ 
T1+ 
Li+ 
Na+ 
K+ 
Rb+ 
Gs+ 
Ag+ 

T1+ 

log Kex 

- 1 . 1 0 
1.51 
0.19 

- 0 . 2 5 
- 0 . 4 9 

2.06 
1.41 

- 0 . 4 7 
1.00 
3.58 
3.04 
1.99 
2.05 
3.91 

log Kex' 

— 
2.40 
1.04 
0.72 
0.30 
2.71 
1.77 
— 

1.39 
2.74 
2.67 
2.19 
1.74 
2.83 

log#ML
4> 

— 
0.70 
0.74 
0.62 
0.8 
0.94 
1.23 
— 

0.80 
2.03 
1.56 
0.99 
1.50 
2.27 

TABLE 2. CRYSTAL IONIC RADII OF UNIVALENT METALS 

AND CAVITY RADII OF CROWN ETHERS (Â) 

Cation ^ ?. x
5)

 x Crown ether Cavity radius6) 

Li+ 
Na+ 
K+ 
Rb+ 
Cs+ 
Ag+ 
T1+ 

0.60 
0.95 
1.33 
1.48 
1.69 
1.26 
1.40 

15-crown-5 
18-crown-6 

0.85-1.1 
1.3-1.6 

»I I' ;/l«s 
L i * Na+ Ag+K+Tl+Rb+Cs+ 

/ o 
A 

Fig. 2. Plots of logiCex, logÄgx'j and logKMÏJ vs. crystal 
ionic radius, rc, of univalent metal for the 15C5 system. 

In the case of Ag+ and T1+, it may be seen from Tables 
1 and 2 that the univalent metal ion which has a more 
opt imum size for the crown ether cavity shows a greater 
extractabihty, which is the same tendency for the 
alkali metal ions reported above. 

It may be seen from Table 1 that the logKGX' se-



1922 Yasuyuki TAKEDA and Hiroshi GOTO [Vol. 52, No. 7 

x 

at 
o 

o 

en 
o 

- 1 h 

0.5 
Li+ 

I' J)V-K 
Na+ Ag+K+Tl+Rb+Cs+ 

rc/Â 
Fig. 3. Plots of logÄex, log^ex'j and logiTMIj vs. crystal 

ionic radius of univalent metal for the 18G6 system. 

quences of the alkali metal ions with 15C5 and 18C6 
are N a + > K + > R b + > C s + and K + > R b + > C s + > N a + , 
respectively. For the 15C5 system the logKex

f value 
for Ag+ is larger than that for T1+, and on the contrary 
for the 18C6 system (Table 1). T h e results show 
that the more closely the univalent metal ion fits into 
the crown ether cavity, the more extractable is the 
univalent metal ion-crown ether complex (Table 2). 
Consequently, the extractability of the univalent metal 
ion-crown ether complex is affected by the chemical 
nature of the univalent metal ion held in the cavity 

of the crown ether. 
Equation 6 shows that the series for Kex for the 

same crown ether for different univalent metal ions 
reflects the stability and the extractability of the uni­
valent metal ion-crown ether complex in the aqueous 
phase. Plots of logKex, logKex

f, and logXM L vs. the 
crystal ionic radius for the 15C5 and 18C6 systems 
are given in Figs. 2 and 3, respectively. I t may be 
seen from Figs. 2 and 3 that the log Kex sequences for 
the 15C5 system depend completely on the \ogKex

f 

sequences. O n the other hand those for the 18C6 
system largely depend on the logÄ"ML ones. 

The authors would like to thank Mr. Fujio Takahashi 
of this laboratory for experimental assistance. 
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ESR Study of Molecular Oxygen Anion Radicals Produced on 
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Molecular Oxygen anion radicals (02~) were produced on X-zeolites by y-irradiation in the presence of 
0 2 . Their properties were systematically investigated by means of ESR spectroscopy. Two kinds of 0 2~ species 
with different gz values were formed on monovalent cation-exchanged (LiX, KX, RbX, CsX) zeolites and MgX, 
while three and single 0 2~ species were observed on divalent cation-exchanged (CaX, SrX, BaX) and trivalent 
cation-exchanged (LaX) zeolites, respectively. These 0 2 ~ radicals showed different reactivities with N 2 0 or 
1-butène, and their gz values were classified into four groups. By considering the results from the gz values and 
the effect of introduced high pressure 0 2 on the 0 2~ spectra, the adsorption sites for the radicals on zeolites were 
determined. 

Many Studies have been done about 0 2 ~ radicals 
adsorbed on various kinds of oxides and zeolites by 
the use of electron spin resonance technique.1-11) Based 
on these studies, the influence of the electric charge 
of surface cations on the ^-factor anisotropy for the 
adsorbed 0 2 ~ radicals has been discussed.1»2»5'7) Kasai 
found that 0 2 ~ was formed on Y-type zeolites by 
y-irradiation and the deviation of the maximum princi­
pal g value (gz) for the adsorbed 0 2 ~ on a monovalent 
zeolite NaY from that of a free electron (ge) was twice 
as large as the deviation for 0 2 ~ on a divalent zeolite 
BaY.6) 

Wang et al. have attempted to explain the change 
of g values for 0 2 ~ formed on Y-type zeolites by y-
irradiation in terms of the crystal field induced by 
the cations.7-8) In the case of alkaline earth cation 
exchanged Y-zeolites, the 0 2 ~ radicals were found to 
be adsorbed on more than three different sites.7) How­
ever, they could not clarify the nature of the respective 
sites. Not only on the alkaline earth Y-zeolites but 
also on NaY they observed three kinds of 0 2 ~ species 
having different gz values.7) Kasai, on the other hand, 
reported his finding of single 0 2 ~ species on NaY. 
The difference between these results has not yet been 
well explained. The formation of 0 2 ~ radicals on 
trivalent cation-exchanged Y-type zeolites was also 
reported,8) but no correlation among the changes of 
g values in NaY, alkaline earth Y-zeolites, and trivalent 
cation-exchanged Y-zeolites has yet been found. 

More detailed investigations are necessary to find 
the correlation between the gz values and the nature 
of adsorption sites for 0 2 ~ on various kinds of cation-
exchanged zeolites. Especially, studies about 0 2 ~ on 
other monovalent cation-exchanged zeolites besides 
sodium-form zeolites should be done. In addition, no 
work has been carried out to examine the properties 
of 0 2 ~ formed on X-type zeolites by y-irradiation 
except that on NaX.12) In this paper, 0 2 ~ species 
formed on monovalent, divalent, and trivalent cation-
exchanged X-type zeolites by y-irradiation are system­
atically examined, and the properties of adsorption 
sites for the 0 2 ~ are discussed. 

Exper imenta l 

The cation-exchanged X-zeolites were prepared by im­
mersing Linde 13X zeolite several times into the aqueous 
solutions of cations in the form of chloride, nitrate, or 

acetate. The obtained exchanged-zeolites were thoroughly 
washed with deionized water and dried at room temperature. 
The degree of ion exchange was determined by estimating 
the amount of sodium ions dissolved into the solution by 
means of flame spectrometry. The samples used and their 
exchange percentages are shown in Table 1. 

The zeolite samples, placed in ESR quartz tubes, were 
degassed at 550 °C, and were exposed to oxygen after cool­
ing to room temperature. The experimental details were 
similar to those described in the previous paper.12) y-Ir­
radiation of samples was performed at room temperature 
by using a 60Co source; the dose was 12 Mrad. Other 
samples were also irradiated by y-rays without exposing 
them to oxygen. No ESR spectrum except a negligibly 
weak singlet line at g =2.002 was observed before y-irradia­
tion. Gaseous materials of high purity were obtained from 
Takachiho Chemical Co. and were used without further 
purification. The pressures of gases were adjusted to be 
within the range of 10—30 Torr when the samples were 
exposed to them. All gases were introduced into samples 
at room temperature. The ESR spectra were recorded 
at - 1 9 6 ° C with a JEOL JES-3BS X band spectrometer. 

R e s u l t s 

Monovalent Cation-exchanged Zeolites. L iX y-ir-
radiated in the presence of 0 2 gave a typical 0 2 ~ 
ESR spectrum, as shown in Fig. 1(a).1-12) All the 
spectra obtained from y-irradiated K X , R b X , and 
CsX in the presence of 0 2 have similar lines. Figure 
1(a) also shows the low-field lines of their spectra; 
the estimated values of gy and gz are 2.009—2.007 
and 2.003—2.001, respectively. The low-field lines 
(B and D) indicate the presence of two kinds of 0 2 ~ 
species with different gz values.7) The spectra shapes 
were not changed by evacuation at room temperature. 

When these alkali-cation exchanged samples were 
exposed to 1-butène, the 02~(B) spectra of the samples 
disappeared, whereas the other ones, 0 2 ~ ( D ) , were 
kept unchanged (Fig. 1(b)). The contact with N 2 0 
only decreased the intensities of the 02~(B) spectra 
for R b X and CsX. All the 02~(B) spectra were 
broadened by exposing the zeolites to 0 2 of 150 Torr. 
The y-irradiation of LiX, K X , R b X , and CsX under 
vacuum gave ESR spectra almost similar to that for 
NaX,12) though the relative intensity of each signal 
due to a V or F center was somewhat different in 
the respective samples. 

Divalent Cation-exchanged Zeolites. Figure 2(a) 
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2.059 2.038 
2.002 2.005 

Fig. 1. ESR spectra of alkali cation-exchanged X-
zeolites; (a) y-irradiation in the presence of 0 2 , and (b) 
addition of 1-butène after (a) and evacuation. 

a (12 G) 

Fig. 2. ESR spectra of MgX; (a) y-irradiation in the 
presence of 0 2 , (b) contact with NaO after (a) and 
evacuation, and (c) y-irradiation under vacuum. 

shows the ESR spectrum of M g X y-irradiated in the 
presence of 0 2 . When N 2 0 was added, the complicat­
ed lines in the central part ( g « 2.010) of the spectrum 
disappeared and a typical 0 2 ~ spectrum was observed 
(Fig. 2(b)) . In the case of M g X y-irradiated under 
vacuum, several lines due to V and F centers were 
observed, as is shown in Fig. 2(c). The broad asym­
metric signal with six hyperfine lines ( | A ( A 1 ) | = 1 2 G) 
in the figure is the same as that observed by Sogabe 
el a/.13) and can be attributed to an electron hole t rap­
ped on an oxygen atom which is bound to an aluminum 
atom.9»13-16) Accordingly, the ESR spectrum shown 

(a) 

2.057 
2.070 , , 2.046 

* * * 
XI 

(b) 

xio 
(c) 

Fig. 3. ESR spectra of CaX; (a) y-irradiation in the 
presence of 0 2 , (b) y-irradiation under vacuum, and 
(c) addition of 1-butène after (a) and evacuation. 

in Fig. 2(a) is recognized as this signal with hyperfine 
lines superposed on the signal due to 0 2 ~ . The ad­
dition of 0 2 (150 Torr) to the M g X y-irradiated in 
the presence of 0 2 confirmed this assignment, since 
the asymmetric signal with hyperfine lines became 
evident due to the broadening of the 0 2 ~ signal. I t 
was observed that the introduced 1-butène destroyed 
all the signals except a singlet at g=2 .005 . 

When C a X was y-irradiated in the presence of 0 2 , 
the spectrum shown in Fig. 3(a) was obtained. From 
the low-field shoulders (£ z=2.070, 2.057, and 2.046), 
the presence of three 0 2 ~ species (gy~2.008 and gx~ 
2.002) was confirmed.1-12) Other signals (£=2.014, 
2.005, 2.002 etc.) were ascribed to V and F cen-
ters,7 '9 '12-16) since they were also obtained by y-ir­
radiation of C a X under vacuum (Fig. 3(b)). The 
complexity of the spectrum is due to the presence of 
the paramagnetic centers which interact with protons 
of the surface hydroxyl groups.18»19) I t was reported 
that the surface hydroxyl groups on alkaline earth 
zeolites remained even after evacuation at high tem­
perature.2 0 - 2 2) 

Evacuation of the irradiated sample of C a X at 
room temperature decreased the intensity of the 0 2 ~ 
signal with g z =2.070 by 5 0 % , but did not affect those 
of the other signals. When the sample was exposed 
to 1-butène, the intensities of the signals due to 0 2 ~ 
with £z = 2.070 and 2.046 and the lines at £=2 .014 
and ^ = 2 . 0 0 5 decreased, and, further, the 0 2 ~ signal 
with g z =2.057 disappeared (Fig. 3(c)). Upon heating 
at 200 °C, only the signal with £ z =2.046 (g y =2.008 
and gx = 2.001) remained. All the 0 2 ~ signals were 
broadened by introducing 0 2 of 150 Torr. 

T h e spectrum obtained after the irradiation of SrX 
in the presence of 0 2 was found to be composed of 
signals due to three 0 2 ~ species (gz=2.062, 2.054, 
and 2.048) and V and F centers (Fig. 4(a)). The 
contact with gaseous N 2 0 improved the resolution of 
the 0 2 ~ signals, though their intensities decreased (Fig. 
4(b)) . By the addition of 1-butène, the 0 2 ~ signals 
with gz=2.062 and g,L=2.048 disappeared, while 0 2 ~ 
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2.014 

2.008 

Fig. 4. ESR spectra of SrX; (a) y-irradiation in the 
presence of 0 2 , (b) addition of N 2 0 after (a) and 
evacuation, and (c) addition of 1-butène after (a) and 
evacuation. ESR spectra of BaX; (d) y-irradiation 
in the presence of 0 2 , and (e) addition of 1-butène 
after (a) and evacuation. 

with £ z =2.054 (g y =2.008, £x = 2.002) remained (Fig. 
4(c)). The spectrum recorded at —196 °C shows that 
the 0 2 ~ with gz=2.048 was broadened by introducing 
0 2 (150 Torr) . The broadening of other 0 2 ~ signals 
(g z=2.062 and 2.054) was not remarkable at that 
temperature. However, the broadening of the latter 
was confirmed to occur by observing the change in 
ESR spectra recorded at room temperature before and 
after the addition of 0 2 (150 Torr ) . 

The ESR spectrum of y-irradiated BaX in the 
presence of 0 2 indicated the formation of three 0 2 ~ 
species (Fig. 4(d), £ z =2.062, 2.059, and 2.048). The 
shape of the 0 2 ~ spectrum was more distinct in BaX 
as compared with other divalent zeolites, since the 
signals due to V and F centers were relatively weak. 
The intensity of the spectrum obtained in the y-irradiat-
ed BaX under vacuum is about 15—20% of those 
obtained from the other divalent zeolites. T h e evacua­
tion of 0 2 at tenuated the 0 2 ~ signal with gz=2.062 
to about 6 5 % . The 0 2 ~ signals with £ z =2.062 and 
2.048 disappeared after exposure of the zeolite to 1-
butene (Fig. 4(e)). All the 0 2 ~ signals underwent 
the line-broadening in the presence of 0 2 (150 Torr ) . 

Trivalent Cation-exchanged Zeolite (LaX). When 
L a X was irradiated in the presence of 0 2 , the spectrum 
of 0 2 - with £ z =2.034, £ y =2 .007 , and £ x =2 .002 was 
observed (Fig. 5(a)). Upon the addition of 1-butène, 
the 0 2 ~ signal disappeared, and an asymmetric signal 
with 6 hyperfine lines with weak intensity became 
visible (Fig. 5(b)). This shows that the spectrum in 
Fig. 5(a) is composed of this asymmetric signal and 
the overlapping one due to 0 2 ~ . The asymmetric 
signal was also observed by y-irradiating L a X under 
vacuum. It may be attributed to electron holes similar 
to those produced in M g X by y-irradiation, though the 

2.006 IT 

i-Jt ' " ' a (8.9 G) 

Fig. 5. ESR spectra of LaX; (a) y-irradiation in the 
presence of 0 2 , and (b) addition of 1-butène after 
(a) and evacuation. 

resolution of the hyperfine lines was rather lower.9»13-16) 
The addition of 0 2 (150 Torr) broadened the C o ­
signai. 

D i s c u s s i o n 

ig. The ESR spectra observed on the cation-exchanged 
at zeolites which were y-irradiated in the presence of 
ag 0 2 are sometimes complicated because of the overlap-
ils ping of signals due to several 0 2 ~ radicals which are 
at adsorbed on different sites. The formation of V and 
er F centers makes the spectra more complicated. For 
in example, the presence of some 0 2 ~ , especially those 
id with gz=2.035—2.040 on NaY and alkaline earth 

zeolites was ambiguous, since it was suggested only 
he from the shoulders in the complicated spectrum. These 
> 2 - 0 2

_ species and centers may show different stabilities 
he on thermal treatments and reactivities with the in-
,X troduced foreign gases.12) By making use of these 
he different reactivities and stabilities, we separated the 
ik. spectrum for each individual 0 2 ~ from the other, and 
it- provided the convincing evidence for the presence of 
>se each 0 2 ~ species. 
La- The gz values for 0 2 ~ obtained from y-irradiated 
62 X-type zeolites in the presence of 0 2 and those for 
ad N a X in our previous study12) are classified into four 
1- groups, as is shown in Table 1. A theoretical analysis 
nt of the principal g values for 0 2 ~ was carried out by 
r). Känzig and Cohen.23) According to their result, the 
en gz component which shows the largest deviation from 
im ge, that of a free electron, is expressed by 

a S - U 

l e 3 gz — ge ~r / j2_j_;j2) l /2" 

ne Where I is the spin-orbit coupling constant and is 
in evaluated at 0.014 eV.6) The z axis is chosen along 
ad the internuclear axis of 0 2 ~ . The lowest electronic 
ric configuration of 0 2 ~ is tfg

27zu
47zg*

3. The originally 
ier degenerated TZU and ?zg* levels are split respectively 
ar into ^ u (2p x ) , ^ u (2p y ) and ^ g *(2p x ) , ^ g *(2p y ) in the 
he adsorbed state by the asymmetric crystal field.1'5'6»24) 



1926 Natsuko KANZAKI and Iwao YASUMORI [Vol. 52, No. 7 

TABLE 1. gz VALUES FOR 02~ ON CATION-EXCHANGED X 

ZEOLITES ^-IRRADIATED IN THE PRESENCE OF O a 

(gy=2.007—2.009, gx = 2.000—2.003) 

Cation 

Li 
Naa> 
K 
Rb 
Cs 
Mg 
Ca 
Sr 
Ba 
La 

Exchanged 
% 

72 
100 
81 
67 
56 
67 
80 
81 
85 

A 

2.158 

B 
• 

2.074 
2.074 
2.068 
2.071 
2.070 
2.062 
2.062 

* 
2.059 
2.059 

2.057 
2.054 
2.059 

C 

2.046 
2.048 
2.048 

D 

2.038 
2.033 
2.031 
2.031 
2.033 

2.034 

a) The values were obtained in our previous work12) 
under the same experimental conditions as used for the 
others. 

In the above equation, ô is the energy separation 
between the 7rg*(2px) and 7zg*(2py) orbitals. When ô> 
À, the energy separation ô is given by à=2Xj(gz—gQ). 
Figure 6 shows the plot of ô values of the group B for 
alkali cation exchanged zeolites, the group C for alkaline 
earth zeolites and D for L a X against the charge 
of exchanged cation. The ô values summarized by 
Lunsford5) are also shown in the figure as a measure 
of the distribution range for each value of cation charge. 
The ô values obtained in the present study fall almost 
in the ranges indicated by Lunsford. This result sug­
gests that 02~(B) was adsorbed on the monovalent 
cation, 0 2 ~(C) on the divalent cation, and 0 2 ~(D) 
on the trivalent cation. 

Table 1 also shows that 0 2 ~(D) was produced not 
only on L a X but also on alkali zeolites. 0 2 ~(D) of 
alkali zeolites, however, has a different character from 
those of the other 0 2 ~ . In the atomosphere of 0 2 

(150 Torr) , all the 0 2 ~ spectra except 0 2 ~(D) of 
alkali zeolites were broadened. This indicates that 
the 0 2 ~(A, B, C, and D of LaX) are located in the 
supercage, while 0 2 ~(D) of alkali zeolites may be 
adsorbed on sites different from the others, possibly 
on those in the sodalite unit.7) The signal of 0 2 ~(D) 
on N a X has the six hyperfine lines due to an Al nucle­
us,12) and the g values for 0 2 ~(D) on alkali cation 
exchanged zeolites coincide well with those for 0 2 ~ 
adsorbed on the aluminum ion in zeolite structure8»10) 
and A1203.25 '26) From these facts, it can be concluded 
that these 0 2 ~(D) of the alkali zeolites were adsorbed 
by the lattice aluminum. The gz value of 0 2 ~(D) 
for L a X is close to those for ScY and LaY8) and, 
therefore, is characteristic of 0 2 ~ adsorbed on the 
exchanged trivalent cation. T h e ScY and LaY have 
only one kind of adsorbed 0 2 ~ species, and the observed 
superhyperfine structure indicates that the exchanged 
trivalent cations correspond to the adsorption sites. 

T h e states of exchanged cations such as M 2 + , M -
(OH2)„2 + , M ( O H ) + , M O , and M + - O - M + were sug­
gested from the I R and X-ray studies of alkaline earth 
zeolites.20'21'27»28) The 02~(B) species formed on alka­
line earth zeolites have similar gz values to those on 
alkali zeolites. These 02~(B) species may therefore 
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 # 

r,Rb+t Cs+ 

Ca2 + ' 

} 

1 

tLaH 
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Fig. 6. Correlation between ô and the charge of metal 
ions. # ; cation exchanged X-zeolites: | 1 ; the 
range of ô values previously obtained.5) 

be trapped on monovalent-like sites such as M ( O H ) + 
or M + - 0 - M + . I t was confirmed that the M ( O H ) + 
site exists in the alkaline earth zeolites even after 
evacuation at high temperature.29) The M + - 0 - M + 
complexes were suggested to be formed in the sodalite 
unit upon mild dehydration; the M 2 + ions located at 
site I ' and site I I " in the zeolite frame work are joined 
by an oxygen atom.28) However, considering the 
movement of the cation due to dehydration at high 
temperature and y-irradiation, it seems possible that 
the complexes with one of the M 2 + ions in a supercage 
are also formed. 

The 0 2 ~(C) species is characteristic of the divalent 
cation exchanged zeolites, and can be attributed to 
the 0 2 ~ adsorbed on the cations in the state of M 2 + 

(Fig. 6). The 0 2 ~(C) was not observed on M g X 
zeolite. I t is known that the M g 2 + ion has a large 
hydration radius, and can dissociate the bound water 
more strongly than other divalent cations in zeolites.13»31) 
The monovalent-cation like sites are formed by dis­
sociating the bound water of hydrated cations. Most 
M g 2 + ions may take the monovalent-like form. The 
difference between M g X and other alkaline earth 
zeolites was also reported for the adsorbed states of 
G 0 2 - and C02 .1 3 '3 1) 

Table 1 shows that the 0 2 ~(A) species is only obtain­
ed on N a X . Such 0 2 ~ species with large gz values 
were observed on the pretreated NaY and K Y with 
Na and K vapor respectively.32) The exposure of 
NaY to Na vapor was found to form the paramagnetic 
center Na 4

3 + , and the 0 2 ~ species is formed by taking 
an electron from the center. The paramagnetic center 
Na 4

3 + was also formed by y-irradiation of NaY and 
the adsorbed 0 2 ~ has a large gz value of 2.113.6) I t 
was suggested by Bentarrit et al. that the induced migra­
tion of the cation by water leads to the generation of 
an Na 4

3 + center under y-irradiation.33) Stamires men­
tioned that (Na 4 ) 4 +-(H 2 0) a . complex is formed in 
NaY zeolite after a proper degree of dehydration and 
is converted to (Na 4 ) 3 + - (H 2 0) a . by trapping an elec­
tron.17) As for N a X zeolite, Na 6

5 + was found to be 
produced by exposing N a X to Na vapor.34) These 
findings predict that the y-irradiation produces the 
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(Naw)(w_1)+ center which become non-paramagnetic 
by transferring an electron t o 0 2 ; the number of atoms 
n depends on experimental conditions such as dehydra­
tion and y-irradiation. The non-paramagnetic center 
may take the form of (Na n ) w + or a somewhat different 
configuration due to the movement of the cation after 
the adsorption of 0 2 ~ , and induces a different crystal 
field from the usual monovalent Na+ site. The 0 2 ~(A) 
seems to be that held at such a center. This assumption 
gives a reasonable explanation for the wide variety of 
gz values for 0 2 ~ on NaY. The pretreatments under 
different conditions may produce the sites of various 
configurations.33) The 0 2 ~(A) species was not observ­
ed on the other alkali zeolites. The formation of 
(Mn)

n+ centers consisting of exchanged cations must 
be prevented by the remaining Na+ cations. 

By summarizing the consideration given above, the 
adsorption sites of 0 2 ~ on y-irradiated zeolites in the 
presence of 0 2 can be assigned to the exchanged M+ 
ion and the lattice a luminum cation in monovalent 
cation-exchanged zeolites (LiX, N a X , K X , R b X , CsX), 
M2+, M ( O H ) + and M + - O - M + in divalent cation-
exchanged zeolites (MgX, CaX, SrX, BaX), and M 3 + 

in trivalent cation-exchanged zeolites (LaX). The 
adsorption site (Mn)

n+ was also suggested for NaY 
zeolite. The lack of precise information on the elec­
tronic state and geometry of the zeolite surfaces makes 
the verification of these supposed adsorption sites dif­
ficult at present, but it is expected that their exact 
configuration and function will be revealed in the 
following studies using surface analytical techniques. 
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Antiferromagnetic Spin-exchange Interaction in Mixed-spin Trinuclear 
Cobalt(II) Complexes with Quadridentate Schiff Bases1} 

Visit KASEMPIMOLPORN, Hisashi O K A W A , * and Sigeo K I D A 

Department of Chemistry, Faculty of Science, Kyushu University, 
Hakozaki, Higashi-ku, Fukuoka 812 

(Received December 11, 1978) 

Trinuclear cobalt(II) complexes, [CotR^Ra-L^CoXa (R1? R 2 = H , Me; L=en , ch, ph; X=C1- , Br~), 
have been synthesized, where H^R^Ra-L) denotes the Schiff bases obtained by condensing a 5 ^ ) , a(R2)-
substituted salicylaldehyde with a diamine (H2N-L-NH2) in a 2:1 mole ratio. From IR spectra and cryomagnetic 
properties, it was concluded that these complexes are in mixed-spin state of a Go(II)(^= l/2)-Co(II)(.y=3/2)-
Co(II)(.y=l/2) system, strong antiferromagnetic spin-exchange interaction operating between low-spin and 
high-spin cobalt(II) ion via dff (low-spin CoJ-p^OJ-d, (high-spin Go) super pathway. 

Low-spin cobalt(II) complexes have an electronic 
configuration of either ( d ^ - y 2 ) 2 ^ 2 ) 1 or (dx2_y2)2-
(dy z)x . In mixed-spin poly nuclear cobalt (II) com­
plexes in which high-spin and low-spin cobalt(II) ions 
are kept in close distance, spin-exchange interaction 
between the cobalt (I I) ions would markedly depend 
upon the electronic structure of the low-spin cobalt-
(II) ion. We obtained mixed-spin binuclear cobalt(II) 
complexes, Co2(fsaR)(py)3 , with i\^,iV/-bis(3-carboxy-
salicylidene)alkanediamine(H4fsaR) and demonstrated 
that no spin-exchange interaction operates between 
the metal ions.2) In these complexes low-spin cobalt-
(II) has an unpaired electron on the dz2 orbital. Thus , 
it is worth while to examine spin-exchange interaction 
in mixed-spin polynuclear cobalt(II) complexes in 
which low-spin cobalt(II) has an unpaired electron 
on the dyz orbital. However, no such mixed-spin 
polynuclear cobalt(II) complexes have yet been ob­
tained. 

Sinn and Harris3) synthesized mixed-metal trinuclear 
complexes of C u ( I I ) - M ( I I ) - C u ( I I ) ( M ( I I ) = C u ( I I ) , 
Ni ( I I ) , Go(I I ) , Fe ( I I ) , Mn( I I ) ) system by reacting 
copper(II) complexes of iVjiV'-disalicylideneethylene-
diamine or its homologues with an M( I I ) ion in a 
2 : 1 mole ratio. Since the electronic structure of 
Co(salen) and its homologues was recently demon­
strated to be (dx2_y2)2(dyz)

1'4»5) we have at tempted 
to prepare C O ( I I ) ( J = 1 / 2 ) - C O ( I I ) ( J = 3 / 2 ) - C O ( I I ) 

( J = 1 / 2 ) complexes with the quadridentate Schiff 
bases in order to investigate their magnetic property 
in connection with the electronic configuration of 
the low-spin cobalt(II) ion. 

iVjiV'-Disalicylidenealkanediamines are abbreviated 
to H2(R1 ? R2-L) (R1? R 2 = H , M e ; L = e n , ch, ph) , 
where ~K1 and R 2 denote the substituents attached 

to the 5- and a-positions of salicylaldehyde moiety, 
respectively, and L denotes the chain combining the 
two nitrogen atoms. 

Exper imenta l 

Preparation of Complexes. Co(H,H-en) was synthesized 
by the method of Bailes and Calvin.6) Other mononuclear 
cobalt(II) complexes were obtained in a similar way. The 
syntheses of all the trinuclear complexes, [Go(R1,R2-L)]2-
CoX2, were nearly the same and are exemplified by that of 
[Co(H,H-en)]2CoCl2 as follows. 

Go(H,H-en) (500 mg) and CoCl2-6H20 (219 mg) were 
dissolved in ethanol (100 ml) and the mixture was refluxed 
for ca. 2 h to give red-brown crystals. After the reaction 
mixture had been allowed to stand overnight, crystals were 
collected by filtration, washed with a small amount of 
ethanol and dried under reduced pressure. All operations 
were carried out in a nitrogen atmosphere by means of a 
VAC inert atmosphere & vacuum deposition equipment 
Model HE-43-2. Elemental analyses of [Go(R1,R2-L)]2-
CoX2 are given in Table 1. 

Measurements. Elemental analyses of carbon, hydro­
gen, and nitrogen were carried out at the Elemental 
Analysis Service Center, Kyushu University. Cobalt ana­
lyses were carried out with a Shimadzu atomic absorption-
flame spectrophotometer Model 61 OS. The standard so­
lution was prepared by decomposing Co(H,H-en) with nitric 
acid and diluting the decomposed mixture with water in 
a volumetric flask. Solutions of samples were also prepared 
by the same method. IR spectra were measured in the 
range 4000—650 cm - 1 with a Hitachi infrared spectro­
photometer Model 215 on a KBr disk. Magnetic suscep­
tibilities were measured by the Faraday method in the temper­
ature range 78—300 K, the apparatus being calibrated with 
HgCo(NCS)4.

7> Effective magnetic moments were calcu­
lated by the equation, //eff=2.828(xMX T)1/2, in which XM 

T A B L E 1. ELEMENTAL ANALYSES OF COMPLEXES 

[Co(H,H-en)]2CoCl2 

[Co(H,H-en)]2CoBr2 

[Co(Me,Me-en)]2CoCl2 

[Co (Me,Me-en) ] 2CoBr2 

[Co(H,Me-en)]2CoBr2 

[Co(H,H-ph)]2CoBr2 

[Co(H,H-ch)]2CoBr2 

( 

49 

f~i 

.04 
44.02 
53. 
48, 
46 

,77 
.72 
.66 

49.96 
49 .17 

Found 

H 

3.54 
3.26 
4.94 
4.50 
4.18 
2.92 
4.22 

(%) 

N 

7.08 
6.37 
6.24 
5.61 
6.11 
5.88 
5.61 

Co 

22. .65 
20.33 
19. 
17. 
19. 
18. 
17, 

96 
.89 
.11 
.30 
.91 

C 

49.25 
44.21 
53.83 
48.95 
46.73 
49.77 
49.15 

Calcd 

H 

3.61 
3.24 
4.96 
4.51 
3.92 
2.92 
4.12 

(%) 

N 

7.15 
6.44 
6.27 
5.70 
6.05 
5.80 
5.73 

Co 

22.65 
20.34 
19.81 
18.01 
19.10 
18.31 
18.09 
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TABLE 2. COLOR AND IR SKELETAL BAND (cm-1) 

OF COMPLEXES 

[Co(H,H-en)]2CoCl2 

[Co(H,H-en)]2CoBr2 

[Co(Me,Me-en)]2CoCl2 

[Co(Me,Me-en)]2CoBr2 

[Co (H,Me-en) ] 2CoBr2 

[Co(H,H-ph)]2CoBr2 

[Co(H,H-ch)]2CoBr2 

Color 

reddish brown 
orange 
deep-orange 
orange 
deep-orange 
black 
orange 

Skeletal*) 

1550 (1530) 
1548 (1530) 
1540 (1515) 
1540 (1515) 
1540 (1515) 
1520 (1520) 
1540 (1530) 

rf-s 

a) Value in parentheses is the skeletal vibration for 
Co(R1?R2-L). 

is molar magnetic susceptibility corrected for diamagnetism 
for all the constituent atoms by the use of Pascal's constants.8) 

R e s u l t s and D i s c u s s i o n 

Color and I R skeletal band near 1550 cm" 1 are 
given in Table 2. A skeletal band at 1515—1530 
c m - 1 found for Cc^R^Rg-L) shifts to higher frequency 
(1540—1550 cm-1) in [Co(R1 ,R2-L)]2CoX2 , except 
for the complex with H 2 (H ,H-ph) . The shift of the 
skeletal vibration to higher frequency was elucidated 
by Sinn et al.9~12) for binuclear copper(II) complexes 
and is used for diagnosis of a bridging mode of phenolic 
oxygen in homometal polynuclear complexes,13-18) 
mixed-metal polynuclear complexes19) and C u ( I I ) -
Gu(I) mixed-spin complexes.20) I t is likely that in 
the present complexes metal ions are bridged by the 
phenolic oxygens. Except for this skeletal band, 
each I R spectrum of [Co(R1 ,R2-L)]2GoX2 resembles 
that of the corresponding Co(R1 ?R2-L). 

The complexes are insoluble in most nonpolar 
organic solvents. They are soluble in polar solvents 
such as pyridine and dimethyl sulfoxide, but they 
decompose in these solvents. Reflectance spectra of 
the complexes were not well resolved. No information 
was available on the structure of the complexes from 
the electronic spectra. 

As pointed out by Gruber et al.*1) steric requirement 
of Go(R1?R2-L) as a bidentate ligand is nearly the 
same as that of 2,2 /-biquinolyl (biq). Because of the 
steric hindrance between hydrogens attached to the 
8-position, two 2,2 /-biquinolyl molecules can not 
coordinate to a metal ion in a plane; e.g., the coordi­
nation geometry of [Cu(biq)2](C104)2 is pseudo-tetra-

Fig. 1. Probable structure of [Co(R1,R2-L)]2CoX2. 

hedral.22) For the same reason^ two molecules of 
M(R 1 ?R 2 -L) should assume a pseudo-tetrahedral or 
cis-octahedral coordination because of the steric re­
pulsion between the hydrogens attached to the 
3-position of salicylaldehyde moiety. In fact, the 
configurations of Na+ in [Cu(H,H-en)]2NaC104

2 3) 
and the central copper (II) in [Cu(R1 ,R2-L)]2Gu 
(H 20) 2(C10 4) 2

2 4) are cis-octahedral. Thus , we assume 
that the present complexes have the structure shown 
in Fig. 1. 

Magnetic susceptibilities of the complexes were 
measured in the range from liquid nitrogen temperature 
to room temperature. Magnetic susceptibilities and 
magnetic moments at various temperatures are given 
in Table 3. Magnetic moments per molecule at room 
temperature fall in the range 5.83—6.02 BM, the 
moments decreasing with lowering of temperature. 
Since magnetic moments for mononuclear]! high-spin 
cobalt (I I) (octahedral) and for mononuclear low-
spin cobalt (I I) complexes are known to be 4.5—5.2 
and 2.0—2.8 BM, respectively,25) the magnetic moment 
for a magnetically non-interacting Co(I I ) ( j= l /2)— 
Co(II) ( j=3 /2 ) -Go( I I ) ( J = 1/2) mixed-spin system 
is estimated at 5.33—6.54 BM by the equation /JM

2= 
S/*i2. The observed magnetic moments of [Co-
(R l 5 R 2-L)] 2GoX 2 at room temperature fall in this 
range. O n the other hand, moments near liquid 
nitrogen temperature are close to or less than the 
lowest limit 5.33 BM. Thus it is likely that [Co-
(R 1 ,R 2-L)] 2CoX 2 are mixed-spin trinuclear complexes, 
in which an antiferromagnetic spin-exchange inter­
action operates between the low-spin and high-spin 
cobalt(II) ions. 

Molar magnetic susceptibility for G O ( I I ) ( J = 1 / 2 ) -
C O ( I I ) ( J = 3 / 2 ) - C O ( I I ) ( J = 1 / 2 ) system is given by 

%M 
Ng*ß* 35+lOexp (-3J/£:T) + 10exp (^5J/kT)+exp (SJ/kT) 

4kT ' 3 + 2exp(-3J/kT) + 2 exp (~5J/kT)+exp (SJ/kT) 
+ Noc, 

which was first derived Gruber et al. for Cu ( I I ) -Co-
(II) ( j = 3 / 2 ) - G u ( I I ) system.26) In this equation J 
is the exchange integral between the low-spin and 
high-spin cobalt (I I) ions and other symbols have their 
usual meanings, spin-exchange interaction between the 
therminal low-spin cobalt(II) ions being neglected. 
Magnetic susceptibilities for [Go(R l 5R2-L)]2GoX2 can 
be explained by means of this equation. In Fig. 2 
the best fit between empirical and theoretical inverse 
magnetic susceptibilities for [Co(H,H-en)]2CoCl2 is 

shown as an example. Magnetic parameters, J and 
g, obtained for [Co(R 1 ,R 2-L)] 2CoX 2 are given in 
Table 4 ; temperature independent paramagnetism, 
Noc, being estimated at 500 X 10~6 c.g.s./mol. I t is 
evident that an antiferromagnetic spin-exchange 
interaction operates between low-spin and high-spin 
cobalt (II) ions. T h e exchange integrals ( — 10— 
— 14 cm - 1 ) are appreciably large and comparable 
to the value (J= —16 24 cm - 1 ) found for the 
G u ( I I ) - C o ( I I ) ( j = 3 / 2 ) - C u ( I I ) complexes.3 '26) 
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TABLE 3. TEMPERATURE VARIATIONS OF MAGNETIC SUSCEPTIBILITY AND MAGNETIC MOMENT 

[Co(H,H 
T (K) 
Z M X I O 6 

jWeff 

[Go(H,H-
T (K) 
ZMXIO« 

j"eff 

-en)]2GoGl2 

78.8 
39045 

4.96 

-en)]2GoBr2 

81.2 
36829 

4.89 

[Co(Me,Me-en)]2CoCls 

T (K) 
ZMXIO« 

Mett 

82.9 
44703 

5.44 

[Co(Me,Me-en)]2CoBr, 
T (K) 
XMXIO 6 

/*eff 

83.4 
43780 

5.40 

[Go(H,Me-en)]2GoBr2 

r (K) 
ZMXIO« 

/ /eff 

[Co(H,H-

r (K) 
ZMXIO« 

Peîî 

[Go(H,H-
T (K) 
ZMXIO« 

/*eff 

81.1 
42937 

5.28 

ph)]2CoBr2 

84.6 
40159 

5.21 

ch)]2CoBr2 

82.3 
44780 

5.43 

98.3 
33566 

5.14 

101.5 
31339 

5.04 

, 
103.5 
37226 

5.55 

i 

103.0 
37598 

5.57 

100.9 
36726 

5.44 

103.3 
34940 

5.36 

102.0 
36999 

5.49 

120.2 
29383 

5.31 

119.8 
28023 

5.18 

129.1 
30460 

5.61 

122.5 
32536 

5.65 

120.2 
32319 

5.57 

123.3 
30377 

5.47 

127.8 
30281 

5.56 

141.5 
26176 

5.44 

139.9 
25551 

5.35 

149.4 
26962 

5.68 

142.0 
29103 

5.75 

139.5 
28634 

5.65 

142.8 
27201 

5.57 

147.5 
26574 

5.60 

162.7 
23380 

5.52 

159.7 
23416 

5.47 

169.9 
24218 

5.74 

161.6 
25922 

5.79 

159.7 
25587 

5.72 

162.7 
24540 

5.65 

166.3 
23960 

5.65 

185.3 
21629 

5.66 

178.9 
22076 

5.62 

190.3 
21908 

5.77 

180.2 
23706 

5.85 

179.5 
23299 

5.78 

181.9 
22172 

5.68 

186.9 
21754 

5.70 

207.7 
19698 
5.72 

199.6 
20504 

5.72 

213.7 
19961 
5.84 

199.9 
21771 

5.90 

199.2 
21233 
5.82 

201.4 
20342 
5.72 

210.7 
19607 
5.75 

229.9 
18184 
5.78 

219.6 
18956 
5.77 

235.6 
18355 
5.88 

219.3 
20202 

5.93 

219.0 
19512 
5.85 

221.1 
18750 
5.76 

232.7 
17978 
5.78 

250.7 
16882 
5.82 

238.7 
17616 
5.80 

257.4 
16948 
5.91 

238.7 
18735 
5.98 

238.4 
18135 
5.88 

240.4 
17357 
5.78 

256.0 
16539 
5.82 

274.3 
15636 
5.86 

259.2 
16407 
5.83 

275.5 
15969 
5.93 

258.4 
17281 
5.98 

258.7 
16887 
5.91 

259.5 
16204 
5.80 

274.3 
15611 
5.85 

296.6 
14476 
5.86 

279.1 
15357 
5.85 

297.1 
14868 
5.94 

278.1 
16253 
6.01 

278.1 
15811 
5.93 

278.1 
15209 
5.82 

296.1 
14658 
5.89 

298.3 
14461 
5.87 

297.4 
15229 
6.02 

297.8 
14864 
5.95 

298.0 
14254 
5.83 

TABLE 4. MAGNETIC PARAMETERS FOR COMPLEXES 

- J (cm"1) 

Fig. 2. Temperature variation of inverse molar magne­
tic susceptibility of [Co(H,H-en)]2CoCl2. The solid 
line represents the theoretical susceptibility with J= 
- 1 4 cm-1, £=2.68 and JVa=500x 10~6 cg.s./mol. 

We showed that no spin-exchange interaction 
operates between low-spin and high-spin cobalt(II) 
ions in Co2(fsaR)(py)3.2> In these complexes low-

[Co(H,H-en)]2CoCl2 

[Go(H,H-en)]2GoBr2 

[Go(Me,Me-en)]2GoGl2 

[Co(Me-en)]2GoBr2 

[Co(H,Me-en)]2GoBr2 

[Co(H,H-ph)]2CoBr2 

[Go(H,H-ch)]2GoBr2 

14 
14 
12 
12 
12 
12 
10 

2.68 
2.65 
2.78 
2.78 
2.71 
2.66 
2.65 

Not is estimated at 500 X 10-6 cg.s./mol. 

spin cobalt(II) ion has an unpaired electron on its 
dz2 orbital. The absence of magnetic interaction 
may be attr ibuted to a negligibly small overlapping 
between the cobalt dz2 orbital and the oxygen orbital. 
Thus, it is important to determine the ground-state 
electronic configuration of the low-spin cobalt (II) 
in antiferromagnetic [Go(R1 ,R2-L)]2GoX2 . Since [Co 
(R1 ,R2-L)]2GoX2 shows no well-defined ESR signal 
owing to high-spin cobalt (I I) ion, it is desirable 
to prepare a complex of C o ( I I ) ( j = l / 2 ) - M ( I I ) - C o 
( I I ) ( j = l / 2 ) system, in which the central cobalt(II) 
is replaced by a diamagnetic M (II) ion. However, 
we were unsuccessful in obtaining [Co(R1 ?R2-L)]2-
MX 2 . Thus, the electronic structure of the low-spin 
cobalt (I I) was surmised by considering binuclear 
complexes related to the present complexes. I t was 
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shown20) that Cu(R1 ?R2-L) and [Gu2(R1 ?R2-L)GH3-
CN]C10 4 (Cu( I I ) -Cu( I ) complex bridged by the 
phenolic oxygen) show ESR spectra displaying sub­
stantially identical g\\9 g±, and A\\ values. This 
indicates that the electronic property of Schiff base 
complexes coordinated to another metal as a biden-
tate ligand is almost the same as that of the original 
mononuclear complexes, M(R 1 ? R 2 -L) . This is in line 
with the fact that in binuclear complexes of this type 
the distance between the phenolic oxygen and the 
metal bound to the N 2 0 2 -donat ing site is nearly the 
same as that for the original Schiff base complex 
M(R l 5 R 2 -L) , while the distance between the phenolic 
oxygen and the second metal is much elongated.27 '28) 
A similar trend in bond distance is observed for 
the binuclear complexes with 1,3,5-triketone-diamine 
Schiff bases.29-31) Recently we have found that the 
electronic spectrum of [Co(R 1 ? R 2 -L)] 2 MnX 2 is almost 
the same as that of Co(R1 ,R2-L).32) Thus, it is con­
cluded that the electronic property of the low-spin 
cobalt(II) in [Co(R 1 ,R 2-L)] 2CoX 2 is the same as 
that of Co(R1 ?R2-L), where an unpaired electron 
occupies dyz orbital. Since high-spin cobalt(II) has 
unpaired electrons in dx2_y25 dz2 and one of the dff 

orbitals, we may conclude that in the present com­
plexes dff (low-spin Go)-p j r(0)-d r(high-spin Go) super 
pathway plays an important role in antiferromagnetic 
spin-exchange interaction. 

The authors are grateful to the Ministry of Educa­
tion for a Scientific Research Grant-in-Aid. 
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Determination of Ultratrace Zinc by Enzymatic Activity 
of Carbonic Anhydrase 
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A method for the determination of trace zinc has been investigated by using enzymatic activity of carbonic 
anhydrase. The recovery of enzymatic activity of apo-carbonic anhydrase was proportional to the amount of 
zinc in solution theoretically and experimentally, when it was monitored spectroscopically using the substrate, 
/>-nitrophenyl acetate. The amount of zinc in the sample solutions was therefore determined from the curve, 
zinc concentration vs. the enzymatic activity. The limit of detection is 10 ng/ml or 2 ng. The method has been 
applied to the analysis of zinc in fruit juices and water samples. 

Of many enzymes, the metalloenzymes have spe­
cific metal ions located at their active centers, and 
the metal ions play essential roles in determining 
the enzymatic activity and in the processes of enzy­
matic reactions. This allows the metalloenzymes 
to show their selectivity and specificity to substrates 
which are concerned in enzymatic reactions. Such 
characteristics of the metalloenzymes have been sub­
jects of recent interest, particularly as regards their 
application to the determination of trace metals.1 '2) 

T h e enzymatic activity of the metalloenzyme for 
substrates is determined by the amount of active 
metal ion in the enzyme. The assay of the metallo­
enzyme is performed by measuring the recovery of 
the enzymatic activity of the inactive metal-free apo-
enzyme, when the metal can be removed from the 
enzyme. The assay of the enzyme is very sensitive 
and selective to the amount and kind of metal ion 
added, being useful for the analysis of trace metal 
ions. Townshend and Vaughan reported the detec­
tion of zinc based on the re-activation of apo-alkaline 
phosphatase.3) Lehky and Stein studied the determina­
tion of zinc in serum using aminopeptidase.4) Several 
workers investigated the determination of zinc and 
copper by enzymatic activity of metalloenzymes.5 '6) 

In the present paper, a theoretical consideration 
is given on the relationship between the recovery of 
enzymatic activity and the amount of zinc in the case 
of one active metal ion, taking into account the chemical 
equilibria between the apoenzyme and the metal 
ion. A general case, i.e., one in which more than 
one metal ion is necessary, is given in Appendix I I . 
The relationship is confirmed experimentally and 
applied to the determination of zinc in fruit juices 
and waters, where apo-carbonic anhydrase was used 
as one of the representative zinc-containing enzymes 
found widely in biological systems.7) 

Theoret ica l Cons iderat ion 

The enzymatic reaction in the case of carbonic 
anhydrase can be described as follows (definitions 
of all the signs are summarized in Appendix I) : 

E + S ^ k ES — ^ E + P. (1) 

The reaction velocity v in this system is given by the 
Michaelis-Men ten expression : 

*[S] 
*m+[S] ' 

where Km = 
k—i~\- k+2 

I t is assumed that the following equilibrium between 
the apoenzyme and metal ion (zinc in the present 
case) exists in solution: 

Ea + M ^ = ± E (3) 

tf=[E]/[Ea][M]. (4) 

Thus, the concentration of metalloenzyme is given 
by 

[ E ] = t f ( [ E J 0 - [ E ] ) ( [ M ] , - [ E ] ) . (5) 

Under the conditions [ S ] > [ E J > [ M ] , the equation is 
written as follows: 

#[E a ] 0 [M] 0 
[E] = (6) 

l + * [ E a ] „ 

If the concentration of substrate is sufficiently high as 
assumed in Eq. 6, the concentration of the product 
in Eq. 1 is proportional to that of the enzyme. Thus, 

[P] = *0*[E], (7) 

where k$ is molecular activity of enzyme and / the 
reaction time. Since we can assume that 7ST[Ea]0>l, 
the following expression can be obtained from Eqs. 
6 and 7. 

[ p ] = ^ l + * [ E a ] 0 

~ k0t[M\0. 

Differentiating, we have 

d[P] 

•[M]„ 

At 
: *0[M]0. 

(8) 

(9) 

(2) 

This shows that the formation rate of the product 
in Eq. 1 is proportional to the initial concentration 
of metal ion in solution. Thus the metal concentra­
tion in the sample solution can be determined by 
measuring enzymatic activity, if the formation rate 
of the product can be obtained, for example, by ab­
sorption measurement of the product. 

Since the absorption of substrate is not negligible 
in the present case because of the overlapped spectra, 
Eq. 9 should be modified. T h e total absorption of 
the substrate and product at A is given by 

Ax = M[S] +* | [P] ) / . (10) 

By differentiation we have 

^ = 4(^)[PH 
~ (e}-e£)k0l-[M]0. (11) 

We see that the time-dependence of the total absor-
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bance at X (dAJdt) is also proportional to the initial 
concentration of metal. T h e amount of zinc in the 
solutions can be determined from a plot of (dAJdt) 
vs. [M] 0 . 

Exper imenta l 

Chemicals. Bovine carbonic anhydrase C-7500 (EG 
4.2.1.1, abbreviation BGA, Sigma Ghem. Go.) was used. 
Substrate Qb-nitrophenyl acetate) and buffer (tris(hydroxy-
methyl)methanamine=Tris) were purified by means of 
solvent extraction using a 0.001% dithizone-chloroform so­
lution.8) />-Nitrophenyl acetate was dissolved in 0.03 M 
Tris buffer solution (pH 7.8).9> (1 M = l mol dm"3.) The 
distilled water was prepared by a Daiken Sekiei subboiling 
distiller.10) Zinc chloride was used for the preparation of 
standard solution of zinc. 

Instruments. A Shimadzu UV-210 spectrophotometer 
with a SPR-5 temperature controller was used for the measure­
ments of enzymatic activity of carbonic anhydrase, the optical 
path of the absorption cell being 10 mm. A Hitachi 170-50 
atomic absorption spectrophotometer with a Jarrell-Ash 
FLA-100 carbon rod atomizer was used to determine the 
zinc content in the sample solutions. 

Preparation of the Apoenzyme. A zinc-free enzyme 
(apoenzyme) was prepared by a modified method of Lindskog 
and Malmstöm11) as follows. BGA (10 mg) was dissolved 
in 1 ml of water and dialyzed with 0.01 M 1,10-phenan-
throline and 0.1 M of sodium acetate buffer (pH 5.0) for 
5—10 days. After further dialysis with 10~4 M EDTA and 
0.06 M Tris (pH 7.8) for half a day, the chelating reagents 
were eliminated by dialysis with water. The zinc content 
in the enzyme was reduced to less than 3% of the initial 
content. The concentration of enzyme protein was de­
termined by measuring the absorbances at 260 nm and 
280 nm.12) 

Measurement of Enzymatic Activity. The enzymatic reac­
tion of BGA for the substrate, />-nitrophenyl acetate, proceeds 
as follows: 

BCA 

02N-C6H4-OCOCH3 -j- H 2 0 > 
0 2N-C 6H 4-OH + GH3GOOH (12) 

The absorbance of the product, />-nitrophenol, was measured 
at 348 nm.9) We see from the Michaelis-Menten plot (reac­
tion velocity vs. concentration of substrate) that 1 raM of 
/>-nitrophenyl acetate is sufficient to satisfy the conditions 
for Eq. 6. 

The procedure for enzymatic activity measurement was 
as follows: 2 ml of the substrate solution and 50—200 (xl of 
the zinc-containing sample were mixed in a cuvette. 100 (xl 
of 10~4 M apo-BGA was then added to the mixed solution, 
the time at which addition was made being taken as t=0. 
The increase in absorbance at 348 nm, which corresponds to 
the increase of the product in Eq. 12, was measured subse­
quently. All the experiments were carried out at 25 °G. 

R e s u l t s a n d D i s c u s s i o n 

Calibration Curve for Zinc. T h e relationship 
between the change in absorbance at 348 nm (reaction 
rate) and the concentrations of zinc in the solution 
is shown in Fig. 1. The change in absorbance corres­
ponds to the enzymatic activity. The change of 
absorbance per minute was adopted for measurement 
of enzymatic activity. T h e enzymatic activity was 
calculated from the absorbance change during the 

0 

Time/min 

Fig. 1. Time dependence of absorbance change at 
several zinc concentrations. Absorbance at t— 1 min 
(At - j) after the addition of apoenzyme was assumed 
zero. 
Zinc solution: 100 (xl, 1 mM substrate solution: 2 ml, 
0.1 mM BGA solution: 100 (xl. # — # : [Zn] = 0(xg/ 
ml, X — X : [Zn] = 0.4jxg/ml D — • : [Zn] = 0.8jxg/ 
ml. 

100 
Zinc/ng 

200 

Fig. 2. Calibration curve for zinc measured by enzy­
matic activity of BGA. The enzymatic activity was 
measured as the change of absorbance (dA/dt) at 348 
nm. 1 mM substrate solution: 2 ml, 0.1 mM BGA 
solution: 100 \i\. 

period 1—5 min after addition of enzyme. 
As shown in Fig. 2, the calibration curve is linear 

in the range 10—100 ng of zinc. For the amount of 
zinc over 100 ng, the condition [ E J > [ Z n ] 0 is no 
longer valid and the calibration curve starts to bend. 
However, the dynamic range of the calibration curve 
can be extended by varying the amount of sample 
added to the buffer solution. The actual dynamic 
range, therefore, may be extended from 10 ng/ml 
to 1 (xg/ml. A higher concentration of zinc ion might 
be determined if [Ea] can be increased. However, 
increase of background absorption and difficulty of 
mixing the enzyme and sample homogeneously at 
the start of reaction result in poor accuracy. Thus 
10 nmol enzyme is the maximum working amount 
for the determination of zinc under the present condi­
tions. 

T h e integral absorbance (̂ 4) can also be applied 
to the determination of zinc instead of the change 
in absorbance (dA/dt), as can be seen from Eq. 10. 
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0 
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y lemon 

/ ^ grape 

I 1 I 

TABLE 1. EFFECT OF ANIONS ON ENZYMATIC ACTIVITY 

OF CARBONIC ANHYDRASEA> 

< 

1 2 3 4 5 
Time/min 

Fig. 3. Time dependence of absorbance change in 
grape and lemon juice samples. 1 mM substrate solu­
tion: 2 ml, 0.1 mM BGA solution: 100 jxl, sample 
solution : 100 (xl. • — • : grape juice, # — # : lemon 
juice. 

However, zinc determination due to the integral 
absorbance causes large error in the analytical results. 
A typical example is shown in Fig. 3, where the absorb­
ance changes at 345 nm are shown for grape and lemon 
juices. T h e rate of increase of absorbance is low at 
the initial stage of the reaction, and the amount of 
zinc obtained from the apparent absorbance might be 
less than the actual value. T h e slow increase of ab­
sorbance at the initial stage of the reaction might be 
due to the redistribution of zinc in the enzyme 
and sample. Measurement of the enzymatic activity 
should therefore be started after a few minutes (at 
least 1 min). 

T h e sensitivity of the present method is ca. 10 ng/ml 
or 2 ng. As can be seen from Eq. 11, the sensitivity 
depends on the molecular activity (k0) and absorption 
coefficient of the product (ep). I t may be improved 
by selection of a more appropriate substrate, although 
jfr-nitrophenyl acetate was used as a substrate for the 
sake of convenience. 

In order to use the metalloenzyme method for metal 
determination, the following conditions should be 
satisfied: 1) A metal-free enzyme; 2) an enzyme 
stable in the metal-free state; 3) an enzyme easily 
obtained and convenient to work with; 4) little 
interference of other metal ions; and 5) linearity 
between the metal concentration and the rate of pro­
duct formation. So far, alkaline phosphatase and 
aminopeptidase have been applied to zinc determina­
tion.3 '4) These enzymes can be easily obtained and 
are readily manipulated. The analytical sensitivity 
of the methods using aminopeptidase and alkaline 
phosphatase is comparable with that of the present 
method. However, more than one zinc atom is 
required for reactivating these enzymes from the 
zinc free state. As can be seen in Eqs. 2 ' and 3 ' in 
Appendix I I , the relationship between zinc content 
and recovery of activity is complicated, not being 
linear. This indicates that the standard addition 
method may not be available, even when the inter-

Anions 

Gl-
N 0 3 -
H S 0 4 -

cio4-
GN-
GN-

Amount/(xmol 

1 
1 
1 
1 
0.2 
1 

Relative activityb>/% 

88±18 
82±16 
85±19 
74±15 
12±2 
5 ± 3 

a) The amounts of zinc and apo-carbonic anhydrase 
were 1.5nmol and 10 nmol, respectively, b) The ratio 
(%) of the enzymatic activities measured with and 
without the anions. 

TABLE 2. EFFECT OF METAL IONS ON ENZYMATIC 

ACTIVITY OF CARBONIC ANHYDRASE*1) 

Zinc amount/ng 

0 
0 

100 
100 

0 
0 

100 
100 

0 
0 

100 
100 

Amount/ng 

Go(II) 0 
100 
20 

100 

Hg(II) 0 
100 
20 

100 

Gu(II) 0 
100 
20 

100 

Relative activityb>/% 

10±3 
55±12 
95±18 

145±22 

25±2 
12±3 
74±5 
59±7 

6 ± 1 
7ztl 

87±9 
88±8 

a) The amounts of zinc and apo-carbonic anhydrase 
were 1.5 nmol and 10 nmol, respectively, b) Enzymatic 
activities based on the activity when only 100 ng zinc 
is added. 

ference of the matrices is large. For this reason, the 
use of carbonic anhydrase is preferable to these enzymes. 

Interference of Coexistent Ions. A few studies 
have been made on the effect of the coexisting cations13) 
and anions14) on the activity of carbonic anhydrase. 
The interference of the concomitants in the present 
system is summarized in Tables 1 and 2. Excess 
amounts of cyanide and perchlorate ions interfere 
severely with the analytical results. 

In the case of cations, Fe 2 + , Mn2+, Ca2+, Na+, 
and Mg2+ do not interfere as long as their amounts 
are less than twice the amount of zinc ion. H g 2 + 

reduces the enzymatic activity by 5 0 % , and Co 2 + 

at a concentration equal to that of zinc ion increases 
the enzymatic activity by 5 0 % . However, the level 
of mercury or cobalt in real samples is generally much 
lower than that of zinc (in the environmental and 
biological samples).15»16) Thus, the selectivity of this 
method is maintained at such low levels in many 
cases. If the interference of the concomitants can 
not be avoided, the standard addition method should 
be employed. It would improve the accuracy of 
the procedure. 

Application to Zinc Determination. The analy­
tical results (the standard addition method) for the 
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T A B L E 3. DETERMINATION OF ZINC IN REAL SAMPLE 

Sample 

Grape juice 
Pear juice 
Lemon juice 

City water 
Drain water 

Zn content/(ng/ml) 

present methoda> 

340±50 
180±50 
700±50 

2200±100 
260±90 

atomic absorptionb> 

370±20 
250±20 
540±30 

1800±100 
190±20 

a) The amount of apo-carbonic anhydrase was lOnmol 
at p H 7.8. b) Determined by atomic absorption spec­
trometry. 

fruit j u i ces a n d n a t u r a l w a t e r s a r e g iven in T a b l e 3 , 
t oge the r w i t h t h e a m o u n t of z i nc in t h e s a m e s a m p l e s 
d e t e r m i n e d b y a t o m i c a b s o r p t i o n s p e c t r o m e t r y . T h e 
a n a l y t i c a l va lues o b t a i n e d b y t h e p r e s e n t m e t h o d a r e 
in l ine w i t h those o b t a i n e d b y a t o m i c a b s o r p t i o n 
s p e c t r o m e t r y . T h i s i nd i ca t e s t h a t t h e p r e s e n t m e t h o d 
c a n b e a p p l i e d to t h e d e t e r m i n a t i o n of z i nc in b i o ­
logica l a n d e n v i r o n m e n t a l s a m p l e s . 

H o w e v e r , w h e n t h e " m e t a l l o e n z y m e m e t h o d " is 
a p p l i e d to m e t a l d e t e r m i n a t i o n in b io log ica l s a m p l e s , 
t h e s a m e e n z y m e in t r ins ica l ly ex is t ing in t h e s a m p l e 
interferes w i t h t h e resul ts . F o r e x a m p l e , t h e d e t e r m i n a ­
t ion of z inc in s e r u m w o u l d n o t b e poss ible b y t h e 
p r e s e n t m e t h o d b e c a u s e of t h e h i g h ac t iv i ty of c a r b o ­
n ic a n h y d r a s e in s e r u m . T h e s a m e s i t ua t i on occu r s 
in t h e case of o t h e r es terases , w h e n t h e s a m p l e s r e ­
l a t e d to d iges t ive o r g a n a r e a n a l y z e d . T h e a p p r o ­
p r i a t e select ion of e n z y m e s h o u l d b e m a d e w i t h r e ­
g a r d to t h e k i n d of s a m p l e . P r e t r e a t m e n t of s a m p l e 
for e l i m i n a t i n g o r i n a c t i v a t i n g t h e in t r ins ic e n z y m e 
is necessary . 

C o n c l u s i o n 

T h e p r e s e n t m e t h o d shows p r o m i s e for d e t e r m i n i n g 
t r a c e z inc . I n g e n e r a l , b i o c h e m i c a l amp l i f i c a t i on 
a n d specificity to t h e m e t a l ion a n a l y s e d a r e i m p o r t a n t 
charac te r i s t i c s of m e t a l d e t e r m i n a t i o n b y t h e ac t iv i t y 
of m e t a l l o e n z y m e s . I n t h e p r e s e n t sys tem, o n e z inc 
ion c a u g h t in t h e e n z y m e p r o t e i n c a n r e a c t w i t h m a n y 
specific subs t r a t e s a n d p r o d u c e m a n y specific p r o d u c t s 
if t h e r e a c t i o n t i m e c a n b e p r o l o n g e d . T h e ca t a ly ­
t ic r e a c t i o n of m e t a l l o e n z y m e m a y e n h a n c e t h e sensi­
t ivi ty of t h e m e t h o d . T h i s is a g r e a t a d v a n t a g e of 
t h e " m e t a l l o e n z y m e m e t h o d " as c o m p a r e d to t h e 
u sua l co lo r ime t r i c m e t h o d . I n p r a c t i c e , h o w e v e r , 
t h e p r e sen t m e t h o d has s o m e l imi t a t i ons d u e to t h e 
n a t u r a l hydrolys is of t h e s u b s t r a t e a n d i n c o m p l e t e ­
ness of z i n c - e l i m i n a t i o n f rom t h e e n z y m e . N e v e r ­
theless, i t is s u p e r i o r in select ivi ty a n d c o m p a r a b l e 
in sensi t ivi ty to c o n v e n i e n t co lo r ime t r i c m e t h o d s s u c h 
as t h e d i t h i z o n e m e t h o d . 1 7 ) T h e p r e p a r a t i o n of e n z y m e 
e lec t rodes for t r a c e m e t a l ana lys i s is a n i n t e r e s t i n g 
a p p l i c a t i o n of t h e m e t a l l o e n z y m e m e t h o d . 

T h e a u t h o r s express t he i r t h a n k s to D r . A . I k a i , 
D e p a r t m e n t of B iochemis t ry , T h e U n i v e r s i t y of T o k y o , 
for helpful discussions. T h i s r e s e a r c h was s u p p o r t e d 
b y G r a n t - i n - A i d for Scientif ic R e s e a r c h (B) u n d e r 

g r a n t N o . 2 4 9 0 0 8 f rom t h e M i n i s t r y of E d u c a t i o n , 
Sc ience a n d C u l t u r e . 

A p p e n d i x I 

E : holoenzyme 
S: substrate 
P : product 
E S : complex of substrate and holoenzyme 
u: initial reaction rate 
Vmsix- max imum reaction rate 
Km: Michaelis constant 
k±lt+2: rate constant 
k0: molecular activity of enzyme 
t: reaction time 
E a : apoenzyme (inactive) 
M : metal ion 
K: stability constant between enzyme protein and zinc 
el: absorption coefficient of substrate at A 
el : absorption coefficient of product at X 
AÀ : absorbance at A 
/: light pa th length in the cuvette 
[ ] 0 : concentration at the condition of initial stage 
A: wavelength 

A p p e n d i x II 

In a system where more than one zinc ion is necessary to 
attain recovery of enzymatic activity, Eq. 5 should be modified 
as follows: 
i) In the case where enzymatic activity appears for n bind­
ings of zinc ions such as in aminopeptidase : 

[E] = X ^ 2 . . . ^ [ Z n ] - [ E a ] 

^ . . . ^ [ Z n ] » 

[ P ] « 

l + ^ 1 [ Z n ] + ... + (J:1Ä a . . .Än[Zn]») •DSJo, (10 

- [ E a ] o V . (20 l + j : 1 [ Z n ] + ... + (^ 1 Ä a -Ä ' f l [Zn]») 

ii) In the case where the molecular activity (k0) of the 
enzyme changes in terms of the binding number of zinc 
ions to the enzyme, such as found in alkaline phosphatase, 
Eq. 8 should be replaced by 

^ . . . ^ [ Z n ] » 
[ P ] « - - { ( ^ ^ [ Z n ] ) 

1 + ^ [ Z n ] + . - + (K^-KnlZn]") 

+ ... + (konK^.-KnlZriWytlE^. (30 

koi: molecular activity of enzyme when the binding number 
of zinc ions to enzyme is "z" . 

[E aZn,] 
Kt: step-wise stability constant, Ki-
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Electrochemical Behavior of Ferredoxins Adsorbed on Mercury Electrode 
Surface. Cyclic d.c. and a.c. Voltammetric Studies 

with Hanging: Mercury Drop Electrode 
T o k u j i I K E D A , * K a z u n o b u T O R I Y A M A , a n d M i t s u g i S E N D A 

Department of Agricultural Chemistry, Kyoto University, Sakyo-ku, Kyoto 606 

(Received December 25, 1978) 

The electrochemical behavior of Clostridium pasteurianum ferredoxin and spinach ferredoxin was studied by 
cyclic d.c. and cyclic phase-selective a.c. voltammetry with a hanging mercury drop electrode. An irreversible 
adsorption of these ferredoxins on the electrode surface is described. In successive cyclic voltage scans both d.c. 
and a.c. voltammograms of ferredoxins change gradually in both height and form until a steady state is attained, 
indicating that the ferredoxins adsorbed on the electrode surface decompose to cluster-free ferredoxins. Apofer-
redoxins give the same voltammograms as the steady state vol tammograms of ferredoxins. The steady state 
voltammograms are assigned to R S H / R S H g redox reaction of the cysteine residues in apoferredoxin. At p H 
lower than 8 the d.c. waves are explained by an equation for reversible one-electron surface redox reaction. Kine­
tic parameters of the redox reaction were determined by a.c. voltammetry. 

F e r r e d o x i n s , i ron-sul fur p r o t e i n s , func t ion as e lec­
t r o n car r ie r s in m a n y m e t a b o l i c reac t ions . 1 ) T h e 
s t a n d a r d o x i d a t i o n - r e d u c t i o n p o t e n t i a l , EQ', a n d t h e 
s to i ch iome t ry of e l ec t ron e q u i v a l e n t s , n', of v a r i o u s 
fer redoxins h a v e b e e n m e a s u r e d b y e q u i l i b r i u m t ech ­
niques . 2 ) A t t e m p t s to m e a s u r e t h e E0' v a l u e d i r ec t l y 
b y p o l a r o g r a p h y h a v e also b e e n m a d e . 3 - 8 ) A l t h o u g h 
t h e t e c h n i q u e m a y b e a n a d v a n t a g e o u s m e a n s of 
s t u d y i n g t h e o x i d a t i o n - r e d u c t i o n r e a c t i o n of f e r redo­
xins , t he exac t r e l a t i o n s h i p b e t w e e n ha l f -wave p o t e n t i a l 
a n d EQ r equ i r e s fu r the r e x a m i n a t i o n . I n this s t u d y 
t h e e l e c t r o c h e m i c a l r e d u c t i o n a n d o x i d a t i o n of t w o 
types of fe r redoxins w e r e e x a m i n e d w i t h use of cycl ic 
d .c . a n d a .c . v o l t a m m e t r y to g a i n a b e t t e r u n d e r s t a n d ­
i n g of the i r e l e c t r o c h e m i c a l b e h a v i o r . H e r e w e use 
t h e t e r m "cyc l i c d . c . v o l t a m m e t r y " in p l a c e of t h e 
o r d i n a r y cycl ic v o l t a m m e t r y in o r d e r to d i s t i ngu i sh 
this t e c h n i q u e f rom "cyc l i c a .c . v o l t a m m e t r y , " 9 ) in 
w h i c h a l t e r n a t i n g v o l t a g e of smal l a m p l i t u d e is 
s u p e r i m p o s e d u p o n t h e cycl ic s w e e p v o l t a g e a p p l i e d 
to t h e e l ec t rode a n d t h e a l t e r n a t i n g c u r r e n t s ( b o t h 
i n - p h a s e a n d ou t -o f -phase c o m p o n e n t s , u s ing a p h a s e -
selective ampl i f ie r ) a r e m e a s u r e d as a func t ion of t h e 
cyclic sweep v o l t a g e in b o t h c a t h o d i c a n d a n o d i c 
sweeps. 

P a r t A . C y c l i c d . c . V o l t a m m e t r y 
E x p e r i m e n t a l 

Materials. Clostridium Pasteurianum Ferredoxin (Cl.Fd) 
and Spinach Ferredoxin (sp.Fd) : Ferredoxins from Clostridium 
pasteurianum (ATGG 6013) and spinach were prepared ac­
cording to the method of Mayhew,10) the Cl.Fd having an 
absorption ratio of 0.78 or greater (390/280 nm) and sp.Fd 
one of 0.45 or greater (420/275 nm) . T h e ferredoxin con­
centrations of stock solutions were determined spectro-
photometrically with molar extinction coefficients of 3.0 X 
104 at 390 nm10) and 9 . 7 x l 0 3 at 420 nm11) for Cl.Fd and 
sp.Fd, respectively. T h e stock solutions were stored at 4 °C 
anaerobically. 

Apoferredoxin from Clostridium Pasteurianum (apo-Cl.Fd) : 
Iron and acid-labile sulfide were removed from Cl.Fd by 
treatment of the protein with an acid. Thir ty microliters 
of ca. 0.5 m M Cl.Fd was acidified with 30 fxl of 0.4 M hy­
drogen chloride. Hydrogen sulfide evolved was expelled 
by passing nitrogen gas through the solution. T h e brown 
color of ferredoxin disappeared completely after ca. 10 min, 

a white precipitate being formed. T h e solution was neutral­
ized with 0.4 M sodium hydroxide to dissolve the precipitate 
and 3 {xl of 0.05 M disodium ethylenediaminetetraacetate 
was added to the solution. 

All other chemicals used were highly pure commercial 
products (Nakarai Chemicals Co., Ltd . ) . Triply distilled 
water was used to prepare the electrolysis solution. 

Instruments. Cyclic d.c. vol tammograms were record­
ed on a Yanagimoto PE21-TB2S potentiostat with a built-in 
sweep voltage generator and a Yokogawa X-Y recorder. 
A Met rohm E410 hanging mercury drop electrode was 
used, the surface area of the electrode being 0 .0187±0.0003 
cm2. 

Electrochemical Measurements. All measurements were 
made with a three-electrode potentiostat. Potentials were 
measured against a saturated calomel electrode (SCE). 
Buffer solutions (0.1 M hydrogen chloride-sodium acetate 
for p H 1.4—4.0, 0.1 M acetic acid-sodium acetate for p H 
4.0—5.5, 0.1 M sodium dihydrogenphosphate-disodium hy-
drogenphosphate for p H 5.5—7.0, 0.1 M hydrogen chloride-
tris( hydroxy me thy l)aminome thane for p H 7.0—9.2 and 0.1 M 
glycine-sodium hydroxide for p H 9.2—11.0) were used as 
the base solution. The ionic strength of the base solution 
was adjusted to 0.5 mol/kg with sodium chloride. T o avoid 
possible complications associated with the foaming of the 
solution, 3 ml of the base solution was transferred to the 
cell and deaerated for ca. 10 min by passing nitrogen gas, 
which had previously been passed through a solution of 
the same composition as that of the base solution. An aliquot 
of the stock solution of ferredoxin was then introduced into 
the base solution with a microsyringe under nitrogen atmos­
phere. A fresh mercury drop from the hanging mercury 
drop electrode ( H M D E ) was exposed to the solution for a 
given period of time (texp), while the potential of the H M D E 
was kept controlled at a constant potential (Ei). T h e 
voltage scan was then started from Ei} with a scan rate v= 
0.36 V s_1 , unless otherwise stated. All experiments were 
carried out at 25 °C. 

R e s u l t s 

Cl.Fd. F i g u r e 1 shows a t yp i ca l s ingle sweep 

v o l t a m m o g r a m of 1.2 (xM C l . F d in p H 6.6 p h o s p h a t e 
buffer , w h i c h was r e c o r d e d after £exp = 2 m i n a t Ei = 
—0.1 V . I n a d d i t i o n to a c a t a l y t i c w a v e (a p re so -
d i u m w a v e ) a t — 1 . 7 V , a p e a k - s h a p e d w a v e a p p e a r e d 
a t —0.57 V . I t g r e w u p to a c e r t a i n l imi t w i t h in ­
c reas ing c o n c e n t r a t i o n of C l . F d a t a c o n s t a n t e x p o s u r e 
t i m e o r w i t h i n c r e a s i n g e x p o s u r e t i m e a t a c o n s t a n t 
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< a. 

E/V vs, 

Fig. 1. d.c. voltammogram of 1.2 (xM Gl.Fd in pH 
6.6 phosphate buffer. Voltage scan was started from 
Ei=—0AV after fe x p=2 min. 

CCUFJ[iM 

Fig. 2. The plot of iv against CCi.Fd a t pH 6.9. # : 
^exp I = -̂  ' »^ ^, w • f e X p = OZ.Ü S. 

concentration of Cl.Fd, indicating that the wave is 
due to the Cl.Fd accumulated on the electrode surface. 
The dependence of peak height, ip, of the wave on 
the Cl.Fd concentration, C c l F d , is shown in Fig. 2 for 
two texv values at p H 6.9. At lower concentrations 
of Cl.Fd the dependence of ip on CC1 Fd is linear, the 
product Qn.Fdx*exp1/2 remaining constant for a 
given iv value. This is evidence of the diffusion-
controlled adsorption of Cl.Fd at the electrode surface, 
the current being assumed to be proportional to the 
surface concentration of Cl.Fd.1 2 - 1 4) 

Figure 3 shows cyclic voltammograms for Cl.Fd 
adsorbed on the H M D E at p H 9 . 2 ; the voltammo­
grams were recorded after £ e x p = l min at £^=—0.1 
V(Fig. 3A) and at - 1 . 1 V (Fig. 3B). When the 
voltage scan was started from 2 ^ = — 0 . 1 V, two catho-
dic waves (Fig. 3A, I and II) were observed at —0.67 V 
and —0.78 V, respectively. Upon reversal of the 
scan at —1.1 V, two anodic waves (Fig. 3 A, I I I and IV) 
appeared at —0.78 V and —0.63 V, respectively. In 
the second cycle of the voltage scan between —0.1 
V and —1.1 V, the wave I V almost disappeared. 
In the successive voltage scans wave I decreased in 
height and finally disappeared, whereas the heights 
of waves I I and I I I increased slightly until a steady 

< 

-0.1 -0 .3 -0 .5 -0 .7 -0 .9 - I . I 

E/V vs. SGE 

Fig. 3. Cyclic d.c. voltammograms of 1.9 (xM Gl.Fd in 
pH 9.2 glycine buffer. Voltage scan was started from 
(A) £ i = - 0 . 1 V and (B) Ei=-l.l V after *e x p= 
1 min. 

i 

-0 .5 -0 .7 

E/V vs. SGE 

Fig. 4. Cyclic d.c. voltammograms of 1.9 [xM Gl.Fd 
in pH 6.9 phosphate buffer. Voltage scan was started 
from (A) £ i = - 0 . 1 V , (B) EL = 
1 min. 

1.1 V after *e x p= 

state was attained. When the voltage scan was started 
from 2 ^ = —1.1 V after texp=l min (Fig. 3B), a small 
anodic wave I V was observed and a cathodic wave I 
in the reverse cathodic scan. However, wave I V 
disappeared in the second cyclic scan. In successive 
voltage scans, the height of wave I decreased and 
waves I I I (anodic) and I I (cathodic) of nearly equal 
wave height appeared at —0.78 V, their heights in­
creasing until a steady state was attained. The shape 
and height of the waves I I and I I I at the steady state 
are independent of E{. 

Figure 4 shows cyclic voltammograms for Cl.Fd 
adsorbed on the H M D E surface at p H 6.9 after toxp= 
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TABLE 1. SCAN RATE DEPENDENCE OF PEAK CURRENT, 

PFAK POTENTIAL AND HALF-PEAK WIDTH OF WAVE I I 

(CATHODIC) AND WAVE I I I (ANODIC) AT 

THE STEADY STATE 

Ferredoxin 
V s - 1 

102 z?7fxA 

II III 
£r/v A C H 

II III 

0.09 12 13 
Cl.Fd 0.18 25 25 

(a t P H6.9) 0.27 35 33 
0.36 45 47 

-0 .60 -0 .60 
-0 .60 -0 .60 
-0 .60 -0 .60 
-0 .60 -0 .60 

II 

90 
85 
90 
90 

III 

90 
90 
95 
95 

sp 
(at 

.Fd 

pH 6.6) 

0 
0 
0 

09 
18 
36 

3 
6 
14 

2 
8 

2.9 
6.0 

12 

-0 
-0 
-0 

.59 
59 
59 

-0 
-0 
-0 

.58 

.58 
58 

95 
95 
95 

100 
100 
105 

1 min at £ , = - 0 . 1 V (Fig. 4A) and at - 1 . 1 V (Fig. 
4B). The two cathodic waves (I and II) and the 
two anodic waves ( I I I and IV) , though not well sepa­
rated, changed in height in successive voltage scans 
in nearly the same way as at p H 9.2, waves I I (cathodic) 
and I I I (anodic) with identical peak potential of 
—0.60 V appearing on the cyclic vol tammogram in 
the steady state. 

The behavior of successive cyclic voltammograms 
of Cl.Fd at p H 9.2 and 6.9 indicates that the Cl.Fd 
adsorbed on the H M D E surface decomposes irrever­
sibly and that waves I I and I I I are due to the redox 
reaction of the decomposition product. The scan 
rate dependence of the peak currents, ip(II) and 
fp(III), the peak potentials, E™(II) and £ ? C ( I H ) , 
and the half-peak widths, AE^(II) and A££S(II I ) , 
of waves I I and I I I at the steady state at p H 6.9 are 
summarized in Table 1. Both zp ( 11 ) and i p(III) 
are proportional to v, the ratio fp(II)/ ip(III) being 
unity. £? C ( I I ) and E°C(III) coincide with each 
other and are independent of v. The half-peak widths 
of these waves are 9 l i t 2 m V over the scan-rate range 
0.09 V s"1—0.36 Vs- 1 . The results indicate that the 
reaction corresponding to waves I I and I I I at p H 
6.9 is a reversible one-electron surface redox reaction.15) 
The p H dependence of £? C ( I I ) (=EB

P
C(III)) is shown 

in Fig. 5. E»° shifts by - 6 0 m V / p H at p H lower 
than 8 but more at p H higher than 8. The integrated 
current at p H 6.9 was calculated to be £ ^ ( I I ) = 9 . 5 ± 
l .OpiCcm-2 for wave I I and Q , ( I I I ) = 8 . 0 ± 0 . 5 jxC 
c m - 2 for wave I I I . 

Apo-Cl.Fd. Cyclic voltammetry was performed 
with apo-Cl.Fd solution under experimental condi­
tions similar to those for the native Cl.Fd. When 
the voltage scan was started from E±= — 1.0 V after 
* e x p = l min, only waves I I and I I I (Fig. 6A) appeared 
on the cyclic voltammogram of the first cyclic scan, 
remaining unchanged on the successive scans. One 
more cathodic wave, that is wave I in Fig. 6B, was 
observed when the voltage scan was started from Ei = 
—0.1 V after texv=\ min. However the wave almost 
disappeared in the second cathodic scan. The beha­
vior of waves I I and I I I for apo-Cl.Fd was the same 
as that of waves I I and I I I for Cl.Fd in the steady 
state. 

Sp.Fd. The same series of experiments were 

2 4 6 8 10 12 

pH 

Fig. 5. Dependence of the peak potential, E®c(ll) 
( = Ü ; ° C ( I I I ) ) on pH of the steady-state waves II and 
III . 

< 

- 0 . 3 - 0 . 5 -0 .7 - 0 . 9 - I . I 

E/V vs. SGE 

Fig. 6. Cyclic d.c. voltammograms for apo-Cl.Fd at 
pH 9.2. Voltage scan was started from (A) Ei= 
- 1 . 0 V and (B) ^ = - 0 . 1 V after * e x p =lmin . 

performed with sp.Fd. T h e cyclic voltammogram 
for sp.Fd in the steady state is shown in Fig. 7. The 
scan rate dependence of the peak current, peak potential 
and half-peak width is summarized in Table 1. The 
integrated current of the waves was calculated to be 
d=3.2±0A[iC cm"2 . 

D i s c u s s i o n 

Adsorption of Ferredoxin on the Electrode Surface. 
Experimental results give evidence of an irreversible 
adsorption of ferredoxins on the surface of a mercury 
electrode. This was confirmed by the following ex­
periment. After Cl.Fd had accumulated at the elect­
rode surface, the electrode was removed from the 
protein-containing solution and washed with distilled 
water. The electrode was then placed in the base 



1940 Tokuji IKEDA. Kazunobu TORIYAMA, and Mitsugi SENDA [Vol. 52, No. 7 

< 

electrode surface. The behavior of these waves (Table 
1) can be explained by the equation for reversible one-
electron surface redox reaction15) 

-0 .1 - 0 . 9 - I . I - 0 . 3 - 0 .5 -0 .7 

E/V vs. SGE 

Fig. 7. Cyclic d.c. voltammogram at the steady state 
for sp.Fd at pH 6.6. 

solution and voltammograms were recorded which 
were found to be the same as those in the case of an 
ordinary experiment with a solution containing Cl.Fd. 
Several workers3 '6 '16) have suggested the adsorption 
of ferredoxins on a mercury electrode surface. Ex­
perimental results also indicate that the adsorption 
of ferredoxin is controlled by diffusion; at low concentra­
tions of Cl.Fd ip=kqr=kq2(DCUFJny/z texV*CclM9 

where k is the proportionality constant, q the surface 
area of H M D E , r the surface concentration of Cl.Fd 
and Z)c l .Fd the diffusion coefficient of Cl.Fd. At 
high concentrations a maximum current is attained, 
which can be given by i7x=kqr™x, where r™* is 
the maximum surface concentration of adsorbed 
Cl.Fd. Combining these two equations, we estimated 
the T ^ value as 1.28 X 10~ n mol cm"2 , D c l . F d being 
calculated to be 1.4 X 10~6 cm2 s _ 1 from the Svedberg 
equation with s20mW = \A s, v=0.63 cm3 g _ 1 1 7 ) and 
Af.W.=6200.1 8) T h e value of r™* is in the order 
of magnitude comparable to that of other proteins.19) 

Waves I and IV. T h e value of integrated cur­
rent of wave I was 19—30 [xC c m - 2 which is too large 
for this wave to be ascribed to the reduction of the 
biologically active cluster of Cl.Fd adsorbed on the 
electrode surface. A possible explanation is that 
the wave is due to the hydrogen evolution reaction 
catalyzed by the cluster of adsorbed Cl.Fd molecule, 
which decomposes in successive voltage scans. The 
large cathodic wave observed with apo-Cl.Fd in the 
first negative-going scan should be attributed to the 
residual amount of the active cluster. 

T h e anodic wave I V may correspond to the oxida­
tion of the cluster since it was not observed with apo-
Cl.Fd. T h e corresponding cathodic wave may be 
concealed by the large cathodic hydrogen evolution 
current. I t is difficult to study the redox reaction 
of the cluster by the present method. 

Waves II and III. Waves I I and I I I attain a 
steady state in successive voltage scans. Apo-Cl.Fd 
also gives the same waves as I I and I I I of Cl.Fd in 
the steady state. T h e results indicate that waves I I 
and I I I are due to the redox reaction of apoferredoxin 
produced by decomposition of the ferredoxin adsorbed 
on the electrode surface. Kuznetsov et a/.16) have 
also suggested the decomposition of the cluster of 
ferredoxin and the release of sulfhydryl groups on the 

(n2F2/RT)qvncr
m*x exp (<p) (1 +exp ((p))~ (1) 

where n is the number of electrons of the redox couple 
(TZ=1 in the present case), ne the number of redox 
couples in one molecule of adsorbed ferredoxin and 
<p = (nF/RT)(E-Elc). The results together with the 
pH-dependence of the peak potential indicate that the 
reversible one-electron wave may be assigned to R S H + 
H g = R S H g + H + - f - e _ . By substituting ip values of 
Cl.Fd (Table 1) and 7 ^ = 1.28 X 10"11 mol cm"2 into 
Eq. 1 at E=E*C, nc was estimated to be 7.3±0.6. 
nc was estimated to be 7.3 ± 1 . 0 from the equation 
Q=ncFr™* with Q = ( l / 2 ) ( 9 . 5 + 8 . 0 ) = 8 . 7 ± 1 . 0 ^C 
cm" 2 and rm a x = 1.28 X 10"11 mol cm"2 . These nc value 
are approximately 8, the number of cysteine residues of 
apo-Cl.Fd molecule. In the case of sp.Fd, nc was 
estimated to be 5.2 with Q = 3.2 fxC cm" 2 and rm a x = 
(1/2) 1.28 XIO" 1 1 mol cm~2, which is 5, the number of 
cysteine residues of apo-sp.Fd molecule. The redox 
mechanism corresponding to waves I I and I I I can 
be assigned to (Apo-Fd(SH) n J a d +;z c Hg^(Apo-Fd 
( S H g ) B c ) a d + n c H + + n c e - , where nc=S for apo-Cl.Fd 
and 5 for apo-sp.Fd, at p H lower than 8. 

At p H higher than 8 waves I I and I I I become drawn 
out. Their wave heights decrease, the pH-dependence 
of the peak potential deviating from —60 m V / p H 
line. This indicates an involved nature of the surface 
redox reaction in basic solution Brown and Anson20) 
have explained similar nonideal behavior of the cyclic 
voltammograms for reactions irreversibly attached to 
the surface of graphite electrode by introducing a 
nonideality parameter r; the surface activities used in 
place of the surface concentration are dependent on 
this parameter Another possible explanation is that 
the R S H / R S H g couples in apoferredoxin molecule 
may have different oxidation-reduction potentials which 
are distributed around the peak potential of the waves. 
Shift of the oxidation-reduction potentials associated 
with possible conformational changes of apoferredoxin 
adsorbed on the electrode surface should be taken 
into account. 

Part B. Cycl ic a.c. V o l t a m m e t r y 
Exper imenta l 

Experiments were performed with a Yanagimoto PE21-
TB2S potentiostat with a built-in sweep voltage generator, 
an NF model LI572-B lock-in amplifier and a Yokogawa 
3077 X-Y recorder. The amplitude of superimposed al­
ternating voltage was adjusted to 10 mV (peak to peak) 
throughout the frequency range 100—700 Hz. Both resistive 
(in-phase) and capacitive (out-of-phase) components of the 
alternating currents (a.c.) were recorded against cyclic (d.c.) 
sweep voltage (usually v=0A V s-1) applied to the HMDE 
For further details of the electrochemical measurements, 
cf. reference in part A. 

R e s u l t s 

Figure 8 shows a typical cyclic in-phase a.c. voltam­
mogram for Cl.Fd adsorbed on the HMDE surface 
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Fig. 8. Cyclic in-phase a.c. voltammogram of 1.9 jxM 
Cl.Fd in pH 9.2 glycine buffer at / = 5 0 0 Hz. d.c. 
voltage scan was started from Ei= — \.\ V after texv= 
1 min. A1,A2,A3: Voltammograms of first, second and 
third anodic scan, C1,C2,C3: voltammograms of first, 
second and third cathodic scan and AS and CS : steady 
state voltammograms of positive-going (anodic) and 
negative-going (cathodic) scan, respectively. 
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Fig. 9. Cyclic a.c. voltammograms at the steady state 
for Cl.Fd at pH 5.9. 1(C) and I(R): Out-of-phase 
and in-phase component at / = 100 Hz, 11(C) and 
II(R): out-of-phase and in-phase component at f= 
500 Hz. AS and CS show voltammograms of positive-
going and negative-going scan, respectively. 

at p H 9.2. A saturation coverage of the electrode 
surface with Cl.Fd was attained by exposing the 
electrode to the solution for one minute at 2 ^ = —1.1 V, 
the voltammogram then being recorded. In the first 
positive-going scan a small a.c. wave appeared in the 
potential region —0.70 V 1.0 V. Upon reversal of 
the scan at —0.27 V, two a.c. waves were observed at 
- 0 . 6 5 V and - 0 . 7 8 V. T h e wave at - 0 . 6 5 V disap­
peared in successive voltage scans between —0.27 V 
and —1.1 V, whereas the wave at —0.78 V attained 
a steady state in the same successive scans. Apo-Cl.Fd 
gave essentially the same voltammogram as that of 
Cl.Fd in the steady state. T h e results indicate that 
the a.c. waves of Cl.Fd in the steady state are due to 
the redox reaction of apo-Cl.Fd adsorbed on the 
electrode surface. 

Figure 9 shows the cyclic a.c. voltammograms in 
the steady state for the adsorbed Cl.Fd at p H 5.9 at 
two a.c. frequencies. The peak potentials, E^c, of 
the four a.c. waves (A, B, C, and D) are independent 

7 h 

6 U 

5 h 

< 1 

200 400 

/ /Hz 

Fig. 10. Dependence of the a.c. peak currents on the 
a.c. frequency at pH 5.9. O : Out-of-phase compo­
nent and # : in-phase component. 

of a.c. frequency, coinciding with each other and with 
the peak potential of waves I I and I I I of d.c. cyclic 
vol tammogram at the same p H (Fig. 5). O n the 
other hand, the peak height, A/p, and half-peak width, 
AjEp/?, of both in-phase and out-of-phase components 
are dependent on a.c. frequency (Fig. 10 and Table 

In basic solution of p H higher than 8, the a.c. voltam­
mograms become drawn-out and decrease in height. 

D i s c u s s i o n 

According to theory of cyclic a.c. voltammetry21) 
of a redox couple, ox/red, tightly adsorbed on the 
electrode surface, the capacitive (out-of-phase) and 
resistive (in-phase) components of the amplitude of 
a.c. currents, Ai(C) and Az(R), are given by 

Af(C) = 

Ai(R) = 

mnF2qnQrt2nfAE 
RT 

mnF2qncrt2nfAE 

RT 

exp (<p) 

(l+exp(ç>))» 
1 

((2nfl(k + k))*+l) 
exp (<p) (2) 

(1+exp (?>))«_ 

x 2nfl(k + k) 

((2rç/7(* + *))»+l) 

Here it is assumed that the redox reaction is expressed 
by a simple Butler-type equation ilnFq=kncried — 
kncFox with A:=A:sexp((l — a)ç>), k=ksexp(~oc(p) and <p = 
(nFIRT)(ET)C—ÊQ) and that the redox reaction is d . c -
voltammetrically reversible ; kj (nFvföR T) > 1. Fi is the 
surface concentration of j ( j = o x and red, and Ft = 
rox-|- rTed), ks the standard rate constant, a the transfer 
coefficient, m the proportionality constant,21) in which 
the change of electrode charge associated with the 
change of -Tj as well as n is involved, AE and f are the 
amplitude and frequency of superimposed alternating 
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TABLE 2. PEAK POTENTIAL AND HALF-PEAK WIDTH 

OF a.c. WAVES AT THE STEADY STATE FOR 

Gl.Fd ADSORBED ON MERCURY ELECTRODE 

SURFACE AT p H 5.9 

/ /Hz 

100 
200 
300 
400 
500 
700 

EA
P

C/V 

- 0 . 5 5 
- 0 . 5 5 
- 0 . 5 5 
- 0 . 5 5 
- 0 . 5 5 
- 0 . 5 5 

AEif2 

obsd 

80 
80 
85 
90 
95 

100 

(R) 
a>/mV 

calcd 

74 
76 
80 
85 
90 
99 

AEÎZ 

obsd 

95 
100 
110 
115 
120 
130 

(G)b)/mV 

calcd 

92 
98 

106 
116 
126 
145 

a) In-phase. b) Out-of-phase. 

TABLE 3. STANDARD ELECTRON TRANSFER RATE 

CONSTANT OF FERREDOXINS ADSORBED ON 

MERCURY ELECTRODE SURFACE 

PH WIHPs-1 

4.4 
5.9 
6.9 
6.9 
6.6 

12.0±5.0b> 
13.4±3.7b> 
15.2±1.7b> 
10.1±3.1C> 
13.6±3.2d> 

a) Average value over the a.c. frequencies between 
100 Hz and 700 Hz. b) Gl.Fd at the steady state. 
c) Apo-Gl.Fd. d) sp.Fd at the steady state. 

voltage, respectively. At E=E0, the ratio Ai (R) / 
Az(G) is given by 

(Ai(R))* = W ( A t ( C ) ) M o = 2nf/2ks (3) 

so that the kB value can be determined experimentally 
provided that E0 is known. As decribed above E%c 

is independent of f and coincides with E^c of cor­
responding reversible d.c. voltammograms, indicating 
that EA

P
C=EB

P
C=E0 and oc is a t least not much 

different from 0.5. Application of Eq. 3 to ex­
perimental data, such as those shown in Fig. 10 
gives ks values summarized in Table 3. Solid lines 
in Fig. 10 are drawn by Eq. 2 at E=E0 using ks = 
13.4 x 102 s-1 and Az p (C)=4 .7 JAA at 400 Hz. Values 
of AEA% as calculated from Eq. 2 by assuming n= 
1 and a = 0 . 5 are also given in Table 2. Apparent 
agreement between theory and experiment is good in 
spite of the very simplified model of charge transfer 
kinetics. Kinetic study gives information on the proto­
nation mechanism associated with the charge transfer, 
R S H + H g = R S H g + H + + e - . When a very rapid (i.e. 
reversible) proton transfer to oxidized form is followed 
by the charge transfer as 

RSHg + H+ = (RS'Hg)H+, Kz 

(RSHg)H+ + e- = RSH + Hg, ksoL 
(I) 

the ' 'measured" or apparent standard rate constant 
k8 is given by 

*. = W l + * i / ( H + ) ) - < 1 - a > (4) 

where ks0l is the standard rate constant and Kl the 
dissociation constant of (I) . When the charge transfer 
is followed by a very rapid proton transfer to reduced 

form as 

RSHg + c- = R S - + Hg, *B0II 

RS- + H+ = RSH, Ku { } 

the apparent standard rate constant k8 is given by 

ks = kSOII(l+(H+)/Kn)-
a (5) 

where kB0Il is the standard rate constant and Ku the 
dissociation constant of ( I I ) . kB tends to increase 
with increasing p H (see Table 3). This supports 
mechanism ( I I ) . However, the change of kB with 
p H is too small to be explained by Eq. 5. In view of 
the precision of determination of k8 value no conclusive 
statement can be given at present. 

In a.c. voltammetry a slight difference in height 
between the waves of negative-going and positive-
going voltage scan were observed (Fig. 9). This can 
be explained by assuming that there are two conforma­
tions I and I I of adsorbed apoferredoxins each for 
oxidized form, Apo-Fd(SHg) n , and reduced form, 
Apo-Fd(SH) n c , 

(Apo-Fd(SHg)Oi ^ (Apo-Fd(SH)„c)i 

U n U 
(Apo-Fd(SHg)„c)n 5==i (Apo-Fd(SH)„c)ii. 

The waves of negative-going and positive-going scan 
can be assigned to 

(Apo-Fd(SHg)„c; (Apo-Fd(SH)„c)I 

^ = ± (APo-Fd(SH)„c)n 
and 

(Apo-Fd(SH)nc)n ^ = ± (Apo-Fd(SHg)„c)II 

.==± (Apo-Fd(SHg)Oi, 

respectively. The difference between the two peak 
heights should be due to the difference between the 
apparant standard rate constants of the two processes. 
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Substituent Effect in the Ionization of cîs-2-Substituted 
1-Cyclopropanecarboxylic Acids 
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Ten m-2-substituted 1-cyclopropanecarboxylic acids (substituents : H, CH3, C6H5, CH 3 0, C2H50, Gl, Br, 
CH3CO, GH3OGO, and C2H5OCO) were prepared, and their pÄ"a values were determined in water at 25 °G, 
along with those of the trans-2-chloro and 2-methoxy derivatives. The pK& values for eis isomers are somewhat 
larger than those for the corresponding trans isomers, except for the chloro and bromo derivatives. The substi­
tuent effects obtained were in the usual order in the sense of the electronic effects, except for the phenyl group, 
which produced a decrease in acidity relative to the unsubstituted acid. It was shown that the carbon-13 chemical 
shifts for the methylene carbon of the ethyl group in the ethyl m-2-substituted 1-cyclopropanecarboxylate obtain­
ed in deuteriochloroform gave a reasonable linear relation with the pK&(cis) values. 

I t is well established that the G-G bonds of cyclo­
propane ring have n double-bond character1) and can 
extend the chain of conjugation when a cyclopropane 
ring is directly attached to a n system of bonds.2) T h e 
degree of the contributions of the conjugative effect 
of the cyclopropane ring has been estimated by several 
workers.3-6) T h e degree of the transmission of the 
electronic effects through the cyclopropane ring, how­
ever, is still uncertain, since conflicting results have 
been reported. For example, the effective transmis­
sion or a greater polarizability of the trans system was 
indicated by spectroscopic measurements6»7) and by 
the chemical reactivities,8) including the ionization of 
2-pheny 1-cyclopropanecarboxylic acids.9) O n the other 
hand, the alkaline hydrolysis of ethyl 2-phenyl-1-cyclo­
propanecarboxylates afforded larger Hammet t ' s p 
values for eis isomers than for trans isomers.10) Thus, 
the abilities of the eis isomer relative to the trans isomer 
in 1,2-disubstituted cyclopropane in transmitting elec­
tronic effects have been a continued subject of con­
troversy.8»11) 

In at tempt to resolve the contradiction in the reported 
results on transmitting polar effects through cyclo-
propylene, it appeared to be of interest to examine 
the effects of substituents in the ionization of 2-substi-
tuted 1-cyclopropanecarboxylic acids. In a previous 
paper,12) the pK& values of frms*-2-substituted 1-cyclo­
propanecarboxylic acids and their linear relation with 
<7m were reported. A study of the substituent effect 
in the pK& values of «>-2-substituted 1-cyclopropane­
carboxylic acids and in the carbon-13 chemical shifts 
of the methylene carbon of the ethyl group in ethyl 
a>-2-substituted 1-cyclopropanecarboxylates has been 
undertaken in the present study. 

T h e system is a very interesting one from another 
point of view. The rigidity of the cyclopropane ring 
offers an interesting tool for elucidating the mechanistic 
problems in the acidity-structure relationship where 
substituents are in a close proximity to the carboxyl 
group. In this field of chemistry13»14) less progress 
has been reported than in those concerning the effects 
of remote substituent groups, which have been well 
explained by both inductive (including the effects 
through both the field and bonds) and resonance 
effects. I t appears that the data reported herein will 
provide useful information in order to elucidate in­
teraction mechanisms between the proximate substi­
tuent and the carboxyl group. 

Results and Discussion 

Unsubstituted,15) m-2-methyl-,13a) and m-2-phenyl-
1-cyclopropanecarboxylic acids16) were synthesized by 
the methods described in the literature. Other substi­
tuted cyclopropanecarboxylic acids were obtained by 
the hydrolysis of the respective ethyl esters prepared 
by the appropriate methods. The eis isomers of ethyl 
esters were separated conveniently by a combination of 
fractional distillation and preparative GPLG. Gis and 
trans mixtures of ethyl 2-methoxy- and 2-ethoxy-l-
cyclopropanecarboxylate were synthesized by the cop­
per (I)-catalyzed decomposition of ethyl diazoacetate 
in methyl vinyl ether and ethyl vinyl ether respective­
ly.12) By using the method of McCoy,17) diethyl and 
dimethyl 1,2-cyclopropanedicarboxylates were obtain­
ed. The remaining derivatives were prepared by the 
routes shown in the following scheme: 

ROOC N /COOR KOH, H2O R O O C x /COOH Soci2 R O O C x ^COCl Cd(CH3)2 

\y > 
ROOCN /COCHg KOH, H2O HOOC x /COCHg 

\y > \y 

C=C-C=C + GHX3 -

(X=G1, Br) 

(Bu)3SnII X \ 

MtuOK X \ /' c=c 
-> x/\/ 

1. KMn04 ^\ /' COOC2H5 

2 . G 2 H 5 OH, H + -* x/\/ 

ATBN 

vGOOC2H5 <GLC> X \ /COOC2H5 KOH X N /COOH 
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TABLE 1. p7Ta VALUES OF 2-SUBSTITUTED CYCLOPROPANE-

CARBOXYLIG ACIDS IN WATER AT 25 °G 

Substituent 

H 

CH3 

GH30 
G2H50 
GH3OGO 
C2H5OCO 
GH3GO 
Gl 
Br 
G 6 H 5 

eis 

4.83±0.01 
4.83a> 
5.03±0.01 
5.02b> 
4 .76±0.01 
4 .83±0.01 
4 .22±0.02 
4 .26±0.02 
4 .19±0.01 
4 .12±0.01 
4 .09±0.01 
4 .95±0.02 

trans 

4.84±0.01c> 

4.98±0.01c> 
5.00b> 
4 .47±0.01 
4 .46±0.01 
4.09±0.02c> 
4.10±0.02c> 
4.08±0.01c> 
4 .12±0.01 
4.09±0.01c> 
4.57±0.02c»d) 

a) M. Kilpatric and J . O. Morse, J. Am. Chem. Soc., 
75, 1854 (1953). b) Ref. 13(a). c) Ref. 12. d) Réf. 11. 

TABLE 2. Ap* a (p*a X -p*a H ) AND AvK^{VKKeU-pK&traJ 
VALUES FOR 2-SUBSTITUTED CYCLOPROPANECARBOXYLIC 

ACIDS IN WATER AT 25 ° G 

Substituent 

H 
CH3 

C H 3 0 

C 2 H 5 0 

GHgOGO 

C 2 H 5 O C O 

GH3GO 

Gl 
Br 

C"6H5 

ApK&(cis) 

0.00 
0.20 

- 0 . 0 7 
0.00 

- 0 . 6 1 
- 0 . 5 7 
- 0 . 6 4 
- 0 . 7 1 
- 0 . 7 4 

0.12 

ApK&(trans) 

0.00 
0.14 

- 0 . 3 7 
- 0 . 3 8 
- 0 . 7 5 
- 0 . 7 4 
- 0 . 7 6 
- 0 . 7 2 
- 0 . 7 5 
- 0 . 2 7 

Ap#a( 

0.00 
0.05 
0.29 
0.37 
0.13 
0.16 
0.11 
0.00 
0.00 
0.38 

The pKK values measured in water at 25 °G are 
listed in Table 1. The reproducibilities of the repeated 
runs are less than 0.01 pKA unit except for the alkoxy-
carbonyls and the phenyl group (0.2 pK& unit) . This 
accuracy is considered to be sufficient for us to discuss 
the substituent effects. The values determined here 
for unsubstituted and m-2-methyl derivatives showed 
a good agreement with those published by McCoy, 
within the limits of experimental error.13a) 

I t is convenient to use the ApKa
a(pKa

x—pKa
a) and 

ApK&
ct(pK&eta—pK&trans) values in discussing the substi­

tuent effects in comparison with various systems. These 
values are summarized in Table 2. 

Since carbon-13 N M R chemical shifts are sensitive 
to changes in the electron density18) and the stereo­
chemical relationship of atoms in a molecule,18»19) the 
application of this spectroscopic method to the methyl­
ene carbon of the ethyl group in ethyl 2-substituted 
1-cyclopropanecarboxylates would provide additional 
insight into the substituent effect on pK& values (eis) 
obtained here. Therefore, the substituent-induced 
chemical shifts(SCS)20) for this carbon were determined 
under conditions essentially corresponding to an in­
finitive dilution in deuteriochloroform ; the results are 
listed in Table 3, along with those of trans derivatives.12) 
Both the eis and trans carbons showed "no rma l " 

TABLE 3. 13G CHEMICAL SHIFTS^ FOR THE METHYLENE 

CARBONS OF THE ETHYL GROUP IN ETHYL 2-SUBSTITUTED 

CYCLOPROPANECARBOXYLATES IN DEUTERIOCHLOROFORM 

Substituent 

H 
CH3 

CH 3 0 
C2H50 
C2H5OCO 
CH3GO 
Gl 
Br 
G 6 H 5 

GN 

<5(m)b'c> 

60.46 
60.15 
60.58 
60.50 
60.96 
60.94 
61.04 
61.23 
60.14 
61.70 

Ô (trans)*) 

60.37 
60.19 
60.49 
60.49 
60.97 
61.04 
61.04 
61.11 
60.61 
61.73 

<5 (eis) ~Ô (trans) 

0.09 
- 0 . 0 4 

0.09 
0.01 

- 0 . 0 1 
- 0 . 1 0 

0.00 
0.12 

- 0 . 4 7 
- 0 . 0 3 

substituent effects. 
The general trend of the substituent effects obtained 

for pK&(cis) is similar to those in such 2-substituted 
cyclopropane systems6»12'13a»21) as 2-substituted 1,2-
dimethyl-1-cyclopropanecarboxylic acids; they may be 
explained by substituent electronic effects except for 
the case of the phenyl group. 

The ApK&(cis) values showed a good linear relation 
with the Aô(cis) values (Fig. 1). Therefore, it is 
reasonable to consider that the special desolvation 
effect by the proximate «j^-subst i tuents does not 
contribute to the pKA values. In the case of 2-substitut­
ed acrylic acids, appreciable contributions of the de­
solvation effect to the dissociation of eis isomers have 
been reported.13d) 

ApK&(cis) values do not afford a linear relation with 
those of o-substituted benzoic acid, where the steric 

a) ppm from TMS as the internal standard. The errors 
are at least ± 0 . 1 ppm. b) To be published in detail, 
along with the chemical shifts of cyclopropane-ring 
carbons, c) Measured on a Hitachi Perkin-Elmer R-22 
spectrometer, with 22.6 MHz in the FT mode, d) Y. 
Kusuyama, Bull. Chem. Soc. Jpn., 50, 1784 (1977). 

0.5 

OH 

0.0 h 

0.0 
AS(cis) 

Fig. 1. Plots of Ap-Ka values for aj-2-substituted 1-
cyclopropanecarboxylic acids at 25 °G in water vs. 
substituent induced 13G chemical shifts of the methylene 
carbons of ethyl group in ethyl 2-substituted 1-
cyclopropanecarboxylates. 
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inhibition of resonance between the benzene ring and 
the carboxyl group by the o-substituents causes a acid-
strengthening effect relative to ^-substituted benzoic 
acids. 

T h e cyclopropane ring is capable of overlaping with 
an adjacent p orbital of the substituents at the maximum 
in the s-trans or s-cis conformation.6) In cyclopropane-
carboxylic acid, the preferred conformation might be 
the s-cis conformer,6) where the steric repulsion between 
the spherical a>-2-substituent and the carboxyl group 
is minor compared to those in ortho-substituted benzoic 
acids.13c»22) Thus, spherical substituents would not 
prevent the resonance interaction between the cyclo­
propane ring and the carboxyl group. The acid-
weakening effect of the cis-2-methyl group clearly 

O 

OH X 

s-trans 

0 3-OH 

s-cis 

Wi OH OH 

X >o 
gauche 

showed the same direction as that observed in the 
trans isomer. Moreover, it may be thought that the 
steric inhibition of resonance is not of major importance 
for chloro and bromo derivatives, although for these 
substituents the same acidity as in the eis and trans 
series respectively resulted from the compensation of 
contributing factors. Substituents with p-orbitals tend 
to have the maximum overlap with the cyclopropane 
ring in the bisected conformation. In «V-2-acetyl, 
methoxycarbonyl- and ethoxycarbonyl-1-cyclopropane-
carboxylic acids, the steric repulsion between the substi­
tuent and the carbonyl group of the carboxyl group 
increases and prevents eis substituents from having 
the maximum overlap with the cyclopropane ring 
relative to the corresponding trans isomer. Such 
substituents could lead in the direction of acid weaken­
ing relative to the trans isomer (Table 2). 

The pK& values for alkoxy groups and phenyl group 
are quite high relative to that of the parent compound 
and the corresponding trans derivatives, if they are 
considered only in terms of normal electronic substi­
tuent effects. The origin for this phenomenon can 
not be explained clearly at the present time. Only 
the phenyl group deviated appreciably in the Aô(trans)-
Aô(cis) plots to the high field from the regression line 
(Fig. 2), while no significant difference in the plots was 
detected for alkoxy groups. I t is considered that the 
methylene carbon of the ethyl group is more deshielded 
by the proximate phenyl group in the eis isomer. 

T h e substituent effects can generally be analysed 

va 

ffi 

ffi 
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Fig. 2. Comparison of substituent-induced 13G chemical 
shifts of the methylene carbons of ethyl group in ethyl 
2-substituted 1 -cyclopropanecarboxylates. 

TABLE 4. THE SUBSTITUENT EFFECTS (Ap-Ka VALUES) 

OF METHOXYCARBONYL AND BROMINE IN THE 

eis-2-SUBSTITUTED CYCLOPROPYL FRAMEWORK 

H 

X 

GH3OGO 
Br 

COOH 

\ / ( -

(I) 
0.00 

- 0 . 6 1 
- 0 . 7 4 

X 

CH> 

(II) 
0.00 

-1.019 
-1.276 

COOH 

CH3 

X COOH 
/ 

^ 

(HI) 
0.00 

- 0 . 9 1 2 
- 0 . 8 5 1 

by the use of the linear free-energy relationship if 
only the electronic effect operates. The pK& values 
for the trans series were excellently correlated by 
om (correlation coefficient:0.998; p: 1.99), indicating 
an appreciable contribution of the resonance effect.12) 
The plots of the ApK&(cis) against the substituent 
constants, ff°, ffp, and al9 failed to give a good linear 
relationship. The correlation coefficients proved to 
be from 0.83 to 0.89. A rather good correlation with 
the p value of 2.09 was obtained by means of ffm 

with the correlation coefficient of 0.981. Although 
this correlation is not an excellent one, it appears that 
the special proximity effect is not of major importance 
in the dissociation of a.y-2-substituted 1-cyclopropane-
carboxylic acid. 

In the series of m-2-substituted 1-cyclopropanecar-
boxylic acids (I) , the 2-substituted 1,2-dimethyl-1-cyclo-
propanecarboxylic acids ( I I ) , and 5-substituted bicyclo-
[3.1.0]hexane-l-carboxylic acids (III)14) effects of 
substituents (the values for methoxycarbonyl and bromo 
were available for comparison) increase in the order 
of K I I K I I (Table 4), the same as the increasing 
order of the steric bulk of alkyl groups located behind 
the carboxyl group (hydrogen < trimethylene < two 
methyl groups). This order is also the same as that 
for the pK& values for the parent acid of each series. 
Two explanations are possible for the phenomenon: 
(1) Bulky alkyl groups effectively desolvate the carb-
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oxy la t e a n i o n . T h e n e g a t i v e c h a r g e o n t h e c a r b o x y l a t e 
does n o t d isperse , t h o u g h ; a c c o r d i n g l y , t h e e l e c t r o n 
dens i ty increases . (2) Alky l g r o u p s s h o r t e n t h e d i s t a n c e 
b e t w e e n t h e s u b s t i t u e n t a n d t h e c a r b o x y l g r o u p a n d 
increase t h e c o n t r i b u t i o n of t h e field effect. 

E x p e r i m e n t a l 

T h e boiling points and melting points are uncorrected. 
T h e melting points were determined on a Yanaco M p hot-
stage melting-point apparatus . T h e 1 H N M R spectra were 
obtained on a J E O L J N M - C - 6 0 H L spectrometer (60 M H z ) 
and were reported in ô values relative to the internal T M S . 
T h e GLG analyses were carried out on a Yanaco G C G 550T, 
using a 1-m column of Silicone DG 550 or Silicone X F 1150. 
Preparative scale GLG separations were performed on a 
Yanaco G 80 aparatus equipped with an AP 11 collector. 

T h e structure assignments for the geometrical isomers of 
alkyl 2-substituted 1-cyclopropanecarboxylates were made 
on the basis of the 1 H N M R spectra of ring protons by means 
of shift reagents, based on the generalization that the tendency 
of the shift of the signals of eis protons to carbonyl is larger 
than that of the shift of the trans protons.23) T h e eis and 
trans isomers of alkyl 2-substituted 1-cyclopropanecarboxyl­
ates were well separated by GLG, and the eis isomer always 
showed a longer retention time than that of the corresponding 
trans isomer. 

Ethyl cis-2-Methoxy-1-cyclopropanecarboxylate. T h e title 
compound was isolated by fractional distillation and by 
making two passes on the column (silicone DG 550 and silicone 
X F 1150) from a mixture of eis and trans isomers obtained 
by the reaction of ethyl diazoacetate with methyl vinyl 
ether.12) Bp 81 °C/30 Torr , N M R (CC14) Ô 0.75—1.75 (3H, 
m, ring), 1.24 (3H, t, 7 = 8 Hz , C C H 3 ) , 3.22 (3H, s, C H 3 0 ) , 
3.23—3.65 (1H, m, ring), 4.05 (2H, q, 7 = 8 Hz, C 0 2 C H 2 C ) . 
Found: G, 58.72; H , 8.07%. Galcd: G, 58 .31; H , 8.39%. 

cis-2-Methoxy-1-cyclopropanecarboxylic Acid. Ethyl cis-
2-methoxy-1-cyclopropanecarboxylate (1.3 g) was hydrolyzed 
by heating (40 °G) with sodium hydroxide (0.4 g) in 5 ml 
of water. After acidification to p H 3, extraction with ether, 
and the evaporation of the ether, m-2-methoxy-l-cyclo­
propanecarboxylic acid was purified by short-column 
distillation; 0.3 g; b p 105 °C/10 Torr . N M R (CDC13) ô 
0.90—2.70 (3H, m, ring), 3.34 (3H, t, J=l Hz, C H 3 ) , 3.30— 
3.7 (1H, m, ring, O G H ) , 7.75 (1H, s, O H ) . Found : G, 
50.45; H, 7 .55%. Galcd: G, 51.70; H , 6.94%. 

Ethyl eis-2-Ethoxy-1-cyclopropanecarboxylate. T h e pro­
cedure used was the same as that employed above for the 
methoxy derivative; bp 103 °C/33 Torr . N M R (CC14) ô 
0.7—1.75 (3H, m, ring), 1.10 (3H, t, 7 = 8 Hz, C O C H 3 ) , 
1.25 (3H, t, 7 = 7 Hz , C O O C H 3 ) , 3.10—3.70 (3H, m, two 
methylene protons of the ethoxy group and one ring proton) . 
Found: G, 60.76; H , 9.42%. Galcd: G, 60.74; H , 8.92%. 

eis- 2-Ethoxy-1-cyclopropanecarboxylic Acid. This com­
pound was obtained by the alkaline hydrolysis of the cor­
responding ethyl ester; bp 135 °G/17 Torr . N M R (CDC13) 
ô 0.95—2.70 (3H, m, ring), 1.15 (3H, t, 7 = 7 Hz , CH 3 ) , 
3.20—3.80 (3H, m, ring O G H and C H 2 of ethyl group) 
Found: G, 54.30; H , 7.86%. Galcd: G, 55.37; H , 7.74%. 

Dimethyl and Diethyl cis-1,2-Cyclopropanedicarboxylates. 
These two esters were separated from mixtures17) of the 
corresponding geometrical isomers. Dimethyl cis-l ,2-cyc\o-
propanedicarboxylate: bp 84 °C /4Tor r , 146—148 °C/45Torr , 
lit, 110 °C/3 Torr.24) Diethyl m-l ,2-cyclopropanedicarbox-
ylate. Bp 138 °C/27 Torr , lit, bp 83—84 °C/1 Torr,25) 
124 °G/14 Torr.24) 

ds-2-Methoxycarbonyl-1-cyclopropanecarboxylic Acid. T h e 

alkaline hydrolysis26) of dimethyl 1,2-cyclopropanedicarbox-
ylate afforded cû-2-methoxycarbonyl-l-cyclopropanecarbox­
ylic acid in a 3 0 % yield; bp 147—148 °C/4.5 Torr , lit, 
160 °C/3 Torr.24) 

eis- 2-Ethoxycarbony1-1-cyclopropanecarboxylic Acid. This 
compound was obtained by the alkaline hydrolysis of diethyl 
m-l ,2-cyclopropanedicarboxylate; b p 130—131 °C/3.5 Tor r . 

cis-2-Ethoxycarbonyl-1-cyclopropanecarbonyl Chloride. T h e 
t reatment of m-2-methoxycarbonyl-1 -cyclopropanecarboxylic 
acid (9 g) with thionyl chloride (12 g) and subsequent distil­
lation afforded the title compound (9 g) ; bp 84 °C/4 Torr . 
N M R (CC14) ô 1.00—2.00 (2H, m, ring CH 2 ) , 1.25 (3H, 
t, 7 = 7 Hz , C H 2 of the ethyl group) . 

Ethyl eis-2-Acetyl-1-cyclopropanecarboxylate. A. T o di­
methyl cadmium (ca. 0.05 mol) in benzene we added, drop 
by drop, 9 g (0.05 mol) of m-2-ethoxycarbonyl-l-cyclopro-
panecarbonyl chloride in 10 ml of benzene. After a routine 
t reatment , 3 g of crude ethyl m-2-acetyl-1-cyclopropane­
carboxylate were obtained. T o this we then added 3 ml of 
water and stirred the mixture vigorously for 10 min. T h e 
organic layer was then separated and purified by distillation; 
2 g; b p 95 °C/7 Torr . 

Ethyl eis- 2-Acetyl-1-cyclopropanecarboxylate. B. T o a 
stirred mixture of 100 g of methyl vinyl ketone and 1 g of 
anhydrous copper(I) sulfate in 50 ml of hexane at 40 °G, 
100 g of ethyl diazoacetate were added. After several 
minutes, the reaction took place suddenly. After the reaction 
was complete, the mixture was filtered and carefully distilled 
at atmospheric pressure in order to remove the excess methyl 
vinyl ketone and hexane. T h e residue was distilled in 
vacuo to yield 10 g of crude products ; bp 70—88 °C/5.5 
Torr . T h e fractional distillation afforded 3 g of the title 
compound, including 2 0 % of impurities. Trea tment with 
2 ml of 0.5 M N a O H and subsequent GLG operation gave 
a pure material which showed essentially the same retention 
time in GLG and the same N M R spectrum as has been ob­
tained by Method A. 

eis- 2- Acetyl-1-cyclopropanecarboxylic Acid. Ethyl cis-2-
acetyl-1-cyclopropanecarboxylate (1 g) was hydrolyzed by 
heating (40 °G) with sodium hydroxide (0.24 g) in 6 ml of 
5 0 % ethanol to yield, after a routine treatment, m-2-acetyl-
1-cyclopropanecarboxylic acid (0.4 g ) ; bp 143 °C/4 Torr . 
N M R (CDC13) ô 1.10—2.62 (m, 4H, r ing), 2.24 (1H, s, 
CH 3 ) , 8.30 (1H, s, O H ) . Found : G, 54.86; H , 6.62%. 
Galcd: G, 56.24; H , 6.30%,. 

1,1-Dichloro-2-vinylcyclopropane. This compound was 
prepared by adding potassium £-butoxide to a solution of 
1,3-butadiene and chloroform and by a subsequent routine 
treatment,27) bp 123—125 °G, lit, 122.5 °C/730 Torr.28) 

2,2-Dichloro-l-cyclopropanecarboxylic Acid. T h e oxidation 
of l , l-dichloro-2-vinylcyclopropane with potassium per­
mangana te in acetone gave a 2,2-dichloro-l-cyclopropane­
carboxylic acid,29) bp 92 °C/6 Torr , m p 74—75 °G, lit, m p 
75—76 °G.28) 

Methyl 2,2-Dichloro-1-cyclopropanecarboxylate. This com­
pound was obtained by the esterification of 2,2-dichloro-l-
cyclopropanecarboxylic acid with methanol and sulfuric acid; 
bp 79 °C/23 Torr . N M R (CC14) ô 1.70—2.21 (2H, m, CH 2 ) , 
2.4—2.75 (1H, m ) , 3.76 (3H, s, CH 3 ) . 

Methyl eis-2-Chloro-1-cyclopropanecarboxylate. A mixture 
of 22 g (0.1 mol) of methyl 2,2-dichlorocyclopropane-car-
boxylate, 37 g (0.13 mol) of tributyltin hydride, and 1 g of 
AIBN was heated to about 90 °G. A vigorous reaction took 
place. After the mixture has then cooled to room temper­
ature, eis and trans methyl 2-chloro-1-cyclopropane-carboxyl-
ate were obtained by fractional distillation through a small 
Widmer column; 8 g ; bp 65—80 °C/33 Torr . A pure eis 
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isomer was obtained by a semi-preparative GLG operation; 
bp 100 °C/38 Torr. NMR (CC14) Ô 1.10—1.68 (2H, m, 
CH2), 1.73—2.15 (1H, m, GHGO), 3.00—3.45 (1H, m, 
GHG1), 3.70 (3H, s, CH3). Ethyl cis-2-chloro- 1-cyclopro-
panecarboxylate was prepared by the procedure described 
above for the methyl ester. NMR (CC14) Ô 1.10—1.65 
(2H, m, CH2 of ring), 1.31 (3H, t, 7 = 7 Hz, CH3), 1.73— 
2.08 (1H, m, GHGO), 3.11—3.42 (1H, m, GHG1), 4.06 
(2H, q, 7 = 7 Hz, GH2 of the ethyl group). Found: G, 
48.75; H, 5.78%. Galcd: G, 48.52; H, 6.06%. 

cis-2-Chloro-1-cyclopropanecarboxylic Acid. Ethyl cis-2-
chloro-1-cyclopropanecarboxylate (1.1 g) was saponified by 
stirring with 0.4 g of sodium hydroxide in 6 ml of 30% ethanol 
to yield, after acidification, 0.7 g of m-2-chloro-1-cyclopro-
panecarboxylic acid; bp 108—110 °C/5 Torr, mp 88—88.5 
°G. NMR (CDC13) ô 1.2—1.6 (2H5 m, CH2), 1.6—2.27 
(1H, q, 7 = 7 Hz, GHGO), 3.13—3.57 (1H, q, 7 = 7 Hz, 
GHG1), 5.5 (1H, s, OH). Found: G, 39.89; H, 3.97%. 
Galcd: G, 39.84; H, 4.17%. 

Ethyl trans-2-Chloro-1-cyclopropanecarboxylate. This com­
pound was obtained by GLG separation from a cis and 
trans mixture; bp 76—78 °C/36 Torr. NMR (CC14) ô 1.25 
(3H, t, 7 = 7 Hz, CH3), 1.10—1.65 (2H, m, ring CH2), 
1.75—2.07 (1H, m, GHGO), 3.10—3.40 (1H, m, GHG1), 
4.05 (2H, q, 7 = 7 Hz, CH2). 

tra.ns-2-Chloro-1-cyclopropanecarboxylic Acid. Ethyl trans-
2-chloro-1-cyclopropanecarboxylate (1 g) was hydrolyzed 
with sodium hydroxide (0.4 g) in 40% ethanol (5 ml) 
to yield trans-2-ch\oro-1 -cyclopropanecarboxylic acid; 0.5 g; 
bp 86°C/4Torr. Mp 59 °G. NMR (CDC13) ô 1.20—1.75 
(2H, m, CH2), 1.80—2.15 (1H, m, GHGO), 3.24—3.55 
(1H, m, GHG1), 11.60 (1H, s, OH). Found: G, 40.05; 
H, 4.24%. Galcd: G, 39.85; H, 4.18%. 

1,1-Dibromo-2-vinylcyclopropane. This compound was 
synthesized by the method described above for the chloro 
derivative; bp30) 60 °C/22 Torr, lit, 69.5—70 °C/26 Torr28) 
53—56 °C/10 Torr.31) 

Methyl 2,2-Dibromo-1-cyclopropanecarboxylate. The oxi­
dation of l,l-dibromo-2-vinylcyclopropane (115 g), the same 
treatment as has been described for the preparation of 2,2-
dichloro-1 -cyclopropanecarboxylic acid, gave crude 2,2-
dibromo-1 -cyclopropanecarboxylic acid, which was then 
converted to the corresponding methyl ester by adding 200 ml 
of methanol and 5 ml of concentrated sulfuric acid and 
by refluxing the subsequent mixture for 10 h. After a routine 
work-up, methyl 2,2-dibromo-l -cyclopropanecarboxylate 
(40 g) was obtained; bp 90 °G/9 Torr. NMR (CC14) ô 
1.76—2.70 (3H, m, ring), 3.73 (3H, s, CH3). Found: G, 
23.08; H, 2.25%. Galcd: G, 23.28; H, 2.35%. 

Methyl cis-2-Bromo-1-cyclopropanecarboxylate. 34 g (0.13 
mol) of methyl 2,2-dibromo-l-cyclopropanecarboxylate were 
added to 34 g (0.13 mol) of tributyltin hydride. The 
reaction took place immediately. After cooling to room 
temperature, methyl cis- and trans-2-hromo-\ -cyclopropane­
carboxylate were obtained by distillation; bp 65—95 °C/20 
Torr. Subsequent distillation and GLG operation afforded 
pure methyl a.y-2-bromo-l-cyclopropanecarboxylate; bp 
108 °C/25 Torr. NMR (CC14) ô 1.25—1.58 (2H, m, CH2), 
1.75—2.15 (1H, q, 7 = 8 Hz with a small splitting, GHGO), 
2.95—3.33 (1H, q, 7 = 8 Hz with a small splitting), 3.70 
(3H, s, CH3). Found: G, 33.80; H, 4.20%. Galcd: G, 
33.52; H, 3.91%. 

cis- 2-Bromo-1-cyclopropanecarboxylic Acid. The alkaline 
hydrolysis of methyl m-2-bromo-l-cyclopropanecarboxylate 
gave m-2-bromo-l-cyclopropanecarboxylic acid; bp 120 °C/2 
Torr; mp 68.5—70.5 °G. NMR (CDC13) ô 1.3—1.7 (2H, 
m, CH2), 1.85—2.23 (1H, m, GHGO), 2.0—2.40 (1H, q, 

7 = 8 Hz with small spritting, CHBr), Found: G, 29.11; H, 
2.82%. Galcd: G, 29.08; H, 3.05%. 

The ionization constants were determined by the Poten­
tiometrie titration of substituted cyclopropanecarboxylic acids 
(0.005 M) with sodium hydroxide (0.02 M) according to 
the previously outlined procedure.3»12) 

The 13G NMR spectra were measured on a Hitachi Perkin-
Elmer R-22 spectrometer, with 22.6 MHz in the FT mode. 
The measurement conditions will be described in detai) 
elsewhere, along with the chemical shifts of the cyclopropane-
ring carbons. 

T h e author wishes to thank Professor Yuho Tsuno 
and Dr. Masaaki Mishima (Kyushu University) for 
the measurements of the 13G N M R spectra. 
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The acyloxy exchange reactions of acyloxysilane with carboxylic acids have been studied kinetically. The 
rate of reaction has been found to proceed faster with a stronger attacking acid and more basic leaving acyloxy 
group. The rate was markedly accelerated by the addition of base. The steric effect due to substituents on 
the silicon atom and hydrogen-deuterium kinetic isotope effects have been examined. A mechanism involving 
the 5-coordination of the silicon atom prior to the rate-determining proton transfer has been suggested. 

A number of organic synthesis recently developed 
have included the silylation-desilylation reactions of 
functional groups.1) An advantage of this reaction is 
the selectivity which has been demonstrated by the 
monothioketalization of dicarbonyl compounds2) and 
the kinetic study of the silylations of hydroxyl groups.3) 
In connection with this, the greater the knowledge 
of the mechanism of silylation or kinetics may make 
the reaction more applicable to organic synthesis. 
Thus, a kinetic study of the proton-silyl exchange 
reaction i.e., the acyloxy exchange reaction of acyloxy-
silanes with carboxylic acids as one of the most simple 
model reactions for the trans-silylation reaction has 
been carried out. T h e aims has been to ascertain 
the kinetics of the exchange reaction and to clarify 
the mechanism. 

R e s u l t s a n d D i s c u s s i o n 

T h e acyloxy exchange reaction was found to proceed 
almost quantitatively if the entering carboxylic acid 
was stronger than the leaving acid. T h e rate of 

RCOOSiR'3 + R"COOH > R"COOSiR'3 + RGOOH 

pK& R G O O H > R , , C O O H 

acyloxy exchange for acetoxytrimethylsilane with two 
equivalents of formic acid in chloroform-df was measur­
ed by monitoring the decrease 1 H N M R trimethyl 
signal of the starting acetoxysilane (ô 0.28 ppm) and 
the increase in the product i.e., formyloxytrimethylsilane 
(ô 0.32 ppm) : the rate constant found to be second 
order. Under the same conditions, the rate of the 
reverse reaction was too small to affect the kinetics 

be o 

- 5 . 0 

Fig. 1. Plot of the acyloxy exchange rate of acetoxy­
trimethylsilane vs. acid strength. 

since the exchange was found to proceed almost quanti­
tatively and the reverse reaction of formyloxytrimethyl­
silane with acetic acid gave no acetoxytrimethylsilane. 
The rate of reaction with other carboxylic acids was 
similarly measured and the kinetic results are given 
in Table 1. The reaction was found to proceed faster 
with a stronger acid and the rates correlated well 
with the o* parameters with a /)* value +1 .10 as 
shown in Fig. 1 formic acid was the exception. The 
deviation in rate for the reaction of formic acid may 
be ascribed to the release of the steric crowding change 
in the acyloxy moiety from the acetoxy to the formyloxy 
group. T h e effect of the leaving acyloxy groups of 
acyloxytrimethylsilanes reversed the rates of exchange 
i.e., in the trimethylsilylations of trifluoroacetic acid 
by various acyloxytrimethylsilanes, the rates decreased 
in the order acetoxy, chloroacetoxy, and dichloroace-

TABLE 1. RATE CONSTANTS FOR ACYLOXY EXCHANGE 

REACTIONS OF ACETOXYTRIMETHYLSILANE WITH 

CARBOXYLIC ACIDS IN CDCLA> 

R" in 
R"COOH 

H 
CH2Br 
CH2C1 
GH2G1 
GH2G1 
CH2G1 
GHG12 

GG13 

GF3 

Temp 
°G 

34 
34 
27 
34 
37 
45 
34 
34 
34 

A J 2 

1 mol - 1 s - 1 

1.32X10-4 

4.OOXIO-5 

5.30X10-5 

6.30X10-5 

l.OOxlO-4 

1.70X10-4 

1.30X10-3 

1.8 x lO- 2 

4.0 XlO-2 

AH* 
kcal/mol 

11.2 

AS* 
e.u. 

- 4 0 . 8 

a) Concentrations are: Me3SiOAc = 0.58 M, R ' C O O H 
= 1.21 M. 

TABLE 2. RATE CONSTANTS FOR THE REACTION OF 

ACYLOXYTRIMETHYLSILANE WITH CARBOXYLIC 

ACIDS IN GDGL AT 34°C» 

R" in the used 
R"COOH R in the starting RCOOSiMe3 

GH3 CH2G1 GHG12 

CF3 2.11X10-2 3.40X10-3 9.22X10-4 

GG13 1.60X10-2 2.58x10-3 6.61 x 10~4 

CHG12 0.13x10-2 0.21x10-3 

a) Concentrations are: Me3SiOCOR = 0.57M, R"COOH 
= 1.48M. 
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TABLE 3. RATE CONSTANTS FOR THE REACTION OF SUBSTITUTED ACETOXYSILANE WITH 

GHGLGOOH and GHGLCOODa) IN CDCL AT 34 °Cb> 

k2 (H) lmol- is" 1 

k2 (D) lmol - i s - 1 

kn/ki) 

GH3 

1 .3x l0 - 3 

8.0x10-4 
1.6 

R' in the 

G2H5 

6.9x10-4 
4.3x10-4 

1.6 

starting Me2R,SiOAc 

G6H5GH2 

5.4x10-4 
3.3x10-4 

1.7 

G 6 H 5 

4.9x10-4 

a) 90% D content, b) Concentrations are: Me2R'SiOAc = 0.70 M, CHGl2GOOH(D) = 1.20 M. 

TABLE 4. EFFECT OF BASE ON THE RATE OF REACTION 

OF ACETOXYTRIMETHYLSILANE WITH C H 2 C L G O O H 

IN GDGL AT 34°Ca> 

Base Mole ratio 
Base/Silane 

A J 2 

1 mol"1 s-1 

None 
Et3N 
G5H5N 

0 
0.2 
0.2 

6.30X10-5 

very fast 
4.7 x lO- 2 

a) Concentrations are : Me3SiOAc = 0.58 M, 
GH2ClGOOH=1.21M. 

toxytrimethylsilanes as the starting materials; similar 
results were obtained for the silylations of the dichloro 
and trichloroacetic acids. T h e results are given in 
Table 2 and together with the negative assertion to 
support free silicenium ion4) would rule out prior 
ionization of the substrate to exchange acyloxy group. 

The effect of the silyl-substituent on the rate of the 
exchange was examined and it was found that the 
rate was depressed by the bulky substituent on the 
silicon atom as observed in the acyloxy exchange reac­
tions of acetoxytrimethyl-, ethyldimethyl, benzyldime-
thyl, and dimethylphenylsilanes with dichloroacetic 
acid. The results together with the hydrogen-deut­
erium kinetic isotope effect observed in the exchange 
reactions are given in Table 3. T h e small isotope 
effect is in accordance with the rate determining 
proton transfer reaction of the carboxylic acid by a 
intramolecular cyclic process.5) 

Recently, Pola et al. reported the equilibrium con­
stants of proton-silyl exchange i.e., for the acyloxy 
exchange reaction between acyloxytrimethylsilanes and 
phenylacetic acid in carbon tetrachloride.6) It was 

RCOOSiMe3 + PhCH2COOH ^ 
RCOOH + PhCH2COOSiMe3 

reported that the silylating ability of acyloxysilanes 
decreased with increasing electronegativity of the R 
group in the acyloxy moiety and the equilibrium 
constants were successfully correlated with the o* 
constants of the R groups giving a jO* value of —0.57. 
O n the basis of these results, it was suggested that a 
transition state, similar to the carboxylic acid dimer 
existed in which proton transfer was the rate determin-

// ^ \ 
R-C /C-CH,Ph 

/\ 

Ü 

5 6 7 8 9 10 

kexX 104/1 mol-1 s-1 at 34°C 

Fig. 2. Plot of rates of hydrolyses of Me2R'SiCl vs. 
rates of exchange reactions of Me2R'SiOAc with 
CHG12C02H. 

ing step. Similar results have been observed in the 
present kinetic study i.e., the less electronegative acyloxy 
groups of the starting acyloxysilanes facilitate exchange 
(Table 2), reactions with stronger acids proceed faster 
(Fig. 1) and the positive kinetic isotope effect is in 
accordance with the rate determining proton transfer. 
The base catalysis of the reaction, however, as shown 
in Table 4, suggests a nucleophilic attack on the silicon 
atom which occurrs before or at the rate determining 
step. Since a kinetic isotope effect was observed, 
nucleophilic attack would be expected to occurr before 
the rate determining step. 

Nucleophlic attack finds further support when the 
results given in Table 3 are compared with the rates 
of the hydrolyses of the corresponding chlorosilanes 
which proceed via a 5-coordinated intermediate.7) As 
shown in Fig. 2, the rates of acyloxy exchange correlate 
linearly to the hydrolyses of the corresponding chloro­
silanes. This suggests that the two reactions are very 
similar in mechanism i.e., 5-coordination of the silicon 
atom. T h e large negative entropy value observed in 
the present study is also in agreement with a 5-co­
ordination mechanism.8) 

Based on the above considerations, the most plausible 
mechanism for acyloxy exchange is as follows: 

O O 
II II 

R-C-O-SiR' + R " - C O - H ^=± 
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o e o - H 
Il e II 

R - C - O - S i - O - C - R " 

1 

slow 

H - C K O 
0 

R - C - O - S i - O - C - R " 
R'» 

O o 
R - C - O - H + R ' 3 S i - 0 - C - R " 

N u c l e o p h i l i c a t t a c k of c a r b o x y l i c ac id o n t h e subs t ­
r a t e gives a 5 - c o o r d i n a t e d i n t e r m e d i a t e (1) w h i c h 
t ransfers a p r o t o n ( t h e r a t e d e t e r m i n i n g s tep) to g ive 
a second i n t e r m e d i a t e (2 ) . T h e second i n t e r m e d i a t e 
col lapses i n t o t h e p r o d u c t s . T h e l a t t e r i n t e r m e d i a t e 
(2) is e x p e c t e d to b e m o r e s t ab l e t h a n 1 s ince t h e p r o t o n 
is b o n d e d to a m o r e bas ic si te. T h e reverse r e a c t i o n , 
for e x a m p l e , g iv ing a c e t o x y t r i m e t h y l s i l a n e f rom formyl -
o x y t r i m e t h y l s i l a n e a n d ace t i c a c id w o u l d ene rge t i ca l l y 
u n f a v o r a b l e s ince a n u n s t a b l e i n t e r m e d i a t e w o u l d h a v e 
to b e f o r m e d f rom a s t ab l e i n t e r m e d i a t e . I n t h e b a s e 
c a t a l y z e d r e a c t i o n , a n i n t e r m e d i a t e 3 w o u l d b e f o r m e d 

O O 
© 

R - C - O - S i - O - C - R " 

R ' . 
3 

b y t h e a t t a c k of a s t r o n g e r n u c l e o p h i l e , t h e c a r b o x y l a t e 
ion . T h u s t h e r e a c t i o n is e n h a n c e d b y t h e a d d i t i o n 
of base . 

E x p e r i m e n t a l 

Materials. Acyloxytrimethylsilanes were prepared 
from chlorotrimethylsilane and silver or sodium carbox-
ylates.9) Me 3 SiOAc; bp 102 °G, (lit,10) 103.3—105 °G), 
Me 3 SiOGOCH 2 Gl ; bp 124—126 °C, (lit,11) 159 °C), N M R 
Ô (ppm) 0.32 s (9H) 4.02 s (2H), Me 3 SiOCOCHGl 2 ; 
bp 80 °C/30 m m H g (133.322Pa), (lit,12) 63 °C/14 m m H g ) . 
Chloro(ethyldimethyl), (benzyldimethyl), and (dimethyl-
phenyl)silanes were prepared from dichlorodimethylsilane 
and the appropriate Grignard reagent.7»13) T h e reactions 
of the chlorosilanes with sodium acetate gave the corres­
ponding acetoxysilanes. Me 2 (E t )S iOAC; bp 115°G, 
(lit,14) 125—126 °C), Me 2 (Ph)S iOAc; bp 85 °C/28 m m H g , 
(lit,15) 127—130 °C/44 m m H g ) , Me 2 (PhCH 2 )S iOAc; bp 
93—94 °G/4 m m H g , N M R Ô (ppm) 0.25 s (6H), 1.98 s 
(3H), 2.32 s (2H), 6.85—7.20 m (5H), I R (cm"1) 1720, 
1260, Me 2 (Ph)S iOAc; bp 85 °C/28 m m H g , (lit,15) 127— 
130 °G/44 m m H g ) . T h e deuterated carboxylic acids were 
obtained by the hydrolysis of the carboxylic anhydrides 
with deuterium oxide and purified by distillation; the deu­
terium contents were determined by integration of 1 H 
N M R signals. 

Product Analysis. The reaction of acetoxytrimethyl­
silane (0.27 mmol) with a small excess of the carboxylic 

acid (0.55 mmol) was conducted in chlorofornW (0.37 ml) 
solution. T h e mixture was allowed to stand for 5 h. Acyl-
oxytrimethylsilane and acetic acid were detected as pro­
ducts by examination of the XH N M R spectrum of the solu­
tion. A small amount (5—7%) of hexamethyldisiloxane 
(ô 0.07 ppm) was detected as a side product which was pro­
bably formed by the moisture catalyzed decomposition of 
the acyloxysilane. 

R C O O S i R ' 3 -f H 2 0 

2R ,
2 SiOH ^ 

•+ R C O O H + R ' 3 SiOH 

R' 3 SiOSiR' 3 + H 2 0 

No other compound was detected in the solution. Dichloro-
acetoxytrimethylsilane was isolated from the reaction 
mixture of acetoxytrimethylsilane (7.6 mmol) and dichloro-
acetic acid (15 mmol) by GLG separation and the structure 
confirmed by comparison with an authentic sample. 

Kinetic Procedure. A typical example is as follows: 
acetoxytrimethylsilane (35 m g ; 0.27 mmol) was dissolved 
in GDGlg (0.370 ml) and the solution placed in a sample 
tube inside a N M R probe (Hitachi-Perkin-Elmer R-20 
spectrometer). Dichloroacetic acid (71 m g ; 0.55 mmol) 
was added to the solution and the trimethyl signals recorded 
at specified time intervals. T h e reaction temperature was 
the same as the probe temperature (34 °G). After reaction, 
the volume of the reaction mixture was measured and the 
concentrations of the components determined. Good re-
produceabili ty for the rate constant was obtained (within 
± 1 0 % ) . T h e activation parameters were obtained using 
a variable temperature system ( J E O L PS-100 spectrometer) 
and the temperatures measured by observing the chemical 
shifts of 1,2-ethanediol at that temperatures. 
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The Reactions of 2-(Trimethylsiloxy)furans with Orthocarboxylic 
Esters, Acetals, and Acylal in the Presence of Lewis Acids 
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Nagatsutacho, Midori-ku, Yokohama 227 
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The reaction of 2-(trimethylsiloxy)furan (1) with orthocarboxylic esters, acetals, and acylal in the presence 
of Lewis acids afforded the corresponding 4-substituted 2-buten-4-olides. The reaction of 5-methyl-2-(trimethyl-
siloxy)furan with orthocarboxylic esters gave unstable 2-substituted 3-penten-4-olides as major products; these 
gave 2,5-alkanediones upon hydrolysis. The furan (1) also reacted with l,l-diacetoxy-2-butène to give a mixture 
of 5-acetoxy-2,6-octadien-4-olide and 7-acetoxy-5-methyl-2,6-heptadien-4-olide. From the former compound, 
nigrosporalactone was synthesized. 

In the preceding paper, we reported the synthesis 
of 2-(trimethylsiloxy)furans and their Diels-Alder reac­
tion with maleic anhydride.1) In the present paper, 
we will describe the reaction of some electrophiles 
with the furans in the presence of Lewis acids. 

R e s u l t s and D i s c u s s i o n 

It was found that the reaction of 2-(trimethylsiloxy)-
furan 1 with triethyl orthoacetate 2 (R1 = Me, R 2 = E t ) 
in dichloromethane, in the presence of catalytic amounts 
of a Lewis acid, afforded 5,5-diethoxy-2-hexen-4-olide 
3 (R! = Me, R 2 = E t ) . 

< X , w *<OF,2)3 
Lewis Acid /v^o • R1 

R2(TOR2 

Scheme 1. 

Among the Lewis acids examined, tin (IV) chloride 
and zinc chloride were found to be suitable catalysts 
for this reaction. Tha t is, when the reaction was 
carried out at —40—10 °G for 2 h in the presence 
of tin(IV) chloride, 3 ( R ^ M e , R 2 = Et) was obtained 
in 71 % yield, and 3 was obtained in 60 % yield when 
the reaction was carried out at room temperature for 
4.5 h in the presence of zinc chloride. But, when a 

TABLE 1. YIELDS OF 5-SUBSTITUTED 5,5-DIALKOXY-

2-PENTEN-4-OLIDES 

R1 R2 Lewis 
acid 

Reaction conditions 

Temp (°G) Time (h) 

Yield 3 
(%) 

3a 
3a 
3a 
3a 
3a 
3a 
3a 
3b 
3b 
3c 
3c 
3d 
3e 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Et 
Et 
Ph 
Ph 
H 
H 

Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Me 

SnCl4 

ZnCl2 

SnCl4 

ZnCl2 

SbCl5 

TiCl4 

BF3-Et20 
SnCl4 

ZnCl2 

SnCl4 

ZnGl2 

SnCl4 

SnCl4 

r. t. 
r. t. 

- 4 0 - 1 0 
- 4 0 - 1 0 
- 4 0 - 1 0 
- 4 0 - 1 0 
- 4 0 - 1 0 
- 4 0 - 1 0 

r. t. 
- 4 0 - 1 0 

r. t. 
- 4 0 - 1 0 
- 4 0 - 1 0 

1 
4.5 
2 
2 
2 
2 
2 
2 
4.5 
2 
4.5 
2 
2 

20 
60 
71 
56 
57 
30 
38 
63 
63 
48 
44 
72 
91 

stronger Lewis acid such as antimony (V) chloride or 
t i tanium (IV) chloride was used as a catalyst, the yield 
of 3 was low, probably because decomposition of 1 
preferentially took place in contact with such a strong 
Lewis acid (Table 1). Next, we examined the reaction 
of 1 with various orthocarboxylic esters in the presence 
of zinc chloride or t in(IV) chloride. When triethyl 
orthocarboxylates were used, the yields of 3 decreased 
in the following order: R 1 = H > M e > E t > P h . When 
trimethyl orthoformate was used instead of triethyl 
orthoformate, 3 was obtained in higher yield. All 
these results suggest that the yields of 3 were markedly 
influenced by the size of the orthocarboxylic esters. 
These results are listed in Table 1. 

Acetals also reacted with 2-(trimethylsiloxy)furan in 
the presence of tin (IV) chloride and afforded the cor­
responding 4-substituted 2-buten-4-olides in good yields. 

Next, the reaction of 5-methyl-2-(trimethylsiloxy)-
furan 6 with triethyl orthobenzoate was carried out. 
In this case, the formation of two compounds was 
confirmed by TLG, but the major product was found 
to be too unstable to isolate in a pure form. The acid 
hydrolysis of the reaction mixture afforded 1-phenyl-
1,4-pentanedione as a major product and 4-benzoyl-
2-penten-4-olide as a minor product. From this result, 
together with the N M R spectra of the crude mixture 
of the initially formed products, the major component 
of the unstable intermediate seems to possess the struc-

^ *SiMe3
+ R 1 R 2 W R 3 ) 2 

1 A 

Lewis Acid 'xQc 
R30 XR2 

5 

Scheme 2. 

TABLE 2. YIELDS OF 5-SUBSTITUTED 5-ALKOXY-2-PENTEN-

4-OLIDES 

R1 R2 R3 Yield 5 (%) 

5a 
5b 
5c 
5d 
5e 
5f 

5g 
5h 

H C6H5 

H />-CH3C6H4 

H rc-C9H19 

GH3 GH3 

G2H5 G2H5 

-(CH2)4-
-(CH2)5-
- ( C H 2 ) n -

C2H5 

C2H5 

C2H5 

CH3 

GH3 

C2H5 

C2H5 

GH3 

77 
65 
61 
52 
68 
77 
38 
50 
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> C X * u +R1C(OR2)3
 Lewi5Acid > 0 0SiMe3 J 

R1 OR2 ^ 

><&L ̂ + ^ 
7 8 9 

H20 

10 11 

Scheme 3. 

TABLE 3. YIELDS OF 1,4-DIKETONES 

T . Reaction conditions Yield 
R i R 2 l-ewis _ _ J ^ _ 10 

a c i d Temp(°G) Time(h) (%) 

Ph 
Ph 
Ph 
Ph 

w-G6H13 

Et 
Et 
Et 
Et 
Me 

SnCl4 

SnCl4 

ZnGl2 

SbGl5 

SbGl5 

r. t. 
- 5 
r. t. 
r. t. 
r. t. 

0.5 
5.5 
4.5 
1.0 
2.0 

32 
32 
20 
55 
37 

ture of 7 and/or 8.2) In contrast to the reaction of 
1, it is to be noted that the electrophile attacked prefe­
rentially at the 3-position of 6. This fact can be 
explained by considering the steric repulsion between 
the methyl group at 5-position of the siloxyfuran and 
the electrophile. The effects of the reaction condi­
tions, especially on the solvents and catalysts, were 
then examined. In this case, t in(IV) chloride was not 
a good catalyst. When the reaction was carried out 
in the presence of t in(IV) chloride, triethyl orthoben-
zoate still remained even after 24 h, though the other 
starting material, 6, had disappeared. This suggests 
that the decomposition of 6 took place under the reac­
tion conditions. When antimony(V) chloride was used 
instead of t in(IV) chloride, the yield was improved. 

PhCHO + AcCl 

12 

V?VH + Acci^( V \ ? A c ) — 

> Ph ^ 0 ^ ° 
12 13 

14 

^ ' ^ OAc 
15 16 

y0Ac 1 
^ < 0 A c — 1 6 + 1 6 

17 

5 U * ^ ^ ^ ^ 
2) H+ ÔH ° OAc0 

18 

Scheme 4. 

19 

When trimethyl orthoheptanoate was used instead 
of orthobenzoate, 2,5-undecanedione 10 (R=G 6 H 1 3 ) , 
which is known to be an important intermediate for 
the synthesis of dihydrojasmone,3) was obtained in 3 7 % 
yield. These results are summarized in Table 3. 

Aldehydes are known to form adducts with acyl 
chloride.4) So the reaction of 1 with such adducts 
was examined. Namely, the reaction of 1 with the 
mixture of benzaldehyde and acetyl chloride in the 
presence of a Lewis acid afforded 5-acetoxy-5-phenyl-
2-penten-4-olide 13 in 5 7 % yield. Similarly, the reac­
tion of 1 with the mixture of crotonaldehyde and acetyl 
chloride afforded a 1:1 mixture of 5-acetoxy-2,6-oct-
adien-4-olide 15 and 7-acetoxy-5-methyl-2,6-heptadien-
4-olide 16 in 5 7 % yield. When l,l-diacetoxy-2-butene 
17 was used instead of haloacetate 14, a 1:1 mixture 
of 15 and 16 was obtained in 8 6 % yield. Sodium 
borohydride reduction followed by acid hydrolysis of 
the mixture afforded threo and erythro isomers of 18 
in over-all yields of 14 and 16%, respectively. The 
N M R spectrum of acetyl derivative of the erythro isomer 

TABLE 4. ANALYTICAL DATA OF 5-SUBSTITUTED 5,5-DIALKOXY-2-PENTEN-4-OLIDES 

Product IR, cm"1 NMR, à Formula 
Found (Galcd), % 

G H 

3a 1750— 1800(C=O) 
1600(C=C) 

3b 1755—1795(C=0) 
1600(C=C) 

3c 1760— 1790(C=O) 
1600(C=C) 

3d 1760—1800(C=O) 
1605 (G=G) 

3e 1760—1800(0=0) 
1605 (G=G) 

1.14(3H, t), 1.06(3H, s), 1.18(3H, t), G10H16O4 60.12 8.14 
3.50(2H, q), 3.56(2H, q), 4.98—5.06(1H, m) (59.98 8.05) 
6.06(1H, dd), 7.44(1H, dd) 
0.84(3H, t), 1.12(3H, t), 1.18(3H, t), G n H 1 8 0 4 61.47 8.43 
1.64(2H, q), 3.44(2H, q), 3.54(2H, q), (61.66 8.47) 
4.96—5.10(1H, m), 6.02(1H, dd), 7.56(1H, dd) 
1.12(3H, t), 1.30(3H, t), 3.54(2H, q), G15H1804 68.83 6.90 
3.70(2H, q), 5.18—5.30(1H, m), 5.66(1H, dd), (68.68 6.92) 
7.22(5H, s), 7.34(1H, dd) 
1.16(3H, t), 1.24(3H, t), 3.70(2H, q), G9H1404 58.13 7.68 
3.74(2H, q), 4.48(1H, d), 4.86—5.03(1H, m), (58.05 7.58) 
6.10(1H, dd), 7.46(1H, dd) 
3.40(3H, s), 3.44(3H, s), 4.34(1H, d), G7H10O4 53.11 6.39 
6.12(1H, dd), 4.92—5.06(1H, m), 7.48(1H, dd) (53.16 6.37) 
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T A B L E 5. ANALYTICAL DATA OF 5-SUBSTITUTED 5-ALKOXY-2-PENTEN-4-OLIDES 

1955 

Products IR , c m - 1 N M R , Ô 
Found(Calcd) , % 

Formula .— . o r v 
G H c 

5a 1765—1780(G=O) 

1600(G=G) 

5 b 1755—1780(C=O) 

1605 (G=G) 

5c 1760—1790(G=O) 

1600(G=G) 

5d 1750—1770(G=O) 

1600(G=G) 

5e 1755—1770(C-O) 

1785(G=0) 

1600(C=C) 

5f 1755—1775(G=0) 

1795(G=0) 

1600(G=G) 

5g 1750—1790(C=O) 

1600(G=G) 

5h 1750, 1790(G=O) 

1600(G=G) 

1.02—1.36(3H, m) , 3 .20—3.62(2H, 

4 .40(1H, d) , 4 . 80—5.12 (1H, m) , 

5 .76—6.04(1H, 

7 .14—7.30(5H, 

0 .98—1.32 (3H, 

3 .14—3.56(2H, 

4 .76—5.10 (1H, 

6 .92—7.40(1H, 

0 .68—1.82(22H, m 

4 .64—5.04 (1H, m)3 

m), 

m) 

m) , 

m) , 

m) , 

m) , 

7 .00—7.38(1H, m) 

dd) , 

2 .30(3H, s), 

4 .34 (1H, d) , 

5 .70—6.02(1H, m) , 

7 .00—7.16(4H, m) 

3 .16—3.70(3H, m) , 

5 .98(1H, dd) , 7 .40(1H, 

1.00(3H, s), 1.28(3H, s), 3 .22(3H, s), 

4 .64—4.80 (1H, m) , 6 .00(1H, dd) , 7 .44(1H, 

0 .82(3H, t ) , 0 .92(3H, t ) , 1.52(2H, q) , 

1.64(2H, q) , 3 .20(3H, s), 5 .98(1H, 

4 .84—4.96 (1H, m) , 7 .54(1H, dd) 

1.10(3H, t ) , 1 .36—1.90(8H, m) , 

3 .40(2H, q) , 4 . 9 0 — 5 . 0 2 ( 1 H , m) , 

5 .98(1H, dd) , 7 .42(1H, dd) 

1.00—2.10(10H, m) , 1.16(3H, t ) , 

3 .48(2H, q ) , 4 . 90—5.02 (1H, m) , 

6 .10(1H, dd) , 7 .46(1H, dd) 

1.08—1.86(22H, m) , 3 .24(3H, s), 

4 . 90—5.02 (1H, m) , 6 .12(1H, dd) , 

7 .62(1H, dd) 

dd) 

dd) 

G13H1403 

^ i 4 H i 6 0 3 

^ 1 6 ^ 2 8 ^ 3 

G8H1203 

C*loHl603 

G i i H i 6 0 3 

C*i2Hi803 

G 1 7 H 2 8 0 3 

71.38 
(71.54 

72.29 
(72.39 

71.62 
(71.60 
61.89 

(61.52 
65.01 

(65.19 

67.39 
(67.32 

68.58 
(68.54 

73.01 
(72.82 

6.52 
6.47) 

6.96 
6.94) 

10.62 
10.52) 
7.84 
7.75) 
8.75 
8.75) 

8.26 
8.22) 

8.66 
8.63) 

10.03 
10.06) 

oil 

oil 

oil 

oil 

oil 

oil 

56— 
57.5 

108 

a g r e e d w i t h t h a t of n i g r o s p o r a l a c t o n e r e p o r t e d in t h e 
l i terature . 5^ T h u s , t h e n a t u r a l n i g r o s p o r a l a c t o n e w a s 
p r o v e d to b e t h e e r y t h r o i s o m e r . 

I n conc lus ion , 2 - ( t r ime thy l s i loxy) fu rans r e a c t e d w i t h 
va r ious e lec t rophi les s imi la r t o t h e silyl eno l e thers 6 ) 
a n d afforded v a r i o u s s u b s t i t u t e d u n s a t u r a t e d l ac tones , 
w h i c h c a n b e r e g a r d e d as useful s y n t h e t i c i n t e r m e d i a t e s . 

E x p e r i m e n t a l 

A Typical Example of the Reaction of 2-( Trimethylsiloxy)-
furan with Orthocarboxylates or Acetals. Triethyl ortho-
acetate ( 179 mg, 1.1 mmol) in dichloromethane (2 ml) was 
added to 2-(trimethylsiloxy)furan (172 mg, 1.1 mmol) and 
cooled to —40 °G. The reaction temperature was gradually 
raised to 10 °G after the addition of a few drops of tin (IV) 
chloride. Separation of the reaction mixture by silica gel 
TLG afforded 5,5-diethoxy-2-hexen-4-olide (155 mg, 7 1 % ) . 

1-Pheny 1-1,4-pentanedione: T o a solution of triethyl ortho-
benzoate (224 mg, 1 mmol) and 5-methyl-2-(trimethyl-
siloxy)furan (208 mg, 1.3 mmol) in dry dichloromethane 
(2.5 ml) , was added one drop of antymony(V) chloride at 
room temperature. The reaction mixture was stirred at 
room temperature for 0.5 h, and the solvent was removed 
under reduced pressure. To the residue 5 ml of 4 0 % of 
aqueous acetic acid was added and the resulting solution 
was refluxed for 45 min. After cooling to room temperature, 
the reaction mixture was extracted with three portions of 
ether. Removal of the solvent under reduced pressure 
gave a brownish oil, from which 1-phenyl-1,4-pentanedione 
was isolated in 5 5 % yield by silica gel T L G (hexane-ether) . 

2,5-Undecanedione: T h e reaction of trimethyl ortho-
heptanoate with 5-methyl-2-(trimethylsiloxy)furan and the 

hydrolysis of the reaction products were carried out in a 
procedure similar to tha t mentioned above, and the isola­
tion by T L G (hexane i ? f =0.5) afforded 2,5-undecanedione 
in 3 7 % yield. 

5-Acetoxy-5-phenyl-2-penten-4-olide: Benzaldehyde (318 mg, 
3 mmol) and acetyl chloride (238 mg, 3.03 mmol) were 
dissolved in 4 ml of dry dichloromethane, and the solution 
was stirred at room temperature for 15 min. T h e n the 
solution was cooled to — 78 °G. 2-(Trimethylsiloxy)furan 
(515 mg, 3.3 mmol) was added to the solution and catalytic 
amounts of tin (IV) chloride were subsequently added. The 
mixture was allowed to wa rm to room temperature for 20 
h with stirring. Ten ml of phosphate buffer (pH 7) was 
then added and the mixture was extracted with ethyl acetate. 
The organic layer was washed with water and dried over 
sodium sulfate. Ethyl acetate was removed under reduced 
pressure, and the residue was separated by silica gel column 
chromatography to give 5-acetoxy-5-phenyl-2-pentene-4-
olide in 5 7 % yield. I R (NaCl) : 1750—1790 cm" 1 (G=0) , 
1610 c m - 1 (G=G); NMR(GDG13) : (5=2.10 (3H, s), 5.16— 
5.34 (1H, m) , 5.86 (1H, d) , 5.98—6.18 (1H, m) , 7.10—7.60 
(6H, m ) . Found : G, 67.24; H , 5.22%. Galcd for C18-
H 1 2 0 4 : G, 67.23; H, 5 . 2 1 % . 

5-Hydroxy-6-octen-4-olide (Nigrosporalactone) : T o a solu­
tion of 2-(trimethylsiloxy)furan (2.43 g, 15.6 mmol) and 
l , l-diacetoxy-2-butène (2.58 g, 15 mmol) in 20 ml of dry 
dichloromethane was added a catalytic amount of tin (IV) 
chloride at —40 °G. The mixture was allowed to warm 
to room temperature for 2 h, and was then stirred for 1 h 
at room temperature. Phosphate buffer (pH 7) was added 
to the mixture and the mixture was extracted with ethyl 
acetate. Ethyl acetate was removed under reduced pres­
sure. Separation of the residue by column chromatography 
on silica gel gave 2.54 g of the mixture of 5-acetoxy-
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2,6-octadien-4-olide and 7-acetoxy-5-methyl-2,6-heptadien-
4-olide. This mixture was dissolved in 20 ml of methanol 
and cooled to 0 °G. Sodium borohydride(737 mg) was 
added to the solution in small portions and stirred for 0.5 h 
after the completion of the addition. T h e resulted mixture 
was acidified with 1 M hydrochloric acid (50 ml) , and was 
stirred for 5 days. Methanol was removed under reduced 
pressure and the resulting mixture was extracted with ethyl 
acetate. T h e organic layer was washed with water and 
dried on sodium sulfate. After the removal of ethyl acetate 
under reduced pressure, the separation of the residue by 
T L G afforded erythro isomer (16%) and threo isomer (14%) 
of 5-hydroxy-6-octen-4-olide. Each of these were acety-
lated using an excess of trie thy 1 amine and acetic anhydride. 
5-Acetoxy-6-octen-4-olide (erythro): I R (NaCl) : 1750 
cm- 1 , 1790 c m - 1 (C=0) ; N M R (GDC13) : 6 = 1 . 7 4 (3H, 
d) , 2.04 (3H, s), 2.20—2.54 (4H, m) , 4.48 (1H, dq) , 5.28 
(1H, dd) , 5,50 (1H, dd) , 5.84 (1H, dq) . Found : G, 60.10; 
H , 7.09%. Calcd for G 1 0 H 1 4 O 4 : C, 60.59, H , 7.12%. 
5-Acetoxy-6-octen-4-olide ( threo); I R (NaCl) : 1750cm" 1 , 
1790 c m - 1 ( C = 0 ) ; N M R (CDC18) : (5=1.76 (3H, d ) , 2.02 
(3H, s), 2.00—2.54 (4H, m) , 4.50 (1H, dq) , 5.28 (1H, dd) , 
5.44(1H, dd) , 5.82 (1H, dq) . Found : C, 60.08; H , 6 .95%. 
Calcd for C 1 0 H 1 4 O 4 : C, 60.59; H , 7.12%. 
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quinone, Dispermol, and Dispermone 
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Condensation of /?-cyclocitral with 2-isopropyl-3,4-dimethoxybenzyl chloride afforded an alcohol (15) which 
was converted into (±)-12,13-dimethoxytotara-8,ll,13-trien-6-one (18). Demethylation of (±)-18 followed 
by air oxidation gave (±)-maytenoquinone. Reductive cleavage of the hydroxyl group in (rt)-15 produced 
a phenethyl derivative which was cyclized to give (±)-12,13-dimethoxytotara-8,ll,13-triene (23) and its cis-
isomer (24). Oxidation of (±)-23 with chromium trioxide, followed by demethylation of the resulting 7-oxo 
compound (25), afforded (±)-dispermone. The Wittig reaction of (R)-( — )-a-cyclocitral with 2-isopropyl-3,4-
dimethoxybenzyltriphenylphosphonium chloride yielded a styrene derivative. This was partially hydrogenated 
and then cyclized to give ( + )-23 and ( —)-24. The trans-isomer (23) was converted into ( — )-dispermone (3) 
via ( —)-25 and also partially demethylated to (-J-)-12-methoxytotara-8,ll,13-trien-13-ol (2), the proposed struc­
ture for dispermol. Since the synthetic ( + )-2 was not identical with the natural compound, ( — )-3 was then 
converted into ( + )-13-methoxytotara-8,ll,13-trien-12-ol, which was identical with natural dispermol. ( —)-25 
was also converted into ( + ) -maytenoquinone. 

Recently, three new tricyclic diterpenes possessing a 
totarane skeleton, maytenoquinone, dispermol, and 
dispermone, have been isolated from Maytenus dispermus 
by Martin.1) Their structures were deduced to be 
1, 2, and 3, on the basis of chemical and spectroscopic 
studies. Among these natural diterpenes, mayteno­
quinone (1) is especially of interest, because it has a 
unique quinone-methide chromophore, such as that 
in taxodione (4)2_5> which has shown a significant 
tumor-inhibiting activity. In connection with our 
synthetic studies on natural diterpenes, we at tempted 
the syntheses of these natural compounds to confirm 
the proposed structures and to elaborate a new synthetic 
route for the tricyclic diterpenes with an aromatic 
C ring. This paper6) describes the revision of the 
structure of dispermol and the total syntheses of may­
tenoquinone (1), dispermol (5), and dispermone (3) 
by the new route. 

I 2 R=H2.R'=Me,R"=H 4 
3 R=0,R'=R"=H 
5 R=H2,R = H,R=Me 

O u r basic strategy for the synthesis of totara-8,11, 
13-triene skeleton (6) is shown in Scheme 1. T h a t 
is, two C10 units (8 and 9), including A and C rings of 
natural compounds, were first condensed to give a 
C20 unit (7) and this, by intramolecular cyclization, 
was converted into an octahydrophenanthrene deriv­
ative (6) which was then transformed into the natural 
compounds. 

Syntheses of (±)-Maytenoquinone (1) and (zt)-Disper­
mone (3). /?-Cyclocitral (10)7»8> and 2-isopropyl-
3,4-dimethoxybenzyl chloride (11),9* prepared from 
2-isopropyl-3,4-dimethoxybenzoic acid (12)9) via three 
steps, were chosen as the starting materials. Conden­
sation of 10 with 11 in the presence of lithium 
naphthalenide afforded the desired alcohol (15), 
together with a small amount of a demethoxylated 
alcohol (16). T h e alcohol (15) was oxidized with 
chromium trioxide-pyridine complex to yield the cor­
responding oc,ß-unsaturated ketone (17), which was 
then submitted to intramolecular cyclization with 
anhydrous aluminium chloride in refluxing toluene. 
Because of the formation of a phenolic by-product, 
the crude product was immediately methylated with 
methyl iodide and anhydrous potassium carbonate in 
refluxing methyl ethyl ketone to give (±)-12,13-
dimethoxy totara-8,11,13-trien-6-one ( 18). Demethyl­
ation of (riz)-18 with boron tribromide in dichloro-
methane afforded (±)-13-hydroxytotara-7,9( l l ) ,13-
triene-6,12-dione (1), whose spectral data were identical 
with those of natural maytenoquinone. O n the other 
hand, the demethylation of ( ± ) - 1 8 with hydrobromic 
acid in refluxing acetic acid yielded (±)-cis-mayteno­
quinone (19).10> T h e aV-configuration of the A/B ring 
junction in (± ) -19 was supported by its N M R 
spectrum, which showed a signal due to one of the 
gem-dimethyl groups at the C-4 position in very high 
field (ô 0.62 ppm) owing to the shielding effect of 
the G ring.11) 

OMe 

CHO 

10 I I R=CH2Ci 16 
12 
13 

Scheme 1. 

R=CH2CI 
R=C02H 
R=C02Me 

14 R=CH20H 
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17 R = 0 18 19 
20 R = H2 

23 24 25 

O u r next effort was directed toward the syntheses 
of ( ± ) - 2 and ( ± ) - 3 . For reductive cleavage of the 
hydroxyl group, the alcohol (15) was treated at room 
temperature with dichloroaluminium hydride12) in dry 
ether. Since the crude product contained a significant 
amount of diene compounds, it was hydrogenated over 
P d - C in acetic acid to give the desired phenethyl 
derivative (20). In contrast to this result, when tri-
ethylsilane13) was used at 0 °C in the presence of boron 
trifluoride etherate, the alcohol (15) was smoothly 
converted into 20 together with a small amount 
of (±)-12,13-dimethoxytotara-5,8,l 1,13-tetraene (21). 
T h e tetraene (z£)-21 was also obtained in moderate 
yield by treatment of ( ± ) - 1 5 with boron trifluoride 
etherate at 0 °C. However, when the reaction of 
( ± ) - 1 5 with boron trifluoride etherate was carried out 
at room temperature, a rearranged product (22) was 
produced. This compound was also obtained by the 
similar treatment of ( ± ) - 2 1 . Therefore, it is suggested 
that this rearrangement proceeded through the 
intermediate ( ± ) - 2 1 . T h e N M R spectrum of (± ) -22 
showed signals of an aromatic proton (ô 6.85), two 
methoxyl groups (<5 3.77 and 3.80), and an isopropyl 
group [ô 1.28 p p m (d, J=l Hz ) ] , suggesting the reten­
tion of the aromatic G ring. T h e compound, (riz)-22, 
also showed a signal a t ô 6.00 p p m (t, J=*t Hz) due 
to a vinylic proton attached to a trisubstituted double 
bond and signals a t ô 0.90 (3H) and 0.93 p p m (6H) 
due to three tertiary methyl groups. The appearance 
of three tertiary methyl signals in the higher field, 
and of vinylic and aromatic protons in the lower field, 
than those in ( r t ) -21 suggested that the angular methyl 
group at the C-10 position rearranged to the C-5 
position, resulting in the formation of a new trisubstitut­
ed double bond, as in Scheme 2. Thus , the structure 

15 21 22 
Scheme 2. 

of (± ) -22 was tentatively assigned as 12,13-dimethoxy-
5-methyl- 10-norto tara-1(10),8,11,13-tetraene. In t ra­

molecular cyclization of 20 with boron trifluoride eth­
erate in dichloromethane afforded (±)-12,13-dimeth-
oxytotara-8,l l ,13-triene (23) as a major product and 
its oj-isomer (24) as a minor one. When the cycliza­
tion was carried out with anhydrous aluminium chloride 
in refluxing benzene, 20 gave (±)-12-methoxytotara-
8,11,13-trien-13-ol (2) in addition to the dimethoxy 
compounds, ( ± ) - 2 3 and (±) -24 . The phenol (± ) -2 
was also obtained by partial demethylation of (± ) -23 
with anhydrous aluminium chloride under similar 
conditions, and the methylation of ( ± ) - 2 with methyl 
iodide and anhydrous potassium carbonate yielded 
( ± ) - 2 3 . T h e presence of a phenolic hydroxyl group 
at the C-13 position in ( ± ) - 2 was supported by pyridine-
induced solvent shifts14) of the C-16 and C-17 methyls 
(A = — 0.28 ppm) and an aromatic proton (zj = — 0.12 
ppm) in its N M R spectrum, which was different from 
that of natural dispermol. This was further confirmed 
by the synthesis of optically active ( + )-2, which is 
described later. Thus , the proposed structure (2) for 
dispermol should now be revised. Since the conversion 
of the optically active tetraene (21) into the trienes 
(23 and 24) by catalytic hydrogénation had already 
been reported,1) ( ± ) - 2 1 was also a useful intermediate 
for the present synthesis. T h e dimethyl ether (± ) -23 
was oxidized with chromium trioxide in acetic acid to 
give the corresponding 7-oxo compound (25) and this 
was then demethylated with boron tribromide in dichlo­
romethane to afford (±)-12,13-dihydroxytotara-8, l l , 
13-trien-7-one (3), whose spectral data were identical 
with those of natural dispermone. 

Syntheses of ('+)-Maytenoquinone (1), (-{-)-Dispermol 
(5), and (—) -Dispermone (3). Subsequently, our 
attention was directed toward the total syntheses of 
the optically active natural maytenoquinone, dispermol, 
and dispermone. T h e starting materials chosen for 
these syntheses were {R)-( — )-a-cyclocitral (26)15»16) and 
2 - isopropyl- 3,4-dimethoxybenzyltriphenylphosphonium 
chloride (27), which was prepared from 11 and tri-
phenylphosphine in refluxing benzene. T h e Wittig reac­
tion of (—)-26 with 27 in dry hexane in the presence 
of rc-butyllithium gave the desired styrene derivative 
(28). In the N M R spectrum of (—)-28 the vicinal 
coupling constant ( y = 1 5 H z ) of vinylic protons sug­
gested the presence of a trans disubstituted double 
bond. Partial hydrogénation of (—)-28 in ethanol 
over P d - C afforded a phenethyl derivative (29), which 
was submitted to the intramolecular cyclization using 
anhydrous aluminium chloride in benzene. The crude 
product was then purified by column chromatography 
on silica gel to give ( + ) - 2 3 , [a]D +50 .2° , along with 
( —)-24. T h e conversion of ( + ) - 2 3 into (—)-disper­
mone (3) via the 7-oxo compound (25) was achieved 
by a method similar to that for the racemate. 

( + ) - 2 3 was partially demethylated to give ( + ) - 2 , 
m p 87—88.5 °G. T h e melting point of the synthetic 
( + ) - 2 was quite different from that of natural dispermol 
(mp 164—166 °C). From the comparison of the N M R 
spectra of ( + ) - 2 and dispermol, the structure of natural 
product is expected to be 13-methoxytotara-8,ll ,13-
trien-12-ol (5) ; this was successfully synthesized in the 
following manner . Partial benzylation of (—)-3 with 
benzyl chloride in the presence of potassium iodide 
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and anhydrous potassium carbonate produced the cor­
responding 12-benzyl ether (30). The presence of a 
phenolic hydroxyl group at the C-13 position in ( —)-30 
was supported by the solvent shifts14) of the C-16 and 
C-17 methyls (A = — 0.42 ppm)17> in its N M R spectrum. 
Methylation of (—)-30 with methyl iodide and an­
hydrous potassium carbonate gave the 13-methyl ether 
(31) which, on hydrogenolysis over P t 0 2 in ethanol 
containing a small amount of perchloric acid, afforded 
( + ) - 5 , mp 166.5—167.5 °C, whose physical and 
spectral data were identical with those of natural 
dispermol. Thus, the structure of dispermol could be 
determined to be 5. 

(+) -Maytenoquinone (1) was synthesized as follows. 
The 7-oxo compound (—)-25 was reduced with lithium 
aluminium hydride in dry ether and the resulting 
mixture of epimeric alcohols was dehydrated with 
dilute hydrochloric acid to give (—)-12,13-dimethoxy-
totara-6,8,ll ,13-tetraene (32). Oxidation of ( — )-32 
with m-chloroperbenzoic acid in dichloromethane, fol­
lowed by treatment with dilute hydrochloric acid in 
refluxing methanol, gave ( + )-18 which, on demethyla-
tion with boron tribromide in dichloromethane and 
subsequent oxidation with silver oxide in refluxing 
chloroform, afforded (+) -maytenoquinone (1). 

OMe 

CH2PPh3CI CHO 

26 27 28 

OMe 
OMe OMe 

30 R = H 
31 R=Me 

32 

Experimental 

All melting points are uncorrected. The IR spectra 
and optical rotations were measured in chloroform, and the 
NMR spectra in carbon tetrachloride at 60 MHz, with 
tetramethylsilane as an internal standard, unless otherwise 
stated. The chemical shifts are presented in terms of ô 
values; s: singlet, bs: broad singlet, d: doublet, bd: broad 
doublet, dd : double doublet, t : triplet, m : multiplet. Column 
chromatography was performed using Merck silica gel 
(0.063 mm). 

Methyl 2-Isopropyl-3,4-dimethoxybenzoate (13). 2-Iso-
propyl-3,4-dimethoxybenzoic acid (12)9) was methylated with 
diazomethane in ether to give 13, IR: 1710 cm - 1 ; NMR: 
1.31 (6H, d, 7 = 7 Hz, -CH(CH3)2), 3.80 (6H, s) and 
3.83 (3H, s) (2-OGH3 and -G02GH3) , 6.61 and 7.24 (each 
1H, d, and J =9 Hz, aromatic protons). 

2-hopropyl-3,4-dimethoxybenzyl Alcohol (14). A solu­
tion of 13 (38.34 g) in dry ether (40 ml) was added to a 
stirred suspension of lithium aluminium hydride (6.11 g) 

in dry ether (150 ml) with cooling in an ice-water bath. 
The mixture was then refluxed for 2 h, cooled, poured into 
a mixture of ice and dilute hydrochloric acid, and extracted 
with ether. The ether extract was washed with brine, dried 
over sodium sulfate, and evaporated in vacuo to give 14 (33.21 
g: 98%); IR: 3600, 3400 cm"1; NMR: 1.29 (6H, d, 7 = 7 
Hz, -CH(CH3)2), 1.87 (1H, s, -OH) , 3.23 (1H, m, -CH-
(GH3)2, 3.77 (6H, s, 2-OGH3), 4.43 (2H, s, -GH2OH), 6.55 
and 6.83 (each 1H, d, and J=9 Hz, aromatic protons). 

2-Isopropy1-3,4-dimethoxybenzyl Chloride (11). A so­
lution of thionyl chloride (17 ml) in dry ether (10 ml) 
was added at 5 °G to a stirred solution of 14 (33.21 g) in 
dry ether (40 ml) over a 30 min period. The solution was 
further stirred at room temperature for 1 h, diluted with 
dry benzene, and then evaporated in vacuo to give 11 (35.00 
g: 97%); NMR: 1.35 (6H, d, 7 = 7 Hz, -GH(GH3)2), 3.23 
(1H, m, -GH(GH3)2), 3.81 (6H, s, 2-OGH3), 4.51 (2H, 
s, -GH2G1), 6.57 and 6.83 (each 1H, d, and 7 = 8 Hz, aroma­
tic protons). 

Condensation of ß-Cyclocitral (10) and 2-Isopropy 1-3,4-dimetho­
xy benzyl Chloride (11). A mixture of naphthalene 
(4.00 g) and small pieces of lithium (247 mg) in dry tetra-
hydrofuran (20 ml) was stirred at room temperature for 
1 h in a stream of nitrogen. Into the above mixture a solu­
tion of/?-cyclocitral7»8> (1.36 g) and 2-isopropy 1-3,4-dimethoxy-
benzyl chloride (2.250 g) in dry tetrahydrofuran (10 ml) 
was added at 0—5 °G over a 45 min period. The mixture 
was further stirred at 0—5 °G for 2 h in a stream of nitrogen 
diluted with ether, poured into dilute hydrochloric acid, 
and extracted with ether. The ether extract was washed 
with brine, dried over sodium sulfate, and evaporated in vacuo. 
The residue was chromatographed on silica gel (400 g) 
using ether-benzene (1 : 99) as the eluent to give phenolic 
fractions (463 mg). Further elution with ether-benzene 
(1 : 99 and then 3 : 97) gave an oily alcohol (15) (1.496 g : 
48%) which was crystallized from hexane: mp 72—72.5 
°C; IR: 3560 cm-1; NMR: 0.94 and 1.08 (each 3H and 

s, -G(GH3)2), 1.32 (6H, d, 7 = 7 Hz, -GH(GH3)2), 1.89 

(3H, s, =CCH3), 3.23 (1H, m, -GH(GH3)2), 3.77 and 3.79 
(each 3H and s, 2-OGH3), 4.24 (1H, dd, 7 = 4 and 9 Hz, 

-GHOH), 6.60 and 6.72 (each 1H, d, and 7 = 9 Hz, aroma­
tic protons). Found: G, 76.41; H, 9.86%. Galcd for 
G22H3403: G, 76.26; H, 9.89%. 

The above phenolic fractions (463 mg) were combined 
and methylated for 6 h with methyl iodide (1.0 ml) and 
anhydrous potassium carbonate (3.0 g) in refluxing methyl 
ethyl ketone (10 ml). The mixture was filtered and the 
filtrate was evaporated in vacuo. The residue was dissolved 
in ether, washed with brine, dried over sodium sulfate, and 
then evaporated to give a crude product which was puri­
fied by column chromatography on silica gel (50 g) using 
benzene as the eluent to yield a demethoxylated alcohol 
(16) (227 mg: 8%); IR: 3560 cm"1; NMR: 0.95 and 1.09 

(each 3H and s, -G(GH3)2), 1.22 and 1.24 (each 3H, d, and 

7 = 7 Hz, -GH(GH3)2), 1.90 (3H, s, =GCH3), 3.73 (3H, 

s, -OGH3), 4.30 (1H, dd, 7 = 4 and 9 Hz, -GHOH), 6.57 
(1H, dd, 7 = 2 and 8 Hz), 6.68 (1H, d, 7 = 2 Hz), and 6.98 
(1H, d, J =8 Hz) (aromatic protons). Further elution gave 
an additional alcohol (15) (168 mg: 5%). 

2,6,6- Trimethyl-1 -cyclohexenyl 2-Isopropyl -3,4- dimethoxybenzyl 
Ketone (17). A solution of (±)-15 (1.500 g) in 
pyridine (3.0 ml) was added at 5—10 °G to a stirred 
chromium trioxide-pyridine complex prepared from chro­
mium trioxide (2.17 g) and pyridine (30 ml). The mixture 
was stirred at 5—10 °G for 2 h, poured into a mixture of ice 
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and dilute hydrochloric acid, and filtered. The filtrate 
was extracted with ether and the extract was washed with 
brine, dried over sodium sulfate, and then evaporated in 
vacuo. The residue was chromatographed on silica gel (150 
g) using benzene as the eluent to give an a,/?-unsaturated 
ketone (17) (200 mg: 13%) which was recrystallized from 
hexane: mp 81—82.5 °G; IR: 1690 cm"1; NMR: 1.07 

(6H, s, -C(CH3)2), 1.30 (6H, d, 7 = 7 Hz, -CH(CH3)2), 

1.60 (3H, s, =CCH3), 3.73 (2H, s, -GOGH2-), 3.82 and 
3.84 (each 3H and s, 2-OGH3), 6.58 (2H, s, aromatic pro­
tons). Found: G, 76.88; H, 9.53%. Galcd for C22H32-
0 3 : G, 76.70; H, 9.36%. Further elution with ether-benzene 
(1 :99) afforded the starting alcohol (15) (1.020 g : 68%). 

(±)-12,13-Dimethoxytotara-8,11,13-trien-6-one (18). A 
mixture of 17 (93 mg) and anhydrous aluminium chloride 
(72 mg) in dry toluene (10 ml) was refluxed for 6 h. The 
mixture was diluted with ether, washed successively with 
dilute hydrochloric acid and water, dried over sodium sul­
fate, and then evaporated in vacuo to give a crude product, 
whose IR spectrum showed a band at 3540 cm - 1 due to a 
phenolic hydroxyl group. 

The above crude product was refluxed for 6 h with methyl 
iodide (0.5 ml) and anhydrous potassium carbonate (3.0 g) 
in methyl ethyl ketone (5.0 ml). After the usual work-up, 
the product was purified by column chromatography on 
silica gel (10 g) using hexane-benzene (1 : 4) as the eluent 
to give (rh)-18 (49 mg: 53%) which was recrystallized from 
hexane: mp 144—145 °G; IR; 1710 cm"1; NMR: 1.05 

and 1.12 (each 3H and s, -G(GH3)2), 1.29 (3H, s, G10-GH3), 
1.29(6H, d, 7 = 7 Hz, -GH(GH3)2), 2.35 (IH, s, G5-H), 
3.06 (IH, m, -GH(GH3)2), 3.41 (2H, d, 7 = 5 Hz, -GOGH2-) , 
3.78 and 3.80 (each 3H and s, 2-OGH3), 6.66 (IH, s, G n -
H). Found: G, 76.69; H, 9.33%. Galcd for G22H3203: 
G, 76.70; H, 9.36%. Further elution with benzene gave 
the starting ketone 17 (29 mg: 31%). 

(±)-Maytenoquinone (1). A mixture of (rfc)-18 
(100 mg) and boron tribromide (1.0 g) in dichloromethane 
(10 ml) was stirred at 0—5 °G for l h and then at room 
temperature for 30 min. The mixture was poured into 
ice-water, extracted with ether, and the extract was washed 
successively with aqueous sodium thiosulfate and brine. 
The dried solution was evaporated to dryness. The residue 
was purified by repeated column chromatography on silica 
gel using hexane-benzene (1 :1 ) as the eluent and then 
recrystallized from hexane to give (±)-maytenoquinone 
(1) (63 mg: 69%), mp 173—174 °G; IR: 3370, 1660, 1630 

cm-1; NMR (GDG13) : 1.17 and 1.26 (each 3H and s, -G-
(GH3)2), 1.26 (3H, s, G10-GH3), 1.31 and 1.37 (each 3H, 
d, and 7 = 7 Hz, -GH(GH3)2), 2.48 (IH, s, G5-H), 3.06 
(IH, m, -GH(GH3)2), 6.37 and 6.59 (each IH, d, and J= 
2 Hz, G7-H and G n - H ) , 7.12 (IH, s, -OH) . Found: G, 
76.22; H, 8.42%. Galcd for G20H26O3: G, 76.40; H, 8.34%. 

(±)-cis-Maytenoquinone (19). A mixture of (rfc)-
18 (44.2 mg) and 47% hydrobromic acid (2.0 ml) in acetic 
acid (10 ml) was refluxed for 2.5 h and then evaporated 
in vacuo. The residue was extracted with ether and the ex­
tract was washed successively with aqueous sodium hydrogen-
carbonate and water, dried over sodium sulfate, and then 
evaporated. The crude product was purified by column 
chromatography on silica gel (10 g) using ether-benzene 
(1 : 99) to give (±)-19 (33.9 mg: 82%) which was recrystal­
lized from hexane: mp 184—187 °G (sintered at ca. 160 °G); 
IR: 3370, 1650, 1630 cm"1; NMR (GDG13) : 0.62 and 0.97 
(each 3H and s, -G(GH3)2), 1.18 (3H, s, C10-CH3), 1.31 
and 1.37 (each 3H, d, and 7 = 7 Hz, -GH(GH3)2), 2.26 
(IH, s, G5-H), 6.45 and 6.64 (each IH, d, and 7 = 2 Hz, 

G7-H and G n -H) , 7.23 (IH, s, -OH) . Found: G, 76.68; 
H, 8.61%. Galcd for G20H26O3: G, 76.40; H, 8.34%. 

Reductive Cleavage of a Hydroxyl Group in the Alcohol (15). 
With Triethylsilane in the Presence of Boron Trifluoride Etherate : 
A solution of boron trifluoride etherate (3.34 ml) in dichloro­
methane (5.0 ml) was added at —10—0 °G to a stirred 
solution of (±)-15 (1.830 g) and triethylsilane (1.230 g) 
in dichloromethane (50 ml). The mixture was further 
stirred at this temperature for 1 h, diluted with ether, and 
then washed with water. The dried solution was evaporated 
in vacuo and the residue was chromatographed on silica gel 
(100 g) using hexane-benzene (7 :3 ) as the eluent to give 
2- (2,6,6-trimethyl-1 -cyclohexenyl) -1 - (2-isopropyl-3,4 - dimeth-
oxyphenyl) ethane (20) (1.560 g : 89%); NMR: 1.04 (6H, 
s, -G(GH3)2), 1.34 (6H, d, 7 = 7 Hz, -GH(GH3)2), 1.68 (3H, 

s, =GCH3), 3.18 (1H, m,-GH(GH3)2), 3.78 and 3.80 (each 
3H and s, 2-OGH3), 6.56 and 6.74 (each 1H, d, and J= 
8 Hz, aromatic protons). Found: G, 80.15; H, 10.53%. 
Galcd for G22H3402: G, 79.95; H, 10.37%. Further elu­
tion with hexane-benzene (1:1) afforded (:+:)-12,13-dimeth-
oxytotara-5,8,ll,13-tetraene (21) (132 mg: 8%0); NMR: 

1.16 and 1.22 (each 3H and s, -G(GH3)2), 1.26 (3H, s, 
G10-GH3), 1.27 and 1.32 (each 3H, d, and 7 = 7 Hz, -GH-
(CH3)2), 3.78 (6H, s, 2-OGH3), 5.83 (1H, dd, 7 = 2 . 5 and 
5.5 Hz, G6-H), 6.68 (1H, s, G n -H) . Found: G, 80.67; 
H, 9.94%. Galcd for G22H3202: G, 80.44; H, 9.83%0. 

With Dichloroaluminium Hydride'. Lithium aluminium 
hydride (33 mg) was added to a solution of anhydrous alu­
minium chloride (345 mg) in dry ether (20 ml), and the 
mixture was stirred at room temperature for 1 h. To the 
above solution was added dropwise a solution of (rfc)-15 
(150 mg) in dry ether (4.0 ml). The mixture was further 
stirred at room temperature for 1 h, poured into a mixture 
of ice and dilute hydrochloric acid, and extracted with ether. 
The ether extract was washed with brine, dried over sodium 
sulfate, and evaporated in vacuo. The residue was chromato­
graphed on silica gel ( 16 g) using hexane-benzene (4 :1 ) 
as the eluent to give an oil (121 mg: 86%), which was hydro-
genated at room temperature for 6 h with 5% Pd-G (130 
mg) in acetic acid (10 ml) in an atmosphere of hydrogen. 
After the usual work-up, the crude product was purified 
by column chromatography on silica gel (15 g) using hexane-
benzene (4 :1 ) as the eluent to afford 20 (85 mg: 60%). 

(±)-12,13-Dimethoxytotara-5,8,11,13-tetraene (21). 
Boron trifluoride etherate (0.18 ml) was added at —10— 
0° G to a solution of (rfc)-15 (98 mg) in dichloromethane 
(10 ml). The mixture was stirred at this temperature for 
1 h, poured into water, and extracted with ether. The ether 
extract was washed with water, dried over sodium sulfate, 
and then evaporated in vacuo. The crude product was 
purified by column chromatography on silica gel (10 g) 
to give (±)-21 (55 mg: 60%), whose IR and NMR spectra 
were identical with those of the sample described above. 

(±)-12,13-Dimethoxy-5'methyl- 10-nortotara- 1 (10), 8,11,13-
tetraene (22). From the Alcohol (15) : A solution of (riz)-
15 (75 mg) and boron trifluoride etherate (0.14 ml) in 
dichloromethane (10 ml) was stirred at room temperature 
for 2 h, and then poured into water. The mixture was 
extracted with ether, dried over sodium sulfate, and evapo­
rated in vacuo. The crude product was chromatographed 
on silica gel (10 g) using hexane-benzene (4 :1 ) as the 
eluent to give (±)-22 (33 mg: 45%); NMR: 0.90 (3H, 

s) and 0.93 (6H, s) (-G(GH3)2 and G5-GH3), 1.28 (6H, 
d, 7 = 7 Hz, -GH(GH3)2), 3.77 and 3.80 (each 3H and 
s, 2-OGH3), 6.00 (IH, t / 7 = 4 H z , Gj-H), 6.85 (IH, s, G n -
H). Found: G, 80.31; H, 9.98%. Galcd for G22H3202: 
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G, 80.44; H , 9 .83%. 
From the Tetraene (21): A solution of ( ± ) - 2 1 (105 mg) 

and boron trifluoride etherate (0.20 ml) in dichloromethane 
(5.0 ml) was stirred at room temperature for 1 h. After 
a similar t reatment to that described above, the crude pro­
duct was purified by column chromatography on silica gel 
to give ( ± ) - 2 2 (54 mg) . 

Intramolecular Cyclization of 20. With Boron Trifluoride Ether­
ate: A solution of 20 (313 mg) and boron trifluoride etherate 
(0.60 ml) in dichloromethane (5.0 ml) was allowed to stand 
at room temperature for 13.5 h, and then poured into water. 
T h e mixture was extracted with ether and the extract was 
washed with water, dried over sodium sulfate, and evaporated 
in vacuo. The crude product was purified by column chro­
matography on silica gel (30 g) using hexane-benzene (4 : 
1) as the eluent to give the cw-isomer (24) (81 m g : 2 6 % ) ; 

N M R : 0.43 and 0.94 (each 3 H and s, - C ( C H 3 ) 2 ) , 1.15 (3H, 
s, G 1 0 -GH 3 ) , 1.22 and 1.30 (each 3H, d, and 7 = 7 Hz , - C H -
(CH3)2) , 3.80 (6H, s, 2-OGH 3 ) , 6.66 (1H, s, G n - H ) . Found : 
C, 79.87; H, 10.53%. Galcd for G 2 2 H 3 4 0 2 : G, 79.95; H , 
10.37%. Further elution gave (±)-12,13-dimethoxytotara-
8,11,13-triene (23) (222 m g : 71%) which was recrystallized 
from methanol : m p 133.5—134 °G; N M R : 0.92 and 0.94 

(each 3H and s, - C ( C H 3 ) 2 ) , 1.19 (3H, s, G 1 0 -GH 3 ) , 1.26 
(6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 3.73 (6H, s, 2-OGH 3 ) , 6.58 
(1H, s, G n - H ) . Found : G, 80.22; H , 10 .51%. Galcd for 
G 2 2 H 3 4 0 2 : G, 79.95; H , 10.37%. 

With Anhydrous Aluminium Chloride: A mixture of 20 (111 
mg) and anhydrous aluminium chloride (51 mg) in dry 
benzene (4.0 ml) was refluxed for 4 h. The mixture was 
poured into ice-water and extracted with ether. T h e ether 
extract was washed with brine, dried over sodium sulfate, 
and then evaporated in vacuo. T h e crude product was chro­
matographed on silica gel (10 g) using hexane-benzene 
(4 : 1) as the eluent to give (±) -12-methoxyto ta ra -8 , l l ,13-
trien-13-ol (2) (34 m g : 3 4 % ) , which was recrystallized 
from hexane: m p 125—126 °G; I R : 3538 cm" 1 ; N M R 

(GDG18): 0.92 and 0.95 (each 3 H and s, -G(GH 3 ) 2 ) , 1.20 
(3H, s, G 1 0 -GH 3 ) , 1.34 (6H, d, 7 = 7 Hz , - G H ( G H 3 ) 2 ) , 3.84 
(3H, s, - O G H 3 ) , 5.62 (1H, s, G 1 3 - O H ) , 6.70 (1H, s, G n - H ) . 

N M R (G 5D 5N): 0.90 and 0.93 (each 3 H and s, - G ( G H 3 ) 2 ) , 
1.21 (3H, s, G 1 0 -GH 3 ) , 1.61 and 1.63 (each 3H, d, and 7 = 7 
Hz, - G H ( G H 3 ) 2 ) , 3.72 (3H, s, - O G H 3 ) , 6.82 (1H, s, G n -
H ) . Found: G, 79.78; H , 10.38%. Galcd for G21H32-
0 2 : G, 79.70; H , 10.19%. Fur ther elution gave ( ± ) - 2 4 
(11 m g : 9%) and ( ± ) - 2 3 (41 m g : 3 6 % ) . 

Partial Demethylation of 23. A mixture of (riz)-23 
(102 mg) and anhydrous aluminium chloride (60 mg) in 
dry benzene (20 ml) was refluxed for 3 h. After the work-up 
described above, the crude product was chromatographed 
on silica gel (10 g) using hexane-benzene ( 4 : 1 ) as the 
eluent to give ( ± ) - 2 (27 m g : 2 8 % ) , whose I R and N M R 
spectra were identical with those of the sample described 
above. Further elution gave the starting ( ± ) - 2 3 (44 mg) . 

Methylation of 2. A mixture of (zh)-2 (60 mg) , methyl 
iodide (1.0 ml) , and anhydrous potassium carbonate (3.0 
g) in methyl ethyl ketone (10 ml) was refluxed for 14 h. 
After the usual work-up, the product was chromatographed 
on silica gel (6.0 g) using hexane-benzene (1 : 1) as the 
eluent to give ( ± ) - 2 3 (51 m g : 8 2 % ) , whose I R and N M R 
spectra were identical with those of the sample described 
above. 

(±)-12,13-Dimethoxytotara-8,11,13-trien-7-one (25). A 
mixture of ( ± ) - 2 3 (209 mg) and chromium trioxide (190 
mg) in acetic acid (20 ml) was stirred at room temperature 
for 2 h and then diluted with ether. T h e ether solution 

was washed successively with water, aqueous sodium hydro-
gencarbonate, and water. T h e dried solution was then 
evaporated in vacuo and the residue was chromatographed 
on silica gel (20 g) using hexane-benzene (1 : 4) as the eluent 
to give ( ± ) - 2 5 (118 m g : 5 4 % ) , which was recrystallized 
from methanol : m p 129—130 °G; I R : 1660 cm" 1 ; N M R 

(90 M H z ) : 0.93 and 1.02 (each 3 H and s, - C ( C H 3 ) 2 ) , 1.12 
(3H, s, G 1 0 -GH 3 ) , 1.23 and 1.31 (each 3H, d, and J=l 
Hz, - G H ( G H 3 ) 2 ) , 3.76 and 3.83 (each 3 H and s, 2-OGH 3 ) , 
6.58 (1H, s, G n - H ) . Found : G, 76.98; H , 9 .27%. Galcd 
for G 2 2 H 3 2 0 3 : G, 76.70; H , 9 .36%. 

(±)-Dispermone (3). Boron tribromide (0.1 ml) was 
added at 0—5 °G to a solution of ( ± ) - 2 5 (47 mg) in 
dichloromethane (2.0 ml) . T h e mixture was allowed to 
stand at room temperature for 4 h, poured into ice-water, 
and extracted with ether. T h e ether extract was washed 
successively with aqueous sodium thiosulfate and water, 
dried over sodium sulfate, and then evaporated in vacuo. 
T h e crude product was chromatographed on silica gel (5.0 
g) using chloroform as the eluent to give (±) -d i spermone 
(3) (38 m g : 8 8 % ) , which was recrystallized from e ther -
hexane: m p 242—245 °G (sintered a t ca. 230 °G); I R : 3595, 
3540, 3200, 1655 cm" 1 ; N M R (90 M H z : (GD 3 ) 2 GO): 0.92, 

1.01, and 1.08 (each 3 H and s, - G ( G H 3 ) 2 and G 1 0 -GH 3 ) , 
1.30 and 1.38 (each 3H, d, and J=l Hz , - G H ( G H 3 ) 2 ) , 
3.86 (1H, m, - G H ( G H 3 ) 2 ) , 6.73 (1H, s, G1]L-H). Found : 
G, 75.61; H , 8.72%. Galcd for G 2 0 H 2 8 O 3 : G, 75.91; H , 
8.92%. 

2-Isopropyl -3,4- dimethoxybenzyltriphenylphosphonium Chloride 
(27). A mixture of the benzyl chloride (11) (35.0 g) 
and triphenylphosphine (40.1 g) in dry benzene (35 ml) was 
refluxed for 5 min. T h e precipitated salt (27) (mp 243— 
245 °G, 29.0 g) was collected by filtration and the filtrate 
was further refluxed for 6 h to give some additional salt 
(38.5 g) . 

(—)-3- (2-Isopropyl-3,4-dimethoxystyryl) -2,4,4-trimethyl-1 - cyclo-
hexene (28). A solution of w-butyllithium in dry 
hexane ( 1 5 % : 2 .1ml) was added at room temperature to 
a stirred suspension of 27 (2.010 g) in dry hexane (6.0 ml) 
in a stream of nitrogen, and the mixture was stirred for 1 h. 
To the above mixture a solution of (i?)-( — )-a-cyclocitral (26), 
[ a ] D - 7 1 2 ° ( E t O H ) , (390 mg) in dry hexane (3.0 ml) was 
added at 8—10 °G over a 5 min period. T h e mixture was 
further stirred at this temperature for 4 h, exposed to air 
for a few min until the red solution turned yellow, then 
poured into dilute hydrochloric acid and extracted with 
ether. T h e ether extract was washed with brine, dried over 
sodium sulfate, and evaporated in vacuo. T h e residue was 
tr i turated with hexane, and the precipitated triphenylphos­
phine oxide was removed by filtration. T h e filtrate was 
evaporated in vacuo. T h e crude product was chromatograph­
ed on silica gel (40 g) using hexane-benzene (7:3) as the 
eluent to give ( - ) - 2 8 as an oil (647 m g : 77%) , [ a ] D - 2 5 8 ° ; 

N M R : 0.91 and 0.96 (each 3 H and s, -G(GH 3 ) 2 ) , 1.32 (6H, 

d, 7 = 7 Hz , - G H ( G H 3 ) 2 ) , 1.67 (3H, bs, =GCH 3 ) , 3.37 (1H, 
m, - G H ( G H 3 ) 2 ) , 3.77 and 3.80 (each 3 H and s, 2 - O G H 3 ) , 

5.42 (1H, m, - C H = G - ) , 5.55 (1H, dd, J=9 and 15 Hz, 

- G H - G H = G H - ) , 6.61 (1H, d, 7 = 1 5 Hz , - G H - G H = G H - ) , 
6.58 and 6.90 (each 1H, d, and J =9 Hz , aromatic protons). 
Found : G, 80.46; H , 9 .93%. Galcd for G 2 2 H 3 2 0 2 : G, 80.44; 
H , 9 .83%. 

(—) -2-(2,6,6-Trimethyl-2-cyclohexenyl)-1-(2-isopropyl-3,4-di-
methoxyphenyl) ethane (29). A suspension of ( —)-28 
(2.012 g) and 5 % P d - G (1.0 g) in ethanol (20 ml) was stirred 
at room temperature in an atmosphere of hydrogen. After 
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one mole equivalent of hydrogen had been absorbed (ca. 
1.5 h ) , the mixture was filtered. T h e filtrate was evaporated 
in vacuo and the residue was purified by column chromato­
graphy on silica gel (200 g) using hexane-benzene (7:3) as 
the eluent to afford ( —)-29 as an oil (1.705 g : 8 4 % ) , j>] D 

- 9 0 . 3 ° ; N M R : 0.91 and 1.01 (each 3 H and s, - C ( C H 3 ) 2 ) , 

1.34 (6H, d, 7 = 7 Hz , - C H ( C H 3 ) 2 ) , 1.73 (3H, bs, =GGH3) , 
3.24 (1H, m, - C H ( C H 3 ) 2 ) , 3.80 (6H, s, 2 -OGH 3 ) , 5.30 (1H, 

m, - C H = C - ) , 6.53 and 6.69 (each 1H, d, and 7 = 9 Hz , 
aromatic protons). Found : G, 80 .21 ; H , 10 .11%. Galcd 
for G 2 2 H 3 4 0 2 : G, 79.95; H , 10.37%. 

Intramolecular Cyclization of (—)-29. A mixture of 
( —)-29 (1.705 g) and anhydrous a luminium chloride (690 
mg) in dry benzene (17 ml) was stirred at 25—30 °G for 
30 min and then poured into a mixture of ice and dilute 
hydrochloric acid. T h e mixture was extracted with ether. 
T h e ether extract was washed with brine, dried over sodium 
sulfate, and evaporated in vacuo. T h e residue was chro-
matographed on silica gel ( 170 g) using hexane-benzene 
(4:1) as the eluent to give ( — )-24 (581 m g : 3 4 % ) , [ a ] D 

— 36.4°, whose I R and N M R spectra were identical with 
those of ( ± ) - 2 4 . Found : G, 79.77; H , 10.63%. Galcd for 
G 2 2 H 3 4 0 2 : G, 79.95; H , 10.37%. Fur ther elution gave 
( + )-23 as a solid (739 m g : 4 3 % ) , [ a ] D + 3 2 . 4 ° , which was 
recrystallized from methanol : m p 89—91 °G, [ a ] D + 5 0 . 2 ° 
(lit,1) m p 89—90 °G, [ a ] D + 3 5 ° ) . T h e I R and N M R 
spectra were identical with those of (riz)-23. Found : G, 
79.93; H , 10.67%. Galcd for G 2 2 H 3 4 0 2 : G, 79.95; H , 
10.37%. 

(+)-12-Methoxytotara-8,11,13-trien-13-ol (2). A mix­
ture of ( + )-23 (93 mg) and anhydrous a luminium chloride 
(40 mg) in dry benzene (4.0 ml) was refluxed for 3 h with 
stirring. After the usual work-up, the crude product was 
purified by column chromatography on silica gel (15 g) 
using hexane-benzene (9:1) as the eluent to give ( + ) - 2 
(68 m g : 7 7 % ) , which was recrystallized from methanol : 
m p 87—88.5 °G, [ a ] D + 5 0 . 2 ° , whose I R and N M R spectra 
were identical with those of (rh)-2. Found : G, 79.87; H , 
10.32%. Galcd for G 2 1 H 3 2 0 2 : G, 79.70; H , 10.19%. 

(-J-12,13-Dimethoxytotara-8,77,13-trien-7-one (25). A 
solution of ( + ) - 2 3 (124 mg) in acetone (3.0 ml) was oxidized 
at 16—20 °G for 30 min with Jones reagent (8N: 0.20 ml) 
and then diluted with ether. T h e ether solution was washed 
with water, dried over sodium sulfate, and evaporated in 
vacuo. T h e crude product was purified by column chro­
matography on silica gel (15 g) using hexane-benzene (1 :4) 
as the eluent to give the starting ( + )-23 (14 m g : 11%) . 
Fur ther elution gave ( - ) - 2 5 (95 m g : 7 4 % ) , [ a ] D —19.2°, 

N M R (CDG18): 0.92 and 1.01 (each 3 H and s, - G ( G H 3 ) 2 ) , 
1.13 (3H, s, G 1 0 -GH 3 ) , 1.29 and 1.38 (each 3H, d, and J= 
7 Hz , - G H ( G H 3 ) 2 ) , 3.67 (1H, m, - C H ( C H 3 ) 2 ) , 3.83 and 
3.89 (each 3 H and s, 2 -OGH 3 ) , 6.72 (1H, s, G n - H ) . N M R 

(G 5 D 5 N): 0.81 and 0.89 (each 3 H and s, -G(GH 3 ) 2 ) , 1.03 
(3H, s, G 1 0 -GH 3 ) , 1.46 and 1.60 (each 3H, d, and 7 = 7 H z , 
- C H ( C H 3 ) 2 ) , 3.85 (6H, s, 2 -OGH 3 ) , 4.17 (1H, m, - G H -
(GH3)2) , 6.81 (1H, s, G n - H ) . T h e I R and N M R spectra 
were identical with those of ( ± ) - 2 5 . 

(-)-Dispermone (3). A solution of ( — )-25 (95 mg) 
and boron tr ibromide (0.10 ml) in dichloromethane (1.0 ml) 
was allowed to stand at 0—5 °G for 2 h and then treated as 
described for the preparat ion of ( ± ) - 3 . T h e crude product 
was purified by column chromatography on silica gel using 
chloroform as the eluent to give ( —)-dispermone (3) (80 m g : 
9 2 % ) , which was recrystallized from acetone-hexane: m p 
262—267 °G, [ a ] D - 4 7 . 3 ° (E tOH) (lit,1) m p 263—265 °C, 

[ a ] D —48°), whose I R and N M R spectra were identical 
with those published.1) Found : C, 75.75; H , 8.92%. Galcd 
for G 2 0 H 2 8 O 3 : G, 75.91; H , 8.92%. 

(—)-12-Benzyloxy- 13-hydroxytotara-8,11,13-trien-7-one (30). 
A mixture of (—)-3 (204 mg) , benzyl chloride (90 mg), 
potassium iodide (110 mg) , and anhydrous potassium car­
bonate (1.0 g) in methyl ethyl ketone (10 ml) was refluxed 
for 5.5 h with stirring. After the usual work-up, the 
product was purified by column chromatography on silica 
gel (30 g) using benzene as the eluent to give ( —)-30 
(260 m g : 9 9 % ) , [ a ] D - 1 7 . 8 ° ; I R : 3540, 1660 cm" 1 ; N M R 

(GDCI3): 0.93 and 1.01 (each 3 H and s, -G(GH 3 ) 2 ) , 1.11 
(3H, s, G 1 0 -GH 3 ) , 1.33 and 1.44 (each 3H, d, and J =7 Hz, 
- G H ( G H 3 ) 2 ) , 3.86 (1H, m, - G H ( G H 3 ) 2 ) , 5.15 (2H, s, 
- O G H 2 - ) , 5.81 (1H, s, G 1 3 - O H ) , 6.77 (1H, s, G n - H ) , 7.42 
(5H, s, aromatic protons). N M R (G5D5N) : 0.81 and 0.90 

(each 3 H and s, -G(GH 3 ) 2 ) , 1.07 (3H, s, C 1 0 -CH 3 ) , 1.74 
and 1.87 (each 3H, d, and 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 4.44 (1H, 
m, - C H ( C H 3 ) 2 ) , 5.25 (2H, s, - O G H 2 - ) , 6.93 (1H, s, G n - H ) . 
Found : G, 79.75; H, 8.44%. Galcd for G , 7 H 3 4 0 3 : G, 79.76; 
H , 8 .43%. 

(—) -12-Benzyloxy-1' 3-methoxytotara-8,77,13-trien-l-one (31). 
A mixture of ( — )-30 (182 mg) , methyl iodide (0.10 ml) , 
and anhydrous potassium carbonate (500 mg) in methyl 
ethyl ketone (5.0 ml) was refluxed for 33 h. After the usual 
work-up, the crude product was purified by column chro­
matography on silica gel (20 g) using hexane-benzene (1:1) 
as the eluent to give ( — )-31 (177 m g : 94%0), [ a ] D —15.1°, 

I R : 1660 cm- 1 , N M R : 0.94 and 1.02 (each 3 H and s, - G -
(GH3)2) , 1.10 (3H, s, G 1 0 -GH 3 ) , 1.28 and 1.35 (each, 3H, 
d, and 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 3.83 (3H, s, - O G H 3 ) , 5.10 
(2H, s, - O G H 2 - ) , 6.69 (1H, s, G n - H ) , 7.38 (5H, s, aro­
matic protons). Found : G, 80.23; H , 8 .61%. Galcd for 
G 2 8 H 3 6 0 3 : G, 79.96; H , 8 .63%. 

(+)-Dispermol (5). A mixture of ( —)-31 (101 mg), 
P t O a (40 mg) , and 6 0 % perchloric acid (4 drops) in ethanol 
(10 ml) was stirred at room temperature for 2.5 h in an atmos­
phere of hydrogen. After the usual work-up, the crude 
product was chromatographed on silica gel (15 g) using 
benzene as the eluent to give ( + )-dispermol (5) (50 m g : 
66%) ? which was recrystallized from hexane: m p 166.5— 
167.5 °G, [ a ] D + 4 3 . 5 ° (lit,1) m p 164—166 °G, [ a ] D + 3 7 ° ) ; 

I R : 3550, 3360 cm" 1 ; N M R (GDG13) : 0.95 (6H, s, -G(GH 3 ) 2 ) , 
1.19 (3H, s, G 1 0 -GH 3 ) , 1.34 (6H, d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 
3.37 (1H, m, - G H ( G H 3 ) 2 ) , 3.79 (3H, s, - O G H 3 ) , 5.2 (1H, 
br, G 1 2 - O H ) , 6.80 (1H, s, G n - H ) . N M R (G 5D 5N): 0.88 

and 0.94 (each 3 H and s, - G ( G H 3 ) 2 ) , 1.20 (3H, s, G 1 0 -GH 3 ) , 
1.49 (6H, d, 7 = 7 Hz , - G H ( G H 3 ) 2 ) , 3.43 (1H, m, - G H -
(GH3)2) , 4.05 (3H, s, - O G H 3 ) , 7.13 (1H, s, G n - H ) . Found: 
G, 79.44; H , 10.25%. Galcd for G 2 1 H 3 2 0 2 : G, 79.70; H , 
10.19%. 

(—)-12,13-Dimethoxytotara-6,8,7 7,13-tetraene (32). A 
mixture of ( —)-25 (250 mg) and lithium aluminium hydride 
(30 mg) in dry ether (5.0 ml) was refluxed for 2 h. The 
mixture was poured into dilute hydrochloric acid, extracted 
with ether, and the ether extract was washed with brine, 
dried over sodium sulfate, and then evaporated. T h e residue 
was recrystallized from methanol to give ( —)-32 (174mg: 
73%0), m p 96—97 °G, [ a ] D - 1 0 0 ° ; N M R : 0.99 and 1.01 

(each 3 H and s, -G(GH 3 ) 2 ) , 1.06 (3H, s, G 1 0 -GH 3 ) , 1.33 
(6H, d, 7 = 7 Hz , - G H ( G H 3 ) 2 ) , 3.46 (1H, m, - G H ( G H 3 ) 2 ) , 
3.73 and 3.81 (each 3 H and s, 2 -OGH 3 ) , 5.83 (1H, dd, J= 
3 and 10 Hz , G 6 - H ) , 6.54 (1H, s, G n - H ) , 6.76 (1H, dd, 
7 = 3 and 10 Hz , G 7 - H ) . Found : G, 80.19; H , 9 .95%. 
Galcd for G 2 2 H 3 2 0 2 : G, 80.44; H , 9 .83%. The mother 
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liquor of crystallization was evaporated and the residue was 
chromatographed on silica gel (25 g) using hexane-benzene 
(1:1) as the eluent to give some additional ( —)-32 (29 mg: 
12%). 

( + J-12,13-Dimethoxytotara-8,11,13-trien-6-one (18). A 
solution of ( —)-32 (202 mg) and 70% m-chloroperbenzoic 
acid (170 mg) in dichloromethane (5.0 ml) was allowed to 
stand at 5—7 °G for 1.5 h and then diluted with ether. The 
solution was washed successively with aqueous potassium 
iodide, aqueous sodium thiosulfate, aqueous sodium hydro-
gencarbonate, and water. After the solvent had been remov­
ed in vacuo, the residue was dissolved in methanol (5.0 ml) 
containing dilute hydrochloric acid (10%: 0.5 ml). The 
solution was refluxed for 30 min in an atmosphere of nitrogen, 
cooled, and extracted with ether. The ether extract was 
washed with water, dried over sodium sulfate, and then 
evaporated in vacuo. The crude product was chromatograph­
ed on silica gel (20 g) using benzene as the eluent to give 
( + )-18 (146 mg: 69%), [a]D +117°, whose IR and NMR 
spectra were identical with those of (±)-18. Found: G, 
76.91; H, 9.28%. Galcd for G22H3203: G, 76.70; H, 9.36%. 

(A-)-Maytenoquinone (1). A mixture of ( + )-18 (146 
mg) and boron tribromide (0.14 ml) in dichloromethane 
(3.0 ml) was stirred at 0—5 °G for 1 h, poured into ice-
water, and extracted with ether. The ether extract was 
washed successively with aqueous sodium thiosulfate and 
water, dried over sodium sulfate, and then evaporated in 
vacuo. The residue was chromatographed on silica gel (30 g) 
using benzene as the eluent to give ( + ) -maytenoquinone 
(1) (12.2 mg: 9.1%). Further elution with ether-benzene 
(1:9) afforded 12,13-dihydroxytotara-8,11,13-trien-6-one 
(117 mg: 87%); IR: 3540, 3250, 1705 cm"1; NMR (GDG13) : 

1.10 (6H, s, -C(CH3)2), 1.35 (3H, s, G10-GH3), 1.36 (6H, 
d, 7 = 7 Hz, -CH(CH3)2), 2.50 (1H, s, G5-H), 3.10 (1H, 
m, -GH(GH3)2), 3.55 (2H, bd, J =2 Hz, -GOGH2-), 5.54 
(s) and 6.21 (bs) (each 1H, G12-OH and G13-OH), 6.80 
(1H, s, G n -H) . 

The above phenol (117 mg) was stirred and refluxed for 
1 h with silver oxide (170 mg) in chloroform (10 ml). The 
mixture was then filtered and the filtrate was evaporated 
in vacuo. The residue was purified by column chromatography 
on silica gel (20 g) using benzene as the eluent to give ( + ) -
maytenoquinone (1) (60 mg: 51%0) (total 72.2 mg: 54% 
overall yield from (+)-18), which was recrystallized from 
methanol: mp 156—158 °G, [a]D +407° (lit,1) mp 158— 
160 °G, [a]D +298°). Found: G, 76.48; H, 8.63%. Galcd 
for G20H26O3: G, 76.40; H, 8.34%. The IR and NMR 

spectra were identical with those of (± ) - l . 
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The Transformations of Terpene Ketones by Oxygen. I. 
The Autoxidation of Fukinone 
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Fukinone, possessing a cisoid enone system, is susceptible to air oxidation. The oxidation products have 
been extensively examined and have been established as including diastereomeric epoxides, a hydroxy ketone 
(petasitolone), a lactol (8/?-hydroxyeremophilenolide), and a peroxy hemiacetal. Also, the products were com­
pared with those derived from the autoxidation of pulegone, a monoterpenic analogue of fukinone. 

A fragrant oil, fukinone (l),1) G 1 5 H 2 4 0 , is rather 
sensitive to air. Even on storage, several polar spots 
appear on TLG. W e have been interested in the 
autoxidation in connection with the biogenetic-type 
oxidation process. Furthermore, as little is known 
about the autoxidation of a,/?-unsaturated ketones with 
an exo-cyclic double bond, we have studied the auto­
xidation of 1 in parallel with the base-catalyzed auto­
xidation.2) Pulegone (2), with a similar enone system, 
has been widely studied;3»4) hence, the autoxidation 
was reinvestigated in order to compare it with the 
products from 1. 

The autoxidation of the title compound, 1, was 
achieved by heating it at 80—90 °G under a bubbling 
of air for 44 h. From the reaction mixture we isolated 
epoxides, G 1 5 H 2 4 0 2 (3), a hydroxy ketone, C 1 5H 2 202 
(4), and a lactol, C 1 5 H 2 2 0 3 (5) in 24.5, 3, and 3 . 5 % 
yields respectively by column chromatography on silica 
gel. 

T h e epoxides, 3, was shown by GLG analysis to be 
mixtures comprising approximately equal amounts of 
the diastereomers. 3 was separated into (3a) (mp 
66—67 °C) and (3b) (mp 83—84 °C)5> by repeated 
chromatogrphy on deactivated silica gel. Both the 
epoxides were identified by comparison with the authen­
tic samples prepared by treating 1 with hydrogen 
peroxide in an alkaline solution.6) T h e absolute con­
figurations5) previously proposed for fukinone epoxides, 
3a and 3b , were finally settled by the X-ray analysis 
of the Iß - hydroxy - 8 - oxoeremophil -11(12) -ene (6)7) 
prepared by the stereospecific cleavage of 3 b in the 
presence of /?-toluenesufonic acid in dry benzene.8) 

T h e oily hydroxy ketone, 4, was found to be identical 
with natural petasitolone9) by a comparison of the I R 
and GLG. 

1-22-» 

T h e lactol, 5,10) showed a wide melting range (mp 
180—200 °G), even after repeated recrystallizations. 
Therefore, 5 was transformed into the methoxylactone 
(7) by refluxing in methanol in the presence of a 
catalytic amount of hydrochloric acid, which was iden­
tical with 8^-methoxyeremophilenolide10) prepared by 
the photosensitized oxygenation of furanoeremophilane 
(8)11) in methanol. Accordingly the 8-hydroxyl and 
8-methoxyl groups in both the lactones can be identified 
as ^-configurations as in the 5 and 7 formulas. 

ikJiK J^\K ^y^k HO^KM\ 
o^t^ o M ^ oKXJ o^J^J 

3a 3b 

OR H 

5 R=H 
7R=Me 

» xcb 

11b 

0H 

CH3 

10 

In addition, 1 left in air for a long time afforded a 
peroxy hemiacetal (9) (mp 100—103 °G) besides 3, 
4, and 5. T h e structure for 9 was readily determined 
from the spectral and chemical properties. In the 
Dreiding-model inspection, the 8a- or 8^-substituents 
in the peroxy hemiacetal will force the cw-decalin 
system to adopt a nonsteroidal or a steroidal A/B 
eis chair/chair configuration respectively in a manner 
similar to that used in the case of eremophilenolides.10»12) 
Therefore, on the basis of a similar relationship between 
the chemical shifts of 14- and 15-methyls, the peroxy 
hemiacetal was tentatively assigned to the stereoformula 
(10) bearing an 8^-hydroxyl group. The reduction 
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of 10 with triphenylphosphine gave furanoeremophilane 
(8), which occurs with 1 in the same plant,11) implying 
a biosynthetic pathway to 8 from 1. The hemiacetal, 
9, was itself rather stable in the crystalline state at 
room temperature, but it decomposed considerably 
in solution. The isolation of 9 suggests that the pr imary 
oxidation products of 1 are hydroperoxides; hence, the 
epoxides, 3a and 3b , the main products, are probably 
produced by the attack of the hydroperoxides on the 
alternate fukinone molecule. 

The reinvestigation of the autoxidation of 2 was 
performed in a manner similar to that used for 1 and 
proved to afford products similar to those from 1. 
Thus, the reaction mixture was separated to give 
epoxides (11), an oily hydroxy ketone (12), and a 
lactol (13) in 15, 6.4, and 2 8 % yields respectively. 
The absolute configurations of a-epoxide ( H a ) (mp 
57—58 °C) and ^-epoxide ( l i b ) (mp 53—54 °G) have 
previously been established.13»14) The physical pro­
perties of 12 and 13 (mp 186—187 °G) were in good 
agreement with those of the photooxygenation product 
of 2,15) and of the autoxidation4) or the photooxygena­
tion16) product of menthofuran (14) respectively. 

From the above results, it seems that the autoxidation 
of 1 and 2 should proceed in the same manner, and 
that the autoxidation process of 1 is as depicted in 
Scheme 1. 

Experimental 

All the melting and boiling points are uncorrected. The 
IR, UV, and mass spectra were taken with Hitachi EPI-G3, 
Shimadzu Spectronic 505, and Hitachi RMU-6 spectro­
photometers respectively. The PMR spectra were record­
ed with a Hitachi R-20B (60 MHz) spectrometer, and the 
chemical shifts are reported in ^-values, with TMS as the 
internal reference. The optical rotations were measured 
with a Perkin-Elmer 141 Polarimeter. The analytical and 
preparative GLG were performed with a Shimadzu GG-1G 
apparatus on a stainless steel column ($ = 3 mm). The TLG 
were run on silica gel (Merck Kieselgel G). The micro­
analyses were carried out in the analytical section of the 
Research Laboratory, Toyo Jozo Go., Ltd. 

Autoxidation of Fukinone (1). Fukinone (1) (3.759 g) 
was oxidized without a solvent under the bubbling of air 
at 80—90 °G for 44 h. The resulting mixture (3.637 g) 
was chromatographed on silica gel (70 g). Elution with 
benzene afforded, successively, the recovered fukinone (1), 
a mixture of epoxides (3a and 3b) (982 mg), a hydroxy 
ketone (4) (119mg), and a lactol (5) (150 mg). 

Each of the epoxides, (3a) and (3b), was obtained by 
repeated column chromatography on deactivated silica gel 
(Grade II), followed by recrystallization from light petroleum. 
Both epoxides, 3a (mp 66—67 °G) and 3b (mp 83—84 °C), 
were identical in all respects (IR, PMR, and mixed-melting-
point determination) with authentic samples.5) 

The hydroxy ketone (4) was found to be identical with 
natural petasitolone9) by a comparison of the IR and GLG 
results. 

Lactol (5):10) Mp 180—200 °G, colorless prisms (from 
ethyl acetate), [a]2

D
8 +155° (c, 1.03, GHG13); IR(GHG13) : 

3550, 3330, 1750, 1696, 1230 cm"1; UV: A ^ H 223 nm (e, 
25000); PMR (GDG13): 3.53 (s, OH), 1.77 (d, 7 = 1 . 5 Hz, 
12-Me), 1.02 (s, 15-Me), 0.77 (d, 7 = 5 . 0 Hz, 14-Me). 

Found: G, 72.15; H, 8.72%. Galcd for C15H2203: G, 

71.97; H, 8.86%. 
Methoxy Lactone (7). A solution of the lactol (5) 

(86 mg) in methanol containing a catalytic amount of con­
centrated hydrochloric acid was refluxed for 2.5 h. The 
reaction mixture was then poured into water, and the depos­
ited crystals (77 mg, 84%) were recrystallized from aqueous 
methanol; mp 99.5—100 °G as colorless needles; [a]2

D
3 

+ 192° (c, 1.00, GHG13); MS: m/e 264 (M+), m/e 236 (base 
peak); IR(KBr) : 1760, 1695, 1180, 990 cm"1; (GG14) : 1763, 
1700, 1177 cm"1; UV: A£^H 223 nm (e, 15000); PMR 
(GG14): 3.07 (s, OMe), 1.80 (d, J - 1 . 5 Hz, 12-Me), 1.04 
(s, 15-Me), 0.80 (d, 7 = 6 . 0 Hz, 14-Me). 

Found: G, 72.84; H, 9.07%. Galcd for G16H2403: G, 
72.69; H, 9.15%. This compound was identical with the 
8^-methoxyeremophilenolide (7) prepared from furano­
eremophilane (8) by photosensitized oxygenation;10) this 
was determined by a comparison of the IR, UV, and PMR, 
and by a mixed-melting-point determination. 

Isolation of Peroxy Hemiacetal (9). Fikinone (1) (13.591 
g) was left in air and in a dark place at room temperature for 
several months. The resulting oil was chromatographed on 
silica gel, and a polar part (with R{ values less than 0.3; 
silica gel, benzene) was collected. The yellow viscous oil 
(3.164 g) was repeatedly chromatographed on silica gel, 
with benzene as the eluent, to give two fractions, one contain­
ing 3, 4, and 9, and the other containing 4 and 5. From 
each fraction, 5 and 9 were deposited as crystals in 131 mg 
and 107 mg yields respectively. 9 was recrystallized from 
light petroleum; mp 100—103 °G; long, colorless leaflets, 
[a]2

D
4 - 4 6 ° (c, 0.98, GHG13); MS: m/e 252 (M+), m/e 110 

(base peak); IR (GHG13) : 3555, 1055, 1048 cm"1; PMR 
(GDG13): 4.74 and 3.99 (each dd, 7 = 3 . 0 and 16 Hz, 12-
GH2), 2.90 (br s, OH), 1.67 (br s, 13-Me), 0.92 (s, 15-Me), 
0.78 (d, 7 = 6 . 0 Hz, 14-Me). 

Found: G, 71.21; H, 9.46%. Galcd for G15H2403: G, 
71.39; H, 9.59%. 

Reduction of Peroxy Hemiacetal (9) with Triphenylphosphine. 
A solution of 9 (113 mg) and triphenylphosphine (229 mg) 
in benzene was refluxed for 8 h, and subsequently the solvent 
was evaporated in vacuo. The residue was extracted with 
light petroleum, and the extract (169 mg) was chromato­
graphed on deactivated silica gel (Grade II, 5 g). Subsequent 
elution with light petroleum-ether (50:1) gave an oil (120 mg). 
Further purification by preparative TLG (silica gel; light 
petroleum-ether, 20:1) afforded furanoeremophilane (8) (16 
mg, 17%), which was found to be identical with an authentic 
sample11) by a comparison of the IR and GLG (SE-30, 2.6 m ; 
column temperature, 155 °G; H2-flow rate, 40 ml/min; re­
tention time, 6.7 min). 

Autoxidation of Pulegone (2). Pulegone (2) (1.330 g) 
was subjected to oxidation for 62 h in the same fashion as 
in the case of 1. The resulting mixture (1.121 g) was chro­
matographed on silica gel (25 g) with benzene to give a 
mixture of epoxides (11) (222 mg) and a hydroxy ketone 
(12) (95 mg). Subsequent elution with benzene-ethyl acetate 
(50:1) gave a lactol (13) (44 mg). 

A mixture of epoxides (11) was separated into two diaste-
reomers, (11a) and ( l ib) , by preparative GLG (PEG 20 M, 
2.6 m; column temperature, 145 °G; H2-flow rate, 45 ml/ 
min; retention time; ^-epoxide ( l ib) : 12.4 min, a-epoxide 
(11a): 19.1 min). Both the epoxides, 11a (mp 57—58 °G) 
and l i b (mp 53—54 °G), were found to be identical with 
authentic samples13) by a comparison of the IR, PMR, and 
GLG, and by a mixed-melting-point determination. 

Hydroxy Ketone (12) :15> Bp 130—140 °G (bath temper­
a tu re ) /^ mmHg, preparative GLG (PEG 20 M, 1.1m; 
column temperature, 130 °G ; H2-flow rate, 72 ml/min ; reten-
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tion time, 6.8 min) ; IR(film) : 3410, 1660 cm" 1 ; U V : ; ^ H 

234 nm (e, 7900); PMR(GC1 4 ) : 6.83 (m, 5-H), 3.73 (s, O H ) , 
1.30 (s, 9- and 10-Me), 1.06 (d, J - 4 . 0 Hz, 7-Me). 

Lactol (13) :4> M p 186—188 °G, colorless prisms (from 
acetone); I R ( K B r ) : 3325, 1735, 1693, 1195, 1120, 9 6 0 c m " 1 ; 
U V : ; £ ^ H 219 n m (e, 16100); P M R (acetone-^,) : 2.95 (s, 
O H ) , 1.70 (d, 7 = 1 . 0 Hz, Me-G=G) , 0.93 (d, 7 = 7 . 0 Hz, 
M e - G H ) . (Found: G, 65.75; H , 7.95%). 

T h e a u t h o r s wish to t h a n k t h e staff of t h e R e s e a r c h 
L a b o r a t o r y , T o y o J o z o C o . , L t d . , for t h e m i c r o a n a l y s i s 
a n d for t h e m e a s u r e m e n t of t h e m a s s spec t r a . 
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Nucleophilic Ion Pairs. 6. Catalytic Hydrolysis of j^Nitrophenyl 
Acetate by Zwitterionic Hydroxamate Nucleophiles in 

Representative Micellar Systems^ 
Toyoki KUNITAKE,* Yoshio OKAHATA, Shoichi TANAMAGHI, and Reiko ANDO 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Fukuoka 812 
(Received November 17, 1978) 

Several surfactant-like zwitterionic hydroxamates were synthesized and their reactions with />-nitrophenyl 
acetate were studied in water in comparison with those of simple, anionic hydroxamates. The zwitterionic hy­
droxamates showed enhanced reactivities in cationic, zwitterionic and nonionic micelles: 20—100 times relative 
to the nomicellar rate at pH 8.9, 30 °G. The rate enhancement was attributed to lowered pK& values and to 
activation of the hydroxamate anion in the hydrophobic domain. The rate was suppressed in an anionic micelle 
because of the enhanced pK& value. Deacylation of the acetyl hydroxamate intermediate was hydroxide-catalyz­
ed. The enhanced reactivity of the zwitterionic hydroxamate in organic media was less sensitive to the water 
concentration than that of the hydroxamate ion pair. These results can be explained in terms of "hydrophobic 
ion pair." 

Anionic nucleophiles such as oximates, hydroxamates, 
thiolates and imidazole anions possess remarkably en­
hanced reactivities in the presence of cationic micelles 
and cationic polysoaps.2) The increase in rate cannot 
be attributed to the peculiar microenvironment of 
these aqueous micelles, and we proposed that the 
formation of nucleophilic ion pairs in the hydrophobic 
microenvironment— "hydrophobic ion pairs" is essential 
for the rate enhancement. This is supported by the 
extremely high reactivity of tetraalkylammonium hy­
droxamate ion pairs in dry aprotic solvents3»4) and 
by activation of hydrophobic anionic nucleophiles in 
the presence of the nonmicellar (in the conventional 
meaning) aggregate of trioctylmethylammonium chlo­
ride.5) 

Zwitterionic nucleophiles may form hydrophobic ion 
pairs by themselves and could show high reactivities. 
Several papers describe their unexpectedly high nucleo-
philicities in the micellar2»6) and polymeric7-10) systems. 
However, no unified interpretation has so far been 
given. 

In the present study, we have systematically exa­
mined the reactivity of four zwitterionic nucleophiles 
in representative aqueous micelles (cationic, anionic, 
zwitterionic, and nonionic micelles) and in organic 
media. The structures of the nucleophiles and surf­
actants used are as follows. 

Nucleophile-. 
/ = \ / C H 2 

C H ^ C H ^ N + N \ 
R = C H 3 

R = H 

C l2-MIm-HA 

C12 -Im+-HA 

CH«j (CrU' - » - / W o l n = 8 : °8"Py+"HA 
• n - , \ = / - 0 _ i / ' " u n = 13: C,3-Py+-H, 

I 
CHo 

C 1 2 -BHA 

C H 3 ( C % H < 3 CHgCCH^C-N^" 
U Q J 

C13-M H A 

BBHA 

Surfactant: 

CH3 

CH3(CH2)—VH3 
CH 3Br 

CTA B 

CH3(CH2f-SO~3Na+ 

SD5 

CH3(CH2)7 CH=CH(CH'2)8O(CH2CH20)-H 

POOA 

CH3 

CH3(CH23-+N-CH2COCT 

CH3 

DMOG 

Exper imenta l 

Materials. The preparation and purification of N-
dodecylbenzohydroxamic acid(C12-BHA),u> iV-benzylben-
zohydroxamic acid (BBHA),12) iV-methylmyristohydroxamic 
acid(C13-MHA),13) and /?-nitrophenyl acetate11) has been 
described. Commercial GTAB was i ecrystallized from 
ethanol several times. JV,iV-Dimethyl-iV-octadecylglycine 
(DMOG) was prepared by the reaction of iV,iV-dimethyl-
octadecylamine and chloroacetic acid and recrystallized twice 
from ethyl acetate, mp 140—142 °C. Its IR and NMR 
spectra were in line with the structure. Commercial SDS 
and POOA were used without further purification. 

iV-Dodecylimidazole was prepared as follows according 
to the procedure of Härig:14) Imidazole (20 g, 0.3 mol) was 
dissolved in a mixture of ethanol (70 ml) and aqueous 20 M 
(1 M = l moldm-3) NaOH (30 ml), and 99 g (0.4 mol) of 
dodecyl bromide was added at 80—85 °G with stirring over 
2.5 h. Stirring was continued at room temperature for 
5 h. The solvent was then removed in vacuo and the residue 
was extracted twice with chloroform. The extract was 
dried over Na2S04 , solvent removed and the residue distilled : 
yield 65%; bp 158—168 °G/35 mmHg (1 mmHg= 133.322 
Pa). IR and NMR spectra were in line with the expected 
structure. 

A similar procedure was used for preparing iV-dodecyl-2-
methylimidazole from dodecyl bromide and 2-methylimi-
dazole: bp 147—148 °G/3 mmHg (lit,15) bp 174—176°G/3 
mmHg). 

4-Octylpyridine was obtained from pyridine and octanoic 
anhydride according to the procedure of Arens and Wibaut16) 
in 7% yield: bp 112—114 °G/4 mmHg (lit,16) bp 265— 
268 °G). 4-Tridecylpyridine was prepared from 4-pyridyl-
methyllithium and dodecyl bromide by the procedure of 
Wibaut and Hey:17) yield 26%, mp 129—131 °G (as hy­
drochloride). Found: G, 67.82; H, 10.09; N, 4.57%. Galcd 
for G18H31N.HG1.H20; G, 68.43; H, 10.84; N, 4.43%. 
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These alkylamines were quaternized by benzyl iV-benzyl-
chloroacetohydroxamate (bp 150—155 °C/0.03 mmHg)9) in 
acetone at 50 °G for 2 h, the benzyl group being removed 
by hydrogénation in ethanol over 5% Pd/SrC03 . 

TABLE 1. SECOND-ORDER RATE CONSTANTS OF ACYLATION 

IN THE MICELLAR SYSTEMSA> 

+ Cl-CH2-C-N 
0 C H 2 ^ Q 

V 9 /x*0 
N-CH-C-N pZ. 
Cl" Ô-CH2-^> 

VPd \ ? 
^-CH2-C-N-CH2-<Q (1) 

y" OH 

• X= CI , Cl04 

G12-Im+-HA; mp 157—158 °G (from acetonitrile). Found: 
G, 66.03; H, 8.80; N, 9.66%. Galcd for C24H38N302C1 : 
G, 66.11; H, 8.78; N, 9.64%. 

G12-MIm+-HA; mp 176—177 °G (from acetonitrile). 
Found: G, 66.75; H, 9.01; N, 9.29%. Galcd for C25H40N3-
02G1: G, 66.72; H, 8.96; N, 9.34%. 

C8-Py+-HA; mp 88—89 °G (crystallized as Perchlorate 
salt from ethanol and ether). Found: G, 57.69; H, 6.87; 
N, 6.12%. Galcd for G22H31N206G1 : G, 58.08; H, 6.87; 
N, 6.16%. 

G13-Py+-HA; mp 176—177 °G (from acetonitrile). Found: 
G, 70.04; H, 8.90; N, 6.06%. Galcd for G27H41N202G1 : 
G, 70.33; H, 8.96; N, 6.08%. 

Kinetics. The hydrolysis of PNPA in the aqueous 
system was conducted in 3 v/v% E tOH-H 2 0 at 30 °G, 
ju—0.01 (KG1) in the pH range 6—10. The reaction was 
followed by the appearance of /?-nitrophenolate at 401 nm 
(Hitachi 200 UV-visible spectrophotometer with a thermostat-
ed cell compartment). In the presence of excess nucleophile 
the reaction followed the pseudo first-order rate law for more 
than 90% completion. The pseudo first-order rate constant 
was divided by the total nucleophile concentration to give 
the apparent second-order rate constant of acylation, A:a>obsd. 
In the case of the hydrolysis performed in organic media, 
the nucleophiles were neutralized by addition of 10 times 
excess of l,8-diazabicyclo[5.4.0]undec-7-ene (DBU). 

Burst-type kinetics were observed in the presence of excess 
substrate. The rate constants of acylation and deacylation 
were determined according to the procedure reported.11) 

Calculations were carried out with the aid of a program­
mable desk calculator, the least-squares procedure being 
applied wherever possible. The correlation coefficient was 
always better than 0.99. The pH measurement was carried 
out with a Toa Digital pH meter (Type HM-10A), pH 
variation of the aqueous reaction medium being confirmed 
to be smaller than ±0.05. The water content in the organic 
media was determined with a coulometric Karl-Fischer 
apparatus (Hiranuma Aquacounter, AQ-1). 

R e s u l t s 

Acylation. The reaction of PNPA with excess 
hydroxamate nucleophiles gives the apparent rate 
constant of acylation as 

r ^obsd "-spoilt 
^a.obsd [HA] total 

(2) 

where kohsd and kspont are pseudo first-order rate 
constants of jb-nitrophenol release in the presence and 
absence of the nucleophile, respectively, and [HA] t o t a l 

Hydroxamate 

G12-Im+-HA 
G12MIm+-HA 
C13-Py+-HA 
G8-Py+-HA 
G12-BHA 
G13-MHA 
BBHA 

Nonmicellar 

12 
13 
14 
12 
— 
— 
12 

^a.obsd 

SDS 

1.2 
0.8 
1.0 
— 

0.9 
1.3 
— 

(M-1 s-

GTAB 

1000 
1300 
1100 
320 

1500 
1300 
1500 

x) 

POOA DMOG 

270 
250 
310 
45 
25 
32 
13 

1200 
1100 
1300 
420 

75 
45 
23 

a) 30 °G, 3v/v% EtOH-H 2 0 , ^ = 0.01(KG1), pH 8.90 
± 0 . 0 5 (0.01 M Borate). [PNPA] = 9.46x 10~6 M, 
[catalysts] = (3.05—7.08) x 10~5 M. Surfactant concen­
trations are 1 x 10~3 M except for ([SDS] = 1 X 10~2 M). 

1500 

T 1000 k 
/ 
/' 

cf i 

H 
1 ll 

Or'0' 

CTAB+LBHA 

\ y / ^ C T A B + C12 

\l r 

1 

POOA • C12-Im
+-HA 

DMOG+LBHA p 

- i -o Q — 

-Im+ 

30A 

~~#-^ 

-HA 

+ LBHA 

[Surfactants] x1CT M 

Fig. 1. Rate dependence on surfactant concentration. 
30 °G, 3 v/v%EtOH-H 20, ^=0.01 (KCl), pH 8.90± 
0.05 (0.01 M Borate). [C12-Im+-HA] = 7.08x 10~5 M 
[LBHA(G12-BHA)] = 7.49x 10-5 M 

is the total hydroxamic acid concentration. 
TheA;Q 

obsd values obtained in various micellar systems 
at p H 8.9 are summarized in Table 1. In the absence 
of micelles, the nucleophilic reactivity of the zwit­
terionic hydroxamates is similar to that of the simple 
hydroxamate (BBHA). A;a>obsd of all hydroxamates was 
enhanced ca. 100 times by the cationic micelle (CTAB) 
and lowered to ca. 1/10 of the original value by the 
anionic micelle (SDS). As an exception, C8-Py+-HA 
was activated only ca. 30 times by the CTAB micelle 
because of its lower hydrophobicity. The non-zwit-
terionic hydroxamates (C12-BHA, C1 3-MHA, and 
BBHA) are not particularly activated in the nonionic 
and zwitterionic micelles, whereas the zwitterionic hy­
droxamates are activated to a greater extent. Since 
the nucleophiles cannot form micellar aggregates by 
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PH 
Fig. 2. pH-rate profile of the acylation of G12-Im+-HA. 

30 °G, 3 v/v% EtOH-H 2 0 , ^=0.01 (KCl), [C12-Im+-
HA] = 7.08 x 10-5 M, [PNPA] -9 .46 x 10~6 M. 
Surfactant concentration: 1X 10~3 M for CTAB, 
DMOG and POOA. 1 X 10~2 M for NaLS (SDS). 

themselves under these conditions, the rate enhance­
ment is closely related to the micelle formation of 
added surfactants. Figure 1 shows the dependence 
of A:a obsd on the surfactant concentration for C12-BHA 
and C12-Im+-HA, A:aobsd increasing rapidly at the surf­
actant concentration near the critical micelle concentra­
tion: 8 X 10-4 M for CTAB,11) 3 X 10"4 M for DMOG 1 8 ) 
and ca. 10"6 M for POOA.1 9) 

C12-Im+-HA was selected as a representative zwit-
terionic nucleophile and its p H rate prophiles were 
studied in the presence of various micelles (Fig. 2). 
The solid curves were obtained by means of 

^a.obsd — *ÄJ a (3) 

where Ka and ka are the acid dissociation constant of 
the hydroxamic acid and the second-order rate constant 
of acylation for the effective hydroxamate species, 
respectively, and determined by the best-fit of the 
theoretical and experimental curves. The results are 
summarized in Table 2. As compared to the non-
micellar value, the pK& value in the anionic micelle 
is increased by ca. 1 pK unit and decreased by the 
nonionic, cationic and zwitterionic micelles. The k& 

value in the anionic SDS micelle is similar to the non-
micellar value, but large increases are observed in 
other micelles: ca. 10 fold in P O O A ; 30—40 fold in 
CTAB and D M O G . 

The influence of ionic strength on A;a>obsd is shown in 
Fig. 3. k& obsd decreases with increasing ionic strength 
in all the micellar systems studied. However, the 
decrease was smaller than that observed for the C12-
BHA-CTAB system. 

Deacylation. In the reaction of 
with excess PNPA, the jb-nitrophenol release follows 
the burst kinetics: i.e., rapid acylation and subsequent, 
slow deacylation. 

HA + CH 3 C0Q^N0 2 

0 

C1 2-Im+-HA 

"OQNO2 

-̂  acetyl-HA 
slow i HA (A) 

T A B L E 2. R A T E CONSTANTS OF ACYLATION AND 

DISSOCIATION CONSTANT IN THE REACTION 

Surfactant 

None 
SDS (1x10-
POOA ( l x 

-2M) 
10"3M) 

GTAB ( I x l 0 - 3 M ) 
DMOG ( l x 10-3M) 

G12-] 

P*a 

9.03 
10.5 
8.18 
7.78 
8.18 

[m+-HA 

(M-1 s-1) 

38 
40 

420 
1300 
1580 

Methyl Orange 
in micelles 

M 
465 
— 

440 
415 
420 

a) 30 °C, 3v/v% EtOH-H 2 0 , ^ = 0.01 (KCl), [C12-Im+-
HA] = 7 . 0 8 x l 0 " 5 M . 

1500 

1000 

•8 

500 

\ 

h * 

r V ^\ 
oY X ^ 

\ \ / D M 0 G + C12-Im
+-HA 

h CTAB+ \ ^ ^ - ^ 
LBHA N V ^ ^ ^ ^ . 

P00A + C12-Im
+-HA 

r i l l 

"""S"^ 

I I 
0-1 0-2 0-3 0-4 

[KCl ] / M 

0-5 

Fig. 3. Effect of ionic strength on the acylation rate. 
30 °C, 3 v/v% EtOH-H 2 0 , pH 8.90±0.05 (0.01 M 
Borate). [C12-Im+-HA] = 7.08 x 10~5 M, [LBHA(C12-
BHA)] = 7.49xlO-5M. 
Surfactant concentration; 1 X 10~3 M. 

The apparent rate constants of acylation and deacyla­
tion can be estimated by the following equations. 

bVW 
^a.obsd [PNPA]0l/[HA]0 

*d,obed = ^-A:a[PNPA]0 

(5) 

(6) 

CH3COOH 

where B is the extrapolation at t—0 of the steady-
state jfr-nitrophenol release, and b is the pseudo first-
order rate constant of the presteady state curve.11»12) 

Results obtained from analysis of the burst kinetics 
are given in Table 3. The A;a>obsd values estimated 
by Eq. 5 agree fairly well with those obtained under 
the pseudo first-order conditions (Table 1). 

The burst type experiment was carried out at p H 
8—10. The resulting pH-rate profile of deacylation 
is shown in Fig. 4. In all the systems, logA:d)0bsd is 
a linear function of p H with the slope + 1 . This 
indicates that the deacylation process is hydroxide-
catalyzed. 
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T A B L E 3. R A T E CONSTANTS OF ACYLATION AND 

DEACYLATION DETERMINED FROM T H E BURST KINETICS3-) 

Hydroxamate 

C12-Im+-HA 
C12-Im+-HA 
C12-Im+-HA 

Micelle 

GTAB 
DMOG 
POOA 

"-a.obsd 
(M-1 s-1) 

1030 
1150 
250 

a) 30°C, pH 8.9±0.1(0.01 B Borate), 3 
H 2 0 , /* = 0.01 (KG1), [C12-Im+-HA] = 1 
[PNPA] = 1.89 X 10-4 M. [Surfactant] - 1 

TABLE 4. REACTION OF HYDROXAMATES 

Solvent 

Benzene 

IN ORGANIC 

[H20] 
(mM) 

f 1.0 
10 
40 

Dimethylformamide 15 
Acetonitrile 10 
Ethanol 33 

MEDIA8") 

K ( 

G12-Im+-H 

1200 
900 
680 

3300 
ca. 4000 

160 

^ d . o b s d 
(XlO^- 1 ) 

3.50 
0.376 
0.214 

v/v% EtOH-
.42xlO- 5 M 5 

XlO- 3M. 

WITH PNPA 

M-1 s-1) 

A G12-BHA 

606 
105 
25 

1000 
1500 

0.1 

^ 
i 

in 
o 
•o 

3C 

o 

a) 30 °C, [Hydroxamic acid] = 1.42 X 10~5 M, [PNPA] 
= 1.89x 10-4 M, [DBU] = (1.42—13.2) x 10~4 M. 

Reaction in Organic Media. The reaction of C12-
I m + - H A with PNPA was studied in dry organic sol­
vents. The hydroxamate anion was produced by ad­
dition of strongly basic DBU. Figure 5 shows the 
increase in the hydroxamate absorbance at 270 nm 
with increasing amounts of DBU added. We see that 
10 times excess of DBU is sufficient to neutralize the 
hydroxamic acid completely. 

C12-N^N-CH2C-N-CH2-^> 
Cl" OH 

C12-N^,N-CH2 

"0 £=0 

DBU 

(7 ) 

DBU-HCl 

NCH2-C3> 

The apparent rate constant of acylation shows the 
same trend as that of the absorbance change. The 
jfr-nitrophenol release is thus effected solely by the 
hydroxamate anion. I t was confirmed in a separate 
experiment that DBU alone can cause no />-nitrophenol 
release. 

Values of the second-order rate constant of acylation 
k& for C1 2-Im+-HA, determined in several organic 
media, are given in Table 4 together with those for 
C12-BHA for the sake of comparison. The k& values 
of these two nucleophiles differ by factors of 2—3 in 
dry aprotic solvents, a large reactivity difference being 
observed in moist benzene and in ethanol. Thus, the 
reactivity of the C12-BHA anion in benzene decreases 
drastically with increase in water concentrations. 
However, the reactivity of the C1 2-Im+-HA anion is 
much less sensitive to the water concentration. In 
the same vein, k& for C 1 2 - Im + -HA anion is 1600 times 

pH 

Fig. 4. pH-rate profile of the deacylation. 30 °G, 3 
v/v% EtOH-H 2 0 , yU-0.01 (KCl). Surfactant con­
centration, 1 x 10~3 M. 
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Fig. 5. Effect of DBU concentration in the reaction of 

C12-Im+-HA and PNPA in dry benzene. 30 °G, 
[H20] = 1—3 mM, [G12-Im+-HA].=4.75 X 10~5 M, 
[PNPA] = 6.90xlO- 6M. 

larger than that of C12-BHA anion in ethanol. 

D i s c u s s i o n 

The results on the reactivity of zwitterionic nucleo­
philes are wholly consistent with the concept of "hydro­
phobic ion pair." As shown in Table 1, simple hydro­
xamates such as C12-BHA and C 1 3-MHA are highly 
activated in the cationic micelle due to the ion pair 
formation with the ammonium surfactant, but this 
activation mechanism cannot operate in other types 
of micelle. The zwitterionic hydroxamates are activât-
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ed in the presence of the cationic, zwitterionic and 
nonionic micelles to various extents. In this case, 
the countercation is provided in the form of the intra­
molecular ammonium group. Wha t is required is 
the hydrophobic microenvironment. The structure of 
the cationic moiety (imidazolium vs. pyridinium) does 
not affect the reactivity. The activation mechanism 
is better understood by examining the data in Table 
2. The enhanced rate constant for C1 2-Im+-HA in 
the three micelles is produced by lower pK& values 
and increased k& values. The k& value is correlated 
with the hydrophobic microenvironment estimated by 
the absorption maximum of Methyl Orange. A smaller 
increase in k& in the nonionic micelle is in line with 
the limited hydrophobic nature of this micelle. T h e 
lowering of reactivity observed in the anionic micelle 
is caused by the increased pK& value. k& is not affected 
by the anionic micelle. 

The reactivity of hydroxamate ammonium ion pairs 
in dry aprotic solvents is greatly reduced by minute 
amounts of water.3»4) Similar data have been obtained 
in this study for C12-BHA in benzene (Table 4). k& 

decreases by a factor of 24 with increasing water con­
centrations from 1 m M to 40 m M . However, the rate-
depressing effect of water is much less pronounced for 
the zwitterionic nucleophile; it retained more than 
50 % of the original reactivity during the same increase 
in water. 

The large k& difference ( 1600 fold) in ethanol between 
C12-Im+-HA and C12-BHA should be related to the 
varied sensitivity of their reactivities to water. It is 
concluded that the zwitterionic hydroxamate forms a 
stable intramolecular ion pair which is deactivated 
less readily by protic solvents. 

The deacylation reaction of the acetyl hydroxamate 
intermediate is mainly hydroxide-catalyzed. Figure 4 
shows that the deacylation step is accelerated by the 
micellar microenvironment in the order: C T A B > 
D M O O P O O A , reflecting the concentration effect 
of the hydroxide anion in the micellar phase. 

The enhanced reactivity of the zwitterionic nucleo-
phile has been utilized in several polymer catalysts.7-8) 
In micellar catalysis, use of the well-defined zwitterionic 
nucleophile has been limited in number.2»6) However, 
some of the reported functional micelles seem to show 
high reactivity because of their zwitterionic nature. 
The first example was reported by Tagaki et al. for 
an imidazole-containing ammonium surfactant micel­
le (l).20) Since then several papers have appeared 
on the enhanced nucleophilicity of the hydroxyethyl 
and/or imidazole groups attached to the ammonium 
surfactant (2, 3).21"27) 

-H"3
 A

 C H 3 

C18H37N-CH2-f^NH C16H334}-CH2CH2-OH 
C f CH3 N = / Br"CH3 

1 2 
CH2CH2OH 

C16H3JN-CH2Y^NH 
X- R N - / 

3 (R=CH3,C2H5 ) 

Rate enhancements in these examples should also 

arise from lowered pK& values and activation of the 
anionic nucleophiles formed.22) However, zwitterionic 
hydroxamates are the particularly effective nucleophile 
since their pK& values are in the weakly alkaline region. 
The second-order rate constants of acyl transfer from 
PNPA to the other zwitterionic nucleophiles 1, 2, 3 
are not quite as large, because the effective zwitterionic 
species are formed only in small amounts in the neutral 
p H region due to their high pK& values. 
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Reactions of 3-Acetyltropolone and Its Methyl Ethers with Hydrazine 
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3-Acetyltropolone (1) was synthesized from 3-isopropenyltropolone by treatment with sodium azide in con­
centrated sulfuric acid. Methylation of 1 by diazomethane gave two isomers, 3-acetyl-2-methoxytropone (2a) 
and 2-acetyl-7-methoxytropone (2b). 1, 2a, and 2b reacted with hydrazine to give some 1,8-dihydrocyclo-
heptapyrazol-8-one derivatives. 

Doi reported that 4-isopropenyltropolone affords 4-
acetyltropolone by treatment with one equivalent of 
hydrazoic acid in concentrated sulfuric acid.1) By 
the application of this reaction to 3-isopropenyltropol­
one, we successfully obtained 3-acetyltropolone (1). 
Schenck et al. synthesized chloro-substituted 3-acetyl­
tropolone by another method.2) Since 3-acetyltropol­
one (1) has an active methyl group and ß-diketone 
structure, several interesting reactions are expected. 
Its two isomeric methyl ethers, 2a and 2b , would behave 
as active troponoid. O n the other hand, Matsumoto 
obtained l,8-dihydrocycloheptapyrazol-8-one deriva­
tives by the reactions of 3-formyltropolone derivatives 
with hydrazines.3) We have investigated the reactions 
of 1, 2a, and 2 b with hydrazine. 

> ^ O C H 3 

COCH3 

OCH3 

NH2NH2-H20/ 

NH HN 
H3C~"NT V ^ C H 3 

Scheme 1. 

R e s u l t s a n d D i s c u s s i o n 

Synthesis of 3-Acetyltropolone (1) and Its Methyl Ethers 
(2a and 2b). 3-Isopropenyltropolone was obtain­
ed by the method of Asao et al.*) Treatment of 3-
isopropenyltropolone with 1.5 equivalents of sodium 
azide in concentrated sulfuric acid gave 3-acetyltro­
polone (1) in a fairly good yield (70%). T h e structure 
was confirmed by means of spectral and analytical 
data. The I R spectrum showed a strong acetyl car-
bonyl band at 1715 c m - 1 and a characteristic band for 
tropolone at 1620 cm- 1 . T h e U V and N M R spectra 
also supported the structure of 3-acetyltropolone (1). 

Being a ß-diketone, 3-acetyltropolone (1) reacts with 
diazomethane to give two methyl ethers (2a and 2b) . 
As to the two methyl ethers, one is 3-acetyl-2-meth-
oxytropone and the other 2-acetyl-7-methoxytropone. 
Generally, in XH N M R spectrum the signal of the 
proton situated in a /^-position to a carbonyl group 
appears in a lower field. T h e N M R spectrum of 2a 

t Present address: Wakunaga Pharmaceutical Co., Ltd., 
Koda-machi, Takata-gun, Hiroshima 729-64. 

tt Present address: Iki Senior High School, Gonoura-
machi, Iki-gun, Nagasaki 811-51. 

showed a multiplet for seven-membered ring protons 
at 6.9—7.3 ppm, while that of 2 b showed a doublet 
of doublets for H-3 at 7.58 ppm. Thus, 2a was as­
signed to 3-acetyl-2-methoxytropone and 2b to 2-
acetyl- 7-methoxy tropone. 

Reactions of 3-Acetyltropolone (1) and 3-Acetyl-2-meth-
oxytropone (2a) with Hydrazine. Refluxing of a 
mixture of 1 and 2 equivalents of hydrazine hydrate 
in methanol afforded 3-methyl-1,8-dihydrocyclohepta-
pyrazol-8-one (3) in 7 6 % yield. The reaction at 
room temperature also gave 3 in 6 2 % yield. Though 
3 can be considered to be another tautomeric form, 
3-methylcycloheptapyrazol-8-ol, its IR , N M R , and U V 
spectra support the form of 3-methyl-l,8-dihydrocyclo-
heptapyrazol-8-one. 2a also reacted with hydrazine 
hydrate to give 3, the difference between the reactivities 
of 1 and 2a not being observed. 

Reaction of 2-Acetyl-7-methoxyPropone (2b) with Hydra­
zine. When a mixture of 2 b and 2 equivalents 
of hydrazine hydrate in methanol was refluxed, 3-
methyl -1,8 - dihydrocycloheptapyrazol-8-one azine (4) 
precipitated and 3-methyl-l,8-dihydrocycloheptapyra-
zol-8-one hydrazone (5) was obtained from the filtrate. 
The reaction with equimolar hydrazine hydrate gave 
only 4 (34%), 2 b being recovered (36%). The azine 
(4) was purple plates and insoluble in organic solvents 
except acetic acid. Nozoe et al.^ obtained 3-phenyl-
l,8-dihydrocycloheptapyrrol-8-one azine by the reac­
tion of 8-chloro-3-phenylcycloheptapyrrole with hy­
drazine hydrate, the U V spectrum of which being very 
similar to that of 4. The I R spectrum of 4 has a few 
absorption bands because of high symmetry but no 
bands at near 1600 c m - 1 for tropone nor at near 1720 
c m - 1 for acetyl group. However, it has an absorption 
band near 3200 and 3400 cm" 1 for N H . Mass spectrum 
of 4 shows a molecular ion peak at 326. The structure 
of 4 is reasonable from the above-mentioned evidence 
and analytical data. 5 has two tautomeric forms such 
as A and B. The U V spectrum of 5 in visible region 
shows absorption maxima at fairly shorter wavelength6) 
and the N M R spectrum the signal for N H of pyrazole 
ring at ca. 12.4 ppm, indicating that 5 exists mainly 
in the form B. 

A B 

Treatment of 5 with acetone yielded a tricyclic 
compound (6). T h e N M R spectrum of 6 showed the 
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presence of three methyl group [ô 1.61 (6H), 2.36 
(3H)]. Two methyl groups at 1.61 ppm suggest that 
they exist at sp3 carbon atom. The mass spectrum 
showed the parent peak at 214 and the elemental 
analysis also gave a satisfactory result. Accordingly, 
6 was identified as l,3,3-trimethyl-3,4-dihydro-252a,455-
tetraazabenz [Vöfjazulene. 

Experimental 

The melting points were determined with a Yanagimoto 
hot-stage apparatus and are uncorrected. All 1H NMR 
spectra were recorded with a Hitachi R-24 spectrometer 
(60 MHz) with TMS as an internal standard. The IR 
and UV spectra were recorded with a JASGO IRA-1 and a 
Hitachi EPS-3T spectrophotometer, respectively. The mass 
spectra were taken on a JEOL JMS-OI-SG-2 spectrometer. 

Preparation of 3-Acetyltropolone (1). Sodium azide (10 
g) was added to a stirred mixture of 3-isopropenyltropolone 
(16.2 g), concentrated sulfuric acid (50 ml) and chloroform 
(50 ml) under cooling with water. The mixture was stirred 
at 60—70 °G for 2 h. After removal of the chloroform 
layer, the acid layer was diluted with water and then left 
to stand overnight. The crystals deposited were recrystal-
lized from methanol to give 11.6 g (70%) of 3-acetyltropolone 
(1) as pale yellow needles: mp 131—132 °G; A ^ H nm (log 
e): 245 (4.25), 350 (3.80), 415 (3.75); IR (GHG13) : 1715 
(G=0), 1620 cm-1 (G=0); NMR (GDG13) : ô 9.0 (br, s, 1H, 
OH), 7.76 (d, IH, J = 9 . 0 H z , H-4), 6.9—7.6 (m, 4H), 2.69 
ppm (s, 3H, GH3). Found: G, 65.68; H, 4.94%. Galcd 
for G9H803: G, 65.85; H, 4.91%. 

Methylation of 3-Acetyltropolone (1). An ethereal solu­
tion of diazomethane was slowly added to a solution of 1 
(11.1 g) in chloroform until the resulting mixture gave no 
coloration with iron(III) chloride. After removal of the 
solvents in vacuo, the residue was chromatographed on a 
silica gel column (Wakogel G-100, 900 g) using ethyl acetate 
as eluant. The former fractions were combined and re crystal­
lized from hexane-benzene to give 5.37 g (45%) of 3-acetyl-
2-methoxytropone (2a) as colorless needles : mp 45—46 °G ; 
A£ÏH nm (log e): 235 (4.21), 330 (3.87); IR (GHG13) : 1730 
(G=0), 1587 cm-1 (G=0); NMR (GDG13): ô 6.9—7.3 (m, 
4H), 4.00 (s, 3H, OGH3), 2.53 ppm (s, 3H, GOGH3). Found: 
G, 67.34; H, 5.69%. Galcd for G10H10O3: G, 67.40; H, 
5.66%. The latter fractions were also combined and re-
crystallized from hexane-benzene to give 4.92 g (41%) of 
2-acetyl-7-methoxytropone (2b) as pale yellow needles: mp 
105—106 °G; A ^ H nm(log e) : 235 (4.24), 330 (3.84), 365 
(3.83); IR (GHG13): 1716 (G=0), 1601 cm-1 (G=0); NMR 
(GDG13): ô 7.58 (dd, IH, 7=11.2 and 2.0 Hz, H-3), 6.7— 
7.4 (m, 3H), 3.96 (s, 3H, OGH3), 2.53 ppm (s, 3H, GOGH3). 
Found: G, 67.22; H, 5.72%. Galcd for G10H10O3: G, 67.40; 
H, 5.66%. 

Reaction of 3-Acetyltropolone (1) with Hydrazine. a) A 
mixture of 1 (213 mg, 1.30 mmol) and 80% hydrazine hydrate 
(167 mg, 2.67 mmol) in methanol (10 ml) was refluxed for 
1 h. After removal of the solvent the residue was recrystal-
lized from benzene to give 158 mg (76%) of 3-methyl-l,8-
dihydrocycloheptapyrazol-8-one (3) as orange plates: mp 

183—184 °G; A^0H nm (log e) : 235 (4.35), 296 (3.82), 
308 (3.81), 365 (3.85); IR (GHG13) : 3200 (NH), 1580 cm-1 

(C=0); NMR (GDG18): ô: 12.0—13.5 (br, IH, NH), 6.6— 
7.3 (m, 4H), 2.60 ppm (s, 3H, GH3). Found: G, 67.35; 
H, 5.07; N, 17.74%. Galcd for G9H8ON2: G, 67.48; H, 
5.03; N, 17.49%. b) At room temperature, the reaction of 
1 (205 mg, 1.25 mmol) with 80% hydrazine hydrate (80 mg, 
1.28 mmol) in methanol (10 ml) gave the same product 3 
(124 mg, 62%) after 48 h. 

Reaction of 3-Acetyl-2-methoxytropone (2a) with Hydrazine. 
a) A mixture of 2a (330 mg, 1.85 mmol) and 80% hydrazine 
hydrate (295 mg, 4.72 mmol) in methanol (10 ml) was reflux­
ed for 1 h. After removal of the solvent the residue was 
recrystallized from benzene to give 206 mg (68%) of 3. 
b) The same reaction of 2a (206 mg, 1.26 mmol) with 80% 
hydrazine hydrate (67 mg, 1.07 mmol) at room temperature 
for 48 h also gave 3 (90 mg, 51%). 

Reaction of 2-Acetyl-7-methoxytropone (2b) with Hydrazine. 
a) When a mixture of 2b (722 mg, 4.05 mmol) and 80% 
hydrazine hydrate (496 mg, 7.92 mmol) in methanol (40 ml) 
was refluxed, a purple precipitate was formed. After 1 h 
the precipitate was filtered off and recrystallized from di­
methyl sulfoxide-water to give 82 mg (13%) of 3-methy 1-1,8-
dihydrocycloheptapyrazol-8-one azine (4) as purple plates: 
mp >300°G; À^u nm (loge): 224 (4.32), 283 sh (3.69), 
450 (4.13); IR (KBr): 3300 (NH), 1540 cm-1; NMR (GF3 

GOOH): ô 7.4—8.1 (m, 8H), 2.98 ppm (s, 6H, GH 3 x2) . 
Found: G, 67.98; H, 5.10; N, 26.28%. Galcd for G18H16N6: 
G, 68.33; H, 5.10; N, 26.57%. M+ 316. The filtrate was 
evaporated and the red residue was recrystallized from metha­
nol to give 479 mg (68%) of 3-methyl-l,8-dihydrocyclo-
heptapyrazol-8-one hydrazone (5) as red needles: mp 199— 
202 °G; ^ 0 H nm(log e) : 215 (4.42), 335 (3.98); IR (KBr): 
3340 (NH), 3200 (NH), 1640 cm-1; NMR (DMSO-^): 
ô 12.4 (br, IH, NH), 5.6—6.7 (m, 6H), 2.28 ppm (s, 3H, 
GH3). Found: G, 61.98; H, 5.81; N, 31.90%. Galcd for 
G9H10N4: G, 62.05; H, 5.79; N, 32.17%. b) Refluxing of 
2b (409 mg, 2.30 mmol) with 80% hydrazine hydrate (137 
mg, 2.19 mmol) in methanol (20 ml) for l h afforded 4 
(130 mg, 34%), 2b (148 mg, 36%) being recovered, c) At 
room temperature, the reaction of 2b (348 mg, 1.96 mmol) 
with 80% hydrazine hydrate (197 mg, 3.15 mmol) in metha­
nol (20 ml) gave 4 (61 mg, 18%) and 5 (189 mg, 51%) 
after 24 h. d) At room temperature, 2b (405 mg, 2.28 
mmol) reacted with 80% hydrazine hydrate (135 mg, 2.16 
mmol) in methanol (20 ml) for 72 h to afford 4 (133 mg, 
31%), 2b (127 mg, 31%) being recovered. 

Reaction of 3-Methyl-1 ß-dihydrocycloheptapyrazol-8-one Hydra-
zone (5) with Acetone. Acetone (117 mg) was added to 
a solution of 5 (160 mg) dissolved in hot methanol (10 ml), 
and the mixture was refluxed for 2 h. The resulting solution 
was concentrated to dryness and the residue was recrystal­
lized from benzene-petroleum ether to afford 127 mg (66%) 
of 1,3,3-trimethyl - 3,4 - dihydro - 2,2 a, 4,5 - tetraazabenz[cd]-
azulene (6) as orange prisms: mp 152—155 °G; A£|£H nm(log 
e): 222 (4.48), 293 (3.68), 350 (4.01); IR (GHG13): 3270 
(NH), 1630, 1600 cm-1; NMR (GDG13) : ô 5.8—6.6 (m, 
4H), 5.7 (br, IH, NH), 2.36 (s, 3H, GH3), 1.61 (s, 6H, GH3x 
2). Found: G, 67.33; H, 6.56; N, 25.96%. Galcd for 
G12H14N4: G, 67.26; H, 6.59; N, 26.15%. M+ 214. 

We wish to express our thanks to Dr. Tetsuo Nozoe, 
Professor Emeritus of Tohoku University, for his advice 
and encouragement. W e are also indebted to Dr. 
Kazu Kurosawa in this Laboratory for helpful sugges­
tions and Mr. Shuichi Ueda of Taiho Pharmaceutical 
Co., Ltd. for the measurements of mass spectra. 
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The reaction of co-ethoxyalkyl bromides (Gn: w=2—5) with silver (I) cyanide or nitrite in less polar solvents 
to give the corresponding isocyanide or a mixture of the corresponding alkyl nitrite and nitroalkane respectively, 
proceeded with ease only when w=4. In the latter reaction, the ratios of O- and N-attack (O/N) were 16—18/ 
82—84 and 31—46/54—69 when n^4 and w=4 respectively. The facile reaction in both cases when n=4 and 
the increasing O-attack in the case of silver (I) nitrite may suggest that the reaction proceeds through the initial 
formation of a five-membered oxonium ion, the O-ethyltetrahydrofuranium ion, and a subsequent attack by CN~ 
and N0 2 ~ or their silver(I) bromide complex. 

Previously, we have shown that various alkyl halides 
reacted with mercury(II) thiocyanate to give an iso­
meric mixture of alkyl thiocyanate and isothiocyanate.1) 
This ambident behavior of the mercury(II) salt has 
also been observed in the reaction with 4-alkoxybutyl 
halide where the isomer ratio (N/S) of the products 
is nearly 1, in contrast to the results for unsubstituted 
primary halides (N/S=ca. 1/4).2> This difference has 
been explained by considering the attack of an ambident 
anion of the mercury(II) salt upon a tetrahydrofura-
nium ion intermediate. In order to establish further 
examples of the ambident reaction of metal salt with 
such an oxonium ion, we have carried out the reactions 
of co-alkoxyalkyl halides ( C n : n=2—5) with silver (I) 
cyanide and nitrite, both metal salts being well known 
to have an ambident reactivity on alkyl halide.3) As 
a result, it was found that the reaction proceeded 
smoothly when n=4 and that silver (I) nitrite showed 
a different ambident behavior on the halide of rc=4 
and the halides of n^4. 

R e s u l t s and D i s c u s s i o n 

The reaction of co-alkoxyalkyl halides or butyl bro­
mide with silver (I) cyanide was carried out by stirring 
a heterogeneous mixture of both reagents in dichloro-
methane or without a solvent at 75—85 °C for ap­
propriate times. At least under these conditions, the 
reaction proceeded only in the case of 4-ethoxybutyl 
bromide to give the corresponding isocyanide, the 
formation of the cyanide being scarcely observed (Table 
1 and Scheme 1).4> Although we have already found 

TABLE 1. REACTION OF RX WITH AgCNa> 

EtO(CH2)4Br + AgCN EtO(CH2)4NC (1) 

that mercury(II) thiocyanate, acetate, and chloride 
reacted with alkyl halides in tetrahydrofuran (THF) 
to give the THF-incorporated compounds,2 '5) no such 
reaction has been observed by stirring mercury(II) 
or silver(I) cyanide and ethyl iodide in T H F at a 
reflux temperature for 24 h. 

The reaction of co-ethoxyalkyl or butyl bromide with 
silver (I) nitrite was also carried out by stirring them 
in 1,2-dichloroethane, diethyl ether, or T H F at 15— 
25 °C for 1—7 days, the mixture being heterogeneous. 
The products were the corresponding alkyl nitrite (1) 
and nitroalkane (2), the ambident character of the 
metal salt being clearly observed (Table 2 and Scheme 

RX 
(10 mmol) 

Solvent 
(10 ml) 

React, 
temp (°G) 

React, 
time (h) 

Yields 
of 

RNG 

EtO(CH2)2Br 
EtO(CH2)3Br 
EtO(CH2)4Br 
EtO(CH2)4Brc) 
EtO(CH2)5Br 
w-BuO(CH2)4Cl 
ii-BuBr 

(CH2C1)2 

(CH2C1)2 

(CH2C1)2 

— 
(CH2C1)2 

(CH2C1)2 

— 

80 
80 
85 
80 
85 
85 
80 

24 
32 
48 
24 
32 
96 
24 

0 
0 

90 
75 

trace 
0 

trace 

a) AgCN, 10 mmol, b) Determined by GLG. c) RX, 
30 mmol. AgCN, 20 mmol. 

70i 

, o - 2(n=4) - - • 2(n-4) 

o-l(n=4) --• l(n=4) 

24 

Reaction time/h 

Fig. 1. The yield of 1 (w=4) and 2 (w=4) against 
reaction time.a> 
a) Determined by GLG using tetralin as internal 
standard. The reaction in 1,2-dichloroethane solvent 
is represented by a solid line, while that in diethyl 
ether by a dashed line. 

2). Here also, the reaction proceeded smoothly when 

EtO(CH2)„Br + AgNQ2 • 

EtO (GH2) wONO + EtO (CH2) n N 0 2 (2) 

l(w = 2 - 5 ) 2(w = 2 - 5 ) 

?z=4. The isomer ratio (O/N) depended on the kind 
of alkyl bromide, an increase of the O-attack being 
observed in the case of w = 4 : namely, 31—46/54—69 
from 4-ethoxybutyl bromide and 16—19/81—84 from 
the other halides. In contrast to the reaction with 
mercury(II) thiocyanate,2) the reaction in T H F as 
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TABLE 2. REACTION OF RBr WITH AgN02
a> 

R in RBr 
(10 mmol) 

EtO(CH2)2 

EtO(GH2)3 

EtO(CH2)3 

EtO(GH2)4 

EtO(GH2)4 

EtO(GH2)4 

EtO(GH2)5 

fl-C6H13 

rc-C6H13 

rc-C6H13 

Solvent 
(10 ml) 

EtaO 
EtaO 
(GH2G1)2 

EtaO 
(GH2G1)2 

THF 
EtaO 
EtaO 
(GH2G1)2 

THF 

React, time 
(day) 

7 
7 
7 
1 
0.33 
3 
7 
4 
4 
4 

Yields of 1 + 2 
(%) 

2 
14 
14 
87 
83 
54 

8 
40 
13 
9 

Isomer ratiob) of 1/2 
(O/N) 

16/84 
16/84 
16/84 
33/67 
31/69 
46/54 
17/83 
19/81°) 
18/82c> 
16/84°) 

a) AgN025 10 mmol. React, temp, 20—25 °G. b) Determined by GLG. c) w-C6H13ONO/w-C6H13N02. 

TABLE 3. BOILING POINTS AND NMR AND ANALYTICAL DATA OF NEW COMPOUNDS 

Compound Bp 
(°C/mmHg) 

!H-NMR (<5) Found (Galcd) 
C(%) H(%) N(%) 

1(*=2) 

l (n=3) 

1(» = 4) 

l(w = 5) 

w-G6H13ONO 
2(w=3) 

2(w = 4) 

2(w = 5) 

n-G6H13N02 

EtO(CH2)4NC 

45—46/50a> 

51—53/50 

50—51/22 

67—68/14 

50—51/40b) 
100—102/48 

93—95/19 

105—107/11 

120—140/45°) 
90/30 

1.10(t. 3H), 
3.61 (t. 2H), 
1.13(t. 3H), 
3.42(q. 2H), 
1.12(t. 3H), 
3.36(t. 2H), 
1.07(t. 3H), 
3.30(t. 2H), 
0.92(t. 3H), 
1.16(t. 3H), 
3.43(q. 2H), 
1.15(t. 3H), 
3.42(t. 2H), 
1.14(t. 3H), 
3.35(t. 2H), 
0.90(t. 3H), 
1.13(t. 3H), 
2.9—3.9(m. 

3.45(q. 2H), 
4.78(t. 2H) 
1.92(quintet 2H), 45.81(45.10) 
3.43(t. 2H), 4.71(t. 2H) 
1.35—2.1 (m. 4H), 49.23(48.79) 
3.39(q. 2H), 4.68 (t. 2H) 
1.28—2.0(m. 6H), 52.25(52.16) 
3.36(q. 2H), 4.61(t. 2H) 
1.1—2.0(m. 8H), 4.61(t. 2H) 
2.17(quintet 2H), 44.63(45.10) 
3.48(t. 2H), 4.38(t. 2H) 
1.4—2.4(m. 4H), 48.35(48.97) 
3.42(q. 2H), 4.39(t. 2H) 
1.3—2.3(m. 6H), 51.91(52.16) 
3.38(q. 2H), 4.35(t. 2H) 
1.1—2.2(m. 8H), 4.30(t. 2H) 
1.5—2.2(m. 4H), 65.49(66.11) 
4H), 3.42(q. 2H) 

8.70(8.33) 

9.27(8.90) 

9.69(9.38) 

8.09(8.33) 

8.62(8.90) 

9.61(9.38) 

10, 01(10.52) 

.26(9.52) 

.97(8.69) 

.88(10.52) 

.00(9.52) 

.64(8.69) 

9.99(10.30) 10.71(11.01) 

a) Lit,8) bp 30—33 °G/15—20 mmHg, b) Lit,9) bp 45 °C/30 mmHg, c) Lit,9) bp 80°C/12mmHg. 

a solvent did not show any THF-incorporation. 
It is generally known, in the reaction of alkyl halide 

with silver (I) nitrite, that a side reaction producing 
alkyl nitrate ester, alcohol, ketone, etc. occurs in some 
cases.6) W e observed, however, the formation of only 
a small amount of the corresponding nitrate ester and 
alcohol, even in the reactions continued for several 
days or a week. Further, when we plotted the yields 
of both alkyl nitrite and nitroalkane against the reac­
tion time in the reaction with 4-ethoxybutyl bromide, 
the ratio between the two isomeric products was almost 
constant with an increase in the yield of the products 
(Fig. 1). These facts show that no further reaction of 
the initially produced alkyl nitrite occurs under these 
conditions and, consequently, that the O/N ratio is 
the kinetically controlled one in these reactions. When 
the reaction of ethyl iodide with silver (I) nitrite was 
carried out in T H F at 25 °C for 6 h, an isomeric mixture 
of 4-ethoxybutyl nitrite and 4-ethoxy-l-nitrobutane was 
obtained in a 4 % yield ( O / N = 5 5 / 4 5 ) . Although the 
yield was low because of the rapid formation of ethyl 

nitrite and nitroethane, this finding shows that the 
THF-incorporat ion reaction occurs as in the cases of 
similar reactions with various mercury(II) salts.2'5) 

Because the silver (I) salts are almost completely 
insoluble in any solvent used, the reactions are generally 
quite slow. However, the reactions of 4-ethoxybutyl 
bromide proceeded smoothly. The reason for the 
comparatively facile reaction of this halide can be 
ascribed to the involvement of the O-ethyltetrahydro-
furanium ion intermediate, as has been found in the 
cases of the reactions of similar halides with various 
mercury(II) salts.2»5) The formation of 1 (?z=4) and 
2 (?z=4) in the reaction of ethyl iodide in T H F , though 
the yield was low, also supports this assumption. As 
to the isomer ratio of the products from the reaction 
of 4-ethoxybutyl bromide with silver(I) nitrite, the 
ratio for the O-attack was higher than that from other 
pr imary halides. This can be understood by consider­
ing that the isomer ratio is determined by the step of 
the attack on the intermediate oxonium ion;2) that is, 
the carbon bearing a harder ligand as the leaving 
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g r o u p ( R 2 0 i n R 3 0 + ) is m o r e a p t to b e a t t a c k e d b y 
a h a r d e r a t o m in a n a m b i d e n t ion , t h e O a t o m b e i n g 
h a r d e r t h a n t h e N a t o m in t h e a t t a c k i n g species of 
N 0 2 ~ or A g B r ( O N O ) - . A t p r e s e n t , t h e q u e s t i o n of 
w h i c h is t h e m o r e l ikely species m u s t b e left u n r e s o l v e d . 

E x p e r i m e n t a l 

The O/N ratios in mixtures of alkyl nitrites and nitro-
alkanes were determined by GLG. T h e GLG analyses 
were carried out on a Shimadzu 4 B M P F and a Yanagimoto 
G800-T apparatus, using EGSS-X (1 or 3 m) , Apiezon-L 
(1 m) , and SE-30(1 m) columns (carrier gases, N 2 and H 2 

respectively). The 1 H - N M R spectra (60 MHz) were re­
corded with a Var ian EM-360 and a Hitachi R-24 spectrom­
eter in CC14, using T M S as the internal s tandard. 

Materials. T h e diethyl ether (dried over Na ) , 1,2-
dichloroethane (over K 2 C 0 3 ) , and T H F (over K O H ) were 
used after distillation, while the other organic and inorganic 
substances were used without further purification. T h e œ-
alkoxyalkyl halides were prepared by a previously reported 
method.6) Authentic samples of alkyl nitrite were pre­
pared from the corresponding alcohols by a previously re­
ported method,7) while nitroalkanes and 4-ethoxybutyl 
isocyanide were separated from the reaction products by 
distillation and then analyzed. All the compounds except 
l(n—2), 2(n—2), hexyl nitrite, and 1-nitrohexane are new; 
their boiling points and X H-NMR and analytical da ta are 
summarized in Table 3. Although 2(n=2) could not be 
isolated in a pure state, the retention time in the GLG and 
the N M R spectrum support the assigned structure. 

Reaction of 4-Ethoxybutyl Bromide with AgNO^ A sus­
pension of AgN0 2 (1 .52 g, 10 mmol) and 4-ethoxybutyl 
bromide (1.82 g, 10 mmol) in diethyl ether or 1,2-dichloro-
e thane( lOml) containing tetralin (1.07 g) as an internal 
standard for GLG analysis was stirred a t 15—20 °G in the 
dark. At appropriate time intervals an aliquot was ana­
lyzed by GLG to determine the amounts of l ( w = 4 ) and 
2(w=4) produced (see Fig. 1). In order to isolate the pro­

ducts, a similar reaction was carried out without the addition 
of tetralin. After the precipitated AgBr had been filtered 
off, the filtrate was distilled to give a mixture of l ( w = 4 ) 
and 2 (w=4) . 

Reaction of 4-Ethoxybutyl Bromide with AgCN. A sus­
pension of 4-ethoxybutyl bromide (3.60 g, 20 mmol) and 
AgCN(2 .65g , 20 mmol) in 1,2-dichloroethane (10 ml) was 
kept at 80—85 °G for 24 h under stirring. After being cooled 
down to room temperature , an aqueous K G N solution was 
added, the separated oil layer was extracted with ether, 
and the ether extract was dried over M g S 0 4 . Subsequent 
distillation gave 1.53 g (60% yield) of 4-ethoxybutyl isocya­
nide. 
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Hydrolytic reactions of several />-nitrophenyl esters were studied with and without catalysts in reversed micel­
lar systems consisting of sodium octanoate, 1-hexanol and water. Hydrolytic rate constants become very large 
as compared with those in aqueous solutions, increasing with decrease in the molar ratio of water to sodium 
octanoate (i?-value). The results of kinetic measurements were discussed in terms of the behavior of water mol­
ecules and polar groups of sodium octanoate as revealed by means of IR and 1H, 13G and 23Na-NMR spectroscopy. 
It was concluded that the decrease in the i?-value induces the increase in the mobility of water molecules and 
the decrease in the polarity of the water core, which affects the partition coefficient of jfr-nitrophenyl esters between 
the 1-hexanol phase and the water phase, enhancing hydrolytic reactions. 

A number of works1) have been published concern­
ing the enhancement of reaction rates at the critical 
micellar concentration in normal micellar systems. 
Attention has also been paid to reversed micellar 
systems, in which several reactions are much acceler­
ated.2 - 4) Fendler et al.5) who extensively examined 
catalytic reactions in reversed micelles, pointed out 
that water molecules solubilized in polar cavities of 
reversed micellar systems are less polar than those 
in the bulk phase, and suggested that this is closely 
related to the catalytic effect. Thus , it is of interest 
to investigate the behavior of molecules involved in 
reversed micellar systems, especially the behavior of 
water molecules and sodium octanoate at the bound­
ary phase between the water core and the 1-hexanol 
phase. This does not seem to have been fully eluci­
dated in relation to the acceleration of chemical re­
actions in the systems. 

We have kinetically investigated hydrolytic reac­
tions of />-nitrophenyl esters in reversed micellar systems 
consisting of sodium octanoate, 1-hexanol and water, 
and also measured the catalytic activity of L-histidine 
and imidazole solubilized in the water core in the 
same system for hydrolysis of /?-nitrophenyl acetate. 
The behavior of water molecules in reversed micelles 
was studied by means of I R and 1 H - N M R spectro­
scopy, and that of the polar group of sodium octanoate, 
i.e., sodium ions and carbonyl groups, by 23Na and 
1 3G-NMR spectroscopy. Except for the movement 
of the methylene group in the case of Aerosol O T in 
chloroform,6) the behavior of polar groups of surfac­
tants has scarcely been studied. The results obtained 
in measurements of reaction rates were discussed in 
terms of the characteristic behavior of molecules, 
ions and polar groups present at the boundary phase 
between the water core and the 1-hexanol phase. 

Exper imenta l 

Materials. Sodium octanoate, 1-hexanol, jfr-nitro-
phenyl acetate (PNPA), L-histidine and imidazole (analy­
tical grade) were used without further purification, p-
Nitrophenyl octanoate (PNPO) and L-alanine />-nitrophenyl 
ester hydrochloride (APNP) were prepared by the condensa­
tion reaction between the corresponding acid and />-nitro-
phenol in tetrahydrofuran. Water was distilled and buffered 
with 0.03 M phosphate aqueous solution. 

Measurements of Reaction Rates. PNPA, PNPO, and 

APNP were used as substrate. The initial concentration 
of these esters in 1-hexanol was 5x lO~ 4 M. Reversed 
micelles were prepared by mixing three components, water 
(buffer solutions), 1-hexanol and sodium octanoate, and 
allowing them to stand at 30 °G for 24 h. 1-Hexanol solu­
tion of jfr-nitrophenyl ester was added to reversed micellar 
solutions, and the hydrolytic reaction rates of esters with 
and without catalyst were observed by measuring the ab­
sorption (OD£) of jfr-nitrophenolate ions (400 nm) at 30 °G 
as a function of time with a Hitachi EPS-3T spectrophotom­
eter. When the reaction was complete, the absorption 
(ODoo) was determined from the absorption vs. time curve 
after a sufficiently long time. The results were analyzed 
as first order kinetics by plotting (ODoo —ODt) in a loga­
rithmic scale against time t. The slope of the line afforded 
the rate constant K. When L-histidine or imidazole was 
used as a catalyst, the difference in rate constants between 
the catalytic and noncatalytic reactions both in reversed 
micelles divided by the concentration of the catalyst was 
taken as Kc. 

Spectroscopic Measurements. Infrared spectra were 
obtained with a Hitachi EPS-3G infrared spectrophotometer. 
The liquid cell used was equipped with GaF2 windows, the 
optical path length being 0.05 mm. 1H, 13G, and 23Na-
NMR spectra were measured with a JEOL JNM-PS FT-
NMR spectrometer operating at 100, 25 and 24 MHz, res­
pectively. Measurement conditions for 13G and 23Na-NMR: 
spectral width 6250 and 1000 Hz, repetition 10 and 2.5 s, 
data point 8192 and 4096, numbers of scans 256 and 200, 
respectively. UV spectra of pyridine 1-oxide were observed 
with a Hitachi spectrophotometer model EPS-3T l ing 
a thermostated cell. 

R e s u l t s and D i s c u s s i o n 

Hydrolytic Reactions of p-Nitrophenyl Esters in Reversed 
Micelles. Rate constants of hydrolysis of PNPA 
together with weight ratios of three components of 
reversed micellar systems and p H values of the phos­
phate buffer solution solubilized into the systems 
are given in Table 1. The results indicate that the 
rate constant increases with increase in p H . This 
tendency in reversed micellar systems is analogous 
to that in aqueous solutions. 

Rate constants of hydrolysis of PNPA, P N P O , and 
APNP in reversed micelles are given in Table 2. When 
the buffer solution of the same p H is used, the hydrolytic 
reaction of PNPA is much more accelerated in re­
versed micelles as compared with that in aqueous 
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TABLE 1. RATE CONSTANTS AND WEIGHT RATIOS OF THE 

T H R E E COMPONENTS OF REVERSED MICELLES 

Water 1-Hexanol Na Oct. pHa> KxlO* 
(min-1) 

2.5 
2.5 
2.5 
3.0 
3.0 
3.0 

6.5 
6.5 
6.5 
6.0 
6.0 
6.0 

1 
1 
1 
1 
1 
1 

7.7 
7.9 
8.0 
7.7 
7.9 
8.0 

10.3 
14.0 
14.5 
9.7 

13.0 
13.6 

a) Values of the phosphate buffer solutions solubilized 
into reversed micellar systems. 

TABLE 2. RATE CONSTANTS FOR />-NITROPHENYL ACETATE 

( P N P A ) , /F-NITROPHENYL OCTANOATE ( P N P O ) , AND 

L-ALANINE /»-NITROPHENYL ESTER HYDROCHLORIDE 

( A P N P ) IN AQUEOUS SOLUTIONS AND REVERSED MICELLES 

PNPAa> PNPAb> PNPOb> APNPb> APNPa> 

iCxlO3 (min-1) 
PH 

1.38 
7.9 

18.7 
7.9 

0.1 
7.9 

800 
6.5 

2.4 
6.5 

a) In aqueous solutions, b) In reversed micelles. Con­
centrations of water and sodium octanoate are 12.9 
and 1.38 M, respectively, in 1-hexanol (R=9.2). 

TABLE 3. THE CATALYTIC RATE CONSTANT OF 

L-HISTIDINE IN HYDROLYSIS OF />-NITROPHENYL 

ACETATE IN REVERSED MICELLES 

i?-value 

9.2 

13.9 
18.4 

iCxlO3 

(min-1) 

18.7 

16.7 
13.8 

[L -his] x 104 

(M)a) 

5.0 
20.0 
5.0 
5.0 

10.0 

(min-1 M-1) 

7.5 
7.3 
6.5 
3.3 
2.9 

a) The concentration of L-histidine in the water core 
of reversed micelles. Concentrations of water and Na 
Oct are, respectively, 12.9 and 1.38 M in 1-hexanol 
for R=9.2, 12.9 and 0.93 M for R=13.9, and 12.9 
and 0.69 M for R=\SA. 

solutions. The hydrolytic reaction of A P N P is re­
markably accelerated, while that of P N P O is very 
slow. The order of rate constants for three /?-nitro-
phenyl esters in the same reversed micellar systems 
(Table 2) is in line with the order of the solubility of 
these esters in water. The partition of the substrate 
between the water core and the 1-hexanol phase 
plays an important role in the acceleration of reaction. 
Ionic interaction between negative charges of sodium 
octanoate (carboxylate anion) and positive charges 
of L-alanine /?-nitrophenyl ester hydrochloride (am­
monium cation) is also an important factor in the 
prominent acceleration observed in the case of APNP. 
Judging from the fact that P N P O is hydrolyzed a 
little in spite of its very low solubility in water, the 
reaction is considered to take place at the boundary 
phase between the water core and the 1-hexanol phase. 

In order to know how the structure of the water 
core and its surroundings affects the hydrolytic re-

2 0 -

1 8 -

1 6 -

H -

\ 

o \ 

I I 1 .1 ._ 

\ o 

L_J L_J I 1 1 1 1 

10 15 20 
R value 

Fig. 1. Rate constant of hydrolysis of PNPA as a 
function of R-value ([HaO]/[Na Oct]). In all cases, 
water concentration is 12.9 M in 1-hexanol. 

action, the dependency of the rate constant of hydrolysis 
of PNPA on the molar ratio of water to sodium octa­
noate, # = [ H 2 0 ] / [ N a Oc t ] , was studied (Fig. 1). 
The rate constant increases linearly with decrease 
in R-value. An increase in the amount of sodium 
octanoate in the system seems to increase the amount 
of PNPA partitioned into the water core and its sur­
rounding layer of the surfactant, accelerating the hydro­
lytic reaction. Reduction of the molar ratio of water 
to sodium octanoate at the same concentration of 
water decreases the diameter of the water core in re­
versed micelles, increasing the total surface area of 
the core in the system. The increase in the surface 
area of the water core is considered to raise the hydro­
lytic reaction rate. 

Catalytic activities of L-histidine and imidazole 
added as a catalyst into the water core of reversed 
micelles were measured only in hydrolysis of PNPA. 
The results obtained for L-histidine are given in Table 
3. The catalytic rate constant, Kc, increases with 
decrease in R-value as in the case of hydrolysis without 
catalyst, giving a nearly constant value in the L-histi­
dine concentration range 5 X 10 - 4—20 X 10 - 4 M . In 
the case of / ?=9 .2 , the catalytic rate constant is 7.5 
m i n - 1 M - 1 , larger than the corresponding rate con­
stant (5.7 m i n - 1 M - 1 ) in aqueous solutions of the same 
p H values. In the case of R= 18.4, however, the value 
of Ke (3.3 m i n - 1 M - 1 ) is smaller than the catalytic 
rate constant (5.7 m i n - 1 M - 1 ) in aqueous solutions. 
Thus, the probability of the presence of L-histidine 
at the boundary phase between the water core and 
the 1-hexanol phase in the above two cases would differ. 
Imidazole, a very active catalyst to hydrolyze PNPA 
in aqueous solutions, shows no catalytic activity in 
hydrolysis of PNPA in reversed micelles. T h e results 
reveal that the catalytic activity is dependent on the 
probability of the presence of the catalyst at the bound­
ary phase in reversed micellar systems. In order to 
study the distribution of catalysts between 1-hexanol 
and water, partition coefficients, -^(G1_h e x/Ga q u), of 
imidazole and L-histidine were measured and found 
to be 0.92 and 0, respectively. The results indicate 
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TABLE 4. CHEMICAL SHIFTS OF PROTONS OF 1-HEXANOL 

AND H 2 0 , AND LINE WIDTH OF H A O PEAK 
4000 CTI"3Q00 

i?-value 

18.4 
13.6 
11.6 
10.3 
9.2a> 
9.2b> 

Chemical shift 

CH3-

1.24 
1.24 
1.25 
1.27 
1.28 
1.28 

-CH 2 -OH 

3.90 
3.90 
3.90 
3.90 
3.90 
3.90 

5.18 
5.20 
5.24 
5.24 
5.26 
5.27 

Line width of 
H 2 0 (Hz) 

6.61 
6.45 
6.31 
6.01 
4.95 
4.95 

a) Concentrations of water and sodium octanoate are 
12.9 and 1.38 M, respectively. b) Concentrations of 
water and sodium octanoate are 14.9 and 1.61 M, 
respectively. 

TABLE 5. RELATIVE INTENSITIES OF IR BANDS OF HOD 

AT THE THREE WAVELENGTHS 

i?-value 

18.4 
11.6 
9.2 

Wavelength (cm-1) < 

3400 

0.87 
0.88 
0.98 

3550 

1.0 
1.0 
1.0 

of HOD band 

3800 

0.06 
0.07 
0.10 

The intensity of the bond at 3550 cm - 1 was taken as 
a standard. 

that L-histidine molecules are concentrated at the 
boundary phase between the water core and the 1-
hexanol phase, but not imidazole molecules due to 
their higher solubility into 1-hexanol. T h e ionic 
force between negative charges at the boundary phase 
(carboxylate anions of sodium octanoate) and positive 
charges of L-histidine molecules (ammonium cations) 
increase the probability of the presence of L-histidine 
at the boundary phase between the water core and the 
1-hexanol phase. Thus, L-histidine molecules are 
concentrated at the boundary phase of reversed micelles 
due to their solubility and ionic force, so that L-his­
tidine shows catalytic activity, depending on its con­
centration relative to that of the surfactant. This 
would not apply to the case of imidazole since it has 
higher solubility into 1-hexanol, but no positive charges. 

The Structure and Behavior of Water Molecules and 
Polar Groups of Sodium Octanoate. In order to 
understand the role of the water molecule in reversed 
micelles in the hydrolytic reaction, their mobility and 
chemical environment were studied by means of 1 H -
N M R for different values of R. The results are given 
in Table 4. The resonance peak of the water proton 
moves to a lower field, the line width of the water 
proton peak decreasing with decrease in R-value. 
For a given /?-value, however, the line width does 
not change with the change in the molar ratio of water 
to 1-hexanol. T h e chemical shifts of G-l methylene 
protons ( - C H 2 - O H ) and methyl protons of 1-hexanol 
do not vary appreciably with Ä-value. This indicates 
possible structural changes in water cores of reversed 
micelles with change in Ä-value. The decrease in the 
line width of the water proton peak, i.e., the increase 
in the mobility of water molecules in reversed micelles 

R=18.A 

R=U6 

R=9.2 

Fig. 2. Infrared spectra of HOD in reversed micelles. 
These spectra were taken as difference spectra between 
octanoic acid in 1-hexanol (reference cell) and reversed 
micellar solutions (sample cell). 

with lowering in Ä-value seems unreasonable, since 
the size of the water core is considered to become 
smaller and consequently the relative amount of free 
water molecules seems to decrease with the decrease 
in i?-value. For the sake of clarification, infrared 
spectrum due to the water molecule was taken. All the 
measurements were made on the uncoupled O H 
stretching vibration of H O D by using the solution of 
5.5 M in D 2 0. 7 ) The advantage of this approach 
lies in the fact that each species of water molecules 
gives a single, nearly gaussian absorption band. The 
results are shown in Fig. 2. From the absorption 
band due to the water molecule dispersed in pure 
1-hexanol, the band at 3800 c m - 1 is assigned to the 
water molecule dispersed in 1-hexanol. The band 
at 3400 c m - 1 is assigned to the usual mobile (free) 
water by comparing the I R spectrum of pure water. 
Thus , the absorption band observed at 3550 c m - 1 

is due to the water molecule bound to the polar head 
group of the surfactant. T h e relative intensities of 
three bands, intensity of the band at 3550 c m - 1 being 
taken as the standard, are given in Table 5. The 
relative intensity of the band at 3400 cm - 1 , which 
is a measure of the mobile water molecule, increases with 
decrease in R-value. This is in line with the fact that 
the line width of the water proton peak decreases 
with decrease in R-value, as obtained by 1 H - N M R 
measurements. 

The resonance peak of the water proton moves to 
a lower field with decrease in Ä-value, indicates that 
the property of the water molecule changes with 
R-value. Pyridine 1-oxide is a water soluble com­
pound, the absorption maxima of which are correlated 
with Z values in several solvents.8) The polarity of 
the water core of reversed micelles, measured by the 
absorption band shift of pyridine 1-oxide solubilized 
into reversed micelles (Fig. 3), depends on the ratio 
of water to sodium octanoate, i.e., the polarity of the 
water core decreases with decrease in R-value. 

In order to study the behavior of the entities at the 
boundary phase between the water core and the 1-
hexanol phase, the mobility of the carbonyl carbon 
and the sodium ion of sodium octanoate was examined 
by means of 13G and 2 3 Na-NMR, respectively. Fig­
ure 4 shows the 2 3 Na-NMR spectrum of sodium 
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TABLE 6. CHEMICAL SHIFTS AND LINE WIDTHS OF THE 

CARBONYL CARBON AND SODIUM OF SODIUM OCTANOATE 

R-value 
Fig. 3. Plots of absorption maxima due to pyridine 

1-oxide against R-value. The absorption maxima 
due to pyridine 1 -oxide in water, methanol and ethanol 
are 255.4, 263.3 and 265.1 nm, respectively. 

Na+ion of Nad aqueous solution 

Ab**H 

Fig. 4. 23Na-NMR spectra of sodium octanoate in 
reversed micellar systems. 

octanoate in reversed micellar system. The aqueous 
solution of sodium chloride was taken as an external 
standard, and the chemical shift of the peak due to 
the sodium ions in reversed micelles from the stan­
dard peak was evaluated. By using the pulse and 
Fourier transform technique, it has become possible 
to separate the resonance peak of the sodium ion in 
reversed micelles from that of the external standard. 
The chemical shifts and the line widths of the resonance 
peaks due to the carbonyl carbon and the sodium 
ion of sodium octanoate as a function of R-value are 
summarized in Table 6. When R is large (for instance 
R=\8A), the line width of the water proton peak 
in the 1 H - N M R spectrum (Table 4) reveals that the 
bound water molecules are rich. The line width 
and the chemical shift of the sodium ion in the 23Na-
N M R spectrum indicate that the mobility of the sodium 
ion in reversed micelles is high and the physicochemical 
environment of the sodium ion resembles that of a 
sodium ion in aqueous solutions (i.e., the sodium 
ion is fully dissociated). When R is small (for in­
stance R=9.2), water molecules are rather mobile, 
and the mobility of the sodium ion is low, so that the 
physicochemical environment of the sodium ion is 
different from that in aqueous solutions. Thus the 
increase in the mobility of water molecules with 

13C-NMRa> 23Na-NMRb> 

i?-value 
Chemical 

shift 
(ppm) 

Line width 

(Hz) 

Chemical 
shift 
(ppm) 

Line width 

(Hz) 

18.4 
11.6 
9.2 

183.4 
183.1 
182.6 

38.4 
39.7 
42.7 

2.08 
2.79 
2.97 

5.4 
7.3 
9.8 

a) Expressed in ppm using TMS as an external 
standard. b) Expressed in ppm using an aqueous 
solution of sodium chloride as an external standard. 

decreasing R-value results from the decrease in the 
amount of hydrated sodium ions in the water core. 
The degree of dissociation of sodium ions of sodium 
octanoate becomes higher as Ä-value increases, and the 
amount of the water molecule hydrated by the sodium 
ion released from sodium octanoate increases with in­
crease in R-value. Such a situation is also reflected in 
the results of 1 3 G-NMR spectra. The line width of 
the resonance peak of the carbonyl carbon of the sur­
factant decreases and the peak position is shifted to a 
lower field as R increases. The increase in the mobility 
and the down field shift of the carbonyl carbon signal 
are caused by the sodium ion released from sodium 
octanoate as R increases. Namely, the carbonyl 
group of the octanoate anion can move more freely 
and the electron density of the carbonyl group of the 
octanoate anion decreases by releasing the sodium 
ion from sodium octanoate. 

In aqueous micellar systems9) and surfactant aggre­
gate systems in organic solvents10) the exchange be­
tween monomers and surfactant micelles is thought to 
be relatively fast. However, the exchange in reversed 
micellar systems containing water molecules has not 
been clarified. The aggregation number in this system 
has not been measured, but from the results shown above 
and the fact that sodium octanoate is hardly soluble 
in 1-hexanol, the equilibrium constant K ( -K=[Sm] / 
[S] m , where Sm , S, and m are the concentration of 
micelles, the concentration of surfactants and the 
aggregation number, respectively) seems to be relatively 
large. 

Relationship between Hydrolytic Activity and the Struc­
ture of Reversed Micelles. Acceleration of the hydro­
lytic reaction caused by decrease in R may be explained 
as follows. The substrate becomes more soluble when 
the mobility of water molecules increases and the 
polarity of water cores decreases. The amount of 
substrate transferred from the 1-hexanol phase to the 
water core then increases. Hence, the hydrolysis 
is enhanced. The results of 23Na and 1 3 G-NMR 
indicate that polar head groups of surfactants aggre­
gate more tightly for a smaller R-value. Thus, the 
water core seems smaller for a smaller Ä-value, but 
this has not been confirmed by light scattering. The 
decrease in the diameter of the water core in reversed 
micelles gives rise to an increase in the specific surface 
area of reversed micelles, enhancing the rate of hydro­
lytic reaction. It was found that L-histidine is active, 
but not imidazole as a catalyst of hydrolysis of PNPA. 
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L-Histidine molecules are considered to be located 
at the boundary phase between the water core and the 
1-hexanol phase through the ionic force between 
positive charges of the ammonium ion of L-histidine 
and negative charges of sodium octanoate and its 
low solubility in 1-hexanol. However, this does 
not apply to imidazole, since it has high solubility 
in 1-hexanol but no positive charge. Thus , L-his­
tidine molecules can act as a catalyst of hydrolysis 
at the boundary phase of reversed micelles, but not 
imidazole molecules transferred from the water core 
to 1-hexanol phase. Hydrolytic reaction is remarkably 
enhanced when A P N P is used as a substrate. The 
concentration of A P N P at the boundary phase due to 
the ionic interaction and its high solubility in the 
water core may enhance the hydrolytic reaction. I t 
is important for the reaction in reversed micellar 
systems to concentrate the catalyst or substrates at 
the boundary phase between the water core and the 
1-hexanol phase. 

W e thank Prof. Hiroshi Watar i for his interest in 
this work and Dr. Tetsurou Asakura for his valuable 

discussions. 
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Solvent Assisted Oxy-Cope Rearrangement of Diastereomeric 1,5-Hexadien-
3-ols. A New Industrial Process for Polyprenyl Ketones 
Yoshiji FUJITA,* Shigetoshi AMIYA, Takashi ONISHI , and Takashi NISHIDA 

Central Research Laboratories, Kuraray Co. Ltd., Sakazu, Kurashiki, Okayama 710 
(Received September 20, 1978) 

Oxy-Cope rearrangement of diastereomeric l,5-hexadien-3-ols, new key intermediates for terpenoids pio-
duction in industrial scale, were investigated in neat systems and solvent assisted systems. Various solvents af­
fecting the selectivity of [3,3]-shift were classified by means of NMR studies on hydroxyl proton exchange time. 

The carbon-carbon elongation reactions based on 
[3,3]-sigmatropic rearrangement, such as the Carroll 
reaction1) as well as Saucy-Marbet method2) (C-3 
extension) or Thomas3) and Faulkner-Petersen4) meth­
ods (G-5 extension), proceed after the loss of eliminat­
ing groups (e.g. C 0 2 , R O H ) which decrease the ef­
ficiency of chain extenders particularly in lower mole­
cules. Recently, mesityl oxide has been utilized in 
full as a C-6 chain extender via synthetically equivalent 
transpositions of Cope5 '6) and oxy-Cope7) reactions. 

Synthetic utility of oxy-Cope rearrangement is con­
siderably reduced owing to the ß-hydroxyolefin cleavage 
reaction. In order to avoid the cleavage, several mod­
ifications such as siloxy-Cope processes8) or anionic 
processes9) have been developed. O n the other hand, 
no attention has been paid to solvent effects in oxy-
Cope processes although such effects have been studied 
in the case of other [3,3]-sigmatropic rearrangement.10) 
A report was given on a convenient solvent assisted 
method to increase the selectivity of [3,3]-shift of some 
l,5-hexadien-3-ol systems.7'11) We have further elabo­
rated this method by comparing the behavior of dia­
stereomeric dienols (2 and 8), and various solvents 
affecting the selectivity of this reaction were classified 
by means of N M R studies on hydroxy proton exchange 
time. A new process for polyprenyl ketones (3) useful 
for squalane and isophytol, which may be manufac­
tured in the near future together with pseudoionone 
from intermediates 6 and 7 via acetylenic oxy-Cope 
reaction,12) is presented in this paper. 

H\XAP - H ^viA 

/[3,3]-Shift 

\ 
Cleavage 

0 Ù H H 

1 a, n=1 2a,n=1 
b, n=2 b,n=2 

-A. H I* A yL A y ^ v A b!n=2 
^ " V ^ j j ^ ^ / ^ ^ 0 

-* H ^ M > A + /V 
4a,n=1 

b,n=2 

R e s u l t s and D i s c u s s i o n 

Preparation of Diastereomeric 1,5-Hexadien-3-ols and 
Siloxy Compound. The condensation reaction of 

prenyl or geranyl chloride with mesityl oxide gave 
the desired ketone (1) together with a,ß-unsaturated 
isomer (5).13'14) Reaction of 1 with vinylmagnesium 
bromide in tetrahydrofuran and subsequent hydrolysis 
afforded the only product 2 in ca. 8 0 % yield. Dia-
stereomer 2 is also obtainable by partial hydrogénation 
of the stoichiometric sodium acetylide ethynylation 
product of 1 [ l /5/6/7=5/15/78/2].1 3) 

Semicatalytic potassium hydroxide ethynylation of 
1 or 5 in liquid ammonia under pressure gave two 
diastereomeric alcohols in the composition 1/5/6/7= 
6/16/45/33. However, fractional distillation and silica 
gel column chromatography were ineffective for the 
separation of 6 and 7. After partial hydrogénation of 
the mixture, careful fractional distillation gave pure 
dienol 8a (50 g) from 1500 g of 2a /8a=55 /45 . 

5 a , n = 1 
b,n=2 

7a,n=1 
b.n=2 

8a,n=1 
b,n=2 

OSi(CH3)3 

2a-0TMS 

Treatment of 2a with dry pyridine/trimethyichloro-
silane in ether gave 2 a - O T M S ( O T M S = trimethyl-
siloxy) in 7 8 % yield. 

Thermolysis of 2, 8a, and 2a-0 TMS. Thermolysis 
of 2a in the temperature range 160—190 °C in neat 
system gave 3a (£ /Z=59 .5 /40 .5 ; 170 °G) in approx­
imately 5 5 % yield, along with cleavage products (4a, 
methyl vinyl ketone, and polymer). Below this temper­
ature range, the reaction was too slow for synthesis 
and above it the cleavage reaction occurred predomi­
nantly. The selectivity of [3,3]-shift decreased to a 
small extent with progress of the reaction (Fig. 3). 
The result of thermolysis of 2 b is similar to that of 2a. 
However, dienol 8a, in comparison to its diastereomer 
2a, shows interesting behavior: No appreciable dif­
ference in yield of 3a was observed, but the ratio of 
stereoisomer of 3a inclined to the is-form ( i ? /Z= 65.8/ 
34.2; 170 °C).15) The reaction of 8a occurred slightly 
faster than 2a [£=0.404 and 0.858 s"1 at 170 and 
180 °C, respectively]. 
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TABLE 1. RESULTS OF THERMOLYSES OF 2, 8a, AND 2a-OTMS 

Compound Reaction 
temp (°G) 

E/Z ratio 
of 3a) (s-1) (kcal/mol) 

log A 

2a 

2a/NMP=l/l c> 

2b/NMP=l / l c ) 

8a/NMP=l/l c> 

2a-OTMS 

a) E/Z ratio of 3 f 

160 
170 
180 
190 

160 
170 
180 
190 

170 
180 
190 
200 

170 
180 
190 

150 
160 
170 
180 
190 

rom 2a L-OTMS 

60.0/40.0 
59.5/40.5 
58.9/41.1 
58.4/41.6 

66.8/33.2 
66.5/33.5 
66.3/33.7 
66.0/34.0 

66.2/33.8 
66.0/34.0 

65.6/34.4 

60.1/39.9 
61.7/38.3 
62.6/37.4 

64.0/36.0 
63.8/36.2 
63.5/36.5 
63.2/36.8 
63.0/37.0 

0.107 
0.241 
0.476 
1.060 

0.192 
0.431 
0.874 
1.740 

0.494 
1.155 
2.196 
5.449 

0.470 
1.092 
2.022 

0.120 
0.319 
0.676 
1.441 
3.026 

was obtained by G G analyses after the '. 

30.34+1.78 

29.45 + 0.55 

32.59 + 2.53 

30.86 + 2.38 

lydrolysis of 9. 1 

14.35 + 0.87 

14.16 + 0.27 

15.78+1.21 

15.06+1.18 

D) First order rate 
constant [disappearance of 2, 8a, 2a-OTMS]. c) By weight. 

1 2 3 4 
NMP/2a or 8a (by weight) 

Fig. 1. Solvent effect on oxy-Gope rearrangement of 
2a and 8a (180 °C) A : Selectivity of 3a. O : E-
isomer of 3a from 2a. # : ^-isomer of 3a from 8a. 

The siloxy-Cope rearrangement of 2 a - O T M S af­
forded 9 in ca. 9 7 % yield, with a little rate acceleration 
owing to its steric factor. Hydrolysis of 9 with 1M-
hydrochloric acid at 0 °C yielded 3a quantitatively 
as a mixture of E/Z=63/37. 

/C'vk/\A Si(CH3)3 9 

Ozonolysis of 3a gave mainly 4-methyl-3-pentenal 
and 2,6-heptanedione, and hydrogénation of 3a with 
Pd/G afforded 6,10-dimethyl-2-undecanone. 

Fig. 2. 

1 2 3 
NMP/8a (by weight) 

Rate acceleration of 8a by NMP (170 °C). 

Solvent Assisted Oxy-Cope Rearrangement of 2 and 8a. 
Increase of the selectivity of [3,3]-shift without trouble­
some and costly handling is our essential problem. 
In this respect, the solvent assisted modification seems 
to be suitable for large scale production. 

The use of 7V-methyl-2-pyrrolidone (NMP) as a 
solvent in various amounts, as shown in Fig. 1, increased 
the yield of 3a to 80 % with the amount of the is-isomer 
increasing from 59 to 71 % in the case of 2a, while 
with 8a it decreased from 66 to 5 8 % . A small ac­
celeration in rate was observed (Fig. 2). Further 
addition of N M P , even as much as fifty-fold, caused 
neither increase in yield, variation in the EjZ ratio, 
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Fig. 3. Effect of the addition of w-decyl alcohol on 
selectivity of 3a from 2a (180 °G). # : Conversion of 
2a. O : Selectivity of 3a; (A) NMP/2a=2/ l . (B) 
NMP/2a/w-C10H21OH=2/l/1.5. (G) NMP/2a/w-
C10H21OH=2/1/1. (D) NMP/2a=0 by weight. 

or acceleration in rate. The decrease in the selectivity 
of the [3,3]-shift during the reaction observed in the 
neat system [initial stage 6 2 % , end of reaction 53%] 
was not observed upon addition of N M P . This solvent 
effect was considerably reduced by the addition of 
primary alcohols (e.g. 1-decanol, ethylene glycol), even 
though there was no effect on the selectivity of [3,3]-
shift in the neat system (Fig. 3). 

A similar result was obtained by using e-caprolactam 
(or 2-pyrrolidone) instead of N M P with some difference 
in the reaction rate and selectivity of [3,3]-shift. How­
ever, under the reaction conditions, e-caprolactam re­
acted with methyl vinyl ketone derived from cleavage 
reaction to yield 7V-(3-oxobutyl)-£-caprolactam which 
showed similar activity to that of e-caprolactam. 

CTN 

Other solvents such as glycerol, triphenylamine, 
decane, diethylene glycol diethyl ether17) etc., were inef­
fective for increasing the yield of 3 (Table 2). In 
the case of hydrocarbon solvent, EjZ ratio of 3 changed 
to 54/46. Solvents such as istain and benzotriazole 
were effective contrariwise for cleavage reaction. 

Classification of Solvents Affecting the Selectivity of [5,5]-
Shift: NMR-studies on Proton Exchange Time. The 
fact that the effect changes with the amount of solvent 
and diminishes considerably by the addition of pr imary 
alcohols indicates that there is interaction between 
solvent and hydroxy proton. We have studied the 
effect of solvent on hydroxy proton exchange by N M R 
wherein 10 mg of solvent was added to 0.5 ml of a 
solution of 2 in d imethyl -^ sulfoxide (DMSO-rf6) of 
purity higher than 99 .5% and containing water as a 

0.1 
T" 

0.5 

Go" Nw 
C6H5NHCOCH3" —±yj j 

rOH 

- (C6H5)3N 

-\ 1 I 1" I I I M I 

1 5 10 
-T 

100 

Fig. 4. Solvent effects on hydroxy proton exchange 
time of 2a. O : At 30 °G. # : At 100 °G. 

contaminant. 
In calculating the proton exchange time (the time 

of exchange between the hydroxy proton of 2 and 
water in DMSCW 6 ) , the line shape [g(v)] of the N M R 
spectrum, chemical shift being taken into account, is 
theoretically a function of vA, vB, rA, and rB, where 
A is the change site on 2, B is the exchange site on 
water; rA and rB are the times during which the protons 
are detained at each site, and vA and vB represent the 
chemical shifts. Assuming that T A = T B = 2 T and that 
the line width has no broadening throughout the process 
except for the change, we get the following Bloch-
equation.18) 

g{v) = K 
t(vA-vBy 

[ l / 2 ^ A - ^ B ) - ^ ] 2 + 47r2r2(^A-^)2(^B-^)2 

/
oo 

g(v)dv 

The equation was solved approximately with the as­
sumption that proton exchange occurs mainly between 
the hydroxyl proton of 2 and water in DMSCW 6 . 
The line shape was calculated with y A = ^ B = 9 0 Hz 
and on varying the value of 2nr(vA—vB) from 100 to 
0.1. The proton exchange time can be obtained by 
comparing the values obtained by calculation with 
measured line shape values. By comparing the results 
of thermolysis of 2 in neat system and solvent assisted 
system (Table 2), solvents effective for [3,3]-shift can 
be defined to be those for which proton exchange time 
is not less than 10 - 1 s at 30 °C and not less than 10 - 2 s 
at 100 °G. Figure 4 shows some results in which the 
logarithm of the value of 2TZT(VA—VB) is horizontally 
plotted and the logarithm value of signal height based 
100 with 2TZT(VA—VB) = \00 is vertically plotted to give 
the curve. The relative value of the measured line 
shape, based on the height of hydroxyl proton of 2a 
in the presence of 2-pyrrolidone, is plotted on the 
curve. Solvent plotted on the right of the center line 
of Fig. 4 would be effective for increasing the selectivity 
of [3,3]-shift. O n the contrary, solvent plotted on 
the left would decrease [3,3]-shift. Benzotriazole plot­
ted near the center at 100 °G can not be a favorable 
solvent for [3,3]-shift in consideration of the fact that 
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TABLE 2. SOLVENT EFFECT ON OXY-GOPE REARRANGEMENT AND ON HYDROXYL PROTON EXCHANGE TIME 

Compound 

%x 

2 b 

8a 

10 

11 

12 

Solvents 
/2 or 8 

(by weight) 

None 

Glycerol (1.0) 

Triphenylamine (1.0) 

Decane (2.0) 

Acetanilide (1.0) 

Diethylene glycol 
diethyl ether (2.0) 

Benzotriazole (1.0) 

Isatin (1.0) 

N M P (1.0) 

2-Pyrrolidone (2.0) 

e-Caprolactam (1.0) 

iV-(3-Oxobutyl)-
e-caprolactam (1.0) 

3-Pyridinol (1.0) 

Benzimidazole (1.0) 

None 

3-Pyridinol (1.0) 

N M P (1.0) 

None 

N M P (2.0) 

None 

N M P (2.0) 

None 

N M P (2.0) 

None 

N M P (2.0) 

React ion 
conditions51) 

Ac> 

B 

G 

B 

G 

Ac> 

G 

G 

Ac> 

A 

Ac> 

Ac> 

G 

G 

A c ) 

G 

Ac> 

A 

A 

A 

Ac> 

A 

Ac> 

A 

Ac> 

Conversion 
of 

2 or 8 ; % b ) 

84 

87 

40 

89 

51 

90 

78 

58 

98 

96 

95 

92 

40 

45 

87 

46 

100 

87 

100 

90 

100 

92 

100 

90 

100 

55 

52 

53 

51 

55 

55 

12 

8 

79 

77 

77 

76 

70 

70 

60 

71 

82 

57 

79 

58 

83 

51 

78 

54 

78 

Selectivity 
of 3 ; %b> 

[E/Z of 3] 

[58 .9 /41 .1] 

[44/46] 

[59/41] 

[66/34] 

[66 .5 /33 .5] 

[59/41] 

[66/34] 

[66/34] 

[59/41] 

[73 .5 /26 .5] 

[70/30] 

[60/40] 

[73 .6 /26 .4] 

Proton exchange time T0(S) 

at 30 °G 

1 . 3 X 1 0 - 1 

2 . 4 X 1 0 - 1 

1 . 3 x l 0 - a 

4 . 2 x l 0 - 3 

> 4 . 0 x l 0 l 

3 . 6 X 1 0 - 1 

> 4 . 0 x l 0 - x 

> 4 . 0 x l 0 ~ 1 

1 . 8 X 1 0 - 1 

1 . 9 X 1 0 - 1 

2 . 3 X 1 0 - 1 

4 - O x l O - 1 

> 4 . 0 x l 0 - 1 

3 . 6 X 1 0 - 1 

1 .9X10- 1 

at 100 °G 

2 . 4 x l 0 - 2 

1 . 3 x l 0 - 2 

> 7 . 0 x l 0 - 3 

< 5 . 2 x l 0 4 

1 .8X10- 1 

8 . 8 x 1 0 - 2 

1 . 9 X 1 0 - 1 

1 .8X10- 1 

3 . 8 x 1 0 - 2 

7 . 4 x 1 0 - 2 

8 . 8 x 1 0 2 

4 . 5 x 1 0 - 2 

4 . 9 x l 0 - 2 

6 . 6 x 1 0 - 2 

6 . 2 x l 0 - 2 

a) A; 180 °G for 4 h. B; 175 °G for 6 h. G; 170 °G 
on Ghromosorb W (AW) or Silicone DC-550 10% on 
confirmed by isolation in large scale experiments (50— 

the reaction temperature is above 160 °G. Solvent 
in which the hydroxyl proton exchange time largely 
depends upon temperature, such as acetanilide or 
triphenylamine, would not be preferable for [3,3]-shift. 
This classification is applicable to the other systems 
10—12.7> 

for 2 h. b) Determined 
Ghromosorb W (AW). 

-500 g). 

by GC analyses: PEG-20 M 10% 
c) Results of G G analyses were 

10,R=p-CH3C6H4CH2-
x y 11,R=furfuryi 

/ | N ^ 12,R=2-thenyl 

Despite the difference in the conditions between 
N M R measurement and oxy-Gope reaction, it might 
be postulated that the added solvents effective for 
increasing the selectivity of [3,3]-shift fix the hydroxyl 
proton, slowing down the rate of proton exchange. 

Synthetic utility of the process was confirmed by 
large scale production (semi-commercial) of geranyl-
acetone (3a), and application to other naturally 
occurring compounds is under investigation in our 
laboratory. 

Exper imenta l 

Boiling points are uncorrected. Infrared spectra were 
determined on a JASCO (DG-403G) spectrometer. NMR 

spectra were taken with a Varian Associate HA-100 or Varian 
Model A-60 spectrometer and MS with a Finnigan 9500 
instrument. GC analyses were made with a Shimadzu GC-
4A using 3 mm X 300 cm column. Separation of the reac­
tion products was made with a Shimadzu GC-5A using 7 mm 
X200 cm column of 10% Silicone DC-550 or 10% PEG-20M 
on Chromosorb W (AW). Rectification of the reaction 
products was carried out with a Shibata Automatic Packing 
Column, Model HPC-A-1500-B having 70 theoretical plates. 
Oxy-Gope rearrangements were carried out in nitrogen 
atmosphere. 

(3S) -4-hopropenyl-3,7-dimethyl-1,6-octadien-3-ol (2a). The 
compound was obtained according to the method reported 
previously1113) by the reaction of la (1 mol) with vinyl-
magnesium bromide (1.2 mol) in THF (1.5 1) at 40 °G for 
3 h (yield 79%): bp 60—63 °C/0.5 mmHg. 

(3S) -4-hopropenyl-3,7,71-trimethyl-1,6,10-dodecatrien-3-ol (2b). 
The compound was obtained by the same procedure 
described above, from 2b (0.5 mol) and vinylmagnesium 
bromide (0.6 mol) : yield 8 1 % ; bp 104—106 °G 0.3 mmHg 
(JE-form). IR (neat) 3480, 1640, 1450, 1375, 920, and 
895 cm-1. NMR (CG14) Ô 1.15 (s, CH3, 3H), 1.54, 1.62, 
1.67 (s, GH3, 12H), ca. 1.92—2.30 (m, CH2GH and CH2GH2, 
7H), ca. 4.75—5.10 (m, CH and GH2, 4H), 5.00(dd, CH, 
1H, J = 2 , 10 Hz), 5.18 (dd, GH, 1H, 7 = 2 , 18 Hz), and 
5.90 (dd, CH, 1H, J = 1 0 , 18 Hz). MS (70 eV) m/e (rel 
intensity) 262 (M+, 1.6), 244 (6.1), 191 (9.4), 149 (11.7), 
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123 (55.3), 81(41.5), and 71 (100). 
Found: C, 82.62; H , 11.58%. Galcd for G 1 8 H 3 0 O: C, 

82.38; H, 11.52%. 

4-Isopropenyl-3,8-dimethyl-6-octen-1-yn-3-ol (6a). Acety­
lene gas was bubbled into a solution of sodium metal 
(69 g; 3 mol) in liquid ammonia (31) until the reaction 
mixture turned grey. Introduction of acetylene was then 
suspended and 517 g (3.1 mol) of l a was added over a period 
of 30 min. T h e reaction was continued for 3 h, acetylene 
being bubbled through the reaction system maintained at 
— 33 °G. After removal of ammonia , the residue was neu­
tralized with ammonium chloride, water was added, and 
then the mixture was extracted with ether. Distillation 
gave 519 g of a mixture of l a / 5 a / 6 a / 7 a = 5/15/78/2 [analyzed 
by G G ; PEG-20M, 160 °C], which was purified by careful 
fractional distillation to afford a mixture of 5 a / 6 a / 7 a = 
4/94/2. Pure 6a was obtained by silica gel column chromato­
graphy (G 6H 6 /w-G 6H 1 4=4/6; 6 a / 7 a = 9 7 / 3 ) or preparative 
GG [PEG-20M, 170 ° C ] : bp 59—61 °G/0.5 mmHg.1 3) 

4-hopropenyl-3,7,7 1 -trimethyl-6,10-dodecadien-1 -yn-3-ol (6b). 
The compound was obtained as a mixture of l b / 5 b / 6 b / 7 b = 
10/30/57/3 by the same procedure as described above, except 
for the use of l b (0.5 mol) in 500 ml of ether solution. Separa­
tion of 6b by preparative GG [PEG-20M, 210 °G] was un­
successful owing to the accompaniment of acetylenic oxy-
Gope rearrangement. Pure 6b was obtained by silica gel 
column chromatography (C6H6 /w-C6H1 4=4/6) : bp 120— 
125 °G/0.3 m m H g (6a/7a=95/5).1 3> 

General Procedure for Partial Hydrogénation. Hydrogen 
was bubbled into a mixture of l a /5a /6a /7a=5/15 /78 /2 
(300 g) in hexane (900 ml) , in the presence of 5 g of 2 % 
Pd Lindlar catalyst at 35—40 °G for 7 h. After checking 
the completion of reaction by GG [PEG-20M, 160 °G], 
the catalyst was filtered and mother liquid evaporated under 
reduced pressure. Distillation gave 294 g of a mixture of 
la /5a /2a /8a=6/14/78 /2 . 

(3K) -4-Isopropeny 1-3,7-dimethyl- 7 ß-octadien-3-ol (8a). 
In a 5 1 autoclave, 335 g (2 mol) of l a was added to liquid 
ammonia (3.3 1) in contact with 20 w t % of aqueous K O H 
(45 g; 0.16 mol) as a catalyst, acetylene gas (ca. 260 g) being 
introduced with stirring at —33 °G. T h e reaction temper­
ature was raised to 5 °G, stirring being continued for 32 h. 
T h e reaction mixture was cooled to — 33 °G and neutra­
lized with ammonium chloride. After removal of ammonia , 
water was added, and the mixture was extracted with ether. 
Distillation gave 319 g of a mixture of l a / 5 a / 6 a / 7 a = 6 / 1 6 / 
45/33: bp 59—63 °G/0.5 m m H g . Pure 7a was obtained 
only by preparative GG.13) After partial hydrogénation 
of the mixture (315 g) by the same method as described 
above, distillation [bp 82—91 °G/1.5—2 m m H g ] afforded 
310 g of a mixture of l a / 5 a / 2 a / 8 a = 7/15/44/34. Careful 
rectification of 1500 g of a mixture [bottom temp, 128— 
134 °G; top temp, 94—95 °G; pess., 4 m m H g ; reflux ratio = 
25] afforded 52 g of pure 8a. I R (neat) 3480, 1639, 1450, 
1375, 1110, 1000, 922, and 897 cm- 1 . N M R (GG14) Ô 
1.18 (s, GH3 , 3H) , 1.55, 1.60, 1.63 (s, GH 3 , 9H) , ca. 2.02— 
2.17 (m, GH 2 GH, 3H) , ca. 4.73—5.00 (m, G H and GH 2 , 
3H) , 5.00 (dd, GH, 1H, J = 2 , 1 0 H z ) , 5.15 (dd, GH, 1H, 
J = 2 , 18 Hz) , and 5.98 (dd, GH, 1H, 7 = 1 0 , 18 Hz) . M S 
fragmentation pat tern of 8a was analogous to that of 2a. 

Found: G, 80.07; H , 11.18%. Galcd for G 1 3 H 2 2 0 : G, 
80.35; H, 11 .41%. 

(3R)-4-Isopropenyl-3,7,11 -trimethyl-1,6,10-dodecatrien-3-ol(8b). 
The compound was obtained as a mixture of lb /5b /2b /8b 
= 8/18/42/32 by the same procedure as described above. 
Separation and purification of 8b by preparative GG [PEG-
20 M, 210 °G] or by fractional distillation was unsuccessful 

owing to the occurrence of oxy-Gope rearrangement . 
3- Trimethylsiloxy-4-isopropenyl-3,7 - dimethyl -1,6- octadiene (2a-

OTMS). T h e compound was obtained according to 
the method reported previously1113) by the reaction of 2a 
(58.2 g; 0.3 mol) with dry pyridine (28.4 g; 0.36 mol)/ 
trimethylchlorosilane (38.9 g ; 0.36 mol) in ether (200 ml) 
at 35 °G for 4 h ; yield 7 8 % ; bp 68—70 °G/0.5 m m H g . 

6,-1ODimethy1-6,9-undecadien-2-one (3a). General Procedure of 
Oxy-Cope Rearrangement in Neat System. 800 g of 2a (purity 
93%) was placed in a 1 litre 3-necked flask and heated 
to 185—187 °G for 4 h in nitrogen atmosphere. T h e reac­
tion mixture was cooled and distilled in vacuo to remove 
305 g of a mixture of 2,6-dimethyl-2,5-heptadiene (4a)/ 
methyl vinyl ketone, and 47 g of 5a (impurity in the starting 
material , as the low-boiling fraction). As a higher boiling 
product [bp 77—79 °G/0.5 m m H g ] , 394 g (53%) of 3a was 
obtained. GG analysis of 3 a [Silicone DG-550, 160 °G] 
showed two peaks (11.5 and 13.0 min) in the ratio 41.1 : 
58.9. Separation of these compounds by fractional distil­
lation [bottom temp, 143—147 °G; top temp, 77—83 °G; 
press., 0.3 m m H g ; reflux ratio = 3 0 ] and spectral analyses 
showed that the former peak is Z-isomer and the latter E-
isomer. l l b) 

6,10,14- Trimethyl-6,9,13-pentadecatrien-2-one (3b). T h e 
compound was obtained by the same procedure described 
above in 5 2 % yield (180 °G for 3.5 h) : bp 123—128 °G/ 
0.1 m m H g {E/Z= 57.5/42.5). I R (neat) 1715, 1672, 1440, 
1158, 985, 970, 890, and 830 cm- 1 . N M R (GG14) (51.50, 
1.56 (s, GH 3 , 12H), ca. 1.70—2.05 (m, C H 2 C H 2 , 8H) , 1.92 
(s, GH 3 , 3H) , 2.13—2.30 (m, GH 2 , 2H) , 2.55 (t, GH 2 , 2H, 
7 = 7 Hz) , and ca. 4.94 (broad t, GH, 3H) . 

Found : G, 81.99; H , 11 .71%. Galcd for G 1 8 H 3 0 O: G, 
82.38; H , 11.52%. 

General Procedure of Oxy-Cope Rearrangement in Solvent Assisted 
System. A solution of 350 g of 2a (purity 92%) in 700 
g of N M P was subjected to reaction at 180 °G for 5 h with 
stirring. T h e reaction mixture was poured into water (1500 
ml) and extracted with ether (500 m i x 4) . Distillation of 
the products gave 245 g (76%) of 3a (E/Z= 67/33). Quan t i ­
tative analyses were carried out with gas chromatography: 
In the case of 2a and 8a, w-decyl alcohol was used as an 
internal s tandard to obtain the calibration curve [PEG-
20M, 160 °G]. Reactions of 2b in N M P solvent were moni­
tored by using N M P itself as an internal s tandard. 

W e wish to express o u r t h a n k s to D r . F u m i o W a d a 

for t e c h n i c a l ass i s tance , a n d M r . M a s a y a O k a for 

mass spec t r a l ana lyses . 
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A Rapid Esterification by Means of Mixed Anhydride and 
Its Application to Large-ring Lactonizationx) 
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A rapid and mild esterification method using carboxylic 2,4,6-trichlorobenzoic anhydrides in the presence 
of 4-dimethylaminopyridine was developed. The method was also successfully applied to the synthesis of large-
ring lactones, including DL-2,4,6-tridemethyl-3-deoxymethynolide. 

For the preparation of large-ring lactones from the 
corresponding open-chain hydroxy acids, a rapid 
esterification reaction is necessary to overcome the 
unfavourable entropy factors leading to the formation 
of polymers. The mildness of the reaction conditions 
is also important if the method is to be applied to the 
synthesis of complex natural substances with sensitive 
functionalities. Most of the conventional methods 
have found only a limited use for this purpose. Re­
cently, intensive studies in this field have commenced 
and several good lactonization methods using different 
types of reagents have been developed,2) some of them 
having been successfully applied to the synthesis of 
macrolides.3) 

In the course of our studies of the synthesis of macro-
cyclic lactones, the remarkably high catalytic activity 
of 4-dimethylaminopyridine in acyl transfer reactions4) 
attracted our attention, and so the esterifications with 
combinations of this reagent and the appropriate mixed 
anhydrides were examined. This paper will describe 
the rapid and mild esterification method using 2,4,6-
trichlorobenzoic carboxylic anhydride (1) as the an­
hydride counterpart in the above combination, and 
its successful application to the synthesis of medium-
and large-ring lactones, including DL-2,4,6-tridemethyl-
3-deoxymethynolide (8). 

RCOOH 

XI 
coci 

EtoN j > 
THF 

Cl 

RCOOOG 

CL 
1 

KO)-ci + Et N-HCI 

1 + ROH 
N§)-N: _ y c l 

Benzene 
» RCOOR' + CL-KOVCOO" 

^ C l 

R e s u l t s and D i s c u s s i o n 

Mixed Anhydrides. The esterification by means 
of mixed anhydride consists of two steps : the formation 
of the mixed anhydride, and the alcoholysis of the 
anhydride. Since the first step has been well-docu­
mented,5) our effort was mainly directed toward the 
second step. In the choice of the acids to be examined 
as the components of the mixed anhydrides, the fol­
lowing two factors were considered: the component 
should be a good leaving group, and the carbonyl 
group of the component should be sterically hindered 
from the nucleophilic attack to some extent. The 
following acid chlorides which seemed to meet the 
above requirements were preliminarily examined by 
comparing the rate of the alcoholysis of the correspond-
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Fig. 1. Relative rates of the 2-methyl-2-propanolysis 
of mixed anhydrides formed from 2-methylpentanoic 
acid and four acid chlorides, 2, 3, 4, and 5. 

ing mixed anhydrides in the presence of 4-dimethyl­
aminopyridine : 2,4,6-trichlorobenzoyl (2),6) 2,3,6-
trimethyl-4,5-dinitrobenzoyl (3), 2,6-dichloro-3-nitro-
benzoyl (4),7) 2,4,6-tribromobenzoyl (5),8) 2,6-di-
chloro-4-nitrobenzoyl,9) 2,6-dichlorobenzoyl,10) 2,4,6-
trichloro-3-nitrobenzoyl,11) 2,4,6-trichloro-3,5-dinitro-
benzoyl, 2,4,6-tribromo-3-nitrobenzoyl, 2,4,6-tribromo-
3,5-dinitrobenzoyl, 2,6-dinitrobenzoyl,12) 2,4,6-tri-
methyl-3,5-dinitrobenzoyl,13) 2,3,6-trimethylbenzoyl, l i> 
2,6-dimethoxybenzoyl,15) and pivaloyl chloride. 2,4,6-
trinitrobenzoyl12) and 3,5-dimethyl-2,4,6-trinitrobenzo-
yl chloride were also examined, but these two acyl 
chlorides did not give well-defined mixed anhydrides 
with 2-methylpentanoic acid. Among the above acid 
chlorides, the chlorides (2), (3), (4), and (5) gave the 
most promising results. Figure 1 shows the relative 
rates of ester formation, as followed by GLPG, in the 
alcoholysis of the corresponding four mixed anhydrides 
with 2-methylpentanoic acid by 2-methyl-2-propanol 
at room temperature. 

2,4,6-Trichlorobenzoyl chloride (2) was proved to be 
the most satisfactory one in rate and in the yield of 
the alcoholysis. The reaction using the chloride (3) 
was fast but incomplete; however, it was later found 
that the chloride can also be used for the large-ring 
lactonizations. 

Reaction Conditions. The following experiments 
were carried out by using the acid chloride (2) unless 
otherwise mentioned. Table 1 shows the relative rates 
of the formation of ^-butyl 2-methylpentanoate in 
various solvents. Aromatic hydrocarbons, such as 
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benzene or toluene, were found to be the most suitable 
solvents for the alcoholysis step. 

When the temperature of the reaction was raised, 
the rate of alcoholysis increased markedly without 

TABLE 1. EFFECT OF SOLVENTS ON THE RATE 

OF ESTER FORMATION21) 

Solvent 

Benzene 
Toluene 
Dioxane 
Dichloromethane 
Carbon tetrachloride 
Pyridine 
Gyclohexane 
Acetonitrile 

E 

4 min 

37 
37 
20 
10 
18 
6 

CO
 

C
O

 

ister forn 

15 min 

62 
59 
49 
39 
39 
22 
12 
7 

îation 

30 mi 

81 
79 
71 
59 
52 
37 
23 
15 

(%) 
\ 

n 60 min 
91 
95 
89 
77 
68 
53 
39 
28 

a) The formation of /-butyl 2-methylpentanoate was 
followed by GLPG. 

affecting the final yield; for example, /-butyl 2-methyl­
pentanoate was formed almost quantitatively in 1 or 
2 min in toluene at 100 °G (cf. entries, 1, 3, and 4 in 
Table 2). The amount of dimethylaminopyridine also 
had a significant influence on the rate of the reaction, 
and it was preferable to use more than one equivalent 
of the reagent per mole of the mixed anhydride, especial­
ly when the method was applied to large-ring lactoniza-
tions. 

Esterification. The results of the esterification by 
this method are summarized in Table 2. 

As is shown in Table 2, the esters of secondary and 
tertiary alcohols were prepared rapidly at room temper­
ature in good yields. In the case of primary alcohols, 
however, a small amount of an undesired trichloroben-
zoic acid ester was formed as the by-product. The 
rates of the formation of benzoic acid esters were small­
er than those of aliphatic acid esters. Sterically very 
crowded /-butyl pivalate could not be prepared by 
this method. 

Lactonization. The method was then applied to 

TABLE 2. YIELDS AND REACTION CONDITIONS OF ESTERIFICATION USING 2,4,6-TRICHLOROBENZOYL CHLORIDE 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 

11 
12 

13 

14 

Acid (0.3 mmol) 

2-Methyl-pentanoic acid 

Gyclohexanecarboxylic acid 

Benzoic acid 

Methyl hydrogen 
m^0-2,4-dimethyl-glutarate 

Alcohola> 

2-Methyl-2-propanol 

2-Butanol 
Gyclohexanol 
Methanol 
Ethanol 

2-Methyl-2-propanol 
Gyclohexanol 

2-Methyl-2-propanol 
Gyclohexanol 

2-Methyl-
2-propanol 

(2 
(2 
(2 

(2 

(2 

eq.) 
eq.) 
eq.) 

eq.) 

eq.) 

Dimethyl­
aminopyridine 

(mmol) 

0.6 
1.2 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 

0.6 
0.6 

0.6 
0.6 

0.6 

0.6 

Timeb) 
(min) 

90 
20 
10 
2 
5 
5 

10 
3 

20 
20 

270 
20 

60 

5 

(80 °G) 
(100°G)d) 

(80 °G) 

Yield«) 
(%) 

>95 
89 

>95 
>95 
>95 
>95 

95e> 

95f) 

>95 
>95 

89 
>95 

>95s> 

84*> 

a) One equivalent of alcohols to acids was used unless otherwise mentioned, b) T h e alcoholysis reactions were 
carried out at room temperature in benzene unless otherwise mentioned, c) T h e yields were determined by 
GLPG in the presence of the appropriate internal standards, d) T h e alcoholysis step was carried out in toluene. 
e) Methyl trichlorobenzoate (1.5%) was also formed, f) Ethyl trichlorobenzoate (3%) was also formed, g) No 
isomerization occurred at room temperature , but isomerization occurred (22%) when the reaction was carried out 
at 80 °G. 

T A B L E 3. ISOLATED YIELD IN LACTONIZATION BY TRICHLOROBENZOYL CHLORIDE METHOD 

Hydroxy acid 
(Ring size) 

H O ( G H 2 ) 7 G 0 2 H (9) 

H O ( G H 2 ) 1 0 G O 2 H (12) 

C 6 H 1 3 CH (CH2) i 0 GO 2 H 
1 

OH (13) 
C6H13CHCH2CH=GH (GH2) -

j 

OH (13) 

7C02H 

Gatalysta> 
(mol. equiv.) 

CO
 

C
D

 C
D

 

3.3 

Time of addition 
(h) 

8 
5 
1.5 

5 

Yield 
Monomer 

36 
48 
67 

57 

(%) 
Dimer 

23 
20 
10 

12 

a) 4-Dimethylaminopyridine. 
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TABLE 4. ISOLATED YIELD IN LACTONIZATION BY TRIMETHYLDINITROBENZOYL CHLORIDE METHOD 

Hydroxy acid 
(Ring size) 

HO(GH2)7G02H (9) 
C6H13CH (GH2) 10GO2H 

1 

OH (13) 
G6H13GHGH2GH=GH (GH2) -

1 

OH (13) 

rGOaH 

Gatalysta> 
(mol. equiv.) 

3 
6 

3 

Time of addition 
(h) 

7 
8 

7 

Yield 
Monomer 

18 
58 

58 

(%) 
Dimer 

41 
8 

9 

a) 4-Dimethylaminopyridine. 

the synthesis of macrocyclic lactones. The mixed an­
hydrides of the long-chain hydroxy acids could be 
prepared in a manner similar to that used in the above 
esterification. After the removal of triethylamine hy­
drochloride, the solution of the mixed anhydride was 
diluted with toluene and slowly added to a refluxing 
solution of dimethylaminopyridine in toluene under 
high-dilution conditions. In this way, nine- to thirteen-
membered ring lactones were prepared. They are 
shown in Table 3. 

The results of the experiments carried out by using 
2,3,6-trimethyl-4,5-dinitrobenzoyl chloride as the con­
densing agent are given in Table 4. As can be seen 
from the table, this acid chloride is as useful as 2,4,6-
trichlorobenzoyl chloride, at least for the lactonization. 

Finally, the method was applied to the lactonization 
of the seco-acid (6) of DL-2,4,6-tridemethyl-3-deoxy-
methynolide (8). The seco-acid has an acid-sensitive 
dihydroxy enone structure, and it has been shown that 
the compound decomposes easily to a furan derivative 
(7) and propionaldehyde on contact with a catalytic 
amount of hydrochloric acid.16) When the seco-acid 
was cyclized under conditions similar to those used in 
lactonization with 2,4,6-trichlorobenzoyl chloride, the 
desired DL-lactone (8) was isolated in 4 6 % yield, 
without the formation of the furan derivative. 

^ Ç ^ ^ O H 

Exper imenta l 

All the procedures for the esterifications and the lactoniza-
tions were carried out under an atmosphere of nitrogen 
in order to exclude moisture. The melting points or boiling 
points are uncorrected. The IR spectra (Hitachi R-215) 
were obtained in liquid films or potassium bromide disks. 
The PMR spectra (Hitachi R-20B) were taken in deuterio-
chloroform solutions. The mass spectra (Hitachi RMU-
6MG) were recorded with a direct-inlet system operating 

at 10—30 eV. The solvents were purified and dried by 
the standard methods. 

Materials. 8-Hydroxyoctanoic acid was prepared by 
the hydrolysis of its methyl ester, which had been obtained 
by reducing methyl 7-chloroformylheptanoate with sodium 
borohydride in dioxane, and was purified by recrystalliza-
tion from methanol. Mp 61 °G (lit, 58—58.5 °C).17> 

11-Hydroxyundecanoic acid was prepared by the sodium 
borohydride reduction of methyl 10-chloroformyldecanoate 
or by the diborane reduction of methyl hydrogen undecane-
dioate in THF at 0 °G, followed by the saponification of the 
resulting hydroxy ester, and was purified by sublimation. 
Mp 65—67 °G (lit, 65.5—66 °C).18> 

Commercial 12-hydroxyoctadecanoic acid and ricinoleic 
acid were purified by recrystallization and distillation, res­
pectively. 

2,4,6-Trichlorobenzoyl Chloride (2). According to the 
method in the literature, 2,4,6-trichloroaniline was converted 
into 2,4,6-trichlorobenzonitrile,19) whcih was then hydro-
lysed to 2,4,6-trichlorobenzoic acid.6) The acid was refluxed 
with thionyl chloride for 3 h. Bp 110—114 °G/9 mmHg. 

2,3,6-Trimethyl-4,5-dinitrobenzoyl Chloride (3). Fuming 
nitric acid (4 ml) was added to a cold mixture of 2,3,6-
trimethylbenzoic acid20) (3.3 g) and concentrated sulfuric 
acid (12 ml), after which the mixture was kept at 40 °G for 
30 min. The reaction product was then poured onto ice, 
and the precipitate was filtered and recrystallized from etha-
nol-water to give the dinitro acid (4.1 g). Mp 222 °G(dec). 
The acid (1.6 g) was heated with thionyl chloride (10 ml) 
for 12 h at 60 °G, and after the removal of thionyl chloride, 
the crude product was purified by sublimation. Mp 102— 
103 °G. 

2,4,6-Trichloro-3,5-dinitrobenzoyl Chloride. 2,4,6-Tri-
chloro-3-nitrobenzoic acid11) (2 g) was dissolved in sulfuric 
acid (12 ml) heated at 85 °G, and sodium nitrate (1.7 g) 
was added over a period of 15 min. The mixture soon so­
lidified. The temperature was kept at 80—90 °G for 2 h. 
The mixture was then worked up as usual, and the product 
was recrystallized from toluene. Mp 224—225 °G, 2.4 g. 
The dinitro acid was converted into the acid chloride by the 
method using phosphorus pentachloride and phosphoryl 
chloride and was purified by sublimation. Mp 150—152 °G. 

2,4,6-Tribromo-3-nitrobenzoyl Chloride. 2,4,6-Tribromo-
benzoic acid8) (3.56 g) was suspended in sulfuric acid (10 ml) 
and nitrated with a mixture of nitric acid (2 g) and sulfuric 
acid (4 g) at 0—7 °G. The mixture was kept at room 
temperature for 1 h, poured onto ice, filtered, and washed 
with dilute hydrochloric acid. Mp 186—187 °G (from 
toluene) ; 3.6 g. It was then converted into the acid chloride 
with phosphorus pentachloride and phosphoryl chloride. 
Mp 129—131 °G (from benzene-hexane). 

2,4,6- Tribromo-3,5-dinitrobenzoyl Chloride. This was pre­
pared by the method described in the case of 2,4,6-trichloro-
3,5-dinitrobenzoyl chloride. 2,4,6-Tribromo-3,5-dinitroben-



1992 Jun j i ÎNANAGA, Kuniko H I R A T A , Hiroko SAEKI, 1 

T A B L E 5. ANALYTICAL AND I R DATA OF 

Compound I R 
(Formula) (cm - 1) 

2,3,6-Me3-4,5- (N02) 2G6G02H 

(G10H10N2O6) 

2,3,6-Me3-4,5- (N02) aG6GOGl 

(G10H9GlN2O5) 

2,4,6-Gl3-3,5- (N02) 2G6G02H 

(G7HG13N206) 

2,4,6-Gl3-3,5-(N02)2G6GOGl 

(G7G14N205) 

2,4,6-Br3-3-(N02) G6HG02H 

(C7H2Br3N04) 

2,4,6-Br3-3-(N02)G6HGOGl 

(G7HBr3GlN03) 

2,4,6-Br3-3,5-(N02)2G6G02H 

(G7HBr3N206) 

2,4,6-Br3-3,5-(N02)2G6GOGl 

(G7Br3GlN205) 

3,5-Me2-2,4,6- (N02) 3G6G02H 

(G9H7N308 .H20) 

3,5-Me2-2,4,6-(N02)3G6GOGl 

(G9H6G1N307) 

j-Butyl 2-methylpentanoatea) 

(G10H20O2) 

1710, 

1795 

1735, 

1840, 

1720, 

1800, 

1720, 

1810, 

1690, 

1760 

1728 

1540 

1570, 

1775 

1545 

1770 

1545 

1775 

1545 

a) Bp 88—89 °G/38 m m H g . 

zoic acid; m p 275—276 °G. T h e acid chloride; m p 245— 
246 °G. 

3,5-Dimethyl- 2,4,6- trinitro benzoyl Chloride. 1,3,5-Tri-
methyl-2,4,6-trinitrobenzene (1 g) was boiled with concen­
trated nitric acid ( 6 3 % , 60 ml) for 80 h. T h e evaporation 
residue of the reaction mixture was then extracted with 
aqueous sodium carbonate, and the extract was acidified 
with hydrochloric acid. T h e acid was recrystallized from 
water. M p 224—226 °G, 0.42 g. T h e acid chloride (phos­
phorus pentachloride and phosphoryl chloride) was pur i ­
fied by sublimation. M p 157—159 °G. 

T h e I R and analytical da ta of the new acids and acid 
chlorides are summarized in Table 5. 

Relative Rates of Alcoholysis of Mixed Anhydrides. T h e 
acid chloride (0.3 mmol) to be examined was added to a 
mixture of 2-methylpentanoic acid (37 [xl, 0.3 mmol) and 
triethylamine (42 \d, 0.3 mmol) in T H F (2 ml) , after which 
the mixture was stirred for 20 min at room temperature . 
After the removal of triethylamine hydrochloride by filtra­
tion, the filtrate was evaporated under nitrogen and the 
residue was dissolved in dichloromethane (1 ml) . T o this 
solution we added a mixture of 2-methyl-2-propanol (56 
\x\, 0.6 mmol) and 4-dimethylaminopyridine (73 mg, 0.6 
mmol) in dichloromethane (1 ml) , and the resulting mixture 
was stirred at room temperature . T h e formation of the 
ester was followed by GLPG by the addition of bromo-
benzene (50 (xl) as an internal s tandard. T h e results are 
part ly exhibited in Fig. 1. 

Comparison of Solvents. T h e experiments were carried 
out in the manner described above, except that 2,4,6-tri-
chlorobenzoyl chloride was used as the acid chloride and that 
dichloromethane was replaced by the other solvents (2 ml) 
to be examined. T h e results are summarized in Table 1. 

Preparation of Carboxylic Esters. Garboxylic acids 
(0.3 mmol) and tr iethylamine (0.3 mmol) reacted with 
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N E W ACIDS, ACID CHLORIDES, AND ESTER 

Found (Galcd) 

G% 

47.37 

(47.25 

44.09 

(44.05 

26.95 

(26.65 

25.18 

(25.18 

20.89 

(20.82 
19.97 

(19.91 

18.90 

(18.73 

18.06 

(17.99 

35.65 

(35.65 

35.49 

(35.60 

69.46 

(69.72 

H % 

3.91 

3.97 

3.39 

3.33 

0.34 

0.32 
0.00 

0 

0.53 

0.50 

0.21 

0.24 
0.19 

0.22 

0.03 

0 

3.00 

2.99 

1.93 

1.99 

11.69 

11.70) 

N % 

11.01 

11.02) 

10.42 

10.28) 

8.26 

8.88) 

8.34 

8.39) 

3.42 
3.47) 

3.25 

3.32) 

6.22 

6.22) 

5.96 

6.00) 

13.89 

13.86) 

13.83 

13.84) 

trichlorobenzoyl chloride (0.3 mmol) in T H F (1 ml) in the 
same manner as above. After the removal of triethylamine 
hydrochloride and the solvent,21) the resulting anhydrides 
were treated with alcohols (0.3—0.6 mmol) and dimethyl-
aminopyridine (0.6—1.2 mmol) in benzene. T h e yields 
obtained by GLPG are given in Table 2. For the isolation 
of the esters, the reaction mixture was diluted with ether, 
washed successively with 3 % aqueous hydrochloric acid, 
water, an aqueous sodium hydrogencarbonate solution, 
and water, dried, and distilled. They were identified by 
means of the P M R and I R spectra. 

Preparation of Lactones. 2,4,6-Trichlorobenzoyl (or 
2,3,6-trimethyl-4,5-dinitrobenzoyl) chloride (1.0 mmol) was 
added to a mixture of a hydroxy acid (1.0 mmol) and tri­
ethylamine (1.1 mmol) in T H F (10 ml) , after which the 
mixture was stirred for 1—2 h (or 12 h in the case of 2,3,6-
trimethyl-4,5-dinitrobenzoyl chloride) at room temperature. 
After removal of triethylamine hydrochloride, the filtrate 
was diluted with toluene (500 ml) and added under the high-
dilution conditions to a refluxing solution of 4-dimethyl­
aminopyridine (3—6 mmol) in toluene (100 ml) over a 
period of 1.5—8 h. T h e reaction mixture was worked-up 
in a manner similar to that used in the case of the esterifica-
tion and was separated by preparative T L G (silica gel G, 
Merck) . T h e crude products were purified by distillation 
or recrystallization (Tables 3 and 4). 

8-Octanolide:™) A colorless oil; I R 1735 cm" 1 ; P M R 
Ô 4.28 (2H, t, y = 5 . 2 H z , - G H 2 0 - ) ; M S 142 (M). The 
dimer:22) Colorless needles (from petroleum ether) ; m p 
93—93.5 °G; I R 1735 cm" 1 ; P M R Ô 4.15 (4H, broad t ) ; 
M S 284 (M) . 

11-Undecanolide:22) A colorless oil; I R 1730 cm" 1 ; P M R 
ô 4.2 (2H, broad t ) ; M S 184 (M) . T h e dimer:22) Colorless 
needles (from hexane) ; m p 71—72 °G; I R 1730 cm" 1 ; P M R 
ô 3.9—4.4 (4H, broad t ) ; M S 368 (M) . 
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12-Octadecanolide: A colorless oil; bp 140 °G (bath temp) 
/20 m m H g ; I R 1730 cm" 1 ; P M R Ô 4.7—5.2 (H, m, - G H O - ) ; 
M S 282 (M). Found : G, 76.40; H , 12.06%. Galcd for 
C 1 8 H 3 4 0 2 : G, 76.54; H , 12.13%. T h e dimer : Colorless 
needles (from petroleum ether) ; m p 64—65 °G; I R 1730 c m - 1 ; 
P M R Ô 4.6—5.2 (2H, m ) ; M S 564 (M) . Found : G, 76.55; 
H , 12.23%. Galcd for G 3 6 H 6 8 0 4 : G, 76.54; H , 12.13%. 

cis-9-0ctadecen-12-olide: A colorless oli; bp 120 °G (bath 
temp)/12 m m H g ; I R 1720 cm" 1 ; P M R ô 4.6—5.3 (H, m, 
- G H O - ) ; 5.3—5.8 (2H, m, - G H - G H - ) ; M S 280 (M) . 
Found: G, 76.74; H , 11.54%. Galcd for G 1 8 H 3 2 0 2 : G, 
77.09; H, 11.50%. T h e dimer : A colorless oil; bp 160 °G 
(bath temp)/0.3 m m H g ; I R 1720 cm" 1 ; P M R ô 4.6—5.8 
(6H, m, - G H O - and - G H = G H - ) ; M S 560 (M) . 

2,4,6-Tridemethyl-3-deoxymethynolide (8). A mixture of 
the seco-acid16) (6, 272 mg, 1.0 mmol) and triethylamine 
(153 [xl, 1.1 mmol) in T H F (10 ml) was stirred for 10 min 
at room temperature, and then 2,4,6-trichlorobenzoyl chloride 
(160 (xl, 1.0 mmol) was added. After stirring for 2 h at 
room temperature, the resulting precipitate was filtered and 
washed with a small amount of T H F . T h e filtrate was dilu­
ted with benzene (500 ml) and slowly added to a refluxing 
solution of 4-dimethylaminopyridine (732 mg, 6 mmol) in 
benzene (100 ml) over a period of 40 h. T h e reaction 
mixture was washed successively with a saturated aqueous 
citric acid solution, water, an aqueous sodium hydrogen-
carbonate, and water, dried with magnesium sulfate, and 
evaporated. T h e crude product (247 mg) was separated 
by preparative T L G (silica gel G, Merck) , with an e ther -
benzene mixture ( 2 : 1 ) used as the developer, to give the 
monomeric lactone (8, 116mg, 4 6 % ) , the dimer (65 mg, 
2 6 % ) , and the polymer (21 mg) . 

The Monomeric Lactone (8) : Colorless needles (from 
dichloromethane-diisopropyl e ther ) ; m p 123 °G; I R 3520, 
1725, 1680, 1620, 1225, 1150, 1085, 980 cm" 1 ; P M R ô 0.93 
(3H, t, 7 = 7 . 1 Hz, methyl protones of 11-ethyl), 1.2—3.0 
(12H, m) , 1.38 (3H, s, 10-methyl), 3.15 (H, broad s, 10-
hydroxyl), 4.80 (H, dd, 7 = 9 . 0 and 3 .1Hz , 11-methine), 
6.29 and 6.66 (2H, q, 7 = 1 6 . 0 Hz , 8-double b o n d ) ; M S 
255 ( M + l ) , 237, 211, 196, 178, 151, 136, 135. Found : 
G, 65.96; H , 8 .68%. Calcd for G 1 4 H 2 2 0 4 : C, 66 .11; H , 
8.72%. Acetate (acetic anhydride and 4-dimethylamino­
pyridine in dichloromethane) : Colorless prisms (from dichloro­
methane-diisopropyl e ther) ; m p 146—147 °G; M S 296 
(M), 254, 237, 225, 211, 196, 178. 

The Dimer: A colorless oil; I R 3450, 1720, 1670, 1630, 
975 cm- 1 ; P M R ô 0.91 (6H, t, 7 = 7 . 1 Hz) , 1.36 (6H, s), 
1.1—3.0 (26H, m) , 4.85 (2H, dd, 7 = 9 . 2 and 3.2 Hz) , 6.30 
and 6.84 (2H, q, J= 16.0 H z ) ; M S 508 (M) , 491, 490, 237. 
Diacetate: Colorless needles (from dichloromethane-diiso­
propyl e ther) ; m p 182.5 °C; M S 532 ( M - 6 0 ) , 490, 472. 

T h i s w o r k w a s p a r t i a l l y s u p p o r t e d b y a G r a n t - i n -
A i d for Scientif ic R e s e a r c h f rom t h e M i n i s t r y of E d u c a ­
t ion . 
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The 13G NMR spectra of stereoisomeric 4-f-butyl-2-methylcyclohexanols, 5-/-butyl-2-methylcyclohexanols, 
2-methylcyclohexanols, and their acetates were measured. The observed chemical shifts were compared with 
the values estimated by using the substituent parameters of methyl, /-butyl, and hydroxyl groups. An appreciable 
deviation by vicinal substitution was found between the predicted and observed chemical shifts of C-l and C-2. 
The substituent parameters of the acetoxyl group on the cyclohexane ring were estimated by means of a com­
parison of the chemical shifts of eis- and £raw.y-4-£-butylcyclohexyl acetate, and those of f-butylcyclohexane. 

The simple additivity relationships for carbon chemi­
cal shifts within specific families of compounds are 
very useful for the assignment of a certain signal to 
a specific carbon atom and for the prediction of the 
chemical shift of a certain carbon atom.1) However, 
when the two substituents on a cyclohexane ring are 
at a geminal or vicinal position, the predicted values 
deviate from the observed ones.2'3) This may be sup­
posed to be caused by the interaction between these 
two groups. For two methyl groups on the adjacent 
or the same carbon atoms of cyclohexane, the substi­
tuent parameters of vicinal and geminal substitution 
were reported by Dalling and Grant.2) 

The 13G N M R spectra of four stereoisomers of 5-/-
butyl-2-methylcyclohexanols (1—4) and their acetates 
(11—14) were measured in order to study the effects 
of the steric structure of the molecule and of the vicinal 
substitution of the methyl and hydroxyl or acetoxyl 
groups on the carbon chemical shifts. The 13G chemi­

cal shifts for these compounds are collected in Table 1. 
The assignments were based on standard methods, 
i.e., the relative intensities, the off-resonance CW de­
coupling, and a comparison of the signal shift between 
closely related compounds. The chemical-shift dif­
ferences (Ad) between the observed values and those 
calculated by using the substituent parameters of the 
methyl,2) /-butyl, hydroxyl3) and acetoxyl (vide infra) 
groups are also tabulated. Appreciable shift differences 
were found in the chemical shifts of G-1 and C-2. 
The chemical-shift differences of most of the other 
carbons were within ± 1 . 0 ppm. 

The chemical shifts of substituted carbon atoms 
varied appreciably according to the orientation of the 
substituent. The signals of carbinol carbon and C-2 
with axial substituents appeared at higher fields than 
those having equatorial ones. For the carbons bearing 
the /-butyl group, the signals appeared at around ô 
47 when the hydroxyl or acetoxyl group was in an equa-

TABLE 1. CARBON-CHEMICAL SHIFTS OF STEREOISOMERIC 2-METHYL-5-/-BUTYLCYCLOHEXANOLS AND THEIR ACETATES 

C-l 

C-2 

C-3 

C-4 

C-5 

C-6 

2-CH3 

5-C(CH3)3 

5-Ç(CH3)3 

CH3CO 
CH3CO 

A<5a) 

Aô 

Aô 

AS 

Aô 

Aô 

Aô 

* ^ O R 

(1) 

(R = H) 

77.0 
- 2 . 9 
40.2 

- 0 . 9 
33.7 

- 0 . 5 
26.8 

0.2 
47.3 

1.2 
36.9 

0.8 
18.6 

- 4 . 2 
27.6 
32.3 

(H) 

(R = OAc) 
78.9 

- 4 . 1 
37.4 

- 0 . 3 
33.4 

- 0 . 8 
26.6 

- 0 . 1 
46.7 

0.6 
33.2 

0.5 
18.3 

- 4 . 5 
27.5 
32.3 
21.2 

170.3 

yJ^ZoR 
(2) 

(R = H) 
73.3 

- 3 . 0 
33.7 

- 2 . 8 
30.9 

0.3 
20.0 

- 0 . 1 
47.2 

1.0 
30.0 

0.4 
10.6 

- 6 . 9 
27.5 
32.3 

(12) 

(R = OAc) 
76.0 

- 3 . 4 
30.8 

- 2 . 3 
30.7 

0.1 
20.0 

- 0 . 2 
47.0 

0.8 
26.8 

0.6 
11.5 

- 6 . 0 
27.5 
32.4 
21.3 

170.3 

OR 

(3) 

(R = H) 
71.2 

- 3 . 3 
36.6 

- 2 . 1 
28.9 

- 0 . 9 
27.2 

- 0 . 3 
40.3 

- 0 . 8 
34.8 

1.1 
18.4 

- 4 . 4 
27.5 
32.0 

(13) 

(R=OAc) 
74.0 

- 4 . 4 
35.3 

- 0 . 9 
29.5 

- 1 . 0 
26.9 

- 0 . 3 
41.3 

- 1 . 1 
31.9 

0.7 
18.0 

- 4 . 8 
27.4 
31.2 
21.1 

170.4 

OR 

(4) 

(R = H) 
72.3 

1.4 
34.1 

0.0 
26.6 
0.7 

20.9 
- 0 . 1 
41.0 

- 0 . 5 
28.9 

1.7 
16.7 

- 0 . 8 
27.4 
32.2 

(14) 

(R = OAc) 
75.1 

- 0 . 1 
22,2 

r.e 
26.9 
0.0 

20.6 
- 0 . 1 
41.9 

- 0 . 6 
26.1 

1.4 
16.3 

- 1 . 2 
27.4 
32.2 
21.4 

170.2 

a) The observed chemical shift minus that predicted. 
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TABLE 2. CARBON-CHEMICAL SHIFTS OF eis- AND trans-

2-METHYLCYCLOHEXANOLS A N D T H E I R ACETATES 

TABLE 4. CARBON-CHEMICAL SHIFTS OF eis- AND trans-

4 - / - B U T Y L C Y C L O H E X Y L ACETATES a> AND OF 

f - B U T Y L C Y C L O H E X A N E b » c> 

OR 

Ad 
(5) (15) 

(R=H) (R=OAc) 
(6) (16) 

(R = H) (R = OAc) 

C-1 

C-2 

C-3 

C-4 

C-5 

C-6 

2-CH3 

A<5b> 

Ad 

AS 

AÔ 

AÔ 

Aô 

AS 

7 1 . 1 
( 7 1 . 4 ) a) 

- 3 . 7 
36.2 

(36.1) 
- 2 . 6 
29.2 

(29.6) 
- 0 . 5 
25.4 

(24.5) 
- 0 . 5 
21.2 

(21.8) 
0.1 

32.7 
(32.1) 

0.1 
16.7 

- 5 . 3 CH3CO 
CH3ÇO 

73.6 

- 5 . 2 
35.0 

- 2 . 6 
29.9 

- 0 . 6 
25.1 

- 0 . 6 
21.4 

- 0 . 5 
30.0 

- 1 . 4 
17.2 

- 4 . 8 
20.9 

169.8 

76.3 
(76.9) 
- 3 . 4 
40.4 

(40.0) 
- 1 . 1 
34.0 

(34.3) 
0.0 

26.0 
(26.1) 
- 0 . 1 
25.7 

(25.7) 
0.8 

35.7 
(35.4) 

0.2 
18.7 

- 4 . 0 

78.2 

- 4 . 6 
37.7 

- 0 . 4 
33.9 

- 0 . 2 
25.7 

- 0 . 5 
24.9 

0.0 
32.1 

- 0 . 1 
18.5 

- 4 . 2 
20.9 

169.9 

a) The values in parentheses were reported by Roberts 
et al. (J. D. Roberts, F. J. Weigert, J . I. Kroschwitz, 
and H. J. Reich, J. Am. Chem. Soc, 92, 1338 (1970)). 
b) The observed chemical shift minus that predicted. 

TABLE 3. CARBON-CHEMICAL SHIFTS OF STEREOISOMERIC 

2-METHYL-4-J-BUTYLCYCLOHEXANOLS AND THEIR ACETATES 

C-1 

C-2 

C-3 

C-4 

C-5 

C-6 

2-CH3 

A<*a> 

AS 

AS 

AS 

AS 

AS 

AS 
4-C(CH3)3 

4-Ç(CH3)3 

CH3CO 
CH3ÇO 

OR 

y^d 
(?) 

(R = H) 

70.0 
- 4 . 0 
36.9 

- 2 . 3 
29.1 

- 0 . 8 
48.1 

- 0 . 1 
20.3 

- 0 . 4 
33.9 

- 1 . 6 
18.9 

- 3 . 9 
27.6 
32.5 

(17) 
(R = OAc) 

72.6 
- 5 . 5 
36.0 

- 0 . 7 
30.3 

- 0 . 6 
47.9 

0.0 
20.9 

- 0 . 8 
31.2 
0 .4 

18.6 
- 4 . 2 
27.6 
32.5 
21.2 

169.9 

a) The observed chemical shift minus 

vA^0R 

(8) 
(R = H) 

76.5 
- 2 . 9 
40.2 

- 1 . 4 
34.9 
0.3 

47.5 
0.2 

26.1 
0.7 

35.7 
0.8 

19.0 
- 3 . 8 
27.7 
32.2 

(18) 
(R = OAc) 

78.4 
- 4 . 1 
37.7 

- 0 . 5 
35.0 
0.4 

47.6 
0.2 

25.8 
0.4 

32.2 
- 0 . 1 

18.7 
- 4 . 1 
27.7 
32.2 
20.9 

169.8 

that predicted. 

(9) 
CIS 

(10) 
trans 

J-Butyl-
cyclohexane 

C-1 

C-2 

C-3 

C-4 

4-C(CH3)3 

4-C(CH3)3 

CH,CO 

69.2 
(69.3) 
30.8 

21.8 

47.9 

27.5 

32.3 

21.2 
169.9 

73.5 
(73.1) 
32.2 

25.6 

47.3 

27.7 

32.2 

21.2 
169.9 

26.9 
(27.2) 
27.4 

(27.8) 
27.8 

(28.2) 
48.5 

(48.9) 
27.6 

(27.7) 
32.6 

(32.7) 

a) The values in parentheses were reported by Buchanan 
and Stothers (G. W. Buchanan and J. B. Stothers, Can. 
J. Chem., 47, 3605 (1969)). b) The carbon number­
ing relates, for the purposes of comparison, to the 
equivalent carbon in the cyclohexanol series, c) The 
values in parentheses were reported by Roberts et al. 
(J. D. Roberts, F. J. Weigert, J. I. Kroschwitz, and 
H. J. Reich, J. Am. Chem. Soc, 92, 1338 (1970)). 

torial position, but at around ô 40—41 when it was in 
an axial position. 

The N M R spectra of stereoisomeric 2-methylcyclo-
hexanols (5, 6), 4-£-butyl-2-methylcyclohexanols (7, 8), 
and their acetates (15—18) were also measured (Tables 
2 and 3). Most of the carbon resonances of the isomers 
whose hydroxyl or acetoxyl group is equatorial appeared 
at lower fields than those of the axial isomers. 

The carbon-chemical shifts of stereoisomeric 4-/-
butylcyclohexyl acetates (9, 10) are listed in Table 
4. The acetoxyl groups of eis- and trans-4-t-butyl-
cyclohexyl acetates have been supposed to take ex­
clusively an axial and an equatorial orientation re­
spectively, judging from the confromational free ener­
gies of the acetoxyl and £-butyl groups.4) Comparisons 
of the carbon-chemical shifts of t-butylcyclohexane, the 
chemical shifts of which are also tabulated in Table 
4, with those of 9 and 10 give the substituent parameters 
for the axial and equatorial acetoxyl groups of the 
individual carbons of cyclohexane. 

Substituent parameters of the acetoxyl group (ppm) 

C-1 
C-2 
C-3 
C-4 

Axial 
42.3 

3.4 
- 6 . 0 
- 0 . 7 

Equatorial 
46.6 
4.8 

- 2 . 2 
- 1 . 2 

T h e distribution of the conformational isomers of 
5 and 15 is simply estimated from the conformational 
free energies4) of the methyl, hydroxyl, and acetoxyl 
groups as being approximately 8 4 % axial and 16% 
equatorial hydroxyl or acetoxyl conformera, while the 
corresponding values of 6 and 16 are 2 % axial and 
9 8 % equatorial. The predicted chemical shifts of the 
ring carbons for each conformer are calculated using 
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the substituent parameters. The predicted values for 
these isomers can be obtained from the above con­
formational distribution by using the Eliel equation.5) 
Similarly to the case of /-butylmethylcyclohexanols, 
appreciable shift differences between the observed and 
predicted values are found for the chemical shifts of 
C-l and G-2. 

In order to examine the correlation of the A<5 values 
with the stereochemical relationship of the methyl 
and hydroxyl or acetoxyl groups on the vicinal position, 
these values of /-butylmethylcyclohexanols and their 
acetates, the substituents of which are conformationally 
rigid, were compared with each other. The chemical-
shift deviation of C-l and G-2, the substituents on 
which are in a gauche-cù relation, is larger than that 
in gauche-trans, while that in anti is the smallest. 
These findings indicate that the dihedral angle between 
the methyl and hydroxyl or acetoxyl groups contributes 
to the magnitude of the y-effect. 

The chemical shifts for the equatorial 2-methyl groups 
are around ô 18—19 for 1, 3, 7, 8, and their acetates. 
The resonance signals for the axial methyl groups 
shift to higher fields, appearing at ô 10.6 for 2, 11.5 
for 12, 16.7 for 4, and 16.3 for 14. The N M R spectra 
of stereoisomeric l-/-butyl-4-methylcyclohexanes show 
that the chemical shift for an axial methyl group on 
the cyclohexane ring is ô 17.5 and that for an equatorial 
methyl group is ô 22.8.6) By comparing the chemical 
shifts on the 2-methyl groups of 1—4, 7, 8, and their 
acetates with those of the corresponding l-/-butyl-4-
methylcyclohexanes, the deviation can be regarded as 
the y-effect parameters of the hydroxyl group on the 
methyl group. The values, —3.9 6.9 ppm for 
gauche- and —0.8 1.2 ppm for anti-relation, are 
smaller than those of the corresponding y-effect param­
eters of the hydroxyl group on the cyclohexane-ring 
carbons, which are found to be —7.2 ppm for gauche-
and —2.5 ppm for anti-relation. This is similar to 
the case of the methyl group, the y-gauche effect of 
which has been reported to be —6.37 ppm on the 
cyclohexane-ring carbons and —2.82 ppm on the vic­
inal methyl carbon.2) Such a difference is attribut­
able to the situation of y-carbons; the 2-methyl group, 
which can rotate freely around the carbon-carbon 
bond, is less restricted than the ring carbons. The 
predicted chemical shifts of the methyl carbons of 
5, 6, 15, and 16 were obtained by taking account of 
the conformational distributions and the carbon chemi­
cal shifts of the methyl group in stereoisomeric 1-/-
butyl-4-methylcyclohexanes. 

The XH N M R spectra of cyclohexanols 1—4 were 
also examined in search of any possible spectral cor­
relation with their configurational structures. These 
compounds showed no appreciable difference in the 
stereochemical heterogeneity. The signals of the C-l 
protons of 1 and 2, which have an equatorial hydroxyl 
group, appeared at ô 3.64 and 3.67 respectively as 
a multiplet, while those of 3 and 4, which have an 
axial hydroxyl, appeared at ô 3.77 as a broad singlet. 
The signals of the 2-methyl protons partially overlap­
ped with those of the 5-/-butyl methyl protons, so 
that it is impossible to read their positions accurately 
from the spectra. O n the other hand, the carbon-

chemical shifts for the 2-methyl groups reported here 
have made it possible to determine the configurations 
of all the stereoisomers of the molecule. 

The Aô values of /-butylmethylcyclohexanols and 
their acetates are regarded as the parameters of the 
vicinal substitution of methyl and hydroxyl or acetoxyl 
groups. These values are useful for the prediction of 
the chemical shifts of those compounds which have 
2-methylcyclohexanol or its acetate moiety. 

Exper imenta l 

NMR Spectra. The 13G FT-NMR spectra were obtain­
ed at 25.15 MHz with a JEOL JNM-MH-100 instrument 
equipped with a JNM-MFT-100 Fourier transform accessory; 
the instrument was controlled by means of a JEC-6 spectrum 
computer. The samples were dissolved in CDC13, the deu­
terium signal of which provided a field-frequency lock; the 
concentrations were 30% (w/v). The measurement condi­
tions were as follows: pulse width, 27.5 [is (ca. 45°) ; repetition 
time, 4 s; spectral width, 6250 Hz; data point, 8192; 
acquisition time, 0.65 s. Noise-modulated proton decoupl­
ing was carried out at a nominal power of 20 W. All the 
chemical shifts are expressed in ô (ppm downfield from 
internal Me4Si). Each observed chemical shift is estimated 
to be accurate to ±0.1 ppm. 

5-t-Butyl-2-methylcyclohexanols7>8) (1)—(4) and Their Acetates1) 
(11)—(14)- The hydrogénation of m-5-/-butyl-2-methyl-
2-cyclohexenol9) over Raney Ni in ethanol gave a mixture 
of 1 and 2 (1, 73%; 2, 27%0); yield, 85%. The hydrogéna­
tion of £rattJ-5-£-butyl-2-methyl-2-cyclohexenol9> over P t0 2 

in ethanol gave a mixture of 3 and 4 (3, 66%; 4, 34%); 
yield, 91%. The mixtures were separated by preparative 
GLC. Alcohols 1 and 4 were identified by a comparison 
of the relative retention times of GLC with those of the 
hydroboration products10) of 4-f-butyl-l-methylcyclohexene. 
Alcohols 2 and 3 were identified by a comparison of the 
relative retention times of GLC with those of the LAH-
reduction products11) of eis- and £raw.y-5-£-butyl-2-methylcy-
clohexanone (1, 70%; 3, 30% from m-ketone: 2, 95%; 
4, 5% from trans-ketone). The acetates were prepared with 
Ac20 in pyridine. 

4-t-Butyl-2-methylcyclohexanols,12) (7) and (8), and Their 
Acetates,13) (17) and (18). The hydrogénation of 4-t-
butyl-2-methylphenol over the Rh-Al203 catalyst in ethanol, 
followed by A1203 column chromatography using benzene 
as the eluent, gave pure 7; yield, 42%. m-4-f-Butyl-2-
methylcyclohexanone, which had been prepared by the 
Na2Cr207 oxidation of 7, was reduced with LAH to give a 
mixture of 810) (86%) and 7 (14%); yield, 89%. The 
mixture was separated by A1203 column chromatography, 
using benzene as the eluent. The acetates were prepared 
with Ac20 in pyridine. 

The structure of each isomer was confirmed by the XH 
NMR spectra and by the analytical GLC. 
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Chemistry of iV-Thiosulfinylanilines. I. 
Reactions of Sterically Hindered Anilines with Sulfur Chlorides. 
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Reaction of 2,4-di-£-butyl-6-methylaniline (3) with disulfur dichloride afforded 2,4-di-/-butyl-6-methyl-i\^-
thiosulfinylaniline (4) as a stable compound in 80% yield. Reaction of 2,4,6-tri-/-butylaniline (1) with disulfur 
dichloride gave in 70% yield 2,4,6-tri-/-butyl-7,8-dithia-9-azabicyclo[4.3.0]nona-2,4,9-triene, which in solution, 
exists as a tautomeric mixture with 2,4,6-tri-/-butyl-iV-thiosulnnylaniline (2b) as a minor component. In the 
reactions with 2,4-di-/-butyl-6-isopropyl- or 2,4,6-trimethylaniline, iV-thiosulfinylanilines obtained were un­
stable at ambient temperature. Aniline 1 reacted with sulfur dichloride to give 2 and the corresponding sulfur 
diimide and iV-sulfinylaniline. The reaction of 4 with the dichloride afforded 4 and the corresponding sulfur 
diimide. 

jfr-Dimethylamino-iV-thiosulfinylaniline has been the 
only compound that has thiosulfinylamino group.1) 
However, the reported yield in the reaction of p-
dimethylaminonitrosobenzene or jb-dimethylamino-
iV-sulfinylaniline with phosphorus pentasulfide was 
poor (15 or 1 % respectively). Moreover, this com­
pound could not be purified by chromatography, 
and appeared to be air-sensitive.2) 

Protection of a reactive group by bulky substituents 
often stabilizes the compounds and has an advantage 
over stabilization brought about by introduction of 
a strongly electron-donating or -withdrawing group, 
since the nature of a functional group to be studied 
is electronically less perturbed. As par t of our study 
on poly-^-butylbenzene derivatives,3) we undertook 
an investigation on steric protection of thiosulfinyl­
amino group and a stable thiosulfinylamino compound 
was obtained in a high yield by a reaction of disulfur 
dichloride with a sterically hindered aniline. Although 
the reaction of disulfur dichloride with aniline leading 
to the formation of l,2,3-benzodithiazol-2-ium chloride 
(Herz compound) is known as the Herz reaction4) 
and has been extensively studied, there has been no 
report on the reaction of S2C12 with anilines bearing 
two ortho substituents. This paper describes the 
results of the reaction with such hindered anilines. 

R e s u l t s a n d D i s c u s s i o n 

Reaction of 2,4,6-tri-J-butylaniline (1) with disulfur 
dichloride (S2C12) in the presence of triethylamine 
in ether at 0 °G for 1 h afforded a compound with a 
molecular formula C1 8H2 9NS2 in 70 % yield ; the molec­
ular weight was determined by mass spectrometry 
(M+: mje 323) and vapor pressure osmometry in 
benzene at 39.4 °G (323). In solution, this compound 
was found to be a mixture of two isomers (2a and 
2b) on the following basis. 
1) The compound is yellow crystalline material 
but reddish in solution: a very weak absorption at 
535 nm was observed in a fairly concentrated solution 
(ca. 2 . 5 x l O ~ 2 M ) . This absorption around 540 n m 
is considered to be characteristic of the iV-thiosul-
finylanilines (see Ref. 1 and the data listed in Table 1). 
2) The N M R spectrum shows the presence of two 
compounds; the major one (2a) has three singlets due 

TABLE 1. ELECTRONIC SPECTRA OF JV-THIOSULFINYLANILINES 

Com­
pound Solvent Amaxnm, (e) 

2a + 2b hexane 268(2610), 292(2580), 340(2050), 
410(3480), 535(weak) 

4 hexane 270sh(1470), 310sh(1940), 
343(5590), 476(2190), 536sh(1190) 

8 pentane 272sh(2060), 305sh(2330), 
343(6960), 483(1810), 542 sh( 1130) 

10 pentane 336(5700), 462(1900), 540sh(870) 

T A B L E 2. 

T e m p 

35 °G 

0 ° G 

EQUILIBRIUM CONSTANT IN GD2G12 (0.48 M) 

[2a]/[2b] AG(kcal/mol) 

14.2 1.62 

33 .7 1.91 

to nonequivalent £-butyl groups at ô 0.83, 1.18, and 
1.38, and two pairs of doublet due to nonequivalent 
olefinic protons at 5.87 and 6.39, while the minor 
one (2b) has two singlets due to £-butyl groups at 
ô 1.31 (2 and 6 positions) and 1.34 (4 position), and a 
singlet due to the two equivalent aromatic protons. 
The molar ratio of the two species was calculated 
based on the N M R signal intensities of the two ole­
finic protons of 2a and the two aromatic protons of 
2 b and found to vary reversibly with temperature. 
The typical results are shown in Table 2. The com­
pound (2) exists only as a monomer in the solid state 
and the structure of 2a was confirmed by X-ray crystal-
lographic analysis.5) 

S2CI2 

NEt3 , Et20 

Unlike the case of 1, a similar reaction with 2,4-
di-£-butyl-6-methylaniline (3) gave the corresponding 
N-thiosulfinylaniline (4) in 8 0 % yield, which was 
deep purple crystals and stable at ambient temperature. 
The electronic spectra are tabulated in Tables 1 and 3 ; 
the visible part of the spectra did not show any appre-
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TABLE 3. SOLVENT EFFECT ON ELECTRONIC SPECTRA OF 4 

Solvent -̂rnax nm, (e) 

Hexane 343(5590), 476(2190), 536sh(1190) 
GG14 345(5830), 480(2230), 548sh(1280) 
EtOH 343(6000), 478(2170), 544sh(1260) 

ciable solvent effect (Table 3). No evidence for the 
ring-chain tautomerism as observed for 2 was obtained 
for this compound. X-Ray analysis established the 
structure (4) 5) 

3 : R - M e 
7: R-z -Pr 

thus eliminating other possible structures, i.e., (dithio-
nitro) benzene (5) or dithiaziridine (6). 

A similar reaction of 2,4-di-£-butyl-6-isopropyl-
aniline (7) gave the corresponding 7V-thiosulfinyl-
aniline (8) as a purple oil (14%), which decomposed 
slowly at room temperature. The electronic spectrum 
is listed in Table 1. The isolation of analytically 
pure specimen was difficult because of its instability. 
The fact that more sterically hindered iV-thiosulfinyl-
aniline (7) was less stable than 4 is noteworthy and 
this point will be discussed in the accompanying paper8) 
in connection with the thermolysis of these iV-thio-
sulfinylanilines. 

The reaction of 2,4,6-trimethylaniline (9) with 
disulfur dichloride under similar conditions gave no 
7V-thiosulfinylaniline. However, lowering of both 
reaction temperature ( — 78 °G, 2 h) and work-up 
temperature ( — 2 °G) enabled us to isolate 10 in 2 % 
yield as a reddish purple oil (see Table 1 for the 
electronic spectrum), although satisfactory analytical 
data could not be obtained because of its instability. 

S2Cl2 

Et3N Et20 

9 10 

Unlike both aforementioned reactions and the Herz 
reaction, the reaction of 2,5-di-^-butylaniline (11) 
with disulfur dichloride under conditions similar 
to those for the reaction of 1 gave iV,iV/-bis(2,5-di-
£-butylphenyl) sulfur diimide (12) in 7 0 % yield as 
orange crystals. 

NH2 

The above results indicate that the reactions of 
disulfur dichloride with anilines substituted at both 
ortho positions gave iV-thiosulfinylanilines, although 
they are fairly unstable in the absence of bulky sub-
stituents. Therefore, existence of a highly electron-
donating group (as in jö-dimethylamino-iV-thiosul-
finylaniline)1) is not essential for preparation of a 
thiosulfinylamino compound. 

iV-Thiosulfinylanilines were obtained also by the 
reactions of 1 and 3 with sulfur dichloride (SG12). 
In these cases, considerable amounts of the sulfur 
diimides were obtained. The iV-sulfinylaniline (15) 
was formed as well. 

sci2 

Et3N,Et20 
-> 2 + Ar1-N=S=N-Ar1 + Arl-N=S=Q + 1 

(23.7%) (12.6%) 

Ar1 = 2,4,6- (/-Bu)3G6H2 

sci2 

14 (11.9%) 15 (45%) 

Et3N,Et20 
-1- Ar2-N=S=N-Ar* + 3 

(16.9%) (50.1%) (20.3%) 

Ar2 = 2,4-(/-Bu)2-6-MeC6H2 

Formation of 2 or 4 may be ascribed to the reac­
tions of 1 or 3 with disulfur dichloride, because sulfur 
dichloride is known to dissociate partly into disulfur 
dichloride and chlorine molecule.6) 

Reactions of 1 and 3 with thionyl chloride gave 
N-sulfinylanilines 15 (83.0%) and 16 (72.3%), res­
pectively. These iV-sulfinylanilines showed no tendency 
to undergo intramolecular cyclization into 17 unlike 
the case of 2. 

^ 0 

R ^ M e or t-Bu 

11 12 

Exper imenta l 

All melting points were uncorrected. The IR and UV 
spectra were recorded with Hitachi EPI-G2 and Hitachi 
EPS-3 spectrophotometers, respectively. The NMR spectra 
were measured with a Hitachi R-20B spectrometer using 
te trame thy lsilane as an internal standard. The mass spectra 
were recorded with a Hitachi RMU-6L mass spectrometer. 
Molecular weights were determined with a Hitachi 117 
Molecular Weight Apparatus. Reactions were performed 
under nitrogen, and chromatographic separations were car­
ried out by dry column chromatography (Woelm silica gel 
for dry column chromatography). 

Reaction of 2,4,6-Tri-t-butylaniline (1) with S2Cl2. A 
solution of S2G12 (261 mg, 1.94 mmol) in ether (1.7 mi) 
was added dropwise to a solution of 2,4,6-tri-/-butylaniline7> 
(500 mg, 1.91 mmol) and triethylamine (399 mg, 3.95 mmol) 
in ether (20 ml) with stirring at 0 °G. After being stirred 
for 1 h, the reaction mixture was washed with water, and 
dried (MgS04). Removal of the solvent gave a brown 
tarry material, which was chromatographed on silica gel 
with hexane. The first fraction gave 16 mg of sulfur. The 
second fraction afforded 434 mg (1.34 mmol, 70.2%) of 2,4,6-
tri-/-butyl-7,8-dithia-9-azabicyclo[4.3.0]nona-2,4,9-triene (2a) 
as yellow crystals (mp 92.5—94 °G), which were recrystal-
lized three times from ethanol; mp 96—97 °Gj IR (KBr) : 
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2950, 1625, 1475, 1455, 1385, 1360, 1255, 835, 665, and 
638 c m - 1 ; N M R (CC14) : the major component (2a) Ô 0.83 
(s, 9H) , 1.18 (s, 9H) , 1.38 (s, 9H) , 5.87 (d, 7 = 2 Hz, 1H), 
and 6.39 (d, 7 = 2 Hz , 1H) ; the minor component (2b) : 
1.31 (s, 18H), 1.34 (s, 9H) , 7.34 ( s , 2 H ) ; A ^ a n e (e) : 240 sh 
(4720), 268 (2610), 292 (2580), 340 (2050), 410 n m (3480), 
and 535 sh (very weak) ; m\e 323 (M+, trace), 291 (4 .4%), 
266 (72), 251 (49), 244 (100), and 236 (49): mol wt (vapor 
pressure osmometry in benzene, 39.4 °G); 322.9 (Galcd: 
323.55). 

Found: G, 66.64; H , 8.96; N , 4.08; S, 19.72%. Galcd 
for G 1 8H 2 9NS 2 : G, 66.84; H , 9.04; N , 4 .33; S, 19.79%. 

T h e third fraction gave 10 mg of orange crystals, which 
were identified as iVjiV'-bis(2,4,6-tri-/-butylphenyl) sulfur di­
imide (14)8) by the I R spectrum and T L G . From the last 
fraction aniline (1) (52 mg, 10.4%) was recovered. 

Reaction of 2,4-Di-t-butyl-6-methylaniline (3) with S2Cl2. 
A solution of S2G12 (624 mg, 4.62 mmol) in ether (4.2 ml) 
was added dropwise to a solution of 37> (993 mg, 4.52 mmol) 
and triethylamine (839 mg, 8.3 mmol) in ether (40 ml) with 
stirring at 0 °G. After being stirred for 1 h, the reaction 
mixture was poured into water, and the organic layer was 
dried ( M g S 0 4 ) . Removal of the solvent gave a dark purple 
tar, which was subjected to chromatographic separation (silica 
gel, hexane). T h e first fraction gave 27 mg of sulfur. T h e 
second purple fraction gave 1.021 g (80.1%) of 2,4-di-/-
butyl-6-methyl-iV-thiosulfinylaniline (4) as a dark purple tar, 
which crystallized on standing (mp 53—54 °G). Repetitive 
recrystallizations from aq methanol afforded analytically 
pure specimen, m p 67—68 °G; I R (KBr) : 2950, 1590, 1455, 
1360, 1222, 1169, 995, 940, 870, 780, 760, 690, 650, and 
620 c m - 1 ; N M R (CC14) : Ô 1.33 (s, 18H), 2.02 (s, 3H) , and 
7.22 (ABq, A < 5 = 0 . 2 2 , 7 = 2 Hz , 2H) ; ^ a n e (e): 270sh (1270), 
310 (1940), 343 (5590), 476 (2190), and 536 sh n m (1190); 
m/e: 281 (M+, 0 .5%) , 266 (20), 224 (100), 217 (18), 209 
(18), and 204 (20); m o l w t (vapor pressure osmometry in 
benzene at 39.4 °G) : 295. Found : G, 64 .01 ; H , 8.46; N , 
5.10; S, 22.97%,. Galcd for G 1 5 H 2 3 NS 2 : G, 64 .01 ; H , 8.24; 
N, 4 .98; S, 22 .78%. 

T h e third fraction gave 86 mg of orange tar, which was 
treated with preparat ive T L G (silica gel, benzene) to give 
28 mg (2.6%) of i\^,iVr ,-bis(2,4-di-/-butyl-6-methylphenyl)-
sulfur diimide (13), which was identified by comparison of 
the N M R , I R , and mass spectra with those of an authentic 
sample obtained by photolysis of 4.9> T h e fourth fraction 
gave 49 mg (4.9%) of 3 . 

This reaction was performed in a larger scale using 20 g 
of 3 , where conventional column chromatography was used 
to separate 4 from the reaction mixture for the purpose of 
preparative convenience. Hexane could also be used as 
reaction solvent instead of ether. 

Reaction of 2,4-Di-t-butyl-6-isopropylaniline (7) with S2Cl2. 
T o an ice-cold solution of 710> (517 mg, 2.09 mmol) and 
triethylamine (460 mg, 4.55 mmol) in ether (30 ml) , a solution 
of S2G12 (294 mg, 2.18 mmol) in ether (10 ml) was added 
dropwise with stirring. After additional stirring for 45 min 
at 0 °G and then usual work up , the resulting residue was 
chromatographed (silica gel, pentane) . A red purple par t 
of the column was eluted with pentane to give a red purple 
solution, which was used for measurement of an electronic 
spectrum. Removal of the solvent gave 93 mg (14.4%) of 
2,4-di-£-butyl-6-isopropyl-iV-thiosulfinylaniline (8) as a purple 
oil. I R (neat ) : 1595, 1360, 1128, and 1000cm" 1 ; N M R 
(GG14): ô 1.12 (d, 7 = 6 . 5 Hz , 6 H ) , 1.34 (s, 9 H ) , 1.36 (s, 
9H) , 2.58 (sep, 7 = 6 . 5 Hz , 1H), and 7.27 (ABq, A<5=0.13, 
7 = 2 H z ) ; A ^ t a n e (e): 272 sh (2060), 305 sh (2330), 343 
(6960), 483 (1810), and 542 sh n m (1130). 

Reaction of 2,4,6- Trimethylaniline (9) with S2Cl2. To a 
solution of 9 (998 mg, 7.38 mmol) and triethylamine (1.495 g, 
14.8 mmol) in ether (50 ml) , a solution of S2G12 (1.247 g, 
9.24 mmol) in ether (30 ml) was added dropwise with stirring 
at —78 °G. After additional stirring for 40 min at —78 °G, 
an insoluble par t was filtered off at — 78 °G. The red-
purple filtrate was condensed under reduced pressure at 
—10 °G. T h e residue was chromatographed (silica gel, 
pentane) at —2 °G. A red-purple fraction which contained 
2,4,6-trimethyl-7V-thiosulfinylaniline (10) was eluted with 
pentane at — 2 °G to give a red solution (100 ml), which 
was immediately used for measurement of an electronic 
spectrum. T h e concentration of the solution was determined 
to be 0.3 g/1 on the basis of the weight of the residue from a 
5 ml-portion of the eluted solution. Thus the yield of 10 
was 30 mg (2%) . Removal of the solvent at - 1 0 ° G af­
forded a red purple oil, which was immediately subjected 
to N M R measurement in carbon tetrachloride. 10; N M R 
(GG14, at 0 ° G ) : ô 2.01 (s, 6H) , 2.31 (s, 3H) , and 6.90 (s, 
2H) ; A ^ t a n e (e) : 336 (5700), 462 (1900), and 540 sh n m (870). 

T h e pentane solution of 10 obtained as above was decoloriz­
ed by none of the following reagents suggesting no reaction: 
dimethyl acetylenedicarboxylate, iV-phenylmaleimide, cyclo-
hexene, or norbornadiene. 

Reaction of 2,5-Di-t-buty[aniline (11) with S2Cl2. A 
solution of S2G12 (1.001 g, 7.49 mmol) in ether (10 ml) was 
added to a solution of l l 1 2 ) (996 mg, 4.85 mmol) and triethyl­
amine (1.59 g, 15.7 mmol) in ether (50 ml) dropwise with 
stirring at 0 °G. After stirring for 1 h and usual work-up, 
the residue was chromatographed on silica gel with hexane. 
T h e first efluent (50 ml) gave 35 mg of sulfur. A red fraction 
gave 749 mg (70.4%o) of N9N'-hv&(2,5-di-/-butylphenyl)sulfur 
diimide (12) as a red tarry material , which was purified by 
T L G (silica gel, hexane) to give vermilion crystals, which 
were recrystallized three times from acetone; m p 86—87 °G; 
I R (KBr) : 2960, 1475, 1385, 1355, 1280, 1095, and 822 cm" 1 ; 
N M R (GG14): ô 0.87 (s, 18H), 1.46 (s, 18H), 6.36 (d, 7 = 
2 Hz , 2H) , 6.89 (dd, 7 = 8 and 2 Hz, 2H) , and 7.16 (d, J= 
8 Hz , 2 H ) ; A ^ a n e (e): 241.5 n m (14300), 252 sh (12900), 
392 (9350); m/e: 438 (M+, 13.7%), 381 (21), 203 (100), 188 
(32), 146 (30), and 132 (39). Found : G, 76.96; H , 9.86; 
N, 6.38; S, 7 .38%. Galcd for G2 8H4 2N2S: G, 76.66; H, 
9.65; N , 6.38; S, 7 .31%. Aniline 11 (104 mg, 10.4%) was 
also recovered. 

Reaction of 2,4-Di-t-butyl-6-methylaniline (3) with Sulfur 
Dichloride. T o an ice-cold solution of 3 (908 mg, 4.14 
mmol) and triethylamine (1.041 g, 10.31 mmol) in ether (40 
ml) , a solution of SG12 (432 mg, 4.19 mmol) in ether (10 ml) 
was added dropwise with stirring. After additional stirring 
for 1.5 h and usual work-up, the residue was chromatograph­
ed on silica gel with hexane. A red purple fraction gave 
197 mg (16.9%) of 2,4-di-/-butyl-6-methyl-iV-thiosulfinylani-
line (4) as dark purple crystals (identified by I R and N M R ) . 
An orange fraction gave 484 mg (50.1%) of N,N'-bis(2,4:-
di-/-butyl-6-methylphenyl) sulfur diimide (13) as orange 
crystals (identified by I R and NMR). 8 ) From the subsequent 
fraction 239 mg (26.3%) of 3 was recovered. 

Reaction of 2,4,6- Tri-t-butylaniline (1) with SCl2. To an 
ice-cold solution of 1 (1.605 g, 6.15 mmol) and triethylamine 
(1.26 g, 12.5 mmol) in ether (40 ml) , a solution of SG12 

(640 mg, 6.21 mmol) in ether (10 ml) was added dropwise 
with stirring, and the mixture was stirred for 1.25 h at 0 °G. 
After usual work-up, the residue was chromatographed on 
silica gel with hexane. T h e first fraction gave 471 mg (23.7%) 
of 2. T h e second fraction was rechromatographed (silica 
gel, hexane) to give 213 mg (12.6%) of N,N'-hh{2,$fi-tYi-
J-butylphenyl)sulfur diimide (14) and 224 mg (11.9%) of 
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2,4,6-tri-/-butyl-iV-sulnnylaniline. From the third fraction, 
722.4 mg (45%) of 1 was recovered. 

14; m p 202.5—203.5 °G; I R (KBr) : 2960, 1590, 1470, 
1405, 1385, 1360, 1265, 1235, 1130, 875, and 770 cm" 1 ; 
N M R (GG14): Ô 1.31 (s, 18H), 1.38 (s, 36H), and 7.26 (s, 
4 H ) ; ^ a n e (e): 332 (7650) and 414 n m (4960); m/e 550 
(M+, 3.8%), 291 (100), 259 (58), and 244 (48). 

Found: G, 78.45; H , 10.37; N , 4.80; S, 6 .04%. Galcd 
for G3 6H5 8N2S: G, 78.49; H , 10.61; N , 5.08; S, 5.82%. 

Preparation of 2,4-Di-t-butyl-6-methyl-N-sulfinylaniline (16). 
T o an ice-cold solution of 2,4-di-/-butyl-6-methylaniline (3) 
(5.01 g, 22.9 mmol) and triethylamine (5.08 g, 50.3 mmol) 
in hexane (250 ml) , a solution of thionyl chloride (2.97 g, 
25 mmol) in hexane (50 ml) was added dropwise with stir­
ring. After additional stirring for 70 min, the reaction mix­
ture was washed with water, and dried ( M g S O J . Removal 
of the solvent afforded orange crystals, which were recrystal-
lized once from aq. methanol to give 4.39 g (72.3%) of 16 
(mp 54—55.5 °G), which was recrystallized three times from 
aq. methanol for an analytical specimen; m p 55.5—56.5 °G; 
I R (KBr) : 1272 and 1182 cm" 1 ( N S O ) ; N M R (GG14) : Ö 
1.31 (s, 9H) , 1.43 (s, 9H) , 2.25 (s, 3H) , and 7.20 (ABq, A<5= 
0.13, 7 = 2 Hz, 2 H ) ; A ^ a n e (e) : 226 (10100), 255 (5390), 
282 sh (2700), and 392 n m (2590); m/e 265 (M+, 2 3 % ) , 250 
(77), 209 (42), 208 (81), 202 (32), and 57 (100). Found : 
G, 67.92; H , 8.92; N , 5.52; S, 11.95%. Galcd for G15H23-
N O S : G, 67.88; H , 8.73; N , 5.28; S, 12.08%. 

Preparation of 2,4,6-Tri-t-butyl-N-sulfinylaniline (15). T o 
an ice-cold solution of 2,4,6-tri-/-butylaniline (5.33 g, 20.4 
mmol) and triethylamine (5.04 g, 49.9 mmol) in hexane 
(170 ml), a solution of thionyl chloride (2.70 g, 22.7 mmol) 
in hexane (30 ml) was added dropwise with stirring. After 
additional stirring for 40 min at 0 °G, usual work-up afforded 
6.13 g (97.7%) of 2,4,6-tri-^butyl-iV-sulfïnylaniline (15), 
which was recrystallized once from aq ethanol to give 5.21 g 
(83.0%) of 15 as orange crystals: m p 120.5—122 °G; I R 
(KBr) : 1295 and 1180cm" 1 ( N S O ) ; N M R (GG14) ô 1.27 
(s, 9H) , 1.38 (s, 18H), and 7.28 (s, 2 H ) ; A ^ a n e (e): 230.5 
(12400) and 410 n m (350); m/e: 307 (M+, 13%), 292 (65), 
251 (100), and 245 (90). Found : G, 70.61; H , 9 .61; N , 

4.86; S, 10.53%,. Galcd for G 1 8 H 2 9 NOS: G 70.31; H , 
9 .51; N , 4.56; S, 10 .43%. 
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Photolysis of iV-Thiosulfinylanilines 
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Thermolysis of 2,4-di-£-butyl-6-methyl-iV-thiosulfinylaniline (1) in refluxing benzene afforded 2,4-di-^-butyl-
8-thia-9-azabicyclo[4.3.0]nona-2,4,6,9-tetraene (6) and 2,4-di-£-butyl-6-methylaniline (7), while its photolysis 
resulted in the formation of N,N'-bis (2,4-di-£-butyl-6-methylphenyl) sulfur diimide (17) and 7. The mechanism 
of the thermolysis involving 1,5-hydrogen migration and o-quinonoid intermediate has been proposed. The 
electronic spectrum of the initial intermediate in the photolysis was obtained in EPA matrix and tentatively as­
signed to a dithionitro compound (42) or a dithiaziridine (41). Thermolysis of 2,4,6-tri-£-butyl-7,8-dithia-9-
azabicyclo[4.3.0]nona-2,4,9-triene (4b) equilibrated with 2,4,6-tri-^-butyl-Ar-thiosulfinylaniline (4a) gave 4,6-
di-£-butyl-3Z/-l,2,3-benzodithiazole 2-oxide (26) and 2,4,6-tri-^-butylaniline (27). The reaction in the presence 
of a catalytic amount of />-toluenesulfonic acid improved the yield of both 26 and 27, suggesting the ionic decom­
position pathway. However, an ESR signal was observed during the thermal decomposition of 4 in the absence 
of oxygen, implying a concurrent homolytic pathway if not a major one. The mechanism of these reactions are 
briefly discussed. The photolysis of 4 led to 27 and Ar,iV/-bis(2,4-di-^-butyl-6-methylphenyl)sulfur diimide (43). 

In a previous paper,1) we described the preparation 
of sterically hindered iV-thiosulfinylanilines (1—4) by 
the reactions of the corresponding anilines with disulfur 
dichloride. Of these, 1 is a stable crystalline com­
pound, while 2 and 3 are unstable at ambient temper­
ature. 

1 R ^ R ^ J - B u , R3 = Me 
2 R! = R2 = ^-Bu, R 3 -*-Pr 
3 R ^ R ^ R ^ - M e 
4a R ^ R ^ R ' ^ - B u 

Furthermore, 4a exists as a cyclized form (4b) in the 
solid state and an equilibrium between 4a and 4 b is 
established in solution. In the case of 2,5-di-/-butyl-
aniline, the product was not the iV-thiosulfinylaniline 
but the sulfur diimide (5). 

We disclose in this paper the thermal and photo­
chemical behaviors of 1 and 4 and discuss the factors 
influencing the thermal stabilities of these iV-thiosul-
finylanilines.2) 

R e s u l t s a n d D i s c u s s i o n 

Thermolysis of N-Thiosulfinylaniline (1). Heating 
1 in refluxing benzene for 21 h gave 2,1-benzisothiazole 
(6) (32%), the corresponding aniline (7) (26%), and 
sulfur. When the reaction was conducted in toluene 
at 70 °G (28 h) , the yields of 6 and 7 were 4 0 % and 
4 6 % , respectively. 

N—S *y- + + s» 

During the reaction a trace of hydrogen sulfide was 
detected (as PbS). This reaction is reminiscent of 
the thermolysis of 2,4-di-^-butyl-6-methylnitrosobenzene 

(8) leading to 9 and 7,3) which was found by us to 
proceed as shown in Scheme l.4) 

11 + 8 

11 -\ 12 

+ 

9 + 7 + H 2 0 

Scheme 1. 

Furthermore, 2,4-di-/-butyl-6-ethyl- (13) and 2,4-di-/-
butyl-6-isopropylnitrosobenzenes (14) have been found 
to be less stable than 8 to decompose even at 0—5 °G;4) 
this order of stability is consistent with the above scheme 
in which the decomposition starts with 1,5-hydrogen 
shift, for the initially formed o-quinone imine (10) is 
thought to be more stable for 13 or 14 than for 8. 

Considering the similar order of stability observed 
in the case of iV-thiosulfinylanilines {i.e., 2 is less stable 
than 1), the following mechanism (Scheme 2) starting 
with 1,5-hydrogen shift seems to be the most probable 
pathway also here. 

I + H 2 S • 7 + 3S 

Scheme 2. 
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The last step (reduction of 1 with hydrogen sulfide) 
was confirmed by a separate experiment. 

N-SH 

Scheme 3. 

The following alternative pathway (Scheme 3) in­
volving the thiooxime is also possible; extrusion of 
sulfur from such types of compounds as 15 and 16 are 
known.5) However, there is no experimental evidence 
so far to distinguish these two mechanisms. Whichever 
mechanism is operative, these pathways starting with 
1,5-hydrogen shift explain the instability of iV-thiosul-
finylanilines with ortho benzylic hydrogens. 

Such a 1,5-hydrogen shift involving ortho benzylic 
hydrogens seems a general type of reaction; sulfur 
diimide (17) obtained by the photolysis of 1 {vide infra) 
cleanly disproportionated (refluxing benzene, 3 h) to 
yield 6 (94%) and 7 (91%). Essentially the same 
results were obtained also in refluxing methanol, the 
yields of 6 and 7 being 97 and 8 7 % respectively. 

Ar-N=S=N-Ar • 6 + 7 
17 Ar = 2,4- (*-Bu) 2-6-MeC6H2 

This new mode of reaction of sulfur diimide presum­
ably proceeds also via 1,5-hydrogen shift from methyl 
group to sulfur atom followed by prototropy and 
cyclization as depicted in Scheme 4. 

V^T^5=N Ar 

H H 

+<h>xz 

%ft*~~ "** '™ + ArNH" 
Ar = 2,4- (*-Bu) 2-6-MeC6H2 

Scheme 4. 

In connection with the thermal behavior of 1, it 
is an interesting problem why the reaction product 
of 2,5-di-/-butylaniline with disulfur dichloride is sulfur 
diimide (5) instead of the iV-thiosulfinylaniline 18 
which would be no doubt the initial product. There 
are two conceivable routes leading to 5. The one 
(Scheme 5) proceeds via three-membered ring isomer 
(19), which loses a sulfur a tom to give thionitroso 
compound (20), followed by dimerization to give 21 
or by cycloaddition to thiosulfinylamino group to give 
22. Subsequent extrusion of sulfur from 21 or 22 
would lead to sulfur diimide (23). Another route 
consists of dimerization of the iV-thiosulfinylaniline 
followed by extrusion of sulfur (Scheme 6). 

Ar--N=S=S • Ar-N 

19 
Ci 

20-

/ s \ - s 
Ar-N N-Ar 

^ S ' 21 

• Ar-N N-Ar 
Ar-N=S=S \ S _ S / 2 2 - 2 S 

Scheme 5. 

S 

ArN N-Ar 

24 

Scheme 6. 

Ar-N=S 

20 

• Ar-N=S=N-Ar 

23 

Ar-N=S=S 
-3S 

Ar-N=S=N-Ar 

23 

Cyclization to three-membered ring followed by ex­
trusion of a sulfur a tom has been commonly observed 
for other thiocumulenes : thiocarbonyl ylides give ole­
fins,6) thiocarbonylimines give imines,7) a sulfine gives 
a ketone,8) and A^iV'-diphenylsulfur diimide gives 
azobenzene.9) Cyclic sulfur imides such as 21 or 22 
with six or less than six-membered ring appear to 
be unstable.10) Bulky groups around the thiosulfinyl­
amino group may hinder the formation of three-
membered ring isomer (19) as well as dimerization to 
24. These considerations can thus explain the in­
stability of 18 compared to 1—4. 

M ^ 5 

*4 
18 

Thermolysis of 1 into 6 and 7 may be rationalized 
also in terms of an intermediacy of (thionitroso)benzene 
(25), which would give 6 and 7 quite similarly to the 
case of nitrosobenzene 8 (Scheme 1). A mercapto-
amine, thio analog of 12, is known to lose the sulfur 
atom to give the corresponding amine.5a) Alternative­
ly, formation of the sulfur diimide 17 followed by its 
disproportionation is also a possible route giving 6 
and 7. However, these two pathways involving the 
formation of 25 cannot explain the fact that 6-isopropyl 
derivative 2 is less stable than 6-methyl derivative 1. 

Taken together, we consider that iV-thiosulfinylani-
lines decompose via pathways starting with 1,5-hy­
drogen shift if steric protection of a thiosulfinylamino 
group is sufficient and benzylic hydrogens are present 
in the ortho substituent. In the case where steric 
protection is insufficient, the iV-thiosulfinylanilines would 
undergo decomposition into the thionitroso intermediate 
(20) via cyclization into the dithiaziridine (19) to 
give the sulfur diimide as the final product. 

Thermolysis of N-Thiosulfinylaniline (4a) Equilibrated 
with 1,2,3-Dithiazole (4b). The above argument 
suggests that an iV-thiosulfinylaniline with enough 
steric protection and with no ortho benzylic hydrogen 
would enjoy considerable thermal stability. Thus, we 
have examined the thermolysis of 4a which not only 
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meets these requirements, but also is in equilibrium 
with 4b with the latter as a major component.1) 

Thermolysis of 4 in refluxing benzene under nitrogen 
for 9.7 h gave 
(27%). 

26 (20.6%), 27 (34.2%), and sulfur 

+ S0 

4a 4b 26 27 

The structure of 26 was determined by the ele­
mental analysis, the spectral data, and the following 
chemical behavior. Alkaline hydrolysis of 26 followed 
by chromatography gave the disulfide (28), suggesting 
the 2-oxide structure of 26; a similar hydrolysis of 30 
into 31 has been reported.11) In the present case, 29, 
a primary product, is thought to be oxidized into 28 
during the work-up procedure. 

H ,0 
N^b, NH2 

C I > Q S Qq'Na0H * c l i t^r S H 

CI 

30 

CI 

31 

Thermolysis of 4 in the presence of a catalytic amount 
of jb-toluenesulfonic acid improved the yield of 26 and 
27 up to 39.0 and 5 6 . 1 % , respectively, with 7 1 % 
conversion. However, thermolysis of 4 under a stream 
of oxygen gave a complex reaction mixture, from which 
27 (11.5%), 28 (12.2%), and 32 (9.5%) were isolated 
but no 26 was obtained. 

Fig. 1. An ESR spectrunTof 33a. 

TABLE 1. ESR DATA OF SOME NITROGEN 

C E N T E R E D RADICALS 

Radical 

33a 

Ph-S-N-S-Ph 

Ph-N-S-Ph 

Ph-S-N-J-Bu 

(34) 

(35) 

(36) 

aN (G) 

8.2 

11.41 

9.59 

11.70 

g 

2.008 

2.0082 

2.0059 

2.0069 

Ph-S-N-S-Ph 
34 

The hyperfine splitting constant (hfsc) due to a 
nitrogen nucleus of 33a (8.2 G) is smaller than those 
of 34,12) 35,13) and 3614) (see Table 1) suggesting the 
extensive dereal iza t ion of an unpaired electron into 
the aromatic ring and two sulfur atoms due to the 
planarity of the molecule. 

Although the mechanism to form 26 and 27 is obscure, 
the following pathway shown in Scheme 7 is conceiv­
able. Elimination of 2-methylpropene from 4b by 
retro-ene reaction gives 37, which reduces 4 b to give 
38 and 39. Then 39 may be unstable and loses the 
sulfur atoms to give 27 on protonation, while 38 reacts 
with moisture in a solvent to give 26 on deprotonation. 

HfTSv 

4b 
~> 

- # . 

0 2 , 5 h 
4 • 27 + 28 + 

PhH, reflux 

5-S-t-Bu 

Thermolysis of 4 in degassed benzene at 110 °C 
for 5 min afforded a persistent ESR signal (aN=8.2 G, 

33a 33b 

g=2 .008) as shown in Fig. 1. This signal was consider­
ed to be due to a nitrogen-centered radical 33a, al­
though alternative structure 33b cannot rigorously be 
excluded. In any case, the large g-value (2.008) sug­
gests that an unpaired electron is delocalized on two 
sulfur atoms as in the case of 34,12) for which a large 
g-value (2.0082) was reported. 

37 + 4b 

39 
1) H + 

2) - 2 S 

N=SN MX&5-

17 

Scheme 7. 

The fact that yields of 26 and 27 increased in the 
presence of a small amount of the acid is consistent 
with the above scheme, since formation of 37 appears 
to be catalyzed by acid. 

The following free radical mechanism (Scheme 8) is 
also conceivable, in view of the observation of an ESR 
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TABLE 2. YIELDS OF THE PHOTOLYSIS PRODUCTS OF 1 

Solvent Concentra- Irradiation Isolated yields (%) 
tion (g/1) time (h) 17 7 S8 

Pentane 
Pentane 
Benzene 
2-Propanol 

4.7 
0.7 
4.8 
4.7 

35.3a> 
9b) 

30a> 
3 2 a ) 

70.9 
42.4 
34.7 
36.8 

26.5 
17.1 
25.3 
28.5 

16.0 
11.2 
23.4 
19.8 

Q 

O 

a) 100 W lamp, b) 400 W lamp. 

signal of what is believed to be 33a although its im­
portance is probably minor. The fact that the presence 
of oxygen did not favor the formation of 26 suggests 
that oxygen atom in 26 did not come from atmospheric 
or dissolved oxygen molecule, but from moisture in 
the solvent. 

- / -Bu-
éb > 

rsr0H 

H- 4b 

33a • 37 • 38 f 39 

Scheme 8. 

Photolysis of N-Thiosulfinylaniline (1) and Related Com­
pounds. Photolysis of organic thiocumulenes of 
type X=S=Y has not been reported except for that 
of thiobenzophenone /S-oxide, whose products are 
benzophenone and sulfur.15) 

Irradiation of 1 with Pyrex-filtered light from a 
medium pressure mercury lamp below 25 °C afforded 
the sulfur diimide (17), aniline (7), and sulfur. The 
yields and conditions are summarized in Table 2. 

hv 

Ar-N=S=S • ArNH2 -j- Ar-N=S=N-Ar + S8 

1 7 17 

Ar = 2,4- (*-Bu) 2-6-MeC6H2 

Irradition of 1 in EPA matrix was carried out at 
77 K, and the change in the electronic spectra was 
monitored intermittently. Recorded spectra are shown 
in Fig. 2. During irradiation, the intensity of absorp­
tion at 340 nm decreased, while a very intense band 
appeared at 473 n m ; isosbestic points were observed 
at 300 and 355 nm suggesting the species showing an 
absorption at 473 nm arose directly from 1. Molar 
extinction coefficient of this species was estimated to 
be ca. 15000 or more on the basis of the increase of 
the absorption at 473 nm and the decrease of the 
absorption at 340 nm. Since absorption due to the 
nitrene 40 would be around 400 nm or below with 
the molar extinction coefficient of a few hundreds,16) 
and sulfur atom or its oligomers have their absorption 
below 420 nm,17) neither of these is responsible for 
the absorption at 473 nm. Consequently, unlike the 
photolysis of azides, where a nitrene is formed by 
elimination of nitrogen molecule, simultaneous élimina-

1.5-

1.0 

0.5-

340nm 

1V\ 
] \ \ J 

473 nm 

I 

/ /A I 
/ / / * \ \ \ 

/ / ^ \ \ v V 

303 400 500 600 700 

Fig. 2. Change in the electronic spectra of 1 during 
irradiation. 

tion of two sulfur atoms from thiosulfinylamino group 
to give a nitrene can be excluded. The absorption 
at 473 nm may be due to one of three species (25, 41 , 
and 42), although we have no experimental evidence 
to determine which is correct. In view of the well 

known tendency of thiocumulenes to extrude sulfur 
via a three-membered ring in photolysis and thermoly­
sis,6-9 '15 '18) it is reasonable to assume that 1 would 
change into 41 or 42 at first, then loses one sulfur to 
give 25, which further reacts through pathways depict­
ed in Scheme 5. 

The aniline 7 is probably formed from photodecom-
position of 17 because irradiation of 17 in pentane for 
33 h gave 18.2% of 7 with recovery of 17 (68.3%). 
As shown in Table 3, the product ratio 7/17 decreases 
with increasing concentration. The reason for this 
concentration effect is not clear to us, but one explana­
tion seems due to self quenching of 17. 

TABLE 3. CONCENTRATION EFFECT OF THE PHOTOLYSIS 

Concentration 
(g/1) 

0.67 
3.3 

16.7 

OF 1 IN P E N T A N E 

Irradiation 

00 
4 

11.5 
24.5 

time Molar ratio 
7/17 

1.1 
0.58 
0.27 

Photolysis of 4. Irradiation of 4 in pentane 
afforded sulfur diimide (43) (7.5%) and aniline (27) 
(10.5%) together with some unidentified products. 
Since these products are very similar to those of the 
photoreaction of iV-thiosulfinylaniline (1), the precursor 
of these products is considered to be the iV-thiosulfinyl-
aniline (4a). 

4a 

It 
4b 

-> Ar-NH2 + Ar-N-S-N-Ar 

27 43 

Ar=2,4,6-(*-Bu)3C6H2 
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Exper imenta l 

All melting points were uncorrected. T h e IR , U V , N M R , 
and mass spectra were taken with the same spectrometers 
as used in a previous paper.1) ESR spectra were recorded 
with J E O L J E S - M E spectrometer. Reactions were carried 
out under nitrogen unless otherwise stated. 

Thermolysis of 2,4-Di-t-butyl-6-methyl-N-thiosulfinylaniline (1). 
iV-Thiosulfinylaniline (l)1) (404 mg, 1.44 mmol) was heated 
for 21 h in refluxing benzene (20 ml) . Removal of the 
solvent followed by dry column chromatography (DGG) 
(silica gel, hexane) afforded 38 mg of sulfur in the first 
fraction. From the second fraction, 15 mg (3.7%) of 1 
was recovered. T h e third fraction was rechromatographed 
(silica gel, GG14) to give 115 mg (32.3%) of 2,4-di-*-butyl-
8,9-thiazabicyclo[4.3.0]nona-2,4,6,9-tetraene (6) which was 
identified by the I R , N M R , and mass spectra (mp 52— 
53.5 °G, recrystallized three times from methanol) . Spectral 
and analytical da ta of this compound are listed in the descrip­
tion of thermolysis of iV,iV /-bis(2,4-di-^-butyl-6-methylphenyl)-
sulfur diimide (17) {vide infra). T h e fourth fraction gave 
81 mg (25.6%) of 2,4-di-*-butyl-6-methylaniline (7) which 
was identified by comparison of the I R and N M R spectra 
with those of the authentic sample.19) 

I n a similar reaction, when nitrogen stream passed through 
the refluxing solution was led into aq lead (I I) acetate, 
slight darkening of the solution was observed. 

Heat ing of 1 (401 mg, 1.42 mmol) in toluene (10 ml) at 
70 °G for 28 h gave 46 .2% of 8, 39 .9% of 6, and 50 mg of 
sulfur after a similar work-up. 

Thermolysis of N , N ' - Bis(2,4-di- t-butyl-6-methylphenyl) sulfur 
Diimide (17). Compound 17 (224 mg, 0.48 mmol) was 
heated for 3 h in refluxing benzene ( 15 ml) . After removal 
of the solvent, the residue was chromatographed (silica gel, 
hexane) . T h e first fraction gave 112 mg (94.3%) of 6 as 
white crystals (mp 49—52 °G), which were recrystallized 
three times from methanol at —78 °G to give colorless prisms, 
m p 52.5—53.0 °G; I R (KBr) : 3080, 2900, 1358, 1245, and 
745 c m - 1 ; N M R (GG14) : Ô 1.38 (s, 9H) , 1.60 (s, 9H) , 7.34 
(ABq, 7 = 2 Hz, A<5=0.14, 2H) , and 8.92 (s, 1H) ; A ^ a n e 

(c): 232 (26900), 289.5 (8310), 300.5 (9960), and 324 n m 
(5230); m/e: 247 (M+, 21 .7%) , 232 (100), 205 (12), 204 
(16), 190 (15), 176 (19), 57 (16), and 41 (11). Found : G, 
72.64; H, 8.64; N , 5.64; S, 12.88%. Galcd for G 1 5 H 2 1 NS: 
G, 72.82; H , 8.56; N , 5.66; S, 12.96%. 

T h e second fraction gave 96 mg (91.2%) of 7. 
Thermolysis of 17 (319 mg, 0.683 mmol) in refluxing 

methanol (140 ml) followed by similar work-up afforded 6 
(164 mg, 97.1%) and 7 (130 mg, 86 .8%) . 

Thermolysis of 2,4,6- Tri-t-butyl-7,8-dithia-9-azabicyclo[4.3.0]-
nona-2,4,9-triene (4b). Heat ing of 4 b (481 mg, 1.49 
mmol) in refluxing benzene (25 ml) for 9.7 h gave orange 
solution. Removal of the solvent followed by treatment with 
hexane afforded 4,6-di-£-butyl-3Z/-l,2,3-benzodithiazole 2-
oxide (26) as white crystals (41 mg) . T h e filtrate was chro­
matographed (silica gel, hexane). T h e first fraction gave 
15 mg of sulfur. T h e second fraction gave 24 mg of 4 b . 
T h e other fraction, on t reatment with CC14 followed by 
filtration, gave 25 mg of 26 as white crystals, and the filtrate 
was chromatographed (silica gel, GG14). A slightly pale 
yellow fraction gave 133 mg (34.2%) of 2,4,6-tri-^-butylaniline 
(27) (identified by I R and N M R ) . T h e subsequent fraction 
gave 95 mg of yellow tar, which, on t reatment with hexane, 
gave 21 mg of 26. Thus , the total yield of 26 was 87 m g 
(20 .6%); 26 : m p 160 °G (dec) (recrystallized four times 
from aq methanol ) ; I R (KBr) : 3280 (NH) and 1 1 1 0 c m - 1 

(SO) ; N M R (GG14): Ô 1.34 (s, 9H) , 1.45 (s, 9H) , 7.21 (ABq, 

7 = 1 . 2 Hz, A<5=0.12, 2H) , and 7.50 (broad s) ; A ^ a n e (c) : 
284 sh (2130) and 294 sh n m (1560); m/e: 283 (M+, 15%), 
268 (23), 266 (100), 251 (39), 236 (15), 57 (21), and 41 
(16); mol wt (vapor pressure osmometry, in benzene at 
39.8 °G): 293.3 (calcd: 283.43). Found : G, 59.38; H , 
7.69; N , 4.90; S, 2 2 . 2 1 % . Galcd for G 1 4 H 2 1 NOS 2 : G, 59.33; 
H, 7.47; N , 4.94; S, 22 .62%. 

Thermolysis of 4b in the Presence of p-Toluenesulfonic Acid. 
A mixture of 4 b (303 mg, 0.94 mmol) , />-toluenesulfonic acid 
(14 mg, 0.08 mmol) , ethanol (2 ml) , and benzene (20 ml) 
was refluxed for 3 h. Removal of the solvent followed by 
treatment with hexane afforded 73 mg (27.5%) of 26 as white 
crystals. T h e hexane-soluble par t was chromatographed 
(silica gel, hexane) to give 89 mg (29.4% recovery) of 4 b 
and 97 mg (39.6%) of 27. 

Thermolysis of 4b under a Stream of Oxygen. In refluxing 
benzene (20 ml) , 302 mg (0.93 mmol) of 4 b was heated for 
5 h under a stream of oxygen. After the solvent was removed, 
the residue was treated with hexane; no precipitates (26) 
were obtained. Chromatography (silica gel, GG14) of the 
residue afforded 29 mg (9.5%) of 2-amino-3,5-di-J-butyl-
phenyl £-butyl disulfide (32) as a yellow tarry material, 
which was identified by the following spectral da ta : I R (neat) : 
3495 and 3360 cm" 1 ( N H 2 ) ; N M R (GG14) : ô 1.27 (s, 9H) , 
1.35 (s, 9H) , 1.43 (s, 9H) , 4.45 (broad s, 2H) , and 7.21 (ABq, 
7 = 2 . 4 Hz, A<5=0.08, 2 H ) ; m/e 325 (M+, 2 % ) , 293 (3), 269 
(7), 254 (5), 237 (19), 236 (12), 222 (51), and 57 (100). 

A crystalline material ( 176 mg) obtained from the second 
fraction was subjected to preparative T L G (silica gel, GG14) 
to give 28 mg (11.5%) of 27 and 27 mg (12.2%) of bis-
(2-amino-3,5-di-£-butylphenyl) disulfide (28). These com­
pounds were identified by comparison of the I R and N M R 
spectra with those of the authentic samples. Spectral and 
analytical da ta of 28 were listed in the description of hydroly­
sis of 26 (vide infra). 

Hydrolysis of 4,6-Di-t-butyl-3H-7,2,3-benzodithiole 2-Oxide 
(26). A solution of 26 (57 mg, 0.2 mmol) , potassium 
hydroxide (189 mg, 3.37 mmol) , water (2 ml) , and ethanol 
(7 ml) was refluxed for 2 h. The reaction mixture was 
neutralized by dil. HG1, and extracted with ether. The 
extract was washed with aq. sodium hydrogencarbonate, 
then with water, and dried ( M g S 0 4 ) . After the solvent 
was removed, the residue was purified by preparative TLG 
(silica gel, GG14) to give 46 mg (97%) of 28 as pale yellow 
needles (mp 87.7—89.7 °G), which were recrystallized three 
times from methanol : I R (KBr) : 3490 and 3370 cm" 1 (NH2) ; 
N M R (GG14): ô 1.19 (s, 18H), 1.40 (s, 18H), 4.45 (broad 
s, 4 H ) , and 7.10 (ABq, A<5=0.08, 7 = 2 . 5 Hz, 4 H ) ; m/e: 
472 (M+, 2 1 % ) , 236 (100), 222 (48), 205 (10), 179 (10), 
57 (36), and 41 (16). Found : G, 71.22; H , 9.59; N , 6.12; 
S, 13.67%. Galcd for G2 8H4 4N2S2 : G, 71.13; H , 9.38; N , 
5.93; S, 13.56%. 

ESR Measurements. An ESR sample tube containing 
ca. 0.2 ml of benzene solution (0.05 M) was degassed by 
four freeze-pump-thaw cycles and heated for 5 min at 110°G. 
After the sample solution was cooled to room temperature, 
the ESR spectra were recorded. Hyperfine splitting con­
stants and ^-values were determined on the base of M n 2 + in 
M n O a . 

Photolysis of 2,4-Di-t-butyl-6-methyl-N-thiosulfinylaniline (1). 
Typical procedures are described below, a) A pentane 
solution (70 ml) of 1 (329 mg, 1.17 mmol) was irradiated for 
32.3 h with Pyrex-filtered light from a 100 W medium pres­
sure mercury lamp immersed in the solution, whose temper­
ature was controlled by external cooling with ice-water not 
to exceed 25 °G. After removal of the solvent, the residue 
was subjected to DGG (silica gel, hexane). T h e first fraction 
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gave 12 mg (16%) of sulfur. An orange fraction gave 193 
mg (70.9%) of 17 as orange crystals, which were recrystallized 
four times from aq ethanol and once from acetone; m p 
122—123 °G; I R (KBr) : 2950, 1360, 1280, 1265, and 1238 
cm- 1 ; N M R (GG14) : Ô 1.29 (s, 36H), 2.24 (s, 6H) , 6.91 (d, 
7 = 2 Hz, 2H) , and 7.17 (d, 7 = 2 Hz, 2 H ) ; A££"e (e): 317 
(5530) and 409 n m (6560); m/e 466 (M+, 0 .5%), 451 (7), 
247 (13), 232 (47), 219 (37), 204 (100), 57 (27), and 41 
(23). Found: G, 77.05; H , 10.12; N , 5.86; S, 6.94%0. Galcd 
for G3 0H4 6N2S: G, 77.20; H , 9.93; N , 6.00; S, 6 .87%. 

The last fraction gave 83 mg of tarry metarial , which 
was purified by T L G (silica gel, benzene) to give 68 mg 
(26.5%) of 2,4-di-*-butyl-6-methylaniline (7). 

b) Effect of Concentration. A solution of 1 in pentane 
(1.5 ml) was placed in a quartz tube, flashed with nitrogen, 
immersed in a water bath to keep the temperature of the 
solution below 20 °G, and irradiated with Pyrex-filtered light 
from a 400 W medium pressure mercury lamp. In this way, 
several solutions were irradiated at the same time. Deter­
mination of molar ratios (7/17) was performed by high speed 
liquid chromatography (1-m column packed with Hitachi 
3010 gel, eluted with methanol) . T h e results were shown 
in Table 3. 

Photolysis of 1 in EPA Matrix. An EPA solution in 
a Pyrex cell was degassed by four freeze-pump-thaw cycles. 
This sample solution was immersed in liquid nitrogen in a 
Dewar vessel made of quartz which was placed in a Cary-
14 spectrophotometer, and irradiated by focused light from 
a medium pressure mercury lamp through the Dewar vessel. 
Electronic spectra were recorded intermittently. 

N,W-Bis(2,4-di-t-butyl-6-methylphenyl) sulfur Diimide (17). 
A pentane solution (70 ml) of 17 (187 mg, 0.40 mmol) was 
irradiated for 33 h with a 100 W medium pressure mercury 
lamp immersed in the solution, whose temperature was 
controlled not to exceed 15 °G. T h e irradiated solution 
was examined by high speed liquid chromatography (column 
material : Hitachi 3010; column length: 1 m ; column pres­
sure: 45 kg/cm2 ; flow ra te : 1.2 ml /min ; solvent: methanol) 
and found to show three peaks: corresponding to 7, an un­
known compound which did not correspond to 6, and 17. 
Molar ratio 7/17 was estimated to be 0.215. T h e reaction 
mixture was subjected to preparative T L G (silica gel, hexane, 
developed three times) to give 128 mg (68.3% recovery) of 
17 and 28 mg of brown tarry material , which was purified 
by TLG (silica gel, benzene) to give 16 mg (18.2%) of 7. 

Photolysis of 4b. A pentane solution (70 ml) of 4 b 
(402 mg, 1.24 mmol) was irradiated by Pyrex-filtered light 
from a 100 W medium pressure mercury lamp for 32.8 h. 
Temperature of the solution was controlled not to exceed 
20 °G by cooling with ice-water. After removal of the 
solvent, the residue which was composed of many components 
was subjected to DGG (silica gel, hexane). From an orange 

fraction was obtained 38 mg of orange crystalline material , 
which was recrystallized from acetone to give 26 mg (7.5%) 
of Ar,iV /-bis(2,4,6-tri-^-butylphenyl)sulfur diimide (43) (iden­
tified by comparison of the spectral da ta with those of an 
authentic sample).1) From a pale yellow fraction, 35 mg 
(10.6%) of aniline (27) was obtained. 
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Thermodynamic parameters (A//—— 4.9 kcal mol -1, A S = — H-3 cal mol -1 deg-1) were determined for 
cyclization of 2,4,6-tri-^-butyl-iV-thiosulfinylaniline (lb) (the minor component) into 2,4,6-trW-butyl-7,8-dithia-
9-azabicyclo[4.3.0]nona-2,4,9-triene (la) (the major component) by means of NMR spectroscopy. Using these 
values, 7T-bond of thiosulfinylamino group (-N=S=S) was estimated to be weaker than that of sulfinylamino group 
(-N=S=0) by, at least, 25 kcal mol -1. The equilibrium ratio [ la] /[ lb] is subject to considerable solvent effect, 
polar solvents favoring the cyclic form (la) . Similarity of the thiosulfinylamine-dithiazole equilibrium to that 
of azidoimine-tetrazole has been pointed out. 

In the previous papers,1»2) we reported that 2,4,6-
tri-^-butyl-iV-thiosulfinylaniline ( lb ) is in equilibrium 
with a cyclized form, 2,4,6-tri-J-butyl-7,8-dithia-9-
azabicyclo[4.3.0]nona-2,4,9-triene ( l a ) in solution, 
while in the solid state only l a exists. This is, to our 
knowledge, the first example where aromaticity of 
the benzene ring is destroyed during intramolecular 
1,3-dipolar cyclization, although many examples of such 
a ring-chain isomerization are known for azidoimine-
tetrazole systems.3) We became interested in factors 
influencing the equilibrium between l b and l a and 
this paper describes the thermodynamic properties and 
solvent effects of this equilibrium. 

N-Sv 

',!"1 i''"i i ' " ' "'" i'H r y n 

E x p e r i m e n t a l 

The NMR spectra were recorded with a JEOL G60-HL 
spectrometer (60 MHz) equipped with a variable temper­
ature apparatus. 2,4,6-Tri-£-butyl-7,8-dithia-9-azabicyclo-
[4.3.0]nona-2,4,9-triene (la, mp 98.5—99.5 °G) was pre­
pared as described previously.2) 

R e s u l t s a n d D i s c u s s i o n 

Temperature Effect. As interconversion between 
l a and l b was slow enough to show two sets of N M R 
signals due to the two tautomers (see Fig. 1), equilibrium 
constants were calculated based on N M R signal in­
tensity of the two olefinic protons of l a and the two 
aromatic protons of l b . Table 1 shows the temper­
ature dependence of the equilibrium constant and the 
free energy of isomerization measured in carbon tetra­
chloride solution (0.31 M) over a temperature range 
of 11—63 °G, where AG's correlate with temperatures 
linearly. Over the temperature range studied the 
major component was l a bu t the relative amount of 
l b increased with increasing temperature. Slight 
decomposition was observed above 60 °G. Based on 

i*s--s 

X X UL 

Fig. 1. NMR spectrum of an equilibribrium mixture 
l a + l b in GD2G12 (0.48 M) at 35 °G. 

TABLE 1. TEMPERATURE DEPENDENCE OF K AND AG 

IN GG14 

Temp 

(°G) 

11 
23 
30 
33 
38 
43 
48 
52 
58 
63 

K [ l a ] 

19.5 
14.1 
12.0 
10.7 
9.9 
9.2 
8.2 
6.6 
5.7 
5.1 

- A G 
(kcal mol-1) 

1.68 
1.56 
1.50 
1.44 
1.42 
1.39 
1.34 
1.22 
1.14 
1.09 

At lower temperatures (e.g.<0 °G), linear correlation 
between T and AG did not hold because the equili­
brium was reached much slower. 

the data in Table 1, the heat of isomerization (A/ / ) 
and the entropy of isomerization (AS) were estimated 
to be —4.9 kcal m o l - 1 and —11.3 cal m o l - 1 deg - 1 , 
respectively. These thermodynamic quantities bear a 
striking resemblance to those reported for the azido­
imine-tetrazole equilibrium;3) for instance, for the equi­
librium between 2-azidopyrimidine (2b) and tetrazolo-
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[l,5-tf]pyrimidine, AH and AS have been reported to TABLE 2. SOLVENT EFFECT ON K AT 43 ° G 

be —5.1 kcal m o l - 1 and —11.3 cal mol -

tively, in dimethyl sulfoxide-û?6.
4) 

deg - 1 , respec-

^N : ^N 

2b 2a 

For equilibria 3 b ^ 3 a and 4 b ^ 4 a , AHh of —4.2 and 
—3.4 kcal m o l - 1 have been reported.5) 

> 
3 R = N 0 2 

R 4 R = C1 
3a, 4a 

The similarity of these thermodynamic quantities, 
however, is somewhat surprising considering that the 
azidoimine-tetrazole reaction is a C>n-to-\0n conversion 
without loss of aromaticity, at least in a formal sense, 
while the thiosulfinylamine-dithiazole reaction is ac­
companied by complete loss of aromaticity. 

The exothermicity of this unusual ring formation of 
l b into l a may be attributable to both decreased 
aromaticity due to steric congestion by the three bulky 
groups ajacent to each other and high reactivity of 
the thiosulfinylamino group towards a double bond as 
demonstrated by 1,3-dipolar addition of j&-dimethylami-
no-iV-thiosulfinylaniline to olefins.6) Since 2,4,6-tri-
^butyl-iV-sulfinylaniline (5)2) was found to have no 
tendency to isomerize into its cyclic form 5a, steric 
congestion alone is not sufficient for ring formation. 
But the lack of aromaticity due to the steric congestion 
is an essential factor for cyclization because in the 
case of 2,4-di-^butyl-6-methyl-iV-thiosulfiny]aniline (6) 
no evidence for the ring formation was obtained by 
N M R over a temperature range of —102—70 °G. 

Difference between the rc-bond energy of sulfinyl-
amino group (-N=S=0) and that of thiosulfinylamino 
group (-N=S=S) can be roughly estimated using the 
thermodynamic data obtained above. Assuming that 
1% (limit of detection) of 2,4,6-tri-^butyl-iV-sulfinyl-
aniline (5) exists in its cyclic form 5a, the free energy 
of isomerization of 5 into 5a (AGNS0) is calculated to 
be 2.79 kcal mol" 1 (endothermic) at 33 °G. O n the 
other hand, free energy of isomerization of l b into 
l a (AGNSS) was — 1.44 kcal mol" 1 (exothermic) at 33 
°G. If we assume that entropy changes in both iso-
merizations are equal and that o bond energies of 
the N - S , S-O, and S-S bonds do not change through 
isomerization, the following equation can be given, 

AAG = AGNS0 - AGNSS = A # N S 0 - A # N S S 

= 4.23 kcal mol"1, 

n-NSS ') 

Solvent K= 
[la] 
[lb] 

Hexane 
Gyclohexane 
Carbon tetrachloride 
Ethyl acetate 
Dichloromethane-^2 
Acetone-</6 

Acetonitrile 

1.89 
2.02 
2.23 
6.02 
9.08 

20.7 
37.5 

6.3 
8.6 
9.2 

14.5 
12.2 
17.7 
25 

where Ö"00 is G - O single bond energy to be gained on 
cyclization of 5, ocs is G-S single bond energy to be 
gained on cyclization of l b , TT;NSO is n bond energy of 
- N = S = 0 group, and TT;NSS is n bond energy of -N=S=S 
group to be lost on cyclization. Substitution of report­
ed values —86 and —65 kcal mol - 1 7 ) for <TCO and 
tfcs, respectively, in the above equation gives TT;NSS — 
^ N S O = 2 5 kcal mol-1 . Thus rc-bond of -N=S=S group 
is weaker than that of - N = S = 0 group by, at least, 
25 kcal mol-1 . 

Solvent Effect. Equilibrium constants at 43 °G 
in various solvents are shown in Table 2, where it is 
demonstrated that polar solvents greatly enhance the 
preference of cyclic isomer l a , suggesting that the 
dipole moment of l a is larger than that of the N-
thiosulfinylaniline l b . Actually, the dipole moment 
of l a (ca. 2.9 D)8a) is larger than that of l b which was 
reasonably assumed to be nearly equal to the dipole 
moment of 6 (1.51 D).8b) Interestingly, quite a similar 
solvent effect has been reported for azido-tetrazole 
equilibria;9) in less polar solvents, the equilibrium is 
shifted towards the side of an azido form, suggesting 
that the dipole moment of an azido form is smaller 
than that of a tetrazole form. This situation is in 
line with the fact that dipole moment of phenyl azide 
(1.56 D)10) is smaller than that of 1,2,3-benzotriazole 
(4.10 D).10) 
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The crystal structure of 3-amino-2-hydroxy-l-propanesulfonic acid was determined by MULT AN system 
with X-ray intensity data on a diffractometer and refined by the least-squares method to an i?-value 0.087 for 
1620 reflections. The crystals were orthorhombic, space group Pbca, Z=8, with a=9.909, b= 12.032 and c = 
10.251 A. The molecule takes the zwitterionic form, H3+NGH2GH(OH)GH2S03-. The skeletal conformation of 
the molecule is planar trans zigzag. The molecules are held together by three-dimensional network of hydrogen 
bonds. 

3-Amino-2-hydroxy-l-propanesulfonic acid acts to 
lower blood pressure1) and is a hydroxy derivative of 
3-amino-l-propanesulfonic acid, homotaurine, which 
has strong activity towards the behavior of neurones 
when applied extracellularly.2) 

I t is of interest to investigate systematically the 
molecular structures of related compounds and elucid­
ate the relationship between the molecular conforma­
tions and their physiological functions. 

We previously reported the molecular and crystal 
structures of 3-guanidino-2-hydroxy-1 -propanesulfonic 
acid3) and 3-guanidino-1-propanesulfonic acid.4) 

In this paper, the authors describe the molecular 
and crystal structure of 3-amino-2-hydroxy-l-propane­
sulfonic acid. 

E x p e r i m e n t a l 

The compound was recrystallized from aqueous solution 
as colorless, transparent crystals. 

Crystallographic Measurement. The space group was 
determined from rotation and Weissenberg photographs, 
and lattice constants were obtained from precise measure­
ment on a diffractometer with Mo Koc radiation. Density 
was measured by the flotation method in a mixture of 
1,2-dibromoethane and carbon tetrachloride. The crystal 
data are listed in Table 1. Three-dimensional intensity 
data were collected on a computer controlled four-circle 
diffractometer (Rigaku Denki Co., Ltd.) with Zr-filtered 

TABLE 1. CRYSTAL DATA OF 3-AMINO-2-HYDROXY-

1-PROPANESULFONIC ACID 

Molecular formula; G304NH9S MW 155.17 
Colorless transparent Orthorhombic 
0 = 9.909(4) Â £=12.032(3) A 
c= 10.251(4) Â 
Volume of unit cell 1222.2 Â3 

Z>m 1.688 M g / m 3 

Z>x 1.686 M g / m 3 

Z = 8 F(000)=656 
Absent spectra; hkO when h=2n+l 

mi when / = 2 n + l 
Okl w h e n k = 2n+l 

Space group; Pbca 

Mo Koc radiation. A total of 1749 independent reflections 
limited within sin0/A=0.700 Â - 1 was scanned by w-26 tech­
nique at a scan speed of 2° per minute. All the reflections 
were recorded and corrected for usual Lorentz and polariza­
tion effects, no absorption correction being made. 

Structure Determination and Refinement. The structure 
determination was done by MULTAN system.5) As the 
average value of E2 with A=even, k=odd and /=odd parity 
has significantly large one, we tried to rescale the E's so 
as the average E2 value of each parity group to have unity, 
which revealed all the non-hydrogen atoms. Continuation 
of successive Fourier syntheses with overall isotropic tempera­
ture factor reduced the Ä-factor to 0.21. 

Refinement was carried out for all reflections by the block-
diagonal least-squares procedure with unit weight. The 
Ä-factor was reduced to 0.16 with isotropic temperature 
factors for all non-hydrogen atoms and decreased further 
with anisotropic temperature factors to 0.11. In this state, 
a difference Fourier synthesis revealed the locations of all 
the 9 hydrogen atoms. They were included in the final 
least-squares cycles with isotropic temperature factors. The 
final i?-value was 0.087. The observed and calculated struc­
ture factors are listed in Table 2.** 

Calculations were carried out on NEAC 2200-700 computer, 
Osaka University, and IBM 360, Seoul National University, 
Seoul, Korea. The atomic scattering factors were taken 
from the "International Tables for X-Rav Crystallogra­
phy."6) 

R e s u l t s a n d D i s c u s s i o n 

The final atomic parameters are given in Tables 3 
and 4, together with their estimated standard devia­
tions. The difference Fourier map is shown in Fig. 1. 
As shown in Fig. 1, one hydrogen atom of sulfo group 
is transfered to the amino group. Thus, the molecule 
occurs in the zwitterionic form, H 3 +NCH 2 CH(OH)-
C H 2 S 0 3

_ , as in the cases of related compounds. 
Bond Distances and Angles. The interatomic dis­

tances and angles are listed in Table 5, together with 
their standard deviations, and those are acceptable as 
a whole. In the - S 0 3

_ group, the average of three 
S-O distances, three O - S - O angles and three O - S - C l 

** Table 2 is kept as a Document at the Office of the 
Chemical Society of Japan (Document No. 7923). 
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TABLE 3. FINAL POSITIONAL AND THERMAL PARAMETERS (ESTIMATED STANDARD DEVIATIONS IN PARENTHESES) 

Anisotropic temperature factors are expressed in the form of 
e x p { - (Bnh

2+ B22k
2 + B33l

2 + B12hk+ B13hl+ B23kl}. 

Atom Bn or B B^ B» Bv £ i - Boo 

S 
Gl 
G2 
G3 
N 
O l 
0 2 
0 3 
0 4 

0.7263(1) 
0.6119(4) 
0.6043(4) 
0.4998(5) 
0.4876(4) 
0.6825(4) 
0.8606(3) 
0.7132(4) 
0.7307(3) 

0.5043(1) 
0.5601(4) 
0.6872(4) 
0.7205(4) 
0.8444(3) 
0.3885(3) 
0.5105(3) 
0.5671(3) 
0.7324(3) 

0.7580(1) 
0.8746(5) 
0.8740(5) 
0.9757(6) 
0.9818(5) 
0.7406(5) 
0.8166(4) 
0.6380(4) 
0.9079(4) 

0.0036(1) 
0.0037(4) 
0.0029(3) 
0.0050(4) 
0.0039(3) 
0.0068(4) 
0.0032(3) 
0.0068(4) 
0.0039(3) 

0.0040(1) 
0.0035(3) 
0.0035(3) 
0.0038(3) 
0.0040(3) 
0.0037(2) 
0.0066(3) 
0.0069(3) 
0.0045(3) 

0.0060(1) 
0.0063(3) 
0.0066(4) 
0.0092(6) 
0.0086(5) 
0.0113(5) 
0.0102(4) 
0.0065(3) 
0.0126(5) 

0.0014(1) 
-0.0009(5) 
-0.0004(5) 
-0.0001(6) 
0.0011(5) 
0.0012(5) 
0.0019(5) 
0.0030(6) 

-0.0016(5) 

-0.0003(1) 
0.0012(7) 
0.0006(6) 
0.0041(8) 
0.0006(7) 

-0.0025(7) 
-0.0007(6) 

0.0013(6) 
-0.0016(7) 

-0.0004(1) 
-0.0007(6) 
-0.0005(6) 
-0.0005(7) 
-0.0018(6) 
-0.0022(6) 
-0.0009(6) 
0.0016(6) 

-0.0000(6) 

TABLE 4. FRACTIONAL COORDINATES OF HYDROGEN ATOMS 

Atom X 

G1H1 
G1H2 
G2H1 
G3H1 
G3H2 
NH1 
NH2 
NH3 
04H1 

0.516 
0.645 
0.578 
0.404 
0.529 
0.564 
0.433 
0.429 
0.760 

0.527 
0.534 
0.721 
0.685 
0.692 
0.876 
0.863 
0.860 
0.787 

0.855 
0.970 
0.774 
0.949 
1.072 
1.031 
0.903 
1.041 
0.842 

Overall isotropic 
temperature factor 
is 2.16 Â2 

TABLE 5. BOND DISTANCES(Â) AND ANGLES(°) 

(ESTIMATED STANDARD DEVIATIONS ARE IN PARENTHESES) 

S-Gl 
S-Ol 
S-02 
S-03 
G1-G2 
G2-G3 
G2-04 
G3-N 

1.779(5) 
1.470(5) 
1.462(4) 
1.449(4) 
1.531(7) 
1.523(7) 
1.409(7) 
1.497(7) 

O l - S - 0 2 
O l - S - 0 3 
0 2 - S - 0 3 
Ol -S-Gl 
02-S-G1 
03-S-G1 
S-G1-G2 
G1-G2-G3 
G1-G2-04 
G3-G2-04 
G2-G3-N 

111.5(3) 
111.4(3) 
113.8(2) 
104.5(3) 
106.5(2) 
108.4(2) 
113.9(3) 
107.1(4) 
109.9(4) 
109.5(4) 
110.2(4) 

TABLE 6. HYDROGEN BOND LENGTHS (Â) AND ANGLES (°) 

Bond lengths Bond angles 

04 - (04Hl ) . . - 01 ( I ) 2.685 
N-(NH1).. .03(II) 2.949 
N-(NH2)—Ol(III) 2.884 
N-(NH3)..-02(IV) 2.984a> 

G2-04-01(I) 113.4 
G3-N-03(II) 108.7 
G3-N-01(III) 101.4 
G3-N-02(IV) 130.2a> 

N-(NH3)..-04(IV) 2.935a> G3-N-04(IV) 76.9a> 

(I) ( 1 . 5 - * , 0 .5+y, Z ) ; (II) (*, 1.5-F, 0.5 + Z ) ; 
(III) ( 1 . 0 - * , 0 .5+y, 1 .5-Z) ; (IV) ( - 0 . 5 + * , 1.5-
y, 2.0-z). 
a) Bifurcated hydrogen bond. 

angles are 1.460 A, 112.2° and 106.5°, respectively. 
These values are very similar to those of other com­
pounds containing a sulfonato group. The C - H , N - H , 
and O - H distances are within the ranges 1.05—1.13 
A, 0.86—1.00 A, and 0.99 A, respectively. I t is notable 

H2 H3 
Fig. 1. Difference Fourier map of 3-amino-2-hydroxy-

1-propanesulfonic acid. Contours are drawn at inter­
vals of 0.2 e Â~3, starting with the contour of 0.4 
ehr*. 

CI—S C 2 - * CI C3-C2 

\ -i 178.3 / ïï ^ 
Fig. 2. Torsion angles around three bonds. 

that C 2 - 0 4 distance of the hydroxyl group is 1.409 A, 
slightly shorter than that found in 4-amino-3-hydroxy-
butyric acid7) (1.425 A) which is normal C - O single 
bond, and slightly longer than that of 3-guanidino-2-
hydroxy-1-propanesulfonic acid (1.381 A). 

Conformation. The skeletal conformation of this 
molecule is trans-trans. The tortion angles around 
C1-C2 and C2-C3 are 178.3 and 180.5°, respectively. 
However, the corresponding values of 4-amino-2-
hydroxybutyric acid and 3-guanidino-2-hydroxy-l-
propanesulfonic acid, which contain /?-hydroxyl group 
are 173.7 and 168.8°, 161.9 and 177.8°, respectively. 

The torsion angles of sulfonato group are shown in 
Fig. 2. These values are significantly different from 
those of homotaurine,8) 3-guanidino-l-propanesulfonic 
acid and 3-guanidino-2-hydroxy-l-propanesulfonic acid. 
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O 

Fig. 3. Hydrogen bonds around original molecule. 

Crystal Structure. Distances and angles of hy­
drogen bonds are listed in Table 6. All feasible hy­
drogen atoms in the molecule are utilized to form 
hydrogen bonds, in which one hydrogen atom (NH3) 
on the amino group takes part in bifurcated hydrogen 
bond, and the molecules are held together by a three-
dimensional network of N H - - - 0 and O H - O hydrogen 
bonds, as shown in Fig. 3. 

The intermolecular contacts between adjacent mole­
cules are in normal van der Waals distances. 

This work was partly suported by a research grant 
from the Ministry of Education of J a p a n and also 
one of the authors, Y. B. K i m is a short-term research 
fellow at Osaka University sponsored by the Ministry 
of Education of J a p a n . 
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A New Synthesis of Arylacetic Esters Starting from Aromatic Aldehyde 
by the Use of Methyl (Methylthio)methyl Sulfoxide0 
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Methyl (methyl thio) methyl sulfoxide was found to react with benzaldehyde in the piesence of benzyl tri­
me thylammonium hydroxide (Triton B), sodium hydroxide, or potassium hydroxide, affording l-(methylsulfinyl)-
l-(methylthio)-2-phenylethylene. Treatment of this product with hydrogen chloride in an alcohol gave the 
corresponding alkyl phenylacetate in high yield. The whole reaction sequence provides a new method for synthe­
sizing phenylacetic esters starting from benzaldehyde. In a similar manner, (alkoxy-, halogen-, or alkyl-substi-
tuted phenyl)acetic esters could be synthesized from the corresponding aromatic aldehydes. The present method 
was shown to be also applicable to the production of (2-thienyl)acetic esters. 

Methyl (methylthio) methyl sulfoxide (1) was first 
synthesized by substitution of chloromethyl methyl 
sulfoxide with methanethiolate anion2) and it was later 
disclosed that 1 could be more conveniently produced 
by oxidation of bis (methylthio) methane with hydrogen 
peroxide.3) To date, many papers on organic syntheses 
using 1 have been published and 1 has appeared to 
be a versatile reagent for making a variety of organic 
compounds, such as aldehydes,4) cyclic or acyclic ke­
tones,5) a-hydroxy aldehydes,6) a-amino acids,7) and 
a-keto acids.8) 

H+ /SGH3 H2O2 /SCH 3 
GH20 + 2GH3SH • GH2 • GH2 

\SGH3 \SOGH3 

1 

Most of these synthetic methods involve the treat­
ment of 1 with a strong base such as sodium hydride, 
potassium hydride, or butyllithium to form the car-
banion which, then, is subjected to the reaction with 
various types of functional groups, followed by the 
acid-catalyzed hydrolysis, to give the product having 
a new functional group. For example, an aldehyde 
(4) or its acetal derivative (5) can be respectively 
synthesized by sequential treatment of 1 with sodium 
hydride in the coexistence of an alkyl halide (2) in 
tetrahydrofuran (THF) to form an alkylated product 
(3) followed by the acid-catalyzed decomposition of 
3 either in the absence or in the presence of an 
orthoformate.4) 

NaH / S G H 3 H+ 

1 + RX > RGH > RGHO [RGH(OR ,)2] 
THF \ S O G H 3 

2 3 4 5 

During the course of our investigation to search 
further synthetic utility of this new reagent (1), we 
observed that 1 underwent the Knoevenagel-type con­
densation with an aromatic aldehyde (6) in the presence 
of a base such as benzyltrimethylammonium hydroxide 
(Triton B), sodium hydroxide, or potassium hydroxide 
to give a 2-aryl-l-(methylsulfinyl)-l-(methylthio)ethyl­
ene (7) in high yield. Furthermore, the condensate 
(7) was found to be converted to an arylacetic ester 
(8) on treatment with hydrogen chloride in an alcohol. 
This whole reaction sequence provided a new synthetic 
route for conversion of aromatic aldehydes into the 
corresponding arylacetic esters. In this paper, we wish 
to report a full experimental detail on synthesis of 

arylacetic esters starting from aromatic aldehydes by 
the use of 1. 

base / S C H 3 HCl 
ArCHO + 1 > ArGH-G • ArCH2COOR 

\SOGH3 ROH 
6 7 8 

R e s u l t s a n d D i s c u s s i o n 

Transformation of Benzaldehyde into Phenylacetic Esters. 
When a mixture of benzaldehyde and methyl (methyl-
thio) methyl sulfoxide (1) was treated with Triton B 
in refluxing T H F , 1-(methylsulfinyl)-l-(methylthio)-2-
phenylethylene (10) was formed : To a solution contain­
ing 2.57 g of 1 and 3 ml of benzaldehyde (9) in 5 ml 
of T H F , was added 2 ml of 4 0 % methanolic solution 
of Tri ton B, and then the resulting mixture was refluxed 
for 4 h. Separation by column-chromatography on 
silica gel gave 3.99 g ( 9 1 % yield) of 10 as a colorless 
oil, bp 149—150 °C/0.08 Torr . When one mol-equiv 
of 9 was used in this condensation reaction, the yield 
of 10 was 8 0 % . The structure of 10 was assigned on 
the basis of the following evidence. 

base PhN /SGH, hv PhN /SOGHs 
1 + PhCHO > C=C ^ = ± C=C 

H / \SOGH3 H / \SGH3 

9 10 11 

Molecular formula, C1 0H1 2OS2 , for this oil was con­
firmed by its mass spectrum (parent peak, mje 212) 
and elemental analysis. The N M R and I R spectra 
proved that it consisted of only one stereoisomer and 
that it had a phenyl group [ N M R in CC14 : (5 = 7.32 
(3H, m) and 7.85 (2H, m) ; I R : 756 and 692 c m - 1 ] , 
an olefinic proton [(5 = 7.51 (1H, s)], a methylsulfinyl 
group [<5=2.62 (3H, s) ; 1062 c m - 1 ] , and a methyl-
thio group [<5=2.26 (3H, s)]. Reduction of this oil 
with lithium aluminium hydride afforded 1,1-bis-
(methylthio)-2-phenylethane.9) 

Another stereoisomer (11) was obtained by irradia­
tion of 10 in methanol with a low-pressure mercury 
arc lamp (Vycor filter) as a mixture with 10. The 
stereochemical structures of 10 and 11 were assigned 
by the comparison of the pseudo-contact effects of 
the shift reagent, tris(dipivaloylmethanato) europium 
[Eu(dpm) 3 ] , which formed complexes at the oxygen 
atom of a sulfoxide,10) on the N M R chemical shifts 
of their olefinic protons. The singlet at (5 = 7.51 of 
10 was shifted downfield to (5=16.49 by adding 0.51 
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equiv of Eu(dpm) 3 , while the olefinic proton (<5=7.02 
in GG14) of 11 appeared at o=9 .71 in CCl 4 -Eu(dpm) 3 

(0.51 equiv). These facts indicate that the olefinic 
proton and the sulfinyl group of 10 are much closer 
in space than those of 11. Hence, the stereochemical 
structure of 10 is established to be of ^-configuration. 

The condensation reaction of benzaldehyde with 1 
could be also achieved under various basic conditions. 
Reflux of a solution containing 1, benzaldehyde, and 
potassium hydroxide (1.3 equiv) in methanol gave 
10 in 4 4 % yield. When benzaldehyde was treated 
with sodium hydroxide (0.6 equiv) in two mol-equiv 
of 1 at 70 °C, 10 was obtained in 8 4 % yield. Further­
more, it was found that stirring a mixture of benzalde­
hyde, 1, and sodium hydride either in T H F at 60 °C 
or in JV,7V-dimethylformamide at room temperature 
gave 10 in 5 6 % or 4 3 % yield, respectively. 

This condensation reaction is very interesting because 
the reaction proceeds smoothly without removal of 
the formed water, and even in methanol. This may 
be accounted for by the incapability of 10 toward the 
Michael-type addition of hydroxide anion, that is, the 
irreversible nature of the final stage of the process, 
i.e. the elimination of hydroxide anion, as shown in 
Scheme 1. 

base 

GH 
/ S C H 3 phCHO 

O 
/• SCH, 

\SOGH, 

OH /SGHo 
PhCHC 

\SOGH3 

Scheme 1. 

PhCHCH 
\SOGH3 

HO" / S C H g 
= ± PhCH=C 

\SOCH, 
10 

The degradation of 10 with hydrogen chloride took 
place easily in an alcohol. A solution containing 300 
mg of 10 in 10 ml of ethanol was bubbled with hydrogen 
chloride gas under ice-cooling and then was allowed 
to stand at room temperature. After evaporation in 
vacuo, the residue was column-chromatographed on 
silica gel to give 179 mg ( 7 8 % yield) of ethyl phenyl-
acetate (12a).11) In a similar manner , methyl phenyl-
acetate (12b) and butyl phenylacetate (12c) were 
obtained in 7 5 % and 7 9 % yields by the reaction with 
hydrogen chloride in methanol and 1-butanol, re­
spectively. 

HCl 

10 > PhCH2COOR 
R O H b R = CH, 

12 

78% 
75% 

c R = ra-C4H9 79% 

It should be noted that saturation of hydrogen 
chloride was not always necessary to the conversion 
of 10 into 12. The concentration of hydrogen 
chloride in the system could be reduced to 0.1 M 
although a higher temperature was required in order 
to complete the reaction within a short t ime: Ethyl 
phenylacetate (12a) was produced in 7 5 % yield by 
refluxing a solution of 10 in ethanol containing hydrogen 
chloride at the concentration of 0.1 M. When a solu­
tion of 10 in 1,2-dimethoxyethane was treated with 
cone, hydrochloric acid at room temperature, phenyl-

acetic acid was isolated in 6 3 % yield. 
Thus, methyl (methylthio) methyl sulfoxide (1) was 

shown to be a novel reagent for the transformation of 
benzaldehyde into phenylacetic acid and its alkyl esters. 
The generality of this transformation was further in­
vestigated by examination of the reactions starting 
from a wide variety of aromatic aldehydes, and the 
results are described in the following. 

Synthesis of (Alkoxy-substituted phenyl) acetic Esters. 
Many of (alkoxy-substituted phenyl) acetic acids are 
known as key-intermediates for the syntheses of iso-
quinoline alkaloids,12) and it seemed very important 
to examine the production of these acids or their esters 
by using the above-mentioned procedure. The alkoxy-
substituted benzaldehydes which we investigated were 
jb-methoxybenzaldehyde, jb-butoxybenzaldehyde, p-
(benzyloxy) benzaldehyde, 3,4-dimethoxybenzaldehyde, 
3,4-(methylenedioxy)benzaldehyde, and 3,4,5-trimeth-
oxybenzaldehyde. The results are summarized in 
Tables 1 and 2, showing that all the aldehydes examin­
ed can be transformed in good yields into the cor­
responding arylacetic esters via the condensates with 1. 

When the condensate 13 derived from 3,4-dimeth-
oxybenzaldehyde was treated with a saturated ethanolic 
solution of hydrogen chloride, ethyl (3,4-dimethoxy-
phenyl) (methylthio) acetate (15) was produced as a 
by-product (27% yield), resulting in formation of the 
expected ethyl (3,4-dimethoxyphenyl) acetate (14) in 
relatively low yield (40%) . This could be overcome 
by reducing the concentration of hydrogen chloride: 
14 was obtained in 9 1 % yield on treatment of 13 
with 0.5 M hydrogen chloride in ethanol. 

G H 3 O N 

C H , 0 - /' SCH, 
-CH=C 

HCl 

\ S O C H , EtOH 

13 

G H , 0 -

CH30> 

GH2GOOEt + GH3O- GHGOOEt 

SCH, 
14 15 

HCl 

13 > GH sO-
*-BuOH 

O n the other hand, when a solution of 13 in £-butyl 
alcohol was saturated with hydrogen chloride, meth-
anethiol ester (16) of (3,4-dimethoxyphenyl) (meth-
ylthio)acetic acid was isolated in 6 7 % yield instead 
of £-butyl (3,4-dimethoxyphenyl)acetate. 

G H 3 0 \ ^ Q 

- / YcHC* 
^ — r I \SGH, 

SGH3 

16 

Miscellaneous. By the present procedure, (halo­
gen- or alkyl-substituted phenyl) acetic esters could be 
synthesized. O n treatment with saturated alcoholic 
solution of hydrogen chloride, 2-(jö-chlorophenyl)-
l-(methylsulfinyl)-l-(methylthio) ethylene which was 
derived from jb-chlorobenzaldehyde and 1 was trans­
formed into ethyl, methyl, or butyl ester of (/?-chloro-
phenyl)acetic acid in 9 2 % , 7 8 % , or 8 0 % yield, re­
spectively. In analogous manners, ethyl (o-bromophen-
yl) acetate and ethyl (jfr-isopropylphenyl) acetate were 
also obtained, starting from ö-bromobenzaldehyde and 

file:///SOGH
file:///SOCH
file:///SOCH
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TABLE 1. CONDENSATION OF AROMATIC ALDEHYDES WITH 1 

2015 

Aldehyde 

C H 3 0 - / ~ Y - C H O 

w - B u O - / — \ - G H O 

PhCH 2 0- / _ V c H O 

0 " G H O 

PhO/ 

C H 3 0 - / _ V c H O 

G H 3 0 / ~ 

°-<_>-GHO 

C H 3 O x _ 

G H 3 0 - / V c H O 

G H 3 0 / ~ 

G l - / _ V G H O 

0 - G H o 

NBr 

/ - P r - / _ V c H O 

ri-cHo 

Basea> 

Triton B 
NaOH 

Triton B 

Triton B 
NaOH 

Triton B 
NaOH 

Triton B 
Triton B 
NaOH 

Triton B 
NaOH 

Triton B 

Triton B 
Triton B 
NaOH 

Triton B 

Triton B 
NaOH 

Triton B 
KOH 

Solvent 

THF 
— b ) 

THF 

THF 
—<*) 

THF 
— b ) 

Dioxane 
THF 
— b ) 

THF 
— b ) 

THF 

Dioxane 
THF 
— b ) 

THF 

THF 
— e ) 

THF 
Methanol 

Temp 

reflux 
70 °G 

reflux 

reflux 
70—80 °G 

reflux 
70 °G 

80 °G 
reflux 
70 °G 

reflux 
70 °G 

reflux 

80 °G 
reflux 
70 °G 

reflux 

reflux 
60 °G 

reflux 
reflux 

Yield (%) 

82 (100)d> 
93 

74 

62 
92 

61 
73 

47 (87)d> 
66 
82 

62 (81)d> 
84 

71 

51 (73)d> 
65 
70 

51 

68 
83 

86 
83 

a) Triton B^benzyltrimethylammonium hydroxide, b) The amount of 1 was 2.0 mol-equiv to the aldehyde. 
c) The aldehyde: 1=1 : 2.56. d) Based on the unrecovered 1. e) The aldehyde: 1 = 1 : 1.5. 

jfr-isopropylbenzaldehyde, as shown in Tables 1 and 2. 
The present method was also applied to synthesis 

of (2-thienyl) acetic acid which was especially useful 
as a reagent for chemical modification of antibiotic 
penicillins and cephalosporins.13) It was found that 
2-thiophenecarbaldehyde underwent the condensation 
reaction with 1 in the presence of Tri ton B (86% yield) 
or potassium hydroxide (83 % yield) in T H F or meth­
anol, respectively, under refluxing with heating, and 
then, on treatment of the resulting 1-(methylsulfinyl)-1-
(methylthio) -2- (2-thienyl) ethylene (17) with 1 M hy­
drogen chloride in ethanol, ethyl (2-thienyl) acetate 
(18) was produced in 8 0 % yield.14) This method is 
suitable for making (2-thienyl) acetic esters, since 2-
thiophenecarbaldehyde is easily available by the 
Vilsmeier-Haak reaction of thiophene.15) 

\ S / \GHO 
+ 1 

base 

\ S / \ C H = C 
/SGH3 

\SOGH3 

17 

HCl 

— > il II 
EtOH \ S / \ C H 2 C O O E t 

18 

Exper imenta l 

Condensation of Benzaldehyde with 1. (a) Triton B in THF: 
To a solution containing 2.572 g of 1 and 3 ml of benzalde-
hyde in 5 ml of THF, was added a 40% methanolic solution 
(3 ml) of Triton B and the resulting mixture was refluxed 
for 4 h. After adding 100 ml of dichloromethane, the mix­
ture was washed with 0.5 M sulfuric acid, dried (Na2S04), 
and evaporated in vacuo. The residue was separated by column-
chromatography on silica gel (using dichloromethane as 
an eluent) to afford 3.994 g of 10 as a colorless oil which was 
further purified by distillation in vacuo: bp 149—150 °G/ 
0.08 Torr; IR (neat) 1052 cm-1; NMR (CG14) 6 = 2.26 
(3H, s), 2.62 (3H, s), 7.32 (3H, m), 7.51 (1H, s), and 7.85 
(2H, m); MS (70 eV), m/e (relative intensity), 212 (M+, 
7), 197 (5), 149 (100), 134 (96), 116 (18), 115 (14), and 
89 (11). Found: G, 56.56; H, 5.70; S, 30.20%. Galcd 
for G10H12OS2: G, 56.65; H, 5.72; S, 30.33%. 

The above-mentioned reaction was repeated using an 
equimolar amount of benzaldehyde to 1. To a solution 
containing benzaldehyde (1.007 g) and 1 (1.17 g) in THF 
(10 ml), was added a 40% methanolic solution (1.2 ml) 
of Triton B and the resulting mixture was refluxed for 4 h. 
After the addition of dichloromethane (50 ml), the solution 
was washed with 0.5 M sulfuric acid(20 ml) and water (50 ml X 
2), dried (Na2S04), and evaporated in vacuo. The residue 
was column-chromatographed on silica gel (benzene-dichloro-

file:///-GHO
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T A B L E 2. YIELD OF ALKYL ARYLACETATE (8) IN THE REACTION OF 2-ARYL-1-(METHYLSULFINYL)-

I - ( M E T H Y L T H I O ) ETHYLENE (7) WITH HYDROGEN CHLORIDE IN AN ALCOHOL 

Ar Alcohol Concentration of H C l T e m p Yield (%) 

cu°°-\_/-
"-Bu°-<I>-

PhCH 20-<^~^-

< > 
PhCK 

GH3°-C>-
GH3O/ 

GH3Ox 

G H 3 ° - < > 
C H 3 0 / 

«"O 

EtOH 

EtOH 

EtOH 

EtOH 
EtOH 

EtOH 
*-BuOH 

EtOH 
MeOH 

EtOH 
EtOH 

EtOH 
MeOH 
ra-BuOH 

saturation 

I M 

I M 

I M 
saturation 

0 . 5 M 
saturation 

saturation 
saturation 

saturation 
I M 

saturation 
saturation 
saturation 

room temp 

reflux 

reflux 

reflux 
room temp 

— b ) 

room temp 

room temp 
room temp 

room temp 
reflux 

room temp 
room temp 
room temp 

94 

81 

82 

85 
40a> 

91 

91 
80 

62 
72 

92 
78 
80 

0 
\Br 

f-Pr-

\s/\ 

E t O H 

E t O H 

E t O H 
E t O H 

I M 

I M 

I M 
0 . 7 M 

reflux 

reflux 

room temp 
reflux 

92 

96 

80 
76 

a) Methanethiol ester of (3,4-dimethoxyphenyl)(methylthio)acetic acid was isolated in 6 7 % yield, b) Room temp 
—> reflux. 

methane (1 : 3)] to give 10 (1.606 g : 8 0 % yield) as a pale 
yellow oil. 

(b) KO H in Methanol: A solution containing benzal-
dehyde (505 mg) and 1 (585 mg) in methanol (5 ml) was 
refluxed for 4 days after potassium hydroxide (350 mg) was 
added. Dichloromethane (30 ml) was added and the re­
sulting mixture was washed with 0.5 M sulfuric acid (10 ml) 
and water (30 m i x 2) . After being dried (Na 2 S0 4 ) and 
evaporated in vacuo, the residue was column-chromatographed 
on silica gel [benzene-dichloromethane ( 1 : 2 ) ] to give 10 
(442 m g : 4 4 % yield) as a pale yellow oil. 

(c) NaOH and Excess of 1: After a mixture of 1 (2.34 g) 
and powdered sodium hydroxide (0.32 g) was stirred at 
70 °G for 30 min, benzaldehyde (0.98 g) was added and 
then the resulting mixture was further stirred at 70 °G for 
1 h. After the addit ion of dichloromethane (50 ml) , the 
mixture was washed with 0.5M sulfuric acid (20 ml) and 
water (50 ml X 2) and, the organic layer was dried (Na2-
S 0 4 ) . Evaporat ion in vacuo gave a yellow oil which was 
column-chromatographed on silica gel [benzene-dichloro­
methane (1 : 3)] to afford 10 (1.654 g : 8 4 % yield) as a pale 
yellow oil. 

(d) NaH in DMF: T o a solution containing 1 (6.00 g) 
in D M F (20 ml) , was added sodium hydride (65% oil-dis­
persion; 1.80 g) and the resulting mixture was stirred at 
room temperature for 1.5 h. After the dropwise addition 
of benzaldehyde (4.80 g) over 10 min under ice-cooling, 
the mixture was further stirred at room temperature for 

2 h, and then dichloromethane (100 ml) was added. After 
being washed with water (70 m i x 2), the organic layer 
was dried ( M g S 0 4 ) and evaporated in vacuo to give an oily 
residue which was separated by column-chromatography 
on silica gel [benzene-dichloromethane ( 1 : 3 ) ] to afford 
10 (4.11 g: 4 3 % yield) as a pale yellow oil. 

(e) NaH in THF: T o a solution of 1 (6.00 g) in T H F 
(20 ml) , was added sodium hydride (65% oil-dispersion; 
1.80 g) and the resulting mixture was stirred at room tem­
perature for 1 h. After the dropwise addition of benzal­
dehyde (4.90 g) over 10 min at room temperature, the reac­
tion mixture was further stirred at 60 °G for 1.5 h and 
then dichloromethane (100 ml) was added. After insoluble 
matters were filtered off, the filtrate was washed with water 
(70 m i x 2), dried ( M g S 0 4 ) , and evaporated in vacuo. The 
residue was column-chromatographed on silica gel [benzene-
dichloromethane (1 : 3 ) ] to afford 10 (5.50 g : 56% yield) 
as a pale yellow oil. 

Photochemical Isomerization of 10: A solution of the 1-
(methylsulfinyl)-l-(methyl thio)-2-phenylethylene (10, 276 
mg), which was obtained by the above-mentioned reaction, 
in methanol (200 ml) was irradiated with a low-pressure 
mercury arc lamp ( 10 W) through Vycor filter for 2 h and 
45 min. After evaporation in vacuo, the residue was column-
chromatographed on silica gel (dichloromethane) to give 
a pale yellow oil (211 mg) which was shown by an N M R 
analysis to consist of 10 and its geometric isomer (11) in the 
ratio of 58 : 42. Found : G, 56.66; H , 5 .71; S, 30.02%. 
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Galcd for G 1 0H 1 2OS 2 : G, 56.56; H , 5.70; S, 30.20%. 
The N M R signals of 11 appeared at 6 = 2 . 6 0 (3H, s), 

2.47 (3H, s), 7.02 (1H, s) and 7.26 (5H, s) in GG14. 
Decomposition of 10 with Hydrogen Chloride (HCl). (a) In 

Saturated Methanolic Solution of HCl: HG1 gas was bubbled 
in a solution of 10 (514 mg) in methanol (5 ml) under cooling 
with ice-water until HG1 was saturated. T h e resulting 
solution was stirred at room temperature for 19 h and then 
was evaporated in vacuo. The residue was column-chromato-
graphed on silica gel [hexane-benzene (1 : 1)] to give methyl 
phenylacetate (271 m g : 7 5 % yield) as a colorless oil which 
was identified by the comparison of its I R and N M R spectra 
with those of the authentic sample prepared from phenyl-
acetic acid by the usual method (HCl-methanol ) . 

(b) In Saturated Ethanolic Solution of HCl: A solution 
containing 10 (300 mg) in ethanol (10 ml) was saturated 
with HCl gas. T h e introduction of the gas was performed 
under ice-cooling. T h e resulting solution was stirred at 
room temperature for 8 h and concentrated in vacuo. The 
residue was separated by column-chromatography on silica 
gel (benzene) to give ethyl phenylacetate (179 m g : 77% 
yield) which was identified by the comparison of its I R 
and N M R spectra with those of the authentic sample ob­
tained by saturation of HCl in ethanolic solution of phenyl-
acetic acid. 

(c) In 0.1 M Ethanolic Solution of HCl: T o a solution of 
10 (505 mg) in ethanol (10 ml) , was added a saturated etha­
nolic solution (0.1 ml) of HCl and the resulting solution was 
refluxed for 25 h. After evaporation in vacuo, the residue 
was subjected to column-chromatography on silica gel 
[hexane-benzene ( 1 : 1 ) ] to afford ethyl phenylacetate 
(291 m g : 7 5 % yield) as a pale yellow oil. Since a further 
elution with ethyl acetate afforded the starting material 
(10, 77 mg), the conversion yield of ethyl phenylacetate 
was calculated to be 8 8 % . 

(d) In 1-Butanol: A solution of 10 (1.763 g) in 1-butanol 
(10 ml) was saturated with HCl gas under cooling with 
ice-water and then the resulting solution was stirred at room 
temperature for 3 h. After evaporation in vacuo, the residue 
was column-chromatographed on silica gel [hexane-benzene 
( 4 : 1 ) ] to give butyl phenylacetate (1.418 g : 89%, yield) 
as a colorless oil, which was identified by the comparison 
of its I R and N M R spectra with those of the authentic sam­
ple.16) 

(e) Coned Hydrochloric Acid: T o a solution containing 
10 (191 mg) in 1,2-dimethoxyethane (1.5 ml) , was added 
coned hydrochloric acid (1 ml) and the resulting mixture 
was stirred at room temperature for 3 h. Then , dichloro-
methane (50 ml) and water (5 ml) were added. The aqueous 
layer was separated and further extracted with dichloro-
methane (50 ml) . T h e organic layers were combined, 
dried (Na 2 S0 4 ) , and evaporated in vacuo. After the addition 
of ether (30 ml) to the residue, the solution was extracted 
with a saturated aqueous solution (10 m i x 2 ) of sodium 
hydrogen carbonate. The aqueous layer was acidified with 
hydrochloric acid and extracted with dichloromethane 
(30 m i x 3 ) . The organic layer was dried (Na 2 S0 4 ) and 
evaporated in vacuo to afford phenylacetic acid (77 m g : 
6 3 % yield) as colorless crystals having m p 69—75 °G. The 
identification was achieved by the comparison of its I R and 
N M R spectra with those of an authentic sample and the 
mixture mp . 

Condensation of p-Methoxybenzaldehyde with 1. (a) Triton l 

B in THF: T o a solution of 1 (951 mg) and jfr-methoxy-
benzaldehyde (1.17 g) in T H F (10 ml) , was added a 4 0 % 
methanolic solution ( 1 ml) of Tri ton B and the mixture was 
refluxed for 5 h. Then, dichloromethane (100 ml) , water 

(5 ml) , and 4.5 M sulfuric acid (2 ml) were added and the 
mixture was shaken. The organic layer was separated, 
dried ( N a 2 S 0 4 ) , and evaporated in vacuo. T h e residue 
was subjected to column-chromatography on silica gel (di­
chloromethane) to obtain 2 -(/>-methoxyphenyl)-l -(methyl­
sulfinyl)-! -(methylthio) ethylene (19; 1.51 g : 8 2 % yield) 
as a pale yellow oil: bp 170—173 °C/0.20 T o r r ; I R (neat) 
1059 c m - 1 ; N M R (GG14) 6 = 2.30 (3H, s), 2.63 (3H, s), 
3.84 (3H, s), 6.86 (2H, d, 7 = 8 . 4 Hz) , 7.43 (1H, s), and 
7.86 (2H, d, 7 = 8 . 4 H z ) ; M S (70 eV), m/e (relative intensity), 
242 (M+, 6), 179 (87), 164 (100), 149 (41), 146 (39), and 
121 (15). Found : G, 54.55; H , 5.84; S, 26 .50%. Galcd 
for G n H 1 4 0 2 S 2 : G, 54.52; H , 5.82; S, 26 .46%. 

Further elution gave 1 ( 176 mg) . Therefore, the conver­
sion yield of 19 was calculated to be 100%. 

(b) NaOH and Excess of 1: After a mixture of 1 (9.13 g) 
and powdered sodium hydroxide (0.45 g) was stirred at 
70 °G for 30 min, jfr-methoxybenzaldehyde (4.87 g) was 
dropwise added and the resulting mixture was further stirred 
at 70 °G for 1.5 h. After the addition of dichloromethane 
(100 ml) , the mixture was washed with 0.5 M sulfuric acid 
(30 ml) and water (100 m i x 2) and then the organic layer 
was dried ( N a 2 S 0 4 ) . Evaporat ion in vacuo, followed by 
column-chromatography on silica gel [dichloromethane-
ethyl acetate (4 : 1)], gave 19 (8.068 g: 9 3 % yield) as a yel­
low oil. 

Decomposition of 2-(p-Methoxyphenyl) - 7 - (methylsulfinyl) - 7 -
( methylthio) ethylene (19) with HCl. A solution con­
taining 19 (274 mg) in ethanol (10 ml) was saturated with 
HG1 gas under cooling with ice-water and allowed to stand 
overnight at room temperature . After evaporation in vacuo, 
the residue was column-chromatographed on silica gel [hexane 
-benzene ( 1 : 1 ) ] to give ethyl (/>-methoxyphenyl)acetate 
(206 m g : 9 4 % yield). This ester was identified by the 
comparison of its I R and N M R spectra with those of the 
authentic sample which was obtained by the usual esteri-
fication (HGl-ethanol) of Qfr-methoxyphenyl) acetic acid 
given in the following. 

T o a solution containing 19 (460 mg) in 1,2-dimethyoxy-
ethane (2 ml) , was added coned hydrochloric acid (1 ml) 
and the resulting mixture was stirred for 15 h at room temper­
ature. After the reaction mixture was shaken with diethyl 
ether (50 ml) , the organic layer was separated, which was 
extracted with an aqueous solution of potassium carbonate. 
The aqueous layer was acidified with coned hydrochloric 
acid, and then extracted with dichloromethane (50 m i x 3). 
The organic layer was dried (Na 2 S0 4 ) and evaporated 
in vacuo to give 62 mg of colorless crystals, which were identi­
fied as (/>-methoxyphenyl) acetic acid by the comparison 
of their I R and N M R spectra with those reported in the 
Sadtler spectra. 

Condensation of p-Butoxybenzaldehyde with 1. To a 
solution of />-butoxybenzaldehyde (5.05 g) and 1 (4.26 g) 
in T H F (50 ml) , was added a 4 0 % methanolic solution 
(4 ml) of Tr i ton B and the resulting solution was refluxed 
for 24.5 h. Dichloromethane (50 ml) was added and the 
mixture was washed with 0.5 M sulfuric acid. After being 
dried (Na 2 S0 4 ) and evaporation in vacuo, the residue was 
subjected to column-chromatography on silica gel [benzene-
dichlorome thane ( 1 : 1 ) ] to give 2-Qfr-butoxyphenyl)-l-
(methylsulfinyl)-l -(methylthio)ethylene (20; 5.94 g : 74%0 

yield) as a pale yellow oil which soon crystallized and was 
further purified by recrystallization from hexane to afford 
colorless crystals: m p 47—48 °G; I R (KBr) 1055 cm" 1 ; 
NMR(GDG13) 6 = 0.94 (3H, t, 7 = 6 Hz) , 1.20—1.88 (4H, 
m) , 2.22 (3H, s), 2.64 (3H, s), 3.90 (2H, t, 7 - 6 Hz ) , 6.84 
(2H, d, 7 = 9 Hz) , 7.49 (1H, s), and 7.83 (2H, d, 7 = 9 
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H z ) ; M S (70 eV), m/e (relative intensity), 284 (M+, 13), 
222 (17), 221 (100), 220 (11), 206 (37), 165 (50), 151 
(11), 150 (99.7), 149 (27), 132 (40), 131 (29), 121 (24), 
89 (11), 77 (12), 41 (18), and 29 (38). Found : G, 58.83; 
H , 7.02; S, 22 .57%. Galcd for G 1 4H 2 0O 2S 2 : G, 59.12; H , 
7.09; S, 22 .54%. 

Decomposition of 2-(p-Butoxyphenyl)-1-( methylsulfinyl )-1-(meth-
ylthio) ethylene (20) with HCL T o a solution of 20 
(492 mg) in ethanol (9 ml) , was added a saturated ethanolic 
solution ( 1 ml) of HG1 and the resulting solution was refluxed 
for 3 h. After evaporation in vacuo, the residue was column-
chromatographed on silica gel (benzene) to give ethyl {p-
butoxyphenyl)acetate (330 m g : 8 1 % yield) as a pale yellow 
oil: I R (neat) 1783 cm" 1 ; N M R (GDC18) 6 = 0 . 9 3 (3H, 
t, / = 7 Hz) , 1.19 (3H, t, 7 = 7 Hz) , 1.20—1.86 (4H, m) , 
3.46 (2H, s), 3.86 (2H, t, 7 = 6 Hz) , 4.06 (2H, q, 7 = 7 Hz) , 
6.76 (2H, d, 7 = 9 Hz) , and 7.11 (2H, d, 7 = 9 Hz ) . 

This ester was hydrolyzed without further purification. 
The ester (212 mg) was dissolved in 1,2-dimethoxyethane 
(5 ml) and 1 M aqueous solution (2.5 ml) of potassium hydro­
xide was added. The reaction mixture was stirred at room 
temperature for 45 h. After the addition of water (10 ml) 
and acidification with 0.5M sulfuric acid, the mixture was 
extracted with diethyl ether (30 m i x 2). The organic 
layer was dried (Na 2 S0 4 ) and evaporated in vacuo to give 
crude (/>-butoxyphenyl) acetic acid as pale yellow crystals 
which were further purified by recrystallization from hexane 
to give colorless crystals: m p 87.5—88.5 °G; I R (KBr) 1701 
c m - 1 ; N M R (GDC18) 6 = 0 . 9 4 (3H, t, 7 = 7 Hz) , 1.25—1.88 
(4H, m) , 3.50 (2H, s), 3.88 (2H, t, 7 = 6 Hz) , 6.78 (2H, 
d, 7 = 8 Hz) , 7.11 (2H, d, 7 = 8 Hz) , and 10.56 (1H, broad 
s). Found: G, 69 .41; H, 7.72%. Galcd for G 1 2 H 1 6 O s : 
G, 69.23; H , 7 .68%. 

Condensation of p-(Benzyloxy)benzaldehyde with 1. (a) 
Triton B in THF: T o a solution containing />-(benzyloxy)-
benzaldehyde (999 mg) and 1 (590 mg) in T H F (5 ml) , 
was added a 4 0 % methanolic solution of Tr i ton B and the 
resulting solution was refluxed for 24 h. After the addit ion 
of dichloromethane (50 ml) , the solution was washed succes­
sively with 0.5 M sulfuric acid (20 ml) and water (50 m i x 2), 
dried (Na 2 S0 4 ) , and evaporated in vacuo. The residue was 
column-chromatographed on silica gel (dichloromethane) 
to give 2-(/>-benzyloxyphenyl)-l-(methylsulfinyl)-l-(methyl-
thio)ethylene (21 ; 935 m g : 6 2 % yield) as a yellow oil: I R 
(neat) 1063 cm" 1 ; N M R (GDG13) 6 = 2 . 2 4 (3H, s), 2.66 
(3H, s), 5.03 (2H, s), 6.94 (2H, d, 7 = 9 Hz) , 7.2—7.5 (5H, 
m) , 7.51 (1H, s), and 7.86 (2H, d, 7 = 9 Hz ) . Found : 
G, 63.96; H , 5.73; S, 19.87%. Galcd for G 1 7 H 1 8 0 2 S 2 : 
G, 64.12; H , 5.70; S, 20 .14%. 

(b) NaOH and Excess of 1: A mixture of 1 (8.89 g) and 
sodium hydroxide (0.67 g) was stirred at 70 °G for 30 min, 
and then />-tenzyloxybenzaldehyde (5.00 g) was added. 
T h e resulting mixture was further stirred at 70—80 °G for 
1.5 h. After the addition of dichloromethane (100 ml) , 
the mixture was washed with a saturated aqueous solution 
of sodium chloride and dried ( N a 2 S 0 4 ) . Evaporat ion 
in vacuo, followed by column-chromatography on silica gel 
[dichloromethane-ethyl acetate (19 : 1)], afforded 21 (6.909 
g: 9 2 % yield) as a pale yellow oil. 

Decomposition of 2- (p - Benzyloxyphenyl) -1 - (methylsulfinyl) -1 -
(methylthio) ethylene (21) with HCL T o a solution of 
21 (495 mg) in ethanol (9 ml) , was added a saturated etha­
nolic solution (1 ml) of HG1 and the resulting solution was 
refluxed for 3 h. After evaporation in vacuo, the residue 
was column-chromatographed on silica gel [benzene-hexane 
(4 : 1)] to afford ethyl (jfr-benzyloxyphenyl)acetate (343 m g : 
82%, yield) as a colorless oil: I R (neat) 1735 c m 1 ; N M R 

(CDC1Ö) 6 = 1 . 2 4 (3H, t, 7 = 7 Hz) , 3.56 (2H, s), 4.15 (2H, 
q, 7 = 7 Hz) , 5.07 (2H, s), 6.95 (2H, d, 7 = 9 Hz) , 7.24 (2H, 
d, 7 = 9 Hz) , and 7.3—7.5 (5H, m ) ; M S (70 eV), m/e (re­
lative intensity), 270 (M+, 4), 92 (7), 91(100), and 65 (6). 

This ester was hydrolyzed by the usual manner : The 
ester (198 mg) was dissolved in 1,2-dimethoxyethane (3 ml) 
and I M aqueous solution (3 ml) of potassium hydroxide 
was added. T h e resulting mixture was stirred at room 
temperature for 19 h and then, water (10 ml) and 0.5 M 
sulfuric acid (5 ml) were added. After extraction with 
ethyl acetate (30 m i x 3), the organic layer was dried (Na 2 S0 4 ) 
and evaporated in vacuo. T h e residue was column-chromato­
graphed on silica gel [dichloromethane-ethyl acetate (2 : 1)] 
to give (/>-benzyloxyphenyl)acetic acid as colorless crystals: 
m p 124—125 °G (from chloroform-hexane) (lit,17) m p 120— 
121 °G); I R (KBr) 3200—2300 and 1688 cm" 1 ; N M R 
(GDG13) 6 = 3 . 4 8 (2H, s), 4.95 (2H, s), 6.85 (2H, d, 7 = 9 
Hz) 7.15 (2H, d, 7 = 9 Hz) , 7.2—7.4 (5H, m) , and 11.44 
(1H, broad s). Found : G, 74.18; H , 5.78%. Galcd for 
G 1 5 H 1 4 0 3 : G, 74.37; H , 5.82%. 

Condensation of m-Phenoxybenzaldehyde with 1. (a) Triton 
B in THF: T o a solution of m-phenoxybenzaldehyde (2.00 
g) and 1 (1.27 g) in T H F (10 ml) , was added a 4 0 % metha­
nolic solution (1 ml) of Tri ton B and the solution was re­
fluxed for 26 h. Dichloromethane (50 ml) was added and 
the resulting solution was washed with 1.5 M sulfuric acid. 
The organic layer was dried ( K 2 C 0 3 ) and evaporated in 
vacuo. The residue was subjected to column-chromato­
graphy on silica gel (dichloromethane) to give l-(meth-
ylsufinyl) -1 - (methylthio) -2- (/rr-phenoxyphenyl) ethylene (22 ; 
1.88 g : 6 1 % yield) as a pale yellow oil. An analytical 
sample was obtained by rechromatography as a colorless 
oil: I R (neat) 1062 c m - 1 ; N M R (GDG13) 6 = 2 . 2 0 (3H, 
s), 2.66 (3H, s), 6.88—7.60 (9H, m) , and 7.52 (1H, s) ; M S 
(70 eV), m/e (relative intensity), 304 (M+, 5), 242 (19), 241 
(100), 227 (13), 226 (77), 197 (12), 165 (19), 148 (35), 147 
(22), 89 (30), 77 (22), 63 (11), 51 (20), and 39 (10). Found: 
G, 63.20; H , 5.30; S, 21 .06%. Galcd for G 1 6 H 1 6 0 2 S 2 : 
G, 63.13; H , 5.30; S, 20 .83%. 

(b) NaOH and Excess of 1: After a mixture of 1 (2.44 g) 
and powdered sodium hydroxide (120 mg) was stirred at 
70 °G for 30 min, m-phenoxybenzaldehyde (1.99 g) was 
added and then the resulting mixture was further stirred 
at 70 °G for 3 h. After the addition of dichloromethane 
(50 ml) , the mixture was washed successively with water 
(50 m i x 2 ) and 0.5 M sulfuric acid (50 ml) , dried ( M g S O J , 
and evaporated in vacuo. T h e residue was column-chromato­
graphed on silica gel (dichloromethane) to give 22 (2.23 g : 
7 3 % yield) as a pale yellow oil. 

Decomposition of 7 - (Methylsulfinyl) -1 - (methylthio) -2- (m-phen-
oxyphenyl) ethylene (22) with HCL T o a solution of 22 
(492 mg) in ethanol (9 ml) , was added a saturated ethanolic 
solution (1 ml) of HG1, and the solution was refluxed for 
2.5 h. After evaporation in vacuo, the residue was subjected 
to column-chromatography on silica gel (benzene) to give 
ethyl (m-phenoxy phenyl) acetate (351 m g : 8 5 % yield) as 
a colorless oil: I R (neat) 1736 cm" 1 ; N M R (GDG13) 6 = 1 . 1 4 
(3H, t, 7 = 7 Hz) , 3.45 (2H, s), 4.02 (2H, q, 7 = 7 Hz) , and 
6.60—7.40 (9H, m) . Found : G, 74.50; H , 6.32%. Galcd 
for G 1 6 H 1 6 O a : G, 74.98; H , 6 .29%. 

Condensation of 3,4-Dimethoxybenzaldehyde with 1. (a) 
Triton B in Dioxane: T o a solution containing 3,4-dimethoxy-
benzaldehyde (1.43 g) and 1 (1.078 g) in dioxane (7 ml), 
was added a 4 0 % methanolic solution (1 ml) of Tri ton B 
and then the mixture was stirred for 25 h at 80 °G. After 
the addition of dichloromethane (100 ml) , the resulting 
solution was washed with ca. 2 M hydrochloric acid (10.5 
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ml), dried (Na 2 S0 4 ) , and evaporated in vacuo. The residue 
was column-chromatographed on silica gel (dichloromethane) 
to afford 2-(3,4-dimethoxyphenyl)-l-(methylsulfinyl)-^(meth­
ylthio) ethylene (13) (1.118 g : 4 7 % yield) as a colorless oil 
which crystallized on standing and was further purified 
by recrystallization from diethyl e ther-hexane to give colorless 
crystals: m p 61.5—62.5 °G; I R (KBr) 1057 c m - 1 : N M R 
(GDC18) 6 = 2 . 3 1 (3H, s), 2.72 (3H, s), 6.90 (1H, d, J= 
8.3 Hz) , 7.46 (1H, dd, 7 = 8 . 3 and 2.4 Hz ) , 7.55 (1H, s), 
and 7.73 (1H, d, 7 = 2 . 4 Hz) . Found : G, 52.83; H , 5 .88%. 
Galcd for C 1 2 H 1 6 0 3 S 2 : G, 52 .91; H , 5.92%. 

Since 1 (493 mg) was recovered, the yield of 13 based on 
the consumed 1 was calculated to be 8 7 % . 

(b) Triton B in THF: T o a solution containing 3,4-
dimethoxybenzaldehyde (1.007 g) and 1 (0.75 g) in T H F 
(5 ml) , was added a 4 0 % methanolic solution (0.75 ml) 
of Tri ton B and then the resulting solution was refluxed for 
48 h. After the addition of dichloromethane (50 ml) , the 
mixture was washed with 0.5 M sulfuric acid (20 ml) and 
water (50 m i x 2), dried (Na 2 S0 4 ) , and evaporated in vacuo. 
The residue was subjected to column-chromatography on 
silica gel [dichloromethane and dichloromethane-ethyl 
acetate ( 4 : 1 ) ] to give 13 (1.085 g : 6 6 % yield) as a yellow 
oil which crystallized. 

(c) NaOH and Excess of 1: After a mixture of 1 (7.48 g) 
and powdered sodium hydroxide (0.36 g) was stirred at 
70 °G for 30 min, 3,4-dimethoxybenzaldehyde (5.007 g) was 
added and then the resulting mixture was further stirred 
at 70 °G for 1.5 h. After the addition of dichloromethane 
(100 ml) , the mixture was washed with 0.5 M sulfuric acid 
(50 ml) and water (100 m i x 2), dried (Na 2 S0 4 ) , and evapo­
rated in vacuo. The residue was column-chromatographed 
on silica gel [dichloromethane-ethyl acetate (4 : 1)] to give 
13 (6.714 g : 8 2 % yield) as a yellow oil which crystallized 
after a while. 

Decomposition of 13 with HCl. (a) in Saturated Eth-
anolic Solution of HCl : A solution of 13 (260 mg) in ethanol 
(10 ml) was saturated with HG1 gas at room temperature . 
The temperature of the solution rose up to ca. 50 °G. The 
reaction mixture was allowed to stand overnight at room 
temperature and then evaporated in vacuo. The residue 
was subjected to column-chromatography on silica gel (ben­
zene) to give ethyl (3,4-dimethoxyphenyl)acetate (14) (86 
mg : 37% yield) and ethyl (3,4-dimethoxyphenyl)(methyl­
thio) acetate (15) (135 mg : 4 9 % yield). The identification 
of 14 was achieved by the comparison of its I R spectrum 
with that of the authentic sample prepared by the usual 
esterification (HCl-ethanol) of commercially available (3,4-
dimethoxyphenyl) acetic acid. The structure of 15 was 
deduced by the following physical da t a : I R (neat) 1727 c m - 1 ; 
N M R (GG14) 6 = 1 . 2 6 (3H, t, 7 = 7 . 5 Hz) , 2.00 (3H, s), 
3.79 (3H, s), 3.83 (3H, s), 4.15 (2H, q, 7 = 7 . 5 Hz) , 4.28 
(1H, s), and 6.55—7.05 (3H, m) . 

In the above reaction, when HG1 gas was passed into 
the system under ice-cooling until the solution turned yellow, 
the yields of 14 and 15 were 4 0 % and 2 5 % , respectively. 

(b) In 0.5 M Ethanolic Solution of HCl: To a solution of 
13 (2.00 g) in ethanol (20 ml) , was added a saturated ethano­
lic solution (1 ml) of HG1 and the solution was stirred at 
room temperature for 22 h and refluxed for 2 h. After 
evaporation in vacuo, the residue was subjected to column-
chromatography on silica gel (benzene) to afford 14 (1.51 g: 
9 1 % yield) as a yellow oil. 

(c) In t-Butyl Alcohol: After a solution of 13 (505 mg) in 
/-butyl alcohol (5 ml) was saturated with HG1 under cooling 
with ice-water, the resulting solution was stirred at room 
temperature for 2 h. After evaporation in vacuo, the residue 

was column-chromatographed on silica gel [benzene-hexane 
(1:4)] to give a yellow oil (338 m g : 6 7 % yield) which was 
assigned as 16 from the following properties: I R (neat) 
1680 c m - 1 ; N M R (GG14) 6 = 2.05 (3H, s), 2.15 (3H, s), 
3.78 (3H, s), 3.82 (3H, s), 4.49 (1H, s), 6.62—6.93 (3H, 
m) . Found : G, 53.09; H , 5.69%. Galcd for G 1 2 H 1 6 0 3 S 2 : 
G, 52 .91; H , 5.92%. 

Condensation of 3,4-(Methylenedioxy)benzaldehyde with 1. 
(a) Triton B in THF: T o a solution containing 1 (674 mg) 
and 3,4-(methylenedioxy)benzaldehyde (895 mg) in T H F 
(5 ml) , was added a 4 0 % methanolic solution (0.7 ml) of 
Tr i ton B and then the resulting mixture was refluxed for 
9 h. Dichloromethane (50 ml) was added and the mixture 
was washed with 0.5 M sulfuric acid, dried ( N a 2 S 0 4 ) , and 
evaporated in vacuo. T h e residue was column-chromato­
graphed on silica gel (dichloromethane) to afford 2-(3,-
4-methylenedioxyphenyl) -1 - (methylsulfinyl) - 1 - (methylthio) -
ethylene (23; 870 m g : 6 2 % yield) as a pale yellow oil: I R 
(neat) 1058 cm" 1 ; N M R (GDG13) 6 = 2.34 (3H, s), 2.76 (3H, 
s), 6.05 (2H, s), 6.87 (1H, d, 7 = 8 Hz) , 7.30 (1H, dd, J= 
8 and 2 Hz) , 7.54 (1H, s), and 7.75 (1H, d, 7 = 2 Hz) . 
Found : G, 51.27; H, 4 .65; S, 25 .20%. Galcd for G n H 1 2 0 3 S 2 : 
G, 51.54; H , 4.72; S, 25 .02%. 

Further elution with dichloromethane gave 1 (151 mg) . 
Therefore, the yield based on the unrecovered 1 was calculat­
ed to be 8 1 % . 

(b) NaOH and Excess of 1: After a mixture of 1 (2.44 g) 
and powdered sodium hydroxide (0.12 g) was stirred at 
70 °G for 30 min, 3,4-(methylenedioxy)benzaldehyde (1.502 
g) was added and then the resulting mixture was further 
stirred at 70 °G for 3 h. After the addition of dichloro­
methane (50 ml) , the mixture was washed with water (50 ml X 
2), dried (Na 2 S0 4 ) , and evaporated in vacuo. The residue 
was column-chromatographed on silica gel (dichloromethane) 
to give 23 (2.143 g : 8 4 % yield) as a pale yellow oil. 

Decomposition of 2- (3,4-Methylenedioxyphenyl) -1- (methylsulfinyl) -
1-(methylthio)ethylene (23) with HCl. (a) In Ethanol: A 
solution of 23 (522 mg) in ethanol (10 ml) was bubbled by 
HG1 gas under ice-cooling until the solution turned yellow 
(about 20 min) . The reaction mixture was evaporated in 
vacuo and subjected to column-chromatography on silica gel 
(benzene) to afford ethyl (3,4-methylenedioxyphenyl) acetate 
(386 m g : 9 1 % yield) as a pale yellow oil. Identification of 
the product was achieved by the comparison of its I R spectrum 
with that of the authentic sample prepared by the usual 
esterification (HCl-ethanol) of (3,4-methylenedioxyphenyl) -
acetic acid which was obtained by the following procedure. 

T o a solution containing ethyl (3,4-methylenedioxyphenyl)-
acetate (333 mg) in 1,2-dimethoxyethane (10 ml) , was added 
1 M aqueous solution (5 ml) of sodium hydroxide and the 
resulting mixture was refluxed for 2 h. After being poured 
into ice-water (50 ml) containing 3 .5% hydrochloric acid 
(10 ml) , the mixture was extracted with ethyl acetate (50 m i x 
2), dried (Na 2 S0 4 ) , and evaporated in vacuo. The residue 
was column-chromatographed on silica gel [dichloromethane-
ethyl acetate (1:1)] to afford (3,4-methylenedioxyphenyl)-
acetic acid (278 m g : 9 7 % yield) as pale yellow crystals, 
which were further purified by recrystallization from diethyl 
e ther-hexane to give colorless crystals: m p 132—133 °G (lit,18) 
m p 128—129 °G); I R (KBr) 3300—2700 and 1703 cm" 1 ; 
N M R (GDGI3) 6 = 3 . 5 0 (2H, s), 5.86 (2H, s), 6.66 (2H, 
diffused s), and 6.70 (1H, diffused s). Found : G, 60.10; 
H , 4 . 4 5 % . Galcd for G 9 H 8 0 4 : G, 60.00; H , 4 .48%. 

(b) In Methanol: A solution of 23 (309 mg) in methanol 
(4 ml) was saturated under ice-cooling with HG1 and the 
resulting solution was stirred at room temperature for 15.5 h. 
After evaporation in vacuo, the residue was subjected to column-



2020 Katsuyuki O G U R A , Yoko I T O , and Gen-ichi TSUCHIHASHI [Vol. 52, No. 7 

chromatography on silica gel [benzene-hexane (1:4)] to 
afford methyl (3,4-methylenedioxyphenyl)acetate (183 m g : 
8 0 % yield) as a pale yellow oil which was identified by the 
comparison of its I R and N M R spectra with those of the 
authentic sample prepared by the usual esterification (HG1-
methanol) of (3,4-methylenedioxyphenyl)acetic acid. 

Condensation of 3,4,5- Trimethoxybenzaldehyde with 1. T o 
a solution of 1 (3.353 g) and 3,4,5-trimethoxybenzaldehyde 
(5.016 g) in T H F (50 ml) , was added a 4 0 % methanolic 
solution (5 ml) of Tr i ton B and the resulting solution was 
refluxed for 12 h. After the addition of dichloromethane 
(50 ml) followed by acidification with 4.5 M sulfuric acid, 
the organic layer was separated, washed with water, dried 
(Na 2 S0 4 ) , and evaporated in vacuo. The residue was separat­
ed by column-chromatography on silica gel (dichloromethane) 
to give 2 - (3 ,4 ,5 - trimethoxyphenyl) - 1 - (methylsulfinyl)-1 -
(methylthio)ethylene (24; 5.465 g : 7 1 % yield) as a yellow 
oil, which was crystallized from diethyl e ther-hexane to 
afford colorless crystals: m p 86.5—87.5 °C; I R (KBr) 1058 
c m - 1 ; N M R (GDG13) 6 = 2 . 3 0 (3H, s), 2.70 (3H, s), 3.83 
(9H, s), 7.21 (2H, s), and 7.47 (1H, s). Found : G, 51 .71; 
H , 6.00; S, 20 .80%. Galcd for G 1 3 H 1 8 0 4 S 2 : G, 51.92; H , 
6.00; S, 21 .20%. 

Decomposition of 2-(3,4,5-Trimethoxyphenyl)-1-( methylsulfinyl ) -
l-(methylthio)ethylene (24) with HCL (a) 1 M Ethanolic 
Solution of HCl: T o a solution of 24 (502 mg) in ethanol 
(9 ml) , was added a saturated ethanolic solution (1 ml) of 
HG1 and then the resulting solution was refluxed for 1.5 h. 
After evaporation in vacuo, the residue was column-chro-
matographed on silica gel (benzene) to give ethyl (3,4,5-tri-
methoxyphenyl) acetate (248 mg) as a pale yellow oil and a 
mixture (98 mg) which was shown to consist of ethyl (3,4,5-
trimethoxyphenyl) acetate and an unknown compound in 
the ratio of 3:2. This unknown compound exhibits N M R 
signals in GDG13 at 6 = 1 . 2 5 (3H, t, 7 = 7 Hz) , 2.06 (3H, 
s), 3.81 (9H, s), 4.11 (2H, q, 7 = 7 Hz) , 4.38 (1H, s), 
and 6.67 (2H, s), and it was deduced to be ethyl (3,4,5-
trimethoxyphenyl) (methylthio) acetate. Therefore, the total 
yield of ethyl (3,4,5-trimethoxyphenyl) acetate was calculated 
to be 72%. An analytical sample was obtained by further 
column-chromatography and short-path distillation (bath 
temperature 150 °G/0.09 Torr) : I R (neat) 1737 c m - 1 ; N M R 
(GDG13) 6 = 1 . 2 3 (3H, t, 7 = 7 Hz) , 3.48 (2H, s), 3.78 (9H, 
s), 4.11 (2H, q, 7 = 7 Hz) , and 6.46 (2H, s) ; M S (70 eV), 
m/e (relative intensity), 254 (M+, 75), 181 (100), 167 (28), 
and 29 (33). Found : G, 61 .31 ; H , 7 .15%. Galcd for 
G 1 3 H 1 8 0 5 : G, 61 .41 ; H , 7 .13%. 

(b) In Saturated Ethanolic Solution of HCl : A saturated eth­
anolic solution (10 ml) of HG1 was added to 24 (495 mg) 
and the resulting mixture was stirred at room temperature 
for 1.5 h. After evaporation in vacuo, the residue was column-
chromatographed on silica gel (benzene) to give ethyl (3,4,5-
trimethoxyphenyl) acetate (34 mg) as a yellow oil and a 
mixture (111 mg) which was shown by an N M R analysis 
to consist of ethyl (3,4,5-trimethoxyphenyl)acetate and ethyl 
(3,4,5-trimethoxyphenyl) (methylthio) acetate in the ratio of 
42:35. The yield of the ethyl (3,4,5-trimethoxyphenyl) -
acetate was calculated to be 6 2 % . 

Condensation of p-Chlorobenzaldehyde with 1. (a) Triton 
B in Dioxane : T o a solution containing 1 ( 1.17 g) and p-
chlorobenzaldehyde (1.33 g) in dioxane (7 ml) , was added 
a 4 0 % methanolic solution (1 ml) of Tr i ton B and the 
mixture was stirred at 80 °G for 25 h. After the addition 
of dichloromethane (100 ml) , the resulting mixture was 
washed with ca. 2 M hydrochloric acid (10.5 ml) , dried 
(Na 2 S0 4 ) , and evaporated in vacuo. The residue was column-
chromatographed on silica gel (dichloromethane) to give 

2-(/>-chlorophenyl) -1 - (methylsulfinyl)-1-(methylthio)ethylene 
(25; 1.19 g: 5 1 % yield) as a colorless oil: I R (neat) 1062 
c m - 1 ; N M R (GG14) 6 = 2 . 3 2 (3H, s), 2.68 (3H, s), 7.36 (2H, 
d, 7 = 8 . 7 Hz) , 7.48 (1H, s), and 7.82 (2H, d, 7 = 8 . 7 Hz) . 
Found: G, 48.63; H , 4 . 8 1 % . Galcd for G1 0H1 2OS2G1: G, 
48.67; H , 4 .49%. 

Since 1 (354 mg) was recovered, the yield based on the 
consumed 1 was calculated to be 7 3 % . 

(b) Triton B in THF: T o a solution containing /»-chloro­
benzaldehyde (501 mg) and 1 (445 mg) in T H F (5 ml) , 
was added a 4 0 % methanolic solution (0.5 ml) of Tri ton B, 
the resulting mixture was refluxed for 6 h. After the ad­
dition of dichloromethane (30 ml) , the mixture was washed 
with 0.5 M sulfuric acid (10 ml) and water (30 m i x 2 ) , 
dried (Na 2 S0 4 ) , and evaporated in vacuo. By column-
chromatography on silica gel [dichloromethane-ethyl acetate 
(3:1)] , 25 (574 m g : 6 5 % yield) was given as a yellow oil. 

(c) NaOH and Excess of 1 : After a mixture of 1 (8.83 g) 
and powdered sodium hydroxide (0.46 g) was stirred at 
70 °G for 30 min, /»-chlorobenzaldehyde (4.99 g) was added 
and the resulting mixture was further stirred at 70 °G for 
1 h. After the addition of dichloromethane (100 ml) fol­
lowed by being washed with 0.5 M sulfuric acid (20 ml) 
and water ( 100 ml X 3), the organic layer was dried (Na 2 S0 4 ) 
and evaporated in vacuo. The residue was column-chroma-
tographed on silica gel (dichloromethane) to afford 25 
(6.118 g: 70% yield) as a pale yellow oil. 

Decomposition of 2-(p-ChlorophenyI)-1-(methylsulfinyl)-1-(meth­
ylthio) ethylene (25) with HCl. (a) In a Saturated Eth­
anolic Solution of HCl : A solution containing 25 (260 mg) 
was saturated with HG1 gas under ice-cooling. The reaction 
mixture was allowed to stand at room temperature overnight. 
Evaporat ion in vacuo, followed by column-chromatography 
on silica gel [benzene-hexane (1:1)] , gave ethyl Qfr-chloro-
phenyl)acetate (193 m g : 9 2 % yield) which was identified 
by the comparison of its I R spectrum with that of the au­
thentic sample prepared by the usual esterification (HC1-
ethanol) of commercially available (/»-chlorophenyl) acetic 
acid. 

(b) In Saturated Methanolic Solution of HCl: After a solution 
of 25 (517 mg) in methanol (6 ml) was saturated with HG1 
under cooling with ice-water, the resulting solution was 
stirred at room temperature for 2.5 h. After evaporation 
in vacuo, the residue was column-chromatographed on silica 
gel [benzene-hexane (1:4)] to give methyl Qfr-chlorophenyl)-
acetate (303 m g : 7 8 % yield) as a colorless oil which was 
identified by the comparison of its I R and N M R spectra 
with those of the authentic sample prepared by the usual 
esterification (HGl-methanol) of (/»-chlorophenyl)acetic acid. 

(c) In 1-Sutanol: After a solution of 25 (538 mg) in 1-
butanol (5 ml) was saturated with HG1 under cooling with 
ice-water, the resulting solution was stirred at room temper­
ature for 2.5 h. Evaporation in vacuo, followed by column-
chromatography on silica gel [benzene-hexane (1:4)] , af­
forded butyl (/»-chlorophenyl)acetate (396 m g : 8 0 % yield) 
as a colorless oil: I R (neat) 1740 cm" 1 ; N M R (GDG13) 6 = 
0.8—1.8 (7H, m) , 3.45 (2H, s), 3.99 (2H, t, 7 = 7 Hz) , and 
7.19 (4H, s). Found : G, 63.80; H , 6 . 4 1 % . Galcd for 
C 1 2 H 1 5 0 2 C 1 : G, 63.57; H , 6 .67%. 

Condensation of o-Bromobenzaldehyde with 1. T o a solu­
tion of 1 (7.01 g) and o-bromobenzaldehyde (9.99 g) in T H F 
(50 ml) , was added a 4 0 % methanolic solution (4 ml) of 
Tr i ton B and the resulting mixture was refluxed for 46 h. 
After the addition of dichloromethane (100 ml) , the mixture 
was washed with 0.5 M sulfuric acid (20 ml) , dried (Na 2 S0 4 ) , 
and evaporated in vacuo. The residue was subjected to 
column-chromatography on silica gel (dichloromethane and 
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ethyl acetate) to give 2-(o-bromophenyl)-l-(methylsulfinyl)-
l-(methylthio)ethylene (26; 8.026 g : 5 1 % yield) as a pale 
yellow oil: bp 167—170 °G/0.15—0.2 Tor r ; I R (neat) 1056 
cm- 1 ; N M R (GDG13) 6 = 2.32 (3H, s), 2.77 (3H, s), 7.0— 
7.8 (4H, m) and 7.98 (1H, diffused s). Found: G, 41.08; 
H , 3.76%. Galcd for C 1 0 H n S 2 O B r : G, 41.24; H , 3 . 8 1 % . 

Decomposition of 2- (o-Bromophenyl) -1- (methylsulfinyl) -1- (methyl-
Mo) ethylene (26) with HCL T o a solution of 26 (505 
mg) in ethanol (4.5 ml) , was added a saturated ethanolic 
solution (0.5 ml) of HG1 and the resulting solution was reflux-
ed for 3 h. After evaporation in vacuo, the residue was column-
chromatographed on silica gel and elution with hexane-
benzene (9:1) gave ethyl (o-bromophenyl)acetate (390 m g : 
9 2 % yield) as a colorless oil: bp 75—80 °G/0.1 T o r r ; I R 
(neat) 1737 cm" 1 ; N M R (GDG13) 6 = 1 . 2 0 (3H, t, y = 7 H z ) , 
3.49 (2H, s), 4.08 (2H, q, y = 7 H z ) , and 7.00—7.42 (4H, 
m) . Found: G, 49.25; H , 4 .53; Br, 33.06%. Galcd for 
C 1 0 H n O 2 B r : G, 49 .41; H, 4.56; Br, 32.87%. 

Condensation of p-Isopropylbenzaldehyde with 1. (a) 
Triton B in THF: T o a solution of 1 (2.24 g) and p-isopro-
pylbenzaldehyde (2.65 g) in T H F (30 ml) , was added a 
4 0 % methanolic solution (2 ml) of Tr i ton B and the resulting 
solution was refluxed for 25 h. After the addition of dichlo-
romethane (50 ml) and being washed with 1.5 M sulfuric 
acid (20 mi) , the organic layer was dried (K 2 GO s ) and 
evaporated in vacuo. The residue was column-chromato-
graphed on silica gel (dichloromethane) to give 2-(/>-iso-
propylphenyl) -1 - (methylsulfinyl) -1 - (methylthio) ethylene (27 ; 
3.013 g: 6 8 % yield) as a pale yellow oil: bp 170—172 °G/0.2 
Tor r ; I R (neat) 1063 cm" 1 ; N M R (GDG13) 6 = 1 . 2 5 (6H, 
d, 7 = 7 Hz) , 2.28 (3H, s), 2.70 (3H, s), 2.89 (1H, septet, 
7 = 7 Hz) , 7.32 (2H, d, y = 7 H z ) , 7.57 (1H, s), and 7.81 
(2H, d, 7 = 7 Hz) . Found : G, 61.24; H , 7.14; S, 24 .95%. 
Galcd for G 1 3 H 1 8 OS 2 : G, 61.38; H , 7.13; S, 25 .20%. 

(b) NaOH and Excess of 1: T o a mixture of 1 (12.6 g) 
and powdered sodium hydroxide (1.35 g), was added p-
isopropylbenzaldehyde (10.1 g) dropwise over 20 min under 
being stirred at 60 °G, and the resulting mixture was further 
stirred at 60 °G for 5 h. After dichloromethane (100 ml) 
was added, the mixture was washed with 0.5 M sulfuric 
acid (25 ml) and water (100 m i x 2). The organic layer 
was dried ( N a 2 S 0 4 ) , evaporated in vacuo, and column-chro-
matographed on silica gel [benzene-dichloromethane (3:1)] 
to give 27 (14.45 g : 8 3 % yield) as a yellow oil. 

Decomposition of 2- (p - Isopropylphenyl) -1 - (methylsulfinyl) -1-
(methylthio)ethylene (27) with HCL T o a solution of 
27 (1.01 g) in ethanol (9 ml) , was added a saturated ethanolic 
solution of HG1 and the solution was refluxed for 3 h. After 
evaporation in vacuo, the residue was column-chromatograph-
ed on silica gel (hexane) to give ethyl (/>-isopropylphenyl)-
acetate (789 m g : 96% yield) as a colorless oil. An analytical 
sample was obtained by a short-path distillation (bath temper­
ature 110—115 °G/0.3 T o r r ) : I R (neat) 1738 c m - 1 ; N M R 
(GDGlg) 6 = 1 . 2 0 (3H, t, 7 = 7 Hz) , 1.20 (6H, d, 7 = 7 Hz) , 
2.83 (1H, septet, 7 = 7 Hz) , 3.50 (2H, s), 4.08 (2H, q, J= 
7 Hz) , and 7.12 (4H, s). Found: G, 75.52; H , 8 . 8 1 % . 
Galcd for G 1 3 H 1 8 0 2 : G, 75.69; H, 8.80%. 

Condensation of 2-Thiophenecarbaldehyde with 1. (a) 
Triton B in THF: T o a solution containing 2-thiophene-
carbaldehyde (10.315 g) and 1 (11.42 g) in T H F (50 ml) , 
was added a 4 0 % methanolic solution (3 ml) of Tr i ton B 
and then the resulting mixture was refluxed for 6 h. After 
the addition of dichloromethane (100 ml) , the mixture was 
washed with 0.5 M sulfuric acid, dried (Na 2 S0 4 ) and evaporat­
ed in vacuo. The residue was distilled in vacuo to afford 17 
(17.31 g: 8 6 % yield) as a pale yellow oil: bp 147—152 °C/ 
0.11—0.13 Tor r ; I R (neat) 1055 and 710 c m - 1 ; N M R 

(GDCI3) 6 = 2 . 3 5 (3H, s), 2.70 (3H, s), 7.05 (1H, m) , 7.40 
(2H, m) , and 7.86 (1H, s). Found : G, 43 .81 ; H , 4 .83; 
S, 44 .00%. Galcd for G 8 H 1 0 OS 3 : G, 44.00; H , 4.62; S, 
44 .06%. 

(b) KO H in Methanol: After 2-thiophenecarbaldehyde 
(1.043 g) and 1 (1.221 g) were dissolved in methanol (15 ml) , 
potassium hydroxide (440 mg) was added and the resulting 
solution was refluxed for 24 h. The solution was evaporated 
in vacuo and dichrolomethane (100 ml) was added. The 
deposited insoluble mat ter was filtered off and the filtrate 
was evaporated in vacuo. The residue was separated by 
column-chromatography on silica gel (dichloromethane) to 
afford 17 (1.689 g : 8 3 % yield) as a pale yellow oil. 

Decomposition of 17 with HCL (a) At Room Temperature: 
To a solution of 17 (872 mg) in ethanol (10 ml) , was added 
a saturated ethanolic solution ( 1 ml) of HG1 and the resulting 
solution was stirred under ice-cooling for 2 h and then at 
room temperature for 66 h. T h e solution was evaporated 
in vacuo and separated by column-chromatography on silica 
gel [hexane-benzene (1:1)] to give ethyl (2-thienyl)acetate 
(544 m g : 8 0 % yield) as a pale yellow oil. This ester was 
identified with the authentic sample prepared by the usual 
esterification (HCl-ethanol) of (2-thienyl) acetic acid. 

(b) Under Rejluxing: T o a solution of 17 (1.762 g) in 
ethanol (30 ml) , was added a saturated ethanolic solution 
(2 ml) of HG1 and the solution was refluxed for 22.5 h. After 
evaporation in vacuo, the residue was column-chromato-
graphed on silica gel [benzene-hexane (1:1)] to give a pale 
yellow oil ( 1.172 g) which was shown by an N M R analysis to 
consist of ethyl (2-thienyl)acetate (1.039 g : 79% yield) and 
ethyl (methylthio)(2-thienyl)acetate (133 m g : 8 % yield).19) 

Condensation of p-Chlorobenzaldehyde with Phenyl (Phenylthio) -
methyl Sulfoxide. T o a solution containing jfr-chlorobenz-
aldehyde (446 mg) and phenyl (phenylthio) methyl sulfoxide3) 
(545 mg) in T H F (5 ml) , was added a 4 0 % methanolic 
solution (0.5 ml) of Tr i ton B and the mixture was refluxed 
for 5.5 h. After the addition of dichloromethane (100 ml) , 
the mixture was washed with 0.5 M sulfuric acid, dried 
(Na 2 S0 4 ) , and evaporated in vacuo. The residue was separat­
ed by column-chromatography on silica gel (dichloromethane) 
to give 2-(/>-chlorophenyl)-l-(phenylsulfinyl)-l-(phenylthio)-
ethylene (28; 708 m g : 6 0 % yield) as colorless crystals: m p 
97.5—98.5 °G; I R (KBr) 1042 c m - 1 : N M R (GG14) 6 = 7 . 0 6 
(5H, s), 7.15—7.80 (9H, m) , and 7.98 (1H, s). Found: G, 
64.36; H , 3.85; S, 17.47%. Galcd for G2 0H1 5OS2G1: C, 
64.76; H , 4.08; S, 17.29%. 

Decomposition of 2-(p- Chlorophenyl) -1- (phenylsulfinyl) -1- (phen­
ylthio ) ethylene (28) with HCL A solution containing 
28 (180 mg) in ethanol (10 ml) was saturated with HG1 
gas under ice-cooling. The reaction mixture was allowed 
to stand overnight at room temperature, and then evaporated 
in vacuo. T h e residue was separated by column-chromatog­
raphy on silica gel (hexane and benzene) to give diphenyl 
disulfide (94 m g : 8 9 % yield) and ethyl (/>-chlorophenyl)-
acetate (82 m g : 9 0 % yield). 
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Synthesis and Thermal Rearrangement of Homobarrelenones. Preparation 
of Dimethyl l-Oxo-cîs-3a,7a-dihydroindene-3a,7a-dicarboxylates 
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Department of Chemistry, Faculty of Science, Tohoku University, Aoba, Aramaki, Sendai 980 
(Received January 23, 1979) 

The Diels-Alder reaction of five derivatives of 2-methoxytropone with dimethyl acetylenedicarboxylate pro­
ceeds regiospecifically giving dimethyl l-methoxy-2-oxobicyclo[3.2.2]nona-3,6,8-triene-6,7-dicarboxylates, except 
in the case of 5-isopropyl-2-methoxytropone. The adducts undergo rearrangement selectively to dimethyl 7-
methoxy-l-oxo-m-3a,7a-dihydroindene-3a,7a-dicarboxylates, upon heating under reflux in xylene. Regiochem-
ical aspects of the cycloaddition and mechanistic aspects of the rearrangement are discussed. 

Tropone (25456-cycloheptatrien-l-one5 1) is known 
to react with various kinds of olefins giving Diels-Alder 
type 1,4-addition products. 1~12) Kinstle and Carpenter, 
and Uyehara et al. found independantly that 1 
reacts with an acetylenic dienophile, dimethyl acetyl­
enedicarboxylate (DMAD), to give dimethyl 6,7-
dicarboxylate of bicyclo[3.2.2]nona-3,6,8-trien-2-one 
(homobarrelenone), (2).13) The adduct is thermally 
labile, undergoing rearrangement selectively to di­
methyl 1 -oxo - eis - 3a, 7a - dihydroindene - 3a, 7a - dicarbo-
xylate (3) upon heating under reflux in xylene.13b) 
Dihydroindenone 3 is stable under acidic conditions, 
but is extreemly sensitive to the base, sodium meth-
oxide.14) When 3 was treated with the base in meth­
anol at 0 °C, dimethyl 3-oxo-1,7-indandicarboxylate 
(4) was formed within a minute. 

In order to know the mechanism of the rearrange­
ment, we required a series of dimethyl l-oxo-cw-3a,7a-
dihydroindene-3a,7a-dicarboxylates. There are two 
prerequisites for the synthesis of the dihydroindenones 
from tropones in practical yield: regioselective Diels-
Alder reaction to give homobarrelenones and selective 
rearrangement of the adducts to the corresponding 
dihydroindenones. 

_When 2-methoxytropone (5) was heated with 
D M A D at 90 °C, a regiospecific Diels-Alder reaction 
proceeded giving dimethyl 1 -methoxyhomobarrelenone-
6,7-dicarboxylate (6) in an excellent yield. 15) Similar 
specificity of the reaction positions of tropone 5 was 
observed for a reaction with methyl propiolate.16) 
When the adduct 6 was heated under reflux in xylene, 
dimethyl 7-methoxy-1 -oxo-cw-3a, 7a-dihydroindene-
3a,7a-dicarboxylate (7) was formed selectively. 15) 
These results prompted us to investigate a synthesis 
of the dihydroindenones from 2-methoxytropones. 

TABLE 1. PREPARATION OF THE HOMOBARRELENONES*1) 
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^ E 

2 R = H 
6 R = O C H 3 

3 
7 

çi b r<* 
R = H 
R = : O C H 3 
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4 
E = C 0 2 G H 3 

R e s u l t s and D i s c u s s i o n 

Diels-Alder Reaction of 2-Methoxy tropones with Dimethyl 
Acetylenedicarboxylate (DMDA). 2-Methoxytro-

t Deceased February 4, 1976. 

Tropone 

8a 

8 b 

8c 
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8e 

Product 
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a) In a sealed tube, at 90 °G for 40 h. b) With 9.7% 
of 12a. c) With 4 .9% of 12c. d) In a sealed tube, 
at 80 °G for 100 h, with 21.4% of 12e. 

8a-

E=C02CH3 

pone 5 is obtained by careful treatment of tropolone 
(2-hydroxy-2,4,6-cycloheptatrien-l-one) with diazo-
methane.17) A series of alkyltropolones, 3-, 4-, and 
5-isopropyl derivatives, is easily available.18) Diazo-
methane treatment of 3-isopropyltropolone gives only 
7-isopropyl-2-methoxy tropone (8d).19) A similar 
treatment of 4-isopropyltropolone gives a miture of 4-
and 6-isopropyl-2-methoxytropones (8a and 8c, re­
spectively), which can not be separated from each 
other.20) Compounds 8a and 8c have been prepared 
from 7 - iodo-4-isopropyl and 3 -iodo-6-isopropyl-2-
methoxytropones, respectively, by catalytic hydrogen-
olysis.21) 5-Isopropyl-2-methoxytropone (8b) is deriv­
ed from 5-isopropyl tropolone with diazomethane.22) 

The conditions and the results of the Diels-Alder 
reaction of 2-methoxy tropones (8a—8d) with D M A D 
are given in Table 1. Each reaction temperature was 
kept as low as possible, since once a homobarrelenone 
derivative undergoes rearrangement to the correspond­
ing dihydroindenone in the presence of D M A D , they 
react easily and a complex mixture of polysubstituted 
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benzenes is formed.12b»15) The structures of the ad­
dition products (9a, 9b, 9c, and 9d) were deduced 
by means of their spectral data, mainly of the 1 H -
N M R spectra. 

Regioselectivity of the 1,4-additions is surprisingly 
high. D M A D underwent addition to 8a, 8c, and 8 d 
only at the 2,5-position, and to 8 b only at the 4,7-
position. For explanation of the regiospecificity, we 
propose three major factors: 1) the difference between 
both primary interaction energies due to the methoxyl 
group, an electron-donating substituent; 2) the favor­
able secondary interaction between the ether oxygen 
of the tropones and the carbonyl carbon of the dieno­
phile (an n-pi interaction) ; 3) the steric repulsion be­
tween the isopropyl group and the methoxycarbonyl 
group, in the transition states of addition. 

Ethylene, a simple and symmetrical dienophile, 
underwent addition to 2-methoxytropone at 2,5- and 
4,7-positions in the ratio of 87.7 and 12.3.23> No 
secondary interaction would take place in the transi­
tion states leading to the adducts. The preferential 
addition of ethylene to the 2,5-position rather than 
to the 4,7-position was supported by the difference 
between the calculated interaction energies23) by means 
of P M O equation proposed by Salem.24) Maleic an­
hydride, a symmetrical dienophile, reacted with 5 
only at the 2,5-position.25) Thus, Diels-Alder type 
1,4-addition of symmetrical dienophiles is favorable 
at the 2,5-position of 2-methoxytropone. Each isopro-
pyl-2-methoxytropone could be regarded as a per turb­
ed 2-methoxytropone. The difference between pri­
mary interaction energies of both reaction positions 
of 8a, 8b , 8c, and 8d with the dienophile should be 
similar to that of 2-methoxytropone with the dieno­
phile. 

Low regio- and stereoselectivities have been observed 
for the reactions of 5 and asymmetrical oleficic dieno­
philes, such as acrylonitrile and methyl acrylate.3) 
However, methyl propiolate, an asymmetrical acety-
lenic dienophile, underwent addition regioselectively 
to 5 giving the adduct (10) in 6 7 . 5 % yield with a 
small amount of the isomer ( l l ) .1 6) Calculated in­
teraction energies for the four possible regiochemical 
combinations of 5 and methyl propiolate suggest that 
the major product should be 11. Disagreement with 
experimental results indicates that the regioselectivity 
can not be explained only by primary orbital interac­
tions. In the transition state leading to 10, the distance 
between the ether oxygen and the carbonyl carbon 
of the dienophile should be remarkably short, because 
of an acetylenic dienophile, and the secondary interac­
tion between them could not be negligible. T h e same 
interaction seems to contribute to the selective addition 
of D M A D to the 2,5-position of 2-methoxytropones 
5, 8a, 8c, and 8d. 

Reversal of regiospecificity during the addition of 
D M A D to 8 b may be explained by large steric repulsion 
between the bulky isopropyl group and the methoxy­
carbonyl group in the transition state leading to the 
addition of the 2,5-position of 8b , again because of 
the linear dienophile. This steric repulsion also con­
tributes to the preferential formation of 9a and 9d 
from 8a and 8d, respectively. 

* 

Path 4 

C = C=0 

Path b 

E 

Path 3 

H n 

E = C02CH3 

Scheme 1. 

T A B L E 2. THERMAL REARRANGEMENT OF THE 

HOMOBARRELENONES 

Homobarre­
lenone Product Yield 

(%) 
8a 
8b 

8c 
8d 
8e 
10 
15 

12aa> 

(8b) a> 

(8b) c> 

12ca> 
12da> 

12ea> 

17c> 

16a> 

16«) 

74 .1 

90.3b> 

88.8b> 

73.3 
63.0 
80.0 
74.9 
60.5 
78.9 

a) Heated under reflux in xylene for 40 h. b) Recov­
ery, c) Gas-phase thermolysis at 350 °G/0.15 Torr. 

12a R4 = /-Rr, R5 = R6 = R7 = H 
12c R4 = R5 = R7 = H, R6 = z-Pr 
12d R4 = R5 = R6 = H, R7 = /-Pr 
12e R4 = R6 = R7 = H, R5 = OCH 3 

E = C02CH3 

D M A D underwent addition to the 2,5-position of 
2,5-dimethoxytropone (8e) giving the homobarrelenone 
(9e) with dihydroindenone (12e) even at 80 °C. For­
mation of 9e reflects the contribution of that secondary 
interaction. 

Thermal Rearrangements of the Homobarrelenones to cis-
3aJa-Dihydroinden-l-ones. The process of the 
thermal rearrangement of 2 to the dihydroindenone 
3, proposed by Kinstle and Carpenter, involves a [3,3]-
sigmatropic shift to 7-J7W-norcaradienylketene (13) fol­
lowed by a [3,5]-sigmatropic shift (antarapfacial or 
Möbius) to 3.13a> If the mechanism is correct, there 
are four possible routes, each of them giving a paticular 
isomer as shown in Scheme 1. Preferential formation 
of 3 follows path a and path 1. Dimethyl 1-oxoindan-
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4,5-dicarboxylate (14), a minor product from 2,13b) 

should be formed through pa th a and path 2, followed 
by aromatization. Thus, preferential formation of 3 
from 2 is interesting from a synthetic point of view. 
Study on the substituent effects for both sigmatropic 
rearrangements is of interest. 

The rearrangement of 2 to 3 was performed by gas-
phase13a> or solution thermolysis. 13b> A concentrated 
solution of 2 gave many by-products, in the latter. 
The conditions and the results of the thermolysis of 
the homobarrelenones are given in Table 2. Com­
pound 8b was stable under the same conditions for 
the solution thermolysis of other isomers and at 350 °C 
in vacuo. Gas-phase thermolysis of 8 b at 450 °C gave 
unidentified decomposed products. The other homo­
barrelenones underwent rearrangement to the cor­
responding dihydroindenones through path a and path 
1. 

Thermal reactions of the monosubstituted homobar-
relenone (15), derived from 1 and methyl propiolate,16) 
yielded methyl l-oxoindan-4-carboxylate (16). The 
process of the rearrangement involves pa th a and path 
2 and aroma tization. Gas-phase pyrolysis of 10 gave 
dihydroindenone (17). 1 H - N M R spectrum shows a 
multiplet at (3=3.97 (dddd, J9,2=2.5 Hz, J9fZ=2.7, 
J9 4==4.8, and y 9 ( 5 = 1 . 7 ) , a typical pattern of H 9 in 
«V-3a57a-dihydroinden-l-ones.26) The yield of 17 
decreased when 10 was heated in a solution. The 
machanism of the process involves path a and path 1. 

The regioselectivity of the [3,3]-sigmatropic shifts 
(path a is preferred) seems to be due to the electron-
withdrawing substituents at the 8 and/or the 9 positions. 
The substituents should decrease the energy level of 
the H O M O of the acceptor radical fragment27) in the 
transition state giving intermediates such as 13 through 
path a. 

The other selective sigmatropic shifts (path 1 is 
preferred) may be caused by the differences between 
the pi-electron densities and the magnitude of the 
coefficients of each reaction position of the H O M O of 
the migrating framework.27) 

^ in <é 
15 16 17 

E = C02CH3 

Exper imenta l 

General. Melting points were determined on a Thomas 
Hoover MP Apparatus, and are uncorrected. Infrared 
spectra were recorded on Hitachi EPI-3 and Model 215 
spectrophotometers. Ultraviolet spectra were recorded on 
a Hitachi EPS-2T spectrometer. NMR spectra were ob­
tained on Varian A-60 and HA-100 spectrometers equipped 
with spin decouplars, using tetramethylsilane as an internal 
standard. The mass spectral studies were conducted using 
a Hitachi RMU-6D spectrometer. 

2,5-Dimethyl-2,4,6-cycloheptatrien-1-one (8e). Dimethyl 
sulfate (3.7 g) was added to a solution of 5-hydroxytro-
polone28) (1.5 g) in 2 M-sodium hydroxide (20 ml) over a 

period of 2.5 h at 0 °G, and the mixture was stirred at 
room temperature for 2 h. After being heated under re­
flux for 30 min, the solution was cooled to room temperature, 
acidified (pH 5) with 10% hydrochloric acid and extracted 
with three portions of dichloromethane (20 ml each). The 
extracts were combined, dried (MgS04) and concentrated 
giving brown oil (1.6 g), a mixture of methoxytropones and 
8e. The mixture was dissolved in dichloromethane and 
treated with an ethereal solution of diazomethane. Evapo­
ration of the solvents and crystallization from hexane-benzene 
gave pale yellow prisms (1.5 g, 83% yield). 8e: mp 74— 
75 °G; IR (KBr) 1630, 1595, 1563, and 1518 cm-1; NMR 
(GDG13) 6=3.86 (3H, s, OGH3), 3.96 (3H, s, OGH3), and 
6.35—7.27 (4H5 m). 

Preparation of Homobarrelenone Derivatives (9a—9e). General 
Procedure: Each 2-methoxytropone and DMAD (0.9—1.1 
equiv) were placed in a Pyrex tube, sealed, and heated at 
90±0.5 °G for 40 h (8a—8d) or at 80±0.5 °G for 100^h 
(8e). Isolation of each product was performed with chro­
matography on a silica-gel column or an alumina (neutral) 
column (for 9a and 12a) using gradient mixtures of benzene 
and ethyl acetate. 

Physical Properties of the New Homobarrelenones. A) Dimethyl 
9-Isopropyl-1 -methoxy-2-oxobicyclo [3.2.2] nona- 3,6,8-triene -6,7' - di-
carboxylate (9a): Pale yellow oil; UV m a x (GH3OH) 215 
(loge 4.13), 285 (3.15)sh and 345 nm (2.60); IR (film) 
1740, 1722, 1692, 1666, and 1640 cm-1; NMR (GDG13) 
6=1.11 (6H, d, 7=7 .0 Hz, GH 3 x2) , 2.46 (1H, sept of d, 
7 = 7 . 0 and 1.5 Hz, GH(GH3)2), 3.61 (3H, s), 3.80 (3H, 
s), 3.84 (3H, s), 4.32 (1H, ddd, 7 = 8 . 1 , 1.5 and 0.9 Hz, 
H5), 5.44 (1H, dd, 7=10.8 and 0.9 Hz, H3), 6.09 (1H, dd, 
7 = 1 . 5 and 1.5 Hz, H8), and 7.15 (1H, dd, 7=10.8 and 
8.1 Hz, H4). Found: M+, 320. 

B) Dimethyl 9-Isopropyl -3- methoxy - 2 -oxobicyclo [3.2.2] nona-
3,6 ß-triene-6,7-dicarboxylate (9b) : Yellow oil; UV m a x (GH3-
OH) 227 (loge 3.96), 289 (3.41) and 364 nm (2.58)sh; 
IR (film) 1720, 1685, and 1640 cm-1; NMR(GDG13) 0= 
1.09 (6H, d, 7=6 .7 Hz, GH 3 x2) , 2.49 (1H, broad sept, 
7 = 6 . 7 Hz, GH(GH3)2), 3.40 (3H, s), 3.74 (6H, s), 3.96 
(1H, dd, 7 = 9 . 5 and 2.3 Hz, H5), 4.42 (1H, d, 7 = 7 . 4 Hz, 
Hx), 5.98 (1H, ddd, 7 = 7 . 3 , 2.3 and 1.5 Hz, H8), and 6.05 
(1H, d, 7 = 9 . 5 Hz, H4). Found: M+, 320. 

C) Dimethyl 4-Isopropyl- 1 -methoxy-2-oxobicyclo[3.2.2]nona-
3,6,8-triene-6,7-dicarboxylate (9c) : Pale yellow oil ; U V m a x 

(GH3OH) 224 (loge 4.25), 287 (3.22)sh and 335 nm (2.55)*h; 
IR (film) 1740, 1720, 1678, 1658, and 1621 cm"1; NMR 
(GDGI3) ö = l . l l (3H, d, 7 = 6 . 5 Hz, GH3), 1.13 (3H, d, 
7=6 .5 Hz, GH3), 2.49 (1H, sept, 7=6 .5 Hz, GH(GH3)2), 
3.53 (3H, s), 3.71 (6H, s), 4.37 (1H, ddd, 7=6 .0 , 1.8 and 
0.9 Hz, H5), 5.01 (1H, dd, 7 = 0 . 9 and 0.9 Hz, H3), 6.56 
(1H, dd, 7 = 8 . 4 and 1.8 Hz, H8), and 6.70 (1H, dd, 7 = 8 . 4 
and 6.0 Hz, H9). Found: M+, 320. 

D) Dimethyl 3-Isopropry - 1 - methoxy -2- oxobicyclo [3.2.2]nona-
3,6,8-triene-6,7-dicarboxylate (9d) : Colorless needles (from 
GH3OH), mp 107.5—108.5 °G; UV m a x (GH3OH) 222 (loge 
4.43), 292 (2.82)sh and 362 nm (2.27); IR (KBr) 1729, 
1715, 1672, 1657, and 1620 cm"1; NMR (GDG13), 6=0.89 
(3H, d, 7 = 7 . 0 Hz, GH3), 0.91 (3H, d, 7=7 .0 Hz, GH3), 
2.78 (1H, sept, 7 = 7.0 Hz, CH(CH3)2), 3.59 (3H, s), 3.78 
(3H, s), 3.82 (3H, s), 4.44 (1H, ddd, 7=8 .0 , 6.5, and 1.2 
Hz, H5), 6.58 (1H, dd, 7 = 8 . 5 and 1.4 Hz, H8), 6.84 (1H, 
dd, 7=8 .0 and 1.2 Hz, H4), and 6.88 (1H, dd, 7 = 8 . 5 and 
6.5 Hz, H9). Found: G, 63.45; H, 6.29%; M+, 320. Galcd 
for C17H20O6: G, 63.74; H, 6.29%; M, 320. 

E) Dimethyl 1,5-Dimethoxy-2-oxobicyclo[3.2.2]nona-3,6,8-
triene-6,7'-dicarboxylate (9e) : colorless prisms (from GG14), 
mp 101-102 °C; UV m a x (GH3OH) 214 (loge 3.90), 285 
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(2.85)"* and 360 nm (1.91); I R (KBr) 1740, 1693, 1652, 
and 1620 c m - 1 ; N M R (GDG13) 6 = 3 . 4 5 (3H, s), 3.53 (3H, 
s), 3.78 (3H, s), 3.83 (3H, s), 5.24 (1H, d, 7 = 1 1 . 8 Hz, H 3 ) , 
6.55 (1H, 7 = 9 . 3 Hz , H 8 ) , 6.97 (1H, d, 7 = 9 . 3 Hz, H 9 ) , 
and 7.07 (1H, d, 7 = 1 1 . 8 Hz, H 4 ) . Found: G, 58.61; H , 
5 .06%; M+, 308. Galcd for G 1 5 H 1 6 0 7 : G, 58.44; H , 5 . 2 3 % ; 
M, 308. 

Thermal Rearrangements of Homobarrellenones. General Pro­
cedure. A) Solution Thermolysis: A solution of each homo-
barrelenone in dry xylene (0.04—0.046 M) was heated 
under reflux for 40 h. After removal of the solvent, puri­
fication of the product was performed by chromatography 
on a silica-gel column and/or by recrystallization. 

B) Gas-phase Thermolysis: A sample of each homobar-
relenone was placed in a goose-necked small flask at tached 
to a 2 x 1 5 cm oven-heated Pyrex tube, placed obliquely 
(45°), packed with Pyrex tips. T h e other end of the tube 
was connected to a Dry-Ice t rap . The end of the t rap was 
connected to a vacuum pump . The system was evacuated 
(0.15—0.2 Tor r ) , and the Pyrex tube was heated to 350 
°G. The flask containing the sample was then heated with 
a nichrome wound heating jacket to 100—150 °G. T h e 
pyrolysate was purified by chromatography and/or recrystal­
lization. 

Physical Properties of the New cis-3a,7a-Dihydroindenones. 
A) Dimethyl 5-Isopropyl-6-methoxy-1 -oxo-ch-3a,7 a-dihydroindene-
3a,7 a-dicarboxylate (12a): Colorless needles (from G H 3 O H ) , 
m p 149—150 °G; U V m a x (GH 3 OH) 215 (loge 4.13), 282 
(3.61) and 347 n m (2.92); I R (KBr) 1725, 1704, 1658, and 
1595 c m - 1 ; N M R (GDG13) 6 = 1 . 0 5 (3H, d, 7 = 7 . 6 Hz, 
GH 3 ) , 1.07 (3H, d, 7 = 7 . 6 Hz, CH 3 ) , 2.36 (1H, sept of d, 
7 = 7 . 6 and 2.0 Hz, CH(CH 3 ) 2 ) , 3.48 (3H, s), 3.66 (3H, 
s), 3.68 (3H, s), 5.18 (1H, d, 7 = 1.8 Hz, H 6 ) , 5.19 (1H, 
dd, 7 = 2 . 0 and 1.8 Hz, H 4 ) , 6.45 (1H, d, 7 = 5 . 8 Hz, H 2 ) , 
and 7.43 (1H, d, 7 = 5 . 8 Hz, H 3 ) . Found : G, 64.03; H , 
6 .42%; M+, 320. Galcd for G 1 7 H 2 0 O 6 : G, 63.74; H , 6 .29%; 
M , 320. 

B) Dimethyl 3-Isopropyl-7 - methoxy-1 - oxo - eis- 3a, 7a - dihydro-
indene-3a,7 a-dicarboxylate (12c) : Colorless needles (from 
G H 3 O H ) , m p 139-140 °G; U V m a x (CH 3 OH) 221 ( loge 
4.16), 284 (3.57) and 338 nm (2.75); I R (KBr) 1732, 1705, 
1655, and 1622 c m - 1 ; N M R (GDC13) 6 = 1 . 3 2 (3H, d, J= 
6.9 Hz , GH 3 ) , 1.35 (3H, d, 7 = 6 . 9 Hz, CH 3 ) , 2.61 (1H, 
broad sept, 7 = 6 . 9 Hz, GH(CH 3 ) 2 ) , 3.67 (3H, s), 3.69 (3H, 
s), 3.70 (3H, s), 5.23 (1H, dd, 7 = 6 . 5 and 0.8 Hz, H 6 ) , 5.88 
(1H, dd, 7 = 1 0 . 0 and 0.8 Hz, H 4 ) , 6.18 (1H, 7 = 1 0 . 0 and 
6.5 Hz, H 5 ) , and 6.35 (1H, d, 7 = 0 . 8 Hz , H 2 ) . Found : 
G, 63.54; H , 6 . 3 8 % ; M+, 320. Calcd for G 1 7 H 2 0 O 6 : C, 
63.74; H, 6.29%,; M , 320. 

C) Dimethyl 2 - Isopropyl - 7 - methoxy - 1 - oxo-cis-3a,7a-dihydro-
indene-3a,7 a-dicarboxylate (12d) : Colorless needles (from 
C H 3 O H ) , m p 123.5-124.5 °G; U V m a x 220 ( loge 4.16), 
283 (3.68) and 340 n m (2.86); I R (KBr) 1739, 1720, 1651, 
and 1594 c m - 1 ; N M R (GDC13) 6 = 1 . 0 3 (3H, d, 7 = 7 . 1 
Hz, GH 3 ) , 1.16 (3H, d, 7 = 7 . 1 Hz, CH 3 ) , 2.76 (1H, sept of 
d, 7 = 7 . 1 and 1.0 Hz, GH(CH 3 ) 2 ) , 3.68 (9H, s), 5.23(1H5 

d, 7 = 6 . 6 Hz, H 6 ) , 5.52 (1H, d, 7 = 10.0 Hz, H 4 ) , 6.07 (1H, 
dd, 7 = 1 0 . 0 and 6.6 Hz, H 5 ) , and 7.01 (1H, d, 7 = 1.0 Hz , 
Hj) . Found: G, 63.73; H , 6.30%,; M+, 320. Calcd for G17-
H 2 0 O 6 : C, 63.74; H , 6 .29%; M, 320. 

D) Dimethyl 4,7'-Dimethoxy -1 - oxo - eis - 3a, 7a - dihydroindene-
3a,7a-dicarboxylate (12e) : Pale yellow needles (from G H 3 O H ) , 
m p 166—167 °C; U V m a x ( C H 3 O H ) 217 ( loge 4.00), 290 
(3.73) and 365 n m (2.83); I R (KBr) 1746, 1712, 1662, and 
1593 c m - 1 ; N M R (GDC13) 6 = 3 . 6 1 (3H, s), 3.66 (3H, s), 
3.67 (3H, s), 3.71 (3H, s), 5.14 (2H, s, H 5 and H 6 ) , 6.55 
(1H, d, / = 5 . 9 Hz, Hg), and 7.71 (1H, d, / = 5 . 9 H z ? H 3 ) . 

Found : G, 58.68; H , 5 .09%; M+, 308. Calcd for G15H16-
0 7 : C, 58.44; H , 5 . 2 3 % ; M , 308. 

E) Methyl 4 - Methoxy -3-oxo -cis-3a,7a-dihydroindene-3a-car-
boxylate (17): Colorless needles (from ether), m p 89—90 
°C; U V m a x (GH 3 OH) 210 ( loge 4.10), 279 (3.63) and 344 
n m (2.69); I R (KBr) 1736, 1704, 1651, and 1590cm- 1 ; 
N M R (GDGI3) 6 = 3 . 6 5 (3H, s) 3.72 (3H, s), 3.97 (1H, dddd, 
7 = 4 . 8 , 2.7, 2.5, and 1.7 Hz, H 9 ) , 5.17 (1H, d, 7 = 6 . 7 Hz, 
H . ) , 5.42 (1H, dd, 7 = 9 . 7 and 4.8 Hz, H 4 ) , 5.98 (1H, ddd, 
7 = 9 . 7 , 6.7, and 1.7 Hz, H 5 ) , 6.35 (1H, dd, 7 = 5 . 7 and 
2.5 Hz, H 2 ) , and 7.49 (1H, dd, 7 = 5 . 7 and 2.7 Hz, H 3 ) . 
Found : G, 65.2?; H , 5 .53% ; M+, 220. Galcd for C 1 2 H 1 2 0 4 : 
G, 65.44; H , 5 .49%; M , 220. 

Methyl 1 -Oxo-indan-4-carboxylate (16) : Colorless needles 
(from GH3OH), m p 102—103 °C; I R (KBr) 1710, 1580, 
and 760 c m - 1 ; N M R (CDG13) 6 = 2 . 7 0 (2H, m) , 3.48 (2H, 
m) , 3.95 (3H, s), 7.45 (1H, ddt , 7 = 1 0 . 0 , 10.0 and 0.75 
Hz) , 7.95 (1H, ddd5 7 = 1 0 . 0 , 1.3 and 0.5 Hz) , and 8.27 
(1H, dd, 7 = 1 0 . 0 and 1.3 Hz) . Found: M+, 190. 

Hydrolysis of Methyl 1-Oxoindan-4-carboxylate (IS). 
A mixture of a solution of 16 (100 mg) in dioxane (5 ml) 
and 2 M-sodium hydroxide (30 ml) was heated under reflux 
for 12 h, and Washed with dichloromethane. The aqueous 
layer was acidified with 10% hydrochloric acid, and extracted 
with two portions of dichloromethane. Drying over M g S 0 4 , 
and concentration of the solution gave a reddish solid (83 mg), 
which was recrystallized from hot-water . The melting 
point and I R spectrum of the product, colorless needles 
(40 mg) , were identical with those of 1-oxoindan-4-carbo-
xylic acid:29) m p 224.5—225.5 °G; I R (KBr) 3100, 1715 
and 1687 c m - 1 . 
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The interaction between free radicals and cobalt complexes (Co(II)TPP and Co(II)(sal)2(i?-CHXDA)) has 
been studied using (S,S)-( — )-, (R,R)-(-{-)-, and m^o-ljl'-diphenylazoethane as a radical source. The decom­
position of m^0-l,r-diphenylazoethane by heat or UV-light in the presence of Co(U)(sal)2(i?-GHXDA) having 
an asymmetric ligand produced an optically active ( + )-2,3-diphenylbutane. The suggestion is that the 
a-methylbenzyl radical formed from the azo compound is stereoselectively stabilized by the Go(II)(sal)2(Ä-
CHXDA). 

The literature cites several addition reactions of 
polyhaloalkanes to olefins using organometallic cata­
lysts, 1:1 adducts being formed in good yield. In 
the absence of the organometallic complex, there is 
negligible formation of the 1:1 adducts.1) Nagai et al.2) 
postulated that the reaction proceeded via a free radical 
mechanism and concluded that the high selectivity in 
the 1:1 adduct was a direct consequence of the restrict­
ed freedom of movement of a radical which was re­
strained in the coordination sphere of the complex. 
Furthermore, Mura i et al.3) reported an optically active 
adduct in the addition reactions of bromotrichloro-
methane to 1-alkenes using a rhodium complex with 
( —)-diop as the asymmetric ligand. 

It accepted that a free radical is stabilized by react­
ing with several metal ions (including metal com­
plexes).4) For example, the radicals derived from the 
decomposition reactions of several azo compounds are 
stabilized in the presence of metal complexes, especially 
cobalt, such as Go( I I )TPP and Go(II)(sal)2(Ä-
CHXDA). 5) 

CH3^CH3 CH3CH3 
XCH CH 
I I 

CH3 -C-N=N—C-CH3 

C H 3 ^ / C H 3 C H 3 N / C H 3 

CH 

CH3-C\ No 3 I \ 

CHo 
CN 

CH3-C—CH 
CHq 

Therefore, it may be possible for a metal complex 
having an asymmetric ligand to stabilize radicals in 
two stereochemically different formes as follows: 

\ ^ H 

and 

(a) (b) 

Either of these two stabilized radicals, (a) or (b) , will 
enter a reaction preferentially owing to the difference 
in their reactivities resulting in the formation of an 
optically active product. The interactions between 
radicals and metal complexes, especially the effect of 
interaction on the yield and specific rotation of 2?3-

diphenylbutane, have been studied using (£,£)-(—)-, 
(R,R)-( + )-, and meso-1,l'-diphenylazoethane as the 
radical source and Co(II)(sal)2(Ä-CHXDA) as the 
asymmetric metal complex. 

Exper imenta l 

Materials. The azo compounds {(S,S)-( — )-, {R,R)~ 
( + )-, and m&ro-l, l'-diphenylazoethane6)) and the metal 
complexes (Co(II)TPP and Co(II)(sal)2(£-CHXDA)6>) 
have been prepared as described in a previous paper. ( — )-
2,3-0- Isopropylidene-2, 3 - dihydroxy- 1,4-bis(diphenylphos-
phino) butane (( —)-diop) has been prepared according to 
the method of Kagan et al.7) The ( —)-diop-Rh(I) has been 
prepared by mixing ( —)-diop and di-^-chloro-bis(7r-l,5-
cyclooctadiene)dirhodium(I) in benzene under nitrogen. 

Decomposition of Azo Compound. The decomposition of 
the azo compounds in the presence or absence of metal com­
plex has been conducted as described in a previous paper.6) 
In the photo-decomposition reactions, the azo compound, 
contained in an ampoule under nitrogen was decomposed 
completely by UV-light and the volume of nitrogen re­
leased was measured. 

Analysis of Decomposition Products. 2,3-Diphenylbut-
ane, a coupling product, was separated by TLG (hexane-
silica gel) and the optical rotation was measured. 2,3-
Diphenylbutane was qualitatively analyzed by PMR and 
GC-MS.6) 

Quantitative analyses of the decomposition products were 
conducted by GLG (Silicone DC-550). The column temper­
atures were 120 °G for the non-coupling products (styrene 
and ethylbenzene) and 200 °C for the coupling product 
(2,3-diphenylbutane). 

Measurement of Decomposition Rates. The decompo­
sition rates of the azo compounds were measured as des­
cribed in a previous paper.6) 

Measurement of Visible Spectra. The visible spectra 
of benzene solutions containing the cobalt complex (Co(II)-
TPP or Go(II)(sal)2(Ä-GHXDA)), (£,£)-(-)-l,l '-diphenyl-
azoethane and/or nitrosobenzene were measured under 
nitrogen using 1 mm thick quartz glass cell. 

R e s u l t s a n d D i s c u s s i o n 

Decomposition of 1,1'-Diphenylazoethane. According 
to a previous report,6) the decomposition products 
from the thermolysis of 1, l '-diphenylazoethane (Azo 
compound) in the absence of metal complex were 2,3-
diphenylbutane, styrene, and ethylbenzene. In the 
presence of a metal complex, an additional product, 
namely acetophenone a-methylbenzylhydrazone was 
formed. 

The formation mechanism8) of these products may 
be illustrated by Schemes 1 and 2. 
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CHq CHq 

P h - C - N = N - C - P h 

/ 

CHq CH 

Ph-C- N2 «C-Ph 

H H 

CHq 
I 3 

Ph-C-
I 
H 

CHq CHq 
! 3 ! 3 

> Ph—C C—Ph 

r Ph-CH2CH3 

I Ph-CH=CH2 

: solvent cage 

Scheme 1. 

Routes a and b show the coupling and disproportion­
a t e reactions of the two radicals in a classical solvent 
cage, respectively. Routes d and e are, on the other 
hand, the corresponding reactions for radicals diffused 
from the cage. Scheme 2 is a possible route for the 
decomposition reaction in the presence of the metal 
complex as reported previously.6) 

The amount of 2,3-diphenylbutane formed was less 
in the presence of the complex, since a part of the 
starting azo compound was converted into acetophen-
one a-methylbenzylhydrazone (Scheme 2). The com­
plex can interact with three types of radical such 
as PhCH(CH 3 ) , P h - C ( C H 3 ) - N = N - C H ( C H 3 ) P h , and 
P h - C ( C H 3 ) = N - N - C H ( C H 3 ) P h . In the presence of 

u 
nitrosobenzene, the only radical produced was the a-
methylbenzyl radical ; no acetophenone a-methylbenzyl­
hydrazone was produced (Table 1). In order to 
understand the interaction between the complex and 

CHq CHq 
, 3 , 3 

Ph-C-N=N-C-Ph 
I 
H 

Ph-

ÇH3 

-C-
I 
H 

ÇH3 

ü 5 10 

Nitrosobenzene/SS-Azo compound 
(molar ratio) 

Fig. 1. Yield of 2,3-diphenylbutane in the presence of 
nitrosobenzene. Reaction conditions: in benzene at 104 
°C for 2 days; SS-Azo compound: 3.7xlO~2M. 

the a-methylbenzyl radical, the thermal decomposition 
has been examined in the absence and presence of 
nitrosobenzene. 

2,3-Diphenylbutane Obtained in the Presence of Nitro­
sobenzene. ($,$)-1,1 '-Diphenylazoethane (SS- Azo 
compound) was thermally decomposed in the presence 
of nitrosobenzene with and without the metal com­
plex. Figure 1 illustrates the effect of nitrosobenzene 
on the yield of 2,3-diphenylbutane and as may be 
seen, the yield of 2,3-diphenylbutane decreases with the 
increase in the concentration of nitrosobenzene, up to 
six times the amount of azo compound. After this, 
the yield of 2,3-diphenylbutane did not vary, even in 
the presence of a great excess of nitrosobenzene. 
Twenty eight percent of 2,3-diphenylbutane is estimat­
ed to be formed in the solvent cage. Under these 
conditions, a trace amount of the disproportionation 
products was obtained and no acetophenone a-methyl­
benzylhydrazone was formed, even in the presence of 
the metal complex (Table 1). 

From the result in Fig. 2, it appears there 

, T3 

P h - C - N = N - C - P h 

ÇH3 

+ Ph-CH2CH3 

ÇH3 ÇH3 

Ph-C-N—N=C-Ph 
I I 
H-cU 

ÇH3 ÇH3 
V RH 

R- + P h - C - N - N = C - P h < P h _ c _ N _ N = c _ P h <_ 

H À ' 

ÇH3 ÇH3 

( RH = P h - C - N = N - C - P h Ph-CH2CH3 ) 

H H 

Scheme 2,-
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T A B L E 1. 

n Azo co 
R u n ( x l 0 2 

1 SS 

2 RR 

3 SS 

4 SS 

5 RR 

6 me so*) 

Kenji 

SPECIFIC ROTATION AND 

mpd 
! M ) 

4 . 2 

4 . 2 

4 . 5 

4 . 2 

4 . 2 

7 .5 

Meta l complex 
( X 1 0 4 M ) 

0 

0 

GoTPP 3 .4 

Co* 7 .6 

Co* 7 .6 

Co* 5 3 . 0 

YOSHTNO, Yasukazu OHKATSU, and 

i YIELD OF 

Nitroso-
benzene 
( X l O M ) 

3.27 

3.27 

3 .10 

3.27 

3.27 

4 .75 

Teiji 

2 , 3 - D I P H E N Y L B U T A N E FORMED 

P h C H 2 G H 3 

trace 

trace 

trace 

trace 

trace 

trace 

P h C H - C H 

trace 

trace 

trace 

trace 

trace 

trace 
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IN T H E PRESENCE OF NITROSOBENZENE 

Products (%) 

Me Me 

2 P h - C — C - P h Ph 
i i 

H H 

28 .0 

28 .4 

26 .5 

24 .4 

27 .7 

21 .7 

M e 

- C - N - N 
i i 

H H 

0 

0 

0 

0 

0 

0 

M e 

^C-Ph 
[«]?? of 
coupling 
product 

- 2 8 . 4 

+ 28.5 

- 2 8 . 5 

- 2 9 . 0 

+ 29 .3 

- 0 . 9 

Reaction conditions: 104 °C ( a): 80 °G) in benzene for 2 days ( a) : 7 days). 
b) Measured in benzene at 20 °C. Co*: Go(II)(sal)a(Ä-GHXDA). 

TABLE 2. DECOMPOSITION RATE OF AZO COMPOUNDS IN THE 

PRESENCE OF COBALT COMPLEX IN BENZENE AT 7 0 ° C 
SS-Azo compound/Co(II)TPPy 

Azo 
compd Complex Complex/Azo compd 

(molar ratio) 
Obsd 
(mol s-1) 

SS 
SS 
SS 

0 
Co* 

Co(II)TPP 

0 
2 . 7 x l 0 - 3 

8 . 2 x l 0 - 3 

l . l l x l O - 6 

1.5 x lO- 6 

1.4 x lO- 6 

Co*: Go(II)(sal)a(Ä-GHXDA). 
SS-Azo compound: 2.15xlO"1M. 

Co ( II) T P P + nitrosobenzene 
nitrosobenzene 

400 500 600 700 

Wavelength (nm) 
800 900 

Fig. 2. Visible spectra of Co (I I) TPP and/or nitroso­
benzene in benzene at 20 °C. Co(II)TPP: 8.45 X 
10~5M, nitrosobenzene: 3.74xlO~2M. 

is little, if any, interaction between nitrosobenzene 
and the cobalt complex, the spectrum of the binary 
system being a simple overlapping of the two individual 
spectra. 

There is however, evidence which suggests a pos­
sible interaction between the metal complex and the 
Azo compound: (1) the visible spectra of a benzene 
solution of the SS-Azo compound and the cobalt com­
plexes exhibited isosbestic points (Figs. 3(a) and (b)), 
a part of the Azo compound, at least, being thought 
to react with the cobalt complex, and (2) the decomposi­
tion rate of the Azo compound in the presence of a 
metal complex is higher than that in the absence of 
the metal complex (Table 2). The increase in the 
rate is regarded as a consequence of the increased 
reactivity of the Azo compound which interacts with 
the cobalt complex. 

The specific rotation and yield of 2,3-diphenylbutane 
obtained from the RR and SS-Azo compounds in the 

350 400 450 

Wavelength (nm) 
500 

Fig. 3(a). Visible spectra of Co(II)TPP in the pre­
sence of SS-ALO compound in benzene at 20 °C. 
Co(II)TPP: 8.45xlO-5M. 

SS-Azo compound/Co(II) (sal)2 (R-CHXDA) 

300 400 500 

Wavelength (nm) 

600 

Fig. 3(b). Visible spectra of Co(II)(sal)a(Ä-
CHXDA) in the presence of SS-Azo compound in 
benzene at 20 °C. Co(II)(sal)a(Ä-CHXDA): 5.65 x 
10-4 M. 

presence of both Co(II)(sal)2(Ä-CHXDA) and nitroso­
benzene are shown in Figs. 4 and 5, respectively. In 
the coupling reaction within a solvent cage, the value 
of [a] D and the yield of 2,3-diphenylbutane, derived 
from the RR-Azo compound were negligibly changed. 
Little dependency upon the concentration of Co(II)-
(sal)2(#-CHXDA) was established, In the case of 
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the SS-Azo compound, however, an increase in the 
concentration of the metal complex caused a decrease 
in both the yield and the optical rotation (Fig. 4). 
T h e results may be explained by assuming the following 
mechanism: In the absence of the metal complex, the 
SS-Azo compound is decomposed as shown in Scheme 
3, and the product consists of three coupled com­
pounds, L-L, D-D, and L-D. Therefore, the specific 
rotation1 of the product will depend on the relative 
rates of coupling and inversion.8) 

[L-N=N-L] A > [L- N 2 - L ] B « 4 ( - ) - L - L route f 

SS-Azo compound I I . 
I I i n v e r s i o n 

[L- N 2 . D ] — 4 L-D r o u t e g 

i n v e r s i o n I I 

[D- N2-D] > ( * ) - D - D route h 

Scheme 3. 

In the presence of Go(II)(sal)2(Ä-GHXDA), the 
radicals within a solvent cage may interact with the 
metal complex as discussed above and consequently, 
the inversion and coupling reactions will be more 
difficult for these radicals. The results shown in Figs. 
4 and 5 suggest, therefore, that the ratio of ( — )-2,3-
diphenylbutane (( —)-L-L) obtained from reaction route 
i is greater than that from reaction route f a s in Scheme 
3. 

•route l 

(-)-L-L 

The cobalt complex, Co(II)(sal)2(Z?-CHXDA), may 
have greater interaction with a radical from the 
SS-Azo compound compared with that from the RR-
Azo compound, a more favorable stabilization operat­
ing in Form A than Form B. 

L 

I* -Co-

Form A Form B 

The decrease in optical rotation of 2,3-diphenylbutane 
from the SS-Azo compound (Fig. 4) may be explained 
by assuming that the radical formed from the SS-Azo 
compound is immediately stabilized by the Co(I I ) -
(sal)2(i?-CHXDA) and that the inversion is suppressed. 
Since the stabilized radical on the complex less readily 
undergoes coupling, the yield of coupled product de­
creases. 

2,3-Diphenylbutane Obtained in the Absence of Nitroso-
benzene. The mechanism of formation of 2,3-
diphenylbutane outside the solvent cage may be eluci­
dated using the meso-Azo compound in place of the 
RR and SS-Azo compounds. Table 3 shows the yield 
and the [ a ] p of 2,3-diphenylbutane formed from the 

Ö 

a 
+-> 

Ö 

^ Ö 
Q. <U 

• Î T N 
V Ö 

r—i 

+ 31 

4 30 

-i 29J 

+ 28| 

0 

- 2 9 

- 3 0 

- 3 1 

- 3 2 

2 5 X 1 0 - 5 0 X 1 0 
Co( II) (sal)2 (R-CHXDA)/Ä2o compound 

(molar ratio) 

S S - A z o compound 

Fig. 4. The specific rotation of 2,3-diphenylbutane 
formed,from Azo compound in the presence of Co(II)-
(sal)2(i?-GHXDA) and nitrosobenzene. 
Reaction conditions: Azo compound: 4 .2x lO _ 2 M 
nitrosobenzene: 3.27X 10"1 M in benzene at 104 °G 
for 4 days. 

Ö 

a 
+-> 

1 
A r 

T3 6 ^ 
I v—• 

CvT 

2 
13 

30 

25 

R R - Azo cpnjpound 

O 

cr-

S S - A z o compound 

l . O X l O " 2 2 0 X 1 0 2 

Go(II) (sal)a(Ä-CHXDA)/Azo compound 
(molar ratio) 

Fig. 5. Yield of 2,3-diphenylbutane formed from Azo 
compound in the presence of Co(II)(sal)2(i?-CHXDA) 
and nitrosobenzene. 
Reaction conditions: Azo compound: 4 .2xlO~ 2M; 
nitrosobenzene: 3.27 x lO"1 M, in benzene at 104 °G 
for 4 days. 

meso-Azo compound in the presence of an optically 
active complex such as Co(II)(sal)2(A-CHXDA) or 
( —)-diop-Rh(I) . 2,3-Diphenylbutane formed in the 
presence of Go(II)(sal)2(Ä-CHXDA) or ( - ) - d i o p -
Rh(I ) was optically active. With the former metal 
complex, the optical rotation of, 2,3-diphenylbutane 
obtained in the absence of nitrosobenzene showed an 
opposite and higher absolute value compared to triat 
obtained in the presence of nitrosobenzene (Table 1, 
run 6). This suggests that the major part of the 
optical rotation of 2,3-diphenylbutane formed in the 
absence of nitrosobenzene is ascribable to 2,3-diphenyl­
butane which was formed by the stereoselective coupl­
ing reaction of diffused radicals outside the solvent 
cage. The diffused radicals stereoselectively stabilized 
by the metal complex (probably Form A) are consider­
ed to undergo coupling with the other radicals with 
inversion of stereochemistry as shown in Scheme 4. 

In the presence of nitrosobenzene, because there are 
relatively few diffusion radicals, the reaction in the 
cage predominates to form ( — )-2,3-diphenylbutane as 
shown in route i, 
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T A B L E 3. SPECIFIC ROTATION AND YIELD OF 2,3-DIPHENYLBUTANE FORMED IN THE ABSENCE OF NITROSOBENZENE 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

meso-Azo compd 
( X l 0 2 M ) 

4.8 

7.8 

4.6 

4.3 

5.4 

3.9 

5.3 

5.1 

4.0 

8.5 

4.8 

4.2 

Metal complex 
(X104M) 

Co* 

Co* 

Co* 

Co* 

Co* 

Co* 

Co* 

Co* 

Co* 

0 

6.1 

3.6 

6.1 

6.1 

6.1 

3.4 

6.8 

6.8 

16.0 

(-)-diop-Rh(I) 1.2 

(-)-diop-Rh(I) 2.5 

Decompn 
method 

A 
A 
A 
A 
A 
A 
hv 

hv 

hv 

hv 

hv 

hv 

Yield (%) 

95.0 

97.0 

98.0 

79.9 

68.3 

50.8 
93.4 

85.9 

85.3 

84.0 

97.6 

96.4 

2,3-diphenylbutane 

[a] 

0 

+ 0.8 

+ 1.6 

+ 2.1 

+ 1.4 

+ 1.6 

+ 0.2 

+ 0.3 

+ 0 . 3 

+ 0.9 

- 0 . 9 

- 0 . 5 

0 
D 

(c=0.53) 

(c=\A7) 

0=1 .27) 

0=1 .22) 

0=1 .50) 

0=0 .44) 

0=1 .31) 

0=0 .70) 

0=1.03) 

0=i.io) 
0=0 .74) 

0=1 .52) 

e.e. (%)*> 

0 

0.8 

1.6 

2.1 
1.4 

1.6 

0.2 

0.3 

0.3 

0.9 

0.9 

0.5 

Reaction conditions: ( A : 82 °C in benzene for 4 days. 
[hv: 30 °C in benzene by irradiating UV-light for 30 min. 

Co*: Go(I I ) (sa l ) a (Ä-GHXDA). a ) : Measured in benzene at 20 °C. 

back a t t a c k CHo 

A 
Ph 

> H--C C--CH3 ( L-L ) 

Ph H 

(S,S)-( + )-2,3-diphenylbutane 

s tabi l izes a free r a d i c a l f rom a n A z o c o m p o u n d a n d 
p r o d u c e s s tereoselect ive c o u p l i n g p r o d u c t s . T h e o p ­
t ica l y ie ld of t h e c o u p l i n g p r o d u c t is v e r y low, b u t 
t h e o p t i c a l p u r i t y m a y b e i m p r o v e d b y con t ro l l i ng t h e 
r a t e of d e c o m p o s i t i o n of t h e a z o c o m p o u n d , t h e r e b y 
i nc r ea s ing t h e possibi l i ty of i n t e r a c t i o n b e t w e e n t h e 
free r a d i c a l a n d t h e c o m p l e x . T h e use of m e t a l c o m ­
plexes h a v i n g m o r e su i t ab l e ch i r a l i t y is a n o t h e r m e t h o d 
of a t t a i n i n g a h i g h v a l u e of op t i ca l p u r i t y of p r o d u c t . 

Form A 

Ph Ph 

H c C^*CH3 (D~L) 

CHo 

Form A 

Conclusion. 

meso-2,3-diphenylbutane 

Scheme 4. 

T h i s s t u d y h a s r evea l ed t h a t a n 

o r g a n o m e t a l l i c c o m p l e x h a v i n g a s y m m e t r i c l i gands 
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Absorption Spectra of Heterocyclic Compounds. 
Some 6-Hydroxy[l,3,4]thiadiazolo[2,3-6]benzimidazoles and Their 

Quaternary Derivatives 
R. P. S O N I and J. P. S A X E N A * 

Department of Chemistry, University of Jodhpur, Jodhpur, India 

(Received May 1, 1978) 

Some 2-alkyl-6-hydroxy[l,3,4]thiadiazolo[2,3-^]benzimidazoles have been synthesised. Their absorption 
spectra at different p H show bathochromic shift of the absorption band in the longer wavelengths, which is more 
pronounced in basic medium. This is ascribed to the dipolar na ture of the compounds. Qua te rnary derivatives 
of the compounds show a further red shift in the absorption b a n d in the visible region, which further corroborates 
their dipolar na ture . 

I m i d a z o l e s l o n g c o n s i d e r e d to b e cycl ic amid ines 1 ) 
a r e t h e m o s t bas i c of t h e i m i d e c o n t a i n i n g azoles.2) 
S ince i m d a z o l e de r iva t ives o c c u p y a n i m p o r t a n t 
pos i t ion w i t h r e spec t to t h e c o n s t i t u t i o n of he t e rocyc l i c 
as wel l as i n b i o c h e m i s t r y , t h e i r phys i ca l p r o p e r t i e s h a v e 
b e e n i nves t i ga t ed ex tens ive ly . A l t h o u g h it h a s n o t b e e n 
es tab l i shed u n e q u i v o c a l l y t h a t t h e n u c l e u s h a s t r u e 
c o n j u g a t e d d o u b l e b o n d c h a r a c t e r , i m i d a z o l e s h a v e 
b e e n s h o w n to b e cycl ic a m i d i n e s w i t h c h a r g e s p r e s e n t 
o n t h e n i t r o g e n a t o m s i n a sys tem possess ing s o m e d e g r e e 
of h i n d e r e d r e s o n a n c e . I t is a lso a p p a r e n t t h a t t h e r i n g 
sys tem possesses g r e a t e r p o l a r i t y t h a n t h e r e l a t e d 
p y r a z o l e b u t n o t to t h e e x t e n t e x p e c t e d f rom class ica l 
p o l a r f o r m u l a . 

D u r i n g t h e c o u r s e of s p e c t r a l s t u d y a n d synthes i s of 
s o m e d o n o r a c c e p t o r sys tems i n o u r l a b o r a t o r y , 3 - 6 ) 
b e n z i m i d a z o l e m o i e t y w i t h t w o n i t r o g e n a t o m s w a s 

se lec ted as d o n o r s for f u r t h e r i n v e s t i g a t i o n s . A p e r u s a l 
of l i t e r a t u r e revea l s t h a t n o w o r k ha s b e e n d o n e o n t h e 
r e a c t i o n of 5 - a l k y l - 2 - a m i n o - l , 3 , 4 - t h i a d i a z o l e w i t h p-
b e n z o q u i n o n e . W e n o w r e p o r t t h e synthes is of s o m e 
n e w 6 - h y d r o x y [ l , 3 , 4 ] t h i a d i a z o l o [ 2 , 3 - £ ] b e n z i m i d a z o l e s . 
T h e s t r u c t u r e is of p a r t i c u l a r i n t e re s t as i t possesses t h e 
p h e n o l i c h y d r o x y l g r o u p as a n a c c e p t o r a n d t h e t w o 
n i t r o g e n a t o m s of t h e i m i d a z o l e m o i e t y as a d o n o r , 
t h e r e b y f ac i l i t a t ing t h e m o l e c u l e to a s s u m e d i p o l a r 
s t r u c t u r e t h r o u g h i n t e r n a l c h a r g e t rans fe r r e a c t i o n . T h e 
h y d r o x y t h i a d i a z o l o b e n z i m i d a z o l e s w e r e q u a t e r n i z e d 
w i t h e t h y l b r o m i d e g i v i n g t h e c o r r e s p o n d i n g 2-a lkyl -
9-e thy l - 6 - h y d r o x y [1 ,3 ,4] t h i a d i a z o l o [2,3-£] b e n z i m i d a z o -
l i u m b r o m i d e s . T h e q u a t e r n a r y c o m p o u n d s g a v e 
i n t e n s e ye l l ow c o l o u r w i t h d i l u t e a q u e o u s a lka l i d u e t o 
t h e f o r m a t i o n of i n t e r n a l c h a r g e t rans fe r c o m p o u n d s , 
p h e n o l be ta ines . 7 ' 8 ) 

T A B L E 1. 2 - A L K Y L - 6 - H Y D R O X Y [ 1 ,3 ,4]THIADIAZOLO[2,3-£]BENZIMIDAZOLES 

Compd 
No. 

R 
Molecular 

formula 
M p 

Calcd Found % 
m a x losr e 

n m ö 

U V spectra 

% Analysis Y i d d E t h a ^ ~ 

m a x loff e n m ° 

H 

GH 3 C 9 H 7 N 3 SO 

C 2 H 5 G 1 0 H 9 N 3 SO 

C H 3 ( C H 2 ) 2 C u H u N 3 S O 

(CH 3 ) 2 CH C n H n N 3 S O 

CH 3(GH 2) 3 G12H13N3SO 

(CH3) 2CH 2CH C12H13N3SO 

8 CH 3(CH 2) 4 C13H15N3SO 

C 
H 
N 
C 
H 
N 
C 
H 
N: 
c 
H 
N: 
c 
H 
N 
C 
H 
N 

354—355 C 
H 
N 

305 C 
(dec) H 

N 

285 
(dec) 

337 

345 

360 

360 

360 

50.2 
2.6 
21.4 
52. 
3. 

20. 
54. 
4. 
19.1 
56.6 
4.7 
18.2 
56.6 
4.7 
18.2 
58.2 
5.2 
17.0 
58.2 
5.2 
17.0 
59.7 
5.7 
16.0 

50.1 
2.4 
20.8 
52.1 
3.1 
20.1 
54.2 
3.7 
18.8 
56.1 
4.1 
17.7 
55.9 
4.3 
17.9 
57.8 
5.1 
16.4 
57.9 
4.9 
16.6 
58.9 
5.1 
15.3 

62 

55 

48 

50 

35 

54 

63 

49 

237 
260 
365 
241 
255 
371 
232 
251 
359 

235 
315 
359 
247 
263 
375 
271 
310 
364 
258 
302 
352 

33 
81 
62 
21 
80 
85 
27 

3.75 
3.71 

228 4.12 
259 3.93 
360 3.67 

15 
83 
97 
25 
10 
78 
07 

4.29 
4.31 
4.35 
3.97 
4.12 

317 
382 

312 
376 

305 
370 

325 
380 

315 
375 

328 
385 

345 
397 

330 
359 

3.81 
3.75 

3.80 
3.71 

3.73 
3.65 

3.84 
3.77 

3.73 
3.52 

3.67 
3.74 

3.81 
3.72 

3.62 
3.71 

310 3.62 
465 3.67 

303 
453 

307 
460 

322 
450 

307 
435 

325 
459 

351 
475 

323 
445 

3.57 
3.61 

3.58 
3.61 

3.61 
3.72 

3.81 
3.54 

3.74 
3.81 

3.57 
3.74 

3.04 
3.34 
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R e s u l t s and D i s c u s s i o n 

The gross structure of these compounds has been 
determined on the basis of infrared spectra and elemental 
analysis. The spectra showed the following characteristic 
bands at 3200, 1210 (phenol ic-OH), 1610 ( O N , O C ) , 
1315 (C-N) , 1505 c m - 1 (aromatic ring breathing). 

W e see from Table 1 that the absorption spectra of 
various 2-alkyl-5-hydroxythiadiazolobenzimidazoles in 
ethandl at different p H show a characteristic batho-
chromïç shift of the absorption maxima in the longer 
wavelengths in both acidic as well as alkaline medium. 
No zwitterionic structure is expected in strongly alkaline 
medium. The observed bathochromic shift might be 
explained by the following canonical quinoid structure 
(B). 

M _ I Y H B C . N-N_yyH 

(i) 

NaOH 

i c i -
H 

_ e Cl-

N—N—/V-1 I J j f—N 
RAS-ANA,/ R A S / \ N 

H 

OH 

I 
R As AN A y 

(B) 

The same phenomenon is observed when these 
compounds are quaternized with ethyl bromide which 
gives rise to further red shift of absorption maxima in 
the visible region. This ; should be caused by the partial 
dissociation of quaternary iV-ethylimidazoliumbromides 
into the dipolar betaine structure in ethanol (Table 2). 

(D + CÂBr— V - 1 T / Y O H 

R/ 

Br J 
N—N i f ^ V 0

 +
 c 'H*OH N—N ^ V / ° H 

R A S Â N A X RASAN/ 
|Br-

Reaction Mechanism. The following reaction mecha­
nism is suggested for the formation. 

(1) Amino group by nucleophilic addition and 
elimination of water gives intermediate (a) 

(2) (a) on reaction with proton of acid gives (b) 
which causes shift of electrons, giving the final product 
(c). 

N—N _ ^ N—N <2> 

RASANHO RASAN ~^ 

N-iT^jR^« _ N̂ N-
R A s AN A ^ RA SAI^ 

(b) 

" RASANA^ 
(c) 

.OH 

TABLE 2. 2-ALKYL-9-ETHYL-6-HYDROXY[1,3,4]THIADIAZOLO[2?3-^]BENZIMIDAZOLIUM BROMIDES 

Compd 
No. 

1 

2. 

3 

4 

5 

6 

7 

8 

R 

H 

CH3 

GgHg 

CH3(CH2)2 

(GHâ)2GH 

GH3(CH2)3 

(GH3) 2GHCH2 

GH3(CH2)4 

Molecular 
formula 

C10HloN8SOBr 

GnH12N3SOBr 

C12H14N3SOBr 

C13H16N3SOBr 

C13H16N3SOBr 

C14H18N3SOBr 

Gi4H18N3SOBr 

C15H20N3SOBr 

Mp 

276 

308 

327 

335 

351 

343 

315 

267—268 

Yield 
/o 

56 

50 

47 

45 

40 

48 

55 

43 

N, 
Br, 
N, 
Br, 
N, 
Br, 
N, 
Br, 
N, 
Br, 
N, 
Br, 
N, 
Br, 
N, 
Br, 

% Analysis 

Caled Found 

14.0 
26.6 
13.3 
25.4 
12.8 
24.3 
12.2 
23.3 
12.2 
23.3 
11.7 
22.4 
11.7 
22.4 
11.3 
21.6 

13.2 
25.8 
12.7 
24.8 
12.2 
23.7 
11.7 
22.8 
11.9 
22.6 
11.2 
21.9 
11.5 
22.1 
10.8 
20.9 

UV spectra 

Ethanol 

^max n m 

285 
505 
257 
512 
263 
521 
276 
515 
258 
485 
270 
495 
265 
525 
273 
508 

logk 

4.15 
3.80 
3.92 
3.95 
3.84 
4.01 
3.51 
3.84 
3.62 
3.91 
3.85 
3.95 
3.93 
3.97 
3.79 
3.81 
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E x p e r i m e n t a l 

All the reagents were thoroughly dried and purified before 
use. Melting points were determined on a Kofler instrument 
and are uncorrected. I R spectra were recorded on a Perkin-
Elmer 677 Spectrophotometer in KBr. U V absorption 
spectra were recorded on a Beckman Spectrophotometer, 
Model DU-2, using 1 crn pa th length quar tz cells. 

5-Alkyl-2-amino-1,3,4-thiadiazole. T h e compounds were 
prepared by known methods.9) 

2-Alkyl-6-hydroxy[l,3,4]thiadiazolo[2,3-b]benzimidazoles (I). 
A solution of/»-benzoquinone (0.01 mol) in glacial acetic acid 
(10 ml) was added in small portions to the 5-alkyl-2-amino-
1,3,4-thiadiazole (0.01 mol) in acetic acid (10 ml) with shaking. 
The mixture was left to stand for 2 days. T o this was added 
20 ml of 5 0 % HCl and the solution was diluted with water. 
I t was extracted with ether to remove any unreacted quinone 
and hydroquinone. T h e resulting solution was made alkaline 
with sodium carbonate solution when the desired compound 
precipitated. After t reatment with charcoal in ethanol, the 
compound was recrystallised from ethanol. The yields, m p 
etc. are given in Table 1. 

2-Alkyl-9-ethyl-6-hydroxy[l, 3, 4]thiadiazolo [2, 3-b]benzimidazo-
lium Bromides (II). The requisite amount of 2-alkyl-6-
hydroxy[l,3,4]thiadiazolo[2,3-£]benzimidazole was dissolved 
in 1:1 ethanol-acetone solution and was boiled under reflux 
with excess of ethyl bromide on a water ba th for 3 h, when the 

desired JV-ethylimidazolium bromide was part ly separated out. 
Excess solvent was removed by distillation on a water ba th and 
the product was recrystallised from acetone or ethanol. The 
yields, m p etc. are given in Table 2. 

T h a n k s a r e d u e t o Prof. R . G K a p o o r , H e a d of 
C h e m i s t r y D e p a r t m e n t , for p r o v i d i n g necessa ry l a b o r ­
a t o r y faci l i t ies a n d to t h e U n i v e r s i t y G r a n t s C o m m i s s i o n , 
N e w D e l h i , for t h e a w a r d of a J u n i o r R e s e a r c h Fe l low­
s h i p t o R . P . S o n i . 

R e f e r e n c e s 

1) Bamberger, Ann., 273, 300 (1893). 
2) Sen and Ray, J. Chem. Soc, 1926, 646; Schwarzenbach 

and Lutz, Heb. Chim. Acta, 23, 1162 (1940). 
3) B. K. Tak and J . P. Saxena, J. Indian Chem. Soc, 47, 791 

(1970). 
4) B. K. T a k and J . P. Saxena, J. Indian Chem. Soc, 49, 139 

(1972). 
5) J . P. Saxena, B. K. Tak , and R. P. Soni, J. Indian Chem. 

Soc. Communicated . 
6) R. P. Soni and J . P. Saxena, J. Indian Chem. Soc. Com­

municated. 
7) J . P. Saxena, J. Sei. Ind. Res., 8, 22 (1963). 
8) J . P. Saxena, W. H . Stafford, and W. L. Stafford J. 

Chem. Soc, 1959, 1579. 
9) J a p a n Patent 20944,07 D e c , 1966; Chem. Abstr., 66, 

46430f (1967). 



2036 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (7), 2036 2045 (1979) [Vol. 52, No. 7 

Chemistry of Dienyl Anions. I. Crystalline Dienyl Anions by Direct 
Reaction of Conjugated and Non-conjugated Dienes with 

Alkali Metals in the Presence of Et3N 
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Series of acyclic and cyclic dienyl anions were prepared from both conjugated and non-conjugated dienes 
by direct metalation with alkali metals (Li, Na, K, Rb, and Gs) in tetrahydrofuran in the presence of triethyl-
amine or JV,N,N',N'-tetramethylethylenediamine. Eight different dienyl anions of open chain or cyclic structures 
were isolated as crystals. All the acyclic potassium dienides of pentadienes, 2-methylpentadienes, 3-methylpenta-
dienes, hexadienes and 2,4-dimethylpentadienes gave the corresponding 1,3-dienes upon hydrolysis, while the 
potassium cyclic dienide of cycloheptadienes and cyclooctadienes gave 1,4-dienes exclusively. The result of 
methylation of dienyl anions with methyl iodide agreed with that of hydrolysis. The reaction path for formation 
of these dienyl anions was studied based on the carbon skeleton and the molar ratio of the reduced diene dimers 
produced together with the dienyl anions. Selective oxidative coupling of the dienyl anions occurred with GuX 
or GuX2 to give linear tetraenes in good yield. 

Dienyl anions have been postulated as intermediates 
in base-catalyzed isomerization of 1,3- and 1,4-dienes1) 
or in nucleophilic substitution of aromatics.2) Their 
conformational stabilities have recently been studied 
by simple and extended Hückel M O calculations.3) 
T h e route for preparation of dienyl monoanions has 
been limited to the metalation of non-conjugated 1,4-
dienes with butyllithium4) in tetrahydrofuran (THF) or 
with potassium in liquid ammonia.5) Although con­
jugated 1,3-dienes6) are available more readily than 
the 1,4-dienes, they have not yet been used for this 
purpose because the well-known "alkali metal catalyz­
ed polymerization7)" or diene dimer dianion forma­
tion8) occurs preferentially. T h e only exceptional case 
is the reaction of cyclopentadiene with sodium to give 
cyclopentadienyl anion9) whose cyclopentadienyl group 
was stabilized by örc-conjugation. We wish to present 
here a general method for the preparation of dienyl 
anions from both conjugated and non-conjugated 
dienes. All the dienyl anions prepared were isolated 
as crystals for the first time and their conformation 
in solution were studied in order to verify the M O 
prediction. The present method has the advantage 
of performing the following: 1) preparation of special 
dienes such as monodeuterated and alkyl-substituted 
dienes, 2) interconversion reactions between eis- and 
trans-dienes, 3) stereoselective synthesis of di- and 
trisubstituted dienes, 4) selective synthesis of new type 
of open chain tetraenes which are useful as ligands 
for transition metals and 5) preparation of other dienyl 
metal {e.g., Be, Mg, Sn, Si, etc.) compounds which 
serve as reagent for various types of selective organic 
syntheses. 

R e s u l t s and D i s c u s s i o n 

T h e reaction of 1,3-pentadiene with alkali metals 
(Na, K, Rb , and Cs) in tetrahydrofuran gave poly-
( 1,3-pentadiene).10) However, we found that in the 
presence of an equimol of aliphatic tertiary amines, 
it gave pentadienyl anions 1 and reduced pentadiene 
dimers, C10H18, in a 2 : 1 molar ratio. The addition of 
a tertiary amine inhibits the polymerization completely. 

Trimethylamine, triethylamine, tripropylamine and 
N,N,N',N' - tetramethylethylenediamine (TMEDA) 
were favorable as the tertiary amine over pyridine or 
2,2'-bipyridyl with regard to yield. All the pentadiene 
isomers, eis- 1,3-pentadiene, trans- 1,3-pentadiene and 
1,4-pentadiene, gave the identical pentadienyl anion 
C 5 H 7 M T H F 1 and C10H18 quantitatively, irrespective 
of the alkali metal except for lithium. Based on the 
molar ratio of 1 to C1 0H1 8 determined by GC and/or 
chemical characterization of the hydrolysis products 
(Tables 1 and 3), the following equation is given for 
the reaction. 

CH 3 \ / H 
G=G 

H / \GH=GH2 M, 
> 1/2G5H7MTHF 

H N / H THF-NEt3 

C=C + 1/4G10H1P 

CH 3 / \GH=GH2 1 

GH2=GH-GH2-GH=GH2 J ^ °2° 
H x / H 

G=G 
M = Na, K, Rb, Gs GH2D/ \GH=GH2 

For preparat ion of the lithium compound, the use of 
1,4-pentadiene is pertinent, since 1,3-pentadiene affords 
li thium pentadienide only in 30—60% yield even in 
the presence of two moles of T M E D A . Polymerization 
occurred competitively in this case. A series of pen­
tadienyl anions thus obtained was isolated as yellow 
needle crystals and their structures were confirmed to 
be C 5 H 7 M * T H F by GC and chemical characterization 
of the hydrolysis products (Tables 1 and 2). 

The solubility of C 5 H 7 M T H F in T H F decreased 
in the order L i > N a > K > R b > C s with increasing ionic 
characters of the metal-carbon bond. The T H F mol­
ecule in C 5 H 7 M T H F (where M = K, Rb , and Gs) 
was easily removed by heating at 80—100 °G in a 
vacuum, while that of Li and Na compounds was 
strongly coordinated to metals even at 120 °G in a 
vacuum. This behavior may be explained by Pearson's 
principle.11) The affinity of ligands determined by 
the ligand exchange reaction can also be explained by 
this principle; i.e., the affinity of ligand to the relatively 
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TABLE 1. CHARACTERIZATION OF ALKALI METAL 

PENTADIENIDES, C 5 H ? M • T H F AND 

T H F - F R E E C5H7M 

M 

Nab> 
Kb) 

Kc> 

Rbc> 

Csc> 

Pentadienea) 
(mol/mol) 

Found Calcd 

1.00 (1.00) 

1.05 (1.00) 

0 .98 (1.00) 

0 .99 (1.00) 

1.03 (1.00) 

THFa> 
(mol/mol) 

Found Calcd 

1.00 (1.00) 

0 .93 (1.00) 

0 .03 (0.00) 

0 .01 (0.00) 

0 .00 (0.00) 

M 

(%) 

Found Calcd 

13.8d> (14.2) 

22.0e> (21.9) 

35.1e) (36.8) 

53.2e) (55.9) 

66.1 e) (66.3) 

a) Determined by GC analysis of the hydrolysis prod­
ucts, b) C 5 H 7 M T H F system, c) THF-free C5H7M 
system, d) Titration with EDTA. e) Determined by 
NaB(C6H5)4 method. 

T A B L E 2. DISTRIBUTION OF 

Counter 
ion 

Li 
Li 

Na 

K 

K 

R b 

Rb 
Cs 

Cs 

OF PENTADIENYL 

Solvent 

T H F 

T M E D A 

T H F 

T H F 

Isooctaneb) 

T H F 

Isooctane 

T H F 

Isooctaneb) 

HYDROLYSIS PRODUCTS 

ANIONSa> 

1,3-Pentadiene(%) 

trans eis 

70 

66 

62 

2 

98 

2 

98 

1 

100 

20 

22 

38 

98 

2 

98 

2 

99 

0 

1,4-Pentadiene 
(%) 

10 

12 

0 

0 

0 

0 

0 

0 

0 

a) Hydrolyzed at 0 °C. b) A dispersion of THF-fr je 
carbanion was hydrolyzed in 2,2,4-trimethylpentane. 

soft lithium compound falls in the order T M E D A > 
t r ie thy lamine>THF, while to the more electrof osi ive 
K, Rb , and Cs compounds, it is reversed. 

The distribution of the hydrolysis products of pen-
tadienyl anions distinctly reflects the nature of their 
counter cations and the ligands. Potassium, rubidium 
and caesium pentadienide gave m-1,3-pentadiene 
stereoselectively upon hydrolysis in T H F , but the cor­
responding T H F free anions gave only trans-l ,3-pen-
tadiene upon hydrolysis in 2,2,4-trimethylpentane or 
diethyl ether (Table 2). Thus interconversion between 
eis- and trans-diene was first accomplished by using 
the present method. In contrast, the lithium com­
pound gave a mixture of three pentadiene isomers as 
reported by Bates et alJ^ and sodium compound gave 
a trans-cis mixture of 1,3-pentadiene. In the case of 
the lithium compound, the negative charge of the 
pentadienyl anion should be delocalized over terminal 
Gx and internal C 3 carbon atoms. The following 
equilibrium is considered. The formation of both eis­
end trans- 1,3-pentadiene may be explained by the 
rotation around the inside C 2 -C 3 carbon bond. 

In a similar manner, hexadienyl anions having K+ 
as a counter cation were prepared from trans,trans-
2,4-hexadiene, trans,cis-2,4-hexa.diene, trans-1,4-hexa-
diene, 1,3-hexadiene or 1,5-hexadiene. Conjugated 
dienes were more reactive than non-conjugated one. 
The reaction of 2,4-hexadiene occurred at 0 °G while 
1,5-hexadiene required higher temperatures ( > 6 0 °G). 
The structures of 2 obtained from the four isomeric 
hexadienes were identical with each other, as evidenced 
by GG analysis of dienes obtained upon hydrolysis 
and the characterization of potassium with Kalignost 
(sodium tetraphenylborate). The most striking feature 
of this reaction is that 2 gave ^'i ,,^wi ,-2,4-hexadiene 
selectively (94%) upon hydrolysis. The result of 
deuterolysis of 2 which gave cis,trans-2,4-hexa,diene-l-d 
is in line with the structure of the «.y-methylpentadienyl 
anion prepared from 1,4-hexadiene in liquid am­
monia.55) 

CH3CH=CHCH=CHCH3 

trans,trans or trans,cis 

trans or as 

trans 

o°c 

o°c 

15 °C 

60 °C 

M, 

T H F NEt3 

AA - M = 

CH>=CHCHoCHoCH-CHo 

1/2C6H9MTHF + 1/4C12H22 

2 

I D20 

CH2DCH=CHCH=CHCH3 

eis,trans 

The present method is applicable to the preparation 
of the octadienyl anion from non-conjugated 1,7-octa-
diene. A mixture of 1,7-octadiene, potassium and 
triethylamine ( 3 : 2 : 2 molar ratio) was heated for 20 
h at 70 °G, 3 being precipitated as orange powder in 
7 8 % yield by the addition of excess pentane. cis-
3-Octene (76% yield), 2,6-octadiene ( 9 % yield) and 
unreacted 1,7-octadiene were obtained from the pentane 
fraction. Based on the molar ratio, the following 
equation is given for the reaction. 

70 °C 
3 CH2=CH(CH2)4CH=CH2 + 2 K > 

THF-NEt 3 

2 C 8 H 1 3 K T H F + CH3CH2CH=CHCH2CH2CH2CH3 

D 2 0 

3 > CH2DCH=CHCH=CHCH2CH2CH3 

+ CH3CH=CHCHDCH=CHCH2CH3 

The resulting octadienyl anion 3 gave 2,4-octadiene-
\-d (90%) and a small amount of 2,5-octadiene-4-t/ 
(10%) upon deuterolysis. No reduced octadiene dimer 
was obtained. The yield of 2,6-octadiene became max­
imum (30 m o l % to 1,7-octadiene used) after the mixture 
had been heated at 70 °G for 8 h, decreasing with 
continuous heating of the solution with an increase of 
3. This strongly suggests that 1,7-octadiene isomerizes 
stepwise to 2,4- or 2,5-octadiene to give 3 via 2,6-
octadiene as postulated by Birch and Phil.12) Thus, 
the present method has the advantage to perform the 
reaction at high temperatures, at which 1,5-, 1,6-, 
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and 1,7-dienes can be converted into 1,3* or 1,4-dienes. 
de f ines , 1-octene and 2-octene, underwent no reaction 
under these reaction conditions. 

An important feature of the present reaction is that 
the potassium dienides prepared from trans-conjugated 
dienes gave thermodynamically unfavorable cis-1,3-
dienes selectively upon hydrolysis as shown in the 
hydrolysis of 1 and 2 in T H F . The results led us to 
examine the stereoselective synthesis of di- and trisub-
stituted dienes by the protonation of anions. Metala­
tion of 3-methyl-l,4-pentadiene with potassium gave 
3-methylpentadienyl anion 4 and the reduced dimer, 
C12H22, in 9 3 — 9 5 % yields. Deuterolysis of 4 in T H F 
gave (£)-3-methyl-l,3-pentadiene-5-t/ selectively (99.5 
%) in line with the hydrolysis of the corresponding 
lithium compound.13) Differentiation between (E) and 
(Z) isomers was done chemically with maleic anhydride 
according to the method of Bartlett et al.1*) 

GH3 

I 
CH2=CHC=CHCH3 

(E) and (Z) 

GH3 

I 

K, 

T H F - N E . 3 

-> 1/2G6H9K-THF 

+ 1/4 C12H2 

4 

D 2 0 J, 

"c=c 
GH2=GH/ \ H 

Thus, substitution with the methyl group on G3-carbon 
atom of pentadiene largely effects the geometry 
of the product. If 3-methyl-l,4-pentadiene behaves 

similarly to 1,3- or 1,4-pentadiene, the hydrolysis prod­
uct should be (Z)-3-methyl-l,3-pentadiene. This sug­
gests that rotation around the C 2 -C 3 carbon bond is 
inhibited by introducing the methyl group on C3-
carbon atom. A mixture of (Z)- and (£')-3-methyl-
1,3-pentadiene (3 : 7 molar ratio) also gave the same 
products, but the yield was only 50—60% since the 
reaction proceeded in competition with polymerization. 
The substitution of methyl group on the G3 carbon of 
pentadiene brings about an increased tendency to 
promote the polymerization since its chemical structure 
involves that of isoprene which gives only polymers 
by the reaction with alkali metals even in the presence 
of excess tertiary amine.15) 

Both trans-2-methyl- and 4-methyl-l,3-pentadiene 
gave the identical 2-methylpentadienyl anion 5 and 
reduced dimer, G12H22, by metalation with potassium 
in THF-t r ie thylamine at 0 °G. Hydrolysis of 5 in 
T H F gave «^-methyl -1 ,3-pentad iene and 4-methyl-
1,3-pentadiene in 1 : 1 ratio. This suggests that the 
negative charge densities on Gx and G5 carbon atoms 
of 5 are nearly equal. No detectable amount of trans-
2-methyl-l,3-pentadiene was obtained as evidenced by 
GG using a capillary column, while the corresponding 
lithium compound4) gave ^r«wi ,-2-methyl-l,3-pentadiene 
(45%), 2-methyl-l,4-pentadiene (45%), and 4-methyl-
1,3-pentadiene (10%) due to the rapid 1,3-shift present 
at equilibrium. The yield of 5 from 4-methyl-1,3-
pentadiene (92%) is superior to that from trans-2-
methyl-l ,3-pentadiene (60%) since the latter tends to 
polymerize. 

CH3 

I 
GH2=GHGH=GGH3 

CH3X / H 

H / \G=GH2 

I 
GH3 

trans 

T H F - N E t 3 

1/2C 6 H 9 K.THF+ 1/4G12H22 

5 

J D 2 0 
GH, 

H \ / H | 
G=G (50%) + GH2=GHGH=GGH2D (50%) 

GH2D/ \G=GH2 
I 

GH3 

eis 

A trisubstituted diene, 2,4-dimethyl-l,3-pentadiene, 
gave 2,4-dimethylpentadienyl anion 6 and C14H26 in 
high yield ( 8 5 % and 8 7 % respectively) by the reaction 
with potassium in THF-t r ie thylamine at 10 °G. The 
anion 6 afforded the starting diene upon hydrolysis 
quantitatively, no other isomer being detected. In 
contrast to di- and trisubstituted dienes, a tetrasubstitut-
ed diene, 2,5-dimethyl-2,4-hexadiene, was inert to the 
metalation even at higher temperatures (100—120 °G 
in a sealed tube). The acidity of its methyl group is 
probably not so high as to induce the reaction. 

GHa 

CH2=CCH=GCH, 

GHa 

THF-NEt 3 

l / 2 G 7 H n K . T H F 

reaction with potassium or sodium evolving hydrogen,9) 
both 1,3- and 1,4-cyclohexadiene gave no cyclohexa-
dienyl anion 7 by the reaction with potassium at 
0—50 °G. They isomerized completely to an equal 
amount of benzene and cyclohexane as was observed 
in the reaction with butyllithium.16) Although no 
detectable amount of potassium was consumed during 
the course of reaction, the cyclohexadienyl anion can 
be considered to exist as an intermediate, since 7 was 
obtained by Kloosterziel and vanDrunen1 7) by the 
reaction with potassium amide in liquid ammonia 
below —20 °G. At 0 °G, it decomposed thermally to 
benzene and cyclohexene due to the great electronic 
stabilization by aromatization. 

+ 1/4 G14H21 

The behavior of cyclic dienes markedly differs from 
that of linear dienes. Although cyclopentadiene is 
known to give the cyclopentadienyl carbanion by the 

K, 20 °C 

THF-NEt : r (Q>™)- O * O 
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TABLE 3. DISTRIBUTION OF THE REDUCED DIENE DIMERS OBTAINED TOGETHER WITH DIENYL ANIONS 

Dienyl 
anion Reduced diene dinier Total 

yield/% 

G-G-G=G-G-G-G=G-G-G 

(37%) 

G-G-G=G-G-G-G=G-G 
I 

G (37%) 

G-G=G-G-G-G=G-G 

98 

G G (26%) 

G-G-G=G-G-G-G=G-G-G 
I I 

G G (52%) 

G-G=G-G-G-G-G=G-G-G 

I I 
G G (38%) 

L G-G-G-G-G-G-G-G=G-G 

I I 
G G (10%) 

G-G=G-G-G-G=G-G-G 

I I I 
G G G (96%) 

G 
I 

G-G=G-G-G-G-G=G-G 
I I I I 

G G G G (98%) 

95 

92a) 

60b> 

87 

a) Reaction of 3-methyl-l,4-pentadiene. 
c) Reaction of 4-methyl-l,3-pentadiene. 

By the present method, however, cycloheptadienes 
and cyclooctadienes gave the corresponding anions. 
Both 1,3- and 1,4-cycloheptadienes readily reacted with 
potassium in THF-ir ie thylamine to produce cyclohepta-
dienyl anion 8 and reduced dimers, C14H22, in 96— 
9 8 % yields. The anion 8 is also prepared by the 
1,6-sigmatropic rearrangement of the 1,3,5-heptatrienyl 
anion.5d) The significant difference between 8, lithium 
cycloheptadienide and linear dienyl carbanions observ­
ed in hydrolysis is that 8 gave a 1,4-diene predominantly 
(80%) but the latter two gave conjugated 1,3-dienes. 

>=y I THF-NEt, 

o 
1/2 K-THF + 1/4 C14H2; 

\ D 2 0 

O» 
Gyclooctadienyl anion 9 was prepared from 1,3-, 

1,4-, and 1,5-cyclooctadienes quantitatively (92—99% 
yield). Non-conjugated 1,5-cyclooctadiene requires 
higher temperature ( > 6 0 °G) for the completion of 
the reaction, while 1,3- and 1,4-dienes react with 
potassium at 10 °G. Gyclooctadienyl anion 9 also gave 
1,4-cyclooctadiene exclusively (82%) upon hydrolysis. 
Thus the negative charge is concluded to be relatively 
large on the G3 carbon atom of cyclic dienyl anions as 
postulated by Hine18> The anion 9 is thermally stable 
as compared to the corresponding lithium compound19) 

Dienyl 
anion Reduced diene dinier Total 

yield/% 

5C> 

G-G-G=G-G-G-G-G=G 

G 

G 

(38%) 

5d> 

G-G=G-G-G-G-G=G-G 
I I 

G G (46%) 
G 
I 

G-G=G-G-G-G-G=G 

I I I 
G G G (16%) 

G-G=G-G-G-G=G-G 
I I I I 

G G G G (55%) 

G-G=G-G-G-G=G-G-G 

I I I 
G G G (45%) 

(97%) 

92 

60 

99 

99 
(98%) 

b) Reaction of 3-methyl-l,3-pentadiene. 
d) Reaction of 2-methyl-l,3-pentadiene. 

which isomerizes irreversibly to «j ,-bicyclo[3.3.0]oct-3-
en-2-yl lithium at 35 °G by electrocyclization.20) The 
interconversion to bicyclo[3.3.0]oct-3-en-2-yl anion 
should be ascribed to the equal sharing of the negative 
charge to Gx and G3 carbons of the cyclooctadienyl 
anion. The production of an equal amount of 1,3-
and 1,4-cyclooctadienes upon the hydrolysis of the 
lithium compound21) at low temperatures supports this 
conclusion. 

As an extension of the present method, the metala­
tion of trans,trans,trans- and «5,,«5,,«i,-l,5,9-cyclododeca-
trienes was examined, 1,3,5-cyclododecatriene being 
obtained in 40—50% yield together with three isomeric 
cyclododecatrienes of unknown structures. Quanti ta­
tive isomerization of these trienes into the conjugated 
one was unsuccessful. 

Process for the Formation of Dienyl Anions. In 
the preparation of dienyl anions by the present method, 
reduced diene dimers were obtained. Although 1,3-
butadiene, styrene and a-methylstyrene give their 
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dimer8) or tetramer dianions22) by the reaction with 
sodium, no dianions were detected by means of mass 
spectroscopy of the deuterolysis products. The mass 
number, ( M + ) , of reduced pentadiene dimers obtained 
upon deuterolysis of the reaction mixture is the same 
as that obtained by hydrolysis with an error of 2 % . 
The reduced pentadiene dimers produced together 
with 1 are composed of three isomers (Table 3). The 
carbon skeleton of the dimer strongly suggests that 
they are formed by the homo or cross coupling of 
pentadiene radical anions, (I) and/or ( I I ) , and by 

GH3 

G I 
GH2GH=GHGH. (I) 

0 

the succeeding rapid proton abstraction from free 
pentadiene with the resulting dianions. As an example, 
the process for formation of 4-methyl-2,6-nonadiene 
is expressed by the following equation. 

GHa 

I + II 
0 0 

-> GH2GH=GHGHGH2GH=GHGHGH. 2 V 

2 C S H 8 

2 G5H70 + GH3GH=GHGHGH2GH=GHGH2GH3 

I 
GH3 

The production of similar compounds by the reaction 
of 1,3-pentadiene with lithium naphthalene23) may also 
be explained by the same concept. The radical anions 
corresponding to I and I I were reported by Bauld.24) 

The carbon skeleton and distribution of the reduced 
d i m e dimers (Table 3) strongly suggest that the mode 
of coupling of the radical anions is the same in principle 
as that of the allyl radical25) since both of their dimers 
formed obey the stability of the aliphatic radical, 
tertiary > secondary > primary. In agreement with the 
behavior of pentadienes, hexadienes also gave three iso­
meric hexadiene dimers in a 1 1 : 8 : 2 ratio, the ratio 
being the same irrespective of the four hexadienes used. 
Both 2-methyl- and 4-methylpentadienes gave two or 
more isomeric reduced dimers but 3-methyl-1,3-penta­
diene and 2,4-dimethyl-1,3-pentadiene gave only one 
isomer. The process for the formation of these dimers 
may be explained by the same principle as that describ­
ed above. Cyclic dienes also gave their reduced dimers 
regioselectivity ; 1,3-cycloheptadiene gave 3-(2-cyclo-
heptenyl)cycloheptene and both 1,3- and 1,5-cyclo-
octadiene gave 3-(2-cyclooctenyl)cyclooctene. Separa­
tion of the meso-isomer from racemate by GC was 
unsuccessful. The structure of the reduced cyclo-
octadiene dimer was identical with that obtained with 
lithium naphthalene.26) 

Alkylation of Dienyl Anions. Alkylation with 
methyl iodide and ^-butyl bromide was carried out 
(Table 4) to know the location of the highest negative 
charge density on the carbon atoms in the dienyl 
anions. The result of methylation is in line with that 
of hydrolysis and of the GNDO-I I calculations30) of 
dienyl anions. In the case of the acylic dienyl anions, 
methylation occurs on C± carbon atoms in preference 
to the G3 carbon atom, but, occurs exclusively on the 
G3 carbon atoms for the cyclic dienyl anions. In 
contrast, alkylation with /-butyl bromide gave reversed 

TABLE 4. ALKYLATION OF DIENYL ANIONS ON GJ 

AND G3 CARBON ATOMS WITH METHYL 

IODIDE AND / - B U T Y L BROMIDEa> 

Dienyl 
anion 

1 
2 

4 
5 
6 
8 
9 

Methyl 

Ci (%) 

65 
62b> 
30 
85 
75 
42 
10 
5 

iodide 

G3 (%) 

35 
8 

15 
25 
58 
90 
95 

/-Butyl 

Ci (%) 

22 
8b> 

3 
4 
3 

50 
47 

bromide 

G3 (%) 

78 
92 

97 
96 
95 
50 
53 

a) Reaction carried out at 20 °G in THF. b) Alkyla­
tion on the G5 carbon atoms. 

TABLE 5. COUPLING REACTION OF 1 OR 9 

WITH METAL HALIDES 

Meted 
halide 

Distribution (%) T o t a l 

yield/% 
10 11 

Distribution 
(%) 
12 

Total 
yield/% 

MgBr2 

ZnCl, 
CdCL 
GuGl 
GûCla 

NiCl2 

GoGl2 

0 
50 
68 
99 
98 
95 
97 

0 
50 
32 

1 
2 
5 
3 

0 
98 
88 
52 
50 
18 
10 

0 
95 
90 

100 
99 
92 
91 

0 
95 
85 
80 
73 
68 
59 

result: i.e., alkylation occurred exclusively on the G3 

carbon atom of pentadienyl carbanion. This can be 
explained not by the steric factor, but by considering 
the attack of /-butyl cation on the free pentadienyl 
anion since the result is consistent with data of Hiickel 
M O calculations. 3a> 

Coupling Reaction of Dienyl Anions. Selective oxi­
dative coupling of dienyl anions is an attractive organic 
synthesis.27* Oxidation of alkyl mono- and dianions 
with metal halides or metal oxides28* has been reported. 
We present here the coupling reaction of dienyl anions 
with a variety of metal halides using 1 as a typical 
acyclic dienyl amnion and 9 as a cyclic dienyl anion 
(Table 5). The reaction of 1 with a half mol of zinc 
chloride or cadmium chloride gave quantitatively the 
tetraene composed of two isomers, 10 and 11, in a 

AA/W 
1 + MCI, 

M - Z n , Gd 

10 

(50%) 

(50%) 

11 

1 : 1 ratio. Thermally unstable bis (pentadienyl) zinc 
and bis (pentadienyl) cadmium are considered to be an 
intermediate in the reaction. Tne mechanism of these 
homo and cross couplings should be the same as that 
of allyl radicals produced by the thermal cracking of 
bis (allyl) zinc compounds. 29> In order to realize se-
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T A B L E 6. TETRAENES OBTAINED BY THE COUPLING 

OF 1 WITH Br(GH 2 ) n Br 

3 
4 
5 

14 

20 
14 
15 

Tetranes 

15 

42 
50 
46 

(%) 

16 

38 
36 
39 

Total 
yield/% 

96 
98 
99 

lect ive c o u p l i n g , t h e r e a c t i o n of 1 w i t h v a r i o u s k inds 
of m e t a l ha l ides was e x a m i n e d . 
C o p p e r ( I ) , c o p p e r ( I I ) , a n d n ickel ( I I ) ha l ides w e r e found 
to b e useful for t h e selective p r o d u c t i o n of 10. P e n t a -
d ieny l m e t a l c lus te r c o m p o u n d s a r e t h e m o s t poss ible 
i n t e r m e d i a t e s for t h e c o u p l i n g r e a c t i o n as p o s t u l a t e d 
in t h e alkyl c o u p l i n g reac t ion . 3 0 ) T h e h i g h select ivi ty 
shou ld ar ise f rom t h e s ter ic r epu l s i on b e t w e e n t h e 
n e i g h b o r i n g d i eny l g r o u p s . T h e b e h a v i o r of 9 differs 
f rom t h a t of 1 g iv ing 3 - (2 ,7 -cyc looc t ad i eny l ) - l , 4 - cyc lo -
o c t a d i e n e 12 regioselect ively even w h e n z inc c h l o r i d e 
o r c a d m i u m c h l o r i d e is used as a n o x i d a n t . M e t a l 
oxides , z inc ox ide , a n d n ickel ox ide also assist t h e 
c o u p l i n g r e a c t i o n of 9 effectively. T h e n o n - c o n j u g a t e d 
d i m e r 12 cou ld b e easily c o n v e r t e d i n t o c o n j u g a t e d 
2 - ( l , 7 - c y c l o o c t a d i e n y l ) - l , 3 - c y c l o o c t a d i e n e 13 w i t h a 
ca t a ly t i c a m o u n t of F e 3 ( C O ) 1 2 . 

9 + M X 2 

12 
F e 3 ( C O ) 1 

F o r t he synthesis of t h e t e t r a enes s e p a r a t e d w i t h a 
c a r b o n c h a i n , t h e c o u p l i n g of 1 w i t h d i b r o m o a l k a n e , 
B r ( C H 2 ) n B r (n= 1,2,3,4,5), was e x a m i n e d . C o u p l i n g of 
t w o p e n t a d i e n y l g r o u p s w i t h d i b r o m o m e t h a n e a n d 1,2-
d i b r o m o e t h a n e was n o t successful s ince 1 was c o n v e r t e d 
in to 10 a n d 11 in a 7 :3 r a t i o evo lv ing e t h y l e n e . H o w ­
ever , 1 , 3 - d i b r o m o p r o p a n e , 1 , 4 - d i b r o m o b u t a n e a n d 1,5-
d i b r o m o p e n t a n e p r o v i d e d t h e c o u p l i n g c o m p o u n d s , 
14, 15 a n d 16 ( T a b l e 4 ) . 

1 + Br(CH 2 ) n Er — 

« = 3, 4, 5 

14 

A/V ( C H 2 

15 

(CH2)„ 

16 

I t is n o t e w o r t h y t h a t t e t r a e n e 16 was o b t a i n e d t h o u g h 
1 d id no t g ive a t e t r a e n e w i t h such a b r a n c h e d s t r u c t u r e 
as 16 b y t h e ox ida t i ve c o u p l i n g w i t h m e t a l ha l ides , 
p r e s u m a b l y d u e to steric r epu l s ion , 

E x p e r i m e n t a l 

All the dienes (Aldrich Ghem. Inc.) and tertiary amines 
(Nakarai Ghem. Go.) were dried over calcium hydride and 
distilled before use. Tetrahydrofuran was refluxed over 
sodium/potassium alloy and distilled under nitrogen. Finely 
dispersed sodium and potassium were prepared by heating 
them in toluene and the li thium dispersion in mineral oil. 
Anhydrous metal halides were prepared by heating the 
hydrates at prescribed temperatures. 3-Methyl-l ,4-penta-
diene, 1,4-cycloheptadiene, and 1,4-cyclooctadiene were 
obtained by the method described in this paper . All the 
procedures were performed under argon by means of 
high vacuum technique. G G analysis and separation of 
the reaction products were carried out with a Hitachi Model 
K-53 gas Chromatograph using a glass capillary column 
(Silicone OV-101 and HB-2000) and a Varian-Aerograph 
Model 700 gas Chromatograph using a column packed with 
Silicone DG-550. N M R spectra were taken with a Var ian 
Model A-60 instrument and M S with a Hitachi R M U - 7 H R 
spectrometer. I R spectra were recorded on a Hitachi EPI-2 
spectrometer. Elemental analysis of the products (bp ca. > 
120 °G) was carried out with a Yanagimoto Model MT-2 
G H N analyzer using a glass ampoule. 

Preparation of Pentadienyl Anion 1. T o the potassium 
(3.9 g, 0.1 g-atom) dispersed in a mixture of T H F (40 ml, 
0.5 mol) and triethylamine (21ml , 0.15 mol) was added 
1,3- or 1,4-pentadiene (20 ml, 0.2 mol) dropwise at 0—5 °G 
over a 1 h period. Vigorous stirring was necessary in order 
to avoid explosive reaction and polymerization. After al­
lowing the mixture to attain room temperature in 2—4 h, 
T H F (40 ml) was added and the mixture was heated to 60 °G 
for completion of the reaction and for dissolution of the 
suspension of 1. Orange needle crystals of 1 were precipitat­
ed by cooling the solution to 0 °G. Typical yield of 1 was 
8 0 % (14.2 g) based on potassium. From the T H F soluble 
fraction, 2.9 g of 1 was further obtained as crystals by ad­
dition of hexane (50 ml) . T h e anion 1 was purified by 
recrystallization in 2:1 T H F - h e x a n e . From the hexane 
soluble fraction, a mixture of reduced pentadiene dimers 
(described later), G10H18, was obtained in 9 8 % yield (6.8 g, 
4 9 % conversion based on 1,3-pentadiene). T h e use of 
tr imethylamine or T M E D A instead of triethylamine also 
gave 1 in 90—96% yield while the use of pyridine or 2,2'-
bipyridyl afforded 1 in 20—30% yield and the polymer in 
70—80% yield. Rubid ium and caesium compounds were 
prepared by the same procedure, but crystallization of the 
sodium compound carried out at —20 40 °G after ad­
dition of hexane (40 ml) to the resulting solution. Yield : 
96—99%. Their analytical da ta are given in Table 1. In 
the metalation of 1,3-pentadiene (10 ml, 0.1 mol) or 1,4-
pentadiene (10 ml, 0.1 mol) with lithium (0.7 g, 0.1 g-atom), 
T M E D A (30 ml, 0.2 mol) was used instead of triethylamine. 
T h e reaction was carried out in T H F (20 ml) at 0 °G for 
5 h and then at 30 °G for 8 h. After separating the resulting 
solution from unreacted lithium, hexane (40 ml) was added 
to the solution and the mixture was cooled to —20 °G to 
induce the crystallization of G5H7Li • T M E D A . Yields from 
1,3- and 1,4-pentadiene were 52 and 9 0 % , respectively. 

T H F free alkali meta l (K, R b , Gs) pentadienides were 
obtained by heating 1 at 90 °G for 1 h in a vacuum (0.05 
m m H g ) . They are explosive in the air and more unstable 
than the corresponding tetrahydrofuran complexes even in 
an argon atmosphere. A spontaneous solid state polymeriza­
tion occurred gradually at room temperature, poly(3-methyl-
1-butenylene) being obtained in 9 0 % yield upon hydrolysis 
by keeping them for 60 days. Peutcrolysis of 1 in T H F 
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at 0 °G gave m-l,3-pentadiene-5-</ in 9 8 % yield and that 
of T H F free potassium pentadienide in 1,2,3,4-tetrahydro-
naphthalene gave /raw.y-l,3-pentadiene-5-^ in 9 9 % yield as 
evidenced by GG, N M R (position of the deuter ium was 
determined from the peak area ratio), and M S , m/e 69 (M+). 
T h e purity of the eis- and /raw.y-l,3-pentadiene-5-^ was de­
termined to be > 9 7 % by reference to the value of M + of 
1,3-pentadiene. 

Preparation of Hexadienyl Anion 2. In essentially the 
same way as described above, the reaction of 1,3-hexadiene 
(5:3 trans-cis mixture) , trans,trans-2,4-hex.a.diene, trans,cis-2,4-
hexadiene, or trans-1,4-hexadiene (5.7 ml, 50 mmol) with 
potassium ( 1 g, 25 mg-atom) was carried out in a mixture 
of T H F (9 ml) and triethylamine (5 ml) at 5—10 °G for 
10 h, while that of 1,5-hexadiene was carried out at 60 °G 
for 20 h. After the completion of the reaction by heating 
the resulting suspension to 65 ° G for 2 h, excess hexane 
(20 ml) was added and cooled to —20 °G in order to precipi­
tate 2 as orange powder. Yield: 9 4 % (4.5 g) for 2,4- and 
1,4-hexadiene; 8 4 % (4.0 g) for 1,3-hexadiene. T h e anion 
2 thus obtained was washed with two portions of 20 ml 
hexane and then recrystallized in T H F - h e x a n e at 0 °G. 
Hydrolysis of 2 in 2,2,4-trimethylpentane, Found: hexadiene 
4 3 . 7 % ; T H F , 37 .8% (by G G ) ; K, 18.5% by NaB(G 6H 5 ) 4 . 
Galcd for G 6 H 9 K - G 4 H 8 0 : hexadiene, 4 2 . 2 % ; T H F , 3 7 . 5 % ; 
K, 2 0 . 3 % . Distributions of the hydrolysis products of 2 
prepared from the above four isomers were identical with 
each other; trans,cis-2,4:-hexa.diene (94%) , trans,trans-2,4-
hexadiene (3%) and cû,cû-2,4-hexadiene (3%) . Purity of 
the deuterolysis products, cis,trans-2,4:-h.exa.diene-\-d (or trans, 
cis-isomer), was > 9 8 % by M S . From the hexane soluble 
fraction, reduced hexadiene dimers were obtained by distil­
lation (1.9 g, 9 5 % yield). 

Preparation of Dienyl Anions 4—9. T h e reaction 
of 3-methyl-1,3-pentadiene, 3-methyl-1,4-pentadiene, trans-2-
methyl-1,3-pentadiene, 4-methyl-1,3-pentadiene, 2,4-di-
methyl-1,3-pentadiene, 1,3-cycloheptadiene, 1,4-cyclohepta-
diene, 1,3-cyclooctadiene, or 1,4-cyclooctadiene with potas­
sium (2:1 ratio) was carried out in the same manner as in 
the preparat ion of 2, since the solubility of their carbanions 
in T H F is larger than that of 1. Addition of 3-methyl-
1,3-pentadiene and 2-methyl- 1,3-pentadiene was made over 
a period of 3 h. T h e resulting crude crystals were recrystal­
lized in T H F - h e x a n e at —40—0 °G. Characterization of 
4—9 was carried out in the same way as described for 1 and 
2. Analysis of K by NaB(G 6 H 5 ) 4 method, Found : 19.2, 
18.8, 18.1, 17.3, and 17.8% for 4, 5, 6, 8 and 9. Galcd: 
20.3, 20.3, 18.9, 19.1, and 17.9% respectively. GG analysis 
of dienes obtained by the hydrolysis of 4—9 is in line with 
the calculated values with errors of 2 % . These dienes were 
identified with GG, N M R , and I R using commercial au-
thentics amples (Aldrich Chemicals and Tokyo Kasei Go.) 
except for the following dienes. 

(E)-3-Methyl-1,3-pentadiene: I R (neat) 1645, 1601 (C=G), 
990, 894 (CH 2 =GH), 764, 747 cm" 1 ( C H = C H ) ; P M R (CDG13) 
6 6.40 (d of d, 1, C H ) , 5.53 (q, 1, GH) , 5.02 (m, 2, CH 2 ) , 
1.79 (s, 3, GH 3 ) , 1.73 (d, 3, C H 3 ) ; M S , Found: 82 (M+) 
for G6H10 and 83 (M+) for the deuterolysis product, (E)-3-
methyl-l ,3-pentadiene-5-^ (97% puri ty) . 

cis-2-Methyl-1,3-pentadiene: I R (neat) 1645, 1601 (C=G), 
895 (CH2=C), 749 c m - 1 (eis C H = C H ) ; P M R (CDG13) 6 
5.90 (d, 1, 7 = 1 1 . 9 , C H ) , 5.57 (d, of q, 1, 7 = 1 1 . 9 , GH) , 
4.92 (d, 2, CH 2 ) , 1.90 (d, 3, GH 3 ) , 1.86 (s, 3, C H 3 ) ; M S , 
Found : 82 (M+) for G6H1 0 and 83 (M+) for the deuterolysis 
product , cù-2-methyl-1,3-pentadiene-5-^. 

1,4-Cycloheptadiene: I R (neat) 1630 (C=G), 850, 772, 760, 
7 1 1 c m - 1 ( C H = C H ) ; P M R (GDG18) 6 5.54 (m, 4, GH) , 

2.79 (t, 2, CH 2 ) , 2.23 (m, 4, G H 2 ) ; M S , Found: 94 (M+) 
for C7H1 0 and 95 (M+) for 1,4-cycloheptadiene-3-d. 

1,4-Cyclooctadiene: I R (neat) 1646 (G=C), 810, 790, 762, 
716 c m - 1 ( G H = C H ) ; P M R (GDC13) 6 5.73 (d of q, 2, 
7 = 6 . 3 , GH) , 5.56 (d o f t , 2, 7 = 6 . 3 , C H ) , 2.77 (t, 2, GH 2) , 
2.23 (m, 4, CH 2 ) , 1.46 (m, 2, G H 2 ) ; M S , Found: 108 (M+) 
for C8H1 2 and 109 (M+) for 1,4-cyclooctadiene-3-d. Deutera­
tion occurred in 9 8 % purity. 

Preparation of Octadienyl Anion 3. 1,7-Octadiene (22 
ml, 0.15 mol) was added to potassium (3.9 g, 0.1 g-atom) 
dispersed in a mixture of T H F (40 ml, 0.5 mol) and tri­
ethylamine (21ml , 0.15 mol) . T h e mixture was allowed 
to react at 70 °G for 20 h and the resulting solution was 
concentrated by distillation. The anion 3 was precipitated 
by the addition of pentane (60 ml) to the residue. Yield : 
7 8 % (8.5 g, 5 2 % conversion based on 1,7-octadiene). The 
position of deuter ium in the following deuterolysis products 
of 3 was determined from the P M R peak area ratio by ref­
erence to the corresponding hydrolysis products. 

2,5-Octadiene-4-d: I R (neat) 1658 (G=G), 963, 900, 719 
c m - 1 ( G H = C H ) ; P M R (GC14) 6 5.02 (m, 2, 7 = 7 . 5 , GH) , 
5.00 (m, 2, 7 = 7 . 9 , GH) , 2.24 (m, 1, C H D ) , 1.59 (m, 2, 
GH 2 ) , 1.22 (d, 3, CH 3 ) , 0.53 (t, 3, G H 3 ) ; M S , Found: m/e 
111. Calcd for C 8 H 1 3 D: M , 111. 

2,4-Octadiene-7-d: I R (neat) 1650 (C=G), 945, 926, 816 
c m - 1 ( C H = G H ) ; P M R (CG14) 6 5.60 (d of d, 1, J= 13.0, 
C H ) , 5.35 (d of d, 1, 7 = 7 . 2 , GH) , 4.98 (m, 2, C H ) , 1.70 
(d o f t , 2, GH 2 ) , 1.28 (d, 2, CH 2 D) , 1.06 (m, 2, GH 2 ) , 0.57 
(t, 3, C H 3 ) ; M S , Found : m/e 111. Galcd for C 8 H 1 3 D: M , 
111. 

3-Octene (76% yield, 2 5 % conversion based on 1,7-
octadiene), 2,6-octadiene ( 9 % yield), and unreacted 1,7-
octadiene (15%) were obtained from the distillate and pentane 
extract and characterized after isolation by GG. 

3-Octene: I R (neat) 1658 (G=C), 964 (GH=CH) ; P M R 
(GC14) 6 5.00 (m, 2, 7 = 7 . 9 , GH) , 1.60 (m, 4, CH 2 ) , 0.95, 
0.93 (m, 4, GH 2 ) , 0.57 (t, 3, CH 3 ) , 0.53 (t, 3, G H 3 ) ; MS, 
Found : m/e 112 (M+). Calcd for G8H1 6 : M, 112. 

2,6-Octadiene: I R (neat) 1660 (G=G), 962, 898, 720 (GH= 
G H ) ; P M R (CG14) 6 4.98 (m, 4, C H ) , 1.58 (bs, 4, GH2) , 
1.16 (d, Ô, C H 3 ) ; M S , Found : m/e 110. Galcd for C8H1 4 : 
M, 110. 

Reaction of Cyclohexadienes with Potassium. The reaction 
of 1,3-cyclohexadiene (2.4 ml, 25 mmol) or 1,4-cyclohexadiene 
(2.4 ml, 25 mmol) with potassium (1 g, 25 mg-atom) in a 
mixture of T H F (10 ml) and triethylamine (5 ml) was car­
ried out at 50 °G for 20 h. Both 1,3- and 1,4-hexadiene were 
converted into benzene (1.1 ml, 99%) and cyclohexene (1.2 
ml, 9 8 % ) , 9 8 % of potassium used being recovered. 

Alkylation of 1, 2, 4, 5, 6, 8, and 9. A typical experiment 
is as follows: T o potassium cyclooctadienide 9 (4.1 g, 20 
mmol) in T H F (20 ml) was added a T H F solution (10 ml) 
of methyl iodide (1.3 ml, 21 mmol) at 0 °C over a 20 min 
period. T h e mixture was stirred at 0 °C for 3 h, then heated 
up to 50 °G for 2 h and concentrated by evaporation. The 
products were extracted with pentane and distilled. Yield, 
99%, by G G ; isolated yield, 2 g (80%). Alkylation with 
£-butyl bromide was carried out under the same reaction 
conditions. All the alkyl-substituted dienes were obtained 
in 95—99% yield as evidenced by GG and separated into 
their respective isomers by preparative GG to determine 
the structure by P M R , I R , and M S . Relative ratio of the 
products (Table 4) was determined by a high sensitive GG 
using glass capillary column (Silicone OV-101). For the 
isolation of low boiling methyl-substituted compounds of 
1—5, diethylene glycol dimethyl ether was used as a solvent 
instead of T H F since the peaks of the products and T H F 
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overlapped each other in preparative GG. 
1,3-Hexadiene from 1: I R (neat) 1655, 1606 (G=G), 1002, 

898 (GH=GH2) , 950, 776, 756 cm" 1 ( C H = C H ) ; P M R (GDG13) 
6 5.30—4.89 (m, 5, G H and C H , ) , 2.20 (d of q, 2, GH 2 ) , 
1.02 (t, 3, GH 3 ) . 

3-Methyl-l ,4-pentadiene from 1: I R (neat) 1641 (G=G), 997, 
910 c m - 1 (CH=CH 2 ) ; P M R (GDG13) 6 5.63 (m, 2, GH) , 
4.87 (m, 4, GH 2 ) , 2.77 (m, 1, GH) , 1.03 (d, 3, G H 3 ) ; M S , 
Found: M+, 82. 

2,4-Heptadiene from 2: I R (neat) 1650, 1610 (C=C), 817, 
765, 720 cm" 1 ( C H = C H ) ; P M R (CDC1,) 6 5.30—6.30 (m, 
4, GH) , 2.20 (d of q, 2, GH 2 ) , 1.78 (d, 3, GH 3 ) , 1.02 (t, 3, 
7 = 7 . 2 , G H 3 ) ; MS, Found: M+, 96. 

5-Methyl-l,3-hexadiene from 2\ I R (neat) 1655, 1605 (C= 
G), 1002, 8 9 8 c m - 1 (GH=GH 2 ) ; P M R (CDG13) 6 6.17 (m, 
1, GH) , 5.80 (m, 2, 7 = 8 . 6 , GH) , 5.38 (m, 2, GH 2 ) , 2.15 
(m, 1, GH) , 0.90 (d, 6, GH3) ; M S , Found : M+, 96. 

3-Methyl-l ,4-hexadiene from 2\ I R (neat) 1636 (G=G), 958, 
913 (GH=GH2) , 800, 730 cm" 1 ( C H = C H ) ; P M R (GDG13) 
6 5.64 (m, 1, GH) , 5.50 (d of d, 1, 7 = 6 . 9 , eis GH) , 5.31 
(d of q, 1, GH) , 4.89 (m, 2, GH 2 ) , 2.76 (m, 1, GH) , 1.74 
(d, 3, GH 3 ) , 0.99 (d, 3, G H 3 ) ; M S , Found : M+, 96. 

3-Methyl-l,3-hexadiene from 4: I R (neat) 1646, 1609 (G=G), 
999, 915, 892 c m - 1 (CH=CH 2 ) ; P M R (GDG13) 6 6.41 (m, 
1, GH) , 5.53 (t, 1, 7 = 7 . 0 , GH) , 5.06 (m, 2, GH 2 ) , 2.17 (d 
of q, 2, GH 2 ) , 1.76 (s, 3, C H , ) , 1.02 (t, 3, 7 = 7 . 6 , G H 3 ) ; 
MS, Found: M+, 96. 

3,3-Dimethyl-1,4-pentadiene from 4\ I R (neat) 1642 (C=C), 
995, 912 c m - 1 (GH=GH 2 ) ; P M R (GDG13) 6 5.85 (m, 2, GH) , 
5.00 (m, 4, GH 2 ) , 1.03 (bs, 6, GH 3 ) . 

4-Methyl-1,3-hexadiene from 5 : I R (neat) 1650, 1610 (G=G), 
984, 964, 895 c m - 1 (GH=GH, CH=CH 2 ) ; P M R (GDG13) 
6 6.60 (m, 1, GH) , 5.96 (d, 1, GH) , 4.98 (m, 2, GH 2 ) , 
2.15 (q, 2, 7 = 7 . 8 , GH 2 ) , 1.75 (s, 3, GH, ) , 1.00 (t, 3, 7 = 7 . 8 , 
GH 3 ) ; MS, Found : M+, 96. 

2,3-Dimethyl-1,4-pentadiene from 5 : I R (neat) 1641 (G=G), 
995, 915, 805 c m - 1 (GH=GH, C H = C H 2 ) ; P M R (GDG1,) 
6 5.71 (m, 1, GH) , 4.93 (m, 2, GH 2 ) , 4.73 (bs, 2, GH 2 ) , 
2.86 (d of q, 1, GH) , 1.78 (s, 3, GH, ) , 1.35 (d, 3, GH 3 ) . 

2,4-Dimethyl-l,3-hexadiene from 6: I R (neat) 1645, 1635 
(G=G), 889, 850, 800 cm'-1 (GH=GH, GH=GH 2 ) ; P M R 
(GDG1,) 6 5.83 (s, 1, GH) , 5.02 (d, 2, 7 = 7 . 0 , GH a ) , 2.44 
(q, 2, 7 = 7 . 6 , GH a ) , 1.95—1.97 (two-s, 6, GH 3 ) , 1.21 (t, 
3, 7 = 7 . 6 , G H 3 ) ; M S , Found: M+, 110. 

2,3,4-Trimethyl-l,4-pentadiene from 6: I R (neat) 1645 (G= 
G), 890 c m - 1 (GH=GH 2 ) ; P M R (GDG1,) 6 5.06 (bs, 4, 
GH, ) , 3.04 (q, 1, 7 = 7 . 0 , GH) , 1.89 (bs, 6, GH 3 ) , 1.40 (d, 
3, 7 = 7 . 0 , C H , ) . 

3-Methyl-l,4-cycloheptadiene from 8: I R (neat) 1638 (G=G), 
763, 715 c m - 1 (GH=CH) ; P M R (GDG1,) 6 5.62 (m, 2, 
GH) , 5.41 (d of d, 2, 7 = 1 1 . 5 , C H ) , 3.30 (m, 1, GH) , 2.21 
(m, 4, GH a ) , 1.14 (d, 3, 7 = 7 . 2 , C H 3 ) ; M S , Found : M+, 
108. 

3-Methyl-l,4-cyclooctadiene from 9: I R (neat) 1645 (G=G), 
800, 763, 732, 717 cm" 1 ( C H = C H ) ; P M R (GDG1,) 6 5.33 
(m, 2, GH) , 5.09 (d of d, 2, 7 = 1 0 . 7 , GH) , 2.88 (d of q, 1, 
C H ) , 1.97 (d o f t , 4, GH 2 ) , 1.19 (m, 2, GH 2 ) , 0.85 (d, 3, 
C H 3 ) ; MS, Found: M+, 122. 

6,6-Dimethyl-l,3-heptadiene from 1: I R (neat) 1655, 1602 
(G=G), 1002, 896 (GH=CH 2 ) , 760 cm" 1 ( G H = C H ) ; P M R 
(GDG1,) 6 6.05 (m, 1, GH) , 5.81 (m, 2, C H ) , 4.89 (m, 2, 
GH a ) , 1.85 (d, 2, GH a ) , 0.79 (bs, 9, C H 3 ) ; M S , Found : 
m/e 124. Galcd for C 9H 1 6 : M , 124. 

3-t-Butyl-l,4-pentadiene from 1: I R (neat) 1642 (G=G), 
997, 912 (GH=CH 2 ) , 780 cm" 1 ( G H = C H ) ; P M R (GDG1,) 
6 6.11 (d of d of d, 2, GH) , 4.94 (m, 4, CH 2 ) , 2.78 (t, 1, 
C H ) , 0.92 (bs, 9, C H 3 ) ; M S , Found: M+? 124, 

5,6,6-Trimethyl-l,3-heptadiene frcm 2: I R (neat) 1652, 1603 
(G=G), 1000, 950, 899, 758 (CH=CH, G H = C H 2 ) ; P M R 
(GDGl,) 6 5.82—6.03 (m, 3, GH 2 ) , 4.88 (m, 2, GH a ) , 
2.15 (d of q, 1, C H ) , 0.90 (d, 3, GH, ) , 0.81 (bs, 9, G H 3 ) ; 
M S , Found m/e 138. Calcd for G1 0H1 8 : M , 138. 

3-Butyl-l,4-hexadiene from 2: I R (neat) 1640 (G=G), 995, 
910 (GH=CH 2 ) , 968, 788, 715, 703 cm" 1 ( G H = C H ) ; P M R 
(GDGl,) 6 5.79 (m, 1, GH) , 5.39 (m, 2, C H ) , 5.00 (m, 2, 
GH 2 ) , 2.75 (t, 1, C H ) , 1.67 (d, 3, GH, ) , 0.83 (bs, 9, G H 3 ) ; 
MS, Found : M+, 138. 

3-Methyl-3-t-butyl-l,4-pentadiene from 4: I R (neat) 1641 
(G=G), 996, 911, 785 cm" 1 (CH=CH 2 ) ; P M R (GDGl,) 6 
6.12 (m, 2, GH) , 4.99 (m, 4, CH 2 ) , 1.07 (s, 3, GH, ) , 0.90 
(bs, 9, G H 3 ) ; M S , Found : m/e 138. Calcd for G1 0H1 8 : M , 
138. 

2-Methyl-3-t-butyl-l,4-pentadiene from 5> I R (neat) 1645 
(G=G), 968, 910, 890, 789 c m - 1 (GH=CH, C H = C H 2 ) ; P M R 
(GDGl,) 6 5.93 (m, 1, GH) , 5.07 (bs, 2, GH a ) , 4.80 (m, 
2, C H a ) , 2.42 (d, 1, 7 = 1 0 . 0 , C H ) , 1.78 (s, 3, GH, ) , 0.90 
(s, 9, G H 3 ) ; M S , Found: 138. Calcd for G1 0H1 8 : M , 138. 

2,4-Dimethyl-3-t-butyl-l,4-pentadiene from 6: I R (neat) 1643 
(G=G), 890 c m - 1 (C=CH 2 ) ; P M R (GDGl,) 6 4.99 (m, 4, 
GH 2 ) , 1.07 (bs, 6, GH, ) , 0.90 (s, 9, G H 3 ) ; Found : C, 
86.52; H , 13 .45%; M+, 152. Galcd for C n H 2 0 : G, 86.76; 
H, 13.24%; M , 152. 

3-t-Butyl-l ,4-cycloheptadiene from 8: I R (neat) 1638 (G=G), 
807, 760, 715 c m - 1 ( C H = C H ) ; P M R 6 5.79 (d of d, 2, 
7 = 7 . 0 , GH) , 5.73 (m, 2, C H ) , 3.00 (m, 1, GH) , 2.27 (m, 
4, CH 2 ) , 0.89 (s, 9, G H 3 ) ; Found : C, 87.35; H , 12.29%; 
M+, 150. Galcd for G U H 1 8 : C, 87.92; H , 12 .08%; M , 
150. 

5-t-Butyl-l,3-cycloheptadiene from 8: I R (neat) 1639, 1600 
(G=G), 764, 715 cm" 1 (CH=CH)" P M R (GDGl,) 6 5.73 
(m, 4, GH) , 2.43 (m, 1, C H ) , 1.92 (m, 2, GH 2 ) , 1.50 (m, 
2, GH a ) , 0.98 (s, 9, C H 3 ) ; M S , Found: M+, 150. 

3-t-Butyl-l ,4-cyclooctadiene from 9: I R (neat) 1660 (G=G), 
790, 745, 716 c m - 1 ( G H = C H ) ; P M R (GDGl,) 6 5.50 (m, 
4, 7 = 6 . 8 , GH) , 2.91 (t, 1, C H ) , 2.00 (m, 4, GH 2 ) , 1.31 (m, 
2, GH a ) , 0.87 (s, 9, C H 3 ) ; Found : G, 87.70; H , 12.52%; 
M+, 164. Calcd for G1 2H2 0 : C, 87.73; H , 12.27%; M , 164. 

5-X-Butyl-l,3-cyclooctadiene from 9: I R (neat) 1650 (G=G), 
815, 790, 758 c m - 1 ( C H = C H ) ; P M R (CGI,) 6 5.48 (m, 
4, GH) , 2.35 (m, 1, C H ) , 2.13 (m, 2, GH 2 ) , 1.29 (m, 4, GH a ) , 
0.78 (s, 9, C H 3 ) ; M S , Found : M+, 164. 

Characterization of Reduced Diene Dimers. Excess pentane 
(50 ml) was added to the reaction solution of dienes (0.2 
mol) and potassium (3.9 g, 0.1 g-atom) in order to precipitate 
dienyl anions. Reduced diene dimer compounds obtained 
from the pentane soluble fraction were separated into their 
respective isomers by preparat ive GG after distillation. Yields 
and distribution of the products determined by GG are given 
in Table 3. Isolated yields by preparative GG, 40—70% 
of the distillate. 

3,7-Decadiene from 1,3-Pentadiene: I R (neat) 1661 (G=G), 
963, 719 c m - 1 ( G H = C H ) ; P M R (GC14) 6 5.36 (m, 4, GH) , 
1.96 (m, 8, GH a ) , 0.99 (t, 6, C H 3 ) ; Found : G, 86.53; H , 
13.22%; M+, 138. Calcd for G1 0H1 8 : C, 86.88; H , 13.12%; 
M, 138. 

4-Methyl-2,6-nonadiene from 1,3-Pentadiene: I R (neat) 1660 
(G=G), 718 c m - 1 ( G H = C H ) ; P M R (GC14) 6 5.09 (m, 4, 
GH) , 2.11 (m, 1, C H ) , 1.65 (m, 4, CH 2 ) , 1.17 (d, 3, GH, ) , 
0.60 (t, 3, GH 3 ) , 0.58 (d, 3, C H 3 ) ; Found : G, 86.50; H , 
13.30%; M+, 138. 

4,5-Dimethyl-2,6-octadiene from 1,3-Pentadiene: I R (neat) 
1611 (G=G), 964, 718 c m - 1 (GH=CH). P M R (GC14) 6 
5.00 (m, 4, GH) , 1.95 (m, 2, C H ) , 1.23 (d, 6, GH, ) , 0.52 
(d, 67 CH 3 ) . Found: G? 86.68; H ? 13 .08%; M+, 138, 
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T h e above three isomers were also obtained from 1,4-penta-
diene by the reaction with potassium (see Table 3) in the 
same ratio with an error of 5 % . 

5,6-Dimethyl-3,7-decadiene from 1,4-Hexadiene : I R (neat) 
1660 (G=G), 965, 900, 738 cm" 1 ( C H = C H ) ; P M R (GG14) 
6 5.03 (m, 4, GH) , 1.90 (m, 2, GH) , 1.72 (m, 4, GH a ) , 
0.72 (d, 6, GH 3 ) , 0.68 (t, 6, G H 3 ) ; M S , Found : rn/e 166. 
Galcd for G1 2H2 2 : M , 166. 

5,6-Dimethyl-2,7-decadiene from 1,4-Hexadiene: I R (neat) 
1688 (G=G), 963, 736 cm" 1 ( C H = C H ) ; P M R (CC14) 6 
5.10 (d of q, 1, 7 = 6 . 2 , GH) , 5.07 (d o f t , 1, 7 = 6 . 2 , GH) , 
5.08 (m, 2, GH) , 1.85 (m, 2, GH) , 1.70 (m, 4, GH 2 ) , 1.32 
(d, 3, GH 3 ) , 0.64 (t, 3, GH 3 ) , 0.62 (d, 6, G H 3 ) ; M S , Found : 
m\e, 166. Oi led for G1 2H2 2 : M , 166. 

5,6-Dimethyl-2,8-decadiene from 1,4-Hexadiene•: I R (neat) 
1655 (C=G), 964 cm" 1 ( C H = G H ) ; P M R (GG14) 6 5.25 (d 
of q, 2, 7 = 6 . 3 , GH) , 5.23 (d o f t , 2, 7 = 6 . 3 , GH) , 1.88 
(m, 6, GH2G=G and GH) , 1.38 (d, 6, GH 3 ) , 0.75 (d, 6, G H 3 ) ; 
M S , Found : M+, 166. 

T h e structure and relative ratio of reduced hexadiene 
dimers, G12H22, obtained from 1,5- and 2,4-hexadienes were 
identical with those obtained from 1,4-hexadiene. 

3,4,7- Trimethy I-2,6-nonadiene from 3-Methyl-1,3-pentadiene : I R 
(neat) 1655 (G=G), 965, 832 cm" 1 (GH=G); P M R (GDG13) 
à 5.10 (m, 2, GH) , 2.46 (t of q, 1, GH) , 1.88 (m, 4, GH 2 ) , 
1.51 (s, 6, GH 3 ) , 1.49 (d, 3, GH 3 ) , 0.87 (d, 3, GH 3 ) , 0.85 
(t, 3, G H 3 ) ; Found : G, 86.59; H , 13 .40%; M+, 166. Galcd 
for G1 2H2 2 : G, 86.66; H , 13 .34%; M , 166. 

2,4,5,/'-Tetramethyl-2,6'-octadiene from 2-Methyl-1,3-pentadi­
ene: I R (neat) 1669 (G=G), 908, 842 cm" 1 (GH=GH) ; 
P M R (GDG13) 6 4.96 (bd, 2, GH) , 2.19 (m, 2, GH) , 1.61 
(bs, 12, GH 3 ) , 0.83(d, 6, G H 3 ) ; Found : G, 86.20; H , 13 .68%; 
M+, 166. G J c d for G1 2H2 2 : G, 86.66; H , 13 .34%; M , 166. 

2,4,6-Trimethyl-2,6-nonadiene from 2-Methyl-1,3-pentadiene: 
I R (neat) 1670 (G=G), 835, 735 cm" 1 ( C H = C H ) ; P M R 
(GDGI3) 6 5.25 (t, 1, GH) , 4.93(d, 1, GH) , 2.52(m, 1, GH) , 
2.01 (m, 2, GH 2 ) , 1.89(d, 2, GH 2 ) , 1.62(bs, 9, GH 3 ) , 0.91 
(t, 3, GH 3 ) , 0.87(d, 3, G H 3 ) ; M S , Found : M+, 166. 

4,4ß- Trimethyl-2\6-nonadienefrom 4-Methyl-1,3-pentadiene : I R 
(neat) 1655 (G=G), 970, 885 cm" 1 (GH=GH) ; P M R (GDG13) 
6 5.34 (m, 4, GH) , 2.20 (m, 1, GH) , 1.89 (two-d, 2, GH 2 ) , 
1.61 (d, 3, GH 3 ) , 0.95(d, 6, GH 3 ) , 0.89(s, 6, G H 3 ) ; Found : 
G, 86.58; H , 13 .37%; M+, 166. Galcd for G1 2H2 2 : G, 86.66; 
H , 13.34%; M , 166. 

2,6,6- Trimethyl-2,7-nonadiene from 4-Methyl-1,3-pentadiene : I R 
(neat) 1670 (G=G), 972, 832 cm" 1 (GH=GH) ; P M R (GDG13) 
6 = 5.34 (m, 2, GH) , 5.10 (t, 1, GH) , 1.90 (m, 2, GH 2 ) , 
1.62(m, 9, GH 3 ) , 1.24 (m, 2, GH 2 ) , 0.93 (s, 6, G H 3 ) ; M S , 
Found : M+, 166. 

2,4,5,5- Teramethyl-2,6-octadiene from 4-Methyl-1,3-pentadiene : 
I R (neat) 1670, 1650 (G=G), 970, 884, 830, 713 cm" 1 (CH= 
G H ) ; P M R (GDGI3) 6 5.33 (m, 2, GH) , 5.12 (d, 1, GH) , 
1.96(m, 1, GH) , 1.63(bs, 6, GH 3 ) , 1.61 (d, 3, GH 3 ) , 1.09 
(s, 6, GH 3 ) , 0.92 (d, 3, G H 3 ) ; M S , Found : M+, 166. 

2,4,4fi,8-Pentamethyl-2,7-nonadiene from 2,4-Dimethyl-1,3-penta­
diene: I R (neat) 1670, 1655 (G=G), 965, 832 cm" 1 (CH= 
G H ) ; P M R (GDGI3) 6 5.10 (m, 2, GH) , 2.43 (m, 1, 
GH) , 1.61 (m, 12, GH 3 ) , 1.24 (d, 2, GH 2 ) , 1.04 (s, 6, GH 3 ) , 
0.86 (d, 3, G H 3 ) ; Found : G, 86.10; H, 13 .75%; M+, 194. 
Galcd for G1 4H2 6 : G, 86 .51; H , 13 .49%; M , 194. 

3-(2-Cycloheptenyl)cycloheptene from 1,3-Cyloheptadiene: I R 
(neat) 1650 (G=G), 786, 684 cm" 1 (GH=GH) ; P M R 
(GDGI3) 6 5.73 (m, 4, GH) , 2.38 (m, 2, C H ) , 2.16 (m, 
4, GH a ) , 1.35—1.65 (m, 12, G H 2 ) ; Found : G, 88.20; H, 
11.59%; M+, 190. Galcd for G1 4H2 2 : G, 88.35; H , 11 .65%; 
M, 190. 

$-(2-Qyclooctenyl)cyclooctenefrom 1,3-Oyclooctadiene : I R (neat) 

1650 (G=G), 7Ô2, 710, 662 cm" 1 (GH=GH); P M R (GDGl3) 
6 5.42 (m, 4, 7 = 6 . 3 , GH) , 2.42 (m, 2, GH) , 2.05 (m, 4, 
GH 2 ) , 1.51 (m, 16, G H 2 ) ; Found : G, 87.75; H , 11.90; 
M+, 218. Galcd for G1 6H2 6 : G, 88.00; H , 12.00; M , 218. 
The same compound was obtained also from 1,4- and 1,5-
cyclooctadienes in 99 and 9 2 % yield, respectively. 

Coupling Reaction of 1 and 9 with Metal Halides. A 
solution of 1 (8.9 g, 50 mmol) in T H F (120 ml) was added 
with use of a syringe to the vigorously stirred suspension of 
anhydrous copper (I) chloride (5.9 g, 60 mmol in T H F (50 ml) 
at 0 °G over 30 min period. T h e resulting solution was 
quenched with water (7 ml) , filtered quickly (contact of 
T H F to the air for a long time should be avoided in order 
to prevent the formation of thermally unstable peroxide) 
and concentrated by vacuum distillation at temperatures 
below 30 °G after adding 1,4-benzenediol (0.18 g) to the 
filtrate to inhibit the radical polymerization of the tetraene. 
The products were separated by LGG using a column (30 X 
3 cm) packed with silica gel (Wako gel C-200) and using 
pentane as elution solvent. Separation by LGG is preferable 
to distillation since 10—40% of tetraenes is polymerized by 
heating to 150 °G. When zinc chloride or cadmium chloride 
was used as a coupling reagent, the resulting mixture was 
heated to 80 ° G for 1 h in order to induce thermal cracking 
after 1 (50 mmol) had been added to the T H F solution of 
the metal halide (30 mmol) at 0 °G. 

1,3,7,9-Decatetraene: Bp 108 °G/48 m m H g . I R (neat) 
1650, 1604 (G=G), 1004, 968, 951, 900 cm" 1 (GH=GH2 , GH= 
G H ) ; P M R (GDGlg) 6 6.13 (m, 2, GH) , 5.50—5.93 (m, 
4, GH) , 5.07 (m, 4, GH 2 ) , 2.05 (t, 4, G H 2 ) ; Found: G, 
89.10; H, 10.50%; M+, 134. Galcd for G1 0H1 4 : G, 89.49; 
H, 1 0 . 5 1 % ; M , 134. 

6-Vinyl-7,3,7-octatriene: Bp 103 °G/49 m m H g . I R (neat) 
1645, 1635, 1600 (G=G), 1000, 950, 915, 900, 833 cm" 1 

(GH=GH2 , G H = G H ) ; P M R (GDG13) 6 5.71—6.21 (m, 5, 
GH) , 5.01, 5.03 (m, 6, GH 2 ) , 2.77 (t of t, 1, GH) , 2.15 
(t, 2, G H 2 ) ; Found : G, 89.44; H, 10.50%; M+, 134. 
Galcd for G1 0H1 4 : G, 89.49; H , 1 0 . 5 1 % ; M , 134. 

In essentially the same way, 9 (10.9 g, 50 mmol) in T H F 
(150 ml) was allowed to react with copper (I) chloride (5.9 g, 
60 mmol) in T H F (50 ml) at 0 °G for 2 h, the products being 
separated by LGG. Yield, 8.7 g (80%). Results of the 
coupling reaction with the other metal halides are given 
in Table 5. Zinc oxide and nickel oxide also gave 12 in 
50—60% yield under the same reaction conditions. 

3-(2,7-Cyclooctadienyl)-1,4-cyclooctadiene: Bp 101 °G/0.5 
m m H g . I R (neat) 1640 (G=G), 718, 679 cm" 1 (GH=GH) ; 
P M R (GDGlg) 6 5.55 (m, 8, GH) , 3.30 (bs, 2, GH) , 3.23 
(d of t, 8, GH 2 ) , 1.52 (m, 4, G H 2 ) ; Found: G, 89.65; H , 
10.20%; M+, 214. Galcd for G1 6H2 2 : G, 89.65; H, 10.53%; 
M, 214. Isomerization to the following conjugated tetraene 
occurred by keeping the compound at 180—200 °G for 3 h 
in 3 5 % conversion. Gomplete isomerization was proceeded 
by the addition of Fe 3(GO) 1 2 (5 mol %) and heating the 
mixture at 170 °G for 15 h. Conversion, 97%0. 

2-(l,7-Cyclooctadienyl)-1,3-cyclooctadiene: Bp 103 °G/1 m m H g . 
I R (neat) 1642, 1697 (G=G), 920, 845, 800, 765, 690 cm"1 

(GH=GH) ; P M R (GDG13) 6=5 .49—5.86 (m, 6, GH) , 2.15 
—2.35 (m, 8, GH 2 ) , 1.50 (bs, 8, G H 2 ) ; Found: G, 89.48; 
H, 10.30%,; M+, 214. Galcd for G1 6H2 2 : G, 89.65; H, 
10 .35%; M , 214. 

Tetraenes Obtained by the Reaction of 1 with Dibromoalkanes. 
A solution of 1,3-dibromopropane (1.0 ml, 10 mmol) in T H F 
(30 ml) was added to a solution of 1 (3.6 g, 20 mmol) in T H F 
(60 ml) with stirring at 0 °G. T h e mixture was heated at 
40 °G for 1 h, quenched with water (2 ml) and then filtered. 
T h e resulting teraenes were separatee! with G G into their 
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individual isomers. T h e reactions of 1,4-dibromobutane 
and 1,5-dibromopentane were carried out under the same 
conditions. 

7,3,10,12-Tridecatetraene: I R (neat) 1640, 1603 (G=G), 
988, 947, 894, 830, 784, 735 c m - 1 (GH=GH2 , C H C H ) ; 
P M R (GDG13) (5 5.60—S.30 (m, 6, C H ) , 5.03, 4.88 (m, 
4, CH 2 ) , 2.17 (m, 4, CH 2 ) , 1.44 (m, 6, C H 2 ) ; Found : C, 
87.99; H, 11.42%; M+, 176". G dcd for C1 3H2 0 : C, 88.56; 
H, 11.44%; M , 176. 

9-Vinyl-1,3,10-undecatriene: I R (neat) 1640, 1604 (C=G), 
995, 912 (CH=GH 2 ) , 949, 830, 785, 7 3 1 c m " 1 (GH=GH) ; 
P M R (CDGI3) Ô 6.30 (m, 1, C H ) , 5.73(d of q, 2, GH) , 5.64 
(m, 2, CH) , 5.05, 5.01, 4.87(m, 6, GH 2 ) , 2.68(t o f t , 1, GH) , 
2.12(m, 2, GH a ) , 1.35(m, 6, G H 2 ) ; M S , Found: M+, 176. 

3,7-Divinyl-1,8-nonadiene: I R (neat) 1637(C=C), 994, 912 
c m - 1 (CH=CH 2 ) ; P M R (GDG13) ö 5.71 (d of q, 4, C H ) , 
5.04, 4.86 (m, 8, GH 2 ) , 2.67 ( t o f t , 2, C H ) , 1.31 (m, 6, 
C H 2 ) ; MS, Found: M+, 176. 

1,3,11,13-Tetradecatetraene: I R (neat) 1640, 1603 (G=C), 
1000, 987, 907 (CH=CH 2 ) , 967, 947, 830, 783 cm" 1 (GH= 
C H ) ; P M R (GDCI3) 6 5.61—6.31 (m, 6, GH) , 5.08, 4.87 
(m, 4, CH 2 ) , 2.11 (d of t, 4, GH 2 ) , 1.33 (m, 8, C H 2 ) ; 
Found: G, 88.30; H , 11.60%; M+, 190. Calcd for G1 4H2 2 : 
C, 88.35; H , 11 .65%; M, 190. 

10-Vinyl-1,3,11-dodecatriene: I R (neat) 1642, 1637, 1604 
(G=C), 1000, 995, 912 (GH=CH 2 ) , 949, 831, 783, 729 cm" 1 

(CH=CH) ; P M R (GDC13) (5 5.60—6.30 (m, 3, GH) , 5.73 
(d of q, 2, C H ) , 5.07, 4.85(m, 6, GH 2 ) , 2.70(t of t, 1, C H ) , 
2.12(d of t, 2, GH 2 ) , 1.31(m, 8, C H 2 ) ; M S , Found : M+, 
190. 

3,8-Divinyl-1,9-decadiene: I R (neat) 1636 (G=C), 990, 914 
cm" 1 (CH=CH 2 ) ; P M R (GDC13) 6 5.71 (d of q, 4, GH) , 
5.06, 4.84 (m, 8, CH 2 ) , 2.67 (t of t, 2, GH) , 1.29(s, 8, 
C H 2 ) ; MS, Found: M+, 190. 

1,3,12,14-pentadecatetraene: I R (neat) 1638, 1602 (G=G), 
987, 910(GH=GH2) , 945, 840, 785, 764, 737 cm" 1 ( G H = C H ) ; 
P M R (GDCI3) Ô 5.60—6.32 (m, 6, GH) , 5.08, 4.88 (m, 4, 
CH 2 ) , 2.08 (m, 4, GH 2 ) , 1.33 (bs, 10, C H 2 ) ; Found : G, 
88.65; H, 12.25%; M+, 204. Calcd for C1 5H2 4 : C, 88.16; 
H, 11.84%; M, 204. 

11-Vinyl-1,3,12-tridecatriene: I R (neat) 1635, 1602 (G=G), 
989 912 (GH=CH 2 ) , 945, 785, 764, 737 cm" 1 (GH=GH) ; 
P M R (GDCI3) ô 5".60—5.32 (m, 3, GH) , 5.74 (d of q, 2, 
CH) , 5.10, 4.88 (m, 6, GH 2 ) , 2.69 (t o f t , J, C H ) , 2.12 (bt, 
2, GH2) , 1.34(bs, 10, C H 2 ) ; M S , Found : M+, 204. 

3,9-Divinyl-1,10-undecadiene: I R (neat) 1635 (G=C), 995, 
912 cm" 1 (CH=CH 2 ) ; P M R (GDG18) 6 5.74 (d of q, 4, 
GH) , 5.08, 4.86 (m, 8, CH 2 ) , 2.68 (bt, 2, GH) , 1.30 (bs, 
10, GH 2 ) ; M S , Found: M+, 204. 

W e a r e gra teful l to E m e r i t u s Prof. T . N o z o e , T o h o k u 
Un ive r s i t y , for his v a l u a b l e d iscuss ion a n d Prof. P . 
H e i m b a c h , M a x P l a n k I n s t i t u t e , for t h e s u p p l y of 
1 ,5 ,9-cyc lododeca t r ienes . W e t h a n k Mess r s . A . K a s h i -
h a r a , S. O t a k e , T . N a r i t a , a n d I . I w a s e for t h e i r 
t e c h n i c a l ass is tance . 
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The properties of silica gel were studied as a function of the hydrothermal treatment of hydrogel by means of 
the nitrogen-adsorption isotherm, the mechanical strength, thermodilatometry, and infrared spectroscopy. As 
a result, the number of contact points between primary particles of silica was found to decrease, and closed pores 
were found to be produced, by this treatment. The analysis of the infrared absorption spectra of the OH groups 
of this material showed that there are three kinds of OH groups in silica gel; (1) free OH groups on the outer 
surface of primary particles, which can adsorb molecules easily, (2) weakly perturbed OH groups inside closed 
pores, and (3) strongly hydrogen-bonded OH groups on the surface around the contact points. The relative 
concentration of these OH groups changes drastically upon the hydrothermal treatment; this is in accord with 
the change in the macroscopic properties mentioned above. 

The properties, such as the specific surface area 
and the pore-size distribution of silica gel, are highly 
sensitive to its history, starting from the polymerization 
of monomeric silicic acid to the physical and chemical 
t reatment before and during use.1) Many of these 
characteristics are controlled by surface O H groups 
of this material. For instance, the infrared absorption 
band of the O H stretching vibration is changed in 
shape not only by heat treatment,2 '3) but also by 
different methods of synthesis. However, the reason 
for this change is not yet fully understood. Another 
example is the values of the surface O H densities of 
various colloidal silicas, which fluctuate widely from 
less than 4 nm~2 to even more than 10 nm~2 from one 
sample to another.4) The purpose of this paper is 
to try to clarify the complex nature of the O H groups 
of silica gel and its relation to the surface and pore 
structures through the infrared spectroscopy of silica 
gel, which has been prepared by the hydrothermal 
treatment of hydrogel. Three different kinds of sites 
have been found for O H groups on the surface in 
various kinds of slica gel, as will be described below. 

E x p e r i m e n t a l 

Fractionally distilled silicon tetraethoxide was used as 
the raw material for synthesizing silica gel of a high purity. 
Silicon tetraethoxide (1 mol) was hydrolyzed at 70 °G for 
95 to 105 min with 10 mol of distilled and deionized water, 
whose pH has been adjusted to 2.0 with hydrochloric acid. 
Silica sol thus obtained was rapidly cooled to about 0 °G 
and then poured into flat vessels with air-tight covers in order 
to make a thin liquid film of the desired thickness. This 
sol was kept still for 24 h at 17 °G, by which time it set to 
hydrogel. This hydrogel was washed with water to remove 
the hydrochloric acid and ethanol, and was then stored in 
water below 10 °G. This hydrogel was sealed in Pyrex 
glass ampoules with distilled and deionized water of pH 5.9 
and was then heated in an autoclave at various temperatures. 
The hydrogel thus treated was dried slowly at 10 °G for 
48 h. Finally thin plates of xerogel less than 0.05 mm thick 
and 1—2 cm2 wide were obtained. The influence of Pyrex 
glass seemed negligible, since the properties of this product 
were almost the same as those of substances made in am­
poules of high-purity quartz glass under the same conditions. 

The infrared spectra of these samples were taken after the 
desorption of adsorbed water at 180 °G in vacuo and in situ 
in a cell described elsewhere,2) 

R e s u l t s and D i s c u s s i o n 

The specific surface area and the total pore volume 
of this material change remarkably upon the hydro-
thermal reaction of hydrogel. Figure 1 shows nitrogen-
adsorption isotherms of silica gel hydro therm ally treat­
ed at various temperatures for 2 h. These curves 
indicate that this material changes from the micropore 
type to the macropore type with an increase in the 
temperature of treatment, as is well known. Figure 2 
shows the curves of the specific surface area and the 
total pore volume against the reaction time during 
hydrothermal treatment at 100 °G. The specific sur­
face area increased in the beginning, reached a maxi­
m u m after a few hours, and then decreased slowly, 
while the pore volume increased continuously from 
the beginning. Figure 3 shows the change in the 
specific surface area and the total pore volume as a 
function of the temperature of the reaction for 2 h. 
The specific surface area increased from 10 °G, reached 
a maximum at about 100 °G, and then decreased 
gradually, while the pore volume increased continuous­
ly from 10 °G. These increases in the surface area 
in Figs. 2 and 3 can be explained reasonably as will 
be done below. Silica hydrogel is an aggregate of 
fine pr imary particles of silica loosely chained to each 
other with a small number of contact points per par­
ticle (coordination number) . When aging is insuf­
ficient, the dehydration of water produces a xerogel 
with a very high packing density and with a high 
coordination number, since the strength of the contact 
points is weak and the reorientation of primary par­
ticles is easy. However, a mild hydrothermal treatment 
of hydrogel below 100 °G, such as is shown in the 
above experiments, can make the contact points strong­
er and does not make the size of primary particles 
larger, because silicic acid migrates from the convex 
surface of the particle to the points of contact with 
a concave shape and fills these narrow gaps. This 
produces stronger interparticle bonds than those before 
aging. These strong bonds make it difficult for the 
primary particles to reorient when hydrogel is dried, 
and thus give rise to a lower packing density and a 
smaller coordination number of xerogel. The number 
of coordination can be estimated from the packing 
density of xerogel, assuming this xerogel to be a mono-
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PIP. 
Fig. 1. The nitrogen adsorption isotherms of silica 

gel hydrothermally treated at various temperatures 
for 2 h. 

Time/h 

Fig. 2. The specific surface area and the pore volume 
of silica gel versus the time of hydrothermal reaction 
at 100 °G. 

dispersed system of primary particles with a density 
of about 2.2 g/cm2.5 ' For example, the hydrothermal 
reaction at 10 °G and 100 °C for 2 h gives coordination 
numbers of about 9 and 6 respectively. 

The reinforcement of these interparticle bonds by 
aging is reflected in the increase in the mechanical 
strength of silica gel as a bulk. Figure 4 shows the 
values of the strength of the silica gel per bond against 
the hydrothermal temperature, values obtained from 
the Vickers hardness (the pressure, kg/cm2, neccessary 
to make a tiny hole of a known cross-section area on 
the flat surface of a specimen using a small diamond 
piece with a quadrangular pyramidal shape) divided 
by the total coordination number per unit of volume 
of the silica gel. In this figure, the bond strength 
increases as the hydrothermal temperature is raised. 
Another example of the increase in the bond strength 
is the thermodilatometric analysis of this material in 
Fig. 5, the experimental details of which were described 
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Fig. 3. The specific surface area and the pore volume 
of silica gel versus the temperature of hydrothermal 
reaction for 2 h. 
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Fig. 4. The Vickers hardness per interparticle bond 
as a function of hydrothermal temperatures. 

200 400 800 600 
Temp/°G 

Fig. 5. The curves of thermodilatometric analysis of 
silica gel hydrothermally treated at various temper­
atures. 

elsewhere.6^ This figure shows that the degree of 
shrinkage of silica gel by heat treatment was smaller 
for materials of a high hydrothermal temperature, 
because the deformation or the shrinkage of bulk 



2048 Senchi KONDO, Kazuo TOMOI, and Ghynryon PAK [Vol. 52, No. 7 

a Ö 

E 
0 
Vi 

a 3 
O 
$-> be 

^̂  o 

Vi 

<*H 

o 
$-1 

<u 
r û 

a 3 
£ 

16 

12 

8 

A 

Temp/°C 

Fig. 6. The number of OH groups per nm2 of silica 
gel hydrothermally treated at various temperatures. 
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Fig. 7. The infrared spectra of OH stretching funda­
mental vibration of silica gel hydrothermally treated 
at various temperatures. 

structure by sintering would be smaller for materials 
with stronger interparticle bonds. 

The gaps around the contact points between primary 
particles are so narrow that molecules such as nitrogen 
and water can not be adsorbed on a certain area 
around these points, depending upon the size of the 
molecules to be adsorbed. This area, which can not 
be measured by the adsorption of nitrogen gas, amounts 
to a considerable portion of the total surface area of 
the primary particles when these primary particles 
are small and possess a large number of coordination. 
Therefore, the specific surface area, as measured by 
the gas-adsorption method, will be generally larger 
for the materials having a smaller number of co­
ordination when the diameters of the particles are 
equal, which seems to be true in case of mild hydro-
thermal treatment. 

Figure 6 shows the number of O H groups per nm2 , 
which is obtained from the weight loss of the silica 
gel during heating between 180 °C (the temperature 
of the dehydration of adsorbed water) and 1200 °G 
divided by the specific surface area, as measured by 
the B. E. T . method using nitrogen gas. In this figure, 
the surface O H density is relatively larger for materials 
treated below 100 °G than those between 100 °G and 
160 °G? because the specific surface area used for this 

Wave number/cm-

( a ) 

Wave number/cm 

( b ) 

Fig. 8a and 8b. The changes of OH bands by heat 
treatment of silica gel hydrothermally treated at 100 
°G and 250 °G, respectively. 

calculation is smaller than the total surface area for 
the material hydrothermally treated at a lower temper­
ature, as has been discussed in the above section. 
Above 100 °G, where the B. E. T . specific surface area 
approaches the total surface because of the decrease 
in coordination number, the O H density becomes 
smaller than 5. Surprisingly high values of O H density 
were obtained above 200 °G; the reason for this will 
be discussed below in terms of infrared spectroscopy. 

Figure 7 shows the infrared spectra of the O H 
stretching vibration of silica gel treated hydrothermally 
at various temperatures for 2 h. The shapes of these 
O H bands changed markedly as the hydrothermal 
temperature was raised. As was shown in an earlier 
paper,3) these bands can mainly be resolved into three 
component bands with absorption maxima at about 
3750 cm- 1 , 3670 cm"1 , and between 3500 and 3300 
c m - 1 ; those maxima can be assigned to free O H groups, 
weakly perturbed O H groups, and strongly hydrogen-
bonded O H groups respectively. As the hydrothermal 
temperature was raised, the intensity of free and strongly 
hydrogen-bonded O H components became smaller in 
comparison with the weakly perturbed components. 
The intensities and shapes of these OH bands of various 
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Fig. 9. The change of OH band of silica gel hydro­
thermally treated at 163 °G by the isotope exchange 
reaction by the absorption-desorption cycles of 20 
times of heavy water. The full and the dotted lines 
show the absorption bands before and after the isotope 
exchange, respectively. 

samples changed by heat treatment in vacuo as is 
shown in Figs. 8a and 8b. The O H band of silica 
gel hydrothermally treated at 100 °C in Fig. 8a became 
sharper when the temperature of heat treatment was 
raised, because of the decrease in the intensity of the 
strongly hydrogen-bonded component. By the heat 
treatment at 800 °G, the free O H component was 
clearly seen besides a small weakly perturbed com­
ponent. O n the other hand, the O H band hydro­
thermally treated at 250 °G in Fig. 8b obviously has 
two components at 3750 and 3670 c m - 1 upon heat 
treatment at 600 °G, but it has almost no component 
below 3600 cm - 1 . After this sample was heated at 
800 °G, there remained only 3750 c m - 1 component. 
The decrease in the strongly hydrogen-bonded O H 
component against the hydrothermal temperatures 
seems to be roughly parallel to that of the coordination 
number. Therefore, it seems reasonable to assume 
that most of these strongly hydrogen-bonded O H 
groups lie on the surface around the contact points 
and contribute to the formation of interparticle bonds. 

The intensity of the 3670 c m - 1 band increased as 
the temperature and the time of hydrothermal reaction 
were increased, and the shape of this component 
became clearly visible at higher hydrothermal temper­
atures. This component can also be made visible by 
a sufficient isotope exchange of protons of O H groups 
by the adsorption of heavy water, as is illustrated in 
Fig. 9. A similar result was reported by Abramov 
and others.7) Figure 9 shows the infrared spactra after 
a sufficient isotope exchange of the O H band of silica 
gel hydrothermally treated at 163 °G. According to 
our qualitative observation, the 3750 c m - 1 component 
seems to shift to 2750 c m - 1 most quickly; this seems 
to suggest that the sites of the free O H groups are on 
outer convex surface, so that heavy water can be 
adsorbed there directly. The exchange rate of protons 
of the strongly hydrogen-bonded O H groups seems to 
be slower. This indicates that these O H groups lie 
on the surface near the contact points where heavy 
water can not be directly adsorbed, and that the H - D 
exchange can be carried out by the diffusion of protons 
and deutrons through hydrogen-bond chains of the 
O H groups. The exchange equilibrium was almost 
attained after about 20 cycles of the adsorption-desorp-

tion processes of heavy water ; there remained only 
an O H band at about 3670 cm"1 . This behavior 
suggests that these O H groups are on the surface 
inside closed pores that have been produced by hydro-
thermal treatment, by which not only the concave 
surfaces at the contact points, but also small openings 
surrounded by a few contact points of a dense ag­
gregate of primary particles are filled with a siloxane 
net work. Not even the heavy-water molecules can 
migrate into these closed pores. 

The reason for the weak perturbation of these inner 
O H groups might be that the O H vibration is perturb­
ed by a local dielectric field, which seems to be rather 
strong inside these small closed pores.8) The intensity 
of the 3670 c m - 1 component grew larger when the 
hydrothermal temperature was raised, as can be seen 
in Fig. 7. This suggests an increase in the area of 
the surface in the closed pores or an increase in the 
number of closed pores. There are two more pieces 
of evidence for the existence of the closed pores. By 
impregnating this material with impurities such as 
the sodium cations, the temperature of sintering is 
considerably lowered; even the free O H band disap­
pears above about 800 °G, while the 3670 cm" 1 band 
remains as it was, or its intensity even increases a 
little.2) This phenomenon was interpreted as resulting 
from the occurence of closed pores by high-temperature 
sintering. Another example is the ion-exchange ex­
periment of the O H groups of this materials with Co2+ 
ions.9) After immersing the silica gel being hydro­
thermally treated at about 150 °G in a saturated aque­
ous solution of cobalt(II) acetate, the O H groups 
which were not ion-exchanged were mainly inner O H 
groups, together with a small par t of the strongly 
hydrogen-bonded O H component. 

The surface area inside these closed pores can not 
be measured by the nitrogen-adsorption method, since 
nitrogen molecules can not easily migrate into these 
pores, although the amount of O H groups can be 
measured by means of the weight loss of this material, 
as has been mentioned before, at 1200 °G, at which 
temperature all the O H groups including those inside 
the closed pores can be dehydrated by the explosion 
of closed pores at high temperatures, as has been 
mentioned elsewhere.2) Upon hydrothermal treatment 
at high temperature, the fraction of the surface area 
inside the closed pores compared to that of the total 
surface increases greatly; this proves the extraordinarily 
large values of the O H density of silica gel at high 
hydrothermal temperatures. Exactly the same be­
havior was observed during the sintering process of 
this material, in which the surface area dropped to 
very low values, while the O H density increased highly 
at the same time, accompanied by the production of 
closed pores.2) The amount of these inner O H group} 
can be estimated from the intensity of the 3670 c m - 1 

band after sufficient isotope exchange of O H group, 
assuming that the absorption intensity per O H group 
is the same for all three types of O H groups, although 
the degree of perturbation is different for these O H 
vibrations. The results of this estimation, together 
with the other properties of this material are shown 
in Table 1. In Column 5 of this table, the number 
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TABLE 1. THE SURFACE AREAS AND THE NUMBER OF OH GROUPS PER nm2 OF SILICA GEL 

H Y D R O T H E R M A L Y T R E A T E D A T VARIOUS TEMPERATURES 

Tempera ture of 
hydrothermal 
reaction, °G 

10 

50 

75 

100 

163 

202 

230 .5 

253 .0 

Specific 
surface area, 

m2 /g 

579 .5 

742.1 

825 .4 

839 .4 

495 .1 

214 .3 

146.6 

6 3 . 5 

Number of O H 
groups per 

unit weight, 

1021/g 

4 . 1 3 

4 . 1 3 

4 .20 

3 .83 

2 .48 

1.67 

1.49 

1.13 

Rat io of H - D 
exchangeable 

O H groups to 
total O H 

groups 

0 .85 

0 .84 

0 .81 

0 .76 

0 .73 

0 .43 

0 .27 

0 .26 

Number of 
outer O H 

groups, 1021/g 

3 .5 

3 .5 

3 .4 

2 .9 

1.8 

0 .73 

0 .40 

0 .29 

O H Density 
of outer sur­
face per nm2 

6 .1 

4 . 7 

4 . 1 

3 .5 

3 .7 

3 .4 

2 .7 

4 . 6 

To ta l surface 
area, m2 /g 

1033 

1033 

1050 

958 

620 

418 

373 

283 

of O H groups which can be exchanged with O D 
groups can be estimated from the intensity of the total 
O H band subtracted by that of the inner O H band. 
The surface densities of outer O H groups can be cal­
culated from these values in Column 5, divided by 
the outer surface area, which is nearly equal to the 
B. E. T. specific surface area in Column 2; the results 
are shown in Column 6. These values of the O H 
surface density are less than 4/nm2 above 100 °C, where 
the surface area around the particle contacts is negli­
gible, but are more than 4 below 100 °C, where the 
number of coordination is so large that the area around 
these points can not be neglected. I t is interesting 
to see that the O H density of non-porous aerosil is 
about 3.8/nm2, which is almost equal to the values 
shown in the table. 

If the bulk siloxane structure of primary particles 
of silica gel was homogeneous everywhere inside the 
particle, the surface density of O H groups would be 
the same all over the particle surface. Therefore, it 
seems possible to obtain the total surface areas of the 
primary particles of this material by dividing the 
number of the total O H groups per unit of weight 
in Column 3 of Table 1 by the surface O H density of 
4/nm2 . The total surface areas thus estimated are 
shown in the last column of Table 1. It is interesting 
to see that the total surface area below 100 °C is nearly 
equal to that calculated by taking the area around 
the contact points into account, as will soon be reported 
elsewhere.10) The number of O H groups, 4/nm2 , 
obtained here is also in good agreement with that 
obtained from the study of the heat of the immersion 
of silica gel thermally treated under various condi­
tions.11) The pore structure of silica gel proposed in 
this investigation is in fair agreement with the view 
given by Barby.12) 

Conclus ion 

The surface O H groups of silica gel are found to 
consist mainly of three types; the free O H groups 
on the outer convex surface exposed to the molecular 
adsorption and with an infrared absorption band at 
about 3750 c m - 1 , the inner O H groups on the concave 

surface inside the closed pores at about 3670 cm - 1 , 
and the strongly hydrogen-bonded O H groups on the 
surface around the contact points between primary 
particles with a broad absorption band at about 3500— 
3300 cm - 1 . The pore structure and its change upon 
the hydrothermal and thermal treatment seem to in­
fluence the relative concentrations of these three types 
of O H groups of silica gel. 

The authers are grateful to Mr. Hirofumi Fujiwara, 
Miss Misako Fujikawa, and to Miss Hiromi Okada 
of the Osaka University of Education for their discus­
sions and experimental help. 
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A new method for the determination of pH in reversed micellar systems was proposed. The degree of dis­
sociation (a) of Phenol Red in the systems was observed spectrophotometrically. The value of pH can be obtain­
ed by use of the Henderson-Hasselbach equation with the aid of pKK of Phenol Red measured by means of 31P-
NMR in the systems containing phosphate buffer solutions. The method was applied to systems consisting of 
sodium octanoate, 1-hexanol, and water and some buffer solutions other than phosphate buffer solutions, and 
found to be effective within a wide pH range. Analysis of the fluorescence spectra of 8-anilino-l-naphthalene-
sulfonic acid indicates that Phenol Red molecules are present at the interface between the water core and the 
1-hexanol phase in reversed micelles. The hydrolytic reaction of/?-nitrophenyl acetate was also studied kinetically 
and found to change slightly with pH. 

The rates of the chemical reactions are drastically 
accelerated in the reversed micelle.1-5) Recently, an 
effective energy transfer was observed in the reversed 
micellar system.6) 

Hydrolytic reactions of jfr-nitrophenyl esters were 
studied in the reversed micelle consisting of sodium 
octanoate, 1-hexanol, and water. I t was found that 
the rate of the reaction is much more enhanced as 
compared with that in the aqueous solution. Favor­
able partitioning of the substrate into the water core, 
the orientation of the catalyst at the interface between 
the water core and the 1-hexanol phase and the polarity 
of the water molecules are important factors to ac­
celerate the reaction. N M R studies on the behavior 
of water molecules and the polar headgroup of sodium 
octanoate in the reversed micelle showed that the 
mobility and polarity of water molecules change with 
hydration of sodium ions. 

The purpose of this study is to measure the p H in 
the reversed micelle in order to know the effect of 
p H on the hydrolytic reaction. This will also be 
relevant to elucidating the activity of the water mole­
cule in the reversed micelle. The p H in the reversed 
micelle cannot be measured with a glass electrode. 
The p H value in the interior of cell membranes also 
cannot be measured with a glass electrode, but have 
been determined by several alternate methods.7 - 9) 
3 1 P-NMR technique has been used to measure the p H 
values in the interior or exterior of cell membranes.10»11) 
O n the other hand, the acid-base indicator is useful 
for measuring p H of the aqueous solution. In this 
case, p H is determined by the Henderson-Hasselbach 
equation 

pH = Ptfa + log—^— (1) 
1—a 

where K^ is the dissociation constant of the indicator, 
and a the degree of dissociation of the indicator. Since 
K& of the indicator in the reversed micelle is not the 
same as that in the aqueous solution, the p H value 
in the reversed micelle cannot be measured only by 
means of indicator. The p H value in the reversed 
micelle consisting of the buffer solution other than the 
phosphate buffer solution cannot be measured by 3 1P-
N M R technique. In this study, a of Phenol Red and 
the p H value in the reversed micelle consisting of the 
phosphate buffer solution were determined by the 

spectrophotometry method and 3 1 P-NMR, KK of Phenol 
Red being obtained by substituting a and p H in Eq. 
1. Thus, the use of Phenol Red makes the p H measure­
ment in the reversed micelle not only easier but the 
evaluating of the p H value in the reversed micelle 
consisting of any buffer solution in a wide p H range 
possible. 

A hydrophobic probe,12) 8-anilino-l-naphthalene-
sulfonic acid (ANS), is an amphiphilic compound 
with a chemical structure similar to that of Phenol 
Red. The position of Phenol Red can thus be estimat­
ed from the measurement of the fluorescence of the 
system. 

E x p e r i m e n t a l 

Materials. Analytical grade reagents of sodium oct­
anoate, 1-hexanol, Phenol Red, adenosine-5'-triphosphate 
(ATP), 8-anilino-l-naphthalenesulfonic acid (ANS), and L-
tryptophan were used without further purification. 2-[4-(2-
hydroxyethyl)-l-piperazinyl] ethanesulfonic acid (HEPES, 
pK& = 7.5), 3 - (cyclohexylamino) - 1 - propanesulfonic acid 
(GAPS, pK&=\0A) and 3-[2-hydroxy-l,l-bis(hydroxymethyl)-
ethylamino] - 1 - propanesulfonic acid (TAPS, pK& = 8.4, 
DOJINDO Laboratories) were used. Reversed micellar 
solution was prepared by mixing three components, the 
buffer solution (phosphate or HEPES-TAPS-GAPS buffer 
solution), 1-hexanol and sodium octanoate, and allowing 
the mixture to stand at 30 °G for 24 h. In the measurements 
of the absorption spectra, 31P-NMR spectra and the fluores­
cence spectra, the buffer solution containing Phenol Red 
(the concentration of Phenol Red is 10-4 M), adenosine-5'-
triphosphate (10~2 M) and the fluorescence probe (10_4M) 
was cosolubilized into the reversed micelle. The quencher, 
carbon tetrachloride, was added directly to the reversed 
micellar solution containing ANS molecules. 

Measurements. 31P-NMR was measured with JNM-
PS type spectrometer at 40 MHz, the following setting of 
the pulse unit being employed ; spectral width 4000 Hz, 
repeat time 2.5 s, pulse width 18.0 pts, 100 times accumulation. 
The absorption spectra were recorded on an EPS-3T Hitachi 
spectrophotometer at 30 °G. The fluorescence spectra were 
measured with a Shimadzu RF-502 type spectrofluorimeter 
at 30 °G. 

R e s u l t s a n d D i s c u s s i o n 

Determination of p H Value. Figure 1 shows the 
dependence of the chemical shift of phosphorus in 



2052 Hirotada FUJÎI, Tohru KAWAÎ, and Hiroyasu NISHIKAWA [Vol. 52, No. 7 

TABLE 1. THE OBSERVED CHEMICAL SHIFT (<5), THE 

CHEMICAL SHIFT INDUCED BY SODIUM OCTANOATE 

(<$'), Ô — Ô' AND P H OBTAINED FROM (Ô — Ô') 

FOR REVERSED MICELLAR SAMPLES 

Fig. 1. The chemical shifts of phosphorus in the phos­
phate buffer solutions plotted as a function of pH 
of the buffer solution. 

1.0 
[NaOct]/M 

Fig. 2. Plots of the chemical shifts of phosphorus in 
the phosphate buffer solutions solubilized into reversed 
micelles against the concentration of sodium octanoate. 
The pH value of the phosphate buffer solution used 
is 7.9. 

the phosphate buffer solution on the p H of the buffer 
solution. The steps in the chemical shift plots cor­
respond to the processes 

H 2 P0 4 - ^± H P 0 4
2 - ^± P0 4

3 - . 

The chemical shifts of phosphorus were measured as 
a function of concentration of sodium octanoate for 
reversed micelles prepared by the use of phosphate 
buffer solutions of p H 7.9. The results are shown 
in Fig. 2. The chemical shift increases with increase 
in the concentration of sodium octanoate. This in­
dicates that the p H value in the reversed micelle is 
higher than the initial p H value of the phosphate 
buffer solution used for the preparation of reversed 
micellar solutions. The activity of water molecules 
in the reversed micelle should decrease with increase 
in sodium octanoate content. However, the p H value 
obtained from 3 1 P-NMR method is much higher than 
that calculated by [H ' ] = VlÇXjC, where K„ is the 
ion-product constant of water, K& the dissociation con­
stant of octanoic acid, and C the concentration of 
sodium octanoate. Such large chemical shifts of 
phosphorus as observed in the reversed micelle may 
be due to the ionic effect of the polar headgroup of 
sodium octanoate. Since the chemical shift of a-phos­
phorus of adenosine-5'-triphosphate (ATP) does not 
change with pH,13) the chemical shift induced by sodium 
octanoate was evaluated by the following method. 
By means of this property of a-phosphorus of A T P , 
the difference between the a-P chemical shift of A T P 
in the aqueous solution and in the reversed micelle 

[Sodium octanoate] a> 

1.38 
1.24 
1.10 
0.97 
0.69 

d/Hz 

140.0 
133.7 
131.7 
129.9 
125.5 

Ô'/Hz 

39.0 
33.0 
31.3 
29.5 
25.4 

(<5-<5')/Hz 

101.0 
100.7 
100.4 
100.4 
100.1 

PH 

8.6 
8.5 
8.4 
8.4 
8.3 

a) The molar concentration (M) of sodium octanoate 
in 1-hexanol. 

Fig. 3. Plots of the absorbance of Phenol Red due to 
the ionized form (ODB) against the initial pH value 
of the phosphate buffer solution (a) and HEPES-
TAPS-CAPS buffer solution (b) solubilized into the 
reversed micelle. 

was measured, and used as the chemical shift induced 
by sodium octanoate. The real chemical shift of phos­
phorus in the reversed micelle should be obtained by 
subtracting the shift thus obtained from the chemical 
shift observed for the reversed micelle. From the 
result, the real p H value (pH') in the reversed micelle 
can be obtained by means of Fig. 1. The results are 
given in Table 1. 

The absorption spectra of Phenol Red in reversed 
micelles show a peak at 450 nm due to unionized form 
and a peak at 571 nm due to ionized form of Phenol 
Red and the isosbestic point at 490 nm. The absorb­
ance at 571 nm (ODB) due to the ionized form of 
Phenol Red in the reversed micelle against the initial 
p H value of the buffer solution (phosphate buffer 
or H E P E S - T A P S - C A P S buffer) solubilized into the 
reversed micelle is plotted in Fig. 3. Although the 
p H values of the phosphate buffer solution containing 
Phenol Red vary in the range 7—12, the absorbance 
due to the ionized form of Phenol Red does not ap­
preciably change with p H . This indicates that p H 
at the position where Phenol Red exists does not change 
much with p H of the phosphate buffer solution. Thus, 
p H in the reversed micelle is determined by the buffer 
capacity of sodium octanoate rather than that of the 
phosphate buffer solution. A similar experiment was 
carried out in the reversed micelle with use of another 
buffer solution, H E P E S - T A P S - C A P S . The results are 
shown in Fig. 3. The transformation of Phenol Red 
from the acid form (unionized form) to the basic form 



July, 1979] pH in Reversed Micelles 2053 

Fig. 4. Plots of the absorbance of Phenol Red due to 
the ionized (ODB) and the unionized (ODA) forms 
against pH of the phosphate buffer solution. This 
figure shows piQ of Phenol Red in the phosphate buf­
fer solution is 7.82. 

2.5 k 

/ 

L< , J» 

I * l I 

pH 7.82 

Fig. 5. Plots of ODB/ODA against pH of the phosphate 
buffer solution. 

(ionized form) takes place to a greater extent than in 
the phosphate buffer solution, especially in the p H 
range 7—9. In order to estimate the degree of dis­
sociation (a) of Phenol Red, it is necessary to measure 
the absorbance due to the completely ionized form 
of Phenol Red (ODB°). However, the value of O D B 

at the highest p H ( p H = 1 2 ) showed no constant value 
(Fig. 3). The following experiment was made in 
aqueous solutions. The absorbances of Phenol Red 
at 571 nm and at 450 nm were measured as a function 
of the p H of the buffer solution (Fig. 4). The dis­
sociation constant Ka. of Phenol Red in this buffer 
solution (phosphate buffer solution) was found to be 
7.82 by means of Eq. 1. The ratio of the absorbance 
at 571 nm (ODB) to that at 450 nm (ODA) is plotted 
against p H of the buffer solution (Fig. 5). We see 
that OD B /OD A is 2.5 for p H 7.82. The values of 
OD B /OD A were obtained for the four buffer solutions; 
phosphate buffer solution, H E P E S - T A P S - C A P S , 9 0 % 
phosphate buffer solution + 1 0 % ethanol, and 9 0 % 
phosphate buffer solution + 1 0 % dioxane; the results 
are summarized in Table 2. The O D B / O D A value 
becomes 2.5 at the point pH=p7C a where O D B is equal 
to a half of ODB° . Thus, OD B ° can be obtained from 
the value of O D B at the p H where the value of 
OD B /OD A becomes 2.5. In the four buffer solu­
tions, the value of ODB° thus obtained was equal 
to that estimated from Fig. 4. In the reversed micelle, 
ODB° was evaluated with the assumption that O D B 

a t p H of O D B / O D A = 2 . 5 is also equal to a half ofOD B ° . 
The following procedure was taken to determine p H 

TABLE 2. THE DISSOCIATION CONSTANT pK& AND THE 

RATIO O D B / D A A FOR FOUR BUFFER SOLUTIONS 

pKs. ODB/DAA 

Phosphate buffer 
90% phosphate buffer+ 10% ethanol 
90% phosphate buffer -f 10% dioxane 
HEPES-TAPS-CAPS 

7 
7 
7 
7 

.82 
90 
88 
82 

2 .50±0.02 
2 .50±0.02 
2.51±0.02 
2 .48±0.02 

5 

3 

2.5 

1 

_ 

. -— 

(V a 

1 

X 
^ 
b 

* i i J 

pH 

Fig. 6. Plots of ODB/ODA of Phenol Red against the 
original pH value of the buffer solution solubilized 
into the reversed micelle, a) Phosphate buffer, b) 
HEPES-TAPS-CAPS. 

in the reversed micelle. 
1. The values of O D B / O D A were determined as 

a function of the p H of the original buffer solution 
solubilized into the reversed micelle. The results are 
shown in Fig. 6. 

2. The p H of the buffer solution giving the value 
O D B / O D A = 2.5 was obtained from the O D B / O D A vs. 
p H curve shown in Fig. 6. 

3. The O D B value corresponding to the p H value 
obtained from step 2 was obtained from the O D B vs. 
p H curve given in Fig. 3. Thus, the value of ODB° 
can be obtained as twice the value of OD B . 

4. The degree of dissociation (a) of Phenol Red in 
the reversed micelle is thus obtained as OD B /OD B ° . 

5. The dissociation constant KK of Phenol Red in 
the reversed micelle can be calculated from the degree 
of dissociation of Phenol Red and the p H value obtained 
by 3 1 P-NMR, by means of Eq. 1. When the phosphate 
buffer solution of p H 7.9 was solubilized into the 
reversed micelle, the a and p H values were found to 
be 0.65 and 8.6 by spectrometric method and 31P-
N M R , respectively. By substituting these values into 
Eq. 1, the pK^ value of Phenol Red was found to be 
8.3. 

6. By use of a and pKK (8.3) of Phenol Red, the 
real p H value (pH') in the reversed micelle containing 
a buffer solution was obtained in a wide p H range. 
The p H ' values in the reversed micelle containing 
phosphate buffer solutions and H E P E S buffer solutions 
are shown in Fig. 7. 

Fluorescence Spectra. I t is important to study 
the position of Phenol Red molecule. It may be in 
the water core, 1-hexanol phase or at the interface 
between the water core and 1-hexanol phase. Fluo­
rescence has been used for elucidating the position. 
8-Anilino-l-naphthalenesulfonic acid (ANS), which is 
an amphiphilic compound with a structure similar 
to that of Phenol Red, was used. The positions of 
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TABLE 3. POSITION OF EMISSION MAXIMUM AND THE 

RELATIVE INTENSITY OF A N S IN WATER, 1-HEXANOL 

AND THE REVERSED MICELLE 

Fig. 7. Plots of the real pH value (pH') against the 
original pH value of the buffer solution solubilized 
into the reversed micelle, a) Phosphate buffer, b) 
HEPES-TAPS-GAPS buffer. 

0.2 0.3 QA 05 

[CCIA]/M 

Fig. 8. The Stern-Volmer plots in 1-hexanol and the 
reversed micelle. The fluorescence probe used is ANS. 
a) 1-Hexanol, b) in the reversed micelle. 

the emission maxima and the relative intensities of 
ANS in 1-hexanol, water, and the reversed micelle 
are given in Table 3. The position of the emission 
maximum and the very low intensity in water as com­
pared with those in the reversed micelle indicates that 
ANS molecules do not exist in the water phase of the 
reversed micelle. 

Carbon tetrachloride can quench the fluorescence 
of ANS in 1-hexanol. Quenching of the excited state 
of ANS can be quantitatively treated by the Stern-
Volmer equation14) F°jF-\ = A ° T [ Q , L where F and 
F° are the fluorescence intensities of the probe with 
and without the quencher, respectively, k° the rate 
constant of quenching, T° the fluorescence lifetime of 
the probe in the absence of the quencher, and [QJ 
the concentration of the quencher. Figure 8 shows 
the plots of the data obtained by means of this equation 
in 1-hexanol and in the reversed micelle. Carbon 
tetrachloride quenches the fluorescence of ANS in 1-
hexanol to a greater extent than in the reversed micel­
le. The results indicate that no appreciable amount 
of ANS exists in the 1-hexanol phase of the reversed 

Water 1-
Hexanol 

Reversed 
micellea) 

B 

Emission maximum/nm 515 460 465 470 
Relative intensity 1 254 131 109 

a) A; 1.38 M of sodium octanoate in 1-hexanol. 
B; 0.69 M of sodium octanoate in 1-hexanol. 

micelle. Thus, the probe molecules should exist at 
the interface between the water core and the 1-hexanol 
phase. 

The same experiment was carried out in the reversed 
micellar system with use of L-tryptophan, an amphi-
philic compound. L-Tryptophan is not soluble in 1-
hexanol, but can be quenched a little by carbon tetra­
chloride in the reversed micelle. The results indicate 
that L-tryptophan molecules also exist at the interface 
between the water core and the 1-hexanol phase. 
Thus, the amphiphilic molecules are considered to 
be located at the interface between the water core and 
the 1-hexanol phase, due to the balance of the hy­
drophobic and lyophilic interactions. Phenol Red 
exists at the interface between the water core and 
the 1-hexanol phase as in the case of L-tryptophan 
and ANS, the real p H (pH') given in Fig. 7 being p H 
at the interface of the reversed micelle. 

Dissociation Constant of Phenol Red and the Surface 
Potential in the Reversed Micelle. By substituting 
the p H value obtained by 3 1 P-NMR and the degree 
of dissociation of Phenol Red by spectrometric methods 
in Eq. 1, we have obtained the dissociation constant 
of Phenol Red as 8.3, which is larger than that in the 
aqueous solution (7.8). The dissociation constant of 
Methyl Red measured by Montai and Gitler15) in the 
aqueous solution of sodium dodecyl sulfate was also 
larger than that in the aqueous solution. By means 
of the gel filtration technique, they showed that Methyl 
Red is influenced by the surface charges of the micelle. 
The concentration of H+ ion at the surface of the 
micelle would differ from that in the bulk phase of 
the system due to the difference in electrical potential 
between that on the micellar surface and that in the 
bulk phase. The dissociation constant of Methyl Red 
on the micellar surface, Ks, is given by the equation 
pKs=pKh — e(p/2.3 kT, where Kh is the dissociation 
constant of Methyl Red in the bulk phase, </> the surface 
potential, e the electrical charge, T the absolute temper­
ature, and k the Boltzmann constant. For Methyl 
Red in the aqueous solution of sodium dodecyl sulfate, 
^ = — 8 6 m V , and for Phenol Red, ^ = —30 mV in 
the reversed micelle. The difference in surface po­
tential between Methyl Red and Phenol Red would 
be caused by the difference in the location of the 
indicators and in the nature of the headgroups of the 
surfactants, i.e., the sulfate group of sodium dodecyl 
sulfate and the car boxy la te group of sodium octanoate. 

Effect o / p H on the Reaction in the Reversed Micelle. 
The rate constant of the hydrolytic reaction of p-
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nitrophenyl acetate in the reversed micelle in which 
the phosphate buffer solution is solubilized is as large 
as that in which the H E P E S buffer solution is solubiliz­
ed. O n the other hand, p H ' in the reversed micelle 
in which the phosphate buffer solution is solubilized 
is higher than that in which the H E P E S buffer solution 
is solubilized (Fig. 7). Thus it appears that, although 
the hydrolytic reaction depends slightly on the p H 
in this system, it is not an important factor in the 
enhancement of this reaction rate in the reversed 
micelle. 

References 

1) E. J. Fendler, J. H. Fendler, R. T. Medary, and V. 
A. Woods, J. Am. Chem. Soc, 94, 7288 (1972). 

2) F. M. Menger and A. G. Vitale, J. Am. Chem. Soc, 
95, 4931 (1973). 

3) G. J. O'Connor, E. J. Fendler, and J. H. Fendler, 
J. Am. Chem. Soc, 96, 370 (1974). 

4) K. Kon-no, K. Miyazawa, and A. Kitahara, Bull. 
Chem. Soc Jpn., 48, 2955 (1975). 

5) O. A. EL Seoud, J. Chem. Soc, Perkin Trans. 2, 1976, 
1497. 

6) J. H. Fendler and Li-Jen Liu, J. Am. Chem. Soc, 97, 
999 (1975). 

7) M. Lavallee, Circulation Res., 15, 185 (1964). 
8) J. M. Severinghaus, M. Stupfel, and A. F. Bradley, 

J. Appl. Phys., 9, 189 (1956). 
9) W. J. Waddell and T. G. Butler, J. Clin. Invest., 38, 

720 (1959). 
10) J. M. Salhang, T. Yamane, R. G. Shulman, and S. 

Ogawa, Proc Natl. Acad. Sei. U.S.A., 72, 4966 (1975). 
11) G. Navon, S. Ogawa, R. G. Shulman, and T. Yamane, 

Proc. Natl. Acad. Sei. U.S.A., 74, 87 (1977). 
12) L. Stryer, J. Mol. Biol., 13, 482 (1965). 
13) M. Gohn and T. R. Hughes Jr., J. Biol. Chem., 235, 

3250 (1960). 
14) W. M. Vaughan and G. Weber, Biochemistry, 9, 464 

(1970). 
15) M. Montai and G. Gitler, Bioenergetics, 4, 363 (1973). 



2056 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (7), 2056—2059(1979) [Vol. 52, No. 7 

Copper(I) Chloride Complex Containing /?-Benzoquinone as a Ligand 
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(Received October 4, 1978) 

A new complex [ (NH 4 )Cu 3 Cl 4 (C 6 H 4 0 2 )3 / 2 -H 2 0] was synthesized from CuCl2 , hydroquinone, and NH4G1 
in an aqueous solution, and its structure was characterized on the bases of its U V , IR , and ESR spectra and 
T G A . O n heating, this complex was stable up to 100 °G, but above 120 °G />-benzoquinone was released quan­
titatively. T h e complex was found to be a polynuclear copper (I) complex containing />-benzoquinone mole­
cules and chlorides as ligands, and to be a charge-transfer complex in which ^-electrons of the ring carbons of 
/>-benzoquinone form coordinate bonds with Gu(I ) . The formation process of the complex was: 

3GuGl2 + 3/2(G 6 H 6 0 2 ) + H 2 0 + NH4G1 = ( N H 4 ) G u 3 G l 4 ( G 6 H 4 0 2 ) 3 / 2 . H 2 0 + 3HG1 

D e e p r e d crysta ls a r e i n a d v e r t e n t l y o b t a i n e d w h e n 

C u C l 2 5 h y d r o q u i n o n e , a n d N H 4 C 1 a r e m i x e d in a n 

a q u e o u s so lu t ion . T h e y w e r e f o u n d to b e a n e w -

t y p e C u ( I ) c o m p l e x , [ ( N H 4 ) C u 3 C l 4 ( C 6 H 4 0 2 ) 3 / 2 - H 2 0 ] 

( to b e ca l led B Q - R e d he rea f t e r ) , i n w h i c h t h e n-

e lec t rons of j f r -benzoquinone fo rm c o o r d i n a t e b o n d s 

w i t h G u ( I ) . 
A c o m p l e x c o n t a i n i n g a l i g a n d of j f r -benzoquinone 

h a s b e e n syn thes i zed b y H a s h i m o t o et al.1) I n this 
c o m p l e x , b o t h of t h e o x y g e n a t o m s of j f r -benzoquinone 
a r e c o o r d i n a t e d to G u ( I ) . T h e I R s p e c t r u m of B Q -
R e d , h o w e v e r , i nd i ca t e s t h a t t h e oxygens c a n n o t b e 
t h e d o n o r a t o m s , b e c a u s e t h e shift of t h e C = 0 s t r e t c h i n g 
a b s o r p t i o n c a u s e d b y c o m p l e x a t i o n is on ly 8 c m - 1 . 

T h e a i m of this p a p e r is to de sc r ibe a m e t h o d for 
syn thes i z ing this i n t e r e s t i n g c o m p l e x a n d its c h e m i c a l 
a n d spec t r a l cha rac t e r i s t i c s . T h e i n f o r m a t i o n o b t a i n ­
ed f rom t h e l a t t e r is al l in h a r m o n y w i t h its s t r u c t u r e , 
w h i c h w a s r e c e n t l y e s t ab l i shed b y a n X - r a y d i f f rac t ion 
s tudy.* T h e r e a c t i o n m e c h a n i s m for t h e f o r m a t i o n 
of B Q - R e d wil l a lso b e discussed. 

E x p e r i m e n t a l 

Materials. T h e reagents, GuGl2, hydroquinone, and 
NH4G1 (Wako special grade), were used without further 
purification. All the solvents used were purified by repeated 
distillations. 

Apparatus. T h e I R spectra were taken with Hitachi 
perkin Elmer Model 125(4000—400 cm"1) and J A S G O 
DS-403G grating(600—200 cm"1) spectrometers. T h e E S R 
spectra were measured with a J E O L , Model JES-3BSX, 
X-band spectrometer. The U V and visible spectra were 
obtained with a Hitachi EPS-2U spectrometer. T h e T G 
and D T A measurements were carried out using a Rigaku 
denki DPA-001D apparatus , with a-alumina as the standard 
and in a quartz cell. The elemental analysis of G, H , 
and N was carried out by means of an auto G H N corder, 
Model MT-2(Yanagimoto) . 

Synthesis. NH4G1, CuCl2 , and hydroquinone were 
mixed in an aqueous solution. T h e total concentration 
of the three components in 100 ml was kept constant (2 M ) , 
while the molar ratios of the three were varied as is shown in 
Fig. 1. Deep red crystals separated out from the solution 
when 5 M N a O H (10—20 ml) was slowly added to the mixed 

t A schematic drawing of the established structure of 
BQ-Red is shown in Fig. A. T h e details of this X-ray study 
will be published elsewhere: H . Yamaguchi , T . Uechi , 
and I . Ueda , manuscript in preparat ion. 

solution with constant stirring. T h e crystals were obtained 
only when the molar ratio of the components lay inside the 
enclosed area shown by a dotted line (Fig. 1 ) ; no red crystals 
were formed outside of this area. This indicates that the 
formation of the red crystals depends mainly upon the amount 
of hydroquinone. When the amount of hydroquinone was 
smaller than the theoretical one (A) , red crystals were easily 
formed. All the red crystals thus formed has the same 
composition. T h e molar ratio at which the largest amount 
of red crystals (BQ-Red) was formed was, GuGl2 : hydro­
quinone: N H 4 C 1 = 3 : 1 : 1. 

BQ-Red is soluble only in aqueous NH4G1, and the higher 
the concentration of NH4G1, the better it dissolves. The 
solution is reddish orange. O n the other hand, when the 
concentration of NH4G1 is less than 2 M, it is hardly soluble, 
and it decomposes gradually, forming a yellow solution 
after 20—30 min. In water, BQ-Red decomposes at once 
and becomes greenish, with the formation of GuGl2. In 
methanol, the crystals become white GuGl, and a similar 
but partial decomposition occurs either in ethanol or in ace­
tone. In 1-pentanol, benzene, ligroin, ether, or petroleum 
ether, however, the crystals are stable and remain deep 
red. Since no solvent for the recrystallization was found, 
the sample of BQ-Red for the analyses was purified by scrub­
bing it with 1-pentanol and with ether to remove all unre-
acted substances. Deep-red crystalline plates of BQ-Red 
were obtained in this way. 

Analysis. The copper was determined by titrating it 
with E D T A after decomposition with a mixture of nitric 

CuCl2 

A X V\ A XXX 
X X A Y\ A f\V\ 

A A V Â  A A XX A 

/ YYYY Y V Y M 
CeH4(0H)2 NH4C1 

Fig. 1. Molar ratio of the three components for the 
formation of BQ-Red. 
[Cu] + [C 6 H 4 (OH) 2 ] + [NH 4 ] = 2.0 M . 

A : Theoretical value of BQ-Red, Gu:G 6 H 4 (OH 2 ) : 
NH4G1 = 6 : 3 : 2. 
O : Formation of BQ-Red (size of the circle indicates 
the amount of BQ-Red formed). 
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TABLE 1. THERMO GRAVIMETRIC ANALYSIS OF BQ-Red 

(I) in air 
Temp Weight 
(°C) loss \%) 

(II) in Ar 
Temp Weight 
(°G) loss (%) 

Calcd 
Weight loss 

(%) 
State 

(A) 25 
(B) 103 
(C) 230 
(D) 390 
(E) 450 
(F) 540 
(G) 

Q: (C6H402) 

0 
29.3 
33.6 
35.6 
41.6 
53.2 

~ 

25 
100 
232 
270 
— 
— 

595 

0 
28.1 
34.0 
37.7 
— 
— 

83.9 

0 
30.6 
34.0 
37.0 
43.9 
54.9 
81.7 

or 82.0 

" Q.3/2 
- H 2 0 
- N H 3 

- H C l 
- C I 3 + O3 

- (CuCl) 2 

- C l 3 - C u 3 / 2 

Gu3Q,3/2NH4C]4H20 
Cu3Cl3NH4ClH20 
(CuCl)3NH4Cl 
(CuCl)3HCl 
(CuCl)3 

3 (CuO) 
(GuGl) 
(Gu3/2) 

0 

50 

1 
100 

A 

A 
\ . 

: in air 
'. in Ar 
: in N2 

t 1 1 

D 

E 

1. 

\ 

1 

l£_J 
1 1 

TABLE 2. IR SPECTRA OF BQ-Red AND />-BENZOQUINONE 

100 200 300 400 500 600 700 

Temperature/0 C 

Fig. 2. TG curves of BQ-Red. 

acid and perchloric acid(3 : l).5) The chlorine was also 
determined by chelate titration, after the decomposition 
of the BQ-Red by the Schöniger method6) and the absorption 
of the evolved chlorine gas into a basic H 2 0 2 solution.7) 
Found: C, 20.06; H, 2.31; N, 2.62; CI, 29.68; Cu, 35.71%. 
Calcd for C9H12NCl404Cu3 : C, 20.36; H, 2.26; N, 2.64; 
CI, 26.73; Cu, 35.94%. 

R e s u l t s and D i s c u s s i o n 

ESR Spectrum (Solid State). The ESR spectra 
of BQ-Red and C u C l 2 - 2 H 2 0 in the solid state were 
measured. Since the intensities of the obtained spectra 
depend upon the content of Cu( I I ) , the content of 
Gu(II) in BQ-Red could be estimated from the da ta ; 
it was found to be about fiftieth of the total amount 
of copper in BQ-Red. Thus, the copper in BQ-Red 
is present as a univalent ion, and BQ,-Red appears 
to be a charge-transfer complex. 

Thermo gravimetric Analysis. BQ_-Red decom­
poses, with the sublimation of the yellow crystals of 
jfr-benzoquinone, leaving a green copper salt, within 
a month at room temperature in the summer. When 
BQ,-Red is heated, the yellow crystals of jfr-benzo-
quinone sublime from it at about 100 °G. Figure 2 
and Table 1 show the T G curves and related data. 
Experiment (I) was performed in air, and ( I I ) , under 
flowing argon. Both sets of data show that />-benzo-
quinone sublimes endothermically at about 100 °C 
and that the lattice water is then lost at about 230 °C. 

In air (I), the ammonium cation is lost as ammonia 
at about 390 °C and the chloride anion is lost as HCl 
$t about 450 °G endothermically? and finally stable 

BQ-Red 
(cm-1) 

/>-Benzoquinone 
(cm-1) 

Assignment 

3500 
3140 

3015 
1669 
1647 
1476 
1400 
1288 
1056 
869 

3070 

1655 

1592 

1308 
1084 
892 

?;(OH) lattice water 
*>(NH4) 

v(GH) 

*(NH4) 
<5d(NH4) 

v(G=0) 
v(G=G) 
<5d(NH4) 
<5(CH2) in 
<5(CH2) in 
<5(CH2) out 

ö 
as 

100 

80 

60 (-

4ot 

20[-

OL 
4000 

k/-W ' 
3000 1000 400 2000 1500 

Wave number/cm -1 

Fig. 3. IR spectrum of BQ-Red. 

C u O (F) is obtained. 
Under an inert gas, Ar ( I I ) , however, these two 

steps are indistinct, and the weight loss of 37 .7% at 
the (D) point indicates that a compound with the 
composition of (Cu3Cl3) -HCl is formed; this compound 
remains stable between 270 and 595 °C. Then, at 
595 °C, the weight loss suddenly increases until it 
becomes constant (83.9%, that is, 16.1 % of the initial 
weight of BQ-Red) ; thereafter, it does not change 
until 800 °G. In N 2 gas, the T G curve is similar to 
that obtained in Ar, as is shown in Fig. 2, and the 
final weight of BQ-Red is 1 6 . 1 % of the initial weight 
of BQ-Red, too. Under the inert gases, the final 
compound probably changes to elementary copper, 
corresponding to 1/2 of the initial copper content, 
while the rest sublimes away as chlorides. 

Thus , the T G data can be explained in terms of 
the [ (NH 4 )Cu 3 Cl 4 (C 6 H 4 0 2 ) 3 / 2 -H 2 0] formula. 

Infrared Spectrum. The I R spectrum of BQ-Red 
is shown in Fig. 3, while the assignments are svim-
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Fig. A. Schematic drawing of the molecular structure 
of BQ-Red. 
[(NH4)Gu3Gl4(G6H402)3/2.H20]2n. 

marized in Table 2. Many bands of BQ,-Red are 
similar to those of jfr-benzoquinone ; this indicates that 
the starting material, hydroquinone, changes to p-
bmzoquinone upon the formation of BQ,-Red. In 
t le spectrum of BQ-Red, the O C stretching band of 
/?-benzoquinone (1592 cm-1) shifts to 1476 cm- 1 . It 
i? interesting to note that this kind of shift to lower 
frequencies is more remarkable in Pt complexes.8> 
For example, the O C stretching frequency of the 
asymmetrical olefins observed at about 1600 c m - 1 shifts 
to 1504 c m - 1 in K[PtCl 3 (C 3 H 6 ) ]H 2 0, 9 ) although C=C 
bands of symmetrical olefins are not observed even 
in such complexes as K [ P t C l 3 ( C 2 H 4 ) ] H 2 0 . This sug­
gests that the C=C of the jfr-benzoquinone in BQ,-Red 
is asymmetrically coordinated to Cu. In fact, the 
results of the X-ray structural analysis shown in Fig. A 
show clearly that the /?-benzoquinone(l) has a sym­
metrical, but jfr-benzoquinone(2) has an asymmetrical, 
interaction with NH 4 +; this fact may cause some 
resemblance between them and symmetrical and asym­
metrical olefins respectively. 

O n the other hand, the shift of the C = 0 stretching 
absorption caused by complexation is only 8 c m - 1 in 
BQ,-Red. It can thus easily be deduced that the 
oxygen atoms of the carbonyl groups of jfr-benzoquinone 
are not coordinated to Cu( I ) , but only make hydrogen 
bonds with NH4+. This agrees with the fact that 
BQ-Red readily decomposes to give />-benzoquinone 
when heated. 

In addition, the intensities of the I R bands due to 
C - H [in-plane (1308, 1084 cm- 1) and out-of-plane(892 
cm - 1 ) ] are almost equal to each other in jfr-benzo-
quinone, but in BQ-Red those of the latter (899 and 
869 cm - 1 ) are much weaker than those of the former 
(1288 and 1056 cm- 1 ) . Thus , in the crystals of BQ,-
Red, the /?-benzoquinone molecules are arranged in 
a certain order, so that in-plane deformation vibration 
is promoted and out-of-plane deformation vibration is 
disturbed. 

The bands of water and the ammonium cation in 

600 500 400 300 200 

Wave number/cm -1 

Fig. 4. Far-IR spectrum of BQ-Red. 

BQ,-Red are clearly observed, as is shown in Fig. 3 
and Table 2. 

Far-infrared Spectrum. The characteristic band 
of a chloride anion bridging two metals is generally 
observed between 150—350 cm- 1 , and it is slightly 
split into two strong bands. I t is known10) that the 
wave number of the stretching frequency of the bridging 
chloride, i>(M-CI)b, is lower than that of terminal 
chloride, v (M-Cl) t . The far-IR spectrum of BQ,-Red 
is shown in Fig. 4. The absorption bands at 235 and 
250 c m - 1 can be assigned to those of v(Cu-Cl) b , and 
the band at 317 cm- 1 , to that of v(Cu-Cl) t . Since 
the former bands are stronger than the latter, most 
of the chloride ions seem to be combined directly with 
two Cu atoms. However, the structure shown in 
Fig. A has no terminal chloride. Since the central 
Gl(4) is different from the other three (1, 2, and 3) 
in coordinate number, the band at 317 cm- 1 may be 
assigned to the vibration of the central CI (4). 

The band at 416 cm" 1 is due to the skeletal vibration 
of jfr-benzoquinone. 

UV and Visible Spectra. The spectra of BQ-Red, 
j^-benzoquinone, and hydroquinone in 4 M NH4C1 
solutions were also observed. The jfr-benzoquinone is 
characterized by maxima at 246 nm (log e=3.95) and 
428 n m (log e = 1 . 4 ) , while hydroquinone is characteriz­
ed by maxima at 222 n m and 290 nm. The spectrum 
of BQ,-Red in the solution has maxima at 246 nm 
(loge' = 3.8), 275 n m (shoulder, log e '=3 .3 ) , 438 n m 
( loge '=2 .5 ) , and 800 nm ( l o g e ' = 1 . 6 ) ; this indicates 
that BQ,-Red forms jfr-benzoquinone in solution. How­
ever, the red shift of the maximum at 428 nm and the 
presence of a shoulder at 275 n m suggest the interac­
tions of jfr-benzoquinone with NH4+ and H 2 0 , which 
are in both the molecule and the solvent. 

Molecular Structure. Since copper in BQ-Red 
is univalent, a tetrahedral arrangement of ligands like 
that in other Cu(I) complexes seems most prob­
able;1 1 - 1 3) this expectation conforms to the results of 
the X-ray analysis (Fig. A). 

It is known that the coordination number of CI is 
usually I11»14) or 2.15) Moreover, Cu(I) complexes 



July, 1979] Copper (I) Chloride Complex Containing />-Benzoquinone as a Ligand 2059 

with a three-coordinate chloride,13) and a complex 
(Cu4Cl4)12) with two two-coordinate and two three-
coordinate chlorides, have been reported. However, 
BQ-Red is different from those reported previously,11-15) 
for it contains three two-coordinated and one three-
coordinated chlorides. 

Although the oxygen of the carbonyl group is usually 
one of the well-known donor atoms, in this complex 
the jr-electrons of the ring carbons of jfr-benzoquinone 
coordinate to Gu(I) as was reported in the case of a 
duroquinone complex,16) in which the jr-electrons of 
C=C of duroquinone coordinate to Ni ( I I ) . The co­
ordination of the jr-electron of C=C with Gu(I) has 
often been reported in aromatic complexes;17-20) for 
example, the (C 6 H 6 ) [Gu(OS0 2 CF) ] 2 complex18) is 
stable up to 100 °C. 

Thus, it is established that jr-complexing occurs in 
BQ-Red, though little has been reported with regard 
to the fact that the copper (I) is jr-bonded to a p-
benzoquinone ring.21) 

Reaction Mechanism. The hydroquinone which 
is added as a starting material in the synthesis changes 
to jfr-benzoquinone in the complex formation, but no 
BQ-Red is formed when jfr-benzoquinone is used instead 
of hydroquinone, and Gu(II) changes to Cu(I ) . Thus, 
the formation process of BQ-Red is: 

H O - / V o H — 1 — • -O-/ \-0~ (1) 

2Cu2+ + - O - / V o - = 2Cu+ + 0 = / ~ ~ V o (2) 

Then, three Cu(I) ions and three chloride ions make 
a ring: 

3Cu+ + 3C1- = Ring (-Cu-Cl-)3 (3) 

As Cu+(d10) favors sp3-hybridization, each Gu(I) ac­
cepts an electron pair from a jfr-benzoquinone around 
it and also combines with another chloride which is 
located at a center of the crown like ring (Cu3Cl3) 
(cf. Fig. A) to give a stable tetrahedral coordination 
structure : 

Ring (Cu3Cl3) + NH4C1 = (Cu3Cl3)Cl-.NH4+ (4) 

Thus, the overall reaction is: 

3CuCl2 + 3/2 C6H4(OH)2 + H 2 0 + NH4C1 

= BQ-Red + 3HC1 (5) 
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T h e dissociation constant of the complex formed in the mixed and very dilute surfactant solution of 3-(dodecyl-
ammonio)-propionate (NDA) and sodium alkylsulfates (G10, G12, G14) (SAS) was determined by measuring surface 
tension and adsorbed amounts of the solution. T h e composition in the surface and bulk phases did not coincide 
at the equimolar mixture. T h e adsorbed monolayer on the solution consists of the coadsorption of NDA-SAS 
complex (1:1) and free NDA, while the adsorption of free SAS was almost zero in various concentrations studied. 
Under these conditions the surface activity of the complex alone was obtained. T h e relationship between the 
surface activity and bulk concentration for each mixed solution was discussed in terms of relative adsorbability. 
T h e surface activity of the complex was one order of magni tude higher than that of NDA and two orders higher 
than that of SAS. 

The mixed surfactant in the aqueous solution has 
been found to have a more surface-active character 
than that of each component r1-10) in particular, the 
solution containing oppositely charged surfactants con­
siderably changes by the formation of an ionic com­
plex. There are a few papers which have described 
the dissociation constant of a surfactant complex, which 
is formed in a solution.7 '11 '12) Gorkill et al.,2>3) who 
studied the solution of mixed surfactant of sodium 
alkyl sulfates and hexadecyltrimethylammonium 
bromide (HTAB), found that an adsorbed layer com­
posed of the equimolar complex of these surfactants 
was independent of the bulk compositions, but that 
the complex formation did not take place in the bulk 
phase. 

The surface activity of a surfactant solution is re­
markably enhanced even in dilute solution when a 
complex is formed, but the concentration of each single 
species decreases only slightly. Thus a direct measure­
ment of concentration reliable enough for determining 
the dissociation constant is impossible in some cases. 
In view of such properties of surfactant solutions, the 
present work was carried out to determine the dis­
sociation constant of a surfactant complex in a mixed 
and very dilute solution by the surface chemical method, 
and to decide the surface activity due to the complex 
in the solution. Further, an at tempt was made to 
elucidate the relationship between the surface activity 
and the bulk compositions in the solution. 

E x p e r i m e n t a l 

The pure and synthetic surfactants 3-(dodecylammonio)-
propionate (NDA) and sodium alkyl sulfates (SAS) containing 
10 (De), 12 (D), and 14 (T) carbon atoms were used. Sur­
face tension and adsorbed amounts were measured by the 
Wilhelmy and the radiotracer methods, respectively. In 
radiometry, NDA was labelled with tritium and SAS with 
35S, respectively. The details of these measurements were 
described in previous papers.13-15) The temperature was 
maintained at 30.0±0.2 °G, and the pH of the solutions 
was 5.8±0.2. A part of the data obtained in the present 
studies has been reported elsewhere.16'17) 

R e s u l t s and D i s c u s s i o n 

The complex formation in the mixed solution of 
NDA a,nd SAS wa,s confirmed by the electrophoresis 

study using radioactive surfactants.17) The conduc­
tivity measurements for the solution, however, did not 
show any indication of complex formation in the 
solution, as had been found in the mixed SAS-HTAB 
solution,3) probably because the concentration of com­
plex is too low for the detection method. 

In order to study the composition of the complex of 
NDA and SAS (e.g. SDS), the surface tension was 
measured for the single and mixed solutions of NDA 
and SDS. The results are shown in Fig. 1. The 
dotted line in the figure represents the difference in 
the surface tensions between the mixed and the (ideal) 
hypothetical mixed solutions of NDA and SDS. The 
maximum deviation occurred at the equimolar com­
position of the mixed solution. This fact leads to 
the conclusion that the NDA-SDS complex in the 
bulk phase has a stoichiometric composition in 1:1 
molar ratio. This coincided with the results of ele­
mental analysis on the precipitate which was prepared 
by mixing the NDA and SDS solutions at high con­
centrations.17) 

Determination of the Dissociation Constant of Complex. 
A complex, if it is surface-active, always coadsorbs 
at its solution surface, independently of the surface 
behaviors of the other species in the solution. Hence, 
the Gibbs adsorption isotherm may be applied to 
such a surface-active solution.18) In present adsorp­
tion system, the solute species in the solution are limited 

Concentration of surfactant, C/10_5moll-1 

0 05 -t0 L5 2.0 
7 751 I T « 1 

0 0.2 0.4 0.6 0.8 1.0 

Mole fraction of NDA 

Fig. 1. Surface tension vs. concentration curves for the 
solutions of NDA(#), SDS(O) and their toatal cons­
tant mixture (C). A dotted line shows the difference 
of surface pressures in the ideal and real mixed solution^, 
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Fig. 2. Surface tension vs. logarithmic concentration 
curves for the solutions of SDeS(A) , SDS(O) , STS 
(D) , N D A ( # ) and the equimolar mixed solutions 
of N D A - S D e S ( O ) , N D A - S D S ( A ) , and N D A - S T S 
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Fig. 3. Adsorption isotherms of equimolar mixed solu­
tions. rD was measured on the 3 H N D A - S D S solution, 
T A on NDA- 3 5 SDS. 

to s o d i u m ( N a ) , a lkyl sulfate ( A ) , a m p h o l y t e ( D ) , 

a n d c o m p l e x (G) ions , a n d these a r e r e l a t e d t o : 

A" + D± ; = b G-
K 

Prev ious observa t ions 1 5 ' 1 9 ) s h o w e d t h a t t h e hydro lyses 
of t h e su r fac tan t s d i d n o t h a v e to b e cons ide red u n d e r 
t h e p r e sen t e x p e r i m e n t a l cond i t i ons . S ince t h e ac t iv i t y 
coefficients of these ions m a y b e p u t a t u n i t y d u e to 
t h e low c o n c e n t r a t i o n , t h e d issoc ia t ion c o n s t a n t of 
t h e c o m p l e x , K, in t h e b u l k p h a s e c a n b e def ined in 
t e r m s of t h e su r f ace -chemica l p a r a m e t e r s as follows 
(see A p p e n d i x ) : 

K 
1 

\2i-3rD-rA ) l (i) 

w h e r e 

a n d 

1= -(dy/RTd\nC)i:i, 

C = CA + Ce = Cj) + Ce 

(2) 

rA = rA + rc = rNa. 
C is t h e c o n c e n t r a t i o n in t h e a p p a r e n t e q u i m o l a r 
m i x e d solu t ion of N D A a n d S A S , y t h e surface t ens ion , 
r t h e surface excess, R t h e gas c o n s t a n t , a n d T t h e 
abso lu t e t e m p e r a t u r e . T h e subscr ip t s a n d supersc r ip t s 
m e a n t he effective a n d a p p a r e n t q u a n t i t i e s for e a c h 
species, respect ively . K in E q . 1 m a y b e e s t i m a t e d , 
if t h e surface t ens ion a u 4 t h e a d s o r b e d a m o u n t s a r e 

T A B L E 1. DISSOCIATION CONSTANT FOR NDA-SAS 

COMPLEXES IN AQUEOUS SOLUTION (30 °G) 

Complex 
K 

1 / m o l x l O 4 

N D A - S D e S 

N D A - S D S 

N D A - S T S 

1.32 

6 .54 

33 .6 

o 

a 

^2 

<! 

Goncentraction of NDA, CD /10-5 mol l"1 

Fig. 4. Comparison of the A ^ values for each mixture 
with the adsorption isotherm of single N D A solution 
( • ) . A : NDA-SDeS , O : N D A - S D S , • : N D A - S T S . 
Adsorbed amounts of the single S D S ( # ) and STS(H) 
solutions are plotted at the same concentration scale 
with N D A solution. 

m e a s u r e d as a func t ion of t h e c o n c e n t r a t i o n C. F i g u r e 
2 shows t h e y vs. l o g a r i t h m i c c o n c e n t r a t i o n p lo t for 
t h e N D A a n d S A S so lu t ions . r D a n d T A m e a s u r e d b y 
r a d i o m e t r y a r e s h o w n in F i g . 3 . S i m i l a r t endenc i e s 
w e r e o b s e rv ed for t h e N D A - S D e S a n d N D A - S T S 
solu t ions . T h e K v a lue s o b t a i n e d a r e l isted in T a b l e 
1. T h e effective c o n c e n t r a t i o n s , t h e n , c a n b e e s t ima t ­
ed for e a c h species in t h e m i x e d su r f ac t an t solut ions 
of N D A a n d S A S b y us ing t h e K va lues . 

Surface Composition. As s h o w n in F ig . 3 , t h e 
a d s o r p t i o n i so the rms , rD a n d rA

y w h i c h w e r e i n d e ­
p e n d e n t l y m e a s u r e d w i t h re spec t to e a c h r a d i o a c t i v e 
so lu t ion of 3 H labe l l ed N D A - S A S a n d N D A - 3 5 S labe l ­
led S A S a t t h e s a m e c o n c e n t r a t i o n C, d i d n o t co inc ide 
w i t h e a c h o t h e r even a t t h e e q u i m o l a r m i x e d so lu t ion . 
T o s t u d y this d i f ference, t h e surface ac t iv i ty w a s e x a m i n ­
ed for e a c h single so lu t ion of N D A a n d S A S a t t h e 
c o n c e n t r a t i o n s c o r r e s p o n d i n g to those w h i c h w e r e 
e s t i m a t e d for e a c h N D A - S A S so lu t ion b y t h e K va lues . 
N e i t h e r surface excess n o r surface t ens ion lowerinor 
was o b s e rv ed for t h e S A S solu t ions , w i t h i n t h e expe r ­
i m e n t a l e r r o r (see F ig . 4).i4»i5,20) T h e n , it m a y b e 
fair ly asse r ted t h a t T A is z e ro a t v a r i o u s c o n c e n t r a t i o n s 
u n d e r c o n s i d e r a t i o n . S ince rA was ze ro , t h e dif ference, 
Ar, of t h e rD a n d rA i s o t h e r m s in F ig . 3 w a s c o m p a r e d 
w i t h t h e surface excess, -/"'D, m e a s u r e d a t t h e s a m e 
effective c o n c e n t r a t i o n of t h e single N D A solu t ion . 
T h e resul ts a r e s h o w n in F ig . 4 . T h e Ar va lues 
o b t a i n e d for a l l N D A - S A S systems a r e in fairly g o o d 
c o i n c i d e n c e w i t h t h e T 2 v a l u e s . T h e n ^ A —0 a n d 
A^T — r»; therefore , T A is r c . C o n s e q u e n t l y , t h e dif­
ference of i so the rms in F ig . 3 c a n b e e x p l a i n e d b y 
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0 0.5 1.0 

Mole fraction of complex, Xc 

Fig. 5. Dependence of surface tension on complex con­
centration. Concentration of NDA (MxlO5) was 
kept at 0.60(D), 1.00(#), 2.00(O) and 3.60(0). Ar­
rows show the surface tension of complex alone. 

the facts that the adsorbed monolayer from the mixed 
solution consists of the coadsorption of the complex 
of NDA-SDS and NDA, while the adsorption of SDS 
owing to the single dispersion in the solution is almost 
zero, as shown experimentally for SDS and STS in 
Fig. 4. 

Surface Activity of Complex. Attempts were made 
to determine the surface activity of the complex alone, 
though direct measurements are of course impossible. 
The dependence of surface tension on composition of 
the film which consists of several species has not been 
elucidate for the adsorbed monolayer. However, the 
following linear relation is frequently found, in the 
bulk ternary system, between its surface tension and 
the mole fraction of solutes (1,2) at constant amount 
of solvent:21) 

y = Xl7l + X2y2 (3) 

If y is measured as a function of mole fraction, the 
extrapolated surface tensions for each single solution 
can be obtained at various concentrations: 

yl = (lim y)c 

By this manner the surface tension of a complex may 
be obtained. The complex solutions for this purpose 
were prepared at various concentrations by adding 
varying amounts of SAS to the NDA solution of 
the constant concentration. The fraction of complex 
formation, Xc, in the solution was calculated from 
XC=CCICB by using the K values shown in Table 1. 
Figure 5 is the plot of surface tension against Xc. 
Though the present solution contains four species, the 
apparent additivity expressed by Eq. 3 was well estab­
lished in a wide region of mole fraction for the com­
plex.22) The surface tension obtained by extrapolat­
ing Xc to 1, corresponding to that for the solution of 
complex alone, is shown in Fig. 6 as a function of 
complex concentration, Cc, though only two points 
were obtained for SDeS and STS complexes. The 
surface excess, fl, of complex was calculated from 

Ö 

Ö 

o 

3 
m 

-6 .0 - 5 . 0 
log (Co/mol l-1) 

Fig. 6. Surface tension vs. concentration curves for the 
complex solutions. A : NDA-SDeS, # : NDA-SDS, 
• : NDA-STS. 

o 

Cc/10-5 moll-1 

Fig. 7. Adsorption isotherm of NDA-SDS complex. 
Heavy solid line is the ri values calculated from 
Eq. 4. 

Fig. 6 by Eq. 4, assuming an ideal solution for the 
complex : 

dy 
0 2RT \ dlnCc J„ (4) 

O n the other hand, the rA isotherm in Fig. 3 is seen 
to be the ro isotherm, according to the argument in 
the previous section. The ri values calculated from 
Eq. 4 are compared with the "observed" isotherm 
for the N D A - S D S complex in Fig. 7. Both curves 
were in good agreement for either the NDA-SDeS 
or the N D A - S T S complex. This is an experimental 
approval for the present approach. 

In order to compare the surface activity of a complex 
to that of NDA, the relative adsorbability, a, was 
obtained by means of Eq. 5, which was defined so 
as to eliminate the concentration dependence near 
the close-packing adsorption: 

a = lim -
Ci->o Ci J cD->o CD 

lim rD (5) 

The results are shown in Table 2. It was found that 
the surface activity of complex is larger by one order 
of magnitude than that of NDA and also larger by 
two orders of magnitude than that of SAS. The 
increment of chain-length of alkyl sulfates incorporated 
in the complex is likely to enhance exponentially the 
surface activity of complex, as in free SAS. It is of 
interest that the increasing rate of a values for a series 
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TABLE 2. RELATIVE ADS ORB ABILITY OF COMPLEX 

AND SAS TO N D A 

Surfactant 

NDA 
SDeS 
SDS 
STS 
NDA-SDeS 
NDA-SDS 
NDA-STS 

lim(r/C), l/cm2x 
C-K) 

0.313 
0.028 
0.041 
0.059 
5.02 

10.3 
20.5 

io-5 oc 

1 
0.089 
0.13 
0.19 

16.0 
32.9 
65.5 

of free S A S is r a t h e r less t h a n t h a t in t h e s t a t e c o m -
p l e x e d w i t h N D A . T h i s t e n d e n c y m i g h t b e r ea son ­
a b l e , b e c a u s e t h e in i t ia l i n c l i n a t i o n in t h e i s o t h e r m 
is expec t ed to inc rease m o r e o r less e x p o n e n t i a l l y w i t h 
inc reas ing c h a i n - l e n g t h of surfactant .1 4 '2 3»2 4) 

T h e p r e s e n t m e t h o d wil l b e a p p l i c a b l e in g e n e r a l 
to t h e d e t e r m i n a t i o n of t h e d i ssoc ia t ion c o n s t a n t of a 
c o m p l e x w h i c h is f o rmed e i the r b y t h e c h e l a t i o n o r 
b y t h e associa t ion r eac t i on , if a t least o n e of t h e species 
in t h e so lu t ion is sur face-ac t ive . 

A p p e n d i x 

T h e Gibbs adsorption isotherm is written for the present 
system as follows: 

dy 

RT 
= rAd\aCA + r D d l n C D + r N a d l n C N a + r c d l n C c 

(Al) 

In the equimolar mixed solution, when a complex is formed 
at 1 : 1 molar ratio, K is written 

where, C"=C A = C D > 0 . Substituting Eqs. 2 and A2 into 
Eq. Al, we have 

1=^ + 1") 1+4KC1™+4KC)V2+^ (A3) 

By introducing the substitution (1+4:KC)1/2 = A, {A^\), 
we have 

- 2 / -3r A - r D 

Then, we may obtain Eq. 1. 

(A4) 
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Both Oxidation and Reduction of Aromatic Hydrocarbons by an 
Electrolysis Cell Designed for Low-temperature ESR Studies 

Hiroaki OHYA-NISHIGUGHI 

Department of Chemistry, Faculty of Science, Kyoto University, Kyoto 606 
(Received November 24, 1978) 

A simple two-electrode cell for low-temperature electron spin resonance (ESR) measurements has been 
designed. A helical gold wire, the working electrode with large surface area (12 cm2), generated intra muros 
enough positive or negative ions to measure the ESR spectra of unstable radical ions at low temperatures. To 
test the electrolysis conditions of the cell, the ESR spectra of about 20 aromatic compounds have been observed 
at temperatures as low as —90 °G. It has been shown that the cell can be applicable to the compounds with 
half-wave potential of 1.5 to —3.7 V SGE, provided that the ions produced are not reactive. The experimental 
conditions of the dimer cation generation have also been checked in polar or nonpolar solvents. 

The electrochemical generation of organic radical 
ions for ESR studies has some advantages over the 
usual chemical methods.*) The application of this 
method to the compounds with high ionization poten­
tial or with low electron affinity, however, has been 
severely limited by the following difficulties. One of 
the principal problems encountered in setting up an 
electrolysis cell inside the ESR cavity is the high di­
electric loss caused by the large dielectric constants of 
the solvents commonly used in electrochemistry. This 
loss can have a very deleterious effect on the quality 
factor (QJ of the resonant cavity. Secondly, the con­
ventional electrolysis cells so far used for ESR studies 
produced a large ohmic drop, which results in low 
electrolysis current. In 1975 Allendoerfer, Martinchek, 
and Bruckenstein2) described a radically new design 
of a cell for simultaneous electrochemical-ESR(SEESR) 
measurements, based on a coaxial microwave cavity; 
this cell design has overcome the difficulties pointed 
out above. O n the other hand, the use of low-temper­
ature environments has proved to be of considerable 
value3) for the observation of unstable species produced 
by electrochemical experiments. Modifying the cell 
developed by Allendoerfer et al., Gerson, Ohya-
Nishiguchi, and Wydler4) have observed the ESR 
spectra of typical aromatic hydrocarbons at — 90 °C to 
determine indirectly the half-wave reduction potentials 
(E1/2) of benzene and paracyclophane, two compounds 
with low electron affinity. This modified cell was 
successfully used for the ESR measurements of the 
other compounds with high ionization potential or 
chemically unstable radical ions.5) The purpose of 
this paper is to present a cell design which is useful 
for the low-temperature ESR measurements and to 
discuss its applicability according to the results ob­
tained. 

Ce l l D e s i g n 

Optimum Conditions of Electrochemical ESR Measure­
ments. W e describe here the opt imum conditions 
for electrochemical ESR measurements, assuming the 
linear diffusion model.6) This assumption is not strictly 
applicable to our cell, but this model is adequate for 
qualitative understanding of the experimental condi­
tions. 

The radical concentration [R- ] produced during 
a, constant current electrolysis can be described simply 

by the rate equation: 

where V is the effective volume of the diffusion layer 
of the radical ions produced, F the Faraday constants, 
and k(T) and i(T) are the decay constant of R* and 
the electric current producing R- , respectively, at 
temperature T. When i(T) is assumed to be control­
led by the linear diffusion process only, i(T) can be 
derived from Fick's first law: 

i(T) = ^^-nFC (2) 

where A is the surface area of the working electrode, 
C, D(T), and 1{T) are the concentration, the diffusion 
coefficient, and the effective thickness of the diffusion 
layer, respectively, of parent molecules R, and n is 
the number of electrons involved in the electrode 
reaction. Hereafter n is assumed to be one, because 
ESR observation of the electrolysis means the one 
electron reaction on the electrode surface. Using the 
steady state condition d [ R - ] / d £ = 0 , and substituting 
Eq. 2 into Eq. 1, the radical concentration [R*] s can 
be estimated from the next equation, 

1 J s " Vl(T) k(T) { } 

In order to obtain high concentrations of [R- ] s , A 
has to be made as large as possible without any ap­
preciable disturbance of the microwave mode inside 
the cavity. Allendoerfer et al. succeeded in obtaining 
large A values by using a finely wound shallow pitched 
helix as a working electrode. Secondly, it can be 
deduced from Eq. 3 that a high concentration of the 
parent compound is desirable to increase [ R - ] s . High 
resolution ESR spectroscopy in solution requires usually 
a concentration not higher than 1 mmol d m - 3 , because 
in the high concentration range the electron transfer 
effect on the ESR line width becomes predominant, 
in addition to the problem of the inhomogeneity of 
the solution.7) Such effect, however, can be safely 
suppressed if the temperature of the solution is lowered 
below about —60 °C to the region where the electron 
transfer effect becomes negligible. Thirdly, Eq. 3 
shows also the necessity of low temperature measure­
ments to suppress mainly the radical decay. Strictly 
speaking, Eq. 3 has a maximum at a temperature ( Tm) 
slightly higher than freezing point of the solution. 



July, 1979] Electrolysis Cell for Low-temperature ESR 2065 

Fig. 1. Schematical diagram of the electrolysis cell 
mounted in a TE011 cylindrical cavity (J) with a tem­
perature control dewar (I). See text about the other 
notations. 

because of the rapid increase of viscosity and solution 
resistance near the melting point. This requires the 
development of pertinent solvent-supporting electro­
lyte systems possessing reasonably high conductivity 
over a wide low temperature range.3) Taking such 
conditions into account a simple cell for the low-
temperature ESR study has been designed. 

Apparatus. Figure 1 shows a schematic diagram 
of the electrolysis cell mounted in a TE 0 1 1 cylindrical 
cavity (J) with a temperature control dewar (I). T h e 
cell consists of four parts, (E) to (H) : (E) contains a 
helical electrode wound of a 0.5 m m diameter gold 
wire (A) and a straight plat inum wire of a 0.5 m m 
diameter (B) supported by two Teflon holders (C) and 
(D) along the tube axis. By changing the polarity 
of these electrodes either cations or anions can be 
produced on the working electrode. (F) and (G) 
hold the terminals for (A) and (B), respectively, which 
are connected to a potentiostat with a sensitive current 
meter. (A) is wound to fit against the inner wall 
of the 3.5 m m i. d. pyrex tube (E), its length and 
surface area being about 50 m m with 80 turns and 
12 cm2, respectively. The mercury amalgamation of 
(A) was carried out as required in the case of the 
anions. It should be noted in this figure that no 
reference electrode was used in order to simplify the 
electrolysis apparatus. If necessary one can estimates 
E1/2 from a linear relationship between E1/2 and the 
minimum voltages applied between two electrodes, 
Fa , at which the ESR spectra of the radicals appear 
during the electrolysis.4) 

Procedure 

Each solution prepared under a nitrogen atmosphere 
was degassed by the freeze-pump-thaw cycles three 

or four times. After the cell was pumped and flushed 
with dry nitrogen through the stop cock in Fig. 1, 
the solution of about 0.7 ml was transferred into (E) 
through (F) with a pipette under the dry nitrogen 
atmosphere. Then the cell containing the solution 
was inserted into the cavity. After the solution temper­
ature was decreased, the voltage was applied between 
two electrodes and gradually increased until ESR 
signals could be observed. The observation of the 
ESR signals was carried out with the field modulation 
of 1 .0x lO~ 4 T, which was appropriate to observe the 
appearance of the signals. As the voltage applied 
reached F a , the electric current of the circuit also in­
creased appreciably, its amount depending on the 
temperature, solvent used, and the concentration of 
the substrates (see Eq. 2). Several solvents were tested 
for the generation of both radical cations and anions. 
l ,2-dimethoxyethane(DME) with 0.1 mol tetrabutyl-
ammonium Perchlorate (TBAP) is recommended 
for anions, and dichloromethane(CH2Cl2) including 
10% trifluoroacetic acid (TFAc) and 10% trifluoro-
acetic anhydride(TFAn) with or without 0.01 mol 
TBAP8) are recommended for cations. I t should be 
noted in the latter case that the pertinent ratios of 
these solvents depend on the stability of the parent 
compound to be oxidized and solubility of the radical 
cations produced in the solvent, as will be discussed 
in the following section. 

Exper imenta l 

DME was refluxed with LiAlH4 for two days, followed 
by distillation onto the Na-K alloy. Dry DME was distil­
led into a bottle with 0.1 mol supporting reagent, and flushed 
with dry nitrogen gas. Spectrograde GH2G12, TFAc, and 
TFAn were used without further purification. ESR spectra 
were measured with a Varian E-9 spectrometer. 

R e s u l t s a n d D i s c u s s i o n 

Effects of the Cell on the Cavity Properties. When 
this cell was inserted into the cavity, the resonance 
frequency became only 0.22 GHz higher than that 
without the cell (9.07 GHz) . Such a small shift means 
that the cell can be treated in a similar manner to 
the usual sample tube containing the solution for the 
ESR measurements. The Q factor, on the other hand, 
depended on the solution to be electrolyzed as well 
as on the design of working electrode. Tight fitting 
of the helix electrode to the inner wall of (E) in Fig. 1 
was most important to maintain the high Q. The 
loaded Q in the case of polar solvents, i.e. H 2 S 0 4 , 
H 2 0 , and iV,iV-dimethylformamide(DMF), were 
measured as 2200, 2500, and 3200, respectively. Even 
in the case of H 2 S 0 4 , Q was high enough to measure 
the ESR spectra. 

Oxidation of Some Aromatic Hydrocarbons. The 
electrolytic oxidation of aromatic hydrocarbons was 
more difficult than the electrolytic reduction was, 
mainly because in nonpolar solvents the cations pro­
duced deposited on the surface of the electrode, while 
in polar solvent such as C F 3 C O O H , on the other 
hand, substrates sometimes decomposed. T h e most 
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Fig. 2. The ESR observation after partial electrolytic oxidation of 3 niM 9,10-dimethyl-
anthracene in GH2G12 with 10% GF3GOOH and 10% (GF3GO)20 at - 8 0 °G. Sup­
porting reagent: Tetrabutylammonium Perchlorate, field modulation: 0.1 G. M and D in 
the figure correspond to the representative lines due to the monomer and the dimer 

+ + 
cation radicals, respectively. The ratio of [DMA -] to [(DMA)2*] is about 1 : 6. Slight 
difference of their ^-values leads to an asymmetric ESR spectrum. 

effective solvent for electro-oxidation of aromatic hy­
drocarbons was the mixture C H 3 N 0 2 or CH2C12 / 
TFAc/TFAn, with TBAP as a supporting reagent. 
The ratios of these reagents were changed, correspond­
ing to the stability of the parent molecules and cation 
radicals produced. The compounds with oxidation 
potential (Ey*) lower than ca. 0.9 V SCE, hereafter 
called Category I, were oxidized partially when dis­
solved in the solvent mixture (ratios: 10/(1—10)/I/O) 
without any application of voltage. When the voltage 
larger than E?/2 was applied, the ESR signals increased 
substantially, and sometimes became highly resolved. 
Secondly, the compounds with E°/2 between 0.9 and 
1.3 V SCE (Category II) could be oxidized at temper­
atures as low as — 60 °C in the solvent with ratios of 
10/1/1/0. V& roughly corresponded to E°/2. Thirdly, 
the compounds of Category I I I having E?/2 higher 
than ca. 1.3 V SCE gave the spectra at —70 to —90 °C 
(ratios: 10/1/1/0.01 mol d m - 3 ) . Durene was the com­
pound with the highest E?/2 of all the compounds 
which successfully gave the resoved ESR spectra. This 
means that the ESR spectra of the compounds with 
Ei°/2 lower than 1.5 V SCE can be observed provided 
that no chemical reactions of the cation produced 
occur. I t should be pointed out here that the ESR 
spectra of the dimer radical cations can also be observed 
under the conditions a) high concentration, b) low 
temperature, c) nonpolar solvents, d) low voltage avail­
able, and e) the beginning of electrolysis, unlike the 
situation of monomer production. In some cases, i.e. 
pyrene, acenaphthene, and tetramethylparacyclophane, 
the ESR spectra due to monomer cations could not 
be observed even if the conditions mentioned above 

were changed. This means that in CH2C12 , nonpolar 
solvent, the dimer configuration is quite stable com­
pared with the corresponding monomer cations. The 
ESR observation after the oxidation of 9,10-dimethyl-
anthracene(DMA), a typical example, showed clearly 
the existence of the dimer species in addition to that 
of the monomer under the conditions mentioned above : 
a) to e) (see Fig. 2). It should be noted that Van 
Duyne and Reilley3) also measured the steady-state 
cyclic voltammograms of D M A on a plat inum electrode 
at low temperatures. From these results they postulat­
ed an equilibrium between monomer and dimer cations 
of D M A : 

DMA t + DMA ; = ± (DMA),1" (4) 

which is in good agreement with our results. In 
Table 1 the coupling constants of the monomer and 
dimer cations of typical aromatic compounds are sum­
marized, with some experimental conditions. From 
this table one can say roughly that Fa corresponds to 
Ei/2 in the range of the error + 0 . 2 V, in spite of 
different conditions. O n oxidations of benzene and 
naphthalene a broad line with the line width of 5 to 
6 G has been observed. 

Reduction of Aromatic Hydrocarbons. In order to 
check the applicability of the cell, the reduction of 
aromatic hydrocarbons, whose Ei/2 values were known 
by the Polarographie measurements, was carried out 
under the same conditions (C: 5 mmol, DME/0.1 mol 
TBAP, - 9 0 °C), followed by the observation of both 
V& and its high-resolution ESR spectrum. The proton 
hyperfine coupling constants which were used for the 
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TABLE 1. THE ELECTROLYSIS CONDITIONS AND THE HYPERFINE COUPLING CONSTANTS OF 

SOME AROMATIC HYDROCARBON RADICAL CATIONS 

Substance 

Category I 
Naphthacene 
Perylene 
9,10-Dimethyl-

anthracene 
Anthracenophane 

Category II 
Biphenylene 
Indeno[l,2,3-*/]-

fluoranthene 
Chrysene 

Pyrene 
Anthracene 

Category III 
Coronene 
Hexamethyl benzene 
Acenaphthene 

Tetramethyl-
paracyclophane 

Durene 

Voltage 
applied 

(V) 

0 . 5 

0 . 9 

0 .9 

0 . 5 

1.15 
1.20 

1.30 

1.25 
1.35 

1.3 

1.55 
1.6 

1.7 

1.8 

Temperature 
(°G) 

< 2 5 

< 2 5 

<o 

< 2 5 

< - 2 0 
- 1 0 < T < + 10 

< - 3 0 

< - 3 0 
< - 3 0 

< 2 5 

< - 4 0 
< - 6 0 

< - 7 0 

< - 9 0 

5.09(4) 
4.08(4) 
8.08(6) 

1.10(8) 

3.55(4) 
2.01(4) 

5.56(2) 
1.40(2) 

6.61(2) 

1.50(12) 
6.50(18) 

Hyperfine coupl 
Monomer 

1.68(4) 
3.07(4) 
2.48(4) 

0.95(8) 

0.20(4) 
0.71(4) 

2.65(2) 
0.70(2) 

3.05(4) 

1.04(4) 
0.44(4) 
1.24(4) 

0.64(8) 

0.19(4) 

1.81(2) 

1.40(4) 

ing constants (G)a) 
Dimer 

1.96(8) 
3.51(12) 

1.75(8) 

2.68(8) 
3.24(4) 

0.77(24) 
3.25(36) 
9.10(8) 
0.70(4) 

2.23(24) 
0.186(8) 
5.0(24) 

1.53(8) 
1.22(8) 

0.15(8) 

1.03(3) 
1.45(8) 

2.38(4) 

1.67(8) 

0.2(4) 

0.22(8) 
0.66(8) 

0.54(4) 
0.71(8) 

0.88(4) 

0.372(8) 

a) G = 1 0 _ 4 T . Numbers of equivalent protons giving rise to the coupling constants are indicated in parentheses. 

TABLE 2. APPEARANCE VOLTAGES AND ESTIMATED 

REDUCTION POTENTIALS OF AROMATIC HYDRO­

CARBONS WITH LOW ELECTRON AFFINITIES 

Compounds 

Biphenyl 
[2.2]Paracyclophane 
Benzene 
Toluene 
m-Xylene 

- F a ( V ) 

5 .02±0.05 
5 .85±0.05 
6 .35±0.05 
7 .0±0 .1 
7 .0±0 .2 

-E^us. SCE(V) 

2.57 
3.05 
3.31 
3.7 

3 .7 

identification of the anion produced, coincided with 
those previously published, within the range of experi­
mental errors. In the previous paper4) we described 
the relationship between Fa and E1/2. The pertinent 
regression line has an equation 

Fa - (1.92^:0.06)^% (5) 

with a correlation coefficient of 0.991 and a deviation 
from the origin (0.007). Fa defined above can be 
alternatively described as the voltage at which [R-] 
reaches the minimum radical concentration detectable. 
If the radical decay becomes appreciably larger, i.e. 
irreversible in terms of cyclic voltammetry, one has 
to apply a voltage lower than the real one, which 
causes a deviation from the linear relationship of Eq. 5. 
Such a good relationship as in Eq. 5, therefore, has two 
significant meanings: One is a good correspondence 
of Vg, and £ï /2, which was successfully applied to 
the indirect determination of Ei/2 of benzene and other 

aromatic hydrocarbons with low electron affinity (Table 
2). The other is that if Ei/2 of a compound is higher 
than that of jfr-xylene ( —3.7 V SCE), it is possible 
to observe the ESR spectrum by applying Fa cor­
responding to its Ei/t given by Eq. 5. This is in 
contrast with the cell used by Levy and Myers,9) who 
applied voltage as large as 110 V to reduce the 
pyridines and diazines. 

I t should be mentioned finally that D M F with 0.1 
mol tetraethylammonium perchlorate(TEAP) was also 
a good solvent for chemically unstable radicals, because 
the electrolysis current is ca. 10 times larger than that 
in D M E at the same temperature, although its freezing 
point ( — 60 °C) is a little high. 

This work was mostly carried out at Physikalisch-
Chemisches Institut der Universitaet Basel. The 
author would like to express his appreciation to Profes­
sor Fabian Gerson for his continual discussion and 
encouragement. He also wishes to thanks Drs. J u r g 
Bruhin, George Plattner, and Crystoph Wydler for 
their illuminating discussions. 
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The reaction between S0 2 and MnOa has been studied by measuring the consumption of SOa-gas and the 
infrared spectra of the wafer of Mn0 2 . In the low-temperature range (<200 °G) the reaction is completed 
within one or two surface layers of Mn0 2 , and the reaction products are the bidentate sulfato complex (G2v) and 
the sulfato complex in Td symmetry. In the high-temperature range, on the other hand, the reaction progresses 
deep into the bulk and can be described by this stoichiometric equation; Mn02-f S02->MnS04 . The catalysis 
of MnOa for the SOa-induced isomerization of cis-2-butène is closely related to the formation of the sulfate ion. 
The initiation step proposed for the isomerization is a polarization of the charge-transfer complex of S0 2 and 
butène under the influence of the strong electrostatic field caused by the generation of the surface sulfato complex. 

The absorption of S 0 2 from flue gas by an activated 
manganese oxide has become of interest in the field 
of S02-emission control.1,2) In relation to this subject 
several kinetic studies of SO a absorption by manganese 
dioxide has been published.3 - 5) However, no study 
of the chemistry of the reaction between SO a and 
manganese dioxide has been reported. 

Otsuka et al. reported that, in the presence of S 0 2 , 
M n 0 2 gains a very high catalytic activity in the 
cis-trans selective isomerization of various olefins, 
which is accompanied by copolymerization between 
S 0 2 and olefins in the adsorption layer.6) They 
hypothesized that the high catalytic activity of M n 0 2 

may be caused by a strong electrostatic field on the 
surface brought about by the formation of a sulfato 
complex. 

The purpose of the present work is to investigate 
the reaction between S 0 2 and M n 0 2 by measuring 
the consumption of S02-gas and the infrared spectra 
of the wafer of M n 0 2 , and to verify the above hypo­
thesis as to the high catalytic activity of M n 0 2 in 
the copolymerization-accompanying isomerization of 
«i--2-butene. 

E x p e r i m e n t s 

Materials. Commercial MnOa prepared by the reduc­
tion of K M n 0 4 was used as the catalyst. The surface area, 
as determined by the BET method with nitrogen after degas­
sing treatment at 100 °G, was 104m2/g. The MnS04-4— 
6H 2 0 was a product of Wako Pure Chemical Ind., Ltd. 
The reagent S0 2 gas, of an anhydrous grade and supplied 
by the Matheson Chemical Co., and the d.y-2-butene gas, 
a high-purity product of the Phillips Petroleum Co., were 
purified by trap-to-trap distillation in a vacuum apparatus. 

Procedure. The catalyst in the reactor was degassed 
in a vacuum for 2 h at 0 or 100 °C prior to each run. The 
amount of the consumption of SOa-gas by MnOa was deter­
mined by measuring the pressure change by means of glass 
Boulden Gauge attached to a conventional glass apparatus 
with a volume of 320 ml. The polysulfone-accompanying 
isomerization of cis-2 -butène was carried out in a conventional 
mercury-free gas-circulation system using a mixture of S0 2 

and a'j-2-butene (1:2.5) under a total initial pressure of 
175 Torr. After the addition of S0 2 to 0.05 g of M n 0 2 at 
a required temperature for 30 min under 50 Torr of S0 2 , 
the temperature at the catalyst bed was decreased to 20 °C 
or to —10 °C; then, the two reactions (the copolymerization 
of S0 2 and a.y-2-butene and the isomerization of the latter) 

were initiated by feeding in a.y-2-butene and circulating the 
gas mixture through the catalyst bed. The rate of the cis-
trans isomerization was determined from the concentration 
of the /raw.y-2-butene formed in the initial 3 min, as analyzed 
by gas chromatography. The amount of the copolymer 
generated in the 30-min period after the initiation of the 
reaction was estimated by measuring the infrared-absorption 
spectra of the MnOa used for the reaction. Prior to the 
infrared-spectra measurement, the MnOa sample was ground 
to a fine powder, and then mixed with KBr. A KBr-sup-
porting wafer was made by pressing the mixture in 2-cm-
diameter stainless steel dies at 1.9 t/cm2. The spectra were 
recorded at 25 °C using a Shimadzu IR-430 grating 
spectrometer. 

R e s u l t s a n d D i s c u s s i o n 

S 02-ab sorption Measurement by Volumetric Method. 
The changes in the amount of S 0 2 absorbed by M n 0 2 

with the time have been shown in Fig. 1 ; the experi­
ment was carried out by introducing 1.38 X 10~3 mol 
of S0 2 -gas into the system. After the initial rapid 
absorption of S 0 2 for 1 min, a small increase in the 
absorbed amount is observed at the temperatures 
lower than 200 °C, but significant amount of S 0 2 

are absorbed further at 250 and 350 °C in the range 

10 20 

Time/min 

Fig. 1. Changes in the amount of S0 2 absorbed by 
MnOa with time at various experimental tempera­
tures. 
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Fig. 2. log (Fa) against \/T plot. 
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Fig. 3. Infrared spectra of the M n 0 2 wafer with ab­
sorbed SOa at different 0SO2 : (a) ; MnOa without 
S02 , (b); M n 0 2 with absorbed S0 2 (0So2 = 0.021), 
(c); ÖSo2 = 0.21, (d); 0SO2 = O.74. The S0 2 absorption 
was carried out at 20 °G with MnOa pretreated at 100 
°G. 

of the absorption time from 1 to 30 min. Figure 2 
shows the log (Fa) against IjT plot, where V& is the 
amount of SO a absorbed in 30 min and where T is 
the absorption temperature in Kelvin. The quite 
different slopes of the curve in the low-temperature 
( < 1 5 0 ° C ) and high-temperature ranges ( > 2 0 0 °G) 
in Fig. 2 suggest that the natures of the S0 2 -absorp-
tion on M n 0 2 are different between the two temper­
ature ranges. The apparent surface coverage by 
S 0 2 , 0so25 f ° r various absorption temperatures was 

TABLE 1. THE APPARENT SURFACE COVERAGE BY 

S0 2 , 0So2>
 F O R T H E MnOa USED IN THE 

EXPERIMENTS OF F i g 1 

Temperature 
(°G) 

0so2 

20 

1.35 

100 

1.47 

150 

1.74 

200 

2.27 

250 

4.01 

350 

6.52 

estimated from the amount of S 0 2 absorbed in 30 
min, and the BET surface area of the catalyst, from 
the nitrogen adsorption, where the molecular cross 
sections of N 2 and S 0 2 were taken as 16.2 and 19.2 
A2 respectively.7) The results are summarized in 
Table 1. The large 0so2 values at the high temperatures 
listed in the table indicate that S 0 2 penetrates into 
many layers of the surface. 

Infrared Spectroscopic Study of the Reaction of S02 with 
Mn02. Figure 3 shows a series of changes in the 
spectra of the KBr-supporting wafer of the catalyst 
after the absorption of the required amount of S 0 2 

at 20 °G for 30 min. The preparation of the wafer 
and the recording of the spectra were carried out in 
air as has been described previously. To examine 
the effect of air on the spectra of the S02-absorbing 
catalyst, the spectra of the air-free sample deposited 
on the surface of the KBr-wafer, which has been 
placed in a vacuum cell, has been recorded. It has 
been confirmed that the introduction of air into the 
cell does not change the absorption bands caused by 
the addition of S 0 2 . The spectra of the catalysts 
with a low coverage (#so 2<~0.21) show four absorp­
tion bands at around 980, «1070, 1115, and 1180 
cm - 1 . For the catalyst with 0so2 of 0.74, however, 
the absorption bands at «1070 and 1180 c m - 1 are 
obscured by the selectively developed 1115 c m - 1 band. 

Nakamoto8) indicated that the S04-complex in 
Td symmetry shows the r1(very weak), r3(very strong), 
and ^(strong) absorption bands at 973, 1130—1140, 
and 617 c m - 1 . The lowering of symmetry for the 
S0 4-complex caused by coordination splits the v3 

band into two or three bands, depending on whether 
the unidentate or bidentate and bridging complexes 
respectively are involved. 

O O M—O O 

S 

o o 
Free ion 

(Td) 

M 

O O 
\ / 

S 

o o 
Bidentate 
complex 

(G2V) 

S ' 

o o 
Unidentate 
complex 

(G3V) 

M—O O 

S 

o o 
Bridging 
complex 

(C,,) 

(1) 

Many bidentate and bridging sulfato complexes, such 
as [ C u ( b p y ) S 0 4 ] - 2 H 2 0 , P d ( N H 3 ) 2 S 0 4 ) and [(NH3)4-
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Fig. 4. Effect of SOa-pressure on the relative amount 
of S0 4

2 " complex formed at 20 °G: (O); MnOa 

degassed at 0 °G, ( • ) ; MnOa degassed at 100 °G. 

1300 1100 900 700 

Wave number/cm -1 

Fig. 5. Infrared spectra of S04-complex formed at 
different temperatures over M n 0 2 : (1); 20 °G, (2); 
200 °C, (3) ; 300 °G, (4) ; 350 °G, (5) ; the spectra of 
MnS04-4—6H20. 

Go<^ 2 >Go(NH 3 ) 4 ] (N03)3 5 show the three bands 

at 1030—1060, «1105 , and «1180 cm"1.8) Hence, 
the spectra observed at a low Öso2 in Fig. 3 can be as­
cribed to the bidentate or bridging S04

2~-complex 
on M n 0 2 . O n the other hand, the selective increase 
in the intensity of the band at 1115 c m - 1 with an 
increase in 0so2 indicates that S04

2~-complex in Td 
symmetry is a main species formed at a high 0so2-

As/A^., the optical density for the strongest absorption 
band at 1115 c m - 1 divided by that for the 710 c m - 1 

band, caused by the M n - O vibration in the M n 0 2 

lattice,9) represents the relative amount of the S 0 4
2 _ -

complex on a unit weight of the catalyst. This value 
has been plotted in Fig. 4 as a function of the SO a 

pressure applied in the S02-absorption experiments 
at 20 °C for the catalysts degassed at 0 and 100 °C. 
The formation of the S0 4

2 _ -complex reaches a plateau 
at less than 1 Torr , and the amount of the S 0 4

2 _ -
complex formed is larger for the M n 0 2 pretreated 
at a lower temperature. 

Figure 5 shows the infrared spectra of the catalysts 
after S 0 2 absorption under the same experimental 
conditions as those used to obtain the results in Fig. 1. 
T h e relative amount of the S0 4

2 _ -complex increases 
as the absorption temperature is raised, accompanied 
by a decrease in the intensity of the 710 c m - 1 band 
due to the M n - O lattice vibration. The catalysts 
used for the experiment at the high temperatures 
(>300 °C) show spectra quite similar to that of M n S 0 4 . 
O n the other hand, the spectra for the catalysts used for 
S02-absorption at low temperatures ( < « 2 0 0 ° C ) 
do not show sharp bands at 1000 and 690 cm - 1 , sug­
gesting that the S04

2~-complex (Td symmetry) is 
different in its nature from the one observed on the 
catalyst used for the S02-absorption at high temper­
atures. 

The results in Fig. 2 demonstrate that the reaction 
mechanism for the S02-absorption changes with the 
temperatures above « 2 0 0 °C. At low temperatures, 
after a very rapid absorption of S 0 2 within 1 min, 
only a small increment in the absorbed amount was 
observed (Fig. 1) and the amount of the S04

2~-complex 
formed did not change with the S 0 2 pressure above 
1 Torr (see Fig. 4). The apparent coverage of the 
surface by S 0 2 remains less than 2.3 at low tempera­
tures. These facts suggest that the progress of the 
reaction between S 0 2 and M n 0 2 at low temperatures 
( < « 2 0 0 ° C ) is restricted to only one or two surface 
layers of M n 0 2 . Accordingly, we consider that the 
initial stage of S02-absorption by M n 0 2 may be de­
monstrated by the following schemes at low tempera­
tures : 
at a low 0so2, 

O O 

o 

Mn Mn Mn 
' \ / \ / \ 

o o o 
O o_ O 

s 

o o 
so2 Mn 2+ Mn Mn 

/ \ / \ / \ 
o o o o 

bridging complex 
(C2V) 

(2) 

or 
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so2 

O 

a t a h i g h 0so25 

M n O a (surface) 

O 2_ O 

s 
/ \ o o 

2+ \ / 

M n M n M n 
/ \ / \ / \ 

o o o 
bidentate complex 

(G,v) 

so . 

(3) 

S 0 4
2 - - c o m p b x (surface) (4) 

(Td) 

A t h i g h t e m p e r a t u r e s , t h e fact t h a t t h e s p e c t r a o b ­
se rved a r e q u i t e close to t h a t of p u r e M n S Q 4 (F ig . 5) 
ind ica t e s t h a t S 0 2 p e n e t r a t e s i n t o t h e b u l k of M n 0 2 

a n d forms M n S 0 4 as is s h o w n b y this s t o i ch iome t r i c 
e q u a t i o n : 

M n 0 2 ( b u l k ) + S O , • M n S 0 4 ( b u l k ) (5)3>5) 

B o t h t h e a m o u n t of S 0 2 a b s o r b e d b y M n 0 2 a n d 
As/Ax, m e a s u r e d for t h e ca ta lys t s u sed for t h e S 0 2 -
a b s o r p t i o n e x p e r i m e n t s for 30 m i n in F ig . 1, h a v e 
b e e n p l o t t e d in F ig . 6 as func t ions of t h e e x p e r i m e n t a l 
t e m p e r a t u r e ; t h e A^jA^ v a l u e s h a v e b e e n c o r r e c t e d 
b y c o n s i d e r i n g t h e f rac t ion of M n 0 2 c o n v e r t e d to 
M n S 0 4 , w h i c h w a s e s t i m a t e d f rom t h e a m o u n t s of 
S 0 2 a b s o r b e d b y t h e ca t a lys t a t e a c h t e m p e r a t u r e . 
T h e s imi la r i ty b e t w e e n t h e shapes of t h e t w o curves 
s u p p o r t s t h e i d e a t h a t t h e r e a c t i o n b e t w e e n S 0 2 a n d 
M n 0 2 c a n b e de sc r i bed b y t h e s t o i ch iome t r i c E q . 
5 . 

The Role of the SO ^--complex in Butène Isomerization. 
T h e c is - t rans i s o m e r i z a t i o n a n d t h e c o p o l y m e r i z a t i o n 
h a v e b e e n c a r r i e d o u t ove r ca ta lys t s o n w h i c h S 0 2 

h a d b e e n p r e a b s o r b e d a t v a r i o u s t e m p e r a t u r e s ( 2 0 — 
350 °G) for 30 m i n u n d e r t h e s a m e e x p e r i m e n t a l 

A150 

s 
^ 

100 rH 

bo 

CO 

Temp/°C 

Fig. 6. Effect of temperature on the relative amount 
of S 0 4

2 - complex and the amount of S 0 2 absorbed 
by M n 0 2 : ( # ) ; As/AK, ( O ) ; V&. 

cond i t i ons as those used i n F ig . 1. T h e r a t e of t h e 

c is - t rans i somer i za t i on , Rc^t, a n d t h e re la t ive c o n c e n t r a ­

t ion of t h e f o r m e d polysul fone , Ap/A^, t h e op t i ca l 

dens i t y for t h e b a n d a t 1300 c m - 1 d u e to t h e poly­

sulfone6) d i v i d e d b y t h a t a t 710 c m - 1 d u e to M n - O , 

h a v e b e e n p l o t t e d in F ig . 7 as funct ions of t h e t e m p e r ­

a t u r e for t h e S 0 2 a b s o r p t i o n . T h e circles a n d t h e 

t r i ang les a r e t h e d a t a o b t a i n e d for t h e M n 0 2 p r e -

t r e a t e d i n a v a c u u m a t 100 a n d 0 °C respect ively . 

T h e d o t t e d c u r v e i l lus t ra tes t h e r e l a t i ve a m o u n t of 

t h e S 0 4
2 - - c o m p l e x ( a r b i t r a r y u n i t ) , a l r e a d y s h o w n in 

F ig . 6. T h e s imi la r d e p e n d e n c e o n t h e a b s o r p t i o n 

t e m p e r a t u r e b e t w e e n t h e r a t e of i somer i za t ion a n d 

t h e polysul fone f o r m a t i o n i l lus t r a t ed in F ig . 7 c a n b e 

e x p l a i n e d b y t h e fact t h a t t h e l a t t e r r e a c t i o n a c c o m ­

p a n i e s t h e fo rmer , as is d e m o n s t r a t e d be low: 6 ) 

eis- or trans-2-butene + •S0 2 [GH(GH3)GH(GH 3 )S0 2 ] 7 l 

; = ± • GH (GH8) GH (GH3) - S 0 2 [GH (GH8) GH (GH8) S 0 2 ] n 

(6) 
F o r t h e ca ta lys t s o n w h i c h S 0 2 h a s b e e n p r e a d s o r b e d 
a t t e m p e r a t u r e s l ower t h a n 200 °C , t h e r a t e of t h e 
c is - t rans i s o m e r i z a t i o n increases in p a r a l l e l w i t h t h e 
inc rease in t h e a m o u n t of t h e S 0 4

2 - - complexes as 
t h e a b s o r p t i o n t e m p e r a t u r e is ra ised . T h e ca ta lys t 
ou tgassed a t 0 °G shows a h i g h e r c a t a l y t i c ac t iv i ty 
t h a n t h a t ou tgassed a t 100 ° C ; this c o r r e s p o n d s to t he 
fact t h a t t h e fo rmer ca ta lys t d e m o n s t r a t e s a h i g h e r 
c o n c e n t r a t i o n of S 0 4

2 " - c o m p l e x e s t h a n t h e l a t t e r 
(Fig . 4 ) . T h e s e resul ts suggest t h a t t h e ca ta ly t i c 
ac t iv i ty of M n 0 2 i n t h e c o p o l y m e r i z a t i o n , a n d acco rd ­
ing ly for t h e c is - t rans i somer i za t i on , is closely r e l a t ed 
to t h e f o r m a t i o n of sulfate ions o n t h e ca ta lys t . T h e 
surface m a n g a n e s e m u s t b e pos i t ive ly c h a r g e d b y t h e 

o.io 

0.05 
S 

^ 

100 300 200 

Temp/°C 

Fig. 7. T h e rate of isomerization, Rc-*t, and the~amount 
of formed polysulfone, AF/Am as a function of tem­
perature for S 0 2 absorption: circles; da ta for M n O a 

pretreated at 100 °G, triangles; da ta for M n 0 2 pre-
treated at 0 °G. ( 0 ) and ( A ) ; As/Au, (O) and 
(A) ; #c->t- The dotted curve represents As/Au 

(arbitrary unit) shown in Fig. 6. 
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formation of sulfate ions because of an electron transfer 
from the surface to the sulfate ions (Schemes 2—4), 
resulting in a generation of strong electrostatic fields 
on the surface. The picture of the initiation step for 
the reactions hypothesized previously,6»10) i.e., a polari­
zation of the charge-transfer complex (GTG) of SO a 

and butène under the influence of the electrostatic 
field on the surface, can also be adopted in the present 
work. The C T C positioned between the manganese 
cation and the sulfate anion on the surface may be 
strongly polarized and activated by a concerted action 
of the anion-cation pairs, as is illustrated below: 

O O 

s 
o 2_ o 

C=f=C ) 

S [ GTG (7) 
/ \ 

O a- O ) 
Mn 2+ Mn 

/ \ / \ 
o o o 

The catalytic activities of M n 0 2 on which S O a 

has been preabsorbed at high temperatures ( > ~ 200 
°C) decrease, however, as the S0 2 - t rea tment tempera­
ture is raised (Fig. 7). The catalytic activity of pure 
M n S 0 4 , pretreated in the presence of S 0 2 at 200 °C, 
has been tested for the cis-trans isomerization. The 
activity per unit of surface area was less than 1/15 

of that for M n 0 2 , which was tested under the same 
experimental conditions, implying that the decrease 
in the activity of M n 0 2 pretreated with S 0 2 at the 
high temperatures might result from a considerable 
transformation of M n 0 2 to M n S 0 4 deep into the 
bulk of M n 0 2 ; eventually, then, the character of the 
surface becomes quite close to that of pure M n S 0 4 . 
The low catalytic activity of M n S 0 4 can be attributed 
to a low affinity of its surface to the adsorption of S 0 2 

and, consequently, to a low concentration of GTC, 
which is necessary for the two reactions. 
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Photolyses of Tetraphenylcyclobutanes at 254 nm 
Haruo SHIZUKA,* Ichiro SEKI,1" Toshifumi M O R I T A , and Takeshi I I Z U K A ^ 

Department of Chemistry, Gunma University, Kiryu, Gunma 376 
(Received January 22, 1979) 

Photolyses of 1,2,3,4-tetraphenylcyclobutanes (TPGB) at 254 nm in hydrocarbon solvents have been studied 
by means of fluorometry, nanosecond time-resolved spectroscopy, and measurements of the reaction quantum 
yields. The photolysis of TPGB originates from the S1(7T,7T*) state to give frmy-stilbene nearly concertedly at 
higher temperatures (>200K) . Significant temperature and cis-effects were observed. The radiationless rate 
constants for the dissociation (kT) and the other radiationless (kn) processes decreased with lowering temperature. 
The value of kv for y-l,J-2,J-3,£-4-TPCB at 300 K, for example, was 4.7 times greater than that for y-\,t-2,c-3,t-4-
TPGB. The Arrhenius parameters of the relaxation processes were also determined. No intramolecular excimer 
emission was observed. 

T h e photochemistry of four-membered rings has 
been extensively studied.1) Gyclobutane photochem­
istry involving selectivities in cleavage orientations upon 
irradiation is one of the most interesting fields among 
them. A number of studies on photolyses of cyclo-
butanes have been reported.2 - 1 0) Kaupp3) has shown 
that there is a clear preference for photochemical fission 
of the cyclobutane bond bearing the chromophore and 
the substituent which sterically interacts most effectively 
with the chromophore (cis-effect) and that the pho­
tolysis proceeds via short-lived 1,4-biradicals. As for 
tetraphenylcyclobutanes, they undergo photochemical 
cycloreversion to yield /r<m?-stilbene.2»3) However no 
quantitative work on photolyses of tetraphenylcyclo­
butanes has been performed. 

In the course of our studies of photochemistry of 
benzene derivatives,11-13) the title compounds (see 
below) were chosen in the present work from the 
following interests: 

(1) How about the reactive state and the dis­
sociation rate? 

(2) How about the relaxation processes of the ex­
cited state of tetraphenylcyclobutanes? 

(3) Is there cis-effect2»3) on photochemical and 
photophysical processes of the molecules? 
and (4) How about intramolecular excimer formation? 
In a previous work,13) an weak intramolecular excimer 
emission of [2.2]metacyclophane is observed, which is 
an exception of the n = 3 rule.14) A large internal 
conversion of [2.2]metacyclophane occurs due to a 
conformational change in the excited state. 

This paper reports the relaxation processes of excited 
tetraphenylcyclobutanes (1 and 2) studied by means 
of fluorometry, nanosecond time-resolved spectroscopy, 
and measurements of the reaction quan tum yields 
under various temperatures. 

CöHs CeHs CeHe 'CeHs 

KCsHs 

C6H5 C6IÎ5 

y-\,t-2,t-3,c-4-
tetraphenylcyclobutane 

CÖHS 

y-l,t-2,c-3,t-4-
tetraphenylcyclobutane 

t Present address: The Japan Garlit Go., Ltd., Shibukawa, 
Gunma 377. 

tt Faculty of Education, Gunma University, Aramaki, 
Maebashi, Gunma 371. 

Exper imenta l 

Starting materials (1,2,3,4-tetraphenylcyclobutanes (1 and 
2)) were prepared by the photodimerization of transstilbene 
in benzene,15) and purified by silica-gel column chromatogra­
phy using a mixture of benzene and cyclohexane (1:3) as 
the eluent. Methylcyclohexane, cyclohexane and isopentane 
(G.R.-grade products from Tokyo Kasei) were purified by 
passing them through a silica-gel column and then distil­
lations. In the measurements of degassed samples, the 
solutions were thoroughly degassed by the freeze-pump-
thaw-cycles. 

A low-pressure mercury lamp (20 W) with a Vycor glass 
filter was used as the 254-nm radiation source. Acitnometry 
was carried out using a ferric oxalate solution (0.006 M).16) 
The quantum yields for the product formation were measured 
by spectrophotometry. For the measurements of temper­
ature effects upon the reaction quantum yields and fluores­
cence lifetimes, a quartz Dewar flask designed for spectrometry 
was used, the temperature being controlled to within ± 2 °G. 
Measurements of absorption and fluorescence spectra were 
the same as reported previously.17) The fluorescence quan­
tum yields were measured by comparison with that of toluene 
in cyclohexane (0F = O. 14).18) The fluorescence decay was 
recorded with a Hitachi nanosecond time-resolved spectro­
photometer (pulse width 11 ns), and the lifetime was deter­
mined by the convolution method when it was shorter 
than 20 ns.19) 

R e s u l t s 

The spectrum of a 3.4 X 10~4 M cyclohexane solution 
of y-\,t-2,t-3,c-\-tetraphenylcyclobutane (1) changed 
markedly upon irradiation with the 254-nm light at 
300 K as shown in Fig. 1. A new band with maximum 
at 295 nm (e: 2.74X 104 M " 1 cm"1) appeared. The 
spectral change shows the formation of trans-stilbene 
as a sole photoproduct, as reported by Kaupp.2»3) 
The geometric isomer (2) was scarcely observed by 
the T L G method. The quantum yields for the prod­
uct formation in cyclohexane at 300 K was 0.84± 
0.04. The quan tum yields at 300 K did not change 
with variation in irradiation time (1—10 min), con­
centration of the starting material (10~4—10~2 M) , 
addition of 1,3-pentadiene ( < 2 X10" 2 M) , and light 
intensity (1014—1016 quanta m l - 1 s_1). Dissolved 
oxygen had no effect on the reaction quantum yields. 
The quan tum yield @T in M P (methylcyclohexane: 
isopentane = 3:l in volume) was the same as that in 
cyclohexane. Similar results were obtained in the 
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Fig. 1. The spectral change of a 3.4 X 10~4M cyclohexane 
solution of No. 1 with lapse of time at 254 nm. Num­
bers refer to time of measurement in minutes. 

10 

0-8 

? 0 6 

« 0 4 

02 

n 

360 340 320 

' inCH,at 300K 

\ 
300 

wavelengtt 
280 

Â \ 
/No.2 \ 

^ \ / 

fluo. I 

No.1 l \ 

^ / 

-\/ nm 
260 240 

A No.2 

1 AA / / 
i/No.1 \ \ / / 

abs. 

— j ^ 1 . — i 

28 30 32 34 36 38 
Wave number/103 cm - 1 

40 42 

Fig. 2. Absorption and fluorescence spectra of tetra­
phenylcyclobutanes (No. 1 and 2) in cyclohexane. 

case of y-1 ,£-2,£-3,£-4-tetraphenylcyclobutane (2). 
Figure 2 shows the absorption ( 1 : A m a x =261 nm, 

e = 1 . 0 3 ± 0 . 0 2 M - 1 c m - 1 ; 2 : A m a x =261 nm, e = 1 . 1 5 ± 
0.02 M _ 1 cm - 1 ) and fluorescence (Amax = 2 8 4 n m for 
1 and 2) spectra of the starting materials in cyclohexane, 
which are very similar to those of toluene. No intra­
molecular excimer emission could be detected. No 
phosphorescence could be observed in M P at 77 K, 
as reported by Kaupp.2) 

The reaction quantum yields $ r , fluorescence quan­
tum yields 0 f , fluorescence lifetimes rf and radiative 
rate constants kf in M P at 300 K are listed in Table 
1. The significant temperature effects upon 0T and 
rf in M P were observed as shown in Figs. 3 and 4, 
respectively. The @T values decreased with lowering 

TABLE 1. EXPERIMENTAL DATA OF 0f,
a> rf, kf, AND 

OF TETRAPHENYLCYCLOBUTANES IN MP AT 300 K 

Samples 0f/lO~2 

1 0 . 5 ± 0 . 1 
2 1.7±0.2 

Tf/ns 

0 . 8 ± 0 . 5 
2 . 5 ± 0 . 4 

Ârf/Ws-1 

6.3 
6.8 

0 r 

0.84±0.04 
0 .62±0.03 

a) Determined by comparison with the fluorescence 
quantum yield of toluene (0 F = O.14), see the Ref. 
18. 

Irrad. 2 54nm, in MP 

No.2 V1 

180 200 220 240 260 280 300 
T / K 

Fig. 3. The temperature dependence of the reaction 
quantum yields 0V in MP. 

200 220 240 260 280 300 320 

T/K 
Fig. 4. The temperature dependence of the fluores­

cence lifetimes rf in MP. 

temperature. In contrast, the values of rf increased 
with lowering temperature, and they were 48 ± 3 ns 
(1) and 4 6 ± 3 ns (2) at 77 K. The photolyses of the 
samples took place even at 77 K in M P rigid matrices, 
although the @T values were very small. The @T values 
of 1 were greater than those of 2 at various temperatures 
as shown in Table 1 and Fig. 3. 

D i s c u s s i o n 

Kinetic Analyses. The presence of triplet quench­
ers ([1,3-pentadiene] < 2 X 10"2 M and [dissolved 
oxygen] « 2 X 10"3 M)20) do not affect the @r values. 
The results indicate that the photolyses of 1,2,3,4-
tetraphenylcyclobutanes (1 and 2) proceed via the 
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s,. 

hK i I Photoproduct 
(trans-stilbene) 

kn = kic + kjsc 

Fig. 5. A schematic energy state diagram for the photo­
lyses of tetraphenylcyclobutanes. 

excited singlet state and/or very short-lived triplet 
state. The fact that no phosphorescence of tetraphenyl­
cyclobutanes could be observed suggests the existence 
of a relatively fast radiationless channel (probably 
cleavage) in the lowest triplet state. There may be 
two pathways of photochemical cleavage of the starting 
materials via the excited singlet and triplet states. 
However, the radiationless processes (cleavage and 
internal conversion) other than intersystem crossing 
are very predominant in the Sx state at higher temper­
atures (>200 K) , as will be discussed later. Ac­
cordingly, the reaction quan tum yield via the triplet 
state must be small in comparison with that via the 
excited singlet state at higher temperatures (>200 K) . 
Tha t is, the reactive state at higher temperatures 
(>200 K) should be the lowest excited singlet state 

The experimental results at higher temperatures 
(>200 K) can be accounted for by the scheme shown 
in Fig. 5, where S0 and Sx are the ground and the 
lowest excited singlet states of the starting materials 
respectively, kf radiative rate constant, kT dissociation 
rate constant, and kn radiationless rate constant of 
internal conversion kic plus intersystem crossing kisc. 
From the usual steady-state approximation, the reac­
tion quantum yield @v is given by 

2kr 
Ov kf+kn + kT 

2kTT{ (1) 

The dissociation rate kT may be expressed by Eq. 2, 

kr = kl + Ar™P ("££*) (2) 

where k\ is the dissociation rate constant independent 
of temperature, Av frequency factor of dissociation, 
and AET potential barrier in the dissociation process. 
At higher temperatures (>200 K) , the value of kl 
is negligible compared with that of the second terms 
in Eq. 2, since the 0 r values is very small at 77 K. 
Equation 3 is derived from Eqs. 1 and 2. 

los(it;) = losA<-TÊÊkT (3) 

The plot of log{0 r(2r f)
- 1} vs. T~x obtained experimen­

tally, which agrees with Eq. 3, is shown in Fig. 6a. 
The values of AT and AET obtained from the linear 
plot in Fig. 6a are listed in Table 2. 
Similarly, the rate constant kn may be written as the 
following equation: 

kn = k°Q + A n exp 
( ^ ) (4) 

where kl is the rate constant for the radiationless 
processes of kic plus A:isc independent of temperature, 
An frequency factor and AEn potential barrier in the 
radiationless processes. The kn values for 1 and 2 
are estimated to be about 1 . 5 x l 0 7 s _ 1 from the data 
of rf at 77 K and k{. Therefore, one can derive Eq. 5. 

log (*„-*!) , - ' AEn log^n 
2.303RT 

(5) 

where the values of kn can be evaluated experimentally 
by the following equation: kn=rf~

1 — (kT+k[). The 
plot of \og(kn—k°n) vs. T'1 is shown in Fig. 6b, which 
agrees with Eq. 5. The values of An and AEn are also 
summarized in Table 2. 

Dissociation Process. Let us consider the dis­
sociation process kT in the Sx state. I t is well-known 
that benzene derivatives undergo the /?-bond fission 
upon irradiation21) and the predissociation proceeds 
via the lowest excited singlet state S1(7r,7r*) X B 2 to give 

3-5 40 45 50 30 35 4-0 4-5 

k K / r k K / r 

Fig. 6. (a) Plots of log kv vs. T'1 and (b) plots of log (kn-k°n) vs. T'1. 

T A B L E 2. FREQUENCY FACTORS AT AND An AND POTENTIAL BARRIERS A-Er
 A N D AEn FOR kT AND kn, RESPECTIVELY 

Samples 

1 
2 

AT/lO11*'1 

2.0 (±0.3) 
0.79(±0.07) 

Aßr/kcal mol"1 

3.5 (±0.2) 
3.8, (±0.2) 

AJW11*-1 

4.2 (±0.5) 
0.138(±0.03) 

A£n/kcal mol -1 

3.7 5(±0.3) 
2 .3 8 (±0.3) 
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the geminate radicals.11»12) It seems that the photo­
chemical cleavage of tetraphenylcyclobutanes has 
analogy to those of benzene derivatives. Kaupp2»3) 
suggests that the photochemical reaction of tetraphenyl­
cyclobutanes proceeds via a short-lived 1,4-biradical. 
Thus, the /?-bond fission via the S1(7r,7r*) of y-l,/-2,£-3, 
£-4-tetraphenylcyclobutane (1), for example, can be 
expressed by Eq. 6. Of course, the ß-bond fission of 

CcH5 G;H; / C6H5 C6H5 \ 

kr 

Colls CrJIa Cfills C G H 5
 } 

1,4-biradical 

C6H5 CeHs 

/r<2/7^-stilbene 

the starting molecule to produce the 1,4-biradical oc­
curs from the vibrationally relaxed Sx state judging 
from the values of r f. It is known that the vibrational 
relaxation times in condensed media are of the order 
of 10~12 s.22) If the biradical had a lifetime enough 
to yield the starting material via the back reaction, the 
geometrical isomer (2) of the starting molecule besides 
trans-stilhene would be yielded as a photoproduct 
resulting from rotational diffusion and subsequent re­
combination of the biradical. However, such photo­
chemical isomerization was scarcely observed during 
the photolysis of 1. Similar result was obtained in 
the case of 2. Thus, it is reasonable to consider that 
the biradical is very unstable and is instantaneously 
broken to yield two molecules of trans-stilbene as shown 
in Eq. 6. The dissociation quan tum yields are, there­
fore, nearly equal to $ r /2 . It can be said that the 
/?-bond fission of tetraphenylcyclobutanes proceeds 
nearly concertedly to give two molecules of trans-
stilbene. This mechanism supports the assertion that 
there may be a significant concerted component to 
the cycloreversion reaction in the excited singlet state 
of ai--l,2-diphenylcyclobutane as reported by Jones 
and Chow.23) 

The experimental results show quantitatively cis-
effect in that 1 undergoes dissociation only to trans-
stilbene and the values of kT for 1 are greater than 
those for 2 (Fig. 6a). For instance, the dissociation 
rates kT for 1 and 2 at 300 K can be estimated to be 
5 . 5 x l 0 8 s _ 1 and 1 . 2 x l 0 8 s _ 1 , respectively. T h e fre­
quency factor AT for 1 is greater than that for 2, a n d 
the potential barrier AET is small in comparison with 
that for 2 as shown in Table 2. The cis-effect may 
be caused by a steric strain between adjacent benzene 
rings of 1. The crossing probability from the Sx state 
to the repulsive state of the /?-bond between proper 
carbon atoms in cis-form may be larger than that in 
trans-form. 

Radiationless Processes. The rate constant kn is 
comprised of kic (internal conversion S1->S0) plus kisc 

(intersystcm crossing S1->T1). The kn values increase 
considerably with elevating temperature according to 
Eq. 4. At higher temperatures (>200 K) , the temper­
ature dependent rate (kn—kl) becomes very much 
greater than that of kl and the values of (kn—kl) 
for 1 are large compared with those for 2, as can be 
seen in Fig. 6b. The values of kn for 1 and 2 at 300 K, 
for example, are evaluated to be 7,8 (±0.7) X 108 s _ 1 

and 2.5 (±0.3) X 108 s"1, respectively. These facts 
indicate that steric effect is responsible for kn as well 
as kT at higher temperatures (>200 K) . 

The internal conversion rate constant kic is markedly 
enhanced due to a conformational change in the excited 
state.13'24) In a similar manner, the ka value may 
increase according to the enhancement of internal 
conversion. A conformational change among the 
substituted benzene rings of tetraphenylcyclobutanes 
in the Sx state would be expected. However, the 
fact that no intramolecular excimer emission could 
be observed suggests the existence of large steric hin­
drance among the benzene rings in the Sx state. Other 
possible mechanism for the large value of kn at higher 
temperatures is explained by the "channel 3 " decay 
where energy levels of isomers are incorporated as 
intermediate states of S ^ S Q internal conversion.25) 

The lifetimes r f (0 .8±0.5 ns for 1 and 2 .5±0.4 
for 2) are very shorter than that of toluene (34±2 ns 
in MP) at 300 K. 

Finally, one can understand that such short lifetimes 
of the starting materials result from the large values 
of kT and kn (probably kic) at room temperature. 

Conclus ion 

The photolyses of 1,2,3,4-tetraphenylcyclobutanes at 
higher temperatures (>200 K) proceed via the S1(TT, 
TT*) state to give fomy-stilbene nearly concertedly. The 
relaxation processes of the excited molecules are mainly 
comprised of the dissociation kv and the other radia­
tionless processes kn, which are markedly dependent 
upon temperature. Significant cis-effect was also 
observed in photochemical and photophysical processes 
of the sample molecules. 

The authors are grateful to Dr. N. Kanamaru of 
Nagoya University for his helpful discussion. 
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Conformational Analysis of Intramolecular Fluorescence Quenching 
of a-ÎB-CarbazolylJ-^-tjP-lmethoxycarbonyljbenzoyloxylalkanes 

Toshiji KANAYA, Yoshihiko H A T A N O ^ Masahide YAMAMOTO,* and Yasunori NISHIJIMA 

Department of Polymer Chemistry, Kyoto University, Sakyo-ku, Kyoto 606 
(Received February 9, 1979) 

Equilibrium distribution of conformations of the series of compounds, a-(9-carbazolyl)-a>-[/>-(methoxy-
carbonyl)benzoyloxy]alkanes in the ground state was calculated to explain the intramolecular fluorescence 
quenching of these compounds in a rigid medium. It was found that when the radius of active sphere R0 for the 
intramolecular fluorescence quenching is taken to be 8.8—9.0 A, the experimentally observed chain length 
dependence of the fluorescence quenching can be well simulated by this calculation. The active sphere for 
the dynamic intermolecular fluorescence quenching in solution was also discussed to compare with that of 
the intramolecular fluorescence quenching. 

Since Leonhardt and Weiler1) first reported the 
intermolecular exciplex formation between perylene 
in its excited singlet state and N, TV-dimethylaniline in 
the ground state, extensive studies have been carried 
out on the intermolecular exciplex formation. Re­
cently, intramolecular exciplexes have been studied to 
investigate the geometry of exciplexes and their elec­
tronic structures for various exciplex systems, e.g., 
( C H 3 ) 2 N - ( C H 2 ) n - ( n a p h t h y l ) ( ^ 2 - 4 ) , 2 ) j&-(CH3)2N-
C6H4- (GHa) n- (9-anthryl) (n=0—3) ,3> p- (GH8) 2N-C6H4-
(CH2) n- ( 1 -pyrenyl) (n = 1 —3) ,3> (9,10-dicyanoanthryl) -
(CH2)3-(naphthyl).4) In the previous reports,5) we 
have studied the intramolecular fluorescence quenching 
and exciplex formation for a series of a-(9-carbazolyl)-
co- [p- ( methoxycarbonyl ) benzoyloxy] alkanes (Fig. 1 ). 
It was found in these investigations that intramole­
cular fluorescence quenching of the system can be 
separated into "static quenching" and "dynamic 
quenching," and only the static quenching is observed 
in a rigid medium where the Brownian motion of 
the methylene chain is frozen. 

The present investigation was undertaken to see 
if the experimentally observed chain length dependence 
of the static fluorescence quenching5) can be simulated 
by the calculation of the equilibrium conformations of 
the intramolecular exciplex system. Equilibrium dis­
tribution of conformations for individual compounds 
in the ground state was determined by the calculation 
of potential energy of each conformation6) and the 
degree of intramolecular static fluorescence quenching 
was estimated by the calculation of the probability 
of end-to-end encounter in all the conformations. 

P r o c e d u r e s for Calculat ion 

Structural parameters used in this calculation are 
shown in Figs. 2(a) and 2(b). In this calculation we 
assume that the ester groups are coplaner with the 
benzene ring and the trans conformation is predominant 
over the eis. This assumption has been taken routinely 
in conformational calculations.7 '8) Generally, con­
formations of methylene chain are treated by the 
trans (t)-gauche(g) rotational isomer model, where the 
statistical weight for two gauche states (g+ and g~) 
is estimated by exp( — 500/RT), since the energy dif­
ference between g and t is about 500 cal/mol. How­
ever, for relatively short methylene chain having large 

\ 

<v/l" *L u 
c—-—r' wf '•" \ 

s 
( a ) 

n = 1, 2. 3, 4, 5, 10 

I, n, m, W, V, X 

Fig. 1. 

t Present address: Niigata College of Pharmacy, Kami-
shinei-cho, Niigata 950-21. 

( b ) 

Fig. 2. Structural parameters of iV-propylcarbazole 
(a) and methyl propyl terephthalate (b). 
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end groups, rotations about each C - C bond is related 
so strongly to one another that the statistical weight 
for gauche states may differ from exp( — 5001RT). 
Hence, we calculated the conformational energy, con­
sidering that the rotations about all bonds are cor­
related, though we employed the t-g rotational isomer 
model in these calculations. 

Potential energies due to the van der Waals interac­
tions between nonbonded atoms and due to the elec­
trostatic dipole-dipole interaction between polar end 
groups were calculated for all of 2 X 3 n + 1 conformations 
where n denotes the number of methylene units. For 
the compound having n—10, we adopted the Monte 
Carlo method, since the number of possible conforma­
tion of this compound is too large. In this method 
we selected randomly 14500 conformations out of 2 X 
3 n + 1 conformations and calculated the potential energy 
of each one. 

Calculation of the Potential Energy due to the Van der 
Waals Interaction. We adopted a potential func­
tion of the Lennard-Jones type. The potential energy 
Ptj between zth and j t h nonbonded atoms is given as 
follows 

PtJ = BtjIuS* - Atj/rJ, (1) 

where, riJ is the distance of separation between ith 
and j t h nonbonded atoms, AiJ and BtJ are parameters. 
The parameters Atj have been estimated, using the 
Slater-Kirkwood equation modified by Scott and 
Scheraga,9) 

(3/2) MmV»)««^ 

where, e is the charge of an electron, m is the mass 
of an electron, h is equal to hj2n where h is the Planck's 
constant, oct and NSt are the polarizability and the 
effective number of electrons of ith atom, respectively. 
The values of iVi« were graphically determined using 
Pitzer's data10) according to Scott and Scheraga.9) 
The parameter Bij is obtained by requiring Pij to be 
minimum at a distance r^—n°, which is the sum of 
the van der Waals radii of the interacting atoms. 
Values of the van der Waals radius rw, the polariz­
ability a, and the effective number of electrons JVeff 

are summarized in Table 1. 
Then, the potential function is modified in con­

sideration of molecule-solvent interaction following 

TABLE 1. ATOMIC PARAMETERS FOR THE CALCULATION 

The van der Waals radius rw, the polarizability a, 
and the effective number of electrons Neff. 

Atom 

H (arom.) 
H (aliph.) 
G (sp*) 
G (sp*) 
O (sp2) 
O (sp) 
N (sp2) 

rw/A*> 

1.01 
1.20 
1.75 
1.70 
1.52 
1.50 
1.55 

a/A3 b> 

0.42 
0.42 
1.20 
1.30 
0.64 
0.84 
1.15 

tfeff 

0.9 
0.9 
4.9 
4.9 
6.8 
6.8 
5.9 

a) A. Bondi, J. Phys. Chem., 68, 441 (1964). b) J. 
Ketelaar, "Chemical Constitution," Elsevier Publishing 
Co., New York (1958), p. 91. 

Flory et al.11) For a molecule in a solvent, intramo­
lecular contact through alternation of conformation 
must occur at the expense of intermolecular interac­
tion with the solvent. Since these latter interactions 
are necessarily attractive, the effect would suppress 
the attractive term Pi} occurring at the greater distance 
r between the ith and the jth atoms. Thus the 
minimum in this function would be eliminated. Cal­
culations have, therefore, been carried out using the 
potential function modified as follows 

P* — p — p° (r < r°) 

P* = 0 (rl3>r?3), 

where Pl°J is the value of PtJ at rlj=rl°. We obtained 
the total potential energy due to the van der Waals 
interaction as the sum over all pairs of nonbonded 
atoms. 

F n - S S P?j (4) 
KJ 

Calculation of the Potential Energy due to the Electrostatic 
Dipole-Dipole Interaction. The mutual potential 

—* —» 
energy DiJ of two point dipoles ptt and Pj separated 
by the vector rij is given by 

Dij = ( l / ^ ^ r ^ M Z - S f ^ g E - ^ / r i / ] , (5) 

where s is the dielectric constant of the solvent and 
rX3 is the scalar magnitude of rij. The total potential 
energy Ve due to the dipole-dipole interaction is given 
by the sum over all pairs of dipoles as follows. 

Fe = S S Di3 (6) 

In the present calculation, the dipole moments of 
CZ residue and ester group were taken to be 2.09 D12) 
and 1.83 D, respectively; the latter value is taken from 
the value for the dipole moment of methyl benzoate.13) 
The angle between the dipole moment (indicated by 
p in Fig. 2) and the O - C O bond was taken to be 49°. 

Conformations of Methylene Chain in the Neighborhood 
of Carbazole (CZ) and Terephthalic Acid Methyl Ester 
(TPM) Residues. We calculated the conforma­
tional energy applying the t-g rotational isomer model 
to the methylene chain. However, the location of 
the potential minima in the neighborhood of the large 
end groups might somewhat deviate from that in the 
t-g rotational isomer model. Hence, we have calculat­
ed the potential energies of 7V-propylcarbazole and 
methyl propyl terephthalate, whose structures are 
shown in Fig. 2, at intervals of 5° for each rotation 
angle, starting from conformations shown in Fig. 2 
( 0 1 = 0 2 = 0 , ^ 1 = 0 a = O ) . 

The potential energy, F(ÖJ, associated with rotation 
0t about ith bond is given by 

V(9i) = VT(9i) + S S A j , (7) 
* <j 

where VT(6t) is the intrinsic torsional potential at­
tributable to the bond itself, Ptj is the potential energy 
between nonbonded atoms given by Eq. 1 and the 
sum is over all pairs, i9j of atoms. For threefold 
rotation, VT is given by 

VT(0t) = (Fo /2)(l-cos30,), (8) 

where V0 is the torsional barrier height. In this 
calculation the internal rotation having a sixfold 
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02 r 
Fig. 3. Conformational energy map of iV-propylcar-

bazole. Energy contours are given at interval of 1.0 
kcal/mol. Numerals in the figure are the values of 
potential energy at its minimum position marked by X. 

02 r 
Fig. 4. Conformational energy map of methyl propyl 

terephthalate. Notations are the same as Fig. 3. 

periodicity was neglected. Values of 2.8 kcal/mol and 
1.8 kcal/mol were assigned to V0 for C - C bond and 
C - O bond, respectively.14) 

Results are shown in Figs. 3 and 4. For 7V-propyl-
carbazole, the potential mimima are situated at rota­
tions ^ = 9 0 ° , 0 2 =O°, ±120 ,° and 0 1 = - 9 O ° , <f>2= 
0°, ±120° . The potential mimima for methyl propyl 
terephthalate are found to be about at ^ = 0 ° , ^2— 
0°, ±120° , ^ 1 - 1 2 0 ° , <P2=0°, + 1 2 0 ° , and ^ = - 1 2 0 ° , 
^ 2 = 0 ° , —120°. For these two compounds, the loca­
tions of potential mimima are not so deviated from 
that in the t-g rotational isomer model, hence the use 
of the t-g rotational isomer model in the neighborhood 
of CZ and T P M residues appears to be justified. 

R e s u l t s and D i s c u s s i o n 

The total potential energy, E, is given by the sum 
of the potential energy due to the van der Waals in­
teraction and that due to the dipole-dipole interaction. 
Assuming that the distribution of conformations obeys 
the Boltzmann distribution, the fraction of ith con­
formation, Wv is given by 

Wt = exp (-EilRT)/^ exp (-Ej/RT), 
J 

where Ei is the potential energy for ith conformation. 
Distribution of End-to-end Distance. Distribution 

of the end-to-end distance, r, for each compound at 
298 K is shown in Fig. 5, where r was defined as the 
distance between the center of five membered ring of 
CZ and the center of the benzene ring of T P M . 

For the compounds having shorter methylene chains, 
I, I I , I I I , the appearing conformations are so few that 
the distribution of end-to-end distance is very sharp. 
There is no conformation whose end-to-end distance 

m N v 

0.3 h iV^/A 

I4Î F \ / \ \ w 

„ 0.2 L 'nxi\; \ v \ 

* <7 »/ ' \ 

Uf-" \ 
0 I x&P**" i J±_^_. I 

0 5 10 15 20 
r / X 

Fig. 5. Distribution of the end-to-end distance r of 
samples, I, II, III , IV, V, VII, and X at 298 K. 

is less than 5 Â since the two end groups are large. 
Static Fluorescence Quenching. We have shown5) 

that the normal fluorescence of the series of compounds, 
I—X, is quenched by both the "static quenching" and 
the "dynamic quenching." The static quenching is 
caused by an electron transfer from CZ moiety to 
T P M moiety immediately after the excitation of CZ 
moiety regardless of the thermal motion of the methyl­
ene chain, when CZ moiety exists in the vicinity of 
T P M moiety. O n the other hand, the dynamic quench­
ing is diffusion controlled and reflects the frequency 
of intramolecular encounters between T P M moiety 
and the excited CZ moiety within its lifetime. We 
have estimated the magnitude of the static quenching 
from the measurement of the quan tum yield of the 
normal fluorescence emission of CZ moiety at 77 K 
in a rigid 2-methyltetrahydrofuran ( M T H F ) matrix. 

Now, the static quenching will be considered in 
terms of the active sphere model, in which fluorescence 
quenching occurs with the probability of one when the 
T P M moiety exists within the radius of the active 
sphere of CZ moiety and there is no interaction between 
CZ moiety and T P M moiety outside the active sphere 
(hard core approximation). According to this model, 
the static quenching occurs in the molecules having 
the conformation in which T P M moiety exists in the 
radius of the active sphere of CZ moiety immediately 
after the excitation of CZ moiety. In a rigid medium 
we observe only the static quenching, since no con­
formational change of molecules occurs. Therefore, 
the degree of the static quenching in a rigid medium 
reflects the distribution of conformations of these 
compounds immediately after the excitation of CZ 
moiety. In a rigid medium, it is valid to assume 
that the conformational distribution of these com­
pounds in the excited state is equal to that in the ground 
state. Then, the magnitude of the static quenching 
for each compound corresponds to the fraction of 
conformation with the end-to-end distance, r, being 
shorter than the radius of the active sphere, R0, in the 
conformational distribution in the ground state. So, 
the fraction of conformations with the end-to-end dis­
tance, r, shorter than the radius of the active sphere, 
R0, for various values of R0 was calculated for each 
compound. The results at 77 K and 136 K are shown 
in Figs. 6 and 7, respectively. At both temper­
atures, the best fit with experimental results was given 
when the value of the radius of active sphere is equal 
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Fig. 6. Comparison of calculated fraction of the static 
quenching for 77 K with the observed fraction in 
MTHF at 77 K. (—•—) : Observed value, (—A—) : 
calculated value for i?0=10Â, (—O—): calculated 
value for R0=9 Â, (—G—) - calculated value for R0= 
8 A. 
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Fig. 7. Comparison of calculated fraction of the static 
quenching for 136 K with the observed fraction in 
MTHF at 77 K. Notations are the same as Fig. 6. 

to 8.8—9.0 Â. The agreement between the calculated 
and experimental values is better at 136 K than at 
77 K. This result might indicate that the equilibrium 
distribution of conformations a t 136 K is conserved 
below 136 K, since the freezing point of M T H F is 
136 K. 

Active Sphere of the Dynamic Fluorescence Quenching in 
Solution. In this study, the active sphere model 
is used for the static fluorescence quenching of the 
intramolecular exciplex system. This model was first 
introduced by Perrin15) for the static fluorescence 
quenching of the molecularly dispersed system. 
Smoluchowski's solution of diffusion-controlled reac­
tions16) are derived under the boundary condition of 
the hard core in the active sphere model: c(r,Q)=c0, 
c(co}t)=c0, c(R,t)=0, where R is the sum of the 
collision radii and c0 is the initial concentration of the 
diffusion species, and they have been applied to 
dynamic diffusion-controlled fluorescence quenching.17) 

Now, the active sphere of the dynamic fluorescence 
quenching of the intermolecular system : iV-ethylcarba-
zole-dimethyl terephthalate will be compared with 
that of the static fluorescence quenching of the intramo­
lecular exciplex system in a rigid medium. Radius of 
the active sphere of the dynamic fluorescence quench­
ing of the intermolecular system was estimated in 

e 

i 

P \ 
o 

H 

(DMTPj / 10 moldm'3 

Fig. 8. Stern-Volmer plots of 0 (O) and T (#) for 
the fluorescence of ECZ quenched by dimethyl tere­
phthalate (DMTP) in THF solvent at 25 °C. 

TABLE 2. RADIUS OF ACTIVE SPHERE (R') AND 

DIFFUSION CONSTANT (D) IN VARIOUS SOLVENTS 

Solvent 
Dielectric 
constant 

e 

R'lk Z>/10-5cm2s-

Toluene 
Dibutyl ether 
Diethyl ether 
Tetrahydropyran 
Tetrahydrofuran 
Acetonitrile 

2 .4 

3 .1 

4 . 3 

5 .6 

7 .6 

36.7 

5 .6 

5 .3 

6 . 8 

6 .0 

7 .3 

6 .4 

2.83 
2.72 
5.01 
2.11 
2.32 
3.34 

various solvents at 25 °C by the method B of Ware and 
Novros,18) i.e., the Stern-Volmer plots were analyzed 
by the theory of diffusion-controlled fluorescence 
quenching including a transient term. An example of 
the analysis is as follows. S tern-Volmer plots of both 
steady-state fluorescence quan tum yield 0 and fluo­
rescence lifetime r in T H F solvent at 25 °C is shown 
in Fig. 8. The Stern-Volmer plot of r gives Kq = 
202 dm 3 m o l - 1 and the lifetime in the absence of 
electron acceptors T0 was measured to be 15.8 ns, then 
47riTi)N , = 1 . 2 8 x l 0 1 0 d m 3 m o l - 1 s - 1 is obtained and 
furthermore, W^DR'^N' = 1 . 1 X 105 dm 3 mol" 1 s1/2 is 
estimated from the S tern-Volmer plot of 0. Then the 
combination of these values gives # ' = 7.3 Â and D = 
2.32 X 10~5 cm2 s_1. The values obtained for other 
solvents are also shown in Table 2. As described in 
the previous section, the radius of active sphere R0= 
8.8—9.0 Â was obtained for the intramolecular fluo­
rescence quenching from the chain length dependence 
of the fluorescence quan tum yield of CZ moiety in 
a rigid medium. The values of R' are slightly smaller 
than the intramolecular one R0, but the agreement 
between the radius of active sphere for the intramolec­
ular fluorescence quenching and the intermolecular 
one is fairly good. 

Though we employed the hard core approximation 
(c(R0, t)=0) for the active sphere at the present stage, 
neglecting the effect of the mutual orientation between 
CZ and T M P moieties, experimentally observed frac-
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t ions of t h e s ta t ic q u e n c h i n g w e r e wel l s i m u l a t e d w i t h 
a p p r o p r i a t e p a r a m e t e r s of t h e r a d i u s of ac t i ve s p h e r e 
a n d t h e t e m p e r a t u r e of t h e sys tem. 

T h e ca lcu la t ions r e p o r t e d in this p a p e r w e r e c a r r i e d 
o u t o n t h e F A G O M 230-75 c o m p u t e r a t t h e C o m p u t e r 
C e n t e r of K y o t o U n i v e r s i t y . 
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The infrared spectra of iV-methylthiourea (NMTU) and its iV-deuterated and iS-methylated species were 
measured. Assignment of the infrared and Raman spectra of NMTU has been accomplished by correlation 
with thiourea and by use of infrared band shifts on iV-deuteration as well as ^-methylation. Normal coordinate 
analysis was performed for all the fundamentals of NMTU and NMTU-öf3, the assignments obtained from the 
force field calculations being discussed in relation to those in other related thioureas and thioamides. The potential 
barriers to the internal rotations for the -NH2, -CH3, and -GN groups were estimated from the force constants. 

There is continued interest in the study of thiourea 
derivatives and their metal complexes in recent years. 
This may be due to some unusual spectroscopic, magne­
tic and structural properties shown by the metal com­
plexes of thiourea derivatives as well as to the potential 
ability of thioureas for ambidentate coordination.1-4) 

jV-Methylthiourea (NMTU) is the simplest alkyl-
substituted thiourea. An analysis of its vibrational 
spectrum is necessary for the investigation of the charac­
teristic frequencies and the force field of thiourea 
derivatives. Lane et alß tentatively assigned the in­
frared spectra of NMTU in the region 4000—700 cm"1. 
Of particular interest is their assignment of the C=S 
stretching frequency at 780 cm"1. Jensen and Nielsen,5) 
however, attributed a band near 635 cm - 1 to a coupled 
C=S stretching mode. There are differences in the 
assignments also of other bands for NMTU. No complete 
assignment of the infrared spectra of jV-methyl thiourea 
is available although quantitative vibrational assign­
ments of thiourea,6-8) ^iV'-dimethyl-,9'10) and tetra-
methylthioureas10'11) have been accomplished by normal 
coordinate treatments. Recently, detailed vibrational 
assignments for thiosemicarbazide12»13) (H2HNH-C(=S)-
NHo) and jV-methylurea14) (NMU), closely related to 
NMTU, have been published. 

An appropriate description of the fundamental 
vibrations of NMTU arrived at with the aid of normal 
coordinate analysis of NMTU and NMTU-ûf3 and the 
infrared spectrum of the S-methylated NMTU is 
discussed herewith. The potential barriers to the 
internal rotation about C-N and C-C bonds are 
estimated from the force constants. 

Experimental 

NMTU was prepared by the method of Moore and 
Grossley15) and purified by recrystallization from absolute 
ethanol. NMTU-öf3 was obtained by dissolving NMTU in 
D20 and evaporating the excess D20 in vacuo. The process 
was repeated several times till the infrared spectrum showed 
no bands due to NH vibrations. The .S-methyl derivative of 
NMTU was prepared by the procedure of Brand and Brand.16) 

Spectra: Infrared spectra were measured on a Carl Zeiss 
UR 10 spectrophotometer between 4000 and 400 cm-1 in 
Nujol mull and KBr pellet. Far infrared spectra from 400 to 
30 cm-1 were recorded on a Polytec FIR 30 spectrometer as 
polyethylene pellet. The Raman frequencies of NMTU are 
quoted from recent data.17) 

Normal Coordinate Treatment. The GF matrix method 

of Wilson18) was employed. A trans-planar -GSNH- confor­
mation supported by nuclear magnetic resonance studies19) 
with a molecular symmetry Cs was adopted. The 27 vibra­
tions of NMTU then divide themselves into 18 a' (in-plane) 
and 9 a" (out-of-plane) modes, all being infrared and Raman 
active. The following molecular parameters transferred from 
those of NMU14) and Pt(II) iV-ethyl thiourea complex1) were 
used: bond distances N-H 1.00; G-H 1.08; C-N 1.465; G-N 
1.351; G-S 1.73 Â. The angles around the methyl carbon 
atom were taken to be tetrahedral (109.47°) and those around 
the nitrogen of the NH2 group 120°. The other angles were 
-NGN 117°; NGS and N'CS 121.5°; CNH and CN'H 120°. 
The molecular structure and the internal coordinates are 
shown in Fig. 1. The symmetry coordinates were the same 
as those employed for NMU.14'20) 

Fig. 1. Structure and internal coordinates of iV-methyl 
thiourea. 

The Urey-Bradley force field which gives satisfactory expla­
nation of the spectra of thioamides21-23) and thioureas6'8»10) 
was employed. To begin with, zeroth order calculations were 
performed for the planar vibrations using the force constants 
transferred from (a) thioacetamide21) (TAM), and (b) thio­
urea6) (TU) and thioacetamide.21) The zeroth order frequen­
cies were similar in both cases and were reasonably close to 
the observed frequencies, the potential energy distributions 
(PED) being also comparable. For out of plane vibrations, 
the methyl group was treated by the Urey-Bradley force func­
tion, the valence force constants being employed for the planar 
molecular skeleton. The initial values of the valence force 
constants were taken from NMU.14) 

The force constants of set (a) were refined in order to get a 
good agreement between the calculated and observed frequen­
cies for both NMTU and NMTU-Ü?3. The final force constants 
given in Table 1 are comparable with those of the initial 
ones, requiring only minor modifications. 
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T A B L E 1. FORCE CONSTANTS** FOR JV-METHYLTHIOUREA 

Stretching 

K N M T U 

Bending 

H N M T U 

Repulsive 

N M T U 

T A B L E 2. OBSERVED AND CALCULATED FUNDAMENTALS 

AND ASSIGNMENTS FOR JV-METHYLTHIOUREA 

GS 

GN 

C N ' 
N H 
N ' H 

C 'N 
GH 

10 
30 
10 
60 
10 
65 
45 

H N H 
H N G 

NGS 
NGN 
N ' C S 
C N ' H 
GNG 
H N C 
N C ' H 

H G H 

41 
30 
36 
74 
45 
12 
20 
07 
27 
43 

H N H 
H N G 

NGS 
N G N 
N ' C S 
C N ' H 
GNG 
H N C 
N C ' H 
H G H 

0 . 0 

0 .55 
1.05 
0 .65 
1.10 
0 .50 
0 .30 
0 .95 

0 .50 
0 .04 

/ ( w N H 2 , TTNH) - 0 . 0 0 8 

/ ( T G N , TTNH) - 0 . 0 2 2 

Valence constantsb) 

/ ( w N H 2 ) 0 .056 / ( T T N H ) 0 .060 
/ ( T N H 2 ) 0 .110 / ( T G N ) 0 .095 

/ ( T T G S ) 0.090 / ( T G H 8 ) 0 .006 

a) K, H , and F are in mdyn/A and the valence constants 
( / ) in mdyn Â. Intramolecular tension k(CH3) —0.05 
mdyn A and interaction constant P ( N H , NH) —0.12 
mdyn/A. b) w, T, and n: As in Table 2. 

T h e computations were carried out on an IBM 360/44 com 
puter using programs similar to those of Schachtschneider.24) 

R e s u l t s a n d D i s c u s s i o n 

A g r e e m e n t b e t w e e n t h e o b s e r v e d a n d c a l c u l a t e d 
f requencies for N M T U - É / 0 a n d -d3 is sa t i s fac tory . T h e 
s o m e w h a t l a r g e r d e v i a t i o n s for t h e d e u t e r a t e d c o m p o u n d 
c a n b e a t t r i b u t e d to t h e h i g h e r a n h a r m o n i c i t y a s soc ia t ed 
w i t h t he h y d r o g e n - i n v o l v i n g v i b r a t i o n s . As usual , 2 5 ) a n 
i n t e r a c t i o n c o n s t a n t , P ( N H , N H ) , w a s e m p l o y e d to ge t 
a b e t t e r fit for t h e N H 2 s t r e t c h i n g f r equenc ie s . 

Band Assignments. T h e o b s e r v e d a n d c a l c u l a t e d 
f requenc ies a n d a n a p p r o x i m a t e d e s c r i p t i o n of t h e 
v i b r a t i o n s d e r i v e d f rom t h e p o t e n t i a l e n e r g y d i s t r i b u ­
t ions a m o n g s t t h e s y m m e t r y c o o r d i n a t e s a r e g i v e n for 
N M T U a n d NMTU-öf 3 in T a b l e s 2 a n d 3 , r e spec t ive ly . 

A l t e r n a t e a s s ignmen t s for t h e f r equenc ies b e l o w 700 
c m - 1 w e r e c o n s i d e r e d b y m e a n s of force field c a l c u l a ­
t ions . F i n a l se lec t ion cons i s ten t w i t h a sa t i s fac tory 
i n t e r p r e t a t i o n of a l l t h e b a n d s w a s m a d e b y r e f e r r i n g 
to t he d e u t e r i u m f r e q u e n c y shifts a n d t h e c h a r a c t e r i s t i c 
g r o u p f requenc ies in s t r u c t u r a l l y r e l a t e d m o l e c u l e s . 

In-plane Vibrations. Thioureide Group Vibrations. 

NH, NH2 Stretching: T h e i n f r a r e d s p e c t r u m of N M T U 
shows t h r e e b a n d s i n t h e r e g i o n a b o v e 3000 c m - 1 

ass ignab le to N H 2 a n d N H s t r e t c h i n g v i b r a t i o n s . T h e 
b a n d s a t 3350 a n d 3189 c m - 1 a r e eas i ly a s s igned to 
a s y m m e t r i c a n d s y m m e t r i c N H 2 v i b r a t i o n s , r e s p e c t i v e l y , 
a n d t he b a n d a t 3280 c m " 1 to N H s t r e t c h i n g . O n 
d e u t e r a t i o n these b a n d s a r e r e p l a c e d b y n e w ones a t 
2520 , 2350, a n d 2415 c m " 1 , r e spec t ive ly . 

CN Stretching: A c c o r d i n g to t h e n o r m a l c o o r d i n a t e 
ana lys is , t h e b a n d a t 1567 c m - 1 ( n e a r 1555 c m - 1 i n 
R a m a n ) ass igned b y L a n e et al.4) t o t h e t h i o a m i d e I I 
b a n d of t h e - C S N H - g r o u p is d u e to a h i g h l y c o u p l e d 
v i b r a t i o n c o m p r i s i n g of G N a n d C S s t r e t c h i n g a n d N C N 
a n d C N C b e n d i n g m o d e s . T h e b a n d as e x p e c t e d shifts 
to a h i g h e r f r equency o n S - m e t h y l a t i o n , b e i n g o b s e r v e d 

Frequency, cm x 

Obsd 

R a m a n I R 
Galcd 

Assignment** 
Dc) (Potential energy 

distributions,̂  % ) 

a species 
3325 3350 
3293 3230 
3166 3139 
2925 2970 
2873 2880 
1628 1642 
1554 1567 

1488 
1428 
1406 
1296 
1145 
1126 
973 
767 

487 
280 

1500 
1462 
1408 
1302 
1154 
1125 
980 
778 
635 

496 
300 

a species 
3003 2970 

1460 

700 
594 
574 
406 
194 

725 
600 
557 
400 
185 
135 

3357 0 .2 y a NH 2 (100) 
3274 0.2 yNH(99) 
3193 0.1 ysNH2(99) 
2972 0.1 yaCH3(99) 
2888 0.3 ysCH3(99) 
1639 0.2 <5NH2(82) 
1573 0 . 4 y sCN (23), <5NCN (22), 

vCS (19) 
1503 0 .2 y a CN(60) 
1456 0 . 4 <5aCH3(75) 
1394 1.0 <5SCH3(79) 
1301 0 .1 <5NH(65) 
1139 1.3 r N H 2 ( 5 3 ) 

1122 0 . 3 y C 'N (53), 
1000 2 . 0 r C H 3 ( 4 6 ) , 
768 1.3 yCS(64) 
657 3 .5 <5SCN(27), 

yC'N (23) 

494 0 . 4 <5NCN(52) 
294 2 . 0 <5CNC (39), <5SCN (38) 

2969 0 . 0 yCH 3 (100) 
1461 0 .1 <5CH3(85) 
1043 r C H 3 (82) 

712 1.8 T N H 2 ( 9 9 ) 

587 2 .2 w N H 2 ( 9 1 ) 
547 1.8 T C N ( 4 8 ) , TTNH (42) 

403 0 . 8 T T C S ( 7 5 ) 

187 1.1 T T N H ( 5 7 ) , T C N ( 2 7 ) 

135 0 . 0 T C H 3 ( 8 7 ) 

».CN (25) 
r N H 2 (18) 

<5CNC (23), 

<5SCN (20) 

a) v, s tretching; a, asymmetr ic ; s, symmetric; 3, bending; 
r, rocking; w, wagging; T, torsion and n, out-of-plane 
bending, b) l00LfkFu/Àk; those less than 2 0 % are omitted 
when the individual or sum of the P E D is higher than 
5 0 % . c) D is the deviation of y as a percentage: 

D = ( K b s d - ^ c a l c d l ) X 100/y o D s d . 

a t 1590 c m - 1 i n t h e s p e c t r u m of A^S-d ime thy l t h i o u r e a 
h y d r o i o d i d e . 

T h e 1500 c m - 1 b a n d (a t 1488 c m - 1 , R a m a n s p e c t r u m ) 
m a y b e chiefly a s soc ia t ed w i t h C - N a s y m m e t r i c s t r e t c h ­
i n g , w h i c h is h i g h e r t h a n t h a t i n t h i o u r e a 6 ) ass igned to 
1472 c m - 1 . T h e 1500 c m " 1 b a n d of N M T U is una f fec t ed 
in t h e £ - m e t h y l d e r i v a t i v e e x c e p t for a n inc rease i n 
in t ens i t y . 

NH, NH2 Bending: T h e r e i s a d o u b l e t i n t h e in f r a red 
s p e c t r u m of N M T U in t h e 1 2 5 0 — 1 3 0 0 c m - 1 r e g i o n ; t h e 
b a n d a t 1302 c m - 1 is s t r o n g a n d t h a t a t 1262 c m - 1 is 
m e d i u m in in t ens i t y . I n t h e R a m a n s p e c t r u m also a 
s t r o n g b a n d a t 1296 c m - 1 a n d a m e d i u m s h o u l d e r b a n d 
a t 1260 c m - 1 a r e o b s e r v e d . T h e s t r o n g b a n d a t 1302 
c m - 1 is t a k e n as t h e f u n d a m e n t a l a n d t h e o n e a t 1262 
c m - 1 m a y b e d u e to a n o v e r t o n e , e n h a n c e d i n in t ens i t y 
poss ib ly d u e to F e r m i r e s o n a n c e w i t h t h e f u n d a m e n t a l 
a t 1302 c m - 1 . 
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T A B L E 3. OBSERVED AND CALCULATED FUNDAMENTALS 

AND ASSIGNMENTS FOR iV-METHYLTHlOUREA-öfg 

Frequency, cm-1 Assignment 
, * » D (Potential energy 

Obsd Galcd distributions, %) 

The present assignment of the 1302 c m - 1 band to 
thioamide I I band of the - C S N H - group agrees qualita­
tively with that of Lane et al.4) According to the potential 
energy distribution, the 1302 c m - 1 band arises mainly 
from N - H bending (65%). This band (as also does the 
1262 c m - 1 band) disappears on N-deuteration, a new 
band at 954 c m - 1 due to N D bending being found in 
the spectrum of NMTU-ûf3. The N H bending frequency 
of N M T U is lower than the one at 1354 cm" 1 in NMU. 1 4 ) 

The thioamide I I band of the - C S N H 2 group due 
to N H 2 bending is observed at 1642 c m - 1 . 

NH2 Rocking : The band at 1154 c m - 1 may be assigned 
to a coupled N H 2 rocking. I t is compatible with the 
1160 c m - 1 band of N M U . T h a t the 1154 cm" 1 band of 
N M T U undoubtedly has its origin in the N H 2 group is 
confirmed by deuteration studies. I t shifts to 870 c m - 1 

in the infrared spectrum of NMTU-öf3. The normal 
coordinate analysis shows the 1125 c m - 1 band as due 
to a mixed mode mainly of H 3 C - N and symmetric C-N 
stretching vibrations. 

CS Stretching: There are two bands in the infrared 
spectrum of N M T U , a strong sharp band at 778 c m - 1 

and a strong somewhat broad band at 725 c m - 1 . In the 
present investigation, the 778 c m - 1 band is assigned 

to the C=S stretching in line with that of Lane et al.*) 
and the 725 c m - 1 band to an out-of-plane N H 2 bending. 
According to the potential energy distribution, the C=S 
stretching contributes nearly 6 5 % to the 778 c m - 1 band. 
A very intense R a m a n band at 767 c m - 1 is observed in 
support of this assignment. Further, if the 778 c m - 1 

band is assigned to the N H 2 out-of-plane bending, the 
calculated frequency for the corresponding ND 2 mode 
is at 570 c m - 1 , whereas a new strong band observed on 
N-deuteration is at 510 c m - 1 . 

The assignment of C=S stretching (Thioamide I band) 
of N M T U at 778 cm" 1 is comparable with the C=S 
stretching frequency in the isoelectronic thiosemi-
carbazide10 '11) assigned to 800 c m - 1 . Similarly, N-
ethylthiourea also exhibits a strong R a m a n band17) in 
this region at 806 c m - 1 , which may be assigned to the 
C=S stretching mode. Thus the C=S stretching frequency 
of N M T U is higher than that in thiourea6) and sym-N,N'-
dimethylthiourea9 '10) assigned near 730 c m - 1 . As in 
N M T U , strong R a m a n bands are also observed near 
730 c m - 1 in these compounds. The 778 c m - 1 band is 
nearly unaffected on S-methylation, the behavior being 
similar to the •S'-methylation of thiourea. The 727 c m - 1 

band of thiourea predominantly due to C=S stretching 
is unaffected in the spectrum of the .S-methyl derivative.5) 

The C=S stretching vibration has been empirically 
assigned to 635 c m - 1 by Jensen and Nielsen5) from a 
comparison of the spectrum of N M T U with that of it 
seleno analogue. This is not supported by normal 
coordinate analysis. However, the 635 cm- 1 band has 
contribution from NCS bending and therefore shifts 
to a lower frequency on selenation which explains their 
observation. 

Skeletal Bending: The band at 496 cm" 1 is due to NCN 
bending, a band assigned similarly being found at 487 
c m - 1 in thiourea.6) The NCS bending occurs as a 
coupled mode, contributing to the bands at 635, 496 
and 300 c m - 1 . In contrast, T A M exhibits a nearly 
pure NCS bending vibration21) near 470 c m - 1 . The 
zeroth order calculations clearly showed the 635 c m - 1 

band to be a coupled vibration of NCS and CNC 
bending modes. The lowest in-plane fundamental at 
300 cm" 1 can be assigned to CNC bending as in NMU.1 4) 

Methyl Group Vibrations. The band at 980 cm- 1 

can be assigned to C H 3 rocking which is coupled with 
N H 2 rocking as in TAM.2 1) The assignment differs 
from that of Lane et al.V who have at tr ibuted C H 3 

rocking to 1154 and 1125 c m - 1 bands (considered as a 
doublet) . As expected, the 980 c m - 1 band is absent in 
thiourea.6) The other C H 3 group vibrations are easily 
assigned as shown in Tables 2 and 3. 

Out-of-plane Vibrations. There are five a" modes 
for the planar skeleton. The N H 2 torsional mode of 
N M T U assigned to 725 c m - 1 , which on deuteration 
shifts to 510 cm"1 , is compatible with that of NMU1 4) 
and TAM2 1 '2 2) where it has been assigned near 710 c m - 1 . 
The 600 c m - 1 band of N M T U arises from N H 2 wagging. 
This is lower than the N H 2 wagging in TAM19»20) at 
709 cm" 1 but higher than that in NMU 1 4) at 531 cm" 1 

and in urea26) at 555 c m - 1 . 
The potential energy distributions show the N H 

bending (thioamide V band) to be highly mixed with 

2970 

2880 

2520 

2415 

2350 

1545 

1512 

1460 

1395 

1195 

1130 

1080 

954 

870 

708 

630 

451 

292 

L" species 

2970 

1460 

1075 

510 

475 

420 

360 

184 

130 

2972 

2889 

2489 

2393 

2305 

1518 

1493 

1452 
1381 

1223 

1130 

1079 

919 

860 

731 

630 

444 

292 

2969 

1461 

1043 

517 

495 

416 

352 

178 

135 

0 .1 

0 . 3 

1.2 
0 . 9 

1.9 

1.7 

1.3 

0 . 5 

1.0 

2 . 3 

0 .0 

0 .1 

3 .7 

1.1 
3.2 
0 .0 

1.6 

0 .0 

0 .0 

0 .0 

3 .0 

1.3 

4 .2 
1.0 

2 .2 

3.2 
3 .8 

r,aCH3 (99) 
^ G H 3 (99) 

y aND 2 (98) 

yND (97) 

y , N D , (97) 
y sCN (25), 5NGN (19), 

vCS (18) 

^ C N (52) 
d a CH 3 (67) 

<5SCH3 (91) 

<5ND2 (68) 
r C H 3 (43) 

yC 'N(51) 

<5ND (55), r C H 2 (29) 

rND 2 (62) 
yCS (68) 

yC'N (23), <5CNC (22), 

y s CN(21) , <5SCN(21) 
<5NCN (47), <5SCN (24) 

<5SCN (37), <5CNC (39) 

yCH 3 (100) 

<5CH3 (85) 

r C H 3 (82) 

T N D 2 (77) 

w N D 2 (50), TTCS (31) 

TTND (41), r C N (22), 

wND 2 (20) 

T C N (43), T C S (30) 

T T N D ( 5 1 ) , T C N ( 2 7 ) 

T C H 3 (86) 



July, 1979] Vibrational Spectra and Normal Coordinate Analysis of iV-Methyl Thiourea 2087 

CN torsion, contributing to the bands at 557 and 185 
c m - 1 . A similar coupling of N H bending with CN 
torsion has been noted for diacetamide.27) The band at 
400 cm- 1 of N M T U is at tr ibuted to the C=S out of 
plane bending (thioamide V I band) . The C H 3 torsion 
is associated with a band at 135 c m - 1 which is lower 
than that in NMU 1 4) at 166 cm"1 . 

Internal Rotation. The potential barriers for the 
internal rotation about the C-N bonds, FNH2 and FCH3J 

of the - C S N H 2 and the - N H C H 3 groups, respectively, 
can be approximated from the values of the respective 
torsional force constants. Using the treatment employed 
for NMU1 4) and acetamide,25) the barrier heights can 
be calculated from the relation 

FNH2 = 2 / ( T N H 2 ) = 30.7 kcal mol"1 

and 
*CH. = 3 /4 / (TCH 3 ) = 0.6 kcal mol"1. 

The values of FN H , and Vcut are comparable with 
those of NMU1 4) (31.3 and 1.7 kcal mol"1 , respectively). 
Similarly the barrier to the internal rotation about the 
CN bond of the - C S N H - group is given by 

^CN = 2 / (TGN) - AF/4 = 26.0 kcal mol"1, 

where A V is the energy difference between the eis- and 
trans-isomers of N M T U estimated to be 9.0 to 12.0 
kcal mol"1 by the N M R method.19) By taking A F as 
9.0 kcal mol"1 , the value obtained for FCN of N M T U is 
comparable with that of NMU 1 2) and jV-methyl-
formamide28) (25.6 and 28.0 kcal mo l - 1 , respectively). 
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An Alternative Method of Solving the Rose-Drago Equation for the 
Determination of Equilibrium Constants of Molecular Complexest 
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An alternative method for solving the Rose-Drago equation for the determination of equilibrium constants of 
molecular complexes has been developed. It yields well-defined K values even for certain systems in which the 
Rose-Drago procedure for solving the R-D equation is not satisfactory. Our method is based on the transforma­
tion of the Rose-Drago equation into one involving three variables and using two linear plots. In applying the 
method to a wide variety of experimental data, the calculated values of the equilibrium constant have been found 
to be in excellent agreement with those computed by the well-known iterative procedure. With good data, the 
calculated values are in good agreement with those from the Benesi-Hildebrand or some other modified plots. 

Molecular addit ion compounds formed by the interac­
tion of electron donors and acceptors are generally 
characterized by intense electronic absorption at t r ib­
utable to neither component of the addition compound, 
but to a new molecular species, the compound—usually 
referred to as the molecular complex — itself. The 
interpretation of the occurrence of these absorption 
bands by Mulliken1) in the light of his charge-transfer 
theory is now widely accepted. After the formulation 
of this theory, numerous workers were interested in 
determining the composition and stability of these com­
plexes. Benesi and Hildebrand2) formulated a spectro­
pho tome t ry method and many investigators used it 
or some modification of it3»4) to determine the equilib­
r ium constants. Certain limitations of the Benesi-
Hi ldebrand (B-H) method5) became evident and new 
equations were derived. Of these, the most noteworthy 
one is the Rose-Drago equation,6) which is perfectly 
general. This equation (Eq. 1 ; see next section) contains 
two unknowns, K and sc; they are, respectively, the 
equil ibrium constant and the molar absorptivity of the 
complex. An analytical solution for sc could be derived 
by constructing two simultaneous equations, each 
representing different experimental trials. Alternatively 
Rose and Drago6) developed a graphical procedure for 
solving their general equation. This consisted of random 
selection of ec values and calculation of K~x from one 
set of experimental data , namely with one part icular 
value of initial concentration of donor and acceptor, 
plotting K_1 as a function of sc, repetition of this 
procedure with other sets, and finally evaluating K_1 

and ec values from the common point of intersection. 
But selection of a series of ec values at random for each 
set of experimental data renders this graphical method 
laborious and sometimes very difficult to employ. In 
addition, in many cases the Rose-Drago plot shows a 
wide scatter in the values of K and £c.

7) 

In the present article, we report an alternative 
graphical method, based on the consideration of two 
linear plots, for solving the Rose-Drago equation. This 
procedure is straightforward, more convenient to use, 

t A preliminary account of this work was presented at the 
26th Congress of the IUPAC held in September, 1977. 

tt Present address: Eye Research Institute of Retina 
Foundation, 20 Staniford St., Boston, MA 02114, U.S.A. 

and can be employed without any loss of generality of 
the equation. 

Princ ip le a n d M e t h o d 

Drago and Rose7) derived Eq. 1 relating K'1 and sc as 

v--\ _ kDCA(gc — gA) n° r° _J_ ~~"̂ A n \ 
a — aA

 ec £A 

where C£ and CA are the initial concentrations of the 
donor and acceptor respectively, eA is the molar absorp-
tivity of the acceptor, dl is the absorbance of the initial 
concentration of the acceptor, and d corresponds to 
the total absorbance at any given wavelength for a cell 
of 1 cm path length. 

Now, Eq. 1 can be written in the form: 

y = L + Mx - M2z, (2) 
where 

L = tf-i/(«e-eA), 
and 

M= l/(ec-eA). 

Now, from definitions, it can be easily shown that z 
is a linear function of Cc, the equilibrium concentration 
of the complex, and at the lower range of donor concent­
ration8) or within the close range of donor concentration 
it is a reasonably good approximation to assume that 
Cc is a linear function of x in the range. Thus, to the 
first approximation, we can substitute z=mx-{-n in Eq. 2, 
yielding 

y = (L~M2n) + (M-M*m)x. (3) 

Equat ion 3 gives a linear plot of j> versus x with slope, 

S = M - M2m, (4) 
and intercept, 

I = L - M*n, (5) 

where m and n can be obtained from the slope and 
intercept of z vs. x plot. 

Now, from Eq. 4, 

The root (1 + ^ 1 —4m*S,)/2m is discarded because its 
value differs widely from that given by the approximate 
equa t iony=L-{-Mx, and also because it yields inadmis-
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sible values of sc. Substituting the value of M from 
Eq. 6 into Eq. 5, we get L, and finally K=M/L and sc = 

R e s u l t s a n d D i s c u s s i o n 

The Rose-Drago curve for the naphthalene-picr ic acid 
system, constructed from the data by Foster,9) is shown 
in Fig. 1. As can be seen from the figure, well-defined 
values of K and ec are not obtainable from the plot. W e 
also observed similar scatter in the Rose-Drago curve 
for the systems pyridine-iodine and 2-methylpyridine-
iodine from the data of Nagchandhur i and Basu.10) 

Using our graphical procedure, we have calculated 
the equilibrium constant and molar absorptivity values 
of a large number of a wide variety of molecular com­
plexes, using the experimental data of different inves­
tigators for different systems, such as the iodine com­
plexes of polycyclic aromatic hydrocarbons11) and aza-
aromatics,10) complexes of tetrachlorophthalic anhy­
dride (TCPA) with aza-aromatics,12) the naph tha lene-
picric acid complex,9) and the chloranil-indole 
complex.13) A representative linear plot of z vs. x and of 

y vs. x for the systems naphthalene-picr ic acid, iod ine-
pyridine, and TCPA-quinol ine are shown in Figs. 2 
and 3 respectively. In all other cases examined by us 
reasonably good linearity was obtained in these two 
plots. The calculated values of K and ec of various 
systems are presented in Table 1, which also contains, 
for comparison, the values of these quantities obtained 
by various authors by applying either the Benesi-
Hildebrand or some other modified plot. We have also 
computed the values of K and ec of these systems with 
the help of the iterative technique as followed by 
Arnaud and Bonnier.14) The iteratively computed 
values of K, computed by the IBM 1130 computer, are 
also presented in Table 1. In almost all the cases we 
examined, the values of K obtained by our procedure 
are in very good agreement with those obtained by the 
iterative procedure. Except in the case of T C P A -

340 380 420 

Fig. 1. Rose-Drago plot for the picric acid-naphthalene 
system. The different lines correspond to the different 
experimental trials, each a definite value of C^ and C$. 

aza-aromatic systems we failed to obtain a reasonably 
good common point of intersection by the Rose-Drago 
procedure for the systems under consideration. In the 
case of the pyrene-iodine complex a K-value of 43 
1 m o l - 1 with a standard deviation of ± 7 was obtained 
by Drago and Rose7) by applying their own procedure. 
Calculation by our method yields K=42.9 1 mol"1 . For 
the biphenyl-iodine complex the Rose-Drago procedure 
yields X = 0 . 3 9 : t 0 . 1 5 5 whereas the reported value is 
0 .37; n ) our method gives K=0.2S. For the naph tha lene-

T A B L E 1. EQUILIBRIUM CONSTANTS AND MOLAR EXTINCTION COEFFICIENTS (ec) OF VARIOUS MOLECULAR COMPLEXES 

System 

TCPA+Quinoline 
TCPA+ 2-Methylquinoline 
TCPA+Benzo [h] quinoline 
Iodine+Pyridine 
Iodine+2-Methylpyridine 
Iodine+2,6-Dimethylpyridine 
Iodine+Quinoline 
Iodine+Isoquinoline 
Iodine+ Phenanthridine 
Indole + Ghloranil 
Naphthalene + Picric acid 
Iodine+Pyrene 
Iodine+Biphenyl 
Iodine+Naphthalene 
Iodine+Phenanthrene 

Our method 

29.00 
13.13 
19.00 
38.98 
46.37 
29.64 
66.75 
40.07 
47.24 
2.82 
2.38 

42.91 
0.28 
0.21 
2.67 

K{\ mol-1) 

Iterative 
method 

29.86 
13.48 
19.14 
40.37 
48.57 
31.95 
65.07 
39.95 
46.48 
2.87 
2.40 

42.82 
0.29 
0.21 
2.61 

B^For 
modified plot 

26.0a> 
15.0a> 
18.0a> 
43.74b> 
50.00b> 
26.23b) 
69.0b> 
39.4b> 
47.0b> 
2.86c> 
2.29d> 

36.49e) 
0.37e> 
0.62e) 
1.06e) 

ec 

/ 

Our method 

132 
226 
300 

1006 
1043 
878 

2994 
1551 
852 

1527 
366 
140 

5231 
6557 

618 

B-H or 
modified 

— 
— 
— 

952b> 
1000b> 
888b) 

3046b) 
1538b> 
852b) 

1510c> 
377d) 
161e> 

4000e) 
2395e) 
1492e) 

a) Ref. 12. b) Ref. 10. c) Ref. 13. d) Ref. 9. e) Ref. 11. 
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o 4 h 
X 

* x l 0 2 

Fig. 2. Z vs. x plot for the system TCPA-quinoline ( # ) , 
picric acid-naphthalene ( X ), and iodine-pyridine (CO­

AT X 1 0 2 

Fig. 3. y vs. x plot for the system TCPA-quinoline ( # ) , 
picric acid-naphthalene ( X ), and iodine-pyridine (O)« 

iodine complex the recalculated K by our method is 0.21 
which is close to the value, 0.25, quoted by Drago.7) 
The K value of 0.62 for this system, obtained by 
Bhattacharya and Basu11) from the Benesi-Hildebrand 

plot, is considerably higher. For the iodine-anthracene 
system the Rose-Drago equation, solved by our method, 
yields a much lower value of K than that obtained by 
Bhattacharya and Basu.11) This might be due to some 
specific assumptions in deriving the Benesi-Hildebrand 
equation rendering it unsuitable for general appli­
cation.15) 

Drago and Rose7) felt that a recalculation with many 
reported data was necessary for yielding meaningful 
thermodynamic quantities from spectrophotometric 
investigations. These calculations can be carried out by 
our procedure for solving the Rose-Drago equation more 
easily and effectively than by their own graphical 
procedure. 

From the excellent agreement of computed results 
between our procedure and the iterative procedure, it is 
apparent that our one-step approximation of linearity 
between Cc and x is somehow almost equivalent to 
successive approximations in the process of iteration. 

The t ime and service made available by the Computer 
Center of the University of Calcutta are gratefully 
acknowledged. Sincere thanks are also due to Prof. 
S. K . Siddhanta , Head of the Department of Chemistry, 
Birdwan University, for constant encouragement during 
the progress of the work. 
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The semiconductive properties of vitamin A (alcohol and acetate) on adsorption of various vapors have been 
studied. The adsorbed vapors increase the semiconduction currents by several orders of magnitude and decrease 
the semiconduction activation energies. Such change depends on the chemical nature and also on the amount of 
vapor adsorbed. Semiconducting vitamin A follows the three-constant equation 

o(T) = < e x p (E/2kT0) exp (-E/2kT) 
where the conventional pre-exponential factor a0 has been replaced by oQ' exp (E/2kT0) (the so called compensation 
effect). Here T0 and a0' are constants for the substance and T0 is called the characteristic temperature. Various 
methods used for evaluating these constants have yielded consistent results with 7 ^ 4 0 2 K and <70'«*2.8x 10~9 Q'1 

cm-1 for vitamin A alcohol and 7 ^ 3 3 5 K and oQ'*&\.5 x 10"10 Q"1 cm"1 for vitamin A acetate. Excellent 
correlation obtained between the relevant parameters in semiconducting vitamin A indicates that a0 and E are 
physically related. Various models for conduction mechanism leading to compensation effect have been discussed. 
The measured activation energies on adsorption of same amount of various vapors show a linear relationship 
with the ionization potential of the adsorbed molecules suggesting that charge-transfer interaction is responsible 
for the semiconductivity enhancement. 

The electrical conductivity of conjugated ^-electronic 
organic compounds follows the operational definition of 
a semiconductor 

o(T) =<T0exp(-E/2kT) (1) 

where o(T) is the specific conductivity at any absolute 
temperature T} aQ is a pre-exponential factor, E the 
semiconduction activation energy and k is Boltzmann 
constant (E/2 is often written as E\ however, we shall 
use the former throughout this paper) . Experimentally, 
E is obtained from the slope of the linear plot of log o{ T) 
vs. \jT. Recently, the so called pre-exponential factor 
Ö"0 has been the subject of much discussion1-6) as experi­
mental evidence accumulated shows that Ö"0 contain 
exponential functions. Gu tmann and Lyons7) showed a 
linear relationship of the form 

log<j0 = aE + ß (2) 

holds good for one entire class of organic compounds, 
a and ß being constants. Rosenberg2»8) et al. showed 
evidence that if E is varied by hydration or complex 
formation relation (2) is valid for a single organic 
substance as well and they suggested an expression for 
the specific conductivity of the form 

a( T) = <j0
f exp (E/2k T0) exp ( - E/2k T) (3) 

thus introducing an additional constant T0, called 
characteristic temperature. Ö"0' and T0 for the same 
compound remain invariant. The linear relationship 
between the logarithm of the pre-exponential factor 
and the activation energy is called the compensation 
effect, o and E change in such a manner that their 
effect on aQ are mutually compensated. I t has been 
pointed out by Johnston and Lyons4) that the l inear 
relationship between log oQ and E may originate solely 
from the calculation of these parameters and the 
compensation effect requires no physical interpretation. 
However, they have suggested that if Ö"0 and E are 
physically related, one should get a linear relationship 
between log a and E yielding the semiconductive 
parameters in agreement with the values obtained 
from other sources. From Eq. 3, for any part icular 

temperature 7 \ , the specific conductivity is given by 

l o g . ^ l o g V + ^ - ^ f , 

Thus, the plot of log tf(7\) vs. E is expected to be l inear 
with a slope {\jT{i—\jT1)j2k and an intercept of log oQ'. 
The value of Ö"0' obtained from this plot should also 
show a good agreement with the values obtained from 
the log OQ VS. E and logo vs. \jTplots. In the experiment 
of Johnston and Lyons4) the log oQ vs. E plots were 
linear, but a very poor correlation between log a and E 
was observed4) in one component crystal of anthracene 
by changing its purity and doping with tetracene. Some 
recent theoretical works9»10) suggest that in biological 
semiconductors the compensation effect arises due to 
the dark conduction process. In view of the scanty 
experimental works available on this effect, it was 
thought worthwhile to investigate the conduction 
process in more biological semiconductors. T o test 
the validity of the compensation effect, E is generally 
varied by various ways and log oQ is plotted against E. 
The adsorption of gases is known8»11) to change the 
activation energies of organic semiconductors. Recently, 
being motivated to examine the hypothesis that vi tamin 
A is involved in olfactory transduction mechanism,12) 
we have studied the effect of adsorption of gases on solid 
vi tamin A. Such adsorption changes the activation 
energy and enhances the conductivity. In this paper we 
present experimental evidence to indicate that the 
compensation rule is valid for solid vi tamin A and that 
a0 and E are indeed physically related. Further , the 
formation of donor-acceptor complex between vi tamin 
A and the adsorbed gas molecule is shown to be respon­
sible for the observed activation energy change. 

E x p e r i m e n t a l 

High purity vitamin A alcohol and vitamin A acetate 
were obtained from Hoffmann-La Roche and Co., Ltd., 
Switzerland. These were used without any further purifica­
tion. Sandwich cell technique with a conducting glass and/a 
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stainless steel electrode was used. There was a gas inlet and 
an outlet in the conductivity chamber, made of brass and 
fashioned with Teflon, for gas adsorption study. The tempera­
ture of the sandwich cell could be controlled from outside. 
Temperature measurements were made using a copper-con-
stantan thermocouple attached at the top of the metal elec­
trode. The semiconduction currents were measured with an 
electrometer amplifier EA815 of the Electronic Corporation of 
India Ltd. Vapors of methanol, ethanol, heptane, ethyl 
acetate, benzene, and toluene were allowed to be adsorbed on 
the semiconductors. The reagent chemicals of spectrograde 
(E. Merck, B. D. H.) quality were used without further 
purification ; otherwise repeated fractional distillation was done 
before use. To pass various vapors inside the chamber, dry 
nitrogen gas was used as carrier which was passed through a 
bubbler containing the reagent chemical. The partial pressure 
of the reagent vapor in the conductivity chamber was kept 
constant during adsorption at a pressure less than the satura­
tion vapor pressure at the sample cell temperature by carefully 
adjusting the temperature of the bubbler. The partial pressure 
of the vapor was the saturation vapor pressure of the reagent 
chemical at the temperature of the bubbler. The same partial 
pressure (40 mm) was maintained inside the chamber for 
various vapors. Under this condition it is a valid assumption 
that the same amount of various vapors are adsorbed on the 
semiconductors. Repeated heating and cooling of the sample 
initially in vacuum and finally in dry nitrogen atmosphere 
ensured desorption of water vapor or any other adsorbed gases. 
Temperature (12.5 °G) of the sample cells and the inlet flow 
were kept constant during adsorption. 

To determine the effect of adsorbed vapor on the semicon­
duction activation energy, the sample was allowed to come to 
a steady state in the chamber atmosphere containing the vapor 
with nitrogen. The pressure of the total gas mixture in the 
chamber was atmospheric pressure. The saturation current, 
after vapor adsorption was found to be almost constant even 
after four hours indicating that the conduction in the system 
is mainly electronic.13»14) The sample cell was then rapidly 
cooled to about —40 °G and then the chamber was flushed 
gently with dry nitrogen gas. Semiconduction current was 
measured with increasing temperature of the sample cell. The 
outlet of the chamber was kept open to maintain atmospheric 
pressure inside the chamber. 

3-4 3-6 

r-vio-3 K-1 

Fig. 1. Semiconductivity in a vitamin A acetate powder 
cell with desorption of ethyl acetate vapor as the tem­
perature increases. 

R e s u l t s a n d D i s c u s s i o n 

The semiconduction activation energy of crystalline 
powders of vi tamin A (alcohol and acetate) has been 
measured several times in dry nitrogen atmosphere. 
The observed values are 2.06 and 3.50 eV (approx.) 
for the alcohol and acetate respectively. The adsorption 
of gases enhances the semiconduction current (by several 
orders of magnitude in some cases) and decreases the 
activation energy appreciably. The results of one such 
typical experiment is shown in Fig. 1. The straight line 
portion in the low temperature region shows the semi­
conducting properties of vitamin A acetate powder 
with adsorbed ethyl acetate vapor and the slope of this 
line gives the activation energy (0.62 eV) of this semi­
conducting system. T h e straight line portion in the 
high temperature region gives the activation energy 
of vi tamin A acetate in nitrogen atmosphere. The 
observed value (3.43 eV) is slightly lower possibly due 
to incomplete desorption of adsorbed vapors. The 
intermediate portion shows the semiconduction behavior 

G 
to* 

4-6 

r-vio"3 K-1 

Fig. 2(a). Semiconductivity in vitamin A alcohol 
powder cell (steady state condition) with the adsorp­
tion of same amount of different vapors. Solid lines 
represent temperature region of measurements, dashed 
lines are extrapolations. Each line refers to a specific 
vapor adsorbed state. Vapors are (1) toluene; (2) ethyl 
acetate; (3) heptane; (4) ethanol; and (5) methanol. 
To avoid overlapping with (2) the line corresponding 
to benzene vapor is not shown. The value of T,

0«»402 
K; <70'=2.65 x lO-9 Q 1 cm"1. 
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4-6 

r-vio^K-1 

Fig. 2(b). Same as Fig. 2(a) for vitamin A acetate with 
adsorbed vapors (1) toluene; (2) benzene; (3) ethyl 
acetate; (4) heptane; (5) ethanol; and (6) methanol. 
T0*>335 K; <70'=1.8x 10"10 Q 1 cm"1. 

of the sandwich cell during desorption process. Similar 
curves were also obtained with other vapors. 

The Characteristic Temperature for the Semiconducting 
Vitamin A. In Figs. 2(a) and 2(b) we show the 
straight portion in the low temperature region for a 
number of adsorbed vapors in vi tamin A alcohol and 
acetate respectively. I t is observed that with the same 
amount of vapor adsorbed, the activation energy values 
are different for different vapors. In this case no single 
value of Ö-Q is found if either T-+oo or £ - » 0 as is ex­
pected from Eq. 1. The extrapolated lines intercept 
the ordinate at a wide varieties of positions, bu t they 
all pass approximately through a single point at a 
temperature T0, characteristic of the semiconductor. 
This is exactly what is expected from Eq. 3. Figs. 
2(a) and 2(b) show !T0«402 K for vi tamin A alcohol 
and 7^« 335 K for vi tamin A acetate. At these chara­
cteristic temperatures O(TQ)=<JQ values of vi tamin A 
alcohol and acetate are 2.65 X 10~9 and 1.8 X 10"10 Q"1 

c m - 1 respectively. Adsorption of different amount of 
same vapor also changes the semiconduction activation 
energy to different extent. The plots of log <r(T) vs. \jT 
for different amount of ethyl acetate vapor adsorbed on 
vitamin A alcohol and acetate semiconductors are 
shown in Figs. 3(a) and 3(b). These two sets also give 
values of T'0's and ff'0's [403 and 334 K and 3.1 X 10~9 

and 1.65 X 10~10 f l _ 1 c m - 1 for vi tamin A alcohol and 
acetate respectively] in good agreement with those 
obtained earlier. 

If plotted in alternate fashion as log oQ vs. E, the plots 
are linear as expected [since log 0o=EI(2kTo)-\-\og Ö"0'] 
and are shown in Fig. 4. The value of T0 obtained from 
the slopes are 404 and 333 K for vi tamin A alcohol and 

1-8 2-2 2-6 3-0 3-4 3-8 

r-vio-^K-1 
4-2 4-4 

Fig. 3(a). Semiconductivity data for vitamin A alcohol 
powder cell (steady state condition) with adsorption of 
different amount of ethyl-acetate vapor. The lines ( 1 ) 
—>(5) refer to the states with the decreasing amount of 
adsorbed vapor. r o « 4 0 3 K; öV=3.1 X 10~9 Q 1 cm"1. 

3 2-2 2-6 3-0 3-4 3-8 4-2 4-6 

r - i / i o ^ K - 1 

Fig. 3(b). Same as Fig. 3(a) for vitamin A acetate. 
Here, 7 ^ 3 3 4 K; a0'= 1.65 x 10~10 Q"1 cm"1. 

acetate respectively. T h e Ö"0' values obtained from the 
intercepts of these plots are 2.8 X 10"9 and 1.5 x l O " 1 0 

XI - 1 c m - 1 for vi tamin A alcohol and acetate respectively. 
Thus the values of T0 and Ö"0' obtained from various 
plots are consistent and show excellent agreement. 
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a 

0-60 1-20 1-80 2-40 3-00 3-60 

E/eV 

Fig. 4. Plot of the log a0 values [from Eq. 1] vs. the 
activation energies for vitamin A (alcohol and acetate) 
at a constant temperature [ l / r = 3 . 8 x 10~3 K"1] The 
lower line is for vitamin A alcohol (right scale) and 
the top line is for vitamin A acetate (left scale). The 
dark circles refer to different vapors and the open 
circles to different amounts of same vapor. Slopes and 
<70' values are 14.45 eV"1 and 2.8 X 10"9 Q 1 cm"1 for 
vitamin A alcohol and 17.52 eV"1 and 1.5 X 10~10 Q 1 

cm - 1 for vitamin A acetate respectively. 

Using the values of 1/2A7V*» 14.45 eV" 1 and < = 2 . 8 x 
10-9 n 1 cm" 1 for vi tamin A alcohol, \/2kT0= 17.52 
e V - 1 and <r0' = 1.5 X Î O - 1 0 I I - 1 cm" 1 for vi tamin A 
acetate, we calculate the expected <JQ values and compare 
these with experimentally measured values as obtained 
from the intercepts of the log a vs. \\T plots. These are 

£/eV 

Fig. 5. Plot of the log a values for vitamin A (alcohol 
and acetate) vs. E at a constant temperature ( l / 7 \ = 
3.8 X 10~3 K_ 1). The lower line refers to vitamin A 
alcohol (left scale) and the top line to vitamin A ace­
tate (right scale). The dark circles refer to different 
vapors and the open circles to different amounts of 
same vapor. Slopes and o0

f values are 7.70 eV - 1 and 
2.85 x 10-9 Q-1 cm-1 for vitamin A alcohol; 4.55 eV"1 

and 1.6 X 10~10 Q_ 1 cm - 1 for vitamin A acetate respec­
tively. 

shown in Tables 1 and 2. These data confirm the 
validity of Eq. 3 for vi tamin A semiconductor. 

The plots of log a ( Tx) vs. E are shown in Fig. 5 for 
1 / 7 ^ 3 . 8 x 1 0 - 3 K"1 . Taking \l(2kT0)** 14.45 and 
17.52 e V - 1 from Fig. 4, the expected slopes are 7.73 
and 4.66 e V - 1 for vi tamin A alcohol and acetate 
respectively. The observed slopes in Fig. 5 are 7.70 and 

TABLE 1. SEMICONDUCTION PARAMETERS FOR VITAMIN A (ALCOHOL AND ACETATE) ON ADSORPTION 

OF VARIOUS VAPORS ACCORDING TO E q . 3 

Vapors 
adsorbed 

Toluene 
Benzene 
Ethyl acetate 
Heptane 
Ethanol 
Methanol 

Ionization 
potential8 > 

eV 

8.81 
9.24 

10.11 
10.35 
10.50 
10.85 

(solid 
(2k T0 

E <T0 

eV 

0.80 
1.04 
1.06 
1.10 
1.55 
1.82 

Vitamin A alcohol 
state crystalline powder) 
)-1= 14.45 eV-1, 
ö - 0

, =2.8x lO- 9 Q- 1 cm- 1 

'exp[E/(2kT0)] 
U1 cm-1 

2.93X10-4 

9.41 x lO- 3 

1.26xl0- 2 

2.24X10-2 

1.49X101 

7.39X102 

0 0 

U -1 cm-1 

4.1 x lO- 4 

7.98X10-3 

1.15x10-2 
2.6 x lO- 2 

1.3 x lO 1 

1.25 x10 s 

Vitamin A acetate 
(solid state crystalline pc 
(2A:r0)-1-=17.52eV-1, 

< = 1 . 5 x l 0 - l o Q 

E 
eV 

0.448 
0.821 
0.896 
1.310 
1.570 
2.070 

irn 'exp[£/(2*r0)] 
Q-1 cm-1 

3.84X10-7 

2.65 x lO- 4 

9.85X10-4 

1.39x10° 
1.32X102 

8.44X106 

wder) 

_1 cm-1 

ü -1 cm-1 

6.1 xlO- 7 

3 . 8 x l 0 - 4 

1.7xl0- 3 

1.2x10° 
7.0X101 

8 . 0 x l 0 5 

a) Ref. 7, pp. 669—689. 
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TABLE 2. SEMICONDUCTION PARAMETERS FOR VITAMIN A (ALCOHOL AND ACETATE) ON ADSORPTION 

OF ETHYL-ACETATE VAPOR OF DIFFERENT AMOUNTS 

Vitamin A alcohol 
(Solid state crystalline powder) 
(2kT0)-

1= 14.45 eV-i; 
ö - 0

, -2 .8x lO- 9 Q- icm- i 

Curve No. E 
from Fig. 3(a) eV 

1 0.94 
2 1.08 
3 1.19 
4 1.43 
5 1.62 

< e x p [ £ / ( 2 * r 0 ) ] 
12-1 c m - i 

2.22x10-3 
1.68x10-2 
8.22x10-2 
2.64x10° 
4.11x101 

Ö-O 

Q-i cm-i 

2.0x10-3 
2.3x10-2 
1 .8x l0- i 
3.5x10° 
3.0x101 

Gu 
from 

Vitamin A acetate 
(Solid state crystalline powder) 
(2£r 0 ) - i=17 .52eV- i ; 

<7 0 '=1.5xlO- 1 0Q-icm-i 

rve No. 
Fig. 3(b) 

1 
2 
3 
4 
5 

E 
eV 

0.63 
0.89 
1.16 
1.52 
1.80 

o0>exp[E/(2kT0)] 
Q-i cm-i 

9.32X10-6 

8.87X10-4 

1.00x10-1 
5.51x101 
7.43X103 

Q-i cm-1 

l .OxlO- 5 

1.7x10-3 
1.6x10-1 
1.5x101 
1 .2xl0 3 

Curve No. l—>5 corresponds to the decreasing amount of adsorbed ethyl acetate vapor. 

4.55 e V - 1 for these two compounds respectively. T h e 
agreement is excellent. Also the intercepts give <*§^ 
2.85X l O - 9 ! ! - 1 c m - 1 for vi tamin A alcohol and o^*& 
1.6x l O - 1 0 ! ! - 1 c m - 1 for vi tamin A acetate. These 
values agree well with the values obtained from the 
log Ö"0 vs. E and log o vs. \jT plots. Thus the high 
correlation between the relevant parameters in semi­
conducting vi tamin A powder on adsorption of various 
vapors indicates that Compensation rule is valid in 
these biological semiconductors and that oQ and E are 
indeed physically related. 

Type of Interaction between the Adsorbed Gas and the 
Semiconducting Material. I t needs to be pointed out 
that the reason for the semiconduction activation energy 
change is not quite settled.8»11) However, donor-acceptor 
complex formation has been widely held responsible 
for the increase of current in some semiconductors15-17) 
due to gas adsorption. As the vapors used in this present 
investigation are good electron donors and polyenes are 
known to act both as electron donor and electron 
acceptor,18»19) formation of charge-transfer complexes of 
vitamin A (alcohol and acetate) with the adsorbed 
vapors may be possible. I t had generally been 
observed20»21) that in solid charge-transfer complexes 
with a particular acceptor and a number of similar 
type of donors, the semiconduction activation energy 
as obtained from relation (1) and the energy {hvCT) of 
the lowest charge-transfer band are linearly related by 
the expression 

E = hvCT — à 

= h - EA + Cx - Ô (4) 

where, ID is the vertical ionization potential of the donor, 
EA is the vertical electron affinity of the acceptor, Cx is a 
constant22) and à is also another constant of very low 
value.20) In Fig. 6, we show a plot of E vs. ID. A linear 
relationship is obtained as expected from Eq. 4. T h e 
slope of the line (0.6) however, is much less than unity. 
Such a value for the slope is a rather general observa­
tion23»24) in hvCT vs. ID plots. The intercept of this plot 
is —3.8 eV. The value of —Cx is usually22»25) around 
3 eV. The electron affinity of anhydro vi tamin A 
which is expected to be close to that of vi tamin A 
(alcohol and acetate) has been reported tobe2 6) 0.7 eV. 
This gives a value of 0.1 eV for à which is a very reason­
able value.21»23) This adds further credence to the 

> 
<L> 

9-6 10-4 11-2 12-0 

/D/eV 
Fig. 6. Semiconductive activation energy (E) vs. ioniza­

tion potential (/D) of the adsorbed vapor molecules. 
— A — : Vitamin A alcohol. 
— O — : Vitamin A acetate. 

proposed charge-transfer concept. 
There are number of theses about the mechanism of 

conduction in organic semiconductors leading to 
compensation effect. T h e carrier injection model of 
Green27) produces the type of activation energy depend­
ence of the pre-exponential factor as observed experi­
mentally, but does not provide any physical basis for 
the interpretation of T0. Significant difference in T0 

values for these two compounds suggests that T0 is a 
molecular characteristic of these organic semiconductors. 
Kemeny and Rosenberg28) observed compensation law 
in tunneling of small polaron through molecular barrier 
from thermally activated energy levels of molecules. 
Their model predicts that T0=6/2 (where 6 is the 
Debye temperature) and that at T^>T0, small polaron 
tunneling is not possible and compensation effect is 
not expected to be observed. No experimental study 
seems to have been reported on the semiconductive 
behavior of organic compounds at T^>T0. Debye 
temperature for v i tamin A alcohol and acetate are 
not known. I t has been reported29) that the Debye 
temperature for a series of crystals of large aromatic 
molecules lie in the range 100—130 K. I t seems that 
the T0 values measured are far too high to justify the 
polaron tunneling model. 

An interaction between the electrons and the vibra­
tional motion has been thought9»10) to be the mechanism 
behind compensation effect. A change in the electronic 
state (due to complex formation) gives rise to an activa­
tion entropy because of a change in vibrational frequen­
cies. The variation in both the electronic energy gap 
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(Eg) and the activation entropy (S) can account for 
compensation effect if the changes in these parameters 
are given by 

Eg = Ego + nEgi and S = S0 + nS± 

where n is a definite number for each system and Egt, 
Egl, S0 and S1 are same for all the systems. In this 
case the characteristic temperature is given by 

T0 = EJ{2S1). 

Unfortunately due to the fact that the nature of the 
activated complex is not precisely known, the activation 
entropy S (hence Sx) is a relatively obscure quant i ty 
and any quanti tat ive estimate of T0 is not possible. 

We thank the Council of Scientific and Industr ial 
Research, Ind ia for a Senior Research Fellowship (to 
B. M.) and Prof. G. S. Kastha for his kind interest in 
this problem. Thanks are also due to M/s Hoffmann-
La Roche and Co. , Switzerland for a kind gift of the 
polyenes. 
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Diffusion Thermoeffect in Gases (The Dufour Effect) 
Ali BOUSHEHRI* and A. ABBASPOUR 

Department of Chemistry, Shiraz University, Shiraz, Iran 
(Received July 24, 1978) 

A study of the Dufour effect was made for four different gas mixtures: SF6-N20, SF6-N2, SF6-C02 , and 
He-C0 2 . Measurements were made at 300 K under 700 Torr. The values of the thermal diffusion factor were 
calculated for the above mixtures from experimental data on the basis of the thermodynamics of irreversible processes. 
A theoretical study was made also to calculate the thermal diffusion factor from kinetic theory. 

The diffusion thermoeffect arises when a concentra­
tion gradient exists in a gas mixture. This gradient 
leads to a transient nonuniform temperature. Therefore, 
this effect is related to thermal diffusion, where a 
concentration gradient arises as a result of an initial 
temperature gradient. The thermal diffusion factor can 
be obtained from the diffusion thermoeffect which is a 
supplement to the more usual methods of measuring 
thermal diffusion factors.1) 

The Dufour effect2) was not extensively investigated 
until after its rediscovery by Waldmann in 1942.3) 
Although the possibility of this effect is contained in the 
Chapmann-Enskog theory4) of non-uniform gases, only 
recently have its experimental measurements been made . 
For the measurement of the temperature gradient (which 
is a result of an initial concentration gradient) an 
apparatus similar to that used by Boushehri and 
Afrashtehfar5) was constructed for the work discussed 
here. Apart from Rastogi and Madan ' s work,6) and the 
classic studies of Waldmann, very little work in this area 
has been done. Mason et al.1) made a study of the 
pressure dependence of this effect and, more recently, 
Sawford et Û/.8> and Boushehri5»9) have published more 
measurements. There is obviously a need for further 
independent studies, both to verify and to extend these 
few experimental studies. 

Suppose two gases (labelled with subscripts 1 and 2), 
initially at the same temperature, diffuse into each 
other. O n the basis of irreversible thermodynamics,5»10) 
it may be shown that 

PiRTD12a A Q A T = 

C^Afi-QCAfi-Äfa)} AX ^ AX ' U 

where p1 and C1 are the mass density and mass franction 
of component 1, respectively; a is the thermal diffusion 
factor; X and D12 are heat conductivity and diffusivity 
coefficients, respectively; Mx and M2 are the molar 
weights ; AX is the distance between thermocouples ; and 
A J* is the maximum temperature difference. K is a 
constant which depends on the geometry of the cell 
(in particular, the position of thermocouples) ; K has 
to be experimentally determined from experimental 
data . I t is possible to leave K=0 as Rastogi and Madan6) 
did, but this would not be the most general case. 

Thermal diffusion factors have been estimated from 
the experimental data . Calculations for the first approxi­
mation to the thermal diffusion factor in binary mixtures 
was done on an IBM 370 model 135 computer for all 
four systems to check the values of the thermal diffusion 
factors deduced from Dufour effect against the values 
predicted by the Chapmann-Enskog kinetic theorv. 

The experimental value for the thermal diffusion factor 
is comparable with its theoretical value for equimolar 
mixtures. 

E x p e r i m e n t a l 

The apparatus employed was similar to that used by 
Boushehri and Afrashtehfar.5) The apparatus consisted of 
two double-walled glass bulbs (1, 2) of capacity 50-ml each. 
The two half-cells were connected by a narrow tube via stop­
cock having a bore of 8 mm diameter. A three junction 
thermocouple and a Leeds and Northrup potentiometer ( i l 
(xV) was used by which AT could be estimated to ±0.01 °C. 
The thermocouples were parallel to the diffusion interface. 
The distance between two thermocouples was equal to 18.5 
cm. The apparatus was kept in an oil bath. The tempera­
ture of bath was controlled to ±0.1 °G. The apparatus was 
kept in a thermostat for two hours to insure thermal equilib­
rium. The annular space between the double walls of the 
bulbs was then evacuated to minimize heat dissipation. The 
apparatus was allowed to remain for further two hours to 
insure constancy of temperature. When the stopcock connect­
ing the two half-cells was opened, diffusion of the gases caused 
a temperature gradient. This was measured as indicated 
above. 

SF6, N2, and C 0 2 were supplied by the Matheson Co. He 
and N 2 0 were supplied by the Fluka Co. The gases were used 
without further purification, since the results were not expected 
to be sensitive to small impurities. The purity was at least 
99.9%. 

R e s u l t s a n d D i s c u s s i o n 

The mixtures studied were: S F 6 - N 2 0 , SF 6 -N 2 , S F 6 -
C 0 2 for which the Dufour effect has not been measured 
previously. A C 0 2 - H e mixture was used to determine 
the apparatus constant. Thermo-emf was measured 
using a three junction thermocouple in conjunction with 
the potentiometer. The temperature of the half-cell 
containing the lighter component always rose. The 
values of maximum temperature (AT)max are given in 
Table 1. No measurement of (AjT)m a x other than for 
pure gases were made . 

The diffusion thermoeffect is of interest in its own 
right and because it enables us to obtain quanti tat ive 
information of the other transport coefficients, especially 
the thermal diffusion factor. An explicit derivation of 
the thermal diffusion factor on the basis of irreversible 
thermodynamics is given in Ref. 5. All measurements 
were made at 300 K and 700 Torr . 

From irreversible thermodynamics the relationship 
between the temperature gradient and concentration 
gradient is shown by Eq. 1, where K is an apparatus 
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TABLE 1. DUFOUR EFFECT IN GASEOUS SYSTEMS 

AT 300 K AND 700 Torr 

System 

H e + G 0 2 

N 2 +SF 6 

N 2 0 + SF6 

C 0 2 + S F 6 

TABLE 2. 

] 

System 

H e + G 0 2 

N 2 +SF 6 

N 2 0 + S F 6 

C 0 2 + S F 6 

l 
in 

(Ar) 
max \\, 

K(±0.01) ^ 
0.11 
0.12 
0.16 
0.18 

rarm side 

He 
N2 

N 2 0 
G 0 2 

COMPARISON OF THE VALUES OF a 

FOR D I F F E R E N T SYSTEMS 

a, from 
a, from thermal 
Eq. 1 diffusion 

measurement 

0.42 
0.13 
0.12 
0.12 

0.45a> 

a, from 
Equation 
(8.2—50) 
of Ref. 12 

0.398 
0.192 
0.073 
0.075 

a) The value of a was obtained using Table 2 of 
Boushehri.9) 

constant which depends on the position of thermocouples 
and the geometry of the cell. I t may be possible to get 
an expression for this constant by studying variation 
of A T with both position of thermocouples and the 
geometry of the cell. Equat ion 1 can be used to estimate 
the value of a from the values of (A J ' ) m a x provided that 
ACj is known. AC± can be obtained by using the 
integrated form of Fick's second law of diffusion,11) 
which is given by 

c.-^f'-^w] {2) 

D is the diffusion coefficient and t is the time in seconds 
when reaches a max imum value and is known from 
experiment. Ct is the concentration of the part icular 
component in the second chamber at time t, C0 is the 
concentration of the component in the original chamber, 
and X is the distance from thermocouple to the plane 
of initial separation of components. For X and px in 
Eq. 1, we had some difficulty in assigning the values 
since these were not known at various concentrations. 
Therefore, the values for pure components were used. 
By setting the value of a—0.45 for carbon d ioxide-
helium mixture in Eq. 1, the apparatus constant K 
was estimated to be 3.05 X 10~5. This point was not 
considered by Rastogi and M a d a n who left K~0 in 
their work. Since the distance between two thermocou­
ples was the same in all experiments, this value of K was 
used for calculation for other systems. The values of or 

obtained in this way are recorded in the second column 
of Table 2. These are of the same order of magnitude 
as the values of thermal diffusion factors for equimolar 
mixture obtained from Equation (8.2—50) of the 
treatise of Hirschfelder et al.12) (Column 4). 

I n our system, a rather large concentration gradient 
was present which may be eliminated by taking a binary 
mixture in two half cells instead of pure gases. Also 
there was a convective mixing effect. In choosing the 
values of X and px in Eq. 1 there was some arbitrariness, 
the values of these parameters used being the values 
of the pure components. 

The interpretation of the diffusion thermoeffect is 
more complicated than thermal diffusion since there is 
heat conductivity involved in the former but not in the 
latter. This is the disadvantage of this method compared 
to the thermal diffusion measurements. O n the other 
hand, the Dufour effect gives the value of a at specific 
temperatures. I n short, this method shows considerable 
promise as a means of obtaining the value of gas trans­
port coefficients. 

We thank the I ranian Ministry of Higher Education 
Research Foundation and the Department of Chemistry 
of Shiraz University for the research facilities. 
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Infrared spectra of the systems of Na-Y zeolite-H20, D 2 0 , and HDO were measured. It was shown that 
there are three types of adsorbed water in the zeolite-water system. Type I : adsorbed in a state in which two 
hydroxyl bonds are highly non-equivalent; it gives absorptions at 3695, 3400, and 1645 cm -1, and is the same 
type as that on the Molecular sieve 13X.1) Type I I : adsorbed in another state in which the bonds are nearly 
equivalent; it gives bands at 3610, 3540, and 1645 cm -1 . Type II was more resistant to dehydration than Type 
I, and was irreversible for the back-adsorption of a small amount of water at room temperature, whereas Type 
I was almost completely reversible. Type III was observed for back-adsorption under this condition; it gives 
bands at 3635, 3500, and 1655 cm -1 . Type III can be transformed into Type II by heat treatment at a temper­
ature which varies depending on the amount of adsorbed water. The other bands were assigned as follows : 
Bands at 3750 and 3645 cm"1 correspond to stretching of surface structural OH, and that at 3240 cm - 1 to overtone 
deformation of adsorbed water. The sites of adsorbed water molecules of Types I and II were discussed. 

In a previous paper1) one of the authors showed 
that H D O could be effectively used for the I R analysis 
of water adsorption systems through the analysis of 
the system on Molecular sieves 13X and 4A. In the 
present paper, the water adsorption system on Na-Y 
zeolite will be analyzed by employing the same tech­
nique. 

A number of I R studies have been published on the 
water adsorption system.2~5) However, not all of the 
bands have been clarified, and there are some disa­
greements about the spectra observed and their assign­
ments. The purpose of the present work is to analyze 
the spectra of the system on the basis of information 
obtained from a new technique employing H D O . 
The sites of the adsorbed water molecules will also be 
discussed. 

Exper imenta l 

Linde Molecular sieve SK-40 (UNION SHOWA Co., 
Ltd.), which is a synthetic Na-Y zeolite, was used as the 
sample. Major components of the material were SiOa 

63.5, A1203 23.5, and NaaO 13.0 in wt %. The crystal-
linity of the sample was confirmed to be sufficiently high 
by the measurements of X-ray diffraction and surface area 
(903m»/g, N2). 

Two IR spectrophotometers, a DIGILAB Model 15-B 
FTS and a JASGO Model 402-G, were used for recording 
the spectra. The latter instrument was calibrated against 
the former by use of ammonia, water vapor, and hydrogen 
bromide. 

Other materials, apparatus, and procedures were the same 
as described before.1) 

R e s u l t s 

Spectra for the Desorption Process. The spectra 
of Na-Y zeol i te -D 2 0 and H 2 0 systems after being 
evacuated at various temperatures are shown in Figs. 
1 and 2. As seen in the Figs, various bands observed 
in the spectra of the two systems after the corresponding 
evacuation treatments can be easily matched with each 
other. These matching bands will be referred to using 
the same letters: a, b,---, and g for the spectra of 
both systems. Frequencies of these observed bands 

2700 2600 2500 

cm -

2400 2300 2200 

Fig. 1. Spectra of the Na-Y-DaO system, on the de­
sorption process. 
Evacuated for (1) l h at 90 °G, (2) l h at 120 °G, 
(3) 30 min at 165 °G, (4) 3 h at 500 °G. "Thickness" 
of the sample piece was 18 mg/cm2. 

3700 3500 3300 3100 1700 1600 

Fig. 2. Spectra of the Na-Y-HaO system, on the 
desorption process. 
Evacuated for (1) 1 h at 90 °G, (2) 1 h at 120 °G, (3) 
30 min at 165 °G, (4) 45 min at 200 °G, (5) 3 h at 500 
°G. Sample piece "thickness" 18 mg/cm2. 
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TABLE 1. SUMMARY OF THE IR BANDS OF Na-Y ZEOLITE-WATER SYSTEM 

[Vol. 52, No. 7 

Band 
symbol 

HDO system (cm"1) 

system 
(cm-1) 

system 
(cm"1) 

Stretching regions 
OD OH 

Deformation region Assign 

a 
b 
c 
d 
e 
f 
g 
J 
k 
n 
h 
1 

m 

a 
b 
o 

q 
p 
f 

g 
j 
s 

r 
h 
k 
n 

2760 
2730 
2692 
2668 
2586 
2490 
2405 

2760 
2730 
2675 

2575 
2480 
2405 

3750 
3695 
3645 
3610 
3540 
3400 
3240 

1645 

3750 
3695 
3635 

3500 
3350 
3240 

1655 

1640 

(1) The desorption 
2760 
2714 
2692 
2647 
2615 
2490 

(2730) 

(2) The adsorption 

. 

2760 
2717 

2580 

2465 

process 
3750 
3690 
3645 
3600 
3540 
3380 

2940 

process 
3750 
3690 

3250 

3350 

2960 

1460 

1422 

1450 

1440 

1495 1 

y 

1460 

1422 -

1) 
2) 
3) 
4) 

•S) 

6) 
7) 
8) 

• 9) 

10) 

H) 

12) 
13) 

14) 

15) 
16) 
17) 

18) 

19) 

1,12), 3): OD (OH) stretching of structural deuteroxyl groups. 2,13), 6,15), 9,19): OD (OH) stretching and 
deformation of Type-I water. 4), 5), 10): OD(OH) stretching and deformation of Type-II water. 7,16): 
DOD(HOH) overtone deformation of adsorbed water. 8, 17): Overtone deformation of adsorbed HDO. 11): 
Arising from D 2 0 impurity. 14), 18): OD (OH) stretching and deformation of Type-Ill water. 

are summarized in Table 1-(1) together with those 
of the corresponding bands observed for the H D O 
system and also with their assignments. The spectra 
observed for the H 2 0 system were similar to those 
reported by Ward,2) with the exception that the band 
appearing at 3630 c m - 1 in his spectra was observed 
to be clearly separated into two bands at 3645 (c) 
and 3610 c m - 1 (d) in our spectra. Bands which were 
equivalent to these appeared at 2692 and 2668 c m - 1 

for the D 2 0 system. 
Spectra observed for the H D O system in the O D , 

O H stretching and the H O D deformation regions are 
shown in Figs. 3 and 4. Those spectra shown in 
Figs. 3 and 4 were measured after the sam * evacuation 
treatments as those performed prior to the measure­
ments of the spectra shown in Figs. 1 and 2, respective­
ly, so that a comparison between the spectra of the 
D 2 0 or H 2 0 system and of the H D O system should be 
reasonable. 

Correlations between the spectra in the O D stretch­
ing region of the H D O system and those of the D 2 0 

system were analogous to those between the spectra 
in the O H stretching region of the H D O system and 
those of the H a O system. 

As in the case of the Molecular sieve 13X-water 
system,1) bands a and c in the spectra of the D a O or 
H 2 0 system appeared at just the same frequencies for 
the H D O system (bands a' and c' in Figs. 3 and 4). 
Band b shifted toward the lower frequency side by 
16 c m - 1 in the O D stretching region and by 5 c m - 1 

in the O H region for the H D O system. The weak 
absorption at 2730 c m - 1 in Fig. 3 arisen obviously 
from the D 2 0 present in the sample water mixture 
(about 6 .3%). Band g disappeared from the spectra 
of the H D O system. A new band appeared for the 
H D O system at 2940 c m - 1 in the O H stretching region; 
it can be attributed to an overtone deformation or a 
combination band of adsorbed H D O , like the band 
at 2945 or 2910 c m - 1 which appeared in other zeolite-
H D O systems.1) Bands at 2668 (d) and at 2586 cm" 1 

(e) in the spectra of the D 2 0 system disappeared from 
the O D stretching region of the H D O system. Two 
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2700 2600 2500 2400 2300 

cm~ 
Fig. 3. Spectra of the Na-Y-HDO system in the OD 

stretching region, on the desorption process. 
Evacuated for (1) l h at 90 °C, (2) l h at 120 °C, 
(3) 30 min at 165 °C, (4) 3 h at 500 °G after exposure 
to the vapor of H 2 0 - D 2 0 mixture of a molar ratio 
of 3 to 1. Sample piece "thickness" 40 mg/cm2. 

o 
Ö 

a 

3700 3500 3300 3100 

cm - 1 
2900 1500 1400 

Fig. 4. Spectra of the Na-Y-HDO system in the OH 
stretching and deformation regions, on the desorption 
process. 
Evacuated for (1) 10 min at 90 °G, (2) 1 h at 90 °C, 
(3) 1 h at 120 °G, (4) 30 min at 165 °G, (5) 45 min at 
200 °G, (6) 3 h at 500 °G after exposure to the vapor 
of H 2 0-D a O 1 to 5 mixture. The spectra shown 
in the deformation region were obtained by rationing 
each observed spectrum against that after 500 °G 
evacuation of the Na-Y-H20 system. Sample piece 
"thickness" was 26 mg/cm2. 

new bands, presumably corresponding to bands d 
and e, appeared at 2647 (d') and 2615 c m - 1 (e') in 
the O D stretching region. In the O H region these 
bands d' and e' were detected in the spectra after 
evacuation at lower temperatures (curves 1 and 2 
in Fig. 4) at 3600 and 3540 c m - 1 , which were nearly 
the same frequencies as those of d and e in the spectra 
of the H 2 0 system. After the evacuation at higher 
temperatures, however, the band e' could not be 
observed, probably because the absorption was weak 
and broad. In the deformation region four absorp­
tions (k, 1, m, and n) appeared at 1460, 1450, 1440, 
and 1422 c m - 1 in the H O D deformation region for 

3700 3500 3300 3100 2900 1500 1400 

cm - 1 

Fig. 5. Ratioed spectra of the Na-Y-HDO system in 
the OH stretching and deformation regions, on the 
desorption process. Obtained rationing (1) curves 
1 and 2, (2) 2 and 3, (3) 3 and 4, (4) 4 and 5 of Fig. 
4. The scale of the intensity is arbitrary as each curve 
is "auto expanded" into an identical hight in the 
frequency ranges indicated. 

the H D O system, whereas only one at 1645 c m - 1 (h) 
was found for the H 2 0 system. 

O n evacuation in a series where the evacuation 
temperature was elevated step by step, the intensity 
of the bands b and f for the D 2 0 ( H 2 0 ) system and 
also of the bands b ' , f, k, and n for the H D O system 
decreased preferentially in the initial steps, followed 
by the decrease of the bands d and e for the D 2 0 
( H 2 0 ) system and of d', e', 1, and m for the H D O 
system. T h e intensity of band h decreased at a con­
stant rate through the dehydration treatments. This 
can be seen directly in the ratioed spectra shown in 
Fig. 5. Those spectra were obtained for the H D O 
system by calculating the intensity differences between 
each curve shown in Fig. 4 by use of a computer system 
included in the FTS-15 spectrometer. Thus, it was 
suggested that bands b , f, and h for the H 2 0 (D 2 0) 
system (corresponding bands b ' , f, k, and n for the 
H D O system) should have the same origin, while 
bands d, e, and the residual part of h (d', e', 1, and m) 
came from another origin. 

Spectra for the Adsorption Process. Spectral 
measurements on the adsorption process were also 
made for the systems of various kinds of water in the 
surface coverage of about 0—1.2 mmol/g. The general 
features of the spectra were almost identical irrespective 
of the degree of coverage in each of the systems, but 
were somewhat different from those of the spectra 
for the desorption process, as is seen in the typical 
examples shown in Figs. 6 and 7. Differences were 
found in two regions: one is the region where bands 
d and e appeared for the desorption process and the 
other is the deformation region. In the former, two 
relatively broad bands (o and p) appeared at 2675 
and 2575 c m - 1 for D 2 0 adsorption, and at 3635 and 
3500 c m - 1 for H 2 0 adsorption. Each of the former 
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2700 2600 2500 2400 2300 1500 1400 

cm - 1 

Fig. 6. Spectra of the Na-Y-DaO and HDO systems 
in the OD stretching and the HOD deformation 
regions, on the adsorption process. 
(1,3) Evacuated for 3 h at 500 °G, (2) 40 jxmol of 
D 2 0, (4) 40 [xmol of H 2 0 - D 2 0 7 to 1 mixture were 
readsorbed. All the curves were obtained by ration­
ing the observed spectra against that after 500 °G 
evacuation of the Na-Y-H20 system. Sample piece 
11 thickness" 17 mg/cm2. 

1 1 1 1 1 1 1 1 1 1 1 r 

_ I I i i I I t i l i L _ 

3700 3500 3300 3100 2900 1700 1600 

cm-1 

Fig. 7. Spectra of the Na-Y-HaO and HDO systems 
in the OH stretching and the deformation regions, 
on the adsorption process. (1) Evacuated for 3h 
at 500 °G, (2) 24 jxmol of H 2 0 , (3) 24 jxmol of H 2 0 -
D 2 0 1 to 5 mixture were readsorbed. Curve 2 in the 
deformation region was obtained by rationing the 
observed spectra against that after 500 °G evacua­
tion. Sample piece "thickness" was 17 mg/cm2. 

bands was very weak. For H D O only one broad band 
(q) was observed in the region around 2580 c m - 1 for 
the O D region and around 3520 c m - 1 for the O H 
region. Three deformation bands were observed for 
the H D O system, at 1495 (r), 1460 (k), and 1422 cm" 1 

(n), while two were found at 1655 (s) and 1640 c m - 1 

(h) for the H 2 0 system. 
Observed frequencies of the various bands are sum­

marized in Table l-(2). 

D i s c u s s i o n 

Spectra for the Desorption Process. First, bands a 

and c can be assigned to the stretching vibrations of 
surface structural O H (OD) groups, while the remain­
ing absorptions b , d, e, f, g, and h are attributable to 
some vibrations arising from adsorbed water mole­
cules. This is because of the fact that each pair of 
corresponding bands, one appearing in the H 2 0 (D 2 0) 
system and the other in the H D O system, of the former 
group appeared at the same frequency in the cor­
responding regions of the spectra of the H 2 0 , D 2 0 , 
and the H D O systems, while in the latter group the 
bands did not appear at the same frequency in at least 
one region of the spectra. 

Thus there is just the same type of adsorbed water 
(Type I, adsorbed in a state in which its two hydroxyl 
bonds are highly non-equivalent) in the Na-Y zeolite-
water system as the Type W X - I in the Molecular sieve 
13X-water system which was reported in a previous 
paper.1) T h a t is, bands b , f, g, and h in the spectra 
of the present work are apparently attributed to the 
same vibrations as bands b, e, f, and at 1650 cm - 1 , 
respectively, in the spectra of Xhe 13X system. Each 
pair of these matching bands showed an almost identi­
cal behavior with the partial deuteration of the adsorp­
tion systems. 

Absorptions d and e have been observed and report­
ed only by Ward.2) He assumed that they were due 
to some adsorbed water molecule, but no details were 
described. O u r results in the present experiments sup­
port his assignment. Moreover, they give further in­
formation on the state of the adsorbed molecules as 
described below. When a water molecule is adsorbed 
in a state in which its two hydroxyl bonds are com­
pletely equivalent, the molecule is expected to give 
two stretching bands of v3 and v± and one deformation 
band of v2 for H 2 0 ( D 2 0 ) , as well as single O H and 
O D stretching bands which are located between the 
v3 and the vx frequencies and one H O D deformation 
band for H D O . O n the other hand, when the mole­
cule is adsorbed in another state in which the 
hydroxyl bonds are not equivalent, H A - 0 - H B , it is 
expected that two O H stretching bands (one is rather 
characteristic of *>OHA and the other of *>OHB) and 
a single deformation band arise for H 2 0 and D-
equivalent bands forD 2 0. For H D O molecules in this 
state four stretching bands: *>OHA, vOHB , *>ODA, and 
*>ODB and two deformation bands: <5HAODB and 
<5HBODA will occur. The degree of frequency difference 
between the vibrations *>OHA and *>OHB or between 
the two D-equivalent bands, as well as between the 
two deformation bands, will be larger, the larger the 
degree of the non-equivalency between the two 
hydroxyl (deuterioxyl) bonds. In the present results, 
bands d' and e', presumably corresponding to the 
*>ODA(*>OHA) and the *>ODB(*>OHB) of the H D O , 
appeared close to each other, being located between 
the frequencies of the corresponding bands d and e 
of the D 2 0 ( H 2 0 ) . Thus, bands d and e can be 
assigned to the v3 and v± vibrations of water molecules 
adsorbed in a state in which its two hydroxyl bonds 
are nearly equivalent (Type I I ) . The result in the 
deformation region also supports this assignment. Two 
deformation bands (1 and m) were observed to be 
very close to each other, with a difference of only 
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10 cm - 1 , for the Type II adsorbed H D O . The cor­
responding difference was 38 c m - 1 for the Type I 
water, in which the difference between the two O D 
stretching bands was 224 cm - 1 . Hence, such a small 
difference of 10 c m - 1 will be reasonable for the 
Type II water, in which the difference between the 
two O D stretching bands was 32 cm - 1 . 

In a previous paper1) it was suggested that the weak 
absorption at 3590 c m - 1 (D-equivalent band at 2645 
cm - 1 ) in the spectra of the Molecular sieve 13X-water 
system was due to some type of adsorbed water mol­
ecule, but with no details. I t is almost certain that 
the band arose from a similar type of adsorbed water 
to the present Type I I water. 

Spectra for the Adsorption Process. From a com­
parison with the spectra of the desorption process, 
the deformation band at 1640 c m - 1 (h) in the H 2 0 
system should correspond to those at 1460 (k) and 
1422 c m - 1 (n) of the H D O system, and the new band 
at 1655 (s) to that at 1495 c m - 1 (r). This speculation 
is in harmony with the appearance of the bands in 
the stretching regions. Bands b, f, and g did appear 
at almost the same positions as those in the spectra 
of the desorption process ; moreover, they showed simi­
lar behavior to those of the latter bands for the partial 
deuteration. O n the other hand, bands o and p for 
the H 2 0 (D 2 0) system and q for the H D O system are 
quite different in their spectral aspects from bands 
d, e, d', and e' of the desorption process. These 
facts indicate that the Type I water is almost reversible 
while the Type I I is not, for readsorption of a small 
amount of water at room temperature. 

The new bands o (3625, D-equivalent 2675 c m - 1 ) , 
p (3500, D-2575cm- 1 ) , and s (1655 cm-1) would be 
assigned to the v3, vx and v2 vibrations of water adsorbed 
in some state with its hydroxyl groups equivalent 
(Type I I I ) , and bands q at 3520 and 2580 cm" 1 and 
r (1495 cm - 1 ) to the O H stretching, O D stretching, 
and the deformation of the corresponding H D O mol­
ecules. 

The state of these adsorbed molecules is obviously 
different from that of the Type I I water, even if some­
what similar to it. In order to investigate this ir­
reversibility a simple experiment was carried out. 
After 0.83 mmol/g of D 2 0 was back-adsorbed at room 
temperature, the sample piece, in situ, was heated up 
to 95 °C or 200 °C once, and then cooled slowly down 
to room temperature. It was found that the treatment 
at 200 °C gave rise to a great change in the spectrum, 
giving a similar spectrum to that on the desorption 
process with bands at 2694 (c), 2674 (d), and 2590 
c m - 1 (e). This indicates the rearrangement of the 
adsorbed water molecule, probably from the Type I I I 
to the Type I I , and the formation of certain structural 
hydroxyl groups caused by dissociation of adsorbed 
water. And also it suggests that the Type I I water 
is more stable than the Type I I I water. However, 
in the 95 °C treatment no spectral change occurred, 
whereas our spectra for the desorption process were 
obtained by 10 min of evacuation at 90 °C after the 
dried sample piece was saturated with water vapor. 
Thus, it is suggested that the occurrence of the rear­
rangement of adsorbed water and the formation of 

the hydroxyl groups depend on the degree of surface 
coverage as well as temperature. T h e details can not 
be known without further experiments. 

Sites of Adsorbed Water Molecules. Mutua l com­
parison of the results obtained for the present Na-Y 
zeolite and for the Molecular sieves 13-X (Na-X 
zeolite) and 4-A (Na-A zeolite)1) makes it possible to 
discuss the sites of adsorbed water molecules. 

Type I and Type I I water existed on both the zeolites 
of Na -X and Na-Y, while on the Na-A zeolite Type I 
water could not be found. The single main type of 
adsorbed water observed on the Na-A is regarded to 
be similar to the Type I I water in its symmetry. 

Under such a condition of much lower surface 
coverage,6) it is almost sure that the adsorption of water 
molecules occurred mainly on the zeolitic cations in 
such a manner that the lone pair electrons of the water 
oxygen atom are attracted to the positive charge of 
the cations, whether or not the hydrogen atoms are 
hydrogen bonded to the negatively charged oxygen 
of the zeolite lattice. Hence, it will be reasonable 
that the variety in the modes of adsorption should be 
discussed in connection with the kind of cation sites. 

I t is well known that the crystal structures of zeolites 
X and Y are essentially identical, but differ only in 
the number of their cations and the strength of the 
electrostatic force field around the cations. According 
to Rabo et aL?) there are three kinds of possible cation 
sites, SI? S n , S I H , in the zeolite structure. The number 
of each site is 16, 32, and 48, respectively, for a X 
type zeolite of which the ratio of Al and Si equals 
unity. These sites are occupied by exchangeable cat­
ions, fully or partially, depending on the type of the 
zeolite. O n the other hand, Na-A zeolite8) has another 
structure. But it includes sodalite cages similarly to 
the structure of the N a - X or Na-Y. There are two 
kinds of sites, Sx and S2, in the type A zeolite. For 
the Na-A, 12 Na cations are required per unit cell for 
electrical neutrality, of which 8 Na cations occupy 
the former site and the remaining 4 Na the other site. 

Among those five kinds of sites, the site Sĵ  can be 
ruled out of consideration because the cations positioned 
at that site will not be able to accept any adsorbate 
due to its small space. Site S n is regarded to be 
similar to site Sv Both are situated on the center of 
the six-membered rings of the sodalite cages facing 
toward the super cages of the zeolite structure, and 
have a C3 v symmetry in relation to the neighboring 
lattice oxygens. Site S i n is characteristic of zeolites 
X and Y, which is located on the center of four-mem-
bered rings of the sodalite cages and has a symmetry 
of C2 v in relation to the neighboring oxygens. Zeolite 
A has no such site. 

From both the similarity and the differences among 
the three zeolites in the geometry around the possible 
cation sites and in the observed spectra, it is suggested 
that the Type I water is situated on the cations oc­
cupying the site S m , whereas the Type I I is on those 
of site S n . 

These attributions are supported by a comparison 
between the intensity of the spectra of each type of 
adsorbed water and the number of the cations oc­
cupying each site, as described below. The relative 
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amount of the Types I and I I water on the N a - X and 
Na-Y zeolites can be estimated from the results shown 
in the present Fig. 1 or 2 and those shown in Fig. 1 
or 2 of the previous report.1) In that case, the intensity 
of the spectra of the 13-X water system must be com­
pared with the other after being multiplied by a factor 
of 1.6, which appears from the differences in the sample 
thickness and the molecular weight per their unit 
cells.9) Then , it can be seen that there is a much 
smaller amount of Type I adsorbed water on the Na-Y 
zeolite than on the Na-X. The Type I I water is 
estimated to be present in much the same amount on 
both zeolites, or at least not so much less on the N a - X 
than on the Na-Y zeolite, though this is not very clear 
because of the overlapping of the spectra of the Types 
I and I I water. O n the other hand, according again 
to Rabo et al.,1) the order of preference for cation oc­
cupation is S I > S I I > S I I I , which may lead to the con­
clusion that our N a - X sample (Si/Al=1.23) includes 
16, 32, and 38 Na ions per unit cell for the respective 
sites, while the Na-Y sample (Si /Al=2.3) includes 16, 
32, and 10, respectively. T h a t is, the ratios of the 
cation number positioned on the same site in Na-X 
and Na-Y are 1:1 for the site S n and 38:10 for the 
S i n . This may be comparable with the relative in­
tensity of the spectral bands described above. 

The molar absorptivity for the Type I I water ap­
pears to be weaker than for the Type I water. This 
is probably due to the fact that the Type I water is 
more strongly polarized than the other. I t has been 

shown by Dempsey10) that the electrostatic force fields 
around the site S I H is some 5 0 % stronger than that 
around site S n . 

I t is obscure at present why and in what geometrical 
arrangements the Types I and I I water are adsorbed 
on the sites, yielding such modes as described before. 
To answer this question, further experiments with the 
use of other techniques are necessary. 
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The performance chracteristics of the permeation membrane device for the preparation of dilute standard 
gas mixtures developed by us was investigated in detail from the practical standpoint. By selecting a silicone-
rubber and a TFE Teflon for GO or GH4, and NO or S0 2 , respectively, the steady permeation state was rapidly 
attained. The small quantities of the gases permeating through the membranes were precisely determined within 
a relative standard deviation of 1% based on a pressure-differential method. It was confirmed that the permea­
tion rates were reproducible after repeated membrane-temperature, gas-pressure, and gas-cycle changes during 
an experimental period of more than five months. By changing the gas pressure and the membrane temper­
ature, and by introducing 1—2 1 min - 1 of a diluent gas, N2 or air, standard gas mixtures containing 0.5—10 
ppm of GO or GH4 and 0.05—0.7 ppm of NO or S0 2 were easily obtained. The standard gases concerning GO, 
GH4, and NO were compared with those in cylinders prepared by the weighing method, and for S0 2 the con­
centration of the gas was checked by the West-Gaeke method. A good agreement in concentration was observed 
for GO, CH4, and S0 2 ; the discrepancy found for NO was explained in terms of the decrease in the NO con­
centration in the cylinder. 

For the accurate determination of the concentrations 
of gaseous pollutants at ppm and p p b levels, standard 
reference materials are needed to calibrate the air-
monitoring instruments. Accurate gas mixtures in 
cylinders at 10 ppm levels have been prepared by 
the weighing method for various gases.1) However, 
mixtures of nitrogen dioxide ( N 0 2 ) or sulfur dioxide 
(S0 2 ) change greatly in concentration with the time 
because of their adsorption or reaction with the cylinder 
wall. Permeation tubes for the condensable gases were 
proposed by O'Keeffe and Ortman,2) and their per­
formance characteristics have been widely investigat­
ed.3-10) Unfortunately, several months or more are 
required to calibrate the low gas-permeation rates of 
the tubes by means of standard gravimetric methods 
at a constant, strictly controlled temperature. Dietz 
et al. recently proposed a rapid calibration method 
using the pressure-differential technique to measure 
microgram quantities of gas permeating through the 
plastic membrane or diffusion devices.11'12) The device 
using the membrane can also be applied to non-con­
densable gases, such as nitrogen monooxide (NO) , 
carbon monooxide (CO), and methane (CH 4) . How­
ever, the performance characteristics of the device in 
the preparation of dilute standard gas mixtures have 
not yet been reported. We have previously studied 
the performance characteristics of a commercial ap­
paratus based on the permeation method and have 
pointed out some of its defects from the standpoint 
of practical value.13) The permeability of gaseous pol­
lutants through various kinds of plastic membranes 
has, therefore, been investigated.14) I t was shown that 
various kinds of standard gas mixtures, ranging widely 
in concentration, can be prepared by selecting an 
appropriate combination of pure pollutant gas and 
membrane, together with an appropriate gas pressure 
and membrane temperature. 

We wish to report here the performance characteris­
tics of the permeation membrane device we have 
developed with regard to the following subjects: preci­
sion in the measurement of a gas-permeation rate, the 
dependence of the rate on the gas pressure or the 

membrane temperature,13) the long-term stability of 
the rate under many temperature changes,8) the proc­
edure and the length of time to reach a steady permea­
tion rate,10) and, especially, whether or not the gas-
permeation phenomenon will change because of the 
different conditions of the membrane in the measure­
ment of the permeation rates of gas and in the prepara­
tion of dilute gas mixtures. Silicone-rubber and T F E 
Teflon membranes are used for C O or CH 4 , and for 
N O or S 0 2 , respectively, since their permeation rates 
and the length of time to reach steady permeation rates 
have been suggested to be favorable for the precise 
and rapid preparation of very dilute gas mixtures.14) 
Moreover, the concentrations of the dilute gases are 
examined by using analyzers and standard gas mixtures 
in cylinders for C O , CH 4 , and N O , because it is im­
portant to compare the standard gases prepared by 
the permeation device with those in cylinders prepared 
by the weighing method. For S 0 2 , the concentration 
is determined by the West-Gaeke method because of 
the lack of reliable dilute standard gas mixtures in 
cylinders. The results are also discussed with respect 
to the development of a practical type of the permea­
tion device. 

E x p e r i m e n t a l 

Apparatus. The apparatus used here is shown sche­
matically in Fig. 1. It consists of a test cell (G), a vacuum 
system, a differential pressure transducer (VG), and gas-
feed systems for a pure pollutant gas and a diluent gas. A 
flat plastic membrane (M, with an effective area for per­
meation of 3.14 cm2) is held between two metal flanges 
and sealed with Viton-O-rings. Thin stainless steel screens 
are inserted between the membrane and the flanges in order 
to avoid the deformation of the membrane. One flange 
is connected to the pollutant gas source, and the other one, 
to the fixed-volume system (the shaded part) and the dil­
uent-gas source. The cell is placed in a constant-temper­
ature water bath (TB) controlled within ±0.05 °G (Riko-
Kagaku Co., Model UH-1000E). The vacuum system 
is of Pyrex glass tubes, and the stopcocks (1—11) are made 
of glass and Teflon (Young Go.) in order to avoid the ad-
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sorption of the pollutant gases on the grease of the usual 
vacuum cocks. The system can be evacuated below 5 X 10~6 

mmHg (1 mmHg = 133.32 Pa) by means of an oil-diffusion 
pump (DP), an oil-rotary pump (RP), and a liquid-nitrogen 
trap. The volume of the shaded part was determined to 
be 215±2 cm3 by using the known volume of the glass ves­
sel (H, 1188zt:8 cm3). The pressure transducer is composed 
of an MKS Baratron 310 AH sensor head and an 170 M-7A 
electronic unit, measuring the pressure range from 3 x 10~5 

to 1 mmHg within a 1% accuracy. The pure pollutant 
gas is introduced to the cell through the 1 cock, the Hg 
bubbler (B), and the 2 cock. The pressure is precisely 
read by the Hg manometer (P). The diluent gas (very 
purified nitrogen or air) passes through the 4 cock, the upper 
compartment of the cell, and the 5 cock, and is then introduced 
into an analyzer. The flow rate of the diluent gas is control­
led by a mass-flow-rate controller (F, Ohkura Electronic 
Go., Model MFG-1), which is usually calibrated by means 
of a soap-bubble flow-meter. 

Operational Procedures. Measurement of the Gas-permeation 
Rate: All the systems, including the cell and membrane 
are usually conditioned until vacuum readings of less than 
5 X 10~6 mmHg are obtained, and a very low baseline drift 
of the shaded-part pressure with no feed gases is checked 
by means of the transducer. Following the baseline deter­
mination, the pollutant gas is introduced at the pressure 
of pl9 while simultaneously the pressure build-up (h) of the 
shaded part is recorded. The permeation test is carried 
out about four times, the time needed to reach the permeation-
rate equilibrium. 

Preparation of Dilute Gas Mixtures and Measurements of the 
Concentration: After a sufficient evacuation of the system, 
the diluent gas is introduced into the cell at an appropriate 
flow rate and is led to an analyzer. The pollutant gas is 
then introduced into the lower compartment of the cell in 
the same manner described above. 

The concentrations of GO and CH4 in the prepared dilute 
gases are determined by means of a total hydrocarbon analyz-
er(Beckmann Go., Model 6800 FID gas Chromatograph 
equipped with a convertor of GO to GH4). Standard gas 
mixtures in cylinders (7.79 ppm CH4 in air and 9.60 ppm 
GO in air), prepared by the weighing method, are used for 
the calibration of the analyzer. An NO chemiluminescent 
analyzer (Bendix Go., Model 8101-B) is used for the measure­
ments of NO in the diluent gas. The standard gas mixture 
in a cylinder (8.4 ppm of NO in nitrogen) is diluted to 1.68 
ppm by using a STEG Model SGD-75 (Standard Technology 
Go.) for the calibration of the analyzer. A very purified 
air is used to adjust the analyzer to zero. The concentration 
of S0 2 is determined according to the West-Gaeke me­
thod.15,16) The gas-flow rate of 0.5—1.5 1 min - 1 passing 
through the scrubber of S0 2 is controlled by means of mass-
flow-rate air sampler (Milab Go., Model 69). 

Reagents: All the reagents used in the West-Gaeke method 
were obtained from the Tokyo Kasei Go. and were used 
without further purification except for pararosaniline dye. 
TFE (tetrafluoro ethylene) Teflon and silicone-rubber mem­
branes were obtained from the Nitto Rika Go. and the Toray 
Silicone Go. respectively. The pure pollutant gases in the 
cylinders were from the Takachiho Kagaku Go., for GH4 

(99.999%), GO (99.999%), and NO(99.8%), and from 
the Matheson Go. for S0 2 (99.98%). 

Theoret ica l 

According to Fick's gas-diffusion theory, q (the 
permeation rate of gas through a flat plastic membrane 

di lute gas mixture 

_JL 2 

pure pollutant gas 

Fig. 1. Schematic diagram of permeation membrane 
device. M: Flat plastic membrane, G: cell, TB: 
constant temperature bath, B: Hg bubbler, P: Hg 
manometer, F: flow rate controller, H: known 
volume glass vessel, VG: pressure transducer, DP: 
diffusion pump, RP: rotary pump, 1—11: stopcocks. 

TABLE 1. LAG-TIMES IN GAS-PERMEATION PROCEDURE 

FOR SILICONE-RUBBER-GO AND G H 4 AND TEFLON-NO 

AND S 0 2 AT A GAS PRESSURE OF ABOUT 7 0 CMHG 

Membrane 
temp 

30.0°C 
45.0°G 
55.0°C 

GO 

2.93 min 
2.43 
2.06 

Gas 

GH4 NO 

3.28 min 4.58 min 
2.48 2.64 
2.30 2.18 

so2 

38.2 min 
18.9 
11.3 

with a thickness of / and a certain area of A) is ex­
pressed as follows:17'18) 

q = DS(Pl-p2)(A/l) (1) 

where D is the diffusion constant, S, the solubility 
coefficient, and p1 and p2, the partial pressures at the 
lower and upper compartments of the cell in Fig. 1 
respectively. The permeability coefficient, P, is the 
product of D and S: 

P = Dx S (2) 

The temperature dependence of the P, D, and S 
parameters follows an Arrhenius relationship: 

P=P0exp(-Ep/RT) 

= D0 exp(-Ed/RT).S0 exp(Hs/RT) (3) 

where Ep and Ed are the activation energies for permea­
tion and diffusion respectively, and Hs, the heat of 
solution. 

R e s u l t s a n d D i s c u s s i o n 

Procedure and the Length of Time to Reach a Steady State 
of the Permeation. The permeation procedures (time 
vs. the pressure build-up, h, of the known volume part) 
found for the silicone rubber (thickness /=1080( i .m)-
C O or C H 4 and for the Teflon ( /=200 (xm)-NO or 
SO 2 were in good accordance with the Ficksian-type 
permeation.14) In Table 1, the so-called lag-time, 0, 
in the permeation procedure is listed for each combina­
tion of gases and membranes. Apparently the time 
becomes shorter with an increase in the membrane 
temperature. About three times as long as the lag-
time is the length of time needed to reach steady 
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TABLE 2. GAS-PERMEATION RATES AND THEIR STANDARD 

DEVIATIONS FOR SILICONE-RUBBER-CO AND C H 4 AND 

TEFLON-NO AND S0 2 AT A GAS PRESSURE 

OF ABOUT 70 C m H g 

Mem­
brane 
temp 

30.0 °G 
45.0 °G 
55.0 °G 

C O ) 

3.55±0.02 
4.20±0.03 
4.57±0.03 

Gas 

CH4
a> NOb> 

8.58±0.03 3.03±0.01 
10.1 ±0.04 4.46±0.06 
10.6±0.05 5.75±0.03 

S02b) 

3.73±0.05 
5.98±0.07 
7.11±0.11 

a) Permeation rate [cm3(STP) m i n ^ x lO"3]. 
b) Permeation rate [cm3(STP) min^X 10~4]. 

TABLE 3. PERMEABILITY COEFFICIENTS OBTAINED FOR 

SILICONE-RUBBER-CO AND GH4 AND TEFLON-NO 

AND S0 2 [cm3 (STP)-cm/cm2-s-cmHg] 

^ GO CH, NO S0 2 
t e m p (xlO-8) (xlO-8) (xlO-10) (xlO-10) 

30.0 °G 2.92±0.02 7.06±0.04 4.63±0.08 6.26±0.18 
45.0 °G 3.44±0.01 7.86±0.02 6.95±0.11 9.74±0.25 
55.0 °C 3.76±0.03 8.36±0.05 8.97±0.15 13.2±0.30 

permeation rates.13) Even for S 0 2 at 30.0 °C, the 
time of about two hours required for calibration is 
much shorter than that required using conventional 
gravimetric or volumetric procedures for usual S 0 2 

permeation tubes.11) It should further be noted that, 
with regard to C O , CH4 , and N O , the time needed 
to reach the steady-permeation state is remarkably 
shortened in comparison with that estimated for the 
use of a commercial apparatus using a F E P Teflon 
membrane.13) 

Precision in Measurement, Repeatability, and Long-term 
Stability of Permeation Rates. The permeation rates 
(q) were calculated from the values of dh/dt at the 
steady-pressure build-up state and the volume employed. 
The values of q obtained for C O , CH 4 , N O , and SO a 

at about 70 cmHg of p1 are summarized in Table 
2, together with the standard deviations. The very 
small quantities of gas permeating, less than 10~4 

cm3 min - 1 , were precisely measured within a relative 
standard deviation of 1 %. It is also confirmed that 
the values of q obtained under various gas pressures 
less than 70 cmHg changed linearly with the gas pres­
sure of p1 in Eq. 1. This suggests that the gas pressure 
in the upper compartment (p2) is negligibly small 
compared to px [Eq. 1 can, then, be rewritten as q= 
DS(p1)(A/l)] and that P (DxS) is constant regardless 
of the pressure changes. 

In order to ascertain the repeatability of the permea­
tion rates, the values of q at various gas pressures of 
p1 were converted to the permeability coefficients (P) 
according to Eqs. 1 and 2. The values of P concern­
ing CO, CH4 , N O , and S 0 2 as well as the standard 
deviations are summarized in Table 3. Each value of 
P was derived by averaging all the values of P obtained 
periodically for more than five months at the mem­
brane temperatures of 30.0, 45.0, and 55.0 °C. I t 
has been ascertained that the permeation rates are 

reproducible within small deviations after repeated 
temperature, pressure, and gas cycles for a long ex­
perimental period. 

T h e long-term stability of the device differs in 
meaning from that for the conventional permeation 
tubes of S 0 2 , N 0 2 , etc. In the former device, the gas 
permeating through the membrane is fed and removed 
in each experiment, while the liquefied gases are 
always stored in the tubes. I t is, therefore, considered 
that the long-term stability of the device is also con­
firmed by the results on the repeatability. T h e ex­
cellent repeatability and the long-term stability arise 
from the better storage condition of the membranes 
than in the conventional permeation tubes; that is, 
the membranes are in contact with the pollutant 
gases only at use and, moreover, can be protected 
from moisture or air. 

The maximum uncertainty was found with respect 
to the S0 2 -Tef lon system, as can be seen from Tables 
2 and 3. T h e precision of the temperature control 
of the membrane and the laboratory is considered to 
be an important factor in this experiment, affecting 
the uncertainty in the determination of q or P. The 
magnitude of the activation energy for permeation, E , 
is associated with the required level of the membrane-
temperature control, as is suggested by Eq. 3. The 
values of Ep concerning C O , CH4 , N O , and S 0 2 were 
found to be 2.0, 1.3, 5.1, and 5.9 kcal mol" 1 (1 kcal 
m o l - 1 = 4 . 1 8 4 k j mol - 1 ) , in that order, from the plots 
of log P versus the reciprocal temperature of the mem­
brane shown in Table 3. T h e value for S 0 2 - T F E 
Teflon agreed well with that of 6.5 kcal m o l - 1 reported 
by Felder.19) If an error of less than a 1 % in the 
measurement of P is desired, the temperature should 
be maintained within ± 0 . 3 6 and ± 0 . 1 8 °C when the 
values of Ep are 5.0 and 10.0 kcal mol" 1 respectively. 
The temperature control within 0.05 °C in our experi­
ment is too much to realize less than a 1 % relative 
standard deviation. T h e uncertainty can, then, be 
attributed to the deviation of the ambient temperature 
of our laboratory ( ± 1 . 0 °C during 1 h) . T h e largest 
uncertainty in P observed for S 0 2 is related to the 
result shown in Table 1 that the time required to 
determine the permeation rate of S 0 2 is much longer 
than those required for the other gases. 

Preparation of Dilute Standard Gas Mixtures and Measure­
ments of the Concentration. CO and CH± Standard 
Gas Mixtures: The flow rate of a diluent air (QJ was 
precisely measured at each experiment by means of 
a soap-bubble flow-meter. T h e air was mixed with 
the small quantity of C O or CH 4 (q) permeating 
through the silicone-rubber in the cell. The dilute 
gas thus prepared was then introduced into the gas 
Chromatograph and was analyzed at intervals of 5 min. 
It was confirmed that the steady state of the observed 
concentration was achieved at the second sampling 
time (10 min), which is in accordance with the results 
shown in Table 1. T h e concentration of C O or CH 4 

was maintained for more than four hours, lor g enough 
to calibrate the analyzer. Concentrations of C O or 
CH 4 ranging 0.5 to 10 ppm were easily realized by 
only changing the gas pressure from about 10 to 76 
çmHg. The change in the membrane temperature 
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Ccalcd/PPm 

Fig. 2. Comparison of Ccaicd w i t n Cobsd f° r CO (unfil­
led symbols) and GH4 (filled symbols)-silicone rubber. 
The membrane temperature were 30.0 °G (O), 45.0 
°G (A), and 55.0 °G ( • ) . 

was found to be less effective than that of the pressure, 
which reflects the very small value of E obtained for 
C O or CH 4 . T h e observed C O or CH 4 concentrations 
of the dilute gas mixtures (Cobsd) are plotted against 
the calculated ones (CC3ilcd = qlq+Q^=qlQJ in Fig. 2. 
By the use of the least squares method, C'obsd/Ccalcd = 
0.998 and the correlation coefficient r=0.999 for C O 
and Co b 8 d /Cc a l c d=1.01 and r = 0 . 9 9 9 for C H 4 were 
obtained. As has previously been pointed out, the 
C O or CH 4 concentrations of the dilute gas mixtures 
in cylinders scarcely changed with the time because 
of their low adsorbilities and reactivities. I t is general­
ly accepted that standard gas mixtures containing 
such low concentrations of C O or C H 4 prepared by 
the weighing method are reliable. The excellent 
agreement of Cobsd with Ccalcd for both gases thus 
supports the validity of the gas-permeation rates 
determined here. 

NO Standard Gas Mixtures: A very purified nitrogen 
was used as a diluent gas. By introducing less than 
1 1 m i n - 1 of N2 , dilute gas mixtures containing 0.05— 
0.7 ppm N O were generated at various gas pressures 
and at various membrane temperatures. The steady 
state of the concentration of N O was reached within 
20 min at the lowest temperature of 30.0 °C and was 
maintained more than four hours as well as both C O 
and CH 4 . The concentrations observed by the N O 
analyzer (Cobsd) are plotted against the calculated 
concentration (Q a l c d ) in Fig. 3. While the correlation 
coefficient, r, was found to be 0.999 by the least-squares 
method, a large discrepancy between Cobsd and Cca lcd 

(Qbsd/^caicd=l-26) appeared. T h e same experiment 
was, therefore, performed about two months later by 
using the same standard cylinder gas for the span 
calibration of the N O analyzer. T h e results obtained 
are depicted by the dotted line in Fig. 3. T h e linearity 
(r=0.99V) was confirmed to be good, but the Cobsd/ 
Ccalcd rat o increased from 1.26 to 1.37. This can be 
explained as being due to the decrease in the N O 
concentration in the cylinder, taking into consideration 
the fact that the permeability coefficient, P or q, is 

0.2 

0.2 0.4 

Ccaicd/PPm 

Fig. 3. Comparison of Ccaicd with Cobsd
 for NO-Teflon 

at temperatures of 30.0 °G (O), 45.0 °G (A), and 
55.0 °G ( • ) . The filled symbols were obtained about 
two months later when the unfilled symbols were 
done. 

constant within 2 % for 6 months, as has been men­
tioned above. N O probably adsorbs or reacts with the 
cylinder wall or an impurity gas such as oxygen and 
so decreases in concentration.1) However, it is neces­
sary to rule out the possibility that the discrepancy 
may result from the change in the quantity of gas 
permeating through the membrane on account of the 
different environmental conditions of the Teflon mem­
brane ; the determination of the permeation rate was 
carried out in vacuo, but the preparation of the dilute 
gas mixture was done in a diluent gas (N2) flowing 
in the upper compartment of the test cell. 

The values of the diffusion constant under the two 
environmental conditions of the membrane were, there­
fore, determined and were compared each other, since 
the diffusion constant is the factor governing the process 
of the permeation. The diffusion constant, Dv, in 
the evacuated condition can be calculated from the 
lag-time, 0, in Table 1 according to the following equa­
tion: 

DY = Z2/60 (4) 

The lag-time, 0, in the case of the preparation of the 
dilute gas mixtures can also be obtained by analyzing 
the change in the concentration of N O with the 
time.13 '20) T h e diffusion constants, Dd, in N 2 flowing 
thus were calculated according to Eq. 4. The values 
of both Dv and Dd, determined at the temperatures 
of 30.0, 45.0, and 55.0 °C, are summarized in Table 
4(a). I t is found that Dd agrees well with DY within 
in the limits of experimental error. T h e possibility 
mentioned before can thus be excluded; the large 
discrepancy between Cobsd and Ccalcd is attributable 
to the decrease of N O in the cylinder. 

S02 Standard Gas Mixtures: A diluent nitrogen was 
introduced into the cell at the flow-rate of 1—2.5 
1 min - 1 . As soon as the pure S 0 2 was fed into the 
cell, the gas sampler began to operate. In Fig. 4, 
the observed concentration of S 0 2 at the steady-
permeation rate determined by the West-Gaeke method 
(Cobsd) is plotted against the calculated values (Cca lcd). 
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TABLE 4(a). COMPARISON OF DV WITH Dd 

FOR N O - T E F L O N 

Diffusion 
constant 30.0°C 45.0°C 55.0°C 

Ai 
2 .42±0.16 
2 .02±0.10 

3 .47±0.11 
3 .41±0.46 

4 .69±0.32 
4 .50±0.17 

Dy and Dd: cm2/s x 10~8 

TABLE 4(b). COMPARISON OF DY WITH Z)d 

Diffusion 
constant 

Da 

FOR S 0 2 

30.0°C 

2.87±0.10 
2 .58±0.28 

- T E F L O N 

45.0°C 

5 .81±0.23 
5 .17±0.59 

55.0°C 

8.56±0.62 
7 .85±1.74 

Z>v and Dd: cm2/s X 10"8 

Although some scatter is found, Cobsd agrees well with 
Qaicd (CobBd/CCaicd=0.997 and r=0 .995) . About 6 % 
of the relative standard deviation in the observed con­
centration is considered to be due to the analytical 
method. Although the purification of the parasoani-
line dye used here was performed and a freshly prepared 
parasoaniline stock solution was used, the relatively 
large and irreproducible blank values, ranging from 
0.057 to 0.078 absorbance, were not satisfactorily 
decreased. A better quality of the dye and a more 
rigorously reproducible analytical procedure will be 
needed to decrease the experimental error. 

The diffusion constants, Dv and Dd, were also com­
pared in the same manner as with N O ; the values 
are listed in Table 4(b). They agreed well with 
each other within the limits of experimental error. 
The large difference in D between N O and S 0 2 , shown 
in Tables 4(a) and 4(b), is particularly noteworthy. 
The activation energies for diffusion (Ed) were deter­
mined to be 8.7 kcal m o l - 1 and 5.8 kcal m o l - 1 for S 0 2 

and N O , in that order, while those for permeation 
(Ep) were similar in both N O and S 0 2 . This reflects 
the difference in the gas-permeation property between 
S 0 2 and N O . T h e longer time needed to reach the 
steady-permeation rate for S 0 2 and the more rapid 
decrease of it with an increase in the temperature are 
interpreted in terms of the magnitude of D and Ed. 

In conclusion, the permeation membrane device 
using silicone-rubber and T F E Teflon membranes 
shows excellent performance characteristics in the pre­
paration of dilute standard gas mixtures. T h e stable 
and reproducible permeation rates for long periods of 
time are useful for the examination of the changes 
in the concentration of the standard gases in cylinders 
with time. An important characteristics of the device 
is that the permeation rate, i.e., the concentration of 
the gaseous pollutants in the mixture, can easily be 
changed by changing the gas pressure. T h e calibra­
tion line and/or curve of air-monitoring instruments 
can be obtained more easily and rapidly than with 
conventional calibration devices. The use of a gas 
pressure lower than 76 cmHg enables us to apply the 
device to such condensable gases as S 0 2 , N 0 2 , H 2S, 
NH 3 , and so on, which are not suitable for study with 
the commercial permeation device because of their 

0.4 0.6 

Ccalcd/PPm 

Fig. 4. Comparison of CCaicd with C0bsd ^or S02-Teflon 
at temperatures of 30.0 °C (O), 45.0 °C (A), and 
55.0 °C ( • ) . 

liquefaction at 2—5 atmospheric pressures. In ad­
dition, a portable type of permeation device is expensive 
to fabricate. The present device consists of only a 
cell including a membrane whose gas-permeation rates 
have been measured, a simple constant-temperature 
oven (the precision in control is about 0.3 °C because 
of the small values of Ep), a flow-rate controller for a 
diluent gas, a pressure gauge for a pollutant gas, and 
a vacuum pump. 
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Chemical Reaction of Electron Donor-Acceptor System : Reaction 
Mechanism of the Tricyanovinylation Reaction of iV,iV-Dimethyl-

aniline with Tetracyanoethylene 
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Yasuhiko SHIROTA, and Hiroshi M I K A W A 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 
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The decay of the charge-transfer (GT) absorption band in the tricyanovinylation reaction of A^iV-dimethyl-
aniline (DMA) with tetracyanoethylene (TGNE) in 1,2-dichloroethane was followed by the electronic absorption 
measurement. Primary hydrogen isotope effect was observed for the decay of the GT-band in line with the 
mechanism : 

[D + A ^ = ± DA] • I 
I + D • NA 
NA + D • P 

slow 

D: DMA; A: TGNE; DA: GT-complex; I : zwitterionic intermediate; NA: />-(l,l,2,2-te1racyanoethyl)-Ar,iVr-
dimethylaniline ; P: j^-tricyanovinyl-iV^-dimethylaniline. 

The tricyanovinylation reaction of several aromatic 
amines with tetracyanoethylene (TCNE) is a typical 
thermal reaction involving the formation of a charge-
transfer (CT) complex.1) The reaction proceeds in 
two steps, (1) formation of an accumulating inter­
mediate, and (2) slow formation of the final product. 
Because of the large difference in reaction rate, the 
steps can be followed independently by an electronic 
absorption measurement. Rappopor t measured the 
decay of the CT-absorption band for the TV, TV-dimethyl-
aniline ( D M A ) - T C N E system in chloroform, and found 
that the pseudo first order rate constant for the decay 
of the CT-complex (kohsd) obeys the relation 

kK[By 2> 

Here, k, 
constant 

H 3 G \ N / ' 

A 

* o b s d - 1 + / f [ D ] • 

K, and [Z>] denote the 
for transformation from 

(1) 

second order rate 
the CT-complex 

GHa 
H 3 G \ j ^ / G H 3 

V 
D 

DA + D 

+ 
NGX /GN 

C = C 
N C XCN 

H 3 G \ ^ / G H 3 

^ \ 

V N C G \ C N 

DA 

H ^ G - G N 

N ( / X G-GN 

N G / G 

H 3 C N N / C H 3 

I + D 
X \ 

+ HCN 

G 

N C 7 S G - G N 

N C ' 

into a zwitterionic intermediate (I) , the association 
constant for the formation of the CT-complex, and 
the initial donor concentration, respectively. The 
following reaction (Scheme 1) has been proposed to 
explain the above kinetic result, which involves the 
bimolecular reaction of the CT-complex with another 
free donor (amine) molecule to give I. 

The mechanism proposed by Rappoport indicates 
that the CT-complex is a true intermediate in the 
reaction. However, it is generally recognized that 
kinetic data alone cannot tell whether the CT-complex 
is a true intermediate in chemical reactions involving 
the formation of the CT-complex, e.g., Diels-Alder and 
[ 2 + 2 ] cycloaddition reactions.3) From the viewpoint 
that this may be the case also for the tricyanovinylation 
reaction of aromatic amines, we have proposed an 
alternative mechanism (Scheme 2) which can also 
explain the above kinetic data.1 '4) Either the mono-
molecular transformation of the CT-complex or the 
bimolecular reaction between the free donor and ac­
ceptor molecules produces a zwitterionic intermediate 
(I) which reversibly returns to either the CT-complex 
or the component molecules,5) and then an accumulat-

[D + A ^± DA] 
TT 

H 3GX© /GH 3 

H 

H^G-GN 

A 
i ii 
V 

NC-G-CN 
NG G-GN NG-G-GN 

i l + D 

NG 
I 

H 3C\j^/CH 3 

A 

II 

+ HCN 

G 

NG C -GN 

GN 

Scheme 1. Scheme 2. 
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ing intermediate, p-{ 1,1,2,2-tetracyano ethyl)-iV,iV-di-
methylaniline (II) (neutral adduct) , is produced.7) 
The formation of I I is induced by the deprotonation 
of I with another amine (donor) molecules, followed 
by back proton transfer from the quar ternary amine 
to carbanion resulting from I. The neutral adduct 
(II , NA) then turns gradually to the final tricyanovi-
nylated product by another free-amine catalysed dehy-
drocyanation. 

The kinetic result alone cannot distinguish whether 
the CT-complex is a true intermediate in the reaction.11) 
The decay of the CT-complex following the mechanism 
(Scheme 2) is expressed by Eqs. 2 and 3, which are 
kinetically indistinguishable from each other. 

[DA] = [DA]0exp(-*o b 8 d /) 

In the case of unimolecular transformation of the 
CT-complex:12) 

^obsd — 
(/U2/*-i)^[D]2 

1+/C[D] 
(2) 

In the case of bimolecular reaction between free donor 
and acceptor molecules:12) 

_ (Kkjk'_xK)K\py 
*obsd - r p ^ ö ] W 

In order to confirm which of Schemes 1 and 2 is 
more reasonable, we have carried out the measurement 
of the kinetic hydrogen isotope effect on the decay of 
the CT-complex for the D M A - T C N E and 4-deuterio-
JV,N-dimethylaniline (</-DMA)-TCNE systems in 1,2-
dichloroethane. No primary hydrogen isotope effect 
will be observed for the mechanism shown in Scheme 
1, since the decay process of the CT-complex involves 
only the exchange reaction of a complexed amine with 
a free amine, although a slight secondary hydrogen 
isotope effect might be observed. O n the other hand, 
the primary hydrogen isotope effect will be observed 
for the mechanism shown in Scheme 2, since kohsd 

involves the rate constant k2 for the C - H and C - D 
bond breaking process. 

Exper imenta l 

4-Deuterio-iVr,iV-dimethylaniline (rf-DMA) was synthesized 
according to the methods reported.13) Purification of samples 
and solvents and the experimental procedures are described 
in a previous paper.1) 

R e s u l t s and D i s c u s s i o n 

Decay Kinetics of the CT-Band. The decay of 
the CT-absorption band at 675 nm was followed at 
30, 35, and 40 °C for the D M A - T C N E and i - D M A -
T C N E systems in 1,2-dichloroethane with a donor 
concentration much greater than that of T C N E . The 
measurement was made by varying the concentration 
of the donor (DMA and öf-DMA), keeping that of 
T C N E constant. The plot of log 7CT (7CT: absorbance 
of the CT-band at 675 nm) against time gave a straight 
line for each run. This shows that the decay of the 
CT-complex is of first order with respect to the con­
centration of the CT-complex. Typical plots of log 
7CT against time for both D M A - T C N E and rf-DMA-

2.0 

1.0b 

< 

0.5 

0.1 

t 1 

1 i i i i i i 

1 2 3 4 5 6 
Time/mi n 

Fig. 1. The plot of log 7CT against t. 
(1) DMA-TCNE system. [DMA] = 0.2 M, 
[TCNE] = 9.75xlO- 4M. (2) J-DMA-TCNE 
system. [^DMA] = 0.2 M, [TCNE] = 1.011 X 10~3 M. 

T C N E systems are shown in Fig. 1. A marked hy­
drogen isotope effect is observed for the decay of the 
CT-complex. The association constant for the forma­
tion of the CT-complex was obtained from the ex­
trapolation of the decay of the CT-complex to time 
zero in order to get a Benesi-Hildebrand plot by the 
least squares method.14) As expected from Eq. 1 for 
Scheme 1 or Eq. 2 or 3 for Scheme 2, the plot of kohsd 

( 1 + X [ D ] ) / [ D ] against K[B] should give a straight 
line. Figures 2 and 3 show the plots of kohsd(l +A"[D])/ 
[D] against K[T>] by means of the least squares method 
for the D M A - T C N E and rf-DMA-TCNE systems, 
respectively, both of which show a linear relation. 
The plots show two characteristics, i.e., (1) a kinetic 
hydrogen isotope effect exists for the decay of the CT-
complex as is evident from the marked decrease in 
the slope of the straight line in the öf-DMA-TCNE 
system as compared with the D M A - T C N E system; 
(2) the plots do not pass through the origin, but have 
definite positive intercepts. 

Primary Hydrogen Isotope Effect. The slopes of 
the linear plots in Figs. 2 and 3 give the values of k 
(for Scheme 1) or k^k2\k_x (for Scheme 2, in the case 
of monomolecular transformation of the CT-complex; 
hereafter, discussion will be made simply in terms of 
this mechanism for the sake of convenience). The 
ratio of the slopes of the straight lines (denoted by 
^ H /^ D ) 1 5 ) in Figs. 2 and 3 is expressed as Eqs. 4 and 5 
for the mechanism shown in Schemes 1 and 2, respec­
tively. Since the substitution of hydrogen by deuterium 
at the jtara-position of D M A is assumed to give a minor 
effect on the rate constants kx and k_x for the mechanism 
shown in Scheme 2, Eq. 5 can be approximated as 
Eq. 6. 

JH/JD = £H/£D f o r Scheme 1 (4) 

s^/s» = (k^k^JkUU-i) for Scheme 2 (5) 

s^/s» « *?/*? for Scheme 2 (6) 

The values of ^H/^D obtained from Figs. 2 and 3 are 
3.35, 3.32, and 3.17 at 30, 35, and 40 °C, respec­
tively, showing a large kinetic hydrogen isotope effect. 
The Arrhenius plot for the observed ^H/^D values 
gave an activation energy of about 1,04 kcal/mol? 
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X 
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0.5 1,0 

Fig. 2. The plot of £obsd (1+#[D])/[D] against K[D] 
in DMA-TCNE system in 1,2-dichloroethane measur­
ed at the temperatures indicated. [TCNE] = 9.75 X 
10-4 M. 

0.5 1.0 
K[D] 

Fig. 3. The plot of kobsd (1+X[D])/[D] against X[D] 
in ^/-DMA-TCNE system in 1,2-dichloroethane measur­
ed at the temperatures indicated. [TCNE] = 1.011 X 
10-3 M. 

which is roughly equal to the zero point energy 
difference between the C - H and C - D stretching vibra­
tions. The results are attributed to the primary hy­
drogen isotope effect. They can be explained more 
satisfactorily in terms of Scheme 2, since sulsB roughly 
represents i;?/£?,15) the ratio of the rate constants for 
the C - H and C - D bond breakage.16) 

On the Positive Intercept of the Linear Plot of kohsd(l + 
A"[D])/[D] against K[B]. The fact that the linear 
plot of A o b B d ( l+* [D] ) / [D] against K[D] has an inter­
cept has not so far been discussed as regards reaction 
mechanism. Experimental results show that the plots 
have negative intercepts for e.g., the indole-TCNE 
system in dichloromethane,17) and D M A - T C N E system 
in dichloromethane.18) The present study of the D M A -
T C N E system in 1,2-dichloroethane gives definite values 
of positive intercepts (Figs. 2 and 3), indicating that 
kohsd is more rigorously given by Eq. 7. The k3 term 
in Eq. 7 will probably arise from the following reac­
tions: (1) the formation of unknown species X from 
the initial equilibrium between the CT-complex and 

free donor and acceptor molecules, (2) the monomo-
lecular reaction of I to give probably NA and/or 
another unknown species X (Scheme 3). 

[D + A ^± DA] 
( l ) 

I • N A 

#obsd — 
(kJk^KlD] 

(k2[B]+k3) (7) 
1+X[D] 

Scheme 3. Conceivable reactions which contribute to 
the k3 term in Eq. 7. 

Table 1 gives the values of kohsd obtained from Fig. 1 
(three plots are chosen for the sake of simplicity), 
and (kJzlk.JKlDYKl+KlD]) (denoted by £obsd(bi)) 
calculated by using the values of the slopes of the 
linear plots in Figs. 2 and 3. Calculation using the 
values of intercepts of the linear plots in Figs. 2 and 
3, or substraction of ^Obsd(b0 

from kohsd will give 
( ^ # - i ) ^ [ D ] / ( l + ^ [ D ] ) (denoted by kohsd(mono)). I t 
should be noted that the values of the intercepts are 
much less reliable than those of the slopes in Figs. 2 
and 3 ; the values of £obsd(mono) are much less reliable 
than those of £obsd(bi).19) Although no quantitative 
discussion on the k3 process can be made, it is shown 
that the k3 process contributes significantly under the 
reaction conditions of a low donor concentration ( [ D ] « 
0.06 mol d m - 3 with constant [TCNE] « 10"3 mol dm" 3 ) . 
Under the reaction conditions of a high donor 
concentration ( [D]>0 .1 mol dm~3 with constant 
[TCNE] « 1 0 - 3 mol d m - 3 ) , however, the contribution 
of the k2 process is dominant as shown in the values of 
^obsd(bi)/̂ obsd i n Table 1, the main reaction mechanism 
being explained in terms of the mechanism shown in 
Scheme 2. 

Summary. T h e primary kinetic hydrogen iso­
tope effect observed for the decay of the CT-complex 
in the tricyanovinylation reaction of the D M A - T C N E 
system in 1,2-dichloroethane is explained by Scheme 2. 

We are grateful to Dr. Takashi Ando, The Institute 
of Scientific and Industrial Research, Osaka University, 
for his helpful discussion. 
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T A B L E 1. TYPICAL KINETIC DATA FOR THE DECAY OF THE C T - C O M P L E X IN 1,2-DICHLOROETHANE 

T e m p (°G) [D] (mol dm"3) £ O bs d Xl0 3 (s"1) £0bsd(bi) X 103 *> kohsd(hi)lkohsd 

DMA-TGNE b> 

30 

35 

40 

0.295 
0 .2 
0.059 

0 .295 
0 . 2 
0 .059 

0 .295 
0 .2 
0 .059 

7.69 
4.74 
0.88 

7.98 
4.89 
0.89 

8.33 
5.37 
0.88 

2.52 
1.53 
0.33 

2.85 
1.83 
0.41 

3.25 
2.08 
0.47 

6.87 
3.91 
0.52 

6.99 
3.93 
0.51 

7.88 
4.37 
0.55 

2.08 
1.17 
0.16 

2.22 
1.24 
0.16 

2.37 
1.30 
0.16 

0.89 
0.82 
0.59 

0.87 
0.80 
0.57 

0.94 
0.81 
0.62 

0.82 
0.76 
0.48 

0.77 
0.67 
0.39 

0.72 
0.62 
0.34 

</-DMA-TCNEc) 

30 

35 

40 

0.3 
0.2 
0.06 

0.3 
0.2 
0.06 

0.3 
0.2 
0.06 

a) s-1; kohsdihi) = (k1k2lk-.1)K[T>¥l(l+K[V]). b) [ T G N E ] = 9 . 7 5 x 10~4 mol dm- 3 , c) [ T G N E ] = 1.011 X 10~3 mol dm~ 

8) Z. Rappopor t and E. Shohamy, J. Chem, Soc, B, 
1969, 77. 

9) P. G. Farrell and R. K. Wojtowski, J. Chem. Soc, B, 
1970, 1390. 

10) Y. Shirota, S. Ezaki, S. Kusabayashi, and H . Mikawa, 
Bull. Chem. Soc Jpn., 45, 836 (1972). 

11) I is produced from the initial equilibrium state between 
D + A and DA shown symbolically as [ D + A ^ ± D A ] ^ ± I . In 
deriving the kinetic equation, however, it is assumed that 
the reaction proceeds either by the monomolecular trans­
formation of the GT-complex or by the bimolecular reaction 
of the free donor and acceptor molecules. 

12) Unimolecular transformation of the GT-complex. 

D + A ; 

DA = = ' I 

DA 
D 

NA 
D 

k-i kz slow 

Bimolecular reaction between the free donor and acceptor 
molecules. 

D + A ; F = ± DA 

K D 
D + A ^ = ± I NA 

13) J . H . Billman, A. R. Radike, a n d B. W . Mundy , 
J. Am. Chem. Soc, 64, 2977 (1942); D . G. Thomas , J . H . 
Billman, and G. E. Davis, ibid., 68, 895 (1946); S. Baba, 
Yakugaku Zasshi, 89, 1158 (1969). 

14) Observed association constants of the GT-complex in 
1,2-dichloroethane. D M A - T G N E system: K (dm3 mol"1) 
5.04 (30 °G), 4.39 (35 °C), 3.89 (40 °C). </-DMA-TCNE 
system: K (dm3 mol-1) 5.31 (30 °G), 4.79 (35 °G), 4.06 
(40 °G). 

15) Superscripts H and D denote the rate constants for 
D M A - T C N E and ( / -DMA-TGNE systems, respectively. 

16) P. G. Farrell and J . Newton, J. Chem. Soc, C, 1970, 
1630. They also observed the kinetic hydrogen isotope 
effect for the decay of the GT-complex in the tricyanovinyla-
tion reaction of D M A - T G N E system in chloroform. 

17) R. Foster and P. Hanson, Tetrahedron, 21, 255 (1965). 
18) S. Garbu t t and D, L. Gerrand, J. Chem. Soc, Perkin 

Trans. 2, 1972, 782. 
19) A small variation in the values of the slopes yields a 

large variation in the values of intercepts. This arises from 
the fact that the values of £0bsd(bi) a r e much greater than 

t h o s e of k obsd(mono)' 

slow 
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Magnetic and Spectral Properties of Binuclear Nickel(II) Nitrato 
and Acetato Complexes of Tridentate Schiff Bases Derived from 

Salicylaldehydes and iV-Substituted Trimethylenediamines 
T a d a s h i T O K I I , Shuj i E M O R I , a n d Y o n e i c h i r o M U T O * 

Department of Chemistry, Faculty of Science and Engineering, Saga University, Saga 840 

(Received November 28, 1978) 

A new series of binuclear Ni ( I I ) complexes with the empirical formula Ni (5 -Y-sa l -p r -NRR' )X has been 
prepared by the reaction of the parent complexes, Ni (5-Y-sal-pr N R R ' ) 2 with metal salts NiX2 , where 5-Y-sal-
p r - N R R ' = S c h i f f base ligand derived from 5-substituted salicylaldehyde and JV-substituted trimethylenediamine, 
R = H or GH 3 , R / = G H 3 , Y = H or Gl and X = N O s or G H 3 G O O . T h e nature of the complexes has been con­
firmed to be dimeric on the basis of the results of molecular weight, magnetic and spectral measurements. 
The values of exchange integral, J= — 10 15 c m - 1 , have been evaluated for the Ni(II ) complexes from their 
temperature dependences of magnetic susceptibilities. The antiferromagnetic property has been discussed in 
terms of structural considerations. For comparison, the corresponding Gu(II ) complexes Cu(5 -Y-sa l -p r -NRR' )X 
have been prepared and investigated. 

A l t h o u g h a l a r g e n u m b e r of p h e n o l i c o x y g e n - b r i d g e d 
b i n u c l e a r C u ( I I ) c o m p l e x e s w i t h TV-substituted sali-
c y l i d e n e a m i n a t o l i gands h a v e b e e n syn thes ized a n d 
c h a r a c t e r i z e d , 1 ' 2 ) re la t ive ly few N i ( I I ) c o m p l e x e s 
a n a l o g o u s to t h e C u ( I I ) c o m p l e x e s h a v e b e e n p r e p a r e d , 
t h e w o r k of B u t c h e r a n d Sinn 3 ) r ep re sen t s a n a t t e m p t 
a t i n v e s t i g a t i o n ; t h e N i ( I I ) c o m p l e x e s a r e r e p r e s e n t e d 
b y t h e f o r m u l a [ N i ( b s b ) N 0 3 - C 2 H 5 O H ] 2 , w h e r e b s b 
r ep re sen t s a b i d e n t a t e Schiff ba se . 

I n a p r e v i o u s p a p e r , 4 ) it w a s r e p o r t e d t h a t bis [TV-(3-
d i m e t h y l a m i n o p r o p y l ) s a l i c y l i d e n e a m i n a t o ] c o p p e r ( I I ) , 
C u ( S a l - p r - N M e 2 ) 2 , r eac t s w i t h c o p p e r ( I I ) c h l o r i d e 
to y ie ld a b i n u c l e a r c o m p l e x w i t h t h e f o r m u l a 
[ C u ( S a l - p r - N M e 2 ) C l ] 2 in w h i c h t h e p h e n o l i c o x y g e n 
a t o m s ac t as b r i d g e s a n d e a c h of t h e t w o o r g a n i c l i g a n d s 
is t r i d e n t a t e l y c o o r d i n a t e d to a s ingle m e t a l i on . A t ­
t e m p t s to p r e p a r e t h e c o r r e s p o n d i n g N i ( I I ) c o m p l e x , 
[ N i ( S a l - p r - N M e 2 ) C l ] 2 , h o w e v e r , w e r e unsuccessful . 
Six complexes w i t h t h e s t o i c h i o m e t r y of N i (5-Y-sal -
p r - N R R ' ) X , w h e r e X = N 0 3 o r C H 3 C O O a n d 5-Y-
sal - p r - N R R ' r ep re sen t s t h e t r i d e n t a t e sa l icy l idene­
a m i n a t o l i g a n d of t h e g e n e r a l f o r m u l a , h a v e n o w 
b e e n i so la ted 

Abbreviation : 
S a l - p r - N H M e ; R = H , 

Y / n \ O - R ' = CH 3 , Y = H 
\ _ / T> S a l - p r . N M e 2 ; R = R ' = CH 3 , 

\ / K Y = H 
GH=N N 5-Gl - sa l . p r -NHMe; R = H , 

(GH 2 ) 3
 K R ' = CH 3 , Y = C 1 

5-Gl-sa l -pr .NMe 2 ; R = R ' = 
GH 3 , Y = C1 

T h e d i m e r i c o c t a h e d r a l s t r u c t u r e ha s b e e n es tab l i shed 
b y c o m p a r i n g t h e I R a n d e l ec t ron ic re f lec tance spec t r a , 
m o l e c u l a r we igh t s , a n d m a g n e t i c suscept ibi l i t ies w i t h 
those of t h e c o r r e s p o n d i n g C u ( I I ) c o m p l e x e s , C u ( 5 -
Y - s a l p r N R R ' ) X , w h i c h h a v e b e e n p r e p a r e d in t h e 
p r e s e n t s t u d y a n d con f i rmed to b e m o n o m e r i c . I t is 
n o t e w o r t h y t h a t t h e N i ( I I ) c o m p l e x e s exh ib i t a n t i -
f e r r o m a g n e t i s m in c o n t r a s t to [ N i ( b s b ) N 0 3 - C 2 H 5 O H ] 2 

w h i c h shows i n t r a m o l e c u l a r f e r r o m a g n e t i c i n t e rac t ion . 3 ) 
T h e resul ts of c h a r a c t e r i z a t i o n s tudies on t h e n e w l y 

p r e p a r e d c o m p l e x e s will b e r e p o r t e d a n d t h e differ­
ences in m a g n e t i c p r o p e r t i e s b e t w e e n N i ( 5 - Y - s a l - p r -
N R R ' ) X a n d [ N i ( b s b ) N 0 3 - C 2 H 5 O H ] 2 wil l b e discussed 
f rom s t r u c t u r a l cons ide ra t i ons . 

E x p e r i m e n t a l 

Syntheses. Ni (5 - Y- sal-pr • NRR') N03 Complexes : A 
typical synthetic method is as follows. A solution of Ni-
( N 0 3 ) 2 - 6 H 2 0 (11 mmol) in ethanol (50 ml) was added to 
a solution of one of the parent Ni (5-Y-sal -pr-NRR') 2 com­
plexes (10 mmol) in ethanol (100 ml), and the mixture was 
stirred on a hot plate for 1/2 h. The green crystals thus 
precipitated were collected, washed repeatedly with ethanol 
and dried. 

Ni(5-Y-sal.pr- NHMe)CHzCOO Complexes'. A solution of 
N i ( C H 3 C O O ) 2 4 H 2 0 (11 mmol) in ethanol (50ml) was 
added to one of the parent Ni (5-Y-sal • p r - N H M e ) 2 complexes 
(10 mmol) suspended in chloroform (50 ml) . T h e solution 
was stirred at ca. 50 °G for 1/2 h and concentrated to one-
third of the volume. After the solution had been allowed 
to stand overnight at ca. 5 °G in a freezer, the separated 
green crystals were collected and washed twice with a small 
quant i ty of ethanol and once with ether. 

CufSal-pr-NMe2)N03 Complex: This complex was pre­
pared by the reaction of Gu(Sa l -p r -NMe 2 ) 2 and G u ( N 0 3 ) 2 -
3 H 2 0 using the same procedure as for Ni (5-Y-sa l -pr -NRR') -
N 0 3 complexes. The purification was made by recrystal-
lization from ethanol. 

Cu( 5-Y-sal-pr-NHMe )X Complexes: A solution of GuX 2 -
rcH20 ( 11 mmol) in ethanol (50 ml) was added to a mixture 
of bis (5-substituted salicylaldehydato) copper (II) (10 mmol) 
and iV-methyl-l,3-propanediamine (20 mmol) in ethanol 
(50 ml) . T h e solution was stirred at ca. 70 °G for 1/2 h 
and concentrated to one half of the volume. After the 
solution had been allowed to stand overnight at ca. 5 °G in 
a freezer, the separated green crystals were collected and 
recrystallized from ethanol. 

T h e elemental analyses for the new compounds are sum­
marized in Table 1. 

Physical Measurements. The molecular weights of the 
complexes 5—9 listed in Table 1 were determined osmomet-
rically with a Hitachi Molecular Weight Apparatus 117, 
the results of which are given in Table 2. Magnetic suscept­
ibilities of all the complexes 1—10 were determined by the 
Gouy method in the temperature range 80—300 K. For 
complex 2, the susceptibilities in the temperature range 4.2— 
80 K were determined by the Faraday method. Effective 
magnetic moments were calculated from the equat ion: 

A/eff = 2 . 8 3 1 / ( ^ ^ 2 " (1) 

where %A is the molar magnetic susceptibility corrected for 
the diamagnetism of the constituted atoms using Pascal's 
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TABLE 1. ANALYTICAL DATA 

Complex 

1 Ni(Sal.pr.NHMe)N03 

2 Ni(Sal.pr.NMe2)N03 

3 Ni(5-Cl-sal.pr.NHMe)N03 

4 Ni(5-Cl-sal • pr • NMe2)N03 

5 Ni (Sal • pr • NHMe) CH3COO 
6 Ni(5-Cl-sal • pr • NHMe) CH3COO 
7 Cu(sal- pr .NHMe)N03 

8 Cu(Sal-pr.NMe2)N03 

9 Cu(Salpr.NHMe)CH3COO 
10 Cu(5-Cl-sal • pr • NHMe) CH3COO 

C 

42.44 
44.14 
38.61 
39.82 
50.47 
45.06 
41.80 
43.46 
49.72 
44.78 

Found 

H 

4.93 
5.30 
4.08 
4.49 
5.75 
4.89 
4.75 
5.16 
5.80 
4.93 

(%) 

N 

13.35 
12.66 
11.68 
11.44 
8.86 
7.92 

13.01 
12.77 
8.97 
8.07 

Metal 

18.71 
17.84 
16.88 
16.43 
18.91 
17.09 
20.09 
19.14 
20.30 
18.22 

C 

42.35 
44.21 
38.14 
39.99 
50.53 
45.46 
41.70 
43.57 
49.75 
44.83 

C.dcd 

H 

4.85 
5.26 
4.07 
4.48 
5.87 
4.99 
4.77 
5.18 
5.78 
4.92 

(%) 

N 

13.47 
12.89 
12.13 
11.66 
9.06 
8.16 

13.26 
12.70 
8.93 
8.04 

Metal 

18.82 
18.01 
16.95 
16.29 
19.00 
17.09 
20.06 
19.21 
20.25 
18.24 

TABLE 2. MOLECULAR WEIGHT DATA 

Complex Solvent 
Concentration 

(10-3mol-dm-3) 

Molecular weight 

Obsd Calcd 

5 Ni(Sal • pr • NHMe) CH3COO 
6 Ni(5-Cl-sal • pr • NHMe) CH3COO 
7 Cu(Sal-pr.NHMe)N03 

8 Cu(Sal.pr.NMe2)N03 

9 Cu(Sal • pr • NHMe) CH3COO 

chloroform 
chloroform 
acetone 
acetonitrile 
benzene 

2.86 
3.26 
2.86 
3.44 
4.67 

558 
632 
312 
311 
354 

618 (dimer) 
687 (dimer) 
317 (monomer) 
331 (monomer) 
314 (monomer) 

TABLE 3. MAGNETIC DATA 

Complex ^eff/B.M. (77K) 6/K g J/cm-

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Ni(Sal-pr.NHMe)N03 

Ni(Sal-pr.NMe2)N03 

Ni(5-Cl-sal • pr • NHMe)NO s 

Ni(5-Cl-sal -pr • NMe2)NOs 

Ni (Sal • pr • NHMe) CH3COO 
Ni(5-Cl-sal • pr. NHMe) CH3COO 
Cu(Sal-pr.NHMe)N03 

Cu(Sal-pr.NMe2)N03 

Cu(Sal • pr • NHMe) CH3COO 
Cu(5-Cl-sal • pr. NHMe) CH3COO 

2.97(290), 
3.10(299), 
3.16(292), 
3.09(302), 
2.98(293), 
3.02(293), 
1.82(300), 
1.82(300), 
1.83(303), 
1.83(303), 

2.59(80) 1.262 
2.75(80), 0.28(4.2) 1.305 
2.72(79) 
2.68(78) 
2.64(79) 
2.58(78) 
1.82(78) 
1.80(78) 
1.80(78) 
1.80(78) 

1.436 
1.332 
1.229 
1.334 
0.413 
0.414 
0.410 
0.410 

- 3 6 
- 2 9 
- 4 3 
- 3 5 
- 2 9 
- 4 7 

0 
0 
0 
0 

2.25 
2.28 
2.40 
2.31 
2.22 
2.31 
2.10 
2.10 
2.09 
2.09 

- 1 4 
-9.6 a> 

- 1 4 
- 1 4 
- 1 4 
- 1 5 

a) The value was evaluated from the magnetic susceptibility data in the temperature range 4.2 —300 K (cf. text). 

constant5) and Na is the temperature-independent para­
magnetism per gram-ion of Ni (II) or Cu(II). The Na 

value of 200 X 10-6 and 60 X 10-6 cgs, emu were assumed for 
Ni(II)6) and Cu(II),7> respectively, and a set of the results 
is given in Table 3. The reflectance spectra were recorded 
with a Hitachi Recording Spectrophotometer 323. IR 
spectral measurements were made with a Hitachi EPI-G2 
IR Spectrophotometer in the 400—4000 cm - 1 region using 
Nujol mulls. 

R e s u l t s and D i s c u s s i o n 

Molecular Weights. Molecular Weight measure­
ments of the Ni(II ) acetato complexes 5 and 6 listed 
in Table 1 were made osmometrically in chloroform, the 
results of which are given in Table 2. The molecular 
weights were found to be twice the empirical formula 
of N i ( 5 - Y - s a l p r N H M e ) C H 3 C O O , indicating the 
presence of a dimeric structure. The low solubility 
of the Ni(II) nitrato complexes 1—4 in chloroform or 

any other conventional solvents, however, did not allow 
an accurate determination of the molecular weights. 
The molecular weight determination for the Cu(I I ) 
complexes 7—9 showed the compounds to be mono-
meric (cf. Table 2). 

Magnetic Susceptibilities. The magnetic suscep­
tibilities of the complexes 1—10 were determined over 
the temperature range 80—300 K. The susceptibility 
data for complexes 1 and 3—10 are shown in Figs. 1 
and 2 as plots of the reciprocal susceptibility corrected 
for diamagnetic contribution and temperature-inde­
pendent magnetism, (XA— NJ-1, vs. temperature, T. 
The da ta for complex 2 in Fig. 3 is shown as a %A 

vs. T plot. 
In the temperature range 80—300 K, the suscep­

tibilities of the Ni(II ) complexes 1—6 follow the 
Curie-Weiss law. The Curie (C) and Weiss constants 
(0) have been evaluated from the slopes of ( Z A - ^ « ) - 1 

vs. T plots, and the g values calculated from the 
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20.0 
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r/K 
Fig. 1. Variation of magnetic susceptibilities with 

temperature. Left-hand scale: (3 ) Ni(Sal-pr-
NHMe)N03 , (D) Ni(5-Cl-sal.pr.NHMe)N03, (A) 
Ni(5-Gl-sal.pr.NHMe2)N03. Right-hand scale: (O) 
Cu(Sal.pr.NHMe)N03 (# ) Cu(Sal.pr.NMe2)N03 . 

600 

400 

X 

H 200 

r/K 
Fig. 2. Variation of magnetic susceptibilities with 

temperature. Left-hand scale: (A) Ni(Sal-pr-
NHMe)CH3COO, (3) Ni(5-Gl-salpr.NHMe)GH3-
GOO. Right-hand scale: (O) Gu(Sal-pr.NHMe)-
CH3COO, ( • ) Gu(5-Gl-salpr.NHMe)GH3GOO. 

Curie constants using the relationship C=Nß2g2[S(S+ 
1)]/3A: where S=\; the results are listed in Table 3. 
The negative values of the observed Weiss constants 
(ca. —30 50 K) are indicative of the presence of 
antiferromagnetic coupling in the Ni(II) complexes. 
In order to obtain further information about the 
magnetic interaction, the magnetic susceptibility 
measurement has been extended for complex 2 from 
the temperature of liquid nitrogen to that of liquid 

15.0 

, Ö 

^ 
400 1 

<J 
Ni 

r_, 

200 

O 

a 
3 

a <u 
t/3 

bO 
o 

CO 

O 1—1 
«1 

X 

10.0 

Fig. 3. Observed and calculated magnetic susceptibili­
ties of Ni(Sal-pr-NMe2)N03: O, experimental; solid 
line, calculated by Eq. 2 (cf. text). 

helium. As can be seen in Fig. 3, the susceptibility 
XA increases with decreasing temperature until a 
maximum in %A is reached at 27 K. At temperatures 
below 27 K %A decreases markedly with decreasing 
temperature. I t has been found that the susceptibility 
data could be fitted to the susceptibility equation for 
a Ni(II ) dimer:8) 

Nß2g2[ 5 + exp(-4J/kT) 
XA = 

kT 5+3exp(-4JlkT)+exp(-6J/kT) + N. 

(2) 
where J is exchange integral. The values of J=— 9.6 
c m - 1 and g=2.27 have been evaluated from the best 
fit of the experimental data to Eq. 2, assuming Na = 
2 0 0 x l 0 - 6 c g s emu.6) The solid line in Fig. 3 repre­
sents the susceptibility curve calculated using the param­
eters. The value of g agrees well with the experimental 
value of 2.28 determined from the (%A— N J " 1 vs. T 
plot in the temperature range 80—300 K (cf. "Table 3). 
The magnetic behavior with a negative J value indi­
cates the presence of antiferromagnetic spin coupling 
between the Ni (II) ions in the dimeric unit of [Ni-
(Sa l -p r -NMe 2 )N0 3 ] 2 . For the other Ni(II) complexes 
1 and 3—6, the 80—300 K data gave a good fit to the 
theoretical curve based on Eq. 2 when the following 
values were used: the g value evaluated from the 
U A - A Ü " 1 VS. T plot, the Na of 200 x 10"6 cgs emu 
and the / value listed in Table 3. 

The close agreement between the observed and 
calculated temperature dependences of magnetic sus­
ceptibility can be taken as evidence for the presence 
of a binuclear structure in the Ni(II) complexes. 

The susceptibility data of the Cu(I I ) complexes 
7—10 follow the Curie law as is seen in Figs. 1 and 2, 
indicating magnetic dilution in the crystals. Con-
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TABLE 4. REFLECTANCE AND IR SPECTRAL DATA 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Complex 

Ni(Sal-pr.NHMe)N03 

Ni(Sal.pr.NMe2)N03 

Ni(5-Cl-sal.pr.NHMe)N03 

Ni(5-Cl-sal • pr • NMe2)NOs 

Ni (Sal • pr • NHMe) CH3COO 
Ni(5-Cl-sal • pr • NHMe) CH3COO 
Cu(Sal.pr.NHMe)N03 

Cu(Sal-pr.NMe2)N03 

Cu(Sal • pr • NHMe) CH3COO 
Cu (5-Cl-sal • pr • NHMe) CH3COO 

Ligand field 
band 

16.4, 
15.7, 
16.3, 
15.7, 
16.1, 
15.9, 
15.3, 
15.9, 
16.4 
15.9 

maximum, 
KPcm-1 

10.2, 7.8sh 
9.8, 7.2sh 

10.4, 7.9sh 
9.8, 7.1sh 
9.9, 7.6sh 
9.8, 7.6sh 

12.5 
12.8 

IR absorption, v/cm-1 

band maximum1) 
near 1540 cm - 1 

1550 (+16) 
1550 ( + 19) 
1538 (+24) 
1537 (+17) 
1549 (+15) 
1539 (+25) 
1541 
1541 (+ 7) 
1537 
1525 

vasco2 

1566 
1558 

1582 
1582 

v sC02 

1447 
1447 

1378 
1385 

^ a s - s 

119 
111 

204 
197 

a) sh = shoulder, b) The numerical values in parentheses indicate the increased wave numbers from the bands 
in the parent M(5-Y-sal-pr-NRR')2 complexes where M = Ni(II) or Cu(II). 

Wave number/103 cm - 1 

Fig. 4. Reflectance spectra of Ni(Sal-prNHMe)N0 3 

(A), Ni(Sal.pr.NHMe)CH3COO (B), Cu(Sal-pr. 
NHMe)NOs (C) and Cu(SalprNHMe)CH 3 COO 
(D). 

sequently in contrast to the Ni(II ) complexes, the 
Cu(II) complexes are considered to be mononuclear. 

Diffuse Reflectance Spectra. The present com­
plexes give rise to several bands in the 5000—25000 
c m - 1 region in the diffuse reflectance spectra. The 
wave numbers of the band maxima are given in 
Table 4 and the spectral curves for complexes 1, 5, 7, 
and 9 are shown in Fig. 4. 

The Ni(II) complexes investigated all show essen­
tially the same spectral characteristics, two well resolved 
maxima at ca. 16000 and 10000 c m - 1 with a shoulder 
at ca. 8000 cm" 1 (cf. Table 4 and Fig. 4). This type 
of spectra is similar to those of the distorted octahedral 
Ni(II) complexes,9'10) but quite different from those 
of the four- or five-coordinated Ni(II) complexes.11 '12) 
The spectra of the Cu(II ) complexes 7 and 8 show a 
broad band at ca. 15500 c m - 1 with a shoulder at ca. 
12500 cm" 1 (cf. Table 4 and Fig. 4). This type of 
spectra is indicative of a five-coordination geometry 
around the Cu(II ) ion and is to be compared with the 
spectra reported for some distorted square-pyramidal 

Cu(II ) complexes.4'13»14) The spectral feature of the 
Cu(I I ) complexes 9 and 10 is apparently that of a 
square planar type (cf. Fig. 4). 

IR Spectra. The wave number of the intense 
band around 1540 c m - 1 observed for complexes 1—10 
are listed in Table 4. For all the Ni(II ) complexes 
studied (1—6), the absorption energy of the I R band 
around 1540 c m - 1 was observed to shift towards higher 
energies by 15—20 c m - 1 as compared with that of the 
corresponding parent bis-complexes Ni(5-Y-sal-pr-
N R R ' ) 2 , indicating the presence of bridging phenolic 
oxygen atoms in the nitrato and acetato complexes 
(cf. Table 4).1-4) No significant band shift was observed 
for the Cu(I I ) complex 8, however, indicating that, 
in this complex, no phenolic oxygen-bridge exists 
(cf. Table 4). The strong band around 1540 c m - 1 

for each of the Cu(II ) complexes 7,9, and 10 also in­
dicates the non-existence of any bridging phenolic 
oxygen in these complexes. 

For the Ni(II) acetato complexes 5 and 6 and the 
Cu(I I ) acetato complexes 9 and 10, the assignment 
of the I R bands due to the antisymmetric (£a sC02) 
and symmetric (£SC02) carboxylate stretching vibra­
tions has been made by comparing the bands of 
the complexes with those of the parent bis-complexes 
and the corresponding nitrato complexes; the wave 
numbers are listed in Table 4 together with the 
separation (^las_s) between v a s C 0 2 and £SC02 . The 
correlation between the carboxylate stretching fre­
quencies and structure in Ni(II ) acetato complexes 
has been well established by Curtis.15) A comparison 
of the frequencies of £ a s C0 2 , v s C0 2 , and Zlas_s for 
the acetato complexes in this study with those for the 
Ni(II ) acetato complexes of known structure may 
yield information on the carboxylate coordination in 
the complexes 5 and 6. The Ni(II) complexes exhibit 
v a s C 0 2 and £ s C 0 2 bands in an energy region very 
similar to that reported for the [Ni ( te t )CH 3 COO]-
C 1 0 4 1 / 2 H 2 0 complex (* a sC0 2 1550 c m - 1 , 7SC0 2 

1448 c m - 1 , Zlas_s 102 c m - 1 , tet=^/-5,7,7,12,14,14-hexa-
methyl-1,4,8,11-tetraazacyclotetradecane),15) in which 
the acetato group is coordinated in a symmetrical 
chelating mode to the metal ion,16) and also similar to 
those reported for the [Ni(en) 2 CH 3 COO] C10 4 com-
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plex (* a sC0 2 1540 cm- 1 , * S C 0 2 1445 cm"1 , z1as_ s 95 
cm-1)15) and the [Ni ( l ,3 -pr ) 2 CH 3 COO]C10 4 complex 
(? a s C0 2 1540 cm- 1 , v s C 0 2 1450 cm"1 , z1as_s 90 cm"1),15) 
for both of which a symmetrical chelation of the acetato 
group has been assigned.15) Thus the close similarity 
in absorption energy between these complexes leads 
to the conclusion that the carboxylate coordination 
mode in the Ni (I I) acetato complexes in the present 
study is of a symmetrical chelating type. 

In the case of the Gu(II) acetato complexes 9 and 
10, the v a s C 0 2 and £ S C0 2 bands appear at higher 
and lower frequencies respectively than those of the 
ionic acetato (* a sC0 2 1578 cm"1 , £ S C0 2 1414 cm"1)17) 
(cf. Table 4), indicating the presence of unidentate 
coordination of the acetato group in the complexes.18) 
The unidentate coordination is consistent with their 
reflectance spectra showing a four-coordinated planar 
Gu(II) geometry. 

For the nitrato coordination in the Ni(II) nitrato 
complexes 1—4, no unambiguous assignment could 
be drawn from the I R spectra, since the 1200—1500 
c m - 1 region was so complicated that no N O stretching 
bands of the nitrato group could be recognized. The 
reflectance spectral feature of the complexes is very 
similar to those of the corresponding acetato complexes 
indicating a six-coordinated Ni(II) geometry and thus 
the nitrato coordination mode is considered to be of 
the symmetrical chelating type. Similarly, the nitrato 
coordination mode in the Gu(II) nitrato complexes 
7 and 8 is presumably a symmetrical chelating type 
based on the reflectance spectra which show a five-
coordinated Gu(II) geometry. 

Structure and Magnetic Properties. O n the basis 
of the molecular weight, magnetic and spectral data, 
the most probable structure for the present Ni (I I) 
complexes 1—6 is considered to be I in which the 
phenolic oxygen atoms act as bridges between the two 
metal ions and the tridentate ligand 5-Y-sal-pr-NRR' 
spans facially due to the long - ( C H 2 ) 3 - chain in a man­
ner similar to that in the Ni (Sa l -pr -NMe 2 ) 2 complex.19) 

N 

R3. 

°xl/°\i>s 

"H 
<To o-Nc; CH3-C^n 

pr = -(CH2Î3-

I 

Ri = Me . CHMe2 . Et 

R2 = Ph , H 

R3 = 5 - C I . 5,6-benzo 

S = EtOH 

Structure I should be compared with that of the 
[ N i ( b s b ) N 0 3 - C 2 H 5 O H ] 2 complexes which display 
intramolecular ferromagnetic interaction,3) the structure 
of which is shown schematically in II.3) The most 
significant difference in structure between I and I I 
is the bonding mode around the bridging phenolic 
oxygen atoms. As is seen from I and I I , the phenolic 

* 0 & 

Ou, Cu5 

B 
Fig. 5. Geometries around the atom bridging metal 

ions in phenolic oxygen-bridged binuclear copper(II) 
complexes. 

G - O bonds in the former are coplanar with the plane 
of the four membered N i 2 0 2 ring due to the chelation 
of the 5-Y-sal-pr- N R R ' ligand with the phenolic oxygen 
and azomethine nitrogen atoms at the base of a dis­
torted octahedron, whereas the C - O bonds in the 
latter are approximately perpendicular to the N i 2 0 2 

plane, since the phenolic oxygen atom of the bsb ligand 
occupies one corner of the basal plane and thus the 
azomethine nitrogen atom takes one of the axial po­
sitions. 

In previous papers,20 '21) it was reported that, in 
binuclear Cu(I I ) complexes with tridentate salicyl-
aldehyde Schiff bases, the geometry around the 
atom bridging metal ions is one of the most important 
factors determining the strength and sign of the magnetic 
interaction. The structural factors which promote 
the antiferromagnetic interaction in the complexes 
are those such as the equality of the angles a and ß in 
Fig. 5A, and the size of the angle 0 in Fig. 5B (i.e., 
coplanarity of the O - X bonds with the C u 1 O C u 2 0 
coordination plane, where X is the atom linked to the 
bridging O atom). These factors may bring about 
an increase in overlap of the non-orthogonal orbitals 
involved in the exchange pathways. Recently, Lintvedt 
et al.22) noted the importance of the planarity of the 
bridging atom in binuclear Gu(II) complexes for 
magnetic interaction, and Curtis et al2Z) reported that 
the weak magnetic interaction in di-//-[4,6,6-trime-
thyl-3,7-diazanon-3-ene-l,9-diolato(l — )-ONN' , ß-O']-
dicopper(II) diperchlorate ( 0 « - 2 5 K) can be at­
tributed to the nonplanarity of the bridging atom. 

From the above structural considerations, the dif­
ference in magnetic properties between [Ni(5-Y-sal-
p r - N R R ' ) X ] 2 and [ N i ( b s b ) N 0 3 - C 2 H 5 O H ] 2 is at­
tributable to the different bonding mode of the phenolic 
C - O bond in the complexes, although, as is the case 
of [Ni2(en)4Cl2]Cl2,6) the possibility of the 90° cation-
anion-cation type ferromagnetic superexchange in­
teraction as discussed by Kanamori2 4) and Good-
enough25) is not excluded since the N i - O - N i angle has 
not been reported in Ref. 3. 

For the Gu(II) complexes in the present study, a 
monomeric five-coordinated structure can be assigned 
for the nitrato complexes 7 and 8, and a monomeric 
square planar structure for the acetato complexes 
9 and 10 on the basis of the molecular weight, magnetic, 
and spectral data. The weaker tendency of Cu(II) 
to form a six-coordinated complex, as compared with 
Ni ( I I ) , is probably the main factor for the metal to 
produce the monomeric species. 

The authors are grateful to Dr. Motomichi Inoue 



July , 1979] Binuclear Ni ( I I ) Nitrato and Acetato Complexes of Tr identate Salicylideneamines 2119 

of N a g o y a U n i v e r s i t y for t h e use of a F a r a d a y m a g n e t i c 
b a l a n c e . T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d 
b y a G r a n t - i n - A i d for Scientif ic R e s e a r c h f rom t h e 
M i n i s t r y of E d u c a t i o n . 

References 

1) E. Sinn and G. M. Harris, Coord. Chem. Rev., 4, 391 
(1969), and references therein. 

2) M. Kato , K. Imai , Y. Muto , T. Tokii, and H . B. 
Jonassen, J. Inorg. NucL Chem., 35, 109 (1973). 

3) R . J . Butcher and E. Sinn, J. Chem. Soc, Chem. Commun., 
1975, 832. 

4) Y. Muto and T . Tokii, Bull. Chem. Soc Jpn., 51, 139 
(1978). 

5) P. W. Selwood, "Magnetochemistry," Interscience 
Publishers, New York (1956), pp . 78, 91 . 

6) A. P. Ginsberg, R. L. Mart in , R. W. Brookes, and 
R. G. Sherwood, Inorg. Chem., 11, 2884 (1972). 

7) B. N. Figgis and R. L. Mart in , J. Chem. Soc, 1956, 
3837. 

8) A. Earnshaw, "Int roduct ion to Magnetochemistry," 
Academic press, London (1968), p . 77. 

9) S. M . Nelson and T . M . Shepherd, J. Chem. Soc, 
1965, 3276. 

10) L. Sacconi, N . Nardi , and F. Zanobini , Inorg. Chem., 
5, 1872 (1966). 

11) L. Sacconi, P. Paoletti, and M. Giampolini, J. Am. 
Chem. Soc, 85, 411 (1963). 

12) L. Sacconi, P. Nannelli , N. Nardi , and U. Gampigli, 
Inorg. Chem., 4, 943 (1965). 

13) M. Giampolini, Struct. Bonding, 6, 52 (1969). 
14) J . Ha thaway and A. A. G. Tomlinson, Coord. Chem. 

Rev., 5, 1 (1970), and references therein. 
15) N . F. Curtis, J. Chem. Soc, A, 1968, 1579. 
16) P. O . Whimp, Thesis, Victoria University of Wel­

lington, New Zealand, 1967. 
17) K. Nakamoto, J . Fujita, S. Tanaka , and M. Kobayashi , 

J. Am. Chem. Soc, 79, 4904 (1957). 
18) K. Nakamoto and P. J . McCar thy , S. J . , "Spectroscopy 

and Structure of Metal Chelate Compounds ," J o h n Wiley & 
Sons, Inc. , New York (1968), p . 269. 

19) M . Di Vaira and P. L. Orioli, Inorg. Chem., 6, 490 
(1967). 
20) Y. Muto , M. Ka to , H . B. Jonassen, and L. C. Gusachs, 

Bull. Chem. Soc. Jpn., 42, 417 (1969). 
21) T . Tokii, Y. Muto , M. Ka to , K. Imai , and H . B. 

Jonassen, J. Inorg. NucL Chem., 34, 3377 (1972). 
22) M. D. Glick and R. L. Lintvedt, Prog. Inorg. Chem., 

21 , 261 (1976). 
23) N . F. Curtis, G. R. Clark, B. W. Skelton, and T . 

N. Waters, J. Chem. Soc, Dalton Trans., 1977, 1051. 
24) J . Kanamor i , J. Phys. Chem. Solids, 10, 87 (1957). 
25) J . B. Goodenough, "Magnet ism and the Chemical 

Bond," Interscience Publishers, New York (1963), p . 180. 



2120 BULLETIN OF THE CHEMICAL SOCIETY OP JAPAN, VOL. 52 (7), 2120—2123 (1979) [Vol. 52, No. 7 

Adsorption of the Chromate Ion on Cured Diphenyl Phosphonate-
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The adsorption of the Chromate ion on cured diphenyl phosphonate-aldehyde resins has been investigated. 
Phosphorus-containing novolak type resins, obtained from the reaction of diphenyl phosphonate with aldehydes 
have been cured with additional hexamethylenetetramine. The adsorption of the Chromate ion on the cured 
resins decreased in the order : propionaldehyde Ä acrylaldehyde > butyraldehyde > crotonaldehyde > acetaldehyde > 
furfmal> formaldehyde. The optimum pH for the adsorption of the Chromate ion was in the range 3.0 to 4.0. 
In the case of the cured diphenyl phosphonate-propionaldehyde resin, the amount of the adsorption of the Chro­
mate ion was 20.5 mg Gr/g resin. Under the same conditions, the amounts of the adsorption of molybdate and 
tungstate ions were 40.5 mg Mo/g resin and 80.0 mg W/g resin, respectively. The adsorbed Chromate ion was 
recovered at approximately 80 wt% as chromium by elution with 1.0 mol/1 aqueous HCl solution. The adsorb­
ed molybdate and tungstate ions were desorbed with 2.0 and 3.0 mol/1 aqueous H 2S0 4 solutions, respectively. 
The recovery rate for Mo and W was 100 wt%. The mechanism of adsorption of the Chromate ion on the cured 
resins having phosphinylden groups, ^P(0)H, has been discussed. 

In a previous paper,1) diphenyl phosphonate (abbre­
viated to DPP) was reported to react with several 
aldehydes, e.g., formaldehyde, acetaldehyde, propion­
aldehyde, butyraldehyde, acrylaldehyde, crotonalde­
hyde and furfural to produce phosphorus-containing 
novolak type resins (abbreviated to D P P resin). The 
D P P resins were cured with additional hexamethylene­
tetramine at 120 to 180 °C to give insoluble resins 
containing phosphinylden groups, ) P ( 0 ) H . In the 
present paper, it has been observed that the cured 
D P P resins selectively adsorbed Group VIB oxide 
ions, e.g., Chromate, dichromate, molybdate and tung­
state ions. 

The literature is extensive concerning ion exchange 
resins based upon organophosphorus polymers.2-6) 
Organophosphorus resins have been prepared by the 
treatment of three-dimensional unsaturated aromatic 
hydrocarbon polymers with phosphorus trichloride 
in the presence of a luminum chloride, or by the treat­
ment of polymers containing halogenated methyl 
groups with trialkyl phosphates, followed by oxidation 
and hydrolysis of the reaction products.3) The phos­
phorus-containing ion exchange resins based on phe­
nolic resins have also been prepared by condensing 
the product obtained from the reaction of /rc-hydroxy-
phenyl dihydrogenphosphate with formaldehyde.4) 
In addition, the ion exchange resins prepared from 
styrene-divinylbenzene copolymers and phosphorus 
trichloride6) are commercially available under the 
names of Duolite-62 and 63. The phosphorus-con­
taining resins are three-dimensional high molecular 
weight compounds which contain free phosphonic 
acid [ - P ( 0 ) ( O H ) J and phosphinic acid [ > P ( 0 ) ( O H ) ] 
groups. The active centers for ion exchange are the 
P - O H bonds and consequently the phosphorus-con­
taining resins adsorb mainly metallic ions, behaving 
as cation exchangers. To date there are very few 
reports on phosphorus-containing anion exchangers.7) 

In this paper, the adsorption of Chromate, molyb­
date and tungstate ions on cured D P P resins has been 
studied. The effect of p H on the adsorption of Group 

VIB oxide ions, the rate of adsorption, the amount 
of adsorption and elution of adsorbed Group VIB 
oxide ions have been examined. Furthermore, the 
mechanism of the adsorption of the Chromate ion on 
the cured D P P resins has been discussed. 

Exper imenta l 

Materials. All chemicals used for the preparation 
of the cured DPP resins were extra-pure grade reagents. 
Potassium Chromate (GR) and dichromate (GR), potassium 
molybdate (GR) and potassium tungstate (GR) were used 
without further purification. Other chemicals used for 
colorimetric determination and preparation of buffer solutions 
were of analytical reagent-grade. 

Preparation of the Cured DPP Resins. The cured DPP 
resins used for the adsorption were phosphorus-containing 
resins cured with additional hexamethylenetetramine. 

DPP Resins: The phosphorus-containing novolak type 
resins have been prepared by a method described previously;1) 
i.e., DPP has been allowed to react with formaldehyde or 
acrylaldehyde in water at 80 °G for 3 h. Acetaldehyde, 
propionaldehyde, butyraldehyde and crotonaldehyde resins 
were prepared by the direct reaction of DPP with each 
aldehyde at 80 °G for 8 h. The furfural resin was produced 
at room temperature in 6 h. 

Curing: The curing of the DPP resins was conducted by 
the method described previously;1) i.e., to the crude DPP 
resins, 10 to 15 wt% hexamethylenetetramine was added, 
and the mixture heated in an oil bath at 120—180 °G for 
1 h to give the insoluble DPP resin. The optimum curing 
rates and temperatures are shown in Table 1. The products 
were washed with 3-pentanone, 1.0 mol/1 aqueous HG1 solu­
tion, and water to near the point of neutrality. The cured 
DPP resins were dried at 60 to 80 °G for 4 h, ground and 
milled to 100—150 mesh. 

Procedure. The method for the adsorption of Chromate, 
molybdate and tungstate ions was a batch type as follows; 
an amount of the cured DPP resin, 10—100 mg, and an 
aliquot of K2Cr04 , K2Mo04 , and K 2 W0 4 solutions were 
added to a 100 cm3 volumetric flask and diluted to 100 cm3. 
The solutions were stirred at room temperature for 24 h. 
After removal of the resin, the concentrations of Chromate, 
molybdate and tungstate ions were determined by colorimetric 
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TABLE 1. PROPERTIES OF CURED DPP-ALDEHYDES RESINS 

2121 

Compound 
R 

H 
CH3 

C2H5 

C3H7 

C3H6 

C2H3 

C4H30 

Utmost curing rate 
wt% 

95.0 
76.0 
89.0 
69.0 
89.0 
93.0 
92.0 

Cured temp 
°C 

150 
170 
140 
170 
170 
120 
120 

P 

IT 
2.8 
3.0 
2.7 
3.1 
3.1 
2.8 
2.6 

Amount of 
Cr to resina> 

mg/g 

1.9 
7.6 

10.0 
9.1 
8.4 

10.0 
2.8 

Resistance to 
50 vol% H 2S0 4 
Residual weight 

wt% 

97.0 
75.0 
70.0 
96.0 
80.0 
86.0 
95.0 

a) Value measured for lOppm Cr(VI) solution. 

100h 

X 
X 

< 

5 10 15 20 

Hexamine/wt% 

Fig. 1. Effect of amount of hexametylenetetramine in 
curing reaction on adsorption of Chromate ion. Condi­
tions; resin: DPP-PA, curing temp: 120 °C, curing 
time: 2 h. 

and atomic absorption. The rate of adsorption was calculat­
ed from the ratios of the concentration before and after the 
adsorption of each ion. The concentration of Cr (VI) was 
determined by the diphenylcarbazide method. The total 
Cr content was determined by atomic absorption. The 
concentrations of molybdate and tungstate ions were determin­
ed by tin(II) chloride and dithiol methods.8) 

Buffer Solution.9) Sulfuric acid was added for the 
preparation of the solution bellow pH 2. The buffer solutions 
(pH 2.0—3.0) were prepared from chloroacetic acid and 
KOH, succinic acid and KOH (pH 3.0—7.0), and tris-
(hydroxymethyl)methanamine and HCl (pH 7.0—9.0). 

Measurements. The resin adsorbing Chromate ion was 
washed with water, and dried under vacuum for 24 h. The 
IR and ESR spectra for the treated samples were recorded 
on JASCO IR-G, and JEOL-3BSX-ESR spectrometers. 

R e s u l t s and D i s c u s s i o n 

Adsorption Characteristics of the Cured DPP Resins. 
For the seven D P P resins, cured at a temperature giving 
maximum curing, the adsorptions were conducted as 
follows; the cured D P P resins (100 mg) and K 2 C r 0 4 

solution containing 1 mg Cr (VI) were added to a 
100 cm3 volumetric flask, the p H adjusted to 3.2 
and then diluted to 100 cm3. The rates of adsorption 
were calculated and the results are shown in Table 1. 
As may be seen the Chromate ion is comparatively 
well adsorbed on the cured DPP-propionaldehyde 

x 
X 

< 

00 

90 

80 

70 

60 

-

- ^ 

h 1 

o ^ ^ 

1 

/o 

! I L_ 
110 120 130 140 150 

Temperature/0 C 

Fig. 2. Relation between adsorption of Chromate ion 
and curing temperature. Conditions; resin: DPP-
PA, curing time : 30 min, amount of hexamine : 20 
wt%. 
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Fig. 3. Relation between adsorption of Chromate ion 
and curing time. Conditions; resin: DPP-PA, curing 
temp: 120 °C, amount of hexamine: 20wt%. 

and DPP-acrylaldehyde resins. The adsorption of 
the Chromate ion on seven kinds of cured D P P resins 
decreased in the order, propionaldehyde resin «acry l -
aldehyde resin > butyraldehyde resin > crotonaldehyde 
resin > acetaldehyde resin > furfural resin > form­
aldehyde resin. Therefore, subsequent adsorption 
experiments were conducted using the cured D P P -
propionaldehyde resin (abbreviated to cured D P P -
PA resin). 

The Effect of Curing Conditions on the Degree of Adsorp­
tion. The D P P - P A resins have been cured under 
several conditions, e.g., the amount of curing agent, 
the curing temperature and the curing time. The 
effect of each of the conditions on the degree of ad­
sorption of the Chromate ion has been examined. Figure 
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Fig. 4. Adsorption time dependence of Chromate ion 
on cured DPP-PA resin. Conditions; amount of 
resin: 100 mg, pH: 3.2, concentration of Cr0 4

2 _ : 
1.0 mg/100 cm3, temp: 25 °G. 
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Fig. 5. Effect of pH on adsorption of Chromate ion. 
Conditions; Amount of resin: 100 mg, Concentration 
of Cr0 4

2": l.Omg/lOOcm3, Shaking time: 24 h, 
temp: 25 °C. 

1 illustrates the relationship between the amount of 
curing agent, Fig. 2, the curing temperature and Fig. 3, 
the curing time and the degree of adsorption Chromate 
ion. From these results, it has been found that the 
Chromate ion is heavily adsorbed on the cured D P P - P A 
resin cured with an additional 20 w t % hexamethylene-
tetramine at 150 °C for up to 30 min. 

The Rate of Adsorption. The rate of adsorption 
of the Chromate ion on the cured D P P - P A resin has 
been examined, the results of which are shown in Fig. 4. 
It may be seen that the degree of adsorption of the 
Chromate ion increases up to over 90 wt % in approx­
imately 5 h. Subsequent adsorption proceeded slowly 
reaching 100 w t % after 16 h. The results of the ad­
sorption of molybdate and tungstate ions were approxi­
mately the same. 

Influence o / p H . The effect of p H on the adsorp­
tion of the Chromate ion has been examined by varying 
p H between 0 and 8.5, and the results are illustrated 
in Fig. 5. The residual Cr observed below p H 2.5 was 
Cr ( I I I ) , Cr (VI) being absent. The residual Cr up 
to p H 4.5 was completely Cr (VI) . I t may be seen 
that the opt imum p H range for the adsorption of the 
Chromate ion 3.0—4.0. Similarly, the opt imum p H 
range for the adsorption of molybdate and tungstate 
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10 

-

i 1 i i 
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i i l 
1.0 
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i i 
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[ 1 
20 
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Fig. 6. Adsorption isotherm of Cr(VI), Mo(VI), and 
W(VI) on cured DPP-PA resin. Conditions; pH: 
3.2, shaking time: 24 h, temp: 25 °C, O: Cr(VI), 
O : Mo(VI), # : W(VI). 

TABLE 2. DESORPTION OF CHROMIUM, MOLYBDENUM 

AND TUNGSTEN FROM CURED D P P - P A RESIN BY 

AQUEOUS HCl, H2S04 , AND NaOH SOLUTION 

Elute 
mol/1 

HCl 
0.05 
0.1 
0.5 
1.0 
4.0 

H 2S0 4 

1.0 
2.0 
3.0 
4.0 

NaOH 
0.1 

Recovery of metal 
y ' s 

Chromium Molybdenum 
wt% 

46.4 
60.0 
63.0 
80.0 
81.0 

56.7 
56.0 
55.0 
55.0 

100 

wt% 

0 
10.6 
21.2 
26.5 
42.5 

64.7 
100 

100 

ion 

Tungsten 
wt% 

0 
2.1 

10.2 
25.0 
40.0 

10.5 
50.1 
100 

100 

ions was 3.0—4.0, consistent with the results for the 
Chromate ion. 

Degree of Adsorption. The degree of the ad­
sorption of Chromate ion on the cured D P P - P A resin 
was measured as follows; a series of K 2 C r 0 4 solutions 
containing 1.5—6.0 mg as Cr were added to the cured 
D P P - P A resin ( 100 mg). Each solution was ad­
justed to p H 3.2 and diluted with water to 100 cm3. 
Each adsorption was calculated and plotted against 
the equilibrium concentration of total Cr, the results of 
which are shown in Fig. 6. The degree of adsorption 
of each Cr unit to resin (1 g) was 20.5 mg. The degree 
of adsorption of molybdate and tungstate ions on the 
cured D P P - P A resin were measured in the same manner. 
The degree of adsorption of the Mo and W units to 
resin (1 g) were 40.5 and 80.0 mg, respectively. 

Desorption. The desorption of Chromate, mo­
lybdate and tungstate ions adsorbed on the cured 
D P P - P A resin were conducted using aqueous H C l , 
H 2 S 0 4 and N a O H solutions. The amounts of Chro­
mate, molybdate and tungstate ions desorbed with 
various concentration of acidic or basic solutions are 
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shown in Table 2. For the desorption of Cr it is more 
advantageous to use aqueous H C l rather than aqueous 
H 2 S 0 4 solution. Elution with 1.0 mol/l aqueous 
H C l solution, gave 80.0 w t % recovery of Cr. For 
the desorption of M o and W, both ions were eluted 
with aqueous H 2 S 0 4 solution. Elution with 2.0 mol/l 
aqueous H 2 S 0 4 solution, gave 100 wt % recovery of M o 
and 3.0 mol/l aqueous H 2 S 0 4 solution3 gave 100 w t % 
recovery of W. 

The residual weight of the cured D P P - P A resin 
after soaking in 50 vol % H2SO± for two days was 
approximately 7 0 w t % as shown in Table 1. Con­
sequently it has been concluded that the cured D P P - P A 
resin is very resistant to acid. The elution of Cr, Mo, 
and W by 0.1 mol/l aqueous N a O H solution, gave 
a recovery of 100 w t % , but as the cured D P P - P A resin 
was completely decomposed, elution with aqueous 
N a O H solution is not a suitable technique. 

It has been observed that Cr eluted with HCl is re­
covered as Cr (I II) and that Cr eluted with sodium 
hydroxide is Cr(VI) in 70 w t % of the total Cr content. 
Mo and W were recovered as M o (VI) and W(VI) 
because of their lower oxidizing properties in com­
parison with Cr. 

Mechanism of Adsorption. In order to elucidate 
the adsorption mechanism of the Chromate ion on the 
cured D P P - P A resin, the I R and ESR spectra of the 
cured D P P - P A resin adsorbing Chromate ion were 
measured. In the I R spectrum of the D P P - P A resin, 
the absorption bands assigned to the P - H and P = 0 
bonds were observed at 2450 and 1250 cm- 1 . In the 
I R spectrum of the cured D P P - P A resin adsorbing 
Chromate ion, the absorption band of the P - H bond 
disappeared but the remaining absorption did not 
change. In the ESR spectrum, a signal with a g value 
of 1.97 and Hm s i of 20, was observed together with 
a broad signal, the g value of which could not be de­
termined. The two signals are thought to agree with 
the so-called ß phase proposed by O'Reilly,10) and thus 
it has been assumed that the former signal corresponds 
to Cr(V) while the latter corresponds to Cr (111). 
In the desorption of the Chromate ion using aqueous 
sodium hydroxide solution, approximately 70 wt % 
in total Cr adsorbed on the cured D P P - P A resin was 
Cr(VI) . This result does not agree with the ESR 
data which shows the presence of Cr(V) in the cured 
D P P - P A resin adsorbing Chromate ion. The observed 
difference may be resolved assuming the ß phase signal 
of Cr(V) is regarded as the signal associated with a 
three-chromium-atom center of mixed valency, Cr-

( V I ) - C r ( I I I ) - C r ( V I ) , as proposed by Spitz for the 
polymerization of olefins with a catalyst of chromium 
oxide.11) 

I t has been reported12) that the Chromate ion reacts 
with phosphonic acid to produce the intermediate, 
0 3 C r O - P ( O H ) 2 H , and as the reaction proceeds fur­
thermore, Cr (VI) is reduced to Cr(V) and finally 
to Cr ( I I I ) . I t is suggested that the P - H bond is broken 
in the rate-determining step of Chromate ion reduction. 
It has been reported13) that the P - H bond in the reaction 
of DPP with Cu(I I ) salts breaks as follows; > P ( 0 ) H + 
H 2 0 -» > P ( 0 ) O H + 2H+ + 2e. Simultaneously the 
Cu(II ) is reduced. I t is suggested that the active 
center for the adsorption of the Chromate ion on the 
cured D P P - P A resin is the P = 0 bond. In water 
solution the P = 0 bond reacts with a water molecule 
to form >P(OH)2H,1«13) and >P(OH) 2 H reacts with 
Chromate ion as follows; >P(OH) 2 H + C r 0 4

2 ~ - > >P(H)-
0 2 C r 0 2 + 2 0 H ~ . At the same time the Chromate 
ion is reduced by the P - H bond. It has been concluded 
that the Chromate ion is adsorbed on the cured D P P - P A 
resin in the form of a mixed valency, Cr (VI ) -Cr -
( I H ) - C r ( V I ) . 
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The degradation of highpolyphosphates in the coacervates of magnesium and calcium is discussed on the 
basis of the results of viscosity measurement and paper chromatographic analysis of highpolyphosphates. The 
initial viscosity and transparency of some magnesium coacervates were maintained with little change at 30 °G for 
about 2 weeks, while most calcium coacervates changed within 10 days into wet cakes containing Ca(H2P04)2-
H 2 0 and Ga3(HP207)2-4H20. The formation of pyrophosphates during the course of degradation of both 
coacervates is remarkable as compared with that on the hydrolysis of alkali highpolyphosphates in aqueous solu­
tions. 

In dilute aqueous solutions, highpolyphosphate 
chain-anion undergoes degradation to produce shorter 
chain polyphosphates, orthophosphates and ring phos­
phates. Studies have been carried out on the hy­
drolyses of alkali highpolyphosphates and their mecha­
nisms.2-4) However, only a few reports have appeared 
on the degradation of non-alkali highpolyphosphates. 

In the preceding paper5) the thermal change of 
magnesium highpolyphosphate coacervate (MPC) was 
discussed on the basis of the results of thermal analysis. 
For the analysis, the coacervate had to be heated and 
partially dehydrated at 100 °C in order to avoid swelling 
and foaming in the sample cell. Consequently, no 
detail was known about the degradation of M P C below 
100°C. 

The present paper deals with the viscosity changes 
of M P C and calcium highpolyphosphate coacervate 
(CPC) on degradation at temperatures form 25 to 90°C. 
The changes of the highpolyphosphate chain length 
were determined by paper chromatography. 

E x p e r i m e n t a l 

Materials. Coacervate samples were obtained by ad­
ding ethyl alcohol to mixtures of a sodium metaphosphate 
solution and a solution of magnesium or calcium chloride. 
The coacervates were also prepared by direct addition of 
MgCl2 • 6H 2 0 or CaCl2 • 2H 2 0 powder to a sodium metaphos­
phate solution. The coacervate was used immediately after 
coacervation caused by addition of ethyl alcohol or the 
respective chloride powder. Conditions for the preparation 
of coacervates were described in detail in a previous paper.6> 

Paper Chromatography. Since MPC and CPC contain 
Mg2+ and Ca2+, respectively, ETA (about 1% in a solution) 
was added to each solution of the coacervates, according to 
the analytical method proposed by Yamazoe et al?} Each 
individual spot on the filter paper was washed with ammonia 
water. The phosphate solutions thus obtained were strongly 
acidified and boiled to give rise to hydrolysis. Phosphorus 
in the solutions was then analyzed by heteropoly blue col-
orimetry. 

Total absorbance due to all the phosphates was obtained 
by summation of the individual absorbance values. The 
phosphorus content of each spot is expressed as a portion 
of total phosphorus present as follows: 

P(%) = (absorbance for each fraction/sum of absorbance) X 
100 

Viscosity Measurement. The viscosities of the coacer­
vates were measured with a rotational viscometer of cone-
and-plate type.6) 

X-Ray Analysis. X-Ray powder diffraction patterns 
of degradation products in coacervates were obtained with 
a Rigaku Denki Diffractometer Model D-3F. 

R e s u l t s and D i s c u s s i o n 

Linearity of the flow curves for coacervates in the 
present work was obtained at shearing rates 10—600 
s_1. Consequently, all the coacervates used were 
assumed to be Newtonian. 

Viscosity Change with Time at 30 °C. Figure 1 
shows a typical viscosity change with time in one of 
the M P C samples turned into a coacervate by addition 
of ethyl alcohol. For the first two weeks viscosity 
lowering was not remarkable. However, short chain-
phosphates such as ortho- and pyrophosphates were 
detected by paper chromatography. Thus, most 
highpolyphosphates of long chains probably remained 
without cleavage, degradation of M P C initially oc­
curring only at terminal parts of the polyphosphates. 
In spite of the progress of degradation of highpoly­
phosphates, transparency of most samples was main­
tained, no precipitate being found in the coacervates 
at 30 °C for about two months. 

Most CPC were less stable than M P C . The vis­
cosity of CPC was lowered and a small amount of 
white powder began to be suspended in a transparent 
coacervate within a week. One or two days after the 
first appearance of the suspension, the coacervate 
completely turned into a wet cake of white powder, 
which might consist of calcium phosphates. A calcium 
pyrophosphate of Ca 3 (HP 2 0 7 ) 2 -4H 2 0 8 > was iden­
tified one or two days after the cake formation, a mixture 

ol i i i _ J 
0 10 20 30 40 

Time/day 

Fig. 1. Viscosity change of MPC with time at 30 °G. 
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Fig. 2. Viscosity change of various MPG's with time 
at 50 °G. # : Sample A, A : Sample B, • : Sample G. 
(The initial viscosities of A, B, and G were l.lOx 103, 
0.95 Xl03 , and 0.16xl0 3 Poise, respectively.) 
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Fig. 3. Viscosity change of various GPG's with time at 
50 °G. # : Sample A, A : Sample B. (The initial 
viscosities of A and B were 1.24 x 103 and 0.80 X 103 

Poise, respectively.) 

of C a ( H 2 P 0 4 ) 2 , H 2 0 and the pyrophosphate being 
obtained within 3 or 4 weeks after the beginning of 
degradation experiment. 

The difference of stability between M P C and CPC 
may be interpreted in terms of solubilities of the salts 
of short chain-phosphates into the coacervates. 

Viscosity Change of Coacervates with Various Initial Vis­
cosities. The viscosity lowering of some M P C 
is slightly noticeable only at the first stage of experiments, 
while CPC became less viscous gradually and con­
tinually (Figs. 2 and 3). Concerning M P C , the degree 
of viscosity lowering decreases with increase in the 
initial viscosity. Highly viscous M P C is recognized 
to be considerably stable. From a comparison of 
viscosity changes in the coacervate samples with various 
initial viscosities, the mobility of phosphate ions in 
the coacervates is considered to be closely related to 
the rates of degradation. 

Viscosity Changes at Various Temperatures. 
Viscosity changes with temperature of M P C and CPC 
are shown in Figs. 4 and 5, respectively. The vis­
cosities of both coacervates lowered rapidly at 80—85 °C. 

o 

1.5X10-

i.oxio3h 

0.5X10: 

Time/h 

Fig. 4. Viscosity change of MPG with time at various 
temperatures. # : 50 °G, A : 70 °G, • : 85 °G. 
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Fig. 5. Viscosity change of GPG with time at various 
temperatures. # : 50 °C, A : 60 °C, • : 80 °G. 

The magnesium coacervates remained transparent 
while the calcium coacervates solidified within 10 h 
above 60 °C. In C P C cakes cooled to room tem­
perature, C a ( H 2 P 0 4 ) 2 H 2 0 and C a 3 ( H P 2 0 7 ) 2 - 4 H 2 0 
were detected by X-ray diffraction. 

Short chain-phosphates formed are given in Table 1. 
O n degradation of M P C , pyro- and tripolyphosphates 
appeared. O n the other hand, only orthophosphates 
formed during the course of hydrolysis of N a P 0 3 . 

As pointed out by van Wazer and his coworkers,2) 
there are three alternative degradation paths of Gra­
ham's salts : Splitting of end P 0 4 groups, random scis­
sion along the main chain of highpolyphosphates, 
and ring formation. 

During the degradation of the coacervates, ortho-
phsphates are probably formed by the cleavage of 
end phosphates, and pyro- and tripolyphosphates 
by the successive decomposition of highpolyphosphates 
to shorter chains. It seems difficult to give a quan­
titative kinetics for degradation on the basis of the 
results of paper chromatographic analysis since the 
homogeneity of coacervate samples is somewhat doubt­
ful. However, the portion of pyrophosphates ob­
tained on the degradation of M P C was larger than 
what might have been expected from the successive 
cleavage. The polymerization of orthophosphates 
into pyrophosphates is not likely to occur at low tem­
peratures such as 30—50 °C. 

Wieker9) and Lowenstein10) reported that pyro­
phosphates are formed by coupling between the ter­
minal P 0 4 of straight chain polyphosphates and ortho-
phosphate ions in the presence of M g ions during the 
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TABLE 1. DEGRADATION OF PHOSPHATE ANIONS IN MAGNESIUM COACERVATE 

[Vol. 52, No. 7 

Sample Temp 
(°C) 

Time 
(min) 

Phosphates formed on degradation (%) 

Ortho Pyro Tripoly Trimeta Highpoly 

MPC 

MPC 

NaPO«) 

50 

90 

90 

0 
210 

4640 
6060 

0 
20 
40 
60 

0 
50 
90 

120 
210 

— a ) 

14.9 
18.9 
28.5 

13.3 
18.1 
18.5 

16.9 
22.2 
28.2 
47.9 

tr.b> 
16.5 
22.0 

tr. 
11.9 
13.0 

tr. 
tr. 
tr. 
tr. 

17.3 
20.7 

9.2 
10.8 

100 
85.1 
47.3 
28.8 

100 
86.7 
60.8 
57.7 

100 
83.1 
77.8 
71.9 
52.1 

a) Not detected, b) Trace, c) About 15% aqueous solution of NaP0 3 . 

course of hydrolysis of hexakisguanidinium tetra-
phosphate and adenosintriphosphate, respectively. 
The above reactions occurred in alkaline solutions. 
However, the degraded coacervates probably con­
tained a considerable amount of hydrogen ions since 
calcium acid phosphates were formed during the course 
of CPC degradation. 

In addition to the three degradation processes pro­
posed by van Wazer and his coworkers,2) and the coupl­
ing in alkaline solutions, there may be some other 
decomposition paths of coacervates and pyrophosphate 
formation in degraded coacervates. 

Conc lus ion 

From the results of viscosity meausrement and paper 
chromatography of M P C and CPC, the following 
conclusions were obtained : 

1) Most samples of M P C are more stable than 
those of CPC. No precipitate in magnesium co­
acervates was observed at 30 °C for about two months. 

2) Most samples of CPC turn into wet cakes of 
such calcium phosphates as C a ( H 2 P 0 4 ) 2 H 2 0 and 
C a 3 ( H P 2 0 7 ) 2 - 4 H 2 0 at 30 °C in about 10 days. 

3) Pyrophosphate may be formed in M P C and 
CPC probably through a certain path differing from 
that of degradation of alkali highpolyphosphates in 
aqueous solutions and also from that of the coupling 
reaction in alkaline solutions. 
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Barium oxide has been found to react with water vapor at temperatures from 1443 to 1593 K to form gaseous 
Ba(OH)2 according to the reaction; BaO(s)+H20(g)^Ba(OH)2(g). The standard free energy of formation is 
given by the equation, AG? = 49400- 16.6 T (cal/mol) in the present temperature range. From the thermodynamic 
cycle the bond energy between barium and two hydroxyl groups has been found to be 196.8 kcal/mol. 

The volatility of the alkaline earth oxides is greatly 
increased by the presence of water vapor due to the 
formation of volatile hydroxide vapors which result 
from the following reactions; 

MO(s) + HaO(g) -> M(OH)2(g) (1) 

MO(s) + l/2H20(g) -* M(OH)(g) + l /40 2 (2) 

where M is a Group H a element. This has been 
verified for BeO,1"3) MgO,4 '5) and BaO.6) Stafford 
and Berkowitz6) studied the B a O - H 2 0 system mass-
spectrometrically and found that dihydroxide vapor 
Ba(OH) 2 , predominanted at temperatures between 
1485 and 1785 K under a water pressure above 4 x 
10- 5 a tm. The bond energy for Ba(OH) 2 was given 
by 206.3 kcal/mol. Mass-spectrometry is, however, 
often accompanied by errors due to the uncertainty 
of the relative cross section for ionization and the 
relative efficiency of the secondary-electron multi­
plier. Consequently it is necessary to confirm the 
value by other methods. 

In the present study, the reaction of water vapor 
with solid bar ium oxide has been investigated by the 
transpiration method as a series of studies on the 
effects of water vapor upon the vaporization of alkaline 
earth oxides. The vapor pressures of gaseous Ba-
(OH) 2 formed according to Reaction 1 and the re­
lated thermodynamic properties have been evaluated. 

Exper imenta l 

Transpiration Apparatus. Figure 1 shows a schematic 
drawing of the reaction zone in the apparatus used in this 
study. Approximately 2 g of sample was loaded into a 
Pt/20%Rh boat lined with magnesia. The vaporized species 
were collected in a condenser made of Pt/20%Rh alloy. 
The condenser had a capillary (0.7 mm i .d .x6mm long) 
at one end. All other structual components except for those 
described above were made of alumina. Barium oxide 
reacts with alumina to form three barium aluminates, i.e., 
BaO-6Al203, BaO-Al203 and 3BaO-Al203, but the partial 
pressure of BaO(g) over these compounds is very small.7»8) 
Therefore, it has been assumed that the formation of the 
barium aluminates has no effect on the equilibrium relation 
of the gas phase containing the barium bearing gaseous 
species. Temperatures were measured with a Pt/13%Rh 

Gas 
inlet ^=r^=^//^ 

•Thermocouple(PR-13) 
Capillary -̂Condenser 
Alumina tube r-Alumina 

2= ï 
Silica , wool 

I 
Gas 
outlet 

Fig. 1. Gross section of reaction zone in transpiration 
apparatus. 

thermocouple and regulated within ± 1 °G. 
A wet gas mixture, Ar/H 20, was obtained by passing argon 

gas three times through a water reservoir, the temperature of 
which was accurately controlled. The partial pressure of 
water vapor was determined from the weight increase of 
P 2 0 5 placed in a stream of the wet gas. 

Procedure. The argon carrier gas used was passed 
through the water reservoir described above and saturated 
with water vapor after passage through a KOH-column 
to remove carbon dioxide contained as an impurity, and then 
into the charge room at a given temperature. The water 
vapor reacted with BaO to form Ba-bearing hydroxide vapors. 
The carrier gas was saturated with vapors formed in the 
charge room at an appropriate flow rate and the vapors 
formed were transported by the carrier gas to the condenser. 
The condensate was removed into concentrated nitric acid 
solution and the barium in the solution was analyzed by 
chelatometry using EDTA and cresolphthalene complexon. 
The estimated analytical error is less than ± 0 . 6 % by weight 
of Ba. 

The partial pressure of the volatile barium hydroxide 
compound has been calculated from the amount of collected 
barium, assuming that each molecule of the volatile species 
contains one atom of barium and that the vapor approximat­
ed to an ideal gas. Therefore, it follows that partial pressure 
at equilibrium is given by 

p(Bz(OH)2x) = nyP/(ne + nv) (3) 

where nc is the number of mole for the carrier gas, nv for the 
sample vapor, and P the total pressure. 

Sample. Guaranteed reagent-grade BaO with a 99.9% 
purity (supplied by Rare Metallic Go., Ltd.) was used. In 
order to stop dispersion of the fine particles in the carrier 
gas, the BaO was sintered at 1300 °G prior to use. The 
compacted sample was kept in a desiccator filled with pure 
argon to avoid reaction with water and carbon dioxide. 

R e s u l t s a n d D i s c u s s i o n 

Effect of Flow Rate on Vapor Pressure. To deter­
mine the conditions for equilibrium a series of mea­
surements was made at 1593 K with varying flow 
rates. Figure 2 illustrates the apparent vapor pres­
sure of the assumed molecule, Ba(OH)2a? , calculated 
from Eq. 3 as a function of the flow rate. As can be 
seen from Fig. 2, the vapor pressures obtained are 
approximately constant in the range 1.3 up to 2.5 
cm3/s. 

The decrease in vapor pressure, i.e., <1 .2cm 3 / s , is 
thought due to escaping vapor from the space be­
tween the condenser and the support (alumina tube). 

Water Vapor Dependence. A plot of the logarithm 
of the equilibrium pressure of the volatile complex 
as a function of the logarithm of the partial pressure 
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Fig. 2. Vapor pressure zw. the flow rate of carrier gas 
at T=1593K and />(H20) = 0.0948 atm. 
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Fig. 3. Variation of log (vapor pressure of barium 
bearing species) vs. log (partial pressure of water). 

of water at constant temperature and partial pressure 
of oxygen will indicate whether Reaction 1 or 2 occurs 
(this includes the correct value of x in Ba(OH)2a.) 
as outlined below. 

Combining Reaction 1 with 2 yields the following 
equation for the B a O - H 2 0 system, 

BaO(s) + *H20(g) Ba(OH)a,(g) + J L A o a ( g ) (4) 

The equilibrium constant kp for the above reaction 
may be written as 

p(Ba(OH)2x)-p(Q2)V-*)/z 
p a(BaO)./>(H20)* l } 

Assuming tf(BaO) = l and taking logarithms of both 
sides ; 

logi>(Ba(OH)2*) - x\ogp(H20) 

(\-x) 
-log p(Oz) +logkp (6) 

From Eq. 6 the value of x can be determined, i.e., 
the contribution of Reactions 1 and 2 to Reaction 4. 

No correction need be made for the partial pressure 
of BaO(g) since this is equal to only 3 . 5 4 x l 0 ~ 7 a t m 

2.8 
1350 

T/°C 
1250 

4.0 

1150 

This study 
tog kp= 3.62-(10800/T) 

Stafford \ 
et al.(Ref.6)\ 

6.0 6.4 6.8 
10*K/T 

7.2 

Fig. 4. Plot of equilibrium constant for the reaction 
BaO(s)-fH20(g)=Ba(OH)2(g) versus reciprocal tem­
perature. 

at 1593 K, the highest temperature used in these 
measurements. 

A series of measurements were made at 1443 to 
1593 K with a varied vapor pressure of water at at­
mospheric pressure passing over the barium oxide, 
and the results of which are given in Table 1 are shown 
graphically in Fig. 3. The values of x obtained from 
the slopes of a logjfr(Ba(OH)2a.) versus log/?(H20) 
plot were 0.88, 0.97, and 0.89 at 1443, 1543, and 
1593 K, respectively. The average value was 0.91 
which was very close to unity. Considering the mass-
spectrometric results of Stafford and Berkowitz,6) 
the reaction form of the alkaline earth oxides with 
water vapor1 - 6) and flame-experiment data,9»10) the 
value of x has been determined as unity. Therefore 
the predominant reaction of water vapor with barium 
oxide under these conditions (/>(HaO) =0.022—0.112 
atm) is: 

BaO(s) + HaO(g) -> Ba(OH)2(g) (7) 

The selection of oxygen as the carrier gas would 
suppress the formation of gaseous Ba(OH) and lead 
to a value of x move close to unity. No examination 
in an oxidizing atmosphere was conducted, however, 
because normal bar ium oxide oxidizes at relatively 
low temperature to the per-oxide BaO a . 

The decomposition temperature of Ba(OH)2(s) is 
408 °G, and hence no solid Ba(OH) 2 exists at the pre­
sent temperature. 

Vapor Pressure of Ba(OH)2(g) and Related Thermo­
dynamic Values. The vapor pressures of gaseous 
Ba (OH) 2 and equilibrium constant kP have been 
calculated from the amount of collected barium and 
the results are given in Table 1 and illustrated graphi­
cally in Fig. 4. The linear relationship obtained 
from a least squares treatment of the data corresponds 
to the expression, 

l o g * p = - ( 1 0 8 0 0 ± 8 6 0 ) / r + 3 . 6 2 ± 0 . 5 6 (8) 

and hence, the standard Gibbs energy for Reaction 
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TABLE 1. EQUILIBRIUM CONSTANT kp FOR THE REACTION 

BaO(s) + H2Q(g) -> Ba(OH)2(g) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

T 

1443 
1443 
1443 
1493 
1493 
1493 
1543 
1543 
1543 
1543 
1593 
1593 
1593 
1593 

Time 
h 

14.33 
16.67 
16.67 
14.38 
4.08 

12.67 
17.58 
15.67 
6.83 

10.42 
6.17 
5.83 

22.42 
5.83 

Flow rate 
cm3 s_1 

1.59 
1.63 
1.66 
1.56 
1.63 
1.72 
1.46 
1.58 
1.69 
1.60 
1.47 
1.60 
1.63 
1.54 

/>(H2Q) 
atm 

5.36X10-2 

9.48X10-2 

1.12X10-1 

5.36x10-2 
9.48X10-2 

1.12X10-1 

2.29x10-2 
3.03x10-2 
9.48x10-2 
1.12X10-1 

3.03x10-2 
5.36x10-2 
9.48x10-2 
1.12X10-1 

Collected Ba 
m g h - 1 

0.312 
0.475 
0.661 
0.335 
0.843 
0.869 
0.235 
0.527 
1.359 
1.387 
0.781 
1.534 
2.563 
2.595 

/>(Ba(OH)2) 
atm 

8.91 x lO- 6 

1.32X10-5 

1.80X10-5 

9.76X10-6 

2.34X10-5 

2.28X10-5 

7.31 x lO- 6 

1.51 x lO- 5 

3.64 x lO- 5 

3.91 x lO- 5 

2.41 x lO- 5 

4.35X10-5 

7.12 x lO- 5 

7.62 x lO- 5 

* ' c 

1.66 x lO- 4 

1.39X10-4 

1.60 x lO- 4 

1.82 x lO- 4 

2.47 x lO- 4 

2.03 x lO- 4 

3.20 x lO- 4 

4.99 xlO" 4 

3.84 xlO" 4 

3-48 x lO- 4 

7.96 x lO- 4 

8.14X10-4 

7.51 x lO- 4 

6.78 x lO- 4 

-Afef^ 
al mol"1 K"1 

54.56 
54.56 
54.56 
51.88 
51.88 
51.88 
49.49 
49.49 
49.49 
49.49 
47.01 
47.01 
47.01 
47.01 

AH°0 

kcal mol - 1 

53.78 
53.26 
53.71 
51.93 
52.82 
52.24 
51.71 
53.06 
52.26 
51.95 
52.31 
52.38 
52.12 
51.80 

Av 52.52±0.69 

a) Estimated a manner similar to that of Stafford and Berkowitz.6) 

7 is given by, 

AG? = (49400±3900) - ( 1 6 . 6 ± 2 . 6 ) r (9) 

This gives, 

A#?(1500K) = 49 .4±3 .9 kcal/mol (10) 

AS°r(1500K) = 16.6zt2.6cal/molK (11) 

Using the AG? obtained and the J A N A F data,11) 
the changes in Gibbs energy, enthalpy and entropy 
for the following formation reaction, 

Ba(g) + H2(g) + 0 2 = Ba(OH)2(g) (12) 

are as follows; 

AG?(Ba(OH)2, (g)) 

- AG? + AG?(BaO, (s)) + AG?(H20, (g)) 

= 242400 ± 4500 - (54.8zt3.4)T (13) 

and 

A#?(Ba(OH)2 , (g), 1500 K) - 242.4±4.5 kcal/mol (14) 

AS°(Ba(OH)2, (g), 1500K) = 114.5±3.4cal/mol (15) 

The decomposition energy of Ba(OH)2(g) into two 
hydroxyl radicals and Ba vapor, Z>o(Ba-(OH)2), has 
been estimated using the following thermochemical 
cycle ; 

Ba(OH)2(g) Ba(g) + 2(OH)(g) 

[.,? [ A//° AH? (16) 

BaO(s) + H20(g) 
A//? 

Ba(s) + - 0 2 + H20(g) 

whereby, 

Z)S(Ba-(OH)a) - - A//? l0(Ba(OH)2) 

- A^?,0(BaO) + A/^,0(Ba) + 2A#?,o(OH) (17) 
where A//? ,o(Ba(OH) 2 ) represents the heat of reac­
tion for the Reaction 7, A//? ,o(BaO) the heat of forma­
tion for BaO(s), A/ /° ,o (Ba) the heat of sublimation 

for Ba(s) and A / / ? , o ( O H ) the heat of formation for 
OH(g) from H 2 0 ( g ) and 0 2 . The values required 
were 52.52 (last column in Table 1), -130.696, 1 2) 
42.971,13) and 37.8411) kcal/mol at OK, respectively. 
Substitution of these values into Eq. 17 gives the value 
196.8 kcal/mol as the value of DS(Ba-(OH) 2 ) . This 
value differs from that of Stafford and Berkowitz6) 
by 4.6%. 
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An equilibrium study of a part of the Fe-V-S system at sections with atomic Fe:V ratios 1:1, 3:2, and 71:29 
was carried out. A gravimetric method using a quartz spring balance was employed in the range of log(PS2/ 
atm) = — 4 to —0.8 at temperatures between 520 and 814 °G. Phase relations in the sulfur-rich portion of the 
Fe-V-S system were examined on the basis of the PSz- T-X relation and X-ray analyses of the quenched specimens. 
The phase diagram of the Fe-V-S system was tentatively constructed at about 570 °G. The compositional 
dependence of the lattice parameters of the (Fe,V)3S4 solid solution was studied from the crystallographic viewpoint. 

The results of an equilibrium study of a part of the 
F e - V - S system at sections with atomic Fe : V ratios 
1 : 19, 13 : 37, and 7 : 1 3 were presented in an earlier 
publication.1) I t has been reported that the F e - V - S 
system has extensive solid solution phases, such as 
(Fe,V)5S8 , (Fe,V)2S3 , and (Fe,V)3S4 , which have a 
lattice intermediate between the NiAs-type and the 
Cd (OH) 2 lattice. However, the solid solution fields of 
these phases have not yet been determined completely. 
The detailed phase relations in the Fe-rich portion 
of the composition triangle of FeS-VS-S are still 
obscure, in spite of the extensive studies of the binary 
systems FeS2) and VS.3) 

The present study is a continuation of this work using 
a further series of samples in the F e - V - S system. The 
author reports in this paper the results of the equili­
br ium study of a part of the F e - V - S system at sections 
with atomic Fe : V ratios 1 : 1 , 3 : 2 , and 71 : 29. The 
main thermochemical study was carried out with a 
gravimetric method, which used a quartz spring bal­
ance at high temperatures, above 500°C. The Ps2 

(equilibrium sulfur pressure)-T ( temperature)-X(com­
position) relations and the compositional dependence 
of lattice constants of several phases were investigated. 

Exper imenta l 

The sulfide samples with atomic Fe:V ratios 1:1, 3:2, 
and 71:29 were synthesized by heating the mechanical mix­
tures of reagent grade VOS0 4 -3H 2 0 and FeS04-(NH4)2-
S0 4 -6H 2 0 in an H2S atmosphere at 1050 °G for 4 h and 
were then used as starting materials. The equilibrium study 
of these samples was carried out by thermogravimetry at 
temperatures between 520 and 814 °G. The partial pressure 
of sulfur was controlled within the range of the log(PS2/atm), 
from —0.8 to —4, in an N2-sulfur vapor system. The general 
experimental procedures, the apparatus, chemical analyses, 
and phase identification of quenched specimens are the same 
as those described in the previous paper.1) 

A supplemental method employed in this study was the 
rigid silica tube, quench-type, annealing experiment. In 
experiments of this type the elements or previously synthesized 
sulfides were used as source materials. The bulk composition 
of the charge was adjusted correctly to the desired proportion 
by weighing on an analytical balance. All weighings were 
made to a precision of ±0.05 mg. The empty tube was 
weighed first, then with metal or sulfides inserted, and finally 
with sulfur added to them. Tubes thus prepared were heated 
in horizontal furnaces for various periods of time and at 
fixed temperatures, controlled to within ± 3 °G. At the 

termination of a run the charge was quenched into cold 
water. 

R e s u l t s a n d D i s c u s s i o n 

Composition versus Ps2 Diagram in a Part of the Fe-V-S 
System. The results of equilibrium studies of the 
F e - V - S system at sections with atomic Fe:V ratios 
1 : 1 , 3 : 2 , and 71 : 29 are shown graphically in Figs. 1—2 
and 4. The variation of equilibrium sulfur pressure 
Ps2 with the composition of sulfides (AT=S/(Fe+V)) 
are given as the isothermal curves, which were drawn 
by a smooth fitting of data points. The phases as re­
vealed by X-ray diffraction of the quenched specimens 
are also shown in the figures. Some representative 
results of quench-type experiments are given in Table 1. 
In the following text of this paper, solid solution, liquid, 
and vapor are abbreviated as s.S., L, and v for con­
venience. 

X 

1.20 L30 L40 
I 1 1 — 

h 

It 
\ 814°C ^ 

782 °C 

| « -

1 — 

A 

f} 727°C' 

A-H< 

a 
I 
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et 1 f 
'it 
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! 
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672 6C \ 
, 0 6220C ! 

^ / * 5 7 2 ° C i 

7 1 

r^~*521°C 1 

-j 

-

H-B-H<-C 

Fig. 1. PS2-composition (AT=S/(Fe+V)) isotherms of 
Fe0.50V0>50Sx. Phase identifications of quenched 
specimens by X-ray powder diffraction method are 
shown in lower part of figure as follows A: (Fe,V)!_5S 
s.s. + (Fe,V)3S4 s.s. B: (Fe0.50V0.50)3S4 s.s. G: (Fe, 
V)3S4 s.s.-fFeS2. The stoichiometric F e + V : S = 3:4 
composition is designated as the symbol a. 
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TABLE 1. 

Composition 
x x̂_ 

F e / ( F e + V ) 

0.200 

0.500 

0.600 

0.170 

0.800 

S/(Fe + V) 

1.600 

1.600 

1.160 
1.308 

1.315 

1.366 

1.380 
1.308 

1.317 

1.357 
1.377 

1.159 

1.176 
1.310 
1.320 
1.317 

1.250 
1.275 

1.300 

Phase Relations of the 

RESULTS OF X - R A Y 

Method 

s. ta> 

s. t 

s. t 
s. p. cb> 

s. p. c 

s. p. c 

s. t 
s. t 

s. t 

s. t 
s. t 

s. p. c 

s. p. c 

s. t 
s. t 
s. t 

s. t 
s. t 

s. t 

F e - V - S System 

IDENTIFICATION OF THE 

Temp 

°G 

600 

500 

700 

782 
727 

622 
570 
600 

570 

570 
570 

783 

727 
570 
570 
570 
570 
570 

570 

Time 

h~~ 

72~~ 
168 
336 

2 
5 

5 
168 
168 

168 

168 
408 

24 

22 
21 
23 
24 

82 
82 

83 

QUENCHED SPECIMENS 

" P f o r l i iff" 
JL I UL1U.CL 

(Fe, V) 5 S 8 

(Fe, V ) 5 S 8 + F e S 2 

(Fe, V ) 1 _ J S + ( F e , 

(Fe, V) 1 _ 5 S + (Fe, 

(Fe, V) 3 S 4 

(Fe, V) 3S 4 

(Fe, V) 3 S 4 + FeS2 

(Fe, V) 1 _ ä S + (Fe, 

(Fe, V) 3 S 4 

(Fe, V) 3 S 4 

(Fe, V) 3S 4 + FeS2 

(Fe, V J ^ S 
(Fe, V ) 1 _ ä S + ( F e , 

(Fe, V ) 3 S 4 + ( F e , ' 
(Fe, V) 3 S 4 + FeS2 

(Fe, V) 3 S 4 

(Fe, V) 1 _ ä S + (Fe, 
(Fe, V ) , _ 5 S + (Fe, 

(Fe, V ) , _ ä S + (Fe: 
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V) ,S 4 

V) 3 S 4 

v)3s4 

V) 3S 4 

V ) i - , S 

V) 3S 4 

V ) 3 S 4 + F e S 2 

V ) 3 S 4 + F e S 2 

a) Sealed tube method, b) Sulfur pressure control method. 

bo 
O 

Fig. 2. Pg2-composition isotherms of Fe0<60V0>40Sx. A: 
(Fe,V)1_^Ss.s.+ (FeJV)3S4s.s. B: (Fe0.60V0.40)3S4 s.s. 
G: (Fe,V)3S4 s.s.-fFeS2. a: Stoichiometric Fe-f-V : 
S = 3 : 4 composition. 

Figure 1 shows isotherms with the composition 
Feo.soVo.soS^, where X ranges between 1.25 and 1.41 
within the experimental temperature region. In this 
compositional range, several kinds of quenched spec­
imens were identified by X-ray powder diffraction 
patterns. The following phases were found : hexagonal 
(Fe,V)x_5S s.s., monoclinic V3S4-type (Fe,V)3S4 s.S., 
and cubic FeS2 (pyrite). In the range of composition 
between AT=1.25 and AT=1.31, a two-phase mixture 
of (Fe ,V)! . ,S s.s. and (Fe,V)3S4 s.s. was obtained below 
814 °C. One phase of (Fe0.5oVo.50)3S4 s.s. was observed 

in the range 1 .31<X<1.37 . Beyond X = 1 . 3 7 , FeS2 

appeared together with (Fe,V)3S4 s.s. at temperatures 
below 622 °C. 

As shown in Fig.l, the steepest part of the isothermal 
curves is observed at the composition of about X = 1 . 3 3 , 
accompanied by the rapid change of sulfur pressure. 

This feature of the isotherms in the one-phase region 
clearly indicates the existence of a stoichiometric (Fe + 
V) :S = 3 : 4 phase at temperatures below 727 °C. I t 
is noted that isothermal curves for 814, 782, and 727 °C 
change their slopes slightly at about AT=1.31. This 
composition corresponds to the metal-rich phase bound­
ary of (Fe0.5oV0.50)384 s.s., which was determined from 
X-ray measurements of quenched specimens. In a 
two-phase field (1.25<^T<1.31), however, the isotherms 
are not horizontal, as is often observed in the case of a 
two-phase equilibrium of binary systems, but represent 
rather a continuous variation of sulfur pressure with com­
position. The sulfur-rich limit of the (Fe0.5oV0.50)3^4 
phase extends to the composition of X = 1 . 3 7 , where 
the isotherm becomes horizontal at 521°C due to the 
formation of FeS2. However, the curvature change 
of the isotherm for 572 °C is observed at X= 1.38 rather 
than at ^ = 1 . 3 7 . This suggests that the homogeneity 
range of (Fe0.5oV0<5o)3S4 phase tends to be broadened 
slightly to the sulfur-rich side with increasing tem­
perature. 

A few remarks should be made here regarding the 
powder X-ray diffraction patterns of the FeS2 , which 
coexist with (Fe,V)3S4 s.s. phase. All the unit cell 
dimensions of FeS2 in equilibrium with (Fe,V)3S4 s.s. 
are the same as those of pure FeS2 , within the limits 
of error. It may be concluded that FeS2 does not 
take measurable amounts of vanadium or sulfur into 
solid solution and is a stoichiometric compound. 

Figure 2 shows isotherms with the composition Fe0>60-
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5.87 

"^" 5.85 

5.83 
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3.28 
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492.0 o 

1.30 

X in Fe0.60V0.40Sx X in Fe0.60V, 
1.35 

6 0 V 0 . 4 0 ^ X 

9.15 

Fig. 3. Relationship between lattice constants of the 
coexisting phase ((Fe,V)3S4 s.s.) and the bulk com­
position. Region, A, is a two-phase field and region, 
B, a one-phase field. 

V 0 4 0 S X , where X ranges between 1.21 and 1.39. As 
listed in Table 1, the following phase relations are 
found: a two-phase mixture of (Pe,'V)1_ôS s.s. and 
(Fe,V)3S4 s.S., (Fe0<60V0<40)3S4 s.s. phase, and a two-
phase mixture of FeS2 and (Fe,V)3S4 s.s. in the com­
positional range of X<\.3\, 1 .31<Z<1 .36 , and 1.36 
< X, respectively. 

Although the metal-rich phase boundary of (Fe0 60-
Vn 40)3^4 is determined to be about X = 1 . 3 1 by X-ray 
powder diffraction of quenched specimens, no char­
acteristic change of the curvature is observed at X= 
1.31 in the isotherms for 783, 730, and 678 °C. These 
isotherms exhibit rather continuous and gradual changes 
of sulfur pressure with composition. Within the one-
phase region, a rapid increase of pressure is observed 
near the stoichiometric composition (X=\.33) at 
temperatures below 678 °G. This indicates the ex­
istence of the stoichiometric (Fe0 60V0 40)3S4 phase. 
The isotherm for 520 °C is clearly horizontal at the 
composition of about X = 1 . 3 6 , due to the formation 
of FeS2 in equilibrium with (Fe,V)3S4 solid solution. 
However, the isotherm for 574 °C does not show such 
an abrupt change of the slope as is observed at 520 °C. 

In order to clarify the behavior of the isotherms on 
the metal-richer side beyond X = 1 . 3 1 , lattice parame­
ters of several specimens quenched from 730 °C were 
examined by X-ray diffraction (Cu Koc). Figure 3 
shows the relationships between the lattice constant 
of the coexisting phase ((Fe,V)3S4 s.s.) and the bulk 
composition within a two-phase field (AT< 1.31). The 
lattice constant c and ß-angle of (Fe,V)3S4 s.s. in equi­
librium with (Fe,V)1_3S s.s. change continuously 
with compositions, the lattice constants a and b re­
maining nearly the same in the range 1.27<AT<1.31. 
In general, shifts of lattice constant correspond to the 
compositional variation of the phase. Therefore, it 
may be concluded that solid solution limits of (Fe,V)3-
S4 phase vary smoothly with the equilibrium sulfur 
pressure, which is represented as the isothermal curve 
for 730 °C in Fig.2. 

The high-temperature X-ray diffraction studies 
were made on a two-phase mixture of (Fe,V)3S4 s.s. 
and (Fe^VJi.aS s.s. with bulk composition of X= 1.28 

- 1 . 0 h 

a 
4-> 
C3 

bo 
O 

- 3 . 0 

Fig. 4. Pg2-composition isotherms of Feo^Vo.^S^. 
A: (Fe,V)1_5Ss.s.+ (Fe,V)3S4s.s. G: (Fe,V)3S4 s.s.+ 
FeS2. D: ( F e ^ V e . , , ) ^ ^ s.s. E: (Fe,V)1_5S+(Fe, 
V)3S4s.s.-f FeS2. 

in order to observe the real phase relations directly. It 
was confirmed that ( 1 ) a high-temperature phase with 
trigonal structure is formed at temperatures above 850 
°C due to the reaction of ( F e / V ^ . j S s.s. with (Fe,V)3-
S4 s.s. and (2) the phase is unquenchable and readily 
inverts to the original, two different phases on quenching 
below 850 °C. From these results, the behavior of 
the isotherms for 783 and 730 °C may be interpreted as 
reflecting the sulfur activity change of solids at the 
intermediate state of phase formation or separation. 

Figure 4 shows isotherms with the composition Fe0 71-
V0.29$X5 richer in Fe than that in Fig. 2. The region 
covered experimentally lies in the compositional range 
of 1.15<AT<1.37. From X-ray studies of the quenched 
specimens, the following phase relations were confirmed : 
(Fe0<71V0<29)i-5S phase, a two-phase mixture of 
(Fe,V)1_ aS s.s. and (Fe,V) 3S4 s.S., and a two-phase 
mixture of (Fe,V)3S4 s.s. and FeS2 , in the compositional 
ranges of X < 1 . 1 6 , 1 . 1 6 < X < 1.315, and 1.32<X, 
respectively. 

With regard to the isotherm feature, it is noted that 
the isotherm for 814°C does not show any characteristic 
change of the curvature at the sulfur-rich limits of 
(Fe0 71V0< 29) i_ s S phase (X= 1.16) and exhibits continuous 
variations of sulfur pressure with composition in the 
range of 1 .15<X<1.23 . This seemed to be indica­
tive of the existence of a high-temperature phase. In 
this connection, X-ray studies of specimens with the 
bulk composition of X= 1.20 were carried out at high 
temperatures. It was found that a two-phase mixture 
of (Fe /VJi . jS s.s. and (Fe,V)3S4 s.s. transforms to the 
high-temperature hexagonal (Fe0 ,71V0.29)0.83$ phase 
perfectly at temperatures above 800 °G. Therefore, 
it may be suggested that the homogeneity range of 
the high-temperature phase extends to X = 1 . 2 3 under 
the present experimental conditions and, when quench-
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ing, the specimens whose composition is richer than 
X=\A6 decompose to ( F e / V ^ . j S and (Fe,V)3S4 

s.s. phases. 
The slope of isotherms for 572 and 521 °C changes 

abruptly at the composition of X = 1 . 3 1 and a rela­
tively small change in the pressure causes a large 
variation of the composition. The behavior of these 
isotherms may be interpreted in the same way as in 
the case of isotherms of F e 0 6 0 V 0 4 0 S x for 520 °C. T h a t 
is to say, FeS2 begins to be formed at the composition 
above X = 1 . 3 1 and the isotherms become horizontal. 

However, the X-ray powder diffraction pat tern 
of the specimen with the composition of X = 1 . 3 1 7 
seemed to show only the presence of one phase, (Fe,V)3-
S4 (Table 1 ) ; this result is inconsistent with the observa­
tion in Fig. 3. This is considered to originate from 
the difficulty that the small amount of (Fe,V)1_3S 
and FeS2 in equilibrium with (Fe, V)3S4 can hardly 
be detected by X-ray powder analysis. O n the basis 
of in situ observations described above, it can therefore 
be presumed that the three-phase field containing 
(Fe, V J i . j S , (Fe, V)3S4 , and FeS2 occurs in the range 
1 . 3 K K 1 . 3 2 . 

Tentative Phase Diagram of the Fe-V-S System at 570 °C. 
The isothermal tentative phase diagram in a par t of 
the F e - V - S system at about 570 °C was constructed 
mainly on the basis of the results of thermogravimetry. 
The phase relations and their compositional limits 
are summarized in Fig. 5. 

Phase relations in parts of the Fe-S system at elevated 
temperatures have been clarified by earlier workers. 
Kullerud and Yoder2) found that FeS2 (pyrite), which 
has a cubic structure (Pa3), shows very little departure 
from the stoichiometric composition and melts in-
congruently at 743 °C. Arnold4) studied equilibrium 
relations between F e 1 - 5 S (pyrrhotite) and FeS2 (pyrite) 
from 325 to 743 °C and determined the F e ^ ^ S solvus 
curve which represents the sulfur-rich limit of F e j ^ S 
coexisting with FeS2. I t is inferred from these studies 
that only two phases, F e j ^ S and FeS2 , are stable at 
about 570 °C. The sulfur-rich limit of F e j ^ S reaches 
about 46.2 a tom%Fe at 570 °C, as can be estimated 
from Arnold's data. 

The V - S system has recently been studied by many 
investigators. However, some inconsistencies exist 
in the reports, with respect to the phase relations and 
the homogeneity range of the phase. Using X-ray 
powder diffraction patterns of quenched specimens, 
de Vries and Jellinek3) studied the V - S system, and 
reported that orthorhombic VS (range VS—VS1<06), 
hexagonal V 2 _ a S (range VS1<06—VS1<18), monoclinic 
V3S4 (range VS1>20—VS1>52), monoclinic V 5S 8 (VS1>56), 
and trigonal V 3S 5 exist in the range VS—VS1 < 6 7 at 
room temperature. Also, they found that the ortho-
rhombic MnP-type VS transforms into hexagonal 
NiAs-type at about 600 °C for VS and at 350 °C for 
VS1<05. Nakahira et al?) investigated the phase re­
lations of the V - S system at 727 °G through in situ 
observations by means of a quartz spring balance 
and suggested the existence of sesquisulfide V 2 S 3 with 
the homogeneity range of VS1<45—VS1<54. Recently, 
Wakihara et al?) examined the equilibrium phase 
relation between V 3S 4 and V 5 S 8 in detail at tempera­

tures from 650 to 800 °C and found that V 2 S 3 appears 
to form below about 750 °C due to the phase separa­
tion of high-temperature V3S4 , and that the homo­
geneity range of V 2 S 3 extends from VS 2 446 to VS1<520 

at 650 °C. However, the existence of a V 2 S 3 phase 
has not been confirmed at all from crystal lographic 
viewpoint, because the X-ray diffraction pattern of 
the quenched V 2 S 3 phase was very similar to that of 
the V 3S 4 phase. From the study of the chemical 
transport in the V - S system, Saeki et al?) found that 
the homogeneity range of V 5 S 8 phase extends from 
VS1<57 to about VS1<64. The author showed in the 
previous paper1) that the two-phase field of (Fe,V)2-
S3-(Fe,V)5S8 exists in the range from X = 1 . 5 5 to 
X = 1 . 5 6 at 622 °C, on the basis of experimental results 
of a par t of the F e - V - S system at sections with atomic 
Fe :V ratio 1 : 19. 

A survey of the literature on the V - S system indicates 
that further detailed comprehensive studies are de­
sirable to draw accurate phase diagrams at several 
temperatures. In the present study, the following 
phase relations of the V - S system are assumed for 
convenience: hexagonal Vi_ ô S (range VS—VS1>18), 
monoclinic V 3 S 4 (range VS1<20—VS1>45), monoclinic 
V 2 S 3 (range VSj 46—VS1<55), and monoclinic V 5 S 8 

(range VS1<56—VS1<64) exist at 570 °C. The trigonal 
V 3 S 5 phase is omitted in this paper due to lack of data 
on its phase relation, homogeneity range, and equili­
br ium sulfur pressure and the possibility that it belongs 
to a high-pressure phase, as suggested by Nakano-
Onoda et al?) 

The sulfur-rich and poor limits of (Fe,V)3S4 phase 
are determined by a smooth fitting of the data points 
which are obtained in this study. The sulfur-rich 
boundary recedes progressively toward sulfur-poor 
compositions with increasing Fe content; the upper 
sulfur solubility limits are 58.0 and 57.8 atom % S in 
sections with atomic Fe : V ratio 1 : 1 and 3 : 2, 
respectively. O n the contrary, the sulfur-poor limit 
of (Fe,V)3S4 phase shows a constant value of 56.7 
atom % S in spite of a variation in Fe : V ratio like that 
described above. This boundary is drawn in Fig. 5 
as a straight line in parallel with that joining V S -
FeS. The Fe-rich limit of (Fe,V)3S4 s.s. phase reaches 
to about 0 . 3 0 = V / ( F e + V ) ratio. 

Solubility of Fe in the V 5 S 8 phase was determined 
by the supplemental, quench-type, rigid tube experi­
ment (Table 1). The Fe-rich limit of (Fe,V)5S8 

phase was confirmed to reach about 0.20, F e / ( F e + V ) 
ratio, at 600 °C. This value is in good agreement 
with the Fe-rich limit of the (Fe,V)5S8 phase, which 
was reported by Oka et al?) As shown in Fig. 5, 
the phase boundary of (Fe,V)3S4 , (Fe,V)2S3 , and 
(Fe, V) 5 S 8 on the side richer in V than V / F e = l is 
determined by a smooth fitting of data points. Two-
phase regions of (Fe,V)3S4-(Fe,V)2S3 and (Fe,V) 2S 3-
(Fe,V)5S8 are extended in parallel with the line joining 
FeS-VS from the V S - S side to the Fe-rich phase 
boundaries. 

With respect to the lower part of the FeS-VS-S 
diagram, it is assumed that F e 1 - 5 S and V ^ ^ S phases 
form a complete (Fe,V)!_5S solid solution at 570 °C. 
With homogeneous ranges of compounds, as previ-
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Fe S 

Fig. 5. Tentative phase diagram of the sulfur-rich 
portion of the Fe-V-S system at about 570 °G. Phase 
relations are represented as follows. Phase A: Mono-
sulfides.s. (Fe,V)!_5S. B: (Fe,V)3S4 s.s. G: (Fe, 
V)aS3 s.s. D: (Fe,V)5S8 s.s. Two-phase regions are 
a: (Fe,V)3S4s.s.+ (Fe,V)1_5Ss.s. b : (Fe,V)3S4 s.s.-f 
FeS2. c: (Fe,V)2S3 s.s. + FeS2. d: (Fe,V)5S8 s.s. + L. 
Numbers in figure mean the univariant assemblages 
as follows. 1: FeS2 + Fe1_5S+(Fe,V)3S4 s.s.-f v. 2: 
FeS2+(Fe,V)3S4 s.s.+ (Fe,V)2S3 s.s.+v. 3: FeS2+ 
(Fe,V)2S3s.s.+ (Fe,V)5S8s.s. + v. 4: FeS2+(Fe,V)5S8 

s.s. + L+v. 

ously determined by Toulmin and Barton10) and 
Arnold4) for F e ^ ^ S , and de Vries and Jellinek3) for 
V 1 _ 3 S, it was possible to draw a monosulfide solid 
solution field of (Fe,V)1_3S. This boundary is drawn 
qualitatively by a full line. The sulfur-rich limit 
of the monosulfide s.s. field reaches a maximum of 
54.1 atom %S in the V - S side. It recedes progressively 
toward S-poor compositions with increasing Fe content 
till it reaches the middle part of the field. However, 
the upper sulfur solubility limits of monosulfide s.s. 
field are largely interpretative because of the lack 
of experimental data for compositions of (Fe,V)1_3S 
coexisting with (Fe,V)3S4 . 

As shown in Fig. 5, there are four univariant assem­
blages: Fe 1_ 5S-FeS 2 - (Fe,V) 3S 4 s.s.-v, FeS2-(Fe,V)3S4 

s.s.-(Fe,V)2S3 s.s.-v, (Fe,V)2S3 s.s.-(Fe,V)5S8 s.s.-
FeS2-v, and FeS 2-(Fe,V) 5S 8 s.s.-L-v. 

Relation of Lattice Parameters of (Fe,V)sSé s.s. Phase 
with Composition. The (Fe,V)3S4 s.s. phase has 
the monoclinic V3S4-type structure (nonreduced space 
group I2/m referred to the fundamental NiAs-type 
cell), in which metal vacancies are ordered within 
alternate metal layers.11) In the course of continuing 
the equilibrium study of the F e - V - S system, several 
kinds of quenched specimens in the (Fe,V)3S4 s.s. 
field were examined by the X-ray powder diffraction 
technique in order to clarify the relation of lattice 
constant and composition. The lattice constants 
were calculated by the least-squares method from the 
data of powder diffractometer measurements using 
Cu Kot radiation. Values of at least 20 reflections 
in the 20 range of 10° to 70° were used in this computa­
tion. The compositional dependence of the unit 
cell dimensions are shown in Fig. 6—8. 

It is found that the axial dimensions of the a-, b- , 

5.90, 

5.85 

5.80 

3.30 

3.28 

11.50 

11.30. 

11.10 

V » * & 

% 4 v ? f 

A A A 

•°°. .ooo S 

<0 OD 

1.30 1.40 1.50 

S/(Fe+V) atomic ratio 

Fig. 6. Lattice constants of the unit cell of (Fe,V)3S4 

s.s. phase as function of composition. A : Fe:V= 
1:19, O: Fe:V=13:37, • : Fe:V=7:13, # : Fe:V= 
1:1, O : Fe:V=3:2. 

220 

S 215 

"o 

> 

92.0 

91.5 

1.75 

1.70 

1.65 

• O 
' . * * $ 

% co 

<> o 

o o 
A A A 

oo o o 
A A A 

• • • • 
3 CD OO 

1.30 1.40 1.50 

Fig. 7. Volume, /Wangle and £-sin/?/2£ of the unit cell 
of (Fe,V)3S4 s.s. phase as function of composition. 

and c-axes and thus the cell volume decrease with 
increasing S content under the present experimental 
conditions. Also, the axial dimensions of the c-axis 
and the unit cell volume of (Fe,V)3S4 s.s. phase de­
crease with increasing Fe/V ratio, when the S/(Fe+V) 
ratio is held constant. This is in good agreement with 
that of (FetBV1_tB)V2S4, which has been reported 
by Oka et al.9) The c-dimensions of (Fe,V)3S4 with 
F e : V = 3 : 2 atomic ratio are about 2 .6% smaller 
than that of V3S4 . 

As shown in Fig. 7, however, the behavior of the 
ß-angle of the unit cell is quite different from those 
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V/(Fe+V) atomic ratio 

Fig. 8. Relation of c-dimension, /Wangle and £-sin/?/2£ 
of (Fe,V)3S4 compound with V/(Fe+V) atomic ratios. 
# : De Vries and F. Jellinek (1974). O : Present 
work. 

of the a-, c-dimensions and the unit cell volume. Maxi­
mum values are observed at about X=\.34—1.35 
in /^-angle-composition relations of compounds with a 
constant Fe:V ratio. Also, the ß-angle varies with the 
degree of the substitution of Fe for V in V3S4 . I t is 
apparent from Figs. 7 and 8 that the ß-angle decreases 
with increasing Fe content in the range of V / ( F e + V ) , 
from 1 to about 0.70, and increases with increasing 
Fe content in the range of V / ( F e + V ) , from 0.7 to 0.4. 

In order to examine the directional character of 
the structure for several (Fe,V)3S4 s.s. phases, the c 
sin ß/2b ratio in the monoclinic V3S4-type structure 
is calculated instead of the axial ratio of cja in NiAs-
type structure. As is evident in Fig. 7, the values of 
cunßj2b of compounds with the constant Fe/V ratio 
are nearly equal over the whole range of composition. 
O n the other hand, when the S content is held constant, 
the ratio value decreases with increasing Fe content. 
This result indicates that the interlayer spacing is re­
duced relative to the intralayer spacing by the substitu­
tion of Fe for V in V3S4 . 

Figure 8 shows the relations of c-dimension, ß-angle, 
and cunßßb with V / ( F e + V ) atomic ratio at the 

composition of about X = 1 . 3 3 . Data points do not 
fall on the same straight line and a change of the slope 
is observed at about V / ( F e + V ) = 0 . 6 7 , whose composi­
tion corresponds to FeV2S4 . From this results, it seems 
that the (Fe,V)3S4 s.s. phase can be divided into two 
types: one is the V 3S 4 -FeV 2S 4 series, and the other is 
the FeV2S4-Fe2VS4 series. From the neutron dif­
fraction studies of FeV2S4 compound,12) it was found 
that all Fe atoms are confined to the partially filled 
metal layers and all V atoms to the filled metal layers. 
However, whether the (Fe,V)3S4 compound richer 
in Fe than FeV2S4 is an ordered phase or not as for the 
distribution of Fe and V atoms over all the metal 
sites is still an open question. Further detailed studies 
on the crystal structure and physical properties of 
(Fe,V)3S4 s.s. phase are necessary for a better under­
standing of the phase relations of the F e - V - S system. 

The author wishes to express his deep gratitude to 
professor Mitsuoki Nakahira of Okayama College of 
Science for his encouragement and helpful discussion 
throughout this study. Thanks are also due to Dr. 
H. Nakazawa for his guidance of the high-temperature 
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With the purpose of obtaining information needed for hazard prevention, pure liquid dialkyl peroxides (di-
/-butyl peroxide (1), bis (1-methyl-1-phenylethyl) peroxide (2), /-butyl 1-methyl-1-phenylethyl peroxide (3), 
2,5-bis(£-butyldioxy)-2,5-dimethylhexane (4)) were subjected to thermal-decomposition experiments, in which 
thermal analyses were conducted by the use of a thermogravimetry (TG)-differential scanning calorimetry (DSC) 
apparatus equipped with a pinholed pan with a minute pinhole. From the DSC curves recorded, we obtained 
the decomposition temperature of Samples 2, 3, and 4, as a constant value for each sample, and the maximum 
exothermic peaks at the optimum pinhole diameters (0.07—0.2 mm). The heats of decomposition obtained 
could be considered appropriate, as they roughly agreed with the estimated value, on the other hand, 1 shows 
no exothermic peak under these condition. Plotting by the Goats-Redfern method based on the TG-curve data 
(2, 3, and 4) gave reaction orders of more than unity, activation energies of 33—37 kcalth/mol, and frequency 
factors of 1016—1018 s_1. It is conceivable that these results could be derived by virtue of the TG-DSG curves 
that were suitable in obtaining thermochemical parameters. In other words, the analysis method introduced 
in this paper was found to be an efficient one for liquid peroxides that are difficult to analyze by a conventional 
TG-DSG method. 

Organic peroxides are used as polymerization initi­
ators, curing agents, and crosslinking agents in poly­
mer industries,1) but they are so unstable that they 
readily decompose or explode when affected by heat or 
impact.2) From the viewpoint of hazard prevention, 
it is important to have knowledge about the thermal 
instability of organic peroxides,3) and one of the 
means to achieve this is the measurement of the 
activation energy4»5) as well as the heat of decomposi­
tion.6) However, almost all reported examples have 
been measurements of activation energies and frequency 
factors through a determination of the thermal de­
composition rates either in a gas phase or in a low-
concentration solution diluted in a solvent.4»5) Further­
more, there have been hardly studies of measuring 
heats of decomposition.6) 

Recently, thermogravimetry (TG), differential ther­
mal analysis (DTA), and differential scanning calo­
rimetry (DSC) have come to be commonly used in 
measuring the thermal decomposition of organic per­
oxides.7) Uetake et al. determined the activation ener­
gy and heat of decomposition of benzoyl peroxide 
through thermal decomposition by means of a T G -
DSG apparatus.8) Although a T G - D S G for solid 
materials like this is generally satisfactory, an analysis 
of liquid materials is extremely difficult because of 
the influense of the vaporization of the sample.9»10) 
The difficulties in performing an acurate measure-
memt come from the following facts: a T G curve 
is a result of the overlapping of the weight change 
pertaining to the reaction and the weight loss caused 
by the vaporization of the sample, while a DSG curve 
is the outcome of the overlapping of the exotherm, 
along with its apparent decrease caused by the sample 
loss, and the latent heat of vaporization. As a matter 
of fact, most organic peroxides are in a liquid state 
around their decomposition temperatures; hence, 
examinations of either the procedure or the apparatus 
used for measurement are necessary in order to 

* * Present address : Yokohama City Fire Bureau, Hodogaya-
ku, Yokohama 240. 

obtain an appropriate T G curve or DSG curve by 
the use of a T G - D S G apparatus. A sealed cell re­
portedly gives an apparently lower heat of decom­
position11) and, furthermore, cannot provide a T G 
curve, so that it is not suitable for our present purpose, 
a comprehensive evaluation. The use of a pinholed 
pan can, though, be proposed as a solution to this 
problem.12) 

This study of such organic peroxides deals with 
experiments using an apparatus with a pinholed 
pan, and intends to establish the procedure for ob­
taining an appropriate T G - D S G curve and derive 
the basic data to provide useful knowledge for hazard 
prevention. From an analysis of the pyrolysis exper­
iments, an evaluation of the values of the heat of 
decomposition obtained is also attempted. 

E x p e r i m e n t a l 

Materials. Selected dialkyl peroxides are: di-^-butyl 
peroxide (1), bis (1-methyl-1-phenylethyl) peroxide (2), t-
butyl 1-methyl-1-phenylethyl peroxide (3), and 2,5-bis(£-
butyldioxy)-2,5-dimethylhexane (4). The commercial prod­
uct (Nippon Oil and Fats Co., Ltd.) for each was used 
after purification. Peroxide 2 was recrystallized from etha-
nol.13) Peroxide 3 was recrystallized twice at — 70 °G, and 
the product was distilled in vacuo at room temperature.14) 
Both l15) and 416) were distilled in vacuo at room temperature. 
All the samples were at least 99.0% pure. 

Measurement. An aluminum sealed-type cell, with 
an outer diameter of 4.6 mm, 2 mm deep, and 0.1 mm thick, 
was utilized as a sample cell for measurement. After placing 
a sample in it, it was covered with an aluminum cover pinholed 
beforehand and was sealed by hermetical pressing by the use 
of a sample sealer. Hereafter, this type of sample cell will 
be called "a pinholed pan." After sealing, the dimensions of the 
pinholed pan came to be 4.6 mm in outer diameter, 2.8 mm 
thick, and 46.5 mm2 in capacity. The weighing of the sample 
taken in was quickly carried out just after the sealing. The 
pinhole was bored by a needle at the center of the cover, 
and its diameter was measured by a microscopic scale. 

The behavior on the heating of the sample in a pinholed 
pan was followed by a standard-type TG-DSG apparatus 
made by Rigaku Denki. The conditions of measurement 
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were: sample weight, 1.2—2.0 mg; heating rate, 2.5 °C/ 
min; air atmosphere. For comparison, experiments with 
an open cell with no cover and those with a sealed cell with 
no pinhole in the cover were also conducted. 

The relationships between the pinhole diameter of the 
pinholed pan and the TG curve as well as the DSC curve 
were examined, and the activation energy, the frequency 
factor, and the reaction order were derived from the 
appropriate TG curve by the use of the Coats-Redfern 
method.17^ The decomposition temperature and the heat 
of decomposition were also derived from the DSC curve. 

The pyrolysis gas-chromatograph apparatus employed 
has been described previously.8) The procedures used for 
the pyrolysis of the sample and the analysis of the pyrolysis 
products are essentially the same as those reported in a pre­
vious paper.18) About 1 milligram of 4 was used for py­
rolysis.19) Samples were then pyrolyzed rapidly at 330 °G. 
The analytical conditions were as follows; column, Porapak 
Q (100—120 mesh), 3 m, 70 °G (in the case of acetone, 150 
°G); detector, FID, 220 °G; N2-flow rate, 20ml/min; 
injection temperature, 150 °G. 

R e s u l t s and D i s c u s s i o n 

Before proceeding to a detailed evaluation of the 
thermal decomposition of dialkyl peroxides by the use 
of the T G - D S G apparatus with a pinholed pan, let us 
mention that a study was made of the effects of the 
sample weight and the heating rate, which could con­
ceivably have influenced the results. In the sample-
weight (1—4 mg)-dependence determinations, all the 
runs were made at a heating rate of 2.5 °C/min, while 
in the heating-rate (1.25—20 °G/min)-dependence de­
terminations, the sample weight in each case was 
1.0—2.0 mg. 

Consequently, it was found in the present study 
that the exothermic peak areas decreased with an in­
crease in either the heating rate or the sample weight. 
However, there were no detectable differences in the 
peak areas obtained under the conditions of a sample 
weight of 1.0—2.0 mg, and a heating rate of 2.5 °G/ 
min. The standard procedure described above can, 
therefore, be employed and is, as a matter of fact, 
more desirable. 

Pinhole-diameter Dependence of the Thermal Properties. 
Figure 1 shows the relationship between the T G - D S G 
curve and the pinhole diameter of the pinholed pan for 
2, 3, and 4. The T G curves for all three samples shift 
to the high-temperature side, and their slopes become 
gentle, with a decrease in the pinhloe diameters. In 
the case of 2, no change was observed in the initial 
decomposition temperature for the pinhole diameter 
range of 0.05—0.08 mm, while with an open cell the 
initial decomposition temperature gave rise to a small 
shift to the low-temperature side. Similar tendencies 
were observed for 3 and 4, while, with an open cell, 
the plateaus of the curves were scarcely observed at 
all because of the drastic vaporization loss. 

As for the DSG curves, all three samples showed a 
somewhat different pattern in relation to the decrease 
in the pinhole diameter. In the case of 2 with a pinhole 
diameter of less than 0.15 mm, we observed an endo­
therm trough behind the exotherm peak. As an ex­
planation for this, we can postulate that, with a 
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Fig. 1. Variations of TG and DSG curves for each of 
2, 3, and 4 with various pinhole diameter (0P). 

: Open cell, ; ; : pinholed 
pan : closed cell. 

decrease in the pinhole diameters, the high-boiling 
decomposition products come to remain in the cell 
for a longer period of time, giving rise to the appear­
ance of an endotherm trough caused by their vapori­
zation, accompanied by a tendency for the trough to 
deepen gradually. T h e run with a closed cell gives a 
reduced area of the exotherm peak. In the case with 
an open cell, the starting of the decomposition is obscure 
and the exotherm peak is small, making the analysis 
very difficult. 

Peroxide 3 behaved very much like 2, but it did not 
display a decomposition exotherm peak for the open cell. 
Peroxide 4 showed a similar tendency in the range down 
to the pinhole diameter of about 0.1 mm, but at a more 
reduced diameter (as low as 0.05 m m or below) a shoul­
der peak appeared behind the main exotherm peak; 
furthermore, at a diameter of 0.037 m m or below, 
another shoulder peak appeared before the main peak. 
These small peaks seem to be the outcome of the clear 
detection of such minute thermal changes that were not 
detectable with an open cell, but came to be apparent 
with a pinholed pan with a minute pinhole. Peroxide 
1 gave neither a T G curve nor a DSG curve that could 
afford analysis, even with a pinholed pan with a minute 
pinhole (0.037 m m or below), because of its too rapid 
vaporization. 

Figure 2, showing the DSG curve for 2, presents the 
relationships of the starting of the exotherm peaks, the 
peak temperatures, and the end temperatures versus 
the pinhole diameters. These decomposition-related 
temperatures exhibit little change and are nearly con­
stant with a decrease in the pinhole diameters. Per­
oxides 3 and 4 give nearly content values in a similar 
manner, except that the end temperature for 4 shifts 
almost linearly to the high-temperature side. This 
is understandably related to the phenomena pertaining 
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Fig. 2. The relationships of starting of exotherm peaks 
(3 ) , peak temperatures ( # ) , and end temperatures 
(O) vs. pinhole diameters as related with the DSC 
curves for 2. 

Fig. 3. Plots of exothermic change ( • , O, A) and 
amount of residues after decomposition ( • , # , A) vs. 
change in pinhole diameters for each of 2, 3, and 4. 

to the complicated decomposition reaction of 4 (see 
Fig. 1 ). The results of the decomposition-temperature 
measurements for these three samples are summarized 
in Table 1. The end temperature of 4 is shown for the 
run with a pinhole diameter of 0.1 m m (the value in 
the parentheses is for 0.6 mm) . 

Figure 3 shows the relationships of the heats of de­
composition and the amounts of the residue after de­
composition versus the change in the pinhole diameters. 
In the case of 2, the heat of decomposition increases 
linearly with a decrease in the pinhole diameter and 
reaches the peak of 80.0 kcal t h /mol*** at the diameter 
of 0.2—0.1 mm. With a further reduction of pinhole 
diameter, the calorific value sharply decreases, giving 
the minimum value of 40.0 kcal t h /mol for the case 
with a closed cell. The amount of residue after the 
reaction increases slightly with a decrease in the pinhole 
diameter, while the rate of increase is enhanced by de­
creasing the diameter to 0.15 m m or below. 

In contrast with 2, 3, and 4 exhibit somewhat 
different tendencies in both the heat of decomposition 
and the amount of residue after the reaction, but are 
similar to 2 in their maximum values of heat of decom­
position: 41.5 kcal t h /mol at the pinhole diameter of 
0.08 m m for 3 and 62.5 kcal t h /mol at the pinhole 
diameter of 0.13 m m for 4. 

T A B L E 1. VALUES OF THE DECOMPOSITION TEMPERATURES 

FOR THESE THREE SAMPLES 

Corn- Starting of Peak End 
, exothermic peak temperature temperature 

pound ^oC) (oC) (oC) 

2 
3 
4 

123±3.8 
126±4.0 
123±4.0 

165±3.5 
167±3.0 
163±3.2 

186±4.0 
196±5.0 
200±4.0 

(174±5.4) 

From the above findings, it can be postulated that 
the increase in the apparent heat of decomposition 
with an early decrease in the pinhole diameter is caused 
by some suppression of the sample vaporization of the 
spreading of heat,12> and that the decrease in the ap­
parent heat of decomposition with a further decrease 
in the pinhole diameter, nearing the closed state, is the 
outcome of the suppression of the decomposition itself 
effected by the enhanced partial pressure of the produced 
g a s 2o,2i) j n addition, the increased amount of tarry 
residue after the reaction at the smaller pinhole diameter 
suggests the occurrence of endothermic reactions as­
sociated with the conversion of products into high-
boilers and the deposition of carbon. 

Thermo chemical Parameters. The results and dis­
cussion of the above experiments suggest that the 
T G curve best fitted for obtaining thermochemical 
parameters is the one obtained from a measurement 
using a pinholed pan with a pinhole diameter suitable 
for minimizing the overall effect of the sample vapor­
ization and the partial pressure of the produced gas. 
From such a T G curve, the reaction order (n), acti­
vation energy (£ a ) , and frequency factor (A) were 
obtained by the Goats-Redfern method: 

log 
1 - ( 1 -

r 2 ( i - w ) 
= l°g 

AR 

<f>E& 

2RT 

£a 2.3RT 

*** Throughout this paper, cal th = 4.184 J. 

(i) 

where x is the fraction of the sample decomposed at a 
certain time, t, and where 0 is the heating rate. T is 
the absolute temperature, and R is the gas constant. 
This equation holds for an w-order reaction when n is 
not unity, and the left-hand side of the equation should 
be replaced by log [—log(l— X)I2.3T2] for a first-
order reaction. Since the first term on the right-hand 
side of the equation can be considered nearly constant, 
the calculating of the left-hand side for an assumed n, 
followed by a plotting of this result against l/T, may 
give a straight line whose slope will give E& and whose 
intercept will make possible the rough estimation of 
the A factor. 

T h e results of analysis are listed in Table 2. The 
calculated values of the activation entropies (AS*)22) 
are also listed in this table. There are found in the 
literature some more data : for 2 in the solvent cumene,23* 
A factor l O 1 4 ^ - 1 and E& 34.8 kcal t h /mol; and for 3 in 
the solvent dodecane,23) A factor 10 1 4 - 4s - 1 and E& 

33.5 kcal t h /mol. The data for the two compounds 
under no-solvent conditions are not available. For 
4, neither data for a solution nor those for no-solvent 
conditions have been found in the literature. As for 
the reported data on various dialkyl peroxides other 
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TABLE 2. REACTION ORDERS, ACTIVATION ENERGIES, FREQUENCY FACTORS, AND ACTIVATION ENTROPIES 

vs. PINHOLE DIAMETER(^p) FOR SEVERAL PEROXIDES 

Compound 

2 
3 
4 

<f>P 
m m 

0.090—0.150 
0.070—0.100 
0.130—0.200 

n 

1.55±0.25 
1.55±0.25 
1.20+0.10 

E& 

kcal t h m o l - 1 

34 .8±0 .3 
33 .5±0 .2 
36 .5±1 .7 

log A 

S " 1 

16 .6±0 .8 
16 .1±0.5 
18 .5±0 .6 

AS* 
cal d e g - 1 m o l - 1 

17.5 
15.2 
26.2 

TABLE 3. HEATS OF DECOMPOSITION (A^d) pOR SEVERAL 

PEROXIDES 

A//d 

Compound kcalth mol - 1 

Obsd Calcd 

2 
3 
4 

81 .0±4 .5 
41 .5±5 .5 
64 .2±4 .6 

89.8 
45.3 
67.3 

than these three peroxides, the A factors are in the 
range of 101 4 0—101 6-8s-x

5 and £ a , in the range of 
3 1 — 39kcal th/mol.24-28> According to Benson,29) the 
unimolecular fission of a large polyatomic molecule 
generally gives a large A factor (101 6 ± 1-5s_ 1) when 
the mother molecule splits into two polyatomic frag­
ments. H e suggests also that the A factor will 
become very large when reaction order becomes large, 
and when the rate of decomposition decreases with 
a rise in the pressure in a reaction, under pressure, 
with positive value of the activation volume and the 
A.S"\30'31> Huyser and Van Scoy32> have reported that 
A£* becomes large when the apparent rate of decom­
position decreases with a reaction in a solvent.33) 
It has also been reported that a thermal decomposi­
tion accompanied by an increase in the number of 
moles would give positive values of the activation 
volume and the AS#.30> 

The large A factors obtained in the above experi­
ments on the thermal decomposition without a solvent 
seem to be understandable when one considers, along 
with above arguments, the following fators: the orders 
of reaction n>\; the reactions accompanied with an 
increase in the number of moles; the effect of the 
partial pressure change in the homolysis products 
in the pinholed pans with a minute pinhole, and the 
influence of the solvent behavior of the decomposi­
tion products. 

Listed in Table 3 are the values for three samples 
estimated by means of Eqs. 2—4; we assume an ideal 
thermal decomposition, based on the heats of decompo­
sition in pinholed pans at the opt imum pinhole diam­
eters and on the data of the pyrolysis (Table 4).18> 

2 -> 1.8CH4 + 1.8C6H5COCH3 + 0.2C6H5C(CH3)2OH 

(2) 
3 -> C2H6 + (CH3)2CO + C6H5COCH3 (3) 

4 -> 0.3CH4 + 0.8C2H4 + C2H6 + 4(CH3)2CO (4) 

If available, observed values were used as the heats 
of formation; if they were not available, the values 
obtained by the method of Benson and others,34) which 
applies the group-additivity rule to organic peroxides, 

TABLE 4. AMOUNTS OF THE PRODUCTS OBTAINED BY 

PYROLYSIS OF SEVERAL PEROXIDES (Molar fraction) 

Compound 

CH4 

C2H4 

C2H6 

(CH3)2CO 
C6H5COCH3 

C6H5(CH3)2COH 
C6H5(CH3)2COOH 

2a) 

0.36 

trace 

trace 

0.57 
0.06 
0.01 

3b> 

trace 

0.41 
0.29 
0.30 
trace 

4 

0.03 
0.09 
0.19 
0.69 

a) Pyrolysis temperature, 230 °C. b) Pyrolysis tem­
perature 280 °C. 

were used. These observed values were in approxi­
mate agreement with the estimated ones, although 
the former values were somewhat lower. The dif­
ference in A / / d may be due to the decomposition 
temperatures35) and other factors. In order to make 
this clear, however, further work is necessary. 

In conclusion, it can be proposed that the use of 
the pinholed pans are efficient for the thermal analysis 
of liquid organic peroxides by means of T G - D S C . 

T h e authors wish to thank Dr. Masahiko Kotani 
for his helpful discussion and Mr. Reiji Fukasawa, 
Mr. Hikaru Sakurai, Mr . Yoshiaki Kur imura , and Mr. 
Touru Asakawa for the collection of the peroxide 
data used in this work. 
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Synopsis. The ENDOR spectrum of the 2,3-di-
phenyl-5,6-dihydro-l,4-dithiin cation radical, which was 
prepared with A1C13 in dichloromethane solution, has been 
observed. The spin density distribution of the new radical 
was also discussed and compared with the MO calculation. 

ESR detections of the intermediate cation radical 
(£=2.0070 + 0.0005) formed by thal l ium(III) nitrate 
oxidation of 2,3-diphenyl-5,6-dihydro-l,4-dithiin have 
been previously reported.1) Several ESR studies of 
1,4-dithiin cation radicals have been published,2) but 
no detailed data on the spin density distribution of 
the dihydro-1,4-dithiin cation radical have been given. 
In the present work, E N D O R observations are carried 
out for the intermediate cation radical produced by 
one electron oxidation of 2,3-diphenyl-5,6-dihydro-1,4-
dithiin, and the spin density distribution of the new 
radical is investigated. 

/?(S-CH2), and ß{G-<j>) are the resonance integrals 
denned for sulfur-ethylene carbons, sulfur-methylene 
carbons, and to ethylene bridging phenyl carbons, 
respectively. The present E N D O R measurement re­
solved four different hyperfine splittings, which could 
be assigned to the phenyl protons. An appropriate 

• AlCl3 in CH2Cl2 a t - 8 0 ° C . 

Exper imenta l 

The synthesis of materials has been described elsewhere.1) 
Cation radicals of 2,3-diphenyl-5,6-dihydro-1,4-dithiin were 
prepared using thallium (III) nitrate as the oxidant. It was 
found, however, that the identical cation radical generated 
by A1C13 oxidation in GH2G12 showed a rather enhanced 
stability as compared with the case of thallium (III) oxidation, 
and no important change in the detailed hyperfine structures 
could be detected in the ESR spectrum. ENDOR observa­
tions were applied to this solution using a JEOL-type EX-
EDX-1 spectrometer under the operating conditions similar 
to those described previously.3) 

R e s u l t s a n d D i s c u s s i o n 

Figure 1 shows the E N D O R spectrum of 2,3-di-
phenyl-5,6-dihydro-1,4-dithiin cation radical prepared 
with AICI3 oxidation in GH2C12. The four E N D O R 
signals (14.31, 14.76, 14.90, and 15.11 MHz) seen in 
the vicinity of the free proton frequency can be ascribed 
to the splitting due to the phenyl groups, with reference 
to the M O calculation of the spin densities summarized 
in Table 1. The E N D O R signals (17.20 and 22.73 
MHz) detected at higher N M R frequency were safely 
assigned to either equatorial and axial protons in 
bridged methylene, as discussed later. 

McLachlan's M O calculations (A =1 .0 ) were carried 
out using the following parameters: a ( S ) = a ( C ) + 1.0/?, 
a ( G H 2 ) = a ( G ) + 2 . 0 f t j8(S-C)=0.6/?(C-C), £(S-CH 2 ) = 
0.4|8(G-G), j8(C-0)=O.75j8(C-C), and ß ( C H 2 - C H 2 ) = 0 , 
where a(S) and a(CH 2) are the Coulomb integrals of 
sulfur atoms and of methylene carbon atoms, /?(S-C), 

12' 13 14 15 16 17 
• U 1 J 

21 22 23 MHz 

Fig. 1. Higher frequency half of ENDOR spectrum of 
2,3-diphenyl-5,6-dihydro-1,4-dithiin cation radical. 
yH: free proton frequency. 

TABLE 1. SUMMARY OF CALCULATIONS 

1, 
2, 

5, 

7, 
12, 
8, 

10, 

11, 
9, 

4 
3 

6 

13 
14 
18 
16 
15 
17 

Galcd 

Pi 

0.2195 
0.2241 

0.0084 

0.0175 
0.0321 
0.0319 
0.0296 
0.0143 
0.0139 

hfs/G 

— 
— 

6.336d) 
2.329d> 

— 
0.879c> 
0.874e) 
0.810e) 
0.384e) 
0.373e) 

Exptl 

Pic) 

— 
— 

— 

— 
0.0336 
0.0278 
0.0241 

0.0120 

hfs/G 

— 
— 

6.339 
2.383 

— 
0.894a) 
0.741a) 
0.643a) 

0.323b> 

a) The positions on the phenyl groups were tentatively 
assigned by MO calculation, b) The ENDOR spectrum 
can not resolve the difference in the hyperfine splittings 
of the meta-positions. 

c) ^ = 1 - 1 2 ^ - 2 7 ^ 1 . 
d) The axial and equatorial protons 
(see Text). 

y & \ e 

10/ 
I O IT 1 

1 2 
1 4 II I 

IOI 4 

1 6 \ /18 
17 
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space filling model suggests that a steric repulsion may 
work between sterically approaching ortho protons 
(12- and 14-positions) in phenyl groups. This causes 
different hyperfine splittings at the positions 8 and 12, 
and 14 and 18. Taking account of a perturbation on 
the spin densities affected by the steric interaction, 
a slightly electro positive value was assumed for the 
Coulomb integrals at the ortho positions, that is, a (C-
12) =a(C-14)=a—0.1 /5 , in the same manner as has been 
applied to the o-terphenyl anion radical.4) The M O 
spin densities on the phenyl groups thus calculated gave 
good agreement with the experimental spin densities 
estimated from the Colpa-Bolton's equation,5) as shown 
in Table 1. It is noteworthy that the M O spin densities 
on the sulfur atom (0.2195) are close to those of dithiin 
sulfur atoms determined from the extra splitting of 
S33 (0.289).2> This suggests that the dihydrodithiin 
cation radicals can be regarded to be one of the n-
radicals in nature. 

Both axial and equatorial proton splittings (#ax, 
aeq) are calculated in terms of the cos20 rule: 

ß a x = Bps cos2 6, 

fleq = £ , 0 s COS2 ( 6 0 - 0 ) , 

where B is the hyperconjugation parameter between 
the sulfur and the methylene group, ps is the spin 
density on the sulfur atoms, and 6 is the usual dihedral 
angle between sulsur p-orbital and sp3-CH orbital. 
With the observed values for a&x and aeq thus determin­
ed, the dihedral angle can be obtained to be 0—7°. 
The l v a l u e estimated here ( ^ = 0.2195) is 29.4 G, 
which shows a good agreement with the value previously 
estimated for the related sulfur containing a ^-radical 
( 5 = 3 6 . 8 G).6) 
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Synopsis. The half-wave reduction potential of 
chloronitrobenzenes has been studied with ab initio MO 
calculations. The relation between the energy of the lowest 
unoccupied MO and the reduction potential is given. 

If the addition of the first electron to an aromatic 
hydrocarbon is the potential-determining step, there 
should be a relationship between the energy of the 
lowest unoccupied molecular orbital ( L U M O ) and the 
reduction potential.1) We have carried out M O cal­
culation in order to obtain possible relation between 
the half-wave reduction potentials (E1/2s) for a series 
of chloronitrobenzenes and the number and position 
of chlorine atoms attached to the benzene ring. The 
Polarographie data are taken from the works of Fujinaga 
et al.,2) and Kitagawa and Nakashima.3) The M O 
calculation was made on the STO-3G minimal basis 
by use of the GAUSSIAN 70 program.4) The coordinate 
and the geometrical parameters are shown in Fig. 1. 
For the sake of simplicity, all the bond angles in the 
X-Y plane are assumed to be 120° (sp2 hybridization). 
The sole freedom of the geometrical change is the 
rotation (angle=0°) of the nitro group around the 
C j -N axis. According to X-ray analysis, pentachloro-
nitrobenzene has 0=62°.5> In the present study, the 
M O calculation is restricted to four molecules, Nos. 
1, 2, 3, and 7 which are sufficient to explain the trend 
of E1/2 values (Table 1). 

•Cv 

I 

. 0 

c3. 

-̂ x 

ÇA 

C—C LAO A 
C—N 1-40 Â 
C-Q 1-69 A 
C—H 108 A 
N-0 1-24 A 

Fig. 1. The geometry taken for the MO calculation. 
All the bond angles are assumed to be 120°. 

The values of E1/2 are given for a variety of chloro­
nitrobenzenes. We see a general tendency for the 
increase of chlorine substituents to give smaller negative 
values (easier reduction) except for o-dichloro-substitut-
ed nitrobenzenes (Nos. 7, 12, and 14). This is under­
standable in terms of the M O scheme, since the inclusion 
of hetero atoms lowers the L U M O of hydrocarbons. l d) 
The greater the number of chlorine atoms attached to 
the benzene ring is, the more easily its anion radical 
is yielded through the acceptance of an electron into 
the L U M O . Of the three monochloronitrobenzenes 

TABLE 1. THE FIRST HALF-WAVE REDUCTION POTENTIAL 

(i i j /a) AND THE ORBITAL ENERGY OE THE L U M O 

(SLUMO) O F CHLORONITROBENZENES 

No. Substituents (V vs. SGE) 
SLUMO 
(a.u.) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

o-Chloro 
m-Chloro 
/>-Chloro 
2,3-Dichloro 
2,4-Dichloro 
2,5-Dichloro 
2,6-Dichloro 
3,4-Dichloro 
3,5-Dichloro 
2,3,5-Trichloro 
2,4,5-Trichloro 
2,4,6-Trichloro 
2,3,4,5-Tetrachloro 
2,3,5,6-Tetrachloro 
Pentachloro 

-1.062> 
-0.932> 
-0 .99 2 ) 
- 0 . 9 8 
- 0 . 9 9 
- 0 . 9 4 
- 1 . 1 5 3 ) 

- 0 . 8 9 
- 0 . 8 6 
-0.87a> 
- 0 . 8 7 
- 1 . 0 5 
-0.83b> 
- 1 . 0 1 
- 0 . 8 9 

0.1708 
0.1472 
0.1473 

0.1715 

a) Evaluated from cyclic voltammogram of No. 14. 
b) Evaluated from cyclic voltammogram of No. 15. 

1, 2, and 3, the order of ease of one-electron reduction 
is m->jfr->0-chloronitrobenzene. In general, mole­
cules with a greater amount of meta-Cl and a smaller 
amount of ortho-Cl are easily reduced. No. 9 (m-
dichloro-substituted) is found to be most easily reduced 
among the series of dichloronitrobenzenes. The un­
favorable role of the ortho-Cl against the easier reduction 
is observed typically in No. 7 with two Cl's. In spite 
of the inclusion of two hetero atoms, this molecule 
has a greater negative E1/2 value (more difficult for 
reduction) than the parent nitrobenzene (E1/2= —1.09). 
Such a trend holds also for the polychloronitrobenzenes. 

The result given in Table 1 is interpreted theoretically 
in the M O scheme. First, the opt imum 0 of Nos. 1, 
2, 3, and 7 is examined through a comparison of total 
energies. While No. 2 (m-Cl) and No. 3 (p-Cl) have 
a planar structure of 0 = 0 ° with the most widely spread 
n conjugation, No. 1 (o-Cl) and No. 7 (o-dichloro-
substituted) have a nonplanar equilibrium structure 
with 0 = 5 4 ° and 0 = 71°, respectively. The ortho-Cl 
thus has a remarkable effect of steric hindrance on the 
nitro group. The question arises as to how such a 
nonplanar structure is related to the above mentioned 
result of E1/2 of or^Äo-substituted nitrobenzenes. As 
6 becomes greater, the levels of L U M O 1 and 7 ascend 
sharply. These L U M O ' s are the n* orbital for 0 = 0 ° . 
The effect of the ortho-Cl on the value of Ex/2 is explain­
ed as follows. The ortho-Cl causes twisting of the nitro 
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group by steric hindrance. The subsequent nonplanar 
structure of the o-chloro-substituted nitrobenzenes raises 
the level of their L U M O ' s through the decrease of 
the extent of the n bonding between the benzene ring 
and the nitro group, resulting in the more difficult 
reduction, i.e., a greater negative value of E1/2. These 
molecules provide an interesting example of the "or tho 
effect" in their physical property i.e., E1/2. 

Then, why does the meta-Gl make the reduction of 
nitrobenzene easier? In order to elucidate this effect, 
the mode of the TT-MO interaction between the frag­
mental nitrobenzene and the chlorine atom is examined 
as to the planar monochloronitrobenzene. Of several 
n MO' s of nitrobenzene, three unoccupied MO's , 
L U M O , ( L U + l ) M O , and ( L U + 2 ) M O are the most 
significant orbitals which contribute to the ascent or 
the descent of the L U M O of the monochloronitro­
benzene. As for the chlorine atom, its 3pz A O is the 
sole contributor to the L U M O of the monochloro­
nitrobenzene. Figure 2a shows the nodal property 
of the n M O ' s of nitrobenzene and Fig. 2b the mode 
of the TT-MO interaction between two fragmental sites. 
If only the L U M O of nitrobenzene interacts with the 
3pz A O , two kinds of orbitals, $%£•' and <pl'2'p, are 
obtained. <pocc and <fiuno indicate the occupied and 
unoccupied orbitals of the monochloronitrobenzene, 
respectively. The o, m, and p attached to the right 
shoulder denote the position, ortho, meta, and para, 
respectively, of the substituent. The (LUMO-3p z ) 
interaction causes the energy splitting between <pocc 

and 0 u n o , the degree of which depends entirely on the 
numerical value of the A O coefficients of the L U M O 
of nitrobenzene (Fig. 2a). Thus, the extent of energy 
splitting is m-CKo-CKp-Cl and the energy of the 

( a ) 

(LU*2)M0-
(LtM)MO-

LUMO-

'O Os 
-e-e-' 

>-e-e-3Pz 

CI 

Fig. 2. (a) ; The AO coefficients of three 7T-type unoc­
cupied MO's of nitrobenzene, (b) ; The mode of the 
orbital interaction between three unoccupied MO's 
of nitrobenzene and the 3pz AO of CI. 

unoccupied level <l>™*0<<l>Lo<<l>Lo (0uno is highest). The 
secondary effect coming from the ( L U + l ) M O and 
( L U + 2 ) M O of nitrobenzene should also be taken 
into account.6) The energy levels of <pocc and 0 u n o 

produced primarily by the (LUMO-3p z) interaction 
are lowered (Fig. 2b) according to the extent of 
the secondary M O interaction of (LU + l ) M O and 
( L U + 2) M O . As a result of such M O interactions, 
the energy level of the L U M O of nitrobenzene and 
monochloronitrobenzenes would have the order, m-Cl 
<o-C\<p-C\< nitrobenzene with no steric hindrance. 

Thus, the correlation between the value of E1/2, 
i.e., the £LUM0? and the position of the substituent 
Cl is interpreted in terms of two independent factors; 
(a) the degree of the orbital interaction between the 
L U M O of nitrobenzene and the 3pz A O of CI, which 
depends on the numerical value of A O coefficients of 
the former M O , and (b) the steric hindrance caused 
by the ortho-Cl, resulting in the nonplanar structure 
of the o-chloro-substituted nitrobenzenes. In fact, the 
order of the experimental E1/2 values is satisfactorily 
in line with that of the calculated eLUM0 values. 

All L U M O ' s of the four molecules adopted for the 
M O calculation are TZ* (or almost jr-type) orbitals. 
It is conceivable that, even when these molecules are 
reduced in one-electron step and their L U M O ' s ac­
cepted one electron, no dechlorination takes place. 
The first one-electron wave of polarography is reported 
to represent the reversible reduction of these com­
pounds and the first wave corresponds to the formation 
of the relatively stable anion radical. 
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with Grant-in-Aid 139012 from the Ministry of Edu­
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Synopsis. Ionic diffusion coefficients were treated 
on the basis of nonequilibrium thermodynamics. They were 
calculated for alkali metal chloride solutions and compared 
with the experimental data of self-diffusion coefficients. 

Miller,1) and Paterson et al.2) treated transport phe­
nomena in terms of nonequilibrium thermodynamics 
and calculated the phenomenological coefficients laß 

from the conductance X, salt diffusion coefficient Ds, 
and transference number ta in solutions of alkali and 
alkaline earth chlorides. However, no mention was 
given of the ionic diffusion coefficient which is an 
important transport coefficient describing the motion 
of an ion in an electrolyte solution. 

In this paper, the ionic diffusion coefficient has 
been expressed as a function of laß and related to the 
other transport coefficients. The ionic diffusion coef­
ficient Da calculated from the laß coefficients has been 
compared with the self-diffusion coefficient D% as well 
as (^a)N<E< calculated from the ion conductance by 
means of the Nernst-Einstein equation. The diffusion 
coefficient of a salt Da calculated from the ionic self-
diffusion coefficients by means of the Nernst equation 
was compared with the observed one. 

R e s u l t s and D i s c u s s i o n 

The independent flow Ja for the binary electrolyte 
system is given by 

Ja = -LaVMa-LßVMß, (1) 

where the subscripts a and ß refer to either cation or 
anion, and V/*a denotes the electrochemical potential 
gradient for ion a. In the absence of the electric 
current, we find by eliminating ^Jtß 

-JalVßa=Zß(laJßß-l
2
aß)/(Zalaß+Zßlßß), (2) 

where z is the charge number of ion. The laß is related 
to the element of mobility matrix uaß as follows3) 

Lß = uaß\zß\zazß\cß\F, (3) 

where cß and F are the concentration of ion ß and 
Faraday constant, respectively. Substituting Eq. 3 
into the right hand side of Eq. 2, we have 

-JalVMa = Calfa> (4) 

where fa denotes the friction coefficient of ion a: 

fa = F(*a \zß Iuaß +zß \za |ußß)lzß{uaaußß-u2
aß). (5) 

Defining an ionic diffusion coefficient Da by the Einstein 

equation 

D„ = RT 
Zß(lggl'ßß~laß) 

(6) 
Ca(Zal(xß 

and substituting Eq. 6 into Eq. 2, we obtain the 
Nernst-Planck equation 

Ja = RT ~Vßa (7) 

Thus we see that the Nernst-Planck equation holds 
only in the limited case of no electric current in the 
binary electrolyte system, and that the ionic diffusion 
coefficient is given by Eq. 6 as a function of laß. Since 
the equivalent conductance Xa is given by3) 

l>a = \za\F
2(zalaa+zßlßa)lzaca, 

we obtain by dividing Eq. 6 by Eq. 8 

\za\F*D, 
RTl 

l°(-h+Jhh F{K 

(8) 

(9) 

where 

Kß = zazßFHaß/\zß\cß. (10) 

O n the other hand, the diffusion coefficient of the 
salt Ds is expressed in terms of laß as 

J \ = zazß(va+vß)(laalßß-llß)vaRT 
dlnys vavß{z2Jaa-\-2zazßlaß+z2ßlßß)ca 

(H) 

Dl 
1+-

d In ms 

where ys and ms are the activity coefficient and molality 
of the salt, respectively.1) Comparing Eq. 11 with 
Eqs. 8 and 9 and rearranging, we get 

va\za\FWU(va+vß)RTXtatß = F(kaß), (12) 

where A is the equivalent conductance of the salt. 
Equations 9 and 12 are reduced to the Nernst-Einstein 
equation 

(Dah.E.=RTXj\za\F*, (13) 

and the Nernst-Hartley equation 

va\za\F
2 \ d l n m s / 

respectively, provided laß=0. Substituting Eq. 13 
into Eq. 9, we get 

A , / ( A J N . E . = 1 - KßlÜJß = F(Xaß), (15) 

which relates Da to (D t t)N .B . . Eliminating F(Aaß) 
from Eqs. 9 and 12, we have 

DV(va+vß)tß = DJva, (16) 

which serves to estimate Da from D\ and tß. Since 
F(Aaß) is a characteristic parameter for a given system, 

we have from Eq. 9 

\za\Dj\zß\Dß=kJkß = tJtß. (17) 

Further, Eq. 16 leads to the Nernst equation 

(va+vß)/Dl=vJDa +vß/Dß. (18) 

It should be noted that Eqs. 16—18 also hold on the 
basis of nonequilibrium thermodynamics, although 
these equations can also be derived from the Nernst-
Planck equation. 
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In Tables 1 and 2 are listed the ionic diffusion coef­
ficients calculated by means of Eq. 6 from laß evaluated 
by Miller,1) and Paterson et al.,2) the results being 
compared with (2)a)N#E# and Dt compiled by Anderson 
and Paterson.4) Da is closer to Dt than (£>a)N<E>, 
indicating that the isotope-isotope interaction is much 
smaller than the cation-anion interaction. It should 
be also noted that Da is greater than (i)a)N<E< . Ac­
cording to Eq. 15, this can be accounted for by negative 
A-aß o r positive laß. The positive values of the interionic 
interaction, laß, have been verified with many electro­
lytes.1»2) The increase in the values of Dal(Da)N,E, 
with increase in concentration (Tables 1 and 2) indicates 
the increase in the cation-anion interaction. This 
is also reflected in the decrease in X with increasing 

TABLE 1. CATIONIC DIFFUSION COEFFICIENTS 

Salt 

LiCl 

NaCl 

KCl 

CsCI 

Conen 

mol d m - 3 

0 . 2 
0 .5 
1.0 
2 .0 
3 .0 

0 . 2 
0 .5 
1.0 
2 .0 
3 .0 

0 . 2 
0 .5 
1.0 
2 .0 
3 . 0 

0 .5 
1.0 
1.5 
2 .0 
2 .5 
3 . 0 

D* 

0.962 
0 .946 
0.919 
0.868 
0.821 

1.295 
1.279 
1.234 
1.133 
1.033 

1.92 
1.87 
1.85 
1.84 
1.84 

1.947 
1.935 
1.921 
1.906 
1.888 
1.868 

Da 

0.967 
0.896 
0.799 
0.653 
0.527 

1.307 
1.269 
1.200 
1.073 
0.9521 

2.01 
2.03 
2 .04 
2 .02 
1.98 

2.197 
2.207 
2.199 
2.191 
2.185 
2.175 

Da X 105 

cm2 s - 1 

(AJ.N'.E. 

0 .746 
0.648 
0 .556 
0 .442 
0.360 

1.033 
0.9350 
0.8424 
0.7187 
0.6214 

1.62 
1.53 
1.45 
1.36 
1.29 

1.565 
1.483 
1.430 
1.387 
1.345 
1.301 

D„ 

~D*~ 

1.01 
0.95 
0.87 
0.75 
0 .64 

1.01 
0 .99 
0.97 
0.95 
0 .92 

1.05 
1.09 
1.10 
1.10 
1.08 

1.13 
1.14 
1.14 
1.15 
1.16 
1.16 

( A , ) N . E . 

D* 

0.78 
0 .68 
0.61 
0.51 
0 .44 

0 .80 
0 .73 
0 .68 
0 .63 
0 .60 

0 .84 
0 .82 
0 .78 
0 .74 
0 .70 

0 .80 
0 .77 
0 .74 
0 .73 
0.71 
0 .70 

TABLE 2. ANIONIC DIFFUSION COEFFICIENTS 

Salt 

LiCl 

NaCl 

KCl 

RbCl 

CsCI 

Conen 

mol d m - 3 

0 . 2 
0 . 5 
1.0 
2 .0 
3 . 0 

0 . 2 
0 .5 
1.0 
2 .0 
3 .0 

0 .2 
0 .5 
1.0 
2 .0 
3 .0 

0 .5 
1.0 
1.5 
2 .0 
2.5 
3 .0 

0 .5 
1.0 
1.5 
2 .0 
2 .5 
3 .0 

D*ß 

1.907 
1.817 
1.683 
1.494 
1.296 

1.925 
1.854 
1.772 
1.614 
1.449 

1.966 
1.963 
1.955 
1.907 
1.835 

1.961 
1.971 
1.997 
2.042 
2.105 
2.180 

1.952 
1.963 
2.000 
2.076 
2.123 
2.189 

Dß 

2.145 
2.099 
1.990 
1.777 
1.529 

2.117 
2.112 
2.068 
1.895 
1.722 

2.097 
2.123 
2.142 
2.131 
2.095 

2.133 
2.198 
2.241 
2.264 
2.272 
2.271 

2.221 
2.274 
2.297 
2.316 
2.333 
2.345 

Dß x 105 

cma s-1 

( ^ ) K . E . 

1.654 
1.518 
1.384 
1.203 
1.045 

1.673 
1.556 
1.440 
1.269 
1.124 

1.686 
1.596 
1.524 
1.437 
1.360 

1.601 
1.540 
1.503 
1.471 
1.439 
1.406 

1.583 
1.527 
1.494 
1.466 
1.436 
1.403 

D*ß 

1.12 
1.16 
1.18 
1.19 
1.18 

1.10 
1.14 
1.17 
1.17 
1.19 

1.07 
1.08 
1.10 
1.12 
1.14 

1.09 
1.12 
1.12 
1.11 
1.08 
1.04 

1.14 
1.16 
1.15 
1.12 
1.10 
1.07 

0D/ . )N .E . 

D*ß 

0.87 
0 .84 
0 .82 
0.81 
0.81 

0.87 
0 .84 
0.81 
0 .79 
0 .78 

0 .86 
0.81 
0 .78 
0 .75 
0 .74 

0 .82 
0 .78 
0 .75 
0 .72 
0.68 
0 .64 

0.81 
0 .78 
0.75 
0 .71 
0 .68 
0 .64 

- < 
&H 

10 - _ 10 

CNaci/mol dm-3 

Fig. 1. F(Äaß) calculated from various origins. O: 
From Z>*a, # : from Z)*, A : from Da. F{Aaß) = l 
corresponds to the calculated value from ODJN.E.-
Z)Ja or Z)£i in the range 10-3—lO^1 mol/dm3 were 
obtained from Mills' review.5) 

concentration. The difference between Da and D% 
shows no conspicuous concentration dependence except 
for Li+ and Na+. The Da values are larger than the 
D% values for these ions, the order of magnitude being 
reversed for the other ions. The magnitudes of 
cationic and anionic diffusion coefficients are in the 
order Z>Li<Z>Na<Z)K<Z>Cs and Z)0 1(LiGl)<D0 1(NaCl) 
<Z) c l (KCl)<Z) c l (CsCl)>Z) c l (RbCl) 5 respectively, the 
same as those in the case of the self-diffusion coefficients. 

F(Äaß) in Eqs. 9 and 12 is a characteristic parameter 
for a given system and can be evaluated from laß. 
Equation 9 also indicates that the values of the left 
hand side evaluated for both cation and anion should 
be the same. Since the ionic diffusion coefficient can 
not be measured directly, the self-diffusion coefficients 
were used for approximate evaluation of the value of 
the left hand side and the results compared with F(Aaß). 
An example is shown for aqueous sodium chloride 
solution in Fig. 1. F(Äaß) is closer to the values estimat­
ed from the self-diffusion coefficient than those predict­
ed from the Nernst-Einstein equation or the Nernst-
Hartley equation, F(Aaß) = l. 

Since the values of Da are closer to those of Dt 
than (£)a)N.E<5 the calculation of Ds from Dt by using 
Eq. 18 was also carried out. The difference between 
(Z)s)calcd and {Ds)ohsd is almost independent of con­
centration, the deviation being less than 1 5 % for 
NaCl, KCl , and CsCI except for LiCl. (Z>s)calcd is 
much closer to (Ds)ohsd than (Z)s)N<H.-6) 
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Synopsis. 13G NMR relaxation times have been 
obtained for methyW3 bromide at room temperature, from 
which the spin-spin coupling constant between 13G and 79Br 
has been extracted and found to be 41.6±2.0 Hz. The con­
tribution of the spin-rotation interaction to the 13G relaxa­
tion is large in this molecule. This fact may be attributed 
to the presence of a methyl rotor, but cannot be satisfac­
torily interpreted in the framework of the present theories. 

The dominant relaxation mechanism of the 13G 
nucleus in bromomethanes has been found to be scalar 
coupling interaction owing to the fact that the resonance 
frequency of 13G is close to that of bromine and that 
bromine has its relaxation mechanism by quadrupole 
interaction. We have shown that the relaxation curves 
for bromomethanes show non-exponential decay due 
to the presence of two bromine isotopes with a ratio 
of about l i l . 1) By analyzing the relaxation curves we 
have been able to obtain the spin-spin coupling con­
stants between 13G and Br for three deuterated species, 
GD2Br2, GDBr3, and CBr4. For these species, other 
mechanisms contribute negligibly to 13G relaxation. 
In methyl bromide, however, the spin-rotation 
mechanism may contribute to a large extent, even 
when the deuterated species are employed, because 
of the smaller size of the molecule and the presence 
of a methyl top. In the present paper, the spin-spin 
coupling constant between 13G and 79Br (y79) for 
methyl-öfg bromide has been obtained from 13C relaxa­
tion time measurements, considering the contribution 
of the spin-rotation mechanism. 

Exper imenta l 

MethyW3 bromide was purchased from MSD, Canada, 
Ltd., and used without further purification. A high vacuum 
apparatus was empolyed for sampling. After several freeze-
pump-thaw cycles, the sample was sealed into 8 mm dia. 
tube specially designed for the Tx measurement. The sample 
remains in the liquid state in the sealed tube at room temper­
ature. 13G relaxation time measurements was conducted at 
25.2 and 15.1 MHz with and without deuterium decoupling 
respectively, using a Varian XL-100-15 and a NEVA NV-14 
spectrometers. Deuterium relaxation times was measured 
at 15.4 MHz by the XL-100-15. Other experimental details 
are the same as described in a previous paper.1) 

R e s u l t s and D i s c u s s i o n 

The relaxation curves obtained for 13G in methyl-öf3 

bromide at 15 and 25 M H z at room temperature show 
non-exponential decay, as predicted. The 13G relaxa­
tion curve for GD3Br is given by:1) 

{/(oo)-/(0}//(oo) = exp (-*/7\») + exp (-t/TJ) (1) 

with 1 / 2 ^ = 1 / 7 ^ + 1 / 2 V 9 and l / 7 y = 1 / 7 7 + 1 / 7 7 * 

where 7 \ 7 9 and Tx
81 are the scalar relaxation (SG) 

times of 13G bonded to a 79Br and a 81Br respectively, 
and 7\° is the relaxation time from other sources. 
The sum of the two exponentials in Eq. 1 may be 
separated into each exponetial by a nonlinear least 
squares fit to give 7 \ s and Tx

l, the result of which is 
shown in Table 1. 

TABLE 1. RERAXATION TIMES(S) IN GD3Br 

OBSERVED AT 2 9 . 8 °G 

Resonance freq. 7 \ s Tx
l 7 \ of D 

15 MHz 5.85±0.33 34 .0±0 .4 
7 .97+0.18 

25 MHz 6.64+0.38 36 .9±0 .9 

The scalar coupling constant between 13G and kBr 
( k = 7 9 or 81), Ak (=27iJk), may be obtained by solving 
the following set of equations. 

1/2Y = ( 2 / 3 ) 4 ^ + l)Tk/(l + Acok
2rk

2) (2) 

where rk is the relaxation time of kBr, Acok=coc—cokBr5 

the resonance frequency difference, and S is the spin 
of bromine (3/2). Tx° includes the contributions from 
the dipole-dipole (DD) interaction between 13G and 
D ( ^ I D C D ) > from that between 13G and Br (!T1D

CBr), 
from the spin rotation (SR) interaction (7 \ S R ) , and 
from intermolecular D D interactions (TT

1
inter). Of 

these contributions TlD
CD may be estimated by measur­

ing the D relaxation time to obtain the correlation 
time of D using the known value of the deuterium 
quadrupole coupling constant in this molecule (166 
kHz2)). The contributions of T1D

CBr ( « 5 x l 0 3 s ) and 
7Yn t e r are so small that they can be neglected in the 
following calculation. Only the SR mechanism con­
tributes to 7 \ 0 , and, in fact, it is a large part of 1/7Y, 
the long component of the observed decay curve. 
Thus, an estimation of the SR contribution is essential 
for obtaining an accurate value of Ak. 

7\S R and rk are all independent of variations in the 
magnetic field. Thus, the four equations such as 2 
obtained from the 7 \ measurements at two resonance 
frequencies, 15 and 25 M H z , may overdetermine the 
variables involved, since the independent variables 
are only three (A79, r79, and T1C

SR; A81 and r81 are 
related to A19 and r79 respectively). The measurements 
at the two fields have been carried out at 29.8 °G, 
and J19 has been determined so as to obtain agreement 
in r79 and Tx° between the results at 15 and 25 MHz . 
The value of J19 thus obtained is 41.6 Hz, as shown 
in Table 2. 

The values of J10 for methyl bromide and other 
bromomethanes1) are plotted against the number of 
bromine atoms in Fig. 1, in which a similar plot for 
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TABLE 2. GALUCULATED RELAXATION PARAMETERS 

[Vol. 52, No. 7 

TS R 
1C 

(s) G«) 
T'CD 

ID J19 

(Hz) 

f(D) -rï 
(PS) 

F(Br) J-difFusion M-diffusion 
From D From Br From D From Br 

40.6 0.93 803 41.6 
(±1.7) (±0.10) (±17) (±2.0) 

0.307 0.82 
(±0.008) (±0.10) 

0.059 0.058 0.184 0.30 
(±0.001) (±0.006) (±0.004) (±0.03) 

3 0 0 

1 2 3 4 
Number of halogen atoms 

Fig. 1. Coupling Constants between 13C and halogens 
in bromo- and fluoromethanes. # Br, and O F. 

fluoromethanes3) is included for comparison. A paral­
lelism between the two plots may be seen, i.e., a mono-
tonic increase of Jcx with increasing number of halogen 
atoms is observed. The smaller value for GF4 than 
that for C H F 3 has been explained in terms of the 
double-bond-no-bond resonance effect.4) In bromo-
methanes, such an effect seems to contribute little 
due to the less ionic character of Br. 

McGlung has developed the extended diffusion 
theory for molecular reorientation, in which rotational 
diffusion occurs through larger angle in liquid.5) As­
suming the J - or M-diffusion models, the angular 
momentum correlation time of the molecular re­
orientation, T0ff, which in turn, for methyW 3 bromide, 
is obtained independently from the D or Br relaxation 
time. Thus, the Tj calculated from the D relaxation 
time should agree with that obtained from the Br 
relaxation time at the same temperature. As seen 
from Table 2, the two values well agree with each other 
in the J-diffusion model, but do not so in the M-dif­
fusion model. This is consistent with the fact that 
the J-diffusion model also applies to GD3GN,6) which 
has nearly the same moment of inertia and approxi­
mately the same molecular geometry as GD3Br. 

The SR relaxation time in GD3Br is ca. 40 s at room 
temperature. This value appears to be rather short, 
but may be compared with the values reported for 
GH 3GN {ca. 33 s at 30 °G7)) and GH 3 I {ca. 23.5 s at 
25 °C8)), molecules of similar size and structure, which 
may be roughly converted to the values for deuterated 
species by multiplying 1.39,7) and then 46 and 33 s 
respectively. According to McGlung,5) the SR relaxa­
tion time may be calculated for r3 and the known 
values of the SR coupling constants. The latter can 
be estimated from the relation which connects them 
to the average shielding value and the chemical shift 
anisotropy, A#.9) Using the chemical shift data 
and Ao = —10 ppm,10) and taking the coupling constant 

of methane ( — 15.94 kHz11)) as a reference, the SR 
coupling constant for GD3Br is found to be C± = 
- 0 . 9 6 and C//= - 9 . 8 6 kHz. 

The T1C
SR calculated in this way is, however, too 

long to explain the experimental data, i.e., 271 s at 
29.8 °G, or 8 times the experimental value. This 
discrepancy between the experimental and estimated 
values is large, and a similar trend has been observed 
in other similar compounds. For CH 3 I , the value 
estimated in a similar manner is 25 times the experi­
mental value.8) Goldammer et al?) assumed the SR 
coupling constants for methyl carbon which are much 
larger than that estimated by the chemical shift data 
in order to fit the experimental values of T1C

SR. The 
calculations in these previous works are more or less 
based on the rotational diffusion theory of Hubbard1 2) 
and Huntress,13) which differs from that of McGlung 
and is somewhat classical. However, the large dis­
crepancy between the observed and the estimated 
values does not appear to stem from the calssical nature 
of the theory involved. All of the results including that 
of the present work suggest that the discrepancy arises 
from the presence of a methyl rotor, i.e., the presence 
of a "fast internal rotation," as indicated by Gillen et 
al.8) McGlung's theory, which permits diffusive steps of 
arbitrary sizes, has been well adopted for reigid mol­
ecules such as benzene.9) For the molecules with a 
methyl rotor, however, it appears to be still incomplete 
for the full description of the molecular reorientation. 
A more improved theory including the fast internal 
rotation is clearly needed. 
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Synopsis. The kinetics of the substitution reactions 
of RhCl(NCCH3)(PPh3)2 in benzene was studied at 20 °G 
by the stopped-flow method under anaerobic conditions. 
The following mechanism was proposed: 

C2H4 H2 > 
RhCl(C2H4) (PPh 3 ) 2 ^—RhClH 2 (C 2 H 4 ) (PPh3)2 - — ^ — ^ 

CH3CN 

^ — RhClH2(NCCH3) (PPh3)2. RhClH2(PPh3)2-

In a previous paper we reported a kinetic study of 
a series of substitution reactions of Wilkinson's complex, 
showing that the substitution reaction, RhCl (C 2 H 4 ) -
(PPh3) 2 + H 2 + P P h 3 ^ ± R h C l H 2 ( P P h 3 ) 8 + C 2 H 4 ? proceeds 
faster than the dissociation of C 2H 4 from RhCl(C 2 H 4 ) -
(PPh3)2 as well as that of H 2 from R h C l H ^ P P h ^ . 1 ) 
The results suggest an associative mechanism involving 
dihydrido-ethylene complex RhClH 2 (C 2 H 4 ) (PPh 3 ) 2 as 
a reaction intermediate, though it cannot be detected 
spectrophotometrically. In the present study, the 
substitution reaction of (acetonitrile) chlorobis(triphenyl-
phosphine) rhodium (I) was investigated in comparison 
with that of chloro tris (triphenylphosphine) rhodium ( I ) . 
The reaction was carried out in benzene at 20 °C. 

Equilibria. The equilibrium constants iC= 
[RhClH 2 (NCCH 3 )L 2 ] / [RhCl (NCCH 3 )L 2 ] [HJ and K'= 
[RhCl(C 2 H 4 ) L 2 ] [ C H 3 C N ] / [RhCl (NCCH3) L J [ C 2 H 4 ] 
were estimated from the measurements at [CH 3 CN] = 
1.0, 1.9, and 3.8 mol dm" 3 to be 2.5 X 104 mol" 1 dm 3 

and 3.4 X l 0 2 , respectively. The equilibrium constant 
for the substitution X , / = [RhClH 2 (NCCH 3 )L 2 ] [C 2 H 4 ] / 
[RhCl (C 2 H 4 )L 2 ] [H 2 ] [CH 3 CN]=X/X , was evaluated to 
be 74 m o l - 1 dm3 . The values of these equilibrium 
measurements indicate that hydrogen forms the final 
product RhClH 2 (NCCH 3 )L 2 , but C 2H 4 cannot form 
the final product RhCl(C 2H 4) (NCCH 3 )L 2 . In the case 
of C2H4 , substitution of CH 3 CN in RhCl (NCCH 3 )L 2 

occurred to form a square planar complex RhCl-
(C2H4)L2 . The results may explain the low catalytic 
activity of Wilkinson's complex in acetonitrile solutions. 
The acetonitrile molecule competes with the olefin in 
the coordination to the central rhodium atom, as 
suggested by Schrock and Osborn.3) 

Kinetics. Addition Reactions: The addition of 
molecular hydrogen to RhCl (NCCH 3 )L 2 and the sub­
stitution of the acetonitrile in RhCl (NCCH 3 )L 2 complex 
by ethylene was found to proceed through both as­
sociative and dissociative paths based on the kinetic 
measurements : 

Associative path 

RhCl(NCCH3)L2 + S < =± RhCl(S)(NGGH3)L2 

RhClLo 
Dissociative path 

+ S ^ = = * RhCl(S)L2 

+ CH3GN, 

accurate values could be obtained, the rate constant 
of the associative addition of hydrogen to RhCl (NC-
CH 3 )L 2 , k, was estimated to be ca. 1.4X 102 mol" 1 dm3-
s_ 1 from the addition rate of hydrogen obtained by 
extrapolating [CH 3 CN] to infinity. The value lies 
between that for RhClL 3 (4.8 mol" 1 dm 3 s"1 at 25 °G) 
and that for RhClL 2 ( > 7 X 104 mol" 1 dm 3 s"1 at 25 
°G) .4> The rate constant of the dissociation of hydrogen 
from R h C l H 2 ( N C C H 3 ) L 2 is calculated to be 5.6 X 
1 0 - 3 s _ 1 from k and K. The rate constant of the 
dissociation of C 2H 4 from RhCl (C 2 H 4 )L 2 was reported 
to be 0.4 s-1.1) The results indicate that the dissocia­
tion rates of H 2 from R h C l H 2 ( N C C H 3 ) L 2 and C 2H 4 

from RhCl(C 2 H 4 )L 2 are much lower than the rate of 
the substitution, R h C l ( C 2 H 4 ) L 2 + H 2 + C H 3 C N ^ = ± 
R h C l H 2 ( N C C H 3 ) L 2 + C 2 H 4 {vide infra). 

Substitution Reactions: Upon mixing a solution of 
RhClH 2 (NCCH 3 )L 2 with a solution containing G2H4 , 
or a solution of RhCl(C 2 H 4 )L 2 with a solution contain­
ing H 2 and CH 3 CN, the spectrum of the solution rapidly 
turned to that of an equilibrium mixture of R h O H 2 -
(NCCH 3 )L 2 and RhCl(C 2 H 4 )L 2 . Since no hydrogéna­
tion of the coordinated C 2H 4 was observed during 
the course of measurement,5) the observed process 
should be expressed by 

RhCl(C2H4)L2 + H2 + GH3GN ; = ± 

RhClH2(NCCH3)L2 + C2H4. 

Figure 1 gives the dependence of kohsd for the above 
reaction on [CH 3 CN] . The observed rate constant 
is larger than the dissociation rate constant of C2H4 

from RhCl(C 2 H 4 )L 2 and that of H 2 from RhClH 2 -
(NCCH 3 )L 2 , suggesting the existence of an associative 
intermediate. Increase in k( obsd with decreasing 
[CH 3 CN] suggests that, in the substitution reaction, 
the dihydrido complex RhClH 2 (NCCH 3 )L 2 is activat­
ed by the dissociation of C H 3 C N molecule, as in the 
case of the dissociation of a PPh 3 molecule from Rh-

+ GH3GN 

where S denotes hydrogen or ethylene. Though no 

[GH3GN]/mol dm"3 

Fig. 1. The dependence of kohsd on [GH3GN] for the 
reactions, RhCl(C2H4)L2+H2+CH3CN (O) and 
RhClH2(NCCH3)L2+C2H4 ( • ) . [Rh] = 1.0x 10~4, 
[H 2 ]=1.4x IO-3, and [C2H4] = 7.5x 10~2 mol dm~3. 
At 500 nm and 20 °G. 
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Fig. 2. The dependence of &obsd on [H2], [G2H4], and 
[CH3CN] for the reaction RhCl(C2H4)L2+H2+CH3-
GN. The plot of kobsd vs. [HJ . [Rh] = 1.0x 10~4 

mol dm-3. [G2H4] = 7.5x 10-2 ( 0 , 3 , 3 ) or 3.8 x 10"2 

( • ) mol dm-3. [CH3CN] = 0.5 (O ,0 ) , 1.0 (©), or 
1.9 (3) mol dm"3. At 500 nm and 20 °G. 

ClHaLg.1) Figure 2 shows the dependence of kohsd 

on [ H J , [C 2 H 4 ] , and [CH 3 CN] for the reaction of 
RhCl(C 2 H 4 )L 2 with H 2 and CH 3 CN. From Fig. 2 
the 

^obsd *s expressed as 

The following mechanism is proposed for the substitu­
tion reaction: 

RhCl(C2H4)L2 + H2 + GH3GN ^ ± RhGlH2(G2H4)L2 

+ GH3GN ^=k RhGlH2L2 + C2H4 + CH3GN ^ ± 

RhGlH2(NGGH3)L2 + C2H4. 

The steady-state approximation to R h O H 2 ( C 2 H 4 ) L 2 

and RhClH 2 L 2 leads to 

_ ^1^2 r r r -i , k-JC-2 [ G 2 H 4 ] 

*obsd ~ *_1 + *2
 L ± l d + (k.1+k2)K, ' [GH3GN] ' W 

From Fig. 2, the values of k1k2l(k_1
Jrk2) and k_xk_2j 

(k_1-\-k2)K3 are determined to be 9.6 X 103 m o l - 1 dm3-
s _ 1 and 1 . 7 x l 0 2 s - 1 , respectively. T h e value of k-Jî2j 
(k_x-\-k2) agrees with that obtained previously (7.8 x 

10 3 mol - 1 dm 3 s - 1 ) . 1 ) 
The uni-molecular activation step RhCl(C2H4)L2-> 

Rh*Cl(C 2 H 4 )L 2 as observed in the case of RhClLa,1) 
was not observed in the present study. This would 
be interpreted as suppression of the reaction by aceto-
nitrile. T h e proposed mechanism also suggests that 
the effect of acetonitrile on the catalytic activity of 
Wilkinson's complex is due to the formation of a 
catalytically inactive species RhClH 2 (NCCH 3 )L 2 , the 
fraction of which is determined by the value of K". 

Exper imenta l 

A solution of RhCl(NCCH3)(PPh3)2 was prepared by 
dissolving RhCl(C2H4)(PPh3)2 in oxygen-free benzene con­
taining acetonitrile.6> The coordinated ethylene was easily 
replaced by acetonitrile, leaving a pure RhCl(NCCH3)-
(PPh3)2 in the solution. 

RhCl(C2H4)(PPh3)2 was prepared from RhCl(PPh3)3 and 
ethylene. Benzene and acetonitrile were distilled. Com­
mercial hydrogen and ethylene were used without further 
purification. Concentration and purity were determined 
by gas chromatography with a molecular sieve 5A. 

All the measurements were carried out at 20±0.2 °C in 
oxygen-free benzene. The equilibrium of the reaction was 
measured with a Hitachi EPS-3T spectrophotometer. The 
kinetic measurements were made using a Union Giken RA-
1300 stopped-flow apparatus under anaerobic conditions. 
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Synopsis. From the extraction data of copper(II) 
in a Perchlorate solution into carbon tetrachloride contain­
ing 2-thenoyltrifluoroacetone (Htta), 3-isopropyltropolone 
(Hipt), and tributyl phosphate (tbp), the formation of an 
adduct mixed chelate, Cu(tta)(ipt)(tbp), together with the 
Gu(tta)2, Gu(tta)2(tbp), Gu(tta)(ipt), and Gu(ipt)2 species, 
was concluded, and the formation constant of this adduct 
mixed chelate was calculated. 

Synergism in metal chelate-extraction systems by 
neutral ligands is, in most cases, at tr ibuted to the adduct 
formation of the extracted chelate with the ligand.1 '2) 
It is often that the formation constants of adduct chelates 
of a certain metal ion with a certain given neutral 
ligand are very different when the chelating extractant 
is different.3) 

In a previous paper, this difference in the stabilities 
of adduct metal chelates was demonstrated by the en­
hancement of copper (I I) extraction with 2-thenoyl­
trifluoroacetone (TTA) and 3-isopropyltropolone 
(IPT) by adding tributyl phosphate (TBP);4) the 
extraction with T T A was very much enhanced by 
TBP, but that with I P T was not. From these results, 
it was concluded that the Cu(t ta) 2 chelate formed 
a stable adduct, Cu(t ta) 2( tbp) , while the Cu(ipt) 2 

chelate formed no TBP adduct. T h e formation con­
stant of the TTA-TBP adduct chelate was calculated 
from the enhancement of the T T A extraction, deter­
mined as a function of the concentration of TBP. 

In another previous paper, the extraction of copper-
(II) in solvent-extraction systems containing both T T A 
and I P T was studied, and from the data, the extraction 
of the mixed chelate, Cu(t ta)( ipt) , together with the 
Cu(t ta)2 and Cu(ipt)2 chelates, was concluded. The 
extraction constant of the mixed chelate was calculated 
from the data obtained at various molar ratios of T T A 
and IPT.5) 

In the present study, we have measured the dis­
tribution ratio of copper (I I) in solvent-extraction 
systems containing T T A , I P T , and T B P ; we have 
concluded that the mixed chelate, Cu(t ta)( ipt) , formed 
an adduct with TBP, Cu(t ta)( ipt) ( tbp) . 

Exper imenta l 

Reagents. All of the reagents were of an analytical 
grade. The extractants were supplied by the Dojindo Go., 
Kumamoto (TTA), by the Takasago Perfumery Go., Kana-
gawa (IPT), and by the Kanto Kagaku Go., Tokyo (TBP). 

All of the experiments were made in a manner similar to 
that previously reported4'5) except that the amount of copper-
(II) in the present study was measured by an atomic-ab­
sorption method. The temperature was 25±0.3 °G. The 
hydrogen-ion concentration was in stoichiometric units, 

as in previous studies. 

Stat is t ical 

In this paper all the species in the organic phase 
will be denoted by the subscript "org" . As has been 
described above, no formation of Cu(ipt)2(tbp) species 
was found previously. Thus , if higher adducts con­
taining more than one TBP are negligible, the dis­
tribution ratio of copper (I I) in the presence of T T A , 
I P T , and TBP may be written as: 

Z) = ([Cu(tta)2]o r g+ [Cu(tta)2(tbp)]0rg + [Cu(tta)(ipt)]org 

+ [Gu(tta)(ipt)(tbp)]org+ [Gu(ipt)Jorg)[Gu»+]-i 

= {JfeXa.oIHttal^Cl -hiS^öCtbplorg) 

+ ^ex l t l |THtta]org |Hipt]org(l + A^ïg)[tbp]org) 

+ ^ex0,2[Hipt]2
org}[H+]-2 (1) 

where : 

Kex2t0 = [Gu(tta)2]org[H+]2[Gu2+]-i[Htta]-2
g (2) 

Jfexlfl = [Gu(tta)(ipt)]org[H+]2[Gu2+]-i[Htta]0-r
1

g[Hipt]-1
g 

(3) 
Kex0i2 = [Gu(ipt)2]org[H+]2[Gu2+]-i[Hipt]-2

g (4) 

ßtSxg) = [Gu(tta)2(tbp)]org[Gu(tta)2]-1
g[tbp]-1

g (5) 

# c S ö = [Gu(tta)(ipt)(tbp)]org[Gu(tta)(ipt)]-i 

X [tbp]-/, (6) 

R e s u l t s a n d D i s c u s s i o n 

T h e organic solvent employed was carbon tetra­
chloride, and the aqueous phase contained 0.116 mol 
d m - 3 of perchloric acid. The equilibrium constants 
defined by Eqs. 2 to 5 have already been reported 
in previous papers. They are given in Table 1, and 
they were employed for the analysis of the experimental 
data in the present study. 

Several runs were made at various sets of concentra­
tions of T T A , I P T , and TBP. It was found from the 

TABLE 1. SUMMARY OF EQUILIBRIUM CONSTANTS21) 

Aq. phase : 0.1 mol dm - 3 Perchlorate media. 
Solvent: GG14. 

Extraction T> f 
constant 

logi^ex2>0 - 1 . 0 8 4 

logKexltl 0.80 5 

log^ex0>2 0.95 4 

Adduct-
formation Ref. 
constant1*) 

logÄ&rt 2.27 4 

l o g / f e 1.63 Pr
o

e
r
s£nt 

a) The definitions of the constants are given in Eqs. 2 
to 6. b) Gu(ipt)2 does not form any adduct with TBP. 
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TABLE 2. EXPERIMENTAL DATA 

Aq. phase: 0.116 mol dm"3 HG104. Org. solvent: GG14. 

1 

a) 

b) 

c) 

d) 

TBP] o r g 

0.02 
0.03 
0.05 
0.075 
0.1 

0.02 
0.03 
0.05 
0.075 
0.1 

0.02 
0.03 
0.05 
0.075 
0.1 

0.02 
0.03 
0.05 
0.075 
0.1 

[Gu(II)] 

9.40X10-5 

8.16X10-5 

6.82X10-5 

5.15X10-5 

4.21 x lO- 5 

1.28X10-4 

1.14X10-4 

l.OOxlO-4 

8 . 9 0 x l 0 - 5 

8.11X10-5 

1.56X10-4 

1.47X10-4 

1.39xl0- 4 

1.29xl0- 4 

1.16 x10- 4 

1.74X10-4 

1.76X10-4 

1.71 x lO- 4 

1.58xl0- 4 

1.59 x lO- 4 

[Gu(II)]o r g 

1.10 x lO- 4 

1.22 XlO-4 

1.36 x lO- 4 

1.52 XlO-4 

1.62 x lO- 4 

7.60 x lO- 5 

9.05 x lO- 5 

1.04 x lO- 4 

1.15 x lO- 4 

1.23 x lO- 4 

4.83 x lO- 5 

5.72 x lO- 5 

6.52 x lO- 5 

7.49 x lO- 5 

8.81 x lO- 5 

2.96 x lO- 5 

2.81 x lO- 5 

3.26 x lO- 5 

4.59 x lO- 5 

4.46 x lO- 5 

logD 

0.07 
0.20 
0.30 
0.47 
0.58 

- 0 . 2 3 
- 0 . 1 0 

0.02 
0.11 
0.18 

- 0 . 5 1 
- 0 . 4 1 
- 0 . 3 3 
- 0 . 2 4 
- 0 . 1 2 

- 0 . 7 6 
- 0 . 8 0 
- 0 . 7 2 
- 0 . 5 4 
- 0 . 5 5 

log/fe 
1.56 
1.60 
1.54 
1.63 
1.65 

1.67 
1.75 
1.69 
1.64 
1.59 

1.67 
1.70 
1.62 
1.59 
1.63 

1.78 
1.53 
1.50 
1.67 
1.52 

a) [Htta] o r g=0.1moldm- 3 , [Hipt]org = 0.01 mol dm"3. 
b) [Htta]org=0.05 mol dm~3, [Hipt]0 r g = 0.01 mol dm~3. 
c) [Htta]org=0.025 mol dm~3, [Hipt]org = 0.01 mol dm~3. 
d) [Htta]org = 0.01 mol dm~3, [Hipt]0 r g = 0.01 mol dm~3. 

results that the distribution ratio could be well ex­
plained by assuming the formation of only one adduct 
mixed chelate other than the four species already found. 
T h e formation constant of the adduct mixed chelate 
was calculated by introducing the extraction data 
and the values of the four constants into Eq. 1. Table 
2 shows the data and the values of $(org) thus 
obtained from each set of data. In this table, the 
only data employed were those obtained under condi­
tions where more than 2 5 % of the copper(II) species 
in the organic phase was in the form of the adduct 
mixed chelate. The average value was log^or g ) = 
1.63, where the standard deviation was 0.08. 

Figure 1 shows the percentage distribution of copper-
(II) species in the organic phase, as calculated by 
using the constants in Table 1. As may be seen from 
Fig. 1, the mixed species is always important in the 
high concentration range of TBP. For example, at 
R=2 and [ t b p ] o r g = 0 . 1 mol dm" 3 more than 5 0 % 
of the copper (I I) in the organic phase is in the form 
of the adduct mixed chelate, Cu(t ta)( ipt)( tbp) . 

The stability of adduct metal chelates in organic 

E S [Vol. 52, No. 7 

log [L] 

Fig. 1. The calculated percentage distribution of Gu-
(II) species in the organic phase as a function of the 
concentration ratio of the chelating extractants (R= 
[HA]org/[HB]org) and of L where HA is Htta, HB 
is Hipt, and L is tbp. 
(A): R=0.2, (B): R=2, (G) : R=20. 

solvents is affected by several complicated factors, 
and no clear and systematic interpretation which allows 
a prediction of the stability of a certain given adduct 
metal chelate is available. Thus, we can not make 
any statistical estimation of the stability of the Cu(tta)-
(ipt)(tbp) adduct, even though we know the formation 
constants of the Cu(tta)2( tbp) and Cu(ipt)2(tbp) (the 
constant for the latter is zero). The present experi­
mental results indicate that this adduct mixed chelate 
fairly stable, although it is less stable than the Cu(tta)2-
(tbp). 

No quantitative study of such adduct mixed chelate 
seems ever to have been made in other solvent ex­
traction systems, but we presume that similar species 
would be formed in several of them containing various 
different sets of a metal ion, a chelating ligand, and 
an adduct-forming ligand. 
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Fig. 1. TG and DTA curves of mixed powders as a 
raw material. Sample weight : 20 mg, heating rate : 
10 °G/min. 
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Synopsis. The formation of the alkoxy-derived 
2A1203.B203 was observed in the temperature range 820— 
930 °G. Crystallization isotherms were best described by 
the contracting cube equation, the activation energy being 
determined as 368 kj/mol. The kinetics on the decom­
position of 2A1203.B203 was also studied. 

Aluminum boron oxide is known to exist in three 
forms, 9 A 1 2 0 3 - 2 B 2 0 3 (orthorhombic), 2 A 1 2 0 3 B 2 0 3 

(orthorhombic), and A1 2 0 3 -B 2 0 3 (hexagonal).1-7) The 
former two can be prepared by the solid-liquid reac­
tion from oxide mixtures, such as the system a -A1 2 0 3 -
B203,2> r A l 2 0 3 - B 2 0 3 , 5 ) and Al(OH) 3 -H 3B0 3 . 3> The 
last one A1 2 0 3 -B 2 0 3 has been recognized as a mineral, 
jeremejective. In a previous paper8) dealing with the 
formation of 9A1 2 0 3 -2B 2 0 3 from the mixed powders 
prepared by the simultaneous hydrolysis of a luminum 
and boron alkoxides, it was shown that the reaction 
process is similar to that of mul l i te(3Al 2 0 3 -2Si0 2 ) 
formed by heating a clay mineral, kaolinite(Al203-
2 S i 0 2 - 2 H 2 0 ) . Several investigators2 '5 '6) reported 
that 2 A 1 2 0 3 B 2 0 3 melts incongruently at 1030—1050 
°C to 9A1 2 0 3 -2B 2 0 3 and liquid. No kinetic study, 
however, has been carried out. The present study 
is concerned with the kinetics of the formation and 
decomposition of the alkoxy-derived 2A1 2 0 3 -B 2 0 3 . 

Exper imenta l 

Boron triethoxide of guaranteed purity was used. Alu­
minum tris(isopentyl oxide) was synthesized by heating alu­
minum metal in an excess isopentyl alcohol with a small 
amount of mercury(II) chloride as a catalyst at 130 °G for 
7 h.9> Aluminum metal of purity 99.9% was used. A mix­
ture of these alkoxides in the mole ratio Al3+/B3+=2:1 was 
prepared, and then poured into aqueous ammonia solution 
at 30 °G. The resulting mixed powders were washed with 
hot water and dried at 60 °G under reduced pressure. The 
average particle size of the mixed powders is ca. 550 Â. 
The X-ray difFraction(Gu Koc) pattern(Fig. 2(a)) is similar 
to that of the mixture whose Al3+/B3+ mole ratio is 9:2. In 
view of the previous study,8) the mixed powders are considered 
to be B3+-substituted boemite(A10(OH)) gel. 

R e s u l t s a n d D i s c u s s i o n 

The T G of the mixed powders was carried out in 
the air from room temperature to 1000 °C(Fig. 1). 
T h e weight loss of 2 0 . 1 % up to 710 °G is attributed to 
the loss of ammonia, absorbed water, hydrated water 
constitution water, and organic residue from the parent 
alcohol. D T A was also studied. Exothermic and 
endothermic reactions were observed at 820—930 °C 
and 1030—1250 °C, respectively. From the results 
of X-ray difFraction, the reactions were found to be 

(b) 720 °C 

(c) 930°C 

_ A _ 
(d) 1250°C 

10 50 20 30 40 

20/degree (Gu Koc) 

Fig. 2. X-Ray difFraction patterns of specimens with 
increasing temperature. 
Heating rate: 10 °G/min. 
(a) B3+-substituted AIO(OH) gel, (b) amorphous 
material, (c) 2A1203B203 , (d) 9A1203-2B203. 

the crystallization of 2A1 2 0 3 -B 2 0 3 from an amorphous 
phase and the decomposition of 2 A 1 2 0 3 B 2 0 3 into 
9A1 2 0 3 -2B 2 0 3 and liquid, respectively. 

Figure 2 shows the variation of X-ray difFraction 
patterns of specimens with increasing temperature. 
The specimen heated at 720 °C after the completion 
of weight loss was amorphous, no significant changes 
being observed at 800 °C. The peaks corresponding 
to 2 A 1 2 0 3 B 2 0 3 appeared at 820 °C for 25 min, the 
intensity increasing with increasing temperature and 
time. No other peaks were identified except for the 
2 A 1 2 0 3 B 2 0 3 spectrum up to 1000 °C. The peaks 
of 9A1203 • 2B 2 0 3 , as the decomposition product of 
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2 A 1 2 0 3 B 2 0 3 , began to appear at 1030 °C. The 
specimen heated at 1250 °C showed the X-ray dif­
fraction pat tern of only 9A1203-2B203. 

Figure 3 shows the fraction of the 2A1 2 0 3 -B 2 0 3 

crystallization at 820, 840, and 870 °C. The mixed 
powders were pre-heated at 720 °C for 15 min. The 
average particle size of the specimen was 0.12 pim. 
The fraction of crystallization of each specimen was 
determined from the height of d=5.29 A(20=16.7°) 
which is the strongest line of the 2A1 2 0 3 -B 2 0 3 spectrum. 
A well-crystallized specimen was obtained by heating 
the mixed powders at 950 °G for 30 min. Calcium 
fluoride was used as a standard material. Induction 
periods were observed, attempts being made to fit 
the results to kinetic laws by considering the induction 
periods. As shown in Fig. 4, crystallization isotherms 
are best described by the contracting cube equation 
1— (1—ot)1/s=k(t—10),

10) where a is the fraction of crys­
tallization, t time and t0 induction period. This in­
dicates that the rate of crystallization is controlled 
by the rate of advance of the reaction interface. The 
rate constants were determined from the slopes of 
straight lines. The value of the activation energy 
calculated from the Arrhenius plot was 368 kj/mol. 

Figure 5 shows the fraction of decomposition of 
2A1 2 0 3 -B 2 0 3 into 9A1 2 0 3 -2B 2 0 3 and liquid as a func­
tion of time at different temperatures. The specimen 
heated at 950 °C for 30 min was used as a starting ma­
terial. The fraction of decomposition of each specimen 
was determined by comparing the height of the d= 
4.35 Â (20 = 20.4°) line with that of the same line of 

10 20 30 40 50 60 

£/min 

Fig. 3. Formation of 2A1203-B203 as a function of 
time at different temperatures. 0 : 820 °G, # : 
840 °G, € : 870 °G. 

10 20 30 40 50 

(t — t0)/min 
Fig. 4. Plots of 1 —(1 —a)V3 vs. time t — t0 of the data 

shown in Fig. 3. 0 : 820 °G, # : 840 °G, € : 870 °G. 

^ 

40 

//min 

Fig. 5. Decomposition of 2Al2Os • B2Os as a function of 
time at different temperatures. O: 1000 °G, # : 
1050 °G, € : 1100°G, 3 : 1150°G. 

^ I 

0 20 40 60 80 

//min 

Fig. 6. Second-order plots of the data shown in Fig. 5. 
O : 1000 °G, # : 1050 °G, € : 1100 °G, 3 : 1150 °G. 

a fully decomposed specimen, 9A1 20 3-2B 20 3 . The 
data can be interpreted in terms of the second-order 
equation, as a special case of the treatment by Avrami11) 
and Czanderna et al.12) Figure 6 shows the plots of 

j\\—f against t, where f is the fraction decomposed in 
time t. The activation energy was 301 kj/mol, rep­
resenting that employed for establishing active growth 
centers. 
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Iodine monochloride oxidizes thioureas to respective urea 
and sulfate in hydrogencarbonate medium. The iodine formed 
in the reaction is titrated with iodine trichloride to an Andrews 
end-point. This method has been applied to determine 
isothiocyanates and amines by their conversion to thioureas. 

Most of the available procedures for determining 
thioureas by its oxidation to urea and sulfate require 
long standing periods in the range 5—60 min. 1 - 4 ) 

A rapid and precise t i tr imetric method is described 
which requires a reaction period of about 30 s. Thioureas 
are reacted with iodine monochloride in hydrogen-
carbonate medium and the iodine formed is t i trated 
with iodine trichloride to an Andrews end-point. This 
method does not require any blank determination and 
is unaffected by the presence of a number of con­
comitant substances. 

This method of determining thioureas has been 
applied to analyze alkyl isothiocyanates involving 
conversion to substituted thiourea by reaction with 
1-butylamine followed by oxidation with iodine mono­
chloride. The present method has the advantage that 
basic or acidic impurities do not affect the results and 
that acid anhydrides and aldehydes, which interfere in 
acidimétrie determination of isothiocyanates5) by con­
suming amine via acylation and Schiff base formation 
respectively, can be tolerated. If the present method is 
coupled with acidimetry, the analysis of mixtures of 
isothiocyanates with isocyanates is possible since sub­
stituted ureas, formed by isocyanates, do not react wi th 
iodine monochloride. 

The remarkable inertness of isothiocyanates towards 
several oxidizing agents, including iodine mono­
chloride,6) has added one more application. Pr imary 
and secondary amines react with an excess of 1-butyl-
isothiocyanate and the substituted thiourea formed is 
again determined. Tert iary amines do not interfere. 

E x p e r i m e n t a l 

Reagents. Iodine monochloride7) and iodine trichlo­
ride8) solution, 0.1 mol dm - 3 and 0.02 mol dm - 3 respectively, 
were prepared in dilute hydrochloric acid and standardized 
iodome trically. 7> 

Solutions of 1-butylamine, ca. 0.1 mol dm - 3 and 1-butyliso-
thiocyanate, ca. 0.1 mol dm - 3 in dimethylformamide were used. 

Test Compounds. All thioureas and amines were 
commercially available samples. Alkyl isothiocyanates were 
prepared and purified by the author.9) 

As a check independent methods were used to deter­
mine the purity of thioureas (Table 1). Solutions of amines 
and isothiocyanates, were prepared in dimethylformamide and 
the former were standardized by acidimetry10) and the latter 
by the method of Vinson.11) 

Procedures. Procedure for Thioureas: Weigh or take an 
aqueous aliquot of sample containing 0.01—0.1 mmol of 
thiourea and dissolve or mix with 30 cm3 of water, 2 g of 
sodium hydrogencarbonate and 10 cm3 of carbon tetrachloride 
in a 250-cm3 iodine flask. Introduce with swirling, 5—15 cm3 

of 0.1 mol dm - 3 iodine monochloride, the excess being indi­
cated by the appearance of iodine in organic layer. After 
swirling for 30 s, add cautiously 40 cm3 of 6 mol dm - 3 hydro­
chloric acid. When the evolution of carbon dioxide ceases, 
stopper the flask and shake vigorously. Titrate the liberated 
iodine by running in 0.02 mol dm - 3 iodine trichloride until 
the solution becomes pale brown. Stopper the flask and shake 
well. Continue the addition of iodine trichloride in small 
portions, shaking vigorously after each addition, until the 
organic layer loses the last trace of violet color of iodine and 
becomes essentially colorless. 

For a convenient and sharp end-point detection, invert the 
well-shaken-stoppered-flask and note the change from violet 
to colorless through the column of carbon tetrachloride at 
the neck of the flask. 

Procedure for Isothiocyanates: Take a sample solution (5—10 
cm3) in dimethylformamide containing 0.01—0.1 mmol of 
isothiocyanate in a 250-cm3 iodine flask and treat with 5 cm3 

TABLE 1. DETERMINATION OF THIOUREAS WITH IODINE MONOCHLORIDE 

Thiourea, 
substituent 

— 
Methyl 
Allyl 
i^iV'-Dimethyl 
Ethyl 
i\T,iV"-Diethyl 
2-Propyl 
1-Butyl 
2-Methyl-1 -propyl 

„ 

Present 
method 

9SL9 
99.7 
99.5 
98.8 
98.5 
99.1 
99.0 
98.7 
98.1 

Purity, % 
~ 

to std-d— 
8 0.08 

10 0.10 
6 0.10 
7 0.13 
6 0.09 
8 0.15 
6 0.12 
8 0.16 

10 0.11 

\ 
Comparison 

method 

99^8 
99.9 
99.2 
98.5 
98.7 
99.0 
99.3 
98.6 
98.4 

Hypoiodite4) 

Hexacyanoferrate (III)12) 
Ce (IV) titration13) 
Bromine chloride14) 

Iodine1) 
Iodine trichloride15) 
Bromine1) 
Bromine chloride14) 
Ce (IV) titration13) 
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of 0.1 mol dm - 3 1 -butylamine. Swirl the solution and let 
stand for 10 min. Thereafter, add 30 cm3 of water and 
determine the thiourea as before. 

Procedure for Primary and Secondary Amines. Treat 5—10 
cm3 of sample solution in dimethylformamide containing 0.01 
—0.1 mmol of amine, with 5 cm3 of 0.1 mol dm - 3 1-butyliso-
thiocyanate in a 250-cm3 iodine flask and age for 10 min. 
Dilute the contents with 30 cm3 of water and determine the 
thiourea formed. 

R e s u l t s and D i s c u s s i o n 

T h e iodine monochloride reacts with thiourea and 
its alkyl derivatives as follows : 

RNHCSNHR + 8IC1 + 5H 2 0 > 

RNHCONHR + 4I2 + H 2S0 4 + 8HC1. 

The reaction is slow in acid medium (20—30 min) but 
almost instantaneous and quanti tat ive in the presence 
of hydrogencarbonate (Table 1). T h e concentration 
of hydrogencarbonate is not critical but it should be 
enough to neutralize the acid added with the reagent 
solution and that produced in the reaction. Iodine 
reacts with iodine trichloride as follows : 

RNCS + RNH2 RNHCSNHR. 

I2 + IC13 3IC1. 

T h e analysis of thiourea is utilized as a basis for the 
determination of isothiocyanate or amine if one of them 
is made to react with an excess of the other (Table 2) : 

TABLE 2. DETERMINATION OF ISOTHIOCYANATES AND AMINES 

Substance 

Isothiocyanate 
Ethyl 
Propyl 
1-Butyl 
2-Propyl 
2-Methyl-

1-propyl 
Allyl 

Amine 
Methyl 
Ethyl 
2-Propyl 
1-Butyl 
Diethyl 
Piperidine 

Range 
determined 

(mg) 

0.89— 8.65 
1.08—10.10 
1.30—11.00 
1.45—10.28 

1.25— 9.65 

0.99— 8.29 

0.42— 3.08 
0.45— 4.20 
0.62— 5.46 
0.87— 6.29 
0.83— 6.07 
0.89— 8.46 

No. of 
detns. 

8 
6 
8 
7 

9 

10 

6 
6 
8 

10 
6 
8 

Average 
% 

recovery 

100.2 
99.8 
99.9 
98.9 

99.3 

99.8 

99.9 
100.1 
99.6 
99.8 
99.7 
99.6 

Standard 
deviation 

0.3 
0.2 
0.1 
0.3 

0.2 

0.2 

0.2 
0.1 
0.2 
0.1 
0.3 
0.3 

Mixtures of tertiary amines with primary or secondary 
amines can be analyzed if the total amine is known by 
acidimetry.10) Then , tertiary amine can be obtained 
by subtracting the amine found by iodine monochloride 
method. Mixtures of isothiocyanates with isocyanates 
can be analyzed if a total of them is determined by 
the method of Vinson,11) the isothiocyanate being known 
by the present method. 

Iodine monochloride does not react with the following 
substances under the conditions of determination : citric 
acid, oxalic acid, glucose, glycine, alanine, arabinose, 
serine, diphenyldisulfide, carbon disulfide, formaldehyde, 
and benzaldehyde. Unsaturated compounds like allyl 
alcohol, cinnamic, and fumaric acids, that form addition 
compound with iodine monochloride, also do not 
interfere since the final t i tration involves determination 
of the l iberated iodine. 

Iodide, sulfide, sulfocyanide and thiosulfate interfere 
severely. Arylthioureas only reacted incompletely, 
therefore, the present method is not recommended for 
them. 
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Synopsis. 2,4,6-Heptanetrione forms 2-acetyl-4-
methyl-l,5-benzodiazepine with o-phenylenediamine in alka­
line ethanol. In acidic ethanol, it would be expected that 
the 2-acetyl-4-methyl-l,5-benzodiazepinium cation would 
be formed. Contrary to expectations, however, the cation 
seems to be unstable. 2,4-Dimethyl-l,5-benzodiazepinium 
salt was obtained instead. 

2,4,6-Heptanetrione (diacetylacetone : daa) forms 
metal complexes through its oxygen atoms1 - 2) and 
forms Schiff bases with ethylenediamine3) in analogy 
with 2,4-pentanedione(acetylacetone), whereas it does 
not form dithio- or trithiodiacetylacetonato metal 
complexes.4) The reaction of daa with o-phenylene­
diamine (opd) was studied. 

By adding a potassium hydroxide ethanol solution 
to a mixture of daa and opd in ethanol, red crystals of 
2-acetyl-4-methyl-l,5-benzodiazepine were obtained. 
O n the other hand, in an ethanol solution containing 
hydrochloric acid, its azepinium cation seems to be 
destroyed and to become 2,4-dimethyl-l,5-benzo-
diazepinium. 

Exper imenta l 

Instruments. The infrared spectra were obtained 
by the KBr disk or Nujol mull procedure, using a IRA-1-
type infrared spectrophotometer of the Japan Spectroscopic 
Co., Ltd. The electronic spectra were obtained with a 
Shimadzu Double-beam Spectrophotometer UV-200 in 64% 
w/w aqueous methanol, with the ionic strength of 0.3. 
The NMR spectra of the GDG13 solution were obtained 
with a Hitachi Perkin-Elmer Model-R-20 NMR Spectrom­
eter. Tetramethylsilane(TMS) was used as the standard. 
The mass spectra were obtained with a Hitachi Model-
RMU-6M-GG Mass Spectrometer. 

The Syntheses of the Compounds. Diacetylacetone1) 
was synthesized from dehydroacetic acid by the method 
of Bethell and Maitland.5) 2-Acetyl-4-methyl-l,5-benzodi-
azepine was synthesized from daa and opd according to the 
method of Thile and Steimmig6) as follows. Daa (0.71 g, 
5x 10 -3 mol) in 20 ml of an ethanol solution was added to 
opd(0.54g, 5x 10~3 mol) in 2 ml of hot ethanol containing 
1 ml of acetic acid, and then potassium hydroxide in ethanol 
was added to the mixture. The red crystals thus formed 
were filtered off and recrystallized from ethanol. (Found: 
G, 72.88; H, 6.60; N, 13.04%. Galcd for G13H14N20: G, 
72.90; H, 6.54; N, 13.80%). Molecular weight, 214 (from 
the mass spectra). The compound forms orange crystals 
with cadmium chloride in ethanol. 

On the other hand, when gaseous hydrochloric acid was 
added to the mixture (daa-f-opd-f-CH3COOH) mentioned 

above, the solution turned violet. By adding petroleum 
ether, violet-colored crystals were obtained. The results of 
the elemental analyses agree with those of 2,4-dimethyl-
benzodiazepinium chloride.7) (Found: G, 53.56; H, 6.98; 
N, 11.21%. Galcd for G nH 1 3N 2 -2H 20: G, 53.99; H, 7.00; 
N, 11.45%). 

R e s u l t s and D i s c u s s i o n 

The proton N M R spectra of the red compound are 
shown in Table 1. The spectra fit the structure shown 
in Fig. 1, 2-acetyl-4-methyl-l,5-benzodiazepine. 

TABLE 1. NMR SPECTRAL DATA 

(5/ppm 

11.75 
6.75 
4.90 
3.39 
1.98 
1.81 

Integrated for 

1H 
4H 
1H 
2H 
3H 
3H 

Assignment 

hydrogen bond 
phenyl 
methine 
methylene 
methyl 
methyl 

CHs 
N=C; 

CH 2 

,N=CC 

o-c: 

t A part of this work was presented at the 36th National 
Meeting of the Chemical Society of Japan, Osaka April 1977. 

XCH3 

Fig. 1. 2-Acetyl-4-methyl-l,5-benzodiazepine. 

The I R spectra also support the above assignment. 
The free C = 0 band which is usually expected about 
1700 c m - 1 was not observed, while three bands were 
observed in the 1515—1660 c m - 1 region. These 
bands are likely to consist of (C=N), (C=C), and hy-
drogenbonded ( C - O ) , or a mixture of them.8) 

O n the other hand, the spectra of the violet compound 
obtained from the acidic solution are completely iden­
tical with those of the 2,4-dimethylbenzodiazepinium 
chloride, which does not show a peak at 1660 cm - 1 . 

The electronic spectra of the red azepine solution 
do not show any peak in the 350—600 nm range, 
whereas the addition of hydrogen chloride produced 
the band at 510 nm. This wavelength agrees well 
with that reported for the diazepinium cation.9) (Fig. 
2). The peak increased with the acid concentration, 
with an isosbestic point at 410 nm. It is, therefore, 
likely that the 2-acetyl-4-methyl-1,5-benzodiazepinium 
cations present in the solution. T h e 2,4-dimethyl-
1,5-benzodiazepinium salt, however, was obtained 
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H /R 

H NR 

Fig. 2. Diazepinium cation. 

by condensation or by adding petroleum ether. The 
acetyl group must interact with H + and be severed in 
an acidic solution, although the acetyl group was not 
determined to do so. The acetyl group seems to be 
relatively easily hydrolyzed because of the stabilization 
of the seven-membered azepinium ring, which has a 
resonance system. 
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University. The authors also wish to thank Professor 
Oyo Mitsunobu of Aoyama Gakuin University for 
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Synopsis Three hydrocarbons, with absorption 
maximum at 510 nm, 533 nm, and 567 nm respectively, 
have been synthesized by the condensation of naphthanthrone 
in a mixed flux of zinc chloride and sodium chloride with 
copper powder. The structures of the hydrocarbons have 
been determined by comparison with the products obtained 
by the alkali fusion and reduction of naphthanthrone and 
2-bromonaphthan throne. 

O n heating naphthanthrone (6i / -benzo[^]pyren-
6-one) (1) with copper powder in a mixed flux of zinc 
chloride and sodium chloride, three hydrocarbons 
with eleven benzene rings (2, 3, 4) have been obtained. 
These hydrocarbons, with overcrowed hydrogen atoms, 
are not only stereochemically interesting, but are also 
very important in the field of organic semiconductors 
because of their high photoconductivity.1) 

Clar et al. reported2) that the fusion of 1 with zinc 
dust gave two hydrocarbons which had absorption 
maximum at 510 nm and 533 n m in benzene, respec­
tively. The former was confirmed by X-ray analysis3) 
to be diphenanthrofSjéjS-a^âfio'jé'jS'-j/j/mJperylene 
(DPP) (2) and the latter was tentatively assigned as 
dibenzoviolanthrene B (3) by Clar et al. A further 
hydrocarbon, with an absorption maximum at 567 nm, 
has been found in this laboratory and an at tempt to 
structurally analyze this new hydrocarbon and the 
hydrocarbon with an absorption maximum at 533 nm 
has been conducted. 

The convenient analytical methods of N M R and 
I R are of little use in the case of large condensed ar­
omatic hydrocarbons because of the existence of many 
similar C - H bonds. Indeed the spectra are usually 
very complicated and consequently cannot be used 
as a basis for structural analysis. 

X-Ray analysis is a further tool, but considerable 
difficulty has been met in the growing of single crystals 
of sufficient size. Furthermore X-ray analysis may 
not be easy even with good crystals. 

In this paper the structures of these two hydrocar­
bons, deduced from the separate synthesis of each 
will be presented. 

O n the basis of the reaction used for the synthesis 
of violanthrones from benzanthrone,4) the alkali fusion 
of 1 is expected to give dibenzoviolanthrones (5, 6). 
Dibenzoviolanthrone B (6) was reduced to the cor­
responding hydrocarbon, dibenzoviolanthrene B (3), 
with zinc powder, melting at 378—379 °C and with 
an absorption maximum at 567 nm in benzene. Thus 
it has been concluded that dibenzoviolanthrene B 
(3) has an absorption maximum at 567 n m and not 
at 533 nm as suggested by Clar et al.2) 

O n the basis of the reaction of 3-bromobenzanth-
rone,4»5) the dibenzoisoviolanthrones (8, 9) were pre­
pared from 2-bromonaphthanthrone (7). Dibenzoisovi-
olanthrone B (9) was reduced to the corresponding 
hydrocarbon, dibenzoisoviolanthrene B (4), with zinc 
powder giving a hydrocarbon with an absorption max-

Cu 

( 1 ) \ ( 2 ) 
alkali 

fusion 

alcoholic 
alkali 

Br fusion 

( 7 ) ( 8 ) * 

( 3 ) 

Î 
( 4 ) 

H2 

( 6 ) 

OH 

H2 

( 9 ) 
* (5, 8). See Ref. 6. 

Scheme. 
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i m u m a t 533 n m in b e n z e n e . T h e a b s o r p t i o n s p e c t r u m 
of this h y d r o c a r b o n was i d e n t i c a l w i t h t h a t of o n e 
of t h e h y d r o c a r b o n s o b t a i n e d , a n d so it has b e e n con­
c l u d e d t h a t t h e h y d r o c a r b o n , w i t h a n a b s o r p t i o n m a x ­
i m u m a t 533 n m , o b t a i n e d b o t h b y a u t h o r s a n d C l a r 
et al. is d i b e n z o i s o v i o l a n t h r e n e B (4) , a n d n o t d i b e n z o -
v i o l a n t h r e n e B (3) as sugges ted b y C l a r et al. 

E x p e r i m e n t a l 

All melting points are uncorrected. 
Condensation of 1 with Copper Powder. A mixture of 

1 (2.0 g), copper powder (3.4 g), zinc chloride (17.0 g and 
sodium cholride (3.4 g) was kept at 270—280 °G for 1 h. 
The crude product was refluxed with benzene ( 100 ml) for 
2 h and the insoluble residue, consisting mainly of copper 
powder, was removed by hot nitration. T h e nitrate on 
evaporation to dryness gave a dark brown solid (1.9 g). A 
benzene solution of this product was passed through a column 
of a lumina and eluted with benzene. T h e absorbed layer 
was developed into three bands. T h e pale yellow band 
was separated and concentrated, giving red brown needles. 
Yield 0.5 g, m p 336—337 °G, Ä T n e 510 nm. T h e intense 
yellow band was the recovered naph than throne. T h e pink 
band, overlapping with a small amount of the brown band, 
was eluted with benzene, and concentrated to give a pale 
brown solid (mp 379—380 °G). A benzene solution of this 
product had an absorption max imum at 533 nm and also a 
small shoulder at 567 nm. T h e melting point and absorption 
spectrum were very similar to tha t reported by Clar et al. 
T h e product was dissolved in a large amount of ethanol 
and the solution was put into a column of alumina. T h e 
absorbed layer was developed into two bands ; the lower 
layer, a pale brown band, was separated, concentrated and 
gave pale brown needles. Yield 0.25 g; m p 362 °G; A^e

a
n
x
zene 

533 nm. The upper layer, an intense pink band, gave violet 
needles. Yield 0.17 g; m p 378—379 °G; A^a

n
x
zene 567 nm. 

Synthesis of 6. T o a mixture of potassium hydroxide 
(10.0 g) and phenol (1.0 g) heated at 260—270 °G, naph-
thanthrone (1.5 g) was added. T h e reaction mixture was 
maintained at the same temperature for 1 h, and then cooled 
and treated with water (500 ml) . T h e insoluble residue was 
collected, suspended in water (300 ml) containing sodium 
hydroxide (10.0 g) and heated to 60 °G. In order to remove 
the dibenzoviolanthrone A (5), ethanol ( 100 ml) and sodium 
dithionite (10.0 g) were added. Compound 5 dissolved 
in the sodium dithionite forming a reddish purple solution, 
but 6 did not, thus enabling 6 to be separated from 5. Sub­
sequent hot nitration separated the insoluble material (0.8 g) . 
This product was refluxed with glacial acetic acid (100 ml) 
for 2 h and the insoluble material was collected by hot fil­
tration. Yield 0.7 g. This compound corresponds to 6. 

Reduction of 6. A fine powder of 6 (0.7 g) was heated 
with zinc dust in a mixed flux of zinc chloride (5.0 g) at 270— 
280 °G for 1 h. In order to remove the excess zinc dust, 

concentrated hydrochloric acid (25 ml) was added to the 
solid suspended in water (100 ml) , and the insoluble material 
was collected. Yield 0.6 g. T h e crude product was refluxed 
with trichlorobenzene ( 100 ml) for 2 h and the filtrate was 
evaporated to dryness, giving a dark violet solid (0.5 g). 
A toluene solution of this substance was passed through a 
column of alumina, and the eluent was evaporated to give 
deep violet needles. Yield 0.4 g ; m p 378—379 °G; fà\Tne 

567 nm. Found : G, 95.65; H , 4 .18%. Galcd for G38H18; 
G, 96.17; H , 3 .83%. 

Synthesis of Dibenzoisoviolanthrone B (9). A mixture of 
potassium hydroxide (10.0 g), phenol (2.0 g) and isopropyl 
alcohol (7.0 g) was heated at 170—180 °G. 2-Bromo-
naphthanthrone (7) (1.0 g) was added and the mixture was 
stirred for 4 h at the same temperature . The reaction mixture 
turned green immediately, then dark olive green, and finally 
blue green. T h e mixture was poured into water (100 ml) 
and oxidized by air. T h e precipitate was collected and 
suspended in water (200 ml) containing sodium hydroxide 
(10.0 g), ethanol (100 ml) and sodium dithionite (10.0 g), 
and maintained at 55—60 °G for 15 min. Compound 9 
was collected by the same procedure used for the separation 
of 6 from 5 using sodium dithionite. After hot filtration, 
the insoluble material was collected. Yield 0.6 g. The 
product was boiled in glacial acetic acid (50 ml) , cooled and 
the insoluble material was filtered. Yield 0.55 g. This 
product is assumed to be 9. 

Reduction of 9. A fine powder of 9 (0.5 g) was treated 
with zinc dust (0.5 g) in a mixed flux of zinc chloride and 
sodium chloride at 270—280 °G for 1 h. The precipitate 
was filtered and dried. In order to remove the zinc dust, 
the precipitate was refluxed with toluene (100 ml) for 2 h 
and, after hot filtration, the filtrate was evaporated to dryness, 
giving a dark brown solid (0.4 g). Further purification 
was conducted by column chromatography of alumina with 
toluene. 

T h e eluent was evaporated to dryness and gave pale brown 
needles. Yield 0.1 g; m p 362 °C; A^a

n
x
zene 533 nm. Found: 

G, 95.85; H , 4 .18%. Galcd for G38H18. G, 96.17; H, 3 .83%. 
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Synopsis. The structure of the second main product, 
4-acetoxy-l,7,8-trimethyltricyclo[5.4.0.04»8]undec-9-ene, in the 
rearrangement reaction of dihydromayurone with boron 
trifluoride in acetic acid-acetic anhydride at 50 °G, and 
reaction mechanism is presented and discussed. 

In a preceding communication,1) the formation 
of four kinds of corresponding acetates in the rear­
rangement reaction of dihydromayurone with boron 
trifluoride in acetic acid-acetic anhydride, has been 
described and related to the reaction temperature. 
The reaction at 50 °C afforded 7-acetoxy-2,2,3-tri-
m e t h y l t r i c y c l o ^ ^ . O ^ J u n d e c - S - e n e (1) in 4 5 % yield. 
Chromatographic analysis of the reaction mixture 
over silica gel using benzene as the eluant gave com­
pound l1) as a fast eluent in 4 5 % yield, and an oily 
product (2) as slow eluent in 3 0 % yield. The I R 
spectrum bands at 3060 and 1690 c m - 1 disappeared 
indicating the presence of a cyclopropyl and carbonyl 
group, and the band at 1738 c m - 1 indicated the pres­
ence of an ester group. The P M R spectrum con­
tained signals at ô 1.95, 5.21, and 5.81 ppm, indicating 
the presence of one acetyl group and two vinyl pro-
tones. And the mass spectrum showed a molecular 
ion peak at mje 248 (M + ) , and fragment of this at 
mje 206 (M—42). Thus, the structture of 2 has been 
assumed to be a isomeric acetate in which the cy­
clopropane ring was cleaved. 

Hydrolysis of 2 with ethanolic potassium hydroxide 
gave the alcohol (3), the I R spectrum of which exibited 
a strong band at 3355 cm - 1 , indicating the presence of 
a hydroxyl group. The P M R spectrum of one vinyl 
proton shows a doublet of doublets of doublets (J= 
10.8, 2.5, and 2.5 Hz) at 5.18, and the other vinyl 
proton shows a doublet of doublets of doublets (J= 
10.8, 5.0, and 3.5 Hz) at 5.78 ppm. Analysis was 
conducted by the decoupling technique. The G13-
N M R spectrum exibited the presence of C - O (ô 80.6 
ppm (s)), and - C H = C H - (Ô 127.8 (d) and 130.0 p p m 
(d)) linkages (Fig. 1). 

Thus, the structure of 3 has been assigned to be 
a tertiary alcohol including the partial structure (a) 

1 
t 

• q 

150 100 50 O 

Fig. 1. G13-NMR spectrum of compound 3. 

a 

and tricyclic compound. This partial structure was 
unambiguously substantiated by the following chemical 
evidences. Oxidation of 3 with osmium tetraoxide in 
ether afforded a diol (5) and subsequent oxidation 
of 5 with lead tetraacetate gave a dialdehyde (6). 
The P M R spectrum showed signals at ô 9.73 (t, 1, 
J=3.0 Hz) and 9.75 ppm (s, 1), indicating the presence 
of two formyl groups. 

An at tempt was made to obtain the acetate (2) 
from the acetate (4)1) under the above reaction con­
ditions and the results indicate that 4 may be the pre­
cursor of 2. The structure of 2 has been assumed to 
be 4-acetoxy-l,7,8-trimethyltricyclo[5.4.0.04 '8] undec-
9-ene on the basis of the above spectral data, the 
chemical evidence, and the reaction mechanism 
(Scheme 1). 

Dihydromayurone 4 

2 OAc 

Scheme 1. 

OH 

O A e OH OH OH 

1 3 5 6 
E x p e r i m e n t a l 

The melting points were determined on a Yanagimoto 
micro melting point apparatus and are uncorrected. The 
PMR spectra were recorded at 60 MHz and 100 MHz on 
a JEOL PMX-60 and a JEOL PS-100 spectrometer re­
spectively, using Me4Si as an internal standard. The G13-
NMR spectra were recorded on a JEOL FX-100 spectrom­
eter, using Me4Si as an internal standard. The IR 
spectra were determined on a Shimadzu IR-400 spectrom­
eter. The elemental analyses were performed on a 
Hitachi 026 GHN analyzer. 
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Isomerization of Dihydromayurone. A mixture of di-
hydromayurone (2.06 g, 10 mmol) , acetic acid (10 ml) , 
acetic anhydride (10 ml) , and boron trifluoride etherate 
(2 ml, 4.5 mmol) was heated at 50 °G for 2 h. T h e dark 
brown reaction mixture was poured into ice-water (20 ml) 
and extracted with ether. T h e extract was washed with 
aqueous N a H G O a solution, water , dried (Na 2 S0 4 ) , and 
evaporated to give an oily residue (2.87 g). T h e products 
were separated by column chromatography using silica gel. 
Elution with benzene gave 1 (1.11 g) and 2 (0.8 g) as 
colorless liquids, respectively. 2 : M S m/e 248 (M+) and 
206 ( M - 4 2 ) ; I R (neat) v 1738 cm" 1 ; P M R (GDG13) <5 0.81 
(s, 6, 2GH 3 ) , 1.01 (s, 3, GH 3 ) , 1.95 (s, 3, GH 3 ) , 5.21 (ddd, 
1, 7 = 1 0 . 8 , 2.5, and 2.5 Hz ) , and 5.81 (ddd, 1, 7 = 1 0 . 8 , 
5.0, and 3.5 Hz) . 

Hydrolysis of 2. Compound 2 (1.24 g, 5 mmol) was 
hydrolyzed in alcohol (15 ml) with potassium hydroxide 
(560 mg, 10 mmol) at room temperature for 2 h. After 
the usual work-up a crude product (992 mg) was obtained. 
Recrystallization from hexane gave pure 3 (876 mg) . 3 : 
M p 145—148 °G; M S m/e 205 (M+) ; I R (KBr) v 3355 c m - 1 ; 
P M R (CDC13) <5 0.80 (s, 6, 2GH 3 ) , 1.02 (s, 3, GH 3 ) , 5.18 
(ddd, 1, 7 = 10.8, 2.5, and 2.5 Hz ) , and 5.78 (ddd, 1, J= 10.8, 
5.0, and 3.5 H z ) ; G 1 3 -NMR (GDG13) Ô 17.0 (q), 17.2 (q), 
24.9(q) 28.4(t), 34.6 (t), 35.7 (s), 36.3 (t), 37.4 (t), 39.3 (t), 
45.9 (s), 49.0 (s), 80.6 (s), 127.8 (d), and 130.0 p p m (d). 
Found : G, 81.59; H , 10.66%. Galcd for G 1 4 H 2 2 0 : G, 81.50; 
H , 10.75%. 

Oxidation of 3 with Osmium Tetraoxide. T o a stirred 
solution of 3 (782.8 mg, 3.8 mmol) in pyridine (2 ml) and 
ether (35 ml) was added dropwise a solution of osmium tet­
raoxide (1.0 g, 4.0 mmol) in ether (35 ml) under nitrogen 

at room temperature in 10 min. The mixture was sub­
sequently stirred for 2 days. After the usual work-up a crude 
product (856 mg) was obtained. Recrystallization from 
ethyl acetate gave pure 5 (781 mg) . 5 : M p 210—212 °C; 
I R (KBr) v 3 3 5 0 c m - 1 ; P M R (DMSO-</6) Ô 0.72 (s, 3, GH 3) , 
0.97 (s, 3, GH 3 ) , 1.05 (s, 3, GH 3 ) , 3.57 (m, 1), and 4.61 (d, 
1, 7 = 6 . 0 Hz) . Found : G, 70.42; H, 9 .83%. Galcd for 
C i 4 H 2 4 0 3 : G, 69.96; H , 10.07%. 

Oxidation of 5 with Lead Tetraacetate, T o a stirred 
solution of 5 (141.2 mg, 0.6 mmol) in acetic acid (5 ml) , 
kept a t 15 °G, was added lead tetraacetate (285 mg, 0.65 
mmol) in portions over 20 min. The mixture was stirred 
for 5 h at room temperature . T h e usual work-up gave a 
crude product (140 mg) , which was chromatographed on 
a sillica-gel column. Elution with ethyl acetate and benzene 
(10:1) gave 6 (126 mg) . Recrystallization from benzene 
gave pure 6 (105 mg) as colorless crystals. 6: M p 186—189 
°G; I R (KBr) v 3500, 2700, and 1703 c m - 1 ; P M R (GDG13) ö 
1.02 (s, 3, GH 3 ) , 1.10 (s, 3, GH 3 ) , 1.15 (s, 3, GH 3 ) , 9.73 (t, 1, 
- G H O , 7 = 3 . 0 Hz) , and 9.75 (s, 1, - G H O ) . Found: G, 
71.08; H , 9 . 0 1 % . Galcd for G 1 4 H 2 2 0 3 : G, 70.55; H , 9 .31%. 

Isomerization of 4. A mixture of 4 (248 mg, 1 mmol) , 
acetic acid (1.5 ml) , acetic anhydride (1.5 ml) , and boron 
trifluoride etherate (0.2 ml, 0.45 mmol) was heated at 50 
°G for 2 h. T h e usual work-up as reported above gave 2 
(178.6 mg) . 
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Synopsis. The proton magnetic spectra in dimethyl 
sulfoxide of 2-cyclohexen-l-ols, 1-tetralols, 4-chromanols, and 
4-thiochromanols have been determined. In all cases, the 
pseudoaxial OH proton resonates at a higher field than the 
pseudoequatorial one. The spin-spin coupling between the 
hydroxyl and carbinyl protons is found to be greater for the 
pseudoequatorial epimer. 

Dimethyl sulfoxide (DMSO) is known to be an 
excellent solvent for the facile observation of H - C - O - H 
splitting.1) Recently two studies of the O H proton 
chemical shifts and coupling constants for a series of 
epimeric saturated cyclic alcohols have been re­
ported.2 '3) The axial and equatorial hydroxyl groups 
in a saturated cyclanols can be clearly distinguished 
from the equatorial hydroxyl resonance at a lower 
field and a larger coupling constant. 

However, no systematic study of the P M R spectra 
of a,/?-unsaturated cyclanols in D M S O has yet appeared 
in the literature. In order to examine whether or 
not a relationship similar to those found in the case 
of the saturated cyclanols exists between the chemical 
shifts, coupling constants, and conformations of oc,ß-
unsaturated cyclanols, we investigated the 1 H N M R 
spectra in D M S O of epimeric 2-cyclohexen-l-ols, 1-
tetralols, 4-chromanols, and 4-thiochromanols in the 
low-concentration region, in which the chemical shift 
has been established as invariant. The results are 
summarized in Table 1. Table 1 shows the clear 
correlation that, in each epimeric set, the pseudoaxial 
O H proton resonates at a significantly higher field 
than its pseudoequatorial counterpart, as has previously 
been noted for the saturated cyclanols.2'3) The 
chemical shift difference between the epimeric alcohols 
may be related to the solute-solvent hydrogen bonding. 
Hydrogen bonding is known to influence profoundly 
the chemical shift of a participating proton.3) The 
coupling constant data in Table 1 also lend themselves 
to ready correlation with the conformation. In each 
set of epimers, the pseudoequatorial O H coupling 
constant is greater than that of its pseudoaxial epimers. 
The difference between the hydroxyl-carbinyl proton 
coupling constants for epimeric a,/?-unsaturated cycla­
nols may be understood from a consideration of the 
conformational equilibria resulting from rotation about 

TABLE 1. HYDROXYL PROTON CHEMICAL SHIFTS AND 

COUPLING CONSTANTS OF EPIMERIC CC,ß-

UNSATURATED CYCLANOLS IN D M S O 

Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Pseudoaxial alcohol 

Chemical 
shift 

r 

5.54 
5.32 
4.86 
5.04 
5.14 
4.54 
4.72 
4.66 
4.83 
4.68 
4.79 
4.12 
4.26 

Coupling 
constant 
y (Hz) 

6.0 
4.7 
5.3 
5.4 
6.2 
5.0 
5.3 
6.6 
5.7 
5.4 
5.8 
6.0 
5.9 

Pseudoequatorial alcohol 

Chemical 
shift 

T 

5.45 
5.24 
4.63 
4.81 
5.13 
4.47 
4.61 
4.52 
4.65 
4.49 
4.04 
3.89 
4.05 

Coupling 
constant 
y (Hz) 
6.9 
5.4 
7.1 
7.1 
7.9 
6.7 
6.9 
7.5 
6.6 
6.3 
7.8 
7.3 
8.1 

-R, 

R / 
i 

OH 

I II I R l 

/ 
OH 

A / X \ 
I II I 
X / \ / x R i 

OH 

1 R1 = CH3, R2 = *-Bu 
2 R! = H, R2 = C6H5 

3 X = CH2, R1 = C6H5 

4 X = CH2, R ^ C H g 
6 X = 0 , R ^ C e H s 
7 X = 0 , R ^ C H g 

10 X = S, R! = CH3 

12 X = S0 2 , R ^ C H g 

5 X = CH2, R1 = C6H5 

8 X = 0 , R ^ C e H , 
9 X = 0 , R ^ C H g 

11 X = S, R! = CH3 

13 X = S0 2 , R ! = C H 3 

the G - O bond.2 - 4) The contribution of the a-type 
conformation, in which the O H bond is directed to­
wards the center of the cyclohexene, dihydropyran, 
or dihydrothiopyran ring, may be smaller in the O H 
pseudoaxial epimer because of the 1,3-diaxial interac­
tion.5) Assuming that the H - C - O - H coupling con­
stants vary with the dihedral angle in a manner similar 
to that for the H - C - G - H system, Rader et al.,2) Sehgal 
et fl/.,3> and Fraser et A/.6) were led to the conclusion 
that an equatorial alcohol should have a larger coupling 
constant than its axial epimer because of the greater 
contribution of the anti conformer, a, in the former. 
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F r o m t h e p r e s e n t s t udy , i t is s ignif icant t h a t , in 
v iew of t h e cha rac t e r i s t i c c h e m i c a l shift differences 
a n d c o u p l i n g cons t an t s , t h e N M R t e c h n i q u e in D M S O 
c a n b e used to d i s t ingu i sh n o t on ly t h e e p i m e r s of 
s a t u r a t e d cyc lanols , b u t also those of a , / ? -unsa tu ra ted 
cyc lanols . T h e s e obse rva t ions a p p e a r to p r o v i d e d i r e c t 
e x p e r i m e n t a l e v i d e n c e for t h e con f igu ra t i on a n d con­
fo rma t ions of these e p i m e r s . 

E x p e r i m e n t a l 

Materials. All the compounds employed in this work 
have been previously reported: 1,7> 2,8> 3,9> 4,9) 5,10> 6,u> 

7ji2) g,") 9/4) a n d 10—13.15) T h e conformations of 2-
cyclohexen-1-ols,7) 1-tetralols,5'16'17) 4-chromanols,5 '12 '13 '15 '16) 
and 4-thiochromanols15) were examined by means of their 
XH N M R , 13G N M R , and I R spectra. 

NMR Spectra. All the 1H N M R spectra were taken 
with either a Hitachi H-60 or R-24B spectrometer at a probe 
temperature of 30 °G, unless otherwise noted. Tet ra-
methylsilane was used as the internal s tandard; the concen­
trations were ca. 2 x l 0 - 2 in the mole fraction. 
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Asymmetric Reactions. IV. Asymmetric, Catalytic Activity of 
Poly(2-quinuclidinylmethyl acrylate) 

Tetsushi YAMASHITA,* Hiroshi YASUEDA, and Nobuo NAKAMURA 

Department of Chemistry, Faculty of Science, Osaka City University, 
Sugimoto-cho, Sumiyoshi-ku, Osaka 558 

(Received January 12, 1979) 

Synopsis. The asymmetric addition of methanol to 
phenylmethylketene has been conducted in the presence of 
poly(2-quinuclidinylmethyl acrylate) and 2-quinuclidinyl-
methyl propionate derived from (£)-2-quinuclidinylmethanol. 
The asymmetric functions of the above catalysts were similar 
to those of poly(O-acryloylquinine) and O-propionylquinine, 
which contain a quinoline ring and a vinyl group as additional 
groups to the quinuclidine ring. 

Several workers1-3) have recently studied asymmetric, 
catalytic reactions using chiral polymers derived from 
cinchona alkaloids. Cinchona alkaloids (A) consist 
of four asymmetric carbons (G3, G4, G8, and C9) and 
three main functional groups (a quinuclidinyl, a vinyl 
and a quinolyl group). In this paper, poly(2-quin-
uclidinylmethyl acrylate) (HB) and 2-quinuclidinyl-
methyl propionate (LB) were used to clarify the role 
of the quinuclidinyl group as an active site in cinchona 
alkaloid catalysts. 

CH = CH-

S-i 
V 

s 
o 
1 

^ 8 

O
.P

./ 

30 

20 

10 

D 

A 
\ V NK 

\ ^9 HA 

i t f t 

-100 - 50 + 50 

T/°C 

" 2 W s 
C H 2 0 - ) : Y 

CO" 
(A) 

HB; -(CH 2-CH) n-CO-Y 
MB; CH2 = CH-CO-Y 
LB; CH3CH2-CO-Y 

(B) 

High- or low-molecular-weight catalysts (HB or LB) 
have been prepared by the acylation of (S)-2-quin-
uclidinylmethanol, which was obtained by reduction 
of (S) -2- (ethoxycarbonyl) quinuclidine with lithium 
aluminum hydride; (S)-2-(ethoxycarbonyl)quinuclidine 
was obtained by optical resolution4) of the racemic 
mixture5»6) derived from 4-methylpyridine. 

(S)-2-Quinuclidinylmethanol was allowed to react 
with propionic anhydride or acryloyl chloride giving 
2-quinuclidinylmethyl propionate (LB) or 2-quinucli-
dinylmethyl acrylate (MB) respectively. A soluble 
polymer (HB) was obtained by the polymerization of 
M B using a catalytic amount of azobisisobutyronitrile 
as initiator. The catalytic activities of LB and H B 
have been examined for the asymmetric synthesis of 
methyl 2-phenylpropionate. The addition of methanol 
to phenylmethylketene has been conducted according 
to an earlier report.1) 

Ph-C=C=0 -f GH3OH • PI1-CH-COOCH3 

GHS Catalyst GH3 

Figure 1 shows plots of the optical purities (O.P.) 

Fig. 1. Plots of optical puritiesa> (O.P.) against 
reaction temperatures (T°C) in case of HB (# ) and 
LB (O) (catalystb> : 0.025 mmol, phenylmethylketene : 
2.500 mmol, methanol: 2.600 mmol, solvent: 25 ml 
of dry toluene). 
a) The optical purity was calculated from the 
specific rotation of the product and that of optically 
pure methyl 2-phenylpropionatela) (S-form, [a]2

D
2 

-f109° in toluene), b) The molar equivalent amount 
of the polymeric catalyst was calculated on the basis 
of that of the monomer used in the polymerization. 

of the addition products against reaction temperatures 
(T°G) for H B and L B . The results la) obtained previ­
ously with poly(O-acryloylquinine) (HA) and O-pro­
pionylquinine (LA) are also shown in Fig. 1 [Quinine 
catalysts (A): C8, ^-configuration ; R ^ O C H g ; R 2 = 
acyl group] . 

All of the catalysts described above gave the ad­
dition products showing preference to the Ä-isomer in 
the range from - 1 0 0 °C to + 5 0 °G. Figure 1 also 
indicates that H B yielded a higher predominance of 
addition products with ^-configuration than did LB 
above 0 °G. This sort of polymer effect was similar 
to that observed with quinine catalysts (HA and LA) 
above - 5 0 °C. 

Figure 1 suggests that the asymmetric functions of 
2-quinuclidinylmethanol catalysts do not greatly differ 
from those of the quinine catalysts. 

These results suggest that the configuration at C8 

of the quinuclidinyl group in cinchona alkaloid cat­
alysts is very important in determining the configuration 
of products. 

E x p e r i m e n t a l 

A JASGO IRA-1 (IR) apparatus, a JEOL-60 MC (NMR) 
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apparatus, a Hitachi M52 (MS) apparatus , a Rex-automatic 
Polarimeter (optical rotation, 10 cm cell) and a Knauer 
vapor pressure osmometer (molecular weight) were used. 

(S)-2-Qjùnuclidinylmethyl Acrylate (MB). Powdered 
sodium hydroxide (2.25 mmol) was suspended in a solution 
of (£)-2-quinuclidinylmethanol6) (1.50 mmol) in dry dichloro-
methane (15 ml) in argon at —10 °G. T o the mixture was 
added a solution of acryloyl chloride ( 1.80 mmol) in dry 
dichloromethane (5 ml) . T h e reaction mixture was stirred 
for 20 h at the same temperature and the precipitate filtered. 
T h e filtrate was dried and evaporated to dryness and the 
residue subjected to column chromatography on alumina 
( 2 x 1 0 cm, 200 mesh, neutral) . Elution with chloroform 
gave M B as an oily material which was distilled to give a 
colorless oil. Yield, 6 0 % . Bp 100 °G at 1 m m H g . [a]2

D
4 

- 6 0 ° (c 1.23, benzene) ; I R (neat ) : 1727, 1632, 9 9 5 c m " 1 ; 
XH N M R (GDG18) 6=5 .64—6.46 p p m ; M S m/e 195 (M+). 

Poly ( 2-quinuclidinylmethyl acrylate) (HB). A solution of 
2-quinuclidinylmethyl acrylate (80 mg) and azobisisobutyro-
nitrile (3 mg) in dry benzene (0.4 ml) was polymerized at 
80 °G for 40 h in a sealed tube filled with argon. T h e prod­
uct was poured into ether, and the precipitate filtered and 
washed with ether. Yield, 6 0 % . [a]™ - 4 7 ° (c 1.3, 
benzene); mol wt 5850 (benzene). 

(S)-2-Qi(inuclidinylmethyl Propionate (LB). L B was 

obtained in 7 5 % yield as a colorless oil by the reaction of 
(£)-2-quinuclidinylmethanol with propionic anhydride in the 
presence of tricthylamine. Bp 105 °G at 3 m m H g , [a]™ 
- 5 0 . 8 ° (c 0.96, benzene); I R (neat ) : 1740, 1188, 1058cm- 1 ; 
1H N M R (GDGI3) 6 - 2 . 3 7 , 1.13 p p m ; M S m/e 197 (M+). 
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Synthesis of (S,S)-2-Amino-3-phenylbutyric Acid 
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Synopsis. (lS,lS)-2-Amino-3-phenylbutyric acid was 
synthesized starting from diethyl (R)-(l-phenylethyl)malonate 
which was obtained by desulfurization of the adduct in the 
stereoselective Michael reaction of (i?)-styryl />-tolyl sulfoxide 
with diethyl malonate. This synthetic amino acid was 
identical with the 2-amino-3-phenylbutyric acid obtained by 
degradation of bottromycin and thus the absolute configura­
tion of the naturally occurring amino acid was proved to 
be (S,S). 

In 1957, ( — )-2-amino-3-phenylbutyric acid [(—)-l] 
was reported to be a component of bottromycin which 
was isolated from a culture of Streptomyces bottropensis.1) 

GH3 NH9 

I I 
Ph-GH—GH-GOOH 

1 

Since this amino acid contains two chiral centers, 
four isomers [(2Ä,3Ä), (2R,3S), (2S,3R), and (2S,3S)] 
are possible. As to the absolute configuration at the 
2-position, (S) was suggested, based on the positive 
Cotton effect in the O R D of its iV^ethylthiothiocarbonyl 
derivative, the resistance against a D-amino acid 
oxidase,2) and the application of the Clough, Lutz, 
and Jirgensons rule to the optical rotatory powers of 
the amino acid and its derivatives.3) Later, the dia-
stereomeric relationship between the 2- and 3-positions 
was determined to be erythro by the chemical trans­
formation3) and the N M R study.4) 

We previously synthesized diethyl (Ä)-(l-phenyl-
ethyl) malonate [(#)-2] by desulfurization of diethyl 
(R,R) - [ 1 -phenyl-2- (p- tolylsulfinyl) ethyl] malonate, 
which was obtained by the stereoselective Michael 
reaction of (Ä)-styryl />-tolyl sulfoxide with diethyl 
malonate.5»6) Now, we have synthesized (S9S)-1 start­
ing from this (Ä)-2 according to the Fischer's method 7 - 9) 
as shown in Scheme 1 and have found that the naturally 
occurring 1 is identical with this (S,S)-1. 

(R)-(l-Phenylethyl)malonic acid [(A)-3], which was 
obtained by hydrolysis of (R)-2 in 8 8 % yield, was 
subjected to bromination with bromine-red phosphorus 
to give (£)-bromo(l-phenylethyl)malonic acid [(5)-4], 
Thermal decarboxylation of (S)-4. afforded a crystal­
line product which was recrystallized from benzene to 
give pure (S,S)-2-bromo-3-phenylbutyric acid [(£,S)-5; 
4 0 % overall yield from (#)-3]:9) m p 167—168 °G; 
[a]3D° - 3 1 . 4 ° (c 0.327, benzene). Trea tment of (S,S)-
5 with aqueous ammonia gave a mixture of (S,S)-2-
amino-3-phenylbutyric acid [(£,£)-!.] and ammonium 
bromide. This mixture was subjected to the reaction 
with acetic anhydride-1 M aqueous sodium hydroxide l b) 
to afford (£,£)-2-acetylamino-3-phenylbutyric acid 
[(S,S)-6; 9 5 % yield from (S,S)-5]: m p 188—190 °G 
(from 2 0 % ethanol); [a]î>9 +34 .8° (c 0.810, 9 6 % 
ethanol). These values agree well with those reported 

T 0 1 \ s / C ^ c / P h 

( Ä ) 

CH2(COOEt)2 T o 1 ^ / C H V / P h 

EtONa/EtOH j % # / '**H 
0 * HC (COOEt)2 

R a n e y N i C H 3 ^ ^ V h 1) K O H / E t O H - H 2 0 C H 3 ^ ' P h 

y \ 2) H 3 0 + 

B r 2 / P 

E t 2 0 

HC(COOEt)2 

( Ä ) - 2 

N T 
J *'*a 

BrC(COOH)2 

(S)-4 

HC(COOH)2 

( Ä ) - 3 

C09 

130 °C 

Ph 

H^J-^C 

H ^ U B 

Ph 

ICH3 

H ^ I ^ B r 

COOH 

a q NH3 

Ph 

H^ mc 

H ^ U N 

Ph 

•CH 3 

«NH2 

COOH 

(S,S)-1 

A c 9 0 HI 

Ph 

ICH, 

I N NaOH H ^ W N H A c 

COOH 

(S,S)-6 

Scheme 1. 

for the N-acetyl derivative of the naturally occurring 
1 [mp 177—185 °G (from 2 0 % ethanol) and [a]2

D
6 

+ 35.0° (c 2 % , 9 6 % ethanol)]. lb> 
The starting material of the present synthesis, (Ä)-2, 

was already connected to ( —)-3-phenylbutyric acid,5) 
whose absolute configuration was determined as (R) 
by the comparison with the authentic specimen syn­
thesized from (^)-hydratropic acid.10) Based on these 
relations, the present synthesis clearly established that 
the absolute configuration of the 2-amino-3-phenyl-
butyric acid from bottromycin is (S,S). 

Exper imenta l 

All melting points were measured by a Yanagimoto micro 
melting point apparatus and uncorrected. Infrared spectra 
were taken on a Hitachi EPI-G3 spectrophotometer. NMR 
spectra were recorded on Varian T-60 and Varian HA-100 
spectrometers. Optical rotations were measured on a 
Yanagimoto Polarimeter OR 50. 

Hydrolysis of (R)-2. To a solution of 472 mg (1.79 
mmol) of (R)-2 having [a]2

D
6 -21.0° (c 2.365, GHGI3)11) 

in 6 ml of ethanol, were added 3 ml of water and 550 mg 
of potassium hydroxide and the reaction mixture was stirred 
at 100 °G for 3 h. After cooling, 20 ml of water was added 
and the mixture was washed with dichloromethane (10 ml). 
The aqueous layer was acidified by adding coned hydrochloric 
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acid and extracted with diethyl ether (20 ml X 4) . T h e 
extract was washed with water (10 ml) and dried ( N a 2 S 0 4 ) . 
After evaporation in vacuo, the crystalline residue was recrystal-
lized from benzene to afford 328 mg (88% yield) of (Ä)-3 
as colorless crystals: m p 94—96 °G; [a]S - 3 0 . 1 ° (c 0.866, 
methanol ) ; I R (KBr) : 3500—2800, 1740, 1695, 1220, 1200, 
1155, 760, and 700 c m - 1 ; N M R (GDG13) : 0 = 1 . 3 4 (3H, d, 
/ = 6 Hz) , 3.2—3.8 (2H, m) , 7.27 (5H, s), and 12.70 (2H, 
s). The N M R spectrum was identical with tha t of the 
racemic compound.5»7) 

Transformation of fR^-3 into (S,S)-5 via (S)-4. To a 
solution of 237 mg (1.14 mmol) of (Ä)-3 in 5 ml of diethyl 
ether, were added a solution of 184 mg of bromine in 0.8 ml 
of dichloromethane and 1 mg of red phosphorus and the 
mixture was stirred for 45 min at room temperature . After 
reduction of remaining bromine by adding aqueous sodium 
thiosulfate, the mixture was extracted with diethyl ether 
(15 m i x 4 ) . T h e extract was dried ( M g S 0 4 ) and evaporated 
in vacuo to give crude (5)-4 as an oil: N M R (GDG13) : ô= 
1.62 (3H, d, / = 7 Hz) , 3.77 ( I H , q, 7 = 7 Hz) , 7.32 (5H, 
m) , and 10.50 (2H, broad s). This oil was heated at 130 °G 
for 15 min under reduced pressure (ca. 20 Tor r ) . T h e result­
ing crystalline product was recrystallized from benzene to 
give 105 mg (40% yield9) from (Ä)-3) of (S,S)-5 as colorless 
crystals: m p 167—168 °G; [a]3

D° - 3 1 . 4 ° (c 0.327, benzene) ; 
N M R (acetone-^) : 0 = 1 . 4 3 (3H, d, 7 = 7 Hz) , 3.41 ( I H , 
dq, j r = 10 and 7 Hz) , 4.57 ( I H , d, 7 = 1 0 Hz) , and 7.2— 
7.5 (5H, m ) . T h e N M R spectrum was identical with tha t 
of the racemic specimen.7) 

Synthesis of (S,S)-6. A mixture of 105 mg (0.43 mmol) 
of (S,S)-5 and 4 ml of 2 8 % aqueous ammonia was heated 
in a sealed tube at 90 °G for 2.5 h and then concentrated 
in vacuo to yield a mixture of (S,S)-1 and ammonium bromide. 
After addition of 2.5 ml of 1 M aqueous sodium hydroxide 
to the above mixture, 0.15 ml of acetic anhydride and 1.3 ml 
of 1 M aqueous sodium hydroxide were simultaneously added 
over 5 min and the mixture was stirred for 1 h under ice-
cooling. After simultaneous addit ion of 0.15 ml of acetic 
anhydride and 3 ml of 1 M aqueous sodium hydroxide, the 
resulting mixture was further stirred for 30 min under ice-
cooling, acidified to p H 1 with coned hydrochloric acid, and 
extracted with ethyl acetate ( 15 ml X 4) . T h e extract was 
dried ( M g S 0 4 ) and evaporated in vacuo to afford 91 mg 
(95% yield) of (S,S)-6 as colorless crystals: m p 188—190 °G 
(from 2 0 % ethanol) , [a]2

D
9 + 3 4 . 8 ° (c 0.810, 9 6 % ethanol) 

[lit,lb> m p 177—185 °G (from 2 0 % ethanol) , [a]2
D

5 + 3 5 . 0 ° 
(c 2 % , 9 6 % e thanol ) ] ; I R (KBr) : 3330, 1710, 1610, 1550, 
1265, 765, 705, and 695 c m - 1 ; N M R (DMSO-</6) : 0 = 1 . 1 9 
(3H, d, J=l Hz) , 1.68 (3H, s), 2.9—3.3 ( I H , m) , 4.42 ( I H , 
t, 7 = 8 Hz, 7.19 (5H, s), and 7.85 ( I H , diffused d, J=S Hz , 
N H ) . T h e N M R spectrum was identical with that of the 

racemic compound.1 0) 
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130 °G under reduced pressure (ca. 20 Tor r ) , carbon dioxide 
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lized from benzene to afford (S,S/R,R)-5 (53% yield) : m p 
187—189 °G. Its N M R spectrum was in complete agree­
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A Facile Synthesis of 4,5-Dialkoxy-o-benzoquinones by 
the Oxidation of Catechol with Iodates in Alcohol 
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Synopsis. 4,5-Dimethoxy-o-benzoquinone has been 
prepared by the oxidation of catechol with sodium iodate 
in methanol. In higher alcohols, the same oxidation occurs 
in the presence of a crown ether to give the corresponding 
4,5-dialkoxy-o-benzoquinones. In the latter cases using 18-
crown-6, the potassium salt is more effective than the sodium 
salt. 

o-Benzoquinone derivatives are conventionally pre­
pared by the oxidation of the corresponding catechols. 
Wanzlick and Jahnke have reported the preparation 
of 4,5-dimethoxy- and 4,5-diethoxy-o-benzoquinones by 
the oxidation of catechol with lead (IV) oxide in 
methanol and ethanol, respectively, in the presence 
of alkoxide.1) 

In this note, a novel and simple method for the 
synthesis of 4,5-dialkoxy-o-benzoquinones from catechol 
will be reported using potassium and sodium iodates 
as oxidizing agents in alcohols from methyl to pentyl 
alcohol as solvents in the presence or absence of a 
crown ether. The products, except for dimethoxy and 
diethoxy derivatives, are unknown. 4-Substituted cat­
echols have been oxidized with iodates to the cor­
responding quinones,2»3) but to date there has been 
no report on the oxidation of unsubstituted catechol 
with the oxidants. 

R e s u l t s and D i s c u s s i o n 

A mixture of catechol and two equivalents of sodium 
iodate in absolute methanol at 60 °G gradually darken­
ed and became black after 20 h. Isolation by column 
chromatography gave 4,5-dimethoxy-o-benzoquinone 
(2a) in 5 8 . 3 % yield. The structure of the quinone 
was elucidated from the spectral data and elemental 
analysis. The N M R spectrum of 2a showed a singlet 
at T = 4 . 2 (2H; olefinic protons at C-3 and G-6) and a 
singlet at T = 6 . 1 (6H; methyl protons). The U V 
spectrum showed peaks at 413 n m (e=560) and 287 
nm ( e = 12500). These data are consistent with those 
reported by Wanzlick and Jahnke.1) 

OH 

V N > H 

1 

+ Nal03- C H 3 ° H CH J \ A 
2a 

The use of potassium iodate as the oxidant decreased 
the yield of the quinone to 36 .9%. 

The oxidation of catechol with sodium or potassium 
iodate in ethanol gave 4,5-diethoxy-o-benzoquinone 
(2b) in very low yield (less than 2 % in both cases). 
No reaction occurred in propyl and higher alcohols. 

The observation that the yield of the quinone de­

creases with the length of the alcohol chain is ascribed 
to the decrease in the solubility of the iodates in alcohols. 
Grown ethers have been well-known to enhance the 
solubility of inorganic salts in organic solvents,4»5) and 
consequently the effect of 18-crown-6 has been examined 
using potassium iodate as the oxidant. T h e addition 
of 18-crown-6 (2.33 mmol) to the mixture of catechol 
( 10 mmol) and potassium iodate (20 mmol) in absolute 
methanol (100 ml) increased the yield of 2a to 49 .2%. 
The effect was more dramatic in ethanol. Under 
similar conditions, the addition of 1.25 and 2.73 mmol 
of the crown ether gave 2 b in 20.7 and 44 .4% yields, 
respectively. 

The same method was employed for the preparation 
of several 4,5-dialkoxy-o-benzoquinones in higher alco­
hols. 

O v ^ v O R 
1 + KIQ3

 1 8 - ^ ° W n " 6 

ö ROH O^NA>R 

a, R=CH3 (49.2%) 
b, R=C 2 H 5 (44.4%) 
c, R=n-C 3 H 7 (35.3%) 
d, R=n-C 4H 9 (31.1%) 
e, R = i - C 4 H 9 (30.7%) 
f, R=n-C5H11(26.4%) 
g, R=1-05^-1(43.3%) 

In primary alcohols, catechol reacted with iodate to 
give the corresponding dialkoxy-quinones. All of the 
quinones exhibited a singlet at r = 4 . 2 in the N M R 
spectra and two peaks in the 413—416 and 289— 
291 n m region of the U V spectra. 

In the alcohols which branched at the a-position of 
the hydroxyl group, e.g., isopropyl and £-butyl alcohols, 
however, the reaction did not give the corresponding 
dialkoxy-o-benzoquinone derivative but a red amor­
phous solid. A similar product was obtained from the 
reaction in acetonitrile. In both cases, the I R spectrum 
of the product showed two absorption bands in the 
region of 1600—1700 cm"1 , possibly due to carbonyl 
groups. The solid however could not be purified 
because of the low solubility in organic solvents and a 
broad melting range. 

There are few reports of the oxidation of substituted 
catechols by iodates to quinone derivatives in water 
and in water-alcohol mixtures during a short reaction 
period.2»3) In such experiments here the products were 
complex substances which could not be separated. 

E x p e r i m e n t a l 

Melting points were determined with a Yamato Capillary 
Melting Point apparatus and are uncorrected. Proton mag­
netic resonance spectra were obtained on a JEOL Model 
JNM-G-HL spectrometer in deuterated chloroform. Elec­
tronic spectra were recorded on a Hitachi 124 spectrophotom­
eter in ethanol. The alcohols were purified by distillation 
after drying over molecular sieves 4A. All other materials 
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were commercially available. 
Preparation of 4,5-Dimethoxy-o-benzoquinone (2a). Sodi­

um iodate (4.0 g, 20 mmol) was suspended in a solution of 
catechol (1.1 g, 10 mmol) in dry methanol (100 ml) and the 
mixture vigorously stirred for 20 h at 60 °G. After filtration, 
the filtrate was condensed on a rotary evaporator under 
reduced pressure to a volume of ca. 30 ml and cooled to 
—15 °G. T h e precipitate formed was filtered and washed 
with diethyl ether (50 ml) . T h e precipitate was separated 
by column chromatography using silica gel {ca. 11 g) and 
chloroform. Evaporat ion of the solvent from the first orange 
elute gave orange needles (0.98 g, 58 .3%) , which were re-
crystallized from methanol : m p 230—233 °C (lit, 225— 
227 °C).1) Found : G, 57.85; H , 4 .74%. Calcd for G 8 H 8 0 4 : 
G, 57.15; H , 4 .80%. 

Preparation of 4,5-Diethoxy-o-benzoquinone (2b). Potas­
sium iodate (4.3 g, 20 mmol) was suspended in a solution of 
catechol (1.1 g, 10 mmol) and 18-crown-6 (0.72 g, 2.73 mmol) 
in absolute ethanol ( 100 ml) and the mixture vigorously 
stirred for 20 h a t 65 °G. After filtration, the alcohol was 
evaporated under reduced pressure and the residue extracted 
twice with benzene (100 ml) . T h e combined extracts were 
filtered and concentrated. T h e residual red-brown substance 
was further extracted with diethyl ether (150 ml) . T h e 
residue was separated by column chromatography using 
silica gel and chloroform. Evaporat ion of the solvent from 
the first orange elute gave orange needles (0.87 g, 44 .4%) , 
which were recrystallized from ethanol : m p 172—174.5 °G 
(lit, 175 °G).1> N M R (GDGlg) r = 8 . 5 (6H, t ) , 5.9 (4H, 
q) and 4.25 (2H, s) ; U V m a x (G 2 H 5 OH) 289 {s= 13700) and 
416 n m (e=535) . Found : G, 61.60; H , 5 .75%. Galcd for 
G 1 0 H 1 2 O 4 : G, 61.22; H , 6 .17%. 

Preparation of the 4,5-Dialkoxy-o-benzoquinones. T h e 
method described for the preparat ion of diethoxy derivative 
(2b) was employed except that the reaction was conducted 
in the corresponding alcohol a t 90—95 °G. T h e physical 
properties are as follows; 

4,5-Dipropoxy-o-benzoquinone (2c). M p 153—154.5 °G 
from GCI4. N M R (GDG13) T = 8 . 9 5 (6H, t) , 8.1 (4H, m ) , 
6.0 (4H, t ) , and 4.25 (2H, s) ; U V m a x ( G 2 H 5 O H ) 290 (e= 

14000) and 415 nm (e=532) . Found : C, 65.20; H, 7.25%. 
Calcd for C 1 2 H 1 6 0 4 : C, 64.29; H, 7.19%. 

4,5-Dibutoxy-o-benzoqmnone (2d). M p 140.5—142 °C 
from GCI4. N M R (GDC13) T = 9 . 0 (6H, t), 8.1 (8H, m) , 
6.0 (4H, t) , and 4.3 (2H, s) ; U V m a x ( C 2 H 5 O H ) 291 (e= 
12800) and 414 nm (e=487) . Found : C, 67.18; H, 8.20%. 
Calcd for G 1 4 H 2 0 O 4 : G, 66.65; H , 7.99%. 

4,5-Diisobutoxy-o-benzoquinone (2e). M p 157.5—159 °C 
from GGI4. N M R (GDG13) r = 8 . 9 5 (12H, d) , 7.95 (2H, 
m) , 6.25 (4H, t) , and 4.3 (2H, s) ; U V m a x ( G 2 H 5 O H ) 290 
(£=13800) and 414 n m (£=512) . Found: C, 66.29; H , 
7.89%. Galcd for G 1 4 H 2 0 O 4 : C, 66.65; H, 7.99%. 

4,5-Bis(pentyloxy)-o-benzoquinone (2f). M p 130—131 
°G from CCl 4 -petroleum ether. N M R (GDG13) T = 9 . 0 (6H, 
t) , 8.4 (12H, m) , 6.0 (4H, t) , and 4.3 (2H, s) ; U V m a x ( C 2 H 5 -
O H ) 291 (£=13400) and 413 n m (e=496) . Found: C, 
68.36; H , 8.99%. Calcd for C 1 6 H 2 4 0 4 : G, 68.55; H , 8 .63%. 

4,5-Bis(isopentyloxy)-o-benzoquinone (2g). M p 119— 
120 °C from CCl 4 -petroleum ether. N M R (GDG13) T = 9 . 0 
(12H, d) , 8.25 (6H, m) , 5.95 (4H, t) , and 4.3 (2H, s) ; U V m a x 

(G 2 H 5 OH) 290 (£=13800) and 414 nm (c=512) . Found: 
C, 68 .61 ; H , 8.72%. Calcd for C 1 6 Ho 4 0 4 : G, 68.55; H , 
8 .63%. 

T h e a u t h o r s wish to t h a n k M r s . J u n k o T a k i z a w a 
a n d M r s . M i c h i k o A s u k e of T o k y o U n i v e r s i t y of 
A g r i c u l t u r e a n d T e c h n o l o g y for t h e N M R m e a s u r e ­
m e n t s a n d e l e m e n t a l ana lys is . 
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Kinetics of the Aminolysis of a-Chloropropionic Acid. 
Reactivity of Aliphatic Amines0 
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Synopsis. The kinetics for the reaction of a-chlo-
ropropionic acid with some amines (methylamine, dimethyl-
amine, trimethylamine, ethylamine, and diethylamine) and 
ammonia have been studied in an aqueous solution. The 
reactivity of amines is discussed on the basis of the Swain-
Scott and Taft equations. 

The steric as well as polar effect was found to be 
important in the reaction of ammonia, alanine, and 
a,a'-iminodipropionic acid with a-chloropropionic 
acid.2) Hall Jr.3) reported that the data for the reaction 
of 30 amines with 15 substrates including chloroacetic 
acid are correlated by the Swain-Scott equation. We 
have studied the rate of the reaction of some amines 
with a-chloropropionic acid (CPA), forming 7V-al-
kylated alanine. 

Discussion is given on the reactivity of amines on 
the basis of the Swain-Scott4) and Taft equations.5) 

R e s u l t s and D i s c u s s i o n 

in H 2 0 
CH3CHC1C02H + RiR2R3N 

-ci-
CH3CHC02H + CH3CHC02H (I) 

N+ 

A\ 
R1 R2 R3 

OH 

R1 

R2 

R3 

2a 

H 
H 
H 

2b 

Me 
H 
H 

2c 

Me 
Me 
H 

2d 

Me 
Me 
Me 

2e 

Et 
H 
H 

2f 

Et 
Et 
H 

Aminolysis was conducted at 60 °G in an aqueous 
solution and the chloride ion produced was measured 
in order to follow the rate of reaction. The pseudo-
first-order rate constants (A;obsd) were measured at 
various concentrations of amines. The plot of the 
pseudo-first-order rate constants against the initial 

concentrations of amines gives a straight line with 
an intercept. The rate equation fits the equation, 

57 [ C 1~ ] (£1 + £2[Amine]ex)[CPA]. (2) 

Where [Amine] e x is the excess concentration of 
amine to that of a-chloropropionic acid, i.e., effective 
amine concentration. Ra te constants, kx and k2, 
evaluated from the intercept of the plot and the slope, 
are given in Table 1. 

Independent experiments for pure hydrolysis of 
CPA were carried out. The first- and second-order 
rate constants thus obtained for the hydrolysis of CPA 
are 0 . 3 5 x 1 0 - S s - 1 (SN1) and 0.76 x 10~5 s"1 M " 1 (£N2), 
respectively (60 °C). 

Thus , in the case of methylamine (2b), dimethyl-
amine (2c), trimethylamine (2d), and ethylamine (2e), 
the hydrolysis is negligible, the rate equation being 
of second-order: y=£ 2 [Amine] e x [CPA] . 

In order to examine the effect of substituent on 
amines, Taft equations5) with log k2iel = paEa-{-ôEs 

and log k2iel = p*o* w e r e applied, where k2rel is the 
relative rate constant. The former equation including 
a steric term, ôEs, gave poor correlation (pa ranging 
—2.50—59.5 and ô ranging —58.1—2.76), and we 
could not determine values of p a and ô, whereas the 
latter equation including only a polar term gave p* 
value of —1.8 from the plot of log k2rel against S # * 
(summation of Taft polar substituent constants), except 
2d and 2f (Fig. 1). In other words, electron-releasing 
groups promote the reaction. This is expected from 
the nucleophilic nature of amines, but the steric effect 
becomes important for the reaction of 2d and 2f. 

The Swain-Scott equation4) is given by 

log (k/k0) = sn (3) 

where s is the sensitivity to nucleophiles and n is the 
nucleophilic parameter. The plot of log k2 against 
n gave a straight line except for 2d and 2f. The s 
value of 1.05 was obtained for the reaction of CPA 

TABLE 1. RATE CONSTANTS FOR THE REACTION OF OC-CHLOROPROPIONIC AND CHLOROACETIC 

ACIDS WITH AMINES R1R2R3N IN AN AQUEOUS SOLUTION 

2a 
2b 
2c 
2d 
2e 
2f 

R1 

H 
Me 
Me 
Me 
Et 
Et 

R2 

H 
H 
Me 
Me 
H 
Et 

R3 

H 
H 
H 
Me 
H 
H 

CH3CHCiC02H 

^ x l O ^ s - i 

0.67 
0.00 
0.00 
0.00 
0.00 
0.40 

(60 °G) 

Är2XlO:5s-] 

0.97 
10.0 
43.0 
12.1 
8.0 
1.5 

LM-1 

C1CH2C02H (25 °C)6> 
Ä^xlO-Ss^M- 1 

0.633 
11.5 
47.0 
58.3 

7.0 
5.0 

rca> 

4.13 
5.18 
5.63 
5.98 
5.03 
4.83 

a) «-Values are the average of the caluculated values from Ref. 3. 
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Fig. 1. Plot of £2rei against S * 7 * f ° r the reaction of 
a-chloropropionic acid with some amines in an 
aqueous solution at 60 °G. 
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Fig. 2. Swain-Scott plot for the reaction of a-chloro­
propionic acid with some amines in an aqueous 
solution at 60 °G. 
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Fig. 3. Swain-Scott plot for the reaction of chloro-
acetic acid with some amines in an aqueous solution 
at 25 °G. 

w i t h s o m e a m i n e s . D e v i a t i o n f rom t h e s t r a igh t l ine 
is l a r g e r w i t h C P A (Fig . 2) t h a n w i t h ch lo roace t i c 
a c id (Fig . 3 , j = 1 . 2 ) , especia l ly w i t h 2 d a n d 2f. S ince 
2 d is t e r t i a r y a n d 2 f is s e c o n d a r y , t h e d e v i a t i o n m a y 
b e d u e to t h e s ter ic h i n d r a n c e in t h e t r ans i t i on s ta te . 
I n amino lys i s of p h e n e t h y l nitrite,7> successive subs t i tu­
t ion of h y d r o g e n b y t h e m e t h y l g r o u p in N H 3 l e ad ing 
to M e 3 N a l w a y s increases t h e re la t ive r a t e , w h e r e a s 
in t h e r eac t i ons w i t h C P A b e a r i n g a - m e t h y l g r o u p , 
t h e r e is m o r e i n t e r a c t i o n b e t w e e n s u b s t i t u e n t of a m i n e s 
t h a n in those w i t h ch l o ro ace t i c a c id o r p h e n e t h y l 
n i t r i t e , so t h a t s ter ic r e q u i r e m e n t decreases n o t only 
t h e r eac t i v i t y of t r i m e t h y l a m i n e b u t also t h a t of d ie thy l -
a m i n e . 

E x p e r i m e n t a l 

Materials. a-Chloropropionic acid bp 92—93 °G/15 
Tor r (lit,8) 82.5—83.5 °G/12 Tor r ) , aqueous 4 0 % methyl-
amine, 5 0 % dimethylamine, 5 0 % trimethylamine, 70% 
ethylamine, and 2 8 % ammonia , and diethylamine of guaran­
teed reagent grade were used. 

Kinetics. A solution of a-chloropropionic acid (1 M, 
5 ml) was added to an aqueous solution of amines (1.2— 
3.5 M, 45 ml) in a glass-stoppered flask, which had attained 
thermal equilibrium at 6 0 ± 0 . 1 °G in a thermostat. Aliquots 
(5 ml) were pipetted out at regular intervals and cold dil. 
H N 0 3 was added to stop the reaction. The chloride ion 
concentration was determined by the Volhard method.9> 
The pseudo-first-order rate was measured up to 30—60% 
conversion. 

Products. N M R spectra were recorded on a Hitachi 
R-24B spectrometer. U n d e r the kinetics conditions, the 
main product was iV-alkylated alanine. O n the basis of 
N M R spectra, the reaction products of a-chloropropionic 
acid with ammonia were found to be a mixture of alanine 
and lactic acid, and the products from diethylamine a mixture 
of TV, JV-diethyl alanine and lactic acid. They were produced 
by competitive aminolysis and hydrolysis, respectively. On 
the other hand, no lactic acid was detected in the case of 
the other amines. 
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Syntheses of 3,5-Dimethylspiro[5.5]undeca-2,4-diene-l,8-dione and 
7,ll-Dimethylspiro[5.5]undeca-7,10-diene-2,9-dione 

Kalyan K u m a r BHATTAGHARYA and^Parimal Krishna S E N * 
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(Received July 8, 1978) 

Synopsis. Syntheses of l-diazo-5-(2-hydroxy-4,6-di-
methylphenyl)-2-pentanone and l-diazo-5-(4-hydroxy-2,6-di-
methylphenyl)-2-pentanone and their acid catalysed spiroan-
nulation to 3,5-dimethylspiro[5.5]undeca-2,4-diene-l,8-dione 
and 7,ll-dimethylspiro[5.5]undeca-7,10-diene-2,9-dione re­
spectively via Arx-6 participation are described. Succinyla-
tion of 3,5-dimethylanisole is also discussed. 

Aryl participation of phenolic diazo ketones toward 
the formation of spirodienone have recently been 
developed. Mander and Beams1) reported a spectral 
indication of the formation of spirodienone via A ^ - 6 
participation route in connection with their study on 
intramolecular alkylation of phenolic diazo ketones. 
Here we report the syntheses of two intermediate 
phenolic diazo ketones, l-diazo-5-(2-hydroxy-4,6-
dimethylphenyl)-2-pentanone (8) and l-diazo-5-
(4-hydroxy-2,6-dimethylphenyl)-2-pentanone (18) and 
their conversion into the spirodienones, 3,5-dimethyl-
spiro[5.5]undeca-2,4-diene-l58-dione (1) and 7,11-di-
methylspiro[5.5] undeca-7,10-diene-2,9-dione (2), re­
spectively. The spirodienones were isolated and charac­
terized by spectral analyses. 

Succinylation of 3,5-dimethylanisole at —5 °G in 
1,1,2,2-tetrachloroethane-nitrobenzene mixture afforded 
the ortho-isomer, 3- (2-methoxy-4,6-dimethylbenzoyl) 
propanoic acid (3), m p 101 °G5 in an excellent yield. 
T h e N M R spectrum of the keto acid 3 showed two sets 
of distinct singlets at ô 2.08, 2.25 (aromatic methyls) 
and at ô 6.61, 6.71 (aromatic protons). Giemmensen 
reduction of 3 and subsequent demethylation gave the 
hydroxy acid 5, m p 130 °G. T h e same compound was 
synthesised by Brown and McCall2) from a different 
route, mp 130—132 °G. The hydroxy acid was con­
verted into the hydroxy diazo ketone 8 via acetylation, 
diazo ketone formation and deacetylation. Consistency 
in spectral data due to non-equivalent aromatic protons 
and methyls has also been observed in each step reaction 
product in the synthesis of 7 starting from the succinylat-
ed product 3 (vide Experimental) . Aryl participation 
of the phenolic diazo ketone 8 was carried out in 
thoroughly dried nitromethane in presence of boron 
trifluoride etherate catalyst in an atmosphere of dry 
nitrogen at room temperature. Two products 1 and 9 
were isolated by column chromatography from the crude 
reaction mixture. The formation of 9 during spiroan-
nulation can be explained simply by SN2 attack of 
ambident nitromethane on protonated3) diazo ketone 8. 

Uneyama et alJ^ succinylated 3,5-dimethylanisole 
under almost identical conditions, bu t they reported 
the formation of the para-isomer* 4-(4-methoxy-2,6-
dimethylbenzoyl) propanoic acid (20), m p 102—102.5 
°G, and further converted it into 14. Their claim for 
the above para products is untenable on the ground of 

non-equivalent aromatic protons and methyls shown 
in their N M R spectra. Moreover, we have synthesised 
the para-isomer 14 independently from authentic 3-
(4-methoxy-2,6-dimethylphenyl) propanoic acid5) (12) 
by the Arndt-Eistert reaction. The product gave a 
singlet (ô 2.28) for two aromatic methyls and a singlet 
(ô 6.46) for two aromatic protons in the N M R spectrum 
suggesting the para structure. The m p and N M R data 
reported by Uneyama et al. for the same compound 14 
are different. Following exactly their method we also 
succinylated 3,5-dimethylanisole and obtained the same 
ortho acid 3 (undepressed mixed m p and identical 
N M R spectra). W e presume that Uneyama et al. also 
obtained the ortho-isomer 3 by succinylation of 3,5-
dimethylanisole but reported it as the para-isomer 20. 

Gyanoethylation of 3,5-dimethylanisole gave a mix­
ture of propionitriles where the para-isomer 10 predom­
inated. The hydroxy propanoic acid 11 was prepared 
from the crude propionitrile by refluxing with hydro-
bromic acid-acetic acid mixture and subsequent 
separation from the ^-lactone produced from the ortho-
isomer. Methylation, homologation by the Arndt-
Eistert method, demethylation, acetylation, diazo ketone 
formation, deacetylation and finally acid-catalysed A r r 6 
part icipation starting from 11 afforded 2 and 19 (vide 
Experimental) . 
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E x p e r i m e n t a l 

Light petrol and petroleum refer to the fraction of bp 40 
60 °G and 60—80 °C, respectively. NMR spectra were record­
ed with a Varian EM 390 instrument. 

3-(2-Methoxy-4,6-dimethylbenzoyl) propanoic Acid (3). 
Friedel-Grafts reaction of 3,5-dimethylanisole (2.7 g) with 
succinic anhydride (2.1 g) and anhydrous aluminium chloride 
(5.6 g) in dry 1,1,2,2-tetrachloroethane (23 ml) and nitroben­
zene (6 ml) at — 5°C for 3 days yielded 3 (3.9 g, 84%) as 



2174 N O 

colorless cubes, m p 101 °G (ethanol-water) ; IR(KBr) 1710— 
1695 c m - 1 ; N M R [(CD 3 ) 2SO] Ô 2.08 (s, 3H) , 2.25 (s, 3H) , 
2.48 (t, 2H) , 2.93 (t, 2H) , 3.72 (s, 3H) , 6.61 (s, 1H), 6.71 (s, 
1H). Found : G, 65.91 ; H , 6 .90%. Galcd for C 1 3 H 1 6 0 4 : C, 
66.10; H , 6 .78%. 

4-( 2-Methoxy-4,6-dimethylphenyl) butanoic Acid (4). 
Giemmensen reduction of 3 (2.3 g) gave 4 (2 g, 90%) as 
colorless crystals, m p 99 °G (pet roleum-benzene) : IR(KBr) 
1705 c m - 1 ; NMR(CDC1 3 ) ô 1.74—1.96 (m, 2H) , 2.26 (s, 3H) , 
2.28 (s, 3H) , 2.40—2.76 (m, 4H) , 3.76 (s, 3H) , 6.54 (s, 1H), 
6.61 (s, 1H). Found : G, 70.13; H , 7 .94%. Galcd for C 1 3 H 1 8 0 3 : 
G, 70.27; H , 8 . 1 1 % . 

4- ( 2-Hydroxy-4,6-dimethylphenyl) butanoic Acid (5). 
Demethylation of 4 (2.2 g) with pyridine hydrochloride (7 g) 
a t 210 °G under dry nitrogen gave 5 (1.9 g, 90%) as colorless 
crystals, m p 130 °G (benzene) (lit,2) m p 130—132 °G) : IR -
(KBr) 3250, 1705 cm" 1 ; N M R (CDC13) ô 1.75—1.96 (m, 2 H ) , 
2.20 (s, 3H) , 2.22 (s, 3H) , 2.32—2.78 (m, 4H) , 6.46 (s, 1H), 
6.52 (s, 1H). Found : G, 69.37; H , 7 .48%. Galcd for C 1 2 H 1 6 0 3 : 
G, 69.23; H , 7 .69%. 

4-( 2-Acetoxy-4,6-dimethylphenyl) butanoic Acid (6). Acetyl-
ation of the phenolic acid 5 with acetic anhydride in aqueous 
sodium hydroxide at — 5 °G gave 6 (65%) as colorless crystals, 
m p 93 °G (pet ro leum-benzene) : IR(KBr) 1750, 1705 c m - 1 ; 
N M R (GG14) ô 1.56—1.88 (m, 2 H ) , 2.20 (s, 3H) , 2.26 (s, 6H) , 
2.32—2.68 (m, 4H) , 6.60 (s, 1H) 6.80 (s, 1H), 11.26 (s, 1H). 
Found : G, 66.97; H , 7 . 3 1 % . Galcd for C 1 4 H 1 8 0 4 : G, 67.20; 
H , 7.22%. 

1-Diazo-5- ( 2-acetoxy-4,6-dimethylphenyl) -2-pentanone (7). 
Acid chloride was prepared from 6 by the oxalyl chloride 
method. I t was transformed into 7 (80%) by diazomethane 
as a light yellow oil: IR(nea t ) 2110, 1750, 1630 cm" 1 ; N M R 
(GDG18) ô 1.64—1.92 (m, 2H) , 2.20 (s, 3H) , 2.28 (s, 6H) , 
2.32—2.70 (m, 4 H ) , 5.24 (s, 1H), 6.60 (s, 1H), 6.80 (s, 1H). 

l-Diazo-5-(2-hydroxy-4,6-dimethylphenyl)-2-pentanone (8). 
Deacetylation of 7 by N a 2 C 0 3 - N a H C 0 3 solution gave 8 (75 
%) as a pale yellow oil: I R (neat) 3300, 2110, 1620 cm" 1 ; 
N M R (GDGIa) ô 1.70—1.98 (m, 2H) , 2.26 (s, 6H) , 2.34—2.70 
(m, 4H) , 5.30 (s, 1H), 6.56 (s, 2 H ) . 

3,5-Dimethylspiro[5.5]undeca-2,4-diene-l,8-dione (1). A 
mixture of 8 (500 mg) and BF 3-etherate (5 drops) in thoroughly 
dried ni t romethane (40 ml) was stirred for 15 min at 20 °G to 
afford a red oil after the usual work-up. I t was purified by 
column chromatography. Petroleum eluted 7 (85 mg) as 
semi-solid mass: U V ( M e O H ) 232 (log e 4.31), 280 (log e 
3.52), 312 nm (log e 4 .28); I R (GHG18) 1710, 1660, 1620, 
1575 c m - 1 ; N M R (CDC13) ô 1.70—2.04 (m, 2 H ) , 2.22 (s, 
6H) , 2.62—2.96 (m, 4H) , 4.40 (s, 2H) , 6.78 (s, 2 H ) . Benzene 
eluted 9 (130 mg) as colorless crystals, m p 95 °G (light pe t ro l -
ether) : IR(KBr) 3350—3250, 1715, 1600 cm" 1 ; N M R (CDC13) 
ô 1.64—1.96 (m, 2H) , 2.16 (s, 3H) , 2.18 (s, 3H) , 2.36—2.62 
(m, 4 H ) , 2.98 (t, 1H, J 5 Hz) , 4.20 (d, 2H , J 5 H z ) , 5.36 (s, 
1H), 6.42 (s, 1H), 6.50 (s, 1H). Found : G, 70.41 ; H , 8 .02%. 
Galcd for G 1 3 H 1 8 0 3 : G, 70.27; H , 8 . 1 1 % . 

3-(4-Hydroxy-2,6-dimethylphenyl)propanoic Acid (11). 
Gyanoethylation of dimethylanisole with acrylonitrile in 1,1,2, 
2-tetrachloroethane by use of anhydrous A1C13 and dry HG1 
gas gave 10 (62%) , contaminated with a trace of ortho-isomer. 
Reaction of crude propionitrile 10 with H O A c - H B r mixture 
gave 11 (68%) as colorless needles, m p 125 °G (benzene) 
(lit,5) m p 126—127 °G) : I R (Nujol) 3450, 1705 cm" 3 ; N M R 
(CDGI3) ô 2.30 (s, 6H) , 2.50 (t, 2H) , 3.0 (t, 2H) , 6.50 (s, 2H) 
8.50 (s, 2 H ) . Found : C, 67.75; H , 6 .86%. Galcd for G n H 1 4 0 3 : 
G, 68.04; H , 7 .22%. 

3-(4-Methoxy-2,6-dimethylphenyl)propanoic Acid (12). 
Methylat ion of 11 with ( C H 3 ) 2 S 0 4 gave 12 (82%) as colorless 
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needles, m p 95 °G (petroleum) : N M R (GDG18) ô 2.30 (s, 6H) , 
2.50 (t, 2H) , 3.0 (t, 2H) , 3.80 (s, 3H) , 6.50 (s, 2H) , 11.50 (s, 
H i ) . Found : G, 68.94; H , 7 .46%. Galcd for C 1 2 H 1 6 0 3 : C, 
69.23; H , 7 .69%. 

4-(4-Methoxy-2,6-dimethylphenyl) butanoic Acid (14). Diazo 
ketone 13 was prepared from 12 and the crude product was 
treated with Ag a O in methanol . After saponification of the 
intermediate ester, methoxy acid 14 (75%) was obtained as 
colorless crystals, m p 108 °G (petroleum-benzene): N M R 
(GG14) ô 1.62—1.90 (m, 2H) , 2.28 (s, 6H) , 2.37—2.68 (m, 
4 H ) , 3.68 (s, 3H) , 6.46 (s, 2 H ) , 11.54 (s, 1H). Found: G, 
70.39; H , 7 .99%. Galcd for C 1 3 H 1 8 0 3 : G, 70.27; H , 8 .11%. 

4- ( 4-Hydroxy-2,6-dimethylphenyl) butanoic Acid (15). 
Demethylation of 14 gave 15 (90%) as colorless crystals, m p 
125 °G (benzene): I R (GHG18) 3250, 1705 cm" 1 ; N M R 
(GDG18) ô 1.60—1.92 (m, 2H) , 2.32 (s, 6H) , 2.38—2.70 (m, 
4H) , 6.50 (s, 2 H ) . Found : C, 69.10; H , 7 . 5 1 % . Galcd for 
G 1 2 H 1 6 0 3 : G, 69.23; H , 7.69%. 

4- ( 4-Acetoxy-2,6-dimethylphenyl) butanoic Acid (16). Acety 1-
ation of 15 gave 16 (60%) as colorless crystals, mp 96 °G 
(petroleum-benzene) : I R (GHG18) 1750, 1715cm" 1 ; N M R 
(GDG18) ô 1.62—1.90 (m, 2 H ) , 2.25 (s, 3H) , 2.32 (s, 6H) , 
2.38—2.72 (m, 4H) , 6.72 (s, 2 H ) , 11.30 (s, 1H). Found: G, 
66 .91 ; H , 7 .08%. Calcd for C 1 4 H 1 8 0 4 : G, 67.20; H , 7.20%. 

l-Diazo-5-(4-acetoxy-2,6-dimethylphenyl)-2-pentanone (17). 
Diazo ketone 17 (91%) was prepared from 16 following the 
usual procedure as a pale yellow oil: I R (GHC18) 2100, 1750, 
1635 c m - 1 ; N M R (GDG18) <5 1.62—1.90 (m, 2H) , 2.26 (s, 
3H) , 2.32 (s, 6H) , 2.40—2.82 (m, 4H) , 5.20 (s, 1H), 6.75 (s, 
1H). _ 

l-Diazo-5-(4-hydroxy-2,6-dimethylphenyl) -2-pentanone (18). 
Deacetylation of 17 afforded 18 (90%) as a light yellow oil: 
I R (GHG18) 3300, 2100, 1630 cm" 1 ; N M R (CDGJ8) <5 1.62— 
1.92 (m, 2H) , 2.32 (s, 6H) 2.40—2.78 (m, 4H) , 5.20 (s, 1H), 
6.48 (s, 2 H ) . 

7,/l-Dimethylspiro[5.5]undeca-7,10-diene-2,9-dione (2). 
Arx-6 part icipation of 18 (500 mg) with BF3-etherate gave a 
red oil. Dienone 2 (90 mg) was obtained from benzene elute 
as colorless needles, m p 128 °G (light petrol-ether) : U V 
(MeOH) 246 n m (loge 4.40); I R (CHC13) 1710, 1660, 1625 
cm" 1 ; N M R (GDC18) <5 1.67—1.87 (m, 4H) , 2.06 (s, 6H) , 
2.23—2.48 (m, 4H) , 6.05 (s, 2 H ) ; M S (50 eV) 204 (M+), 176 
( M - C O ) , 161 ( M - C H 2 C O ) , 134 [ M - ( C 2 H 4 , C H 2 C O ) ] , 
91 [ M - ( C 2 H 4 , C H 2 C O , GO, GH8)] (100%). Found: G, 
76.29; H , 7 .96%. Galcd for C 1 3 H l b 0 2 : G, 76.47; H , 7.84%. 
The hydroxy ketone 19 (120 mg) was obtained from benzene-
ethyl acetate elute as colorless crystals, m p 100 °C (ether-light 
pe t ro l ) : I R (GHG18) 3340—3250, 1715, 1600cm" 1 ; N M R 
(GDG18) ô 1.64—1.90 (m, 2H) , 2.30 (s, 6H) , 2.36—2.64 (m, 
4 H ) , 4.20 (d, 2H) , 5.0 (t, 1H), 6.50 (s, 2 H ) . Found: C, 
70.06; H , 8.10%. Galcd for C 1 3 H 1 8 0 3 : G, 70.27; H , 8 .11%. 
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Empirical Formula for Mass Transfer across the Boundary 
between Convections in a Two-layer System 

Katsuyoshi KAMAKURA 

Department of Industrial Chemistry, Toyama Technical College, Hongo-cho, Toyama 930-11 
(Received April 7, 1978) 

When a two-layer system which consists of water (upper layer) and an aqueous solution (lower layer) is heated 
from one side and cooled from the opposite side, a convection starts in each layer and a sharp horizontal boundary 
is formed by the two flows in opposite directions. The empirical formula for the transfer of a solute across the 
boundary was obtained by measuring the change in the concentration of a solute in the upper layer. The flux, 
WA, of a solute, A, was expressed by 

Wk = az(Ap1-Ap0)D^(AcI/Ap2). 
Here, az is the mass-transfer coefficient; Ap19 the density difference between the liquid on the heated wall and 
that on the cooled wall; Ap0, the value of Aft at which the convections start; D, the diffusion coefficient of a solute; 
and Act and Ap2, the concentration difference and the density difference, respectively, between the solution of the 
upper layer and that of the lower layer. 

When a two-layer system which consists of water (A) 
and an aqueous solution (B) is heated from one side and 
cooled from the opposite side, the liquid adjacent to the 
hot vertical surface moves upward, while that adjacent 
to the cool vertical surface moves downward. A convec­
tion starts in each layer, and a sharp horizontal boundary 
is formed by the two flows in opposite directions, as is 
shown in Fig. 1. Two papers1 '2) have been published on 
this phenomenon, but no attempts have been made to 
estimate the rate of transfer of a solute across the 
boundary. This paper will describe the empirical 
formula of mass transfer in our model. 

Heating -

777ZZZZZ71 

-»Cooling 

Fig. 1. Schematic illustration of the convections in two-
layer system. 
1 : Upper layer (water), 2 : lower layer (aqueous solu­
tion), 3: boundary. 

E x p e r i m e n t a l 

Materials. All the chemicals were reagent grade and 
were used without further purification. The sodium chloride 
was dried at 280 ° G for 1 h, the copper sulfate and sucrose 
were used wkhout drying, J and the other salts were dried at 
105—110 °C for 5 h. 

Apparatus and Method. Figure 2 shows the apparatus 
used for measuring convections in the two-layer system; it is 
made of 200 X 50 X 3 mm glass plates joined by the use of 
epoxide resin as adhesive. Two glass rods, 3 mm in diameter 
and 50 mm in length, were fixed on both sides at a distance 
of 7 cm above the bottom in order to make the flows of the 
convections stable. 

Water (63 cm3) was gradually poured over an aqueous solu-

Fig. 2. Apparatus for measuring convections in two-
layer system. 
1 : Upper layer, 2 : lower layer, 3 : hot water, 4 : cold 
water. 

tion (63 cm3) previously placed in the vessel at the flow speed 
of 2 cm3/min by the use of a micropump ; the two-layer system 
was thus made. The temperature of the circulating water 
used for heating or cooling the wall was kept constant within 
±0.05 °G. 

The concentration of electrolytes was determined by the 
electric-conductance method. The conductance was measured 
with a conductometer (Toa Electronics GM-6A) equipped 
with electrodes formed of platinized platinum wires which were 
sealed at one end of a glass tube 6 mm in diameter. The 
electrodes were placed in the middle of the upper layer. 

The concentration of sucrose was determined by colorimetry 
as reported by Dubois et ß/.3> The samples (50 mm3) for the 
determination of the solute concentration were taken out 
from the solution in the middle of an upper layer. 

R e s u l t s a n d D i s c u s s i o n 

Phenomenon of Mass Transfer. In a previous 
paper2) it was shown that the concentration in each 
layer is uniform. Therefore, the rate of mass transfer 
across the boundary can be calculated from the incre-
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200 300 

t/min 

Fig. 3. Variation of the concn cKCl in the upper layer 
with time t. 
Conen of the lower layer at the start of the convections : 
0.6 g/(100 cm3), temps of heating and cooling water: 
36 and 26 °G. 

ment in the concentration of a solute in the upper layer. 
Figure 3 shows the variation in the concentration of a 
solute in the upper layer with the lapse of t ime. Within 
ten minutes from the beginning of the convections, each 
convection becomes a steady current ; then the concent­
ration in the upper layer increases linearly with the 
t ime. When the time has elapsed, the concentration 
difference between the two layers becomes small and 
the boundary unstable. Then, the boundary is destroyed 
and the two-layer system changes into a one-layer 
system. The flux (g c m - 2 m i n - 1 ) , WA, of a solute, A, 
across the boundary was calculated by means of 

WA = 
V AcA 

100S At ' (1) 

Here, cA, S, t, and V are the concentration {g/(100 cm3)} 
of a solute, A, in the upper layer, the area (cm2) of the 
boundary, the time (min), and the volume (cm3) of 
the upper layer, respectively. 

Figure 4 shows the relation between WKOi and the 
concentration in the lower layer at the start of the 
convections. I t can be seen that WKCi is independent of 
the concentration difference. 
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Fig. 4. Relation between WKci a n d concn clow of KCl 
in the lower layer at the start of the convections. 
Temps of heating and cooling water: 30 and 20 °G. 

Aft/10"3 g cm"3 

Fig. 5. Dependence of the flux WKOl on the density 
difference Aft between the liquids on the heated and 
the cooled wall. 
Goncns in the lower layer at the start of convections : 
0.2—1.0g/(100cm3). 
Temps of heating and cooling water—1: 29 and 26 °C, 
2: 30 and 25 °C, 3: 31 and 24 °C, 4: 32 and 23 °C, 5: 
33 and 22 °C, 6: 34 and 21 °C, 7: 35 and 20 °C, 8: 36 
and 19 °G. 

Effect of Density Difference Caused by the Temperature. 
Figure 5 shows the dependence of WKc\ on the density 
difference, Aft , between the liquid on the heated wall 
and that on the cooled wall . This plot shows a straight 
line except for small values of the density difference. 
The value of A f t = 0 . 6 3 x 10 - 3 g cm" 3 was obtained by 
extrapolation of the linear portion of the plot to WKGr+ 
0. The convections in our two-layer system can be 
considered to occur above this value of Ap0. Therefore, 
the following equation can be obtained: 

WA = a1(Ap1-Ap0). (2) 

Here, ax is the mass-transfer coefficient. 
Effect of the Kind of Solute. The values of WA may 

depend on the kind of solute through a variety of 
factors: (1) the diffusion coefficient of the solute; (2) the 
density difference between the liquid in the upper layer 
and that in the lower layer; and (3) the viscosity of the 
fluid. However, the rate of mass transfer may be 
expected to be practically unaffected by the viscosity, 
because this experiment was performed in dilute 
solutions. Therefore, the results were discussed from the 
viewpoints of the diffusion coefficient, D (cm2 s"1), and 
the density difference, A/)2 (g cm" 3 ) . The rate of mass 
transfer may be proportional to the #-th power of D 
with O^tf^Sl, because the solute is transported across 
the boundary by eddy or by molecular diffusion.4) The 
concentration difference, A ^ {g/(100 cm 3 )} , should be 
a driving force for this mass transfer. However, it has 
already been described that WA is independent of A ^ . 
Aci is proportional to Aft, so that the A^/Aft ratio 
should be constant for a given solute. Therefore, it is 
likely that W± is proportional to A^/Af t , and that, 
thus: 

WK = a2D> ACJ 

Aft' (3) 
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Fig. 6. Relation between WA and D°'5(AcI/Ap2)' 
Temps of heating and cooling water: 30 and 20 °C. 
Solutes—1 : CuS04 , 2: Na2SOd, 3 : CsCl, 
sucrose, 6: KCl, 7: KN0 3 , 8: NH 4N0 3 , 
NH4C1. 

NaCl, 5: 
HCl, 10: 

Here, a2 is the mass-transfer coefficient. The value of 
Aci/Ap2 was calculated approximately from 

Ac] 

Ap. 
i_ = (Ah]' 
»2 \ A^i / 

(WJ.-WJw)"1, (4) 

where (di)B is the specific gravity of the solution of 1 
wt %, (^i)w that of water, and t the mean temperature 
in the upper layer. For a number of solutes we measured 
WK and made a plot of log {WAl(Aci/Ap2)y vs. log Z), 
from the slope of which we obtained # = 0 . 5 . Thus, WA 

was found to be proportional to Z)°-5(AcI/Aio2)5 as be 
shown in Fig. 6. 

Empirical Formula for Mass-transfer Rate. Combin­
ing Eq. 2 with Eq. 3 yields the following final expression 
for WA: 

1 2 3 4 5 6 

(APl-Ap0) D^iAcJAp^xiœ 

Fig. 7. Relation between WKCl and (Ap1—Ap0)D
0'5> 

(Acj/Ap2). 
Conen in the lower layer at the start of convections: 
0.25—1.00 g/(100 cm3). 
Temps of heating and cooling water—1: 24 and 14 °C, 
2: 16 and 26 °C, 3: 27 and 17 °C, 4: 30 and 20 °C, 5: 
23 and 33 °C, 6: 26 and 36 °C, 7: 29 and 39 °C, 8: 20 
and 35 °C, 9: 20 and 40 °C, 10: 20 and 45 °C. 

^ ^ ( A f t - A f t ) ^ - 5 

Ap2 
(5) 

Here, az is the mass-transfer coefficient. Figure 7 shows 
the plot of P^KCI vs. (Apl—Ap0)D°'5(Ac1jAp2) at different 
pairs of temperatures. This plot is linear except for 
the points obtained at low temperatures. 
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Vibrational Spectra and Rotational Isomerism of Isopropyl 
Methyl Selenide and Diisopropyl Selenide 
Keiichi OHNO,* Akitoshi MITSUI, and Hiromu MURATA 
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The infrared and Raman spectra of isopropyl methyl selenide and diisopropyl selenide were measured for 
the liquid and solid states. The fundamental vibrations were assigned and the rotational isomerism was studied 
on the basis of the spectral observations and the normal coordinate treatment. For isopropyl methyl selenide, 
the Cx and Cs forms coexisted in the liquid state and the enthalpy difference between them was obtained as A//(C1— 
Cs) = —0.52 ±0.05 kcal mol -1. For diisopropyl selenide, it was presumed that only the C2 form persisted in the 
solid state while the C2, Cs, and Cx forms coexisted in the liquid state, the C2 form being the most stable. 

The vibrational spectra of unbranched dialkyl ethers 
and sulfides have been studied extensively in relation 
to the rotational isomerism.1) Recently, we have 
reported the existence of the rotational isomers about the 
C-Se axis2) and the correlations of the C-Se stretching 
wave numbers to the molecular conformations.3) 
Among the most simple molecules with the C-Y ( Y = 
O, S, and Se) internal rotation axis, the T form is more 
stable than the G form for ethyl methyl ether,4) but the 
reverse is true for ethyl methyl sulfide5) and selenide.2 '6) 
Therefore, we have taken an interest in studying these 
molecules, in which the hydrogen of the methylene 
group is replaced by a methyl group, in order to obtain 
information on the stability of the molecular conforma­
tions. The studies for isopropyl methyl ether7) and 
sulfide8) have already been reported. In this paper, we 
will deal in detail with the molecular vibrations and 
rotational isomerism of isopropyl methyl selenide and 
diisopropyl selenide by treating their normal coordinates. 

E x p e r i m e n t a l 

The samples were prepared by the treatment of alkylhalides 
with selenium9) and were purified by fractional distillation. 
The purities of the samples were checked by means of NMR 
and gas chromatography. 

The Raman spectra in the region below 4000 cm - 1 were 
recorded on a JEOL spectrophotometer (Model JRS 400D) 
with a Coherent Radiation CR-2 argon-ion laser. The Raman 
spectra were measured for the liquid state at various tempera­
tures and for the solid state at liquid nitrogen temperature. 
For the determination of the enthalpy difference between 
isomers, the integrated intensities of the Raman lines were 
measured in the liquid state; each experiment was repeated 
several times after attaining a constant temperature. The 
infrared spectra in the 300—4000 cm - 1 region were recorded 
on a Perkin-Elmer spectrophotometer (Model 621). The solid 
state was obtained by depositing vapor of the sample onto a 
Csl window cooled with liquid nitrogen and annealing it 
repeatedly. 

R e s u l t s and D i s c u s s i o n 

Normal Coordinate Treatment. For isopropyl methyl 
selenide, the existence of the rotational isomers has 
already been reported2) and the molecular forms have 
been determined from the calculation of the skeletal 
vibrations.3) Thus , the normal vibrations were cal­
culated in order to obtain a reasonable set of the force 

constants for the branched dialkyl selenide and informa­
tion on the molecular forms and the vibrational assign­
ment of diisopropyl selenide. The Urey-Bradley force 
field was used in the calculation. The structural para­
meters used were the same as those reported previously.3) 
The force constants were initially transferred from those 
of isopropyltrichlorosilane10) and dimethyl selenide11) 
and some of them were adjusted by the least-squares 
method to reproduce better the observed wave numbers 
of isopropyl methyl selenide. The force constants 
obtained were then transferred to those of diisopropyl 
selenide. The accuracy of the calculation was good 
enough for analyzing the observed spectra. The observed 
and calculated wave numbers are given in Tables 1 and 
2, together with the assignment based on the predom­
inant potential energy distributions. T h e force constants 
used are listed in Table 3. 

Vibrational Assignment. Figures 1—4 show the 
infrared and R a m a n spectra of isopropyl methyl 
selenide and diisopropyl selenide in the region below 
1500 c m - 1 . The observed wave numbers above 800 
c m - 1 resemble very closely those of the corresponding 
sulfides. In the region below 800 c m - 1 , only the C-Se 
stretching, skeletal deformation, and torsional vibrations 
are expected. Therefore, the fundamental vibrations 
are easily assigned by comparing the spectra with those 
of the sulfides and the relative intensities between the 
infrared bands and the R a m a n lines. Table 4 lists the 
isopropyl group vibrations of the selenides, together with 
those of the corresponding ethers7) and sulfides.8) It is 
noteworthy that the wave numbers of the isopropyl 
group vibrations of isopropyl methyl selenide are nearly 

1500 1000 
Wave number/cm-• 

500 

Fig. 1. Infrared spectra of isopropyl methyl selenide in 
the liquid and solid states in the 300—1500 cm - 1 region. 
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1500 1000 500 
Wave number/cm-« 

Fig. 2. Raman spectra of isopropyl methyl selenide in 
the liquid and solid states in the region below 1500 cm - 1 . 

1500 1000 500 
Wave number / cm"' 

Fig. 3. Infrared spectra of diisopropyl selenide in the 
liquid and solid states in the 300—1500 cm - 1 region. 

1000 500 
Wave number /cm-» 

Fig. 4. Raman spectra of diisopropyl selenide in the 
liquid and solid states in the region below 1500 cm - 1 . 

the same as those of diisopropyl selenide and those of the 
sulfides. 

Rotational Isomers. Isopropyl methyl selenide has 
one C-Se axis and has two possible rotational isomers, 
with the Cj or C s symmetry (the Cj and C s forms). 
Useful information on the rotational isomers has been 
obtained from the C-Se stretching vibrations. For 

isopropyl methyl selenide, the very intense R a m a n lines 
at 557 and 597 c m - 1 in the solid state were assigned to 
the C-Se stretching vibrations of o n e isomer. The 
R a m a n line at 539 c m - 1 in the liquid state was assigned 
to the C-Se stretching vibration of the other isomer. 
It has been reported2) from the calculation of the 
skeletal vibrations that the R a m a n lines at 557 and 
597 c m - 1 can be assigned to the C H - S e and CH 3 -Se 
stretching vibrations, respectively, of the G± form and 
the R a m a n lines at 539 and 597 c m - 1 to those of the 
C s form. This conclusion is also confirmed from the 
present normal coordinate treatment. 

Diisopropyl selenide has two C-Se axes and has four 
possible isomers with the C2 v , C2 , C s , or C± symmetry 
(the 

C2vj C2 , C s , and Cj forms). All the fundamental 
vibrations for these molecular forms are infrared and 
R a m a n active, except for the vibrations of the A2 

species of the C2 v symmetry which are infrared inactive. 
For diisopropyl selenide, information of the rotational 
isomers is obtained only from the C-Se stretching and 
skeletal deformation vibrations. The comparison of 
the observed wave numbers with the calculated ones 
indicates that the R a m a n lines at 555 and 529 c m - 1 are 
to be assigned to the C H - S e stretching vibration of the 
C2 and C s forms and the Cj and C2 v forms, respectively. 
In the solid state, the former line persists but the latter 
disappears. However, the molecular form persisting 
in the solid state cannot be determined from the calcula­
tion, because the C2 and C s forms have nearly the same 
calculated wave numbers, as in the case of diisopropyl 
sulfide.12) For diisopropyl selenide, the magnitude of the 
H---H nonbonded repulsion between the methyl groups 
is in the order: the C2 v fo rm>the C± form>;the C s 

fo rm>the C2 form. O n the assumption that the stability 
of the molecular forms is mainly due to the nonbonded 
repulsion, it is expected that only the C2 form persists 
in the solid state and that the C2 , C s , and G± forms 
coexist in the liquid state. However, the existence of 
the C2 v form is unlikely, because the G G ' form, with the 
large H---H nonbonded repulsion between the methyl 
groups, has not been reported to exist for diethyl 
ether,1) diethyl sulfide,1) or diethyl selenide.6) 

Enthalpy Difference between Isomers. The enthalpy 
difference can be determined from the intensity ratios 
of the R a m a n lines belonging to different isomers. The 
relative intensities of the R a m a n lines assigned to the 
C H - S e stretching vibration were measured in the liquid 

1.2 

1.0 

6 6 0 550 
Wave number/cm-i 

ln(lc/lcs> 
=-AH/RT+C p 

V 

p AHC|-Cs 
) »- 0.52 ±0.05 

kcal/mol 

3.0 4.0 
l 0 3 T - l / K - | 

5.0 

Fig. 5. Observed Raman spectra in the 510—600 cm - 1 

region and a plot of ln(/555/439)c vs. \\T. 
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TABLE 1. 

Liquid 

IR 

1465s 
1457s 

1440s 

1425s 
1382s 
1366s 
1310vvw 

1274m 
1230s, sh 
1217vs 
1154s 

1108w 
1040m 
1031m 
952vw 
925w 

897s 
884w, sh 
594vw 

552w 
538vw 

409vw 

Raman 

1455w 

1441w 

1426vw, sh 
1382 vw 
1367vvw 
131 lvw 
1304vw,sh 
1275m 
1233w 
1219s 
1156vw 
1108vw 
1040vw 
1031w 
953vw 
925vw 

894vw, sh 
876m 
596vvvs 

555vvvs 
539vvs 
42 lw 
410s 
301vs, sh 

292vs 

265w, sh 

198w, sh 

178m 

Keiichi OHNO, Akitoshi MITSUI, and Hiromu MURATA 

OBSERVED AND 

dp 

dp 

dp 

P 
P 
P 

dp 

P 
P 
dp 

P 

P 
P 
P 
P 
P 

P 

dp 

IR 

1465m 

1449m 
1444m 
1433w 
1423s 
1378s 
1370s 
1320w 

1278s 

122lvs 
1159s 

1109w 
1037s 

956w 
933m 
904s 
895vs 
878w 
594w 

555m 

416w 

CALCULATED WAVE 

Solid 

Raman 

1473vw 
1458w 
1450w 
1442vw 
1430vw 
1420vw 
1382vw 

1319vw 

1279w 

1218m 
1162w 
l l l l v w 
1040s 

953vw 
932vw 
904vw 
895w 
881vvs 
597vvvs 
580vw 
557vvvs 

417m 

/302s 
\298s 

26 lvw 
242vvw 
187vw 

175vw 
120vw 
97vw 
74s 
63m 
48m 
37vw 
30w 

[Vol. 52, No. 

NUMBERS OF ISOPROPYL METHYL SELENIDE ( c m - 1 ) 3 ) 

^ ~ 
1451A' 
1449 A" 
1449A' 
1449A" 
1425A' 
1424A" 
1379A' 
1379A" 

1296A" 
1277A' 
1224A' 

1137A' 
1098 A" 

1036A' 
973A" 
922A" 
897A' 
893A" 
878A' 
599A' 

550A' 

419A' 

288A' 
287A" 

203A' 
202A" 
167 A' 
159A" 

75A" 

Calcdb> 

G, 

1452 ^ 
1450 1 
1449 
1449 J 
1425 1 
1424 1 
1380 1 
1380 J 
1297 1 

1276 

1224 1 
1136 
1101 
1035 1 

973 
924 
895 
893 
877 
595 

554 1 

411 

300 

267 

204 
201 
178 
159 

75 

Assignment0* 

<5aCCH3 

<5 SeCH« t / j j I J V y V l l l « 

<5SCCH3 

<5CH o.p., rsCCH3 

<5sSeCH3 

ô CH i.p., rsCCH3 

raCCH3, i;sC-C 

*aC-C, raCCH3 

rsCCH3, Ö CH i.p. 

raCCH3, vaC-C 
rsCCH3, <5CH o. p. 
rsSeCH3 

raSeCH3 

vsC-C, raCCH3 

vCH3-Se 

yCH-Se 

*sC2CSe 
<5sC2CSe, <5aC2CSe 
<5aC2CSe 

<5aC2CSe 
daC2CSe 
<5aC2CSe, <5sC2CSe 

r sCCH3 

r aCCH3 

5CSeC 
rSeCH3 

\ rCHSe and lattice vibrations 

8 

a) Wave numbers above 1500 cm-1 are not included and infrared spectra below 300 cm - 1 are not recorded, s: Strong, 
m : medium, w : weak, v : very, sh : shoulder, b : broad, p : polarized, and dp : depolarized, b) A', A" : A' and A" species 
in the Cs symmetry, c) v: stretching, s: scissoring, w: wagging, t: twisting, r: rocking, ô: deformation, r : torsion, i.p.: 
in-plane mode, o.p. : out-of-plane mode, a : asymmetric mode, and s : symmetric mode. 

state at different temperatures. For isopropyl methyl 
selenide, Fig. 5 gives the intensity ratio of the R a m a n 
line at 555 c m - 1 (the C± form) to that at 539 c m - 1 (the 
C s form). From the slope of the straight line of 
ln(/5 5 5 / /5 3 9) c vs. l/T, the enthalpy difference AH(C1—Gs) 
was obtained as —0.52:^0.05 kcal mo l - 1 . 

For diisopropyl selenide, the relative intensity of the 
R a m a n line at 555 c m - 1 belonging to the C2 and/or C s 

forms increases with decreasing temperature, as com­
pared with that of the R a m a n line at 529 c m - 1 belonging 
to the Cj form. Therefore, for these compounds the 
molecular form with more G1 conformations of the 
isopropyl parts is more stable than the others. 

Stability of Molecular Conformation. For isopropyl 
methyl selenide, the C± form is found to be more stable 
than the C s form by 0.52 ± 0 . 0 5 kcal m o l - 1 in the liquid 

file:///298s
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TABLE 2. OBSERVED AND CALCULATED WAVE NUMBERS OF DIISOPROPYL SELENIDE (cm 

Liquid 

IR 

1466s 
1456s, sh 

1443s 

1382s 

1366s 

1313vw,b 

1224s, sh 
1214vs 

1153s 

1121vw,b 

1041vw 

1023m 
954vw 

925vw 

881vw 

549vw 

424vw 
410vw 

a), b), c) 

Raman 

1457w 

1442w 

1383vw 

1368vvw 

1314vw 
1307ww,sh 
1226m 
1218w,sh 

1156vw 

1114vw 
1109vw,sh 
1100vw,sh 

1033w 
1022vw 

952vw 

928vvw 

879m 

564vvs 
555s,sh 
529m 

422vw, sh 
413w 
315w, sh 
305w 
275s 

252w, sh 

125w 

dp 

dp 

P 

dp 

P 
P 

dp 

P 
P 
dp 

P 
P 
P 
P 
P 

P 

P 

dp 

See a), b), and c] 

Solid 

IR 

1468s 
1458m 
1447s 
1443s 
1437s 
1431s 
1382s 
1376vs 
1368vs 

1235vs 
1219vs 
1163m 
1156vs 
1147w 

l l l l v w 
HOOvw 
1039m 
1030vs 

958w 
939vw 
923s 

885s 
877vw, sh 

548m 

418vw 

of Tabel 1. 

Raman 

1477vw ^ 
1459vs 
1450m 
1441m 

1384vw \ 

1369vvw 1 

1314w 
1307vvw 
1231vs 
1218m 
1164m 
1156m 

1120w 

1097vw 
1043s 
1031w 

952w 

927vw 

882ws 
874vw 
563vvs 
552vvs 

423s 

313m 
300s 

268vvw 
258vs 
247vvw 
219vvw 

139vw 
99w 
80w, sh 
69vs 
45w 
36w 

c2 

1451A,B 

} 1449A,B 

1379A,B 

1299A 
1297B 
1224A 
1224B 
1137A 
1136B 

1106A 

1097B 
1036A 
1035B 

975A 
972B 
925A 
923B 
877A 
876B 
560B 
553A 

414A 
408B 
307A 
299B 

274B 
243A 
203A 
202A 
201B 
199B 

116A 

59A 
55B 

Calcdb) 

fi, ~̂ 

1451A',A" 

1449A',A" 

1379A',A" 

1300A' 
1295A" 
1224A' 
1224A" 
1137A' 
1136A" 

1104A/ 

1098A" 
1037A' 

1033A" 
974A' 
973A" 
926A' 
922A" 
877A' 
876A" 
558A" 
554A' 

415A' 
407A" 
316A' 
299A" 

260A" 
246A' 
203A" 
202A' 
202A' 
200A" 
118A' 

56A" 
56A' 

Ci 

1451 

1449 

1379 

1298 
1296 
1225 
1223 
1139 
1135 

1101 
1098 
1038 

1034 
973 
973 
924 
922 
879 
876 
568 

545 

422 
407 
318 

289 
264 
254 

202 
202 
201 
200 
111 

63 
50 

~\ 

1451Al5Bi 

1449A1,B1 

A2,B2 

1379A1,B1 

A 2 j - D 2 

1298A2 

1294B2 

1225AX 

1224BX 

1139 Ax 

1136B! 

1100B2 

1096A2 

1038B! 
1035 Ax 

973B2 

972A2 

923A2 

921B2 

881 Ax 

876BX 

570BX 

543AX 

430AX 

407BX 

304AX 

302B2 

272A2 

252BX 

203A2 

202AX 

202B2 

199BX 

104AX 

69A2 

46B2 

} 
} 
} 
i 

J i 

J 
} 
) 

! 

} 
• 

} 

N 
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-l)a) 

Assignment0 

<5aCCH3 

daCCH3 

^SCCH3 

5CH o.p., rsCCH3 

5CH i.p., rsCCH3 

raCCH3, vsC-C 

i;aC-C, raCCH3 

rsCCH3, <5CHi.p. 

raCGH3, vaC-C 

rsCGH3, 5GH o.p. 

vsC-C, raCCH3 

vaCH-Se 

vsCH-Se 

> <5C2CSe 

i 

T C C H 3 

5CSeG 

rCHSe and 
lattice vibrations 

state. For isopropyl methyl sulfide, which is one of the 
(GH3)2CHYCH3-type molecules ( Y = 0 , S, and Se), 
the Cx form is also more stable than the Cs form by 
1—1.58a> and 0.19dz0.03 kcal mol"18b) in the liquid 
state. However, for isopropyl methyl ether the C t 

form has predominantly existed in the liquid state.7) 
On the other hand, in the CH3CH2YCH3-type molecules 

( Y = 0 , S, and Se), the T form has been more stable 
than the G form by 1.1—1.5 kcal mol"1 in the gaseous 
and liquid states for ethyl methyl ether,4) but the reverse 
is true for ethyl methyl sulfide ( A # ( T - G ) = - 0 . 0 3 ± 
0.05 kcal mol - 1 in the gaseous state53) and —0.14±0.05 
kcal mol - 1 in the liquid state5b)) and ethyl methyl 
selenide (AH(T-G) = -0 .28±0 .05 kcal mol-1 in the 
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TABLE 3. FORCE CONSTANTS FOR BRANCHED 

DIALKYL SELENIDES' a) 

Force constant 

^(C-H),CCH3 

K(C-H),CH 
#(C-H),SeCH3 

K(C-C) 
tf(C-Se) 
/ / (H-C-H),CCH3 

//(H-C-H),SeCH3 

/ /(C-C-H),CCH3 

/ / (C-C-H),CH 
//(Se-C-H),CH 
//(Se-C-H),SeCH3 

/ /(C-C-C) 
i/(C-G-Se) 
//(C-Se-C) 
F ( H . C H ) 
F(C.C.H) 
F (ScG.H) 

Value 

4.198 
4.100 
4.379 
2.144 
1.356 
0.370 
0.355 
0.194 
0.177 
0.044 
0.035 
0.358 
0.208 
0.219 
0.200 
0.540 
0.617 

Force constant 

F(C-C-C) 
F (C .CSe) 
F (CSe .C) 
A:(CCH3) 

*(CH) 
A:(SeCH3) 
7(C-CH3) 
7(Se-CH3) 
y(Se-CH) 

/>(C-H),CCH3 

/>(C-H),SeCH3 

/>(C-Se) 
n(CCH3) 
n(SeCH3) 
*(CCH3,CCH) 
£(CCH3,CCH) 

Value 

0.-355 
0.290 
0.060 
0.024 

- 0 . 0 5 3 
0.029 
0.076 
0.047 
0.095 

- 0 . 1 2 2 
- 0 . 0 9 4 
- 0 . 0 7 5 

0.021 
0.014 
0.122 

- 0 . 0 2 9 

a) The Urey-Bradley force field; the units of the force 
constants are in mdyn/Â for stretching, K; bending, H; 
repulsion, F; bond interaction, p; and in mdyn»Â for 
intramolecular tension, k; torsion, Y; angle interaction 
between the CCH and HCH angles of methyl group, n; 
trans coupling, t; gauche coupling, g. 

liquid state6)). 
The above results indicate that for isopropyl methyl 

sulfide and selenide the Cj form with fewer methyl-
methyl gauche-dispositions is more stable than the C s 

form with more methyl-methyl gauche-dispositions, 
although for ethyl methyl sulfide and selenide the 
conformation with the methyl-methyl gauche-disposition 
(the G form) is more stable than the other (the T form). 
This inconsistency suggests the following. The H---H 
nonbonded repulsion between the methyl groups may 
affect the stability of the molecular forms and so the 
dihedral angles for the gauche CH 3 CH 2 YCH 3 - type 
molecules ( Y = 0 , S, and Se) and the C± form of the 
(CH 3 ) 2CHYCH 3 - type molecules would be slightly 
larger than the 60° of the original gauche position. The 
C s form of the (CH 3 ) 2CHYCH 3 - type molecules ( Y = 0 , 

S, and Se) inevitably has the dihedral angle of 60°. 
Therefore, the C± form may be more stable than the 
C s form because of the H---H nonbonded repulsion. 
For ethyl methyl ether and isopropyl methyl ether with 
the shorter C - O bond length, the stability of the 
molecular forms can be interpreted in terms of the 
larger H---H nonbonded repulsion between the methyl 
groups. 

Recently, Oyanagi and Kuchitsu13) have reported 
from an electron diffraction study that the G form of 
ethyl methyl ether has the dihedral angle of 8 4 ^ 6 ° , 
far away from the original gauche position, and that 
the G form of ethyl methyl sulfide has an angle of 
6 6 ± 9 ° . For the gauche CH 3CH 2YCH 3 - type molecules 
( Y = 0 , S, and Se), the nearest H - H nonbonded 
distances between the methyl groups were calculated 
by using the structural parameters determined by the 
electron diffraction study, where the values of ethyl 
methyl selenide were assumed to be the same as those 
of ethyl methyl sulfide, except for the C-Se bond of 
1.943 A and the CSeC valence angle of 96° I T . The 
dihedral angle $ used in the calculation was taken as 
60°, the original gauche position, and the values deter­
mined by the electron diffraction study. The H---H 
distance calculated is 1.74 Â (0=60°) and 2.09 Â (<ß = 
85°) for ethyl methyl ether, 1.95 Â (0=60°) and 2.03 Â 
(0=66°) for ethyl methyl sulfide, and 2.09 Â ( 0 - 6 0 ° ) 
and 2.17 Â (0=66°) for ethyl methyl selenide. There­
fore, the H---H nonbonded repulsion may rapidly 
decrease with increasing values of the dihedral angle 
under a potential such as the Lennard-Jones type. O n 
the other hand, trithia[5]heterohelicene has been shown 
to have a spiral configuration because of the steric 
repulsion between the terminal atoms by the X-ray 
study.14) The nearest H---H nonbonded distance of the 
terminal rings has been reported to be 2.15 Â. It 
should be noted that the nearest H---H nonbonded 
distance is in the range of about 2.03 to 2.15 Â for ethyl 
methyl ether with the dihedral angle of 85°, ethyl 
methyl sulfide with the dihedral angle of 66°, and 
trithia [5] heterohelicene. 

The authors wish to express their thanks to Dr. 
Hiroatsu Matsuura for his valuable discussion. 

TABLE 4. OBSERVED WAVE NUMBERS OF ISOPROPYL GROUP VIBRATIONS3^ 

Description 
Ethers1» 

^̂  
' f-PrOMe 

CH3 symmetric 
deformation 

CH out-of-plane bending 
CH in-plane bending 
CH3 rocking and 

C-C stretching 

( 

[1381 
11372 
1345 
1338 

M214 
1136 
1115 
938 
921 

{ 799 

~\ (i-Pr) 

1379 
1365 
1337 
1326 
1169 
1127 
1018 
938 
919 
852 

2o 

1326 
1313 
1162 
1100 
994 
932 
908 
798 

Sulfides^ 
i 

2-PrSMe 

1383 
1366 
1312 
1244 
1159 
1113 
1064 
952 
927 
884 

^ 
^ (*-Pr 

1382 
1367 
1312 
1251 
1158 
1113 
1064 
952 
927 
882 

)as 

1301 
1239 
1152 
1096 
1045 

Selenidesd> 
^ f 

f-PrSeMe 

1382 
1367 
1311 
1219 
1156 
1108 
1040 
953 
925 
876 

s 

(i-Pr)2Se 

1383 
1368 
1314 1307 
1226 1218 
1156 
1114 1100 
1043 1033 
952 
928 
879 

a) The vibrations of the C-H stretchings and the CH3 asymmetric deformations are not 
numbers in the solid state. From Ref. 7. c) Infrared wave numbers belonging to the 
From Ref. 8. d) Raman wave numbers belonging to the Cx form in the liquid state. 

included, b) Infrared wave 
Cx form in the liquid state. 
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Potential energy surfaces were computed for the Li-H2 system of G2V symmetry, which dissociates to a normal 
hydrogen molecule and a lithium atom either in its ground state or in the 2P excited state, in order to get an idea 
of the quenching process of the atom by the molecule. The potential surfaces crossed in a line and two shallow 
minima appeared on the 2B2 surface. Natural orbital analysis and electron density maps gave information on 
the charge transfer character of the interaction of the excited atom with the molecule. 

Quenching of excited atoms by diatomics is of 
interest as a prototype of elementary processes involving 
crossovers between adiabatic potential energy surfaces, 
e. g., the processes involving the conversion of electronic 
excitation energies to those of chemical bonds. The 
present work was undertaken with the view that detailed 
understanding of the representative case would be an 
essential step in the clarification of these attractive 
molecular phenomena. 

Bauer and his coworkers1) published detailed calcula­
tions of the quenching process. They described a scheme 
which could be adjusted to yield results in substantial 
agreement with experiments in certain important 
aspects; the gross features of the scheme appeared 
reasonable from general theoretical points of view. The 
method they used to construct potential curves, though, 
involved many arbitrary and ad hoc assumptions. 

Krauss2) seems to be the first who undertook to 
calculate directly the potential curves for the simplest 
system of the class — L i - H 2 . His results contained many 
important conclusions about the features of the system, 
which are in agreement with those of the present more 
comprehensive calculations. A few published3) and 
unpublished4) calculations have been performed for the 
system since then. Unfortunately, although they used 
elaborate extended bases and configurational interac­
tions, they were restricted to special geometries of the 
system. The general description of the processes which 
occur in the electronic environment when the com­
ponents come to interact seems, as far as we know, to be 
undocumented to date. 

M C S C F calculations using O V C approximation5) 
seem to be one of the reliable means to compute at least 
qualitatively the electronic structures of simpler systems, 
when the nuclear geometry is varied. As is well 
known, however, M C S C F calculations often suffer 
convergence difficulties, especially when the geometry 
changes greatly. A number of procedures6) have been 
reported to overcome these difficulties. Some earlier 
calculations in this work were done by a method of 
direct minimization of the energy functional,63) which 
showed excellent stabilities toward iterations. The 
convergence of the method was rather slow, however, 
and most of the later calculations were performed using 
the coupling operator method proposed by Hirao and 
Nakatsuji7) and Carbo,8) into which quadrat ic conver-
gency was incorporated. 

The present paper reports the preliminary potential 
energy surfaces of the lowest 2A± and 2B2 states of the 
L i - H 2 system in the C2 v symmetry. These states seem 
to be appropriate in describing the quenching process 
of Li(2P) by H 2 . Some features of the electronic struc­
ture of the system at several representative points on the 
surfaces are given also. The surfaces cross in a line; 
somewhere around this crossing, non-adiabatic transi­
tions will occur as the result of perturbations. Two 
shallow minima appear on the 2B2 surface, which may 
lead to exciplex formation. 

Preliminary calculations showed that the potential 
energy surfaces of two linearly arranged L i - H 2 systems, 
which correlated to the isolated L i ( 2 S ) + H 2 and to the 
isolated L i ( 2 P ) + H 2 , did cross as in the case of C2v 

geometry. The lowest point of the crosssection, however, 
had a much higher (ca. 50 kcal/mol) energy than the 
point for the isolated L i ( 2 P ) + H 2 system. A process 
via such arrangements seems to be inefficient in the 
quenching of Li(2P) compared with the process presented 
above (activation energy^»4 kcal/mol). The results for 
linear geometry and for the general C s geometries will 
be reported later, together with more detailed calcula­
tions near the crossing region using extended basis 
sets. 

M e t h o d o f Calculat ion 

Geometry was restricted to the C 2 v symmetry 
shown in Fig. 1. T h e bases were minimal STO-3G 
functions, as suggested by Pople et a/.9) and full CI was 

Y 

H 
/ - R LiH 2 - - ^ \ 

/RHH 

Fig. 1. Geometry of the system. 
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taken into account. 
We take the O V G approximation5) and express the 

electronic wavefunction W as a linear combination of 
configurational wavefunctions differing only in the way 
the valence electrons occupy the molecular orbitals 
(MO) : 

Of the five electrons of the system, two are assumed to 
occupy the core orbital and the remaining three are 
taken as valence electrons. In 3Fprq, these electrons 
occupy p , r, and q valence orbitals with a, ß, and a 
spin, respectively. When either p or q coincides with r, 
there is only one way of constructing a doublet configu­
ration state function (CSF). If this is not the case, 
there arise two independent doublet CSF's of the same 
electronic configuration, and their forms are assumed 
to be 

n ' A = (£prq + £>rPq)/VT 

y & = ( £ p r q - £ r p q + 2 i ) p q r ) / v " ^ 

ÄTV, = ^blH^b}\ 
M 

where Dprq is the Slater determinant (5!)~1 / 2 1^(1)^1 
(2)0p(3)0f(4)0q(5) | . The energy expression for the 
O V C wave function is written : 

val. 

£=2(A»a+tfïïï,)^ïr+S2(0|,A»n+AB1)*L*8» 
m.n m.np.q 

where b^ are the expansion coefficients of the p-th 
orbital, hmn are the matrix elements of the bare-nucleus 
Hamiltonian, and Z>2£e are the elements of the core 

core 

density matrix 2 fcK • Ä r e and H£n are defined as 
r 

us» = hmn + sP£r+scN*ge?}(27mnkl-/rmnkl), 
k.l p.q 

H& = Cn{hmn+-gD$r(2Jmnkl-KmDkl)} 

Tai. 

+ U2ÄS*JMy»nki. 
k.l r.s 

where Jmnki and ^ m n k l are the coulombic and the 
exchange repulsion integrals. Cpq and i ® are the 
coefficients of averaged occupancies of valence orbitals 
and have similar meanings to the terms P£AB° and 
-F2ABCD of Ref. 6a. In this special case, they are written 
as 

R* = 2 { S ^ t p r ^ t q 8 + S ^ p r A s t + U ^ p t r A t s } , 
t(*r.s) t(*p.q) t 

t 

where Aprq are the expansion coefficients in 3F = 

S ^Drq^Drq- According to the formulation of Carbo,8) 
p.r.q 

every molecular orbital wavefunction <fip is an eigen-
function of a coupling operator R . 

R | ^ P > = |0P>*P (1) 

When approximate orbital functions given by the last 
iteration are used as a temporary basis, the matrix 
elements of R are given as follows. For diagonal 
elements : 

*rr = Hb\F\ + ßr: Ävv = S^iv^i0jCC^J + £v 

and for non-diagonal elements : 

where F [ = 2 # i j & ! 
s.j 

(r,s : valence) 
occ 

core), and H ° C C = 1 / 2 I ] ( H P I + H " " ) 

F f = 2 # f j 0 % (r: 

Superfixes r 

and s refer to occupied orbitals and v and v' refer to 
vacant orbitals. The value ßp is the level shift given to 
the M O p . The absolute values of the nondiagonal 
matrix element 2 r s were usually taken to be unity. At 
later stage of iteration using Eq. 1 alone, the conver­
gence was often slow, and quadrat ic convergency was 
incorporated into the computing program along with 
the Newton-Raphson procedure, as done by Hunt , 
Goddard, and Dunning.10) The resultant formulation 
appears to be similar to that given by Hinze.6b) 

R e s u l t s a n d D i s c u s s i o n 

Potential Energy Surface. The computed energies 
of the ground state (2AX) and the first excited state 
(2B2) are shown in the contour maps of Figs. 2 and 3, 
respectively, as functions of two distances /?HH and 
^LiH». The first state dissociates to a normal lithium 

^LiH2 

Fig. 2. Potential energy surface for 2AX ground state. 
i?LiHl is the distance in bohrs from the Li nucleous to 
the midpoint of the line connecting the two hydrogens. 
i?HH is the distance between the hydrogens. The figures 
beside contours are energies in hartrees minus —8.47. 

2.0 3.0 4.0 
RUH2/a.u. 

Fig. 3. Potential energy surface for the lowest 2B2 state. 
The figures beside contours are energies in hartrees 
minus —8.47. 



2186 Kimiko MIZUTANI, Yoshihiro KURIBARA, Kazuko HAYASHI, and Shiro MATSUMOTO [Vol. 52, No. 8 

atom and a hydrogen molecule, while the latter is seen 
to dissociate to an excited li thium (2P) atom and a 
hydrogen molecule in the ground state. The energy 
surface of the 2B2 state is seen to have two minima, one 
at ^111,^3.5 a.u. , ^ H H ^ I - S a.u., and the other at 
Ä L I H . ^ . Ö a.u., Ä H H ^ . O (a.u.) . The calculated depth 
of the former was 9.5 kcal/mol, with respect to the 
isolated system of Li(2P) and H 2 ( ^ g ) . The bottom of 
the latter was calculated to lie 6.2 kcal/mol above the 
isolated system, and to be separated by some potential 
barrier (see below). These minima might correspond 
to exciplexes, if any exist, between an excited Li atom 
and a hydrogen molecule. The general appearance of 
the 2Aj_ surfaces is similar to that of the 2B2 surface, but 
no minima appear in the lower-right valley, and the 
surface in Fig. 2 is more steeply ascending toward the 
upper-left region than is the 2B2 surface in Fig. 3. The 
two potential surfaces intersect in a curve, which is 
shown by broken lines in Figs. 2 and 3. 

TABLE 1. CI WAVE FUNCTIONS OF THE 2B2 STATE AT FOUR 

TYPICAL GEOMETRIES : A, B, C, AND D, IN Fig. 3 

-a35 

a» 
c 

LxJ 

-8-45 

Fig. 4. 

3 A 5 
RLiH2/a.u. 

Energies along minimum energy path. 

O n these potential surfaces, we might picture the 
quenching process of excited li thium atoms by hydrogen 
molecules through geometries close to C2 v . Starting 
from point A in Fig. 3, the path of energetically most 
favorable approach, i.e. the pa th of quasi-static 
approach, is shown by the dotted lines in Figs. 2 and 3, 
and the change of energy along the path is shown 
schematically in Fig. 4 .** The crossing point of 2A1 

and 2B2 curves in Fig. 4 is the point of lowest energy on 
the broken line of Fig. 3. The geometry was found to be 
^ H H ^ . O a . u . and RUKt^2.2 (a .u.) . Activation energy 
was 4.3 kcal/mol. Transitions at nearby geometries 
between the surfaces may become possible by contribu­
tions of vibrations of appropriate symmetry or by proper 

** In actuality, the path would wander somewhat, as is 
shown partly by the chain line in Fig. 2, thus resulting in a 
vibrationally excited H2 molecule. Some coupling of vibra­
tional motion to the translational motion should also exist in 
the ascending path on the 2B2 surface. To get actual reaction 
paths is, however, not in the scope of this paper. 

CSF*> 

CI coefficient 
Geometry 

Ab) Bc> Cd> De> 

l a ^ a ^ l b , 
l a ^ a ^ l b , 
l a ^ l b ^ b ^ 
lai21b22b2

2 

l a ^ ^ l b i 2 

l a ^ a ^ b , 
l a i

23 a i
22b2 

l a i
2 4 a i

2 lb 2 

l a ^ a ^ b a 
la i

2lb2
22b2 

l a ^ a ^ a ^ ^ 
l a ^ a ^ a ^ 
l a ^ a ^ a ^ b g 
l a ^ a ^ a ^ b , 
l a ^ a ^ a i l b , 
l a ^ a ^ a i l b , 
l a ^ a ^ a ^ b a 
l a ^ a ^ a ^ b , 
l a ^ a ^ a i l b a 
l a ^ a ^ a i l b g 
l a ^ a ^ a ^ b a 
l a ^ a ^ a ^ b g 

0.9937 
0.0 
0.0 
0.1121 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.9921 
-0.0320 
0.0023 
0.1039 
0.0008 

-0.0039 
-0.0032 
-0.0006 
0.0 
0.0350 

-0.0230 
0.0003 
0.0444 

-0.0035 
0.0 
0.0098 

-0.0007 
0.0064 

-0.0061 
-0.0014 
-0.0001 
0.0004 

0.9823 
-0.0422 
0.0076 
0.1137 
0.0031 

-0.0122 
-0.0120 
-0.0007 
-0.0003 
0.0924 

-0.0129 
-0.0024 
-0.0937 
-0.0461 
-0.0001 
0.0164 

-0.0065 
0.0048 
0.0033 
0.0010 

-0.0011 
-0.0019 

0.9695 
-0 .0685 

0.0231 
0.0475 

-0 .0036 
0.0183 
0.0227 

-0 .0059 
0.0015 

-0 .1227 
-0 .1667 
-0 .0032 

0.0702 
0.0602 

-0 .0003 
0.0071 
0.0139 
0.0024 
0.0003 

-0 .0006 
0.0025 
0.0015 

a) Configuration state function. The last twelve CSF's 
represent six pairs, the two members of each pair corre­
sponding to two different spin states of same configuration. 
b) ÄLiH,= 10° a.u., RUH=\A a.u. c) ÄLiHl = 3.5 a.u., 
Ä H H =1 .5 a.u. d) i?LiHl = 3.02 a.u., Ä H H =2.2 a.u. 
e) ÄLiHl = 2 . 5 a . u , Ä H H = 4 .0a .u . 

TABLE 2. NATURAL ORBITALS CONSTITUTING 

CONFIGURATIONS IN TABLE 1 

Molecular r 

iunc-
tion 

orbital 

Molecular orbital coefficient 
Geometry 

B D 

0i a , 

V4ai 

-0.0122 
0.9955 
0.0268 
0.0002 
0.9578 

-0.0465 
0.0464 
0.0486 

-0.8300 
-0.1517 
0.9657 
0.8351 

-0.2274 
0.1271 

-0.5766 
0.8521 
0.1260 
0.9632 
1.0204 

-0.3597 
1.0 

0.0037 
0.9950 
0.0253 
-0.0023 
0.8362 
-0.0996 
0.1614 
0.1509 
1.1018 
0.1253 
-1.0672 
-0.8719 
-0.2984 
0.1265 
-0.5100 
0.9099 
0.3937 
0.8030 
0.9780 
-0.6832 
1.0 

0.0005 
0.9960 
0.0212 

-0.0055 
0.6164 

-0.1298 
0.4030 
0.2488 
1.2298 
0.1181 

-1.1571 
-0.6216 
-0.4562 
0.0936 

-0.2526 
1.0591 
0.7666 
0.3778 

-0.8300 
1.0648 
1.0 
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TABLE 3. CI WAVE FUNCTIONS OF THE 2AX GROUND STATE 

AT FOUR TYPICAL GEOMETRIES : A , B, C , AND D , IN F ig . 2 

CSF 

l a ^ a ^ a i 
l a ^ a ^ a ^ 
l a ^ l V 
la1

23a1lb2
2 

l a^ax lb i 2 

l a^ax lb i 2 

l a ^ a ^ 2 

l a ^ a ^ ! 2 

la i
22a i2b2

2 

l a ^ a ^ b , 2 

l a i
2 4 a i lb 2

2 

l a ^ a ^ b a 8 

la1
24a1lb1

2 

l a i ^ a ^ i 

la1
23a1

24a1 

l a ^ a ^ a ^ a ! 
l a ^ a ^ a ^ a i 
l a ^ l b ^ b a 
la1

22a1lb22b2 

la1
a3a1lba2ba 

la1
a3a1lba2ba 

l a i
24 a i lb22b2 

la1
24a1lb22b2 

A 

0.9937 
0.0 
0.0 
0.1121 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

CI coefficient 
Geometry 

B 

0.9921 
-0 .0016 

0.0115 
0.1185 

-0 .1160 
0.0024 
0.0076 
0.0254 

-0 .0105 
0.0019 

-0 .0005 
0.0015 
0.0015 

-0 .0002 
0.0091 
0.0030 
0.0018 

-0 .0197 
-0 .0042 

0.0001 
0.0001 

-0 .0001 
0.0003 

C 

0.9776 
-0 .0053 

0.0249 
0.2033 

-0 .0181 
0.0052 
0.0088 
0.0263 

-0 .0144 
0.0037 

-0 .0016 
0.0021 
0.0021 
0.0001 
0.0090 
0.0026 
0.0015 

-0 .0298 
-0 .0073 

0.0010 
0.0007 

-0 .0017 
0.0007 

D 

0.3540 
-0 .0780 

0.8903 
0.0525 

-0 .0187 
0.0059 

-0 .0169 
0.0040 

-0 .1056 
0.0452 
0.0050 
0.0017 

- 0 . 0 0 0 5 
-0 .0076 

0.0020 
-0 .0035 
-0 .0058 
-0 .1716 

0.1152 
-0 .0026 
-0 .1276 

0.0095 
-0 .0115 

TABLE 4. NATURAL ORBITALS CONSTITUTING 

CONFIGURATIONS IN TABLE 3 

Molecular * J £ 

tion orbital 

Molecular orbital coefficient 
Geometry 

B D 

0ia. 

g 

^231 

^3a. 

Vib* 

H21<7, 

Li Is 
Li 2s 
L i 2 P z 

H2 lag 

Li Is 
Li 2s 
L i 2 P z 

Li Is 
Li 2s 
L i 2 P z 

H . l * g 
Li Is 
Li 2s 
L i 2 P z 

H2 K 
L i 2 P y 

H 2 1 * U 

L i 2 P y 

Li 2 P x 

0.0 
0.9952 
0.0257 
0.0 
1.0 
0.0 
0.0 
0.0 
0.0 

-0.2024 
1.0152 
0.0 
0.0 
0.0 
0.0 
1.0 
1.0 
0.0 
0.0 
1.0 
1.0 

-0 .0060 
0.9954 
0.0262 
0.0031 
0.9713 

-0 .0512 
0.0295 
0.0357 

-0 .1829 
-0 .1820 

0.9646 
-0 .3565 
-0 .8254 
-0 .0760 

0.5796 
1.1391 
1.0045 

-0 .0202 
-0 .2193 

1.0279 
1.0 

-0.0022 
0.9957 
0.0239 
0.0011 
0.9033 

-0.0864 
0.0915 
0.0988 

-0.1779 
-0.1683 
0.9236 

-0.4422 
-1.0746 
-0.0661 
0.7509 
1.1856 
0.9958 
0.0129 

-0.3462 
1.0542 
1.0 

0.0050 
0.9948 
0.0253 

-0 .0017 
0.7148 

-0 .1383 
0.3538 
0.1391 

-0 .7938 
-0 .1512 

1.1191 
-0 .0323 
-0 .9795 

0.0033 
0.4328 
1.2448 
0.7039 
0.4546 

-0 .8838 
1.0344 
1.0 

deformations from C2 v symmetry. Thus the way in 
which the electronic energy is converted to the vibra­
tional and translational energies of the hydrogen 
molecule may easily be visualized. 

Some Remarks on the Wave Function. Tables 1 and 2 
show the computed 2B2 wave functions as expressed by 
natural orbital expansions at four typical geometries 
on the dotted line in Fig. 3. Tables 3 and 4 show, for 
comparison, the corresponding 2AX wave functions at 
these geometries. As is seen in Table 1, the predominant 
CSF in the expansion of the 2B2 wave function is always 
3F2a i2a i lb t . Table 2 shows that the orbitals ^2 a i and 0 l b l 

are always bonding in the sense that they pile up 
electron densities between the Li atom and the H 2 

molecule. They are seen, however, to cause electrons 
to migrate in opposite directions. The occupation of 
0 l b l means more and more electron migrations from the 
Li 2p y atomic orbital to the lan hydrogen molecular 
orbital, as we go down the series of geometries from A 
to D . The occupation of ^ 2 a i means, on the contrary, 
electron migrations from the fully occupied \ag hydrogen 
M O to the nearly sp hybridized Li 2s and 2p z atomic 
orbitals, though the extent of charge migration is less 
remarkable than in the case of 0 l b ï . 

(a.u.) 
Fig. 5. Contour plots of total electron density of 2B2 state 

at the geometry G in Fig. 3 minus the density of hypo­
thetical 2B2 state lacking in the interaction between Li 
and H2. Full lines correspond to positive and broken 
lines to negative values of difference. The numbers 1,2, 
3 beside the contours indicate electron density change 
of 2.0X10-4, 2.0XlO-3, 4.0X10-3 electrons/a.u.3, 
respectively. 

The predominant configuration in the 2AX state is 
^2a.2a.3a. ^T the geometries A, B, and C, but is ?P2 a i l b , l b l 

for the geometry D . In the three former cases, double 
occupation of 02 a i effects a similar charge migration 
to that in the 2B2 state and the occupation of ^3 a i is seen 
to affect the charge migration only slightly. The net 
effect is that the electron transfer in the 2A± complex is 
in the opposite direction (from hydrogen toward 
lithium) to that in the 2B2 complex. This may be 
important in the stabilization of the 2B2 complex 
relative to the 2Aj state. The situation at the G geometry 
is made more visual in Fig. 5, where the electron 
densities of the 2B2 state minus the electron densities 
of a hypothetical system, in which the interactions 
between Li and H 2 have been artificially removed, are 
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plotted as contour lines: full-lines indicate an increase 
and dotted lines indicate a decrease in electron densities 
upon interaction. As noted above, the predominant 
configurations of the 2Aj state at the D geometry has 
changed to 5r

2aiibtib«- I*1 t m s case, the occupation of 
<t>lht also causes electrons to migrate from H 2 to Li, 
though the region of charge redistribution is different 
from that in the 0 2 a i . Fuller account of the analysis of 
the situation will be given in a succeeding paper. 

The potential surfaces and electronic wave functions 
given here are preliminary in that the basis functions 
used are limited. I t is hoped, however, that the results 
are a t least qualitatively correct4* and will be a useful 
starting point for more quantitative investigations. 
Work is going on to extend the bases to reach wave func­
tions which could be used in a quantitative description 
of the non-adiabatic transitions in the interaction of 
excited atoms with molecules. 
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Mechanistic study on the isomerization of cyclopropane into propene was made over Th(S04)2 catalyst. 
With a fresh catalyst, an induction period was observed, disappearing in successive runs. Coisomerization of 
cyclopropane d0/dQ reveals that the reaction involves an intermolecular H (or D) transfer. Nearly random location 
of the H (or D) atom in the mono-exchanged propene-^, and -d5 indicates that the isomerization proceeds via 
nonclassical carbonium ion in which seven hydrogen atoms are equivalent. 

The isomerization of cyclopropane to propene is 
catalyzed by acidic oxides1) and crystalline zeolites.2) 
Deuterium tracer studies have been made over silica-
alumina3»4) and sodium Y zeolite.5) O n the basis of 
deuterium distributions in the reactant and product 
together with the kinetic data over silica-alumina, 
Hightower and Hall presented the non-classical carbo­
nium ion of cyclopropane as an intermediate in which 
seven hydrogen atoms are equivalent.3 '4) Bartley et al. 
proposed a different type of nonclassical carbonium ion 
intermediate in which the hydrogen atom added is not 
equivalent to the original six hydrogen atoms.5) They 
suggested that an intramolecular hydrogen transfer 
occurs after the ring of the nonclassical carbonium ion 
is opened, since the reaction partly involves an intra­
molecular hydrogen transfer. 

However, the above discussions are based primarily 
on the deuterium contents of the reactant and product. 
The location of deuterium and hydrogen atoms in 
propene would provide important information as to 
whether the hydrogen atom added in the intermediate 
is equivalent to the original hydrogen atoms. 

The present study was undertaken to elucidate the 
intermediate of the isomerization of cyclopropane over 
an acidic catalyst, thorium sulfate, by deuterium tracer 
studies. The locations of hydrogen and deuterium 
atoms in propene were determined by microwave 
spectroscopy.6) 

Exper imenta l 

Catalyst and Reactants. Thorium sulfate was obtained 
by heating its hydrated form (Wako Pure Chemical Ind., Ltd.) 
at 500 °G for 3 h in air. Prior to reaction, the catalyst was 
pretreated with 0 2 at 500 °G followed by evacuation at 500 
°G for more than 3 h. The BET surface area was 5 m2/g-

Cyclopropane of 99.8% purity was supplied by Tokyo Kasei 
Ind., Ltd. Perdeuteriocyclopropane was prepared by repeated 
exchange reactions of cyclopropane with D2 over aluminum 
oxide (Nishio AE 11) at 100 °C.7> The isotopic purity was 
higher than 98.0%. The reactants were purified by passage 
through 4A molecular sieves at — 94 °C. 

Apparatus and Procedure. A 47 Torr of cyclopropane was 
allowed to react over 0.1—1 g of catalyst at 80—200 °C in ca. 
400 ml of a recirculation reactor. The products were separated 
by gas chromatographic column of VZ-7 (5 m), collected in a 
liquid N2 trap, and subjected to mass and microwave spectro­
scopic analyses in order to determine the deuterium content 
and the location of deuterium atoms in the product, respec­

tively. 

R e s u l t s a n d D i s c u s s i o n 

Cyclopropane underwent isomerization at 80 °C to 
yield only propene over a freshly pretreated catalyst 
with an induction time of 20 min. In the subsequent 
experiment carried out after brief evacuation at the 
reaction temperature, isomerization occurred without 
the induction time, a decrease in rate to some extent 
being observed (Fig. 1). The isomerization rate was of 
zero order in cyclopropane. The induction time was 
prolonged with lowering of reaction temperature. This 
indicates that the active sites are formed by the interac­
tion of the substrate with a freshly pretreated surface. 
As observed for the other solid acid catalysts,3'4* it is 
suggested that the active sites on T h ( S 0 4 ) 2 are poly­
meric residues which supply the protons to act as the 
Brönsted acid sites. 

o 

> 
o 

U 

20 80 100 40 60 

Time/min 

Fig. 1. The time courses of the isomerization of cyclo­
propane over Th(S04)2 at 80 °G in the initial run (O) 
and in the successive run ( 0 ) . 

Coisomerization experiments were carried out at 
100 °C and 200 °C with a mixture containing equal 
amounts of nondeuterio and perdeuteriocyclopropanes. 
Isotopic distributions at the two reaction temperatures 
were similar, those at 100 °C being given in Table 1. 
The product consisted primarily of non-exchanged 
isotopic species, d0 and d6, and mono-exchanged isotopic 
species, dx and d5. The numbers of hydrogen atoms 
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T A B L E 1. 

Product 

Cyclopropane 

Propene 
Cyclopropane 
Propene 

Cyclopropane 
Propene 
Cyclopropane 
Propene 
Cyclopropane 
Propene 
Cyclopropane 
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COISOMERIZATION OF CYCLOPROPANE-Ö?0 AND -d 

% 
each 
product 

100.0 
0 .7 

9 9 . 3 

2 . 9 
97 .1 

7 .7 
9 2 . 3 
12.2 
8 7 . 8 
2 4 . 6 
7 5 . 4 

d0 

4 9 . 5 
35 .6 
5 0 . 8 

2 6 . 7 

4 9 . 5 

26 .2 
4 7 . 6 
2 4 . 5 

48 .2 
22 .2 
4 6 . 3 

% 

d1 

0 
14.0 

0 

15.7 
0 

17.1 

1.2 
16.9 

2 . 1 
16.9 

5 .0 

isotopic species 

d2 

0 
0 
0 

0 
0 
0 . 3 
0 

0 . 6 
0 

1.2 
0 

d3 ö?4 

0 0 
0 0 
0 0 

0 0 . 5 
0 0 
0 0 . 7 
0 0 

0 0 . 9 
0 0 
0 1.6 
0 0 

6 OVER THORIUM 

d5 d5 

0 .9 4 9 . 6 

2 1 . 3 29 .1 
1.0 48 .2 

2 3 . 7 3 3 . 4 

1.3 49 .2 
2 3 . 3 32 .4 

1.9 4 9 . 3 
24 .0 33 .1 

2 . 7 47 .0 
2 5 . 0 33 .1 

4 . 5 44 .2 

SULFATE3^ 

Atoms 
exchanged/ 
moleculeb> 

0.009 
0.353 
0.010 

0 .404 
0 .013 
0.424 

0.031 
0.439 
0.048 
0.475 
0 .095 
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Rat io of 
light molecule/ 

heavy moleculec) 

0.980 
0.984 
1.033 

0.736 
0.980 
0.773 
0.953 

0.724 

1.012 
0.675 

1.053 

a) 45.4 Torr of cyclopropane, 100 °C, 150.7 mg of catalyst, b) Calculated from 2 *•«#",•+ 2 (6—£) •JVi, Nt; mole fraction 
1=0 t=3 

2 6 

of isotopic species containing i deuterium atoms.3-* c) Calculated from ( 2 -A -̂f i \y2)/QJ N^+N^ß)^ 

0.6, 

bo 

a 0.5 

à <u 0.4 

M S °-3 

° a 

s 

0.2 

0.1 h 

Propene 

Cyclopropane 

5 10 15 20 25 30 

Isomerization conversion/% 

Fig. 2. Exchange concentration curves for coisomeriza­
tion of cyclopropane-ö?0 and -d6 over Th(S04)2- Open 
symbol: 100 °C, solid symbol: 200 °C. 

exchanged per molecule at 100 °G and 200 °C are 
plotted against conversion in Fig. 2. Hydrogen atoms 
were exchanged into the unisomerized cyclopropane as 
well as the product . The superposition of the exchanged 
concentration curves for cyclopropane at the different 
reaction temperatures indicates that the activation 
energy for the exchange process is close to that for 
isomerization. A similar slope of the curves for cyclo­
propane and propene indicates that there is little 
further intermolecular scrambling of hydrogen atom 
among the propene molecules produced; this is consis­
tent with the limitation of hydrogen exchange mainly 
to the mono-exchanged isotopic species. The zero 
conversion intercept of nearly 0.5 for propene demon­
strates that one hydrogen atom per molecule is trans­
ferred intermolecularly during the course of isomeriza­
tion. 

If the reaction proceeds via classical carbonium ions 
in which no intramolecular hydrogen exchange occurs, 
the hydrogen atom added would be always left in the 

product molecule and the original hydrogen atom 
would be lost on the surface. The intercept for the 
exchange concentration curve for the product in the 
coisomerization experiment is expected to be 1/2. On 
the other hand, if the proton attacks the cyclopropane 
molecule to form a protonated nonclassical carbonium 
ion in which seven hydrogen atoms are equivalent, the 
hydrogen atom added has the same probability of being 
lost as the original hydrogen atoms when the reaction 
is completed. As a result, the intercept of the exchange 
concentration curve will be 6/14. The observed values 
of 0.45 and 0.40 at 200 °C and 100 °C, respectively, 
are close to 6/14. The ratio of light molecule (d0—d2) 
to heavy molecule (d±—d6) is plotted against conversion 
in Fig. 3. The zero conversion intercept divided by the 
initial ratio of light molecule to heavy molecule of 
reactant gives a kinetic isotope effect. The isotope 
effect was small or slightly inverse. 

The locations of the deuterium atom in propene-^ 

10 15 20 25 30 

Isomerization conversion/% 

Fig. 3. The ratios of "light molecules" to "heavy mole­
cules" with the conversion in the coisomerization of 
cyclopropane-d0 and -d6 over Th(S04)2 . Open symbol: 
100 °C, solid symbol: 200 °C. 
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TABLE 2. MASS SPECTROMETRIC AND MICROWAVE SPECTROSCOPIC ANALYSES OF PRODUCTS 

FORMED IN THE COISOMERIZATION OF CYCLOPROPANE-FI?0 AND -DQ AT 100 ° C 

3.9% ( 
conversion 

21.2% 
conversion 

( Product 

Propene 
Cyclopropane 

Location of D 
in propene-fl?! 

(Z)-l-d^ 
(E)-l-d^ 
2-d, 

\ 3-d\ 

/ Product 

Propene 
Cyclopropane 

Location of D 
in propene-^ 

(Z)-l-^a) 
(E)-l-d^ 
2-d, 

K3-d, 

d0 

28.4 
50.0 

% 

14.4 
13.8 
13.0 
58.8 

d0 

24.4 
47.9 

% 

14.7 
15.6 
11.8 
57.9 

% 

dx 

17.2 
0.2 

% 

dx 

17.7 
3.3 

each isotopic species 

d2 d3 dA 

0.1 0 0.5 
0 0 0 

Location of H 
in propene-flf5 

(Z)-i-v> 
(E)-l-h^ 
2-hx 

3-hx 

d5 

22.9 
1.1 

each isotopic species 

d2 dz dé 

1.1 0 1.4 
0 0 0 

Location of H 
in propene-ö?5 

(Z)-i-v> 
(E)-Uh^ 
2-hx 

3-hx 

d5 

23.3 
3.3 

d6] 

30.9 
48.7 

% 

— 

d6 

32.1 
45.5 

% 

15.9 
19.1 
9.2 

55.8 

Random distribution 
% 

1 33.3 

16.7 
50.0 

Random distribution 
/o 

| 33.3 

16.7 
50 

(Z)- l -^ 
HN / H 

C = C 
D / NCH3 

(E)-\-dx 

C = C 

{Z)-\-K 

C = C 

{E)-\-h 

C = C 
D ' XCD, H / XCD, 

and of the hydrogen atom in propene-d?5 produced in 
the coisomerization are given in Table 2 . The deterium 
or hydrogen atom was distributed throughout almost 
all positions instead of being localized at a certain 
carbon atom. This strongly suggests that the reaction 
proceeds via the nonclassical carbonium ion in which 
seven hydrogen atoms are equivalent. 

If the reaction proceeded via classical carbonium ion, 
the distribution of hydrogen and deuterium atoms might 
be as follows. 1) A fast intramolecular H transfer occurs 
after the ring is opened. 2) An intermolecular hydrogen 
exchange occurs among the propene molecules produced. 
However, case 1) can be eliminated since the hydrogen 
transfer should involve the conversion of a stable 
secondary propyl cation into an unstable primary propyl 
cation, while in case 2), an extensive hydrogen scrambl­
ing among the products should proceed, which was not 
observed. 

Thus, the reaction mechanism is suggested to be as 
follows: the nonclassical carbonium ion (protonated 
cyclopropane) is formed by the interaction of cyclo­
propane with a proton supplied by the surface residue 
followed by the opening of the ring to yield propene via 
primary propyl cation. The same intermediate, which 
discharges a proton to the surface and returns to the 
gas phase without the ring being opened, accounts for 
the incorporation of hydrogen or deuterium atoms into 
unisomerized cyclopropane. 

This mechanism has been proposed for the reaction 
over silica-alumina3»4) without determination of the 
location of hydrogen or deuterium atom in the product . 
By analysis of the position of deuterium and hydrogen 

A 
-H(orD) 

c+-c-
-H*(orlî) 

-* c=c-c 

H H 

W 

atoms in the product by microwave spectroscopy, the 
proposed mechanism became more plausible. 

Neither kinetic isotope effect nor slightly reverse 
isotope effect appeared for the formation of propene. 
The cleavage of C - H bond should be fast. The slow 
step involves either the protonation to cyclopropane or 
the C - C bond cleavage of the protonated cyclopropane. 
Since, in both cases, the exchange concentration curves 
for cyclopropane at different temperatures are on the 
same line, the energy barriers to cyclopropane and to 
pr imary propyl cation from the nonclassical carbonium 
ion are similar. 
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Singlet Excitation Energy Migration in the Glassy Organics 
Blended with Polymer 
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Studies have been made of the singlet excitation energy migration of l,3-diphenyl-5-(/>-chlorophenyl)-2-
pyrazoline in a glassy state blended with an ethylene-vinyl acetate copolymer by the fluorescence quenching 
method. The results are discussed in terms of the simple random energy migration model, showing that the efficiency 
of the singlet excitation energy migration does not differ between the glassy state and the polymer blend system. 

Many organic photoconductors have been reported to 
function as photosensitive material for use in electro­
photography. Among others, poly(iV-vinylcarbazole) 
(PVCz) films sensitized with dyes such as benzopyrylium 
dyes1-3) and the charge-transfer complex of PVCz with 
2,4,7-trinitro-9-fluorenone (TNF)4) are in commercial 
use. For the application of organic photoconductors to 
electrophotography, they are usually used as a blend 
system with an appropriate polymer which acts as a 
binder. Poly(iV-vinylcarbazole) is also mixed with an 
appropriate polymer in order to improve the mechanical 
properties of the film. In the layered photoconductive 
system recently developed, organic photoconductors are 
dispersed in polymer materials.5 '6) Other blend systems 
of organic photoconductors with polymers have also 
been reported.7) 

From both scientific and practical aspects, it is of 
interest to investigate the transport phenomena in the 
photoconductor-polymer blend system. Studies have 
been carried out in detail on the carrier transport in 
the P V C z - T N F system.8) The migration of the excita­
tion energy in polymer blend systems has not been much 
investigated,9-11) but it is an important precursory 
process for the photocarrier generation. 

l,3,5-Triaryl-2-pyrazolines form a glassy state near 
room temperature, which is kept for quite a long period 
of time.12 '13) They have an intense fluorescent charac­
teristic14) and a photoconductive property.15) We have 
made comparative studies of the singlet excitation 
energy migration of l,3-diphenyl-5-(jfr-chlorophenyl)-2-
pyrazoline in the glassy and single crystalline states.16) 
This compound is miscible with ethylene-vinyl acetate 
copolymer giving a transparent material over a wide 
blend ratio from the excess of pyrazoline to the excess 
of polymer. Thus the system may be appropriate for 
investigating the singlet excitation energy migration in 
the photoconductor-polymer blend system. 

1,3-diphenyl-5- ( />-chlorophenyl) -2-pyrazoline 

E x p e r i m e n t a l 

Materials. 1,3-Diphenyl-5-(/>-chlorophenyl)-2 -pyrazoline 

(glass transition point 16.5 °G) was prepared and purified by 
the zone refining technique. Dimethyl terephthalate was puri­
fied by repeated recrystallization from ethanol and then by 
sublimation. 

Evaflex 210, a random copolymer of ethylene (ca. 72 wt %) 
and vinyl acetate (ca. 28 wt %) which softens at 80 °G (Mitsui 
Polychemicals Co., Ltd.) was reprecipitated four times from 
benzene with methanol. The polymer has low viscosity and 
is transparent after cycles of melting and cooling, the glass 
transition temperature being below —50 °G. 

Preparation of the Blend of l,3-Diphenyl-5- (p-chlorophenyl)-2-pyr-
azoline and the Polymer. l,3-Diphenyl-5-(/?-chlorophenyl)-
2-pyrazoline doped with dimethyl terephthalate was prepared 
in a high vacuum. The doped material was diluted further 
with pure 1,3-dipheny 1-5- (/>-chlorophenyl) -2-pyrazoline and 
blended with the polymer in a pyrex glass tube (diameter 1.5 
mm) by melting them together under a nitrogen atmosphere, 
degassed and sealed in a high vacuum (3x 10~6 mmHg). 
The samples thus prepared were immediately cooled down to 
a liquid nitrogen temperature (77 K). This is a convenient 
method for keeping the samples transparent at room tem­
perature. 

Measurement. The degassed samples were subjected to 
measurement without being taken out from the pyrex glass 
tube in order to avoid exposure of the samples to oxygen. 
The fluorescence intensity was measured with a Hitachi 
fluorescence spectrophotometer MPF-3 by using a special 
sample holder which can hold the sample tube in a fixed 
position at constant temperature (10 °G). 

R e s u l t s and D i s c u s s i o n 

The absorption and fluorescence spectra of 1,3-
diphenyl-5-Qfr-chlorophenyl)-2-pyrazoline in the glassy 
state are shown in Figs. 1(a) and (b), respectively. 
Even when the pure l,3-diphenyl-5-Qfr-chlorophenyl)-2-
pyrazoline glass is mixed with an equal amount of 
ethylene-vinyl acetate copolymer, the shape of the 
fluorescence spectrum remains unchanged (curve c). 
When pure l,3-diphenyl-5-(jfr-chlorophenyl)-2-pyra-
zoline is mixed with a small amount of dimethyl tereph­
thalate, the fluorescence of l,3-diphenyl-5-Qb-chloro-
phenyl)-2-pyrazoline is partially quenched. Figure 1(d) 
shows the reduced fluorescence of pure l,3-diphenyl-5-
Qfr-chlorophenyl)-2-pyrazoline when ^ 1 0 ~ 3 mol/mol of 
dimethyl terephthalate is doped. The copolymer does 
not work as a trapping center of the pyrazoline excita­
tion energy. 

In the present study, the quenching of the fluorescence 
of l,3-diphenyl-5-Qfr-chlorophenyl)-2-pyrazoline in the 
polymer matrix was investigated by doping dimethyl 
terephthalate as a quencher. When the polymer 
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Fig. 1. Absorption and fluorescence spectra of 1,3-di-
phenyl-5-(/>-chlorophenyl)-2-pyrazoline in the glassy 
state, (a) Absorption spectrum ; (b) fluorescence spec­
trum; (c) fluorescence spectrum when mixed with an 
equal amount of ethylene-vinyl acetate copolymer, the 
spectrum being normalized at the fluorescence peak of 
curve (b) ; (d) fluorescence quenching by 10~3 mol/mol 
dimethylterephthalate. 

content is less than 2 0 % , viz., the content of 1,3-diphe-
nyl-5-(jfr-chlorophenyl)-2-pyrazoline exceeds 8 0 % , no 
perfectly homogeneous transparent samples can be 
prepared, apparently due to the phase separation in 
the micro scale. Examination was therefore made with 
polymer content of more than 20 %. 

For such a homogeneous system, the Stern-Volmer 
type equation is expected to hold for the fluorescence 
quenching : 

FoiP) 
F(P) 

= 1 +Kev(P) (1) 

0 2 4 6 8 10 12 

(l-p)NgINb(xW) 

Fig. 2. Fluorescence quenching of l,3-diphenyl-5-(/>-
chlorophenyl)-2-pyrazoline in the ethylene-vinyl acetate 
copolymer matrix with dimethylterephthalate as a 
quencher. The polymer content is 80% by weight, 
which is almost equal to the volume %, if the specific 
volume of the polymer is assumed to be approximately 
equal to that of the pyrazoline. Based on this approxi­
mation, p represents the volume fraction of the polymer, 
/>=0.8. 

the pyrazoline in the absence and presence, respectively, 
of the quencher, in a system containing the polymer of 
the fraction p of the total. Ksv(p) is the quenching 
constant, and Nh and Ng are the number of host and 
guest molecules, respectively. Since p stands for the 
volume fraction of the polymer, the quencher concent-
ration is NeH{Nh+Ng)j{\-p)} = (\ -p)NJNh. Figure 
2 shows the Stern-Volmer plot for a system containing 
8 0 % polymer. As expected, the plot shows approximate 
linearity. 

Equation 1 can be derived also in terms of a simple 
model of random energy migration. In the present 
system, energy migration from pyrazoline molecules 
to the polymer is energetically impossible. Thus the 
excitation energy migration should take place only 
from pyrazoline to pyrazoline. The probability of some 
site being the guest molecule should be NJ(Nh+Ng)/ 
(1 —p). Since the probability of an excited state at some 
site to migrate to the next site during the course of 
energy dissipation is km(p)/(k{(p)+k[(p)+km(p)), the 
probability Pm{p) of the excited state reaching the guest 
molecule is 

pm(p) ~È\Tt 
*m(/>) 

(/>)+*i(/-)+*m(/>) 

MP) 

y-if Ng y-i 

) \ Nb+Nj 
l-p 

N„ 
kt(P)+kl(p)+km(p)+kt(p) Nb+Ng 

l-p 

where F0(p) and F(p) are the fluorescence intensity of Pm(P) 

where k({p), k-^p), and km(p) are the rate parameters 
for radiative decay, non-radiative decay and migration, 
respectively, of the excitation energy in the pyrazoline-
polymer blend system. kt(p) is the rate parameter for 
energy t rapping by the guest molecule. In the case 
kt(P)^km(p), the above equation is written as 

km(P) y-'i^+pN, 
n=l \ k{ 

(i-

(J>)+ki(P)+km(p) 

PWg 

y-1 / N*+pNgy-i 

Nb+Ng 

The probability Pf(p) with which the excited state 
releases the energy as fluorescence would be Pf(p) = 
^-Pm(P))kt(P)Kkf(p)+kl(Lp)). Since F0(p)/F(p) is 
the ratio of the fluorescence intensities for Ng^0 and 
Ng=Ng, which should be proportional to the probability 
Pf(p), we can get Eq. 2 which is the same as Eq. 1 with 
Ksv(P)=km(p)l(kt(P)+kdP))-

km{p) (1-PW, 
~FW~1 + kt(P)+ki(p) Nh 

(2) 

Since ^l{kf{p)-\-k{{p)) is lifetime (r0) of the excited 
state of the pyrazoline in the absence of the quencher 
molecule, km{p)j{kf{p)-\-k-l{p))=n{p) is the number of 
hops of the singlet excitation energy over the pyrazoline 
molecules within its lifetime. The experimental results 
shown in Fig. 2 give the value 7z(0.8)=538±32. This 
does not differ within experimental errors from the 
value obtained for the pure glassy state of the pyrazoline 
72(0)=523±9.16> This indicates that the number of 
hops n(p) of the singlet excitation energy within its 
lifetime does not differ between the pure glassy state 
and the polymer blend system (jfr=0.8). In order to 
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confirm this for a wider range of the polymer content, 
it is necessary to carry out a series of similar fluores­
cence quenching experiments over various polymer 
contents; however, the following simple method was 
employed instead. 

F0(p)/F(p) is plotted against the varying (l—p) for 
Eq. 2 by keeping NJNh constant and varying only the 
amount of the polymer (p). The amount of quencher 
molecule in the system is thus continuously varied by a 
factor (1— p). Consequently, if n(p) is independent of 
the polymer content as actually found to be the case 
for p=0.S, the plot of F0(p)/F(p) vs. varying (1—p) 
(more strictly vs. (l—p)Ng/Nh with constant NJNh) 
for Eq. 2 would give a straight l ine; if n(p) varies 
with polymer content the plot would not be linear. 

l,3-Diphenyl-5-(/>-chlorophenyl)-2-pyrazoline con­
taining 2.70 X 10~3 mol/mol of dimethyl terephthalate 
was prepared first and the doped pyrazoline was mixed 
with various amounts of the ethylene-vinyl acetate 
copolymer. The intensity of the fluorescence of the 
samples, F(p), and that of each corresponding mixture 
of the undoped pyrazoline with the polymer, F0(p), 
were measured, the values oïFQ{p)jF{p) — 1 being plotted 
against (1— p). As shown in Fig. 3, the results (open 
circles) lie on a straight line over the polymer content 
range from 9 0 % (1 — jfr—0.1) to pure pyrazoline (1 —/> — 
1.0). The black circle represents the value for the pure 
pyrazoline glass. The linearity indicates that n(p) — 
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Fig. 3. Plot oîF0(p)/F(p) - 1 as a function of 1 -p. F0(p) 
and F(p) are the fluorescence intensities of the undoped 
and the doped materials, respectively, when the 
ethylene-vinyl acetate copolymer is blended with the 
fraction of p. 

km(P)lfa (P) +^i(P)) -remains unchanged irrespective of 
the difference in polymer content. The results indicate 
that km(p) is independent of polymer content, since the 
lifetime of the excited state, r0 = ll fa(p)+kï(p)),. is 
practically independent of polymer content. 

The efficiency of the singlet energy migration of 
l,3-diphenyl-5-(j&-chlorophenyl)-2-pyrazoline was found 
to be invariable between the pure glassy state and the 
polymer blend system over a wide range of polymer 
content when suitable polymers inert to excited molec­
ules are chosen. 
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Determination of Heats of Adsorption of Triphenylchloromethane 
from Its Hexane Solution onto Dehydrated 

Silica-Alumina Surface 
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Heats of adsorption of gaseous triphenylchloromethane (TPG) onto silica-alumina surface were determined 
from the heat evolved with the immersion of silica-alumina into TPG-hexane solution. The heat of dissolution 
and the heat of sublimation of TPG and the heat of immersion of the sample into hexane were considered for their 
determination. It became clear that TPG molecules interacted with silica-alumina surface in two manners. 
The one was observed in smaller adsorbed amount (below 45 [i.mol/g), and the other in adsorbed amount from 45 
to 100 jxmol/g. The former could be attributed to the interaction between TPG and Lewis or oxidizing sites and 
the latter to the attractive interaction between the adsorbed molecules. The adsorbed amount in the first stage 
(4.7 X 1012 molecules/cm2) agreed closely with the number of Lewis acid sites (5.0 X 1012 sites/cm2) measured by 
Left in and Hall. 

Although the existence of two types of acid sites 
(Lewis and Brönsted type) on dehydrated silica-alumina 
surface has been known by I R spectroscopy,1 '2) the 
method of their quantitative determination has not yet 
been established. A great number of techniques has 
been reported for specific adsorption on each kind of 
acid sites. Okuda and Tachibana3) observed that the 
cation radical [NH 2 C 6 H 4 NH 2 «] + derived from adsorbed 
jfr-phenylenediamine [NH 2 G 6 H 4 NH 2 ] on silica-alumina 
surface appears under the existence of electron-acceptor 
sites. Leftin and Hall4) reported that the amount of 
Lewis acid sites can be determined from the amount of 
triphenylmethylium ions formed when the acid center 
abstracts a hydride ion from triphenylmethane ( T P M ) . 
The method was modified by Shiba and coworkers5) 
who used triphenylchloromethane (TPC) instead of 
T P M . The adsorption equilibrium is much more readily 
attained for the former than for the latter. Besides 
above-mentioned methods, polycyclic condensed aroma-
tics such as perylene and anthracene were used as the 
reagents for the specific adsorption on Lewis acid sites. 
The determinations of Lewis acidity in these methods 
were carried out by gravimetry, spectroscopy or electron-
spin-resonance. Galorimetric studies for this purpose 
have hardly been done. If the reagents above-mentioned 
had sufficiently high vapor pressure at room tempera­
ture, the gas-adsorption-calorimetry6-9) could be 
applied. In this study, the heat of adsorption was 
measured from TPG-hexane solution. 

E x p e r i m e n t a l 

Silica-alumina cracking catalyst (A1203: 13 wt %) was sup­
plied by Catalysts and Chemicals Ind. Co., Ltd. Each sample 
was evacuated at 600 °C under 10-5 Torr for 5 h before 
measurement. Triphenylchloromethane and hexane were 
special grade reagents supplied by Wako Pure Chemical 
Industries, Ltd. 

Calorimetric studies were carried out by a twin-conduction 
type calorimeter (Tokyo Riko Co., Ltd.). 

Specific surface area of the sample was measured to be 575 
m2/g by the BET nitrogen method. Chemisorbed amount of 
TPC was determined spectroscopically after the extraction 
with dry hexane for 2 h. 

R e s u l t s a n d D i s c u s s i o n 

The measurements of heats of adsorption of solute 
onto solid surface from the solution were extensively 
reported.1 0 - 1 2) In these papers, heats of adsorption were 
determined by considering the heat of immersion of 
solid into solvent or the heat of dissolution of solute into 
solvent. 

( i i ) 
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Fig. 1. Diagrammatic representation of the relation 
between the calorimetrically measured heat and the 
heat of adsorption of TPC. 
S: Silica-alumina, T : TPC (triphenylchloromethane), 
L: hexane, T/L: TPC-hexane solution. 
O : Solid, O gas-

Figure 1 shows the diagrammatic representation of 
the relation between the calorimetrically measured heat 
and the heat of adsorption of gaseous T P C , where h(a) 

is the enthalpy change with the adsorption of T P C (gas) 
onto silica-alumina surface (differential heat of adsorp­
tion), //(obs.m) t n e enthalpy change with the immersion 
of the sample into TPC-hexane solution, Ä(SdS) the 
molar enthalpy change with the dissolution of T P C -
(solid) into hexane, Ä(sub) the molar enthalpy change with 
the sublimation of TPC(solid) and H(x>m) the enthalpy 
change with the change of state from (III) to (V). 
The additivity of these enthalpy changes is to be hold 
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for this cycle, therefore, if Ä(sub)? ÄSdS, and H(Xtïïï) are 
obtained, A(a) can be derived from H(ohStm). 

The Ä(sdS) was measured with a twin-conduction type 
calorimeter, and was positive value (endothermic) as 
shown in Fig. 3. The Ä(sub) was calculated from the 
temperature dependence of the vapor pressure of T P G 
by using Clausius-Clapeyron's equation. At the step 
(III) the sample is preadsorbed with gaseous TPG, 
hence H(x>m) must be obtained by the measurement of 
the heat evolved with the immersion of the sample 
partially preadsorbed with gaseous TPG into hexane. 
The vapor pressure of TPG is, however, extremely low 
and the stability of TPG molecules depends on the 
temperature very sensitively. Therefore, the partial 
preadsorption with TPG in gas phase was very difficult. 
The step from (III) to (V) consists of both the change 
of the adsorbed state of TPG and the immersion of the 
sample with the preadsorbed T P G into hexane. In this 
study, H(x>m) was calculated by using the following 
equation under the assumption that the former might 
be energetically negligible, 

H(Xtm)=HlX ( l -O(m)) , (1) 

where Hj is the heat of immersion of bare silica-alumina 
into hexane and 0(m) the surface coverage of T P G . 
The relationship among these heat values is expressed as 

Cm 

mh(sas) + #(obs,m) = JHÄfeub) + \h(8i)dm + H(XtTn) (2) 

which leads to 
Cm 

joA(a)dm = m[A(SdS)-A(sub)] + [H(ohStm)-H(Xtm)]. (3) 

Î m 
h(a)dm, will be refered to the cumulative 

heat of adsorption. The differential heat of adsorption, 
q, of gaseous TPG onto sil ica-alumina surface can be 
expressed by 

<1 — ~ ^ ( a ) = ^(sub) — ^(SdS) + -W~ [H(x,m)— ^ ( o b s . m ) ] ' ( 4 ) 

If the variation of m is sufficiently small, in other words, 
if each difference of concentrations of solutions in the 
experiment is sufficiently small, q can be determined 

Cm 

by graphical differentiation of the plot of h(a)dm 

against m. 
When the pretreated silica-alumina was immersed 

into TPG-hexane solution, the heat was evolved as 
shown in Fig. 2. Two steps are observed in the heat 
curve, which suggests the existence of two kinds of 
surface reaction with T P G . O n the other hand, the 
curve showing the relation between the chemisorbed 
amount and the concentration of solution has three 
steps, and first two correspond to the steps of heat curve. 
After the initial stage, the adsorbed amount gradually 
increased. The nature of Lewis acid sites has been 
characterized by the adsorption of TPG or T P M and 
their number has been determined after the extraction 
of physically adsorbed species by use of dry benzene.4) 
While in this study the extraction was carried out with 
hexane because it dissolved T P G much more than 
benzene did and the heat of immersion of silica-alumina 
into it was lower, which were important factors in 

451 pOO 

TPG concentration ((i.mol/50 cm3-hexane) 

Fig. 2. The calorimetrically measured heats (A)> the 
total adsorbed amount ( 0 ) and the chemisorbed 
amount of TPG (O) vs. the concentration of TPG-
hexane solution. (The chemisorbed amount was equal 
to the total adsorbed amount below 45 {jtmol/g of 
adsorbed amount.) 

calorimetric measurements. The extraction with 
benzene showed here that the chemisorbed amount was 
43 [jimol/g even at the solution concentration of 150 
[i.mol/50 cm3 hexane. This value was in good agreement 
with that at the end point of the first stage in case of 
hexane extraction. However, the amount obtained 
after hexane extraction will be called "chemisorbed" 
one hereafter. In order to obtain the heat of adsorption 
of TPG, other enthalpy changes were measured or 
calculated as follows. 

- 1 5 I 1 
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Q "25 L A X 
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- 3 0 I « « 1 1 
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Amount of TPG (jjtmol/g) 

Fig. 3. Molar enthalpy change with the dissolution of 
TPG (solid) into hexane. 

Figure 3 shows the integral heat of dissolution of TPG 
into hexane (Ä(SdS)). A slite change was observed against 
the concentration of solutions, which seemed to be due to 
heat of dilution. The value corresponding to the 
amount adsorbed was applied for Eq. 3. The heat of 
sublimation of T P C (Ä(sub)) was determined as mentioned 
above to be 34.6 kj/mol. The heat of immersion of bare 
silica-alumina into hexane (Hi) was measured to be 
—30.3 J /g . H(xm) was determined by use of Eq. 1 under 
the assumption that the surface coverage of TPG 
increased linearly with the adsorbed amount below 
45 £xmol/g and that it did not, however, change any 
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Fig. 4. Cumulative heat of adsorption of TPC vs. concen­
tration of TPG-hexane solution. 
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Fig. 5. Differential heat of adsorption of gaseous TPG 
onto silica-alumina surface. 

more above 45 [imol/g. The reason for this assumption 
will be mentioned in the later section. The cross-
sectional area of TPG molecule was taken as 1.54 nm2.13) 
The cumulative heat of adsorption against the solution 
concentration and the differential heat of adsorption 
are shown in Figs. 4 and 5, respectively. The deter­
mination of the differential heat of chemisorption was 
based on the assumption that the heat of physical 
adsorption was equal to the heat of sublimation of T P G , 
34.6 kj/mol. As shown in Figs. 4 and 5, two types of 
adsorption occured: the one was observed in the first 
stage where the chemisorbed amount of TPG was lower 
than 45 [jimol/g, and the other was in the second stage 
where the chemisorbed amount was between 45 and 
100 [imol/g. The visible reflection spectrum of the 
sample of the former type consisted of only 400—420 nm 
absorption band which was the same as that obtained 
with concentrated sulfuric acid-triphenylmethanol sys-

o 
Ö 

< 

340 440 640 740 

Wavelength (nm) 

Fig. 6. Visible reflection spectrum of TPG adsorbed on 
silica-alumina surface. 
A : Ghemisorbed amount of TPG was less than 45 [i.mol/ 
g, B : chemisorbed amount was more than 45 {jtmol/g, 
G: triphenylcarbinol in coned H2S04 . 

tern (Fig. 6). Considered together with the results of 
Leftin and Hall , these species could be assigned to 
carbonium ions derived from TPG by its interaction 
with silica-alumina surface. The formation of triphenyl-
methyl radical by the interaction with oxidizing sites 
may be possible as reported by Arai and coworkers.14) 
In the second stage, the new absorption bands (540, 
640 nm) appeared besides that of carbonium ion. Since 
the adsorbed amount in this stage was nearly equal 
to that in the first one, this might be attributed to the 
interaction between carbonium ion or triphenylmethyl 
radical which had been formed on the surface and TPG 
molecules, and to the lateral interaction among adsorbed 
molecules. A maximum in the second stage of the plot 
of the heat of adsorption must be satisfactorily explained 
on the basis of these interactions. The chemisorbed 
species of this stage were removed by benzene extraction, 
but their chemical identification is not yet made. 

Consequently, it was clarified by calorimetric measure­
ment that the adsorption of T P G onto silica-alumina 
surface from its hexane solution consisted of at least 
two steps. At the intial stage, T P C molecules were 
chemisorbed on Lewis acid sites or oxidizing sites. T h e 
initial differential heat of adsorption was about 300 
kj/mol and the decrease hereafter was considerably 
steep. The adsorbed amount in this stage was about 
45 [jimol/g (4.7 X 1012 molecules/cm2), which agrees close­
ly with the number of Lewis acid sites, 5.0 X 1012/cm2, 
measured by Leftin and Hall . After the initial stage, a 
rise in the heat of adsorption to give a maximum was 
observed, which must be ascribed to the attractive 
interactions between adsorbed molecules. 

This work was partly supported by a Grant-in-Aid 
for Science Research from the Ministry of Education. 
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The He I spectra of 12-crown-4, 15-crown-5, 18-crown-6, dicyclohexyl-18-crown-6, and dibenzo-18-crown-6 
have been measured. The features of the spectra are similar except for the case of dibenzo-18-crown-6, where 
two lower IP bands correlated with the highest occupied jr-orbitals of benzene are observed together with the 
bands due to the polyether ring. By the aid of the GNDO/2 calculation, the lower IP bands of the spectra have 
been assigned to the MO's mainly due to the equatorial or axial type non-bonding orbitals of the oxygen atoms of the 
polyether rings. 

There has been considerable interest in macrocyclic 
cc crown" ethers since Pedersen reported their syntheses 
in 1967.1'2) They are capable of binding with a wide 
variety of salts to form complexes and can thereby 
solubilize many inorganic reagents in nonaqueous 
solvents, in which the reagents exhibit enhanced anion 
activity.3»4) Thus , crown ethers have been found to be 
very useful reagents in organic chemistry. I n life 
sciences, they are also used as models for carrier mole­
cules in the study of cation transport through 
membranes.5) 

In order to study the electronic structure of crown 
ethers, we have measured the He I spectra of 12-crown-
4 (I), 15-crown-5 ( I I ) , 18-crown-6 ( I I I ) , dicyclohexyl-
l8-crown-6 ( IV) , and dibenzo-18-crown-6 (V) (Fig. 1), 
and tried to assign the observed bands with the aid of 
molecular orbital calculations. 

C ) 
°w° 

,<TV 

u; (n) (m) 

a: X) <& ï°> 
(IV) (V) 

Fig. 1. Grown ethers. 
(I) 12-Crown-4, (II) 15-crown-5, (III) 18-crown-6, (IV) 
dicyclohexyl-18-crown-6, (V) dibenzo- 18-crown-6. 

Exper imenta l 

Commercial crown ethers were purified by vacuum subli­
mation. He I spectra were recorded on a Perkin-Elmer PS-18 
photoelectron spectrometer using the Ar and Xe doublets as 
internal standards. The resolution was less than 30 meV. 
The spectra of I and II were measured at room temperature, 
and those of the larger crown ethers at 70 °G (III), 150 °C 
(IV), and 190 °G (V). 

R e s u l t s and D i s c u s s i o n 

Figure 2 shows the He I spectrum of 12-crown-4. 
Four broad peaks appear around 9.3, 9.9, 11.4, and 

I P/eV 

Fig. 2. He I spectrum of 12-crown-4. 

12.5 eV. I n the higher I P region the spectrum is 
diffuse, as is frequently the case in large molecules. 

The molecular structure of 12-crown-4 has not been 
determined experimentally. Pullman et a/.6) calculated 
the energies of two types of conformations, maxidentate 
(crown) and alternate forms (Fig. 3), using an ab initio 
L C A O M O method. According to them, the most 
stable conformer is a deformed alternate one; the value 
of its torsion angle x about the C2C3 bond is 70°, while 
the symmetric alternate conformer (Fig. 3) has r = 
48.65°. We calculated the molecular orbitals of these 
alternate conformers by the CNDO/2 method. The 
energies of the upper occupied levels and the shapes of 
the corresponding wave functions are illustrated sche­
matically in Fig. 4. The symmetric alternate conformer 
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Fig. 3. Conformations of 12-crown-4. All the carbon 
atoms lie on the same plane. 
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Fig. 4. The energies of the upper occupied levels and the 
shapes of the corresponding wave functions of 
12-crown-4. 
(A) Calculated energies for the symmetric alternate 
conformer. (B) Calculated energies for the most stable 
conformer. (C) Observed IP values (peak positions in 
the spectrum). 

belongs to the symmetry group S4, having degenerate e 
orbitals, whereas the degeneracy is lifted in the stable 
one. The C N D O / 2 calculation shows that the highest 
occupied e orbitals of the symmetric conformer (12e in 
Fig. 4) are mainly due to the non-bonding combination 
of the equatorial type lone pair orbitals (Ne q) of two 
oxygen atoms and the second highest (12a) to the 
bonding combination of four N e q orbitals together with 
the anti-bonding combination of four axial type lone 
pair orbitals (N a x ) . For the deformed form, the splitting 
of the 12e orbital is calculated to be only 0.04 eV 
(Fig. 4) . Therefore, they may not be resolved in the 
observed photoelectron spectrum. Since the integrated 
intensity of the first (9.3 eV) band of 12-crown-4 is 
about twice as large as that of the second (9.9 eV) one, 
the first and second bands can be assigned to the 12e 
and 12a orbitals, respectively. Both these orbitals are 
due to lone pair type orbitals of oxygen atoms, having 
a similar localized nature . Thus the intensity ratio of 
the two bands due to the 12e and 12a orbitals can be 
expected to be 2 to 1, the ratio of their degeneracies.** 
Further, the assignment of the second band to the 12a 
orbital can be supported from a comparison of the 
spectrum of 12-crown-4 with spectra of the other crown 
ethers (see below). The intensity of the 11.4eV band, 

** A similar intensity relation has been found in the pho­
toelectron spectrum of biphenyl, in which the lowest three 
ionization bands are associated with the highest occupied 
Ti-orbitals of the benzene rings (J. P. Maier and D. W. Turner, 
Faraday Discuss. Chem. Soc, 54, 149 (1972)). The intensity 
ratio of approximately 1:2:1 has been observed for these 
three bands, of which the second one is due to almost doubly 
degenerate orbitals. 

P/eV 

Fig. 5. He I spectrum of 15-crown-5. 

IP/eV 

Fig. 6. He I spectrum of 18-crown-6. 

as compared to those of the first and second bands, 
suggests that it corresponds to the removal of electrons 
from two or three occupied orbitals. Judging from the 
results of the calculation shown in Fig. 4, electrons from 
the l i e orbital, the anti-bonding combination of two N a x 

orbitals, may contribute to this band. 
Figures 5 and 6 show the He I spectra of 15-crown-5 

and 18-crown-6, respectively. The appearance of the 
spectra is similar to that of 12-crown-4 (Fig. 2), except 
for the portion of the spectra between 8.5 and 10.5 eV. 
In the former spectra the 9.3 and 9.9 eV bands of 
12-crown-4 appear to be mixed into one band located at 
intermediate positions: 9.58 eV for 15-crown-5 and 9.7 
eV for 18-crown-6. This can be interpreted by assuming 
that orbitals having shapes similar to those of the 12e 
and 12a of 12-crown-4 are responsible for the first band 
in its higher homologs. Since 12e type orbitals due to 
anti-bonding combinations of N e q ' s become more 
stable and 12a type orbitals due to bonding combination 
of N e q ' s become less stable with increasing ring size of 
polyethers, the bands due to these two orbitals may not 
be resolved for 15-crown-5 and 18-crown-6. As for the 
second bands in Figs. 5 and 6, the peak positions (11.4 
eV for 15-crown-5, 11.5eV for 18-crown-6) are nearly 
the same as that in 12-crown-4. This is considered to 
be consistent with the previous assignment that the 
11.4 eV band in 12-crown-4 is related to the 1 ie orbital, 
since the energy of the l i e type orbitals may not shift 
much with increasing ring size owing to the small 
interaction among N a x orbitals. 
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JP/eV 

Fig. 7. He I spectrum of dicyclohexyl-18-crown-6. 

Figure 7 shows the H e I spectrum of dicyclohexyl-18-
crown-6. With the introduction of two cyclohexane 
rings, the peak position of its first band (9.45 eV) is 
lowered by 0.25 eV as compared with that of 18-crown-
6. Furthermore, in the 10—13 eV region the feature 
of the spectrum is different from those of the spectra 
of unsubstituted crown ethers. This may be due to the 
effect of the a-orbitals of cyclohexane, the adiabatic I P 
of which is around 10.0 eV.6> 

I P/eV 

Fig. 8. He I spectrum of dibenzo-18-crown-6. 

The He I spectrum of dibenzo-18-crown-6 is shown in 
Fig. 8. The third band located at 9.45 eV can be 
correlated to the first band of 18-crown-6. The first 
and second bands (vertical I P 7.70 eV, 8.50 eV) may 

be related to electrons from the highest occupied doubly 
degenerate yr-orbitals (e l g) of benzene rings. This 
assignment is supported by the fact that the o-dimethoxy-
benzene gives the first and second bands at vertical IP 
8.20 and 8.91 eV,7> which are associated with the e l g 

orbitals of the benzene ring. Since there is interaction 
in this molecule, among the e l g orbitals of the benzene 
ring (IP 9.24 eV for benzene) and the non-bonding 
orbitals of the oxygen atoms (IP 10.96 eV for methanol) , 
the former orbitals are considered to split and give two 
bands in the lower I P region of the spectrum.*** The 
vertical IP's relating to these bands are further lowered 
by 0.4—0.5 eV for dibenzo-18-crown-6, where the n-
conjugated system is larger than that of o-dimethoxy-
benzene. 

As for the I P region higher than 10 eV the appearance 
of the spectrum in dibenzo-18-crown-6 is quite different 
from that of 18-crown-6 owing to the introduction of two 
benzene rings. However, the shoulder at 11.2 eV may 
be correlated to the second band of 18-crown-6. 

The authors wish to thank Prof. A. Pullman, Institut 
de Biologie Physico-Chimique, C. N . R . S., for sending 
them the data on the atomic cordinates of the most 
stable conformer for 12-crown-4. 
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An ideal multi-center bond is a bond in which three or more atomic orbitals of the same kind, each from a 
different atom, interact equally with each other. Since such a multi-center bond can be regarded as a cyclic 
conjugated system, the graph theory of aromaticity can be applied to it. It was then found that multi-center 
bonds are aromatically stabilized to a great extent. Most inorganic cluster compounds are polyhedral in shape. 
This might be rationalized by the fact that polyhedrons are favorable to a formation of a multi-center bond or the 
like at the core. 

Boranes and metal carbonyl clusters were once 
regarded as obscure chemical rule-breakers because of 
their unfamiliar bonding patterns. During the last 
decade a great deal of effort has been devoted to an 
understanding of chemical bonds in such non-classical 
cluster compounds.1) The present-day situation can 
adequately be expressed by the following sentence: 
Gather any large group of inorganic chemists and they 
will start talking about metal clusters.2) Pauling also 
pointed out that the bonding principle of metal carbonyl 
clusters is one of the most important problems yet to be 
solved.3) In line with this, several skeletal electron-
counting rules have been proposed as a theoretical 
basis for rationalizing the bonding pat tern of cluster 
compounds.4 - 8) However, these rules rarely provide 
explicitly for a measure of stabilization of the molecular 
clusters. In this paper, I would like to stress that a 
multi-center bond formation might often play a signifi­
cant role in stabilizing non-classical molecular clusters. 

Theoret ica l 

Consider a multi-center bonding system in which 
three or more atomic orbitals of the same kind, each 
belonging to a different atom, interact equally with 
each other. The simplest multi-center bond is a central 
three-center BBB bond, in which each of the three 
boron atoms interacts equally with the other two.9) 
When ten atomic orbitals interact in this manner to 
form a ten-center bond, its bonding pat tern can be 
expressed as in Fig. 1. This is identical with a complete 

Fig. 1. A complete graph of degree ten, K3 

graph of degree ten, K10 , where the vertices indicate 
the atomic orbitals concerned. In general, a complete 
graph of degree n, Kw , is a graph in which each of the 
n vertices is connected to all the other vertices.10) A 
conjugated system of the type Kw gives only one bonding 
molecular orbital,8) the energy of which is equal to 
(w— 1)/?. All the other molecular orbitals are anti-
bonding, and the energies are equal to —/?. Therefore, 
any ideal multi-center bond has two bonding electrons 
with the bonding energy of 2(n—\)ß. 

TABLE 1. RESONANCE ENERGIES OF R E T Y P E BONDING SYSTEMS 

n 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

SC 

3 
3 

15 
15 

105 
105 
945 
945 

10395 
10395 

REIß 

0.536 
1.331 
2.286 
3.351 
4.499 
5.711 
6.975 
8.281 
9.624 

10.998 

%RE 

15.5 
28.5 
39.6 
50.4 
60.0 
68.9 
77.3 
85.2 
92.8 

100.0 

In order to estimate stabilities of such multi-center 
bonding systems, it is instructive to examine the reso­
nance energies calculated by means of the graph theory 
of aromaticity.11) Resonance energies calculated for a 
series of Kw-type conjugated systems12) are listed in 
Table 1. This type of resonance energy has been 
interpreted as an extra stabilization energy due to 
aromaticity.11) 

R e s u l t s and D i s c u s s i o n 

First of all, it is noteworthy that the resonance energy 
of any Kw-type bonding system is positive, indicating 
its aromaticity. The resonance energy (RE) is propor­
tional to the logarithm of the Kekulé structure count 
(SC), i.e., the number of Kekulé structures allowed for 
Kw . An analogous feature of resonance energies has 
already been reported for benzenoid hydrocarbons13) 
and polyhedral boranes.14) However, the situation is 
somewhat different from that for these compounds. As 
shown in Fig. 2, a correlation line for KM with n=2m— 1 
obviously deviates downward from that for KM with 
n=2m. Here, m is an arbitrary integer. For K2 m-type 
bonding systems 
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t i 1 I L 
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log SC 

Fig. 2. SC Dependence of resonance energy for a series 
of Kn-type bonding systems. 

RE = 2.768 log SC, (1) 

and for K2m-x-type bonding systems 

RE = 2.573 log S C - 0.710. (2) 

These relations hold well at least up to m = 6. 
One of the characteristics of such a multi-center 

bonding system is that its resonance energy is unusually 
large as compared with the energy of its olefinic reference 
structure, i.e., the reference energy,11) In order to see 
this aspect, a new quantity is defined as 100 times the 
resonance energy, divided by the reference energy, and 
it will be called the percent resonance energy (%RE). 
The %RE can be regarded as a practical index suitable 
for estimating aromatic stabilization of a conjugated 
system. The two largest %RE's so far known among 
familiar compounds are 15.5 for a cyclopropenyl cation 
and 3.5 for benzene.11) Note that a conjugated system 
of a cyclopropenyl cation is another example of a three-
center bonding system. 

In contrast to them, even for the next smallest multi-
center bond, K4 , the %RE amounts to 28.5. The %RE 
increases as the degree of a complete graph increases. 
Such large %RE values cannot be imagined for any 
other kind of conjugated system. This means that a 
larger multi-center bonding system fixes itself more 
tightly, as long as the resonance integrals between the 
atomic orbitals remain almost unchanged. 

From the above energy consideration, we can fully 
expect the formation of bonding systems analogous to 
multi-center bonds in some way or other. When atoms 
M, each with an s-type atomic orbital, are employed for 
simplicity, molecular clusters with a general formula 
of M n

n * 2 can be constructed so as to form Kw-type 
conjugated systems. The simplest example is a triangular 
H3+ ion.15) When the size of such a cluster increases, an 
increased excess (n—2) charge must be overcome either 
by some intramolecular balance or by the environment. 
In this sence, the realistic clusters of this type must be 
relatively small. The next promising species is of the 
type M4

2 + , where M is either an alkali or a coinage 
metal atom. 

O n the other hand, King and Rouvray presented a 
new bonding model of polyhedral systems, such as 
boranes BWHM

2~ and carboranes BW_2C2HW.8> According 

to it, the skeletal boron (or carbon) atom can be regarded 
as sp hybridized. The remaining two p orbitals, which 
are tangentially oriented with respect to the pseudo-
polyhedron surface, are used for surface bonding. One 
sp hybrid orbital is used to bond the terminal hydrogen. 
The other sp hybrid orbital points radially in toward 
the center of the cluster. Such inward pointing sp 
hybrid orbitals emanat ing from all vertex atoms interact 
at the core of the polyhedral cluster. King and Rouvray 
assumed that the bonding pat tern of these sp hybrid 
orbitals can roughly be represented by a complete 
graph.8) In other words, all the inward pointing sp 
hybrid orbitals form a single multi-center bonding 
orbital with two electrons. 

In a previous paper,14) I calculated resonance energies 
of polyhedral boranes on the basis of the Kettle-
Tomlinson bonding model,16) in which borane molecular 
orbitals are depicted as a linear combination of localized 
three-center BBB bonding orbitals. The resonance 
energy obtained for every borane correlated well with 
the energy separation between the lowest unoccupied 
molecular orbital ( L U M O ) and the highest occupied 
molecular orbital ( H O M O ) . We must, however, say 
that these resonance energies reflect primarily the 
stability of the surface bonding of the cluster because 
both L U M O and H O M O belong mostly to the surface 
bonding1) and because the Kettle-Tomlinson model 
cannot fully express the multi-center bonding at the 
core of the cluster.16) The weight of a core bonding 
system is obviously underestimated in this model. 

O n the contrary, the most distinct aspect of the King-
Rouvray model is that a Kw-type core bonding system is 
factored out from an entire molecular cluster.8) In 
accord with this, it has been shown that the core bonding 
can be factored out with some precautions to obtain an 
approximate picture of the valence structure.17) There­
fore, this model can be considered as a complement to 
the Kettle-Tomlinson model. The core bonding system 
is totally symmetric, and hence constitutes the lowest 
molecular orbital in a molecular cluster. I t is often much 
lower in energy than the second lowest orbital.18) 
Consequently, it naturally follows that, even if an actual 
core bonding system deviates more or less from a 
complete graph,19) it should still contribute much to 
the stability of an entire cluster compound because an 
ideal multi-center core bonding orbital has both the 
largest bonding energy in the cluster and quite a large 
%RE value. This view is consistent, at least, with 
synthetic accessibility to many polyhedral boranes and 
metal carbonyl clusters and their stability. In these 
compounds, the overall charge which a cluster bears 
is generally small because most of the excess (n — 2) 
charge due to the Kw-type core bonding is cancelled by 
the polyhedral surface bonding.8) 

Conversely, we might safely say that an inorganic 
compound often tends to become polyhedral in shape 
so as to form a Kw-like core bonding system. This gives 
the major reason why shapes of most inorganic cage 
compounds are polyhedrons or polyhedral fragments. 
A multi-center bond formation thus appears to be one 
of the most workable ways to stability. Figure 3 shows 
typical shapes of polyhedral compounds (e.g., closo-
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iFg. 3. Shapes of typical polyhedral compounds. 

boranes) which contain such multi-center core bonding 
systems. The number given below each polyhedron 
indicates the degree of a complete graph related to the 
core bonding,19) and this is equal to the number of 
vertices of the polyhedron. 

The present approach thus provides a convenient 
rationale for the existence and stability of polyhedral 
non-classical compounds, although it is simple and 
based on approximate bonding models. It goes without 
saying that the surface bonding may modify the degree 
of stability of an entire conjugated system to some 
extent. Considering that a surface bonding system is 
often a network of three-center bonds,16) I feel confident 
that the concept of a multi-center bond is in some way 
essential to the stability consideration of not only 
homopolyatomic clusters formed by the s-like atomic 
orbitals but also general inorganic cage compounds 
including mixed clusters.1) 

The author expresses his grati tude to Professor R . B. 
King of the University of Georgia for critical but 
encouraging comments. The use of the facilities of the 
Hokkaido University Computing Center is acknowl­
edged. 
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Laser Raman spectra of aqueous solutions of lithium, potassium, and caesium oxalates have been obtained; 
their band contours were examined by curve analysis. The intensities of several bands show distinct concentration 
and cation dependences. This behavior is connected with the ion-pair formation of oxalate ions with alkali metal 
cations. The assignments of C—O stretching vibrations are also discussed. 

Laser R a m a n spectroscopy has been widely used to 
explore the properties of ion-pairs formed in aqueous 
solutions of electrolytes. For the R a m a n spectra of 
aqueous solutions of metal sulfates or nitrates, many 
authors1) have reported some additional bands which can 
give direct information on the ion-pairing. However, 
vibrational spectroscopic evidence for ion-pairing of 
carboxylate ions with metal cations is rarely found in 
earlier works, although thermodynamic evidence is 
presented by several authors.2) 

The oxalate ion has the simplest structure among the 
dicarboxylate ions. This anion is expected to have a 
comparatively large association constant owing to the 
formation of a chelate-like structure with metal cations 
in aqueous solutions. 

The R a m a n spectra of aqueous oxalate solutions were 
studied by several authors in order to assign the sym­
metry of the free oxalate ion. Mura t a and one of us 
(K.K)3) assumed that the oxalate ion had a planar 
D 2 h symmetry because of the inconsistency between 
the I R and R a m a n frequencies for the potassium salt. 
The same symmetry was also assumed by Ito and 
Bernstein4) for the ion, while a staggered form of D 2 d 

symmetry was proposed by Begun and Fletcher5) and 
Bardet and Fleury6) on the basis of the aqueous I R and 
R a m a n spectra. Schmelz, Miyazawa, Mizushima, 
Lane, and Quagliano7) assumed the ion to have a D 2 

symmetry by comparing the infrared data of the solid 
salt with the R a m a n data of an aqueous solution 
reported by Edsall.8) 

In the present work R a m a n spectra of aqueous alkali 
metal oxalate solutions are interpreted in terms of 
coexistence of the free and the ion-paired oxalate ions. 
The assignment for the R a m a n bands of the free oxalate 
ion is also reexamined. 

The band decomposition was carried out using the FAGOM 
230 computer at Toyama University Computer Center, with 
a Voight function9) taken as the spectral distribution of a 
single band. 

R e s u l t s a n d D i s c u s s i o n 

Polarized R a m a n spectra observed for a saturated 
solution of potassium oxalate are shown in Fig. 1. The 
isotropic spectrum in Fig. 1 is the same in general 
spectral features as that given previously by Begun and 
Fletcher,5) except that two very weak polarized bands at 
1750 and 1360 c m - 1 were recognized in the present 
study. However, it was found that some of the observed 
bands have obvious asymmetries and some features 
show distinct dependence on stoichiometric concentra­
tion. 

ö 
V 

Ö 

2000 

ü/cm -1 

Fig. 1. Polarized Raman spectra of a satulated aqueous 
solution of potassium oxalate. 

Exper imenta l 

The Li2C204 and K2C204«H20 used were reagent grade 
chemicals. Cs2C204 was prepared by the reaction of Cs2C03 

with H2C204 ; the crude product was purified by recrystalli-
zation. Aqueous solutions were prepared by dissolving a 
determined amount of these oxalates in distilled water. The 
solution were filtered through sintered glass filters prior to 
measurements of Raman spectra. 

The Raman spectra were recorded on a JASCO Laser-
Raman spectrometer (model R-800) using an Ar+ ion (514.5 
nm) laser as a excitation source at room temperature (20±1 
°C). The frequencies of observed bands are accurate within 
± 2 cm-1. 

In previous works,3-7) the band at ca. 900 c m - 1 was 
assigned to the C - C stretching vibration as a single 
band. As shown by the solid line in Fig. 2, however, the 
isotropic and anisotropic band shapes observed for a 
saturated solution of potassium oxalate suggest that 
these bands consist of more than two components. We 
analyzed both the isotropic and anisotropic spectra, 
assuming that the components resolved in the isotropic 
spectrum are at the same frequencies as the correspond­
ing ones in the anisotropic spectrum. As shown by 
broken lines in Fig. 2, both spectra can be resolved 
into three bands at 906, 891, and 872 c m - 1 , of which 
the two high frequency bands are apparently polarized, 
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and the Fig. 2. The observed Raman contour (— 
computer-analyzed components ( ) in G-C stretch­
ing region of a saturated aqueous potassium oxalate. 
(a) Isotropic spectrum; (b) anisotropic spectrum. 

while the low frequency weak one is depolarized. This 
depolarized band is irrelevant to the discussion on the 
C - C stretching vibration and may be assigned to a 
combination band of the two I R frequencies5) (525 + 
351=876 c m - 1 ) , because regardless of the symmetry of 
the oxalate ion the C - C stretching vibration belongs to 
a totally symmetric species and no band was observed 
near 872 c m - 1 in the infrared spectra of either aqueous 
solution or solid state.5) The R a m a n contours observed 
in this region for solutions of different concentrations of 
K 2 C 2 0 4 or for the K 2 C 2 0 4 - K C 1 - H 2 0 solution were 
satisfactorily decomposed into the three bands, but the 
relative intensities of the two polarized bands showed a 
marked stoichiometric concentration dependence. 
Integrated intensity ratios of the 891 c m - 1 band to the 
906 c m - 1 one for these systems are shown in Table 1. 
One notices from Table 1 that the ratio (I89il^9o&) 
increases with increasing stoichiometric concentration of 
potassium oxalate or by the addition of potassium 
chloride. From this behavior, the band at 891 c m - 1 can 
be reasonably assigned to the C - C stretching vibration 

TABLE 1. INTENSITY RATIOS OF THE 891 TO 906 cm-1 BANDS3) 

System 

0 . 1 M K 2 C 2 O 4 

0 . 5 M K 2 C 2 O 4 

0 . 7 M K 2 C 2 O 4 

1.0MK 2 C 2 O 4 

1 . 5 M K 2 C 2 0 4 

1 . 8 M K 2 C 2 0 4 

0.5 M K 2 C 2 0 4 + 2 . 5 M KCl 
0 .5MLi 2 C 2 O 4 

0.5MCs 2 C 2 O 4 

•*89l/''906 

0.44 
0.51 
0.54 
0.58 
0.63 
0.69 
0.73 
0.88 
0.48 

a) The ca. 900 cm - 1 contour has been assumed to consist 
of three bands whose widths are invariant for the different 
systems. 

of ion-paired oxalate and the band at 906 c m - 1 to that 
of the free oxalate ion. 

The Bjerrum theory10) on ion association suggests 
that, in the systems which contain a common ion, the 
smaller the radius of the counter ion is, the larger the 
association constant which can be expected. In order 
to examine the effect of metal cations on the ion-pair 
formation, the R a m a n spectrum of an aqueous solution 
of lithium or caesium oxalate was also observed. The 
R a m a n contours of the C - C stretching region of these 
systems were also resolved into three bands. The 
frequency shifts of these bands with the variation of 
cations were about + 3 c m - 1 , and within the error 
estimated from both the measurements and the curve 
analysis. However, some cation dependence was found 
in the relative intensities of the two polarized bands. 
At the same stoichiometric concentration (0.5 M) the 
value of the I^ilhoQ r a t i o , which is a measure of the 
degree of ion-pair formation, decreases in the order of 
lithium^>potassium^> caesium oxalate (see Table 1). 
This order also supports the above assignment of the 
C - C stretching region. 
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Fig. 3. The observed Raman contour ( ) and the 
computer-analyzed components ( ) from 1270 to 
1530 cm - 1 of a saturated aqueous potassium oxalate. 

The spectrum in the C —O stretching region for a 
saturated solution of potassium oxalate is shown in 
Fig. 3 (solid line). The resolution of the band contour 
into components is also shown in Fig. 3 (broken line). 
The resulting bands are situated at 1308, 1360, 1456, 
and 1488 c m - 1 . The very weak and broad band at 
1360 c m - 1 is polarized and may be assigned to a combi­
nation band such as the C - C stretching and the C 0 2 ~ 
bending modes ( 9 0 6 + 4 5 0 = 1 3 5 6 c m - 1 ) . The two bands 
at 1456 and 1488 c m - 1 are clearly polarized, as is seen 
in Fig. 1. As shown in Table 2, there is some confusion 
in the assignments of the bands in this region, particular­
ly of the band at 1456 c m - 1 , depending on the symmetry 
of the free oxalate ion in the previous studies.3-7) The 
R a m a n contours from 1400 to 1550 c m - 1 in various 
systems are shown in Fig. 4. The relative intensity of 
the 1456 c m - 1 band distinctly depends on both the 
stoichiometric concentration of oxalate and the variation 
of cations, just as that of the 891 c m - 1 band does. 

Figure 5 shows integrated intensity ratios of the 1308, 
1456, and 1488 c m - 1 bands to the 906 or 8 9 1 c m - 1 
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TABLE 2. OBSERVED RAMAN FREQUENCIES (cm-1) AND THEIR ASSIGNMENTS OF THE G —O STRETCHING REGION 

OF AQJJEOUS POTASSIUM OXALATE AND OF T H E SYMMETRY ( P O I N T G R O U P ) OF T H E F R E E OXALATE ION 

M 

Obsd 

1450 
1485 

1664 

D2h 

.K.3) 

Assign. 

Vi 

»5 

LB.4) 

Obsd Assign.a) 

1305 v8 

1452 v10-\-v11 

1488 vx 

1660 v5 

B.F.5) 

Obsd Assign. 

1309 v7 

1458b) 2v8 

1487 vx 

1577b) v5 

D2d 

B.F.6) 

Obsd 

1310 
1456b) 
1486 
1581b) 

Assign. 

»7 

2v8 

»5 

S.M.I 

Obsdo 

1310 
1457 
1489 
1580 
1647 

D2 

Vl.L.Q.7) 

Assign. 

Vi 

Obsd 

1308 
1456 
1488 
1575 

D2 or D2d 

This work 

Assign. 

Vu for D2 or v5 for D2d 

vx for ion-pair 
vx for D2 or D2d 

v5 and v9 for D2 or v7 for D2d 

v5 for ion-pair 

a) The numbering of the fundamentals is in accord with that of Schmelz et al.1'> b) These frequencies were interpreted 
to be a result of Fermi resonance, c) These data were obtained by Edsall.8) 

1500 1 400 1 500 1400 
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Fig. 4. The observed Raman bands from 1400 to 1500 
cm - 1 in various systems (a) 0.1 M K 2C 20 4 (b) 1.8 M 
K2C204 (c) 0.5 M K2G204 +2.5 M KCl (d) 0.5 M 
Cs2G204 (e) 0.5 M K2G204 (f) 0.5 M Li2G204. 
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Fig. 5. Plots of the intensity ratios of C—O stretching 
bands to C-C stretching bands against the stoichiomet­
ric concentrations of potassium oxalate. 

band vs. the stoichiometric concentration of potassium 
oxalate. Unfortunately, the integrated intensity of the 
band at 1575 c m - 1 could not be obtained with enough 
accuracy for a quantitative discussion, because of its 
weakness and the overlapping with water bands. The 
independencies of the stoichiometric concentration are 
found for the intensity ratios of the 1308 and 1488 c m - 1 

bands to the 906 c m - 1 band in Fig. 5. T h e same is 
true for the ratio of the 1456 c m - 1 band to the 891 c m - 1 

band. The bands at 906, 1308, and 1488 c m - 1 thus 
belong to the vibrations of the free oxalate, while the 
bands at 891 and 1456 c m - 1 belong to those of the ion-
paired oxalate. 

Earlier studies on the vibrational spectrum of the 
oxalate ion were based mainly on the number of R a m a n 
active C —O stretching modes in the determination of 
the symmetry of the ion. T h e free oxalate ion in an 
aqueous solution should have one of three conformations : 
D 2 h (planar), D 2 d (two C 0 2

_ planes are at right angles), 
and D 2 (two C 0 2

_ planes are rotated with respect to 
each other by an angle which is not 90°). Symmetry 
correlations and vibrational activities related to the 
C —O stretchings are as follows. 

I>2h 

A g ( R ) -

B 1 B (R)-

B2U(IR)-

B3u(IR) 

D2 

.A(R) . 

C2->C2(x) 

D2d 

A(R) 

B2(R, IR) -B^R, I R ) ^ . . 

B2(R, I R ) y ^ E ( R , I R ) 

B 3 (R , IR/ 

An oxalate ion in solid K a C ^ O ^ H a O has a planar 
symmetry11) and so the R a m a n and I R activities are 
mutually exclusive. Recently, Eriksson and Nielsen12) 
found the R a m a n active antisymmetric and symmetric 
C —O stretching vibrations (Ag and B l g modes) for 
polycrystalline and single crystal K 2 C 2 0 4 « H 2 0 at ca. 
1600 and 1444 c m - 1 , respectively. Two I R active 
stretching vibrations were observed for the salt at 1600 
and 1310 c m - 1 by Schmelz et al J) and at 1610 and 1312 
c m - 1 by Begun and Fletcher.5) These vibrations were 
also examined in detail by Fukushima13) in terms of the 
lattice vibrations of hydrated potassium oxalates. 
Schmelz et al.1) have assigned the former to the antisym­
metric vibration and the latter to the symmetric one. 
These assignments have been regarded as reasonable 
by the comparison of the frequencies with the R a m a n 
data,12) though the opposite assignments had been given 
by Begun and Fletcher.5) Cadene and Fournel14) 
observed bands at ca. 1600 and ca. 1300 c m - 1 in both the 
I R and R a m a n spectra of single crystal (NH4)2C204« 
H 2 0 , where the dihedral angle between two C 0 2 ~ 
planes is 26.6°.15> They have assigned the two bands to 
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the antisymmetric and symmetric (not totally) C — O 
stretching vibrations, respectively, though their assign­
ments were made on the basis of the D 2 d symmetry for 
the oxalate ion. By comparing the two antisymmetric 
C—O stretching vibrational frequencies obtained in the 
previous studies,5»7»12»14) little difference was found 
between the two vibrational frequencies for the ion 
whose symmetry is D 2 h or D 2 . There may be an acci­
dental degeneracy in some cases. If the ion has a D 2 d 

symmetry, the two antisymmetric C — O stretching 
frequencies are degenerate. For the structure of the 
free oxalate ion in aqueous solution, Begun and Flécher5) 
pointed out that the ion has D 2 d symmetry, because 
they found the existence of three coincidences between 
the I R and the R a m a n bands in the C — O stretching 
region of the spectra for aqueous solutions of alkali 
metal oxalates. Because of the appearance of the ca. 
1300 c m - 1 R a m a n band, which is reasonably assigned 
to the symmetric C — O stretching vibration, we conclude 
that the free ion does not have a planar structure. T h e 
assignment of the proper symmetry (D2 or D2 d) of free 
oxalate, however, is difficult, because of the possibility 
of the accidental degeneracy in the two antisymmetric 
C = 0 stretching vibrations or the serious overlapping of 
several bands at ca. 1600 c m - 1 . The tentative assign­
ments of C = 0 stretchings are shown in Table 2. 

The reason why only a R a m a n band which belongs 
to the C—O stretching vibrations has been detectable 
for the ion-paired oxalate may be discovered on the 
assumption that the oxalate ion has a planar and quasi-
centrosymmetric structure. If the symmetry of the 
ion-paired oxalate is closer to D 2 h , the intensity of the 
R a m a n band due to the symmetric vibration at ca. 
1310 c m - 1 will be less intense. This assumption may be 
supported by the low frequency shifts of the C - C 
stretching and the totally symmetric C = 0 stretching 
vibrations for ion-paired oxalate, compared with those 
for free oxalate in aqueous solutions; these vibrations 
were observed at 881 and 1444 c m - 1 for polycrystalline 
K 2 C 2 0 4 ' H 2 0 . 1 2 ) Some planarity of ion-paired oxalate 
will be brought preferably by the formation of a chelate-
like structure; because the interaction between oxalate 
and alkali metal ions will be mainly ionic, the oxalate 
ion is also expected to be kept in a quasi-centrosymmetric 
structure. Even if the interaction between cation and 
anion were covalent to some degree and thus the oxalate 
ion lost its quasi-centrosymmetric structure, the R a m a n 
band due to the (not totally) symmetric C = 0 stretching 
vibration would not be detectable in the range 1300— 
1400 c m - 1 ; this result is suggested by the fact that no 
R a m a n band was detected in the range 1300—1400 

c m - 1 for oxalato aluminium16) or beryllium complex.17) 
The R a m a n active antisymmetric C — O stretching 
vibrations for ion-paired oxalate will be expected at 
ca. 1600 c m - 1 . Serious overlapping of the bands with 
the free oxalate or water bands will then occur. No 
useful information on band overlapping has yet been 
provided by R a m a n spectral measurements in D 2 0 , but 
the broad R a m a n band at 1575 c m - 1 may reflect such 
a situation. 

The authors are indebted to Professor Yoichi Shimura 
of Osaka University and Dr. Isao Kanesaka of our 
university for their valuable discussions. 
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through a 1,2-Dichloroethane Membrane 
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The uphill transport of metal ions such as copper, zinc, cobalt, and iron(II) ions through a bulk 1,2-dichloro-
ethane membrane in the presence of various chelating agents has been studied. The membrane separated two 
aqueous phases, one containing the metal ion and potassium or lithium sulfate, and the other containing the metal 
ion and lithium nitrate or chloride. The chelating agents used were derivatives of 1,10-phenanthroline and acetyl-
acetone. The accumulation of the metal ions in the aqueous phase containing the potassium or lithium sulfate 
was observed for only the following chelating agents: copper: 4,7-diphenyl-2,9-dimethyl- and 4,7-diphenyl-1,10-
phenanthroline; zinc: 4,7-diphenyl-, 3,8-diphenyl-, 2,9-dimethyl-, and 4,7-diphenyl-2,9-dimethyl-1,10-phenan­
throline; cobalt: 3,8-diphenyl- and 4,7-diphenyl-1,10-phenanthroline; and iron(II) : 3,8-diphenyl-1,10-phenan­
throline. In the system containing lithium sulfate in the aqueous phase, the rate of transport of the metal ions 
was slightly higher than that in the system containing potassium sulfate. The reduction of the nitrate ion in the 
aqueous phase brought about a lowering of the rate of transport of the metal ions. The transport of the metal ions 
was, however, unaffected by the electrostatic effect. The metal ion complexed by the chelating agent may be 
transferred in the 1,2-dichloroethane phase, thus forming an ion-pair with the nitrate or chloride ion. 

In a previous paper,1) the present authors studied the 
uphill transport of the picrate anion through a bulk 
1,2-dichloroethane membrane . The picrate anion was 
transported against its concentration gradient by 
coupling to a diffusion of potassium ions via various 
potassium ionophores. 

Using a membrane system similar to that used for the 
picrate transport and various chelating agents, we have 
now made an attempt to make metal ions move against 
their concentration gradient. This report will concern 
the uphill transport of some metal ions, such as copper, 
zinc, cobalt, and iron(II) ions. 

Exper imenta l 

Apparatus. The apparatus used for measuring the 
transport of the metal ions was the same as that used in the 
previous paper.1) In the transport cell (cylindrical glass 
vessel:2) 7 cm i.d.,; height, 7 cm), the dichloroethane phase 
(100 ml), containing a 10 -3 M chelating agent, separated two 
aqueous phases (50 ml each), one (Phase I) containing 5 x 
10-4 M metal sulfate and 0.05 M potassium or lithium sulfate, 
and the other (Phase II) containing 5 x 10~4 M metal sulfate 
and 0.1 M lithium nitrate or chloride. 

Materials. As lipophilic chelating agents, derivatives of 
1,10-phenanthroline and acetylacetone were used: the 5-meth-
yl-, 5-nitro-, 5-chloro-, 2,9-dimethyl-, 4,7-dimethyl-, and 3, 
8-diphenyl-1,10-phenanthroline, dibenzoylmethane, benzoyl-
trifluoroacetone, and benzoylacetone were commercial prod­
ucts from the Tokyo Kasei Kogyo Co., Ltd., while the 4,7-di­
phenyl- and 4,7-diphenyl-2,9-dimethyl-1,10-phenanthroline 
and 2-thenoyltrifluoroacetone were from the Dojindo Lab. 
The metallic salts, copper, zinc, cobalt, and iron(II) sulfate 
and the other chemicals were reagent-grade and were not 
subsequently purified. 

Procedure. The technique used for measuring the rate 
of transport of the metal ions and the membrane potential 
was the same as that described in the previous paper.1) The 
measurements were carried out at 25 °C. The dichloroethane 
used as the liquid membrane was pre-equilibrated with a 5 X 
10~4 M metal sulfate solution containing a potassium or 
lithium sulfate and lithium nitrate or chloride, whose concen­
trations were equal to those in the two aqueous phases, I and 

II. After this treatment, the membrane system was construct­
ed in the transport cell as has been described above. The 
determination of the metal-ion concentration in Phases I and 
II at regular time intervals was carried out by a colorimetric 
method, after a small volume of the aqueous solutions had been 
pipetted off (copper; 0.5 ml, zinc; 0.2 ml, cobalt; 0.5 ml, iron-
(II) ; 0.5 ml) ; the concentration of copper was determined by 
the neocuproine method,3) the zinc, by the zincon method,4) 
the cobalt, by the 2-nitroso-l-naphthol method,5) and the 
iron(II), by the 1,10-phenanthroline method.6) 

R e s u l t s 

Uphill Transport of Various Metal Ions. The rates 
of transport of the metal ions across the dichloroethane 
membrane in the presence of various chelating agents 
were measured. The uphill transport was, however, 
observed for only the following chelating agents : copper : 
4,7-diphenyl-2,9-dimethyl-, and 4,7-diphenyl-1,10-
phenanthroline ; z inc: 4,7-diphenyl-, 3,8-diphenyl-, 
2,9-dimethyl-, and 4,7-diphenyl-2,9-dimethyl-l, 10-
phenanthrol ine; cobalt: 3,8-diphenyl- and 4,7-diphenyl-
1,10-phenanthroline ; i ron(II) : 3,8-diphenyl-1,10-
phenanthroline. The curves of the concentrations of 
the metal ions in both aqueous phases and the membrane 
potential against the time for these chelating agents are 
shown in Figs. 1 to 3. The solid and dotted lines in each 
figure (a) represent the concentration curves in Phases I 
and I I respectively. The polarity of the membrane 
potential was positive in Phase I I with respect to 
Phase I . In these systems, Phase I contained 0.05 M 
potassium sulfate, and Phase I I , 0.1 M lithium nitrate. 

In the present experiment, 10~3 M was chosen as the 
concentration of the chelating agents in the dichloro­
ethane phase. I t was the most effective concentration 
for the transport of the metal ions. As an example of 
the effect of concentration of the chelating agents on the 
transport of the metal ions, the curves of the copper 
concentrations in both aqueous phases and the 
membrane potential against the time for various 
concentrations of 4,7-diphenyl-2,9-dimethyl-1,10-
phenanthroline are shown in Fig. 4. 
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Fig. 1. (a) Copper concentrations in both aqueous phases against time curves, 
represent the copper concentrations in Phases I and II respectively. 
(b) Membrane potential against time curves for the copper. 
Chelating agent; 
O '• 4,7-diphenyl-2,9-dimethyl-1,10-phenanthroline, A : 4,7-diphenyl-1,10-phenanthroline. 
Phases I and II contained 0.05 M K 2S0 4 and 0.1 M LiNOs respectively. 
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Fig. 2. (a) Zinc concentrations in both aqueous phases against time curves. 
The curves have the same meanings as in Fig. 1. 
(b) Membrane potential against time curves for the zinc. 
Chelating agent; 
O : 4,7-diphenyl-1,10-phenanthroline, A : 3,8-diphenyl-1,10-phenanthroline, <>: 2,9-dimethyl-1,10-phenan-
throline, • : 4,7-dipheny 1-2,9-dimethyl-1,10-phenanthroline. 
Phases I and II contained 0.05 M K 2S0 4 and 0.1 M LiN0 3 respectively. 

In the case of the other phenanthroline and acetyl-
acetone derivatives used, no transfer of the metal ions 
across the membrane was observed, though a membrane 
potential ranging from 100 to 200 m V was developed. 

Effect of Potassium Ion and Lithium Counter-ions. 
When the lithium sulfate was added to Phase I in place 
of the potassium sulfate, the rate of transport of the 
metal ions increased slightly. The decrease in the 
concentration of the nitrate ion in Phase I I brought 
about a lowering of the rate of transport of the metal 
ions. In the system containing the chloride in Phase I I 
in place of the nitrate, a considerable high rate of 
transport of the metal ions was also observed. These 
results are illustrated in Fig. 5, which shows the data 

for the copper-4,7-diphenyl-2,9-dimethyl-1,10-phenan-
throline system. 

In the system containing the potassium and lithium 
sulfates in Phases I and I I respectively, a membrane 
potential of approximately 60 mV was developed by 
the addition of a potassium ionophore such as dicyclo-
hexyl-18-crown-6. No transfer of the metal ions across 
the membrane was, however, observed in this system. 

Effect of Membrane Potential. In order to examine 
the role of the membrane potential, the potential 
difference between Phases I and I I was clamped at 
0 m V by means of a short-circuit method.7) The results 
obtained are shown in Fig. 6. The data for the transport 
of the metal ions obtained with the voltage clamp 
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Fig. 3. (a) Cobalt and iron(II) concentrations in both aqueous phases against time. 
The curves have the same meanings as in Fig. 1. 
(b) Membrane potential against time for the cobalt and iron (I I). 
Chelating agent for cobalt; 0 : 3,8-diphenyl-1,10-phenanthroline, A : 4,7-diphenyl-1,10-phenanthroline, 
for iron(II) ; £ : 3,8-diphenyl-1,10-phenanthroline. 
Phases I and II contained 0.05 M K 2S0 4 and 0.1 M LiN0 3 respectively. 
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Fig. 4. Effect of concentration of chelating agent on the transport of copper. 
(a) Copper concentrations in both aqueous phases against time for various concentrations of 4,7-diphenyl-
2,9-dimethyl-1,10-phenanthroline. 
The curves have the same meanings as in Fig. 1. 
(b) Membrane potential against time for the chelating agent. 
Concentration of chelating agent ; [J: 10~4 M, 0 : 10~3 M> A- 10-2 M. 
Phases I and II contained 0.05 M K 2S0 4 and 0.1 M LiNO s respectively. 

agreed almost entirely with those obtained without the 
voltage clamp. 

D i s c u s s i o n 

In the previous paper,1) the highest rate of picrate 
transport was observed in the system containing potas­
sium sulfate and lithium nitrate in Phases I and I I 
respectively. The membrane potential in this system 
was higher than that in the other systems used. Using 
the membrane system and various chelating agents, the 
present authors first attempted to make the metal ions 
move against their concentration gradient. As may be 
seen in Figs. 1 to 3, however, the uphill transport of the 
metal ions occurred for only some phenanthroline 
derivatives. In addition, the rate of transport of the 
metal ions differed from one another in the combination 

of chelating agent and metal ion. 
The phenanthroline derivatives which can move the 

metal ions form complexes with the metal ions. 
However, they do not necessarily have a high stability 
constant for the formation of the complexes. Although 
some of the phenanthroline derivatives used form a 
stable complex with the metal ion,8) they cannot move 
the metal ion. O n the other hand, the metal ions which 
can be moved by the phenanthroline derivatives have 
almost constant ionic radii:9) copper, 0.72 Â; zinc, 0.74 
Â; cobalt, 0.72 Â; i ron(I I ) , 0.74 Â. The nickel and 
i ron(III ) ions whose ionic radii were 0.69 and 0.64 Â 
respectively could not be moved in the system used in 
the present experiment. It is assumed that the chelating 
agents can move the metal ions only when they form 
complexes with a specific structure which facilitates the 
transfer of the metal ions at the aqueous phase-
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Fig. 5. Effect of potassium ion and lithium counter-ions on the transport of copper. 
(a) Copper concentrations in both aqueous phases against time for various potassium and lithium salts 
systems. The curves have the same meanings as in Fig. 1. 
(b) Membrane potential against time curves for the systems. 
K and Li salts in Phases I and I I ; 0 : ° - 0 5 M K 2S0 4 (I)-0.1 M LiNOs (II), A*. 0.05 M Li2S04 (I)-0.1 
M LiN0 3 (II), • : 0.05 M Li2S04 (I)-0.1 M LiCl (II), <>: 0.05 M Li2S04 (I)-0.01 M LiN03 , 0.045 M 
Li2S04 (II). 
Chelating agent ; 4,7-diphenyl-2,9-dimethyl-1,10-phenanthroline. 

Fig. 6. Effect of membrane potential on the transport 
of metal ions. 
Concentrations of metal ions in both aqueous phases 
against time. 
The curves have the same meanings as in Fig. 1. 
%,A>W- Maintained at 0 mV with a voltage clamp, 
O J A J D : without the voltage clamp. 
Metal-chelating agent system; O ? 0 : copper-4,7-di-
phenyl-2,9-dimethyl-1,10-phenanthroline, A > • - zinc-
4,7-diphenyl-1,10-phenanthroline, • , • : cobalt-3,8-
diphenyl-1,10-phenanthroline. 
Phases I and II contained 0.05 M K 2S0 4 and 0.1 M 
LiN0 3 respectively. 

membrane interfaces; the formation of a more stable 
metal-complex brings about a lowering of the rate of 
dissociation of the metal-complex.10) 

The phenanthroline derivatives which can move the 
metal ions are composed of lipophilic groups with a 
high solubility in the organic solvent. The partition 

coefficients of their metal-complexes between the 
aqueous and membrane phases must, therefore, be 
higher than that of the other phenanthroline derivatives. 
This high solubility in the membrane phase may also 
facilitate the transfer of the metal ions. 

The acetylacetone derivatives could not move the 
metal ions. These compounds form fairly stable com­
plexes with potassium and lithium ions as well as with 
the metal ions;11 '12) in this respect, they differ from the 
phenanthroline derivatives. The transfer of the metal 
ions in the membrane may be prevented by the forma­
tion of complexes with the potassium and lithium ions. 

In the system containing lithium sulfate in Phase I , 
the rate of transport of the metal ions was slightly 
higher than that in the system containing potassium 
sulfate. In the case of the potassium sulfate, the transfer 
of the metal ions from Phase I I to Phase I may be 
somewhat depressed by the diffusion of lithium ions from 
Phase I I to Phase I, whereas in the case of the lithium 
sulfate the diffusion of the lithium ions does not occur. 

The reduction of the nitrate ion in Phase I I brought 
about a lowering of the rate of transport of the metal 
ions. In addition, in the potassium sulfate-lithium 
sulfate system containing a potassium ionophore, the 
transfer of the metal ions was not observed. The data 
for the transport of the metal ions with the voltage 
clamp agreed almost entirely with those for the ions 
without the voltage clamp. These facts show that the 
transfer of the metal ions occurs only in combination 
with the diffusion of nitrate ions (or chloride ions), 
which can penetrate the membrane. 

In the previous paper,1) the picrate anion in Phase I 
was dissolved in the dichloroethane phase, forming an 
ion-pair with a complexed cation consisting of an 
ionophore and the potassium ion, and then liberated 
into phase I I by the dissociation of the ion-pair. The 
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metal ions may also be transported by the same 
mechanism; the metal ion, complexed by the chelating 
agent in Phase I I , was dissolved in the dichloroethane 
phase, thus forming an ion-pair with a nitrate ion (or a 
chloride ion), and then liberated into Phase I by the 
dissociations of the ion-pair and the complex. 
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A Study on Electronic Excited States of Iridium (III) Complexes 
Containing Bipyridine and PhenanthroHne Ligand s. Solvent 

Effect on Triplet-Triplet Absorption Spectra 
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 f and Takayoshi KOBAYASHI 

The Institute of Physical and Chemical Research, Hirosawa, Wako 351 
(Received January 26, 1979) 

In order to study the solvent effect on the lowest excited state of w-[IrCl2L2]Cl (L=2,2/-bipyridine, 1,10-
phenanthroline, and 4,7-dimethyl-l,10-phenanthroline), the triplet-triplet absorption spectra (15000 cm-1—27000 
cm -1) were measured by the use of JV,iV-dimethylformamide-water mixed solvents. For the triplet-triplet spectra 
of the three iridium complexes, remarkable spectral changes were observed with the change of the solvent polarity. 
An SCF calculation of the triplet-triplet transitions was carried out for free bipyridine and free phenanthroHne. 
By comparing the calculated results and the observed spectra, the solvent effect can be interpreted in terms of a 
model invoking dji*-jT7i* interaction, as proposed by Crosby. The lowest triplet state of [IrCl2(phen)2]Cl is 
predominantly a dn* state in 95% v/v DMF-water, but in water, by the reversal of the state ordering, the lowest state 
becomes a JTJT* state. Furthermore, a quite similar solvent effect which was observed on the lowest triplet 
state of [IrCl2(bpy)2]Cl is discussed; this state is not expected to have a dji*-nn* interaction. 

I t has been pointed out that , in contrast to the 
ruthenium (II) complexes,1-4) the character of the 
lowest excited state of aV-[IrCl2(phen)2]Cl (phen: 
phenanthroHne) is very sensitive to the solvent. The 
emission spectra and lifetimes at 77 K show a distinct 
solvent effect as the solvent polarity changes. This 
effect has been interpreted in terms of a change in the 
character of the lowest excited state.1"3) Since the 
lowest dn* state (metal-to-ligand charge transfer 
excited state) and the lowest nn* state (locally excited 
state of a ligand) lie very close to each other, the solvent 
polarity affects their energy separation, which changes 
the electronic character of the lowest excited state. 
Recently, the contribution of the lowest d-d (locally 
excited state of a metal) level to the lowest excited state 
was also shown to be important by photochemical 
measurements4) and the temperature dependence of the 
emission spectra.5) 

Since the excited-state absorption spectrum is assumed 
to change sharply, as the character of the lowest excited 
state changes, we measured the triplet-triplet absorption 
spectra of three «V-biscoordinated complexes ([IrCl2-
(phen)JCl , [IrCl2(4,7-Mephen)2]Cl, and [IrCl2(bpy)2]-
Cl) (bpy: bipyridine) and one triscoordinated complex 
( [ I r (bpy) 3 ] (N0 3 ) 3 ) at room temperature, by using the 
mixed solvents of iV,iV-dimethylformamide (DMF) and 
water. Large solvent effects on the triplet-triplet 
absorption spectra were observed for the three biscoor-
dinated complexes, but almost no solvent effect was 
seen for the triscoordinated complex. Using these 
results, we discuss the electronic structure of these 
biscoordinated complexes. 

E x p e r i m e n t a l 

Materials. m-Dichlorobis (1,10-phenanthroline) iridium-
(III) chloride trihydrate, [IrCl2(phen)2]Cl«3H20, was pre­
pared by following the procedure of Broomhead and Grumly.6) 
m-Dichlorobis(4,7-dimethyl-1,10-phenanthroline)iridium (III) 
chloride pentahydrate, [IrCl2(4,7-Mephen)2]Cl«5H20, wa 
prepared by the same procedure. c^-Dichlorobis(2,2/-bipyri-

t Present address: Bunkyo University, Minamiogishima, 
Koshigaya 343. 

dine)iridium(III) chloride dihydrate, [IrCI2(bpy)2]C1.2H20, 
was synthetized by the method of Watts and Crosby.7) Tris-
(bipyridine) iridium (III) nitrate, [Ir(bpy)3](N03) 3, was pre­
pared by the method of Flynn and Demas.8> The purity of 
the complexes was checked by measuring the phosphorescence 
spectra, decay times, and the excitation spectra. Dimethyl-
formamide was of spectrophotometric grade and water was 
distilled four times. 

Apparatus. The triplet-triplet absorption spectra were 
obtained at room temperature using a nitrogen laser as an 
exciting light source and a pulsed xenon flash as a monitoring 
light source.9^ In order to discuss the relative absorbance of 
the triplet-triplet spectrum, we made a correction for the 
concentration of the excited molecules. Since in iridium(III) 
complexes no fluorescence was observed and the phosphores­
cence quantum yield does not depend on the exciting wave­
length, we can assume that the quantum yield of triplet 
formation is very close to unity. Then, the absorbance at 
337 nm of the ground-state absorption of each sample is 
proportional to the concentration of the excited triplet mole­
cules. The ethanol-methanol solution (4: 1, v/v) of [IrCl2-
(phen)2]Cl was used as a standard sample. The absorbance 
of the standard solution was measured in the same laser 
conditions as that for each sample solution. With the use of 
the relative concentration of the excited molecules estimated 
by the 337 nm absorbance, we obtained the corrected triplet-
triplet absorption spectra corresponding to the same concen­
tration of the excited molecules. 

R e s u l t s a n d D i s c u s s i o n 

Figure 1 shows the triplet-triplet absorption spectra 
of [IrCl2(bpy)2]Cl in water, 4 5 % v/v DMF-wa te r and 
9 5 % v/v DMF-wa te r , and the triplet-triplet spectrum 
of [ I r (bpy) 3 ] (N0 3 ) 3 in ethanol-methanol (4: 1, v/v). 

In our present experiment, the measurements were 
carried out at concentrations of ^ Î O - 3 mol d m - 3 . An 
absorbance of less than 0.01 could not be measured. 

In the case of [IrCl2(bpy)2]Cl, the absorbance in the 
spectral region below 21000 c m - 1 decreases and the 
absorbance above 23000 c m - 1 increases, as the solvent 
becomes more polar. However, for [ I r (bpy) 3 ] (N0 3 ) 3 , 
no solvent effect on the absorption spectra was observed 
for water, 95 % v/v DMF-wate r , and ethanol-methanol 
(4: 1, v/v). Figures 2 and 3 show the triplet-triplet 
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Fig. 1. Triplet-triplet absorption spectrum of [IrCl2-
(bpy2)]Cl in 95% v/v DMF-water (curve 1), in 45% v/v 
DMF-water (curve 2) and in water (curve 3). The 
triplet-triplet spectrum of [Ir(bpy)3](N03)3 in ethanol-
methanol(4: 1, v/v) (curve 4). 
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Fig. 2. Triplet-triplet absorption spectrum of [IrCl2-
(phen)2]Cl in 95% v/v DMF-water (curve 1), in 45% 
v/v DMF-water (curve 2) and water(curve 3). 
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Fig. 3. Triplet-triplet absorption spectrum of [IrCl2(4,7-
Mephen)2]Cl in 95% v/v DMF-water (curve 1), in 45% 
v/v DMF-water (curve 2) and water (curve 3). 

absorption spectra of [IrCl2(phen)2]Cl and [IrGl2(4,7-
Mephen) 2]Cl in D M F - w a t e r mixed solvents. In both 
complexes, the absorbance decreases remarkably as the 
solvent polarity increases. Furthermore, the same shift 
of the spectra was observed as for the bis(bipyridine) 
complex. 

Assignment of Excited States. The absorption 
spectrum of [ I r (bpy) 3 ] (N0 3 ) 3 has no low-energy xdn* 
band and resembles that of free bipyridine molecules.8) 
Since the singlet-triplet energy separation of a TZTZ* 
state is generally much larger than that of a dn* state, 
the emitting level of the tris (bipyridine) complex (E0= 
22350 cm - 1 ) was assigned to a 3nn* state. The phos­
phorescence lifetime we observed is 49 fjis at 77 K in 
degassed methanol. This value is ten times as long as 
the typical lifetimes of dji* phosphorescence.10) 

From the absorption spectrum measurements,1) the 
lowest singlet state of [IrCl2(bpy)2]Cl at 21900 c m - 1 

and [IrCl2(phen)2]Cl at 21700 c m - 1 was assigned to a 
xdn* state. The singlet-triplet energy separation is 
generally small for a dn* state, hence the 3dn* level 
lies just below the xdn* level. O n the other hand, both 
of the free ligands also have a 3nn* emission in this 
region: i£ 0=23500 c m - 1 for free bipyridine and 22200 
c m - 1 for free phenanthroline, at 77 K in e thanol -
methanol (4: 1, v/v). Thus , the energy separation 
between the lowest 3dn* state and the lowest 3nn* 
state is expected to be small. The stabilization energy 
by solvent polarization is different depending upon the 
types of the electronic structures, that is, the ground 
state, dn* states, and nn* states. These differences of 
polarization energy are assumed to be of the same 
order as the energy separation between the lowest 3dn* 
and 3nn* states. Therefore, the character of the observed 
lowest triplet state of biscoordinated complexes is 
sensitive to the environment, as is seen from Figs. 1 and 
2. The emitting state of [IrCl2(bpy)2]Cl is 21400 c m - 1 

and that of [IrCl2(phen)2]Cl is 21000 cm- 1 , in e thanol -
methanol (4: 1, v/v). Since the 3nn* energy of free 
bipyridine is 1300 c m - 1 higher than that of free phenan­
throline, the interaction in [IrCl2(bpy)2]Cl between 
3dn* and 3nn* states is thought to be small, in contrast 
to the case of [IrCl2(phen)2]Cl.2) However, the lowest 
3nn* state of [ I r (bpy) 3 ] (N0 3 ) 3 appears at 22350 cm- 1 , 
1200 c m - 1 lower than that of free bipyridine. The red 
shift of the nn* peak upon complex formation is thus 
large for a bipyridine complex but very small for a 
phenanthroline complex. Therefore, the energy separa­
tion between the lowest 3nn* and 3dn* of [IrCl2(bpy)2]Cl 
is very similar to that of [IrCl2(phen)2]Cl. 

For the bis (phenanthroline) complex, the emission 
lifetime at room temperature decreases from 270 ns4) 
to 13 ns(our data) , when the solvent is changed from 
95 % v/v D M F - w a t e r to water. This rapid decrease of 
the lifetime is also observed for bis (bipyridine) complex. 
From this similarity we can conclude that the character 
of the lowest triplet state of [IrCl2(bpy)2]Cl is analogous 
to [IrCl2(phen)2]Cl. 

Recently, from the large temperature dependence of 
the emission spectra in glycerol, the lowest triplet state 
of [IrCl2(phen)2]Cl and [IrCl2(5,6-Mephen)2]Cl was 
assigned to an excited state localized on the metal(dd).5) 
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However, in ethanol-methanol ( 4 : 1 , v/v), we observed 
no shift between the emission spectra at 77 K and 300 K 
for [IrCl2(phen)2]Cl. Furthermore, in water and 9 5 % 
v/v DMF-wate r , the emission of [IrCl2(phen)2]Cl and 
[IrCl2(5,6-Mephen)2]Cl at room temperature also does 
not show any shift from the low-temperature emission.4) 
Therefore, in the solvents used in our experiments, the 
contribution of a dd level to the lowest triplet state can 
be neglected. 

Solvent Effect of Triplet-Triplet Absorption Spectra. 
For the three biscoordinated complexes, the ground-
state absorption peaks show a blue shift of 400—1000 
cm*1, when the solvent is changed from 9 5 % v/v D M F -
water to water. The observed stabilization of the 
singlet energy levels in polar solvents were almost equal 
for the same type of transition. O n the other hand, the 
observed strong triplet-triplet transitions are primarily 
assigned to the transitions between electronic states 
of the same type(d:rc*-d;7z;* or 7in*-7i7i*). For the triplet-
triplet transition the solvent effect on both states is 
almost counterbalanced. Therefore, the observed 
solvent effects on the triplet-triplet absorption spectra 
shown in Figs. 1, 2, and 3 can not be explained only by 
the above-mentioned solvent shifts of the energy levels. 

The lowest triplet state in a tris(bipyridine) complex 
is 37Z7i*; hence the observed triplet-triplet absorption 
spectrum is assigned to a 7m*~7m* transition. In a 
bis(bipyridine) complex, since the *àn*-*nn* energy 
separation is of the same order as the solvent shift of the 
energy levels, a reversal of the states can occur by 
changing the solvent polarity. If the lowest triplet 
s t a t e d ) is denoted as T1=AOTW(dn*)+AhE¥(7m*)9 

where Ac? and AhE are coefficients of the wave function, 
the observed triplet-triplet absorption spectrum changes 
from T r h i g h e r dji* transitions to ^ - h i g h e r nn* 
transitions, as the coefficient AhE increases. 

We carried out an SCF-CI calculation on the triplet-
triplet transitions for free bipyridine and free phenan­
throline molecules. Figure 4 shows the calculated 
transition energies. The observed triplet-triplet absorp­
tion spectrum of free phenanthroline and the *n7i*-*nn* 
absorption spectrum of [ I r (bpy) 3 ] (N0 3 ) 3 in e thanol -
methanol ( 4 : 1 , v/v) are shown in Fig. 4 . SCF-CI 
calculations generally gives an over-estimate of the 
transition energy, so the observed spectrum of tris-
(bipyridine) complex can be assigned to one strong and 
three weak znn*-*nn* transitions, and the observed one 
of free phenanthroline to several weak 37i7i*-37i7i* transi­
tions. With respect to the 3d;rc*-3d;7z;* transitions, the 
energies can be estimated from the differences in orbital 
energies. Using the orbital energies of our calculation, 
for a bipyridine complex, two bands at 16200 c m - 1 and 
29500 c m - 1 are expected ; for a phenanthroline complex, 
two bands at 20200 cm" 1 and 30200 cm" 1 are expected. 
Thus from our SCF-CI calculations, we conclude that 
the triplet-triplet transitions both to the higher 3djr* 
states and to higher znn* states from the lowest triplet 
state are expected in the wave number range of our 
experiment. 

I t was pointed out that in the bis (bipyridine) complex 
the lowest *nn* state lies a little higher than the lowest 
3d;rc* state in ethanol-methanol (4: 1, v/v).1) 9 5 % 
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Fig. 4. Calculated triplet-triplet transition energies and 
their oscillator strength, (a) Free bipyridine, (b) free 
phenanthroline. Curves are the observed triplet-triplet 
absorption spectra of [Ir(bpy)3](N03)3 in 95% v/v 
DMF-water (curve 1) and free phenanthroline in etha­
nol-methanol (4: 1, v/v) (curve 2). 

DMF-wa te r has a similar polarity to that of ethanol-
methanol, so spectrum 1 in Fig. 1 is assigned to 3djz*-
3d;rc* transition. O n the other hand, spectrum 3 in 
Fig. 1 shows the vibrational structure, which resembles 
closely that of a tris (bipyridine) complex. Therefore, in 
water the TZTZ* component of the lowest triplet state is 
predominant . The spectrum in 4 5 % v/v DMF-wate r 
is interpreted as a superposition of almost equal contribu­
tions from the T^nn* and T1-3djr* transitions. 

In the bis (phenanthroline) complex, the most distinct 
characteristics of the solvent effect on the triplet-triplet 
absorption spectrum is the large change in the absorption 
intensity. In 9 5 % v/v DMF-wate r , the lowest triplet 
state is assigned to mainly 3d^*, as in the bis (bipyridine) 
complex.1) As the solvent becomes polar, the absorption 
intensity decreases rapidly and the peak maxima shift 
to slightly higher energy. This intensity decrease can be 
interpreted as a change in the character of Tv In a 
bipyridine complex, the solvent affects only the absorp­
tion frequency, so the observed T^nn* transitions and 
T J - M J Z * transitions have almost equal intensity. 
However, as is shown in Fig. 4, z7m*-znn* transitions of 
phenanthroline are weaker than the strong band of 
bipyridine. Therefore, an increase in the TZTZ* com­
ponent of T x results in a decrease of the intensity of the 
triplet-triplet absorption. Spectrum 3 in Fig. 2 can be 
assigned mainly to zjin*-z7i7i* transitions. An analogous 
solvent effect was observed for bis(4,7-dimethyl-l,10-
phenanthroline) complex (Fig. 3). 

In conclusion, the excited states of the iridium (III) 
complexes with such ligands as bipyridine, phenan­
throline, and their derivatives are very sensitive to the 
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environment. Changing the mixing ratio of D M F and 
water can cause changes in the character of the lowest 
triplet state as well as a reversal in the order of the 
state. Such solvent effects may become an important 
factor in the reactivity of these complexes in various 
solvents. 

The authors are grateful to Professor Saburo Nagakura 
of the Institute for Solid State Physics for his kind 
support and valuable suggestions. 
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Photo-oxidation Effect of Poly(iV-vinylcarbazole) Film on 
Photoconductivity and Electronic Spectra1) 

Akira ITAYA,* Ken-ichi OKAMOTO, and Shigekazu KUSABAYASHI 

Department of Chemical Engineering, Faculty of Engineering, Yamaguchi University, Tokiwadai, Ube 755 
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The photo-oxidation effect on poly(iV-vinylcarbazole) (PVGz) and amorphous l,3-di(iV-carbazolyl) propane 
films was studied by means of ultraviolet absorption, infrared absorption, and fluorescence spectra. The photo­
conductivity of the photo-oxidized PVGz films was also measured as a function of photoirradiation time. A photo-
oxidation product which formed near the surface of films had a carbonyl substituent group, acted as a singlet 
exciton trap in competition with the excimer-forming sites, and formed an exciplex with an excited carbazolyl 
chromophore. The very slight amount of the photo-oxidation product enhanced the photoconductivity of PVGz 
films by a factor of ca. 15, suggesting that the product acted as an electron-accepting impurity in the photo-carrier-
generation mechanism in the lowest n-n* absorption region of PVGz films. 

There have been many investigations concerning the 
photo-carrier-generation mechanism in the lowest TT-TT* 
absorption region of poly(JV-vinylcarbazole) (PVCz) 
film.2-7) The following mechanism is considered to be 
most appropriate at the present stage:6 '7) 

D* + A • (D*..-A) • 1(D+...A") 

encounter nonrelaxed 

complex exciplex state 

I F D+ + A-

(D+...A-) 
geminate ^ (D+—A")* 
ion pair ^ ; 

exciplex 
Scheme 1. state 

The singlet excited state(D*) (singlet exciton) of PVCz 
migrates effectively through the carbazole(Cz) chromo-
phores and encounters some electron-accepting impurity 
(A) during its lifetime to form an encounter complex 
(D*---A). The complex goes through a rapid electron 
transfer and changes to a nonrelaxed exciplex state 
1(D+---A~). The nonrelaxed exciplex state has some 
excess kinetic energy and undergoes a thermalization 
of the excess energy to give an electron-hole ion pair 
(D+---A-) at a separation r0. T h e electron-hole pair 
will either recombine geminately to give a relaxed 
fluorescence exciplex state (D+—A - )* , or dissociate into 
free carriers (D+, A") when it is assisted by an external 
electric field F. Taking account of the ionization 
potential (6.1 eV) and the electron affinity (1.5 eV) of 
PVCz in film, the electron affinity of the compound 
acting as an electron acceptor should be higher than 
0.6—0.8 eV. Some unknown impurities contaminated 
in course of synthesis of the monomer and/or polymer, 
dissolved oxygen, or a photo-oxidation product of the 
polymer can be considered as the electron-accepting 
impurities in a PVCz film. Judging from the migration 
efficiency of the singlet exciton,8-10) a concentration 
of the electron-accepting impurity of about 10~3 mol/mol 
monomer unit seems to be necessary to interpret the 
high yield of photo-carrier-generation (ca. 0.1). Contami­
nation by such a concentration of the impurity is 
improbable in course of the synthesis. In the case of 
triplet oxygen in the ground state, of which the electron 
affinity is ca. 0.42 eV,11) considerable thermal activation 

should be necessary to give the electron-hole ion pair. 
Therefore, it is impossible to explain the high yield of 
the photo-carrier-generation in PVCz films by consider­
ing only the unknown contaminating impurity and the 
oxygen. Then , a photo-oxidation product of PVCz 
should be considered as an electron-accepting impurity 
which might be effective for the photo-carrier-genera­
tion. Therefore, detailed information on the photo-
oxidation of a PVCz film is very important in under­
standing the origin of the high photoconductive proper­
ties of the polymer. It has been briefly reported that 
photo-oxidation products were obtained by irradiation 
of PVCz suspended in sulfuric acid-ethanol solution in 
a stream of air12) and of a PVCz film in air.6) However, 
no detailed study has been reported on the photo-
degradation of a PVCz film. 

In the present research, we have investigated the 
photo-oxidation of an amorphous PVCz film and an 
amorphous l,3-di(iV-carbazolyl) propane (DCzP(a)) 
film,13) which is a dimeric model compound of PVCz, 
by measuring the change in the absorption and fluores­
cence spectra caused by photoirradiation and have 
compared the difference in behavior of the photo-
oxidation between these two films. We have also 
investigated how the photo-oxidation affects the photo­
conductivity of a PVCz film. 

E x p e r i m e n t a l 

The PVGz was prepared by free-radical polymerization 
(initiator; AIBN) and was reprecipitated from benzene solu­
tion with methanol. Thin PVGz films used for measuring the 
absorption and fluorescence spectra were cast on quartz plates 
from benzene solution and dried in vacuo. Films of PVCz 10 
[im thick for electrical measurements were cast on nesa-coated 
conductive quartz plates from benzene solution. A semitrans­
parent gold main electrode was evaporated on the film to 
prepare a sandwich-type cell. The DGzP(a) films were 
prepared by the methods described previously.13) 

The absorption and fluorescence spectra were measured with 
the apparatus described in a previous paper.14) The electrical 
measurements (photoconductivity and magnetic field effect on 
the photoconductivity) were carried out under a vacuum of 
10-2 Torr at 20 °G by a DG method. Films were irradiated 
in air at atmospheric pressure though a water filter (21 cm) 
with the full spectrum of a 500 W high pressure mercury lamp. 
The radiation density (/l<350 nm) was about 1X 1017 

photons/cm2 s. 
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R e s u l t s a n d D i s c u s s i o n 

Electronic Spectra. Figure 1 shows the change in 
the absorption spectra of PVCz films caused by photo-
irradiation. With irradiation time, the absorption 
intensity of Cz chromophores decreased and new 
absorption (300—340 nm and 350—420 nm) appeared 
and increased. Three isosbestic points were observed 
at 348, 341, and 303 n m . These new bands are at tr ibuted 
to a photo-oxidation product, because no change in the 
absorption was observed for a PVCz film irradiated 
under a vacuum of 1 0 - 1 Torr . The further irradiation 
caused a deviation from these isosbestic points and also 
a decrease of the absorption intensities of the photo-
oxidation product, as is shown in Fig. 2. Similar 
phenomena (decrease in the absorption intensity of Cz 
chromophores and appearance of new absorption bands) 
were also observed for DCzP(a) film, although five 
isosbestic points were observed. The dependence of the 
absorption intensity (370 nm) due to the photo-oxidation 
product on irradiation time is shown in Fig. 2. Assuming 
that there is no remarkable difference in the molar 
extinction coefficient of the photo-oxidation product 
between PVCz and DCzP(a) , Fig. 2 shows that the 
formation rate of the photo-oxidation product observed 
for a PVCz film is larger than that for a DCzP(a) film 
by a factor of ca. 4. This may be attr ibuted to the 
presence in the polymer film of sites which are 
susceptible to photo-oxidation. Judg ing from the fact 
that the concentration of the sandwich-like excimer-

Wavelength/nm 

Fig. 1. Change in the absorption spectra of a PVCz film 
caused by photoirradiation. Irradiation time; (1)0, (2) 
6, (3) 12, (4) 18, and (5) 25 min. 
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Fig. 2. Dependence of the absorption intensity at 370 
nm on photoirradiation time for (1) PVCz and (2) 
DCzP(a) films. 

forming sites in a PVCz film is higher than that in a 
DCzP(a) film, the sandwich-like excimer-forming sites 
seem to be susceptible in such a way. This would be 
supported by the fact that the decrease of the sandwich­
like excimer fluorescence (ca. 23900 cm - 1 ) caused by 
photo-oxidation is larger than that of the second 
excimer fluorescence (ca. 26500 c m - 1 ) , as is clearly 
shown in Fig. 4. 

Infrared spectra of photo-oxidized PVCz films are 
shown in Fig. 3 . The increasing absorption observed 
at around 1700 c m - 1 is a t t r ibutable to carbonyl groups. 
A similar phenomenon was also observed for a DCzP(a) 
film. These results show that the photo-oxidation 
products formed in both PVCz and DCzP(a) films have 
carbonyl groups, which are electron-accepting sub-
stituents. The formation of the carbonyl group in a 
PVCz film by photo-oxidation is similar to the phenom­
enon observed for a photo-oxidized polystyrene (PSt) 
film.15) 

It has been reported that a PSt film becomes brittle 
by photo-oxidation, although extraction of the photo-
oxidized PSt film with chloroform leaves a very small 

1800 1700 

Wave number/cm -1 

Fig. 3. Change in the infrared absorption spectra of a 
PVCz film caused by photoirradiation. Irradiation 
time; (1) 0, (2) 20, and (3) 100 min. 
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amount of residue.15) O n the other hand, the heavily 
photo-oxidized PVCz film becomes insoluble in most 
solvents, such as benzene and 1,2-dichloroethane. This 
fact suggests that the disruption of the Cz chromophore 
and a crosslinking reaction seems to take place at the 
same time in a PVCz film. 

The change in the fluorescence spectra of PVCz 
films caused by photoirradiation in air is shown in 
Fig. 4. Little change was observed in the fluorescence 
spectra of PVCz films by photoirradiation under a 
vacuum of 10 _ 1 Torr . Remarkable changes in the 
fluorescence spectra were observed for very weakly 
photo-oxidized PVCz films, compared with the case of 
absorption spectra. Wi th irradiation time, the excimer 
fluorescence of PVCz films decreased and a new fluores­
cence band in the longer-wavelength region (i><20000 
cm - 1 ) appeared. Further irradiation caused a decrease 
of the excimer and the new fluorescence intensities. A 
quite similar phenomenon was observed for DCzP(a) 
films, as is shown in Fig. 5. The broad and structureless 
emission band with a peak (or shoulder) at 19000— 
20000 cm- 1 of the weakly photo-oxidized PVCz and 
DCzP(a) films may be assigned to the exciplex fluores­
cence, which is formed between an excited Cz chromo­
phore and the photo-oxidation product with the 
carbonyl substituent group. This assignment is 
supported by the following observation. The fluores­
cence observed at 515 n m for the weakly photo-oxidized 
PVCz film was partly quenched by applying an electric 
field and the decrease in the fluorescence showed a 
quadratic dependence on the field strength, as is shown 
in Fig. 6. It has been reported by Yokoyama et al. 
that a similar phenomenon is observed for the exciplex 
fluorescence of PVCz films doped with dimethyl 
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Fig. 4. Change in the fluorescence spectra of PVCz 
films caused by photoirradiation. Irradiation time; 
(1) 0, (2) 0.5, (3) 1, (4) 1.5, (5) 2.5, (6) 4.5, (7) 9, 
and (8) 15 min. 
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Fig. 5. Change in the fluorescence spectra of DCzP(a) 
films caused by photoirradiation. Irradiation time; 
(1) 0, (2) 0.17, (3) 0.5, (4) 1, (5) 1.5, and (6) 10 min. 

<1 

Applied voltage/V 

Fig. 6. Electric field-strength dependence of the fluores­
cence decrease observed at 510 nm for the weakly 
photo-oxidized PVCz film (^?0.5 [Am thick). Irradia­
tion time; 25 s. Excitation wavelength; 335 nm. 

terephthalate (DMTP).6»16) 
In order to represent the decrease of fluorescence, a 

quenching factor, Q,, which has frequently been used 
in investigations of energy migration in polymer 
films,8-10'17) is defined for convenience by the following 
equation : 

dt = Vo-Wt 

where I0 and It are fluorescence peak intensities before 
and after photo-irradiation, respectively. The depend­
ence of the quenching factor of photo-oxidized PVCz 
and DCzP(a) films on the irradiation time is shown in 
Fig. 7. T h e value of Q, obtained for thin films was 
larger than that obtained for thick films. This result 
suggests that the process of the photo-oxidation proceeds 
near the surface of films. Therefore, the photo-oxidation 
product is not formed in the bulk of film uniformly. 

file:///if/J
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However, an approximately linear relationship existed 
between the quenching factor, Q, and the irradiation 
time, /, in an early stage of photoirradiation. This 
phenomenon seems to suggest that the photo-oxidation 
product acts as an exciton t rap in competition with the 
excimer-forming sites. The value of Q obtained for 
DCzP(a) films was larger than that obtained for PVCz 
films. Considering that the concentration of the photo-
oxidation product formed in PVCz films is higher than 
that formed in DCzP(a) films, as mentioned above, 
this fact suggests that the number of Cz chromophores 
covered by a singlet excition during its lifetime in a 
DCzP(a) film is larger than that in a PVCz film. This 
fact is consistent with the result obtained by investiga­
tion of the excitation energy migration, in which the 
fluorescence quenching by a guest molecule such as 
D M T P in PVCz and DCzP(a) films was investigated.18) 

10 
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bo 
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& 0.5 
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0.1 
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Irradiation time/min 

Fig. 7. Quenching factor vs. irradiation time. (1) PVCz 
film («*0.7 (im thick), (2) PVCz film (<M).2 jxm 
thick), (3) DCzP(a) film («*0.3 jxm thick), and 
(4) DCzP(a) film (Ä»0.2 [im thick). Excitation 
wavelength; 330 nm. 

The host fluorescence was depressed to half its original 
intensity (Q=l) at a guest concentration equal to the 
concentration of excimer-forming sites, in the case of 
PVCz films.8-10) The concentration of excimer-forming 
sites in the PVCz film used in the present investigation 
was ca. 3 x 10~3 mol/mol basic unit.10) Therefore, the 
concentration of the photo-oxidation product in a thin 
PVCz film (Ä»0.2 (Jim), where the product might be 
formed comparatively uniformly, became ca. 3 x l 0 ~ 3 

mol/mol basic unit by the irradiation for one minute, 
as is shown in Fig. 7. Considering the number of 
absorbed photons, the yield of the formation of the 
photo-oxidation product was estimated to be ca. 10~4. 

Photoconductivity. Dependence of the photocur­
rent of the photo-oxidized PVCz films on irradiation 
time is shown in Fig. 8. The photocurrent observed 
in the JT-TT* absorption region increased steeply, by a 

factor of about 15, with photo-oxidation. It decreased 
when the film was exposed to radiation until a change 
in the absorption spectra by photo-oxidation could be 
observed. Voltage, spectral, light-intensity, and tem­
perature dependence of the photocurrent of the photo-
oxidized PVCz film were almost the same as those of 
the unirradiated PVCz film.19) 

I t has been reported that an external magnetic field 
increased the photocurrent in a PVCz film and that 
this magnetic filed effect was enhanced by doping with 
a weak acceptor such as DMTP. 7 ) Figure 9 shows the 
dependence of the positive magnetic field effect of the 
photo-oxidized PVCz films on irradiation time. The 
effect was enhanced by a factor of about 3 by weak 
photo-oxidation. 

0 2 4 6 8 10 

Irradiation time/min 

Fig. 8. Irradiation time dependence of the relative 
photocurrent (/p^) of a photo-oxidized PVCz film 
under 35000 V/cm. 
(1) 400, (2) 360, and (3) 330 nm. 

Irradiation time/min 

Fig. 9. Dependence of the positive magnetic field effect 
of a photo-oxidized PVCz film on irradiation time. 
Magnetic field; 1000 G. Applied voltage; 35000 V/cm. 
(1) 400, (2) 360, and (3) 330 nm. 
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I t is clear from the above-mentioned results that the 
yield of photo-carrier-generation of the weakly photo-
oxidized PVCz films is much higher than the yield of 
the unirradiated PVCz films. Tha t is, even if the 
concentration of the photo-oxidation product is too 
low to be detected by the absorption spectra, the 
product acts effectively as an electron-accepting 
impurity (A) in the Scheme 1 to enhance effectively 
the yield of photo-carrier-generation of a PVCz film. 
A high yield of photo-carrier-generation is obtained 
by a xerographic method,5»20) where the surface of 
samples is exposed to a corona-charge under an ambient 
condition, and by measuring the photoconductivity of 
polymer films dried for a prolonged time under an 
ambient condition at a high temperature.21) Such 
yields might be attr ibutable to the mechanism of photo-
carrier-generation described in Scheme 1, in which 
the electron-accepting impurity (A) seems to be a photo-
oxidation product formed near the surface of PVCz 
films. 

The present work was supported in part by a Grant-
in-Aid for Scientific Research from the Ministry of 
Education. 
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X-Ray diffraction analysis was used to establish the molecular structures of some adducts of benzoyl isothio­
cyanate with hydrazones: benzaldehyde 4-benzoyl-2-phenylthiosemicarbazone (1), 2-benzoylimino-3,5-diphenyl-
2,3-dihydro-l,3,4-thiadiazole (2), and 5-benzoylimino-2,2-dimethyl-4-phenyl-l,3,4-thiadiazolidine (3). In adducts 
2 and 3, a strong intramolecular interaction between sulfur and carbonyl oxygen atoms has been found. The 
S---0 distance is 2.56 Â for 2 and 2.76 Â for 3, and the oxygen atom lies approximately in the plane defined by 
the sulfur atom and the two carbon atoms bonded to the sulfur atom. The absence of a characteristic absorption 
due to a carbonyl group in the IR spectra of 2 and 3 reflects the intramolecular interaction. The crystal of 1 is 
triclinic, space group PÏ, with a= 12.041, 0 = 8.414, c= 11.298 Â, a = 116.13, ß = 103.39, y= 103.27°; that of 2 is 
monoclinic, space group P2!/c, with 0=20.842, £ = 3.977, c=21.120Â, ß = 103.55°; and that of 3 is monoclinic, 
space group P21? with a= 12.559, £ = 6.910, c= 10.283 Â, 0=115.46°. The structure has been refined by the 
block-diagonal least-squares method to R=0.089 with 2508 reflections for 1, to R=0.088 with 1872 reflections 
for 2, and to #=0.098 with 1031 reflections for 3. 

Previously Yamamoto et al. reported the reaction of 
benzoyl isothiocyanate with hydrazones and discussed 
the reaction mechanism; the reaction of benzoyl 
isothiocyanate with the derivatives of hydrazone yielded 
seven-membered ring compounds whose structures were 
assigned on the basis of their spectroscopic results.1) 
In view of the novelty of their structures we have 
reexamined the molecular structures of the products 
by the X-ray diffraction method. We now report 
investigations leading to a revised structure 3, together 
with establishment of the structures 1 and 2. 

PhCON=C=S + PhNH-N=CHPh • 

Ph-N-N=CHPh Phx /Nv 

J, + i C-Ph 
^ G \ G / 

S NHCOPh P h C C W X S 7 

1 2 

PhCON=C=S + PhNHN=C(GH3)2 
P h \ N _ N H 

—> I 1 / G H 8 
PhCON'/\S /ScH3 

3 

E x p e r i m e n t a l 

The space group and preliminary unit cell constants for 
each crystal were determined by oscillation and Weissenberg 
photographs. The accurate cell constants for each crystal were 
determined by the least-squares method using at least 39 
reflections measured on a four-circle diffractometer. The 
density of each crystal was obtained by the flotation method. 

Crystal Data. (a) Product (1), G21H17N3OS : M= 359.4, 
triclinic, PI, a= 12.041, 0 = 8.414, *= 11.298 A, «=116.13, 
ß= 103.39,r=103.27°, F=924.9Â3 , Z = 2 , Dm=l.30g-cm-\ 
Dx= 1.29g.cm-3. (b) Product (2), G21H15N3OS: M=357A9 

monoclinic, P2!/c, «=20.842, £=3.977, *=21.120A, ß= 
103.55°, V= 1701.9 A3, Z = 4, Dm= 1.40 g-cm-3, Z>x=1.39g. 
cm-3, (c) Product (3), G17H17N3OS: M=3l\A, monoclinic, 
P21? «=12.559, £=6.910, e= 10.283 Â, ß= 115.46°, F=805.7 

A3, Z = 2 , Dm= 1.28 g-cm-3, D x = 1.28 g-cm-3. 
Intensity Measurements of 1 and 3. The intensities were 

measured on a Rigaku tape-controlled four-circle diffracto­
meter with Ni-filtered Gu Ken radiation. The approximate 
crystal size used for these intensity measurements was 0.1 X 
0.1x0.4 mm for 1 and 0.3x0.06x0.1 mm for 3. The 0-20 
scan technique was employed with a scan speed of 4°/min for 
20. The backgrounds were counted for 6 s at both sides of 
the scan range. The intensities of 2677 independent reflec­
tions were measured in the range O<^sin0/A<^O.56 for 1, and 
those of 1031 independent reflections in the range 0 < 
sin0M<O.53 for 3. 

Intensity Measurement of 2. The intensities of reflections 
with sin0/A less than 0.53 were measured from a crystal with 
dimensions of 0.5x0.1 X 0.05 mm with Ni-filtered Gu Ka 
radiation. The stationary-crystal stationary-counter technique 
was applied using a Toshiba four-circle diffractometer. A 
background for each reflection was taken from a curve which 
was determined by a plot of the backgrounds measured at 
several values of 20 against their 20 values. A total of 2132 
reflections were measured, of which 1872 were recorded as 
non-zero intensity. 

The intensities were corrected for the Lorentz and polari­
zation factors, but were not corrected for absorption. 

Structure Determination of 1. The structure was solved 
by an application of the direct method.2) An E map based 
on the phases of 207 reflections revealed the positions of all 
non-hydrogen atoms. The structure was refined by the block-
diagonal least-squares method,3) initially with isotropic tem­
perature factors and subsequently with anisotropic ones. The 
atomic species were assigned by inspection of temperature 
factors as well as interatomic distances and angles. All hydro­
gen atoms were revealed on a difference Fourier synthesis. 
Final refinement, by including these hydrogen atoms with 
isotropic temperature factors, reduced the R value to 0.089 
for 2508 non-zero reflections. In the final refinement, the 
following weighting scheme was adopted: w=0.0 for Fo = 0, 
w=\.0 for 0 ^ F o < 1 0 , and i£;=[1.0+0.15(Fo-10)]-1 for 10 
<^F0. The final atomic coordinates are given in Table 1. 

Structure Determination of 2. The structure was solved 
by the heavy atom method, and refined by the block-diagonal 
least-squares method in the same way as for 1. Including the 
hydrogen atoms revealed on a difference Fourier synthesis, 
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TABLE 1. FINAL ATOMIC COORDINATES OF 1 WITH ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

x y z x y 

S( l ) 
G (2) 
N(3) 
N(4) 
G (5) 
N(6) 
G (7) 
0(8) 
G (9) 
G (10) 
G( l l ) 
G (12) 
G (13) 
G (14) 
G (15) 
G (16) 
G (17) 
G (18) 
G (19) 
G (20) 
G (21) 
G (22) 

-0.0227(1 
0.3805(4; 
0.2680(3 
0.1941(3 
0.0734(4; 
0.0451(3 

-0.0655(4; 
-0.1644(3; 
-0.0514(5 
0.0574(5 
0.0644(6 

-0.0356(7' 
-0.1451(7 
-0.1513(5 
0.2469(4; 
0.2511(5 
0.3102(5 
0.3597(5 
0.3538(5 
0.2962(5 
0.4628(4; 
0.5795(5 

-0.3150(2) 
0.1129(7) 
0.0038(6) 

-0.0879(6) 
-0.1952(7) 
-0.1945(6) 
-0.2836(7) 
-0.3588(5) 
-0.2747(7) 
-0.2598(8) 
-0.2543(10) 
-0.2590(9) 
-0.2757(9) 
-0.2837(8) 
-0.0788(7) 
0.0661(7) 
0.0792(8) 

-0.0530(9) 
-0.1982(8) 
-0.2129(7) 
0.2117(7) 
0.3424(8) 

-0.0918(1 
0.3058(5 
0.2621(4; 
0.1184(4; 
0.0758(5 
0.1873(4; 
0.1911(5 
0.0926(4 
0.3284(5; 
0.4157(6 
0.5439(7; 
0.5820(7 
0.4945(7 
0.3678(6; 
0.0179(5; 

-0.0098(6 
-0.0988(6; 
-0.1607(6; 
-0.1331(6; 
-0.0437(6; 
0.4559(5 
0.4994(6; 

G (23) 
G (24) 
G (25) 
G (26) 
H(G2) 
H(N6) 
H(G10) 
H(G11) 
H(G12) 
H(G13) 
H(G14) 
H(G16) 
H(G17) 
H(G18) 
H(G19) 
H(G20) 
H(G22) 
H(G23) 
H(G24) 
H(G25) 
H(G26) 

0.6618(5) 
0.6305(6) 
0.5133(6) 
0.4307(5) 
0.414(6) 
0.106(6) 
0.141(6) 
0.159(7) 

-0.024(7) 
-0.210(7) 
-0.228(7) 
0.225(5) 
0.296(6) 
0.404(6) 
0.394(5) 
0.289(6) 
0.605(5) 
0.755(6) 
0.702(6) 
0.482(6) 
0.339(6) 

0.4371(9) 
0.4005(8) 
0.2729(9) 
0.1746(8) 
0.166(9) 

-0.129(9) 
-0.250(9) 
-0.229(10) 
-0.234(10) 
-0.275(11) 
-0.318(10) 
0.171(8) 
0.171(9) 

-0.027(10) 
-0.298(8) 
-0.329(9) 
0.385(8) 
0.532(9) 
0.480(9) 
0.235(9) 
0.068(9) 

0.6391(6) 
0.7366(6) 
0.6948(6) 
0.5542(6) 
0.254(7) 
0.268(7) 
0.390(6) 
0.611(8) 
0.680(8) 
0.533(8) 
0.296(7) 
0.047(6) 

-0.135(7) 
-0.225(7) 
-0.180(6) 
-0.028(7) 
0.427(6) 
0.664(7) 
0.843(7) 
0.760(7) 
0.518(7) 

TABLE 2. FINAL ATOMIC COORDINATES OF 2 WITH ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

S(D 
C(2) 
N(3) 
N(4) 
C(5) 
N(6) 
C(7) 
0(8) 
C(9) 
C(10) 
C ( l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
C(20) 
C(21) 

X 

0.1462(1) 
0.1017(2) 
0.1369(2) 
0.2033(2) 
0.2191(2) 
0.2799(2) 
0.2870(3) 
0.2413(2) 
0.3571(3) 
0.4086(3) 
0.4727(3) 
0.4856(3) 
0.4344(3) 
0.3694(3) 
0.2480(2) 
0.2266(3) 
0.2676(3) 
0.3302(3) 
0.3510(3) 
0.3107(3) 
0.0294(2) 

y 
0.0855(4) 

-0.0802(14) 
-0.2005(12) 
-0.1599(12) 
-0.0143(14) 

0.0471(12) 
0.2083(16) 
0.2832(13) 
0.2902(15) 
0.2089(16) 
0.2828(18) 
0.4326(19) 
0.5173(18) 
0.4447(16) 

-0.2676(14) 
-0.2612(16) 
-0.3732(18) 
-0.4843(18) 
-0.4937(18) 
-0.3857(16) 
-0.0945(14) 

z 
0.2217(1) 
0.1481(2) 
0.1097(2) 
0.1384(2) 
0.1978(2) 
0.2299(2) 
0.2890(2) 
0.3141(2) 
0.3210(2) 
0.2926(3) 
0.3252(3) 
0.3858(3) 
0.4137(3) 
0.3815(3) 
0.0998(2) 
0.0331(3) 

-0.0055(3) 
0.0226(3) 
0.0899(3) 
0.1299(3) 
0.1312(2) 

G (22) 
G (23) 
G (24) 
G (25) 
G (26) 
H(G10) 
H(G11) 
H(G12) 
H(G13) 
H(G14) 
H(G16) 
H(G17) 
H(G18) 
H(G19) 
H(G20) 
H(G22) 
H(G23) 
H(G24) 
H(G25) 
H(G26) 

x 
-0.0064(3) 
-0.0746(3) 
-0.1069(3) 
-0.0719(3) 
-0.0035(3) 

0.399(3) 
0.512(3) 
0.536(3) 
0.443(3) 
0.330(3) 
0.179(3) 
0.250(3) 
0.360(3) 
0.399(3) 
0.325(3) 
0.016(3) 

-0.100(3) 
-0.155(3) 
-0.099(3) 

0.022(3) 

y 
0.0244(16) 

-0.0026(16) 
-0.1427(17) 
-0.2606(16) 
-0.2395(15) 

0.111(20) 
0.200(16) 
0.466(17) 
0.638(19) 
0.514(17) 

-0.167(16) 
-0.367(17) 
-0.571(17) 
-0.571(16) 
-0.358(16) 

0.143(15) 
0.101(15) 

-0.168(16) 
-0.381(20) 
-0.289(16) 

z 
0.1743(3) 
0.1586(3) 
0.1009(3) 
0.0571(3) 
0.0724(3) 
0.248(3) 
0.300(3) 
0.413(3) 
0.460(3) 
0.403(3) 
0.010(3) 

-0.057(3) 
-0.009(3) 

0.114(3) 
0.182(3) 
0.216(3) 
0.190(3) 
0.093(3) 
0.013(3) 
0.038(3) 

final refinement was carried out using the following weighting 
scheme: w=0.0 for Fo=0, w=1.0 for 0 < F o ^ 2 4 , and w= 
[1 .0+0.67(F o -24)]- 1 for 2 4 < F 0 . The final R value was 
0.088 for 1872 non-zero reflections. The final atomic coordi­
nates are given in Table 2. 

Structure Determination of 3. The structure was solved 
by the direct method2) followed by successive Fourier synthesis, 
and refined in the same way as for 1. The final refinement, 
including the contribution of the hydrogen atoms and anoma­
lous scattering of sulfur atom, reduced R to 0.098 for 1031 

reflections (R=0.088 for non-zero reflections). The weighting 
scheme adopted in the final refinement was: w=0.2, for F o = 0 , 
w=1.0 for 0 < F o ^ 2 4 , and w=[1 .0+0.43(F o -24)] - 1 for 24 
<^F0. The final atomic coordinates are given in Table 3. 

The atomic scattering factors were taken from the Interna­
tional Tables for X-Ray Crystallography.4) The temperature 
factors and the list of observed and calculated structure 
factors for each compound are kept as Document No. 7924 at 
the Chemical Society of Japan. 
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T A B L E 3 . F I N A L A T O M I C C O O R D I N A T E S O F 3 W I T H E S T I ­

M A T E D STANDARD DEVIATIONS IN PARENTHESES 

TABLE 4. SELECTED BOND LENGTHS (//A) AND ANGLES 

(<p/°) FOR NON-HYDROGEN ATOMS 

S(D 
G (2) 
N(3) 
N(4) 
G (5) 
N(6) 
G (7) 
0(8) 
G (9) 
G (10) 
G( l l ) 
G (12) 
G (13) 
G (14) 
G (15) 
G (16) 
G (17) 
G (18) 
G (19) 
G (20) 
G (21) 
G (22) 
H(N3) 
H(C10) 
H(G11) 
H(G12) • 
H(G13) 
H(G14) 
H(G16) 
H(G17) 
H(G18) 
H(G19) 
H(G20) 
H(G21a) 
H(G21b) 
H(G21c) 
H(G22a) 
H(G22b) 
H(G22c) 

X 

0.4879(2) 
0.5000(9) 
0.4556(7) 
0.3601(7) 
0.3662(9) 
0.2831(7) 
0.3038(9) 
0.4002(6) 
0.1953(9) 
0.0843(10) 

-0.0144(13) 
0.0003(13) 
0.1106(14) 
0.2132(11) 
0.2720(9) 
0.2201(10) 
0.1311(10) 
0.0991(12) 
0.1528(13) 
0.2380(10) 
0.6335(10) 
0.4280(11) 
0.508(12) 
0.077(11) 

-0.100(10) 
-0.071(12) 

0.128(11) 
0.286(12) 
0.243(11) 
0.093(12) 
0.039(10) 
0.132(12) 
0.281(10) 
0.649(10) 
0.626(9) 
0.674(11) 
0.455(12) 
0.338(9) 
0.440(9) 

y 

0.0000(7) 
0.0443(19) 
0.2379(15) 
0.2645(17) 
0.1551(17) 
0.1743(16) 
0.0809(18) 
0.0286(18) 
0.0673(17) 
0.0791(25) 
0.0611(32) 
0.0300(32) 
0.0188(27) 
0.0340(23) 
0.4015(19) 
0.3900(24) 
0.5195(34) 
0.6609(27) 
0.6727(28) 
0.5471(23) 
0.0428(26) 

-0.1060(21) 
0.330(24) 
0.116(23) 
0.073(21) 
0.006(29) 
0.006(27) 

-0.042(24) 
0.279(25) 
0.490(29) 
0.763(21) 
0.779(26) 
0.533(23) 

-0.093(22) 
0.114(19) 
0.052(23) 

-0.258(24) 
-0.073(18) 
-0.087(18) 

z 

0.5865(3) 
0.7734(9) 
0.7660(8) 
0.6260(9) 
0.5199(11) 
0.3844(8) 
0.2800(11) 
0.2907(8) 
0.1391(9) 
0.1353(11) 
0.0022(17) 

-0.1212(13) 
-0.1153(13) 

0.0167(11) 
0.6114(10) 
0.7097(12) 
0.6896(14) 
0.5886(14) 
0.4975(13) 
0.5070(12) 
0.8798(12) 
0.8062(12) 
0.760(15) 
0.230(14) 

-0.006(13) 
-0.220(15) 
-0.207(14) 

0.030(15) 
0.781(14) 
0.766(16) 
0.584(12) 
0.422(15) 
0.430(12) 
0.906(13) 
0.941(12) 
0.829(14) 
0.799(15) 
0.731(11) 
0.901(11) 

R e s u l t s a n d D i s c u s s i o n 

The present X-ray analysis has determined the 
molecular structures of the adducts unambiguously, 
showing the benzoyl isothiocyanate adducts with 
benzaldehyde phenylhydrazone to be benzaldehyde 4-
benzoyl-2-phenylthiosemicarbazone (1) and 2-benzoyl-
imino-3,5-diphenyl-2, 3-dihydro-1,3,4-thiadiazole (2), 
and that with acetone phenylhydrazone to be 5-benzoyl-
imino-2,2-dimethyl-4-phenyl-1,3,4-thiadiazolidine (3). 
Thus the structural formula (16a) which was given in 
Ref. 1 should be revised to 3 . The molecular structures 
and the numbering scheme used in the present paper 
are shown in Fig. 1, and the crystal structure of 3 in 
Fig. 2. Selected bond lengths and angles are given in 
Table 4, and the equations of the least-squares planes, 
deviations of atoms from each plane, and selected 
torsion angles in Table 5. The molecules of 2 are stacked 

(a) Adduct 1 
S(l)-G(5) 1.646(6) 
G(2)-G(21) 
N(4)-G(5) 
G(5)-N(6) 
G(7)-0(8) 
N (3)-G (2)-G (21) 
N(3)-N(4)-C(5) 
G(5)-N(4)-G(15) 
S(l)-G(5)-N(6) 
G(5)-N(6)-G(7) 
N(6)-C(7)-C(9) 

1.467(8) 
1.361(8) 
1.376(8) 
1.216(7) 

120.9(5) 
117.5(5) 
121.8(5) 
125.7(5) 
130.9(5) 
113.5(5) 

(b) Adduct 2 
S(l)-G(2) 1.743(6) 
G(2)-N(3) 
N(3)-N(4) 
N(4)-G(15) 
N(6)-G(7) 
C(7)-C(9) 
C(2)-S( l ) -C(5) 
S(l)-C(2)-C(21) 
C(2)-N(3)-N(4) 
N(3)-N(4)-C(15) 
S(l)-C(5)-N(4) 
N(4)-C(5)-N(6) 
N(6)-C(7)-0(8) 
0(8)-C(7)-C(9) 
0(8) . . .S(1)-G(5) 

1.305(7) 
1.384(7) 
1.437(7) 
1.379(8) 
1.495(9) 

88.4(3) 
122.2(4) 
109.6(5) 
115.5(4) 
109.0(4) 
123.8(5) 
125.0(6) 
121.6(6) 
73.8(4) 

(c) Adduct 3 
S( l ) -C(2) 1.89(1) 
C(2)-N(3) 1.44(2) 
G(2)-G(22) 1.51(2) 
N(4)-C(5) 1.36(2) 
C(5)-N(6) 1.34(2) 
C(7)-0(8) 1.22(2) 
S ( l ) - 0 ( 8 ) 2.76(1) 
C(2)-S( l ) -C(5) 89(1) 
S(l)-C(2)-C(21) 108(1) 
N(3)-C(2)-C(21) 109(1) 
C(21)-C(2)-C(22) 114(1) 
N(3)-N(4)-C(5) 115(1). 
C(5)-N(4)-C(15) 127(1) 
S(l)-C(5)-N(6) 129(1) 
C(5)-N(6)-C(7) 116(1) 
N(6)-C(7)-C(9) 113(1) 
0(8) . . .S(1)-C(2) 158(1) 

C(2)-N(3) 
N(3)-N(4) 
N(4)-G(15) 
N(6)-C(7) 
G(7)-G(9) 
C(2)-N(3) 
N(3)-N(4)-
S(l) -C(5) 
N(4)-C(5)-
N(6)-G(7> 
0 (8 ) -C(7) -

S(l)-G(5) 
G(2)-G(21) 
N(4)-G(5) 
G(5)-N(6) 
C(7)-0(8) 
S( l ) . . .0(8) 
S( l ) -C(2) 
N(3)-C(2) 
N(3)-N(4)-
C(5)-N(4)-
S(l)-C(5> 
C(5)-N(6)-
N(6)-C(7)-
0(8) . . .S(1) 

1.281(8) 
1.391(7) 
1.445(7) 
1.390(8) 
1.487(8) 

N(4) 
G(15) 
N(4) 
N(6) 
0(8) 
G (9) 

118.6(5) 
120.5(5) 
122.2(4) 
112.0(5) 
123.3(5) 
123.2(5) 

1.757(6) 
1.467(8) 
1.351(7) 
1.312(7) 
1.230(8) 
2.558(6) 

N(3) 
G(21) 
G (5) 
G(15) 
N(6) 
G (7) 
G (9) 

G (2) 

115.8(4) 
122.0(5) 
117.2(5) 
127.2(5) 
127.1(4) 
116.2(5) 
113.4(5) 
162.2(4) 

S( l ) -C(5) 
C(2)-C(21) 
N(3)-N(4) 
N(4)-G(15) 
N(6)-G(7) 
G(7)-G(9) 

1.75(1) 
1.56(2) 
1.44(2) 
1.41(2) 
1.37(2) 
1.51(2) 

S(l)-C(2)-N(3) 104(1) 
S(l)-G(2)-G(22) 109(1) 
N(3)-G(2)-G(22) 113(1) 
G(2)-N(3)-N(4) 108(1) 
N(3)-N(4)-G(15) 118(1) 
S(l)-G(5)-N(4) 112(1) 
N(4)-G(5)-N(6) 119(1) 
N(6)-G(7)-0(8) 126(1) 
0(8)-G(7)-G(9) 121(1) 
0(8) . . -S( l ) -C(5) 70(1) 

along the b axis, with interplanar distances of about 
3.6 Â. Except for the intermolecular hydrogen bond 
in the crystal of 3 , there is neither an intermolecular 
hydrogen bond nor any abnormally short intermolecular 
contact in the crystals of 1 and 2. 

Molecular Structure of 1. The S ( l ) -C(5) length of 
1.646 Â is reasonable, compared with the thione bond 
lengths observed in various compounds, although these 
lengths differ from compound to compound.6> The 
distribution of the bond lengths among the C(2), N(3) , 
N(4) , C(5), and C(7) atoms and the fact that these 
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(c) 

Fig. 1. Molecular structures and numbering schemes of (a) adduct 1, (b) 
adduct 2, and (c) adduct 3. 

atoms are nearly coplanar suggest appreciable d e r e a l i ­
zation of TT electrons. 

Molecular Structures of 2 and 3 and S-0 Interaction. 
The benzoylimino group, the thiadiazoline ring, and 
the phenyl group of C(21)-C(26) in 2 are substantially 
coplanar. The geometry and the bond lengths of these 
groups indicate that a conjugated system exists among 
these groups. The five-membered ring of 3 has an 
envelope conformation with the C(2) atom deviating 
significantly from the plane through the S ( l ) , N(3) , 
N(4) , and C(5) atoms; its conjugated system is disrupted 
by the C(2) and N(3) atoms, as expected from structural 
formula 3 . 

The noteworthy feature of the molecular structures of 
2 and 3 is the intramolecular S'- 'O interaction; the 
distance between these atoms is 2.56 Â for 2 and 2.76 Â 
for 3 , which is significantly shorter than the sum of the 
van der Waals radii of the atoms. The oxygen atom 
of 3 , as well as that of 2, lies approximately in the plane 
defined by S ( l ) , C(2), and C(5) atoms. In the case of 
3, twists occur around the C(5)-N(6) double bond by 
10° and the N(6)-C(7) bond by 21° such that the 
oxygen atom lies in the plane. Otherwise the deviation 
of the oxygen atom from the plane amounts to 0.7 Â, 
since the C(5)-N(6) bond deviates from the plane. The 
length of the intermolecular hydrogen bond between 
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C(9) 
G(ll) 
C(13) 
C(21) 
G(23) 
G(25) 

0.007 
0.075 
0.028 
0.051 

- 0 . 0 0 1 
0.043 

G(10) 
G(12) 
C(14) 
G(22) 
G (24) 
G(26) 

0.045 
0.050 

- 0 . 0 0 1 
0.026 
0.008 
0.053 

TABLE 5. LEAST-SQUARES PLANES, DEVIATIONS OF ATOMS FROM EACH PLANE, (d/A) AND SELECTED TORSION ANGLES ((p/°) 

(a) Adduct 1 
(I) Plane through the atoms of S(l), N(4), G(5), and 

N(6) 0 . 5 3 4 Z - 0 . 8 2 9 F - 0 . 1 6 4 Z - 2 . 1 4 8 
S(l) - 0 . 0 0 4 N(4) - 0 . 0 0 4 
G(5) 0.011 N(6) - 0 . 0 0 4 
N(3)a> - 0 . 0 2 3 G(7)a> 0.004 
0(8)a> 0.231 C(15)a> - 0 . 0 9 0 

(II) Plane through the atoms of N(6), G(7), 0(8) , and 
C(9) 0 .490Z-0 .791F-0 .366Z=1.679 

N(6) 0.002 G(7) - 0 . 0 0 6 
0(8) 0.002 G(9) 0.002 
S(l)a> - 0 . 5 4 3 C(5)a> - 0 . 1 9 0 

The atoms of each benzene ring are coplanar, with 
r.m.s. of deviations being about 0.01 Â. The dihedral 
angle between the plane (I) and the benzene ring of 
G(15)-G(20) is 89.2°and that between the plane (II) 
and the benzene ring of G(9)-G(14) is 26.3.° 
(III) Torsion angles 

G(21)-G(2)-N(3)-N(4) - 1 7 9 . 4 
N(3)-N(4)-C(5)-N(6) - 0.4 
N(4)-G(5)-N(6)-G(7) 180.0 
C(5)-N(6)-C(7)-0(8) - 11.5 
N(6)-C(7)-C(9)-C(10) - 26.8 

(b) Adduct 2 
(I) Plane through all non-hydrogen atoms except the 

atoms of C(15)-C(20) 
0 . 0 5 6 Z + 0 . 8 9 3 F - 0 . 4 4 6 Z = - 1 . 5 9 0 

S(l) 
N(3) 
C(5) 
C(7) 

- 0 . 0 2 8 
0.002 

- 0 . 0 7 2 
- 0 . 0 6 3 

C(2) 
N(4) 
N(6) 
0(8) 

0.026 
- 0 . 0 4 7 
- 0 . 0 8 7 
- 0 . 0 8 7 

The atoms of each of two six-membered and five-
membered rings are coplanar, with the r.m.s. devi­
ation being less than 0.01 Â. The dihedral angle 
between the above plane and the plane defined by 
the atoms of G(15)-G(20) is 31.3.° 

(c) Adduct 3 
(I) Plane through the atoms of S(l), N(3), N(4), 

and G(5) 0 .687X+0.702F-0.188Z=1.415 
S(l) 0.01 N(3) - 0 . 0 1 
N(4) 0.02 G(5) - 0 . 0 1 
G(2)a> 0.58 C(21)a> - 0 . 0 6 
C(22)a> 2.09 N(6)a) - 0 . 0 4 
C(15)a> 0.04 

The r.m.s. of the deviations of the atoms of benzene 
ring is about 0.01 Â. 
(II) Torsion angles 

C(5)-S(l)-C(2)-N(3) - 3 0 . 3 
S(l)-G(2)-N(3)-N(4) 36.7 
C(2)-N(3)-N(4)-C(5) - 2 7 . 9 
N(3)-N(4)-G(5)-S(l) 3.0 
S(l)-G(5)-N(6)-G(7) - 1 0 . 1 
G(5)-N(6)-G(7)-0(8) - 2 1 . 1 
N(6)-C(7)-C(9)-C(10) - 2 3 . 0 
N(3)-N(4)-G(15)-G(16) - 5 0 . 5 

a) Not included in the least-squares calculations. 

Fig. 2. Crystal structure of 3 viewed along the b axis. Broken lines indicate 
intermolecular hydrogen bond, and dotted lines S---0 interaction (see text). 
Hydrogen atoms are omitted from the figure for the sake of clarity. 

the N(3) and 0 ( 8 ) atoms is lengthened by the twists. 
A similar geometrical feature, where the oxygen atom 
lies in the plane defined by the sulfur atom and two 
adjacent atoms bonded to the sulfur atom, has been 

reported in other compounds.7 - 1 1) The absence of a 
characteristic absorption due to C = 0 stretching in the 
I R spectra of 2 and 3 should be associated with the 
S---0 interaction.12) 
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Two copper complexes containing L-histidine and L-asparagine crystallize from aqueous solution at pH 
7.0. Both crystals are monoclinic, space group P2X. L-Asparaginato-L-histidinatocopper(II) : a=10.913(3), 
£=12.911(4), c= 10.206(3) A, 0=113.83(2)°, Z = 4 . L-Asparaginato-L-histidinatoaquacopper(II) trihydrate: a= 
12.654(4), £=11.623(4), $=5.931(2) A, 0=100.47(3)°, Z = 2 . In both structures, four coordinating atoms in an 
approximately planar arrangement around copper are the oc-amino and imidazole (5-nitrogen atoms of L-histidine 
and oc-amino nitrogen and a-carboxyl oxygen of L-asparagine. The fifth coordination site is occupied by the a-
carboxyl oxygen of L-histidine. Difference between the two complex crystals is found at the sixth coordination 
site; a water molecule is coordinated in the hydra ted crystal to complete a distorted octahedral environment, 
while in the anhydrous crystal this site is unoccupied so that the geometry of the complex is square-pyramidal. 

Studies of copper ion in normal human serum 
suggested that the complexes of copper and amino acids 
may play a part in the transport of Cu(I I ) between 
blood and tissues. Under physiological conditions, 
some copper complexes with mixed amino acid ligands 
are identified, in which histidine is primarily involved. 
When the second amino acid is asparagine, glutamine, 
or threonine, the stability of the complexes seems to be 
high by some cooperativity.1 '2) I t is interesting to 
explore the coordination of these ternary complexes 
consisting of copper, histidine and the other amino 
acids at the physiological p H . 

We have succeeded in preparing the single crystals 
of L-asparaginato-L-histidinatocopper(II) and its 
hydrate. T h e present paper deals with the structures 
of these two mixed ligand complexes determined by 
X-ray method. 

Exper imenta l 

Copper hydroxide was obtained by the usual method from 
copper sulphate, 35% ammonia and sodium hydroxide. 1 
mmol of L-asparagine (0.1311 g) and 1 mmol of L-histidine 
(0.1552 g), both of which were of reagent grade and purchased 
from Nihon Rigaku Corporation, were dissolved in 10 ml of 
ion-exchanged water. To this solution, 1 mmol of copper 
hydroxide (0.097 g) was added and the mixture was stirred 
for a few minutes, until intense blue colour developed. This 
solution was filtered to remove some copper oxide deposited 
in the bottom. The pH of the solution was about 7.0. 

Anhydrous Crystal. Intense blue crystals with various 
polyhedral shapes were obtained from the filtrate by the vapor 
diffusion method using methanol, ethanol,or acetone. Elemen­
tary analysis. Calcd: C, 34.43; H, 4.33; N, 20.08% for 
C10H15N5O5Cu. Found: C, 34.23; H, 4.25; N, 20.04%. 

Hydrated Crystal. iV,iV-Dimethylformamide was poured 
into the above-mentioned filtrate. Light blue single crystals 
were grown by standing it overnight at room temperature. 
The crystals were boat-shaped, the crystallographic c axis 
being parallel to the length of the boat. Elementary analysis. 
Calcd: C, 28.53; H, 5.51; N, 16.64% for C10H23N5O9Cu. 
Found: C, 28.37; H, 5.52; N, 16.58%. 

Crysta l D a t a 

Anhydrous Crystal. Monoclinic, « = 10.913(3), b = 
12.911(4), c=10.206(3) Â , / Î = l 13.83(2)°, 2> m =1.76 (by 
flotation), Dx=\.76 g-cm- 3 , Z = 4 . 

Hydrated Crystal. Monoclinic, a= 12.654(4), b= 
11.623(4), *=5.931(2) A, 0=100 .47(3)° , Dm = L64 (by 
flotation), DK= 1.63 g-cm"3 , Z = 2 . 

Systematic absences for both crystals; OkO for odd k. 
Space group P2X; alternative space group P2!/m was 
excluded, since these crystals contain L-amino acids. 

Accurate unit cell dimensions were obtained from a 
least-squares fit to the 20 values measured by a diffracto-
meter. Intensity data were collected on the Rigaku 
automated four-circle diffractometer with graphite-
monochromated M o Kcc radiation at room temperature. 
A 0-20 scan technique was employed, and reflexions for 
20^55° were recorded. A total of 2933 and 2067 non­
zero reflexions out of 3154 and 2190 recorded ones were 
obtained for the anhydrous and hydrated crystals, 
respectively. Intensities were corrected for the Lorentz 
and polarization effects but not for absorption and 
secondary extinction. 

Structure D e t e r m i n a t i o n 

Anhydrous Crystal. Since Z is 4 in the space group 
P2i, there are two molecules in an asymmetric unit . 
From two high peaks on the Harker section and two 
cross-vector peaks in general positions of the sharpened 
Patterson map , the coordinates of two copper atoms 
were deduced, the y coordinate of one copper atom 
being taken as 0.25. Ten light atoms around copper 
were located from the Fourier map phased with two 
copper atoms. The remaining non-hydrogen atoms 
were found on the next Fourier map . The structural 
parameters were refined by the block-diagonal least-
squares method. The final R factor was 0.061 for all 
the reflexions and 0.049 for the non-zero reflexions. 

Hydrated Crystal. The x and z coordinates of 
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copper were obtained from the Harker section and y 
was taken arbitrarily as 0.25. The Fourier m a p phased 
with the copper atom has shown a pseudo-mirror 
symmetry at ^ = 0 . 2 5 . Therefore, the positions of the 
nearest four atoms coordinating to the central copper 
atom were chosen appropriately. The other non-
hydrogen atoms were obtained by successive Fourier 
syntheses. After the block-diagonal least-squares 
refinement, the final R factor was 0.093 for all the 
reflexions and 0.066 for the non-zero reflexions. 

Atomic scattering factors were taken from "Inter ­
national Tables for X-Ray Crystallography."3) The 
final atomic parameters are listed in Tables 1 and 2.4) 

Descr ip t ion o f the Structure and 
D i s c u s s i o n 

Crystal Structure. Figures 1 and 2 show the 
structures of the anhydrous and hydrated crystals, 
respectively, where hydrogen bonds are indicated by 
broken lines. Hydrogen bond lengths are listed in 
Table 3. In the hydrated crystal, the molecules are 
connected mainly through water molecules to form a 
three-dimensional hydrogen bond network. In the 
anhydrous crystal, many of the hydrogen bond lengths 
exceed 3 Â, suggesting that a three-dimensional 

TABLE 1. THE FINAL FRACTIONAL COORDINATES (x 104) AND THERMAL PARAMETERS ( X 105) 

FOR L-ASPARAGINATO-L-HISTIDINATOCOPPER ( I I ) 

Anisotropic thermal parameters are in the form: cxp[—(h2ß11-\-k
2ß22Jrl2ßa-\-hkß12-\-hlßls

Jrklß2S)]. 
Estimated standard deviations are in parentheses. 

Atom 

Gu(A) 
Gu(B) 
G(1A) 
G (2 A) 
G (3 A) 
G(4A) 
C(5A) 
G (6 A) 
G(11A) 
G(12A) 
G(13A) 
G(14A) 
N(1A) 
N(2A) 
N(3A) 
N(11A) 
N(12A) 
O(IA) 
0(2A) 
O(llA) 
0(12A) 
0(13A) 
G(1B) 
G(2B) 
G(3B) 
G(4B) 
G(5B) 
G(6B) 
G(11B) 
G(12B) 
G(13B) 
G(14B) 
N(1B) 
N(2B) 
N(3B) 
N(11B) 
N(12B) 
O(IB) 
0(2B) 
O(llB) 
0(12B) 
0(13B) 

X 

2363(i; 
7510(1] 
3407(8; 
2025(7; 
2166(7; 
2968(7; 
3762(7) 
3826(7; 
3216(7) 
2153(7) 
2539(8) 
3743(7) 
1227(5) 
2932(6) 
4303(6) 
1812(5) 
4310(7) 
3838(5) 
4030(7) 
3389(5; 
3839(6; 
4104(5) 
8101(7; 
6882(7; 
7283(7) 
8244(7) 
9343(7) 
9097(7) 
8346(7) 
7098(7) 
7331(7) 
8443(8) 
6140(6) 
8422(6) 
9757(6) 
6646(6; 
9356(7) 
8297(6) 
8811(6) 
8710(5) 
8945(6) 
8464(8) 

y 
) 2500(1) 

1735(1) 
) 1184(6) 

1614(6) 
2640(6) 
3442(5) 
4340(6) 
4146(7) 
2740(5) 
1890(6) 
1032(6) 
371(6) 

1772(6) 
3563(5) 
4732(6) 
1495(5) 

-160(6) 
1322(4) 
752(6) 

3126(5) 
) 3032(5) 

332(5) 
2963(6) 
2270(6) 
1273(6) 
640(6) 
53(6) 

-124(6) 
1550(6) 
2233(7) 
3132(7) 
3853(7) 
2020(5) 

753(5) 
-471(5) 
2575(6) 
4077(6) 
3139(5) 
3240(5) 
1317(5) 
1266(5) 
4261(7) 

z 
352(1) 

2594(1) 
-1442(8; 
-2366(7) 
-3023(8; 
-1970(8) 

-9 (9 ) 
-2128(8) 

3290(8) 
2963(8) 
4093(9) 
4215(8) 

-1508(6) 
-631(6) 
-883(7) 

1496(6) 
5431(7) 

-108(5) 
-2067(7) 

2217(6) 
4540(6; 
3228(6) 
5151(8) 
4949(7) 
5826(8) 
5462(7) 
4238(9) 
6231(8) 

375(8) 
-297(8) 

-1173(7) 
-289(9) 
3416(6) 
4201(6) 
5439(8) 

821(7) 
-805(8) 
4058(6) 
6400(6) 
1691(6) 

-362(6) 
830(7) 

A i 
427(7) 
379(6) 
752(77) 
513(61) 
726(72) 
689(73) 
529(69) 
578(71) 
568(65) 
519(61) 
934(88) 
570(68) 
515(52) 
586(59) 
689(66) 
466(52) 
861(75) 
714(55) 

1094(76) 
713(56) 
790(61) 
653(54) 
589(69) 
490(60) 
618(69) 
516(64) 
505(69) 
530(68) 
447(61) 
450(62) 
552(70) 
830(84) 
486(54) 
385(51) 
648(65) 
691(60) 
935(81) 

1098(70) 
791(60) 
598(53) 
713(58) 

1556(99) 

A$2 
288(4) 
383(5) 
209(39) 
378(46) 
280(45) 
172(37) 
391(48) 
434(49) 
271(43) 
387(48) 
359(46) 
302(41) 
371(36) 
288(35) 
377(40) 
297(36) 
471(47) 
460(36) 
781(55) 
503(39) 
677(47) 
532(39) 
329(42) 
410(50) 
338(42) 
343(42) 
348(45) 
376(47) 
451(51) 
581(58) 
659(62) 
439(51) 
435(42) 
344(36) 
293(37) 
504(44) 
517(49) 
533(41) 
603(43) 
772(49) 
676(46) 
890(62) 

A3 
660(8) 
593(8) 
974(93) 
567(68) 
827(83) 
825(84) 
994(95) 
898(90) 
895(85) 
811(78) 
975(96) 
785(81) 
794(66) 
708(68) 

1051(85) 
717(65) 
851(80) 
617(56) 

1070(79) 
790(62) 
854(68) 
907(66) 
775(82) 
623(73) 
835(84) 
606(74) 

1091(100) 
830(87) 
863(84) 
721(81) 
540(74) 
810(89) 
625(64) 
765(70) 

1155(90) 
909(74) 

1300(102) 
727(62) 
850(66) 
711(61) 
963(70) 

1134(87) 

fil2 

-97(11) 
63(11) 

269(93) 
-117(93) 

-56(95) 
100(84) 

-125(96) 
59(100) 
55(81) 
53(91) 

-12(109) 
-186(87) 

-85(86) 
-158(75) 
-105(89) 

-35(68) 
-71(100) 
322(74) 
944(108) 

-289(78) 
-337(88) 

249(77) 
1(90) 

27(84) 
51(91) 

-73(87) 
89(92) 

1(94) 
44(92) 

-43(96) 
59(109) 

-231(109) 
77(75) 
44(71) 

151(81) 
425(101) 

-254(109) 
-702(91) 
-352(88) 

623(84) 
361(86) 

-807(134) 

ßn 
292(12) 
267(12) 
492(140) 

79(106) 
424(127) 
268(128) 
334(130) 
575(132) 
641(125) 
618(116) 

1124(155) 
616(124) 
416(96) 
287(103) 
647(123) 
337(97) 
539(127) 
122(90) 
670(128) 
463(97) 
469(105) 
867(100) 
468(124) 
465(110) 
788(129) 
229(115) 
428(136) 
117(126) 
544(120) 
221(116) 
287(119) 
627(143) 
247(96) 
196(98) 
497(123) 
906(112) 

1161(152) 
704(109) 
518(104) 
334(93) 
726(106) 

1300(155) 

/?23 

-23(12) 
12(13) 

162(100) 
-142(98) 

133(99) 
179(91) 

-146(113) 
289(112) 

-50(92) 
44(103) 

116(112) 
-131(96) 
-224(98) 
-174(80) 

262(101) 
0(76) 

209(104) 
-9(74) 

-47(109) 
19(82) 

-345(94) 
169(85) 
41(100) 

-78(92) 
159(100) 

-63(93) 
-103(111) 

209(107) 
-53(107) 

-216(108) 
-78(113) 
-81(112) 

102(82) 
47(84) 

-126(95) 
29(110) 

-74(121) 
-186(84) 
-518(93) 

326(89) 
90(94) 

-927(125) 
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TABLE 2. THE FINAL FRACTIONAL COORDINATES ( X 104) AND THERMAL PARAMETERS (x 105) 

FOR L-ASPARAGINATO-L-HISTIDINATOAQUACOPPER(II) TRIHYDRATE 

Anisotropic thermal parameters are in the form: Gxp[—(h2ß11-\-k
2ß22-\-l2ßss-{-hkß12-{-hlßls-{-klß2S)]. 

Estimated standard deviations are in parentheses. 

Atom x y z ßxl ß22 As A 2 ßn &3 

Cu 
G(l) 
C(2) 
G(3) 
C(4) 
G(5) 
G(6) 
N(l) 
N(2) 
N(3) 
O(l) 
0(2) 
G(ll) 
C(12) 
G(13) 
C(14) 
N(l l ) 
N(12) 
O( l l ) 
0(12) 
0(13) 

o(r) 
O(20 
0(30 
0(40 

2331(1) 
4106(6) 
3464(7) 
2570(7) 
1818(6) 
910(7) 

1274(7) 
3029(6) 
1607(5) 
705(6) 

3938(5) 
4683(6) 
1807(7) 
2233(6) 
2824(7) 
3140(6) 
2879(5) 
3866(6) 
1827(5) 
1460(5) 
2746(5) 
520(5) 

5524(5) 
660(6) 

4324(6) 

2500(2) 
4239(9) 
4159(8) 
5043(8) 
4993(7) 
4257(8) 
5871(8) 
2975(6) 
3981(6) 
5386(7) 
3452(6) 
5115(6) 
891(8) 
130(7) 

-932(7) 
-1782(7) 

839(6) 
-2570(9) 

1986(5) 
445(6) 

-1792(6) 
1681(6) 
2597(9) 

-1542(7) 
805(7) 

4238(2) 
4509(16) 
2033(14) 
1569(16) 
3290(15) 
5682(15) 
4046(17) 
1605(11) 
4308(12) 
5568(13) 
5899(11) 
4982(14) 
7322(13) 
5605(13) 
6784(14) 
5094(15) 
4286(12) 
6062(11) 
7031(10) 
8933(11) 
3042(10) 
1851(11) 
9093(9) 

500(13) 
632(13) 

375(5) 
190(47) 
380(54) 
527(65) 
273(49) 
385(55) 
257(51) 
457(48) 
298(43) 
318(46) 
478(44) 
423(49) 
360(53) 
320(47) 
484(58) 
347(49) 
295(43) 
624(50) 
604(45) 
627(49) 
448(42) 
496(44) 
516(41) 
611(55) 
509(47) 

239(5) 
504(70) 
426(66) 
298(61) 
305(57) 
427(66) 
407(67) 
376(50) 
283(49) 
467(60) 
613(59) 
430(53) 
494(68) 
206(52) 
302(60) 
164(50) 
262(48) 
298(50) 
192(37) 
408(48) 
556(53) 
383(46) 
957(71) 
655(67) 
697(64) 

1370(22) 
2387(290) 
1435(231) 
2049(271) 
1975(258) 
1836(266) 
3105(337) 
1106(183) 
1783(215) 
2410(257) 
1769(192) 
3613(252) 
1090(216) 
1414(225) 
1168(222) 
2200(265) 
2110(225) 
1818(190) 
1444(171) 
2175(204) 
1618(184) 
2109(196) 
1481(159) 
3548(280) 
2891(246) 

60(15) 
203(95) 

-421(100) 
122(106) 

81(89) 
223(101) 
119(96) 

18(86) 
-37(77) 

65(86) 
-74(86) 

6(90) 
152(100) 
48(86) 

294(98) 
-54(84) 

52(74) 
327(123) 
291(72) 
276(82) 
144(81) 
189(74) 

-510(123) 
-535(102) 

-87(92) 

586(17) 
230(184) 
547(182) 
619(215) 

44(180) 
244(194) 
327(210) 
558(154) 
165(151) 
432(171) 

-12(149) 
198(195) 
624(174) 
512(165) 
336(180) 
927(191) 
840(156) 
686(159) 
772(141) 

1491(163) 
2(144) 

840(151) 
25(130) 

295(197) 
574(168) 

81(30) 
-134(239) 
-519(210) 

485(216) 
-203(207) 
-174(220) 

1029(250) 
-119(163) 
-142(169) 
-332(204) 
-41(174) 

-518(196) 
-132(201) 

157(178) 
38(190) 

-341(195) 
249(168) 
171(244) 

-87(133) 
177(164) 

-298(165) 
23(161) 

662(247) 
810(223) 
384(210) 

Fig. 1. Structure of the anhydrous crystal projected 
along c. 

hydrogen bond network is not so well constructed, 
probably owing to the absence of water of crystalliza­
tion. 

Molecular Structure. The anhydrous crystal 
contains two crystallographically independent com­
plexes; they are abbreviated hereafter complexes A and 
B, respectively. Similarly, the complex in the hydrated 
crystal is called as aqua complex. Figure 3 shows the 
stereoviews of the structures of these complexes. The 
bond lengths and angles are given in Fig. 4 and Table 4, 
respectively. Fairly good agreement among the values 
for corresponding bonds is observed, except for the 

Fig. 2. Structure of the hydrated crystal projected along 
b (upper) and c (lower). 
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a) Anhydrous Crystal 

TABLE 3. DISTANCES OF HYDROGEN BONDS(X-H---Y) 

b) Hydrated Crystal 

X a t a 

N(1A) 
N(1A) 
N(3A) 
N(11A) 
N(11A) 
N(12A) 
N(12A) 
N(1B) 
N(3B) 
N(3B) 
N(11B) 
N(11B) 
N(12B) 

Y 

0(2B) 
0(12B) 
O(IA) 
0(13A) 
0(12B) 
0(2A) 
0(12A) 
O(l lA) 
0(13A) 
O(IB) 
0(13B) 
O(IA) 
0(2B) 

Code of symmetry related 
a:x,y, z 
b: - 1 + A '>,y, z 
c: x,y, \ + z 
d: x,y, -
e: - 1 + A 
f: 1 - * , ( 
g: 1-x, • 
h: 2-x, • 

•l + z 
:3y, —l + z 
).5+y,-z 
-0.5+y, 1-
-0.5+y, 1-

at 

e 
b 
f 
a 
b 
c 
g 
a 
a 
h 
a 
a 
d 

position 

-Z 

-z 

Distance 
X-..Y {Ilk) 

3.249(10) 
3.217(10) 
2.774(9) 
2.840(9) 
2.946(9) 
2.937(11) 
3.079(10) 
3.095(9) 
3.062(9) 
2.667(10) 
2.943(11) 
3.250(10) 
2.879(11) 

X a t a 

o(r) 
O(i0 
O(20 
O(20 
O(30 
O(30 
O(40 
O(40 
N(l) 
N(3) 
N(l l ) 
N(12) 
N(12) 

Y 

Ö(3Ö 
0(12) 
O(l) 
0(13) 
0(12) 
0(13) 
0(2) 
O(20 
O( l l ) 

o(io 
O(40 
O(20 
0(2) 

Code of symmetry related 
a: x,y, 
b : x, — 
c: x,y, 
d: —x3 

e: —x, 
f: l-x 

g: 1—x. 
h: \-x 

z 
i+y,z 
-l + z 
0.5+y,-z 
0.5+y, \-z 
, 0.5+j;, \-z 
, - 0 . 5 + j ; , 1 -
, - 0 . 5 + j ; , 2 -

at 

d 
c 
a 
f 
c 
a 

g 
c 
c 
e 
a 
h 
b 

position 

•z 

-z 

Distance 
X - Y (//A) 

2.772(10) 
2.687(9) 
2.688(13) 
2.812(13) 
2.750(10) 
2.807(11) 
2.792(11) 
2.825(13) 
3.081(10) 
2.806(10) 
3.080(11) 
2.844(15) 
2.993(13) 

(a) 

(b) 

(c) 

Fig. 3. Stereoviews of the structures of complex A (a), complex B (b), 
aqua complex (c). 

values relating to the metal chelation. 
For three kinds of complexes in common, L-asparagine 

molecule coordinates to copper through the a-amino 
nitrogen and a-carboxyl oxygen, and L-histidine through 
the a-amino nitrogen, imidazole d-nitrogen, and a-

carboxyl oxygen. These atoms except the last one 
occupy the corners of the planar coordination square. 
The coordination distances, especially for Cu-N(2) and 
C u - N ( l l ) , vary significantly among three kinds of 
complexes (the maximum difference is 0.058 Â). But 
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TABLE 4. BOND ANGLES (0/°) 

Complex A Complex B 

a) Anhydrous Crystal 

I 1.255 
(13) 

Fig. 4. Bond lengths (//A) in complex A (a), complex 
B (b), and aqua complex (c). 
Estimated standard deviations in the last digits are in 
parentheses. 

there are no correlation between the distances and any 
other geometrical features. The a-carboxyl oxygen atom 
in L-histidine deviates from the normal axial position, 
the angle N ( l ) - C u - 0 ( 1 ) being 74.2, 74.3, and 74.3° for 
A, B, and aqua complexes, respectively. Such deviations 
may be due to the constraint of the histidine molecule. 
Axial bond length in complex B, 2.285 Â, is the shortest 
among the copper complexes containing amino acids 
or peptides.5) The coordination geometry of these 
three complexes is the same as that of L-histidinato-L-
threoninatoaquacopper(II) hydrate reported by 
Freeman et Û/.6) Since the N ( l ) - G u - 0 ( 1 ) angle in this 
complex is 68.3°, overlapping between dz2 of copper and 

1)-Cu-0(13) 
l)-Cu-N(l) 
)-Cu-N(2) 
)-Cu-N(l l ) 
-Cu-N(2) 
-Cu-N(l l ) 

) - C u - 0 ( l l ) 
) - C u - 0 ( l l ) 
) -Cu-N(l l ) 
l ) -Cu-N(l l ) 
) -C(l)-0(2) 
)-C(l)-C(2) 
-C(l)-C(2) 

)-C(2)-C(3) 
-C(2)-N(l) 

)-C(2)-C(3) 
-C(3)-C(4) 
-C(4)-C(6) 

)-C(4)-N(2) 
-C(4)-C(6) 
-C(5)-N(2) 
-C(6)-N(3) 

)-N(3)-C(5) 
-N(2)-C(5) 

)-N(2)-Cu 
-N(2)-Cu 
-N(l)-Cu 
) -C(l l ) -0(12) 

1)-C(11)-C(12) 
(12)-C(11)-C(12) 

1)-C(12)-N(11) 
-C(12)-C(13) 

11)-C(12)-C(13) 
(12)-C(13)-C(14) 
(13)-C(14)-0(13) 
(13)-C(14)-N(12) 
(13)-C(14)-N(12) 
( l l ) - 0 ( l l ) - C u 
(12)-N(ll)-Cu 

b) Hydrated Crystal 

O 
O 
o 
o 
N 
N 
N 
N 
Ni 
O 
o 
o 
o 
c 
c 
N 
c 
c 
c 
N 
N 
C 
c 
c 
c 
c 
c 
o 
o 
o 
c 
c 
N 
c 
c 
c 
o 
c 
c 

o 
o 
o 
o 
o 
o 
o 
o 
o 
Ni 
Ni 
Ni 
Ni 
N 
o 
o 
o 
o 
c 
c 
N 

c 

106.7 
74.2 
88.1 
95.0 
92.7 
91.8 
175 
91 
175 
83 
125.3 
117.4 
117 
109 
110 
109 
114 
127 
122 
109 
111 
106 
107 
105 
124.7 
125.8 
109.5 
123.4 
116.9 
119.7 
109.0 
113.6 
113. li 
115.6 
120.6i 
115.1 
124.3 
116.5 
110.91 

:2) 
3) 
2) 

:2) 
3) 
3) 
3) 
3) 
3) 
3) 
8) 
7) 
8) 
8) 
7) 
7) 
7) 
8) 
7) 
7) 
8) 
7) 
7) 
7) 

:s> 
:6) 
:s) 
8) 
7) 
7) 
:6) 
7) 
:6) 
7) 
7) 
7) 
8) 
5) 
5) 

112.4 
74.3 
92 
94 
88 
96 
173 
90 
172 
83 
127 
116.0 
116.6 
112.4 
110.0i 
110.0 
112.4 
129 
123 
106 
110 
107, 
108.7 
106.8 
128.4 
124.8 
107.4 
123.8 
116.7 
119.5 
109.8 
111.5 
113 
113 
121 
116 
121 
116 

110.8 

l)-Cu-N(l) 74.3(3) 
1)-Cu-N(2) 87.1(3) 
l ) -Cu-N(l l ) 99.9(3) 
l ) -Cu-O( l l ) 100.2(3) 
l ) -Cu-O( r ) 170.8(2) 
r ) -Cu-N( l ) 98.3(3) 
r)-Cu-N(2) 88.0(3) 
r ) - C u - N ( l l ) 85.8(3) 
r ) - C u - O ( l l ) 87.7(2) 
1)-Cu-N(2) 92.8(3) 
l ) -Cu-N(l l ) 94.3(3) 
l ) -Cu-O( l l ) 172.9(3) 
2 ) -Cu-0 ( l l ) 91.4(3) 
2)-Cu-N(l l ) 171.2(3) 
l l ) -Cu-N( l l ) 82.2(3) 
l ) -C( l ) -0(2) 126.6(9) 
1)-C(1)-C(2) 116.7(8) 
12)-C(11)-C(12) 119.5(8) 
11)-C(12)-C(13) 111.3(7) 
11)-C(12)-N(11) 109.1(7) 
11)-G(12)-G(13) 114.6(7) 
12)-G(13)-C(14) 112.8(7) 

0(2)-G(l)-C(2) 
G(l)-C(2)-G(3) 
C(l)-C(2)-N(l) 
N(l)-G(2)-G(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(6) 
G(3)-C(4)-N(2) 
N(2)-G(4)-C(6) 
N(3)-G(5)-N(2) 
C(4)-G(6)-N(3) 
C(5)-N(3)-G(6) 
C(4)-N(2)-G(5) 
C(4)-N(2)-Gu 
C(5)-N(2)-Gu 
C(2)-N(l)-Gu 
0(11)-C(11)-0(12) 
0(11)-C(11)-C(12) 

G(13)-C(14)-N(12) 
G(13)-C(14)-0(13) 
0(13)-G(14)-N(12) 
C(l l ) -0(11)-Gu 
C(12)-N(ll)-Gu 

6.4 
2.2 

109.4 
0.8 
3.0 

127.8 
121.7 

0.5 
0.2 

105.5 
108. 
105. 
128. 
125.8 
108.9 
122.6 
117.9 
113.8 
123.6i 
122.6 
115.5 
108.3 
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lone-pair orbital of oxygen is less, so that the C u - O 
(axial) length (2.58 Â) is longer than the values in the 
present three complexes. 

In the hydrated crystal, the copper coordination is 
octahedral; water molecule occupies the sixth coordina­
tion site at a distance of 2.642 Â. It is noted that this also 
occurs in rather oblique direction, 0 ( w a t e r ) - C u - 0 ( l l ) 
being 87.7°, perhaps owing to the trans effect. The 
atoms forming the coordination square are not precisely 
coplanar. Their deviations may be described as a very 
flattened tetrahedron. The dihedral angle between the 
two planes, N ( l ) - C u - N ( 2 ) and N ( l l ) - C u - 0 ( 1 1 ) , is 
8.5(3)°. Such deformation from the square planar 
coordination is at tr ibuted to the geometrical constraint 
owing to the chelation of L-histidine as a tridentate 
ligand, since bishistaminocopper(II) perchlorate7) has 
exactly and bis(L-asparaginato)copper(II)8> has almost 
square-planar coordination. 

In the anhydrous crystal, the copper atom is five-
coordinated, forming a square pyramid. The copper 
atoms in A and B complexes are out of the best plane 
for the equatorial coordinating atoms toward the top 
of the pyramid (0.023 and 0.099 Â, respectively). This 
is because of the disproportion of the charge, and is 
the general trend for the square-pyramidal environment 
of copper complexes. The sixth sites are blocked by 
carbonyl oxygen 0(12B) and amino nitrogen N(12B) 
for complex A and imidazole nitrogen N(3A) for 
complex B. The distances from these atoms to copper 
are 3.846(7), 3.631(9), and 3.295(7) Â, respectively. 

The imidazole rings in these complexes are planar 
within the experimental errors. The ring planes make 
dihedral angles of 19.9(3), 11.5(3), and 13.1(3)° with 
the copper square planes for A, B, and aqua complexes, 
respectively. 

Side chains of asparagine in anhydrous complexes 
have a compact form puckered onto the coordination 
square, as shown in Fig. 3, while that in aqua complex 
has an extended one. As for the conformation around 
C(12)-C(13) , C(14) is gauche to C ( l l ) and N ( l l ) in 
the former, and C(14) is trans to G ( l l ) in the latter. 
The conformation of the former may be stabilized by 
the intramolecular hydrogen bond 0(13)---N(11) in 
both of A and B complexes. 

For mixed ligand copper(II) complexes involving an 

acidic amino acid and a basic amino acid, the electro­
static ligand-ligand interaction between their charged 
side chains has been proposed on the basis of the synthe­
tic and CD spectral studies.9'10) Also, successful optical 
resolution of DL-histidine via formation of the ternary 
complex with L-asparagine has been inferred to be due 
to the intramolecular hydrogen bonding between the 
polar side chains11) in solution. Although such ligand-
ligand interactions have not been realized in the 
structures of the present three complexes, they may 
occur under favourable conditions by the conforma­
tional change around C(12)-C(13) and C(13)-C(14) of 
asparagine, and the present study has revealed that the 
conformation around these bonds is flexible for the 
change of crystalline environment. 

The authors are grateful to Dr. Akio Takenaka of 
Tokyo Institute of Technology for his assistance in 
drawing the diagrams by the computer graphics. The 
present work was partially supported by a Grant-in-Aid 
for Scientific Research from the Ministry of Education, 
to which the author's thanks are due. 
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Raman intensities of methyl iodide were observed in carbon tetrachloride solution at various concentrations. 
The observed lines were v19 v2, v3, v69 and y6. From the observed data, the transition polarizabilities were determined 
for the vl9 vZi and vz fundamentals of methyl iodide and the transition hyperpolarizabilities were obtained for the 
y3 fundamental of methyl iodide in the form of tensor elements. 

In preceding reports,1»2) the solvent effects on the 
absolute infrared intensities and on the absolute R a m a n 
scattering cross-sections have been discussed quan­
titatively from the view-point of dipole-dipole interac­
tion. It has been shown that the interaction of the 
dipole-dipole type is quite a reasonable model for 
explaining the spectroscopic information observed in 
various binary solutions. I t has also been shown in 
these reports that the polarizability derivatives can be 
determined by observing the solvent effects on the 
infrared-absorption intensities and that the hyper­
polarizability derivatives can be determined by observ­
ing the solvent effects on the R a m a n scattering cross-
sections. In the report,2) however, we could not 
obtain the hyperpolarizability derivatives in the form 
of a tensor element, but in the form of a linear combina­
tion of the products of polarizability and hyperpolariza­
bility derivatives. 

The present report will concern itself with the 
observation of the R a m a n intensities of methyl iodide 
in carbon tetrachloride solutions. O u r interest lies in 
the possibility of determining the magnitude of polari­
zability and hyperpolarizability derivatives in the form 
of tensor elements through the observation of solvent 
effects on R a m a n intensities. 

Exper imenta l 

The spectrometer used for the present work was designed 
and constructed by the authors. The instrument is composed 
of a He-Ne gas laser source (NEC, GLF-105, 15 mW), a 
JSG-125 grating monochromator (JEOL), a HTV R-374 
photomultiplier (S-20 response), a lock-in amplifier (LI-573, 
NF), and a recorder. The linearity of the whole system with 
respect to an intensity axis was ascertained to be better than 
1 percent of the full scale, as long as the output voltage was 
less than 10 V. 

Attention was paid to the output power of the laser source. 
The stability of the laser output during the individual spectral 
measurements was observed by monitoring the light energy 
which penetrated through the 100 percent reflectance mirror 
of the laser cavity. When the power of the laser source drifted 
more than 1 percent during the measurements, the data 
observed were completly discarded. 

The light scattered at 90° within a solid angle of 8 x 10 -3 

steradians was observed. The electric polarization of the 
incident light was rotated by the use of a half-wave plate 
(1419PA polarization rotator, Spex). The polarization charac­
teristics of the monochromator and the frequency dependence 
of the photomultiplier sensitivity were calibrated by the use of 
a standard halogen lamp. 

All the chemicals were commercial products of spectroscopic 
grade. Carbon tetrachloride and methyl iodide were doubly 
distilled following the directions given in the literature.3) 

The Raman intensities were observed for the vv v2, v3i v59 

and v6 bands of methyl iodide relative to the intensity of the 
vx band of carbon tetrachloride for various concentrations. 

R e s u l t s a n d D i s c u s s i o n 

Concentration Dependence of Relative Intensity. 
Consider the observation of the relative intensities of 
two R a m a n lines arising from two components of a 
binary solution. The quantities related to two R a m a n 
lines will be distinguished by the suffixes a and b . The 
observed intensity area / is proportional to the molar 
concentration cm, the scattering cross section per molec­
ules Q, the instrumental factors Sß, and the factor for 
the internal field effect:4) 

A=c-^i((5^)4^ (1) 

Ib=c-c^iti^MSA (2) 

where C is a constant, S the relative sensitivity of the 
photomultiplier, ß the transmittance of the mono­
chromator for the light whose electric vector is polarized 
perpendicularly to the slit, and where wa, nb, and ns are, 
respectively, the refractive indices of the a component, 
the b component, and the mixture of the a and b 
components. I t can immediately be concluded from 
these equations tha t : 

A. = A imbT"i+i w ! +2y m_%. (3) 

Thus we can obtain the ratio, QJQb9 of the scattering 
cross sections from the observed intensity ratio, IJIb, 
because cm, S, and ß are known from the experimental 
conditions and because the refractive indices can be 
measured by the use of a refractometer. 

In the previous report,2) the expression for R a m a n 
intensity has been given for the case where the existence 
of the non-zero averaged molecular field introduces 
non-linear effects to the molecular polarizability. For 
the binary mixture of methyl iodide and carbon tetra­
chloride, the ratio of the scattering cross section of the 
v-x band of methyl iodide, i2(CH 3 I ; v{)9 can be expressed 
by the equat ion: 

ß (CCl 4 ; y i ) U V Q « c i , KJ 

where Xx is the wavelength of the vx line of carbon 
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tetrachloride, X{ the wavelength of the V\ line of methyl 
iodide, and Q,(ocJ)Ccu the transition polarizability of 
carbon tetrachloride related to the normal coordinate, 

^ ^ o z ^ a v of Eq. 4 is an averaged molecular field 
which is produced at the position of a methyl iodide 
molecule by the surrounding molecules. There are 
many types of intermolecular interactions which produce 
electric fields at the position of a given molecule in 
liquids or solutions. The simplest and most important 
of these is the interaction of a dipole-dipole type. 
Taking into account this type of interaction, <-F0z>av 
for a binary solution has been calculated to be5) 

4^2 

W „ . ^ ^ . ( ( ^ + 3 5 ) ^ + ( H + 3âs )^c 

+ 
2n* 

25x243 ^ A S ^ ( / / O * ( -
Mo* 

with 

(kT) 

W O 1/3 1/3X3 *<m"<W) (5) 
Pi \ Ps 

where ji0 is a permanent dipole moment ; ä, the averaged 
polarizability defined by 3 ä = ( o c x x + a y y + a z z ) ; cm, the 
molar concentration; p, the density; Wm, the molecular 
weight; T, the absolute temperature; k, the Boltzmann 
constant; and ^VA, Avogadro number . T h e symbols 
suffixed by " s " correspond to the solvent molecule. As 
the <CF0z^>ay is concentration dependent, we can 
determine the A and B values by plotting the observed 
i2(CH3I ; Vi)lß(CC\a; vj values against the calculated 
^ ^ o z ^ a v values. In Table 1, the A and B values thus 
obtained are summarized. T h e value of 1.99 X 10~50 

cm6 observed by Ka to et a/.6) was used for the ç , (a î ) 2 of 
carbon tetrachloride. As for the vx and v2 lines of methyl 
iodide, accurate A values could not be obtained because 
their intensities were not strong enough for our 
instrument. 

TABLE 1. THE OBSERVED A AND B VALUES FOR METHYL 

IODIDE IN CARBON TETRACHLORIDE SOLUTION 

Line 

^ i 

^ 2 

^ 3 

^ 5 

^ 6 

B / / 

10-50cm6 

2.31 
0.16 
2.38 
0.10 
0.27 

AII 

10-55cm6 

dyn esu -1 

— 
— 

- 1 . 9 7 
— 
— 

B± 

10-51cm6 

1.50 
0.23 
7.84 
— 
— 

A± 

10-55cm6 

dyn esu -1 

— 
— 

- 1 . 6 1 
— 
— 

Calculation of Transition Polarizabilities. The 
parameters A and B of Eq. 4 can be expressed in terms 
of transition polarizability and transition hyperpolariza-
bility.2) In the case of a molecule belonging to a C3 v 

symmetry, A and B are expressed as : 
1) an a^type vibration 
1-a) for a parallel component, 

An = ^rW[(16rW+2)ç'(«ï)**e'(ft)**, 15yW 
+ (6y(JI)+2)«.(a»„«.(fl)III 

+ (4y(iI)-2)«.(aï)„«.(/Ç)I1 

B„ = 
1 

-[(8yy,) + l)««(aS) 2 
XX 

+ (3y(i,) + l)«.(aî)î, 

+ (4yWi)-2)«'(aî)„«.(^),J 

1-b) for a perpendicular component, 

A x - 2(15yW + 15) 

x (Hßl)^-Hßl) 

C'(«î)„-Q'(flî),J 

ß _ 1 + y U l ) (Q^gO) —«.fa»") )S 
•" 15y(/l,) ^ ( °" { lhz) 

2) for an e-type vibration, and for a 
component 

2»„ = 2(«'(«î)ly +
 C'(«ï)|z) 

(6b) 

(7a) 

(7b) 

parallel 

yzz) (8a) 

(8b) 

where the molecular fixed Cartesian coordinates, x, y, 
and z, are defined so that the z-axis coincides with the 
molecular axis. For e-type lines, A± and B±, which 
correspond to the perpendicular components, a re : A±= 
(3/4)^4// and B±=(3/4)B//. In the above equations, 
y(^i)=ßj.(Aj)//8//(Aj), represents the ratio of the trans-
mittances of the monochromator for the light whose 
electric vector is being polarized perpendicular to the 
slit, /?j.(Ai), and that parallel to the slit, /?//(Ai), at the 
wavelength Aj. In the case of an ax-type vibration of a 
molecule belonging to a C3 v symmetry, the transition 
polarizability tensor can be completely determined if 
we know the elements Q(oc?)zz and Q(oc?)xx, because the 
relations between the tensor elements are : 

Q>(«Dx* = Hc®„ * o, «i(oî)„ * o, 
M«î)x y = ««(aï)„ = ««(aî)yi = 0. 

For an e-type vibration, it is necessary to know the 
elements c(ocJ)xy and c(ocJ)yz, because the relations 
which hold in this case are:7) 

Ql(«Dxx = Q>(«Dyy =
 Q l K) z z =

 çi(«ï)zz = o, 
*i(«öxy = «K«î)y. =

 ÇK«ï)xz = 0, 
Q'(«l°)xy = -Qi(«ï)yy =

 QW)„, 
Ql(aï)yz=-Çi(aï)xz. 

where Q^ and Qj refer to the doubly degenerated normal 
coordinate pair. Similar relations hold between transi­
tion hyperpolarizabilities, as has been shown in the 
previous report.7) 

Using the A and B values obtained for the a^type 
vibrations, we can obtain the transition polarizabilities 
and hyperpolarizabilities, Q(aJ)xx , Q(a?)zz, Q ( $ ) x x z , 
and Q(ßl)zzz. First, we can determine Q(ocJ)xx and 
ç(aï)zz by solving the simultaneous equation which is 
composed from Eqs. 6b and 7b. Then, the Q(/?î)xxz 

and Q(ßi)zzz values can be determined by putting the 
ç0*î)xx a n c * ç(aï)zz values into Eqs. 6a and 7a and by 
solving the resultant simultaneous equation composed 
from Eqs. 6a and 7a. The polarizability derivative, 
dafjdQ, is related to the transition polarizability, c(aJ), 
as 

(6a) :«^=(il")</|a|F> 
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T A B L E 2. PLAUSIBLE SETS OF POLARIZABILITY DERIVATIVES 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

d«xx/d£i 

10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
10.74 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 
19.19 

d«„/d&i 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 
23.42 

6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 
6.51 

dccxx/dd 

3.49 
3.49 
3.49 
3.49 
1.41 
1.41 
1.41 
1.41 

- 3 . 4 9 
- 3 . 4 9 
- 3 . 4 9 
- 3 . 4 9 
- 1 . 4 1 
- 1 . 4 1 
- 1 . 4 1 
- 1 . 4 1 

3.49 
3.49 
3.49 
3.49 
1.41 
1.41 
1.41 
1.41 

- 3 . 4 9 
- 3 . 4 9 
- 3 . 4 9 
- 3 . 4 9 
- 1 . 4 1 
- 1 . 4 1 
- 1 . 4 1 
- 1 . 4 1 

where < jT |QJF> is a transition matr ix element corre­
sponding to the transition between the vibrational levels 
/ and F. 

As the Eqs. 6b and 7b are quadrat ic with respect to 
the polarizability derivatives, there are four possible 
sets of polarizability derivative values for each normal 
mode, Q,u Q,2, and Q,3. Therefore, there can be obtained 
4 3 = 6 4 possible combinations of polarizability deriva­
tives, which are summarized in Table 2. The sixty-four 
sets of polarizability derivatives can be classified into 
two groups whose polarizability derivatives have exactly 
the same absolute values with an opposite sign. As we 
have no way to distinguish these two groups at present, 
we assume that all the polarizability derivatives related 
with the normal mode Q^ are positive.8) Therefore, we 
consider only thirty-two sets of polarizability deriva­
tives hereafter. 

Determination of Transition Polarizability. In order 
to select the most reliable set of polarizability derivatives 
out of the thirty-two, we introduce the so-called bond 
polarizability theory which was proposed first by 
Wolkenstein9) and Eliashevich10) and was modified later 
by Long.11) The basic idea of this theory is the assign­
ment of a characteristic bond polarizability to each bond 
in the molecule. This bond polarizability is then defined 
completely in terms of a polarizability ellipsoid having 
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FOR ax-TYPE LINES OF METHYL IODIDE ( 1 0 - 6 g " 1 / 2 Cm 2) 

docjddt 

0.36 
0.36 
0.36 
0.36 
4.54 
4.54 
4.54 
4.54 

- 0 . 3 6 
- 0 . 3 6 
- 0 . 3 6 
- 0 . 3 6 
- 4 . 5 4 
- 4 . 5 4 
- 4 . 5 4 
- 4 . 5 4 

0.36 
0.36 
0.36 
0.36 
4.54 
4.54 
4.54 
4.54 

- 0 . 3 6 
- 0 . 3 6 
- 0 . 3 6 
- 0 . 3 6 
- 4 . 5 4 
- 4 . 5 4 
- 4 . 5 4 
- 4 . 5 4 

da x x /d£ 3 

9.02 
1.37 

- 9 . 0 2 
- 1 . 3 7 

9.02 
1.37 

- 9 . 0 2 
- 1 . 3 7 

9.02 
1.37 

- 9 . 0 2 
- 1 . 3 7 

9.02 
1.37 

- 9 . 0 2 
- 1 . 3 7 

9.02 
1.37 

- 9 . 0 2 
- 1 . 3 7 

9.02 
1.37 

- 9 . 0 2 
- 1 . 3 7 

9.02 
1.37 

- 9 . 0 2 
- 1 . 3 7 

9.02 
1.37 

- 9 . 0 2 
- 1 . 3 7 

g«„/gg,8 
- 2 . 4 6 

12.84 
2.46 

- 1 2 . 8 4 
- 2 . 4 6 

12.84 
2.46 

- 1 2 . 8 4 
- 2 . 4 6 

12.84 
2.46 

- 1 2 . 8 4 
- 2 . 4 6 
12.84 
2.46 

- 1 2 . 8 4 
- 2 . 4 6 

12.84 
2.46 

- 1 2 . 8 4 
- 2 . 4 6 

12.84 
2.46 

- 1 2 . 8 4 
- 2 . 4 6 

12.84 
2.46 

- 1 2 . 8 4 
- 2 . 4 6 
12.84 
2.46 

- 1 2 . 8 4 

the major axis coincident with the bond direction. 
Instead of an irreducible tensor expression which is 
used in Long's theory, we focus our attention on a 
reducible tensor, simply because it is more convenient 
for determining the elements of a transition polarizability 
tensor. The polarizability derivative, doc/dQ,, is expressed 
as a linear combination of the bond polarizability 
parameters :12) 

-f^- = U{Vi')K*Lx)Vl' + ( / ( W L J V 

+ (J{Sl)K*Lx)-^- + UW)K*L*)Vt' 
rci 

+ (JW)K*Lx)d3> + (J(e,)K*Lx)-^- (9) 
rCH 

where (y{, ô{, ejroi) and (y2 ' , (V, s2lrcn) are the bond 
polarizability parameters related with the C- I and C - H 
bonds, respectively. The matrices J and K are deter­
mined only from the molecular geometry. The matrix 
Lx is the transformation matr ix between the Cartesian 
displacement coordinates fixed in the molecule and 
the normal coordinates, and therefore can be calculated 
from the molecular force field. In the case of the a^type 
vibrations of methyl iodide, the transformation matrix 
(JKLX) is 6 x 6 , because the number of the bond 
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d<Jddi-

da°zJddi 
da°xx/d(l2 

& 4 / 3 Q j 
daxx/dd3 

d<ldds\ 

_ 

_ 0 

a 

0 

b 

0 

_ c 

a 

a 

b 

b 

c 

c 

0 

0 

0 

0 

0 

0 

d 

e 

f 
g 

h 

i 

i 

j 
k 

k 

I 

I 

m ' 

n 

P 

<l 

r 

s 

\w 1 
8l' 

JV 

V 
. e2/rCH J 

polarizability parameters is six, while the six elements 
of the bond polarizability derivative contribute to the 
scattering cross-section of the ax-type vibrations. There­
fore, we can in principle calculate the bond polarizability 
parameters by the use of the polarizability derivative 
values of Table 2. The transformation matrix (JKLX), 
which was calculated by the use of the force constants 
reported by Crawford et a/.,8) relates the polarizability 
derivatives and the bond polarizability parameters : 

(10) 

Eq. 10 shows that the parameter v1 does not contribute 
to any polarizability derivatives and, therefore, the 
inverse matrix {JKL^)-1 does not exist. However, we 
can reduce the transformation matrix of Eq. 10 in to : 

da°xxld(li-d<*™ld(li~] \~a d—l m~n\ V yx
f 1 

daxx/da2-da°jd(i2 \ = \-b f-g P-q\\ô2' ( i l ) 

d<*xJdQz-d<*lzld(Lz\ \_-c h-i r-s\ |_ eJr0R J 
Thus we can calculate the bond polarizability para­
meters, Yi, y2'9 and £2/

rcH3 by solving Eq. 11. By putt ing 
back the calculated bond polarizability parameters into 
Eq. 10 and by solving the linear equations composed 
from the first and the third columns of Eq. 10, we can 
obtain the remaining bond polarizability parameters, 
ôi and d2. I n other words, we can calculate the thirty-
two sets of bond polarizability parameters, y[, y2, ô{, ô2, 
and £2/

rcH3 which correspond to the thirty-two sets of 
polarizability derivatives. Finally, we calculate the 
polarizability derivatives, da°xx/d££3 and da°zz/dQ,3, 
using the fifth and sixth columns of Eq. 10: the results 
are summarized in Table 3. By comparing the calculated 
values of da°xx/dQ,3 and da°zz/d££3 with the observed 
values of Table 2, we can select the eight possible sets 
of molecular polarizability derivatives (#11, 12, 15, 

16, 27, 28, 31, and 32) out of the thirty-two sets of 
Table 2. 

The next step is to select more reliable sets of polariza­
bility derivatives out of the eight sets. This can be done 
by calculating the remaining undetermined bond 
polarizability parameter, ejrcn, from the observed 
intensities related with the e-species R a m a n lines. For 
the e-type vibrations, the transformation matrix (JKLX), 
which was calculated by the use of the force constants 
of Crawford,8) relates the polarizability derivatives and 
the bond polarizability parameters : 

da%/ddi J 

"0 a b~ 

c d e 

' *i/rCi 1 

72' 

. «2 / r 0H _ 

(12) 

By putt ing the eight possible sets of polarizability 
parameters previously calculated, y2 and ejrcu, into 
Eq. 12 and by putt ing Eq. 12 into Eq. 8b, we can derive 
the quadrat ic equation with respect to the remaining 
bond polarizability parameter, ejroi. Thus the remain­
ing bond polarizability parameter, ejrci, can be 
calculated for both v5 and v6 lines corresponding to the 
eight possible sets of bond polarizability parameters. 
The results are summarized in Table 4. As the bond 
polarizability parameters should be real, the sets #11, 
12, 15, 28, 31, and 32, can be discarded, because the 
calculated e^ra values are imaginary. The remaining 
sets #16 and 27 are considered to be reasonable, 
because the E^YQI values which have been obtained are 
similar in magnitude for v5 and v6: 2.54 X 10 - 1 6 cm2 (v5) 
and 2 . 2 4 x l 0 - 1 6 c m 2 (y6) for #16, and - 2 . 5 4 x l 0 - 1 6 

cm2 (v5) and - 2 . 2 4 x 10~16 cm2 (ve) for #27. There is 
no way to distinguish these two sets of polarizability 
derivatives within the bond polarizability hypothesis. 
Fortunately, however, we can choose sets #16 as the 
most reliable set of molecular polarizability deriva­
tives, because of the following reason. 

In the preceding discussion, the transition polariza­
bility related with the Q,3 normal mode, ç ,(aJ) z z , was 
obtained to be 2 .94x 10~25 cm3 (for #16) or - 2 . 9 4 x 
10~25 cm3 (for #27). According to our previous work 

T A B L E 3. POLARIZABILITY DERIVATIVES FOR Q,3 OF METHYLIODIDE CALCULATED 

FROM BOND POLARIZABILITY PARAMETERS ( 1 0 " 5 g - 1 / 2 CHI2) 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

docjddz 

6.14 
- 1 . 5 0 
- 1 . 5 0 

6.14 
6.14 

- 1 . 5 0 
- 1 . 5 0 

6.14 
- 1 . 8 7 
- 9 . 5 1 
- 9 . 5 1 
- 1 . 8 7 
- 1 . 8 7 

- 1 0 . 0 0 
- 1 0 . 0 0 
- 1 . 8 7 

dajdd9 

- 5 . 3 3 
9.97 
9.97 

- 5 . 3 3 
- 5 . 3 3 

9.97 
9.97 

- 5 . 3 3 
- 1 3 . 3 4 

1.96 
1.96 

- 1 3 . 3 4 
- 1 3 . 3 4 

1.48 
1.48 

- 1 3 . 3 4 

# 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

dxxJdds 

6.11 
- 1 . 5 3 
- 1 . 5 3 

6.11 
6.12 

- 1 . 5 2 
- 1 . 5 2 

6.12 
- 1 . 8 9 
- 9 . 5 3 
- 9 . 5 3 
- 1 . 8 9 
- 1 . 8 9 
- 9 . 5 4 
- 9 . 5 4 
- 1 . 8 9 

dxjdds 

- 5 . 3 6 
9.94 
9.94 

- 5 . 3 6 
- 5 . 3 5 

9.94 
9.94 

- 5 . 3 5 
- 1 3 . 3 6 

1.94 
1.94 

- 1 3 . 3 4 
- 1 3 . 3 7 

1.93 
1.93 

- 1 3 . 3 7 
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TABLE 4. sJrCK VALUES CALCULATED FOR y5 AND y6 LINES (10~16 cm2) 

11 12 15 16 

^5 3.61±1.96i 

| - 0 . 6 7 
I - 2 . 7 0 

7.93±10.2i 

3.35±9.39i 

8.12±13.0i 

3.93±1.26i 

2.54 
- 7 . 9 8 

2.24 
- 0 . 0 5 

27 28 31 32 

- 2 . 5 4 
7.98 

- 2 . 2 4 
0.05 

8.12±13.0i 

3.93±1.26i 

7.93±10.2i 

3.35±9.39i 

3.61±1.96i 

| - 0 .67 
1 -2 .70 

on the solvent effect on the infrared absorption intensity 
for the v3 band of methyl iodide,1) the ç ,(a?) z z has been 
obtained to be —1.1 X 10~25 cm3 . We should not at tach 
too much importance to the absolute values of these 
results, because the frequency region of the infrared 
measurement belongs to the resonant region, while 
that of the R a m a n measurement belongs to the off-
resonant region. However, the minus sign attached to 
the Q,(a?)zz value is of much importance, because the 
signs attached to the Qt(onT)zz values of the R a m a n and 
infrared results should be the same. Thus we can say 
that set #16 is more reliable than set #27. 

Determintaion of Transition Hyperpolarizability. 
Using the finally determined set of polarizability 
derivatives, that is, 

(cm3) 

(cm3) 

(cm3) 

(cm3) 

(cm3) 

(cm3) 

Q,(«Dxx = 1.05 X 10-25 

Q,(«î)zz = 2.28 X 10"25 

Q,(«î)Xx= - 2 . 1 0 X 10-26 

Q'(«î)zz = - 6 . 7 6 X 10-" 
Q,(«Dxx= - 3 . 1 4 x 10"26 

Q,(«Dzz = - 2 . 9 4 x 10-25 

and using Eqs. 6a and 7a, we can calculate the transition 
hyperpolarizability elements for ££3: 

Q,(Ä)xxz = 7.07 X 10~31 (cm3 dyn-1 esu) 
Q,(ß°i)zzz = 8.88 X 10-31 (cm3 dyn"1 esu) 

which are certainly of the correct order of magnitude. 
The magnitude of the transition hyperpolarizability 
has been considered to be of the order of 10~3 1—10 - 3 2 

(cm3 d y n - 1 esu), although no direct measurement of 
transition hyperpolarizability has actually been reported 
yet. 

Concluding Discussion. From the discussion of the 
previous paragraphs, a few important conclusions can 
be drawn. 

1) It was shown that the hyperpolarizability, which 
is a higher order term of the polarizability, does change 
the R a m a n intensities through the existence of the 
averaged molecular field, <^ 0 z>av> i n solution. If the 
averaged molecular field is properly estimated, the 
transition polarizability and transition hyperpolariza­
bility can be determined simultaneously in the form of 
tensor elements by observing the solvent effect on R a m a n 
intensity. 

2) For determining the sign of the transition 
polarizability, the bond polarizability theory has been 
shown to be quite helpful. At the same time, the 

information about the sign of the transition polariza­
bility which is observed in the solvent effect on infrared 
intensity is very important and convincing. 

3) Incidentally, this seems to be the first work in 
which the transition hyperpolarizability is obtained in 
the form of a tensor element. The examination of the 
reliability of the resultant transition hyperpolarizability, 
however, will be left for future studies in which the 
transition hyperpolarizability will be directly observed 
by, for example, the intensity measurement of a hyper-
R a m a n line. 
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Nitrogen screening constants are calculated by the sum-over-states method using INDO/S parameters and 
by the finite perturbation procedure employing INDO parameters. The solvaton model is employed to describe 
changes in nuclear screening as a function of the dielectric constant of the medium. The calculated variations of 
nitrogen screening are in reasonable agreement with the available experimental data. The effects on screening 
of hydrogen bonding are included in the sum-over-states calculations by means of dimer models. 

In order to obtain a close comparison between theo­
retical and experimental estimates of nuclear screening 
some allowance should be made for medium effects. 
Contributions from the bulk magnetisation and the 
diamagnetic anisotropy of the solvent to the total screen­
ing can be effectively removed by a suitable choice of 
solvent and the use of an internal standard. Account 
should also be taken of van der Waals interactions 
between solute and solvent, which usually deshield the 
nucleus of interest, 1»2> polar effects due to the charge 
distribution in neighbouring solvent molecules and 
specific solute solvent interactions such as hydrogen 
bonding and complex formation. 

T h e influence of van der Waals interactions are likely 
to be most pronounced in the case of relatively nonpolar 
systems. For polar molecules it seems reasonable to 
suppose that effects due to solvent-charge distribution 
and specific solute-solvent interactions will dominate. 

T h e polar effects of solvents on nuclear screening m a y 
be accounted for by means of the solvaton model.3) This 
has been successfully employed in the calculation of 
solvent effects on 13C chemical shifts in a number of 
molecules.4»5) 

In the present study these investigations are extended 
to nitrogen chemical shifts. Since these are more 
sensitive to medium effects than 13G chemical shifts,6) 
it is anticipated that they may provide a closer insight 
into the effects of solute-solvent interactions on chemical 
shifts. 

As discussed elsewhere7) Pople's model8»9) appears to 
provide the most acceptable basis for satisfactory discus­
sions of nuclear screening. Calculations using semi-
empirical M O parameter sets are often inadequate due 
to the difficulties involved in accurately determining the 
contributions to the paramagnetic component of the 
screening tensor from the excited states. Two approaches 
to this problem are currently available. The sum-over­
states method incorporating parameter sets which 
provide a realistic description of the excited states. In 
addition, there is the finite perturbation procedure 
which does not explicitly involve the estimation of 
excited state eigenfunctions. 

Both of these approaches are employed in the present 
work. The sum-over-states calculations use I N D O / S 
parameters which have been demonstrated to provide 
a satisfactory account of nitrogen chemical shifts10) and 
the finite perturbation method employs I N D O parame­
ters within a revised formulation.11) In the latter case, 
the values of the bonding parameters /?S and ß°c, for 

the hydrogen and carbon atoms respectively, are taken 
to be —13 eV and —15 eV. The correction factor K 
for Ti-Ti interactions takes the value of 0.85. Calculations 
incorporating these values provide a reasonable account 
of some 13C chemical shifts.11) 

R e s u l t s a n d D i s c u s s i o n 

T h e results of the calculations of the total charge 
density on the nitrogen atom, q, the averaged value of 
its screening tensor, a, and the relative chemical shift, 
ô, as a function of the dielectric constant of the medium, 
e, for both the sum-over-states (SOS) and finite pertur­
bation (FPT) calculations are presented in Table 1. 

The decrease in screening of the nitrogen nucleus in 
nitromethane as e increases is almost entirely due to 
changes in the paramagnetic contribution to the screen­
ing tensor. As s increases from 1 to 80 the diamagnetic 
term reduces by 1.83 p p m in the sum-over-states calcu­
lations and 0.95 ppm in the finite perturbation results. 
This follows a reduction in the nitrogen charge density. 
In general, it is found that the calculated changes in the 
diamagnetic term, as a function of e, are very small when 
compared with those in the paramagnetic contribution. 
Consequently only changes in the total nuclear screening 
are reported in Table 1. 

The data reported in Table 1 imply that changes in 
q, as a function of e, do not always follow in the same 
direction as variations in o. This is most probably due 
to the fact that differences in a are controlled by changes 
in the paramagnetic contribution which, in general, are 
not expected to depend linearly on charge density 
differences.7) 

Both sets of calculations qualitatively follow the trend 
of changes in nitrogen screening with e for nitromethane 
reported experimentally.6) More quantitative data 
would reveal whether the large change in a, predicted 
by the sum-over-states calculations, or the smaller change 
indicated by the finite perturbation results is the more 
accurate. 

The finite perturbation results reported in Table 1 do 
not contain the contribution to the diamagnetic term 
arising from the Is electrons. Thus the values of a 
reported are smaller than those obtained from the sum-
over-states calculations. However, this should not influ­
ence the calculated changes in a as a function of e. 

T h e sum-over-states results indicate a value of about 
— 141 p p m for the nitrogen screening of neat nitrometh­
ane which is in reasonable agreement with the estimated 
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TABLE 1. SOME SUM-OVER-STATES (SOS) AND FINITE PERTURBATION (FPT) CALCULATIONS OF THE 

DEPENDENCE OF SOME NITROGEN CHARGE DENSITIES (q), SCREENING CONSTANTS (ö") IN 

p p m AND CHEMICAL SHIFTS (Ô) IN p p m UPON DIELECTRIC CONSTANT 

Species 

~~CH3N02 

NH3 

Pyridine 

CH3CN 

CH3NC 

N 0 3 -

NH4+ 

Method 

SOS 

FPT 

SOS 

FPT 

SOS 

FPT 

SOS 

FPT 

SOS 

FPT 

SOS 

FPT 

SOS 

FPT 

Data 

q 
o 
Ö 

q 
a 
Ô 

q 
a 
ô 
q 
G 

ô 

q 
a 
ô 
q 
a 
ô 

q 
a 
ô 
q 
a 
ô 
q 
a 
ô 
q 
a 
ô 

q 
a 
ô 
q 
a 
ô 
q 
a 
ô 

q 
a 
ô 

1 

4.519 
-112 .46 

0.0 
4.448 

-444 .46 
0.0 

5.282 
112.12 

0.0 
5.276 

- 1 2 7 . 2 4 
0.0 

5.297 
- 2 0 . 4 0 

0.0 
5.206 

-465 .82 
0.0 

5.294 
35.51 
0.0 
5.202 

-349 .77 
0.0 
5.118 

91.50 
0.0 
5.029 

-144 .05 
0.0 

4.477 
- 9 4 . 9 8 

0.0 
4.323 

-537 .91 
0.0 
4.822 

137.56 
0.0 

4.965 
- 6 6 . 3 2 

0.0 

2 

4.438 
-126 .26 

13.80 
4.406 

-446 .91 
2.45 

5.337 
120.62 
- 8 . 5 0 

5.286 
-126 .04 

- 1 . 2 0 

5.308 
- 2 0 . 2 7 
- 0 . 1 3 

5.221 
-451 .63 
- 1 4 . 1 9 

5.304 
35.47 
0.04 
5.235 

-337 .41 
- 1 2 . 3 6 

5.124 
93.79 

- 2 . 2 9 
5.004 

-149 .37 
5.32 

4.359 
-192 .14 

97.16 
4.260 

-465 .39 
- 7 2 . 5 2 

4.817 
175.30 

- 3 7 . 7 4 

4.986 
- 8 8 . 1 9 

21.87 

Dielectric constant 

6 

4.383 
-136 .93 

24.97 
4.378 

-448 .41 
3.95 

5.373 
125.78 

- 1 3 . 6 6 
5.293 

- 1 2 5 . 2 4 
- 2 . 0 0 

5.316 
- 2 0 . 1 7 
- 0 . 2 3 

5.227 
-444 .33 
- 2 1 . 4 9 

5.311 
35.23 
0.28 
5.250 

-329 .59 
- 2 0 . 1 8 

5.131 
94.10 

- 2 . 6 0 
4.987 

-153 .06 
9.01 

4.281 
-237 .36 

178.38 
4.219 

-413 .88 
-124 .03 

4.814 
192.42 

- 5 4 . 8 6 

5.002 
-107.22 

40.90 

10 

4.372 
- 1 3 8 . 9 4 

26.48 
4.372 

-448 .70 
4.24 

5.381 
126.88 

- 1 4 . 7 6 
5.295 

-125 .07 
- 2 . 1 7 

5.317 
- 2 0 . 1 4 
- 0 . 2 6 

5.231 
-442 .88 
- 2 2 . 9 4 

5.313 
35.12 
0.39 
5.255 

-327 .99 
- 2 1 . 7 8 

5.132 
94.09 

- 2 . 5 9 
4.984 

-153 .80 
9.75 

4.263 
-291 .83 

196.85 
4.211 

-406 .70 
-131 .21 

4.814 
195.47 

- 5 7 . 9 1 

5.005 
- 1 1 1 . 4 4 

45.12 

20 

4.363 
-140 .45 

27.99 
4.368 

-448 .92 
4.46 

5.386 
127.80 

- 1 5 . 6 8 
5.296 

-124 .96 
- 2 . 2 8 

5.318 
- 2 0 . 1 2 
- 0 . 2 8 

5.231 
-441 .80 
- 2 4 . 0 2 

5.314 
35.08 
0.43 
5.258 

-326 .81 
- 2 2 . 9 6 

5.133 
94.16 

- 2 . 6 6 
4.981 

-154 .37 
10.32 

4.250 
-306 .17 

211.19 
4.206 

-401 .43 
-136 .48 

4.813 
197.54 

- 5 9 . 9 8 

5.008 
-114 .72 

48.40 

40 

4.359 
-141 .20 

28.74 
4.366 

-448 .96 
4.50 

5.389 
128.20 

- 1 6 . 0 8 
5.296 

-124 .91 
- 2 . 3 3 

5.319 
- 2 0 . 1 1 
- 0 . 2 9 

5.231 
-441 .24 
- 2 4 . 5 8 

5.315 
35.06 
0.45 
5.260 

-326 .18 
- 2 3 . 5 9 

5.134 
94.13 

- 2 . 6 3 
4.980 

-154 .65 
10.60 

4.235 
-316 .26 

221.28 
4.203 

-398 .83 
-139 .08 

4.813 
199.47 

- 6 1 . 9 1 

5.009 
-116 .38 

50.06 

80 

4.357 
-141 .57 

29.11 
4.365 

-449 .07 
4.61 

5.390 
128.40 

- 1 6 . 2 8 
5.297 

-124 .86 
- 2 . 3 8 

5.319 
- 2 0 . 1 1 
- 0 . 2 9 

5.232 
-441 .11 

- 2 4 . 7 1 

5.315 
35.04 
0.47 
5.261 

-325 .92 
- 2 3 . 8 5 

5.134 
94.11 

- 2 . 6 1 
4.979 

-154 .79 
10.74 

4.231 
-320 .03 

225.05 
4.201 

-397 .54 
-140 .37 

4.813 
199.99 

- 6 2 . 4 3 

5.010 
-117 .24 

50.92 

a) The chemical shifts are reported with respect to the isolated molecule, e= 1, shifts to higher frequency being positive. 

value of —130 ppm.6) 
In the case of ammonia both sets of calculations 

predict an increase in nitrogen screening as e increases. 
This appears to be in contradiction to the available 
experimental data which show a nitrogen screening 
decrease by up to 21 ppm when gaseous ammonia is 
dissolved in various solvents.6) However, the nitrogen 
screening of the ammonium ion can be 40 to 50 p p m 
less then in ammonia6) and since the available experi­
mental solution data on ammonia involves media con­
ductive to protonation and/or hydrogen-bonding the 

comparison with the theoretical results in Table 1 may 
not be a valid one. 

The small increase in the nitrogen screening of 
pyridine as e increases, from the sum-over-states calcu­
lations, follows the trend of the available experimental 
data for non-hydrogen bonding media.6»12) In hydro­
gen-bonding solvents large increases in the nitrogen 
screening are reported which are dominated by changes 
in the paramagnetic term.12) T o investigate this we 
have calculated the nitrogen screening constant for the 
hydrogen-bonded pyridine-water dimer in a minimum 
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TABLE 2. SUM-OVER-STATES CALCULATED VALUES OF THE CHARGE AND CONTRIBUTIONS TO THE NUCLEAR SCREENING 

TENSOR (PPM) OF SOME NITROGEN NUCLEI IN CASES WHERE HYDROGEN BONDING IS SIGNIFICANT 

Compound 

N 0 3 - (isolated) 
Hydrated NO3-14) 
Pyridine (isolated) 
Pyridine/Watera> 
CHgCN (isolated) 
CH3CN/CH3OHb) 

q 

4.4770 
4.4879 
5.2973 
5.2775 
5.2944 
5.2593 

Average weighted 
value of transition 
energies (eV) 

14.08 
14.33 
11.82 
12.37 
11.510 
13.075 

<7d 

318.48 
318.62 
327.11 
326.93 
327.15 
326.82 

0* (loc) 

-416 .29 
-408 .35 
-349 .80 
-334 .04 
-289 .45 
-256 .14 

ov (nonloc) 

2.83 
2.34 
2.30 
2.50 

- 5 . 1 9 
- 1 . 1 3 

a 

- 9 4 . 9 8 
- 8 7 . 3 9 
- 2 0 . 4 0 

- 4 . 6 1 
35.51 
69.56 

Ö 

0.0 
- 7 . 5 9 

0.0 
- 1 5 . 7 9 

0.0 
- 3 4 . 0 5 

a) H 
1 

H 

4 
H 

\ 3 5 / 
\ 7 

ON-
/W8\ 

H H 
11 

b) 

12 13 

• H - O \ 1 4 

H 

C j j H ^ C g H ^ G 1 0HU= 1.105 A 
C 5 H 6 =C 8 H 9 =1.114Â 
C2C3 = C3C5=C8C10=C2C10 = 1.407 
G6N7=G8N7=1.334A 
N 7H 1 2=4.626A 
H1 2O1 3=H1 4O1 3=0.949A 

H1G2G3-
G2G3G5= 
G3C5N7= 

A 

H4C3C2==120. 
C2C10C8=118 
G10G8N7=121 

C3C5H6= 121.7° 
G5N7G8= 120.7° 
N7G8H9= 116.6° 
G5N7H12=118.0° 
N 7H 1 20 1 3= 180.6° 
H12Ô13H14= 103.7° 

3° 
1° 

.8° 

1 
HN 2 
4 C -

H ' | . 
H 

3 6 

C=N. 
7 

• H-

10 
8 9 / H o-c u 

\ H 

H1G2=H4G2=H5G2 

G2G3=1.424A 
196 A 
406 A 

=1.121 A 

G3N6=1 
N 6 H 7 =1 
H 7 0 8 = 1 
O f tGa=l 
GgH] 

,072 A 
362 A 

: G O H T = C9H1 2=1.126Â 

H1G2C3= 110.9° 
C2C3N6= 179.5° 
H7N6G3= 175.0° 
0 8 H 7 N 6 = 174.6° 
C9Ô8H7=111.6° 
H10C9O8=111.6° 

energy conformation obtained from an I N D O geometry 
optimization procedure. 

T h e results given in Table 2 reveal an increase in 
nitrogen screening of 15.79 p p m due to hydrogen-bond 
formation. This compares with a measured increase of 
about 25 ppm.12) T h e increase arises from a reduction 
in the paramagnetic contribution to the screening as a 
result of increases of energy denominators weighted by 
transition elements in various transitions.10) The major 
transition changes result from the effective removal of 
the nitrogen lone pair due to hydrogen-bond formation. 

The finite perturbation results (Table 1 ) show a much 
larger increase in the nitrogen screening of pyridine, 
with an increase in s, without specifically incorporating 
the formation of a hydrogen bond. 

A similar situation arises in the case of acetonitrile. 
T h e observed increase in the nitrogen screening in 
methanol appears to be accounted for by the finite 
perturbation calculations on the solvaton model, whereas 
the sum-over-states method requires the acetonitrile-
methanol dimer as a model (Table 2) to reproduce the 
experimental trend. The structure used in this calcu­
lation again corresponds to a min imum energy confor­
mation as obtained from I N D O calculations. 

T h e available experimental data on the nitrogen 
resonance of methyl isocyanide13) indicate that it is far 
less sensitive to changes in solvent than is its counterpart 
for acetonitrile. The calculations reported here support 
this conclusion. However, the opposing trends predicted 
by the two sets of calculations a re probably indicative of 
medium effects which are not specifically incorporated 
in the solvaton model. 

The sum-over-states calculations for the nitrate ion 
indicate that the nitrogen atom in the free ion suffers a 
large decrease in screening as s increases. However, in 
the presence of water a hydrogen-bonded structure has 
been reported.14) Calculations on this structure (Table 
2) reveal an increase of nitrogen screening. T h e increase 

in nitrogen screening, as a function of s, is predicted by 
the finite perturbation calculation without invoking 
hydrogen-bonding. 

Since nitrate ion is usually used in aqueous media 
the opposing screening trends due to the solvaton and 
hydrogen-bonding interactions renders its nitrogen reso­
nance position very susceptible to changes in concen­
tration and p H . Taken together these effects make 
nitrate ion unsatisfactory as a reference standard for 
nitrogen NMR. 6 ) 

The trend obtained (Table 1) by the sum-over-states 
calculations for the nitrogen screening of the ammonium 
ion, as a function of e, is in reasonable agreement with 
the available experimental data.6) The opposing trend 
suggested by the finite perturbation calculations implies 
that interactions other than those described by the 
solvaton model are operative. 

For use as a nitrogen N M R reference material the 
position of a nitrogen signal should be relatively insensi­
tive to solvent changes in order to compare results 
between different laboratories. The calculations report­
ed here indicate that the ammonium ion is not to be 
recommended as a nitrogen standard.6) 

At present it is not clear why the sum-over-states 
calculations for pyridine, acetonitrile and nitrate ion 
require both solvaton and hydrogen bonding effects to 
reproduce experimental trends, whereas only solvaton 
interactions are necessary in the finite perturbation 
approach. However, in general, the effects of the 
medium on nitrogen chemical shifts appear to be reaso­
nably well accounted for by the calculations reported 
here involving both the solvaton model and specified 
hydrogen-bonding interactions. To examine these data 
more searchingly further experimental results of changes 
in nitrogen screening as a function of e are required. 
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E x p e r i m e n t a l 

The sum-over-states calculations were performed on the 
CDC 7600 systems of the Universities of London and Man­
chester using a modified version of QCPE 174. Standard 
geometries15) were used in the calculations. The finite pertur­
bation calculations were performed on the HITAC M180 
system of the Tokyo Institute of Technology. 

M . Jallali-Heravi acknowledges receipt of an I ranian 
Government Scholarship. G. A. Webb is grateful for 
Royal Society support under its J a p a n programme. 
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Film Dichroism. III. Linearly-polarized Absorption Spectra of 
Highly Symmetric Triphenylmethane Dyes in the 

Stretched Polyvinyl alcohol) Films 
Yukio MATSUOKA and Kiwamu YAMAOKA* 

Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
(Received March 9, 1979) 

The linear dichroic absorption spectra of Pararosaniline (PR), Crystal Violet (CV), and Ethyl Violet (EV) 
were measured in the UV and visible regions by the stretched film technique. Poly (vinyl alcohol) was used 
as the film matrix. A method, which is expressed in the forms of reduced dichroism and dichroic ratio, was 
proposed for the analysis of the linear dichroism of disk-like molecules. The dyes PR, CV, and EV were 
shown to behave like disks regarding their orientation in the polymer matrix. The isotropic absorption spectra 
of PR, CV, and EV were resolved into the in-plane and out-of-plane polarized components by the reduction 
procedure. In each isotropic spectrum the out-of-plane component was found to overlap with the intense in-
plane component in the UV and visible wavelength regions. 

Crystal Violet (CV) has attracted considerable 
attention in the last decade because it is a typical non-
intercalative dye which binds to biopolymers.1»2) 
Measurements of the optical rotatory dispersion1) and 
linear flow dichroism2»3) of CV bound to deoxyribo­
nucleic acid (DNA) were carried out to elucidate the 
binding mode of the dye. In order to obtain useful 
information on the optical properties of the D N A - C V 
complexes, however, it is of utmost importance to know 
the polarization direction of the electronic absorption 
bands of CV itself in detail , as pointed out in a previous 
paper.4) In the assignment of the polarization direction 
for the disk-like molecules which belong to a DM h or 
CMV ( n^3 ) point symmetry, a transition polarized 
perpendicularly to the molecular plane (i.e., out-of-plane 
transition) should not be ignored. Since CV is most 
likely to belong to the D 3 h or C3 v point symmetry, the 
out-of-plane transition must be taken into account in 
the analysis of its dichroic data . 

Recently, Yogev et alß reported the expressions for 
the linear dichroism of disk-like molecules in some 
special cases and thereby resolved the isotropic absorp­
tion spectra of penta- and hexahelicenes into the 
in-plane and out-of-plane polarized absorption compo­
nents. For the tr iphenylmethane dyes such as CV and 
Malachite Green, both the measurements of dichroic 
absorption spectra and the interpretations of the dichroic 
ratio have been carried out.6»7) Tanizaki6) first deter­
mined the relative directions of the transition moments 
of CV for the visible absorption bands. Norden7) 
measured the dichroic ratios of some triphenylmethane 
dyes in the visible region and explained them qualitative­
ly. Both of these workers have suggested the possibility 
of the presence of an out-of-plane polarized absorption 
component in the isotropic spectrum of CV, but they 
have failed to show the location and band shape of the 
component. 

The main objects of this paper are, first, to determine 
the in-plane and out-of-plane polarized absorption com­
ponents (the reduced spectra) of CV from its dichroic 
absorption spectra by the reduction procedure;8) second, to 
apply the same procedure to the dichroic spectra of 
Pararosaniline (PR) and Ethyl Violet (EV), which 
belong to the same point symmetry as CV (i.e., D3h

7»9) 
or C3v

2 '10)); and finally, to compare their reduced 

spectra. The three dyes are all derivatives of triphenyl­
methane differing only in the amino substitution and, 
therefore, are expected to have closely related spectral 
properties. The evaluation of the reduced spectra of 
those disk-like triphenylmethane dyes must differ from 
the previous case for the acridine dyes of C2 v point 
symmetry,4) because PR, CV, and EV all lack the 
longest dimension in the molecular shape but possess 
several symmetrically distributed axes of equivalence. 
A new formalism of the linear dichroism of these disk­
like molecules is necessary for the interpretation of the 
dichroic results. 

The resultant reduced spectra of each dye show both 
the in-plane and out-of-plane polarized absorption com­
ponents in the visible and U V regions. The presence 
of the out-of-plane component in the visible region 
indicates that the effective symmetry of PR, CV, and 
EV is not D 3 h but rather C3 v or D 3 in the poly (vinyl 
alcohol) (PVA) film. 

Exper imenta l 

Materials. Dyes used were all in the monocationic 
form, the anion being chloride. CV was purified as described 
before,11) and PR and EV were purified by the method of 
preparative thin-layer chromatography. The powdered PVA 
sample with a nominal degree of polymerization of 1750 was 
obtained from Tokyo Kasei Co., Ltd. The concentration of 
each dye was ca. 20 (xM (1 (J IM= 1 X 10"6 mol dm"3) in the 9.1 
w/w % aqueous PVA solution prior to casting. Both sample 
and reference films were prepared as described before.4) 

Apparatus. The linear dichroic absorption spectra 
(A „ - and ^4±-spectra) of PR, CV, and EV were measured on 
a Hitachi EPS-3T double beam recording spectrophotometer 
equipped with a mechanical stretcher designed and construct­
ed in this laboratory.12) The sample and reference films were 
stretched simultaneously in the cell compartment of the instru­
ment at about 80 °C. The stretch ratio (S) was defined as 
described elsewhere.4'6) 

Evaluation of Reduced Spectra. All PR, CV, and EV 
belong to a D3h or C3v point symmetry and possess no uniquely 
defined axis of orientation (the longest axis). However, they 
have several axes equally distributed in the molecular plane, 
according to the definitions of the axes for the disk-like mole­
cule given in Ref. 8 (see Fig. 3). The experimental fact is 
that each dye in the stretched PVA film can be oriented; the 
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orientation should be ascribed to the redistribution of the 
"circular"plane from its random distribution before stretching. 
Therefore, the orienting property of all those dyes may be 
represented by the behavior of a disk molecule. When the 
in-plane or the out-of-plane polarized transitions are assumed 
in the isotropic spectrum of the disk-like molecule, the 
reduction procedure for the molecule will be employed to 
evaluate the reduced spectra, namely, the (Ay-\-Az)-spectrum 
for the in-plane polarized absorption component of the isotrop­
ic spectrum and the /ïx-spectrum for the out-of-plane polar­
ized component. 

If the disk-like molecules are oriented unidirectionally in 
the PVA film, the formulas necessary for the procedure are 
as follows :8> 

Ax " 1A" ~ ~T~A% (1) 

(2) 

where dx and d (d=dy=dzîor the disk-like molecule) are the 
reduction factor & which should be determined by the procedure. 
The orientation factor^ Kx and K (K=Ky=KJ are given by 

dx _ J zr _ d 
K* = jfä7*ndK=2+d 

R e s u l t s and D i s c u s s i o n 

(3) 

Isotropic, Dichroic, and Rd-Spectra.4) Figures 1 a— 1 c 
show two kinds of isotropic spectra, i.e., kxA0(S=\) 
(open circles) and A = (Au-{-2A±)l3 (solid curve), for 
PR, CV, and E V in the PVA film at an S value of 3.7. 
A good agreement between these two isotropic spectra 
in each case suggests that the dye molecules are oriented 
unidirectionally in the stretched film. The observed 
isotropic spectrum of each dye in the film was similar 
to the spectrum in the corresponding aqueous PVA 
solution, except that the film spectrum was slightly 
shifted toward the long-wavelength side. There appear 
three peaks (designated as A, C, and D) , shoulder(s) 
in the 340—400 nm region, and a shoulder (designated 
as B) in each film spectrum. These apparent wavelength 
positions are given for PR, CV, and E V in Table 1. 

PR: Figure 2a shows the dichroic, AA/A, and 
i?d-spectra of PR in the U V and visible regions. The 
A „-spectrum is always more intense than the ^ - s p e c ­
trum over the entire wavelength. The i?d-spectrum 
decreases slightly on the long-wavelength side of the 
visible peak, but changes irregularly in the U V region. 
The i?d-spectrum becomes highest near the shoulder 
band at ca. 510 nm and the U V peak at 294 n m . 

CV: Figure 2b shows the dichroic, AA/A, and 
i?d-spectra of CV in the U V and visible regions. T h e 

T — i — i 1 — i 1 — i — i — i — i — i 1 — | — i — i — r 

250 300 350 400 450 500 550 600 650 

Wavelength/nm 

Fig. 1. Isotropic spectra of PR, GV, and EV in the 
stretched PVA film at £=3.7 . The solid line ( ) is 
the isotropic spectrum calculated from An and A± by 
the use of the relation, A=(An-\-2A±)/3. Circles 
(-0-0-) are the normalized isotropic absorbance calcu­
lated from kxA0(S=l). For the definition of these 
quantities, see Ref. 4. The values of k were 0.65 for 
PR and 0.61 for CV and EV. Letters A to D indicate 
the apparent peak or shoulder positions in each isotropic 
spectrum. 

A H -spectrum is more intense than the ^ - s p e c t r u m 
except in the 280 n m region. There are two peaks in 
the 340—400 n m region, which were obscure in the 
dichroic spectra of P R . In spite of the simple profile 
of the isotropic absorption spectrum in the visible and 
U V regions, the i?d-spectrum is not flat but changes 
irregularly. The i?d-spectrum gives the highest 
value near the shoulder band at ca. 556 n m and the 
lowest value near 280 n m . A gradual decrease of the 
i?d-spectrum is noted near the principal peak in the 
visible region (570—670 nm) . Those apparent dichroic 
features in the visible region are in excellent agreement 
with previous reports.6»7) 

EV: Figure 2c shows the dichroic, AA/A, and 
7?d-spectra of EV. The A „-spectrum is always more 
intense than the ^ - s p e c t r u m in the U V and visible 
regions. The i?d-spectrum of E V behaves very much 

TABLE 1. THE APPARENT BAND POSITIONS (A—D) IN THE ISOTROPIC SPECTRA AND THE TRANSITION 

MOMENT ANGLES (0 A -0 O ) A T T H E CORRESPONDING BAND POSITIONS OF P R , C V , AND E V 

Dyes 

PR 
CV 
EV 

A 

557(549) 
600(594) 
603(601) 

Apparent 

B 

510(500) 
560(550) 
565(555) 

DOsitionsa> (nm) 

C 

294 
308(304) 
310(308) 

D 

241 
252(251) 
256(254) 

ÖA 

48±1 
48±1 
49±1 

Angles (deg) 

48±1 
46±1 
47±1 

0o 
49±1 
49±1 
47±1 

a) The values in the parentheses are the corresponding positions in the aqueous PVA solution. 
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Fig. 2. Dichroic spectra and i?d-spectra of PR, CV, and 
EV in the stretched PVA film at S= 3.7. The i?d-value 
can be converted into the reduced dichroism, AA/A, 
which is referred to the left ordinate of each figure, by 
the use of Eq. 6 in Ref. 4. Symbols are : the parallel 
Au ( ) and perpendicular A± ( ) polarized 
spectra, and AA[A or i?d-spectrum ( • ) . Letters 
A to D are the same as in Fig. 1. 

like that of CV, although the i?d-values of E V at the 
U V peaks (C and D) are larger than those of CV at the 
corresponding positions. 

Determination of Transition Moment Angles. In a 
previous paper we have dealt with the acridine dyes of 
C2 v point symmetry, each of which has a unique axis 
of orientation in the molecular plane (i.e., the orientation 
axis). In that treatment the transition moment angles 
relative to the orientation axis were determined by the 
method of Tanizaki.6) However, in the case of the 
disk-like molecule, such an orientation axis can not be 
assigned uniquely in the molecular plane because of its 
possible distribution in any direction. Nevertheless, if 
we presume an orientation axis (OA) in the molecular 
plane of the disk-like molecule, we can estimate the 
direction of a transition moment (JL as the angle 6 
relative to the O A (Fig. 3a) by the method of Tanizaki . 
However, since this value of 6 results from the averaging 
over [x around the out-of-plane axis (x-axis), it is only 
an apparent angle. 

In the radially symmetrical molecules such as PR, 
CV, and EV, all in-plane polarized transitions will show 
a constant dichroic ratio at a given value of S.5) More­
over, in the absence of the out-of-plane polarized transi­
tions, the values of 6 for the in-plane transitions of the 
disk-like molecule will become 45°.5-7) In order to 
determine the values of 0, the dependence of Rd on S 

(b) 

X<r 

Fig. 3. Schematic illustration of the perfect orientation 
of a disk-like molecule in the stretched PVA film. The 
molecule has a transition dipole moment pt taking an 
arbitrary direction. The molecular coordinates are the 
y- and z-axes (in-plane) and the x-axis (out-of-plane), 
where the z-axis is tentatively taken along the stretching 
direction, (a) The direction of pt is measured by an 
angle 6 relative to an orientation axis (OA) in the 
molecular plane, (b) The direction of pt is measured 
by an angle Ç with respect to the out-of-plane x-axis. 

ft* 

Fig. 4. Dependence of Rd on S for PR, CV, and EV. 
Symbols ( • , O» an<^ A) denote the Rd-values at the 
wavelength positions of A, B, and C at five different 
^-values. Each solid curve is a theoretical one which 
fits best to those observed points. The value of the 
angle 6 specifying each curve was determined by the 
method of Tanizaki. 

was examined at the positions of A, B, and C for PR, 
CV, and EV. The results are shown in Fig. 4, where 
the values of 6 were determined by the method of 
Tanizaki.4»6) T h e observed values of Rd appear to fall 
on the respective theoretical curves indicated by the 
angle 6 within experimental errors. As shown in Fig. 4, 
Tanizaki 's method is applicable for the molecules which 
give rise to a small dichroic ratio. All values of 0 for 
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PR, CV, and EV are given in Table 1. It should be 
noted that each 0 is determined relative to an arbitrary 
and unspecified axis in the molecular plane and, hence, 
that the angle 0 is only apparent . It is now clear that 
the values of 6 are not equal to, but always larger than, 
45° at the positions of A, B, and C, and that they differ 
from each other. These results are indeed strong and 
direct evidence that the apparent bands A, B, and C 
each contain not only the in-plane but also the out-of-
plane transitions. The presence of the out-of-plane 
polarized transition (s) in those wavelength positions 
will be shown below. 

The in-plane polarized transitions of the disk-like 
molecule can not be divided uniquely into the so-called 
y- and z-axis polarized components4) because of the 
flatness of the i?d-spectrum. However, the isotropic 
spectrum should be divided into the in-plane and the 
out-of-plane polarized absorption components, as car­
ried out by Yogev et al.b) In order to determine these 
absorption components, it is necessary to differentiate 
the out-of-plane polarized transition from the in-plane 
polarized one in the same overlapping wavelength region 
in the isotropic spectrum. For this purpose, Yogev et al. 
have attempted to determine the direction of the out-of-
plane transition moment by two angles of a and ß 
relative to two particular axes in the molecular plane.5) 
However, this determination of the direction is not well 
suited for the disk-like molecule of high symmetry, 
because the out-of-plane transition moment vector is 
generally distributed equally and evenly around the 
x-axis when the molecules are oriented unidirectionally. 
In order to find the in-plane and out-of-plane polarized 
transitions more convincingly, a new analysis of the 
linear dichroism for a disk-like molecule will be presented 
in the next section. 

Analysis of Linear Dichroism for Disk-like Molecules. 
As a representative disk-like molecule, CV is chosen for 
illustration of procedures. Since CV does not possess a 
defined axis of orientation lying in the molecular plane, 
it will orient itself in the stretched PVA film preferen­
tially with its plane parallel to the stretching direction. 
The definition of the molecular axes x, y, and z is shown 
in Fig. 3b, where a transition moment fjt of the 
molecule is directed along an arbitrary direction. The 
direction of the moment is measured with the angle C 
relative to the x-axis. According to this scheme, the 
reduced dichroism and the dichroic ratio (AA/A and 
Rd) for an assembly of like molecules are represented 
by Eqs. 4 and 5, respectively, by analogy with the case 
for the rod-like molecules:13) 

and 
^•^=i'-« 
R« = 

A„ ^ 2+2(3 cos2 £ - 1 ) 0 
A± 2 - ( 3 c o s 2 Ç - l ) 0 

(4) 

(5) 

where 0 is the orientation function14) and takes any 
value between 0 and —0.5 depending on the orienta-
bility of a particular kind of dye embedded in the PVA 
film. The detailed discussion will be given later.13) A 
very closely related orientation function has already 
been derived for the disk-shaped molecule in the study 
of electric dichroism.15) T h e function 0 may be 

connected to the degree of orientation, f ( 0 ^ / ^ l ) , 
of the assembly of dye molecules in such a way that 

f= —20. The value of f then represents a hypothetical 
fraction of the disk-like molecules having their planes 
in the direction of stretch at a given S. I t should be 
noted that, at the limiting stretch ratio (£—>°o)} 0 takes 
a value of —0.5 if the orientation is such that the y- or 
z-axis is parallel to the stretching direction, but it takes 
a value of 1 if the orientation is such that the x-axis is 
parallel to the stretching direction. (The latter is the 
case of a cylindrical molecule for which the x-axis is the 
longest.) Thus the general behavior of 0 for the disk-like 
molecule differs from that for the rod-like molecule.13) 

O n the basis of Eqs. 4 and 5, the analysis of the 
linear dichroism for the disk-like molecule will be shown 
below in order to differentiate the out-of-plane polarized 
transition from the in-plane polarized one. When 
dichroic absorption spectra are measured for a disk-like 
molecule, they should show that a transition moment 
with Ç=0° will preferentially absorb the light polarized 
perpendicularly to the direction of stretch. (In this case 
a negative linear dichroism should be observed.) If all 
molecules are oriented with their molecular plane per­
fectly parallel to the stretching direction (i.e., 0 = — 0.5 
o r j f = l ) , the reduced dichroism, AA/A, and the dichroic 
ratio, Rd, for the transition moment with Ç=0° would 
have the limiting values of —1.5 and 0 in Eqs. 4 and 5, 
respectively. If the molecules are partially oriented, the 
reduced dichroism and the dichroic ratio for the same 
transition moment would be a function of 0 or f only 
and may be obtained from Eqs. 4 and 5 by substituting 
£=0°: 

1 + 2 0 2 ( 1 - / ) 
d 1 - 0 2+f 

(6) 

(7) 

Since 0 varies between 0 and —0.5 ( / v a r i e s between 
0 and 1), -\.5<AAjA<f) and 0 ^ A d ^ l . O n the 
other hand , the reduced dichroism and the dichroic 
ratio due to a transition moment polarized in the mole­
cular plane may be given by substituting £ = 9 0 ° into 
Eqs. 4 and 5 : 

AA 3 
(8) 

R = 2 - 2 0 _ 4 + 2 / 
d 2 + 0 4 - / (9) 

In this special case, 0 < A ^ 4 / ^ 3 / 4 and \<Rd<2. 
Equations 7 and 9 are now reduced to the same expres­
sions which have been derived by Yogev et al. (Eqs. 2 
and 9 in Ref. 5). Thus , Eqs. 4 and 5 are more general 
and appropriate to the analysis of the dichroic spectra 
containing both the in-plane and out-of-plane polarized 
transitions. 

The dependence of AA/A or Rd on wavelength makes 
it possible to distinguish between the in-plane and the 
out-of-plane transitions of the disk-like molecule. If only 
the in-plane or the out-of-plane polarized transitions are 
present in the observed wavelength region, the wave­
length dependence of AA/A or Rd becomes flat through­
out the region concerned at a given value of S. The 
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absolute values of AA/A or Rd depend only on the 
degree of orientation, as indicated by Eqs. 6 and 7 for 
the out-of-plane transition or by Eqs. 8 and 9 for the 
in-plane transition. If both the in-plane and the out-
of-plane transitions are overlapped, the wavelength 
dependence is not constant any longer in a particular 
wavelength region, the former being located in the 
region with the large AA/A or i?d-value and the latter 
being located in the region with the small AA/A or 
i?d-value. This is because the values of AAjA and Rd 

of the out-of-plane transition should be smaller than 
those of the in-plane transition at a given value of S 
(for the details, see the next section). 

Reduced Spectra of PR, CV, and EV. The following 
analysis is based on the assumption that the dyes PR, 
CV, and E V in the PVA film can be treated as disk-like 
molecules oriented with their molecular planes parallel 
to the stretching direction (see Fig. 3b). Since the 
structure of those dyes belong to a D 3 h or C3 v point 
symmetry, the assumption is probably quite appropriate. 
Their absorption spectra then consist of the transitions 
which are allowed in the plane (yz-plane) perpendicular 
to the three-fold symmetry axis and possibly along 
the three-fold symmetry axis (x-axis), i.e., the out-of-
plane polarized transitions. The in-plane polarized 
transitions may lie along either the y- or z-axis. From 
the changes in each AAjA or i?d-curve of PR, CV, and 
E V (Figs. 2a—2c), the absorption band near the B 
position appears to be mainly composed of the in-plane 
transition because of the largest AAjA or i?d-value, 
whereas the absorption band near the A position appears 
to be composed of the intense in-plane and weak out-of-
plane transitions because of the smaller AAjA or Rd-
value. 

O n the basis of the apparent spectral features, the 
reduction procedure was applied to the dichroic absorp­
tion spectra of PR, CV, and E V measured at S= 3.7. 
The reduction factors dx and d in Eqs. 1 and 2 were 
sought out by means of the trial-and-error reduction 
search.8) The best values are given in Table 2, together 
with the values of the orientation factors Kx and K 
calculated from Eq. 3. The resultant reduced spectra 
of those dyes are shown in Figs. 5a—5c. As expected 
from the Rd data in Figs. 2a—2c, an out-of-plane 
polarized transition is clearly unmasked in the visible 
band at ca. 577 n m for PR, 608 n m for CV, and 613 n m 
for E V in each ^ - s p e c t r u m (solid curve). The in-plane 
polarized transitions, probably y- and z-axis polarized, 
are dominant in the visible region, as indicated by the 
(Ay+Az)-spectrum (dotted curve). 

The isotropic spectrum of each dye in the visible 
region may contain three different electronic transitions : 
two lie in the molecular plane (the Ay- or ^4z-compo-

TABLE 2. THE AVERAGE VALUES OF THE REDUCTION FACTORS 

(dx AND d) AND THE ORIENTATION FACTORS (KX 

AND K) OF PR , CV, AND E V AT S =3 . 7 

Dyes d=d„ Kv K=Ky=Kz 

PR 
CV 
EV 

0.48 
0.30 
0.38 

1.35 
1.54 
1.45 

0.194 
0.130 
0.160 

0.403 
0.435 
0.420 

T 1 1 J I 1 1 1 1 1 1 J 1 1 1 1 1 p 

(a) A 

PR 

• X3 

• X3 

_E 

i i r r" i — i -

EV 

L ^ 
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Wavelength/nm 

Fig. 5. The reduced (A7+Az)- and ^-spectra of PR, 
CV, and EV. The in-plane (yz-plane) and the out-
of-plane (x-axis) polarized absorbances (arbitrary 
units) are shown by the dotted and the solid curves, 
respectively. 

nent near the B position and the Az- or ^ - c o m p o n e n t 
near the A position) and one lies out of the molecular 
plane (the ^ - c o m p o n e n t near the A position). The 
present analysis for CV is in good agreement with the 
qualitative interpretation proposed by Tanizaki6) and 
Norden.2»7) Hidden in the isotropic spectrum in the 
visible region, the out-of-plane polarized transition is 
responsible for the decrease in the Z?d-values near the 
principal band at A position (Figs. 2a—2c). The weak 
isotropic band in the 340—420 n m region mostly consists 
of the in-plane transitions, while the bands in the 220— 
340 n m region contain both the out-of-plane and intense 
in-plane transitions (see Fig. 5). Thus , the isotropic 
spectra of the highly symmetric triphenylmethane dyes 
such as P R , CV, and E V could now be resolved into 
their in-plane and out-of-plane components by the 
reduction procedure. T h e presence of the out-of-plane 
component may give a key for elucidating the configu­
ration of triphenylmethane dyes16) and, consequently, 
the metachromatic changes caused by interaction with 
various polyelectrolytes and biopolymers.11'17»18) 

If tr iphenylmethane has a triangular and planar con­
figuration with three benzene rings toward the corners 
(D 3 h point symmetry), the resolved out-of-plane compo­
nent may have to be attr ibuted to n-7c* transitions. 
However, the presence of numbers of n-7c* transitions 
is unrealistic in the visible and near U V regions. 
The structure of the triphenylmethane skelton is proba­
bly distorted in such a way that the central carbon-
phenyl ring bonds either form a pyramidal structure 
(C3 v point symmetry), remain co-planar with three 
phenyl rings being tilted (D3 point symmetry), or 
a pyramidal structure with the tilted rings (C3 point 
symmetry). In order to discuss the configuration of 
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the triphenylmethane dyes more in detail, a complete 
assignment of each absorption band may be necessary 
by taking into account both the in-plane and out-of-
plane polarized transitions. Nevertheless, the optical 
properties now available for biologically important tri­
phenylmethane dyes will facilitate the structural studies 
of the complexes between biopolymers and these 
dyes.1,2,18-20) 

Conc lus ions 

Since the Rd-values of tr iphenylmethane dyes PR , 
CV, and EV were not large as compared with those of 
acridine dyes,4) the values of the transition moment 
angles 6 at the absorption band centers of each dye 
could be evaluated by the method of Tanizaki.6) How­
ever, these values give rise to only the apparent angles 
for disk-like triphenylmethane dyes. The orientation of 
those highly symmetric dyes originates from a mecha­
nism which differs from that of acridine dyes. T o 
evaluate the reduced spectra of the disk-like molecule, 
a new analysis of the linear dichroism was presented 
(Eqs. 4 and 5). In this analysis the transition moment 
angle is measured relative to the x-axis, which is perpen­
dicular to the molecular plane. This method differs 
from the one proposed by Yogev et A/.5) The major 
findings in this work are as follows : ( 1 ) In the isotropic 
spectra of PR, CV, and EV, both the out-of-plane and 
in-plane polarized electronic transitions are present and 
overlap each other in the U V and visible regions. In 
particular, the intense visible band is a composite of one 
out-of-plane and two in-plane transitions. (2) The 
behavior of the orientation function 0 for the disk-like 
molecule can be related to the degree of orientation / 
byf=—20, which differs from the relation f=0 for the 
rod-like molecule. 

The authors wish to thank Mrs . Mayumi Masujima 
for the purification of PR. 
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Determination of the thermodynamic quantities of the self-association of 6-methylpurine in water(l)-l,4-
dioxane(2) (#2=0—0.36) mixed solvent has been made from heat of dilution measurements in various organic 
contents, at 25 °G. It was confirmed experimentally that the dissociation process of associating purine bases in 
solution is very fast by dilution. It was characteristic of this solvent system that the standard enthalpy and entropy 
changes, AH° and AS°, of the association exhibited an abrupt behavior. These values decrease remarkably with 
1,4-dioxane content up to a water-rich solvent composition below #2=0.012. After that, they approach their 
relatively high values for the pure organic component, at first with a steep slope, later more gradually. This 
behavior is related to the structural changes of the solvent in an extremely sensitive way. In the case of water(1)-
methanol(2) (x2<^0A9) mixed solvent system which has been investigated for comparison with the above system, 
minimum values of the same kind were found in the vicinity of #2=0.12, at 25 °G. 

There have been a number of studies of the self-asso­
ciation of purine bases in aqueous solution. So far, 
however, there appears to be little work1 - 4) with empha­
sis on the solvent effects in various aqueous media. T o 
obtain the relationships between the thermodynamic 
quantities of the association and the solvent characters 
or effects, the quantities of 6-methylpurine in water -
1,4-dioxane solvent system were evaluated from directly 
measured integral heats of dilution and were investi­
gated in relation to solvent composition. As the result, 
a characteristic behavior was found as a function of di-
oxane content in this system and is discussed in terms 
of the solvent characters. 

E x p e r i m e n t a l 

Materials. 6-Methylpurine from Sigma Chemical Go. 
(product No. M6502) was vacuum dried over P 2 0 5 for about 
48 h before use. The infrared spectrum of this sample agreed 
with the reported one.5> The other purine derivatives, purine 
(No. P6880) and purine-riboside (No. P7005), were from the 
same source and they were subjected to the same drying and 
identification. Solvent water was obtained by distilling ion-
exchange water from an alkaline potassium permanganate 
solution. 1,4-Dioxane and methanol were spectro-grade rea­
gents of Wako Junyaku Go. Trace amounts of water remain­
ing in them were removed by fractional distillation before use. 

Heat of Dilution. The heat of dilution was measured 
at 25 °G by using a 8721-1 solution calorimeter of the precision 
calorimetry system (LKB produkter AB). At the temperature, 
the enthalpy of solution of tris(hydroxymethyl)-aminomethane 

(NBS, 724a sample) in 0.100 M HCl was found to be -29.7704 
±0.0264 kj/mol; this agrees well with the reported values.6) 
By this calibration, it was confirmed that this calorimeter was 
operating normally. In measuring the heat of dilution of each 
purine derivative solution, about 1 cm3 of sample solution was 
diluted in about 100 cm3 solvent with stirring at 500 r.p.m. 
Integral heats of dilution AHm to zero concentration were 
obtained by normalizing the heats of dilution Ahj^ to finite 
dilution, where Ah is the actually observed heat and n{ is the 
number of moles in the initial solution. Assuming that the 
value AA/^i at low concentrations would decrease linearly, it 
is regarded that the corrected heat of dilution to zero concen­
tration added to the Ahjn^ value is equal to the AHm value. 
The calorimetric result in a typical system is shown in Table 1. 
Here, in the highest dilution process No. 7, the heat of dilution 
from m{=0.000367 to zero concentration was obtained by 
extrapolating the two Ah/nt values at m i=0.03977 and 0.000367 
to zero concentration; all the AHm values in this series were 
calculated on the basis of this corrected value, where m is 
molarity (mol/kg solvent) and suffixes i and f are for the initial 
and final situations. The heats of solution were measured at 
25 °G by means of the same calorimeter and the values at 
infinite dilution were determined according to the same 
procedure. 

R e s u l t s 

It should be noted, at first, that the dissociation 
process of associating purine bases in solution is very 
fast by dilution. I t is therefore suitable to measure the 
dissociation enthalpy by using this calorimeter with a 

TABLE 1. AN EXAMPLE OF VALUES OF THE HEAT OF DILUTION OF 6-METHYLPURINE IN 

WATER-1,4-DIOXANE ( 6 . 166 m o l k g " 1 ) MIXED SOLVENT AT 2 5 °G 

No. 

1 
2 
3 
4 
5 
6 
7 

Weight of solution 
g 

0.93085 
0.48915 
0.97957 
0.95154 
0.93990 
0.84212 
0.96375 

m r 10 
mol kg - 1 

6.6769 
5.4221 
4.2733 
3.1753 
1.6280 
0.7081 
0.3977 

m r 10 3 

mol kg-1 

5.704 
2.408 
3.820 
2.794 
1.444 

0.570 
0.367 

Ah 

J 
3.0449 
1.1786 
1.6293 
0.99942 

0.35819 

0.1142! 
0.0704! 

Ahln{ 

kj mol-1 

5.2661 
4.6012 
4.0120 
3.3073 
2.1184 
1.2398 
0.7723 

AHœ 

kj mol-1 

5.3115 
4.6217 
4.0482 
3.3367 
2.1374 
1.2499 
0.7795 
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Fig. 1. Examples of thermistor resistance-time curves of 
dilution process, 55Q/K (=AR/AT) at 25 °G. 
A : 6-Methylpurine in water-l,4-dioxane, B : 2-Pyridinol 
in 1,4-dioxane. 

constant environment temperature. An example of the 
measured thermistor resistance of the dilution process 
for the 1,4-dioxane aqueous solution of 6-methylpurine 
against time is shown in Fig. 1 as curve A; the fast 
dissociation rate can be recognized from this curve. 

mj/mol kg - 1 

Fig. 2. Concentration dependence of the integral heats 
of dilution, at 25 °G. 
Molarity of organic component (mol/kg water) in 
aqueous solvent: for 6-methylpurine solute systems; 
1,4-dioxane aqueous, (a) 0, (b) 0.6400, (c) 2.761, (d) 
6.166, (e) 19.58; methanol aqueous, (f) 1.423, (g) 5.359, 
(h) 10.67; for purine solute systems; 1,4-dioxane aque­
ous, (i) 0, (j) 0.6400; for purine-riboside solute systems; 
1,4-dioxane aqueous, (k) 0, (1) 0.6400. 

In the same figure, another example is shown: this is 
the dilution curve (B) of 2-pyridinol in 1,4-dioxane 
solvent, which can be ascribed to the association forming 
of the hydrogen-bonded dimers.7) This may be com­
pared with the above 6-methylpurine solution system. 
Curve B appears to reflect two thermal effects, which 
consist of exothermic dilution and endothermic dissocia­
tion enthalpies, and to have a time lag. The 
dissociation process of associating purine bases in organic 
aqueous solution by dilution was shown to be monoto­
nous and very fast in this study. 

In Fig. 2, the A//« data in this work are all plotted 
against initial solute molarity m\ of solution. All the 
values are endothermic and gradually decrease with the 
ratio of organic component in mixed solvent, and all 
the curves intersect at the point zero. Curves k and 1 
of solute purine-riboside have lower AHm values, as 
compared with curves i and j of solute purine. This is 
probably an effect of steric hindrance from the associa­
tion due to the large ribosil groups, as has been suggested 
by Marenchic and Sturtevant.3) 

Ts'o and Chan8) have shown that 6-methylpurine is 
uncharged and that the equilibrium between various 
associated species in water can be characterized by a 
single equilibrium constant. Furthermore, the associa­
tion of this monomeric solute has been supposed to 
proceed to an indefinite degree.8 '9) For an ideal self-
association process, the AHm values per mol of solute 
monomer would follow Eq. 1, as Stoesser and Gill have 
shown.9) The data in Fig. 2 were all fitted 

AHm = - A / / ° + (-AH°/iC)1/2(AH00/m1)1/2 (1) 

in Fig. 3 according to this equation, where K is the 
equilibrium constant, and AH° the standard enthalpy 
change of association. As shown by the straight lines 

o 

(AHJmJ1/2/ kp/2 mol"1/» molal"1/* 

Fig. 3. Integral heat of dilution AH„ plotted against 
(AH^/m^2, according to Eq. 1. All symbols are 
referred to Fig. 1. 
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TABLE 2. EVALUATED THERMODYNAMIC QUANTITIES OF THE SELF-ASSOCIATION OF 

6-METHYLPURINE IN WATER-1,4-DIOXANE AND -METHANOL SOLVENTS, AT 2 5 ° G 

Organic componenl 

mol kg - 1 

0 
0 
0 

[1,4-Dioxane] 
0.6400 
2.761 
6.166 

19.58 
[Methanol] 

1.423 
5.359 

10.67 

: in solvent 

* 2
a > 

0 
0 
0 

0.0115 
0.0497 
0.1111 
0.3527 

0.0256 
0.0965 
0.1922 

K 
mol - 1 

8.55±0.81 
(8.6 ±1 .1 ) 
(7.75±1.6) 

4 .42±1.00 
2 .27±0.27 
1.74±0.14 
0 .42±0.24 

3.12±0.12 
1.09±0.15 
1.05±0.13 

-AG° 
kjmol- 1 

5.31±0.21 
(5.36±0.42) 
(5.06±0.29) 

3.68±0.50 
1.72±0.04 
1.38±0.20 
2 .30±1.26 

2 .76±0.04 
0 .21±0.33 
0.08±0.42 

-AH° 
kj mol-1 

23 .6±0 .6 
(23.4±0.8) 
(23.3±0.2) 

26 .1±1 .7 
16.8±1.1 
12 .3±0.6 
10 .4±2.9 

30 .3±0 .3 
41 .5±1 .7 
4 0 .8 ±1 .4 

-AS° 
J deg-1 mol -1 

61. 1±1 -3 
(60.7±2.9)9> 
(61.1 ±0.4)3) 

75 .3±2 .9 
50 .6±3 .8 
36 .8±1 .7 
27.2±13.8 

92 .5±1 .3 
139 ± 7 
136 ± 6 

a) Mole fraction of organic component. 

TABLE 3. EVALUATED THERMODYNAMIC QUANTITIES OF THE SELF-ASSOCIATION OF 

PURINE DERIVATIVES IN WATER-1,4-DIOXANE SOLVENTS, AT 2 5 ° G 

Organic component 

mol kg - 1 

[Purine] 
0 
0.6400 

[Purine-Riboside] 
0 
0.6400 

in solvent 

* 2
a > 

0 
0.0115 

0 
0.0115 

[6-Dimethylaminopurine] 3> 
0 
0.64 

0 
0.012 

K 
mol - 1 

1.28±0.11 
1.04±0.13 

1.60±0.31 
1.05±0.12 

61 .7±1 .0 
26 .3±0.03 

-AG° 
kj mol-1 

0.63±0.21 
0 .08±0.29 

1.17±0.42 
0 .13±0.25 

10.2±0.04 
8.08±0.04 

-AH° 
kj mol-1 

19.5±0.42 
20.4±0.62 

13.9±0.6 
16 .6±0.5 

38.1±0.42 
39.3±0.42 

-AS° 
J deg - 1 mol -1 

47.7±16.7 
65 .3± 1.1 

42 .7± 0.6 
55 .2± 0.8 

94 .1± 1.3 
105 ± 0.8 

a) Mole fraction of organic component. 

in Fig. 3, the AHm values determined for all systems in 
this study satisfy the equation under the assumption of 
the ideal process. Values of K and AH° were obtained 
from Eq. 1, and values of s tandard free energy change 
AG° and of entropy change AS° of association which 
were derived from these are shown in Tables 2 and 3 
with the values for a few reported systems. These 
values in 6-methylpurine-water system in Table 2 agree 
well with the reported values determined by flow calo-
rimetry3 '9) and the results in purine and purine-riboside-
water systems in Table 3 agree approximately with 
reported values10-13) determined by other methods, 
although the concentration ranges were slightly different. 

D i s c u s s i o n 

All the integral heats of dilution were in good 
agreement with ideal solution behavior, as is evident 
from Fig. 3. However, this result contains two problems, 
at least. One of them is the concentration range. I t 
is better to measure the heat of dilution at very low 
concentrations9) where more ideal solution behavior 
always occurs and dimerization becomes predominant . 
However, this could not be done here because it was 
difficult to obtain the heat of dilution at very low 

concentrations in this mixed solvent system. The other 
problem is the heat effect, which is the heat of dilution 
of solute species in each solvent. However ,as shown 
earlier,14 '15) the heat effect in this study can be taken 
to be insignificant compared with the experimental AH„ 
values. From Eq. 9 in Ref. 16, this effect is sufficiently 
less than 1 % of each AHm value even if the enthalpy 
parameter XHJ for example, equals 2, which is quite 
large for a solute-solvent system which does not have 
particular interactions. This discussion will be done, 
therefore, on the basis of the thermodynamic quantities 
in Tables 2 and 3 ; we wish to focus attention on their 
solvent composition dependence. 

Thermodynamic quantities evaluated in this study are 
shown in Fig. 4, including the values reported in refer­
ences, as a function of solvent composition. The higher 
organic component systems were impossible to measure 
due to their solubilities. O u r result, which covers a more 
extensive organic composition range in aqueous solvent, 
therefore helps to clarify the solvent effects of the asso­
ciation. In Fig. 4, thermodynamic values of the associa­
tion in the same solvent system vary with the kinds of 
purine derivatives. The absolute values of 6-methyl-
purine are smaller than those of the other purine deriva­
tives in the figure, e.g. 6-dimethylaminopurine, and they 
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Mole fraction of organic component : 

for methanol 

0 0.05 0.1 0.2 0.3 0.4 0.5 

0.05 0.1 

for 1,4-dioxane 

0.2 0.4 
1 1 T 

20 40 60 

Organic component/vol % 

Fig. 4. Evaluated thermodynamic quantities of associa­
tion plotted against organic component in aqueous 
solvent: (~0~) 6-methylpurine in 1,4-dioxane-, (--#--) 
6-methylpurine in methanol-, (--•--) actinomycin-de-
oxyguanosine in methanol-2), and (-A ") 6-dimethyl-
aminopurine in acetonitrile-water3) systems. 

are larger than those of purine in Table 3. These 
decreased and increased associations, as described by 
Marenchic and Sturtevant,3) can be attr ibuted mainly 
to the decreased and increased polarizabilities of the 
^-electron system16) of these purine derivatives. Some 
part of the increasing and decreasing associations with 
variety of solvent system is presumed to be attr ibuted to 
hydrophobic interactions,17) which supposedly promote 
the stacking reactions of purine bases in aqueous solu­
tions. Quantitative details of these phenomena must be 
left for a future study, which will compare the theoretical 
aspects18"20) and the needed experimental quantities. 

Recently, Leifer et al.*) have studied aqueous purine 
solutions in the absence and presence of NaCl by vapor-
pressure osmometry and high-resolution proton-magnet­
ic-resonance spectroscopy. They have found that there 
is a sharp decrease in purine stacking at temperatures 
above 42 °C in the presence of N a C l ; this salt-induced 
destacking of purine is consistent with the salt-induced 
breaking of the structure of solvent bulk water at the 
higher temperatures. This phenomenon is suggestive of 
biological systems and it must be emphasized that the 
solvent structure plays an important role in the associa­
tion behavior. From our result, such a characteristic 
behavior is disclosed in the water-1,4-dioxane system. 
The values of AH° and AS° decrease remarkably with 
1,4-dioxane content in the aqueous solvent until a water-

rich binary solvent composition is reached. After the 
decrease, the values increase steeply, then approach 
gradually to their relatively high values, i.e., low negative 
values, for pure dioxane. This tendency resembles the 
tendency of heat effects which occur from the solute-
solvent interactions due to adding a third component to 
aqueous binary solvents,21-24) although the decreasing 
and increasing tendencies of this study are of course 
opposite to the latter. 

o 

S8 

Fig. 5. Heats of solution AH™ in purine derivatives-
aqueous solvent systems, at 25 °G, plotted against mole 
fraction x of organic component in aqueous solvent: 
(1) 6-methylpurine-1,4-dioxane-, (2)-methanol-, (3)-
acetonitrile- and (4) 6-dimethylaminopurine-acetoni-
trile-aqueous solvent systems. 

The heats of solution, i.e., heats of mixing AH™ at 
infinite dilution, of 6-methylpurine and 6-dimethylami-
nopurine in water or in some water-organic component 
solvents have thus been measured at the same tempera­
ture to determine the solvation effects on the AH° 
behavior. The results are shown in Fig. 5 as a function 
of mole fraction x of organic component in aqueous 
solvent. One can recognize the abrupt behavior similar 
to that of AH°. Values of AH™ do not agree, of course, 
with those of AH° even if their absolute values are 
compared. Fig. 6 shows a comparison of AH° with 
—AHM in 6-methylpurine-1,4-dioxane aqueous solvent 
system. The heats of solution AH™ would be more 
subjected to effects of solvation than the AH° because 
of the surface dimensions of the solute molecule. In the 
case of AHM

y the solvation would be done all over the 
molecular surface including the hydrophilic part of 
solute, which is outside of the hydrophobic part which 
participates in the self-association. The difference 
between AH° and — AH™, consequently, indicates the 
contribution to the interaction energy of the hydrophilic 
part of solute. Some problems, for example, with the 
cavity term, the entropy term, and the relaxation term 
of association in the theoretical treatments18 '20) can be 
eliminated by this comparison between the two values, 
AH° and AHM. In Fig. 6, the difference between two 
curves appears to change the contribution from exother-
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mic in water or water-rich binary solvent to endothermic 
in the higher organic contents. Therefore, the depend­
ence of AH° on solvent composition is more remarkable 
than that of AHM. For the dissociation process of a 
third component, the maxima of enthalpy and entropy 
changes in water-rich binary solvents occur in the posi­
tion of maximum structuredness of the solvent and, at 
this position, the interactions with solvent or the solva­
tions of solvent molecules are minimized as a result of 
the solvent structure. The data of heat of mixing show 
that addition of 1,4-dioxane25> or methanol26) to pure 
water causes at first an increase in the solvent struc­
turedness. The AH° and TAS° curves in 1,4-dioxane, 
or methanol aqueous solution systems in Fig. 4, may be 
closely related to such variation of solvent structures. 

H 

3 -io 

ft 
<l -20 
o 

< V 
1 ! 

JH° J 

O-

i. i__ ; 

0.1 0.2 

x 

0.3 0.4 

Fig. 6. Comparison of AH° with — AH™ in 6-methyl-
purine-1,4-dioxane aqueous solvent system, at 25 °G. 

The heats of vaporization of purine derivatives have 
been reported to be about 80—130 kJ/mol.27> Tha t of 
6-methylpurine has not yet been made clear, but the 
association heat of 6-methylpurine in gas phase will 
probably exhibit a similarly large negative value. From 
the trends shown in Figs. 5 and 6, it is assumed in this 
6-methylpurine aqueous solution that the contributions 
of solvation or de-solvation due to hydrophobic interac­
tions are strongly connected with the AH° values. T h e 
AH° behavior with organic component seems to be more 
influenced by the behavior of the other contributions, 
which reflect the variation of solvent structure. I t could 
be considered that the characteristic behavior of AH° 
and AS° with the organic content generally come from 
the nature or the structure of the bulk solvent itself. 
The effects of solvent atmosphere, and especially the 
effects of the variation of solvent structures on the asso­
ciation, would considerably affect both AH° and AS° 
behaviors. 

From Tables 2 and 3, a characteristic feature is 
recognized for purine and three purine derivatives: 
6-methylpurine, 6-dimethylaminopurine, and pur ine-
riboside, in water and 0.64 mol k g - 1 1,4-dioxane-water 
systems. Although the hydrophobic strength of the 
purine rings is considered to be different for each purine 
derivative, the thermodynamic values of association AH° 
and AS° in both solvent systems were almost identical, 
irrespective of the sort of purine derivatives. I n all four 
systems, the entropy changes in aqueous solution of 0.64 
mol k g - 1 of 1,4-dioxane snowed a decrease of about 12 
to 17 J /deg mol, and the enthalpy changes showed a 

decrease of about 2.5 kj/mol, in comparison with the 
ones of the system in pure water. These significant 
differences may be ascribed to the solvation changes of 
purine rings, and to the variation of bulk solvent struc­
tures around the dissolved purine derivative solutes. 
As a result, a characteristic abrupt change in thermo­
dynamic quantities was found to be expressible as a 
function of 1,4-dioxane content in this solution system. 

The author wishes to thank Mr . Yoshio Tani of 
Professor Masao Nakamura 's Laboratory of Tokai 
University for his experimental help. 
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The decomposition of 1-methyl-1-phenylethyl hydroperoxide and £-butyl hydroperoxide with Mn(II)(acac)2 

and the autoxidation of cumene with Mn(II)(acac)2, Mn(III)(acac)3, and M n C 0 3 have been studied at 323 K. 
In the decomposition of the hydroperoxides with Mn(II)(acac)2, the peroxyl radicals are observed only when the 
initial ratio of hydroperoxide to catalyst amount exceeds a certain value. The critical phenomenon is observed 
in the oxidation of cumene with Mn(II)(acac)2 and also with MnC0 3 . A scheme for the cause of the critical 
phenomena has been proposed. 

I t has been reported that, in the liquid phase oxidation 
of hydrocarbons with metal oxides, there is a critical 
amount of catalyst above which the reaction does not 
proceed.1-10) A similar critical phnomenon was observed 
in the autoxidation with homogeneous catalysts.11»12) 
Decrease of the oxidation rate at a high catalyst amount 
indicates that the solid acts as an inhibitor rather than 
as a catalyst. However, causes for the same substance 
having dual functions, i.e. it accelerates the oxidation 
rate at lower catalyst amount and inhibits the reaction 
at higher catalyst amount , and for the change from 
catalysis to inhibition occurring abruptly, have not been 
clarified. 

As regards catalysis, it is accepted that the decom­
position of the hydroperoxide on solid surface produces 
free radicals, which in turn, propagate the chain reac­
tions in liquid phase.1-10) 

Interaction of hydroperoxide with surfaces also seems 
to cause the critical phenomena. Thus , a critical catalyst 
amount has been reported to depend on the initial 
concentration of the hydroperoxide.1»3 '7) Mukherjee 
and Graydon1) found that there is a critical hydroper­
oxide to catalyst ratio, below which no reaction takes 
place in the oxidation of tetraline with M n 2 0 3 . They 
assumed that there are two distinct sites on the catalyst, 
one preferentially adsorbing the hydroperoxide and the 
other taking part in the production of free radicals. 
When the amount of hydroperoxide is small, no reaction 
takes place, since all of it is consumed to saturate the 
inactive sites which do not contribute to radical forma­
tion. 

The inhibiting action of the surface might depend 
also on the oxidation state of the metal cations. Manga­
nese-catalyzed autoxidation was observed to start when 
Mn( I I ) was converted into Mn(III ) . 1 3 ) Inhibition of 
autoxidations by transition metals in low oxidation 
states such as Co(II) or M n ( I I ) was reported.n '1 4~1 6) 
In cyclohexene oxidation with manganous heptanoate, 
Chalk and Smith17) observed long induction periods, 
which do not terminate until sufficient hydroperoxide is 
formed to convert nearly all the manganous manganese 
into manganic state. The reaction of metal cations with 
peroxyl radicals has been postulated as one of the 
termination reactions also in the autoxidation with metal 
oxides.7»10) 

In the present work, we have found a critical 

phenomenon in the decomposition of hydroperoxides 
with bis (acetylacetonato) manganese (I I ) , M n ( I I ) (acac)2 , 
and also in the oxidation of cumene with M n ( I I ) (acac)2 . 
No such phenomenon is observed in the oxidation with 
tris (acetylacetonato) manganese ( I I I ) , M n (III) (acac)3, 
indicating the importance of the oxidation state of the 
cations for critical phenomena. The critical phenome­
non in the oxidation and that in the hydroperoxide 
decomposition are closely related. A scheme for the 
cause of the critical phenomena is proposed. The 
critical phenomenon in the oxidation of cumene with 
M n C 0 3 is also mentioned. 

E x p e r i m e n t a l 

Materials. Commercial cumene (reagent grade) was 
distilled and percolated through an activated alumina column 
three times prior to use in order to remove any trace of hydro­
peroxide. /-Butyl hydroperoxide and 1 -methyl- 1-phenylethyl-
hydroperoxide(Nakarai Chem. Ltd.), were purified by vacuum 
distillation. Commercial Mn(II) (acac)2, Mn(III) (acac)3, and 
M n C 0 3 were used. 

Apparatus and Procedure. The apparatus has been 
described in detail.18-20) Carbon tetrachloride was used as a 
solvent, since it is an inert solvent in autoxidation or hydro­
peroxide decomposition.16-19) For example, the decay rate of 
1-methyl-1-phenylethylperoxyl radical in CC14 was the same 
as that in cumene.21) Measurements of the peroxyl radical 
concentration during the course of decomposition of hydroper­
oxide were performed as follows. The solvent (CC14 70 cm3) 
and the catalyst (Mn(II)(acac)2) were stirred in a flask and 
the part of the solution with the colloidal catalyst was circu­
lated with use of a roller pump through the ESR cavity. The 
reaction was started by the addition of hydroperoxide (20— 
123 \L\). ESR intensity of the peroxyl radicals was monitored 
with time by use of a JEOL-X-band spectrometer (JEOL-PE-
IX) with 100 kHz magnetic modulation. The radical concen­
tration was determined using l,l-diphenyl-2-picrylhydrazyl in 
benzene as a reference. 

The rates of oxygen absorption during the course of autoxi­
dation of cumene with Mn(II)(acac)2, Mn(III)(acac)3, and 
M n C 0 3 were measured with a gas burette or a gasometer. 
The radical concentration during the course of oxidation was 
determined in the same manner as above. 

R e s u l t s 

Critical Phenomena in the Decomposition of Hydroperoxides 
by Mn(H)(acac)2. The ESR spectrum of the 
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1 -methyl-1-phenylethyl-peroxyl radica l (R0 2 - , g = 2 . 0 1 5 
±0.0002) or the *-butylperoxyl (B02- , £ = 2 . 0 1 4 4 ^ 
0.0002) was observed, when an amount of 1-methyl -
1-phenylethyl hydroperoxide ( R O O H ) or £-butyl hydro­
peroxide (BOOH) exceeding a certain value was added 
to 70 cm3 of CC14 solution containing 0.2 g of M n ( I I ) -
(acac)2, indicating the decomposition of hydroperoxide. 
The radical concentration increased markedly with 
reaction time, reaching a maximum, then decreasing. 
Typical examples are shown in Fig. 1. 

The maximum concentration of the peroxyl radicals, 
[ R 0 2 

*]max3 a r e plotted against the initial concentration 
of the hydroperoxides in Fig. 2. For concentrations of 

Ti me / min 

Fig. 1. Concentration of peroxyl radicals during the 
decomposition of £-butyl hydroperoxide and cumene 
hydroperoxide with Mn(II)(ffcac)2 at 323 K plotted 
against reaction time; Mn(II)(acac)2 2.86 g l - 1 , A 
[BOOH] 4.47 x 10-3 M, # [ B O O H ] 7.83 x 10"3 M, O 
[ROOH] 8.18xlO- 3M. 

(ROOH) / 10 M 

Fig. 2. Maximum concentration of peroxyl radicals 
during the decomposition of /-butyl hydroperoxide 
and cumene hydroperoxide with Mn(II)(acac)2 at 
323 K plotted against initial hydroperoxide concentra­
tion; Mn(II)(acac)22.86gl"1,solvent GG14, # BOOH, 
O ROOH. 
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Fig. 3. Cumulative amount of oxygen absorbed and the 
concentration of cumylperoxyl radical during the aut-
oxidation of cumene with Mn(II)(acac)2 at 323 K 
plotted against reaction time; Mn(II)(acac)2 1.54 g l - 1 , 
cumene 65 cm3; Initial ROOH concentration is zero, 
10 1 of ROOH was added at 12 min ( j ) and another 
10 1 of ROOH was added at 19 min ( J ). 

the hydroperoxides lower than 4.0 X 10 - 3 M , no peroxyl 
radicals were observed. By a slight increase of hydroper­
oxide concentration above 4 . 0 x l O - 3 M , the peroxyl 
radicals were observed, the maximum radical concen­
tration increasing linearly with an increase in initial 
hydroperoxide concentration. I t is evident that critical 
phenomenon exists in the decomposition of hydroper­
oxides. The critical concentration of the hydroperoxides 
is the same (4.0 x 10"3 M) for R O O H and B O O H , the 
critical ratio of hydroperoxide to Mn(I I ) (acac) 2 amount 
being 1.4 x 10~3 mol /g-Mn(II)(acac) 2 . 

Critical Phenomena in the Autoxidation of Cumene with 
Mn(II)(acac)2. In order to see whether the critical 
phenomenon is also observed in autoxidation with Mn-
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Fig. 
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4. Rate of oxygen absorption during the autoxida­
tion of cumene with Mn(II)(acac)2 at 323 K plotted 
against initial hydroperoxide concentration; Mn(II)-
(acac)8; Q 10.34 g l-i , # 20.7 g l-i . 
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(II)(acac)2 , the autoxidation of cumene with M n ( I I ) -
(acac)2 was studied at 323 K. As shown in Fig. 3, no 
peroxyl radicals were observed when no hydroperoxide 
was added, though a slow oxygen uptake was observed. 
Addition of 10 (jil of R O O H caused no change in the 
situation. However, when another 10 (jil of R O O H was 
added, peroxyl radicals were observed, the radical con­
centration and rate of oxygen absorption increasing 
markedly with time to reach a steady concentration and 
a steady rate, respectively. 

Figure 4 shows the steady rate of oxygen absorption 
as a function of the initial hydroperoxide concentration. 
The rate of oxygen absorption is almost zero when the 
initial hydroperoxide concentrations are lower than 1.6 
X 10-2 M and 3.1 X 10~2 M for 10.3 and 20.7 g 1"1 of 
[Mn(II) (acac) 2 ] , respectively. A slight increase in 
hydroperoxide concentration in excess of these values 
causes an abrupt increase in the oxidation rate, which 
does not change significantly by further increase in the 
hydroperoxide concentration (Fig. 4). The critical ratio 
of hydroperoxide to catalyst amount is 1 . 5 x l 0 - 3 m o l / 
g-Mn(II)(acac) 2 . 

It should be noted that the critical hydroperoxide 
concentration is doubled by doubling the amount of the 
catalyst, indicating that the parameter determining criti­
cal phenomenon is not hydroperoxide concentration but 
the ratio of the concentration to the catalyst amount , in 
agreement with the results of Mukherjee and Graydon,1) 
and Neuberg et a/.3) This was confirmed also by exam­
ining the effect of catalyst amount on the rate of 
oxidation and on the concentration of peroxyl radical 
at a constant hydroperoxide concentration (1.56 X 10~2 

M). The maximum rate of oxygen absorption and the 
maximum concentration of the peroxyl radical are 
plotted against the catalyst amount in Fig. 5. The 
rate of oxygen absorption increases with increases in 
the catalyst amount , reaching a constant value, and 

decreasing drastically above 12.1 g 1 _ 1 of M n ( I I ) -
(acac)2 . The critical ratio of hydroperoxide to cata­
lyst amount is 1.3 X 10~3 mol/g-Mn(II)(acac) 2 5 which is 
very close to that given in Fig. 4. 

I t should be noted that the critical ratio of hydroper­
oxide to catalyst ( 1.3— 1.5 X 10~3 mol/g) in cumene 
autoxidation with Mn( I I ) ( acac ) 2 is the same as that in 
the decomposition of hydroperoxides with the same 
catalyst (1 .4x 10~3 mol/g). 

As shown in Fig. 5, the rate of oxygen absorption and 
radical concentration behave in exactly the same 
manner , viz., the rate of oxygen absorption is propor­
tional to the concentration of peroxyl radical. This 
indicates that oxygen is absorbed mainly by the elemen­
tary reactions, R - + 0 2 - ^ R 0 2 - , and R 0 2 - + R H ~ ^ 
R O O H + R . . 

Autoxidation of Cumene with Mn(III)(acac)z. In 
order to find the effect of the oxidation state of manga­
nese cation, the oxidation of cumene was studied with 
Mn( I I I ) ( acac ) 3 . T h e concentration of the peroxyl 
radical and the rate of oxygen absorption were measured 
simultaneously at 323 K . In the oxidation with Mn-
(III)(acac) 3 , the reaction proceeds even when the initial 
hydroperoxide concentration is much lower than the 
critical concentration in the oxidation with M n ( I I ) -
(acac)2 . Figure 6 shows typical examples of the change 
in the rate of oxygen absorption and the peroxyl radical 
concentration with reaction time. When 4 \x\ of R O O H 
was added to 70 cm3 of CG14 solution containing 0.60 g 
of Mn( I I I ) ( acac ) 3 , the peroxyl radical and the absorp­
tion of oxygen were observed after standing for 30 min. 
The hydroperoxide formed after prolonged standing 
might cause the reaction to proceed. When 150 (jil of 
R O O H was added, the reaction proceeded immediately. 
In the case of Mn(I I ) (acac ) 2 , the reaction does not 
proceed when the initial ratio of hydroperoxide to 
catalyst amount is less than 1.5 X 10~3 mol /g-Mn(I I ) -

-1 0 1 

!og((Mn(II)(acac)2]/gfi) 

Fig. 5. The rate of oxygen absorption and the concen­
tration of cumylperoxyl radical as a function of the 
catalyst weight to liquid volume ratio in the autoxida­
tion of cumene with Mn(II)(acac)2 at 323 K; ROOH 
1.56X 10-2 M, # [R0 2 - ] , O -d[0 2 ] /d*. 

o 

J 
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— r — 
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Fig. 6. Change in the rate of oxygen absorption and the 
concentration of cumylperoxyl radical with time in the 
autoxidation of cumene with Mn(III)(acac)3 at 323 K. 
O • Mn(III)(acac)3 8.57 g l"1, ROOH 4.0 X 10"4 M, 
RH 7.18 M; A A Mn(III)(acac)3 0.17 g \-\ ROOH 
1.56X lO-2 M, RH 7.18 M. 
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-1 0 

logCCMndHKacac^/gf1) 
Fig. 7. The naximum rate of oxygen absorption and the 

maximum concentration of cumylperoxyl radical as a 
function of the catalyst weight to liquid volume ratio in 
the autoxidation of cumene with Mn(III)(acac)3; 
-d [0 2 ] /d* : A ROOH 4 . 0 x l 0 " 4 M , A ROOH 1.50 
X 10-2 M; [ROJ : O ROOH 4.0 X 10~4 M, # ROOH 
1.50X10-2 M. 

(acac)2 ; e.g., R O O H 120 fjd for Mn(I I ) (acac) 2 0.60 g 
T h e radical concentration and the rate of oxygen 

absorption increase with reaction time, reaching a maxi­
m u m , then decreasing (Fig. 6). This might be due to 
the deactivation of catalyst. The effects of catalyst 
amount on the maximum rate of oxygen absorption and 
the maximum concentration of R 0 2 - are shown in Fig. 
7. The rate of oxygen absorption and the radical 
concentration increase with increase in catalyst amount 
and reach a constant value, independent of the initial 
hydroperoxide concentration. As is the case of M n ( I I ) -
(acac)2 , the rate of oxygen absorption and the radical 
concentration behave in the same manner , showing that 
the rate of oxygen absorption is proportional to the 
radical concentration in the case of Mn( I I I ) ( acac ) 3 as 
well. 

ESR Spectra during Autoxidation of Cumene with Mn(II)-
(acac)2 and Mn(III)(acac)3. The ESR spectrum 
during the course of autoxidation of cumene with M n -
(II)(acac)2 was measured. When the concentration of 
the hydroperoxide is below the critical concentration, 
the broad signal due to M n ( I I ) is observed. When a 
sufficient amount of hydroperoxide is introduced to 
start the oxidation, the intensity due to M n ( I I ) decreases 
with time and becomes constant, a sharp signal due to 
peroxyl radical being observed. T h e essentially same 
ESR spectrum was observed during cumene oxidation 
with Mn(I I I ) (acac) 3 , indicating that the state of manga­
nese ion is the same irrespective of the valency of the 
starting complexes, once oxidation is started. 

Critical Phenomenon in the Autoxidation of Cumene by 
MnC03. The autoxidation of cumene by M n C 0 3 

was studied for 2 . 3 3 x l 0 ~ 3 M of initial hydroperoxide 
concentration at 323 K . As shown in Fig. 8, the rate 
of oxygen absorption increases with an increase in the 
catalyst amount , the rate declining drastically at high 
catalyst amount . T h e critical ratio of hydroperoxide 

50 

(MnCOaD/gf1 

Fig. 8. Rate of oxygen absorption during the autoxida­
tion of cumene by M n C 0 3 at 323 K plotted against the 
ratio of catalyst weight to liquid volume; RH 7.18 M, 
ROOH 2.33 xlO" 3 M. 

to catalyst amount is 2.1 X 10~5 mo l /g -MnC0 3 , much 
less than the value in the case of oxidation with M n ( I I ) -
(acac)2 . 

D i s c u s s i o n 

Results. The results in this study can be sum­
marized as follows. 

1. In the decomposition of R O O H and B O O H with 
Mn(I I ) (acac) 2 there is a critical ratio of hydroperoxide 
to catalyst amount (1.4 X 10~3 mol/g-Mn(II) (acac)2) 
below which no peroxyl radicals are observed during 
the course of reaction. 

2. In the autoxidation of cumene with M n ( I I ) -
(acac)2 , there is a critical ratio of hydroperoxide to 
catalyst amount below which the oxidation does not 
proceed, the ratio being the same as that found in the 
hydroperoxide decomposition. 

3 . In the autoxidation of cumene with M n ( I I I ) -
(acac)3, no critical phenomenon is observed. 

4. The ESR signals due to manganese ion during 
the course of autoxidation of cumene with M n ( I I ) -
(acac)2 are the same as those with Mn(I I I ) (acac) 3 . 

5. In the autoxidation of cumene by M n C 0 3 , there 
is also a critical ratio of hydroperoxide to catalyst amount 
(2.1 X 10~5 mo l /g -MnC0 3 ) , the critical value being 
much smaller than that in the case of Mn(I I ) (acac) 2 . 

Reaction Mechanism. Agreement of critical ratios 
in the hydroperoxide decompositions and in cumene 
oxidation (observations 1 and 2) indicates that the 
critical phenomenon in the autoxidation is substantially 
identical to the critical phenomenon in the hydroper­
oxide decomposition. Inhibition of oxidation below a 
critical hydroperoxide concentration might be caused by 
the fact that the hydroperoxide decomposition gives no 
peroxyl radicals available for chain propagation. 

From the results given in 3, we see that the M n ( I I ) 
and not M n ( I I I ) species play an essential role in the 
appearance of the critical phenomena. 4 suggests that 
there is a redox interconversion between M n ( I I ) and 
M n ( I I I ) during the course of reaction. The mechanism 
for the autoxidation of cumene with Mn(I I ) (acac) 2 and 
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Mn(I I I ) (acac) 3 can be written as follows: 

Initiation 
fast 

ROOH + Mn(II) • RO- + Mn(III) + O H " (1) 

ROOH + Mn(III) • R 0 2 . + Mn(II) + H (2) 

Propagation 

R 0 2 . + RH • ROOH + R. (3) 

fast 
R. + 0 2 • R 0 2 . (4) 

R 0 2 . + R 0 2 • 2RO. + 0 2 (5) 

fast 
RO- + ROOH • ROH + R 0 2 - (6) 

Termination 

R 0 2 . + Mn(II) • (R0 2 . . . .Mn(II)) 

• inactive product (7) 

R 0 2 - , RO- • decay (8) 

The reaction mechanism is the same as that proposed 
for the cumene oxidation with Pb0 2 , 1 6 ) except for 
elementary Reactions 1, 2, and 7. T h e initiation Reac­
tions 1 and 2 are accepted for homogeneous systems.22»23) 
Reaction 7 is included to account for the inhibiting 
action of the catalyst. The radical scavenging action of 
the lower oxidation state of metal cation has been 
postulated by several authors,7»11'14'16»17'24) and the rate 
constants for reactions of peroxyl radicals and the metal 
cations have been estimated.15»25'26) 

Origin of Critical Phenomena. In order to confirm 
the origin of the critical phenomena in oxidation and 
hydroperoxide decomposition, we should consider rela­
tive rates of elementary reactions. Reaction 1 is much 
faster than Reaction 2 in the manganese system.23) 
Reaction 7 is much faster than Reaction 3, hydrogen 
abstraction from R H by R 0 2 . Thus , the rate constant 
for the reaction of cumylperoxyl radical with manganous 
cation is 4.3 X 104 M " 1 s"1 at 308 K,15) while the rate 
constant for the reaction of the same radical and cumene 
is estimated to be 7.6 M - 1 s _ 1 at the same temperature.17) 
Thus, in the presence of sufficient amount of M n ( I I ) , 
the peroxyl radicals formed by Reactions 1 and 6 are 
scavanged by M n ( I I ) , the autoxidation being inhibited. 
Above the critical ratio of hydroperoxide to M n ( I I ) 
amount, most of Mn( I I ) species are converted into 
Mn( I I I ) by Reaction 1 and the remaining R O O H 
molecules are converted into peroxyl radicals by Reac­
tion 2 and the oxidation can proceed through Reactions 
4 and 5. Under these conditions, Reaction 7 is negligible 
because of low concentration of M n ( I I ) . For the same 
reason, no critical phenomena would be observed if 
Mn( I I I ) is used as a catalyst from the beginning. 

Reactions 1 and 7 are only known in the case of 
transition metal cations which have variable oxidation 
states, such as Co(I I ) /Co(I I I ) and M n ( I I ) / M n ( I I I ) . 
The fact that critical phenomena in the autoxidation 
of hydrocarbons have been observed only with such 
transition metal ions1-10) also supports the view that the 

cause of critical phenomena can be attr ibuted to Reac­
tions 1 and 7. 

Elimination of the elementary Reactions 3 and 4 from 
the above oxidation mechanism should give the mecha­
nism for the hydroperoxide decomposition.19»27) Since 
the mechanisms of initiation and chain scavenging 
remain identical to those in the autoxidation, the origin 
of the critical phenomena both in the hydroperoxide 
decomposition and the autoxidation should be common. 
This explains why both critical phenomena occur at the 
same ratio of the hydroperoxide to catalyst amount . 

T h e critical molar ratio of hydroperoxide to M n ( I I ) , 
expected from Reactions 1 and 7, is unity. But the 
experimental critical ratio of hydroperoxide to M n ( I I ) -
(acac)2 amount is 1.5 X 10~3 mol /g-Mn(II)(acac) 2 , that 
is, the critical molar ratio is 0.38, smaller than unity, 
probably because of the fact that M n ( I I ) (acac)2 is partly 
heterogeneous during the course of reaction. 

The critical phenomenon in the autoxidation of 
cumene by M n C 0 3 can be explained similarly. Since 
M n C 0 3 is a heterogeneous catalyst, and only M n ( I I ) 
on the surface is available for the initiation, the effective 
M n ( I I ) species in M n C 0 3 are much less than those in 
Mn(I I ) (acac) 2 , resulting in a much smaller critical ratio 
of hydroperoxide to catalyst amount . 

W e are very grateful to Professor T . Keii for helpful 
discussions. 
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Solubility Isotherm of Reciprocal Salt-Pairs Containing Bis(ethylene-
diamine)oxalatocobalt(III) (lÄ,3Ä,4S,7JB)-3-Bromocamphor-9-sulfonate 

Akira FUYUHIRO,* Kazuaki YAMANARI, and Yoichi SHIMURA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received January 30, 1979) 

Four-component solubility isotherm of reciprocal salt-pairs consisting of (J-[Go(ox) (en)2]+, Zl-[Go(ox) (en)2]+)-
(Gl-, </-C10H14OBrSO3-)-H2O has been determined experimentally at 25 °G. It was found that a pseudo-
racemate, J-[Go(ox)(en)2] • J-[Co(ox)(en)2](^-C10H14OBrSO3)2-2H2O, is present as the only double salt, optical 
resolution of the bis(ethylenediamine)oxalatocobalt(III) ion in this system at 25 °G being impossible as in the 
case of the ternary system, yl-[Go(ox)(en)2](^-G10H14OBrSO3)-^-[Go(ox)(en)2](^-G10H14OBrSO3)-H2O, at 
25 °G. 

The (lJR,36 ,,46 ,,7JR)-3-bromocamphor-9-sulfonate(l —) 
anion, d?-C10H14OBrSO3~ (abbreviated to </-bcs~) is 
known as one of the most effective resolving agents 
for metal complexes. I t was concluded from a study 
on the solubility isotherm of a ternary system, yl-[Co-
(ox)(en)2](^-bcs)-Zl-[Co(ox)(en)2](^-bcs)-H20, that the 
resolving agent is unsuitable to the optical resolution 
of bis (ethylenediamine) oxalatocobalt(III) complex, 
[Co(ox)(en)2]+ , at 25 °C because of the formation of 
a pseudoracemate, yl-[Co(ox) (en)2] • Zl-[Go(ox) (en)2]-
(^-bcs)2-2H20.1) Recently, we have found that the 
optical resolution is possible at temperatures lower 
than 19 °C, in spite of the existence of the pseudo­
racemate in the ternary system.2) Nevertheless, it is 
interesting to see in which way the pseudoracemate 
behaves to prevent the optical resolution in a four-
component system, since no four component system 
containing a pseudoracemate has been studied in view 
of solubility phase diagrams and their application to 
a practical optical resolution. 

This paper deals with the determination of the solu­
bility isotherm of the reciprocal salt-pairs, (yl-[Co-
fax) (en) 2] +, A - [Co (ox) (en) 2] +) - (CI", </-bcs") - H 2 0 , 
at 25 °C. Discussion is given on the possibility of 
the optical resolution of the bis (ethylenediamine) -
oxalatocobalt(III) ion as compared with two other 
successful cases of optical resolution of the complex.3) 

Exper imenta l 

Materials. [Co (ox) (en) 2]CI-H20: The A- and A -com­
plex chloride monohydrates were the same as reported.3) 

[Co (ox) (en) 2] (d - bcs) • nH2 0 : The A - diastereomeric salt 
monohydrate, J-diastereomeric salt 1.5-hydrate, and the 
pseudoracemate dihydrate, yl-[Co(ox)(en)2]-/!-[Co(ox)(en)2]-
(*/-bcs)2-2H20, were the same as reported.2) 

Measurements. Solubility in water at 25 °G was de­
termined in molality.3) Optical densities were measured 
at 497 nm, and GD at 523 and 310 nm. The concentrations 
of {yl-[Go(ox)(en)2]++Zl-[Go(ox)(en)2]+} were determined 
from the observed optical densities, referring to the established 
molar absorption coefficients of the component ions; «(497 nm) 
= 120 for A- and J-[Go(ox)(en)2]+, and «(497nm) = 0 for 
d-bcs-. The concentrations of {yl-[Go(ox)(en)2]+~^l-[Go-
(ox)(en)2]+} were determined from the observed GD values 
in 523 nm, referring to the following data; A«(523nm) = 
+2.71, - 2 . 7 1 , and Ofor yl-[Go(ox)(en)2]+5 ^-[Go(ox)(en)2]+5 

and d-bcs-, respectively. The concentrations of A- and A-
[Go(ox)(en)2]+ were separately calculated from the con­
centrations of {yl-[Co(ox)(en)2]+-M-[Co(ox)(en)2]+} and 

{yl-[Go(ox)(en)2]+—^-[Go(ox)(en)2]+}. The concentrations 
of d-bcs~ were determined from the observed GD values 
in 310 nm; Ae(310nm) = + 3.23 for d-bcs~ andAe(310nm) 
= 0 for A- and J-[Go(ox)(en)2]+. 

The solid phases were identified from elemental analyses, 
absorption and GD spectra. Optical densities were measured 
with a JASGO UVIDEG-1 spectrophotometer and GD with 
a JASGO MOE-1 spectropolarimeter. 

R e s u l t s a n d D i s c u s s i o n 

The solubility data are given in Table 1, and Figs. 
1 and 2. Solubility is expressed in molalities of com­
ponent ions and are attr ibuted to the molalities of 

Fig. 1. The plane projection (upper) and the side eleva­
tion of the solubility isotherm of the system, (yl-[Go-
(ox)(en)2]+, ^-[Co(ox)(en)2]+)-(Cl-, d-bcs~)-U20, at 
25 °G. Solubility is presented in molality m of anhy­
drous salt: (1) yl-[Go(ox)(en)2]Gl, (2) J - [Co (ox) (en) 2 ] -
Gl, (3) J-[Co(ox)(en)2](</-bcs), and (4) yl-[Go(ox)-
(en)2](^-bcs); Q solubility of four-components; O, 
solubility of two- or three-components. 
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TABLE 1. EQUILIBRIUM OF (J-[Co(ox)(en)2]+, Zl-[Co(ox)(en)2]+)-(Cl-, d-bcs~)-H20 SYSTEM AT 25 °G 

In liquid phases, solubility is presented in molalities m of the component ions. Abbreviations are as follows: 
yl-[Co(ox)(en)2]+ = yl+, zl-[Co(ox)(en)2]+=zl+, A- [Go (ox) (en) J Gl- H 2 0 = A Gl, J-[Co(ox)(en)2]Cl.H20=zlCl, 
J-[Co(ox)(en)2](</-bcs) -4U20=A(d-bcs)} yl-[Co(ox)(en)2](</-bcs) -U20 = A(d-bcs), and 
yl-[Co(ox) (en)2] -zl-[Co(ox) (en)J (d-bcs)2 • 2H 20 = AA (d-bcs)2. 

a ) b ) 

Liquid phase0) 
m/lO-^molkg"1 

Solid phase 

A+ 

9.49 
9.97 

10.26 
10.77 
11.43 
12.10 

A+ 

1.18 
1.26 
1.36 
1.31 
1.39 
1.52 

d-bcs~ 

9.71 
9.44 
9.25 
9.16 
8.94 
8.50 

A(d-bcs) 
+ AA(d-bc&), 

a ) b ) 

Liquid phase0) 
m/lO^molkg-1 

Solid phase 

A+ A+ d-bcs* 

I 

G2 

I 

G 
I 
F 

12.76 1.57 8.33 
(±0.20) (±0.10) (±0.16) 

AGI 
+ A(d-bcs) 
+ AA(d-bc&)2 

50 
68 
90 
25 
47 
76 
20 
73 
88 

4.48 
4.80 
5.10 
5.46 
5.92 
6.32 
6.93 
7.53 
7.94 

6.99 
6.68 
6.44 
6.29 
5.98 
5.65 
5.43 
5.24 
5.09 

A(d-bcs) 
+ AA{d-bcs)2 

6.14 8.19 5.05 
(±0.17) (±0.10) (±0.08) 

A Gl 
+ A(d-bcs) 
+ AA(d-bcs)2 

A 
I 
H 

D 
I 

H 

3 

3 

7.95 
8.35 
9.14 
9.82 

10.39 
10.88 
11.57 
11.61 
12.38 

10.22 
10.60 
11.25 
11.84 
12.21 
12.45 
12.99 

0.56 
1.34 
2.55 
3.44 
4.22 
4.92 
5.61 
5.82 
6.85 

9.03 
8.65 
8.45 
8.22 
8.01 
7.99 
7.84 

ylGl 

A(d-bc&) 

H 

H 
I 

P3 

B 
I 
F 

3 

4 

3 

13.16 
(±0.10) 

12.95 0.57 

7.99 
8.72 
9.12 
9.63 

7.68 
(±0.04) 

7.91 

0.73 
1.89 
2.43 
3.18 

AGI 
+ A{d-bcs) 

AGI 
+ A(d-bcs) 

AGI 

5.71 
6.30 
6.85 
7.66 
8.33 
8.89 

4.83 
4.50 
4.23 
3.96 
3.71 
3.65 

A(d-bes) 

F 
I 

P* 

E 
I 

Pi 

I 
I 

Pi 

R4 
I 
I 

A 
I 
I 

9.83 
(±0.04) 

3.41 
(±0.03) 

AGI 
+A(d-bc&) 

0.27 
0.57 
0.78 
0.92 
1.04 

19 
37 
43 
58 
55 
62 
98 
31 
46 

80 
64 
59 
57 
48 

9.39 
9.38 

.35 
33 
07 

4.15 
5.02 
5.23 

8.93 
8.88 
8.83 
8.77 
8.60 
8.36 
8.36 

52 
57 
62 
68 
69 
71 
77 
76 
84 
08 
05 
14 
22 
27 
48 
67 

ACL 
+A(d-bcs) 

4.79 

6.10 
6.12 
6.30 
6.46 

59 
75 
87 
00 
10 
23 
40 

6.10 
6.12 

.30 

.46 

.59 

.75 

.87 

.00 

.10 

.23 

.40 

0.61 
0.84 

6. 
6. 
6. 
6. 
6. 
7. 
7. 
7. 
7. 

.24 

.65 
,05 
,49 
,89 
26 

AGI 
-MCI 

3.54 
3.92 
4.39 

P i 

Pi 
I 

p2 

p3 

I 
I 

I 

4 

4 

4 

3 

7.58 
(±0.03) 

7.17 
6.73 
6.55 

12.42 
11.51 
10.91 

10.17 
(±0.12) 

7.58 
(±0.03) 

7.77 
7.93 
7.99 

1.59 
1.98 
2.42 
3.07 

(±0.02) 

4.86 
(±0.09) 

4.96 
5.00 
4.98 

8.07 
7.26 
6.74 

6.20 
(±0.07) 

AGI 
+ACL 
+ AA(d-bcs)2 

AGI 
+ AA(d-bcs)2 

AGI 
+ AA(d-bcs)2 

AGI 
+ AA(d-bcs)2 

9.63 
9.05 
8.78 
8.47 
8.39 
7.92 

3.71 
4.41 
4.86 
5.36 
5.66 
6.59 

5.80 
5.53 
5.39 
5.25 
5.23 
4.97 

AGI 
+ AA(d-bc&), 

5.25 
7.45 

40 
18 

6.74 
6.35 AA(d-bcs)2 

8.05 
8.89 
9.80 

0.66 
1.62 
2.68 

1.32 
3.26 
5.35 

AGI 

a) Positions of points shown in Figs. 1 and 2. G ^ P g , for example, does not contain points G1 and P3. Reported 
data for A, B, E, A ~ E , and B~E3) and for G, G<- G1? G l5 and D2) not shown, b) Number of 
components, c) Values in parentheses are estimated errors and calculated from twice the standard deviations 
of experimental measurements repeated 4—7 times. At a point in A<->I, I, and R4<->I, the molality of d-bcs~ 
ideally becomes twice those of A+. 
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Fig. 2. The clinographic projection of the solubility 
isotherm of the system, (yl-[Go(ox)(en)2]+, J-[Co (ox)-
(en)2]+-(Cl-, d-bcs-)-H20, at 25 °C: a, mole fraction 
of Zl-[Co(ox)(en)2]+ to all the cations; ß, mole fraction 
of d-bcs- to all the anions; (1) A- [Co (ox) (en) J CI, (2) 
J-[Co(ox)(en)JCl, (3) J-[Co(ox)(en)J(rf-bcs), and (4) 
yl-[Co(ox)(en)2](</-bcs) ; • , solubility of four-com­
ponents; O, solubility of two- or three-components. 

three salts.3) Thus the solubility isotherm can be drawn 
in a space according to the definition of solubility di­
agrams of reciprocal salt-pairs; Figure 1 represents 
the plane projection and the side elevation, and Fig. 
2 the clinographic projection.3) 

The isotherm shows that the pseudoracemic 
compound, yl-[Co(ox) (en)2] -Zl-[Co(ox) (en)2] (d-bcs)2 • 
2H a O, is present as the only double salt, no solid so­
lution existing in this system. In the areas of 
A E P J P 3 H , EBFP2P15 CG2P2F, G ^ G i P g l P i P s , and 
DHPgGi in Figs. 1 and 2, which contain their 
boundaries, the saturated solutions are in equilibrium 
with the solids yl-[Co(ox)(en) 2 ]Cl-H 20, Zl-[Co(ox)-
(en) 2 ]Cl -H 2 0, z1-[Co(ox)(en)2](^-bcs)-4H20, yl-[Co-
(ox)(en)2]-Zl-[Co(ox)(en)2](är-bcs)2-2H20, and A-[Co-
(ox)(en)2](d-bcs)-H20, respectively. Points A, B, C, 
R4, and D denote the solubility of binary systems, 
and the faces AEB, BFC, C G ^ ^ D , DHA, and A I R 4 

that of ternary systems. The lines of EP l 5 FP2 , G2P2 , 
GiPg, and H P 3 in Fig. 2 are almost parallel to the 
abscissa or ordinate. This shows that the mole ratio 
of yl-[Co(ox)(en)2]+ to 4-[Co(ox)(en) J + or Cl~ to 
d-bcs~ is constant on these lines.3) 

O n the "racemic l ine" ER 4 (Fig. 2) where the 

amounts of A- and Zl-[Co(ox)(en)2]+ ions are equal, 
the saturated solution is in equilibrium with the 
pseudoracemate, yl-[Co(ox) (en)2] -Zl-[Co(ox) (en)2] (fic­
hes) 2 - 2 H 2 0 (on PiR 4 ) , or the racemic mixture, [Co-
(ox) (en) 2 ]Cl -H 2 0 (on EP x ) . Thus, the system at 
25 °C can not be applied successfully to practical 
optical resolution. One mole of ra£-[Co(ox)(en)2]Cl 
is dissolved in an excess of water and x mol of Ag(d-
bcs) is added ( 0 < # < 1 ) . The resulting precipitate 
AgCl is filtered off and the filtrate then concentrated 
at 25 °C. If we ignore the dissolved AgCl, this 
operation gives just the same conditions as the isotherm, 
(yl-[Co(ox) (en) J + , z1-[Co(ox) (en) J + ) - ( C l - , rf-bcs-)-
H 2 0 , a t 25 °C. In the case of 0 < * < 0 . 3 2 , the situation 
corresponds to the region of E<->Pl5 giving the first 
precipitation of the racemic mixture, [Co (ox) (en) 2] CI-
H 2 0 , on concentrating at 25 °C. In the case of 
# = 0 . 3 2 which corresponds to point P l 5 the racemic 
mixture, [Co(ox)(en) 2 ]Cl -H 2 0, and the pseudorace­
mate, A- [Co (ox) (en) 2] • A - [Co (ox) (en) 2] (d-bcs) 2 • 2 H 2 0 , 
will precipitate simultaneously. In the case of 0.32 < 
x<\ which is related to the region of P1<-^R4, the 
pseudoracemate deposits at first. T h e final liquid 
phase composition in this operation corresponds to 
point Px regardless of the value of x. Thus, optical 
resolution is impossible in this isotherm because of the 
formation of the racemic mixture or the pseudoracemic 
compound. No tie-line intersects the "racemic l ine". 

There are three invariant points, P1? P2 , and P3 , 
in the four-component system at 25 °C. When the 
unsaturated solution composition is in the region of 
AR 4 D except for its boundary in Fig. 2, the concen­
tration of this solution would bring the solution com­
position to point P3 . Thus , point P 3 represents the 
final liquid phase composition for the region AR 4 D. 
Both points Px and P 2 also represent the final liquid 
phase compositions for the regions ABR4 and BCR4 , 
respectively. Point P 2 is a kind of "pseudo invariant 
point,"2) since the composition of P 2 exists not in the 
region BCR 4 bu t in ABR4 . 
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The thermochemical reactions of [Ru(NH3)5N2]X2 (X=C1, Br, I) were investigated in the solid state. The 
ammonia ligand was liberated at a lower temperature (165—213 °G) than the nitrogen ligand (243—270 °G). 
The isothermal measurement reveals that the first step of the degradation of the complex can be expressed as : 
[Ru(NH3)5N2]X2(s)^>[RuX(NH3)4N2]X(s) + NH3(g) (X=C1, Br, or I). The rate of the reaction is first-order to 
[Ru(NH3)5N2]X2, and the first-order rate constant increased in the order of: chloride<^bromide<^iodide. The 
activation energies and the activation entropies (E/kJ mol - 1 and AS*/J K_ 1 mol^1 respectively) for the reaction 
were as follows: chloride (181± 1, 62± 1), bromide (99± 1, — 95±2) , and iodide (89± 1, - 1 0 2 ± 3 ) . The values 
of AS* suggest that the salt with Gl" degrades through an SNl-like mechanism, while those with Br~ and I~ degrade 
through an SN2-type mechanism. The thermochemistry of [Ru(NH3)5N2]X2 has been discussed on the basis 
of the strong 7r-backbonding ability of the nitrogen ligand and the electronegativity of the outer-sphere ions. 

After the isolation of R u ( I I ) - N 2 compounds by Allen 
and Senoff,1) a number of nitrogen compounds of the 
transition metals (Co, Ir, Os, etc.)2-*) have been synthe­
sized. These nitrogen compounds have been energeti­
cally studied because they are known to play an 
important par t in the fixation of the N 2 molecule. T h e 
X-ray analysis of the R u ( I I ) - N 2 compound has revealed 
that the R u - N - N group is linear.5) T h e R u - N 2 bond 
is known to be stable because of the rc-backbonding 
between the R u d^-orbital and the p^-orbital of the N 2 

ligand.6) In an aqueous solution, however, the N 2 

molecule is easily replaced by a water molecule. There­
fore, it is worthwhile to investigate the nature of the 
R u - N 2 bond. Some properties of Ru(NH 3 ) 5 N 2

2 + in an 
aqueous solution have been reported,7) but these seem 
to have been no report in the solid-state reaction. 

In this work, the thermochemical behavior of the 
R u ( I I ) - a m m i n e compounds containing molecular nitro­
gen has been studied in the solid state in order to obtain 
information about the lability of the R u - N 2 and 
R u - N H 3 bonds. T h e kinetics of the deammonation-
anation reaction have also been studied. Furthermore, 
the application of the solid-state thermal reaction in 
convenient syntheses of dinitrogen compounds with vari­
ous substituents has been researched. 

E x p e r i m e n t a l 

Materials. The [Ru(NH3)5N2]Gl2 complex was prepared 
according to the method described in the literature,1) with 
caution taken, to avoid contamination with the binuclear 
species.8) The bromide and the iodide were prepared by 
exchanging the chloride ion with the corresponding ions in 
an aqueous solution of sodium bromide and sodium iodide. 
The £W-[Ru(NH8)4(OH2)(N2)]Br2 complex was prepared by 
the reaction of aV-[RuBr2(NH3)4]Br with sodium azide and 
methanesulfonic acid.9) The purity of the compounds was 
confirmed by elemental analysis and by UV-spectral mea­
surements. 

Derivatographic and Isothermal Measurements. The deriva-
tograms (TG and DTA) were obtained by using a Shimadzu 
DTG-20-type micro-differential thermobalance. The experi­
ments were made in a constant nitrogen stream (50 ml/min) 

at a constant heating rate (5 °G/min), using about 10 mg of 
the sample in each run. The isothermal kinetic measurements 
were carried out as has been described in a previous report.10) 
The UV and IR spectra of the initial compound and the 
reaction product were measured with a Shimadzu UV-200-
type Spectrophotometer and a JASCO Model DS-403G 
Grating Infrared Spectrophotometer respectively. 

R e s u l t s and D i s c u s s i o n 

Derivatographic Studies. The T G and D T A curves 
of [Ru(NH 3 ) 5 N 2 ]X 2 (X = C1, Br, and I) are given in Fig. 
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Fig. 1. TG and DTA curves of [Ru(NH3)5N2]X2 (heat­
ing rate 5 °G/min; chloride, bromide, 
iodide), (heating rate 2 °G/min; chloride). 
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TABLE 1. DTA AND MASS-LOSS DATA FOR [ R U ( N H 3 ) 5 N 2 ] X 2 

2265 

Compound 

[Ru(NH3)6N2]Cl2 

[Ru(NH3)6N2]Br2 

[Ru(NH3)5N2]I2 

P1(252) 
Sh.(280-

P2(362) 
P3(394) 
P1(243) 
P2(286) 
Sh.(340-
P3(379) 
P4(390) 
Pi(2H) 
P2(240) 
P3(308) 
P4(318) 

a) Endotherm, b) Exotherm. 

DTA peak 

(Temp/°C) 

Endoa> 
-309) Endo 

| Exob> 

Endo 
Endo 

-369) ï 
I Exo 

Endo 
Endo 

1 Exo 

TG stage 

(Temp/°C) 

213—255 
255—362 

<362 

195—270 
270—370 

<370 

165—243 
243—301 

<301 

Mass-loss/% 

Obsd/Theo. 

24/23.8 
10/9.8 

20/31.6 

15/14.2 
8/7.5 

40/47.8 

18/18.2 
6/6.0 

48/54.2 

- 4 N H 3 

- N 2 

-0 .5C1 2 , NH4C1, etc. 

- 4 N H 3 

- N 2 

—0.5Br2, NH4Br, etc. 

- 5 N H 3 

- N 2 

- I 2 

TABLE 2. ANALYSIS OF THE ISOTHERMAL-REACTION PRODUCTS OF PENTAAMMINEDINITROGENRUTHENIUM(II) 

Initial compound 

Sample color 

[Ru(NH3)5N2]Cl2 

brown 
Chemical formula assigned [RuCl(NH3)4N2]Cl 
Elemental analysis 

<H°/°.>«> ( 5 T d 
Electronic spectrum 
(Amax/nm, e/cm-1 mol - 1 dm"3) 

(3.93, 31.29) 
(4.48,31.34) 

(225, 6.5 xlO3) 

[Ru(NH3)5 N2]Br2 

dark brown 
[RuBr(NH3) 4N2]Br 

(3.66,22.97) 
(3.36,23. 

(218,5.8: 

54) 

xlO3) 

[Ru(NH3)5N2]I2 

black 
[RuI(NH3)4N2]I 

(2.36, 18.11) 
(2.66, 18.63) 

(232, 1.16 xlO4) 

1, while their data are summarized in Table 1. All the 
T G curves show three steps in the mass-loss stage. The 
initial mass-loss temperatures are 213, 195, and 165 °C 
for chloride, bromide, and iodide respectively. T h e 
D T A curves show endothermic peaks at the two initial 
mass-loss stages: P l 5 Sh./252, 280 °C (chloride), P l 5 P2 / 
243, 286 °G (bromide), and P l 5 P2 /211, 240 °C (iodide). 
The curves show also two exothermic peaks in the 
succeeding, third mass-loss stage: P2 , P3/362, 394 °C 
(chloride), P3 , P4/379, 390 °C (bromide), and P3 , P4/308, 
318 °C (iodide). The magnitude of the mass-loss in the 
first stage corresponds to the liberation of four or five 
molecules of NH 3 , and that in the second stage, to the 
liberation of N 2 . 

In order to obtain more detailed information on the 
first mass-loss stage, the isothermal pyrolysis was carried 
out. The compound was heated for 20—60 min at a 

constant temperature just below the initiation point of 
the mass-loss; the temperatures chosen were 201, 183, 
and 155 °C for chloride, bromide, and iodide respec­
tively. 

T h e analytical data of the isothermal-reaction prod­
ucts (Table 2) clearly indicate that the product has the 
[RuX(N 2 ) (NH 3 ) 4 ]X formula; that is, the product is a 
substituent of one molar ammonia of the initial com­
pound by one molar of the halide ion. Thus , the main 
reaction through the first endothermic peak can be 
expressed by Eq. 1 : 

AT 
[Ru(NH3)5N2]X2(s) • 

[RuX(N2)(NH3)4]X(s) + NH3(g) (X=C1, Br, I) (1) 
[A] 

The I R spectral da ta are shown in Table 3. The 

TABLE 3. INFRARED FREQUENCIES (cm-1) OF RU(H)-NITROGEN COMPOUNDS 

Compound 

[Ru(NH3)5N2]Cl2 

[RuCl(NH3)4N2]Cl 
[Ru(NH3)5N2]Br2 

[RuBr(NH3)4N2]Br 
m-[RuBr(NH3)4N2]Br 
[Ru(NH3)5N2]I2 

[RuI(NH3)4N2]I 

y(N-N) 

2105 
2129 
2114 
2133 
2130 
2129 
2152 

S(NH3) 

deg 

1622 
1606 
1618 
1607 
1609 
1605 
1617 

sym 

1270 
1272 
1266 
1300 
1300 
1276 
1294 

P(NH.) 

798 
801 
788 
793 
791 
775 
777 

p(Ru-N2) 

508 
510 
499 
494 

* 
489 
474 

y(Ru-NH3) 

435 
440 
423 
437 

* 
412 
400 

d(N-Ru-N) 

260^) 
257 (304)«) 
256<D 

— 
* 

248d> 
241 

(a) 
(b) 
(a) 
(b) 
(c) 
(a) 
(b) 

a) Initial compounds from Ref. 5a). b) Thermal reaction products of (a). c) Thermal reaction product from cis-
[Ru(NH3)4(OH2)(N2)] Br2. *Not measured, d) Ref. 14. e) y(Ru-Cl). Ref. 11. 
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absorption bands of the [A] product in the regions of 
2152—2129 c m - 1 and 510—474 cm" 1 have been assigned 
to the stretching frequencies of v(N-N) and y(Ru-N 2 ) 
respectively. The N - N stretching shifted to a frequency 
higher by ca. 20 c m - 1 on the deammonat ion. The R u - N 2 

stretching, on the contrary, shifted to a frequency lower 
by about 5—10 c m - 1 on the reaction, whereas the 
R u - N H 3 stretching shifted to a frequency higher by 
5—15 c m - 1 except for the chloride. Only in the chloride 
of [A] was a new absorption band, which can be assign­
able to y(Ru-Cl) , n> observed in the lower region of 304 
c m - 1 . T h e y (Ru-X) stretching frequency ( X = B r , I) 
could not observed, but it can be expected to appear in 
a much lower region. The shifts may be caused by the 
deammonation and anation of the halide ion. 

From the isothermal study described above, the first 
mass-loss stage have been ascribed to the quantitative 
liberation of ammonia as seen in amminehalogenoruthe-
n ium(I I I ) complexes.10»12) T h e second mass-loss stage 
seems due to the liberation of molecular nitrogen. The 
succeeding mass-loss stage, which shows exothermic 
peaks, might correspond to the continuous degradation 
reactions, such as the sublimation of ammonium halide 
and the evolution of free halogen. 

As is pictured in Fig. 1, however, the non-isothermal 
(heating rate of 5 °C/min) derivatograms do not reveal 
the mass-loss stage of the liberation corresponding to the 
release of one molar ammonia . The T G curve of 
[Ru(NH 3 ) 5N 2 ]Cl 2 was obtained with a heating rate of 
2 °C/min; it is shown again in Fig. 1. In this case, the 
initial mass-loss stage cleary corresponds to the liberation 
of one molar ammonia . 

In order to confirm the stereochemical configuration 
of the [A] product , «>-type tetraamminebromodinitro-
genruthenium(II) bromide [B] was prepared by employ­
ing a thermal-substitution reaction in the solid state: 

AT 
m-[Ru(NH3)4(OH2)(N2)]Br2(s) > 

^-[RuBrN2(NH3)4]Br(s) + HaO(g) 
[B] 

The U V (218 nm) and I R spectra of [ A ( X = B r ) ] both 
agreed with those of [B]; this fact indicates that the 
thermal-reaction product [A] has a aV-configuration 
(Tables 2 and 3). 

2.3 

(i/r)xio3K-1 

Fig. 3. Arrhenius plots of the substitution reactions for 
pentaamminedini trogenru thenium (II). 
[Ru(NH3)5N2]X2; chloride(A), bromide(B), iodide(G). 

TABLE 4. KINETIC PARAMETERS FOR THE DEAMMONATION-

ANATION REACTION OF Ru(II) AND Ru(III) COMPOUNDS 

Compound 

[Ru(NH3)5N2]Cl2 

[Ru(NH3)5N2]Br2 

[Ru(NH3)5N2]I2 

[Ru(NH3)0]Cl3
b> 

[Ru(NH3)6]Br3
c> 

[Ru(NH3)6]I3
c) 

AXIOMS"1 

(Temp/°G) 

0.68(170) > 
3.33(184) 
6.48(192) 
18.7(201) . 
10.9(159) y 
17.2(165) 
35.1(177) 
48.7(183) • 
14.2(134) \ 
30.1(146) 
49.1(154) . 
0.42(200) 
4.17(177) 
6.02(151) 

£*>/kJ mol-1 

181±1 

99±1 

89±1 

122 
97 
87 

/ JK- imol - 1 

62±1 

- 9 5 ± 2 

- 1 0 2 ± 3 

- 9 3 
- 1 2 3 
- 1 3 2 

50 
Time/min 

Fig. 2. Plots of a first-order rate equation for the deam-
monation-anation reaction of [Ru(NH3)5N2]Br2. 

a) Error recorded is e.s.d. b) Unpublished work; see Ref. 
15. c) Ref. 12. 

In conclusion, it is interesting to note that the 
R u ( I I ) - N 2 bond is more stable than the R u ( I I ) - N H 3 

bond in this reaction. 
Isothermal Kinetic Study. The kinetic measurements 

for the deammonation-anation reaction (1) (Fig. 2) 
show that Reaction (1) can be regarded as first-order 
with respect to the reactant . The first-order rate 
constants obtained and the activation parameters evalu­
ated from the Arrhenius plot (Fig. 3) are given in Table 
4 . T h e rate constant of the bromide is about eleven 
times greater than that of the chloride. The rate 
constant of the iodide is about five times greater than 
that of the bromide. Consequently, the rate constant 
increases in this order: ch lo r ide<bromide< iod ide ; this 
relation is in accord with that among the R u ( I I I ) -
ammine compounds.12) A more detailed discussion of 
this relation will be presented in the following section. 

Reaction Mechanism. If the deammonation-anation 
reaction proceeds via an »S^l-like mechanism, the rate-
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determinant step can be expected to be the R u - N H 3 

bond-rupture. Then , the rate constants may be practi­
cally independent of the nucleophilicity of the outer-
sphere ions. O n the contrary, if it proceeds through 
an £N2-type mechanism, the rate constants might de­
pend strongly on the outer-sphere ions. As may be 
seen in Table 4, the rate constants obtained largely 
depend on the outer-sphere ions ; this suggests, then, that 
the deammonation-anation reactions proceed according 
to an $N2-type mechanism. 

The chloride, however, shows the smallest value of the 
rate constant among these three nitrogen compounds, 
while also revealing the largest value of the activation 
energy, is (181 k jmol" 1 ) , and the most positive value 
of the activation entropy, AS* (62 J K " 1 mol"1) . These 
results imply that the rate-determinant step is the 
R u - N H 3 bond-breaking. In this case, a large activa­
tion energy is needed for bond-breaking; the increased 
activation entropy as a transitions-state complex can, 
therefore, be expected to be a five-coordinated interme­
diate. Therefore, the reaction of the pentaamminedini-
trogenruthenium(II) chloride belongs to an »S^l-like 
mechanism. 

O n the other hand, the bromide and iodide reveal 
small values of E (99, 89 k j mol - 1 ) and negative values 
of AS* ( - 9 5 , - 1 0 2 J K - 1 mol- 1 ) . I t is reasonable to 
consider that the mechanisms of the bromide and iodide 
of pentaamminedini trogenruthenium(II) belong to an 
SN2 category, because the values of E and AS* obtained 
in the deammonation of [Ru(NH 3 ) 5 N 2 ]X 2 [I] and [Ru-
(NH 3) 6]X 3 [II] ( X = B r and I) are comparable with 
each other, and as the latter compounds are known to 
proceed through an £N2 mechanism. The finding that 
the two types of complexes, [I] and [ I I ] , reveal com­
parable activation parameters might be explained by 
the jr-backbonding of the N 2 l igand; that is, the effective 
charge on Ru( I I ) increases because the N 2 ligand is 
bound to the ruthenium, with the 3crg-orbital as a 
cr-donor and with the l:7zg*-orbital as a ^-acceptor.13) 

Influence of Outer-sphere Ion. T h e rate constants 
of these compounds have revealed larger differences {ca. 
8 (iodide) and 9 (bromide) times larger) in the 
Ru(NH 3 ) 5 N 2

2 + compound than in the Ru(NH 3 ) 6
3 + com­

pound. If the reactions proceed via an £N2 mechanism, 
the increase in the nucleophilicity of the outer-sphere 
ion can be expected to give rate constants in the order 
of: I < B r < C l . The rate constants, however, increased 
in the reverse order of: C l < B r < T . This contradiction 
might be explained as follows. In the solid-state 
reaction, halogen's larger electronegativity in the outer-

sphere might result in an increase in the net charge 
of the complex ion. In fact, ^ (Ru-NH 3 ) and *>(Ru-N2) 
in [Ru(NH 3 ) 5 N 2 ]X 2 become higher with halogen's 
larger electronegativity (Table 3) : I < B r < C l . The 
smallest value of the rate constant in the chloride 
might be one of the supports for an £Nl-like mech­
anism. The difference in the rate constant between 
R u ( I I ) and R u ( I I I ) complexes mentioned above might 
be contributed to by the difference in the number of 
halogen ions in the outer-sphere. 

In conclusion, the thermochemical behavior of the 
pentaamminedini t rogenruthenium(II) compounds has 
been characterized by a stable R u ( I I ) - N 2 bond includ­
ing a strong jr-backbonding and by the electronegativity 
of the outer-sphere ions. Moreover, it might be due to 
the "aV-effect" of the N 2 ligand that the reaction product 
has a cis-form configuration, though this point needs a 
more detailed investigation. An isothermal reaction can 
be used for a convenient synthesis of the dinitrogenruthe-
nium(II ) compound with various substituents. 
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Equilibria of Imidazole Derivatives with (Protoporphyrin IX 
dimethyl ester) iron(III) Chloride 
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The equilibria of sterically hindered and unhindered imidazoles (B) with (protoporphyrin IX dimethyl ester)-
iron (III) chloride (Fe(PPDME)Gl) have been spectrophotometrically investigated in chloroform and 1,2-dichloro-
ethane. The addition reaction of hindered imidazole with Fe(PPDME)Gl proceeds in two steps to give 
Fe(PPDME)B2Cl, with a formation constant, Kl9 greater than K2. The mono-adduct of hindered imidazoles 
exhibits an absorption band at around 590 nm, which shifts to longer wavelengths as the formation constant Kx 

decreases in this order; 2,4-dimethyl-^>2-methyl-^>2-ethyl-]>2-phenyl-]>l,2-dimethylimidazole. The addition 
reaction of an unhindered imidazole with Fe(PPDME)Gl proceeds in an apparent one step to give Fe(PPDME)B2Gl, 
with an overall formation constant of ß2. The log ß2 linearly increases with the basicity, p7Ca(BH+), of unhindered 
imidazoles. The log ß2 for the system with NH-containing imidazoles is greater than that for the system with 
iVT-substituted imidazoles by about 3.1 log units, on the average, based on the stabilization of the positive charge on 
iron(III) through NH"«G1 hydrogen bonding. The solvent effect on the formation constants is also discussed. 

Imidazole is known to coordinate axially to heme iron 
in such hemoproteins as hemoglobin, myoglobin, cyto­
chromes, peroxidases, and catalases.1) The proximal and 
the distal histidine imidazoles play an important role in 
the heme-heme interaction and the Bohr effect in hemo­
globin.2) The state and the nature of the heme i r o n -
imidazole bonds in the other hemoproteins are also clo­
sely related to the function of hemoproteins ; thus, many 
investigations have been directed toward elucidating 
the thermodynamic properties of porphyrin iron model 
complexes with the imidazole derivatives.3-21 '23 '25 '26) La 
Mar and his coworkers have systematically investigated 
the kinetics and the thermodynamics of axial ligation in 
iron (III) complexes with synthetic porphyrins on the 
basis of proton N M R results.21-26) Walker et al. followed 
the reaction of iron ( I I I ) para-substituted tetraphenyl-
porphyrins with various imidazole derivatives by meas­
uring the visible absorption spectrum in such noncoor­
dinating solvents as chloroform, dichloromethane, and 
benzene ; the effects of the solvent and the base on the 
equilibrium constant were also discussed.14) The reac­
tion of porphyrin iron (III) with imidazole in such coor­
dinating solvents as dimethyl sulfoxide18»19) and aqueous 
ethanol has also been studied.5 '6 '12) The formation of a 
hemin complex with a mixed ligand of cyanide and 
imidazole in dimethyl sulfoxide has recently been studied 
by means of proton NMR. 2 0 ) Generally, the thermo­
dynamics in coordinating solvents as compared with that 
in noncoordinating solvents is complicated by the solva­
tion or the coordination of the solvent which remains 
unidentified.19) 

The imidazole derivatives are classified into two 
groups for steric reasons. They are sterically hindered 
imidazoles (2-methyl-, 1,2-dimethylimidazole, etc.), with 
significant steric interaction between the porphyrin core 
and the substituent adjacent to the bonding nitrogen, 
and unhindered imidazoles (imidazole, 4-methyl-, 
1-methylimidazole, etc.). The majority of studies of 
porphyrin iron complexes with the imidazole derivatives 
as axial ligand(s) have been of unhindered imidazoles; 
there have been only a few of hindered imidazoles. 
The porphyrin iron complexes with unhindered imid­
azoles have been isolated as bis-adducts,27-29) whereas 

those with hindered imidazoles have been isolated as 
mono-adducts.30 '31) 

The reaction of porphyrin i ron(III ) chloride (FePCl) 
with nitrogenous bases (B) in solution is considered to 
proceed in two steps : 

FePCl 4- B 5=dt FePBCl (1) 

Kx = [FePBGl]/[FePGl][B] (2) 

FePBGl + B <=± FePB2Gl (3) 

K2 = [FePB2Gl]/[FePBGl][B] (4) 

The overall reaction is: 

FePGl + 2B <=^± FePB2Gl (5) 

ß2 = [FePB2Gl]/[FePGl][B]2 (6) 

(ß2 = K1K2) 

Whether the chloride in the mono-adduct FePBCl is 
in the inner (six-coordinated) or outer coordination 
sphere (five-coordinated, ion-pair) is unknown, but in 
the former case the chloride ligand is considered to 
coordinate weakly to iron (III) because no change in the 
spin state ever occurs upon the addition of the first axial 
base.11) 

When unhindered imidazole is added to a porphyrin 
iron (III) chloride solution, the change in the visible 
absorption spectrum apparently exhibits the bis-adduct 
formation in general, though the isosbestic points indi­
cating the mono-adduct formation are rarely found in 
the lower concentration of the imidazole.14) Thus, the 
stepwise formation constant, K2, is found to be much 
greater than Kl9 so that only the overall formation 
constant, /?2, can be estimated from the finding regard­
ing the spectral change. In the N M R spectrum of the 
porphyrin i ron( I I I ) -unhindered imidazole system, only 
the signals arising from the porphyrin iron (III) and the 
bis-adduct are detectable in solution.21) 

Upon the addition of hindered imidazole to a porphy­
rin iron ( I I I ) chloride solution, the N M R spectra exhibit 
only the bis-adduct formation for synthetic porphyrins,25) 
whereas the visible absorption spectra exhibit the mono-
adduct formation intermediately.14) 

I t is known that the thermodynamics of metallopor-
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phyrin complexes is highly sensitive to the porphyrin 
basicity32) and that the basicity of the protoporphyrin 
IX , which occurs naturally, is different from that of such 
synthetic porphyrins as tetraphenyl- and octaethylpor-
phyrin.33) For understanding the nature of the i ron -
imidazole bond in the hemoproteins it is, therefore, 
considered useful to investigate the thermodynamics of 
the protoporphyrin iron complex with imidazole. In 
this paper we wish to report on our spectroscopic studies 
of the equilibria of sterically hindered and unhindered 
imidazoles with (protoporphyrin I X dimethyl ester) 
iron (III) chloridein chloroform and 1,2-dichloroethane, 
and to discuss the effect of the solvent and the base on 
the formation constant and the visible absorption spectra. 
Furthermore, the steric interaction of the porphyrin core 
with the base will be discussed. 

The abbreviations used are as follows: (protoporphy­
rin I X dimethyl ester) iron (III) chloride, Fe (PPDME)-
Cl. Unhindered imidazoles: imidazole, I m ; 4-methyl-
imidazole, 4 M e I m ; 4-phenylimidazole, 4 P h I m ; histam­
ine, H i m ; 1-methylimidazole, N M e l m ; 1-ethylimida-
zole, N E t l m ; 1-acetylimidazole, NAcIm; 5-chloro-l-
methylimidazole, 5ClNMeIm. Hindered imidazoles: 
2-methylimidazole, 2 M e I m ; 2-ethylimidazole, 2 E t I m ; 
2-phenylimidazole, 2Ph Im; 2,4-dimethylimidazole, 2, 
4 D M e I m ; 1,2-dimethylimidazole, l , 2DMeIm. 

Exper imenta l 

The Fe(PPDME)Gl was prepared as described before.34) 
The Im, 4PhIm, NAcIm, 2MeIm, 2PhIm, and Him were 
recrystallized three times from chloroform-petroleum ether or 
acetone-petroleum ether and dried in vacuo. The 4MeIm, 
2EtIm, and 2,4DMeIm were purified three times by vacuum 
sublimation and dried in vacuo. The NMelm, NEtlm, 
5GlNMeIm, and l,2DMeIm were distilled four times at 
reduced pressure under N2. Chloroform and 1,2-dichloro­
ethane of an analytical grade were purified by the usual 
method. The ethanol was of a spectro-grade. The other 
reagents were of an analytical grade and were used without 
further purification. 

The visible absorption spectrum was recorded on a Shimadzu 
MPS-5000 spectrophotometer at 25.0±0.2 °G. The plot of the 
absorbance at several wavelengths against the concentration of 
Fe(PPDME)Cl in chloroform was found to be linear in the 
concentrations below 0.3 mM; thus, the concentration of Fe-
(PPDME)Gl in measurements of the formation constants was 
maintained at 0.15 mM unless otherwise stated. The measure­
ments of the spectral change upon the addition of bases to the 
Fe(PPDME)Gl solution were repeated several times in order 
to confirm the reproducibility. 

R e s u l t s 

Absorption Spectra and Equilibria of the Fe(PPDME)Cl-
Unhindered Imidazole System. The addition of imid­
azole to Fe(PPDME)Cl in chloroform resulted in the 
spectral changes shown in Fig. 1, which illustrates six 
concentrations of imidazole out of the 18 measured. 
The absorption maxima for the (protoporphyrin I X 
dimethyl ester)iron(III) complex with imidazole were 
356.2 (26.1 x lO 3 ) , 414.3 ( 1 2 4 x l 0 3 ) , 480.1 sh(7 .65x 
103), 538.5 (10.8 XlO3), and 563.4 sh(8.75 X 103), n m 
where sh is an absorption as a shoulder and where the 

A/nm 

Fig. 1. Spectral changes observed upon addition of 
imidazole (0—12 mM) to an 0.15 mM solution of Fe-
(PPDME)Gl in chloroform (illustrated for 6 concentra­
tions out of 18 ones measured). Imidazole concentra­
tions: 1, 0 mM; 2, 0.3 mM; 3, 0.6 mM; 4, 0.9 mM; 
5, 1.2 mM; 6, 12 mM. 

values in parentheses are the molar extinction coeffi­
cients. The wavelengths of the absorption maxima in 
the case of the addition of the other seven unhindered 
imidazoles agreed with those of imidazole within ± 2 
nm. As is shown in Fig. 1, the isosbestic points were 
observed at 402, 480, 524, and 596 n m . For the molar 
ratios lower than [ I m ] / [ F e ( P P D M E ) C l ] = 2 , the isosbes­
tic point at 480 n m shifted slightly to the shorter wave­
length side and the absorbance of the band at 540 nm 
was slightly lowered relative to that for Fe (PPDME)Cl ; 
this behavior was found also in the case of the addition 
of the other seven unhindered imidazoles and was, 
indeed, even more distinct in the system with a smaller 
formation constant. 

T h e spectral changes in Fig. 1, where the spectra of 
free Fe (PPDME)Cl changed to low-spin spectra,35) indi­
cate that the reaction of imidazole with Fe (PPDME)Cl 
proceeds in an apparent one step, based on the overall 
process of Eq. 5. Plots of A0—A at 645 n m against log 
[B] are shown in Fig. 2, where A is the observed absorb­
ance at a given wavelength, A0 is the absorbance of 
Fe (PPDME)Cl in the absence of a base, and [B] is the 

log ([B]/M) 

Fig. 2. Plots of AQ—A at 645 nm against log [B] for the 
addition of various unhindered imidazoles: a, Him; 
b, Im; c, 4MeIm; d, 4PhIm; e, NMelm; f, NEtlm; 
g, NAcIm; h, 5GlNMeIm. 
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TABLE 1. FORMATION CONSTANTS OF (PROTOPORPHYRIN IX DIMETHYL ESTER)IRON(III) 

COMPLEXES WITH UNHINDERED IMIDAZOLES AT 2 5 ° G 

Solvent 

GHGlg 

G1GH2GH2G1 

Base 

4MeIm 
Im 
Him 
4PhIm 
NMelm 

NEtlm 
5GlNMeIm 
NAcIm 
Im 
NMelm 
NAcIm 

p*a(BH+)*> 

7.22 
6.65 
5.73 
5.70 
7.33 

7.30 
4.75 
3.6 
6.65 
7.33 
3.6 

[Fe(PPDME)Gl]/mM log V } 

0.15 
0.15 
0.15 
0.15 
0.15 
0.015 
0.0075 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 

2.7 
2.8 
3.3 
2.2 
1.6 
1.5 
1.6 
1.5 
0.6 
1.2 
2.1 
2.0 
0.9 

log&b ) 

6.68±0.03 
6.72±0.04 
7.17±0.06 
5.40±0.05 
3.77±0.05 
3.80±0.13 
3.88±0.37 
3.65±0.07 
1.86±0.05 
2 .90±0.05 
5.20±0.04 
4 .19±0.04 
2.13±0.02 

a) A. Albert, Phys. Methods Heterocycl. Chem., 1, 1 (1963). A. R. Katritzky and A. J . Boulton, Adv. Heterocycl. 
Chem.y 12, 103 (1970). Corrected for the presence of two protons in the conjugate acid (log 2) for NH imida­
zoles.14) b) ß2, in units of M~2; Kl9 in units of M-1 . 

TABLE 2. FORMATION CONSTANTS OF VARIOUS PORPHYRIN 

IRON ( I I I ) COMPLEXES WITH UNHINDERED 

IMIDAZOLES IN CHLOROFORM 

Porphyrin 
complexa) Base T/°C log^2 References 

Fe(PPDME)Gl 

Fe(TPP)Gl 

Fe(OEP)Gl 

Fe(DPDME)Gl 

Im 
NMelm 
Im 
NMelm 
Im 
NMelm 
Im 

25 
25 
25 
25 
25 
25 
30 

6.72 
3.77 
6.20 
3.18 
6.03 
3.83 
6.45 

This work 
This work 

14 
14 
14 
14 
8 

a) PPDME, protoporphyrin IX dimethyl ester; TPP, 
tetraphenylporphyrin ; OEP, octaethylporphyrin ; 
DPDME, deuteroporphyrin IX dimethyl ester. 

concentration of the base. A0—A for all the unhindered 
imidazoles varies with log [B] with a similar tendency, 
showing that the reaction of the unhindered imidazole 
with Fe (PPDME) CI proceeds in an apparent one step. 
Then, the overall formation constant (ß2) is given by 

A = 
[FePB2Gl] 

( [FePGl] T - [FePB2Gl] ) ( [B] T - 2 [FePB2Gl] )2 (?) 

where [FePCl]T and [B]T are the total concentrations 
of Fe (PPDME) CI and a base respectively. Since 
[FePB2Cl] = (^—^ 0 ) / (£ 2 -£ 0 ) 3 6 ) where e0 is the molar 
extinction coefficient of Fe (PPDME)Cl in the absence 
of a base and where e2 is that of Fe (PPDME) B2C1 in the 
presence of a large excess of a base, Eq . 7 becomes: 

ß = . (A-Ao)/(e2-e0) 
P2 {[F^C\]T-(A-A0)/(e2-80)}{[B]T-2(A-A0)/(e2-80)y 

(8) 
By the method of Momenteau,8) \/(A0—A) was plotted 
against 1/[B]T

2 at the wavelengths at 500, 540, 560 (or 
570), and 645 n m . From the data in the linear part of 
the plots, ß2 was calculated by means of Eq. 8, and then 
the mean values and the standard deviations were 
evaluated (Table 1). From the data in the nonlinear 
par t of the plot at 500 n m in the lower base concentra­

tions, in which the isosbestic point at 480 n m shifts as 
described above, the formation constant, Kl9 could be 
estimated. From Eq. 2 and the relation [FePBCl] = 
{A-A0)l(e1-e0)9

dß) Kx is given by 

K1 = 
(A-A0)/(e1-e0) 

{ [ F e P G l ] T - ( ^ - ^ 0 ) / ( e i - e o ) } { [ B ] T - ( ^ - ^ 0 ) / ( e i 

(9) 
where £x is the molar extinction coefficient of Fe-
( PPDME) BC1. Assuming that the spectra of mono- and 
bis-adducts are similar at 500 nm, the value of e2 in the 
calculation of ß2 was used as that of e1 in Eq. 9.14) Thus, 
the values of Kx in Table 1 are only approximate, but 
they are, nevertheless, of the correct order of magnitude. 

Absorption Spectra and Equilibria of the Fe (PPDME) Cl-
Hindered Imidazole System. The addition of hindered 
imidazoles to Fe (PPDME) CI in chloroform resulted in 
the spectral changes summarized in Figs. 3 (base: 
2-methylimidazole) and 4 (base : 2-ethylimidazole). The 
absorption maxima of the product obtained were 360.0 

Fig. 3. Spectral changes observed upon addition of 
2-methylimidazole (0—1.2 M) to an 0.15 mM solution 
of Fe(PPDME)Gl in chloroform (illustrated for 7 con­
centrations out of 18 ones measured). 2-Methylimida-
zole concentrations: 1, OmM; 2, 9 m M ; 3, 15 mM; 
4, 30 mM; 5, 90 mM; 6, 0.3 M; 7, 1.2 M. 
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o 
x 

Fig. 4. Spectral changes observed upon addition of 
2-ethylimidazole (0—3 M) to an 0.015 mM solution of 
Fe(PPDME)Gl in chloroform (illustrated for 8 concen­
trations out of 17 ones measured). 2-Ethylimidazole 
concentrations: 1, 0 mM; 2, 9 mM; 3, 15 mM; 4, 30 
mM; 5, 0.12 M; 6, 0.6 M; 7, 1.2 M; 8, 3 M. 

sh, 410.6, 451.0 sh, and 550.0 n m for 2-methylimidazole, 
and 410.8, 450.0 sh, and 544 n m for 2-ethylimidazole. 
In the case of the addition of 2,4-dimethylimidazole, the 
spectral changes were similar to those in Fig. 3 . In the 
case of the addition of 1,2-dimethyl- and 2-phenylimid-
azole, however, even when the base was added up to the 
solubility limit, the spectrum was not further changed 
from that similar to the intermediate spectrum in Fig. 3 
and in Fig. 4 respectively. The isosbestic points for 
2-methylimidazole (Fig. 3) were observed at 496, 558, 
and 625 n m for the lower molar ratios of [2MeIm] / 
[Fe(PPDME)Cl] and at 586 n m for the higher ratios, 
while those for 2-ethylimidazole (Fig. 4) were observed 
at 494, 563, and 628 n m for the lower molar ratios of 
[2EtIm]/ [Fe(PPDME)Cl] and at 582 and 643 n m for 
the higher ratios. No distinct isosbestic points were 
present in the range of the Soret band, as is shown in 
Fig. 3. These spectral changes appear to be markedly 
different from those for unhindered imidazoles. The 
two sets of isosbestic points indicate that the equilibria 
involve mono- and bis-adducts. 

This spectral behavior shows that the addition of 

hindered imidazoles to Fe (PPDME)Cl occurs in two 
steps. Since the equilibrium involve mono- and bis-
adducts, the following relation can be derived: 

[FePGl]T = [FePGl] + [FePBGl] + [FePB2Gl] (10) 

[B]T = [B] + [FePBGl] + 2[FePB2Gl] (11) 

A = e0[FePGl] + ^[FePBCl] + e2[FePB2Gl] (12) 

where the absorbances are for a 1-cm light pa th . In the 
second step of the reaction, [FePCl]T can be approxi­
mately equal to [FePBCl] + [FePB2Cl], A, to ^ [FePBCl] 
+£ 2 [FePB 2Cl] , and [B]T, to [B], because a base was 
present in a large excess relative to [FePCl]T . Thus , 
K2 is given by 

K = [FePB2Gl] ( . 
2 ([FePGl]T-[FePB2Gl])[B]T

 V ; 

Then, 

^=e1([FePGl]T-[FePB2Gl])+e2[FePB2Gl], 

and letting 
^ ^ [ F e P C r J T , (14) 

we obtain: 

[FePB2Gl] = (A-AJ/fa-eJ (15) 

From Eqs. 13 and 15, the following equation is derived: 

[FePGl]T _ 1 1 , 1 
A-A, K&z-H) M T + £2 £i 

(16) 

Such a value of Ax that a plot of [FePCl]T/(^4—A±) 
against 1/[B]T gives a straight line at a given wavelength 
was convergently computed by the use of the least-
squares method. From this straight line (its slope and 
intersection with the ordinate), the Ax value, and Eq. 
14, the values of sl9 s2) and K2 were obtained. Such a 
calculation was made on three or four wavelengths ; the 
mean of the K2 values thus obtained given in Table 2. 
The £x value evaluated from the above calculation 
agreed reasonably well with that estimated directly from 
the results of spectral changes at some wavelengths 
(e.g., at 586 n m in Fig. 3). 

Further , by the use of the ex value thus obtained, Kx 

in the first step of the reaction was calculated by means 
of Eq. 9; then, the mean values and the standard devia­
tions were evaluated (Table 3). In the case of 
1,2-dimethyl- and 2-phenylimidazole, Kt was calculated 
by the use of the ex value estimated from the spectral 
changes. 

Dissociation of Fe(PPDME)B2Cl and Equilibria in a 
Chloroform-Ethanol Mixed Solvent. When the 

TABLE 3. FORMATION CONSTANTS OF PORPHYRIN IRON (III) COMPLEXES WITH HINDERED IMIDAZOLES AT 25 °G 

Porphyrin 
complex 

Fe(PPDME)Gl 

Fe(TPP)Gl 

Solvent 

GHG13 

G1GH2GH2G1 

GHGI3 

Base 

2,4DMeIm 
l,2DMeIm 
2EtIm 
2MeIm 
2PhIm 
2MeIm 

l,2DMeIm 
2MeIm 

PXa(BH+)» 

8.06 
7.85 
7.70 
7.56 
6.09 
7.56 

7.85 
7.56 

log V > 

1.78±0.07 
0 .71±0.04 
1.31±0.04 
1.75±0.07 
1.04±0.05 
1.24±0.07 

0.53 
1.20 

log K2»> 

0.77 
< - 0 . 6 

0.02 
0.78 

0.66 

log&b ) 

0.97 
3.52 

References 

This work 

14 
14 

a) See Footnote a of Table 1. b) /?2, in units of M~2; Kx and K2, in units of M_ 1 . 
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reaction of (tetraphenylporphyrinato)iron (III) chloride 
(Fe(TPP)Cl) with 1-methylimidazole in chloroform was 
examined under a low concentration of Fe(TPP)Cl (7.6 
X 10 - 7 M) , the following equilibrium was observed in 
the system14) 

Fe(TPP)Gl + 2NMeIm <=> 

Fe(TPP)(NMeIm)2
+ + Gl". (17) 

In this study, a similar examination was made in [Fe-
(PPDME)C1] = 7.5 X 10-6 M . As is shown in Table 1, 
the value of ß2 was essentially independent of [Fe-
(PPDME)Cl ] , though the value and the deviation in­
creased only slightly with lowering of [Fe(PPDME)Cl] . 
Thus, for Fe (PPDME)Cl in chloroform the influence of 
the equilibrium of Eq. 17 is considered to be negligible 
in concentrations higher than [Fe(PPDME)Cl] = 7.5 X 
1 0 - 6 M . 

The effects of the polar and hydrogen-bonding solvent 
on the formation constant were investigated in chloro­
form containing 1,5, and 10 vol % ethanol for the three 
bases of imidazole, 1-methyl-, and 2-methylimidazole. 
For the addition of imidazole and 1-methylimidazole, 
the overall spectral changes in the mixed solvents were 
similar to those for imidazole in chloroform (in Fig. 1), 
whereas for the addition of 2-methylimidazole they were 
similar not to those for 2-methylimidazole in chloroform 
(in Fig. 3), but to those for 2-ethylimidazole in chloro­
form (in Fig. 4) . As is shown in Table 4, ß2 decreased 

TABLE 4. FORMATION CONSTANTS OF (PROTOPORPHYRIN IX 

DIMETHYL E S T E R ) I R O N ( I I I ) COMPLEXES IN CHLOROFORM-

ETHANOL MIXED SOLVENTS AT 2 5 °G 

Solvent 

GHGI3 

GHGI3-
l%EtOH 

GHGI3-
5%EtOH 

GHGI3-
10%EtOH 

Base 

Im 
NMelm 
2MeIm 
Im 
NMelm 
2MeIm 
Im 
NMelm 
2MeIm 
Im 
NMelm 

log Kf) 

2.8 
1.6 
1.75±0.07 
3.0 
1.7 
2 .05±0.07 
2.7 
1.6 
3.11±0.06 
2.6 
1.8 

log Kf: 

0.78 

0.3 

< 0 . 0 3 

) logA»> 
6 .72±0.04 

3.77±0.05 

6.79±0.07 
3 .94±0.04 

6.50±0.11 
3.99±0.21 

6 .35±0.14 
4 .48±0.26 

a) See Footnote b of Table 3. 

for imidazole, but increased for 1 -methylimidazole, with 
an increase in the ethanol content. For 2-methylimid­
azole, as the ethanol content increased, Kx markedly 
increased, whereas K2 slightly decreased. 

The spectra of Fe(PPDME)Cl in these mixed solvent 
was unchanged at the content of ethanol lower than 20 
vol %, whereas above that point spectral changes which 
seemed to originate from ethoxo coordination were 
observed. 

D i s c u s s i o n 

Absorption Spectra of the Fe(PPDME)Cl-Imidazoles 
System. Upon the addition of unhindered imidazole 
to a Fe (PPDME)Cl solution, the spectra changed from 
those of free Fe (PPDME)Cl (high-spin) to those of the 
bis-adduct, Fe(PPDME)B 2 Cl (low-spin). These overall 
spectral changes are very similar to those for the 
(deuteroporphyrin I X dimethyl ester)iron(III)-imida-
zole system.8) The fact that the low-spin bis-adducts 
formed have essentially identical spectra for the eight 
unhindered imidazoles indicates that the stereochemis­
try of the bis-adducts is not appreciably dependent on 
the nature of these axial bases. 

Upon the addition of hindered imidazole to a Fe-
(PPDME)Cl solution, the spectra of mono-adduct Fe-
(PPDME)BCl was intermediately obtained in the course 
of spectral changes from Fe(PPDME)Cl to Fe(PPDME)-
B2C1, as is shown in Figs. 3 and 4.37> The spectra of a 
bis-adduct with hindered imidazoles are similar to those 
with unhindered imidazoles, but the wavelengths of the 
absorption maxima at around 545 and 570 n m for the 
former were found to change with the degree of steric 
hindrance. It has been pointed out by Smith and 
Williams that these absorption bands in the low-spin 
spectra of the porphyrin iron (III) complex are sensitive 
to the nature of the axial ligands.35) The wavelengths 
of the Soret and the characteristic bands (around 590 
nm) in the mono-adduct spectra are given in Table 5. 
The wavelength of this Soret band is intermediate 
between that for Fe (PPDME)Cl and Fe(PPDME)B 2Cl. 
The band at around 590 n m is considered to be a 
charge-transfer band characteristic of high-spin five-
coordinated porphyrin iron (III) complexes.35»38) These 
mono-adducts may be either five-coordinated ion-pairs, 
in which chloride is in the outer coordination sphere, or 

TABLE 5. ABSORPTION MAXIMA FOR HIGH-SPIN FIVE-COORDINATED PORPHYRIN IRON (III) COMPLEXES 

Porphyrin11^ 
complex Solvent Base or 

ligand 
A max/nm References 

Fe(PPDME) 

Fe(DPDME) 

//-oxo[Fe(PPDME)]2 

GHGlg 

CH2Cl2-10%EtOH 
benzene 

Gl-
l,2DMeIm 
2PhIm 
2EtIm 
2MeIm 
2,4DMeIm 
Ethoxo 
F -
Gl-
I -

389 
405 
401 
400 
406 
405 
400 
393 
373 
368 
397 

644 
595 sh 
593 
586 
580 sh 
577 

580, 598 sh 
587 
628 
641 

573, 599 

This work 

39 
38 
38 
38 
40 

a) See Footnote a of Table 2. 
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six-coordinated complexes in which the interaction of 
chloride with iron (III) is considerably weak. The 
wavelength of this characteristic band is comparable to 
those of the following complexes : (deuteroporphyrin I X 
dimethyl ester)iron(III) with fluoride,38) ethoxo(proto-
porphyrin I X dimethyl es ter) iron (111),39) and //-oxo-bis-
(protoporphyrin I X dimethyl ester iron (III))40) (Table 
5). In these complexes, it is known that the interaction 
of iron with the axial ligand is relatively strong and that 
the iron atom is displaced from porphyrin plane toward 
the axial ligand38); thus, it seems that the second axial 
ligand can not readily coordinate to iron ( I I I ) . 

Effect of the Base on Formation Constant. In the 
case of hindered imidazoles, no correlation between the 
basicity of these bases and the formation constants is 
found, as is shown in Table 3. O n the contrary, in the 
case of unhindered imidazoles such a correlation is 
clearly found, as is shown in Fig. 5 ; that for N H imida­
zoles (Im, 4MeIm, 4PhIm) is different from that for 
N R imidazoles (NMelm, N E t l m , 5ClNMeIm) , though 
the plots for histamine and 1-acetylimidazole in Fig. 5 
deviate from straight lines. 

**o 

P*a (BH+) 

Fig. 5. Relationships between log ß2 and the basicity of 
unhindered imidazoles: Q, ß2 for NH imidazoles; 
0 , ß2 for NR imidazoles. 

For the (protoporphyrin I X dimethyl ester) iron (111) 
and the (tetraphenylporphyrinato)iron(III) complexes, 
the log ß2 values for N H imidazole are larger than that 
for N R imidazole by about 3.1 and 3.3 log units on the 
average respectively. The larger value of ß2 for N H 
imidazole is considered to be based on the stabilization 
by the delocalization of the positive charge on iron (III) 
through Interaction I14) or II.25»26) In the case of the 
Interaction I, the delocalization of the positive charge 
on iron (III) leads to an increase in /?2, whereas the 
association between coordinated and free N H imidazole 
may lead to a decrease in ß2. Thus , it seems unlikely 
that the Interaction I contributes to the increase of about 
3 log unit in ß2. The interaction of chloride with the N H 
group of imidazole has been suggested in a study of the 
crystal structure of bis (imidazole) tetraphenylporphyrin-
atoiron(III) chloride.27) Furthermore, the appreciable 

N 
I 

»N — Fe-N< 

à 
I 

9 
i N — F e - N i 

à 
HN—* 

n 

,4-Cl 

interaction of halide with the N H group of coordinated 
N H imidazoles has been confirmed by E P R and N M R 
measurements of the deuteroporphyrin I X dimethyl 
ester9) and teraphenylporphyrin iron (III) complexes 
with N H imidazoles in solution.26) Accordingly, the 
stabilization of the complex wi th N H imidazoles may 
be mainly due to Interaction I I . Thus, it seems unrea­
sonable that the complexes with N H imidazoles are 
represented by the formula of the ion-pair, Fe (PPDME)-
Ba+Gl-

T h e log ß2 for histamine is larger than that which 
would be predicted from the straight line of N H imida­
zole in Fig. 5, which is probably based on the additional 
stabilization of the complex by intramolecular hydrogen 
bonding between the amino group and the carbonyl 
group at the porphyrin periphery.31) The log ß2 for 
1-acetylimidazole is also larger than that which would 
be predicted from the straight line of N R imidazole in 
Fig. 5. In 1-acetylimidazole, which is known to be a 
good acetylating reagent, the nitrogen a tom at the 
1-position of the imidazole r ing is susceptible to nucleo-
philic attack because the acetyl group with an electron-
withdrawing ability attracts the electron on the nitrogen 
atom.41) In this case, the chloride of the nucleophilic 
reagent in Fe (PPDME)Cl can interact with the nitrogen 
a tom. Thus , through such interaction the positive 
charge on iron (III) is delocalized and stabilized; conse­
quently, the formation constant may increase relatively. 

In these cases, the two axial imidazoles of the bis-
adduct are nonequivalent, because only one chloride is 
present in a bis-adduct molecule.25) For both N H and 
N R imidazoles, the ratios of log KJlog ß2 are in the 
narrow range of 0.3—0.4. Thus , it is not possible to 
specify whether the stabilization of the complex based 
on the interaction with chloride is accompanied by the 
axial coordination of N H imidazole in the first step, in 
the second step, or in the intermediate state. 

The coordination of 4-substituted imidazoles to iron-
(III) may be equivalent to that of 5-substituted ones 
caused by rapid tautomerism, for no lowering of the 
formation constants based on the steric effect was 
observed. 

The basicity of the protoporphyrin I X dimethyl ester 
is higher than that of tetraphenylporphyrin and lower 
than that of octaethylporphyrin;33) therefore the decreas­
ing order of the formation constant for these porphyrin 
i ron(II I ) complexes can be expected to b e : T P P > 
PPDME>OEP. 2 1 ' 2 2 ' 3 2 ' 4 2 ) Such a trend, however, is not 
clearly found in Table 2 . The formation constants for 
(protoporphyrin I X dimethyl ester)iron(III) complexes 
should be compared with those for substituted deutero-
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porphyrin iron (III) complexes, for which few data have 
been reported. 

Solvent Effect on Formation Constants. The solvent 
effect on formation constants may be described in terms 
of the polarity and the hydrogen-bonding ability of the 
solvents. When the forms of mono- and bis-adducts are 
the ion-pairs of Fe(PPDME)B+Cl" and Fe (PPDME)-
B2

+C1~ respectively, these formation constants can be 
expected to increase with the polarity of the sol­
vents.10»11»16) The hydrogen bonding between base and 
solvent complicates the situation. As for the thermody­
namics of the (tetraphenylporphyrinato)iron (III) com­
plex with imidazole in various solvents (acetone, ethyl 
acetate, D M F , CHC13 , and CH2C12), it has been report­
ed by Ciaccio et al. that the hydrogen-bonding solvents 
combine with free imidazole to decrease the formation 
constants,15) while Walker et al. have reported that 
chloroform, with a weak hydrogen-bonding ability, 
reduces the self-association of N H imidazole and thus 
allows the formation constants to be larger than in other 
solvents.14) 

N R imidazoles are not capable of self-association, but 
the nitrogen at the 3-position of free N R imidazole can 
hydrogen-bond to the hydrogen-bonding active group 
such as N H , O H , and C H in solvent molecules. Such a 
hydrogen bonding can decrease the formation constants, 
as has been pointed out by Ciaccio et a/.15) Since chloro­
form is stronger in hydrogen-bonding ability43) and 
lower in polarity than 1,2-dichloroethane, ß2 (CHC13) 
<^ß2 (C2H4C12) for 1-methylimidazole in Table 1 seems 
to be reasonable. 

O n the contrary, for imidazole, 2-methyl-, and 1-ace-
tylimidazole the formation constants in chloroform are 
larger than in 1,2-dichloroethane (Tables 1 and 2). The 
explanation for N H imidazole that the self-association 
is reduced with the hydrogen-bonding ability of solvents 
and that, thus, the formation constants a re : in CHC1 3 

< i n C2H4C12 is inapplicable to that for the 1-acetyl-
imidazole of the N R imidazole.44) A feature common 
to the complexes with these three imidazole bases is that 
the chloride strongly interacts with the coordinated base ; 
thus, the complex is markedly stabilized, as described 
above. This interaction between the chloride and the 
coordinated base may be weakened with the solvent 
polarity because of a concomitant slight dissociation of 
the chloride ion; consequently, the formation constants 
of the complexes may decrease with the solvent polarity. 
To the solvent effect on the complex formation with 
these imidazole bases, the contribution of the polarity 
is considered to surpass that of the hydrogen-bonding 
ability. 

Ethanol is the polar and the hydrogen-bonding sol­
vent. The polarity of a chloroform-ethanol mixed 
solvent can increase with the ethanol content. The fact 
that ß2 for imidazole decreases with the ethanol content 
suggests that the interaction between the chloride and 
the imidazole N H group is weakened with the polarity 
of the solvent, thus lowering the stability of the complex 
(Table 4). Since the complex with 1-methylimidazole 
is an ion-pair in contrast to that with imidazole, the ß2 

increases with the polarity of the solvent. Thus , for the 
system of imidazole and 1-methylimidazole, the effect of 

the addition of ethanol to the chloroform solution may 
be explained on the basis of the increase in polarity. 
The fact that Kx for 2-methylimidazole markedly 
increases with the ethanol content, whereas K2 slightly 
decreases, indicates that the stability of the mono-adduct 
is remarkably enhanced with the ethanol content; the 
reason for this remains to be clarified. 

In the (protoporphyrin I X dimethyl ester)iron (III) 
complexes, the solvent effect is further complicated by 
the possibility of the hydrogen bonding of the solvent 
molecule with the ester carbonyl group at the porphyrin 
periphery relative to the cases of the tetraphenylporphy-
rin and octaethylporphyrin iron (III) complexes. 

Steric Effect on Formation Constants. As is shown 
in Table 3, the formation constants of the complexes 
with hindered imidazoles are found to decrease with the 
degree of steric hindrance provided by the 2-substituent. 
The formation constant, Kl9 for 1,2-dimethylimidazole 
is the smallest in the systems studied here, for the 
1-methyl group hinders the bending of the 2-methyl 
group to avoid the steric interaction with the porphyrin 
plane.25) The plot of log Kx against the wavelength of 
the absorption maximum at around 590 n m character­
istic of the mono-adduct is found to be linear, as is 
shown in Fig. 6. In the mono-adduct which exhibits 
this band on the longer-wavelength side, the displace­
ments of the iron atom from the porphyrin plane are 
considered to be larger. 

1,2DMeIm 

•0.5k I 
I — i i i . i i i . . . i i i i i i . . . i i . l 

575 580 585 590 595 

A/nm 

Fig. 6. Relationships between log Kx and the wavelength 
of absorption maxima for the mono-adduct with 
hindered imidazole. 

In the porphyrin iron (III) complex, in which a 
change in the spin state from high- to low-spin occurs 
upon the addition of the second axial base, the formation 
constant, Kl9 can be smaller than K2. Accordingly, the 
relation of K^>K2 for the complexes with hindered 
imidazoles is probably based on the steric reason. O n 
the contrary, for the tetraphenylporphyrin iron (III) 
complex with 2-methylimidazole it is reported to be Kx 

<Cß2IKx (=K2).
U) I t seems that the bis-adduct of (proto­

porphyrin I X dimethyl ester)iron (HI) with hindered 
imidazoles is not readily isolated because K1<^K2> 
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Differential Determination of Tellurium(IV) and Tellurium(VI) by Atomic 
Absorption Spectrophotometry after Hydride Generation. Combined 

Use of Titanium (III) Chloride as a Prereductant 
and Sodium Borohydride Solution 

Kazuo J I N , * Mitsuhiko T A G A,* Hitoshi YOSHIDA, and Seiichiro HIKIME 
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Kita 10-jo, Kita-ku, Sapporo, 060 
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Sensitive determination of tellurium was investigated by atomic absorption spectrophotometry after hydride 
generation and differential determination of tellurium(IV) and tellurium(VI) in acidic solution was carried out. 
When sodium borohydride solution is used without any prereductant, only the signal from tellurium(IV) is obtained. 
On the other hand, when titanium(III) chloride solution is added before the addition of borohydride solution, 
total signal from tellurium(IV) and tellurium(VI) can be obtained; 30—60 s of prereduction is required. The 
effectiveness of the titanium (III) chloride-borohydride reduction system is shown in the interference study. The 
interference of selenium(IV) is eliminated up to 200 fold vs. 0.25 (Jig of tellurium(IV) in 20 cm3 of 3 mol dm - 3 

hydrochloric acid by the use of 2 cm3 of 5% w/v titanium(III) chloride solution as a prereductant. Tellurium in 
steel and sulfur (commercial reagent) can be determined satisfactorily without isolation of tellurium from matrix 
by this method. Detection limit of the method is 8 ng. The coefficient of variation of the method is 2.4% in the 
ten determinations of 0.25 (xg of tellurium. 

Determination of a trace amount of tellurium has 
become of interest in recent years. Tellurium is harmful 
to the strength of steel1»2) and high temperature alloys3) 
even in a low concentration; in geochemical aspects it 
is useful as an indicator element.4 - 6) Bismuthiol-II is 
one of the most sensitive reagents in the spectrophoto-
metric determination of tel lurium(IV),7 - 9) but complete 
separation of tellurium from interfering ions, e.g., sele­
nium, copper, vanadium, and pal ladium is required. 
Although flame atomic absorption spectrophotometry is 
especially convenient method for the determination of 
tellurium containing selenium,10-12) the sensitivity is not 
yet sufficient for the determination of tellurium in 
concentration below ppm, and tellurium should be 
concentrated by solvent extraction2»10) or coprecipitation 
with arsenic.9 '10) Hydride generation-atomic absorption 
spectrophotometry has also been applied to determine 
tellurium because of its high sensitivity.13-15) In the 
method t i tanium (111) chloride together with magnesi­
um13) or sodium borohydride14»15) has been used as a 
reductant to generate tellurium hydride. There have 
been no reports, however, on the differential determina­
tion of tellurium (IV) and tellurium (VI) in the same 
solution by atomic absorption spectrophotometry. In 
order to find suitable experimental conditions for deter­
mining tellurium by hydride generation-atomic absorp­
tion spectrophotometry, experiments have been carried 
out. 

It was found that sodium borohydride reduces tellu­
r ium (IV) to tellurium hydride and is not effective for 
the reduction of tel lurium(VI), and that t i tanium(III ) 
chloride reduces tellurium (VI) to tellurium (0) via tellu­
rium (IV). By utilizing the differences in ability of 
reduction for tellurium spieces, differential determina­
tion of tellurium(IV) and tellurium(VI) in the solution 
was satisfactorily carried out. When sodium borohydride 
solution was added alone to the mixed solution of tellu­
r ium (IV) and tellurium (VI), only the signal from tellu-
r ium(IV) was obtained and not from tel lurium(VI). 
O n the other hand, when t i tanium (I II) chloride solution 

was added to the solution as a prereductant prior to the 
addition of borohydride solution, total signal from tetra-
valent and hexavalent tellurium was obtained. Both the 
concentration of ti tanium (III) chloride and the prere­
duction time affected the sensitivity of this method. 

This procedure was applied to the determination of 
trace amounts of tellurium in steel and sulfur. 

Exper imenta l 

Apparatus. A Hitach Model 170-50 type atomic absorp­
tion spectrophotometer with deuterium background corrector 
and a tellurium hollow-cathode lamp (Hamamatsu TV) were 
used. A modified Hitachi arsenic determination unit was 
used for the generation of tellurium hydride ; a reaction vessel 
(vol 115 cm3) was connected to a dispenser (REBURET, 
Nippon Garasu Ryoki Co., Ltd.) with a silicone tube ($= 1.5 
mm) attached firmely to a teflon cap as shown in Fig. 1. 
A prescribed volume of borohydride solution was introduced 

A to flame 

Fig. 1. Reaction vessel and piping diagram used for 
the evolution of tellurium hydride. 
A: Electric valve, ( J ) ^ ® flow paths of nitrogen; B: 
reaction vessel; G: sample solution; D: spin bar 
E: magnetic stirrer; F: Teflon cap; G: silicone tube; 
H: dispenser; I : sodium borohydride solution. 
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TABLE 1. CONDITIONS FOR NITROGEN-HYDROGEN FLAME 

Slit width 

Wavelength 
Lamp current 

inlet 
outlet 

Nitrogen flow rate 
Hydrogen flow rate 
Aux. nitrogen flow rate 
Height of beam above burner tip 

214.3 nm 
4 mA 

0.4 mm 
0.5 mm 

8 dm3 min - 1 

7 dm3 min - 1 

2.5 dm3 min - 1 

20 mm 

instantly from the dispenser into the reaction vessel through 
the silicone tube. Generated tellurium hydride was carried 
into a nitrogen-hydrogen flame (one slot burner with 10 cm) 
and atomic absorption signals were recorded with a Hitachi 
056 type recorder. Conditions for the nitrogen-hydrogen 
flame are given in Table 1. 

Reagents. Standard tellurium(IV) solution (1000 ppm 
Te(IV)-3 mol dm~3 hydrochloric acid) : 2.000 g of metallic 
tellurium (99.999%) was dissolved in 8 cm3 of nitric acid and 
10 cm3 of hydrochloric acid, and the solution was dried up on 
a water bath. Ten cm3 of hydrochloric acid was added and the 
solution was dried up, the procedure being repeated three 
times. After addition of 500 cm3 of hydrochloric acid, the 
solution was diluted exactly to 2000 cm3 with water. The 
solution was used by sequential dilution. Standard tellurium-
(VI) solution: 1.072 g of sodium tellurate (Na2Te04• 2H20) 
was dissolved in hydrochloric acid and diluted exactly to 500 
cm3 with water (1000 ppm Te(VI)-3 mol dm - 3 hydrochloric 
acid). The solution was also used by sequential dilution. 
Titanium chloride(III) solution (5% w/v) : 12.5 g of titanium-
(III) chloride was dissolved in 125 cm3 of 6 mol dm - 3 hydro­
chloric acid, and diluted to 250 cm3. Sodium borohydride 
solution (5% w/v, 1% sodium hydroxide): Five grams of 
sodium borohydride was dissolved in 100 cm3 of 1% w/v 
sodium hydroxide. Other reagents were of analytical reagent 
grade. Deionized water was twice distilled. 

Procedure. Transfer a prescribed volume of sample 
solution containing less than 0.8 jxg of tellurium into a reaction 
vessel, add 5 cm3 of hydrochloric acid; and dilute the solution 
to 20 cm3 with water. Put spin bar into the vessel and set 
up it on hydride generation unit. Pass nitrogen gas in the 
vessel for 20 s. Turn electric valve to pass nitrogen through 
bypass to burner, and start magnetic stirrer. Pour 5 cm3 of 
5% w/v borohydride solution into the vessel from a dispenser 
when stirring becomes stationary, and lead the generated 
tellurium hydride to burner with hydrogen generated at the 
same time and record the signal of tellurium on the recorder. 
Pass nitrogen through the vessel for cleaning when the signal 
returns to baseline. Then, exchange the reaction vessel for 
another one. Determination of one sample can be done 
within about 1 min. 

R e s u l t s a n d D i s c u s s i o n 

For hydride generation-atomic absorption method, 
the geometry of reaction vessel, atomizer unit, flow rate 
of auxiliary nitrogen (or argon), volume and concentra­
tion of borohydride solution, volume of sample solution 
and its acidity play important roles in determining the 
detection limit and sensitivity. These factors were 
studied independently in order to elucidate individual 
effects. 

Effect of the Concentration of Sodium Borohydride Solution. 
Effects of sodium borohydride solution in the concen­

tration range 3—8 % w/v and of the solution volume on 

the sensitivity were examined in 3 mol d m - 3 hydrochlo­
ric acid. The use of low concentration of borohydride 
resulted in low sensitivity of the method and the solution 
of high concentration was less stable than that of low 
concentration. Increase of the volume of borohydride 
solution up to 8 cm3 increased sensitivity of the method. 
O n the other hand, the accuracy of the method de­
creased apparently when more than 5 cm3 of borohy­
dride was used. Because of these limitations, 5 cm3 of 
5 % w/v sodium borohydride was used throughout this 
study in view of sensitivity and accuracy of the method. 

Flow Rate of the Auxiliary Nitrogen. T h e flow rate 
of auxiliary nitrogen, which was made to flow through 
the reaction vessel, was chosen to be 0—5 dm 3 m i n - 1 . 
With increase of the flow rate of nitrogen, the peak 
height of tellurium decreased gradually. Therefore, 
nitrogen was made to flow through a bypass after the 
removal of oxygen from the system. No significant 
difference in sensitivity appeared between nitrogen-
hydrogen flame and argon-hydrogen flame. 

-3 
acidity, mol dm 

0.5 1.0 1.5 2.0 2.5 3.0 

1.0 20 3.0 40 50 6.0 
acidity, mol dm"3 

Fig. 2. Effect of acids on the sensitivity. 
Te(IV) : 0.25 y.g/20 cm3; 5% w/v NaBH4: 5 cm3, 
- O - H C l , - # - H N 0 3 , - A - H 2 S 0 4 . 
Broken line indicates blank values for acids. 

Effect of Acid. T h e sensitivity of this method was 
examined with use of a borohydride solution in hydro­
chloric acid, nitric acid, or sulfuric acid. The results are 
shown in Fig. 2. The absorption peaks of tellurium are 
slightly less in the cases of nitric acid and sulfuric acid 
media than in the case of hydrochloric acid medium, but 
in each case constant signals were obtained in the acid 
concentration range 2—5.5 mol d m - 3 . 

When the reaction vessel was replaced by a small one 
(vol 50 cm 3) , the difference in peak height decreased, 
almost the same signal being obtained in hydrochloric 
acid and nitric acid media. 

Volume of Solution in the Reaction Vessel. The 
efficiency of the reduction of tellurium(IV) to tellurium 
hydride decreased almost linearly with increase of the 
volume of solution in the reaction vessel from 10 to 50 
cm3 ; e.g., the peak height of 0.25 (jig of tellurium in 50 
cm3 was about one fourth of that in 10 cm3 . Therefore 
the volume of sample solution was chosen to be 20 cm3 

in order to attain best detection limit and precision of 
the method. 
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A 6 8 
Time(min) 

Fig. 3. Effect of the amount of titanium (III) chloride as 
a function of prereduction time. 
(A) Te (VI), 0.25 (jig/3 mol dm"3 HCl, (B) Te (IV), 0.25 
(jig/3 mol dm-3 HCl. 5% w/v NaBH4: 5 cm3, 5% w/v 
TiCl3: - O - 1 cm3, - # - 2 cm3, - [ > 4 cm3, - B - 5 cm3. 

Addition of Titanium (III) Chloride as a Prereductant of 
Tellurium (VI). Tel lur ium (VI) could not be reduced 
to tellurium hydride with borohydride alone (Fig. 3). 
Reduction of tellurium (VI) was carried out satisfactorily 
by the use of t i tanium (111) chloride together with boro­
hydride. However, the peak height changes apparently 
with the concentration of t i tanium chloride (111) and 
prereduction time. In order to attain constant reduction 
of tellurium(VI) to tel lur ium(IV), the concentration of 
t i tanium (III) chloride and prereduction time, time from 
addition of the reagent to the injection of borohydride 
solution, were examined. The results are shown in Fig. 
3 . More than 120 s of prereduction time is required to 
obtain constant peak height when 1 cm3 of 5 % w/v 
t i tanium (III) chloride is used. When 2 cm3 of 5 % w/v 
ti tanium (I II) chloride is used together with borohydride, 
almost constant peak height is obtained within 20—120 s 
of prereduction time. The peak height of tellurium is 
reduced considerably with increase in the volume of 
t i tanium (I II) chloride and the prereduction time. This 
suggests that tellurium (VI) is reduced gradually to tellu­
r ium (0) via tellurium (IV) by t i tanium (I II) chloride and 
precipitates in the reaction vessel. T h e same phenome­
non is observed for tel lurium(IV) as shown in Fig. 3. 
Within 90 s of prereduction time, addition of 2 cm3 of 
5 % w/v t i tanium (III) chloride to the acidic tellurium-
(IV) solution before addition of borohydride solution 
does not reduce the peak height and gives satisfactory 
result. 

Differential Determination of Tellurium (IV) and Tellurium-
(VI). Figure 3 suggested the possibility of differ­
ential determination of tellurium (IV) and tellurium-
(VI) . Tellurium (IV) was determined by reduction with 
borohydride alone, and total amount of tellurium was 
determined by the reduction of tellurium using 2 cm3 of 

0.0 0.1 0.2 0.3 0A 
Te(IV) , j jg 

0.4 0.3 0.2 0.1 
Te(VI) , j jg 

0.0 

Fig. 4. Differential determination of tellurium(IV) and 
tellurium (VI). 
Total tellurium: 0.4 jig; - Q - 5% w/v NaBH4: 5 cm3, 
- 0 - 5% w/v TiCl3: 2 cm3 (prereduction time: 1 min), 
5% w/vNaBH4 : 5 cm3. 

5 % w/v t i tanium(III ) chloride for one min, followed by 
addition of 5 % w/v sodium borohydride. The results 
are shown in Fig. 4, in which total amount of tellurium 
is kept 0.4 (jig and the mixing degree of tellurium(IV) 
and tellurium(VI) is varied. Tellurium(IV) can be 
determined regardless of tellurium (VI) by borohydride 
alone as a reductant . 

Influence of Diverse Ions. The influence of diverse 

TABLE 2. COMPARISON OF PERMISSIBLE AMOUNTS OF FOREIGN 

IONS FOR TELLURIUM DETERMINATION ( w i t h i n 1 0 % 

negative error, ion (jxg) vs. 0.25 (jig of Te (IV)) 

Ion 

Ag(I) 
As(III) 
As(V) 
Bi(III) 
Gu(II) 
Hg(II) 
Se(IV) 
Sb(III) 
Ni(II) 
Go(II) 
Pb(II) 
Gd(II) 

NaBH4
a> 

1.0 
0.75 

25 
5.0 

25 
1.25 
5.0 
5.0 

25 
50 

125 
50 

Reducti 

K I -
NaBH4

b> 

5.0 
2.5 

15 
5.0 

75 
1.25 

75 
5.0 

25 
250e> 
250e) 
250e) 

on system 

TiCl3-
NaBH4

c> 

1.25 
5.0 

75 
3.75 

25 
2.5 

50 
5.0 

25 
250e) 
250e) 
200 

TiCl3-
Mgd) 

6.25 
7.5 
7.5 

50 
27.5 

1.25 
35 

7.5 
50 
50 

125 
250e) 

a) The following ions does not influence in excess 
amount (2500 [xg) : Na, K, Mg, Ca, Sr, Ba, Zn(II), 
Gr(III), Al(III), Fe(III), Mo(VI), Mn(II), V(V), 
S0 4

2 - , N 0 3 - , G204
2-, Br-, Si03

2-, GH3GOO-, 
G104-; Te(IV) 0.25 jxg/3 mol dm-3-HCl, 20 cm3; 
5% w/v NaBH4, 5 cm3, b) 20% KI, 1 cm3, prere­
duction: 5 min. c) 5% w/v TiCl3, 2 cm3, d) 5% 
TiClg, 1 c m 3 + 0 . 5 g Mg, 6 mol dm-8 HCl. e) No 
influence. 
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ions on the determination of tellurium(IV) is given in 
Table 2. When borohydride alone is used as a reductant , 
relatively large interference arises in the order: arsenic-
( I I I )>s i lve r ( I )>mercury ( I I )>b i smuth ( I I I )>se len ium-
(IV), antimony (II I) >arsen ic (V) , copper( I I ) , and 
nickel(II). Various reductants were used together with 
borohydride in order to eliminate the interference. Tin-
(II) chloride cannot be used because of uncorrectable 
background absorption. Potassium iodide is useful for 
eliminating the interference of some coexisting ions, 
especially selenium (IV) ; coexisting 200 fold of selenium-
(IV) vs. tellurium(IV) does not interfere when 2 cm3 of 
2 0 % w/v potassium iodide is used as a prereductant (5 
min of prereduction time). Ti tan ium (III) chloride is 
also useful for eliminating the interference of selenium-
(IV) (Table 2). 

Ti tanium (III) chloride-magnesium system13) was also 
reexamined as regards the generation of tellurium 
hydride, and the results were compared with that of 
t i tanium(III) chloride-borohydride reduction system. 
Granular magnesium, wrapped in a wafer sheet, was 
added to sample solution containing t i tanium (III) 
chloride (6 mol d m - 3 hydrochloric acid). T h e effect of 
diverse ions on the determination of tellurium is almost 
the same in these two reduction systems. However, 
reduction of tellurium by borohydride is superior to 
titanium (III) chloride-magnesium system in sensitivity, 
reproducibility, and handling. 

In each reduction system, anions listed in Table 2 do 
not interfere in 10000 fold excess of tellurium in the 
determination. 

Detection Limit and Precision of the Method. Calibra­
tion curves for tellurium (IV) determination by borohy­
dride reduction and for tellurium(VI) by t i tanium(II I ) 
chloride-borohydride reduction are both linear up to 
0.8 (jig of tellurium. The coefficients of variation in the 
determinations of 0.25 (xg tellurium(IV) and the same 
amount of tellurium(VI) were 2 . 4 % and 2 . 9 % , respec­
tively. Detection limit of the method is 8 ng ( S / N = 2 ) . 

Determination of Tellurium in Steel. Prior to 
application of the method, the effect of i ron(I I I ) matr ix 
on the determination of tellurium was examined (Fig. 
5). Iron (III) does not interfere up to 40 mg vs. 0.25 (jig 

CT30 < 
c 

"U 
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<u 20 
1— 

<b 

S io 

0 « L _ 

f 

T 1 1 

• O Cfcs^ 

I i t 

1 1 1 

^T^> 
N \ \ J \ i \ 

è 

— « i i 

10 20 30 40 
Fe (III), mg 

50 60 

Fig. 5. Effect of iron (III) on the determination of 
tellurium. 
- O - Te(IV) 0.25 (jig/3 mol dm"3 HCl, 5% w/v NaBH4, 
5 cm3. - # - Te(VI) 0.25 (jig/3 mol dm"3 HCl, 5% w/v 
TiCl3, 2 cm3 (prereduction time, 40 s) 5% w/v NaBH4, 
5 cm3. 

of tel lurium(IV) by sodium borohydride, or 0.25 fig 
tellurium(VI) by t i tanium(II I ) chloride-sodium boro­
hydride reduction system. No separation or preconcen-
tration technique is required for the determination of 
p p m level of tellurium in iron matrix, if there is no other 
interfering ion. The standard steel was dissolved by the 
following procedure; 0.1 g steel was weighed precisely 
in a 50 cm3 beaker. After addition of 3 cm3 of hydro­
chloric acid and 1 cm3 of nitric acid, the mixture was 
heated on a water bath , and the steel was dissolved. 
The solution was diluted to 50 cm3 with water in a 
measuring flask after cooling. A prescribed volume of 
this solution was transferred to the reaction vessel and 
determination was carried out by means of the ti tanium-
(III) chloride-borohydride reduction (Table 3). The 
procedure could be completed within 30 min. Almost 
the same results were obtained in the standard addition 
and calibration curve techniques. 

Determination of Tellurium in Sulfur. T h e proposed 
technique was also applied to the determination of 
tellurium in commercial reagent sulfur. T h e results are 
given in Table 4. The modified procedure of Arikawa12) 
was used: Sulfur powder (ca. 0.1 g) was weighed in a 
teflon beaker; 5 cm3 of 3 mol dm~3 sodium hydroxide 
solution was added, and the mixture was heated on a 
hot plate (ca. 150 °C) in order to dissolve the powder. 
After cooling, 20 cm3 of water was added, followed by 
4 cm3 of 3 0 % w/v hydrogen peroxide solution to oxidize 
sulfur to hexavalent (tellurium is also oxidized to hexa-
valent). Excess hydrogen peroxide was then decomposed 
by careful heating. Finally, 10 cm 3 of hydrochloric acid 
was added, and the solution was diluted to 100 cm3 with 

TABLE 3. DETERMINATION OF TELLURIUM IN STEEL 

Sample 

Tellurium- lb> 

Tellurium-2b> 

Ab> 

Bb> 

Taken (g) 

0.0585 
0.1040 
0.1255 

0.1052 
0.1140 
0.1088 

0.1095 
0.1070 
0.4456 
0.3588 
1.0239 
1.0107 
2.0122 

0.3390 
0.5233 
0.3524 

Te 
Found (g)a> % 

3.5 
5.8 
6.9 

average 
8.0 
8.2 
8.1 

average 
22 
21 
85 
75 

200d> 
208d> 
390d> 
average 

332 
512 
573 

average 

0.0059 
0.0056 
0.0055 
0.00567 

0.0076 
0.0072 
0.0074 
0.0074 
0.020 
0.020 
0.019 
0.021 
0.020 
0.021 
0.019 
0.020 
0.098 
0.098 
0.103 
0.0997 

Certified 
% 

0.00563 

0.00753 

0.02c> 

0.10c> 

a) Average of three determinations, b) Supplied 
by Japan Steel Works, Ltd. (Muroran Plant). 
c) Tellurium content of the sample. d) Separated 
from iron matrix by tin(II) chloride precipitation 
procedure. 
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T A B L E 4. DETERMINATION OF TELLURIUM 

IN REAGENT SULFUR 

Sample 
Form 

Powder 

Sublimed 

Colloidal 

Crystalline 

Taken (g) 

0.1047 
0.0664 
0.1103 
0.0616 
0.1015 
0.1014 
0.0983 
0.1017 
0.1044 
0.5041 
0.3172 
0.6718 
0.5108 

Te 
Found ((jig) 

3.8X 

2.5 , 
4 .3 0 

2.09 

3.45 

7.7 
10.1 
1.90 

2.1 
0.08 
0.07 

(4 
(6 

% 
0.0036 

0.0038 

0.0040 

0.0034 

mean= 

0.0036 

0.0034 

(jig of Te was added) 
(jig of Te was added) 

!:SS}«-«. 
0.00002 
0.00002 

<0.00001 
<0.00001 

a) Average of three determinations 

water. An adequate volume of the solution was trans­
ferred to the vessel and the tellurium was determined by 
ti tanium (III) chloride-borohydride reduction system (2 
cm3 of 5 % w/v t i tanium (111) chloride for 1 min of 
prereduction time). Though the t i tanium(III ) chloride-
borohydride reduction system cannot be applied to 
sulfuric acid medium, the presence of 2 mmol sulfuric 
acid in 3 mol d m - 3 hydrochloric acid caused no inter­
ference. T h e standard addition technique and calibra­

tion technique gave almost the same results. 
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It was shown that the shape of gas-liquid chromatographic peak is expressed by the Gaussian distribution 
multiplied by a higher order algebraic equation of time. Application of the curve fitting methods, i.e., the Newton's 
divided-difference formula and the orthogonal polynomials method, could well clear up the experimentally observed 
gas-liquid chromatograms of trailing and leading types, respectively. The asymmetric shapes of gas-liquid chro­
matographic peaks are attributed to the slowness of vaporization or dissolution in the partition process. 

Although one observes in general the trailing type 
peaks in gas-solid adsorption chromatography, in gas-
liquid partition chromatography the peaks of trailing 
and leading shapes1-3) are observed at higher and lower 
column temperatures, respectively. 

As to the asymmetric shapes of gas chromatographic 
peaks, there has been given only a qualitative explana­
tion that the partition isotherm of a solute component 
between the mobile and stationary phases is nonlinear, 
as described in the several monographs.4 - 6) A mathe­
matical model for nonlinear partit ion based on the 
numerical solution by means of computer was propos­
ed.7) The theory by Schmauch8) explains only the 
leading type peak, and on the contrary the papers by 
the Littlewood school9»10) and others11»12) deal with only 
the trailing peak expressed as the convolution of expo­
nential decay constant. The derivative method for gas 
Chromatograph developed by Saitoh et aL2>13-17) is not 
only very useful in trace analysis but also gives important 
knowledges about the asymmetric shapes. 

It is pointed out that the rate of vaporization is slow 
at lower temperature and on the other hand the rate of 
dissolution into stationary phase becomes too small at 
higher temperature, hence the partit ion equilibrium 
does hold no more. In this case a new theory dealing 
with the kinetically irreversible partition process between 
both phases is required. 

As reported in our previous paper18) the asymmetric 
gas-liquid chromatographic peaks are expressed by the 
series consisting of the Gaussian distribution G and its 
derivatives. In this paper the familiar curve fitting 
methods are applied to the mathematical analysis of the 
experimentally observed gas-liquid chromatograms of 
leading and trailing shapes. 

Theoret ica l 

The system of differential equations given by K a m b a r a 
and Ohzeki19) is as follows: 

-FU-f£+uC)+a{K~lc>-C) (1) r9C 
dt 

FJ£- = -a(K-iCs-C) (2) 

Equations 1 and 2 represent the concentration changes 
of the injected solute with time in the mobile and 
stationary phases, respectively. The meanings of symbols 
are summarized in Table 1. When the column tempera­

ture is lower than the opt imum temperature, the rate of 
vaporization OLK'1 CS may be much smaller than that 
of dissolution OLC. O n the contrary, OLC may be much 
smaller compared with OLK"1 CS at higher temperature. 
It is thus considered that the partit ion equilibrium would 
not hold at the column temperature much higher or 
lower than the opt imum one. 

The approximate solution of Eqs. 1 and 2 has been 
already presented as19) 

(3) pi\/2na ~"^ ̂  2& 

O n the basis of this expression the dependences of H E T P 
on the flow rate of carrier gas,20) on the column tempera­
ture21) and on the column length22) are elegantly clarifi­
ed. For the convenience of the following treatment, one 
writes 

— - — A, 
Pi 

(-£)• 

(4) 

(5) 

(6) 

Therefore, Eq. 3 can be written as the product of peak 
area A and the normal or Gaussian distribution G(f) : 

C(l, S) = ACQ) (7) 

At the appropriate temperature, both the rates of 
dissolution and vaporization being great, the term in the 
left-hand side of Eq. 2 is negligibly small compared with 
the two terms in the right-hand side. Then , one has 

C8(l,Ç) = KC=KAG(Ç). (8) 

Namely, the equilibrium holds at every position in the 
column. At higher or lower temperature, the concen­
trations in both phases are no more equilibrated. In 
this case one should treat the problem kinetically. As 
derived in our previous paper18) the outlet concentra­
tion is shown by 

C(l, f) = A(G±zGM+z2GM±z3GM 

+ ^4G<4)=t^5G<5) + . . . ) , (9) 

where plus sign holds for trailing peak and minus sign 
for leading peak, respectively. 

Furthermore, Eq. 9 can be rewritten in the alternative 
form. Derivatives of Gaussian distribution G(n) are 
calculated as 

G(1) = - 4 " G ( £ ) (10) 
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T A B L E 1. LIST OF SYMBOLS 

Symbol Meaning Units 

A peak area 
at coefficient in Eq. 12 

b z\a 
C solute concentration in mobile phase 
CV> ?) outlet concentration in mobile phase, dependent on £ 
Cs solute concentration in stationary phase 

Q(^> ?) outlet concentration in stationary phase, dependent on £ 
C0 initial solute concentration injected 
D* diffusion constant at unit pressure 
F volume fraction occupied by mobile phase 
Fs volume fraction occupied by stationary phase 
G (£) Gaussian distribution described by Eq. 6 
G <n> n-th derivative of G(£) 
h peak height 
K part i t ion coefficient (CJC a t equilibrium) 
/ column length 
p pressure of carrier gas dependent on x 

pt pressure of carrier gas at column inlet 
p0 pressure of carrier gas a t column outlet 
R skew ratio 
t t ime elapsed after solute fed 
JR retention time of solute component 
t0 durat ion of concentration pulse injected 
u linear gas velocity dependent on x 

x distance from inlet along the column 

y a function expressed by C(l, Ç)IAG(Ç) 

z FsK/oc 
a rate constant of dissolution of solute 
a2 peak variance 
£ time measured from retention t ime defined by Eq. 5 

mol s c m - 3 

s-« 
dimensionless 
mol c m - 3 

mol c m - 3 

mol c m - 3 

mol c m - 3 

mol c m - 3 

cm2 s - 1 a tm 
dimensionless 
dimensionless 
s-i 

s-(»+D 

mol c m - 3 

dimensionless 
cm 

a tm 
a tm 
a tm 
dimensionless 
s 
s 
s 
cm s-1 

cm 

dimensionless 
s 
S"1 

s* 
s 

G <2> 
a2 \ a2 ) G(fl. (H) 

(12) 

I n s e r t i o n of these de r i va t i ve s i n t o E q . 9 gives t h e follow­
i n g E q . 12 i n w h i c h t h e e l u t i o n profi le C ( / , £) is a 
p r o d u c t of AG(S) a n d a h i g h - o r d e r a l g e b r a i c e q u a t i o n 
o f £ . 

C(l, f) = AGfâiao + a^ + a^ + a^ 

+ a4f
4 + a5f

5+...) 
T h e coefficient a^ (i=0, 1, 2 , •••) is g i v e n b y 

a0 = 1 - b2 + 364 

ax= ±o-\b-?>b*+ 1 5 6 5 - - . . ) 

a2 = a-2(b2-6b* + 45b« ) 

az = ± ( T - 3 ( ^ 3 - 1 0 ^ + 1 0 5 ^ - . . . ) 

a4 = ^ - 4 ( ^ - 1 5 ^ + 2 1 0 ^ - . . . ) 

a5 = ± < r - 5 ( 6 5 - 2 U 7 + 3 7 8 6 9 - . . . ) 

(13) 

w h e r e 

z 
a 

(14) 

T h u s , a t h e o r e t i c a l express ion for t h e a s y m m e t r i c 
e l u t i o n profiles i n p a r t i t i o n c h r o m a t o g r a p h y is s h o w n 
b y E q . 9 o r 12, w h i c h is r e d u c e d to E q . 3 w h e n z t e n d s 
to z e r o . 

A c c o r d i n g to E q . 12, C(l, f) d i v i d e d b y AG($) is 
def ined as 

y = - ^ § ^ - = so + %e + <hg2 + flrf3 

E x p e r i m e n t a l 

(15) 

Reagents and Apparatus. Hel ium was used as the carrier 
gas. Benzene and diethyl ether (Wako Pure Chemicals Go.) 
were used as solute and diluent, respectively. A Hitachi gas 
Chromatograph, Model 063, with a flame ionization detector 
was employed. T h e output current of F I D was amplified and 
then recorded with a Hi tachi 056 recorder. T h e packing of 
2 5 % dinonyl phthala te on 60/80 mesh Shimalite supplied by 
Shimadzu Seisakusho Ltd . was packed into a stainless steel 
column of 4 m m i.d. and 1 m in length. A soap-film flowmeter 
was used for the measurement of flow rate. 

T h e column temperature was varied in the range of 45.7— 
93.0 °G and maintained within ± 0 . 1 °C of the set temperature. 
T h e temperatures of injection port and detector were fixed at 
105 °G. Carrier gas flow rate was adjusted to 30 .0±0 .3 ml 
m i n - 1 . 

T h e solute amount smaller than 0.8 (xl was confirmed to 
have no effect on the number of theoretical plates for benzene. 
Therefore, a 5-(xl portion of benzene diluted 10-fold with 
diethyl ether was injected. T h e gas chromatograms are 
reproduced in Fig. 1. 

Estimation of JR and a. T h e apparent retention time as 
measured at the peak max imum depends slightly on the solute 
amount fed when the column temperature deviates from the 
opt imum one. T h e chromatograms with varying amounts of 
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Fig. 1. Gas chromatograms of benzene at various tem­
peratures. Sample size injected was 0.5 (xl and detected 
by FID. Each peak was corrected for the temperature 
dependence of detector sensitivity to have the same 
peak area. Column temperature: A 93.0, B 83.3, C 
74.1, D 64.8, E 55.0, F 45.7 °C. The mark on the base 
line indicates the corrected retention time. The other 
data are shown in Table 5. 

benzene smaller than 0.5 (xl were accurately superimposed on 
the one with 0.5 (xl so as to give the true retention time. 
Retention time was determined by extrapolating the solute 
amount to zero, i.e., at the point on which the line connecting 
the maxima of the peaks intersects the base line, as Fig. 2 shows. 

The standard deviation a, namely, the square root of the 
peak variance needs to be estimated. It was presumed that 
the quantity 2a is given by the peak width at the peak height 
of e-1/2»/*, where h is the maximum peak height. Peak area 
A was calculated by the so-called trapezoidal rule with the 
known C(l, £) values at equi-spaced points. Skew ratio R is 
defined as the ratio of the slopes of tangents at the inflection 
points on both sides of the peak,24) and calculated for each 
chromatogram as a measure of asymmetry. 

Curve Fitting Methods. The mathematical expression for 
the experimentally observed ^-function shown by Eq. 15 was 
determined by means of the familiar curve fitting methods. 
One is the Newton's divided-difference formula25) and the 
other is the orthogonal polynomials.25'26) The former is one 
of the interpolation formula which is advantageous in treating 
with a curve of the complicated form such as the results 
observed at higher temperatures (curves d and d' in Fig. 2). 
The latter is the most general method of curvilinear regression 
by the method of least squares and suitable for the simple and 
monotone function as seen in the case obtained at lower tem­
peratures (curves c and c' in Fig. 2). Another advantage of the 
orthogonal polynomials is that one can easily decide what 
order of polynomials should be statistically significant when 
the analysis of variance table is constructed. The algebraic 
equations determined are plotted and this operation is repeat­
ed until the satisfactory fitting is confirmed. 

R e s u l t s and D i s c u s s i o n 

The theoretical elution profiles were calculated with 
the derivative series including the fifth order derivative 
shown by Eq. 9, as reported before. When the value z 
was smaller than 0.45 tf, Eq. 9 was found to fit well. 
A symmetric Gaussian peak is obtained when £ = 0 and 
the distortion of peak becomes more remarkable with 
increasing value of z. Skew ratio R was evaluated as 
1.06 (leading), 0.94 (trailing) with z=0A0a; 1.68 
(leading), 0.60 (trailing) with £ = 0 . 4 5 a. With r v a l u e 

greater than 0.45 0, Eq. 9 represents an inadequate 
curve, the concentration C(/, £) showing negative values 
at the feet of the peak. 

Thus Eq. 9 was confirmed to express well the asym­
metric curves of both leading and trailing types. 
Furthermore, another verification of Eq. 9 with experi­
mental chromatograms was at tempted. Chromatograms 
with varying solute amounts of 0.1—0.5 [xl were careful­
ly superimposed on a chart . Figure 2 shows the typical 
leading and trailing chromatograms of benzene and the 
mathematical analysis ofy-function. 

-20 0 20 -20 0 20 
>%\s * ç / s 

Fig. 2. Comparison of the experimentally recorded 
leading (curves A, 64.8 °G) and trailing (curves B, 
83.3 °G) gas chromatograms of benzene (solid line) 
with the Gaussian peaks of the same tf-values (dashed 
line, curves a and b). The amount of benzene injected : 
1 0.1, 2 0.2, 3 0.3, 4 0.5 fil. Curves C and D show the 

^-functions given by Eq. 15. Curves c and d (solid 
line): experimental value; curves c' and d' (dashed 
line) : calculated value. 

With increasing solute amount injected, the apparent 
rentention time of the peak maximum becomes longer 
in the case of leading peak, and on the contrary, it 
becomes shorter in the case of trailing peak (A and B 
in Fig. 2). The values of tR, a, and A were evaluated 
and the curves AG(£) (dashed line, a and b in Fig. 2), 
which might be considered as a well-equilibrated elution 
profile of Gaussian type, were plotted for reference. The 
ratio of C(7, £) to AG(£) defined a s j in Eq. 15 was then 
evaluated from experimental data (solid line, curves c 
and d in Fig. 2). The theoretical equations for these 
experimentally obtained j-functions were determined by 
the curve fitting methods (dashed line, curves c' and d'). 
In the case of data at 83.3 °C, the Newton's divided-
difference formula was applied as shown in Table 2. 
Several characteristic points including maximum, mini-
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S/s 

- 1 2 

- 8 

- 2 

6 

12 

16 

TABLE 2. 

y 
1.2153 

1.4276 

1.0748 

0.7496 

0.6367 

0.7485 

Koji TAKEUCHI and Tomihito KAMBARA 

CURVE FITTING METHOD. NEWTON'S DIVIDED-DIFFERENCE FORMULA*) 

0.05308 

-0 .0588 

-0 .0407 

-0 .0187 

0.02773 

Divided difference1^ 

-0 .01119 

0.001296 

0.001570 

0.004639 

6.936.10-* 
- 2 . 8 3 . 1 0 - 5 

1.369.10-5 

6.534.10-6 

1.705.10-4 
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1.245.10-« 

a) Data of 83.3 °G were analysed, b) The ̂ -function is expressed as follows. y=l .2153 + 0.05308 (£+12) 
-0 .01119 (£+12) (£+8) +6.936.10-4 (£+12) (£+8) (£+2) -2 .833.10-5 (£+12) (£+8) (£+2) (£ -6 ) 
+ 1.245.10-6 (£+12) (£+8) (£+2) ( £ - 6 ) (£-12) 
= 0.9612 - 0 . 0 5 0 8 £ +0.003121 £2 +6.243.10- 6 £3 -2.3347-10~5 £4 +1.245-10-6 £5. 

TABLE 3. CURVE FITTING METHOD. ORTHOGONAL POLYNOMIALS AND THE CALCULATION TABLE&) 

Polynomials from zero to fifth orderb> 

S < 

aii 

K 
ßi 

£ • 

5Fi 

- 2 6 
- 2 4 
- 2 2 

0 

26 

1 

- 2 6 
- 2 4 
- 2 2 

0 

26 

y 

Po 

1 
1 
1 

1 

P i 

- 1 3 
- 1 2 
- 1 1 

0 

1 13 
27 1638 

1 1 
.0016 0.064735 

P0y 

equal toy 

27.0442 

P2 

325 
250 
181 

- 1 8 2 

325 
712530 

3 
5.244.] io-4 

P 

- 1 . 
- 2 . 
- 3 . 

0 

P3 

- 1 3 0 
- 7 0 
- 2 2 

0 

130 
101790 

1/6 
1.4291. 

\y 
9344 
6352 
1647 

26.9451 
106.0365 

Pi 

2990 
690 

- 7 8 2 

1638 

2990 
56448210 

7/12 
10-* 7.1918 

P%y 
48.36 
54.90 
52.07 

-177.41 

673.63 
124.5588 

P5 

-16445 
2530 

10879 

0 

16445 
2032135560 

21/40 
• 10-6 4.47-10 

P*y 
- 1 9 . 3 4 
- 1 5 . 3 7 
- 6 . 3 3 

0 

269.45 
87.2792 

j 

0.1488 
0.2196 
0.2877 

0.9748 

2.0727 

I>2 

-8 

P*y 
444.91 
151.52 

-224 .98 

1596.72 

6197.37 
695.9422 

j 

0.0221 
0.0483 
0.0828 

0.9502 

4.2961 

34.0625 

P*y 
-2447 .0 

555.6 
3129.9 

0 

34085.6 
173.0 

a) Data of 64.8 °C, sample number n=27, sample space A=2. b) Values of orthogonal polynomials (PJ, its 

sum of squares (au) and coefficient (A$) are quoted from Ref. 26. ßt=—i^J iy , P0(d) = l, P1{d)^=d, P2(d) = 
au 

d2--~^(n'-l), P3(d) = d*--^(3n*-7)d, P 4 ( r f ) = r f 4 - ( 3 n » - 1 3 ) ^ + - A . ( » « - l ) ( n » - 9 ) , P5(d) = 

' ' - - ^ < * - 7 ) * + W (15rc2-230n2 + 407)</ where d= £-£ The regression equation is given by 

y—ßoPoWl_f~ ßiPiW + ß^P^d) + ßsPs(d) H Thus, in this case, the following regression equation is obtained. 
j = 0 . 9 9 0 0 + 0 . 0 2 4 5 8 £ - l . 4 8 1 . 1 0 - 4 £ 2 + l . 786.10-5£3+4.495.10~7£4. 

m u m and inflection points are picked up and the differ­
ence between the adjacent y values is divided by the 
difference in £. Upon repeating this calculation, the 
interpolation equation is obtained as shown in Table 2. 

In the case of data at 64.8 °C, the method of orthogo­
nal polynomials was applied and the result is given in 
Table 3. In the calculation table the values of orthogonal 
polynomials P,- are cited, and the values of y, y,2 and 
Piy are evaluated from the experimental data . Then the 
product of the coefficient A; and YjPiy is divided by a# 

to give ßi which is the coefficient of the orthogonal 
polynomial of i-th. order. The orthogonal polynomials 
can be added to an arbitrary higher order until the 
satisfactory fitting is obtained. The analysis of variance 
table given in Table 4 shows that for the data of 64.8 °C 
the fifth order polynomial is not significant since the sum 
of squares contributed by the fifth order term is smaller 
than the residual. Therefore, the use of polynomials 
until fourth order is sufficient in this case. 

An excellent agreement between the experimental 
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TABLE 4. ANALYSIS OF VARIANCE IN 

ORTHOGONAL POLYNOMIALS 

Source of variance 
Sum of squaresa> 

55.0 °C 64.8°G 

1st order 
2nd 
3rd 
4th 
5th 
Residual 
Total 

13.280504 
1.174419 
0.083573 
0.001454 
0.000634 
0.005212 

14.545796b> 

6.864310 
0.021774 
0.074837 
0.008580 
0.000015 
0.004542 
6.974058 

a) Calculated by 0 3 ^ ) ' . b) Calculated by 

<*oo 

values and the calculated j>-function was seen in Fig. 2. 
This treatment shows that curves c and d were fourth 
and fifth order algebraic equations of f, respectively. 
The deviations in the feet of a peak where the absolute 
value off is large, may be caused by the measuring error. 

Thus, the actual chromatograms of leading and trail­
ing types were found to be reasonably expressed by Eq. 
12. Consequently, the present theoretical treatment can 
well clear up the asymmetric peak shapes. The results 
successfully obtained by the curve fitting methods for 
chromatograms at various temperatures were tabulated 
in Table 5. 

The retention time as well as the standard deviation 
decreases with increasing temperature. Although the 
skew ratio R also decreases with increasing temperature, 
it lies at about 0.87 at the opt imum temperature of 73.7 
°C, deviating a little from unity. As for the coefficients 
in Eq. 12, the first term a0 shows its maximum value 
near the opt imum temperature, since the degree of 
symmetry is mainly governed by aQ. 

Development of the Kinetic Theory. Proposal of the 
present theory is quite similar to the development of the 
Polarographie theory. In 1935 Heyrovsky and Ilkovic 
postulated the dynamic equilibrium of oxidant and 
reductant concentrations at the surface of dropping 
mercury electrode depending on the potential. Thus 
they succeeded in elucidating the reversible wave, as 
described in several monographs.2 7 - 2 9) Later in 1950's 
several kinetic theories were proposed dealing with the 

irreversible reduction in which the concentrations of 
oxidant and reductant are not equilibrated at the elec­
trode surface. 

Thanks are due to Dr . Kunio Ohzeki for his kind 
discussions. 
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N 
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- 5 . 0 7 9 
- 7 . 0 9 0 

103a2 
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- 0 . 1 4 8 
- 1 . 3 0 6 
- 0 . 9 8 8 
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4.260 

12 determined 
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105a4 
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- 2 . 1 9 3 

1O605 
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0 
0 
0 
0 
1.245 
1.537 
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Measurement of Ambient Nitrogen Oxides over an Extended Period 
of Time by Means of a Solid Absorber Technique 

Takashi YASUOKA* and Shunmei MITSUZAWA 

Department of Chemistry, Faculty of Science, Tokai University, Kitakaname, Hiratsuka 259-12 
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A new technique using a solid substance for the absorption of nitrogen oxides in the atmosphere was developed 
in order to obtain an average concentration of nitrogen oxides over a period of several weeks. Nitrogen oxides is 
absorbed by an absorbent (alkaline earth metal peroxide), and the nitrate produced in the absorber is extracted 
into water to determine the amount of nitrate by the ion-selective electrode method. The concentration of atmo­
spheric nitrogen oxides is calculated from the amount of nitrate in the extract. A quantitative relation was found 
between the amount of nitrogen oxides collected on the absorber and that of nitrate in the extract. Hydrogen 
peroxide produced by the reaction of the absorber and water did not interfere with the measurement of nitrate by 
the ion-selective electrode technique. Practicability of this technique was demonstrated in comparison with the 
automatic recording analyzer (NOx meter) with the Saltzman reagent. 

Liquid absorber techniques using absorption bottles 
and impingers are the most popular and convenient for 
analysis of gaseous pollutants in the atmosphere.1»2) 
These methods are suitable for obtaining hourly or 
short term concentrations of air pollutants. However, 
they require a tedious averaging process for weekly or 
monthly averages. A filter paper impregnated with 
some reagents can also be used for sampling gaseous 
pollutants, such as fluorides, sulfur dioxide and nitrogen 
dioxide, but no report seems to have apeared on the 
measurement of nitrogen oxides by this method. 
Cuddeback et a/.8> reported on the use of copper shot 
for the collection of nitrogen dioxide, but the sampling 
time of this method is 24 h or less. Measurement of 
average concentration over a long duration of time 
is often necessary for practical purposes such as the 
biological evaluation of air pollution and studies of the 
corrosion of metals. 

In this investigation, we attempted to develop a 
technique to obtain an average concentration of nitro­
gen oxides over a period of several weeks, using a solid 
substance for the absorption of nitrogen oxides in the 
atmosphere. Peroxides of alkaline earth metals were 
chosen as absorbents since (1) they absorb nitrogen 
dioxide and (2) they oxidize the nitrogen oxide to 
dioxide in the presence of humidity and the resulting 
nitrogen dioxide is absorbed. T h e nitrate produced in 
the absorber is extracted into water for determination 
of the amount of nitrate by the ion-selective electrode 
method. The concentration of nitrogen oxides in the 
air can be calculated from the concentration of nitrate. 

Experiments were carried out to study the possible 
interference by hydrogen peroxide in the determination 
of nitrate, to determine the capacity of the peroxide 
agents in the absorption of nitrogen oxides, and to 
examine relevant parameters. Among the peroxides of 
alkaline earth metals, bar ium peroxide was found to be 
the most suitable, and was rested over a period of two 
weeks. The practicability of this technique was demon­
strated in comparison with the automatic recording 
analyzer (NO* meter) with the Saltzman reagent. 

Exper imenta l 

Apparatus and Reagents. Ion-selective electrode for 
nitrate : Type 93-07 (Orion Go.) electrode was used and the 

electrode potential was measured with a pH-mV meter (Type 
M-5, Hitachi-Horiba Go.) against a reference electrode, type 
90-02 (Orion Go.), which has a double-junction reference 
electrode filled with the Orion filling solution (Cat. No. 90-
00-02) in the inner chamber. The response of the (pH-mV) 
meter was recorded on a QPD-54 recorder (Hitachi Co.). 

Absorbents for nitrogen oxides: Magnesium peroxide 
(Kyowa-Kagaku Co.) and commercial calcium peroxide, 
strontium peroxide and barium peroxide of the first grade 
were used. They were formed into tablets of 3 0 x 5 mm. 

Autoanalyzer of nitrogen oxides: Type GP-5B, Denki-
Kagaku-Keiki Co. using the Saltzman reagent. 

Calibration Curve. The calibration curve of nitrate 
concentration was made with potassium nitrate (1—100 ppm). 
Calibration curves were prepared for each absorbent (MgOa, 
Ca02 , or SrOa) by dissolving 5 g of each in water and then 
adding a fixed amount of nitrate to the solution followed by 
dilution to 50 ml with water. A series of standard solutions 
thus prepared were passed through a filter paper to remove 
the peroxide and oxide from the solution, and the nitrate and 
a small amount of hydroxide of alkaline earth metals produced 
in the absorbent during the sampling were filtered off. 2 ml of 
2M-(NH4)2S04 and 1 ml of 1M-H3B03 were then added to 
the filtrate in order to adjust the ionic strength and to keep 
the stability of the nitrate in the measurement by an ion-
selective electrode.4) For the standard solution with barium 
peroxide, a procedure to remove the barium ions was necessary 
before the addition of (NH4)2S04 and H3B03 . For this 
purpose, excess 2M-(NH4)2S04 (2 ml) was added to the 
solution and the resulting BaS04 was filtered off. The volume 
of the solution was then made to 50 ml by adding water, with 
the addition of 1M-H3B03 for the measurement of nitrate. 

Capability Tests of Absorbents. The 1 ppm nitrogen 
dioxide gas was prepared by the nitrogen dioxide permeation 
tube technique with clean air, and the 1 ppm nitrogen oxide 
was prepared by the dilution of 50 ppm nitrogen oxide from 
the tank with clean air. Concentrations of these gases were 
measured with an automatic recording spectrometer using the 
Saltzman reagent. The amount of absorption of nitrogen 
oxide and nitrogen dioxide was determined by the difference 
in concentrations of these gases in the air flow before and after 
exposure to the absorbents, and the amount was compared 
with that of nitrate measured by the ion-selective electrode 
technique. 

R e s u l t s a n d D i s c u s s i o n 

Calibration Curve. T h e calibration curves of 
nitrate for each absorbent are shown in Fig. 1. The 
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1. Calibration curve of nitrate with each absorbent. 
.: Ba02 , O : Ca0 2 , X : Mg02> A : SrOa. 

sensitivity of nitrate measurement varies with peroxide, 
the order of sensitivity being B a 0 2 > C a 0 2 > M g 0 2 > 
S r 0 2 . BaO a , C a 0 2 , M g 0 2 can be used, but B a 0 2 was 
chosen for practical use because of its longer life as 
compared to that of the other peroxides. 

Effect of Hydrogen Peroxide on the Nitrate Measurement by 
Ion-selective Electrode. Hydrogen peroxide is produced 
by dissolving the alkaline earth metal peroxides in water 
in a reaction as follows. 

M 0 2 + 2H 2 0 = M(OH)2 + H 2 0 2 

where M denotes the atom of alkaline earth metal . 
T h e possible interference of hydrogen peroxide on the 
nitrate solutions of 10 and 100 p p m was examined by 
the addition of 3 0 % hydrogen peroxide. The electrode 
potential generated by nitrate ions was not affected by 
hydrogen peroxide in the range 0 .001—0.1%. This 
indicates that the influence of hydrogen peroxide is 
negligible in a solution containing 10—20 ppm of hydro­
gen peroxide. Kuroda endorsed this by an experiment 
in which he used a hydrogen peroxide solution contain­
ing phosphoric acid in the sampling of nitrogen oxides 
in the analysis of gaseous industrial effluents.5) H e 
reported that the presence of hydrogen chloride and 
sulfur dioxide does not interfere with analysis of nitrogen 
oxides. No examination of the interferences was carried 
out. 

Absorption of Nitrogen Oxides by Barium Peroxide. 
T h e time variation of the absorption efficiency of nitro­
gen oxides to bar ium peroxide is shown in Fig. 2. 
Nitrogen oxide and dioxide each of concentration 1 p p m 
and 5 g of bar ium peroxide were used. The absorption 
efficiency of nitrogen dioxide did not change throughout 
40 h, but that of nitrogen oxide decreased slightly with 
time, being higher than 9 0 % after 40 h. The decrease 
of absorption might be attr ibuted to a decrease in the 
power of the peroxide to oxidize the nitrogen oxide to 
dioxide. 

I t has been shown that 50 g of bar ium peroxide can 
remove more than 9 0 % of nitrogen oxide from the air 
one month under sampling conditions of flow rate 300 
ml/min and relative humid i ty<40%. 6 ) The absorption 
capacity of bar ium peroxide was demonstrated by the 

20 
Time ( h ) 

Fig. 2. Change in absorption efficiency of barium 
peroxide with time. 
Weight of absorbent: 5 g, temperature: 25 °C, relative 
humidity: 50%, flow rate of gas: 300 ml/min. 
Concentration of nitrogen oxide and dioxide: 1 ppm 
each. 
# : N 0 2 , O N O . 

removal of nitrogen oxides from the air at the air inlet 
of an automatic NO* meter; 50 g of bar ium peroxide 
showed complete removal of nitrogen oxides of back­
ground levels for two weeks. If an alkaline layer is 
placed before the peroxide layer, the former absorbs only 
nitrogen dioxide and the latter only nitrogen oxide. 
This could be utilized in a simultaneous measurement 
of nitrogen oxide and dioxide. 

Detected nitrate (x10 mol) 

Fig. 3. Comparison of the amounts of absorbed nitrogen 
oxides and detected nitrate. 
# : N 0 2 , 0 : N O . 
(Dotted line shows an ideal equivalent line.) 

Relations between the amount of nitrogen oxides 
measured by N O x meter and that of nitrate measured 
by the ion-selective electrode are shown in Fig. 3, where 
the amount of nitrate is 2 0 % higher than that of nitrogen 
dioxide. The difference might be caused by the lower 
estimation of nitrogen oxide by the NO^. meter resulting 
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from the low oxidation efficiency of the K M n 0 4 - H 2 S 0 4 

solution. If the low efficiency (80%) is corrected, the 
ratios of the amount of absorbed nitrogen oxides to the 
amount of nitrate measured by use of the peroxide 
become almost 1 both for nitrogen oxide and dioxide 
(Fig. 3). The amount of nitrogen oxides was controlled 
by changing the absorption time, keeping the concen­
tration of nitrogen oxides constant. 

TABLE 1. COMPARISON OF DATA OBTAINED BY THE SOLID 

SAMPLING TECHNIQUE AND BY N O X ACCORDING 

TO THE CONVENTIONAL METHOD 

Date 
From '78 Jan. 1st 
till 7 8 Jan. 14th 

From '78 Jan. 15th 
till '78 Jan. 28th 

Analytical , Î . Auto- , , . Auto-
A j absorbent , absorbent * 

m e t h o d method a ™ 1 ^ method a n a l y z e r 

Concentration 
of N O , in the 

atmosphere 
0.061 0.048 0.052 0.045 

Comparison of the Present Method with an Automatic N O ^ 
Meter. Tests of our technique were made by setting 
up the bar ium peroxide samplers and an automatic 
recording analyzer for nitrogen oxides by absorption 
spectrometry with the Saltzman reagent for field mea­
surements. These apparatus were operated together for 
two weeks, and data obtained from them were com­
pared. Average concentrations of nitrogen oxide and 
dioxide during two weeks were calculated from the 
hourly values by the NO^ meter. T h e peroxide absorb­
ent was pulverized in a mor tar ; 5.0 g out of the 50 g 
absorber was treated by the same procedure as that for 
the preparation of the calibration curve. T h e average 
concentrations during this period, in the first half and 
the latter half of J a nua ry in 1978, were 0.061 and 0.052 
ppm by the present method, and 0.048 and 0.045 p p m 
by the NO* meter. If corrections owing to the low 
conversion efficiency of nitrogen oxide to dioxide were 
made on the latter, the data by N O * meter would be 

0.054 and 0.051. Real comparison would not be made 
in this way, but the concentrations obtained by the 
present technique are close to those by the N O * meter. 
Advantages of the solid absorber technique are : ( 1 ) the 
size of sampling device is small, convenient for trans­
port, (2) preparat ion and handl ing of the sampling tube 
is simple, (3) adjustment of the flow rate is simpler than 
that in the bubbling system, the shape and grain size of 
the peroxide being unchanged throughout the sampling 
period. 

Conc lus ion 

In a long run measurement, the average concentration 
of the nitrogen oxides can be obtained by a simple 
technique using a solid absorber of bar ium peroxide. 
The measurement was made by means of nitrate deter­
mination in the peroxide absorber by the use of an 
ion-selective electrode technique. Since the sensitivity 
of the ion-selective electrode, which requires 50 ml of an 
aliquot, is 1 p p m for the solution to be measured, the 
practical sensitivity of this technique for nitrogen oxides 
determination is 10 - 6 mol. No special cases or adjust­
ments were required in two weeks sampling. T h e values 
of concentration of nitrogen oxides in the atmosphere 
were very close to those found by the N O * meter. 
Advantages of this solid absorber technique are sim­
plicity in operation and stability of air flow rate in 
sampling. 
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The aquation of the bromopentacyanocobaltate(III) ion was carried out in the presence of several kinds of hard 
acids or halomercury(II) complexes. The hard acids (H+, Na+, and Mg2+) had small effects, while the addition 
of mercury(II) halides significantly accelerated the aquation. The effect of mercury(II) halides was attributed 
to the monohalomercury(II) cations, which were formed in a small amount by the dissociation of the dihalo-
mercury(II) complexes. The effect of the dihalomercury(II) complexes was also studied in the presence of an excess 
of sodium halide. The rate constant for halomercury(II)-assisted aquation was expressed by: 

*obsd = *o + ^ [HgX + ] + *2[HgX2], X - = Gl-, Br-. 
The values of kx and k2 obtained (kx= 1.6 X 104 mol"1 dm3 s"1, k2= 1.0 mol"1 dm3 s"1, for X - = C 1 " ; ^ = 2 . 0 X 104 

mol -1 dm3 s-1, £ 2=1.6x 10_1 mol - 1 dm3 s_1, for X~=Br-) were compared with the stability constants for the 
mercury(II) complexes formed by the combination with Br~. 

T h e metal ion-assisted aquation of halo-cobalt ( I I I ) 
and chromium(II I ) complexes has been extensively 
studied, and attempts have been made to correlate the 
rate constants with the stability constants for the respec­
tive halo complexes of the metal ions and with the 
electrostatic force between the reactants.1) However, 
the mechanism of the reaction and the nature of the 
intermediate are not yet well characterized, and only 
cationic complexes have hitherto been studied, with a 
few exceptions.2) Therefore, studies of the reaction of 
different types are necessary in order to generalize the 
reaction mechanism. 

In this study, the anionic complex, [CoBr(CN) 5 ] 3 _ , 
was allowed to aquate in the presence of such metal 
ions as Na+ , Mg 2 + , and Hg 2 + or of the halomercury (II) 
complexes (HgCl+, HgBr+, HgCl 2 , and HgBr2) . T h e 
results will be discussed in the light of those obtained 
for the halopentaamminecobal t(III) complexes. 

E x p e r i m e n t a l 

Materials. Potassium Bromopentacyanocobaltate (III) : 
The complex was prepared by Adamson's method.3) The 
visible absorption spectrum of the product agreed with the 
published data.3»4) Found: G, 15.39; N, 18.82%. Calcd for 
K3[GoBr(GN)5]: G, 15.55; N, 18.13%. 

Magnesium Perchlorate Solution : Hydrous magnesium Perchlo­
rate, a guaranteed reagent of Wako Pure Chemical Industries, 
Ltd., was dissolved in a perchloric acid solution ([HC104] = 
0.05 mol dm -3) and was used as the stock solution. The 
magnesium concentration of this solution was determined by 
direct titration with EDTA(=ethylenediaminetetraacetic 
acid), using EBT( = Eriochrome Black T) as the indicator. 

Mercury(II) Perchlorate Solution: Mercury(II) oxide was 
dissolved in a 5-mol dm - 3 perchloric acid solution, and the 
mercury(II) Perchlorate was crystallized out by cooling. The 
hygroscopic crystals were dissolved in a perchloric acid solu­
tion ([HClO4] = 0.05 mol dm -3) and thereafter used as the 
stock solution. The mercury(II) concentration was deter­
mined by back titration with EDTA in the presence of excess 
Mg(edta)2"(EDTA=H4edta), using EBT as the indicator. 

Mercury(II) Halides: Guaranteed reagents of E. Merck AG 
were used. 

Solutions of Halomercury(II) Complexes: Proper amounts of 
mercury(II) halide and sodium halide were dissolved in a 

perchloric acid ([HClO4] = 0.05 mol dm"3) solution. The 
sodium halides used were guaranteed reagents of Wako Pure 
Chemical Industries, Ltd., and were dried at 110 °G before use. 

Kinetic Runs. The rate of the absorbance change was 
measured at 35 °G for the solutions containing the complex 
(4.5 X 10-4 mol dm -3) and the other salts. The change in 
absorbance was observed at 290 nm for all the solutions except 
for those containing tribromo- and tetrabromomercurate(II) 
ions, which were measured at 360 nm because of the strong 
absorption in the ultraviolet region. 

A Hitachi 200-10 spectrophotometer was used for the slow 
reactions (with half-lives greater than 1 min) and a UNION 
RA-1300 stopped-flow spectrophotometer for the fast reactions 
(with half-lives less than 10 s). 

The rates were determined by plotting \n(Dt — D00) against 
the time, t, Dt9 and DM being the absorbances at the time t 
and at an infinite time respectively. The slope of this plot 
gives the pseudo-first-order rate constant, £obsd. 

R e s u l t s a n d D i s c u s s i o n 

Catalysis by Hard Acids. We first studied the 
effects of hard acids, such as protons, sodium ions, and 
magnesium ions, on the aquation rate of the bromo­
pentacyanocobaltate (II I) anion. T h e results given in 
Table 1 show that protons and sodium ions (ionic 
strength) have little effect, whereas magnesium ions 
slightly retard the aquation. This effect can be explain-

T A B L E 1. EFFECT OF HARD ACIDS ON THE RATE OF 

THE AQUATION OF [CoBr(CN) 5 ] 3 _ 

Run Medium (concentrations/mol dm ~3) kohsd xlOVs-1 

1 

2 

3 
4 
5 
6 
7 
8 
9 

10 

HG104 (0.084) 
NH4ClO4(0.05)-NH3(0.05) buffer 

pH ca. 9 
NaOH (0.10) 
NaC104 (0.14) 
NaC104 (0.34) 
NaC104 (0.54) 
NaC104 (0.74) 
NaC104 (0.97) 
Mg(ClO4)2(0.14) 
Mg(G104)2 (0.28) 

1.05 

1.12 

1.09 
1.03 
1.02 
1.03 
1.02 
1.00 
0.85 
0.81 
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a) CoBr(CN)5
3--Mg2+ b) CoCl(NH3)5

2+.S04
2-

Fig. 1. Structures of ion-pairs. 

ed on the basis of the postulate that the spontaneous 
aquation of the complex proceeds by means of the " D 
mechanism"5) and that the formation of ion-pairs 
between the complex anion and magnesium cations 
suppresses the dissociation of the bromide ion (Fig. l a ) . 
It is interesting to compare this slight retardation with 
the appreciable acceleration of the aquation of the 
pentaamminechlorocobalt(III) cation caused by ion-
pairing with sulfate ions.6) The latter reaction is also 
known to proceed dissociatively. When a multivalent 
anion associates with the complex cation, it will preferen­
tially occupy a site opposite to the chloride ligand as a 
result of electrostatic repulsion, and will effectively push 
the chloride ion out of the complex (Fig. l b ) . In the 
present reaction systems, however, all the ligands at­
tached to the cobalt ( III) are anionic, and so little prefer­
ence is shown by the magnesium ion as to the site of 
association with the complex anion. Thus, the effect of 
magnesium ions on the complex anion spreads over all 
the ligands, resulting in only a slight retardation of the 
dissociation of the bromide ligand. 

Interactions with Mercury (II) Ions. Bromopentacyano-
cobaltäte (III) anions form a pale yellow precipitate 
with mercury (I I) cations. This reaction appears to 
include a mercury (II)-assisted aquation, but the follow-
up of the aquation was prevented by the formation of 
a precipitate even if the stopped-flow technique was 
used. An elemental analysis of this precipitate gave a 
composition suggesting a mixture of Hg[Co(OH2)(CN)5] 
and Hg3[CoBr(CN)5]2 . 

In order to gain further information, the infrared 
spectrum of the precipitate was compared with that of 
the reactant, K 3 [CoBr(CN) 5 ] . The bromo complex has 
a strong absorption maximum at 2140 c m - 1 assigned to 
the terminal C=N stretching, while the precipitate 
exhibits two absorption maxima, at 2200 c m - 1 (strong) 
and 2140 c m - 1 (medium), assigned respectively to the 
bridging and to the terminal C=N stretching. In the 
lower-frequency region, the bromo complex exhibits 
Co-C stretching bands at 550 and 570 c m - 1 (shoulder) 
and a precipitate at 625 c m - 1 . This shift can be at tr ib­
uted to the conversion of the terminal C E N into the 
bridging C=N.7) 

These infrared results show that mercury (I I) ions 
reacted with both cyano and bromo ligands to form 
cyano-bridged and partially aquated polymers. This 
kind of bridging polymerization of the cyano complexes 
by heavy metals is well known in the formation of 
KFe I I IFe I I(GN)6 , K F e n C r m ( C N ) 6 , etc.*) 

Interactions with Chloromercury(II) Complexes. O n 
the addition of mercury (II) chloride to a dilute perchlo­
ric acid solution containing bromopentacyanocobaltate-
( I I I ) ions ( [ H C l O 4 ] = 0 . 0 5 m o l d m - 3 ) , a rapid change 
in the spectrum of the complex occurred, with isosbestic 
points at 340 n m and 400 n m . This spectral change can 
reasonably be associated with the aquation of bromo-
pentacyanocobaltäte (III) ions, forming aquapentacyano-
cobaltate(III) ions and no other cobalt complexes. 
The absorbance change at 290 nm was observed by 
means of the stopped-flow technique and was found to 
follow a pseudo-first-order law in the presence of a large 
excess of mercury (II) chloride (more than ten times the 
concentration of the cobal t ( I I I ) complex). At low 
concentrations of mercury (II) chloride near that of the 
cobal t(III) complex, the \n(Dt—DJ) vs. t plots showed 
deviations from linear relationships. Therefore, under 
such conditions, the linear portions of the plots were 
used to obtain the rate constants. The observed pseudo-
first-order rate constants, kohs^} depend on the HgCl 2 

concentration (Table 2). 

TABLE 2. EFFECT OF MERCURY(II) CHLORIDE ON THE 

RATE OF THE AQUATION OF [ C o B r ( C N ) 5 ] 3 -

[GoBr(GN)5
3-]=4.5x 10-4 mol dm-3, [HG104] = 

0.05 mol dm - 3 , ionic strength = 1 . 0 mol dm - 3 

(NaC104). 

[Hgcy/ 
mol dm - 3 

l.OOxlO-1 

4 . 9 8 x l 0 - 2 

2.99X10-2 

9 . 9 4 x l 0 - 3 

4.96X10-3 

2 . 4 7 x l 0 - 3 

[HgCl+]/ 
mol dm - 3 

2.35X10-4 

1.51X10-4 

1.12x10-4 
6.12X10-5 

4.27X10-5 

3.00X10-5 

[HgCl3-]/ 
mol dm - 3 

8.45X10-5 

3.29X10-5 

1.60X10-5 

3.26X10-6 

1.17xl0- 6 

4.16X10-7 

^ O b s d / S - 1 

3.00 
2.15 
1.96 
0.956 
0.668 
0.410 

TABLE 3. DEPENDENCE OF THE RATE ON THE IONIC 

STRENGTH FOR THE M E R C U R Y ( I I ) CHLORIDE-

ASSISTED A Q U A T I O N O F [ C o B r ( C N ) 5 ] 3 ~ 

[GoBr(GN)5
3-]=4.5x 10-4 mol dm-3, [HClO4]=0.05 

mol dm-3, [HgCl2] = 0.01 mol dm-3, at 35 °G. 

[NaClOJ/ 
mol dm - 3 

0 
0.20 
0.40 
1.00 

Ionic strength 
/mol dm - 3 

0.05 
0.25 
0.45 
1.05 

^obsd/s 

1.89 
1.48 
1.15 
0.96 

T h e rate constant also depends on the ionic strength, 
as is shown in Table 3 . This suggests that the reactions 
occur between the ions of opposite signs and, therefore 
that HgCl+, produced through the dissociation of HgCl2 , 
may participate in the reaction rather than the HgCl 2 

molecule. While the formation of chloromercury(II) 
complexes has been studied by many workers, the 
stability constants obtained by Sillén et al.9) at 25 °C 
and at an ionic strength of 0.5 are adopted here: 

Hg2+ + Gl- : 

HgCl+ + Cl-

HgCl+ 

± HgCl2 

l o g ^ 

\ogK2 

6.74, 

6.48, 
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HgCl2 + Cl-

HgGl3- + Gl-

=± HgCLf logK3 = 0.85, 

l o g X 4 = 1.00. 

The correction of these values to the present condition 
of 7 = 1 . 0 and 35 °C was made as follows. 

According to the results of Scaife and Tyrrell10) and 
of Vasil'kevich and Shilov11) for halomercury(II) com­
plexes, the logarithm of the formation constant decreased 
by 0.1 unit with the rise in temperature from 25 °C to 
about 35 °C. Therefore, the values at 35 °C were 
estimated to be Sillén's values minus 0 .1 . The resulting 
values were then corrected to the ionic strength of 1.0 
by using the Davies equation : 

l o g ^ = - 0 . 5 2 U i 2 

(T 
V T 

+ */!' 
-0.37 

)• 
where j j is the activity coefficient of the i ion; Z\, its 
charge number , and 7, the ionic strength. The corrected 
values are log ^ ' = 6.77, log K2' = 6A59 log # 3 ' = 0 . 7 5 , 
and log K±=0.83. Using these values, one can calculate 
the concentrations of the halomercury(II) complexes 
existing in the mercury (I I) chloride solutions. Among 
them, Hg 2 + and H g C l 4

2 - are present only in trace 
amounts and can be neglected. 

Table 2 shows the calculated concentrations of each 
chloromercury(II) complex and the observed rate con­
stants. Whereas the values of kohsd show an apparent 
dependence on [HgCl2] to the 0.6 power, their depen­
dence on [HgCl+] is approximately linear. 

In view of the fact that reaction rates of the first order 
with respect to the metal-ion concentrations have been 
observed in many metal-ion-assisted aquations,12) the 
present results can be taken as suggesting that the 
catalyst in the present reaction system is actually HgCl + . 

In order to substantiate this view, the aquation was 
examined in solutions containing mercury(II) chloride 
and an excess of sodium chloride. The concentrations 
of the respective chloromercury(II) complexes were 
calculated for each run by the use of four equilibrium 
constants, K^, K2', K3', and K±. In order to see how £0bsd 
depends on the concentration of each chloromercury(II) 
complex, log(Â;obsd—k0) is plotted against log[HgCl | _ w ] 

i H 
1 
<n 

2 -3.0 
1 
•a 
0 

bß 
jD 

- 1 . 0 

1 • , 

* 

-10.0 

• 1 

log([HgCl+]/mol dm-3) 

Jr 
fi 

0 

, 

-9.0 
• « 1 • • 1 

/ Î 
/ o #A 

t o 
• A 

• 
. . . . 1 

0 

- 8 . 0 

1 

Î 
A 

• 

i 1 

\ 
• 1 

J 
A 

H 

H 

\ 

_J 1 
- 3 . 0 - 2 . 0 - 1 . 0 

log([HgCl*-»]/mol dm-»), »=2 , 3, 4. 

Fig. 2. Effect of chloromercury(II) complexes on the 
aquation rate of [GoBr(GN)5]3". 
HgCl4

2-: # , HgGl3-: 3 , HgCl2: Q , HgCl+: A-

(n=\—4) in Fig. 2. The observed value of 1.0x10-* 
s _ 1 was used for the spontaneous aquation rate constant, 
k0. Figure 2 shows that the log(Â;obsd—k0) values have 
no simple correlations with the log[HgCln_ w] values in 
any case except for n=2. This can be taken as evidence 
that only HgCl 2 molecules effectively assisted the aqua­
tion in these runs. Therefore, the results were analyzed 
by using this equation : 

k0 + *2[HgCl2] 

(in solutions containing mercury (II) chloride 
and an excess of sodium chloride) 

which gave Â : 2 = ( 1 . 0 = | = 0 . 1 ) m o l - 1 dm 3 s - 1 . This value of 
k2 shows that the contribution of HgCl2 to the reaction 
can be neglected when mercury (I I) chloride reagent is 
added. Therefore, from Table 2 the second-order rate 
constant, kl9 of the HgCl+-assisted reaction was found to 
be ( 1 . 6 ± 0 . 2 ) x l 0 4 m o l - 1 d m 3 s - 1 . Thus, the pseudo-
first-order rate constant for the chloromercury(II)-assist­
ed aquation can be expressed by this equation : 

*obsd = *o + *i[HgCl+] + *2[HgCl2]. 

An additional term, £[Hg 2 + ] , may be included when 
[Hg2 +] is present in an appreciable concentration ; how­
ever, this term could not be well characterized because 
of the strong interaction of the mercury (I I) ions with 
the cyano ligands. 

Interactions with Bromomercury(II) Complexes. The 
addition of mercury (I I) bromide also accelerated the 
aquation of [CoBr(CN)5]3~, but to a smaller degree than 
in the case of mercury(II) chloride. This is reasonable 
if HgBr+ , by analogy with HgCl+, acts as a virtual 
reacting species, since the dissociation constant of HgBr2 

is much smaller than that of HgCl 2 . The \n{Dt—D») 
vs. t plot was not linear, not even at HgBr2 concentra­
tions as high as 1.0 X 10 - 2 mol d m - 3 , nearly the highest 
one experimentally attainable. (The solubility is 2.2 X 
10 - 2 mol d m - 3 at 35 °C). Therefore, the rate constant 
was not obtained directly, but from the analysis of the 
results according to the following reaction scheme: 

CoBr(CN)5
3- + HgBr+ - ^ Co(CN)5*- + HgBr2 (1) 

slow 

fast 
Co(OH2)(CN)5

2- + HgBr2 

HgBr+ + Br"" <=± HgBr2 (2) 

HgBr2 + Br- <=± HgBr3- (3) 

where log K2(ßr) = 8 . 2 8 and log X 3 ( B r ) =2.41 (7=0.5) , 
as has been reported by Sillén.13) 

T h e reaction rate can be expressed by 

d[CoBr] 
d* 

*1(Br)[CoBr][HgBr+], 

where CoBr(CN) 5
3 - is abbreviated as CoBr. 

The expressions for Equilibria 2 and 3 are 

K. 2 (Br) 

gHgBr, 

^ 3 (Br) = 

[HgBr+][Br-] ' 

[HgBr3-] 

(4) 

(5) 

(6) 
^HgBr.'tBr-]' 

where cHgBr, represents the analytical concentration of 
HgBr2 and is practically equal to its actual concentration 
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at any stage of the reaction. At time 0, the following 
expression should hold in order for the system to be 
electrically neutral : 

[HgBr+]0 = [Br-]0 + [HgBr3-]0. 

At time t this becomes 

[HgBr+] = [Br~] - [GoBr]0 + [GoBr] + [HgBr,-]. (7) 

Equations 6 and 7 are combined to give 

[ B r - ] = [HgBr*]+ [CoBr]0-[CoBr] 
(Br)^HgBn 

By substituting this expression for [Br~] in Eq. 5, one 
obtains 

#2(Br )[HgBr+P + ^2(Br)([GoBr]0-[GoBr])[HgBr+] 

~ (^3(Br)^HgBr,+ l)^HgBr, = 0- (8) 

The elimination of [HgBr+] from Eqs. 4 and 8 gives a 
differential equation with respect to [CoBr]. From this 
equation, a reasonable k1(Br) value can be determined 
so as to fit the experimental results. The K2iBr) and 
^3(Br) values given for 7 = 0 . 5 , 25 °C were corrected to 
the present conditions in the same way as has been 
described above for the case of chloro complexes ; then, 
with the corrected K'2(ßT) and K'3(Br) values and an 
arbitrarily chosen k1(Br) values, the concentration of 
[CoBr(CN)5]3~ denoted by [CoBr] was calculated as a 
function of the time for each system. The best fit to 
the experimental values was obtained when kliBr) was 
assumed to be 2.5 x 104 mol" 1 dm 3 s"1 (Fig. 3). T h e 
calculations were carried out on a F A C O M 270-20 
computer for the two systems, with [ C o B r ] 0 = 4 . 5 x 10 - 4 

mol d m - 3 and cHgBr, = 7.63 X 10~3 and 3.81 X 10~3 mol 
dm~3. 

I 

1.5 

1.0 

0.5 

I 1 r — i 

- - ! 1 L _ 

s 
i.5 "o 

•7? 
PQ 
o 

Ü 

i.o,H 
I 

10 20 30 

t/s 

Fig. 3. Comparison of the experimental results (O) and 
the computational ones(—, scaled on the right-hand 
oridinate). cKgBrt=7.63 X 10 -3 mol dm"3. 
[CoBr(CN)5

8-]0=4.5 X 10"4 mol dm"3, at 35 °G. *lCBr) 

was assumed to 3.0 X 104 mol - 1 dm3 s_1 (curve 1), 2.5 x 
104 mol"1 dm3 s"1 (curve 2), and 2.0 X 104 mol"1 dm3 s"1 

(curve 3). 

Another indirect way of obtaining the second-order 
rate constant, k1(ßr)} is to carry out the aquation in the 
presence of an excess of HgBr+ and Hg2+. Under such 
conditions, the decrease in the concentration of HgBr+, 
accompanies by the progress of the reaction can be 
neglected, and the \n(Dt—DJ) vs. t plots give straight 
lines. Since this disproportionation reaction:13) 

TABLE 4. RAPID AQUATION OF [CoBr(CN)5]3- IN THE 

PRESENCE OF H g B r + (WITH H g 2 + AND B r ~ ADDED 

IN EQUAL ANALYTICAL CONCENTRATIONS) 

[Hg(II)]/mol dm-3 ^obsd/s-1 

9.83X10-3 

4.91 x lO- 3 

1.96x10-» 

92.5 
41.9 
22.5 

2 HgBr+ *± HgBr 2 +Hg 2 + (log K=-0.S3 at 7=0 .5 ) 
occurs, the rate constant for the HgBr+-assisted aquation 
cannot be estimated independently of the effect of Hg 2 + . 
As has been described above, Hg 2 + interferes with the 
measurement of aquation by forming a precipitate. 
However, if HgBr+ is present in excess of Hg 2 + , the 
stopped-flow technique enables us to observe the aqua­
tion before the precipitation begins. Table 4 shows the 
results. In order to obtain the first-order rate constant, 
k1(ßr), a certain magnitude of the relative effect of Hg 2 + 

on the aquation has to be assumed. If Hg 2 + has no 
effect, A1(Br) will be 1.8 X 104 mol"1 dm 3 s"1, and if Hg2+ 
has an effect as large as that of HgBr+, ÂJ1(BO will be 
1.3 X 104 m o l - 1 dm 3 s_1 . These values are somewhat 
smaller than that obtained from the other experiment 
described above (2.5 x 104 m o l - 1 dm 3 s - 1 ) , but are com­
parable to that for HgCl + . Therefore, the rate constant 
due to HgBr+ can be *1(BO = (2 .0±0.5) X 104 moHklm 3 

TABLE 5. EFFECT OF BROMOMERCURY(II) COMPLEXES ON 

THE RATE OF AQUATION OF [ G o B r ( G N ) 5 ] 3 " " 

- ] / 
mol dm - 3 

[HgBr,-]/ 
mol dm - 3 

[HgBrJ/ 
mol dm~3 (̂ obsd ko) I 

7.54X10-3 

5.70X10-3 

2.11X10-2 

1.09X10-2 

3.95x10-2 
2.58x10-2 

1.29x10-» 
1.81x10-» 
2.24X10-3 

2.28X10-4 

2.66X10-4 

3.50X10-4 

T h e effect of HgBr2 was also examined in a manner 
similar to that described for the case of HgCl 2 . Table 5 
gives the results, from which the second-order rate 
constant, ÂJ2(Br) = (1 .6±0.2) X 10_ 1 m o l - 1 dm 3 s - 1 , was 
obtained. 

The pseudo-first-order rate constant for the bromo-
mercury(II)-assisted aquation can, then, be expressed 
by 

ASEä = *o + *1(Br)[HgBr+] + *2(Br)[HgBr2]. 

Comparisons of ^1(Br) and ÂJ2(Br) with fkx and k2 show 
that the effect of HgBr+ is comparable to that of HgCl + 

and that HgCl 2 is a somewhat better catalyst than 
HgBr2 . 

Table 6 summarizes the results obtained for the 
present systems as well as for the CoBr(NH 3 ) 5

2 + -Hg 2 + 

system.14) T h e last column shows the stability constants 
for the mercury (I I) complexes formed by the combina­
tion with B r - . The constant for HgClBr has not been 
directly obtained, so we estimated it in the following 
manner . 

These equilibria 

Hg2+ + Br- <=± HgBr+ log#/ (Br) = 9.08 (9) 

HgBr+ + Br- < » HgBr2 logtf2'CBr) = 8.22 (10) 
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TABLE 6. HALOMERCURY (II)-ASSISTED AQUATION 

OF BROMOCOBALT(III) COMPLEXES 

Ionic strength^ 1.0 mol dm-3 (NaC104), at 35 °G. 

Complex 

[GoBr(NH3)5]2t 
[GoBr(GN)5]3-

Hg2+ 
HgCl+ 
HgBr+ 
HgGl2 

HgBr2 

log kjk0 

6.51a> 
8.18 
8.3b> 
4.00 
3.30 

l o g * / 

9.08 
9.1b> 
8.22 

— 
2.31 

a) Unpublished result. Br0nsted and Livingston ob­
tained log ki/k0=6.2S at the ionic strength of 0.03 
and at 25 °G.14) b) These values may contain larger 
errors than the others. 

Hg2+ + Cl" Ï=± HgCl+ 

HgCl+ + CI" < = s HgCl2 

i-HgCl2 + i-HgBr2 < = -

îre considered. 
From Eqs. 9 and 11, 

[HgBr+][Cl-] 

l o g * / 

log* . ' 

HgClBr 

l o g * ' 

_ ^M(Br) 

= 6.77 

= 6.44 

= 0.615> 

(H) 
(12) 

(13) 

(\4) 
[HgG]+][Br-] 

From Eqs. 10, 12, and 13, 

[HgClBr] [HgClBr] 

KJ! 

[HgGl+][Br-] [ H g B r + l C G l - ] ^ ^ " 1 ^ 1 ' " 1 " ^ 0 1 ' ( 1 5 ) 

Eliminating the [HgBr+][Cl_] term in Eqs. 14 and 15, 
one obtains 

Y"%^"T\ _ KfK fV*Kf 1/2Kf V2*"'""1/2 — 109'1 

[HgGl+][Br-] _ A A a AaCBr) AlCBr) A l 1U * 

T h e results listed in Table 6 show a roughly linear 
relation between the ratios of the second-order rate 
constant for each assisted aquation to the first-order rate 
constant for the spontaneous aquation (A//A;0) and the 
related stability constants (K/). 

T h e ratios of the rate constants for CoBr(CN) 5
3 _ are 

significantly larger than that for CoBr(NH 3) 5
2 + in spite 

of the similar magnitudes of the stability constants. This 
difference may be attr ibuted partially to the opposite 
sign of the electrostatic long-range interactions between 
the reactants and partially to the dissimilar short-range 
interactions; the latter is to be expected, since the two 

complexes differ greatly in their dipolar properties. 
Two molecular species, HgCl 2 and HgBr2, also showed 

appreciable effects on the rate of aquation of [CoBr-
(CN) 5 ] 3 _ . Although these effects are much smaller than 
those of HgCl+ and HgBr+ , the present results show rare 
cases in which the effects of HgCl 2 and HgBr2 on the 
aquations of metal complexes were experimentally 
detected. In these cases, the values of ki/k0 were greater 
than would be expected from the related equilibrium 
constants, K/. This also suggests that there exists a kind 
of short-range interaction between [CoBr(CN)5]3~ and 
dihalomercury(II) complexes. 

W e are grateful to Professor Shinichi Kawaguchi of 
Osaka City University for the use of the stopped-flow 
apparatus . 
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Formation constants and thermodynamic parameters for the 1: 1 adduct-formation reactions of bis(trifluoro-
acetylacetonato)copper(II), Cu(tfac)2, with alkylamines, a-picoline, 2,6-lutidine, and THF have been determined 
spectrophotometrically. The AH°—AS° plots for primary and secondary alkylamines gave a linear relationship 
for the thermodynamic parameters of the Cu(tfac)2-heterocyclic base systems. The plots for the 2,6-lutidine, 
THF and tertiary alkylamine systems have been found consistent with a correlation between AH° and AS0 values 
for bis(acetylacetonato)copper(H)-heterocyclic base systems. It has been subsequently deduced that the 1: 1 
adducts of Gu(tfac)2 with Lewis bases possess a square-pyramidal structure on the basis of the ESR data for the 
63Cu(tfac)2-Lewis base systems. 

The 1: 1 adduct-formation constants of copper (I I) 
complexes of /?-diketonates with pyridine and its deriva­
tives have been reported.1) The systematic studies reveal 
that (i) substitution of one or both terminal methyl 
groups in acetylacetone by the trifluoromethyl group 
increases the formation constant, (ii) the greater the 
basicity of the donor atom, the greater the stability of 
the adduct formed, and (iii) the stability of the adducts 
of a-picoline and 2,6-lutidine are lower than that of the 
pyridine adduct . The explanation for (i) has been 
ascribed to the decrease in electron density around the 
central copper ion by the electron-withdrawing trifluoro­
methyl group and in (iii) to the steric hindrance of the 
methyl group in a-positions. 

Graddon et al. measured the thermodynamic parame­
ters for the 1: 1 adduct-formation reactions of copper(II) 
complexes of fluorinated /?-diketonates with heterocyclic 
bases and noted that the high stability of the bis(triflu-
oroacetylacetonato)copper(II) (Cu(tfac)2) adduct with 
pyridine was largely due to an entropy factor.2»3) Drago 
et al. found that the enthalpy change of 1: 1 adduct-
formation reactions of bis(hexafluoroacetylacetonato)-
copper (II) with several Lewis bases did not obey the 
double-scale enthalpy equation proposed and brought 
this into close connection with the formation of different 
isomers in solution.4) The 1: 1 adduct of bis(3-trifluoro-
methyW-camphorato)copper(II) with a-picoline has 
been shown by the authors to be more stable than the 
pyridine adduct.5) These results suggest that the factors 
affecting 1: 1 adduct-formation equilibria of bis(/?-
diketonato)copper(II) with Lewis bases need further 
investigation. In this paper the 1: 1 adduct-formation 
constants and thermodynamic parameters for the 1: 1 
adduct-formation reactions of Gu(tfac)2 with alkyl­
amines, T H F , a-picoline and 2,6-lutidine will be reported 
together with an ESR investigation of the 1: 1 adducts 
of 63Cu(tfac)2 in an at tempt to elucidate the geometries 
in solution. The adduct-formation constants have been 
determined spectrophotometrically. 

Exper imenta l 

Materials and Measurements. Gu(tfac)2 was prepared by 
the addition of an ethanol solution of trifluoroacetylacetone to 
an aqueous solution of copper acetate. The solution upon 
recrystallization from toluene gave dark blue crystals (Found : 

G, 32.67; H, 2.36; F, 31.14%). In the ESR spectra of Gu-
(tfac)2,

 63Cu(tfac)2 was prepared from isotopically pure 63CuO 
(99.8%). The bases were obtained commercially and distilled 
at reduced pressure. Dodecylamine and tertiary alkylamines 
were used without further purification. Reagent grade benzene 
was used without further purification as the solvent. Optical 
absorption measurements were made on a Hitachi 323 auto­
matic recording spectrophotometer equipped with a water 
cooled cell holder. The temperature of the samples was 
maintained constant within ±0.1 °G. The absorbances were 
measured at 540 nm for THF and at 700 nm for the other 
bases. ESR measurements were made with a JEOL-ME-3X 
X-band ESR spectrometer at 77 K. The spectra were cali­
brated with Mn2+ in MgO and DPPH. 

Calculation of 1: 1 Adduct-formation Constant. The 1: 1 
adduct-formation constants in the primary alkylamine systems 
were determined graphically from the following equation:6) 

l/Kl = A^A -a0-b0 + a9b0-^- (1) 
c 2 — Si A — ^£0 

where ex and e2 are the molar extinction coefficients of Cu-
(tfac)2 and the adducts formed, and a0 and b0 are the initial 
concentration of Gu(tfac)2 and that of the primary alkylamine 
added, respectively, and ^40=e1fl0, for the 1 cm cells were used 
in this study. The formation constants in secondary alkylamine 
systems are given by : 

1 Am-A bo-aoiA-AJKA^-Ao) v ' 

where A„ = e2a0. Kx and e2 cannot be experimentally evaluated 
at the same time. Thus the Kx value giving the smallest 
standard deviation was found using various Am values.7) In 
the case that a0 and b0 are much greater than the concentration 
of adduct formed, Eq. 1 transforms into Eq. 3 : 

A = ( f l o 4 ) x 7 ± T x l + - 1 - (3) A-A0 \ Kt/ (e2~ei) b0 e a -*i 

Under the experimental conditions that b0 — &~b0, where c is 
the concentration of adduct formed, Eq. 1 transforms into a 
modified Benesi equation :6> 

A-A0 Aife-Ci) bo e 2 - e a ' 

Kt and e2 of a-picoline and 2,6-lutidine were determined from 
the plots of a0/(A — A0J vs. l/b0 according to Eq. 3, and those 
of the tertiary alkylamines and THF according to Eq. 4. 

R e s u l t s a n d D i s c u s s i o n 

1:1 Adduct-formation Constant and Thermodynamic Param-
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TABLE 1. 1:1 ADDUCT-FORMATION CONSTANTS AND THERMO­

DYNAMIC PARAMETERS FOR 1: 1 ADDUCT-FORMATION REAC­

TIONS OF Gu(tfac)2 WITH LEWIS BASES IN BENZENE 

500 700 900 

Wavelength/nm 

Fig. 1. Spectral change of Cu(tfac)2 in benzene by the 
addition of octylamine at 20 °G. 0O=5.434X 10"3 M, 
b0/a0; a: 0.0, b : 0.2, c: 0.4, d: 0.6, e: 0.8, f: 1.0, g : 3.0, 
h : 5 . 0 ( l M = l m o l d m - 3 ) . 

eters. The spectral change of Cu(tfac)2 by the 
addition of octylamine at 20 °C is shown in Fig. 1 as 
an example. In the concentration-ratio range of 0—5.0 
of the amine to Cu(tfac)2 (£0/

öo)> three isosbestic points 
were observed at 426, 479, and 598 n m . The absorbance 
in the near-infrared region decreases at high concentra­
tion-ratio. The change in absorbance at 700 n m is large 
when b0/a0<^ 1, but extremely small when b0/a0^>2. Thus 
it has been concluded that only the 1: 1 adduct is formed 
when the concentration-ratio is less than 1. Figure 2 
shows a set of curves of 1/A"X vs. e2

 — e i f ° r t n e Cu(tfac)2-
octylamine system at 20 °C. Each curve was calculated 
from the observed A—A0 value at one of the base concen­
trations according to Eq. 1. The coordinates for the 
intersection on the curves give the common solution for 
Kx and e2. The set of curves calculated from Eq. 1 for 
the secondary alkylamine systems give only a dull inter­
secting point in a range of concentration-ratio (£0/0o) 
exhibiting isosbestic points. Thus the formation con­
stants for the systems have been estimated according to 
the method described above. 

Table 1 shows the 1: 1 adduct-formation constants 
and the thermodynamic parameters calculated from the 

0.3 

o 
- 0.2 
X 

^ 0.1 

0.0 

-

-
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1 / 
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/ / 3 

/ / / x 4 

I ..!... 
46 48 

2 £1 

50 

Fig. 2. Curves of \IKX vs. e2 — e1 for Gu(tfac)2-octylamine 
system at 20 °C. a0=5.127X 10"3 M, b0; 1: 1.010X 10"3 

M, 2: 3.030x 10"3 M, 3: 4.039x 10"3 M, 4: 5.049x 10"3 

M (1 M = l m o l d m - 3 ) . 

Base 

Butylamine 
Hexylamine 
Octylamine 
Dodecylamine 
Dibutylamine 
Dihexylamine 
Dioctylamine 
Tributylamine 
Trioctylamine 
Pyridine*) 
y-Picolinea) 

a-Picoline 
2,6-Lutidine 
THF 

log Kx at 20 °G 
(1/mol) 

4 .64±0.05 
4 .50±0.16 
4.30±0.02 
4 .32±0.02 
3.35±0.02 
3.55±0.07 
3.50±0.02 
^==3.9^ :0 .1 
# i = 3 . 5 ± 0 . 1 
3.00 
3.33 
# 1 ==83±4 
^ = 9 . 5 ^ : 0 . 7 
# 1 = =5.4±0 .3 

AH° 
(kj/mol) 

- 5 4 ± 6 

- 5 8 ± 2 

- 3 7 ± 3 

- 3 6 ± 3 
- 2 0 ± 2 
- 1 4 ± 2 
- 3 0 . 9 
- 3 0 . 7 
- 3 3 ± 4 
- 4 0 ± 3 
- 1 7 ± 3 

AS° 
(J/mol K) 

- 9 6 ± 2 0 

- 1 1 6 ± 6 

- 6 1 ± 1 0 

- 5 7 ± 9 
- 5 5 ± 1 2 
- 3 9 ± 1 3 
- 4 8 
- 4 1 
- 7 5 ± 1 5 

- 1 1 8 ± 1 1 
- 4 3 ± 1 1 

a) From Ref. 3. log Kx at 20 °G was calculated from 
the thermodynamic parameters. 

van ' t Hoff plots of In Kl9 together with the Kx values 
and the thermodynamic data of the pyridine and 
y-picoline systems reported by Graddon and Ong.3) 
The effect of self-association of primary alkylamine has 
not been taken into account because of the low concen­
tration of the amines.8) The 1: 1 adducts of primary 
alkylamines are more stable than that of pyridine. The 
formation constants of the alkylamines increase in the 
order: pr imary alkylamine ^secondary alkylamine ̂ > 
tertiary alkylamine. The number of carbon atoms in 
the alkyl chains do not significantly affect the value of 
the formation constant. The formation constants of the 
bulky heterocyclic bases and T H F , which is a weak base, 
are remarkably small, as previously reported. The 
enthalpy term for 2,6-lutidine which exhibits steric 
hindrance is smaller than that of pyridine. The magni­
tude of the enthalpy change for the pyridine and 
a-picoline systems is approximately equal. The thermo­
dynamic data for the heterocyclic base systems show that 
the remarkably small formation constants of the a-pico­
line and 2,6-lutidine systems may be ascribed to the 
decrease in the entropy term. The enthalpy term of the 
primary alkylamines is smaller than that of the hetero­
cyclic bases due to the strong basicity and the enthalpy 
change of the secondary alkylamines is larger than that 
of the primary alkylamines due to steric effects. 

ESR Measurements. The ESR spectral change of 
isotopically enriched 63Cu(tfac)2 in frozen toluene was 
measured by the addition of Lewis bases. Figure 3 
illustrates the spectral change in the gn region by the 
addition of octylamine, which shows that only the 1: 1 
adduct is formed when b0laQ<^ 1. The ESR data of the 
1: 1 adducts are given in Table 2. Trigonal-bipyramidal 
complexes of copper have a dz . ground state which 
gives rise to £± — 2.2 and to g±Kg//-9'10) In the adducts 
studied here g//~2.3 and £± — 2.04, which are typical 
values for square-pyramidal complexes with a dx«_y« 
ground state. Thus it has been assumed that the adducts 
possess a square-pyramidal structure. There are two 
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Fig. 3. ESR spectral change of 63Gu(tfac)2 in toluene by 
the addition of octylamine at 77 K. a0=2.317 X 10~3 M, 
b0/a0; a: 0.0, b : 0.3, c: 0.6, d: 0.9, e: 9.0 (1 M = l mol 
dm-3). 

TABLE 2. ESR PARAMETERS FOR 1:1 ADDUCTS OF 63Cu(tfac)2 

WITH LEWIS BASES IN FROZEN TOLUENE 

Base 

— 
Octylamine 
Dibutylamine 
Tributylamine 
Pyridine 
a-Picoline 
2,6-Lutidine 
THF 

S// 
2.266 
2.303 
2.292 
2.300 
2.296 
2.319 
2.303 
2.296 

g± 
2.044 
— 
— 

2.019 
— 

2.043 
2.014 
— 

A„ 
193 
171 
167 
164 
182 
162 
134 
180 

^ 

15.7 
— 
— 

34 
— 
— 

48 
— 

A: 10-* cm-1. 

isomers for the limiting square-pyramidal structure. 
One involves apical coordination of a Lewis base mole­
cule and the other involves basal coordination. 14N 
ligand hyperfine structure was found in the frozen solu­
tion ESR spectrum of the 1: 1 adduct of Cu(hfac)2 with 
pyridine and it has been proposed that the adduct has 
a basal structure.4»n ) In the spectra of the adducts 
studied such ligand hyperfine splitting was not observed. 
This, however, does not necessarily indicate that the 
structure of the adducts is of an apical type. 

Correlation between Thermodynamic Parameters. Figure 
4 shows the relationship between AH° and AS° values. 
The AH°—AS° plots of the primary and secondary 
alkylamines fit a linear relationship for the thermody­
namic parameters of Cu(tfac)2-heterocyclic base systems. 
The plots for T H F and the bulky heterocyclic bases ex­
cept a-picoline are consistent with a correlation between 
the thermodynamic parameters of bis(acetylacetonato)-

- A ^ / J K - i m o l " 1 

Fig. 4. Relationships between AH° and AS0 values. 
Q Plots for Cu(tfac)2-heterocyclic base systems from 
Ref. 3. C) Plots for Gu(acac)2-heterocyclic base 
systems from Ref. 1 (b). O Present work; a: butyl­
amine, b : octylamine, c: dibutylamine, d: dioctyl-
amine, e : tributylamine, f : trioctylamine, g : a-picoline, 
h: 2,6-lutidine, i: THF. 

copper(II) (Cu(acac)2)-heterocyclic base systems. One 
of the conditions for the existence of a set of reactions 
having such a linear relationship is that they should 
share a common interaction mechanism.12) The fact 
that AH° of 2,6-lutidine is smaller than that of pyridine 
may also mean that the interaction mechanism in the 
2,6-lutidine and pyridine systems is different. The ESR 
data show that the 1: 1 adducts in this study exist in 
two square-pyramidal structures. The adduct of Cu-
(acac)2 with quinoline is of an apical type.13) Therefore, 
Fig. 4 suggests that the 1: 1 adducts of Cu(tfac)2 with 
T H F and the bulky heterocyclic bases except a-picoline 
possess an apical structure and that those of pyridine 
and the primary and secondary alkylamines have a 
basal structure. I t is known that in 1: 1 adducts of 
bis(/?-diketonato)copper(II) with Lewis bases, which 
have a square-pyramidal structure, the axial bond length 
is longer than the equatorial bond length.1 3 - 1 5) Thus 
the axial ligation of a Lewis base molecule to Cu(tfac)2 

results in the formation of new, relatively longer C u - N 
or C u - O bonds normal to the almost undisturbed C u 0 4 

plane. The steric hindrance of the bulky heterocyclic 
bases may be weakened by this interaction mechanism. 
The structure of the adduct of a-picoline cannot, howev­
er, be presumed on the basis of the data in this study. 
I t is reported that the 1: 1 adduct of bis(a-nitroaceto-
phenonato)copper(II) with a-picoline has a basal struc­
ture in which the methyl group in the a-position sticks 
out toward the sixth coordination position.16) 

There is a linear relationship between the log Kt 

values of pyridine, y-picoline and butylamine and the 
log Ku values in the aqueous solutions, while the plots 
for the secondary alkylamines lie below the line due to 
steric effects. This linear relationship is explainable by 
the fact that the strength of the bond between a ligand 
and a metal ions is determined to a first approximation 
by the same factors as those which determine the 
strength of protonation of the ligand. Butylamine is a 
G-donor and y-picoline has a considerably stronger 
a-donor property. Thus it is suggested that in the 
adduct-formation of Cu(tfac)2 with the heterocyclic 
bases, the cr-bond may play a more important role 
than the jr-bond. 
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A Possible Method for Obtaining Precise Isotope Ratio of the 
Element Having Only Two Isotopes 
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As an extension of the atomic/molecular vaporization model, a new method is presented for correcting the 
isotopic fractionation effects in the multiple filament thermal ionization source (MFTIS). It is applicable to the 
isotope ratio measurements of the element having only two observable isotopes. 

It is well known that the isotope ratio observed in 
a thermal ionization mass spectrometry is "fraction­
ated" 1 - 7 ) due to the isotope effects in the vaporization 
process of the sample. As the correction methods for 
elements having more than three isotopes, normalization 
and double spike techniques8-12) are usually adopted to 
obtain "precise" isotope ratio capable to interlaboratory 
comparison and geochemical uses. However, when the 
element in question has only two stable isotopes, it is 
almost impossible to estimate the extent of isotopic 
fractionation in an observed isotope ratio. 

In this paper I propose a new method which may be 
used to overcome the limitation inherent to the element 
having only two isotopes for obtaining precise isotope 
ratio. 

Theoret ica l 

In a multiple filament thermal ionization source 
(MFTIS) , sample evaporates in both atomic and molec­
ular species 

MX(8) • M (g) + X (g ) 

MX(8) — • MX (g) 

and ionization occurs at or near the ionizing filament, 

M • M+ 

MX • M+ + X<°>-> 

^ * MX+ . 

If molecular ions are stable enough to be observed as 
mass spectra and if metal counterpart (X in this case) 
consists of more than two isotopic species, we will 
observe (at least) following four peaks in the mass 
spectra of molecular ions 

M Ä + , M Ä + , M h V , and MhXh
+ 

where h and 1 denote heavy and light isotopes of the 
element M and its counterpart X . It is to be noted 
that the overlapping of mass peaks may sometimes occur 
due to the particular combination of mass numbers of 
M and X . In addition to these mass peaks, we can 
also get isotope ratio of the element M as usual from 
mass peaks of M+ ions. Combination of isotope ratios 
of molecular ions and atomic ions may resolve the 
fractionation problem. This is shown in the following 
way. As in the previous analysis,5) we assume that the 
molar quantity of M X (vapor B) is always km times as 
much as M(0>+) (vapor A) and kx times as much as 
Xco»+»"5 (vapor C) . Thus we get 

d[B] = *md[A] 

d[B] = kxd[C] 

where [Y] is the molar quanti ty of the vapor Y. It is 
easily seen from Eq . 1 that km is equal to kx in the 
ideal case. For the simplicity of the discussion, we 
further assume that (1) the residual sample on the 
filament undergoes complete and continuous mixing 
and there is no isotopic fractionation between the com­
pounds (chemical species) on the filament and (2) the 
residence time of the vapor in the ion source is short 
so that there are no isotopic exchanges in the successively 
evaporating chemical species. Here we assume that the 
element M and its counterpart X consist each of only 
two isotopes (isotopic species). The isotopic fraction­
ation factors are defined as follows; 

a = (MJM^i/», ß = (MhX/M1X)V2, 

Yl = (MXJMXJi /2 , y2 = (XJXJW 

where M and X are the average mass of the element 
M and its counterpart X , respectively. The isotope 
ratios Ra and Rh of the element M in the vapor A and 
vapor B evaporating from the filament are given by 

R& = oR and Rh = ßR (3) 

where R is the isotope ratio of the element M in the 
sample remaining on the filament. 

The differential equation describing the change in the 
isotope ratio R in the course of evaporation is 

1 / oR ßkmR \ Rdd QdR 
km+l \l+oR^ 1+ßR) ^ 1+Ä (1+Ä)2 K) 

where (£ is the amount of sample on filament. The 
integration of Eq. 4 gives 

where Q,o: amount of sample originally on filament, 

RQ : true isotope ratio of the sample at Q,o> 

«m = (*m+ l)/cm, bm = ( a - ß)2kj(cmdj, 

Cm = ( « - ! ) + (ß~l)km, 
dm=(a-l)ß + a(ß-l)km. 

When we measure the metal ions M+ for obtaining 
isotope ratio of the element M , the observed isotope 
ratio (i?ob) w l ^ be the mean isotope ratio of the vapor 
A and vapor B as expressed by 

R = ((*+ ßkmIm)R+aß(kmIm+l)R* (6) 

(kmIm+l) + (ß+akmIJR ^ > 

where Im=IJIh and 7a and Ih are the ionization 
efficiencies (production rate of metal ion M+) of the 
vapor A and vapor B, respectively. 
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Next we consider the change of isotope ratio of X 
during the course of evaporation of the sample M X . 
The isotope ratios rb and rc of X in the vapor B and 
vapor C ( M X and X) are given by 

rb = 7 A and rc = y2Rx (7) 

where Rx is the isotope ratio of X in the sample remain­
ing on the filament. The equation corresponding to 
Eq. 4 is 

1 ( ? A , r«M« \d0 = *xd&x , QxdRx 

U + y A i + y Ä / ^ x
 I + Ä X

 + (i+Äx) ^x+i \ i + y A J2 

(8) 
where ££x is the amount of the sample (X-containing 
chemical species) remaining on the filament, and Eq. 8 
is integrated to give 

+ b. 
\ c* + dxR°x ) 

(9) 
x̂ + ûfx 

where Rx : the initial isotope ratio of X on the sample 

filament, 

«x = ( * x + 1)/Cx> bx = ( 7 l - 7 2 ) 2 * x / M x ) > 

^x= ( r i - i ) + (ya-i)*x> 
dx = (ri-i)r2 + ri(r2-i)^x-

Thus the observed isotope ratio of X in the vapor of 
molecular ions MX+ will be 

Here [Z] represents the peak height of mass spectrum 
at the mass number Z . If we use the sample M X as a 
working material in which the initial isotope ratio of X 
is precisely known, we can monitor the amount of the 
sample remaining on the filament Qx (or Q) from the 
measured r o b value, initial isotope ratio Rx and the kx 

value using Eqs. 7 and 9. Evaluation of km and kx may 
be achieved by either calibration curve or thermody­
namic studies on vapor composition in a thermal ion 
source. Recently Heald has at tempted the computer 
calculation of equilibrium compositions of vapor species 
in a thermal ionization mass spectrometer.13) Once we 
get Q,x (C£x— QS) value, it is easy to get the "precise" 
isotope ratio R0 of the element M by use of Eqs. 5 and 
6, evaluated km value and observed Roh value. 

D i s c u s s i o n 

The crucial point of this method is whether the sample 
M X can form stable molecular ions to be observed as 
mass spectra. There have been only a few studies on 
the stability and intensity of molecular ions in a thermal 
ionization ion source as atomic ions have exclusively 
been the only target for observations in most isotope 
ratio measurements.14"16) However, there is much evi­
dence for the existence of molecular ions as well as atomic 
metal ions in a thermal ionization ion source.14-18) 
Together with the high-temperature vaporization da ta 
of inorganic salts by Knudsen-cell effusion method,19 '20) 
recent extensive studies by NBS group7) support the 
above contention. It is very common to observe not 

only atomic ions M+ but also oxide ions such as MO+ 
in the isotope ratio measurements of rare earth elements 
when nitrates or Perchlorates are used as a chemical 
form of the sample.14»15) In the experimental work by 
Gensho and Honda,18) they used M 2 B 0 3 ( M = L i , Na, 
K, and Rb) as a working material for obtaining precise 
isotopic abundance ratio of boron (11B/10B). When the 
metal M consists of more than two isotopes such as Li, 
K, and R b , we can obtain more than three M 2 B 0 2

+ ion 
peaks. This makes it possible to evaluate the discrimi­
nation factor which would otherwise be unobtainable 
from only two peaks (M2

10BO2+ and M 2
n B 0 2 + ) . The 

merits of using M 2 B 0 3 ( M = L i , K, and Rb) instead of 
N a 2 B 0 3 as a sample in measuring isotope ratio of boron 
are summarized by Gensho and Honda as follows: (a) 
three or more mass peaks are observable from the com­
bination of isotopes of boron and alkali metal (Li, K, 
and Rb) , (b) the discrimination factor (including frac­
tionation effect) may be obtained using a synthetic 
mixture of isotopes of alkali metal, and (c) the relative 
peak heights can be adjusted by using a synthetic isotope 
mixture so as to minimize the reading error (the error 
arising from using different ranges for recordings of two 
peaks having a large difference in intensities). 

I t is important to know how high precision we have 
to evaluate Qx (QJ for getting "precise" isotope ratio 
R0 of M . The main sources for errors possibly caused 
in evaluating Qx come from the evaluation of kx and 
the measurement of Rx. From Eqs. 4 and 8, we obtain 

A q = (km+l)(aR+l)(ßR+l) AR 
d (R+l)(e+dR) R ' 

A*x = (Rx+l)(cx + dxRx) Aq x 

Rx ( * x + l ) ( 7 Ä + l ) ( 7 2 * * + l ) dx " 

Combination of these two equations with Eqs. 5 and 9 
gives the magnitude of error permissible to the observed 
Rx or to the evaluation of Q as a function of Q (or Qx). 
Table 1 shows an example of calculations for ARX and 
AQ under the conditions: km=kx=l, Q=Q,X> a n d Ai?/ 
# = 0 . 0 5 % . 

Remarkable points of the calculations are that relative 

TABLE 1. THE RELATIVE ERROR PERMISSIBLE TO THE 

EVALUATION OF Q, OR RX AS A FUNCTION OF Q, 

dido 

1.00 
0.95 
0.90 
0.80 
0.70 
0.60 
0.50 
0.40 
0.30 
0.20 
0.10 
0.05 

R0 (39K/41K) 
0=1.01334, 
i.o,/m=/x= 

R Aa/a 
(39K/41R) (%) 

13.850 — 
13.837 2.64 
13.822 2.64 
13.792 2.64 
13.757 2.64 
13.717 2.64 
13.669 2.64 
13.612 2.64 
13.537 2.64 
13.434 2.64 
13.258 2.64 
13.085 2.64 

Rx 
(35C1/37C1) 

3.1248 
3.1215 
3.1181 
3.1106 
3.1021 
3.0924 
3.0809 
3.0669 
3.0489 
3.0238 
2.9813 
2.9394 

ARJRx 
(%) 
— 

0.054 

0.054 

0.054 

0.054 

0.054 

0.054 

0.054 

0.054 

0.054 

0.054 

0.054 

= 13.850, R°x (
35C1/37C1) = 3.1248, oc= 1.02532, 

yx= 1.01339, y2= 1.02816, Q=QX, km=kx = 
= l.0,AR/R=0.05%. 
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error permissible to the evaluation of (Hs rather constant 
and large as expected and that the precision required to 
the measurement of Rx is comparable to the precision of 
the isotope ratio of M which we intend to obtain. T h e 
accuracy of the evaluation of Qx (QJ can be improved 
by the least-squares curve fitting of several sets of Q and 
Rx data so that a lower accuracy for each Rx may be 
tolerable to get the required accuracy of Q. Probably 
the calibration curve which may be constructed by use 
of the synthetic isotope mixtures of both metal M and 
its counterpart X suffices this object because most accu­
rate Q value is obtainable from the comparison of the 
calibration curve and observed Rx of the sample. 

When molecules or molecular ions are the only entity 
of vaporizing species from sample filament, calculations 
become much simpler and easier. Equation 5 is 
reduced to 

*-'>*•(&) 7 *(*)•<'- '>' '(£9 
and the observed isotope ratio of metal ions will be 
R0b=ßR. Equation 9 is also simplified to be 

<»-"-(t-)-~fè)+(*-"-fêîî) 
and the observed isotope ratio of X in molecular ions 
M X + is y1Rx. If we can observe X + o r ~ ions as mass 
peaks, the isotope ratio of X + o r _ ions should be yxRx. 
The observation of X + o r _ ions may be advantageous 
from the practical stand point as will be discussed later 
in more details. 

In recent high precision mass spectroscopic studies, 
the synthetic mixture of isotopes from highly enriched 
isotopes plays an important role in getting high accu­
racy.6) The use of a synthetic isotope mixture makes it 
feasible to apply the present method to various isotope 
ratio measurements. In fact, it is almost straightforward 
to make a rough estimation of (Rvalue from the precisely 
known Rx° value and observed isotope ratio Rx of X . 
Furthermore, the isotope mixture of an appropriate 
composition can greatly improve the accuracy of isotope 
ratio of molecular ions, e.g., if we use the sample of 
L a 2 0 3 in which the isotope ratio of 1 8 0 / 1 6 0 is about 
1122, we will have the comparable intensities for 
1 3 9La1 60+ (m=155) and 1 3 8La1 80+ (ro=156) peaks so 
that recording error will be minimized. 

An alternative method for estimating Q is the mea­
surements of isotope ratio of X by observing mass spectra 
of X ions. It is to be noticed that isotope ratios of 
chlorine and bromine can be obtained by measuring 
negative ions of these elements ionized in a thermal 
ionization ion source.21»22) Chloride and bromide are 
the most common chemical form of the sample in a 
M F T I S . The advantage of measuring chloride or bro­
mide ions is the possible applicability of the present 
method to most metal elements by adopting chloride or 
bromide as a chemical form of the sample. The simul­
taneous determinations of isotope ratios of M+ and X~ 
in the same sample are attainable by simply changing 
polarity of the accerating voltage and magnetic current 
of a mass spectrometer. Instead of Eq. 10, the equation 
relating Rx and observed isotope ratio rx in the vapor 
X~or+ i s given by 

r = (ri+r2Mx)fl*+rir2(Mx+i)fli 
( M x + i ) + (yi+yiMx)Äx 

where Ix—Ixbllxc> a n c - -̂ xb a n c^ ^xc a r e t n e ionization 
efficiencies of the vapor B and vapor C, respectively. 

It is expected that the fractionation factor of M X 
(or M X ) varies according to the change in the average 
mass of X (or M) as the sample evaporation proceeds. 
However, the change is usually so small that fraction­
ation factors can be regarded constant in most cases 
without causing any detectable errors (Table 2). 

TABLE 2. FRACTIONATION FACTORS OF KCl AS A FUNCTION 

OF AVERAGE MASS OF POTASSIUM OR CHLORINE 

Ä(8»K/ 4 1 K) 

13.850 
13.700 
13.300 
12.900 
12.000 

ÄX(35C1/37C1) 
3.1248 
3.0000 
2.8000 
2.5000 

M(K) 

39.0983 

39.0996 

39.1034 

39.1074 

39.1298 

X(G1) 
35.4530 

35.468! 
35.4944 

35.5394 

y ^ M ^ C l / M ^ C l ) 1 ^ 

1.013392 

1.01339! 
1.01339! 
1.013390 

1.013385 

ß=(UKX/**KX)1/* 
1.013339 

1.013336 

1.013332 

1.013324 

As implicitly implied in the previous paper5) and 
extensively studied by Moore et al.,1) the change of k 
must be admitted during the vaporization process. In 
fact, not only k but also / varies in the actual experi­
mental situation. In addition to the fractionation 
pattern, most anomalous phenomena associated with 
M F T I S may be explained by admitt ing the change in 
either k or I (or both) during analysis.5»7) From the 
practical stand point, the entire fractionation curve can 
be constructed experimentally on a point-by-point basis 
with a standard sample in which initial isotope ratios of 
both M and X are precisely known. With experimental 
data of k and / (or the combination factor L=k I), 
incorporation of the changes of k and / will be made 
case by case by using Eqs. 4 and 8 as a starting point. 
Some examples of such attempts have been presented 
by Moore et al.1) 
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Spectrophotometry Determination of Cobalt(II) with Eriochrome 
Black T after Extraction as Methyltrioctylammonium 

Tetrathiocyanatocobaltate(II) 
Yuh'ichi ROKUGAWA, Masao SUGAWARA, and Tomihito KAMBARA* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received December 20, 1978) 

A sensitive extraction-spectrophotometric method for determination of cobalt(II) with Eriochrome Black T 
is described, which involves the preliminary separation of cobalt from aqueous solution by the benzene extraction of 
methyltrioctylammonium tetrathiocyanatocobaltate(II). The quantitative formation of ion pair between cobalt-
Eriochrome Black T complex anion and the quaternary ammonium cation is attained by shaking the resulting 
extract with aqueous Eriochrome Black T solution of pH 5.5—8.2. Beer's law holds for 0.57—4.0 [ig cobalt in 
5 ml of the extract with the molar absorption coefficient of e587 = 6.62 X 104 cm - 1 mol - 11 (Sandell sensitivity 8.90 X 
10~4 jjLgcm-2). The composition of the extracted ion pair is estimated to be cobalt: Eriochrome Black T : 
methlytrioctylammonium ion= 1 :2 :3 . 

The use of l-(l-hydroxy-2-naphthylazo)-6-nitro-2-
naphthol-4-sulfonic acid, sodium salt (Eriochrome Black 
T, abbreviated to EBT) for extraction-spectrophotomet­
ric determination of metal ions has been described by 
several authors.1 - 5) Fukamachi et a/.3) and Pyatnitskii 
et al.5) reported that the color intensity of magnesium (II) 
complex in the organic phase is higher than that in the 
aqueous solution. 

In the present paper a sensitive method for extraction-
spectrophotometric determination of cobalt(II) with 
EBT is described, in which cobalt(II) is first separated 
into benzene as the methyltrioctylammonium tetrathio-
cyanatocobaltate(II) and the resulting extract, without 
stripping, is subjected to the procedure for color devel­
opment. 

E x p e r i m e n t a l 

Reagents. Commercial Eriochrome Black T(Dojindo 
Laboratories Ltd.) was used without further purification. The 
solution (0.1 raM nominal, 1 M = 1 mol dm - 3) was daily pre­
pared by dissolving the reagent in water and the concentration 
was corrected. The purity of EBT was evaluated as described 
in a previous paper6) and found to be 52.6%. 

A 5% benzene solution of methyltrioctylammonium chloride 
(Gapriquat, Dojindo Laboratories Ltd., abbreviated as Q,+C1~) 
was converted into its thiocyanate form according to the 
method of Wilson and McFarland.7> The stock solution was 
diluted with benzene as required. 

A 0.01 M standard solution of cobalt (II) was prepared from 
its nitrate and standardized by means of the conventional 
chelatometric titration. 

A mixture of 5 (v/v)% hydrogen peroxide and 10 [iM 
manganese(II) buffered at pH 8.0 was freshly prepared before 
use by mixing the appropriate amounts of 30 (w/w) % hydro­
gen peroxide and 0.01 M manganese(II) chloride solutions and 
satd sodium tetraborate-0.1 M hydrochloric acid buffer solu­
tion. 

Saturated sodium tetraborate-0.1 M hydrochloric acid or 
0.1 M sodium hydroxide buffer and 0.2 M acetic acid-0.2 M 
sodium acetate buffer solutions were used. Deionized water 
was used. Other reagents used were all of analytical grade. 

Apparatus. A Hitachi two-wavelength and double 
beam spectrophotometer 356 and a Shimadzu spectrophotom­
eter, Model QV-50, 10-mm cells were used for absorptiometric 
measurements. A Yamato shaker, Model SA-31, was used for 

extraction. A Hitachi-Horiba glass electrode pH meter, Model 
F-5, was used for pH measurements. 

Procedure. In a 100-ml separating funnel are taken 
10 ml of the solution containing less than 4.0 [ig of cobalt (II), 
7 ml of a mixture of 1.5 M potassium thiocyanate, 1 M sodium 
citrate solutions and 0.15 M tris(hydroxymethyl)aminometh-
ane-sulfuric acid buffer solution (pH 8.0). The mixture is 
shaken for 15 min with 5 ml of 0.5% benzene solution of 
methyltrioctylammonium thiocyanate(Q+SGN-). The organic 
phase is washed with 5 ml of a mixture of 0.5 M potassium 
thiocyanate, 0.7 M sodium citrate and 0.9 M sodium thiosul-
fate. After addition of 5 ml of 52.6 yM EBT solution and 10 
ml of satd sodium tetraborate-0.1 M hydrochloric acid buffer 
solution (pH 7.5), the two phases are shaken for 5 min. The 
organic phase is washed twice with water and then shaken for 
50 min with 15 ml of 5% hydrogen peroxide-10 yM manga -
nese(II) solution of pH 8.O. The organic phase is transferred 
into a beaker containing anhydrous sodium sulfate and the 
absorbance of the extract is measured at 587 nm against a 
reagent blank. 

R e s u l t s a n d D i s c u s s i o n 

Decomposition of the Excess EBT. The use of 
manganase(II)-catalyzed discoloration reaction for the 
decomposition of the excess o^'-dihydroxy azo reagents 
was investigated in order to improve the sensitivity and 
selectivity of spectrophotometric determination of cop­
per (II).6»8»9) To apply this reaction to decompose the 
excess EBT in the benzene phase, effects of p H and 
shaking time were investigated. The decomposition of 
EBT proceeds efficiently (Fig. 1), when the extract is 
shaken for longer than 40 min with the aqueous solution 
of p H higher than 7.5 ( 5 % in hydrogen peroxide and 
10 fjiM in manganese(II ) ) . Washing of the extract with 
water before this procedure is necessary for the complete 
decomposition of EBT. 

Separation of Cobalt (II). A large number of metal 
ions such as copper ( I I ) , nickel ( I I ) , iron (111), and chro­
mium (II I) cause serious interference with the determi­
nation of cobalt(II) by forming colored, benzene-ex-
tractable complexes with EBT. In order to remove the 
interference a prior separation of cobalt(II) by means 
of the modified Vogel reaction was found to be useful. 
The procedure given here is based on the suggestion 
given by Wilson and McFarland,7* except that the 
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Fig. 1. Effects of pH and shaking time on the decom­
position of 52.6 [iM EBT in benzene with the aqueous 
solution of 5% hydrogen peroxide and 12 [iM manga-
nese(II). 
[QjSCN]0=0.01 M, 587 nm, benzene as reference. pH 
(1): 7.0, (2): 7.5, (3) : 8.0, (4) : 9.0. 

concentration of methyhrioctylammonium thiocyanate 
in benzene is lower than that recommended. The thio­
cyanate system is useful for the spectrophotometry 
determination of 1.2—59 u.g of cobalt per milliliter. 
However, the extraction of smaller amounts of cobalt 
has not been reported. In order to determine the 
extractability of cobalt(II) at a few hundred ppb levels, 
the aqueous phase was repeatedly extracted with the 
benzene solution of methyltr ioctylammonium thiocya­
nate and the extract was subjected to absorbance mea­
surement. I t was found that 2.3 [ig of cobalt(II) is 
almost completely extracted by a single extraction 
with the 0 . 5 % quaternary ammonium salt solution in 
benzene. 

Absorption Spectra. Based on the observation that 

the methyltrioctylammonium cobaltothiocyanate in the 
benzene extract reacts with EBT forming an ion-pair 
of cobal t -EBT complex anion and the quaternary 
ammonium cation, the procedure for color development 
was determined as above. Absorption spectra of cobalt-
( I I ) - E B T complex in the aqueous solution and the 
ternary complex in the extract after the decomposition 
of excess EBT are shown in Fig. 2. A bathochromic 
shift of the absorption maxima, accompanied by the 
enhancement of the absorption intensity, is observed 
when the cobalt ( I I ) -EBT complex anion is extracted 
as an ion-pair with the quaternary ammonium cation. 
The red-purple coloration of the ternary complex, the 
absorption maxima being 544 and 587 nm, is stable for 
at least 20 min. 

ö 
<n 

42 
o 
V3 

42 
< 

pH 

Fig. 3. Effect of pH on the absorbance of cobalt-EBT-
Q ternary complex at 587 nm after decomposition of 
excess EBT. 1 : Ternary complex vs. benzene ; 2 : 
ternary complex vs. reagent blank; 3: reagent blank 
vs. benzene; [Co(II)]0=9.73 JAM, [EBT]W= 17.53 pM, 
[QjSGN] 0=0.01 M. Volume ratio of aqueous-to-organ­
ic phase is 3: 1. 
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Fig. 2. Absorption spectra of cobalt-EBT complex in 
aqueous solution and the ternary complex in organic 
phase after decomposition of excess EBT. 
1 : Ternary complex vs. benzene ; 2 : ternary complex 
vs. reagent blank; 3: reagent blank vs. benzene; 
[Go(II)]0=7.79^M, [EBT]0=52.6 ^M, pH 8.0; 4: 
cobalt-EBT complex in aqueous solution vs. reagent 
blank; [Go(II)]w=7.79 [iM, [EBT]W = 40 ^M, pH 10.5. 

Effects ofpH and EBT Concentration. A constant 
and stable absorbance of cobal t -EBT-Capr iquat ternary 
complex is obtained by shaking the extract with the EBT 
solution of p H 5.5—8.2 as shown in Fig. 3. For full 
development of color, addition of EBT in a small excess 
of the stoichiometrically necessary amount is sufficient. 

Effect of Methyltrioctylammonium Thiocyanate Concentra­
tion. As described above, 0 . 5 % methyltrioctylam­
monium thiocyanate in benzene is sufficient for the 
quantitative extraction of microgram amounts of cobalt-
(II) as the thiocyanate complex. It was found that the 
red-purple coloration of the ion-pair of cobal t -EBT 
complex anion and the quaternary ammonium cation 
is fully developed by shaking the extract for longer than 
3 min with EBT solution. The ion-pair, once formed, 
is not stripped even by shaking with water and the 
mixture of hydrogen peroxide and manganese (I I ) . 

Calibration Curve and Sensitivity. The calibration 
curve conforms to Beer's law in the concentration range 
0.57—4.0 fig cobalt in 5 ml of the extract, with the molar 
absorption coefficient of 6.62 X 104 cm" 1 m o l - 1 1 at 587 
nm, which is higher than 4.04 X 104 c m - 1 m o l - 1 1 at 573 
n m in the aqueous solution. The average of absorbance 
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TABLE 1. EFFECT OF VARIOUS IONS 

Ion added 
(X) 

Amount Gobalt(II) 
found 

^g 

Error 

Al(III) 
Gd(II) 
Gr(III) 
Gu(II) 
Fe(III) 
Mn(II) 
Ni(II) 
Pb(II) 
Sn(II) 
Zn(II) 
Mo0 4

2 -

vo 3 -
wo4

2-
Gl-

C104-
H P 0 4

2 -

so4
2-

Gobalt(II) 

458 
458 
115 
458 
687 

22.9 
11.5 

458 
458 
458 
756 
46 

618 
4580 

11450 
2314 
6870 

taken: 2.29 [ig 

2.34 
2.26 
2.28 
2.34 
2.34 
2.21 
2.38 
2.27 
2.25 
2.35 
2.28 
2.24 

2.21 
2.26 
2.28 
2.24 
2.29 

+ 2 . 2 
- 1 . 3 
- 0 . 4 

+ 2 . 2 
+ 2.2 
- 3 . 5 
+ 3.9 
+ 0 . 9 
- 1 . 7 
+ 2.6 
- 0 . 4 
- 2 . 2 
- 3 . 5 
- 1 . 3 
- 0 . 4 
- 2 . 2 
±0 

obtained by three determinations was 0.386 and the 
range was 0.009 for 1.72 [ig of cobalt(II) in the extract. 

Effect of Foreign Ions. The results of tolerance 
test according to the above procedure are given in 
Table 1. The cations were added as nitrates, chlorides 
or sulfates and anions as sodium, potassium, or ammo­
nium salts. I ron ( I I I ) , copper(II ) , and nickel(II) form 
thiocyanate complexes which are extracted into benzene 
as the quaternary ammonium salts, interfering with the 
subsequent photometric analysis. The interference by 
these ions is removed by washing with the scrub solution 
mentioned above. Zinc(II) is extracted as the thiocya­
nate complex and reacts with EBT, forming a deep red 
complex. However, the complex is unstable and decom­
posed by shaking with the hydrogen peroxide-manga­
nese (II) mixture. 

Composition of the Extracted Species. Extraction of 
cobalt(H)-thiocyanate complex anion with amines and 
quaternary ammonium compounds has been investi­
gated by many authors.7»10-15) T h e blue color of the 
nonaqueous cobaltothiocyanate solution is at tr ibutable 
to [Co(SCN) 4 ] 2 - ion.10»11'14»15) We might conclude that 
the faintly blue extract obtained with methyltrioctyl­
ammonium thiocyanate is due to the ion-pair of tetra-
thiocyanatocobaltate(II) anion with the methyltrioctyl­
ammonium cation. By using the familiar mole-ratio 
method, the molar ratio of EBT to cobalt(II) was found 
to be 2 : 1 (Fig. 4). The molar ratio of methyltrioctyl­
ammonium cation to coba l t ( I I ) -EBT chelate anion was 
determined by the method of equilibrium shift (Fig. 5). 
The distribution ratio D of cobalt(II) was evaluated 
from the molar absorption coefficient and the absorb-
ance at 587 n m . The slope of the plot evaluated by the 
method of least squares is 2.87, indicating that the terna­
ry complex has the composition of Co : EBT : Q= 1 : 2 : 3 . 
According to Kodama,1 6) cobalt(II) ion forms a 1 to 1 
complex with EBT in a weakly alkaline aqueous solution. 
If we assume that cobalt (II) ion forms the chelate anion 

ö 

ci 

o 
V3 

n r 2 3 
Mole ratio, [EBT]0/[(Go(II)]0 

Fig. 4. Mole-ratio method applied to cobalt-EBT system 
in the extract. [Co(II)]w=9.73 pM, [KSCN]W=0.6 
mM, [QSCN]0=0.01 M, pH 8.9, 587 nm vs. benzene. 
The excess EBT was decomposed as above. 

Fig. 5. The logarithm of distribution ratio D plotted vs. 
log [QSGN]0 at pH 9.0 in the presence of 9.73 [iM 
cobalt(II), 19.5 (/.M EBT and 0.5 mM KSGN. 

with EBT which is extracted as the ion-pair with 
methyltr ioctylammonium cation, the composition can 
be expressed by [Co2+(HEBT2-) (EBT3-) (Q+)3]0 . The 
composition is comparable with [Mg2+(HEBT2~)-
(EBT 3 _ ) (Z + ) 3 ] 0 , that of magnesium complex reported 
by Pyatnitskii et Ö/.,5) where Z + indicates trioctylammo­
nium ion. However, the possibility of + 3 oxidation 
state of cobalt in the extract can not be excluded. 

The present work was partially supported by a Grant-
in-Aid for Scientific Research from the Ministry of 
Education (No. 347025). 
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The electrochemical oxidation of aminopurines and their hydroxy derivatives, which gave a single voltam-
metric peak at the glassy carbon electrode, was investigated by means of linear-sweep voltammetry, cyclic voltam-
metry, coulometry, and macroscale controlled-potential electrolysis. In general, the ease of oxidation of these 
compounds increased in proportion to the number of hydroxyl or amino groups on the molecule. The coulometric 
n-values for monosubstituted purines were 5.86—6.08, for disubstituted purines they were 3.90—4.20, and for 
trisubstituted purines they were 2.07—2.33. The electrochemical oxidation of the different aminopurines appeared 
to follow initially the same path as the enzymatic oxidation; i.e., the primary attack for the electrochemical oxida­
tion occurred first at the G-8 position, and then the G-2 position. Thus, aminopurines were oxidized in two sequen­
tial two-electron processes to give first 8-hydroxy and then 2,8-dihydroxy(or 6,8-dihydroxy) intermediates. Then, 
this latter intermediate was further oxidized in a two-electron process to produce a diimine intermediate, which 
was unstable and which then broke down to the ultimate products, such as parabanic acid, oxaluric acid, urea, 
ammonia, allantoin, and guanidine. 

Aminopurines, especially the two bases of adenine and 
guanine, are important components of nucleic acids and 
play an important role in many metabolic processes. 
Several works1-3) have suggested a possible parallelism 
between the modes of electrochemical process and the 
biological transformation, e.g., the enzymatic oxidation. 
The enzymatic and biological oxidation of adenine and 
guanine have been examined; they are covered in par t 
in the reviews by Lister4) and Robins.5) The oxidation 
of adenine by the enzyme xanthine oxidase gives 6-ami-
no-8-hydroxypurine as an intermediate in the formation 
of 6-amino-2,8-dihydroxypurine.6) Also, guanine is slow­
ly oxidized to uric acid in the presence of very large 
excesses of xanthine oxidase;7) this process may be 
brought about by traces of guanine present in the 
xanthine oxidase. 

Most of the aminopurines were not reduced easily at 
the dropping mercury electrode (DME) in aqueous solu­
tions. However, some aminopurines can be voltam-
metrically oxidized at the pyrolytic graphite elec-
trode2'8»9) and the glassy carbon electrode (GCE).10-12> 

In this paper, the electrochemical oxidation of the 
aminopurines and their hydroxy derivatives was investi­
gated by means of linear-sweep voltammetry, cyclic 
voltammetry, controlled-potential coulometry, and the 
polarography of the oxidation products. O n the basis 
of the data reported here, different and plausible oxida­
tion products were proposed; the mechanisms for the 
electrochemical oxidation were also proposed. In order 
to compare the mechanisms and products of oxidation 
of aminopurines with those of previously known biologi­
cal oxidations, these studies were carried out in some 
detail. 

E x p e r i m e n t a l 

Chemicals. The 6-aminopurine (adenine), 2-aminopurine, 
and 2-amino-6-hydroxypurine (guanine) were obtained from 
the Wako Pure Chemical Go. The 6-amino-2-hydroxypurine 
(isoguanine) and 2,6-diaminopurine were obtained from the 
Sigma Chemical Go. The 6-amino-8-hydroxypurine, 6-amino-
2,8-dihydroxypurine, 2-amino-8-hydroxypurine, 2-amino-6,8-

dihydroxypurine, and 2,6-diamino-8-hydroxypurine were all 
synthesized according to methods previously described.13) All 
the products were recrystallized three times from distilled 
water before drying in vacuo at 60 °G, and their purities were 
checked by both elemental analysis and linear-sweep voltam­
metry. 

Apparatus. The polarograms and anodic voltammograms 
were recorded using a Yanagimoto P-8 type Polarograph. 
The cyclic voltammograms were obtained with a versatile 
solid-state instrument constructed in this laboratory, with 
triangular voltage sweeps supplied by a NF Circuit Design 
Block Go. Model FG-104T function generator. The current-
voltage curves were recorded on an IWATSU Model DS-5016 
dual-beam oscilloscope equipped with a camera or on a 
Hewlett Packard Model 7045A X-Y recorder. 

A three-electrode cell was used for all the experiments. A 
saturated calomel electrode (SGE) was used as a reference 
electrode, while a platinum wire was used as a counter 
electrode. 

The DME used had the following characteristics: mercury 
flow rate, m=2.32 mg/s and drop time, J=3.32 s at an open 
circuit with a mercury head of 70 cm in 1 M H 3 P0 4 . 

The working electrode used for anodic voltammetry, GGE, 
was constructed as has been described before.10) The GGE 
was polished for about 30 s with 1500-grade emery paper and 
then a paste of Ge02 on asphalt pitch until the surface of the 
electrode was brought to a mirror finish. Also, in order to 
obtain reproducible results, the standard pretreatment proce­
dure described previously was applied before recording each 
voltammogram.10) 

Controlled-potential electrolysis was done at the potentials 
on the crest of the anodic peaks, with a NI CHI A Model NP-1 
potentiostat. A glassy carbon beaker (40 ml in volume; Tokai 
Electrode Go.) was used as the working electrode. The 
colorimetric determinations of oxidation products were done 
using a Shimadzu Model Spectronic 20. 

Colorimetric Methods for the Determination of Oxidation Products. 
The urea was determined by a modification of Rosenthal's 

method.14»15) The ammonia was determined by the Nessler 
method, following King and Faulconer.16) The allantoin was 
determined by a modification of the Young and Conway 
procedure.17) The guanidine was determined by the procedure 
described by Staron and Allard.18) 

Polarographic Methods for the Determination of Parabanic and 
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TABLE 1. VOLTAMMETRIC DATA FOR THE OXIDATION PEAKS OF AMINOPURINES AND THEIR 

HYDROXY DERIVATIVES AT THE STATIONARY G C E 

Gompounda) PH 
range (V vs. SGE) (iJACW*)*» EÇyfC) 

6-Aminopurine 
6-Amino-8-hydroxypurine 
6-Amino-2-hydroxypurine 
6-Amino-2,8-dihydroxypurine 
2-Aminopurine 
2-Amino-6-hydroxypurine 
2-Amino-8-hydroxypurine 
2-Amino-6,8-dihydroxypurine 
2,6- Diaminopurine 
2,6-Diamino-8-hydroxypurine 

0—12 
0—13 
0—13 
0—13 
0—12 
0—13 
0—13 
0—13 
0—13 
0—13 

1.45—0.064pH 
1.01—0.067pH 
1.03—0.057pH 
0.77—0.072pH 
1.34—0.087pH 
1.13—0.059pH 
1.11—0.068pH 
0.79—0.077pH 
1.03—0.054pH 
0.76—0.074pH 

145 
95 

103 
46 

130 
93 
87 
51 
93 
49 

60 
45 
35 
52 
37 
29 
32 
27 
30 
33 

a) Concentration of each compound : 0. 
c) In IM H2S04 . 

05 mM. b) Peak current function: (xA (cm2«mM)-1(mV/s)-1/2. 

Oxaluric Acids. The parabanic acid was determined on 
the completion of the electrolysis by transferring about 10 ml 
of the electrolyzed solution ( 1 M H2S04) into a Polarographie 
cell, deaerating it, running a polarogram between 0 and —1.1 
V vs. S CE, and then comparing the height of the wave at 
— 0.53 V vs. SGE with a calibration curve prepared from 
authentic parabanic acid. The oxaluric acid was determined 
on the completion of the electrolysis in the same way, using 
the height of the wave at —0.87 V vs. SGE. 

R e s u l t s and D i s c u s s i o n 

Anodic Voltammetry. Each of the aminopurines 
and their derivatives studied gave a voltammetric oxida­
tion peak at a stationary GCE over a wide p H range. 
The half-peak potentials (^p/2) of their oxidation peaks 
shifted linearly towards negative potentials with the 
increase in the p H , as is summarized in Table 1. Also, 
the peak current function, iJACV1/2, decreased gradu­
ally with the increase in the p H , but in the electrolytes 
with p H values below 2.8 the peak current functions 
for all the aminopurines studied remained almost con­
stant in spite of the variations in the p H values. In 1 M 
H 2 S 0 4 , good linear relationships were observed between 
the peak current and the concentration, and the peak 
current functions were almost independent of the scan 
rate. These facts imply that, in 1 M H 2 S 0 4 , these 
voltammetric oxidations are diffusion-controlled process­
es. Accordingly, the peak current functions for all the 
compounds studied were determined in 1 M H 2 S 0 4 ; 
these results are shown in Table 1. 

I t was proved in the previous report12* that uric acid 
(2,6,8-trihydroxypurine) gives a well-defined oxidation 
peak when in acidic solutions, but the peak tends to be 
ill-defined because of the adsorption of a depolarizer on 
the electrode surface when in neutral or alkaline solu­
tions, and that the oxidation peak obtained in acid 
solutions, such as 1M H 3 P 0 4 and H 2 S 0 4 , is at tr ibutable 
to a two-electron, diffusion-controlled process. The 
value of the peak current function for uric acid was 
47.1 (jiA(cm2-mM)-1(mV/s)-1/2 i n 1 M H 2 S 0 4 . This 
value was compared with the values for all the com­
pounds studied by assuming that their diffusion-constant 
values are equal to that of uric acid. The results 
indicated that the values of the peak current function 

for the oxidation peaks of monosubstituted purines were 
ca. 130—145 [jLA(cm2-mM)-1(mV/s)-1/2, corresponding 
to a six-electron process. Similarly, it is feasible that 
disubstituted purines are oxidized in a four-electron 
process, and that trisubstituted purines are oxidized in 
a two-electron process. 

Coulometry. The coulometric measurements at 
the controlled potentials were performed in order to 
determine the number of electrons involved in the 
overall electron-transfer reactions. In 1 M H 2 S 0 4 , the 
time taken to oxidize completely all of the depolarizer 
was from one to two hours. However, in the Britton-
Robinson buffers with p H values above 4, exhaustive 
electrolysis required a much longer time and the elec­
trolytic current remained at a low value throughout the 
electrolysis ; this is indicative of a very slow intermediate 
step in the oxidation, the deposition of an insoluble 
reaction product, film formation on the electrode surface, 
or a combination of these phenomena. 

Consequently, the coulometric w-values were deter­
mined in 1 M H 2 S 0 4 . The results are presented in 
Table 2; the n-values for monosubstituted purines were 
5.86—6.08, for disubstituted purines they were 3.90— 
4.20, and for trisubstituted purines they were 2.07—2.33. 
These results were consistent with the n-values deter­
mined from the peak current functions of the voltam­
metric peaks. 

TABLE 2. COULOMETRIC W-VALUES FOR THE CONTROLLED-

POTENTIAL ELECTROLYSIS OF AMINOPURINES AND THEIR 

HYDROXY DERIVATIVES IN I M H 2 S 0 4 

Compound Applied potential 
(V vs. SCE) 

6-Aminopurine 
6-Amino-8-hydroxypurine 
6-Amino-2-hydroxypurine 
6-Amino-2,8-dihydroxypurine 
2-Aminopurine 
2 - Amino-6-hy droxypurine 
2-Amino-8-hydroxypurine 
2-Amino-6,8-dihydroxypurine 
2,6-Diaminopurine 
2,6-Diamino-8-hydroxypurine 

1.55 
1.05 
1.03 
0.75 
1.30 
1.15 
1.15 
0.75 
1.05 
0.75 

5.86 
3.90 
4.20 
2.28 
6.08 
4.11 
4.18 
2.33 
3.92 
2.07 

a) Average value of three determinations. 
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TABLE 3. EFFECT OF pH ON THE PEAK POTENTIAL*1) OF ANODIC PEAKS OBSERVED ON THE CYCLIC 

VOLTAMMOGRAMS OF AMINOPURINES AND THEIR HYDROXY DERIVATIVES 

A, Original peak; B, anodic peaks of intermediates. 

Compound 

6-Aminopurine 

6-Amino-8-hydroxypurine 
6-Amino-2-hydroxypurine 
6-Amino-2,8-dihydroxypurine 
2-Aminopurine 

2-Amino-6-hydroxypurine 
2-Amino-8-hydroxypurine 
2-Amino-6,8-dihydroxypurine 
2,6-Diaminopurine 
2,6-Diamino-8-hydroxypurine 

I M T* ^ ^ 

A 

1.45 

0.99 
1.01 
0.76 
1.30 

1.10 
1.08 
0.75 
1.01 
0.73 

B 

0.99 
0.76 
0.76 
0.76 

1.08 
0.75 
0.76 
0.75 

0.73 

p H 2 

A 

1.37 

0.91 
0.95 
0.67 
1.19 

1.03 
0.99 
0.79 
0.95 
0.63 

.1 

B 

0.92 
0.66 
0.68 
0.68 

1.00 
0.79 
0.79 
0.79 

0.64 

Britton-Robinson buffer 

pH 

A 

1.31 

0.85 
0.89 
0.61 
1.12 

0.98 
0.94 
0.59 
0.90 
0.57 

3.0 

B 

0.86 
0.61 
0.61 
0.61 

0.94 
0.59 
0.59 
0.58 

0.58 

pH 

A 

1.24 

0.78 
0.83 
0.53 
1.02 

0.91 
0.88 
0.51 
0.84 
0.50 

4.1 

B 

0.78 
0.54 
0.53 
0.54 

0.88 
0.52 
0.52 
0.51 

0.50 

a) in V vs. SCE. 

Cyclic Voltammetry. Cyclic voltammograms at fast 
scan rates were recorded in 1 M H 2 S 0 4 for each of the 
four 6-aminopurines. The results are shown in Fig. 1. 
When scanning was done from 0.0 V at a clean electrode 
toward a positive potential, only a single anodic peak 
was observed for 6-aminopurine (Curve A). The 
principal point of interest in this vol tammogram is 
that two new, small anodic peaks (Peaks I and II) were 
observed on the second sweep toward the positive poten­
tial at a fast scan rate of more than 0.25 V/s. Peak I 
appeared at almost the same peak potential as the 
original anodic peak of 6-amino-8- or 6-amino-2-hy-
droxypurine. Also, the peak potential of Peak I I was 
the same as that of the anodic peak of 6-amino-2,8-di-
hydroxypurine. Each of 6-amino-8- and 6-amino-2-hy-
droxypurine gave a new anodic peak on the second 
sweep toward the positive potential; the peak potential 
of this new peak was consistent with that of the original 
peak of 6-amino-2,8-dihydroxypurine. 

However, since the peak potentials of these new peaks 
were dependent on the p H of the electrolyte solutions, 
cyclic voltammograms were recorded in electrolyte solu­
tions of various p H values. The results are shown in 
Table 3. At various p H values, Peak I and Peak I I of 
6-aminopurine coincided in potential with the original 
peak of 6-amino-8-hydroxypurine and 6-amino-2,8-dihy-

-l.o o l.o 
EIV vs. SCE 

Fig. 1. Cyclic voltammograms of 6-aminopurines in 1 M 
H2S04 . 
(A), 6-Aminopurine; (B), 6-amino-8-hydroxypurine; 
(C), 6-amino-2-hydroxypurine; (D), 6-amino-2,8-di-
hydroxypurine. Conen of all the compounds: 0.5 mM. 
GCE geometric area: 0.071 cm2. Scan rate: (A), 0.64 
V/s; (B), (C), (D), 0.56 V/s. 

TABLE 4. COMPARISON OF POLAROGRAPHIC BEHAVIOR OF PARABANIC AND OXALURIC ACIDS 

WITH PRODUCTS OF THE ELECTROLYTIC OXIDATION OF 6-AMINOPURINE 

pH 

IM H 2S0 4 

1st i 

^ 1 / 2 

(V vs. SCE) 
- 0 . 5 6 6 

Britton-Robinson buffer 
2.1 
3.0 
4.1 

- 0 . 6 5 2 
- 0 . 7 1 5 
- 0 . 7 9 5 

Oxidation products'1) 

wave 

0.56 

0.55 
0.49 
0.51 

2nd wave 

^ 1 / 2 

(V vs. SCE) 
- 0 . 9 5 7 

- 1 . 0 7 7 
- 1 . 1 6 5 
- 1 . 2 8 7 

*d 

((xA) 

0.32 

0.35 
0.30 
0.26 

Parabanic 

^ 1 / 2 

(V vs. SCE) 

- 0 . 5 6 9 

- 0 . 6 5 5 
- 0 . 7 1 7 
- 0 . 7 9 3 

acidb> 

*d 

((xA) 

1.25 

1.26 
1.32 
1.28 

Oxaluric acidb) 

, » » 
El/2 *d 

(V vs. SCE) ((xA) 

- 0 . 9 5 5 1.06 

- 1 . 0 8 0 1.12 
- 1 . 1 7 1 1.00 
- 1 . 2 8 3 0.95 

a) Exhaustive electrolysis of 1.0 mM 6-aminopurine. b) Concentration : 0.2 mM. 
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TABLE 5. DETERMINATION OF OXIDATION PRODUCTS AFTER EXHAUSTIVE ELECTROLYSIS 

Compound8^ 

6-Aminopurine 
6-Amino-2-hydroxypurine 
6-Amino-8-hydroxypurine 
6-Amino-2, 8-dihy droxypurine 
2-Aminopurine 
2-Amino-6-hydroxypurine 
2-Amino-8-hy droxypurine 
2-Amino-6,8-dihy droxypurine 
2,6-Diaminopurine 
2,6-Diamino-8-hydroxypurine 

Polarographi 

Parabanic acid ( 
(mM) 

0.09 
0.04 
0.05 
0.05 
0.02 
0.01 
0.01 
0.01 
0.04 
0.03 

LC method 

Dxaluric acid 
(mM) 

0.06 
0.05 
0.03 
0.03 
0.01 
0.01 
0.01 
0.01 
0.03 
0.03 

Urea 
(mM) 

0.25 
0.21 
0.16 
0.32 
0.29 
0.20 
0.30 
0.32 
0.25 
0.21 

Golorimetric method 

Ammonia 
(mM) 

2.36 
2.98 
3.36 
3.48 
0.93 
0.52 
0.82 
1.00 
2.50 
2.75 

Allantoin 
(mM) 

0.24 
0.30 
0.34 
0.29 
0.55 
0.78 
0.60 
0.48 
0.52 
0.60 

[Vol. 52, No. 8 

Guanidine 
(mM) 

— 
— 
— 
— 

0.60 
0.63 
0.61 
0.64 
0.55 
0.51 

a) Exhaustive electrolysis of 1 mM aminopurines in IM H2S04 . 

droxypurine respectively. Also, the new anodic peaks of 
6-amino-8- and 6-amino-2-hydroxypurine were observed 
at almost the same potentials at various p H values, and 
their peak potentials were in very close agreement with 
that of the original peak of 6-amino-2,8-dihydroxy-
purine. 

Similarly, 2-aminopurine gave two new, small anodic 
peaks on the second sweep toward the positive potential. 
At various p H values, the peak potentials for these two 
peaks were the same as those of the anodic peaks for the 
oxidation of 2-amino-8-hydroxypurine and 2-amino-
6,8-dihydroxypurine, as is shown in Table 3. Also, 
2,6-diaminopurine gave a new anodic peak correspond­

ing to an oxidation peak of 2,6-diamino-8-hydroxypurine 
on the second sweep toward the positive potential. 

Controlled-potential Electrolysis. After the exhaustive 
electrolysis of 1 m M aminopurines, linear-sweep voltam-
metry at the GCE showed no anodic peak, but polaro-
graphy at the D M E showed two reduction waves. These 
waves were probably due to the reduction of the ultimate 
products produced by the oxidation; their half-wave 
potentials shifted toward negative potentials with the 
increase in the p H values of the electrolyte solutions. 
The Polarographie behavior of the products in the 
electrolyzed solutions was compared with those of para­
banic and oxaluric acids. In the case of 6-aminopurine, 

OcV A ^ O ^ N f a N I 

[XIII] 

Fig. 2. Proposed primary electrochemical pathways for electrooxidation of different aminopurines. 
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the experimental results are summarized in Table 4. 
The E1/2 values of the first and second waves agreed 
very closely with those of parabanic and oxaluric acids 
respectively. 

The ultimate electroinactive products (urea, ammo­
nia, allantoin, and guanidine) were determined by the 
colorimetric methods given in the Experimental section. 
The results are shown in Table 5. 

Mechanisms. The characteristic ultraviolet absorp­
tion spectra of the aminopurines (Am a x=260—270 nm) 
are attributable mainly to the -C(4)=C(5) -C(6)=N(1) -
chromophoric group.19»20) The disappearance of these 
peaks after exhaustive electrolysis indicates that the 
-C(4)=C(5) - bond is ultimately oxidized and cleaved. 
In addition, an analysis of the product solutions after 
exhaustive electrolysis suggested the presence of para­
banic acid, oxaluric acid, urea, ammonia , allantoin, and 
guanidine. The cyclic voltammetric data also suggested 
the presence of various intermediates which were more 
easily oxidized than their parent compounds. The 
presumed mechanisms of the pr imary oxidations of the 
different aminopurines studied at the GCE are sum­
marized in Fig. 2. 

The coulometric n-value for the oxidation of 6-amino-
purine was ca. 5.86. Also, cyclic voltammetric experi­
ments revealed the presence of both 6-amino-8-hydroxy-
purine(II) and 6-amino-2,8-dihydroxypurine(IV) as the 
electrochemical intermediates, both of which were more 
easily oxidized than 6-aminopurine(I) . The coulometric 
w-values for the oxidation of Compounds I I and IV were 
ca. 3.90 and 2.28 respectively. These facts supported the 
idea that the electrochemical oxidation of 6-aminopurine 
proceeds initially by two sequential two-electron steps to 
give first Compound I I and then Compound IV. The 
latter compound was similar to uric acid except for the 
presence of an amino group in place of an hydroxyl 
group at the 6-position; then it was probably oxidized 
in a further two-electron step to produce a diimine 
intermediate (V) of the same type as that proposed for 
the electrochemical oxidation of uric acid.1) The con­
tinuous oxidation to the diimine intermediate, as soon 
as the initial two-electron oxidation had occurred, was 
caused by the fact that the ease of oxidation generally 
increased with the number of hydroxyl groups on the 
molecule (see Table 1). Compounds I I and I V were 
easily oxidized electrochemically than was 6-aminopu­
rine itself and, consequently, were unstable with respect 
to the oxidation at the potential at which 6-aminopu­
rine was oxidized. Also, an intermediate for the two-
electron oxidation of 6-aminopurine was 6-amino-8-hy-
droxypurine, and no evidence for the presence of 6-ami-
no-2-hydroxypurine(III) was given by cyclic voltamme-
try. In addition, both Compounds I I and I I I were 
oxidized in a two-electron step to produce the same 
intermediate, Compound IV. Thus, under electro­
chemical conditions oxidation occurred first at the C-8 
position and then at the C-2 position. 

Similarly, 2-aminopurine(VI) was electrochemically 
oxidized to 2-amino-6,8-dihydroxypurine(IX) via 2-ami-
no-8-hydroxypurine(VII). Also, 2,6-diaminopurine(XI) 

was oxidized in a two-electron step to produce 2,6-di-
amino-8-hydroxypurine(XII) , as was shown by cyclic 
voltammetric experiments. Compounds IV, I X , and 
X I I were oxidized in a two-electron step to produce the 
corresponding unstable diimine intermediates (V, X , 
and X I I I ) , which were then hydrolyzed in water to the 
ultimate compounds, such as parabanic acid, oxaluric 
acid, urea, ammonia, allantoin, and guanidine. 

Conc lus ions 

The different aminopurines studied were electro­
chemically oxidized by a mechanism very similar to that 
observed for other naturally occurring purines, such as 
uric acid and xanthine. The evidence put forward 
supported the view that the locus of the initial electron 
removal was the same for enzymatic and electrochem­
ical processes, i. e., in both the enzymatic and elec­
trochemical oxidations the attack was first at the C-8 
position and then at the C-2 position. Unlike most 
enzyme reactions, where the 2-amino group of guanine 
is removed, this group remained intact under electro­
chemical oxidations, and further electrochemical reac­
tion occurred at the -C(4 )=C(5 ) - bond. 
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A method for the isolation of 227Ac and its daughter nuclides from 231Pa was established. The y-ray spectra 
of 231Pa, 227Th, and 223Fr were investigated, and the y-ray tables of these nuclides were presented. A decay scheme 
of 223Fr was corrected so as to explain these y-ray data. 

Several handicaps for the radiochemical study of the 
natural actinium series are known. Some of them are 
as follows : 

1. I t is difficult to keep enough 231Pa or 227Ac. 
2. No confidential method for the separation of 

231Pa and 227Ac has been established. 
3. The exact information about the complex y-rays 

of the nuclides of the actinium series is not enough for 
the y-ray spectrometries of these nuclides. 

From the standpoint of radiochemical common sense, 
231Pa is a precursor of 227Ac. However, it is widely 
believed that the radiochemical purity of 227Ac isolated 
from 231Pa is not enough, because the complete removal 
of the colloidal or polymeric species of 231Pa is very 
difficult. 227Ac is almost non-y-radioactive. The decay 
chain is complicated. Also 231Pa, 2 2 7Th, and 223Fr have 
many y-rays of approximately equal energies. There­
fore, it is difficult to certify the radiochemical purity by 
y-ray spectrometry in spite of the recent development 
of solid-state detectors. O n the other hand, 227Ac is 
produced as the daughter of 2 2 7Ra, which is produced 
by means of the 2 2 6Ra(n, y) 2 2 7Ra reaction. This method 
is recommended today. However, we do not think that 
the production of 227Ac from 2 2 6Ra is a popular tech­
nique or a conventional method, considering that the 
geochemical abundance of 231Pa is of the same order as 
that of 2 2 6Ra. Therefore, we tried to isolate 227Ac from 
231Pa. Recently, we presented a method for the mutual 
separation of 227Ac, 2 2 7Th, 2 2 3Ra, and 223Fr.1) The com­
bination of these two methods will be ari answer to the 
second difficulty with the radiochemistry of the actinium 
series mentioned above. 

Then we determined the y-ray spectra of 231Pa, 2 2 7Th, 
2 2 3Ra, and 223Fr by means of a high-resolution Ge(Li) 
detector or an intrinsic germanium detector with a 
higher resolution. Moreover, we will present the data 
on the y-rays of these nuclides for the sake of the y-ray 
spectrometric determination of these nuclides. 

E x p e r i m e n t a l 

Radioisotopes. 231Pa was supplied by The Radiochemi-
cal-Centre (Amersham, England). A 10-mg portion of the 
231Pa was purified by the method reported by Suzuki and 
Inoue.2) The purified 231Pa was left to stand for seven years 
to grow enough 227Ac and then used for the experiment. 

Reagents. All the chemicals used were of an analytical 
grade. HBEHP (bis(2-ethylhexyl) phosphate) was purified by 
the method reported previously.3) 

Apparatus. The apparatuses used were as follows. 
Separatory funnel shaker: IWAKI KM type(200—400 min"1) ; 

coaxial Ge(Li) detector: ORTEC model 8101—1820 (effective 
volume, ca. 60 cm3); planar intrinsic germanium detector: 
ORTEC model 16300-1000 (Be window 25 jxm thick; effec­
tive volume, ca. 1.4 cm3) ; silicon surface-barrier oc-ray detector: 
ORTEC model BE-16-160-100 (active area, 160 mm2; deple­
tion depth, 100 (xm); multichannel pulse-height analyzer: 
TOSHIBA USC-1 model 10 4096 ch. (controlled by a mini­
computer TOSBAC-40A); linear amplifier: ORTEC model 
472 spectroscopy amplifier (the shaping time constant was 
fixed to 2 [xs throughout the spectrum accumulation). 

The dead-time ratio was monitored by USC-1 and was 
found to be less than 10%. 

231Pa, 227Ac,22V223Ra,etc. 
in 45M^SC^6MHCl 

Extraction by DMH 
(50°/ov/v in benzene) 

JZ 
(org) 

twice 

(aq.) 

Back extraction 
by 0-1M HP 

9MHCI 

nPa 227Ac,227Th,223Ra,etc 

| Dry up| 

|Dry up| 

227A 227T. 223D . 
Ac, Th, Ra,etc. 

in 9M HCl 
231Pain9MHCl 

I 
Adsorption on 

Dowex 1x8 column 

Elution through 
Dowex 1x8 column 

"Pa-
(adsorb) 

Washing by 
9M HCl 

(effluent) 
"AC 
27Th 
î3Ra 

2 2 7 A c 2 2 7 T h 2 2 3 R a 

(free from 2 3 1Pa) 

Elution by 
0-1M HF 

6MHCI Mutual saparation 
by HBEHP extraction 

pure231 Pa 

Fig. 1. The separation method for 231Pa and 227Ac. 
In this figure 1 M = 1 mol/dm3. 

Procedures. Separation of2S1Pa and Its Daughter Nuclides: 
A flow chart for the chemical separation of 231Pa and 227Ac 

is shown in Fig. 1. The meaning and the performance of 
the separation method will be described in the next section. 
From the isolated 227Ac fraction, 227Ac, 227Th, and 223Ra were 
purified by the method reported in Ref. 1. 223Fr was milked 
from the purified 227Ac by the method reported in Ref. 1. 

Alpha-ray Spectrometry : In order to examine the radiochemi­
cal purity of the purified 231Pa and 227Ac, the oc-ray spectra 
were compared. Thin sources for good resolution in the oc-ray 
spectrum were prepared by the evaporation of aliquots of 
solutions of these nuclides onto glass plates. The apparent 
resolution of an oc-ray peak was less than 20 keV in FWHM. 

Gamma-ray Spectrometry: The y-ray spectra of 231Pa, 223Fr, 
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and 223Ra were determined by means of the Ge(Li) detector. 
The y-ray spectrum of 227Th was determined by the intrinsic 
germanium detector, because the spectrum is too complex to 
resolve each y-ray by the Ge(Li) detector. For the calibration 
of energy and the efficiency of the acquisition system, the 
standard sources of 241Am, 109Cd, 144Ce, 133Ba, 22Na, 106Ru, 
137Cs, 54Mn, and 60Co were used. In addition, #X-rays of 
Ac, Ra, Rn, Po, Bi, and Pb were applied to the inner calibra­
tion. The highest resolution observed for the Ge(Li) detector 
was 1.2 keV in FWHM for 300 keV y-ray of 231Pa. The 
resolution of the intrinsic germanium detector was 300 eV at 
20keV, 400 eV at 50 keV, 500 eV at 100 keV, and 800 eV 
at 300 keV. 

Plate sources of 231Pa, 227Th, and 223Ra were prepared by 
the evaporation of aliquots of the purified stock solutions onto 
stainless steel plates. Liquid sources of 223Fr were prepared 
by pipetting aliquots of the purified solution into polyethylene 
test tubes. The calibration factor for the self-absorption by 
the liquid sources was calculated by comparing the relative 
intensities determined with respect to the two kinds of sources 
of 227Th, which has many y-rays identical with 223Fr. 

All the spectra were analyzed by means of a nonlinear 
least-mean-squares fitting method to evaluate the peak position 
and the peak area. The least-mean-squares fitting method 
is based upon peak response functions rather than analytical 
functions in order to account for the histogram nature of the 
y-ray spectrum accumulated by a multichannel pulse-height 
analyzer. Moreover, the peak response functions were deter­
mined from the y-ray peak shapes of the y-rays of the standard 
sources. 

The relative intensities of the y-rays of 227Th, 223Fr, and 
223Ra were determined by the decay analysis of the calculated 
peak areas. The abundances of the y-rays of 223Fr were 
calculated by normalizing the relative intensities to the 
a-disintegration rate of 227Ac, which was in radioequilibrium 
with 223Fr. 

R e s u l t s and D i s c u s s i o n 

Radiochemical Purity of the Purified *31Pa and 227Ac. 
From the point of view of the decontamination of 227Ac 
for 231Pa, the anion-exchange chromatographic separa­
tion method reported by Suzuki and Inoue2) is the best 
method if we can suppress the irreversible formation of 
colloidal or polymeric species of Pa(V) , which is not 
adsorbed by the anion-exchange resin column. There­
fore, we applied this method to the final stage of the 
separation of 227Ac and 231Pa, as is shown in Fig. 1. 
However, it was often observed that a small fraction of 
2 3 i P a 

was eluted out with a loading solution when more 
than 1 mg of 231Pa was introduced into the separation 
column. The fast, irreversible polymerization of Pa(V) 
in a hydrochloric acid solution has been reported.4) 
Therefore, this eluted fraction of 231Pa can be considered 
to be the polymeric species. 

To get enough 227Ac from 231Pa, we must chemically 
process a weighable amount of 231Pa. Quanti tat ive 
information has not yet been obtained about the chemi­
cal behavior of polymeric Pa(V) in an aqueous solution. 
However, it is known that the polymerization of Pa(V) 
in an aqueous solution is negligible unless the solution is 
left to stand too long after the preparation and unless 
the concentration of Pa(V) is more than 10~7 mol/ 
dm3.4~6) These facts show that, in order to suppress 
the formation of polymeric Pa(V) in a hydrochloric acid 

solution, the concentration of Pa(V) should be lower 
than 10 - 7 mol/dm3 . 

O n the basis of these considerations, we applied a 
preliminary separation based on the DMH(2,6-dimethyl-
4-heptanol)-extraction of 231Pa from a mixed acid solu­
tion of a sulfuric acid and a hydrochloric acid in order 
to lower the concentration of 231Pa in the 227Ac fraction. 
Pa(V) forms stable anionic complexes in a concentrated 
sulfuric acid solution and does not show the tendency 
to polymerize. Moreover, the extraction of macro 
amount of Pa(V) from the mixed acid gives very repro­
ducible results. The extraction ratio of Pa(V) exceeds 
99 .95% by the use of DMH-extract ion process shown 
in Fig. 1, while Ac is not extracted. The isolated 227Ac 
fraction was processed by the HBEHP-extraction meth­
od to get the purified 227Ac, 2 2 7Th, 223Ra, and 223Fr.!) 

An a-ray spectrum of the purified 231Pa is compared 
with a spectrum of 231Pa before the separation in Fig. 2. 

•3 

o 

1000 

500 

1500 

1000 

500 

5 

I6 

• 

JAJJ 

7 

•. 

J"" u>V . \ . 

purified 2 3 l P a 

before purification 

20 
11 19 | 

I J < 
i 

10 t 2 W15 Ü j Li__ 

21 

1 
J L. 

FJMéV 

Fig. 2. Alpha-ray spectra of 231Pa. 
1, 4.671 MeV 231Pa; 2, 4.727 MeV 231Pa; 3, 4.844 MeV 
231Pa; 4, 4.943 MeV 231Pa; 5, 5.007 MeV 231Pa; 6, 5.023 
MeV 231Pa; 7, 5.052 MeV 231Pa; 8, 5.432 MeV 227Th; 9, 
5.538 MeV 227Th; 10, 5.605 MeV 223Ra; 11, 5.71 MeV 
(complex) 227Th and 223Ra; 12, 5.755 MeV 227Th; 13, 
5.864 MeV 227Th; 14, 5.976 MeV 227Th; 15, 6.037 MeV 
227Th; 16, 6.278 MeV 211Bi; 17, 6.423 MeV 219Rn; 18, 
6.551 MeV 219Rn; 19, 6.622 MeV 211Bi; 20, 6.817 MeV 
219Rn; 21, 7.384 MeV 215Po. 
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Fig. 3. Alpha-ray spectrum of the purified 227Ac. 
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An a-ray spectrum of 227Ac is also shown in Fig. 3. In 
Fig. 3, no a-rays of 231Pa are observed, while a-rays of 
2 2 7Th and 2 2 3Ra are observed. These daughter nuclides 
grow fast during the sample preparat ion and the spec­
t rum acquisition. The branching ratio of the a-decay 
of 227Ac is only 1.38%.7) Therefore by comparing these 
three a-ray spectra, it can be concluded that the purifi­
ed 227Ac is completely free from the contamination of 

50 100 

£ r/keV 

Fig. 4. Gamma-ray spectrum of 231Pa, from 20 keV to 
llOkeV. 

ö 
ö 

250 300 
£ r/keV 

ö 
ö 

o 
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Fig. 6. Gamma-ray spectrum of 231Pa, from 335 keV to 
440 keV. 

231Pa. O n the other hand, no a-rays of 227Th, 223Ra, 
and their daughter nuclides appeared in the purified 
231Pa sample. This is evidence that the purified 231Pa is 
free from any contamination of the daughter nuclides. 

Gamma-ray Spectrum of231Pa. The y-ray spectra of 
231Pa are shown in Figs. 4—6. In these figures, the peak 
components are shown as the peak shapes to illustrate 
the analysis of the y-ray spectrum described in the 
Experimental section. The relative intensities of some 
y-rays are shown in Table 1. 

I t is worthwhile to point out the following facts from 
Table 1 : 

1. O u r data show the best correlation with the data 
of de Pinho et al*) The correlation is almost complete 
for the y-rays whose intensities relative to that of 303 
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Fig. 7. Gamma-ray spectrum of 227Th, from 20 keV to 
73 keV. 
The y-rays in parentheses are decayed also but the 
intensities are not certain. 
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Fig. 9. Gamma-ray spectrum of 227Th, from 180 keV to 288 keV. 
The y-rays in parentheses are decayed also but the intensities 
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Fig. 10. Gamma-ray spectrum of 227Th, from 278 keV to 355 keV. 

keV y-ray are greater than 0.01. 
2. The data of Lange and Hagee9) are quite errone­

ous, though they were employed in the y-ray catalogue 
ofWakat.10) 

3. The data of Zaddach11* are the latest. His data 

about abundances are identical with the data of Leang 
and since Zaddach did not describe his experimental 
technique, we considered the data of Leang. As will 
be described below, Leang's data are not very accurate 
and the intensities of the 255 keV, 284 keV, 300 keV, 
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TABLE 1. TABLE OF y-RAYs OF 231Pa 

Relative intensity 

Er/kéV References 
This work 

27.4 
38.8 
44.3 
46.5 
52.7 
56.7 
63.4 
73.4 
76.7 
96.0 
100 
243 
255 
260 
274 
278 
284 
300 
303 
313 
327 
330 
341 
355 
357 
379 
407 

4.1 
0.044 
0.027 
0.077 
0.035 
0.018 
0.016 
0.015 
0.036 
0.039 
0.017 
0.017 
0.043 
0.076 
0.021 
0.025 
0.67 
0.97 
1.00 
0.039 
0.016 
0.55 
0.070 
0.038 
0.066 
0.019 
0.018 

9, 10a> 

(obsd)b> 
(obsd) 
(obsd) 
(obsd) 
(obsd) 

(obsd) 

0.025 
0.027 
0.082 
(obsd) 
(obsd) 
0.43 

1.00 

0.018 

0.15 
0.016 

0.020 
0.003 
(obsd) 

8 

3.97 
0.063 
0.026 
0.089 
0.036 
0.016 
0.021 
0.011 
0.029 
0.038 
0.013 
0.015 
0.043 
0.074 
0.025 
0.029 
0.67 
0.97 
1.00 
0.040 
0.013 
0.56 
0.070 
0.040 
0.075 
0.021 
0.015 

11,12 

2.98 
0.043 

0.077 

(obsd) 
0.030 

(obsd) 
0.057 
0.078 
0.03 
0.03 
0.70 
1.00 
1.00 
0.047 

0.57 
(obsd) 
0.043 
0.065 
0.017 
0.009 

The y-rays which are important for the y-ray spectrom­
etry of the actinium series are tabulated in this table. 
a) Intensities relative to the doublet of 300 keV and 
303 keV. b) Observed. 

and 313 keV y-rays are obviously overcounted. These 
deviations, except that of the y-ray of 255 keV, can be 
explained as resulting from the contamination of 233Pa, 
which was spiked as a tracer in his experiment. Indeed, 
this contamination was mentioned by Leang in his raw 
y-ray spectrum.12) 

As has been described above, we can conclude that 
our data and de Pinho's data about the relative intensity 
have a higher reliability than the other data . The 
abundances of the y-rays of 231Pa were determined by 
Leang; the abundance of 303 keV y-ray is 2.3%.12) As 
will be described below, the abundance of the y-rays of 
231Pa are much smaller than those of 2 2 7Th. Also, the 
measurement of the intensities of the main y-rays of 
231Pa, i.e., 284 keV, 300 keV, 303 keV, 341 keV, and 
357 keV, is almost impossible if 227Ac, 2 2 7Th, or 2 2 3Ra 
is in the sample of 231Pa. Especially, it should be 
remenbered that 300 keV y-rays of 231Pa and 2 2 7Th 
appear as a singlet peak even when a high-resolution 
Ge(Li) detector is used. Therefore, it is necessary to 
separate completely 227Ac and its daughter nuclides from 
231Pa for the y-ray spectrometric determination of 231Pa. 
I t is also necessary to certify the correlation between 
the relative intensities of the observed y-rays and our 

data . 
Gamma-ray Spectrum of227Th. The y-ray spectra of 

227Th, as obtained by the intrinsic germanium detector, 
are shown in Figs. 7—10. Even in an initially pure 
227Th sample, 2 2 3Ra and its daughter nuclides grow 
rather fast. Therefore, as has been described in the 
Experimental section, the decay in the y-rays was exam­
ined until the transient equilibrium was attained between 
2 2 7Th, 2 2 3Ra, and their daughter nuclides. Some exam­
ples of the decay curves are shown in Fig. 11. As is 
shown in Fig. 11, y-rays of 227Th can be easily deter­
mined to be monotonously decaying y-rays. In Table 
2, the relative intensities are shown along with the 
literature values.13 '14) 

The data of Hesselink et al M) are the latest and were 
obtained by <x,y coincidence employing a Ge(Li) detec­
tor with a resolution of 2.3 keV at 120 keV and a silicon 
surface-barrier detector with a resolution of 30 keV. I t 
is clear from Figs. 2 and 7—10 that the Ge(Li) detector 
and the silicon surface-barrier detector do not have 
efficient enough resolutions for the y-ray spectroscopy 
of 2 2 7Th. O n the other hand, the works of Briancon 
et <z/.13) consist of y, y coincidence and conversion electron 
spectroscopy. They also employed two Ge(Li) detectors 
with resolutions of 0.9 keV and 2.5 keV for 100 keV 
y-ray. The resolutions of the Ge(Li) detectors employed 
by Briancon et al. were not good enough to resolve the 
complex structure of the y-ray spectrum of 227Th at the 
energy regions of 40 keV to 50 keV, 80 keV to 100 keV, 
200 keV to 213 keV, 234 keV to 236 keV, 250 keV to 
257 keV, 269 keV to 273 keV, 279 keV to 305 keV, 312 
keV to 315 keV, and 350 keV to 353 keV. In spite of 
these difficulties, the two works agree well about exis­
tence of the main y-rays. However, about the intensities 
of almost all the y-rays and the existence of some weak 
y-rays, the agreement between the two works is far from 
satisfactory. For the y-ray spectrometry of 227Th, the 

10 20 30 40 

t/d 

Fig. 11. Examples of decay or growth curves of some y-
rays found in initially pure 227Th. 1, 20.32 keV; 2, 
30.00 keV; 3, 50.17 keV; 4, 236.01 keV; 5, 299.95 keV; 
6, 72.86 keV; 7, 269.46 keV; 8. 351.1 keV. 
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TABLE 2. TABLE OF y-RAYS OF 227Th TABLE 2. (Continued) 

£r/keV 
Relative intensity*1) 

This work Ref. 14 Ref. 13 
Transition EJkeV 

Relative intensity11) 

This work Ref. 14 Ref. 13 
Transition 

20.32(5) 
30.00(5) 
31.78(8) 
43.81(9) 
44.5(1) 
48.39(8) 
49.9(2) 
50.17(6) 
55.98(8) 
61.43(8) 
62.34(7) 
64.5(1) 
67.0(1) 
68.7(1) 
73.6(1) 
79.65(2) 
93.88(9) 
96.04(8) 

100.7(1) 
113.03(1) 
117.17(1) 
123.6(2) 
124.4(4) 
134.67(9) 
138.6(6) 
140.9(2) 
141.56(6) 
149.6(1) 
164.9(7) 
168.6(2) 
173.7(2) 
185.1(4) 
200.6(2) 
201.2(2) 
201.7(2) 
204.31(3) 
205.01(5) 
206.19(3) 

210.68(2) 
212.86(4) 
218.96(5) 
234.82(6) 
236.01(1) 
250.24(2) 
252.59(6) 
254.69(2) 
256.24(2) 
262.83(6) 
272.91(3) 
279.7(1) 
281.43(6) 
284.2(3) 
286.06(2) 
289.8(3) 
292.36(5) 
296.56(3) 
299.95(3) 

0.030(2)b> 
0.005(1) 
0.005(1) 
0.017(3) 
0.002(1) 
0.003(1) 
0.062(9) 
0.59(2) 
0.0006(1) 
0.007(1) 
0.017(1) 
0.0011(6) 
0.0016(5) 
0.0061(3) 
0.0012(2) 
0.162(4) 
0.127(4) 
0.007(1) 
0.0028(5) 
0.067(1) 
0.016(1) 
0.0011(6) 
0.0009(1) 
0.0022(4) 
0.001 
0.0023(3) 
0.0086(6) 
0.0007(4) 
0.0009(1) 
0.0010(3) 
0.0014(3) 
0.0029(5) 
0.0017(6) 
0.0017(6) 
0.0017(6) 
0.015(1) 
0.011(1) 
0.018(1) 

0.089(2) 
0.0062(5) 
0.0069(8) 
0.040(2) 
0.96(1) 
0.037(2) 
0.007(1) 
0.058(2) 
0.522(9) 
0.0054(3) 
0.038(1) 
0.0043(8) 
0.014(1) 
0.0045(4) 
0.157(2) 
0.0018(6) 
0.0045(6) 
0.037(5) 
0.172(4) 

0.002 
0.001 
0.004 
0.002 
0.72 
0.0002 

0.021 
0.002 

0.002 
0.0014 
0.15 
0.11 
0.004 
0.007 
0.045 
0.013 
0.0007 
0.0002 
0.002 

0.003 
0.005 
0.002 

0.001 
0.0009 
0.0022 
0.0004 

0.0018 
0.019 
0.014 
0.022 

0.10 
0.007 
0.004 
0.05 
0.95 
0.023 
0.009 
0.075 
0.52 
0.008 
0.041 
0.008 
0.012 
0.002 
0.14 
0.0003 
0.005 
0.032 
0.16 

0.037 
0.007 
0.006 
0.017 

0.0007 
0.04 
0.59 
0.0004 
0.006 
0.015 
0.001 

0.004 
0.0015 
0.15 
0.10 
0.005 
0.006 
0.053 
0.013 
0.0007 
0.0004 
0.002 

0.01 
0.0007 
0.001 
0.001 
0.001 
0.003 
0.003 

50.2—29.9 
29.9—0 
61.5—29.9 
329.8—286.1 
174.6—130.0 
334.2—286.1 
79.8—29.9 
50.2—0 
432.4—376.4 
61.5—0 
123.9—61.5 
350.5—286.1 

130.3—61.5 
123.9—50.2 
79.8—0 
123.9—29.9 
376.4—280.5 
130.0—29.9 
174.6—61.5 
247.5—130.3 
247.3—123.9 
174.6—50.2 
369.4—234.8 

314.8—174.6 
376.4—234.8 
280.5—130.5 
445.1—280.5 
342.9—174.6 
234.8—61.5 
234.8—50.2 
280.5—79.8 

0.003 376 
0.016 334 
0.011 234 
0.016 329 

or 286 
0.082 
0.006 
0.005 
0.04 
0.97 
0.031 
0.007 
0.052 
0.54 
0.007 
0.037 
0.005 
0.012 
0.004 
0.11 
0.0005 
0.005 
0.036 
0.16 

334. 
342. 
342. 
234. 
286. 
329. 
376. 
334. 
286. 
342. 
334. 
329. 
342. 
334. 
286. 
369. 
342. 
376. 
329. 

.4—174.6 

.2—130.2 

.8—29.9 

.9—123.9 

.1—79.8 

.2—123.9 

.9—130.3 

.9—123.9 

.8—0 

.1—50.2 
8—79.8 
4—123.9 
2—79.8 
1—29.9 
4—79.8 
2—61.5 
8—50.2 
9—61.5 
2—50.2 
1—0 
4—79.8 
4—50.2 
4—79.8 
8—29.9 

304.44(3) 
308.5(1) 
312.63(2) 
314.80(3) 
319.2(3) 
329.72(3) 
334.24(2) 
342.44(5) 
346.44(5) 
352.4(1) 
384.5(1) 

0.085(1) 
0.0016(4) 
0.041(2) 
0.038(1) 
0.0025(5) 
0.212(6) 
0.083(3) 
0.036(4) 
0.0018(3) 
0.0008(3) 
0.0038(9) 

0.11 
0.001 
0.043 
0.047 
0.002 
0.24 
0.095 
0.016 
0.0007 
0.0007 
0.0002 

0.075 
0.001 
0.037 
0.035 
0.003 
0.21 
0.082 
0.031 
0.0007 
0.001 
0.004 

334.2—29.9 
432.4—123.9 
342.4—29.9 
376.4—61.5 
369.4—50.2 
329.8—0 
334.2—0 
342.4—0 
376.4—29.9 
432.4—79.8 
424.0—61.5 

a) Intensities relative to the doublet of 234.82 keV and 
236.01 keV. b) Numbers in parentheses are estimated 
standard deviations in units of the last significant digit. 

relative intensities of the y-rays of 50 keV, 236 keV, 286 
keV, and 300 keV are very important parameters as 
measures of the radiochemical purity of the sample, 
because the contamination by 231Pa or 227Ac influences 
the relative intensities of these y-rays. These y-rays are 
observed as multiplet y-ray peaks, and the multiplicity 
depends on the resolution of the detector employed. 
Therefore, it is necessary to get data about the intensities 
of these y-rays based upon more accurate basis than the 
two works in the literature in order to improve the 
accuracy of the y-ray spectrometry of 2 2 7Th. 

O n the other hand, the excellency of our measurement 
depends on the highest resolution of the detector 
employed. As is shown in Figs. 7—10, we obtained 
well-resolved y-ray spectra, and so we can now consider 
the reason for the disagreement between the literature 
data . 

Obviously, there is no doubt about the existence of 

TABLE 3. TABLE OF ^-RAYS OF 223Ra 

£ r/keV 
Relative intensity 

This work Ref. 15 
Nuclide 

123 
132 
144 
154 
159 
180 
269 
271 
324 
328 
338 
343 
351 
372 
402 
405 
427 

0.105 
0.017 
0.267 
0.459 
0.058 
0.015 
1.00 
0.818 
0.265 
0.013 
0.186 
0.011 
0.951 
0.037 
0.457 
0.271 
0.122 

0.082 
0.009 
0.221 
0.386 
0.050 
0.011 
1.00 
0.786 
0.264 
0.014 
0.193 
0.014 
0.950 
0.039 
0.479 
0.293 
0.136 

223Ra 
21»Rn 
223Ra 
2 2 3 R a 

2 2 3 R a 

2 2 3 R a 

2 2 3 R a 

2 1 9 R n 

2 2 3 R a 

2 2 3 R a 

2 2 3 R a 

2 2 3 R a 

211B i 

2 2 3 R a 

2 1 9Rn 
2 1 i p b 

2 1 i p b 

Only the y-rays, which are important for y-ray spectrom­
etry of the actinium series, are tabulated. 
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the three y-rays of 20.32 keV, 30.00 keV, and 31.78 keV 
reported by Briancon et al.lz) However, we could not 
find any y-rays except the KX. escape peaks of 50.17 
keV y-ray at 39.22 keV and 40.32 keV. I t was found 
the intensity ratio of these two peaks in identical to that 
of the Ka and Kß rays of Ge. Thus , the intensity of the 
y-ray of 40.1 keV reported in Ref. 13 seems to be 
doubtful. Similarly, we did not observe the 224.7 keV 
and 246.4 keV y-rays except the i^X escape peaks of the 
236.01 keV and 256.24 keV y-rays respectively, while 
these two y-rays were reported in Ref. 14. For the sake 
of further consideration, a y-ray table of 2 2 3Ra and its 
daughter nuclides is shown in Table 3 . In the y-ray 
spectrum of 223Ra, iCX-rays of the daughter elements are 
also observed. In 2 2 7Th, we observed rapidly growing 
XX-rays and y-rays of 69.8 keV, 72.9 keV, 75.3 keV, 
89.9 keV, 95.0 keV, 269.5 keV, 271.2 keV, 324.2 keV, 
338.3 keV, and 351.1 keV. Many y-rays with energies 
approximately equal to these XX-rays and y-rays were 
reported in Refs. 13 and 14. For the y-ray spectrometry 
of 227Th, these y-rays are not important because the 
many other intense y-rays can be utilized. However for 
223Ra, 269 keV, 324 keV, and 338 keV y-rays are impor­
tant for the y-ray spectrometry. According to Refs. 13 
and 14, it seems necessary to correct the contribution 
by the interfering y-rays in order to evaluate the inten­
sities of these y-rays accurately when the sample is 
contaminated with 227Ac or 2 2 7Th. However as is shown 
about the 269.46 keV y-ray in Fig. 11, the correction is 
negligibly small. 

According to Refs. 13 and 14, the abundances of the 
50 keV, 236 keV, 256 keV, 286 keV, 300 keV, 304 keV, 
and 330 keV y-rays of 2 2 7Th are large enough to apply 
these y-rays to the y-ray spectrometry of 2 2 7Th. We 
measured the abundance of the overlapped y-rays of 
234.82 keV and 236.01 keV and got a value of (12.1 ± 
0.6) %.16) However, it should be mentioned that all 
these seven y-rays are observed as complex overlapping 
peaks even when the spectrum is determined by a 
detector with the highest resolution. Therefore, it is 
very important to take into account the complex nature 
of the y-ray spectrum of 2 2 7Th in order to apply the 
y-ray spectrometric technique to the determination of 
2 2 7Th. Today, 2 2 7Th is often used as a radiochemical 
tracer for 231Pa or 227Ac in geochemical application. I t 
should be mentioned that measurement by a few y-rays, 
such as 50 keV, 236 keV, or 256 keV, can not be correct 
because of the complex nature of the decay chain and 
the y-ray spectrum of 2 2 7Th. The relative intensities of 
the observed y-rays should be carefully examined to 
account for the radiochemical purity of the sample. 

Gamma-ray Spectrum and Decay Scheme of 223Fr. A 
y-ray spectrum of 223Fr is shown in Fig. 12. We observed 
16 y-rays which decayed with a half-life of 223Fr in the 
energy region from 50 keV to 876 keV. O u r observation 
is an additional proof of the characteristics of the y-ray 
spectrum of 223Fr, i.e., the existence of two grounps of 
y-rays, one in an energy region below 369 keV and the 
other in a region higher than 700 keV.17 '18) In Table 4, 
the relative intensities, abundances, and characteristics 
of the y-rays are shown. 

Among the works done previously, the work of Mar ia 

100 200 300 400 700 600 900 

£ r/keV Er/keV 

Fig. 12. Gamma-ray spectrum of 223Fr. 

TABLE 4. TABLE OF ^-RAYS OF 223Fr 

£ r/keV 

50.0(2)a> 
80.0(3) 

134.2(6) 
173.1(6) 
185.2(5) 
205.0(5) 
234.9(4) 
289.4(6) 
318.4(5) 
369.4(4) 
722.8(6) 
775.7(7) 
804(1) 
825(1) 
845(1) 
876(1) 

Transition 

50.2—0; El 
79.8—0; El 
369—235; El 
235—61.5; Ml, 
235—50.2; El 
235—29.9; Ml, 
235—0; Ml 
369—79.8; Ml 
369—50.2; Ml 
369—0; El 
804—79.8 
824—50.2 
804—0 
824—0 
908—61.5 
908—29.9 

Relative intensity 
, -

This work 

13.9(5) 
3.3(2) 
0.17(3) 

El 0.044(3) 
0.075(6) 

El 0.33(2) 
1.00 
0.08(1) 
0.14(1) 
0.041(4) 
0.022(5) 
0.14(1) 
0.025(5) 
0.027(5) 
0.018(7) 
0.014(6) 

Ref. 18 

~1Ö 
2.4 
0.16 
0.04 
0.09 
0.34 
1.00 
0.072 
0.162 
0.032 
0.015 
0.123 
0.017 
0.014 
0.014 
0.013 

Abun­
dance 
(%) 

47(1) 
10.9(5) 
0.6(1) 
0.15(2) 
0.25(2) 
1.1(1) 
3.4(1) 
0.27(1) 
0.47(2) 
0.14(1) 
0.07 
0.46(3) 
0.08(2) 
0.09(2) 
0.06(2) 
0.05(2) 

a) Numbers in parentheses are estimated standard devia­
tions in units of the last significant digit. 

et ß/.18) is the most comprehensive. However, we found 
some disagreements between the results. We found the 
relative intensity of the 50 keV y-ray and the 235 keV 
y-ray to be 13.9 whereas their value is only 10.18> 
Another difference is in the point that they assigned the 
very weak y-rays to 223Fr. They used a large amount 
of 227Ac precursor (740 MBq) . Their experimental con­
ditions are more suitable for the detection of weak y-rays 
than our experimental conditions. Even so, an ambigui­
ty remains with regard to the y-rays of 256 keV and 286 
keV, which were reported in Ref. 18. As has already 
been shown in Table 2, it is well known that the three 
y-rays of 236 keV, 256 keV, and 286 keV are emitted 
from the same excited state of 2 2 3Ra. Therefore, their 
result is erroneous in the point that they missed the 236 
keV y-ray, which is the most intense y-ray among the 
three y-rays. We did not observe any y-rays between 
240 keV and 289 keV which decayed with the half-life 
of 223Fr. A possible explanation for these disagreements 
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124 
(67) 
75.2 
(5-9) 

fïbranch V 
( log ft) 

0908 

0824 
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0369 

0235 
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.£-0-0615 

00502 
00299 

Fig. 13. Decay scheme of 223Fr. Energies are given in 
MeV unit. Probabilities of y-transitions per 100 ß~ 
disintegrations are given in parentheses. 

is as follows. As has been described before, the four 
y-rays of 236 keV, 256 keV, 286 keV, and 50 keV are 
the main y-rays of 2 2 7Th. Moreover, the intensity of the 
overlapped y-rays at 50 keV relative to the overlapped 
y-rays at 236 keV is 0.65 for 2 2 7Th. Therefore, it is 
reasonable to assume a trace contamination of 2 2 7Th or 
227Ac in 223Fr as an explanation of the low value of the 
relative intensity and of the exitence of the 256 keV and 
286 keV y-rays in the y-ray spectrum of 223Fr. 

By investigations of the a-decay of 2 2 7Th, we can 
utilize much information about the level structure of 
223Ra.19) O n this basis, we can conclude that all the 
y-rays can be explained by the seven /?"-transitions to 
the 50 keV ( - 3 / 2 ) , 79.8 keV ( + 3 / 2 ) , 235 keV ( + 3 / 2 ) , 
368 keV ( + 1 / 2 ) , 804 keV, 824 keV, and 908 keV levels 
of 2 2 3Ra. The decay scheme thus constructed is shown 
in Fig. 13. In this figure, the 29.9 keV ( + 3 / 2 ) and 
61.5 keV ( + 5/2) levels are assumed to be the rota­
tional excited states.18'19) T h e classfications of the six 
^-transitions from the 908 keV, 824 keV, and 804 keV 
levels are not known. However, the contribution of the 
conversion process to these y-transitions can be ne­
glected because of the high transition energies. For 
the other ten y-transitions, the conversion coefficients 
were calculated by the use of the table of Hager and 
Seltzer.20) Mar ia et al. also proposed a decay scheme.18) 
Our modification involves the branching ratio of the 
most intense /?--transition to the 50 keV level. 

As a conventional rapid method for the determination 
of non-y-radioactive 227Ac, y-ray spectrometry of 223Fr 
which is in radioequilibrium with 227Ac is considered to 

be promising. Practically the methods can be classified 
into two types. One type is based on the measurement 
of the purified 223Fr. The other type is based on the 
measurement of 223Fr which is in the partial radioequi­
librium with 227Ac, when the other daughter nuclides 
has been removed from the sample. And then, the y-ray 
spectrum of almost pure 223Fr will be determined. In 
order to apply the former method, 223Fr should be 
isolated from 227Ac by a method which has a definite 
mean retention time for 223Fr. Also, the mean retention 
time should be less than 1 min in the cow phase of 227Ac 
to get more than 95 % of 223Fr. Therefore, the latter 
method seems to be more reliable. Of course, it is 
necessary to correct the contribution by 2 2 7Th when the 
intensity of the sample is not large enough. However, 
the correction can be done with a high precision by 
referring to the relative intensities of the y-rays of 2 2 7Th 
tabulated in Table 2. Moreover, whether or not there 
is a necessity to correct can be easily desided when an 
abnormally low value of the relative intensity of the 50 
keV y-ray is measured. 

T h e authors would like to thank Professor Kiyoteru 
Otozai, the Osaka University, for his helpful discussion 
of the y-ray spectrometry and the decay scheme of 223Fr. 
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The Thermal Transformation of Nickel (II) Complexes 

of 1,2-Cyclohexanediamine Isomers 
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The thermal transformations of the following three types of nickel (II) complexes were investigated by means of 
TG-DSG analyses: [Ni(f-chxn)2(H20)2]X2, [Ni(<>chxn)3]X2.«H20, and [Ni(f-chxn)3]X2.nH20 (X=Cl- , Br", and 
N03~), where c- and t-chxn denote eis- and tom.y-l,2-cyclohexanediamine respectively. The distorted octahedral 
[Ni(*-chxn)2(H20)2]X2 complexes (X=C1 _ and Br~) are thermally deaquated to form yellow complexes, which 
then turn into parental diaquabis-complexes in the air at room temperature. [Ni(f-chxn)2(H20)2] (N03)2 undergoes 
a thermal deaquation-anation reaction. The octahedral tris(c-chxn) complex is converted into a square planar 
bis(c-chxn) one by the evolution of one molecule of the ligand upon heating, whereas tris(J-chxn) complex became 
a distorted octahedral bis(f-chxn) one with anion coordination. In this paper, the stereochemical thermal 
changes of the complexes in the solid state will be discussed with regard to the steric configuration of the ligands. 

The present authors reported earlier the preparations 
of the copper(II) and the nickel(II) complexes of eis- and 
frm?-l,2-cyclohexanediamine (abbreviated as c-chxn and 
t-chxn), and showed that the structures of the bis-com-
plexes were greatly affected by the steric configurations 
of these diamines.2) The ligand, /-chxn, whose amino 
groups bonded to the cyclohexane ring in the diequato-
rial conformation (b), as is shown below, can be expected 
to have a coordination ability closely related to that of 
ethylenediamine.3 - 5) It affords violet paramagnetic bis-
complexes such as [Ni( / -chxn) 2 (H 20) 2 ]Cl 2 . O n the 
other hand, since the £-chxn has two amino groups in 
the axial and the equatorial positions (a), it preferential­
ly forms yellow diamagnetic bis-complexes such as [Ni-
(£-chxn)2]Cl2. The distances between N atoms of the 
diamine isomers are nearly equal, therefore, the struc­
tural differences among the complexes seem to be due 
to the degree of the steric hindrance of the cyclohexane 
r ing. In this paper, the results of thermal reactions of 
the nickel(II) complexes in the solid state will be describ­
ed and the steric influence of these ligands on coordina­
tion will be shown. 

NH2 

(a) c-chxn 

NH2 

NH2 

NH2 

(b) t-chxn 

E x p e r i m e n t a l 

Measurements. Thermogravimetric (TG) and dif­
ferential scanning calorimetric(DSG) curves were obtained 
with a Rigaku Denki 8185 Dl apparatus at a 1.25 °G min-1 

heating rate and with a 50 cm3 min - 1 flow rate of nitrogen 
gas. The reflectance spectra were measured with a Hitachi 
EPS-3T spectrophotometer. The infrared spectra were re­
corded with a JASGO IRA-2 spectrophotometer by means of 
the HGB mull and the KBr disc method. 

Preparations. The ligands, c-chxn and racemic 
t-chxn, were obtained in the manner reported previously.6) 
[Ni(*-chxn)2(H20)2]Br2, [Ni(<r-xhn)JCl8- 1.5HaO, [Ni(*-

chxn3)]Br2.H20, and [Ni(c-chxn)3](NQ3)2.0.5H2O were 
prepared by means of the previously described procedures.2) 
[Ni(*-chxn)2(H20)2]X2 ( X = C l - a n d N 0 3 - ) , [Ni(*-chxn)3]Cl2. 
2H 2 0, and [Ni(*-chxn)3]Br2.3H20 were synthesized with 
reference to the methods described in the literature.7»8) The 
chemical formulae were confirmed by elemental analyses. 

R e s u l t s and D i s c u s s i o n 

The TG-DSC curves of the following three types of 
complexes, [Ni (*-chxn)2 ( H 2 0 ) 2 ] X 2 , [Ni(£-chxn)3]X2-
nH20, and [Ni(/-chxn)3]X2-wH20 ( X = C l ~ , Br- and 
NO3-) , are shown in Figs. 1, 2, and 3 respectively, while 
the results are summarized in Table 1. It was con­
firmed that the colors of [Ni(£-chxn)2]X2 complexes did 
not change in the temperature range from ca. 25 °C to 
250 °C. Therefore, the square planar structures of these 
complexes are regarded as very stable. The c-chxn 
molecules in this structure make it unfavorable for water 
molecules or anions to approach the nickel (II) ion along 

Temperature/0 G 

Fig. 1. TG and DSG curves of (a) [Ni(*-chxn)2(H20)2]-
Gl2, (b) [Ni(f-chxn)2(H20)3]Br2, and (c) [Ni(f-chxn)2-
(H20)2](N03)2 . 
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Fig. 2. TG and DSC curves of (a) [Ni(ochxn)3]CL>. 
1.5H20, (b) [Ni(c-chxn)3]Br2.H20, and (c) [Ni(*-
chxn)3](NO3)2.0.5H2O. 

the z axes because of the steric hindrance caused by the 
cyclohexane rings, which are located obliquely above 
the chelate ring. 

The diaquabis(f-chxn) complexes of three kinds of X 
anions liberated two molecules of coordinated water in 
the following order of increasing deaquation tempera­
ture; X = N 0 3 ~ < B r - < C l - , giving similar DSC curves. 
A few qualitative observations of this thermal behavior 
have been reported by Tsuchida.7) The temperature at 
which thermal deaquation occurs seems to be dependent 
upon the degree of interaction between a water molecule 
and an anion, and also upon the degree of axial 
perturbation of the anions. The present authors have 
presumed on the basis of the infrared spectra, that , in 
the structures of these complexes, not anions, but water 
molecules are coordinated in the apical positions.2) T h e 
coordination of water molecules is also suggested by the 
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Fig. 3. TG and DSC curves of (a) [Ni(*-chxn)3]Cl2.2H20 
and (b) [Ni(*-chxn)3]Br2.3H20. 

large endothermic peak of the DSC curves. 
T h e complexes of this type are found to undergo 

thermal transformation in two ways with a variety of 
anions, like diaquabis(iV,iV-diethylethylenediamine)nick-
el(II) complexes.9»10) In the cases of the chloride and the 
bromide, yellow complexes were obtained after deaqua­
tion, but they turned blue violet again when they were 
kept in the air at room temperature. The resultant blue 
violet complexes are assumed to be the initial diaquabis-
complexes because the former exhibit infrared and elec­
tronic spectra almost identical with those of the latter. 
This indicates the reversible transformation from a 
square planar structure to a distorted octahedron by 
the coordination of water molecules in the apical posi­
tions in the solid state. O n the other hand, the color 
of [Ni(^-chxn)2(H20)2](N03)2 did not change on deaq­
uation. Figure 4 shows the infrared spectra of the nitrate 
complex and the sample obtained by heating. The 
broad Vm of the initial diaquabis-complex splits into 
two peaks, at 1310 and 1432 c m - 1 , after deaquation. 
They can reasonably be assigned to the vm stretching 

TABLE 1. DSC PEAK TEMPERATURE (tm/°C), WEIGHT-LOSSES (—AW/%), 

AND COLOR CHANGES IN THERMAL ANALYSES 

Complexe 

[Ni(^chxn)2(H20)2]Cl2 

[Ni(^chxn)2(H20)2]Br2 

[Ni(/-chxn)2(H20)2] (N03)2 

[Ni(c-chxn)3]Cl2.1.5H20 
[Ni(£-chxn)8]Br2.H20 
[Ni(c-chxn)3] (N0 3) 2 .0 . 5H 2 0 
[Ni(*-chxn)3]Cl2.2H20 
[Ni(^chxn)3]Br2.3H20 

U°c 

112 
90 
82 

—*) 
*) 

—a) 

77, 112 
— a ) 

Deaquation 

DSC 

endo 
endo 
endo 
endo 
endo 
endo 
endo 
endo 

-AW/% 
, » » 

Obsd Calcd 

9.2 9.1 
8.3 7.5 
8.1 8.2 

_ b ) 

_ b ) 

_ b ) 

7.9 7.1 
8.9 8.8 

115, 
149, 
124, 
211 
240 

Liberation of li 

U°G 

156, 174 
188, 197 
206 

DSC 

endo 
endo 
endo 
endo 
endo 

gand 

^ A M 7 % 
, * 

Obsd 

32.8 
26.0 
25.1 
22.5 
19.1 

^ 
Calcd 

28.3 
22.8 
24.0 
22.5 
18.6 

Color 
change 

BV-»Y 
BV-*Y 
BV-*BV 

V->Y 
V-»Y 
V->Y 
V-*BV 
V->BV 

endo=endothermic, BV=blue violet, V=violet, Y=yellow 
a) The deaquation change occurred so gradually that the DSC peak temperature could not be measured 
exactly. b) The weight-losses in the deaquation step could not be measured independently, so the AW 
values in the Liberation of ligand column contain AW'm the deaquation step. 
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1500 1 300 

Wave number/cm -1 

Fig. 4. Infrared spectra of [Ni(^chxn)2(H20)2](N03)2: 
(a) before heating, (b) after heating. 

of the unidentate nitrate anion.11) In the reflectance 
spectrum of the corresponding anhydrous complex, three 
characteristic maxima, at 12300 (sh), 13500, and 17200 
c m - 1 , were observed (Fig. 5), they are ascribable to the 
trans tetragonal structure, al though the band near 28000 
cm" 1 could not be observed due to the charge-transfer 
band of a nitrate anion. Therefore, in the case of nitrate, 
deaquation-anation seems to take place simultaneously. 
This thermal reaction is parallel to that found by 
rnoue12) and Curtis11) for [ N i ( e n ) 2 ( H 2 0 ) 2 ] ( N 0 3 ) 2 . 

The tris-complexes of c-chxn changed to yellow com­
plexes, liberating some water of crystallization and one 
molecule of ligand on heating, al though no distinct 
plateau on the T G curves for the deaquation process 
were observed. The spectral patterns of the yellow 
complexes are in good agreement with those of the 
corresponding diamagnetic [Ni(^-chxn)2]X2.2) Nishimoto 
reported the thermal transformation from the octahedral 
structure of tris(w^o-2,3-butanediamine)nickel(II) hal-
ide to a square planar structure.13) I t was revealed that 
the cyclohexane ring of £-chxn had steric effects on the 
configuration of the nickel (II) complexes similar to those 
of the ethylenediamine derivative with substituents on 
the C atoms. 

T h e tris-complexes of £-chxn with halide ions gave 
blue violet bis-complexes, releasing one molecule of a 
ligand, upon heating. The visible reflectance spectra of 
the resultant bis-complexes show v m a x at 12100 (sh), 
13500, 17500, and 27400 c m - 1 (X=C1~) , and at 11800 
(sh), 13200, 17500, and 27500 c m - 1 ( X = B r ~ ) , respec­
tively (Fig. 5). The resemblance of these spectra to those 
of dihalogenobis (N, iV'-dimethylethylenediamine) nickel-
(II)14) suggests that the bis-complexes have a tetragonal-
ly distorted octahedral structure, with halide ions coor­
dinated in the apical positions. The t-chxn is assumed 

bo 
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Fig. 5. Reflectance spectra of the samples, after heating, 
(a) [Ni(^chxn)3]Br2 .3H2Oat260°C, (b) [Ni(*-chxn)2-
(H20)2](N03)2 at 100 °C, and (c) [Ni((;-chxn)3]Gl2. 
1.5H2Oat220°G. 

to prefer the above structure because of the ample spaces 
in the z axes. The corresponding nitrate released a 
ligand at higher temperatures and gave a brown material 
as a result of the successive decomposition. It is of 
interest to note that the temperatures of the eliminating 
ligand for each type of tris-complex, £-chxn and /-chxn, 
increase in the following order; X = C l ~ < B r ~ < N 0 3 ~ , 
the reverse of that in the case of the deaquation of 
diaquabiscomplexes. 
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Mitsutomo TSUHAKO,* Chinuyo OYAMA, Tsuneo MATSUO, 

Itaru MOTOOKA,1" and Masamitsu KOBAYASHI1 

Kobe Women's College of Pharmacy, Motqyama, Higashinada-ku, Kobe 658 
t Department of Chemistry, Faculty of General Education, Kobe University, Tsurukabuto, Nada-ku, Kobe 657 

(Received February 8, 1979) 

The conditions of formation of the A and B forms of Fe(H2P04)3 by the reaction of Fe 20 3 and H 3 P0 4 have 
been established, and the thermal changes and structural changes in humid atmospheres investigated. 1) The 
A and B forms of Fe(H2P04)3 were readily formed by secondary heat treatment at 150 °G and 125 °G, respectively. 
2) The forms of Fe(H2P04)3 were largely dependent on the heating rate in the primary heat treatment, i.e., at a 
mean heating rate less than 7 °G/min the A form predominated, whereas above 60 °G/min the B form predom­
inated. A heating rate between 7 and 60 °G/min gave a mixture of the A and B forms. 3) A close relationship 
between the water content of the primary product and yields of the A and B forms of Fe(H2P04)3 was found, i.e., 
only the B form was obtained when the water content of the primary product was less than 7%, while the A form 
was readily formed when the water content was greater than 11%. 4) Heating the primary product under various 
degrees of humidity enabled the formation of Fe(H2P04)3 to be investigated. The effect of heating atmosphere 
was small except under vacuum. 5) The structural changes of the A and B forms of Fe(H2P04)3 under several 
humid atmospheres are summarized as follows : 

air wet air 
F e ( H 2 P 0 4 ) 3 B form < = » F e H 6 ( P 0 4 ) 3 < = » amorphous 

P2O6 P2O5 

air 
iron phosphate • FeH3(P04)2-2 .5H 2 0 

Fe(H2P04)3 B form 

airîlp.O. 
air wet air 

Fe(H2P04)3 A form • FeH6(P04)3 7 » amorphous 
SiO, 

air 
iron phosphate • FeH3(P04)2-2.5H20 

Iron phosphates have been studied for several years 
and already in 1878 several iron phosphates had been 
synthesized by Erlenmeyer.1) Since then the structural 
chemistry of several natural iron phosphates, such as 
strengite FeP0 4 -2H 2 0 , 2 > vivianite Fe 3 (P0 4 ) 2 -8H 2 0, 3 > 
ludlamite Fe 3 (P0 4 ) 2 -4H 2 0 4 ) and the like,5"7) have been 
conducted by many researchers. Carter,8) Jameson9) 
and Kobayashi10) have studied the phase diagram of 
the F e 2 0 3 - P 2 0 5 - H 2 0 system at 25 °C and several iron 
phosphates synthesized. d'Yvoire11) has studied in detail 
the similarity of structure between iron phosphate and 
aluminum phosphate. 

Recently, fundamental studies of iron phosphate as 
an inorganic ion exchanger have been published,10 '12-14) 
but a systematic study of the preparat ion of iron phos­
phates remains absent. Consequently it is difficult to 
obtain iron phosphates with fine reproducibility. In the 
present study, the authors investigated the preparative 
methods for the A and B forms of iron hydrogen ortho-
phosphate F e ( H 2 P 0 4 ) 3 , and established the preparative 
conditions in the reaction of F e 2 0 3 and H 3 P 0 4 . The 
thermal changes of the A and B forms of F e ( H 2 P 0 4 ) 3 as 
well as the structural changes under several different 
humid atmospheres were also investigated. 

E x p e r i m e n t a l 

Preparation of Iron Phosphate. Ferric oxide Fe203 (E. 
Merck) and 85% orthophosphoric acid were mixed in a gold 

or porcelain crucible in molar ratios Fe203 /P205 (R) of 1/3 
and 1/4. The mixture was heated at various heating rates by 
a weak flame with vigorous agitation to obtain a grey, highly 
viscous product. (This is designated as the primary heat 
treatment, giving the primary products.) A small amount 
(0.5—0.6 g) of the primary product was accurately weighed, 
and the water content determined by the Karl-Fischer method 
at 150 °C. Another portion was heated at 150 °C for 5 h in a 
thermostated electric furnace, under vacuum (0.01 mmHg), 
in dry air (50 ml/min, vapor pressure 0—1 mmHg), and in 
water vapor (500 g HaO/h, vapor pressure 760 mmHg). (This 
is designated as the secondary heat treatment, giving the 
secondary products.) The experimental method may be shown 
schematically as follows : 

Determ. of water (Karl-Fischer 
. method) 

^ > y Primary product 
^ ^ Heating rate 

H 3 P °4 liso-c 

Secondary product 

(Electric furnace, vacuum, dry 
air, water vapor) 

The temperature of the primary heat treatment is affected by 
the amount of starting material, the molar ratio R and the 
heating rate; the temperature being generally approximately 
70—170 °C. 

The iron phosphates prepared at 150 °C were relatively 
hard, but absorbed moisture on standing in air. Thus, X-ray 
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analysis, differential thermal analysis (DTA), and thermogra-
vimetry (TG) of iron phosphates were conducted immediately 
after preparation. 

Apparatus and Methods. The X-ray analysis was 
conducted with a Rigaku Denki Geigerflex X-ray diffractom-
eter, using Ni filtered Gu K<x radiation. A Kyoto Denshi 
Karl-Fischer Titrator was used for the determination of water. 
A Rigaku Denki Differential Thermogravimetric Analyzer, 
8076E1, was used for the DTA and TG. The X-ray analysis, 
differential thermal analysis, and thermogravimetry of iron 
phosphates were conducted by the methods described in a 
previous paper.15) 

The yields of the A and B forms of Fe(H2P04)3, FeHP207 , 
Fe4(P2Ö7)3 and FeH6(P04)3 were determined from the inte­
grated intensities of the characteristic X-ray diffraction peaks; 
i.e., type A of Fe(H2P04)3 by the peak at d= 3.634 Â; type B 
of Fe(H2P04)3, by that at 7.724 Â; FeHP207 , by that at 3.860 
Â; Fe4(P207)3, by that at 5.336 Â; and FeH6(P04)3, by that 
at 8.776 Â. 

R e s u l t s a n d D i s c u s s i o n 

Relationship between Yields of Iron (III) Phosphates and 
Heating Temperature. Figure 1 shows the relation­
ship between the heating temperature and the yields of 
iron phosphates in the reaction of F e 2 0 3 and H 3 P 0 4 at 
a molar ratio P 2 0 5 / F e 2 0 3 (1/Ä) of 3. As seen, the 
crystalline iron phosphates formed at temperature below 
250 °C were four, namely, the A and B forms of Fe-
( H 2 P 0 4 ) 3 , F e H P 2 0 7 , and Fe 4 (P 2 0 7 ) 3 . At temperatures 
below 200 °C, iron hydrogen orthophosphate predomi­
nated, whereas above 225 °C pyrophosphate predomi­
nated. The A form of Fe (H 2 PÖ 4 ) 3 was formed at 
temperatures below 200 °C, and especially at 150 °C. 
The B form was formed at temperatures below 175 °C, 
particularly readily at 125 °C. At temperatures above 
225 °C F e H P 2 0 7 and F e 4 ( P 2 0 7 ) 3 were obtained in a 
mixture, but in the temperature range 200—250 °C, the 
presence of large quanti ty of amorphous iron phosphate 
was proved by X-ray diffraction. The poor yields of 
F e H P 2 0 7 and F e 4 ( P 2 0 7 ) 3 may be explained in terms of 
the mixing rate (R) of phosphoric acid and F e 2 0 3 . 
R=l/3 corresponds to the meta-composition, and the 
quanti ty of phosphoric acid is too large to form iron 
pyrophosphate. No distinct difference could be estab­
lished between the temperature of formation of F e H P 2 0 7 

>. if) 

c <b 

ra
ct

io
n 

in
 

ry
 

sc
al

e)
 

y 
di

ff 
bi

tra
 

>< ~ 

-

U) 

E 

b 
£ < 

/ 
/ / / 

W
W

W
 

\ 

\ 

à 
Temp.( °C ) 

Fig. 1. Relationship between heating temperature and 
the yields of iron phosphates at P 2 0 5 /Fe 2 0 3 =3 . 
- A - : Fe(H2P04)3(A), - A - Fe(H2P04)3(B), 
- H - : FeHP207 , - Q - : Fe4(P207)3. 

and that of Fe 4 (P 2 0 7 ) 3 , while considerable difference 
was observed between the temperature of formation of 
the A form of F e ( H 2 P 0 4 ) 3 and that of the B form. 
This establishes that the B form is prefered at low 
temperatures. At 150 °C, however, both forms were 
obtained in a mixture, and the reproducibility of yield 
was poor. I t was also discovered that the yields were 
affected not only by the heating temperature but also 
by the conditions of the pr imary heat treatment. Main­
taining the molar ratios and the temperatures of the pri­
mary and secondary heat treatments did not always give 
the same form of F e ( H 2 P 0 4 ) 3 . Thus, the primary heat 
t reatment, heating rate, the state of the pr imary product, 
the water content and heating atmosphere in the second­
ary heat t reatment were further investigated. With 
molar ratios \jR of 4 and 3, almost the same results were 
obtained. At a secondary heat treatment temperature 
below 110 °C, the product did not solidify and crystal­
line iron phosphate could not be obtained. 

Fe(H2P04)3 (B) 

I I I I L_ 

0 5 10 15 20 
Tîme(min ) 

Fig. 2. Relationship between the formation of Fe(H2P04)3 

(A), (B) and heating rate in the primary heat treatment. 
Molar ratio (P205/Fe203);3, heating rate; (1): 7 °C/min, 
(2) : 60 °C/min5 secondary heat treatment; 150 °G, 5 h. 

Relationship between the Formation of the A and B Forms 
of Fe(H2POJ3 and the Heating Rate. Figure 2 
illustrates the change in formation of the A and B forms 
of F e ( H 2 P 0 4 ) 3 with changes in the heating rate in the 
primary heat t reatment. As shown by curve (1) in Fig. 
2, slow heating at a mean heating rate less than 7 °C/min 
results in the exclusive formation of the A form. As can 
be seen from curve (2), rapid heating at a rate in excess 
of 60 °C/min produces exclusively the B form. Heating 
at a rate between 7 and 60 °C/min (the region surround­
ed by curves (1) and (2) in Fig. 2) results in a mixture. 
The A form, however, predominates at a lower heating 
rate (10—20 °C/min), whereas the B form predominates 
at a higher heating rate (40—60 °C/min). The above 
results were highly reproducible, there being only a few 
exceptions in 80 experiments. These results are only 
applicable for highly viscous pr imary products. Further 
heating of the viscous pr imary product and subsequent 
solidification in the course of the primary heat treat­
ment, however, gave a different relationship, the results 
of which are shown in Fig. 3. At a pr imary heat treat­
ment of heating rate below 2.5 °C/min (curve (1) in 
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Fig. 3. Relationship between the formation of Fe-
(H2P04)3 (A), (B) and heating rate in the primary heat 
treatment. Molar ratio (P205/Fe203) : 3, secondary 
heat treatment: 150 °G, 5 h, heating rate; (1) : 2.5 °G/ 
min, (2): 3.7 °C/min, (3): 4.2 °G/min, (4) : 9.6 °G/min, 
(5): 21.7°C/min, (6): 40.2 °G/min. 

Fig. 3), only the A form of F e ( H 2 P 0 4 ) 3 was obtained. 
At a primary heat t reatment of heating rate above 40 
°C/min (curve (6)), no crystalline iron phosphate was 
formed. At a pr imary heat t reatment of heating rate 
of 3—40 °C/min (curves (2)—(5)), a mixture of the A 
and B forms was produced. Thus, only the B form of 
F e ( H 2 P 0 4 ) 3 could not be obtained from the solidified 
primary products. Two samples of the pr imary product 
obtained at a mean heating rate of about 3.7 °C/min 
(curve (2)), one of which was a highly viscous nature 
corresponding to point (a) and other the solidified state 
corresponding to point (b), were submitted for second­
ary heat treatment at 150 °C for 5 h . The iron phosphate 
formed from the former was the A form of F e ( H 2 P 0 4 ) 3 , 
while that from the latter was a mixture of both A and 
B forms. The amounts of water liberated on heating the 
primary products corresponding to points (a) and (b) 
at 150 °C were 13 .5% and 9 .4%, respectively, indicating 
that since the primary product of the solidified state 
which was subjected to pr imary heat t reatment at a 
higher temperature than that of the highly viscous state, 
the water content of the latter, corresponding to point 
(a), may be more than that of the former, corresponding 
to point (b). Based on this, it may be seen that the 
formation of both forms is strongly dependent on the 
state of the pr imary products, i.e., at the same heating 

6 8 10 12 \U 

Water content (%) 

Fig. 4. Relationship between water content of the prima­
ry product and the yields of the A and B types of Fe-
(H2P04)3 . 
- # - : F e ( H 2 P 0 4 ) 3 A type, - - ( > : Fe(H2PO)3 B type, 
Molar ratio (P205/Fe203) : 3, secondary heat treat­
ment: 150 °G, 5 h . 

rate, the formation regions of the A and B forms for the 
highly viscous pr imary products differ from those for the 
solidified pr imary products. Furthermore, as can be seen 
from Figs. 2 and 3, the formation region of the mixture 
of both forms in the solidified pr imary product is greater 
than that in the highly viscous pr imary product . 

Relationship between Water Content of the Primary Product 
and Yields of Iron (III) Hydrogen Orthophosphate. 
As described above, the formation of the A and B forms 
of F e ( H 2 P 0 4 ) 3 strongly depend on the heating tempera­
ture, heating rate and the state of the primary product . 
Thus , the relationship between the water content of the 
pr imary product and yields of the A and B forms of 
F e ( H 2 P 0 4 ) 3 was investigated, the results of which are 
shown in Fig. 4. From a pr imary product containing 
approximately 7 % or less of water, only the B form of 
F e ( H 2 P 0 4 ) 3 was obtained, while from a primary product 
containing 11 % or more of water, only the A form was 
obtained. From pr imary products having between 7.5 
and 10 .5% water content, a mixture of both A and B 
forms was obtained. The results of D T A and T G of the 
pr imary products suggest that the water liberated on 
heating the pr imary product at 150 °C may be water 
loosely bound on the solid surface, and not the struc­
tural water ( P - O H ) of iron phosphate. I t is evident, 
therefore, that the water content (loosely bound water) 
of the pr imary product strongly affects the formation of 
the A and B forms of F e ( H 2 P 0 4 ) 3 . I t was also estab-

TABLE 1. FORMATION OF IRON PHOSPHATES AT A MOLAR RATIO (Fe203/P205) 

OF 1/3 UNDER VARIOUS HEATING ATMOSPHERES AT 150 °G 

Heating rate 
(°G/min) 

2Ä 
6.6 

17.9 

55.6 

62.2 
87.2 

Water content 

(%) 
12.7 
11.7 
10.2 

5.8 

4.4 
2.5 

Electric furnace 

A(s) 
A(vs) 
A(w) 
B(vs) 
A(w) 
B(vs) 
B(vs) 
B(vs) 

Water vapor 

A(m) 
A(vs) 
A(w) 
B(m) 
A(vw) 
B(m) 
B(vs) 
B(m) 

Dry air 

A(m) 
A(vs) 
A(vw) 
B(m) 
A(vw) 
B(w) 
B(s) 
B(w) 

Vacuum 

A(s) 
A(vs) 
A(w) 

Amorphous 

Amorphous 
Amorphous 

X-Ray diffraction intensity, vs: very strong, s: strong, m: medium, w: weak, vw: very weak. 
Product, A: Fe(H2P04)3 A form, B: Fe(H2P04)3 B form. 
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lished that the water content was inversely proportional 
to the heating rate of the pr imary heat treatment, i.e., 
the water content decreased with increase in the heating 
rate. 

In conclusion the A form of F e ( H 2 P 0 4 ) 3 is formed 
more readily at a low rate of heating, namely in the 
region in which the water content of the primary product 
was high. The B form is prefered at a higher heating 
rate, i.e., at lower water content of the primary product . 

Formation of Iron (III) Phosphates in Several Heating 
Atmospheres. The primary products prepared by 
the above-mentioned methods at various heating rates, 
i.e., pr imary products containing various water contents 
were heated at 150 °C for 5 h in various water vapor 
pressures and the formation of iron phosphate investi­
gated. The results are summarized in Table 1. As can 
be seen from Table 1, the formation of iron hydrogen 
orthophosphate is only slightly dependent on the heating 
atmosphere, but strongly affected by the heating rate of 
the primary heat t reatment and consequently, by the 
water content of the pr imary product . This strongly 
supports the relationship reported above between the 
water content of the pr imary product and yields of the 
A and B forms of F e ( H 2 P 0 4 ) 3 , i.e., at a low heating rate 
the A form predominates, while at a high heating rate, 
the B form predominates. In vacuum, the formation of 
the B form of F e ( H 2 P 0 4 ) 3 was not observed, amorphous 
iron phosphate being obtained at low water content. 

DTA and TG of the A and B Forms ofFe(H2POJ3. 
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Fig. 5. DTA and TG of Fe(H2P04)3 (A), (B). 
Sample; 20—22 mg, heating rate; 10°C/min. 

Figure 5 illustrates the results of D T A and T G for the 
A and B forms of F e ( H 2 P 0 4 ) 3 . For the A form, endo-
thermic peaks were observed at approximately 75—80, 
250, and 475 °C. The products corresponding to each 
point, a (200 °C), b (250 °C), c (300 °C), d (400 °C), 
e (500 °C), and f (700 °G) on the D T A curve were 
investigated by powder X-ray diffraction. At point a, 
only the starting material , the A form of F e ( H 2 P 0 4 ) 3 

was observed. Thus , the small endothermic peak at 
approximately 75—80 °C, which is accompanied by a 
slight weight loss (0.9—1.2%), may be attributed to the 
removal of water adhering to the solid surface, namely 
adhesive water. Furthermore, from the X-ray diffrac­
tion patterns of the products corresponding to points b 
and c, it was shown that the A form of F e ( H 2 P 0 4 ) 3 is 
transformed into amorphous iron phosphate through the 
strong endothermic reaction with a weight loss caused 
by dehydration at about 250 °C. At point d, the amor­
phous iron phosphate was partially transformed into the 
B and G forms of F e ( P 0 3 ) 3 . Furthermore, the endo­
thermic reaction at approximately 475 °C (point e), the 
amorphous iron phosphate was completely transformed 
into the C form of F e ( P 0 3 ) 3 , which did not change at 
700 °C (point f) . The results of the D T A and T G of 
the B form of F e ( H 2 P 0 4 ) 3 were almost identical with 
those of the A form. For the B form of F e ( H 2 P 0 4 ) 3 , a 
small endothermic peak, accompanied by a 0.5—0.8% 
weight loss, was observed at approximately 75—80 °C. 
This weak endothermic reaction may be considered as 
the removal of adhesive moisture, since the X-ray 
diffraction patterns of the products at points g (120 °C) 
and h (200 °C), the B form of F e ( H 2 P 0 4 ) 3 did not 
change due to this endothermic reaction. Furthermore, 
a large endothermic peak with an accompanying weight 
loss was observed at 250 °C. In this endothermic reac­
tion, the B form of F e ( H 2 P 0 4 ) 3 was dehydrated and 
transformed into amorphous iron phosphate, as shown 
by the X-ray diffraction patterns of the product corre­
sponding to point i (300 °C). At point j (450 °C), the 
amorphous iron phosphate was partially transformed into 
a mixture of the A, B, and C forms of F e ( P 0 3 ) 3 . At 
approximately 500 °C, and endothermic peak with a 
weight loss due to dehydration of structural water 
( P - O H ) was observed. I t was shown by the X-ray 
diffraction pat tern of the product corresponding to point 
k (520 °C) that in this endothermic reaction, the amor­
phous iron phosphate was completely transformed into 
a mixture of the A, B, and C forms of F e ( P 0 3 ) 3 . In the 
temperature range from 520 to 700 °C, no changes were 
observed on the D T A curve, but the X-ray diffraction 
pat tern of the product corresponding to point 1 (700 

TABLE 2. THERMAL CHANGES OF THE A FORM OF Fe(H2P04)3 IN VARIOUS HEATING ATMOSPHERES 

Temp (°G) 

200 
250 
300 
400 
500 
700 

Electric furnace 

Fe(H2P04)3A(s) 
Amorphous 
Amorphous 
Fe(P03)3B(w)5G(vs) 
Fe(P03)3 C(vs) 
Fe(P03)3G(vs) 

Water vapor 

FeHP207(vw) 
FeHP207(m) 
FeHP207(m) 
Fe(P03)3A(m), 
Fe(P03)3G(vs) 
FeP04(vs) 

G(vs) 

Vacuum 

Amorphous 
Amorphous 
Fe(P03)3B(m),C(vs) 
Fe(P03)3 A(m), B(w), C(s) 
Fe(P03)3A(w), C(vs) 
Fe(P03)3 C(vs) 

X-Ray diffraction intensity, vs : very strong, s : strong, m : medium, w : weak, vw : very weak. 
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TABLE 3. THERMAL CHANGES OF THE B FORM OF Fe(H2P04)3 IN VARIOUS HEATING ATMOSPHERES 

Temp (°G) Electric furnace Water vapor Vacuum 

120 
200 
300 
450 
520 
700 

Fe(H2P04)3B(vs) 
Fe(H2P04)3B(m) 
Amorphous 
Fe(P03)3A(m),B(m),C(s) 
Fe(P03)3A(m), B(m), C(s) 
Fe(P03)3 C(vs) 

F e P 0 4 - 213*0(111) 
FeHP20,(m) 
FeHP207(s) 
Fe(P03)3 A(w),C(vs) 
Fe(P03)3 C(vs) 
Fe4(P207)3(vs) 
FeP04(vs) 

Fe(H2P04)3B(m) 
Amorphous 
Fe(P03)3A(m),B(vs) 
Fe(P03)3 A(m), B(s), G(m) 
Fe(P03)3A(w), C(vs) 
Fe(P03)3A(w),G(vs) 

X-Ray diffraction intensity, vs: very strong, s: strong, m: medium, w: weak. 

°G) showed that both the A and B forms of F e ( P 0 3 ) 3 

had already transformed into the C form of F e ( P 0 3 ) 3 . 
The thermal changes of F e ( H 2 P 0 4 ) 3 at temperatures 

corresponding to points a—1 on the D T A curves of the 
A and B forms of Fe(H 2P0 4 ) 3 were also investigated, the 
results of which are summarized in Tables 2 and 3. In 
all experiments, the samples were heated for 5 h. The 
results of the thermal changes of the A and B forms of 
F e ( H 2 P 0 4 ) 3 in an electric furnace largely support the 
results of the D T A study described above. The results 
of the thermal changes of both A and B forms in an 
atmosphere of water vapor differ considerably from 
those in other heating atmospheres, i.e., in an atmos­
phere of water vapor below 300 °C, the A form of Fe-
( H 2 P 0 4 ) 3 gives F e H P 2 0 7 and is transformed into Fe-
( P 0 3 ) 3 at 400 °C. At a temperature above 700 °C, 
Fe (P0 3 ) 3 , l iberating white P 2 0 5 fumes, decomposes 
to form F e P 0 4 . The formation of F e P 0 4 may be inter­
preted in terms of evaporation of the P 2 0 5 component 
caused by the flow of water vapor at high temperature. 
Under vacuum, both A and B forms of F e ( H 2 P 0 4 ) 3 

begin to transform into amorphous iron phosphate at 
200 °C. This transformation temperature is approxi­
mately 50—100 °C lower than in the electric furnace. 
Under vacuum, furthermore, the formation of F e ( P 0 3 ) 3 

was observed at 300 °C. Thus , it may be concluded 
that the thermal changes shift to lower temperatures 
under vacuum. 

From the above experimental results, the thermal 
changes in air of the A and B forms of F e ( H 2 P 0 4 ) 3 may 
be given by : 

250 °C 

Fe(H2P04)3 A form • amorphous iron phosphate 
400 *C 500 eC 

• Fe(P03)3 B + G form • Fe(P03)3 G form 
250 eC 

Fe(H2P04)3 B form • amorphous iron phosphate 
450 °C 

Fe(P03 

700 °C 
A + B + C f o r m • Fe(P0 3 G form 

Changes of the A and B Forms ofFe(H2POJs in Various 
Humid Atmospheres. The structural changes of the 
A and B forms of F e ( H 2 P 0 4 ) 3 after standing in various 
humid atmospheres are shown in Figs. 6a—6c. As may 
be seen from Fig. 6a, the B form of F e ( H 2 P 0 4 ) 3 was 
completely transformed into F e H 6 ( P 0 4 ) 3 , on standing 
in air for 4 days. The X-ray diffraction pattern of the 
product was in fair agreement with that of F e H 6 ( P 0 4 ) 3 

already reported by Kobayashi.10) The compound 
F e H 6 ( P 0 4 ) 3 obtained under the above conditions, on 
standing in a desiccator with P 2 0 5 , was transformed 
into the B form of F e ( H 2 P 0 4 ) 3 starting from the third 

day. The amount of F e H 6 ( P 0 4 ) 3 gradually decreases 
with time, virtually disappearing on the seventh day. 
Thus , the B form of F e ( H 2 P 0 4 ) 3 , on standing in air, 
absorbs moisture to form F e H 6 ( P 0 4 ) 3 5 bu t the latter is 
dehydrated in a desiccator with P 2 0 5 , reverting to the 
former again. As may be seen from Fig. 6b, on standing 
in wet air (water vapor 20—25 mmHg) for 2 h, the B 
form is completely transformed into amorphous iron 
phosphate. This amorphous iron phosphate is trans­
formed into F e H 6 ( P 0 4 ) 3 on standing in a desiccator 
with P 2 0 5 for 24 h. O n standing in a desiccator with 
P 2 0 5 for more than 7 days, F e H 6 ( P 0 4 ) 3 is further dehy­
drated to give the B form of Fe(H 2P0 4) 3 . This suggests 
that the changes of the B form of F e ( H 2 P 0 4 ) 3 into 
F e H 6 ( P 0 4 ) 3 and amorphous iron phosphate caused by 
moisture absorption may be reversible. The A form of 

0 0.2 1 5 1 5 

T i m e ( d a y ) 

Fig. 6a. Structural change of iron phosphate in various 
humid atmospheres. 
—A—: Fe(H2P04)3(B), . . . Q - • FeH6(PO<)3. 

- P 2 0 5 D e s i c c a t o r -

D—-ODOOQD -**-

2hr 

A A 

-°-r ̂ * > ^ 3 -
50 57 87 day 

Fig. 6b. Structural change of iron phosphate in various 
humid atmospheres. 
- A - : Fe(H1P04),(B), • • • • - : FeH,(PO<),. 
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- Wet a i r * 
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» 1 L—»> !__>> L_ 

3 5 32 42 49 79 day 

T i m e 

Fig. 6c. Structural change of iron phosphate in various 
humid atmospheres. 
- O - : Fe(H2P04)3 (A), - A - : Fe(H2P04)3 (B), 
- D - : FeH6(P04)3 . 

F e ( H 2 P 0 4 ) 3 , as seen from Fig. 6c, is rapidly transformed 
into amorphous phosphate on standing in wet air, a 
result similar to that for the B form. Amorphous iron 
phosphate, on standing in a desiccator with silica gel, 
is transformed into F e H 6 ( P 0 4 ) 3 , which, beginning on 
the fifth day, is gradually transformed into the B form 
of F e ( H 2 P 0 4 ) 3 over a long t ime. F e H 6 ( P 0 4 ) 3 , on 
standing in a desiccator with P 2 0 5 , is transformed into 
the B form of F e ( H 2 P 0 4 ) 3 , beginning on the third day 
and almost completely within two weeks. It is of interest 
that the A form of F e ( H 2 P 0 4 ) 3 is transformed into amor­
phous iron phosphate or F e H 6 ( P 0 4 ) 3 with moisture 
absorption, and by dehydration of F e H 6 ( P 0 4 ) 3 in a 
desiccator with P 2 0 5 or silica gel, the B form and not 
the A form of F e ( H 2 P 0 4 ) 3 is directly obtained. From 
these facts, it is suggested that changes in the structures 
of the A and B forms of F e ( H 2 P 0 4 ) 3 caused by moisture 
absorption are completely different from each other. 

From the results shown in Fig. 6, it is suggested that 
F e H 6 ( P 0 4 ) 3 may contain more water than the A arid 
B forms of F e ( H 2 P 0 4 ) 3 . Based on the reversible change 
between F e H 6 ( P 0 4 ) 3 and F e ( H 2 P 0 4 ) 3 structures caused 
by moisture absorption, it may be more reasonable to 
regard F e H 6 ( P 0 4 ) 3 as another form of F e ( H 2 P 0 4 ) 3 since 
the A and B forms of F e ( H 2 P 0 4 ) 3 are isomorphous with 
the A and B forms of A1(H 2 P0 4 ) 3 , respectively. The 
existence of the C and D forms of A1(H 2 P0 4 ) 3 other 

than the A and B forms has been reported,11) while the 
C and D forms of F e ( H 2 P 0 4 ) 3 , isomorphous with those 
of A1(H 2 P0 4 ) 3 , are unknown. Consequently, F e H 6 ( P 0 4 ) 3 

may be tentatively assigned the E form of F e ( H 2 P 0 4 ) 3 . 
The experimental results are summarized schematically 
as follows: 

Fe(H2P04)3 A form 

wet air 
P2Os or | 
silica gel air 

FeH6(P04)3 « amorphous iron • FeH3(P04)2-
phosphate 

2 .5H 2 0 

P 2 O 5 wet air PaOs 

^ Fe(H2P04)3 B form 

Amorphous iron phosphate obtained from the A and 
B forms of F e ( H 2 P 0 4 ) 3 and F e H 6 ( P 0 4 ) 3 by moisture 
absorption gave crystalline F e H 3 ( P 0 4 ) 2 - 2 . 5 H 2 0 on 
standing in air over 20 days. This product may be 
formed by the hydrolysis of amorphous iron phosphate. 
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The Finkelstein reaction has been studied in five dipolar aprotic-dipolar aprotic solvent mixtures and one 
pro tic-dipolar aprotic solvent mixture. The theoretical equations for the rate constant as a function of solvent 
composition derived previously have been reformulated in terms of the solvent exchange model on the solvation 
site, taking into account the two main features of solvation : the number of the solvation sites on the solvent molecule 
and the equilibrium constant for the solvent exchange process. The results obtained previously, together with 
present results, are comprehensively discussed and the solvent mixtures are classified into four groups from the 
viewpoint of solute-solvent interaction in the region near the ion, using derived theoretical equations. 

Thermodynamics of transfer of a single ion from one 
solvent to another as expressed in terms of a solvent 
activity coefficient has been accepted as an important 
criteria, when discussing solvent effects on reaction rates 
and mechanisms in solution.1»2) In the course of the 
development of the concept, most attention seems to 
have been paid to the hydrogen bonding interaction, 
and polarizability effects, between solute and solvent. 
Even though this is quite useful in discussing the gross 
features of a solute in pure solvents, more sophisticated 
versions on the solute-solvent interactions in the vicinity 
of an ionic solute are required, when analyzing chemical 
phenomena in mixed solvents.3»4) 

In previous papers5»6) we have dealt with the analysis 
of reaction rates of the Finkelstein reaction in aceto-
nitrile-protic solvent mixtures from the viewpoint of 
the specific solvation of the anion in the solvent mixtures. 
In the present work we set up a generalized model for 
describing the cluster distribution of anion solvates in 
solvent mixtures, and derive the theoretical equations 
for the reaction rate in solvent mixtures on the basis of 
the model. By the mathematical analysis of reaction 
rates in solvent mixtures, solvent mixtures are classified 
into four groups from the viewpoint of ion-solvent 
interactions in the region near the ion. 

E x p e r i m e n t a l 

Materials: N,N-Dimethylacetamide, Wako's guaranteed 
reagent, was distilled from barium oxide and from calcium 
hydride under reduced pressure. Ethyl methyl ketone, Wako's 
extra pure reagent, was distilled twice after storage over 
anhydrous sodium sulfate. y-Butyrolactone, Wako's extra 
pure reagent, was distilled twice under reduced pressure after 
storage over calcium hydride. Sulfolane, Wako's reagent, was 
distilled three times under reduced pressure after storage over 
sodium hydroxide. Propylene carbonate, Wako's extra pure 
reagent, was stored over freshly activated molecular sieves and 
distilled twice under reduced pressure. Other materials were 
treated as described elsewhere.5) 

Kinetic measurements and calculations were carried out as 
described elsewhere.5) 

Density measurements were performed with a glass dilatom-
eter consisting of a bulb and two graded stems (ca. 40 ml 
capacity). 

Densities and rate constants are summarized in Tables 1 
and 2. 

R e s u l t s a n d D i s c u s s i o n 

Activation Parameters in Pure Solvents and the Solvent 
Activity Coefficients of Bromide Ion. Ra te constants 
and activation parameters in pure solvents are sum­
marized in Table 3. They change according to solvents 

N9 iV-Dimethylace tamide 
-acetonitrile 

mixtures 

*DMA 

1.0 
0.90 
0.80 
0.70 
0.60 
0.50 
0.40 
0.30 
0.20 
0.10 
0.0 

d 

0.9319 
0.9232 
0.9133 
0.9022 
0.8899 
0.8761 
0.8604 
0.8426 
0.8221 
0.7986 
0.7713 

TABLE 1. 

Ethyl methyl ketone 
-sulfolane 
mixtures 

*EMK " 

1.0 0.7948 
0.90 0.8487 
0.75 0.9262 
0.50 1.0480 
0.25 1.1604 
0.0 1.2622 

DENSITIES OF SOLVENT MIXTURES (30 °G) 

Ethyl methyl ketone 
-propylene carbonate 

mixtures 

*EMK d 

1.0 0.7948 
0.90 0.8345 
0.75 0.8952 
0.50 0.9951 
0.25 1.0951 
0.0 1.1945 

Ethyl methyl ketone 
-acetonitrile 

mixtures 

*EMK 

1.0 
0.80 
0.65 
0.50 
0.35 
0.15 
0.0 

d 

0.7948 
0.7927 
0.7906 
0.7878 
0.7842 
0.7778 
0.7713 

Ethyl methyl ketone 
-y-butyrolactone 

mixtures 

*EMK 

1.0 
0.90 
0.75 
0.50 
0.25 
0.0 

d 

0.7948 
0.8251 
0.8716 
0.9516 
1.0341 
1.1192 
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TABLE 2. RATE CONSTANTS IN SOLVENT MIXTURES (30 °G) 

Acetonitrile-methanol 
mixtures 

JV,J\T-Dimethylacetamide 
-acetonitrile mixtures 

*AN 

Et l+Br -
kxlO5 

EtBr+I -
£ x l 0 5 

* D M A 

E t I + B r - z-Prl+Br-
kxlO2 A:xl04 

1.0 
0.90 
0.80 
0.60 
0.40 
0.20 
0.0 

1050 
70.7 
24.1 

7.60 
3.78 
1.89 
1.01 

59.3 
18, 
9. 
5. 
3. 
2. 

5 
67 
42 
69 
39 

2.05 

1.0 
0.90 
0.80 
0.70 
0.60 
0.50 
0.40 
0.30 
0.20 
0.10 
0.0 

62.5 

27.8 

12.1 

5.01 

2.37 

1.05 

154.2 
107.4 

45.0 

22.3 

10.6 

5.42 
3.98 

Ethyl methyl ketone Ethyl methyl ketone 
-propylene carbonate mixtures -sulfolane mixtures 

E t l + B r -
* x l 0 2 

1.0 
0.90 
0.75 
0.50 
0.25 
0.0 

58.1 
19.2 
7.98 
3.84 
2.92 
2.21 

* E M K 

1.0 
0.90 
0.75 
0.50 
0.25 
0.0 

E t l + B r -
£ x l 0 2 

58.1 
34.5 
24.9 
16.9 
13.0 
10.5 

Ethyl methyl ketone Ethyl methyl ketone 
-acetonitrile mixtures -y-butyrolactone mixtures 

r-

*EMK 

1.0 
0.80 
0.65 
0.50 
0.35 
0.15 
0.0 

E t l + B r -
* x l 0 2 

58.1 
23.2 
11.6 
5.98 
3.57 
1.80 
1.05 

k; 1.0 mol-1-s-1. 

* E M K 

1.0 
0.90 
0.75 
0.50 
0.25 
0.0 

E t l + B r -
* x l 0 2 

58.1 
37.0 
26.2 
16.2 
13.1 
8.83 

without any clear pat tern, except for methanol solvent, 
in which the enthalpy term is the predominant factor 
responsible for the much reduced rate. 

As summarized in Table 4, logarithmic relative rates 
are well correlated with the single ion solvent activity 
coefficient of bromide ion, for both protic and dipolar 
aprotic solvents.7~9) The transition state anion-neutral 
molecule assumption1»7) was used to obtain the bromide 
ion activity coefficient.1) 

The sensitivity of a bulky transition state to a change 
in solvent is believed to be less than that of a compact 
reactant anion in solvent mixtures as well as in pure 
solvents.1) The principal feature of the log kmix vs. 
composition profile (Figs. 1, 2, and 3) should be 
ascribed to the change in the solvation of a reactant 
anion, even though there must be differences in the 
solvent activity coefficient of the transition state. 

TABLE 3. R A T E CONSTANTS AND ACTIVATION PARAMETERS 

FOR THE REACTION OF ETHYL IODIDE WITH 

BROMIDE ION (30 °G) 

Solvents (1 
k 

mol -

-1) •s 

AH* 
(kcal-
mol-1) 

AS* 
(cal-K-1 

• mol-1) 

iV,iV-Dimethylacetamide 6.25 X 10"1 16.6 
Ethyl methyl ketone 
y-Butyrolactone 
Propylene carbonate 
Acetonitrile 
Methanol 

5.81X10-1 

8.83X10-2 

2.21X10-2 

1.05X10-2 

l .O lx lO- 5 

17.4 
16.3 
17.0 
18.3 
22.7 

- 4 . 7 4 
- 2 . 2 5 
- 9 . 6 2 

- 1 0 . 0 6 
- 7 . 2 5 
- 6 . 5 4 

TABLE 4. RELATIVE RATES AND SOLVENT 

ACTIVITY COEFFICIENTS 

Solvents log(A#AN) log Vlr-

N9 iV-Dimethy lacetamide 
Ethyl methyl ketone 

Sulfolane 
y-Butyrolactone 
Propylene carbonate 
Acetonitrile 
Methanol 

1.77 
1.74 

1.00 
0.925 
0.323 
0 
3.01 

2.07> 
2.5,a>7>2.35a>8> 
1.90,a>9> 2.93b> 
0.4,?) 1.909> 

— 
0.5,7> 0.3679> 
0 

-2.37> 

a) log °ylr- f° r acetone, b) Private communication from 
Dr. M. H. Abraham. 

Reaction Rates in Binary Mixed Solvents. Thermo­
dynamic Treatments: In the previous papers of this 
series5»6) it was shown that the chemical equilibria and 
the reaction rates in binary mixed solvents could be 
reproduced by treating the solvation change of the 
respective solute in terms of m successive solvent exchange 
processes. 

3.0 

2.0 h 

+ 

Fig. 1. Plots of log kmix vs. mole fraction of acetonitrile 
(in MeOH-MeCN mixtures). 
O ; Experimental results for E t l + B r - , ; calculated 
at KseA=75.0, Kse,2 = 7.16, KSOtZ=lA9 in Eq. 5. • ; 
Experimental results for i -Pr l - f l - , ; calculated at 
Ksetl=22.3 in Eq. 5. 
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2.0 

&0 

+ 

Fig. 2. Plots of log kmix vs. mole fraction of acetonitrile. 
O : Experimental results for E t l + B r - in DMA-AN 
mixtures, : calculated at X s e l = 1.80 in Eq. 7. Q : 
Experimental results for E t l + B r - in EMK-AN mix­
tures, : calculated at ^Se,i=^*^^ m ^q. *̂ © : 

Experimental results for £-PrI+Br~ in DMA-AN mix­
tures, : calculated at Ksel—l.6S in Eq. 7. 

bo 

+ 
CS 

0.3 

(*EMK) 

Fig. 3. Plots of log kmix vs. mole fraction of methyl ethyl 
ketone. 
• : Experimental results for E t l+Br" in EMK-TMS0 2 

mixtures, calculated at Khs2=4.8l in Eq. 11. 
0 : Experimental results for Et l+Br~ in EMK-y-BL 
mixtures, : calculated at KhB2=4.5S in Eq. 11. 
O : Experimental results for E t l+Br" in EMK-PG 
mixtures, calculated at Kh82=23.S in Eq. 11. 

For formal simplicity of the derived equations it is 
necessary to assume that the true solvation number of a 
solute,5) or the number of a solvation site Z° is an even 
integral value and that these sites are grouped into 

2m-1 t h s * s e , 2 m - 1 

2 m. tk 

Scheme 1. Solvent exchange scheme on 2m— 1 th and 
2m th solvation sites. 

adjacent pairs of sites which are independent of each 
other in the respective pair, as well as of the members 
of other pairs. 

As was suggested previously6) and will be suggested 
also later, in some cases it is feasible that a solvent 
molecule can interact with a solute by simultaneously 
occupying a pair of solvation sites, if the solvent molecule 
contains multiple functional solvating groups. In the 
following treatment we will deal with the cluster 
distribution in solvent mixtures in which a component 
solvent, 4, has only one functional group, whereas a 
solvent, 1, has s equivalent functional groups. 

Consider the frequencies of occupation of a given 
pair of sites which are referred to as 2m— 1 th and 2m th 
solvation site on the basis of the above solvent exchange 
scheme, where Kse2m^1

 a n ( i ^se,2m refer to the equilibrium 
constants for the solvent exchange process on the 2m— 
1 th and the 2m th solvation site, and KSQt2m-it2m 

refers to that of the bidentate solvent exchange process. 
The number of ways of occupation of the solvation 

site is given as follows: 
S4 on both 2m— 1 th and 2m th site; #4

2 

S4 on 2m— 1 th and Sx on 2m th site; sK^^x^^ 
Si on 2m— 1 th and S4 on 2m th site; ^Se,2m-i*i*4 
different Sx molecules on both 2m— l t h and 2m th 

Site; S Ksef2m-1 Kse,2mxl 

same Sj molecule on both 2m— 1 th and 2m th site; 
s se,2m-l*^se,2m-l,2mxl~s-^se,2m-^se,2m,2m-Lxl 

When the average monodentate and bidentate 
solvation equilibrium constants, KmSf2m and Khs2m

 a r e 

defined by the equations, 

•**-mS,2m = ! A s e , 2 m - l A s e , 2 m / 

-**-bs,2m = V-**-se,2m-l,2m-**-se,2m,2m—1/ 

the distribution of cluster as defined by the way of 
occupation of Z° solvation sites on a solute, M, is given 
by the equation, 

Z°/2 

I I { ( # 4 + ^ s e . 2 m - l * l ) (*4 + ^ s e . 2 m * l ) + ^ m s , 2 m ^ b s , 2 m * l } - ( l ) 
TO=1 

The activity coefficient of a solute, M , in the solvent 
mixture, /?M,mix5 is given by the equation derived in 
the previous paper,5) 

Z72 

Ü m / V m i x = Ä / [ 1 + Ä 0 I I { ( * 4 + ^ s e , 2 m - l * l ) ( * 4 + ^ s e . 2 m * l ) 
XM-+0 TO = 1 

+ ^mBi2mKbei2mX]}] ( VmiJRT) (2) 
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where /M is the fugacity of equibrated vapor of a pure 
solute, M,5) and Vm-lx is the mean molar volume of the 
mixed solvent; K0 is the equilibrium constant for the 
reaction, 

M + Z°S4 = M.(S4)*.. 

As was mentioned above and discussed elsewhere,1»5) 
the rate of the Finkelstein reaction seems to be predom­
inantly controlled by the solvation of a nucleophile. 
Thus, by the same procedure as described in the previous 
paper,5) the rate constants in solvent mixtures, km-lx, 
and the ratio of the rate constants in solvent 4 and 1, 
(kjkt), are given by the equations, 

Z°/2 

ln^mix = l n ^i + In IL (s2Ksef2m_1Ksef2m + sKmSf2mKhSt2m) 
TO=1 

- I n n { (*4 + ^ S e , 2 m - l * l ) ( * 4 + ^se ,2m*l ) 

+ ^ m s , 2 , A . 2 m * l } + In (VmlJVJ (3) 

( * # l ) = n 2 ( ^ s e > 2 , n - l ^ e , 2 „ + ^ m s . 2 ^ b s , 2 j X ( F 4 / 7 1 ) (4) 
TO=1 

where F4 and Vx stand for the molar volumes of solvents 
4 and 1. 

Comparisons with the Experimental Results. Case I. 
Alcohol and Acetonitrile Mixtures (Fig. 1) : Both alcohol 
and acetonitrile contain only one functional group each. 
Thus , by setting s equal to unity, and Khs2m equal to 
zero, Eqs. 3 and 4 reduce to Eqs. 5 and 6, which are the 
same formulae as derived previously.5) 

z% z* 
l n ^ m i x = I n * ! + l u l l KSQtm - In n (*4 + ^ s e , m * l ) 

TO=1 TO=1 

+ In {Vm.JVJ (5) 

(kJk1)=jÎKseim(VJV1) (6) 
TO=1 

z° 
Equation 6 gives the boundary conditions for n Ksem. 

Under these conditions, the theoretical values of the 
rate constants were obtained as a function of the solvent 
compositions on the basis of Eq. 5 for a definite set of 
Z° and Kse2m

9s. The calculations were repeated by a 
trial and error-method, systematically changing the 
equilibrium constants for the respective solvation 
number and afterwards for the different values of Z°. 

In applying Eqs. 5 and 6 to the experimental data, 
only those equilibrium constants which are larger than 
unity are detectable from the solvent exchange studies,5) 
since the term x^+Ksettnxl reduces to unity when Ksem 

becomes unity.5) 
One noticeable trend observed in the solvent mixtures 

is a large attenuation effect in KSGtm as described 
previously.5) Similar effects were observed in Ag + 

solvation exchange studies in i\^,iV-dimethylthioform-
amide-propylene carbonate, - H 2 0 , and -acetonitri le 
mixtures.10) Similar but rather smaller attenuation 
effects were also observed in N M R chemical shift 
studies in solvent mixtures.11) Throughout these studies, 
the solvent exchange processes with up to four steps are 
sufficient to reproduce the data.5»10»11) 

In alcoholic and dipolar aprotic solvents, only proton 
and first row elements can interact with the anion. 
These have respective Slater orbital exponents which 
crucially effect the interaction distances between ion 

and solvents. The variation in the interaction distances, 
which would alternatively be stated as a change in the 
degree of covalency in the interaction,10) is the predom­
inant feature with regard to the inequivalence of the 
respective solvation sites. 

Case II. Acetonitrile-Ethyl Methyl Ketone, and N,N-
Dimethylacetamide Mixtures (Fig. 2) : These component 
solvents contain only one solvation site each as in case I . 
In contrast, experimental results were reproduced by 
taking the same equilibrium constant throughout the 
solvent exchange processes concerned and by taking 
the number of solvation site as equal to a normal 
coordination number, i.e., six,12) as expressed in Eqs. 7 
and 8. 

ln*m i x = lnÄ* + In (X8e>1)
6 - In (*4+*se,i*i)6 

+ In (Kmlx/Pi), (7) 

(kjkj = (K„J{VJVJ. (8) 

Similar patterns of solution phenomena vs. composi­
tion profile were observed previously,10»13) where the 
pat tern was designated as binomial distribution of 
cluster. 

In the solvent mixtures of this class, all the component 
solvents retain first row elements as a binding site with 
the anion. Their Slater orbital exponents resemble 
each other in magnitude, thus leading to a similar 
interaction distance with the anion. This can be 
considered as a major factor in indiscriminating the 
essentially inequivalent solvation sites. 

Case III. Glycol-Acetonitrile Mixtures: In glycol two 
hydroxyl groups are available for interaction with the 
anion, so that s is equal to 2. When a pair of sites are 
considered as approximately equivalent to one another, 
and only one pair of sites contribute predominantly to 
the total solvation exchange, that is to say the contribu­
tions from the remaining sites are minor and masked 
by the much larger terms from the first pair of sites, 
then Eqs. 3 and 4 reduce to Eqs. 9 and 10, since for the 
other pair of sites, the term, {.(xA-{-2KmSt2mx1)

2-{-
2^ms,2m^bs,2m*i3"3 should be equal to unity irrespective 
of the value, xv 

ln*m i x = lnA* + ln{2KmBf2(2KmSt2 + Khs>2)} 

- I n {(xt + 2KmBt2Xl)* + 2KmBt2KhSt2xJ 

+ ln(Fm i x /F1) . (9) 

{kjkj = 2Kms>2(2KmBt2+KhSt2)(VJV1). (10) 

Equations 9 and 10 are equivalent to those derived 
previously on a less sophisticated basis.6) Rates vs. 
composition profile in five glycol-acetonitrile mixtures 
were satisfactorily reproduced by these equations.6) 

Case IV. Propylene Carbonate-, Sulfolane-, and y-Butyro-
lactone-Ethyl Methyl Ketone Mixtures (Fig. 3) : Propylene 
carbonate, sulfolane and y-butyrolactone each have 
multiple solvation sites. When the same conditions as 
mentioned in case I I I also hold for the solvent mixtures 
of this class, Eqs. 9 and 10 would apply to the present 
cases. As a matter of fact, experimental results were 
satisfactorily reproduced by the simplest formulae i.e., 
Eqs. 11 and 12 as obtained by setting ^ m S t 2 m = l for 
??Ç^1 in Eqs. 9 and 10. 
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In kmlx = In kx + In (1 +KhSf2) - In (1 +KhBt^c1) 

+ In (Kmlx/Fi), (11) 

(kJk1) = (l+KhSt2)(VJV1). (12) 

They are formally equivalent to the formulae as 
derived from Eqs. 5 and 6 under the conditions, Ksem= 
1 for rri>2. Thus, on purely mathematical grounds, the 
present systems are indistinguishable from the systems 
stet case I . Other mechanistic criteria are necessary 
in order to establish the solvation pat tern. O n the 
basis of the results of model CNDO/2 calculations,14) 
the present systems would preferably be classified as a 
special case of a concurrent monodentate-bidentate 
solvation system, i.e., the special case of case I I I . 

In acetonitrile and propylene carbonate, rate constants 
and activation parameters are quite similar in value 
(Table 3), and do not indicate any marked mechanistic 
difference for Finkelstein reactions in the two solvents; 
the activity coefficient for bromide ion (Table 4) is also 
nearly the same in these solvents. 

However, logarithmic rate vs. composition profiles are 
quite different for systems containing acetonitrile or 
propylene carbonate (e.g. for the acetonitrile-ethyl 
methyl ketone and propylene carbonate-ethyl methyl 
ketone systems). The use of solvent mixtures and the 
mathematical analysis of the results have thus provided 
information on solute-solvent interactions in the vicinity 
of the bromide ion that cannot be obtained from studies 
of data in the two pure single solvents. 

We wish to thank Dr. M . H . Abraham, University of 
Surrey, England for his discussions and for his comments 
on the original version of the manuscript . 
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The crystal structure of mitomycin C was determined by means of X-ray diffraction. Mitomycin C was 
crystallized in the orthorhombic space group P212121, with a= 12.887, Z>= 13.851, £=9.718 Â, and Z = 4 , and its 
structure solved by the trial and error method using the rigid-body approximation. The absolute configuration 
was determined by referring to that of iV-(/>-bromobenzoyl)mitomycin G. The carbamoyloxymethyl side chain 
participates in hydrogen bonds as in the case of other mitomycins in the crystalline state. 

Mitomycins extracted from Streptomyces species, 
known to be antibiotics having anticancer activity, have 
the chemical structures shown in Fig. 1. Mitomycins 
were found to crosslink to double-stranded D N A by 
covalent bonds and to inhibit a duplication of DNA.1) 
Szybalski and Iyer proposed that atoms CI and CIO 
of mitomycin bind covalently to atoms 0 6 of guanine 
bases of the D N A duplex after enzymic reduction.2) An 
intercalative model of mitomycin with DNA in the 
form of a semiquinone radical followed by the covalent 
bond formation was proposed by Tomatz et al.^ who 
stated that mitomycin might interact specifically with 
double-stranded polynucleotides, since no complex 
formation of the antibiotic with monomeric nucleotides 
or guanylyl(3',5')cytidine was observed. A recent CD 
study showed that mitomycin might interact with the 
fragment having the GpC(deoxyguanosine-phosphate-
deoxycytidine) base sequence in DNA.4) 

TABLE 1. CRYSTAL DATA 

RK 

H3C 

\ 7 ^ 
i l I 

0 

[Î5 

0 

mitomycin A 
iV-methyl-mitomycin A 
mitomycin B 
mitomycin C 
porfiromycin 
7-hydroxyl-porfi romycin 

0 
/CHoOCNHo 

/ l0 2 10A 2 

i \ SOR1 

/ 9 ^ 

3 

R1 

H 
GH3 

GH3 

H 
GH3 

GH3 

1 

2 l A 

R2 

CH3 

CH3 

H 
GH, 
GH3 

CH3 

R3 

OCH3 

OCH3 

OGH3 

NH2 

NH2 

OH 

Fig. 1. Structures of mitomycins and porfiromycins. 

This paper deals with the three-dimensional structure 
analysis of mitomycin C, and a structural comparison 
with iy-brosylmitomycin A,5) 7-demethoxy-7-(/?-bromo-
anilino) mitomycin B6) and i\^-(/?-bromobenzoyl) mito­
mycin C.7> 

E x p e r i m e n t a l 

Mitomycin G crystallized in the form of dark violet plates 
from a 50% aqueous ethanol solution. Oscillation and 
Weissenberg photographs showed the crystal to be orthorhom­
bic with the space group P212121. The crystallographic data 
are given in Table 1. The density measurement made by a 

Formula 
Formula weight 
Crystal system 
Space group 

a 
b 
c 
V 

z 
Dm 

D, 

C15H18N405-2H20 
370.37 
Orthorhombic 
P212121 

12.887(2)A 
13.851(2)A 
9.718(1) Â 

1734.6(3) A3 

4 
1.423(4) Mg/m3 

1.418 Mg/m3 

floatation method using a benzene-carbon tetrachloride mix­
ture revealed that an asymmetric unit contains one mitomycin 
G and two water molecules. 

Three-dimensional intensity data were collected on a com­
puter-controlled four-circle diffractometer using Ni-filtered 
Gu KCL radiation. Employing co-20 scan technique with a scan 
speed of 4°/min(20) and 10 s. background measurement at 
each end of the scan, 1145 independent structure factor 
magnitudes greater than three times their standard deviations 
were obtained within sin0/A=0.547 A - 1 . 

Structure D e t e r m i n a t i o n and 
Ref inement 

Orientation of the molecule in the crystal was deter­
mined by the rigid group convolution and search method 
(RICS). ï The coordinates of 17 atoms involving ring 
portion in 7-demethoxy- 7- (/>-bromoanilino) mitomycin B 
solved by Yahashi and Matsubara6) were utilized as a 
model. T h e convolution calculated from the model 
having the benzoquinone ring vertical to the b-axis 
showed good agreement with the three-dimensional 
Patterson peaks around the origin. However, the 
translation search procedure failed to find the correct 
position in the crystal by employing the resultant model. 
This might be due to the peculiar molecular packing. 
Thus the R-map method was tried using a program 
written by one of the authors (K. O. ) . The minimum 
R-value (0.51) was obtained by translating the model 
having the C5A-C6 vector parallel to the c-axis. Using 
the coordinates of 17 atoms obtained by the above 
method, an electron density m a p was constructed to 
find all nonhydrogen atoms. 

t The rigid group convolution and search programs were 
written by Dr. I. Tanaka. 
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TABLE 2. FINAL POSITIONAL AND THERMAL PARAMETERS WITH THEIR ESTIMATED 

STANDARD DEVIATIONS IN PARENTHESES ( X 104) 

Anisotropic temperature factors are of the form ; 

CI 
C2 
C3 
C5A 
C5 
C6 
C7 
C8 
C8A 
C9 
C9A 
CIO 
C10A 
Cl l 
C12 
NIA 
N4 
N7 
N14 
0 5 
0 8 
0 9 
O10 
013 
OW1 
OW2 

X 

3874(7] 
5019(8] 
5463(7; 
4194(6; 
4919(7; 
4464(7; 
3392(7; 
2681(7; 
3141(6) 
2631(8; 
3602(7; 
1965(7; 
497(7) 

5155(8) 
3544(9) 
4255(6) 
4503(5) 
2876(7) 

177(6) 
5859(5) 
1734(4) 
3553(5) 
1531(5) 
-68(6) 

-2172(6) 
-2111(7) 

y 
5655(7; 
5500(7; 
6292(7; 
6769(6) 
6867(7) 
6941(7; 
6941(6) 
6841(6) 
6741(6) 
6610(7) 
6587(6) 
5688(8; 
5631(7) 
7029(9) 
8296(7) 
4882(6) 
6733(5) 
7051(7) 
5515(6) 
6915(5) 
6830(5) 
7289(4) 
5584(5) 
5776(6) 
5436(7) 
5671(7) 

z 
2883(10) 
3045(10) 
3958(11) 
5880(9) 
7043(9) 
8441(9) 
8564(9) 
7341(9) 
6013(9) 
4615(9) 
3654(8) 
4636(10) 
3125(10) 
9667(10) 
3020(11) 
3835(9) 
4550(8) 
9746(8) 
1800(8) 
6873(7) 
7548(7) 
2583(6) 
3218(6) 
4093(8) 
3855(9) 
935(9) 

# u 
43(6; 
48(6; 
32(6; 
29(5; 
32(5; 
39(5; 
40(6; 
34(5; 
32(5) 
30(6) 
44(6) 
42(7; 
34(6) 
53(7) 
84(9) 
50(6) 
27(4) 
53(6) 
51(6) 
36(4) 
35(4) 
56(4) 
35(4) 
58(5) 
54(5) 
87(7) 

# 2 2 

33(5; 
42(6; 
49(6; 
30(5; 
46(6; 
44(6; 
35(5; 
33(5; 
34(5; 
39(6; 
26(5; 
54(6; 
50(6) 
80(8) 
35(5) 
45(5) 
39(4) 
68(6) 
55(5) 
74(5) 
51(4) 
31(3) 
59(4) 
99(7) 

104(7) 
71(6) 

# 3 3 

91(12) 
77(11) 
87(12) 
40(9) 
70(11) 
62(10) 
54(10) 
58(10) 
40(9) 
51(9) 
35(9) 
57(10) 
75(11) 
58(11) 

101(13) 
98(11) 
63(9) 
56(9) 
72(9) 
91(9) 
70(7) 
61(7) 
59(7) 
90(9) 

147(11) 
161(12) 

# 1 2 

16(11) 
1(H) 
4(11) 

- 4 ( 9 ) 
1(10) 

-12(11) 
3(10) 

- 9 ( 9 ) 
- 3 ( 9 ) 
-1(10) 

0(9) 
-29(12) 
-3 (11) 

-23(14) 
-20(13) 

4(9) 
0(8) 

-1(11) 
1(10) 

-21(8) 
8(7) 
2(7) 

-11(8) 
7(H) 

-19(11) 
1(12) 

# 1 3 

ôôëT 
28(16) 
31(16) 
8(12) 

-7(15) 
-18(15) 
-11(14) 
-10(14) 
-6(13) 
-8(13) 
-9(13) 

-27(14) 
-9(15) 

-41(16) 
-13(21) 
-16(14) 
-3(11) 

12(13) 
-21(13) 
-16(11) 

11(10) 
-11(11) 

-8(10) 
-6(12) 
30(15) 

-48(17) 

# 2 3 

8(15) 
26(15) 

-14(15) 
0(12) 

16(15) 
17(14) 

-8(13) 
11(13) 
1(12) 
3(13) 

-13(11) 
3(16) 

-19(16) 
22(18) 

3(16) 
-1(13) 

1(H) 
-1(13) 

1(11) 
3(12) 
0(10) 

10(9) 
-14(10) 
-59(14) 
-13(16) 

10(16) 

The structure was refined by the full-matrix least-
squares method with isotropic temperature factors, and 
then by the block-diagonal least-squares method with 
anisotropic temperature factors for all nonhydrogen 
atoms. At this stage, difference Fourier synthesis was 
carried out, the result being unsatisfactory for full 

detection of hydrogen atoms. At the final refinement, 
following weighting scheme was employed; a ;=0 .0 for 
F o = 0 . 0 , w=\.0 for F o ^ 4 5 . 0 , and ^ = 1 . 0 / ( 1 . 0 + 0 . 2 3 5 
( F o - 4 5 . 0 ) ) for F o ^ 4 5 . 0 . T h e final Ä-value is 0.080 
for all reflections. T h e final atomic parameters are 
given in Table 2 with their estimated standard devia-

. 5 1 ( 1 ) 

Fig. 2. Bond lengths/Â and angles/0 with their estimated standard deviations in parentheses. 
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Fig. 3. Stereoscopic view 

tions. The observed and calculated structure factors 
are given in Table 3.ft The absolute configuration 
of mitomycin C was determined by referring to that of 
N-Q^-bromobenzoyl)mitomycin C.7) 

T h e computations were performed on a NEAC 
2200-700 computer at the Computing Center of this 
University, using Universal Crystallographic Computing 
System-Osaka. 8> 

R e s u l t s and D i s c u s s i o n 

T h e bond lengths and angles are given in Fig. 2. 
A stereoscopic view of the mitomycin C molecule is 
shown in Fig. 3. T h e molecular geometry is essentially 
similar to that of the bromo derivative of mitomycin A,5) 
exclusive of the conformation of the carbamoyloxy-
methyl side chain. T h e torsion angles of the side chain 
in four kinds of mitomycins are shown in Table 4. T h e 
variance among these torsion angles may be due to the 
difference in packing force acting on each molecule 
in the crystal, suggesting that the group is flexible in 
solution. The fact that the carbamoyl group of the side 
chain participates in intermolecular hydrogen bond 
formations, and the configuration of C9(R) is invariant 
in all cases,5-7) seems to give valuable information on 
the interaction mechanism of mitomycin with DNA. 

T h e strain of the indolequinone ring in mitomycins is 
dependent on the side chain configurations at positions 
C9 and C9A, viz., the trans-arrangement of carbamoyl-
oxymethyl and methoxy groups in mitomycins A and C 

TABLE 4. TORSION ANGLES IN CARBAMOYL-

OXYMETHYL SIDE CHAIN 

(C8A-C9- (C9-C10- (C10-O10-
C10-O10) O10-C10A) C10A-O13) 

Br^X 179.5° 166.2° 1.8° 
Br-B 298.5 160.1 344.8 
Br-C 180.5 280.7 353.9 
G 182.4 244.0 2.3 

a) Angles are measured in the clockwise sence, faking the 
eis position as 0°. The notations 0, <f>, and <p are shown 
in Fig. 5. Br-A; JV-brosylmitomycin A5) Br-B; 7-
demethoxy-7-(/>-bromoanilino) mitomycin B6> Br-G; N-
(jfr-bromobenzoyl)mitomycin C7) C; mitomycin C. 

ft Table 3 is kept as a Document at the Office of The Chemi­
cal Society of Japan (Document No. 7925). 

mitomycin C molecule. 

Fig. 4. Absolute configurations. 
(a) Mitomycins A and C, (b) mitomycin B. 

may release the intramolecular short contacts between 
these groups. The least-squares plane through the 
indolequinone ring including atoms C l l and N7 is 
represented by - 0 . 0 3 5 * - 0 . 9 9 4 y - 0 . 1 0 6 * + 5 . 2 2 5 = 0 . 0 . 
The mean deviation of the atoms from this plane is 
0.024 Â, smaller than in mitomycin B (0.079 Â)6) and 
close to that in mitomycin A(0.026 Â).5) The configura­
tions at C9A, CI , and C2 are, respectively, (S), (R), 
and (R) in mitomycins A5> and C,7) differing from those 
in mitomycin B6) as shown in Fig. 4. Consequently, 
significant differences can be seen between the molecular 
structures of mitomycin B and mitomycins A or C, 

Fig. 5. Notations of torsion angles in carbamoyloxy-
methyl side chain and of the least-squares planes. 
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Fig. 6. Crystal structure of mitomycin C projected along the a-axis. 
Dashed lines and black circles indicate the hydrogen bonds and 
water oxygen atoms, respectively. 

mitomycins A and C, the dihedral angles between 
planes B and C and between B and D become larger 
than those in mitomycin B, probably to avoid the short 
contact between CI and CIO. 

T h e crystal structure is shown in Fig. 6. The molecules 
at the positions (x9y9 z), (x,y, l+z)9 and (1/2—*, —y9 

\/2-\-z) are linked by seven intermolecular hydrogen 
bonds to form a double layered structure (Table 6 and 
Fig. 6). These layers are held together mainly by van 
der Waals forces. T h e indolequinone ring and carbamo­
yl group with atom O10 are almost vertical to the 
b-axis, the interplanar spacing being about one-eight 
of the b-axis dimesion. 

A discussion on the interaction between mitomycin 
and the double-stranded DNA was given in a previous 
paper.9) T h e intercalative model for the interaction 
of mitomycin with D N A could be built by using the 
space-filling model and the Kendrew-Watson skeletal 
model. As the atomic coordinates of base-pair and 
sugar-phosphate backbone of DNA, the structural data 
of B-DNA10) and the crystalline complex of ethidium 
bromide (2,7-diamino-9-phenyl-10-ethylphenanthridi-
n ium bromide) and iodoCpG(5-iodocytidylyl(3',5')-
guanosine)11) were referred to . 

Although a favorable intercalation model of mito­
mycin with the GpC fragment of the double-stranded 
DNA was obtained by examining the stacking and 
hydrogen bonding, further evidence is necessary before 
the validity of the intercalative model is discussed. 

We thank Dr . Kazuo Yamaguchi for supplying atomic 
coordinates of i\^-(/?-bromobenzoyl) mitomycin C. 

TABLE 5. DIHEDRAL ANGLES BETWEEN THE 

LEAST-SQUARES PLANES 

Plane Plane 

A B 
A C 
A D 
B C 
B D 
C D 

Br-A5> 

3.7° 
133.9 
54.0 

131.1 
53.4 
98.4 

Br-B6> 

9.9° 
115.7 
41.0 

123.5 
47.2 

100.0 

Br-C7> 

4.4° 
137.8 
57.4 

133.4 
54.4 
97.4 

C 

3.0° 
135.3 
54.8 

134.2 
53.5 
97.9 

The notations A, B, C, and D are shown in Fig. 5. 

TABLE 6. HYDROGEN BOND DISTANCES AND SHORT CONTACTS 

Hydrogen bonds 
013-OW1 
N14-OW2 
OW1-OW2 
08-NlAa> 
09-N7b> 
N1A-N14a> 
OWl-OW2c> 

2.76Â 
3.07 
2.86 
2.96 
2.92 
3.03 
2.70 

Symmetry codes; 

x 1 

a) — x 
) 2 o - i -

• > - * + 

1 - ^ y 

-*> i—y> 

l 

l 
2 

1 

z 

+ 

—z 

Short contacts 
C5A-N14a> 
C5-N14a> 
O5-C10Ad> 
05-09d> 
C7-OW2d> 
N7-OW2d> 
013-C5e> 

b) x,y, -

z d) y + * 3 

3.40 Â 
3.30 
3.44 
3.40 
3.41 
3.23 
3.46 

l + z 

3 1 

y - ^ 5 1-z 

especially in the dihedral angles between the least-
squares planes given in Table 5. For example, in 
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Relative Spin-trapping Ability of iV-Benzylidene-/-butylamine Oxide, 
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JV^Benzylidene-^butylamine oxide (PBN), iV-benzylideneaniline oxide (DPN), and 2,3,5,6-tetramethylnitroso-
benzene (ND) trap phenyl radicals in a relative rate of 1: 0.72: 2.6, whereas they trap phenylcyclohexadienyl 
radicals in a relative rate of 1: 2.3: 130. The origin of such different spin-trapping abilities of these spin traps 
towards phenylcyclohexadienyl radicals is discussed. 

The spin-trapping technique has been widely employ­
ed for the characterization of transient reactive free 
radicals, and various kinds of spin traps have been 
reported.1) However, the spin-trapping abilities of 
various spin traps towards a given free radical have 
remained obscure. 

I t is well known that the thermal decomposition of 
phenylazotriphenylmethane (PAT) in benzene produces 
triphenylmethyl and phenyl radicals. The latter radicals 
add to benzene to give phenylcyclohexadienyl radicals, 
which subsequently either recombine or dispropor­
tionate with triphenylmethyl radicals, thus leading to 
1,4-dihydro-4-triphenylmethylbiphenyl or triphenyl-
methane and biphenyl.2) We have reinvestigated this 
reaction in the presence of such spin traps as iV-benz-
ylidene-É-butylamine oxide (i^-^-butyl-a-phenylnitrone, 
PBN), iV-benzylideneaniline oxide (a,iV-diphenyl-
nitrone, DPN) , and 2,3,5,6-tetramethylnitrosobenzene 
(nitrosodurene, ND) , and have found that while all 
these spin traps gave their spin adducts with phenyl 
radicals, only N D afforded the spin adduct with phenyl­
cyclohexadienyl radicals also.3) Obviously, these facts 
indicate that spin traps have different reactivities 
towards phenyl and phenylcyclohexadienyl radicals. In 
order to confirm this, we have undertaken to determine 
the relative spin-trapping ability of the spin traps 
towards phenyl and phenylcyclohexadienyl radicals by 
competitive methods; our results are described in this 
paper. 

their stability against oxygen, prolonged heating, and 
the spin traps was confirmed. Since the nitroxides were 
produced only in minor amounts (ca. 1 0 ~ 7 m o l l - 1 ) , 
their scavenging by phenyl radicals under the present 
reaction conditions is very inconsiderable. These results 
enabled us to determine the relative reactivity of the 
spin traps towards phenyl radicals by the competitive 
method. 

When P A T was decomposed in the presence of a 
mixture of PBN (1.5 X 10"2 mol l"1) and D P N (5.0 X 10"3 

mol I"1) in carbon tetrachloride at 80 °C, the ESR 
signals due to the phenyl spin adducts of PBN and D P N 
(1 and 2) were observed (Scheme 1) (Fig. 1). The ratio 

Ph-N=N-CPh3 

(PAT) 

- Ph- + N 2 + . G P h 3 
of PhoGOOGPh, 

fh. 

o 
t 

o 
t Ph-CH=N-CMe, kt \ Ph-CH=N-Ph 

I (PBN) Î (DPN) 

o. o. 
Ph-CHPh-N-CMe 3 Ph -CHPh-N-Ph 

(1) (2) 

Dur-NO 
(ND) 

o. 
Dur-N-Ph 

(3) 
Mex_ /Me 

Dur; - / O 

M e / — \ M e 

Scheme 1. 

R e s u l t s 

Relative Reactivity of PBN, DPN, and ND towards 
Phenyl Radicals. PAT was allowed to decompose 
at a low conversion rate in carbon tetrachloride in the 
presence of PBN, DPN, and N D under an argon 
atmosphere at 80 °C. The subsequent examination of 
the reaction solution by ESR showed signals at tr ibutable 
to phenyl spin adducts of the respective spin traps,4) 
along with those attributable to triphenylmethyl 
radicals. The signals attributable to the triphenylmethyl 
radicals disappeared on the exposure of the reaction 
solution to oxygen, but the signals of the nitroxides 
remained. With authentic specimens of the nitroxides, 

Fig. 1. The ESR spectrum of 1 and 2 obtained from the 
decomposition of PAT in carbon tetrachloride at 80 °C 
in the presence of PBN (5.0 X 10"3 M) and DPN (1.5x 
10~2M). For 1, AN=14.1, 0/3-11=2.1 G; for 2, flN= 
10.1, aß.u=3A, <z0>p_H=2.5, am_R=0.9 G. 
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of the concentrations of the two spin adducts ( [2]/[ l ]) 
was obtained as 0.24 by means of the double integration 
of the ESR signals. Combining this value with the 
concentrations of PBN and D P N , the ratio of the rate 
constants of the addition of phenyl radicals to PBN 
(Aj) and D P N (k2) was obtained as * 2 /* 1 =0.72 at 80 °C 
by the use of this equation: [2 ] / [ l ]=* 2 [DPN] /* 1 [PBN] . 
Triplicated runs afforded the same value within the 
limits of experimental error. At the concentrations of 
D P N ^ ö . O x l O ^ m o l l " 1 and P B N = 1 . 5 X 10~2 mol l"1, 
k2/k1 is 0.68 and is almost unchanged as to the relative 
concentrations of the spin traps. 

The decomposition of dibenzoyl peroxide (BPO) in 
the presence of D P N (5.0 x 10"3 mol 1"1) and PBN 
(1.5 X 10 - 2 mol 1_1) in carbon tetrachloride gave their 
phenyl spin adducts in a ratio of [ 2 ] / [ l ] = 0 . 2 3 , which 
led to the value oïk2jkx ( = 0 . 6 9 ) , similar to that obtained 
from PAT. Apparently, the relative reactivity towards 
phenyl radicals [k^jk-^) is independent of the sources of 
phenyl radicals. Thus , the possibility that the nitroxides 
are scavenged by triphenylmethyl radicals concurrently 
formed in the decomposition of P A T can be disregarded. 
Accordingly, it is concluded that PBN traps phenyl 
radicals 1.4 times faster than does D P N . 

Likewise, the decomposition of P A T in the presence 
of N D (4.9 x 10-3 mol l"1) and PBN (5.2 X 10"3 mol 1"1) 
in carbon tetrachloride at 80 °G gave the phenyl spin 
adducts of N D (3) and PBN (1) in a ratio of [3] / [ l ] = 
2.5 (Fig. 2). This value leads to this ratio of the rate 
constants: £ 3 / ^ = 2 . 6 , in which k3 is the rate constant 
for the addition of phenyl radicals to N D . The same 
value was obtained in the decomposition of BPO in the 
presence of N D (4.5 X 10"3 mol l"1) and PBN (5.5 x 10~3 

m o l l - 1 ) . Therefore, the rate constant for the addition 
of phenyl radicals to N D (kz) is approximately 3 times 
larger than that to PBN (A2) at 80 °G. 

All the above reactions were carried out in carbon 
tetrachloride, from which phenyl radicals are known 
to abstract a chlorine atom to yield trichloromethyl 
radicals. However, none of the spectrum caused by the 

MHi 

!J P 

ii ï 
i 

5 G 

Fig. 2. The ESR spectrum of 1 and 3 obtained from 
the decomposition of PAT in carbon tetrachloride at 
80 °G in the presence of PBN (5.2 X 10"3 M) and ND 
(4.9X IO-3 M). For 1, aN=14.4, ahR=2.1 G; for 3, 
A N = 9 . 5 , a0tP_R=2.7, am_H=0.9 G. 

trichloromethyl spin adduct was hitherto observed. 
This finding suggests either that phenyl radicals add 
to the spin traps more rapidly than they abstract a 
chlorine a tom from carbon tetrachloride or that 
trichloromethyl radicals are not efficiently captured by 
the spin traps. Therefore, it can safely be said that this 
side reaction, even if it occurs concurrently, does not 
affect the rate ratios, k2\kx and kz\kv 

Relative Reactivity of PBN, DPN, and ND towards 
Phenylcyclohexadienyl Radicals. In an at tempt to 
determine the relative reactivities of the spin traps 
towards phenylcyclohexadienyl radicals, 1,4-dihydro-4-
triphenylmethylbiphenyl (DTB) was used as the source 
of this radical. The thermal decomposition of 2-chloro-
l,4-dihydro-4-triphenylmethylbiphenyl in benzene was 
previously shown to generate triphenylmethyl and 1-
chloro-6-phenyl-2,4-cyclohexadienyl radicals, which 
subsequently disproportionate into 2-chlorobiphenyl and 
tripheny lme thane.5) 

The decomposition of DTB in benzene at 80 °C in 
the presence of PBN, DPN, and N D under an argon 
atmosphere produced their phenylcyclohexadienyl spin 
adducts (5, 6, and 9) and biphenylyl spin adducts 
(7, 8, and 10) along with triphenylmethyl radicals 
(Scheme 2). O n the exposure of the reaction mixture to 
atmospheric oxygen, the triphenylmethyl radicals were 
eliminated and the phenylcyclohexadienyl spin adducts 
were converted to the biphenylyl spin adducts, the 
concentration of which was subsequently determined 
quantitatively. The stability of the biphenylyl spin 
adducts to oxygen, prolonged heating, and spin traps 
was previously confirmed.2»6) 

The thermal decomposition of DTB in benzene in the 
presence of a mixture of PBN (3.0 x 10 - 2 mol 1_1) and 
D P N (3.0 X 10~2mol 1_1) under an argon atmosphere 
at 80 ° G produced triphenylmethyl radicals and 
nitroxides (5, 6, 7, and 8). When oxygen was passed 
into the reaction mixture, two nitroxides (5 and 6) 
were completely oxidized to 7 and 8 respectively. The 
ratio of their concentrations ([8]/[7]) was determined 
to be 2 .3 , which gives the realtive reactivity of DPN 
(k6) and PBN (k5) towards phenylcyclohexadienyl 
radicals as kjk5=2.3 in benzene at 80 °C. 

Likewise, the decomposition of DTB in benzene in 
the presence of PBN (9.8 x 10"2 mol l"1) and N D 
(4.9 X IO-3 mol l"1) at 80 °G, followed by treatment with 
oxygen, gave their biphenylyl spin adducts (7 and 10 
respectively). The ratio of their concentrations, [7]/[10], 
was determined to be 0.15, from which the relative 
reactivity of PBN (k5) and N D (kd) towards phenyl­
cyclohexadienyl radicals was obtained as k5/kd=7.7 X 
10~3 at 80 °C. Therefore, N D traps phenylcyclohexa­
dienyl radicals 130 times faster than does PBN. 

D i s c u s s i o n 

The present results indicate that the nitrones (PBN 
and DPN) and N D trap phenyl radicals with similar 
rate constants. Janzen and Evans reported that phenyl 
radicals add to PBN in methanol at a rate constant of 
1.2 X 107 mol l"1 at 80 °G.7) The activation energy for 
the above reaction probably does not exceed that for 
the addition of benzoyloxyl radicals to benzene, which 
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has been found to be 6 kcal mol"1.8) If it is assumed 
that the rate constant for the spin trapping in carbon 
tetrachloride is the same as in methanol, and that 
the activation energy is equal to 6 kcal mo l - 1 , the rate 
constant for the addition of phenyl radicals to PBN 
(A )̂ in carbon tetrachloride at 80 ° G can be estimated 
as 1.0 X 108 mol 1_ 1 s_ 1 . The combination of this value 
with the observed rate ratios (A /̂A^ and kjk^ gives k2 

and kz as 7.2 X 107 and 2.6 X 108 mol l"1 s-1 respectively 
at 80 °C. The above large rate constants for the spin-
trapping processes, as much as 108 mol 1_ 1 s_1, may be 
responsible for the lower selectivity between the spin 
traps in these reactions. 

O n the other hand, N D is now found to t rap phenyl­
cyclohexadienyl radicals nearly 130 times faster than 
the ni trônes. A triphenylmethyl radical does not add 
at all to PBN,9) DPN,6) and ND,10) probably because 
its addition to the spin traps is highly endothermic. 
The absolute rate constants for the addition of phenyl­
cyclohexadienyl radicals to the spin traps cannot be 
estimated. However, as phenylcyclohexadienyl radicals 
are stabilized, though to a lesser extent, like triphenyl­
methyl radicals through the derea l iza t ion of the 
unpaired electron, it is suspected that phenylcyclohexa­
dienyl radicals do not react with the spin traps so 
rapidly as do phenyl radicals. 

Recently, Schmid and Ingold reported that 5-hexenyl 
radicals react with PBN at a rate constant of 1.3 x 105 

mol 1_ 1 s _ 1 at 40 °G in benzene and more rapidly with 
N D (3.9 x 107 mol l"1 s"1 at 40 °C).n> It is worthwhile 
noting that N D tends to t rap phenylcyclohexadienyl 
radicals and 5-hexenyl radicals more rapidly than the 
nitrones, whereas N D and the nitrones capture phenyl 
radicals with similar rate constants. The above fact 
may be interpreted in terms of the fact that phenyl­
cyclohexadienyl radicals and 5-hexenyl radicals would 
suffer more steric hindrance on approaching to the 
nitrones to give the spin adducts than would phenyl 
radicals, whereas none of these radicals would suffer 
any serious steric hindrance in the reaction with N D . 

Materials. 

Exper imenta l 

Nitrosodurene (ND),12) JV-J-butyl-a-phenyl-

nitrone (PBN),13) a,iV-diphenylnitrone (DPN),14) phenylazotri-
phenylmethane (PAT),15) and 1,4-dihydro-4-triphenylmethyl-
biphenyl (DTB)2) were prepared according to the methods in 
the literature. 

Examination of the Stability of the Nitroxides, 1, 2, and 3. 
Benzhydrylphenylnitroxide (2) was prepared by the oxidation 
of benzhydrylphenylhydroxylamine16) with silver oxide in 
carbon tetrachloride. A mixture of the precipitates was 
removed by filtration, and the filtrate was used in situ for 
examining the stability of 2. 

2,3,5,6-Tetramethyldiphenylnitroxide (3) was prepared by 
the complete decomposition of PAT in carbon tetrachloride 
at 80 °G in the presence of ND ; oxygen was passed through 
the solution to eliminate triphenylmethyl radicals. 

Benzhydryl-f-butylnitroxide (1) was prepared according to 
the method in the literature.17) 

Each nitroxide solution in carbon tetrachloride was heated 
for 30 min at 80 °G, was treated with oxygen by passing it in 
for 3 min, or was mixed with the corresponding spin traps. 
The intensity of the ESR signals of each nitroxide did not 
vary under the above conditions. 

Decomposition of PA T, D TB, and BPO in the Presence of the 
Spin Traps. A solution (0.3—0.4 ml) of PAT (2.0 X 10~3 

mol I"1) and the spin traps (PBN, 5.0X 10~3—5.0 X 10"2 mol 
l-1; DPN, 1.5x10-» mol l " 1 ; ND, 4.9 X 10"3 mol l"1) in 
carbon tetrachloride was heated at 80 ° G for 3 min under an 
atmosphere of argon, and then oxygen was passed through 
the solution in order to remove the triphenylmethyl radicals. 
The reaction mixture was subsequently purged with argon, 
and the ESR spectra were recorded. 

DTB (8.0 X 10~3 mol 1_1) was similarly decomposed in 
benzene in the presence of the spin traps (PBN, 3.0—9.8 X 
l O ^ m o l l - 1 ; DPN, 3.0x 10"2 mol l"1; ND, 4 .9x l0 - 2 mol 
I -1) at 80 °G for 30 min. The reaction mixture was then 
treated similarly. 

The decomposition of BPO (2.0 X 10 -3 mol 1_1) was carried 
out in carbon tetrachloride in the presence of the spin traps 
(PBN, S.OxlO-Smoll-1 ; DPN, 1.5 X 10"2 mol l"1; ND, 4.5 
x l O ^ m o l l " 1 ) at 80 °G for 3 min. Thereafter, the ESR 
spectra were measured immediately. 

The ESR spectra were recorded on a JEOL JES-ME-1X 
spectrometer. The peak heights were converted to area units 
by the use of a double integrator. The ratio of the concentra­
tions of the two spin adducts was determined by double 
integration.18) The peak-overlap effects of two nitroxides were 
taken into account by a computer simulation of the summed 
spectra. 
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The difference in the nature of nickel and cobalt catalysts has been investigated by a comparative study of the 
competitive hydrogénation of substituted acetophenones. The electronic and steric effects of substituents and 
the effects of solvents on the adsorption strength of acetophenones are greater for the reactions over R-Ni than for 
those over R-Co. On R-Go catalyst acetophenones substituted with electron attracting groups (3-methoxyl, 
3-hydroxyl, and 4-fluoro groups with a°^>0) are adsorbed more strongly than those with electron donating groups 
(2-, 3-, and 4-alkyl and 4-methoxyl groups with a°<^0). Over R-Ni catalyst the adsorption of acetophenone is 
greater than that of any substituted acetophenones. The rates of hydrogénation over R-Ni are more susceptible 
to the effects of substituent and solvent than those over R-Go. Over both R-Ni and R-Go the rates of hydrogéna­
tion of unsubstituted acetophenones are greater than those of substituted acetophenones with either electron donating 
or electron attracting groups. 

Heterogeneously catalyzed reactions involve the 
adsorption of substrates on the catalyst surface and the 
reaction on the catalyst surface. Solvents can affect 
both processes in different ways. 

In recent years, it has become possible to examine the 
adsorption step by a method of competitive reaction. 
The following systems have been studied by the com­
petitive reaction : cyclohexanone-its 4-alkyl derivatives,1) 
cyclohexanone-its alkyl-substituted derivatives,2) 
acetone-alkyl methyl ketones,3) acetophenone-its sub­
stituted derivatives,4) benzene-polymethylbenzenes,5»6) 
cyclohexene-cyclooctene,7 '8) 1-hexene-olefinic sub­
strates,9'10) 2-phenyl-3-methyl-2-butene-its substituted 
derivatives,11) cyclohexene-cycloalkenes,12) l-phenyl-2-
propane-4-nitro toluene,13) and nitrobenzene-its sub­
stituted derivatives.14) 

Reports appeared on the effects of substituents and 
ring size on the strength of adsorption in the hydrogéna­
tion of cycloalkenes7) and ^-substituted nitrobenzenes14) 
over various nickel catalysts. Bekkum and his coworkers 
reported that in the hydrogénation over palladium 
catalyst the adsorption of acetophenones in an alkaline 
ethanol solution is influenced to a lesser extent by 
electronic and steric substituent effects than the rate 
of hydrogénation and that the hydrogénation is acceler­
ated by electron attracting groups and retarded by 
electron donating groups.4) 

In this work, the effectiveness of nickel and cobalt 
catalysts in the individual and competitive hydrogéna­
tion of substituted acetophenones in various solvents 
are compared. In order to confirm that the observed 
differences are attributable to the difference in metallic 
properties of nickel and cobalt, the effects of substituents 
(electronic and steric) on the rate of hydrogénation and 
on the strength of adsorption were examined mainly 
over Raney nickel (R-Ni) and Raney cobalt (R-Co) 
catalysts. The solvent effects were also investigated. 

E x p e r i m e n t a l 

Materials and Solvents. Commercial reagent grade R-Ni 

alloy (Ni;48 % ) , R-Go alloy (Go; 48—50%), zinc dust, nickel-
(II) chloride hexahydrate, cobalt(II) chloride hexahydrate 
(Guaranteed Reagent grade; GR), sodium tetrahydroborate 
(Wako Pure Chemical Industries) were used without further 
purification. 

Acetophenone (GR), 4-methy 1-(Extra Pure grade; EP), and 
4-car boxy acetophenone (GR) (Wako Pure Chemical Indus­
tries Co.) and4-amino-(GR), 2-methyl-(GR), 3-methyl-(GR), 
4-chloro-(EP), and 4-methoxyacetophenone (EP) (Tokyo 
Kasei Kogyo Go.) were purified by fractional distillation or 
recrystallization. 

4-Ethyl-, 4-isopropyl-, and 4-£-butylacetophenone15) and 
4-fluoroacetophenone16) were synthesized from the correspond­
ing alkylbenzenes and fluorobenzene by Friedel-Crafts reac­
tions. After distillation, 4-methyl-, 4-ethyl-, and 4-£-butyl-
acetophenone were purified as the corresponding oximes by 
fractional crystallization in aqueous methanol. The purified 
oximes were hydrolyzed in an aqueous solution of 25% hydro­
chloric acid, the ketones being again purified by fractional 
distillation. 

Commercial reagent grade isopropyl alcohol (f-PrOH), 
methyl alcohol (MeOH), ethyl alcohol (EtOH), propyl alcohol 
(rc-PrOH), £-butyl alcohol (/-BuOH), cyclohexane, benzene, 
and toluene were purified by the methods given in literature.17) 
Each alcohol was dehydrated by refluxing with calcium 
hydride and then distilled. 

Both the ketones and the solvents thus purified were gas-
chromatographically pure. 

Catalysts. R-Ni and R-Co were prepared by the modified 
method of Adkins and Billica18> described in the preceding 
paper.19) Urushibara nickel B (U-Ni-B) and Urushibara 
cobalt B (U-Go-B) catalysts were prepared by the simplified 
methods.20) Nickel boride (Ni2B) and cobalt boride (Co2B) 
catalysts were prepared as reported by Paul et al., by reducing 
nickel (I I) chloride or cobalt (I I) chloride with sodium tetra­
hydroborate in aqueous solutions.21) 

The catalysts were washed thoroughly with water until the 
washings were neutral to Phenolphthalein. When a solvent 
immiscible with water was used, the catalysts were further 
washed with f-PrOH to remove water and finally with the 
solvent. 

Urushibara catalysts, metal boride catalysts, and R-Go 
catalysts each containing 1 g of Ni or Go, and R-Ni containing 



2344 M. KAJITANI N. SUZUKI, T. ABE, Y. KANEKO, K. KASUYA, K. TAKAHASHI, and A. SUGIMORI [Vol. 52, No. 8 

0.5 g of Ni were used for hydrogénation. 
Hydrogénation. For individual hydrogénation, the 

substrate (5.2 X 10~3 mol) was hydrogenated with various nickel 
and cobalt catalysts in 10 cm3 of solvent at 30 °G and under 
atmospheric pressure of hydrogen in a glass reaction vessel 
shaken at 350—400 strokes per minute. 

For competitive hydrogénation, an equimolar mixture of 
two substrates (5.2 X 10~3 mol of acetophenone and of substi­
tuted acetophenone) was used. Hydrogénation was pseudo 
zero order with respect to the substrate and first order with 
respect to catalyst. The rate of hydrogénation is expressed in 
terms of the initial rate of hydrogen uptake per g catalyst (mol 
min - 1 g - 1) . 

Analysis. The products were identified by comparison 
of their NMR spectra recorded on a Hitachi R-24 (60 MHz), 
IR spectra recorded on a Hitachi 215, melting point, boiling 
point, and retention time in gas chromatography with those 
of authentic samples prepared by the sodium tetrahydroborate 
reduction.22) 

In the course of competitive hydrogénation, samples of 0.1— 
0.2 cm3 were withdrawn at appropriate intervals of hydrogen 
uptake (0—30%) for gas-chromatographic analysis. 

Gas-chromatographic analyses of the reaction mixtures were 
performed with Shimadzu GG6A (detector, FID; carrier gas, 
N2) and Shimadzu GG5A (detector, TCD; carrier gas, He) 
equipped with a column of 5% Silicone OV-17 on Uniport 
B (80/100 mesh) and of 10% PEG 20M on Gelite 545 (60/80 
mesh) (Gasukuro Kogyo Go.). The column temperatures 
employed in the case of OV-17 were 125—150 °G for aceto-
phenone-alkylacetophenones, 170 °G for acetophenone-3-hy-
droxyacetophenone and acetophenone-4-fluoroacetophenone, 
and 200 °G for acetophenone-4-methoxyacetophenone. 

R e s u l t s a n d D i s c u s s i o n 

Behavior of Substituted Acetophenones for the Catalytic 
Hydrogénation with Nickel and Cobalt. Alkyl-, methoxyl-, 
hydroxyl-, and fluoro-substituted acetophenones were 
hydrogenated to the corresponding 1-arylethanols in 
alcohol or hydrocarbon solutions over Ni and Co. 

OH 
Ha (atm. près.)» Cat. 

-CH3 

: -H, -CH3 , 
-C(CH3) 

30 °C Jë>-GH-GHo 

-CH2CH3 , -CH(CH3)25 
-OCH3, -OH, -F 

Neither hydrogenolysis of the carbonyl group nor 
hydrogénation of the aromatic ring was observed at the 
initial stage of reaction of these substrates. 

4-Chloro-, 4-carboxy-, and 4-aminoacetophenone were 
not studied in detail because of their abnormal behavior 
during the course of hydrogénation. When 4-chloro-
acetophenone was subjected to catalytic hydrogénation, 
the reaction stopped after a slight hydrogen uptake, 
and the reaction mixture turned green, indicating nickel 
ion formation. Hydrogénation of 4-aminoacetophenone 
over nickel catalysts was accompanied by hydrogenolysis. 

Kinetics. Kinetic measurements were performed 
under conditions at which the reaction rates are in­
dependent of mass transfer. The rate of hydrogénation 
was found to be first order with respect to catalysts. 

The dependence of the initial reaction rate of hydrogé­
nation of acetophenone on its concentration over R-Ni 
and R-Co in z-PrOH solutions is shown in Fig. 1. T h e 

CA /mol dm - 3 

Fig. 1. Langmuir plot for hydrogénation of acetophenone 
in f-PrOH solution over R-Ni and R-Go catalysts. 
A : R-Ni, Q: R-Co. 

linear correlation of the reciprocals of the hydrogénation 
rate (rA) vs. the concentration of the substrate (CA) 
satisfies the Langmuir isotherm 

r - d C A _ J, Û _ kA.Kt£k 
r*-—dT-kAfJA- I+KACA 

where kA is the reaction rate constant of A, 0A the 
fractional surface coverage of A, and KA the adsorption 
equilibrium constant of A. In the region of 
[acetophenone] > 0 . 2 mol d m - 3 , the rate of hydrogen 
uptake is zero order with respect to the concentration 
of acetophenone, thus, rA=kA. The hydrogénation was 
carried out by using a solution of [ketone] > 0 . 5 2 mol 
d m - 3 in which the reaction rates are independent of the 
concentration of substrate. 

In the competitive hydrogénation of substrates A and 
B, assuming that the rate of hydrogénation of A (or B) 
is proportional to the amount of adsorbed A (or B) 
and that the adsorption of A (or B) follows the Langmuir 
isotherm, the following equation is obtained:1»4) 

-^B.A = ^B .A/ r B.A 

where KBA is the relative adsorption coefficient of B to 
A and used as a measure for the strength of adsorption, 
rB#A the ratio of the rates in the individual reaction and 
SBA the ratio of the product concentration formed in 
the competitive hydrogénation between A and B. SB,A 
was determined in the range where the relative rate is 
independent of time. Thus, SBtA is unaffected by CA 

and CB. 
Substituents Effects on the Hydrogénation of Acetophenones 

over R-Ni and R-Co. T h e results of hydrogénation 
(individual and competitive) of acetophenones over 
R-Ni and R-Co in z-PrOH solutions are shown in 
Table 1. T h e rate of hydrogénation and the strength 
of adsorption of acetophenones over R-Ni and R-Co 
are affected by the nature (electronic and steric effects) 
of the substituents. In view of substituent effects, the 
differences in the characteristics of nickel and cobalt 
catalysts can be summarized as follows: 

(1) Electronic Effects of Substituents. The electronic 
effects of substituents on the strengths of adsorption and 
the rates of reaction over R-Ni and R-Co in z-PrOH 
solution are shown in terms of Hammett ' s relationship 
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T A B L E 1. SUBSTITUENT EFFECTS ON THE HYDROGÉNATION 

OF ACETOPHENONE AND SUBSTITUTED ACETOPHENONE 

OVER R-Ni AND R-Go CATALYSTS 
(solv.: i-PrOH 10 cm3) 

Substituent 
(X=) 

H 
2-Me 
3-Me 
4-Me 
4-Et 
4-z-Pr 
4-*-Bu 
4-OMe 
3-OMe 
3-OH 
4-F 

R-Ni R-Go 
^X.HV^X.H/^X.H) 

1 
0.21(0 
0.50(0 
0.37(0 
0.36(0 
0.42(0 
0.37(0 
0 (« 
0.99(0 
0 (« 
0.48(0 

.16/0.76) 

.44/0.88) 

.29/0.78) 

.24/0.67) 

.21/0.50) 

.11/0.30) 
*0/0.54) 
.83/0.84) 
*0/0.49) 
.29/0.60) 

1 
0.27(0 
0.95(0 
0.93(0 
0.54(0 
0.58(0 
0.59(0 
0 0 
1.52(1 
4.07(2 
1.35(0 

.18/0.66) 

.80/0.84) 

.71/0.76) 

.39/0.72) 

.36/0.62) 

.33/0.56) 
^0/0.56) 
.32/0.87) 
.36/0.58) 
.97/0.72) 

by substituents to a lesser extent as compared with that 
over R-Ni . 

In the competitive hydrogénation of acetophenone 
and 3-methoxyacetophenone or 4-fluoroacetophenone, 
the Kx,u values are always larger over R-Co than over 
R-Ni. T h e values for 3-methoxyacetophenone over 
R-Co are much greater than unity (Table 2b). 3-
Methoxyacetophenone is more strongly adsorbed on 
R-Co than acetophenone. 

Rate of Hydrogénation : Over both R-Ni and R-Co, 
the rate of hydrogénation of unsubstituted acetophenone 
is greater than that of substituted acetophenones with 
either electron donating or electron attracting groups 
(Fig. 2b). The Hammet t plot for the reaction rates 
shows greater deviation from the linear relationship than 
that for the adsorption coefficients. The hydrogénation 
over R-Ni was affected to a greater extent by substituents 
than that over R-Co. 

4-i-Bu 4-Et 
|4-i-Pr|4-Me 3 Me 3-OMe 4 - F 

Fig. 2. log Kx H and log rx#H plotted against a0 values 
for the competitive hydrogénation of substituted aceto­
phenones in f-PrOH solution over R-Ni and R-Go 
catalysts. 
- A - : R-Ni, ~ 0 ~ : R-Co. 

using Ö-011»23) in Figs. 2a and 2b, respectively. 
Strength of Adsorption: Over R-Co the strength of 

adsorption is greater for the acetophenones with electron 
attracting groups and smaller for those with electron 
donating groups than for unsubstituted acetophenone. 
The p value of Hammet t plot in the region <x°<0 is 
somewhat higher than that in the region <7°>0. 

Over R-Ni the adsorption of acetophenone is the 
strongest. O n the two sides of o°^>0 and Ö"°<0, the 
Hammet t plot forms approximately straight lines with 
different slopes. The adsorption over R-Co is affected 

TABLE 2. SOLVENT EFFECTS ON COMPETITIVE HYDROGÉNATION 

OVER R-Ni AND R - G O CATALYSTS (solv.: 10 cm3) 

(a) Hydrogénation of acetophenone and 3-hydroxy-
acetophenone. 

Solvent 
^ 3 - O H . H W 3 - O H . H / r 3 - O H . H ) 

R-Ni R-Go 

MeOH 
EtOH 
rc-PrOH 
f-PrOH 

0(^0/1.08) 
0(^0/1.00) 
0(^0/0.87) 
0(^0/0.67) 

2.05(1.17/0.57) 
2.51(1.53/0.61) 
2.80(1.26/0.45) 
3.00(1.68/0.56) 

(b) Hydrogénation of acetophenone and 4-alkyl-
acetophenones. 

^ X . H ^ X . H ) 

Solvent 

MeOH 

EtOH 

rc-PrOH 

z-PrOH 

Gyclohexane 

X = 

R-Ni 

0.16 
(0.89) 
0.17 

(0.80) 
0.31 

(0.59) 
0.37 

(0.78) 
0.25 

(1.00) 

4-Me 

R-Go 

1.26 
(0.52) 
0.91 

(0.70) 
0.85 

(0.72) 
0.93 

(0.76) 
0.51 

(0.88) 

X = 

R-Ni 

0.063 
(0.26) 
0.070 

(0.47) 

0.37 
(0.11) 
0.40 

(0.30) 

4-*-Bu 

R-Go 

0.59 
(0.68) 

0.59 
(0.56) 

(c) Hydrogénation of acetophenone and 3-methoxy­
acetophenone or 4-fluoroacetophenone. 

Catalyst Solvent 
Kx.H\Sx.Hirx.H 

X=3-OMe X = 4 - F 

MeOH 0.23(0.10/0.44) 0.19(0.05/0.26) 
EtOH 0.23(0.15/0.65) 0.28(0.11/0.39) 
rc-PrOH 0.31(0.24/0.77) 0.31(0.17/0.55) 
z-PrOH 0.99(0.83/0.84) 0.48(0.29/0.60) 
Gyclohexane 0.96(0.74/0.77) 0.55(0.32/0.58) 
MeOH 1.40(1.27/0.91) 1.02(1.26/1.23) 
EtOH 1.73(1.59/0.92) 1.01(0.87/0.86) 
rc-PrOH 1.30(1.13/0.87) 0.92(0.67/0.73) 
f-PrOH 1.52(1.32/0.87) 1.00(0.92/0.92) 
Gyclohexane 1.92(1.82/0.95) 0.80(0.82/1.02) 

R-Ni 

R-Go 
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Concerning the rates of hydrogénation over nickel 
catalysts, similar effects of substituents have been 
recently reported in the reaction of substituted aceto-
phenones by Nitta et al.2*) In the hydrogénation of 
substituted acetophenones over carbon-supported palla­
dium catalyst, Bekkum et al. obtained ^o=0.7.4> 

The Sx.H values of 3-hydroxyacetophenone and 4-
methoxyacetophenone are exceptionally low (Table 1). 
The deactivating effects of substituents are particularly 
noticeable with 3-hydroxyacetophenone (over R-Ni in 
Table 2a) and 4-methoxyacetophenone (over R-Ni 
and R-Co) which is not hydrogenated at all before 
acetophenone is completely consumed in alcoholic 
solutions. 

(2) Steric Effects of Substituents. Strength of 
Adsorption: Both over R-Ni and R-Co, the effects of 
increase in size of alkyl groups at the 4-position of 
acetophenone on the strength of adsorption are not 
significant. However, the alkyl group (methyl-) at the 
2-positions brings about a decrease in the strength of 
adsorption. 

Rate of Hydrogénation: The rate of hydrogénation 
(Table 1) of 4-alkylacetophenones over R-Ni and R-Co 
in z-PrOH solution decreases in the order: H > 4 - M e > 
4-Et>4-f-Pr>4-£-Bu. This indicates that the bulkiness 
of the substituents at the 4-position plays an important 
role in the reaction rates, which depend on steric effects 
rather than electronic effects. 

The reaction over R-Ni is more sensitive to the steric 
substituent effects than that over R-Co, with respect 
to both the hydrogénation rate and the adsorption 
strength. 

(3) Solvent Effects. The hydrogénation of aceto­
phenones is strongly affected by the solvent used, 
particularly on the adsorption strength of acetophenones 
over Ni catalysts. 

From the results (Tables 2b and 2c), the differences 
between R-Ni and R-Co became apparent by varying 
the solvents. In general, in the hydrogénation of aceto­
phenones both the rate of hydrogénation and the strength 
of adsorption over R-Ni are susceptible to solvents to a 
greater extent than over R-Co. 

The adsorption of 4-alkylacetophenones over R-Ni 
in M e O H and E t O H solvents is very weak, as compared 
with that of acetophenone (Table 2b) . The selectivity 
of adsorption in M e O H and E t O H solutions is higher 
for 4-*-Bu ( # X . H = 0 . 0 6 — 0 . 0 7 ) than for 4-Me (KX^= 
0.16—0.17). O n the other hand, the adsorption strengths 
of 4-methylacetophenone and 4-^-butylacetophenone 
over R-Co are hardly affected by solvent, as can be 
seen from the values of E t O H and z-PrOH solvents. 

The solvent effects on the rate of hydrogénation and 
strength of adsorption can be correlated with the relative 
dielectric constant er (Figs. 3a and 3b). In the case of 
R-Ni, both rx.H and KX,K values decrease with increase 
in the dielectric constant er. In the case of R-Co, both 
rx.H and Kxu values are affected to a lesser extent by er. 

Effects of the Method of Catalyst Preparation. In 
order to know whether the above differences between 
Ni and Co catalysts are essential or not, the effects of 
the method of catalyst preparat ion were studied. 

The results of competitive hydrogénation of aceto-

f 20 Y 
-PrOHf EtOH 

M-PrOH 

30 f 
MeOH 

40 

Fig. 3. Relationship between Kx H and rx H and relative 
dielectric constants (er) in the hydrogénation of 3-meth-
oxyacetophenone and 4-fluoroacetophenone over R-Ni 
and R-Go catalysts. 
A, A : R-Ni, 0> • ' • R -Co, : X=3-Me, : 
X=4-F . 

TABLE 3. COMPETITIVE HYDROGÉNATION OF ACETOPHENONE 

AND 4-METHYLACETOPHENONE OVER VARIOUS N I AND 

G o CATALYSTS IN E t O H SOLVENT 

Catalyst ^4-Me.HÄ-Me.H/r4-Me.H) 

R-Ni 
U-Ni-B 
Ni2B 
R-Go 
U-Go-B 
Go2B 

0.17(0.14/0.80) 
0.17(0.15/0.90) 
0.16(0.10/0.61) 
0.91(0.91/0.70) 
0.94(0.85/0.90) 
0.63(0.60/0.76) 

T A B L E 4. «Ŝ oMe.H VALUES ON THE COMPETITIVE 

HYDROGENATION OF ACETOPHENONE AND 

3-METHOXYACETOPHENONE 

Catalyst 

Ni2B 
Go2B 
R-Ni 
R-Go 

MeOH 

0.09 
0.86 
0.10 
1.27 

Solvent 

t-PrOH 

0.86 
0.91 
0.83 
1.32 

phenone and 4-methylacetophenone over the catalysts 
obtained by three methods are given in Table 3. The 
KXK values of R-Ni, U-Ni-B, and Ni2B catalysts agree 
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within the range 0.16—0.17, as is the case for the three 
cobalt catalysts. 

A comparison between Ni2B and Co2B with respect 
to the Sx. H values in the competitive hydrogénation of 
acetophenone and 3-methoxyacetophenone shows nearly 
the same tendency as shown by Raney catalysts 
(Table 4). 

Dependence of Sx,u values on the conditions of 
catalyst preparation was examined in the competitive 
hydrogénation between acetophenone and 3-methoxy­
acetophenone. Concerning the effect of aging time in 
/ -PrOH solution on the Sx.u values, R-Ni is somewhat 
more susceptible to aging as compared with R-Co 
(Fig. 3b).25) The digestion time of Raney alloy by 2 0 % 
N a O H solution has no influence on the Sx,n values, 
despite the presumed gradual decrease in A l content 
with digestion t ime. The effect of A l components on 
Sx.n values seems negligible. 

CO 

l.o £ 

0 

Z ^ ^ A 

i l ) 1 ! 

_̂ \-

i 

•°" 

i 1 
0 1 2 3 14 16 21 

t/d 

Fig. 4. Relationship between aging time of catalyst in 
?-PrOH solution and relative «ŜOMe H value. 
- A - : R-Ni, -<>-: R-Co. 

Difference between Ni and Co Catalysts. The above 
results suggest that the characteristic difference between 
R-Ni and R-Co can be essentially at tr ibuted to the 
difference between Ni and Co metals. Ni is more 
susceptible to the effects of substituent groups and 
solvents as compared with Co. The difference between 
the two catalysts is in line with our observation that the 
selectivity over Co catalysts in the selective hydrogéna­
tion of 2-naphthol is influenced to a lesser extent by 
the solvents, as compared with Ni catalysts.19) In their 
study of infrared spectra, Blyholder and Shihabi 
reported that acetone undergoes chemisorption on 
silica-supported Ni and Co at 25 °C, the amount on Ni 
being less than that on Co, and that a metal-oxygen 
bond rather than a metal-carbon bond is responsible 
for the bonding between acetone and the metal 
surfaces.26) In the hydrogénation of acetophenones over 
various Ni catalysts, Nitta et al. reported that the rate 
of hydrogénation is proportional to the surface d-
electron density of catalysts, whereas the strength of 
adsorption of the reactants on the catalyst is inversely 
proportional to the surface d-electron density of 
catalysts.24) 

The reaction over Co catalyst is not very susceptible 
to the effects of substituents and the strength of adsorp­
tion, as compared with that over Ni catalyst. This 

suggests that the carbonyl group of acetophenone is 
adsorbed more strongly over Co than over Ni. The 
characteristic difference between Ni and Co catalysts 
can be attr ibuted to the difference of the surface d-
electron density between the two metals ; the surface 
d-electron density of Co is smaller than that of Ni. 
The results support observations concerning the rela­
tionship between the strength of adsorption and the 
surface d-electron density.24) However, the effects of 
substituents on the strength of adsorption and the rate 
of hydrogénation are still not completely explained on 
the basis of only this relationship. The difference 
between Ni and Co catalysts should be further discussed 
from the standpoint of their difference in physical 
properties as related to the mechanisms of hydrogé­
nation. 
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Effect of Hydration on the Thermal Stability of Protein as 
Measured by Differential Scanning Calorimetry. 

Lysozyme-D20 System 
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The thermal denaturation of the deuterated lysozyme has been investigated by differential scanning calori­
metry in the range of deuterium oxide (D20) content from 0.03 to 1.6 g of D 2 0 per g of protein. At D 2 0 contents 
above 0.55 g/g, the temperature, Tdi and enthalpy change, AHd, of denaturation were almost independent of the 
degree of hydration. At lower D 2 0 contents, however, both Td and AHd showed marked dependence on the 
degree of hydration. The values of Td increased with a decrease in the D 2 0 content. Whereas the values of 
AHd decreased with a decrease in the D 2 0 content in the same region. The degree of hydration dependency of 
AHd exhibited a break at approximately 170 mol/mol, which indicates that at least two types of hydration contributes 
to the thermal stability of the protein. The conformational enthalpy change of the protein and the enthalpy 
change of the hydration layer have also been estimated from the degree of hydration dependency of AHd. The 
results have been compared with those of the lysozyme-H20 system. 

There has been a great deal of experimental evidence 
which has established that the interaction of water with 
proteins has an important role in determining the 
structure and biological function of the protein. This 
role, however, is poorly understood. The physical 
properties of water in the protein solution have been 
extensively investigated by several techniques, such as 
dielectric relaxation measurement,1) N M R spectro­
scopy,2) and calorimetry.3) The studies have revealed 
that the properties of the interacting water are evidently 
different from those of pure water e.g., lower mobility 
and reduced freezing point. I t has been also observed 
that the hydration values in globular proteins do not 
differ greatly, being approximately 0.3 g of water per g 
of protein.4) 

In a previous paper,5) the effect of hydration on the 
thermal stability of lysozyme was investigated by 
differential scanning calorimetry (DSC). I t was 
observed that the essential hydration for stabilizing the 
spatial structure of lysozyme in water was completed 
at about 0.75 g/g. Below this water content, both the 
temperature and enthalpy change of denaturat ion 
showed a marked dependence on the degree of hydra­
tion. It was further suggested that at least two types 
of hydration contributed to the thermal stability of the 
protein, the threshold water content being approximately 
0.33 g/g. 

The present work was undertaken to investigate the 
effect of hydration of deuterium oxide ( D 2 0 ) on the 
thermal stability of deuterated lysozyme by DSC and 
to compare the results with those of the lysozyme-H 2 0 
system. 

Exper imenta l 

Materials. The hen egg-white lysozyme used in the 
present study was a recrystallized ( X 6) sample from Seikagaku 
Kogyo Co. The deuterium oxide (D20, purity 99.8%) was 
purchased from Aldrich Chemical Co. 

Methods. Prior to calorimetric measurement, the 
lysozyme sample was deuterated as follows: the lysozyme was 
dissolved in D20(approximately 3% concentration), shaken 
for 50 h at 313 K, and lyophilized. After reaction, the extent 

of hydrogen-deuterium exchange was estimated by IR absorp­
tion according to the methods described by Blout et al.6) and 
Nakanishi et al?) The amount of undeuterated peptide group 
was taken as proportional to the ratio of the absorbance of the 
amide II (at 1540 cm"1) to that of the amide I (at 1650 cm"1). 
In the absorbance measurement, the baseline for the amide I 
band was drawn parallel to the 100% transmittance at 1800 
cm -1 , and the baseline of the amide II band taken as the 
absorption of the completely deuterated lysozyme. Complete 
deuteration was achieved by heating a solution of the ex­
changing protein at 353 K. From the IR measurements, 
approximately 83% of the total hydrogen atoms of the peptide 
exchanged, this amount corresponding to 106 peptide groups 
per molecule. It is a valid assumption that the hydrogen 
atoms of the protein side chain more rapidly exchange com­
pared with those of the peptide group. In the lysozyme 
molecule there are in all 260 exchangeable hydrogen atoms.8) 
The degree of deuteration which accounted for the number 
of deuterium atoms in the side chain was 92%, therefore, the 
molecular weight of the deuterated lysozyme has been taken 
as 14500. 

The D 2 0 content of the sample was adjusted by conditioning 
in constant humidity apparatus at the appropriate relative 
humidity for 7 days. Higher D 2 0 contents were adjusted 
either by directly adding D 2 0 or by placing the sample in the 
saturated vapor at 293 K for an appropriate period. The 
relative humidity was maintained by a saturated aqueous 
solution in contact with an excess of solute at 293 K.9> 

The thermal denaturation of lysozyme was measured with 
a Rigaku Denki standard-type differential scanning calorim­
eter. For calorimetric measurements, the heating rate was 
2.5 K/min. 

The exact dry weight and D 2 0 content of sample were 
determined gravimetrically by drying the punctured sample 
pan at 378 K in vacuo for 24 h. 

R e s u l t s a n d D i s c u s s i o n 

The thermal denaturation of deuterated lysozyme has 
been measured in the D 2 0 content range from 0.03 to 
1.6 g/g. The temperature, Td, and the enthalpy change, 
AHd, of denaturation have been estimated from the 
temperature of the peak and the peak-area of the 
thermogram obtained, and plotted as a function of the 
D 2 0 content as shown in Figs. 1 and 2, respectively. 
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Fig. 1. The temperature of denaturation, Td, of deuter-
ated lysozyme as a function of the D 2 0 content. 
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Fig. 2. The enthalpy change of denaturation, AHd) 

deuterated lysozyme as a function of the DaO content. 

The data shows a marked dependency on the D 2 0 
content, and the behavior has a resemblance to that for 
the lysozyme-H 2 0 system. 

Both Td and AHd were slightly dependent on the 
D 2 0 content above 0.55 g/g which was a lower value 
than that reported for the lysozyme-H 2 0 system. The 
mean values in this region were 341.4 K and 298 kj/mol, 
values which are almost identical not only with those 
for the lysozyme-H 2 0 system above 0.75 g/g, but also 
with those for lysozyme in aqueous solution.10 '11) The 
thermal denaturat ion of several proteins has been 
investigated in both H 2 0 and D 2 0 solutions and 
differences in the thermal stability of proteins in H 2 0 
and D 2 0 solutions have been reported.12»13) Nakanishi 
et al.1*) have, however, reported from U V measurements 
that the temperature of denaturat ion of lysozyme in 
D 2 0 solution was identical with that in H 2 0 solution. 
From N M R spectroscopic studies, McDonald et al.15) 
also observed that the extent of denaturat ion of lysozyme 
in D 2 0 exhibited the same temperature dependency as 
that in H 2 0 . I t appears reasonable to assume that a 
similar conformational change which takes place in 
solution occurs in the solid state containing a lot of 
water and that the conformational change of lysozyme 
by thermal denaturat ion makes little difference in H 2 0 
and D 2 0 . In addition, the indication is that the hydra­
tion, an essential process for stabilizing the spatial 
structure of lysozyme in water, is completed at about 
0.55 g/g for the lysozyme-D 2 0 system, which is a 
smaller value than that reported for the lysozyme-H 2 0 
system, namely 0.75 g/g. 

Below a D 2 0 content of 0.55 g/g, the Td increased 
gradually with decrease in the D 2 0 content. The 
increase became much more marked at D 2 0 contents 
lower than 0.2 g/g. The AHd, on the other hand, 
decreased with decrease in the D 2 0 content in the same 
region. In order to analyze the experimental data in 
this region of D 2 0 content it has been assumed that the 
observed enthalpy change of denaturation, AHd, may 
be expressed as follows: 

AHd = AHeonf + n^AH, ^hyd 

where AHconf is the enthalpy change due to confor­
mational changes in the protein, nhyd is the degree of 
hydration, expressed by the number of mol of water 
adsorbed per mol of protein, and AHhyd is the enthalpy 
change of the hydration layer, expressed on the basis 
of one mol of water per mol of protein. A plot of AHd 

against nhyd is shown in Fig. 3 together with that for 
the lysozyme-H 2 0 system. As may be seen, the relation­
ship may be represented by two segments of a straight 
line, with the break occurring at 170 mol/mol which 
is a lower value than that for the lysozyme-H 2 0 system, 
namely 260 mol/mol. This indicates that at least two 
types of hydration exist and contribute to the thermal 
stability of the protein. 

whyd/mol mol - 1 

Fig. 3. The plots of the enthalpy change of denaturation, 
AHd, of lysozyme against the degree of hydration, nhyd, 
for lysozyme-D20 system (solid line) and lysozyme-H20 
system (broken line). 

Calorimetric studies of frozen protein solutions have 
revealed that water in protein solutions may be classified 
into four different states.16»17) The four states are 
described as (1) non-freezable water, (2) freezable water 
with both heat and temperature of fusion different from 
the values for bulk water, (3) freezable water with the 
heat of fusion of bulk water, but a temperature of fusion 
lower than that of bulk water, and (4) bulk water. 
From recent N M R studies of aqueous protein solutions, 
Grosch and Noack18) have suggested that at least three 
types of water which may be distinguished: (a) 
"rotationally bound" water, the rotational motion of 
which is considerably hindered by strong interactions 
with the protein, (b) "translationally hindered" water, 
the translational diffusion of which is hindered by 
interaction with the protein surface, and (c) "free bulk" 
water, the motion of which is not appreciably altered by 
interaction with the protein. 
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It has been assumed here that the hydration may be 
classified into two types as follows: (1) pr imary hydra­
tion i.e., below nhyd of 170 mol/mol for the lysozyme-
D 2 0 system and 260 mol/mol for the lysozyme-H 2 0 
system, and (2) secondary hydration i.e., the range of 
nhyd from 170 to 400 mol/mol for the lysozyme-D 2 0 
system and from 260 to 600 mol/mol for the lysozyme-
H 2 0 system. The values of AHhyd and AHconf have 
been estimated from the slopes and the intercepts, 
respectively, and are summarized in Table 1. 

TABLE 1. THE ENTHALPY CHANGE DUE TO CONFORMATIONAL 

CHANGES OF THE PROTEIN, AHconf, A N D THE ENTHALPY 

CHANGE OF HYDRATION LAYER, AHhyd, IN PRIMARY 

A N D SECONDARY HYDRATION 

H dration W a t e r c o n t e n t "hyd AHeonf AHhyd 

g g-1 mol mol - 1 kj mol - 1 kj mol - 1 

Lysozyme-D20 system 
primary 0.23 170 72 0.83 
secondary 0.55 400 140 0.43 

Lysozyme-H20 system 
primary 0.33 260 66 0.80 
secondary 0.75 600 240 0.14 

Primary hydration was completed at about 170 mol/ 
mol for the lysozyme-D 2 0 system and 260 mol/mol for 
the lysozyme-H 2 0 system. The values of AHhyd in the 
primary hydration region for both systems were con­
siderably larger compared with those in the secondary 
hydration region. This indicating that the water 
molecules in this region contribute significantly to the 
stability of the protein compared with those in the 
secondary hydration region. The values of 170 mol/mol 
and 260 mol/mol correspond approximately to 1.0 and 
1.5 molecules of water per hydrogen-bonding site, polar 
amino acid residue and peptide group, on the lysozyme 
molecule, respectively.8) In this region, the water 
molecules are assumed to be tightly bound to the 
hydrogen-bonding sites, probably corresponding to the 
"rotationally bound" water molecules or state (1) in 
the calorimetric studies. I t appears probable that the 
water molecules are selectively arranged in the vicinity 
of the polar regions of the protein by hydrogen bonds 
and form part of a first hydration monolayer. 

The values of AHhyd were almost identical for D 2 0 
and H 2 0 in the primary hydration region. I t is sug­
gested that the primary hydration for D 2 0 contributes 
to the thermal stability of lysozyme in a similar manner 
to that for H 2 0 : the strength of interaction between 
the protein and D 2 0 are the almost identical to that 
between the protein and H 2 0 . The amount of pr imary 
hydration for the lysozyme-D 2 0 system, however, was 
considerably smaller than that for the lysozyme-H 2 0 
system. 

Secondary hydration was completed at about 400 
mol/mol for the lysozyme-D 2 0 system and 600 mol/mol 
for the lysozyme-H2Ö system. These values are com­
parable to approximately 3 and 5 molecules of water 
per amino acid residue on the lysozyme molecule, 
respectively. In the secondary hydration region, it 
is probable that the water molecules interact with the 

surface of the protein by repulsive hydrophobic interac­
tions with the nonpolar parts of the protein and by 
hydrogen bonds on the some polar groups of the protein, 
correspond to the "translationally hindered" water 
molecules or states (2) and (3) in the calorimetric 
studies. I t has also been assumed that the water molec­
ules form parts of second and higher hydration layers 
which ambivalently interact not only with the water 
molecules in the pr imary hydration region, but with 
the normal bulk water. 

The differences in AHhyd between the lysozyme-D 2 0 
system and the lysozyme-H 2 0 system in the secondary 
hydration region were considerable by a factor of 
approximately 3 . I t is suggested that the contribution 
of secondary hydration to the thermal stability of 
lysozyme is larger for D 2 0 than for H 2 0 . In this 
region, the D 2 0 molecules may interact more strongly 
with the protein compared with the H 2 0 molecules. 
The amount of secondary hydration for the lysozyme-
D 2 0 system was smaller than that for the lysozyme-H 2 0 
system. The differences in degree of hydration between 
D 2 0 and H 2 0 are too large to explain purely in terms 
of molecular size. Nemethy and Scheraga19) compared 
the structures of H 2 0 and D 2 0 and noted that the 
hydrogen bond was stronger in D 2 0 than in H 2 0 and, 
therefore, more structural order existed in D 2 0 than 
in H 2 0 . O n e of the reasons for the lower degree of 
hydration and the higher value of AHhyd in the secon­
dary hydration region for the lysozyme-D 2 0 system 
may arise from the stronger intermolecular interaction 
for D 2 0 . I t appears probable that the increase in 
strength of the hydrophobic interaction of the protein 
results from the increasing strength of interaction 
between the D 2 0 molecules. Secondary hydration may 
be affected markedly by the strength of the inter­
molecular interactions. 

In pr imary hydration, the value of AHconf for the 
lysozyme-D 2 0 system was slightly larger than that for 
the lysozyme-H 2 0 system. The AHconf in this region 
may be associated with the intramolecular interactions, 
probably hydrogen bonds, in the protein molecule. 
Presumably, the small difference in AHcon{ reflects 
the increase in strength of the intramolecular hydrogen 
bond of the protein by deuteration. A more accurate 
measurement, however, is necessary in order to discuss 
the structure of the protein in detail from the value of 
AHcon{. The variation of AHconf in pr imary and 
secondary hydration regions suggests that the exhaustive 
removal of the water molecules associated with the 
protein brings about changes in the structure of the 
protein, as reported by Hanafusa.20) 

The higher contribution of hydration to the stabiliza­
tion of the protein in the secondary hydration region 
may compensate for the lower degree of hydration in 
the lysozyme-D 2 0 system compared with the lysozyme-
H 2 0 system. The thermal stabilities of lysozyme in 
H 2 0 and in D 2 0 are, therefore, almost identical. 
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The homogeneous and heterogeneous hydrosilylation of simple substituted cyclohexanones catalyzed by 
chlorotris(triphenylphosphine) rhodium, RhCl(PPh3)3, and the silica-linked rhodium (I) complex, (^Si-O-

SiCH2CH2PPh2)3RhCl, was examined. The stereoselectivity exhibited by the homogeneous catalyst was found 
I 

to be nearly the same as that exhibited by the heterogeneous catalyst. The silica-linked rhodium catalyst could 
be re-used several times without any significant loss of the catalytic activity. 

Although the homogeneous hydrosilylation of terpene 
ketones catalyzed by RhCl (PPh 3 ) 3 has been reported in 
detail by Ojima et al.,1*2) that of simple cyclohexanones 
with alkyl substituents has not yet been studied. In 
order to shed further light on the reaction mechanism, 
we have now undertaken an investigation of the hydro­
silylation of some simple substituted cyclohexanones by 
Et3SiH, Ph2SiH2 , and PhSiH 3 with the homogeneous 
rhodium (I) and the heterogeneous silica-linked 
rhodium (I) complexes. We have examined how the 
stereoselectivity is dependent on substrates, reagents, 
and catalysts. The stereoselectivity in the hydrosilyla­
tion effected by the recovered heterogeneous catalyst was 
also checked. 

R e s u l t s a n d D i s c u s s i o n 

The results of the hydrosilylation of alkyl-substituted 
cyclohexanones with three kinds of hydrosilanes catalyz­
ed by RhCl(PPh 3 ) 3 are presented in Table 1. In the 
reaction of 4-methyl- (2), 4-/-butyl- (3), 3-methyl- (4), 
and 3-J-butylcyclohexanone (5), the bulkiness of the 
silanes was not an important factor in controlling the 
stereoselectivity. However, the effects of the bulkiness 
of the silanes on the stereochemical course of the reduc­

tion became significant in the hydrosilylation of 2-
methyl- (6) and 2-£-butylcyclohexanone (7). The 
relative amount of the more stable alcohol increased 
with an increase in the bulkiness of the hydrosilanes 
used. This trend was also realized in 3,3,5-trimethyl-
cyclohexanone (8), which bears an axial methyl sub­
stituent at the 3-position. Thus , the results of 6—8 are 
in good agreement with those of menthone (9) and 
camphor (10).1) 

The relative rates of the hydrosilylation for alkyl-
substituted cyclohexanones catalyzed by RhCl (PPh 3 ) 3 

were estimated by a comparison of conversion in 
competitive reactions employing a binary mixture of 
cyclic carbonyl compounds. The results are listed in 
Table 2. Wi th each hydrosilane, the relative rates of 
unhindered cyclohexanones, such as 1—5, were not 
very different from each other, while those of hindered 
cyclohexanones, such as 6—8, were found to be smaller 
than those of unhindered ones. These differences in 
relative rates seem to be due to the steric interaction 
between substituents at the 2- or 3-position and hydro­
silanes in the transition state. It has previously been 
reported that the relative rate of PhSiH 3 or Ph2SiH2 

increases remarkably compared to that of Et3SiH in the 
cases of terpene ketones and other acyclic carbonyl 

TABLE 1. STEREOSELECTIVITIES IN HYDROSILYLATION OF SUBSTITUTED CYCLOHEXANONES 

CATALYZED BY RhCl(PPh3)3 (% less stable alcohol) 

$ £ & ék £ fr A- jfr 
PhSiHg 
Ph2SiH2 

EtgSiH 

a) Hexane 

PhSiHg 
Ph2SiH2 

EtgSiH 

(2) 

34 
39 
40 

(3) 

27 
30 
35a> 

(4) 

39 
38 
42 

(5) 

38 
40 
40 

was employed as the solvent, b) 

TABLE 2. 

1 
1 
1 

(1) 
.00a> 
.00a> 
.00a> 

COMPARISON 

< 

(6) 

67 
64 
35 

See Ref. 1. 

(7) 

84 
65 
54 

(«) 
80 
79 
63 

W 
-(90)b> 
75(85)b> 
59(64)b> 

OF CONVERSION IN COMPETITIVE HYDROSILYLATION OF 

CYCLOHEXANONES CATALYZED BY 

(2) 

1.06 
— 

1.05 

(3) 

0.94 
1.01 
1.00 

(4) 

1.16 
— 

1.11 

RhCl(PPhg)g 

0 
1 
1 

(5) 

.95 

.05 

.00 

(6) 
0.38 
— 

0.27 

(7) 

0.06 
0.27 
0.16 

(10) 

-(90)b> 
65(73)b> 
29(30)b> 

(8) 

0.63 
0.90 
0.42 

a) For each hydrosilane, the relative rates of hydrosilylation are normalized to 1.00 for the parent 
cyclohexanone (1). 
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T A B L E 3. STEREOSELECTIVITIES IN HYDROSILYLATION OF SUBSTITUTED 

CYCLOHEXANONES CATALYZED BY (EESi-0-SiCH2CH2PPh2)3RhCl 
I 

(% less stable alcohol) 

(2) (3) (4) (5) (6) (7) (8) (9) (10) 

PhSiH, 

Ph,SiH2 

Et3SiH 

I 
Ha) 

IIIb> 
I 
IP> 
IIIb> 
I 
Ha) 

IIIb> 

46 

39 
45 
49 
35 
32 
32 

25 
39 
42 
38 
44 
47 
3 2 c ) 

35c> 
34c> 

43 

41 
49 
54 
29 
27 

47 
46 
44 
52 

34 
34 

67 

65 

37 
Xd) 
Xd) 

80 
80 
78 
69 
71 
64 
Xd> 
Xd) 

xd> 

82 

80 

73 
77 
85 

69 69 

26 17°) 

a) II shows stereoselectivities by the re-used catalyst of I. b) III shows stereoselectivities by the 
re-used catalyst of II . c) Hexane was employed as the solvent, d) Cyclohexanone was recovered 
without any hydrosilylation. 

compounds.5»6) In this study, for example, the conver­
sion of 8 employing PhSiH 3 or Ph 2SiH 2 was over 90 % 
in 15 min, but that employing Et3SiH was 6 0 % in 3 h. 
O u r results also showed that the relative rate of trihydro 
or dihydro-silane increased compared to that of mono-
hydro-silane in the reaction of alkyl-substituted cyclo-
hexanones. 

The hydrosilylation using (=S i -0 -S iCH 2 CH 2 PPh 2 ) 3 -

RhCl showed stereoselectivities similar to those using 
RhCl(PPh 3 ) 3 . These results are summarized in Table 3. 
The stereoselectivity exhibited by the re-used catalyst 
was not significantly different from that of the original 
one. 

The effect of repeated use on the catalytic activity of 
this heterogeneous catalyst was examined employing 
cyclohexanone (1) as a standard substrate (Table 4). 
The conversion of 1 was 7 0 % at room temperature 
using the original heterogeneous catalyst, but it went 
up to 8 3 % at 50 °C. As can be seen in Table 4 (Entry 

T A B L E 4. CHANGE BY REPEATED USE IN 

SILICA-LINKED CATALYSTA) 

Substrate 

O 
ii 

(i) 

Entry1» 
No. 

1 
2 
3 
4 
5 

Reaction 
time/h 

3 

C
O

 
C

O
 C

O
 

3 

Conversion 
/% 

70(83)c> 
69 
54 
44 
13 

a) EtgSiH was employed as the hydrosilane. b) The 
entry number also represents the time of repeated 
use. c) At 50 °C. 

Nos. 1—5), the activity gradually deteriorated upon 
repeated use, apparently because of the repeated 
contact with the air. Practically speaking, however, the 
results of Entry Nos. 1—4 (conversion 70—44%) suggest 
that the silica-linked catalyst could be re-used several 
times. Although a closer examination is still needed of 
the effect of the temperature in repeated use, it should 
be noted that , judging from the above results, this 
heterogeneous rhodium complex catalyst has the 
advantage that the separation of the products from the 
catalyst is easier than in homogeneous metal complexes 
and that the re-use is possible. 

In order to examine the regioselectivity, the com­
petitive hydrosilylation of a binary mixture of heptanal, 
2-heptanone, and 4-heptanone with Et3SiH was per­
formed employing the two rhodium(I) complex catalysts. 
The results are shown in Table 5. The rate difference 

'. 
between the reaction with (=Si -0-S iCH 2 CH 2 PPh 2 ) 3 -

RhCl was notably greater than between those with 
RhCl(PPh 3 ) 3 . The relative rates for 2- and 4-heptanone 
were 0.11 and 0.074 on respectively RhCl(PPh 3 ) 3 , while 
the values changed to 0.02 and 0.008 with 

(^S i -0 -S iCH 2 CH 2 PPh 2 ) 3 RhCl . These results show that 

the reactivity toward the internal carbonyl group in the 
heterogeneous catalyst is very low compared to that in 
the homogeneous one. The observed difference in 
regioselectivity between the reactions catalyzed by the 
two catalysts suggests that the silica support acts as a 
steric bulk. 

Ojima et al. reported that the stereoselectivity in the 
hydrosilylation is governed only by the size of the silyl 

TABLE 5. REGIOSELECTIVITIES IN HYDROSILYLATION BY TRIETHYLSILANE-RHODIUM(I) 

COMPLEX COMBINATION 

^CHO 

O 
II 

O 
II 

RhCl(PPh3)3 

(ESi-0-SiCH2CH2PPh2)3RhCl 

la> 

la> 

0.11 

0.02 

0.074 

0.008 

a) For each catalyst, the relative rates of hydrosilylation are normalized to 1.00 for heptanal. 
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moiety. Consequently, it has been mentioned that the 
bulkier the substituents on silicon, the more pronounced 
may be the formation of the a-silyloxyalkylrhodium 
complex I l i a , which is a precursor of the more stable 
alcohol.1»6) Although a similar change in the stereo­
selectivity depending on hydrosilanes was also observed 
in the reaction of hindered cyclohexanones (6—8), no 
change was found in the reaction of unhindered cyclo­
hexanones (2—5), which gave equatorial alcohols 
predominantly. A priori, the stereoselectivity in the 
hydrosilylation of alkyl-substituted cyclohexanones is 
governed kinetically by the insertion step from I I to 
I I I . O u r results clearly show that , in the reaction of 
unhindered cyclohexanones (2—5), the axial attack of 
R h predominates at the insertion step. Klein and 
others7-9) have proposed a stereochemical control based 
on orbital-symmetry arguments. O n the basis of the 
orbital-distortion theory, Klein9»10) has reported that, 
in the absence of steric factors, an electrophilic reagent 
attacks the cyclohexanone from the equatorial side and 
a nucleophile attacks from the axial side. As is envisioned 
in the scheme, the transfer of R h is supposed to be a 
nucleophilic reaction; hence, the predominant forma­
tion of equatorial alcohol can be accounted for in terms 
of Klein's criterion. O n the other hand, the axial attack 
of R h on hindered cyclohexanones (6—8) is restricted 
by the substituents at the 2- or 3-position. Consequently, 
the equatorial attack of R h predominates in the reaction 
of hindered cyclohexanones (6—8), supporting results 
presented by previous workers.1 '6) 

The influence of the bulkiness of silanes was thus 
significant only in the reaction of hindered cyclohexa­
nones, such as 6—10. These changes in the product 
distribution may be attr ibuted to the equilibrium 
between I l i a and 11 l b originating in the large interac­
tion between the axial silyloxyl group and the sub­
stituents in the 11 l b complex.1) Therefore, the bulky 
silyloxyl group may occupy the less-hindered position 
when the silyloxyl group becomes larger than the 
rhodium moiety, which is kept constant in the I I I 
complex. 

£^f 

H - R < 

Si 5 

^O-RhC 

£P i{ 
ffla iVa 

OSiE 

" R h -/ ^ - - ^ 
nib iVb 

E x p e r i m e n t a l 

A typical procedure will be described for the hydrosilylation 

of 4-methylcyclohexanone (2) : To a mixture of 2 mmol of 2 
and hydrosilanes, 5.2 X 10~3 mmol of RhCl(PPh3)3 or 0.1 g of 

(ESi-0-SiCH2CH2PPh2)3RhCl was added. The amount of 
i 

RhCl(PPh3)3 was equalized in Rh content to that of 
(=Si-0-SiCH2CH2PPh2)3RhCl, which had been found to 

i 

contain 0.54 wt % of Rh. The mixture was stirred for 15 min 
(PhSiH3), for 30 min (Ph2SiH2), and for 3 h (Et3SiH) at room 
temperature under a nitrogen atmosphere. The silyl ether 
thus obtained was hydrolyzed by a MeOH-KOH-H 2 0 soin, 
to afford cyclohexanol quantitatively. The worked-up mixture 
was analyted by GLG. 

'. 
Silica-linked Rhodium (I) Complex.3**) (=Si-0-SiCH 2 -

! 
CH2PPh2)3RhCl was prepared from chlorotris [diphenyl[2-
(triethoxysilyl)ethyl]phosphine] rhodium, [(EtO)3SiCH2CH2-
PPh2]3RhCl, and silica gel (pore radius, 150 Â; surface 
area, 270 m2/g; surface OH concentration, ca. 4 mmol/g) 
by refluxing with anhydrous benzene. The heterogeneous 
catalyst used was washed several times with pentane and 
dried under reduced pressure. This catalyst was then re-used. 

Competitive Hydrosilylation. In a flask containing 5.2 X 
10~3 mmol of RhCl(PPh3)3, 0.05 mmol each of two carbonyl 
compounds and 0.1 mmol of a hydrosilane were stirred at room 
temperature under a N2 atmosphere. The composition of the 
mixture was checked in order to stop the reaction when half 
of the hydrosilane had been consumed. Water and crushed ice 
were added, and the resultant silyloxy compounds were hydro­
lyzed with a sufficient quantity of the MeOH-KOH-H 2 0 
solution. The aqueous layer was extracted with ether, which 
had been washed with brine and dried over Na2S04 . The 
soin, was concentrated by removing a part of the ether, and 
the residual solution was subjected to GLG. 
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Solvolysis of/Ära>-2-(/>-methoxyphenyl)-l-methylpropyl brosylate (1) and its deuterium derivative (1-2-of) has 
been carried out in JV, JV-dimethylacetamide (DMA) as solvent at 50.0 and 75.0 °C. Product examination revealed 
that in the presence of water (0.17 mol/dm3) the main product is fAr£0-2-(/>-methoxyphenyl)-l-methylpropyl acetate 
(73% at 50 °C), but in the absence of water (Z)-2-(/>-methoxyphenyl)-2-butene (5) (ca. 70% at 50 °C). Both 
of these products are derived from a fAraMmidatonium ion [threo-R-Amide] + which is produced by DMA capture of 
the tight ion-pair [R+OBs~] (2) from the front-side. A part (ca. 14% yield) of the (Z)-olefin 5 is directly led from the 
tight ion-pair 2. The formation of the olefin 5 can not be explained by intervention of the phenyl-bridged ion. 
Although the rate of the brosylate 1 exhibits the £A portion deviating upwards from the Hammett plot for a series 
of threo-2-a.ryl-l -methylpropyl brosylates, the Schleyer's k^-ks treatment for the rate-(retained)product correlation 
was unsatisfactory. The classical simple S$ 1 mechanism can preferably elucidate the product distribution, including 
the isotope distribution, without intervention of the phenyl-bridged ion intermediate. 

Neighboring /?-aryl participation in solvolytic reaction 
has received considerable attention in recent years.2) 
T h e parent phenyl derivative among a series of sub­
stituted l-methyl-2-phenylpropyl system exhibited 
remarkable stereospecificity in acetolysis3) but its rate 
was unexpectedly slow.4) This apparent discrepancy has 
been a starting point of the controversy2»5) with regard 
to the role of /?-aryl groups and the existence of a 
phenyl-bridged intermediate in solvolytic reactions. 

Schleyer and his collaborators6) have recently suggest­
ed a dual-mechanism in that the solvolysis of /?-arylalkyl 
systems proceeds through aryl-assisted (£A) and/or aryl-
unassisted (ks) pathways ; they have divided the observed 
rate constant (kt) into discrete Fk± and ks components, 
and the Fk^ was estimated from the upward deviation 
from the normal line in Hammet t correlation. They 
have also postulated that the A:A pathway prodeeds via 
a phenyl-bridged ion giving a retained product (Scheme 
l6h>). 

RX < > [intermediate a] 

RX 

Nucleophilically" 

solvent assisted 

intermediate 
* i 

d-F)kj 

—• product 

(aryl-unassisted) 

[Phenyl-bridged ion] • retained product 

(aryl-assisted) 

Scheme 1. 

Although this dissection has been followed in 2-aryl-l-
methylpropyl system by Brown and Kim,7 a) these 
investigators have proposed another mechanism which 
postulates prior formation of a tight ion-pair followed by 
subsequent kp and k2 pathways, 7a»b) which are respec­
tively designated as aryl-assisted and aryl-unassisted 
pathways (Scheme 27 a )) . In addition, there still remains 
an original controversy as regards intervention of the 
phenyl-bridged ion in the A:A pathway.7 0) 

In connection with our previous studies,1 »8_11) which 
disclosed several characteristics of carboxamide solvo-

k-i 
—• product 

(aryl-unassisted) 

[intermediate b] • retained product 

equilibrating (aryl-assisted) 
rc-bridged unsymmetrical 
cation? 

Scheme 2. 

lysis, it was tempting to speculate that carboxamide 
solvolysis serves as a probe to scrutinize the reaction 
scheme (dual6h) or single73)) and to examine the nature 
of so-called k± pathway, especially as regards the inter­
vention of the phenyl-bridged ion. 

In the previous trial1) of dissection of the observed 
rate (kt) of JV,iV-dimethylacetamide (hereafter DMA) 
solvolysis into ks and k± components, it has been 
disclosed that the solvolysis of threo-1 -methyl-2-phenyl-
propyl brosylate proceeds by complete (100%) ks 

pathway, but the methoxy derivative, threo-2-(p-
methoxyphenyl)-l-methylpropyl brosylate (1), predom­
inantly reacts by the £A route. As a model reaction to 
scrutinize A:A process the D M A solvolysis of the methoxyl 
derivative 1 was selected. 

Results and Discussion 

Product Distribution in the Presence of Water. In a 
series of our previous investigation for typical secondary 
cycloalkyl systems (4-/-butylcyclohexyl,8) 7/?-methyl-
bicyclo[3.3.1]non-3/?-yl,9) and ^o-2-norbornyl11) 
systems), it has been revealed that the carboxamide 
solvolysis proceeds through an intermediate, charac­
terized as a tight ion-pair [R + X~] (classical), and 
subsequently the intermediate undergoes a variety of 
processes such as E\ deprotonation, solvent capture 
(formation of an imidatonium ion), and rearrangements 
(Scheme 3). 
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RX = : [R+X~] 

• Aimde 

0=CNR^CH3 

REARRANGED PRODUCT 

PREARRANGED OLEFIN 

R-O-X ' 

+^NR2CH3_ 

Imidatonium Ion 

+ H2O, contained 
in the amide 

ELIMINATION 

PRODUCT 

H2NR2CH3X 

Scheme 3. 

The unstable imidatonium ion, which otherwise 
decomposes to give elimination products, can be readily 
trapped by water to yield the carboxylic ester (Scheme 
3) ; the efficient t rapping with sufficient amounts of water 
has been successfully utilized in the previous works1 »9»11) 
to estimate the amount of the imidatonium ion and also 
to investigate the stereochemistry of its formation from 
the tight ion-pair. 

0.05 0.1 0.15 0.2 

[H20]/(mol/dm3) 

Fig. 1. Effect of water content of DMA on the formations 
of (Z) olefin 5 (©), (E) -olefin 6 ( # ) , 2-(/>-MeOC6H4)-
1-butene 7 (©), 3-(/>-MeOC6H4)-l-butène 8 ((D), and 
threo-acetate 9 (Q), at 50 °C. 

T 
°G 

TABLE 1. EFFECT OF ADDED WATER ON PRODUCT DISTRIBUTION FOR THE DMA SOLVOLYSIS OF 

fAr£0-2-(/>-METHOXYPHENYL)-l-METHYLPROPYL BROSYLATE l a ) 

[H2Q] 
mol/dm3 

Yield/% 

Olefin Ester 

8 9 

22.1 
27.1 
39.9 
46.2 
63.2 
73.1 

10 

2.1 
2.4 
3.7 
3.7 
3.5 
3.1 

Alcohol 

11 

1.5 
1.7 
1.8 
3.1 
4.6 
5.3 
7.3 

12 

0.1 
0.1 
0.2 
0.2 
0.3 
0.3 
0.3 

50 

75 

0.015 
0.021 
0.033 
0.051 
0.087 
0.159 
0.170 

48.2 
42.5 
35.0 
29.5 
20.0 
14.4 
17.1 

18.4 
17.0 
12.6 
11.2 
4.9 
2.2 
5.2 5.1 

1.9 
3.4 
2.7 
2.3 
1.5 
0.6 
2.3 60.1 2.6 

a) [1] = 0.075 mol/dm3; [C5H6N] = 0.077 mol/dm3. 

CH£ 
vw»C H 3 

R OBs 

1 

[FT OBs] 

2 

R ^ < 
N(CH3)2 

CH3 

OBs" 

8 

/ in the absence of H2O 

MeQ. 

1 ; J H 

H2O 

Scheme 4. 
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Thus the product distribution was determined in the 
presence of water, sufficient (0.16—0.17mol/dm3) to 
trap the imidatonium ion at 50.0 and 75.0 °C. The 
results are summarized in Table 1 and illustrated in 
Fig. 1 and Scheme 4. 

The retained acetate, ^Ar^o-2-(^-methoxyphenyl)-l-
methylpropyl acetate (9), was a major product (60% at 
75 °C; 7 3 % at 50 °C), indicating that the most of the 
tight ion-pair (2) is captured by D M A from the retentive 
site to give a threo-imidatonium ion [threo-R-Amide]+ 
(3). The rest of the tight ion-pair 2 undergoes 2 ,1-
hydride shift and elimination. I t is clear from attenua­
tion of increase in the threo-acetate yield (Fig. 1) that 
0 .16—0.17mol/dm 3 of water is almost sufficient to 
convert all imidatonium ion to the acetate. 

As another retained product /Ar^o-3-(/?-methoxyphen-
yl)-2-butanol (11) was obtained, though in a small 
amount ( 7 % yield at 75 °C), indicating that the hydro­
lysis of the threo-brosylate 1 also proceeds with predom­
inant retention of configuration (cf. the ^r^Aro-alcohol 
(12) in Table 1). 

As regards these retentive pathways, it has been 
reported that in the acetolysis of various threo-2-ary\-l-
methylpropyl brosylates the amount of retained product, 
i.e., the /Arco-acetates, agrees well with the predicted 
value which was calculated by 100 (Fk^/kt) provided 
that the A:A pathway leads solely to the retained 
acetate.73) Furthermore, as shown in a recent tabulation 
of the rate-(retained) product correlations for /?-arylalkyl 
systems,12) satisfactory rate-(retained) product correla­
tion has been observed for acetolysis of many other 
primary and secondary /?-arylalkyl substances. 

Therefore, the predominant formation of the retained 
product might predict a satisfactory rate-(retained)-
product correlation in D M A solvolysis. However, the 
observed amounts of the retentive products (7%-f-60%, 
at 75 °C, Table 1) does not agree with the one (83%) 
calculated by 100 (FkJkt) from the Fk^ and kt in the 
previous work.1) This discrepancy implies existence of a 
mechanism different from the acetolysis and also a 
need to consider about a reaction pathway which 
affords the retained product without intervention of a 
phenyl-bridged ion. 

& * » 
-X-* 

13 

Besides the retained substitution products, 9 and 11, 
(Z)-2-(^-methoxyphenyl)-2-butene (5), albeit in low 
yield (17% at 75 °C; 14% at 50 °C), was obtained. 
This olefin must be derived by flrcft'-elimination from 
the tight ion-pair 2, competing with D M A capture. 
Direct formation of the olefin 5 by the E2 reaction is 
less probable in view of the low basicity of DMA. 
When this olefin is derived from the tight ion-pair 2, 
the ion-pair can not have a phenyl-bridged structure, 
because it has been suggested that the formation of the 
conjugated olefin such as 5 may be forbidden from the 
bridged ion 13, because of the rigid and unfavorable 
dihedral angle (120°) between the C( l ) and C(2) 
hydrogen and the departing aryl ring (Scheme 5).13) 

Another minor product, (£)-2-(/>-methoxyphenyl)-2-
butene (6), can not be derived from the bridged ion 
13 either for the same reason (Scheme 5). 

A terminal olefin, 2- (/>-methoxyphenyl) -1 -butène (7), 
which must be derived via l-(/>-methoxyphenyl)-l-
methylpropyl cation, a 2,1-hydride shift product, can 
not obviously be led from the bridged ion 13 (Scheme 5). 

The sole olefin, which can be derived from the 
phenyl-bridged ion 13, is 3-(^-methoxyphenyl)-l-butène 
(8) (Scheme 5). This is actually found in the products, 
but is in very minor amount (less than 2 % ) . 

From these results it is concluded that the tight 
ion-pair can not be a phenyl-bridged ion, although it 
affords the retained imidatonium ion 3 and also the 

TABLE 2. ISOTOPIC SCRAMBLING OF THE PRODUCTS FOR THE 

D M A SOLVOLYSIS OF fÄm)-2-(/>-METHOXYPHENYL)-l-

METHYLPROPYL-2-öf BROSYLATE l -2-*/ a ) 

Product 

Butène : 
(Z)-2-(/>-CH3OC6H4)-2-

(3-H: 3-D) 
(£)-2-(/>-CH3OC6H4)-2-

(3-H: 3-D) 
2 - ( / H C H 3 O C 6 H 4 ) - 1 -

(3-D,H: 3-H) 
3-(/>-CH3OC6H4)-l-

(3-D:2-D) 

Acetate : 
*Är*o-2-(^-CH3OC6H4)-l-

propyl (2-D: 1-D) 

5 

6 

7 

8 

•methyl-
9 

^Äro-2-(/>-CH3OC6H4)-l-methyl-
propyl (2-D: 1-D) 

Alcohol : 
10 

*Äreo-3-(/>-CH3OC6H4)-2-butanol 
(3-D: 2-D) 11 

^Mro-3-(/>-CH3OC6H4)-2-butanol 
(3-D: 2-D) 12 

Yield/% 
(Composition/% )b) 

50 °C 

12.0 
(52:48) 

1.8 
(57:43) 

0.6 
(90: 10) 

0.8 
(50:50) 

75.8 
(50:50) 

3.2 
(49:51) 

5.3C> 

0.5C> 

75 °G 

16.0 
(65:35) 

3.7 
(76:24) 

2.4 
(62:38) 

3.2 
(50:50) 

60.2 
(50:50) 

3.5 
(51:49) 

10.3 
(54:46) 

0.7 
(58:42) 

CH3 

Scheme 5. 

a) [l-2-öf] = 0.075 mol/dm3 ; [C5H5N] = 0.077 mol/dm3; 
[H 20] = 0.17 mol/dm3, b) The accuracy for NMR meas­
urement of isotopic content was <^1%; reproducibility= 
± 3 % . c) Precise determination of an isotopic distribu­
tion was not made : the label would be scrambled more 
extensively than in the case at 75 °C, in view of the trend 
found in the other products 5, 6, 7, and 8 at 50 and 75 °G. 
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retained alcohol 11 . Possible and the simplest reaction 
pathways for the formation of these olefins can be 
depicted as illustrated in Scheme 4 along with those 
for the imidatonium ion formation and its water t rapping 
pathway. 

Product Distribution in the Absence of Water. From 
variation in the yield at 50 °C (Fig. 1), caused by change 
in water concentration in D M A , it is indicated that in 
completely dried D M A the olefins are sole products 
and among them (Z)-2-(/>-methoxyphenyl)-2-butene 
(5) is a major product ( 6 5 % yield) along with minor 
amounts of olefins 6, 7, and 8. Thus it is clear that the 
imidatonium ion 3, which gave the retained acetate 9 
in the presence of water, can afford mainly the 2-butenes 
(Saytzeff products) as the final product in the absence 
of water. 

As mentioned above, in the presence of water (0.16 
mol/dm3) the small amounts (3 .8% in composite yield) 
of olefins 6, 7, and 8 were produced besides the olefin 5. 
However, in the absence of water a fair amounts {ca. 
3 0 % in composite yield) of these olefins have been 
obtained. Consequently, most of these olefins ( 3 0 % — 
3 . 8 % = 2 6 . 2 % in composite yield) must have come from 
the imidatonium ion 3 (Fig. 1). 

The (Z)-olefin 5 was produced in 14% yield from the 
tight ion-pair 2 in the presence of water (Table 1), but 
in the absence of water it should be led also from the 
imidatonium ion 3 in about 51 % {ca. 65%—14%) yield. 

Among these olefins only 8 {ca. 3 % yield) can be 

f ^ H 3 1-2-d 
OBs 

CH3
X 

| DMA, 75 °C 

UNREARRANGED REARRANGED UNREARRANGED REARRANGED 

(3,2-Ar) 

(3,2-Ar) 

(3,2-Ar) 

.CH3 
(3,2-D) 

(1,3-H) 

.CH3 

H HH 

7 
0.9% 

11-3-d 
5.6 % 

12-3-d 
0.4% 

ll-2-d (3,2-Ar) 

4.7% 

Xl-2-d (3,2-Ar) 

0.3% 

derived from the phenyl-bridged ion. Therefore in the 
course of the olefin formation from the £Ara>-imidatonium 
ion 3 a possibility of intervention of the phenyl-bridged 
ion is mostly ruled out. 

Deuterium Distribution in the Products. In order to 
examine the reaction pathways thoroughly, the deu­
terium scrambling in the products 5—12, which were 
isolated from the wet D M A solvolysis mixture of threo-
2-Q&-methoxyphenyl)-l-methylpropyl-2-</ brosylate (1-2-
d), was examined by the use of previously reported 1 H 
N M R spectroscopic method.1) The results are sum­
marized in Table 2 and illustrated in Scheme 6. 

The rearrangement in the product amounts to 5 0 % 
(complete scrambling) for the acetates 9 and 10 (64% 
in composite yield), but for the elimination products 
(5, 6, and 7, except for 8) and the hydrolysis products 
(11 and 12) it does not reach complete scrambling. 
The incomplete scrambling in the elimination and the 
hydrolysis clearly indicates that the tight ion-pair 2 
does not have such symmetrical structure as a phenyl-
bridged ion structure. 

When the scrambling in the tight ion-pair 2 is so 
incomplete, the scrambling in the imidatonium ion 3 
should also be incomplete, because the imidatonium ion 
is a pr imary product from the ion-pair 2 as illustrated 
in Scheme 4. This indicates in turn that the scrambling 
in the acetate 9 would not be complete. However, it is 
not the case. 

Thus , the complete scrambling in the acetate 9 
implies that it must occur in the process of the hydrolysis 
of the imidatonium ion 3 . Since the hydrolysis does not 
proceed on the carbenium ion center of the imidatonium 
ion 3 but on the carbonyl carbon, it seems difficult to 
find a reasonable explanation for the scrambling in the 
imidatonium-ion hydrolysis. However, as one of possible 
explanations, it might be helpful to consider about a 
hidden scrambling process during the hydrolysis as 
illustrated in Scheme 7. 

Since in the absence of water the imidatonium ion 
3 can give rise to the olefins, these olefins should be 
produced via a new ionized intermediate 14 (Scheme 7). 
This ionization process might be hidden in the presence 
of water, because the rate of hydrolysis might over­
whelmingly exceed the elimination rate in spite of rapid 
equilibration between the imidatonium ion 3 and the 

CH* 
*CH3 

OAc 

[R+0BS~] 

2 

9 

f H20 

XH3 1 _ 
R-0r£C OBs 

/CH3 1 _ 
R-O-C^ t>Bs 

, 1 H20 

CH3 

(Olefins) 

R - - 0 < C H 3 lOBs" 
NCCHakJ 

14 

JOE 

R---0< 
CH3 

NCCHakJ 

15 

OBs" 

(Olefins) 

H OAc 
10 

Scheme 6. Scheme 7. 
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new ionized intermediate 14. Conceivably, the hidden 
ionization would bring about the complete scrambling 
in the acetate 9. As mentioned above, most of the 
olefins formed from the imidatonium ion 3 (in the 
absence of water) can not be derived from a phenyl-
bridged ion. This indicates, consequently, that the 
intermediate 14 does not have the phenyl-bridged ion 
structure either. 

Furthermore, it is notable that the inverted erythro 
acetate 10, albeit in very low yield ( 3 % at 50 °C and 
2 % at 75 °C), also undergoes complete scrabling of 
deuterium at C(2) and C(3) at 50 °C. The inverted 
acetate 10 can not be led from the ^Ar^o-phenyl-bridged 
ion. Therefore, when we follow the reaction schemes 
shown in Scheme 1, it must be derived via ks route6*1) 
starting from the /Ara>-brosylate 1. If it is derived via ks 

route, complete scrambling in the erythro acetate 10 is 
possible only when the scrambling in the unchanged 
/Ara>-brosylate 1-2-d is complete at an early stage of the 
solvolysis. However, when unchanged brosylate was 
reclaimed at a half-life, only 3 0 % of deuterium was 
found at C(2). Consequently, the formation of the 
erythro-acetate 10 via ks route would be ruled out. The 
rear-side attack of D M A on the tight ion-pair 2 could 
explain the formation of completely scrambled erythro-
acetate 10, if we assume a rapid equilibration between 
4 and 15 (Scheme 7). The cross-over between threo 
and erythro open carbenium ions in the tight ion-pair 2 
or the intermediates 14 and 15 is conceivable, but it is 
not clear since in the reclaimed brosylate 1 scarecely was 
contained the erythro brosylate. 

In conclusion, so far as the D M A solvolysis of threo-2-
(/>-methoxyphenyl)-l-methylpropyl brosylate is con­
cerned, the intervention of the bridged ion is mostly 
improbable and the discrete k^-ks dual mechanism 
does not give a satisfactory explanation for the rate-
detained) product correlation but the usual £N1 
mechanism, i.e., the prior formation of a tight ion-pair 
intermediate followed by various subsequent routes such 
as 2,1-aryl shift, 2,1-hydride shift, anti-elimination, and 
D M A capture, can account for the product and deute­
r ium distributions. For elucidation of the excessive rate 
enhancement by methoxyphenyl or by the aryl participa­
tion, an examination of the linear free-energy relation­
ship, especially reactivity-selectivity correlation, may 
served as a new probe and this is the subject of the 
succeeding paper . 

E x p e r i m e n t a l 

Melting points determined on a Yamato Model MP-1 
apparatus were uncorrected. NMR spectra were recorded 
on either a Hitachi R-24, JEOL JNM-MH 100, or JEOL 
JNM-FX 100 instrument, and spectral data were obtained 
in CDC13 solution. Both analytical and preparative GLC's 
were conducted on a Hitachi K-53 gas Chromatograph attach­
ed with a thermal conductivity detector by the use of helium 
as carrier gas. The following column was used : 3 m x 3 mm 
10% PEG 6000 on 60—80 mesh Ghromosorb W (NAW). 

Materials. DMA was purified in the identical manner 
as described in the previous paper.9) NaBD4 (97.0 D-atom %) 
was supplied from CEA. Ether, THF, diglyme, and pentane, 
used as reaction medium or solvent for recrystallization, were 

distilled from sodium-benzophenone ketyl before use. Reagent 
grade chemicals were used without further purification unless 
otherwise noted. 

threo-3-f ̂ -Methoxyphenyl) -2-butanol-3-d and Its Brosylate 1-2-d. 
Deuterium at C(3) position was introduced by deuteriobora-

tion of (£)-2-(/>-methoxyphenyl)-2-butene prepared in the 
same manner as reported.1) Deuterioboration-oxidation was 
carried out according to the published method.14) Diborane-öf6 

was generated externally from NaBD4 and boron trifluoride 
etherate in diglyme and introduced into THF solution of the 
olefin. The deuterated alcohol was obtained in 83% yield 
after the purification by column chromatography (A1203). 
The brosylate 1-2-d was synthesized from this alcohol in the 
usual manner15) in 87% yield. 1-2-d: mp 100—101 °C (lit,16) 
97.5—98.5 °C for the unlabeled sample); NMR (100 MHz) 
0=1.19 (3H, s, C(4)H3). 1.30 (3H, d, C(1)H3), 3.79 (3H, s, 
OCH3), 4.70 (1H, quartet, C(2)H), 6.88 (4H, d of d, Ar-H), 
and 7.55 ppm (4H, s, Ar-H). 1H and 13C NMR spectra 
showed the absence of deuterium scrambling during the 
synthesis and an isotopic purity of 97%. 

Product Analysis. The method employed was identical 
with that used in the preceding work.1) Unlike the parent 
phenyl derivative, the acetates 9 and 10, obtained from the 
DMA solvolysis of 1 or 1-2-d, could not be separated on GLC. 
Therefore, the ratio (9: 10) was determined by means of GLG 
with the corresponding alcohols which was derived from the 
esters by hydrogenolysis with LiAlH4 in ether : the ester mixture 
was isolated from the product mixture by column chromato­
graphy (Si02). 

Partial Solvolysis and Isolation of Unchanged Brosylate. The 
brosylate recovered from half-life solvolysis of 1-2-d in DMA 
solvent was isolated from the reaction mixture by repeated 
recrystallization from ether-pentane at — 78 °C. Colorless 
crystalline brosylate was obtained almost quantitatively based 
on theoretical amount. The sample was dried by keeping 
under high vacuum over P 2 0 5 at room temperature overnight. 
XH NMR spectrum (100 MHz) of the sample exhibited no 
sign of contamination with the solvolysis products and also of 
an existence of erythro-isomer. 

Deuterium Distribution Analysis. The deuterium distri­
bution was determined by means of 1H NMR spectroscopy 
(100 MHz) in the Fourier transform mode. The operating 
parameters employed in NMR works were identical with those 
reported in the preceding paper.1) Analytical procedures and 
sample preparations were performed in the same manner as 
described in the paper,1) except for the sample of the acetate 
9 or 10. 

The mixture of the acetates 9 and 10 was isolated by column 
chromatography (SiOa) and was hydrogenolyzed (LiAlH4 in 
ether) into the corresponding mixture of alcohols from which 
each isomer was separated by preparative GLC. Each isomeric 
alcohol was transformed again into the corresponding acetate 
9 or 10 in the usual manner (acetic anhydride-pyridine) in 
order to avoid an overlapping of NMR signals due to 0-methyl 
and C( l ) -H protons. 

Kinetic Measurements. All kinetic runs were carried out 
in the same way as described in the previous papers.1»11) 
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Solvolysis in Carboxamides. VII.1) Carboxamide Solvolysis of 
£Areo-2-Aryl-l-methylpropyl Brosylates. Reactivity-

Selectivity Relationships as a Mechanistic Probe 
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Solvolysis of a series of/Ar^o-2-aryl-l-methylpropyl brosylates (^-MeO,^-Me, H,^-C1, m-Cl, m-CF3, and^-N0 2 ; 
la—g) has been carried out in four carboxamides, iV-methylformamide (NMF), iV-methylacetamide (NMA), N,N-
dimethylformamide (DMF), and iV,iV-dimethylacetamide (DMA), as solvent. Fractions of£s and FkA pathway 
were determined on the basis of the upward drift from the Hammett plot of the rate constant (kt) ; the extra accele­
ration by^-MeO and^-Me substituents was assigned to the Fk± fraction. The Fkjkt values were not in agreement 
with the amount of retained products (/Areo-acetate and threo-alcohol) obtained in NMA and DMA solvolysis of 
la—c, although they should be in line with each other on the basis of the bridged-ion theory. The C(2)-deuterated 
phenyl derivative (lc-2-öf) was solvolyzed in NMF, NMA, and DMF to give retained carboxylates (acetate or 
formate). However, the isotope scrambling at G(2) and G(l) of the carboxylates is incomplete, indicating that a 
symmetrical ion, such as a phenyl-bridged ion, can not be the intermediate of the carboxamide solvolysis. A good 
correlation of log kt for substrates (la—g) with log (% /Ara?-acetate/% ery/Aro-acetate) or with log (% /Ar^o-acetate/% 
olefinic products) was found for solvent systems such as NMA, DMA, and acetic acid, indicating that the reactions 
of all substituted substrates can be explained by intervention of a common intermediate [R+X~], a classical tight 
ion-pair from which the final products are derived. Such reactivity-selectivity relationship also holds between 
log kt's of l c in a series of carboxamide and logarithms of threo-erythro ratio in acetate or formate. Through-space 
interaction between a face of aryl ring and carbenium ion center in the transition state is considered as a possible 
cause for the anomalous acceleration by the activating aryl groups. 

Although a phenyl-bridged ion has been postulated 
as an intermediate in acetolysis of diastereomeric 2-aryl-
1-methylpropyl tosylates accounting for remarkably high 
stereospecificity of the substitution,2) the rate enhance­
ment expected in such participation phenomena is not 
significant in this system.3) This apparent discrepancy 
between rate and product stereochemistry has long been 
a subject of dispute.4-16) 

Brown and Kim7 a) carried out acetolysis of a series 
of ring substituted threo-1 -methyl-2-phenylpropyl brosy­
lates and found that this system displays excellent rate-
detained) product correlation. They pointed out that 
the nature of the ks pathway in the acetolysis can be 
recongnized as »SN1 mechanism, and proposed the 
following mechanism (Scheme l)7 a) in which the reac­
tion proceeds via a tight ion-pair followed by kp and k2 

processes, denoting aryl-assisted and aryl-unassisted 
pathways, respectively. 

RX < > [intermediate a] • product 

*-pjU 

[intermediate b] 

(aryl-unassisted) 

—• retained product 

(aryl-assisted) 

Scheme 1. 

his collaborators6) suggested that 
pr imary and most of secondary ß-

Schleyer and 
solvolysis of all 
arylalkyl systems proceeds through discrete aryl-assisted 
(AA) and/or aryl-unassisted, i.e., nucleophilically solvent-
assisted (ks), pathways (dual mechanism, Scheme 2).6 h ) 

They considered the rate enhancement due to activated 
phenyl groups to result from the incursion of the £A 

process with a phenyl-bridged ion, and the substrate 

containing a deactivated phenyl group to be a good 
model for the anchimerically unassisted route (ks). 
They showed that the values of Fk^kt determined 
independently from the rate data and product stereo­
chemistry (rate-product correlation) are in agreement 
with each other for several ß-arylalkyl solvolyses.4) 

RX 

nucleophilically 

solvent assisted 

intermediate 
hd 

(X-F)ké 

-* [phenyl-bridged ion] 

—• product 

(aryl-unassisted) 

• retained product 

(aryl-assisted) 

Scheme 2. 

In our effort to scrutinize the nature of carboxamide 
solvolysis of secondary substrates,1*17-20) it was found 
that solvolysis of threo-1 -methyl-2-phenylpropyl brosylate 
(lc)20) and that of its jfr-methoxyphenyl derivative (la)1) 
in iV,JV-dimethylacetamide (DMA) are represented 
respectively by 100% ks and 8 3 % £ A ( 1 7 % * S ) solvolysis 

in the k^-ks dissection method.6) However, on the 
basis of the lack of rate-product correlation, and from 
an examination of deuterium distribution in the reaction 
products or unchanged starting brosylates and the nature 
of the olefinic products, it was disclosed that the solvolysis 
of these l-methyl-2-phenylpropyl systems proceeds 
without intervention of a phenyl-bridged ion but a 
classical tight ion-pair intermediate, subsequent processes 
such as El reaction, phenyl- or hydride-shift, and 
solvent capture occurring competitively (Scheme 3).1,2°) 

In order to obtain further information on such 
mechanism, we extended the investigation to a series 
of ring substituted threo-1-methyl-2-phenylpropyl brosy­
lates ( l a—g) and other carboxamide solvents such as 
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[ i-benzylicl 
L ca t ion J *" 

OLEFINS 

RX [RTX"1 

3,2-Ar~1 \k, 

[R X J 

OLEFINS (OLEFINS) 

/ in the absence 
/ of H20 

R-a-ç; /
,% 

^NMeR2 

H20 

ESTER 

kt, ke, 

kgi proc 

ka., and 

esses 

R'-0<R1 1 X- ^ 1 7 / ^ 
+̂ VNMeR2j E S T E R 

\ 
\ 

\ in the absence 
\ of H20 

(OLEFINS) 

Schei me 3. 

iV-methylformamide (NMF) , iV-methylacetamide 
(NMA), and N,N-dimethylformamide (DMF) . 

The present paper describes the results of the examina­
tions of the Hammet t correlation for the solvolysis of 
l a — g in N M F , N M A , and D M F as solvent, the product 
distribution in N M A and D M A solvolyses, deuter ium 

distribution in the products for N M F , N M A , and D M F 
solvolyses of G(2)-deuterated parent phenyl derivative 
(lc-2-rf), and the reactivity-selectivity relationships. 
The mechanistic implications of the results, especially 
in the light of classical solvolysis mechanism, are also 
discussed. 

l a R = H , X=/>-MeO 
l b R = H , X=/>-Me 
l c R = H, X = H 
lc-2-d R = D, X = H 
Id R = H , X=/>-Cl 
le*R = H, X=m-Gl 
If R = H , X=m-CF 3 

l g R = H . X=/>-N02 

R e s u l t s a n d D i s c u s s i o n 

Unsatisfactory Rate-product Correlation. First-order 
rate constant (kt) for the respective carboxamide 
solvolyses (NMF, N M A , and DMF) of the substrates 
l a — g have been determined titrimetrically.19»20) The 
results are summarized in Table 1. The Hammet t plot 
for each carboxamide solvolysis, including D M A 
solvolysis,1'20) is given in Fig. 1. 

A satisfactory linear correlation holds solely for the 
substrates containing deactivating and, partly, activating 
phenyl groups with /o-values, —0.69, —0.64, —0.573 

TABLE 1. KINETIC DATA FOR THE SOLVOLYSIS OF /A^O-2-ARYL-1-METHYLPROPYL 

BROSYLATES l a g IN VARIOUS CARBOXAMIDES 

Amide Substituent 

^-MeO 
p-Me 
H 
p-Cl 
m-Gl 
m-GF3 

/>-N02 

^-MeO 
^-Me 
H 
p-C\ 
m-Gl 
7W-CF3 

/>-N02 

^-MeO 

p-Me 
H 
p-C\ 
m-Gl 
m-CF3 

/>-N02 

25.0 °Ce> 

0.327 
0.0187 
0.0138 
0.00794 
0.00764 
0.00622 
0.00372 

1.15f> 
0.0575 
0.0381 
0.0205 
0.0192 
0.0170 
0.00875 

3.270 
13.0S> 
0.246 
0.0735 
0.0399 
0.0267 
0.0245 
0.0155 

iuu/ct 

50.0 °G 

6\25 

25.7 
1.78 
1.06 

72.3 

6.49 
2.17 

0.743 
0.680 

/s-*~, 

75.0 °G 

7*M 
7.64 
4.79 
2.81 
2.65 
2.48 
1.63 

371 
33.6 
18.1 
8.92 
8.26 
7.07 
4.13 

1020 

107 
38.5 
16.3 
12.8 
11.7 
6.79 
3.95h> 

100.0 °G 

84.4 
49.5 
29.3 
27.4 
27.1 
18.5 

101 
93.1 
78.7 
48.3 

180 

29.8*> 

A#* c ) 

A 

2ÏT3 
24.2 
24.1 
24.2 
24.1 
25.1 
25.4 

23.2 
25.7 
24.8 
24.4 
24.4 
24.3 
24.8 

23.1 

24.4 
25.1 
24.2 
24.8 
24.8 
24.4 

AS*d> 
B 

- 1 1 . 7 
- 8 . 2 

- 1 1 . 0 
- 1 1 . 9 
- 1 2 . 2 
- 1 0 . 7 
- 1 0 . 4 

- 3 . 2 
- 1 . 0 
- 4 . 7 
- 7 . 1 
- 7 . 4 
- 8 . 1 
- 7 . 7 

- 1 . 6 

- 2 . 2 
- 2 . 3 
- 6 . 7 
- 5 . 3 
- 5 . 5 
- 7 . 8 

DMF 

NMA 

NMF 

a) [ROBs] = 0.075mol/dm3; [G5H5N] = 0.077 mol/dm3; [H20] = 0.003 (for DMF), 0.01 (for NMA), 
or 0.02 (for NMF) mol/dm3. b) Mean deviations for kt's are ± 2 % . c) At 25.0 °G; A=4.184 
kj/mol. d) At 25 .0°C; B=4.184 J/K mol. e) Extrapolated from data at other temperatures. 
f ) Determined at 25.0 °C. g) Determined at 35.0 °G. h) Determined at 70.0 °G. i) Determined 
at 90.0 °G. 
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TABLE 3. COMPARISON OF THE PREDICTED AND OBSERVED 

AMOUNTS OF RETAINED PRODUCT ARISING FROM THE 

CARBOXAMIDE SOLVOLYSIS OF / t e ö - 2 - A R Y L - l -

METHYLPROPYL BROSYLATES AT 75 °G 

Fig. 1. Plot of log kt (la—g) for the carboxamide 
solvolysis vs. a at 75 °G; p-value and correlation coeffi­
cient for DMA, DMF, NMA, and NMF are - 0 . 7 2 and 
0.991, —0.57 and 0.974, —0.64 and 0.986, and - 0 . 6 9 
and 0.999, respectively; for the rate constant in DMA, 
see Ref. 20. 

TABLE 2. EFFECT OF ARYL PARTICIPATION ON THE RATE 

OF SOLVOLYSIS OF /AR£0-2-ARYL-L-METHYLPROPYL 

BROSYLATES AT 7 5 ° G 

Substrate 

l a (OCH3) 

l b (CH3) 

l c ( H ) 

Amide 

DMAd) 
DMF 
NMA 
NMF 
DMAd> 
DMF 
NMA 
NMF 
DMA 
DMF 
NMA 
NMF 

Rate const/IO-5 s-1 

/ 
* t & ) 

28.8 
78.1 

371 
1020 

4.15 
7.64 

33.6 
107 

3.34 
4.79 

18.1 
38.5 

-* ^ 
k b> 

4.77 
6.17 

19.6 
35.5 
4.15 
5.43 

16.9 
30.4 

3.34 
4.79 

13.2 
23.2 

100F£A
C> 

~K~ 
83 
92 
95 
97 

0 
29 
50 
72 
0 
0 

27 
40 

a) Data in Table 1. b) Calculated from the least-squares 
line (ks line) in Fig. 1. c) Fk±=kt-ks. d) See Ref. 20, 
Table 1. 

and —0.72, respectively, for N M F , N M A , D M F , and 
D M A solvent. Such linear portions of the Hammet t plot 
give the ks values for l a — c by the least-squares treat­
ment , from which the predicted amounts of retained 
product arising from the so-called k± route was calc­
ulated by \00Fk^/kt, where Fk^=kt—ks. The results 
are given in Table 2. 

The rate-(retained) product correlation is used as a 
probe for the dual mechanism concept and the phenyl-
bridged ion intervention.6) However, there are cases 
in which the agreement between the predicted and 

Substrate 

l a (OCH3) 

l b (CH3) 

l c ( H ) 

Amide 

DMAC> 
NMAd> 
DMAd> 
NMAd> 
DMA6 ' 
NMAd> 

Retained product 
yield/% 

Predicted 

83 
95 

0 
50 
0 

27 

Obsd 

67 
91 
16 
43 

4 
13 

a) See Table 2. b) Amounts of sum of /Areo-acetate 
and threo-alcohol. c) Ref. 1. d) See Table 5. e) 
Ref. 20. 

observed values is less satisfactory.4»7) Acetolysis of a 
series of ^r^o-2-aryl-l-methylpropyl brosylates has 
provided a representative example in which the agree­
ment between the predicted and observed values is 
excellent.73) 

When the correlation was examined on the N M A and 
D M A solvolysis (Table 3), the results were far less 
satisfactory, a gap between predicted and observed 
values clearly existing. This suggests that a dual 
mechanism (Scheme 2) can not be applied to the 
carboxamide solvolysis ; the mechanism shown in Scheme 
3, postulated for the D M A solvolysis of la 1) or lc,20) 
is applicable to the N M A solvolysis and the other 
carboxamide solvolysis in N M F and D M F . 

Incomplete Scrambling of Deuterium in the Products of 
Carboxamide Solvolysis of lc-2-d. In order to test 
whether Scheme 3, which does not need the intervention 
of the phenyl-bridged ion, can serve as a generalized 
reaction scheme in carboxamide solvolysis, the deuterium 
distribution in the products of the N M F , N M A , and 
D M F solvolysis of lc-2-d was examined by means of 
1 H N M R spectroscopic method.20) The results are 
summarized in Table 4. 

Although the amounts of the retained products, i.e., 
the sum of threo-ester and ^reo-alcohol, increase in the 
order N M F > N M A > D M F > D M A 2 ° ) in accord with 
the order of increase in the amount of Fk± component 
(Table 2), the deuterium label is situated more at 
position C(2) than C( l ) in the retained threo-1 -methyl-2-
phenylpropyl acetate or formate. This indicates that a 
symmetrical intermediate such as a phenyl-bridged ion 
is ruled out as a precursor of the retained products. 

Linear Reactivity-Selectivity Relationship in Carboxamide 
Solvolysis. The product distribution, rearrangement, 
and steric course in carboxamide solvolysis can not be 
explained by means of the k±-ks rate treatment.1»20) 
The linear reactivity-selectivity relationship21) in the 
solvolysis of a series of substrates in a series of solvents 
has been utilized to prove the existence of a common 
intermediate which produces more than two products.22) 
The relationship was examined for a series of the 
1-methyl-2-phenylpropyl system ( la—g) independent 
of the k±-ks analysis.6) 

When the log kt values are plotted against the 
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TABLE 4. ISOTOPE DISTRIBUTION IN THE PRODUCTS FOR THE CARBOXAMIDE SOLVOLYSIS OF 

/Ar£0-l-METHYL-2-PHENYLPROPYL-2-<iBROSYLATE AT 7 5 ° G a ) 

Product 

Butène : 
(Z)-2-Ph-2- (3-H: 3-D) 
(£)-2-Ph-2- (3-H: 3-D) 
3-Ph-l-(3-D:2-D) 
2-Ph-l- (3-D,H:3-H2) 

Ester :d> 
erythro- l-Me-2-Ph-propyl (2-D: 
threo-l-Me-2-Ph-propyl (2-D: 1 

Alcohol :e> 
^77fAro-3-Ph-2-butanol 
Mreo-3-Ph-2-butanol 

1-D) 
-D) 

DMAC> 

54.9(82: 18) 
8.6(64:36) 
6 .7(100:^0) 
5 .1(100:^0) 

21.0(87: 13) 
3.7(65:35) 

trace 
0 

Yield/% (Composition/%) 

DMF 

43.5(75:25) 
5.8(57:43) 
7.1(87: 13) 
4 .9 (100:^0) 

26.3(82: 19) 
6.6(60:40) 

4.1 
1.7 

NMA 

43.0(74:26) 
5.3(53:47) 
6.2(83: 17) 
5 .2(100:^0) 

22.9(80:20) 
16.5(55:45) 

0.5 
0.4 

NMF 

35.5(70:30) 
4.9(48:52) 
4.2(80:20) 
5 .9(100:^0) 

17.3(75:25) 
23.2(53:47) 

3.6 
5.4° 

a) [lc-2-d] = 0.075 mol/dm3; [G5H5N] = 0.077 mol/dm3; [H20] = 0.17 mol/dm3. b) Accuracy for NMR 
measurement of isotopic content was < l l % ; reproducibility = ± 3 % . c) Ref. 20. d) Acetate for DMA or 
NMA and formate for DMF or NMF. e) Deuterium distribution not determined unless otherwise noted. 
f) The ratio 3-D: 2-D=55: 45. 

TABLE 5. RATES AND PRODUCT DISTRIBUTIONS FOR THE DMA AND NMA SOLVOLYSIS OF 

fAr^O-2-ARYL-l-METHYLPROPYL BROSYLATES AT 7 5 °G& ) 

Substrate Amide 

Product yield/% 

Olefins 
Acetate 

erythro threo 
Alcohol 

l a 

l b 

l c 

Id 

l e 

If 

DMAC> 
NMA 
DMA 
NMA 
DMAd) 

NMA 
DMA 
DMA 
NMA 
DMA 
NMA 
DMA 
NMA 

28.8 
371 

4.15 
33.6 

3.34 
18.1 

1.90 
1.59 
8.26 
1.44 
7.07 
0.916 
4.13 

29.7 
8.6 

72.0 
48.3 

83.2 
62.3 

68.9 
72.5 
70.9 
71.0 
68.3 

2.6 
0.3 

10.4 
6.7 

13.3 
18.6 

(87.6 
(89.4 
28.9 

25.2 
28.5 
28.5 
31.5 

60.1 
79.4 
13.4 
35.5 
2.4 
9.8 

12.4) h> 

10.6)h> 
1.1 
1.5 
0.6 
0.5 
0.2 

7.6 
11.7e> 
4.2 
9.5f) 
1.1 
9.3g> 
— 
— 
1.1*) 
0.81) 

trace 
trace 
trace 

a) [ROBs] = 0.075 mol/dm3; [C5H5N] = 0.077 mol/dm3; [R 
for NMA. b) See Table 1 for NMA; Ref. 20 for DMA. 
erythro=99.6: 0.4. f ) threo : erythro=81.4:18.6. g) threo : 
position. i) Isomer composition not determined. 

fi] = 0.17 for DMA and 0.34 mol/dm3 

c) Ref. 1. d) Ref. 20. e) threo: 
erythro=44.1: 55.9. h) Isomer corn-

logarithms of the ratio ( % yield of the retained acetate : 
% yield of the inverted acetate) or (% yield of the 
retained acetate: % yield of the olefinic products) for 
the D M A or N M A solvolysis of a series of threo-2-a.ryl-
1-methylpropyl brosylates, a good reactivity-selectivity 
relationship was found. The results are shown in Figs. 
2 .1 , 2.2 with use of the data in Table 5. 

The linear relationships observed between log kt and 
log ( % threo-R.Oh.cj % olefin) suggest that such processes 
as ka, kr, and ke, (Scheme 3) result from a single 
intermediate [ R + X - ] . The proposed classical E1~SV1 
competition mechanism is substantiated from the 
carboxamide solvolysis. 

An examination of these treatments was also carried 
out for the log £ t 's of the acetolysis of a series of threo-

2-aryl-l-methylpropyl brosylates using the data of Brown 
and Kim.7a> As in the case of the D M A or N M A , 
solvolysis, excellent linear relationships were observed 
(Fig. 3), indicating that even for the acetolysis, in which 
the rate-(retained) product correlation satisfactorily 
holds the reaction proceeds through a single interme­
diate, the open ion-pair (Scheme 1). 

When the log kt values of the brosylate l c in a series 
of amide solvents are plotted against the logarithm of the 
ratio (% yield of the retained ester: % yield of the 
inverted ester), an excellent linear relationship is 
observed (Fig. 4, correlation coefficient=0.990). 
Pertinent da ta for the test are given in Table 6. 

O n the basis of this linear relationship, it is deduced 
that both the retained and inverted esters stem from a 

threo-R.Oh.cj
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log(%tf>reo-ROAc/P) 
Fig. 2. Linear reactivity-selectivity relationship between 

log kt and log (% threo-a.ceta.te/% erythro-a.ceta.te) or log 
(% /Ara?-acetate/% olefin) for the DMA (upper) and 
NMA (bottom) solvolyses of //*ra?-2-aryl-l-methylpro-
pyl brosylates at 75 °C; correlation coefficient=0.976 
(P=% erythro-a.ceta.te, DMA), 0.970 ( P = % olefin, 
DMA), 0.981 (P=% erythro-2.ceta.te, NMA), and 0.969 
{P=% olefin, NMA). 

I' 
en 
o 

P = %ery thro ROAc 

\og(%threo-ROAc/P) 

Fig. 3. Linear reactivity-selectivity relationships between 
log kt and log (% threo-a.ceta.te/% erythro-a.ceta.te) or log 
(% threo-a.ceta.te/% olefin) for the acetolysis of threo-2-
aryl-1-methylpropyl brosylates at 75 ° G (data from Ref. 
7a); l = la , 2 = lb , 3 = m-MeC6H4- derivative, 4 = l c , 
5 = I d , 6 = le , 7 = If, 8=^-GF3G6H4- derivative, and 
9 = l g ; correlation coefficient=0.982 (P=% erythro-
acetate) and 0.991 (P=% olefin). 

single solvolytic species, a tight ion-pair intermediate, 
as shown in Scheme 3. The threo-type imidatonium ion 
(retained), which leads to threo-ester by hydrolysis, is 
formed by the front-side attack of the carboxamide on 
the tight ion-pair. A front-side solvent capture may 

TABLE 6. SOLVOLYSIS RATES AND RETENTION/INVERSION 

RATIOS FOR THE CARBOXAMIDE SOLVOLYSIS OF threo-X-

METHYL-2-PHENYLPROPYL BROSYLATE lc AT 75 °G 

* t a ) 
Yield of Ratio 

/retention\ 

DMAC> 
DMFd> 
NMAe> 
NMFd> 

1 0 - 5 S - 1 

3.34 
4.79 

18.1 
38.5 

esterb) 

2.4% 
4 .5% 
9.8% 

19.9% 

\inversion/ 

0.179 
0.251 
0.526 
1.18 

a) See Table 1. b) Acetate for DMA or NMA and 
formate for DMF or NMF. c) Ref. 20. d) The 
solvolysis was conducted under the same conditions 
as those described in Ref. 20. e) See Table 5. 

2.0 

1.5 

o 1.0 
L 

1 

>ODMF 

PDMA 

1 

NMA 

1 

NMF 

0.5 

-1 -0.5 0 0.5 

log (% threo/% erythro)es\er 

Fig. 4. Linear reactivity-selectivity relationship between 
log kt and log (% threo-ester/% erythro-ester) for the 
carboxamide solvolysis of l c at 75 °G; correlation coeffi­
cient = 0.990. 

have an advantage over a rear-side solvent capture 
when the rate of 2,1 -phenyl migration becomes fast 
enough to shield the rear-side effectively. Thus, as the 
selectivity increases on going from D M A solvolysis to 
N M F solvolysis (Table 6), the extent of deuterium 
scrambling in the ester products becomes greater 
(Table 4) . This might explain why the D M F solvolysis 
produces retained ester in a larger amount with more 
scrambling of the deuterium label than the D M A 
solvolysis (Table 4). The dual mechanism (Scheme 2) 
gives no explanation. 

Possible Origin of the Rate Enhancement. From a 
kinetic point of view, there is another mechanistic 
feature for the solvent effect on the carboxamide 
solvolyses. W h e n the log kt values for the N M F , NMA, 
and D M F solvolysis, or the acetolysis73) of a series 
/Ar^o-2-aryl-l-methylpropyl brosylates l a — g are plotted 
against those for the D M A solvolysis,20) satisfactory 
linear free-energy relationships are observed (Fig. 5) : 
correlation coefficients are 0.988, 0.997, 0.995, and 
0.971, respectively. 

If the observed titrimetric rate constant (kt) is 
represented by the sum of two independent processes, 
ks and Fk±, no such linear correlation would hold. 
Consequently, the deviation of the points for the 

erythro-a.ceta.te
erythro-a.ceta.te
erythro-2.ceta.te
erythro-a.ceta.te
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i 

_i\ i i i » ' 
0 0.5 1 1.5 

log(105/rt/s-i)DMA 

Fig. 5. Linear free-energy relationships between log kt 

(DMA) and log kt (DMF ( # ) , NMA ( 0 ) , NMF (©), 
or AcOH (O)) for la—g (l = la , 2 = lb , 3 = lc , 4 = l d , 
5 = le, 6=If , and 7 = l g ) at 75 °G; slope and correla­
tion coefficient are 1.11 and 0.995 (DMF), 1.29 and 
0.997 (NMA), 1.47 and 0.988 (NMF), and 2.27 and 
0.971 (AcOH); for the rate constants in DMA and 
AcOH, see Refs. 20 and 7a, respectively. 

substrates containing activating phenyl groups in the 
Hammet t plot (Fig. 1) should be at tr ibuted to cause 
other than the intrusion of the Fkà component and of 
the phenyl-bridged ion. 

According to Tabushi et Ö/.,23) the remarkable rate 
enhancement is observed in the solvolysis of pseudo-axial 
system of [2.2.2]paracyclophane derivative (2) in which 
the developing carbenium ion center can advantageously 
interact with the face of benzene ring through space; 
solvolysis rate of the pseudo-axial substrate was accelerat­
ed by a factor of 1014-7 as compared with corresponding 
pseudo-equatorial substrate. T h e same type of interac­
tion, therefore, might be operative between the /?-aryl 
group and the carbenium ion center. T h e proposal is, 
however, qualitative. Confirmation of the cause of the 
deviation in the Hammet t plot (Fig. 1) would be 
achieved by a precise estimation of the intrinsic magni­
tude of such a transannular interaction between the 
individual /?-aryl group and a p-orbital of the cationic 
carbon in the transition state. 

In conclusion, the mechanism which formulates the 
initial ionization as formation of tight ion-pair (open or 
classical), followed by a variety of competing processes 
(kr, ke, ka, ka', and kar pathways, Scheme 3), can 
explain the results of carboxamide solvolysis. This is 
essentially the same as that proposed by Brown et a/.5b) 
No intervention of a phenyl-bridged ion is necessary for 
the carboxamide solvolysis. 

E x p e r i m e n t a l 

The four carboxamides were purified in the same way as 
described.18) The substrates la—g and lc-2-i were the 
products from the same lot employed in the previous work; 
product analysis and deuterium distribution analysis were 
performed in the same manner as reported.20) Kinetic meas­
urements were carried out following the method described 
previously.19) 
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Effect of Complexation by Crown Ethers on Anisochrony of 
Diastereotopic Groups in NMR Spectra 
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Anisochrony of geminal methyls in alkylamines bearing a chiral center in the molecule is affected by complexa­
tion with crown ethers, which amplify the chemical shift non-equivalence in NMR. The resolved signal of gem-
methyls in valine methyl ester were unequivocally assigned to pro-R and pro-S methyl groups respectively. 

In principle, different N M R chemical shifts are to 
be expected for diastereotopic groups, since they 
experience different molecular environments. However, 
these groups, particularly in acyclic compounds, are 
often accidentally isochronous because of the practically 
close similarity of individual surroundings. This situa­
tion can often be circumvented by such techniques as 
to ensure improvement of resolving ability or a change 
in magnetic environments, probably resulting in 
manifestation of the latent anisochrony. For example, 
the application of a higher magnetic field,1) a change in 
the solvent medium, and use of N M R shift reagents2) 
have generally been employed for this purpose. 

Crown ethers have recently been introduced to 
organic chemistry and proved to be versatile from the 
viewpoint of both synthetic and mechanistic utilities.3) 
Complexation with primary ammonium salt is one of 
the most important properties of crown ethers. 

We now describe the notable effect of crown ethers 
on anisochrony of diastereotopic groups in amino 
compounds owing to complexation. Crown ethers were 
found to realize the potential anisochrony and amplify 
the chemical shift non-equivalence of paired ligands in 
alkylamines. 

In alkylamines 1 and 2, the signals for ^m-methyls 
were unresolved in the form of free amine, b u t non-
equivalence was observed in the hydrochloride; the 
chemical shift difference, 0.01 p p m for 1 and 0.02 p p m 
for 2 . Complexation by 18-crown-6 enhanced the 
difference up to 0.06 ppm, which probably arised from 
decrease in conformational mobility and/or the shielding 
effect of the crown ether. In complexes with dibenzo-
18-crown-6, the Aô value varied in a characteristic 
way depending on the length of the methylene chain, 

which may be ascribed to the benzene ring-currents. 
The chemical shift differences between g^m-methyls were 
no longer observed for 3 at any state. 

Amino acid esters were also of our great concern 
from the viewpoint of anisochrony of diastereotopic 
groups. In contrast to alkylamines, methyl doublets of 
valine methyl ester (4) were unresolved in the hydro­
chloride, whereas those of the free amine were resolved 
with Aô of 0.07 ppm. Here again, a significant difference 
was caused by complexation with 18-crown-6; 0.14 p p m . 
The chemical shift difference was furthermore magnified 
in the case of dibenzo-18-crown-6, 0.22 p p m . 

Non-equivalence was not observed in the spectra of 
leucine methyl ester in any form except for the dibenzo-
18-crown-6 complex, for which a significant but rather 
small Aô of 0.04 p p m was observed. In 1 3 C-NMR 
measurements, chemical shift differences of leucine 
methyl ester were enhanced in the order of the hydro­
chloride, the free amine, and the complex with 18-
crown-6; 0.5, 1.2, and 1.4 ppm, respectively, which was 
also the case in *H-NMR of 4 . 

In order to assign the resolved signals of g^m-methyls 
in 4 ! H - N M R spectra were investigated in every form 
of isoleucine (5) and alloisoleucine (6) methyl esters, 
whose configurations were unambiguously established. 
For the hydrochloride, the spectral feature of 5 and 6 
very much resembled each other, and both of them can 
not be distinguished by ^ - N M R . Liberation from the 
hydrochloric salt caused a slight variation in spectra 
and the complexes with the crown ether showed quite 
a remarkable difference over the methyl region between 
the two isomeric amino acid esters. The chemical shift 
differences of the methyl groups of 5 and 6, correspond­
ing to R 2 and R 1 respectively, were enhanced as one 

TABLE 1. CHEMICAL SHIFTS,8-»^ d OF METHYL DOUBLETS IN ALKYLAMINE 

H 
CHa 

CH3 

CH-(CH 2 ) n -C-CH 3 

NH, 

Compound Free amine Hydrochloride 18-Crown-6 complex0 Dibenzo-18-crown-6 complex0 > 

ld> 

2 

3 

0 

1 

2 

0.89(0.00) 

0.88(0.00) 

0.89(0.00) 

S:>-01) 
2;^(o.o2) 
0.88(0.00) 

5^(0.06) 

S:>-06) 
0.89(0.00) 

8:§(o.o4) 

8:S<°-"> 
0.80(0.00) 

a) The coupling constant has a value of about 6—7 Hz. 
b) The value in parentheses represents the chemical shift difference (A<5, ppm). 
c) The ratio of substrate/crown ether in CDC13 is 1.0±0.1 (except for 3 ; 4.0). 
d) For "hydrochloride in CDC13," the chemical shift difference was 0.01 ppm. 
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T A B L E 2. CHEMICAL SHiFTS,a»b) ô, OF METHYL DOUBLETS IN AMINO ACID ESTER 

H ,H 

\ / • 

Compound 

4 

5 
6d> 

7 
8 

Leucine 
methyl ester 

R1 

GH3 

G2H5 

GH3 

OCHg 
GH3 

R2 

GH3 

GH3 

G2H5 

GH3 

OCH3 

CHsOOC^ 

Free amine 

S;>.07) 

°- 9 4(0 12) 

1.23,„ , , , 
! 1 2 (0 .H) 

0.94(0.00) 

NH2 

H^R' 
R2 

Hydrochloride 

1.04(0.00) 

J>.«> 
1 32 
^ ( o . o e ) 
0.96(0.00) 
2 4 - 1 m ^ 
2 3 . 6 (0 .5 ) 

18-Crown-6 
complexc) 

J:>-14) 
°-9 5(0 14) 
1.09^ -l ' 
1 29 
liss*0"04* 
0.98(0.00) 

Dibenzo-18-crown-6 
complexC) 

2;g(0.22) 

°-5 6(0 22) 
0.78^ ; 

S:59(°-04) 

a) The coupling constant has a value of about 6—7 Hz (except for leucine methyl ester, about 5—6 Hz). 
b) The value in parentheses represents the chemical shift difference (A<5, ppm). 
c) The ratio of substrate/crown ether in CDC13 is 1 .0±0 .1 . 
d) For simplification's sake, the configuration is depicted here for L-alloisoleucine methyl ester, although the 
actual experiment was carried out on the enantiomer. 
e) 13C chemical shifts (ôc, ppm from TMS). 

traversed from the hydrochloride (0.02 ppm) , the free 
amine (0.12 ppm) , the 18-crown-6 complex (0.14 ppm) 
to the dibenzo-18-crown-6 complex (0.22 ppm) , which 
was also in keeping with the the order found for 4 . 

Since the chemical shift difference of ^m-methyls in 
4 corresponds correctly to that between methyl doublets 
in 5 and 6 at any state, it can be safely concluded that 
the substitution of ethyl for methyl groups did not make 
any noticeable change in the magnetic environment or 
the conformation. 

In the spectra of free amino acid esters, the methyl 
doublet of 6 was located in the magnetic field higher 
than that of 5 . T h e situation was reversed in the 
spectra of the complexes with crown ethers. Conse­
quently, in the presence of chirality as depicted in 
Table 2, R2-methyl group was shielded more than R1-
methyl in the complexes with crown ethers. I t then 
follows that , in the case of 4, the methyl doublets in the 
higher field in the free amines and in the crown ether 
complexes can be safely ascribed to the pro-S methyl 
(R1) and the pro-R methyl (R2) , respectively. 

In order to simplify ^ - N M R spectra in the methyl 
region and to ascertain the above conclusion, O-methyl-
threonine (7) and O-methylallothreonine (8) methyl 
esters were subjected to the same 1 H - N M R tests. In 
this case, the trend of augmentat ion in the chemical 
shift differences between R 1 and R 2 was different from 
that found for valine series; the 18-crown-6 complex 
(0.04 ppm) , the hydrochloride (0.06 ppm) , and the free 
amine (0.11 p p m ) . However, the same situation as 
in the valine series prevailed for the relative positions of 
signals; the methyl doublet of 8 appears at a field higher 
than that of 7 for the free amino esters and the reverse 
for 18-crown-6 complexes. 

T h e causes of the amplified anisochrony observed for 
diastereotopic groups in crown ether complexes are 
still obscure. Since dibenzo-18-crown-6 has a well-
defined shielding effect, the relative spatial position can 

H3C00C^ 
ÇH3 Pros 

^-35" pro-R 

k H 
H 0 

PFR 

-°^> 
Fig. 1. The relative spatial disposition of pro-S and pro-R 

methyls in the valine methyl ester-dibenzo-18-crown-6 
complex. 

be safely allotted to the methyl groups. T h a t is, pro-R 
methyl of valine methyl ester appearing in a higher 
magnetic field is disposed closer to the phenyl nuclei 
than the pro-S counterpart , as depicted in Fig. 1, which 
is consistent with the coupling constant of C a - H ; 4 Hz. 

Enhancement of anisochrony of diastereotopic groups 
by complexation with crown ethers may possibly be 
applicable for the establishment of stereochemistry, 
especially of the erythro-threo isomerism, and may 
substitute partially for shift reagents in resolution of 
complicated spectra. 

E x p e r i m e n t a l 

Melting points were measured on hot plate and uncorrected. 
NMR chemical shifts were given as ô (ppm from TMS) in 
deuterochloroform (except for hydrochlorides, from DSS, in 
deuterium oxide) and were determined at 23 °G on a Varian 
EM-360 (60.00 MHz, with an error of 0.02 ppm) and/or a 
JEOL JNM-FX 100 (99.55 MHz for !H-NMR, 25.00 MHz 
for 13C-NMR; 5 mm tube; FT conditions: acquisition time 
4.1 s for !H-NMR, 0.68 s for 13C-NMR; pulse width 38 pis 
(90°) for !H-NMR, 12 (JLS (90°) for 13C-NMR; spectral width 
1000 Hz for iH-NMR, 5000 Hz for 13C-NMR; pulse repeti­
tion time 6.0 s for ^ - N M R , 2.5 s for 13C-NMR; number of 
data points 8192; number of transients 4 or 8 for ^ - N M R , 
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20000 for 1 3 C - N M R ; and with an error of 0.003 p p m for 
^ - N M R , 0.05 p p m for 1 3 C - N M R ) . 

Material. Valine, isoleucine, alloisoleucine, and leucine 
methyl ester were supplied from commercial source. Esterifi-
cation of amino acid was carried out according to Fischer's 
method. O-Methylallothreonine methyl ester (8) was prepared 
by the method of West4> from crotonic acid. All the com­
pounds were purified in the state of hydrochloride by recrystal-
lization from ethanol-ether and the relevant da ta were listed 
in Table 3. T h e amines were liberated with 2 M aq sodium 
hydroxide just before use. All products gave satisfactory 
microanalyses ( C = ± 0 . 8 0 % , H = ± 0 . 2 7 % , N = ± 0 . 3 3 % ) . 

Typical Procedure for Preparations of Alky lamines. 2-Amino-
4-methylpentane (2): 4-Methyl-2-pentanone (20 g, 0.20 mol) , 
sodium acetate (19.7 g, 0.24 mol) and hydroxylamine (16.7 g, 
0.24 mol) were dissolved in ethanol (200 ml) . After heat ing 
under reflux for 5 h, the mixture was filtered and the filtrate 
was evaporated and the residue was extracted with chloroform. 
T h e chloroform layer was washed with sat. aq sodium carbon­
ate and dried over sodium sulfate. Distillation gave the oxime 
(bp 85—87°G/19 Torr , 19.6 g, 8 5 % ) . T h e oxime (19.0 g) 
dissolved in dry ether (50 ml) was added dropwise into l i thium 
aluminum hydride (9.7 g) in dry ether (150 ml) and the 
mixture was heated under reflux for 13 h. The mixture was 
treated by dropwise addit ion of water (9.7 ml) , 15% sodium 
hydroxide (9.7 ml) , and water (29 ml) successively. T h e 
mixture was filtered and dried over sodium sulfate. T h e 
filtrate was distilled to give (2) (bp 112—114 °G, 6.8 g, 3 7 % ) . 

O-Methylthreonine Methyl Ester (7) .5> Methyl erythro-
2-bromo-3-methoxybutyrate4> (1.25 g, 6 mmol , bp 84—85 °G) 
prepared from methyl crotonate, sodium azide (0.79 g, 20 
mmol) , and (2,2, l)-cryptand (50 mg) were dissolved in aceto-
nitrile (10 ml) . After heating for 42 h under reflux, the mixture 
was filtered and the filtrate was evaporated. The residue was 
hydrogenated over 5 % P d - G (100 mg) in methanol (10 ml) . 
T h e mixture was filtered, evaporated and then purified by 
passing through I R 120 B resin (2 X 50 cm column; About 500 
ml of distilled water was passed through the column followed 
by effluence with 3 % aqueous ammonia ) . T h e product was 

T A B L E 3. PHYSICAL CONSTANTS OF AMINO COMPOUNDS 

Compound 

1 
2 
3 
4 
5 
6 
7 
8 

Leucine 
methyl 

Bp(°G) 

83—84 
112—114 
135—136 

— 
— 
— 
— 
— 

ester 

Mp of hydrochloride (°G) 

213 
143 

117—118.5 
112—113 
95—96.5 

126 
—*) 

164—165(dec) 

154—154.5 

a) Amorphous solid. 

esterified by Fischer's method to give an amorphous solid 
( 2 2 0 m g , 2 0 % ) . 

Method of Complexation with Crown Ether.*) T h e mixture 
of crown ether (0.063 mmol) in deuterochloroform (0.35 ml) , 
hydrochloride of amino compound (0.373 mmol) in deuter ium 
oxide (0.40 ml) , and l i thium hexafluorophosphate (0.373 
mmol) was shaken in ice ba th for 5 min. After standing for 
about 30 min, the deuterochloroform layer was separated for 
spectral measurement at 60 and/or 100 M H z . 
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and Their Dihydro Compounds 
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Department of Chemistry, Faculty of Science, Kwansei Gakuin University, Uegahara, Nishinomiya, Hyogo 662 
(Received November 21, 1978) 

Upon autoxidation in alkaline media, pulegone and fukinone (2) gave pairs of hydroxy ketones respectively 
as the major products; also, hydroxyeremophilone was isolated as its acetate from 2. On the other hand, their 
dihydro compounds afforded hydroxy ketones, diosphenols, and acids. 

It is well known that enolizable ketones are oxidized 
rapidly in strongly basic media. This type of autoxida­
tion has been widely applied to the transformations of 
the naturally occurring terpene ketones and has produc­
ed interesting types of substances related to the biosyn­
thesis.1) I t has been pointed out that oxygen attacks 
at the site of enolization—for example, 3-keto 5ß- and the 
5a-steroids2) gave the oxygenation products at the G-4 
and C-2 positions respectively. 

Since pulegone (1) and fukinone (2),3) together with 
their dihydro derivatives, (3 and 4) , could be regarded 
as the logical precursors of the further oxygenated 
congeners, the autoxidation has been at tempted in order 
to clarify the nature of the products thoroughly. 

T h e autoxidation of 2 and 3 (a mixture of menthone 
and neomenthone) would be expected to furnish 
hydroxyeremophilone (5)4) and buccocamphor (7),5) 
which are found in the oil of Eremophila mitcelli and in 
the essential oils of various Barosma or Mentha species 
respectively. In fact, 5 was isolated, but in a poor yield, 
as the acetate (6) from the oxidation mixture. W e 
wish now to report the base-catalyzed autoxidation of 
the titled compounds and the structural assignments of 
the products. 

T h e oxidation was carried out under the following 
three conditions: a) potassium /-butoxide//-butyl 

alcohol; b) potassium /-butoxide/iV,JV-dimethylform-
amide, and c) sodium £-butoxide//-butyl alcohol, N,N-
dimethylformamide, and tetrahydrofuran in the presence 
of triethyl phosphite as a reducing reagent.6) Under the 
above conditions, 1 and 2 gave pairs of diastereomeric 
hydroxy ketones, (8a and 8b) and (9a and 9b) respec­
tively. T h e dihydro analogues, 3 and 4, gave also pairs 
of hydroxy ketones, (10a and 10b) and ( l i b and 12), 
besides diosphenols (14 and (16 and 17)), and acids 
(18 and 19), respectively. The oxidation products are 
shown in Table 1, along with their yields based on the 
consumed starting materials. The acidic products were 
isolated as the methyl esters. 

Hydroxy ketones, 8a, 8b, 9a, and 9b, were prepared 
independently from pulegone a- and /^-epoxide,7) and 
fukinone a- and /^-epoxide,8) respectively by treatment 
with />-toluenesulfonic acid in benzene.9) They were 
also found as the minor products among the photo­
sensitized oxygenation products of l10) and 2.11) The 
absolute configuration of 9b was established by X-ray 
analysis.12) The saturated hydroxy ketones, 10a, 10b, 
and l i b , were obtained by the hydrogénation of the 
respective hydroxy ketones, 8a, 8b, and 9b. The 
spectral data of 10a and 10b were in good agreement 
with those given in the literature.13) It is obvious that 
a hydroxy ketone, 12, is the rearranged product from 
l i b by the stereospecific acyloin rearrangement14) in an 
alkaline medium, though l i b seems to resist the rear­
rangement in the aprotic solvent, as in the b) condition. 
The 12 structure was ascertained by its conversion to the 
ketone (13), which was identical with the authentic 
sample prepared from 4.3) O n the other hand, the 
isomeric hydroxy ketone (11a) appears to undergo 
further oxidation without the subsequent rearrangement. 

T h e diosphenol, 14, was positive to a ferric chloride 
test (black color), exhibiting an U V maximum at 275 
n m and a broad I R band at 1670 c m - 1 characteristic 

Condition 

TABLE 1. YIELDS OF OXIDATION PRODUCTS DEPENDING ON THE REACTION CONDITIONS 

Compounds 

a 
b 
c 

Pulegone (1) Fukinone (2) 

Products 
8 a + 8 b 

11% 
21 
17 

8a/8b 
4.2 
3.6 
1.1 

9 a + 9 b 
15% 
18 
10 

9a/9b 
1 
0 
0 

Dihydropulegone (3) Dihydrofukinone (4) 

10a+10b 
14% 
18 
28 

10a/10b 14 22 l i b 12 16+17 23 
4.5 0% 8% 0% 11% 0% 15% 
5.6 2 9 7 0 0 6 

12.8 0 a) (26) 5 a) 

a) Identification could not be done because of the small amount. 



August, 1979] Base-catalyzed Autoxidation of Pulegone and Fukinone 2373 

of diosphenol. Upon acetylation with acetic anhydr ide -
pyridine, 14 readily afforded its acetate (15), whose 
configuration at C-4 remains to be determined. From 
4 we obtained an inseparable mixture of the epimeric 
diosphenols, 16 and 17, while the acetate was separated 
into 20 and 21 by preparative T L C . However, the 
amount of 21 was too minute for further purification. 
Upon autoxidation, 11a gave a diosphenol, 16, whose 
acetate was identical with the 20 obtained by the 
autoxidation of 4. Accordingly, the configurational 
assignments to 20 and 21 were established. 

The acidic products, 18 and 19, were isolated as 
methyl esters (22 and 23), after esterification with 
diazomethane ; their structures were confirmed by their 
preparations from 3 and 4 respectively by the following 
reaction sequences of Baeyer-Villiger oxidation, alkaline 
hydrolysis, methylation, and oxidation with chromium 
trioxide.15»16) The acidic products are derived from the 
starting ketone via a-hydroperoxy ketones, involving 
the cleavage of the bond adjacent to the carbonyl 
group.17) 

0 H 

9a 

» 
H 

9b 

H0^7° H0^° O ^ j ^ 0 i H 

10a 11b 

0 " 
OR. 

1AR=H 18R=H 16R=H 
15R=Ac 22R=Me 2 0R=Ac 

0X<XJ RO&JKJ 
OR H 

17R=H 19R=H 
21 R=Ac 23R=Me 

>/46 
12 

i 
H 

13 

Hydroxyeremophilone (5) was subjected to con­
siderable decomposition when left standing in the air, 
and it was carefully isolated as the acetate (6) by 
chromatography on deactivated silica gel. 6 was 
synthesized from 2 as follows. 9-Acetoxyfukinone (24) 
was obtained by the treatment of 2 with mercury (I I) 
acetate in acetic acid.18) T h e P M R spectrum of 24 
showed the signal at ô 5.38 (d, J =12 Hz) at tr ibutable 
to the hydrogen attached to the carbon bearing an 
acetoxyl group. From an examination of the dihedral 
angle between 9-H and 10/J-H, the coupling constant 
(12 Hz) can be accounted for by the relative orientation 
of the a-axial 9-H and ^-equatorial 9-acetoxyl groups 
in a steroidal conformation. The treatment of 24 with 

DDÇHn the presence of hydrogen chloride19) furnished 6 
in a poor yield (10%, based on the consumed 24). Next, 
the mild alkaline hydrolysis of 24 and the subsequent 
oxidation of the product (25) with bismuth oxide in 
acetic acid, as shown previously in the oxidation of 2-
hydroxypulegone,19) gave 5, which was then immediately 
acetylated with acetic anhydride-pyridine to yield 6. 
These two acetates, prepared independently, showed the 
same Rf value, 0.75 (silica gel; benzene-ethyl acetate, 
10: 1), IR , and P M R spectra. Their characteristic I R 
bands, U V absorption maxima, and specific rotation 
agree with those given in the literature.4) There was no 
sign of the existence of the monoterpene analogue of 
5 in the autoxidation products of 1. T h e base-catalyzed 
autoxidation of the terpene ketones under investigation 
resulted in poor yields of the products, suggesting that 
the products tend to collapse readily into undesired 
compounds under the reaction conditions. In spite of 
the many visualized spots on T L C , attempts to separate 
the esters derived from the acidic products in the 
autoxidation of the conjugated ketones, 1 and 2, were 
unsuccessful. 

2 Hg(0Ac)2 > / V 4 \ DDCL > g 

OAc 

24 l< 0H~ 

OH 

26 

^ f r * * -
pyr. 

OH 

25 

The product oxidized only at the 9-methylene posi­
tion, namely, buccocamphor, 7, and its sesquiterpene 
analogue (26) could not be detected in the reaction 
mixture of the saturated ketones, 3 and 4. O n the 
other hand, only 11a among the hydroxy ketones was 
found to afford a diosphenol, 16, in a low yield by 
autoxidation under the b) reaction conditions, bu t 11a 
could not be found in the autoxidation mixture of 4 . 
No conclusive proof, therefore, could be obtained as to 
whether diosphenols, 14 ,16 , and 17, can be produced via 
hydroxy ketones, 10a,b and l l a , b or via 7 and 26. 
The intermediates presumably suffered rapid oxidation 
to give the diosphenols. 

Finally, it should be noted that the relative ratio of 
the epimeric 4- or 7-hydroxy ketones is markedly 
affected by the reaction conditions (Table 1). This 
may reflect the dependence of the preferential confor­
mation of the enolate anions on the reaction conditions. 

E x p e r i m e n t a l 

The IR, UV, and mass spectra were taken with Hitachi 
EPI-G3, Shimadzu Spectronic 505, and Hitachi RMU-6 
spectrophotometers respectively. The PMR spectra were 
recorded with a Hitachi R-20B (60 MHz) spectrometer, and 
the chemical shifts are reported in ^-values, with TMS as the 
internal reference. The optical rotations were measured with 
a Perkin-Elmer 141 Polarimeter. Analytical and preparative 
GLG were performed with a Shimadzu GG-1G apparatus on 
a stainless steel column (0 = 3 mm). The TLG were run on 



2374 Akio HORINAKA, Eiyu Yo, Otoji MORI, and Keizo NAYA [Vol. 52, No. 8 

silica gel (Merck Kieselgel G). All the melting and boiling 
points are uncorrected. 

General Procedure of Autoxidation. a) Oxidation Catalyzed 
by Potassium t-Butoxide in t-Butyl Alcohol: A ketone (600—800 
mg) was dissolved in a solution of 0.5 M potassium £-butoxide 
in £-butyl alcohol (20—30 ml). The mixture was stirred 
vigorously under the bubbling of oxygen at room temperature 
for 20—40 min, until 1 mol of oxygen has been consumed, 
and was then diluted with water, acidified with 10% aqueous 
sulfuric acid, and extracted with ether. The extract was shaken 
with a saturated sodium hydrogencarbonate solution. The 
extract was washed with water and dried over sodium sulfate. 
The removal of the solvent gave an oil, which was subsequently 
chromatographed on silica gel. Elution with light petroleum-
ether (50: 1) or benzene afforded non-acidic products. The 
sodium hydrogencarbonate solution was acidified with 10% 
aqueous sulfuric acid and extracted with ether. The extract 
was treated with diazomethane-etherate. The removal of the 
solvent gave an oil which was chromatographed on silica gel. 
Elution with light petroleum-ether (50: 1 ) gave a methyl ester 
of the acidic product. 

b) Oxidation Catalyzed by Potassium t-Butoxide in N,N-Dimeth-
ylformamide: To a solution of potassium £-butoxide (ca. 9 
mmol) in iV,iV-dimethylformamide (15 ml) we added a ketone 
(600—800 mg). The solution was stirred vigorously under an 
oxygen atmosphere at —20 10 °G for 4—40 min, until 1 
mol of oxygen had been consumed, and was then worked-up 
in essentially the same manner as Procedure a). 

c) Oxidation Catalyzed by Sodium t-Butoxide in t-Butyl Alcohol, 
N,N-Dimethylformamide, and Tetrahydrofuran in the Presence of 
Triethyl Phosphite : Sodium hydride (300 mg, 50%) was dissolv­
ed in f-butyl alcohol (2 ml) and iV,iV-dimethylformamide (3 
ml). To this solution we added triethyl phosphite (1 ml) in 
iV,iV-dimethylformamide (3 ml) and then a ketone (0.8—1.0 
g) in tetrahydrofuran (7 ml). Oxygen was passed for 1 h into 
the cooled mixture at —30 20 °G. After the addition of 
a solution of sodium hydroxide (0.5 g) in methanol-water 
(2: 1, 15 ml) the reaction mixture was stirred at room tempera­
ture for 20 min and then acidified with acetic acid. After the 
removal of the solvent in vacuo and dilution with water, the 
mixture was extracted with ether. Subsequently, the extract 
was worked up in a manner similar to that described above. 

Autoxidation Products of Pulegone (1) and Dihydropulegone (3). 
8a and 8b were found to be identical with authentic 

samples9) by a comparison of the IR and GLC (EGA, 2.6 m ; 
column temperature, 140 °C; H2-flow rate, 60 ml/min; reten­
tion time, 8a: 9.8 min, 8b : 13.6 min). 

The saturated hydroxy ketones (10a and 10b) were found 
to be identical with the hydrogénation products of 8a and 
8b respectively by a comparison of the IR and GLG (EGA, 
2.6 m ; column temperature, 140 °C; retention time, 10a: 7.5 
min, 10b : 9.4 min) ; also, their spectral data were in agreement 
with those given in the literature.13) 

Diosphenol (14) : A colorless oil; UV: A ^ H 275 nm (e, 4300) ; 
IR(film): 3420, 1705, 1670, 1635 cm-1; PMR(GG14) : 1.82 (t, 
7 = 1 . 0 Hz, 7-Me), 0.94 and 0.69 (each d, J = 6 . 0 H z , 9- or 
10-Me). 14 (28 mg) was acetylated with acetic anhydride-
pyridine in the usual manner to give 15 (15 mg). 

Acetate (15) : A colorless oil; UV: A£*gH 242 nm (e, 8100); 
IR (film): 3450, 1750, 1670, 1640, 1200cm"1; PMR(GG14): 
3.24 (br s, OH), 2.15 (s, OAc), 1.78 (s, 7-Me), 0.94 and 0.68 
(each d, J=6.0 Hz, 9- or 10-Me). 

Keto Ester (22): A colorless oil; bp 125—129 °G (bath 
temperature)/16.5 mmHgt; [a]g +9.7° (c, 0.51, MeOH) ; MS : 
m/e 200, M+, m/e 125, base peak; IR(film) : 1730, 1710, 1250, 

t mmHg= 133.322 Pa 

1200, 1160 cm-1; PMR(GG14) : 3.59 (s, OMe), 1.03 (d, / = 7 . 0 
Hz, 9- and 10-Me), 0.89 (d, / = 5 . 0 Hz, 7-Me). 22 was found 
to be identical with the authentic sample prepared from 3 by 
a comparison of the IR and GLG (PEG 20M, 2.6 m ; column 
temperature, 146 °C; H2-flow rate, 58 ml/min; retention time, 
24 min) (see below). 

Autoxidation Products of Fukinone (2) and Dihydrofukinone (4). 
Hydroxy Ketone (9a) : Mp 47—53 °G, colorless needles (from 

pentane); MS: m/e 236 M+, m/e 109 base peak; IR(GG14): 
3480, 3060, 1710, 1635, 902 cm"1; PMR(GG14) : 4.82 (slightly 
splits) and4.65 (s) (12-G=GH2), 3.27 (s, OH), 1.78 (s, 13-Me), 
1.03 (s, 15-Me), 0.87 (d, ,7=6.0 Hz, 14-Me). 9a was contami­
nated by a slight amount of 9b, but 9a showed the same 
physical properties as the authentic sample prepared from 
fukinone a-epoxide in a comparison of the TLG, IR, and 
PMR. The preparation of 9a will be described later. 

Hydroxy Ketone (9b) : Mp 73.5—74.0 °G, colorless prisms 
(from pentane); [a]2

D
3 - 8 0 ° (c, 0.99, GHG13); MS: m/e 236 

M+, m/e 109 base peak; IR(GG14) : 3460, 3060, 1705, 1635, 
900 cm-1; PMR(GG14) : 4.85 (slightly split s) and 4.58 (s) 
(12-G=GH2), 3.55 (s, OH), 1.84 (d, ^ = 1 . 0 Hz, 13-Me), 0.89 
(s, 15-Me), 0.87 (d, / = 6 . 0 H z , 14-Me). 

Found: G, 76.10; H, 10.10%. Galcd for G15H2402: G, 
76.22; H, 10.24%. 9b was found to be identical with the 
authentic sample prepared from fukinone ^-epoxide by a com­
parison of the IR, PMR, and TLG and by a mixed-melting-
point determination. 

Hydroxy Ketone (lib) : Mp 40.0—41.0 °G, colorless prisms 
(from pentane); [a]2

D
3 - 6 9 ° (c, 1.0, CHG13); MS: m/e 238 

M+, m/e 109 base peak; IR(CG14): 3450, 1705 c m 1 ; PMR 
(GG14): 3.47 (s, OH), 0.99 and 0.64 (each d, / = 6 . 5 Hz, 12-
or 13-Me), 0.92 (d, J = 6 . 5 Hz, 14-Me), 0.87 (s, 15-Me). 

Found: G, 75.42; H, 10.89%. Galcd for G15H2602: G, 
75.58; H, 11.00%. l i b was found to be identical with the 
hydrogénation product of 9b by a comparison of the TLG, IR, 
and PMR and by a mixed-melting-point determination. The 
preparation of 9b and l i b will be described later. 

Hydroxy Ketone (12): A colorless oil; [a]2
D

8 +33.7° (c, 1.03, 
GHG13); MS: m/e 238 M+, m/e 109 base peak; IR(GC14) : 
3450, 1693 cm-1; PMR(GG14) : 3.43 (s, OH), 1.08 (d, / = 6 . 0 
Hz, GHMe2), 1.00 (s, 15-Me), 0.81 (d, y = 6 . 0 H z , 14-Me). 

Found: G, 75.41; H, 10.94%. Galcd for G15H2602: G, 
75.58; H, 11.00%. 12 was found to be identical with the 
rearranged product of l i b by a comparison of the IR, PMR, 
and GLG (SF 96, 35 cm; column temperature, 100 °G; H2-flow 
rate, 115 ml/min; retention time, 9.5 min). The rearrange­
ment of l i b will be described later. 

A Mixture of Diosphenols (16 and 17) : A colorless oil; bp 
116—135 °G (bath temperature)/0.04 mmHg; UV: A£JgH 282 
nm (e, 10000) ; IR(film) : 3430, 1660, 1630 cm"1. This mixture 
(104 mg) was acetylated with acetic anhydride-pyridine in 
the usual manner. The mixture was then separated into (20) 
and (21) by repeated column chromatography on silica gel, 
with benzene as an eluent, and by subsequent preparative 
TLG (benzene-ethyl acetate, 10: 1). 

Acetate (20): Rt: 0.68, benzene-ethyl acetate, 10: 1; mp 
99.5—100.0 °G, colorless prisms (from light petroleum); [a]g 
- 8 0 ° (c, 0.52, GHG13); IR(KBr) : 3450, 1760, 1685, 1635, 
1210 cm-1; PMR(CG14) : 3.11 (br s, OH), 2.18 (s, OAc), 1.27 
(s, 15-Me), 0.96 and 0.68 (each d, / = 6 . 0 Hz, 12- or 13-Me), 
0.91 (d, / = 5 . 5 Hz, 14-Me). 

Found: G, 69.39; H, 8.89%. Galcd for G17H2604: G, 69.36; 
H,8.90%. 

Acetate (21): R{, 0.73; a colorless oil; [a]2
D

8 +20° (c, 0.26, 
MeOH); UV: A ^ 249 nm (e, 8200); IR(film): 3450, 1750, 
1675, 1635, 1200 cm-1. 

Keto Ester (23) : Bp 120—122 °G (bath temperature)/0.02 
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m m H g ; a colorless oil; [a]2
D

2 + 4 1 ° (c, 0.85, M e O H ) ; M S : m/e 
237 M + - 3 1 , m/e 109 base peak; IR(film) : 1735, 1710 cm" 1 ; 
PMR(CC14) : 3.56 (s, O M e ) , 1.01 (s, 15-Me), 0.98 (d, 7 = 6 . 5 
Hz, GHMe 2 ) , 0.86 (d, J=7.0 Hz , 14-Me). 

Found: G, 71.40; H , 10.56%. Galcd for G 1 6 H 2 8 0 3 : G, 
71.60; H , 10.52%. 23 was found to be identical with an 
authentic sample prepared from 4 by a comparison of the 
I R and GLG (PEG 20M, 2.6 m ; column temperature , 195 °G; 
retention time, 14.9 min) . T h e preparat ion of 23 will be 
described later. 

Preparation of the Autoxidation Products. Preparation of Hydroxy 
Ketones (9a, 9b, 11a, and lib). A solution of fukinone 
a-epoxide (1.015 g) and jfr-toluenesulfonic acid (250 mg) in 
dry benzene (270 ml) was stirred at 40 °G for 7 h. Working-
up in the usual manner gave a brown oil, which was subse­
quently chromatographed on silica gel (30 g, Grade I I ) . 
Elution with light petroleum-ether (50: 1) gave (9a) in a 
4 9 % yield as the major product . 9 b was obtained in a 
similar manner from fukinone ^-epoxide. 

The catalytic hydrogénation of 9a and 9 b with 10% 
palladium charcoal gave the saturated hydroxy ketones (11a 
and l i b ) respectively, in quanti tat ive yields. 

Hydroxy Ketone (9a): M p 61.5—62.0°G; colorless needles 
(from pentane) ; [a]2

D
8 + 9 1 ° (c, 1.02, GHG13). 

Found : G, 76.26; H , 10.27%. Calcd for G 1 5 H 2 4 0 2 : G, 
76.22; H, 10.24%. 

Hydroxy Ketone (9b) : M p 73.5—74.0 °G; colorless prisms 
(from pentane) ; [a]2

D
3 - 8 0 ° (c, 0.99, GHG13). T h e further 

details of 9a and 9 b will be reported in the succeeding paper 
on the acid-catalyzed reaction of fukinone epoxides. 

Hydroxy Ketone (11a): M p 47—48 °G; colorless prisms 
(from pen tane) ; [a]2

D
8 + 1 1 2 ° (c, 1.02, GHG13); M S : m/e 238 

M+, mje 109 base peak; IR(CG14) : 3480, 1703 cm" 1 ; P M R -
(GG14): 2.89 (s, O H ) , 0.93 (s, 15-Me), 0.81 (d, / = 6 . 0 H z , 
14-Me), 0.91 and 0.70 (each d, / = 6 . 0 H z , 12- or 13-Me). 

Found: G, 75.31; H , 10.95%. Galcd for G 1 5 H 2 6 0 2 : G, 
75.58; H , 11.00%. For the da ta of l i b , see the above 
description. 

Rearrangement of Hydroxy Ketone (lib) with Potassium t-
Butoxide in t-ButyI Alcohol. T h e hydroxy ketone ( l i b ) (22.8 
mg) was dissolved in 0.5 M potassium f-butoxide-£-butyl 
alcohol and then left at room temperature for 5 min. T h e 
reaction mixture was diluted with water, acidified with 10% 
aqueous sulfuric acid, and extracted with ether. T h e extract 
was washed with water and dried over anhydrous sodium 
sulfate. The subsequent removal of the solvent gave an oil 
which was chromatographed on silica gel (0.5 g) . Elution 
with light petroleum-ether (100: 1) gave a hydroxy ketone 
(12) (19 mg in an 8 3 % yield). 

Reaction of Hydroxy Ketone (12) with Periodic Acid. T h e 
hydroxy ketone (12) (60 mg) in ethanol (6 ml) was added to 
a solution of potassium periodate (150 mg) in 1 M aqueous 
sulfuric acid (7 ml) , and the resulting solution was kept at 
45 °G for 9.5 h. T h e reaction mixture was then diluted with 
water and extracted with ether. T h e extract was washed with 
a saturated sodium hydrogencarbonate solution and then 
water. The dried extract was evaporated to give an oil, which 
was subsequently chromatographed on silica gel ( 1 g) . Elution 
with light petroleum-ether (200: 1) gave a ketone (13) (17 
mg), which was identical with the authentic sample3) by a 
comparison of the I R and GLG (SPE, 2.6 m ; column tem­
perature, 150 °G; H2-flow rate, 32 ml /min ; retention t ime, 
17.7 min) . 

Autoxidation of Hydroxy Ketone (11a). T h e hydroxy 
ketone (11a) (280 mg) was stirred into a solution of potassium 
/-butoxide (ca. 30 mmol) in iV,iV-dimethylformamide (15 ml) . 
After vigorous stirring in the air for 20 min, the mixture was 

worked-up in the usual manner gave a yellow oil which was 
subsequently chromatographed on silica gel (2.5 g) . Elution 
with light pet roleum-ether (30: 1) afforded diosphenol (16) 
(20 m g ) ; m p 134.0—135.0 °G, colorless prisms (from light 
petroleum), [a]2

D
3 + 1 5 0 ° (c, 1.05, GHC13); M S : m/e 252 M+, 

m/e 41 base peak; U V : X£™ 282 n m (e, 11400); I R ( K B r ) : 
3480, 3400, 1660, 1630, 1000, 990 cm" 1 ; PMR(CC1 4) : 1.21 
(s, 15-Me), 0.98 and 0.90 (each d, / = 6 . 0 Hz , 12- or 13-Me), 
0.71 (d, y = 7 . 0 H z , 14-Me). T h e acetylation of (16) in the 
usual manner gave an acetate (20) which was found to be 
identical with the authentic acetate prepared from dihydro­
fukinone (4) mentioned above by a comparison of the I R and 
P M R spectra and by a mixed-melting-point determination. 

Preparation of Keto Ester (22) from Dihydropulegone (3). 
A solution of dihydropulegone (3) (232 mg) in chloroform (1 
ml) was added, at 0 °G, to a solution of perbenzoic acid (3 
mmol equivalent) in chloroform (12.5 ml) in the presence of 
a catalytic amount of concentrated sulfuric acid. T h e mixture 
was then allowed to stand in a refrigerator for 3 days. T h e 
reaction mixture was subsequently concentrated, diluted with 
water, and extracted with ether. T h e extract was washed 
successively with a saturated aqueous sodium hydrogencarbon­
ate solution, a saturated aqueous ferrous sulfate solution, and 
water. T h e dried extract was evaporated to give an oil which 
was chromatographed on silica gel (4 g). Elution with benzene 
gave a lactone as an oil (156 mg, 6 1 % ) ; IR(film) : 1710, 1280, 
1225 c m - 1 ; PMR(CG14) : 4.00 (m, G H - 0 - ) , 2.45 (d, / = 1 0 
Hz, G O - G H 2 - ) , 0.98 (d, / = 6 . 0 H z , 7-Me), 0.93 (d, J - 6 . 0 
Hz, GHMe 2 ) . 

A solution of the lactone (103 mg) and potassium hydroxide 
(1 pellet) in methanol (5 ml) was refluxed for 5 h, and then 
methyl iodide (1.5 ml) was added. After refluxing for a 
further 3 h, the resulting mixture was concentrated, acidified 
with 10% aqueous sulfuric acid, and extracted with ether. 
T h e dried extract was evaporated to give an oil which was 
chromatographed on silica gel (2 g) by elution with benzene 
to furnish a hydroxy ester (76 mg, 62%0) ; IR(film) : 3400, 1720 
c m - 1 . T h e hydroxy ester (36 mg) in pyridine (0.5 ml) was 
stirred, d rop by drop, into a slurry mixture of chromium 
trioxide (100 mg) in pyridine (1 ml) under cooling, after which 
the mixture was kept overnight at room temperature under 
stirring. Subsequent working-up in the usual manner gave a 
keto ester (22) (17 mg, 4 8 % ) . 

Preparation of Keto Ester (23) from Dihydrofukinone (4). 
A hydroxy ester (23)15) was prepared from dihydrofukinone 
(4) by essentially the same method described above; the 
subsequent Jones ' oxidation gave a keto ester (23) in a 5 8 % 
yield. 

Isolation of Hydroxyeremophilone Acetate (6). Fukinone (2) 
(1.239 g, 5.62 mmol) was dissolved in 0.5 M potassium f-but-
oxide-f-butyl alcohol (40 ml) , and the mixture was stirred 
vigorously in the air at room temperature for 3.5 h. Working-
up in the usual manner gave a brown oil (1.226 g), which 
was then chromatographed on deactivated silica gel (Grade 
I I , 24 g) . Elution with light pet roleum-ether (50: 1) gave a 
mixture of hydroxyeremophilone (5) and (2) (327 mg) . Subse­
quent elution with light pet roleum-ether (20: 1) afforded a 
mixture of two epimeric hydroxy ketones (9a and 9b) (77 
mg) . T h e mixture of 5 and 2 was immediately treated with 
acetic anhydride-pyridine. Working-up in the usual manner 
gave a yellow oil, which was chromatographed on silica gel 
(Grade I I , 5 g) . Elution with light pet roleum-ether (50: 1) 
gave 2 (220 mg) and then hydroxyeremophilone acetate (6) 
(35 m g ; 5.6% yield based on the 2 consumed), which was 
recrystallized from light pet roleum; m p 53.5—54.0 °G; color­
less prisms; [a]2

D
5 + 1 4 3 ° (c, 1.02, GHG13); M S : m/e 276 M+, 

m/e 43 base peak; U V : A™£u 285 n m (e, 7100), 255 n m (e, 
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9300); IR(GG14): 1760, 1665, 1635, 1203 cm"1; PMR(CG14) : 
2.17 (s, OAc), 2.06 and 1.84 (each s, 12- or 13-Me), 1.01 (s, 
15-Me), 0.99 (d, / = 6 . 0 H z , 14-Me). 

Found: G, 73.69; H, 8.41%. Galcd for G,7H2403: G, 73.88; 
H, 8.75%. 

Preparation of 9ß-Acetoxyfukinone (24). A mixture of 
fukinone (2) (3.446 g, 15.6 mmol) and mercuric acetate (8.45 
g, 26.5 mmol) in glacial acetic acid (30 ml) was refluxed for 
3.5 h. The resulting dark mixture was decanted to remove the 
mercury into water and then extracted with ether. The 
ethereal extract was washed with water and dried over 
anhydrous sodium sulfate. The removal of the solvent gave 
a dark viscous oil (3.515 g), which was subsequently chroma-
tographed on silica gel (80 g). Elution with light petroleum-
ether (50: 1) afforded the recovered fukinone (2) (0.93 g) and 
9^-acetoxyfukinone (24) (1.357 g, 31%), which was distilled 
at 130—140 °G (bath temperature)/0.02 mmHg and then 
crystallized from light petroleum as colorless leaflets; mp 67— 
68 °G, [a]2

D
8 +160° (c, 1.23, CHG13); MS: m/e 278 M+, m/e 

28 base peak; UV: A ^ H 253 nm (e, 5800); IR(GG14) : 1755, 
1740, 1707, 1640, 1233 cm"1; PMR(GG14): 5.38 (d, J=12 
Hz, 9-CH), 2.10 (s, OAc), 1.80 (t, J= 1.5 Hz, 12- and 13-Me), 
1.00 (s, 15-Me), 0.84 (d, / = 6 . 5 H z , 14-Me). 

Found: G, 73.59; H, 9.38%. Galcd for G17H2603: G, 73.34; 
H, 9.41%. Before crystallization it showed a PMR signal at 
5.26 (d, y = 5 . 0 H z ) besides that at 5.38, indicating the 
existence of a small amount of the 9a-acetoxyl isomer. 

Preparation of Hydroxyeremophilone Acetate (6). a) Into 
a solution of 9/?-acetoxyfukinone (24) (303 mg, 1.08 mmol) 
and DDQ, (270 mg, 1.19 mmol) in dry dioxane (20 ml) we 
bubbled anhydrous hydrogen chloride with stirring for 1 min; 
the stirring was then continued at room temperature for 4 h. 
After subsequent filtration and evaporation of the solvent, the 
residue was taken up in ether, washed with a 1% aqueous 
sodium hydroxide solution, and water. The evaporation of 
the solvent gave a viscous light brown oil (211 mg), which 
was chromatographed on silica gel (Grade II, 6 g). Elution 
with light petroleum-ether (30: 1) gave the recovered 24 (196 
mg) and then hydroxyeremophilone acetate (6) (20 mg, 10% 
based on the 24 consumed). 

b) An aqueous potassium hydroxide solution (ca. 1.8%) 
was added, over a period of 2 weeks under a nitrogen atmos­
phere, to a solution of 24 (281 mg, 1.01 mmol) in methanol 
(10 ml), in the presence of 1 drop of 1% phenolphtalein in 
ethanol, at such a rate that the solution was kept faintly 
alkaline. The reaction mixture was then diluted with water 
and extracted with ether. The extract was worked-up in the 
usual manner to give a pale yellow oil (165 mg), which was 
subsequently chromatographed on silica gel (Grade II , 7 g). 
Elution with benzene gave 9/?-hydroxyfukinone (25) (144 mg, 
61%); a colorless oil; [a]2

D
3 +122° (c, 0.68, GHG13); UV: 

A ^ 252 nm (e, 4500) ; IR(CC14) : 3460, 1760 (sh), 1708 (sh), 
1692, 1640 cm-1; PMR(GG14) : 4.17 (d, J= 11 Hz, 9a-H), 3.50 
(s, OH), 1.87 (d, 7 = 1 . 5 Hz) and 1.81 (d, ^ = 1 . 0 Hz) (12-
and 13-Me), 0.95 (s, 15-Me), 0.83 (d, / - 6 . 0 Hz, 14-Me). 

A mixture of 25 (109 mg, 0.46 mmol) and bismuth oxide 
(111 mg, 0.24 mmol) in glacial acetic acid (2 ml) was stirred 
at 120 °G for 10 min. The solution was decanted to remove 
the bismuth metal into water (20 ml) and then extracted with 
ether. The subsequent working-up as usual gave a brown oil, 
which was subjected to preparative TLG to afford 5 (64 mg, 
59%). Its acetate (6) was obtained in the usual manner. 

The authors wish to thank the staff of the Research 
Laboratory, Toyo Jozo, Go., Ltd. , for the microanalysis 
and M S measurements, and the Institute of Food 
Chemistry for the measurement of the M S spectra. 
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Alkylation of Benzene with Optically Active 3-Chloro-l-butanol, 
3-Chlorobutanoic Acid, and Their Esters 
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Yoshiaki NAKAMOTO, and Sohei SUGA* 
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The alkylations of benzene with optically active 3-chloro-l-butanol, 3-chlorobutanoic acid and their esters 
in the presence of aluminium chloride gave the corresponding 3-phenyl substituted derivatives in good optical 
yield. All these reactions were found to proceed with inversion of configuration at the attacking carbon atom. 
The products were not racemized under the conditions used, while the starting materials were racemized to a 
considerable extent during the reaction. Taking into account of the optical purity of the starting material recovered 
before the completion of reaction, net stereospecificity of each reaction was calculated to be about 90% except for 
the case of 3-chloro-l-butanol and its acetic ester. The high degree of stereospecificity of the reaction can be 
interpreted by the mechanism involving cyclic intermediate formed from the alkylating reagent and aluminium 
chloride. 

Compared to extensive studies on the Friedel-Crafts 
alkylation of aromatic hydrocarbons with alkyl halide 
or alcohol, the stereochemistry of these reactions received 
relatively little attentions.2) Generally, Friedel-Crafts 
type alkylation has long been pointed out to proceed 
with almost complete recemization when an optically 
active alkylating reagent was used.3) Some examples of 
the stereospecific reaction were recently reported, e.g. 
the alkylation of benzene with ( + ) -y-valerolactone and 
( + )-2-methyltetrahydrofuran in the presence of alumi­
nium chloride proceeded with 4 7 % and 3 5 % net 
inversion of configuration at the attacking carbon, 
respectively.4»5) We also observed complete inversion 
in the reaction of benzene with ( + ) -propylene oxide6) 
and (+)- l ,2-epoxybutane7) by Lewis acid catalysts. The 
stereospecificity in these reactions has been explained 
on the basis of the cyclic nature of the alkylating reagents 
or the enforced proximity of ion pairs produced by the 
ring opening reaction. Furthermore, (-—)-2-chloro-l-
phenylpropane reacted with benzene in the presence 
of aluminium chloride or iron (III) chloride to give 
(—)-l,2-diphenylpropane with 70—95% retention of 
configuration.8) This result was interpreted by the 
participation of the neighboring phenyl group to the 
reaction center. 

In connection with these observations, it is interesting 
to investigate the stereochemistry of Friedel-Crafts 
reaction with acyclic alkylating reagents such as 3-
chloro-1-butanol, 3-chlorobutanoic acid and their 
esters. Little is known about Friedel-Crafts reactions 
with halogenated alcohol, halogenated carboxylic acid 
and their ester.9) In a communication we demonstrated 
that the alkylation of benzene with optically active 
3-chloro-l-butanol (la) and 3-chlorobutanoic acid (lb) 
by aluminium chloride catalyst proceeded with inver­
sion of configuration to give 3-phenyl- 1-butanol (Ha) 
and 3-phenylbutanoic acid (Hb) , respectively.10) In the 
present paper, we have extended our previous work on 
l a and l b to their esters, ethyl 3-chlorobutanoate (Ic), 
3-chlorobutyl benzoate (Id), and 3-chlorobutyl acetate 
(le) with a view to obtaining more information on the 
stereochemistry of the Friedel-Craft s alkylation. Fur­
thermore, the net stereospecificity of reaction was 
determined by taking into account of the remaining 

optical activity of the starting materials recovered. 

R e s u l t s a n d D i s c u s s i o n 

At first, the reaction was run in usual manner in 
order to know a general tendency on the stereochemistry 
of the reaction. The alkylating reagent was gradually 
added to a stirred mixture of aromatic hydrocarbon and 
Lewis acid at such a rate that the temperature of the 
reaction mixture does not rise higher (see the method A 
in Experimental) . Optically active l a , l b , Ic, Id, and 
le reacted with benzene in the presence of 1.2 equivalents 
of a luminium chloride at —5—50 °C to give the corre­
sponding 3-phenyl substituted derivatives, 3-phenyl-1-
butanol (Ha) , 3-phenylbutanoic acid ( l i b ) , ethyl 3-
phenylbutanoate (He) , 3-phenylbutyl benzoate ( l i d ) , 
and 3-phenylbutyl acetate (He) , respectively, in 
optically active form. The results are described in 
Table 1. 

In these reactions, by-products such as haloalkylated 
and haloacylated compounds and rearrengement 
products were not obtained under the conditions used. 
However, the esters (Ic, Id, and le ) , when treated 
under higher temperature (over 40 °C), gave con­
siderable amounts of the hydrolyzed products ( l i b from 
Ic, and H a from Id or le) along with the normal 
products. Furthermore, diphenylbutane was also 
obtained in the case of Id and l e . These by-products 
seem to arise from the pr imary products. This was 
confirmed by the experimental result that H e and l i d 
(or l i e ) reacted with a luminium chloride in benzene 
to yield l i b and H a , respectively. 

The absolute configurations of the dextrorotatory 
chlorides ( la, l b , and Ic) and the levorotatory products 
(Ha, l i b , and He) have been established to be S11) and 
^i2-i4) respectively, whereas those of Id, le , H d , and 
H e are not known yet. The configurations of (-f)-Id 
and ( + ) - I e were correlated with that of ( + )-Ia (see 
Experimental) and assigned to be S. In the same way, 
( —)-Hd and (—)-He were correlated to R-(—)-IIa. 
Consequently, it is apparent that all these reactions 
proceeded with inversion of configuration at the attack­
ing carbon a tom. The optical yield of each reaction was 
calculated by the use of maximum rotations in Table 2. 
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T A B L E 1. ALKYLATION OF BENZENE WITH OPTICALLY ACTIVE GH 3GH(G1)GH 2Y 

BY ALUMINIUM CHLORIDE CATALYST (BY METHOD A)a> 

Gompd 

GH3GH(G1)GH2Y 
T e m p Time 

Alkylated product GH 3 GH(Ph)GH 2 Y 

Y— 

GH2OH 

COOHe> 

GOOG2H5 

WDUJ 

o 

- 1 3 . 8 
- 1 3 . 8 
+ 23.2 

-f 22.5e) 
- 21 .2 e ) 
+27.5 e) 

+ 4.86 

°G 

20 
10 

- 1 0 

30 
20 

5 

50 

h 

3.5 
3.5 
4.5 

4.0 
4.0 
4.0 

3.5 

Gompd 
Yieldc> [a]D

b> Optical yieldd> 
0 / O 0 / 
/o /o 

l a 

l b 

Ic 

Id 

l e 

+ 3.66 40 3.5 

GH2OGOPh 

GH2OGOGH3 

+ 4.86 
- 4 1 . 2 0 
- 4 1 . 2 0 
- 4 1 . 2 0 

- 3 8 . 4 0 
- 3 8 . 4 0 
- 3 8 . 4 0 

30 

10 
0 

- 5 

20 
10 
0 

3.5 

1.0 
1.0 
1.0 

1.0 
1.0 
1.0 

H a 

I I b 

I l e 

I I b 

I l e 

I I b 

I l e 

l i d 

Ile 

83 
88 
77 
81 
84 
46 
57 
20 
48 
35 
20 

75 

80 

78 

70 

77 

72 

+ 1.97 

+ 2 . 4 9 

- 4 . 8 1 

- 1 3 . 4 

+ 13.7 

- 1 5 . 8 

- 0 . 8 

- 1 . 5 

- 1 . 4 

- 1 . 9 

- 3 . 0 

+ 17.20 

+ 18.80 

+ 20 .10 

+ 11.00 

+ 11.70 

+ 10.20 

14.1 

17.8 

20 .0 

4 4 . 5 

4 8 . 

4 3 . 

19. 

16. 

35 . 

29 .0 

53 .7 

28 .2 

30 .8 

33 .0 

2 3 . 5 

2 3 . 9 

2 0 . 8 

a) Molar ra t io ; GH 3 GH(G1)GH 2 Y: A1G13: G 6 H 6 = 1 : 1 . 2 : 30—50 GS2 was added in the reaction below 5 °G. 

b) Rotations were measured in neat, unless otherwise noted, c) Based on the starting material used, d) 

Calculated from the max imum rotations of the starting material and the alkylating product as shown in 

Table 2. e) Measured in toluene (£ 10.0) . f) Measured in chloroform (c 5.0). 

T A B L E 2. MAXIMUM ROTATION OF STARTING 

MATERIALS AND PRODUCTS 

Gompd [a]D /° Gompd [a]D /° 

S-Ia 
S-lb 
S-lc 
R-Id 
R-U 

+ 48.6 (neat)a> 
- 4 6 . 6 (toluene)6) 
+ 31.2 (neat)c> 
- 4 1 . 2 (CHCl3)

d> 
- 3 8 . 4 (GHCl3)

d> 

Ä-IIa 
Ä-IIb 
Ä-IIc 
S-IId 
S-IIe 

- 4 5 . 3 (neat)6) 
- 6 2 . 0 (neat)O 
- 3 8 . 1 (neat)g) 
+ 61.6 (CHCl3)

h> 
+ 49.4 (CHClg)1) 

a) Calculated based o n + 2 3 . 5 ° o f ( + ) - I a obtained by 
reduction of ( + ) - I b (optical puri ty 4 8 . 3 % ) with 
LiAlH4 . b) See Ref. 20. c) Calculated based on + 
8.84° of ( + ) - I c obtained by esterification of ( + ) - I b 
(optical puri ty 2 8 . 4 % ) . d ) This value seems to be of 
optically pure material because the precursor of this 
compound, ethyl 3-hydroxybutanoate, was obtained 
by biological method. See Ref. 2 1 . e) See Ref. 13. 
f) See Ref. 13. g) See Ref. 22. h) Calculated based 
on + 1 9 . 7 ° (CHC13) of H d obtained by esterification 
o f (+ ) -Ha(op t i ca l puri ty 32%)with benzoyl chloride. 
i) Calculated based on + 1 5 . 8 ° (GHG18) of H e ob­
tained by esterification of ( + ) -Ha (optical puri ty 
32%) with acetyl chloride. 

C6H6 

CH2Y 

+ H > C l 

CH3 

- 1 0 ^ 4 0 " C 

O 
AlClo 

7CH2Y 

6 5 yg^ 

CH3 

( £ ) - ( + ) - I a - e 

la , I I a : Y = C H 2 O H 
l b , l i b : Y = G O O H le , I l e : Y 
Ic, l i e : Y = C O O C 2 H 5 

( Ä ) - ( ~ ) - I I a - e 

Id, l i d : Y = C H 2 O G O C 6 H 5 

T h e s e r e a c t i o n s w e r e so sensi t ive b o t h to t h e m o i s t u r e 

a n d t o t h e ac t iv i ty of a l u m i n i u m c h l o r i d e used t h a t i t 

w a s diffcult t o c o n t r o l t h e e x t e n t of t h e stereospecif ici ty 

w i t h sufficient r e p r o d u c i b i l i t y . T h e obse rved s te reo-

specifici ty w a s f o u n d to b e 2 0 — 3 0 % for t h e r e a c t i o n 

w i t h a l c o h o l ( l a ) a n d its es ter ( I d a n d l e ) , a n d 4 0 — 5 0 % 

for t h a t w i t h c h l o r o a l k a n o i c a c i d ( l b ) a n d its e thy l 

es ter ( I c ) . T h e s tereospecif ic i ty d e c r e a s e d s l ight ly w i t h 

a n i n c r e a s e i n r e a c t i o n t e m p e r a t u r e . W h e n these 

r e a c t i o n s w e r e c a r r i e d o u t i n t h e p r e s e n c e of a l u m i n i u m 

c h l o r i d e e q u i m o l a r t o t h e a l k y l a t i n g r e a g e n t , t h e 

a l k y l a t i o n of b e n z e n e d i d n o t t a k e p l a c e a n d t h e s t a r t i n g 

m a t e r i a l w a s r e c o v e r e d w i t h o u t r a c e m i z a t i o n . 

I n o r d e r t o e s t i m a t e t h e n e t s tereospecif ici ty of these 

r eac t i ons , o n e m u s t k n o w w h e t h e r t h e s t a r t i n g c h l o r i d e 

o r t h e p r o d u c t is r a c e m i z e d i n t h e cour se of r e a c t i o n . 

T A B L E 3. TREATMENT OF THE ALKYLATED PRODUCT 

WITH ALUMINIUM CHLORIDE IN BENZENE4) 

Alkylated 
products 

Ha 
IIb 
Ile 
l id 
Ile 

Temp 

30 
30 
30 
10 
10 

Time 

3 
4 
3 
1 
1 

Specific 

Before 
reaction 

- 4 . 8 0 
- 1 5 . 8 
- 2 . 2 2 

+ 20.2C!> 
+ 7.3C> 

rotation5)/0 

After 
reaction 

- 4 . 7 8 
- 1 5 . 8 

- 2 . 2 0 
+ 19.8e) 
+ 7.3e) 

a) Molar ra t io ; I I : A1G13: G 6 H 6 = 1 : 1.2: 30. 
b) Measured in neat liquid, unless otherwise noted. 
c) Measured in chloroform (c 5 .0) . 
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TABLE 4. THE NET STEREOSPECIFICITY IN THE ALKYLATION OF BENZENE WITH OPTICALLY 

ACTIVE CH3CH(C1)CH2Y BY ALUMINIUM CHLORIDE CATALYST (BY METHOD B)a> 

GH3GH( 

Gompd 

la 

lb 

Ic 

Id 

le 

G1)GH2Y 

+ 19.8f> 
+ 19.8f> 
- 1 1 . 9 « 
-11 .9 g ) 
-2 .28 h ) 
-2.28h> 

- 3 5 . 7 
- 3 5 . 7 
- 3 8 . 4 
- 3 8 . 4 

Temp 

G 

0 
10 
10 
10 
30 
30 

- 5 
- 5 

10 
10 

Time 

min 

90 
90 
60 
90 
60 

120 
10 
20 
20 
30 

Recovered GH3GH(G1)CH2Y 

Recovered M~b) Remaining 

% 

32 
7 

79 
76 
66 
37 
61 
34 
48 
38 

+4.88f> 

- 1 0 . 2 3 « 
-9 .95 g ) 
-0.70h> 
-0.17h> 

- 1 3 . 2 
- 5 . 0 7 
- 8 . 0 
- 7 . 3 

optical 
activity/% 

25 
9*> 

86 
84 
31 

7 
37 
14 
21 
19 

Gompd 

Ha 

IIb 

Ile 

l i d 

Ile 

Product 

M D
b ) 

-6 .36 f ) 
-2 .29 f ) 

+ 12.7f> 
+ 12.1f> 

+ 1.56h> 
+ 1.10h> 

+ 32.4 
+ 2 8 . 5 
+ 15.1 
+ 13.2 

Optical 

yield 
%C) 

46 
17 
84 
80 
59 
42 
62 
47 
31 
27 

* i / * , d ) 

1.31 
0.91 
0.64 
0.64 
2.82 
2.62 
2.01 
1.82 
2.12 
1.72 

Net stereo-
specificity 

/o ' 

75 
30 
90 
87 
97 
98 
92 
91 
56 
50 

a) Molar ratio; GH3GH(G1) GH2Y: A1G13: C6H6= 1:1.2: 30—40. GS2 was added in the reaction below 5 °G. 
b) Rotation was measured in GHG13 (c 5.0), unless otherwise noted, c) See Table 1, footnote c. d) See the 
text, e) See the description in the text (Eq. 3). f) Measured in benzene (£5.0). g) Measured in toluene 
(c 10). h) Neat liquid, i) By the *H NMR method using tris[trifluoroacetyl-(+)-camphorato]europium 
(III) as shift reagent. 

At first, to examine the possibility of racemization of the 
product during the reaction, optically active I Ia , I I b , 
He , l i d , and l i e were treated with aluminium chloride 
in benzene under the same conditions as those of the 
alkylation. The specific rotation of these compounds 
remained almost unchanged before and after the treat­
ment (Table 3). Thus , it turns out that the lesser 
stereospecificity in alkylation is not attr ibuted to the 
successive racemization of the product . Next, we 
examined the possibility of simultaneous racemization 
of the starting chloride by observing the optical activity 
of that recovered before the completion of reaction ; the 
reaction was quenched at about 30—70% conversion 
of the starting material after all reactants were mixed 
rapidely at lower temperature (see the method B in 
Experimental). The results are tabulated in Table 4. 
The starting chloride was racemized to a considerable 
extent as the reaction proceeds, and the optical yield 
of product decreased with the progress of reaction. 
Thus, these alkylation were found to be accompanied 
with simultaneous racemization of the starting material . 

We have at tempted to evaluate the extent of stereo­
specificity in the alkylation. The net stereospecificity 
of each reaction can be estimated from the extent of 
alkylation and the remaining optical activity of the 
starting material both observed at the same reaction 
time, by considering a kinetic model as shown in 
Scheme 1. I0 , I, and I I indicate the starting material, 
the complex with aluminium chloride, and the alkylated 
product, respectively, and the asterisk indicates optically 
pure species. For convenience in the analysis we 

assumed this reaction model in terms of optically pure 
and racemic species, al though use of the enantiomers 
would be correct. T h e concentration of the complex 
(I* or I) would be equal to that of the starting material 
(I0* or I0) since the reaction from I0* (or I0) to I* (or I) 
is considered to be very rapid. In the conversion of I* 
into I I * and I I , two reaction courses are considered 
as shown in Scheme 1. The course a involves the 
reaction of I* to I I * and the consecutive reaction of I* 
to I I through I . T h e course b involves the direct 
conversion of I* into I I in addition to the course a. 
Assuming that the racemization and disappearance of 
the starting material are pseudo-first-order in I* (or I ) , 
the reaction rates, k± and k2, can be deduced from the 
fraction of the remaining optical activity in the starting 
material and that of the remaining starting material 
observed at the same time.15) Thus , the optical yield 
of the product in the course a should be represented by 
Eq. l.i«) 

/ _ [ H * ] \ 

Uni+pi*] ; course a 

(l-e-(*.+*.)') 
kx + k2 (1-e-*-1) 

In the course b , ka and kb represent the psendo-first-
order rate constants for the formation of I I * from I* 
(or of I I from I) and that for the direct conversion of I* 
into I I , respectively. Here, 

""a ' "b = = ^2» 

Thus, the optical yield of the product in the course b 
can be represented by Eq. 2, and corresponds to the 
observed optical yield. 

[II*] \ _ k& (1-e-(*»+*•>«) 

/ c 
(2) 

A1C13 

I* -» n * 

In 

hi 

-* I "* II 
AICI3 K 

Scheme 1. (course a: —», course b: --->) 

[II] + [ I I* ] / 0 O U r s e b k, + k2 (l-e-*'«) 

Consequently, the net stereospecificity (kal(ka-}-kb)) 
should be given by Eq. 3.17> 

[II*] \ / / [H*] \ 
[ I I ] + [ I I * ] ) e < m r B e b / \ [ I I ] + [ I I * ] / course . 

_ K + k2 (l-e-*-*) 
(l_e-<*•+*•)«) 

X (observed optical yield %) 

(3) 
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For example, in the alkylation with (—)-Ib at 10 °C 
(90 min) , (-f-)-IIb was obtained in 2 4 % yield and in 
8 0 % optical yield, and the optical activity of the 
starting material was depressed to 8 4 % of the initial 
value. The kx and k2 values were calculated to be 
1 . 9 4 x l 0 - 3 m i n ~ 1 and 3.05 X 10~3 min" 1 based on 
Infract ion of remaining optical activity (0.84)] and 
In [fraction of remaining chloride (0.76)], respectively. 
Therefore, the " t rue stereochemical consequence (net 
stereospecificity)" of this reaction was calculated to be 
8 7 % . Furthermore, the kx\k% value (0.64) suggests 
that the rate of the alkylation is appreciably faster than 
that of the racemization of the starting material . The 
calculated values of the net stereospecificity and kjk2 

are given in the 11th and 12th column of Table 4, 
respectively. 

Such high stereospecificities have not been reported 
in the Friedel-Crafts alkylation with acyclic alkylating 
reagent. In this case, the polar group (OH, C O O H , 
and G O O R ) being a par t of the alkylating reagent 
would be responsible for the high stereospecificity of 
the reaction. The predominance of inversion in the 
alkylation is reasonably interpreted by considering the 
formation of cyclic intermediates as follows. 

2 / C H 2 N 
2CH2 0 

I 

0 

CH2 

H ^ C \ n > l C 1 * 
CH3

 U 

(la') 

3C 
CI'* 

0 
I 

AlCl2 

(lb') 

0 
ll 

.Cv 
CH2 

Hc«S'" 
(Ic') 

0 

AIC13 

C2H5 

W^à 

CH2 

CH2 

i, -CI" 

0 

ÂIC13 

COR 

(Id': R=C 6 H 5 ) 
(le ' : R=CH 3 ) 

In the initial stage of the reaction with l a and l b , we 
observed the evolution of appreciable amounts of 
hydrogen chloride. This suggests that l a (or lb) reacted 
with aluminium chloride to form the salt evolving 
hydrogen chloride. The aluminium atom in the salt 
would coordinate with the chlorine a tom at C 3 to form 
six-membered quasi-ring structure ( l a ' and l b ' ) , and 
the C3-CI bond would be polarized appreciably. Then , 
benzene would attack the C 3 a tom from the back-side 
of the leaving chlorine atom. Even if the abstraction 
of the chlorine atom took place initially to give the 
carbonium ion (C3

+) , the interaction between the cation 
and the leaving chloride anion would prevent the 
rotation about the C 2 -C 3 bond. Thus, the stereo­
specificity of the reaction may be interpreted in terms 
of the stability of the ring structure and the tightness 
of this ion pair. The increased tightness of the ion pair 
would increase the stability of the quasi-ring structure 
and thus the stereospecificity of the reaction. T h e 
higher stereospecificity of the reaction with l b compared 
to l a may be at tr ibuted to the enforced tightness of the 

ion pair by the electron withdrawing effect of the 
carbonyl group. 

In the case of esters, Ic, Id, and le , the ether oxygen 
of ester group coordinates with aluminium chloride to 
form similar quasi-ring structures (Ic' , Id ' , and le ' ) . 
The high stereospecificity in the alkylation may also 
be interpreted in terms of the tightness of the ion pair 
as mentioned above. However, the large difference 
in the stereospecificity between the reaction with Id and 
le remained unexplainable. 

The kjk2 value for the reaction with l a or l b was 
found to be 0.6—1.3 while that for the reaction with 
esters was over 2. The lower value oïkxjk2 in the former 
case may be attr ibuted to lesser amounts of aluminium 
chloride remaining in the reaction mixture, because 
most of aluminium chloride were consumed for the 
salt-formation with l a (or l b ) . 

Exper imenta l 

The optical rotations were taken on a JASGO DIP-SL 
Polarimeter with use of 0.05 and 0.1 dm tubes at 25—30 °C. 
The NMR spectra were recorded on a JEOL JNM PS-100 
spectrometer. Chemical shifts are given in ppm downfield 
from internal TMS. The IR spectra were determined on a 
JASGO DS-301 spectrometer. GLPG analyses were carried out 
on a 3 m column of 10% Garbowax 20 M on Diasolid L for 
IIa, IIb, and l ie, and on a 2 m column of 10% High Vacuum 
Silicon grease on Diasolid L for Hd and He, with a Shimadzu 
GG-3A instrument. 

Commercial grade aluminium chloride was purified by 
sublimation under nitrogen gas stream. Benzene was washed 
with concentrated sulfuric acid and water, and distilled after 
drying on sodium ribbon. Other solvents were dried by the 
most efficient ways reported in the literature18* and distilled 
before use. 

(-\-)-3-Chlorobutanoic Acid (lb). Racemic l b was 
prepared by addi t ion of hydrogen chloride to crotonic acid19) 
and resolved by the use of quinine20) or ( + ) - e p h e d r i n e . When 
quinine was used as a resolving agent, ( + ) - Ib was obtained 
in abou t 5 0 % optical puri ty , [ a ] D + 2 5 . 0 ° (c 10, C 6 H 5 CH 3 ) , 
Ht,19) [ a ] D + 4 6 . 6 ° {c 10, G 6 H 5 CH 3 ) . W h e n (+ ) - ephed r ine 
was used, ( + ) - Ib was obtained in lower optical puri ty, [a ] D 

+ 7.82° (neat) . I n both cases, ( —)-Ib was recovered from the 
mother l iquors. 

(+)-3-Chloro-l-butanol (la). ( + ) - Ib ( [a ] D +22 .5° ) was 
reduced wi th l i thium a lumin ium hydride according to the 
procedure of Searles22) to give ( + ) - I a , bp 68 °G/20 m m H g , 
[ a ] D + 2 3 . 5 ° (neat) , optical pur i ty 4 8 . 3 % . 

(-{-)-Ethyl 3-Chlorobutanoate (Ic). (+)- Ib was esterifi-
cated with anhydrous ethanol in the presence of boron triflu-
oride to give ( + )-Ic, bp 62—63 °G/20 mmHg, [oc]D +4.80° 
(neat). Optically pure (+)-Ic was prepared from thionyl 
chloride and ( + )-ethyl 3-hydroxybutanoate obtained by the 
yeast reduction of ethyl acetoacetate as follows :21) ethyl aceto-
acetate (100 g, 0.77 mol) was treated with baking yeast (1 kg) 
and sugar (1kg) in water (10 liter) at 35 °G. After 24 h, 
( + )-ethyl 3-hydroxybutanoate was isolated by the repeated 
extraction with ether, bp 75—77 °G/15 mmHg, [a]D +28.3° 
(c 5.0, CHGI3), yield 56%. The hydroxybutanoate was 
converted with thionyl chloride in pyridine to (+)-Ic, yield 
67%, [oc]D+18.8° (* 5.0, CHCI3). 

(—)-3-Chlorobutyl Benzoate (Id) was prepared by the esteri-
fication of ( - ) - I a ( [a ] D - 4 6 . 6 ° (c 5.0, CHC13) with benzoyl 
chloride in pyridine at 100 °C, bp 101—102 °C/0.7 m m H g , 
[oc]D - 4 1 . 2 ° (c 5.0, CHCI3), yield 8 1 % . 
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(—)-3-Chlorobutyl Acetate (le) was prepared from ( —)-Ia 
( M D —46.6°) and acetyl chloride in pyridine, bp 76—77 °G/ 
17 mmHg, [a]D -38.4° {c 5.0, CHCL,), yield 60%. 

Reaction Procedures and Product Identification. Method A : 
To a stirred mixture of dry benzene (20 ml) and aluminium 
chloride (9.8 mmol) was added a solution of the starting 
chloride (la, lb, Ic, Id, or le) (8.3 mmol) in benzene (20 ml) 
at a rate sufficient to maintain the temperature shown in 
Table 1. The reaction mixture was stirred at that tempera­
ture until the starting chloride was almost consumed, and then 
was poured onto a mixture of crashed ice and 20 ml of concen­
trated hydrochloric acid. In the case of the reaction with 
la, Id, and le, the resulting mixture was treated as follows. 
The benzene layer was separated and the aqueous layer was 
extracted three times with 30 ml portions of ether. The 
combined organic layers were washed with water and dried 
over anhydrous sodium sulfate. After the removal of solvent, 
the residue was distilled in vacuo to give the corresponding 
3-phenyl derivatives (Ha, Hd or He). The results were 
summarized in Table 1. 

In the case of the reaction with lb and Ic, the reaction 
mixture was treated as follows. The benzene layer was 
separated and extracted five times with 30 ml portions of 5% 
sodium hydrogencarbonate solution and dried over anhydrous 
sodium sulfate. After the removal of benzene, the residue was 
distilled in vacuo to give He. The hydrogencarbonate solution 
was acidified with 6 M hydrochloric acid and extracted five 
times with 30 ml portions of ether and dried over anhydrous 
sodium sulfate. After the removal of the ether, the residue 
was distilled in vacuo to give l ib . 

Method B : In order to estimate the net stereospecificity of 
the reaction, the experiment was carried out as follows. 

To a cooled (—10 °G) suspension of aluminium chloride 
(5.6 mmol) in dry benzene (6 ml) was added, all at once, a 
solution of the chloride (4.7 mmol) in benzene (6 ml), and 
the reaction mixture was stirred at the prescribed temperature 
for the prescribed period (see Table 4). The resulting mixture 
was worked up as mentioned above. The unreacted starting 
material and the product were separated by fractionated 
distillation in vacuo. The results were summarized in Table 4. 

(+)-3-Phenyl-l-butanol (IIa): IR(neat); 3340 (*OH), 1600 
(skeletal vibration of phenyl ring), 1050 (yC-OH), 760, and 
700 cm-1 (dCH, monosubstituted phenyl). NMR (GDG13, 
7%); Ô 1.26 (d, 7 = 7 . 0 Hz, 3H, -GH3), 1.70 (s, 1H, -OH) , 
1.72—1.96 (m, 2H, -CH 2 - ) , 2.68—3.07 (m, 1H, -GH=), 3.54 
(t, 7=6 .9 Hz, 2H, - C H 2 0 - ) , and 7.09—7.39 ppm (m, 5H, 
phenyl). The GLPG retention time was identical with that 
of the authentic sample. 

(+)-3-Phenylbutanoic Acid (lib) : Bp 106 °G/2.0 mmHg, [a]D 

+ 15.8° (neat), IR(neat); 3000 (yOH, dimeric carboxylic 
acid), 1710 (yC=0), 1605 (skeletal vibration of phenyl ring), 
1300 (yC-O), 760, and 700 cm-1 (OCR, monosubstituted 
phenyl). NMR(CDC13, 7%); Ô 1.30 (d, 7 = 7 . 2 Hz, 3H, 
-GH3), 2.46—2.63 (m, 2H, -CH 2 - ) , 3.03—3.42 (m, 1H, 
-GH=), 7.21 (s, 5H, phenyl), and 10.30 ppm (s, 1H, -GOOH). 

(-)-Ethyl 3-Phenylbutanoate (lie): Bp 118—119 °G/17 
mmHg, [a]D -3 .04° (neat). IR (neat); 1740 (yC=0), 1604 
(skeletal vibration of phenyl ring), 1170 (yC-O-C), 760, and 
700 cm"1 (OCR, monosubstituted phenyl). NMR (GDG13, 
7%); ô 0.89 (t, 7 = 7 . 5 Hz, 3H, -GH2GH3), 1.18 (d, 7 = 6 . 9 
Hz, =CHGH3), 2.10—2.77 (m, 2H, -OCH2CH=), 3.11—3.48 
(m, 1H -CH=), 3.91 (q, 7 = 7 . 5 Hz, 2H, -CH2CH3), and 
7.04—7.38 ppm (m, 5H, phenyl). 

(+)-3-Phenylbutyl Benzoate (lid): Bp 140—141 °G/0.5 
mmHg, [a]D +18.8° (c 5.0, GHC13). IR (neat); 1724 (*>G=0), 
1604 (skeletal vibration of phenyl ring), 1280 (yC-O-C), 758, 
and 710 cm-1 (Ô GH, monosubstituted phenyl). NMR (GDG13, 

5%); ô 1.36 (d, 7 = 7 . 3 Hz, 3H, -GH3), 1.96—2.20 (m, 2H, 
-CH2-) 2.76—3.15 (m, 1H, -CH=), 4.00—4.42 (m, 2H 
- C H 2 0 - ) , 7.24 (s, 5H, =GH-C6H5), 7.14—8.20 ppm (m, 
5H,-OC-C 6 H 5 ) . 

(+)-3-Phenyl Butyl Acetate (lie): Bp 130 °G/14 mmHg, 
[a]D+15.8° (c 5.0, GHG13). IR (neat); 1745 (yC=0), 1604 
(sketetal vibration of phenyl ring), 1245 (yC-O-C), 765, and 
700 cm-1 ((5CH, monosubstituted phenyl). NMR (GDG13, 
7%); ô 1.26 (d, 7 = 7 . 2 Hz, 3H, -GH3), 1.73—2.05 (m, 2H, 
=CHGH2-), 1.96 (s, 3H, -GOGH3), 2.64—3.00 (m, 1H, 
=CH-), 3.96 (t, 7 = 6 . 9 Hz, 2H, -OGH 2 0- ) , and 7.18—7.37 
(m, 5H, phenyl). 

The GLPG retention time of the recovered chloride (la, 
lb, Ic, Id, and le) was identical with that of the corresponding 
starting material, respectively. 

Reaction of Optically Active IIa, IIb, lie, lid, and He with 
Aluminium Chloride. To a stirred mixture of benzene (20 
ml) containing aluminium chloride (5.6 mmol) was added a 
solution of optically active IIa IIb, He, Hd, or He (4.7 mmol) 
in benzene (5 ml) at the prescribed temperature for 2—3 h. 
The reaction mixture was worked up as mentioned above. 
The data of specific rotation of II before and after the reaction 
were presented in Table 3. 
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Preparation of Chlorophyll-a and Chlorophyll-b by Column 
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A method for the preparation of chlorophyll-a (Ghl-a) and chlorophyll-b (Chl-b) by column chromatography 
with Sephasorb HP Ultrafine has been developed. The partially purified chlorophyll preparation containing 
Chl-a, Chl-b and nonsorbed carotenes was applied to a Sephasorb HP Ultrafine column and good separation of 
Chl-a and Chl-b achieved with a solvent program of (I), a diethyl ether/hexane mixture (1:9, volume ratio) followed 
by 0.2 and 0.5 vol % isopropyl alcohol in (I). 13.1 mg of Chl-a and 7.6 mg of Chl-b were obtained from 24.7 mg 
of the partially purified chlorophyll using the above method. 

One of the methods for separation and isolation of 
chlorophyll in quantities of 0.01—1 g is column chro­
matography with powdered sugar. Recently, a method 
has been developed for the partial purification of 
chlorophyll-a (Chl-a) and chlorophyll-b (Chl-b) extract­
ed from spinach leaves using dioxane1) and subsequent 
washing with 80 vol % aqueous methanol2) prior to 
chromatographic separation and isolation. Chl-a and 
Chl-b in the partially purified chlorophyll preparat ion 
were subsequently separated and isolated by passage 
through a powdered sugar column.3) Special care is, 
however, required to prepare a powdered sugar column 
of good quality with good reproducibility, as powdered 
sugar has a strong tendency to adsorb moisture from the 
air and the presence of any trace water affects the 
separation of the pigments. Angapindu et al.^ reported 
that cellulose was superior to powdered sugar as an 
adsorbent since passage through the cellulose columns 
was faster and the carrying capacity greater. Strain 
and Sato5) found that the pigment bands were better 
defined on sugar rather than on cellulose columns. 
Shimizu6) reported that the separation between Chl-a 
and Chl-b zones could not be performed by column 
chromatography with Sephadex LH-20 eluted with 
chloroform, although the mobility of Chl-a was greater 
than that of Chl-b. Sephadex LH-20 is a hydroxypropyl 
derivative of cross-linked dextran. Sephasorb H P 
Ultrafine is similar in structure to Sephadex LH-20, but 
has a higher matrix density making it suitable for the 
adsorption of a wide range of compounds soluble in 
organic solvents. The authors have found that the 
pigment bands are better defined on Sephasorb H P 
Ultrafine columns than on powdered sugar or cellulose. 

E x p e r i m e n t a l 

Materials. All solvents were of reagent grade further 
purified, by the methods described.7) Sephasorb HP Ultrafine 
was purchased from Seikagaku Kogyo Co. 

Preparation of Partially Purified Chl-a and Chl-b. The 
partially purified chlorophyll preparation was obtained 
according to the method of Iriyama et al.1*2) All procedures 
for the preparation were conducted at 5 °C in total darkness 
or under dim green light. Spinach leaves (100 g fresh weight) 
were homogenized for 3 min in a Waring blender with chilled 
acetone (500 ml). The dark green extract obtained was 
filtered through a paper towel to remove the coarse material 
and the filtrate centrifuged at lOOOOXg for 5 min to remove 
the insoluble materials. The deep-green supernatant solution 

was employed in the partial purification of chlorophyll by the 
dioxane method.1) The chlorophyll preparation, twice 
precipitated from acetone-dioxane solution by the drop-wise 
addition of water, was dissolved in methanol (500 ml) contain­
ing petroleum ether (125 ml, bp 20—40 °C) and then distilled 
water (250 ml) was added to the solution. The upper petro­
leum ether layer was washed with 80 vol % aqueous methanol 
several times to eliminate the remaining photosynthetic yellow 
pigments from the solution.2) The solution was evaporated 
and dried in a vacuum desiccator to give dark-green micro-
crystals. Thin-layer chromatographic analysis according to 
the method of Shiraki et a/.8> revealed that the dark-green 
microcrystals (Ppt III) thus obtained contained Chl-a, Chl-b 
and nonsorbed carotenes. Ppt III was dissolved in a minimum 
volume of mixed solvent (diethyl ether: petroleum ether = 1: 9, 
volume ratio) and the solution (developing solution I) applied 
to the Sephasorb HP Ultrafine column. 

Identification and Determination of Chl-a and Chl-b. The 
pigments were characterized by comparison of the visible 
absorption spectra with the literature values. The molar 
extinction coefficients of Comar and Zscheile9) were used 
to determine the purity of the Chl-a and Chl-b preparations 
as standard values. In addition, the purity and chemical 
stability of Chl-a and Chl-b were examined by chromato­
graphy, since it has been recognized by Strain and Svec10) that 
spectroscopic observations need to be supplemented by 
chromatographic tests to demonstrate that the chlorophyll 
molecules had not been altered. The purity and chemical 
stability of the pigments were examined by thin-layer chro­
matography8) since the technique was simple and rapid. 
Where necessary, the thin-layer chromatographic observations 
were supplemented by high-performance liquid chromato­
graphic tests according to the methods described.11»12) High-
performance liquid chromatography11'12) is relatively com­
plicated, but has the advantage of greater sensitivity. 
Qualitatively it was possible to detect the pigments in the 
order of 10~8 g and 10~10 g using thin-layer chromatography8) 
and high-performance liquid chromatography,11'12) respec­
tively. 

Preparation of a Sephasorb HP Ultrafine Column. A wet 
column was employed using a Pharmacia R25 chromato­
graphic tube (2.5x45 cm) connected, through the UV 
monitor (JASCO UVIDEC-100), to a fraction collector. The 
bed volume (cm3/g dry Sephasorb HP Ultrafine) in petroleum 
ether was 1.3. 97 g of Sephasorb HP Ultrafine suspended in 
petroleum ether. The suspension was poured into the chro­
matographic tube, providing a 26 cm column. The column 
thus prepared had a capacity of approximately 30 mg of 
Chl-a + Chl-b without being overloaded. The column was 
washed with petroleum ether (1000 ml) before use to eliminate 
the soluble materials from the Sephasorb HP Ultrafine. 
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Sephasorb HP Ultrafine Column Chromatography. Percola­
tion of the pigment solution and the developing solvents were 
accelerated by the application of pressure from a rotary pump 
(SJ-1210, Mitsumi; flow speed: approximately 21.4 ml h - 1 

cm -2) connected to the top of the chromatographic tube 
by way of a Teflon tube. Ghromatograms were monitored 
by a monochromatic light of 380 nm and each of the pigment 
fractions collected by a fraction collector. 

R e s u l t s 

All experiments were conducted at 20 °C in total 
darkness or under a dim green light unless otherwise 
stated. 

The developing solution I containing Chl-a, Chl-b 
and nonsorbed carotenes was added to the top of the 
Sephasorb H P Ultrafine column and the column 
washed with the developing solvent system I (diethyl 
ether: h e x a n e = l : 9, volume ratio) to adsorb the 
pigments at the top of the column and to elute the 
nonsorbed carotenes from the column. Subsequently the 
column was washed with 0.2 vol % isopropyl alcohol in 
the solvent system I to elute Chl-a from the column. 
After most of the Chl-a had been eluted, the column 
was washed with 0.5 vol % isopropyl alcohol in the 
solvent system I to accelerate the elution of Chl-b. The 
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Fig. 1. Chromatogram for Ppt III.a> Solvent systems 
for I, II , and III are a diethyl ether/hexane mixture 
(1:9, volume ratio), 0.2 vol % isopropyl alcohol in I, 
and 0.5 vol % isopropyl alcohol in I. 
a) For the explanation, see the text. 

elution pat tern is presented in Fig. 1, where the void 
volume of the column used here was about 59 ml. 
The chromatogram shows complete separation between 
Chl-a, Chl-b and nonsorbed carotenes. The Chl-a and 
Chl-b preparation thus obtained were evaporated and 
dried in a vacuum desiccator. 

Thin-layer chromatographic examination of the Chl-a 
and Chl-b preparations on commercial silica gel sheets 
showed single spots, respectively. The purity of the 
Chl-a and Chl-b preparations were further examined by 
high-performance liquid chromatography11»12) which 
supplemented the thin-layer chromatographic observa­
tions. The absorption spectra of the Chl-a and Chl-b 
preparations dissolved in diethyl ether did not show any 
significant differences in comparison with the literature 
within experimental error. The ratio of absorbance of 
the Soret peak at 4 2 7 . 0 ± 1 . 0 n m to the red peak at 
660.0 ± 0 . 5 n m was 1.30±0.1 for the Chl-a preparation 
and the ratio of absorbance of the Soret peak at 452.8 ± 
0.3 n m to the red peak at 642 .3±0 .3 n m was 2 .83±0 .1 
for the Chl-b preparat ion. The purity of the Chl-a and 
Chl-b preparations obtained here was greater than 99 % 
on a dry weight basis. 13.1 mg of Chl-a and 7.6 mg of 
Chl-b were obtained from 24.7 mg of Ppt I I I using the 
method developed here. 3.4 mg of nonsorbed carotenes 
were also isolated. Recovery of the chlorophylls in the 
column chromatography with Sephasorb H P Ultrafine 
was about 9 7 % . 

The chlorophyll preparations, when isolated in the 
solid state and stored in evacuated and sealed ampules 
in total darkness at —20 °C, could be preserved for at 
least three months without change or alteration. In a 
few cases, however, the chlorophyll molecules were 
degraded. For example, Chl-a was converted to 
chlorophyll-a' (Chl-a') and pheophytin-a. Chl-a and 
Chl-a' are spectroscopically very similar as well as 
interconvertible13) and subsequently spectroscopic obser­
vations provide no indication that Chl-a molecules had 
not altered. I t should be noted that the purity of the 
chlorophyll preparations should be checked by thin-
layer or high-performance liquid chromatography 
before use. 

TABLE 1. SPECTRAL PROPERTIES OF CHLOROPHYLLS AND CHLOROPHYLL^ WITH 

VALUES REPORTED BY SOME AUTHORSA) 

Chlorophyll-a 

Chlorophyll-b 

Red peak 
(nm) 

660.0 
662.0 
660.5 
660.0 (±0 .5 ) 

642.5 
644.0 
642.0 
642.3 (±0.3) 

Blue peak 
(nm) 

429.0 
430.0 
428.5 
427.0 (±1 .0) 

453.0 
455.0 
452.0 
452.8 (±0 .3) 

Absorbance ratio 
(blue peak/red peak) 

1.32 
1.31 
1.30 
1.30 (±0 .1) 

2.82 
2.82 
2.84 
2.83 (±0 .1 ) 

Authors 

Comar and Zscheileb) 
Smith and Benitezc> 
Strain et al.û) 

This authors 

Comar and Zscheileb) 
Smith and Benitezc) 
Strain et al.d> 
This authors 

a) Solvent, diethyl ether; temperature, 25 °C. 
b) C. L. Comar and F. P. Zscheile, Plant Physiol., 17, 198 (1942). 
c) J . H. C. Smith and A. Benitez, "Modern Methods of Plant Analysis," ed by K. Paeck and M. V. 
Tracey, Springer-Verlag, Berlin (1955), p. 142. 
d) H. H. Strain, M. R. Thomas, and J . J . Katz, Biochim. Biophys. Acta, 75, 306 (1963). 
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D i s c u s s i o n 

The spectral properties of Chl-a and Chl-b in diethyl 
ether with values reported by some authors are listed 
in Table 1. The extinction coefficients for Chl-a and 
Chl-b were not established due to the volatility of 
diethyl ether at room temperature (20 ° C ± 5 ) . In 
addition, as diethyl ether has a strong tendency to 
adsorb moisture from the air and the migration of trace 
water into chlorophyll solutions in diethyl ether influ­
ences the peak positions of Chl-a and Chl-b, the peak posi­
tions were shifted to the blue or red regions depending on 
the water content in solution. Nevertheless, the absorp­
tion spectra of the Chl-a and Chl-b preparations 
dissolved in diethyl ether did not show any significant 
differences in comparison with the literature values 
within experimental error as is shown in Table 1. The 
molar extinction coefficients of Comar and Zscheile,9) 
which have been widely used, were used to determine 
the purity of the Chl-a and Chl-b preparations in this 
study. The values for the puri ty of the Chl-a and Chl-b 
preparations were greater than 99 % . Subsequently, the 
presence of colorless substances as possible contaminants 
was examined. According to the method of Strain and 
Svec10) the preparations were subjected to the test. The 
purity of the chlorophyll preparations, however, was 
not higher. In addition, it was found that the Chl-a and 
Chl-b molecules were degraded during the course of the 
chlorophyll purification. Thus , the procedure for the 
elimination of colorless substances from the chlorophyll 
preparations was not suitable in this case. 

There have been no reports on the column chromato­
graphic separation and isolation of chlorophylls with 
Sephasorb H P Ultrafine and Sephadex LH-20. 
Sephasorb H P Ultrafine was stable in the solvent 
systems used in this study as developing solvents. The 
bed volume obtained on swelling 1 g of dry Sephasorb 
H P Ultrafine in the solvent systems were relatively small 
(approximately 1.3 cm3/g dry gel). No detectable and 
undesirable substances extracted from Sephasorb H P 

Ultrafine with the developing solvents used were found. 
The preparat ion of Sephasorb H P Ultrafine columns 
was relatively simple and the column could be used 
repeatedly for the separation of chlorophylls. In 
addition, good separation between Chl-a, Chl-b, and 
nonsorbed carotenes was achieved and Sephasorb H P 
Ultrafine did not react with chlorophyll molecules to 
form degradation products of the pigment molecules. 
For these reasons, Sephasorb H P Ultrafine may be one 
of the best adsorbents for separating chlorophylls. 

T h e method developed here is suitable for the prepa­
ration of Chl-a and Chl-b from Ppt I I I , which was 
prepared from spinach leaves according to the method 
of I r iyama et al.1*2) 
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Acetoxymethylation of Coumarins by Manganese(III) Acetate 
Kazu KUROSAWA* and Hironobu HARADA 

Department of Chemistry, Faculty of Science, Kumamoto University, Kumamoto 860 
(Received December 27, 1978) 

The reactions of 4-methoxy-, 7-methoxy-, 6,7-dimethoxy-, and 7,8-dimethoxycoumarins with manganese (III) 
acetate in boiling acetic acid containing acetic anhydride gave 3-(acetoxymethyl)coumarins as the major product. 
The reactions of coumarin, and 6-methoxy- and 8-methoxycoumarins with manganese (III) acetate yielded a 
mixture of 3-(diacetoxymethyl)- and nuclear acetoxymethylated coumarins. The reaction of 7-methoxycoumarin 
with lead(IV) acetate gave 7-methoxy-3-methylcoumarin. 

In a previous publication1) we have reported the 
oxidation of 2-hydroxybenzophenones with manganese-
(I I I ) acetate, that gave 9-xanthenones and acetoxy­
methylated 9-xanthenones. The reactions of aromatic 
hydrocarbons,2»3) aromatic ethers,4) and benzofuran,5) 
with manganese(III) acetate have been reported to give 
acetoxymethylated products. The reaction mechanisms 
were discussed by Heiba et al.2) However, these papers 
were primarily concerned with the product analyses 
and the reaction mechanisms, and the synthetic utility 
was not investigated in detail. In this paper we will 
describe the reaction of methoxy-substituted coumarins 
with manganese(III) acetate, that gave 3-(acetoxy-
methyl)-, 3-(diacetoxymethyl)-, and di (acetoxymethyl) -
coumarins. We have also carried out the reaction of 
7-methoxycoumarin with lead (IV) acetate, which 
yielded mainly 7-methoxy-3-methylcoumarin. 

The coumarins studied were coumarin ( l a ) , 4-
methoxycoumarin ( l b ) , 6-methoxycoumarin ( l c ) , 7-
methoxycoumarin ( Id ) , 8-methoxycoumarin ( l e ) , 6,7-
dimethoxycoumarin ( I f ) , and 7,8-dimethoxycoumarin 
( lg ) . The reactions were carried out in boiling acetic 
acid containing acetic anhydride, and in boiling acetic 
anhydride, using 6—12 equivalents of manganese(III ) 
acetate dihydrate for 1 equivalent of the substrate. The 
reactions were continued until the color of manganese-
(I I I ) acetate disappeared. 

The reaction of I d in acetic acid containing acetic 
anhydride in the substrate/oxidant ratio of 1: 6 gave an 
acetate (2d) (entry 4). The N M R spectrum indicated 
the presence of an acetoxymethyl group {à 2.24 (3H, 
singlet) and Ô 5.03 (2H, doublet, / = 1 . 0 H z ) } . T h e 
acetoxymethyl group can be located at 3-position, since 
the methylene protons at ô 5.03 couple with a lower field 
proton which appeared at ô 7.69 (1H, broad singlet) 
as was confirmed by a decoupling experiment. An ABX 
pat tern of three aromatic protons was found in the 
spectrum {Ô 6.75—6.90 (2H, multiplet) and 7.48 (1H, 
m ) } . The yield of 2 d increased with increase of the 
molar ratio of manganese (II I) acetate and the maximum 
yield was attained for the substrate/oxidant ratio of 1: 10 
(entry 6). When the reaction was conducted for this 
molar ratio, another product (4d) was isolated from the 
reaction mixture, the structure of which was elucidated 
as before by the N M R spectrum. I t showed the presence 
of two acetoxyl group at ô 2.15 and a doublet proton 
at ô 7.66 ( y = 1.0 Hz) , indicating that a diacetoxymethyl 
group is present in the molecule. The presence of an 
ABX pattern of three aromatic protons and a lower field 
proton (<5 7.80, broad s) suggested that the diacetoxy­

methyl group can be located at 3-position (Fig. 1). 
When the reaction of I d with manganese (III) acetate 
was conducted in acetic anhydride, a complex mixture of 
products was obtained. In acetic acid, on the other 
hand, the reaction did not take place, l b , If, and l g 
gave the corresponding 3-(acetoxymethyl) coumarin, 2b , 
2f, and 2g in the reaction, respectively (entries 2, 13, 
and 14). In the case of l g , 3,6-di(acetoxymethyl)-7,8-
dimethoxycoumarin (5g) was obtained in a low yield. 

In contrast to the coumarins described above, the 
reactions of l a , l c , and l e with manganese (III) acetate 
showed a very different product distribution. In the 
case of l a , 3-(diacetoxymethyl)coumarin (4a) was the 
major product and a small amount of impure 3-(acetoxy­
methyl) coumarin (2a) was isolated (entry 1). l c gave 
3-(diacetoxymethyl)-6-methoxycoumarin (4c) and a 
mixture of 5- and 7-(acetoxymethyl) coumarins (3c and 
3c ' ) . The reaction of l e with manganese (III) acetate 
gave three products: 3e, 4e , and 6e (entry 12). The 
structure of 3e was elucidated by the N M R analysis: 
the chemical shifts of an AB system due to the protons 
at 6- and 5-positions (dA=7.00 and (5B = 7.21, JAB = 
9.0 Hz) are characteristic of the 7,8-disubstituted 

Rs R4 R5 R4 

2a, b , d, f, g 4a, c, d, e 

1, 2, and 4 a : R 4 = R 5 = R 6 = R 7 = R 8 = H 
br R 5 = R 6 = R 7 = R 8 = H , R 4 =OCri3 
c: R 4 = R 5 = R 7 = R8 = ri , R 6 =OCri3 
d: R 4 = R 5 = R 6 = R 8 = r i , R7 = OCri ; 

e: R 4 = R 5 = R 6 = R 7 = H, R 8 = O C H 
f : R 4 = R 5 = R 8 = H , R 6 =R 7 = OGH; 
g: R 4 = R 5 = R 6 = H , R 7 = R 8 = O C H 

0CH3 

C H S O V ^ S ^ N J O 

\ ^ ^ ^ C H 2 0 A c AcOCH 

3c :R 5 =CH 2 OAc, R 6 =OCH 3 , R 7 = R 8 = H 5g 
3c' : R 5 = R 8 = H , R6 = OCH3, R7 = CH2OAc 
3e : R 5 = R 6 = H , R7=CH2OAc, R 8 = O C H 3 

OCH; 

CH30 

CHO 
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2 
3 
4 
5 
6 
7 
8 
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10 
11 
12 
13 
14 

1979] 

Substrate 

ïa~~ 
l b 
l e 
Id 
Id 
Id 
Id 
Id 
Id 
Id 
Id 
le 
If 

l g 

Oxidant 

Mn(OAc)3 

Mn(OAc)3 

Mn(OAc)3 

Mn(OAc)3 

Mn(OAc)3 

Mn(OAc)3 

Mn(OAc)3 

Mn(OAc)3 

Pb(OAc)4 

Pb(OAc)4 

Pb(OAc)4 

Mn (OAc)3 

Mn(OAc)3 

Mn(OAc)3 

Acetoxymethylation of Goumarins by Manganese (I II) Acetate 

TABLE 1. THE REACTIONS OF COUMARINS WITH MANGANESE 

ACETATE AND LEAD(IV) 

Reaction conditionsa) 

Molar ratio 
of 1 : oxidant 

T7ÏÔ 
1: 10 
1: 10 
1:6 
1:8 
1: 10 
1: 12 
1: 12 
1:5 
1:5 
1:5 
1:8 
1: 10 
1: 10 

Solvent 

AcOH, Ac20 
AcOH, Ac20 
AcOH, Ac20 
AcOH, Ac20 
AcOH, Ac20 
AcOH, Ac20 
AcOH, Ac20 
Ac20 
AcOH 
Ac20 
C6H6 

AcOH, Ac20 
AcOH, Ac20 
AcOH, Ac20 

Time 

min 

6ÖT 
120 
50 

140 
110 
200 
170 
90 
30 
10 

6480 
105 
80 
90 

ACETATE 

Monoacetate 

~~£(5) 
2b(39) 
3c(4.5c)), 3c'(2 
2d(24) 
2d(70) 
2d(87) 
2d(46) 
intractable 
2d(6) 
2d(4) 

3e(9) 
2f(54) 
2g(55) 

(HI) 

Product (yieldb)/%) 

Diacetate Aldehyde 

.5C>) 

4a(19) 

4c(4) 

4d(7) 
4d(19) 

4d(2) 

4e(9) 

5g(3) 

6e(4) 

2387 

3-Methyl-
coumarin 

7d(5) 
7d(5) 
7d(23) 

a) The reactions were carried out at reflux temperature. 
b) Yields are based on the amount of coumarin consumed. 
c) The values were estimated from the NMR spectrum. 

coumarin ( l g ) , in which the corresponding protons 
appeared at ô 6.91 and 7.23. 

The results described above showed that coumarins 
bearing a methoxyl group at 4- or 7-position react with 
the carboxymethyl radical,2) which is formed from the 
decomposition of manganese (III) acetate, predominantly 
at the 3-position, where the electron density is much 
greater than in the other positions owing to the resonance 
effect of the methoxyl groups. In coumarins bearing no 
methoxyl group in either position, the competitive 
reactions occur at the 3-position and at or^o-positions to 
the methoxyl group on the aromatic nucleus. Diacetoxy-
methylation takes place in the case when a substrate 
has no sufficient activating group at 4- or 7-position 
(entries 1, 3, and 12) or when the oxidant is used in 
large excess (entry 7). O n the contrary, the reaction 
of I d with lead(IV) acetate gave 7-methoxy-3-methyl-
coumarin (7d), when treated with 5 equivalents of 
lead(IV) acetate in boiling benzene. The methylation 
of aromatic compounds by lead (IV) acetate has 
precedence.1»6) The reaction of I d with lead(IV) 
acetate in acetic acid yielded 2 d and 7d and in acetic 
anhydride 2d, 4d , and 7d, but they have no synthetic 
values. 

I t is thus concluded that the reaction of coumarins 
bearing a methoxyl group at 4- or 7-position with 
manganese (III) acetate can give the corresponding 3-
(acetoxymethyl)coumarin in moderately good yields. 

Exper imenta l 

All 1H chemical shifts (ô) were recorded for the deuterio-
chloroform solution with a Hitachi R 24 NMR spectrometer 
with TMS as an internal standard. The IR spectra were 
recorded for the chloroform solution with a JASGO IRA-1 
grating spectrometer. The mass spectrum was recorded with 
a JEOL JMS-01 SG-2 mass spectrometer. Melting points 
were determined on a Yanagimoto hot-stage and are uncor­

rected. The compounds were recrystallized from ethanol, 
unless otherwise stated, and the yields are summarized in 
Table 1. 

Coumarins. Coumarin (la) was commercially available. 
4-Methoxycoumarin (lb) was obtained from commercial 4-
hydroxycoumarin by methylation.7) 6-Methoxycoumarin (lc) 
was obtained from coumarin (la) by potassium peroxodisulfate 
oxidation followed by methylation.8) 7-Methoxycoumarin 
(Id) was prepared by the Pechmann reaction9) of resorcinol 
and malic acid, followed by methylation. 8-Methoxycoumarin 
(le) was obtained by the reaction of o-vaniline and acetic 
anhydride.10) 6,7-Dimethoxycoumarin (If) and 7,8-dimeth-
oxycoumarin (lg) were prepared by the Pechmann reaction 
of the corresponding phenols and malic acid. 

Oxidations of Coumarins (la—g) with Manganese (HI) Acetate. 
A typical oxidation of coumarin was as follows. A mixture of a 
coumarin (2 mmol), manganese (III) acetate dihydrate3) 
(12—24 mmol), and a solvent (50 ml) (if acetic acid was used 
as the solvent, acetic anhydride (24—48 mmol) was added) 
was heated under reflux for the time shown in Table 1. After 
the removal of the solvent in vacuo, the resulting mixture was 
extracted with chloroform. The chloroform solution was 
evaporated and chromatogrammed on TLG using chloroform 
as the developing solvent. 

l a yielded 3-(acetoxymethyl)coumarin (2a). Mp: 106.5— 
107.5 °G; IR 1740 cm"1; NMR 2.15 (3H, s, OAc), 5.07 (2H, 
d, 7 = 1 . 0 Hz, -CH 2 - ) , 7.1—7.7 (4H, m, aromatic), and 7.74 
(1H, t, / = 1 . 0 Hz, H ( 4 ) ) ; 3-(diacetoxymethyl)coumarin (4a): 
Mp 139—140 °G; IR 1750 and 1780 cm"1; NMR 2.18 (6H, s, 
2xOAc) , 7.1—7.7 (4H, m, aromatic), 7.75 (1H, d, 7 = 1 . 0 
Hz, >CH-) , and 7.92 (1H, broad s, H ( 4 ) ) ; MS m/e 276 (M+), 
233, 216, 191, 176, 175, 174, 173, 149, and 146 (Found: G, 
60.99; H, 4.41%. Galcd for G14H1206: G, 60.87; H, 4.38%). 

l b gave 3-(acetoxymethyl)-4-methoxycoumarin (2b). Mp: 
114—115 °G; IR: 1740 cm"1; NMR: 2.10 (3H, s, OAc), 
4.16 (3H, s, OCH3), 5.18 (2H, s, -CH 2 - ) , 7.15—7.90 (4H, m, 
aromatic) (Found: C, 63.00; H, 4.92%. Galcd for G13H1205: 
G, 62.90; H, 4.87%). 

l c yielded a mixture of 5-(acetoxymethyl)- and 7-(acetoxy-
methyl)-6-methoxycoumarins (3c and 3c'). Mp: 119—123 °G. 
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(Found: G, 63.22; H, 4.90%. Galcd for C13H1205: G, 62.90; 
H, 4.87%); 3-(diacetoxymethyl)-6-methoxycoumarin (4c). 
Mp: 175—177 °G; IR: 1745 and 1778 cm"1; NMR: 2.15 
(6H, s, 2xOAc) , 3.85 (3H, s, OCH3), 6.9—7.4 (3H, m, 
aromatic), 7.70 (1H, d, 7 = 1 . 0 H z , >CH-) , and 7.83 (1H, 
broad s, H (4)) (Found: G, 58.62; H, 4.62%. Galcd for 
C15H1407: G, 58.82; H, 4.61%). 

Id gave 3-(acetoxymethyl)-7-methoxycoumarin (2d). Mp: 
118—119 °G; IR: 1725 and 1755 cm"1; NMR: 2.24 (3H, s, 
OAc), 3.86 (3H, s, OCH3), 5.03 (2H, d, 7 = 1 . 0 Hz, - G H r ) , 
6.75—6.90 (2H, m, H (6) and H ( 8 )), 7.48 (1H, m, H ( 5 )), and 
7.69 (1H, broad s, H (4)) (Found: G, 62.72; H, 4.93%. Galcd 
for C13H1205: G, 62.90: H, 4.87%); 3-(diacetoxymethyl)-7-
methoxycoumarin (4d). Mp: 147—149 °G; IR: 1745 and 
1775 cm"1; NMR: 2.15 (6H, s, 2 X OAc), 3.89 (3H, s, OCH3), 
6.79—6.95 (2H, m, HC6) and H ( 8 )) , 7.40 (1H, d, 7 - 9 . 5 Hz, 
H ( 5 )), 7.66 (1H, d, 7 = 1.0 Hz, >CH-) , and 7.80 (1H, broad 
s, H (4)) (Found: G, 58.72; H, 4.69%. Galcd for C15H1407: 
G, 58.82; H, 4.61%). 

l e yielded 7-(acetoxymethyl)-8-methoxycoumarin (3e). 
Mp: 121—122 °G; IR: 1750 cm"1; NMR: 2.05 (3H, s, OAc), 
3.92 (3H, s, OCH3), 5.21 (2H, s, -CH 2 - ) , 6.48 (1H, d, J= 
10.0 Hz, H ( 3 )), 7.00 (1H, d, 7 - 9 . 0 Hz, H ( 6 )), 7.21 (1H, d, 
7=9 .0 Hz, H ( 5 )) , and 7.90 (1H, d, J= 10.0 Hz, H (4)) (Found: 
G, 62.73; H, 5.18%. Galcd for C13H1205: G, 62.90; H, 
4.87%); 3-(diacetoxymethyl)-8-methoxycoumarin (4e). Mp: 
130—131 °G (CC14); IR: 1752 and 1775cm"1; NMR: 2.15 
(6H, s, 2xOAc) 5 3.96 (3H, s, OCH3), 6.8—7.4 (3H, m, 
aromatic), 7.70 (1H, d, 7 = 1 . 0 Hz, >CH- ) , 7.85 (1H, broad 
s, H (4)) (Found: G, 58.90; H, 4.72%. Galcd for C15H1407: 
G, 58.82; H, 4.61%); 3-formyl-8-methoxycoumarin (6e). 
Mp: 166—168 °G; IR: 1724 and 1750 cm"1; NMR: 3.97 
(3H, s, OCH3), 7.24 (3H, s, aromatic), 8.36 (1H, s, H ( 4 )) , and 
10.17 (1H, s, GHO) (Found: G, 64.70; H, 3.89%. Galcd for 
C u H 8 0 4 : G, 64.70; H, 3.95%). 

If gave 3-(acetoxymethyl)-6,7-dimethoxycoumarin (2f). 
Mp: 140—141 °G; IR: 1730 and 1740 cm"1; NMR: 2.14 
(3H, s, OAc), 3.91 (3H, s, OCH3), 3.94 (3H, s, OCH3), 5.06 
(2H, d, 7 = 1 . 0 Hz, -CH 2-) , 6.85 (1H, s, H (5 ) or H ( 8 )), 6.91 
(1H, s, H(5) or H ( 8 )), and 7.70 (1H, broad s, H ( 4 )) . Found: 
G, 60.30; H, 5.15%. Galcd for C1 4H1 406: G, 60.43; H, 
5.07%. 

l g yielded 3-(acetoxymethyl)-7,8-dimethoxycoumarin (2g). 
Mp: 140 °G; IR: 1750 cm"1; NMR: 2.14 (3H, s, OAc), 3.95 
(6H, s, 2xOCH 3 ) , 5.00 (2H, d, 7 = 1 . 0 Hz, -CH 2 - ) , 6.92 

(1H, d, 7 = 9 . 0 Hz, H ( 6 )), 7.22 (1H, d, 7=9 .0 Hz, H ( 5 )), and 
7.69 (1H, t, 7=1 .0 Hz, H (4)) (Found: G, 60.32; H, 5.02%. 
Galcd for C14H1406: G, 60.43; H, 5.07%); 3,6-di(acetoxy-
methyl)-7,8-dimethoxycoumarin (5g). Mp: 159—160 °G; 
IR: 1750 cm-1; NMR: 2.09 (3H, s, OAc), 2.14 (3H, s, OAc), 
3.96 (6H, s, 2xOCH 3 ) , 5.00 (2H, d, 7 = 1.0 Hz, -CH2-) , 
5.23 (2H, s, -CH 2-) , 6.91 (1H, s, H (5 )), and 7.87 (1H, t, 
7 = 1.0 Hz, H (4)) (Found: G, 58.59; H, 5.25%. Galcd for 
G17H1808: G, 58.28; H, 5.18%). 

Oxidation of Id with Lead(IV) Acetate. A mixture of 
Id (2 mmol), lead(IV) acetate11) (10 mmol), and a solvent 
(50 ml) was heated under reflux for the time shown in Table 1. 
After the removal of the solvent in vacuo, the resulting mixture 
was extracted with chloroform. The chloroform solution was 
evaporated and then chromatogrammed on TLG, giving 
2d. Mp: 118— 119°C. 4d. Mp: 147—149 °G. 7-Methoxy-3-
methylcoumarin (7d). Mp: 144 °G (lit,12) mp 144 °G); IR: 
1725 cm-1; NMR: 2.17 (3H, d, 7 = 1 . 5 Hz, CH3), 3.85 (3H, 
s, OCH3), 6.65—6.90 (2H, m, H (6) and H ( 8 )), 7.39 (1H, m, 
H ( 5 )), and 7.44 (1H, q, 7=1 .5 Hz, H ( 4 )) . 
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a-Cyano carbanions which are generated from y-trimethylsiloxy nitriles have been found to react with aldehydes 
to give a-(l-hydroxyalkyl)-y-trimethylsiloxy nitriles (6). a-Ylidene y-lactones (5) are derived from 6 in two steps; 
hydrolytic lactonization to a-(1-hydroxyalky 1) y-lactones and dehydration. The stereochemistry of the lactones 5 
with one exception have been found to be of the E form on the basis of the NMR spectra. 

a-Methylene-y-butyrolactones have recently been the 
subject of extensive research since several sesquiterpenes 
possess cytotoxic and/or ant i tumor properties, largely 
attributed to this system.1»2) A variety of methods have 
been developed for the synthesis of this moiety,3»4) most 
of the procedures involving the introduction of the a-
methylene group into a preformed lactone via the 
enolate anion.5»6) 

In a previous paper,7) it was shown that the trimethyl-
silylacetonitrile (TMSAN) anion reacts readily and 
selectively with epoxides to produce y-trimethylsiloxy 
nitriles 3 which are a possible synthetic equivalent of 
y-lactones. This paper will report a method for the 
facile introduction of the a-methylene or alkylidene 
equivalent group into y-lactones by the reaction of 
a-cyano carbanions 2 with aldehydes as a demonstration 
of the synthetic versatility of y-trimethylsiloxy nitriles 3 . 

R e s u l t s a n d D i s c u s s i o n 

The dianion character of T M S A N has been suggested 
in the stepwise ring opening of two equivalents of 
epoxide.7) This unusual character is brought about by 
the intermediate 2 which is generated as a result of the 
migration of the trimethylsilyl group from the carbon 
atom to the oxy anion in 1 as shown in Scheme 1. The 
intermediate 2 has been confirmed by the stepwise 
addition of different types of epoxide. Substitution of 
aldehydes in place of epoxides in the reaction of the 
anion 2 would be expected to give the a-(l-hydroxy-
alkyl)-y-trimethylsiloxy nitriles as products which lead 
to a-alkylidene y-lactones by additional two steps. 

An equivalent of benzaldehyde was added to a 
solution of 2 b ( R ^ M e , R 2 = H ) formed from the 
T M S A N anion and propylene oxide in 1,2-dimethoxy-
ethane (DME) and quenched with water, which 
produced an unexpected product, a-benzylidene y-
lactone 5b (7%) in addition to other products. Lactone 
5c (6 %) was obtained by a similar reaction of benzal­
dehyde with 2c [R1, R 2 = - ( C H 2 ) 4 - ] . Lactones 5 b and 5c 
were given after purification of the reaction mixture by 
column chromatography on silica gel. Despite the low 
yield of 5 under opt imum conditions, the result is 
noteworthy since this one pot reaction provides a general 
synthetic method for 5. The reactivity of the anion 2 
to aldehydes may decrease since it takes several hours 
to complete the formation of 2 . Therefore, alternative 
anions 2 from y-trimethylsiloxy nitriles 3 have been 
used in order to enhance the selectivity of nucleophilic 
attack on the aldehydes. An efficient preparative 
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0 SiMe3 

(I) 

CN 

SiMe3 
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- i i m) 
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Rl 

SiMe3 
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vi), ii) 

R2 R2' 

(5) 

0 CN OH 
Me3Si 

(4) 
Scheme 1. i) R^CH^CHR2 , ii) aq NH4G1, iii) LDA, 

iv) RGHO, v) Silica gel, vi) R ^ H — C H R 2 . 

method for y-trimethylsiloxy nitriles 3 has been exploited 
on a large scale.8) The outline of the procedure is 
summarized in Scheme 2. 

a-Cyano carbanions 2 are generated smoothly by the 
interaction of nitriles 3 with an equivalent of butyl-

(2 ) 

i. H) 

B5 
Ç3 9 9 R* R 

R Y Y - 0 R 4 •! , Rf-^OH-M- * W 
q CN 
SiMe3 Ri"Sr*b 

(6) (7) (5) 

Scheme 2. i) R 'CHO, ii) aq NH4C1 or Me3SiCl, iii) 
1.5 M. HCl, iv) MeS02Cl/pyridine, reflux. 
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TABLE 1. YIELDS OF PRODUCTS AND STEREOISOMERS OF 5 

a 
b 
c 
d 
e 
f 

g 
h 

R1 R2 

H H 
Me H 
-(GH2)4-
H H 
Me H 
-(GH2)4-
Me H 
-(GH2)4-

R3 

Ph 
Ph 
Ph 
Me 
Me 
Me 
H 
H 

R4 

H 
H 
H 

Me3Si 
Me3Si 

H 
H 
H 

6 
Yield/% 

63 
82 
84 
65 
69 
64 
59 
77 

7 
Yield/% 

77 
73 
48 
63 
70 
69 
63 
85 

Yield/% 
87 
63 
45 
66 
82 
39 
21 
47 

5 

Stereoisomers 
E 
E 
Z 
E 
E 
E 

— 
— 

l i thium or lithium diisopropylamide (LDA) in tetra-
hydrofuran (THF) at — 78 °C and react with aldehydes 
at ambient temperature. After quenching the reaction 
mixture with either aqueous ammonium chloride (a, b , 
c, f, g, and h) or chlorotrimethylsilane (d and e), a - ( l -
hydroxyalkyl) - or ( 1 -trimethylsiloxyalkyl) -y-trimethyl-
siloxy nitriles 6 are given. Compounds 6 hydrolyzed 
with 1.3 M hydrochloric acid in aqueous methanol 
spontaneously give a-(l-hydroxyalkyl)-y-lactones 7. 
The elimination of water from 7 is achieved by the use 
of methanesulfonyl chloride in pyridine giving a-
alkylidene y-lactones 5, the results of which are sum­
marized in the Table . 

The structure of 5, 6, and 7 have been elucidated on 
the basis of I R , N M R , and elemental analyses. The 
I R spectra of 6 is analogous to 4. The splitting of the 
trimethylsilyl group in the N M R spectra of 6 reflects 
the discrimination of diastereomers caused by asym­
metric carbon atoms.7) For example, two separate 
signals of the trimethylsilyl group at 0.16 and 0.20 ppm 
are observed and the terminal methyl group is clearly 
distinguished at 1.28 and 1.40 ppm in the case of 6f. 

The N M R spectra of 7 are more complicated due to 
the increase in rigidity of the conformations with the 
formation of lactone rings. The ring methyl group of 
7e appears as a double doublet ( y = 6 . 4 5 and 2.1 Hz) 
including long range coupling at 1.18 ppm while a pair 
of doublet at 1.37 and 1.43 ppm (J=6.3 Hz) has been 
assigned to the terminal methyl of the 1-hydroxyethyl 
group. 

From the N M R spectra and an inspection of the C P K 
models it was possible to establish the stereochemistry 
around the olefinic par t of the obtained a-alkylidene y-
lactones 5. The chemical shift of the olefinic proton 
(6.81 and 6.36 p p m for E and Z isomers, respectively) 
is the most remarkable diagnostic point to discriminate 
between the geometrical isomers of a-ethylidene-y-
butyrolactone 5d.9> The observed values of the olefinic 
proton, 6.77, 6.64, and 6.51 p p m in a series of a-
ethylidene y-lactones (5d, 5e, and 5f) enabled the E 
isomers to be differentiated. This was coupled with the 
knowledge that the vinyl proton located in the eis 
position to the carbonyl group shows significant down 
field shift (0.6—0.9 ppm) compared with the trans 
proton in the cases of a-methylene cycloalkanones10) 
and a-methylene y-lactones 5g and 5h . 

With respect to the a-benzylidene y-lactones 5a, 5b , 
and 5c, the olefinic protons show peaks at 7.54, 7.3, 
and 6.53 ppm, respectively. Relatively sharp peaks at 

7.45 and 7.30 ppm have been observed for the phenyl 
protons of 5a and 5b . The multiplet pat tern of the 
phenyl protons divided in two groups with a 3 : 2 
intensity ratio at 7.3 and 7.7 ppm for 5c, reflecting the 
different susceptibility among the phenyl protons 
towards the magnetic anisotropy effect by the carbonyl 
group. Therefore, it has been concluded that lactones 
5 a n ) and 5 b are the E isomers whereas 5c is the Z 
isomer based on the above data . The other isomer is 
not detectable from the N M R spectra. The selective 
formation of the isomer 5a—5f shows that the elimina­
tion step (7 to 5) is a thermodynamically controlled 
reaction via a carbocation intermediate under the above 
conditions. The formation of the Z isomer in 5c is 
consistent according to a comparison of both isomers by 
the C P K models. The Z isomer of 5c is sterically less 
hindered than the E isomer. 

The ring juncture in the bicyclo system 5c, 5f, and 
5g has been designated trans based on the following. 
The starting material 3c has been prepared by the ring 
opening of cyclohexene oxide with the acetonitrile anion, 
which arranges the trans relationship between the two 
substituents.12) The coupling pattern of the junctional 
proton in close proximity to the oxygen atom in 5c, 
5f, and 5g shows a typical doublet of triplet composed 
of six peaks (see Experimental) . The coupling constants 
of this pat tern reflect the presence of two axial and an 
equatorial vicinal protons, which suggests a trans 
juncture in 5. 

The synthesis is attractive as one of the preparative 
methods of versatile a-ylidene y-lactones since the 
preparation involves no specific reagent. 

Experimental 

The IR spectra were recorded on JASGO IR-403G and 
IR-S instruments. A JEOL C-60 HL instrument was used 
to record the XH NMR spectra using tetramethylsilane as the 
internal standard. Trimethylsilylacetonitrile7> and y-trimeth-
ylsiloxy nitriles8) were prepared according to the literature. 
Formaldehyde was generated by the cracking of dried para­
formaldehyde. Acetaldehyde was distilled prior to use. 
Purification of the products was conducted by column chro­
matography on silica gel using a mixed solvent as eluent 
(benzene: hexane: ethanol= 1: 1: 1/20—1/40). 

Synthesis of 5. oa-Benzylidene-y-valerolactone (5b) : To a 
DME (25 ml) solution of the TMS AN anion prepared from 
TMSAN (1.70 g, 15.0 mmol) and an equivalent of LDA was 
added a DME (3 ml) solution of propylene oxide (0.87 g, 
14.9 mmol) at - 7 8 °G. After stirring for 5 h at - 3 0 °G— 
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— 20 °G, the reaction mixture was cooled to — 78 °G and a 
D M E (5 ml) solution of benzaldehyde (1.59 g, 15.0 mmol) 
added at the same temperature . After the addit ion, the 
mixture was stirred for 1 h at — 30 °G and for 14 h at ambient 
temperature and quenched with saturated aqueous NH4G1 
(25 ml) . T h e organic layer was extracted with dichloro-
methane (20 ml X 5). T h e combined extracts were washed 
with saturated brine and dried over anhydrous M g S 0 4 . T h e 
solvent was evaporated under reduced pressure. Column 
chromatography of the residue gave 1.20 g (47%) of 3 b and 
0.614 g of a yellow oily product (vc=o 1750 c m - 1 ) . T h e oily 
product gave the pure lactone 5 b (0.196 g, 7%) as a yellow 
oil after purification, which crystallized on standing, m p 
54—54.5 °G. Found : G, 76.65; H , 6 .73%. Galcd for 
G 1 2 H 1 2 0 2 : G, 76.57; H , 6 .43%. I R (KBr disk) 1741 (y c = 0 ) 
and 1652 c m - 1 ( y c = c ) . XH N M R (GG14) Ô 1.42 (d, 7 = 6 . 3 
Hz, 3H, CH 3 ) , 2.63 (d of double d, J= 17.3, 5.7, and 3.3 Hz , 
1H, GH 2 ) , 3.28 (d of double d, 7 = 1 7 . 3 , 7.8, and 3.1 Hz , 
1H, GH 2 ) , 4.59 (dd of quartet , 7 = 7 . 8 , 5.7, and 6.3 Hz , 1H, 

/ / H \ 
C H - O ) , and 7.30 p p m m, 6H, Ph and C=C . 

\ X P h / 
tra,ns-9-Benzylidene-7-oxabicyclo[4.3.0]nonan-8-one (5c) : 

Similarly, from a D M E (25 ml) solution of the T M S A N anion 
(8.05 mmol) , cyclohexene oxide (0.793 g, 8.08 mmol) , and 
benzaldehyde (1.02 g, 9.59 mmol) , pure 5c (0.11 g, 6%) was 
obtained as colorless needles in addition to 3c (0.989 g, 5 8 % ) , 
m p 146—147.5 °G. Found : G, 78.93; H , 7.37%. Galcd 
for G 1 5 H 1 6 0 2 : G, 78.92; H , 7.07%. I R (KBr disk) 1740 
(y c = 0) and 1652 c m - 1 ( y c = c ) . N M R (GDG13) ô 1.2—1.7 
(m, 9H, cyclohexyl ring protons), 3.75 (d of t, 7 = 3 . 9 and 

/ / H \ 
10.7 Hz, 1H, G H - O ) , 6.35 d, 7 = 3 . 0 Hz , 1H, C=C . 

7.3 (m, 3H, Ph) , and 7.7 p p m (m, 2H, Ph) . 

Synthesis of a- ( 1-Hydroxyalkyi) -y-trimethylsiloxy Nitrites (6). 
2-Cyano-l-phenyl-4-trimethylsiloxy-l-butanol (6a) : T o a T H F 
solution of LDA (10.5 mmol) was added a T H F (5 ml) 
solution of 3a (1.57 g, 9.99 mmol) at - 7 8 °G. T h e mixture 
was stirred for 1 h at the same temperature to complete the 
formation of the anion 2a. A T H F (5 ml) solution of benzal­
dehyde (0.536 g, 5.05 mmol) was added to the anion solution 
at —78 °G. The mixture was stirred for 30 min at —78 °G 
and for 15 h at ambient temperature and the reaction mixture 
quenched with saturated aq NH4G1 (30 ml) . T h e organic 
layer was decanted and the water layer extracted with dichloro-
methane (20 ml X 5). T h e organic layer and the extracts were 
collected, washed with saturated brine, and dried over M g S 0 4 . 
The residue obtained after evaporation of the solvent under 
reduced pressure was chromatographed to give 1.65 g (63%) 
of a pale yellow oil, 6a . Found : G, 63.72; H , 8.13; N , 5 . 4 1 % . 
Galcd for G 1 4 H 2 1 N0 2 Si : G, 63.84; H , 8.04; N , 5.32%. I R 
(GG14) 3620, 3440, ( i ; 0-H) , 2270 (i/0 5 N) , and 1250cm- 1 (<5B.B1_0i). 
N M R (CG14) ô 0.12 (s, 9H, S i - C H 3 ) , 1.6—2.0 (broad m, 2H, 
CH 2 CCN) , 3.12 (q, 7 = 6 . 0 Hz, 1H, C H - C N ) , 3.80 (t, J= 
6.0 Hz, 2H, C H 2 - 0 - S i ) , 4.2 (broad, 1H, O H ) , 4.9 (broad, 
1H, C H - P h ) , and 7.50 p p m (s, 5H, Ph) . 

2-Cyano- l-phenyl-4-trimethylsiloxy- 1-pentanol (6b) : T h e 
analogous treatment of 3 b (0.957 g, 5.59 mmol) with butyl-
lithium (5.1 mmol) and benzaldehyde (0.536 g, 5.05 mmol) in 
T H F (25 ml) gave pure 6b as a yellow oil (1.14 g, 8 2 % ) . 
Found: G, 64.71 ; H , 8.57; N, 5 .13%. Galcd for G 1 5 H 2 3 N0 2 Si : 
G, 64.94; H , 8.34; N , 5 .05%. I R (GG14) 3620, 3430 (v0_n), 
2260 (y c = N) , and 1249 c m - 1 (<5sS1_c.)- N M R (GG14) S 0.10 
(s, 9H, S i -CH 3 ) , 1.12 (d, 7 = 6 . 0 Hz , 3H, CH 3 ) , 1.55 (m, 2H, 
GH 2 ) , 2.78 (m, 1H, C H - C N ) , 3.9 (broad m, 2H, O - H and 
S i O - C H ) , 4.57 (broad, 1H, P h - C H - O ) , and 7.23 p p m (s, 

5H, Ph ) . 
3 -Hydroxy- 3-phenyl-2- ftrans- 2'-trimethylsiloxycyclohexyl) propio-

nitrile (6c): T h e analogous t reatment of 3c (1.50 g, 7.09 
mmol) with L D A (7.40 mmol) and benzaldehyde (0.781 g, 
7.40 mmol) in T H F (25 ml) gave 6c as a yellow oil (1.88 g, 
8 4 % ) . Found : C, 68.13; H , 8.62; N, 4 .48%. Galcd for 
C 1 8 H 2 7 N 0 2 S i : G, 68.09; H , 8.57; N , 4 . 4 1 % . I R (CG14) 3640, 
3430 ( » 0 - H ) > 2265 (y 0 S N ) , and 1249 c m - 1 (<5sSi_c,). N M R 
(CG14) d 0.10 (s, 9H, S i - C H 3 ) , 1.0—2.1 (broad m, 9H) , 2.96 
(broad s, 1H, O H ) , 3.26 (double d, 7 = 9 . 2 and 2.9 Hz , 1H, 
C H - C N ) , 3.4 (broad m, 1H, C H - O S i ) , 4.68 (d, 7 = 9 . 2 Hz, 
1H, P h - G H - O ) , and 7.34 p p m (m, 5H, Ph ) . 

3-Cyano~l,4-bis(trimethylsiloxy)pentane (6d) : LDA (10.4 
mmol) , 3a (1.55 g, 10.1 mmol) , and acetaldehyde (0 .6ml , 
10.7 mmol) were mixed in a similar manner in T H F (30 ml) 
and quenched with Me3SiCl (1.56 g, 14.4 mmol) . After 
evaporation of the solvent, the residue was diluted with E t 2 0 
(30 ml) and the solution filtered. Pure 6d (1.77 g, 65%) was 
obtained as a yellow liquid. Found : C, 52.43; H , 9.75; N , 
5.40%. Calcd for G 1 2 H 2 7 N0 2 Si 2 : G, 52.69; H , 9.95; N , 5.12%. 
I R (CG14) 2280 (v0=N) and 1248 c m - 1 (<58 S i _ C | ) . N M R (CC14) 
ô 0.14, 0.16 (each s, 18H, S i - C H 3 ) , 1.29 (d, 7 = 6 . 3 Hz , 3H, 
GH 3 ) , 1.74 (q, 7 = 6 . 3 Hz, 2H, C H 2 C C N ) , 2.2—2.9 (m, 1H, 
C H - C N ) , 3.74 (t, 7 = 6 . 3 Hz , 2H, C H 2 - 0 ) , and 3.93 p p m 
(q, 7 = 6 . 3 Hz , 1H, C H - O ) . 

3-Cyano-2,5-bis(trimethylsiloxy)hexane (6e) : T h e analogous 
t reatment of 3 b (1.38 g, 8.03 mmol) with acetaldehyde (0.5 
ml, 8.9 mmol) and Me3SiCl (1.31 g, 12.1 mmol) gave pure 
6e (1.59 g, 69%) as a pale yellow liquid. Found : C, 54.54; 
H , 10.02; N , 4 . 9 1 % . Galcd for G 1 3 H 2 9 N0 2 Si 2 : C, 54.30; H , 
10.17; N , 4 .87%. I R (GC14) 2265 (yc=N) and 1249 c m - 1 

O W o . ) - N M R (G G 14) à 0.12, 0.14 (each s, 18H, S i -GH 3 ) , 
1.18 (d, 7 = 6 . 9 Hz , 3H, 0 - C - G H 3 ) , 1.25 (d, 7 = 7 . 2 Hz , 3H, 
0 - C - G H 3 ) , 1.65 (t, 7 = 6 . 9 Hz , 2H, C H 2 ) , 2.43 (m, 1H, 
C H - C N ) , and 3.89 p p m (m, 2H, 2 X C H - O ) . 

3-Hydroxy-2-(tr2Lns-2-trimethylsiloxycyclohexyl) butyronitrile (6f) : 
The analogous t reatment of 3c (3.85 g, 18.2 mmol) with LDA 
(18.7 mmol) and acetaldehyde (1 .1ml , 19 mmol) in T H F 
(60 ml) gave a colorless oil of pure 6f (2.96 g, 6 4 % ) . Found : 
G, 61.10; H , 9.80; N , 5.44%. Galcd for C 1 3 H 2 5 N 0 2 S i : G, 
61.13; H , 9.87; N , 5 .48%. I R (CG14) 3660, 3390 (v0_u), 
2275 (v0=N), and 1250 cm" 1 (<58iS1_0i). N M R (CG14) ô 0.16, 
0.20 (each s, 9H, S i - C H 3 ) , 1.28,'1.40 (each d, 7 = 6 . 0 Hz , 3H, 
CH 3 ) , 1.1—2.1 (m, 9H, ring protons), 2.4—2.9 (m, 1H, 
C H - C N ) , and 3.2—4.1 p p m (m, 3H, O - H and 2 X C H - O ) . 

2-Hydroxymethyl-4-(trimethylsiloxy)pentanenitrile (6g) : In to a 
solution of 2 b formed from L D A (10.5 mmol) and 3 b (1.71 g, 
9.99 mmol) was bubbled gaseous formaldehyde (0.61 g, 20.4 
mmol) in a stream of nitrogen at —78 °G in T H F (40 ml) . 
After a work up of the mixture similar to that described above, 
pure 6g (1.18 g, 59%) was obtained as a colorless oil. Found : 
C, 53.45; H , 9.74; N , 7 .05%. Galcd for C 9 H 1 9 N 0 2 S i : G, 
53.69; H , 9 .51; N , 6 .96%. I R (CG14) 3650, 3460 (V0-K), 2270 
(y0=N)> a n d 1246 c m - 1 (<5s>Si_Cl). N M R (GG14) ô 0.13, 0.15 
(each s, 9H, S i -GH 3 ) , 1.20 (d, 7 = 6 . 0 Hz , CH 3 ) , 1.45—1.93 
(m, 2H, G H 2 - C - 0 ) , 2.7 (m, 1H, C H - C N ) , 3.72 (d, 7 = 6 . 0 
Hz, 2H, C H 2 - 0 ) , 3.7 (broad, 1H, O - H ) , and 3.93 p p m 
(quint, 7 = 6 . 0 Hz , C H - O ) . 

3-Hydroxy-2- ( trsins-2-trimethylsiloxycyclohexyl)propionitrile (6h) : 
The analogous t reatment of 3c (2.55 g, 12.0 mmol) with LDA 
(12.5 mmol) and formaldehyde (30 mmol) gave pure 6h as a 
colorless oil (2.22 g, 7 7 % ) . Found : C, 59.93; H , 9.88; N , 
6.16%. Galcd for C 1 2 H 2 3 N0 2 Si : G, 59.71 ; H , 9.60; N , 5.80%. 
I R (GG14) 3660, 3440 (y0-H)> 2270 (y0=N), and 1249 cm" 1 

( « W o . ) - N M R (CC14) ô 0.15 (s, 9H, S i -GH 3 ) , 1.1—2.0 
(broad, 9H, ring protons), 2.93 (broad s, 1H, O - H ) , 3.0—3.6 
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(m, 2H, C H - C N and G H - O ) , and 3.6—3.85 p p m (m, 2H, 
C H 2 - 0 ) . 

Synthesis of cc-(l-Hydroxyalkyi) y-Lactones (7). OL-(OL-
Hydroxybenzyl)-y-butyrolactone (7 a) : A solution of 6 a (1.27 g, 
4.71 mmol) in coned HG1 (3 ml) and M e O H (22 ml) was 
refluxed for 4 h. T h e mixture was poured into H 2 0 (100 ml) , 
neutralized with aq NaHCOg, and extracted with dichloro­
methane (20 ml X 5). T h e extracts were combined, washed 
with water, and dried over M g S 0 4 . T h e crude product 
obtained after evaporation of the solvent was purified by 
chromatography to give pure 7a (0.697 g, 77%) as colorless 
needles, m p 107—109 °G. F o u n d : G, 68 .81; H , 6 .29%. 
Galcd for C n H 1 2 0 3 : G, 68.73; H , 6 .29%. I R (KBr disk) 
3420 (y0-H) and 1744 cm" 1 ( y c = 0 ) . N M R (GDG18) ô 1.75—2.7 
(m, 2H, C H - C H 2 ) , 2.75—3.1 (m, 2H, C H - C = 0 and O - H ) , 
3.9—4.4 (m, 2H, C H 2 - 0 ) , 4 .81, 4.84 (each d, 7 = 8 . 7 Hz) , 
5.38, 5.39 (each d, 7 = 5 . 0 Hz, 1H for 4 peaks, G H - O ) , and 
7.30 p p m (s, 5H, Ph) . 

cc-(a-Hydroxybenzyl)-y-valerolactone (7b) : The t rea tment of 
6 b (2.06 g, 7.43 mmol) with coned HG1 (4 ml) in M e O H 
(25 ml) gave pure 7 b (1.17 g, 73%) as a yellow oil. Found : 
G, 69.80; H , 7 .14%. Galcd for C 1 2 H 1 4 0 3 : G, 69.88; H , 
6.84%. I R (GG14) 3630, 3460 (y0-H)> and 1765 c m - 1 ( y c = 0 ) . 
N M R (CC14) ô 1.22 (d, 7 - 6 . 4 Hz ) , 1.32 (d, 7 - 5 . 5 Hz , 3 H 
for two signals, C H 3 ) , 1.5—2.5 (m, 2H, GH 2 ) , 2.6—3.0 (m, 
1H, G H - G = 0 ) , 4.0 (broad, 1H, O - H ) , 4.1—5.2 (m, 2H, 
2 X G H - O ) , and 7.20 p p m (m, 5H, Ph) . 

trans-9-(cc-Hydroxybenzyl)-7-oxabicyclo[4.3.0]nonan-8-one (7c) : 
6c was treated (1.53 g, 4.83 mmol) with coned H C l (3 ml) in 
D M E (30 ml) and pure 7c (0.571 g, 48%) was obtained as 
pale yellow needles, m p 180—183 °G. Found : G, 73.42; H , 
7.67%. Galcd for G 1 6 H 1 8 0 3 : G, 73.14; H , 7.37%. I R (KBr 
disk) 3450 (y 0-H) and 1755 cm" 1 ( y 0 = 0 ) . N M R (GDG13) 
ô 1.0—2.3 (m, 9H, ring protons), 2.73 (double d, 7 - 12.0 and 
3.0 Hz, 1H, C H - C = 0 ) , 2.93 (broad, 1H, O - H ) , 3.64 (m, 1H, 
G H - O ) , 5.38 (broad d, 7 - 3 Hz , 1H, P h - G H - O ) , and 7.32 
p p m (m, 5H, Ph) . 

or.-(1-Hydroxyethyl)-y-butyrolactone (7d) : Trea tment of 6 d 
(1.33 g, 4.87 mmol) with coned HG1 (4 ml) in M e O H (30 ml) 
gave 7d (0.397 g, 63%) as a pale yellow liquid. Found : G, 
55.18; H , 7 .96%. Galcd for G 6 H 1 0 O 3 : G, 55.37; H , 7 .75%. 
I R (GHG18) 3620, 3480 {v0_u), and 1764 cm" 1 (i>c=0). N M R 
(GGI4) ô 1.30 (d, 7 - 6 . 2 Hz , 3H, C H 3 ) , 1.8—2.6 (m, 3H, 
G H - G = 0 and C H 2 - C H ) , and 3.3—4.5 p p m (m, 4 H , O - H , 
G H - O H , and G H 2 - 0 ) . 

ce-( 1-Hydroxyethyl)-y-valerolactone (7e): Trea tment of 6e 
0.68 g, 2.36 mmol) with coned H C l (2 ml) in M e O H (15 ml) 
gave 7e (0.237 g, 70%) as a yellow liquid. Found : G, 58.05; 
H , 8 .55%. Galcd for G 7 H 1 7 0 3 : G, 58 .31; H , 8.39%. I R 
(GHGI3) 3480 ( P 0 - H ) and 1755 cm" 1 ( y c = 0 ) . N M R (GG14) 
ô 1.18 (double d, 7 - 6 . 4 5 and 2.1 Hz , 3H, C H 3 - G H ) , 1.37 
(d, 7 - 6 . 3 Hz) , 1.43 (d, 7 - 6 . 3 Hz , 3 H for two signals, 
G H 3 - G - 0 ) , 1.9—2.7 (m, 3H, G H 2 and C H - C = 0 ) , 3.7—4.0 
(m, 2H, O - H and C H - 0 - C = 0 ) , and 4.3—4.8 p p m (m, 1H, 
G H - O ) . 

trans-P-f 1-Hydroxyethyl)-7-oxabicyclo[4.3.0]nonan-8-one (7f) : 
Trea tment of 6f (1.75 g, 6.84 mmol) with coned HG1 (4 ml) 
in D M E (25 ml) gave pure 7f (0.865 g, 69%) as colorless 
needles, m p 99—105 °G. Found : G, 65.10; H , 8 .98%. Galcd 
for G 1 0 H 1 6 O 3 : G, 65.19; H , 8 .75%. I R (KBr disk) 3430 
(»O-H)> 1 7 6 4 and 1749 cm" 1 (vc=0). N M R (GDG13) ô 1.42 
(d, 7 - 6 . 2 Hz , 3H, GH 3 ) , 1.2—2.5 (m, 10H), and 4.2 p p m 
(broad, 3H, O - H and 2 X C H - O ) . 

OL-Hydroxymethyl-y-valerolactone (7g) : Trea tment of 6g 
(1.08 g, 15.36 mmol) with coned HG1 (3 ml) in M e O H 
(25 ml) gave pure 7g (0.445 g, 63%) as a colorless liquid. 
Found : G, 55.55; H , 7 .99%. Galcd for G 6 H 1 0 O 3 : C, 55.37; 

H, 7 .75%. I R (GHGI3) 3400 (y0_H) and 1759 cm" 1 ( y c = 0 ) . 
N M R (GG14) ô 1.25—1.50 (m, 3H, CH 3 ) , 1.9—2.9 (m, 2H, 
CH 2 ) , and 3.5—4.9 p p m (m, 4H, O - H , G H - O , and C H 2 - 0 ) . 

tr3Lns-9-Hydroxymethyl-7-oxabicyclo[4.3.0]nonan-8-one (7k) : 
Trea tment of 6 h (0.490 g, 2.03 mmol) with coned HG1 (2 ml) 
in D M E (15 ml) gave pure 7h (0.293 g, 85%) as a colorless 
solid, m p 55—56 °C. Found : G, 63.54; H , 8 .43%. Galcd 
for G 9 H 1 4 0 3 : G, 63.51; H , 8.29%. I R (KBr disk) 3415 (y0-H) 
and 1756 c m - 1 (i>c=Q). N M R ( G D G l j ô 1.2—2.8 (m, 11H, 
ring protons, G H - G = 0 , and O - H ) , and 3.7—4.3 p p m (m, 
3H, G H 2 - 0 and G H - O ) . 

Synthesis of cc-Alkylidene y-Lactones (5). cc-Benzylidene-y-
butyrolactone (5a) : A mixture of 7a (0.305 g, 1.48 mmol) and 
methanesulfonyl chloride (0.14 ml) in pyridine (5 ml) was 
refluxed for 3 h. The reaction mixture was poured into ice 
(50 g) and coned HG1 (15 ml) and the organic materials 
extracted with dichloromethane (20 ml X 5). T h e extracts 
were combined and washed with 1 M HG1, water, and 5 % 
aq NaHCOg. After drying over M g S 0 4 , the solvent was 
evaporated under reduced pressure. The residue was chro-
matographed to give 5a (0.153 g, 87%) as colorless needles, 
m p 115—115.5 °G. Found : G, 75.75; H , 5 .75%. Galcd for 
G n H 1 0 O 2 : G, 75.84; H , 5.79%. I R (KBr disk) 1739 (y c = 0 ) 
and 1650 cm" 1 ( y c = c ) . N M R (GDG13) ô 3.20 (doublet of 
t, 7 - 2 . 7 and 7.1 Hz, 2H, G H 2 - G - G = 0 ) , 4.45 (t, 7 - 7 . 1 Hz, 

2H, C H 2 - 0 ) , 7.45 (s, 5H, Ph) , and 7.54 p p m t, 7 - 2 . 7 Hz, 

1H, G=G . 

a-Benzylidene-y-valerolactone (5b) : Similarly, from 7 b 
(0.305 g, 1.48 mmol) , pure 5 b (0.174 g, 63%) was obtained 
as a yellow oil which solidified in storage. 

tra.ns-9-Benzylidene-7-oxabicyclo[4.3.0]nonan-8-one (5c) : 
Similarly, from 7c (0.607 g, 2.46 mmol) , pure 5c (0.253 g, 
45%) was obtained as colorless needles. 

cc-Ethylidene-y-butyrolactone (5d) : 7d (0.397 g, 3.07 mmol) 
gave 5 d (0.228 g, 66%) as a pale yellow liquid by a similar 
t reatment to tha t described above. Found : G, 64 .01; H , 
7 .45%. Galcd for G 6 H 8 0 2 : G, 64.27; H , 7.19%. I R (CC14) 
1768 (y c = 0 ) and 1685 c m - 1 (vc==c). N M R (GG14) Ö 1.91 (t of 
doublet, 7 - 2 . 0 and 7.4 Hz , 3H, GH 3 ) , 2.88 (m, 2H, G H 2 -
C=C), 4.41 (t, 7 - 7 . 2 Hz , 2H, G H 2 - 0 ) , and 6.77 p p m (t of 
quartet , 7 = 3 . 0 and 7.4 Hz , 1H, vinyl proton). 

cc-Ethylidene-y-valerolactone (5e): 7e (0.237 g, 1.64 mmol) 
gave 5e (0.170 g, 82%) as a yellow liquid by a similar treat­
ment. Found : G, 66.35; H , 8.29%. Galcd for G 7 H 1 0 O 2 : G, 
66.65; H , 7 .99%. I R (GG14) 1767 (y c = 0 ) and 1683 cm" 1 

( y c = c ) . N M R (CC14) ô 1.41 (d, 7 - 6 . 5 Hz, 3H, G H 3 - G H ) , 
1.83 (t of d, 7 - 2 . 2 and 7.4 Hz , 3H, GH 3 -G=G), 2.35 (t of 
double d, 7 - 3 . 4 , 6.1, and 17.0 Hz, 1H, CH 2 -C=C) , 3.03 
(t of double d, 7 - 3 . 4 , 7.7, and 17.0 Hz, 1H, GH 2 -G=G), 4.60 
(double d of quartet , 7 - 7 . 7 , 6.1, and 6.5 Hz, 1H, G H - O ) , 
and 6.64 p p m (t of quar t , J=3A and 7.4 Hz, 1H, vinyl 
proton) . 

trans-9-Ethylidene-7-oxabicyclo[4.3.0]nonan-8-one (5f) : 7f 
(0.917 g, 4.96 mmol) gave 5f (0.318 g, 39%) as a yellow oil 
by a similar t reatment . Found : G, 72 .21 ; H , 8.72%. Galcd 
for G 1 0 H 1 4 O 2 : G, 72.26; H , 8.49%. I R (GG14) 1778 (y c = 0 ) 
and 1689 cm" 1 ( y c = c ) . N M R (GG14) ô 1.3—2.6 (m, 9H, ring 
protons), 1.86 (double d, 7 - 7 . 2 and 1.7 Hz , 3H, CH 3 ) , 3.56 
(doublet of t, 7 - 3 . 7 Hz and 9.0 Hz , 1H, G H - O ) , and 6.51 
p p m (d of quar t , 7 = 3 . 0 and 7.5 Hz, 1H, vinyl proton) . 

cc-Methylene-y-butyrolactone (5g) : A benzene solution of 7g 
(0.445 g, 3.42 mmol) , methanesulfonyl chloride (0.35 ml) , and 
l,5-diazabicyclo[5.4.0]undec-5-ene (1 ml) was stirred for 1 h 
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at ambient temperature. The mixture was poured into water 
(20 ml) and extracted with dichloromethane (10 mix 7). 
The extracts were combined, washed with 1 M HG1 (20 ml) 
and water (20 ml), and dried over MgS04 . After evaporation 
of the solvent under reduced pressure, the residue was chro-
matographed to give a pale yellow liquid 5g (0.081 g, 21%). 
Found: G, 64.05; H, 7.44%. Galcd for G eH802 : G, 64.27; 
H, 7.19%. IR (CC14)

13> 1772 (v0=o) and 1671 cm-1 (yc = 0). 
NMR (CC14)

13> Ô 1.39 (d, y=6 .1 Hz, 3H, GH3), 2.42 (t of 
double d, 7 = 3 . 3 , 6.6, and 16.7 Hz, 1H, CH2), 3.06 (t of double 
d, 7 - 2 . 4 , 7.2, and 16.7 Hz, 1H, GH2), 4.55 (quart of double 

d, 7 = 6 . 1 , 6.6, and 7.2 Hz, 1H, GH-O), 5.50 I double d, J= 

6.6 and 7.2 Hz, 1H, 

o=c 
c=c< 

H 
, and 6.06 ppm double 

d, 7=6 .6 and 7.2 Hz, 1H, >C=G< 
0=G/ -H 

tra.ns-9-Methylene-7-oxabicyclo[4.3.0]nonan-8-one (5h) : In a 
similar manner, 7h (0.745 g, 4.38 mmol) gave colorless needles 
of 5h (0.315 g, 47%), mp 39—41 °G. (lit,14) 39—41 °G). 
Found: G, 71.09; H, 8.03%. Galcd for G9H1202: G, 71.02; 
H, 7.95%. IR (KBr disk)5) 1758 (yc=0) and 1673 cm-1 

(yc = c). NMR (GG14)
6) ô 1.1—2.6 (m, 9H, ring protons), 

3.63 (double t, 7 = 3 . 8 and 10.5 Hz, 1H, GH-O), 5.32 
H 

, and 5.96 ppm d, d, 7=3 .0 Hz, 1H, >G=G 
\ 0=G 

7=3 .0 Hz, 1H, \ c = C 
0 = G / X H 
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The Difference in Solvolytic Reactivity between Diastereomers in 
a-(trans-2-Arylcyclopropyl)arylmethyl 3,5-Dinitrobenzoates 

Toshimasa TAKATA, Hajime MATSUSAKI, Katsuo OHKATA, and Terukiyo HANAFUSA* 

Chemistry Department, Faculty of Science, Hiroshima University, Higashi-senda-cho, Hiroshima 730 
(Received January 6, 1979) 

Each diastereoisomeric pair of a-(Jran.y-2-^-tolylcyclopropy])benzyl and a-(£ram-2-phenylcyclopropyl)-/>-tolyl-
methyl 3,5-dinitrobenzoates (I-4a, b, II-4a, b) has been synthesized. The relative solvolytic rates of I-4b to I-4a 
and of II-4b to II-4a in 80% aqueous acetone have been found to be 3.59 and 1.86 respectively at 25 °C. In the 
presence of 2,6-lutidine, the major products in the solvolysis were homoallylic alcohols. 

Although there have been many stereochemical 
studies in the rate comparisons of rigid cyclic compounds 
in the solvolysis of cyclopropylmethyl systems,1-3) no 
investigations of the difference in reactivity between a 
diastereoisomeric pair of such systems in which a 
cyclopropyl group can freely rotate have been reported. 
One of the reasons for this may be the experimental 
difficulty in the separation of such diastereomers. I t 
may be of importance, however, to study the confor­
mational situation of a participating cyclopropyl group 
at the transition state when the free rotation of the 
group is permitted in the substrate molecule.4) In 
connection with our previous researches,5) we wish now 
to report such a reactivity difference between diastereo­
isomers of certain arylcyclopropylmethyl systems. 

Each isomer of the titled esters (I-4a, b and II-4a, b) 
has been synthesized and successfully isolated by 
Scheme 1, shown below. The physical properties and 
spectral and analytical data are summarized in Table 1. 

I ,Ar1=Ph .Ar2=p-Tol ; I .Ar^p-Tol . Ar2=Ph 

0 H 
^|b/-*Ar2 

I-4a,b 
n-Aab 

1-5 
1-5 

Scheme 1. 

The parent alcohols (I-3a, b and II-3a, b) were 
mixtures of diastereoisomers, in which one of the 
diastereoisomers was preferentially produced in the 
hydride reduction of the ketones (1-2, I I -2) . The 
chemical shift of the carbinyl proton (a doublet) in the 
predominant alcohols (I-3a and II-3a) was slightly 
higher than that of the other (I-3b and II-3b). The 
hydride attack on the carbonyl group generally takes 
place from the less hindered side of the favorable 
conformer of the ketones, as is shown in Scheme 2. 
This reduction results in the preferential formation of 

CD 
1> 

1-2 
11-2 

Ar, I 

predominant 

erythro 

I-3a 
iï-3a 

Scheme 2. 

threo 

I-3b 
iï-3b 

the erythro isomer (I-3a, II-3a) according to the above 
scheme. This interpretation accords with the previous 
result suggested for a similar system by Descotes et a/.6) 
and is consistent with Cram-Prelog rule.7) If it is 
assumed that the two most bulky aromatic groups are 
situated in a trans relation in the stable, staggered 
conformation of the alcohol molecule, the carbinyl 
proton of erythro-komer (I-3a and II-3a) may be more 
highly shielded by the effect of a cyclopropane ring.8) 
Thus, the two diastereoisomers in a pair could be 
distinguished. 

T h e diastereomerically mixed alcohols were converted 
into 3,5-dinitrobenzoates (I-4a, b and II-4a, b) by a 
usual procedure. Separation was made by the fractional 
recrystallization of the 3,5-dinitrobenzoates. As may 
be seen from Table 2, all these 3,5-dinitrobenzoates 
were solvolyzed smoothly in accordance with first-order 
kinetics. Thus , it was found that the threo isomer 
(I-4b or II-4b) was more reactive than the erythro 
isomer (I-4a or II-4a) in the solvolysis of both pairs in 
8 0 % aqueous acetone. The order of the difference in 
reactivity (3.59—1.86) is comparable with that for some 
rigid polycyclic systems.3a»d) 

When the reaction was interrupted during the course 
of solvolysis, each starting 3,5-dinitrobenzoate could be 
recovered in a good yield and neither the homoallylic 
nor the diastereomeric isomer of the reactant was 
detected for either series. Thus , it was experimentally 
confirmed that there was no interconversion between 
homoallylic and cyclopropylmethyl systems, or between 
the erythro and threo isomers, in the present solvolysis. 

A product study was carried out in the presence of 
2,6-lutidine under solvolytic conditions, since it was 
preliminarily found that the parent alcohols (I-3a, b 
and II-3a, b) and homoallylic alcohols (1-5, II-5) were 
stable under these conditions. The major solvolysis 
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products after 30 half-lives were homoallylic alcohols, 
as is shown in Table 3. These alcohols should be 
produced directly from the 3,5-dinitrobenzoates (I-4a, b 
and II-4a, b) under those reaction conditions, since 
rearranged homoallylic 3,5-dinitrobenzoates could not 
be solvolyzed under similar conditions. 

Starting from the diastereomerically different 3,5-
dinitrobenzoates, the same trans-homoallylic alcohol was 
obtained as the sole product, so that it is reasonable to 
assume the intervention of the common carbocation in 
the reactions for both diastereomers. In contrast with 
this finding, a considerable rate difference has been 
found between erythro and threo isomers in kinetic studies 
of the two systems (I and I I ) . Also, the rates are 
accelerated by the order of 104 in comparison with 
simple secondary arylmethyl systems. This may be 
attributed to participation by the a-substituted 2-
arylcyclopropyl group. In order to attain a transition 
state which leads to a common carbocation in the 
present solvolysis, the C^-Cg bond of a cyclopropyl 
group is inevitably antiparallel to the leaving 3,5-
dinitrobenzoate group in the threo isomers. Then , the 
aryl group on C2 of a cyclopropyl group could accom­
modate the partial positive charge developed at the 
transition state. In the case of the erythro isomers, such 

6* 
CH2— CHAr7 

X / 
CH 

Ar, ^Y ODNB 
H 

erythro 

I-Aa 
II-Aa 

H H 

DNBO V ^ A n 
H 

threo 

I-Ab 
II-Ab 

H6Ç* 
LX0DNB 

5+ 
CH2—CHAr2 

\ ' H 
»6* H.C 

DNBÖ' An 

Scheme 3. 

concomitant participation from the most stable con-
former may result in the formation of a different transi­
tion state in which the C^-Cg bond is antiparallel to the 
leaving group. Both transition states are illustrated in 
Scheme 3. These situations might cause the above rate 
difference between diastereomeric isomers, although the 
solvolysis products were the same. Thus , an unsym-
metrical participation of a cyclopropyl group has been 
kinetically demonstrated in systems in which the 
cyclopropyl group can freely rotate. Regarding with the 
common intermediate that is a close precursor to the 
frmy-homoallylic alcohol, there has been no direct 
experimental evidence in this study. However, the 
structure may be illustrated as a homoallylic cation, 6, 
which might presumably be stabilized by homo-
conjugation. 

In view of the facts that the secondary benzylic system 

CH2—CHAr2 ^ 

CH 
I! 

HC 

An 

is subject to almost no anchimeric assistance, and that 
the conformational requirement for the transition state 
in the solvolysis of compounds in which the free rotation 
of the a-substituted cyclopropyl group is permitted is 
not so strict as in a rigid polycyclic system, the present 
results seem to be rather interesting. A related inves­
tigation is now in progress. 

E x p e r i m e n t a l 

All the melting points are uncorrected. The IR spectra 
were obtained with a Hitachi 215 grating IR spectrophotom­
eter. The NMR measurements were carried out on a Varian 
T-60 instrument, using tetramethylsilane as the internal 
reference. The physical properties of each compound are 
summarized in Tables 1 and 3. 

Phenyl trans-2-p-Tolylcyclopropyl Ketone (1-2) and p-Tolyl 
tra.ns-2-Phenylcyclopropyl Ketone (H-2). The cyclopropyl 
ketones (1-2 and II-2) were prepared from benzylideneaceto-
phenone derivatives9) and trimethyloxosulfonium iodide by a 
previously reported method. 10> 

a-(trans-2-p-Tolylcyclopropyl)benzyl Alcohol (I-3a, b) and a-
(trans-2-Phenylcyclopropyl)-p-tolylmethanol (II-3a, b). To a 
stirred suspension of 2 g of LiAlH4 in 200 ml of dry ether 
were added 13 g (55 mmol) of 1-2 dissolved in 100 ml of dry 
ether. The mixture was then stirred for 25 h before the excess 
hydride was carefully decomposed with a minimum amount of 
water. The mixture was filtered, and the precipitates were 
washed several times with ether. After the combined ether 
layer had then been dried, the removal of the solvent gave 
10.5 g of I-3a, b , a colorless solid. It was found from the NMR 
spectrum that the solid consists of two diastereoisomers 
(I-3a: I - 3 b = 3 : 2). When the solid product was recrystallized 
from petroleum ether, a pure sample of I-3a (mp 52—53 °G) 
was obtained. 

Found: C, 85.83; H, 7.59%. Calcd for C1 7H1 80: C, 85.67; 
H, 7.61%. 

Another pair of alcohols (II-3a, b) was prepared by a similar 
method in a 89% yield; the recrystallization of the crude 
product from petroleum ether gave rise to a pure sample of 
II-3a (mp 95—97 °C). 

Found: C, 85.55; H, 7.73%. Calcd for C1 7H1 80: C, 85.67; 
H, 7.61%. 

cc-(tra.ns-2-p-Tolylcyclopropyi)benzyl 3,5-Dinitrobenzoate (I-4a, 
b) and cc-(trans-2-Phenylcyclopropyl)-p-tolylmethyl 3,5-Dinitro­
benzoate (II-4a, b). The 3,5-dinitrobenzoate (I-4a, b) 
was prepared by allowing 4.5 g (19 mmol) of I-3a, b to react 
with 5.2 g (22 mmol) of 3,5-dinitrobenzoyl chloride in 75 ml 
of dry pyridine at room temperature for 30 h. The product 
was extracted with ether, and the organic layer was successively 
washed with water, 1 M-hydrochloric acid, 5% aqueous 
sodium hydrogencarbonate, and water. The ether layer was 
dried over anhydrous sodium sulfate and concentrated under 
reduced pressure. In the same ratio as the parent alcohols 
(I-3a and 3b), 3,5-dinitrobenzoate (I-4a, b ; 6.5 g) was 
obtained. Recrystallization from benzene and petroleum ether 
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TABLE 1. PHYSICAL PROPERTIES AND SPECTRAL AND 

Compound 

1-2 

II-2 

I-3C> 

II-3C> 

I-4a 

I-4b 

II-4a 

II-4b 

Yield 
% 

68 

93 

97 

86 

(80)d> 

(95)d> 

Mp 
^ C ^ 

85—86.5 
(lit, 85—87)b> 

44.5—46 

oil 

solid 

114—116 

124—125 

96.5—98 

124—125 

IRa> 
v/cm-1 

1660 
1240 
810 

1680 
1610 
1240 
3400 
1460 
1020 
3370 
1610 
1030 
1730 
1550 
1350 
1730 
1550 
1350 
1730 
1550 
1350 
1715 
1550 
1350 

Arx 

8.1—7.9 (m, 2H), 
7.6—7.5 (m, 3H) 

7.95, 7.30 
(ABq, y = 8 H z , 4 H ) 

7.7—7.2 (m, 5H) 

7.6—7.2 (m, 5H) 

7.5—7.1 (m, 9H) 

7.5—6.9 (m, 9H) 

Ar2 

7.07 (s, 4H) 

7.30 (s, 5H) 

7.37(s), 
7.00(s) 

7.4—6.9 (m) 

7.03,6.87 
(ABq, 7 = 9 H z , 

7.07,6.93 
(ABq, J= 9 Hz 

4H) 

,4H) 

NMR (5/ppm 

a-H 

4.31 (d, 7 = 7 Hz), 
4.26 (d, J = 7 Hz) 

4.38 (d, 7 = 7 Hz), 
4.30 (d, J = 7 Hz) 

5.70 (d, 7 = 8 Hz, 1H) 

5.80 ( d , 7 = 8 H z , 1H) 

5.68 ( d , 7 = 8 H z , 1H) 

5.80 ( d , y = 8 H z , l H ) 

a) The infrared spectra of 1-3 was recorded in neat, and the others, in Nujol mulls, b) Ref. 10. c) The data of 
proton was observed at a higher field in the NMR spectrum was ascribed to the a-series, and the other one, to 

TABLE 2. 

Compound 

KINETIC DATA OF 3,5-DINITROBENZOATES ( 

^ lOWs-1 » 

I-4a, b AND II-4a, b) IN 80% AQUEOUS ACETONE 

AH* AS" *rel 

kcal/molc> euc> at 25°C 

I-4a 

I-4b 

II-4a 

II-4b 

45.0 
35.0 
25.0 
45.0 
35.0 
25.0 
45.0 
30.0 
25.0 
45.0 
30.0 
25.0 

1.16±0.07 
0.303±0.008 
0.0766±0.0032 
3.71±0.19 
1.08±0.07 
0.275±0.018 
3 .99±0.1 
0.754±0.001 
0.404±0.06 
8 .29±0.1 
1.57+0.07 
0.752±0.05 

25.0 

23.4 

20.7 

-2 .62 

- 5 . 44 

- 1 3 . 7 

1.00 

3.59 

1.00 

25.0 0.752±0.05 22.0 —8.14 1.86 
a) ± 0 . 0 3 °C. b) The kinetic plots were linear to a 75% conversion (2 half-lives), c) Calcu­
lated from AH*=R (T^JT^ 7\) In (T^JT^), AS*=R In {k^kT^-^AH^IT^T^ absolute 
temperature; h, Planck's constant; k, Boltzmann's constant. 

gave a pure sample, I-4b (mp 124—125 °C). A pure sample 
of I-4a was obtained in a 92% yield by esterification between 
a pure I-3a and 3,5-dinitrobenzoylchloride. By a similar 
method, another pair of esters (H-4a, b) was obtained. 

Assignment of the Geometry in 3,5-Dinitrobenzoate. 1) The 
ratio of the composition of diastereomers for each series was not 
changed between before and after esterification. 

2) The esterification of a pure alcohol (I-3a) gave rise 

Com­
pound 

Mp 
°C 

IR in Nujol mulls 
)J/cm4 

TABLE 3. PHYSICAL PROPERTIES AND SPECTRAL DATA OF 

NMR (5/ppm 

Aromatic Vinylic 

1-5 

II-5 

78.5—80.0 

70—71 

3350 
960 

3330 
960 

7.4—7.0 (m, 9H) 

7.37 (s, 5H), 
7.2—7.0 (m, 4H) 

6.53 (d, 7 = 16 Hz, 1H), 
6.12 (dt, 7 = 1 6 , 6 Hz, 2H) 
6.50 (d, y = 16 Hz, 1H), 
6.07 (dt, 7 = 1 6 , 6 Hz, 2H) 



August, 1979] Reactivity Difference between Diastereomers in Solvolysis 

ANALYTICAL DATA OF 1-2, 3 , 4a, b AND 11-2, 3, 4a, b 

2397 

in CDC13 

Cyclopropyl 

3.0—2.5 (m, 2H), 
2.0—1.3 (m, 2H) 

3.0—2.5 (m, 2H), 
2.0—1.4 (m, 2H) 

2.2—0.8 (m) 

2.2—0.8 (m) 

2.5—2.1 (m, 1H), 
2.1—1.6 (m, 1H), 
1.19 (t, y = 8 H z , 2H) 
2.3—1.6 (m, 2H), 
1.3—1.0 (m, 2H) 

2.6—2.2 (m, 1H), 
2.2—1.8 (m, 1H), 
1.4—1.1 (m, 2H) 
2.3—1.6 (m, 2H), 
1.6—1.0 (m, 2H) 

Others 

2.30 (s, 3H); 
Methyl 

2.41 (s, 3H); 
Methyl 

2.27 
2.00 

2.35 
1.95 

9.15 
2.28 

9.16 
2.30 

9.16 
2.37 

9.16 
2.37 

(s); Methyl, 
( s ) ;OH 

(s) ; Methyl, 
( s ) ;OH 

(s, 4H) ; Ester, 
(s, 3H) ; Methyl 

(s, 4H) ; Ester, 
(s, 3H) ; Methyl 

(s, 4H) ; Ester, 
(s, 3H); Methyl 

(s, 4H) ; Ester, 
(s, 3H); Methyl 

(Calcd for) 

(C17H160) 

(C23H21N04) 

(C23H21N04) 

(C23H21N04) 

(C23H21N04) 

Found 

86.35 
(86.41) 

66.58 
(66.66) 

66.10 
(66.66) 

66.39 
(66.66) 

66.65 
(66.66) 

(Calcd) 

H, % 

6.90 
(6.82) 

4.68 
(4.60) 

4.60 
(4.60) 

4.65 
(4.60) 

4.80 
(4.60) 

N, % 

6.27 
(6.48) 

6.30 
(6.48) 

6.49 
(6.48) 

6.42 
(6.48) 

1-3 and II-3 were obtained with a mixture of two diastereoisomeis. T h e alcohol in which the doublet of the a-
the b-series. d) Yield from a mixture of two diatereoisomers of alcohol. 

to a pure 3,5-dinitrobenzoate (I-4a; 9 2 % yield). T h e geometry 
of this 3,5-dinitrobenzoate (I-4a) should eventually correspond 
to that of the erythro isomer of its parent alcohol ( I -3a) . 

3) The chemical shift of the carbinyl proton in I-4b is 
about 0.1 p p m lower than that in I-4a. An analogous relation 
is observed between parent alcohols (I-3a and b ) , as has been 
described before. 

Treatment of I-3a, b and II-3a, b with Perchloric Acid. A 
solution of I-3a, b (1.0 g) and 0.2 ml of 70% perchloric acid 
dissolved in 50 ml of 8 0 % aqueous acetone was stirred at 25 
°C for 24 h. After a work-up, 950 mg of a colorless solid were 
obtained in a 9 5 % yield. Recrystallization from petroleum 
ether gave rise to a pure sample, trans -1 -phenyl -4-/>-tolyl- 3-
buten-1-ol (1-5). Another homoallylic alcohol (H-5) was 
obtained by a similar method in a 9 2 % yield and was recry-
stallized from petroleum ether. T h e spectral da ta of 1-5 and 
11-5 are shown in Table 3. 

Preparative Solvolysis of 3,5-Dinitrobenzoate (I-4a, b and II-4a, 
b). A solution of 388 mg (1 mmol) of I-4a and 0.5 ml 
(ca. 4.6 mmol) of 2,6-lutidine in 200 ml of 8 0 % aqueous acetone 
was heated at 45 °C for 30 half-lives. After the solution had 
then been concentrated under reduced pressure, 100 ml of 
water was added and the resulting suspension was extracted 
with ether. T h e combined ether extracts were washed with 
water and dried over anhydrous K 2 C O a . T h e removal of the 

solvent under reduced pressure gave 171 mg (71%) of a 
yellow solid. T h e other esters (I-4b and II-4a, b) were 
solvolyzed in the presence of 2,6-lutidine by a similar method. 
Each product in solvolysis was identified on the basis of a 
comparison of its N M R spectra with those of an authent ic 
sample. T h e product distributions were determined from the 
rat io of the N M R integral intensities of the a-hydrogen signal 
for cyclopropyl methanol and the vinylhydrogen signal for 
homoallyl alcohol. T h e major products were homoallylic 
alcohols (1-5, I I -5) , accompanied by a trace of the parent 
alcohols (1-3, II-3). 

A mixture containing 110 mg (0.46 mmol) of I-3a, 0.3 ml 
of 2,6-lutidine and 98 mg (0.46 mmol) of 3,5-dinitrobenzoic 
acid in 100 ml of 8 0 % aqueous acetone was heated at 45 °C 
for 8 h (ca. 5 half-lives). After a usual work-up, 95 mg of a 
colorless solid were obtained. A comparison of the N M R 
spectrum before and after heat ing showed tha t I-3a was 
stable under these reaction conditions. Also, II-3b was not 
changed into 11-5 under these conditions. 

Kinetic Procedures. T h e acetone was purified by 
distillation from potassium permanganate , followed by drying 
( K 2 C 0 3 ) and distillation. T h e water used in the kinetic 
studies was demineralized and distilled. 8 0 % aqueous acetone 
(v/v) was prepared at 25 °C by mixing 4 volumes (accurately 
pipetted) of purified acetone with 1 volume of purified water . 

THE HOMOALLYLIC ALCOHOLS (1-5 a n d I I - 5 ) 

in CDC13 

a Allylic Hydroxylic Methyl 

Found 
(Calcd for C 1 7 H 1 8 0 : 
C, 85.67; H, 7.61%) 

4 . 7 5 ( t , / = 6 H z , l H ) 2 .62 ( t , / = 6 H z , 2H) 2 . 1 3 (s, 1H) 2 . 3 3 (s, 3H) 

4 .77 (t, J = 6 Hz, 1H) 2 . 6 3 (t, J=6 Hz , 2H) 1.97 (s, 1H) 2 . 3 3 (s, 3H) 

C, 8 5 . 9 6 ; H , 7 . 6 2 % 

C, 8 5 . 4 4 ; H , 7 . 6 5 % 
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For each run, approximately 100 mg (ca. 0.25 mmol) of 3,5-
dinitrobenzoate (I-4a, b or I I -4a , b ) was weighed into a 100 
ml volumetric flask and dissolved in 8 0 % aqueous acetone (ca. 
2 X 10~3 M ) . Aliquots of the solution (ca. 6 ml) were transferred 
as quickly as possible into glass ampoules, which were in t u rn 
sealed and immersed simultaneously into a constant-tempera­
ture ba th . After approximately 5 min, one ampoule was 
removed and immediately plunged into an ice-water ba th . 
T h e rate at each temperature was measured by quenching 
5.00 ml aliquots in 25 ml of dry acetone and then immediately 
t i trat ing with a s tandard aqueous sodium hydroxide solution 
(8.357 X 10~3 M ) , using a Hitachi-Horiba automatic t i t rator 
with a glass electrode. T h e infinite ti ter was measured after ca. 
10 half-lives, and 95—103% of 3,5-dinitrobenzoic acid was 
removed. T h e rate constants obtained by such procedures 
were consistent with tha t obtained by the indicator method 
using Bromothymol Blue. 

A solution of 240 mg of I-4b in 200 ml of 8 0 % aqueous 
acetone was kept in a flask at 35 °C for 1.5 h (ca. 1/2 half life). 
T h e solution was then poured into a mixture of ether (300 ml) 
and water (500 ml) . T h e ether layer was washed with water 
and dried over anhydrous sodium sulfate. T h e solvent was 
removed at reduced pressure, the solid residue weighed 230 mg. 
A comparison of the N M R spectra before and after the reaction 
indicated that I-4b was not isomerized into I-4a under the 
solvolysis conditions. Also, I-4a was not converted into the 
isomeric 3,5-dinitrobenzoate (I-4b) under the reaction 
conditions. 
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Mechanism for Reaction of /j-Nitrotoluene with Sodium Polysulfide 
to Form p-Aminobenzaldehyde 

Yoshiro OGATA,* Atsushi KAWASAKI, Yasuhiko SAWAKI, and Yoshiaki NAKAGAWA1) 

Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya 464 
(Received January 13, 1979) 

The conversion of /»-nitrotoluene to /»-aminobenzaldehyde was found to be most effectively done by a mixture 
of Na2S4 and ca. two equivalents of NaOH to /»-nitrotoluene. After examination of probable intermediates, toluidine, 
/»-nitrobenzaldehyde and /»-nitrosotoluene were discarded as the intermediate. The reaction of carbanion 
ArCOCHAr with the sulfide and the effect of some nitrobenzenes as an electron accepter were examined. These 
results suggest a mechanism involving a simultaneous oxidation-reduction in a nitrotoluene molecule. 

Sulfur frequently shows a unique ability by which 
the substrate is oxidized at one site but reduced at 
another site. A typical example is the conversion of p-
nitrotoluene to /»-aminobenzaldehyde. In aqueous 
ethanolic solution of sodium polysulfide, /»-nitrotoluene is 
converted to /»-aminobenzaldehyde. This reaction is 
known to be the best route for synthesis of /»-amino-
benzaldehyde. But the reaction mechanism is still 
obscure and unconvincible.2 '3* We wish to clarify it by 
examining the effects of reaction conditions and sub­
strate structure and by isolating intermediates, since 
the kinetic study was difficult. 

R e s u l t s and D i s c u s s i o n 

Effect of Na2Sx and NaOH. /»-Nitrotoluene was 
allowed to react with polysulfide (Na2S-Na2S5) . I t was 
found that Na 2S 4 was the best reagent (Table 1) and 
that elemental sulfur itself was not always essential for 
this reaction. 

0 9 N 

i 

-CH3 + Na2Sx 

NaOH 

aq EtOH 
reflux 

H 2 N-<^o)>-CHO + H 2 N - < / Q ) > - C H 3 (1) 

With 1.9 mol of N a O H for one mol of /»-nitrotoluene, the 
highest yield of /»-aminobenzaldehyde was obtained. If 
a less amount of N a O H was used, the yield of/»-toluidine 
increased, but that of /»-aminobenzaldehyde decreased 
remarkably. This may be due to the Eq. 24> which 
consumes N a O H , decreasing the concentration of 
benzyl anion (Table 2). 

TABLE 1. YIELD OF PRODUCTS IN A REACTION OF 

/»-NITROTOLUENE (1) WITH NA 2 S X IN AQUEOUS 

ETHANOL BY REFLUXING FOR 3 ha> 

Na2Sx 

* = 1 
2 
3 
4 
5 

2 (%) 

6.1 
9.3 

35.4 
43.5 
24.4 

Yield 
^ ̂  

3 (%) 

60.1 
94.3 
21.5 
16.4 
43.3 

TABLE 2. EFFECT OF NaOH ON THE YIELDS OF 

/»-AMINOBENZALDEHYDE (2) AND /»-TOLUIDINE (3) 

IN THE REACTION OF /»-NITROTOLUENE (1) 

WITH N a 2 S 4 IN 3 h REFLUXING 

Kg) 
5.00 
5.00 
5.00 
5.00 
5.00 

Na2S4 (g) 

3.40 
3.40 
3.40 
3.40 
3.40 

NaOH (g) 

0 
0.74 
1.37 
2.74 
4.04 

2 (%) 

0 
6.8 

24.7 
37.4 
34.0 

3 (%) 

101.5 
48.1 
35.3 
16.1 
16.6 

6NaOH + 1/2S8 > 2Na2S + Na2S203 + 3H 2 0 (2) 

Time Conversion. Figure 1 shows the consump­
tion of/»-nitrotoluene and the yields of /»-toluidine and 
/»-aminobenzaldehyde. The formation of /»-toluidine 
stopped after 30 min. 

o 

> 
o 

U 

a) 1 (0.037 mol), NaOH (0.068 mol). 

Time/min 

Fig. 1. Reaction of/»-nitrotoluene with Na2S4 in 90% 
aqueous ethanol at 80 °C. The initial amount of reagents 
were: /»-nitrotoluene 0.037 mol; Na2S43.30g; NaOH 
0.068 mol: (Q) /»-nitrotoluene, ( • ) /»-toluidine, ( 0 ) 
/»-aminobenzaldehyde. (/»-Aminobenzaldehyde was esti­
mated by subtracting the sum of the amount of/»-nitro­
toluene and/»-toluidine from 0.037 mol.) 

Discussion of Mechanisms. Information thus far 
obtained suggests several mechanisms which will be 
discussed below. 

(IJ Mechanism via Anthranil Nitrone: Shchukina et al.z) 
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O 
/ v NaOH / T / v \ 

0 2 N - < ^ > - C H 3 > ( - N - C H 2 - < ^ > - ) -

O OH ~ " 

(i=CH-<ö>-)n^ (-N=CH-<2>-), 
HaO 

H 2 N - < g > - C H O 

Scheme 1. 

proposed a mechanism involving polynitrone formation 
(Scheme 1). This mechanism employs sulfur as a 
reducing agent. So that we replaced sulfur with 
triphenylphosphine which is known to be a strong 
reductant for nitrone,5) but no />-aminobenzaldehyde 
was obtained. Hence this mechanism is of doubt . 

-HSs-

ArNOa 

H 2 N-<^0 >-GH2 . > H2N-Y O V C H O 

Scheme 2. 

(II) Mechanism via p-Toluidine: Polysulfenyl radicals 
are electrophilic,6) and therefore an amino group would 
increase the rate of attacks of these radicals on the 
benzylic position, if the oxidation involved hydrogen 
abstraction by sulfenyl radicals. But the reaction of 
/>-toluidine with Na2S<ç gave no j^-aminobenzaldehyde 
even in the presence of a strong electron-accepter such 
as m-dinitrobenzene. Hence, this mechanism can also 
be eliminated. 

(III) Mechanism via p-Nitrobenzaldehyde: Hodgson 
et al.2) proposed a mechanism via />-nitrobenzaldehyde. 
Indeed, substitution of electron-attracting /? -N0 2 group 
stabilizes benzyl anion and increases its concentration 
in a basic solution. The /?-nitrobenzyl anion may attack 
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s* 

0 2 N-< O 
OH-, S* 
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Scheme 3. 

the S-S bonds as a nucleophile7) or it may be converted 
to a radical by loss of one electron, and then links with 
polysulfenyl radical to form benzylpolysulfide, which 
is hydrolyzed to /?-nitrobenzaldehyde (Scheme 3). The 
electron-attracting formyl group should accelerate the 
reduction of nitro group as apparent from our reported 
Hammet t ' s p value of +3.55.8> But our attempt for 
detection of jb-nitrobenzaldehyde itself by U V spectrum 
and trapping />-nitrobenzaldehyde by Phenylhydrazine 
were unsuccesful, but in view of its low concentration 
this mechanism via /?-nitrobenzaldehyde cannot com­
pletely be excluded. 

To test the possibility of oxidation of another 
carbanion with sulfur, /?-chlorodeoxybenzoin, which 
loses proton easily with base, was reacted with poly-
sufides but no />-chlorobenzil was obtained. Moreover, 
an at tempted reaction of /?-chlorodeoxybenzoin in the 
presence of nitrobenzene and NaaS* gave virtually no 
reaction. Hence, a nitro group is necessary for this type 
of reaction. 

(IV) A Probable Mechanism: There are still left two 
mechanisms as probable candidates. One is the intra­
molecular direct migration of oxygen and hydrogens, 
and another is the concurrent oxidation and reduction 
in a molecule. 

The reaction of 4-nitro-m-xylene with Na2SA. gave 
3-methyl-4-aminobenzaldehyde (7%) and 4-amino-m-
xylene (ca. 8%), but no 5-methyl-2-aminobenzaldehyde. 
Therefore, the direct internal migration of oxygen to 
the nearest ortho position is disfavored. The very low 
yield of oxidation product (aldehyde) may be due to 
the electron-releasing methyl group, which lowers the 
concentration of benzyl anion. 

In conclusion, a plausible mechanism which does not 
contradict with our observations described above may 
be as shown in Scheme 4. 

This tentative mechanism involves conversion of 
/?-nitrotoluene to the benzyl anion with hydroxide ion 
and protonation at the nitro group resulting in the 
formation of quinonoid isomer of />-nitrotoluene. This 
is a kind of olefin, which may undergo a Michael type 
addition of polysulfide ion9) assisted by the electron-
attracting p-N02 group with simultaneous or subsequent 
elimination of hydroxide ion, giving a hypothetical 
nitrosobenzyl polysulfide intermediate. Analogous 
base-catalyzed prototropy would give its quinonoid 
isomer, whose sulfur atom at the ^-position to the 
benzylic carbon atom would be attacked by polysulfide 
ion, giving thiobenzaldehyde derivative. The thiolate 
ion attacks more easily on sulfur atom than on carbon 
atom, the reaction rate being fast.10) Further, formation 
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Scheme 4. 
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of thiocarbonyl as an intermediate of Willgerodt 
reaction of acetophenone with ammonium polysulfide 
has been reported.11) The />-hydroxyaminothiobenzal-
dehyde is easily hydrolyzed l l a) and reduced to p-
aminobenzaldehyde12) as apparent from the li terature. 

Another evidence for supporting this mechanism is 
that o-nitrotoluene can give o-aminobenzaldehyde,13) 
but m-nitrotoluene cannot give m-aminobenzaldehyde 
albeit the simple discussion as an unpublished data.14) 
Further, no effect of bubbling air (oxygen) on the 
conversion of />-nitrotoluene was observed, and also 
neither 4,4'-dinitrobibenzyl nor 4,4'-dinitrostilbene can 
be detected in the reaction products. Therfore, a 
mechanism via radical, />-N0 2 -C 6 H 4 -CH 2 « , is less 
probable. 

E x p e r i m e n t a l 

Melting points were measured by a Yanagimoto micro 
melting point apparatus and were not corrected. IR and NMR 
spectra were recorded on a Perkin-Elmer 337 spectrophotom­
eter and a Hitachi R-24B NMR spectrometer using Me4Si 
as an internal standard. The GLC analysis was performed 
with a Yanagimoto 550-F gas Chromatograph with a flame 
ionization détecter. 

Materials. Sodium polysulfide were prepared by the 
method of Gabel et al. ;15> a yellow hygroscopic solid. Melting 
points and boiling points of principal reactants were: p-
nitrotoluene, mp 53—54 °C; />-toluidine mp 44—45 °C; 4-
nitro-m-xylene bp 125—127 °G/15 Torr. 

Reaction of p-Nitrotoluene (1) with Na2Sx.
1Qy> A hot 

aqueous solution (90 ml) of Na2S-9H20 (0.013 mol), S 
(0.047 g atom), and NaOH (0.067 mol) was poured into a 
300 ml round-bottomed flask containing a hot ethanolic 
solution (30 ml) of 1 (0.036 mol). The mixture was heated 
under reflux for 3 h and then steam-distilled. The distillate 
was extracted with ether and the extract was analyzed by 
GLC. GLC analysis was conducted at 80—250 °C using two 
sorts of columns ( l m ) : PEG 20 M, 10% on Chromosorb 
WAW; Silicon OV 17, 5% on Simalite 201D. The residue 
was filtered while hot, and then chilled in an ice bath. The 
crystals of />-aminobenzaldehyde (2) were collected and 
washed with ice water. The product was identified by the 
NMR and IR in comparison with the authentic specimen. 
The yield of 2 was 52%. 

Reaction of 1 with Na^ to Na2S5. According to the 
procedure of the reaction of 1 with Na2Sx, we used Na2S-
Na2S5 instead of Na 2S.9H 20 and S. 

Conversion of 1. A mixture of 1 (0.037 mol), NaOH 
(0.068 mol), Na2S4 (3.3 g), ethanol (90 ml), and water (10 ml) 
was placed in a 200 ml two-necked flask and refluxed. One 
ml of sample was pippetted out at appropriate time intervals. 
Ethanol (5 ml) was added, and the solution was analyzed by 
GLC (PEG 20 M). 

Reaction of p- Toluidine (3) with Na2Sx. According to 
the procedure of the reaction of 1 with Na2Sx, a mixture of 
3 (0.035 mol), Na2S.9H20 (0.015 mol), S (0.046 g atom), 
and NaOH (0.071 mol) was allowed to react. The recovery 
of 3 was 50%. Similarly, a mixture of same reactions as 
above and m-dinitrobenzene (0.036 mol) was allowed to react. 
The recovery of 3 was 63% and the yield of/>-nitroaniline was 
23%. 

Attempted Trap of p-Nitrobenzaldekyde. A hot aqueous 
solution (12 ml) of NaOH (0.013 mol) and Na2S4 (0.70 g) 
was added to a hot ethanolic solution (6 ml) of 1 (7.3 X 10~3 

mol) and Phenylhydrazine (7.4x 10~3 mol), refluxed for 1 h 

and cooled rapidly. The extract with ether was hydrolyzed 
with 4 N HCl (100 ml), and the ether extract was analyzed 
by GLC (PEG 20 M). 

Reaction of 4-Nitro-va-xylene (6) with Na2Sx. Similar 
work up for the reaction of 1 with Na2Sx was applied to 6 ; 
i.e., a mixture of 6 (0.036 mol), Na2S.9H20 (0.014 mol), S 
(0.055 g atom), and NaOH (0.068 mol) was allowed to react. 
The yield of 3-methyl-4-aminobenzaldehyde was 70%; mp 
104—107 °C (lit,17) 92 °C); NMR (CDC13): Ô 2.18 (s, 3H, 
CH3), 4.19 (s, 2H, NH2) 6.65 (d, 1H, ArH, J = 9 H z ) , 7.55 
(d, 1H, ArH, J = 9 Hz), 7.57 (m, 1H, ArH), 9.70 (s, 1H, 
CHO). 

Reaction of m-Nitrotoluene (7) with Na2Sx. According 
to the procedure for 1 with Na2Sx, a mixture of 7 (0.037 mol), 
Na2S.9H20 (0.013 mol), S (0.050 g atom), and NaOH 
(0.069 mol) was allowed to react. The recovery of 7 was 30% 
and the yield of m-toluidine was 65%, but no trace of m-
aminobenzaldehyde was detected with NMR. 

Effect of Oxygen on p-Nitrotoluene Conversion. A mixture 
of 1, NaOH (0.051 mol), Na2S4 (3.1 g), ethanol (90 ml), and 
water (10 ml) was placed in a 200 ml two-necked flask. 
After the flask had been thermostated at 50±0.5 °C, air was 
bubbled into the reaction mixture during the run. Two ml 
of the sample was pippetted out at appropriate time intervals. 
An ethanolic solution ( 1 ml) of biphenyl as an internal standard 
was added, and the solution was analyzed by GLC (PEG 
20 M). The similar work up without bubbling of air was also 
carried out. The conversions (%) at various times were as 
follows, where figures in parenthesis indicate the conversion 
without air bubbling; 5 min: 12 (9), 10 min: 30 (24), 15 min: 
41 (35), 20 min: 46 (46), 25 min: 47 (47), 30 min: 48 (52). 
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The catalytic hydrolysis of nitrophenyl sulfates by poly(ethylenimine) (PEI) derivatives was investigated at 
30 °G in aqueous buffers. PEI derivatives which were made partly hydrophobic by incorporation of higher 
alkyl groups include alkylated PEI's, quaternized PEI's, and PEI's with imidazole and hydroxamate functions. 
Nitrophenyl sulfates could not be cleaved by these polymers. The catalytic hydrolysis of 2-hydroxy-5-nitrophenyl 
sulfate by an PEI with imidazolylmethyl and dodecyl substituents failed to proceed in spite of the contrary report 
by Kiefer et al. 2,4-Dinitrophenyl sulfate was cleaved fairly readily by PEI derivatives. Simple sulfate transfer 
was observed in the case of alkylated PEI, but the catalytic hydrolysis proceeded according to the Michaelis-Menten 
kinetics in the case of quaternized PEI. Partly quaternized PEI's showed highest catalytic efficiencies reported 
to date for the hydrolysis of dinitrophenyl sulfate. 

Poly (ethylenimine) and its derivatives have been 
used widely as catalysts for hydrolysis1-5) and decarboxy­
lation.6»7) Poly (ethylenimine) s with hydrophobic alkyl 
substituents are particularly interesting because their 
compact conformations in water provide excellent 
model enzyme systems.8) Most of the hydrolytic study 
have been carried out by using phenyl ester substrates, 
and some functionalized poly (ethylenimine) s were 
shown to possess extremely high catalytic activities. 

The hydrolysis of sulfate monoesters is usually not 
markedly accelerated by polymer catalysts. A unique 
exception is the hydrolysis of 2-hydroxy-5-nitrophenyl 
sulfate catalyzed by an imidazole-containing poly-
(ethylenimine). This catalytic hydrolysis was reported 
to be faster by a factor of more than 1012 fold than the 
imidazole-catalyzed hydrolysis and the catalytic efficien­
cy exceeds that of arylsulfatase A (2-hydroxy-5-nitro-
phenyl sulfate is the specific substrate for this enzyme).9) 

We have found that some cationic micelles which 
contain the hydroxamate nucleophile cleave a dinitro­
phenyl sulfate quite efficiently.10) Therefore, the func­
tionalized poly (ethylenimine) is also expected to be a 
good catalyst for the hydrolysis of sulfate esters. In this 
study, we report the catalytic hydrolysis of nitrophenyl 
sulfates by various poly (ethylenimine) derivatives. T h e 
hydrolysis of a phenyl ester by these polymer catalysts 
was also examined for comparison. T h e structures of 
the polymer catalysts and substrates and their abbrevia­
tions are given below: 
polymer: 

<CH2CH2N)-(CH2CH2NI%5_m 

CnH2n+1 

PEI-C l a (14) :»=12 , ro=14 
PEI-C16(8) : w =16, m = 8 

<GH 2GH 2N)-(GH 2GH 2N)-(GH 2GH 2NH)-

GHa 

GioHo, GH2 

N NH 

PEI-C12 (20)-Im (15) 

t Contribution No. 511 from Department of Organic 
Synthesis. 

GH3 CHa 

<GH2GH2N)-(GH2GH2N)-(GH2GH2N)^_ 

CIRH; l S - n ^ GHa 

PEI+-C18(9) : m = 9, 1=0 
PEI+-C18(16): ro=16, / = 0 
PEI+-C18(12)-G1(68): m=12, /=68 

{GH2GH>—(GH2GH)—(GH2GH)— 

A 
i 

INK Br~ 
i 

Br" ^ N ' 

PVP+-C18(8)-C2(77) 

GHo GH3 CH, 

{GH2GH2N3—(GH2GH2N)-(GH2GH2N)-

Ci8H37 (ÇH2)3 

PEI+-C18(7)-NH2(22) 

GH3 GH3 

<GH2GH2N)—(GH2GH2N)— 

GH2 

C=0 

N-OH 
1 

^16^33 

PEI+-C16HA(7) 

substrate: 

-OSOo-K+ 0 2 N-

N 0 2 PNPS 

-OS03-K+ 

DNPS 

OH 
_/ 

NO, 

-OSO,-K+ O - O O C - f V O C C H , 

NABA 
11 
O 

HNPS 

E x p e r i m e n t a l 

Preparation of Substrates. Potassium 2,4-dinitrophenyl 
sulfate (DNPS) was prepared according to the procedure of 
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Sunamoto et al.10*11) Potassium /»-nitrophenyl sulfate (PNPS) 
and potassium 2-hydroxy-5-nitrophenyl sulfate (HNPS) were 
prepared by following the procedures reported by Fendler 
and Fendler,12) and Robinson, et al.,13) respectively. The 
elemental analyses agreed with the calculated values. The 
preparation of 3-nitro-4-acetoxybenzoic acid (NABA) was 
reported previously.14) 

Partially Alkylated Poly(ethylenimine). An aqueous solu­
tion of commercial poly(ethylenimine) (Tokyo Kasei Co., 
MW 40000—50000, highly branched) was concentrated 
in vacuo, ethanol added to the residue and the solution was 
again concentrated. This procedure was repeated in order 
to completely replace water with ethanol. Finally, dry 
ethanol was added to obtain a 2—5 wt % solution, which was 
stored over molecular sieve 4A for the later use. The 
ethanolic solution was concentrated and 10—15 mol % of 
alkyl iodides (tt-C12H25I or w-C16H33I) were added. The 
mixture was heated at 60—70 °G for 24 h under nitrogen, 
concentrated and poured into excess ether. The yellowish 
powder was recovered, and washed several times with ether. 
The polymer was dissolved in water and purified by dialysis. 
The extent of alkylation was determined by the relative peak 
area of the main chain methylene proton (at ca. 2.7 ppm) and 
the alky] proton (at ca. 1.3 ppm) in the NMR spectrum 
(D20 solution). 

Quaternized Poly (ethylenimine) .4) All the primary and 
secondary amino groups in poly(ethylenimine) were converted 
to the tertiary amino group by treating with formic acid and 
formalin. The product polymer was parly quaternized by 
octadecyl bromide in ethanol. The extent of quaternization 
was determined by NMR spectroscopy as mentioned above. 
Further quaternization was performed with methyl bromide 
in order to obtain PEI+-G18(16)-G1(68). 

Introduction of Functional Groups. The incorporation of 
the imidazole group into alkylated poly(ethylenimine) was 
carried out according to the procedure of Kiefer, et al.:9) 
PEI-C12(20)-Im(15). The methylated poly(ethylenimine) was 
allowed to react with iV-(3-bromopropyl)phthalimide and then 
with dodecyl bromide and treated with hydrazine hydrate to 
give PEI+-C18(7)-NH2(22).15> The content of the amino-
propyl group was determined from the relative peak area of 
the aromatic proton prior to the hydrazine treatment and by 
reaction with 2,4,6-trinitrobenzenesulfonic acid after the 
hydrazine treatment.2) The hydroxamate function was 
introduced by reaction of a polymer with benzyl iV-hexadecyl-
chloroacetohydroxamate (see below). The hydroxamate 
content in the polymer was determined from the peak area of 
the aromatic proton. The benzyl group was removed by 
treatment with 30% hydrogen bromide in acetic acid. The 
complete removal was confirmed by NMR spectroscopy. The 
polymer was purified by reprecipitation after each stage. 

Other Materials. The preparation of quaternized poly-
(vinylpyridine)s was described elsewhere.16) Commercial 
hexadecyltrimethylammonium bromide (GTAB) was recrystal-
lized two times from ethanol. For the preparation of benzyl 
iV-hexadecylchloroacetohydroxamate, 25.2 g (0.11 mol) of 
benzyl benzohydroxamate in dry acetone was treated with 
12.4 g (0.22 mol) of powdered KOH and 19.5 g (0.055 mol) 
of hexadecyl iodide. The oily alkylation product was hydro-
lyzed in a mixture of ethanol and concentrated hydrochloric 
acid to give O-benzyl-iV-hexadecylhydroxylamine hydro­
chloride; colorless flakes after two recrystallizations from 
acetone, yield 16.0 g (75%), mp 77—79 °G. This compound 
(7.0 g, 0.018 mol) and 4.0 g (0.040 mol) of triethylamine were 
dissolved in 100 ml of dry ether and 2.1 g (0.018 mol) of 
chloroacetyl chloride was added dropwise. After the usual 
work-up, the product was recrystallized from acetone: mp<[ 

30 °G, yield 4.3 g (56%). NMR and IR spectra were consistent 
with the expected structure. 

Polymer Recovery. In connection with the elucidation of 
the hydrolysis mechanism, the polymer catalyst was recovered 
after reaction with the substrate under the standard conditions. 
A polymer catalyst (100 mg, 8—16 unit mM) was mixed with 
100—500 mg (3.3—16 mM) of DNPS in 100 ml of 0.01 M 
borate buffer (pH 9.0) and allowed to stand at 30 °G overnight 
( 1 M = 1 mol dm - 3) . The mixture was dialyzed for 24 h using 
a cellophane tube and then concentrated by ultrafiltration 
(DIAFLO Ultramembrane UM-2, Amicon Go., Exclusion 
limit 1000). A saturated aqueous solution of KBr was added 
and the resulting solution was concentrated by ultrafiltration. 
The ultrafiltration was repeated after addition of water. The 
concentrate was dried in vacuo and its sulfur content was 
determined. 

Kinetic Measurements. The sulfate esters were dissolved 
in a 3: 7 mixture of water and acetonitrile and kept in an ice 
bath. The substrate solution and an aqueous solution of 
the polymers were added to buffer solutions (borate or Tris) 
in a quartz cell which had been maintained at 30 °G. Water 
was added so that the fraction of acetonitrile became 3 v/v %. 
The ionic strength was adjusted to 0.01 by KG1. The reaction 
was followed by using the absorbance increase at 360 nm of 
2,4-dinitrophenolate anion (e= 12800 M _ 1 cm -1) in the case 
of DNPS substrate. The Amax at 401 nm was used for PNPS. 
Hitachi UV-visible spectrophotometers (type 124 or 200) 
equipped with jacketed cell compartments were used. The 
pH measurement was done by using TO A Electronics MH-10 
glass electrodes and the pH change during the hydrolysis 
was within 0.03. Excess polymers were used relative to 
substrates and the reaction obeyed the pseudo first-order rate 
law for more than 80% completion. The overall rate constant 
of phenol release was corrected for that of the spontaneous 
release. 

R e s u l t s 

Reaction of Sulfate Esters with PEI Derivatives. 
Nitrophenyl sulfates, PNPS and H N P S , did not react 
with poly (ethylenimine) derivatives under the reaction 
conditions employed. For example, a reaction mixture 
which contain 1.77 X 10"3 M of PEI-C 1 2 (20)- Im(15) 
and 1 . 0 x l O - 4 M of H N P S was allowed to stand for 
20 h at 30 °G (pH 8.8, 0.01 M borate buffer and fi= 
0.01). No change was detected in the visible spectrum 
during this period. Nitrocatechol was not detected in 
the product by thin layer chromatography using the 
solvent system similar to that of Ref. 9. Therefore, the 
pseudo first-order rate constant, A:1>obsd should be much 
smaller than l x l 0 - 5 s ~ 1 or k2ohsd (apparent second-
order rate constant) <C5 X 10~3 M _ 1 s_ 1 . This is contrary 
to the efficient hydrolysis reported by Kiefer et al.9) 

O n the other hand, D N P S was smoothly cleaved by 
these polymers. Table 1 summarizes A:1>obsd of phenol 
release from D N P S by various PEI derivatives. In the 
last column are given A^obsd values which were derived 
simply by dividing klt0hsd by the polymer concentra­
tion. I t is clear from Table 1 that the catalytic groups 
such as imidazole, hydroxamate or pr imary amine are 
not appreciably effective for the sulfate cleavage. 
However, all of the PEI derivatives are more effective 
than the conventional cationic micelle (GTAB) or 
polysoap(PVP+-C1 8(8)-C2(77)) . In the subsequent 
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TABLE 1. CATALYTIC HYDROLYSIS OF DNPSa) 

D 1 104 

Polymer — 

PEI-G12(14) 
PEI-G16(8) 
PEI-G12(20)-Im(14) 
PEI+-C18(9) 
PEI+-G18(16) 
PEI+-G18(12)-G1(68) 
PEI+-G18(7)-NH2(22) 
PEI+-C16HA(7) 
PVP+-G18(8)-G2(77) 
GTAB 

[polymer] 
~~M P H 

20.5 
10.8 
5.19 
5.06 
5.14 
1.01 
1.06 
9.71 
9.60 

10.0 

8.86 
9.02 
8.94 
8.61 
9.52 
8.88 
8.82 
8.43 
9.44 
8.81 

10 ^Uobsd 
s-1 

63.9 
32.0 
31.9 
80.6 

130 
8.23 
6.79 

31.7 
6.4 
1.90 

^lîobsd/ 
[polymer] 

3.12 
3.55 
6.14 

15.9 
25.3 

8.15 
6.43 
3.26 
0.67 

— 

TABLE 2. SULFUR CONTENT OF PEI CATALYSTS AFTER 

REACTION WITH D N P S SUBSTRATE 

a) [DNPS]=2.0 x 10-5 M, 3 v/v % EtOH-H 2 0 , //= 
0.01 (KCl), 30 °G, 0.01 M borate buffer. 

experiments, two types of PEI derivatives, alkylated 
PEI(PEI-C 1 6 (8) ) and quaternized PEI(PEI+-C1 8(16)) 
were used for more detailed study. 

Product Analysis. Excess amounts of DNPS 
substrate (3—10 fold excesses) were allowed to react 
with the above-mentioned two PEI derivatives. The 
time course of the formation of 2,4-dinitrophenol after 
correction for the spontaneous release is given in Fig. 1. 
In the case of alkylated PEFs (Fig. l a and lb ) , the 
reaction slows down at the release corresponding to ca. 
0.3 equivalent (in monomer unit) of the polymer. In 
contrast, the reaction proceeds beyond the concentra­
tion of the quaternized polymers (Fig. lc , Id, and le ) . 
These results suggest the presence of different mecha­
nisms of the phenol release for the two types of the 
polymers. 

t / min 
Fig. 1. Time course of dinitrophenol release. 

30 °G, 3 v / v % EtOH-H 2 0 , /*=0.01(KC1), 0.02 M 
borate, pH 8.4, [DNPS]=2.4 x 10"4 M. Polymer con­
centrations: a, [PEI-G16(8)] = 3 .95xl0- 5 M; b, 
[PEI-G16(8)]=5.92x 10~5M; c, [PEI+-G18(16)]=2.05 
X 1 0 " 5 M ; d, [PEI+-G18(16)]=4.08xlO-6 M; e, 
[PEI+-CX8(16)] = 6.16x 10-5 M. 

Polymer Treated with DNPS Sulfur content 
/% 

PEI-C16(8) 
PEI-C16(8) 
PEI+-C18(16) 
PEI+-C18(16) 

No 
Yes 
No 
Yes 

— 
7.06 
0.00 
0.35 

Table 2 summarizes the sulfur content of the polymers 
before and after the reaction (see Experimental). 
Apparently, the sulfate group is fixed to the partially 
alkylated polymer, PEI-C 1 6 (8) but not to the quaterniz­
ed polymer, PEI + -C 1 8 (16) . T h e small sulfur content of 
the latter polymer is close to the experimental error. 
The sulfur content of 7 % corresponds to the presence 
of 16 mol % (per monomer unit) of the amidosulfate 
group according to scheme 1. This value is smaller 
than the amidosulfate content (30%) estimated from 
the dinitrophenol release (Eq. 1). Apparently, some of 
the amidosulfate group was hydrolyzed during the work 
up of the polymer, as reported by Benkovic and Benkovic 
in a related system.17) 

T h e amino group in the partially alkylated PEI may 
react with phenyl sulfates via sulfate transfer (formation 
of amidosulfate) or nucleophilic aromatic substitution 
as shown in Eq. 1. This problem was discussed most 
recently by Fendler, et al.18) for the reaction of primary 
and secondary amines in the micellar system. 

0 2 N - -OSO3- H2NR 

XNO, 

0 2 N - / V o - + -O3SNHR 

XN02 

XT 

0 2 N - / \ - N R + S04
2~ + H+ 

XN02 

The occurrence of the nucleophilic aromatic substitu­
tion would decrease the sulfur content of the polymer. 

300 400 500 
Wave length / nm 

Fig. 2. UV-visible spectra. 
a: 1 h after mixing of 1.9X 10"5 M DNPS and 1.0X 
IO-3 unit M PEI-G16(8), pH 8.8, 30 °G. b : The same 
mixture adjusted to pH 1.6 by hydrochloric acid, c: 
1.9 X IO-5 M iV-methyl-2,4-dinitroaniline, pH 2.1. d: 
1.9 X IQ"5 M 2,4-dinitrophenol, pH 2.1. 
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Figure 2 shows a UV-visible spectrum of the reaction 
mixture after 1 h . (Fig. 2a). Also shown are spectra of 
the same solution after acidification to p H 1.6 by 
hydrochloric acid (Fig. 2b) and of iV-methyl-2,4-
dinitroaniline and 2,4-dinitrophenol at p H 2.1 (Fig. 2c 
and 2d, respectively). The spectrum of the acidified 
reaction mixture clearly indicates the absence of the 
dinitroaniline moiety. Therefore, it is concluded that 
the aromatic substitution pa th is negligible for alkylated 
PEI under the present reaction conditions. 

20 

10 

a 

/ / 5̂  

'u 

o 

d y 

e 

i 

c 
——o 

f 

"""0 

L 1 

10 x [polymer] / unit M 

Fig. 3. Dependence of the rate of DNPS cleavage on the 
concentration of PEI derivatives. 
30 °G, 3 v/v % EtOH-H 2 0 , #=0.01 (KCl), 0.01—0.02 
M borate, [DNPS]=2.0 X 10~5 M. 
Polymer: PEI+-C18(16)(-(>) a, pH 9.5; b, pH 7.7; 
c, pH 6.2; PEI-G16(8) ( - # - ) d, pH 9.0; e, pH 10.1; 
PEI+-C18(9) ( - • - ) f, pH 8.5. 

Rate Dependence on Polymer Concentration. Figure 3 
shows the dependence of A:lf0bsd of dinitrophenol release 
on the polymer concentration. In the case of alkylated 
PEI , A:lf0bsd increases linearly with the polymer 
concentration in the range of (1—40) X 10~4 M . T h e 
results with the quaternized PEI are contrasting in that 
saturation phenomena are observed. The ease of 
saturation depends on the p H of the medium. 

The saturation kinetics were analyzed according to 

the Michaelis-Menten kinetics 

Kb fccat 
G + S GS G + Px + P2 (2) 

where G, S, P l 5 and P 2 denote polymer, substrate, S 0 4
2 ~ 

and 2,4-dinitrophenol, respectively, and GS is the 
polymer-substrate complex. 

Since excess polymer is present ( [G] 0 >[S] 0 ) , the 
following equations obtain. 

v = ^l,obsd[S] total = ^cat[CS] (3) 

and [S] t o t i l = [S] + [CS] 

[CS] 
Kb (binding constant) = 

[C][S] 

^ l . obsd — 
•[C]0 

* b [ C ] 0 + l 

Therefore 

1 I 

*1.0 + 
1 

^cat*-^b •[£]() 

(4) 

(5) 

(6) 

The data for the PEI+ system in Fig. 3 were plotted 
using Eq. 6 and linear relations were obtained with 
satisfactory correlation coefficients. T h e Kh and A:cat 
thus derived are given in Table 3 . As is clear from the 
data for PEI+, the binding constant Kh decreases with 
increasing p H but the intra-complex rate constant kcât 

increases with increasing p H . 
Table 3 also contains Aj2>0bSd 

for PEI-C 1 6 (8) deter­
mined from the data of Fig. 3. k2ohsd decreases with 
increasing p H . 

p H Rate Profiles. Figure 4 illustrates the p H 
dependence of A:1>obsd in the presence of PEI derivatives 
and a quaternized poly(vinylpyridine). PEI-C 1 6 (8) 
polymer gives a bell-shaped p H dependence with a 
maximum at ca. p H 8. T h e rate determination was 
difficult at p H below 7 because of precipitation. A 
similar pH-ra te profile was obtained with an anionic 
ester substrate NABA (Fig. 5). 

O n the other hand, when quaternized PEI was used 
as catalyst, log A:1>obsd initially increased linearly with 
increasing p H and became constant at p H above 8. 
The log klt0hsd value for NABA (Fig. 5) showed a 
linear correlation with p H in the p H range studied 
(pH 7—10). T h e rate of hydrolysis of NABA by P E I + -
C18(16) is 10—100 times slower than that by P E I -
G16(8), but the relative effectiveness is reversed in the 
hydrolysis of DNPS . The reversal suggests that the rate 
enhancement mechanisms are different between the two 
systems. 

TABLE 3. KINETIC PARAMETERS FOR THE CLEAVAGE OF DNPS SUBSTRATE BY PEI DERIVATIVES0 

Polymer 

PEI+-C18(16) 

PEI+-C18(9) 

PEI-C16(8) 

pH 

( 9.5 
7.7 

i 6.2 
8.5 

J 9.0 
1 10.1 

Gorrelation 
coefficient1^ 

0.991 
0.991 
0.997 
0.997 
0.997 
0.999 

103*cat 
s-1 

31.9 
22.0 
3.48 
31.3 

— 

M- 1 

761 
1030 
2460 

745 

*cat*-^b o r 2̂,obsd 
M - l s - l 

24.2 
22.7 

8.56 
23.1 

3.39 
0.70 

a) 30 °G, 0.01—0.02 M borate buffer, /*=0.01 (KCl), [DNPS]=2 .0x 10-3 M. b) Corrélation coefficients 
for the plot of Eq. 6 in the case of the Michaelis-Menten kinetics and for the linear relation of Fig. 3, in 
the case of PEI-G16(8). 
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CT 
O 

pH 

Fig. 4. pH-rate profile for the cleavage of DNPS. 
30 °C, 3 v/v % EtOH-H 2 0 , //=0.01(KC1), 0.01—0.02 
M borate or 0.02 M Tris, [DNPS]=2.2 X 10"5 M, [poly­
mer] = 1.0 X 10-3unit M. 
- O - , PEI+-C18(16); - C h PEI+-C18(9); 
G16(8); - » - , PVP+-G18(8)-G2(77). 

PEI-

PH 

Fig. 5. pH rate profile for the hydrolysis of NABA. 
30 °G, 3 v/v % EtOH-H 2 0 , /*=0.01(KC1), 0.01—0.02 
M borate or 0.02 M Tris, [NABA]=2.9 X 10"5 M, 
[polymer] = 1.0 X 10~3 M. 
- O - , PEI+-CU(16); - # - , PEI-C16(8). 

D i s c u s s i o n 

Reaction Scheme. The reaction scheme of alkylated 
PEI is obviously different from tha t of quaternized P E I . 
The most probable mechanisms for these PEI dériva -

H H n M/ / \ > O H H H 

HN ___ NH? — - ^ > HN NH 
S0'3 0 2 N ^ ) O 

NO 

2 

so; 

H 

HN 

H 

+ SO4 

NH2 

~+H* 

Scheme 1. 

tives are shown in Scheme 1. In the case of alkylated 
PEI , the sulfate group is transfered from DNPS substrate 
to the nucleophilic amino group. The nucleophilic 
aromatic substitution was not detected (see above). The 
amidosulfate group is accumulated with the progress 
of the reaction, and, as shown in Fig. 1, the remaining 
amino group becomes less reactive. The zwitterionic 
adduct , if formed by the nucleophilic attack of tertiary 
amines toward nitrophenyl sulfates, should be hydroly-
tically unstable.19) The accumulation of the amido­
sulfate group thus indicates the preferential sulfate 
transfer to the primary and/or secondary amines. This 
is contrary to the fact that tertiary amines are in general 
more nucleophilic toward nitrophenyl sulfates than 
pr imary and secondary amines.17»18) T h e lack of sulfate 
transfer to the tertiary amino group in PEI may be 
attr ibuted to severe steric hindrance. The nucleophilic 
reactivity of sterically-hindered tertiary amines (small 
molecules) toward sulfate esters is in fact very small.17) 
T h e general-base catalysis by the tertiary amino group, 
which is sterically less demanding, could not be detected 
because it is probably less efficient than simple sulfate 
transfer to the pr imary and secondary amino groups. 

T h e initial rate of sulfate transfer was first order with 
respect to substrate and polymer. There was found no 
evidence for substrate binding. However, the bell-
shaped p H rate profile of Fig. 4 indicates the cooperative 
action of substrate attraction by the positively-charged 
polymer and of the effective neutral nucleophile. 
Therefore, the imcomplete reaction of the polymer-
bound amino group is probably caused by neutralization 
of the positive charge of alkylated PEI by the negative 
charge of the amidosulfate group formed. The enhanced 
catalytic action of partly protonated poly(vinylpyridine) 
and poly(vinylimidazole) has been known for a long 
time.20 '21) 

O n the other hand, the partly quaternized PEI does 
not contain the primary and secondary amino groups 
and acts as true catalyst. This is readily seen from the 
turnover of the polymer catalyst (Fig. 1) and the 
absence of the intermediate accumulation (Table 2). 
T h e catalysis follows the Michaelis-Menten kinetics. 
The substrate binding is ascribed to both of the hydro­
phobic and electrostatic attractions between the polymer 
and substrate. The contribution of the electrostatic 
interaction is apparent in the fact that Kh decreases 
with increasing p H . 
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SH3 ÇH3 •OH-

<x 
ï, 3 

CH 

so; A / \ > S 
H3C-N-CH303SO<^>N02 H3c4fcH . 

0?N + H 0 ^ > N 0 2 

0 ? N W 

H20 

ÇH3 CH, ÇH3 CH3 

H 3 C " f ) ' - C H 3 - 0 3 S O < ^ N 0 2 \ H 3 C-^H 3 + S ( f + H + 

' H 0 < ^ > N 0 2 f 
0 2 N W 

Scheme 2. 

The intra-complex catalysis will involve the general-
base and/or nucleophilic action of the tertiary amino 
group (Scheme 2). The turnover could result from the 
nucleophilic attack of the tertiary amino group which 
produces the unstable zwitterionic adduct . However, 
the tertiary amino group in PEFs does not appear to be 
sufficiently nucleophilic because of steric hindrance, as 
discussed above. Then, the general-base action may 
become the preferred pathway. The nucleophilic and 
general-base mechanisms are usually discriminated by 
the kinetic solvent isotope effect. However, this tech­
nique cannot be applied to the present system, since the 
side chain aggregation (hence the characteristics of the 
catalytic domain) would be quite different in H 2 0 and 
in D 2 0 . This effect renders the interpretation of the 
isotope effect very difficult. 

A third possibility is the hydroxide-catalyzed cleavage 
of the bound substrate. However, this mechanism is 
not likely, as extensively quaternized PEI , P E I + -
G18(12)-G1(68) is much less effective. The activity of 
the GTAB micelle and the quaternized poly-
(vinylpyridine) is also much smaller (Table 1 ). If the 
hydroxide-catalyzed hydrolysis is the major catalytic 
pathway, these systems should be at least equally 
effective, because of their high densities of the positive 
charge. 

These results are contrasting with those of the NABA 

hydrolysis. The linear relation of Fig. 5 suggests that 
the phenyl ester is cleaved by the hydroxide ion which 
is concentrated in the domain of PEI+-C 1 8(16) . T h e 
nucleophilic cleavage of NABA is reflected in a greater 
efficiency of PEI-C 1 6 (8) relative to that of PEI+-G1 8(16), 
as also shown in Fig. 4 . 

Efficiency of Sulfate Cleavage. Table 4 summarizes 
the kinetic parameters reported for the cleavage of 
D N P S in the past. Sulfate esters seem to be less reactive 
with simple anionic nucleophiles. For instance, either 
Ax or general-acid mechanism was suggested to occur 
for the cyclodextrin-catalyzed hydrolysis.22) The 
hydroxamate ion in the cationic micelle is not particular­
ly effective for the sulfate cleavage in spite of its enormous 
reactivity toward phenyl esters. However, sulfate 
transfer to the zwitterionic hydroxamate proceeds 
smoothly in the hydrophobic microenvironment.10) I t 
appears that basic groups act on sulfate esters particular­
ly effectively (either as nucleophiles or as general bases) 
when they are fixed at positions close to the quaternary 
ammonium group in the hydrophobic microenviron-
ment . 

A comparison of the rate constants between the 
piper idine-CTAB system and PEI+-C1 8(16) is interest­
ing. Both of the catalytic systems contain the amino 
group, the dense positive charge and the hydrophobic 
domain. However, the PEI+ system is 102—103 times 
more efficient in the sulfate transfer than the GTAB 
system. T h e difference is even greater when the fact 
that clean turnover is observed for PEI+-G1 8(16) is 
taken into account. T h e quaternized P E I is the most 
effective catalyst and the apparent catalytic rate constant 
is more than 107 times greater than that of the spon­
taneous hydrolysis. 

Finally it is noted that the nitrophenyl sulfates H N P S 
and PNPS were not cleaved by PEI derivatives under 
the same condition as used for D N P S hydrolysis : 30 °G, 
p H 8—10. Therefore k2t0hsd should be less than 10 - 3 

M - 1 s"1. These results are totally different from that 
reported by Kiefer et al.*) These authors reported the 
apparent catalytic rate constant of 18 M _ 1 s _ 1 which is 
more than 1012 larger than that of imidazole. The 
discrepancy between the two sets of experiment amount 
to the order of at least 104 in the rate constant. The 
composition of the imidazole-containing PEI prepared 

TABLE 4. CATALYTIC EFFICIENCIES IN THE HYDROLYSIS OF DNPS 

Catalyst or 
nucleophile 

PEI+-C18(16) 

PEI-C16(8) 
Piperidine-CTAB 
C12-Im+-HAa>-CTAB 

/?-Cyclodextrin 

Oxime-Ib> 

DAPc>-benzene 
None 

£cat • Kh or k2 

M - i s - i 

24.2 

3.39 
0.098 

11 

0.073 

0.67 

0.019 
1.3x10-« 

Saturation kinetics, 30 °C 
Kh=700—2500 M- 1 

30 °C 
39.0°C 

30 °C 
Saturation kinetics, 37.3 °C 

Kb=41.7M-* 
Saturation kinetics, 40 °C 

^ = 6 . 6 x 1 0 * M - 1 

24.5 °C 

Reference 

this study 

this study 
23 
10 

22 

11 

24 

a) (l-Dodecylimidazolium)-iV-benzylacetohydroxamate. b) 10-Hydroxy-l l-hydroxyimino[20]paracyclo-
phane. c) Dodecylammonium propionate. 
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by us, PEI-~C12(20)-Im(15) is the same as that of 
Kiefer et al., except that our polymer contain 2 0 % 
instead of 10% dodecyl group. In fact, the imidazole-
containing PEI showed a rather normal behavior in the 
cleavage of DNPS (Table 1). 

T h e authors are grateful to Yoshitomi Pharmaceutical 
Company for kindly performing the sulfur analysis. 
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Reinvestigation of the Mechanism of the Reaction of iV,iV-Dimethyl-
aniline iV-Oxide with Acetic Anhydride 

Shigeru OAE,* Nobuyoshi ASAI, and Ken FUJIMORI 

Department of Chemistry, The University of Tsukuba, Sakura-mura, Ibaraki 300-31 
(Received February 2, 1979) 

The mechanism of the reaction between iV,iV-dimethylaniline iV-oxide 1 and acetic anhydride to give 2-acetoxy-
iVjiV-dimethylaniline 2a has been reinvestigated by means of our more refined lsO-tracer experiments. Other 
products of the reaction are 4-acetoxy-iV,iV-dimethylaniline, iV,iV-dimethylaniline 4, iV-methylacetanilide, and 
bis(4-dimethylaminophenyl) methane. The reaction of 1 with 180-labeled acetic anhydride is considered to 
involve the initial formation of carbonyl-180-labeled iV-acetoxy-iV,iV-dimethylanilinium ion 7a and the subsequent 
intramolecular rearrangement of 7a into 2a in which the original lsO-label in 7a is unequally partitioned into 
two oxygen atoms of 2a (phenolic oxygen : ethereal oxygen=£ß. 4: 1). The reaction of 1 with trichloroacetic 
anhydride gave solely 2-trichloroacetoxy-iV,iV-dimethylaniline but not any 4 which should be formed via the free 
radical mechanism. These observations suggest the occurrence of the two concerted path via polarized six-(major) 
and four-(minor) membered cyclic transition states and rule out the free radical pair mechanism which was pro­
posed ealier by us.2) 

The reaction between iV,iV-dimethylaniline iV-oxide 
1 and acetic anhydride was first investigated in somewhat 
detail by Huisgen et al.1) Soon after, we also investigated 
the mechanism by 1 8 0- t racer technique and proposed 
the radical pair mechanism (A) for the formation of 2-
acetoxy-iV,i^-dimethylaniline 2a based on the observa­
tion that both carbonyl and ethereal oxygen a tom in 
2a was nearly completely equilibrated in the course of 
the rearrangement from 7a to 2a.2) 

(i) 

l e Me 

N - O 

| || + (R-Ch-# 

1 

Me Me 

r N î 

7 • 1 II • < * -

IV 
A 

Me Me 

N O 

-H* y v o - c -
— 1 II 

2a 
2b 

(R = Me) 
(R = GG13) 

Me Me • 
\ / ii 
+ N - 0 - C - R 

— • r i l + RC#2-

7a (R = Me) 
7b (R=CC13) 

Me Me 
\ / 

— lu» 

-R 

a 
H 

- C - R 

(2) 

Later, Iwamura et al. observed a C I D N P signal only 
for N,JV-dimetliylaniline 4 but not for 2a and JV-acetyl-
iV-methylaniline 5a , and the radical mechanism A has 
become quite dubious.3) In our extensive investigations 
of the mechanisms of the rearrangement reactions of 
tertiary amine JV-oxides with acylating agents by means 
of l sO-tracer technique, we have seldom encountered 
the case in which the reaction proceeded solely via 
radical mechanistic path.4) Thus , the reaction between 
1 and acetic anhydride has been reinvestigated by aid 
of our more sophisticated 1 8 0- t racer technique. 

R e s u l t s a n d D i s c u s s i o n 

T h e reaction between 7V,JV-dimethylaniline iV-oxide 
1 and acetic anhydride was found to give products 
2—4, while the distribution of products clearly depends 
on the solvent as seen in Table 1. 

Me Me 

N - O 
i O 

II 
|| + ( R - G ) - O 

Me Me O 
\ / II 

. + N - 0 - C - R 
i 

+ R G 0 2 

7a (R=Me) 
7b (R=GG13) 

Me Me 

N O 
i II 

/OCR 

. .. + 
2a (R=Me) 
2b (R=GG13) 

Me Me 
\ / 

N 
i 

Me Me 

N 

O 

Me GR 

N 
i 

+ 
OCR 4 

+ 

it 
O 

3a (R = Me) 

+ Me2N- )-GH2 
/2 

5a (R = Me) 
5b(R = GCl3) 

(3) 

TABLE 1. PRODUCTS OF THE REACTION OF iV,iV-DiMETHYL-

ANILINE i\f-OXlDE 1 WITH ACETIC ANHYDRIDE OR 

TRICHLOROACETIC ANHYDRIDE 

2 

Acetic H2O
a> 84 

anhydride 50% MeGN-H 2 0 66 
(R=Me) M e C N 6 

Trichloroacetic MeCN 90 
anhydride 
(R=GG13) 

Yield(%) 

3 4 5 

— 3 0 
1 11 2 
0 0.4 48 
0 0 0 

6 

0 

3 
0 

a) Ref. 1. 
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In such an aprotic solvent as acetonitrile, demethyla-
tion by Polonovski reaction giving 5a was predominant , 
however, the rearrangement to afford 2a was the major 
course of the reaction in protic media. The first step 
of the reaction has been believed to be the acetylation 
of 1 to form iV-acetoxy-iV,iV-dimethylanilinium ion 7 
which is then partit ioned to go through the different 
paths (Eq. 1). In acetonitrile, the acetate anion is 
considered to be a base strong enough to abstract proton 
from the iV-methyl group of 7a to promote the 
Polonovski reaction eventually to give 5a ; whereas in 
protic media, the basicity of acetate anion should be 
markedly reduced by the solvation, and hence the 
alternative rearrangement reaction becomes predom­
inant.1»2) 

Upon the usual t reatment of the JV-oxide with 1 8 0 -
labeled acetic anhydride in protic media, 2a was isolated 
from the mixture, purified and allowed to react with 
Phenylhydrazine to give crystalline products, i.e. 2~ 
hydroxy-JV,iV-dimethylaniline and l-acetoxy-2-phenyl-
hydrazine, which were carefully purified and t h e n 
subjected to the routine l sO-analysis (Table 2).5) 
Meanwhi le all the conceivable intermediates and/or 
t ransition states of this rearrangement may be illustrated 
from A to K . 

+ 1 p i ii 
- N l O - C - R 

A* 9 
O - C - R 

l++ o 
- N " 

V - 3 - C - R 

/v 
II I 

N ^ C - R 
• i 

i 

- N ^ C - R 
II i 

ii r 

c 

- N ^ C - R 
II i 

J I 

W O - C - R 

.1 • 
- N " 
V f O - C - R 

.NX 

- N ~ " 
„ " O - C - R 

/ \ + 

II I 

N ; > C - R 

H 

^ O - C - R 

. V 

TABLE 2. 1 SO-TRACER RESULT OF THE REACTION 
1 8 Q 

II 
BETWEEN 1 AND ( M e C ) 2

l s O 

Compound 

lsO-Content of the compd 
(excess atom % ) a ) 

in 50% 
MeCN-H 2 0 

1 -Acetyl-2-phenylhydrazineb> 0.854 0.854 
2-Hydroxy-iV,iV-dimethylaniline 0.668 0.718 
1 -Acetyl-2-phenylhydrazine 0.178 0.133 

a) ±0 .005 atom %. 
acetic anhydride. 

b) Derived from the starting 

When the calculated l sO-distributions in 2a resulted 
from all these possible mechanistic routes are compared 
with the observed values in Table 3, the mechanism 
involving the attack of external acetate anion via B is 
obviously ruled out, in keeping with our original 
argument suggested earlier.2) Although the observed 
l s O-da ta cannot be explained by the radical mechanism 
A (Eq. 2), the possibility of homolytic cleavage of N - O 
bond of 7a cannot be rejected completely. Namely, if 
the radical pair would be a very short lived singlet 
radical pair such as either C or D , as suggested by 
Iwamura et al.?) the l sO-label may not be completely 
scrambled in 2a, since the two oxygens of the acetoxyl 
radical formed incipiently should be sterically unequal. 
The formation of 4 which has been confirmed as the 
radical reaction product by C I D N P study3) must be 
produced via homolytic cleavage of 7a . Indeed the 
reaction of 1 with acetic anhydride initiates the poly­
merization of styrene.1»6) These observations seem to 
imply the involvement of these singlet radical pairs C 
and D at least partially. 

In order to examine the possible involvement of such 
a homolytic cleavage, trichloroacetic anhydride was 
allowed to react with 1. If the intervention of radical 
pairs C or D or both would be responsible for the 
formation of 2, the yield of radical reaction product, 4, 
should markedly increase in the reaction of 1 with 
trichloroacetic anhydride (Eq. 4),7) since the decarboxy­
lation of trichloroacetoxyl radical is well known to be 
very fast.8) However, since the reaction of 1 with 
trichloroacetic anhydride gave only 2b , but neither any 
4 nor hexachloroethane, all the free radical mechanisms 
A, C, and D cannot be responsible for the major 
pa th of the rearrangement.9) 

Thus the ionic mechanisms E — K still remain. 
Among these, however, the ion pair mechanisms seem 
to be highly unlikely, since the ionic cleavage of the 
N - O bond of 7a leads to the formation of a highly 

TABLE 3. THEORETICAL AND EXPERIMENTAL 1SO-DISTRIBUTION IN 2a OBTAINED 

FROM 1 AND 1 80-LABELED ACETIC ANHYDRIDEa) 

Oxygen 

Phenolic 
Garbonyl 

in 50°/ 

Experimental 

'0 MeCN-H 2 0 

79% 
21 

i n H 2 0 

84% 
16 

B 

100% 
100 

Theoretical 

A,E 

50% 
50 

C,F,H,J 

100% 
0 

D,G,I,K 

0% 
100 

a) Original lsO-content of carbonyl oxygen of 7a is defined as 100% 
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Me Me o 
\ / ii 
+ N - 0 - C - C C 1 , 

Me Me 

N t 

/k ° 
// \ II 

-> | || .O-C-CCI3 
7b 

•I /" 
Me Me 

\ / 

A 
II + C 0 2 + .CCI, 4 + G0 2 + 1/2C2G16 (4) 

energetic double cation species of 4. Indeed, the ion 
pair mechanism E cannot be accepted since the 1 8 0 -
distribution in 2a is uneven and the oxygen scrambling 
in 2a decreases with the increase of solvating power of 
the medium. Only in the case if the ion pair is a very 
short lived intimate one as illustrated by F or G, the two 
oxygen atoms of the acetate anion might not be sterically 
equal and could give 2a in which l sO-label is not 
completely equilibrated. The mechanisms via F and G 
may also be eliminated in view of the highly unstable 
iV,iV-dimethylaniline double cation. Meanwhile product 
ratio 2a vs. the radical product 4 from 7a was found to 
increase with the increase of the polar nature of the 
solvent.10) Whereas when acetic anhydride was changed 
to trichloroacetic anhydride, no free radical products 
were obtained despite the facile homolytic bond cleavage 
of 7a by concerted two bond fission to give cation radical 
of 4, C 0 2 , and trichloromethyl radical.7) All these 
observations do not seem to be in accordance with the 
mechanism involving the sigmatropic shift such as H 
or I, however, can be best explained in terms of the 
concurrent heterolytic cleavage of N - O bond of 7a 
and a new C - O bond forming via such transition states 
as illustrated by J (major path) and K (minor path) 
which are represented as a hybrid of canonical forms, 
C, F, and H for J and that of canonical forms, D , G, 
and I for K . The contribution of each of these canonical 
forms is considered to depend on the nature of solvent 
and R group of the acid anhydride used. Similar 
polarized cyclic transition state has been suggested for 
the rearrangement of 0-benzoyl-iV-(/?-tolylsulfonyl)-iV-
arylhydroxylamine 8 to 2'-benzoyloxy-/>-toluenesulfon-
anilide 9 as shown in Eq. 5.11) 

Ts O - C 
\ / 
N 

1 

I II 
\ / 

8 

Ts Q 

N <•-?-<_> 

H 

Ts 

N 
11 

O 
n 

Ts 
\ / 
N 

1 

H 

O 
1 

1 11 v 
(5) 

E x p e r i m e n t a l 

iVjiV-Dimethylaniline iV-oxide 1 was prepared by oxidation 
of iVjiV-dimethylaniline 4 with hydrogen peroxide in methanol 
according to the method of Huisgen, Bayerlein, and 
Hegkamp.1) 

Oxygen-18-labeled acetic anhydride was prepared by the 
method reported by Oae, Kitao, and Kitaoka;12) bp 137.5— 
139 °G. By treatment with Phenylhydrazine, a small amount 
of the acetic anhydride was converted to crystalline 1-phenyl-
2-acetylhydrazine which was recrystallized from benzene; 
mp 129—129.5 °G, and subjected to the 180-analysis (0.854 
excess atom % ) . 

Reaction between 1 and Acetic Anhydride in 50%(vjv) CH3CN-
H%0. Acetic anhydride (1.3 g, 13 mmol) was added 
dropwise into a solution of 1 (1.0 g, 7.3 mmol) in 14 ml of 
50%(v/v) CH 3CN-H 20 with stirring at 0 °G under nitrogen 
atmosphere. The mixture was stirred for 2 h at 0 °G, then 
the reaction mixture was treated with an aqueous solution 
of sodium carbonate under cooling in an ice bath, then 
extracted with ether and dried. To the solution, 725 mg of 
2,4-dichloronitrobenzene was added as the internal standard 
for the analysis by a GLPG equipped with 2 m stainless steel 
column packed with 5% PEG-20M on 80 mesh celite. The 
chromatogram was recorded on Shimadzu GG-6A GLPG 
instrument. 

Reaction between 1 and Acetic Anhydride in CHSCN. The 
reaction and product analysis were carried out in a same 
manner described for the reaction in 50%(v/v) CH 3CN-H 20. 

Reaction between 1 and Trichloroacetic Anhydride. N,N-
Dimethylaniline iV-oxide 1 (100 mg, 0.73 mmol) in 3 ml of 
dry CHgCN was treated dropwise with trichloroacetic an­
hydride (430 mg, 1.4 mmol) at 0 °G under nitrogen atmos­
phere. The reaction mixture was treated with aqueous 
solution of sodium carbonate and extracted with ether and 
dried over sodium sulfate. Into this solution, tetralin (102 mg) 
was added as the internal standard for GLPG analysis through 
a stainless steel column packed with 5% SE-30 on 80 mesh 
celite. The gas chromatogram of the sample solution was 
recorded on Hitachi 163 GLPG instrument, and only one 
peak of 2-hydroxy-iV,iV-dimethylaniline was observed. 

Oxygen-18-tracer Experiment of the Reaction between 1 and Acetic 
Anhydride. In 50%(v/v) CHzCN-H20: The reaction 
between 1.0 g of 1 and 1.36 g of lsO-labeled acetic anhydride 
was carried out in a similar manner which was applied for the 
product analysis. 2-Acetoxy-iV,iV-dimethylaniline 2a was 
separated by preparative TLG (Kieselgel G254) at 5 °G with 
5% acetone-hexane as an eluent (isolated yield 0.567 g). The 
product 2a was treated with 0.377 g of Phenylhydrazine and 
the mixture was allowed to stand overnight at room tempera­
ture. A solid mass, separated, was collected and washed with 
benzene, gave 0.33 g of l-phenyl-2-acetylhydrazine, which was 
recrystallized from benzene and subjected to the lsO-analysis ; 
mp 129—129.5 °G. The filtrate was washed with water to 
remove unreacted Phenylhydrazine, dried and solvent was 
removed. Preparative TLG (Kieselgel GF254) of the residue 
with 5% acetone-dichloromethane as an eluent gave 0.406 g 
of 2-hydroxy-iV^-dimethylaniline which was distilled under 
reduced pressure and subjected to the lsO-analysis, mp 
44—44.5 °G. 

In H20: The reaction was carried out in a same manner 
described above. 

Control Experiment on Dilution of 180-Label in Acetic Anhydride 
during the Reaction. A solution of 500 mg (4.9 mmol) 
of lsO-labeled acetic anhydride and 400 mg (0.33 mmol) of 
1 in 1 ml of 50% (v/v) CH 3CN-H 20 was stirred for 2 h at 0 °G 
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under nitrogen atmosphere. In to this solution 520 mg of 
iV-methylaniline was added and the solution was stirred for 
addtional 1 h at room temperature . After the solvent was 
removed, the residue was washed with benzene to obtain 
240 mg of iy-methylacetanilide which was recrystallized from 
benzene; m p 102—102.5 °G. Since l s O-content of the 
iV-methylacetanilide (0.855 excess a tom %) was found to 
be same to that of 1-acety 1-2-Phenylhydrazine (0.854 excess 
a tom %) which was derived from starting l sO-labeled acetic 
anhydride (Table 2) , there is no l s O-di lu t ion of acetic 
anhydride during the reaction with 1 in the presence of H 2 0 . 

Determination of Oxygen-18 Content. l sO-analysis was 
carried out by the method developed by Ri t tenberg-
Ponticorbo.5) Twenty mg of sample was pyrolyzed with 300 
mg of purified HgCl 2 and Hg(GN) 2 respectively, in an evac­
uated, sealed silica tube at 550 °G for 12 h . Then the tube 
was broken in a vacuum line and G 0 2 formed was purified 
by distillation and the mass peaks m/e 44 and 46 which corre­
spond to G 1 6 0 2 and G 1 6 0 1 8 0 , respectively, were recorded on 
Hitachi R M U - 6 M G mass spectrometer. An error of 1 8 0 -
content was within ± 0 . 0 0 5 a tom % . HgCl 2 was purified by 
sublimation under reduced pressure and Hg(GN) 2 was 
purified by recrystallization from absolute ethanol before use. 
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The Nucleophilic Reaction of Electron-deficient Pyridone Derivatives. I. 
The Ring Transformation of 1-Substituted 3,5-Dinitro-

2-pyridones with Sodio ß-Keto Esters 
Eizo MATSUMURA, Masahiro A R I G A , * and Yasuo TOHDA 

Department of Chemistry, Osaka Kyoika University, Tennoji-ku, Osaka 543 
(Received February 9, 1979) 

A novel ring transformation is found in a series of reactions of 1-substituted 3,5-dinitro-2-pyridones, electron-
deficient substrates, with monosodium salts of /?-keto esters. A variety of 1-substituted 3,5-dinitro-2-pyridones are 
treated with diethyl sodio-3-oxopentanedioate and ethyl sodioacetoacetate to give, in addition to .^-substituted 
nitroacetamides (3), 2,6-bis(ethoxycarbonyl)-4-nitrophenol (2), and 2-ethoxycarbonyl-4-nitrophenol (4) respectively. 
The bicyclic intermediates, 2-azabicyclo[3.3.1]nona-3,7-dienes, can be isolated on the reaction of 3,5-dinitro-l-
methyl-2-pyridone at room temperature. The phenol derivatives (2 and 4) may consist of the reagent and a 
C4-C6-C6 moiety of the parent pyridone, while iV-substituted nitroacetamides, 3, may result from the other frag­
ment, N-C2-C3 , of the pyridone. A probable course of the reaction, involving the step-by-step nucleophilic 
attack of the ambident nucleophiles, sodio ß-keto esters, at the ambident electrophilic centers of 2-pyridones to 
form bicyclic intermediate, is proposed. 

In our earlier studies1) of the nucleophilic substitution 
reactions of pyridine derivatives, we showed that the 
reaction of l-methyl-2-(pyridiniomethyl)pyridinium salt 
or its homologues with potassium hydroxide solution 
at a low temperature gave 1-methyl-2-pyridone or its 
homologues respectively. 

1 d:H: 
H 2 ' \ \ // 

2S04CH3-
KOH 

SO4CH3 

CH3 (bH3 

Fig. 1. 

N 0 2 

II I 

\ 
O 

CH3COCHCOOEt 

base 

0 2 N GOCH3 

/ X / G H C O O E t 
II I 

\ 
O 

o /CH3 

? II 
\GOOEt 

\ 
O 

Fig. 2. 

The above interesting results prompted us to expand 
the related reactions in this series to the nucleophilic 
reaction of 1,3,5-trisubstituted 2-pyridones with mono-
sodium salts of /?-keto esters and /?-diketones. 

In these reactions, the bis (quaternary salts) were 
converted, without the heterolysis of the N - C 2 bond, 
to l-methyl-2-pyridone or its homologues by the easy 
loss of the pyridiniomethyl group. This reaction has 
since offered a convenient route for the preparat ion of 
1-methyl-2-pyridone homologues. 

O n the other hand, the ease of the heterolysis at the 
N - C 2 bond of the well-known Zincke reaction2) of 2,4-
dinitrophenylpyridinium chloride under similar basic 
conditions may be ascribed to the presence of a strongly 
electron-attractive 2,4-dinitrophenyl group on the 
nitrogen atom. 

We have also shown3) that the reaction of 3-bromo-4-
nitropyridine JV-oxide with one of the monosodium salts 
of /?-keto esters (i.e., ethyl sodioacetoacetate) gave the 
^-substituted product (i.e., 3-[acetyl (ethoxycarbonyl) -
methyl]-4-nitropyridine JV-oxide), from which 2,3-
disubstituted furo[3,2-c]pyridine JV-oxide (i.e., 3-ethoxy-
carbonyl-2-methylfuro [3,2-c] pyridine JV-oxide) was 
obtained when it was warmed for a short time in an 
ethanol solution of sodium ethoxide. 

This reaction is an example of a reaction which 
proceeds step-by-step between an ambident nucleophile 
and an ambident electrophile. 

R e s u l t s a n d D i s c u s s i o n 

The reaction of 3,5-dinitro-l-methyl-2-pyridone ( l a ) 
with 1.5 equimolar amounts of diethyl sodio-3-oxopen-
tanedioate (Na«DOPD) at 50 °C in pyridine gave, after 
neutralization, 2,6-bis (ethoxycarbonyl) -4-nitrophenol 
(2) and JV-methyl-a-nitroacetamide (3a). The same 
reaction of l a with 3 equimolar amounts of ethyl 
sodioacetoacetate (Na«EAA) at 70 °G gave 2-ethoxy-
carbonyl-4-nitrophenol (4) and 3a in good yields. These 

OH 
OH 1 

0 2 N x / X / N 0 2 R'_cH=c-CH-cooEt R ' x / V / G O O E t 

\ N ^ O 

GH3 

l a 

Na-DOPD: R'=COOEt 
Na-EAA: R ' = H 

N 0 2 

2: R 7=GOOEt 
4: R / = H 

+ 
GH2N02 

GONHGH3 

3a 

Fig. 3. 
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TABLE 1. REACTION OF 3, 5-DINITRO-1-METHYL-2-PYRIDONE (la) WITH SODIUM 

SALTS OF ß-KETO ESTERS A N D /?-DIKETONES 

Substrate 

l a 
l a 
l a 
l a 

Reagent 

Na.DOPD 
Na-EAA 
Na-AA 
Na.EAP 

/ 
Solvent 

Pyridine 
Pyridine 

DMF 
Pyridine 

Reaction conditions 

Mole 
ratio 

1.5 
3.0 
3.0 
3.0 

Temp 

50 
70 
70 

110 

Time 

5 
5 
5 
5 

Product (Yi 

2 (90.4) 
4 (61.0) 
5 (53.0) 
6 (42.0) 

ield/%) 

3a (28.3) 
3a (16.9) 
3a (11.5) 
3a ( 8.3) 

products were identified by their I R , N M R , and results 
of elemental analysis, and by a mixed-melting-point 
determination with authentic samples. 

The reaction of l a with monosodium salts of ß-
diketones were also carried out. T h e reaction of l a 
with sodioacetylacetone (Na-AA) gave 2-acetyl-4-
nitrophenol (5) and 3a, and a similar reaction of l a , at 
a higher temperature (110 °C), with ethyl sodioaceto-
pyruvate (Na-EAP) gave 2-ethoxyoxalyl-4-nitrophenol 
(6) and 3a . 

02Ns NO, 
OH 

R'CO-CH-C=CH2 

OH 

A/COR' 

GH3 

l a 

Na-AA: R'=CH8 
Na-EAP: R'=COOEt 

+ 
N 0 2 

5: R ^ G H g 
6: R' = COOEt 

GH2N02 

I 
CONHCH2 

3a 

Fig. 4. 

I t may be considered to be characteristic of these 
reactions to form a phenol derivative from the active 
methylene compound used as the ambident nucleophile 
and the pyridone moiety containing C4 , C5 , and C6 . 
The formation of the residual moiety of the pyridone 
would lead to JV-methyl-a-nitroacetamide (3a). 

In order to prove the generality of these reactions, 
various kinds of 1-substituted 3,5-dinitro-2-pyridones, 
such as l-(m-nitrobenzyl)- ( l b ) , l-(2-pyridylmethyl)-
( l c ) , 1-unsubstituted- ( Id ) , l-(2,4-dinitrophenyl)- ( l e ) , 
l-(2-pyridyl)- ( I f ) , l-(4-methyl-2-pyridyl)- ( l g ) , l-(5-
methyl-2-pyridyl)- ( l h ) , l-(6-methyl-2-pyridyl)- ( l i ) , 
1-hydroxy- ( l j ) , 1-methoxy- ( Ik ) , and 1 - Qfr-nitrobenzyl-
oxy)- (11), were prepared and then reacted with either 
N a - D O P D or N a - E A A . 

The reaction of each 1-substituted 3,5-dinitro-2-
pyridone with N a - D O P D gave 2,6-bis(ethoxycarbonyl)-
4-nitrophenol (2) and the corresponding iV-substituted 
nitroacetamide (3). With each 1-substituted 3,5-
dinitro-2-pyridone and Na-EAA, on the other hand, 
2-ethoxycarbonyl-4-nitrophenol (4) and the corre­
sponding JV-substituted nitroacetamide (3) were 
obtained. 

The results of the above reactions and the spectral 
data ( N M R and IR) of JV-substituted nitroacetamides 
are shown in Tables 2 and 3 respectively. 

In the case of the reaction of 3,5-dinitro-l-(2-pyridyl)-
2-pyridone (If) with N a - D O P D or Na-EAA, the same 
yellow compound, 7f, was obtained, together with 3f 
and either 2 or 4 respectively. The empirical formula, 

(*YVQ 2 R'-CHJHCH-C00Et 
S ^ O NaDOPD: R'=C00Et 

R Na.EAA- R'=H 
1 

OH 

ÇT + 
N0 2 

2: R'=C00Et 

4 Rf-H 

CH2N02 

èoNHR 

7f: R=H 
7g: R-8-CH3 
7h: R* 7-CH3 

7i : R=6-CH3 

Fig. 5. 

C 7 H 5 N 3 0 2 , of this yellow compound corresponded to 
the loss of one molecule of water from JV-(2-pyridyl)-a-
nitroacetamide (3f ). The I R spectra of 7f showed the 
presence of an JV-oxide group (1205 c m - 1 ) , a carbonyl 
group (1730 cm- 1 ) , and a C=N double bond (1650 
c m - 1 ) , while the absorption bands due to the nitro 
group and the N - H bond which were confirmed in that 
of 3f were absent. During the melting-point measure­
ment, 3f was converted to 7f by heating it to 120 °C 
in a capillary. Compound 7f was also prepared from 
ethyl nitroacetate and 2-aminopyridine by only heating. 
The catalytic reduction of 7f on Raney Nickel in ethanol 
at 110 °C under 50 a tm gave ethyl 2-pyridylcarbamate. 
From the above observations, 2-oxo-2//-pyrido[1,2-6]-
[l ,2,4]triazine 4-oxide was assigned to 7f, though the 
C3 proton was not observed in the N M R spectra of 7f 
in trifluoroacetic acid or trifluoroacetic ac id-^ . With 
l g , l h , and l i all of which correspond to the homologues 
of If, and N a - D O P D or Na-EAA, 7g, 7h, and 7i were 
obtained respectively, but on the reaction of l g , 7g was 
obtained exclusively without any isolation of JV-(4-
methyl-2-pyridyl)-a-nitroacetamide (3g). The ease of 
the cyclization of JV-(2-pyridyl)-a-nitroacetamide to 7f 
in an aqueous solution is likely to be due to the increasing 
acidic a-amino group which is bonded to the electron-
attractive nitroacetyl and 2-pyridyl group, accordingly, 
the conversion of the resultant JV-anion with a 1,6-dipole 
structure to the 7f compound is favorably oriented for 
an intramolecular nucleophilic attack on the co-
nitronium ion with a loss of water. Under the same 
conditions, the fused-ring products (7h and 7i) were 
also obtained from 3h and 3i respectively. 

Further information was obtained under milder 
conditions. From the reaction of l a with N a - D O P D 
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TABLE 2. REACTIONS OF 1 (b—1) WITH SODIO /?-KETO ESTERS 

2415 

Substrate Reaction with Na-DOPDat 50 °C Reaction with Na-EAA at 70 °G 
Product (Yield/%) Product (Yield/%) 

l b 

l c 

Id 

le 

If 

lg 

l h 

l i 

l j 
Ik 

11 

/ N 0 2 

R = -CH2-42> 
R = - H 

0 2 N / _ 

/GH 3 

R = - 4 -̂™. 

XCH3 

R — O H 
R = - O C H 3 

R = - O C H 2 - / V - N O . 

2(95.5) 3b (77.9) 

2(95.0) 3c (42.0) 

2(42.5) 

2(57.0) 3e(43.0) 

4(60.8) 3b (53.4) 

4(51.2) 3c (23.2) 

4(21.9) 

4(50.6) 3e(38.7) 

2(92.8) 3f(84.2) 7f(3.8) 4(63.5) 3f(52.0) 7f(3.5) 

2(77.2) 7g(63.2) 

2(78.5) 3h(59.7) 7h(29.9) 

2(82.4) 31(39.5) 71(38.6) 

2(96.6) 
2(98.1) 3 k ( l l . l ) 

2(98.0) 31(38.5) 

4(52.0) 7g(43.2) 

4(13.4) 3h(18.8) 7h(1.4) 

4(63.4) 31(17.8) 71(41.5) 

4(83.4) 
4(86.5) 3k (10.5) 

4(88.1) 31(35.2) 

Nitroacetamide 
02NCH2-
CONHR 

3a 
3b 
3c 
3e 
3f 
3h 
31 
3k 
31 

N-H 
c m 4 

3300 
3300 
3170 
3300 
3300 
3290 
3300 
3225 
3125 

TABLE 3. 

IR 

c m 4 

1670 
1660 
1690 
1690 
1690 
1680 
1690 
1690 
1675 

iV-SuBSTITUTED 

NC 
en 

1570, 
1525, 
1565, 
1540, 
1540, 
1545, 
1530, 
1550, 
1575, 

)2 

i - 1 

1340 
1355 
1340 
1340 
1340 
1340 
1350 
1330 
1345 

NITROACETAMIDES 

CH2 
Ô 

5.16 
5.38 
5.40 
5.62 
5.62 
5.52 
5.62 
5.15 
5.18 

NMR 

NH 
ô 

7.00 
9.10 
8.20 

11.10 
9.85 

10.98 
9.95 

11.70 
11.80 

Solvent 

acetone-d6 

acetone-d/6 

acetone-^6 

DMSO-4, 
acetone-^6 

acetone-d/6 

acetone-^6 

acetone-*/6 

acetone-^6 

at room temperature, a colorless crystalline product (8a) 
(mp 155.0—156.0 °C) was obtained in addition to 2 
and 3a . The empirical formula of 8a, C 1 2 H 1 5 N 3 0 8 , 
suggests that it is an adduct of l a and diethyl 3-oxo-
pentanedioate. The I R spectra of 8a showed the 
presence of a nitro group (1540, 1350 cm - 1 ) and a 
carbonyl group (1730 c m - 1 ) . The N M R spectra of 8a 
showed the following: aromatic proton signals of the 
parent pyridone and the singlet methyl and methylene 
signals of the reagent disapeared, and the four aliphatic 
proton signals coupled with each other were observed 
in the range between 3.9 and 5.4 ppm. Two singlets 
due to the enol 7-hydroxyl group at 12.64 p p m and due 
to the strongly hydrogen-bonded 3-hydroxyl group at 
18.82 ppm were also observed. O n the treatment with 
only ethanolic sodium ethoxide at 70 °C or with Na-
D O P D in pyridine, 8a was easily converted to 2 and 
3a. O n the basis of the above physical and chemical 
data, 6,8-bis(ethoxycarbonyl)-3,7-dihydroxy-2-methyl-
4,9-dinitro-2-azabicyclo[3.3.1]nona-3,7-diene was as­

signed to 8a . Similarly, with l a and Na«EAA 6-
ethoxy carbonyl-3,7-dihydroxy- 2 -methyl - 4 , 9 -dinitro- 2 -
azabicyclo[3.3.1]nona-3,7-diene (9a) was obtained. 

Meta-bridging bicyclic structures anoalogous to 8a 
and 9a have been described by Strauss et al.*) and 
Momose et al.5) in connection with the reaction of 
electron-deficient aromatics (e.g., 1,3,5-trinitrobenzene 
or 3,5-dinitrobenzene derivatives) with active methylene 
compounds under basic conditions, but these addition 
compounds were sodium derivatives. 

From the above results, the formation of the inter­
mediate, 8a or 9a, may be ascribed to the reaction of an 
ambident electrophilic end at the 4 and 6-positions of 
1,3,5-trisubstituted 2-pyridones with the ambident 
nucleophilic end of the enolate ion which is obtained 
from the sodio /?-keto esters. 

The treatment of ethyl acetoacetate and diethyl 3-
oxopentanedioate with 1 mol of sodium ethoxide in 
ethanol easily gives ethyl sodioacetoacetate and diethyl 
3-oxopentanedioate respectively. These ambident 
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Na+ 

O 
ii 

o 
II CH 2 -G-CH 2 -COOEt 

II 

OH 

CH2-C=CH-COOEt 

ii 

ti 

o-
CH,-C=CH-COOEt 

o-
CH9=C-CH2-COOEt 

OH 

CH9=C-CH-COOEt 

o o-
CH 3-C-CH=COEt 

I I I 
Ethyl sodioacetoacetate 

Na+ 

o- o 
EtOOC-CH=C-CH 2-COOEt <—• EtOOC-CH-C-CH2-COOEt 

F 

o-
EtOOC-CH 2 -C =GH-GOOEt 

I F 

O - OH 

II 

ii 

O 

EtOOC-CH 2 -G-GH-COOEt 

OH 

OH O -

CH2=C-CH=COEt 

o- o 
EtO-C =CH-C-CH2-COOEt 

O O -

EtOOC-CH2-C -CH=COEt 

^ EtOC=CH-C=CH-COOEt <—> EtOOC-CH-G=CH-COOEt 

I I F t 

OH 

EtOOC-CH=C-CH-COOEt <• 

Diethyl sodio-3-oxopentanedioate 

OH O -

EtOOC-CH==C-CH=COEt 

anions can be accounted for as shown above: 
In the respective ambident tautomers, the enol types 

of I I I and I I F are softer uncleophiles than the enolate 
types of the others. For example, in the case of I I I 
with 3,5-dinitro-l-methyl-2-pyridone, the softer Ga-
anion would be favorably attacked at the softer C6-atom 
of the pyridone nucleus, and another soft Cy-anion of 
the resultant adduct (10) at the soft C4-atom, by the 
step-by-step nucleophilic and intramolecular nucleo-
philic mechanism leading to 8a and 9a . 

The ring transformation of 8a and 9a which are 
obtained by the reaction at a low temperature, to 2 and 
4 can be carried out by heating under basic conditions. 
I t is proposed that the transformation of the inter-

02N^N02 R, CH j_H 

la 

H N02 

CH-C00Et 

2 or 4 + 3a 

EtOOC 6 H 3 

8a: R'=C00Et 

9a: R'=H 

0 2 N r - ^ N 0 2 R-CHC-CH-COOEt 

Î 
OH 

R-CH-6=CH-C00Et 

0 2 N ^ ^ N 0 2 

R-CH=C-OU 
i i K 

HOCOOEt 

H N02 f>2 

HCkx 

EtOOC • • R 

8aR=Me,R=C00B 
9aR=Me,Rf=H 

CH2N02 

CONHR 

Fig. 6. Scheme 1. 
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mediate 8a or 9a into 2 or 4 proceeds by means of the 
initial nucleophilic attack of the 9-carbanion on the 
C5-atom, with the concomitant heterolysis of the C 4 - C 5 

bond, leaving the electron pair at the C4-atom. The 
aromatization of the resultant homolytic moiety, which 
leads to 2 or 4 can occur with the heterolysis of the 
C^-N bond, leaving the electron pair at the N-atom. 
The residual moiety of the 2-pyridone nucleus yields 
3 . In the reaction at a higher temperature, the same 
products can be obtained without the isolation of the 
intermediates. 

Exper imenta l 

All the melting points are uncorrected. The IR spectra 
were obtained on a Hitachi EPI-S2 as Nujol mulls. The 
NMR spectra were recorded on a Hitachi R-20B or JEOL 
FX-100 (unless otherwise noted the former was used), with 
TMS as the internal standard. 

3,5-Dinitro-l-methyl-2-pyridone (la). To 30 ml of 
fuming nitric acid (d 1.52) we added 5.0 g of l-methyl-2-
pyridone,6) then the mixture was heated at 80 °G for 5 h. 
After almost all the nitric acid has been evaporated under 
reduced pressure, the mixture was poured onto crushed ice, 
and the precipitates were recrystallized from water to give 
4.7 g (51.4%) of 3,5-dinitro-l-methyl-2-pyridone ( la ) ; mp 
178.0—179.0 °G (lit, mp 178 °C).7> IR: 1700 cm"1 (C=0), 
1530, 1350 (N02). NMR (DMSO-dß): ô 3.65 (3H, s), 8.93 
(1H, d), 9.52 (1H, d). 

3,5-Dinitro-1- (m-nitrobenzyl) -2-pyridone (lb). Five 
grams of 1- (m-nitrobenzyl) -2 -pyridone8) were worked-up 
according to the above method to give 3.1 g (30.0%) of 3,5-
dinitro-1-(m-nitrobenzyl)-2-pyridone ( lb) ; mp 139.0—141.0 
°G (recrystallized from aqueous acetic acid). IR: 1690 cm - 1 

(C=0), 1530, 1340 (N02) . NMR (DMSO-rf6):ô 5.43 (2H, s), 
7.62 (1H, d), 7.80 (1H, dt), 8.03 (1H, dt), 8.31 (1H, t), 8.96 
(1H, d), 9.84 (1H, d). Found: G, 44.91; H, 2.46; N, 17.71%. 
Galcd for C12H8N407: G, 45.01; H, 2.52; N, 17.50%. 

3,5-Dinitro-1- (2-pyridylmethyl) -2-pyridone (lc). 
Similarly, the nitration of 2-amino-1-(2-pyridylmethyl) -
pyridinium chloride, which had been prepared from 2-
chloromethylpyridine and 2-aminopyridine by heating, gave 
3,5-dinitro-l-(2-pyridylmethyl)-2-pyridone (lc) in a 32.0% 
yield; mp 155.0 °G with dec (water). IR: 1700 cm"1 (0=O), 
1580, 1340 (N02) . NMR (DMSO-</6) : Ô 5.52 (2H, s), 7.1—7.9 
(3H, m), 8.43 (1H, dd), 8.97 (1H, d), 9.49 (1H, d). Found: 
G, 47.66; H, 2.61; N, 20.16%. Galcd for C n H 8 N 4 0 5 : G, 
47.85; H, 2.92; N, 20.28%. 

3,5-Dinitro-2-pyridone (Id). This pyridone was obtained 
by the method of Takahashi et a/.9) 

3,5-Dinitro-1- (2,4-dinitrophenyl) -2-pyridone (le). A 
mixture of a sodium salt of 2-hydroxypyridine and a 1.1 
equimolar amount of 2,4-dinitrochlorobenzene in DMSO was 
heated at 140 °G for 5 h. The subsequent evaporation of the 
solvent was followed by extraction with chloroform to give 
l-(2,4-dinitrophenyl)-2-pyridone (mp 163.8—164.2 °G) in a 
48.0% yield. To a solution of 5.0 g of 1-(2,4-dinitrophenyl)-2-
pyridone in 50 ml of fuming sulfuric acid (30% S03) we 
added 9.7 g of potassium nitrate, portion-by-portion, the 
mixture was then heated at 130 °G for 5 h. The reaction 
mixture was poured onto crushed ice, the precipitates were 
recrystallized from aqueous acetic acid to give 3.3 g (49.0%) 
of 3,5-dinitro-l-(2,4-dinitrophenyl)-2-pyridone ( le) ; mp 165.3 
—165.5 °G. IR: 1720 cm"1 (C=0), 1530, 1350 (N02) . NMR 
(DMSCW6): ô 7.92 (1H, d), 8.07 (1H, dd), 8.11 (1H, d), 
9.18 (1H, d), 9.68 (1H, d). Found: G, 37.84; H, 1.36; N, 

20.04%. Galcd for G n H 5 N 5 0 9 : G, 37.60; H, 1.44, N, 19.95%. 
3,5-Dinitro- l-(2-pyridyl) -2-pyridone (If). Three grams 

of l-(2-pyridyl)-2-pyridone10) were treated according to the 
above method to give 3.05 g (66.7%) of 3,5-dinitro-l-(2-
pyridyl)-2-pyridone (If); mp 179.5—180.5 °G (aqueous acetic 
acid). IR: 1710 cm-1 (G=0), 1540, 1350 (N02) . NMR 
(DMSO-</6) : ô 7.4—8.1 (3H, m), 8.60 (1H, dd), 9.02 (1H, d), 
9.42 (1H, d). Found: G, 45.81; H, 2.31; N, 21.37%. Galcd 
for C10H6N4O5: G, 45.76; H, 2.16; N, 21.67%. 

3,5-Dinitro-1-(4-methyl-2-pyridyl) -2-pyridone (lg). 
Similarly, the nitration of 1 - (4-methy 1-2-pyridyl)-2-pyridone10) 
gave 3,5-dinitro-l-(4-methyl-2-pyridyl)-2-pyridone (lg) in a 
63.8% yield; mp 164.0—165.0 °G (aqueous acetic acid). IR: 
1720 cm-1 (C=0), 1530, 1355 (N02) . NMR (DMSO-</6): 
ô 2.43 (3H, s), 7.41 (1H, dd), 7.30 (1H, d), 8.44 (1H, dd), 
9.03 (1H, d), 9.39 (1H, d). Found: G, 48.08; H, 2.73; N, 
20.29%. Calcd for C u H 8 N 4 0 6 : G, 47.83; H, 2.92; N, 20.29%. 

3,5-Dinitro-1-(5-methyl-2-pyridyl) -2-pyridone (lh). The 
similar nitration of l-(5-methyl-2-pyridyl)-2-pyridone10) gave 
3,5-dinitro-l-(5-methyl-2-pyridyl)-2-pyridone (lh) in a 53.9% 
yield; mp 174.0—175.0 °G (aqueous acetic acid). IR: 1720 
cm-1 (C=0), 1535, 1330 (N02) . NMR (DMSO-rf6): ô 2.40 
(3H, s), 7.8 (2H, m), 8.5 (1H, m), 9.05 (1H, d), 9.40 (1H, d). 
Found: G, 47.64; H, 2.69; N, 20.01%. Galcd for C u H 8 N 4 0 5 : 
G, 47.83; H, 2.93; N, 20.29%. 

3,5-Dinitro-1-( 6-methyl-2-pyridyl) -2-pyridone (H). 
Similarly, 3,5-dinitro-l-(6-methyl-2-pyridyl)-2-pyridone (li) 
was obtained from l-(6-methyl-2-pyridyl) -2-pyridone10) in a 
58.8% yield; mp 175.5—176.5 °G (aqueous acetic acid). IR: 
1710 cm-1 (C=0), 1530, 1340 (N02) . NMR (DMSO-</6) : 
ô 2.67 (3H, s), 7.4 (1H, m), 7.7 (1H, m), 8.3 (1H, m), 9.02 
(1H, d), 9.48 (1H, d). Found: G, 47.96; H, 2.80; N, 20.38%. 
Calcd for G n H 8 N 4 0 5 : G, 47.83; H, 2.93; N, 20.29%. 

3,5-Dinitro-l-hydroxy-2-pyridone (lj). The pyridone was 
obtained according to the method in the literature11) in an 
80.0% yield; mp 190.0—191.0 °G. 

3,5-Dinitro- l-methoxy-2-pyridone (Ik). A mixture of 7.0 g 
of l-methoxy-2-pyridone12) and 70 ml of fuming nitric acid 
(d 1.52) was heated at 80 °G for 10 h. The cold reaction 
mixture was then poured onto crushed ice, the precipitates 
were collected by filtration, the filtrate was concentrated, and 
diluted with water, and the second crop was obtained combined 
with the above precipitates, and crystallized from water to 
give 6.5 g (54.0%) of 3,5-dinitro-l-methoxy-2-pyridone (Ik); 
mp 158.0—159.0 °G. IR: 1740 cm"1 (C=0), 1560, 1330 
(N02) . NMR (DMSO-dß): ô 3.25 (3H, s), 8.95 (1H, d), 
9.82 (1H, d). Found: G, 33.57; H, 2.50; N, 19.50%. Galcd 
for C6H5N306 : G, 33.50; H, 2.34; N, 19.54%. 

3,5-Dinitro-1- (p-nitrobenzyloxy) -2-pyridone (11). 1 - (p-
Nitrobenzyloxy)-2-pyridone12) was nitrated according to the 
preceding method to give 3,5-dinitro-l-Qfr-nitrobenzyloxy)-2-
pyridone (11) in a 70.0%, yield; mp 192.0—193.0 °G (water). 
IR: 1730 cm-1 (C=0), 1535, 1330 (N02). NMR (DMSO-</6) : 
ô 5.45 (2H, s), 7.85 (2H, d), 8.25 (2H, d), 9.02 (1H, d), 
10.00 (1H, d). Found: C, 42.92; H, 2.28; N, 16.38%. Calcd 
for C12H8N4<38: G, 42.86; H, 2.40; N, 16.67%. 

General Procedure of the Reaction of Pyridones (1) with Sodium 
Salts. To a solution of pyridone (1) in pyridine we 
added a solution of sodium salt in pyridine with cooling, then 
the mixture was heated at the required temperature for 5—10 
h. The solvent was evaporated under reduced pressure, and 
the residue was neutralized to pH 3—4 with dil. Hydro­
chloric acid and then extracted with chloroform. After the 
extract has been dried over anhydrous sodium sulfate, the 
chloroform was distilled off, and the residual syrup was 
column-chromatographed on silica gel (Wakogel C-300). 
From the benzene elute, phenol derivatives (2, 4, 5, and 6) 
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were obtained, and from the diethyl ether elute, -A^-substituted 
nitroacetamide (3). 

Reaction of 3,5-Dinitro-l-methyl-2-pyridone (la) with Diethyl 
Sodio-3-oxopentanedioate. T o a solution of 1.0 g of 3,5-
dintro-l-methyl-2-pyridone ( l a ) in 100 ml of pyridine we 
added diethyl sodio-3-oxopentanedioate, prepared from 0.17 g 
of sodium and 1.7 g of diethyl 3-oxopentanedioate in absolute 
ethanol, in pyridine with cooling. When the mixture was 
heated at 50 °G for 5 h and then worked-up according to the 
general procedure, 1.3 g of (90.4%) of2,6-bis(ethoxycarbonyl)-
4-nitrophenol (2)13) was obtained from the benzene elute and 
0.17 g (28.3%) of iV-methyl-a-nitroacetamide (3a),14> from the 
diethyl ether elute. 

2,6-Bis(ethoxycarbonyl)-4-nitrophenol (2) ; colorless needles 
(petroleum benzine) ; m p 58.0—59.0 °G. I R : 3100 c m - 1 

( O - H ) , 1720 ( C = 0 ) , 1540, 1340 ( N 0 2 ) . N M R (GDG13) : 
Ô 1.42 (6H, t ) , 4.45 (4H, q ) , 8.81 (2H, s), 12.42 ( I H , s). 
Found : C, 50.94; H , 4.64; N , 4 . 8 1 % . Galcd for C 1 2 H 1 5 N 0 7 : 
G, 50.84; H , 4 .63 ; N , 4 . 9 5 % . 

JV-Methyl-oc-nitroacetamide (3a ) ; colorless needles (diiso­
propyl e ther ) ; m p 75.0—76.0 °G. I R : 3300 c m - 1 ( N - H ) , 
1670 (G=0) , 1570, 1340 ( N 0 2 ) . N M R (ace tone -^ ) : ô 2.78 
(3H, d ) , 5.16 (2H, s), 7.00 ( I H , d ) . F o u n d : G, 30.32; H , 
5.09; N , 23 .70%. Galcd for G 3 H 6 N , 0 3 : C, 30.51; H , 5.08; 
N , 23 .73%. 

2-Ethoxycarbonyl-4-nitrophenol (4). T h e t reatment of 1.0 
g of 3,5-dinitro-l-methyl-2-pyridone ( l a ) with ethyl sodio-
acetoacetate, prepared from 0.3 g of sodium and 2.2 g of 
ethyl acetoacetate, a t 70 °C for 5 h gave 0.65 g (60.8%) of 
2-ethoxycarbonyl-4-nitrophenol (4)15> and 0.05 g (16.9%) of 
3a . 

2-Ethoxycarbonyl-4-nitrophenol (4) ; colorless plates (petro­
leum benzine); m p 97.5—98.0 °G. I R : 3420 c m - 1 ( O - H ) , 
1680 ( C = 0 ) , 1524, 1335 ( N 0 2 ) . N M R (CDC13): ô 1.45 
(3H, t ) , 4.45 (2H, q ) , 7.03 ( I H , d ) , 8.03 ( I H , dd) , 8.67 
( I H , d ) , 11.35 ( I H , s). Found : G, 51.46; H , 4.24; N , 6 .45%. 
Galcd for G 9 H 9 N 0 5 : C, 51.19; H , 4.30; N , 6 .63%. 

2-Acetyl-4-nitrophenol (5). Colorless needles (petroleum 
benzine); m p 101.0—102.0 °C (lit, m p 101—102 °C).16> I R : 
3365 c m - 1 ( O - H ) , 1650 ( C = 0 ) , 1520, 1350 ( N 0 2 ) . N M R 
(GDGI3): ô 2.71 (3H, s), 7.05 ( I H , d) , 8.26 ( I H , dd) , 8.62 
( I H , d ) , 12.76 ( I H , s). Found : G, 52.98; H , 3.77; N , 7 .45%. 
Galcd for C 8 H 7 N 0 4 : G, 53.05; H , 3.90; N , 7 .73%. 

2-Ethoxyoxalyl-4-nitrophenol (6). Colorless needles 
(petroleum benzine) ; m p 57.5—58.5 °G. I R : 3360 c m - 1 

( O - H ) , 1730 ( G = 0 ) , 1690 ( C = 0 ) , 1530, 1340 ( N 0 2 ) . N M R 
(GDGI3): ô 1.45 (3H, t ) , 4.51 (2H, q ) , 7.11 ( I H , d ) , 8.38 
( I H , dd) , 8.76 (1H, d ) , 11.73 (1H, s). Found : G, 50.35; 
H , 3.66; N , 5 .57%. Calcd for G 1 0 H 9 NO 6 : C, 50 .21 ; H , 
3.77; N , 5 .86%. 

N-(m-Nitrobenzyl)-aL-nitrocaetamide (3b). Colorless 
needles (benzene); m p 152.0—153.0 °C. N M R (acetone-</6) : 
ô 4.47 (2H, d ) , 5.38 (2H, s), 7.55—8.15 (4H, m) , 9.10 (1H, 
b r ) . Found : C, 45.02; H , 3.53; N , 17.33%. Galcd for 
C 9 H 9 N 3 0 5 : C, 45.19; H , 3.79; N , 17.57%. 

N-(2-Pyridylmethyl)-ac-nitroacetamide (3c). Colorless 
needles (diisopropyl e ther ) ; m p 83.0—84.0 °G. N M R 
(ace tone-^ ) : ô 4.55 (2H, d ) , 5.40 (2H, s), 7.0—7.9 (3H, m ) , 
8.20 (1H, br ) , 8.44 (1H, d ) . F o u n d : C, 49.55; H , 4 .29; N , 
21 .62%. Calcd for C 8 H 9 N 3 0 3 : G, 49.25; H , 4.65; N , 2 1 . 5 3 % . 

N- (2,4-Dinitrophenyl) -cc-nitroacetamide ( 3e). Pale yellow 
needles (benzene); m p 120.4—121.1 °C. N M R (DMSO-</6) : 
ô 5.62 (2H, s), 8.5 (2H, m) , 8.9 (1H, m ) , 11.10 (1H, b r ) . 
Found : C, 35.53; H , 2.08; N , 20 .54%. Calcd for G 8 H 6 N 4 0 7 : 
C, 35.56; H , 2.24; N , 20 .76%. 

N-(2-Pyridyl)-oL-nitroacetamide (3f). Colorless needles; 
dec 120 °C. N M R (ace tone -^ ) : ô 5.62 (2H, s), 7.1—8.2 

(4H, m) , 9.85 ( I H , b r ) . Found : C, 46.63; H , 3.67; N , 23.26%. 
Galcd for C 7 H 7 N 3 0 3 : G, 46 .41; H , 3.87; N , 23.20%. 

2-Oxo-2H-pyrido[l,2-h][l,2,4]triazine 4-Oxide (7f). 
After J\f-(2-pyridyl)-oc-nitroacetamide (3f) had been obtained, 
the column was washed with acetone and ethanol to give 
0.21—0.24 g (3.5—3.8%) of 2-oxo-2//-pyrido[ 1,2-6][1,2,4]-
triazine 4-oxide (7 f ) ; yellow needles (water) ; dec 210 °C. 
N M R ( C F 3 G O O D ) : ô 7.5—7.9 (2H, m) , 8.52 ( I H , d t ) , 9.65 
( I H , dd ) . Found : C, 51.35; H , 2.97; N , 25 .89%. Calcd for 
C 7 H 5 N 3 0 2 : G, 51.54; H , 3.09; N , 25 .76%. 

8-Methyl-2-oxo-2H-pyrido[l,2-b][l,2,4]triazine 4-Oxide (7g). 
Yellow needles (water) ; dec 210 °C. I R : 1730 cm" 1 (G=0) , 
1635 (C=N), 1210 ( N - > 0 ) . N M R ( C F 3 C O O D ) : ô 3.58 
(3H, s), 7.70 ( I H , d ) , 8.35 ( I H , dd) , 9.38 ( I H , d ) . Found: 
G, 54.10; H , 3.73; N , 23 .60%. Galcd for C 8 H 7 N 3 0 2 : C, 
54.23; H , 3.98; N , 23 .72%. 

N- (5-Methyl-2-pyridyl) -cc-nitroacetamide (3h). Colorless 
needles; dec 120 °C. N M R (acetone-</6) : ô 2.43 (3H, s), 
5.52 (2H, s), 7.56 ( I H , dd ) , 7.87 ( I H , d ) , 8.11 ( I H , s), 10.98 
( I H , s). Found : C, 49.38; H , 4 .71 ; N, 21.50%. Calcd for 
C 8 H 9 N 3 O a : C, 49.23; H , 4.65; N , 21 .53%. 

7-Methyl-2-oxo-2H-pyrido[l,2-b][l,2,4]triazine 4-Oxide (7h). 
Yellow needles (water) ; dec 248 °G. I R : 1735 c m - 1 (G=0) , 
1645 (G=N), 1210 (N~->0). N M R ( C F 3 G O O D ) : ô 2.50 
(3H, s), 7.70 ( I H , d) , 8.37 ( I H , dd ) , 9.37 ( I H , d ) . Found: 
C, 54.36; H , 3.82; N , 23 .68%. Galcd for C 8 H 7 N 3 0 2 : G, 
54.23; H , 3.98; N , 23.72%. 

N- ( 6-Methyl-2-pyridyl) -cc-nitroacetamide (3i). Colorless 
needles; dec 120 °G. N M R (acetone-</6) : ô 2.36 (3H, s), 
5.62 (2H, s), 6.96 ( I H , dd) , 7.61 ( I H , dd) , 7.87 ( I H , dd) , 
9.95 ( I H , s). Found : G, 49 .11 ; H , 4.55; N , 21 .73%. Calcd 
for G 8 H 7 N 3 0 3 : C, 49.23; H , 4 .65; N , 21 .53%. 

6-Methyl-2-oxo-2H-pyrido[l,2-h][l,2,4]triazine 4-Oxide (7i). 
Yellow needles (water) ; dec 182 °C. I R : 1730 c m - 1 (G=0) , 
1640 (G=N), 1210 ( N - > 0 ) . N M R (CF 3 GOOD) : ô 2.54 
(3H, s), 6.5—6.9 (2H, m ) , 7.5—7.8 ( I H , m ) . Found : C, 
54.48; H , 3 .81; N , 2 3 . 6 1 % . Galcd for C 8 H 7 N 3 0 2 : 54.23; H , 
3.98; N , 23 .72%. 

2-Oxo-2H-pyrido[l,2-b][l,2,4]triazine 4-Oxide (7f) from N -
(2-Pyridyl)-vL-nitroacetamide (3f). A mixture of 0.5 g of 
iV-(2-pyridyl)-a-nitroacetamide (3f ) in 10 ml of water was 
refluxed for 30 min. T h e mixture was then cooled and the 
precipitates were collected by filtration to give 0.44 g (98.0%) 
of 2-oxo-2//-pyrido[l ,2-^][l ,2,4]tr iazine 4-oxide (7f). Similar­
ly, 7 h and 7i were obtained quantitatively from 3 h and 3i 
respectively. 

2-Oxo-2H-pyrido[l,2-b][l,2,4]tiazine 4-Oxide (7f) (Alter­
native Method). A mixture of 2.0 g of 2-amino-
pyridine and 2.0 g of ethyl nitroacetate17) was heated slowly 
then kept at 90 °C for 1 h. When to the reaction mixture we 
then added a small amount of ethanol, 2.1 g (85.5%) of 2-
oxo - 2H- pyrido[l ,2-6][ 1,2,4] triazine 4-oxide (7f) were 
obtained. 

Catalytic Hydrogénation of 2-Oxo-2H-pyrido[l,2-h][l,2,4~]-
triazine 4-Oxide (7f). A mixture of 0.5 g of 2-oxo-2H-
pyrido[l ,2-6][ l ,2 ,4]tr iazine 4-oxide (7f), 0.1 g of Raney 
Nickel, and 50 ml of ethanol in a 100 ml autoclave was heated 
at 100 °G under 100 a tm of hydrogen gas for 5 h. After 
filtration, the ethanol was distilled off, and the residual syrup 
was column-chromatographed on silica gel; 0.3 g of ethyl 
2-pyridylcarbamate1 8) was obtained from the benzene elute, 
and 0.05 g of 2-aminopyridine, from the diethyl ether elute. 

Reaction of 3,5-Dinitro-l-methyl-2-pyridone (la) with Diethyl 
Sodio-3-oxopentanedioate at a Low Temperature. O n e gram 
of3,5-dinitro-l-methyl-2-pyridone ( l a ) was worked-up accord­
ing to the general procedure at room temperature with 
diethyl sodio-3-oxopentanedioate, and then before column-
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chromatography, diethyl ether was added to the residual 
syrup. Crystalline precipitates were collected by filtration 
to give 1.3 g of 8a, and the filtrate was column-chromato-
graphed with benzene. From the benzene elute 0.13 g of 2, 
and from the chloroform elute, and addit ional 0.3 g of 8a 
were obtained. 

6,8-Bis(ethoxycarbonyl)-3,7-dihydroxy-2-methyl-4,9-dinitro-
2-azabicyclo[3.3.1]nona-3,7-diene (8a ) ; colorless plates; m p 
155.0—156.0 °G (ethanol). I R : 1740 c m - 1 ( G = 0 ) , 1730 
(G=0) , 1560, 1335 ( N 0 2 ) . N M R ( J E O L FX-100)(CDC13) : 
Ô 1.35 (3H, t ) , 1.42 (3H, t ) , 3.20 (3H, s), 3.95 ( I H , d, J= 
2 Hz, H-6) , 4.29 (2H, q ) , 4.40 (2H, q ) , 4.42 ( I H , ddd, J=2, 
3, and 4 Hz , H-5) , 5.15 ( I H , dd, J=4 and 3 Hz , H-1) , 5.42 
( IH , dd, J=4 and 4 Hz , H-9) , 12.64 ( I H , s), 18.82 ( I H , s). 
Found : C, 4 5 . 3 1 ; H , 4 . 7 1 ; N , 10 .53%. Galcd for G 1 5H 1 9N 3O 1 0 : 
G, 45.26; H , 4.77; N , 10.42%. 

Reaction of 3,5-Dinitro-l-methyl-2-pyridone (la) with Ethyl 
Sodioacetoacetate at a Low Temperature. Similarly, the 
reaction of 1.0 g of 3,5-dinitro-l-methyl-2-pyridone ( l a ) with 
3 equimolar amounts of ethyl sodioacetoacetate gave 0.1 g 
of 4, 0.05 g of 3a , and 0.9 g of 8-ethoxycarbonyl-3,7-dihydroxy-
2-methyl-4,9-dinitro-2-azabicyclo[3.3.1]nona-3,7-diene (9a) ; 
colorless needles (e thanol) ; m p 190.0—191.0 °G. I R : 1730 
cm- 1 (G=0) , 1550, 1340 ( N 0 2 ) . N M R ( J E O L FX-100) 
(GDC13): Ô 1.41 (3H, t ) , 2.84 ( I H , d, J=4 H z , H-6) , 2.99 
( I H , d, J=2 Hz , H-6) , 3.20 (3H, s), 4.30 ( I H , ddt , J=3, 4, 
and 2 Hz, H-5) , 4.37 (2H, q ) , 4.71 ( I H , dd, J=3 and 2 Hz, 
H-1) , 5.30 ( I H , t, y = 3 H z , H-9) , 12.59 ( I H , s), 18.83 ( I H , s). 
Found : G, 43.48; H , 4.31 ; N , 12.76%. Galcd for G 1 2 H 1 5 N 3 0 8 : 
G, 43.79; H , 4.56; N , 12.76%. 

Treatment of 6,8-Bis(ethoxycarbonyl)-3,7-dihydroxy-2-methyl-4,9-
dinitro-2-azabicyclo\3.3.T\nona-3,7-diene (8a) with Sodium Ethoxide. 
A solution of 0.5 g of 8a and 0.4 g of sodium ethoxide in 50 ml 
of ethanol was refluxed for 2 h. T h e solvent was then distilled 
ofT, and the residue was neutralized to p H 3.5 with dil. hydro­
chloric acid and extracted with chloroform. After the extract 
had then been dried over anhydrous sodium sulfate, the 
chloroform was evaporated to dryness and the residual syrup 
was column-chromatographed on silica gel. From the benzene 
elute 0.1 g of 2, and from the diethyl ether elute, 0.06 g of 3a 
were obtained. 

Treatment of 6,8-Bis(ethoxycarbonyl)-3,7-dihydroxy-2-methyl-4,9-
dinitro-2-azabicyclo[3.3.1]nona-3,7-diene (8a) with Diethyl Sodio-3-
oxopentanedioate. A mixture of 0.5 g of 8a and diethyl 
sodio-3-oxopentanedioate, prepared from 0.03 g of sodium 
and 0.3 g of diethyl 3-oxopentanedioate, in pyridine was 
heated at 70 °C for 2 h. T h e reaction mixture was then worked-

up according to the usual procedure to give 0.20 g of 2 and 
0.06 g of 3a. 
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The anodic peak potentials of [2.2]para- and -metaparacyclophanes were found to be highly dependent on 
the solvent. A cleavage reaction occured when [2.2]paracyclophane was electrolyzed anodically, using acids or 
alcohols as nucleophilic solvents, whereas lead tetraacetate oxidation in trifluoroacetic acid-dichloromethane 
gave nuclear substitution products. The cathodic reduction in hexamethylphosphoric triamide-lithium chloride-
acetic acid gave l,2-di-/>-tolylethane and its Birch reduction products. On anodic oxidation, [2.2]metaparacyclo-
phane gave a rearrangement reaction product, 4-hydroxy[2.2]metacyclophane. Possible reaction pathways 
for these reactions were formulated. 

The dependence of the half-wave potentials on a 
molecular geometry and the reaction of the resulting 
radical ions have aroused considerable current 
interests.1-5) Recent findings that cyclophane-radical 
ions undergo intramolecular reactions,3-5) such as a 
transannular reaction, as well as rearrangement and 
fragmentation reactions led us to investigate the electron-
transfer-induced reactions of basic cyclophanes [2.2]-
paracyclophane (1) and [2.2]metaparacyclophane (13). 

The anodic half-wave potential of 1, + 1 . 5 2 V vs. 
S CE in acetonitr i le-tetrabutylammonium perchlorate4) 
( + 1 . 4 7 V in acetonitrile-lithium perchlorate6)), is 
anomalously low and is more cathodic by ca. 0.5 V4) 
than those of [mjparacyclophane or l,2-bis(4-alkyl-
phenyl)ethane. This fact indicates that one of the 
benzene rings serves as an internal n donor for stabilizing 
the aryl-cation radical formed. T h e enhanced n 
basicity of 1 towards tetracyanoethylene is explainable 
along the same lines.7) The anodic peak potential, Epa, 
for [2.2]metaparacyclophane (13) was determined by 
the cyclic voltammetry at 250 mV/s and was found to 
be + 1 . 7 9 V in acetonitr i le- tetrabutylammonium per­
chlorate.4) I t is more cathodic than those of the above 
model compounds by ca. 0.3 V. 

The peak potential for these compounds, as deter­
mined by the cyclic voltammetry, showed a marked 

solvent dependence. The results are summarized in 
Table 1. At the scan rate of 250 mV/s, Ep3i for 1 varied 
from + 1 . 5 7 V in acetonitrile to + 1 . 1 2 V in trifluoro­
acetic acid-dichloromethane ( 1 : 1 ) . A slight cathodic 
shift was also observed in solutions containing acetic 
acid, but no peak was recorded in acetic acid-sodium 
acetate or in acetic ac id-ammonium salts. 

The controlled potential electrolysis of 1 was carried 
out in trifluoroacetic acid or trifluoroacetic ac id-
dichloromethane, using tetrabutylammonium fluoro-
borate (TBAF) at +1 .5—1.7 V, but no product was 
obtained. When 1 was electrolyzed in acetic ac id-
TBAF8> at +1 .7—1.9 V, l,2-bis[4-(acetoxymethyl)-
phenyl]ethane (2) was obtained in a 2 4 % yield. The 
structure was confirmed by the 1H N M R and MS 
spectra and by elemental analyses. 

Compound 2 was also formed in a 1 5 % yield when 
1 was electrolyzed anodically in acetic acid-sodium 
acetate.9) When a similar reaction was carried out in 
propionic ac id-TBAF bispropionate, 3 was obtained. 

In order to compare the electrochemical results with 
these of a chemical method, 1 was treated with lead 
tetraacetate in acetic acid-dichloromethane.10) This 
resulted in the formation of 2 and [2.2]paracyclophan-4-
yl acetate (7)11) in 21 and 1 3 % yields respectively. 
When the oxidation was carried out in trifluoroacetic 

TABLE 1. ANODIC PEAK POTENTIALS OF [2.2]PARA- (1) AND -METAPARACYCLOPHANES (13) 

IN VARIOUS SOLVENTS, + V VS. SCEA> 

Scan rate 
mV/s 

50 
100 
250 
500 

50 
100 
250 
500 

MeCN TFA-CH2C12 

(1:1) 

[2.2]paracyclophane (1) 
1.52, 1.75 
1.54, 1.77 
1.57, 1.80 
1.59, 1.82 

1.06 
1.10 
1.12 
1.15 

[2.2]metaparacyclophane (13) 
1.73 
1.76 
1.79 
1.82 

1.30, 1.60sh 
1.32, 1.61sh 
1.34, 1.64sh 
1.40, 1.71sh 

AcOH-CH2Cl2 

(1:4) 

1.40sh 
1.47sh 
1.54sh 
1.62 sh 

_ b ) 

AcOH-MeCN 
(1:1) 

1.28 
1.32 
1.36 
1.43 

1.57sh, 1.73 
1.60sh, 1.75 
1.65sh, 1.81 sh 
1.74 

PhN0 2 

1.69 
1.74sh 
1.83sh 

a) Determined in the specified solvent using tetrabutylammonium perchlorate (0.1 M) as the supporting elec­
trolyte. Scan range, 0 (-2.2 V. Shoulders are denoted sh. b) No anodic peak was observed up to 
+ 2.2 V. 
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TABLE 2. THE REACTION OF [2.2]PARACYCLOPHANE (1) 

WITH LEAD TETRAACETATE8^ 

Gompd 1, 
mmol 

3.0 
3.0 
3.0 

Pb(OAc)4, 
mmol 

1.5 
3.0 
7.5 

1 

50 
17 
0 

Yield/% 

6 

15 
14 
0 

8 

trace 
12 
39 

a) The reaction was carried out in trifluoroacetic 
acid-dichloromethane (1: 2) at 0 °G for 12 h. 

acid-dichloromethane at 0 °C, however, no cleavage 
products were obtained.12) Instead, 4-hydroxy[2.2]-
paracyclophane (6)11) and pseudo-para-dihydroxy[2.2]-
paracyclophanes (8)13) were formed. The results are 
shown in Table 2. The ready hydrolysis of trifluoro-
acetate during handling was noticed. 

The formation of 7 is assumed to involve the nucleo-
philic reaction of acetic acid towards the [2.2]para-
cyclophane cation radical, 9, to give 10, which then 
undergoes further electron transfer and deprotonation. 
Oxidation with lead tetraacetate appears to favor this 
route, especially when trifluoroacetic acid is used as the 
solvent, for it is known to stabilize aryl-cation radicals.14) 

O n the other hand, the electron abstraction of 1 on a 
platinum anode gives the cation radical, 11, which, via 
the acetate radical, 12, gives diacetate, 2 . The expected 
side-chain acetoxylation10) did not occur, possibly 
because of an excessive internal strain15) present in 1 
which was relieved by going into 11. I t is highly 
probable that electron-transfer and acetoxylation to 
give (12) occur in a concerted manner . 

Solvolytic anodic-cleavage reactions occurred in 
alcoholic solvents, though in low yields. 1,2-Bis[4-
(methoxymethyl) phenyl] ethane (4) was obtained when 
1 was electrolyzed anodically in methanol-TBAF at 
+ 1 . 3 9 V using a plat inum electrode. A similar reaction 
in ethanol gave a diethoxy compound, 5. 

The anodic electrolysis of 13 in acetic acid-sodium 
acetate at the controlled potential of + 1 . 8 0 V gave 
4-hydroxy[2.2]metacyclophane (17) in a 2 0 % yield, 
together with the recovered material . The rearranged 
structure, 17, was confirmed by comparing the sample 
with an authentic material prepared from [2.2]meta-
cyclophane by treatment with benzoyl peroxide and 
copper(II) chloride, followed by hydrolysis.16) Although 
[2.2]metacyclophane and derivatives have been shown4) 
to undergo easy transannular dehydrogenation reaction 
by means of the anodic reaction in acetonitrile, no such 
reaction was found to occur in acetic acid-sodium 
acetate. Conversely, no skeletal change occurred when 
13 was electrolyzed in a solvent containing acetonitrile. 

The possible reaction scheme for the formation of 17 
involves the oxygenation of the cation radical, 14, to 
give 15, which is then rearranged to 16. The deproto­
nation of 16, followed by hydrolysis, gives 17. The 
addition of water increased the yield of 17, and it might 
be possible that water instead of the presumed acetoxyla­
tion is responsible for the introduction of the hydroxyl 
group. Tha t 17 was the initial product of the reaction 
was shown by gas chromatography of the reaction 

mixture, which was carefully handled to avoid 
hydrolysis. 

The cathodic reduction of 1 was then carried out 
under conditions which involved a solvated electron.17) 
To a solution of 1 in hexamethylphosphoric triamide 
containing lithium chloride, acetic acid was added as a 
proton source, after which the mixture was electrolyzed 
cathodically under constant current conditions using 
a current density of 12 mA/cm 2 . As cathodes, t i tanium, 
lead, and plat inum were used, while a plat inum wire 
was used as the anode. We thus obtained three cleavage 
products, 18—20, which were separated by column 
chromatography on alumina containing silver nitrate. 
Of the cathode materials, t i tanium gave the highest 
yield of cleavage products. When 7.4 F/mol of electri­
city was passed through, ca. 5 0 % of the material was 
cleaved. The results are summarized in Table 3. 

TABLE 3. THE CONSTANT-CURRENT CATHODIC REDUCTION 

OF [2.2]PARACYCLOPHANE (l) a ) 

Electrode 

Ti 
Pb 
Pt 

18 

17 
5 

trace 

Yield/% 

19 

21 
trace 

20 

7.5 
trace 

a) The reaction was carried out in hexamethylphos­
phoric triamide-lithium chloride-acetic acid at the 
current density of 12 mA/cm2. 

A usual Birch reduction using liq ammonia- te t ra-
hydrofuran-ethanol-sodium gave only ö?/-tetrahydro-
(l),18) although a modification of the procedure reported 
by Marshall et a/.19) gave 18, but no further reduction 
products. The cathodic reduction of 18 carried out in 
the same way as above gave 19 and 20. 

OR OR 

2 R=Ac 
3 R=EtCO 
4 R=Me 
5 R=Et 

CH2 CH2 

1 1 12 
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Me Me Me Me Me Me <^P <§!p Op 
18 19 20 

E x p e r i m e n t a l 

Cyclic Voltammetry. Cyclic vol tammetry was performed 
at room temperature using the combination of a generator, 
Hokuto HB-107A, and a potentiostat, Hokuto HA-101 . T h e 
H-type cell used consisted of an anode compar tment (20 ml) 
and a cathode compar tment separated by a glass frit. A 
plat inum inlay electrode, Beckman No. 39273, was used as the 
anode, while p la t inum wire was inserted to serve as the 
counter electrode. T h e reference S CE electrode was connected 
to the side-arm with the aid of two junct ion bridges, each 
fitted with a ceramic plug. These were filled with saturated 
KCl solution and solution containing anolyte. 

Controlled-potential and Controlled-current Electrolyses. A 
Hokuto potentiostat/galvanostat HA-101 (max. output 30 V, 
0.1 A) or HA-105 (max. output 200 V, 1 A) was used as the 
dc source. Coulometry was performed by a Hokuto digital 
coulometer, HF-102. 

A cylindrical cell is equipped with two side arms for connect­
ing the S CE and a nitrogen bubbler . A ceramic thimble was 
used as the divider. A punched p la t inum electrode with an 
area of 40 cm2 was used as the anode, while a p la t inum wire 
was used as the cathode for the anodic experiments. T h e 
electrodes used for solvated-electron reduction (Ti, Pb, and 
Pt) have an area of 8.5 cm2 . 

The reference electrode was connected to the side a rm 
through two junct ion bridges, each fitted with a ceramic plug 
and each containing a saturated K C l solution and the reaction 
medium. 

l,2-Bis[4-(acetoxymethyl)phenyl]ethane (2). A mixture of 
1 (200 mg, 0.91 mmol) in acetic acid (100 ml) containing 
TBAF (0.1 M) was electrolyzed at the controlled potential 
of +1 .7—1.9 V . W h e n 2F/mol of the electricity had been 
consumed, the electrolysis was stopped and the resultant 
reaction mixture was neutralized with aqueous sodium 
hydrogen carbonate. T h e ether extracts were evaporated and 
passed through a Florisil column, using benzene as the eluent. 
T h e products were further purified by liquid chromatography 
on a prepacked silica gel column (Lobar column from Merck) . 
Compound 2 was obtained as colorless crystals (mp 77—78.5 
°C (recrystallized from benzene-hexane) ) in a 2 4 % yield. 
T h e material recovery was 16%. T h e rest of the material 
was a colored, tarry matter . *H N M R (CDC13) Ô 2.08s (6H), 
2.90s (4H), 5.08s (4H), and 7.24s (8H). 

Found : C, 73.29; H , 6 .75%. Calcd for C 2 0 H 2 2 O 4 : C, 73.60; 
H , 6.79%. 

T h e electrolysis of 1 in acetic acid-sodium acetate also 
produced 2 in a 15% yield. 

l,2-Bis[4-(propionyloxymethyl)phenyl]ethane (3). A 
mixture of 1 (208 mg, 1.0 mmol) in propionic acid (50 ml) 
and dichloromethane (150 ml) containing TBAF (0.1 M) was 
electrolyzed until 1.8 F/mol of electricity had been consumed. 
Subsequent chromatography on Florisil eluted with benzene-
hexane gave 3 as a viscous oil in a 9% yield; this substance 
solidified on long standing; m p 29—30 °C. The starting 
material was recovered in a 70% yield. *H N M R (CDC13) 
Ô 1.17t (6H), 2.23q (4H), 5.03s (4H), and 7.20s (8H) ; M S 
m/*297 [ M + - 5 7 (COC 2 H 5 ) ] . 

F o u n d : C, 73.76; H , 7.26%. Calcd for C 2 2 H 2 6 0 4 : C, 74.55; 
H , 7.39%. 

l,2-Bis[4-(methoxymethyl)phenyl]ethane (4). A mixture 
of 1 (500 mg, 2.4 mmol) and TBAF (1.1 g, 33 mmol) in 
methanol (500 ml) was electrolyzed at the constant potential 
of + 1 - 3 9 V. A usual work-up, followed by chromatography 
on silica gel, gave 4 as colorless needles; m p 69—72 °C (recry­
stallized from hexane) ; 1U N M R (CDC13) ô 2.83s (4H), 
3.38s (6H), 4.43s (4H), and 7.16s (8H). 

Found : C, 79.98; H , 8.26%. Calcd for C 1 8 H 2 2 0 2 : C, 
79.96; H , 8.20%. 

Cathodic Reduction of 1. T h e constant-current cathodic 
reduction of 1 was carried out in hexamethylphosphoric 
tr iamide containing l i thium chloride (0.3 M ) , using acetic acid 
as a proton source, at the current density of 12 mA/cm2 . The 
results are summarized in Table 3. 

T h e typical reaction was carried out as follows: a mixture 
of 1 (610 mg, 2.9 mmol) , hexamethylphosphoric triamide 
(75 ml) containing l i thium chloride (0.3 M ) , and acetic acid 
(2 g) was electrolyzed until 7.4 F/mol of electricity had been 
consumed, using a t i tanium cathode and a plat inum anode. 
The voltage between the working and reference electrodes was 
— 2.66 3.2 V. T h e ether extract was passed through a 
column packed with Wakogel C-200 containing 2 0 % silver 
nitrate. T h e column was then eluted with hexane-benzene. 

Compounds 18 (17%) , 19 (21%), and 20 (7.5%) were 
successively eluated. Compound 18 was obtained as colorless 
needles; m p 80—81.5 °C; 1H N M R (GDG13) ô 2.28s (6H), 
2.82s (4H), and 7.06s (8H). 

Compound 19 was obtained as colorless needles; m p 48— 
49.5 °C ; 1H N M R ô 1.67s (3H), 2.28s (3H), 2.10—2.40m 
(4H), 2.57m (4H), 5.40m (2H), and 7.04s (4H) ; M S m/e 212. 

Found : C, 89.93; H , 9 .39%. Calcd for C 1 6H 2 0 : C, 90.50; 
H , 9 .50%. 

Compound 20 was obtained as colorless needles; m p 57— 
58 °C ; m N M R ô 1.67s (6H), 2.08s (4H), 2.56m (8H), and 
5.40m (4H) ; M S m/e 214. 

Found : C, 88.54; H , 10.06%. Calcd for C 1 6H 2 2 : C, 89.65; 
H , 10.35%. 

When 18 was subjected to similar reaction conditions, 19 
(13%) and 20 (42%) were obtained. 

Anodic Rearrangement of 13. A solution of 13 (52 mg, 
0.25 mmol) in acetic acid (50 ml) containing sodium acetate 
(0.2 M) was electrolyzed at + 1.80 V. After 2.8F/mol of 
electricity had been passed through the reaction mixture was 
handled as usual and was analyzed by column chromato­
graphy on silica gel. In addit ion to the recovered 13 (36%), 
4-hydroxy[2.2]metacyclophane (17) (mp 161—164 °C) was 
obtained in a 2 0 % yield. I t was identical with the authentic 
material prepared according to the literature.19) 

The Reaction of 1 with Lead Tetraacetate. Compound 1 
was treated with lead tetraacetate in acetic acid-dichloro-
methane or in trifluoroacetic acid-dichloromethane. 

T h e reaction in trifluoroacetic acid-dichloromethane is 
summarized in Table 2. A typical run was carried out as 
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follows: to a solution of 1 (625 mg, 3.0 mmol) in dichloro-
methane (80 ml), a solution of lead tetraacetate (670 mg, 
1.5 mmol) in TFA (10 ml) was added at 0 °G. After 9 h the 
reaction mixture was worked-up as usual. Column chromato­
graphy on Florisil eluted by benzene gave 1 (50%), 6 (15%) 
(mp 184—193 °C),n) and a trace amount of 8. Compound 
8 was obtained in a 39% yield when an excess amount 
of lead tetraacetate was employed; mp 229—231 °C.13) 
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Phosphinyl- and Phosphinothioylamino Acids and Peptides. V. 
Preparation of Dimethylphosphinothioylamino Acids 

and Solid Phase Peptide Synthesis 
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The use of the dimethylphosphinothioyl(Mpt) group for protection of iV^a-amino functions of amino acids 
has been studied as the most readily removable group in the phosphinothioyl series. The Mpt-amino acids have 
been prepared by the alkaline hydrolysis of Mpt-amino acid esters and Schotten-Baumann type reactions of free 
amino acids. The Mpt group has been removed using a solution of triphenylphosphine dihydrochloride in dichloro-
methane. L-Leu5- and D-Ala2, L-Leu5-enkephalins have been synthesized by a solid phase method and synthetic 
L-Leu5-enkephalin exibited identical activity with an authentic sample. 

Recently it has been established that a series of 
phosphinothioyl groups serve to protect the Na-amino 
functions of amino acids.1»2) In a previous paper it was 
shown that the diphenylphosphinothioyl(Ppt) group 
was the most useful group since diphenylphosphinothioyl 
chloride (Ppt-Cl) is readily available from the Friedel-
Crafts reaction of benzene and thiophosphoryl chloride 
and could be used for the preparat ion of Ppt-amino 
acids by the Schotten-Baumann type reaction.3 '4) The 
Ppt group was removed by hydrogen chloride reagents 
to reproduce the Pp t -C l . The chloride was relatively 
inactive to the indole moiety of tryptophan and no 
other active intermediate was generated during the 
course of deprotection, and consequently the Ppt-amino 
acids were successfully utilized for the solid phase 
synthesis of oligopeptides containing tryptophan.5) The 
conditions for removal of the Ppt-group however apper 
inappropriate for the synthesis of larger peptides on 
solid supports. In this paper the use of the dimethyl-
phosphinothioyl(Mpt) group has been studied as the 
most readily removable group in the phosphinothioyl 
series. 

Cleavage of the phosphinothioyl groups is greatly 
facilitated in the presence of methyl group as substituent 
on the phosphorus atom.1) The dimethylphosphino-
thioyl group was selected in this study since this avoided 
the introduction of a new asymmetric center on the 
phosphorus atom. Dimethylphosphinothioyl chloride 
(1) was obtained by chlorinating tetramethyldiphosphine 
disulfide6) with sulfuryl chloride.7) 

The Mpt-amino acids were prepared by two methods : 
the alkaline hydrolysis of Mpt-amino acid esters 
(Method A) and the direct phosphinothioylation of free 
amino acids (Method B). 

(Method A) 
g 

CH3 N H (CaH6)8N 
P-Cl + H 2NCHRC0 2R' • Mpt-NHCHRC0 2R' 

on/ x 

(Method B) 

+ H 2NCHRC0 2H 
l)OH-

2)H+ 

l)OH-
2)H+ 

Mpt-NHCHRC0 2H 

The chloride 1 reacted rapidly with the amino acid 
esters to give the corresponding Mpt-amino acid esters, 
which were subsequently hydrolysed by aqueous sodium 
hydroxide to yield Mpt-amino acids. In the case of 

Mpt-glycine the product was partially extracted by 
organic solvents from the acidified aqueous reaction 
mixture saturated with sodium chloride. A small 
amount of the analytically pure sample of the dicyclo-
hexylamine salt was obtained by laborious extraction, 
but regeneration of the free acid before use proved 
impossible. Homologous diethylphosphinothioyl(Ept)-
glycine was prepared in a similar manner and substituted 
for Mpt-glycine in the following peptide synthesis. No 
difficulty was encounterd in the preparation and isola­
tion of this compound and also in the deprotection of 
the Ept group as described later. The tyrosine ester 
reacted with 1 to give a mixture of iVa-Mpt and Na-, 
O-bis-Mpt derivatives. Mpt-tyrosine was obtained by 
alkaline hydrolysis in a similar manner to that for the 
Ppt-derivatives.4) 

TABLE 1. 

Temperature 

RT 
0°C 

o°c 
o°c 
o°c 
o°c 

PREPARATION OF Mpt-L-METHiONiNE 

DCHA SALT 

Mpt-Cl(eq) 

1.0 
1.0 
1.0 
1.1 
1.1 (ether solution) 
1.2 

Base Yield(%) 

1 M NaOH 0 
1 M NaOH 58 
2 M NaOH 48 
1 M NaOH 59 
1 M NaOH 68 
1 M NaOH 78 

In the direct synthesis of Mpt-amino acids by the 
Schotten-Baumann type reaction several problems were 
encountered. 1 was rapidly hydrolysed in an alkaline 
solution, a reaction not found with Pp t -Cl . This 
problem was solved by conducting the reaction at low 
temperature with an excess of reagent. The addition 
of 1 in an ether solution improved the yield as shown in 
Table 1. The hydrolysis product of 1, dimethylphos-
phinothioic acid was not extractable by organic solvents 
in acidified aqueous solution, and consequently the use 
of excess reagent did not complicate the purification. 
The Mpt-amino acids were stored in their dicyclohexyl-
amine(DCHA) or cyclohexylamine(CHA) salts. The 
physical properties and elemental analysis data are 
summarized in Table 2. 

Removal of the M p t group was accomplished by 
hydrogen chloride in organic solvents, in a similar 
manner to that for the Ppt group, but much more 
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TABLE 2. DIMETHYLPHOSPHINOTHIOYL- AND DIETHYLPHOSPHINOTHIOYLAMINO ACID SALTS 

Mpt deriv. of 

Gly.DGHA 

Gly.DCHAc> 

L-Ala-DCHA 

L-Val-DCHA 

L-Leu-DGHA 

L-Ile-GHA 

L-Phe-DGHA 

L-Pro-DGHA 

L-Met.DGHA 

L-Gys(Bzl).DGHA 

L-Asp(OBuO-DGHA 

L-Tyr-DGHA 

L-Tyr(Bzl).DGHA 

L-Lys(Z).DGHA 

L-Trp.DGHA 

D-Ala-DGHA 

Yield, % 
(Method)a> 

(A) 

78(A) 

57(B) 

54 (B) 

59 (B) 

63 (B) 

65 (B) 

48 (B) 

78 (B) 

67(B) 

41 (B) 

65(A) 

23 (B) 

16(B) 

47(B) 

41 (B) 

Mpt-Gl 
(eq) 

1.1 

1.1 

1.1 

1.1 

1.1 

1.1 

1.1 

3.0 

1.1 

1.1 

1.1 

1.1 

2.1 

Mp 
(°G) 

131—133 

181—183 

147—148 

148—149 

146—156 

146—158 

165—170 

131—133 

147—149 

162—164(dec) 

154 

160—161 

169—172 

123—124 

180—185 (dec) 

172—173(dec) 

MS 
(deg)*> 

- 1 0 . 0 

- 1 2 . 5 

- 3 0 . 0 

- 1 3 . 8 

- 7 . 5 

- 7 5 . 0 

- 1 0 . 0 

+ 10.0 

- 2 0 . 0 

- 1 0 . 0 

- 1 0 . 0 

+ 5.0 

-12.5d> 

+ 7.5 

Found (Galcd), % 

G 

55.54 
(55.19) 
57.12 

(57.46) 
53.66 

(53.70)e> 
58.13 

(58.33) 
59.82 

(59.42) 
50.03 

(49.43)f) 
62.89 

(63.02) 
57.88 

(57.45) ?> 
53.34 

(52.91)*) 

59.55 
(59.51) 
57.38 

(57.16) 
58.04 

(58.49)° 
66.03 

(66.19) 
60.14 

(59.80)» 
62.48 

(62.91) 
55.62 

(55.63) k> 

H N 

9.62 8 j l 
(9.48) (8.04) 
10.13 7.69 
(9.83) (7.44) 
9.73 7.57 

(10.*22)e> (7.*36)e> 
10.49 7.25 

(10.22) (7.15) 
10.66 6.84 

(10.14) (6.93) 
9.86 8.55 

(9.70)f) (8.23)f) 
9.05 6.49 

(8.90) (6.39) 
9.55 7.14 

(9*.57)s> (7*.05)g> 
9.13 6.35 

(9.27)h> (6.49)h> 
8.39 5.43 

(8.46) (5.78) 
9.55 5.61 

(9.30) (6.06) 
8.81 6.17 

(8.80)1) (5.93) l> 
8.35 4.81 

(8.27) (5.14) 
8.67 7.32 

(8.71)» (7.47)J) 
8.10 8.49 

(8.38) (8.80) 
10.16 7.89 
(9.75)k> (7.63)k> 

a) Described in Experimental, b) c 1 in EtOH unless otherwise stated, c) Diethylphosphinothioyl deriva­
tive, d) c 1 in MeOH. e) Galcd for G1 7H3 5N202PS.H20. f) Galcd for G1 4H3 1N202PS.H20. g) Galcd 
for C25H43N202PS. 1/2 H 2 0 . h) Galcd for G19H39N202PS2. 1/2 H 2 0 . i) Galcd for G23H39N203PS. H 2 0 . 
j) Galcd for C28H48N304PS • 1/2 H 2 0 . k) Galcd for G17H35N202PS • 1/4 H2Q. 

rapidly. A solution of triphenylphosphine dihydro-
chloride in dichloromethane2»5) effectively increased the 
rate of removal of the Mpt by a factor of 60 compared 
to the /-butoxycarbonyl(Boc) group;8) this reagent 
appears to be very convenient in solid phase synthesis. 
Deprotection of Mpt-L-phenylalanine resin was com­
pleted within 10 min by treatment with 0.5 M (1 M = 
1 mol d m - 3 ) hydrogen chloride in dichloromethane 
containing 0.25 M triphenylphosphine and within 30 
min with 0.25 M hydrogen chloride solution.2) 

To demonstrate the synthetic utility of Mpt-amino 
acids, the solid phase syntheses of L-Leu5-enkephalin 
(L-Tyr-Gly-Gly-L-Phe-L-Leu) and the D-Ala2 analog 
were attempted. Mpt-L-leucine was esterified with a 
chloromethyl resin by the caesium salt method.9) 
Deprotection of the Mpt group was achieved by treat­
ment with 0.2 M hydrogen chloride solution in dichloro­
methane containing 0.2 M triphenylphosphine for each 
30 min (twice). Coupling of the Mpt- and Ept-amino 
acids were mediated with the oxidation-reduction 
condensation method10) using a 3-fold excess of tris-
(/?-methoxyphenyl)phosphinen) and 2,2'-dithiodi-
pyridine. This enabled tyrosine could be used without 
protection of the side chain hydroxyl group. Crude 

peptides were removed from the resin by treatment 
with hydrogen bromide in trifluoroacetic acid12) in the 
presence of anisole. Separation by preparative thin layer 

100 

•5 

'S 50 

I 
• 

o 

1 I 1 

II 

1 1 l l 

10" 7 1 0 " 6 1 0 " 5 1 0 " 7 1 0 " 6 10' _LU -LU -LU 

Concentration(M) 

i-7 m " * n-5 

Fig. 1. Dose-response curve of synthetic L-Leu5-enke-
phalin (I) and an authentic sample (II). ( 0 : agonist 
alone, 0 : agonist+naloxone 10~8 M). 
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c h r o m a t o g r a p h y o n silica gel a n d pu r i f i ca t i on b y gel 
c h r o m a t o g r a p h y o n S e p h a d e x L H - 2 0 g a v e t h e des i r ed 
c o m p o u n d s i n 52 a n d 4 0 % yie lds , r e spec t ive ly . T h e 
ac t iv i ty of t h e s y n t h e t i c L - L e u 5 - e n k e p h a l i n as a n o p i o i d 
agon i s t i n l o g i t u d i a l m u s c l e s t r ips of g u i n e a - p i g i l e u m 
w a s i d e n t i c a l w i t h t h a t of a n a u t h e n t i c s a m p l e ( P r o t e i n 
R e s e a r c h F o u n d a t i o n , O s a k a ) as s h o w n i n F i g . 1. T h e 
ac t iv i ty of D-Ala 2 , L - L e u 5 - e n k e p h a l i n is n o w b e i n g 
s t u d i e d a n d t h e resul t s wil l b e p u b l i s h e d i n d u e cou r se . 

E x p e r i m e n t a l 

Thin layer chromatography (TLG) was performed on silica 
gel plates (Merck 60F254) in the following solvent systems: 
chloroform-methanol-aqueous ammonia ( 6 0 : 3 0 : 5 , Rf1), 
1-butanol-acetic acid-ethyl acetate—water ( 1 : 1 : 1 : 1 , Rf

2) 
and ethanol-water ( 7 : 3 , Z?f

3). T h e peptides were detected 
on the T L G plates using ultraviolet light, iodine vapor and 
ninhydrin. 

Dimethylphosphinothioyl chloride was prepared according 
to the literature.6 '7 ) Distillation of the product was achieved 
after decomposition of the contaminat ing dimethylphosphinyl 
chloride by shaking with water. T h e chloride 1 solidified on 
cooling and was stored for several months, without change, 
in a refrigerator. 

iV^-Dimethylphosphinothioylamino acids were prepared by 
the alkaline hydrolysis of iVa-dimethylphosphinothioylamino 
acid esters obtained by the reaction of dimethylphosphinothioyl 
chloride with amino acid esters (Method A) and the reaction 
of an ethereal solution of dimethylphosphinothioyl chloride 
and a-amino acids (or a-amino acids bearing a protected side-
chain functional group) in aqueous alkaline solution at 
controlled p H . T h e dimethylphosphinothioylamino acids thus 
prepared were isolated as the dicyclohexylamine(DGHA) or 
cyclohexylamine ( GHA) salts. 

Method A. T o a suspension of the amino acid ester 
hydrochloride (5 mmol) in chloroform (10 ml) and triethyl­
amine (10 mmol) , M p t - G l (5 mmol) in chloroform (5 ml) was 
added at 0 °G. After stirring at room temperature for 6 h, 
the solution was washed with water, ice-cold 5 % citric acid 
solution, water, 5 % N a H C 0 3 solution and saturated NaCl 
solution, dried and evaporated to dryness. T h e oily residue was 
dissolved in ethanol (5 ml) and to this solution was added 1 M 
N a O H solution (5 ml) . T h e reaction mixture was stirred at 
room temperature for 4 h. After removal of ethanol in vacuo, 
the aqueous solution was extracted twice with ethyl acetate 
and the ethyl acetate extracts back extracted with 5 % N a H G 0 3 

solution. T h e combined aqueous solutions were acidified at 
0 °G to p H 4—5 with solid citric acid, saturated with NaCl 
and extracted 5 times with ethyl acetate. The ethyl acetate 
extracts were effectively washed with saturated NaCl solution 
and dried over anhydrous N a 2 S 0 4 . After removal of the 
drying reagent, D C H A was added to effect separation of the 
corresponding salt. O n certain occasions the addit ion of the 
same volume of ether was necessary to induce precipitat ion. 
T h e product was filtered off and washed with ethyl acetate 
or ether. 

Method B. T h e amino acid (50 mmol) was dissolved 
in 1 M N a O H solution (50 ml) , and M p t - G l (55 mmol) in 
ether (50 ml) added dropwise at 0 °G. T h e mixture was 
vigorously stirred to initiate immediate reaction. 1 M N a O H 
solution was added at a rate which maintained the p H of the 
solution at 9.5—10,0. Subsequently the reaction mixture 
was treated as described in Method A. The product was 
isolated as the D G H A or GHA salt and purified by recrystalli-

zation from ethanol, ethyl acetate or a methanol-ether 
mixture. 

Dichloromethane Solution of Triphenylphosphine Dihydrochloride. 
Dry hydrogen chloride was passed through a dichloromethane 
solution of triphenylphosphine and saturated at room tempera­
ture. An aliquot of the solution was added to water and 
t i t rated with 1 M N a O H solution using Phenolphthalein as 
the indicator to determine the concentration of HG1. 

Solid Phase Synthesis of \,-Leuh-enkephalin. Mpt-L-
leucine was esterified on resin support by treatment of the 
caesium salt with a chloromethyl resin prepared by chloro-
methylating the Bio-Beads S-Xl (Bio-Rad Laboratories) (Leu 
content ; 0.63 mmol/g) . T h e ester resin (1 g) was placed in 
the reaction vessel of the Beckman model 990 peptide syn­
thesizer using the program described before.4* Removal of the 
M p t group was affected by 0.2 M H C l in dichloromethane 
solution containing 0.2 M triphenylphosphine (twice for 30 
min) . After neutralization with 10% triethylamine in 
dichloromethane, the couplings were mediated with the 
oxidation-reduction condensation method using tris(/>-meth-
oxyphenyl)phosphine and 2,2 /-dithiodipyridine. Glycine was 
used as the Ept derivative. T h e Mpt-L-Leu5-enkephalin-
resin was finally deprotected, washed and dried in vacuo. A 
sample was hydrolysed in 12 M HGl-propionic acid at 130 °G 
for 2 h13> to give the amino acid ratios: Tyr0 99, Gly1#89, Phex 06, 
Leu0#99. T h e penta-pept ide was removed from the resin by 
bubbling a stream of anhydrous hydrogen bromide through a 
suspension of the peptide resin in trifluoroacetic acid (10 ml) 
containing 50 equivalents of anisole for 90 min at room 
temperature . T h e filtrate and three trifluoroacetic acid (30 ml) 
washings were combined and evaporated in vacuo. The 
residue was separated and purified by silica gel preparative 
layer chromatography using the solvent system 1. The 
desired band (Z? f=0.3—0.4) was eluted with methanol and 
evaporated in vacuo to give a white solid. T h e solid was 
dissolved in a small amount of methanol and applied to a 
Sephadex LH-20 (3 X 80 cm) column in order to remove the 
silica gel contaminents. T h e individual fractions collected 
(8 ml each) were examined by U V absorbancy at 280 nm. 
The eluates containing a single component (tube Nos. 27—33) 
were combined and evaporated to give white crystals; 167 mg 
(52% from Mpt-L-Leu-resin). An analytical sample was 
obtained by recrystallization from methanol, m p 158—160 °G 
(lit,14) 157—167 °G, lit,15) 206—208 °C) ; [a]2

D
5 +27 .8° (c 0.9, 

M e O H ) (lit,15) +32 .3° (c 0.9, M e O H ) , lit,16) + 2 0 ° (c 1, 
M e O H ) ) ; Rf* 0.35 (lit,17) 0.33), Rf

2 0.73 (lit,16) 0.85), i? f
3 0.74 

(lit,17) 0.77). Amino acid ratios in hydrolysate by 6 M HG1 
at 110 °G for 24 h : Tyr0#98 , Gly2#02, Phe0#99, Leu1#01. Found: 
G, 59.14; H , 6.95; N , 12.30%. Galcd for G 2 8 H 3 8 N 5 0 7 . 
1 /2H 2 0 : G, 59.46; H , 6.95; N , 12.38%. 

D-Ala2, \,-Leuh-enkephalin. This peptide was synthesized 
in a similar manner to above using Mpt-D-alanine at the third 
acylation step. T h e desired compound was obtained in 40% 
yield (from Mpt-L-Leu-resin) as white crystals. An analytical 
sample was obtained by recrystallization from methanol, 
m p 182—184 °G; [a]2

D
5 - 2 5 . 0 ° (c 0 .1, M e O H ) ; Ä,1 0.49, Rt

2 

0.83, Rf
z 0.71. Amino acid ratios in hydrolysate by 6 M 

H C l at 110°C for 24 h : Tyr0 .99 , Ala0.99, Gly0.97, Phe1#02, 
Leu 1 0 0 . Found : G, 58.75; H , 7.47; N, 10.94%. Galcd for 
C 2 9 H 3 9 N 5 0 7 . 2 M e O H : G, 58.75; H , 7.48; N , 11.05%. 

T h e a u t h o r s w i sh to t h a n k Prof. T e t s u o O k a ( T o k a i 

U n i v e r s i t y ) for t h e b io log ica l ac t iv i ty m e a s u r e m e n t s . 
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Synopsis. Raman spectrum of the complex of 
nitrobenzene with aluminum chloride in a nitrobenzene 
solution was measured. The shift frequencies and the degree 
of depolarization of Raman bands of the nitrobenzene in the 
complex are different from those of nitrobenzene. The 
differences were discussed based on the prior assignment of 
Raman bands of nitrobenzene. 

Aluminum complex of nitrobenzene is well-known as 
the acceptor in many charge transfer complexes. 
Although infrared spectra were reported recently,1) laser 
R a m a n spectral da ta are not available. In the present 
study, a laser excited R a m a n spectrum of the complex 
of nitrobenzene with a luminum chloride was measured 
in order to get information of the structure of the 
complex primarily based on the degree of depolarization. 

E x p e r i m e n t a l 

Raman spectrum of the nitrobenzene saturated with 
anhydrous aluminum chloride at room temperature was 
measured using 0.1 ml Raman cell. The spectrum was 
recorded on a Japan Spectroscopic Co., Ltd. Model R-800T 
Raman Spectrophotometer, being excited with a Spectra 
Physics argon ion laser (model 165) using 514.5 nm line 
(300 mW). The Raman shift frequencies, the intensities, and 
the degree of depolarization are shown in Table 1. 

R e s u l t s a n d D i s c u s s i o n 

The observed R a m a n bands are classified into two 
groups. One consists of the R a m a n bands of the complex, 
whose shift frequencies are almost the same as those of 
nitrobenzene and are overlapped by nitrobenzene bands, 
while the other consists of those marked with C in 
Table 1. T h e R a m a n bands of the latter group except 
for those having the shift frequencies, 1470 and 1182 
c m - 1 , are due to the nitro group. All the R a m a n bands 
of both groups have the values of degree of depolariza­
tion smaller than 0.75, showing that the complex has 
neither symmetry axes nor symmetry planes. Especially, 
the degree of depolarization (/0=:0.67<X).75) of the 
R a m a n band (shift frequency, 180 c m - 1 ) , which 
corresponds to an out-of-plane bending vibration {bx 

symmetry species), suggests that the plane including the 
benzene ring and the nitro group no longer exists in 
the complex or the plane is no longer symmetry plane, 
even if it existed. Remarkable changes of the shift 
frequencies of the nitro group in the complex formation 
show the coordination of a luminum atom to oxygen 
a tom. The shift frequency, 398 c m - 1 , of the R a m a n 
band of a luminum chloride in the complex is different 
from those of corresponding bands (ax symmetry species ; 
350 c m - 1 for acetonitrile solutions;3) 371 c m - 1 for the 

T A B L E 1. O B S E R V E D S H I F T F R E Q U E N C I E S ( in c m - 1 ) , I N T E N ­

SITIES ( / ) AND DEGREE OF DEAOLARIZATION (p) OF THE 

R A M A N B A N D S O F T H E N I T R O B E N Z E N E S A T U R A T E D W I T H 

ALUMINUM CHLORIDE AT ROOM TEMPERATURE 

Shift j Corresponding bands of the 
frequency ^ components of the complex2 >5) 

vapor state4)), but is almost the same as that of mono-
meric a luminum chloride in argon matrix.5) Therefore, 
the almost planar structure similar to that of aluminum 
chloride in argon matrix,5) persists even in the complex. 
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Synopsis. In the aqueous solutions of some sulfates, 
the contraction of water molecules in a hydration shell and 
the hydration number were estimated by using the data of 
the limiting equivalent conductance of the ion and the partial 
molal volume of electrolytes at an infinite dilution. 

In a previous paper,1) we estimated the partial molal 
volumes of the ion pairs of some sulfates in aqueous 
solutions by using the data obtained from the molar 
conductances obtained under high pressures and 
discussed the tendency of the metal ion to form an 
outer-sphere ion pair with the sulfate ion. T h e partial 
molal volumes of the electrolytes and the volume 
changes of the dissociation of the ion pairs in the aqueous 
solutions at an infinite dilution were always negative. 
This may be mainly ascribed to the contraction of water 
molecules in the hydration shell with ions so that the 
density of water in the neighborhood of an ion may be 
higher than that of the bulk water. 

From the conductance data , the volume of the 
hydration shell of an ion or electrolyte and the hydration 
number can be found by applying the Stokes law and 
the Robinson and Stokes method2) as follows: 

r* = 
_ 0.820M 

À -1} (1) 

where À° is the limiting equivalent conductance of an 
ion with the Stokes radius of r s and an absolute charge, 
|*|, and where rj is the viscosity of pure water. r s is 
corrected to the effective radius, re , by means of the 
Robinson-Stokes correction fac to r , / , 

rQ = V / . (2) 

Then, the volume of the hydration shell in the 
neighborhood of the ion, VK, can be represented by this 
equation 

Vn = Z«L{r*-r*), (3) 

where L is Avogadro's number , and rc, the cry s t al­
l og raphs radius of the ion. The hydration number , h, 
is given by this equation 

VK (4) 

where VE is the molar volume of water in the hydration 
shell in the neighborhood of the ion. In most cases, VE 

was assumed to be equal to the molar volume of the bulk 
water, FB,2,3) so the hydration number may be under­
estimated. 

As has been mentioned above, the contraction of 
water molecules surrounding an ion may occur upon a 
change in the states of the water molecules from the bulk 
to the hydration during the dissolution and dissociation 
of electrolyte. I t has been shown by Padova4) that the 
average theoretical contraction due to the électrostric­

tion per mole of water is AV=— 2.1 cm3 /mol. Millero 
et al.b) have determined AV=VE— VB=— 3.0 cm3/mol 
from the isothermal compressibility data of aqueous 
solutions of various salts. Recently, Millero et Û/.6> 
have determined the amount of water lost in the ion-
pairing process of an aqueous C a S 0 4 solution by using 
the value of F E - - F B = — 3 . 8 cm3 /mol. 

The part ial molal volume of an electrolyte at an 
infinite dilution, f °(M2+) + f ° ( S 0 4

2 - ) , may be repre­
sented by the sum of the two major components resulting 
from the simple model for hydration7) 

F°(M2+) + F°(S04
2-) = F°(int) + F°(elect), (5) 

and 

P ( i n t ) = ^ L [ r c ( M * + ) * + rc(SCV-)3], (6) 

where P°(int) is the intrinsic partial molal volume of 
the electrolyte, and V°(elect), the électrostriction partial 
molal volume. Then , the électrostriction partial molal 
volume of the electrolyte can be estimated by using the 
partial molal volume of the electrolyte at an infinite 
dilution and related to the hydration number of the 
electrolyte, nK, by this equation 

F°(elcct) = i iH(FB-FB) .« .w (7) 

We assume that nK in Eq . 7 is equal to the sum of A(M2+) 
and A(S04

2~) in Eq. 4 as a first approximation, though 
the hydration numbers obtained by the various methods 
do not always coincide with each other. From Eqs. 4 
and 7, we obtain this equation, 

rH(M*+) + rH(scy-) vK(M>+) + vH(sor) 
VB+(VE-VB) 

F°(elect) 
vE-vB 

(8) 

VE—VB for each electrolyte was estimated by means of 
Eq. 8 with the values of FH(M2+) + F H (S0 4

2 - ) and 
P°(elect) in Tables 1 and 2, and with VB = 18.05 
cm3/mol at 25 °C. These results are also shown in 
Table 2. T h e mean value of VE—VB is found to be 

TABLE 1. LIMITING EQUIVALENT CONDUCTANCE, STOKES, 

EFFECTIVE, AND CRYSTALLOGRAPHIC RADII, HYDRATION 

VOLUME, AND HYDRATION NUMBER AT 2 5 ° G 

Ion 

Mg2+ 

Mn2+ 

Go2+ 

Ni2+ 

Gu2+ 

Zn2+ 

S0 4
2 " 

À° 

53.1 
53.2 
55.7 
54.4 
54.3 
53.4 
80.0 

nm 

0.345 
0.345 
0.330 
0.337 
0.338 
0.344 
0.229 

nm 

0.431 
0.431 
0.426 
0.426 
0.427 
0.430 
0.366 

r 9) 
' c _ 

nm c 

0.065 
0.080 
0.072 
0.070 
0.072 
0.074 
0.27310> 

vK 
m3 mol - 1 

201.2 
200.6 
194.0 
194.1 
195.4 
199.5 
72.3 

h 

13.6 
13.6 
13.1 
13.1 
13.2 
13.5 
4.9 
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T A B L E 2. PARTIAL MOLAL VOLUMES, HYDRATION NUMBER 

OF ELECTROLYTE, AND CONTRACTION VOLUME 

OF WATER AT 2 5 ° G 

Electro- P(M 2 +) + F°(S04
2-) V° (elect) ^ F E - F B 

lyte cm3 mol-1 cm3 mol-1 H cm3 mol - 1 

MgS0 4 -7.27> - 5 9 . 2 17^9 - 3 . 2 
MnS0 4 - 3 . 7 - 5 6 . 3 17.1 - 3 . 1 
GoS04 - 9 . 5 - 6 1 . 7 18.7 - 3 . 4 
NiS0 4 -10.07> - 6 2 . 2 18.8 - 3 . 4 
GuS04 - 8 . 1 - 6 0 . 3 18.3 - 3 . 3 
ZnS0 4 - 8 . 0 - 6 0 . 3 18.3 - 3 . 3 

— 3.3 cm3 /mol. This value is in good agreement with 
those estimated by Padova4) and Millero et al.5*6) VE 

is about 14.8 cm3 /mol, and the density of the water in 
the hydration shell in the neighborhood of the ions is 
estimated to be about 1.22 g/cm3, comparable to the 
densities of ice I I I and/or V under high pressures. The 
hydration number of the ion, h, is also shown in Table 1. 
These values are in reasonable agreement with those 
estimated by Padova4) and suggest that , especially in a 
metal ion, the hydration shell may contain the water 

molecules not only in the first layer, but also in the 
second and the outer layers. 
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Synopsis. The side chain alkylation of toluene with 
methanol over the catalyst of Ga3(P04)2 or K 3 P0 4 supported 
on active carbon gave more ethylbenzene than that over 
MgO. It was found that there are correlations between the 
catalytic activities and acid-base properties. 

In a previous paper a report was given on the alkyla­
tion of phenol with methanol over metal phosphate 
catalysts.1) I t is well-known that metal phosphates 
have acid properties. However, it was found that 
C a 3 ( P 0 4 ) 2 and K 3 P 0 4 have not only acidic but also 
basic sites.2»3) In this paper, the correlation between 
the catalytic activity of metal phosphates and their 
acid-base properties are discussed. The activity sequence 
and catalytic behavior of metal phosphates are compared 
with those of other solid acid-base catalysts. 

E x p e r i m e n t a l 

The metal phosphates, MgO, and GaO catalysts were 
prepared according to the method reported.1) Commercial 
chemicals of guaranteed grade were used: H-Zeolon, S i 0 2 -
A1203, A12(S04)3, A1203, Na2W04 . The catalysts of Na 3P0 4 

and K 3 P0 4 supported on active carbon (Tsurumicoal Kogyo 
Co.) were prepared by the impregnating method, the concent­
ration being made about 15 wt %. All the catalysts were 
activated by calcination in a stream of nitrogen gas at 500 °C 
for 1 h prior to each test. 

The acidity of catalysts was measured by Benesi's method,4* 
using the following Hammett indicators: Neutral Red ( p ^ a

= 

+ 6.8), Methyl Red (+4.8), Dimethyl Yellow (+3.3), 4-
phenylazodiphenylamine (+1.5), dicinnamylideneacetone 
(—3.0), benzylideneacetophenone ( — 5.6), anthraquinone 
(—8.2). As a titration reagent «-buthylamine of 0.1 mol/1 in 
benzene solution was added to a known amount of catalysts 
calcined at 500 °C for 4 h. Hammett indicators were then 
added and the resulting with coloration was compared visually. 

Titration with benzoic acid of 0.1 mol/1 using Bromothymol 
Blue (p7Ta=7.1), Phenolphthalein (9.3), 2,4-dinitroaniline 
(15.0), and 4-chloro-2-nitroaniline (17.2) as indicators was 
carried out in order to measure the basicity of catalysts. The 
procedure was almost the same as in the acidity measurements. 

The apparatus and procedure were almost the same as 
described previously. The reaction products were trapped 
with ice and analyzed by gas chromatography on a 3 m 
column of Benton 34(5%) + DNP(5%), hydrogen being 
passed through as a carrier gas. 

R e s u l t s a n d D i s c u s s i o n 

In the case of alkylation of phenol with methanol over 
C a 3 ( P 0 4 ) 2 catalyst, the main products are o-cresol and 
2,4-xylenol which are produced by the ortho-position 
alkylation of benzene r ing. Results of alkylation of 
toluene with methanol over various catalysts are given 
in Table 1. W e see that the alkylation of toluene does 
not occur readily as compared with that of phenol. The 
methylation of benzene ring over B P 0 4 and Z r 3 ( P 0 4 ) 2 

gave selectively as much xylenes as that over S i 0 2 -
A1 2 0 3 and H-Zeolon catalysts. The B P 0 4 catalyst 
showed the highest activity of all the metal phosphates 
and produced much o-xylene in all xylenes, while 
C a 3 ( P 0 4 ) 2 and K 3 P 0 4 gave only ethylbenzene by the 
alkylation of side chain. The results differ from those 
in the case of the base catalyst such as M g O which 
produced both ethylbenzene and styrene. The N a 3 P 0 4 

catalyst supported on active carbon gave both xylenes 
and ethylbenzene. The active carbon gave only benzene 
and no alkylated products. This seems to be in line with 
other reported results.5>6> The activity of K 3 P 0 4 

catalyst for the side chain alkylation was not higher 
than that of MgO-Ti0 2

7 ' 8 > and Zeolite catalysts 
exchanged K cation.9) Improvement in the preparat ion 

TABLE 1. ACTIVITIES OF CATALYSTS FOR ALKYLATION OF TOLUENE 

Conditions: reaction temperature £=500 °G (except for Si0 2-Al 20 3 and H-Zeolon catalysts, in which t 
was 400 °G), PT/F=14.8 g h/mol, feed molar ratio of methanol/toluene/N2== 1/2/5.3. 

Catalyst 

BP0 4 

Zr3(P04)4 

Ca3(P04)2 

Na3P04-ACa> 
K3P04-AC a ) 

Si02-Al203 

H-Zeolon 
MgO 

9.6 
0.7 
0.3 
2.3 
1.8 

21.7 
32.6 

1.0 

Yield (%) Conversion 
of toluene /• 

(%) Ethylbenzene Styrene o-Xylene m-Xylene /^-Xylene Benzene 
_ 

0 
0.3 
0.7 
1.8 

0 
0 
0.3 

0 
0 
0 
0 
0 

0 
0 
0.7 

4.6 
0.3 
0 
0.3 
0 

9.0 
9.0 
0 

3.2 
0.2 
0 
0.2 
0 

7.0 
16.0 
0 

1.8 
0.2 
0 
0.1 
0 

5.7 
7.6 
0 

0 
0 
0 
1 
0 

0 
7 
0 

a) AC denotes activated carbon used as a carrier, 
centration about 15 wt %. 

Na 3P0 4 or K 3 P0 4 was supported to make the con-
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TABLE 2. ACID-BASE PROPERTIES OF CATALYSTS 

Catalysta> 

BP0 4 

Zr3(P04)4 

Ga3(P04)2 

Na 3P0 4 

K 3 P0 4 

Si0 2-Al 20 3 

H-Zeolon 
MgO 
GaO 

- 8 . 2 

— 
— 

+ 
+ 

- 5 . 6 

+ 
+ 

+ 
+ 

- 3 . 0 

0.160b> 
0.063b> 

0.471b> 
0.513b) 

+ 3.3 

+ 
+ 
— 

+ 
+ 

P*a 

+ 4 . 8 

+ 
+ 
+ 
— 

+ 
+ 
— 
— 

+ 6 . 8 

+ 
+ 
+ 
+ 
— 

+ 
+ 
+ 
+ 

+ 7.1 

— 
— 

+ 
+ 
+ 
— 
— 

+ 
+ 

+ 9 . 3 

0.001c> 
0.006c> 
0.010c> 

0.007c> 

o.oir> 
a) Calcined at 500 °G. + and — denote positive and negative, respectively, 
measured at HQ ^ — 3 . 0 . c) Basicity (mmol/g) measured at H0 ^>9.3. 

b) Acidity (mmol/g) 

of these catalysts might afford higher activity. The 
alkylation of ethylbenzene with methanol over K 3 P 0 4 

and N a 3 P 0 4 supported on active carbon gave a greater 
amount of cumene than over M g O or G a O . The 
alkylation over the metal phosphates is essentially 
different in the reaction route from that of solid base 
catalysts such as M g O . 

The acidity and basicity of various catalyst surfaces 
were measured (Table 2). I t is obvious that the B P 0 4 

and Z r 3 ( P 0 4 ) 4 catalysts, being as active as S i 0 2 - A l 2 0 3 

and H-Zeolon for xylene production in toluene alkyla­
tion, have acid sites at HQ<.—3.0, while the Ca 3 (PÖ 4 ) 2 

and K 3 P 0 4 being as effective as M g O for ethylbenzene 
formation have basic sites at / / 0 ^ 9 . 3 . The catalytic 
activities in each case seem to be strongly related to 
acid or base amounts of each catalyst. However, the 

Acidity (mmol/g) Basicity (mmol/g) X 103 

Fig. 1. Correlation between the catalytic activity and 
the acidity or basicity of various catalysts in the alkyla­
tion of toluene with methanol (acidity; H0^ — 3.0, 
basicity; i /0>9.3) 
1: H-Zeolon, 2: Si02-Al203 , 3: BP04 , 4: Al2(S04)3, 
5: A1203, 6: GrP04 , 7: Ti3(P04)4 , 8: Ca3(P04)2 , 9: 
Na2W04 , 10: Na3P04-AC, 11: MgO, 12: K3P04-AC. 

route of side chain alkylation over C a 3 ( P 0 4 ) 2 or K 3 P 0 4 

seems to differ from that over M g O which gives both 
ethylbenzene and styrene. 

The correlations between the acid-base properties and 
the activities of various solid catalysts in the alkylation 
of toluene are shown in Fig. 1. There are correlations 
between the yields of xylenes and the acidity at H0^ 
—3.0 or the yields of ethylbenzene and styrene and the 
basicity at H0^9.3. T h e correlation between the acid-
base property and the catalytic activity of C a 3 ( P 0 4 ) 2 

calcined at various temperatures in the alkylation of 
phenol was reported.1) I t was found that the catalytic 
activities can be classified into three types of linear 
relationships, (a) highly dependent on acidity, (b) 
strongly dependent on basicity, (c) dependent on both 
acidity and basicity as indicated over Ga 3 (P0 4 ) 2 catalyst. 
In the case of toluene (Fig. 1), it seems that the alkyla­
tion is highly related to acidity or basicity of catalysts. 
The alkylation of toluene over C a 3 ( P 0 4 ) 2 or K 3 P 0 4 

supported on the active carbon is strongly related to 
base amounts of the catalyst. 
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Synopsis. Sodium in 50 nm thick Zr0 2 -S i0 2 glass 
films has been determined by secondary ion mass spectro­
metry. A remarkable sodium contamination from the Pyrex 
glass substrate has been confirmed. 

The coating of glass surfaces with glass films of 
different kinds, prepared in situ by hydrolyzing mixtures 
of alkoxides, offers a new technique to improve the 
chemical and optical properties of glass surfaces.x) By 
this technique, thin homogeneous glass films of various 
kinds, not obtainable by conventional techniques, may 
be prepared easily near the transition temperature of 
the glass.2) T o improve the chemical resistance of 
Pyrex glass ware, the present authors coated the glass 
surfaces with ultrathin films of 22 Z r 0 2 - 7 8 S i 0 2 m o l % 
glass prepared from silicon tetraethoxide and zirconium 
tetrapropoxide. Contamination of sodium from the 
substrate during the preparation may occur and 
deteriorate the film. No information on this phenomenon 
is available to date and consequently the sodium in the 
films has been determined by secondary ion mass 
spectrometry (SIMS), which is the most suitable 
technique at present for the quanti tat ive analysis of 
ultrathin films. 

The glass films were transparent, homogeneous, and 
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Fig. 1. SIMS spectra. 
(a) : Zr0 2 -S i0 2 glass film on Pyrex glass, (b) : Pyrex 
glass substrate, (c) : Zr0 2 -S i0 2 glass film on silica glass, 
(d) : silica glass substrate. 

5 0 ^ 5 n m thick. Unde r the scanning electron micro­
scope (2000X and 10000X), the surfaces of the films 
were found to be smooth and without pinholes and 
cracks. The films were not damaged by abrasive action 
with the fingers. Figure 1 shows the S I M S spectra of 
22 Z r 0 2 - 7 8 SiO a m o l % glass films and Pyrex and silica 
glass substrates. In the film on the Pyrex glass substrate, 
sodium was found, bu t boron, a luminum, and potassium 
were found to be absent. T h e S IMS spectrum of the 
film on the silica glass substrate was identical with that 
of 22 Z r 0 2 - 7 8 S i 0 2 m o l % glass flakes. T h e secondary 
ions originate from the region 10 n m from the surface.3) 
T h e films were ion-etched only about 15 and 10 n m 
before and during the S I M S measurements, respectively, 
and therefore, the pure spectra of the films were obtained 
without interference from the substrate by this technique. 

TABLE 1. SODIUM CONCENTRATIONS (NaaO, mol %) 

In glass 
flakes8-) 

In glass 
filmsb> (Substrates) 

0.0 
0.0 
0.29 
2.5 
5.2 

1.4 
0.0 
0.31 
2.5 
5.5 

(Pyrex) 
(Silica) 
(Silica) 
(Silica) 
(Silica) 

a) Determined by flame photometry (maximum rela­
tive error ± 3%). b) Determined by SIMS (max­
imum relative error ± 10%). 

In Table 1, the concentrations of sodium in the 
coating films have been compared with those in the 
corresponding glass flakes. Only the Pyrex glass sub­
strate interacts with the glass film. The sodium concent­
rations in the films were constant between 20 and 35 n m 
from the surfaces. Additional heating at 450 °G for 5 h 
did not increase the sodium concentration. Therefore, 
the sodium contamination from the Pyrex substrate 
probably resulted from the presence of water in the 
film2) between 200 and 400 °G during the preparation 
of the film. 

E x p e r i m e n t a l 

Preparation of Mixed Alkoxide Solutions. Into a 100 ml 
round-bottomed flask, silicon tetraethoxide (4 ml) (Nakarai 
Chemicals), zirconium tetrapropoxide (3 ml) (Ventron Corp.), 
sodium methoxide (0 to 0.6 ml) (Wako Pure Chemical 
Industries), and 1-butanol (13 ml) (dehydrated with Molecular 
Sieve 4A) were placed. A reflux condenser was attached to 
the flask, and the contents were well mixed with a magnetic 
stirrer for 3 h at 85 ± 5 °C in a stream of nitrogen (10 cm3 

min -1, dried with calcium chloride). The mixture was 
cooled and stored in a glass stoppered bottle in a desiccator. 

Coating. An 8 x 5 mm Pyrex or silica glass piece, 1 or 
1.5 mm thick, was immersed in a 1: 1 mixture of concentrated 
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nitric and sulfuric acids for 24 h, rinsed thoroughly with 
water, and dried over silica gel. The piece was immersed in 
a mixed alkoxide solution (100-ml beaker), and withdrawn 
vertically at a speed of 4 mm min - 1 by a motor to form a film 
of uniform thickness. Hydrolysis was effected by placing the 
piece in a desiccator containing a saturated potassium sulfate 
solution (relative humidity 95%) at 50 °G for 60 min. The 
piece was heated at 150 °G for 60 min in an electric muffle 
furnace. Then the temperature was raised at a rate of 10 °G 
min-1, kept at 550 °G for 30 min, and lowered to 350 °G at a 
rate of 1 to 2 °G min - 1 . The piece was then cooled to room 
temperature. 

Preparation and Analysis of Glass Flakes. A mixed 
alkoxide solution ( 1 ml) was placed in a 50 ml silica beaker, 
and allowed to stand for 24 h at ambient temperature (20—25 
°G; relative humidity, 40—50%) to effect evaporation of the 
solvent and hydrolysis. The resulting flakes (ca. 3 mm X 3 mm 
X 50 (j.m) were heat-treated and annealed as described in the 
last paragraph, except that the heating time at 150 °G was 
increased to 2 h. The transparent glass flakes were used as 
standards in the SIMS determination of sodium in glass films 
on glass substrates. For standardization, the flakes were 
decomposed with hydrofluoric and hydrochloric acids, and 
sodium and zirconium were determined by flame photometry 
at 589.3 nm and inductively coupled plasma-optical emission 
spectrometry at 339.2 nm. 

SIMS and Other Measurements. A Hitachi IMA-2 ion 
microanalyzer was operated under the following conditions: 

primary ions, argon; primary ion accelerating voltage, 5 kV; 
primary ion current, 0.1 [xA; beam diameter, 250 \xm; sample 
chamber pressure, 3 x l 0 ~ 5 Pa; secondary ion accelerating 
voltage, 1.5 kV; electron-multiplier voltage; 2 kV. The 
electric charges accumulated on the glass surfaces were 
eliminated by the electron spray method. The SIMS spectra 
were recorded after ion etching 15 nm from the surface by 
rastering the primary beam (total number of scanning lines, 
500; line frequency, 100 Hz) over a square area of 0.8 mm 
around the spot to be measured. For the determination of 
sodium in glass films, peak ratios of 23Na+ to 28Si+ were 
measured, and the sodium concentrations were obtained from 
a calibration curve. The curve (peak ratio vs. atom % Na) 
was prepared using glass flake standards [(22 — 21)ZrOa-
(78—74)SiO2-(0—5)Na20 mol % glasses] and was a straight 
line through the origin. The thickness of the glass films was 
measured with a Mizojiri Kogaku model II multiple beam 
interferometer (Hg 546.1 nm, magnification 40X), with a 
maximum error of ± 3 nm. 
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The Stability of Bis(8-qninolinolato)copper(II) 

Hideo AKAIWA* and Hiroshi KAWAMOTO 

Department of Applied Chemistry, Faculty of Technology, Gunma University, Kiryu 376 
(Received February 5, 1979) 

Synopsis. The IR spectra of the titled and related 
compounds have been measured, and the stabilities of the 
chelates characterized by the relative strengths of the metal-
nitrogen bonds. An explanation has been made by comparing 
the extraction behavior of Gu(II) and Fe (III) chelates. 

The stability constants for several metal complexes of 
8-quinolinol and related substances have been deter­
mined by Irving and Rossotti, and the contribution of 
the metal-nitrogen bonds to the stability of the copper-
(II) complex of 8-quinolinol demonstrated although no 
experimental evidence was presented.1) 

In the work described below, the stability of the 
metal chelate has been characterized through the effect 
of the methyl group of the 8-quinolinol skeleton on the 
metal-nitrogen bonds. 

E x p e r i m e n t a l 

Reagents and Apparatus. 8-Quinolinol was obtained 
from Wako Pure Chemicals. The methyl derivatives of 8-
quinolinol were prepared as described by Phillips and Merritt,2) 
and the purity confirmed through melting point measure­
ments, elemental analysis, IR, and NMR spectra. 

The IR spectra were measured by a Nippon Bunko IR-F 
type spectrophotometer. Samples were in the form of Nujol 
mulls between polyethylene sheets. 

Determination of Acid Exponents for the Reagents. The 
distribution ratios of 8-quinolinol and the methyl derivatives 
between chloroform and the aqueous phase of ̂ =0 .2 (NaC104) 
were measured at 20 °G as a function of pH, and the distribu­
tion data analysed according to Dyrssen.3> 

Synthesis of Copper(II) Complexes. An ethanolic solution 
of 8-quinolinol and an aqueous solution of copper (II) acetate 
were mixed in a molar ratio of 2 to 1, and the mixture allowed 
to stand for two days. The resulting precipitate was filtered, 
washed with ethanol and dried over a steam bath. The 
anhydrous copper (I I) complexes of the methyl-substituted 
8-quinolinols were obtained according to the above procedure. 

Extraction Curves. An aqueous solution (ju— 1.0 : NaC104) 
of copper(II) or iron(III) was equilibrated with an equal 
volume of chloroform containing the reagent (5.0 X 10~3 mol 
dm - 3), the pH of the aqueous phase and the absorbance of 
the organic phase being measured after separation. 

R e s u l t s a n d D i s c u s s i o n 

The values of the partition coefficients DR, acid 
exponents pKou and pXNH for 8-quinolinol and the 
methyl-derivatives are given in Table 1, the data of 
which are in good agreement with the literature values.4) 
The pKH0 values for the methyl derivatives are similar 
whereas the pK^u values increase in the order; 8-
quinolinol <5-methyl-8-quinolinol <4-methy l -8 -
quinolinol. The inductive and resonance effects due 
to the methyl-group are reflected in the above trend, 
and thus the stability of a metal complex can be 

TABLE 1. EQUILIBRIUM CONSTANTS FOR 8-QUINOLINOL 

AND ITS DERIVATIVES 

Reagent log-DR P#o P ^ N 

8-Quinolinol 2 .37±0.02 9.77±0.10 4 .67±0.14 

4 t q S i n o l 2 .65±0.05 10.28±0.19 5 .23±0.17 

' " ï q ï n ô l i n o l 2 .83±0.02 10.10±0.21 5.05±0.09 

TABLE 2. MOST IMPORTANT IR ABSORPTION BANDS 

FOR COPPER(II) COMPLEXES 

Ligand vjcm.-1 

Gu-O 
î'/cm-1 

Gu-N 

8-Quinolinol 325 290 
4-Methyl-8-quinolinol 326 310 
5-Methyl-8-quinolinol 321 300 

predicted by choosing an appropriate derivative. 
The assignments of the P(Cu-O) and 0(Cu-N) 

frequencies were conducted according to the work of 
Ohkaku and Nakamoto,5> and the results are sum­
marized in Table 2. I t should be noted that the bis (8-
quinolinolato)copper(II) obtained by the above proce­
dure was of the /?-type, which is known to be a dimer 
having bridged oxygen atoms. As seen from Table 2, 
the effect of substitution is negligible on the P(Cu-O) 
frequency indicating that the stability of bis (8-qui­
nolinolato) copper (II) may depend on the strength of 
the metal-nitrogen bonds. The increasing order of the 
P-^NH values supports the increasing order of the 
? (Cu-N) , strongly suggesting that the stability for the 
copper (I I) complex is mainly due to the metal-nitrogen 
bonds. 

In order to examine the stability of the copper(II) 
complex in solution, solvent extraction studies were 
conducted and the extraction behavior of copper(II) 
compared with that of iron (III) which is a harder acid 
than copper( I I ) . The extraction curves for i ron(I I I ) 
obtained by using 8-quinolinol and the methyl deriva­
tives were almost identical, which were shown by a 
single curve having a pH x / 2 of 1 .54±0.05. A notable 
effect of the substituent on the extraction of copper (I I) 
was however, observed, and p H ^ values decreased 
in the following order; 8-quinolinol ( p H 1 / 2 = 2 . 0 ) > 5 -
methyl-8-quinolinol(l .90)>4-methyl-8-quinolinol(l .76). 

T h e above differences in extraction behavior of the 
metals may be caused by a difference in the acid 
strength between the ions. The metal-oxygen bonds in 
tris (8-quinolinolato)iron (III) play an important role 
in stabilizing the complex. In contrast, the stability 
for the copper (I I) complex depends mainly upon the 
metal-nitrogen bonds, as is shown by the present I R 
studies. 
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Phenanthro[4,5-ftc<7]furan Derivatives. V. The Cyclization of 
(Dibenzofuran-l-yl)acetic Acid Derivatives 
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Synopsis. The cyclization of (6-methoxy-l,2,3,4-
tetrahydrodibenzofuran-1-yl) acetic acid (3b) and (6-methoxy-
l,2,3,4,4a,9b-hexahydrodibenzofuran-l-yl)acetic acid (5) to 
the corresponding phenanthro[4,5-taâT]furans have been 
examined. The cyclization of 3b was difficult, while that of 5 
was easy. The difficult cyclization of 3b has been attributed to 
strains in the reaction intermediate. 

Dendy et al.1) a t tempted to cyclize the (1,2,3,4-tetra-
hydrodibenzofuran-1-yl) acetic acids (3a and 3b) to the 
corresponding phenanthro[4,5-foâT]furans (4a and 4b) 
for the purpose of synthesizing morphenol . All at tempts 
to cyclize 3a were, however, unsuccessful. 4 b was 
obtained from Friedel-Crafts reaction of the acid 
chloride of 3b but the yield was very low. Dendy et al. 
attributed the failure to ring strain in the products 
(4a and 4b) . 3-(8-Methoxy-4,5-dihydro-3//-naphtho-
[l,8-fo]furan-3-yl)propionic acid (1) was readily cyclized 
by polyphosphoric acid (PPA) to the corresponding 
phenanthro[4,5-fo</]furan (2) which has a similar ring 
skeleton to 4 b in good yield.2) Therefore, it is improbable 
that there is great strain in the 4 b molecule. I t has 
previously been reported that the difficult cyclization of 
3b to 4 b may be due to strain in the reaction 
intermediate (10) rather than that of the product (4b).3) 
Hydrogénation of the carbon-carbon double bond in 
the furan ring of 3b would facilitate ready cyclization 
since the acetic acid side chain would closely approach 
the benzene ring in molecular terms. Thus , the saturated 
dibenzofuran derivative (5) could be readily cyclized. 
Consequently the cyclization of 5 to phenanthro[4,5-
bcd\furan (6) has been at tempted. 
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The ester (13) has been obtained by the Reformatsky 
reaction of the ketone (12). T h e formation of the ester 
(14) has been reported by Dendy et a/.,1) bu t the I R 
and N M R spectra of the product here were compatible 
with the structure of 13. 13 was hydrogenated in the 
presence of palladium on charcoal and subsequently 
hydrolyzed to give 5. I t appears that the configuration 
of 5 is cis-syn as shown, since the furan ring is preferen­
tially hydrogenated from the less hindered face after 
reduction of the exo-double bond. 5 was heated at 
45 °C with PPA, and the desired phenanthro[4,5-taâT|-
furan (6; 24%) was obtained together with a lactone 
(7; 20%) and a hydroxyl ketone (8; 3%) . Cleavage of 
the furan ring before the formation of a carbonyl 
compound yields 7. Cyclization and subsequent 
cleavage of the furan ring yields 8. 5 was heated at 
80 °C with PPA and the only product was 8 (40% yield). 
Under the same conditions (45 and 80 °C), 3 b did not 
give 4 b , the starting material being recovered. Thus , 
5 was cyclized with greater facility than 3b , as predicted. 

These observations suggest that the conformation of 
the intermediate (10) is cup-shaped and possesses a 
large strain, whereas 11, the intermediate in the cycliza-
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Fig. 1. Fig. 3. 
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tion of 5 to 6, possesses little strain owing to the saturated 
furan ring. The strain in the intermediate (9) is not 
large strain as the flexible propionic acid rest of 1 is 
attached very favorably for the cyclization reaction of 
1 to 2 . Support for the above explanation is found in 
the facts that the cyclization of 15 to 16 is difficult but 
that of 17 to 18 is easy.4) 

E x p e r i m e n t a l 

The Cyclization of 5 with Polyphosphoric Acids. A mixture 
of 5 (2.0 g) and 20% polyphosphoric acid (160 g) was heated 
with stirring at 45 °C for 7 h. The mixture was worked up 
in the usual manner. The resulting oil was chromatographed 
(benzene-ether 95: 5) on silica gel to give three products. 

Loctone (7). 370 mg (20% yield). Colorless prisms 
from benzene-hexane; mp 81—82 °C. IR (KBr) : ymax 1765 
(COO-Ar) cm-1. NMR (CDC13) : Ô 1.66—1.81 (4H, m), 
2.35 (4H, broad s), 2.89 (2H, s), 3.87 (3H, s), 6.82—7.33 
(3H, m). 

Found: C, 73.52; H, 6.67%. Calcd for C15H1603: C, 
73.75; H, 6.60%. 

5-Hydroxy- 6-methoxy-1,2,3,4,4a, 9-hexahydrophenanthrene-9-one 
(8). 60 mg (3% yield). Colorless plates from acetone-
benzene; mp 144—145 °C. IR (KBr): ymax 1665 (C=0), 
3200, 3440 (OH) cm"1. NMR (CD3COCD3) : Ô 1.28—1.79 
(4H, m), 1.83—2.17 (2H, m), 2.39 (IH, dd, 7 = 3 and 12 
Hz), 2.83 (IH, dd, 7 = 5 and 12 Hz), 3.12—3.31 (IH, m), 
3.92 (3H, s), 6.20 (IH, s), 7.09 (IH, d, 7 = 8 Hz), 7.62 (IH, 
d, 7 = 8 Hz), 7.73 (IH, s). 

Found: C, 73.51 ; H, 6.48%. Calcd for C1 5H1 603 : C, 73.75; 
H, 6.60%. 

5-Methoxy-1,2,3,3a, 8,9,9a, 9b-octahydrophenanthro [4,5-bcd ] -
furan-8-one (6). 440 mg (24% yield). Colorless needles 
from benzene-hexane; mp 101—102 °C. IR (KBr): ymax 

1690 (C=0) cm-1. NMR (CDC18) : ô 1.02—1.30 (3H, m), 
1.53—1.70 (2H, m), 1.95—2.18 (IH, m), 2.40—2.75 (IH, m), 
2.50 (IH, dd, 7 = 2 and 17 Hz), 2.79 (IH, dd, 7 = 5 and 
17 Hz), 3.81 (IH, t, 7 = 7 Hz), 3.94 (3H, s), 5.10 (IH, q, 

7 = 8 Hz), 6.83 (IH, d, J = 9 Hz), 7.41 (IH, d, 7 = 9 Hz). 
Found: C, 73.58; H, 6.77%. Calcd for C15H16Os: C, 73.75; 

H, 6.60%. 
Ethyl ( 6-Methoxy-1,2,3,4-tetrahydrodibenzofuran- 1-ylidene) -

acetate (13). 13 was prepared by Dendy's method.1) 
Colorless needles from ethanol; mp 96—97 °C. (14, prepared 
by Dendy et a/.;1) mp 97 °C). IR (KBr): vm&x 1695 
(COOC2H5). NMR (GDG13): ô 1.32 (3H, t, 7 = 7 Hz), 
1.90—2.15 (2H, m), 2.90 (2H, t, 7 = 6 Hz), 3.21 (2H, dt, 
7 = 1 and 6 Hz), 3.98 (3H, s), 4.21 (2H, q, 7 = 7 Hz), 6.30 
(1H, t, 7 = 1 Hz), 6.78 (1H, d, 7 = 7 Hz), 7.18 (1H, t, 7 = 
7 Hz), 7.38 (1H, d, 7 = 7 Hz). 

( 6-Methoxy-1,2,3,4,4a, 9b-hexahydrodibenzofuran-1-y I) acetic 
Acid (5). Ester 13 (3 g) in ethanol (50 ml) was hydrog-
enated in the presence of 10% palladium on charcoal (3 g) 
for 15 h at 7 atm and 60 °C. The resulting ester was purified 
by chromatography (benzene-ether 95: 5) on silica gel and 
hydrolyzed to give 1.6 g (59%) of 5. Colorless needles from 
benzene-hexane; mp 79—80 °C. IR (KBr): vm&x 1710 
(COOH)cm-1 . NMR (CDC13) : ô 1.10—2.10 (6H, m), 
2.25—2.53 (IH, m), 2.43 (2H, broad s), 3.60 (IH, dd, 7 = 3 
and 8 Hz), 3.86 (3H, s), 4.86—5.03 (IH, m), 6.72—6.90 
(3H, m). 

Found: C, 68.58; H, 6.71%. Calcd for C15H1804: C, 68.68; 
H, 6.92%. 

T h e authors wish to express their thanks to Mr . 
Yoshiaki Takahashi for the elemental analyses and Mr. 
Takao Oono for the nuclear magnetic resonance 
analyses. 
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Synopsis. ( + )-Eudesma-4(14),7(l l)-dien-8-one (1) 
isolated from Atractylodes rhizomes has been degraded with 
basic alumina to the trisnor ketone (3). From the CD spectra 
of 1 and 3, the absolute configuration of 1 has been established 
to be 5S, IQR, which has so far been allocated to the ( —)-
enantiomer. 

During the course of our study on the physiologically 
active constituents of Oriental medicines, it was found 
that a methanol extract of Atractylodes japonic a rhizomes 
showed a significant antiinflammatory activity. Frac­
tionation of the extract monitored by a pharmacological 
assay afforded active fractions from which an oily 
substance was isolated. The mass spectrum of the 
substance ([a]D+92.6°) showed it to be a sesquiterpenoid 
having the composition of C 1 5 H 2 2 0 . The spectral data , 
in particular a U V absorption maximum at 246 n m and 
I R bands at 1676 and 1620 c m - 1 demonstrated the 
presence of a conjugated enone system in a six- or 
larger-membered ring. In the I R and 1 H N M R spectra, 
peaks compatible with one tertiary methyl (d 0.73), two 
vinyl methyls (d 1.78 and 1.90) and an exo-methylene 
(1640 and 882 cm- 1 , ô 4.56 and 4.80) were observed. 
These structural characteristics indicated that this 
compound was ( + )-eudesma-4(14),7(ll)-dien-8-one (1) 
obtained recently from the same plant.2) The conclusion 
was substantiated by direct comparison with an authen­
tic specimen. 

The substance (1) is very unstable when subjected to 
alumina chromatography. A ketonic compound (3) was 
isolated from the decomposition products in varying 
yields. The compound (3) exhibited in its mass spectrum 
the molecular ion peak at mje 178 corresponding to the 
composition C 1 2 H l g O. The presence of a saturated 
carbonyl (1710 c m - 1 ) , a tertiary methyl (<5 0.70) and an 
exo-methylene (1643 and 886 cm- 1 , ô 4.48 and 4.77) 
was observed. The structure of the ketone (3) was 
assigned to 1-methyl-7-methylenebicyclo [4.4.0] decan-3-
one, the structure being confirmed by direct comparison 
with an authentic specimen.3) 

Eudesma-4(14),7(ll)-dien-8-one was first isolated in 
the laevorotatory form ([a]D—55.6°) from Asarum 
caulescens, and was assigned to the stereochemistry 1 
although no evidence for it was described.4) The 
laevorotatory enantiomer ([a]D—87.4°) was also recently 
isolated from Peteravenia schultzii and assigned to the 
same stereochemistry (l),5) where specific rotations at 
589, 578, 546, and 436 n m were recorded, but no 
evidence for the assignment was given. 

When ( + ) -eudesma-4 ( 14), 7 ( 11 ) -dien-8-one was 
isolated from Atractylodes japonica, the enantiomeric 
stereostructure (2) was first allocated for it,6) since its 
CD curve was found to be enantiomeric with that of the 
(—)-isomer from Asarum caulescens which had been 

reported to possess the stereostructure 1. The proposed 
stereochemistry of the ( + )-isomer from A. japonica was 
later altered to 1, no evidence being reported.2) 

As a result, the same stereostructure 1 is now attr ibuted 
to both of the ( + ) - and (—)-isomers with no evidence 
for the stereochemistry. 

T h e substance (1) with the dextrorotatory activity 
isolated from A. japonica exhibited a negative Cotton 
effect for the n-7r* transition in the O R D and CD curves. 
The A/B ring fusion of the substance (1) was considered 
to be trans by the transformation of germacrone to the 
trans-fused selinane,4 '7) and is now substantiated by the 
transformation of the substance (1) into the trisnor 
ketone (3) having the trans r ing fusion. The observed 
negative Cotton effect indicated that the chiral situation 
of the cisoid enone system is anticlockwise, identical 
with that of cholest-4-en-6-one (4)8) and enantiomeric 
with that of cholest-5-en-4-one (5).8) Furthermore, the 
ketone (3) showed a negative Cotton effect at 290 n m 
for the n-7r* transition in the CD curve. Inspection of 
the octant diagram demonstrated the absolute configura­
tion of the ketone (3) to be 5S, 10R, identical with the 
decalone (6)9) and enantiomeric with cholestan-2-one 
(7).8) These observations led to the conclusion tha t the 
absolute configuration of the ( + )-enantiomer corre­
sponds to 1, and consequently that of the ( — )-enan­
tiomer to 2 . 

Although the reasons for the previous assignments for 
the absolute stereochemistry are unknown, the O R D 
curve of the ( — )-isomer from P. schultzii measured in 
the range 589—436 n m might be considered as par t 
of a negative Cotton curve but is in fact composed of a 
positive Cotton curve on a negative plane curve. 

cfcr T O 
' 6 H 7 

E x p e r i m e n t a l 

The homogeneity of each compound was ascertained dy 
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silica gel thin layer chromatography (Merck Kieselgel GF254 

with various solvent systems, the spots being visualized by 
heating with dil. sulfuric acid), and by gas-liquid chromato­
graphy with 10% Silicone SE-30 on Ghromosorb-W (<& 
3 mm X 1 m glass column). In the 1H NMR spectra, chemical 
shifts (ô) are expressed in ppm downfield from internal TMS. 
Abbreviations: s=singlet, br=broad. 

Isolation of (-\- )-Eudesma-4 (14),7(ll)-dien-8-one from 
Atractylodes japonica Rhizomes. The crude drug (435 g), 
the dried rhizomes of Atractylodes japonica, was extracted 6 
times with refluxing MeOH ( 1 liter) for 5 h (each extraction). 
The MeOH solutions were combined and concentrated to 
dryness to afford an extract (118 g). The MeOH extract 
(104 g) was diluted with water and extracted with light 
petroleum, yielding a petroleum soluble portion (27 g) and a 
water soluble portion (77 g). The former was applied to a 
column of silica gel (300 g) and eluted with benzene to give 
an antiinflammatory active fraction (2.7 g) which was again 
chromatographed over silica gel (100 g). An eluate (1.0 g) 
with AcOEt-hexane ( 1: 49) was purified by repeated silica 
gel chromatography to give (+)-eudesma-4(14),7(ll)-dien-
8-one (1) as a colorless oil: [a]20 +92.6° (c 0.034, MeOH); 
ORD (c 0.0113, MeOH) [a]2D° +90.8° (589), +110° (546), 
+ 181° (436), +187° (414), +57.2° (356) (trough), +3420° 
(300) (peak), and +4240° (290 nm); CD (c 0.0004, MeOH) 
[0]24 -3 .56X10 3 (320 nm) (negative maximum); MS m/e 
218 (M+); UVm a x (hexane) 246 nm (log e 3.90); IR (liquid) 
1676 (conj. G=0), 1640 (G=G), and 882 (G=GH2); *H NMR 
(100 MHz, GG14) Ô 0.73 (3H, s, GH3), 1.78 (3H, s, GH3), 
1.90 (3H, s, GH3), 4.56 and 4.80 ppm (1H each, br s, G=GH2). 
These spectral data are in line with those reported.2'4) The 
substance showed identical behavior on thin layer chromato­
graphy and gas-liquid chromatography with that of an 
authentic 1. 

Alumina Treatment of (-\-)-Eudesma-4(14),7(ll)-dien-8-one to 
(—) -trans-1-Methyl- 7-methyleneb icy do [4.4.0] decan- 3-one. 
The compound 1 ( 1.0 g) was applied to a column of basic 
alumina (300 g). Elution with AcOEt-hexane (3: 97) (300 ml) 

afforded the unchanged 1 (0.4 g). Further elution with 
AcOEt-hexane (1:1) (130 ml) afforded an oily product 
(449 mg), which was purified by repeated chromatography 
over silica gel to furnish (—)-/raftt-l-methyl-7-methylene-
bicyclo[4.4.0]decan-3-one (3) as a colorless oil: [o]5> —6.6° 
(c 0.0085, MeOH); CD (c 0.001, MeOH) [0]24 -6 .74X 103 

(290 nm) (negative maximum); MS m/e 178 (M+); IR (GC14) 
1710 (G=0), 1643 (G=G), and 886 cm"1 (G=GH2); *H NMR 
(60 MHz, CC14) Ô 0.70 (3H, s, GH3), 4.48 and 4.77 ppm (1H 
each, br s, C=CH2). The IR spectrum was superimposable 
with that of a synthetic (±)-3 . 

We are indebted to Drs. Yoichi Nishikawa and Ichiro 
Yasuda, Tokyo Metropolitan Research Laboratory of 
Public Heal th, and Dr. Ken' ichi Takeda, Shionogi 
Research Laboratory, for identification of the 
compounds. 
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A Convenient Method for the Preparation of 4-(3-Halogenatedphenyl)-
and 4-(3,5-Dihalogenatedphenyl)-4-oxobutyric Acids 
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Synopsis. Various 4-(3-halogenatedphenyl)- and 4-
(3,5-dihalogenatedphenyl)-4-oxobutyric acids were synthesized 
by the nuclear halogenation of the corresponding 4-aryl-4-
oxobutyric acids in the presence of an excess of aluminum 
chloride. In most of these reactions, consecutive succinoylation 
and halogenation of the aromatic compounds were carried 
out in one pot operation. 

When aromatic aldehydes and ketones are halogenat-
ed in the presence of a sufficient amount of a luminum 
chloride to complex completely the carbonyl groups, 
halogenation takes place in the benzene rings rather 
than in the side chains1) (swamping catalyst method) . 
Krausz et al.2) prepared 4-(3-chloro-4-isopropylphenyl)-, 
4- (3-chloro-4-£-butylphenyl) -, and 4- (3-chloro-4-cyclo-
hexylphenyl)-4-oxobutyric acids from the corresponding 
4-aryl-4-oxobutyric acids by this method. However, 
halogenation of other 4-aryl-4-oxobutyric acids and the 
usage of halogenating agents other than chlorine have 
not been reported. 

In connection with the synthesis of fungicidal 6-aryl-
3(2i/)pyridazinones, it became necessary for us to 
prepare various 4-aryl-4-oxobutyric acids bearing 
halogens on their 3 ' - and (or) oppositions.3) These acids 
are required as starting materials for the synthesis of 
the heterocycles mentioned above.4) 

I t is reported that the Friedel-Grafts reaction of o-
chlorotoluene with succinic anhydride gave rise to 
4-(4-chloro-3-methylphenyl)-4-oxobutyric acid (4) 
owing to a/^-directing effect of the chlorine atom.5) In 
our experiment, this result was also confirmed and the 
reaction of 2,6-dichlorotoluene with succinic anhydride 
under the same conditions produced only 4-(2,4-
dichloro-3-methylphenyl)-4-oxobutyric acid (5). 
Accordingly, the swamping catalyst method would be 
very helpful to obtain the 3 ' - and (or) 5'-halogenated 
products. 
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2a: R = CH3 

f: R = C 2 H 5 

g: R = z-C3H7 

h : R = w-C4H9 

i: R = OCH3 

d: R=C 2H5, X t = X2—Ol 
e: R=i-C3H7 , X 1 = X 2 = C 1 
f: R = rc-C4H9, X1 = X2 = C1 
g : R = OH, X1 = X2 = C1 

At first, several 4-aryl-4-oxobutyric acids (2) were 
monohalogenated in 1,2-dichloroethane (DGE). The 
halogenating agents used were chlorine, bromine, and 
sulfonyl chloride. The molar ratios of the reagents are 

TABLE 1. NUCLEAR HALOGENATION OF 4-ARYL-

4-OXOBUTYRIC ACIDS (2) 

Starting 
material 

(Method*>) 

1»(B) 
2 a ( A ) 
2a (A) 
l a ( B ) 
l b ( B ) 
l b ( B ) 
l c ( B ) 
W ( B ) 
l e ( B ) 
l e ( B ) 

2a (A) 
l a ( B ) 
2a (A) 

l a ( B ) 

2 f ( A ) 
2 g ( A ) 
2 h ( A ) 
2 i ( A ) 

Halo­
genating 

agent 

~"CL, 
SO,Cl, 
Br, 
Br, 
Cl2 

Br, 
CI, 
Br, 
CI, 
Br, 

CI, 
CI, 
Bra 

1)CI2 

2) Br, 
CI, 
CI, 
CI, 
Cl2 

Molar ratio 

A i c y -

l(or 2) 

2.4 
2.4 
2.4 
2.4 
3.0 
2.5 
3.0 
3.0 
3.0 
4.0 

2.4 
3.0 
3.0 

3.0 

3.0 
3.0 
3.0 
2.4 

Halogen/ 
l(or 2) 

1.7 
2.2 
2.2 
1.7 
1.7 
2.2 
2.2 
2.2 

10.0 
5.6 

2.6 
2.9 
2.1 

1.9 
1.1 
7.3 
2 .8 
2.8 
3.0 

Conditions 

Temp 
°C 

30—40 
40—50 
20—30 
25—30 
20—30 

45 
20—30 
20—30 
20—25 
20—25 

40 
40—45 

3—7 
20—30 
30—35 
5—10 

30—35 
0—10 
0—10 
0—10 

35—40 

Time 
~~h 

~L5 
8 

24 
6 
7 

11.5 
18 
24 
49 
16 . 
17^ 
2 

21.5 

J.,3 
24 *, 
19.5J 
18 
16 
16 
4.5 

Productb> m 
3a (72) 
3a (83) 
3b*> (64) 
3b (75) 
3c*> (48) 
3dh> (70) 
3ef> (81) 
3fJ> (89) 
3gk> (70) 

3h'> (70) 

6a"> (31) 
6a (52) 

6b°> (67) 

6cp> (50) 

6dr> (51) 

«) 
6fl> (16) 
6gu> (72) 

Mp 
°C 

150—156d> 

163—171r> 

107—113") 
119— 122d> 
175—178r> 
160—163f> 
121—123") 

121—124m> 

183—188f> 

188—19ld> 

183—185*1) 

137—138f> 

120—122f> 
180—183r> 

/7^\ AX 
^ 

l a : 
b : 
c: 
d: 
e: 

? 

A I C I 3 

R = CH3 

R = H 
R = Br 
R=C1 
R = F 

Vr 

2a: 
b : 
c : 
d: 
e: 

r ^ V 
R - C H 3 

R = H 
R = Br 
R = C1 
R = F 

OH \ _ r V O 

3a: R = CH3, X = G1 
b : R = CH3, X = Br 
c: R = H, X = C1 
d: R = H, X = Br 
e: R = Br X=C1 
f: R=C1, X = Br 
g: R = F, X = G1 
h : R = F , X = Br 

a) A: Halogenation of 4-aryl-4-oxobutync acids (2). B: Consecutive succinoylation 
and halogenation of aromatic compounds (1). b) Satisfactory elemental analyses were 
obtained for all compounds, c) Isolated yield (purity > 9 5 % , estimated by HPLC). 
d) Recrystd from benzene, e) NMR (DMSO-</6): 52 .41 (s, 3H), 2.60 (t, 2H), 3.23 (t, 
2H), 4.90 (s, 1H), 7.47 (d, 1H), 7.89 (dd, 1H), 8.08 (d, 1H). f) Recrystd from CH3-
CN. g) NMR (DMSO-</6): 5 2.79 (t, 2H), 3.30 (t, 2H), 7.2—8.3 (m, 4H), 11.10 (s, 
1H). h) NMR (DMSO-</6): 5 2.79 (t, 2H), 3.29 (t, 2H), 7.2—8.3 (m, 4H), 10.98 (s, 
1H). i) NMR (DMSO-d6): 5 2.59 (t, 2H), 3.24 (t, 2H), 7.9-~8.2 (m, 3H). j) NMR 
(DMSO-4,): Ô 2.57 (t, 2H), 3.28 (t, 2H), 7.78 (d, 1H), 8.03 (dd, 1H), 8.30 (d, 1H). 
k) NMR (DMSO-</6): 52.60 (t, 2H), 3.30 (t, 2H), 7.53 (dd, 1H), 8.05 (dq, 1H), 8.17 
(dd, 1H). 1) NMR (DMSO-4,): 5 2.60 (t, 2H), 3.28 (t, 2H), 7.53 (dd, 1H), 8.09 (dq, 
1H), "8.29 (dd, 1H). m) Recrystd from hexane-AcOEt. n) NMR (DMSO-</G) : 5 2.48 
(s, 3H), 2.65 (t, 2H), 3.27 (t, 2H), 7.59 (s, 2H), 11.68 (s, 1H). o) NMR (DMSO-</6) : 
5 2.57 (s, 3H), 2.58 (t, 2H), 3.25 (t, 2H), 8.10 (s, 2H). p) NMR (DMSO-</6) : 5 2.50 
(s, 3H), 2.58 (t, 2H), 3.23 (t, 2H), 7.98 (d, 1H), 8.08 (d, 1H), 11.91 (s, 1H). q) Re­
crystd from toluene, r) NMR (DMSO-</6): 5 1.13 (t, 3H), 2.57 (t, 2H), 2.95 (q, 2H), 
3.25 (t, 2H), 7.93 (s, 2H). s) Inseparable mixture, t) NMR (DMSO-d6): 5 0.95 (t, 
3H), 1.2—1.7 (m, 4H), 2.6—3.3 (m, 6H), 7.85 (s, 2H). u) NMR (DMSO-</B): 52.57 
(t, 2H), 3.24 (t, 2H), 7.99 (s, 2H), 10.33 (s, 1H). 
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shown along with the reaction conditions in Table 1. 
Mostly the starting acids (2) were prepared in situ 
from the corresponding aromatic compounds and 
succinic anhydride under the usual Friedel-Crafts 
conditions.6) T h e reaction courses were monitored by 
high-pressure liquid chromatography (HPLC) in every 
case. The monohalogenation proceeded smoothly for 
every halogenating agent used, and the acids halogenat-
ed at 3'-position were obtained in good yields. 

Next, certain 4-aryl-4-oxobutyric acids were 
dihalogenated on the 3 '- and 5'-positions using more 
than two molar equivalents of halogenating agents. The 
dichlorination of the jtara-methyl analog (2a) at low 
temperatures gave higher yield of the product (6a) than 
at elevated temperatures. The nuclear dibromination 
of 2a as well as its consecutive chlorination and bromi-
nation gave the desired acids (6a and 6b) in good yields. 
In the case of 4'-isopropyl analog (2g), a mixture of 
variously chlorinated products was obtained, and the 
desired product (6c) could not be isolated. 

The dichlorination of 4-(4-methoxyphenyl)-4-oxo-
butyric acid (2i) gave 4-(3,5-dichloro-4-hydroxyphenyl)-
4-oxobutyric acid (6g) in a good yield. The H P L C 
indicated that the dichlorination and demethylation took 
place almost simultaneously in this case. The reaction 
of 2,6-dichloroanisole with succinic anhydride under the 
usual Friedel-Crafts conditions produced only tarry 
materials which could not be purified. 

The above experiments have shown that certain 4-
aryl-4-oxobutyric acids with halogens on their 3 ' -
and(or) 5'-positions can be conveniently obtained by 
one pot operation starting from benzene or substituted 
benzenes. 

E x p e r i m e n t a l 

All melting points are not corrected. IR and NMR spectra 
were recorded on a JASCO IRA-2 spectrophotometer and 
Varian A-60 nuclear magnetic resonance spectrometer, 
respectively. HPLC apparatus used was a Hitachi Model 
635-T high-pressure liquid Chromatograph. Column used was 
5 X 50 cm glass, packed with Hitachi gel 3010. Elution system 
was MeOH-H 2 0-AcOH (94:5: 1), and wave length was 
248 nm through the experiments of monohalogenation and 
236 nm through dihalogenation. 

Materials. The 4-aryl-4-oxobutyric acids, 2a,7> 2f,8> 
2g,9> and 2i10) were prepared by the methods described in the 
literature. 4-(4-w-Butylphenyl)-4-oxobutyric acid (2h, mp 
101 °G) was prepared by a similar method. 

Preparation of 4-(3-Halogenatedphenyl)-4-oxobutyric Acids (3) 
and 4-(3,5-Dihalogenatedphenyl)-4~oxobutyric Acids (6). As 
a typical run, consecutive succinoylation and chlorination of 
l a are described here. To a mixture of aluminum chloride 
(32 g, 0.24 mol) and DCE (120 ml) was added portionwise 
powdered succinic anhydride (11 g, 0.11 mol) with stirring 
at room temperature. Stirring was continued for further 
10 min. Then, toluene (9.2 g, 0.1 mol) was added dropwise 
in 30 min at 10 °G. After stirring for 1.5 h at 10—15 °C, the 
reaction mixture was warmed to 30 °G. Chlorine gas (8 ml, 
0.17 mol), trapped in a Dry Ice acetone bath was introduced 
into the reaction mixture in 1 h at 30—40 °G. Stirring was 

continued thereafter, until the peak due to the monochloro 
derivative (3a) became a maximum on HPLG (relative peak 
height, ca. 95%). Then, the reaction mixture was poured 
into a mixture of ice (500 g) and concentrated HG1 (60 ml), 
and the resulting oily solid was extracted with ethyl acetate 
(11). The organic solution was repeatedly washed with water, 
and dried over Na2S04 . The filtered ethyl acetate was 
evaporated in vacuo, and the crude product was recrystallized 
from benzene-hexane (1 :1 , 200 ml) to give 16.3 g of 4-(3-
chloro-4-methylphenyl)-4-oxobutyric acid (3a) 5 as colorless 
leaflets; mp 150—156 °C. IR (Nujol): 2500—2800 (GOOH) 
and 1700 cm-1 (broad, CO). NMR (DMSO-i6): Ô 2.40 
(3H, s, CH3), 2.58 (2H, t, / - 6 Hz, -CH 2-) , 3.25 (2H, t, 
7 = 6 Hz, -CH 2 - ) , 7.48 (1H, d, / = 8 H z , H-5'), 7.85 (1H, 
dd, J=8 and 2 Hz, H-6'), and 7.92 (1H, broad s, H-2'). 
Found: G, 58.80; H, 4.88; Gl, 15.67%. Galcdfor CnHuClCV 
G, 58.29; H, 4.89; Gl, 15.64%. 

The halogenation of other 4-aryl-4-oxobutyric acids were 
conducted basically as above. The conditions and results are 
summarized in Table 1. 

Reaction of 2,6-Dichlorotoluene with Succinic Anhydride. To 
a mixture of aluminum chloride (40 g, 0.3 mol) and DGE 
(100 ml) was added portionwise powdered succinic anhydride 
(10 g, 0.1 mol) with stirring. The resulting deep red solution 
was refluxed for 1 h. The reaction mixture was treated as 
above to give a crude oily solid (32 g). Recrystallization of 
this from benzene-hexane (1:2, 300 ml) gave 7.8 g (30%) of 
4-(2,4-dichloro-3-methylphenyl)-4-oxobutyric acid (5) as 
colorless needles; mp 92—94 °G. IR (Nujol): 2500—2800 
(GOOH), 1700 cm-1 (GO) ; NMR (DMSO-4) : à 2.50 (3H, s, 
GH3), 2.82 (2H, t, / - 6 Hz, -CH 2 - ) , 3.14 (2H, t, J=6 Hz, 
-CH 2 - ) , 7.35 (2H, AB-d, aromatic), 9.45 (1H, broad s, OH). 
Found: G, 50.29; H, 3.77; Gl, 26.95%. Galcdfor CnH10Cl2O3: 
G, 50.60; H, 3.86; Gl, 27.16%. 

The authors are grateful to Dr. Kazuo Tomita and 
Dr. Takashi Matsui for valuable discussions. They are 
also thankful to Mr . Toshiaki Yanai , Mr . Tadashi 
Murakami , Mr . Sohji Sugai, and Mr . Junzo Tobitsuka 
for technical assistances. 
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Oxidation-Reduction Equilibrium between Cation Radicals. An Approach 
to Determine Ionization Potentials of Electron Donor Molecules 
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(Received February 15, 1979) 

Synopsis. For several electron donor molecules, 
the adiabatic ionization potential and the oxidation-reduction 
potential in the formation of cation radical from its parent 
molecule were estimated by using the equilibrium constant 
of a preferred electron transfer reaction from neutral donor 
molecule to another cation radical molecule in solution. 

Earlier, we presented a method for determining 
electron affinity values of electron acceptor molecules 
by using preferred electron transfer {i.e., oxidation-
reduction) reaction between anion radicals in solution.1) 
In this method, we measured the equilibrium constant 
of such reaction spectrophotometrically, so that we could 
estimate the difference of the oxidation-reduction 
potential and the electron affinity between two acceptor 
molecules. 

In a similar way, if we observe chemical equilibrium 
of preferred electron transfer reaction from neutral 
electron donor molecule to another cation radical 
molecule in solution, we can obtain some knowledge 
regarding the ionization potentials of donor molecules 
as well as the oxidation-reduction potentials in the 
formation of their cation radicals. In the present paper, 
we apply this approach to several donor molecules with 
low ionization potentials such as N,iV,iV'/,iV''-tetramethyl-
jb-phenylenediamine (TMPD) , N,iV-dimethyl-/>-phenyl-
enediamine (DMPD) , iV,iV,iV'/,iV/-tetramethylbenzidine 
(TMB) and phenothiazine (PT) . 

In previous papers,2) we examined the chemical 
equilibria of such preferred electron transfer reactions 
in various solvents. First, we shall derive oxidation-
reduction potentials for those donor molecules. Here­
after, E1(M+-, M ) , £2(M+-, M ) , and £3(M+-, M ) , (M = 
T M P D , D M P D , T M B , or PT) , are denoted as reversible 
one-electron reduction potentials of M + - + e ^ M in 
(1 :3) ethanol-water solution, in aqueous solution and 
in acetonitrile solution, respectively. 

The reaction between neutral phenothiazine and 
N, N, N\ N'- tetramethyl-/?-phenylenediamine cation 
radical was examined in (1 :3 ) ethanol-water solvent. 
The oxidation-reduction equilibrium is expressed by 

PT + TMPD+ PT+- + TMPD. (1) 

If we neglect the effect of counter anions and assume 
that the activity coefficients of the solutes are unity, 
the equilibrium constant of this reaction is simply given 
by 

[PT+-][TMPD] 
K = 

[PT][TMPD+-] * (2) 

The equilibrium constant, K, was determined spectro­
photometrically to be 0.96 x l O " 6 at 10 °C. Using 
Nernst equation, we obtain a relation of reduction 
potentials, £1(PT+-, PT)=£ 1 (TMPD+- , T M P D ) + 0 . 3 4 V . 

In a similar way, we examined the following reactions 
and obtained the relations of reduction potentials. In 
the reaction between neutral phenothiazine and N,K-
dimethyl-/?-phenylenediamine cation radical in (1 :3 ) 
ethanol-water solution, P T + D M P D + - ^ = ± P T + - + 
D M P D , K= [PT+-] [DMPD] / [PT] [ D M P D + ] = (3 ± 1 ) 
XlO" 5 at 10 °C, and E1(FT+-, P T ) = £ 1 ( D M P D + - , 
D M P D ) + 0 . 2 6 V. From the relation between E1(FT+-, 
PT) and £ 1 (TMPD+- , T M P D ) , we can estimate the 
relation, £ 1 (DMPD+-, D M P D ) = £ 1 ( T M P D + - , T M P D ) 
+ 0 . 0 8 V. The reaction of D M P D + T M P D + s = ± 
D M P D + + T M P D was examined in two different 
solvents. In aqueous solution, 7 T = [ D M P D + ] [ T M P D ] / 
[DMPD][TMPD+-]=- (2 .8+0 .6 ) X lO- 2 at 10 °C and 
£ 2 (DMPD+-, D M P D ) = £ 2 ( T M P D + - , T M P D ) + 0 . 0 8 7 
V, while in acetonitrile solution 7T=(3 .8+1.5) X 10~2 at 
10 °C and £ 3 (DMPD+-, D M P D ) = £ 3 ( T M P D + - , T M P D ) 
+ 0 . 0 7 8 V. For the reaction of D M P D + T M B + ; = ± 
D M P D + + T M B in acetonitrile solution, K= 
[DMPD+-][TMB]/[DMPD][TMB+-] = ( 3 ± 1 ) x 103 at 
10 °C and £3(TMB+-, T M B ) = £ 3 ( D M P D + - , D M P D ) + 
0.20 V. From the relation between £ 3 (DMPD+-, 
D M P D ) and E 3(TMPD+-, T M P D ) , we can further ob­
tain £3(TMB+-, T M B ) = £ 3 ( T M P D + - , T M P D ) + 0 . 2 8 V . 

Although we obtained the reduction potentials of 
T M P D , D M P D , T M B and PT, the used solvents are 
different from each other. The reason for this is that 
we have to observe chemical equilibrium between cation 
radicals and that the stability of the cation radicals 
greatly depends on the solvents. Rigorously speaking, 
we cannot compare the values of the reduction potentials 
in different solvents, and only the comparison of the 
values in the common solvents is meaningful. However, 
as was shown above, the dependence of the ii,-(TMPD+-, 
T M P D ) - £ / ( D M P D + - , D M P D ) value, ( i = l , 2, or 3), 
on the solvents used appears to be within + 0 . 0 0 5 V. 

Next, we consider the ionization potentials of T M P D , 
D M P D , T M B and P T on the basis of the above discus­
sion. In a reversible one-electron addition to cation 
radical molecule, D+-, to form neutral molecule, D, in 
solution, D + - + e ; = ± D , the free energy change in the 
presence of mercury electrode is given by 

AG°(D) = -7P(D) + AAGs°olv(D, D+-) + *Hg, (3) 

where 7p(D) is the ionization potential of the molecule, 
D, in gas phase, AAG£>iv(D, D+-) is the difference in 
free energy of solvation between D and D+- , and Xug is 
the electron work function of the mercury surface. Note 
that /p(D) corresponds to an adiabatic ionization 
potential, because the reaction involves thermody-
namical equilibrium. In the case of oxidation-reduc­
tion equilibrium between D1 and D2+- in solution, D x + 
D 2

+ - ^ = ± D 1
+ - + D 2 , the observed equilibrium constant, 
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K, is related with AG°'s, 

-RTlnK = AG°(D2) - AG^DJ = ^ ( D ^ - 7p(D2) 

+ AAGS°01V(D2, D 2 - ) - AAG°olv(D1? D ^ ) . (4) 

Therefore, if one assumes that the solvation energy, 
AAG8°olv(D2, Da+-), is almost equal to AAGs°olv(D1, 
D ^ - ) , one can determine from Eq. 4 the difference of the 
ionization potentials between the D x and D 2 molecules. 
At the present time, although we have not enough 
knowledge regarding the solvation energy of neutral 
donor molecule and its cation radical, for neutral 
acceptor molecule, A, and its anion radical, A"*, the 
magnitude of AAGß°oiv(A-, A) is found to be hardly 
influenced by the species of the acceptor molecules, as 
long as the molecular sizes and the shapes are similar 
to one another.1) 

Assuming AAGS, lv(D1, D^- ) ~AAG s°o l v(D2 , Da+-), 
we will discuss the ionization potentials of T M P D , 
D M P D , T M B and P T in the following. So far, the 
ionization potential of T M P D has been studied in most 
detail.3»4) Therefore, if the value is one given for 
/ p ( T M P D ) , the absolute values of Ip(DMPD), 7 p (TMB), 
and /p(PT) will be determined from Eq. 4 and the 
observed equilibrium constants. Photoionization of 
T M P D in gas phase was measured by Batley and Lyons 
and later by Nakato et a/.3»4) The energy for onset of 
photoionization curve was assumed to correspond to 
the adiabatic ionization energy, but the onset was rather 
gradual in the case of T M P D . Batley and Lyons 
estimated the upper limit of the adiabatic ionization 
potential as Ip(TMPD)^6.25 eV, while Nakato et al., 
7 p ( T M P D ) ^ 6 . 2 0 eV. In the present paper, referring 
to Nakato's value, we take 7 p ( T M P D ) = 6 . 2 0 eV as a 
standard. Then , by the use of the observed equilibrium 
constants of oxidation-reduction reactions, together with 
Eq. 4, the adiabatic ionization potentials of D M P D , 
T M B , and P T were estimated to be 6.28 eV, 6.48 eV, 
and 6.54 eV, respectively. 

O n the other hand, in Table 1, we compare the da ta 
with those measured by photoionization method. As 
has been mentioned, because of gradual onset of photo­
ionization, it is rather difficult to determine exactly the 
adiabatic ionization energies by photoionization method, 
where only the upper limits of the ionization energies 
were estimated. In particular, the onset of ionization of 
phenothiazine is more gradual than the other diamine 
compounds. For each of the compounds, however, a 

TABLE 1. ADIABATIC AND VERTICAL IONIZATION PO­

TENTIALS (eV) OF ELECTRON DONOR MOLECULES 

Compound 
Adiabatic Vertical 
ionization ionization 
potential potential 

Refer­
ence 

NtNt JV^iV'-Tetramethyl-
/>-phenylenediamine 

i\r,iV-Dimethyl-
/»-phenylenediamine 

N,N, JV', JV'-Tetramethyl-
benzidine 

Phenothiazine 

^6 .20 
<^6.25 
^6 .46 

6.28 
^6 .40 

6.48 
<7 .0 

6.54 

.75 

.47 

.97 

6.55 

38 
26 

Ref. 4 
Ref. 3 
Ref. 4 

This work 
Ref. 3 

This work 
Ref. 3 
Ref. 5 

This work 

fairly good agreement of the adiabatic ionization energies 
was obtained between the oxidation-reduction equi­
l ibrium method and the photoionization method. The 
order of the adiabatic ionization potentials was estimated 
as / p ( T M P D ) < / p ( D M P D ) < / p ( T M B ) < / p ( P T ) by our 
method, while in photoionization it appears that 
/ p ( T M P D ) < / p ( T M B ) ^ / p ( D M P D ) < / p ( P T ) . As for 
the magnitudes of 7 p (DMPD) and 7p(TMB) in photo­
ionization, the former value was measured by Nakato 
et al.*) while the latter, by Batley and Lyons.3) There­
fore, we consider that systematic determination of the 
/ p ( D M P D ) and 7p(TMB) values in photoionization is 
desirable to compare those values with ours.6) 

In Table 1, the data on vertical ionization energies 
are also given for purposes of comparison. Usually, 
vertical energies exceed adiabatic energies because of a 
change of shape of the molecule upon ionization. The 
difference between the adiabatic and vertical energies 
is considerable in D M P D and PT, where it amounts 
up to 0.7 eV. This implies a considerable structural 
change upon ionization in those molecules. For example, 
the molecular structure of neutral P T is of bent form, 
while its cation radical may become planar.7»8) 

So far, photoionization method in gas phase has been 
widely used to determine vertical ionization potentials 
of a number of organic molecules, but has some 
difficulties in obtaining adiabatic ionization potentials. 
Alternatively, the present approach of oxidation-
reduction equilibrium is a useful method to determine 
adiabatic ionization potentials of such molecules. One 
of the difficulties of this method lies in the assumption 
of AAG^ÇDl9 D1+-)^AAGç°olv(D2, Da+-) in Eq. 4. 
The problem of the solvation energies of neutral molecule 
and its cation radical should be solved in order to 
obtain more exact adiabatic ionization potentials of a 
number of electron donor molecules. 
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Synopsis. A new 5-amino-l,4-diazaanthraquinone 
and related compounds were prepared from 2,3-dichloro-l,4-
naphthoquinone by two different methods. The transition 
energies and electron densities of 5-amino-1,4-diaza­
anthraquinone and 1 -aminoanthraquinone were calculated by 
a variable /^-modification of the PPP method. 

Anthraquinone dyes are of great value as synthetic 
coloring matter . We have at tempted to prepare new 
azaanthraquinone derivatives for dyes. Although a few 
styryl derivatives of diazaanthraquinone dyes have been 
reported,1) the preparation and absorption spectra of 
other diazaanthraquinone derivatives for dyes are 
little known. 

In this paper, we wish to report the syntheses 
and absorption spectra of new 5-amino-l,4-diaza-
anthraquinone 4 and related compounds which were 
prepared from 2,3-dichloro-l,4-naphthoquinone by two 
different methods (Scheme 1). Compound 4 was 
prepared as follows: Method A. Reduction of 5-nitro-
1,4-diazaanthraquinone 3 prepared by the nitration of 
1,4-diazaanthraquinone (DAQ) 2,2> with sodium sulfide 
for 2 h gave 4 in 3 4 % yield. Method B. Condensation 
of 2,3,5-triamino-l,4-naphthoquinone 63) prepared from 
2,3-dichloro-l,4-naphthoquinone 1 via several steps 
(l->5->6), with 4 0 % aqueous glyoxal at 90 °C for 3 h 
gave 4 in 9 2 % yield. Method B is favorable as regards 
yield. No diazaanthraquinone derivative (2, X = CH3) 
could be obtained by the Friedel-Crafts reaction of 
pyrazinedicarboxylic anhydride with toluene. Com­
pounds 3 and 4 were confirmed by the appearance of 
peaks at 255 and 225, respectively, in the mass spectra. 
Since the purification of compound 4 was difficult, it 
was converted into acetylamino (7) and benzoylamino 
derivatives (8). These compounds gave satisfactory 
results of microanalysis. Bromination of 4 gave a mono 
bromo derivative 9. The dye properties of these com­
pounds are under investigation. 

The absorption spectra of new 1,4-diazaanthra-
quinones in E t O H are as follows : 5 -NH 2 -DAQ 4 : Amax 

Fig. 1. Change in ^-electron density accompanying 
electronic excitation to the first excited state for 
5-amino-l,4-diazaanthraquinone 4 and 1-amino­
anthraquinone 10. A positive sign indicates an 
increase and a negative sign a decrease in rc-electron 
density. 

500 n m (s 5 . 7 x l 0 3 ) , 5 - N H C O C H 3 - D A Q 7 : Amax 414 
n m (s 4.5 X l 0 3 ) , 5 - N H C O C 6 H 5 - D A Q 8: Amax 424 n m 
(e 5.5 X l 0 3 ) , 5-NH2-6(or 8)-Br-DAQ, 9 : Amax 490 n m 
(s 6.2 XlO3) . The absorption maxima of diaza­
anthraquinone derivatives 4 and 7 were found at longer 
wavelength (10—20 nm) than those of their carbon 
analogues, e.g., 1-aminoanthraquinone 10: Amax 478 nm, 
1-acetylaminoanthraquinone 1 1 : Amax 400 n m . In the 
benzene solution, the absorption maxima of 4 and 10 
lie at 476 and 465 nm, respectively. The solvent-
induced wavelength shift for 4 is larger than that for 10. 
Calculation of the first excited energy by the variable 
/^ -modif ica t ion of the PPP method for 10 and 4 
predicts a small bathochromic shift for the latter 
compound (10: 2.95 eV ( / = 0 . 2 4 6 ) , 4 : 2.93 eV ( / = 
0.226)). As shown in Fig. 1 the migration of 7z-electron 
accompanying the first electron exitation for 4 is from 
the donor amino group and substituted ring to two 
carbonyl groups and the pyrazine ring, as well as for 
carbon analogue 10. From the result, it is expected 
that the characterization of the absorption properties 
of diazaanthraquinone derivatives is similar to that of 
anthraquinones. 

O 
Il CHO 

(A) y \ / \ / N H 2 CHO 

o 
II ,C1 

Gl 
ii 
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XNH2 X ' ' 
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Scheme 1. 
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E x p e r i m e n t a l 

Infrared spectra were recorded on a Hitachi ESI-S2 
spectrophotometer using KBr pellets, UV spectra on a Hitachi 
EPS-3T spectrophotometer, and mass spectra on a Hitachi 
RMU-6E mass spectrometer operating at 80 eV. Elemental 
analyses were recorded on a Yanaco GHN recorder MT-2. 

5-Nitro-1,4-diazaanthraquinone 3. 1,4-Diazaanthraquinone1) 
(3.8 g, 0.018 mol) was dissolved in coned H 2S0 4 (10 g), and a 
mixture of coned H 2 S0 4 (15 g) and fuming H N 0 3 (*/= 1.52, 
2.1 g) was added dropwise to this solution at 75—80 °G. The 
mixture was stirred at 75—80 °G for 5 h. After cooling, the 
mixture was poured into cold water. The resulting solid was 
separated and washed with water. Recrystallization from 
benzene gave 3 (1.0 g); yield 22%, mp 275—278 °G, Found: 
C, 57.64; H, 2.19; N, 15.67%; vQ0 1690 cm-1, NMR (DMSO-
d<) 6=9.10 (2H, s) and 7.50—8.50 (3H, m), MS (80 eV), 
m/e (rel intensity), 255 (M, 100), 225 (85), and 209 (54). 

5-Amino-1,4-diazaanthraquinone 4. Method A. Compound 
3 ( 1.0 g, 0.0039 mol) was added to an aqueous solution 
(100 ml) of sodium sulfide (1.14 g) and sulfur (0.15 g). The 
mixture was stirred under reflux for 2 h, and the resulting 
solid was separated. Recrystallization from water and/or 
pyridine gave 4 (0.3 g). Method B. To a suspension of 2,3,5-
triamino-l,4-naphthoquinone (7.7 g, 0.038 mol) in water 
(230 ml) was added 40% aqueous glyoxal (7.7 g) at 90 °G. 
The mixture was stirred at 90 °C for 3 h. After cooling, 
the resulting solid was separated. Recrystallization from 
water and/or pyridine gave 4 (7.9 g). Microanalysis of 
compound 4 gave unsatisfactory results as follows. Found: 
C, 62.98; H, 3.05; N, 18.34%. Calcd for C12H7N302: C, 
64.00; H, 3.11; N, 18.67%, vco 1680 and 1650 cm"1, MS 
(80 eV), m/e (rel intensity) 225 (M, 100), 197 (39), 169 (33), 
and 143 (18). 

5-Acetylamino-1,4-diazaanthraquinone 7. A solution of 4 
(0.5 g) in acetic anhydride (25 ml) was stirred under reflux 
for 2 h. After cooling, the resulting solid was separated and 
washed with water. Recrystallization from xylene gave 7 
in 67% yield: v6o 1700 and 1665 cm"1, MS (80 eV), m/e 
(rel intensity), 267 (M, 17), 225 (100), 210 (19), and 197 
(39). Found: G, 63.09; H, 3.30; N, 16.11%. Calcd for 
C14H9N303: C, 62.92; H, 3.37; N, 15.73%. 

5-B en zoylamino-1,4-diazaanthraquinone 8. Benzoyl 
chloride (2.6 g) was added dropwise to a solution of 4 (1.4g) 
in nitrobenzene (45 ml) at 125 °C for 1.5 h. The mixture was 
then heated for 1.5 h at the same temperature. After cooling, 
the resulting solid was separated and washed with ligroin 
and methanol. Recrystallization from acetonitrile gave 8 
(1.3 g) in 64% yield: vco 1700 and 1665 cm"1. Found: C, 
69.21; H, 3.24; N, 12.93%. Calcd for C 1 9 H n 0 3 N 3 : C, 69.30; 
H, 3.34; N, 12.77%. 

5-Amino-6(or 8)-bromo-1,4-diazaanthraquinone 9. Bromine 
(5.3 g) was added dropwise to a solution of 4 (3.0 g) in o-
dichlorobenzene (100 ml) at 165—170 °C for 1 h. The 
mixture was stirred under reflux for 7 h. After cooling, the 
resulting solid was separated and washed with benzene, 
methanol, and water. Recrystallization from EtOH gave 9 
in 45% yield: vco 1700 and 1665 cm"1. Found: C, 46.44; 
H, 2.08; N, 14.20%. Calcd for C12H6N3Br02: C, 47.38; H, 
1.97; N, 13.82%, MS (80 eV), m/e (rel intensity), 305 (100), 
303 (99), 225 (90), 197 (44), and 169 (48). 

Method of SCF-MO Calculation. The calculation was 
carried out by the Pariser-Parr-Pople method with variable 
fty-approximation. The resonance integrals, ßrB's, were 
adjusted at each iteration of the SCF calculations by means 
of the following equations.4) 

ßcc = - 1 . 8 4 - 0 . 5 1 P o o 

ßCN = - 2 . 0 2 - 0 . 5 3 P O N 

ß00 = - 2 . 2 0 - 0 . 5 6 P C O 

where P r s is a bond order between the r and s atoms. The 
two center repulsion integrals yrs's were calculated by the 
Nishimoto-Mataga equation5) using the following Rrs : 

RGC= 1.517 - 0 . 1 8 P o o 

RCN= 1.451 - 0 . 1 8 P O N 

Rco= 1 .410-0 .18P o o 

The ionization potentials, IpCr)
9s, and one-center repulsion 

integrals, yrr 's, for carbon, nitrogen, and oxygen atoms were 
chosen as: 

/P(G) = 11.16 eV 

/P(N) = 14.12eV 

/ P (NH 2 )=26 .7 eV 

7P(0) = 17.7 eV 

yTT= 11.13eV 

= 12.34 eV 

= 17.44 eV 

= 15.23 eV 

The authors would like to thank Mr . Y. Kogo, 
Nippon Kayaku Co., Ltd. , for assistance in the molecular 
orbital calculations. 
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Synopsis. The reactions of 2-tosyloxytropones or 2-
chlorotropones with hydrazine, methylhydrazine, and phenyl-
hydrazine gave 2-hydrazinotropones, 2- (a-methylhydrazino) -
tropones, and 2-(ß-phenylhydrazino) tropones, respectively. 
All the reactions are normal substitution at C-2 position of 
the tropone ring. No ciné reaction was observed. The reac­
tivity of hydrazines decreases in the order: NH2NH2^> 
CH3NHNH2>PhNHNH2 . 

In troponoids, ciné substitution very often occurs 
besides normal substitution, especially when the leaving 
group is a tosyloxy or halogen group, rather than a 
methoxyl group.1) The reactions of tropolone methyl 
ethers with hydrazine afford 2-hydrazinotropones, which 
are useful as synthetic intermediates, by normal substitu­
tion at the C-2 atom. However, little is known about 
the reaction of 2-tosyloxytropones or 2-chlorotropones 
with hydrazine. We wish to report on the reactions of 
these reactive troponoids with hydrazine, methyl­
hydrazine, and Phenylhydrazine. 

,-CX 
1 Y OTs 
2 Y Cl 

NH2NH2H2O ^ (T^X 

NHNH2 

CH3NHNH2 1 j ^ 

A CH3 

PhNHNH2 -Of 
R = H 
R=4-CH a 

R = 6-CH3 

Scheme 1. 

R e s u l t s and D i s c u s s i o n 

Reactions with Hydrazine. 2-Tosyloxytropone ( l a ) 
was refluxed with hydrazine hydrate in methanol for 
30 min to afford 2-hydrazinotropone (3a)2) in 4 8 % 
yield. 4- ( lb ) and 6-methyl-2-tosyloxy tropone ( lc ) also 
gave the corresponding 4- (3b)3 ) and 6-methyl-2-
hydrazinotropone (3c)3) in 31 and 4 1 % yields, respec­
tively. 

In a similar manner , the reactions of 2-chlorotropones 
(2a—c) with hydrazine hydrate gave 2-hydrazinotro-

t Present address: Eiken Chemical Co., Ltd., Bunkyo-
ku, Tokyo 113. 

tt Present address : Yoshitomi Pharmaceutical Industries 
Ltd., Bunkyo-ku, Tokyo 113. 

pones (3a—c) in 92, 89, and 9 1 % yields, respectively, 
all the reactions being normal substitution at the 2-
position of tropones. 

Reactions with Methylhydrazine. The reactions of 
2-tosyloxytropones ( la—c) with methylhydrazine under 
reflux in methanol gave 2-(a-methylhydrazino) tropones 
(4a—c) in 31 , 38, and 3 4 % yields, respectively. The 
N M R spectrum of 4a shows peaks at ô 3.29 (s, 3H) for 
C H 3 and Ô 4.29 (br, 2H) for N H 2 , indicating the 
presence of an a-methylhydrazino group. The spectra 
of 4 b and 4c also show the presence of the a-methyl­
hydrazino group (Table 1). The position of the C-
methyl substituent in 4 b and 4c were confirmed by 
alkaline hydrolysis to 4-methyltropolone.4) 

TABLE 1. CHARACTERISTICS OF THE PRODUCTS 

Compd 
Mp 
°C 

jJMeOH 

nm (log e) 
Found (Calcd) 

% 

4c 102.5—103 

4a 66—67 3320(NH) 259(4.17) 
1610(C=O) 362(3.95) 

418(3.85) 
4b 89—91 3320 (NH) 265(4.22) 

1585(C=0) 363(3.93) 
412(3.83) 

3300(NH) 260(4.24) 
1615(C=0) 363(3.94) 

411(3.86) 
5a 163—165 3290(NH) 249(4.48) 

1600(C=O) 338(4.01) 

404(4.07) 

5b 193—196 3285(NH) 254(4.54) 
1600(C=O) 341 (4.03) 

403(4.08) 

5c 184—186 3290(NH) 252(4.55) 
1600(C=O) 341(4.01) 

401(4.05) 

3.29(s, 3H,CH3) 
4.29(br, 2H, NH2) 
6.4—7.4(m, 5H) 
2.37(s, 3H, C-CH3) 
3.21 (s, 3H, N-CH3) 
4.62(br, 2H, NH2) 
6.4—7.3(m,4H) 
2.30(s, 3H, C-CH3) 
3.25(s, 3H, N-CH3) 
4.64(br, 2H, NH2) 
5.82(br, 1H,NH-Ph) 
6.7—7.35 (m, I OH) 
8.25(br, 1 H , N H -
tropone) 
2.34(s, 3H,CH3) 
5.77(br, 1H,NH-Ph) 
6.5—7.3(m,9H) 
8.25(br, 1H, N H " 
tropone) 
2.38(s, 3H,CH3) 
5.81(br, 1H,NH-Ph) 
6.2—7.4(m,9H) 
8.20(br, 1H, N H -
tropone) 

C 63.73(63.98) 
H 6.82( 6.71) 
N 18.83(18.66) 
C 65.57(65.83) 
H 7.25( 7.37) 
N 16.89(17.06) 

C 65.68(65.83) 
H 7.40( 7.37) 
N 17.07(17.06) 
C 73.63(73.56) 
H 5.64( 5.64) 

N 12.90(13.20) 

C 74.53(74.32) 
H 6.40( 6.24) 
N 12.09(12.38) 

C 74.12(74.32) 
H 6.36( 6.24) 
N 12.27(12.38) 

Heating of 2-chlorotropone (2a—c) with methyl­
hydrazine afforded the same products (4a—c) in 69, 72, 
and 6 4 % yields, respectively. Thus , all the reactions 
with methylhydrazine are normal substitution reactions, 
giving no abnormal substitution products. 

Reactions with Phenylhydrazine. Heat ing of 2-
tosyloxytropone ( l a ) with Phenylhydrazine in methanol 
under reflux for 30 min gave no product in isolable 
amount . Prolonged reaction (8 h) afforded 2-QS-
phenylhydrazino)tropone5»6) (5a) in only 1 8 % yield. 
Similarly, both the reactions of 4- ( l b ) and 6-methyl-
2-tosyloxytropone ( lc) gave the corresponding 2-(/?-
phenylhydrazino) tropones (5b and 5c) in 24 and 14% 
yields, respectively. Presence of the /?-phenylhydrazino 
group was confirmed by the N M R spectra which show 
two peaks a t ô 5.7—5.8 (br, 1H) for N H - P h and ô 
8.2—8.25 (br, 1H) for NH- t ropone . Palladium-
catalyzed hydrogenolysis of 5 b and 5c yielded 4-7) and 
6-methyl-substituted 2-aminotropones,3) respectively. 
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This indicates that the reactions of l b and l c with 
Phenylhydrazine are normal substitutions. 

Furthermore, the reactions of 2-chlorotropones 
(2a—c) with Phenylhydrazine gave normally-substituted 
2-(/ff-phenylhydrazino)tropones (5a—c) in 10, 16, and 
16% yields, respectively. 

Reactivity of Hydrazines. The reactivity of hydrazines 
based on the product yields decreases in the following 
order : 

NH2NH2 >; CH3NHNH2 > PhNHNH2 

In methylhydrazine, the reactivity enhancement by the 
+ 1 effect of the methyl group is overcome by its steric 
effect. Thus , its reactivity might be comparable to 
tha t of hydrazine. 

O n the other hand, the reactivity of Phenylhydrazine 
is considerably decreased by both the —I and steric 
effects of the phenyl group. The reactivity order is in 
line with the order of basicity (pKa) of hydrazines : 

NH2NH2 (8.07)8) > GH3NHNH2 (7.87)8> 

>PhNHNH2(5.27)9> 

E x p e r i m e n t a l 

Measurements. Melting points were determined with a 
Yanagimoto micro-melting point apparatus and are uncor­
rected. IR spectra were taken on a JASCO IRA-1 spectro­
photometer, and UV spectra on a Hitachi EPS-3T spectro­
photometer. NMR spectra were recorded on a Hitachi R-24 
spectrometer (60 MHz). 

Materials. All the known compounds were prepared 
according to the methods described: la , mp 155.5—156.5 °C 
(lit,10) 159—159.5 °C); l b , mp 114—118 °C (lit,11) 117—118 
°G); lc, mp 165—167 °C (lit,11) 168—169 °C); 2a, mp 
66—67 °G (lit,12) 66—67 °G). 

4- (2b) and 6-Methyl-2-chlorotropone (2c). 4- (2b) and 
6-methyl-2-chlorotropone (2c) were prepared by the reaction 
of the corresponding tosylates ( lb and lc) with concentrated 
hydrochloric acid in dioxane according to the most advan­
tageous method reported.13»14) 2b, mp 49—50 °G (lit,7) 
49—51 °G); 2c, mp 59—60 °G (lit,7) 60—61 °C). 

Reactions with Hydrazine. A mixture of 1 or 2 (1 mmol) 
and 80% hydrazine hydrate (3 mmol, 185 mg) in methanol 
(5 ml) was refluxed for 30 min on a water-bath. The reaction 
mixture was diluted with water and extracted with chloroform. 
The extract was chromatographed on a Wakogel B-10 plate 
(30 X 30 cm2) with ethyl acetate to afford the corresponding 
2-hydrazinotropone (3) (from benzene-hexane). 3a, mp 
91— 93 °G (lit,2) 95—96 °G); 3b, mp 120—123 °G (lit,3) 
124 °G); 3c, mp 122—124 °G (lit,3) 134—135 °G). 

Reactions with Methylhydrazine. The active troponoid 
(1 or 2) (1 mmol) reacted with methylhydrazine (3 mmol, 
138 mg) in methanol (5 ml) to give the corresponding 2-(oc-
methylhydrazino)tropone (4) (from benzene-cyclohexane). 
Characteristic data are given in Table 1. 

Alkaline Hydrolysis of 4- (4b) and 6-Methyl-2-(a-methyl-
hydrazino)tropone (4c). a) 4b (15 mg) was heated on a 
water-bath for 2 h with 10% potassium hydroxide/ethanol-
water (1:1) (4 ml). The reaction mixture was neutralized 
with 2 M hydrochloric acid and extracted with chloroform. 
The extract was dried over sodium sulfate, giving pale yellow 

crystals (11 mg, 88%) by evaporation of chloroform. The 
crystals were recrystallized from petroleum ether to afford 
4-methyltropolone. Mp 73—76 °C (lit,4) 76—77 °C). b) 
Alkaline hydrolysis of 4c (210 mg) also gave 4-methyltropolone. 
Yield 120 mg (69%). 

Reactions with Phenylhydrazine. A mixture of 1 or 2 
( 1 mmol) and Phenylhydrazine (3 mmol, 324 mg) in methanol 
(5 ml) was refluxed for 8 h and worked up to afford the 
corresponding 2-(/?-phenylhydrazino)tropone (5) (from ethyl 
acetate) (Table 1). Compound (5a) has been reported (mp 
175 °G5) and 163 °C6)). 

Hydrogenolysis of 4- (5b) and 6-Methyl-2-( ß-phenylhydrazino)-
tropone (5c). a) 5b (0.5 mmol, 113 mg) in acetic acid 
(100 ml) was stirred for an hour under hydrogen atomosphere 
in the presence of 5% palladium-charcoal (100 mg). After 
removal of the catalyst, the reaction mixture was diluted with 
water, neutralized with solid sodium carbonate, and extracted 
with chloroform. The chloroform solution was washed with 
water, dried over sodium sulfate, and chromatographed on a 
Wakogel B-10 plate (20x20 cm2) with chloroform to give 
2-amino-4-methyltropone. Yield 27 mg (40%); mp 120—121 
°G (lit,7) 122—123 °C). b) In a similar manner, hydrogenolysis 
of 5c (0.5 mmol, 113 mg) gave 2-amino-6-methyltropone. 
Yield 32 mg (47%); mp 110—112 °G (lit,3) 111—112 °C). 

We wish to thank Dr. Tetsuo Nozoe, Professor 
Emeritus of Tohoku University, for his helpful discussion 
and encouragement. We are also grateful for the supply 
of methylcyclopentadiene dimer from Hitachi Chemical 
Co., Ltd. 
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Synopsis. The calcination of synthetic hydrotalcites 
of different compositions gave aluminium magnesium double 
oxides with strong basic sites and a high catalytic activity 
towards the polymerization of /3-propiolactone. The strong 
basic sites were determined and compared with the apparent 
polymerization rates, suggesting that the strong basic sites 
are active sites towards the reaction. 

Many catalytic reactions precipitated by either 
aluminium oxide or magnesium oxide have appeared 
in the li terature; however, only a few works have been 
found regarding aluminium magnesium double oxide 
catalyses: the polymerization of formaldehyde,1) the 
methylation of 3,5-xylenol,2) and the depolymerization 
of paraldehyde.3) In the last work, the correlation 
between the reactivity and the acid strength of the 
catalysts was mentioned. These catalysts were prepared 
by the calcination of hydroxides, nitrates, or carbonates. 

Fukuda et al.V calcined synthetic hydrotalcites5) with 
various molar ratios of the two metals in order to 
prepare aluminium magnesium double oxides, and 
studied their catalytic activity towards the decomposition 
of 4-hydroxy-4-methyl-2-pentanone and the methyla­
tion of phenol with methanol. The polymerization of 
propylene oxide was also found to be catalyzed by the 
oxide.6) In this paper, these double oxides will be shown 
to catalyze the polymerization of /?-propiolactone, and 
the active sites for the reaction will be discussed. 

Exper imenta l 

Reagents. The hydrotalcites were supplied by the 
Kyowa Chemical Co., Ltd. The /3-propiolactone was obtained 
commercially, dried over anhydrous sodium sulfate, and 
distilled under 10 Torr. The toluene was dried over calcium 
hydride and distilled under nitrogen. The acetone, ethanoJ, 
and chloroform used were of a reagent grade. 

Calcination of Hydrotalcite. About 0.5 g of air-dried 
hydrotalcite was placed in a 20 ml test tube, calcined in air 
at elevated temperatures up to 450 °C, and kept at this 
temperature for 1 h. Then, the calcined hydrotalcite was 
cooled to 300 °C in air and subsequently to room temperature 
over anhydrous calcium chloride. After the determination 
of the calcination loss of hydrotalcite, the air in the tube was 
replaced with nitrogen and the tube was sealed with a stop 
cock. 

Polymerization Procedure. To the oxide in the tube, 
3 ml of toluene, 3 ml of /?-propiolactone, and a magnetic 
stirring bar were added and the tube was sealed off. The 
reaction was carried out under stirring at a constant tempera­
ture for the necessary period of time. Then the reaction 
mixture was poured into ethanol, and the resulting precipitate 
was filtered and dried in vacuo. The polymer was extracted 
from the polymer-oxide composite with hot acetone for 10 h, 
using a Soxhlet extraction apparatus. The viscosity of the 
extracted polymer was measured at 30 °C in chloroform 
(0.5g/dl). 

R e s u l t s a n d D i s c u s s i o n 

The calcination of synthetic hydrotalcite at 450 °C 
for 1 h caused an almost complete decomposition, 
evolving carbon dioxide and water ; consequently, 
a luminium magnesium double oxide was formed. The 
results of the chemical analysis and the measurement of 
the surface area are summarized in Table 1. A colour 
change in the indicator adsorbed on the oxide surface 
was observed for methyl red ( p X a = 4 . 8 ) , but not for 
phenylazonaphthylamine (pKa=4.0). Therefore, the 
most acidic sites had acid strengths of 4 .8^>/ / 0 >4.0. 
In the same manner , the most base strength of the oxides 
was determined to be 1 8 . 0 > / / _ > 1 7 . 2 . 

TABLE 1. CHARACTERIZATION OF ALUMINIUM 

MAGNESIUM DOUBLE OXIDES 

Oxide 

Calcination 
loss (wt %) 

1 

42.5 

Chemical analysis 
MgO (wt %) 
A1203 (wt %) 
MgO/Al203 

(molar ratio) 
Amount of 
acida) (mmol/g) 
Amount of 
baseb) (mmol/g) 
Surface areac) 

(m2/g) 

47.3 
48.0 

2.49 

0.41 

0.63 

216 

2 

42.1 

56.7 
37.7 

3.80 

0.32 

0.54 

133 

3 

41.2 

62.5 
30.2 

5.23 

0.21 

0.73 

137 

4 

42.9 

72.7 
19.7 

9.33 

0.06 

0.85 

187 

5 

42.3 

79.4 
11.4 

17.6 

0 

0.94 

209 

a) This was measured by the titration of butylamine 
(0.1 mol dm-3) in benzene, using methyl red (pA"a= 
4.8) as an indicator, b) The value was obtained by 
the titration of benzoic acid (0.1 mol dm-3) in ben­
zene, using 2,4-dinitroaniline (pK&—\5.0) as an in­
dicator, c) The surface area was measured by the 
BET method. 

In order to examine the effects of these strong basic 
sites on the polymerization, the basic sites which have 
the base strength of H_^\5.0 were determined 
(Table 1). The amount of the base was shown to 
increase with an increase in the molar ratio of magnesium 
oxide to aluminium oxide, except for the oxides 1 and 2. 
This might be due to the increase in the surface area. 
The amount of the acid (//0<^4.8) correlates reversely 
with the magnesium oxide content. By X-ray analysis, 
the oxides showed only magnesium oxide diffraction 
patterns and no hydrotalcite patterns. T h e aluminium 
oxide moiety was likely to make a non-crystalline 
structure. 

The results of the polymerization of /?-propiolactone 
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polymerization time 

Fig. 1. Time-conversion curves for the polymerization 
of ß-propiolactone catalyzed by the oxides listed in 
Table 1. ß-propiolactone 3 ml, toluene 50 vol % solu­
tion, at 50 °G. Oxides 1 to 5 were prepared by the 
calcination of 0.5 g of corresponding hydrotalcites. 

using the oxides in Table 1 as catalysts are summarized 
in Fig. 1. Since the reproducibility of the reaction was 
poor, e.g., the variation coefficient of the monomer 
conversion (oxide 3 ; 50 °C; 3 h) over 10 runs was 1 3 % , 
the calcination and polymerization for hydrotalcites in a 
experiment were carried out at the same time. From 
the reaction products (reaction time 3 h ; cf. Fig. 1), 
polymers were extracted with acetone. The polymers 
exhibited ester bands at 1730 and 1170 c m - 1 in the ir 
spectra. T h e values of the weight per centage of the 
extracted polymer to the polymer-oxide compositions 
were 31, 36, 34, 25, and 8 for oxides 1 to 5 respectively. 
T h e values of the intrinsic viscosity were found to be 
0.21, 0.11, 0.25, 0.36, and 0.26, showing that the 
polymers obtained did not have large molecular 
weights.7) 

A comparison of the amounts of the bases (//_!> 15.0) 
of the oxides in Table 1 with the overall initial poly­
merization rates in Fig. 1 implies that the reaction was 
initiated by a strong base. O n the addition of a small 
amount of water, the oxides lost their polymerization 

activity. A carbon dioxide atmosphere also deactivated 
them. Such variations in the reaction conditions were 
found to diminish the amount of the strong base. 
Therefore, the active sites seem to correlate with the 
basic sites. However, the calcination of hydrotalcites 
at a reduced pressure (ca. 3 Torr) was also found to 
give oxides with a poor catalytic activity. This finding 
will be discussed elsewhere. 

According to Malinowski's report,8) magnesium oxide 
may have two kinds of basic sites on the surface: a 
strong basic site, O 2 - , and a weak basic site, OH~. 
The probable active site might be attributed to the 
strong basic surface oxygen. The role of aluminium 
oxide in the reaction is not yet clear; howe/er, it 
contributed to the appearance of the strong basic sites 
( i /_^15 .0 ) on the double oxide. Magnesium oxide 
alone, prepared by the calcination of magnesium 
carbonate, did not exhibit such a strong basicity nor 
any polymerization activity. 

T h e authors wish to thank Mr . Teruhiko Kumura for 
the generous gift of hydrotalcites and for the measure­
ment of the surface area. 
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Crystal structures of a-cyclodextrin complexes with iV,iV-dimethylformamide and 2-pyrrolidone were deter­
mined by the X-ray method. The pentahydrated crystals of both complexes are orthorhombic, and the space 
group is P212121 with Z = 4 . The cell dimensions are a= 13.750(1), b= 15.318(1), and c=24.544(2) A for the 
iV,JV-dimethylformamide complex, and a= 13.852(1), b= 15.373(1), and c=24.353(2) A for the 2-pyrrolidone 
complex. The structures were determined by assuming the same a-cyclodextrin packing in the crystal as that 
found in the isomorphous />-nitrophenol complex, and refined by the block-diagonal least-squares method to the 
final R-values of 0.054 for the iV,iV-dimethylformamide complex (5151 reflections) and 0.051 for the 2-
pyrrolidone complex (5165 reflections). In both complexes, the guest molecules are included in the a-cyclodextrin 
cavity. The iV,iV-dimethylformamide molecule is in van der Waals contact with the host a-cyclodextrin molecule, 
while the 2-pyrrolidone molecule forms a weak N-H---0 hydrogen bond with a glycosidic oxygen atom of a-
cyclodextrin. The carbonyl oxygen atom of iV,iV-dimethylformamide and 2-pyrrolidone is hydrogen-bonded to 
water molecules of hydration located at the primary hydroxyl side of a-cyclodextrin. The tilt-angle of the glucose 
residue against the plane through six glycosidic oxygen atoms indicates clearly that the macro-cyclic conformation 
of a-cyclodextrin is affected by the packing as well as the size and shape of the guest molecule. The a-cyclo­
dextrin molecules in the crystal are arranged parallel to the ac plane to form molecular layers. Three water 
molecules are located near the guest molecule, while the other two water molecules fill the intermolecular space. 

Crystal structures of several a-cyclodextrin (a-CDx) 
complexes with benzene derivatives have already been 
determined by the X-ray method,1 - 6) and it has been 
shown that the benzene ring can be included in the 
a-CDx cavity. O n the other hand, the circular di-
chroism studies have shown that cyclodextrins form 
complexes with non-aromatic ring compounds, such 
as substituted cyclohexanones.7) In this paper, we 
deal with the crystal structure of the a-CDx-2-pyr-
rolidone (1:1) complex to investigate the geometry 
of inclusion of a non-aromatic compound. 

a-CDx dissolves in organic solvents such as D M S O 
and A^iV-dimethylformamide (DMF) . The X-ray 
study of a-CDx crystals obtained from a D M S O -
methanol solution has shown that the a-CDx molecule 
includes D M S O and methanol molecules simultaneous­
ly.8) The crystal structure of a-CDx crystallized from 
DMF-wate r solution was also determined to investigate 
the a -CDx-DMF interaction. 

Exper imenta l 

Crystals of the a-CDx complex with 2-pyrrolidone (PRD) 
were obtained by cooling an aqueous solution containing 
a-CDx and PRD in 1:1 molar ratio. The a-CDx-DMF 
(1:1) complex was crystallized from a DMF-water (1:1) 
solution. Lattice parameters and reflection intensities were 
measured on a Rigaku automatic four-circle diffractometer 
with graphite-monochromatized CuKa radiation. Intensity 
data were collected up to 150° in 20 by using the 0-20 scan 
technique. For the DMF complex, 5465 independent re­
flections were obtained, but 314 reflections with | F 0 | < 
3a (F) were treated as unobserved. The same treatment 
was done for 245 reflections of the 5410 observed ones for 
the PRD complex. No corrections were made for absorp­
tion and extinction. 

Crystal Data: a-CDx-MDF pentahydrate, C36H60O30-

t New address: 1-1-4 Yatabe-Higashi, Tsukuba, Ibaraki 
300-01. 

C3H7ON-5H20: F.W.= 1136.0, orthorhombic, space group 
P212121, Z = 4 , a= 13.750(1), b= 15.318(1), c=24.544(2) Â, 
F=5169.5(2) A3, £>x= 1.460, Dm= 1.454 g-cm"3. 

a-CDx-PRD pentahydrate, C36H6o030 • C4H7ON • 5H 2 0 : 
F.W.= 1148.0, orthorhombic, space group P212121, Z = 4 , 
a=13.852(l) , b= 15.373(1), ^=24.353(2) A, F=5186.2 A3, 
Dx = 1.470, Dm = 1.461 g • cm-3. 

D e t e r m i n a t i o n a n d Ref inement 
o f t h e Structure 

Crystals of the a-CDx complexes with D M F and 
P R D are isomorphous with the crystals of di-sub-
stituted benzene complexes.1'2»5) A set of coordinates 
of a-CDx found in the />-nitrophenol complex5) was 
used to determine initial phases for these complexes. 
The guest and water molecules were found on Fourier 
and difference-Fourier maps. Seventy hydrogen atoms 
in the D M F complex and sixtyfive ones in the P R D 
complex were found on the difference-Fourier maps. 
A primary hydroxyl group (0(6 ,G4)) and two water 
molecules (W4 and W5) were revealed to be statistically 
disordered in both complexes. Their occupancies 
were estimated from an electrondensity map , but 
they were not refined. The refinement of atomic pa­
rameters was carried out by the block-diagonal least-
squares method, the quanti ty minimized being S w 
(\F0\ — \FJ)2, with w=l.O for all the reflections used. 
Temperature factors of hydrogen atoms were not 
refined, but fixed as equal to the isotropic ones of heavier 
atoms to which the hydrogen atoms are bonded. The 
final R-values were 0.054 and 0.051 for the D M F and 
P R D complexes, respectively. The atomic parameters 
are listed in Tables 1 and 2.* 

* The tables of observed and calculated structure factors 
of both complexes and those of bond distances, bond angles, 
and conformation angles are kept at the Office of the Chemical 
Society of Japan (Document No. 7927). 
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TABLE 1. FINAL ATOMIC PARAMETERS ( x l O 4 ) FOR THE NON-HYDROGEN ATOMS 

The anisotropic temperature factors are of the form: exp [—(Buh2-\-B22k
2-\-B.i3l

2-\-B12hk-\-B23kl-\-B91lh)]. 
OG indicates the occupancy factor for the disordered atom. 

ot-Cyclodextrm-N,N-dimethylformcunu.de complex 

OC 

C ( 1 , G 1 ) 
C(2 
C(3 
C ( 4 
C(5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C ( 3 
C(4 
C(5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C(3 
C(4 
C(5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C ( 3 
C(4 
C ( 5 
C(6 
0 ( 2 , 
0 ( 3 
0 ( 4 , 
0 ( 5 

Gl) 
Gl) 
Gl) 

,G1) 
,G1) 
,G1) 
Gl) 
Gl) 

,G1) 
,G1) 
G2) 

,G2) 
G2) 
G2) 

,G2) 
,G2) 
G2) 
G2) 
G2) 

,G2) 
,G2) 
G3) 
G3) 
G3) 
G3) 
G3) 
G3) 
G3) 
G3) 
G3) 
G3) 
G3) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 

0 (6A,G4) 
0 (6B ,G4) 
C(1 ,G5) 
C(2 ,G5) 
C(3 ,G5) 
C(4 ,G5) 
C(5 ,G5) 
C(6 ,G5) 
0 ( 2 , G 5 ) 
0 ( 3 , G 5 ) 
0 ( 4 , G 5 ) 
0 ( 5 , G 5 ) 
0 ( 6 , G5) 
C(1 ,G6) 
C(2 ,G6) 
C(3 ,G6) 
C(4 ,G6) 
C(5 ,G6) 
C(6 ,G6) 
0 ( 2 , G 6 ) 
0 ( 3 , G 6 ) 
0 ( 4 , G 6 ) 
0 ( 5 , G 6 ) 
0 ( 6 , G 6 ) 
C(1 ,DF) 
C(2 ,DF) 
C(3 ,DF) 
N(DF) 
0(DF) 
0(W1) 
0(W2) 
0(W3) 
0(W4A) 
0(W4B) 
0(W5A) 
0(W5 B) 

1565(4) 
1278(4) 
1855(4) 
1738(3) 
2 0 1 8 ( 4 
1 8 4 4 ( 5 
1489(3) 
1498(3) 
2409(2) 
1428(3) 

871(4) 
2072(3) 
2299(3) 
3381(3) 
3869(3) 
3586(3) 
3983(4) 
1833(3) 
3643(3) 
4911(2) 
2539(2) 
3831(3) 
5587(3) 
6216(3 ) 
6720(3 ) 
7269(3) 
6 6 5 5 ( 3 ) 
7256(4) 
5 6 3 4 ( 2 ) 
7411(2) 
7519(2) 
6 1 8 2 ( 2 ) 
8122(3) 
8474(3) 
8824(4 ) 
8256(4) 
8270(3) 
7876(4) 
79 39(5) 
8747(3) 
8705(3 ) 
7634(2) 
8486(2 ) 
9093(15 
7475(4 ) 
7982(3 ) 
7812(4) 
6 7 3 2 ( 4 ) 
6 1 6 0 ( 3 ) 
6 4 3 3 ( 3 ) 
6 0 2 9 ( 4 ) 
8310(3 ) 
6 6 3 3 ( 3 ) 
5156(2 ) 
7481(2) 
6 1 8 0 ( 3 ) 
4 4 4 8 ( 4 ) 
3725(4) 
3293(4 ) 
2 8 0 9 ( 4 ) 
3461(4 ) 
2 8 9 1 ( 5 ) 
4 1 5 9 ( 4 ) 
2590(3 ) 
2544(2 ) 
3926(3) 
1983(3 ) 
5343(10 
5 0 7 2 ( 1 1 
4976(10 
5 0 9 6 ( 5 ) 
4 8 5 5 ( 7 ) 
5 0 5 5 ( 3 ) 

4 2 ( 4 ) 
106(4 ) 
247 (4 ) 

- 1 6 5 ( 1 4 
- 3 4 1 ( 6 ) 

6 6 1 ( 1 5 

y 

- 5 0 1 ( 3 ) 
- 1 2 4 3 ( 3 ) 
- 1 1 6 5 ( 3 ) 

- 2 6 4 ( 3 ) 
4 4 0 ( 3 ) 

1362(3 ) 
- 2 0 5 3 ( 2 ) 
- 1 8 1 3 ( 2 ) 

- 2 2 8 ( 2 ) 
319(2) 

1 4 8 7 ( 3 ) 
4 1 ( 3 ) 

- 6 8 4 ( 3 ) 
- 8 3 4 ( 3 ) 

19 (3 ) 
750(3) 

1632(3 ) 
- 1 4 8 3 ( 2 ) 
- 1 4 3 7 ( 2 ) 

- 1 5 3 ( 2 ) 
8 2 0 ( 2 ) 

1785(3 ) 
72 (3 ) 

- 7 2 7 ( 3 ) 
- 9 71(3) 
- 1 9 5 ( 3 ) 

6 4 4 ( 3 ) 
1460(3 ) 

- 1 4 4 2 ( 2 ) 
- 1 6 5 4 ( 2 ) 

- 4 3 8 ( 2 ) 
776(2 ) 

1 4 9 8 ( 3 ) 
- 2 5 4 ( 3 ) 

- 1 0 6 1 ( 3 ) 
- 1 1 9 6 ( 3 ) 

- 3 6 7 ( 3 ) 
394(3) 

1259(3 ) 
- 1 8 1 0 ( 2 ) 
- 1 8 8 9 ( 2 ) 

- 5 3 4 ( 2 ) 
4 8 5 ( 2 ) 

S) 1450(11) 
1917(3 ) 
- 3 3 5 ( 3 ) 

- 1 1 2 5 ( 3 ) 
- 1 3 1 9 ( 3 ) 

- 5 0 1 ( 3 ) 
2 9 6 ( 3 ) 

1152(3 ) 
- 1 8 5 5 ( 2 ) 
- 1 9 7 2 ( 2 ) 

- 7 0 5 ( 2 ) 
396(2) 

1266(3 ) 
- 5 2 7 ( 3 ) 

- 1 2 6 6 ( 4 ) 
- 1 3 9 7 ( 3 ) 

- 5 5 6 ( 3 ) 
2 4 2 ( 3 ) 

1095(3 ) 
- 2 0 4 0 ( 3 ) 
- 2 0 8 6 ( 2 ) 

- 6 3 0 ( 2 ) 
248 (2 ) 

1 0 7 8 ( 3 ) 
) - 1 8 7 8 ( 9 ) 
) - 1 4 2 0 ( 9 ) 
) - 3 5 8 ( 1 2 ) 

- 1 1 5 7 ( 4 ) 
2 1 2 ( 6 ) 

1 2 0 3 ( 3 ) 
1 0 5 9 ( 4 ) 
1565(4 ) 
2 3 8 7 ( 4 ) 

) 3321(17) 
3236(5) 

) 3137(14) 

6 9 1 5 ( 2 ) 
6 5 3 1 ( 2 ) 
6 0 0 7 ( 2 ) 
5 7 6 4 ( 2 ) 
6 1 7 9 ( 2 ) 
5 9 7 1 ( 2 ) 
6 8 0 2 ( 1 ) 
5632(1 ) 
5314(1 ) 
6 6 5 9 ( 1 ) 
5 7 8 5 ( 2 ) 
4 7 9 5 ( 2 ) 
4 3 8 9 ( 2 ) 
4 3 6 9 ( 2 ) 
4 2 5 1 ( 2 ) 
4 6 3 4 ( 2 ) 
4 4 6 6 ( 3 ) 
4 5 5 2 ( 1 ) 
3944(1) 
4 3 3 4 ( 1 ) 
4 6 3 5 ( 1 ) 
3897(2) 
3921(2 ) 
3826(2) 
4 3 5 2 ( 2 ) 
4587(2 ) 
4600(2 ) 
4 7 0 7 ( 2 ) 
3627(1) 
4269(1 ) 
5133(1 ) 
4082(1 ) 
4 3 8 9 ( 2 ) 
5 3 1 8 ( 2 ) 
5619(2 ) 
6 1 4 6 ( 2 ) 
6 4 8 3 ( 2 ) 
6 1 4 6 ( 2 ) 
6 4 4 1 ( 2 ) 
5271(1 ) 
6 4 4 6 ( 1 ) 
6 9 4 0 ( 1 ) 
5670(1 ) 
6 5 3 9 ( 7 ) 
6 0 9 9 ( 2 ) 
7473(2) 
7833(2) 
7892(2) 
8042(2 ) 
7698(2 ) 
7901(2) 
7601(1) 
8306(2 ) 
7943(1) 
7692(1) 
8480(2 ) 
8339(2 ) 
8365(2 ) 
7791(2) 
7628(2) 
7687(2 ) 
7644(2) 
8573(2 ) 
7809(2) 
7066(1) 
8222(1) 
7924(2) 
6 5 2 6 ( 4 ) 
5587(3) 
6 3 8 5 ( 7 ) 
6 1 3 1 ( 2 ) 
6 1 2 1 ( 5 ) 
9 3 8 8 ( 2 ) 
7520(2) 
4 6 6 4 ( 2 ) 
6 7 3 4 ( 2 ) 
7104(8) 
3151(3 ) 
4 2 4 7 ( 8 ) 

11 
3 8 ( 3 
4 7 ( 3 
45(3) 
39(3) 
59(3) 
9 9 ( 5 
8 5 ( 3 
67 (3 ) 
31(2) 
54(2) 

101(4) 
31(2) 
37(3) 
36(2) 
28(2) 
30(2) 
48(3) 
43 (2 ) 
55(2) 
27(2) 
32(2) 
64 (3 ) 
33(2) 
35(2) 
29 (2 ) 
33(2) 
40 (3 ) 
53(3) 
34(2) 
37(2) 
30(2) 
33(2) 
48 (2 ) 
32(2) 
4 0 ( 3 ) 
4 3 ( 3 ) 
38(3) 
45 (3 ) 
77(4) 
5 3 ( 2 ) 
79(3) 
35 (2 ) 
4 2 ( 2 ) 
79(4) 
7 3 ( 3 ) 
36 (3 ) 
4 1 ( 3 ) 
4 1 ( 3 ) 
2 7 ( 2 ) 
34 (3 ) 
4 9 ( 3 ) 
5 8 ( 2 ) 
6 7 ( 3 ) 
27 (2 ) 
34 (2 ) 
50(2) 
34 (3 ) 
4 2 ( 3 ) 
39 (3 ) 
4 0 ( 3 ) 
4 9 ( 3 ) 
6 8 ( 4 ) 
78 (3 ) 
5 4 ( 3 ) 
36 (2 ) 
4 7 ( 2 ) 
75 (3 ) 

233 (15 
292(17 
1 2 3 ( 1 1 

8 8 ( 4 ) 
1 6 2 ( 8 ) 

53 (3 ) 
8 7 ( 3 ) 
78(4) 
6 2 ( 4 ) 
3 4 ( 1 1 
8 4 ( 5 ) 

1 0 5 ( 1 6 

22 
31(2) 
32(2) 
2 1 ( 2 ) 
2 5 ( 2 ) 
2 2 ( 2 ) 
2 5 ( 2 ) 
30(2) 
2 1 ( 1 ) 
32 (1 ) 
2 7 ( 1 ) 
4 6 ( 2 ) 
31(2) 
2 5 ( 2 ) 
2 3 ( 2 ) 
2 1 ( 2 ) 
2 1 ( 2 ) 
23 (2 ) 
34 (2 ) 
20 (1 ) 
26 (1 ) 
2 2 ( 1 ) 
37(2) 
2 7 ( 2 ) 
2 5 ( 2 ) 
19 (2 ) 
23 (2 ) 
2 0 ( 2 ) 
21 (2 ) 
27 (1 ) 
21 (1 ) 
27 (1 ) 
2 2 ( 1 ) 
4 0 ( 2 ) 
2 5 ( 2 ) 
27 (2 ) 
17 (2 ) 
20 (2 ) 
17(2) 
2 0 ( 2 ) 
33 (2 ) 
2 2 ( 1 ) 
28 (1 ) 
20 (1 ) 
23 (7 ) 
2 2 ( 2 ) 
2 9 ( 2 ) 
26 (2 ) 
23 (2 ) 
28 (2 ) 
2 7 ( 2 ) 
27 (2 ) 
31(2) 
32(2) 
39(2) 
2 4 ( 1 ) 
50 (2 ) 
33(2) 
38 (2 ) 
24 (2 ) 
26 (2 ) 
2 7 ( 2 ) 
29 (2 ) 
4 4 ( 2 ) 
2 9 ( 2 ) 
30(1) 
32(2) 
55 (2 ) 

) 155(10) 
) 156(10) 
) 231 (17 ) 

5 9 ( 3 ) 
104 (6 ) 

89(3) 
83(3) 
9 2 ( 4 ) 
58 (3 ) 

) 9 1 ( 1 6 ) 
58 (4 ) 

) 9 9 ( 1 3 ) 

33 
10 (1 ) 

9 ( 1 ) 
10 (1 ) 

9 ( 1 ) 
9 ( 1 ) 

15 (1 ) 
1 2 ( 1 ) 
10 (1 ) 

8 (1 ) 
1 0 ( 1 ) 
18 (1 ) 
1 0 ( 1 ) 
11 (1 ) 
10 (1 ) 
10 (1 ) 
13 (1 ) 
2 3 ( 1 ) 
1 2 ( 1 ) 
1 4 ( 1 ) 

9 ( 1 ) 
12 (1 ) 
2 7 ( 1 ) 

7 (1 ) 
8 (1 ) 

10 (1 ) 
7 (1 ) 
9 ( 1 ) 

16 (1 ) 
9 ( 1 ) 

16 (1 ) 
7 (1) 
9 ( 1 ) 

2 0 ( 1 ) 
9 ( 1 ) 
9 ( 1 ) 

10 (1 ) 
8 (1 ) 
9 ( 1 ) 

12 (1 ) 
11 (1 ) 
10 (1 ) 

6 ( 1 ) 
9 ( 1 ) 

12 (3 ) 
1 6 ( 1 ) 

9 ( 1 ) 
9 ( 1 ) 

10 (1 ) 
13 (1 ) 
1 1 ( 1 ) 
18 (1 ) 
13 (1 ) 
17 (1 ) 
13 (1 ) 
10 (1 ) 
18 (1 ) 
11 (1 ) 
2 1 ( 1 ) 
18 (1 ) 

7 (1) 
9 ( 1 ) 

17 (1 ) 
41 (1 ) 
2 5 ( 1 ) 

8 (1 ) 
8 (1 ) 

17 (1 ) 
2 2 ( 2 ) 
1 3 ( 1 ) 
83 (6 ) 
23 (1 ) 

1 2 8 ( 5 ) 
16 (1 ) 
19 (1 ) 
2 4 ( 1 ) 
2 3 ( 1 ) 
1 7 ( 4 ) 
2 9 ( 2 ) 
34 (5 ) 

12 
0 ( 4 ) 

- 2 0 ( 4 ) 
- 2 ( 4 ) 
- 2 ( 4 ) 

3(4) 
12 (6 ) 

- 4 6 ( 4 ) 
- 1 6 ( 3 ) 

4 ( 3 ) 
25 (3 ) 
53 (5 ) 

2 ( 4 ) 
- 3 ( 4 ) 
- 2 ( 4 ) 

6 ( 3 ) 
5 (4) 

- 5 ( 4 ) 
- 2 7 ( 3 ) 

1 (3 ) 
9 ( 3 ) 

11 (3 ) 
18 (4 ) 

0 ( 4 ) 
0 ( 4 ) 
6 ( 3 ) 
3(3) 
1 (4 ) 

- 1 1 ( 4 ) 
4 ( 3 ) 

17(3) 
- 3 ( 3 ) 
- 1 ( 3 ) 

- 3 2 ( 4 ) 
- 3 ( 4 ) 
10 (4 ) 

6 ( 4 ) 
- 1 ( 4 ) 

6 ( 4 ) 
6 ( 5 ) 

28 (3 ) 
29(3) 
- 7 ( 3 ) 

- 1 6 ( 3 ) 
- 3 9 ( 1 7 ) 

2 6 ( 4 ) 
- 4 ( 4 ) 

5 (4 ) 
- 6 ( 4 ) 
- 7 ( 4 ) 
- 1 ( 4 ) 

9 ( 5 ) 
26 (3 ) 

2 (4 ) 
- 1 0 ( 3 ) 

- 5 ( 3 ) 
- 4 ( 4 ) 

2 (4 ) 
- 8 ( 5 ) 
- 8 ( 4 ) 
- 3 ( 4 ) 
- 8 ( 4 ) 

3 (5) 
- 1 4 ( 4 ) 
- 3 5 ( 4 ) 

5 (3 ) 
11(3) 
51 (5 ) 

- 1 3 9 ( 2 1 ) 
105 (24 ) 
- 8 1 ( 2 6 ) 
- 3 3 ( 7 ) 
- 3 0 ( 1 3 ) 

- 8 ( 5 ) 
- 3 7 ( 6 ) 

2 4 ( 6 ) 
6 ( 6 ) 

- 4 9 ( 2 3 ) 
- 1 1 ( 8 ) 
- 3 7 ( 2 5 ) 

23 
4 ( 2 ) 
5 (2 ) 
1 (2 ) 
1 (2 ) 

- 1 ( 2 ) 
3 (3) 

10 (2 ) 
- 2 ( 2 ) 

7(1) 
1 (2 ) 

13 (2 ) 
8 ( 2 ) 
4 ( 2 ) 
2 ( 2 ) 
2 ( 2 ) 

- 2 ( 2 ) 
- 2 ( 3 ) 

4 ( 2 ) 
- 7 ( 2 ) 

7 (1) 
8 ( 1 ) 

33(2) 
3 (2 ) 
1 (2 ) 
1 ( 2 ) 
2 (2 ) 
3 (2 ) 
1 (2 ) 

- 1 1 ( 2 ) 
- 3 ( 2 ) 

3 (1) 
7(1) 

12 (2 ) 
- 6 ( 2 ) 
- 6 ( 2 ) 
- 3 ( 2 ) 
- 2 ( 2 ) 
- 3 ( 2 ) 
- 4 ( 2 ) 

- 1 5 ( 2 ) 
6 ( 2 ) 

- 2 ( 1 ) 
- 1 ( 1 ) 

- 1 3 ( 8 ) 
- 2 ( 2 ) 
- 5 ( 2 ) 
- 3 ( 2 ) 

2 (2 ) 
- 5 ( 2 ) 

0 ( 2 ) 
- 3 ( 3 ) 

2 (2 ) 
16 (2 ) 

- 1 5 ( 2 ) 
- 7 ( 1 ) 

- 2 9 ( 2 ) 
5 (2 ) 

2 8 ( 3 ) 
1 3 ( 2 ) 

3 (2) 
0 ( 2 ) 
4 ( 3 ) 

38(3) 
21 (2 ) 
- 1 ( 1 ) 
- 4 ( 2 ) 
- 7 ( 2 ) 
51 (7 ) 
- 9 ( 6 ) 

4 ( 1 8 ) 
- 2 0 ( 3 ) 

- 1 ( 1 0 ) 
1 (3 ) 

- 1 8 ( 3 ) 
- 1 ( 3 ) 

4 ( 3 ) 
14 (13) 
33 (4 ) 

4 ( 1 4 ) 

31 
0 ( 2 ) 
1 (2 ) 

- 2 ( 3 ) 
5 ( 2 ) 
2 ( 3 ) 

- 3 ( 4 ) 
- 1 3 ( 2 ) 

- 4 ( 2 ) 
2 ( 2 ) 
1 ( 2 ) 
0 ( 3 ) 
0 ( 2 ) 

- 1 ( 2 ) 
5 (2 ) 
0 ( 2 ) 
5 (2) 
9 ( 3 ) 

- 2 ( 2 ) 
10 (2 ) 

3 (2) 
7 (2) 

20 (3 ) 
4 ( 2 ) 

- 1 ( 2 ) 
2 ( 2 ) 

- 1 ( 2 ) 
- 1 ( 2 ) 
- 4 ( 3 ) 
- 3 ( 2 ) 
- 2 ( 2 ) 
- 2 ( 2 ) 
- 1 ( 2 ) 

2 ( 2 ) 
3(2) 

- 2 ( 2 ) 
- 3 ( 2 ) 

4 ( 2 ) 
3(2) 
0 ( 3 ) 

- 6 ( 2 ) 
5 (2 ) 

- 2 ( 2 ) 
3 (2) 
8 (11) 0 . 2 
2 ( 3 ) 0 . 8 

- 5 ( 2 ) 
- 3 ( 2 ) 
- 1 ( 2 ) 
- 1 ( 2 ) 
- 2 ( 2 ) 

4 ( 3 ) 
1 (2 ) 

14 (3 ) 
0 ( 2 ) 
0 ( 2 ) 
2 ( 2 ) 
2 (3 ) 

- 1 7 ( 3 ) 
- 2 ( 3 ) 
- 1 ( 2 ) 
- 7 ( 3 ) 

- 1 6 ( 3 ) 
- 5 4 ( 4 ) 
- 2 0 ( 3 ) 

1 (2 ) 
- 8 ( 2 ) 

8 ( 3 ) 
- 4 1 ( 9 ) 

4 ( 9 ) 
11 (14 ) 
12 (4 ) 
- 1 ( 1 2 ) 
- 6 ( 3 ) 
2 8 ( 3 ) 
- 3 ( 3 ) 

- 2 0 ( 4 ) 0 . 8 
5 ( 1 1 ) 0 . 2 

- 9 ( 5 ) 0 . 7 
- 3 7 ( 1 5 ) 0 . 3 

N-dimethylformcunu.de
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a - C y c l o d e x t r i n - 2 - p y r r o l i d o n e complex 

OC 

C(1,G1) 
C(2 
C(3 
C(4 
C(5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C ( 3 
C(4 
C(5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C(3 
C(4 
C(5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C(3 
C(4 
C(5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 

Gl) 
Gl) 
Gl) 
Gl) 

,G1) 
Gl) 
Gl) 

,G1) 
,G1) 
,G1) 
,G2) 
G2) 

,G2) 
,G2) 
,G2) 
,G2) 
,G2) 
,G2) 
,G2) 
,G2) 
,G2) 
,G3) 
,G3) 
,G3) 
,G3) 
,G3) 
,G3) 
,G3) 
,G3) 
,G3) 
G3) 

,G3) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 
G4) 

0(6A,G4) 
0(6B,G4) 
C(1,G5) 
C(2 
C(3 
C(4 
C(5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C(3 
C(4 
C(5 
C(6 
0 ( 2 
0 ( 3 
0 ( 4 
0 ( 5 
0 ( 6 
C ( l 
C(2 
C(3 
C(4 

G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G5) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 
G6) 
P) 
P) 
P) 
P) 

N(P) 
0 (P) 
0(W1) 
0(W2) 
0(W3) 
0 (W4A) 
0(W4B) 
0(W5A) 
0(W5 B) 

X 

1 5 4 9 ( 3 
1255(4 
1 8 3 6 ( 3 
1 7 2 5 ( 3 
1981(4 
1818(5 
1 4 5 4 ( 3 
1 4 8 4 ( 3 
2405(2 
1 4 0 2 ( 3 

837(4 
20 76 (3 
2309(3 
3391(3 
3901(3 
35 78 (3 
39 73(4 
1843(2 
3659(2 
4909(2 
2545(2 
3816(3 
5 5 8 0 ( 3 
6 1 9 3 ( 3 
6 7 0 8 ( 3 
7267(3 
6658(3) 
7269 (4 
5608(2 
7386(2) 
7530(2) 
6175(2) 
8118(3) 
8483(3) 
8847(3) 
8290(3) 
8293(3) 
7896(3) 
7967(5) 
8789(2) 
8732(3) 
7657(2) 
8500(2) 
9103(1 ] 
7485(4) 
79 75(3) 
7788(3) 
6707(4) 
6154(3) 
6450(3) 
6044(4) 
8300(3) 
6546(3) 
5155(2) 
7484(2) 
6190(3) 
4453(3) 
3770(4) 
3290(3) 
2 799(3) 
3450(4) 
2896(4) 
4304(4) 
2596(3) 
2519(2) 
3914(2) 
2000(3) 
4952(6) 
5073(7) 
5171(8) 
5241(9) 
5065(7) 
4828(7) 
5024(3) 

77(4) 
41(4) 

239(4) 
-114(12 
- 3 2 2 (IC 

622(7) 

y 
- 4 9 9 ( 3 

- 1 2 2 2 ( 3 
- 1 1 5 4 ( 3 

- 2 5 0 ( 3 
4 4 9 ( 3 

1 3 6 7 ( 3 
- 2 0 3 1 ( 2 
- 1 8 0 1 ( 2 

- 2 0 9 ( 2 
320(2 

1 4 8 1 ( 3 
4 7 ( 3 

- 6 8 1 ( 3 
- 8 3 2 ( 3 

1 6 ( 3 
7 5 9 ( 3 

1 6 3 6 ( 3 
- 1 4 7 3 ( 2 
- 1 4 5 3 ( 2 

- 1 4 2 ( 2 
828(2 

1 7 5 4 ( 3 
5 7 ( 3 

- 7 4 8 ( 3 
- 9 7 0 ( 3 
- 1 8 7 ( 3 

6 5 0 ( 3 
1 4 6 3 ( 3 

- 1 4 6 0 ( 2 
- 1 6 5 7 ( 2 

- 4 0 6 ( 2 
765(2 

1483(2 
- 2 1 8 ( 3 

- 1 0 2 3 ( 3 ) 
- 1 1 7 5 ( 3 ) 

- 3 5 9 ( 3 ) 
408(3) 

1273(3) 
- 1 7 6 5 ( 2 ) 
- 1 8 6 0 ( 2 ) 

- 5 3 2 ( 2 ) 
511(2) 

L) 1465(8) 
1934(3) 
- 3 4 5 ( 3 ) 

- 1 1 5 0 ( 2 ) 
- 1 3 3 1 ( 3 

- 5 0 9 ( 2 ) 
284(3) 

1141(3) 
- 1 8 8 3 ( 2 ) 
- 2 0 0 1 ( 2 ) 

- 6 9 7 ( 2 ) 
375(2 

1250(3) 
- 5 5 9 ( 3 ) 

- 1 3 4 6 ( 4 ) 
- 1 4 2 2 ( 3 ) 

- 5 6 0 ( 3 ) 
225(3) 

1084(3) 
- 2 1 1 1 ( 3 ) 
- 2 1 0 4 ( 2 ) 

- 6 2 0 ( 2 ) 
201(2) 

1061(3) 
- 3 7 3 ( 5 ) 
- 7 0 1 ( 5 ) 

- 1 6 6 9 ( 5 ) 
- 1 8 4 5 ( 5 ) 
- 1 0 0 8 ( 5 ) 

419(4) 
1147(3) 
1020(3) 
1623(4) 
2 364(4) 

) 3259(IC 
) 3213(8) 

3241(6) 

z 
) 6 8 9 6 ( 2 
) 6 5 0 7 ( 2 
) 5979(2 

5733(2 
) 6 1 5 6 ( 2 

5951(2 
6 7 8 0 ( 1 
5 6 0 4 ( 1 
5 2 8 9 ( 1 
6639(2 
5767(2 

) 4764(2 
) 4 360(2 
) 4353(2 
) 4228(2 
> 4598(2 
) 4409(2 

4 5 1 8 ( 1 
39 39 (1 
4 3 1 7 ( 1 

) 4 5 9 7 ( 1 
) 3833(2 

3894(2 
3810(2 
4347(2 
4559(2 
4565(2 
4660 (2 
3621(2 
4 2 6 5 ( 1 
5 1 0 9 ( 1 
4 0 4 3 ( 1 
4 3 2 8 ( 2 
5288(2 
5580(2 
6107(2 
6454(2) 
6123(2 
6428(2) 
5224(1) 
6 4 1 6 ( 1 
6 9 1 2 ( 1 
5 6 4 2 ( 1 
6 5 3 0 ( 5 
6 0 9 8 ( 2 
7449(2 
7801(2 
7840(2 
7994 (2 
7658(2 
7873(2 
7586(1 
8233(2 
7884(1 
7670(1 
8445(2 
8299(2 
8298(2 
7739(2 
7602(2 
7666(2) 
7629(2) 
8411(3) 
7766(2) 
7035(1) 
8200(1) 
7923(2) 
6188(5) 
5632(3) 
5699(3) 
6318(3) 
6587(3) 
6311(4) 
9 3 4 4 ( 2 
7534(2 
4 6 7 5 ( 2 
6749(2) 

>) 7189(8) 
3088(5) 
4253(4) 

B l l 
) 39 (2 
) 4 4 ( 3 
) 4 2 ( 3 
) 35(2 
) 5 7 ( 3 
) 106 (5 
) 8 2 ( 3 
) 6 0 ( 2 
) 2 7 ( 1 
) 57 (2 
) 1 1 4 ( 4 
; 29 (2 
) 33(2 
) 32(2 
) 26 (2 
) 28(2 
) 4 7 ( 3 
) 39(2 
) 4 7 ( 2 
) 26(1) 
) 29(2) 
) 6 2 ( 3 
) 32(2) 
) 31(2) 

28(2) 
30(2) 
40(2) 
56(3) 
33(2) 
35(2) 
28(1) 
34(2) 
51(2) 
30(2) 
33(2) 
38(2) 
34(2) 
47 (3 ) 
82(4) 
42 (2 ) 
71(2) 
33(2) 
43 (2 ) 
9 5 ( 1 ] 
75(4) 
34(2) 
41 (3 ) 
43 (3 ) 
28(2) 
34(2) 
44 (3 ) 
56(2) 
82(3) 
28(2) 
32(2) 
47 (2 ) 
37(2) 
43 (3 ) 
36(2) 
36(2) 
47 (3 ) 
6 3 ( 3 ) 

111(4) 
48 (2 ) 
34(2) 
4 4 ( 2 ) 
75(3) 
80(5) 

154(8) 
211 (1 ] 
220(12 
136(7) 
209(9 ) 

4 7 ( 2 ) 
88(3) 
88(4) 
6 0 ( 4 ) 
6 6 ( 1 ] 
9 4 ( 9 ) 

109(7) 

B 22 
) 32(2 

37(2 
) 22 (2 

27 (2 
) 22 (2 

26(2 
2 8 ( 2 
2 2 ( 1 
3 1 ( 1 
29(2 
52(2 
29(2 
27(2 
25(2 
20 (2 
22(2 
20 (2 
32(2 
2 1 ( 1 
2 3 ( 1 
2 3 ( 1 
36(2 
26(2 
24(2 
19(2 
22(2 
20(2 
20(2 
2 7 ( 1 
2 0 ( 1 
2 7 ( 1 
2 0 ( 1 
4 1 ( 2 
28 (2 
25(2) 
18 (2 
21(2) 
17(2) 
18(2) 
34(2) 
20(1) 
26(1) 
2 2 ( 1 

L) 27(5) 
16(2 
24(2) 
27 (2 
25(2) 
24(2) 
29(2 
26(2) 
30(2 
28(2) 
37(2) 
22(1) 
4 9 ( 2 
34(2) 
44(3) 
23(2) 
24(2) 
23(2) 
29(2) 
40(2) 
27(2) 
28(1) 
33(2) 
53(2) 
51(4) 
47(3) 

-) 44(3) 
>) 53(4) 

51(3) 
58(3) 
62(2) 
73(3) 

101(4) 
43(3) 

.) 162 (U 
68(7 ) 
81(6) 

* 3 3 
) 1 0 ( 1 
) 9 ( 1 
) 1 1 ( 1 
) 9 ( 1 
) 1 2 ( 1 
) 1 5 ( 1 
) 1 2 ( 1 
) 1 1 ( 1 
) 8 ( 1 
) 1 1 ( 1 
) 1 9 ( 1 
) 1 0 ( 1 
) 1 0 ( 1 
) 1 1 ( 1 
) 1 1 ( 1 
) 1 4 ( 1 
) 2 5 ( 1 
) 1 2 ( 1 
) 1 4 ( 1 
) 9 ( 1 
) 1 3 ( 1 
) 2 9 ( 1 

8 ( 1 
) 8 ( 1 

1 1 ( 1 
8 ( 1 

1 0 ( 1 
16(1) 

9 (1 ) 
16(1) 

8(1) 
11(1) 
22(1) 
10(1) 
10(1) 
10(1) 
10(1) 
10(1) 
15(1) 
12(1) 
11(1) 

8(1) 
10(1) 
21(3) 
16(1) 
10(1) 

9 (1 ) 
11(1) 
13(1) 
11(1) 
22(1) 
13(1) 
18(1) 
12(1) 
11(1) 
22(1) 
10(1) 
21(1) 
16(1) 

8(1) 
10(1) 
17(1) 
77(2) 
23 (1 ) 

8 (1 ) 
9 ( 1 ) 

18(1) 
9 4 ( 5 ) 
30(2) 
25 (2 ) 
25 (2 ) 
25(2) 

112(4) 
18(1) 
18(1) 
26(1) 
19(1) 

i) 33(4) 
28(3) 
41 (3 ) 

*12 
) - 1 ( 4 ) 
) - 2 0 ( 4 ) 
) - 7 ( 4 ) 
) - 5 ( 4 ) 
) 7(4) 
) 20 (6 ) 
) - 4 5 ( 4 ) 
) - 1 5 ( 3 ) 
) 4 (3 ) 
) 28(3) 
) 81 (5 ) 
) 1 (4 ) 
) - 6 ( 4 ) 
) - 1 ( 4 ) 
) 6 ( 3 ) 
) 4 (3 ) 
) - 5 ( 4 ) 

- 2 4 ( 3 ) 
) 2 ( 3 ) 

8 (2 ) 
11 (3 ) 
14 (4 ) 

0 ( 4 ) 
- 1 ( 4 ) 

2 (3 ) 
- 3 ( 3 ) 
- 4 ( 4 ) 

- 1 9 ( 4 ) 
3(3) 

13 (3 ) 
- 4 ( 3 ) 
- 3 ( 3 ) 

- 3 6 ( 4 ) 
- 5 ( 4 ) 

8 (4) 
2 (4 ) 

- 4 ( 4 ) 
6 ( 4 ) 
2 (5 ) 

24 (3 ) 
2 4 ( 3 ) 

- 1 2 ( 3 ) 
- 1 6 ( 3 ) 
- 3 7 ( 1 0 ) 

5 (4) 
- 4 ( 4 ) 
11 (4 ) 
- 2 ( 4 ) 
- 6 ( 4 ) 
- 2 ( 4 ) 

9 ( 4 ) 
29 (3 ) 

0 ( 4 ) 
- 1 2 ( 3 ) 
- 1 0 ( 3 ) 

- 4 ( 4 ) 
- 1 ( 4 ) 

- 2 4 ( 5 ) 
- 7 ( 4 ) 

2 (4 ) 
- 8 ( 4 ) 

0 ( 5 ) 
- 4 8 ( 5 ) 
- 3 2 ( 3 ) 

- 3 ( 3 ) 
6 ( 3 ) 

61 (4 ) 
- 1 4 ( 8 ) 

- 4 ( 1 0 ) 
22 (11) 

- 2 2 ( 1 2 ) 
- 3 2 ( 9 ) 

18(10) 
- 4 ( 4 ) 

- 3 0 ( 5 ) 
- 1 ( 7 ) 

6 ( 5 ) 
- 2 1 ( 2 6 ) 

11(14) 
- 6 6 ( 1 1 ) 

°2 3 
4 (2 
5 ( 2 
2 ( 2 
3(2 
3 (2 
2 ( 2 

10 (2 
0 ( 1 
5 ( 1 
1 (2 

1 8 ( 2 
8(2 
3(2 

- 1 ( 2 
2 ( 2 

- 1 ( 2 
3 ( 3 
4 ( 2 

- 7 ( 2 
5 ( 1 
6 ( 1 

35(2 
4 (2) 

- 2 ( 2 
- 1 ( 2 ) 

1(2) 
4 (2) 
3(2) 

- 8 ( 1 ) 
- 1 ( 1 ) 

4 (1) 
8(1) 

13(2) 
- 3 ( 2 ) 
- 6 ( 2 ) 
- 1 ( 2 ) 
- 2 ( 2 ) 
- 4 ( 2 ) 
- 6 ( 2 ) 

- 1 5 ( 2 ) 
- 1 ( 1 ) 
- 1 ( 1 ) 
- 1 ( 1 ) 

- 1 8 ( 7 ) 
2 (2 ) 

- 4 ( 2 ) 
- 2 ( 2 ) 

1 (2) 
- 6 ( 2 ) 
- 4 ( 2 ) 
- 1 ( 3 ) 

1 (2) 
10(2) 

- 1 2 ( 2 ) 
- 7 ( 1 ) 

- 3 6 ( 2 ) 
5 (2) 

33(3) 
9 ( 2 ) 
2 (2 ) 
1 (2 ) 

- 2 ( 3 ) 
6 9 ( 4 ) 
21 (2 ) 
- 1 ( 1 ) 
- 1 ( 1 ) 
- 6 ( 2 ) 

- 6 9 ( 7 ) 
7(4) 
3(4) 

- 2 ( 4 ) 
- 3 ( 4 ) 

- 3 7 ( 7 ) 
2 (2 ) 

- 1 3 ( 3 ) 
12(4) 

3(3) 
31(16 
36(8) 
19 (7 ) 

31 
) 5 ( 2 ) 
) - 5 ( 2 ) 
) - 4 ( 2 ) 
) 5 ( 2 ) 
) 4 ( 3 ) 
) - 4 ( 4 ) 
) - 1 5 ( 2 ) 
) - 5 ( 2 ) 
) K D 
) 6 ( 2 ) 
) 17 (3 ) 
) 1 ( 2 ) 
) 1 (2 ) 
) 1 (2 ) 
) 1 (2 ) 

2 (2 ) 
) 1 1 ( 3 ) 

- 3 ( 2 ) 
6 ( 2 ) 
3(1) 
6 ( 2 ) 

20 (3 ) 
4 ( 2 ) 
2 ( 2 ) 
1 (2 ) 

- 1 ( 2 ) 
- 5 ( 2 ) 
- 3 ( 3 ) 
- 3 ( 2 ) 
- 5 ( 2 ) 
- 2 ( 1 ) 
- 3 ( 2 ) 

2 ( 2 ) 
0 ( 2 ) 

- 1 ( 2 ) 
- 5 ( 2 ) 

2 ( 2 ) 
1 ( 2 ) 
2 (3 ) 

- 8 ( 2 ) 
- 2 ( 2 ) 

0 ( 1 ) 
- 2 ( 2 ) 

8 (9 ) 
- 5 ( 3 ) 
- 6 ( 2 ) 
- 3 ( 2 ) 

2 ( 2 ) 
- 3 ( 2 ) 

3 (2 ) 
7(3) 
4 ( 2 ) 

23 (3 ) 
1 (2 ) 
1 (2 ) 
3(2) 
4 ( 2 ) 

- 1 8 ( 3 ) 
- 2 ( 2 ) 

2 (2 ) 
- 6 ( 2 ) 
- 7 ( 3 ) 

- 1 3 4 ( 6 ) 
- 1 6 ( 2 ) 

2 (2 ) 
- 4 ( 2 ) 

8 (3 ) 
4 3 ( 9 ) 

4 ( 7 ) 
- 1 5 ( 8 ) 

- 3 ( 8 ) 
3(6) 

9 2 ( 1 1 ) 
- 6 ( 2 ) 
2 3 ( 3 ) 
- 8 ( 4 ) 

- 1 4 ( 3 ) 
>) 1 8 ( 1 2 ) 

1 0 ( 9 ) 
- 3 9 ( 8 ) 

0 . 3 
0 . 7 

0 . 7 
0 . 3 
0 . 4 
0 . 6 
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TABLE 2. FRACTIONAL COORDINATES ( x 103) AND ISOTROPIC TEMPERATURE 

FACTORS (B/Â2) FOR HYDROGEN ATOMS 

a - C y c l o d e x t r i n - D M F complex 

z B 

H ( C 1 , G 1 ) 
H ( C 2 , G 1 ) 
H ( C 3 , G 1 ) 
H ( C 4 , G 1 ) 
H ( C 5 , G 1 ) 
H ( C 6 A , G 1 ) 
H ( C 6 B , G 1 ) 
H ( 0 2 , G l ) 
H ( 0 3 , G 1 ) 
H ( 0 6 , G 1 ) 
H ( C 1 , G 2 ) 
H ( C 2 , G 2 ) 
H ( C 3 , G 2 ) 
H ( C 4 , G 2 ) 
H ( C 5 , G 2 ) 
H ( C 6 A , G 2 ) 
H ( C 6 B , G 2 ) 
H ( 0 2 , G 2 ) 
H ( 0 3 , G 2 ) 
H ( 0 6 , G 2 ) 
H ( C l , G 3 ) 
H ( C 2 , G 3 ) 
H ( C 3 , G 3 ) 
H ( C 3 , G 3 ) 
H ( C 5 , G 3 ) 
H ( C 6 A , G 3 ) 
H ( C 6 B , G 3 ) 
H ( 0 2 , G 5 ) 
H ( 0 3 , G 3 ) 
H ( 0 6 , G 3 ) 
H ( C 1 , G 4 ) 
H ( C 2 , G 4 ) 
H ( C 3 , G 4 ) 
H ( C 4 , G 4 ) 
H ( C 5 , G 4 ) 

1 0 9 ( 4 ) 
5 0 ( 4 ) 

2 6 6 ( 4 ) 
9 5 ( 4 ) 

2 8 1 ( 4 ) 
2 3 3 ( 5 ) 
2 0 0 ( 5 ) 
1 1 0 ( 5 ) 
1 7 1 ( 4 ) 

3 1 ( 5 ) 
1 2 9 ( 4 ) 
2 0 6 ( 4 ) 
3 6 2 ( 4 ) 
3 7 6 ( 4 ) 
3 8 7 ( 4 ) 
4 7 5 ( 5 ) 
3 5 7 ( 5 ) 
1 0 2 ( 4 ) 
3 6 7 ( 4 ) 
3 2 6 ( 5 ) 
5 1 9 ( 4 ) 
6 7 7 ( 4 ) 
6 2 2 ( 4 ) 
7 9 4 ( 4 ) 
6 0 9 ( 4 ) 
7 4 5 ( 4 ) 
6 8 2 ( 4 ) 
5 0 2 ( 4 ) 
6 9 9 ( 4 ) 
8 0 2 ( 5 ) 
8 9 5 ( 4 ) 
9 6 1 ( 4 ) 
7 4 6 ( 4 ) 
9 0 3 ( 4 ) 
7 0 9 ( 4 ) 

- 4 7 ( 4 ) 
- 1 2 3 ( 4 ) 
- 1 3 1 ( 4 ) 

- 1 8 ( 4 ) 
3 6 ( 4 ) 

1 4 9 ( 4 ) 
1 8 5 ( 4 ) 

- 2 5 0 ( 4 ) 
- 1 7 1 ( 4 ) 

1 0 0 ( 5 ) 
2 2 ( 4 ) 

- 5 0 ( 4 ) 
- 1 0 9 ( 4 ) 

2 3 ( 4 ) 
6 0 ( 4 ) 

1 6 5 ( 4 ) 
2 1 7 ( 4 ) 

- 1 3 0 ( 4 ) 
- 2 0 0 ( 4 ) 

2 2 2 ( 4 ) 
3 2 ( 4 ) 

- 6 1 ( 4 ) 
- 1 1 9 ( 4 ) 

- 9 ( 4 ) 
6 0 ( 4 ) 

1 4 8 ( 4 ) 
2 0 6 ( 4 ) 

- 1 4 9 ( 4 ) 
- 2 2 0 ( 4 ) 

1 7 7 ( 4 ) 
- 7 ( 4 ) 

- 9 6 ( 4 ) 
- 1 3 6 ( 4 ) 

- 1 8 ( 4 ) 
2 5 ( 4 ) 

7 3 0 ( 2 ) 
6 4 3 ( 2 ) 
6 0 8 ( 2 ) 
5 6 2 ( 2 ) 
6 2 9 ( 2 ) 
5 6 3 ( 3 ) 
6 2 9 ( 3 ) 
6 6 7 ( 3 ) 
5 2 4 ( 2 ) 
5 7 1 ( 3 ) 
4 8 3 ( 2 ) 
3 9 7 ( 2 ) 
4 7 5 ( 2 ) 
3 8 2 ( 2 ) 
5 0 6 ( 2 ) 
4 5 4 ( 2 ) 
4 7 0 ( 2 ) 
4 4 9 ( 2 ) 
4 1 8 ( 2 ) 
3 8 2 ( 3 ) 
3 5 8 ( 2 ) 
3 5 2 ( 2 ) 
4 6 5 ( 2 ) 
4 3 5 ( 2 ) 
4 9 3 ( 2 ) 
5 1 3 ( 2 ) 
4 6 4 ( 2 ) 
3 7 2 ( 2 ) 
4 2 8 ( 2 ) 
4 0 3 ( 3 ) 
4 9 6 ( 2 ) 
5 7 3 ( 2 ) 
6 0 6 ( 2 ) 
6 6 3 ( 2 ) 
6 0 5 ( 2 ) 

2 , 
2 , 
2 , 
2 , 
2 , 
4 , 
4 . 
3 , 
2 , 
4 , 
2 , 
2 , 
2 , 
1 , 
2 . 
3 . 
3 . 
2 , 
2 , 
4 , 
2 , 
2 . 
2 . 
2 , 
2 . 
2 . 
2 . 
2 . 
2 . 
3 . 
2 . 
2 . 
2 . 
2 . 
2 . 

. 6 

. 8 

. 3 

. 3 

. 8 

. 2 

. 2 

. 4 

. 9 

. 9 

. 4 

. 3 

. 1 

. 9 

. 3 

. 5 

. 5 

. 9 

. 9 

. 1 

. 3 
, 1 
, 3 
. 0 
. 1 
. 9 
. 9 
, 2 
, 6 
, 8 
, 1 
, 3 
, 1 
,0 
, 1 

H ( C 6 B A , G 4 ) 
H ( C 6 B B , G 4 ) 
H ( 0 2 , G 4 ) 
H ( 0 3 , G 4 ) 
H ( 0 6 B , G 4 ) 
H ( C 1 , G 5 ) 
H ( C 2 , G 5 ) 
H ( C 3 , G 5 ) 
H ( C 4 , G 5 ) 
H ( C 5 , G 5 ) 
H ( C 6 A , G 5 ) 
H ( C 6 B , G 5 ) 
H ( 0 2 , G 5 ) 
H ( 0 3 , G 5 ) 
H ( 0 6 , G 5 ) 
H ( C 1 , G 6 ) 
H ( C 2 , G 6 ) 
H ( C 3 , G 6 ) 
H ( C 4 , G 6 ) 
H ( C 5 , G 6 ) 
H ( C 6 A , G 6 ) 
H ( C 6 B , G 6 ) 
H ( 0 2 , G 6 ) 
H ( 0 3 , G 6 ) 
H ( 0 6 , G 6 ) 
H ( 1 , W 1 ) 
H ( 2 , W 1 ) 
H ( 1 , W 2 ) 
H ( 2 , W 2 ) 
H ( 1 , W 3 ) 
H ( 2 , W 3 ) 
H ( 1 , W 4 A ) 
H ( 2 , W 4 A ) 
H ( 1 , W 5 A ) 
H ( 2 , W 5 A ) 

8 7 3 ( 6 ) 
7 5 4 ( 6 ) 
8 0 1 ( 4 ) 
8 3 0 ( 4 ) 
7 0 1 ( 6 ) 
8 7 6 ( 4 ) 
8 1 1 ( 4 ) 
6 4 6 ( 4 ) 
6 2 6 ( 4 ) 
6 1 5 ( 4 ) 
6 3 4 ( 5 ) 
5 2 4 ( 5 ) 
8 3 6 ( 5 ) 
6 0 4 ( 5 ) 
6 7 0 ( 5 ) 
4 8 6 ( 4 ) 
3 1 3 ( 5 ) 
3 8 3 ( 4 ) 
2 1 4 ( 4 ) 
4 0 2 ( 4 ) 
3 3 4 ( 5 ) 
2 7 7 ( 5 ) 
4 6 2 ( 6 ) 
2 3 3 ( 5 ) 
1 7 3 ( 5 ) 
5 1 6 ( 5 ) 
5 4 1 ( 5 ) 

7 4 ( 6 ) 
- 3 1 ( 5 ) 

6 ( 6 ) 
- 2 9 ( 6 ) 
1 0 4 ( 6 ) 
- 6 7 ( 6 ) 
- 3 4 ( 8 ) 

3 6 ( 8 ) 

1 4 3 ( 5 ) 
1 1 9 ( 5 ) 

- 1 8 2 ( 4 ) 
- 2 0 0 ( 4 ) 

2 2 5 ( 5 ) 
- 1 2 ( 4 ) 
- 9 9 ( 4 ) 

- 1 5 7 ( 4 ) 
- 3 5 ( 4 ) 

2 0 ( 4 ) 
1 7 0 ( 4 ) 
1 1 5 ( 4 ) 

- 2 1 8 ( 4 ) 
- 1 9 8 ( 4 ) 

1 6 8 ( 4 ) 
- 4 0 ( 4 ) 

- 1 1 0 ( 4 ) 
- 1 5 7 ( 4 ) 

- 4 6 ( 4 ) 
2 3 ( 4 ) 

1 6 7 ( 4 ) 
1 2 2 ( 4 ) 

- 2 2 1 ( 5 ) 
- 2 2 1 ( 4 ) 

1 1 8 ( 4 ) 
1 1 7 ( 4 ) 
1 1 6 ( 5 ) 
1 1 6 ( 5 ) 
1 1 6 ( 5 ) 
1 4 4 ( 5 ) 
2 0 0 ( 5 ) 
2 6 1 ( 6 ) 
2 4 7 ( 6 ) 
3 7 0 ( 7 ) 
3 0 0 ( 7 ) 

6 4 9 ( 3 ) 
6 8 2 ( 3 ) 
4 9 2 ( 2 ) 
6 8 0 ( 2 ) 
6 3 1 ( 3 ) 
7 4 6 ( 2 ) 
8 2 3 ( 2 ) 
7 5 2 ( 2 ) 
8 4 7 ( 2 ) 
7 2 8 ( 2 ) 
7 6 6 ( 2 ) 
7 8 2 ( 2 ) 
7 7 9 ( 2 ) 
8 2 0 ( 3 ) 
8 5 0 ( 3 ) 
8 7 3 ( 2 ) 
8 6 8 ( 2 ) 
7 4 9 ( 2 ) 
7 8 8 ( 2 ) 
7 3 7 ( 2 ) 
7 8 1 ( 2 ) 
7 1 9 ( 2 ) 
8 1 9 ( 3 ) 
7 5 0 ( 2 ) 
8 3 0 ( 3 ) 
9 0 2 ( 3 ) 
9 6 3 ( 3 ) 
7 7 0 ( 3 ) 
7 8 2 ( 3 ) 
4 9 9 ( 3 ) 
4 7 6 ( 3 ) 
6 8 3 ( 3 ) 
6 7 2 ( 3 ) 
3 4 9 ( 4 ) 
3 1 9 ( 4 ) 

3 
3, 
2, 
2, 
3 , 
2 , 
2, 
2 , 
2 , 
2 , 
3 , 
3 . 
2 . 
3 . 
4 . 
2 . 
3 . 
2 . 
2 . 
2 . 
3 . 
3 . 
5 . 
3 . 
4 . 
4 . 
4 . 
5 . 
5 . 
6 . 
6 . 
4 . 
4 . 
5 . 
5 . 

. 0 

. 0 

. 8 

. 9 

. 3 

. 3 

. 4 

. 4 

. 4 

. 5 

. 4 
, 4 
, 9 
. 6 
, 0 
, 5 
,4 
,9 
, 3 
5 

,6 
6 

A 
, 8 
, 5 
,8 
8 

,1 
, 7 
1 
1 
4 
4 
3 
3 

a-Cyclodext r in-2-pyrro l idone complex 
z B x 

H(CI ,GD 
H ( C 2 , G 1 ) 
H ( C 3 , G 1 ) 
H ( C 4 , G 1 ) 
H ( C 5 , G 1 ) 
H ( C 6 A , G 1 ) 
H ( C 6 B , G 1 ) 
H ( 0 2 , G 1 ) 
H ( 0 3 , G 1 ) 
H ( 0 6 , G 1 ) 
H ( C 1 , G 2 ) 
H ( C 2 , G 2 ) 
H ( C 3 , G 2 ) 
H ( C 4 , G 2 ) 
H ( C 5 , G 2 ) 
H ( C 6 A , G 2 ) 
H ( C 6 B , G 2 ) 
H ( 0 2 , G 2 ) 
H ( 0 3 , G 2 ) 
H ( 0 6 , G 2 ) 
H ( C 1 , G 3 ) 
H ( C 2 , G 3 ) 
H ( C 3 , G 3 ) 
H ( C 4 , G 3 ) 
H ( C 5 , G 3 ) 
H ( C 6 A , G 3 ) 
H ( C 6 B , G 3 ) 
H ( 0 2 , G 3 ) 
H ( 0 3 , G 3 ) 
H ( 0 6 , G 3 ) 
H ( C 1 , G 4 ) 
H ( C 2 , G 4 ) 
H ( C 3 , G 4 ) 

1 1 0 ( 4 ) 
4 4 ( 4 ) 

2 6 0 ( 4 ) 
9 7 ( 4 ) 

2 7 6 ( 4 ) 
2 2 9 ( 5 ) 
2 0 6 ( 5 ) 
1 2 6 ( 4 ) 
1 7 3 ( 4 ) 

6 0 ( 5 ) 
1 2 9 ( 4 ) 
2 0 9 ( 4 ) 
3 6 0 ( 4 ) 
3 7 6 ( 4 ) 
3 8 0 ( 4 ) 
4 7 9 ( 4 ) 
3 5 6 ( 4 ) 
1 3 3 ( 4 ) 
3 3 0 ( 4 ) 
2 9 9 ( 5 ) 
5 1 7 ( 4 ) 
6 7 3 ( 4 ) 
6 2 0 ( 4 ) 
7 8 9 ( 4 ) 
6 1 0 ( 4 ) 
7 4 5 ( 4 ) 
6 8 1 ( 4 ) 
5 2 8 ( 4 ) 
7 0 5 ( 4 ) 
8 0 2 ( 4 ) 
8 9 2 ( 4 ) 
9 6 0 ( 4 ) 
7 5 3 ( 4 ) 

- 4 5 ( 4 ) 
- 1 1 6 ( 4 ) 
- 1 1 3 ( 4 ) 

- 1 2 ( 3 ) 
3 9 ( 4 ) 

1 5 0 ( 4 ) 
1 7 9 ( 4 ) 

- 2 4 7 ( 4 ) 
- 1 6 9 ( 4 ) 

1 6 5 ( 4 ) 
1 9 ( 4 ) 

- 4 8 ( 3 ) 
- 1 0 9 ( 3 ) 

1 6 ( 3 ) 
6 0 ( 4 ) 

1 6 6 ( 4 ) 
2 1 4 ( 4 ) 

- 1 2 8 ( 4 ) 
- 1 3 1 ( 4 ) 

2 0 1 ( 4 ) 
2 6 ( 3 ) 

- 6 2 ( 3 ) 
- 1 2 1 ( 3 ) 

- 9 ( 3 ) 
6 5 ( 3 ) 

1 4 8 ( 4 ) 
2 0 5 ( 4 ) 

- 1 5 3 ( 3 ) 
- 2 1 8 ( 4 ) 

1 6 8 ( 4 ) 
1 ( 3 ) 

- 9 6 ( 3 ) 
- 1 3 3 ( 3 ) 

7 2 5 ( 2 ) 
6 4 3 ( 2 ) 
6 0 8 ( 2 ) 
5 5 6 ( 2 ) 
6 2 9 ( 2 ) 
5 5 9 ( 2 ) 
6 2 8 ( 2 ) 
6 6 7 ( 2 ) 
5 2 3 ( 2 ) 
6 0 2 ( 3 ) 
4 7 8 ( 2 ) 
3 9 4 ( 2 ) 
4 7 6 ( 2 ) 
3 8 0 ( 2 ) 
5 0 4 ( 2 ) 
4 5 0 ( 2 ) 
4 6 5 ( 2 ) 
4 3 2 ( 2 ) 
3 5 2 ( 2 ) 
3 7 2 ( 3 ) 
3 5 6 ( 2 ) 
3 5 2 ( 2 ) 
4 6 6 ( 2 ) 
4 3 0 ( 2 ) 
4 9 1 ( 2 ) 
5 0 7 ( 2 ) 
4 5 8 ( 2 ) 
3 9 5 ( 2 ) 
4 3 0 ( 2 ) 
4 0 2 ( 2 ) 
4 9 6 ( 2 ) 
5 6 7 ( 2 ) 
6 0 3 ( 2 ) 

2 , 
2 , 
2 , 
2 , 
3 , 
4 , 
4 , 
3 , 
3 , 
4 , 
2 . 
2 . 
2 . 
1 . 
2 . 
3 . 
3 . 
2 . 
2 . 
4 . 
2 . 
2 . 
2 . 
1 . 
2 . 
2 . 
2 . 
2 . 
2 . 
3 . 
2 . 
2 . 
2 . 

. 6 

. 7 

. 4 

. 4 

. 0 

. 2 

. 2 

. 1 

. 0 

. 9 
, 9 
. 3 
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H ( C 4 , G 4 ) 
H ( C 5 , G 4 ) 
H ( C 6 A , G 4 ) 
H ( C 6 B , G 4 ) 
H ( 0 2 , G 4 ) 
H ( 0 3 , G 4 ) 
H ( C 1 , G 5 ) 
H ( C 2 , G 5 ) 
H ( C 3 , G 5 ) 
H ( C 4 , G 5 ) 
H ( C 5 , G 5 ) 
H ( C 6 A , G 5 ) 
H ( C 6 B , G 5 ) 
H ( 0 2 , G 5 ) 
H ( 0 3 , G 5 ) 
H ( 0 6 , G 5 ) 
H ( C 1 , G 6 ) 
H ( C 2 , G 6 ) 
H ( C 3 , G 6 ) 
H ( C 4 , G 6 ) 
H ( C 5 , G 6 ) 
H ( C 6 A , G 6 ) 
H ( C 6 B , G 6 ) 
H ( 0 2 , G 6 ) 
H ( 0 3 , G 6 ) 
H ( 0 6 , G 6 ) 
H ( 1 , W 1 ) 
H ( 2 , W 1 ) 
H ( 1 , W 2 ) 
H ( 2 , W 2 ) 
H ( 1 , W 3 ) 
H ( 1 , W 4 ) 

9 0 3 ( 4 ) 
7 1 9 ( 4 ) 
7 3 0 ( 6 ) 
8 7 0 ( 6 ) 
8 3 2 ( 4 ) 
8 6 6 ( 4 ) 
8 7 4 ( 4 ) 
8 0 7 ( 4 ) 
6 4 2 ( 4 ) 
6 2 5 ( 4 ) 
6 2 6 ( 4 ) 
6 3 2 ( 4 ) 
5 3 4 ( 4 ) 
8 3 0 ( 4 ) 
6 6 5 ( 4 ) 
6 6 9 ( 5 ) 
4 8 1 ( 4 ) 
3 2 0 ( 4 ) 
3 8 2 ( 4 ) 
2 2 1 ( 4 ) 
3 9 5 ( 4 ) 
3 3 1 ( 5 ) 
2 7 8 ( 4 ) 
4 0 6 ( 6 ) 
2 3 5 ( 4 ) 
2 3 1 ( 5 ) 
5 3 6 ( 5 ) 
5 3 7 ( 5 ) 
- 3 1 ( 5 ) 
- 2 8 ( 5 ) 

7 ( 5 ) 
3 6 ( 7 ) 

- 2 1 ( 3 ) 
2 5 ( 3 ) 

1 2 2 ( 5 ) 
1 4 9 ( 6 ) 

- 1 8 0 ( 4 ) 
- 2 2 6 ( 4 ) 

- 1 2 ( 3 ) 
- 1 0 5 ( 3 ) 
- 1 5 4 ( 4 ) 

- 3 6 ( 4 ) 
1 9 ( 4 ) 

1 6 7 ( 4 ) 
1 1 8 ( 4 ) 

- 1 8 3 ( 4 ) 
- 1 8 2 ( 4 ) 

1 5 2 ( 4 ) 
- 4 4 ( 4 ) 

- 1 2 5 ( 4 ) 
- 1 5 6 ( 4 ) 

- 5 0 ( 3 ) 
1 9 ( 4 ) 

1 6 3 ( 4 ) 
1 2 3 ( 4 ) 

- 2 7 6 ( 5 ) 
- 2 1 4 ( 4 ) 

8 3 ( 4 ) 
1 1 6 ( 4 ) 
1 5 1 ( 4 ) 
1 2 8 ( 5 ) 
1 2 9 ( 5 ) 
1 6 7 ( 5 ) 
2 7 9 ( 6 ) 

6 6 0 ( 2 ) 
6 0 0 ( 2 ) 
6 8 0 ( 3 ) 
6 5 1 ( 3 ) 
5 0 3 ( 2 ) 
6 2 1 ( 2 ) 
7 4 1 ( 2 ) 
8 2 2 ( 2 ) 
7 4 3 ( 2 ) 
8 4 4 ( 2 ) 
7 2 1 ( 2 ) 
7 6 2 ( 2 ) 
7 7 7 ( 2 ) 
7 1 9 ( 2 ) 
8 4 6 ( 2 ) 
8 6 4 ( 2 ) 
8 6 9 ( 2 ) 
8 6 3 ( 2 ) 
7 4 1 ( 2 ) 
7 8 7 ( 2 ) 
7 3 1 ( 2 ) 
7 7 9 ( 2 ) 
7 1 8 ( 2 ) 
8 4 7 ( 3 ) 
7 3 4 ( 2 ) 
8 3 3 ( 3 ) 
9 0 1 ( 2 ) 
9 6 8 ( 3 ) 
7 7 9 ( 3 ) 
7 1 8 ( 3 ) 
5 0 2 ( 3 ) 
6 7 7 ( 4 ) 
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Descr ip t ion a n d D i s c u s s i o n 
o f the Structure 

The atom numbering for a-CDx in both complexes 
(Figs. 1 and 2) is the same as that used in other com­
plexes with the isomorphous structure. 

Structure of a-CDx. Average bond distances 
and bond angles over six glucose residues in the a-CDx 

moiety are shown in Fig. 3. The corresponding dis­
tances and angles in the both complexes are in good 
agreement. No significant differences were observed 
when they were compared with those found in the 
a-CDx complexes with />-nitrophenol and />-hydroxy-
benzoic acid.5) The primary hydroxyl group in the 
G4 residue is statistically disordered (Figs. 1 and 2), 
and shows gauche-gauche and gauche-trans conformations, 
while other primary hydroxyl groups are in the gauche-



September, 1979] Crystal Structure of a-Cyclodextrin Complexes 2455 

gauche conformation. A similar disordered conforma­
tion of the primary hydroxyl group has been found 
in other a-CDx complexes1»2»5) isomorphous to these 
complexes, although the shape and size of the guest 
molecule are quite different. The C(6 ,G4)-0(6B,G4) 
bond is oriented to the inside of the a-CDx ring, but 
shows no short contact with the included guest molecule. 
Therefore, the disorder of the G4 hydroxyl group may 
not be caused by the inclusion of the guest molecule, 

G1 

Fig. 1. Structure and numbering scheme of the a-
cyclodextrin-i\r,j\T-dimethylformamide complex. 06A 
and 06B indicate the disordered hydroxyl oxygen 
atom. 

but by the packing requirement. 
The geometry of the a-CDx ring is given in Tables 

3—5. The 0 (4 ) - - -0 (4 ) distances between adjacent 
glucose residues indicate that the deformation of the 
pyranose ring is slightly smaller than that found in 
the complexes with />-nitrophenol (4.016—4.493 A) 
and />-hydroxybenzoic acid (4.053—4.509 Â).5) The 
torsion-angle indices9) (see Table 3) also show a similar 
tendency: they are 111.4—148.1° in the jb-nitrophenol 
complex and 108.9—145.9° in the />-hydroxybenzoic 
acid complex. Between the 0 (4 ) - - -0 (4 ) distances and 

06A G4 

Fig. 2. Structure and numbering scheme of the a-
cyclodextrin-2-pyrrolidone complex. 06A and 06B 
indicate the disordered hydroxyl oxygen atom. 

Fig. 3. Average bond distances (//Â) and angles (0/°) for the glucose residue. The standard 
6 

deviations were estimated according to the equation ö" = Ct!(** —*)2/5]1/2, Where xt réfères to 
i = i 

the bond distances or angles in the 2-th residue and x is the average value. 
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the torsion-angle index there existed a linear cor­
relation, which was also found in other a-CDx 
complexes having the isomorphous structure. 

The diagonal distances between glycosidic oxygen 
atoms (8.231—8.906 Â in the D M F complex and 8.294 

TABLE 3. SELECTED GEOMETRICAL DATA FOR 

a-CYCLODEXTRIN 

I. Distances between glycosidic oxygen atom (//Â)a> 
DMF complex PRD complex 

i) 0(4)---0(4) distances between adjacent glucose residues 
0 (4 ,G1) .0 (4 ,G6) 
0(4,G1)...0(4,G2) 
0(4 ,G2)-0(4 ,G3) 
0(4,G3)..-0(4,G4) 
0(4,G4)...0(4,G5) 
0(4,G5). .0(4,G6) 

4.347 
4.201 
4.110 
4.439 
4.212 
4.190 

ii) Diagonal 0(4)---0(4) distances 
0(4,G1)...0(4,G4) 
0(4,G2)..-0(4,G5) 
0(4,G3)..-0(4,G6) 

8.231 
8.906 
8.329 

II. Torsion-angle index (0/°)b) 

Residue DMF comp 

Gl 
G2 
G3 
G4 
G5 
G6 

121.1 
131.6 
141.9 
112.6 
134.6 
144.7 

lex 

4.300 
4.201 
4.131 
4.399 
4.205 
4.199 

8.294 
8.735 
8.384 

PRD complex 

124.7 
132.3 
138.9 
115.6 
133.6 
135.0 

a) Estimated standard deviations are in the range from 
0.004 to 0.006A. b) The torsion-angle index is 
denned as follows: 10(C(1)-C(2)) | + 10(C(2)-C(3)) | 
+ |0(C(5)-O(5)) | + |0(O(5)-C(1)) | - |0(C(3)-C(4))| 
— |^(C(4)-C(5)) |, when the conformation angle of 
C(l)-C(2)-C(3)-C(4) is expressed as 0(C(2)-C(3)). 

—8.735 Â in the P R D complex) show the distorsion 
of the a-CDx ring from a regular hexagonal symmetry. 
The longest diagonal is found along the molecular 
plane of the guest molecule. The deformation of 
the a-CDx ring in both complexes is less than that 
observed in the jfr-nitrophenol and />-hydroxybenzoic 
acid complexes because of the smaller size of the guest 
molecule. The macro-cyclic conformation of a-CDx 
ring has usually been described in terms of the conforma­
tion angle involving the glycosidic oxygen atoms. 
Owing to the ring structure of a-CDx, however, the 
conformation angle is found in a relatively restricted 
region, and does not seem to be sensitive to the con­
formational change. The deformation of the a-CDx 
ring apparently has a much greater effect on the tilt 
of the glucose residue against the a-CDx molecular 
plane. Since the planarity of the plane defined by 
six O (4) atoms is fairly good, in spite of the deformation 
of the a-CDx ring (Table 4), the tilt angle between 
the 0 ( 4 ) plane and the plane through 0 ( 4 ' ) , C ( l ) , 
C(4), and 0 ( 4 ) for each glucose residue was calculated. 
These tilt-angles (Table 5) show that the Gl residue 
is almost perpendicular to the 0 ( 4 ) plane while the 
G5 residue is most tilted. The standard deviation 
for the average tilt-angle of the G6 residue is about 
twice as large as the s tandard deviation of other residues, 
indicating that the tilt of the G6 residue is most affected 
by the guest molecule. 

oc-CDx - Guest Interaction. Figure 4 shows bond 
distances and angles in D M F and PRD, and intermolec-
ular atomic contacts between a-CDx and these guests. 
The bond distances and angles in P R D are in good 
agreement with those found in (£)-5-iodomethyl-2-
pyrrolidone and (£)-5-oxo-2-pyrrolidinecarboxamide.10) 
O n the other hand, a rather short C ( 3 ) - 0 distance 
(1.10 A) and large C(3) -N-C(2) angle (133°) are 
found in D M F . This may be due to the large thermal 
motion of the D M F molecule. A similar effect has 

TABLE 4. LEAST-SQUARES PLANES AND DEVIATIONS OF ATOMS FROM THE PLANE (//Â) 

An asterisk indicates the atom not included in the plane. 

I. a-Cyclodextrin-DMF complex 
i) The plane through the DMF molecule. 

0.979AM-0.178F-0.097Z=5.119 
G(1,DF) 0.020 N(DF) 
G(2,DF) 0.003 O(DF) 
G(3,DF) - 0 . 0 2 7 

ii) The plane through six 0(4) atoms. 
0.017AM-0.996F+0.091Z-0.811 
0(4,G1) 
0(4,G2) 
0(4,G3) 

iii) Deviations 

0.091 
0.046 

- 0 . 1 4 8 
of atoms 

0(4,G4) 
0(4,G5) 
0(4,G6) 

from the plane 

-0.023 
0.027 

0.115 
0.020 

- 0 . 1 2 5 
through G (2), 

G(3), G(5), and 0(5) . 
Residue 

Gl 
G2 
G3 
G4 
G5 
G6 

G(l)* 
-0.666 

G(2) 
-0.015 

- 0 . 6 8 8 - 0 . 0 0 3 
- 0 . 7 0 4 - 0 . 0 0 1 
- 0 . 6 4 0 
- 0 . 6 9 7 
- 0 . 7 3 6 

-0.026 
-0.026 
-0.027 

G(3) 
0.015 
0.003 
0.001 
0.025 
0.024 
0.025 

G (4)* 
0.675 
0.624 
0.586 
0.696 
0.584 
0.606 

G(5) 
-0.016 
-0.003 
-0.001 
-0.027 
-0.025 
-0.027 

0(5) 
0.016 
0.003 
0.001 
0.028 
0.027 
0.029 

II. a-Cyclodextrin-PRD complex 
i) The plane through the PRD molecule. 

0 .988X+0.153F+0.015Z-6.936 
G(1,P) - 0 . 0 2 4 G(4,P) 0.030 
G(2,P) 0.045 N(P) - 0 . 0 0 3 
G(3,P) - 0 . 0 4 6 O(P) - 0 . 0 0 2 

ii) The plane through six 0(4) atoms. 
0 .017X+0.9957+0.0962=0.876 
0(4,G1) 0.097 0(4,G4) 0.103 
0(4,G2) 0.030 0(4,G5) 0.020 
0(4,G3) - 0 . 1 2 9 0(4,G6) - 0 . 1 2 2 

iii) Deviations of atoms from the plane through G (2), 
G (5), and 0(5) . 

G(3), 

Residue 
Gl 
G2 
G3 
G4 
G5 
G6 

G(l)* G(2) 
- 0 . 6 6 9 - 0 . 0 1 0 
- 0 . 6 9 5 - 0 . 0 0 2 
- 0 . 6 9 6 - 0 . 0 0 1 
- 0 . 6 4 5 - 0 . 0 2 6 
- 0 . 6 7 8 - 0 . 0 2 5 
- 0 . 7 0 1 - 0 . 0 0 5 

G(3) 
0.010 
0.002 
0.001 
0.025 
0.024 
0.005 

G(4)* 
0.665 
0.618 
0.599 
0.692 
0.591 

G(5) 
- 0 . 0 1 0 
- 0 . 0 0 2 
- 0 . 0 0 1 
- 0 . 0 2 7 
- 0 . 0 2 5 

0.606 -0.006 

0(5) 
0.011 
0.002 
0.001 
0.028 
0.027 
0.006 
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TABLE 5. ANGLES (0/°) MADE BETWEEN THE PLANE THROUGH SIX 0(4) ATOMS 

AND THE PLANE THROUGH 0(4 ' ) , C(l) , C(4), and 0(4) 

Figures in parentheses are standard deviations. 

Residue 

Gl 
G2 
G3 
G4 
G5 
G6 

/>-IANa> 

2.1 
9.7 

10.3 
12.1 
15.6 
15.1 

p-l?Hb) 

3.9 
11.2 
11.8 
12.1 
15.9 
10.9 

/>-NPHc> 

3.8 
10.1 
11.3 
14.4 
17.0 
10.7 

p-HBAV 

3.9 
11.3 
11.0 
12.1 
16.1 
7.5 

DMF 

5.7 
12.1 
11.7 
12.4 
15.4 
14.2 

PRD 

5.5 
13.5 
9.7 

14.4 
18.1 
12.2 

Average 

4.2(12) 
11.3(14) 
11.0( 8) 
12.9(12) 
16.4(10) 
11.7(27) 

a) ^-Iodoaniline.1) b) />-Iodophenol.2> c) />-Nitrophenol.5) d) /»-Hydroxybenzoic acid.5) 

been observed in the a-CDx complexes with a small 
guest molecule.11-13) D M F and P R D show good 
planarity: the maximum deviation from the plane 
is 0.046 Â in P R D and 0.027 Â in D M F . 

In the a-CDx cavity, the D M F and P R D molecules 
are located nearly parallel to the 0(4 ,G2)- - -0(4 ,G5) 
diagonal line. In the D M F complex, two methyl 
groups are located at the 0 ( 2 ) , 0 ( 3 ) side, while the 
G (3) atom is nearly on the 0 ( 4 ) plane. The shortest 
intermolecular distance between D M F and a-CDx 
is 3.76 Â, found between 0 (4 ,G6) and C(3,DF), in­
dicating that the D M F molecule is in van der Waals 
contact with the host a-CDx molecule. In the P R D 
complex, the G(3)-G(4) bond is nearly on the plane 
composed of twelve secondary hydroxyl groups, and 
the carbonyl oxygen atom is located at a similar posi­
tion to that of the oxygen atom found in the D M F 

0(4.G6K x 

0 ( 4 . 6 5 ) - 2 - B 7 J 2 J „ 2 - C 3 ^ 

0(4,G4) 

?$(0 /V%^}lc(3.G2) 
\ / ' 2'--

C 2 - ' 

DMF 

3.82(1) 

0 ( 4 . G 3 ) ^ ^ v i 

0(4 ,G2)- ' 
3-V"-

C(5.G6) 

.*\ 0/ ' 
,0(4.G4) 

^V
3 .20tf-0(4X55) 

-C(3,G6) 

1-54(1) 

2-Pyrroljdone 

Fig. 4. Bond distances (//Â) and angles (0/°) in 
iV,iV-dimethylformamide and 2-pyrrolidone. Broken 
lines indicate contacts with the host a-cyclodextrin. 

complex. Some relatively short contacts are found 
in the P R D complex: 0 ( 4 , G 2 ) - C ( 2 , P ) of 3.32 Â 
and 0 ( 4 , G 5 ) - N ( P ) of 3.20 Â. The 0 ( 4 ) - N dis­
tance indicates the formation of a weak 0 (4 ) - - -H-N 
hydrogen bond between a-CDx and P R D , since 
the N - H bond is oriented to the 0 (4 ,G5) atom. Thus, 
the P R D complex shows that the non-aromatic ring 
compound can be included in the a-CDx cavity. 

Molecular Packing and Hydrogen Bonds. Three 
types of crystal structures have already been found 
in a-CDx complexes. The "channel- type" structure 
is built up by a linear stack of a-CDx molecules to 
form endless channels.3'4»6'11»14) In the "cage-type" 

Fig. 5. A schematic drawing of the hydrogen-bond 
network involving water molecules in the a-cyclo­
dextrin-J\r?J\r-dimethylformamide complex. Small 
circles indicate hydroxyl groups of a-cyclodextrin. 
Water molecules are shown by large circles. 



2458 Kazuaki HARATA [Vol. 52, No. 9 

0(6.G1) 0(6,G3) 
0(6X33) 

0(6.G1) / 0(2,G6) 
0(6.G1) 0(6.G3) 

^® ® o(2,G6) ::^w) 
0(3,G5) i 0(6B,GA) 

; ^ ) . tw>"' ' 

0(2.04) ; 0(2,G2) 

0(6.G5) 

III 

Fig. 6. A schematic drawing of the environment of 
the guest molecule in the a-cyclodextrin complexes 
with />-iodoaniline (I), />-nitrophenol (II), and N,N-
dimethylformamide (III). 

structure, a-CDx molecules are arranged in a fish-
bone-^like fashion, producing an isolated cavity to ac­
commodate a guest molecule.12 '13 '15-17) The D M F 
and P R D complexes have the "layer" structure, in 
which a-CDx molecules are arranged to form molecular 
layers in the crystal (Fig. 5).1.2,5,8) 

Hydrogen-bond distances and angles are given in 
Table 6, and the hydrogen-bonding network involving 
water molecules is shown in Fig. 5. Several differences 
are found in the hydrogen-bonding contacts compared 
with other complexes having the "layer" structure. 
In the D M F and P R D complexes, five intramolecular 

0 ( 2 ) - - 0 ( 3 ) hydrogen bonds are observed, but 
unlike the complexes with />-nitrophenol and p-hy-
droxybenzoic acid,5) the G5 residue forms no hydrogen 
bond with the G6. These residues seem to be 
linked by the 0 ( 2 ) - - w a t e r - - 0 ( 3 ) hydrogen bond. 
Significantly short intermolecular distances are found 
in the contacts of 0 ( 2 , G 6 ) - W 5 , 2.371 Â (0(W5B)) 
in the D M F complex and 2.340 Â (0(W5A)) in the 
PRD complex. These may be due to errors caused 
at the stage of the structure refinement, owing to the 
low population of the disordered water and the relative­
ly large thermal motion of 0(2 ,G6) (5.4 Â2 in the 
D M F complex and 7.9 Â2 in the P R D complex) com­
pared with the other secondary hydroxyl oxygen atoms 
(2.1—3.8Â2) . A similar short contact has been also 
found in the a-GDx-/?-nitrophenol complex.5) 

In a layer composed of a-CDx molecules, hydrogen 
bonds are found between G2 and G6, and G3 and 
G5. No hydrogen bond was found between G l and 
G4, although they face each other (Fig. 5). The 
adjacent layers are also linked by G 1 - G 3 and G2- -
G4 hydrogen bonds. The D M F and P R D complexes 
have different hydrogen-bonding directions. The 
0 ( 3 , G 2 ) - H - 0 ( 3 , G 4 ) - H - 0 ( 2 5 G 5 ) linkage in the 
D M F complex is changed to the 0 ( 3 , G 2 ) — H -
0 ( 3 , G 4 ) - H - 0 ( 2 , G 5 ) linkage in the P R D complex. 

In the a-CDx complexes with jfr-iodoaniline,1) p-
iodophenol,2) jfr-nitrophenol, and jfr-hydroxybenzoic 

TABLE 6. HYDROGEN-BOND DISTANCES (//A), ANGLES (0/°), AND INTERMOLECULAR 

OXYGEN-OXYGEN CONTACTS (//A) LESS THAN 3 . 0 Âa> 

a-CDx DMF complex 

0(2,G1)-H 
0(3,G1)-H 
0(2,G2)-H 
0(3,G2)-H 
0(6,G2)-H 
0(2,G3)-H 
0(3,G3)-H 
0(6,G3)-H 
0(2,G4)-H 
0(3,G4)-H 
0(6B,G4)-H 
0(6B,G4)-H 
0(2,G5)-H 
0(3,G5)-H 
0(6,G5)-H 
0(2,G6)-H 
0(3,G6)-H 
0(6,G6)-H 
0(W1)-H(1) 
0(W1)-H(2) 
0(W2)-H(1) 
0(W2)-H(2) 
0(W3)-H(1) 
0(W3)-H(2) 
0(W3)-H(2) 
0(W4A)-H(1) 
0(W4A)-H(1) 
0(W5A)-H(1) 

0(6,G2) 
0(6,G2) 
0(2,G6) 
0(2,G6) 
0(W2) 
0(W2) 
0(W4A) 
0(W5B) 

0(2,G3) 
0(2,G2) 
0(W1) 
0(3,G4) 
0(66,04} 
0(3,G2) 
0(3,Gl) 
0(3,G5) 
0(3,G3) 
0(2,G5) 
0(W5B) 
0(2,G6) 
0(W4B) 
0(W5A) 
0(3,G3) 
0(W5A) 
0(2,Gl) 
0(3,G2) 
0(6,G5) 
0(2,G4) 
0(6,G6) 
0(2,G3) 
0(6,Gl) 
0(W5B) 
0(6,G3) 
0(6,G2) 
0(2,G5) 
0(DF) 

0(W4B) 
0(6A,G4) 
0(W5B) 
0(W3) 
0(W4A) 
0(6A,G4) 
0(6,Gl) 
0(DF) 

(h) 

(c) 
(h) 
(g) 

(i) 
(d) 

(f) 
(j) 
(k) 
(b) 
(e) 
(b) 

(b) 

(e) 

(b) 

(a) 

(g) 
(j) 
(g) 

(f) 
(g) 
(b) 
(b) 

(a) 

(g) 

Code Symmetry operator 

None x 
a -1+x 
b 1/2-x 

y , 
y , 

-y, 

z 
z 
z 

0-H 
0.93 
1.01 
1.16 
1.04 
1.04 
0.88 
1.01 
0.98 
1.33 
1.04 
0.97 
0.97 
0.69 
0.85 
0.96 
1.16 
0.87 
1.01 
0.91 
1.94 
1.06 
0.89 
0.82 
0.89 
0.89 
1.17 
1.17 
1.10 

Code 

c 
d 
e 

Distance 
H- • -O 
1.89 
1.74 
1.51 
2.29 
1.72 
1.97 
1.68 
1.87 
1.82 
1.89 
2.38 
1.96 
2.61 
2.16 
2.24 
1.86 
2.07 
1.70 
1.94 
2.00 
1.80 
2.09 
2.25 
2.52 
2.49 
2.02 
1.86 
1.93 

O- • -O 
2.795 
2.738 
2.663 
2.739 
2.727 
2.845 
2.674 
2.776 
3.080 
2.887 
2.636 
2.873 
2.664 
2.656 
2.802 
2.659 
2.899 
2.704 
2.715 
2.877 
2.846 
2.930 
2.949 
2.725 
2.813 
2.791 
2.821 
2.984 

2.823 
2.931 
2.371 
2.953 
2.818 
2.803 
2.838 
2.905 

Angle 

O-H-•-O 
165 
169 
172 
104 
160 
173 
168 
152 
157 
159 
95 

156 
87 

117 
116 
121 
159 
177 
142 
155 
166 
159 
143 
94 

102 
114 
136 
159 

Symmetry operator 

1/2-x, 
3/2-x, 
3/2-x, 

-y, 
-y, 
-Ui 

-L/Z+Z 
-1/2+3 
1/2 + 3 

a-CDx-2-pyrrolidone complex 

0(2,G1)-H 
0(3,G1)-H 
0(6,G1)-H 
0(2,G2)-H 
0(6,G2)-H 
0(2,G3)-H 
0(3,G3)-H 
0(2,G4)-H 
0(3,G4)-H 
0(2,G5)-H 
0(6,G5)-H 
0(2,G6)-H 
0(2,G6)-H 
0(3,G6)-H 
0(6,G6)-H 
0(W1)-H(1) 
0(W1)-H(2) 
0(W2)-H(1) 
0(W2)-H(2) 
0(W2)-H(2) 
0(W3)-H(1) 
0(W4A)-H(1) 
0(W4A)-H(1) 

0(6,G2) 
0(6,G2) 
0(6B,G4) 
0(2,G5) 
0(3,G5) 
0(6,G6) 
0(W3) 
0(W3) 
0(W5A) 
0(W5B) 

0(2,G3) 
0(2,G2) 
0(W4A) 
O(Wl) 
0(6B,G4) 
0(3,G2) 
0(3,Gl) 
0(3,G3) 
0(3,G2) 
0(3,G4) 
0(3,G3) 
0(W5B) 
0(W5A) 
0(2,Gl) 
0(3,G2) 
0(6,G5) 
0(2,G4) 
0(2,G3) 
0(6A,G4) 
0(W4A) 
0(6,Gl) 
0(2,G5) 
0(6,G2) 

0(W4B) 
0(6A,G4) 
0(W5B) 
0(W4B) 
0(W5A) 
0(W2) 
0(W5B) 
0(6,G3) 
O(P) 
O(P) 

(h) 

(c) 

(g) 

(i) 

(i) 

(e) 
(b) 
(b) 

(b) 

(e) 
(b) 
(a) 

(j) 
(g) 

(f) 
(g) 
(f) 
(k) 
(b) 

(a) 

(g) 
(g) 

Code Symmetry operator 
f 1/2+x 
g -1/2+x 
h -1/2+x 

, 1/2-y, 
, 1/2-y, 
,-1/2-y, 

1-3 
1-3 
1-3 

1 
O-H 

0.78 
0.99 
0.75 
0.91 
1.24 
0.94 
0.94 
0.80 
0.79 
0.98 
0.94 
1.07 
1.07 
1.07 
1.14 
0.93 
1.10 
0.92 
1.09 
1.09 
0.83 
0.69 
0.69 

Code 
i 

j 
k 

Distance 
H- • -O 
2.00 
1.77 
2.14 
1.88 
1.81 
2.24 
1.76 
2.29 
2.02 
1.97 
1.99 
2.08 
2.09 
1.87 
2.22 
1.80 
1.81 
2.07 
1.81 
2.08 
2.14 
2.48 
2.68 

O- • -O 
2.775 
2.739 
2.870 
2.668 
2.738 
2.810 
2.699 
3.042 
2.736 
2.910 
2.877 
2.686 
2.340 
2.878 
2.706 
2.727 
2.862 
2.893 
2.876 
2.828 
2.888 
2.841 
2.781 

2.792 
2.904 
2.679 
2.611 
2.543 
2.828 
2.825 
2.802 
2.571 
2.733 

Angle 
O-H.•.0 
172 
165 
164 
143 
127 
118 
175 
158 
151 
161 
160 
113 
89 

157 
103 
170 
159 
147 
166 
124 
149 
112 
91 

Symmetry operator 
1/2+x 

1-x 
1-x 

,-1/2-y 
, 1/2+3, 
,-1/2+y 

1-3 
f 3/2-3 
3/2-3 

a) The hydrogen bond is doubtful if the H-•• (^distance is longer than 2.5Â or the 0 -H- - -0 angle is less than 90°. 
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acid,5) the guest molecules are so bulky that a par t 
of the guest molecule protrudes from the secondary 
hydroxyl side of the a-CDx cavity. The environment 
of the guest molecule is schematically shown in Fig. 6. 
In the D M F complex, the open end of the primary 
hydroxyl side of a-CDx is blocked by two water mol­
ecules. One (W3) is located near the position found 
in the />-iodoaniline or jfr-nitrophenol complex, but 
the other (W5) is not found in the complexes with 
the aromatic guest. W3 is linked to the adjacent 
three a-CDx molecules. The D M F molecule is so 
small that the vacant space is filled by W5, which is 
statistically disordered and occupies two sites. W l 
blocks the secondary hydroxyl side of the a-CDx cavity, 
but it is replaced by the amino or hydroxyl group of 
the guest molecule in the complexes with />-iodoaniline 
and jfr-nitrophenol. W2, W4A, and W4B are found 
at the same position as those found in other a-CDx 
complexes with the " layer" structure. They are 
arranged in the space elongated along the two-fold 
screw axis perpendicular to the a-CDx molecular 
plane (Fig. 5). 

So far, it has been considered that the " layer" struc­
ture is formed when the guest molecule is too bulky 
to be enclosed in the a-CDx cavity. But, the D M F 
and P R D complexes show that a complex with a small 
guest molecule can also form the " layer" structure. 
a-CDx crystallized from an ethanol-water solution 
may also have a layer structure, since the lattice dimen­
sions are almost the same as those of the complexes 
with the " layer" structure; a= 13.39, 6=15 .49 , c= 
24.06 Â, and the space group P212121.

18> The a-CDx 
crystal obtained from a methanol-water or 1-propanol-
water solution gives the "cage-type" structure.15»17) 
I t is very interesting to speculate why the ethanol 
complex does not form the "cage-type" structure. 

The author wishes to thank Dr. Hisashi Uedaira 
for supporting this study and for helpful discussions. 
The computaion was done on a H I T A C M-160II 
computer at this institute. Programs used were written 
in the author 's laboratory. 
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Rayleigh Ratio for Benzene and Its Temperature Dependence 
Toshio KAMATA* and Hisae NAKAHARA 

National Chemical Laboratory for Industry, Honmachi, Shibuya-ku, Tokyo 151^ 
(Received October 9, 1978) 

The temperature dependence of the Rayleigh ratio for benzene was studied for the purpose of comparing 
various reported values obtained at different temperatures with each other. The following relationship was 
obtained for a wavelength of incident light of A0=435.8nm: 

R90= (0.1377^ + 43.06) X 10"6 cm"1 

where t is temperature (°G). Light-scattering photometers were calibrated with benzene purified by a preparative 
gas Chromatograph by using a value of the Rayleigh ratio for benzene of Ä90=46.5x 10~6 cm - 1 (25 °G, A0=435.8 
nm). In order to verify the validity of the calibrations, molecular weight determinations were run on three 
standard substances: egg white lysozyme, rafïinose, and sucrose. The temperature of benzene was directly 
measured by inserting the sensor of a thermistor thermometer into the benzene within the cell. 

Various methods have been proposed for calibrating 
light scattering photometers. The validity of such cal­
ibrations is often examined by comparing the observed 
values of the Rayleigh ratio, R90, for benzene with 
the literature data or by determining the molecular 
weights of proteins or low molecular-weight compounds 
whose molecular weights are known. However, the 
most probable value of R90 for benzene has been the 
subject of controversies for many years among inves­
tigators, because there were considerable discrepancies 
among the observed values. In 1962, Kratohvil et al.1) 
in their critical survey on the calibration of light-
scattering photometers criticized most of the published 
values of the Rayleigh ratio for benzene for being 
somewhat too high, and suggested a value of R90< 
46.5 X 10 - 6 c m - 1 as the most probable one at 20 °G 
for a wavelength of incident light of 435.8 nm. Most 
later reports2-6) published since the critical survey of 
Kratohvil et al. support the credibility of this so-called 
"low value," and now the controversies about the 
correct R90 value for benzene appear to have subsided. 

However, since somewhat different temperatures were 
employed for measurements by different authors, a 
correct knowledge of the temperature dependence of 
Rayleigh ratios is essential for comparing literature 
values with each other. A temperature coefficient of 
the Rayleigh ratio for benzene determined precisely 
would also be convenient, in that it would help readily 
check the adequacy of any value of the Rayleigh ratio 
for benzene determined at any temperature. 

The temperature dependence of the Rayleigh ratio 
for benzene has been reported by Schmidt,7) Ehl et 
al.,8) and Cohen and Eisenberg.9) The temperature 
coefficient reported by Schmidt (A0=435.8 nm) and 
that of Ehl et al. (A0=546.1 nm) differ too widely from 
each other, even if the difference in the wavelength 
at which measurements were made is taken into ac­
count. Cohen and Eisenberg9) studied the temperature 
dependence of the Rayleigh ratios for benzene and 
water at both 435.8 and 546.1 nm. Unfortunately, 
however, the lack of description for the numerical 
values of R90 at various temperatures or for the temper­
ature coefficient of Rayleigh ratio in their paper makes 
it difficult to compare their results with those of Schmidt 
and of Ehl et al. Judging from the figures given by 

t New address: Yatabe, Ibaraki 300-21. 

them, the temperature coefficient does not depend on 
the wavelength at which measurements were made. 

Such considerable discrepancies among the values 
obtained by different authors for the temperature coef­
ficient of the Rayleigh ratio for benzene might have 
partly been caused by the fact that there has always 
been some kind of uncertainty in measuring the temper­
ature of the benzene on which the Rayleigh ratio 
measurements are being made. When a heating 
medium is recirculated to regulate temperature, a 
difference in temperature between the heating medium 
and the benzene within the cell develops and increases 
with increasing temperature. Schmidt7) measured the 
temperature of the heating medium and took it as 
the temperature of benzene. Such a method does not 
measure the correct temperature of benzene. 

In the present study, therefore, the temperature of 
benzene was directly measured by inserting the sensor 
of a thermistor thermometer into benzene within the 
cell as the determination of the Rayleigh ratio was 
being made. 

Prior to determining the temperature dependence 
of the Rayleigh ratio for benzene, we tried to deter­
mine a reference value of the Rayleigh ratio by using 
standard substances with known molecular weights. 
Since the use of a single standard substance might 
lead to an accidental coincidence of the molecular 
weight found experimentally with that calculated from 
the molecular formula, three different standard sub­
stances, i.e., sucrose, raffinose, and lysozyme, which 
have different molecular weights and specific refractive 
index increments, dn/dc, were used to avoid such an 
accidental coincidence. 

The value of the Rayleigh ratio for benzene con­
sidered as the most probable since the critical survey 
by Kratohvil et al.,1) Ä 9 0 =46 .5 X 10"6 cm" 1 (25 °C, 
j l 0=435.8 nm) , was adopted for calibrating the light-
scattering photometer. Light-scattering measurement 
were then made on the three standard substances 
mentioned above and the molecular weights found by 
experiments and those calculated from the molecular 
formulas were compared. 

Benzene used for calibrating the light-scattering 
photometer and for determining the temperature de­
pendence of the Rayleigh ratio was a guaranteed reagent 
further purified by a preparative gas Chromatograph. 

T h e temperature dependence of the Rayleigh ratio 



September, 1979] Rayleigh Ratio for Benzene 2461 

for benzene obtained in this manner was compared 
with the literature values. At the same time, the 
literature values of the Rayleigh ratio for benzene 
were compared with each other by taking into account 
the effect of temperature on this quantity. 

Exper imenta l 

Materials. Benzene used was a special grade reagent 
supplied by Wako Jun'yaku Kogyo Co., purified by a pre­
parative gas Chromatograph and freshly distilled prior to 
light-scattering measurements. 

Egg white lysozyme used was a seven-times recrystallized 
sample supplied by Seikagaku Kogyo Go. Its high purity 
was confirmed by elementary analysis, sedimentation patterns 
from the ultracentrifuge technique, chromatograms, and 
amino acid composition as well as N-end group assay. 

Sucrose used was a GR reagent supplied by Kokusan 
Kagaku Co., twice recrystallized from the system water-
ethanol. 

As raffinose, a GR reagent from Tokyo Kasei Kogyo Go. 
was used. 

Light Scattering. Apparatus and Calibration: Since it 
is difficult to measure scattered light from solutions of low 
molecular-weight compounds and to determine their de­
polarizations correctly using only one light-scattering photome­
ter, two of them were employed to determine Rayleigh factors 
and depolarizations. For the Rayleigh factor determina­
tions, use was made of a Shimadzu PG-21 light-scattering 
photometer equipped with a Hamamatsu TV Go's R-105 
UH high sensitive photomultiplier tube (anode sensitivity: 
1530 pA/pdm). Depolarizations were determined by using 
a Shimadzu DL-10 model with minor modifications.10) All 
light-scattering measurements were made by using a mercury 
spectral line with the in vacuo wavelength of 435.8 nm. First 
the Rayleigh factor was measured with the PG-21 photometer, 
and then the light-scattering cell was transferred to the DL-10 
apparatus for depolarization measurements, the isotropic 
part being calculated by using the Gabannes factor.11) 

The photometers were calibrated with respect to the 
Rayleigh ratio of benzene, for which the previously 
mentioned value of £ 9 0=46.5x 10"6 cm"1 (25 °G, A0=435.8 
nm) was employed. 

In order to examine the temperature dependence of the 
Rayleigh ratio of benzene, a cell jacket was used; through 
this, thermos ta ted water was recirculated. The temperature 
of benzene was measured by dipping the tip of a thermistor 
sensor (glass tube, 3 mm o.d.) attached to a Takara thermistor 
thermometer STM-005-15 (divided to 0.05 °G) into the 
benzene within the cell. Readings were taken to the last 
0.01 °G. The sensor was thoroughly washed with clean 
benzene and was so located as not to interfere with the scat­
tered light. The liquid in the cell was gently agitated with 
a teflon-covered spin bar, 2 mm o.d. and 15 mm long, driven 
by a magnetic stirrer to prevent any temperature gradient 
development. 

Optical Clarification: A lysozyme solution (in an acetate 
buffer) was centrifuged for 1 h at 10 °G at 360000 g max. 

by using a Spinco L4 preparative ultracentrifuge, and then 
directly filtered into the light-scattering cell through a Corning 
ultrafine glass filter. The aqueous solutions of raffinose 
and sucrose were centrifuged for 1 h at 20 °G at 360000 g 
max. and then directly filtered into the light-scattering cell 
through a Millipore filter VS (pore size : 2 5 ± 3 n m ) . Ben­
zene, freshly distilled, was filtered through a Corning glass 
filter into the light-scattering cell for measurements. 

Concentration of Solution: Since the concentration of solu­
tions may change during the ultracentrifuge and filtering 
operations, the solutions in the cell were analyzed for their 
concentrations. The lysozyme concentration was calculated 
from the N content by the Kjeldahl method. 

Refractive Index Increment: Refractive index increments 
were measured with a Shimadzu differential refractometer. 
The values of dn/dc at 20 °G for the wavelength of 435.8 nm 
for a lysozyme-acetate buffer solution (pH 3.6), an aqueous 
raffinose solution, and an aqueous sucrose solution were 
0.1941, 0.1512, and 0.1484 cm3/g, respectively. 

Refractive Index : The refractive index of benzene at 20 °C 
for wavelength of 435.8 nm was calculated by substituting 
the reference value listed in the International Critical Tables 
into Cauchy's dispersion formula: 

n = A + B/X2 + CM4. (1) 

The refractive indices, n, at 435.8 nm of benzene for various 
temperatures were calculated from the following equation: 

n = 1.52317 - 0.000665 (*-20.00), (2) 

where t is temperature (°G). As the temperature coefficient 
of refractive index, that of Coumou12> was adopted. 

R e s u l t s a n d D i s c u s s i o n 

Effect of Purity on the Rayleigh Ratio of Benzene. In 
order to know the extent of purification required for 
benzene to be used as a standard substance, light-
scattering measurements were run on special grade 
benzene further purified by gas chromatography. T h e 
results are shown in Table 1. 

As seen from the table, the chromatographically 
purified benzene did not show much difference from 
the starting special grade reagent. O n the contrary, 
there was a definite difference between the freshly 
distilled and undistilled samples. Consequently, it was 
concluded that a purification of the special grade 
benzene by distillation just before use would be suf­
ficient, and no further purification by preparative gas 
Chromatograph was required. If the special grade 
benzene is used without any distillation, it may get 
contaminated by organic substances or sometimes by 
polymeric as well as fluorescent materials that can 
not be removed by ultracentrifuging nor by filtration 
and could seriously affect light-scattering measurements. 

Determination of Molecular Weights of Standard Substances. 
The molecular weights of egg white lysozyme, raffinose, 
and sucrose were determined with the same light-

TABLE 1. RAYLEIGH RATIO FOR BENZENE PURIFIED BY VARIOUS METHODS 

Original sample Purification Ä^XlO^cm-1) 

Special grade benzene 

Special grade benzene 
Special grade benzene 

Purified by preparative gas chromatography and distilled before 
light scattering measurement 
Distilled before light scattering measurement 

46.50 

46.52 
48.09 
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scattering photometer that had been calibrated by 
using the Rayleigh ratio for benzene of i? 9 0 =46.5 X 
l O ^ c m - 1 (25 °C, 435.8 nm) . Egg white lysozyme is 
regarded as a suitable standard sample, because its 
molecular weight can be calculated from the knowledge 
of its higher-order structure determined by amino 
acid composition as well as by X-ray structural analysis, 
and because high-purity samples of it can readily be 
obtained. However, since the possibility of molecular 
association exists for Ggg white lysozyme in a certain 
p H region, it is necessary to find the p H range where 
no such association will take place before molecular 
weight measurements are undertaken. Figure 1 shows 
the molecular weights of lysozyme determined at 
various pH's . The data of the present work show a 
slight inconsistency with those of Sophianopoulos and 
Van Holde13) obtained by the sedimentation equilibrium 
method, but in either case, substantially no association 
was found to occur within a p H range of 3 to 5. 
Therefore, light-scattering measurements were carried 
out in this p H region of 3 to 5. Figure 2 shows the 
light-scattering data for egg white lysozyme in an 
acetate buffer (pH 3.6). Figures 3 and 4 show the 
light-scattering plots for raffinose and sucrose, respec­
tively. 

The molecular weight was calculated from the fol­
lowing equation: 

Kc/R90 = l/(AfwP(90°)) + 2A2c. (3) 

The isotropic excess light scattering in the 90° direc­
tion, R90, was calculated from the Rayleigh factor 

2.4 

X 

O I I 12 

Fig. 1. pH dependence of the molecular weight of 
egg white lysozyme. 
©: Present work, A: Sophianopoulos and Van 
Holde.13) 

o 

X 

ft! 

0.5 

*Xl02 (g/cm3) 

i.o 

Fig. 2. Plot of Kc/R90 versus c for egg white lysozyme 
in acetate buffer (0.15 M NaCl, pH 3.6). 
A0=435.8 nm. 

2 3 4 5 6 

*Xl02 (g/cm3) 

Fig. 3. Plot of Kc/R90 versus c for raffinose in water. 

3 3 

o 

X 

1 2 3 4 5 

CX102 (g/cm3) 

Fig. 4. Plot of Kc/R90 versus c for sucrose in water. 
A0=435.8nm. 

determined in unpolarized light, (-ß90)u5 

Gabannes factor, / u (90° ) , as follows: 

#90 = (#90)u//u(90°), 

/u(90°) = (6 + 6/>u)/(6-7/>u), 

using the 

(4) 

(5) 

where />u is the degree of depolarization. 
The value of P(90°) was calculated from the dimen­

sions of a lysozyme molecule determined by X-ray 
structural analysis. Actually, however, since this value 
(0.9994) was found to be very close to unity, the 
molecular weight of lysozyme was calculated by 
assuming P(90°) = l. 

Likewise, since the raffinose and sucrose molecules 
are very small compared to the wavelength of incident 
light, calculation was made by assuming P(90°) = l. 

The deviation, A M , from the true molecular weight, 
M , of the apparent molecular weight, M a p p , obtained 
by approximating the light scattering due to fluctuation 
of fluid density by that due to fluctuation of the density 
of pure solvent, was also calculated by the use of 
the Bullough's approximation.14) For further details, 
reference should be made to the literature.10) 

T h e results of the molecular weight determinations 
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Substances 

Sucrose 
Rafïinose 
Lysozyme 

Solvent 

Water 
Water 
Acetate buffer 
0.15 M NaCl (pH3 

Rayleigh Ratio for Benzene 

TABLE 2. RESULTS FOR STANDARD SUBSTANCES 

dn/dc (cm3/g) (Kc/R90)c-^ 

0.1484 2.906X10-3 

0.1512 1.982x10-3 
0.1941 7.02X10-5 

.6) 

M a p p AM M 

344 3 341 
505 3 502 

14250 2 14248 

Af(formula) 

342.3 
504.2 

14307 

<?app ( /o ) 

+ 0.5 
+ 0.2 
- 0 . 4 

2463 

s (%) 
- 0 . 4 
- 0 . 4 
- 0 . 4 

<*aPP= (Mapp/M(formula) - 1) X 100, 3= (M/M(formula) - 1) X 100. 

are listed in Table 2. Since the effect of the deviations, 
A M , caused by density fluctuations on the observed 
values of molecular weight was small, as shown in 
Table 2, AM was neglected in comparing the apparent 
molecular weight, M a p p , with that calculated from the 
molecular formula. Such a comparison resulted in a 
good agreement, within ± 1 % in either case. This 
suggests that the calibration of the light-scattering 
photometer, using the value of the Rayleigh ratio for 
benzene of R90=46.5 X 10"6 cm" 1 (25 °G, A0=435.8 
nm), was reasonable. If the small deviations of mo­
lecular weights caused by density fluctuations were 
considered, the molecular weights observed for egg 
white lysozyme, rafïinose, and sucrose became slightly 
lower than those calculated from the molecular for­
mulas, the mean deviation being —0.4%. To attr ibute 
such discrepancies to the particular value of the 
Rayleigh ratio for benzene that was adopted for 
calibrating the light-scattering photometer, however, 
remains open to question. There is a great difference 
between the refractive index for benzene and that for 
the water used as a solvent in light-scattering meas­
urements of three standard substances. I t is thus 
difficult to exclude some uncertainty, however small, 
that may accompany the operation of converting the 
apparatus constant, 09O, determined by the use of 
the Rayleigh ratio for benzene to the other, 0gO, for 
water as the solvent. Therefore, our effort to estimate 
the Rayleigh ratio for benzene by means of standard 
substances was abandoned. Instead, we confined 
ourselves to reconfirming the likeliness of the value 
of #90=46.5 X lO"6 c m - 1 (25 °G, ^ 0 =435 .8 nm) , known 
to be the most probable so far. 

Temperature Dependence of Rayleigh Ratio for Benzene. 
The temperature dependence of the Rayleigh ratio for 
benzene was studied by assuming the most probable 
value at 25 °G to be £ 9 0 = 4 6 . 5 X10" 6 cm- 1 . The 
results are summarized in Table 3. Also, the variation 
of the Rayleigh ratios for benzene with temperature 
is plotted in Fig. 5. 

As seen from the plots in Fig. 5, a linear relationship 
exists between R90 and temperature, t, correlated by 
the following equation: 

R90 = (0.1377*+ 43.06) X 10"6 cm"1. (6) 

Ehl et a/.8) studied the temperature dependence of 
Rayleigh ratios at a wavelength of 546.1 nm, and 
reported that it could be expressed as follows by taking 
the value of R90 at 25 °G as a reference : 

(R»o)t = (#9o)25[l+"( '-25)], (7) 

where the temperature coefficient was found to be oc= 
0.368 XIO"2 . 

Equation 7 yields a = 0 . 3 0 6 x 10 - 2 from our data 

T A B L E 3. R A Y L E I G H RATIO FOR BENZENE AT 

VARIOUS TEMPERATURES 

Temperature (°C) 

20.15 
20.20 
20.70 
24.62 
25.00 
25.11 
25.75 
28.96 
30.11 
30.20 
30.28 
34.91 
35.02 
35.03 
40.16 
40.18 
44.97 
45.11 
50.55 
51.28 
57.51 

51 

50 

4 9 
CO 

O 

x 4 8 

o 

4 6 

4 5 

4 4 

- --M 

I 

+ 

I 

n0 

1.52307 
1.52304 
1.52270 
1.52010 
1.51985 
1.51977 
1.51935 
1.51721 
1.51645 
1.51639 
1.51633 
1.51325 
1.51318 
1.51318 
1.50976 
1.50975 
1.50656 
1.50647 
1.50285 
1.50237 
1.49823 

t i 

7290Xl06 (cm-1) 

45.88 
45.79 
45.86 
46.50 
46.50 
46.56 
46.62 
47.11 
47.19 
47.19 
47.25 
47.77 
47.98 
47.82 
48.63 
48.52 
49.30 
49.25 
50.03 
50.11 
51.00 

__J 1 
10 2 0 6 0 7 0 3 0 4 0 5 0 

Temperature (°G) 

Fig. 5. Temperature dependence of Rayleigh ratio 
for benzene. ©: Present work, # : Glaesson and 
Ohman,2) A'. Huisman,3> ©: Bello and Guzman,4) 
£>: Dezelic,5) H : Parfitt and Wood,6) A: Schmidt,7) 
+ : Reference values listed on critical survey of 
Kratohvil et al.1) Dashed lines show the experimental 
error range of zhl%. 

and a = 0 . 2 2 0 x l 0 " 2 from those of Schmidt,7) both at 
the same wavelength (A0=435.8 nm) ; there is very 
poor agreement between the two observations. One 
of the possible causes for this can be the difference 
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in temperatures at which measurements were made. 
While the present authors inserted the sensor of a 
thermistor thermometer into the fluid and directly 
measured the temperature of benzene, Schmidt meas­
ured the temperature of the recirculated water and took 
it as that of the benzene. The temperature of the 
fluid within a light scattering cell usually shows some 
deviations from that of the recirculated water, and 
such deviations tend to become more significant at 
higher temperatures. The somewhat lower value of 
Schmidt as compared with ours could have been caused 
by such a deviation in temperature. O u r value of 
a was a little lower than that of Ehl et al., although 
both figures were obtained at different wavelengths. 
Cohen and Eisenberg9) determined the temperature 
dependence of Rayleigh ratios at both 435.8 and 
546.1 nm, but the lack of the numerical values of 
R90 at various temperatures in their paper inhibits 
calculation of a values by means of Eq. 7. However, 
the figures of the temperature dependence of the 
Rayleigh ratio given in their paper permits us to 
estimate a temperature coefficient which is closer to 
ours than to the value of Ehl et al. 

A number of literature values of the Rayleigh ratio 
for benzene so far reported (corresponding to À0= 
435.8 nm) are compared in Fig. 5 by considering the 
temperature effect. As seen from this figure, all lit­
erature data 2 - 6 ) reported since the critical survey1) of 
Kratohvil et al. agree within ± 2 % with the value 
taken as the most probable one. Particularly, the 
reported values of Dezelic,5) Huisman,3) and Glaesson 
and Ohman2) showed an agreement within ± 1 % . 
O n the other hand, the literature values published 
before the critical survey mentioned above, except for 

some which showed agreements within ± 2 % , generally 
deviated widely even if the temperature dependence 
was considered. 

The author's acknowledgements are due to Dr. S. 
Nishi, who kindly purified the benzene by preparative 
gas chromatography, and to Dr. Y. Morita, who 
conducted the nitrogen analysis. 

References 

1) J . P. Kratohvil, G. Dezelic, M. Kerker, and E. 
Matijevic, J. Polym. Sei., 57, 59 (1962). 

2) S. Glaesson and J. Ohman, Arkiv Kemi, 23, 69 (1964). 
3) H. F. Huisman, Proc. Ron. Ned. Akad. Wet. B, 67, 

367 (1964). 
4) A. Bello and G. M. Guzman, Eur. Polym. J., 2, 79 

(1966). 
5) G. Dezelic, J. Chem. Phys., 45, 185 (1966). 
6) G. D. Parfitt and J. A. Wood, Trans. Faraday Soc., 

64, 805 (1968). 
7) R. L. Schmidt, J. Colloid Interface Sei., 27, 516 (1968). 
8) J. Ehl, G. Loucheux, G. Reiss, and H. Benoit, Makromol. 

Chem., 75, 35 (1964). 
9) G. Cohen and H. Eisenberg, J. Chem. Pyhs., 43, 3881 

(1965). 
10) T. Kamata, H. Nakahara, and S. Hattori, Bull. Chem. 

Soc. Jpn., 50, 2558 (1977). 
11) J. Gabannes, "La Diffusion Moléculaire de la Lumière," 

Les Presses Universitaires de France, Paris (1929), Ghap. 
10. 

12) D. J . Goumou, J. Colloid Sei., 15, 408 (1960). 
13) A. J . Sophianopoulos and K. E. Van Holde, J. Biol. 

Chem., 239, 2516 (1964). 
14) R. K. Bullough, Proc. R. Soc. London, Ser. A, 275, 271 

(1963). 



September, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (9), 2465—2473 (1979) 2465 
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Structural interconversions, ligand exchange, the temperature- and concentration-dependent equilibrium 
of configurational isomers, and the solvolysis of NiGl2(Ph3P)2 in various solvents have been studied. The MCD 
and absorption spectra were employed, together with the calculation based on ligand-field theory and the NMR 
spectra. Paramagnetic tetrahedral NiCl2(Ph3P)2 and the solvated paramagnetic octahedral NiCl2(Ph3P)2(dmso)2 

are in equilibrium in the coordinating solvent DMSO. The ratio of the former to the latter increases with the rise 
of concentration and temperature. Configurational isomers of NiCl2(Ph3P)2, a paramagnetic tetrahedral one 
and a diamagnetic square-planar one, are found in a non-coordinating solvent GHG13. The former species de­
creases gradually and a yellow precipitate is formed. The same two species, and two other solvated paramagnetic 
tetrahedral and octahedral species, NiCl2(CH3CN)2 and NiCl2(CH3CN)4, are found to be in equilibrium in GH3GN. 

Dihalogenonickel(II) tertiary phosphine complexes 
have been used as a catalyst for a number of synthetic 
reactions. The solvent and the temperature are 
often important factors for the catalytic activity. A 
number of studies1-5) have been reported on the dynamic 
interconversion between the paramagnetic tetrahedral 
form and the diamagnetic square-planar form of these 
complexes in non-coordinative solvents. By measuring 
the absorption spectra and the magnetic susceptibility 
of NiCl2(Ph3P)2 in a solution of inert solvents (for 
example, CHC13 and benzene), it has been shown 
that there is a small amount of the trans-square-planar 
diamagnetic species in equilibrium with the tetrahedral 
paramagnetic species.2,3) However, few investigations 
on the molecular conformation and the dynamic be­
havior in coordinative solvents are reported. 

The molecular structure of NiCl2(Ph3P)2 in crystal 
form is known6) to be : N i - C l = 2 . 2 7 Â, N i - P = 2 . 2 8 Â , 
Z C l - N i - C l - 1 2 3 ° , Z P - N i - P = 117°. Its polarized 
single-crystal electronic spectrum was assigned by 
taking the effective site-symmetry as G2v.7) When 
the molecule is dissolved in various solvents, it may 
take a tetrahedral, a square-planar, or an octahedral 
form, and will show a characteristic electronic spectrum 
depending on each configuration. In addition, the 
magnetic circular dichroism (MCD) spectrum has 
the sign as well as the magnitude characteristic of 
each electronic transition,8»9) and can be a very powerful 
means for clarifying the complexity of the absorption 
spectra, providing further information with which 
to understand the molecular state. 

The absorption and M C D spectra indicate simply 
the sum of spectra arising from each species in the 
equilibrium mixture. O n the other hand, N M R 
spectra can be used in another way: if the frequency 
separation between resonance lines of species in equi­
librium is smaller than the frequency of the inter-
conversion or the ligand exchange, only a single line 
at the average frequency is observed. N M R spectra 
will thus provide the evidence for the degree of mo­
lecular lability and the rate of ligand exchange. 

We have therefore studied the structural interconver­
sions of NiCl2(Ph3P)2 in various solvents, such as 
dimethyl sulfoxide (DMSO) , ^^V-dimethylformamide 
(DMF), acetonitrile (CH 3 CN), etc., by the M C D 
and absorption spectra, the calculations based on 

ligand-field theory, and the N M R spectra. 

Exper imenta l 

The following compounds used in this study were prepared 
and recrystallized according to previously reported pro­
cedures; NiGl2(Ph3P)2,

1> Ni(SGN)2(Ph3P)2,
1> (Et4N)2NiCl4,

10> 
[KitdmfJeKClOJa,11) [Ni(dmso)6](C104)2.

12> All solvents 
were obtained commercially (Guaranteed Reagent of Nakarai 
Chemical Co.). Acetonitrile was dried and purified by 
fractional distillation with anhydrous calcium chloride. 

Absorption spectra in the range 10000 to 13000 cm - 1 

were measured by a JAS CO J-40 spectrophotometer, to 
which an electro-magnet of field strength 8.9 kG is attached. 
The spectra in the other ranges were measured with the 
apparatus previously described.13»14) NMR spectra were 
obtained by using a JEOL JNM-PS-100 instrument equipped 
with a variable-temperature probe. All of the spectra were 
measured just after preparing the solution, unless otherwise 
specified. 

R e s u l t s a n d D i s c u s s i o n 

MCD and Absorption Spectra. The MCD spectra 
of the charge-transfer bands in tetrachloro nickel(II) 
ions have been studied,15) but the M C D spectra of 
the d-d transitions have not yet been reported. The 
spectrum in solution shows a great change depending 
on the solvent. The M C D and the absorption spectra 
of a solution of (Et4N)2NiCl4 in CH 3 CN are shown 
in Fig. 1. The absorption spectrum is very similar 
to the spectrum of Ni (II) ion in tetrahedral sites in 
the crystal of Cs2ZnCl4,16) and it does not show any 
significant change when the excess tetramethylam-
monium chloride (Et4NCl) is added to the solution. 
Therefore we may consider that the spectrum arises 
from a tetrahedral NiCl4

2~ ion. The absorption band 
in the range 13000—17000 c m - 1 has been assigned 
as a transition 8T1(F)->8T1(P).17> The M C D spectrum 
in this absorption region shows a dispersion with 
positive sign in the lower energy region and negative 
sign in the higher energy region (let us call this 
{'positive dispersion' ' ). 

The M C D spectra of d-d transitions in some octahe­
dral nickel(II) complexes have been studied extensive­
ly.18»19) In octahedral nickel(II) complexes, there are 
three spin-allowed d-d transitions: 3A2—>3T2,

 3 T 1 (F) , 
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(Et4N)2NiCl4 in CH3CN 

X 103CM 

Fig. 1. MCD and absorption spectra of (Et4N)2NiCl4 

in GH3GN at room tempepature. [0]M is the molar 
ellipticity per unit magnetic field, e is molar extinc­
tion coefficient. 

and 3 T 1 (P) , in the region from near-infrared to visible. 
T h e molar extinction coefficients of these d-d transitions 
are smaller than those in the tetrahedral complexes, 
because in the latter complexes there is no center of 
inversion symmetry and there is greater d-p mixing. 
T h e M C D and absorption spectra of a solution of 
[Ni(dmf)6](C104)2 in D M F and a solution of [Ni-
(dmso)6](C104)2 in D M S O are shown in Figs. 2 and 3 
respectively. The M C D spectrum of the band in 
the 12000—16000 c m - 1 region is mainly negative 
and shows a small positive value in the higher energy 
region (let us call this "negative dispersion"). The sign 
of the dispersion is opposite to that of the tetrahedral 

complex observed in the 13000—17000 c m - 1 region. 
This characteristic difference is very useful in distin­
guishing whether the complex in solution is in 
octahedral or in tetrahedral symmetry. 

The compounds NiX 2 L 2 (L=te r t i a ry phosphines, 
X = C 1 , Br, I , and SCN) have been studied in a series 
of papers.1 - 3) Some of them were found to be in 
equilibrium of the paramagentic tetrahedral form 
and the diamagnetic square-planar form in inert 
solvents. The thiocyanato-complex, Ni(SCN)2(Ph3P)2 , 
has been found to be diamagnetic and trans-square 
planar.3) The M C D and absorption spectra are 
shown in Fig. 4. The absorption spectrum shows 
bands only at energy regions higher than 15000 c m - 1 

and the high-intensity absorption bands at about 
24000 and 31000 c m - 1 are generally referred to as 
charge-transfer bands. The magnitude of the M C D 
in comparison with that of the absorption, which may 
be indicated by the magnitude of [ö]M/e, in the dia­
magnetic square planar nickel (II) complex is less 
than 10% of those found in the paramagnetic tetra­
hedral and the paramagnetic octahedral nickel(II) 
complexes. This characteristic difference can be 
useful in finding whether the complex in solution is 
paramagnetic or diamagnetic. 

The M C D and absorption spectra of dichlorobis-
(triphenylphosphine)nickel(II), NiCl2(Ph3P)2 , were 
found to change greatly depending on the solvent, 
the concentration of the solution, and the temperature. 
The dependence on the concentration in D M S O is 
shown in Fig. 3. I t shows a drastic change in a narrow 
range of the concentration. The spectrum of 0.25 M 
solution shows a strong absorption band in the range 
14000—18000 c m - 1 , and the M C D of the band shows 
a positive dispersion, which is characteristic of the 
paramagnetic tetrahedral species. However, as the 
concentration is reduced to 0.05 M , the intensity of 
the band in this range decreases and the intensities 
of the bands at about 7500, 12500, and 23000 c m - 1 

increase. This fact indicates that the paramagnetic 
tetrahedral species and the paramagnetic octahedral 

NiCI2(Ph3P)2 in DMF Ni(DMF)6(CI04)2 in DMF 

20 

io3[e]wo 

- 2 0 

40 

& ! 

20 

f 
0 . 1 6 M 

I 0.05 M 

/ • - M 

A N * ' / 

H 
M 

1 \ \ » 

^ 

1 M 
1 ' 
f M / ' 

1/ 
V I if | 

V yf 1 r 1 1 
20 25 

X 103 CM"1 

Fig. 2. MCD and absorption spectra of Ni(dmf)6(G104)2 and the concentration 
dependence of the spectra of NiCl2(Ph3P)2 in DMF at room temperature. 



September, 1979] Structural Interconversions of NiCl2(Ph3P)2 in Various Solvents 2467 

NiCl2(Ph3P)2in DMSO Ni(DMSO)6(CI04)2 in DMSO 
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Fig. 3. MGD and absorption spectra of Ni(dmso)6(G104)a and the concentration 
dependence of the spectra of NiCl2(Ph3P)2 in DMSO at room temperature. 

x 103 C M - 1 

Fig. 4. MGD and absorption spectra of 0.02 M solu­
tion of Ni(SGN)2(Ph3P)2 in benzene at room tem­
perature. 

species are in equilibrium in the solution and the ratio 
of the former to the latter decreases as the concentration 
decreases. 

When the temperature of the 0.05 M solution is 
raised (see Fig. 5), the absorption spectrum becomes 
very similar to the one observed in the solution of 
higher concentration at room temperature. When 
this solution is cooled to room temperature again, 
the spectrum returns to the one measured before heating. 
This fact indicates that the octahedral complex in 
0.05 M solution at room temperature is NiCl2(Ph3P)2-
(dmso)2, and as the temperature is raised it tends to 
become tetrahedral NiCl2(Ph3P)2 by expelling the 
coordinated solvent molecules. 

The spectrum is found to change slowly in the course 
of time (see Fig. 6), and the crystal of triphenylphos-
phine (Ph3P) is found to grow in a couple of days after 

X l 0 3 C m - 1 

Fig. 5. Temperature dependence of the absorption 
spectrum of 0.05 M solution of NiCl2(Ph3P)2 in DMSO. 

preparing the solution. The spectrum, which is 
measured after several days, is identified to that of a 
paramagnetic octahedral species, but it is not identical 
with the spectrum of Ni(dmso)6

2 + . I t appears therefore 
that the coordinated Ph 3P tends to be removed gradually 
and thus the solvated compound NiCl2(dmso)4 is 
produced. 

In 0.25 M solution, the intensities of absorption 
bands due to the terahedral species are much greater 
than those due to the octahedral species. However 
the molar concentrations of the tetrahedral species 
and the octahedral species would be almost the same, 
since the molar extinction coefficients of the bands 
due to the tetrahedral species are much greater than 
those due to the octahedral ones. 

The spectral behavior observed in D M F solution 
is similar to that observed in D M S O solution. If we 
compare the spectrum of 0.05 M NiCl2(Ph3P)2 solution 
in D M F with that in D M S O at room temperature 
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0.25M NiCI2(Ph3P)2in DMSO 

X 10 CM 

Fig. 6. Change of MGD and absorption spectra of 
0.25 M NiCl2(Ph3P)2 solution in DMSO at room 
temperature as a function of time. Measured im­
mediately after preparing the solution ( ), after 
24 h ( ), after 72 h ( ), after one week 
( ). The sample was kept in dark place at 
25 °G. 

(Figs. 2 and 3), it is understood that the tetrahedral 
form of NiCl2(Ph3P)2 is slightly more stable in D M F 
than in D M S O . 

T h e spectrum of NiCl2(Ph3P)2 in CH 3 CN (Fig. 7) 
shows that the paramagnetic tetrahedral form of this 
complex is more stable in CH 3 CN than in D M S O or 
in D M F . The absorption band in the range 14000— 
18000 c m - 1 is assigned as a transition 8T1(F)->8T1(P) 
of a tetrahedral species, because of the magnitude 
of the extinction coefficient and because of the M C D 
spectrum, whose sign and magnitude are very similar 

to those of NiClf - ion (see Fig. 1). The extinction 
coefficient of this band in 0.01 M solution is as large 
as those observed in the more concentrated solutions 
in D M S O and in D M F (0.25 M in the former and 
0.16 M in the latter. See Figs. 2 and 3). If the 
observed absorption bands were due to a fairly large 
amount of octahedral species, the apparent molar 
extinction coefficient should be much smaller. 
Therefore the complex will be mostly tetrahedral 
in 0.01 M solution in CH 3 CN. 

T h e extinction coefficient of the shoulder-like absorp­
tion band at about 24000 c m - 1 in Fig. 7 is greater 
than that of the transition 3A2->3T1(P) of an octahedral 
species. The ratio [0]M/e is smaller than that of the 
paramagnetic species, and it is close to the value of 
[0]M/e observed in Ni(SCN) 2(Ph 3P) 2 solution in benzene 
(see Fig. 4), the complex in the solution is known to 
be diamagnetic square plane.3) Since the molar 
extinction coefficient of the diamagnetic species is 
much greater than that of the paramagnetic species, 
even a small amount of diamagnetic species causes a 
strong absorption. Thus the band at about 24000 
c m - 1 may be identified as the absorption due to a 
small amount of diamagnetic square-plane species in 
GH 3 CN solution. 

Absorption bands in the energy region higher than 
about 27000 c m - 1 will be mainly attributed to the 
charge transfer bands of the paramagnetic tetrahedral 
species, since the sign and magnitude of the M G D 
and the ratio [0]M/e are in good agreement with those 
observed in charge transfer bands of tetrahalogeno-
nickel(II) complexes.15) 

The spectra of NiCl2(Ph3P)2 in non-coordinating 
solvents, such as chloroform, dichloromethane, and 
benzene, are different from those in coordinating sol­
vents. The spectrum of 0.05 M solution in CHG13 

is shown in Fig. 8. The absorption spectrum in the 

h-0.2 

H 2000 

H 1000 

X10° CM 
20 30 

x 103 cm"1 

Fig. 7. MGD and absorption spectra of 0.01 M solu­
tion of NiCl2(Ph3P)2 in GH3GN at room temperature. 

Fig. 8. MGD and absorption spectra of 0.05 M solu­
tion of NiCl2(Ph3P)2 in GHG13 at room temperature. 
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range 5000—20000 c m - 1 is similar to the crystal absorp­
tion spectra of NiCl2(Ph3P)2 , in which the nickel(II) 
ion is reported to be in "effective" C2 v point-group 
symmetry.7) This presumably means that the molecule, 
which shows a similar absorption spectrum to that 
in crystal, retains the distorted tetrahedral configula-
tion in non-coordinating solvents. I t should be noted 
that the M C D spectrum of the band in the region of 
15000—20000 c m - 1 is simply negative and that it is 
different from those observed in coordinating solvents. 

The absorption bands in the energy region higher 
than 22000 c m - 1 will be of the diamagnetic square-
plane species, since the ratios [0]M/e of the bands are 
very close to the one observed in Ni(SCN) 2 (Ph 3P) 2 

solution in benzene. The high extinction coefficient 
and the small value of [0]M/e for the absorption band 
at about 25000 c m - 1 are characteristic of diamagnetic 
square-plane nickel(II) complexes. The intensity of 
the band is stronger in CHC1 3 than in GH 3 CN. I t 
appears therefore that the proportion of the diamagnetic 
species is greater in CHC13 than in CH 3 CN. 

Calculations Based on Ligand-field Theory. Energy 
levels of NiCl2(Ph3P)2 and NiCl2(Ph3P)2(dmso)2 are 
calculated by the following approximation. The 
magnitude of ligand field parameters Z)q of NiCl4

2~, 
Ni(Ph3P)4

2+ in T d symmetry and Ni(dmso)6
2+ in O h 

symmetry are estimated to be 350, 550, and 850 c m - 1 

respectively. The ligands, CI, Ph3P, and D M S O , 
are approximated by point charges and the magnitudes 
of the point charges —Ze are evaluated by using 
the relation: Z)q=2Z^2<r4>/27a5 in T d symmetry and 
Z)q=Z^2<r4>/6a5 in O h symmetry, where — Ze is 
the point charge and a is the distance between the 
nickel atom and the point charge. From the data 
of X-ray analysis,17) we assumed the distances between 
the point charges and nickel atom to be N i - C l = 2 . 2 7 Â 
and N i - P = 2 . 2 8 Â in tetrahedral form, and N i - C l = 
2.38 Â, N i - P = 2 . 3 9 Â, and N i - O = 2 . 1 0 Â in octahedral 
form. The values of <r2> and <r4> were calculated by 
using an analytical SCF function for nickel atoms 
obtained by Clementi:20) <r4>Ni(3d) = 3.997tf0

4 and 
<r2>Ni(3d) = 1.220a0

2, where a0 is the Bohr radius. 
The point charges of NiCl2(Ph3P)2 are put in the direc­
tion of the regular tetrahedron. This may not be an 
accurate structure since the crystal-structure determina­
tion shows that the Cl -Ni -Cl and P - N i - P bond angles 
are 123° and 117°, respectively, which are greater 
than the tetrahedral 109°28\ The effect of lower 
symmetry C2 v is reflected in the magnitude of point 
charges and distances from the metal. The point 
charges of NiCl2(Ph3P)2(dmso)2 are put in the direction 
of regular octahedron so that the same ligands are 
in trans positions. All the possible configurations 
of d8 electrons are considered, and the effect of the 
spin-orbit interaction is included completely. The 
spin-orbit coupling constant C is assumed to be that 
of free nickel(II) ion: £ = 6 4 9 c m - 1 . The results 
of energy level calculations are shown schematically 
in Figs. 9 and 10. 

The energy levels of NiCl2(Ph3P)2(dmso)2 are similar 
to those of Ni(dmso)6

2 + . The M C D of the paramagne­
tic octahedral nickel (I I) complexes has been found to 
arise from the M C D C-term,18»19) which originates in 
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Fig. 9. Calculated energy levels of Ni(dmso)6
2+ and 

NiCl2(Ph3P)2(dmso)2. 
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Fig. 10. Calculated energy levels of NiCl2(Ph3P)2. 
The energy levels in rigorously tetrahedral field and 
in the lower symmetry field are denoted as Td and 
C2V, respectively. The inclusion of spin-orbit coupl­
ing is shown by adding +S .O. 

the population difference among the levels of the ground 
state 3A2 split by the Zeeman effect. Since the ground 
state of NiCl2(Ph3P)2(dmso)2 has the same spin de-
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generacy as that of Ni(dmso)6
2 + and their M C D spectra 

are similar to each other, the M C D spectrum of NiCl2 

(Ph3P)2(dmso)2 may arise from the M C D C-term. 
I t has been shown that the major contribution to 

the M C D of charge-transfer bands of tetrahalogeno-
nickel(II) complexes comes from the C-term, because 
of the variation of the M C D spectrum with tempera­
ture.15) The analysis of the M C D spectra of the 
paramagnetic tetrahedral complex NiCl2(Ph3P)2 was 
done for the following two cases. Case A) The energy 
levels are calculated by the above approximation. 
The calculated energy levels are shown in Fig. 10 as 
C2v + S.O. Case B) The ligand field is, assumed to 
be rigorously tetrahedral and the effect of spin-orbit 
coupling is included. The magnitude of ligand field 
parameter Z)q is assumed to be 450 c m - 1 , which is 
a simple numerical average of the Z)q's of N iC l 4

2 -

and Ni(Ph3P)4
2+. T h e calculated energy levels are 

shown in Fig. 10 as T d + S . O . 
By using the eigen-functions in case B), we have 

calculated the levels of M C D parameters A and C for 
all the allowed transitions among the levels split by 
spin-orbit interaction in the 3T1(F)->3T1(P) absorption 
band ; the results are given in Table 1. In the cal­
culation of the M C D parameter B the mixing of the 
charge transfer states will be significant, but it is hard 
to evaluate it correctly. Therefore we neglected B. 
The calculated value of A for the transition A ^ T a 
is negative, and it leads to a positive dispersion of the 
M C D spectrum. We shall use the dipole strength 
D defined in Ref. 9. The calculated value of AjD 
for the transition A^T^ is in good agreement with 
the experimental value —8.4/9, which is obtained by 
assuming that the M C D of 0.01 M solution of NiCl2 

(Ph3P)2 in CH 3 CN in the range 14000—18000 cm" 1 

is dominated by the A-term. The magnitudes of 
the A- and C-terms are dependent, furthermore, on 
the frequency (v), the width at half-maximum height 

T A B L E 1. C A L C U L A T E D V A L U E S O F M C D A N D A B S O R P ­

T I O N PARAMETERS'1) FOR THE TRANSITIONS FROM EACH 

LEVEL SPLIT FROM 3 T X ( F ) TO EACH LEVEL SPLIT 

FROM » T ^ P ) 

Transition 

A,->T2 

T i - v r , 
->E 
-^T2 

E ->T, 
•^T2 

T W A , 

->?x 
->E 
->T2 

Excitation 
energy 
(cm-1) 

16400 
16380 
16150 
16010 
15690 
15320 
15690 
15460 
15230 
15090 

A*) 

- 7 9 . 4 
- 6 . 3 
- 0 . 5 
- 0 . 7 

0.3 
0.0 
0.0 
0.0 
0.0 
0.0 

cb> 

0 
3.0 
1.1 

- 2 . 7 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

D°) 

95.3 
7.2 
2.5, 
6.4 
0.8 
0.0 
0.1 
0.0 
0.0 
0.0 

AjD 

- 8 . 3 £ 
- 8 . 8 £ 
- 0 . 2 £ 
-1 .1 /? 

0.4£ 
0.0 
0.0 
0.0 
0.0 
0.0 

a) All values of parameters A, C, and D include the 
Boltzmann distribution factor of the initial state at 
room temperature, b) In units of 104/ty3, where ß is 
the Bohr magneton and p=(t2\\er\\ey. c) In units of 
103/>2. 

of the absorption line (P), and temperature (T).8»9) 
If we assume Ph/27i^4000 cm" 1 and £ r « 2 0 0 cm - 1 , 
where h is Planck's constant and k is the Boltzmann 
constant, the A-term for the transition AX->T2 is almost 
the same order of magnitude as the C-term for the 
transitions T ^ T ^ E, and T2 . The A-term is dominant 
for the transition A ^ T a and the C-term is dominant 
for the transitions T ^ T ^ E, and T2 . The C-terms 
of the latter compose a positive dispersion of the M C D 
spectrum. Therefore, a positive dispersion of the 
observed M C D spectrum can be interpreted as the 
overlap of line shapes due to the A-term of the transition 
Ax—>T2 and the C-terms of the transitions Tx—>T1? 

E, and T 2 . 
In case A), the effects of lower symmetry field and 

the spin-orbit coupling are comparable. Both the 
spin and the orbital degeneracies are removed. 
However, since the eigen-functions are not real, the 
M C D parameters A, B, and C are nonzero. We have 
estimated the B-term with the following approximation. 
As the states to be mixed into one of the states split 
from ^T-^F) by the external magnetic field, we have 
considered only the rest of the states split from ^ ( F ) . 
In the same way, we have considered only the rest 
of the split states as the states to be mixed into one 
of the states split from 3 T 1 (P) . By using the eigen-
functions in case A), we have calculated the values 
of M C D parameters A, B, and C. Contrary to our 
expectation, all of these parameters are found to be 
smaller than about 1 % of the values obtained in case B). 
Therefore, in this case we cannot explain the observed 
magnitude of [0]M. The main cause of such small 
valuse seems to be the fact that we estimated the effect 
of the lower symmetry field and the spin-orbit coupling 
to be of the same order of magnitude. In fact, the 
effective field operating in NiCl2(Ph3P)2 in solution 
might be very close to that of tetrahedral symmetry. 
More extensive study would be necessary with respect 
to this point. 

Proton Nuclear Magnetic Resonance Studies. Proton 
N M R spectra of dihalogenobis( tertiary phosphine)-
nickel(II) complexes have been investigated exten­
sively.21-26) T h e signals of the phenyl ring protons 
of the paramagnetic tetrahedral species are usually 
substantially displaced from the resonance positions 
of the diamagnetic species. The shift is upfield for 
the ortho and para protons and downfield for meta 
protons; it is interpreted as arising from a contact 
interaction with unpaired electrons which have been 
partially delocalized from a nickel atom to the n-
orbital of the ligand.21»22) The kinetics of ligand 
exchange in the tetrahedral complexes and the ther­
modynamics and kinetics of the diamagnetic planar«-* 
paramagnetic tetrahedral interconversion have been 
studied,23-26) but these studies were done only on the 
solutions in inert solvents. As we have shown in the 
studies of the M C D and absorption spectra, the complex 
NiCl2(Ph3P)2 in coordinating solvents can be in equi­
librium between a paramagnetic tetrahedral form and 
a paramagnetic octahedral form. 

The proton N M R spectra of NiCl2(Ph3P)2 in D M S O 
at various concentrations are shown in Fig. 11. As 
the concentration increases, the splitting of the ortho, 
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Fig. 11. Proton NMR spectra at several concentra­
tions of the solution of NiCl2(Ph3P)2 in DMSO at 
room temperature. Proton shifts are shown relative 
to the protons of tetramethylsilane (TMS) in G014 

( T = 1 0 . 0 ) as an external standard. The signa.1 of 
TMS as an internal standard shifts depending on 
the concentration of nickel(II) ions, and the position 
is shown as TMS in each spectrum. The spectrum 
of triphenylphosphine which is added to 0.20 M 
solution of Ni(dmso)6(C104)2 in DMSO and the 
spectrum of triphenylphosphine dissolved in DMSO 
are shown for comparison. 

meta and para protons increases and the signals of 
phenyl ring protons generally shift upfield. When 
some excess Ph3P is added to the 0.2 M solution of 
NiCl2(Pn3P)2> t n e splitting of the phenyl ring protons 
decreases and all the signals approach the resonance 
position of the Ph3P which is added to the 0.2 M solu­
tion of Ni(dmso)6(ClQ4) a in D M S O . The signal 
of the T M S added to a 0.2 M solution of Ni(dmso)6 

(G104)a in D M S O and that of Ph 3P added to the same 
solution both shifted by 1.5 ppm from the respective 
signals in the absence of the nickel complex. T h e 
signal of T M S in 0.2 M solution of NiCl2(Ph3P)2 in 
D M S O also shifted by the same magnitude. Thus 
there are nearly the same amount of paramagnetic 
nickel(II) ions in both 0.2 M Ni01 a(Ph8P) a in D M S O 
and 0.2 M Ni(dmso)6(C104)2 in D M S O . With respect 
to the signal of non-coordinating Ph3P, the ortho and 
para protons are shifted, upfield and the meta protons 
are shifted downfield. The characteristic shifts are 
interpreted as arising from the contact shift origina­
ting in the paramagnetic tetrahedral form. The 
configurational equilibrium is significantly dependent 
on the concentration, and the increase of concentration 
is favorable for the tetrahedral form in D M S O . The 
rate of ligand exchange or structual interconversion 
is fast, since no new peaks and only averaged resonances 
are observed, showing that it is faster than 102 s_1 . 
The splitting of the phenyl ring protons decreases 

120°c 

9 0 ° C 

6 0 ° C 

3 0°C 

i r— 
** = 2.0 3.0 4.0 

Fig. 12. Proton NMR spectra of 0.1 M solution of 
NiGl2(Ph3P)2 in DMSO in the temperature range 
30 to 150 °G. 

gradually, within the time scale shown in Fig. 6, and 
the signals approach the position of the non-coordina­
ting Ph3P. 

The proton N M R spectrum of 0.1 M solution of 
NiCl2(Ph3P)2 in D M S O in the temperature range 
30 to 150 °G is shown in Fig. 12. An increase of the 
contact shift, which reveals the increase of the para­
magnetic tetrahedral complex, is observed as the tem­
perature is raised u p to 90 °G. As the temperature 
is raised further, the contact shift begins to decrease 
and the line broadening is observed. The temperature 
dependent behaviour may be interpreted as showing 
that the solvated octahedral molecule NiCl2(Ph3P)2-
(dmso)2 tends to become tetrahedral NiCl2(Ph3P)2 by 
expelling the coordinated solvent as the temperature 
is raised; then the rate of ligand exchange increases 
and the effect becomes predominant at temperatures 
higher than 100 °C. However, such a change of 
the proton N M R spectrum is not observed in the 

mCD3CN A 

13.0 

Fig. 13. Proton NMR spectra of NiCl2(Ph3P)2 in 
various solvents at the same concentration; 0.05 M. 



2472 Hajime KATÔ, Kazuko YORITA, and Yoshifumi KATO [Vol. 52, No. 9 

solutions in either CH 3 CN or CHC13 . T h e contact 
shift increases as the temperature is cooled down to 
- 5 0 °G in both CH 3 CN and CHC13 . 

The proton N M R spectra of NiCl2(Ph3P)2 in various 
solvents at the same concentration, 0.05 M, are shown 
in Fig. 13. The ratio of the paramagnetic tetrahedral 
form of NiCl2(Ph3P)2 increases in the solutions in the 
order D M S O < D M F < C H 3 C N < C H C l 3 . When excess 
Ph 3P is added to these solutions, all the signals are 
found to approach the position of the signal of 
non-coordinating Ph3P. Therefore the rate of ligand 
exchange of Ph 3P is faster than 102 s _ 1 in all these 
solutions. I t should therefore be noted that the weak 
signal at about T = 3 in CDC13 solution is not a signal 
of the non-coordinating Ph3P. 

Conc lus ions 

The M C D , absorption, and proton N M R spectra 
thus exhibit consistently the structural interconversions 
of NiCl2(Ph3P)2 in various solvents. Generally, the 
paramagnetic tetrahedral form of this compound is 
more stable at high concentrations in both coordina­
ting and non-coordinating solvents. In coordinating 
solvents, such as D M S O and D M F , the solvent-
coordinated paramagnetic octahedral species NiCl2 

(Ph3P) 2 (solvent molecule) 2 are found to increase as 
the concentration of NiCl2(Ph3P)2 is decreased and 
also as time goes on after making the solution. Further , 
it is found that the coordinated Ph 3P tends to leave 
gradually and the solvated complex NiCl2 (solvent 
molecule) 4 is formed. However, these solvent molecules 
will not be so strongly coordinative in comparison 
with Ph3P, since it is found that the ratio of the par­
amagnetic tetrahedral species NiCl2(Ph3P)2 increases 
as the temperature of the solution containing the solvated 
species is raised. 

In non-coordinating solvent CHC13 , no solvated 
octahedral compound is observed. Configurational 
isomers of a paramagnetic tetrahedral and a diamagnetic 
square-planar NiCl2(Ph3P)2 are observed. The mol­
ecule of the former isomer will retain the distorted 
tetrahedral configuration which it has in the crystal. 
The magnitude of the proton N M R signal at r—3 
grows gradually and coincidently all the other signals, 
which are due to the paramagnetic tetrahedral species, 
are reduced in intensity without changing their posi­
tions. At the same time, the absorption spectra of 
the solution change to show the bands only in the 
energy region higher than 25000 c m - 1 ; these bands 
have a strong resemblance to those of Ni(SCN) 2 (Ph 3P) 2 

(Fig. 4) and may be identified as those of a diamagnetic 
square-planar species. The rate of interconversion 
between the paramagnetic tetrahedral form and the 
diamagnetic square-planar form is sufficiently slow 
on the N M R time scale, i.e. less than 102 s_1. I t seems 
to be almost one-way from the paramagnetic tetra­
hedral form to the diamagnetic square-planar form 
and irreversible. As the former form decreases gradu­
ally, a yellow precipitate is observed to grow. The 
ratio of the former form to the latter one is greater 
at high concentrations, and the yellow precipitate 
grows faster at low concentrations. When the filtrate 

of the yellow precipitate is dried, only Ph3P remained. 
We identified this yellow precipitate to be NiCl2 by 
measuring the magnetic susceptibility and the melting 
point. I t appears therefore that the paramagnetic 
tetrahedral NiCl2(Ph3P)2 decomposes gradually to 
NiCl2 and 2Ph3P, and since the solvent does not co­
ordinate, NiCl2 precipitates as Ph3P leaves. 

The paramagnetic octahedral species, the paramag­
netic tetrahedral species, and the diamagnetic square-
planar species seem to coexist in the solution of NiCl2 

(Ph3P)2 in CH 3 CN. Some nickel(II)-acetonitrile 
complexes, Ni(CH 3CN) 6(BF 4) 2 , NiCl 2(CH 3CN) 4 , and 
NiCl 2 (CH 3CN) 2 , have been reported. A chloride 
ion is well known to be a stronger coordinating ligand 
than CH3CN.2 7) The M C D and absorption spectra 
show that the proportion of the diamagnetic species 
is smaller in the solution in CH 3 CN than in CHG13. 
The proton N M R spectra show a greater contact 
shift in CHC1 3 than in CH 3 CN. This will be due 
to the liability of ligand exchange between Ph3P and 
CH 3 CN. Most of the absorption in the range 14000 
to 19000 c m - 1 in Fig. 7 will be due to the tetrahedral 
NiCl2(Ph3P)2 , since the tetrahedral complex NiCl2 

(CH 3 CN) 2 will show an absorption band with the 
peak at about 13000 c m - 1 . As the time goes on after 
dissolving NiCl2(Ph3P)2 in CH 3 GN, a pale yellow 
precipitate is observed to grow, but it is not so much 
as in the solution in CHC1 3 and the proton N M R 
signal at about T = 3 is found to grow gradually. The 
absorption spectrum does not change drastically as 
in the case of CHC13 solution; it changes only slightly, 
suggesting the coexistence of a small amount of a tet­
rahedral NiCl 2 (GH 3 CN) 2 and an octahedral NiCl2 

(CH 3 CN) 4 . 
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A quantum-chemical method has been developed using a point-charge model to calculate the 13G chemical 
shift for protonation in an acidic solution. This method has been applied to the acetone-sulfuric acid system; 
the gross tendencies between the observed and calculated results agree. 

The N M R parameter, the chemical shift, is closely 
associated with the electronic structure of a molecule. 
In solution, the electronic structure of the molecule 
is affected by the surrounding molecules; thus, the 
chemical shift is solvent-dependent. The nature of 
the solvent effects may be mainly classified into the 
following two categories : 

(i) The molecule considered forms a loose bonding 
with a solvent, such as hydrogen bonding or protona­
tion. 

(ii) Without such a bonding, the molecule is affected 
by intermolecular interaction with the surrounding 
molecules. 
For Case (ii), we have successfully interpreted the 
observation of the solvent effect of the 13G chemical 
shift1»2) and the long-range chemical shift by magnetic 
anisotropy3) in some organic compounds, acetone, 
acetonitrile and other compounds, by the application 
of Klopman's solvaton model4) to the MINDO/2 5 ) 
and CNDO/2 methods.6) I t is the purpose of this 
work to treat quantum-chemically the protonation 
in Case (i) and use it in interpreting the behavior of 
the 13G chemical shift of the protonated acetone molecule 
which occurs in a strongly acidic solution such as a 
sulfuric acid solution. 

A study of the effect of protonation on the 13G chem­
ical shift of acetone was first done by de Jue7) using 
the average-excitation-energy approximation. How­
ever, this approximation is too gross to enable us 
to discuss exactly the nature of the 13G chemical 
shifts of the molecule being considered. W e will, 
therefore, discuss the behavior of the 13G chemical 
shifts of the protonated acetone using our proposed 
model for protonation without the average-excitation-
energy approximation. 

Theoret ica l 

As a model of protonation we assume that a positive 
point charge approaches and loosely bonds to the 
oxygen atom in the carbonyl group of acetone. In 
order to formulate this model generally, we consider 
a molecular system with M electrons and N nuclei, 
adding a point charge. O n the basis of this model, 
the Hamiltonian, / / , of the specified molecular system 
consists of the inherent term, / / i n h , and the protona­
tion term, Hpioti and is given as (in atomic units) 

Hr 

M 

» = 1 

7 1 N Z \ 1 ^ 1 1 

(-TV'-SfM + l-S-H 
\ I „ = i rn J I j=i rij\ 

\ N N 

+ 7 S S -
4 m = l n = l 

p r o t — 2-i 
» = 1 r&i 

N 

+ 2 ' 
7 1 = 1 

Q.*zn (3) 

where Q,a is the magnitude of the point charge, rai and 
ran are the point charge-electron and the point charge-
nucleus distances respectively, and Zn is the charge on 
the nucleus, n. In these calculations, two additional 
assumptions were made for Eq. 3 ; (1) if the electron 
and the point charge are associated with the same 
atomic center, the point charge-electron distance, r&i, 
is taken to be the van der Waals radius of the oxygen 
atom, and (ii) if the electron and the point charge 
are associated with different atomic centers, the point 
charge is assumed to be centered on the atomic center 
associated with £) a , and then the point charge-electron 
distance, ra i , is evaluated as the distance between their 
atomic centers. 

Using the Roothaan's matrix notation, the total 
energy, ETi of the system is given as 

occ occ occ 

£ T = 2 S Ct*BCt + S S Ci*{2Jj-Kj)Ci 

1 N N Z Z 

£ m n Tmn 

occ N O „Z„ 
(4) 

The fourth term is due to the contribution of the pro­
tonation, where the elements of D are given as 

A, = yV**0)(—^y,(l)dr(l) (5) 

Dtj are estimated according to similar procedures 
developed by Germer.8) 
The integral : 

A s = DK (6) 

is calculated for each atomic center, A, using the S 
orbitals of the atom. The Dliv is approximated as 

(7) D „ =Y^v(i)A+i)B), 

(2) 

where Svfl is the overlap integral, n and v being valence 
orbitals on the A and B atoms respectively. This 
approximation was incorporated into the M I N D O / 2 
M O method. 

As the effective van der Waals radius of the oxygen 
atom, 1.4 Â is used.9) 

According to Pople, the 13G chemical shift, #T, is 
estimated by the sum of the diamagnetic and para­
magnetic contributions. These contributions were 
calculated according to Pople's G I A O - M O theory10) 
without the average-excitation-energy approximation. 

The bond lengths and bond angles used are standard 
values proposed by Pople and Gordon.11) All the 
calculation were carried out with the HITAC-8800 
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Computer of the Computer Center of the University 
of Tokyo. 

E x p e r i m e n t a l 

High-resolution pulsed FT 13G NMR spectra were obtained 
at 25.15 MHz using a JEOL PS-100 spectrometer equipped 
with a PFT-100 Fourier transform system, a JEG-6 spectrum 
computer, a 2D field-frequency lock, and a noise-modulated 
proton-decoupling system. The observed free induction 
decay after a 90° pulse was sampled at 8192 data points. 
A deuteron signal of benzene-*/6 sealed in a capillary inserted 
into an 8 mm o.d. tube was employed for the lock signal, 
where 13G-enriched tetramethylsilane(20%) dissolved in 
benzene-i6 was used as the reference. The 13G chemical 
shift was corrected for bulk magnetic susceptibility. 12> The 
bulk magnetic susceptibility for a solution, Xsoinj is given as 

Zsoln = S $iXi, (8) 

where %t and <pi are the bulk magnetic susceptibility and 
the volume fraction of the 2-th component molecule in solution 
respectively. 

In a strongly acidic solution, the protonation of the acetone 
molecule may occur. The concentration of acetone is 2 
mol % in various sulfuric acid-water concentration ratios. 
The sulfuric acid concentration varies from 0 to 25 mol % 
in the total solution. 

R e s u l t s a n d D i s c u s s i o n 

In Fig. 1 the 13G chemical shifts of the carbonyl and 
methyl carbons are shown for 2 mol % acetone in various 
sulfuric acid-water concentration ratios. The carbonyl 
carbon chemical shift moves to a much lower field 
with an increase in the concentration of sulfuric acid. 
O n the other hand, the methyl carbon chemical shift 
moves to an appreciably lower field upon protonation. 
These trends agree with de Jue ' s results,7) although 
the concentrations of acetone are different in the two 

5 10 15 20 25 

H2S04 mol % 

Fig. 1. Observed 13G chemical shifts for 2 mol % 
acetone in various concentration ratios of sulfuric 
acid-water. 

cases. 
Let us analyze this behavior upon protonation on 

the basis of our calculations. The values of the excess 
charges on the carbon and oxygen atoms in acetone 
molecules are plotted against the magnitude of the 
charge, Q&, associated with the oxygen atom in the 
carbonyl group in Fig. 2. The electron densities on 
the oxygen and carbon atoms in the carbonyl group 
increase with an increase in Q,a, while, on the other 
hand, that on the methyl carbon decreases. In this 
molecule, the electrons are drawn to the oxygen atom 
and the distribution of electrons is polarized by an 
inductive — 1 ~ type effect, 0 = C + - C - . However, its 
effect decreases by the association with the charge, Q,a. 
The electron densities on the carbonyl oxygen and 
carbon atoms increase, and that on the methyl carbon 
atom decreases, with an increase in Q,a. Then, the 
charge on the methyl carbon atom becomes positive. 

The charges of this distribution of the electron density 
with an increase in the Q,a in this system cannot explain 
the observed results. For example, the increase in 
the electron density on carbonyl carbon with an in­
crease in the Q â cannot explain the observed low-field 
shift with an increase in the concentration of sulfuric 
acid. This suggests that the change in the excitation 
enefgy may play an important role in the observation 
of the chemical shift. Some typical examples of the 
calculated diamagnetic, pd, paramagnetic, pp, and 
total chemical shifts are shown against the value of 
Q,a in Table 1. The calculated chemical shifts are 
also plotted in Fig. 2. The major par t of the Q,a de­
pendence of the chemical shift arises from variations 
in ffp. The chemical shifts of the carbonyl and methyl 
carbons shift to a lower field with an increase in the 
value of CLa,

 a n d the change in the former is larger 
than that in the latter. These tendencies agree with 
the observed ones, but the change in the methyl carbon 
is too large. 

The observed chemical shift of carbonyl carbon 
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Fig. 2. Dependence of excess charge on carbon and 
oxygen atoms in acetone upon the magnitude of the 
charge (£. 
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T A B L E 1. DEPENDENCE OF T H E CALCULATED CHEMICAL 

SHIFTS OF METHYL AND CARBONYL CARBONS IN ACETONE 

UPON THE MAGNITUDE OF THE CHARGE, ( £ A 

fta 
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1.00 
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GO 
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GO 
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GO 

GH3 

GO 

GH3 

GO 

GH3 

GO 

Calculated chemical shift 

Diamagnetic 
contribution 

<7d 

57.99 
52.81 

57.99 
52.81 

57.98 
52.82 

57.96 
52.82 

57.91 
52.83 

57.83 
52.84 

57.52 
52.91 

56.30 
53.04 

Paramagnetic 
contribution 

-211 .55 
-352 .58 

-212 .26 
-354 .41 

-212 .98 
-356 .25 

-215 .14 
- 3 6 1 . 9 4 

-218 .86 
-371 .90 

-226 .62 
-393 .96 

-253 .95 
-479 .29 

-320 .44 
-738 .67 

(ppm) 

Total 
contribution 

<7T 

-153 .56 
-299 .76 

-154 .27 
-301 .59 

-154 .99 
-303 .43 

-157 .19 
-309 .12 

-160 .95 
-319 .08 

-168 .79 
-341 .11 

-196 .44 
-426 .38 

-263 .64 
-685 .63 

moves to a lower field by about 30 ppm for the con­
centration variation of sulfuric acid from 0 to 25 mol %. 
This value corresponds to the one calculated when 
the value of Q,a is about 0.15. When the value of Q,a 

is 1.0, the calculated value shifts to considerably a 
lower field. According to these results, if the protona­
tion is complete, dose such a low-field shift arise? 
This may be interesting problem. 

Reviewing our results from the viewpoint of the 
exchange between free and protonated molecules, 
the finding that the value of Q,a is about 0.15, con­
siderably smaller than 1, is not surprising. Although, 
in this work, we have chosen a simple system in applying 
our developed procedure to the protonation, we should 
apply a more complicated system to ascertain the 
applicability of our model. 

(£a magnitude of the charge 

Fig. 3. Dependence of calculated 13G chemical shifts 
of methyl and carbonyl carbons in acetone upon 
the magnitude of the charge (£. 
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A simple ligand graph and a pattern graph are defined topologically in order to design the patterns of the 
chelating ligands. This ligand graph, which comprises m donor atoms and n carbon chains capable of forming 
medium-sized chelate rings, is an irregular graph containing neither multiple lines nor self-loops. All the ligand 
graphs with m ^ 8 can be systematically obtained from fifty pattern graphs. These are derived from fifteen basic 
pattern graphs, which are cubic general graphs containing some multiple lines and self-loops. A pattern code 
and a set of series indices are tabulated for each ligand graph with m<8. For the ligand graphs with m<6, all 
the geometric isomers of their octahedral chelates are also illustrated. 

The chemistry of metal chelates has been remarkably 
developed and is widely applied. The properties 
and the reactions of the metal chelates are closely related 
to their structure. When one seeks the most suitable 
new chelating reagents for a certain purpose, it would 
be of great use to look over all the patterns of ligand 
structures. In their reviews on the ligand design, 
Goodwin1) and Black and Hartshorn2) were chiefly 
concerned with the systematic outline and classification 
of the chelate agents already prepared, but their to­
pological diagrams were mathematically incomplete. 
Thus, purely geometrical investigations are not available 
for the sysematic derivation of ligand patterns or for 
the design of new ligands. The graph theory and 
computer studies have been successfully applied to 
the numeration and the documentation of the chemical 
isomers or the homologs for some special kinds of organic 
compounds.3) In order to cover all the ligands, one 
has to treat all the organic compounds, since every 
compound containing some oxygen- or nitrogen-group 
elements has more or less ability to coordinate to a 
metal ion. This designing work is limited to those 
practical ligands which can form five- or six-membered 
chelate rings with a metal ion. 

Theory a n d R e s u l t s 

A ligand can be considered as a set of some donor 
atoms joined by several carbon chains capable of form­
ing medium-sized chelate rings. Then a simple ligand 
graph L(m, n) can be defined for each ligand, where 
m is the number of points which correspond to the 
donor atoms, and n is the number of lines which cor­
respond to the carbon chains. The ligand graph 
must meet the following requirements: (1) T h e graph 
is connected. (2) I t is planar. (3) The degree of 
each point is one, two, or three (The degree of a point 
is the number of lines incident with it). The first 
condition is self-evident. A planar graph can be 
drawn on a plane so that no two lines cross each other. 
According to the graph theory such a graph is identical 
to a spherical graph. To be spherical is needed for 
two carbon chains not to cross each other on a co­
ordination sphere, because these chains are too short 

* A preliminary report of this work was presented at 
the 28th Symposium on Coordination Ghemisrty, Matsuyama, 
October 1978. 

to detour. Three would be the maximum degree 
of a point in any kind of donor atom. Then, for in­
stance, ethylenediamine, 1,3-propylenediamine, 2,3-
butenediamine, N, N, N', iV'-tetramethylethylenediamine, 
1,2-phenylenediamine, and 1,2-cyclohexenediamine 
are represented by the same ligand graph L(2, 1), 
since these ligands contain two donor atoms and only 
one carbon chain which can form a chelate ring. The 
graph L(2, 1) is unique, but it should be noted that 
a graph L(m, n) is not generally determined only by 
a set of m and n. 

A graph in the narrow sense of the word does not 
include multiple lines; that is, two points may be 
joined by only one line. Molecules such 1,4-diaza-
cycloheptane, for example, can form metal chelates, 
so some double lines may be included in the ligand 
graph. But relatively few such ligands form stable 
chelates because of the steric hindrance and the bond 
strains. Moreover, this limited number of double lines 
can be easily derived by joining a pair of adjacent 
points of degree one or two in a simple ligand graph. 
Therefore, no multiple lines are included in this simple 
ligand graph. Also, no self-loop is needed in this 
graph, since it forms no chelate ring. Thus the simple 
ligand graph is a normal irregular graph. 

Some new terms should be defined. When all the 
points of degree two in a ligand graph are neglected, 
the remainder is named a pat tern graph PQ&, q), and 
each line in the pattern graph is called a series. 
Although an isolated circle without a point may not 
be generally accepted as a graph, in this study it is by 
exception admitted as a pat tern graph. T h e degree 
of every point in the pat tern graph is one (end point) 
or three (branch point). A pattern graph may contain 
some triple and double lines and some self-loops. This 
value of p is always an even number because the degree 
of every point is odd. 

When all side-chains are removed from a pattern 
graph, the remainder is called a basic pat tern graph 
B(r,s). All basic pattern graphs but the isolated circle 
B(0,1) and an isolated line B(2,l) are cubic general 
graphs; that is, all their points have the same degree 
of three, and they also may have multiple lines and 
self-loops. Examples of each graph are shown in 
Fig. 1. 

All the cubic general graphs for m ^ 8 can be con­
structed from the two simplest cubic graphs B(2,3) 
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H2N-C2H4-N-C2H4-N-(Î2H4 

C3H6 C3H6 Vc2H4-NH-C2H4-NH2 

HN-C2H4-N-C2H4 

Ligand 

J > ~ -Q> CD 
L(8,9) P(6,7) B(2,3) 

Ligand graph Pattern graph Basic pattern graph 

Fig. 1. Reduction of a ligand structure into the basic 
pattern graph. 

by adding new branch lines one by one avoiding the 
duplication of patterns, up the maximum values of r : 

r < m - d- 2t- 21- 3c (1) 

where d, t, I, and c are the numbers of double lines, 
triple lines, self-loops, and isolated circes. This re­
striction is needed to exclude all the multiple lines and 
self-loops from the ligand graphs which are derived 
from the pat tern graphs. Naturally r is even number. 

All the basic pat tern graphs for m < 8 are shown 
in Fig. 2. T h e values of t and c are only applicable 
in the case of (2-1) and (1-1) in Fig. 2 respectively. 
Then, for example, (4-2) and (4-4) are not the basic 
pat tern graphs for m < 7 , because d of (4-2) is 2, and 
I of (4-4) is 1. 

T h e sum of the degree of the points of a graph G(x,y) 
is twice the number of lines, and the number of in­
dependent cycle i is equal to y—x-\-\. Then in any 
cubic graph B(r, s) the following relationships are 
obtained : 

s = 3r/2, (2) 

î = 1 + r/2. (3) 

B ( 2 , l ) 

i s ° o-i 

BCM, Q 

1-1 

»" 0 OO 
2-1 2-2 

•^'0 (0 CKD 
3-1 3 -2 3 -3 

4 - 1 4 - 2 4 - 3 4 - 4 4-S 

»:r 0 ® © 
5-1 5-2 5 -3 

Fig. 2. Basic pattern graphs (m<8). 

The pat tern graphs are systematically derived from 
the basic pattern graphs by adding some side-chains 
one by one, while basic pattern graphs themselves 
belong to the set of pattern graphs. The maximum 
valuse of p is also restricted by the right hand side of 
Eq. 1, although p is not less than r of the original basic 
pattern graph. Fifty pattern graphs thus obtained 
for m < 8 are illustrated in Fig. 3. As the numbers 
of points and lines are incresed by the same integer 
by adding a side-chain to a graph, q—p is always 
equal to s—r of its original basic pattern graph. 
However^ the number of independent circles i is 
unchanged by any addition of side-chains. 

Similarly, all the ligand graphs are derivable by 
allotting a definite number of points of degree two to 
each series of the pattern graph. Ligand graphs thus 
derived from the same pattern graph are topologically 
homeomorphic to one another. In this study a 
pat tern graph is simply denoted by a pattern code 
classified by the basic pattern groups, and alphabetical 
labels a to h are assigned to each series of the pattern 
graphs, as shown in Fig. 3. Then all the simple ligand 
graphs can be characterized by a pattern code and 
a set of eight series indices, which express the number 
of the points of degree two allotted to each labeled 
series of the pattern graph. These allotted numbers 
are properly restricted so that the numerating repeti­
tion which is caused by the symmetry of the ligand 
graph may be avoided, and so that every cycle in ligand 
graphs may contain at least three points, which are 
needed to exclude any multiple lines and self-loops. 
In the case of Fig. 1, two points of degree two are 
allotted for series a and h of the pattern graph (24), 
because series a has the highest priority among the 
four equivalent series a, b, c, and d in order to avoid 
the repetition. All the ligand graphs with m ^ 8 and 
their pat tern codes and series indices are listed in 
Table 1. The numbers of the simple ligand graphs 
thus designed and of their double-line derivatives are 
summarized in Table 2. 

Each ligand may form some configurationally iso­
meric chelates with a metal ion in a certain coordina­
tion structure. As an example, all the geometric con­
figurations in the octahedral coordination for every 
simple ligand graph with m ^ 6 are illustrated in Table 
3. They were confirmed by use of molecular models. 

D i s c u s s i o n 

In this study double lines are not included in the 
simple ligand graph, but double-line derivatives have 
been derived from the simple ligand graph. All of 
them, as well as the simple ligand graphs, can directly 
be derived from the pattern graphs if the restriction 
1 is moderated as follows: 

r<:p<:m-t - I-2c. (4) 

Then the numbers of the pattern graphs and the basic 
pattern graphs are increased from 50 and 15 to 112 
and 34 respectively. There is little merit in complicat­
ing the pattern graphs so much, since the number of 
such less important ligands is limited. 

Mechanical derivations of compounds often have 
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< > ± < 
(D (2) (3) (4) 

O O K)V<D -M> yO <$ >C> 
(10) (11) (12) (13) (14) (15) (16) (17) (18) 

(20) (21) (22) (23) (24) (25) (26) (27) 

(30) (31) (32) (33) (34) (35) 

(40) (41) (42) (43) (50) (51) (52) 

(60) (61) (70) (80) (90) (100) 

OO OKD O O pO -OO 
(110) (111) (112) (113) (114) 

(XD -CMD CXD- QXD CHB 
(120) (121) (122) (130) (140) 

Fig. 3. Pattern graphs and labeling of series (m<8). 

a tendency to introduce some useless ligands which 
may offer some difficulties for coordinating. The 
present manner of deriving the ligand graphs is suf­
ficiently systematic that it produces no such worthless 
ligands. 

Every ligand graph with m=5 can cover all the 
trigonalbipyramidally or square-pyramidally disposed 
positions. Every planar graph with m=6 can also 
cover all the octahedral points, but not all the points 
of a trigonal prism. The planar m-polygonal corners 
can be covered with only two ligand graphs of order 
m which have a linear or a circular shape. 

Since any donor atoms of nitrogen or oxygen group 
elements may be held at any points of a ligand graph, 
ligands of mixed donor atoms may also be expressed 
by the same ligand graphs. Then, for example, most 
of the simple cryptands belong to No. 8-055, and 
edta or its analogs to No. 6-04 in Table 1. The lines 
in a simple ligand graph might represent not only a 
carbon chain but also boron-, silicon-, or any other 
chains. 

Previously, the author4) reported that 1,4,7-triaza-
cyclononane (a type of No. 3-02) forms the most 
stable metal chelates in all the triamines, and that 
1,2-di (1,4,7-triazacyclononan-1-yl) ethane, which is 

composed of two such triazacycloalkanes connected by 
a ethylene group (a type of No. 6-28) is also a good 
chelating agent.5) Since cyclam (a type of No.4-03) 
is well known for the extreme stability of its chelates, 
a ligand of type No. 6-26, which is composed of two 
triazacycloalkanes and one tetraazacycloalkane, should 
form the most stable chelates. 

Ligands of type No.4-06 or No.6-27 have a basketlike 
structure. All the lone-pair electrons of their donor 
atoms are directed to the center of the polyhedron, 
so no metal ion might enter inside or be coordinated. 
But if these ligands could be synthesized around a 
metal ion by some means, the metal a tom should be 
confined completely within their network, and a hy­
drophobic spherical cation would be produced. 

I t may be seen from the above lists that only a few 
types of ligands have ever been prepared; many types 
with interesting structures still remain unknown. For 
example, most studies on sexidentate ligands were 
focused upon only five types of No.6-01 to No.6-05 
among the twenty eight ligand graphs with m < 6 ; 
therefore a number of new ligands with various patterns 
can be synthesized and investigated in the near future. 
Showing their possibilities is the most important aim 
and the successful fruit of this work. 
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TABLE 1. CATALOG OF LIGAND GRAPHS (m<8) 

^ , Pat- Series Graph A . ,. •^ ̂  tern indices, 
code adcdefgh 

Graph 
No. 

Pat­
tern 
code 

Series 
indices, 

abcdefgh 

Graph 
No. 

Pat- Series 
tern indices, 
code abcdefgh 

Graph 
No. 

Pat- Series 
tern indices, 
code abcdefgh 

21 103-00— 

21 102-10— 

21 102-01— 

21 101-11— 

21 101-02— 

21 004-00— 

21 003-10— 

21 003-01— 

21 002-20— 

21 002-11— 

21 002-02— 

21 001-12— 

21 001-03— 

22 1-1-000-

22 0-2-000-

22 0-1-100-

22 0-1-010-

22 0-1-001-

23 101-00— 

23 011-00— 

23 002-00— 

23 001-10— 

23 001-01— 

24 200000-0 

24 110000-0 

24 101000-0 

24 100100-0 

24 100010-0 

24 100001-0 

24 100000-1 

24 000020-0 

24 000011-0 

24 000002-0 

24 000001-1 

25 

26 

27 

30 4-00000-

30 3-10000-

30 3-00001-

30 2-20000-

30 2-11000-

30 2-10100-

30 2-10010-

30 2-10001-

30 2-00002-

30 1-11100-

30 1-10011-

31 20000000 
31 11000000 
31 10100000 
31 10010000 
31 10000010 
31 10000001 
31 00200000 
31 00110000 
31 00101000 
31 00100100 
31 00100010 
31 00100001 
31 00000020 
31 00000011 
31 00000002 

2-01 

3-01 

3-02 

4-01 

4-02 

4-03 

4-04 

4-05 

4-06 

5-01 

5-02 

5-03 

5-04 

5-05 

5-06 

5-07 

5-08 

5-09 

5-10 

6-01 

6-02 

6-03 

6-04 

6-05 

6-06 

6-07 

6-08 

6-09 

6-10 

6-11 

6-12 

6-13 

6-14 

6-15 

6-16 

6-17 

6-18 

6-19 

6-20 

6-21 

6-22 

6-23 

6-24 

6-25 

6-26 

6-27 

6-28 

1 

1 

10 

1 

2 

10 

11 

20 

30 

1 

2 

10 

11 

11 

14 

20 

20 

21 

30 

-0-

2 — 
000 

4 

2 0 — 

1-1-0— 

0-00000-

3__ 

100 
5 

3 0 — 

2 1— 

10—0-0 

2-1-0— 

1-1-1— 

001-00— 

1-00000-

1 4__ 
2 200 
2 110 
3 000 
10 6 
H 4 o— 
H 3 1__ 
H 2 2 — 
12 2 000 
14 20—0-0 
14 H — 0 - 0 
14 10—1-0 
16 00—000 
20 3-1-0— 

20 2-2-0— 

20 2 - 1 - 1 — 
21 1-1-00— 
21 002-00— 
21 001-10— 
21 001-01— 
24 000000-0 
30 2-00000-
30 1-10000-
30 1-00001-
31 00000000 
40 101000— 
50 000000— 
110 2 —2—0 

7-01 

7-02 

7-03 

7-04 

7-05 

7-06 

7-07 

7-08 
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•10 

•11 

•12 
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•14 

15 

-16 

•17 

•18 

•19 
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7-23 

7-24 

7-25 

7-26 

7-27 

7-28 

7-29 
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7-31 

7-32 

7-33 

-34 
-35 
-36 
-37 
-38 
-39 
-40 
-41 
7-42 
7-43 
7-44 
7-45 
7-46 
7-47 
7-48 
7-49 
7-50 
7-51 
7-52 
7-53 
7-54 
7-55 
7-56 
7-57 
7-58 
7-59 
7-60 
7-61 
7-62 
7-63 

1 

2 

2 

2 

3 

3 

10 

11 

11 

11 

11 

12 

12 

12 

14 

14 

14 

14 

14 

14 

15 

16 

16 

20 

20 

20 

20 

21 

21 

21 

21 

21 

21 

21 

21 

21 

12 

22 

23 

24 

24 

24 

30 

30 

30 

30 

30 

30 

31 

31 

31 

31 

40 

40 

40 

41 

50 
50 

60 
110 
110 
112 
120 

5__ 

300 

210 

Ill 
1000 

0100 
7 

5 o — 
4 1__ 
3 2 — 
2 3— 
3 000 
2 100 
2 010 
30—0-0 
21—0-0 
20—1-0 
11—1-0 
10—2-0 
10—1-1 
10—000 
10—000 

0 100 
4-1-0— 
3_2-0— 
3-1-1— 
2-2-1— 
201-00— 
111-00— 
102-00— 
101-10— 
101-01— 
003-00— 
002-10— 
002-01— 
001-11— 
000-12— 
0-1-000-
001-00— 
100000-0 
000010-0 
000001-0 
3-00000-
2-10000-
2-00001-
1-11000-
1-10100-
1-10010-
10000000 
00100000 
00000010 
00000001 
201000— 
111000— 
110010— 
00100-00 
100000— 
000010— 
100-00— 
3__2—0 
2—2—1 
10-2-0-0 
2-010—0 

8-001 
8-002 
8-003 
8-004 
8-005 
8-006 
8-007 
8-008 
8-009 
8-010 
8-011 
8-012 
8-013 
8-014 
8-015 
8-016 
8-017 
8-018 
8-019 

8-020 

8-021 

8-022 

8-023 

8-024 

8-025 

8-026 

8-027 

8-028 

8-029 

8-030 

8-031 

8-032 

8-033 

8-034 

8-035 

8-036 

8-037 

8-038 

8-039 

8-040 

8-041 

8-042 

8-043 

8-044 

8-045 

8-046 

8-047 

8-048 

8-049 

8-050 

8-051 

8-052 

8-053 

8-054 

8-055 

8-056 

8-057 
8-058 

8-059 
8-060 
8-061 
8-062 
8-063 

1 

2 

2 

2 

2 

3 

3 

3 

3 

3 

4 

10 

11 

11 

11 

11 

11 

12 

12 

12 

12 

12 

12 

12 

13 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

14 

15 

15 

15 

15 

16 

16 

16 

16 

16 

16 

16 

17 

18 

20 

20 

20 

20 

20 

20 

21 

21 
21 

21 
21 
21 
21 
21 

— 6 — 

—400 

—310 

-220 

-211 

-2000 

-1100 

-0200 

-0110 

-0101 

8 — 

6 — 

5 — 

4 — 

3 — 
2 — 
4 — 
3 — 

3 — 

2 — 

2 — 

2 — 

2 — 

2 — 

4 0 — 

31 — 

30 — 

2 2 — 

21 — 

2 0 — 

2 0 — 

11— 

11 — 

2 0 — 

10— 

2 0 — 

11— 

10— 

10— 

10— 

2 0 — 

11— 

10— 

10— 

0 0 — 

0 0 — 

- 0 — 

- 1 — 

- 2 — 

- 3 — 

- 4 — 

-000 

-100 

-010 

-200 

-110 

-020 

-011 

-0-0 

-0-0 

-1-0 

-0-0 

-1-0 

-2-0 

-1-1 

-2-0 

-1-1 

-3-0 

-2-1 

-000 

-000 

-100 

-010 

-001 

-000 

-000 

-100 

-001 

•200 

-110 

5-1 
4-2 
4-1 
3-3 
3-2 
2-2-
301 
211 
202 
201 
201 
112 
111 
111 

- 0 — 
- 0 — 
- 1 — 
- 0 — 
- 1 — 
. 2 — 
-00— 
-00— 
-00— 
-10— 
-01— 
-00— 
-10— 
-01— 

8-064 
8-065 
8-066 
8-067 
8-068 
8-069 
8-070 
8-071 
8-072 
8-073 
8-074 
8-075 
8-076 
8-077 
8-078 
8-079 
8-080 
8-081 
8-082 
8-083 
8-084 
8-085 
8-086 
8-087 
8-088 
8-089 
8-090 
8-091 
8-092 
8-093 
8-094 
8-095 
8-096 
8-097 
8-098 
8-099 
8-100 
8-101 
8-102 
8-103 
8-104 
8-105 
8-106 
8-107 
8-108 
8-109 
8-110 
8-111 
8-112 
8-113 
8-114 
8-115 
8-116 
8-117 
8-118 
8-119 
8-120 
8-121 
8-122 
8-123 
8-124 
8-125 
8-126 
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TABLE 1. (Continued) 

Graph 
No. 

Pat- Series 
tern indices, 
code abcdefgh 

~28 
34 
34 

35 
40 301000— 
40 211000— 
40 202000— 
40 201100— 
40 201010— 
40 111100— 
40 111010— 
40 101020— 
40 101011— 
41 10100-0-
41 01100-0-
41 00200-0-

Graph 
No. 

Pat­
tern 
code 

Series 
indices, 

abcdefgh 

Graph 
No. 

Pat- Series 
tern indices, 
code abcdefgh 

60 101-00— 
60 100-10— 
60 100-01— 
61 
70 l - l 
80 
90 

100 
HO 4—2—0 
HO 3—3—0 
110 3—2—1 
HO 2—2—2 
HI 2 - 2 
112 20-2-0-0 
112 11-2-0-0 
112 10-3-0-0 

Graph 
No. 

Pat­
tern 
code 

Series 
indices, 

abcdefgh 

8-127 
8-128 
8-129 
8-130 
8-131 
8-132 
8-133 
8-134 
8-135 
8-136 
8-137 
8-138 
8-139 
8-140 
8-141 
8-142 

8-143 
8-144 
8-145 
8-146 
8-147 
8-148 
8-149 
8-150 
8-151 
8-152 
8-153 
8-154 
8-155 
8-156 
8-157 
8-158 

41 
41 
41 
42 
43 
50 
50 
50 
50 
50 
50 
50 
50 
51 
52 
60 

00110-0-
00101-0-
00100-0-
1_1 

200000— 
110000— 
101000— 
100100— 
100010— 
100001— 
000020— 
000011— 

110-00-

8-159 
8-160 
8-161 
8-162 
8-163 
8-164 
8-165 
8-166 
8-167 
8-168 
8-169 
8-170 
8-171 
8-172 
8-173 
8-174 

8-175 
8-176 
8-177 
8-178 
8-179 
8-180 
8-181 
8-182 
8-183 
8-184 
8-185 
8-186 
8-187 

112 
112 
113 
114 
120 
120 
120 
120 
120 
121 
122 
130 
140 

10-2-1-0 
10-2-0-1 
— 2 
1__1 
3-010—0 
2-110—0 
2-020—0 
2-011—0 
2-010—1 
1__1 
2 
1__1 
2 

TABLE 2. NUMBER OF LIGAND GRAPHS (m<8) 

Donor atoms 

Basic pattern graphs 
Pattern graphs 
Ligand graphs 
Double-line derivatives 

1 
1 
1 
1 

2 
2 
2 
2 

4 
6 
6 
6 

4 
8 

10 
12 

7 
16 
28 
37 

9 
24 
63 

102 

15 
50 

187 
318 

TABLE 3. OCTAHEDRAL CONFIGURATIONS (m<6) 

Graph Configura- Graph Configura-
number tions number tions 

Graph Configura-
number tions 

Graph Configura- Graph Configura-
number tions number tions 

4-03 

4-04 

4-05 

•_J - (JQCJC/-

L: A s-02 L_J i ^ '4i 
A S-03 Ç2 

I_JLA-A *-« Ö 6 ' 6 ' 

A .-.. CO 
• £ s-o« Q ^ 

'A' 5-07 0 6 
Q s-08 Ç2 

( A ) - Q 
s-io O 

«-«1 o 0 ^ £J 
6-02 Ç: ç^ £ i 

6-03 (-!"£-} 

6-04 IZZ 

6-OS O 0 

6-06 0 ^ 

6-or & ^ 

6-°8 5 0 
6-09 ^ 

6-l0 i^a ;Aj 

-u ^ Ô Û 
-» è O O 
6-n ^ | 

-» 0 & 
«-is ^ 

..« ö Û 

.-XT OÛÙ 

6-18 ^X 

6-i9 r A 

6-20 V~\ 

6-27 

A ligand containing some special branched carbon must further be extended. These studies will be 
atoms, where the branches might form several chelate reported in a later paper, 
rings, cannot be represented by a simple ligand graph, 
for a line of a graph can branch only at the point T h e author wishes to express his thanks to Prof, 
representing a donor atom. In order to express such Takeshi l izuka of Gunma University for valuable 
complicated ligands the definition of the ligand graph suggestions. The present work was partially sup-
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ported by a Grant-in-Aid for Scientific Research from 
the Ministry of Education. 
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A theoretical consideration on the nature of solute-water and solute-solute interactions in aqueous solutions 
has been performed. Thermodynamic functions for the creation of cavities accommodating solute molecules 
were calculated by the use of the scaled particle theory, and the "negative hydration" effect of univalent ions 
such as Rb+, Gs+, Gl~, I~ etc., which was proposed first by Samoilov, Krestov and others, was interpreted and 
discussed. The nature of solute-water and solute-solute interactions in aqueous solutions of inert gases and hy­
drocarbons was elucidated in comparison with the interactions in nonaqueous solutions of those solutes. 

Since the presentation of Frank and Evans' work,1) 
the anomalously large and negative entropy of solution 
of nonpolar gases and liquids in water as well as the 
enormous partial molal heat capacity of those has 
generally been interpreted as the evidence that the 
solute molecules cause an increase of "order ing" around 
themselves within water, that is, the formation of 
"icebergs." Then, the cause of hydrophobic in­
teractions between nonpolar groups or radicals in 
aqueous systems was ascribed to the disappearance 
of "icebergs" at the overlapped co-sphere region about 
those having direct contacts with each other.2»3) T h e 
problems of the formation of "icebergs" and of the 
nature of hydrophobic interactions have become an 
object of increasing amount of debates since then.4»5) 

O n the other hand, concerning the nature of ionic 
hydrations, Samoilov, Krestov and others proposed a 
dynamic model of ionic hydration and introduced the 
concept of "negative hydrat ion" for univalent ions 
such as Cl~, I~, Cs+ et al. from the consideration 
of diffusional behaviors of those within water.6) The 
Samoilov model is a kind of the dynamical representa­
tion of ion-water interactions at the nearest neighbor 
of ions, while the Frank-Wen model7) is a kind of the 
statical representation of those around ions.5) 

The formation of "icebergs" and the presence of 
"negative hydrat ion" effect for comparatively large 
univalent ions are both closely related to the liquid 
structure of water, and many discussions have been 
made though no decisive conclusions are obtained 
at present. 

The purpose of the present work is to give an ex­
planation of those effects on the basis of a more sound 
theoretical ground. 

While a number of new statistical mechanical ap­
proaches to treat fluids and fluid mixtures have been 
given for these two decades, the scaled particle theory8) 
proposed by Reiss, Frisch, Lebowitz et al. has turned 
out to be one of the most useful approaches.9) For 
hard-sphere fluids the theory gives an identical equation 
of state with that derived from the Perçus-Yevick equa­
tion, and at the same time it is intuitive like a usual 
model theory. I t gives a simple and useful method 
to calculate thermodynamic functions for the creation 
of cavities in fluids.10) Then, the authors have applied 
the theory to aqueous solutions of ions as well as to 
those of nonpolar molecules such as inert gases and 

hydrocarbons etc. 
With respect to the nature of the "negative hydra­

t ion" an explanation of the effect has been given from 
theoretical viewpoint in the present paper. Concern­
ing the hydrophobic interactions in aqueous systems 
a great deal of efforts have been devoted to the elucida­
tion of the interactions until now, though many ambigui­
ties are present among the results of those studies.3~5»11) 
In the present paper the experimental data from various 
sources have been examined by the use of the scaled 
particle theory, and some detailed discussions have 
been given in combination with those results including 
the results of computer experiments.12) 

Calculat ion o f T h e r m o d y n a m i c Funct ions 
for the Creat ion o f Cavit ies 

The Scaled Particle Theory. The theory is based 
on the consideration of the properties of a new dis­
tribution function G(r) for a fluid composed of spherical 
molecules, where "pG(r) is defined as the local con­
centration of molecular centers adjacent to a spherical 
cavity of radius r from which all molecular centers 
are excluded."8) p is the number density of the fluid. 
The key relation of the theory is expressed as 

G{a) = g(a), (1) 

where g(r) is the ordinary radial distribution function 
at a separation r and a is a hard-sphere diameter of 
molecules. Noting that Eq. 1 is an exact relation 
for a hard-sphere fluid, Reiss et al. derived an approxi­
mate analytical expression for G(r), and gave an 
equation of state for a hard-sphere fluid, which has 
turned out to be identical with the equation as an 
analytical solution of the Perçus-Yevick equation for 
the fluid.8) 

The dissolution process of a solute molecule into 
a solvent can be regarded as consisting of two steps: 
the first step is " the creation of a cavity in the solvent 
of a suitable size to accommodate the solute molecule" 
and the second step is " the introduction into the cavity 
of a solute molecule which interacts with the solvent," 
as Pierotti stated.13) According to the scaled particle 

theory, the reversible work W=GC for the creation 
of cavities suitable for the accommodation of solute 
molecules of a diameter a2 within a fluid composed 
of N molecules (diameter a±) at temperature T and 
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pressure p becomes 

Ge(«ls) = W(an) = K0 + JC,ala + K2a12
2 + Ksa12

3, (2) 

Ka 

* i = -

NkT 

NkT 

* 2 = 

6f 
1-e 

*3 = j--T7lNp, 

af 

r 9/ £ v -jNa^p, 

- 2nNa1p, 

where £ is the Boltzmann constant, ?=7ia1
3p/6 the 

packing fraction in the fluid and a12=^(a1-\-a2)/2.1^ 

The enthalpy HG(a12) for the creation of the cavities 
of the diameter a2 becomes 

H0 = aMr2{f/( l-f)}[{6/( l-f)}{2(«1 2 /«i)2-(«i2/«i)} 

+ {36?/(\-Ç)*}{(a1Jaiy-(aJa1)+ 1/4}+ 1], (3) 

where a is the thermal expansion coefficient. 
From Eqs. 2 and 3 we obtain the entropy for the 

creation of the cavities as 

6e = (Hc-Ge)/T. (4) 

Equations 3 and 4 show that "the magnitudes of He 

and Se are determined by the parameters al9 ?, and 
a for the fluid as well as by the size a2 of the cavities, 
and also show that the attractive molecular interac­
tions in the fluid exert upon He and Se through a and 
£ implicitly. 

Calculation of He and Se for the Creation of Cavities in 
Water. As the basis for the discussions about 
the behaviors of solute molecules in water we have 

calculated Hc and Sc according to Eqs. 2—4 using 
the observed values for a and p. In Fig. 1 the values 

of Se for the creation of a cavity are plotted against 
the diameter of the cavity a for several temperatures 
from 0 to 70 °C. In the application of the scaled 
particle theory the determination of molecular param­
eters, especially diameters of molecules, is important . 

a 
i 

CO 

I 

The values given in Fig. 1 are those for ^ = 2 . 8 2 Â, 
where a± is the effective hard-core diameter of water 
molecules.15) We have calculated those values for 
another assignment of ^ = 2 . 7 5 Â for comparison, 
which are given in the tables in later sections. Some 
deviations are seen, though the deviations have turned 
out to bring no important influence upon the con­
clusions in the present paper. The values of Hc are 
also shown in the tables in later sections. 

T h e N a t u r e o f Ionic Hydrat ions : 
A Cons iderat ion f r o m the Entropy 

o f Hydrat ion o f Ions 

A great deal of efforts have been devoted to make 
clear the nature of ionic hydrations. However, the 
results are greatly diversified, as clearly seen in a com­
prehensive review by Hinton and Amis (1971),16> 
many problems being left unsolved for further studies. 

Samoilov, Krestov and others proposed a kind of 
the dynamic model on ionic hydrations,5»6»17) where 
the concept of the negative hydration was introduced. 
However, from the view-point of the statistical theory 
of fluids no clear explanation of the concept has been 
given until today. Then, we have attempted here 
to give an explanation in this section. 

The entropy of hydration ASh of ions for the transfer 
from hypothetical 1 a tm in the gas phase to hypothe­
tical 1 M in the aqueous phase is expressed as 

ASh = ASideal + Sc + SS. (5) 

Fig. 1. The entropy for the creation of cavities in 
water, a: The diameter of the cavities. 

In Eq. 5 ASlde&1=R\n(V2lVg) is the contribution of 
ions to the entropy of transfer from the state Vg at 

1 a tm to the state V2, where Vg is the molar volume 

of an ideal gas at the temperature T and V2 the volume 

of the aqueous solution containing 1 mol of ions. V2 

is 1 dm 3 in this case. ôS=ASh — (AS i d e a l+S c) is an 
excess entropy, which have been obtained by subtract­
ing the calculated values of (A£ i d e a l+5C) from the 
experimental values of ASh. öS is ascribed to the 
contribution caused by the direct ion-water interact­
ions. 

T h e values of A ^ , A6' idea l, Sc, and öS are given in 
Table 1. Those determined for # H 2 O = 2 . 7 5 Â are 
given together in the table for comparison, and a certain 
appreciable differences are seen between the values 
for 01^0=2.82 Â and those for aH 2o=2.75 Â though 
it does not exert any influences upon the conclusions 
of the following discussions. 

As clearly seen in the table the values of öS for alkali 
ions larger than K+ and those for halide ions (CI", 
Br~, and I~) are positive. This supports the idea that 
these ions exert a structure-breaking action upon the 
liquid structure of water5»15) on the whole, which is 
the so-called "negative hydrat ion" effect of these ions. 
For alkali ions smaller than K + as well as for bivalent 
and trivalent ions the values of öS become minus, 
which corresponds to the usual "positive hydrat ion" 
effect. 

In the case of K+ the values of öS becomes small 
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TABLE 1. THE ENTROPY OF HYDRATION OF IONS AT 25 °G (cal K - 1 mol-1) 

Li+ 
Na+ 
K+ 
Rb+ 
Gs+ 
Gl-
Br~ 
I -
Mg2+ 
Ca2+ 
Al3+ 

Radiusa> 
(Â) 

0.59 
1.02 
1.38 
1.49 
1.69 
1.81 
1.96 
2.20 
0.72 
1.00 
0.53 

A$*b> 

- 3 3 . 7 
- 2 6 . 2 
- 1 7 . 7 
- 1 4 . 8 
- 1 4 . 1 
- 1 8 . 2 
- 1 4 . 5 

- 9 . 0 
- 7 4 . 3 
- 6 0 . 8 

- 1 2 6 . 6 

A^ideal 

- 6 . 4 
- 6 . 4 
- 6 . 4 
- 6 . 4 
- 6 . 4 
- 6 . 4 
- 6 . 4 
- 6 . 4 
- 6 . 4 
- 6 . 4 
- 6 . 4 

#H 2 0 : 

si 
- 3 . 4 
- 6 . 5 

- 1 0 . 0 
- 1 1 . 3 
- 1 3 . 7 
- 1 5 . 3 
- 1 7 . 4 
- 2 1 . 0 

- 4 . 2 
- 6 . 3 
- 3 . 0 

= 2.82Â 

SS 

- 2 3 . 9 
- 1 3 . 3 

- 1 . 3 
2.9 
6.0 
3.5 
9.3 

18.4 
- 6 3 . 7 
- 4 8 . 1 

- 1 1 7 . 2 

«H 2 0 : 

"£ 
- 3 . 1 
- 5 . 9 
- 9 . 0 

- 1 0 . 1 
- 1 2 . 3 
- 1 3 . 7 
- 1 5 . 6 
- 1 8 . 9 

- 3 . 8 
- 5 . 7 
- 2 . 7 

-2 .75Â 

SS 

- 2 4 . 2 
- 1 3 . 9 
- 2 . 3 

1.7 
4.6 
1.9 
7.5 

16.3 
- 6 4 . 1 
- 4 8 . 7 

- 1 1 7 . 5 

a) R. D. Shannon and G. T. Prewitt, Acta Crystallogr., Sect. B, 25, 925 (1969); L. H. Ahrens, Geochim. Cosmochim, 
Acta, 2, 155 (1952). The ionic radii of polyvalent ions are those determined by taking the value of 6 for their 
solvation numbers, b) H. L. Friedman and G. V. Krishnan, "Water," ed by F. Franks, Plenum, New York 
(1973), Vol. 3, Ghap. 1, Table V. 

and minus, while Samoilov and others proposed that 
it behaves as a structure breaker (at 25 °C).6) This 
contradiction can not be explained successfully at 
present. At any rate \ôS\ for K+ is clearly small. 
As seen in the table, the transition from the positive 
to negative hydration behavior for univalent ions 
occurs at about 1.4 Â of ionic radius, which is nearly 
identical with the effective hard-sphere radius for water 
molecules, while Samoilov and others proposed it 
to occur at about 1.1 Â.6) The presence of negative 
hydration effect for univalent ions at room temperature 
is explained here by the application of the scaled particle 
theory to the calculation of the entropy for the creation 
of cavities, with the exception of the case of K+ which 
is left to further investigations. 

A Cons iderat ion o n Hydrophob ic 
Interact ions i n Aqueous Solut ions 

Solubilities of Nonpolar Gases. Determination of 
Molecular Parameters: The determination of molecular 
diameters for nonpolar gases has been performed ac­
cording to the procedures proposed by Bienkowski 
and Chao by the application of the Perçus-Yevick 
equation in combination with critical data for those.18) 

The diameter a is calculated from the following 
equation, 

TABLE 2. EFFECTIVE HARD-SPHERE DIAMETERS (Â) 

/«LAY, 
\n N / 

= 0 .544046- 0.010218T,., (6) 

where Vc is the critical molar volume and Tt the reduced 
temperature. This equation was derived by applying 
the Perçus-Yevick (PY) equation. The formula derived 
from Carnahan-Starling (CS) equation also was used 
by Bienkowski and Chao. The values determined 
by the use of the PY equation as well as those by the 
CS equation are given together in Table 2. The 
differences between these two are clearly small. Then 
we have used the values of the second column (PY), 
because the CS equation is essentially a conventional 

GH4 

C2H6 

C3H8 

rc-C4H10 

G2H4 

G2H2 

Ne 
Ar 
Kr 
Xe 
N2 

o2 
GO 

a (PY) 

3.59 
4.15 
4.63 
5.00 
3.94 
3.79 
2.42 
3.24 
3.50 
3.85 
3.42 
3.23 
3.47 

a (GS) 

3.62 
4.18 
4.67 
5.04 
3.99 
3.83 
2.43 
3.26 
3.53 
3.88 
3.44 
3.25 
3.49 

one. 
A Consideration on Solute-Water Interactions in Comparison 

with Solute-CCl^ Interactions: An investigation on the 
behaviors of nonpolar solute molecules (Table 3) in 
aqueous environments has been performed by the 
examination of solubility data from various sources. 

The molar entropy and enthalpy of transfer of a 
solute species from an ideal gas phase at 1 a tm to an 
aqueous solution at an equilibrium concentration 
x2> 5 2 (A: 2 )— S2

e, and A/ / s , are expressed as 

S2(X2)—S2Z = ASideal + Sc + SS, (7) 

and 

AH8 = He + SH+ (*RT*-RT), (8) 9> 

respectively. A£ i d e a l is determined according to the 
similar procedure to the case of ionic solutions in the 

preceding section, where the magnitude of V2(x2)9 

the molar volume of the solution containing 1 mole 
of solute species at an equilibrium concentration x2, 
becomes a function of x2 in this case, and its magnitude 
varies in different species being in contrast to the case 
of ionic hydration as in Table 1. The experimental 
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values of S2(x2), AHa, and x2 have been taken from vari- 3 and 4, are summarized in Table 5 and the temperature 
ous sources cited in the footnote of Table 3. The calcu- dependence of the thermodynamic functions for the 
lated values of the enthalpy and entropy of the creation creation of cavities is shown in Table 6. 

of cavities, Hc and Sc, are shown in the seventh and In CC14 solutions the negligibly small values of Se 

ninth columns of the table, respectively, and the excess suggest that no appreciable perturbation on the liquid 

enthalpy ôH=AHs-(Hc + otRT*-RT) and the excess s t™cture occurs by the creation of cavities. The 
o o / ô / x o N / A o * \ • • enthalpic terms are supposed to be dominant in the 

entropy ^ = ( S 2 ( * 2 ) - ^ ) - ( A ^ e a l + . S c ) are given in s o i u t e . s o l v e n t interactions in CC14 solutions of nonpolar 
the eighth and tenth colums. In the table the values Q n t h e c o n t t h e d o m i n a n t features in 
oi ACp c which are determined from the temperature 
dependence of He are given in the eleventh column. a c l u e o u s s o l u t i o n s a r e ^ m i n u s v a l u e s o f S> a n d 

For the purpose of comparing the values of various small positive values of Hc. The greater part of large 

thermodynamic functions given in Table 3 with those m i n u s v a l u e s o f (S2(x2)-S./)obsA is attributed to Se, 
for a nonpolar solvent we have carried out a calculation 
for the CC14 solutions of the same species according a n d , f u r t h e r t h e s m a 1 1 v a l u e s ? H* i n * a r P c o n t . r a s t 

to the quite identical procedures described above. t o t h o s e l n C C 1 * blu t ions are the cause of large minus 
The results are given in Table 4. v a l u e s o f AH» observed. As clearly seen in Table 3, 

The features on the whole, which are seen in Tables the small values of He in aqueous solutions comes from 

TABLE 3. THE ENTHALPY (cal mol-1) AND ENTROPY (cal K - 1 mol-1) OF TRANSFER OF NONPOLAR 

SOLUTES FROM AN IDEAL GAS PHASE AT 1 a t m TO WATER (25 ° C ) 

CH4 

C2H6 

C3H8 

*-C4H10 

G2H4 

C2H2 

Ne 
Ar 
Kr 
Xe 
N2 

o2 

a (Â) 

3.59 
4.15 
4.63 
5.00 
3.94 
3.79 
2.42 
3.24 
3.50 
3.85 
3.42 
3.23 

A//s 

-3050a> 
-3980a> 
-5700a> 
-6000a> 
-3790c> 
-3360c> 
- 1090O 
-2730s) 
-3470O 
-4360O 
-2590*) 
-2830*) 

$ , ( * ) - £ , * 

-10.5b> 
-13.4^) 
-19.1a> 
-20.3b> 
-12.7<*> 
-11.2d> 
- 3 . 6 0 
_9.1b> 

-11 .6 f ) 
-14 .6 f ) 

-8.7*> 
-9.5 b> 

105*2 

2.48b> 
3.10b) 
2.73b> 
2.17b> 
8.741» 
75.3e> 
0.82f) 
2.54b> 
4.280 
7.830 
1.18b> 
2.30b> 

Gc 

5390 
6840 
8220 
9380 
6270 
5890 
2930 
4570 
5170 
6040 
4980 
4550 

Hc 

900 
1150 
1400 
1610 
1050 
980 
460 
750 
860 

1010 
820 
750 

SH 

-3400 
-4580 
-6550 
-7060 
-4290 
-3790 
-1000 
-2930 
-3780 
-4820 
-2860 
-3030 

Sc 

- 1 5 . 1 
- 1 9 . 1 
- 2 2 . 9 
- 2 6 . 1 
- 1 7 . 5 
- 1 6 . 4 
- 8 . 3 

- 1 2 . 8 
- 1 4 . 5 
- 1 6 . 9 
- 1 4 . 0 
- 1 4 . 8 

SS 

- 2 . 1 
- 0 . 6 
- 2 . 8 
- 1 . 2 

0.6 
5.2 

- 4 . 2 
- 3 . 0 
- 2 . 7 
- 2 . 1 
- 2 . 9 
- 3 . 6 

ACPtC 

38 
49 
60 
69 
45 
42 
20 
32 
37 
43 
35 
32 

a) W. F. Glaussen and M. F. Polglase, / . Am. Chem. Soc, 74, 4817 (1952). b) K. W. Miller and J . H. 
Hildebrand, / . Am. Chem. Soc, 90, 3001 (1969), Table 1. c) See Table IV in Ref. 1. Frank and Evans 
obtained these values from the data of J . A. V. Butler, Trans. Faraday Soc, 33, 229 (1937), Table VI. d) See 
footnote c. The standard state of Frank and Evans is x2 = 1 for the solution, and we have subtsrcted the term 
of R ln x2 from their values, e) Calculated from the values given in Table 2 of W. Hayduk and H. Laudie, 
AIChE J., 19, 1233 (1973). f) T. J . Morrison and N. B. Johnstone, J. Chem. Soc, 1954, 3441. g) See Table 
IV in Ref. 1. Frank and Evans obtained these values from the data of D. D. Eley, Trans. Faraday Soc, 35, 
1281 (1939). h) E. Douglas, J. Phys. Chem., 68, 169 (1964); T. J . Morrison and F. Billett, J. Chem. Soc, 1952, 
3819. 

TABLE^4. THE ENTHALPY (cal mol-1) AND ENTROPY (cal K"1 mol-1) OF TRANSFER OF NONPOLAR 

SOLUTES FROM AN IDEAL GAS PHASE AT 1 a t m TO C C 1 4 (25 °G) 

CH4 

G 2 H 6 

G 2 H 4 

G 2 H 2 

Ar 
N2 

o2 
GO 

a (A) 

3.59 
4.15 
3-94 
3.79 
3.24 
3.42 
3.23 
3.47 

A#s
a> 

- 7 0 0 
-2620*) 
-2340 
-2330 
-140°) 
+ 590 
+ 10 

+ 340 

S*(*i)-Sigh) 

- 2 . 4 
- 8 . 8 
- 7 . 7 
- 7 . 8 
-0.5C> 

2.1 
0.0 
1.0 

103*2
b> 

2.84 
20.8 
14.5 
11.5 
1.35c> 
0.64 
1.20 
0.86 

Ge 

3780 
4680 
4330 
4090 
3260 
3520 
3250 
3600 

He 

3710 
4710 
4320 
4050 
3150 
3430 
3130 
3510 

SH 

-4030 
-6050 
-6280 
-6000 
-2910 
-2460 
-2740 
-2790 

sc 
- 0 . 2 

0.1 
0.0 

- 0 . 1 
- 0 . 4 
- 0 . 3 
- 0 . 4 
- 0 . 3 

SS 

- 2 . 9 
- 5 . 6 
- 5 . 1 
- 5 . 1 
- 2 . 2 
- 1 . 2 
- 2 . 0 
- 1 . 8 

ACP,C 

13 
15 
14 
14 
11 
12 
11 
12 

a) See Ref. 1. Frank and Evans obtained these values from the data of J . Horiuti, Sientific Papers Inst. Phys. 
Chem. Res., Tokyo, 17, 125 (1931). b) J. E. Jolley and J. H. Hildebrand, / . Am. Chem. Soc, 80, 1050 (1958), 
Table II . These authors obtained their values from the data of J . Horiuti (footnote a). c) L. W. Reeves 
and J . H. Hildebrand, J. Am. Chem. Soc, 79, 1313 (1957). 
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TABLE 5. Se, He, AND ACp,e FOR WATER AND GG14 

2487 

Solvent Sc He 

CC14 0 large plus 
Water large minus small plus 

TABLE 6. TEMPERATURE DEPENDENCE OF THERMODYNAMIC 

CH4 

T ~ Solvent ( 0 'C) ' ^ jje j - A t ; 
(cal mol-i) (cal K"1 mol-i) 

ACp,e 

small \AHt\<He 

large He€\AHB\^\SH\ 

FUNCTIONS FOR THE CREATION OF CAVITIES 

Ar 

/ " 
c Gc He SC ACPtC 

(cal mol-i) (cal K"1 mol"1) 

H90 

GG14 

4970 
5390 
5730 
5950 

3780 
3770 

-200 
900 
1820 
2540 

3710 
3830 

-18.9 
-15.1 
-12.1 
-9.9 

-0.2 
0.2 

50 
38 
36 
36 

13 
13 

4210 -170 
4570 750 
4860 1530 
5050 2130 

3260 
3260 

3150 
3250 

-16.0 
-12.8 
-10.3 
-8.5 

-0.4 
0.0 

42 
32 
30 
30 

11 
11 

the small values of a for water, which is the direct 
evidence of the presence of some "bulky structure" 
decreasing with temperature. This is supposed to 
be closely related to the behavior of (ßUjdV)T for water 
in comparison with that for carbon tetrachloride, 
which is calculated using the following thermodyna-
mical formula 

dU\ _ ocT 
P, (9) 

where U is the internal energy. The magnitude of 
(dUldV)T for water at 25 °C is 1500 a tm which is 
smaller than a half of that for CC14. 

The magnitudes of ACptC for water are about three 
times larger than those for CC14, and contribute to 
the greater par t of the enormous partial molal heat 
capacity for aqueous solutions of nonpolar solutes. 
Then, it may be said that the cause of icebergs formation 
proposed first by Frank and Evans is attributed to 

the effect of the large minus Se and the small positive 

He for the creation of cavities in water. 
The Nature of Hydrophobic Interactions. The 

hydrophobic interaction is stated as the "tendency 
of nonpolar groups of proteins to adhere to one another 
in aqueous environments" according to Kauzmann,2) 
and for the case of two methane molecules in water 
Ben-Naim made an assertion that the quanti ty ôA*l = 
Aju° — 2A/"S serves as a useful measure for the hydro­
phobic interaction in aqueous media where Ajut and 
A/MM are the standard free energy of solution of ethane 
and methane, respectively.11) Recently, Dashevsky 
and Sarkisov have carried out a Monte-Carlo calcula­
tion in order to examine the nature of the hydrophobic 
interactions of nonpolar molecules in water.12) 

A Measure for Hydrophobic Interactions: Ben-Naim 
stated that the magnitude of ôA*1 became about 
—2.15 kcal m o l - 1 at 25 °C when observed values 
were used for Aju% and A/wS. I t is certainly stabilized 
to the amount of about 0.6 kcal m o l - 1 in comparison 
with that in alcoholic solutions, and then, he asserted 
that the quantity ôA*1 might serve as a useful index 
for measuring hydrophobic interactions in water.11) 
Further, the recent remarkable results of Monte-Carlo 

calculations by Dashevsky and Sarkisov have shown 
that the free energy of hydrophobic attractions between 
two methane molecules in 62 water molecules becomes 
about —2 kcal mol -1 ,12) and this supports the idea 
of Ben-Naim that ôAll=Atâ—2A/UM is useful as a 
relative measure for hydrophobic interactions between 
two methane molecules in aqueous environments. 
However, it is not exact to assert directly, as Ben-Naim 
stated, that " the excess attraction, in water, helps 
the two particles to approach each other in spite of 
the thermal energy,"11) since in aqueous solutions of 
methane under ordinary conditions the dimerization 
of two methane molecules does not occur. The reason 
for that will be explained in the next section. 

As a result of the present calculation, the free energy 
for hydrophobic interactions between two methane 
molecules in aqueous environments, AGH I , is expressed 
as a sum of three terms, except the effect of the mixing 
entropy term which will be introduced later. 

AGHI = AG?1 + A(<5//)HI + £/CH*-CH4, (10) 

where AG?1 is the contribution from the cavity effect, 
A(ôH)m that from solute-water interactions, and 

£/CH4-CH4 the direct solute-solute interactions. AG?* = 

A / 7 ? 1 - T A S ? 1 , where AS?1 and A/7? 1 are expressed 

as ASfI=Sc,c2ut—2&..CH4 and AHfl=He,c2u6—2//C,CH4, 

respectively. The valuse of AS?1 and AH?1 are 11.1 
cal K - 1 m o l - 1 and —650 cal mol - 1 , respectively. 

Then, AG?1 becomes —3960 cal mol - 1 . The magni­
tude of A(ôH)m=ôHc2n6-2ôHCH< becomes 2220 cal 
m o l - 1 using the values given in Table 3. The values 

of £/CH4-CH4 is about 300 cal m o l - 1 according to the 
calculation by Dashevsky and Sarkisov.12) Thus, the 
magnitude of AGH I at 25 °C becomes about —2 kcal 
mol - 1 . This agrees to the estimation by Dashevsky 
and Sarkisov using the Monte-Carlo method as well 
as to that by Ben-Naim. I t is noticeable that the 
largest minus contribution to AGH I comes from AG?1 

and, further, essencially from AS?1. 
The Effect of the Change of Mixing Entropy by Hydrophobic 

Association: According to the result of the Monte-
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Carlo calculation by Dashevsky and Sarkisov two 
methane molecules in 62 water molecules have a trend 
to associate and the free energy of the methane-methane 
pair in water becomes about —2 kcal mol - 1 . Then , 
the association occurs actually in their simulation. 
However, in the aqueous solutions of methane being 
in equilibrium with methane gas at 1 a tm no association 
of solute molecules occurs. The different behavior 
of methane molecules in these two cases is ascribed 
to the difference in the concentration of solute particles : 
in the former case the mole fraction of methane x is 
about 3 x l 0 - 2 and in the latter x is of the order of 
10~5. In order to estimate the effect of concentration 
thermodynamically we must consider the mixing 
entropy. 

The entropy of mixing for an ideal solution is ex­
pressed as 

ASmixM = - Ä { * l n * + ( l - * ) l n ( l - * ) } . (H) 
When all solute molecules are present as dimers, 
ASmlx(x) varies to ASmix(x/2)9 and then the difference 
d(ASmlx) becomes 

«HASmix) - ASm^(X/2) - A S m i x M 

= Ä{(*/2) In (2*) + ( l - * ) In (l-x) 

- ( l - * / 2 ) In ( l - * / 2 ) } . (12) 

In the case of # < 1 , à(ASmlx) becomes, to the 
order of x2, 

<5(ASmix) = R | f ( m ( 2 * ) - l) + f* 2 [ • (14) 

For nonpolar molecules such as those tabulated in 
Table 3 the magnitudes of x are very small and of 
the order of 10~5, and the change of the mixing entropy 
per mole of solute molecules by dimerization is safely 
expressed as <$(AiSmlx)/#=1.15 log x—0.15 according 
to Eq.14. For methane x is 2.48 X 10~5 and the value 
becomes —10.9 cal K _ 1 mol - 1 . Tha t is, if a di­
merization 2(CH4)—>(CH4)2 would occur in aqueous 
solutions of methane at equilibrium with methane 
gas (1 a tm) , the change of the mixing entropy per 
mole of solute species amounts to —10.9 cal K - 1 mol - 1 . 
This contributes to the free energy for the formation 
of methane-methane pairs in water to about -\-3 kcal 
m o l - 1 at 25 °C and its total amount becomes positive, 
and thus, the dimerization can not occur. I n the 
case of Dashevsky and Sarkisov's simulation, x is about 
3 x l 0 - 2 and the magnitude becomes —3.8 cal K - 1 

mol - 1 , and the contribution to free energy is about 
1.1 kcal mol - 1 . Thus , the total amount of free energy 
remains negative and the dimerization occurs. 

As a result of the consideration described above, 
we can say conclusively as follows: 

a) methane molecules (or methyl groups) certainly 
have a tendency to adhere to one another in aque-

>, Norio OHTOMO, and Hisashi UEDAIRA [Vol. 52, No. 9 

ous environments, its magnitude being expressed by 
AGH I (authors) or ôAm (Ben-Nairn), 

b) the largest minus contribution to AGH I comes 

from the cavity effect ASf\ 
c) in the aqueous solutions of methane at ordinary 

conditions the association of solute molecules does not 
occur, because the decrease of the mixing entropy fully 
cancels out the entropy ascribed to the cavity effect, 

d) in more concentrated solutions (#;>0.01), for 
example, in the aqueous solutions of proteins where 
the local concentration of hydrophobic groups becomes 
larger to the order of #—0.01 or more, the decrease 
of the mixing entropy becomes smaller in magnitude 
than the entropy from the cavity effect, and then 
the tendency to adhere to one another appears 
actually. This may be also the case for the forma­
tion of micelles. 
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Calculations of the Rate Constants for the HX+NO =̂± HNO+X 
Reactions (X=H, F, CI, Br, and I) 
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The rate constants for these hydrogen-transfer reactions: 
H X + N O ^ = ^ HNO + X (X = H, F, Gl, Br, and I) 

have been calculated by means of the transition-state theory combined with the BEBO method over the temperature 
range of 250—4000 K. The calculated rate constants were then compared with the experimental kinetic data. 

There have been many attempts to estimate the 
rate constants theoretically for bimolecular reactions ; 
these attempts have been, for example, collision theories, 
the transition-state theory combined with the BEBO 
or LEPS method, trajectory calculation, and so on. 
Although the bond energy-bond order (BEBO) method 
is an empirical one, this method has many advantages: 
calculations are easy, there are no parameters which 
need to be adjusted for each reaction, and the predicted 
activation energies are generally in good agreement 
with the experimental kinetic data. 

In this study, in order to clarify the effect of the 
difference in X on the rate constants for these reactions : 

HX + NO ; = i HNO + X (X = H, F, Gl, Br, and I), 

the rate constants for these reactions were calculated 
by using the transition-state theory combined with 
the BEBO method. The rate constants for these 
reactions : 

H2 + NO • HNO + H (l) 

HCl + NO • HNO + Gl (3) 

HBr + NO • HNO + Br (4) 

HI + NO • HNO + I (5) 

have been determined by Ando and Asaba1) for Reac­
tion 1 in shock waves, by Higashihara et al.2>z) for Re­
actions 3 and 4 in shock waves, and by Holmes4) for 
Reaction 5 in a static system. The rate constant 
of Reaction — 1 : 

H + HNO > H2 + NO ( - 1 ) 

has also been determined by several groups5) by using 

various experimental methods over a wide temperature 
range. Although many kinetic data have thus been 
accumulated, there have been no theoretical studies 
for these reactions. Therefore, it is also interesting to 
try to explain these kinetic data consistently with a 
theory. 

Calculat ions 

The following linear three-atom model was used 
for the calculations of the BEBO potential energy 
curve : 

T h e detailed procedures of calculations were sum­
marized by Johnston (Ref. 6b, p . 339). I t should, 
however, be noted that the following two points were 
modified in this calculation. First, the new Pauling 
constant, 0.28, which was evaluated by Gillion,7) 
was used instead of 0.26 in Eq. I : 

r = rs- 0.28 In m (or n), (I) 

where the subscript s denotes the length of a single 
bond and where m (or n) is the bond order of H - N 
(or X - H ) . Second, the new / value, 0.45,7) in the 
Sato anti-Morse function (Eq. II) was used instead 
of 0.25: 

r t r = / { D . ( l + c-Mr-r a)) i_i}, (II) 

where ß is the Morse parameter . All the molecular 
parameters necessary for the calculations are sum-

TABLE 1. MOLECULAR PARAMETERS 

H-H 
H-F 
H-Gl 
H-Br 
H-I 
N-O 
H-NO 
F-NO 
Gl-NO 
Br-NO 
I-NO 

A> 
kcal mol -1 

103.27 
134.6 
102.1 
86.7 
70.6 
— 

48.6 
54.94 
37.15 
27.8 
19.53 

V 

cm - 1 

4405.3 
4138 
2989 
2649 
2309 
1903.6 
3596 

766 
605 
542 
440 

A, 
kcal mol - 1 

109.4 
140.5 
106.4 
90.5 
73.9 
— 

53.74 
56.03 
38.01 
28.57 
20.16 

r6 

A 
0.74 
0.92 
1.27 
1.42 
1.61 
— 

1.063 
1.52 
1.95 
2.14 
2.3 

g 

1 
1 
1 
1 
1 

2, 2 
1 

— 
— 
— 
— 

/ 
1040 g cm 

0.46 
1.335 
2.64 
3.316 
4.284 

16.55 
643.3a> 

— 
— 
— 
— 

F 
108NÂ-1 

5.74 
9.59 
5.16 
4.12 
3.12 
— 

7.1 
2.79 
1.92 
2.06 
1.44 

P 

1.069 
1.034 
0.948 
0.897 
0.800 

— 
0.984 

— 
— 
— 
— 

ß 
A-i 

— 
— 
— 
— 
— 
— 

1.794 
1.891 
2.024 
2.278 
2.265 

a) 10120 (gem)3. 
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marized in Table 1. The bond-order index (p or q) 
was calculated from this equation: 

/>(or q) =0 .28 In (De/Dx)/(rx-r8), (III) 

where Z>x and rx are the bond strength and the length 
of the corresponding noble gas molecule respectively. 
The BEBO properties of the activated complexes 
calculated by using this model are summarized in 
Table 2. In the case of the H I - N O reaction, the 
maximum value of the potential energy did not exist. 
In this case, the distance of H - I in the activated complex 
was assumed to be the same as the H e - K r Lennard-
Johnes internuclear distance, and from this distance 
the bond orders, m and n, were calculated. 

The vibrational frequencies of the activated com­
plexes were calculated according to the method of 
the GF matrix by using the following model: 

- H - -N 

o 
As is shown in Table 2, the bond order of H - N (m) 
in the activated complex is nearly unity in all cases. 
This means that the bond angle of H - N - O and the 
bond length of N - O in the complex may be nearly 

TABLE 2. PROPERTIES OF ACTIVATED COMPLEXES 

CALCULATED FROM THE THREE-ATOM B E B O MODEL 

H-H-NO 
F-H-NO 
Gl-H-NO 
Br-H-NO 
I -H-NO 

n 

0.028 
0.019 
0.008 
0.002 
0.0004 

m 

0.972 
0.981 
0.992 
0.998 
0.9996 

ri 

A 

1.741 
2.030 
2.622 
3.160 
3.8 

A 
1.071 
1.068 
1.065 
1.064 
1.063 

F* a> 
kcal mol - 1 

56.89 
88.1 
53.01 
36.77 
20.16 

a) V* is the maximum value of the potential energy. 

the same as those of the H N O molecule. Then, 0 = 
108.5° and r 3 = 1 . 2 1 1 Â , values which are the same 
as those of the H N O molecule, were assumed. The 
G matrix was constructed according to this model 
from Table, 7-4 of Ref. 8 (p. 135). The force con­
stants used for each activated complex are listed in 
Table 3. The values of F33 and Fe in this table are 
the same as those used by Brown and Pimentel9) in 
the calculations of the vibrational frequencies of the 
H N O molecule.10) The values of Fn, F22, F12, and 
Ff were calculated by means of the three-atom BEBO 
method according to the procedures of Ref. 6b. The 
rest of the interaction force constants were assumed 
to be 0. The calculated vibrational frequencies are 
listed in Table 3 for each activated complex. In this 
table, the moments of inertia, / , of the activated com­
plex and the activation energies, E0 of the forward 
and backward reactions are also listed for each activated 
complex. Though the bending-force constant of 
H - N - O in the activated complex was assumed to be 
the same as that of the H N O molecule, this force con­
stant might be appreciably affected by X. Therefore, 
the vibrational analysis was also carried out using 
a value one-half the normal Fe value. The results 
of the calculations shown in the parentheses of Table 
3 indicate that the change in the value of Fe does not 
affect the vibrational frequencies very much. 

The rate constants were calculated according to 
this familiar expression from the transition-state the­
ory: 

k = (kT/h)(Q:i(lle&cu) exp (-EJRT), (IV) 

where Q? and Q,react. a r e t n e partition functions of 
the activated complex and the reactants respectively 
and where E0 is the theoretical activation energy. 

Furthermore, the rate constants of Reactions 1, 
2, 3, 4, and 5 were calculated by using the simple col­
lision theory to check the reliability of the observed 
kinetic data. The molecular diameters of the reactants 

TABLE 3. PROPERTIES OF ACTIVATED COMPLEXES 

Fn*> 

^ 2 2 a ) 

^ 1 2 a ) 

v> 
^ 3 3 a ) 

F,a> 

Vl(N-H)s
b> 

*2(N-0)st» 
*>3(H-N-0)bt» 
*>4(X-H-N)b

b> 
„5b) 
*6(X-H-N)bt» 

/AC> 

/BC> 

/cc> 

£ofd> 

£obd> 

a) 108NÂ"1. b) 

H - H - N - O 

-0 .0194 
6.9516 
0.0201 
0.0853 

10.54 
0.52 (0.26) 

3523.8 (3523.6) 
1598.3 (1588 
1098.3 ( 883, 
245.6 ( 216, 
167.Oi ( 196, 
620.6 ( 620, 

8.528 
27.688 
36.22 

58.0 
2.4 

cm-1, c) 1040gcm. 

.4) 

•1) 
.8) 
.9i) 
.6) 

d) 

F -H-N-O 

-0 .0738 
7.0304 
0.1377 
0.1068 

10.54 
0.52 

3506.0 
1530.4 
942.3 
607.4 
103. li 
619.2 

13.859 
222.49 
236.36 

89.8 
2.68 

kcal mol -1. 

Gl-H-N-O 

-0 .0202 
7.0726 
0.0572 
0.0339 

10.54 
0.52 (0.26) 

3566.5 
1532.7 
988.8 

89.6 

(3566.4) 
(1520.9) 
( 737, 
( 84 

27.5i ( 27, 
322.5 

14.50 
423.91 
438.413 

55.5 
0.88 

( 322, 

•1) 
.9) 
.8i) 
.5) 

Br-H-N-O 

-0 .0021 
7.0726 
0.0142 
0.0083 

10.54 
0.52 

3595.3 
1533.6 
949.9 

58.2 
18.9i 

152.0 

18.91 
729.57 
748.58 

39.25 
0.04 

I -H-N-O 

0.0010 
7.100 
0.0028 
0.0017 

10.54 
0.52 

3604.2 
1536.0 
945.5 

21.2 
2.4 

66.0 

15.18 
985.52 

1000.7 

22.96 
0.0 
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TABLE 4. RATE CONSTANTS CALCULATED FROM THE SIMPLE COLLISION THEORY 

1) 
2) 
3) 
4) 

5) 

H2 + NO 
H F + N O 
H C l + N O 
HBr+NO 
HI + NO 

M.D.a> 
A 

2.93 
3.0 
3.36 
3.41 
4.12 

Rate expression^ 
cm3 mol - 1 s - 1 

k = 2.1 X 1013 TV2 exp ( - 5 4 . 6 kcal/ÄT) 
£ = 8 .4x l0 1 2 TV* exp (~86.0kcal / i2r) 
A: = 8 . 0 x l 0 1 2 r i / 2 e x p ( - 5 3 . 5 k c a l / Ä r ) 
k = 7.0 x 1012 r1 /2 exp ( - 38.1 kcal/ÄT) 
k = 8.1 x 1012 r1 /2 exp ( - 2 2 . 0 kcal/ÄT) 

Steric factor 

2 . 6 x l 0 - 2 

(7.1X10-3) 
6 . 4 x l 0 - 2 

9 . 1 x l 0 - 2 

1 .6x l0 - 3 

a) Molecular diameter of HX. The molecular diameter of NO was assumed to be 3.5 A. 
energy was assumed to be the same as the standard enthalpy change of the reaction. 

b) The activation 

and the calculated rate constants are listed in Table 
4. The last column of this table shows the steric factor 
which was obtained from a comparison of the calcula­
ted rate constant with the experimental one at the 
middle temperature of each experiment. The steric 
factor of Reaction 2 was determined by comparison 
with the calculated value by using the transition-
state theory combined with the BEBO method, since 
there are no rate data for this reaction. In general, 
the steric factors for abstraction reactions lie in the 
0.01—0.1 range. As is shown in Table 4, the steric 
factors for these reactions (except for that for Reaction 
5) lie in this range; this fact indicates that the observed 
rate constants are reasonable. 

D i s c u s s i o n 

As is shown in Table 2, in all the activated com­
plexes the bond order of H - N (m) is very large compared 

4.0 5.0 

IO*K/T 

Fig. 1. Comparisons of the calculated and experiment­
al rate constants for the reaction HGl+NO->HNO+ 
Gl. Solid and dash-dot lines represent the calculated 
rate constants by using F0=O.52x 10 -8 and Fe = 
0.26 x l O - 8 N/Â, respectively. Circles are the ex­
perimental rate constants determined by Higashihara 
et al.2) The error bars represent ± 2 5 % maximum 
uncertainty. 

with that of X - H (n). This trend is always observed 
in the cases of large endothermic or exthothermic 
reactions, it can be ascribed to the large contribution 
of the bonding term compared with that of the 
repulsive one. The bond order, n, gradually decreased 
as X changed from F to I because of the decrease 
in the triplet repulsion energy. 

Figure 1 compares the calculated rate constants 
with the experimental ones for Reaction 3. The rate 
constants were calculated by using two different values 
of Fe, since one can not precisely estimate the effect 
of the X - H bond in the activated complex on the value 
of F9. The solid and dash-dot lines in Fig. 1 show the 
rate constants calculated by using values of Fe =0.52 
X l O - 8 and F, = 0 . 2 6 x 10~8 N/Â respectively. Thus, 
the calculated rate constants were not sensitive to 
the values of Fe. The circles in this figure are the 
rate constants determined by Higashihara et al.2) and 
are compatible with the theoretical values. 

Figure 2 compares the experimental rate constants 
(broken lines) with the theoretical ones (solid lines) 
for Reactions 1, 4, and 5. The experimental con-

bo 
o 

io*K/r 
Fig. 2. Comparisons of the calculated rate constants 

(solid lines) with the experimental ones (broken lines) 
for the reactions HX+NO->HNO + X. Experiment­
al rate constants are summarized in Table 5. 
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TABLE 5. KINETIC DATA OBTAINED EXPERIMENTALLY FOR THE HX+NO^±HNO + X REACTIONS 

Rate constant 
cm3 mol - 1 s - 1 

Temperature 
range/K Method Reference 

1) H2 + NO £=1013-5 exp ( - 5 5 . 2 kcal/ÄT) 
3) HG1+NO k= 1013-2 exp ( - 5 0 . 2 kcal/ÄT) 
4) HBr + NO k= 1012-8 exp ( - 3 0 kcal/RT) 
5) HI + NO k= 1011-43 exp ( - 2 2 kcal/ÄT) 

-1) H + H N O £ > 3 x l 0 1 0 

* = ( 6 ± 3 ) Xl01 2 

* < ( 2 . 7 ± 0 . 6 ) XlO10 

^exio^-öxio11 

Ä = ( 4 . 8 ± 1 . 2 ) XlO12 

Ä = ( 2 . 3 ± l . l ) XlO12 

£ > 9 . 6 3 x l O n 

£ = 3.0 x 1011 TV2 exp ( - 2.4 kcal/ÄT) 
Ä = 1 . 4 x l 0 l l r 1 / 2 

£ = 7 x IQ1-3 exp ( - 3 . 0 kcal/ÄT) 

2000-
2650-
2000-

368-
226-

1600-
296 
300 

2000 
2177 

298 
— 
— 
— 

-3500 
-3850 
-3300 
- 523 
- 294 
-2000 

Shock Tube 
Shock Tube 
Shock Tube 
Static Sys.a> 
Disch. Flowb> 
Flame 
Disch. Flowb> 
Static Sys.a> 
Flame 
Flame 
Disch. Flowb> 
Estimated 
Estimated 
Estimated 

1) Ando and Asaba 
2) Higashihara et al. 
3) Higashihara et al. 
4) Holmes 
5a) Glyne and Thrush 
5b) Bulewicz and Sugden 
5c) Lambert 
5d) Kohout and Lampe 
5e) Halstead et al. 
5f) Smith 
5g) Washida et al. 
5h) Nicolet 
5i) Lordi et al. 
5j) Wilde et al. 

a) Static system, b) Discharge flow system. 

ditions and techniques for the data cited in this figure 
are summarized in Table 5. Unfortunately, there 
are no rate data for Reaction 2 : H F + N O - > H N O + F . 
For Reactions 1 and 4, the agreement between the 
experiment and theory seems to be reasonable in the 
temperature ranges within which experiments were 
carried out. The calculated rate constant for Reac­
tion 5 is greater by about two orders in magnitude 
than that observed. This is the only example of a 
large difference between the experimental and theoreti­
cal rate constants. 

As is listed in Table 5, there are many data for Reac­
tion — 1 obtained over the wide temperature range 
from room temperature to 2177 K by using various 
experimental techniques. Therefore, this reaction is 
very suitable for use in testing the application of the 
BEBO method to the group of reactions considered 
here. Baulch et al.12) recommended in their data 
book a value of £ = 4 . 8 X 1012 cm3 mol" 1 s"1 at 2000 K 
based on the data of Halstead and Jenkin.5e) At room 
temperature they suggested that a value of fci>3 X 
1010 cm3 m o l - 1 s _ 1 determined by Glyne and Thrush5 a) 
was likely. Recently, Ando and Asaba1) determined 
the rate constant for the H 2 + N O - > H N O + H reaction 
at 3000 and 3500 K by using a shock-tube method. 
By combining their value of the rate constant with 
the equilibrium constant, the rate constant of Reaction 
— 1 can be calculated. The value thus obtained is 
about one order larger than that recommended by 
Baulch et al. More recently, Washida et al.5g) de­
termined the lower limit for this reaction at room tem­
perature as £2^9.63 x 1011 cm3 m o l - 1 s - 1 by a method 
combining a photoionization mass spectrometer with 
a dischargeflow system. This value is also larger 
(by more than one order) than that of Glyne and Thrush. 
Thus, recent studies suggest that this reaction is very 
fast. Figure 3 shows a comparison of the experimental 
rate constants (broken lines and circles) with the the­
oretical ones (solid and dash-dot lines). I t may be 
found from Fig. 3 that the theoretical rate constants 
are consistent with the recent rate data. 

1 

O 

X<i 

13 

12 

11 

1 ' ' • • - - 1 ' ' 1 

~ \ 

A 
i "Uj \ v 

V 1 1 V \ 

1 \ X, 

""X >J 
d 1 

tsL_. 

1 i 1 

1.0 2.0 3.0 

10 3K/T 

Fig. 3. Comparisons of the calculated rate constants 
(solid ( F ^ 0 . 2 5 X l O " 8 N/Â) and dash-dot (Fg = 
0.26XlO -8 N/Â) lines) with the experimental ones 
for the reaction H + H N O - > H 2 + N O . The letters 
a—j and the number 1 represent the referencies 
indicated in Table 5. 

There is a possibility of tunneling in the cases of 
hydrogen-transfer reactions at temperatures lower than 
1000 K. Therefore, tunneling correction was con­
sidered for this reaction. If «*<jr, where u*=hvJKT, 
and nVlhv^l, where Ve* is the maximum value of 
the potential energy, an approximate tunneling cor­
rection61^ (this is generally known as a high-temperature 
approximation) is sufficient and the correction factor 
is given by 

r & = 0.5a*/sin(0.5a*). 

The value of r$% for this reaction was calculated 
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151 1 > r 

io3K/r 
Fig. 4. Calculated rate constants for the reactions 

X + H N O - > H X + N O . 

to be 1.04 at 250 K. Thus, this effect was negligibly 
small and was not taken into account thereafter. 
Figure 4 shows the calculated rate constants for Reac­
tions — 1 , - 2 , — 3, —4, and —5. There are no rate 
data for any of these reactions except Reaction — 1 . 

As is shown in Figs. 2 and 4, the rate constants for 
both the forward (Reactions 1, 2, 3, 4, and 5) and 
backward (Reactions — 1 , —2, — 3 , —4, and —5) 
reactions become larger as X changes from F to I. 
For the forward reactions, this trend may be attr ibuted 
to two reasons. First, the activation energy becomes 
smaller as X changes from F to I. Second, as is shown 
in Table 3, the partition functions of the activated 
complexes, especially those of the rotation and X - H - N 
bending modes, become much larger as X changes 
from F to I, but those for the reactants do not change 
so much. O n the other hand, for the backward reac­
tions the activation energies do not differ very much. 
Therefore, the trend is mainly a result of the difference 
in the partition functions of the activated complexes, 
and is the reverse of that for the X - f H 2 - > H X - f H 
reactions,6*1) in which the rate constant becomes smaller 
as X changes from F to I, mainly because of the dif­
ference in the activation energy. 

Conclus ion 

1. The rate constants determined experimentally 
for the H X + N O ^ H N O + X reactions were in fair 
agreement with those predicted by the transition-

state theory combined with the BEBO method. Thus, 
the rate constants for analogous reactions may rea­
sonably be calculated by this method. 

2. For the temperature dependence, some dif­
ference between the experiment and theory exist. 
Apparently, more experimental data over a wide 
temperature range are necessary for all the reactions. 

The author wishes to thank Assistant Professor 
Ichiro Murakami and Dr. Ko Saito for their helpful 
discussions and guidance throughout this work. H e 
also acknowledges the helpful discussions of Mr. 
Keijiro Taga and Miss Michiko Miura with respect 
to the vibrational analysis. 
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Electrical Properties and Constitution of Several Low-resistivity 
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The electrical resistivity and Seebeck coefficient of the iodine complexes with eight aromatic compounds 
were examined as functions of the composition and the temperature. The formation of complexes is indicated 
by maxima or shoulders in the resistivity-composition isotherms at the following compositions: (anthanthrene) 2I95 

(6,12-dioxoanthanthrene)I2, (6,12-dioxoanthanthrene)I3, (pyranthrene) I3, (violanthrene)2I7, (phthalocyanine) I2, 
(phthalocyanine)I5, (phenoxazine)2I3, (pyridazine)5I9, and (JV,JV'-diphenyl-^phenylenediamine)5I13. Further­
more, some sharp resistivity minima are considered as evidence of the complex formation: e.g., (6,12)-dioxoan-
thanthrene)2I3 and (phthalocyanine) 2I3. On the basis of these compositions, a nonintegral formal oxidation 
state for the organic molecules and the presence of iodine as triiodide or higher polyiodide ions are established 
for most of the complexes. 

In an earlier report from this laboratory, it was 
demonstrated that the careful examination of the 
electrical properties as functions of the composition 
is a powerful tool for elucidating the constitution of 
semiconducting thiazine-iodine complexes.1) For ex­
ample, the resistivity-composition isotherm of the 
phenothiazine-iodine system shows a shoulder as high 
as 800 O cm at a composition of two molecules of 
the thiazine to five atoms of iodine and also a min­
imum as low as 2 0 ß c m at a composition of one 
molecule to three atoms. Moreover, a decrease in 
the activation energy for semiconduction by a factor 
of a half and a change in the sign of the Seebeck coef­
ficient from negative to positive can be observed at 
the former composition. The similarity in vibrational 
spectrum between the iodine complex and the complex 
cation radical bromide of the 2 : 1 type, together 
with the above-mentioned electrical features, led us 
to propose the formation of a complex cation radical 
pentaiodide, (C1 2H9NS)2+I5

_ . The complex deposited 
from solutions is of a mole ratio of 2:3 and deviates 
as much as a half mole of iodine from this composition. 
There is no doubt that this amount of extra iodine 
plays an important role in the occurrence of the 
unusually low electrical resistivity. In the present 
paper, we wish to summarize the results of analogous 
studies on the iodine complexes with the following eight 
aromatic compounds: anthanthrene (dibenzo[öfe/', 
mno] chrysene), 6,12-dioxoanthanthrene, pyranthrene, 
violanthrene, 29H, 31 / / -phthalocyanine, phenoxazine, 
pyridazine, and iV,iV/-diphenyl-j&-phenylenediamine 
(see the structural formulas given in Fig. 1). The 
composition ranges examined here were limited mostly 
by the thermodynamic instability of the iodine-rich 
complexes. Nevertheless, we believe that our study 
could cover the low-resistivity complexes in which we 
were interested. 

Before presenting the results, we wish to review 
briefly the electrical behavior of mixtures. If two 
coexisting phases are strictly stoichiometric and me­
chanically mixed without interaction, the logarithmic 
mixing rule may apply for the resistivity. T h e com­
position of a distinct complex may correspond to a 
minimum in the resistivity-composition isotherm if 
its resistivity is lower than those of the neighboring 

Fig. 1. Structural formulas of the organic component 
compounds; 1) anthanthrene, 2) 6,12-dixoanthan-
threne, 3) pyranthrene, 4) violanthrene, 5) 29H,31H-
phthalocyanine, 6) phenoxazine, 7) pyridazine, and 
8) N, iV-diphenyl-/>-phenylenediamine. 

complexes, or a maximum if its resistivity is higher. 
O n the other hand, the behavior may depend quite 
differently upon the composition, when the incorpora­
tion of a marked stoichiometric imbalance is con­
ceivable for a given phase. As additional carriers 
are introduced by the imbalance, the stoichiometric 
composition of a low-resistivity complex may be in­
dicated by a sharp maximum rather than a minimum 
in the isotherm. In such a case, the nearby minima 
may be considered to be indicative of the lower and 
upper limits of the deviation from stoichiometry. 
When the maximum is too low to be detected, the 
appearance of a rather broad minimum covering the 
stoichiometric composition may be expected. There­
fore, the formation of complexes can be undoubtedly 
established by maxima appearing in the resistivity-
composition isotherm but not necessarily by minima. 

Exper imenta l 

Materials. The anthanthrene obtained commercially 
was reduced to the hydrocarbon by the zinc-dust fusion 
method.2) Anthanthrene thus prepared was purified by 
repeated sublimation in a vacuum. 6,12-Dioxoanthanthrene 
was synthesized starting from 2,2/-binaphthol, as described 
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by Pummerer et al.V Pyranthrene was obtained by the reduc­
tion of commercial pyranthrone with zinc dust, pyridine, 
and acetic acid.4) By vacuum sublimation through a thin 
layer of activated alumina the hydrocarbon became orange 
colored. The violanthrene, supplied some twenty years ago 
by Prof. Junji Aoki, now of Toho University, was purified 
by sublimation in a vacuum. Phthalocyanine, pyridazine, 
and iV,iV-diphenyl-/>-phenylenediamine employed in the 
present work were commercial products. The diamine was 
recrystallized from ethanol. Phenoxazine was prepared by 
the condensation of o-aminophenol in the presence of iodine.5) 
All the iodine complexes, unless otherwise stated, were ob­
tained by careful grinding of the weighed organic compound 
or complex of a known composition and iodine in an agate 
mortar in the presence of a small amount of benzene. The 
phthalocyanine complexes were made by boiling a benzene 
solution of iodine with powdered phthalocyanine. The 
iodine contents were determined by microanalysis. 

Measurements. The electrical resistivities and Seebeck 
coefficients of polycrystalline compactions were recorded as 
functions of the temperature.1) 

R e s u l t s and D i s c u s s i o n 

Anthanthrene-Iodine. As early as 1939, Brass 
and Glar reported the isolation of the triiodide from 
a benzene solution;6) however, no attention has been 
paid to the electrical properties. In Fig. 2, the elec­
trical resistivity values at 20 °G are plotted against 
the number of iodine atoms per anthanthrene molecule, 
n. The shaded circles indicate that the samples were 
treated with a boiling benzene solution of iodine. 
They might therefore be more homogeneous than 
those indicated by open circles. There are a maximum 
of about 2 0 O c m at w=4.5 and minima of about 
7 ß c m near n=4 and 5 in the resistivity-composi­
tion isotherm. This behavior appears to be indicative 
of the nonstoichiometric nature of the complex. The 
formation of (anthanthrene) 2

+ I 9 ~ may be deduced from 
the location of the maximum. T h e incorporation of 
an excess of either the hydrocarbon or iodine of as 
much as a half mole into this complex appreciably 

60 h 

40 h 
£ 

20 

n 
Fig. 2. Electrical resistivity at 20 °G plotted against 

the iodine content in the anthanthrene-iodine sys­
tem. The shaded circles indicate that these samples 
were treated with a boiling benzene solution of 
iodine. 

decreases the resistivity. I t must be added that no 
anomalous features were noted at the composition 
reported by Brass and Glar, namely n=3. The tem­
perature dependence of the resistivity, p, follows the 
typical semiconductor behavior: p = p0exp(ElkT). 
The values of the activation energy for semiconduc-
tion, E, near room temperature are mostly in the range 
from 0.05 and 0.07 eV. No abrupt change could 
be detected even at the composition of the resistivity 
maximum. 

IOWK"1 

Fig. 3. Seebeck coefficient of the anthanthrene-iodine 
complexes; a) n=1.51, b) 3.70, c) 4.23, d) 4.41, e) 5.07, 
and f) 6.68. 

The variation of the Seebeck coefficient, S, with 
the reciprocal temperature for six representative sam­
ples is illustrated in Fig. 3. Among them, samples b , 
c, and e are those indicated by shaded circles in Fig. 2. 
The variation depends markedly upon the composition. 
At n=l.5, a linear relationship with the reciprocal 
temperature is observed over the whole range (see 
Curve a) . The positive slope may indicate that the 
contribution of holes to the conduction is larger than 
that of electrons. By the incorporation of additional 
iodine the slope in the low-temperature range becomes 
more gentle. As is shown by Curves c and d, such a 
tendency is especially large when the composition 
is close to the above-mentioned complex. The coef­
ficient becomes essentially independent of the tem­
perature near n=5 and then changes not only its sign 
but also the sign of the slope (see Curves e and f) . 
These observations may imply that the ratio of the 
electron mobility to the hole mobility is nearly unity 
in the phase of (anthanthrene) 2 I 9 . The Seebeck coef­
ficient at —23 °C is plotted against n in Fig. 4. The 
values are rather scattered; nevertheless, it is evident 
that the coefficient decreases almost linearly with n 
and becomes zero near n=6. As is readily understood 
from Fig. 3, this slope and the composition where the 
coefficient changes its sign is not independent of the 
temperature. 
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Fig. 4. Seebeck coefficient at —23 °G plotted against 
the iodine content in the anthanthrene-iodine system. 
As to the shaded circles, see the caption of Fig. 2. 

6,12-Dioxoanthanthrene-Iodine. This compound 
has the same framework as anthanthrene and has 
been reported to form a monoiodide by Brass and 
Glar.6) T h e introduction of two oxygen atoms into 
the framework gives rise to significant localization of 
the electrons in the highest occupied level, as revealed 
by a decrease in the total span of the ESR spectrum.7) 
In view of these facts, it seemed to be of interest to 
compare the formation of iodine complexes of these 
two component compounds. 

As is shown in Fig. 5, the resistivity is far more sensitive 
to, the composition than that in the an than threne-
iodine system. Note that the scale on the ordinate 
is logarithmic. One maximum with a resistivity 
of about 6 0 O c m , is located at n=2 and the other 
one at n=3. The latter is about tenfold higher than 
the former. As the ionization potential is known 
to be close to that of anthanthrene,7) the formation 

"51 

of cation radical salts is more likely than the formation 
of molecular adducts. Therefore, the products cor­
responding to these n values may be (6,12-dioxoanth-
anthrene)3

2 +(I3~)2 and (6,12-dioxoanthanthrene)+I3~. 
Thus, the compound differs considerably from an­
thanthrene in the behavior of iodine complex forma­
tion. It is not clear to what extent the former com­
pound is nonstoichiometric. The sharp minima located 
at n = 1 . 5 and 2.5 might be an indication of the forma­
tion of (6,12-dioxoanthanthrene)2

+I3~ and (6,12-dioxo-
anthanthrene)2

+I5~. The minimum appearing a little 
above n=3 may be due to the nonstoichiometry of 
the phase at n=3. The effect of an excess of the com­
ponent on the resistivity is so pronounced that the 
ratio of the value at n=3 to that at the last minimum 
is more than ten. The activation energy for sem-
iconduction in the range from n=\ to 3 is 0.08—0.12 
eV. At higher iodine contents, a gradual increase 
is found, reaching almost 0.2 eV by n=4. 

The Seebeck coefficient of this system is independent 
of the temperature up to n=2. The coefficient is 
as much as + 2 2 0 fjiV K _ 1 at n=\ and is reduced by 
a factor of a half by n = 1 . 5 and further by the same 
factor by n=2. Above this composition, a positive 
slope is noted in the plot of S against the reciprocal 
temperature. The slope becomes steeper as n in­
creases; therefore, the room temperature value changes 
its sign near n=3.5 and is —40 [JLV K - 1 at n=4.9, 
which is the highest iodine content examined. In 
this system, holes appear to be the major carriers in 
the whole composition range. 

Pyranthrene-Iodine. This hydrocarbon is known 
to form black complexes with bromine and iodine.8»9) 
The ESR absorption and the electrical resistivity of 
the iodine complex were reported for a composition 
of 7Z=4.9'10) The resistivity-composition isotherm at 
room temperature is presented in Fig. 6. The presence 
of a maximum of 35 O cm at n=3 and minima at n= 
2.5 and 3.5 is clearly noted; therefore, the formation 
of a simple cation radical triiodide, (pyranthrene)-
I3, is feasible. We failed to obtain samples with w>4. 
The activation energy for semiconduction is about 
0.06 eV throughout the examined composition range 

Fih. 5. Electrical resistivity at 20 °G plotted against 
the iodine content in the 6,12-dioxoanthanthrene-
iodine system. 

n 
Fig. 6. Electrical resistivity at 20 °G plotted against 

the iodine content in the pyranthrene-iodine system. 
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The Seebeck coefficients at room temperature are 
scattered in a narrow range of + 5 to + 1 0 (JLV K - 1 

and decrease linearly with the reciprocal temperature 
at all the compositions. Although the slope tends 
to be steeper and negative values are observed at low 
temperatures when n is small, the dependence on the 
composition is not large enough to find out the cor­
relation between S and n at any temperature. 

Violanthrene-Iodine. The formation of the bro­
mine and iodine complexes was described in 1955.11) 
The latter is very stable and is one of the halogen com­
plexes most extensively studied in those days. The 
diamagnetic susceptibility of the violanthrene-iodine 
system was shown to vary linearly with the halogen 
content, but the value was found to be markedly less 
than the one estimated by the application of the ad-
ditivity rule. The deviation reaches its maximum 
at w = 4 . n ) The ESR study made later revealed the 
presence of just enough unpaired electrons to account 
for the observed deviation.9) The resistivity-com­
position isotherm published in 1956 has a broad 
minimum around n=4, the value at this composition 
being 40 ß cm.8) The complex was concluded to be 
nonstoichiometric on the basis of the equilibrium 
concentration of iodine in carbon tetrachloride, exam­
ined as a function of the composition of the solid com­
plex.12) No sharp peak was observed in the X-ray dif­
fraction pattern of the samples with n—4, suggesting 
that they are amorphous.12) 

Figure 7 presents the newly-determined resistivity-
composition isotherm at room temperature. The 
shaded circles indicate that these samples were prepared 
by the treatment of the powdered hydrocarbon with 
a boiling benzene solution of iodine. This is the method 
in the previous work for the preparation of a complex. 
8,n,i2) Contrary to the diagram reported earlier, 
a maximum can be located at n=3.5 and minima 
around n=3 and 4. The observed feature is con­
sistent with the reported nonstoichiometry ; the idealized 
composition may be expressed by the formula (vio-
lanthrene)2

+I7~. The upper limit of the homogeneity 
range of this complex is probably near n=4. The 
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Fig. 7. Electrical resistivity at 20 °C plotted against 
the iodine content in the violanthrene-iodine system. 
The shaded circles indicate that these samples were 
prepared in a boiling benzene solution of iodine. 

-20 

Fig. 8. Seebeck coefficient at 20 °C plotted against 
the iodine content in the violanthrene-iodine system. 
As to the shaded circles, see the caption of Fig. 7. 

activation energies for semiconduction were scat­
tered in a range from 0.08 to 0.12 eV and the correla­
tion with the composition could not be established. 

As is shown in Fig. 8, the room-temperature value 
of the Seebeck coefficient is positive at n = l and de­
creases as the iodine content increases. In contrast 
to the electrical resistivity, the Seebeck coefficient of 
this system is significantly affected by the method of 
sample preparation. The open circles and shaded 
circles are clearly on different curves. The change 
of the sign occurs below n=3 for the samples indicated 
by open circles, while almost at n=3.5 for the samples 
indicated by shaded circles. When the coefficient 
is plotted against the reciprocal temperature, the slope 
in the high-temperature region is negative throughout 
the examined composition range and becomes more 
gentle as the iodine content increases. The value 
tends to saturate at low temperatures. This tendency 
is observed at higher temperatures when the complex 
contains more iodine. 

Contrary to an earlier observation that the specific 
volume of the complex with n<4 is larger than the 
sum of the specific volumes of the constituents,12) no 
deviation from the additivity could be detected with 
our polycrystalline compactions. 

29H,3lH-Phthalocyanine-Iodine. The resistivity of 
phthalocyanine has been shown by Aoyagi et al. to 
be considerably lowered by the addition of a small 
amount of iodine.13) The dark solids obtained by 
the oxidation of a number of metal phthalocyanines 
by iodine have been reported to exhibit resistivities 
of the order of 0.1 to 1 0 cm by Petersen et al.1*) 
The exact composition of their iodine complexes has 
been noted to depend on the preparation conditions. 

The resistivity-composition isotherm of the phthalo-
cyanine-iodine system presented in Fig. 9 shows a 
maximum at n=2, a shoulder at n=5, and minima, 
at n=l.5 and about 6. O n the basis of these findings 
the presence of phases expressed by (phthalocy­
anine) 32+(I3~)2

 a n d (phthalocyanine) + I 5 ~ seems to 
be certain. The activation energy for semiconduction 
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n 
Fig. 9. Electrical resistivity at —23 °G plotted against 

the iodine content in the phthalocyanine-iodine sys­
tem. The shaded circles indicate that these samples 
were made by the addition of iodine to those shown 
by open circles. 

Fig. 10. Seebeck coefficient at —23 °G plotted against 
the iodine content in the phthalocyanine-iodine system. 
As to the shaded circles, see the caption of Fig. 9. 

is as small as 0.015 eV up to n=\.5 and then sharply 
increases to 0.05 eV by n=2. Therefore, the com­
pound, (phthalocyanine)2+I3~, may be formed in this 
system. Between n=2 and 5 the activation energy 
stays around 0.04 eV and then around 0.03 eV. 

The Seebeck coefficient is positive for all the samples 
prepared and over the temperature range examined. 
The slope is mostly negative when plotted against 
the reciprocal temperature. As is shown in Fig. 10, 
the values at - 2 3 °G (10 3 /T=5) are between + 2 7 
and + 3 0 [LV K - 1 up to n=l.5 and then sharply de­
crease by a factor of a half by n=2. Between n=2 
and 5 the values remain around + 1 5 [LV K - 1 . Above 
n=5, the coefficient decreases again by a factor of 
a half. In the last iodine-content range, the Seebeck 
coefficient shows an increase at low temperatures. 

Phenoxazine-Iodine. The organic constituent is 
structurally related to phenothiazine studied in our 
previous work1) and is known to form an iodine com­
plex, the composition of which is the same as that 
of the sulfur analog; that is, n=3.15) Nevertheless, 
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Fig. 11. Electrical resistivity at 20 °G plotted against 
the iodine content in the phenoxazine-iodine system. 

the resistivity-composition isotherm presented in Fig. 
11 is distinctly different from that of the phenothiazine-
iodine system. A shoulder is located at n=\.5 instead 
of n=2.5. Furthermore, the minimum is found at 
n=2 instead of n=3. No anomalous feature is observed 
at n=3, which is the composition of the complex crystal­
lized from a benzene solution. The overall appearance 
is less dramat ic ; that is, the resistivity at the shoulder 
is only about threefold larger than that at the minimum. 
O n the other hand, the corresponding ratio in the 
sulfur analog-iodine system is as much as forty. The 
activation energy for semiconduction is about 0.13 eV 
throughout the examined composition range. 

The Seebeck coefficient at 20 °G was reported to 
be slightly positive at n=3 and to decrease drastically 
by lowering the temperature. The coefficient in the 
composition range of n=\—1.5 is about —10 \xV K - 1 

and independent of the temperature. When n is 
increased to 1.5, the room-temperature value is un­
changed but the slope is slightly negative against the 
reciprocal temperature. Above w=1.5, the slope be­
comes increasingly negative. As the dependence on 
the composition near room temperature is rather small, 
the coefficient at 70 °G is plotted against n in Fig. 12. 
The sign changes from negative to positive near n=l.5. 

+20 

Fig. 12. Seebeck coefficient at 70 °G plotted against 
the iodine content in the phenoxazine-iodine system. 
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Of course, the behavior depends markedly upon the 
temperature selected. If one chooses a low tempera­
ture, say —70 °G, the sign is negative over the whole 
range of n; however, an abrupt change of magnitude 
may be found above n=l.5. The results described 
above clearly indicate the formation of a complex 
at n=l.5, while no support for the existence of a com­
plex at n=3 could be obtained by the present method. 

Although the vibrational spectrum could not be 
examined with the complex crystallized from a benzene 
solution because of the difficulty of pulverization,15* 
samples prepared for this work are composed of fine 
powders and allow such measurements. As is known 
for this kind of materials, the spectrum in the rock-
salt region is dominated by the electronic absorption. 
At n=l.75, the observed vibrational bands are broad 
and give a pattern very different from that of the 
parent organic compound. When a large amount 
of iodine is added to this sample, say n>5, a pat tern 
consisting of sharp bands is recorded. By analogy 
with the case of the phenothiazine-iodine, the latter 
spectrum may be assigned to the monopositive ion 
of phenoxazine. The complex formed at n=l.5 is 
perhaps a complex cation radical salt which can be 
expressed by (phenoxazine) 2

+ I 3 ~. 
Pyridazine-Iodine. Hoare and Prat t have report­

ed that a pyridazine molecule combines with 2—2.8 
atoms of iodine to form a black solid and that the re­
sistivities measured using two-probe technique fall in 
the range of 1—50 £2 cm at room temperature.16) This 
organic compound has the lowest molecular weight 
among the compounds known to form low-resistivity 
iodine complexes. 

There are a peak at n=l.S and minima at about 
n=\.6 and 2 in the resistivity-composition isotherm 
shown in Fig. 13. The activation energy for sem-
iconduction shows also a discontinuous change at 
n=\.S; namely, the value up to this composition is 
about 0.035 eV and then suddenly drops to about 
0.02 eV. These observations unambiguously establish 
the idealized composition of a complex in this system, 
(pyridazine) 5 I 9 . Though the present work provides 

£ 

2 h 

1 h 

no evidence for the nature of the iodine, it is likely 
that the iodine is in the form of a triiodide ion. If so, 
the above-mentioned product may be expressed by 
(pyridazine)53+(I3~)3. The resistivity observed near 
n=2, which may be the upper limit of the homogeneity 
range including the maximum or may be in an entirely 
different phase, is as low as 0 . 4 H e m . The Seebeck 
coefficient is essentially unchanged by the temperature 
and is scattered in a narrow range of + 3 to + 1 0 fxV K - 1 . 

N,N'-Diphenyl-p-phenylenediamine-Iodine. This is 
one of the iodine complexes of oligoanilinic deriva­
tives extensively studied by Honzl et al.11) The crystal 
structure of this complex with n=2A has been analysed 
by Huml.18) The diamine molecules are arranged 
one below the other in layers spaced 3.77 Â apart 
and the iodine atoms are arranged in chains almost 
perpendicular to the layers. O n the basis of the 
distribution of distances of iodine atoms, the chains 
are considered to consist of triiodide ions. Hâdek 
et al. have reported the electrical and magnetic proper­
ties of the complex with the above-mentioned com­
position. 19~21) According to their work, the activation 
energy for semiconduction observed with polycrystalline 
compactions is 0.07 eV in the temperature range of 
- 5 0 to + 5 0 °G and 0.21 eV below this range. The 
Seebeck coefficient is negative near room temperature 
and changes sign below —70 °G. In addition, the 
measurements on a complex with n=2 are available 
due to the of work of Sano et al.22) They have con­
cluded that the conductivity due to electrons is larger, 
but only slightly, than that due to holes; however, 
the work described below indicates that the behavior 
may not be so simple as they supposed. 

As is illustrated in Fig, 14, the room-temperature 
resistivity gradually decreases by the increase of iodine 
content up to n=2 and then increases by a factor of 
ten between n=2A and 2.6. The value in the range 
of w=1.8 to 2.4 is 4 — 5 ß c m . There is a shoulder 
at n=2.6. The activation energy for semiconduction 
near room temperature is about 0.07 eV over the range 

Fig. 13. Electrical resistivity at 20 °C plotted against 
the iodine content in the pyridazine—iodine system. 

n 
Fig. 14. Electrical resistivity at 20 °C plotted against 

the iodine content in the iVjA^-diphenyl-^-phenyl-
enediamine-iodine system. 
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of n=0.5—2.4, in accordance with the work by Hâdek, 
and about 0.13 eV in the range of n=2.5—2.6. The 
change of the activation energy by lowering the tem­
perature to about 0.22 eV in both the composition 
ranges was found around —20 °G, which is displaced 
by 30° above the temperature reported by Hâdek.19) 

Although the Seebeck coefficient at room tempera­
ture is negative regardless of the wide variation in 
composition, the whole range can be divided into three 
sections according to the magnitude and the tem­
perature dependence: namely, n<2A, n=2A—2.9, 
and n>3. In the first range, the value is —20— 
—30 [JLV K - 1 at room temperature and shows a mini­
m u m of about —60 [JLV K _ 1 near —70 °G. The change 
of the sign occurs at a lower temperature, the value 
at —130 °C (the lowest temperature examined) being 
about + 9 0 fjiV K _ 1 . Thus, the relative contribution 
of electrons and holes to the conductivity seems to 
vary with the temperature. The second range cannot 
be distinguished from the first by the room-temperature 
value alone but the minimum is more negative and 
the value is about — 50 JAV K" 1 even at —130 °G. 
The room-temperature value in the third range is 
significantly more negative, for example, about —200 
[LV K - 1 at W=3.30. The low-temperature value is 
negative but vanishingly small, passing through a 
minimum of about —350 [JLV K - 1 located around 
— 20 °G. Thus, the compound appearing in the 
second composition range seems to be nonstoichiomet-
ric to some extent and its composition may be re­
presented by (Af,Af'-diphenyl-jfr-phenylenediamine)5I13. 
Because of the relatively small change in resistivity 
around n=2, the resistivity-composition isotherm 
method fails to establish the ideal composition of the 
low-resistivity complex studied by Hâdek et al. and 
also by Sano et al. 

The present work was partly supported by the Grant-
in-Aid for Scientific Research No.234028 from the 

Ministry of Education, Science, and Culture. 
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The Solvent Extraction of Uni- and Bivalent Metal Picrates 
by Dibenzo-24-crown-8 
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The overall extraction equilibrium constants (Keic) for the 1:1:1 and 1:1:2 complexes of dibenzo-24-crown-8 
(DB24G8) with several uni- and bivalent metal picrates between benzene and water have been determined at 
25 °G. The Ke„ sequences of the uni- and bivalent metal ions with DB24G8 are T1+> Gs+> Ag+> Rb+> K+> 
Na+>Li+ and Ba2+>Pb2+>Sr2+>Ca2+, respectively. DB24G8 shows the highest selectivity for Ba2+ among all 
the alkali and alkaline earth metal ions, but no selectivity for the alkali metal ions. The extractability of DB24G8 
for the alkali metal ions is not sensitive to the ratio of the ionic size to the cavity size of DB24G8. The plots of 
log Kex values vs. reciprocal crystal ionic radii of the alkali and alkaline earth metals give straight lines, indicating 
that these straight lines are related to Born's formula of solvation free energy. 

Dibenzo-24-crown-8 (DB24C8) forms stoichiometric 
complexes with alkali metal ions; the alkali metal 
ion in the complex is trapped in the cavity of the DB24C8 
ring by ion-dipole forces.1) Since DB24C8 is a flexible 
crown ether and has a large cavity size (>4.0Â2>) 
compared to the alkali metal ionic size, in its complex 
with the alkali metal ion it is partially wrapped around 
the alkali metal ion.la> Accordingly, when the complex 
reaction between DB24C8 and metal ions occurs, 
the metal ion may be expected to require almost com­
plete desolvation, as found in the N M R studies of 
nonactin.3) Dicyclohexyl-18-crown-6 (DG18C6) and 
dibenzo-18-crown-6 (DB18C6), which are rigid crown 
ethers, show pronounced cation selectivities,lb»4) while 
DB24C8 does not.lb>4a) Some solvent extraction studies 
of alkali metal ions with DC18C6 and DB18C6 have 
been reported and these data show that the extractability 
of the metal ion is very sensitive to the ratio of the 
ionic size to the cavity size of the crown ether.5) 
However, there is only one paper about the solvent 
extraction study of DB24C8 up to date and in this 
paper the extraction equilibria have not been discussed 
in detail.2) Therefore, the present study was undertaken 
to determine the extraction constant values of the 
DB24C8-uni- and bivalent metal picrates and to com­
pare these extraction constant values with those of 
DB18C6, in order to clarify the role of DB24C8 in 
the extraction process. Since a large anion is easily 
extracted into nonpolar solvents, the picrate anion 
was used as the counter ion. Benzene was used as 
the solvent because of its nonpolarity. 

Exper imenta l 

Materials. DB24G8 was obtained from Nisso Co., 
Ltd. It was dissolved in hexane, and filtered while hot. 
Then it was recrystallized from hexane and, before use, 
dried at 50 °G in a vacuum oven. Analytical-grade benzene, 
HN0 3 , LiOH H 2 0 , NaOH, KOH, C a ( N 0 3 ) 2 4 H 2 0 , Sr-
(N03)2, Ba(N03)2, Pb(N03)2 , and reagent-grade T lN0 3 

were purchased from Wako-Pure Chemicals Ltd. AgNOs 

and picric acid were analytical grade from Koso Chemical 
Co., Ltd. Reagent-grade RbOH and CsOH were obtained 
from Mitsuwa Pure Chemicals Ltd. and Kanto Chemical 
Co., Inc., respectively. The purities of T1N03 and the 
bivalent metal nitrates were determined by means of EDTA 
titration, and the concentrations of AgNOs, the picric acid, 
and the alkali metal hydroxide solutions were determined by 

means of KCl, basic, and acid ones, respectively. Benzene 
was washed twice with distilled water. 

Apparatus and Procedures. The organic phase of DB24C8 
(9.2 X IO-5—2.1X10-2 M) and the aqueous phase of the 
univalent metal hydroxide or nitrate (9.9xl0~4—2.9xl0~2 

M), or the bivalent metal nitrate (2.0X 10"3—1.1 X 10"1 M) 
and the picric acid (8.8xl0~4—2.7xlO"2M) were placed 
in a stoppered glass tube (volume 30 ml), shaken in a ther-
mostated water bath for about 30 min at 25±0.2 °C, and 
separated by centrifugation. The initial volume of each 
phase was 10 ml in all cases. A portion of the aqueous 
phase about 8 ml was transferred to a 10 ml beaker and the 
hydrogen ion concentration was determined by a Hitachi-
Horiba F-5 pH meter. In the cases of the univalent metal 
hydroxide, the univalent metal nitrate, and the bivalent 
metal nitrate, the extractions were carried out at pH 10.0— 
12.1, 2.3—2.6, and 1.6—2.7, respectively. For the systems 
of Ag, Tl, and the bivalent metals, the metal in the organic 
phase was back-extracted into 8 ml of 1 M nitric acid aqueous 
solution. The Ba concentration of this aqueous phase was 
determined by flame photometry and the others by atomic 
absorption spectroscopy using a Seiko SAS-725 atomic absorp­
tion spectrophotometer. For the systems of the alkali metals, 
the picrate in the organic phase was back-extracted into 
8 ml of 0.01 M NaOH aqueous solution and the picrate 
concentration was determined at 356 nm by a Shimadzu 
UV-200 spectrophotometer (e= 1.45 X 104 cm"1 M"1). In 
blank experiments, for the alkali metals no detectable extrac­
tion was found in the absence of DB24C8, and for Ag and 
Tl a little detectable extraction was found in the absence of 
either DB24C8 or picric acid. It was impossible to extract 
any Mg and Hg into the organic phase. 

The Distribution Coefficient of DB24C8. A 100 ml por­
tion of a benzene solution containing DB24C8 and an equal 
volume of distilled water were placed in a 300 ml separatory 
funnel and shaken under the same conditions as given above. 
The concentration range of DB24C8 was from 5.0 X 10~3— 
1.0xlO-2M. After centrifugation, DB24C8 in the aqueous 
phase was extracted into chloroform (90 ml). A 80 ml 
portion of the organic phase was transferred to a 200 ml 
beaker and left until evaporation was complete. The residue 
in the beaker was dissolved by chloroform (10 ml) and the 
DB24C8 concentration was determined spectrophotometricall 
at 277 nm (e=5.25x 103 cm"1 M"1). The average value 
of the distribution coefficient determined in this way is 1.1 
Xl03 . 

R e s u l t s 

When equilibrium takes place between an aqueous 
solution of a metal ion, M m + , and a picrate ion, A~, 
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and a benzene solution of a crown ether, L, the equi­
librium constants may be defined by the following 
equations : 

tfex = [MLAm]0[H+]-/[M-+][L]0[HA]: (1) 

*D,L = [L]0/[L] (2) 

* e x(HA) = [HA]0/[H+][J~] (3) 

# M L = [ML™+]/[M"+][L] (4) 

tfex< = [MLA m ] 0 / [ML-+][A-r (5) 

where the subscript " o " and the lack of a subscript 
designates the organic and the aqueous phase, re­
spectively; square brackets indicate the molar con­
centrations. The distribution ratio of the metal may 
be represented by 

Z>M = [MLAJ0 / ( [M«+] + [ML»+]) (6) 

In the case of [ M m + ] > [ M L m + ] , Eq. 6 may be trans­
formed into 

£>M = iC e x^ e x(HA)-[L]0[A-]- (7) 

For the univalent metal ion system the log(Z)M/[A -]) 
vs. log[L]0 plot in Fig. 1 shows a straight line with 
a slope of 1 in every case, indicating that DB24G8 
forms the 1:1 complex with the univalent metal ion. 
For the bivalent metal ion system the log (Z)M/[A-]2) 
vs. log [L]o plot in Fig. 2 and the log (DM/[L]0) vs. 
log [A~] plot in Fig. 3 always show lines with slopes 
of 1 and 2, respectively, indicating that DB24C8 
forms the 1:1:2 complex with the bivalent metal ion 
and the picrate ion. The values of [L]0 and [A - ] 
in Eq. 7 were calculated from Eqs. 8 and 9 respec­
tively. 

[L]0 = [L] t - [MLAJo (8) 

[A-] = ( [HA] t -m[MLA m ] 0 ) /{ l 

+ (*HA+tfex(HA))[H+]} (9) 

where the subscript " t " denotes the total concentra­
tion. The value of Kex(HA) was spectrophotometrical-
ly determined to be 247 by using the association con-
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metals-DB24G8 system at 25 °G. 

stant of picric acid {KUA=\.95^). The equilibrium 
constants obtained from these data are summarized 
in Table 1, together with those from the literature. 

D i s c u s s i o n 

The plots of log Kex value vs. crystal ionic radius 
for the DB24C8 and the DB18C6 systems are given 
in Fig. 4. Table 1 shows that the log Kex value 
sequences for the alkali metal and the alkaline earth 
metal ions with DB24C8 are C s + > R b + > K + > N a + > L i + 
and B a 2 + > S r 2 + > C a 2 + respectively, indicating that 
in both cases the nearer the crystal radius of the metal 
ion approaches to the cavity radius of DB24C8 (>2 .0 
Â2)), the more extractable the metal ion is, as can 
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TABLE 1. EQUILIBRIUM CONSTANTS AT 25 ° G 

Grown ether K» Cation log Ke: 

DB24G8 1.1 XlO3 

DB18G6 8xl02 5 c> 

Li+ 
Na+ 
K+ 
Rb+ 
Gs+ 
Ag+ 
T1+ 

Ca2+ 
Sr2+ 
Ba2+ 
Pb2+ 

Na+ 
K+ 
Rb+ 
Gs+ 

- 1 . 7 2 
- 0 . 3 4 

0.40 
0.61 
0.76 
0.70 
1.67 

- 1 . 7 2 
- 0 . 8 0 

2.07 
1.53 

-0.185c> 
2.266c> 
1.366c> 
0.685c> 
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Fig. 4. Plots of logi^ex vs. crystal ionic radii, rc, of 
uni- and bivalent metals for the DB24G8 and DB18G6 
systems. O : DB24C8-univalent metal, 0 : DB24G8-
bivalent metal, • : DB18G6-univalent metal. 

be seen in Fig. 4. DB18C6, which is a rigid ligand,lb> 
shows the highest selectivity for K+ of all the alkali 
metal ions, and the extractability of DB18C6 for the 
alkali metal ions is very sensitive to the ratio of the 
crystal ionic radius to the cavity radius (1.3—1.6Â4a>). 
O n the other hand, DB24C8, which is a flexible 
ligand, lb) displays no peak selectivity for any alkali 
metal ion. The extractability of DB24C8 for the alkali 
metal ions is not sensitive to the ratio of the crystal 
ionic radius to the cavity radius (Fig. 4), and in the 
case of DB24C8 the difference in the log Kex values 
of the neighboring alkali metal ions decreases gradually 
with an increase in the ionic size (Table 1). I t may 
be noted from Fig. 4 that DB24C8 reveals the highest 
selectivity for Ba2 + among all the alkali and alkaline 
earth metal ions. I t is very noticeable that the dif­
ference in the log Kex values of Ba2+ and Sr2+ with 
DB24C8 (2.87) is markedly larger than those with 
15-crown-5 (-0.509>) and 18-crown-6 (0.009>). This 
fact suggests that DB24G8 will be an useful reagent 
for separating a small amount of Ba from large amounts 
of Sr by a solvent extraction method. 
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Fig. 5. Plots of log Kex vs. reciprocal crystal ionic radii 
of alkali and alkaline earth metals for the DB24G8 
system. 

As can be seen from Fig. 4, the crystal radii of A g + 

(1.26 Â7)) and T1+ (1.40 Â7)) are nearly equal to that 
of K+ (1.33 Â7>) and those of K+ and Rb+ (1.48 Â7>) 
respectively. However, the log Kex value of DB24C8 
for Ag+ is larger than that for K+ and that for T1+ 
is much larger than those for K+ and Rb+. The log K&x 

value of DB24C8 for Pb2+, whose crystal radius (1.20 
À8)) is nearly identical with that of Sr2+ (1.13 Â7>), 
is much larger than that for Sr2+ (Fig. 4). The ex­
tractability of DB24C8 for T1+, whose ionic size is 
nearer to the cavity size of DB24C8 than is that of 
Ag+, is much greater than that for Ag+ (Fig. 4). 
The crystal radii of Ba2 + (1.35 Â7)) and K+ are nearly 
equal and the logX e x value of DB24C8 for Ba2 + is 
much larger than that for K+, while Ca 2 + (0.99 Â7>) 
and Na+ (0.95 Â7)) have nearly identical crystal radii 
and the log Kex value of DB24C8 for Ca2+ is much 
smaller than that for N a + (Fig. 4). 

T h e plot of log Kex value vs. the reciprocal crystal 
ionic radius for the DB24C8 system is given in Fig. 
5. T h e larger the crystal radii of the alkali and 
alkaline earth metal ions are, the more extractable 
these ions are. The plots of log Kex values vs. the 
reciprocal crystal ionic radii of the alkali and alkaline 
earth metals give straight lines with slopes of —2.3 
and —13.9 respectively, and the slope of the alkaline 
earth metal ions is about 6 times steeper than that 
of the alkali metal ions. Thus, it seems that these 
straight lines in Fig. 5 are related to Born's formula 
of solvation free energy. 

The author thanks Mr. Hiroshi Goto and Mr. 
Fujio Takahashi of this laboratory for their experi­
mental assistance. 
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Measurement and Analysis of the vs Band of CF4 
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The Î>3 fundamental of carbon tetrafluoride has been measured with a tunable diode laser-source spectrometer. 
The following molecular constants were obtained: 
^0-2(JBC3)eff=1283.4067 cm-1, JBe

p
f
B

f+^o-2(^C3)eff =7 .210x l0 - 2 cm-1, B™-B0=-5.290x 10~4 cm"1, and ô3= 
6.153X 10~4 cm -1 . Using the restructure obtained from the gas-electron diffraction study, the above molecular 
constants were reduced to be: v0= 1283.7181 cm"1, 555 = 0.1915 cm"1, B0=0.1920 cm"1, and (5C3)eff=0.1557 
cm -1. From the (i?C3)eff value, the Goriolis coupling constant for the v3 was estimated to be Ç3=0.811. 

Although carbon tetrafluoride is one of the most 
simple and basic molecules belonging to the point 
group T d , very few studies of its rotation-vibration 
spectra have been reported. This has been largely 
due to the deficiency in the resolving power of the 
spectrometers. Edgell et al. have observed the v3 and 
?>4 fundamentals with a rather low-resolution spec­
trometer and estimated the Goriolis coupling con­
stants, C3 and C4, by analyzing the band contours.1) 
The rotation-vibration spectra have been observed 
for the vé fundamental by Maki et al. with a resolution 
of 0.06 cm - 1 . From the ^-structure analysis, the 
molecular constants, v0, B{\ — C4), and Bé—B0, were 
determined.2) The r4 fundamental of three isotope 
species, 12G, 13G, and 14G, were observed with a res­
olution of 0.06 c m - 1 by Jones et al?) The observed 
spectra were well resolved into y-structures, and the 
molecular constants for the three isotope species were 
determined. 

In the case of the v3 fundamental, however, the 
spacing of the rotational structure is so narrow that 
the conventional spectrometer cannot resolve its fine 
structures. The present report will concern itself 
with the measurement of the rotation-vibration spectra 
for the v3 fundamental of carbon tetrafluoride by the 
use of a tunable diode laser-source spectrometer and 
with the analysis of the rotation-vibration spectra. 

E x p e r i m e n t a l 

The sample used in this study was a commercial product 
and was used without further purification. The survey 
spectrum of the v3 band of carbon tetrafluoride was recorded 
from 1270 to 1290 cm - 1 using a Nicolet 7199 Fourier transform 
infrared spectrometer at a 0.06-cm-1 resolution. The observa­
tion was made at room temperature using a 10-cm gas cell. 
The sample pressure was about 0.5 Torr. 

The high-resolution spectrum was recorded from 1281.28 
to 1282.92 cm - 1 by the use of a tunable diode laser-source 
spectrometer, (Laser Analytics model LS series). The 
observation was made at room temperature using a 15-cm 
gas cell. The pressure was 0.1—0.2 Torr. The resolution 
of the instrument was 10~4—10~3 cm - 1 ; therefore, the line 
width of the observed spectrum was governed by the Doppler 
broadening. The line frequencies were calibrated by the 
use of the (100-000) and (11*0-01*0) transition frequencies of 
the N 2 0 vapor4»5) and the interference fringes arising from 
a germanium étalon whose free spectral range was 0.04841 
cm - 1 at 1282 cm"1. The precision of the frequency measure­
ment was believed to be 0.002 cm -1, while the accuracy of 
the frequency measurement was restricted by the ambiguity 
to be expected in the determination of the band origin of 

the standard lines. It was, however, believed to be better 
than 0.005 cm-1.4»5) 

O b s e r v e d Spectra 

The spectra of the v3 band recorded by the Fourier 
transform spectrometer is shown in Fig. 1. There 
appear an R branch centered around 1285—1286 c m - 1 , 
a strong Q, branch at 1283 c m - 1 , and a broad P branch. 
Overlapped with the P branch, there appear a relatively 
strong absorption maximum at 1281 c m - 1 and a weak 
absorption maximum at 1279 cm - 1 . Probably the two 
absorption maxima arise from hot bands. As is shown 
in Fig. 1, the P and R branches are resolved into fine 
structures. However, these fine structures cannot 
easily be identified as y-components because their 
intensities and spacings do not show any apparent 
regularities. 

T h e intensities of the Q, branch at 1283 c m - 1 and 
the Q b r a n c h of the hot band at 1281 c m - 1 were carefully 
measured at various sample pressures. The observed 
intensity ratio was 1 : 0.231. As the intensity ratio of 
the Q, branch of the vs fundamental and that of the 
v3+v2—v2 hot band is 1 : 0.238, the relatively strong 
absorption maximum observed at 1281 c m - 1 is iden­
tified as the Q, branch of the v3-\-v2—v2 hot band. 

The high-resolution spectrum observed by the use 
of the diode laser-source spectrometer is shown in 
Fig. 2. In the region from 1281.80 to 1282.72 cm"1 , 
a series of ^-components of the P branch can be seen 
clearly, and each y-component is further resolved 
into sub-structure components. The spectrum in 
the 1282.72—1282.92 c m - 1 region is quite complex 
because it is overlapped with the strong Q, branch. 
As the frequency decreases, the spacing of the sub­
structure components becomes larger relative to the 
spacing of the ^-components. Therefore, it becomes 
difficult to identify a y-component as a definite line 
group. 

I t seems that most of the sub-structure components 
are not completely resolved, because their line-widths 
are much broader than the Doppler width. The 
Doppler width is estimated to be about 0.002 c m - 1 

under these experimental conditions. 

Analys i s o f the O b s e r v e d Band 

Rotational Energy Levels of the Ground and Excited 
Vibrational States. The present analysis is based 
on the theoretical work reported by Herranz.6) 
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Fig. 1. The spectrum of the v3 band recorded by the Fourier transform spectrometer. 
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The term values for the rotational levels of the ground 
state of an XY4-type spherical-top molecule can be 
written as: 

F*U>*) = *oJV+ 1) - DJoJ2(J+ I)2 - D"Sj,r9 (1) 

where B0 and D0
J are the rotational constant and the 

centrifugal distortion constant for the ground state 
respectively. The last term of Eq. 1 represents the 
splitting of the rotational levels into their sublevels 
as a consequence of centrifugal distortion. There 
are 2 y + l sublevels for each J value including de­
generacy; these sublevels are designated by an index, r. 
SJiT is the eigenvalue of the angular momentum op­
erator: 

S = Pi + P'y+Pl- (3/5)/» + (1/5)P2, (2) 

where : 

P* = Pl + Pl+ PI, and P* = (Pi + P j + P Ï ) 8 . 

When the wavefunctions of an axially symmetric rotor 
are chosen as a basis set, the nonvanishing matrix 
elements for S a re : 

(J,K\S\J,K) = (3/20)(J*+J)(J*+J-2-\0K*) 

+ (l/4)7C2(7iC2+5) (3a) 

and : 

(J,K\S\J,K±4) = (\/8){(J+K)(J+K-l) 

X (J+K- 2) (J+K- 3) (J±K+ 1) 

x ( 7 ± t f + 2 ) ( y ± t f + 3 ) ( y ± * + 4 ) } v » (3b) 

when the triply degenerate vibrational mode is excited, 
the interaction of rotation and vibration removes the 
degeneracy; therefore, each J level splits into three 
levels. They are designated by ( + ) , (0), and (—). 
Each of these levels is further split into sublevels. 
These sublevels are designated by the same index, 
r, as in the ground state. For each J value the number 
of sublevels is 2 y + 3 for the ( + ) , 2 y + l for the (0), and 
2y—1 for the (—) levels. 

The term values for the rotational levels of the ex­
cited vibrational state are given by : 

pw(y,r) = B™JU+ i) + 2(^c3)effy-^y2(y+1)2 

+ 2y^+3y+l ^ - ^ r ( 2 y 2 - 5 y + 3 ) > (4a) 

Fw>(y,r) = B«{tj(j+1) - 2(£Ç3)eff - DÏJ*U+ \y 

Sj, 
M^3+i)^(y2+y-io)} y - + 7 - - (4b) 

F(-)(y,r) = ^epffy(y+i)-2(^c3)eff(y+i)-^y2(y+i)2 

+ - ^ 7 ^ 3 - ^ r ( 2 y 2 + 9 y + 10)} (4c) 

where Blft is the effective rotational constant for the 
( + ) and (—) levels, while B*tt is that for the (0) level. 
The <53 parameter represents the splitting of the J level 
resulting from the instantaneous breakdown of sym­
metry which is produced by the vibrational mode. 
The explicit expression for <53 is given in Ref. 6. In 
order to further specify the characteristics of the sub-
levels, the r index is replaced by a double index, nT. 
The symbol T specifies the type of degeneracy of the 
sublevel; that is, T=A, T—E, and T=F refer to non-
degenerate, doubly degenerate, and triply degenerate 

sublevels respectively. The symbol n differentiates 
the sublevels belonging to the same J and T; that 
is, n= 1 refers to the sublevel of the largest SJT, n=2 
refers to the sublevel of the second largest SJT, and 
so on. 

The selection rules for electric dipole transitions a re : 

A T = 0 and A y = - 1 for Fl+)+->F0 

A y = 0 for FW*->F0 

A y = 1 for FC->«->F0. 

Taking account of these selection rules, the line fre­
quencies of the fundamental band are expressed as: 
for the P branch: 

vPU,r) =v0- 2(*Cs)eff ~ {*S + *o-2(*C.)eff}y 
+ ((BZ-B0)-(Di-DJ

0)}J*+ 2{D{ + DJ,)J* 

SJ.. (Di-DJ
0)J* + 

2y2-y 
•te+(8y-io)z>"} 

(5a) 

for the Q, branch: 

" Q ( 7 0 =V0- 2(£Ç3)eff + (*?« -*o)7 (7+ 1) 

- w-D^ßu+iy 

and for the R branch : 

J 2 + ^ 3 - 1 0 ^ ) 

(5b) 

" R ( 7 » = "o - 2(5C3)eff + {Blft + B0-2(BZs)ett}(J+ 1) 
+ {(Bl«-B0)-(Di-Di)}(J+l)* 
- 2(Di-Di)(J+l)* - (Di-Di)(J+l)* 

+ -{ös-(8j+i8)iy<}. (5c) 

for 

2 J 2 + 5 J + 3 

J takes the values 1, 2,---; 1, 2 , - - , and 0, 1,2, 
the P, Q,, and R branches respectively. 

T h e relative intensities of the lines are given by 

hcF0(J,z) 
/p(J,r) = gT(2J- 1>P(J,r) exp | -

hcv*{J,r) 
1—expj — 

kT 

kT 

/«(/ ,*) = gr(2J+ l)vHJ,r) exp {- j [ ( / , T ) | 

^expf-i^l)) 

ITLU*) = ^(2y+3)^(y,r) exp j -

hcvR(J,r) 

hcF0(J,r) 
kT 

1 — exp\ — 
kT 

(6) 

where gT is the nuclear spin statistical weight factor; 
T, the temperature; h, the Planck constant; c, the 
light velocity, and k, the Boltzmann constant. As 
the spin value of a fluorine atom is 1/2, the gT values 
are given by : 

gA = $, gE = 2, and gF = 3 . (7) 

Assignment. First our attention was focused 
on the high-resolution spectrum from 1282.00 to 1282.72 
c m - 1 , because a clear series of y-components appears. 
These lines certainly belong to a P-branch-line series 
of y > 7 . The definite assignment of each line can 
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Fig. 3. The observed and calculated spectra in the frequency region of 1282.0—1282.7 cm"1. 

be made by calculating the theoretical relative in­
tensities and the relative spacings of the sub-structure 
components. In Fig. 3, the spectrum calculated from 
Eqs. 5a, 6, and 7 is compared with the observed spec­
t rum. I t can be seen from the figure that some of 
the observed lines are not completely resolved into 
the sub-structure components. The Doppler width 
is sometimes larger than the spacing of the sub-struc­
ture components. I t is not possible at present to 
resolve the spectrum of this band into the sub-struc­
tures completely by the use of an ordinary spectroscopic 
method. Therefore, we defined the hypothetical ob­
served frequency for the unresolved lines as: 

S/(/,*) 
(8) 

By doing so, the frequency at the intensity maximum 
of an unresolved line can be used as an observed fre­
quency. The molecular constants, v0—2(£Ç3)eff5 B™ + 
B0—2(BC3)e{f, and <53 were tentatively determined 
from the P-branch lines of 9 < / < 1 6 by the least-
squares method. Smaller weights were given for 
the lines which were not fully resolved. Then, the 
final assignment of all the observed lines from 1281.3 
to 1282.72 c m - 1 was made by the use of the approxi­
mate frequencies of the transition lines calculated from 
these tentatively determined molecular constants and 
the theoretical relative intensities. The P-branch 
lines of y < 8 cannot be found, because they are buried 
in the strong Q, branch. 

The observed spectral features of the Q branch were 
so complex that its analysis was abandoned. 

Determination of the Molecular Constants. The 
molecular constants were determined from the P-
branch lines of 9 < / < 2 4 by the least-squares method. 
The lines which were not fully resolved were given 
smaller weights. As the number of the observed lines 
is not enough, the following assumptions were made 
in the present analysis: Di~Di and the value of Di 

was fixed at 2.5 X 10~7 cm - 1 , which has been obtained 
from the analysis of the vé fundamental.3) In ad­
dition, as the value of DJT is theoretically estimated 
to be 4 x 1 0 - 8 c m - 1 by using the rotational constant7) 
and the harmonic force field,8) the effect of this con­
stant can be regarded as negligible on analyzing the 
absorption lines of J< 24. Therefore, we put DJT=0 
in the least-squares fitting.9) 

The molecular constants which were obtained from 
the least-squares fitting are listed in Table 1. The 
observed and calculated frequencies are summarized 
in Table 2. The standard deviation of the fit is 0.0023 
cm - 1 . For the P(15) lines, the differences between 
the observed and calculated frequencies are about 
two times as large as those for the other lines ; the reason 
for this is not yet clear.10) 

T A B L E 1. T H E MOLECULAR CONSTANTS OBTAINED FROM 

vz BAND OF GF4 (in cm - 1 ) 

î>o-20BÇ3)eff 

BIYt + ^o "~ 2 (^£3) ef f 

Rift — B0 

S, 

1283.4067±0.0044 
(7.210±0.054) x lO- 2 

- (5.290±0.160) x lO- 4 

(6.153±0.110) xlO-* 

The uncertainties are twice the standard deviations. 

Discussion. The molecular constants, v0, (BÇ3)e{f, 
Biff, and B0, cannot be determined independently 
from the analysis of the P branch of the v3 band alone. 
However, these constants can be independently de­
termined if we use the rg-structure obtained from the 
gas-electron-diffraction study. The rotational con­
stant in the ground state can be calculated following 
the idea of Morino et al.11) 

The nuclear-distance parameter, ra9 is expressed as: 

{<(A*)2> + <(A.>>)2>} 
r. = rx • - S t (9) 

where <(A#)2> and <(A_y)2> are the mean-square 
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T A B L E 2. OBSERVED AND CALCULATED FREQUENCIES OF VZ BAND 

Assignment 
-
j 

P(9) 

P(10) 

P( l l ) 

P(12) 

P(13) 

P(14) 

P(15) 

P(16) 

P(17) 

P(18) 

P(19) 

* 
r 

1F,2F 
1F,3F 
\A 
4F, 5F, 2A 

IF, IF, \A 
2F, 3F 
2A 
4F, 2F, 5F 

1F,2F 
U , 3F, IF 
4F 
5F, 2F, 6F 

U , IF, IF 
2F,3F 
2F,4F 
2A, 5F, 
6F, 3 A 

1F,2F 
IF, 3F, \A 
4F, 5F, 2A 
6F, 2F, 7F 

U , IF, IF 
2F,3F 
2A, 4F, 2F 
5F 
6F, 2F, 7F 

1F,2F 
IA, 3F, IF 
4F,5F 
2F,6F 
2A, 7F, 
8 F , 3 ^ 

\A, IF, IF 
2F,3F 
2F,4F 
2A 
5F,6F 
3,4 
7F, 3F, 8F 

1F,2F 
IF, 3F, \A 
4F, 5F 
2A 
6F,2F 
7F 
8F, 3F, 9F 

IF, IF, \A 
2F,3F 
2A, 4F, 2F 
5F 
6F 
3F,7F 
3,4, 8F, 
9F,4,4 

1F,2F 
\A9 3F, IF 

Observed 
frequency 

(cm-1) 

1282.7195 
1282.7123 
1282.7098 
1282.7074 

1282.6412 
1282.6327 
1282.6298 
1282.6266 

1282.5615 
1282.5526 
1282.5476 
1282.5430 

1282.4811 
1282.4705 
1282.4648 

1282.4584 

1282.3992 
1282.3870 
1282.3773 
1282.3722 

1282.3167 
1282.3033 
1282.2958 
1282.2912 
1282.2848 

1282.2371 
1282.2236 
1282.2133 
1282.2075 

1282.1998 

1282.1507 
1282.1340 
1282.1233 
1282.1215 
1282.1151 
1282.1126 
1282.1052 

1282.0639 
1282.0462 
1282.0335 
1282.0272 
1282.0245 
1282.0213 
1282.0122 

1281.9764 
1281.9569 
1282.9433 
1282.9347 
1282.9320 
1282.9279 

1282.9180 

1281.8890 
1281.8686 

Calculated 
frequency 

(cm-1) 

1282.7230 
1282.7153 
1282.7127 
1282.7095 

1282.6431 
1282.6339 
1282.6305 
1282.6269 

1282.5625 
1282.5524 
1282.5472 
1282.5425 

1282.4812 
1282.4695 
1282.4630 

1282.4570 

1282.3991 
1282.3859 
1282.3768 
1282.3702 

1282.3162 
1282.3021 
1282.2934 
1282.2886 
1282.2823 

1282.2328 
1282.2175 
1282.2069 
1282.2011 

1282.1935 

1282.1485 
1282.1318 
1282.1205 
1282.1187 
1282.1128 
1282.1103 
1282.1033 

1282.0635 
1282.0455 
1282.0328 
1282.0265 
1282.0237 
1282.0204 
1282.0120 

1281.9778 
1281.9586 
1281.9449 
1281.9364 
1281.9334 
1281.9294 

1281.9197 

1281.8914 
1281.8711 

(cm-1) 

0.0035 
0.0030 
0.0029 
0.0021 

0.0019 
0.0012 
0.0007 
0.0003 

0.0010 
-0 .0002 
-0 .0004 
-0 .0005 

0.0001 
-0 .0010 
-0 .0018 

-0 .0014 

-0 .0001 
-0 .0011 
-0 .0005 
-0 .0020 

-0 .0005 
-0 .0012 
-0 .0024 
-0 .0026 
-0 .0025 

-0 .0043 
-0 .0061 
-0 .0064 
-0 .0064 

-0 .0063 

-0 .0022 
-0 .0022 
-0 .0028 
-0 .0028 
-0 .0023 
-0 .0023 
-0 .0019 

-0 .0004 
-0 .0007 
-0 .0007 
-0 .0007 
-0 .0008 
-0 .0009 
-0 .0002 

0.0014 
0.0017 
0.0016 
0.0017 
0.0014 
0.0015 

0.0017 

0.0024 
0.0025 

Assignment 
« . 

J * 
4F,5F 
2F,6F 
2A 
IF 
8F,3A 
9F, 3F, 10F 

P(20) \A, IF, IF 
2F, 3F 
2F, 4F, 2A 
5F, 6F 
3A 
7F,3F 
8F 
9F, 4F, 10F 

P(21) IF, 2F 
IF, 3F, \A 
4F,5F 
2A, 6F, 2F 
7F 
8F 
3F,9F 
3A, 10F, 
1 IF, 4,4 

P(22) IF, IF, \A 
2F, 3F 
2A, 4F, 2F 
5F,6F 
3F,7F 
3A 
8F 
9F,4,4 
10F 
4F 
11F 

P(23) IF 
2F 
IA, 3F, IF 
4F,5F 
2F, 6F, 2A 
IF 
8F 
3A 
9F, 3F 
10F 
11F,4F, 
12F 

P(24) 1,4, IF, IF 
2F,3F 
2F, 4F, 2A 
5F,6F 
3A 
7F,3F 
8F 
9F 
4F, 10F 
4,4,1 IF, 
12F, 5,4 

Observed 
frequency 

(cm-1) 

1281.8536 
1281.8436 
1281.8405 
1281.8359 
1281.8341 
1281.8237 
1281.8019 
1281.7811 
1281.7639 
1281.7525 
1281.7467 
1281.7426 
1281.7399 
1281.7294 

1281.7149 
1281.6923 
1281.6741 
1281.6624 
1281.6542 
1281.6492 
1281.6460 

1281.6329 

1281.6261 
1281.6025 
1281.5840 
1281.5717 
1281.5608 
1281.5554 
1281.5527 
1281.5500 

b) 
b ) 
b ) 

b ) 
b ) 

1281.5137 
1281.4938 
1281.4779 
1281.4684 
1281.4666 
1281.4629 
1281.4575 
1281.4552 

1281.4412 

1281.4516 
1281.4249 
1281.4040 
1281.3877 
1281.3777 
1281.3755 
1281.3691 

c ) 
1281.3605 

1281.3456 

Calculated 
frequency 

(cm-1) 

1281.8558 
1281.8457 
1281.8424 
1281.8386 
1281.8362 
1281.8262 
1281.8043 
1281.7827 
1281.7661 
1281.7545 
1281.7493 
1281.7452 
1281.7424 
1281.7316 

1281.7165 
1281.6937 
1281.6760 
1281.6636 
1281.6560 
1281.6514 
1281.6482 

1281.6360 

1281.6280 
1281.6039 
1281.5851 
1281.5709 
1281.5618 
1281.5565 
1281.5538 
1281.5516 

1281.5136 
1281.4935 
1281.4777 
1281.4682 
1281.4663 
1281.4628 
1281.4571 
1281.4548 

1281.4413 

1281.4490 
1281.4225 
1281.4011 
1281.3846 
1281.3745 
1281.3721 
1281.3662 

1281.3572 

1281.3423 

(cm"1) 

0.0022 
0.0021 
0.0019 
0.0027 
0.0021 
0.0025 
0.0024 
0.0016 
0.0022 
0.0020 
0.0026 
0.0026 
0.0025 
0.0022 

0.0016 
0.0014 
0.0019 
0.0012 
0.0018 
0.0022 
0.0022 

0.0031 

0.0019 
0.0014 
0.0011 

-0 .0008 
0.0010 
0.0011 
0.0011 
0.0016 

-0 .0001 
-0 .0003 
-0 .0002 
-0 .0002 
-0 .0003 
-0 .0001 
-0 .0004 
-0 .0004 

0.0001 

-0 .0026 
-0 .0024 
-0 .0029 
-0 .0031 
-0 .0032 
-0 .0034 
-0 .0029 

-0 .0033 

-0 .0033 

a) A = (calculated frequency) — (observed frequency), b) Not observed because of overlapping with N 2 0 lines. 
c) Not observed because of overlapping with other lines. 
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amplitudes of the harmonic vibrations perpendicular 
to the internuclear axis, rg is the internuclear distance 
which is directly observed by the gas-electron-dif­
fraction method, and ôT is the small correction for 
the centrifugal distortion. O n the other hand, a 
moment of inertia in the ground state, Izei0, is ex­
pressed as: 

/ Z e r o = / 0 ( l - S ^ a h a r m - ) (10) 

where I0 is effective moment of inertia obtained from 
spectroscopy, aharm-, the harmonic par t of the vibration-
rotation constant, and gB, the degree of vibrational 
degeneracy. The relation between the nuclear-distance 
parameter, rz, which is derived from 7zero, and the 
nuclear distance parameter , ra, of Eq. 9 is: 

lim ra = r° = rz. (11) 

Therefore, ra can be regarded as rz if the normal fre­
quencies are much larger than kTjhc. In the case 
of carbon tetrafluoride, therefore, we get: 

r.(C-F) = (1.3172±0.0004) x 10-8cm, and 

BQ = 0.1920±0.0001cm-1 , 

using r g (C-F) = (1.3197+0.0004) X 10~8 cm, which was 
determined by Fink et al.,1 and the harmonic force 
field of Ref. 8. The values of the molecular con­
stants which were calculated from the B0 value and 
the molecular constants of Table 1 are summarized 
in Table 3. 

TABLE 3. THE MOLECULAR CONSTANTS (in cm -1) 

DETERMINED BY USING T H E fg-STRUGTURE 

AND T H E PRESENT RESULTS 

70 1283 .7181±0 .0044 
B™ 0.1915±0.0001 
B0 0.1920±0.0001 
(£Ç3)eff 0.1557±0.0003 

It is of some interest to estimate the Goriolis coupling 
constant from the observed (£C3)eff value. (^C3)eff 

is written as:6) 

(*C,)efT = ^eC3 + (3/4)A (12) 

where ; 

ßs = (lß)(B?{t-B™). (13) 

From these equations, C3 is given by : 

r (Bt:3)eîî-(ll4)(B?tf-B™) 
<*3 = ^ • (14) 

In order to determine the C3 value, the as-yet-unde­
termined Ben and Be values are necessary. If we 
assume that these relations hold: 

| ^ e Q f f - ^ e P ? f | < | ^ e P
f

R f - ^ o l 

and : 

\B0-Be\<\B™-B0\, 

then C3 is approximately expressed as: 

C3 - ( *« •« /*„ • (15) 

The error expected in the C3 value thus calculated 
is of the order of (21Blf t—B0\)/B0. Thus, we obtained 
C3=0.811 ±0.006. Edgell et al. determined the Goriolis 
conpling constant for the v3 band, C3=0.84, by 
an analysis of the P-R-branch separation of the v3 

envelope.1) The present result is significantly smaller 
than their result. The Goriolis coupling constant 
for the r4 band was obtained by Jones et al.z) Their 
result, C4=—0.366, predicts that the C3 value will 
be about 0.866, because of the Gorilois sum rule, C3+ 
C 4=0.5. The present estimation is much smaller 
than their prediction. The reason for this disagre­
ement is not yet clear and must be left for future study. 

Incidentally, we wish to add a few lines on a future 
problem in high-resolution spectroscopy using a tunable 
diode laser-source spectrometer. In this study, de­
tailed molecular constants could not be obtained, 
although the spectra have been recorded by the use 
of a tunable diode laser-source spectrometer whose 
instrumental resolution was 10~4—10 - 3 cm - 1 . The 
reason for this are thought to be : 

1) The precision and accuracy of the frequency 
measurement is not satisfactory enough, although the 
instrumental resolution surprisingly high. 

2) I t is difficult to tune a diode laser in the required 
frequency region and over a wide frequency range. 

3) Since an observed linewidth is governed by the 
Doppler broadening, an effective spectral resolution 
is not essentially improved very much. 

The authors wish to express their thanks to Dr. 
Shigeo Kondou, of the National Chemical Laboratory 
for Industry, for obtaining the spectrum recorded 
by the Fourier transform spectrometer. The authors 
also would like to thank professor Eizi Hirota, of the 
Institute for Molecular Science, for giving them the 
opportunity to use the tunable diode laser-source 
spectrometer. 
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Vibration Spectra and Rotational Isomerism ofjjChain Molecules. VIII.^ 
1-Chloro-, 1-Bromo-, and 1-Iodopentanes, and 1,4-Dichloro-

and 1,4-Dibromobutanes 
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The Raman and infrared spectra of 1-chloro-, 1-bromo-, and 1-iodopentanes GH3(GH2)4X (X=G1, Br, 
and I), and 1,4-dichloro- and 1,4-dibromobutanes X(GH2)4X (X=G1 and Br) were measured for the gaseous, 
liquid, glassy, and crystalline states. The normal coordinates were calculated for these molecules by the use of 
a consistent set of force constants. The rotational isomerism was studied by analyzing the spectra with reference 
to the results of the calculation. The study clarified the isomers present not only in the crystalline state but also 
in other states of aggregation. In the crystal, 1-chloro-, 1-bromo-, and 1-iodopentanes take the trans-trans-trans 
form and 1,4-dichloro- and 1,4-dibromobutanes take the gauche-trans-gauche' form. 

Many studies have been made of the rotational 
isomerism of 1-halogenopentanes2-7) and 1,4-dihalo-
genobutanes8-11) by means of Raman , infrared, and 
N M R measurements. As a result, the conformer in 
the crystalline state has been made clear for each of 
these molecules. However, the rotational isomers exist­
ing in other states such as liquid and glass have not 
yet been fully explored. 

In the preceding paper of this series,1) we reported 
the vibration spectra and the rotational isomerism 
of 1-halogenopropanes and 1-halogenobutanes, and 
obtained information on the conformational stabilities 
of these molecules. In the present work, we extended 
our studies to longer halogenoalkanes : 1-halogeno-
pentanes GH 3 (GH 2 ) 4 X ( X = C 1 , Br, and I) and 1,4-
dihalogenobutanes X(GH 2 ) 4 X ( X = G 1 and Br). The 
rotational isomerism was studied by analyzing the 
R a m a n and infrared spectra with reference to the 
results of the normal coordinate calculation. 

Exper imenta l 

All the samples used in this study were purchased from 
Tokyo Kasei Kogyo Go., Ltd. and were distilled prior to 
the spectroscopic measurements. The Raman and infrared 
spectra were measured for the gaseous (only for 1-chloropen-
tane), liquid, glassy, and crystalline states by the method 
reported previously.12»13) The glassy state for Raman meas­
urements was obtained by immersing the liquid sample en­
closed in an ampoule in liquid nitrogen for rapid cooling, 
and the glassy state for infrared measurements by depositing 
the gaseous sample onto a cooled plate of KBr or KRS-5. 
The glassy state of 1,4-dichloro- and 1,4-dibromobutanes 
for Raman measurements and that of 1,4-dibromobutane 
for infrared measurements could not be obtained because 
of rapid crystallization. 

N o r m a l Coordinate T r e a t m e n t 

The normal coordinate calculations were carried 

t Present address: Department of Chemistry, Faculty 
of Science, Hiroshima University, Higashisenda-machi, 
Hiroshima 730. 

t1" Present address: Faculty of General Education, 
Tottori University, Koyama-cho, Tottori 680. 

ttt Present address: Institute of Information Sciences, 
University of Tsukuba, Sakura-mura, Ibaraki 300-31. 

out with a computer program NCTB214) and a H I T A G 
8800/8700 computer system at the Computer Center 
of the University of Tokyo. The detailed procedure 
of the calculations on unbranched halogenoalkanes 
has been described in the previous paper.1) The 
observed frequencies for the molecules treated in this 
study together with those of the shorter molecules 
(1-halogenopropanes, 1-halogenobutanes, and 1,3-di-
halogenopropanes) were used in the refinement of 
the force constants. 

In the analyses of the observed spectra, the calcula­
tion of the normal coordinates plays an important role, 
since the assignments of the bands to individual con-
formers rely largely on the calculated frequency values. 
Therefore, the accuracy of the calculated frequencies 
has to be high enough to allow the spectral analyses. 
The high accuracy is particularly required for large 
molecules, such as those studied in this work, which 
give many bands in the spectra. 

The force constants used in this study have been 
obtained by the least-squares procedure from about 
340 observed frequencies for chloroalkanes, 400 for 
bromoalkanes, and 400 for iodoalkanes,15) with root-
mean-square deviations of 5.6, 6.1, and 6.5 cm - 1 , 
respectively, between the observed and calculated fre­
quencies. These accuracies of the calculations, we 
believe, are high enough to analyze the spectra of 
1-halogenopentanes and 1,4-dihalogenobutanes in this 
study. 

R e s u l t s 

Figures 1—10 show the observed spectra of the 1-
halogenopentane and 1,4-dihalogenobutane molecules 
in various states of aggregation in comparison with 
the calculated frequencies.17) 

1-Halogenopentane molecules have, as given in 
Table 1 of Part I of this series,12) fourteen possible 
rotational isomers, T T T , T T G , T G T , G T T , T G G , 
GTG, G G T , T G G ' , G T G ' , G G ' T , GGG, GGG' , 
GG'G, and GG'G ' , where the first conformation symbol 
in each isomer designation is that for the C H 3 C H 2 -
GH 2 GH 2 axis and the last for the C H 2 C H 2 - C H 2 X 
axis. Of these, the isomers with a sequence of the 
GG ' conformation, i.e. T G G ' , G G ' T , GGG' , GG'G, 
and G G ' G ' are unlikely to exist because of the strong 
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fc • t TABLE" 1. ROTATIONAL ISOMERS OF 1-HALOGENOPENTANES AND 1,4-DIHALOGENOBUTANES 

2513 

Molecule 

CH3(CH2)4F*> 

GH3(GH2)4G1 

GH3(GH2)4Br 

CH3(CH2)J 

G1(GH2)4C] 

Br(GH2)4Br 

Gas 

_ b ) 

TTT TTG TGT 
TGG GTG GTG' 

_ b ) 

_ b ) 

_ b ) 

_ b ) 

Liquid 

TTG TTT TGT 
GTT 

TTT TTG TGT 
TGG GTG GTG' 

TTT TTG TGT 
GTT TGG GTG 
GTG' GGG 

TTT TTG TGT 
GTT TGG GTG 
GTG' GGG 

GTG' TTT TTG 
TGG GTG GGG 

GTG' TTT TTG 
TGT TGG GTG 
GGG 

Glass 

— b ) 

TTT TTG TGT 
TGG GTG GTG' 

TTT TTG TGT 
TGG GTG GTG' 

TTT TTG TGT 
GTT TGG GTG 
GTG' 

GTG' TTT TTG 
GTG GGG 

— b ) 

Crystal 

TTG 

TTT 

TTT TTGC> 

TTT 

GTG' 

GTG' 

a) Ref. 6. b) Spectral measurements were not made, c) Two crystal 
the TTG form, see Ref. 20. 

modifications have been obtained. For 

steric hindrance. In fact, existence of the G G ' form 
of pentane18) or of 1-halogenobutanes1) has not been 
identified in any state of aggregation. 1,4-Dihalogen-
obutane molecules have ten possible rotational isomers, 
T T T , T T G , T G T , T G G , G T G , T G G ' , G T G ' , GGG, 
GGG' , and GG'G. Of these, the T G G ' , GGG' , and 
G G ' G forms are again unlikely to exist. 

In the following subsections, the rotational isomerism 
of the individual molecules is described. For the spec­
tral analyses, the bands due to the skeletal deformation, 
skeletal stretching, and GH 2 rocking vibrations were 
primarily used to identify the existing rotational isomers. 

1-Chloropentane (See Figs. 1 and 2). The crystal­
line-state spectra are explained by the existence of 
the T T T form, since the R a m a n bands at 263, 347, 
448, 714, 737, 759, 835, 892, (and 900), and 955 cm" 1 

are all assigned consistently to this form. The cal­
culated frequencies are 256, 354, 462, 727, 729, 754, 
833, 901, and 956 c m - 1 , respectively. 

In the liquid and glassy states, the spectra exhibit 
many bands to be assigned to various rotational isomers. 
It is evidently shown that the T T T and T T G forms 
exist in these states. The relative intensities of the 
Raman bands at 400, 455, 653, 788, 838, 908, and 
923 cm - 1 , together with those of the bands which 
have been assigned to the T T T form, increase in 
going from the liquid state at room temperature to 
the glassy state at liquid nitrogen temperature. All of 
these bands correspond to the calculated frequencies 
for the T T G form: 401, 456, 656, 791, 838, 916, 
and 929 cm"1 . 

The liquid- and glassy-state spectra have further 
additional bands. Spectral observations indicate that 
these bands lose their intensities largely, when temper­
ature is lowered, as compared with the bands which 
have been assigned to the T T T and T T G forms. 
According to the results of the normal coordinate 
treatment, the bands at 375 and 822 c m - 1 are assigned 
to the G T G form (the calculated frequencies: 369 

and 823 cm" 1 ) , those at 387 and 878 cm" 1 to the T G G 
form (384 and 886 cm" 1 ) , those at 712, 764, and 855 
c m - 1 to the T G T form (714, 761, and 856 cm" 1 ) , and 
that at 933 c m - 1 to the G T G ' form (938 cm" 1 ) . 

Existence of the G T T form is uncertain, since all 
of the calculated frequencies of this form are almost 
coincident with those of the other forms mentioned 
above. For the G G G and G G T forms, no positive 
evidence of their existence was obtained. According 
to the calculation, the former form is expected to 
exhibit bands around 325 and 410 c m - 1 and the latter 
at 475 c m - 1 , but no recognizable bands are actually 
observed in these frequency regions. Therefore, the 
G G G and G G T forms do not seem to exist in the liquid 
or glassy state. 

The gaseous-state R a m a n spectrum is essentially the 
same as the liquid-state R a m a n spectrum but relative 
intensities of several bands are different between them. 
This suggests that the gaseous and liquid molecules 
have the same kinds of rotational isomers with different 
distributions. 

The temperature dependence of the liquid-state 
R a m a n spectra shows that the T T T and T T G forms 
have much higher stabilities than the other forms in 
this state. These two forms are also dominant con-
formers in the glassy state at liquid nitrogen temper­
ature. These observations are consistent with the result 
obtained for 1-chlorobutane that the T T and T G 
forms are more stable than the other forms.1) 

1-Bromopentane (See Figs. 3 and 4). The spectra 
of the crystalline state is explained by the existence of 
the T T T form, since the R a m a n bands at 216, 334, 
433, 638 (and 644), 731, 753, 828, 894 (and 899), 
and 944 c m - 1 are assigned consistently only to \ this 
form. The calculated frequencies are 215, 341, 446, 
642, 729, 751, 825, 899, and 943 cm- 1 , respectively. 

In the liquid and glassy states, the existence of the 
T T T and T T G forms is clear, similarly to the case of 
1-chloropentane. In going from the liquid state to 
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the glassy state, the relative intensities of the R a m a n 
bands at 398, 437, 562, 728, 780, 825, 906, and 918 
c m - 1 of the T T G form increase together with those 
of the T T T form. The calculated frequencies of the 
T T G form are 400, 438, 563, 731, 784, 827, 912, and 
926 c m - 1 , respectively. 

In addition to the R a m a n bands of the T T T and 
T T G forms, the liquid- and glassy-state spectra exhibit 
many other bands. O n the basis of the results of 
the normal coordinate treatment, the band at 323 
c m - 1 is assigned to the G T T form (the calculated 
frequency: 326 cm" 1 ) , that at 487 cm" 1 to the G T G 
form (485 cm" 1 ) , those at 843 and 875 cm" 1 to the 
T G G form (844 and 874 cm" 1 ) , that at 847 cm" 1 to 
the T G T form (847 and 850 cm" 1 ) , and those at 930 
and 957 cm" 1 to the G T G ' form (936 and 955 cm" 1 ) . 
I t is likely that the G G G form is also present in the 
liquid state, since a very weak R a m a n band is observed 
as a shoulder at 866 c m - 1 , which corresponds to the 
calculated frequency 867 cm" 1 of this form. 

Existence of the G G T form in the liquid and glassy 
states is uncertain, as all of the calculated frequencies 
of this form are almost coincident with those of the 
other forms mentioned above. Also, the G T T and 
G G G forms are not confirmed to exist in the glassy 
state, because their characteristic bands are too weak 
to identify them in this state. 

The T T T and T T G forms are far more stable than 
the other forms in the liquid state as shown from the 
temperature dependence of the R a m a n intensities, and 
are also predominating isomers in the glassy state. 
These findings are similar to those for 1-chloropentane. 

1-Iodopentane (See Figs. 5 and 6). The molecule 
takes the T T T form in the crystalline state, since the 
observed R a m a n bands at 205, 329, 432, 593, 715, 
745, 813, and 898 cm" 1 are assigned consistently to 
this form which gives calculated frequencies 191, 331, 
438, 590, 721, 736, 811, and 898 cm"1 . 

The existence of the T T T and T T G forms in the 
liquid and glassy states is clearly shown from the spectral 
observation that the bands whose intensities increase 
at lower temperature are assigned to these forms. The 
R a m a n bands of the T T G form are those at 395, 427, 
506, 726, 768, 807, 902, and 917 cm" 1 which are 
compared with the calculated frequencies 399, 426, 
506, 731, 769, 808, 908, and 922 cm"1 , respectively. 

In addition to the T T T and T T G forms, the existence 
of other forms in the liquid and glassy states is confirmed 
by the spectral observations incorporated with the 
normal coordinate treatment. Of the R a m a n bands 
which have not been assigned to the T T T or T T G 
form, the bands a t 458 and 525 c m - 1 are interpreted 
to be due to the T G G form (the calculated frequencies : 
463 and 516 cm" 1 ) , those at 602 and 837 cm" 1 to the 
T G T form (598 and 837 cm" 1 ) , those at 782 and 799 
cm" 1 to the G T G form (784 and 791 cm" 1 ) , that at 
817 cm" 1 to the G T G ' form (814 cm" 1 ) , and that at 
875 cm" 1 to the G T T form (883 cm" 1 ) . 

I t is likely that the G G G form exists in the liquid 
state, since a very weak R a m a n band is observed at 
385 c m - 1 at room temperature, which is in agreement 
with the calculated frequency 387 c m - 1 of this form. 
However, in the glassy-state spectrum, this band is 

I 
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Fig. 9. Raman spectra of 1,4-dibromobutane. a: 
Liquid (23 °G), b : liquid ( - 2 0 °G), c: crystal (liquid 
nitrogen temperature). 

too weak to confirm existence of this form. Therefore, 
it is not certain whether the G G G form is present in 
this state. Existence of the G G T form in the liquid 
and glassy states is also uncertain, since all of the 
calculated frequencies are almost coincident with those 
of the other forms. 

T h e glassy-state spectra and the temperature de­
pendence of the liquid-state spectra show that the 
conformational stabilities of the T T T and T T G forms 
are higher than those of the other forms. 

The spectra of the liquid and glassy states exhibit 
in the G-I stretching region four R a m a n bands at 
506, 525, 592, and 602 c m - 1 and the corresponding 
infrared bands at 506, 522, 593, and 603 cm"1 . Ac­
cording to the normal coordinate calculation, the T T G , 
G T G , and G T G ' forms (having the trans-gauche con­
formation about the GG-G-GI axes) give the G-I 
stretching frequencies of about 505 cm"1 , the T G G and 
G G G forms (having the gauche-gauche conformation) 
about 515 cm"1 , the T T T and G T T forms (having 
the trans-trans conformation) about 590 c m - 1 , and the 
T G T and G G T forms (having the gauche-trans con­
formation) about 600 cm"1 . The observed bands are 
reasonably assigned to these four groups of conformers. 
This spectral observation indicates that the G-I stretch­
ing frequency can be used to examine the conformation 
not only about the GG-GI axis but also about the 
adjacent GG-GGI axis. 
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1,4-Dichlorobutane (See Figs. 7 and 8). In the 
crystalline state, the R a m a n and infrared spectra are 
quite different from each other and the mutual exclu­
sion in the R a m a n and infrared activities is clearly 
observed. Of the two conformers T T T and G T G ' 
having a center of symmetry, the observed G-Gl stretch­
ing frequencies of about 640 c m - 1 are consistent only 
with the latter form. The observed frequencies of 
other bands are also explained by this form. Thus , 
the molecule in the crystal is found to take the centro-
symmetrical G T G ' form. 

The observed spectra in the liquid state are explained 
by the coexistence of the G T G ' , T T T , T T G , G T G , 
GGG, and T G G forms. The bands which are char­
acteristic of the individual conformers are : 175, 452, 
and 974 cm" 1 of the T T G form (the calculated fre­
quencies: 181, 456, and 988 c m - 1 ) ; 230 (Raman) and 
414 cm" 1 (infrared) of the T T T form (213 and 428 
cm"1) ; 393, 797, 909, and 935 cm" 1 of the G G G form 
(400, 798, 923, and 933 cm"1) ; 467 and 925 cm" 1 of 
the T G G form (465 and 932 cm" 1 ) ; and 505 and 
870 cm" 1 of the G T G form (504 and 864 cm" 1 ) . In 
the glassy-state infrared spectrum, most of the liquid-
state bands persist but the bands assignable to the 
T G G form are not observed definitely. Accordingly, 
the conformers mentioned above for the liquid state 
but the T G G form are confirmed to be present in the 
glassy state as well. Existence of the T G T form is 
not certain in the liquid and glassy states, since all 
of their frequencies are almost coincident with those 
of the other forms. 

The spectral change with temperature variation in 
the liquid state shows that the R a m a n bands at 494, 
505, 803, 870, and 974 c m - 1 are enhanced at lower 
temperature. This indicates that the G T G ' and G T G 
forms, to which these bands are assigned, are more 
stable than the other forms coexisting in the liquid 
state. 

1,4-Dibromobutane (See Figs. 9 and 10). In the 
crystalline state, the R a m a n and infrared spectra show 

the mutual exclusion activities, similarly to the case 
of 1,4-dichlorobutane. The observed frequencies and 
the R a m a n and infrared activities of the individual 
vibrations agree with those for the G T G ' form, indicat­
ing the existence of this form in the crystalline state. 

Analyses of the liquid-state R a m a n and infrared 
spectra show that all of the seven possible conformers, 
G T G ' , T T T , T T G , G T G , GGG, T G G , and T G T , 
are present in this state. The following bands give 
evidences for the existence of these conformers: 148 
(Raman) , 325 (Raman) , 354 (infrared), and 743 cm" 1 

(infrared) of the T T T form (the calculated frequencies : 
142, 331, 366, and 735 cm" 1 ) ; 190, 368, 474, and 
787 c m - 1 of the G G G form (200, 371, 464, and 787 
c m - 1 ) ; 303, 484, and 817 cm" 1 of the G T G form (305, 
481, and 819 cm" 1 ) ; 318, 443, and 873 cm" 1 of the 
T G G form (321, 435, and 878 cm" 1 ) ; 387 cm" 1 of 
the T G T form (399 cm" 1 ) ; and 428 and 289 cm" 1 

of the T T G form (432 and 289 cm" 1) . 
In the liquid-state R a m a n spectra, the intensities 

of the bands at 481, 787, and 959 c m - 1 are enhanced 
at lower temperature as compared with those of other 
bands. The G T G ' form, giving these bands, is thus 
found to have higher stability than others in the liquid 
state. 

Rotational Isomerism in Comparison with Previous Results. 
In Table 1, the rotational isomerism of the five mole­
cules studied in this work is summarized. The result 
of 1-fluoropentane GH 3 (GH 2 ) 4 F is also included in 
this table. 

M a n y studies have been made of the rotational 
isomerism of 1 -halogenopentanes2-7) and 1,4-dihalog-
enobutanes.8"11) Brown and Sheppard2»9) studied the 
infrared spectra of many halogenoalkane molecules in 
the liquid and crystalline states. They concluded that 
the crystalline-state isomer of 1-bromopentane has a 
planar conformation of the carbon and bromine atoms. 
For 1,4-dichloro- and 1,4-dibromobutanes, they showed 
that these molecules take in the crystalline state the 
G T G ' conformation with a center of symmetry. 
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Snyder and Schachtschneider5) measured the infrared 
spectra of GH 3 (GH 2 ) nGl (n=l—5) in the crystalline 
and glassy states. For 1-chloropentane, they conclud­
ed on the basis of the normal coordinate analysis that 
the spectrum of the former state could be explained 
by the existence of the T T T form and that of the 
latter state by the coexistence of the T T T and T T G 
forms. 

Growder and coworkers, on the other hand, inter­
preted the infrared spectra of 1-iodopentane7) and 1-
fluoropentane6) in the liquid, glassy, and crystalline 
states, taking account of only two among various 
isomers, the T T T and T T G forms. Their observed 
data for 1-fluoropentane were analyzed in the light 
of our normal coordinate calculation,1»14) and it is now 
shown that the T G T and G T T forms, in addition to 
the T T T and T T G forms they mentioned, are con­
firmed to exist in the liquid state. Growder and 
Ali11) also measured the spectra of 1,4-diiodobutane. 

The present results of the rotational isomerism in 
the crystalline state agree with the previous results 
mentioned above. This study further clarified the 
rotational isomers present in the liquid and glassy 
states as well on the basis of the careful spectral observa­
tions and the systematic normal coordinate calculation. 

D i s c u s s i o n 

In our previous study,1) it was demonstrated that 
the skeletal deformation vibrations were important for 
studying the rotational isomerism of halogenoalkanes. 
In the present study on the longer molecules, the bands 
in the skeletal deformation region were efficiently used 
in analyzing the spectra and identifying the rotational 
isomers present in various states of aggregation. The 
bands due to the skeletal stretching and the GH 2 

rocking vibrations were also found to be useful for 
studying the rotational isomers. 

From the results in this and previous1) studies on 
GH 3 (GH 2 ) n X (n=2—4; X - G l , Br, and I) and X-
(GH2)4X ( X = G 1 and Br), it has become clear that 
the gauche conformation about the GG-GX axis is 
more stable than or as stable as the trans conformation 
in the liquid state. However, in the crystalline state, 
the accessible conformation about this axis is likely 
to depend on the subtle balance between the intramo­
lecular forces favoring the gauche conformation rather 
than the trans and the intermolecular forces favoring the 
trans conformation. For X ( G H 2 ) 3 X ( X = G 1 , Br, and 
I)9»19) and X(GH 2 ) 4 X ( X = G 1 and Br), the non-planar 
G G and G T G ' forms exist in the crystalline state. O n 
the other hand, for GH 3 (GH 2 ) n X ( n = 2 — 4 ; X = C I , 
Br, and I ) , the all-trans form exists in the crystalline 
state. A crystal consisting of the T T G form of GH3-
(GH2)4Br has also been obtained.2?) Itj isithus probable 
that the balance of the intra- and intermolecular 
forces mentioned above is responsible, at least in part , 
for the thermodynamic properties of these molecular 
crystals. 

Through this series of studies on the vibration spectra 
and the rotational isomerism of chain molecules, a 
reliable and consistent set of force constants has been 
obtained, which has been satisfactorily utilized for 
predicting vibrational frequencies of various molecules. 
The present method of analyzing the spectra in conjunc­
tion with the use of the refined force field encourages 
us to make further studies on the rotational isomerism 
of large molecules. 

The present series of studies has also provided us 
with various important information for making more 
advanced investigations in the field of structural 
chemistry. The conformational polymorphism of 
halogenoalkane molecules20) has been in fact investigat­
ed in close relation to our fundamental studies in 
this series. 
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An MO Study of Organic Sulfur Compounds. 
Comparison with the Corresponding Oxygen Compounds 
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The contribution of 3d orbitals of sulfur atom to the electronic structures of the sulfur compounds, H2GS, 
GH3SH, G6H5SH, and G6H5SGH3 have been studied by means of ab initio MO method. The results have been 
compared with those of the corresponding oxygen compounds in order to clarify the peculiar properties of the 
sulfur compounds. The global molecular properties are scarcely affected by the 3d orbitals of sulfur atom since 
they are energetically highly located. However, the local characters such as charge distributions and LUMO are 
largely varied by the participation of 3d orbitals. 

Sulfur forms not only organic sulfur compounds 
analogous to oxygen compounds but also various stable 
hypervalent compounds. I t is well known that the 
nucleophilicity of the lone pair of sulfur atom is larger 
than that of oxygen. However, the basicity of sulfur 
atom is smaller than that of oxygen, reversely. In 
this manner, sulfur has some different chemical prop­
erties from those of oxygen. Thus it is of interest to 
investigate the electronic structures of sulfur compounds 
and consider the origin of peculiar properties theoreti­
cally. 

We have investigated the effect of 3d orbitals of 
sulfur atom on the electronic structures of sulfur com­
pounds. 3d orbitals of sulfur are thought to participate 
in the chemical bonding. The SCF calculation of 
a-thiocarbanion1) and the GVB calculation of SF6

2> 
showed that the effects of 3d orbitals on the stability 
and the reactivity are small. The contribution of 
vacant 3d orbitals to the global molecular properties 
may be small since they are energetically highly located. 

However, in order to explain the N M R chemical 
shifts of substituted thiophenes in view of charge dis­
tribution, the contribution of 3d orbitals can not be 
neglected.3) Furthermore, as Inagaki et alJ^ pointed 
out, vacant 3d orbital participation is important in 
determining the stereochemical courses of reactions 
where sulfur compounds undergo the attack of nucle-
ophilic reagents. 

In the present study, an ab initio M O calculation 
has been carried out for thioformaldehyde, methanthiol, 
thiophenol, thioänisole, phenol, and anisole in order 
to clarify the nature of electronic structures of organic 
sulfur compounds, especially the differences in the role 
of sulfur and oxygen atoms on the electronic structures 
of molecules. We have also calculated the rotational 
barriers of substituted benzenes and consider the steric 
effect. O n the basis of the calculated results, the 
vacant 3d orbital participation to some molecular 
properties, such as reactivity, polarity, etc. is discussed. 

Calculation 

Ab initio M O calculation is carried out using a 
minimal STO-3G basis set with the P O L Y A T O M 
version 25> and GAUSSIAN 706) program packages. 
For sulfur atom, the five 3d functions are added to 

the minimal basis set. The orbital exponent C of 3d 
functions is obtained by optimizing the total energy 
of H 2 S. The optimized value is found to be 1.77. 
Boer and Lipscomb7) reported C= 1.71, obtained by 
means of the basis set of Slater type AO's . The orbital 
exponent of 3d functions optimized for CH 3 SH also 
gives Ç = 1.77. This value is used for all the other 
molecules in the present calculation.8) 

Figure 1 shows the geometric parameters of H 2 S, 
H 2 CS, C H 3 O H , and CH 3 SH used in the present M O 
calculation. These geometries are taken from experi­
mental data.9) We assume C3 v symmetry for a methyl 
group. C-S double bond length (1.61 Â) and G-S 
single one (1.82 Â) are about 0.4 Â longer than the 
corresponding C - O bond lengths. 

1.61 

H 116-9° H 

U 9 2 2 H 

| ^ 0 9 - 5 ° 

0") IO^1"1 

0-96 r 1050° 
H 

|«v109.5° 

1.8^C4»^H 

S-j 1.09s H 

1.34 r 96-5° 
H 

Fig. 1. Geometries of H2S, H2GS, CH3OH, and CH3SH 
used in this calculation. Units are shown in Â and 
degree. 

The geometric parameters of C 6 H 5 OH, C 6 H 5 SH, 
G 6 H 5 OCH 3 , and C 6 H 5 SCH 3 are given in Fig. 2(a). 
For phenyl and methyl groups, the geometries of 
benzene and methanol are used respectively, a stag­
gered conformation being used for C 6 H 5 O C H 3 and 
C 6H 5SCH 3 . The numbering of atoms of substituted 
benzenes is shown in Fig. 2(b). 

R e s u l t s a n d D i s c u s s i o n 

Molecular Orbitals. In order to discuss the dif­
ference between the electronic structures of oxygen and 
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Fig. 2. (a) Geometries of benzene derivatives. Units 
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sulfur compounds, we have used a composite molec­
ular model in which the molecular orbitals of whole 
molecules are represented in terms of the molecular 
orbitals of the composite subsystems. Using this model, 
the effects of substituted groups and 3d orbitals on 
the parent molecules would be clarified in view of 
the orbital interaction. 

The thiocarbonyl group undergoes nucleophilic at­
tacks at the sulfur a tom in contrast to the corresponding 
oxygen compounds.10) Inagaki et alJ^ interpreted this 
in terms of the orbital interaction based on semi-
empirical M O method. The vacant 3d orbitals of 
sulfur play a significant role in determining the stereo­
chemical courses of the nucleophilic reactions of sulfur 
compounds. We have investigated the 3d participa­
tion by means of ab initio M O method. 

The modes of orbital interaction between the n 
orbitals of benzene and jr-type orbitals of O H , SH, 

\ -0.239 

^-0.467 

0.608 . 2P 

OH 

Fig. 3. The mode of the orbital interaction of phenol. 

and SCH 3 groups are shown in Figs. 3—5, the number­
ing of n orbitals of benzene being given in the left 
hand side of Fig. 3. 

Since the energy of 2p-7r of O H group lies lower 
than that of H O M O ' s (TZ2 and TZ3) of benzene, the 
main component of H O M O of phenol is the TT3 orbital 

a.u. 
0.7 J 

0.6 J 

0.5 J 

0A 

0.3 

0.2 

-0.1 J 

-0.2 I 

-0.3 i 

-0.4 I 

- 0 . 5 

•3d 

TT6 

0.178 

0.952 

Tis TU V 

\ -0.219 

0.709 

TC2 TÜ3 

"* "5-e^- 3P 

TTi 

• «*3- - '0.615 

SH 
SH 

Fig. 4. The mode of the orbital interaction of thi-
ophenol. 
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0.7 f 
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0.5 J 
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0.2 

-0.1 f 

-0.2 

-0.3 

-o.A 

-0.5 

-3d 

-03 

Tie 

0.159 

Tis 

0.659 
.--•OO-Q2 

TT2 TT3 
0.737 0.570 

TTi 

-eo-

SCH3 

-©^-ai 

SCH3 

Fig. 5. The mode of the orbital interaction of thi-
oanisole. 
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of benzene (Fig. 3). The interaction between the 
7r-type orbital of a substituent and n2 (or TT5) of benzene 
is symmetry forbidden. In C 6 H 5 SH (or C 6 H 5 SCH 3 ) , 
3p-jr of SH group (or a2 orbital of SCH 3 group) and 
TT3 orbital mix with each other in nearly equal weight, 
since the orbital energy of 3p-jr of SH group (or 
a2 orbital of SCH 3 group) is very close to the TZ3 orbital 
of benzene (Fig. 4 or 5). Consequently the H O M O ' s 
of C 6H 5SH and C 6 H 5 SCH 3 have large amplitude at 
the sulfur atom in contrast to the cases of phenol and 
anisole. O n the other hand, the contribution of the 
vacant 3d orbitals to occupied M O ' s is small and can 
be neglected. 

The chemical reactivity of a given molecule can be 
explained qualitatively in terms of the frontier or­
bitals.11) 

H O M O plays the most important role for the elec-
trophilic reaction. For thiophenol and thioanisole, 
3p-jr of the sulfur atom has the largest amplitude at 
H O M O . There are some experimental data showing 
that an electrophilic reagent attacks the sulfur a tom 
first.12) 

Let us consider L U M O ' s of molecules, which are 
responsible for the nucleophilic reaction. 

L U M O of C 6H 5SH (or C6H5SCH3) has a TT4 character 
(Fig. 4 or 5) for the following reasons. TT4 is mixed by 
out of phase combination with 3p-jr of the SH group 
(or a2 orbital of the SCH 3 group), which gives rise to 
some increase in orbital energy. However, TT4 interacts 
strongly with the vacant 3d orbitals. As a result, 
the jr4 orbital energy is decreased. TZ5 orbital also 
interacts with 3d orbital which is antisymmetric on 
the molecular axis, but this interaction is very small. 

The orbital mixing of TT4 and 2p-7r of O H group in 
phenol should be out of phase so that the orbital energy 
is increased, but n5 orbital interacts hardly with oxygen 
2p-7T (Fig. 3). Thus, the main component of L U M O 
of phenol is n5 orbital of benzene. 

The L U M O ' s of benzene are scarcely influenced 
by the C H 3 group of O C H 3 and SCH 3 , since the per­
turbation of their a3 orbitals localized mainly in the 
C H 3 group is very small. I t is concluded that the 
reversal of TT4 and n5 in thiophenol and thioanisole is 
clearly due to the contribution of 3d orbitals. 

Charge Distribution. Let us consider the effect 
of 3d orbitals on the charge distribution of the mole­

cules. 
Figure 6 shows the net charges of CH 3 SH and H 2CS 

calculated without and with 3d orbitals. In the cor­
responding oxygen compounds, the electronegative 
oxygen atom pulls the bonding electrons, so that the 
neighboring atom has the positive net charge. It 
should be noted that when the heteroatom is sulfur, 
the neighboring carbon atom has negative charge 
(Fig. 6). This tendency is encountered also in other 
molecules (C 6H 5SH and C 6 H 5 SCH 3 ) . In both cases, 
C H 3 S H and H 2 CS, the positive net charges on sulfur 
atoms are decreased by including the 3d orbitals. 
This effect is larger in the compound containing G-S 
double bond (H2CS) than that with G-S single bond 
(CH 3 SH). 

The calculated total electron populations of substitut­
ed benzenes are summarized in Table 1. From a 
comparison of the charge distributions on the phenyl 
group, it is found that the polarization of the phenyl 
group in phenol or anisole is larger than that in the 
corresponding sulfur compounds. Thus, phenol and 
anisole should show stronger orth-, para-orientation 
than thiophenol and thioanisole. 

The charge density has a linear relationship with 
N M R chemical shift.13) The 13C N M R chemical shifts 
for these molecules are also given in Table l.14) The 
N M R result shows that the polarization of the phenyl 

without 3d 

with 3d 

»rt 
J©"' 

Fig. 6. The net charges of CH3SH and H2CS. The 
circle of the full lines means negative charge and the 
circle of the dotted lines means positive charge. 

TABLE 1. CALCULATED TOTAL ELECTRON POPULATIONS AND CARBON-13 NMR CHEMICAL SHIFTS 

FOR THIOPHENOL, THIOANISOLE, PHENOL, A N D ANISOLE 

G6H5SH 

G6H5SGH3 

C6H6OH 

C6H6OGH3 

f a > 
b) 

. c ) 

( a> 
b ) 

. c ) 

[.) 
1 . ) 

G-1 

6.018 
(6.098) 

130.7 

6.023 
(6.101) 

138.4 

5.870 
154.9 

5.862 
160.2 

G-2 

6.073 
(6.075) 

129.2 

6.078 
(6.083) 

126.5 

6.100 
115.4 

6.101 
114.1 

G-3 

6.057 
(6.055) 

128.9 

6.057 
(6.056) 

128.6 

6.051 
129.7 

6.053 
129.5 

C-4 

6.072 
(6.073) 

125.4 

6.073 
(6.074) 

124.8 

6.076 
121.0 

6.078 
120.7 

G-5 

6.056 
(6.055) 

6.055 
(6.055) 

6.051 

6.052 

G-6 

6.078 
(6.074) 

6.077 
(6.074) 

6.084 

6.084 

Xd) 

15.982 
(15.841) 

15.944 
(15.815) 

8.295 

8.255 

a) With 3d orbitals. b) Without 3d orbitals. c) 13G NMR chemical shifts (in ppm), Ref. 14. d) X indicates 
a heteroatom. 
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group in phenol derivatives is very large and that in 
thiophenol derivatives is rather small. Thus the cal­
culated electron populations are in good accord with 
experimental data. 

I t should be noted that the calculated charge densities 
of C-l in C 6 H 5 SH and C 6 H 5 SCH 3 without 3d orbitals 
can not explain the 13C N M R data. The calculation 
without 3d orbitals gives too large a negative charge 
on C- l , but chemical shifts shows that the charge of 
this carbon is less negative than that of other ones. 
O n the other hand, the inclusion of 3d orbitals reduces 
the negative net charges on C-l in C 6 H 5 SH ( — 0.018) 
and in C 6 H 5 SCH 3 (—0.023) which are smaller than 
those of all other positions. Therefore, these results 
show that the effect of 3d orbitals is important for the 
charge distribution of sulfur compounds. 

It is interesting to analyze the electron distribution 
in a substituted benzene in terms of the intramolecular 
charge transfer between phenyl group (Ph) and the 
substituent {XR, ( X = 0 , S and R = H , CH 3 ) } . This 
analysis clarifies the difference between oxygen and 
sulfur compounds for the n (or a) type donor-acceptor 
interaction. Figure 7 shows the movements of n and 
a electrons. The value of n electron movement gives a 
measure of the n donating ability of the substituent. 

When the substituent has an oxygen atom, it acts 
as rc-donor and o-acceptor for the phenyl group {Fig. 
7(a)}, whereas when the substituent has a sulfur atom, 
it acts as jr-donor and G -donor for the phenyl group 
{Fig. 7(c)}. In the cases of both phenol and anisole, 
the O H and O C H 3 groups always behave as a better 
n donor than the SH and SCH 3 groups, while the 
magnitude of charge transfer is almost the same. 

The calculation of thioanisole without 3d orbitals 
shows larger n electron donating ability of the SCH 3 

group than that of the O C H 3 group {Fig. 7(b)}. 
However, since the 13C N M R chemical shift in para-
position gives a measure of the n donating ability of 
the substituent, N M R data indicate that the O C H 3 

group is a better jr-donor than the SCH 3 group to the 
phenyl group. Thus the calculation of thioanisole 
without 3d orbitals is inconsistent with the 13C N M R 
result. Whereas, the inclusion of 3d orbitals on sulfur 
atom reduces the magnitude of the charge transfer 
(0.05) Thus the effect of 3d orbitals seems to be 

(a) 

0094 

(b) without 3d 

0072 

(c) with 3d 

0.043 

P h -
+ 0083 

- O H 
-0-083 

P h -
-0.052 

-SH 
+ 0.052 

It 

0-177 

0-105 

0060 

0-169 

0.009 

0-050 

Ph 0CH3 
+ 0-088 -0088 

P h -
-0-138 

—SCH3 
+ 0-138 

Ph SCH3 
-0.059 +0.059 

0-193 0-033 0.009 

Fig. 7. The net charges and the charge movements 
of a and n electrons due to the interaction between 
phenyl group and substituents. 

important in view of the n electron donating ability 
of substituent to the phenyl group. 

Rotational Barrier. Let us consider not only the 
electronic effect but also the steric one. Both effects 
determine the most stable conformations of C 6H 5SH, 
C 6 H 5 OCH 3 , and C 6 H 5 SCH 3 and the barriers of internal 
rotation. O u r particular interest lies in the 3d orbital 
contribution of sulfur atom to the rotational barrier 
and conformation. As mentioned above, it is shown 
that the effect of 3d orbitals on the charge distribution 
is important . Let us see whether the participation 
of 3d orbitals to the rotational barrier is important or 
not. 

Energy variation with the rotation of the SH group in 
C 6 H 5 SH is shown in Fig. 8. The bond angle < C S H , 
0, {see Fig. 2(b)} is fixed at 96.5° for this molecule.15) 
The planar structure is the most stable, and the calculat­
ed rotational barriers without and with 3d are 3.99 
and 3.65 kcal -mol - 1 , respectively. There are no sig­
nificant changes in both the rotational barrier and 
the shape of the energy curve caused by including 3d 
orbitals. The experimental value of rotational barrier 
of C 6 H 5 SH is smaller than 0.8 kcal-mol"1.16) Since 
the present calculation uses the small basis set, the 
rotational barrier of C 6 H 5 SH may be overestimated. 
Rigorous calculation using a more extended basis set 
would give a lower rotational barrier. 

The energy curve of C 6 H 5 SCH 3 calculated without 
3d orbitals is shown in Fig. 9. The change of angle 
$ in C 6 H 5 SCH 3 is very important because of steric 
hindrance. Thus the rotational energy curve of this 
molecule is obtained by optimization with respect to 
angle <j>. In this molecule, the planar conformations 
is probably most stable but the energy curve is very 
flat. (The energy difference between the planar and 
orthogonal conformations is to be 0.317 kcal-mol - 1 . ) 
Thus, it seems that the SCH 3 group of C 6 H 5 SCH 3 

-621.062 

3 

"^ -621.068 h 

-621.110 

o 
H 

-621.116 

3.99 Kcal/mol 

with 3d 3.65 Kcal/mol 

30 

e/° 
60 90 

Fig. 8. The energy curve of G6H5SH as a function 
of rotation angle 0. 
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(105.4) 
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e/° 
Fig. 9. The energy curve of G6H5SGH3 as a function 

of rotation angle 6. The optimized angle <j> at each 
angle 6 (0°, 45°, and 90°) is also given in parentheses. 

rotates almost freely. 
It will be necessary to know the effect of 3d orbitals 

on the rotational barrier in C6H5SGH3 . So, we car­
ried out M O calculation including 3d orbitals for 
planar and orthogonal conformations of this molecule. 
The geometry of C 6 H 5 SCH 3 optimized with respect 
to the angle <j> by a basis set without 3d orbitals is 
used for the calculation with 3d orbitals. The energy 
difference is to be 0.237 kcal-mol - 1 , which is almost 
the same as the result without 3d orbitals. Therefore, 
we might conclude that there is very small effect of 
3d orbitals on the stable conformations and the rota­
tional barriers in C 6 H 5 SH and C 6H 5SCH 3 . 

Let us compare oxygen (C 6 H 5 OH and C 6 H 5 OCH 3 ) 
and sulfur compounds (C6H5SH and C 6 H 5 SCH 3 ) . 
The rotational barrier of C 6 H 5 SH is smaller than that 
of C 6 H 5 OH (5.2 kcal-mol - 1).1 7) The energy curve of 
C 6 H 5 OCH 3 shown in Fig. 10 is somewhat complicated. 
The potential curve has two minima at 0 = 0 ° and 
0 = 9 0 ° , there are maximum at about 0 = 30°—40° 
and 0 = 140°—150°. The stabilization at 0 = 9 0 ° is 
probably caused by releasing the steric hindrance 
between the phenyl and O C H 3 groups, and that at 
0 = 0 ° is brought forth by the strong conjugation between 

(115-9) 
90 

(112.1) 

0/° 

Fig. 10. The energy curve of G6H5OGH3 as a function 
of rotation angle 6. The optimized angle <j) at each 
angle 6 (0°, 45°, and 90°) is also given in parentheses. 

these groups. Whereas, C 6 H 5 SCH 3 gives a very flat 
energy curve because of the cancellation between the 
conjugation and steric hindrance between the phenyl 
and SCH 3 groups. 

Conc lus ion 

We have discussed the effect of 3d orbitals of sulfur 
on the electronic structures of molecules and the dif­
ference of the electronic structures between the oxygen 
and sulfur compounds. The calculated results suggest 
that the contribution of 3d orbitals to the charge dis­
tribution is important, but that to the stable conforma­
tion and rotational barrier is very small. Since the 
orbital energies of 3p A O of sulfur atom are almost the 
same as the 2p A O of carbon atom and the 3p orbitals 
of sulfur atom are rather diffuse, the molecular prop­
erties of sulfur compounds differ somewhat from the 
corresponding oxygen compounds. The shape and 
energy of L U M O are particularly sensitive to the 
participation of 3d orbitals. 
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Kinetic Studies of the Proton-transfer of the Bivalent Anions of 
orfÄo-Hydroxy Azo Compounds in Dioxane-Water Media* 

Noboru YOSHIDA and Masatoshi FUJIMOTO* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received November 13, 1978) 

Kinetics of the proton-transfer reactions in dioxane-water media between hydroxide ion and the bivalent 
anions of 4-(2,4-dihydroxyphenylazo)benzenesulfonic acid (TPO) and 7-hydroxy-8-phenylazo-l,3-naphthalenedi-
sulfonic acid (HPN) were studied by means of the temperature-jump method. For the change in the mole fraction 
of dioxane from 0 to 0.174, the acid-dissociation constant, Kl(s), was found to decrease from 1.07 X 10-11 to 5.25 X 
10-14moldm-3 for HPN and from 1.32 xlO"1 2 to 7.08 X 10"15 mol dm"3 for TPO. 

One of the most pronounced and general features 
in the chemical effects caused by the change in the 
solvent composition in binary mixed solvents is the 
change in the degree of ionic dissociation of weak 
electrolytes. Dependence of the acid-dissociation 
constants on the solvent composition is explained in 
terms of both the dielectric constant of the medium 
and the solute-solvent interactions.1) 

In dioxane-water media the decrease in the acid-
dissociation constants of the bivalent anions of o-
hydroxy azo compounds such as H P N and T P O is 
mainly due to the decrease in the dielectric constant 
of the medium. 

TABLE 1. VALUES OF log £/H AND pK$ AT VARIOUS 

DIOXANE CONTENTS, 25 °G AND 7=0.1 mol dm - 3 (KN0 3 

"°3S 

OCT 
TPO HSN 

In the present study we have found that the recom­
bination rate constant, /cf, for the proton-transfer reac-

HA2- + O H - ^ 4 ± A3- + H 2 0 

tion between hydroxide ion and H P N and T P O de­
creases with decrease in the dielectric constant of the 
medium, while the backward rate constant, &, is 
influenced only a little by the change in dielectric 
constant. Based on the kinetic and the equilibrium 
data in dioxane-water media, the authors aimed to 
elucidate the solvent effects on the proton-transfer 
reaction of H P N and T P O . 

Exper imenta l 

Water was deionized and distilled. Dioxane was distilled 
over sodium and used without further purification.2) HPN 
and TPO (Wako) were recrystallized from an ethanol-water 
solution. 

Kinetic measurements were carried out at 25 °G; 7=0.1 
mol dm - 3 (KN03) with a Union Giken co-axial cable tem­
perature-jump apparatus Model RA-105 under compressed 
nitrogen gas at ca. 2 atm to avoid cavitation upon very fast 

t Presented in part at the 26th Annual Meeting on 
Coordination Chemistry, Sapporo, August 30, 1976, Abstract 
p. 252 and at the 27th Annual Meeting on Coordination 
Chemistry, Matsumoto, September 28, 1977, Abstract, p. 
233. 

•^diox 

0.000 
0.023 
0.050 
0.083 
0.128 
0.174 

log CV> 

- 0 . 0 7 
- 0 . 0 6 
- 0 . 0 9 
- 0 . 1 1 
- 0 . 1 3 
- 0 . 1 3 

P*;= = - l o g ( ^ / m o l 2 d m - 6 ) 

13.73, 13.78b> 
14.05 
14.27 
14.54 
14.97 
15.31, 15.38°) 

a) log U=pCn — pH*, where pH* denotes the pH-meter 
reading, b) See Ref. 8. c) See Ref. 9. 

temperature rise. A Hitachi EPS-3T recording spectro­
photometer was used in the equilibrium measurements. 

The measurements of pH in the mixed solvent were reported 
in the previous paper.3) The apparent ionic product K$ = 
[H] • [OH] of the water in dioxane-water was obtained with 
a Hitachi-Horiba pH-meter F-7ss equipped with a glass 
electrode 1026A and Ag-AgCl reference electrode type 2010-
05T. The values of pK$ are summarized in Table 1. The 
function log £/H is defined as log Un=pCji — pH*, where CH 

denotes the analytical concentration of proton, and pH* 
pH-meter readings. 

R e s u l t s a n d D i s c u s s i o n 

The final step of the acid-dissociation of H P N and 
T P O can be expressed by 

HA2" ^ = k A3" + H+. (1) 

The acid-dissociation constant, Kl, is expressed in 

terms of the absorbance and the equilibrium con­

centration of proton, CH, 

C/AA= 1/Ae + CBl(&e.Kl) (2) 

where AA=A—Ä, Ae=eA—eKA, and A'=eKAC, e is 
the molar absorption coefficient, A the absorbance at 
the wavelength of the base form of H P N or T P O , 
and C the total concentration of the Brensted acid. 

The plot of CjAA against CH gives straight lines for 
each solvent composition, yielding Ae andA"a(s) from 
the intercept and the slope, respectively. In Fig. 1 
the acid-dissociation constants determined spectropho-
tometrically are plotted against the mole fraction of 
dioxane, #diox. Increase in the dioxane content in 
the medium, viz., the decrease in the dielectric constant 
of the medium leads to a decrease in the dissociation 
constant of H A 2 - . Such dependency of Kl(s) on the 
solvent composition has also been observed in the case 
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0.05 0.15 0.10 

•^diox 

Fig. 1. Dependence of the p ^ ( s ) and pKi(k) on 
the mole fraction of dioxane at 25 °G and 7=0.1 
mol dm-3 (KN03). (1) HSN: O the plot of pKl{k) 
vs. *d i o x ; A the plot of pKt(s) vs. *diox. (2) TPO: # 
the plot of pKi(k) vs, #d iox; • the plot of pK (s) vs. 

•*diox* 

of the univalent anion of 4-(^-nitrophenylazo)-resor-
cinol.3) 

The proton-transfer reaction between hydroxide ion 
and the bivalent Brensted acids, HA2~, is expressed by 

HA2- + O H - ^ = ± A3- + H 2 0 (3) 

with the equilibrium constant Kl=kJk'r=CJ{CnK-
C'OH), where £r=A; r(H20). The relaxation time, T, for 
Reaction 3 is related to the rate constants as follows. 

T - ^ ^ C H A + COH) + £ . (4) 

If the equilibrium concentration of hydroxide ion is 
much larger than that of the bivalent anion, Eq. 4 

is approximated to T_1=A:fCOH+A:r (Fig. 2). The rate 
constants and equilibrium constants at each solvent 
composition are summarized in Tables 2 and 3. In 

V* 

O 

l-

3.0 

2.0 

1.0 

- 1 

1 

1 1 

^/o 

1 1 

y P \ 

-

3.0 4.0 0 1.0 2.0 

*OH/10"2 mol dm-3 

Fig. 2. Plot of the reciprocal relaxation time vs. the 
equilibrium hydroxide ion concentration at #d i o x= 
0.083 (TPO), 25 °G, and 7=0.1 mol dm"3 (KN03). 

TABLE 2. RATE CONSTANTS FOR THE PROTON-TRANSFER REACTION OF HSN, H A2- -f OH~ ; = ± A3~ 

-f H 2 0 , AT 25 °G AND I = 0.1 mol dm"3 (KN03) 

#diox 

0.000 
0.023 
0.050 
0.083 
0.128 
0.174 

P*a(s) 

10.97 
11.40 
11.98 
12.52 
12.82 
13.28 

ht 

106 mol"1 dm3 s"1 

6.3 
5.8 
5.4 
4.9 
4.7 
4.2 

K 

103 s-1 

8.5 
8.5 
8.5 
8.0 
8.5 
8.5 

Kl 

mol - 1 dm3 

741 
682 
635 
613 
553 
494 

P*a(k) 

10.9 
11.2 
11.5 
11.8 
12.2 
12.6 

TABLE][3. RATE CONSTANTS FOR THE PROTON-TRANSFER REACTION OF TPO, HA 2 - -f O H - * A3~ 

-f H 2 0 , AT I = 0.1 mol dm-3 (KN03) 

•^diox 

0.000 

0.023 
0.050 
0.083 
0.128 
0.174 

piQ(s)a> 

11.88 (12.20) 
— 

12.00 
12.01b> 
12.34 (12.24) 
12.85 (12.77) 
13.33 (13.15) 
13.77 (13.56) 
14.15 (14.25) 

fe 
105 mol-1 dm3 s"1 

6.9 
3.6 
8.8 
8.6 
6.4 
5.5 
5.3 
4.7 
3.2 

K 

103 s-1 

16 
8 
6.5 
— 

12 
8.8 

10 
6.0 
5.8 

Kl 

mol -1 dm3 

43 
45 

135 
— 
53 
63 
53 
78 
55 

P*a(k) 

12.1 
— 
— 
— 

12.3 
12.5 
12.8 
13.1 
13.6 

T 

K 

298 
285 
288 
298 
298 
298 
298 
298 
298 

Ref. 

This work 
5 
6 
7 

This work 
This work 
This work 
This work 

2 

a) The values of p ^ in parentheses are obtained from the relationship, pKi =pC H + log [(DB — D)/(D — DA)], 
where D is the absorbance, subscripts A and B are for the acid and the base form of TPO, respectively, b) K& 

= au+'CJCUA' where aH+ is the activity of the proton. 
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the case of H P N , the value of kf slightly decreases with 
increase in the mole fraction of dioxane, x{ diox? and 
that of kT increases from 1.5 X 102 m o l - 1 dm 3 s _ 1 at 
*,fn = 0 to 3 . 1 x l 0 2 m o l - 1 d m 3 s - 1 at *„,n =0 .174 with *diox diox 

increase in #diox. The value of kf for T P O also grad­
ually decrease with increase in #diox. The value of 
k'r for T P O changes quite a little. 

The detailed mechanism of the pro ton-transfer reac­
tion may be written as follows.2»3) 

k 

HA2- ^ ± HA*2-, 

HA*2- + OH- HA* 2 - . . (H 2 0) w . . .OH-

HA*2-- - ( H 2 0 ) n - O H -
* 4 3 

A3- + H 2 0 , 

(5a) 

(5b) 

(5c) 

where H A 2 - stands for the bivalent anion having an 
intramolecular hydrogen-bond and H A * 2 - an inter­
mediate species without an intramolecular hydrogen-
bond. Assuming the steady state for H A * 2 - and 
H A * 2 - - ( H 2 0 ) n - O H - and the relationships k21> 

A:23COH and k3^>k32> the observed rate constants in 
Eq. 3 are expressed as follows. 

Kf — Aio/Co< (*12/*2l )*23 (6) 

and 

kT — kzJKz^ — £32/ (£34/̂ 43) • (7) 

As shown in Fig. 3 the value of kt decreases with the 
decrease in the dielectric constant of the solution, 
while the value of K=kT (H aO) varies little with change 
in the solvent composition particularly in the case 
of HPN. The decrease in kf would be mainly due to 
the dependence of £23 on the dielectric constant provided 
that the change in the value of K12 for the intramolecu­
lar process is small.3) By neglecting the ionic-atmos­
phere term in Bronsted-Christiansen-Scatchard equa­
tion,4) we obtain 

d log (£f/mol-1 dm3 s-^/d D1 

= d log (^3/mol-1 dm3 s-^/d D1 (8) 

and 

d log (kjmol-1 dm3 s-^/d JD"1 = - (ziZjea)/(*7Y*), (9) 

where zi and z, represent the charge of the reactants, 
D is the dielectric constant of the medium, k Boltzmann's 
constant, T absolute temperature, r* the phenom-
enological reaction distance, and e elementary charge. 
From the slope in Fig. 3 the value of r* for T P O is 
obtained to be 23 Â and that for H P N 26 Â from the 
plot in lower dioxane content and 66 Â from that in 
higher dioxane content, respectively. Actually, how­
ever, the phenomenological reaction distance r* should 
be calculated by considering the ionic strength term, 
leading to a smaller value for r*. From the value of 
r* there would be intervening water molecules in the 
encounter complex, H A * 2 _ - ( H 2 0 ) n - O H - . 

The kinetic pKi(k) was derived from the following 
relation. 

Kl(k)=Kl(k).Kl(s). (10) 

In the case of the bivalent anion of a water-soluble 
Brensted acid the difference between pKl (s) and pKl (k) 
(Fig. 1) is large, particularly in the higher dioxane 

T3 

°B 

bo 

o 

°B 

bo 
Q 

T 2 
z)-Vio-a 

Fig. 3. Dependence of log k{ on the inverse dielectric 
constant of the medium. O The plot for HSN; A 
the plot for TPO. 

content. O n the other hand, in the case of the univa­
lent anion of the sparingly water-soluble Bronsted acid 
such as 4-(^-nitrophenylazo)resorcinol (MAG) the dif­
ference is small.3) Such difference in p ^ a ( k ) and 
p^a(s ) would be ascribed to that in the microscopic 
environment around the solute such as T P O , H P N , 
and MAG. 

The linear relationship between log (A:f/mol_1 dm 3 

s-1) and pKt for H P N is as follows (Fig. 4). 

logkt = - 1 . 1 x lO-ipKXk) + 8.0 (11) 

and 

log kt = - 7 . 5 x 1 0 - 2 p ^ ( s ) + 7.6 (12) 

O n the other hand, the relationship between pK$ and 
pKl for H S N is expressed by 

pKl = -logkf + log*; + pKl. (13) 

S 
T3 

6.8 

6.7 

ß ß 

pKl = 

11.0 11.5 
1 1 

1 1 

3 ^ 

(a) 

— log (Kl/moldmr 

12.0 12.5 
1 1 

S S T ^ ^ A « 

•3) 
13.0 

1 

5 

-1 

-1 

^ 6 

12.0 12.5 13.0 13.5 

p ^ = - l o g ( ^ / m o l d m - 3 ) 

Dependence of log£f vs. pKi(k) 

14.0 

Fig. 4. Dependence of log£f vs. pKi(k) and pKi(s) 
for HSN (a) and TPO (b) : O, logkt vs. pKt(K). 
A, logkt vs. pKi(s). *d i o x : (1) 0.000, (2) 0.023 (3) 
0.050, (4) 0.083, (5) 0.128, and (6) 0.178. 
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From the plot of pKi against pKl for H P N , the fol­
lowing empirical equations are obtained. 

pK$ = 0.95 pKl{k) + 3.38 (14) 

pK$ = 0.64 pKt(s) + 6.72 (15) 

Equations 11 and 13 gives the relationship pK„ = 
0.89 p#£ (k)+8.0—log A:; which agrees with Eq. 14, 
since the value of log k'x is evaluated to be 3.93 (Table 
2). Equations 12 and 13 give the relationship pK„ = 
0.93 pi^a(s) + 7.6—log k'r which does not agree with 
Eq. 15. In the case of TPO, no linear relationships 
are observed (Fig. 4). The linear relationship between 
log kt and pKl observed for H P N is explained by the 
constancy of the values of K with variation in solvent 
composition. 
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Preparations and Characterization of Cyclopalladated Complexes 
of l-Ethyl-2-phenylimidazole 

K a t s u m a H I R A K I , * Y o s h i o F U G H I T A , * H i r o s h i N A K A Y A , a n d Shin j i T A K A K U R A 

Department of Industrial Chemistry, Faculty of Engineering, 

Nagasaki University, Bunkyo-machi, Nagasaki 852 

(Received November 25, 1978) 

Reactions of l-ethyl-2-phenylimidazole (Hepim) with l i thium tetrachloropalladate(II) and pal ladium(II) 
acetate give dichlorobis(l-ethyl-2-phenylimidazole, 3-JV) pal ladium (II) and a new cyclopalladated binuclear 
complex, di-//-acetato-bis [2-(l '-ethyl-2Mmidazoryl) phenyl, 1-C, 3 /-A^]dipalladium(II), respectively. T h e latter 
complex is readily converted by a metathetical reaction with sodium chloride into a chloro-bridged analogue, 
[{PdCl(epim)}2] . The chloro-bridged complex reacts with 4-picoline, tertiary phosphines, thall ium(I) acetyl-
acetonate, sodium diethyldithiocarbamate, and 2,2'-bipyr idyl to give the corresponding mononuclear cyclopal­
ladated complexes. All the complexes prepared in this study are characterized by means of IR , 1 H - N M R , and 
mass spectroscopies. 

C y c l o m e t a l l a t i o n r eac t i ons h a v e r ecen t l y r ece ived 
cons ide rab l e a t t e n t i o n in v i ew of t h e f o r m a t i o n of 
s t ab le t r ans i t i on m e t a l - c a r b o n a - b o n d s 1 - 3 ) a n d ava i l ­
abi l i t ies for t h e o r g a n i c syntheses.3) W i t h r e spec t to 
t h e c y c l o m e t a l l a t i o n r eac t ions i nvo lv ing a r y l - s u b s t i t u t e d 
f i v e - m e m b e r e d he te rocyc les , severa l w o r k s h a v e b e e n 
r e p o r t e d c o n c e r n i n g 1 -pheny lpy razo le , 4 - 6 ) 2 , 4 - d i p h e n y l -
oxazole,4) a n d 2 -pheny l -3 / / - i ndo le . 7 ) 

I t is i n t e r e s t i ng to inves t iga te t h e suscept ib i l i ty to 
t h e c y c l o m e t a l l a t i o n r eac t ions of a r y l - s u b s t i t u t e d h e t ­
erocycles . I n this p a p e r , w e r e p o r t t h e c y c l o p a l l a d a -
t ion r e a c t i o n of 1 - e t h y l - 2 - p h e n y l i m i d a z o l e ( H e p i m ) 
resu l t ing in t h e f o r m a t i o n of a n a c e t a t o - b r i d g e d b i n u ­
c lea r c o m p l e x , a m e t a t h e t i c a l r e a c t i o n of t h e a c e t a t o 
c o m p l e x i n t o a c h l o r o - b r i d g e d o n e , a n d t h e b r i d g e -
sp l i t t ing r eac t i ons of t h e l a t t e r c o m p l e x w i t h 4 -p ico l ine 
(p ic) , t e r t i a ry p h o s p h i n e s , t h a l l i u m (I) a c e t y l a c e t o n a t e 
[ T l ( a c a c ) ] , s o d i u m d i e t h y l d i t h i o c a r b a m a t e [ N a ( d e d c ) ] , 
a n d 2 ,2 ' -b ipy r idy l ( b p y ) . 

E x p e r i m e n t a l 

Materials and General Procedures. All the experiments 
were carried out in an atmosphere of dry dini trogen. Solvents 
were dried by usual methods and distilled. l-Ethyl-2-phenyl-
imidazole,8) diphenyl-p-tolylphosphine,9) Tl(acac),10) and 
thallium (I) cyclopentadienide11) were prepared according 
to the published procedures. 

I R spectra were measured on a Hitachi model 285 and 
a Shimadzu I R 450 spectrophotometers. 1 H - and 1 3 G-NMR 
spectra were recorded on J E O L J N M - M H - 1 0 0 and PFT-100 
spectrometers, respectively, using tetramethylsilane as an 
internal standard. Conductivity measurement was carried 
out for 1.0 X 10 - 3 M acetonitrile solution at 25 °G on a T o a 
Electronics GM-6A conductance meter. Melting points 
were determined with a Yanaco micro melting point ap ­
paratus and are uncorrected. Mass spectra were obtained 
with a Nichiden-Varian TE-600 gas chromatograph-mass 
spectrometer. 

Preparation of [PdCl2(Hepim) 2] 1. l-Ethyl-2-phenyl-
imidazole (6.56 mmol) in 30 ml of methanol was added to 
a solution of li thium tetrachloropalladate(II) (3.28 mmol) 
in 30 ml of methanol. A yellow precipitate formed im­
mediately, which was filtered after standing for 20 h at room 
temperature and washed with methanol several times. 
Recrystallization from boiling toluene gave 0.75 g of 1 as 
yellow needles; yield 4 4 % , m p 242—244 °G (dec). 

Preparation of [{Pd(02CCH3)(epim)}2] 2. T o a solu­

tion of pal ladium(II ) acetate (17.8 mmol) in 50 ml of acetic 
acid was added Hepim (21.1 mmol) in 30 ml of acetic acid 
at room temperature . After refluxing for 30 min, the result­
ing black mixture was diluted with water and extracted 
with eight 50 ml portions of dichloromethane. T h e combined 
brownish-yellow extracts were concentrated and chromatogra-
phed on silica gel. A yellow band eluted by dichloromethane/ 
ethanol (4/1) was collected and the solvent was evaporated. 
Recrystallization from boiling benzene gave 2.5 g of 2 as 
yellow crystals; yield 4 2 % , m p 180—219 °G(dec). 

Preparation of [{PdCl(epim)}2] 3. Sodium chloride 
(7.4 mmol) in 60 ml of water was added to a solution of 2 
(3.7 mmol) in 200 ml of acetone. A pale yellow precipitate 
formed immediately, which was filtered after stirring for 
20 h at room temperature and washed with water and diethyl 
ether. Yield 2.0 g, 86%0; m p 274—278 ° G (dec). 

Reaction of 3 with pic. 4-Picoline (5.11 mmol) was 
added to a suspension of 3 (0.64 mmol) in 10 ml of dichloro­
methane. A clear solution formed immediately, which 
was concentrated after stirring for 5 h at room temperature . 
Addition of pentane gave 0.35 g of [PdCl(epim)(pic)] 4 as 
off white crystals, yield 6 7 % , m p 161—162 °G(dec). 

Reactions of 3 with Triphenylphosphine and Diphenyl-p-tolyl-
phosphine. These reactions were carried out in the 
same way as described for 4, and off white crystals, [PdCl 
(epim)(PPh3)] 5 and [PdCl(epim)(PPh2-C6H4-CH3- />)] 
6 were produced: 5, yield 8 6 % , m p 232—235 °G(dec) ; 6, 
yield 5 7 % , m p 232—234 °G(dec). 

Reaction of 6 with Lithium Bromide. An acetone suspen­
sion containing 6 (0.40 mmol) and lithium bromide mono-
hydrate (2.00 mmol) was refluxed for 10 h. The mixture 
was filtered and the filter residue was washed with water and 
diethyl ether. Recrystallization from dichloromethane and 
pentane gave 0.16 g of [PdBr(epim)(PPh2-C6H4-CH3- />)] 7 
as pale yellow crystals; yield 7 4 % , m p 229—231 °G(dec). 

Reaction of 3 with Tl(acac). Thal l ium(I) acetylaceton­
ate ( 1.54 mmol) was added to a suspension of 3 (0.64 mmol) 
in 10 ml of dichloromethane, and the mixture was stirred 
for 20 h at room temperature . T h e mixture was filtered 
and subsequent evaporation of the solvent gave a pale yellow 
oil. T h e oil was purified by passing through a short silica 
gel columm with dichloromethane, and 0.3 g of [Pd(acac)-
(epim)] 8 was obtained as pale yellow crystals: yield 6 3 % ; 
m p 187—190 °G(dec) ; Found : M+, 376. Galcd for G16H18N2-
O a P d : M+, 376. 
Reaction of 3 with Na(dedc). An ethanol suspension 
containing Na(dedc) (1.92 mmol) and 3 (0.80 mmol) was 
stirred for 20 h at room temperature. T h e mixture was 
evaporated to dryness and the resulting solid was extracted 
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with dichloromethane. Addition of hexane to the extract 
afforded pale yellow crystals, [Pd(dedc)(epim)] 9: yield 
78%; mp 178—181 °G(dec) ; Found: M+, 425. Galcd for 
G16H21N3S2Pd: M+, 425. 

Reaction of 3 with bpy. 2,2/-Bipyridyl (1.76 mmol) 
was added to a suspension of 3 (0.80 mmol) in 20 ml of meth­
anol. A yellow clear solution immediately formed. After 
stirring for 4 h at room temperature, the solution was treated 
with sodium Perchlorate monohydrate (1.60 mmol) to give 
1.13 g of [Pd(epim)(bpy)]G104 10 as yellow crystals; yield 
90%, mp 276—277 °G(dec). 

R e s u l t s a n d D i s c u s s i o n 

Elemental analyses and X H-NMR spectra of all the 
new complexes prepared in this study are summarized 
in Table 1. 

The reaction of Hepim with lithium tetrachloropal-
ladate(II) in methanol at room temperature afforded 
dichlorobis(l - ethyl-2-phenylimidazole, 3-iV)palladium-
(II) 1 as yellow needles. In the 1 H - N M R spectrum 
of 1, the phenyl protons of Hepim appeared as two 
multiplets a t Ô 7.4—7.7 (6H) and 7.75—8.0 (4H), 
similar to the signals of uncoordinated Hepim {two 
multiplets at Ô 7.3—7.5 (3H) and 7.5—7.65 (2H)}. 
This indicates the presence of unsubstituted phenyl 
group. Judging from the results of elemental analysis 
and the 1 H - N M R spectrum, 1 contained two moles of 
Hepim as ligands coordinated only with a nitrogen 
donor site, but not a cyclopalladated moiety. 

methanol 
Li2[PdCl4] -f 2Hepim > 

r . t . 

[PdCl2 (Hepim) 2] 1 + 2LiCl 

l-Ethyl-2-phenylimidazole also reacted with pal­
ladium (I I) acetate in refluxing acetic acid to produce 
a new complex 2, whose I R spectrum exhibited two 
strong absorption bands due to bridging acetato ligand 
at 1570 and 1410 cm - 1 .1 3) O n the basis of elemental 
analysis and the characterization of the derivatives 
from 2 as stated later, 2 was assigned to a binuclear 
cyclopalladated complex, di-/*-acetato-bis [2- ( 1 '-ethyl-
2'-imidazolyl)phenyl, 1-C, 3 ,-iV]dipalladium(II). It is 
noteworthy that Hepim reacted with tetrachloropal-
ladate(II) ion to give only the addition product 1 
and with pal ladium(II) acetate to afford the cyclopal­
ladated complex 2, similar to the case of N-benzyl-
ideneaniline.13) As for the X H-NMR spectrum of 2, 
the methyl resonance of bridging acetato ligand showed 
a sharp singlet at ô 2.20 together with two weak reso­
nances at ô 2.12 and 2.29. These resonances were 

2[Pd(02GGH3)2] -f 2Hepim 
acetic acid 

reflux 

[{Pd(02GCH3)(epim)}2] 2 + 2GH3G02H 

CH3 

V ' %V ) 
CH3 

ab—hg type 

Fig. 1. Structural isomers 

( =(epim,l-C,3 /-^). 
VN 

CH3 

ab—gh type 

of 2. 

TABLE 1. ELEMENTAL ANALYSES AND X H - N M R SPECTRA OF THE PALLADIUM COMPLEXES 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Elemental analysesa> 

(%) 

G H N 

50.52 
(50.64) 
46.86 

(46.38) 
42.24 

(42.20) 
49.83 

(50.27) 
60.86 

(60.54) 
60.93 

(61.14) 
56.32 

(56.85) 
50.66 

(51.01) 
45.48 

(45.12) 
47.59 

(47.30) 

4.59 
(4.64) 
4.25 

(4.19) 
3.45 

(3.54) 
4.40 

(4.47) 
4.64 

(4.55) 
4.94 

(4.79) 
4.37 

(4.45) 
4.84 

(4.82) 
5.10 

(4.97) 
3.54 

(3.59) 

10.67 
(10.74) 

7.94 
(8.32) 
8.79 

(8.95) 
10.20 

(10.34) 
4.49 

(4.87) 
4.77 

(4.75) 
4.33 

(4.42) 
7.21 

(7.44) 
9.81 

(9.87) 
10.38 

(10.51) 

epim 

4'-H 

7 .16(d) 

6 .39(d) 

— 

7 .36(d) 

_ g ) 

—S) 

—S) 

7 .08(d) 

6 .87(d) 

— 

« - N M R spectra (Ô 

ringc> 
^ x 

5'-H 

7 .00(d) 

6 .23(d) 

— 

6 .84(d) 

6 .81(d) 

6 .81(d) 

6 .81(d) 

6 .75(d) 

6 .76(d) 

— 

epim 

-CH 2 -

3 .84(q ) 

3 .85(q) 

— 

4 . 2 8 ( q ) 

4 . 3 0 ( q ) 

4 . 3 0 ( q ) 

4 . 3 0 ( q ) 

4 . 2 6 ( q ) 

4 . 2 8 ( q ) 

— 

-value from 

ethyl«) 

-CH3 

1 .25( t ) 

1 .25( t ) 

1 .48 ( t ) 

1 .54( t ) 

1 .54( t ) 

1 .54( t ) 

1 .51( t ) 

1 .48( t ) 

TMS)b> 

Other ] 

-GH3 

— 

2.20(s) e> 

— 

2 . 4 0 ( s ) 

— 

2 . 3 4 ( s ) 

2 . 3 4 ( s ) 

2 . 0 2 ( s ) 
2 . 0 8 ( s ) 
1.28(t)h> 
1.32(t)h> 

ligand 

Others 

— 

— 

— 

8.72 (dd)0 
(Pic-Ha) 
— 

— 

— 

5 . 7 3 ( s ) 
(=CH) 
3.841 (q)h> 
(-CH2-) 

a) Calculated values in parentheses, b) In GDG13 except for 1 and 4 (GD2G12) ; see the text about the aromatic 
protons of 4, 8, and 9. s = singlet, d = doublet, t=triplet, q = quartet. c) y4 ' ) 5 ' = 1.5Hz. d) y = 8 . 0 H z . e) 
See the text, f) y a i ^ = 5 . 0 H z , Jatß> = l .5 Hz. See Ref. 12. g) Not distinguished owing to overlapping with 
the aromatic protons, h) J = 7 . 0 Hz. 
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Ù 

V/^b 

5' 

h 
4 or 5 5 or 4 6 

<W»q»l ll^^fl#WiW^<%lfi 

4- 4-
8.5 8.0 7 .5 7 .0 6.5 

Fig. 2. TO-NMR spectrum of 4 in CD2C12 solution (lvalue from TMS). 

ascribed to two structural isomers as shown in Fig. 
1 ;14) the former was to two magnetically equivalent 
methyl protons in an ab-hg type and the latters were 
to non-equivalent methyl ones in an ab-gh type (the 
isomer ratio ab-hg : ab-gh=5 : 1, approximately). 

Complex 2 was readily converted by metathetical 
reaction with sodium chloride in acetone into the 
chloro-bridged analogue, [{PdCl(epim)}2] 3. The 

[{Pd(02CCH3)(epim)}2] + 2NaCl 

[{PdCl(epim)}2] 3 + 2CH3C02Na 
1 H - N M R spectrum of 3 could not be measured owing 
to its insolubility in usual organic solvents. However, 
3 underwent typical bridge-splitting reactions with 
various reagents as shown in Scheme 1. Reactions 
of 3 with unidentate ligands, pic, triphenylphosphine, 
and diphenyl-p-tolylphosphine gave neutral mono­
nuclear complexes 4, 5, and 6, respectively. 

The ! H - N M R spectrum of 4 (Fig. 2) showed a 
typical ABGD system characteristic of the o-phenylene 
protons in the 2-(r-ethyl-2'-imidazolyl) phenyl moiety, 
differing from the aromatic region of Hepim or 1. 
The 6-H of o-phenylene group appeared at ô ca. 7.3, 

5. R.ph 
NI/ V< V v Vf 

8 3 o 

Scheme 1. Bridge-splitting reactions of 3. Reagents; 
(i) pic, (ii) PPh2Ph(for 5) or PPh2-C6H4-CH3-/>(for 6), 
(iii) Tl(acac), (iv) Na(dedc), (v) bpy, NaC104. 

( = (epim,l-C,3,-iVr). 

overlapping with two H^ protons of the picoline ligand 
(total intensity 3H). The 4- or 5-H was observed at 
ô 7.06 ( IH) or 6.86 ( IH) as a double triplet due to 
coupling with other ring protons. The 3-H appeared 
at ô 6.33 ( IH) as a double doublet due to coupling with 
4- and 5-H. The coupling constants were BJm=7-5 
Hz and 4 y H H = 1 . 5 H z . These results indicate unam­
biguously that 4 has the cyclopalladated structure of 
epim. 

In the far-IR spectrum of 6, a band at 304 c m - 1 

was assigned to r (Pd-Gl) frequency in comparison 
with the corresponding bromo derivative 7. O n the 
other hand, 4 snowed two bands at 316 and 266 c m - 1 

in the range of 350—250 c m - 1 . The former was as­
signed to *>(Pd-Cl) frequency and the latter to the pal­
ladium-nitrogen stretching one.15) As for the configura­
tion of 4, 5, or 6, there are two possible isomers as 
shown in Fig. 3. Crociani et al. reported that the 
*>(Pd-Cl) frequencies trans to an aromatic nitrogen 
atom and an aryl-carbon one fell in the range of 353— 
321 and 299—280 cm- 1 , respectively.15) Moreover, 
iH-decoupled 1 3 C-NMR spectrum of 5 in CDC13 

exhibited a doublet at ô 151.9, which was due to coupl­
ing with 31P nucleus ( 2 y c p = 2 7 . 6 Hz) and assignable 
to palladium-substituted o-phenylene carbon (1-C). 
This small coupling constant reveals that triphenyl­
phosphine ligand is located at eis position to the 1-C.16) 
O n the basis of both far-IR and 1 3 C-NMR data, 5 
and 6 were ascribed to configuration B. However, 
4 could not be assigned whether it had the configuration 
A or B only from a far-IR spectrum datum. 

In the 1H-decoupled 1 3 C-NMR spectrum of 5, the 
2'-, 4'-, and 5'-C's of imidazole ring were observed 

\ / C l 

Pd 

c \ A 
Pd 

B Fig. 3. Possible configurations of 4, 5, and 6. 

( =(epim,l-C,3/-JV). 
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at ô 127.2 (doublet, V C P = 4 - 9 Hz)> 1 3 9 - 6 (doublet; 
3 y c p = = i 2 . 2 H z , V C H = 1 4 6 H Z ) , and 132.2 (singlet),17) 
respectively. A singlet at ô 137.7 was ascribed to 
imidazole-substituted o-phenylene carbon (2-C), and 
other four carbons (3-, 4-, 5-, and 6-C) upon the 
phenylene group appeared as four singlets at ô 119.2, 
121.7, 123.9, or 126.5. These six kinds of the o-
phenylene carbons also confirm that 5 contains the 
cyclopalladated epim structure. 

Thall ium (I) acetylacetonate and Na(dedc) reacted 
with 3 to produce neutral complexes 8 and 9, respec­
tively. The i H - N M R spectrum of 8 afforded two 
multiplets; one ( lH) at ô 7.57—7.70, assignable to 
6-H, the other (4H) at ô 6.99—7.26, which correspond­
ed to 3-, 4-, and 5-H's and overlapped with 4 ' -H of 
the imidazole ring. The 1 H - N M R spectrum of 9 
exhibited a complicated pattern due to the o-phenylene 
protons (4H) in the region of ô 6.95—7.36. The 
mass spectrometry gave peaks at m\e 376 (parent ion 
corresponding to 106Pd) and 277 (loss of acac) for 8, 
and at mje 425 (parent ion corresponding to 106Pd) 
and 277 (loss of dedc) for 9. These results confirm 
the presence of the cyclopalladated structure of epim 
in both 8 and 9. 

As for the X H-NMR spectrum of 9, two methyl 
protons of diethyldithiocarbamato ligand were un-
equivalent, indicating that a carbon-nitrogen double 
bond character is present in this ligand.18) O n the 
other hand, the methylene protons were observed as 
one quartet, which was considered to arise from an 
accidental magnetic degeneracy. 

Complex 3 also reacted with bpy in the presence 
of sodium Perchlorate to form a complex 10. The 
I R spectrum of 10 showed a strong v(Gl-O) band at 
1080 cm - 1 , characteristic of Perchlorate anion. Molar 
conductivity (-/1M= 140 O - 1 cm2 mol - 1 ) in acetonitrile 
solution indicates that 10 is a uni-uni valent electrolyte. 
The product from the reaction of 3 with thallium (I) 
cyclopentadienide was too unstable to be isolated in 
a pure state. 

We wish to express our gratitude to Professor 
Keinosuke H a m a d a and Mr. Hirofumi Morishita of 
Nagasaki University for the far-IR measurements, and 
to Dr. Hideomi Koinuma, the University of Tokyo, 
for the 1 3 C-NMR measurements, and also to Mrs. 
Hisako Mazume and Miss Yumi Kojima of Nagasaki 
University for their technical assistances. 
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The kinetics of the reduction reaction of tetranitromethane by the thiosulfate ion in the absence and presence 
of the copper(II) ion have been investigated in aqueous solution and aqueous mixtures of methanol and ethanol. 
The mechanism of reaction has been thought to be the following: 

G(N02)4 + S203
2- — U C(N0 2 ) 3 - + N 0 2 + S 20 3-

Gu(II) + S2032- J?-* Cu(I) + S203-

G(N02)4 + Gu(I) JU C(N0 2 ) 3 - + N 0 2 + Gu(II) 
rapid 

2S 20 3- > S 40, 2-
The rate constants kx and k2 have been determined under several conditions. The value of kx was hardly affected 
by ionic strength, permittivity, and acetate ion concentration in the reaction solution, whereas k2 was markedly 
increased with decreasing ionic strength (ju), permittivity (D), and acetate ion concentration. For k2, plots of 
log k2 vs. nV2l( 1 +^1/2) and log k2 vs. \jD gave linear relationships. Under the specified conditions the £2-term in the 
reaction mechanism accounts for up to 90% of the reaction, the reaction being composed of a copper (II) catalyzed-
chain reaction. 

Tetranitromethane (TNM) is reduced by solvated 
electrons and other reducing radicals such as H*, 

Og"7", C 0 2 ~ , C H 2 O H , and so forth,1-7) becoming the 
nitroform anion (NF~) which has a strong absorption 
peak at 350 nm. Most studies on the T N M reduction 
reaction have been made by pulse radiolysis techniques, 
and thus the reducing substances have been restricted 
to the radical species. The reduction reaction of T N M 
by reducing agents such as thiosulfate has received 
little investigation. 

Recently, Sellers and Simic2) and Asmus et alJ) re­
ported that tetranitromethane is easily reduced to the 
nitroform anion by the copper (I) ion. I t is known 
that the copper (I I) ion undergoes facile reduction to 
the copper (I) ion by the thiosulfate ion in aqueous 
solution. Thus, it is assumed that tetranitromethane 
would be reduced by the copper (I) ion which is produc­
ed by the reaction between the copper (I I) ion and 
thiosulfate ion. The present paper reports the T N M 
reduction reaction induced by the reaction between 
the copper (I I) ion and the thiosulfate ion. The large 
molar absorptivity of the nitroform ion permits low 
concentrations of the reactants to be used, thus reducing 
or eliminating problems from the limited solubility 
of the tetranitromethane and complexing side reactions 
related to the thiosulfate reaction. The concentrations 
used were 1 X 10"5—3 X 10"4 mol dm" 3 in T N M , 5 x 
10 - 4 —5x 10~3 mol d m - 3 in sodium thiosulfate, and 
0—2 X 10~4 mol d m - 3 in copper(II) sulfate. 

Exper imenta l 

Chemicals. Sodium Perchlorate used for adjusting 
the ionic strength was recrystallized twice from aqueous 
solution. Methanol and ethanol were distilled in a glass 
still. Deionized water was further distilled through per­
manganate solution in a glass still. All other chemicals 
used were of analytical reagent grade. 

Procedure and Apparatus. Unless otherwise stated the 
reaction of tetranitromethane with thiosulfate ion in the 
presence of the copper (II) ion was initiated by the addition 
of thiosulfate solution into the mixture of tetranitromethane 
and copper(II) under the conditions given. The nitroform 
anion which is the reduction product of tetranitromethane 
has an extremely large absorptivity e = 1 . 5 x l 0 4 d m 3 mol - 1 

cm - 1 at 350 nm,8) and the other species in the reaction 
solution are transparent under the given concentrations. 
Consequently the absorbance of the nitroform anion (NF -) 
formed was measured at appropriate time of reaction using 
a Hitachi Model 100-40 spectrophotometer. The cell housing 
was thermostatted at constant temperature, and in the dark 
except for the time measuring absorbance. 

R e s u l t s a n d D i s c u s s i o n 

In the Absence of Copper(II). Tetrani tromethane 
was slowly reduced by thiosulfate ion. The reduction 
rate may be described by Eq. 1. 

-d[TNM]/d* = d[NF-]/d* = ^ [TNM][S 2 0 3
2 1 (1) 

With excess thiosulfate, Eq. 2 is deduced: 

\n{Aoo—At)/Aoo = — kohsât (2) 

where kohBd=k1[S2Oz
2~'] ; A™ and At indicate the ab­

sorbance of NF~ formed at infinity and time /, respec­
tively. A plot of the left-hand side of Eq. 2 against 
time gave a linear relationship over three half-lives, 
and the value of A<x> was proportional to the amount 
of tetranitromethane added initially. An example of 
the plots according to Eq. 2 is given in Fig. 1. All the 
rate constants kx obtained are tabulated in Tables 1 
and 2, and given in Figs. 4 and 5 together with the rate 
constant k2 in the presence of copper(II) (vide infra). 

Reaction in the Presence of Copper (II). The reduc­
tion rate of tetranitromethane by thiosulfate ion was 
greatly accelerated by the addition of small amounts 
of copper(II) ion. T h e rate did not obey Eq. 2. 
The plots of At against reaction time showed a linear 
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In the presence of copper ( II) 

Reaction time/min 

Fig. 1. Examples of the kinetic run in the absence and 
presence of copper(II) ion. 4.0 X 10~3 mol dm - 3 in 
sodium thiosulfate and 5.4 X 10 -5 mol dm - 3 tetranitro-
methane for line 1; l.Ox 10 -3 mol dm - 3 in sodium 
thiosulfate, 5.4xl0~5mol dm - 3 tetranitromethane, 
and 5.0 x l O - 5 mol dm - 3 in copper(II) sulfate for 
curve 2; 25 °C; the other conditions as in Table 2. 

relationship over half-life time of reaction, indicating 
the reaction to be of zero order with respect to the 
T N M concentration. An example of the kinetic 
behavior is illustrated in Fig. 1 together with the plot 
according to Eq. 2 in the absence of copper(II) ion. 
T h e initial rate of the reaction in the presence of cop-
per( I I ) ion Vi=d[NF-]ldt, was evaluated from the 
initial slope of the plot of At vs. t. 

Dependence of the Reaction Rate on TNM Concentration. 
T h e dependence of the reaction rate on the tetra­
nitromethane concentration was examined at zero, 
5.0 X l 0 " 5 , and 2.0 X 10"4 mol dm" 3 in copper(II) 
sulfate and is illustrated in Fig. 2. With a concentra­
tion of [TNM] > [Cu( I I ) ] , the slopes in the plots became 
equal to each other irrespective of the copper (II) ion 
concentrations, and the values of the intercept extra­
polated to zero T N M increased with increasing copper-
(II) concentration. 

Dependence of the Reaction Rate on Concentration of Cop-
per(II) and Thiosulfate. Plots of Vi against cop­
per (I I) concentration showed linear relationships, and 
both the intercepts and slopes were found directly 
proportional to the thiosulfate concentration. Some 
examples of the plots are given in Fig. 3. The rate 
constant k2 was evaluated from the slope of the plot 
of V, vs. [Cu( I I ) ] . 

Reaction Mechanism. All the results obtained are 
accounted for by Reactions 3—6, and the rate law (7). 

G(N02)4 + S2032- A + G(N0 2) 3- + N 0 2 + S 20 3 - (3) 

Gu(II) + S 2 (V- - î - > Gu(I) + S 2 0 3 - (4) 

G(N02)4 + Gu(I) - ^ - G(N02)3- + Gu(II) + N 0 2 (5) 
rapid 

2S 20 3 - > S4062- (6) 

3h 

I 

S 

1 
O 

i r~ ' 

o 

pca^o 

lu""""̂  1 

1 

(3) ^ 

( D ^ ^ 

• 

i 

_ 

1 

104[TNM]/moldm-8 

Fig. 2. Dependence of initial rate on the tetranitro­
methane concentration. Zero, 5.0 x lO - 5 , and2.0x 
10-4 mol dm - 3 in copper(II) sulfate for curves 
1, 2, and 3, respectively; varied concentrations of 
tetranitromethane; 25 °G; the other conditions as 
in Table 2. 

0 2 4 6 
105[Gu(II)]/moldm-3 

10 

Fig. 3. Dependence of initial rate on concentrations 
of copper(II) and thiosulfate ions. 5.0xl0~4 , 1.0 X 
10-3, 2.0 Xl0-3 , and 5.0xl0~3 mol dm~3 in sodium 
thiosulfate for lines 1, 2, 3, and 4, respectively; 20 °G; 
varied concentrations of copper (I I) sulfate; the other 
conditions as in Table 2. 

Under the conditions of £3[C(N02)4][Cu(I)]>A;2[Cu-
( I I ) ] [S 2 0 3

2 ~] , the rate of formation of the nitroform 
anion is described by Eq. 7. 

Vi = d[NF-]/d* = ^ [ T N M J ^ O g 2 - ] 

+ *2[Cu(II)][S2(V-] (7) 

Under the condition of the £2-term in Eq. 7 being 
much larger than the A^-term, the rate shows zero-
order with respect to the T N M concentration. Reac­
tions 4 and 5 as alternative mechanisms could be also 
represented by Reactions 4 ' and 5'. 
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Gu(II) + S2032- ; = b Gu(II) .S203
2-

G(N02)4 + Gu(II).S2032-

(4r; 

- G(N02)3- + Gu(II) 

+ S 20 3 - + N 0 2 (5') 

Assuming the steady concentration for Cu(I I ) S 2 0 3
2 " 

under the conditions of £ 3 [TNM] >k_2, an equation 
identical to Eq. 7 is formed. 

Ionic Strength Dependence on kx and k2. Although 
the values of kx were independent of the ionic strength 
of the reacting solution, the values of k2 decreased with 
increasing the ionic strength. Plots of the extended 
Debye-Hückel equation are given in Fig. 4. The 
value of the slope of log k2 vs. Ml/2l(l+Ml/2) was —1.53 
a value somewhat smaller than the absolute value 
predicted for the reaction between divalent ions. 

-0.5 

o bD 

o 
-1.0 

0.1 0.2 0.3 

^ 7 ( 1 + ^1/2) 
Fig. 4. Ionic strength effects on the rate constants. 

0.01 mol dm - 3 in perchloric acid ; 0.02 mol dm - 3 

in sodium acetate; 20 °G; varied ionic strengths 
(NaC104); the other condtions as in Table 1. 

This may indicate that the copper (II) ion exists as 
acetato complexes so that the effective charges reveal 
smaller values than the divalent ion. Using the data, 
7^ = 1 XlO2 dm 3 mol"1 and ß2=l x 103 dm6 mol"2 for 
the formation constants of acetato- and diacetato-cop-
per(II) complexes, respectively,9) in a solution of 1 X 
1 0 - 4 m o l d m - 3 copper(II) and 0.01 mol d m - 3 acetate 
ion the copper(II) exists as 4.8 X 10 - 5 mol d m - 3 Cu a q

2 + 

+ 4.8 X 10-5 mol d m - 3 CuOAc+ + 4 X 10"6 mol dm" 3 

Cu(OAc) 2 in aqueous solution. Therefore, approxi­
mately 5 0 % of copper(II) exists as CuOAc+ species. 

Permittivity Dependence of kx and k2. The addition 
of methanol and ethanol to the reaction solution remark­
ably accelerated the rate of reaction between tetra­
nitromethane and thiosulfate ion in the presence of 
the copper(II) ion. Plots of log kx vs. \jD and log 
k2 vs. I ID are given in Fig. 5. 
Assuming Z a Z b = — 4 for the k2 reaction, the distance 
of the closest approach of the reactants in the transition 
state has been calculated to be 3 x l 0 - 8 c m . The 
dependence of kx on the permittivity was much smaller 
than for k2. The dependence of kx may indicate that 
the tetranitromethane molecule is polarized in the 
transition state, and that side reactions may occur 
with increasing alcohol concentration. 

1.5 

1.0 

bo 
O 

0.5 h 

~1 T" 
Water 40%MeOH 40%EtOH50%EtOH 

I _L _L_ _!_ _L_ J L 
0.013 0.014 0.015 0.016 0.017 0.018 

-0.5 ^T 

O 

-1.0 

1/D 

Fig. 5. Permittivity dependence on the rate constants. 
Plots 0 , 0 , and O indicate the data in aqueous 
solution, those in aqueous mixtures with methanol, 
and those in aqueous mixtures with ethanol, respective­
ly. Varied concentrations 0, 5.0 xlO"6 , 1.0 xlO"5 , 
2.0 xlO- 5 , 3.0 xlO-5 , 4.0 xlO- 5 , and 5 .0x l0 - 5 mol 
dm - 3 in copper(II) sulfate for the aqueous mixtures 
with methanol and ethanol; 0, 2.0xl0~5 , 5.0xlO"5, 
1.0 Xl0~4, and 1.5 XlO - 4 mol dm~3 in copper(II) 
sulfate for the aqueous solution; 20 °G; the other 
conditions as in Table 2. Values of permittivity 
were cited from a literature by Akerlöf.14) 

Effect of Acetate Ion. The rate constant kx was 
not affected by the acetate ion concentration, whereas 
k2 remarkably decreased with increasing acetate ion 
concentration. This strong retardation may be due 
to complex formation of the copper(II) ion with the 
acetate ion. Assuming that the aqua ted copper (I I) 
ion is the main reacting species, k2 should be described 
by Eq. 8. 

h = *?/(l + *i[OAc-] + &[OAc-]2) (8) 

where k°2 indicates k2 in the absence of acetate ion. 
Using values of k°2=20 dm 3 mol" 1 s - 1 , ^ = 1 X 102 dm 3 

mol - 1 , and ß2=l X 103 dm 6 mol - 2 , k2 has been calculat­
ed to be 20, 9.5, 5.9, 3.0, 1.9, and 1.0 dm 3 m o l - 1 s - 1 

for zero, 0.01, 0.02, 0.04, 0.06, and 0.10 mol d m - 3 

concentrations of O A c - , respectively. T h e values cal­
culated are in good agreement with those obtained 
experimentally. The rate constants kx and k2 obtained 
are tabulated in Table 1. 

Temperature Dependence. The values of kx and 
k2 were determined in aqueous solution at an ionic 
strength of 0.2 mol d m - 3 containing 0.1 mol dm~3 

acetate ion at 15, 20, 25, 30, and 35 °G the results of 
which are listed in Table 2. The values of k± and 
k2 are described by: 

and 

1.4x 109 exp[-54000 J m o l - 1 / ^ ] dm3 mol"1 s-1 
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TABLE 1. ACETATE ION EFFECT ON THE kx AND £2
a) 

[GH3GOO-]/mol dm-3 

0b> 
0.01 
0.02 
0.04 
0.06 
0.10 

kjdrn* mol - 1 s - 1 

0.239b> 
0.266 
0.266 
0.256 
0.202 
0.187 

£2/dm3 mol - 1 s - 1 

20.0b> 
9.53 
8.62 
5.59 
1.61 
1.06 

09 

'?, 
T3 

o 

s <D 

a) 1.5 X 10~4 mol dm"3 tetranitromethane ; 1.0 X 10~3 mol 
dm-3 sodium thiosulfate; 0, 2.0X 10~5, 5.0X 10~5, 1.0x 
10-4, and 1.5xl0- 4moldm- 3 in copper(II) sulfate; 
varied concentrations of sodium acetate and perchloric 
acid maintaining the ratio 2 : 1 and pH 4.7 at 20 °G; 
ionic strength 0.2 mol dm"3 (NaC104). b) pH 5.0 at 
the unbuffered solution; other conditions as in a). 

TABLE 2. TEMPERATURE DEPENDENCE ON THE RATE 

CONSTANTS*) 

Temp/C 

15 
20 
25 
30 
35 

G kjdm* mol - 1 s - 1 

0.158 
0.187 
0.394 
0.556 
0.680 

£2/dm3 mol - 1 s - 1 

0.82 
1.06 
1.23 
1.66 
2.00 

a) Conditions as in Table 1 ; except 0.1 mol dm - 3 in 
perchloric acid and 0.2 mol dm - 3 in sodium acetate, 
and varied temperatures. 

k2 = 1.1 x 106 exp[-33000 J mol^/RT] dm3 mol"1 s-1, 

respectively. 
Mixing Order of Reactants. The addition of the 

copper (II) ion to the thiosulfate solution before the 
addition of tetranitromethane results in the formation 
of copper (I) in solution and the concentration of the 
copper(I) increases with standing of the coppe r ( I I ) -
thiosulfate mixture. The addition of tetranitromethane 
to the mixture after a certain time of standing resulted 
in the tetranitromethane reacting rapidly with all the 
copper (I) produced during the standing time resulting 
in the nitroform ion. After the rapid formation of 
nitroform ion, the nitroform ion concentration increased 
with time. An example of the behavior is given in 
Fig. 6. 
The values extrapolated to zero time in Fig. 6 cor­
respond to the concentrations of copper (I) formed 
during the standing time. The extrapolated values, 
plotted against the standing time of the coppe r ( I I ) -
thiosulfate mixture are given in Fig. 7 together with 
the results obtained under different conditions. 
The slopes in Fig. 7 at zero to about ten min correspond 
to the rate of reaction between copper (II) and thio­
sulfate, and increases with decreasing acetate ion con­
centration. This trend is the same as seen in the values 
of k2 in Table 1. From the initial slopes in Fig. 7 
k2 has been evaluated approximately as 4 to 6 dm 3 

m o l - 1 s - 1 and 1 dm 3 m o l - 1 s - 1 in 0.01 and 0.1 mol d m - 3 

acetate ion, respectively. It is seen from Fig. 7 that 
the amount of nitroform formed is not related to the 
molecular oxygen dissolved in solution. Fouda et al.10»11) 
reported that at temperatures up to 50 °C and 

i 
Pu 

Time/min 

Fig. 6. An example for the kinetic behavior in the 
addition of tetranitromethane to the copper (II)-
thiosulfate mixture after a certain time of standing. 
The standing time of the mixture is 0, 1, 2, 5, 10, 20, 
30, 60, and 120 min for curves 1, 2, 3, 4, 5, 6, 7, 8, 
and 9, respectively. l .OxlO - 4 mol dm - 3 tetra­
nitromethane; l .OxlO - 4 mol dm - 3 in copper(II) 
sulfate; 20 °G; the other conditions are the same 
as in Table 2. 

I <f~ T I I 

-ro o-
(1) 

90 120 

Standing time/min 

Fig. 7. The values extrapolated to time-zero in the 
plots of [NF-]formed vs. t were plotted against time 
of standing. Conditions are 1.0 X 10~4 mol dm - 3 

tetranitromethane, ionic strength 0.2 mol dm - 3 , 20 °G, 
and pH 4.7 with 0.2 mol dm - 3 sodium acetate-0.1 
mol dm - 3 perchloric acid for curves 1 and 2, and 
with 0.02 mol dm - 3 sodium acetate-0.01 mol dm - 3 

perchloric acid for curves 3, 4, and 5. Other conditions 
are l.OxlO"3 mol dm"3 thiosulfate and 2.0xl0~4 

mol dm - 3 copper(II) for curve 1; l .OxlO - 3 mol 
dm~3 thiosulfate and 1.0xl0~4 mol dm~3 copper(II) 
for curves 2 and 3; 5.0 x l O - 4 mol dm - 3 thiosulfate 
and l .OxlO - 4 mol dm - 3 copper(II) for curve 4; 
1.0 Xl0 - 3 mol dm-3 thiosulfate and 5.0 XlO"5 mol 
dm - 3 copper(II) for curve 5. Plots of # indicate 
the data in the absence of oxygen, by bubbling nitrogen 
gas through the copper(II)-thiosulfate mixture during 
time of standing. 
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atmospheric pressure, the copper (I)-thiosulfate species 
resulting from the reduction of the copper (II) ion in 
aqueous solution by excess thiosulfate are stable with 
respect to reoxidation by molecular oxygen to copper-
(II) . Ryabchikov and Sil'nichinko12) reported that 
thiosulfate in excess over copper(II) (thiosulfate: 
coppe r ( I I )>3 : 1) results in the reaction: 

2CuS04 + 6Na2S203 • 2Na3[Gu(S203)2] 

+ Na2S4Oe + 2Na2S04. 

The S 4 0 6
2 _ ion forms no complexes with the copper(I) 

ion. Thiosulfate concentrations in the present inves­
tigation were 2.5 to 25 times in excess of the copper(II) 
concentration, and so the conditions are similar to 
those used by Fouda et a/.10»11) and Ryabchikov and 
SiPnichinko.12) 

Byerley et al.1*) reported that complicated reactions 
occur in the reaction between the copper (I I) ion and 
thiosulfate ion. I t appears however that such com­
plicated reactions do not occur under the present 
conditions which are designed for extremely low con­
centrations of copper(II) and thiosulfate ions. 
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j5-Salicylato(triethylenetetramine)cobalt(III) chloride monohydrate has been obtained from salicylic acid 
and /^dichloro (triethylenetetramine) cobalt (III) chloride at pH 10—11. The separation of iiß1 and /?2" isomers 
was attempted by using ion exchange. The IR spectra of the "ßx and /?2" complexes showed four strong absorp­
tion peaks in the 990—1100 cm - 1 region. This indicates that the complexes assume the /Mbrm. The ^ - N M R 
spectrum of ammine protons of coordinated triethylenetetramine of the ßx complex showed six signals with an 
intensity ratio of 1:1:1:1:1:1, while that of the ß2 complex showed five signals with an intensity ratio of 1:1:1:1:2, 
in 1.8 mol dm"3 D2S04 . The order of the chemical shifts in ppm is N(2)H<N(3)H<N(4)H 2 <N(l)H 2 . Thus, 
the protons of the secondary N(3)H of coordinated triethylenetetramine absorb at lower fields than the terminal 
N(1)H2 protons. The 13G-NMR spectra of the "ßi a n d /?2" complexes in heavy water showed six signals for trien-
ligand carbons and seven signals for salicylato-ligand carbons. The spectra of these complexes have shown two 
different configurations of the "ß1 and /?2" complexes. 

the formula of Cl-rcH20 (L: 

The preparat ion1 - 3) and some properties3-6) of 
salicylato- or cresotinato(tetraammine) cobalt ( III) chlo­
ride monohydrate and aslicylato- or cresotinatobis-
(ethylenediamine)cobalt(III) chloride dihydrate with 

/ O O C x A " 
L4Co | + R 

\0/v -
NH 3 , L 2 : en, R : H , CH3) have already been reported. 
The present paper deals with the isolation of ßx and 
ß2 isomers of salicylato (triethylenetetramine) cobalt-
( I I I ) chloride monohydrate7) and their properties. 

As far as the present authors know, no report has 
appeared on the configuration of a cobalt (trien) com­
plex which is chelated by two oxygen atoms as in the 
present example, although studies of the stereochem­
istry of the [Co ( trien) (amino-acidato)]2 + complex 
( tr ien=triethylenetetramine, amino-acidato=glycinato, 
sarcosinato---) have been reported by some authors.8»9) 

R e s u l t s and D i s c u s s i o n 

Complexes. Three isomeric forms are possible 
for the salicylato (triethylenetetramine) cobalt ( III) com­
plex, as is shown in Fig. 1. A mixture of ß± and 
/?2-salicylato (triethylenetetramine) cobalt (III) chloride 
monohydrate was obtained from salicylic acid and 
^-dichloro(triethylenetetramine)cobalt(III) chloride at 
p H 10—11. The separation of the isomers was 
achieved by the use of ion-exchange resin. Attempts 
to obtain the a-form using a-dichloro (triethylene­
tetramine) cobalt ( I I I ) chloride invariably resulted in 
the isolation of a mixture of the ßx and /?2-forms a t 

p H 2—8. The a-form may, then, be thermodynamical-
ly unstable.10) The a-glycinato(triethylenetetramine)-

/ 
/NH 2 

HN.vi-.-v--0 

// .-Co ; 

X N H 2 

,NH2 ,NH2 

HN 

/ l i n g / I * 

II 

0 
a ßx ß2 

Fig. 1. The a, ßl9 and ß2 configurations of [Go(trien)-
sal]Cl.H20. 

cobalt ( III) chloride can not be prepared at p H 7— 
8?io,n) but it can be prepared at p H 311) from 
glycine and a-dichloro(triethylenetetramine)cobalt(III) 
chloride. 

The ßx and /?2-salicylato (triethylenetetramine) -
cobalt ( III) picrate complexes have been prepared 

O H 

02NN/A/N02 

V 
N 0 2 

^-[Go(trien)sal]Cl.H20 > 
ßi, l a 
Ä, 2a 

O 

£-[Co(trien)sal][ 0 2 N x y \ / N 0 2 ] 

ßi, lb KJ 
A, 2b NO, 

A g N 0 3 

2a 
Na[BPh4^ 

A-[Co(trien)sal](N03).H20 + AgClj 

2c 

* A-[Go(trien)sal][BPh4] + NaCl 
2d 

from picric acid and the corresponding chloride 
monohydrate. The ß± and ß2 chloride monohydrate 
complexes (hereafter denoted as l a and 2a respec­
tively) are russet, while the corresponding picrates 
(denoted by l b and 2 b respectively) are orange. 
They are insoluble in most organic solvents, but the 
l a and 2a complexes are soluble in water, methyl 
alcohol, and dimethyl sulfoxide. Salicylato (triethylene­
tetramine) cobalt (III) nitrate monohydrate (2c) has 
been prepared from silver nitrate and the correspond­
ing chloride monohydrate (2a). I t is russet and soluble 
in water. The corresponding tetraphenyl borate (2d) 
has been prepared from sodium tetraphenyl borate and 
the 2a complex. I t is pink and soluble in acetone and 
dimethyl sulfoxide. When the l a and 2a complexes 
are treated with 6 0 % nitric acid, very deep green 
solutions are formed. They should contain com­
plexes3-6) similar to [CoL45-N02sal]2+ (L: NH 3 , L 2 : 

HN.vi-.-v--0
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en). The l a and 2a complexes are diamagnetic and 
should be a cobalt (III) complex of the low-spin type. 
The absorption spectra of the l a , l b , 2a, 2b , 2c, and 
2d complexes are collected in Table 1. 

IR Spectra. Buckingham et al., who studied 
the I R spectra of a, ßl9 and ß2-[Co(trien)gly]2+,9 '10) 

reported that the I R spectra of (trien)cobalt(III) 
complexes showed at least two strong absorption bands 
for a-complexes and at least four strong absorption 
bands for /^-complexes in the 990—1100 c m - 1 region. 
They also reported that the I R spectra of a-complexes 
showed three absorption bands, while those of /^-com­
plexes showed more complicated and usually four 
strong (and, in some cases, five) absorption bands, 
in the 3000—3300 c m - 1 region.12) The I R spectra 
of the l a and 2a complexes have four strong peaks 
in the 990—1100 c m - 1 region (Table 1) and four 
peaks in the 3000—3300 c m - 1 region; i.e., the I R 
spectrum of the l a complex has peaks at 2950, 3075, 
3150, 3220, and 3275(sh), and that of the 2a complex 
has peaks at 2875, 2950, 3050, 3150(sh), 3200, and 

(B) 

Fig. 2 
(A) 
(B) 
(G) 
(D) 

<5/ppm 

The 1H-NMR spectra of l a and 2a complexes. 
&-[Co(trien)sal]Cl.H20 in O.lmol dm"3 D2S04 . 
&-[Co (trien) sal] C1.H20 in O.lmol dm"3 D2S04 . 
A-[Co(trien)sal]Cl.H20 in 1.8 moi dm"3 D2S04 . 
/?i-[Co(trien)sal]Cl«H20 in heavy water con­

taining NaOH. Standard: internal DSS. 

NH2 
(4) 

3275(sh), which is the shift on deuteration12) to 2250— 
2450 c m - 1 . This indicates that the complexes assume 
the ß-form. The I R spectral data of the l a , l b , 2a, 
2b , 2c, and 2 d complexes are collected in Table 1. 

NMR Spectra. The ^ - N M R spectra of the 
l a and 2a complexes were measured in 0.1 mol d m - 3 

DCl, 0.1 mol d m - 3 D 2 S 0 4 , and 1.8 mol d m " 3 D 2 S 0 4 . 
In Fig. 2, the signals (2.3—3.8 ppm, 12H) at the highest 
field are assigned to the methylene protons of the co­
ordinated trien. The signals of 4.0—6.7 p p m are 
assigned to the protons of the N H and N H 2 group. 
The multiplet (6.5—8.2 ppm) at the lowest field is 
assigned to the protons of the salicylato ligand. The 
signal of the methylene protons of the coordinated 
trien of the l a complex showed one peak, and that 
of 2a showed two peaks in the 2.3—3.8 p p m region, 
as is shown in Fig. 2 and Table 1. The protons of 
both the N H and N H 2 groups of the coordinated trien 
of the l a and 2a complexes showed five signals in the 
intensity ratio of 1 : 1 : 1 : 1 : 2 in 0.1 mol d m - 3 D 2 S 0 4 

or in 0.1 mol d m - 3 DCl. They disappeared in heavy 
water containing N a O H . Buckingham et al. reported 
that the order of chemical shifts in p p m is N H R ^ a < 
NH 2 R<NH 3 . 1 1 ' 1 3 ) Thus, in ßx and ß2 also, the proton 
of the secondary N H of coordinated trien is considered 
to absorb at lower fields than the terminal N H 2 protons. 
Marzilli and Buckingham10) also found that, in the 
spectra of the ß2- [Co (trien) sa r ] 2 + ion, the N H 2 protons 
in a position trans to the coordinated carboxyl oxygen 
of the sarcosinato ligand absorb at a higher field than 
those in a position eis to the coordinated carboxyl 
oxygen. If the same relation holds in our ßx and ß2 

complexes, the N(1)H 2 protons of coordinated trien 
is thought to absorb at a higher field than the N(4)H 2 

protons, while the N(3 )H proton probably absorbs 
at a higher field than the N(2 )H proton, because N ( l ) 
and N(3) are at positions trans to the coordinated 
carboxyl oxygen or phenoxy oxygen.6) Thus , the 
order of the 1 H chemical shifts in p p m should b e : 
N ( 2 ) H < N ( 3 ) H < N ( 4 ) H 2 < N ( 1 ) H 2 . Now, in the [Co-
(NH3)4sal]+ ion6) it has been found that the N H 3 

protons in a position trans to the coordinated carboxyl 

(A) 

-Ju—A«- iLOl 

(B) 

JL J Lu) 
100 Hz 

N(l), N(2), N(3), and N(4) of coordinated trien ligand. 

Fig. 3. The 13G-NMR spectra of l a and 2a complexes 
in D 2 0 . (A): ft- [Go (trien) sal] Gl- H 2 0 . (B): 
&-[Co(trien)sal]Cl-HaO. 



2542 Yoshihisa YAMAMOTO and Eiko TOYOTA [Vol. 52, No. 9 

TABLE 1. XH-, 13G-NMR SPECTRA AND SOME PROPERTIES 

Complex 

XH-NMR spectra 

NH2CH2CH2NHCH2CH2NHCH2CH2NH2 

GH2 

S/ppm 
N(1)H2 
S/ppm 

N(4)Ha 
S/ppm 

N(3)H 
S/ppm 

l a 

2.35—3.72 (12H) 
2.39—3.89 (12H) 
2.39—3.76(12H) 
2.30—3.83 (12H) 

4.43(2H) a ) 5.24(1H) 6.25(1H) 
4.50(2H) a ) 5.29(1H) 6.29(1H) 

4.34(1H) 4.57(1H) 4.81(1H) 5.23(1H) 6.20(1H) 

l b 2.31—3.85(12H) 4.40 (2H) 4.80(1H) a ) 6.15(1H) 

2a 

2.31— 2.78(3H) 2.78—3.68(9H) 4.31 (2H) 
2.30—2.76 (3H) 2.76—3.80 (9H) 4.40 (2H) 
2.38—2.80 (3H) 2.80—3.80 (9H) 4.34(2H) 
2.35—2.79 (3H) 2.79—3.73 (9H) 

a ) 5.23(1H) 6.18(1H) 
a ) 5.25(1H) 6.19(1H) 

4.76(1H) 5.21(1H) 6.07(1H) 

2b 

2c 

2d 

3 

2.33—2.74(3H) 2.74—3.81 (9H) 

2.28—2.85 (3H) 2.85—3.76 (9H) 

4.32 (2H) 

4.36 (2H) 

4.77(1H) 

4.71(1H) 

a ) 

5.18(1H) 

6.08(1H) 

6.03 (IH) 

l a 
2a 
2c 
3 

13G-NMR 

NH2GH2GH2NHGH2GH2NHGH2GH2NH2 

46.6 45.8 51.9 52.1 53.9 56.9 
42.0 47.5 48.3 49.7 52.1 52.7 
42.0 47.4 48.3 49.8 52.1 52.6 

spectra 

G-T~ 
118.6 
118.1 
117.0 
117.5 

G-2 

167.8 
168.2 
168.3 
167.5 

6 

n o n i / ^ \ 5 

8 

G-3 G-4 G-5 

117.4 134.3 124.2 
117.1 134.5 124.3 
118.4 134.5 124.3 
117.5 134.6 124.1 

G-6 

132.4 
132.3 
132.3 
132.7 

_ G - 7 

174.68> 
174. P) 
174.18> 
174. P) 

oxygen of the salicylato ligand absorb at the highest 
field. As for the l a and 2a complexes in a 0.1 mol 
d m - 3 D 2 S 0 4 solution, the chemical shift (4.40 ppm) 
of the proton signal of the N(1)H 2 group of the 2a 
complex is a t a higher field than that (4.50 ppm) of 
the l a complex, as is shown in Fig. 2 and Table 1. 
Therefore, the N(1)H 2 group of the 2a complex is 
considered to be at a position trans to the carboxyl 
oxygen of the salicylato ligand, which is more elec­
tronegative than the phenoxy oxygen.6) Thus, the 
2a and l a complexes can be assigned to ß2 and ß± 

respectively. 
In the 1.8 mol d m - 3 D 2 S 0 4 solution, the spectrum 

of the l a complex showed six peaks with an intensity 
ratio of 1 : 1 : 1 : 1 : 1 : 1, while that of the 2a com­
plex showed five peaks with an intensity ratio of 1 : 
1 : 1 : 1 : 2 . The signal at 4.50 p p m of the highest 
field, based on the N( l )H 2 -g roup protons of the 
coordinated trien of the l a complex, split into two 
signals a t 4.34 and 4.57 ppm. This seems to be a 
result of the formation of hydrogen bonding14) between 
the carbonyl oxygen of the salicylato ligand and 

protons of sulfuric acid. The carbonyl oxygen of the 
coordinated salicylato of the l a complex is near to 
the N(1)H 2 protons in a position trans to the coordi­
nated phenoxy oxygen of that complex. This is also 
in harmony with the assignment of the l a complex 
assuming it to have the ßx form. 

In the 1 3 C-NMR spectra of the l a and 2a complexes 
in heavy water, there have been observed six signals 
for the trien ligand and seven signals for the salicylato 
ligand. The chemical shifts of the salicylato ligands 
of the l a and 2a complexes agreed with each other, 
but those of the trien ligand were different, as is shown 
in Fig. 3 and Table 1. The chemical shifts of the 
salicylato ligand are assigned on the basis of the chemical 
shift of the salicylato (tetraammine) cobalt (III) chloride 
monohydrate.6) Those of the trien ligand are dif­
ficult to assign to the individual carbon atom. They 
have shown the two different configurations of the 
ßx and ß2 complexes. The N M R spectral data of the 
l a — l b and 2a—2c complexes are collected in 
Table 1. 
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OF l a , l b , 2a, 2b , 2c, AND 2d COMPLEXES 

I R spectra Absorption bands 

[N(2)H + salicylate] 
<5/ppm 

(picrate) 
ô/ppm 

N(2)H 
<5/ppm 

(salicylate) 
S/ppm 

990—1100 />r(NH(2 )) r 

c m -

Electric 
conductivity 
of aqueous 

solution 

S cm2 e q - 1 

[6 .49—7.95 ( 5 H ) ] 1 ) 

[6 .56—7.99(5 H ) ] 2 ) 

6 .51 (1H) 6 .66—8.00 (4H) 3 ) 

6 .75—7.90 (4H) 4 ) 

999, 1030 

1060 (vs), 1 0 8 0 ( s ) 
835 331 

530 

29606) 

270 

93 

[6 .48—7.99 ( 5 H ) ] 5 ) 9 .20 (2H) 1000, 1028 

1060(vs), 1075 (vs)b) 
838 520 275«) 

[6 .51—7.94 ( 5 H ) ] 1 ) 

[6 .50—7.94 (5H)] 2 > 

[6 .49—7.97 ( 5 H ) ] 3 ) 

6 .62—7.93 (4H)4> 

990, 1030 

1 0 6 0 ( s ) , 1075 (vs) 

835 333 
520 

30506) 
270 

124 

[6.50—7.92 (5H)]5> 

[6.48—7.99 (5H)]3) 

9.22 (2H) 1005, 1030 
1060(s), 1075 (vs) 

990, 1030 
1050(s), 1075 (vs) 

990, 1030 
1048(s), 1068 (vs) 

838 

835 

845 

840 

510 

333 
511 

333 
522 

330 
533 

290«) 

2970«) 
273 

26007) 
274 

2900«) 
160 

Solvent: 1) 0 .1 mol dm" 3 DG1, 2) 0 .1 mol d m " 3 D 2 S 0 4 , 3) 1.8 mol d m " 3 D 2 S 0 4 , 4) 0 .1 mol d m " 3 N a O H and 
D 2 0 , 5) 0 .9 mol d m " 3 D 2 S 0 4 , 6) H 2 0 , 7) Acetone, 8, 9) D 2 0 . 

S tandard : 1)— 5) internal DSS, 8) internal dioxane (<5 = 67 .4 ) , 9) intermal M e O H (<5 = 4 9 . 8 ppm) . 
/ O O C ^ ^ l 

(NH3)4Go | || C 1 H 2 0 , Ref. 6. 

\0/vJ 
a) This signal overlapped with each solvent, b) This signal overlapped with picric acid. 

Complex 3 : 

Exper imenta l 

Measurements. The N M R spectra were recorded 
with a FX-60 apparatus ( JEOL) for 1 3 G-NMR and an R-40 
apparatus (Hitachi) for ^ - N M R . T h e I R spectra were 
recorded in potassium bromide disks with a IR-27G ap­
paratus (Shimadzu). T h e visible absorption spectra were 
recorded with a Shimadzu MPS-5000 recording spectropho­
tometer. T h e magnetic susceptibilities were measured by 
the Gouy method using a magnetic balance (Shimadzu) at 
room temperature. T h e p H was measured with a Toa 
Electronics pH-meter HM-5B. T h e electric conductivity of 
an aqueous solution were determined by the use of a 
conductometer, GM-30 (Shimadzu), at room temperature. 

Preparation of Complexes. ß-Salicylato(trien) cobalt (III) 
Chloride Monohydrate : This complex was prepared from 
/?-dichloro(trien) cobalt (III) chloride15) (46 g, 148 mmol dm~3) 
and salicylic acid (20.5 g, 148 mmol dm~3) at p H 10—11 
by Morgan's method2) and was then recrystallized from 
water. Yield: 40.46 g (69.3%). 

Separation oj' ßx-Salicylato(trien)cobalt (III) Chloride Monohydrate 
(la) and ß2-Salicylato(trien) cobalt (III) Chloride Monohydrate 
(2a): Five-tenths of a gram of /?-[Co(tr ien)sal]Cl-H 20 
was dissolved in 1.5 ml of water, and the solution was passed 
through a large column of cation-exchange resin (2.5 X 50 cm, 
Dowex 50W-X2). Two red bands separated on elution 

with a 0.3 mol d m - 3 NaCl solution. T h e solution of the 
first band ( l a ) and that of the second band (2a) were con­
centrated in a rotary evaporator, and the NaCl was removed 
by filtration. T h e l a and 2 a complexes were both recrystal­
lized from water. Yields: 0.022 g (4.4%) for l a ; 0.42 g 
(84%) for 2 a ; Found l a : G, 39.47; H , 6.07; N , 14.45; Gl, 
8.76%. l b : G, 39.68; H , 6.14; N , 14.39; Gl, 9 .00%. Galcd 
for GoG 1 3 H 2 4 N 4 0 4 Gl: {MW 394.75) G, 39.56; H , 6.13; N , 
14.19; Gl, 8 .98%. 

ß1-Salicylato(trien) cobalt (III) Picrate (lb) and ß2-Salicylato-
(trien) cobalt (III) Picrate (2b) : An aqueous solution of the 
l a or 2 a complex (0.5 g, 1.27 mmol d m - 3 ) was added to 
a solution of picric acid (0.29 g, 1.27 mmol d m - 3 ) , the mixture 
was stirred, and the separated orange complex was filtered 
and recrystallized from water. Yields: 0.36 g (50%) for 
l b ; 0.42 g (58.2%) for 2 b ; Found l b : G, 39.99; H , 4 .63; 
N, 16.96%. 2 b : G, 40.24; H , 4.46; N , 17.06%. Galcd for 
GoG 1 9H 2 4N 7O 1 0 : {MW569.37) G, 40.08; H , 4.25; N , 17.22%. 

ß2-Salicylato(trien) cobalt (III) Nitrate Monohydrate (2c) : An 
aqueous solution of silver nitrate (0.45 g, 2.65 mmol d m - 3 ) 
was added to an aqueous solution of 2 a (1.0 g, 2.53 mmol 
d m - 3 ) , the mixture was stirred, and the precipitated silver 
chloride was filtered. T h e filtrate was concentrated and 
recrystallized from water as russet crystals. Yield: 0.65 g 
(60 .9%); Found : G, 37.29; N , 5.67; N , 16.56%. Galcd 
for GoG 1 3 H 2 3 N 5 0 7 : {MW 421.30) G, 37.06; H , 5.74; N , 
16.62%. 
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ß2-Salicylato(trien) cobalt (III) Tetraphenylborate (2d) : An 
aqueous solution of the 2a complex (1.0 g, 2.53 mmol dm - 3) 
was added to a solution (0.95 g, 2.78 mmol dm -3) of sodium 
tetraphenylborate, the mixture was stirred, and the precip­
itated pink complex was filtered off and washed with water, 
and ethanol and dried in vacuo. Yield: 1.45 g (86.7%); dec 
216 °G, Found: G, 67.12; H, 6.60; N, 8.58%. Galcd for 
GoG37H42N403B: (MW660.51) G, 67.28; H, 6.41 ; N, 8.48%0. 

T h e authors wish to express their gratitude to Profes­
sor Masayasu Mori of Osaka City University for his 
discussions. 
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X-Ray diffraction studies were carried out for aqueous diamminesilver(I) nitrate, silver(I) Perchlorate and 
nitrate solutions. The radial distribution curve of the diamminesilver(I) nitrate solution showed that the length 
of the Ag-NH3 bond is (2.22 ±0.02) Â. In the aqueous silver (I) Perchlorate solution, a silver (I) ion is combined 
with two water molecules at a distance of (2.41 ±0.02) Â, the result being in good agreement with that obtained 
for the nitrate solution. 

I t is well known that silver (I) ion forms the stable 
diammine complex and the diamminesilver(I) ion 
is believed to have a linear structure. X-Ray structure 
analysis1) showed that in crystals of diamminesilver 
dinitritoargentate, [Ag(NH 3 ) 2 ]Ag(ONO) 2 , the diam­
minesilver (I) cation has a linear structure, the A g - N H 3 

bond length being 2.11 Â. However, no X-ray dif­
fraction study of the diamminesilver (I) complex in 
aqueous solution has been carried out. Miles et al?) 
and Geddes and Bottger3) measured infrared and 
Raman spectra of various diammine silver salts in 
crystals and solutions, suggesting a linear structure 
of the complex. 

Most authors reported 2 for the hydration number 
of silver ion in aqueous solution with various 
methods.4-7) O n the other hand, an N M R method8) 
gave a smaller value (0.7) and conductivity9) and com­
pressibility10) measurements gave values of 3—4. The 
X-ray diffraction study on the aquasilver(I) ion has 
been carried out neither in the crystalline state nor 
in aqueous solution, because no crystal containing 
aquated silver (I) ion has been found and aqua silver (I) 
ion is readily reduced by X-ray irradiation. 

In the present work, we aimed at determining the 
structures of the diammine- and aquasilver(I) com­
plexes in aqueous nitrate and Perchlorate solutions 
by the X-ray diffraction method with a special pre­
caution for reduction of silver by X-rays. 

Exper imenta l 

Preparation and Analysis of Sample Solutions. A diam­
minesilver^) nitrate solution was prepared by dissolving 
the required amount of recrystallized silver(I) nitrate in a 
concentrated ammonia solution. The mole ratio of NH3/Ag 
in the solution was adjusted to about 2.5 in which each silver-
(I) ion should be coordinated with two ammonia molecules 
according to the stability constant of the complex11»12) The 
concentration of the silver (I) ion was determined both by 
gravimetry as AgCl and by electrogravimetry as Ag. The 
results obtained by the two independent methods were con­
sistent with each other within 0.2%. The ammonia content 
of the sample solution was determined by the Kjeldahl method. 
The concentration of the nitrate ion was determined by the 
stoichiometry of the silver (I) nitrate. 

A silver(I) Perchlorate solution was prepared by adding 

** Present address: Department of Applied Chemistry, 
Nagoya Institute of Technology, Gokiso, Showa-ku, Nagoya 
466. 

silver (I) carbonate crystals to a boiling HG104 solution, 
the crystals having been precipitated by adding a sodium 
carbonate solution to a solution of silver (I) nitrate and then 
decanted repeatedly with water until no sodium ion was 
detected by the flame test. 

A silver (I) nitrate solution was prepared by dissolving 
recrystallized silver (I) nitrate in distilled water. 

The concentration of the anion in each solution was deter­
mined as previously mentioned.13) The density of the so­
lutions was measured with pycnometers. The compositions 
of the sample solutions are given in Table 1. 

TABLE 1. COMPOSITIONS (g-atoms/dm3) AND THE 

STOICHIOMETRIC VOLUMES V PER A g ATOM 

OF THE SAMPLE SOLUTIONS 

Ag 
CI 
N 
O 
H 
7/Â3 

p/g cm~3 

(A) 
Ag(NH3)2N03 

3.967 
— 

14.08 
45.58 
97.69 

418.6 
1.453 

(B) 
AgC104 

4.235 
4.336 

— 
61.50 
88.42 

392.1 
1.684 

(G) 
AgN03 

3.453 
— 

3.453 
59.44 
98.16 

480.9 
1.471 

X-Ray Scatterings. X-Ray measurements were carried 
out at (25 ±1) °C with a JEOL 6-6 diffractometer using a 
Philips Mo X-ray tube (A=0.7107Â) over the s range from 
0.6 to 16 Â - 1 (.y=47rsin0/A), where 20 is the scattering angle. 
The details of the diffractometer, measurements and data 
treatments are reported elsewhere.13-15) Preliminary X-ray 
measurements revealed that precipitates of silver metal reduced 
by X-rays appeared on the surface of a solution within a 
few days. Therefore, prior to measurements, the change 
of scattered intensities was examined with the elapse of time 
at two fixed scattering angles of 12° and 60°. In the case 
of the diamminesilver (I) nitrate solution, the change of scat­
tered intensities was found to be less than 1.5% within two 
days of X-ray irradiation. The silver(I) Perchlorate and 
nitrate solutions showed a change of less than 2% within 
one day. Thus, an irradiated sample was replaced by a 
new one during the experiments every two days for the diam­
minesilver^) nitrate solution and every day for the silver(I) 
Perchlorate and nitrate solutions. 

Intensities of X-rays scattered were corrected for back­
ground, absorption in the sample,16) polarization16) and 
incoherent scatterings,13) and then scaled to electron units 
by the conventional methods.13'17'18) The values of coherent, 
incoherent and anomalous scatterings of all atoms were 
quoted from the literature.19) In the case of the silver(I) 
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Perchlorate and nitrate solutions the molecular form factor 
for H2O

20> was used when we calculated the interaction 
among water molecules in the systems. Reduced intensities 
i(s) obtained by subtraction of independent scatterings of 
each atom and water molecules from the scaled intensities 
were Fourier transformed into the radial distribution func­
tion D(r) after smoothing correction.21) The modification 
function used was {(/Ag(0) + A/ /

Ag)2+(A/ / /Ag)2}/{(/AgW 
+ A/ /Ag)2+(A/ / /

Ag)2}exp(-0.0b2) where fAg, A / ' A g , and 
Af'Ag are the scattering factor, the real and the imaginary 
parts of anomalous dispersion of Ag atom, respectively. 
Spurious ripples found in the hard-core region of the 
D(r) curves were removed by the previous manner.13) 
Experimental scaled intensities, reduced intensities multiplied 
by s, the D(r) and D(r) —4nr2p0 curves for the solutions 
investigated are shown in Figs. 1—4. Theoretical reduced 
intensities 2(Scaled of given atom pairs were calculated by 
Eq. 1 and they were transformed into the theoretical radial 
distribution curves by Fourier inversion. 

»Meal«* = S S ^ { ( / i ^ ^ A / i
, ) ( / j ^ ^ A / ; ) ^ ^ ( A / r ) ( A / , ; ) } 

sin (jfij) 

1 J 

1 * J 

sra 
- e x p ( - ^ j j a ) (1) 

Fig. 1. Experimental scaled-intensities (circles) and 
calculated intensities (solid lines) of independent 
scatterings for solutions: A. Ag(NH3)2N03; B. AgC104; 
G. AgN03 . 

The values of the averaged distance r^ between atoms i and 
j , the temperature factor 0-^=1/2(Ar2} «A' '2) is the mean 
square amplitude of the molecular vibration) and the 
frequency factor n-^ were refined by the least squares 
method where the following function U was minimized. 

U = S J 8 (» ( J )obBd- iWealed)2 (2) 

Here ^max and ^min are the upper and lower limits of selected 
s regions. All calculations were performed with the aid 
of the M 180 computer by the KURVLR22) and NLPLSQ,14) 
programs. 

R e s u l t s 

Diamminesilver(I) Nitrate Solution. In the D(r) 
and D(r)—4nr2p0 curves of solution A, three peaks 
appeared at 1.2, 2.2, and 3—5 Â. The first peak 
around 1.2 Â corresponds to the N - O bond within 
N 0 3 - ion.23«24) The O - H and N - H bonds within H 2 0 
and N H 3 molecules also contribute in part to this peak. 
The second and rather distinct peak appeared at 2.2 
Â, which can be ascribed to the distance between Ag 
and N H 3 molecules. The O - O interaction within 
the planar N 0 3 ~ ion partly contributes to the peak 
( 1 . 2 6 Â x V T = 2 . 1 8 Â ) . The structure of the diam-
minesilver(I) complex ion was determined by analyzing 

5 /A"1 

Fig. 2. Observed s-i(s) values (circles) for solutions 
A, B and G. Dashed and solid lines show the cal­
culated s-i(s) values for the short- and (short + long)-
range interactions, respectively, with parameter values 
listed in Table 3. 
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Fig. 3. Radial distribution functions D{r) (solid 
lines) and 4nr2p0 (dashed lines) for solutions A, B, 
and G. 

Fig. 4. The D(r)—4nr2p0 curves for solutions A, B, 
and G. 

the second peak after subtraction of the peaks due 
to the N - O and O - O pairs within N 0 3 ~ ion from 
the D(r) curves. The average distances of the atom 
pairs used in the calculation were those given in the 
literature24) and the temperature factors were calculated 
from spectroscopic data25) by the Cyvin method,26) 
the values being listed in Table 3. 

The chain lines in Fig. 5 (a and b) show the residual 

(0 Ag-N 

0-H N-H 

Fig. 5. (a) The D(r)—4nr2p0 curve for diamminesil-
ver(I) nitrate solution. The chain line shows the 
residual curve after subtraction of the theoretical 
peaks from original curve (solid line), the peaks being 
those for the O-H and N-H bonds within H 2 0 and 
NH3, respectively, and the N-O and O-O pairs within 
N0 3 ~ ion. The dashed line gives the difference 
between the original curve and the sum of the whole 
theoretical peaks shown in (c). (b) The corresponding 
D(r) curve, (c) The theoretical peak shapes of 
each atom pair. 

curves obtained by subtraction of the theoretical curves 
of the O - H bond within H 2 0 , the N - H bond within 
NH 3 , the N - O , and O - O contacts within N 0 3 ~ ion 
from the original curves (solid lines). The length 
of the A g - N H 3 bond and the coordination number 
of the silver ion were determined from the residual 
curve by the trial-and-error method. The A g - N H 3 

bond length finally determined was (2.22±0.02) Â. 
The number of ammonia molecules coordinated to 
a silver (I) ion was estimated to be about 2 from the 
peak area. The temperature factor for the A g - N H 3 

bond was determined to be 0.002—0.003 Â2, which 
was in good agreement with the value of 0.0018 Â2 

calculated by using spectroscopic data.27) Further 
subtraction of the theoretical peak due to two A g - N H 3 

bonds from the residual curye gave a smooth background 
curve (dashed line), which Ishows no more appreciable 
intramolecular interaction left within 3 Â, except for a 
broad peak around 2.8 Â due to the bulk structure.28) 

The theoretical s-i(s) curve of the diamminesilver(I) 
nitrate solution was calculated on the basis of the pro­
posed models for the complex, nitrate ion, ammonia, 
and water molecules. The theoretical values (dashed 
line in Fig. 2, curve A) of s-i(s) thus evaluated were 
compared with the experimental ones (circles). Over 
the range of 4 Â - 1 0 < 1 5 Â - 1 satisfactory agreement 
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was found between them. Discrepancy in the cal­
culated and experimental values at ^ < 4 Â _ 1 is due 
to neglect of long-range interactions in the theoretical 
calculations. 

Silver (I) Perchlorate and Nitrate Solutions. In 
Fig. 3, we see a peak around 1.5 Â in the D{r) curve 
obtained for the Perchlorate solution (curve B), which 
is due to the C l - O bond within the Perchlorate ion. 
A peak around 1.2 Â found in the nitrate system (curve 
C) is ascribed to the N - O bond within the nitrate 
ion. Peaks around 2.5, 2.8, and 4.3 Â are seen in 
the D(r) and D(r) — 47tr2p0 curves for both the solutions 
(see Figs. 3 and 4). The second peak around 2.5 Â 
can be attributed to the A g - O H 2 bond within the 
hydrated silver(I) ion, which is expected from the 
sum of the radius of Ag+ (1.26 Â29>) and the size of 
a water molecule (1.40 A30)). The O - O contacts 
within the anions also contribute to the peak (1.5 Â x 
1/8/3=2.4 Â for tetrahedral C10 4 " and 1 . 2 Â x V / I = 
2.1 Â for planar N 0 3 ~ ) . The peak around 2.8 Â is 
due to the hydrogen-bonded H 2 0 - H 2 0 interaction 
in the bulk water structure. Since the peaks at about 
2.5 A and 2.8 Â are overlapped, analysis of the structure 
of the aquasilver(I) ion from the peak shape at 2.5 
A was not possible without taking into account the 
contribution of the H 2 0 - H 2 0 interaction in the bulk. 
The wing of the peak due to long-range interactions 
which appeared at 4.3 Â may partly contribute to 
the peak a t 2.5 Â. The 4.3 Â peak also influences 
the shape of the 2.8 Â peak. Therefore, in order to 

analyze the peak shape at 2.5 Â, interactions included 
in the peaks at 2.8 Â and 4.3 Â must be taken into 
consideration. The long-range interactions may be esti­
mated on the basis of appropriate models of molecular 
interactions. The peak at 4.3 Â might include the 
interaction between silver ion and water molecules 
in the second hydration sphere.31) Interactions between 
the central atoms of the Perchlorate and nitrate ions 
and water molecules hydrated with the anions may 
also contribute to the broad peak. According to 
X-ray diffraction studies on concentrated HN03

23> 
and NH4N03

2 4> aqueous solutions, the N(within N 0 3 " ) -
O (within H 2 0 in the hydration sphere) interaction 
should appear at about 3.4 Â. For the Perchlorate 
system, on the other hand, the corresponding C l -O 
interaction is expected to appear around 3.6 Â, which 
is seen as a hump in curve B of Fig. 4. Such a hump 
has been observed in concentrated Fe(C10 4 ) 3 aqueous 
solutions.32) 

Short-range intramolecular interactions mainly 
contribute to the high angle par t of the s-i(s) function, 
whereas long-range intermolecular interactions largely 
contribute to the low angle par t of the function and 
rapidly diminish with increasing s values. We have 
seen in the silver ni t rate-ammonia system (Fig. 2, 
curve A) that the short-range interactions for the 
diamminesilver(I) nitrate solution are responsible for 
the s-i(s) values at ^ > 4 Â - 1 . Therefore, at a first 
step of approach in estimating the parameter values 
of the short-range interactions in the silver (I) Perchlorate 

T A B L E 2. PARAMETER VALUES OF THE INTRAMOLECULAR INTERACTIONS OBTAINED BY THE LEAST SQUARES 

REFINEMENTS W I T H VARIOUS S RANGES FOR THE SILVER(I) PERCHLORATE SOLUTIONS 

T h e values in parentheses are their s tandard deviations. 

Atom pair S Â - ^ ^ I S Â - 1 Ô Â - ^ ^ I S Â - 1 7 A ~ l < ^ < 1 5 Â - 1 S Â - ^ ^ I S Â - 1 

rAg-OH 2 /Â 

^Ag-OH2 /A 

n A g - O H 2 

rci-o/A 

2.427(5) 
0.0040(3) 
1.98(3) 
1.474(3) 

2.410(4) 
0.0040(2) 
1.99(3) 
1.473(2) 

2.406(4) 
0.0040(2) 
1.99(3) 
1.471(2) 

2.405(5) 
0.0039(2) 
2.00(4) 
1.472(2) 

T A B L E 3. FINAL PARAMETER VALUES AND STANDARD DEVIATIONS (IN PARENTHESES) FOR THE SHORT-

AND LONG-RANGE INTERACTIONS OBTAINED BY THE LEAST SQUARES REFINEMENTS FOR THE 

SILVER(I) PERCHLORATE AND NITRATE SOLUTIONS 

System Atom pair nj/A *u/A »u 

Ag(NH3)2N03 

AgC104 

AgN0 3 

Ag-NH3 (within Ag(NH3)2 

N-O (within N03~) 

I Ag-OH2 (within Ag(OH2)2 

Gl-O (within G104") 
H 2 0 - H 2 0 (in the bulk) 
Gl (within G104-)-H20 
A g - ( H 2 0 ) n 

Ag-OH2 (within Ag(OH2)2 

N-O (within N03") 
H 2 0 - H 2 0 (in the bulk) 
N (within N 0 3 - ) - H 2 0 
A g - ( H 2 0 ) „ 

2.22(2) 
1.26*>) 

2.410(4) 
1.473(2) 
2.83(3) 
3.57(4) 
4.44(6) 

2.450(8) 
1.24(2) 
2.91(7) 
3.17(7) 
4.29(6) 

0.0018^) 
0.00086*) 

0.0040(2) 
0.00076*) 
0.014^) 
0.128(7) 
0.105(5) 

0.004(2) 
0.00086*) 
0.014d> 
0.036(8) 
0.019(7) 

2.0(5) 
3.0e) 

1.99(3) 
4.0e) 
4.4d) 

25.6(8) 
9.5(3) 

2.45(7) 
3.0e) 
4.4d> 

43(2) 
17.3(6) 

a) Calculated values from spectroscopic data (Refs. 25, 27, 
structure model, d) Ref. 30. 

and 33). b) Ref. 24. c) Fixed on the basis of the 
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and nitrate solutions, the least squares method was 
applied to the s-i(s) values of variable subsets covering 
various s ranges (5 Â - ! < ^ < 15 Â" 1 ) . Then, long-
range interactions were taken into consideration for 
explaining the data of almost whole angle range of 
the s-i(s) values. 

Short-range Interactions: The structures of hydrated 
Ag(OH 2 ) n + and the anion (G10 4 - or N 0 3 ~ ) were 
taken into consideration in calculation of s-i(s) values 
over the range of 5 Â - : L<.y<15 Â - 1 with variable 
^min, the minimum value of the s range. In the cal­
culation, the A g - O H 2 distance, the temperature factor, 
and the number of the bond (n) were independently 
varied. For the tetrahedral C104~ or planar N 0 3 ~ 
ion, the only C l - O or N - O distance was independently 
refined. The temperature factors of the Perchlorate 
and nitrate ions were kept constant at the values cal­
culated from spectroscopic da ta : 0.00076 Â2 (Cl-O) 
and 0.0012 Â2 ( O - O ) for C104-;33> 0.00086 Â2 (N-O) 
and 0.0010 Â2 ( O - O ) for N03-.2 5> 

Table 2 gives the parameter values thus obtained 
for the short-range intramolecular interactions of 
the siver(I) Perchlorate solution with varying s ranges. 
As is seen from Table 2, the results were practically 
independent of selection of the ^min values. The 
values of the parameters determined in the range 
of 6 Â - 1 ^ . y ^ l 5 Â - 1 are taken as the best ones for 
both the Perchlorate and the nitrate solutions. Cal­
culated s-i(s) curves by using the parameter values 
thus obtained are shown by dashed lines in Fig. 2 
(curves B and C). 

Long-range Interactions: Interactions between silver-
(I) ion and water molecules in the second hydration 
sphere (abbreviated as A g - ( H 2 0 ) n ) and the C 1 - H 2 0 
or N - H 2 0 interaction due to the hydration of Per­
chlorate or nitrate ion were taken into account in 
calculation of s-i(s) values over much wider s ranges. 
The H 2 0 - H 2 0 interaction in the bulk phase was so 
approximated that "free" water molecules formed 
tetrahedral frameworks, the parameter values of the 
tetrahedral pentamer moiety of water, ( H 2 0 ) 5 , being 
quoted from the work by Narten.30) 

When we took into account the long-range interac­
tions in addition to the short-range intramolecular 
interactions previously discussed, satisfactory agree­
ments were obtained between the experimental and 
theoretical s-i(s) values in both the Perchlorate and 
nitrate systems over the whole range of s except s< 
1.5 Â - 1 , where much longer-range intermolecular 
interactions and the scattering from the "holes" in 
an uniform medium22) contribute to the s-i(s) values. 
The distance between silver (I) ion and water molecules 
in the second coordination sphere was estimated to 
be 4.3—4.4 Â. The Cl(within C 1 0 4 - ) - H 2 0 and 
N (within N 0 3 ~ ) - H 2 0 distances were converged to 
3.57 Â and 3.17 Â, respectively. The final results 
are summarized in Table 3, together with the values 
for the diamminesilver(I) nitrate solution given in 
the previous section. A small deviation of the the­
oretical s-i(s) curve from the experimental one was 
observed in the range of 5 Â _ 1 < ^ < 6 Â - 1 in the silver(I) 
nitrate system. However, no further refinement was 
possible with any other models of the system. Figure 

Fig. 6. (a) The D(r)—4nr2p0 curve for silver(I) Per­
chlorate solution. The chain line shows the residual 
curve after subtraction of the theoretical peak shapes 
shown in (c) except for the peak due to the Ag-OH2 

bond from the original curve (solid line). The dashed 
line indicates the difference between the original 
curve and the sum of theoretical peak shapes shown 
in (c). (b) The corresponding D(r) curve, (c) 
The theoretical peak shapes for each atom pair. 

6(c) shows the radial distribution curve of each in­
teraction in the silver Perchlorate system estimated 
from the analysis of the s-i(s) curve described above. 
The peaks due to the A g - O H 2 bond are clearly seen 
at 2.4 Â, shown by chain lines in Fig. 6 (a and b) , when 
the theoretical peaks due to the intra- and intermolecular 
interactions except for the A g - O H 2 bond were sub­
tracted from the original curves shown by solid lines 
in Fig. 6 (a and b) . Further subtraction of the peak 
due to the A g - O H 2 bond from the residual curves 
gave smooth background curves, which indicated no 
other intra- and intermolecular interactions shorter 
than 6 Â . 

D i s c u s s i o n 

X-Ray diffraction data revealed that an Ag(I) ion 
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is coordinated with two ammonia molecules at a distance 
of 2.22 Â in aqueous solution and no water molecule 
combines with the diamminesilver(I) complex. The 
Ag-NHg bond in the Ag(NH3)2+ complex in solution 
is longer than that in crystal.1) In the present X-ray 
analysis we could not draw a definite conclusion that 
the complex has a linear structure because non-bonded 
NH3-NH3 distance was not determined. According 
to the preceeding work,1) Ag(NH3)2+ complex in [Ag-
(NH 3 ) 2 ]Ag(N0 2 )2 crystals has a linear structure. 
Therefore, we would like to say that the diamminesilver 
(I) ion has a linear structure in solution as well as 
in crystals. The aquasilver(I) ion may also have a 
linear structure. The values of the distance between 
a silver (I) ion and a water molecule rAg-0H2 and the 
coordination number of the silver(I) ion nAs-ou2 in 
the nitrate system are slighly different from those of 
the Perchlorate system (Table 3). However, the 
difference is not significant. 

I t should be noted that the A g - N H 3 distance is 
much smaller than the A g - O H 2 distance observed 
in the present work, the fact suggesting the formation 
of strong coordination bonds between silver ion and 
ammonia molecules compared with that between 
silver ion and water molecules. 

The present work has been partially supported by 
a Grant-in-Aid for Scientific Research from the Minis­
try of Education. 
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A sample preparation technique was developed for the study of infrared emission spectroscopy. The 
emission spectrum of M o 0 3 showed peaks at 987 and 925 cm - 1 in the temperature range of 185 through 
505 °G. Peak intensities were proportional to the sample weight. The background intensity in the emission 
spectrum was measured at 1050 cm - 1 and it was also proportional to the sample weight. In order to apply 
emission spectroscopy to the study of reaction kinetics, the reduction of Mo0 3 by H2 and the oxidation of 
Mo0 2 by 0 2 were chosen as model reactions. These reactions were studied at 425 to 485 °G and the 
activation energy for the reduction of M o 0 3 was 43 kcal/mol and that for the oxidation of Mo0 2 was 38 
kcal/mol. The activation energy for the formation of the terminal Mo=0 bond was, however, 71.2 kcal/ 
mol. 

Oxides of molybdenum are important as oxidation 
catalysts. In connection with a recent study1) of the 
partial oxdation of methanol on M o 0 3 - F e 2 0 3 , attempts 
were made to investigate the state of the surface of 
the catalyst by infrared spectroscopy. As a first step 
it seemed logical to work with pure M o 0 3 , bu t we 
found that it was not possible to prepare a suitable 
disk of this material for study by the usual scattered 
transmission tehnique. Although the catalytic behav­
ior of some noble metals such as plat inum seem little 
affected by supports, such is not the case for most tran­
sition metals, and a fortiori for metal oxides. Thus 
we have searched for a means of studying unsupported 
M o 0 3 . Previous infrared work2 '3) on molybdenum 
oxides has been done on supported catalysts or by 
the Nujol method. Vanadium oxides have been 
studied in KBr disks.4) These methods are obviously 
not suited to the observation of the catalyst during 
catalysis, our ultimate goal. 

Although it seems attractive to use emission spec­
troscopy to observe catalysts at reaction temperatures, 
typically 200—500 °G, few papers have been published 
on this subject. Eischens and Pliskin5) observed the 
spectrum of a thin layer of oleic acid on an aluminum 
rod at 200 °G. Low and Inoue6) used an aluminum 
plate as the sample substrate. In an ideal arrangement 
only the sample would be heated, but radiation from 
the polished heated a luminum is small. Koga et al?) 
have used an infrared beam to heat their sample, so 
that the rest of the cell remained cooler, and interfering 
radiation was minimized. They observed the emission 
spectrum of formate ions on the surface of A1203 . 
Dewing8) deposited bismuth molybdate on a heated 
gold foil and observed the emission spectrum of the 
solid. Cavallini et al?) showed the utility of infrared 
emission spectroscopy as applied to the study of the 
oxidation of metal surfaces. 

The experimental arrangement which we have 
used to obtain the infrared spectrum of C 0 2 adsorbed 
on unsupported NiO10) is readily adapted to the emis­
sion mode. If the temperature is higher than about 
200 °G, the source can be turned off and emission 
spectra obtained. As pointed out by Dewing,8) a 
thin layer (about 1 mg/cm2) of solid must be used so 
that the black-body radiation of the solid does not 

overwhelm the emission peaks. For the study of 
M0O3, we have evaporated on a stainless-steel mirror 
a suspension of finely divided ( « 5 pm particles) oxide. 
This sample gives a good emission spectrum of M o 0 3 or, 
after reduction, M o 0 2 . However, its surface area 
is so small that there is not enough adsorbed C H 3 O H , 
for example, on the solid to give a spectrum of adsorbed 
species. In future work it should be possible to use 
highly divided oxide (100—200 Â) prepared in a flame 
reactor11) to permit the observation of adsorbed species. 
Such solids were not available to us at the time of 
the work reported here. 

Infrared spectroscopy can be used to study the kinetics 
of changes of solids and species adsorbed on solids 
by the use of the transient method.9 '12 '13) In the 
work reported here we have applied this method to 
the reduction and oxidation of the system M o 0 3 - M o 0 2 . 

E x p e r i m e n t a l 

Sample Preparation. M o 0 3 was obtained by the de­
composition of ammonium molybdate at 340 °G in air. It 
was ground to less than 200 mesh. These finely divided 
particles were suspended in water, and some of the finest 
part of the suspension was pipetted onto a well polished 
stainless steel mirror (1.0 cm2) and then dried at 110°G. 
The mean particle size of the sample was about 5 jxm, meas­
ured by optical microscopy. After weighing, the mirror 
coated with catalyst was placed in the reaction cell and heated 
at 485 °G for 16 h with oxygen flow. 

Reaction Cell and Optics of Spectrometer. The reaction 
cell used is the same as the one used in the previous work,3) 
except that it was fitted with a BaF2 window instead of an 
IRTRAN 6(CdTe) window; the BaF2 window allows us 
to use higher temperatures than 300 °G. The window was 
glued into a stainless steel holder with Vacseal, although this 
adhesive was prone to leak after some exposure to temperatures 
above 400 °G. The cell was always used under positive 
pressure. 

The optics of the infrared spectrometer is also the same as 
previously used,10) except that the infrared radiation source 
was turned off to obtain the emission spectrum. The slits 
were not programmed in the present work and were set at 
4.0 mm for all experiments. 

In the present experiments, not only the emission from 
the sample but also that from the stainless steel mirror were 
recorded. Therefore, a correction was always made by the 
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subtraction of the emittance due to the mirror from that 
recorded due to the mirror with its sample. The emission 
spectrum of the mirror was not sensitive to its degree of 
polish for all those tested. 

The intensities of the emission spectra were expressed in 
terms of jxV on the lock-in amplifier (P.A.R. Model 128). 

Chemicals. The gases used in the present experiments 
were obtained from Matheson. A cooling trap at — 50 °G 
was used for H2 and Oa to remove water, and for Ar a Hydrox 
purifier was used to eliminate water and oxygen. These 
gases were introduced into the reaction cell with a flow rate 
of 3.0 ml/s, which corresponds to about 1 s of residence time 
in the reaction cell. 

Procedure for Measurement of Reaction Rates. In order 
to obtain the reduction rate of M o 0 3 by H2 and the oxidation 
rate of Mo0 2 by 0 2 , the wave numbers of the emission spec­
trum were fixed at 1050, 987, and 925 cm"1, and the changes 
in the emission intensities were recorded separately for each 
experimental run. The emission spectrum of M o 0 3 has 
peaks at 987 and 925 cm -1, and they represent the termical 
Mo=0 bond and the Mo-O-Mo net plane vibration.3'9) 
For the experimental convenience, the increase in the back­
ground intensity at 1050 cm - 1 is chosen to represent the 
change of bulk M o 0 3 to Mo0 2 and vice versa. The back­
ground intensity was sensitive to the oxidation states of 
molybdenum oxides at the higher wave numbers, and at 
the lower wave numbers around 825 cm - 1 it became less 
sensitive (see Fig. 5). Therefore, the peak heights at 987 
and 925 cm - 1 were calculated by linear interpolation as 
follows every 1.0 min for the reduction of M o 0 3 or every 
5.0 s for the oxidation of Mo0 2 . 

WO 
/ 987-825 \ 

V 1050-825 fn 

925-825 

o(0 = JW0 

( 925 — 825 \ 
1 0 5 0 - 8 2 5 / 1 0 5 o ( 0 = P 9 2 s W 

(1) 

(2) 

where I987(t) represents the intensity emitted from the sample 
at time t after the addition of H2 (or 02) at 987 cm-1, and 
Ao5o(0? ^925(0 a^so represent the emission at 1050 and 925 
cm - 1 respectively. From P987(t) and P925(0> t n e r a t e s of 

20.0 
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t 
S 12.0 h 

1000 900 
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Fig. 1. Emission spectra of M o 0 3 at 485 °G. 
Sample weights: 1: 0.2 mg, 2: 0.4 mg, 3: 0.8 mg, 
4: 1.1 mg. 

reduction or oxidation could be obtained. 
X-Ray Diffraction. The identification of Mo0 2 and 

the Mo metal was obtained by X-ray powder diffraction by 
using Mo or Gu tubes with 40 kV and 20 mA. When the 
sample was studied by X-ray diffraction, it was exposed to 
air at room temperature. We confirmed that the sample 
was not oxidized by air at room temperature as follows: 
M o 0 3 set in the reaction cell was reduced by the addition 
of H2 at 485 °G, but the reduction stopped when H2 was 
switched to Ar, as determined by the emission spectrum. 
Then the temperature was decreased to room temperature, 
keeping the sample in Ar, and its infrared transmission 
spectrum was observed. This spectrum did not change at 
all even when exposed to pure 0 2 for several days at room 
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Fig. 2. Relation of emission intensities to sample 
weight at 485 °G. 
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Fig. 3. Emission spectra of M o 0 3 at various tem­
peratures for 0.7 mg of sample. 
1: 185 °G, 2: 245 °G, 3: 335 °G, 4: 365 °G, 5: 
425 °G, 6: 485 °G. 
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temperature. 

R e s u l t s 

Emission Spectra. Figure 1 shows the emission 
spectra at 485 °G for various sample weights deposited 
on the mirror. The intensities, corrected for radiation 
from the mirror, are plotted in Fig. 2 as a function 
of sample weight. U p to 0.8 mg/cm2 a linear relation 
is obtained; such curves facilitate the comparison of 
spectra obtained from different samples. Higher sam­
ple loadings may show some effect of the submergence 
on the individual bands by black body radiation for 
thick samples. This effect is often mentioned, for 
example by Dewing.8) 

The effect of temperature on the emission spectra 
is shown in Fig. 3, and the intensities of the various 
bands vary with temperature as shown in Fig. 4. The 
surprising linearity of these relations is not in dis­
agreement with the fourth-power law of radiation, as 
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Fig. 4. Effect of temperature on emission intensity. 

illustrated by the following analysis. 
A simple balance of radiant energy at the detector 

equates the energy received from the sample at T 
to that lost to the surroundings at ambient temperature 

T0: 

A-1(r^-rd*)=ü:2(rd*-r0*) (3) 

were Td is the temperature of the detector. The 
signal depends on Td, given by 

_(K1T*+K,T0'\*. 
T*-{ K1 + K2 ) 

(4) 

Kx and K2 depend on view factors and emissivities 
in a complicated fashion, but to a first approximation 

noo 1000 900 800 

Wave number / c m - 1 

Fig. 5. Changes in emission spectrum of M o 0 3 caused 
by addition of H2 at 485 °G and 1 atm. 
1: In 0 2 (1 atm), 2: in H2 for 2 min, 3: in H2 for 
10 min. 

- H2 added - 0 2 added 

Fig. 6. Variation of emission intensities during reduction and oxidation at 485 °G. 
Reduction past Mo0 2 toward Mo. 
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Fig. 7. Variation of emission intensities during reduction of M o 0 3 to Mo0 2 and 
during oxidation of Mo0 2 to Mo0 3 , at 485 °G. 

they are equal. We then have 

r 4 +r 0
4 v/4 

= / r^+r0
4 Y> (5) 

For T 0 = 3 0 0 K and T varying from 450 K to 750 K, 
the relation between Td and T is almost linear. When 
T equals T0, T also equals Td, and there is no signal. 
No explanation is offered for the break in the curve 
for 925 c m - 1 in Fig. 4. 

Application to Kinetics. The M o 0 3 sample was 
exposed to GO over the temperature range 25—485 °G 
but no adsorption bands nor reduction of the catalyst 
was observed. G 0 2 , G H 3 O H , H G O O H , and H G H O 
also had no effect. However, exposure to hydrogen 
reduced the catalyst to M o 0 2 and eventually partly 
to Mo. T h e emission spectra changed as shown in 
Fig. 5 ; the M o = 0 (987 cm-1) and M o - O - M o (925 
cm - 1 ) bands are removed as the sample is reduced. 
Flow rates of all these gases were about 3 ml/s. 

A quantitative study of the kinetics of reduction 
by hydrogen ( « 1 atm) and oxidation by oxygen ( « 1 
atm) was made. The intensities at 987 cm" 1 and 
925 c m - 1 were calculated from Eqs. 1 and 2, and 
the displacement of the background at 1050 c m - 1 

was measured, taking M o 0 3 as zero. These intensities 
were measured as a function of time during reduction 
and oxidation at various temperatures. A typical 
result at 485 °G is shown in Figs. 6 and 7. At various 
times the sample was "frozen" by switching to argon 
and cooling as already described. The X-ray dif­
fraction peaks obtained are shown in Fig. 8. W e 
interpret the maximum in the background (1050 cm - 1 ) 
to be the point where the M o 0 3 is exhausted and 
where Mo metal starts to appear, reducing the emis-
sivity of the sample. We decided to limit our quan­
titative studies to the interconversion of M o 0 3 and 
M o 0 2 only, as shown in Fig. 7. The reduction is 
stopped when the intensity at 1050 cm" 1 reaches its 
maximum. 

The experiments described above were repeated 
at 425, 445, 465, 485, and 505 °G. From the initial 
slopes of curves such those of Fig. 7 the initial rate 
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Fig. 8. X-Ray diffraction results during reduction of 
M0O3 at 485 °G in H2 for various times of exposure. 
1: 3 min, 2: 6 min, 3: 8 min, 4: 20 min. 

can be calculated in arbitrary units such as fxV/s. 
These rates at various temperatures are used to con­
struct the Arrhenius-type diagrams of Figs. 9 and 
10. For the reduction of M o 0 3 all three lines give 
an activation energy of 43 kcal/mol (179.7 kj/mol). 
For the initial rate of oxidation of M o 0 2 , the activation 
energies are different for the three bands: 38.3 kcal/mol 
for 1050 c m - 1 ; 37.6 kcal/mol for 925 cm- 1 ; and 71.2 
kcal/mol for 987 cm"1 . The rate of oxidation is so 
fast that these results are probably less precise than 
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Fig. 9. Reduction rates of Mo0 3 . 
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those for the reduction. 
Earlier studies14»15) of the reduction of M o 0 3 by 

H 2 reported activation energies of 46—48 kcal/mol 
for the temperature range 365—445 °C, similar to 

our result of 43 kcal/mol. For the oxidation of M o 0 2 , 
Ramodorai et al.15) report E=40zt2 kcal/mol at about 
465 °C, in qualitative agreement with our results based 
on the rate of change at 1050 c m - 1 or 925 c m - 1 . Pos­
sibly the formation of M o = 0 starts only after most 
of the bulk is oxidized, so that our initial rates based 
on 987 c m - 1 are too low. Recent studies16-18) show 
that the system is quite complicated. 

S u m m a r y 

Emission spectroscopy can be used to study the 
structure and kinetics of reduction and oxidation of 
unsupported M o 0 3 - M o 0 2 , a system which has been 
difficult to study in situ by infrared techniques. In 
accord with Dewing,8) we find that a sample loading 
of about 1 mg/cm2 or less is suitable for the emission 
work. Infrared spectroscopy can now be used for 
kinetic measurements in catalysis.2'3) For the M o 0 3 -
M o 0 2 system it furnishes a convenient method of 
measuring rates of reduction and oxidation. 
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The copper chelate of APDG was adsorbed on microcrystalline naphthalene to determine trace amounts 
of copper. The optimum pH range for the adsorption is 1.5—10.5. The chelate in dimethylformamide has 
an absorption maximum at 435 nm. Beer's law holds in the range 2.5—48 \ig of copper in 10 ml of di­
methylformamide. The molar absorptivity is 1.3X 104 1-mol-1 «cm-1 and the sandell sensitivity 4.8xl0 - 3(xg 
of copper per cm2. Other factors such as amounts of reagent and naphthalene, shaking time, standing 
time and diverse ions were studied. The method can be applied to the determination of copper in Bovine 
Liver and human hair. 

Ammonium pyrrolidinedithiocarbamate (APD C) is 
useful for solvent extraction and atomic absorption 
spectrophotometric determination of various metal 
ions. I t was used for the extraction and spectro­
photometric determination of copper by Looyenga 
and Boltz.1) 

We have developed a new method involving solid-
liquid separation after liquid-liquid extraction, and 
have applied it to the determination of copper, bismuth 
and cobalt with A P D C as a chelating agent by the 
naphthalene extraction method.2) The method is 
based on the formation of metal chelate which is ex-
tractable quantitatively with molten naphthalene. 
The extract is separated from the aqueous solution 
and dissolved in a suitable organic solvent, the trace 
amounts of metal being determined spectrophotome-
trically. 

Most metal chelates in aqueous solution can be 
easily adsorbed with microcrystalline naphthalene 
by vigorous shaking for 1 min at room temperature. 
The method was applied to the spectrophotometric 
determination of trace metals.3 '4) In the present 
study, A P D C was used as a chelating agent for the 
determination of trace copper. Satisfactory adsorp­
tion of copper chelate on naphthalene is discussed 
in detail. 

E x p e r i m e n t a l 

Reagents. Standard copper solution, 5 ppm. Pre­
pared by diluting 5 ml of standard copper solution (1000 
ppm, Wako Pure Chemical Go.) to 1000 ml with water. 

APDC solution, 0.2%. Prepared by dissolving 0.2 g of 
APDG in 100 ml of water. 

Buffer Solutions. Prepared from 1 M acetic acid and 
1 M ammonium acetate for pH 3—6, and from 1 M aqueous 
ammonia and 1 M ammonium acetate for pH 8—11. 

Naphthalene solution, 20%. Prepared by dissolving 20 g 
of naphthalene in 100 ml of acetone. 

Naphthalene, acetone, dimethylformamide, and all other 
reagents of analytical grade were used without further purifica­
tion. 

Apparatus. Absorption measurements were made with 
matching 10 mm glass cells on a Hitachi Model 200-20 
spectrophotometer. 

pH measurements were made with a Toa-Dempa HM-5A 
pH meter. 

Naphthalene was dried with a Tabai Model K-2 drier 
(Tabai Mfg. Co., Ltd.). 

Samples were ashed with an International Plasma Corp. 
low-temperature asher, IPC-1000 AN TM1640. 

Procedure. Transfer 1—10 ml of 5 ppm standard cop­
per solution to a 100-ml stoppered Erlenmeyer flask, and 
dilute with water to ca. 40 ml. Add 1.5 ml of 0.2% APDG 
solution and adjust pH to 5.0 with 2.0 ml of buffer solution. 
Mix the solution well, let stand for 10 min, add 2.0 ml of 
20% naphthalene solution and shake vigorously for 1 min. 
Filter off on a filter paper {e.g., No. 5G, Toyo Roshi Go.) 
placed flat on a filter plate in a funnel. Wash with water, 
and dry at 50—60 °G when necessary. Dissolve the crystals 
with dimethylformamide, dilute to 10 ml and measure the 
absorbance in a 10-mm cell at 435 nm against the reagent 
blank prepared similarly. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra. Absorption spectra of the 
reagent blank and the copper chelate in naphthalene-
dimethylformamide solution are shown in Fig. 1. 
The copper chelate has an absorption maximum at 
435 nm where there is practically no absorption due 
to the reagent blank. Thus, 435 nm was chosen as 

1.0K-

o.s| 

ë °-6n fS\ 

320 350 400 450 500 

Wavelength/nm 

Fig. 1. Absorption spectra of APDG and copper 
complex in naphthalene-DMF solution. 
Gu: 25 [xg; 0.2% APDG: 1.5 ml; pH: 5.3; digestion 
time: 10 min; 20% naphthalene: 2.0 ml; shaking 
time: 1 min; reference: water; (1) reagent blank, (2) 
copper complex. 
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the most suitable wavelength. 
Effect of p H . After the p H of sample solutions 

containing 25 (xg of copper and 1.5 ml of 0 .2% A P D C 
solution had been controlled to desired values with 
different buffer solutions or hydrochloric acid, adsorp­
tion of the chelate was carried out. The result is 
shown in Fig. 2. The adsorption of the chelate starts 
from 2 mol d m - 3 hydrochloric acid solution, reaches 
a maximum at p H 1.5, and thereafter remains con­
stant over the range 1.5—10.5. Thus , the p H of 
the solution was adjusted to 5.3 for adsorption of the 
chelate. 

Effect of Reagent Concentration. Various amounts 
of 0 .2% APDC solution were added to the sample 
solution containing 25 (xg of copper and 2.0 ml of the 
buffer solution (pH 5.3), the following procedure being 
the same as above. Figure 3 shows the variation in 
absorbance with the reagent concentration. T h e 
absorbance increases sharply with increase in the 
amount of reagent up to 0.1 ml of 0 .2% APDC solution, 
becoming almost constant over the range 0.1—5.0 ml. 
Thus, 1.5 ml of 0 .2% APDC solution was used for 
adsorption of the chelate. 

Effect of Buffer Solution. The effect of buffer 
solution on the absorbance was examined. Addition 
of 0.5—5.0 ml of the acetate buffer solution caused 
practically no variation in absorbance. Thus, 2.0 ml 

of the buffer solution was added for adsorption of 
the chelate. 

Effect of Digestion Time. A solution containing 
25 (jig of copper, 2.0 ml of the buffer solution (pH 5.3) 
and 1.5 ml of 0 .2% A P D C solution was digested at 
room temperature, the following procedure being 
the same as above. The absorbance increases with 
increase in digestion time up to 2 min, remaining 
almost constant for 2—30 min of digestion time. Thus, 
10 min of digestion time was chosen for adsorption 
of the chelate. 

Effect of Naphthalene Concentration. Adsorption 
of the chelate was carried out by changing the volume 
of 2 0 % naphthalene-acetone solution added to the 
solution containing copper chelate. Figure 4 shows 
the effect of naphthalene concentration on the ab­
sorbance. The absorbance increases with increase 
in the amount of naphthalene up to 0.3 ml of 2 0 % 
naphthalene solution, becoming almost constant for 
0.3—5.0 ml. Thus, 2.0 ml of 2 0 % naphthalene solu­
tion was used for adsorption of the chelate. 

Effect of Shaking Time. Two ml of 2 0 % naph­
thalene solution was added to the solution containing 
the copper chelate, and the mixed solution was shaken 
vigorously for 100 s. The chelate was completely 
collected on naphthalene by vigorous shaking for a 
few seconds. Shaking for 1 min was found to be 
satisfactory for complete adsorption. 

$ 

pH 

Fig. 2. Effect of pH. 
Gu: 25fxg; wavelength: 435 nm; 0.2% APDC: 1.5 
ml; digestion time: 10 min; 20% naphthalene: 2.0 
ml; shaking time: 1 min, reference: reagent blank. 
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Fig. 4. Effect of naphthalene concentration. 
Gu: 25 (xg; wavelength: 435 nm; pH: 5.3; 0.2% 
APDC: 1.5 ml; digestion time: 10 min, reference: 
reagent blank. 

c 
ci 

$ 

0.2% APDG/ml 

Fig. 3. Effect of reagent concentration. 
Gu: 25 (xg; pH: 5.3; 0.2% APDG: 1.5 ml; wave­
length: 435 nm; digestion time: 10 min; 20% naph­
thalene: 2.0 ml, reference: reagent blank. 
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Fig. 5. Effect of volume of aqueous phase. 
Gu: 25 [xg; wavelength: 435 nm; pH: 5.3; 0.2% 
APDG: 5.0 ml; 20% naphthalene: 3.0 ml; shaking 
time: 5 min; reference: reagent blank. 
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Effect of Volume of Aqueous Phase. The volume 
of aqueous phase was varied between 50 and 300 ml 
while other factors were kept constant. Figure 5 
shows the effect of volume of aqueous phase on the 
absorbance. The absorbance was almost constant 
up to about 100 ml, but decreasing gradually with 
increase in the volume of aqueous phase. For volumes 
exceeding 80 ml, the adsorption of the chelate on 
naphthalene was carried out by using a larger volume 
of the reagent solution, shaking for a long time and 
digesting at 40—50 °C. In this series of tests, 5.0 ml 
of the reagent solution was taken ; the mixed solutions 
were shaken for 10 min and digested for 20 min, 3.0 
ml of 2 0 % naphthalene solution being used. 

TABLE 1. EFFECT OF DIVERSE ALKALI SALTS 

Alkali metal 
salt 

— 
Na2S04 

Na2S04 

NaCl 
NaCl 
NH4G1 
NH4G1 
Na2G204 

Na2G204 

Na2G204 

NaH 2 P0 4 -2H 2 0 
NaH 2 P0 4 . 2H 2 0 
Na 2 HP0 4 .12H 2 0 
Na 2 HP0 4 .12H 2 0 
Na2GOs 

Na2G03 

Na2G03 

K N 0 3 

KNO3 
Na2S03 

Na2S03 

GH3GOONa 
GH3GOONa 
KBr 
KBr 
Sodium tartrate 
Sodium tartrate 
Sodium tartrate 
Sodium tartrate 
Sodium citrate 
Sodium citrate 
KGN (pH 5.0) 
KGN (pH 5.0) 
KGN (pH 5.0) 
KGN (pH 9.0) 
Disodium EDTA (pH 
Disodium EDTA (pH 
Disodium EDTA (pH 
Disodium EDTA (pH 
Disodium EDTA (pH 

Gu: 25.0 (xg; pH: 5.3 

Amount added 

5.0) 
5.0) 
5.0) 
9.0) 
9.0) 

m 

(mg) 

— 
100 
500 
100 
500 
100 
500 
100 
300 
500 
100 
500 
100 
500 
100 
300 
500 
100 
500 
100 
500 
100 
500 
100 
500 
100 
200 
300 
500 
100 
500 
100 
200 
300 

0.04 
100 
200 
300 

0.04 
0.08 

Absorbance 
(435 nm) 

0.500 
0.495 
0.500 
0.496 
0.498 
0.495 
0.498 
0.511 
0.518 
0.512 
0.501 
0.506 
0.515 
0.521 
0.500 
0.501 
0.493 
0.509 
0.513 
0.507 
0.526 
0.505 
0.502 
0.519 
0.520 
0.515 
0.518 
0.520 
0.522 
0.509 
0.503 
0.498 
0.510 
0.495 
0.000 
0.495 
0.497 
0.500 
0.020 
0.000 

Effect of Standing Time. A mixture of copper 
chelate and naphthalene was dissolved in dimethyl-
formamide, and the effect of standing time on the 
absorbance was studied. The color of the chelate 
in naphthalene-dimethylformamide solution remained 
unchanged even after 10 h. 

Calibration Curve. The absorbances for varying 
concentration of copper were measured at 435 nm 
against the reagent blank under the optimum con­
ditions described above. The absorbance shows a 
linear relationship to the concentration of copper in 
the range 2.5—48 (xg in 10 ml of dimethylformamide. 
The molar absorptivity is 1.3 x l O 4 1-mol^-cm- 1 , 
the sensitivity being 4 . 8 X l O - 3 (xg per cm2 for an ab­
sorbance of 0.001. Ten replicate determinations of 
the sample solution containing 25 \xg of copper give 
a mean absorbance of 0.500 with a relative standard 
deviation of 0.89%. 

Choice of Solvent. Tests were made with various 
organic solvents in order to dissolve the mixture of 
the chelate and naphthalene. The chelate is soluble 
in organic solvents such as benzene, toluene, xylene, 
chlorobenzene, o-dichlorobenzene, dichloroethane, 
chloroform, nitrobenzene, acetone, acetonitrile, pro­
pylene carbonate, dimethylformamide at room tem-

TABLE 2. EFFECT OF DIVERSE METAL IONS 

Metal ion 

— 
Pb2+ 
Pb2+ 
Pb2+ 
Bi3+ 
Bi2+ 
Bi2+ 
Mg2+ 
Mg2+ 
Mg2+ 
Ga2+ 
Ga2+ 
Zn2+ 
Zn2+ 
Zn2+ 
Fe3+ 
Fe2+ 
Ni2+ 
Ni2+ 
Ni2+ 
Go2+ 
Co2+ 
Gd2+ 

Gd2+ 
Gd2+ 
Gr6+ 
Gr6+ 
Gr6+ 
Hg2+ 
Hg2+ 
Hg2+ 

Added as 

— 
Nitrate 
Nitrate 
Nitrate 
Nitrate 
Nitrate 
Nitrate 
Chloride 
Chloride 
Chloride 
Chloride 
Chloride 
Nitrate 
Nitrate 
Nitrate 
Chloride 
Chloride 
Chloride 
Chloride 
Chloride 
Chloride 
Chloride 
Chloride 
Chloride 
Chloride 
Dichlomate 
Dichlomate 
Dichlomate 
Chloride 
Chloride 
Chloride 

Ion added 
(W5) 

— 
10 
50 

100 
10 
50 

100 
10 
50 

100 
50 

100 
10 
50 

100 
10 
50 
10 
50 

100 
10 
50 
10 
50 

100 
10 
50 

100 
10 
50 

100 

Absorbance 
(435 nm) 

0.500 
0.505 
0.510 
0.503 
0.510 
0.508 
0.517 
0.506 
0.509 
0.504 
0.498 
0.501 
0.507 
0.499 
0.509 
0.530 
0.821 
0.529 
0.553 
0.589 
0.568 
0.758 
0.504 
0.498 
0.500 
0.494 
0.499 
0.495 
0.507 
0.499 
0.504 
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perature. I t undergoes decolorization in dioxane 
and MIBK. 

Effect of Diverse Ions. Sample solutions con­
taining 25 (jig of copper and various amounts of diverse 
alkali metal salts or metal ions were prepared, the 
effect of diverse interfering salts and metal ions on 
copper determination being studied. The p H of 
solution was adjusted to 5.3. The results are given 
in Tables 1 and 2. The following species gave 
no interference: N a 2 S 0 4 , NaCl, NH4C1, N a 2 C 2 0 4 , 
N a H 2 P 0 4 - 2 H 2 0 , N a 2 H P 0 4 1 2 H 2 0 , N a 2 G 0 3 , K N 0 3 , 
N a 2 S 0 3 , C H 3 C O O N a , KBr, sodium tartrate, sodium 
citrate, K C N , EDTA, Cd2+, Pb2+, Bi3+, Mg2+, Ca2+, 
Zn2+, Cr6+, Hg2+- Fe3+, Ni2+, and Co2+ gave inter­
ference. 

From the results we see that the present method 
gives the same molar absorptivity, sensitivity, precision 
and selectivity as those by the chloroform method.1) 
The p H range for the adsorption being wider. 

Analysis of Copper in Biological Sample. The 
method was applied to the analysis of copper in Bovine 

TABLE 3. ANALYSIS OF BOVINE LIVER FOR COPPER 

Sample 

N.B.S SRM 
Bovine Liver 
1577 

Certified 
value 
(mlg) 

193±10 

Spectrophoto­
metry value 

(v-g/g) 

190 
193 
192 
193 
194 

A.A.S 
(direct method) 

value 
(Vg/g) 

191 
192 
191 
190 
193 

pH: 9.0; Naphthalene: 0.4 g; 10% triethanolamine: 
1.5 ml. 

TABLE 4. RESULT OF ANALYSIS OF HUMAN HAIR 

FOR COPPER 

Spectrophoto- A.A.S (direct 
Sample metric value method) value 

(V-g/g) (tWg) 

Human hair A 8.7 9.8 
Human hair B 12.4 11.8 
Human hair C 24.0 23.4 
Human hair D 27.5 27.8 
Human hair E 12.0 12.4 

pH: 9.0; Naphthalene: 0 .4g ; 10% triethanolamine: 
1.5 ml. 

Liver(N. B. S., SRM-1577) and human hair by using 
spectrophotometry and atomic absorption spectro­
photometry. Low-temperature ashed samples were 
dissolved in concentrated nitric acid on a hot plate 
and evaporated to dryness. T h e residue was dissolved 
with 10 ml of redistilled water. An aliquot of this sample 
was taken for analysis. I ron( I I I ) was masked with 
triethanolamine at p H 9.O. The results of Bovine 
Liver and human hair for copper by the two methods 
are satisfactory (Tables 3 and 4). 
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Ylide-Metal Complexes. III. Preparation and Properties of Gold(I) 
Complexes of Alkylidenetriphenylphosphoranes and -arsoranes1} 

Yoshihisa YAMAMOTO* and Zenjiro K A N D A 

Faculty of Pharmaceutical Science, Higashi Nippon Gakuen University, Ishikari-Tobetsu, Hokkaido 061-02 
(Received February 9, 1979) 

Ylide-gold complexes of the type triphenylphosphine(triphenylphosphonium alkylide)gold(I) chloride, 
R R R 

[Ph3PGH-Au-PPh3]Cl, and bis(triphenylphosphonium alkylide)gold(I) chloride, [Ph3PCH-Au-CHPPh3]Cl, 
have been obtained from alkylidene triphenylphosphoranes, Ph3P=GH-R (R: H, GH3, GH(GH3)2), and 
(triphenylphosphine)gold(I) chloride, Ph3PAuGl. Bis(triphenylarsonium methylide)gold(I) chloride, 
[Ph3AsGH2-Au-GH2AsPh3]Gl, has been synthesized from methylenetriphenylarsorane and Ph3PAuGl. In 
these organogold complexes, the ylides are attached to the gold atom through the carbanionic donor atom. 
The 1H-NMR spectra of [Ph3PGH2-Au-PPh3]Gl indicates an intermolecular exchange process in the tem­
perature range +25 50 °G. 

The chemistry of ylide complexes of the transition 
metals has been actively investigated in recent years,2) 
in particular, the complexes of methylenetrimethyl-
phosphorane, (CH3)3P=CH2 .3) The alkylidenetriphen-
ylphosphoranes, Ph 3 P=CH-R have, however, been 
the subject of little research. Previous papers have 
been concerned with the preparat ion and physical 

R 
i 

properties of stable 2/1 complexes4) of type [Ph3 P G H -
R 

M-GHPPh 3 ]Gl and stable 1/1 complexes5) of type 
R 

[ P h 3 P G H - M C l ] n ( M : Gu, Ag; R : H , GH3 , GH(GH 3 ) 2 ) . 
2/1 complexes6) of [Ph 3AsGH 2-Gu-GH 2AsPh 3] CI and 
1/1 complexes6) of [Ph 3 AsCH 2 -AgCl] n have also been 
reported. The present paper deals with the preparat ion 
and XH- and 1 3 G-NMR measurements of triphenyl-
phosphine(triphenylphosphonium alkylide)gold(I) chlo-

R 
i 

ride [Ph 3 PGH-Au-PPh 3 ]Gl , bis(triphenylphosphonium 
R R 

alkylide)gold(I) chloride [ P h 3 P - G H - A u - G H P P h 3 ] Gl 
and bis(triphenylarsonium methylide)gold(I) chloride 
[Ph3AsGH2-Au-GH2AsPh3] Gl. 

R e s u l t s a n d D i s c u s s i o n 

Ylides. Alkylidenetriphenylphosphoranes, Ph3P= 
G H - R (La, R = H 7 ) ; L b , R = C H 3

8 ) ; Lc , R= 
GH(GH3)2

4)) , were prepared by the reaction of the 
corresponding phosphonium bromide with sodium 
amide in dry THF(tetrahydrofuran) . Methylene­
triphenylarsorane, L d (Ph3As=CH2), was obtained 
from methyltriphenylarsonium bromide and sodium 
amide as reported in the literature.6»9) 

1 3 G-NMR data of the phosphonium ylides (La—Lc) 
are given in Table 1, the 1 3 G-NMR spectra of L b and 
L c being reported for the first time. The coupling 
constants ( V C P ) °f those are larger than that of the 
ylide La . This effect should be attr ibuted to both 
electronic and structural effects.10) 

1\1 Ylide—Gold Complexes. Triphenylphosphine-
(triphenylphosphonium alkylide)gold(I) chlorides, 

R 

[Ph3P(JH~Au-PPh3]Cl , have been obtained from 

ylide Ph 3 P=CH-R, (triphenylphosphine)gold(I) chlo­
ride Ph3PAuGl, and triphenylphosphine in a solvent 
at —45 °G (Eq. 1). Attempts to obtain these com­
plexes at room temperature (r.t.) invariably resulted 
in the isolation of a mixture of 2/1 complexes of the 
type bis(triphenylphosphonium alkylide)gold(I) chlo­
ride and unreacted starting materials, Ph3PAuGl and 
PPh 3 as shown in Eq. 2. 

Ph3P=CH-R + PhgPAuGl 
L 

R 

. > [Ph3PCH-Au-PPh3]Cl (1) 
THF, PPh3 

R H 

la 

GH3 

l b 

GH(GH3)2 

l c 

r.t., THF , , 
I > l/2[Ph3PGH-Au-GHPPh3]Gl + 

or r. t., C 6 H 6 

l/2PPh3 + l/2Ph3PAuGl (2) 
All complexes except l c are soluble and stable in 

dichloromethane. The isolation of l a requires an 
excess of triphenylphosphine as a supporting ligand, 
and the selection of a suitable reaction temperature 
and solvent is very important . For example, l a was 
not obtained at room temperature or in benzene (Eq. 2). 
This result differs as in the case of trimethylphosphine-
(trimethylphosphonium methylide)gold(I) chloride,11) 
[ (GH 3 ) 3PGH 2 -Au-P(GH 3 ) 3 ]G1, 2, which could be 
isolated from benzene at room temperature. Also, 
for the preparation of 2 no excess of trimethylphosphine 
was necessary. This result may depend on the reduced 
coordination capacity of triphenylphosphine as com­
pared with that of trimethylphosphine. Steric factors12) 
seem not to be dominating for metals of coordination 
number 2. 

The ^ - N M R data of l a and l b are given in Table 
1. The iH-spectrum of l a at - 5 0 °G in GD2G12 

showed a double-doublet signal of the methylene 
protons at 2.31 ppm. This signal broadened at —30 
°G, and became a sharp doublet at —10 °G (Fig. 1). 
The process is reversible. This temperature dependence 
indicates an intermolecular exchange process in solution 
(Eq. 3). The chemical shift of the methylene group 
at —10 °G corresponds to the weighted average for 
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TABLE 1. 1H- AND 13C-NMR DATA OF COMPLEXES AND YLIDES 

256Ï 

m 

la 

l b 
3a 
3b 
4a 

1 3 G 

La 
Lb 
Lc 
3a 

3b 

4a 

R 

CH-P(As) 
(5/ppm 

2.31 dd 
2.32d 
2 . 5 m 
1.70d 
2.30 m 
1.99 s 

R 

CH-P(As) 
â/ppm 

- 4 . 3 d 
3 .3d 

21.7d 
9 .5d 

16.8d 

14.4s 

VHCP/HZ VHCAUP/HZ ÔJ 3 VHCCF/HZ VHCCH/HZ 

12.9 
12.9 
— 

13.0 
— 
— 

Vcr/Hz 

98.6 
118.2 
116.2 
39.1 

32.2 

— 

7.5 
— 
— 
— 
— 

— 

GH-CHg 
[GH-CH] 

<5/ppm 

— 

11 . Id 
[27.3] d 

13.7d 

— 

— — — 
— — — 

1.49dd 22.5 6.8 
— — — 

1.48dd 22.2 7.4 
— — — 

Vccr/Hz ^ ~ p m
 3 Vcccr/Hz 

— — — 

4.9 — — 
6.8 30.Od 9.8 

2.9 — — 

— — — 

G-l 

a 
a 

C6H5 

<5/ppm 

7 
7 
7 
7 
7 
7 

a 
125.9 
(85.4) 
124.5 
(84.0) 

b 

.6 m 
6 m 

.6 m 

.5 m 

.6 m 

.5 m 

C6] 

<5/PI 

0 

a 
a 
a 

132.5 
(9.8) 

133.3 
(8.8) 

131.9 

Solvent 
and 

standard 

GD2GL 
GD2GL 
GD2G1 
GDGlg 

GDGlg 

GDGlg 

H5 
Dm 

m 

a 
a 
a 

129.4 
(12.2) 
129.5 
(11.7) 
130.1 

„ int-TMS 
„ int-TMS 

2, int-TMS 
, ext-TMS 
, ext-TMS 
, ext-TMS 

P 
a 
a 
a 

133.4 

( - ) 
133.6 

( - ) 
132.9 

G6E 
G6E 
G6E 

Temp 

- 5 0 °G 
- 1 0 ° G 
- 5 0 °G 
r. t. 
r. t. 
r. t. 

Solvent 
and 

standard 

>6, int-TMS 
>6, int-TMS 
>6, int-TMS 
GDGlg 

GDGlg 

GDGlg 

Standard: Internal and external TMS (S = 0); GDGlg-^ 
a) This signal overlapped with deuterobenzene signals, 
dd: double doublet, m: multiplet. 

(77.1 ppm). 
b) This signal was not observed, s: singlet, d: doublet, 

3 2 

- 5 0 °G - 3 0 °G -10°G—r.t . (5/ppm 

Fig. 1. *H-NMR spectra of complex la, [Ph3PCH2-
Au-PPh3]Gl, at three different temperatures. 

two species in Eq. 3. The small variation of chemical 
shifts with temperature suggest a small degree of dis­
sociation:13) 

[Ph3PGH2-Au-PPh3]Gl ^ _ [Ph3PGH2-Au]Gl + PPh3 

(3) 

2\1 Ylide-Gold Complexes. Bis(triphenylphos-
R 

1 1 

phonium alkylide)gold(I) chlorides, [ P h 3 P C H - A u -
R 
CHPPh 3]Cl , ( R = H , 3 a ; R = C H 3 , 3 b ; R = C H ( C H 3 ) 2 , 

3c), were prepared by the reaction of ylides Ph3P= 
C H - R , with (triphenylphosphine)gold(I) chloride in 
dry T H F at room temperature. 3a is stable in di-
chlorome thane at room temperature, whereas the 
corresponding complexes of copper and silver de­
compose in dichloromethane at room temperature 

and are stable only at —40 °G and —60 °G, respec­
tively. 

The XH- and 1 3 G-NMR data of 3a and 3 b are sum­
marized in Table 1. The data for 3e is absent due 
to decomposition in the solvent. 

Bis(triphenylarsonium methylide)gold(I) chloride, 
[Ph 3AsCH 2 -Au-CH 2AsPh 3 ]Cl , 4a, was obtained from 
methylene-triphenylarsorane Ph3As=CH2 and Ph3AuGl 
in dry T H F at room temperature. 

The XH- and 1 3 G-NMR data of 4a are shown in 
Table 1. T h e ^ - N M R spectrum of 4a showed a 
singlet for the methylene group at 1.99 p p m and a 
multiplet for the phenyl groups at 7.5 p p m in a ratio 
of 2 : 15. 

Exper imenta l 

Measurements. The NMR spectra were measured with 
an FX-60 spectrometer (JEOL) for 13G-NMR, a JNM-
PMX-60 (JEOL) and a R-40 (Hitachi) for iH-NMR. 

Starting Materials. Methylene-,7) ethylidene-,8) iso-
butylidene-4) triphenylphosphonium ylides were prepared 
from the corresponding phosphonium bromides by the sodium 
amide method. Methylenetriphenylarsorane was prepared 
from methyltriphenylarsonium bromide and sodium amide.6»9) 
(Triphenylphosphine)gold(I) chloride was synthesized by the 
method of Kowala and Swan.14) 

Preparation of 1/7 Complexes. Triphenylphosphine( tri­
phenylphosphonium methylide)gold(I) Chloride (la) : (Triphenyl-
phosphine)gold(I) chloride (0.24 g, 0.485 mmol dm"3), 
methylenetriphenylphosphorane (0.115 g, 0.416 mmol dm - 3) , 
and triphenylphosphine (0.14 g, 0.534 mmol dm -3) were 
suspended in dry THF (15 ml) at — 60 °G and stirred for 
approximately 1 h at — 45 °G under nitrogen. The color 
of the ylide changed from yellow to colorless. The white 
complex precipitated was filtered at — 70 °G, washed with 
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dry pentane and dried under vacuum. Yield 0.28 g (87.3%), 
mp 139—141 °G, Found: G, 57.40; H, 4.34%. Galcd for 
G37H32AuGlP2; (MW 771.03) G, 57.64; H, 4.18%. 

Triphenylphosphine(triphenylphosphonium ethylide)gold(I) Chlo­
ride (lb): (Triphenylphosphine)gold(I) chloride (0.71 g, 
1.44 mmol dm - 3) , ethylidenetriphenylphosphorane (0.42 g, 
1.45 mmol dm - 3) , and triphenylphosphine (0.52 g, 1.98 mmol 
dm -3) were stirred in THF (25 ml) at - 6 0 °G for 50 min 
under nitrogen. The color of the ylide changed from orange 
to colorless. The white precipitate was filtered at — 70 °G, 
washed with dry pentane and dried under vacuum. Yield 
0.90 g (79.6%), mp 94—96 °G. Found: G, 57.24; H, 4.43%. 
Galcd for G38H34AuGlP2: (MW 785.05) G, 58.14; H, 4.37%. 

Triphenylphosphine ( triphenylphosphonium isobutylide) gold (I) Chlo­
ride (lc) : (Triphenylphosphine) gold (I) chloride (0.55 g, 
1.11 mmol dm - 3) , isobutylidenetriphenylphosphorane (0.36 
g, 1.13 mmol dm - 3) , and triphenylphosphine (0.39 g, 1.49 
mmol dm -3) were stirred in THF (20 ml) at - 6 0 °G for 
50 min under nitrogen. The color of the ylide changed 
from red to colorless. The white complex precipitate was 
filtered at —70 °G, washed with dry pentane and dried. 
Yield 0.85 g (94.2%), mp 92—93 °G. Found: G, 58.32; 
H, 4.96%. Galcd for G40H38AuGlP2: (MW 813.11) G, 
59.09; H, 4.71%. This complex was unstable. 

Preparation of 211 Complexes. Bis (triphenylphosphonium 
methylide)gold(I) Chloride (3a) : (Triphenylphosphine) gold (I) 
chloride (0.41 g, 0.829 mmol dm - 3) was added to a dry 
THF (20 ml) solution of methylenetriphenylphosphorane 
(0.54 g, 1.95 mmol dm - 3) at — 60 °G under nitrogen. The 
mixture was stirred for 2 h at room temperature and the 
white precipitate filtered off, washed with dry pentane and 
dried under vacuum. Yield 0.58 g (89.1%), dec 174 °G. 
Found: G, 57.66; H, 4.36%. Galcd for G38H34AuGlP2: 
(MW 785.05) G, 58.14; H, 4.37%. 

Bis (triphenylphosphonium ethylide)gold(I) Chloride (3b) and 
Bis (triphenylphosphonium isobutylide) gold (I) Chloride (3c) : 
Complex 3b was prepared from (triphenylphosphine) gold (I) 
chloride (0.34 g, 0.69 mmol dm - 3) and ethylidenetriphenyl­
phosphorane (0.42 g, 1.45 mmol dm -3) according to the 
procedure for 3a. Complex 3c was prepared from (triphenyl­
phosphine) gold (I) chloride (0.43 g, 0.87 mmol dm -3) and 
isobutylidenetriphenylphosphorane (0.60 g, 1.88 mmol dm -3) 
according to the procedure for complex 3a. Yield 0.48 g 
(85.6%) for 3b and 0.67 g (88.6%) for 3c. Dec 154 °G 
3b, 153 °G for 3c. Found 3b: G, 59.33; H, 4.90%. 3c: 
C, 60.95; H, 5.83%. Galcd for 3b C40H38AuGlP2 : (MW 
813.11) C, 59.09; H, 4.71%. 3c G44H46AuClP2: (MW 
869.21) G, 60.80; H, 5.33%. 

Bis(triphenylarsonium methylide)gold(I) Chloride (4a) : (Tri­
phenylphosphine) gold (I) chloride (0.11 g, 0.222 mmol dm -3) 

was added to a THF (15 ml) solution of methylenetriphenyl-
arsorane (0.153 g, 0.478 mmol dm -3) at — 70 °G under 
nitrogen. The mixture was stirred for several minutes at 
— 40 °C, and then for 1 h at room temperature. The pre­
cipitated white complex was filtered, washed with pentane 
and dried under vacuum. Yield 0.10 g (51.6%), dec 141 °G. 
Found: C, 51.80; H, 4.16%. Galcd for C38H34AuGlAs2: 
(MW 872.95) C, 52.28; H, 3.93%. 
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The Extraction of the Chromium(III) Ion from Trichloroacetate Solutions 
to Inert Solvents Containing Trioctylphosphine Oxide 
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Department of Chemistry, Faculty of Science, Kanazawa University, 
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Ghromium(III) has been extracted with 0.1 mol dm - 3 trioctylphosphine oxide(TOPO) in various inert 
solvents from a 0.1 mol dm"3 trichloroacetate(TGA~) buffer solution of pH 3.5 to 6.0. As diluents of TOPO, 
hexane and cyclohexane are most effective, while chloroform is quite ineffective. The extraction mechanism 
has been clarified by analyzing separately the distribution of water, trichloroacetic acid (HTGA), and the Cr (III) 
ion between the aqueous and organic phases. Water and HTGA are present in the cyclohexane phase as H 2 0 • 
TOPO and HTGA-TOPO respectively. Ghromium(III) is extracted with TOPO into cyclohexane as an ion-
association complex like Cr(H20)6

3 +(TCA-)3-3TOPO, and the extraction constant is 107-68. It is concluded 
that the hexahydrated Cr (III) ion is solvated by three molecules of TOPO, forming an ion pair with three trichloro­
acetate anions. The extractability of Gr(III) in the present system depends most effectively on the concentration 
of HTCA-free TOPO in the organic phase. 

In a previous report,1) the present authors found 
that many metal ions, such as T h ( I V ) , Bi( I I I ) , T m ( I I I ) , 
Fe ( I I I ) , Gr ( I I I ) , A l ( I I I ) , H g ( I I ) , Go(II ) , M n ( I I ) , 
Ba(II ) , Ca (I I ) , and Cs(I) , could be extracted from 
trichloroacetate (TCA~) buffer solutions into polar 
solvents involving a donor oxygen atom, but not into 
inert solvents. Additionally, chromiun(II I ) could be 
quantitatively extracted with not only polar organic 
solvents such as isopentyl alcohol, but also with benzene 
containing trioctylphosphine oxide ( T O P O ) . From 
the similarity of the visible absorption spectra and 
the paper electrophoretic behavior of the extracted 
metals to those of the corresponding metal ions in 
the aqueous solution, an extraction mechanism of 
metal ions involving the formation of ion pairs of hydrat-
ed metal ions with trichloroacetate anions and solva­
tion by polar solvents has previously been proposed.1) 
O n the other hand, recently several authors have 
reported that trichloroacetic acid (HTGA) forms ex-
tractable mixed-ligand complexes2»3) or ion-pair com­
plexes with positively charged chelates.4) 

The extraction of Gr(I I I ) from trichloroacetate 
buffer solutions with inert solvents containing T O P O 
is very interesting as a means of clarifying the extraction 
mechanism in the ion-association system. In the 
present system, water, trichloroacetate, and T O P O 
all participate in the extraction process of Gr( I I I ) ; 
their effects have been analyzed separately. 

Exper imenta l 

Reagents. The trichloroacetic acid was purchased from 
the Kishida Chemical Co. and was dissolved in re-distilled 
water. A series of buffer solutions (pH 0—10) was prepared 
by mixing a HTCA solution (10-3—0.2 mol dm -3) and a 
sodium hydroxide solution of the same concentration as the 
HTCA solution used. Hereafter, a series of buffer solutions, 
for instance, prepared by mixing 0.2 mol dm - 3 HTCA and 
0.2 mol dm - 3 NaOH, will be noted as the 0.1 mol dm - 3 

trichloroacetate buffer solution. 
The trioctylphosphine oxide was obtained from the Dojindo 

Co. 

** Present address: Department of Chemistry, Faculty 
of Science, Tohoku University, Sendai 980. 

The chromium (III) solution was prepared by dissolving 
its high-purity metal in 2 mol dm - 3 hydrochloric acid. The 
radioisotope, 61Cr, used as a tracer was purchased from the 
New England Nuclear Co. (U.S.A.). 

The organic solvents, such as cyclohexane, benzene, carbon 
tetrachloride, and chloroform, were purified by the usual 
methods. The other reagents were of a guaranteed reagent 
grade and were used without further purification. 

Apparatus. The electronic absorption spectra were 
measured with a Hitachi Model 323 recording spectro­
photometer. 

The pH value of an aqueous phase was measured with 
Hitachi-Horiba pH meters, M-5 and M-7. 

A Kobe Kogyo Co., Model STL-200(NaI(Tl) crystal), 
well-type scintillation counter was used for the y-counting. 

An Iwaki KM-Shaker was used for the agitation of an 
aqueous and an organic phase at 340 strokes per min. 

The water content of an organic phase was determined 
by using a Karl Fisher-Titrator E 452 Metrom. 

Extraction and Back-extraction Procedure. In a 50-cm3 

centrifuge tube with a ground-glass stopper, 10 cm3 of an 
inert organic solvent containing from 10 -3 to 10 -1 mol dm - 3 

TOPO was placed, then 10 cm3 of a trichloroacetate buffer 
solution, adjusted to the desired pH value, containing from 
10~4 to 10 -1 mol dm - 3 of the Cr (III) ion, and its radioactive 
tracer were added. Then the contents were vigorously 
shaken by using a shaker for 1 to 20 min at room temperature 
(20—25 °C). After centrifugation, a 3-cm3 portion was 
pipeted out from each phase, then the radioactivity was 
counted by the use of a scintillation counter, and the percent­
age of extraction(%E) of Cr(III) was calculated from the 
ratio of the counting rate of the two phases: %E=Dj(\-\-D) X 
100, where D is the distribution ratio of Cr (III). The pH 
value of the aqueous phase was measured after the extraction 
equilibrium had been established in all cases. 

In the back-extraction procedure, 5 cm3 of the organic 
phase, prepared by the extraction procedure described above, 
was shaken with 5 cm3 of a trichloroacetate buffer solution 
adjusted to the desired pH value for from 1 to 20 min. The 
percentage of back-extraction(%Eh) was determined in the 
same manner as in the extraction procedure. 

Determination of Trichloroacetic Acid. The method 
described in the literature5) was somewhat modified for the 
determination of the trichloroacetate ion in the present 
investigation : the concentration of the trichloroacetate buffer 
solution used in this investigation was too high to be determin­
ed by Fujiwara's pyridine-alkali reaction; therefore, after 
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the extraction, 5 cm3 of the aqueous phase was taken out 
and diluted with water to form about a 10~4 mol dm - 3 tri-
chloroacetate solution. Thus, a test solution was prepared. 
In a 20-cm3 centrifuge tube, a 1-cm3 portion of the test solu­
tion was placed together with 5 cm3 of pyridine. Ten cm3 

of a 10 mol dm~3 sodium hydroxide solution was then added, 
and the content were vigorously shaken for 1 to 2 min. The 
tube was kept at 92 ± 2 °G for just 3 min in a thermostat. 
After dipping the tube in water to cool it for 3 min, it was 
allowed to stand at room temperature for 30 to 60 min. 
Immediately after centrifugation, the absorbance of the 
pyridine layer was measured at 520 nm against the reagent 
blank. 

Determination of Water Content of Organic Phase. In 
order to determine the water content of the cyclohexane 
phase after the extraction, an aliquot of the organic phase 
was submitted to Karl Fisher titration by the amperometric 
method. The potencies of the Karl Fisher reagent used were 
1.9 to 2.6 mg H20/cm3 . 

R e s u l t s a n d D i s c u s s i o n 

We tried to use various solvents as diluents of T O P O 
for the extraction of Cr ( I I I ) from a 0.1 mol d m - 3 

trichloroacetate buffer solution. The results are shown 
in Fig. 1, where the extraction decreases in this order: 
hexane, cyclohexane > toluene > benzene > nitrobenzene, 
carbon tetrachloride > chloroform. This order agrees 
with that observed in the extraction of europium nitrate 
with tributylphosphate in various diluents.6) In the 
present extraction system, the effect of diluents may 
be ascribable to the differences in the interaction 
between T O P O and each diluent molecule, e.g., disper­
sion forces, dipole-dipole interactions, or hydrogen 
bonds. In Fig. 1 the lowering of the distribution 
ratio of Cr (111) in the range of p H values higher than 
5 is ascribed to the precipitation of the hydra ted Cr (II I) 
oxide in this p H range. 

Fig. 1. Extraction of Gr(III) from 0.1 mol dm"3 TGA" 
buffer solution into various organic solvents containing 
TOPO in 0.1 mol dm - 3 . Hexane(a), cyclohexane(b), 
toluene (c), benzene (d), nitrobenzene (e), carbon 
tetrachloride (f), chloroform (g). 

Chromium(I I I ) could also be extracted from Per­
chlorate solutions into cyclohexane containing 0.1 
mol dm~ 3 T O P O , but the percentages of extraction 
from 0.1 mol d m " 3 and 0.5 mol dm" 3 perchlorate 
solutions at a p H value of 4.0 were only 2 2 % and 
8 5 % respectively. In view of this fact, in place of 
perchlorate sodium chloride was used in order to keep 
the ionic strength of the aqueous phase constant (0.1). 
The concentrations of T O P O in cyclohexane and 
of trichloroacetate in the aqueous phase were kept 
as low as below 0.1 mol d m - 3 in order to minimize 
the difference between the molar concentration and 
the thermodynamic activity. 

Extraction of Water with TOPO. The extraction 
equilibrium of water by T O P O in cyclohexane can 
be given as follows: 

H 2 0 + ?TOPO ( o r g ) ^ = i H 2 O^TOPO ( o r g ) 5 (1) 

where (org) designates the organic phase. Since 
the concentration of water in dilute solutions is con­
sidered constant, the extraction constant of water 
is written as 

Ki[2o 
[H20.«7TOPO]or 

(2) [TOPO]0«rg * 

Taking logarithms, 

log [H 20• ?TOPO]o r g = qlog [TOPO]o r g + log #H2o, (3) 

where [ T O P O ] o r g means the equilibrium concentra­
tion of the free T O P O . The amount of free T O P O 
remaining in the organic phase was calculated by 
deducting the amount of T O P O combined with water 
in the organic phase from that of the T O P O initially 
taken. 

The plot of l og [H 2 O] 0 r g ÜS. l og [TOPO] o r g gave a 
straight line with a slope of unity. From this slope, 
the species in cyclohexane was determined to be 
H 2 O T O P O , which was just compatible with the 
H 2 O T O P O in carbon tetrachloride reported by 
Conocchioli et al?) 

Extraction of Trichloroacetic Acid with TOPO. 
extraction equilibrium may be written as 

HTCA + *TOPO (org) ; = ± HTGA.iTOPO ( o r g ) 

Therefore, the extraction constant of trichloroacetic 
acid is 

The 

(4) 

K, HTCA 
[HTGA-/TOPO]o r 

[HTCA][TOPO]<orl 
(5) 

In the above equation, water is put aside out of con­
sideration. As will be described later, the water 
molecule present as H 2 O T O P O in the organic phase 
may be readily exchanged with trichloroacetic acid. 
Therefore, it can be assumed that the formation of 
the water complex of T O P O has no influence on the 
extraction of trichloroacetic acid. Then, the dissocia­
tion equilibrium of trichloroacetic acid in the aqueous 
phase is also given: 

HTCA TGA- + H+. 

The acid dissociation constant of H T C A is 

K& = 
[TGA-][H+] 

[HTCA] * 

Equation 5 is rewritten by putt ing Eq. 7 in it, 

(6) 

(7) 
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Kn 
iCa[HTCA-;TOPO]org 

"ÏTGA-][H+][TOPO]^rg 

- ^ H T C A ^ a 

O.lOi 

where D HTCA 

[H+][TOPO]<org' ( 8 ) 

is the distribution ratio of trichloroacetic 
acid. Taking logarithms of Eq. 8, 

logZ>HTCA = Aog [TOPOJorg - pH 

-\ogK& +logiCHTCA. (9) 

Z)HTCA was determined at varying p H values of the 
aqueous phase for the equilibrium with various con­
centrations of T O P O as has been described above. 
Some of the results obtained are shown in Fig. 2, which 
indicates that the concentration of trichloroacetic acid 
in the organic phase decreases with the increase in 
the p H . This suggests that the concentration of T O P O 
free from trichloroacetic acid increases with the increase 
in the p H and that almost all of the T O P O becomes 
free from acid above p H 5.O. 

O n the other hand, the equilibrium concentration 
of water in the organic phase after the extraction of 
trichloroacetic acid is shown against the p H value 
of the aqueous phase in Fig. 3(a). Water is found 
to be released from cyclohexane with a lowering of 
the p H value until p H 2, and then the water concen­
tration nearly reaches solubility in pure cyclohexane. 
Superposing this Fig. 3(a) on Fig. 2, it can be seen that 
T O P O tends to combine more strongly with trichloro­
acetic acid than with water, because the concentration 
of trichloroacetic acid in the organic phase shows a 
reverse trend to that of water. 

Since T O P O molecules combined with water are 
readily available for the extraction of trichloroacetic 
acid, the complex formation of T O P O with water 
may be negligible in this acid-extraction equilibrium. 
Therefore, in Eq.9 the equilibrium concentration of 
T O P O was calculated by deducting the amount of 

i 
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o 

Ö 
o 
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Fig. 2. Concentration of trichloroacetic acid in the 
organic and the aqueous phase after the extraction 
from 0.1 mol dm - 3 TGA - buffer solution of various 
pH values, (a) and (c) : HTCA in the aqueous phase, 
(b) and (d) : HTCA in the organic phase, (a) and (b) : 
the concentration of TOPO in cyclohexane is 0.01 
mol dm -3 , (c) and (d) : The concentration of TOPO 
in cyclohexane is 0.1 mol dm - 3 . 

Fig. 3. Water content in the organic phase after the 
extraction at various pH values, (a) : 0.1 mol dm - 3 

TOPO in cyclohexane-0.1 mol dm-3 TGA~ buffer 
solution system, (b) : in the presence of 1.9 XlO - 3 

mol dm - 3 Cr (III), (c) : water content in pure cyclo­
hexane, (d) : water content in cyclohexane containing 
TOPO in 0.1 mol dm-3. 

o 

- 2 

log [TOPO]o r g 

Fig. 4. Plot of log DHTCA VS. iog[TOPO]org at pH 4.O. 
Aqueous phase : 0.1 mol dm - 3 TCA - buffer solution. 

T O P O combined with trichloroacetic acid in the 
organic phase from that of T O P O initially taken, 
that is, [ T O P O ] o r g (acid extraction) = [ T O P O ] (initial) 
— z [ H T G A z T O P O ] . From Fig. 2, the concentration 
of T O P O combined with trichloroacetic acid was 
obtained directly from the concentration of trichloro­
acetic acid in the organic phase. The log-log plot 
of £>HTCA vs- t n e equilibrium concentration of T O P O 
obtained by calculating as i=l is shown in Fig. 4, in 
which the log-log plot has a slope of unity. When 
the £)HTCA w a s plotted against the equilibrium con­
centration of T O P O obtained by assuming i=2 or 
z = 3 , no slope consistent with the assumed value of 
i was obtained. Consequently, the species of trichloro­
acetic acid extracted in cyclohexane was identified 
as H T C A - T O P O , and the extraction constant of 
trichloroacetic acid, ^ H T C A = ^ 3 - 8 was obtained by 
putt ing known numerical values in Eq. 9. Compared 
with the extraction of other acids with TOPO, 8 ) the 
extraction constant of trichloroacetic acid is larger 
than those of such other acid as perchloric and thiocyanic 
acid. This may be attr ibuted to the larger molar 
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volume of trichloroacetic acid. 
Extraction of Cr (III) with TOPO. Compared 

with the two simple cases above, the equilibria of the 
whole extraction process of Cr (I II) from trichloroacetate 
buffer solutions into cyclohexane containing T O P O 
may be more complicated. The present authors 
tried first the extraction and the back-extraction of 
C r ( I I I ) . In Fig. 5 the results are shown, together 
with the extraction conditions. The extraction and 
the back-extraction curves are symmetrical with each 
other; therefore, the whole extraction process may 
be reversible under the given conditions, and the at­
tainment of the equilibria may be as quick as 1 min. 
In addition, the extraction of Cr (III) in varying amounts 
was carried out under the same conditions as in the 
foregoing experiment; the results are shown in Fig.6. 
When the initial concentration of Cr (III) was less 
than 2 X 10~3 mol d m - 3 , the distribution ratio of Cr ( I I I ) 
was constant at a p H value of 3.5. The polymerized 
or dissociated species of Cr (I II) in the organic phase 
can be left out of consideration. From these results, 

lOOi 

u 
O 

Fig. 5. Extraction and back-extraction of Gr(III) 
in 0.1 mol dm - 3 TOPO - cyclohexane -0.1 mol dm - 3 

TGA- buffer system. Concentration of Gr(III) : 2 X 
10-4 mol dm - 3 , shaking time: 5 min. 

% 
Q 

io- io-10~4 10~3 IO"2 

Goncentration/mol dm - 3 

Fig. 6. Effect of the concentration of Gr(III) on the 
extraction from 0.1 mol dm - 3 TGA - buffer solution 
of pH 3.5. (a) : 0.1 mol dm"3 TOPO in cyclohexane, 
(b) : 0.2 mol dm"3 TOPO in benzene. 

the present authors obtain the following equation: 

Cr(H20)6
3+ + mTGA- + wTOPO(org) ^ = ± 

Gr(H2O) î,
3+(TGA-)m.nTOPO (0 rg) + (6-/>)H20 (10) 

[Gr(HaO) P
3+ (TGA-)m • nTOPO]o r g 

-KM = 
[Gr(H20)6

3+][TGA-]^[TOPO]0% 

£>M 

[TGA-J^ tTOPO]^ / ( U ) 

where Ku is the extraction constant of Cr (I I I ) , and 
DM , the distribution ratio. Taking logarithms of 
Eq. 11, 

log Z>M = mlog [TGA"] + «log [TOPO]o r g + log Ku. (12) 

Equation 12 is rewritten by putting Eq. 9 in it : 

log Z>M = mlog [TGA-] + n pH + log KM 

- « l o g #HTCA + «log Z>HTCA + «log K&. (13) 

Then the number of trichloroacetate ions participat­
ing in the extraction equilibrium of Cr (III) was estimat­
ed. The equilibrium concentration of trichloroacetate 
in the aqueous phase was obtained directly from Fig.2 
without any corrections for the trichloroacetate ex­
tracted together with Cr (111), since the concentration 
of Cr ( I I I ) was as low as 2 x l 0 " 4 m o l dm" 3 . The 
plot of log Z)M vs. log[TCA~] at a constant p H value 
has a slope of m=3, as is shown in Fig. 7. This sug­
gests that the electrically neutral species, C r ( H 2 0 ) p

3 + 

(TCA~)3 , is formed in the aqueous phase and is ex­
tracted with T O P O into the organic phase. 

The ratio of Cr ( I I I ) to T O P O in the extracted 
species was determined by plotting log Z)M against 
log [ T O P O ] o r g at a constant TCA~ concentration. 
The equilibrium concentration of T O P O was calculat­
ed in the same manner as in the acid extraction de­
scribed above. As is shown in Fig. 8, the log-log plot 
has a slope of n=3, so the chromium (111) ion seemed 
to be solvated with three T O P O molecules. 

The difference in the water concentration, as is 
shown in Fig. 3(a,b), shows that the additional water 
is extracted with Cr ( I I I ) . The relationship between 
the concentration of Cr (111) extracted in the cyclo­
hexane phase and the increment of water caused by 

- 2 - 1 

log [TGA-] 

Fig. 7. Dependence of the distribution ratio of Gr(III) 
on the concentration of trichloroacetate in the aqueous 
phase at a constant pH value of 3.5. 
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TABLE 1. RELATIONSHTP BETWEEN THE CONCENTRATION OF Gr(III) AND THE INCREMENT OF WATER 

IN CYCLOHEXANE AFTER THE EXTRACTION OF G r ( I I I ) WITH T O P O 

pH of buffer solution 

3.00a> 
3.20a> 
3.33a> 
4.50a> 
5.00a> 
5.50a> 
6.00a> 
3.51b> 

10 

[Cr]org 

~2 mol dm - 3 

0.067 
0.14 
0.17 
0.19 
0.19 
0.19 
0.19 
1.20 

10 

[H2O]0 r g 

~2 mol dm - 3 

0.45 
0.90 
1.1 
1.2 
1.2 
1.1 
1.0 
7.5 

[H20]org/[Cr] 
org 

mean value = 

6.7 
6.4 
6.5 
6.3 
6.3 
5.8 
5.3 
6.3 

-6 .2z t0 .3 

Extraction conditions: organic phase: 10 cm3 of 0.1 mol dm - 3 TOPO in cyclohexane, aqueous phase: 10 cm3 of a 
0.1 mol dm - 3 TGA~ buffer solution, a) The initial concentration of Gr(III) in the aqueous phase was 0.19x 
10-2moldm - 3 . b) The initial concentration of Gr(III) in the aqueous phase was 3.1 x 10 2 mol dm 3. 

bo 
O 

2 

1 

0 

- 1 

- 2 

/ 

<̂> / / 

/ / 

/ 

1, .._ „..1 1 
- 3 - 2 - 1 

log [TOPO]o r g 

Fig. 8. Dependence of the distribution ratio of Gr(III) 
on the concentration of free TOPO in the organic 
phase at pH 4.O. 

the extraction of Cr (111) is summarized in Table 1. 
The amount of water co-extracted with the C r ( I I I ) -
T G A ~ - T O P O complex is about 6.2 times that of the 
Cr (111) extracted. This suggests that a common 
species of Cr (III) in the aqueous solution, C r ( H 2 0 ) 6

3 + , 
may be extracted into the organic phase as it is. 

This is confirmed by the fact that the absorption 
spectrum of the extracted Cr ( I I I ) species in the organic 
phase is similar to that of hexaaquachromium(II I ) 
in the aqueous solution (Fig. 9(b)) . In Fig. 9 the spectra 
of Co(II ) , Ni ( I I ) , and Cu(I I ) before and after their 
extraction in the present system are compared with 
those of Cr ( I I I ) . The absorption bands of Co (I I ) , 
Ni(II), . and Cu(I I ) extracted with T O P O were all 
shifted to longer wave lengths than those of aqua com­
plexes in the aqueous phase. This suggests that the 
T O P O molecule acts on the inner solvation sphere 
of all the metals except Cr ( I I I ) . O n the other hand, 
a previous report1) has shown that the inner solvation 
sphere of any metal does not alter upon its extraction 
into isopentyl alcohol. These differences may be 

< 

400 500 

Wavelength/nm 
600 700 

Fig. 9. Absorption spectra of the organic phase ( ) 
after the extraction with 0.1 mol dm - 3 TOPO and 
the aqueous phase( ) before the extraction, (a) : 
Ni(II), (b): Gr(III), (c):Go(II) , (d) :Gu(II ) . Ex­
traction conditions; organic phase: 0.1 mol dm - 3 

TOPO in cyclohexane, aqueous phase: 0.1—0.5 mol 
dm-3 TGA- buffer solution of pH 4—5. 

accounted for by the strong basicity of T O P O and 
the fast substitution rates of water molecules in the 
inner coordination sphere of metals other than C r ( I I I ) . 
The absorption bands of Cr ( I I I ) were gradually shifted 
to longer wave lengths when the extract was allowed 
to stand in the presence of an excess of T O P O . 
Moreover, the back-extraction curve shown in Fig. 5 
was also shifted to a lower p H region; i.e., the shift 
of pH 1 / 2 , the p H at the half-extraction, was 0.5 when 
the extract was allowed to stand for about 48 h at 
room temperature. These facts suggest that the water 
molecules in the inner solvation sphere of the Cr ( I I I ) 
extracted are very slowly replaced by T O P O molecules 
in the organic phase. 

O n the basis of the above results, it may be stated 
that the predominant species of Cr ( I I I ) extracted 
from the trichloroacetate buffer solution into cyclo­
hexane containing T O P O is the ion-association complex, 
C r ( H 2 0 ) 6

3 + ( T C A - ) 3 - 3 T O P O , and that the extraction 
constant of this complex is 107-68. In this complex, 
six molecules of water seem to be present in the inner 
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solvation sphere of Cr (111), while three molecules 
of the trichloroacetate ion as well as three molecules 
of T O P O seem to be present in the outer solvation 
sphere. The extractability of the Cr (III) ion in the 
present extraction system depends most on the con­
centration of T O P O free from trichloroacetic acid 
in the organic phase and, consequently, on the p H 
value of the aqueous phase. 
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Preparation and Solid-phase Thermal cis-trans Isomerization 
of the Mixed Bis(diamine)chrommm(III) Complexes 

of the Type [CrX2(aa)(bb)]X • nH,Op 
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The mixed bis(diamine)chromium(III) complexes trans- and m-[CrX2(aa)(bb)]X-wH20 were prepared 
and characterized where X is chloride or bromide ion; aa and bb are different diamines selected from ethylene-
diamine (en), propylenediamine (pn) and trimethylenediamine (tn) ; and n is a number of 0 to 2. The cis-trans 
isomerization of the above complexes was investigated non-isothermally (derivatographically) and isothermally 
in the solid-phase. The isomerization was found to be one-way (trans-to-cis) and exothermic. The activation 
energies were estimated for dehydration or dehydration plus dehydrohalogenation (Ed) and isomerization (E^. 
The intermediates m*r-[CrBr3 (en) (pn)] -2H20 and mer-[CrBr3(pn)(tn)] -2H20 were isolated during the isomeriza­
tion of *rawj-[CrBr2(en)(pn)]Br.2H20 and Jrawj-[CrBr2(pn)(tn)](H502)Br2, respectively. Bond rupture was 
proposed to be operative in the pathway of the isomerization. 

We have already studied on the solid-phase eis-
trans isomerizations of the bis (diamine) dihalogenochro-
mium(I I I ) complexes [CrX 2 (aa) 2 ]X, 2 - 6 ) where X is 
chloride or bromide ion ; aa is one of diamines such as 
ethylenediamine (en), propylenediamine (pn), 2,3-
butanediamine (bn) and trimethylenediamine (tn). In 
the course of our studies, an interesting fact was noticed 
that the direction of isomerization (whether trans-to-
cis or cis-to-trans) largely depends upon diamines con­
tained in the complexes. Actually, trans-to-cis iso­
merization was recognized in the complexes containing 
en, pn or bn which is capable of forming five-membered 
chelate ring with chromium(III) ion, whereas cis-to-
trans isomerization was found in the complexes contain­
ing tn which forms six-membered chelate ring. I t is, 
therefore, of much interest to know the details of the 
isomerization of the complexes having a general formula 
[GrX 2 (aa)(bb)]X where X is the same as described 
above; aa and bb denote different diamines selected 
from en, pn, and tn. Among them, the complexes 
having the combination of five- and six-membered 
chelate rings are particularly interesting. 

As for the chromium (III) complexes containing two 
different diamines, Pfeiffer et al. first reported the 
mixed tris (diamine) complexes [Gr(en) 2 (pn)]X 3 ( X 3 = 
a „ (SCN)3 , I „ [Cr(oX)3] , or [Cr(CN)J).') Recently, 
several mixed bis (diamine) complexes [GrX 2(aa)(bb)] + 

(X 2 =G1 2 , F2 , F ( H 2 0 ) , and others) have been charac­
terized and investigated from the viewpoint of hydroly­
sis kinetics.8-12^ In general, owing to large solubilities 
in common solvents, many troublesome steps are re­
quired to isolate the mixed bis (diamine) complexes 
as compared with the simple bis (diamine) complexes 
[GrX2(aa)2]+.13) T h e situation is rather severe for 
eis complexes than for trans complexes. 

The present study was, therefore, undertaken (1) 
to prepare trans- and m-mixed bis (diamine) complexes 
[GrX 2 (aa)(bb)]X, and (2) to investigate the details 
of thermal cis-trans isomerization of the complexes in 
the solid-phase. 

Exper imenta l 

Preparation of Complexes. trans-[CrCl2(en) (pn)]Cl-
0.75H2O (I), tra.ns-[CrCl2(pn)(tn)]Cl-H20 (II), trans-[CVC72-

(en) (tn)] (H502) Cl2 (III), trans-[CrBr2(en) (pn)]Br. 2H20 
(IV), trans-[CrBr2(pn)(tn)](H502)Br2 (V) and trans-[Cr£r2-
(en)(tn)](H502)Br2 (VI): For the preparation of these 
complexes, the starting material /r<my-[CrF2(aa)(bb)]Br was 
first prepared by modifying the methods described earlier.10'11) 
One gram of the material was dissolved in 10 ml of concentrat­
ed hydrochloric or hydrobromic acid and allowed to stand 
in a vacuum desiccator containing concentrated sulfuric acid 
as a desiccant, the desiccator being saturated with hydrogen 
chloride or hydrogen bromide by placing concentrated hy­
drochloric or hydrobromic acid in it. After a few days 
green crystals were separated. They were filtered, washed 
with ether and dried in a desiccator containing calcium 
chloride and in vacuo over K O H pellets for 2 h. The yields 
of the chloro complexes and the bromo complexes were about 
60% and 65% based on the amounts of the starting materials 
used, respectively. 

cis-[CrCl2(en)(pn)]Cl (VII), cis-[CrCl2(en)(tn)]Cl (VIII), 
cis-[CrBr2(en)(pn)]Br-2H20 (IX) and cis-[CrBr2(pn) (tn)]Br• 
H20 (X). The eis complexes were prepared by using 
thermal isomerization of the corresponding trans complexes 
in the solid-phase. 

First of all, one gram of the corresponding trans complexes 
was triturated thoroughly in a mortar, spread thinly on 
watch glass and heated in an air-bath at given temperature 
for a given time. The optimum heating conditions (temper­
atures and heating times) for obtaining the eis complexes 
were determined non-isothermally (derivatographically) and 
isothermally. They were 60 min at 140 °G for complex 
VII, 30 min at 210 °G for complex VIII, 30 min at 125 °G 
for complex IX, and 70 min at 160 °G for complex X. The 
products thus obtained were allowed to cool to room temper­
ature, dissolved in iV,iV-dimethylformamide (DMF) and 
filtered (if any insoluble materials remained). To the filtrate 
appropriate amounts of ether were added drop by drop 
with stirring, violet crystals being separated. They were 
filtered, washed with ether and air-dried. The yields of 
the eis complexes were about 40% based on the amounts of 
the starting trans complexes. 

As mentioned in the later section, frmy-[CrCl2(pn)(tn)]Cl« 
H 2 0 (II) decomposed during isomerization at about 220 °G 
and Jra^-[CrBr2(en)(tn)](H502)Br2 (VI) decomposed at 
170 °C without isomerization, and so attempts to get the 
corresponding eis complexes failed. 

Isolation of Intermediates during Isomerization. [CrBrz-
(en)(pn)].2H20 (XI) and [CrBrz(pn)(tn)]-2H20 (XII). 
They were isolated during isomerization of complexes IV 
and V. Each one gram of these complexes was spread in 
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Com­

plexes 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

TABLE 1. RESULTS 

c% 
Found 

20.00 

21.92 

16.68 

12.23 

12.58 

11.38 

20.54 

20.25 

13.06 

15.65 

12.20 

14.52 

Galcd 

19.62 

22.20 

16.45 

12.98 

12.99 

11.04 

20.53 

20.53 

12.98 

15.71 

12.98 

15.11 

OF ELEMENTAL 

HC 

Found 

6.49 

6.62 

6.38 

4.27 

4.36 

4.39 

6.19 

6.37 

4.76 

4.43 

4.41 

4.48 

Vo 

Galcd 

6.59 

6.68 

6.35 

4.70 

4.49 

4.23 

6.20 

6.20 

4.75 

4.80 

4.76 

5.03 

ANALYSES 

N % 

Found 

18.58 

17.04 

14.99 

11.46 

9.81 

9.58 

19.13 

19.14 

10.91 

11.30 

11.53 

11.85 

Galcd 

18.30 

17.26 

15.35 

12.11 

10.07 

10.31 

19.15 

19.15 

11.91 

12.20 

12.11 

11.75 

tions : 

thin layer on watch glasses and heated for 25 min at 112 °G 
and 20 min at 150 °G, respectively. T h e products thus 
obtained were repeatedly washed with D M F until the wash­
ings became colorless. They were then washed with ether 
and air-dried. Bluish products were obtained with the yields 
of about 3 0 % . T h e lattice waters in the crystals probably 
came from trace amounts of water present in the solvents 
employed in the procedures. Table 1 summarizes the results 
of elemental analyses. 

Non-isothermal Measurements. Non-isothermal measure­
ments were carried out with a Derivatograph Typ-OD-102 
and the enthalpy changes, AH, for dehydrat ion and isomeriza-
tion were evaluated as previously described.14) 

Isothermal Measurements. T h e rates of dehydrat ion or 
dehydration plus dehydrohalogenation of complexes I through 
V I were determined at different temperatures with a C H Y O 
1001 thermobalance. 

T h e rates of isomerization were followed by measuring 
the changes in absorbancies for the samples heated in an 
Abderhalden appara tus or an Ikemoto Rika Kogyo air-bath 
at various temperatures. Electronic spectra were monitored 
on a Hitachi Recording Spectrophotometer. T h e solvent 
used is D M F , dimethyl sulfoxide ( D M S O ) , or 0.1 mol d m - 1 

HCl , HBr, or H G 1 0 4 solution. T h e isomerization ratios 
were calculated by using the following simultaneous equa-

îî:S+ Illy = & I for c o m p l e x e s l and vn 

38.2* + 60.3? = Z>400 

5.8* + 63.4? = Z>520 

53.8* + 12.0? = Z>540 

39.8* + 29.3y = Z>390 

33.9* + 6.9? = Z>520 \ 
22.7* + 33.9y = Duo J 

for complexes I I I and V I I I 

for complexes IV and I X 

for complexes V and X 

where * and y are the molar concentrations of eis- and trans-
isomers, the numerical factors are the molar extinction coef­
ficients of pure eis- and /rara.y-isomers, and Z)'s represent the 
observed absorbancies at the wavelengths specified by the 
subscripts. Figure 1 shows, as an example, the electronic 
spectra of complexes I and V I I . 

Thin Layer Chromatography (TLC). TLG was employ­
ed to distinguish the mixed bis (diamine) complexes trans-
[GrX 2 ( aa ) (bb) ]X from the simple bis (diamine) complexes 
* r ^ - [ C r X 2 ( a a ) 2 ] X and *r^ - [GrX 2 (bb) 2 ]X 1 0 ' 1 5 > TLG 
plates used were those of silica gel 60F-254 made by Merck 
Ltd. Table 2 lists u p the results of complexes I through V I 
together with those of the simple bis (diamine) complexes. 

Wavelength/nm 

530 400 

<° 1.5 
bD 

JD 

1.0 

1 ' 1 

/ ' \ / I S 

/ \ / ! \ 
/ \ / \ 

•'' \ / \ 
• " \ ' 

i/ J / 

-
1 i 1 

20 25 

v / W c m " 1 

Fig. 1. Electronic spectra of complex I ( ) and 
complex V I I ( ) . 

T A B L E 2. RESULTS OF THIN LAYER CHROMATOGRAPHY FOR Jraw.y-[CrX2(aa)2]X, Jraw.y-[CrX2(aa)(bb)]X, 

AND *raw.y-[CrX2(bb)2]Xa) 

Rt 

Rt 

Rt 

Rt 

Rt 

Rt 

[CrCl2en2](H502)Cl2 

0.31 

[GrGl2pn2]Gl-1.5H20 

0.57 

[GrGlatna]G1.0.5HaO 

0.55 

[GrBr2en2]Br-H20 

0.69 

[GrBr2pn2]Br-H20 

0.86 

[GrBr2tn2]Br-2H20 

0.82 

[CrCl2 (en) (pn)] Gl. 0.75H20 

0.37 

[GrGl2(pn)(tn)]Gl-H20 

0.54 

[GrGl2(en)(tn)](H502)Gl2 

0.48 

[GrBr2(en)(pn)]Br-2H20 

0.74 

[GrBr2(pn)(tn)](H502)Br2 

0.84 

[GrBr2(en)(tn)](H502)Br2 

0.76 

[CrCl2pn2]Cl-1.5H20 

0.43 

[GrGl2tn2]Gl-0.5H2O 

0.50 

[CrCl2en2](H502)Cl2 

0.43 

[CrBr2pn2]Br-H20 

0.86 

[GrBr2tn2]Br-2H20 

0.82 

[CrBr2en2]Br-H20 

0.69 

a) The mixture of acetic acid and methanol (9 : 1) was used as the eluent. For the chloro complexes, single 
plate is employed in each run (as given in each row), whereas for the bromo complexes two plates are used: 
one is for the simple bis (diamine) complexes and the other for the mixed bis (diamine) complexes. 
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Comparison of the Rf values in the table reveals that the 
values for frYm.y-[CrX2(aa)(bb)]X are just in between those 
for frflw<y-[GrX2(aa)2]X and tom.y-[CrX2(bb)2]X3 indicating 
that all the mixed bis (diamine) complexes are pure. 

R e s u l t s a n d D i s c u s s i o n 

Derivatography. Dehydration or Dehydration plus 
Dehydrohalogenation: Figure 2 shows the derivatograms 
of the chloro complexes I, I I , and I I I , and Fig. 3, 
those of the bromo complexes IV, V, and V I . Com­
plexes I and I I are dehydrated at 70—160 °G and 
40—120 °G, respectively. Complex I V evolves 2 mol 
of water at two separate stages (40—103 °C and 125— 
158 °G). Complexes I I I , V, and V I lose 2 mol of 
water and 1 mol of hydrogen halide (dehydration plus 
dehydrohalogenation) at temperatures below 140 °C. 
The enthalpy changes, AH, for dehydration or dehy­
dration plus dehydrohalogenation for complexes I to 
V I were determined to be 17, 42, 55, 43, 49, and 57 
k j mol - 1 , respectively. 

Isomerization. Complexes I, I I , I I I , and V give 
small but clear exothermic D T A peaks at 200, 220, 
235, and 195 °C respectively, and they change in color 
from green to violet. This indicates that the isomeriza­
tion takes place. Complex I I partially decomposed 
during the isomerization, and therefore isolation of 
the corresponding eis complex was not possible. Prom­
inent peak only due to mere isomerization can not 
be seen in the D T A curve of complex I V because 
the isomerization stage (90—130 °C) overlaps with 
the first dehydration stage (40—103 °C). Complex 
VI , after dehydration plus dehydrohalogenation (38— 
135 °C), remained unchanged up to about 170 °C, 
after that it melted and decomposed rapidly without 
isomerization. 
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c3 
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15 
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Fig. 2. Derivatograms of complex I ( ), complex 
II ( ) a n d complex III ( ). 

Fig. 3. Derivatograms of complex IV ( ), complex 
V ( ) and complex VI ( ). 

I t must be noted that the eis complexes in the present 
study did not isomerize upon heating. We expected 
at the beginning of this study that the mixed bis (di­
amine) complexes having the composition of [CrX2(en) 
(or pn ) ( t n ) ]X might undergo both trans-to-cis and cis-
to-trans isomerization. T h e expectation is based on 
the fact that trans-to-cis isomerization was recognized 
in the case of the simple bis (diamine) complexes [CrX2-
en2(or pn2 , bn 2 ) ]X where en, pn, or bn forms five-
membered chelate ring,2 - 4) whereas only cis-to-trans 
isomerization was detected in the complexes [CrX2-
tn 2 ]X in which tn forms six-membered chelate ring.5»6) 
However, as mentioned above, the isomerization in 
the present case was found to be one-way (trans-to-cis). 

Rate of Dehydration or Dehydration plus Dehydrohalogena­
tion. If the rate of dehydration or dehydration 
plus dehydrohalogenation at each temperature obeys 
the first order law, the following equation should hold: 

2.303 log a\[a-x) = kdt 

where a is the initial amount of the starting complex, 
x is the amount of dehydrated or dehydrated plus 
dehydrohalogenated product formed during time t, 
and ka is rate constant. Table 3 contains kd and the 
rate constants of isomerization (k{). Linear rela­
tionships were obtained when log a/(a—x) were plotted 
against time t. From the Arrhenius plots, the activa­
tion energies for dehydration of complexes I and I I 
were obtained as 67 and 76 k j mol - 1 . For complex 
IV, the activation energies for the first and second 
dehydration steps were 46 and 103 k j m o l - 1 respective­
ly. T h e dehydration plus dehydrohalogenation stages 
of complexes I I I , V, and V I had the activation energies 
of 55, 112, and 30 k j m o l - 1 respectively. 

Rate of Isomerization. The isomerization of com­
plexes I, I I I , IV, and V was traced spectrophotom-
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TABLE 3. RATE CONSTANTS OF DEHYDRATION OR DEHYDRATION PLUS DEHYDROHALOGENATION 

(&D) AND ISOMERIZATION (KT) AT VARIOUS TEMPERATURES 

Complex I 

*/°C 

ArdXl04/s-i 
AriXlOVs-1 

Complex II 

t/°C 

^xiovs-1 

Complex III 

*/°C 
A:dXl04/s-i 

^ X l O V s - 1 

Complex IV 

t°/C 

kd x 107s-1 

AriXlOVs-1 

Complex V 

*/°C 

foxiovs-1 

fexKH/s-1 

Complex VI 

*°/c 
ifcdXlOVs-1 

100 

4 .27 

73 

1.92 

80 

6 .73 

70 

2 .56 

110 

0 .55 

80 

3 .22 

109 

7.48 

86 

4 .99 

87 

9 .60 

78 

4 .67 

115 

0 .84 

89 

4 .32 

120 

12.7 

94 

9 .21 

99 

17.6 

89 

5 .76 

120 

1.42 

100 

5 .28 

130 

21 .7 

103 

13.3 

108 

2 5 . 6 

100 

9 .12 

126 

2 . 2 4 

110 

6 .97 

138 

0 .24 

113 

2 6 . 9 

205 

0 .81 

130 

8 .47 

133 

3 .99 

118 

9 .90 

153 

1.22 

214 

1.95 

138 

13.9 

138 

0 .56 

159 

2 .22 

222 

3 .95 

146 

2 6 . 6 

151 

1.41 

172 

7.70 

238 

15.3 

153 

44 .1 

156 

2 .52 

100 

0 .96 

161 

4 .08 

108 111 

1.66 2 .88 

168 

7 .20 

116.5 

4 .80 

125 

10.4 

TABLE 4. TEMPERATURE (td AND ti) AND ACTIVATION 

ENERGIES (jEd AND E{)^ 

Com­
plex 

I 

II 

III 

IV 

V 

VI 

Dehydration or dehydration 
plus dehydrohalogenation 

°C 

102 

86 

76 

83 

136 

95 

£ d 

kj mol- 1 

67 

76 

55 

46103 

112 

30 

Isomerization 

h 
°C 

167 
— 

224 

117 

163 

— 

EL 

kj mol- 1 

155 

— 
181 

114 

123 

— 

a) td and ti stand for dehydration (or dehydration plus 
dehydrohalogenation) temperatures and isomerization 
temperatures where kd and kx show a constant value 
(5x l0 4 s - 1 ) . The constant value was taken for the 
convenience of comparison. E& and Ei designate 
activation energies for dehydration (or dehydration 
plus dehydrohalogenation) and isomerization. 

etrically. In a manner similar to that of dehydration, 
the value of log b/(b—y) were plotted against time t, 
where b is the initial amount of the trans complex, and 
y is the amount of the corresponding eis complex formed 
by isomerization. Linear relationships were obtained, 
and only in the case of complex I V the value of log 
bj{b—y) converged about 0.1, indicating that 2 0 % of 
isomerization takes place during dehydration plus dehy-
drobromination and the remaining in the anhydrous 
state. Rate constants of isomerization (kL) are given 
in Table 3. The activation energies of isomerization 
were estimated to be 155, 181, 114, and 123 k j m o l - 1 

for complexes I , I I I , IV , and V, respectively. Table 
4 summarizes td and Ed ( temperature and activation 
energy for dehydration or dehydration plus dehy­
drohalogenation), and ti and Ei (temperature and 
activation energy for isomerization). Comparison of 
these values between the chloro complexes (I, I I , and 
I I I ) and the bromo complexes (IV, V, and VI) discloses 
that the bromo complexes are in general more easily 
dehydrated and dehydrohalogenated than the cor­
responding chloro complexes; the same tendency may 
also be true for isomerization. 

Mechanism of Isomerization. Several studies have 
been reported on the mechanism of solid-phase race-
mization of metal complexes; e.g., twist mechanism 
was preferably accepted in the solid-phase racemiza-
tion of tris(oxalato)metallate,16 '17> and LeMay and 
Bailar reported that the solid-phase racemization of 
/-cw-[CrCl2en2]Cl-H20 proceeds via aquation-anation 
mechanism.18) The study on the isotopic exchange of 
anhydrous eis- and /raw.y-[GoCl2en2]Cl* showed that 
the Gl ion in inner-sphere is exchanged by the Gl* 
ion in outer-sphere in the solid-phase,19) implying that 
a bond rupture process may be included in the ex­
change. 

We have noticed that the solid-phase cis-trans isom­
erization of the simple bis(diamine)chromium(III) 
complexes do not necessarily require the participation 
of lattice water unlike the corresponding cobalt (III) 
complexes,20»21) and the reaction is, in most cases, 
accompanied by a small but clear exothermic D T A 
peak.2 - 6) We tentatively speculated that a bond rup­
ture may be involved in the isomerization.3) In this 
study, we succeeded in isolating the intermediates 
X I and X I I during the isomerizations of complexes 
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Fig. 4. Electronic spectra of complex V ( ), com­
plex X ( ) and intermediate XII ( ). 
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Fig. 5. Possible isomerization pathway. 

I V and V as mentioned in the experimental section. 
Figure 4, as an example, shows the electronic spectra 
of complex V ( / ra^-[CrBr 2 (pn)( tn)](H 50 2 )Br 2 ) , com­
plex X (cu-[CrBr 2(pn)( tn)]Br-H 20) and the interme­
diate X I I ( [CrBr 3 (pn) ( tn) ] -2H 2 0) . As seen from the 
figure, the trans complex V has, as expected, three 
absorption bands in the range of d-d transition [14.2 X 
K ^ c m - 1 (log £=1.44) , 2 3 . 0 x l 0 3 c m - 1 (log £=1.53) 
and 25.5 X 103 c m - 1 (log £=1.51)] and the eis complex 
X has two bands at 1 9 . 0 x l 0 3 c m - 1 (log £=1.53) and 
2 5 . 6 x l 0 3 c m - 1 (log £=1.58) . O n the other hand, 
the intermediate X I I has two bands at 18.0 X 103 c m - 1 

(log £=1.59) and 2 4 . 6 x l 0 3 c m " 1 (log £=1.66) , but 
the first band is accompanied by two shoulders at 
« 1 4 . 0 x l 0 3 c m - 1 ( l oge« 1.42) and « 2 1 . 0 X 10 3 cm" 1 

(log £ « 1.48). The occurrence of these shoul­
ders in the first band, as has been reported in the 
studies on [(Cr or Co)Cl3dien]22> and [CoC^NH,)*] , 8 8 ) 
supports that three bromide ions in the intermediate 
X I I are arranged in mer position. The situation is 
also true for the intermediate X I (the spectral data 
were omitted because they were closely similar to 
those of the intermediate X I I ) . From the above re­
sults, it is reasonable to consider that the isomerization 
of these complexes proceeds through a bond rupture 
pathway as represented in Fig. 5. I t seems that the 

same mechanism is operative in the simple and mixed 
bis(diamine)chromium(III) complexes which isomerize 
with similar exothermic D T A peaks. 

The authors wish to express their grati tude to J a p a n 
Society for the Promotion of Science for the financial 
support granted to this research. 
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Enrichment of a Trace Amount of Manganese by the Mixed Resin 
Prepared from Finely Divided Anion and Cation Exchangers 

in the Presence of 4-(2-Pyridylazo)resorcinol 
Masutaro A B E , Noriko T A K E I , Kunio O H Z E K I , and Tomihito KAMBARA* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received February 28, 1979) 

The enrichment of a trace amount of manganese (I I) from sample water was carried out by the combined use 
of a mixture of finely divided cation and anion exchangers and 4-(2-pyridylazo)resorcinol (PAR). Manganese-
PAR complex was effectively collected onto the mixed resin by batch method in the pH range 9.1—10.2. The 
manganese on the mixed resin was eluted into hydrochloric acid solution, extracted with 4-benzoyl-3-methyl-l-
phenyl-2-pyrazolin-5-one (BMPP) into MIBK and determined by atomic absorption spectrometry. The recovery 
of 3 (xg of manganese from the synthetic sample solution (100—500 ml) was in the range 95—97%. 

Recently we reported an analytical utilization of a 
resin mixture of finely divided anion and cation ex­
changers, the diameter being smaller than 30 [xm.1) 
A trace amount of copper (I I) in a sample water was 
concentrated on the mixed resin as the complex with 
8-hydroxy-5-quinolinesulfonate and determined by 
atomic absorption spectrometry. This paper describes 
some preliminary results with the enrichment of man­
ganese (I I) by the combined use of the mixed resins 
with PAR. The compounds B M P P and 4-cinnamoyl-
3-methyl-l-phenyl-2-pyrazolin-5-one (CMPP) were 
examined as the reagents for the solvent extraction-
atomic absorption spectrometric determination of man­
ganese. 

E x p e r i m e n t a l 

Reagents. Stock solution of manganese(II) (1.0 g l - 1 , 
p H = l ) was prepared by dissolving the chloride into hy­
drochloric acid solution and its factor was determined by 
titration with EDTA. The Dotite PAR (Dojindo Go.) was 
used without further purification. Fifty milligrams of the 
reagent were dissolved into 3 ml of 0.1 % sodium hydroxide 
solution and diluted to 100 ml. The reagents BMPP and 
GMPP were synthesized from 3-methyl-l-phenyl-5-pyrazolone 
and benzoyl chloride or cinnamoyl chloride (Wako Chemicals 
Go.) according to the method of Jensen.2> The former 
BMPP was recrystallized twice from methanol. The results 
of elemental analysis were: Found: G, 73.1; H, 5.0; N, 
10.1; O, 11.8%. Galcd for G17H14N202: G, 73.4; H, 5.0; 
N, 10.1; O, 11.5%. The latter GMPP was recrystallized 
twice from acetone. The results of elemental analysis were: 
Found: G, 75.0; H, 5.2; N, 9.1; O, 10.7%. Galcd for 
C19H16N202: G, 75.0; H, 5.3; N, 9.2; O, 10.5%. Solutions 
of 5 x 10-2 M (mol dm-3) BMPP and GMPP were prepared 
by dissolving each acid in alkaline solution, the final solution 
being neutral. 

The resin mixture was prepared by mixing suspension of 
cation exchanger (GRS) with that of anion exchanger (ARS) 
in the volume ratio of 1 to 1.6. The exchange capacities 
were 0.031 meq ml"1 for GRS and 0.030 meq ml"1 for ARS 
as reported previously.1) 

Apparatus. A Hitachi 508 atomic absorption spectrom­
eter with a Fe-Co-Ni-Cu-Cr-Mn multielement hollow 
cathode lamp was used for the determination of manganese 
in MIBK extract under the following conditions: wavelength 
279.5 nm, lamp current 10 mA, slit width 0.18 mm, acetylene 
flow rate 1.5 1min - 1 and air flow rate 13 1 min -1. A Toyo 
KG 25 filter holder (Toyo Roshi Go.) was used. 

General Procedure. An aliquot of sample solution (40— 

500 ml) containing 3 [xg of manganese(II) is taken into a 
separatory funnel, 1.0 ml of 0.05% PAR solution being added. 
The solution pH was adjusted to ca. 9.6 with the addition of 
2 M ammonia-ammonium chloride buffer solution. A 1.0-
ml portion of GRS and 1.6 ml of ARS are then added to 
the sample solution. After shaking for 10 min the mixture 
is allowed to stand for several minutes until the coagulated 
resin settles. The mixed resin is separated by filtration with 
suction from the solution onto a filter paper (Toyo Roshi 
No. 1). The manganese species on the resin are then eluted 
with 20 ml of 0.5 M hydrochloric acid into another separatory 
funnel. The pH of the solution being adjusted to ca. 7.3 
with 10 ml of 1 M potassium phosphate, 2.5 ml of 0.05 M 
BMPP are added. The resulting manganese-BMPP complex 
is extracted into 5.0 ml of MIBK and the organic extract 
is then subjected to atomic absorption spectrometry. The 
absorption is corrected from the blank value observed through­
out the whole procedure. 

R e s u l t s and D i s c u s s i o n 

Effect of PAR. Manganese (I I) reacts with 
PAR to form a water soluble red complex in alkaline 
solution.3) The negative logarithms of acid dissocia­
tion constants of the pyridine nitrogen, jfr-hydroxyl, 
and o-hydroxyl groups in the PAR molecule are report­
ed to be 2.3, 12.4, and 6.9, respectively.4) In the 
alkaline solution, the manganese complex is expected 
to be present as mono- or divalent anionic species, 
which is fixed onto the cationic site in the mixed resin. 

The effect of PAR on the recovery of manganese 
was studied in the presence of varying amounts of 
calcium and chloride ions which are most commonly 
present in natural water. T h e optimal p H range 
was found to be 9.1—10.2 (Fig. 1), which is comparable 
to the result observed in the spectrophotometric de­
termination of manganese with PAR.5) 

In the presence of 2.3 [xmol of PAR, 3 [xg of man­
ganese was effectively collected from 40 ml of a calcium 
chloride solution containing even 50 mg of calcium 
ion (Fig. 2). In the absence of PAR, the amount of 
non-fixed manganese increased when the amount of 
calcium ion increased beyond the exchange capacity 
of cation exchanger in the mixed resin. 

Manganese on the resin was quantitatively eluted 
with 20 ml of 0.5 M hydrochloric acid. 

Extraction of Manganese with BMPP and CMPP. 
Determination of manganese in the eluate was carried 
out by using solvent extraction followed by atomic 
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Fig. 1. Effect of pH on the recovery of 3.0 [ig of man­
ganese (I I) from 40 ml of solutions containing 20 mg 
of calcium ion and 2.3 (i,mol of PAR onto the coagulat­
ed resin prepared from 1.0 ml of GRS and 1.6 ml 
of ARS. Buffer solution: NH3-NH4C1, ionic strength: 
0.1 (NaCl). 

Ga2+ added/mg 

Fig. 2. Recovery of 3.0 (xg of manganese (I I) from 40 
ml of solutions containing varying amounts of calcium 
chloride in the presence (O) and absence (# ) of 
2.3 [xmol of PAR. # : Unbuffered, O: pH 9.6 (am­
monia buffer), ionic strength 0.1 (NaCl). 

absorption spectrometry. The sensitivity of the AAS 
determination of manganese is enhanced when the 
organic extract is subjected to analysis.6'7) In the 
preliminary tests, the methods employing ammonium 
l-pyrrolidinecarbodithioate8>9) and 8-quinolinolate7) 
was examined. In the dithiocarbamate method, the 
back ground absorption increased with increasing 
amount of the reagent. O n the other hand, the extrac­
tion p H higher than 10 was required in the oxinate 
method. 

The use of B M P P and C M P P was studied. In 
spite of the interest in BMPP,10) only a little informa­
tion is available on the extraction of manganese com­
plex into MIBK. The extractabihty of manganese 
BMPP complex was constant over the p H range 7.0— 
11.0 (Fig. 3). Manganese -CMPP complex was quan­
titatively extracted in the p H range 8.5—10.5. A 
small step was observed on the extractability-pH curves 
in both cases. The extraction method with B M P P 

Fig. 3. Effect of pH on the extractabihty of manganese 
complex with BMPP (O) and CMPP (#) into MIBK. 
Solution pH is adjusted with Britton-Robinson buffer 
solution. Mn 3 (xg, ionic strength 0.16 (NaCl), aque­
ous volume 50 ml, MIBK 5 ml. 

0 0.2 0.4 
Sample/1 

Fig. 4. Recovery of 3 (xg of manganese(II) from varying 
amounts of synthetic sample solution (the composition 
is found in the text). # : CRS 1.0 ml, ARS 1.6 ml, 
PAR 2.3[xmol; A : CRS 2.5ml, ARS 4.0ml, PAR 
11.5 [xmol; O : CRS 2.5 ml, ARS 4.0 ml, PAR 46 
(xmol. 

was tested with the solution containing 20 ml of 0.5 M 
hydrochloric acid and 2.3 [xmol of PAR. The solution 
composition is almost the same as that of the eluate 
from the mixed resin. The p H was adjusted by the 
addition of 1 M potassium phosphate. In the presence 
of PAR the optimal p H range became narrower in 
the alkaline region (pH 7.0—8.3), even larger amounts 
of B M P P up to 125 fxmol being added. At the opti­
m u m conditions the extraction equilibrium was at­
tained within a few minutes. The organic extract 
was stable at least within 30 min. 

Enrichment of Manganese from Synthetic Sample Solu­
tion. The composition of the synthetic sample 
solution was: Na+ 32.6, K+ 7.8, Ca2+ 40.0, Mg2+ 
12.0, Zn2+ 0.2, Pb2+ 0.005, Fe3+ 0.1, Cu2+ 0.01, Cl~ 
142.22, S 0 4

2 - 58.3, S i 0 2 7.5, H C 0 3 ~ 35.4, N 0 3 ~ 
0.013, NH 4+ 0.032 m g ! - 1 . The composition is refer­
red to the ordinary river waters,11) in which the con­
centrations of main components are fairly high. With 
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increasing amounts of PAR and the mixed resin, the 
recovery of manganese was improved (Fig. 4). By 
combined use of 2.5 ml of CRS, 4 ml of ARS and 
46 [xmol of PAR, a 3-[xg portion of manganese was 
effectively recovered from 100—500 ml of the sample 
solution. 
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Phosphate ion in 0.1 M (1 M = 1 mol dm -3) sodium chloride solution was adsorbed selectively on the iron(III) 
complex of a chelating resin. Coordination unsaturated sites of the resin-bound iron (III) ion were considered 
to be the adsorption sites for phosphate ion, predominating species being dihydrogenphosphate ion (H2P04~). 
Adsorption capacity of the resin increased with the increasing amount of iron (III) ion loaded on the chelating 
resin, while the molar ratio of the adsorbed phosphate ion to the resin-bound iron (III) ion became less than unity, 
indicating that only a fraction of the resin-bound iron(III) ion acts as the adsorption site at higher iron content. 
The steric and electrostatic interactions among the phosphate ions in the resin matrix may interfere with the 
stoichiometric adsorption of phosphate ion on the resin-bound iron at higher iron content. 

In a previous paper,1) a report was given on the 
selective adsorption of arsenite and arsenate ions on 
the iron (111) complex of a chelating resin, with pos­
sible application to the removal of trace of arsenic 
from waste water of geothermal power plants. 

Since the selective adsorption on such a resin is 
based on the coordination of anionic ligands to the 
coordination unsaturated sites of the resin-bound metal 
ion, adsorption of phosphate ion can also be expected 
on the iron (111) complex of the chelating resin. Such 
a process may be useful in the tertiary treatment of 
urban sewage for the effective removal of phosphate 
ion. This paper describes the nature of the iron ( I I I ) 
complex of chelating resin (Uniselec U R 10) as an 
adsorbent for phosphate ion. 

Exper imenta l 

Materials. Uniselec UR 10 chelating resin (Unitika 
Ltd. Osaka) of 20—50 mesh size was used. Iron (III) complex 
of chelating resin was prepared by the following procedure. 

An iron (III) ion solution prepared by dissolving 0.4— 
5.4 g of iron (III) chloride hexahydrate in 200 ml of 0.3 M 
sodium acetate-acetic acid buffer (pH 3.0) was mixed with 
10 g of sodium form chelating resin which had been condi­
tioned by successive washings with 2 M hydrochloric acid 
and sodium hydroxide solutions. The resulting iron (III) 
complex resin was washed with deionized water until the 
washings became free from iron(III) ion, sucked off, and 
stored in a sealed bottle in a refrigerator. 

The iron content in the resin was measured on the acid 
eluate by EDTA titration, and expressed in terms of F (mmol/ 
g of dry iron(III) resin). The iron contents ranged from 
0.12 to 1.34. The water content was also determined on 
each grade of the iron (III) resin by measuring the weight 
loss after drying to constant weight at 110 °G. A stock 
solution of phosphate ion was prepared from potassium 
dihydrogenphosphate. All other reagents were of analytical 
grade. 

Procedure for Adsorption Study. Adsorption equilibria 
were investigated by batchwise operation. A weighed amount 
of the iron(III) resin, ca. 0.5 g, was shaken with 50 ml of a 
buffered solution containing phosphate ion at a constant 
temperature for 24 h, which is sufficient to attain approximate 
equilibrium. For determination of partition ratio and 
adsorption isotherms, respectively 1.3xlO~3M and (6.4 X 

10~4—3.3xl0~2) M of phosphate solution were used. The 
ionic strength of the solution was adjusted to 0.1—0.2 with 
sodium chloride. 

After equilibration, the phosphate ion concentrations were 
determined by molybdenum blue photometry on solution 
and resin phases, the latter being analyzed on the 2 M hy­
drochloric acid eluate. 

The partition ratio, K&&, of phosphate ion between aqueous 
and resin phases can be expressed by 

#ad = Q.IC 

where C and Q are the phosphate ion concentration in solution 
(M) and in iron (III) resin (mmol/g of dry iron (III) resin), 
respectively. Although wet resin was used throughout the 
experiment, the corrections were made for dry resin by 
estimating the water content of the wet resin. 

Instruments. A Toa model HM-5A pH meter and 
Shimadzu MPS-50L spectrophotometer were used. 

R e s u l t s a n d D i s c u s s i o n 

Nature of the Iron (HI) Chelating Resin. Uniselec 
U R 10 chelating resin used in the experiment has a 
three-dimensional network structure containing an N-
(o-hydroxybenzyl) iminodiacetic acid moiety as a 
chelating group. Since the chelating site has phenolic 
oxygen in addition to the iminodiacetic acid group 
which is often found in the conventional chelating resin 
such as Dowex A- l , the coordination site of the Uniselec 
resin behaves as a quadridentate ligand to iron (111) 
ion, resulting in a more stable chelate than that by 
the Dowex A-l type resins. As a result, iron (111) 
ion is so tightly bound to the resin that it is not easily 
released from the resin even in the presence of a large 
excess of alkali and alkaline earth cations above p H 
3. 

Iron (I I I ) ion which is coordinatively hexavalent is 
bound to the Uniselec resin under so called "coordina­
tion unsaturated" conditions, leaving two coordination 
sites aqua ted. The sites are expected to act as adsorp­
tion sites for the coordinating anions as suggested by 
Helfferich.2) A report appeared on the selective ad­
sorption of arsenite and arsenate ions by the i ron(II I ) 
chelating resin.1) 

pH Dependence of the Partition Ratio, K&d. Figure 
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300 h 

200 h 

ioo h 

-1 

Fig. 1. pH profile of partition ratio, K&d, of the iron(III) 
resin (F=1.25) at 35 °G. In acidic region, buffered 
with 0.1 M acetate buffer. In alkaline region, buf­
fered with 0.1 M ammonia-ammonium chloride (O) 
or with 0.1 M ammonia-ammonium nitrate either in 
the presence (A) or absence (# ) of 0.1 M sodium 
chloride. 

1 shows the p H dependency of the partition ratio, 
K&d, of phosphate ion at 35 °G. The p H of the aqueous 
phase was buffered with 0.1 M acetic acid-sodium 
acetate in the acidic region, and with 0.1 M a m m o n i a -
ammonium chloride (O) or 0.1 M ammonia -am­
monium nitrate ( # , A ) in the alkaline region. The 
symbol (A) shows the partition ratio in the presence 
of 0.1 M sodium chloride. Though the points are 
scattered, the adsorption of phosphate seems to be most 
favorable in the p H region 4—7. The K&û value 
decreases rapidly with variation in p H on either side 
of the opt imum region. If we consider the acid dis­
sociation constants of phosphoric acid ( p ^ a ; 2.06, 
7.03, 12.1), such a p H profile suggests the univalent 
dihydrogenphosphate ion to be responsible for adsorp­
tion. Since the presence of chloride ion gives no 
adverse effect on Kad value, the adsorption is not due 
to the ion-exchange reaction. 

The nature of the i ron(II I ) resin changes with varia­
tion in p H . When p H < l , i ron(I I I ) ion may be 
displaced from the resin with proton, resulting in the 
loss of adsorption capacity. With increase in p H , the 
proton dissociation of coordinated water on the resin 
bound iron (I I I ) ion might occur, forming monohy-
droxo- and dihydroxo species. 

This has been discussed by Harris et al?} on the 
i ron(II I ) chelate of monomeric JV-(o-hydroxybenzyl)-
iminodiacetic acid in aqueous solution, where the 
proton dissociation constants of diaquated i ron(II I ) 
chelate were found to be : 

FeL(OH2)2 ; = ± FeL(OH2)(OH)- + H+ log?# = -5 .71 

FeL(OH2)(OH)~ ; = ± FeL(OH)2
2" + H+ log # = - 9 . 1 

where H 3 L denotes the free ligand. If we assume a 
similar proton dissociation scheme on the resin bound 
diaquated iron (111) ion, it may behave as a dibasic 

yy 
( a ) 

1<pH<4 

( b ) 

6 < pH<7.5 

• U N „ H 

( c ) 

95<pH 

Fig. 2. Possible states of the resin bound iron (III) 
ion. 

acid (Fig. 2). Species (a), (b), and (c) may predom­
inate in the p H regions < 4 , 6—7.5, and >9 .5 , re­
spectively. T h e electrostatic repulsion between the 
resin bound iron (111) ion and phosphate ion becomes 
larger in the order ( a ) < ( b ) < ( c ) . At the same time, 
the resistance to the ligand exchange reaction between 
phosphate ion and the hydrolyzed species would become 
larger in the order ( a ) < ( b ) < ( c ) . Thus, of the three 
states of the i ron(III ) resin, the most favorable one 
for the adsorption of phosphate ion seems to be (a), 
showing the opt imum K&d value in a weakly acidic 
region. 

Adsorption Isotherms with the Iron (III) Resin. The 
effect of temperature on the adsorption isotherms of 
phosphate ion with the i ron(III) resin is shown in 
Fig. 3, where the resin of F= 1.34 was used at p H 6.0 
with ionic strength ca. 0.2. The effect of iron(III) 
ion content on the adsorption isotherms under similar 
experimental conditions at 35 °G is shown in Fig. 4. 
The phosphate uptake by the resin, Q, increases with 
rise in temperature and increase in the iron (111) ion 
content. I t also increases with increase in phosphate 
ion concentration in the aqueous phase, C, approaching 
saturation at higher phosphate ion concentration. The 
results suggest that the adsorption of phosphate is a 
chemical reaction and that the adsorption sites are 
the resin bound i ron(I I I ) ions. 

The adsorption of phosphate ion can be considered 
to be the ligand exchange reaction between the co­
ordinated water and the phosphate ion. If we assume 
that the reacting species of the resin bound iron (I II) 
ion is mainly in the state (a), the reaction can be 
schematically written as follows. 

RFe(OH2)2 + H 2 P0 4 - ^ = ^ RFe(H2P04)~ + 2H 2 0 (l) 

E 
£ 

0.03 

C/mol I 
Fig. 3. Adsorption isotherms of the iron(III) resin 

(F=1.34) at different temperatures (pH=6.0, //«0.2). 
—O— 35 °G, — • — 25 °G, —A— 8 °G. 
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0.03 

C/mot f' 

Fig. 4. Adsorption isotherms of the iron (III) resin 
of various iron contents at 35 °C (pH=6.0, / / Ä 0.2). 
—O— F=0.88, — • — 0.64, —A— 0.31, —A— 
0.23, — 0 — 0.12. 

where RFe (OH 2 ) 2 denotes the resin bound iron (I I I ) 
ion. The equilibrium constant of this reaction can 
be given by 

~ - ^ R F e ( H 2 P 0 4 ) - 1 / O N 

A e q = —— — (Z) 
-*RFe(OH 2 ) 2 ^ 

where the mole fractions of unadsorbed and adsorbed 
sites in the resin, and the molar concentration of phos­
phate ion in the aqueous phase are expressed as 
^RFe(oH2)25 ^RFe(H2po4)-5 and C, respectively. 

The mole fraction of adsorbed site can be written as 

A = a 
x, R F e ( H 2 P 0 4 ) " 

w&„ 
(3) 

where A is the amount of phosphate adsorbed (mmol) 
on Wg of the i ron(III ) resin (Q^A/W), and £«> is 
the saturated adsorption capacity of the resin. 

By means of the relation 

- ^ R F e ( O H 2 ) 2 H" ^ R F e ( H 2 P 0 4 ) - = 1 J ( 4 ) 

Eq. 2 can be written as 

--£-+ (̂f )• (5) 

Thus, the plots of C against C/CL should give a straight 
line, from which —\/Keq and CL°° can be obtained 

from the intercept and slope, respectively. 
The isotherms of the resins of various i ron(II I ) ion 

contents at various temperatures were treated by means 
of Eq. 5 where the phosphate ion concentrations of 
the aqueous phase were in the range (3.2 X 10~4—2.9x 
10~2) M after equilibration. The results are shown in 
Figs. 5 and 6, respectively. The values for Keq and 
Q̂ oo, obtained from the intercept and slope of each 
line drawn by the method of least squares, are sum­
marized in Table 1. 

Equilibrium constant, Keq, increased with increase 
in temperature, indicating that the adsorption is a 

0.02 h 

0.01 

0.01 0.02 003 0.04 

Fig. 5. C vs. C/Q plots at different temperatures. 
—O— 35 °C, — # — 25 °C, —A— 8 °C. 

0.02 

0.01 

0.05 0.15 0.20 

C/Q 

Fig. 6. C vs. C/Q plots on the resin of different iron 
contents. — O — F = 0 . 8 8 , — # — 0.64, — A — 0.31, 
— A — 0.23, — 0 — 0.12. 

T A B L E 1. PARAMETERS FOR THE ADSORPTION ON PHOSPHATE ION BY I R O N ( I I I ) 

COMPLEX OF CHERATING RESIN ( P H = 6 . 0 , JU = 0.2) 

Iron content 
F/mmol g_1 

0.12 
0.23 
0.31 
0.64 
0.88 
1.34 
1.34 
1.34 

Resin 

Water content 

% 

110.0 
90.1 
89.1 
84.9 
79.9 
72.5 
72.5 
72.5 

Temp 
°C 

35 
35 
35 
35 
35 
35 
25 
8 

Parameters fo 

Q,oo 

mmol g - 1 

0.13±0.02 
0.19±0.02 
0 .23±0.02 
0 .46±0.05 
0 .54±0.06 
0 .82±0.07 
0 .77±0.02 
0 .82±0.03 

r Eq. 5 

"Aë^xio-2 

1 mol-1 

2 . 2 ± 1 . 1 
2 . 7 ± 0 . 9 
3 . 0 ± 0 . 8 
3 . 2 ± 1 . 6 
3 . 0 ± 1 . 6 
2 . 7 ± 0 . 6 
2 . 0 ± 0 . 2 
1.2±0.1 

dJF 

1.08±0.17 
0 .83±0.09 
0 .74±0.06 
0.72zt0.08 
0 .61±0.07 
0 .61±0.05 
0 .57±0.01 
0.61±0.02 
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chemical process as shown by Eq. 1. Saturated ca­
pacity, CL«*, does not change with temperature. I t 
increases with increase in iron (III) ion content in the 
resin, indicating that the resin bound i ron(II I ) ions 
act as the adsorption sites for phosphate ion. 

We could expect a 1:1 binding ratio for phosphate 
ion: the resin bound iron (111) ion, since we found a 
1:1 complex formation in the spectrophotometric study 
on the interaction of phosphate ion with the iron ( I I I ) 
chelate of JV-(o-hydroxybenzyl) iminodiacetic acid in 

3.2 3.3 3.A 3.5 

10 3 K/T 

3.6 3.7 

Fig. 7. Arrhenius plots for the standard heat of adsorp­
tion. Data from Table 1. 

aqueous solution at p H 6.O.4) However, as shown in 
Table 1, the stoichiometric ratio, Qoo/F, indicates that 
only one half of the resin bound iron (III) ions act as 
adsorption sites at higher i ron(III) ion content, the 
value approaching unity with the decreasing iron (III) 
ion content. This suggests that, at higher iron(III) 
ion content, the electrostatic and steric repulsions among 
the phosphate ions in the resin matrix may interfere 
with the stoichiometric adsorption of phosphate to 
the resin-bound i ron(III ) ion, while at lower i ron(III) 
ion content, the adsorption becomes more stoichiometric 
due to the smaller interaction among adsorbed phos­
phate ions. 

The equilibrium constant, Keq, increases with in­
crease in temperature. Thus we can estimate the 
apparent standard heat of adsorption from the Ar­
rhenius plots (Fig. 7). The value A / / = 2 1 . 8 k j mol"1 

is reasonable for the complex formation. 

The authors are grateful to Unitika Ltd. for the 
supply of Uniselec chelating resin. 
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The Determination of Berberine by Ion-pair Extraction-Titration, 
with Tetrabromophenolphthalein Ethyl Ester as the Indicator 

Masahiro TSUBOUGHI 

Laboratory of Chemistry, Kochi Medical School, Oko, Nankoku, Kochi 781-51 
(Received March 8, 1979) 

A method has been developed for the determination of berberine as a quinolizinium medicine. The method 
is based on the solvent extraction-titration of an ion pair. Sodium tetraphenylborate is used as the titrant, with 
tetrabromophenolphthalein ethyl ester as the indicator in the presence of chloroform. In the two-phase 
titration, the proposed procedure gives sharp end points as the organic phase changes from blue to yellow. The 
aqueous phase is colorless throughout the titration. From a p(berberine)-pH diagram, a theoretical titration 
curve is constructed. The titration curve at pH 6.5 is not too far from the ideal case. 

Various reports have appeared regarding the ion-
pair extraction-titration (two-phase titration) method. 
Methylene Blue,1) Methyl Orange,2) Azure A,2) 
Bromophenol Blue,3) and Neutral Red4) have been 
used as indicators for the determination of anionic 
surfactants of quaternary ammonium salts. The ion-
pair extraction-titration techniques would be conve­
nient for use in the laboratory because, with them, 
there is no need for sophisticated instrumentation. 
End-point detection in two-phase titration is based on 
the movement of a dye as an indicator from one phase 
to the other. In general, though, it is difficult to 
detect the end point because a dye color in an aqueous 
phase or an organic phase will be reflected in the other 
layer.1'2) 

This paper will deal with the determination of 
berberine as a quinolizinium medicine. Nonaqueous 
titrimetric,5) gravimetric,6) and spectrophotometric7-10) 
methods were investigated for the determination of 
berberine. In the two-phase titration proposed here, 
sodium tetraphenylborate is used as the titrant, with 
tetrabromophenolphthalein ethyl ester (In) as the inr 
dicator in the presence of chloroform. This procedure 
gives sharp end points as the organic layer changes 
from blue to yellow, and there is less likelihood of 
error. A singly charged In anion forms a 1:1 ion 
pair with berberine in the organic solvent.8) The 
aqueous layer is colorless throughout the titration. 
This is because the indicator itself is not soluble in 
water, but gives a yellow color in chloroform. When 
the berberine (Bb) is titrated with a sodium tetra­
phenylborate (TPB) solution, the [ B b + T P B " ] ion pair 
is formed in the organic phase and the reaction fol­
lowed at the end point is: 

[Bb+.In-]org + H+ + [TPB-]aq • 
blue 

[Bb+.TPB-] o r g +[In] o r g 

yellow 

Exper imenta l 

Reagents. Tetrabromophenolphthalein ethyl ester 
potassium salt was dissolved in ethanol to make the solution 
0.1%. A proper quantity of berberine chloride was dissolved 
in the distilled water. Standardization was done spectro-
photometrically with a potassium dichromate solution.7) 
The phosphate buffer solution (pH 6.5) was prepared from 
a 0.3 M disodium hydrogenphosphate solution with several 
drops of dilute sulfuric acid. 

Procedure. The berberine solution (1—10 ml of 0.001 
M), 5 ml of the phosphate buffer solution, 10 ml of chloroform, 
and 2—3 drops of a tetrabromophenolphthalein ethyl ester 
solution were placed in a 200-ml Erlenmeyer flask. The 
mixture was titrated with a 0.002 M sodium tetraphenylborate 
solution, with intermittent shaking by hand, to ensure an 
equilibrium between the organic solvent and the aqueous 
phase. The organic phase changes from greenish blue to 
yellow at the end point. 

R e s u l t s a n d D i s c u s s i o n 

When the mixture of the berberine solution, the 
buffer solution, chloroform, and the indicator solution 
is shaken as has been described above, the aqueous 
phase is colorless and the organic phase is greenish 
blue. Figure 1 shows the visible absorption spectra 
of the indicator in chloroform. Near the end point 
of the titration, the organic phase starts to turn green. 
When one drop excess of the tetraphenylborate solution 
is added, the organic phase acquires a distinct yellow 
color, while the aqueous phase is still colorless. This 
is due to the fact that the indicator forms an organo-
philic ion pair with berberine. Therefore, some reflec­
tion of the color in the aqueous phase does not interfere 
with the end-point detection. 

The effect of the p H on the proposed method was 
studied by titrating a series of berberine solutions buf­
fered at various p H values. The results are summariz­
ed in Fig. 2. When the berberine solution is titrated 
with sodium dodecylbenzenesulfonate solution, quan-

1.5 

1.0 

< 0.5 

h 

1 

1 ^ - - 1 — 

2 / \ 

1-- 1 
400 500 600 

Fig. 1. Absorption spectra of chloroform phase. 1 : 
Extract with 2 x 10 -5 M indicator, 2: extract with2 X 
10~5 M indicator and 2 x l 0 ~ 5 M berberine. Ref­
erence : Jwater, 
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1 4 

- # -#--' 

K 

1 1 

0 

1 

2 

1 .. 1 

2h 

PH 

Fig. 2. Effect of pH on titration. 1 : Titration with 
0.002 M laurylbenzenesulfonate, 2 : titration with 0.002 
M tetraphenylborate, berberine, 10 ml of 0.001 M. 

titative titrations are obtained in the p H range of 
5—6. Larger amounts of buffer solution had no in­
fluence on the titration, but when less than 1 ml was 
added, the phase separation was poor. 

As in the p H titration of acids and bases or in the 
p M titration of the metal ion and ethylenediaminetetra-
acetic acid,11) berberine titration by the extraction 
may be generally represented by p (berberine) titration 
curves. The basic equilibria are given by: 

(Bb)w + (TPB)W 

(Bb)w + (In)0 ^ 

=± (Bb.TPB)0 

• (Bb.In)0 

For simplicity, the charges are omitted. The symbols 
a re : Bb, berberinium ion; TPB, tetraphenylborate ion; 
In, indicator; o, in the organic phase; w, in the aqueous 
phase. The corresponding equilibrium constants a re : 

^Bb-TPB = [Bb.TPB]0/([Bb]w x [TPB]W) 

^Bb-m = [Bb.In]0/([Bb]w X [In]0) 

The effective stability constants (12—17 °G) were ob­
tained from absorption measurements with berberine-
tetraphenylborate extracts and berberine-indicator ex­
tracts at 440 nm7) and 610 nm8) respectively. A simple 
pBb-pH diagram is given in Fig. 3 for the titration. 
When 5 0 % of TPB is present in free-ion form and 
5 0 % in B b - T P B ion-pair form, the pBb is equal to 
the logarithm of the effective stability constant (K') 
of the Bb-TPB ion pair : 

PQ 
I JS 2 

L r* 

log JCWTPB = log l/[Bb]w = pBb 

Line 2 in Fig. 3 corresponds to the pBb value at which 
5 0 % of In is present in free-dye form and 5 0 % in 
Bb- In ion-pair form: 

logX/
Bb.in = logl/[Bb]w = pBb 

From the pBb-pH diagram, a theoretical titration 
curve is constructed for the 0.002 M TPB titration of 
10 ml of 0.001 M Bb at the p H value of 6.5 as is shown 
in Fig. 4. The pBb at the 50 %-color-change point, 
G, is equal to the logarithm of the effective stability 
constant of the Bb- In ion pair. A maximum color 
change is obtained by a minimum increment titrant 
at this point. The fractional color change from 0.1 
to 0.9 covers about 2 pBb units. The shaded areas 
indicate the region of the color change of the indicator. 
The titration curve at p H 6.5 is not too far from the 
ideal one. 

PH 

Fig. 3. p(berberine)-pH diagram. 1: log A"/
Bb.TPB, 

2: logiTBb. In. 

Equivalents of TPB 

Fig. 4. Titration curve at pH 6.5. 10 ml of 0.001 M 
berberine is titrated with 0.002 M tetraphenylborate. 

Ten identical samples, each with 10 ml of a 0.001 M 
berberine solution, were titrated with a 0.002 M tetra­
phenylborate solution according to the procedure. The 
mean titre was 5.00 ml, with a standard deviation of 
0.04 ml. 

Various water-immiscible solvents, such as nitro­
benzene, isopentyl methyl ketone, butyl acetate, isoamyl 
alcohol, toluene, 1,2-dichloroethane, chloroform, 
benzene, carbon tetrachloride, and hexane, were tested. 
Of these, chloroform was the best solvent for the titra­
tion of berberine. The initial volume fluctuations of 
the aqueous phase (5—20 ml) and the organic phase 
(7—15 ml) did not have any measurable effect on 
the determination of the end point. 

The effects of other ions on the titration process 
were studied for 10 ml of the 0.001 M berberine solu­
tion. The following ions did not interfere at the 0.01 
M level: Na+, Ca2+, Mg2+, K+, NH4+, N 0 3 " , S0 4

2 ~, 
Br - , Gl~, I" , acetate, carbonate, citrate, and tannate. 
Amines such as thiamine, papaverine, and diphenhy­
dramine caused positive errors; the maximum permis­
sible amount was the 10~4 M level. Dodecyl sulfate, 
quaternary ammonium, and mercury(II) ions inter­
fered. 

Sample of medicine containing berberine chloride 
(40 mg), tannic acid (40 mg), aluminium 2-hydroxy-3-
naphthoate (100 mg), pectin (50 mg), and silicon pow­
der (5 mg) were dissolved in water. The solutions 
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were filtered and analyzed according to the proposed 
method and a spectropho tome trie method.7) T h e 
mean result of six samples was 39.0 mg of berberine 
chloride, with a standard deviation of 0.3 mg, while 
the result was 38.2 mg of berberine chloride by the 
spectrophotometric method. The proposed indicator 
has proved applicable to the two-phase titration of 
anionic surfactants with quaternary ammonium salts. 

The author wishes to thank Professor Yuroku 
Yamamoto of Hiroshima University for his valuable 
advice. 
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ESR Study of 63Cu(II) Doped in Single Crystals of Bis(alkyl 
3-alkylidenedithiocarbazato)nickel(II) and -zinc(II). II. 

Proton Hyperfine Structure and Tetrahedral Distortion 
Takayuki O N I K I 

Pre-dental Course, Kyushu Dental College, Manazuru, Kokurakita-ku, Kitakyushu 803 
(Received December 11, 1978) 

The ESR spectra of 63Cu(II) diluted in several single crystals of the title Ni(II) and Zn(II) complexes are 
reported. In the substituted benzylidene groups, hyperfine structure (hfs) due to the magnetically equivalent 
two protons have been observed. The hfs were resolvable only in a limited magnetic direction due to the small 
anisotropic coupling constants. The coordination around Gu(II) ion has been found to be eis in all the Zn(II) 
complexes and the ESR parameters are more anisotropic than in the Ni(II) complexes. The relationship between 
the tetrahedral distortion and the ESR parameters has been interpreted using the d-orbital coefficients in the 
ground state. 

There have been a number of theoretical studies 
on tetrahedral distortion around copper (I I) centers 
and extensive ESR studies on the solid state system.1-9) 
The tendency for g H to increase and | A w | to decrease 
with increasing tetrahedral distortion has been reported 
for well-characterized complexes of copper (I I) with 
iV-salicylidenealkylamine,10'11) bis(pyrazoryl)gallates,12) 
and dipyrromethenates.13) Yokoi and Addision14) 
reported the ESR measurements of several bis(iV-
substituted 2-pyrrolylmethyleneaminato) copper (II) 
complexes in toluene and concluded that the small 
value of \AQ\ is due to the large positive value of 
A± by tetrahedral distortion. Bates explained the 
small hf coupling constants on the basis of 3d84p mixing 
in the 3d9 configuration.4) 

The ESR parameters of the Cu(I I ) site which is 
tetrahedrally distorted from £w-CuN2S2 p lanar sym­
metry has been discussed in a previous report.15) The 
Schiff bases derived from alkyl dithiocarbazate were 
found to form a series of ligands,16-19) whose properties 
were greatly modified by the introduction of organic 
substituents into the ligand thereby inducing different 
stereochemistry in the resultant metal complexes. The 
relationship between the ESR parameters and tetra­
hedral distortion around the Gu(II) ion site have been 
investigated by measuring the ESR spectra for 6 3Cu(II) 
diluted with Zn( I I ) complexes in place of the Ni(II) 
complexes which have a 6*-methyl group, and with the 
Ni(II) complexes which possess a 6*-benzyl group. In 
either case the tetrahedral distortion is expected to 
be larger than in Ni(II ) complexes with a 6*-methyl 
group. 

In the first report the ESR spectra of Cu(I I ) /Ni-
(bdc)2 exhibited additional hfs. T h e additional hfs 
are assignable to two azomethine protons or to nonco-
ordinated nitrogen, in order to establish which was 
the case the ESR spectra of 6 3Cu(II) diluted in Zn( I I ) 
and in Ni(II) complexes with Schiff bases which have 
azomethine protons were measured. Figure 1 shows 
the structures of the host complexes used. The alkyl 
and alkylidene groups denote methyl and 1-phenyl-
ethylidene, methyl and l-(jö-tolyl)ethylidene, methyl 
and o-tolylidene, methyl and m-tolylidene, methyl and 
o-chlorobenzylidene, benzyl and l-(2-naphthyl)ethyl-
idene, benzyl and l-Qfr-tolyl)ethylidene, and benzyl 
and 1-phenylethylidene, and the corresponding ligands 
have been abbreviated as pedcH ? tedçH, omdcH, 

R 1 

methyl 
methyl 
methyl 

methyl 
methyl 
benzyl 
benzyl 
benzyl 

R 2 

- H 
- H 
- H 

methyl 
methyl 
methyl 
methyl 
methyl 

R 3 

o-tolyl 
m-tolyl 
o-chloro-
phenyl 
phenyl 
/»-tolyl 
2-naphthyl 
/»-tolyl 
phenyl 

eis 
Zn(omdc) 2 

Ni(ocdc)2 

Zn(pedc) 2 

Zn(tedc) 2 

Ni(bndc) 2 

Ni(btdc) 2 

Ni(bpdc) 2 

trans 
Ni(omdc) , 
Ni(mmdc) 

Fig. 1. The structures of the host complexes used; 
bis(alkyl 3-alkylidenedithiocarbazato)nickel(II) or 
-zinc(II), and abbreviations which are classified into 
eis or trans form around copper (I I) ion site. 

mmdcH, ocdcH, bndcH, b tdcH, and bpdcH respec­
tively. 

Exper imenta l 

The complexes were prepared according to the methods 
of cited in the literature.16'17) The ESR spectra were recorded 
every 5° or 10° around three mutually perpendicular rotational 
axes. The most elongated axis was defined as the 2-axis, 
and the broadest crystal face was defined as the 12-plane. 
The room temperature ESR spectra were taken on a JEOL 
ME IX spectrometer at the X band. A frequency counter, 
Mn(II) diluted with MgO, and DPPH were used as the g 
marker. The second order effects of the ESR spectra were 
calculated by the method of Iwasaki.20) The forbidden 
transitions could not be obtained, so that no attempt was 
made to determine the quadrupole coupling parameters. 
The calculations were performed on an Olivetti P 652 com­
puter. 

R e s u l t s a n d D i s c u s s i o n 

Proton Hyperfine Structures. The four complexes 
with the ligands which have asometihne protons were 
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TABLE 1. THE ESR PARAMETERS FOR G U ( I I ) COMPLEXES 

CONTAINING AZOMETHINE PROTONS. T H E PRINCIPAL 

ELEMENTS OF ^4(6 3Cll) AND ^4N ARE IN UNITS OF 10~ 4 CHI - 1 

Host 

Ni(omdc)2 

{trans) 

Ni(mmdc)2 

(trans) 

Zn(omdc)2 

(eis) 

Ni(ocdc)2 

(eis) 

Principal values 

" gx = 2.021(1) 
^ = 2.044(1) 
& = 2.129(1) 
Ax = 26 (3) 
Ay = 37(3) 
4 , = 175(1) 

A ma l = ' ' " 

gT = 2.024(1) 
£y = 2.045(1) 
& = 2.139(1) 
. 1 , = 22 (3) 
^ = 32(3) 
AI = 176(1) 
^ N

x =18.9(5) 
^ = .4»,= 15.0(8) 
A J U I - J " 

gx=2.030(1) 

^ = 2.150(1) 

& = 2.037(1) 

AT=17(5) 

Ay=l37(l) 

Az = 32(5) 

A* =7—9 
^Hmax = 6 G 

& = 2.027(1) 
gy = 2.125(1) 
& = 2.031(1) 
Ax = 28(4) 
AT=167(1) 
4 , = 35 (4) 
A* = 9.5—11.6 
^Hmax = 4 G 

Direction cosines 

1 

0.82 
0.13 
0.56 
0.82 
0.12 
0.57 
0.82 

- 0 . 1 3 
0.02 
0.99 

- 0 . 1 3 
0 
0.99 

- 0 . 0 9 

0.97 
- 0 . 3 9 
- 0 . 2 4 

0.88 
- 0 . 1 0 

0.27 
0.91 

- 0 . 2 3 
- 0 . 1 5 

0.93 
- 0 . 3 9 

0.30 

0.91 
- 0 . 3 4 
- 0 . 2 3 

0.93 
- 0 . 2 9 
- 0 . 2 0 

\̂ 
2 

± 0 . 1 6 
14=0.99 

± 0 . 0 1 
± 0 . 1 3 
q=0.99 
± 0 . 0 2 

0.08 

0.99 
- 0 . 1 1 

0.13 
0.99 
0 
0.13 
0.99 

0.02 
- 0 . 1 0 
- 0 . 3 1 

0.25 
0.95 

- 0 . 9 6 
0.34 

- 0 . 4 0 
- 0 . 2 7 

0.20 
0.90 

- 0 . 9 0 

0.32 
0.94 

- 0 . 1 3 
0.28 
0.96 

- 0 . 0 9 

» 
3 

- 0 . 5 6 
- 0 . 0 9 

0.83 
- 0 . 5 6 
- 0 . 0 6 

0.83 
- 0 . 5 6 

0 
0.99 

- 0 . 0 1 
0 
1 
0 
0.12 

0.26 
- 0 . 9 2 

0.92 
- 0 . 4 0 

0.30 
- 0 . 0 1 

0.24 
- 0 . 8 9 

0.95 
- 0 . 3 3 

0.19 
0.33 

0.26 
0.04 
0.96 
0.22 
0.03 
0.97 

obtained. Table 1 shows the obtained ESR parameters 
and direction cosines against 1, 2, and 3 axes. In 
all the complexes, additional hfs were observed. Figure 
2 shows well resolved extra hfs which consist of three 
lines with an intensity ratio of 1:2:1. It was concluded, 
that the extra hfs are due to two azome thine protons. 
The proton hfs were anisotropic and small, and well 
resolved only in the limited magnetic direction. Table 
1 shows, therefore, only the maximum coupling con­
s t a n t s ^ ) . The proton hfs were observed in the cases 
of bis (salicylideneamina to) copper (II),21) iV,iV-bis(2-
pyrrolylmethylene) ethylenediaminatocopper (II),22) Cu-
(II) doped in L-alanine,23) and measured in great 

Fig. 2. The well resolved single crystal ESR spectra of 
63Gu(II)/Ni(ocdc)2. The proton hfs is well resolved 
at high field with the intensity ratio of 1:2:1, (6, <p) — 
(15°,0°), where 6 and <p is the angles in the spherical 
123 coordinate. 

detail by E N D O R in the case of bis (salicylaldehyde 
oximato)copper(II).2 4) In the present work the proton 
hfs are observable even if the proton is binded to a 
carbon atom which is not in the chelate ring. 

A methanolic solution of omdcH and copper acetate 
is deep-green at low temperature, but in a short time, 
the solution changes in color from deep-green to red­
dish-brown. Only reddish-brown crystals of Cu-
(omdc)2 were obtained and readily doped in Ni(omdc)2 . 
Gu(omdc)2 , synthesized in the presence of zinc acetate 
at low temperature, enables the deep-green Cu(omdc) 2 

to be doped in Zn(omdc) 2 . In a series of copper(II) 
complexes, the color is deep-green in the eis coordina­
tion and reddish-brown in the trans coordination. The 
ESR spectra of deep-green 6 3 Gu(II) /Zn(omdc) 2 shows 
the presence of two magnetically non-equivalent 
nitrogen hfs in the limited magnetic direction, and 
small nitrogen hf coupling constants. These results 
suggest that the coordination around the Gu(II) ion 
in Zn(omdc) 2 is of a eis configuration.15) Gu(bdc)2 

and Gu(mmdc) 2 are also deep-green in the preparation 
at low temperature, but the deep-green Gu(II) doped 
Zn(I I ) complexes were not obtained due to the inability 
of achieving single crystals of the Zn( I I ) complexes 
at low temperature. 

Tetrahedral Distortion. Table 2 shows the ESR 
parameters of 6 3Gu(II) in Zn(I I ) complexes and in 
the Ni(II) complexes with 6*-benzyl groups. In all 
the complexes of Table 2, the coordination around 
the Gu(II) ion was found to be of a cis configuration 
from the same reasoning as described in the case of 
6 3Gu(II) /Zn(omdc) 2 . T h e nitrogen hf coupling con­
stants could not be determined accurately for the eis 
coordination since the magnetically non-equivalent 
nitrogen hfs were well resolved only in the limited 
magnetic direction along one of the G u - N axes. 

The ESR parameters are more rhombic in the eis 
complexes than in the 6*-methyl containing Ni(II) 
complexes.15) The anisotropics of the ESR parameters 
are probably due to the tetrahedral distortion of the 
host complexes. 

Calculation of d- Orbital Mixing. The electronic 
spectra of the Gu(II) complexes consist of very strong 
charge transfer bands, the single d-d transition band 
being detected in the region 500—650 nm. This band 
has been tentatively assigned to the dzx->dz2 or dzx—> 
dx2_y2 transition for eis complexes. The ESR param-
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TABLE 2. THE ESR PARAMETERS FOR G U ( I I ) COMPLEXES 

W H I C H DO NOT CONTAIN AZOMETHINE PROTONS 

Host 

Ni(bpdc)2 

(eis) 

Ni(btdc)2 

(eis) 

Ni(bndc)2 

(eis) 

Zn(tedc)2 

(eis) 

Zn(pedc)2 

(eis) 

Principal 
values 

& = 2.032(1) 
£, = 2.148(1) 

& = 2.033(1) 
Ax = 2l (4) 
.4 ,= 152(1) 
A = 2 7 (4) 
^ = 9.3—11.8 

£x = 2.030(l) 
£, = 2.141(1) 

Ä = 2.032(1) 
^ = 2 4 ( 4 ) 
i l , = 143(1) 
A = 2 5 (4) 
^ N = 7 . 0 — 9 . 1 

^ = 2.029(1) 
£, = 2.140(1) 

& = 2.032(1) 
^ = 2 3 ( 4 ) 
.4 ,= 159(1) 
A = 31(4) 
4 N =9.5—11.7 

& = 2.031(1) 

£, = 2.153(1) 

& =2 .037(1 ) 

A = 1 9 ( 4 ) 

i l , = 140(1) 

i42 = 26(4) 

^ N = 7 .7—9.8 

^ = 2.032(1) 

£, = 2.154(1) 

£z = 2.037(1) 

ilx=17(4) 

Aj = 138(1) 

.4, = 24(4) 

, F = 7 . 8 — 9 . 8 

Direction cosines 

1 

0.92 
0.18 

- 0 . 3 4 
0.79 
0.25 

- 0 . 5 6 

0.21 
0.01 
0.98 
0.23 
0.01 
0.97 

- 0 . 2 5 
0.96 

- 0 . 1 3 
- 0 . 2 8 

0.95 
- 0 . 1 6 

0.91 
0.70 
0.25 

- 0 . 7 1 
0.34 
0.09 
0.92 
0.62 
0.35 

- 0 . 6 4 
0.19 
0.45 

0.74 
- 0 . 7 2 

0.54 
0.66 

- 0 . 4 0 
0.24 
0.52 

- 0 . 6 6 
0.63 
0.73 

- 0 . 5 8 
0.21 

2 

0.34 
0.01 
0.94 
0.58 
0.01 
0.82 

0.93 
0.31 

- 0 . 2 0 
0.89 
0.41 

- 0 . 2 1 

- 0 . 0 1 
0.13 
0.99 

- 0 . 1 9 
0.10 
0.98 

- 0 . 3 1 
0.30 

- 0 . 1 5 
0.17 
0.94 

- 0 . 9 4 
- 0 . 1 6 

0.66 
- 0 . 1 2 

0.13 
0.98 

- 0 . 7 4 

0.38 
- 0 . 4 6 

0.14 
- 0 . 1 9 

0.91 
- 0 . 8 7 

0.68 
- 0 . 4 5 

0.10 
- 0 . 1 6 

0.72 
- 0 . 8 8 

3 

- 0 . 1 7 
0.98 
0.05 

- 0 . 2 0 
0.97 
0.15 

- 0 . 3 0 
0.95 
0.06 

- 0 . 3 9 
0.91 
0.10 

0.97 
0.25 

- 0 . 0 3 
0.94 
0.31 
0.15 

- 0 . 2 9 
- 0 . 6 5 

0.96 
0.68 
0.06 

- 0 . 3 4 
- 0 . 3 6 
- 0 . 4 1 

0.93 
- 0 . 7 5 

0.06 
- 0 . 5 1 

0.55 
0.52 

- 0 . 8 3 
0.73 

- 0 . 1 0 
- 0 . 4 4 

0.51 
0.60 

- 0 . 7 7 
0.67 

- 0 . 3 8 
- 0 . 4 4 

eters could not be completely determined from only 
this band. The d-orbital coefficients of the ground-
state were then determined from the observed ESR 
parameters.25) The ground state function for trans 
coordination is given by,15) 
0a = f l | x 2 - y 2 > a + ô | z 2 > a + ^ | x y > a - i ^ | y z > ^ + ^ | z x > ^ 

(1) 

and for eis coordination by, 

0a = a\zx>a+ib\yz>a+c\z*>ß-d\x2-y*>P-ie\xy>li. 

(2) 

Table 3 shows the coefficients obtained from Eqs. 1 
or 2. Changing the x and z directions produces a 
larger value of d than c. I t is uncertain from only 
the ESR data whether the axis should be assigned 
as x or z. 

The copper hf coupling constants for the trans co­
ordination have the same sign which are in reasonable 
agreement with the ESR spectra of chloroform solutions 
(83—86 G). The situation around the Gu(II) ion in 
chloroform solution is not the same as in the Zn(II) 
complexes. The ESR spectra of chloroform solutions 
supports the finding that the copper hf coupling con­
stants are the same sign in eis Ni(II) complexes (64 
—72 G) . It is reasonable to assume that the copper 
hf coupling constants are also the same sign in the 
Zn( I I ) complexes. 

Figure 3 shows the variations of copper hf coupling 
constants against the values of cjd. The d-orbital 
coefficients satisfy the observed g values in all regions 
of cjd values. The acceptable region which satisfies 
the copper hf coupling constants is in the narrow 
range of cjd values. McGregor and Hatfield26) measur­
ed the ESR spectra of bis(2,2'-bipyridyl)thioureacop-
per(II) Perchlorate and determined the d-orbital coef­
ficients only from the g values. The copper hf coupling 
constants could not be obtained from the single crystal. 
The method of Swalen et al.25) cannot be applied 
when the copper hf coupling constants are not obtained, 
if there is no strong evidence for a relationship between 
the d-orbital coefficients. 

Fig. 3. The example of calculations for 63Gu(II)/Ni-
(bpdc)2; the coefficients of the Kramers doublet (top) 
and the hf parameters (bottom) vs. c/d; the value of 
Ay is fixed to — 152x 10~4 cm -1 , and the value of a is 
almost constant at 0.99975 in all the eld values; the 
acceptable regions are indicated. 
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T A B L E 3. T H E BEST VALUES FOR THE d-ORBiTAL COEFFICIENTS AND CALCULATED 

HYPERFINE COUPLING CONSTANTS ( 1 0 - 4 c m - 1 ) 

Host 

Ni(omdc)2 

Ni(mmdc)2 

Zn(omdc)2 

Ni(ocdc)2 

Ni(bpdc)2 

Ni(btdc)2 

Ni(bndc)2 

Zn(tedc)2 

Ni(tedc)2
a> 

Zn(pedc)2 

Ni(pedc)2
a) 

{trans) 
{trans) 

{eis) 
{eis) 
{eis) 
{eis) 
{eis) 
{eis) 
{eis) 
{eis) 
{eis) 

a 

0.9991 
0.9990 
0.9992 
0.9996 
0.9996 
0.9998 
0.9995 
0.9994 
0.9997 
0.9995 
0.9998 

b 

-0 .0379 
-0 .0391 

0.0095 
0.0076 
0.0079 
0.0077 
0.0079 
0.0093 
0.0081 
0.0091 
0.0081 

c 

0.0159 
0.0173 
0.0010 
0.0026 
0.0072 
0.0125 
0.0029 
0.0032 
0.0097 
0.0045 
0.0096 

d 

0.0055 
0.0061 
0.0362 
0.0263 
0.0241 
0.0132 
0.0295 
0.0324 
0.0162 
0.0303 
0.0160 

e 

0.0099 
0.0104 
0.0087 
0.0071 
0.0082 
0.0074 
0.0078 
0.0086 
0.0076 
0.0086 
0.0078 

k 

0.471 
0.445 
0.450 
0.482 
0.447 
0.462 
0.461 
0.454 
0.505 
0.439 
0.507 

P 

194 
204 
160 
182 
177 
162 
181 
163 
163 
164 
167 

Ax 

- 2 6 
- 2 2 
- 1 7 
- 2 8 
- 2 1 
- 2 4 
- 2 3 
- 1 9 
- 3 2 
- 1 7 
- 3 3 

A 
- 3 7 
- 3 2 

- 1 3 7 
- 1 6 7 
- 1 5 2 
- 1 4 3 
- 1 5 9 
- 1 4 0 
- 1 5 5 
- 1 3 8 
- 1 5 9 

Az 

- 1 7 5 
- 1 7 6 
- 2 6 
- 3 5 
- 2 7 
- 2 5 
- 3 1 
- 2 6 
- 3 3 
- 2 4 
- 3 4 

a) From Ref. 15. 

TABLE 4. THE BONDING PARAMETERS OBTAINED FROM 

Eqs. 3 AND 4 AND P VALUES ( lO^cm - 1 ) 

Host 

Ni(omdc)2 

Ni(mmdc)2 

Zn(omdc)2 

Ni(ocdc)2 

Ni(bpdc)2 

Ni(btdc)2 

Ni(bndc)2 

Zn(tedc)2 

Zn(pedc)2 

{trans) 
{trans) 
{eis) 
{eis) 
{eis) 
{eis) 
{eis) 
{eis) 
{eis) 

Noc^ 

0.061 
0.059 
0.028 
0.037 
0.037 
0.028 
0.037 
0.030 
0.031 

iVa2
2 

0.157 
0.153 
0.078 
0.082 
0.098 
0.082 
0.086 
0.082 
0.078 

iVa4
2 or iVa3

2 

0.306 
0.310 
0.672 
0.678 
0.680 
0.684 
0.687 
0.681 
0.671 

P 

194 
204 
150 
182 
177 
162 
181 
163 
164 

In the cis-CuN2S2 planar symmetry, the dzx orbital 
is in the ground state, and the coefficient b is a function 
of the spin orbital coupling and pure dzx->dyz energy 
separation. 

In the case of a small tetrahedral distortion, a mix­
ture of the dzx and dyz orbitals become the ground 
state, and the excited dxy , dx2_y2, and dz2 orbitals 
are mixed in the same manner. A spin orbit interac­
tion also occurs between the dyz and other d orbitals, 
and the ESR parameters cannot be determined solely 
from one d-d transition. Assuming the dzx->dyz energy 
separation does not vary from complex to complex, 
the value of {bja)2 gives a measure of the degree of 
tetrahedral distortion since the value of | Z? | increases 
with increasing tetrahedral distortion. The increase 
of \b\ values is observed in the case of Zn(I I ) com­
plexes as may be seen from Table 3. 

The copper hf coupling constants in Zn(I I ) complexes 
are smaller than in other complexes a result in agree­
ment with that found by Yokoi and Addison.14) The 
values of Ax and Az, however, are negative since the 
distortion is not so large. 

The molecular orbital of an unpaired electron in 
the eis coordination is given by, 

|zx> = ^V2[d z x - (a 1 / V /T)(s i - s2) - (a 2 /2) 

X ( - p l - p ï - p J + P Î J - C a a / l / T ) 

x ( -s3 + s*)-(a4/2)(p* + p * - p * + p ; ) ] , (3) 

and in the trans coordination by, 

\A1S) = iVV2[dx 2_y 2 +(ô/a)d z 2-(a1 /1 /T)(sHs2) 

- ( ^ / V / 2 " ) ( - p i + p i ) - ( a 3 / v / T ) ( p J - p ; ) ] . (4) 

The bonding parameters of Nocj2, Noc2
2, and iVa4

2 

in Eq. 3, and of Nocx
2, Noc2

2, and Noc3
2 in Eq. 4 were 

obtained as in the first report and are shown in Table 
4. The normalization constants N have been assumed 
to be 0.7 in either case. The small ^4N values and 
large Nocé

2 values in the eis coordination are explainable 
as follows. In eis coordination, the G u - N bond length 
is longer than in trans coordination because of steric 
repulsion by the large phenyl group. The Gu-S bond 
length on the other hand is shorter than in a trans 
coordination since there is no such repulsion. A 
similar situation occurs in the case of bis(thiosemi-
carbazide)nickel sulfate.27) 

The author is grateful to Dr. Kazunori Sakata of 
Kyushu Technical College for kindly allowing him 
to take ESR measurements. 
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Circular Dichroism Spectra of Some Transition Metal Complexes 
with (lÄ,2Ä)-l,2-Cyclopentanediamine 
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Bischelates, three isomers of dicyanocobalt(III), £raw.y-dichlorocobalt(III), and copper(II), and a monochelate, 
tetracyanoferrate(II), of the title diamine were prepared, and their CD spectra were reported. Major positive 
components were found for Ia bands, as was to be expected for the preferred X conformation, but minor positive 
components were observed for the Ib band with the £raw.y-dianionocobalt(III) complexes. The configurational 
and the vicinal effects, as calculated from the CD spectra of the m-dicyanocobalt(III) complexes, are shown 
to be different from those of (li?,2i?)-l,2-cyclohexanediamine. The CD spectra of the Fe(II) and Gu(II) 
complexes are consistent with the conformational effect of the title diamine. 

The optical activity of transition metal complexes 
has been studied with a variety of ligands. Among 
them, 1,2-diamines are most widely employed, and 
the results have been recognized as well established. 
However, the results have been obtained mostly with 
en, pn, and chxn as 1,2-diamines.1'2) The CD spectra 
of metal chelates with these diamines are almost identi­
cal with their corresponding structures, and the propo­
sed empirical rules of the optical activity are based 
on these results. However, two exceptions are known. 
Phenyl-substituted diamines, stien3) and phenen,4) 
yield cobalt (111) complexes which have CD spectra 
different from those of the other diamines mentioned 
above. Another is the tris cobalt (III) complexes 
of cptn. An earlier study of the complexes of cptn 
has been reported by Jaeger and Blumendal.5) Saito 
et al. have reported that the CD spectrum of J - [ C o -
(6*-cptn)3]Cl3 is anomalous, even though the structure 
has been confirmed by X-ray crystallography to be 
similar to that of other corresponding tris (diamine)-
cobalt(III) complexes.6) The CD spectra of A- and 
^l-[Co(i?-cptn)3]3+ have been reported by Toftlund 
and Pedersen.7) The diamine, cptn, may be expected, 
because of its fused five-membered cyclopentane ring, 
to form a chelate with a rigid structure on coordination 
to a metal ion. 

Tetragonal complexes, £ra?z.y-dianionobis (diamine) -
cobal t(III) , exhibit CD spectra which are free from 
any configurational contribution. The sector rule 
predicts that the signs of CD components corresponding 
to the 1A l g-^1Ega and 1A l g

a->1A2 g transitions (D4h) 
are positive and negative respectively with 1,2-diamines 
which form chelate rings of the À conformation upon 
coordination.2) Anomalous CD spectra can be expected 
for the tetragonal complexes with resolved cptn if 
the vicinal effect of this diamine differs from those 
of other 1,2-diamines. 

This paper will deal with the syntheses and CD 
spectra of trans-dichloro and three isomers of dicy-
anocobalt(III) complexes, the tetracyanoferrate(II) 
complex, and the biscopper(II) complex with Ä-cptn 
as the diamine. 

Exper imenta l 

Materials. The cyclopentanone (Merck, Synthetic 
Grade) was used without further purification. The pyridine,8) 

methanol,9) and sulfolane10) were purified according to the 
known methods. The other chemicals were used as purchas­
ed. 

Preparation of (7R,2R)-1,2-Cyclopentanediamine. 7,2-
Cyclopentanedione: This was prepared by a modification of 
the method for preparing 1,2-cyclohexanedione.11) A 3-dm3 

round-bottomed flask containing 1.5 dm3 of cyclopentanone 
and fitted with a stirrer and a dropping funnel was placed 
in a water bath. The contents were warmed to 30 °G, 
and then a solution containing 361 g (3.25 mol) of selenium 
dioxide, 420 cm3 of dioxane, and 155 cm3 of water was added 
dropwise into the cyclopentanone over a period of 24 h with 
stirring. Stirring was continued for further 18 h at 35 °G. 
The red selenium thus separated was filtered off on a Büchner 
funnel. The selenium was returned to the reaction flask 
and extracted with 500 cm3 of boiling ethanol for 3 h. The 
solution obtained by filtration was combined with the above 
filtrate. The combined filtrate was distilled using a 60-cm 
Vigreau column at 2700 Pa, and the lower-boiling portion 
(35—90 °G) was removed. The remaining portion was 
distilled at 1300 Pa until a thick brown residue formed in 
the distilling flask, thus preventing further distillation. The 
higher-boiling fraction was redistilled at 2100 Pa, and a 
fraction which distilled at 86—88 °G was collected. Yield, 
74 g (23% based on Se02). 

The 1,2-cyclopentanedione dioxime and trans-l,2-cyclo-
pentanediamine were prepared successively from 1,2-cyclo­
pentanedione according to the method of Jaeger and 
Blumendal.5) The optical resolution of the diamine was 
carried out according to the method of Toftlund and 
Pedersen7) to isolate the (\R,2R)-isomer using ( + )-tartaric 
acid as the resolving agent. The (1^2JS')-isomer was obtained 
by employing ( — )-tartaric acid as the resolving agent after 
the recovery of the free base from the remainder of the 
(li?,2i?)-isomer. 

Preparation of Metal Complexes. trans-\CoCl2{K.-cptn) ^\-
Cl-0.5H2O: To 100 cm3 of an aqueous solution of GoGl2-
6H 2 0 (4.76 g, 0.02 mol), Ä-cptn (3.00 g, 0.03 mol) was added, 
after which, the mixture was aerated for 3 h. To the resultant 
brown solution, 30 cm3 of concentrated hydrochloric acid 
was added. The mixture was then concentrated on a steam 
bath to near dryness. The separated crystals were collected 
on a filter and washed thoroughly with acetone until the 
filtrate showed no blue color. The crystals were then added 
to 40 cm3 of methanol. The mixture was refluxed for 2 h 
and filtered. The filtrate was allowed to stand in a refrig­
erator overnight; the green crystals thus separated were 
collected on a filter and washed thoroughly with acetone. 
Yield, 1.7 g (23%). 

Perchlorates : To the filtrate, a large excess of lithium Per­
chlorate was added. The green crystals thus separated were 
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TABLE 1. ANALYTICAL DATA OF COMPLEXES PREPARED 

Complex 
Found, % Galcd, % 

G 

28.02 
32.17 
33.61 
30.62 
34.31 
28.87 
32.79 

H 

5.36 
6.68 
6.11 
5.03 
5.48 
3.97 
6.54 

N 

13.44 
15.19 
19.60 
17.66 
19.89 
21.86 
15.21 

G 

27.96 
31.31 
33.93 
30.47 
34.33 
28.65 
32.55 

H 

5.63 
6.83 
6.12 
5.12 
6.00 
3.46 
6.82 

N 

13.04 
14.60 
19.30 
17.77 
20.02 
22.27 
15.19 

*raflj-[CoCl2(Ä-cptn)2]C104 

f rfliw-[CoCla(R-cptn)a]Cl • 0.5H2O 
*rfliw-[Go(GN)a(5

,-cptn)JG]04.HaO 
«j-J-[Go(GN)a(Ä

,-cptn)a]G]O4.0.5NaGlO4 

eis-A- [Go (GN) 2 (S-cptn) 2] G104 • 0.5H2O 
Na2[Fe(GN)4(A-cptn)]0.5NaGlO4-0.5H2O 
[Cu(S-cptn)2]SO4-0.5H2O 

collected on a filter and washed with ethanol and ether. 
The analytical data are listed in Table 1, along with those 
for other complexes. 

Preparation and Isolation of the Isomers ofDicyanobis(S-cptn)-
cobalt(III) Perchlorates : Potassium cyanide (460 mg) was dis­
solved in 80 cm3 of dimethyl sulfoxide (DMSO) at 60 °G. 
Into this solution was added 940 mg of trans-[CoC\2(S-cptn) 2]-
Gl-0.5H2O in portions with stirring. The color of the solu­
tion turned from green to orange. The solution was allowed 
to stand at 60 °G for 30 min, cooled to room temperature, 
and then poured into a column (10cmx3cm) packed with 
an SP-Sephadex G-25 ion exchanger. The absorbed resin 
was washed with water to remove the DMSO and mounted 
on the top of another SP-Sephadex G-25 exchanger (120 cmX 
3 cm). When the absorbed band was eluted with a 0.05 
mol dm - 3 aqueous sodium Perchlorate at a rate of 500 cm3 

d_1, one orange and then two light yellow bands were separat­
ed. The first, orange elute was evaporated to dryness at 
40 °G with a rotatory evaporator under reduced pressure. 
Twenty cm3 of acetone was added to remove the sodium 
Perchlorate, leaving an orange residue, which was subsequently 
dissolved in a minimum amount of hot water and then filtered. 
The filtrate was allowed to stand in a refrigerator overnight 
to obtain orange plates. Yield, 100 mg (9%). 

The second and the third, light yellow elutes were eva­
porated at 40 °G with rotatory evaporators to dryness. 
Ethanol was added to extract light yellow precipitates, and 
the ethanol solutions were evaporated again to dryness. 
The residues were dissolved in minimum amounts of hot 
water, and the solutions were cooled in refrigerators. 
Separated crystals were collected on filters. Yields, 23 mg 
and 57 mg for the second and the third fractions re­
spectively. 

NaJiFe(CN)i(K-cptn)]0.5NaClOi-0.5H2pi In a 200-cm3 

three-necked round-bottomed flask equipped with a me­
chanical stirrer and a dropping funnel, iron (I I) Perchlorate 
hexahydrate (6.55 g, 18.2 mmol) was placed under nitrogen, 
and then a 40-cm3 portion of methanol flushed with nitrogen 
was added through a serum cap with a syringe. The flask 
was immersed in an ice-water bath. With stirring, a solution 
of i?-cptn (3.63 g, 36 mmol) in 25 cm3 of methanol was then 
added in small portions. White precipitates were formed. 
To the mixture, a solution of sodium cyanide (3.56 g, 72 
mmol) in 8 cm3 of water was added from the dropping funnel 
with vigorous stirring. The mixture turned into a dark 
brown solution and was concentrated with a rotatory evapo­
rator, yielding a viscous liquid. Ethanol (200 cm3) was 
added, and the mixture was allowed to stand in a refrigerator 
overnight. The yellow precipitates thus separated were 
collected on a filter and washed with ethanol and then with 
ether. 

The crude product was dissolved in 12 cm3 of water, while 
the undissolved materials were removed by centrifugation. 

A methanol solution of sodium Perchlorate (16 g/100 cm3) 
was added to the supernatant liquid, and then 200 cm3 of 
ethanol. The mixture was allowed to stand in a refrigerator 
overnight. Separated yellow crystals were collected on a 
filter and were washed with ethanol and ether subsequently. 
Yield, 1.6 g (23%). 

[Cu(S-cptn)ASOi-0.5H2O: To a solution of copper(II) 
sulfate pentahydrate (500 mg) in 30 cm3 of water, £-cptn 
(0.4 g) was added. The solution turned blue. The solution 
was warmed, and ethanol (40 cm3) was added. The hot 
mixture was filtered, and the filtrate was allowed to stand 
in a refrigerator. Separated blue needles were collected 
on a filter and washed with ethanol. Yield, 250 mg. 

Physical Measurements. The electronic spectra were 
recorded with a Shimadzu UV-200 spectrophotometer. The 
CD spectra were measured with a JAS GO J-40 recording 
Polarimeter using aqueous solutions, unless otherwise stated. 
The infrared spectra were measured with a JASGO IRA-2 
spectrophotometer using KBr disks. The 1H-NMR spectra 
were measured with a JEOL JNM-MH-100 spectrometer 
using D 2 0 solutions and with sodium 2,2-dimethyl-2-silapen 
tane-5-sulfonate (DSS) as the internal standard. 

R e s u l t s a n d D i s c u s s i o n 

The synthesis of Ä-cptn was carried out with cy-
clopentanone as the starting material. Generally, 
the yields of 1,2-diketones from ketones with selenium 
dioxide are affected by the structures of the ketones, 
and the yield of cyclopentanedione has been reported 
to be low.12) The use of cyclopentanone as a solvent 
improved the yield to 2 3 % based on the S e 0 2 but 
the yield is still low compared to the yield of 60 % for 
1,2-cyclohexanedione from cyclohexanone. The suc­
cessive reactions and optical resolution were carried 
out according to the known methods.5 '7) 

The origins of the optical activities of metal chelates 
have been classified as: (i) configurational, (ii) con­
formational, and (iii) vicinal effects. The latter two 
effects correlate with the absolute configuration of 
a coordinated diamine. The absolute configuration 
of ( —)-cptn was determined by Saito et al. as (\R,2R)-.6) 
The absorption and CD spectra of solutions of cobalt-
( I I I ) complexes of R-pn, R-bn, and R-chxn are similar 
to each other for the corresponding structures because 
of their preferred À conformation, in which alkyl group 
(s) adopt an equatorial position in a five-membered 
chelate ring.6) The diamines, Ä-cptn and R-chxn, 
have the same absolute configuration and are expected 
to coordinate to metal ions exclusively in a À conforma­
tion by virtue of their fused ring structures. Therefore, 
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the electronic and CD spectra of complexes of Ä-cptn 
are compared with those of R-chxn in this report. 

trans-Dichlorocobalt(III) Complex. Aeration of a 
mixture of cobalt (I I) chloride and Ä-cptn, followed 
by the addition of concentrated hydrochloric acid, 
afforded trans-dichlorobis((lR,2R)-l ,2-cyclopentanedi-
amine) cobalt (III) chloride. The electronic and CD 
spectra of this chelate in methanol are shown in 
Fig. 1, along with the CD spectrum of trans-[CoC\2-
(Ä-chxn)2] + ; the latter has been reported by Treptow.13) 
The numerical data are listed in Table 2 and compared 
with those of other complexes. The absorption max­
imum of the I a band of the Ä-cptn complex appears 
at the same energy as the corresponding maximum 
of the R-chxn complex. However, the absorption 
maximum of the I b band moved to an energy lower 
by 1600 c m - 1 for the Ä-cptn complex. In the CD 
spectra, the I a components are almost the same for 

both complexes. However, the CD spectra for the 
I b components are different. A positive component 
is observed for the Ä-cptn complex. The CD spectra 
of trans-[CoCl2(R-cptn)2]Cl were measured in three 
solvents—pyridine, methanol, and sulfolane. The 
magnitudes of the major positive CD bands were little 
affected, but the magnitudes of the minor CD com­
ponents were changed as follows in Ac: 
pyridine, + 0 . 6 7 ; methanol, + 0 . 2 4 ; sulfolane, + 0 . 1 9 . 

Dicyanobis(R-cptn) cobalt (III) Isomers. Three iso­
mers of [Co(CN)2(6*-cptn)2]+ were isolated from a 
reaction mixture of the trans-dichloro complex with 
K C N , followed by column chromatography with SP-
Sephadex C-25 resin. The fraction eluted first with 
a 0.05 mol d m - 3 NaC10 4 was orange in color and 
exhibited a large splitting in the first absorption band. 
This was assigned to the trans-isomer. The second 
and third fractions were yellow in color, had similar 

TABLE 2. COMPARISON OF ELECTRONIC AND CD SPECTRA OF i?-cptn AND i?-chxn COMPLEXES 

Complex 

*rafl.y-[CoCl2L2]+ 

fra»j-[Co(CN)aLa]+ 

«j-il-[Co(CN)aLa]+ 

*VJ-[Co(CN)aLJ+ 

[Fe(CN)4L]2-

[CuL2]*+ 

y 

v a) 
^max 

16.2 
20.3 
24.9 

31.0 

39.2 

20.6 
23.7 

37.0 
44.0 
47.2 
23.2 
24.8 
31.0 
38.0 

45.9 
23.2 
25.0 

31.0 
38.0 
46.2 
25.3 

31.8 
36.0 
42.9 
45.0 
17.2 

35.6 
42.9 

i?-cptn 
^ 

V^max/ 

(42.5) 
(27.0) 
(77.6) 

(2040) 

(26600) 

(sh) 
(75.4) 

(sh, 3760) 
(19000) 
(22500) 

(86) 
(91.6) 

(sh, 100) 
(sh, 6000) 

(21200) 
(83) 
(88) 

(sh, 120) 
(sh, 4800) 

(19100) 
(438) 

(410) 
(sh, 1200) 

(10500) 
(10000) 

(70) 

(1800) 
(6200) 

* ^ a > 

16.2 
20.3 
24.5 

29.9 
32.7 
37.7 
43 
20.0 
23.7 
29.0 
37.8 
42.7 
47.8 
25.4 

31.9 
37.7 
42.6 
48.0 
23.1 
27.8 

32.0 
42.6 
48.5 
25.2 

30.1 
37.0 
41.9 

17.8 

35.6 
42.6 

s 
( A C m a x ) 

(+1.32) 
( + 0.29) 
( -0 .16) 

(+1.78) 
( -0 .12) 
( + 9.94) 
( + 2.5) 
( + 0.20) 
(+1.97) 
( -0 .02) 
( + 9.80) 

(+15.2) 
( - 7 . 3 ) 
(+1.88) 

( -0 .15) 
( + 9.30) 

( -34 .9) 
(+45.5) 

(+1.72) 
( -0 .23) 

( + 0.22) 
( + 60.8) 
( -45 .9) 
( + 0.69) 

( -0 .36) 
(sh, +1.00) 

( + 2.55) 

( + 0.38) 

( + 3.25) 
( + 2.70) 

' *wa) 

16.3 
21.9 
25.6 

32.4 

39.8 

22 
24.4 
32.0 

46.1 

24.8 

32.3 

24.9 

32.3 

25.5 

32.0 

44.8 

18.5 

41.8 

i?-chxn 
_, 

\ e m a x / 

(39.2) b> 
(31.6) 
(53.7) 

(1530) 

(29000) 

(sh) c> 
(67.6) 
(69.2) 

(13800) 

(93.3) c> 

(100) 

(100) c> 

(98) 

(407) d> 

(457) 

(9770) 

(83) 

(8300) 

^ 
vCT) a) ^max 

16.4 
21.4 
23.7 
27.3 
30.5 
35.0 
40.0 

20.9 
24.5 
30.6 

44.0 
50.0 
25.5 

32.4 
39.8 
44.4 
49.5 
21.6 
24.3 
28.6 
32.6 
44.2 
49.5 
22.2 
26.0 
30.3 
37.0 
42.0 

16.0 
19.6 

41.0 

N 

( A C m a x ) 

( + 0.93) b) 
( -0 .10) 
( -0 .05) 
( + 0.21) 
(+1-12) 
( -3 .90) 

(+12) 

(-0.28)c> 
( + 2.28) 
( -0 .36) 

(+16.5) 
( - 3 . 6 ) 
( + 2.24)c> 

( -0 .20) 
( + 2.10) 

( -24 .1) 
(+41.2) 

(-0.38)c> 
(+1.06) 
( -0 .14) 
( + 0.06) 

(+48.6) 
( -37 .1) 
(-0.18)d> 
( + 0.51) 
( -0 .16) 
( + 0.6) 
(+2.8) 

( + 0.055) 
(+0.37) 

( + 3.8) 

a) In 103 cm-1. b) From Ref. 13. c) From Ref. 14. d) From Ref. 16. 
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10 v/cm 

Fig. 1. Electronic and CD spectra of trans-[CoCl2-
(diamine)2]G104 in methanol. Diamine: i?-cptn, 

; i?-chxn, . 

absorption spectra, and were assigned to a\y-isomers. 
The second fraction was assigned to eis-A-[Co (CN)2-

(S-cptn)2]+, and the third, to cis-A-[Co(CN)2(S-cptn)2]+, 
by comparing the CD spectra in the region between 
40000 and 50000 cm" 1 with those of the corresponding 
R-chxn complexes.14) The yield of the eis-A -isomer 
was about one half of that of the cis-A-isomcr. The 
C E N stretching appeared at 2122 and 2128 for the 
trans-, at 2127 for the eis-A-, and at 2118 c m - 1 for the 
m-^-isomer. The two a.y-isomers have very similar 
infrared spectra except for the N - H stretching region. 
The eis-A -isomer has three absorptions, at 3400, 3200, 
and 3080 c m - 1 , while the cis-A-isomer has six absorp­
tions in this region. 

T h e following discussion will be argued, for the 
sake of brevity, using three complexes, trans-[Co(CN)2-
(R-cptn)2]+, cis-A-[Co(CN)2(R-cptn)2]+, and cis-A-[Co-
(CN) 2(£-cptn) 2]+ , which should have CD spectra 
with signs the reverse of those of the enantiomers, 
to^-[Co(CN)2(^-cptn)2]+, cis-A-[Co(CN)2(S-cptn)2]+, 
and cis-A-[Co(CN)2(S-cptn)2] + respectively. 

T h e electronic and CD spectra of trans-[Co(CN)2-
(R-cptn)2]

 + are shown in Fig. 2. The data for the 
isomers of the R-chxn complexes were provided by 
Kashiwabara.1 4) The first absorption band appears 
at an energy lower by 700 c m - 1 for the Ä-cptn complex 
than that for the R-chxn complex. The second absorp­
tion band of the R-chxn complex appears clearly, 
but that of the Ä-cptn complex is obscured by intense 
charge-transfer absorptions. In the CD spectra, the 
first absorption band contains two CD bands of opposite 
signs for the R-chxn complex, while the CD spectrum 
of the Ä-cptn complex shows two positive components. 
Another feature of the CD spectrum of the Ä-cptn 
complex is a positive CD component which appears 
at 37800 c m - 1 . The positive CD component, which 
has a maximum at 42700 c m - 1 for the R-chxn complex, 
is not symmetric, but has tails on the longer-wavelength 
side. 

Fig. 2. Electronic and GD spectra of trans-[Co(GN)2-
(diamine)2]+ in water. Diamine: i?-cptn, ; R-
chxn, . Data of i?-chxn are reproduced from 
Ref. 16. 

+ 1.0 

» v/cm' 

Fig. 3. Electronic and GD spectra of cis-A-[Co(CN)2-
(diamine)2]+ in water. Diamine: i?-cptn, ; R-
chxn, . Data of i?-chxn are reproduced from 
Ref. 16. 

The electronic and CD spectra of the cis-A- and 
«WI-[Co(CN)2(Ä-cptn)2]+ isomers are shown in Figs. 
3 and 4 respectively, along with those of the correspond­
ing isomers of the R-chxn complexes. For the Ä-cptn 
complexes, the first absorption bands are not sym­
metric, and the second absorption bands are obscured 



September, 1979] CD Spectra of Metal Complexes with 1,2-Cyclopentanediamine 2593 

by a partial superposition of intense charge-transfer 
bands. Their absolute configurations are determined 
from the CD components between 40000 and 50000 
cm - 1 , which closely resemble those of the Ä-chxn com­
plexes. The absolute configurations of the chxn com­
plexes have been determined14) from the signs of these 
components on the basis of the empirical rule presented 
by Ogino et al.15) In the first absorption bands, both 
Ä-cptn and Ä-chxn complexes show a positive CD 
band at 25500 c m - 1 for eis- J-isomers, but the Ä-chxn 

+1.0 

-1.0 

Fig. 4. Electronic and CD spectra of cis-A-[Co(CN)2-
(diamine)2]+ in water. Diamine: i?-cptn, ; R-
chxn, . Data of i?-chxn are reproduced from 
Ref. 16. 

30 40 
1Ö3?/cm"' 

Fig. 5. Calculated configurational (upper, A) and 
conformational (bottom, R) curves of m-[Co(CN)2-
(diamine)2]+. Diamine: i?-cptn, ; i?-chxn, 

. Calcd by Ae(A) = l/2[Ae(A2R)-Ae(A2R)] 
and Ae(R) = l/4[Ae(A2R) + Ae(A2R)]. Data of R-
chxn are reproduced from Ref. 16. 

complex exhibits a negative CD component at 21600 
c m - 1 in addition to the two components, which are 
found as a positive component and a negative com­
ponent in the CD spectra of both complexes for eis-A-
isomers. 

The configurational and vicinal curves of a^-[Co-
(CN)2(Ä-cptn)2] + are shown in Fig. 5, together with 
those of aV-[Co(CN)2(A-chxn)2]+.14) They were derived 
from the observed curves by the use of the following 
relations ; 

Ae(R) = ll4{Ae(A2R) + Ae(A2R)} 

Ae(A) = l/2{Ae(A2R) - Ae(A2R)} 

where As(A2R) and As(A2R) are the observed CD for 
the A and A diastereoisomers of the m-[Co(CN) 2 -
(diamine) 2 ]+ complexes respectively, and where Ae(A) 
and Ae(R) are the configurational and the vicinal CD 
for the complexes. 

Tetracyano(R-cptn)ferrate(II) Complex. Diamag-
netic sodium tetracyano(Ä-cptn)ferrate(II) was prepar­
ed according to a method similar to that used earlier 
for preparing this class of compounds.16) T h e com­
plex showed absorptions which were almost the same 
as those of [Fe(CN)4(Ä-chxn)]2- , as is shown in Table 
2. T h e infrared spectrum showed intense C=N stretch­
ing at 2030 cm"1 . The ^ - N M R spectrum showed 
four types of protons, which resonate at 1.22(2), 1.70(2), 
1.86(2), and 2.86(2) ppm, the relative integrated 
signal areas are indicated in parentheses. The protons 
corresponding to the signal at 2.86 p p m are the axial 
protons of methine. The corresponding protons in 
[Fe(CN) 4 (£-chxn) ] 2 - appear at 2.05 ppm.16) This 
down-field shift of the axial protons of cyclopentane 
ring occurs partly because of a decrease in anisotropy 
from the C - C bond due to the flatness of the cyclo­
pentane ring. 

The CD spectra of [Fe(CN) 4 (£ -cp tn) ] 2 - and [Fe-
(CN) 4 (# -chxn) ] 2 - are shown in Fig. 6. The CD 
spectra differ in the first absorption region. The 
signs of CD components for the same electronic transi­
tions have been shown not to change in the d6 diamagne-
tic isoelectronic and isostructural complexes on the 
basis of a comparison of the CD spectrum of [Fe(CN)4-
(Ä-chxn)]2- with that of [Co(CN)4(£-chxn)]-.1 6> The 
CD components of [Fe (CN) 4 (£ -pn) ] 2 - and [Fe(CN)4-
(Ä-chxn)]2- appear as two components with opposite 
signs in the first absorption region and are attr ibuted 
to the conformational effects of R-pn and Ä-chxn.16) 
The CD spectrum of [Fe(CN)4(A-cptn)]2~ shows a 

Fig. 6. CD spectra of [Fe(CN)4(diamine)]2" 
Diamine: i?-cptn, ; i?-chxn, . 
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positive component in this region. We attempted 
to isolate the corresponding tetracyanocobaltate(III) 
complex, but did not succeed in doing so; however, 
the difference in the CD spectra between the Ä-cptn 
and the R-chxn complexes is attr ibutable to the dif­
ference in the conformational effects of the diamines. 

CD Spectra of d6 Metal Complexes with K-cptn. 
The CD spectra of £ra^-[CoX2(Ä-diamine)2]+ have 
two components in the region of the first absorption 
band. The component corresponding to 1 A l g -> 1 E l g

a 

has a positive sign with a large magnitude and changes 
in energy depending on the order in the spectrochemical 
series of the aniono group. The CD components 
of trans-[CoX2(R-cptn) 2]

 + have positive signs as ex­
pected for 1,2-diamines of /^-configurations,2) and 
the magnitudes are almost the same as those of the 
R-chxn complexes, as are shown in Figs. 1 and 2. A 
close relationship holds between the preferred con­
formation of the coordinated diamines and the sign 
of this CD component. The other component, cor­
responding to 1A1g-^1A2g, remains approximately 
the same in energy as the parent 1 A l g -> 1 T l g band 
of CoN 6

3 + ions and has an indefinite sign of a smaller 
magnitude which depends on the structure of the 
Ä-diamine and on the solvent. In methanol, the 
signs of these components of Jra^-dichloro complexes 
of Ä-pn,17) Ä-bn,18) and Ä-chxn13 '18) are negative, 
while those of phenen4) and stien3) are positive, but 
the signs of these components as well as their magnitudes 
change as the solvent is varied.8 '18) A good rela­
tionship has been found between the donor-power 
order of the solvent and the change in the CD spectrum 
for this region.8) These components of trans-[CoX2-
(R-cptn)2]

 + were small and positive. The CD com­
ponent of trans-[CoCl2(R-cptn) 2~] + increased in magni­
tude in pyridine and decreased in sulfolane, but did 
not change in sign in the latter solvent. The sign 
and the magnitude of this CD band suggest that the 
effect of Ä-cptn on the xA2g band lies between those 
of phenyl-substituted diamines and of other alkyl-
substituted diamines. 

The vicinal curve of the Ä-cptn complexes calculated 
from cis-[Co(CN)2(R-cptn)2]

+ isomers has positive 
components and lacks the negative component which 
appears in the vicinal curve for the R-chxn complexes, 
as is shown in Fig. 5. The vicinal curves of both com­
plexes have features similar to those in the CD spectra 
of the corresponding trans-dicyano complexes in the 
first absorption region: the Ä-cptn complex exhibits 
only positive component, while the R-chxn complex 
shows a minor negative and a major positive compo­
nent. 

The CD spectra of [Fe(CN) 4 (#-cp tn) ] 2 - and [Fe-
(CN)4(/£-chxn)]2~ differ in the first absorption region, 
as is shown in Fig. 6. The latter CD spectrum shows 
a minor negative and a major positive component 
at 22200 and 26000 c m - 1 respectively, those components 
are recognized as arising from the xA2g and x E l g

a 

transitions of D 4 h symmetry, i.e., the conformational 
effect of Ä-chxn.16) An analogous interpretation is 
applicable to the positive CD component of [Fe(CN)4-
(R-cptn)~\2~, which lacks a negative component in 
the first absorption region: the conformational effect 

intrinsic to the Ä-cptn gives positive CD components in 
the first absorption band. 

The tris complex, A-[Go(S-cptn)s]ClS'4îî20, has 
shown a significantly different CD spectrum in an aque­
ous solution from those of J - [Co(en) 3 ] 3 + , A-[Co(S-
pn)3]3+, and J-[Co(S*-chxn)3]3+.6'7) The CD spectrum 
has a large negative component at 21100 c m - 1 which 
is assigned to the 1A l g->1A2 g component on mea­
surement with a single crystal.7»19) Therefore, the 
signs of the D 3 components are the same among these 
tris complexes. The ratio of the rotatory strength 
of A2 to that of the E bands exceeds unity for the cptn 
complex, but the ratios for the other complexes have 
values below O.3.6) 

The calculated configurational curve for the A-
configuration of m-[Co(CN) 2 (Ä-cptn) 2 ] + is composed 
of two components with opposite signs. The cor­
responding curve of aV-[Co(CN)2(Ä-chxn)2]+ and the 
CD spectrum of ( + )D"[^°(C'N)2(en)2]+ , the absolute 
configuration of which has been determined to be 
A by Matsumoto et #/.,2°) are composed of components 
with the same sign, although the intensity of the com­
ponent at 26200 c m - 1 is stronger in the R-chxn complex 
than in the en complex.14 '21) McCaffery et al. have 
assigned the low- and high-energy portions under 
effective C2 symmetry to a composite of E g and A2 

transitions and to a E g transition under D 3 symmetry 
respectively, and have stated that two positive CD 
components appear in this region for ( + )D-£Ù-[Co-
(CN)2(en)2]+, since the rotational strength of E g is 
greater than that of A2.21) The reversal of sign for 
the CD component at 22600 c m - 1 for the J-config-
urational curve of the R-cptn complexes indicates 
that the ratio of the rotational strength of A2 to that 
of E exceeds unity. This reversed ratio agrees with 
the ratio for the solution spectrum of A- [Co (£-cptn)3]3 + . 
The exceptional CD spectrum of the tris complex 
arises from the configurational effect intrinsic to cptn 
as well as from the conformational effect. The solution 
spectra of A- and Zl-[Co(Ä-cptn)3]3+ also indicate 

I I I ! I I I • ! L 

10 20 30 40 50 
lÖ'y/cm"1 

Fig. 7. Electronic and CD spectra of [Gu(diamine)2]2+ 

in water. Diamine: i?-cptn, ; i?-chxn, . 
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that the configurational effect for the ^-configuration 
causes a marked enhancement of the negative CD 
component7) and is almost opposite in sign to the con­
figurational effect calculated from the pairs of the 
tris cobalt (111) complexes of en, R-pn, and R-chxn.^ 

Bis(R-cptn)copper(II). The CD and electronic 
spectra of [Cu(i?-cptn)2]SO4-0.5H2O are shown in 
Fig. 7, along with those of [Cu(# -chxn ) 2 ]S0 4 -3 .5H 2 0 . 
The d-d transitions of a Cu(I I ) complex of tetragonal 
symmetry may be expected to appear as three absorp­
tions in the visible region. These are 2Blg—>2Alg 

(dz* -> dx ' -y*), -> 2B2g(dxy -* dx*_y «), and -> 2Eg(dx z ,dy z -> 
dx2-y

2), where single-electron excitations are shown 
in parentheses. Hathaway assigned these to : (i) 
12200—16800, (ii) 16200—18000, and (iii) 17900— 
20300 c m - 1 absorptions respectively.22) If the sign 
of the CD component corresponding to each single-
electron excitation does not change with an alteration 
in the electronic configuration from d6 to d9, two positive 
CD components may be expected for [Cu(Ä-cptn)2]2 + , 
while one negative and one positive components may 
be expected for [Cu(Ä-chxn)2]2 + in the region between 
16200 and 20300 cm- 1 . The CD spectrum of [Cu-
(R-pn)2]

2+ has been reported by Gillard and resembles 
that of [Cu(#-chxn)2]2+.23) Both have shoulders at 
16000 cm- 1 with intensities of + 0 . 0 5 in As. These CD 
spectra have been discussed by Kida and Nishida.24) 
They resolved the absorption spectra into three absorp­
tions by means of Gaussian curves. Three CD com­
ponents corresponding to the resolved absorptions 
are estimated to have a small positive, a small negative, 
and a large positive signs at 15600, 17500, and 19800 
c m - 1 respectively. The single-electron transfer for 
these three components are assigned to dz

2—>, dxy—>, 
and dxz, dyz-*dx

2-y
2 respectively. The sign of each 

component does not change in Cu(I I ) complexes 
from that of the tom.r-dichlorocobalt(III) complexes 
of these diamines. 

The CD spectrum of [Cu(Ä-cptn)2]2 + in water showed 
a single positive CD component with a maximum 
at 17800 cm -1. I t shifted to an energy lower by 1800 
c m - 1 from the positive CD component of [Cu(Ä-
chxn)2]2+. In the region between 16000 and 20000 
cm - 1 , two transitions may be expected for [Cu(Ä-
cptn) 2] 2 + , and the observed CD spectrum seems to 
arise from two positive components spaced with a 
small energy difference. A very small negative compo­
nent is found at ca. 12500 c m - 1 and is assigned to the 
transition of dz

2—>dx
2-y

2. 
Circular Dichroism in Charge-transfer Region. 

The CD components of eis-isomers of [Co(CN)2(Ä-
cptn)2]+ resembled those of the corresponding isomers 
of [Co(CN)2(Ä-chxn)2]+ with a decrease in the wave 
numbers by 1600 c m - 1 and so were used to identify 
the absolute configurations. The empirical rule for 
assigning absolute configurations from these com­
ponents holds for the cptn complexes. A further 
characteristic of the R-cptn complexes is a moderately 
strong positive CD component which appears at 37800 
and 35600 c m - 1 for the ^ö^-dicyanocobal t ( I I I ) and 
copper (I I) complexes respectively. This positive com­

ponent seems also to be present in the vicinal curve 
shown in Fig. 5. The origins of this enhancement are, 
however, ambiguous for the present. 

The authors wish to express their thanks to Dr. 
Kazuo Kashiwabara of Nagoya University for kindly 
supplying the CD data on the isomers of dicyanobis-
(Ä-chxn) cobalt (III) Perchlorates. 
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The Synthesis of 3'-Methoxy-2',4,4',6'- and 2'-Methoxy-3',4,4',6'-tetra-
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of Them with Carthamin^ 
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3,-Methoxy-2,,4,4,,6/- and 2,-methoxy-3,,4,4,,6,-tetrahydroxychalcone, 2,,4,4,-trihydroxy-, 2,,4-dihydroxy-4/-
methoxy-, and 2/-hydroxy-4,4/-dimethoxy-3/,6/-quinochalcone have been synthesized, and their properties have 
been compared with those of carthamin. 

In 1930, Kuroda2) proposed Structure 1 for car­
thamin, the red coloring matter of the flowers of the 
Safflower {Carthamus tinctorius L.) ; she also reported a 
yellow unstable tautomeric form, isocarthamin (2), 
which is very liable to be converted into the stable 
carthamin. O n the other hand, Seshadri et al*) report­
ed that the yellow hydroxychalcone (3), which is the 
main component of the flowers, should be called car­
thamin, while they gave the red pigment which was 
conventionally called "ca r thamin" by Kuroda , the 
constitution of the quinochalcone, carthamone (4) ; 
they also reported that 4 was obtained by the oxida­
tion of 3 in the presence of peroxidase. 

In connection with the synthetic studies of carthamin, 
we have reported the synthesis of 2',3' ,4,4' ,6'-pentahy-
droxychalcone (14),4) corresponding to the aglycon 
of 2 or 3, and its isomerization into 4',5,6,7- and 4',5,7,8-
tetrahydroxyflavanone (carthamidin and isocartham-
idin).5) In this paper, the syntheses of some analogs 
of 2, 3, and 4, i.e., 3'-methoxy-2',4,4',6'- and 2'-methoxy-

3',4,4',6'-tetrahydroxychalcone (7 and 11), 2',4,4'-tri-
hydroxy-, 2',4-dihydroxy-4'-methoxy-, and 2'-hydroxy-
4,4'-dimethoxy-3',6'-quinochalcone (17, 21 , and 23), 
and a comparison of their properties with those of 
carthamin will be described. 

The condensation of 3-methoxy-2,4,6-tris(methoxy-
methoxy)acetophenone (5) with />-(methoxymethoxy)-
benzaldehyde afforded 3'-methoxy- 2' , 4,4', 6'-tetrakis-
(methoxymethoxy)chalcone (6), which was then hy-
drolyzed with dilute hydrochloric acid in methanol 
to give 7 as yellow crystals. Similarly, 2'-methoxy-
3',4,4',6'-tetrahydroxychalcone (11) was obtained by 
the hydrolysis of 2'-methoxy-3',4,4',6'-tetrakis(methoxy-
methoxy)chalcone (10), prepared by the methylation 
of the condensation product (9) of 2-hydroxy-3,4,6-
tris(methoxymethoxy)acetophenone (8) with/>-(methox-
ymethoxy)benzaldehyde. The structures of these 
chalcones were identified by elemental analyses and 
by studies of their U V , IR , and P M R spectra. The 
structure of 11 was further confirmed by its conversion 
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(24) R1 = Ra = H, R3 = Me, R4 = N 0 2 

(R = CH2OMe) 

into 5-methoxy-4',6,7-trihydroxyflavanone (12) with 
acid. The trimethyl ether (13) of 12 was completely 
indentical with an authentic sample of 4',5,6,7-tetra-
methoxyflavanone.6) 

2^4,4'-Trihydroxy-3',6'-quinochalcone (17) was ob­
tained by the oxidation of 144) with silver oxide in 
ether, or by the demethoxymethylation of 2'-hydroxy-
4 ,4 ' - bis(methoxymethoxy) - 3 ' , 6' - quinochalcone (16), 
prepared by the nitric acid oxidation of 2',3' ,4,4',6'-
pentakis(methoxymethoxy)chalcone (15)4> in acetic 
acid containing 6 M hydrochloric acid. Since this 
chalcone (17) was unstable in solution, and since we 
failed in our at tempt at methylation in a usual way, 
its mono and dimethyl ethers were prepared by the 
following method. 2',4-Dihydroxy-4' - methoxy- 3 ' , 6'-
quinochalcone (21) was obtained by the demethoxy­
methylation of 2'-hydroxy-4'-methoxy-4-methoxymeth-
oxy-3',6'-quinochalcone (20), prepared by the nitric 
acid oxidation of 4-methoxymethoxy-2',3 , ,4' ,6 ,-tetra-
methoxychalcone (18), which had itself been obtained 
by the condensation of 2,3,4,6-tetramethoxyacetophe-
none4) with />-(methoxymethoxy)benzaldehyde. Simi­
larly, 2 ' - hydroxy-4,4' - dimethoxy - 3 ', 6 '-quinochalcone 
(23) was obtained by the oxidation of 2',3',4,4',6'-
pentamethoxychalcone (19) 4> with nitric acid in acetic 
acid. O n the other hand, the direct nitric acid oxi­
dation of 2' , 3' ,4' ,6'-tetramethoxy-4-hydroxychalcone 
(22), itself prepared by the demethoxymethylation 
of 18, gave nitroquinochalcone, 2',4-dihydroxy-4'-
methoxy-3-nitro-3',6'-quinochalcone (24). The struc­
tures of these quinochalcones were determined by 
studies of their U V , IR , and P M R spectra and by 
elemental analyses. 

The electronic spectra of these synthetic analogs 
(7, 11, and 17) and carthamin are shown in Fig. 1. 
Since a tautomerism was expected between carthamin 
(1) and isocarthamin (2), as was described at the begin­
ning, the absorption spectrum of 7 was expected to 
be similar to that of carthamin, in fact, however, 
these two spectra did not resemble each other at all. 
Actually, the 7 chalcone is a stable compound and 
does not show any unstable behavior such as carthamin 
does. Further, carthamin showed a characteristic 
absorption band at 520 nm in its electronic spectrum, 
but the synthetic quinochalcones do not exhibit absorp­
tion maxima in such a long-wavelength region. From 
these results, it is thought that the structures of the 
red pigment proposed by Kuroda or Seshadri are not 
reasonable and that carthamin must have a longer 

250 500 300 350 400 450 
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Fig. 1. The electronic spectra of 7 ( ), 11 ( 
17 ( ), and carthamin (— 

conjugated system. 

500 

in ethanol. 

E x p e r i m e n t a l 

All the melting points are uncorrected. The UV and IR 
spectra were recorded with a Hitachi 135 spectrophotometer 
and a Hitachi EPI-S2 spectrophotometer respectively. The 
PMR spectra were measured with a Hitachi R-22 spectrometer 
(90 MHz), using tetramethylsilane as the internal standard. 

3-Methoxy-2,4,6-tris(methoxymethoxy) acetophenone (5). 
Into a solution of 3-methoxy-2,4,6-trihydroxyacetophenone7) 

(2.0 g, mp 169—170 °C, lit,7) mp 168 °G) in 37 ml of absolute 
ethanol we vigorously stirred a one-fourth volume of a solu­
tion of sodium (3.3 g) in 53 ml of absolute ethanol under 
a nitrogen atmosphere and under cooling with ice-cold water. 
After 30 s, a one-fourth volume of chloromethyl methyl 
ether ( 11.5 g) was stirred into the above solution over a 
5-min interval at 40 °G ; this operation was repeated three 
times under the same conditions. After the addition had 
been completed, the reaction mixture was evaporated in 
vacuo and the residue was poured into water and extracted 
with ether. The ether layer was washed with a 5% aqueous 
NaHGOg solution and water. The ether was evaporated 
to give an oily residue, which was then chromatographed over 
silica gel. Elution with benzene-ethyl acetate (4:1) afforded 
5 (1.1 g, 33%) as a light yellow viscous oil, which was used 
immediately in the subsequent reaction. 

3'-Methoxy-2',4,4',6'-tetrakis(methoxymethoxy) chalcone (6). 
Into a mixed solution of 5 (0.5 g) and />-(methoxymethoxy)-
benzaldehyde (0.4 g) in 11 ml of methanol we stirred a 
50% aqueous sodium hydroxide solution (5.5 ml) at room 
temperature. After it had stood overnight, the mixture was 
poured into çojd water and extracted with ether? and then 
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the ether layer was washed with water. T h e evaporation 
of the solvent gave an oily residue, which was then chro-
matographed over silica gel. Elution with benzene-ethyl 
acetate (4:1) afforded 6 (0.6 g, 8 3 % ) . U V (E tOH) Am a x 

328 n m (log e = 4 . 3 8 ) ; I R (GHG18) 1630 cm" 1 (G=0) ; P M R 
(GDGlg) Ô 3.41, 3.43, 3.50, and 3.58 (each 2H, s, - C H a - x 4 ) , 
3.89 (3H, s, - O M e ) , 5.12, 5.17, 5.24, and 5.29 (each 3H, s, 
- G H 3 x 4 ) , 6.87 (1H, s, C 5 , - H ) , 7.10 (2H, d, J - 8 . 5 Hz, 
C 8 i 5 - H ) , 7.56 (2H, d, 7 = 8 . 5 Hz, C 2 , 6 -H) , 6.98 (1H, d, 
7 = 16.0 Hz , C a - H ) , 7.45 (1H, d, 7 = 1 6 . 0 Hz , C ^ - H ) , 
Found : G, 59.87; H , 6 .44%. Galcd for C 2 4 H 3 0 O 1 0 : G, 
60.24; H, 6 .32%. 

3'-Methoxy-2'',4,4'' ,6'-tetrahydroxychalcone (7). A mix­
ture of 6 (0.4 g), 6 M hydrochloric acid, and methanol 
( 17 ml) was refluxed for 30 s. After cooling, the reaction 
mixture was poured into 30 ml of cold brine and extracted 
with ether. T h e ether layer was dried over anhydrous 
N a 2 S 0 4 and concentrated to about 10 ml in vacuo. A small 
quant i ty of petroleum ether was added to the concentrated 
solution to give crude 7, which was then chromatographed 
over silica gel. Elution with GGl4-ether-acetic acid (20: 
10:1) afforded 7 (70 mg, 28%) as yellow crystals; m p 169— 
171 °G. U V (E tOH) Am a x 377 n m ( l o g £ = 4 . 4 7 ) ; I R (KBr) 
1620 c m - 1 ( G = 0 ) ; P M R (acetone-^) Ô 3.78 (3H, s, - O M e ) , 
6.00 (1H, s, C 6 ' - H ) , 6.92 (2H, d, 7 = 8 . 5 Hz, C 8 i 5 - H ) , 7.57 
(2H, d, 7 = 8 . 5 Hz C a , e - H ) , 7.76 (1H, d, J= 16.0 Hz, C a -
H ) , 8.13 (1H, d, J= 16.0 Hz, C ^ - H ) , 8.93, 9.24, 11.10, 
and 12.18 (each 1H, s, - O H x 4 ) . Found : G, 63.15; H , 
4 .72%. Galcd for G 1 6 H 1 4 0 6 : G, 63.57; H , 4 .64%. 

2-Hydroxy-3,4,6-tris (methoxymethoxy) acetophenone (8). 
T o a solution of 2,3,4,6-tetrahydroxyacetophenone4) (6.0 g) 
in 150 ml of absolute ethanol, we vigorously stirred a one-
fourth volume of a solution of sodium (8.8 g) in 140 ml of 
absolute ethanol under a nitrogen atmosphere, and under 
cooling with ice-cold water. After 30 s, a one-fourth volume 
of chloromethyl methyl ether (31 g) was stirred into the 
above solution over a 5-min interval at 40 °G; this operation 
was repeated three times under the same conditions. After 
the addition had been completed, the reaction mixture was 
worked up in a manner similar to that used in the preparat ion 
of 3-methoxy-2,4,6-tris(methoxymethoxy)acetophenone (5) 
described above. Elution with benzene-ethyl acetate (4:1) 
afforded 8 (1.34 g, 13%) as a yellow oil. I R (CHC13) 
1620 c m - 1 ( G = 0 ) ; P M R (CDC13) ô 2.68 (3H, s, - A c ) , 3.55 
(6H, s, - G H 3 x 2 ) , 3.66 (3H, s, - C H 3 ) , 5.13 (2H, s, - C H 2 - ) , 
5.29 (4H, s, - G H 2 - x 2 ) , 6.51 (1H, s, C 5 - H ) , 13.80 (1H, s, 
- O H ) . Found : G, 53.46; H , 6 .44%. Galcd for G I 4 H 2 0 O 8 : 
G, 53.16; H , 6.33%0. 

2'-Methoxy-3'',4,4'',6'-tetrahydroxychalcone (11). In to a 
mixed solution of 8 (1.5 g) and p- (methoxymethoxy) benz-
aldehyde (1.2 g) in methanol (8 ml) we stirred a 5 0 % aqueous 
sodium hydroxide solution (4 ml) at room temperature . 
After standing overnight, the reaction mixture was poured 
into cold 10% acetic acid and extracted with ether. T h e 
evaporation of the solvent gave an oily residue, which was 
then chromatographed over silica gel. Elution with 
benzene-ethyl acetate (3:1) afforded 2'-hydroxy-3 / ,4,4' ,6 /-
tetrakis(methoxymethoxy)chalcone (9) (1.66 g, 76%) as 
yellow crystals; m p 74— 76 °G. U V (EtOH) Am a x 367 n m 
(log £ = 4 . 4 2 ) ; I R (KBr) 1622 cm" 1 ( G = 0 ) ; P M R (CDC13) 
ô 3.56 and 3.73 (each 3H, s, - C H 3 x 2), 3.60 (6H, s, - G H 3 X 2), 
5.22 and 5.30 (each 2H, s, - C H 2 - x 2 ) , 5.36 (4H, s, - G H 2 - X 
2), 6.56 (1H, s, C 5 - H ) , 7.16 (2H, d, 7 = 8 . 5 Hz , C 3 , 5 - H ) , 
7.65 (2H, d, 7 = 8 . 5 Hz, C 2 , 6 -H) , 7.89 (2H, s, C a t / r - H ) , 
13.80 (1H, s, - O H ) . This chalcone, 9, was methylated 
with dimethyl sulfate-potassium carbonate in acetone, and 
the resulting oily product was chromatographed over silica 

gel. Elution with benzene-ethyl acetate (4:1) afforded 
2 ' -me thoxy-S '^^ ' ^ ' - t e t r ak i s (methoxymethoxy) chalcone (10) 
(74%) as an unstable oil, which was used immediately in 
the subsequent reaction. 

A mixture of the above chalcone, 10 (640 mg), and 6 M 
hydrochloric acid (4.5 ml) in 11 ml of methanol was refluxed 
for 1.5 min. After cooling, the reaction mixture was poured 
into 60 ml of cold brine and extracted with ether. The 
solvent was evaporated in vacuo, and the residue was recrystal-
lized from dilute methanol to give 11 (280 mg, 69%) as 
bright yellow needles; m p 190—192 °G. U V (EtOH) Amax 

368 n m (log £ = 4 . 3 6 ) ; I R (KBr) 1620 cm" 1 ( G = 0 ) ; P M R 
(DMSO-40 à 3.76 (3H, s, - O M e ) , 6.15 (1H, s, C 5 , - H ) , 
6.86 (2H, d, 7 = 8 . 7 Hz, C 3 , 5 -H) , 7.57 (2H, d, 7 = 8 . 7 Hz, 
C 2 , 6 -H) , 7.62 (2H, s, C ^ - H ) , 8.23, 10.00, 10.40, and 12.80 
(each 1H, s, - O H x 4 ) . Found : G, 63.16; H , 4 .65%. Galcd 
for C 1 6 H 1 4 0 6 : G, 63.57; H , 4 .64%. 

5-Methoxy-4' ,6,7-trihydroxyflavanone (12). A mixture of 
11 (60 mg) and 6 M hydrochloric acid (1.5 ml) in 8 ml of 
methanol was refluxed for 8 h. T h e reaction mixture was 
then evaporated in vacuo, and the residue was extracted with 
ethyl acetate. T h e evaporation of the solvent gave a crude 
product , which was subsequently chromatographed over 
silica gel. Elution with benzene-ethyl acetate-acetic acid 
(30:10:1) afforded 12 (26 mg, 43%) as light yellow crystals; 
m p 232—234 °G. U V (E tOH) Am a x 287 n m (log e=4 .16) 
and 350 nm (log £ = 3 . 6 7 ) ; I R (KBr) 1650 cm" 1 ( G = 0 ) ; 
P M R (DMSO-40 ô 2.54 (1H, q, J= 17.0 and 2.5 Hz, C 3 - H ) , 
2.94 (1H, q, 7 = 1 7 . 0 and 13.3 Hz, C 3 - H ) , 5.29 (1H, q, J= 
13.3 and 2.5 Hz , C 2 - H ) , 3.76 (3H, s, - O M e ) , 6.22 (1H, 
s, C 8 - H ) , 6.85 (2H, d, 7 = 8 . 5 Hz, C 3 , , 5 , -H) , 7.32 (2H, d, 
7 = 8 . 5 Hz, ( V . e ' - H ) , 8.25, 9.41, and 10.07 (each 1H, 
s, - O H x 3 ) . Found : G, 63.46; H , 4 .65%. Galcd for 
C I 6 H I 4 0 6 : G, 63.57; H , 4 .64%. T h e methylation of this 
compound with dimethyl sulfate-potassium carbonate in 
acetone afforded 4 / ,5,6,7-tetramethoxyflavanone (13), which 
was completely identical with an authentic sample.6) 

2/,4,4/-Trihydroxy-3/,6/-quinochalcone (17). A mixture 
of 144) (100 mg) , silver oxide (200 mg), and magnesium 
sulfate (200 mg) in 5 ml of dry ether was stirred for 4 h at 
room temperature . T h e reaction mixture was then filtered, 
and the filtrate was evaporated. T h e residue was chroma­
tographed over silica gel with toluene-ethyl formate-formic 
acid (5:2:1) to give crude products. Recrystallization from 
acetic acid gave 17 (3 mg) as orange needles; m p 234— 
236 °G. U V (E tOH) Am a x 260 nm ( loge=3 .90 ) , 310 nm 
(log £=3 .97 ) , and 412 n m (log e = 4 . 4 1 ) ; I R (KBr) 1690, 
1635, and 1605 cm" 1 ( G = 0 ) . Found : G, 62.20; H , 3 .80%; 
M+, 286. Galcd for G 1 5 H 1 0 O 6 : G, 62.94; H , 3 .52%; M , 
286. 

2'-Hydroxy-4,4'-bis(methoxymethoxy) -3'' ,6'-quinochalcone (16). 
In to a mixed solution of 2 / ,3',4,4 / ,6 /-pentakis(methoxy-
methoxy) chalcone (15)4> (1.0 g), acetic acid (4 ml) , and 
ether (4 ml) we added 1 ml of nitric acid ( Ö ? = 1 . 3 8 ) under 
cooling with ice-cold water ; the reaction mixture was then 
kept at 0—5 °G for 10 h. T h e resulting crystals were filtered 
and recrystallized from acetic acid-ether to afford 16 (230 mg, 
3 0 % ) ; m p 142—143 °G. U V (EtOH) Am a x 266, 294, and 
406 n m ; I R (KBr) 1700, 1630, and 1600 cm" 1 ( G = 0 ) ; P M R 
(GDGI3) d 3.74 (6H, s, - G H 3 x 2 ) , 5.23 and 5.26 (each 2H, 
s, - G H 2 - X 2 ) , 6.40 (1H, s, C 5 - H ) , 7.08 (2H, d, 7 = 8 . 5 Hz, 
C 3 , 5 -H) , 7.66 (2H, d, 7 = 8 . 5 Hz, G 2 , 6 -H) , 8.05 (1H, d, 7 = 
16.0 Hz , C a - H ) , 8.28 (1H, d, 7 = 16.0 Hz, C ^ - H ) , 17.76 
(1H, s, - O H ) . Found : G, 60.67; H , 5.02%. Galcd for 
C 1 9 H 1 8 0 8 : G, 60.96; H , 4 .85%. 

T h e demethoxymethylation of 16 by warming at 50— 
60 °G in a.cetic acid containing 6 M hydrochloric a^cid a.f-
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forded a small amount of 17. 
4-Methoxymethoxy-2' ,3' ,4' ,6'-tetramethoxychalcone (18). 

Into a mixture of 2,3,4,6-tetramethoxyacetophenone4) (480 
mg) and />-(methoxymethoxy)benzaldehyde (400 mg) in 5 ml 
of methanol we added 5 ml of a 50% aqueous sodium hy­
droxide solution; the reaction mixture was then left to stand 
over 2 nights at room temperature. The reaction mixture 
was subsequently worked-up in a manner similar to that of 
9. The resulting products were chromatographed over silica 
gel with benzene-ethyl acetate (4:1) to give 18 as a light 
yellow oil (760 mg, 98%). Found: G, 64.36; H, 6.44%; 
M+, 388. Galcd for G21H2407: G, 64.93; H, 6.23%; M, 
388. 

2' - Hydroxy -4- methoxymethoxy -4' - methoxy - 3', 6' - quinochalcone 
(20). To a mixture of 18 (200 mg) and acetic acid 
(1.5 ml) in 1.5 ml of ether we added 0.2 ml of nitric acid 
(d=\.3S), after which the reaction mixture was left to stand 
overnight in a refrigerator. The resulting product was 
recrystallized from acetic acid-ether to afford 20 (45 mg, 
25%); mp 155—156 °G. IR (KBr) 1702, 1665, and 1620 
cm-1 (G=0). Found: G, 62.36; H, 4.88%. Galcd for 
G18H16Oj: G, 62.79; H, 6.48%. 

2' ,4-Dihydroxy-4'-methoxy-3f ,6'-quinochalcone (21). To 
a solution of 20 (100 mg) in 3 ml of acetic acid we added 
0.5 ml of 6 M hydrochloric acid, after which the mixture was 
warmed at 40—50 °G for 3 min. After cooling, the resulting 
crude product was recrystallized from acetic acid to afford 
21 (55 mg, 63%); mp 252—254 °G. UV (EtOH) Amax 

264, 300, and 414 nm; IR (KBr) 1706, 1630, and 1600 cm"1 

(G=0); PMR (DMSO-40 Ô 3.82 (3H, s, -OMe), 6.18 (1H, 
s, C5 ' -H), 6.84 (2H, d, 7 = 8 . 5 Hz, C8i5-H), 7.58 (2H, d, 
7=8 .5 Hz, C2,6-H), 7.92 (2H, s, Catß-U), 10.30 (bs, -OH) . 
Found: G, 63.60; H, 4.19%. Galcd for C16H1206: G, 64.00; 
H, 4.03%. 

2'-Hydroxy-4,4'-dimethoxy-3',6'-quinochalcone (23). To 
a solution of 2/,3/,4,4/,6/-pentamethoxychalcone (19)4> (150 
mg) in 1.5 ml of acetic acid we added 0.15 ml of nitric acid 
(*/= 1.42) ; the reaction mixture was then left to stand overnight 
in a refrigerator. The resulting product was filtered and 
recrystallized from acetic acid to afford 23 (55 mg, 42%); 
mp 188—189 °G. UV (GHG18) Amax 261, 297, and 412 nm; 
IR (KBr) 1714, 1658, and 1630 cm"1 (G=0); PMR (DMSO-

ds) Ô 3.83 (6H, s, - O M e x 2 ) , 6.26 (1H, s, C 5 - H ) , 7.08 (2H, 
d, 7 = 8 . 5 Hz, C3,5-H), 7.71 (2H, d, 7 = 8 . 5 Hz, C2,6-H), 
8.00 (2H, s, Ca>/5-H). Found: G, 64.96; H, 4.46%. Galcd 
for G17H1406: G, 64.82; H, 4.49%. 

2'' ,4-Dihydroxy-4''-methoxy-3-nitro-3',6''-quinochalcone (24). 
This chalcone was obtained by the oxidation of 4-hydroxy-
2,,3',4,,6,-tetramethoxychalcone (22) (mp 120—121 °G), 
which had been prepared by the demethoxymethylation of 
18 in a manner similar to that described above. Orange 
plates from acetic acid; mp 202—204 °G (39%). UV 
(CHC13) Amax 277 nm (log£=4.32) and 382 nm (loge= 
4.54); PMR (BMSO-d6) ô 3.84 (3H, s, -OMe), 6.19 (1H, 
s, C5 ' -H), 7.15 (1H, d, 7 = 8 . 5 Hz, C5-H), 7.90 (1H, q, 
7 = 8 . 5 and 2.0 Hz, C6-H), 7.88 (2H, s, Ca>/5-H), 8.20 
(1H, d, 7 = 2 . 0 Hz, C2-H). Found: G, 55.35; H, 3.26; N, 
4.31%. Galcd for G 1 6 H n 0 8 N: G, 55.66; H, 3.21; N, 
4.06%. 

The present work was partly supported by a Grant-
in-Aid for Scientific Research from the Ministry of 
Education. 
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Coenzyme Models. 18. Metal Catalysis of NADH Model 
Reduction in Aqueous Systems 
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Metal ions (Ni2+ and Zn2+) affected the NADH model reduction of 2-pyridinecarbaldehyde and Schiff bases 
in aqueous systems. In particular, the rate of the dihydroquinoline reduction of iV-(2-pyridylmethylene)-2-
pyridylmethylamine was augmented by more than 200-fold, compared with that in the absence of metal ions. On 
the other hand, the reduction of benzil, ethyl benzoylformate, and trifluoroacetophenone was not subject to the 
metal catalysis. The enhanced reactivity is accounted for by the affinity of Schiff bases toward metal ions. The 
efficiency of the metal catalysis was compared with that of the proton catalysis. This is the first example of the 
systematic examination of the metal catalysis in aqueous systems. 

It is known that some alcohol dehydrogenases contain 
NAD+ and Zn 2 + ion at the active sites and catalyze 
the interconversion of aldehydes and alcohols coupled 
to the oxidation-reduction of NAD+ coenzyme.1) The 
role of Zn2+ ion, as well as that of NAD+, has long 
been a subject of investigation and debate. Recent 
model studies have established that metal ion not 
only activates substrates and/or N A D H analogues but 
also helps retaining stereoselective hydrogen transfer 
from N A D H analogues to substrates.2-G) These suc­
cessful demonstration in the model system may provide 
the information relevant to biological N A D H dependent 
oxidation-reduction, but the metal catalysis has been 
confined strictly to aprotic solvents {e.g., acetonitrile). 
In fact, it has often been mentioned that metal ion 
does not act as catalyst in aqueous N A D H model 
reduction.5»6) 

It is proposed that the transition state of N A D H 
reduction is analogous to that pictured for £N2-type 
nucleophilic reaction,7»8) although the detailed mech­
anism is still a matter of some controversy.9-12) As 
for the £N2-type nucleophilic reaction, Buckingham13»14) 
and others15-17) have reported many examples of metal 
catalysis in aqueous solutions. For example, metal 
ions such as Cu2+, Co2+, Ni2+, and Zn2+ are good 
catalysts for the ester hydrolysis of a-amino acids, the 
rate augmentation amounting to 103—106 fold. The 
marked rate acceleration is explained by such that 
the metal ion can bind to the nitrogen and at the 
same time remain close to the ester carbonyl group. 
One would thus anticipate that the metal coordinated 
substrate may be considerably electrophilic and may 
serve as a good hydride (or its equivalent) acceptor. 
The object of the present investigation has been to 
search for the metal-catalyzed N A D H model reduction 
of the C = 0 and C=N double bonds by an acid-stable 
N A D H analogue, 1 -benzyl-1,4-dihydro-3-quinoline-
carboxamide (BzlQH).1 8) We thus found that the 
reduction of Schiff base is remarkably facilitated by 
added metal ions (Ni2 + and Zn2+). 

^ \ / \ / C O N H 2 
BzlQH; | || || 

i 
C7H7 

Exper imenta l 

Materials. The preparation of BzlQH has been 
described elsewhere.19) 2-Pyridylmethylamine dihydrochlo-
ride was prepared by Dr. M. Ohnishi (Nagasaki University). 
Other reagents (trifluoroacetophenone, ethyl benzoylformate, 
2-pyridinecarbaldehyde, and benzil) were purified by distilla­
tion or recrystallization before use. 

Kinetics. Kinetic measurements were carried out 
at 50±0.1 °G in a 2.2%(v/v) aqueous acetonitrile solution 
with an ionic strength of 0.2(KCl). The progress of the 
reaction was followed spectrophotometrically by monitoring 
the decrease of BzlQH at Amax (343 nm). The details of 
the method were described in a previous paper of this series.19) 
Since excess substrate was present in all the cases, the pseudo 
first-order behavior was observed for up to 3-half-lives. In 
the case where the reaction rate was extremely slow, the 
rate constans were estimated from the initial slope of the 
reaction. Here, the overall first-order rate constants (£0bsd) 
is expressed by Eq. 1, 

^obsd — M + Är (1) 

where kd is the acid-catalyzed (spontaneous) decomposition 
of BzlQH and kT is the pseudo first-order rate constants for 
the reduction reaction. The kâ value was determined separate­
ly from the disapperance of the absorption of BzlQH in the 
absence of substrate, and the kT value was determined from 
Eq. 1. Since the kT value is linearly correlated to substrate 
concentrations ( [substrate] = ( 1—5) x 10~3 M, [Zn2+] = (0—5) 
X 10~3M), the apparent second-order rate constants (k2>) 
are given by k2'=kT/[substrate]. 

R e s u l t s a n d D i s c u s s i o n 

Suppressed Catalytic Activity of Metal Ions in Aqueous 
Systems. Dihydronicotinamides in dry acetonitrile 
interact strongly with Mg2+ ion.20»21) The interaction 
is substantiated by bathochromic shifts of the absorp­
tion maxima. The absorption maximum of B z l Q H 
in acetonitrile (335 nm, fcmax= 11900 M _ 1 cm - 1 ) also 
shifted to longer wavelength on the addition of Mg2+ 
ion (346 nm, e r a a x = 14700 M " 1 cm"1 , [Mg(C104)2] = 
1 . 0 x l O ~ 2 M ) . O n the other hand, the spectrum of 
BzlQH in an aqueous system (Amax 343 nm, e m a x= 
13100 M _ 1 cm - 1 ) was hardly affected by added metal 
ions ([Ni2+] = [Zn2+] = (2.5—5.0) X 10~3 M at p H 4— 
9). The contrasting results indicate that the metal 
ion in aqueous solutions is deactivated duc to strong 
solvation, 
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Benzil, ethyl benzylformate, and trifluoroacetophe-
none are slowly reduced by BzlQH in an acidic aqueous 
solution (pH 4.0). The dihydronicotinamide reduc­
tion of these substrates in aprotic solvents is efficiently 
catalyzed by M g 2 + ion,2'4»25»26) whereas the aqueous 
Bz lQH reduction was uncatalyzed by added metal 
ion ([metal ion (Ni2+ or Zn2+)]= ca. 5 x l O ~ 3 M , p H 
4—9). It is presumed that neither BzlQH nor sub­
strate interacts with metal ions during the reduction 
process. Supposedly, one should employ more co-
ordinative substrates to substantiate the metal catalysis 
in an aqueous solution. 

Reduction of 2-Pyridinecarbaldehyde(2-PyCHO). 2-
Acylpyridines are frequently employed in the model 
reduction in aprotic solvents.4»27) This is probably 
due to the high coordination ability of 2-acylpyridines. 
2-Acylpyridines are presumed to form the relatively 
stable complexes with metal ions in an aqueous sys­
tem,15) so that it would meet the requirement of the 
present study. Tagaki and coworkers28) previously re­
ported the reaction of 1,4-dihydronicotinamide with 
2-PyCHO. They found, contrary to their expectation, 
that the isolated is a covalent adduct which is formed 
by a nucleophilic attack of 5-position of 1,4-dihy-
dronicotinamide on the carbonyl carbon of 2 -PyCHO. 
BzlQH has within the molecule the basic structure of 
1,4-dihydronicotinamide, but the adduct-forming 5-
position is involved in the fused ring. Thus, the forma­
tion of the adduct is almost unconceivable. Spectral 
examination of the reaction mixture ( [2-PyCHO] = 
1 . 0 x l O " 4 M , [ B z l Q H ] = 5 . 0 x l O - 5 M , [Zn2+] = (0— 1) 
X 10~2 M, p H 4.7) established that the decrease of the 
absorption band of BzlQH (343 nm) is accompanied 
by the appearance of products with 215 and 250 n m 
which may be compared with the spectrum of a mix­
ture of BzlQ^ and 2-(hydroxymethyl)pyridine (209 and 
244 nm). In fact, we have found that 2 -PyCHO is 
reduced by BzlQH in 58—65 % yield to corresponding 
alcohol.29) 

^ X / X / G O N H , / \ 
I II II + 1 II 

Metal ion 

i 
G7H7 

^ N ^ C H O 

^ \ / X / G O N H 2 y \ 
I II + I + 1 II ( 2 ) 
\ / \ N ^ ^N/\GH2OH 

i 
d7H7 

The apparent second-order rate constants (k2') for 
BzlQH reduction of 2 -PyCHO are plotted against 
metal concentrations (Fig. 1). In the alkaline p H 
region (pH 8.7), the rate constants could not be de­
termined due to the ready precipitation of metal ions. 
The precipitation was not observed in the acidic p H 
region (pH 4.7), but the reaction was rather retarded 
by added metal ions. According to Pocker and 
Meany,30) divalent metal ions such as Zn2+ and Co2+ 
exhibits a dramatic catalytic effect on the hydration 
of 2-PyCHO. It is expected, therefore, that the rate 
suppression may be rationalized in terms of the decrease 
in the fraction of free ketone. Since the hydration 
causes the diminution of the absorbancy of 2 -PyCHO 
at around 260 nm,30) the optical density (OD) was 

1 2 3 A 5 
[Metal ion]/10-3 M 

Fig. 1. Metal ion catalysis of the BzlQH reduction of 
2-pyridinecarbaldehyde. [2-PyCHO] = 5.00 X 10~3 M, 
[BzlQH] = 5 .0xlO- 5 M. The pH of the reaction 
media was maintained with 0.02 M acetate (pH 4.7). 

1 2 3 4 
[Metal ion]/10"3M 

Hydration equilibrium of 2-pyridinecarbalde­
hyde : optical density at 264 nm plotted against the 
concentration of metal ions. pH 4.7 with 0.02 M 
acetate buffer, [2-PyCHO] = 5.0x 10~5 M. 

Fig. 2. 

measured as a function of metal ion concentrations. 
As shown in Fig. 2, however, the absorption band is 
affected to a small extent (less than 10%) by added 
metal ions, indicating that the fraction of free ketone 
is maintained almost constant. Thus, the rate re­
tardation cannot be attr ibuted wholly to the hydration 
of 2 -PyCHO. 

As mentioned above, 2-PyCHO(piCa 3.8)31) in acetate 
buffer is reducible by BzlQH in good yields. If N-
protonated 2-PyCHO which is presumed to be the 
active species in the acidic p H region exhibits the 
reactivity greater than metal-coordinated 2-PyCHO 
(i.e., kH>ku*>k0 in Eq. 3), added metal ions would 
suppress the observed reduction rates. 

J \ -H* J \ M** J \ 
I + II ^ = M II ^ I II 

H 
M2+ 

(3) 

Products 

Ni 2 + ion caused the inhibition to a greater extent 
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than Zn2+ ion. The trend is compatible with the 
general order of the stability constants.17»32) Thus, 
the above explanation seems most likely at present. 

Here, one may notice a dilemma occurring in the 
metal catalysis in aqueous systems. As mentioned 
above, stability constants of carbonyl substrates such 
as ethyl benzoylformate and benzil are extremely 
small.32) Although 2-PyCHO in which a nitrogen 
base is closely fixed near the carbonyl group captures 
the metal ion to a significant extent, 7V-protonation is 
more effective than metal coordination. 

The above summary suggests that the metal ion cata­
lysis would become effective only for the substrate 
the C=X double bond of which is able to bind metal 
ions strongly. Schiff base is the case.32) 

Reduction of Schiff Bases of 2-PyCHO. N A D H 
model reduction of Schiff bases in organic solvents 
was reported earlier by Pandit et a/.33) and Shinkai 
et a/.,8) but there is no precedent for the reduction in 
an aqueous system. 

The spectroscopic measurements indicated that the 
addition of butylamine (BuNH2) to the basic solution 
of P y C H O (pH 8.9) enhances the absorption band 
near 350 nm which is characteristic of the Schiff base.34) 

I II + BuNH2 r-
^N /^GH=N-Bu 

(4) 

For example, the O D increase of 0.082 was recorded 
when butylamine ( 1 . 0 x l O ~ 2 M ) was added to the 
solution of 2-PyCHO ( 5 . 0 x l O - 3 M ) at p H 8.9. O n 
the other hand, the formation of the Schiff base was 
hardly detected in an acetate buffer solution (pH 4.7). 
In Fig. 3, the O D value at 350 n m was plotted against 
the concentration of metal ions. The O D value was 
enhanced gradually with increasing metal ion con­
centrations and finally reached a plateau. In case 2-
pyridylmethylamine (PyCH 2NH 2 ) was employed as an 
amine counterpart the absorption band was enhanced 

1.5 

Q 
O 

0.5 

Ni z •PyCH2NH2 

O— 

Zn z ++P yCH2NH2 

Ni2++BuNH0 

BuNH9 

5 10 
[Metal ion]/10-4M 

Fig. 3. Interaction of Schiff bases with metal ions: 
optical density at 350 nm plotted against the concentra­
tion of metal ions. pH 8.9 with 0.02 M borate buffer, 
[2-PyCHO] -5 .00 x 10~3 M, [BuNHJ - [PyCH2NH2] 
= 1.00 X 10~2M. The dotted line indicates the 
precipitation. 

[Metal ion]/10"4M 

Fig. 4. Metal ion catalysis of the BzlQH reduction of 
Schiff bases. pH 8.9 with 0.02 M borate buffer, [2-
PyCHO] = 5.00 X 10-5 M, [BuNH2] = [PyCH2NH2] = 
1.00xlO"2M. The dotted line indicates the pre­
cipitation. 

at the very low concentration of metal ions, and the 
solution containing Ni2+ ion became yellow (or orange 
at the higher concentrations). The result endorses 
that the Schiff base (particularly, JV-(2-pyridylmeth-
ylene)-2-pyridylmethylamine) efficiently interacts with 
metal ions in an aqueous solution. 

The metal-catalyzed reduction was carried out in 
basic p H region (pH 8.9). The resultant second-
order rate constants (A;2') are plotted as a functions of 
metal ion concentrations (Fig. 4). The BzlQH reduc­
tion was undetectable in the absence of metal ions, 
indicating that the Schiff base itself is insensitive to 
the BzlQH reduction. As seen in Fig. 4, metal ions 
efficiently catalyzed the BzlQH reduction. The plots 
showed rapid increase at low metal concentrations 
( l x l 0~4 M) followed by a gradual rate saturation. 
In particular, the reduction of 7V-(2-pyridylmethylene)-
2-pyridylmethylamine, the Schiff base from 2-pyridine-
carbaldehyde and 2-pyridylmethylamine, was remark­
ably accelerated. Since the rate constant in no metal 
system is estimated to be less than 5 X 10~5 M - 1 s - 1 , 
the rate augmentation of more than 200-fold is achieved. 
The marked rate acceleration is rationalized in terms 
of efficient binding of metal ions and efficient metal-
induced polarization of the C=N double bond. Prob­
ably, the curvature in Fig. 4 reflects the progressive 
increase in the fraction of metal-bound species of the 
Schiff base, because the OD 3 5 0 in Fig. 3 shows the 
dependence similar to that in Fig. 4. Thus, the reac­
tion may be written as Eq. 5. 

i ii 

; II 
BzlQH + M 2+-N 

i I 
I 

i II 

: I 
BzlQ+ + M 2 +-N 

i I 
I II 

(5) 
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Figure 3 shows that Ni2+ ion forms the complex 
more efficiently than Zn 2 + ion. O n the other hand, 
the catalytic efficiency of Zn2+ ion is comparable with 
that of Ni2+ ion (Fig. 4). This endorses that, provided 
the rate constants are calculated based on the complex-
ed substrate concentration, Zn 2 + ion would give the 
greater rate constants than Ni2+ ion. 

4-Pyridinecarbaldehyde(4-PyCHO) and butylamine 
also formed the corresponding Schiff base in a borate 
buffer solution (pH 8.9), the OD 3 5 0 value (0.066) 
being comparable with that from 2-pyridinecarbalde-
hyde and butylamine. However, the BzlQH reduc­
tion was not catalyzed by added metal ions at all 
(Table 1). The low reactivity is solely ascribable to 
the difference in the affinity toward metal ions. 

We previously reported the dihydronicotinamide 
reduction of Schiff bases in refluxing methanol.8) 
Although the Schiff bases are totally unreactive toward 
dihydronicotinamide, the reduction reaction was sur­
prisingly facilitated by the addition of small amounts 
of acid speices. It is summarized, therefore, that the 
Schiff base can be reduced with the aid of proton cata­
lysis in the acidic p H region and with the aid of metal 
catalysis in the basic p H region. 

Some Characteristics of NADH Model Reduction in Aqueous 
Systems. Recently, the mechanistic role of metal 
ions in non-enzymatic dihydronicotinamide reduction 
has been dissected in aprotic solvents.2-6) The cata­
lytic behavior may be roughly summarized as follows: 
(1) activation of substrate and/or dihydronicotinamide 
at the initial state and (2) facilitation of hydrogen 
transfer by "br idge" effect of metal ions at the transi­
tion state. In aqueous systems, the interaction of 
metal ions with dihydronicotinamide itself is hardly 
expected due to the solvation of metal ions. Although 
there is an effort to synthesize a N A D H model system 
which has within a molecule both dihydronicotinamide 

TABLE 1. APPARENT SECOND-ORDER RATE CONSTANTS (k2
/) 

FOR THE B z l Q H REDUCTION*1) 

Substrateb) 

2-PyCHO 
2-PyCHO 
2-PyCHO 
2-PyCHO+BuNH2 

2-PyCHO-fBuNH2 

2-PyCHO-fBuNH2 

4-PyCHO-fBuNH2 

4-PyGHO + BuNH2 

4-PyGHO + BuNH2 

2-PyCHO + PyCH2NH2 

2-PyCHO + PyCH2NH2 

2-PyCHO + PyCH2NH2 

Metal ion 
mM 

Ni2+ (5.0) 
Zn2+ (5.0) 

Ni2+ (0.5) 
Zn2+ (0.1) 

Ni2+ (0.1) 
Zn2+ (0.1) 

Ni2+ (0.5) 
Zn2+ (0.5) 

* 2 ' x l 0 4 

a t P H 4 . 7 

40.3 
19.1 
32.2 
39.3 
20.2 
28.9 

/M- 1 s-1 

at pH 8.9 

pptc) 
pptc) 
pptc) 
ndd> 
12.2 
3.7 

ndd> 
ndd> 
ndd> 
ndd) 
113 
126 

a) 50 °G, ^=0.2 with KCl, 2.2% (v/v) acetonitrile. b) 
Abbreviations employed are: 2-PyCHO, 2-pyridine-
carbaldehyde ; 4-PyCHO, 4-pyridinecarbaldehyde ; 
BuNH2, butylamine; PyCH2NH2 2-pyridylmethylamine. 
c) Precipitation was formed. d) The rate was not 
detected(*a'<5 x 10~5 M"1 s"1). 

and metal-binding site,35) the catalytic efficiency seems 
still equivocal. At present, it seems most expeditious 
to employ the metal-binding substrates to substantiate 
the aqueous metal catalysis. 

The present study established that the reduction of 
C = 0 and C=N double bonds with adjacent nitrogen 
base(s) is subject to the metal-catalysis in aqueous 
systems. We noticed, however, that the proton cata­
lysis is unexpectedly effective. 

Another conclusion obtained in the present study 
is that the Schiff bases serve as good substrates for the 
metal-assisted BzlQH reduction in aqueous systems. 
The rate augmentation of two orders of magnitude is 
remarkable. It seems, therefore, that the interaction 
with N A D H is not a prerequisite for the facile reduc­
tion, as proposed by Dunn and coworkers36»37) in enzy­
matic systems. It is conceivable, however, that in 
the hydrophobic pocket of enzymes metal ions may 
be relatively desolvated and may act more "acidic" 
catalysts like metal ions in aprotic solvents. The 
influence of hydrophobic environments on the metal 
catalysis is now investigated. 
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( 1 S,2S) -1,2-Bis (diphenylphosphinoxy ) cyclohexane, ( 1 S,2S) -1,2 -bis (phosphinomethyl) cyclohexanes, (2R, 3R) -
2,3-0-isopropylidene-2,3-dihydroxy-l,4-bis(phosphino) butanes, and (\R,2R) -1,2 -bis (phosphinomethyl) cyclo-
butanes, whose phosphino groups were diphenylphosphino or 5i/-dibenzophosphol-5-yl groups where the rotation 
of phenyl-P bonds is impossible, were used as chiral ligands in rhodium-catalyzed asymmetric hydroformylation. 
The highest stereoselectivity was attained by the use of (li?,2i?)-l,2-bis(5i/-dibenzophosphol-5-ylmethyl)cyclo-
butane or (2Ä,3Ä)-2,3-0-isopropylidene-2,3-dihydroxy-l,4-bis(5i/-dibenzophosphol-5-yl)butane. 

The asymmetric hydroformylation reaction1 - 4) of 
olefins by the use of chiral rhodium-complex catalysts 
is a promising method for synthesizing optically active 
aldehydes which allow numerous transformations to 
the final products. However, when compared with 
the hydrogénation of olefinic double bonds or the 
hydrosilylation of ketones,5) the optical yields obtained 
so far in hydroformylation are relatively low and 
far from having any practical meaning. The difficulty 
lies in the fact that the reaction is effected at a higher 
temperature and consists of more steps, such as carbon 
monoxide insertion, than hydrogénation or hydrosilyla­
tion. In addition, a reactant carbon monoxide of a 
strong coordination power may compete with the chiral 
ligands in coordinating with rhodium; this complicates 
the situation as well. 

In order to overcome these difficulties, although there 
is no doubt that the development of more active catalyst 
systems6) which would allow the reaction to be carried 
out at a lower temperature is of primary importance, 
the breakthrough may come in the use of a chiral 
bidentate ligand,3»4»7) which can be expected to chelate 
the central rhodium atom to make a more rigid and, 
therefore, more reliable asymmetric catalyst than a 
monodentate ligand. 

In this paper, several kinds of bidentate chiral 
ligands, ( 1 S,2S) -1,2-bis(diphenylphosphinoxy) cyclohex­
ane ( I ) ,8) (1S,2S)-1,2-bis (diphenylphosphinomethyl) -
cyclohexane (IIa),9»10) (16',26*)-l,2-bis(5//-dibenzophos-
phol - 5 - ylmethyl) cyclohexane ( l ib ) ,10) (2R,3R) - 2,3-
O-isopropylidene - 2,3 - dihydroxy-1,4 -bis(diphenylphos-
phino)butane (Il ia),1 1) (2£,3£)-2,3-0-isopropylidene-

^ y O P P h 2 ^ , - CH2IP 

^ ^ 0 P P h 2 \ ^ C H 2 I P 
i n 

yOYCH2P 
AD^ 'C I^ IP 

>*CH2lP 

""CH2IP 
III IV 

a:|P=PPh2 b:|P=P 

2,3 - dihydroxy-1,4-bis(5//-dibenzophosphol-5-yl) butane 
(I l lb) ,7) (IR,2R) - 1 , 2 -b i s (diphenylphosphinomethyl) -
cyclobutane (IVa),12 '13) and ( l# ,2#) - l ,2 -b i s (5#-d i -
benzophosphol-5-ylmethyl)cyclobutane (IVb),13) were 
prepared and used for the rhodium-catalyzed hydro­
formylation of four typical kinds of olefins. The 
results were then compared with those of asymmetric 
hydrogénation. 

E x p e r i m e n t a l 

All the manipulations of organophosphorus compounds 
were carried out under a pure nitrogen atmosphere. I 
(85.5% optical purity),8) ( + )-(16*,26*)-l,2-bis(hydroxymeth-
yl)cyclohexane ditosylate,14'15) ( + )-( 1 R,2R)-1,2-bis(hydroxy-
methyl) cyclobutane ditosylate,12) ( —)-Diop (Ilia),11) 2-
phenyl-1-butène,16) and a-acetamidocinnamic acid17) were 
prepared as has been described in the literature. 

Chiral Bisphosphines. Method A (Ha) : Eighty mmol 
of Na and 20 mmol of Ph2PGl in 20 ml of dioxane were stirred 
for 6 h at 110 °G. To the cooled solution, THF (15 ml) 
was added, and then the ditosylate ([a]D-f 25.5° (benzene, 
c 3.16), lit,14> + 25.0° (benzene, c 5)) (6.7 mmol) in THF 
(12 ml) was added over 10 min at room temperature. Then 
the solution was refluxed for 2 h and cooled. After filtration, 
the filtrate was concentrated, water (10 ml) was added, and 
the product was extracted with benzene. The organic 
layer was washed and concentrated, and the residue was 
subjected to molecular distillation. 

Method B (lib, Illb, IVa, and IVb): Seven mmol of 
a phenylphosphine (5-phenyl-5//-dibenzophosphole or tri-
phenylphosphine) and 16 mmol of Li wire in 16 ml of THF 
were stirred for 2 h at room temperature and then refluxed 
for 10 min. After the excess Li wire had been removed, a 
7 mmol portion of /-butyl chloride was added and the solution 
was refluxed for 15 min. To the solution, a THF (8 ml) solu­
tion of a ditosylate (3.5 mmol) was added over 7 min at room 
temperature, after which the mixture was stirred for an ad­
ditional 2 h, refluxed, and worked up as above (liquid) or 
finally recrystallized (solid). 

The properties of the chiral bisphosphines are listed in 
Table 1. 

Catalytic Hydroformylation Procedure. A rhodium complex 
(1.35 X 10-2 mmol-Rh), a bisphosphine or diphosphinite (2.7 
Xl0 _ 2mmol or 5.4X 10~2 mmol), a solvent (6 ml), and a 
substrate (3 ml) were placed in a 50-ml Schlenk-type 
autoclave (SUS 316) under a pure N2 atmosphere, and 50 
kgw/cm2 (at 0 °G) of GO and then the same amount of 
H2 were pressurized. The sealed reactor was immersed in 
a temperature-controlled oil bath, and the reaction solution 
was magnetically stirred. 
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TABLE 1. PROPERTIES OF THE CHIRAL BISPHOSPHINE USED 

Bisphosphine Purification Yield/% M D / ° Found (Galcd), % 

Ha 

IIb 

I l i a 

I l l b 

IVa 

IVb 

Molecular distillation bp 200—210 °G 
(bath) (2—4xlO-4mmHg) 
Recrystallization from toluene-MeOH 
mp 163.9—165.0 °G 

Recrystallization from benzene-EtOH 
mp 188.0—189.2 °G 
Recrystallization from EtOH 
mp 106.2—107.2 °Cd> 
Molecular distillation bp 215—220 °G 
(bath) (1 .0xl0- 3mmHg) 

80 

21 

69 

73 

49 

+ 50.0a> 
(toluene, c 2.58) 
-30 .4 
(toluene, c 2.54) 
- 12.6b> 
(benzene, c 1.48) 
-63.2C> 
(benzene, c 1.05) 
- 15.7d> 
(benzene, c 1.22) 
- 5 . 9 
(benzene, c 1.21) 

C79.52 (79.98) 
H 7.06 (7.13) 
G 80.60 (80.65) 
H 6.54 (6.35) 

G 79.23 (79.63) 
H 6.63 (6.68) 
G 80.28 (80.34) 
H 5.99 (5.84) 

a) Ref. 12 +52.7° (c 1.0, benzene), b) Ref. 11 -12.3° (c 4.57, benzene). 
m p 188—190 °G. d) Ref. 12 -18.6° {c 1.0, benzene), mp 107 °G. 

c) Ref. 21 -65.5° (c 2, benzene), 

TABLE 2. OPTICAL PURITIES'1) (AND PREVAILING CONFIGURATIONS) OF PRODUCTS IN 

ASYMMETRIC HYDROFORMYLATION AND HYDROGENATION 

Ghiral ligand 

I 

H a 

I I b 
I l i a 
I l lb 
IVa1) 
IVb1) 

Styrenee) 

Temp 80 °G 

0 .8 (5 ) f ) 
15 .1(5) h ) 
12 .1(5) 
0 .6(A) 

18.3(A) 
37 .0 (5 ) 
4 .2(A) 

4 0 . 3 ( 5 ) 

Hydroformylationb) 

1-Butène c/.y-2-Butene 

90 °G 120 °G 

2.2(5)s> 0 (R)s) 
9.4(5)s> 3.9{R)s) 

11.5(5) 3 .1(A) 
4 . 8 ( 5 ) 10.7(A) 
6.8(A) 9 . 5 ( 5 ) 

16 .2(5) 16.6(A) 
1.5(A) 8 . 0 ( 5 ) 

16 .2(5) 16.8(A) 

2-Phenylpropene 

150 °G 

0.3(A) 

0 . 1 ( 5 ) 

2 .7(A) 
1.7(A) 
1.6(A) 
0 . 5 ( 5 ) 
2 .5(A) 

Hydrogénation 

a-Acetamidocin-
namic acidc) 

25 °G 

5 1 . 2 ( 5 ) 

2 4 . 5 ( 5 ) 

25.7(A) 
77.8(A) 
23 .2 (5 ) 
52.7(A) 
2 5 . 5 ( 5 ) 

2-Phenyl-
l-butened) 

50 °G 

28.3(A) 

4 .0(A) 

3 . 2 ( 5 ) 
24 .5 (5 ) 

1.1(5) 
22 .2 (5 ) 
0.1(A) 

a) The optical purities were calculated on the following bases: JV-acetyl-(i?)-phenylalanine: [a]D —51.8 (c 1, 
EtOH),25) (5)-2-phenylbutane: [a]D +27.31° (neat),26) (5)-2-phenylpropanal: [a]D +160° (neat)23) (Pino, et al. 
claim + 238°,27) (5)-2-methylbutanal: [a]D +31.2° (neat),28) (^-S-phenylbutanal: [a]D -31.3° (neat).29) b) Rh: 
[RhCl(CO)2]2, P/Rh = 8 (atom ratio), solvent: benzene for styrene and 2-phenylpropene, or ethylbenzene for 
butènes. c) Substrate: 0.5 g, solvent: EtOH +benzene (1:1) 3.5 ml. d) Sudstrate: 1ml, solvent: benzene 3 ml. 
e) P/Rh = 4. f) At 110 °G. g) At 130 °G. h) At 90 °G. i) Rh: [Rh(GO)3]4. 

Catalytic Hydrogénation Procedure. [RhCl(l,5-hexa-
diene)]2 (1.9 X 10~2 mmol), a bisphosphine or diphosphinite 
(4.0 X 10-2 mmol), a solvent, and a substrate were placed 
in a 25-ml Schlenk-type autoclave (SUS 316) under a pure 
N2 atmosphere, and then the reactor was immersed in a 
bath of a designated temperature. H2 was pressurized up 
to 50 kgw/cm2 at that temperature, and the reaction solution 
was magnetically stirred. 

Product Analysis. An aliquot of the reaction solution 
was analyzed by GLG (DEGS), and the remainder was 
distilled to afford an optically active product whose [a]D 

was measured on a JASGO DIP-180 digital Polarimeter. 
In the case of the hydrogénation of a-acetamidocinnamic 
acid, the reaction solution was worked up according to the 
literature.11) 

R e s u l t s and D i s c u s s i o n 

The optical purities were calculated through the 
optical rotation of isolated products; they are listed 
in Table 2. 

A diphosphinite, I, although it resulted in fairly 
high optical yields in asymmetric hydrogénation,8) 

caused a low asymmetric induction in the hydroformyla-
tion of any kind of olefins applied. The methylene-
bridged analogue of I, a bisphosphine H a , whose 
molecular structure is similar to that of I, brought about 
a much higher stereoselectivity than I. 

O n the other hand, H a , with a saturated six-member-
ed ring, was compared with Diop ( I l i a ) , which has 
a five-membered dioxolane ring and with the IVa of 
a cyclobutane ring.13»18) I l i a showed a certain asym­
metric induction ability for each of the four olefins, 
while those of H a or IVa depended on the structures 
of the olefins. Tha t is, the ability decreased in the 
order of I I I a > I I a > I V a for styrene, in that of I I a > 
11 l a > IVa for 1-butène, and in that of I l i a > IVa > 
H a for a.y-2-butene. In the reaction of styrene or 
butènes, I I a of the configuration opposite to that of 
I l i a or IVa gave the antipode opposite to those given 
by I l i a and I V a ; i.e., the prevailing absolute configura­
tions of the products from styrene or butènes were 
independent of the skeletal ring sizes of the bisphos-
phines, H a — I V a . 

The bidentate ligands mentioned above have Ph2P 
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T A B L E 3. R E L A T I V E RATESa) (AND PRODUCT LINEARITIES 

( % ) b ) ) IN CATALYTIC HYDROFORMYLATION0) 

Ghiral Styrene 
bisphosphine 

Temp 80 °G 

Ha 0.16(17) 
IIb 0.70 (9) 
I l ia 0.47(35) 
I l lb 1.9 (10) 
IVad> 8.2 (29) 
IVbd) 14 (14) 

1-Butène 

90 °G 

0.31(72) 
0.90(60) 
2.8 (89) 
3.5 (68) 
6.4 (90) 

12 (72) 

cis-2-
Butene 
120 °G 

0.21(0) 
0.50(1) 
0.65(2) 
0.77(5) 
0.76(2) 
3.9 (6) 

2-Phenyl-
propene 
150 °G 

0.23(85) 
0.71(72) 
1.3 (86) 
1.6 (79) 
2.3 (78) 

20 (76) 

a) Maximum pressure drop, kgw/cm2 in 1 h. b) Linear 
aldehyde/(linear aldehyde + branched aldehyde) X 100. 
c) Rh: [RhCl(CO)2]2. d) Rh: [Rh(GO)3]4. 

groups. Upon chelating coordination, the four phenyl 
groups may protrude toward the coordination sites for 
a substrate and others, and they are considered to be 
responsible for the steric regulation. The phenyl group 
will take various conformations. In contrast to this, 
in the case of bisphosphines with 5//-dibenzophosphol-
5-yl (DBP) groups which correspond to the planar 
Ph 2 P groups whose phenyl groups are linked together 
at the öft/zo-positions, the influence of the rotation of 
the phenyl group can be excluded. 

From this point of view, H a , I l i a , and IVa, all 
with Ph2P groups, were compared with l i b , I l l b , IVb , 
which have DBP ones. The substitution of DBP groups 
for Ph2P ones always brought about a rate enhance­
ment,19) as is shown in Table 3. Moreover, Table 2 
shows that the optical yields in the hydroformylation of 
styrene and butènes increased in the cases of III and 
IV upon DBP substitution. The orders of the asym­
metric induction abilities among l i b « I V b were I V b > 
I l l b > l i b for styrene and IVb—11 l b > l i b for butènes. 
Thus , I l l b and I V b were the most effective among 
the bidentate chiral ligands prepared in this study; 
this is in remarkable contrast to their lower stereo­
selectivity than I l i a and I Va in asymmetric hydrogéna­
tion. O n the other hand, the prevailing configuration 
of the hydrogénation product from a-acetamidocin-
namic acid was reversed through the substitution of 
DBP groups for Ph 2P ones, as is shown in Table 2.20> 
In the hydroformylation of styrene and butènes also, 
I l l b or IVb prefered the opposite antipode to that 
I l i a or IVa prefered, respectively. 

However, by the use of the I I of a cyclohexane-ring 
skeleton, DBP-substitution for Ph 2 P groups decreased 
the optical yields in the hydroformylation of styrene 
and 1-butène. In addition, the prevailing absolute 
configuration of the products was not reversed for 
all the olefins. Thus, the results with I I were different 
from those with III or IV, which has a five- or four-
membered ring skeleton, respectively. Furthermore, 
in the hydroformylation of styrene by the use of l i b , 
as the reaction temperature rose, the prevailing enan-
tiomer was reversed at around 100 °G, and the optical 
purity of the product increased with an increase in 
the temperature up to about 160 °G, as is shown in 
Fig. 1.22> This is in contrast with the behavior of I l l b 
or IVb , which invariably gave prevailing enantiomer 
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Fig. 1. Effect of reaction temperature on the optical 
purity of 2-phenylpropanal produced in the hydro­
formylation of styrene catalyzed by Rh-IIb system. 
(Other conditions are the same as in Table 2). 

with a decrease in the stereoselectivity when the reac­
tion temperature was raised in this range. 

The present authors previously reported that the 
asymmetric induction abilities of I l l b and IVb were 
fairly high to a vinylidene-type olefin, 2-phenylpropene 
(V), in hydroesterification.24) However, it is note­
worthy that the abilities of I—IV remained low in 
the hydroformylation of V (Table 2). This is partly 
because the low reactivity of V requires a high reaction 
temperature (150 °C). 
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Arylation of ethylene (7 atm) was carried out with various arenediazonium tetrafluoroborates (25 mmol) 
in the presence of bis(dibenzylideneacetone)palladium (0.5 mmol) and sodium acetate (75 mmol). Substituted 
styrènes were obtained in good yields (61—78%) under mild reaction conditions (1 h, room temperature) in a 
1:1 mixture of acetone and dichloromethane, with some exceptions. Phenylbutenes, main by-products in dichlo­
romethane, were presumed to form by the reaction of styrene with ethylene under catalysis of hydridopalladium 
species. 

Previous work1) has shown that arenediazonium 
salts are good arylating reagents of olefins in the presence 
of palladium(0) catalyst. The reaction not only 
proceeds under much milder conditions than those 
for the related palladium-catalyzed arylations,2-4) 
but also was found to be applicable to unactivated 
olefins as compared to the copper salt catalyzed aryla­
tion (Meerwein arylation5)). The direct synthesis 
of 4'-vinylbenzocrown6) from ethylene and 4'-ami-
nobenzocrown is an example to show synthetic utility 
of the present arylation, especially to one or more 
substituted aryl olefins. This paper describes a con­
tinuation of our studies on the arylation of ethylene 
with a variety of monosubstituted benzenediazonium 
salts to improve yield and to gain a scope of the reac­
tion (reaction 1). A related arylation of ethylene 
using bromobenzene derivatives has been recently 
reported.7) 

TABLE 1. EFFECTS OF CONDITIONS IN THE REACTION 

OF BENZENEDIAZONIUM SALT 

CH2=CH2 
X-C6H4-N2+BF4-

Pd(dba) 2 , NaOAc 

X-C6H4-CH=CH2 + N2 

X = CH3, CH 3 0 , C02Et, Gl, Br, and N 0 2 

(1) 

Results and Discussion 

Reaction of Ethylene with Monosubstituted Benzenediazo­
nium Salts. Although the reaction can be con­
ducted either in aqueous or in non-aqueous media, 
this study was carried out in the latter system (acetone, 
dichloromethane or their mixture) by considering 
increased solubility of ethylene, and tetrafluoroborates 
(25 mmol) were reacted in the presence of bis (di­
benzylideneacetone) palladium (0) [Pd(dba)2] as the 
catalyst (0.5 mmol) . Preliminary experiments with 
benzenediazonium salt revealed that the formation 
of stilbene, one of the possible by-products,7) was very 
little (below 1%) under the pressure of ethylene of 
6—8 a tm in both solvents. However, in dichlorometh­
ane a considerable amount (30—40% of the product) 
of higher boiling product was produced (vide infra). 
The by-product did not form in acetone, but the total 
yield rather decreased (Table 1). Use of a mixture 
of the solvents( l : l v/v) was found to give good yield, 
preventing the formation of the higher boiling product. 
The amount of the solvent influenced the formation 
of tarry material which had to be removed from the 

Temp 
°G 

0 
0 

r. t. 
r. t. 
r. t. 

Time 
min 

120 
120 
60 
60 
60 

Solvent/ml 

(GH3)2GO 

0 
100 

0 
100 
50 

GH2G12 

100 
0 

100 
0 

50 

Yi( 

Styrene 

20 
20 
40 
40 
51 

*!/%»> 

By-product 

15 
0 

17 
0 
0 

a) Analyzed by GLG for the product solution being 
passed through a silica-gel column. Internal standard; 
decane. The yield of the by-product was calculated 
as phenylbutene. 

TABLE 2. YIELDS OF SUBSTITUTED STYRÈNES*) 

Substituent 

0-GH3 

m-CH3 

/>-CH3 

o-Gl 
m-Gl 
p-Gl 

Yield/% 

75 
30 
61 
75 
78 
63 

Substituent 

2,4,6-(CH3) 
/>-OCH3 

/>-C02CH3 

p-Br 
/>-N02 

0-NO2 

Yield/% 

3b) 
62 
62 
14°) 

3d) 

_ d ) 

a) See experimental section for the reaction conditions. 
b) Mesitylene was produced (18%). c) Ten mg of 
4,4/-dibromostilbene was isolated, d) The main product 
was nitrobenzene (28—32%). 

reaction mixture by chromatography on silica gel, 
and 150 ml of the solvent to 25 mmol of the diazonium 
salt was found enough to eliminate the treatment. 
Thus, the product (styrene and substituted styrènes) 
could be isolated by simple distillation of the reaction 
mixture in the presence of a small amount of £-butyl-
catechol. The results were summarized in Table 2. 
In most cases, substituted styrènes were obtained in 
good yields in 1 h and at room temperature (20—25 °G). 
The low yield of vinylmesitylene can be explained 
by steric effect of the two ortho substituents to sup­
press the formation of an arenepalladium species, a 
plausible active intermediate1), in view of a good result 
obtained with o-methyl counterpart. Nitrobenzene-
diazonium salts are known to be good substrates in 
Meerwein arylation, which is generally considered 
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to proceed by a radical process, but in the present 
reaction reduction to nitrobenzene was the principal 
course, though 11 % of substitution product had been 
obtained in the reaction with cyclopentene.1) Purity 
or stability of a diazonium salt seems to be one of the 
factors influencing the product yield in this procedure. 
Thus, m-methylbenzenediazonium tetrafluoroborate, 
which is much more sensitive to decomposition than 
the other isomers, gave a lower yield. Under the 
similar conditions naphthalene-2-diazonium salt gave 
7 2 % yield of 2-vinylnaphthalene, mp 64—66 °G (lit,8) 
mp 65—66 °C). 

Structure and Its Possible Route of Formation of the Higher-
boiling Product. As mentioned above, a consid­
erable amount of higher-boiling product consisted of 
at least three components was produced in the aryla-
tion with benzenediazonium salt in dichloromethane. 
Hydrogénation of the fraction over Raney nickel gave 
a mixture containing j-butylbenzene and rc-butyl-
benzene in a ratio of 11 to 1. The main component 
of the by-product by preparative GL G was proved 
to be tom.y-2-phenylbut-2-ene by comparison with 
an authentic sample (GLG and N M R ) , but the re­
mainders, probably a combination of 1-phenylbutenes 
and the other 2-phenylbutenes, could not be isolated 
in pure form to allow their structural confirmations. 
In order to obtain some informations suggesting a 
likely route to the phenylbutene, the reaction of ethylene 
was carried out in the presence of styrene (30 mmol) 
under the conditions used in the above reaction except 
for the use of a reduced amount of benzenediazonium 
salt (2 mmol) . The amount of the salt is only two 
equivalents of the palladium catalyst (1 mmol) , and 
was selected with the object of generating hydridopal-
ladium species. No phenylbutenes was produced in 
acetone, while in dichloromethane there was obtained 
3 2 % yield of the higher-boiling product and neither 
stilbene nor any dimers of styrene were detected. The 
yield was based on styrene added and much over 100% 
based on the diazonium salt. O n hydrogénation 
the product afforded an 8 : 1 mixture of j-butylbenzene 
and rc-butylbenzene. The results show that the phenyl 
butènes produced by the reaction of styrene and ethylene 
under the catalysis of the hydridopalladium species. 
The difference between the behavior of the two solvents 
may be rationalized by the lability of the catalyst 
to collapse to palladium(0) under the present reaction 
conditions. In this connection, it is noted that 1-
phenylbutenes were the principal products in the 
related palladium-catalyzed codimerization reported 
previously.9»10) 

E x p e r i m e n t a l 

Materials. Pd(dba)2 was prepared by the published 
method.11) Substituted anilines were commercial origin 
and used as received. Most of the arylamines were diazo-

tized in aqueous 1:1 mixture of HBF4 (42%) with aq NaN0 2 

at 0 °G. White crystals precipitated were washed with 
cold 5% HBF4, cold methanol, and cold ether. The tet­
rafluoroborate was dried under vacuum and stored in a 
refrigerator until to be used. Diazotization of those with 
nitro and ethoxycarbonyl groups was performed in aq H2S04 , 
and the precipitates obtained by addition of HBF4 (42%) 
to the mixture at 0 °G were treated as above. Authentic 1-
phenylbut-1-ene and £ran.y-2-phenylbut-2-ene were prepared 
by dehydration of 1-phenylbutan-l-ol and 2-phenylbutan-2-ol, 
respectively. The solvents were distilled and used without 
further purification. 

General Procedure for the Arylation of Ethylene. A mixture 
of Pd(dba)2 (0.29 g, 0.05 mmol), NaOAc(6.15 g, 75 mmol), 
and 150 ml of a mixed solvent (acetone and dichloromethane, 
1:1) in a glass autoclave (300 ml) was cooled in a Dry Ice-
acetone bath, and arenediazonium tetrafluoroborare (25 
mmol) was added (addition at a higher temperature cause'd 
a reaction of the diazonium salt with the catalyst). After 
the air in the vessel was displaced with ethylene, the mixture 
was allowed to warm to room temperature. Ethylene was 
introduced to a pressure of 6—8 atm and the mixture was 
stirred for 1 h at room temperature. The reaction mixture 
was neutralized with aq sat NaHG0 3 soin and washed with 
aq sat NaCl soin, and dried (MgS04). The solution was 
placed in a distilling flask containing a small amount of t-
butylcatechol and the solvent was removed. The residue 
was distilled under vacuum to give the product. After 
purity of the distillate was checked by GLG, its structure 
was confirmed by IR and NMR analyses (*>c=c; 1620—1640 
cm-1, (5C_H; 900—910 cm"1, and ABX pattern due to -GH= 
GH2). Formation of stilbene was examined for the distilla­
tion residue by recrystallization or column chromatography 
(silica gel). 
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Reduction of 1 l-benzoyloxy-12-methoxyabieta-8,l l,13-trien-7-one with sodium borohydride, followed by 
dehydration of the resulting alcohols with />-toluenesulfonic acid, afforded the corresponding 6,8,11,13-tetraene 
derivative. This was converted into 1 l-benzoyloxy-12-methoxyabieta-8,ll,13-trien-6-one (8) via an epoxide. 
The 6-oxo compound (8) was reduced with lithium aluminium hydride. Subsequent oxidation of the resulting 
alcohol with w-chloroperbenzoic acid afforded 6/?-hydroxy-12-methoxyabieta-8,12-diene-l 1,14-dione. This 
compound was further transformed into 11,14-diacetoxy-12-methoxyabieta-8,l 1,13-trien-6-one (13) by a series 
of reactions : Jones oxidation, reduction with a mixture of zinc powder and hydrochloric acid, and acetylation. 
The diacetate (13) was then oxidized with Jones reagent and the 6,7-dioxo product was immediately converted 
into ll-acetoxy-6,14-dihydroxy-12-methoxyabieta-5,8,11,13-tetraene (15) by repeated column chromatography 
on silica gel. The tetraene (15) was finally hydrolyzed with hydrobromic acid to give coleon U 12-methyl ether. 

The isolation and structural elucidation have been 
reported for many naturally-occurring highly-oxygenat­
ed tricyclic diterpenes with a fully substituted aromatic 
G ring. Some of these also possess the oxygen functions 
at both the C-6 and C-7 positions in ring B, as depicted 
in coleon U (1) and coleon V (2), which were isolated 
as pigments from leaf-glands of Plectranthus myrianthus 
Briq. (Labiatae) by Eugster et al.1) As a part of our 
synthetic studies on the naturally-occurring diterpenes 
we attempted to devise an efficient synthetic route 
for these highly-oxygenated tricyclic diterpenes. This 
paper will describe a successful synthesis of coleon U 
12-methyl ether (3), starting from the optically active 
11 -benzoyloxy-12-methoxyabieta-8,11,13-trien- 7-one (4) 
which was previously synthesized2) from ( + )-ferruginol 

I R = H 

3 R=Me 

(5). Since the total synthesis of ( + )-5 has recently 
been accomplished in our laboratory,3) the present 
work can be regarded as a total synthesis of 3. 

Reduction of the carbonyl group in 4 with sodium 
borohydride in methanol afforded a mixture of the 
corresponding epimeric alcohols (6), which was im­
mediately dehydrated with />-toluenesulfonic acid in 
refluxing toluene to give 11-benzoyloxy-12-methoxy-
abieta-6,8,11,13-tetraene (7) in nearly quantitative 
yield. T h e tetraene (7) was then subjected to epoxida-
tion at 0—5 °G with m-chloroperbenzoic acid in dichlo-
romethane. The resulting epoxide, without purifica­
tion, was refluxed with hydrochloric acid in ethanol 
to produce 11 -benzoyloxy-12-methoxyabieta-8,11,13-
trien-6-one (8), whose I R spectrum showed an absorp­
tion band of a newly formed carbonyl group a t 1718 
cm - 1 . Treatment of 8 with lithium aluminium hydride 
in refluxing ether afforded an alcohol (9). The ß-
configuration of the hydroxyl group at the C-6 position 
was supported by its N M R spectrum, which showed a 
signal at ô 4.51 ppm with a half-height width of 9 Hz, 
suggesting the presence of an equatorial a hydrogen. 
To introduce an oxygen function at the C-14 position, 
9 was oxidized at room temperature with m-chloro-
perbenzoic acid in dichloromethane ; the desired 6ß-

OMe 

4 R=0 , R=COPh 
6 R=H,OH; R=COPh 

OMe 

7 R=COPh 

OMe OMe OMe 

8 R=0, R=COPh 
9 R=*-H,jô-OH;R=H 

10 R=*-H,p-0H 

I I R=0 

12 R^H 

13 R=Ac 
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hydroxy-12-me thoxyabieta-8,12-diene-11,14-dione (10) 
was obtained in 5 5 % yield. The C-14 aromatic 
proton singlet (ô 6.32 ppm) in 9 disappeared in the 
N M R spectrum of 10, while its I R spectrum showed 
/>-quinone bands at 1655, 1640, and 1605 cm - 1 . Oxida­
tion of 10 with Jones reagent at 0—5 °G gave 12-
methoxyabieta-8,12-diene-6,ll ,14-trione (11) which, 
without purification, was used in the next reaction. 
For the protection of the unstable G ring, the trione 
(11) was reduced with a mixture of zinc powder and 
dilute hydrochloric acid in refluxing benzene. T h e 
resulting crude phenol (12) was further acetylated at 
75—80 °G with acetic anhydride in pyridine to give 
11,14- diacetoxy-12-methoxyabieta-8,11,13- trien-6-one 
(13: 5 3 % yield from 10). Subsequently, oxidation 
of the C-7 position in 13 was carried out with Jones 
reagent a t room temperature. The resulting crude 
6,7-dioxo compound (14) was immediately subjected 
to repeated column chromatography on silica gel to 
afford a diosphenol derivative, ll-acetoxy-6,14-dihy-
droxy-12-methoxyabieta-5,8,11,13-tetraen-7-one (15), 
whose N M R spectrum showed signals due to an acetoxyl 
group at ô 2.35 ppm, a C-6 hydroxyl group at ô 6.92 
ppm, and a hydrogen-bonded C-14 hydroxyl group 
at ô 13.00 ppm. The acetate (15) was finally hydrolyz-
ed at 95—100 °G with hydrobromic acid in acetic 
acid under a nitrogen atmosphere to afford a phenol 
(3), m p 174—176 °G, [a]D - 1 2 . 4 ° (CHC13), which 
was shown to be identical with the authentic coleon 
U 12-methyl ether by mixed melting point determina­
tion and by I R and N M R spectral comparisons. 

E x p e r i m e n t a l 

All melting points are uncorrected. The IR spectra were 
taken in chloroform, and the NMR spectra in carbon tet­
rachloride at 60 MHz, with tetramethylsilane as an internal 
standard, unless otherwise stated. The chemical shifts are 
presented in terms of ô values; s: singlet, bs: broad singlet, 
d: doublet, bd: broad doublet, dd: double doublet, m, mul­
tiplet. The optical rotations were measured in chloroform 
using a Yanaco OR-50D. Column chromatography was 
performed using Merck silica gel (0.063 mm). 

/ 7 -Benzoyloxy- 12-methoxyabieta-6,8,11,13-tetraene ( 7). 
Sodium borohydride (650 mg) was added at 15—20 °G 
to a stirred solution of 11-benzoyloxy-12-methoxyabieta-
8,ll,13-trien-7-one (4)2> (1.870 g) in methanol (250 ml). 
The mixture was stirred at this temperature for 4 h, acidified 
with dilute hydrochloric acid, and concentrated in vacuo. 
The residue was extracted with ether and the ether extract 
was washed with brine, dried over sodium sulfate, and then 
evaporated to afford a mixture of the corresponding 7a- and 
7/?-alcohol (6) which, without purification, was used in the 
next reaction. 

The above mixture (6) was refluxed for 2 h with p-to\-

uenesulfonic acid (250 mg) in dry toluene (12 ml), cooled, 
and then diluted with ether. The ether solution was washed 
with aqueous sodium hydrogencarbonate and water, dried 
over sodium sulfate, and evaporated in vacuo. The crude 
product was purified by column chromatography on silica 
gel (100 g) using benzene as the eluent to give a tetraene 
(7) (1.760 g : 97.7%), which was recrystallized from acetone-
methanol; mp 151.5—152.5 °G, [a]D -67 .8° ; IR: 1734 cm"1; 

NMR: 0.97 and 1.02 (each 3H and s, -C(CH3)2), 1.14 and 
1.20 (each 3H, d, and 7 = 6 . 5 Hz, -CH(CH3)2), 1.30 (3H, 
s, G10-GH3), 3.60 (3H, s, -OGH3), 5.87 (1H, dd, J=3 and 
9.5 Hz, G6-H), 6.43 (1H, dd, J=3 and 9.5 Hz, G7-H), 6.73 
(1H, s, G14-H), 7.3—7.7 (3H, m) and 8.0—8.3 (2H, m) 
(aromatic protons). Found: G, 80.48; H, 8.16%. Galcd 
for G28H3403: G, 80.34; H, 8.19%. 

7 7-Benzoyloxy-12-methoxyabieta-8,7 7,13-trien-6-one (8). 
A solution of 7 (1.760 g) and m-chloroper benzoic acid 
(70%: 1.14 g) in dichloromethane (20 ml) was allowed to 
stand at 0—5 °G for 45 min. The solution was diluted with 
ether and then washed successively with aqueous potassium 
iodide, aqueous sodium thiosulfate, aqueous sodium hydrogen-
carbonate, and water. After drying over sodium sulfate, 
the solution was evaporated in vacuo to give a crude epoxide 
which was immediately subjected to the next reaction. 

A solution of the above epoxide and concentrated hydrochlo­
ric acid (2.0 ml) in ethanol (40 ml) was refluxed for 1.5 h. 
After the solution had been concentrated in vacuo, the residue 
was extracted with ether. The ether extract was washed 
with aqueous sodium hydrogencarbonate and brine, dried 
over sodium sulfate, and then evaporated in vacuo. The 
crude product was recrystallized from ethanol to give a ketone 
(8) (580 mg: 31.8%); mp 182—184 °G; [a]D +105°; IR: 
1735; 1718 cm-1; NMR: 1.05 and 1.31 (each 3H and s, 

-C(CH3)2), 1.25 (6H, bd, J=l Hz, -CH(CH3)2), 1.31 (3H, 
bs, G10-GH3), 2.50 and 2.68 (each ca. 0.5H and bs, C5-H),4> 
3.57 and 3.65 (each ca. 2.5H and bs, -GOGH2- and 
-OCH3),

4> 6.79 (1H, s, G14-H), 7.45—7.7 (3H, m) and 
8.05—8.35 (2H, m) (aromatic protons). Found: G, 77.29; 
H, 7.87%. Galcd for G28H3404: G, 77.39; H, 7.89%. 

The mother liquor of the above crystallization was evapo­
rated in vacuo and the residue was chromatographed on 
silica gel (80 g) using ether-benzene ( 1 : 99) as the eluent 
to give additional 8 (485 mg: 26.6%). 

72-Methoxyabieta-8,11,73,-triene-6ß, 11-diol (9). A mix­
ture of 8 (1.460 g), lithium aluminium hydride (380 mg), 
and dry ether (50 ml) was refluxed for 1.5 h. The mixture 
was poured into a mixture of ice and aqueous ammonium 
chloride, and extracted with ether. The ether extract was 
washed with brine, dried over sodium sulfate, and evaporated 
in vacuo. The residue was purified by column chromatography 
on silica gel (20 g), using ether-benzene (3:97) as the eluent, 
to give an alcohol (9) (908 mg: 80.8%), which was recrystal­
lized from hexane; mp 157.5—158.5 °G; [a]D+34.8°; IR: 
3520, 3410 cm-1; NMR: 1.03 and 1.27 (each 3H and s, 

-G(GH3)o), 1.19 and 1.21 (each 3H, d, and 7 = 7 Hz, -CH-
(GH3)2), 1.65 (3H, s, G10-GH3), 3.72 (3H, s, -OGH3), 4.51 
(1H, m, Wlh=9 Hz, G6-H), 5.92 (1H, s, G n -OH) , 6.32 
(1H, s, G14-H). Found: G, 75.84; H, 9.73%. Galcd for 
G21H3203: G, 75.86; H, 9.70%. 

6ß-Hydroxy-12-methoxyabieta-8,1 2-diene-11,7 4-dione (10). 
A solution of 9 (386 mg) and m-chloroper benzoic acid 
(80%: 429 mg) in dichloromethane (10 ml) was allowed to 
stand at room temperature for 30 h, and then diluted with 
ether. The solution was washed successively with aqueous 
potassium iodide, aqueous sodium thiosulfate, aqueous 
sodium hydrogencarbonate, and brine. After drying over 
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sodium sulfate, the solution was evaporated in vacuo and 
the crude product was purified by column chromatography 
on silica gel (40 g), using ether-benzene (2:98) as the eluent, 
to give the recovered 9 (64 mg: 16.6%) and a quinone 
compound (10) (222 mg: 55.2%) which was recrystallized 
from methanol; mp 212—214 °G; [a]D -51 .9° ; IR 3625, 
3525, 1655, 1640, 1605 cm"1; NMR (GDG13): 1.02 and 1.26 

(each 3H and s, -C(CH3)2), 1.21 (6H, d, J=l Hz, -CH-
(GH3)2), 1.69 (3H, s, C10-CH3), 3.90 (3H, s, -OGH3), 4.67 
(1H, m, Wl/2=9Hz, G6-H). Found: G, 72.81; H, 8.75%. 
Galcd for G21H30O4: G, 72.80; H, 8.73%. 

7 7,14-Diacetoxy-72-methoxyabieta-8,7 7,13-trien-6-one (13) • 
A solution of 10 (495 mg) in acetone (20 ml) was oxidized 
with Jones reagent (2.67 mol dm"3: 0.75 ml) at 0—5 °G 
for 5 min and then diluted with ether. The solution was 
washed with brine, dried over sodium sulfate, and evaporated 
in vacuo to give a crude 6-oxo compound (11); IR: 1720, 
1655, 1640, 1605 cm-1. 

The above crude compound (11) was dissolved in benzene 
(12 ml) and the solution was stirred and refluxed for 10 min 
with a mixture of zinc powder (1.2 g) and dilute hydrochloric 
acid (10% : 12 ml). After cooling, the mixture was extracted 
with ether and the extract was washed with brine, dried 
over sodium sulfate, and evaporated in vacuo to give a crude 
phenol (12). 

The crude phenol (12) was immediately acetylated at 
75—80 °G for 1.5 h with acetic anhydride (1.0 ml) and 
pyridine (2.0 ml). After the usual work-up, the product 
was purified by column chromatography on silica gel (30 g), 
using ether-benzene (5:95) as the eluent, to give a diacetate 
(13) (327 mg: 53%) which was recrystallized from methanol; 
mp 183.5—185 °G; [a]D +130°; IR: 1765, 1720 cm"1; 

NMR (GDG13): 1.02 and 1.22 (each 3H and s, -C(CH3)2), 
1.29 (6H, d, 7 = 7 Hz, -GH(GH3)2), 1.36 (3H, s, G10-GH3), 
2.34 (6H, s, 2-OCOCH3), 2.65 (1H, bs, G5-H), 3.25(2H, 
bs, -GOGH2-), 3.74 (3H, s, -OGH3). Found: G, 69.79; 
H, 8.06%. Galcd for G25H3406: G, 69.74; H, 7.96%. 

7 7-Acetoxy-6,74-dihydroxy-72-methoxyabieta-5,8,7 7,73-tetraen-7-
one (15). A solution of 13 (372 mg) in acetone 
(6.0 ml) was oxidized with Jones reagent (2.67 mol dm - 3 : 
0.6 ml) at room temperature for 2 h. After the same work-up 
as described for the preparation of 11, the crude 6,7-dioxo 
compound (14) was purified by repeated column chroma­
tography (3 times) on silica gel, using hexane-chloroform 
(3:7) as the eluent, to give a diosphenol derivative (15) (129 
mg: 37.2%) which was recrystallized from methanol; mp 

U 12-Methyl Ether 2613 

145—146 °G; [a]D +17.9°; IR: 3410, 3160, 1765, 1640, 

1615, 1595 cm-1; NMR (GDG13) : 1.44 (9H, s, -G(GH3)2 and 
G10-GH3), 1.38 (6H, bd, J=l Hz, -GH(GH3)2), 2.35 (3H, 
s, -OGOGH3), 3.73 (3H, s, -OGH3), 6.92 (1H, s, G6-OH), 
13.00 (1H, s, G14-OH). Found: G, 68.66; H, 7.61%. Galcd 
for G23H30O6: G, 68.63; H, 7.51%. Further elution gave 
the recovered 13 (176 mg: 47.4%). 

Coleon U 12-Methyl Ether (6,77,74-Trihydroxy-72-methoxy-
abieta-5.8,77,73-tetraen-7-one) (3). A mixture of 15 (157 
mg)> 47% hydrobromic acid (0.5 ml), and acetic acid (4.0 ml) 
was heated at 95—100 °G for 1 h in a stream of nitrogen. 
The reaction mixture was cooled, diluted with ether, and 
then washed successively with water, aqueous sodium hy-
drogencarbonate, and brine. The dried solution was evaporat­
ed in vacuo and the residue was purified by column chromatog­
raphy on silica gel (15 g) using hexane-chloroform (1 : 1 ) to 
give coleon U 12-methyl ether (3) (40 mg: 28.3%), which 
was recrystallized from hexane; mp 174—176°G dec; [a]D 

-12 .4° ; IR: 3520, 3410, 1642, 1617, 1598 cm"1; NMR 
(GDG13); 1.40 and 1.42 (each 3H, d, and J = 7 H z , 

-CH(CH3)2) 1.44 (6H, s, -C(CH3)2), 1.65 (3H, s, G10-GH3), 
3.79 (3H, s, -OGH3), 5.74 (1H, s, G n -OH) , 6.93 (1H, s, 
G6-OH), 12.57 (1H, s, G14-OH). Found: G, 70.04; H, 
7.94%. Galcd for G21H2805: G, 69.97; H, 7.83%. The 
identity of the synthetic sample (3) with natural coleon U 
12-methyl ether was confirmed by mixed melting point 
determination and by IR and NMR spectral comparisons. 

Further elution gave the recovered 15 (62 mg: 39.4%). 

The authors are grateful to Arakawa Chemical Go. 
Ltd. for a generous gift of rosin. Thanks are also 
due to Professor C. H . Eugster for kindly supplying 
the natural sample. 
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Asymmetric Cyclization of Propylene Chlorohydrins Catalyzed by an 
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By using an optically active cobalt complex, iV,iV/-disalicylidene-(li?,2/2)-l,2-cyclohexanediaminatocobalt(II), 
as a catalyst, optically active methyloxirane was synthesized by the asymmetric elimination of hydrogen chloride 
with a base from racemic propylene chlorohydrins. The highest optical purity of methyloxirane so far obtained 
was 35%, observed when 2-chloro-l-propanol and potassium carbonate were used as substrate and base, respec­
tively. The optical rotations of the products and of the unchanged substrates indicate that (£)-l-chloro-2-propanol 
reacted selectively to produce (S)-methyloxirane, whereas in the case of 2-chloro-l-propanol, the (R)-isomer was 
preferentially cyclized to give (S) -methyloxirane with inversion of the asymmetric carbon. The physicochemical 
data of the circular dichroism and absorption spectra indicated a complexation of the optically active cobalt (I I) 
species with potassium carbonate, either the (R)- or (S)-substrate interacting selectively with the Go*/K2G03 

complex formed, followed by cyclization of the substrate. 

There has been considerable interest in the reactivi­
ties of the square-planar, tetradentate Schiff base 
complexes of cobalt, such as cobaloxime and Co(salen) 
in connection with coenzyme B12.1,2) The reactions 
of low-spin complexes of cobalt (I) and cobalt (II) with 
organic halides are of some biochemical importance 
and constitute a versatile preparative method for 
organocobalt compounds. Schrauzer has presented 
evidence indicating that the reaction of vitamin B12s 

with alkyl halide follows an SN2 mechanism,3) involving 
powerfully nucleophilic cobalt (I) species. On the other 
hand, Halpern et al. reported that the cobalt(II) 
complexes such as pentacyanocobaltate(II) and cobalt-
oxime(II) react with organic halides by a free radical 
mechanism.4) 

We recently reported the synthesis of an optically 
active cobalt complex, iVr,iVr,-disalicylidene-(l/?,2/?)-
1,2- cyclohexanediaminatocobalt (II), Co ( 11 ) (sal) 2 (R-
CHXDA), and asymmetric reactions using the Co1 

complexes, reduced derivatives of Co(II)(sal)2(Ä-
CHXDA).5) In continuation of our studies,6-8) we 
report here the synthesis of optically active methyl­
oxirane by asymmetric cyclization of propylene chlo­
rohydrins in the presence of the Go(II)(sal)2(Ä-
CHXDA) complex, a reaction which presumably in­
volves an interaction between the cobalt species and 
C-Cl bond of the substrate prior to cyclization. 

Experimental 

Measurements. Absorption spectra were measured 
with a Shimadzu automatic recording spectrophotometer 
Model MPS-50L, and CD spectra with a JASGO Model 
J-20 spectrometer. Optical rotations were observed with a 
Perkin-Elmer Polarimeter Model 241. GLG analyses were 
carried out with a Hitachi Model K-53 Gas Chromatograph 
equipped with a column containing PEG. Thermogravimetry 
(TG) and differential thermal analyses (DTA) were made 
using a Rigaku-denki Model TG-DTA instrument. 

Preparation of Co (II) (sal) 2 ( K-CHXDA). Reagents 
were purified by standard methods.9) The Co(II)(sal)2-
(Ä-GHXDA) complex was prepared by a method described 
previously. iV,iV-Disalicylidene-(li?,2i?) - 1,2-cyclohexanedi-
amine, prepared by the reaction of (li?,2i?)-l,2-cyclohex-
anediamine and two molar equivalents of salicylaldehyde, 

was allowed to react with anhydrous cobalt acetate in 1-
propanol at 60 °G for 1 h with stirring to give Co(II)(sal)2-
(i?-GHXDA) as an orange-red powder.5) 

Preparation of Propylene Chlorohydrin. l-Chloro-2-
propanol was prepared by modifying the procedure of Stewart 
and Vanderwerf.10) Into a 2-L flask fitted with reflux con­
denser, stirrer, and dropping funnel was added IL of dry 
ether and 50 g( 1.28 mol) of LiAlH4. After the mixture 
was cooled, 330 g(3.6 mol) of chloroacetone was added over 
a period of 6 h with stirring. The reaction mixture was 
stirred for 1 h before decomposition of the excess hydride 
with water. The ether layer was dried over magnesium 
sulfate, and l-chloro-2-propanol was obtained by fractional 
distillation; bp 50.5 °G/30 mmHg, yield 55%. 2-Chloro-
1-propanol was prepared by an analogous procedure involv­
ing the reduction of a-chloropropionic acid with LiAlH4; 
bp 53°C/29mmHg, yield 35%. 

Thermal Analyses of Potassium Carbonate and Co(II)(sal)2-
(R-CHXDA). T h e T G and D T A curves of commercial 
potassium carbonate, Co(II)(sal ) 2 ( i?-CHXDA), and a mixture 
of the carbonate and Go11 complex are shown in Fig. 1. The 
results indicate that reagent grade potassium carbonate 
contains a small amount of water and that it can be com­
pletely dried by heating at 130—150 °G. T h e Go(II)(sal)2-
(i?-GHXDA) complex does not decompose on heating with 
carbonate up to 200 °G, as was also confirmed by infrared 
studies. 
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Fig. 1. TG and DTA curves for the systems of Go* (11)/ 

K2C03 ( ), K2C03 ( ), and Go*(II) ( ). 
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Asymmetrie Cyclization of Propylene Chlorohydrins. Into 
a 50ml-flask was charged 0.1895 g(0.5 mmol) of Go(II)-
(sal)2(#-CHXDA) and 8.292 g(60 mmol) of potassium car­
bonate. The mixture was dried at 130—150 °G for 3 h 
in vacuo. The experiment with hydrous K 2 G0 3 did not 
require this period of heating. After cooling, 40 ml of solvent 
was added under dry nitrogen. A 120 mmol of 1-chloro-
2-propanol or 2-chloro-l-propanol was added to the suspended 
solution and the reaction mixture was stirred at 25 °G. After 
an appropriate reaction time, the methyloxirane formed 
and the unconverted substrate were analyzed by gas chro­
matography. The optical rotations of the methyloxirane 
and propylene chlorohydrins recovered by fractional distilla­
tion were measured. 

The optical purities (e.e.) of methyloxirane were evaluated 
from the optically pure methyloxirane, [a0]D= +12.53° 
(neat).11) The expected optical purities (£.£.caicd) of methyl­
oxirane in Tables 1 and 2 were evaluated from the optical 
purities of the recovered substrates; £.£.Caicd=H/[ao]{(100 — 
conv.)/conv.}xl00. [a 0 ] D =-19.19° (c 5.17 CHCl3)

12> and 
[aolD=— 6.544° (neat) (calculated by, [ a j (neat) = [ a j 
(GHG13) • [a] (neat)/[a] (GHG18)) for pure (#)-l-chloro-2-
propanol. [ a J D = + 17.39°(neat)13) for pure (S)-2-chloro-l-
propanol. 

R e s u l t s and D i s c u s s i o n 

The complex, iVr,iVr,-disalicylidene-(lA52A)-l,2-cyclo-
hexanediaminatocobalt(II) , has been established as 

^:^/~P 

low-spin square-planar complex (//eff 2.41 B.M.) hav­
ing a A-conformation of the central chelate ring.5) 
By using the Go(II)(sal)2(Ä-GHXDA) complex as a 
catalyst, asymmetric cyclization of 1-chloro-2-propanol 
or of 2-chloro-l-propanol was examined, according 
to the following principle. Namely, optically active 
methyloxirane may be obtained when either (R)- or 
(S) -substrate selectively interacts with the optically 

(A5)-GH3-GH-GH2-

OHG1 
or 

(ÄS)-CH8-CH-CHa-

Gl OH 

Co* 

base 
H3G-GH—GH2 + Base-HCl 

active cobalt species, followed by the elimination of 
hydrogen chloride from the selected substrate with a 
base. The results with [Co(I I I ) (sa l ) 2 (Ä-CHXDA)]+I-
reported previously,8) and subsequent experiments 
using a variety of bases, revealed that the combina­
tion of Co(II)(sal) 2 (Ä-CHXDA) with potassium car­
bonate was most effective for this asymmetric reaction. 

Asymmetric Cyclization. The reactions of 1-chloro-
2-propanol and of 2-chloro-l-propanol with potassium 
carbonate were carried out in the presence of catalytic 
amounts of Co(II)(sal) 2(Ä-CHXDA) in several solvents. 
To make comparison with these reactions, analogous 
experiments without the Co11 complex were performed 
under similar conditions. Potassium carbonate is 
hygroscopic, and thus a small amount of H 2 0 (or 
O H " ) contained in it may affect the asymmetric 
reaction by functioning as a solvating agent for K 2 C 0 3 

and/or axial base for the Co11 complex. Thermal 
analyses (see Experimental) showed that commercial 

TABLE 1. SYNTHESIS OF METHYLOXIRANE (Me-oxir) BY THE ASYMMETRIC CYCLIZATION 

OF l-CHLORO-2-PROPANOL ( 1 - G l - P r O H ) 

Base 

Hydrous 
K 2 G0 3 

/ 
Dry K 2G0 3 

' 

Solvente 

Diox 
Diox 
Diox/HaO 
PrOH 
PrOH 
DGE 
DGE 
GH2G12 

GH2Gl2 

^PhCl 

Diox 
PrOH 
DGE 

Co*(II)b> 

yes 
— 
yes 
yes 
— 
yes 
— 
yes 
— 
yes 

yes 
yes 
yes 

Time 
day 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

5 
5 
5 

Gonv.c> 

% 

17.2 
6.7 

11.1 
47.8 
47.0 
42.5 
18.4 
47.7 
23.1 
43.1 

16.4 
28.2 
47.7 

Me-oxird> 
l-Gl-2-PrOH 

% 

69 
23 
47 
80 
77 
86 
82 
87 
88 
85 

82 
96 
87 

Me-

M 2
D ° e> 

0 

- 3 . 0 5 
— 

- 2 . 9 6 
- 1 . 6 8 

— 
- 2 . 7 0 

— 
-1.141) 

— 
- 2 . 2 2 

- 2 . 8 3 
- 0 . 9 0 
- 0 . 7 9 

oxir 

e.eV 
% 

24.3 
— 

23.6 
13.4 

— • 

21.5 
— 

18.3 
—-

17.7 

22.6 
7.2 
6.3 

l-Gl-2-PrOH 

0 

- 0 . 2 6 
— 

- 0 . 1 8 
- 0 . 9 8 

— 
- 1 . 2 6 

— 
- 1 . 1 5 

— 
-2.85J) 

- 0 . 3 3 
- 0 . 2 5 
- 1 . 1 1 

^•^•calcd 

19.2 
— 
— 

16.3 
— 

25.9 
— 

19.3 
— 
— 

25.9 
9.7 

18.5 

a) Diox: dioxane, PrOH: 1-propanol, DGE: 1,2-dichloroethane, PhCl: chlorobenzene, Diox/HaO: 40/l(v/v). b) 
Co(II)(sal)a(Ä-CHXDA). c) Conversion of l-Gl-2-PrOH. d) Me-oxir formed/l-Gl-2-PrOH converted (mol/mol) 
XlOO. e) Specific rotation of Me-oxir formed, f) Optical purity of Me-oxir formed; [a]D= + 12.53° (Ref. 11) 

for pure (R)-Me-oxir. g) Specific rotation of non-reacted l-Gl-2-PrOH recovered, h) Optical purity of Me-oxir, 
evaluated from the optical purity of non-reacted l-Gl-2-PrOH; £.£.caic<i — [a]/[a0]{( 100 — conv.)/conv.} X 100; [a0]D = 
-19.19° (c 5.17 GHGI3) (Ref. 12), -6 .544° (neat) [calcd, [a0](neat) = [ao](GHGl«) • [a](neat)/[a](GHGl3)J or 
pure (i?)-l-Gl-2-PrOH. i) Measured in GH2G12 soin, j) Measured in PhCl/m-xylene soin. 
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TABLE 2. SYNTHESIS OF METHYLOXIRANE (Me-oxir) BY THE ASYMMETRIC CYCLIZATION 

OF 2-CHLORO-l-PROPANOL ( 2 - C l - l - P r O H ) 

Base 

Hydrous < 
K 2G0 3 

Dry K 2 G0 3 < 

Solventa> 

Diox 
Diox 
PrOH 
PrOH 
DGE 

^DGE 

/Diox 
Diox 
PrOH 
PrOH 
DGE 
DGE 

Co*(II)b> 

yes 
— 
yes 

yes 
— 

yes 
— 
yes 

yes 
— 

Time 
day 

15 
6 
5 
5 
4 
4 

4 
4 
5 
5 
5 
5 

Conv.c> 

% 

9.9 
2.6 

39.7 
33.9 
20.3 
43.4 

8.8 
trace 
41.9 
35.5 
40.3 
17.8 

Me-oxird) 
2-Gl-l-PrOH 

% 

62 
66 
83 
87 
77 
25 

84 
— 
87 
75 
88 
82 

Me-

M 2
D

0 e > 
O 

- 4 . 4 4 
— 

- 0 . 2 6 

- 1 . 2 3 
— 

- 4 . 3 9 
— 

- 1 . 9 2 

- 3 . 3 4 
— 

oxir 

e.e.') 

% 

35.4 
— 
2.1 

9.8 
— 

35.0 
— 

15.3 

26.7 
— 

2-Gl-l-PrOH 

[a]S«> e.e.c*lciV 
o o/ 

/o 

+ 0.271) — 
— — 

+ 0.22 1.9 

+ 0.75 16.7 
— — 

+ 0.64 38.3 
— — 

+ 1.71 13.6 

+ 3.25 27.7 
— — 

a)—h) As in 
soin. 

Table 1. [a]2
D

6= 17.39° (neat) (Ref. 13) for pure (5)-2-Gl-l-PrOH. i) Measured in Diox/m-xylene 

potassium carbonate contained about 2 .7% water (i.e., 
0.213 mol of H 2 0 per mol of K 2 C 0 3 ) and that the 
carbonate was completely dried by heating at 130— 
150 °C in vacuo. W e used both dry potassium carbonate 
(dry K 2 C 0 3 ) and commercial carbonate (hydrous 
K 2 C 0 3 ) as bases for the cyclization reactions. 

The results with l-chloro-2-propanol and 2-chloro-
1-propanol are summarized in Tables 1 and 2, re­
spectively. All the asymmetric reactions gave (S)( —)-
methyloxirane. The highest optical purity was 35 .4% 
( [ a ] D = — 4.44°), when the cyclization of 2-chloro-l-
propanol was carried out in a dioxane solution. The 
highest e.e. value from l-chloro-2-propanol was 2 4 . 3 % , 
which was observed in the reaction with hydrous 
K 2 C 0 3 in dioxane as well. The unchanged l-chloro-
2-propanol recovered showed (—) optical rotation, 
while the unchanged 2-chloro-l-propanol gave ( + ) 
rotation. These facts suggest that (£)-L-( + )-l-chloro-
2-propanol is selectively bound to the optically active 
cobalt complex and converted to (S) - L - ( — ) -methyl­
oxirane where no reaction is involved at the asymmetric 
center. They also suggest that the cyclization reac­
tion of (jR)-D-(-)-2-chloro-l-propanol to ( S ) - L - ( — )-

methyloxirane involves an inversion of configuration 
at the asymmetric carbon. The stereochemistry of 
the oxirane formation from halohydrin can be explained 

(H+) 0" 

Me u 
H 

\ 
CI 

(S)(O-1-Cl-2-Pr0H 

Me 
0"(H+) 

* C-
/ 

CI 
H H 

(SX-)-Methyloxirane 

(R) ( - ) -2 -CM-PrOH 

by assuming a mechanism in which cyclization takes 
place by a backside attack of the alcoholate anion 
formed initially by the action of a base, at the carbon 
atom bearing the leaving halogen atom.14) This SN2 
ring-formation is considered to hold mainly for the 
above kinetic resolution reactions. 

All the reactions using dry K 2 C 0 3 resulted in higher 
conversions of the reacted substrates to methyloxirane, 
as compared to the corresponding reactions with hy­
drous K 2 C 0 3 . The ratios of methyloxirane formed 
to reacted 1-chloro-2-propanol or 2-chloro-l-propanol 
in Tables 1 and 2 are higher than 8 0 % , implying that 
side reactions such as polymerization are considerably 
suppressed. This behavior is also demonstrated by 
the data in dioxane in Table 1 ; the ratios are 82, 69, 
and 4 7 % for dry K 2 C 0 3 (Diox), hydrous K 2 C 0 3 

(Diox), and hydrous K 2 C 0 3 ( D i o x - H 2 0 ) , respectively. 
O n the other hand, there is a tendency that, in regard 
to asymmetric selectivity, use of dry K 2 C 0 3 , instead 
of hydrous K 2 C 0 3 , causes decrease in selectivity in 
the reactions with 1 -chloro-2-propanol, while methyl­
oxirane having higher optical activities is obtained 
from 2-chloro-l-propanol. 

The solvent effects were found to be complicated, 
as might be expected, since the solvents used have 
functional groups and heterogeneity of the reaction 
system is changeable according to the nature of solvent. 
The reaction in dioxane resulted in the best asymmetric 
selectivity, although the conversion was poor. In 1-
propanol, a satisfactory yield of methyloxirane was 
obtained but the selectivity was disappointing. The 
results in 1,2-dichloroethane solvents are of interest; 
especially in the reaction of 2-chloro-l-propanol with 
dry K 2 C 0 3 , a fairly high selectivity (e.e. 26.7%) was 
observed in spite of a high conversion (40.3% based 
on initial substrate and 80 .6% on K 2 C 0 3 ) . A similar 
result was obtained for the 1-chloro-2-propanol/hydrous 
K 2 C 0 3 system. 

It is considered that, as for cyclization in the presence 
of Co(II)(sal)2(jR-CHXDA), the reaction proceeds by 
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two parallel pathways, with respective cobalts-catalyz­
ed and non-Co*-catalyzed mechanisms, as given by 
Eqs. 1 and 2. 

Co* 

• methyloxirane* (1) 

• methyloxirane (2) 

substrate -f K 2 C0 3 

substrate -f K 2 C0 3 

The data with dry K 2 C 0 3 in Table 2, which were 
the most reproducible, indicated that the highly asym­
metric selectivity was achieved in dioxane because the 
Co*-catalyzed reaction (Eq. 1) took place almost ex­
clusively. The reaction in 1-propanol, a highly polar 
solvent, involved to a considerable extent the non-
Co*-catalyzed pathway (Eq. 2) in addition to Eq. 1, 
producing methyloxirane with low optical purity. T h e 
e.e. values of methyloxirane formed in the three solvents 
decrease in this order: d ioxane> l ,2-dichloroethane> 
1-propanol; this is consistent with the presumed order 
of the extents of Eq. 1 involved in the asymmetric 
reactions. 

Mechanism of Asymmetric Cyclization. In order 
to obtain insight into the mechanism of the asymmetric 
cyclization of propylene chlorohydrins, the reaction 
systems were investigated by absorption and circular 
dichroism (CD) spectroscopy. The absorption spec­
trum of the Co(II)(sal)2(Ä-CHXDA) complex itself 
and that of a binary system of Co(II)(sal) 2(Ä-CHXDA) 

16 20 24 28 

Wave number/103 cm - 1 

Fig. 2. The absorption spectra of Co* (II) (-
of Co*(II)/K2C03 ( ) in dioxane. 

-) and 

Fig. 4. A possible structure of Co*(II)/K2C03 complex. 

and dry K 2 C 0 3 are shown in Fig. 2. The spectrum 
of the latter is very similar to that of the Co11 complex 
itself and is completely different from those of such 
Co1 complexes as Li+[Co(I) (sa l ) 2 (Ä-CHXDA)]- 5> and 
Na+[Co(I)(salen)]-.1 5) This indicates that the cobalt 
species in the Co( I I ) ( sa l ) 2 (A-CHXDA)/K 2 C0 3 system 
is not reduced to Co1, but remains as the Co11 state. 

The CD spectra of Co(II)(sal) 2(Ä-CHXDA) itself 
and systems of C o n / K 2 C 0 3 , Co n /K 2 C0 3 / l - ch lo ro -2 -
propanol, and Co n /K 2C0 3 /2-chloro-1-propanol are 
depicted in Fig. 3. A marked spectral difference is 
observed between the C o n / K 2 C 0 3 system and the 
Co11 complex itself, which indicates the formation of 
a complex between the Co(II)(sal) 2(Ä-CHXDA) and 
K 2 C 0 3 by combination of a potassium atom of K 2 C 0 3 

with the two phenolic oxygens (Fig. 4), as suggested 
by related systems. 16> 

Little change occurred in the CD spectrum when 
l-chloro-2-propanol was added to the C o n / K 2 C 0 3 sys­
tem, whereas a drastic change was observed in the case 
of 2-chloro-1-propanol, as shown in Fig. 3. T h e CD 
spectral data for the Co H /K 2 C0 3 /p ropylene chlorohy-
drin systems suggest the formation of new chiral com­
plexes such as (A) and/or (B).4) 

ÇH3 

*CH(0H) 

CHo 
I l 

CI 

O^OH 

*CH(CH 3 ) 

CI 

I 3 

*CH(0H) 

CH0 

CH2OH 

I I I ' * J H < C H 3 > 
/ C o / K ^ /c^y^COj /^J*2C03 /~C°~7*2C03 

( A ) ( B ) 

1" 

' \ '7 
/r\ I 
V \ I1 

' S 1 ~ ** 

\ 

w 

Fig. 3. The CD spectra for the systems of Co* (II) ( ), 
Co*(II)/K2C03 ( ), Co*(II)/K2C03/l-Cl-2-PrOH 
( ), and Co*(II)/K2C03/2-Cl-l-PrOH ( ). 
Measured as dioxane solutions saturated with the Co* 
species. 

The large CD spectral change for the system of 
2-chloro-1-propanol can be interpreted in terms of 
large chiral and steric effects of the asymmetric moiety, 
C l C * H ( C H 3 ) C H 2 O H or - C * H ( C H 3 ) C H 2 O H , on the 
chiral circumstance around the central cobalt atom, 
compared with the case of 1-chloro-2-propanol system. 
The complexes of type (B) are considered to be rear­
ranged to ketone or aldehyde under basic conditions; 
the formation of methyloxirane from the (B)-complexes 
seems unlikely.5»17) 

O n the basis of the results so far obtained, this kinetic 
resolution type reaction which gives rise to optically 
active methyloxirane from l-chloro-2-propanol or 2-
chloro-1-propanol is considered to proceed by the 
mechanism depicted in Scheme 1 ; the selection of 
(R)- or (S)-substrate would take place at the stage of 
coordination of the substrate onto the chiral cobalt 
complex. 
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Further investigations are now in progress. 

K2C03 

[Co*] [Co*-K2C03] 

[Co*- K2C03 • Substrate*] 

Scheme 1. 
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A New Peptide Synthesis Using 2-Fluoro-l,3,5-trinitrobenzene. 
Syntheses of Thyrotropin Releasing Hormone and Leucine-Enkephalin 
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2-Fluoro-l,3,5-trinitrobenzene has been found to be a useful new condensing reagent for peptide synthesis. 
A variety of dipeptides have been prepared from the corresponding amino acids with the reagent. The Young 
test under certain conditions did not cause racemization during the procedures. Subsequent application of this 
reagent enabled the syntheses of thyrotropin releasing hormone and leucine-enkephalin in good yields. 

It has been reported1»2) that the readily available 
2-fluoro-l,3,5-trinitrobenzene(FTNB) is a useful new 
condensing reagent for the preparation of amides, 
esters, and thiocarboxylic t e s t e r s . I n this paper, 
the syntheses of various dipeptides and biologically 
active peptides, thyrotropin releasing hormone (TRH) 
and leucine-enkephalin are described. 

As a preliminary, several iV-benzyloxycarbonyl(Z) 
dipeptide esters were prepared by the reaction of JV-
benzyloxycarbonyl amino acids with amino acid esters 
using FTNB as a condensing reagent, as shown in 
Table 1. To an equimolar solution of iV-benzyloxy-
carbonyl amino acid and FTNB in acetonitrile was 
added an acetonitrile solution of pyridine (one equiv­
alent) at 0 °C under a nitrogen atmosphere. After 
stirring for 3 h at 0 °G, the amino acid ester (one equiv­
alent) was added to the reaction mixture, followed 
by the addition of a solution of pyridine (one equiv­
alent) in acetonitrile. The solution was stirred for 
several hours and then worked up to give the desired 
dipeptide l a — g in good yield (Table 1). 

In a similar manner , the iV-J-butoxycarbonyl(Boc) 
dipeptide esters (2a—e) were obtained in excellent 

yields, the results of which are given in Table 2. 
Compound l g was obtained in good yield with 

no side reactions such as O-acyl derivatives3) without 
protection of the hydroxyl group of 7V-(benzyloxycarbon-
yl)serine. The condensation reaction of amino acids 
containing bulky substituents (2b,c) also proceeded 
smoothly giving the desired products in good yields. 
FTNB is then an excellent condensing reagent for 
peptide synthesis. 

The reaction appears to proceed via a mechanism 
similar to the formation of amides1) and esters2) as 
illustrated in the following scheme: First, the anionic 
sigma complex 3 is formed by the reaction of the amino 
acid with F T N B in the presence of pyridine followed 
by the elimination of the picrate to produce an inter­
mediate acyl fluoride 4, which then reacts with amino 
acid esters to give the corresponding dipeptide 5. 

Fragment condensation is frequently used to syn­
thesize the more complex peptides, however, the problem 
of racemization of the acyl peptide exists. Consequent­
ly the Young test4) was applied to determine the ap­
plicability of the FTNB method to fragment condensa­
tion. The results of which are given in Table 3. The 

TABLE 1. PREPARATION OF BENZYLOXYCARBONYL DIPEPTIDE ESTERS 

0 ° C , 3 h H - A . A . - O R , Py 

l a 
l b 
lc 
Id 
le 

If 

lg 

2a 
2b 
2c 
2d 
2e 

Product 

Z-Ile-Gly-OEt 
Z-Gly-Gly-OEt 
Z-Ala-Gly-OEt 
Z-Val-Gly-OEt 
Z-Met-Gly-OEt 

Bzl 

Z-Cys-Gly-OEt 
Z-Ser-Thr-OMe 

Yield/% 

85 
85 
85 
85 
82 

80 
76 

xx | x y t 
in CH 3 CN 0 ° C , r, 

Mp/°G (lit) 

155—156(155—156) 
80—81 (80) 
99—100 (99—100) 

163—164(162—164) 
96—97 (94—96) 

97—98 (97—99) 
128—130(126—127) 

. t . , 3 h 

W D / ° (ht) 

-25 .9 (0 .65 , EtOH) (-

-22 .3 (3 .65 , EtOH) (-
- 2 7 . 2 (0.77, EtOH) (-
-19 .7 (3 .50 , EtOH) (-

-28 .9 (5 .86 , AcOEt) (-
+ 7.1 (1.98, DMF) ( 

TABLE 2. PREPARATION OF £-BUTOXYCARBONYL DIPEPTIDE ESTERS 

Boc-A. A, 
FTNB 

0 ° C , 1.5 h, 

Product 

Boc-Phe-Val-OMe 
Boc-Leu-Leu-OMe 
Boc-Ile-Ile-OMe 
Boc-Ala-Ala-OMe 
Boc-Ala-Val-OMea> 

Yield/% 

85 
81 
81 
76 
83 

. -OH, Py H-A.A. -OMe, Py 

» » 
in CH 3 CN 0 ° C , r . t . , 3 h 

Mp/°G (lit) 

117—118 (118—119) 
141—142 (141—142) 
157—158 (158—159) 
105—106 (105—108) 
63—64 

Boc-dipeptide-OMe 

M D / ° (Ht) 

- 1 1 . 0 (1.89, DMF) 
- 5 0 . 0 (0.39, MeOH) 
- 3 6 . 5 (0.51, MeOH) 
- 6 3 . 6 (0.66, MeOH) 
- 4 9 . 5 (0.31, MeOH) 

-25.6) 

-22.2) 
-27.0) 
-19.8) 

-27.0) 
:+6.9) 

( -11 .6) 
( -50 .4) 
( -33 .3) 
( -63 .8) 

Ref. 

13 
14 
13 
13 
15 

15 
16 

Ref. 

17 
18 
19 
17 

a) 2e exhibited NMR spectral data and elemental analysis in accordance with assigned structure. 
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P 1 

FTNB + Z-NH-CH-C02H • 
PY 

s Ök-CH-NH-Z 
ii 

N02 0 

pGlu P r o 

-P ICOH-PY Çl 
H-CH-C-F 

w 
0 

3 

NH2-CH-C02R5 
-HF-PY 

» Z-
Ci 

H-CH-C-N 
II 

0 
5 

R2 
H-CH-C02R3 

Boc-

Boc-

011 II-
IIC1 

FTNB 

H 2 / P d 

product obtained from the same procedures as de­
scribed in the preparation of the dipeptides using only 
F T N B was perfectly optically inactive, regardless 
of solvent(Entry 1, 2). Accordingly, the reaction con­
ditions which did not induce racemization were investi­
gated; this difficulty was satisfactorily overcome by 
employing the Eintopf method reported by Wünsch 
et al.h) As may be seen from the Table , the coexistence 
of additives such as iV-hydroxysuccinimide(HONSu) 
and JV- hydroxy - 5 - norbornene - 2 , 3 - dicarboximide 
(HONB) effectively suppressed racemization, twomolar 
amounts of additive being required. Furthermore, 
dichloromethane proved to be the best solvent among 
the solvents investigated. With respect to base, col-
lidine was especially effective. The reaction con­
ditions making use of collidine as a base in the presence 
of two molar amounts of H O N S u in dichloromethane 
gave opt imum results with 9 8 % optical purity (Entry 10). 

The results may be explained as follows. In the 
absence of additive, the intermediary amino acid 
fluoride is rapidly converted into the oxazolone regarded 
as an intermediate for racemization.6»7) In the presence 
of an additive, the amino acid fluoride reacts more 
rapidly with H O N S u to give the so-called "active 
ester" of HONSu, 8 ) which then reacts with the amine 
component to give the optically pure product. 

The opt imum conditions for suppression of racemiza-

„Bzl 
on II 

FTNB-IIONSu 
,,13 z l 

^Bzl 

/ B z l 

• NH2 

' NH2 (6) 

NII2 (7) 

•NII2 (8) 

NI!2 (9) 

Scheme 1. Synthesis of thyrotropin releasing hormone. 

tion were utilized to synthesize the biologically active 
peptides, T R H and leucine-enkephalin uisng the 
F T N B method. 

The synthesis of T R H was conducted as illustrated 
in Scheme 1. a-£-Butoxycarbonyl(Boc)-iV i m-benzyl 
(Bzl)histidine was condensed with prolinamide in 
the presence of two molar amounts of H O N S u using 
the F T N B method to give the dipeptide 6 ( 8 1 % 
yield after purification by column chromatography). 
Cleavage of the J-butoxycarbonyl group of the protected 
dipeptide 6 with 5 M-hydrogen chloride in ethyl acetate 
gave the deprotected product 7 (nearly quantitative 
yield), which was condensed with pyroglutamic acid 
using the F T N B method to give the desired protected 
tripeptide 8 (56% yield after purification by ion-
exchange resin column chromatography followed by 
preparative TLG) . Finally, debenzylation of the 
protected tripeptide 8 by catalytic hydrogénation 
over palladium black followed by purification of the 
reaction mixture by preparative T L G gave the desired 
product, pyroglutamyl-histidyl-prolinamide (9) in 7 5 % 
yield. The specific rotation was in accordance with 
the literature.9) 

The synthesis of leucine-enkephalin with opiate-

TABLE 3. THE RESULTS OF THE YOUNG TEST 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

FTNB + Bz-Leu-OH + Additive 
I II 

Additive 

none 
none 
HONSu 
HONSu 
HONSu 
HONSu 
HONSu 
HONSu 
HONSu 
HONSu 
HONB 
HONB 

Molar ratio 
II/I 

1 
1 
1 
1 
2 
2 
2 
2 
1 
2 

Reaction 

Base 

Py 
Py 
Py 
Py 
Py 
Py 
Py 

2,4-Lutidine 
2,6-Lutidine 
Collidine 

Py 
Py 

Base, Solvent H-Gly-

Time/h 

conditions 

Time/h 

2 
2 
3 
3 
3 
2 
2 
3 
3 
3 
2 
2 

OEt 

> B z - L e u - G l y - O E t 

Solvent*) 

C H 3 C N 

OHßOLj 

C H 3 C N 

THF 
GHG13 

CH2C12
C> 

CH2C12
C> 

CH2C12*> 

CH2C12
C> 

CH2C12
C> 

CH2C12
C> 

CH2C12
C> 

Yield 

60.0 
68.8 
45.6 
61.2 
65.0 
60.0 
60.0 
58.0 
59.3 
63.7 
50.0 
45.0 

Optical 
purity/% b> 

0 
0 

39.5 
34.1 
59.6 
76.5 
95.0 
72.6 
89.4 
98.3 
89.0 
94.5 

a) 5—6ml of solvent was used, b) Based on [a]2D° -34.0° (3.1, EtOH) reported by M. W. Williams and G. T. 
Young.4) c) 1 ml of GH3GN was added in addition to the solvent to dissolve the additive. 
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Tyr 

Boc-

Boc-

Boc-

Boc-

Boc-

Gly 

/ B z l 

B o c -

B o c -

Boc -

B o c -

-0H H-
(14) HCl 

x Bzl FTNB 

, B z l 

/ B z l 

,Bz l 

G l y 

- OH H-
FTNB 

otr 

Oll0 

OH0 

Phe 

OEt 

OEt ( lO) 

OH (11) II-

FTNB 

1) H 2 / P d 2) H+ 

Leu 

- OMe 

-OMe (12) 

-OMe (13) 

-OMe (15) 

-OH(16) H — 

FTNB-HONSu 

Scheme 2. Synthesis of leucine-enkephalin. 

-OMe 

-OMe (17) 

-OH (18) 

-OH (19) 

agonist activity was conducted according to Scheme 2. 
Saponification of the dipeptide 10, derived from the 
coupling of iV-(^-butoxycarbonyl) glycine with ethyl 
glycinate using the F T N B method, gave the dipeptide 
11 which was condensed with methyl phenylalaninate 
using the FTNB method to give the protected ester 
12 in 7 6 % yield. Treatment of 12 with 5 M-hydrogen 
chloride in ethyl acetate gave the desired deprotected 
tripeptide ester hydrochloride 13 in 8 1 % yield. The 
melting point and specific rotation were however in 
disagreement with the values reported by Voelter 
et al.10) In order to clarify the discrepancy, 12 was 
prepared by two other methods, the azide and DGG-
H O N S u methods, and subsequent deprotection of 
the J-butoxycarbonyl group of compound 12 was con­
ducted under the same conditions as described for 
the FTNB method. I t was found that the physical 
constants of the products obtained from the two methods 
were consistent with the values obtained from the 
FTNB method. a-J-Butoxycarbonyl-O-benzyl tyrosine 
(14) was condensed with the tripeptide 13 to give 
the tetrapeptide ester 15 in 8 1 % yield, which was 
saponified to give the deprotected tetrapeptide 16 
in 8 6 % yield. The desired pentapeptide ester 17 
was obtained from the coupling of 16 with methyl 
leucinate in the presence of two molar amounts of 
H O N S u thereby avoiding racemization ( 7 1 % yield). 
Saponification of 17 gave the pentapeptide 18 in 8 1 % 
yield, which was hydrogenated over 10 %-palladium 
on charcoal followed by cleavage of the J-butoxycarbonyl 
group to give the desired product, leucine-enkephalin 
(19) in 4 4 % yield after treatment with ion-exchange 
resin column chromatography. The melting point 
and specific rotation of the product were in accordance 
with the reported values.11) 

Exper imenta l 

All melting points are uncorrected. The NMR spectra 
were recorded on a JEOL/MH-60. The chemical shifts are 
reported on the ô scale relative to TMS as an internal standard. 
The IR spectra were measured with a JASGO IRA-1 dif­
fraction grating infrared spectrometer. The optical rotation 
values were measured with a JASGO DIP-SL Polarimeter. 

Materials. All solvents were distilled according to 
the usual methods and stored over a drying agent. Thin-

layer chromatography (TLG) and column chromatography 
were performed on Merck's Silica gel 60 PF254 (Type 7749), 
on Alumina Woelm (Act. 1), and on Merck's Aluminium 
oxide 90 (Type 1077). 

Z-Ile-Gly-OEt (la). To a solution of FTNB (116 
mg, 0.5 mmol) and Z-Ile-OH (113 mg, 0.5 mmol) in GH3GN 
(5 ml) was added a solution of pyridine (Py) (40 mg, 0.5 
mmol) in GH3GN (1 ml) dropwise at 0 °G under a nitrogen 
atmosphere. After stirring for 3 h at 0 °G, H-Gly-OEt • 
HG1 (70 mg, 0.5 mmol) was added to the reaction mixture, 
followed by the addition of a solution of Py (79 mg, 1 mmol) 
in GH3GN (1ml). The solution was stirred at 0 °G for 
1.5 h and for additional hours at room temperature. The 
reaction mixture was evaporated to dryness under reduced 
pressure and the residue partitioned between AcOEt and 
water. The AcOEt layer was washed successively with 
1M-HC1, 10%-NaHGO3, and a saturated solution of NaCl, 
dried over Na2S04 and evaporated to dryness in vacuo. 
The residue was subjected to neutral alumina column chro­
matography using benzene-AcOEt (1:1 v/v) as solvent to 
give a crystalline product. Recrystallization from benzene-
hexane gave the desired product l a in 85% yield (149 mg). 

In a similar manner, the dipeptides lb—g were obtained 
as shown in Table 1. 

Boc-Pke-Val-OMe (2a). To a solution of FTNB (116 
mg, 0.5 mmol) in GH3GN (5 ml) was added slowly a mixed 
solution of Boc-Phe-OH (113 mg, 0.5 mmol) and Py (40 
mg, 0.5 mmol) in CH3CN (5 ml) at 0 °G. After stirring 
for 1.5 h at 0 °G, H-Val-OMe • HG1 (84 mg, 0.5 mmol) was 
added to the solution followed by the addition of a solution 
of Py (79 mg, 1 mmol) in GH3CN (0.5 ml). The reaction 
mixture was stirred for 3 h at room temperature and worked 
up as described for la . The residue was subjected to neutral 
alumina column chromatography using benzene-AcOEt (1:1 
v/v) as solvent, followed by preparative TLG using benzene-
AcOEt (3:2 v/v) as solvent to afford the desired product. 
Recrystallization from benzene-hexane gave pure 2a in 
85% yield. 

By a similar procedure, the dipeptides 2b—e were obtained 
as shown in Table 2. The physical constants of 2e were in 
disagreement with the reported values,17> but the structure 
was confirmed by elemental analysis and NMR data as 
shown below: NMR (GDG13) Ô 0.93 (d, 6H, J = 7 H z ) , 
1.35 (d, 3H, J = 6 Hz), 1.44 (s, 9H), 1.80—2.40 (m, 1H), 
3.70 (s, 3H), 4.00—4.67 (m, 2H), 4.95—5.30 (bd, 1H, J= 
8 Hz), 6.45—6.90 (bd, 1H, J = 8 H z ) . Found: G, 55.59; 
H, 8.70; N, 9.27%. Galcd for G14H26N205: G, 55.61; H, 
8.67; N, 9.27%. 

Young Test (Bz-Leu-Gly-OEt). Entry 1 : To a solu-
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tion of F T N B (116 mg, 0.5 mmol) and B z - L e u - O H (118 mg, 
0.5 mmol) in C H 3 C N (5 ml) was added dropwise a solution 
of Py (40 mg, 0.5 mmol) in GH 3 GN (1ml ) at 0 °G under 
a nitrogen atmosphere. After stirring for 3 h at 0 °G, a 
solution of H - G l y - O E t (52 mg, 0.5 mmol) in C H 3 C N (2 ml) 
was added to the solution at 0 °G, followed by the addition 
of a solution of Py (40 mg, 0.5 mmol) in C H 3 G N ( 1 m l ) . 
T h e reaction mixture was allowed to stand overnight at 
room temperature and evaporated to dryness. T h e residue 
was dissolved in AcOEt and the solution washed successively 
with 10%-NaHGO 3 , 1M-HC1, and a saturated solution of 
NaCl and dried over N a 2 S 0 4 . After evaporation of the 
solvent, the residue was subjected to neutral a lumina column 
chromatography using benzene-AcOEt ( 1 : 1 v/v) as solvent 
followed by preparative T L G using benzene-AcOEt (3:2 
v/v) as solvent to afford the product in 6 0 % yield (96 mg) : 
m p 146—147 °G; [a]2

D° 0° (2.98, E t O H ) . Entry 10: T o a 
solution of B z - L e u - O H (118 mg, 0.5 mmol) , F T N B (116 mg, 
0.5 mmol) , and H O N S u (115 mg, 1 mmol) in GH 3 GN (1 ml) 
was added GH2G12 (5 ml) at 0 °G, followed by the addition 
of a solution of collidine (112 mg, 1 mmol) in GH2G12 (1 ml) . 
After stirring for 3 h at 0 °G, a solution of H - G l y - O E t (52 
mg, 0.5 mmol) in GH2G12 (2 ml) was added at 0 °G to the 
solution. The reaction mixture was allowed to stand over­
night and worked up as described for Entry 1. Yield, 108 
mg ( 6 4 % ) : m p 153—154 °G; [a]2

D
9 - 3 3 . 4 ° (2.15, E t O H ) . 

Boc-His(Bzl)-Pro-NH2 (6). T o a solution of F T N B 
(116 mg, 0.5 mmol) and H O N S u (115 mg, 1 mmol) in GH 3 GN 
( 1 ml) was added GH2G12 (5 ml) . T o the resulting clear 
solution was added dropwise a solution of Boc-His(Bzl ) -OH 
(173 mg, 0.5 mmol) and tr iethylamine(TEA) (101 mg, 1 
mmol) in GH2G12 (2 ml) at 0 °G. After stirring for 3 h at 
0 ° G , H - P r o - N H 2 . H G l (76 mg, 0.5 mmol) was added to 
the solution followed by the addition of a solution of T E A 
(51 mg, 0.5 mmol) in GH2G12 (1 ml) . T h e reaction mixture 
was allowed to stand overnight at room temperature . After 
evaporation of the solvent, the residue was subjected to ion-
exchange resin chromatography (Amberlite IRA-410) using 
M e O H as solvent and basic a lumina column chromatography 
using b e n z e n e - E t O H (8:1 v/v) as solvent to give a solid 
material . This was separated by preparative T L G using 
ch loroform-MeOH (10:1 v/v) as solvent to give the desired 
product in 8 1 % yield (179 m g ) ; [a]2

D
85 - 2 3 . 4 ° (0.64, 

M e O H ) ; N M R (GD 3OD) Ô 1.37 (s, 9H) , 1.70—2.20 (m, 
4H) , 2.70—3.00 (m, 2H) , 3.10—3.50 (m, 2H) , 4.20—4.60 
(m, 1H), 5.06 (s, 2H) , 6.90 (s, 1H), 7.20 (s, 5H) , 7.53 (s, 
1H). 

H-His(Bzl)-Pro-NH^2HCl (7). A solution of 6 in 
AcOEt (2 ml) was treated with 6M-HG1 (6 ml) in AcOEt , 
and the solution allowed to stand at room temperature for 
30 min. T o the reaction mixture was added dry ether (30 
ml) . The supernatant liquid was decanted, and the residue 
washed with dry ether (4 X 30 ml) to give the salt 7 which 
was dried in vacuo in the presence of solid potassium hydroxide 
and phosphorous pentoxide, yield, 164 mg. T h e product 
was used without further purification in the subsequent 
reaction. 

pGlu-His(Bzl)-Pro-NH2 (8). A solution of F T N B 
(70 mg, 0.3 mmol) in GH2G12 (1 ml) was cooled at 0 °G and 
to the solution was added dropwise a mixed solution of p G l u -
O H (39 mg, 0.3 mmol) and T E A (31 mg, 0.3 mmol) in 
GH2G12 (2 ml) . After stirring for 2 h at 0 °G, 7 (120 mg, 
0.3 mmol) was added to the reaction mixture followed by 
the addition of a solution of T E A (91 mg, 0.9 mmol) in 
GH2G12 (1 ml) . T h e reaction mixture was allowed to stand 
overnight at room temperature . The solvent was evaporated 
in vacuo, and the residual oil purified by ion-exchange resin 

chromatography using M e O H as solvent followed by pre­
parative T L G using ch loroform-MeOH (3:1 v/v) as solvent 
to afford the product in 5 6 % yield (59 mg) . 

pGlu-His-Pro-NH2 (9). T h e protected tripeptide 8 
(57 mg, 0.13 mmol) was dissolved in E t O H (25 ml) and 
hydrogenated for 12 h over pal ladium black (20 mg) at room 
temperature under atmospheric pressure. The catalyst was 
filtered off followed by evaporation of the filtrate. The 
crude product was subjected to preparative T L G using chlo-
r o f o r m - M e O H (3:1 v/v) to afford the desired T R H (9) 
in 7 5 % yield (35 mg) : [a]2

D
86 - 4 0 . 7 ° (1.00, M e O H ) [lit,8) 

—42.4° (1.00, M e O H ) ] . The product gave a positive Pauli­
test and showed a single spot on T L G in several solvent 
systems. 

Boc-Gly-Gly-OEt (10). T o an C H 3 C N solution (6 ml) 
of F T N B (232 mg, 1 mmol) cooled at - 3 0 °G, was added a 
solution of B o c - G l y - O H (175 mg, 1 mmol) and T E A (101 
mg, 1 mmol) in GH 3 GN (5 ml) . After stirring for 2 h at 
0 ° G , H - G l y - O E t - H G 1 (140 mg, 1 mmol) and then a solu­
tion of T E A (202 mg, 2 mmol) in GH 3 GN (1 ml) were added 
to the reaction mixture. The solution was allowed to stand 
overnight at room temperature and worked up as described 
for l a . After evaporation of the solvent, the residue was 
subjected to basic a lumina column chromatography using 
b e n z e n e - E t O H (1:2 v/v) as solvent and to preparative TLG 
using b e n z e n e - E t O H (8:1 v/v) as solvent to give the desired 
product as an oil in 8 2 % yield (212 mg). 

Boc-Gly-Gly-OH (11). To a solution of 10 (1.30 g, 
5 mmol) in M e O H - H 2 0 (5 ml) (4:1 v/v), was added 1M-
N a O H (5 ml) at 0 °G and the reaction mixture maintained 
at 0 °G for 2 h and then allowed to stand overnight. The 
M e O H was removed in vacuo and water (5 ml) added to 
the solution. The resulting aqueous solution was washed 
with AcOEt and neutralized with 1M-HG1 (5 ml) . The 
separated oil was extracted with AcOEt after salting-out, 
and the organic layer dried over N a 2 S 0 4 and evaporated 
to dryness in vacuo to give a crystalline product . Recrystal-
lization from AcOEt gave an 8 7 % yield (1.01 g) : m p 
133—134 °G; Found : G, 46.70; H , 7.02; N , 12.18%. Galcd 
for G 9 H 1 6 N 2 0 5 : G, 46.54; H , 6.94; N, 12.06%. 

Boc-Gly-Gly-Phe-OMe (12). To a solution of FTNB 
(232 mg, 1 mmol) in GH 3 GN (2 ml) was added slowly a 
solution of 11 (232 mg, 1 mmol) and T E A (101 mg, 1 mmol) 
in GH 3 GN (3 ml) at 0 °G. After stirring for 2 h at 0 °G, 
H - P h e - O M e H C l (215 mg, 1 mmol) was added to the solu­
tion followed by the addition of a solution of T E A (202 mg, 
2 mmol) in GH 3 GN (1 ml) . T h e reaction mixture was 
allowed to stand overnight and worked up as described in 
the preparat ion of l a . T h e desired product was separated 
from the residue by basic a lumina column chromatography 
using b e n z e n e - E t O H ( 1 : 1 v/v) as solvent followed by pre­
parative T L G using b e n z e n e - E t O H (8:1 v/v) as solvent; 
76% yield as an oil (297 mg) : N M R (GDG13) Ô 1.43 (s, 
9H) , 3.05 (d, 2H, 7 = 6 . 0 Hz) , 3.65 (s, 3H) , 3.75 (d, 2H, 
7 = 6 . 3 Hz) , 3.87 (d, 2H, 7 = 6 . 3 Hz) , 4.84 (t, 1H, 7 = 6 . 0 
Hz) , 5.38—5.65 (m, 1H), 6.85—7.16 (bs, 2H) , 7.00—7.43 
(m, 5H) . 

H-Gly-Gly-Phe-OMe-HCl (13). Method A: The 
product 12 obtained from the F T N B method was dissolved 
in AcOEt , and 5M-HG1 (5 ml) in AcOEt added to the 
solution at room temperature . After 3 h, the solvent was 
evaporated to dryness in vacuo to give a crude product which 
was recrystallized from 1-propanol in 8 1 % yield (202 mg) : 
m p 179—180 °G; [a]»-6+ 31.4° (1.05, A c O H ) . Found: G, 
50 .81 ; H , 6.15; N , 12.96%. Galcd for G1 4H2 0N3O4Gl: 
G, 50.98; H , 6.06; N , 12.74%. 

Method B: B o c - G l y - G l y - N H - N H 2 derived from the reac-
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tion of 10 with hydrazine was condensed with H - P h e - O M e 
using the azide method to give the desired tripeptide 12 in 
6 6 % yield. 12 was deprotected with hydrogen chloride 
according to method A. Recrystallization from 1-propanol 
gave the product 13 in 8 1 % yield: m p 178—179 °G; [a]2^5 

+ 31.4° (1.05, A c O H ) . 
Method C: 12 was obtained from the reaction of 11 with 

H - P h e - O M e using the D G G - H O N S u method in 8 9 % yield, 
which was treated according to Method A. Recrystalliza­
tion from 1-propanol gave the product 13 in 76% yield; 
m p 178—179 °G; [a]2

D
2 +30 .4° (0.99, A c O H ) . 

Boc-Tyr(Bzl)-Gly-Gly-Phe-OMe (15). To a solution 
of F T N B (232 mg, 1 mmol) in GH 3 GN (4 ml) was added 
slowly a mixed solution of Boc-Tyr (Bz l ) -OH (14) (371 mg, 
1 mmol) and T E A (101 mg, 1 mmol) in GH 3 GN (2 ml) at 
0 °G. After stirring at 0 °G for 2 h, 13 (330 mg, 1 mmol) 
was added to the solution followed by the addition of a 
solution of T E A (202 mg, 2 mmol) in GH 3 GN (2 ml) . T h e 
reaction mixture was allowed to stand at room temperature , 
and worked up as described for l a . After evaporation of 
the solvent, the crude product was purified by gradient 
elution on basic alumina using b e n z e n e - E t O H (8:1 v/v to 
1:1 v/v). Recrystallization from AcOEt -hexane gave the 
pure product in 8 1 % yield: m p 112—113 °G; [a]3

D
2-5 + 1 3 . 8 ° 

(1.23, M e O H ) . Found : G, 64.69; H , 6.64; N , 8.70%. 
Galcd for G 1 9 H 2 7 N 3 0 6 : G, 65.00; H , 6.55; N , 8.70%. 

Boc-Tyr(Bzl)-Gly-Gly-Phe-OH (16). To a solution 
of 15 (406 mg, 0.63 mmol) in M e O H - H a O (5 ml) (4:1 v/v) 
was added with stirring l M - N a O H (0.8 ml) at 0 °G and 
worked up as described in the preparat ion of 11. Recrystal­
lization from chloroform-hexane gave the desired product 
in 8 4 % yield (341 mg) : m p 83—84 °G; [ocfi + 1 7 . 3 ° (1.38, 
M e O H ) . Found : G, 63.56; H , 6.59; N , 8.89%. Galcd 
for G 3 4 H 4 0 N 4 O 8 - l / 2 H 2 O : G, 63.65; H , 6.39; N , 8.74%. 

Boc-Tyr(Bzl)-Gly-Gly-Phe-Leu-OMe (17). To a mix­
ed solution of 16 (327 mg, 0.51 mmol) , F T N B (120 mg, 
0.52 mmol) , and H O N S u (120 mg, 1.04 mmol) in GH 3 GN 
(1 ml) was added GH2G12 (5 ml) at 0 °G followed by the 
addition of a solution of collidine (126 mg, 1.04 mmol) in 
GH2G12 (2 ml) . After stirring at 0 °G for 3 h, H - L e u -
O M e - H C l (95 mg, 0.52 mmol) was added followed by the 
addition of a solution of T E A (53 mg, 0.52 mmol) in GH2G12 

( 1 ml) . T h e reaction mixture was allowed to stand overnight 
at room temperature, and then worked up as described for 
12. Recrystallization from chloroform-hexane gave the pure 
product in 72% yield (280 mg) : m p 153—154 °G; [a]2

D
2 

- 1 1 . 4 ° (1.74, M e O H ) . Found : G, 64.55; H , 7.08; N , 
9.26%. Galcd for G 4 1 H 5 3 N 5 0 9 : G, 64.80; H , 7 .03 ; N , 
9.22%. 

Boc- Tyr(Bzl) -Gly-Gly-Phe-Leu-OH (18). To a solu­
tion of 17 (400 mg, 0.53 mmol) in M e O H - H 2 0 (5 ml) 
(4:1 v/v) was added with stirring l M - N a O H (0.6 ml) at 
0 °G and worked up as described in the preparat ion of 11. 
Recrystallization from AcOEt gave the desired product in 
8 1 % yield (321 m g ) : m p 149—150 °G; [a]2

D
8 + 1 . 6 ° (1.26, 

M e O H ) . Found : G, 64.53; H , 6.95; N , 9 .43%. Galcd 
for G 4 0 H 5 1 N 5 O 9 : G, 64 .51 ; H , 6.89; N , 9 .39%. 

H-Tyr-Gly-Gly-Phe-Leu-OH (19). The protected 
pentapeptide 18 (90 mg, 0.12 mmol) was dissolved in M e O H 
(15 ml), and hydrogenated over 10% pal ladium on charcoal 
(250 mg) for 2 h at room temperature under atmospheric 
pressure. T h e catalyst was filtered off and the filtrate evap­

orated to dryness in vacuo to give the debenzylated product 
which was dissolved in 5M-HG1 (1 ml) in dioxane. The 
reaction mixture was allowed to stand for 6 h at room temper­
ature . Evaporat ion of the solvent gave a residue which 
was washed with dry ether. T h e residual product was 
dissolved in a small amount of water and the aqueous solution 
passed through an ion-exchange resin column (Amberlite 
IR-120B) using 5 % - N H 4 O H as solvent. T h e eluate was 
evaporated to dryness in vacuo to give the desired leucine-
enkephalin (19) in 4 4 % yield (30 mg) : m p 208—210 °G 
(dec); [a]2

D
8 - 2 4 . 0 ° (1.0, D M F ) [lit,11) m p 206 (dec), M S 

— 23.4° (1.0, D M F ) ] . Amino acid analysis (after acidic 
hydrolysis) showed the presence of tyrosine, glycine, phenyl­
alanine, and leucine in the ratio 1.00:2.15:1.26:0.98. 
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Nucleophilic Ion Pairs. 8. Facile Nucleophilic Cleavage of Dinitrophenyl 
Sulfate in the Presence of Micellar Zwitterionic Hydroxamates1 
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The sulfate transfer reaction from dinitrophenyl sulfate to hydroxamate nucleophiles was studied in the 
presence of several types of aqueous micelles at 30 °G, pH 8—9. The zwitterionic hydroxamate was a nucleophile 
much better than the anionic hydroxamate in the CTAB micelle. The kinetic behavior of the zwitterionic hy­
droxamate nucleophile was not straightforward and the reactivity of the nucleophile increased with the increase 
in the relative concentration of the nucleophile and surfactant. These results in the CTAB micelle was analyzed 
in terms of the two phase model and the rate enhancement relative to the nonmicellar reaction was attributed 
to substrate binding in the micellar phase and the micellar activation of the hydroxamate nucleophile. The 
cleavage of dinitrophenyl sulfate by the micellar zwitterionic nucleophile was faster than that by the nonmicellar 
hydroxamate and the water cleavage by factors of ca. 104 and more than 107, respectively: the fastest cleavage 
ever observed at the ambient condition. 

The hydrolysis of sulfate monoesters has been studied 
increasingly well in recent years, due to realization 
of the importance of sulfate group transfer in vivo.1) 
In general, sulfate monoesters are difficult to be cleaved 
in the neutral p H region and detailed mechanistic 
studies have been rarely made, apar t from acid and 
alkali hydrolyses.2^ 

In relation to the enzymatic catalysis, the sulfate 
transfer reaction has been investigated in the presence 
of cyc^odextrins,3) macrocyclic compounds4) and 
micelles.5»6) The rate accelerations in these systems, 
however, are not large. In the hydrolysis of phenyl 
esters, the micellar hydroxamate and imidazole anions 
show extremely high nucleophilicities.7) These re­
agents, however, are not effective for negatively-charged 
sulfate esters. 

In order to circumvent this disadvantage, a zwit­
terionic nucleophile, iVr-benzyl-a-(l-dodecyl-3-imidaz-
olio)acetohydroxamate (C1 2-Im+-HA, 1), was used 
in the present study for the sulfate transfer reaction 
(Eq. 1) in the presence of aqueous micelles of repre­
sentative surfactants. 

The reaction with simpler nucleophiles, 7V-dodecyl-
benzohydroxamate(LBHA, 2) and 7V-benzylbenzo-
hydroxamate(BBHA, 3) was also performed for the 
comparison purpose. 

CH3 

nucleophile : 

/ = v / C H 2 - / _ \ 
C12H25N + NCH2CN x = / 

\ S 6 xo-

\ = / 6 x o -

surfactant : 

C16H33N(GH3)3Br-

1 

2 

3 

4 

C12-Im+-HA 

LBHA 

BBHA 

CTAB 

C1 2H2 6-N-CH2C02-

CH3 

G18H37 (OCH2CH2) 1 0OH 

CH3 

C18H37-N-CH2CH2OH Br-

CH3 

TW 

0 2 N / S 0 S O 3 - + RCN 7 

\ = / » x o -
NO, 0 u 

DNPS 

/ R ' 

5 

6 

7 

• 

G12N2C1C02-

POOA 

Cufoc^OH 

/ — \ 
RCN + 0 2 N / \ O - (1) 

O ^ Ö U 3 N o 2 

t Contribution No. 537 from Department of Organic 
Synthesis. 

Exper imenta l 

Materials. The zwitterionic nucleophile, C12-Im+-HA, 
was prepared by the reaction of iV-dodecylimidazole with 
benzyl JV-benzylchloroacetohydroxamate accompanied by 
hydrogenolysis over Pd/SrC03,8> mp 157—158 °C. It was 
identified by elemental analysis and by NMR and IR spec­
troscopies. Potassium 2,4-dinitrophenyl sulfate (DNPS) was 
prepared according to the procedure of Sunamoto et al.V 
Its purity was 95% as determined by UV spectroscopy: 
the impurity was 2,4-dinitrophenol. Hexadecyltrimethyl-
ammonium bromide (CTAB) was recrystallized two times 
from ethanol. Poly(oxyethylene)oleyl alcohol (w=10)(a-(9-
octadecenyl)-co-hydroxydeca(oxyethylene)), POOA was used 
without further purification. (Carboxymethyl)dodecyldi-
methylammonium chloride, CJ2N+2CJC02 was obtained 
by reaction of iV,iV-dimethyldodecylamine and chloroacetic 
acid and recrystallized from ethyl acetate:8) mp 158—160 
°C. (2-Hydroxyethyl)dimethyloctadecylammonium bromide, 
C18N+2C1C2OH, was prepared by refluxing an ethanol 
solution of 10.0 g (0.03 mol) of octadecyl bromide and 3.5 g 
(0.04 mol) of 2-(dimethylamino)ethanol for 10 h. After 
solvent removal, the solid residue was recrystallized two 
times from acetone; colorless needles, mp 209—211 °C (dec), 
yield 9.3 g (73%). Found: C, 62.43; H, 11.42; N, 3.31%. 
Calcd for C22H48NOBr: C, 62.54; H, 11.45; N, 3.32%,-

Rate Measurement. The hydroxamates and surfactants 
were dissolved in ethanol and water, respectively. DNPS 
was dissolved in a 3:7 mixture of water and acetonitrile 
and kept with ice cooling. These solutions were added to 
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buffer solutions in a UV cell which had been maintained at 
30 °G. Water was added so that the fraction of organic 
solvents (acetonitrile and ethanol) became 3 v / v % . The 
reaction rate was determined by following the absorbance 
increase of 2,4-dinitrophenolate anion at 360 nm (e36o= 

12800 M- 1 cm-1), using a Hitachi UV-visible spectro­
photometer (type 124 and 200). 

R e s u l t s 

Sulfate Transfer to Anionic Hydroxamates. The 
time course of DNPS hydrolysis in the L B H A - C T A B 
system obeyed pseudo first-order kinetics: [DNPS] = 
1 . 9 x l O - 5 M , [ C T A B ] = 4 . 5 0 x l O - 3 M . However, the 
pseudo first-order rate constant kltQhsd did not vary 
with the concentration change ((2—6) X 10~4 M) of 
LBHA. Furthermore, the logarithm of the apparent 
second-order rate constant, log£2 > o b s d , increased linearly 
with p H at p H 8—10. This pH-rate profile is not 
consistent with the pKK value(8.41) of LBHA in the 
GTAB micelle. Because of the complex kinetic 
behavior and a relatively small reactivity [ca. 10% 
of C12-Im+-HA under comparable conditions), LBHA 
was not used in the subsequent experiment. 

The sulfate transfer reaction with a non-micellar 
hydroxamate, iV-benzylbenzohydroxamic acid(BBHA), 
9> was also studied under the following conditions: 
p H 9.23, 0.01 M borate buffer, 0 = 0 . 0 1 (KCl) , 30 
v/v % E t O H - H 2 0 , [BBHA]=2 .5 X 10"2 M and [DNPS] 
= 2 . 0 X 10~5 M . klt0hsd obtained from the Guggenheim 
plot was only slightly larger than that obtained without 
the hydroxamate under otherwise the same conditions: 
9 . 8 x l 0 " 5 s - 1 vs. 7 . 3 x l 0 - 5 s - 1 . Therefore, £2>obsd is 
estimated to be smaller than 1 X 10~3 M " 1 s"1. 

Sulfate Transfer to Micellar Zwitterionic Hydroxamates. 
In the presence of excess DNPS, the nucleophilic 
attack of C1 2-Im+-HA obeyed the pseudo first-order 
kinetics for more than 8 0 % consumption of the nu­
cleophile: [DNPS] = (0.52—4.6) X 10"4 M , [C12-Im+-
H A ] = 0 . 1 3 x l O - 4 M , [CTAB] = 1 . 0 x l O - 3 M , p H 9.2, 
30 °G. The spontaneous hydrolysis was similarly 
carried out in the absence of the nucleophile and its 
rate constant, ksponV was subtracted from the overall 
first-order rate constant, klt0hsd. In reality, kspont was 
approximately 1 . 0 x l 0 ~ 4 s _ 1 without regard to the p H 
change, and much smaller than #1>obsd which was 
( 2 — 4 ) x l 0 ~ 3 s _ 1 . Therefore, the correction was not 
necessary at p H 9. 

The pseudo first-order rate constant was proportional 
to the substrate concentration: correlation coefficient= 
0.993. Therefore, the reaction was first order with 
respect to nucleophile and substrate, and the second-
order rate constant (k2t0h8d) was calculated to be 20.8 
M - 1 s - 1 . Precipitates were formed when the substrate 
concentration was increased beyond 5 x l O ~ 4 M . 

The pseudo first-order kinetics were similarly observed 
when excess nucleophile was employed: [DNPS] = 
1.7 x 10-5 M , [G12-Im+-HA] = (0.51—2.6) x 10~4 M , 
[ C T A B ] = 4 . 0 x l O - 3 M , p H 9.0, 30 °C. However, 
the pseudo first-order rate constant was not a linear 
function of the nucleophile concentration beyond 
1 . 5 x l O - 4 M , as shown in Fig. 1. £2>obsd estimated 
from the linear portion of Fig. 1 is 2.45 M - 1 s - 1 . 

10 

i 

•o 
m 
,Q 
O 

X 
o 

0 U- 1 1 1—I 

0 1-0 2 0 30 
10*x[G12-Im+-HA]/M 

Fig. 1. Rate dependence on nucleophile concentration. 
pH 9.00±0.1, 30 °C, 3 v / v % EtOH-H 2 0 , 0.02 M 
borate buffer, ^=0.01 (KCl), [DNPS] = 1.72 X 10~5 M, 
[CTAB]=4.00xlO- 3M. 

This value is only 1 2 % of the rate constant obtained 
by varying substrate concentrations. Since the pseudo 
first-order kinetics were always observed for a given 
run, the discrepancy must arise from the change in 
the relative concentration of nucleophile, substrate 
and/or surfactant. 

Rate Dependence on Surfactant Concentration. The 
zwitterionic nucleophile C1 2-Im+-HA may form micelles 
by itself. The property of the mixed micelle of C12-
Im+-HA and GTAB will be affected by their relative 
concentration, hence the reactivity change of C12-
Im+-HA. Figure 2 shows the variation of the apparent 
second-order rate constant £2>obsd (pseudo first-order 
rate constant divided by the nucleophile concentration) 
with the surfactant concentration at fixed concentrations 
of DNPS and C1 2-Im+-HA. After abrupt increases 
^2,obsd decreases with increasing surfactant concen­
trations, irrespective of the type of the surfactant used. 
The same trend was observed for the hydrolysis of 
an anionic phenyl ester, 4-acetoxy-3-nitrobenzoic acid 
(NABA) catalyzed by C1 2-Im+-HA in the nonionic 
micelle. 

O n the other hand, £1>obsd exhibits a saturation 
tendency with the simultaneous increase in the con­
centrations of G1 2-Im+-HA and GTAB(the relative 
concentration of C1 2-Im+-HA and GTAB is fixed at 
0.26): see Fig. 3. Therefore £2>obsd {kx 

,obsd divided 
by the hydroxamate concentration) decreases with 
the C T AB concentration as also shown in Fig. 3. 
This tendency corresponds to those in Fig. 2. 

pH-Rate Profile. The pH-rate profile of the 
nucleophilic and spontaneous cleavages was studied 
in the presence of the GTAB and P O O A micelles 
(Fig. 4). log £2>obsd in the presence of the GTAB micelle 
increases initially with p H but levels off at ca. p H 8. 
This profile appears to reflect the dissociation of the 
hydroxamic acid. In fact, a linear relation (r=0.997) 
was obtained when k2t0h8û was plotted against aHA 

(degree of dissociation) which was calculated from 
Eq. 2 assuming pX a p p =7 .70 . 
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Fig. 2. Rate dependence on surfactant concentration. 
pH 8.5±0.1, 30 °C, 3 v/v % EtOH-H 2 0 , 0.02 M bo­
rate buffer, 0=O.O1(KC1). a) [DNPS] = 2.98 X 10~5 

M, [C12-Im+-HA] = 3.91 x 10~4 M. b) [NABA] = 4.26 
X 10-5 M, [C12-Im+-HA] = 3.43 x 1Ö~4 M. — # — , 
POOA(NABA); —D—, CTAB; — € — , G18-N+-
2C1G2OH; — • — , C u N - ^ C O r ; — O—, POOA. 

103x[GTAB]/M 
0-5 1.0 

X 

0 10 20 3 0 
10*x[G12-Im+-HA]/M 

Fig. 3. Rate dependence on concentrations of nucle-
ophile and surfactant at a fixed relative concentration. 
pH 9.0±0.1, 30 °C, 3 v / v % EtOH-H 2 0 , 0.02 M 
borate buffer, ju=0M(KC\), [DNPS] = 1.72X 10~5 M, 
[C12-Im+-HA]/[CTAB] = 0.26. 

This p^app value agrees with p ^ a p p (7.78) obtained 
in the hydrolysis of jb-nitrophenyl acetate in the GTAB 
micelle.8^ 

In the P O O A system, the pH-ra te profile is bell-
shaped with the maximum at p H 8.4. This behavior 
is quite different from what is observed with jb-nitro-
phenyl acetate as substrate. In the latter case, a typical 
saturation profile was found with p X a p p = 8 . 1 8 . The 

3 02 

et bo 
O 

H-4 

Fig. 4. pH-rate profile. 30 °C, 3 v/v % EtOH-H 2 0, 
0.01 or 0.02 M borate buffer, ,w=0.01(KCl), [DNPS] = 
(3.2—3.5) x 10-5 M, [C12-Im+-HA] = (2.7—3.0) x 10~4 

M, [CTAB] = 5.13x 10-4 M, [POOA] = 1.00x 10~3 

M. — D— — • — ; GTAB. —O—, — • — ; POOA. 

interaction of anionic DNPS substrate with C12-Im+-HA 
in the nonionic micelle is not so straightforward as 
that in the cationic micelle. 

Figure 4 also contains pH-rate profiles of the spon­
taneous hydrolysis in the presence of P O O A and GTAB. 
The rate of the spontaneous hydrolysis(«10~4 s -1) 
does not depend on p H , in consistence with the result 
of Fendler's.2) 

Discussion 

Reaction Scheme. The nucleophilic reaction 
toward dinitrophenyl sulfate has been studied by 
several groups of the investigator. For instance, 
Fendler et al. noted that hydrolysis and aminolysis 
competed in the reaction with a variety of amines.6> 

Khyd 

0 2 N \ _ / O S ° 3 ~ 
= \ N 0 2 

+ H2NR 

0 2 N</ S O H + products (3) 
= N 0 2 

,—v H 
02N<^ \ N R + products (4) 

N 0 2 

Definite results on the reaction of DNPS with anionic 
nucleophiles have not been published, probably with 
the exception of the paper by Sunamoto et al.*) They 
concluded that the reaction of DNPS with a para-
cyclophanone oxime involved sulfate transfer to the 
oximate anion. We do not have direct evidence for 
the formation of the sulfohydroxamate intermediate; 
however, the hydroxamate anion would be expected 
to behave in the same way as the oximate. In our 
system, the substrate, if decomposed, was completely 
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converted to dinitrophenol as confirmed spectrally. 
Therefore, the reaction would proceed by the following 
equation. 

02N^J> OS03~ + RCN 
/R ' 

NO, 0 N O -

fast 0 2 N ^ _ ^ > C f (5) 

/R ' 
NO, 

enhancements are found for functional micelles such 
as CTAB-piperidine6) and for a reversed micelle 
(dodecylammonium propionate in benzene).10> The 
micellar hydroxamates possess much greater nucleo-
philicity. However, the coulombic repulsion of the 
nucleopile and the substrate renders the kinetic behav­
ior rather complex, as observed for the LBHA-GTAB 
system. The use of the zwitterionic hydroxamate 
is advantageous in this respect and produces larger 

for C1 9-Im+-HA in the GTAB reaction rates. ^ . o b s d ^12' 

RCN 

O \oso; 
very 
slow H 2 0 

RCN + HS04~ 
0 N O -

The stoichiometric reaction of DNPS and C1 2-Im+-HA 
was observed in the presence of excess D N P S ; thus 
turnover of the hydroxamate nucleophile was excluded. 

The undissociated hydroxamic acid is not involved 
in the reaction, because the sulfate transfer is observed 
only in the alkaline region. 

Catalytic Efficiency. Some of the rate constants 
of the DNPS cleavage are collected in Table 1. The 
uncatalyzed hydrolysis of DNPS in the neutral to 
alkaline aqueous media is quite slow and barely detect­
able: ^ 1 > o b s d = 2 . 7 x l 0 - 5 s - 1 at 25 °C, p H 8.0(or 4.9 x 
10~7 M - 1 s - 1 when divided by 55.5 M ) . Some rate 
enhancements are observed in the presence of /?-cyclo-
dextrin and a paracyclophanone oxime; however 
these enhancements are mostly attr ibuted to substrate 
binding and, in fact, the rate constant of the intra-
cavity sulfate transfer is not necessarily large relative 
to that of simple alkaline hydrolysis under similar 
reaction conditions.4) Micellar GTAB also shows rate 
acceleration of at most several fold. Larger ra te 

micelle is larger than that for GTAB-piperidine by 
at least 100 fold and is ca. 2 x l 0 7 times larger than 
that of the water hydrolysis. The different behavior 
of the anionic and zwitterionic nucleophiles (LBHA 
and G12-Im+-HA) is observed only in the sulfate cleav­
age. They possessed similar reactivities in the cleavage 
of phenyl esters in the GTAB micelle.8) The enhanced 
reactivity of a nucleophilic group bound to an am­
monium group was also detected in the sulfate cleavage 
by a partly quaternized poly(ethylenimine).11) 

Kinetic Analysis of Micellar Catalysis. The 
kinetic behavior of the DNPS cleavage by the micellar 
hydroxamate is quite complex. 

Several cases related to this behavior have been 
observed in the micellar catalysis. Gitler et al.12) 
and Tonella to13) proposed in the hydrolysis of hy­
drophobic phenyl esters that the saturation kinetics 
are explicable by assuming active and inactive binding 
sites in the micelle. However, this interpretation 
is difficult to accept, since the conventional micellar 
phase is quite mobile. In fact, the two phase model 
in which the micellar phase is assumed to be homogene­
ous has been successfully applied to micellar reactions 
by Berezin et al.1*) and more recently by other 
workers.15»16) 

This model may be applied to the present system. 
The kinetic derivation is given in the Appendix. 
Figure 5 gives plots of l/£2>obsd against the surfactant 
concentration for the data of Fig. 2. Linear relations 
are obtained for all cases. According to Eq. 17, the 

TABLE 1. NUCLEOPHILIC REACTIVITIES IN THE DNPS CLEAVAGE 

Catalyst or nucleophile 

None 
/?-Cyclodextrin 

Paracyclophanone oximec) 

CTAB 

DAPe> -benzene 
Piperidine in CTAB 
BBHAO 
LBHA in CTAB 

C12-Im+-HA 
in DMOG 
in POOA 
in CTAB 

^l,obsd/ s 

2.7 x lO- 5 

1.75xl0-3b) 
(# s = 2 .4xlO- 2M) 
4.4xl0-4 b> 
( # s = 1 . 5 x l O - 4 M ) 
1.15xl0-4d) 
(at l.OxlO-3 M CTAB) 

2xl0- 4 d > 
(at 2 X 10-4 M LBHA) 

^ . o b s d / M - i s - 1 

4 .9x l0 - 7 a > 

0.0187 
0.098 

<0.001 

6.1 
6.8 

11 

Conditions 

25 °C, pH 8.0 
37.3 °C, pH 9.98 

40 °G, 0.1 M NaOH 

30 °C, pH 8—10 

24.5°C 
39 °C 
30 °C, pH 9.23 
30 °C, pH 8.5—9.0 

• 30 °C, pH 8.5—9.0 

Ref. 

5 
3 

4 

this study 

9 
6 

this study 
this study 

this study 

a) £1>0bsd/55.5 M. b) Michaelis-Menten kinetics are observed and the maximum values of &1>0bsd is given. Ks 

is the substrate dissociation constant, c) 10-Hydroxy-ll-hydroxyimino[20]paracyclophane. d) The kinetics are 
not straightforward and kli0hsd

 a t the designated nucleophile concentration is given, e) Dodecylammonium pro­
pionate, f) JV-benzylbenzohydroxamic acid; 30 vol/vol % EtOH-H aO. 
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I 

1 2 
10*xD/M 

Fig. 5. Relation of l/£2>obsd and surfactant concentra­
tion. The data of Fig! 2 are used. —D—, GTAB; 
— € — C18N+2C1C2OH; — • — , C ^ N ^ C O , , ; 
—O—, POOA. 

TABLE 2. KINETIC CONSTANTS IN VARIOUS MICELLES11) 

Micelle 103 x£M / s - i KJM-1 

GTAB 
C18N+2C1C2OH 
POOA 
G12N+2G1G02 

14.6 
13.6 
2.38 
7.06 

1600 
1600 
1400 
3300 

a) See Fig. 2 for the reaction condition. 

reciprocal of the slope corresponds to the first-order 
rate constant in the micellar phase (£M) : see Table 2. 
The "micellar" rate constant increases in the order: 
CTAB ~ C 1 8N+2C 1C 2OH > C 1 2 N+2C 1 C0 2 - > P O O A . 
The same order of the micellar effectiveness was 
observed in the hydrolysis of jfr-nitrophenyl acetate by 
several zwitterionic hydroxamates.8) 

The Kh value can be calculated from the intercept 
of Fig. 5 and is in the range of 1400—3300 M " 1 as 
given in Table 2. These values are in reasonable 
agreement with those of Fendler et al. (1300—3100 M"1) 
which were given as KjN in the hydrolysis of DNPS 
in the presence of the GTAB micelle.2) 

These results suggest that the kinetic analysis based 
on the two phase model is essentially valid if the micellar 
phase is not greatly perturbed. Since dependencies 
of £2>obsd on the surfactant concentration are alike 
for an anionic phenyl ester (NABA) and for a sulfate 
ester (DNPS), the above-mentioned kinetic behavior 
is never specific to the sulfate ester. A very similar 
rate dependence was reported for the electron transfer 
between negatively-charged metal chelates in the 
presence of the GTAB micelle.16) 

O n the other hand, the simple two phase model 
fails when the micellar microenvironment is significant­
ly altered by the varying nucleophile concentration, 
^l.obsd shows upward curvature in Fig. 1 beyond the 
nucleophile concentration of 1 . 5 x l O ~ 4 M . #2,obsd 
obtained from the data of Fig. 2 does not agree with 
that estimated in Fig. 3, These anomalies appear 

to arise mainly from the change in the microenvironment 
of micelles which contain different amounts of the 
nucleophile molecule. The presence of a maximum 
in the pH-rate profile of the P O O A system in Fig. 4 
may be explained in the same context. 

Appendix 

The two phase model is used in the following kinetic analy­
sis. Assuming that catalyst C forms comicelles with sur­
factants and that substrate S is distributed in the micellar 
and bulk phases, 

[C] t o t a l = \G\UDV, (6) 

[ S W i = \ß\*PV + [S]w(l -DV), (7) 

where D is the surfactant concentration and V is the molar 
volume of the surfactant. Suffix M and W indicate micellar 
and bulk (water) phases, respectively. 

If the reaction proceeds only in the micellar phase, the 
overall reaction rate is given by 

v = vuDV = £2>obsd[C] to ta l[S] to ta l (8) 

and 

"M = *M[C]M[S]M, (9) 

where &M is the second-order rate constant in the micellar 
phase. The partition coefficient of the substrate is given by 

[S], 
(10) 

The binding constant of the substrate K\> is expressed in terms 
of P s as follows. 

K* = 
[S]t [S]v \_ [S]Mgr-[S]wx>r 

D' ( i i ) [S]w .fl D [S]w 

= (Pa-l)V. 
When the substrate stays predominantly in the micellar 
phase (PS>1) 

*b = P*V. (12) 

From Eqs. 6, 7, and 8, 

£ M [ C ] M ' \8]nDV = ^2,obsd[G]total ' [S] tota l - (13) 

Therefore, 

kaPs = k2,obsä{l + (Ps+l)DV} 

« 2 , o b s d - l+KbD> 

where ka = k^jV. 

(14) 

(15) 

(16) 

The reciprocal relation of Eq. 15 is 

1 

^ . o b s d 

1 D 
(17) 

£M and Kh are determined from the slope and intercept, 
respectively, of the relation of Eq. 17. 
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Branched-chain Sugars. XVII. Stereoselectivity in the Oxidation of 
Several Methyl 4,6-0-Benzylidene-2-C- or -3-C-methylene-a- and 

-/3-D-hexopyranosides with ra-Chloroperbenzoic Acid1} 
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Stereoselectivity in the peroxy acid oxidation of methyl 4,6-0-benzylidene-3-0-methyl-2-C-methylene-a-
D-nfo-hexopyranoside (lb), its 3-epimer (2b), /?-anomer of l b and 2b, methyl 4,6-0-benzylidene-2-0-methyl-3-C-
methylene-a-D-flrafo'wo-hexopyranoside and its 2-epimer was examined. The results were compared with those 
of rigid methylenecyclohexane systems. 

In previous papers reports were given on the stereo­
selectivity examined in the reaction of methyl 4 ,6-0-
benzylidene-a- and -/?-D-hexopyranosid-2-uloses and 
-3-uloses with nucleophiles.2-5) I t was found that 
in the reaction of diazomethane stereoselectivity is 
mainly controlled by the electrostatic attractive interac­
tion between neighboring axial oxygens and diazomethyl 
cation in the zwitterionic intermediates.4»5) The 
interaction sometimes resulted in a complemental 
stereoselectivity of diazomethane reaction to that of 
usual nucleophiles such as hydride anions and carban-
ions, valuable for a stereospecific synthesis of a proper 
branched-chain sugar.6) However, the diazomethane 
reaction of uloses is sometimes accompanied by ring-
expansion reaction, even when the stereoselectivity 
is the desired one.7 - 9) For such cases, it was found 
that the peroxy acid oxidation of the corresponding 
methylene derivative provides a reliable pathway 
to obtain the spiro epoxide which is also afforded by 
the diazomethane reaction of the ulose.10'11) 

We have examined the stereoselectivity in the peroxy 
acid oxidation of several 2- or 3-methylen-a- and /?-D-
hexopyranosides in comparison with that of the diazo­
methane reaction of the corresponding uloses. 

R e s u l t s a n d D i s c u s s i o n 

As the substrates, methyl 4,6-0-benzylidene-3-0-
methyl-2-C-methylene-a-D-n^o-hexopyranoside ( l b ) , its 
3-epimer (2b), ß-anomer of l b (3b) and 2 b (4b), 
methyl 4,6-0-benzylidene-2-0-methyl-3-C-methylene-a-
T>-arabino- (5b) -ß-D-nfo-hexopyranosides (6b) were 

Ph 

OMe X 
R2 

(1) R ^ H , R2 = OMe 
(3) R ^ O M e , R2 = H 

Ph-/ 

(2) Ri = H, R2 = OMe 
(4) R ^ O M e , R2 = H 

OMe 

4pi 
(5) 

OMe 

a: X = 0 
b : X = CH3 

synthesized from the corresponding uloses12) and methyl-
triphenylphosphonium bromide by the usual method. 
In the case of 3b , the corresponding ulose (3a)13) was 
synthesized by the dimethyl sulfoxide-trifluoroacetic 
anhydride oxidation12) of methyl 4,6-O-benzylidene-
3-0-methyl-/?-D-altropyranoside (7) obtained by the 
preferential ring-opening of the corresponding 2,3-
epoxide of Tt-manno configuration with methanol. The 
2,3-epoxide was synthesized by an improved method.14) 

m-Chloroperbenzoic acid oxidation of methylene 
derivatives was carried out in dry 1,2-dichloroethane 
at 60 °G, until the starting material disappeared on 
TLG. 

Oxidation of l b exclusively gave methyl 2,2'-anhydro-
4,6-0-benzylidene-2-C-hydroxymethyl-3-0-methyl-a-D-
altropyranoside (8) in 8 2 % yield, the product being 
identical with that obtained by the diazomethane 
reaction of the corresponding ulose (la).5) Similarly, 
oxidation of 2b exclusively gave the corresponding 
spiro epoxide (9) of T>-manno configuration in 8 6 % 
yield, the main product in the reaction of diazomethane 
with 2a.5) Oxidation of 3 b gave an epimeric mixture 
of the corresponding spiro epoxides (10) and (11) 
in 7 9 % yield. Separation of the mixture on preparative 
T L G gave pure 10 and 11 in the ratio 2 :1 . In order 
to determine the configuration of these epimers, they 
were reduced with lithium aluminum hydride to give 
the corresponding 2-C-methyl derivatives (12 and 13), 
subsequent acetolysis afforded the corresponding tetra-
O-acetates (14 and 15), respectively. By comparison of 
these a,ß-acetates with those obtained from methyl 
4,6 - 0 - benzylidene - 2 - C- methyl-3 - O-methyl-a-D-altro-
and -allopyranoside,5) the configuration of the main 
products (10, 12, and 14) was determined to be D-
altro (Hx protons of 14 appeared at ô 6.41 and 6.22), 
and that of the minor product T>-allo (15; ô 6.37 and 
5.86). 

Oxidation of 4 b also gave an epimeric mixture of 
the corresponding spiro epoxides (16 and 17) in 8 4 % 
yield in the ratio 1.2:1. The configuration of the 
main product was determined to be T>-gluco by com­
parison with that obtained by the diazomethane reaction 
of 4a.5) Similarly the oxidation of 5 b and 6b gave 
an epimeric mixture of the corresponding spiro epoxides 
(18 and 19, and 20 and 21), respectively. The con­
figurations of these compounds were also determined 
by comparison with those obtained by the diazomethane 
reaction of 5a and 6a.4 ) The results are summarized 
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Ph 

(8) 
W 

(10) 
(17) 

R i 
H 
H 
OMe 
OMe 

RA 

R2 
OMe 
OMe 
H 
H 

R3 
H 
OMe 
H 
OMe 

R4 
OMe 
H 
OMe 
H 

1—OJDMe P h^R ,J Pi 

(11) 
(16) 

R2 ^0 
R l R 2 
H OMe 
OMe H 

(18) 
(20) 

' R4 

Ri R2 R3 R4 
H OMe OMe H 
OMe H H OMe 

-4$ 
R2 R* R4 Ri 

(19) H OMe OMe H 
(21) OMe H H OMe 

r-OAc 

(7) 
(12) 
(13) 

ÔMet 

R i 
OH 
OH 
Me 

^2 

R2 
H 
Me 
OH 

0MeR2 

R l R 2 
(14) OAc Me 
(15) Me OAc 

TABLE 1. COMPARISON OF STEREOSELECTIVITY IN THE 

PEROXY ACID OXIDATION OF METHYL 4,6-0-BENZYLIDENE-2-

OR -3-METHYLENE-A- AND -/?-D-HEXOPYRANOSLDES AND 

IN THE DIAZOMETHANE REACTION OF THE 

CORRESPONDING ULOSES 

Yields (%) of spiro epoxides in the reaction 
of uloses with diazomethane*1) (a series) and 
that of methylene derivatives with m-chloro-

Substrates perbenzoic acid (b series) 

1 

2 

3 

4 

5 

6 

a 
b 
a 
b 
a 
b 
a 
b 
a 
b 
a 
b 

Axial attack 
product 

82.0 (8) 
31.1 
86.0 (9) 
21.8 (11) 
52.7 (10) 
92.5 (16) 
38.2 (17) 

39.5 (19) 
17.6 (20) 
42.0 (21) 

Equatorial attack 
product 

83.5 (8) 

63.7 (9) 

65.3 (10) 
26.3 (11) 

45.2 (16) 
41.0 (19) b> 
47.5 (18) 
76.5 (21) 
30.0 (20) 

a ) The results are cited from Refs. 4 and 5, except 
those of 3a. b) The ring-expansion product of 19 
was obtained in 36.9% yield. 

in Table 1. 
The reaction of 3a and diazomethane in ethanol 

was carried out in order to confirm our hypothesis 
on stereoselectivity. Separation of the products (87% 
yield) on preparative T L G gave 10 and 11 in the ratio 
3 :1 . Since 4a exclusively gave an axial attack product 
in the diazomethane reaction,4) the predominant 
equatorial attack also supports our hypothesis, in 
which the electrostatic attractive force of axial oxygen 
at C-3 position is stronger than that of lone pair electron 
of ring oxygen at /^-position of the carbonyl group. 

By considering both steric (non-bonded interactions) 
and electrostatic (attractive or repulsive) factors (Table 
1), the stereoselectivity in the diazomethane reaction 
of uloses could be explained by the electrostatic at­
tractive interaction between neighboring axial oxygen 
atom and diazomethyl cation in the transition state. 

Peroxy acid oxidation is known to involve an 
electrophilic attack of the reagent from the less hindered 
side of the alkene to give the less hindered epoxide, 
through a highly ordered transition state.15»16) 

In the m-chloroperbenzoic acid oxidation of rigid 
methylenecyclohexane systems, Carlson and Behn 
showed that the axial attack percentage17) is 59—69% 
due to stronger steric hindrance of axial hydrogen 
on a-carbon than that of /?-carbon in the transition 
state.18) From the results obtained here, the axial 
attack percentage in the case of 4 b (46%) and 6 b 
(58%) can be considerd as standards for 2-methylene 
and 3-methylene pyranosides, respectively, since they 
have no axial substiuents. The lower percentage of 
axial attack in the case of 4 b than that of cyclohexane 
systems suggests " the product development control"18) 
of C 2 - 0 dipole bisecting C^-Oi and C -̂CDg torsional 
angle in axial attack epoxide formation of /?-anomers. 
The higher percentage in the case of 3 b (68%) than 
that of 4 b is estimated as the steric factor of the axial 
3-methoxyl group. The predominant axial attack in 
the case of a-anomer of 2-methylene derivatives ( l b 
and 2b) is at tr ibuted to the strong steric factor of the 
axial methoxyl group at C-l position, as is known 
in the reduction of 2-uloses with hydride anions.5»19) 

The lower percentage in the case of 5 b (45%) than 
that of 6 b should be attr ibuted to the balance of steric 
factors between axial 1- and 2-methoxyl groups. 
However, the hindrance of the former seems to be 
larger than the latter, since the percentage of methyl 
4,6 - 0 - benzylidene - 2 - deoxy - 3 - methylene - a - D - erythro -
hexopyranoside having no 2-methoxyl group is 2 5 % . n ) 

E x p e r i m e n t a l 

General Methods. All melting points were determined 
on a Yanagimoto micro melting point apparatus and are 
uncorrected. Solvents were evaporated under reduced 
pressure at a bath temperature not exceeding 50 °G. Optical 
rotations were measured in a 0.2 dm tube with a Carl Zeiss 
LEP-A1 Polarimeter in chloroform unless otherwise stated. 
IR spectra were recorded with a Hitachi Model EPI-G2 
spectrometer, and NMR spectra with a JNM-PS-100 spec­
trometer in deuteriochloroform containing tetramethylsilane 
as an internal standard. Chemical shifts and coupling con­
stants were recorded in <S and Hz units, and IR frequencies 
in cm -1 . 
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Methyl- 4,6-O- benzylidene-3-0-methyl-ß-T>-Y\ho-hexopyranosid-2-
ulose (3a). Mesylation of methyl 4,6-O-benzylidene-
3-0-benzoyl-/?-D-glucopyranoside in pyridine with meth-
anesulfonyl chloride gave the concesponding 2-0-mesylate 
in 8 2 % yield, which was recrystallized from ethanol-hexane. 
M p 194—197 °G; [a]2

D
2 - 8 1 . 5 ° (c 1.1). I R : 1735 (ester); 

N M R : 8.20—8.00 and 7.60—7.20 (Ph: m) , 5.65 (H 3 : t, 
72 ,3=73 ,4=9.0) , 4.80—4.50 (H2 and H ^ m) , 4.38 (H 6 : q, 
7>,6=4.4, y 6 i 6 ' = 10.2), 3.93—3.44 (H4 , H 5 , and H6> : m) , 
3.57 (OMe) , 2.99 (OMs) . 

Found: G, 56.75; H , 5.19; S, 6 .26%. Galcd for C2 2H2 4 

0 9 S : G, 56.89; H , 5 .21; S, 6.90%. 

A solution of the above mesylate (1 g, 2.2 mmol) and 
sodium (60.7 mg, 2.6 mmol) in absolute methanol (50 ml) 
was refluxed for 1 h until the starting material and its de-
O-benzoylated product disappeared on T L G . T h e reaction 
mixture was poured into water, and then extracted with 
chloroform. T h e usual work-up of the extract gave methyl 
4,6-0-benzylidene-2,3-anhydro-/?-D-mannopyranoside, which 
was recrystallized from ethanol-hexane in 8 3 % yield. M p 
181—183 °G; [a]2

D
2 - 3 0 . 2 ° (c 0.7), [lit,13) m p 182 °G; [a]2

D
2 

- 3 0 . 4 ° (c 0.82)]. 
Found: G, 63 .91 ; H , 6 .22%. Galcd for C 1 4 H 1 6 0 5 : G, 

63.62; H, 6.10%. 
A solution of the above 2,3-anhydro-mannopyranoside 

(500 mg) and sodium methoxide (700 mg sodium) in methanol 
(20 ml) was refluxed for 24 h, poured into water, and then 
extracted with chloroform. T h e chloroform layer was 
evaporated to give a mixture of crystals which were separated 
on preparative T L G (ether-hexane = 1:1, Merck type 60 
Kieselgel). Lower R{ product was methyl 4,6-O-benzylidene-
2-0-methyl-/?-D-glucopyranoside. Yield, 3 8 % ; m p 172— 
175 °G (e thanol-hexane) ; [a]2

D
2 - 6 9 . 6 ° (c 1.5), [lit,20> m p 

175—176 °G; [af t - 6 7 . 3 ° (c 1.6)]. 
Found : G, 60.86; H , 7.02%. Galcd for C 1 5 H 2 0 O 6 : G, 

60.80; H, 6 .80%. 

Higher Rf product was methyl 4,6-0-benzylidene-3-0-
methyl-ß-D-altropyranoside (7). Yield, 4 1 % , m p 94—96 °G 
(ethanol-hexane); [a]2

D
2 - 6 3 . 0 ° (c 1.2). I R : 3536 ( O H ) ; 

N M R : 7.60—7.30 (Ph : m) , 5.57 ( P h C H : s), 4.77 (H^. d, 
y l f , = 1.2), 4.38 (H 6 : q, y B i 6 = 4 . 0 , J.,.' = 7.0), 4.15—3.67 
(H2 , H 3 , H 4 , H 5 , and H6>: m) , 3.60 ( 2 x O M e ) , 2.66 ( O H : 
d, A O H = 2 . 0 ) . 

Found : G, 61.10; H , 6 .85%. Galcd for C 1 5 H 2 0 O 6 : G, 60.80; 
H , 6 .80%. Coupling constants ( 7 i , 2 = l - 6 , .A,3=3.6) in 
the N M R spectrum of the corresponding 2-acetate support 
the structure. 

Oxidation of the above /?-D-altropyranoside with dimethyl 
sulfoxide-trifluoroacetic anhydride, under similar conditions 
to those reported,12) afforded 3a in 8 7 % yield, which was 
recrystallized from ethanol-water . Hydra te of 3 a : M p 
8 5 - 9 0 °G; [a]2

D
2 - 5 6 . 8 ° (c 0.8). I R : 3500 and 3380 ( O H ) ; 

N M R 7.60—7.25 (Ph: m) , 5.50 ( P h C H : s), 4.52 ( H ^ s), 
4.37 (H 6 : q, y B i 6 = 3 . 0 , J 5 , 6 ' = 7.8), 4.15—3.50 (H4 , H 5 , and 
O H : m) , 3.86 (H6>: t, 7 6 , 6 ' = 7.8), 3.70 ( H , : d, 7 3 , 4=2 .0 ) , 
3.67 and 3.63 ( 2 x O M e ) . 

Found : G, 57.76; H , 6.60%. Calcd for C 1 5 H 1 8 0 6 H 2 0 : 
C, 57.68; H , 6.46%. 

Wittig Reaction of Uloses (la—6a). A solution of 
butyllithium ( 1 0 % ; 2.9 ml, 4.5 mmol) in hexane was added 
dropwise with stirring to a suspension of methyltriphenyl-
phosphonium bromide (2.9 g, 5.6 mmol) in dry tetrahydro-
furan (7 ml) cooled in an ice-water bath . A solution of 
methyl 4,6-0-benzylidene-3-0-methyl-a-D-n£o-hexopyranosid-
2-ulose (la)5> (1 g, 3.4 mmol) in tetrahydrofuran (30 ml) 
was then rapidly added with vigorous stirring to the resulting 
yellowish orange suspension. T h e reaction mixture w^s 

kept at room temperature for 30 min until l a disappeared 
on T L G . After addition of ether (70 ml) to the mixture, the 
precipitate was collected by filtration. T h e filtrate was 
evaporated, and the residue was placed on a silica-gel column 
(Wako-gel C-200: 30 g) followed by elution with benzene 
to give white crystals (437 mg, 4 4 % ) , methyl 4,6-O-benzyl-
idene-3-0-methyl-2-C-methylene-a-D-n7»o-hexopyranoside ( lb ) 
which were recrystallized from ether-hexane. M p 82—84 
°G; [a]2

D
2 +40 .3° (c 0.6). N M R : 7.64—7.20 (Ph: m) , 5.51 

( P h C H : s), 5.30 and 5.25 (exo-CH,: eachs ) , 4.38 (H 5 : m) , 
4.34 ( H 6 : q , / 5 , 6 = 4 . 8 ) , 4.07 (H 3 : d, 7 3 , 4=3 .2 ) , 3.66 ( H ^ : 
t, A e — A e — l l . O ) , 3.65 (H 4 : q, A B = 8 . 0 ) , 3.40 and 3.35 
(2xOMe). 

Found : C, 65.82; H , 6 .83%. Galcd for C 1 6 H 2 0 O 5 : G, 65.74; 
H, 6.90%. 

A similar reaction of methyl 4,6-0-benzylidene-3-0-methyl-
a-D-flrö^mo-hexopyranosid-2-ulose (2a) gave the correspond­
ing 2-C-methylene derivative (2b) in 5 2 % yield, which was 
recrystallized from ether-hexane. M p 149—151 °C; [a]2

D
2 

+ 55.4° (c 0.9). N M R : 7.60—7.20 (Ph:m) , 5.54 ( H ^ s), 
5.35 and 5.17 (exo-CH 2 : each q, 7 4 , C H 2 = 1 - 0 , 7gem=2.0) , 
4.23 (H 5 : sex), 4.26 (H 4 : t, 7 3 , 4 = 7 4 , 5 = 9 . 2 ) , 3.97 (H 6 : q, 
A 6 = 4 . 0 ) , 3.73 (H 6 , : t, 7 5 , 6 ' = 7 6 , 6 ' = 9.4), 3.58 (H 3 : dd) , 
3.58 and 3.38 ( 2 x O M e ) . 

Found : C, 65.77; H , 6 .90%. Galcd for C 1 6 H 2 0 O 5 : C, 
65.74; H , 6.90%. 

A similar reaction of 3a gave methyl 4,6-O-benzylidene-
3-O-methyl-2-C-methylene-/?-D-n7>0-hexopyranoside (3b) in 
5 7 % yield, which was recrystallized from ethanol. M p 95— 
97 °C ; [a]22 - 9 5 . 5 ° (c 2.8). N M R : 7.60—7.20 (Ph: m) , 
5.52 ( P h C H and H ^ superimposed s), 5.18 and 5.01 (exo-
C H , : each broad s), 4.37 (H 6 : q, 7>,6=5.0, 7« ,« '=9 .8) , 4.13 
(H 5 : m ) , 4.12 (H 3 : d5 7 3 , 4 = 3 . 0 ) , 3.73 (H6>: t, y B i 6 *=9.8) , 
3.67 (H 4 :q , 7 4 , 5 = 9.0), 3.60 and 3.36 ( 2 x O M e ) . 

Found : C, 65.66; H , 7 .03%. Gacld for C 1 6 H 2 0 O 5 : G, 
65.74; H , 6.90%. 

A similar reaction of methyl 4,6-0-benzylidene-3-0-methyl-
/?-D-<zrafo'«o-hexopyranosid-2-ulose (4a)5> gave the correspond­
ing 2-C-methylene derivative (4b) in 6 7 % yield, which was 
recrystallized from ethanol. M p 156—157 °C; [a]2

D
2 - 7 1 . 2 ° 

(c 1.2). N M R : 7.60—7.25 (Ph: m) , 5.56 ( P h C H : s), 5.50 
and 5.42 (exo-CH2 : each broad s), 4.80 (H^. s), 4.35 (H 6 : 
q, 7 5 , 6 = 4 . 0 , 76,6—10.0) , 4 . 0 0 - 3 . 4 5 (H3 , H 4 , and H 5 : m) , 
3.80 (H 6 ' : t , 7 6 , 6 ' =7> ,6 ' = 10.0), 3.62 and 3.60 ( 2 x O M e ) . 

Found : C, 65.49; H , 6 .99%. Galcd for C 1 6 H 2 0 O 5 : G, 
65.74; H , 6 .90%. 

A similar reaction of methyl 4,6-0-benzylidene-2-0-methyl-
a-D-<zrafo'w0-hexopyranosid-3-ulose (5a)4> gave the correspond­
ing 3-C-methylene derivative (5b) in 72% yield, which was 
recrystallized from ethanol. M p 88—90 °C; [a]2

D
2 +108 .7° 

(c 1.1). N M R : 7.70—7.20 (Ph: m) , 5.60 ( P h C H : s), 5.38 
and 5.14 (exo-CH2 : each t, 7gem=74,CH 2 =l-6) , 4.73 ( H ^ 
d, 7 i , 2 = l - 2 ) , 4.40—4.05 (H 5 and H 6 : m) , 4.00—3.70 (H4 

and H6 ' . -m), 3.75 (H 2 : d ) , 3.40 and 3.32 ( 2 x O M e ) . 
Found : C, 66.15; H , 6 .86%. Galcd for C 1 6 H 2 0 O 5 : G, 65.74; 

H , 6 .90%. 
A similar reaction of methyl 4,6-0-benzylidene-2-0-methyl-

/?-D-n£o-hexopyranosid-3-ulose (6a)4> gave the correspond­
ing 3-C-methylene derivative (6b) in 6 0 % yield, which was 
recrystallized from ethanol. M p 160—161 °C; [a]2

D
2 - 6 1 . 9 ° 

(c 1.0). N M R : 7.60—7.20 (Ph: m) , 5.60 ( P h C H : s), 5.27 
(exo-CH2 : t, 74,CH2=7gem = 2.0), 4.34 (H 6 : q, / B i , = 5 . 0 ) , 
4.23 ( H 1 : d , y l i l = 7 . 6 ) , 3.94 (H 4 : broad d, 7 4 i B = 9.0), 3.78 
( H 6 ' : t, y 5 > 6 . = y 6 > 6 . = 10.0), 3.58 and 3.57 ( 2 x O M e ) , ca. 
3.57 (H 2 : d ) , 3.30 (H 5 : sex). 

Found : G, 65.70; H , 7.00%. Calcd for C l 6 H 2 0 O 5 : G? 

Ç5.74; H , 6.90%. 
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Oxidation ofexo-Methylene Compounds (lb—6b) with m-Chloro-
perbenzoic Acid. A solution of l b (300 mg, 1.0 mmol) 
and m-chloroperoxybenzoic acid (85% purity, 406 mg, 2.0 
mmol) dissolved in 1,2-dichloroethane (15 ml) was heated 
at 60 °G overnight. T h e mixture was washed with 0.1 M 
sodium hydroxide and water, and dried with magnesium 
sulfate. T h e organic layer was evaporated to give crystalline 
methyl 2,2 /-anhydro-4,6-0-benzylidene-2-C-hydroxymethyl-
3-O-methyl-a-D-altropyranoside (8) in 8 2 % yield which 
was recrystallized from ethanol-hexane. M p 108—109°C; 
[a]2

D
2 +85 .0° (c 0.7). N M R spectrum was identical with that 

of the authentic sample.5) 

A similar reaction of 2 b gave methyl 2,2'-anhydro-4,6-
0 - benzylidene - 2 - C- hydroxymethyl- 3 - 0 -methyl-a-D-manno-
pyranoside (9) in 8 6 % yield which was recrystallized 
from ethanol-hexane. All the physical constants were identical 
with those of the authentic sample derived from the reaction 
of 2a and diazomethane. M p 140—141 °G; [a]2

D
2 + 7 6 . 5 ° 

(c 0.8). 

A similar reaction of 3 b and separation of two products 
on preparative T L G (ether-hexane 1:1) gave the epimeric 
pair of spiro epoxides, methyl 2,2'-anhydro-4,6-0-benzylidene-
2-C-hydroxymethyl-3-0-methyl-/?-D-altropyranoside (10) and 
the corresponding /?-D-allopyranoside (11), in 52.7 and 
2 6 . 3 % yields, respectively, which were recrystallized from 
ethanol-hexane. 

10: M p 114—115 °G; [a]2
D

2 - 8 1 . 6 ° (c 0.8). N M R : 7.60— 
7.25 (Ph: m) , 5.54 ( P h C H : s), 5.00 (H^. s), 4.40 (H 6 : q, 
y B ,6=4.0) , 4.10 (H 5 : m) , 3.95 (H 4 : q, y 4 i B = 8 . 6 ) , 3.83 (H.*: 
t, A e ' = 76,6—9-0), 3.30 (H 3 : d5 7 3 , 4 = 2 . 4 ) , 3.56 and 3.52 
( 2 x O M e ) , 3.11 and 2.78 (epoxy G H 2 : ABq, 7 = 5 . 3 ) . 

Found : G, 61.89; H , 6 .65%. Galcd for C 1 6 H 2 0 O 6 : G, 
62.32; H , 6.54%. 

1 1 : M p 150—151 °G; [a]2
D

2 - 6 1 . 2 ° (c 0.7). N M R : 7.60— 
7.25 (Ph: m) , 5.50 ( P h C H : s), 5.30 ( H ^ s), 4.37 (H 6 : q, 
7 B .6=5.0) , 4.16 (H 5 : sex), 3.76 (H,*: t, y B i . ' = , / 6 i 6 ' = 10.0), 
3.76 (H 4 : q, 7 3 , 4=2 .2 , 7 4 i 5 = 9 . 0 ) , 3.45 ( H , : d) , 3.62 and 
3.53 ( 2 x O M e ) , 3.23 and 2.57 (epoxy C H 2 : ABq, 7 = 5 . 4 ) . 

Found: C, 62 .21; H, 6 .57%. Galcd for G 1 6 H 2 0 O 6 : 
G, 62.32; H , 6.54%. Gonfigutations of 10 and 11 were 
determined by conversions into 14 and 15, respectively. 

A similar reaction of 4 b gave the epimeric pair of spiro 
epoxide, methyl 2,2'-anhydro-4,6-0-benzylidene-2-C-hydroxy-
methyl-3-0-methyl-/?-D-glucopyranoside (16) and the corre­
sponding /?-D-mannopyranoside (17). Separation of the 
mixture on preparative T L G (ether-hexane 1:1) gave pure 
16 in 45.2% yield, which is identical with the authentic 
sample obtained by the diazomethane reaction of 4a.5> 
However, pure 17 could not be obtained in a pure state due 
to its instability on T L G plate. T h e yield and structure of 
17 were estimated form the N M R spectrum of the mixture. 

17: N M R 7.60—7.25 (Ph: m) , 5.63 ( P h C H : s), 4.75 (H^. 
s), 4.40 (H 6 : q) , 3.60 and 3.52 ( 2 x O M e ) , 3.06 and 2.99 
(epoxy C H 2 : ABq, J = 5 . 8 ) , H 3 , H 4 , H 5 , and H 6 ' , could not 
be analyzed. 

A similar reaction of 5 b and separation of two products 
on preparative T L G (ether-hexane 1:1) gave the epimeric 
pair of spiro epoxides, methyl 3,3'-anhydro-4,6-0-benzyl-
idene-3-C-hydroxymethyl -2-0 - methyl - a - D - mannopyranoside 
(18) and the corresponding a-D-altropyranoside (19) in 47.5 
and 39.5% yields, respectively. 

18: Sirup; [a]2
D

2 +62 .0° (c 1.9). N M R : 7.55—7.20 (Ph: 
m) 5.56 ( P h C H : s), 4.76 ( H ^ d, 7 l i 2 = 1 . 8 ) , 4.47—3.75 
(H4 , H 5 , H6 , and H 6 , : m) , 3.11 (H 2 : d ) , 3.54 and 3.37 
( 2 x O M e ) , 3.17 and 2.70 (epoxy G H a : ABq, 7 = 6 . 0 ) . 

Found: G, 62 .21; H , 6.50%. Calcd for C l ç H 2 0 O 6 : G, 
62.32; H . 6.54%. 

19: M p 141—143 °C (from e ther -hexane) ; [a]2
D

2 +75 .3° 
(c 1.3). N M R and I R spectra were identical with those 
of the authentic sample4) obtained by the diazomethane 
reaction of 5a . 

Oxidation of 6 b and separation of two products on prepara­
tive T L C (ether-hexane 1:1) gave the epimeric pair of 
methyl-3,3'-anhydro-4,6-0-benzylidene-3-C-hydroxymethyl-2-
0-methyl-J?-D-glucopyranoside (20) and the corresponding 
/?-D-allopyranoside (21) in 30.0% and 42 .0% yields, respec­
tively, which were recrystallized from ethanol-hexane. 

20 : M p 150—151 °G; [ a ] ï - 7 4 . 2 ° (c 0.8). 
2 1 : M p 156—157 °C ; [a]2

D
2 - 6 2 . 9 ° (c 0.9). 

N M R and I R spectra of both 20 and 21 were identical with 
those of the authentic samples4) obtained by the diazomethane 
reaction of 6a. 

Reduction of 10 and 11 with Lithium Aluminium Hydride. 
Lithium aluminium hydride (50 mg) was added to a solution 
of 10 (150 mg, 0.52 mmol) in tetrahydrofurane (5 ml) and 
the mixture was then stirred at room temperature for 1 h. 
T h e excess hydride was carefully decomposed with water 
and then filtered. The filtrate was extracted with chloroform. 
T h e extract was washed with water, dried with anhydrous 
magnesium sulfate, and evaporated to give crystalline methyl 
4,6-0-benzylidene-2-C-methyl-3-0-methyl-/?-D-altropyranoside 
(12) in 9 1 % yield which was recrystallized from e thanol -
hexane. M p 113—114 °C; [ a ] ï - 6 4 . 4 ° (c 1.0). I R : 3520 
( O H ) ; N M R : 7.60—7.20 (Ph: m) , 5.47 ( P h C H : s), 4.44 
( H i : s), 4.34 (H 6 : q, 7 5 , e = 4 . 0 , 7 . . . ' = 9.0), 4.14 (H 4 : q, 
7 3 , 4=2 .0 , 74,5=10.0) , 3.94 (H 5 : sex), 3.77 (H,*: t, 75 ,e ' = 
9.0), 3.47 (H 3 : d) , 3.56 and 3.47 ( 2 x O M e ) , 2.70 ( O H : 
broad s), 1.27 (GMe). 

Found : C, 61.90; H , 7.30%. Galcd for G 1 6 H 2 2 0 6 : C, 
61.92; H , 7 .15%. 

A similar reduction of 11 (150 mg) in T H F (5 ml) afforded 
methyl 4,6-0-benzylidene-2-C-methyl-3-0-methyl-/?-D-allo-
pyranoside (13) in 8 9 % yield wihch was recrystallized 
from ethanol-hexane. M p 118—119 °G; [ a ] ï - 6 8 . 0 ° (c 1.1). 
N M R : 7.60—7.20 (Ph: m) , 5.44 ( P h C H : s), 4.43 (H^. s), 
4.35 (H 6 : q, 7 5 , e = 4 . 0 , 7 . . . ' = 10.4), 4 . 0 0 - 3 . 4 8 (H3 , H45 

H 5 , and H6>: m) 3.60 and 3.48 ( 2 x O M e ) , 3.30 ( O H : 
broad s), 1.27 (GMe). 

Found : G, 61.82; H , 7 . 4 1 % . Calcd for G 1 6 H 2 2 0 6 : C, 
61.92; H , 7 .15%. 

Determination of the Configuration of 12 and 13. A solution 
of 12 (100 mg) in acetic anhydride (3 ml) containing a drop 
of 6 0 % perchloric acid was heated at 60 °G for 6 h. Since 
acetolysis was incomplete, the reaction was repeated at room 
temperature for 18 h, using />-toluenesulfonic acid as a catalyst. 
T h e reaction mixture was then poured into cold sodium 
hydrogencarbonate solution and the resulting solution was 
extracted with chloroform. 

T h e extracts were washed with water, dried, and evaporated 
to give a mixture of sirupy l ,2,4,6-tetra-0-acetyl-2-C,3-0-
dimethyl-a- and -/?-D-altropyranoses (14). T h e configutation 
was determined without isolation of anomers by direct com­
parison of the Rf value and N M R spectrum with those of 
the authentic sample prepared by acetolysis of methyl 4,6-
0-benzylidene-2-C,3-0-dimethyl-a-D-altropyranoside.5> 

Compound 13 was also converted into a mixture of sirupy 
l ,2 ,4 ,6 - te t ra -0-ace ty l -2 -C,3-0-d imethy l -a - and -/?-D-fl//o-
pyranoses (15), which was identical with that obtained by 
the acetolysis of methyl 4,6-0-benzylidene-2-C,3-0-dimethyl-
a- D-allopy ranoside. 5> 

14: Rf values, 0.41 and 0.36 (on DG Fertigplatten Kieselgel 
60, Merck A G ; benzene-acetone 8:1). N M R : 6.37 and 
5.86 ( H ^ e a c h s), 3.57, ( 2 x O M e ) , 2.15—2.05 ( 8 x O A c ) , 
1,60 and 1.54 (GMe), 
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15: Rf values, 0.36 and 0.31 (under the same conditions 
as above). N M R : 6.41 and 6.22 ( H ^ each s), 3.50 and 
3.40 (OMe) , 2.15—2.05 ( 8 x O A c ) , 1.68 and 1.56 (CMe) . 

Reaction of 3a with Diazomethane. T o a solution of 
3a (294 mg, 1.0 mmol) in ethanol (30 ml) was added dropwise 
a solution of diazomethane (2.0 mmol) in ether (10 ml) at 
0 °G. After the mixture had been left at room temperature 
for 12 h, the solution was evaporated to give a sirup. Separa­
tion of two products on preparative T L G (ether: h e x a n e = 
1:1) gave 10 and 11 in 6 5 . 3 % and 21 .8% yields, respectively. 
Both were respectively identical with authentic samples 
obtained via the peroxy acid oxidation of (3b). 

T h e p r e s e n t w o r k w a s s u p p o r t e d b y a G r a n t - i n - A i d 
for Scientif ic R e s e a r c h f rom t h e M i n i s t r y of E d u c a t i o n . 
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Diazotization of Aromatic Primary Amines of Weak Basicity. II.1} 

Reduction of Arenediazonium Salts with Alkylbenzene Derivatives 
Ikuo TAKAGISHI, Yoji HASHIDA, and Kohji M A T S U I * 
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(Received February 3, 1979) 

The diazonio group of arenediazonium salts derived from weakly basic amines were efficiently substituted 
by hydrogen with alkylbenzenes in sulfuric acid. Several types of evidence, including kinetic results and experi­
ments to trap an intermediate, indicated that the reduction occurs via an aryl radical intermediate. In the reduc­
tion with toluene, analyses of by-products suggested a radical chain mechanism, which would involve a propaga­
tion cycle caused by electron transfer from the benzyl radical to the diazonio group. 

The diazonio group of arenediazonium salts is known 
to be replaced by hydrogen with various reducing 
agents. These include alcohols,2) alcohols in com­
bination with metals or metal oxides,3) ethers,4) form­
aldehyde,5) formic acid and its esters and amides :6) the 
ordinary reducing agents of the organic type. However, 
there has been no report on the reduction of arenediazo­
nium salts by aromatic hydrocarbons. 

During the course of our studies on the reaction of 
arenediazonium salts derived from weakly basic amines, 
we found that the diazonio group was effectively replaced 
by hydrogen with alkylbenzene derivatives in sulfuric 
acid. This paper reports this novel reduction of 
arenediazonium salts with alkylbenzenes. 

R e s u l t s a n d D i s c u s s i o n 

Reaction of 2-Bromo-4,6-dinitrobenzenediazonium Salt 
with Alkylbenzenes and Their Derivarives. In this 
paper, 2-bromo-4,6-dinitrobenzenediazonium salt was 
chosen as typical of those derived from weakly basic 
amines. The diazotization was carried out in nitrosyl-
sulfuric acid, which was prepared by adding an 2 0 % 
excess of sodium nitrite into sulfuric acid. When 
benzene, halobenzene, or phenol was added to the 
diazonium solution, the corresponding 2-bromo-4,6-
dinitrobiphenyl derivatives resulting from an arylation 
(acidic Gomberg reaction)7) of the aromatic substrates 
with the diazonium compound were obtained, along 
with a tarry substance. 

O n the contrary, in the presence of toluene, 1-bromo-
3,5-dinitrobenzene was obtained as the main product, 
showing that the diazonio group was replaced by 
hydrogen. Similarly, other alkylbenzenes such as 
ethylbenzene, cumene, and jfr-xylene reduced the 
diazonium salt effectively. Derivatives of toluene are 
also able to reduce the diazonium salt very quickly. 
The results are summarized in Table 1. 

As can be seen, there is no observable correlation 
between m- and jfr-substituents and product yields. 
But the introduction of o-substituents into toluene 
decreases their reducing ability; e.g. the reaction with 
2,4-dinitro toluene gave only a tarry substance and 
unchanged 2,4-dinitro toluene was recovered quanti ta­
tively. In the reaction with jfr-nitrotoluene, jfr-nitro-
benzaldehyde was obtained in 51 % yield along with 
l-bromo-3,5-dinitrobenzene (80%). This observation 
and the fact that no reduction took place in the presence 
of benzene indicate that alkyl groups are responsible 
for the reduction. 

TABLE 1. REDUCTION OF 2-BROMO-4,6-DINITRO-

BENZENEDIAZONIUM SALT WITH ALKYLBENZENES 

R i 

CH3 

CH3 

GH2GH3 

CH(CH3) 
CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

Alkylbenzenea) 

R2 

H 
H 
H 

2 H 
H 
H 
H 
H 
OGH3 

Cl 
N 0 2 

R3 

H 
H 
H 
H 
H 
H 
H 
Br 
H 
H 
H 

R4 

GH3 

H 
H 
H 
SO3H 
N 0 2 

OGH3 
H 
N 0 2 

N 0 2 

N 0 2 

Yield (%) of 1-bromo-
3,5-dinitrobenzene 

76 
70 
52 
30 
81 
80 
70 
82 
60 
27 

0 

a) Alkylbenzene: R 2 \ /R a 

-R4 R i 

TABLE 2. REDUCTION OF 2-BROMO-4,6-DINITROBENZENE-

DIAZONIUM SALT WITH BENZENE DERIVATIVES 

Reducing agent Yield (%) of 1-bromo-
3,5-dinitrobenzene 

Tetralin 
G«HRGH9OH 

C6H5C(CH3)3 

44 
16 
18 
11 
37 

Therefore, to answer the question whether the reduc­
ing ability is really limited to alkyl groups, several 
benzene derivatives containing side chains other than 
an alkyl group were examined (Table 2). 

Table 2 shows that, even though the reducing ability 
is not high, side chains such as hydroxymethyl-, formyl-, 
and methoxyl groups are also able to reduce the di­
azonium compound, as was expected. Since aldehyde5) 
and ethers4) have been known to reduce diazonium 
compounds, a hydroxymethyl compound would be 
an intermediate on the course of reduction from methyl 
compound to aldehyde. 

Reactions of 2-Bromo-4,6-dinitrobenzenediazonium Salt 
with Aliphatic Compounds. From the results described 
above, it has become apparent that an alkyl group 
attached to an aromatic nucleus is effective for the 
reduction. However, it is questionable whether the 
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TABLE 3. REDUCTION OF 2-BROMO-4,6-DINITROBENZENE-

DIAZONIUM SALT WITH ALCOHOLS AND NITRO COMPOUND 

Reducing agent Yield (%) of 1-bromo-
3,5-dinitrobenzene 

GH3OH 
GH3GH2OH 
(GH3)2GHOH 
(GH3)3GOH 
(GH3)2GHN02 

77 
66 
52 

trace 
62 

presence of the aromatic nucleus is really necessary 
for the reducing ability. To answer this question 
and to get an insight into the reduction mechanism, 
the reducing ability of some aliphatic compounds 
was examined (Table 3). 

In accord with our expectation, aliphatic alcohols 
reduced the diazonium salt. I t is noteworthy that 
the reactions with alcohols gave only the 1-bromo-
3,5-dinitrobenzene, suggesting that the reaction pro­
ceeded by a radical mechanism, via an aryl radical 
intermediate.8) Furthermore, diazonium salt could be 
reduced with an aliphatic nitro compound, resulting 
in the formation of l-bromo-3,5-dinitrobenzene. This 
observation also suggests a radical process for the 
reaction, because arenediazonium salts are known 
to decompose in nitroalkanes to give phenols by a 
heterolytic process.9) 

Reactions of Some Arenediazonium Salts with p-Tolu-
enesulfonic Acid. No detailed study has been 
reported on the reduction of an diazonio group with 
alkylbenzene.10) Therefore, to make clear the relation 
between the chemical constitution of a diazonium salt 
and its susceptibility to reduction by alkylbenzene, 
reactions of several arenediazonium salts derived 
from weakly basic amines with jfr-toluenesulfonic acid 
were investigated (Table 4). 

From Table 4 it is evident that for the effective 
reduction by jfr-toluenesulfonic acid, a diazonium salt 
should fulfil the following conditions : 1 ) The presence 
of at least two strong electron-withdrawing groups. 

2) The presence of a bulky group at the 2 and 6 positions 
to the diazonio group; 2,6-dinitrobenzenediazonium 
salt yielded the reduced product in 4 5 % yield, while 
in the case of 2,4-dinitrobenzenediazonium salt no 
reduced product was obtained.11) 

Effects of Sodium Nitrite. In the previous paper1) 
we reported that 2-bromo-4,6-dinitrobenzenediazonium 
salt reacted with sodium nitrite to effect a replacement 
of the diazonio group by the nitro group. However, 
in the presence of alkylbenzenes, sodium nitrite was 
found to act in a different manner. When 2-bromo-
4,6-dinitrobenzenediazonium salt was allowed to react 
with jfr-toluenesulfonic acid in nitrosylsulfuric acid con­
taining an equivalent amount of sodium nitrite, the 
yield of the reduced product was very poor ( « 2 % ) . 
But when nitrosylsulfuric acid containing 2 0 % excess 
of sodium nitrite was used, the reduced product was 
obtained in 8 1 % yield. Figure 1 shows the effect 
of the amount of sodium nitrite on the decomposition 
rate of 2-bromo-4,6-dinitrobenzenediazonium salt in 
sulfuric acid; in the absence of an excess of sodium 
nitrite, most of the diazonium salt remained unchanged 
even after 200 min. 

These results suggest that an excess of sodium nitrite 
plays an important role in the decomposition of the 
diazonium salt to yield the reduced product. It is 
known that the nitrite ion promotes the homolytic 
decomposition of a diazonium ion in water12) and 
in D M S O ;13) the function of a nitrite ion for the decom­
position of a diazonium ion has been explained by 
suggesting that it combines with the diazonium ion 
to form a covalent azo compound which decomposes 
homolytically.12-15) A similar radical process may 
be expected in our system. This assumption may 
be supported by the fact that, when 2,2-diphenyl-l-
picrylhydrazyl radical was employed instead of an 
excess of sodium nitrite, the diazonium salt easily 
decomposed to give the reduced product in 6 0 % yield. 
Furthermore, when jfr-iodobenzenesulfonic acid was 
added to the reaction mixture as a scavenger for the 
aryl radical16) in place of jfr-toluenesulfonic acid, 1-

TABLE 4. REDUCTION OF ARENEDIAZONIUM SALT 

WITH /J-TOLUENESULFONIC ACID 

Diazonium salta) 

X 

Yield (%) of 1-bromo-
3,5-dinitrobenzene 

N 0 2 

N 0 2 

N 0 2 

N 0 2 

N 0 2 

N 0 2 

Br 
Gl 
Br 
H 

N 0 2 

N 0 2 

N 0 2 

Br 
H 
N 0 2 

N 0 2 

N 0 2 

Br 
N 0 2 

Br 
Gl 
N 0 2 

N 0 2 

N 0 2 

H 
Br 
Gl 
N 0 2 

H 

81 
77 
67 
80 
45 

trace 
2 
4 
6 
0 

a) Diazonium salt: X s 

+N< o 
160 200 

z/ 

120 

/ /min 

Fig. 1. Plots of the concentration of 2-bromo-4,6-di-
nitrobenzenediazonium ion as a function of time in 
sulfuric acid at 52 °G. O : N a N 0 2 / A r N H 2 (molar 
ratio) = 1.00, Q : N a N 0 2 / A r N H 2 (molar ratio) = 1.24. 
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bromo-2-iodo-3,5-dinitrobenzene was obtained. This 
result supports the assumption that an intermediary 
aryl radical abstracts an iodo atom from jfr-iodoben-
zenesulfonic acid. 

By-products of the Reaction of 2-Bromo-4,6-dinitrobenzene-
diazonium Salt with Toluene. I t seemed worthwhile 
to check the by-products in this reduction from a 
mechanical point of view. 

When toluene was employed as the reducing reagent, 
phenyltolylmethane was obtained in 10% yield together 
with the reduced product. Phenyltolylmethane was 
a mixture of two isomers : one of the isomers was found 
to be phenyl-/?-tolylmethane by a comparison with 
an authentic sample, while the other isomer is still 

unidentified because of the difficulty in purification. 
O n the other hand, when a mixture of toluene and 

chlorobenzene was added to the diazonium solution, 
a mixture of chlorodiphenylmethanes was obtained, 
together with phenyltolylmethanes (Table 5). 

Chlorodiphenylmethanes were found to consist of 
a mixture of 60 % o- and 40 % jfr-chlorodiphenylmethane ; 
no m-derivative could be detected, suggesting that an 
electrophilic attack by the benzyl cation upon chloro­
benzene took place.17) In addition, competitive benzyla-
tions of mixtures of benzene and chlorobenzene with 
diazonium salt gave a ratio of chlorodiphenylmethanes 
(o- and jfr-isomer)/diphenylmethane of 0.29, which 
is close to that of the Fried el-Crafts benzylation in 

TABLE 5. MINOR PRODUCTS IN THE DECOMPOSITION OF 2-BROMO-4,6-DINITROBENZENEDIAZONIUM 

ION IN THE PRESENCE OF AN AROMATIC SUBSTRATE 

N o Reducing 
agent 

Substrate By-product 
Isomer ratio (%) 

o- m-
*x/*H a ) 

GH3 < _ > G H - < _ > 

CH3 

2 < _ > - G H 3 < _ ) - G l -GH2 

\ _ / " C H 2 " ^ _ ^ 

=x 

x 

CH3 

Gl 

60 0 40 

3 < _ > - G H 3 < _ > - C l + < _ > < _ > C H 2 - < _ X 
GH3 

<_>-GH-0 60 0 40 0.29 

1.00 

a) Relative rate for benzylation. 

h 
r . ^ K . N09 + NO ® 

N0o 

N = N-0-N = 0" 

ByJyo2 
L. y 

V 
N02 (A) 

Scheme 1. 
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nitromethane (0.24) ,17) Moreover, when oxygen was 
bubbled into the reaction mixture as a radical scaven­
ger, the yield of diphenylmethane derivatives decreased 
to a great extent.18) These results clearly suggest 
that the reduction process involves a radical intermedi­
ate, but the benzylation of aromatic substrate was per­
formed by the benzyl cation, not by the benzyl radical. 

Reduction Process of Arenediazonium Salts with Alkyl-
benzenes. From the results and considerations 
described above, the process of reduction of arenediazo­
nium ions may be reasonably explained by Scheme 1. 

In a benzenediazonium salt containing several 
strong electron-withdrawing groups, the electrophilicity 
of the diazonio group is undoubtedly large. Thus , 
it can combine with a nitrite ion even in sulfuric acid 
to give an intermediate (A), which easily decomposes, 
resulting in the formation of an aryl radical. The 
bulky groups at 2- and 6-positions would accelerate 
the decomposition of the intermediate (A), because 
the resulting aryl radical is more free from steric strain 
than the intermediate (A). The resulting aryl radical 
abstracts a hydrogen from toluene to give benzyl radical 
and reduced product. A subsequent electron transfer 
from benzyl radical to diazonium ion results in the 
formation of benzyl cation and aryl radical, which 
enters the propagation cycle as indicated in Scheme 1. 
This interpretation is consistent with the observation 
that slight excess of sodium nitrite is enough to decom­
pose the diazonium ion in our system. 

E x p e r i m e n t a l 

Materials. 2,6-Dinitroaniline,20) 2,6-dibromo-4-nitro-
aniline,21) 4-bromo-2,6-dinitroaniline,22) 2,4-dibromo-6-nitro-
aniline,23) and /»-iodobenzenesulfonic acid24) were prepared 
according to the procedures described in the literature. 
Other reagents, solvents, and starting materials were purchas­
ed from standard sources and purified according to literature 
procedures. 

General Procedure for Reduction : Summarized in Tables 1 and 
4. Let us take as an example the reaction of 2-bromo-
4,6-dinitrobenzenediazonium salt with />-nitrotoluene. To 
nitrosylsulfuric acid, which was prepared from sulfuric acid 
(20 ml) and sodium nitrite (1.65 g, 0.024 mol), was added in 
portions 2-bromo-4,6-dinitroaniline (5.20 g, 0.020 mol) at 
room temperature. The mixture was warmed up to 50 °G 
and stirred for 3 h to complete the diazotization. Then, 
with mechanical stirring, />-nitrotoluene (2.74 g, 0.02 mol) 
was added into the diazonium solution and stirring was 
continued for 3 h at 50 °G. The mixture was then poured 
into a mixture of ice and water and was extracted with chlo­
roform. The extract was dried with sodium sulfate and 
concentrated by distillation. The residue was subjected to 
column chromatography on silica gel eluting with benzene-
petroleum ether (1:1 v/v) to yield 1-bromo-3,5-dinitrobenzene 
(3.87 g, 78%) and />-nitrobenzaldehyde (1.38 g, 51%). The 
products obtained were identified by their NMR, IR, and 
MS spectra and by a mixed-melting point test with an au­
thentic sample. 

The reactions of diazonium salt with substituted benzenes 
(Table 2) and alcohols (Table 3) were carried out in the 
same way. 

Thermolysis of 2-bromo-4,6-dinitrobenzenediazonium salt 
(0.02 mol) in the presence of />-iodobenzenesulfonic acid 
(0.06 mol) was carried out in the same way to yield 1-bromo-

2-iodo-3,5-dinitrobenzene (1.34 g, 18%), which was identified 
by a mixed-melting point test with an authentic sample.1) 

Kinetic Measurements. In a volumetric flask, a solution 
of ca. 0.5 mol/dm3 of diazonium salt containing />-toluene-
sulfonic acid (0.5 mol/dm3) was prepared at thermostat 
temperature as described previously. An aliquot of this 
diazonium solution was taken at a recorded time and was 
added to an alkaline R-salt (2-naphthol-3,6-disulfonic acid) 
solution to quench the remaining diazonium salt. After 
the diazo-coupling, the solution was diluted to a fixed volume 
and its optical density was measured at the maximum wave­
length of absorbance of the dye formed (497 nm). 

Analyses of By-products from 2-Bromo-4,6-dinitrobenzenediazonium 
Salt: Summarized in Table 5. 2-Bromo-4,6-dinitroben-
zenediazonium salt (5.20 g, 0.02 mol) was allowed to decom­
pose completely in the presence of toluene (1.84 g, 0.02 mol) 
and worked up as previously described. Ghromatography 
on silica gel with petroleum ether as the eluent yielded the 
reduced product (3.52 g, 71.1%) and crude phenyltolyl-
methane (0.36 g, 10%). The phenyltolylmethane was fur­
ther fractionated by preparative GLG, and one of the com­
ponents was identified as phenyl-p-tolylmethane by com­
parison of its NMR spectrum and retention time of GLG to 
those of an authentic sample.25) The benzylation in the 
presence of a mixture of toluene (0.04 mol), benzene (0.04 
mol), and chlorobenzene (0.04 mol) was performed as pre­
viously described. The isomer ratio and the relative reactiv­
ity for the benzylation of chlorobenzene were determined by 
GLG (10%) Garbowax 20M-Diasolide, He; 20 ml/min, 170 
°G, 4 mm X 4 m) using biphenyl as the internal standard. 
2-Chloro- and 4-chlorodiphenylmethane employed as re­
ference compounds for GLG were prepared as described 
in the literature.26) 
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Functionalization of fraras-Decalin. III. A Stereospecific Preparation 
of Vicinal eis Two Methyl Groups of Eremophilane 

Skeleton, Leading: to dZ-Dehydrofukinone 
Sigeru T O R I I , * Tsutomu INOKUCHI, and Tetsuo YAMAFUJI 

Department of Industrial Chemistry, School of Engineering, Okayama University, Tsushima, Okayama 700 
(Received February 10, 1979) 

A procedure for the preparation of ö?/-dehydrofukinone (1), an eremophilane type sesquiterpene, from the diene 
adducts (3), prepared from the reaction of 4-me thy 1-3 -methoxy car bony 1-2 -cyclohexen-1 -one with butadiene, 
is described. Acetalization-reduction (LiAlH4) of 3 followed by treatment of the corresponding mesylate with 
base provided 5,6-cw-5-methyltricyclo[4.4.1.01'6]undec-8-en-2-one (7) in 69% overall yields. Reductive cleavage 
of 7 with lithium metal afforded /raw^-4/?,4a/?-dimethyl-zl6'7-octalin-l-one (8), bearing a set of vicinal eis two methyl 
groups on the G-4 and G-4a carbons in an 83% yield. Functionalization of the double bond of 8 involves (1) 
reduction of carbonyl group and following tetrahydropyranylation, (2) epoxidation followed by regiospecific 
reduction of the oxirane ring at the C-6 position, and (3) subsequent oxidation of the hydroxyl group, giving 
/rawj-4a/?,5/?-dimethyl-8/?-tetrahydropyranyloxydecalin-2-one (14b) in good yields. The conversion of 14b into 
the desired 1 was achieved smoothly by (1) hydrolysis of tetrahydropyranyl ether, (2) pyrolysis of its mesylate, 
and (3) subsequent aldol reaction with acetone followed with dehydration and isomerization of the double bond. 

As a part of our studies aimed to develop the stereo-
controlled construction of a set of vicinal eis two methyl 
groups at the G-4a and G-5 carbons on eremophilane 
skeleton,1) we investigated a different approach for 
the preparat ion of ûf/-dehydrofukinone (1), isolated 
from the leaves of Gobö {Arctium lappa L.).2) Reported 

1 

synthetic procedures to eremophilanes involve Robinson 
annelation reaction,3) being associated with the inevit­
able epimerization at the G-4a carbon. With respect 
to stereochemical control of A, B ring junction, the 
endo rule of Diels-Alder reaction4) is considered to 
be promising for the present requirement. In this 
paper, we record Diels-Alder reaction of 4-methyl-3-
methoxycarbonyl-2-cyclohexen-l-one (2b) with buta­
diene as well as the transformation of the adducts 
(3) into ö?/-dehydrofukinone (1). 

The diene addition of 2b , prepared from methyl 6-
methyl-1-cyclohexene-l-carboxylate (2a), with buta­
diene did take place at 150—160 °G in a sealed tube 
to give the adducts 3a (11%) and 3 b (45%). Treat­
ment of 3a with base led to 3 b in a quantitative yield. 
The eis configuration of the G-4 methyl and G-4a 
ester groups of the adduct 3 b can be assigned based 
on their N M R data. The tentative assignment of 

. r o n y . I COOMe Y COOMe 

2 a : X =H 

COOMe 

0 

4 

the G-4 methyl group of 3 b was carried out by com­
parison of 13G N M R results of 3 b with methyl transA-
oxo-zl6 '7-octalin-4a-carboxylate (4),5) which lacks the 
G-4 methyl group. The chemical shift values of the 
G-2 (Ô 40.0) and G-8a (Ô 50.5) carbons (Table 1) of 
3b are close to the G-2 (<5 40.0) and G-8a (Ô 50.9) 
of 4, suggesting absence of the y-effect6) between the 
G-4 methyl and the G-2 and G-8a carbons of 3b, due 
to the equatorial conformation of the G-4 methyl 
group. O n the other hand, the steric compression 
shift of the G-9 carbon (<5 173.1) of 3 b appears at 2.0 
ppm higher field than the value (ô 175.1) of 4. 

The conversion of the ester group of 3b into the 
corresponding methyl group was explored. By the 
reported procedure for the preparation of methyl group 
from ester function by (1) reduction of G O O R with 
LiAlH4 , (2) following oxidation of G H 2 O H to GHO, 
and (3) subsequent Wolf-Kishner reduction,7) we have 
examined the conversion of 3 b into 8. But, difficulties 
were encountered in the attempted reduction of the 
hindered formyl group of 5d. Instead, in the preceding 
paper1) we described a preparative procedure of the 
vicinal eis two methyl groups via methylation of the 
enolate anion generated by the reduction of cyclopropyl 
ketone. The promising procedure prompted us to 
examine reduction of the cyclopropane ring fused on 
the G-l , C-6 carbon of 7, prepared by treatment of 
the mesylate 6 with base1'8) (Scheme 1). Thus, reduc­
tion of 5a, after acetalization of 3b,9) with LiAlH4 

provided 5 b in 8 6 % yield (from 3b) . Mesylation of 
5b, giving the corresponding mesylate 5c, followed 
with hydrolysis with HG10 4 afforded the mesylated 
ketone 6 in 9 5 % yield (from 5b) . Gyclization of 6 
with sodium methoxide in methanol resulted in the 
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Compounds 

3a 
3b 

4 
8 

10 
11 
12 

13a 

1 

210.5 
208.7 
208.5 
212.0 
110.0 
110.0 
70.5 
70.5 

A Synthesis of <//-Dehydrofukinone 

TABLE 1. THE 13G CHEMICAL SHIFTS^ OF 

2 

36.0 
40.0 
40.4 
41.5 
35.7 
35.9 
35.0 
35.3 

3 

30.1 
30.9 
22.2 
31.2 
28.3 
19.5 
25.5 
24.4 

4 

33.6 
40.2 
36.1 
42.2 
42.8 
40.7 
43.3 
43.2 

4a 

52.7 
53.8 
50.6 
39.8 
36.1 
33.6 
35.0 
34.0 

5 

30.1 
34.6 
36.2 
39.5 
41.3 
43.4 
41.5 
39.9 

SUBSTITUTED DECALIN 

Carbon No. 

6 

125.5* 
125.6* 
126.8* 
124.9* 
125.7* 
126.1* 
125.7* 
53.0* 

7 

123.3* 
124.6* 
124.4* 
124.3* 
124.6* 
124.7* 
125.5* 
51.6* 

8 

22.8 
23.2 
23.2 
21.7 
21.4 
21.4 
25.5 
25.4 

8a 

45.7 
50.6 
50.9 
53.1 
47.8 
47.0 
44.2 
39.2 

DERIVATIVES 

9 

174.8 
173.1 
175.1 
11.9 
11.9 
18.2 
13.5 
14.7 

10 

15.7 
16.0 

14.6 
15.0 

15.3 
15.3 

OMe 

51.9 
51.6 
52.0 

2641 

-(OCH2)2-

64.0 65.4 
64.0 65.5 

a) The chemical shifts are shown in ô values (ppm) relative to internal Me4Si. b) For the numbering systems, 
see numbers on the structures. * Theses pairs of shifts may be interchanged since the assignments are ambiguous. 

OMs 

5a:R = C00Me 
5b:R = CH2OH 
5c:R = CH2OMs 
5d:R = CH0 

11 
Scheme 1. 

desired 7 in 8 4 % yield. 
Reductive cleavage of the cyclopropane ring of 7 

with lithium metal in liquid ammonia gave a mixture 
of 810> (83%) and 9 (10%). The product distribution 
of the reduction would depend on preferential conforma­
tions of the transition states 7a and 7 b (Scheme 2). 
Either bond a or b of the cyclopropane ring of 7 being 
close to the carbonyl ^-electron would be opened by 
electron transfer from metal lithium.11) As the result, 
it appears that the present reduction does preferentially 
take place through the conformation 7a. The marked 
upfield shift in 13G N M R spectra of the G-9 methyl 
signal of 10 at ô 11.9, contrasting to that of 1112> at 

7a 7b 
Scheme 2. 

ô 18.2, can rationally interpret the assigned stereo­
chemistry of 10, compatible with the calculated values 
of Crews's substituents increment parameter.13) 

In pursuing the approach from 8 to the important 
intermediate 14b, we examined the functionalization 
of the double bond of 8 by epoxidation followed with 
regiospecific reduction at the G-6 position and subse­
quent oxidation of hydroxy 1 group. Reduction of 8 
with LiAlH4 afforded the 1/2-alcohol 12 in 9 0 % yield. 
The structure of 12 can be interpreted on the basis 
of 1,3-diaxial downfield shift of 1H N M R signal due 
to the G-4a methyl group of 12 (ô 0.88), comparing 
to the value of ô 0.63 of 8. Epoxidation of 12 with 
m-chloroperbenzoic acid (m-GPBA) at 0—10 °G gave 
the 6a?7a-epoxide 13a preferentially by attack of the 
bulky reagent from the less hindered a-face.14) As­
signment of the epoxy ring of 13a can be made by 
analysis of the 13C N M R spectra of the G-4a and G-8a 
carbons, appearing at 1.0 and 5.0 p p m higher fields 
than those of 12 (Table 1), due to the presence of the 
y-effect6) between either the G-4a or G-8a carbon 
and the ring of the 6a,7a-epoxide. After protection 
of the hydroxyl group of 13a as a tetrahydropyranyl 
ether, 13b was treated with lithium metal in liquid 
ammonia to give the alcohol 14a ( 6 5 % yield based on 
12). The reductive cleavage of the carbon-oxygen 
bond of 13b can be expected to occur at the G-6 posi­
tion based on the axial ring opening rule,15) giving 
14a as a sole product. The structure of 14a can be 
confirmed by further elaboration into the enone 16a. 
Oxidation of 14a with pyridinium chlorochromate16) 
gave the desired ketone 14b in 9 5 % yield. The con­
version of 14b into 16a17> via 15a and 15b was carried 
out in 5 4 % overall yields by hydrolysis of 14b with 
pyridinium jfr-toluenesulfonate18> at 60—63 °G in etha-
nol and subsequent pyrolysis of the mesylate 15b a t 
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„ f T l^x _ 
I v^ 

OTHP 

14a: X = H Y=OH 

14b:X = Y = 0 

Ua > 
L X 8 a 

T H x 

OX 
15a: X=H 
15b: X =Ms 

130—140 °G in D M S O . 
Kinetically controlled aldol reaction1) of 16a with 

acetone in the presence of zinc chloride was allowed 
to lead to 16b in 7 9 % yield. T h e compound 16b 
was dehydrated by warming the mesylate of 16b at 
40—50 °G in pyridine and the resulting exo and endo 
double bond isomers 17 were converted into the desired 
ûf/-dehydrofukinone (1) either by passing an activated 
alumina column or by treatment with R h C l 3 - 2 H 2 0 
(72% yield). The desired product 1 was shown to be 
identical by I R and 1 H N M R spectral comparison 
with those of authentic specimen.19) 

E x p e r i m e n t a l 

The melting points and boiling points are uncorrected. 
IR spectra were determined with a JASGO IRA-1 grating 
spectrometer, *H NMR spectra were determined at 60 
MHz with a Hitachi R-24 instrument and at 100 MHz with 
a JEOL MH-100 spectrometer. 13G NMR spectra were 
determined at 25.05 MHz with a JEOL pulsed Fourier 
transform spectrometer, Model FX-100. Samples were dis­
solved in GDG13 and the chemical shift values were expressed 
in ô values (ppm) relative to Me4Si as an internal standard 
Elemental analyses were performed in our laboratory. 

Methyl 6-Methyl-1-cyclohexene-1-carboxylate (2a). A 
solution of 6-methyl-l-cyclohexene-l-carboxylic acid20) (18.1 
g, 129 mmol) in MeOH (40 ml, 989 mmol) and 1,2-dichloro-
ethane (300 ml) containing coned H 2S0 4 (10 ml) was refluxed 
for 24 h and worked up in the usual manner to give 18.5 g 
(93%) of 2a: bp 85.0—90.0 °G/25 Torr; IR (neat) 1712 

(ester G=0), 1641cm-1 (G=G); XH NMR (60 MHz) Ô 1.05 
(d, 3, 7 = 6 . 5 Hz, CH3), 1.44—2.73 (m, 4, CH2), 1.98—2.32 
(m, 2, GH2), 2.42—2.91 (m, 1, GH), 3.66 (s, 3, OGH3), 
6.83 (t, 1, y = 4 Hz, HG=G). Found: G, 70.22; H, 9.31%. 
Galcd for G9H1402: G, 70.10; H, 9.15%. 

4-Methyl-3-methoxycarbonyl-2-cyclohexen-1-one (2b). A 
mixture of 2a (1.79 g, 12 mmol) and Se02 (1.92 g, 17 mmol) 
in dioxane (10 ml) was heated at 85 °G for 20 h and at 
reflux for 3 h. The precipitate was filtered and washed with 
benzene. The combined filtrates were concentrated and 
the residue was dissolved in GH2G12 (20 ml). To this solu­
tion was added dropwise a chromium trioxide solution21) 
with vigorous stirring for 30 min under N2 at 0 °G. The 
mixture was worked up in the usual manner and the crude 
product was chromatographed (Si02, hexane-ether 2:1) to 
give 928 mg (46%) of 2b as an oil: bp 132.0—133.0 °G/9 
Torr; IR (neat) 1722 (ester C=0), 1683 (G=0), 1620 cm-1 

(G=G); XH NMR (60 MHz) ô 1.23 (d, 3, 7 = 7 Hz, GH3), 
1.63—2.27 (m, 2, GH2), 2.35 (t, 2, 7 = 2 Hz, GOGH2), 
2.65—3.20 (m, 1, GH), 3.76 (s, 3, OGH3), 6.42 (s, 1, HG=G); 
13G NMR ô 18.0 (q, G4-Me), 28.8 (d, G-4), 29.1 (t, G-5), 
33.4 (t, G-6), 52.4 (q, OMe), 131.8 (d, G-2), 153.2 (s, C-3), 
166.7 (s, ester G=0), 199.6 (s, G-l). Found: G, 64.13; H, 
7.35%. Galcd for G9H1203: G, 64.27; H, 7.19%. 

Methyl cis-eß-Methyl-l-oxo-^^-octalin^a-carboxylate (3a) 
and Methyl tra.ns-4 ß-Methyl-1 -oxo- A6 ' 1-octalin-4a-carboxylate 
(3b). A mixture of 2b (2.95 g, 17.5 mmol), 1,3-buta-
diene (2.3 g, 41.0 mmol) and 2,5-di-/-butylhydroquinone (50 
mg) in benzene (10 ml) was heated at 150—160 °G for 3 
days in a sealed tube and extracted with hot MeOH. The 
extract was filtered and the filtrate was concentrated. Distil­
lation at 80—90 °G/3 Torr afforded an unchanged 2b (1.14 g) 
and the residue in the flask was chromatographed (Si02, 
hexane-AcOEt 2:1) to give 263 mg (11% based on recovered 
2b, Rf 0.75, hexane-AcOEt 2:1) of 3a and 1.08 g (45%, 
Rf 0.68) of 3b. The physical constants together with ele­
mental analyses of 3a and 3b are as follows : 3a, mp 84.0— 
85.0 °G (hexane); IR (Nujol) 3027, 1720 (ester G=0), 1714 
(G=0), 1653 cm-1 (G=C); XH NMR (60 MHz) ô 1.12 (d, 
3, 7 = 7 Hz, GH3), 1.70—2.60 (m, 9, GH2, GH), 3.00— 
3.40 (m, 1, GOGH), 3.69 (s, 3, OGH3), 5.55 (m, 2, HG=G). 
Found: G, 70.38; H, 8.32%. Galcd for G13H1803: G, 70.24; 
H, 8.16%. 3b: mp 88.0—89.0 °G (hexane); IR (Nujol) 
3018, 1721 (ester G=0), 1698 (G=0), 1655 cm-1 (G=G); 
W NMR (60 MHz) ô 0.94 (d, 3, 7 = 6 . 5 Hz, GH3), 1.68— 
2.50 (m, 9, GH2, GH), 2.69—3.10 (m, 1, GOGH), 3.59 (s, 
3, OCH3), 5.60 (m, 2, HC=C). Found: G, 70.36; H, 8.32%. 
Galcd for G13H1803: G, 70.24; H, 8.16%. 

Conversion of 3a into 3b. A mixture of 3a (32 mg, 
0.14 mmol) and MeONa (10 mg, 0.19 mmol) in MeOH 
(0.5 ml) was stirred for 24 h at room temperature and worked 
up in the usual manner to give 32 mg (100%) of 3b as a 
solid. 

Methyl 1,1 -Ethylenedioxy-4ß-methyl-A6 ' 7-octalin-4 a-carboxylate 
(5a). A mixture of 3b (420 mg, 1.89), ethylene glycol 
(2.3 g, 37.0 mmol), and />-toluenesulfonic acid (50 mg) in 
benzene (40 ml) was refluxed for 24 h in a Dean-Stark ap­
paratus and worked up in the usual manner to give 466 mg 
(92%) of 5a as an oil: bp 61.0—63.0 °G/0.01 Torr (Ku­
gelrohr); IR (neat) 3022, 1727 (ester G=0), 1664 cm-1 

(G=C); 1H NMR (60 MHz) ô 0.92—1.05 (m, 3, GH3), 
1.35—2.85 (m, 10, GH2, GH), 3.62—3.80 (m, 3, OGH3), 
3.95 (br s, 4, GH20), 5.49—5.88 (m, 2, HG=G). Found: 
G, 67.57; H, 8.49%. Galcd for C15H2204: G, 67.65; H, 
8.33%. 

4aß-Hydroxymethyl-4ß-methyl-A.6,7-octalin-1-one Ethylene Acetal 
(5b). To a suspension of LiAlH4 (50 mg, 1.32 mmol) 
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in THF (2 ml) was added a solution of 5a (115 mg, 0.43 
mmol) in THF (2 ml) at 0 °G. The mixture was stirred 
for 10 h at room temperature, quenched with AcOEt (1 ml) 
and 5% aqueous NaHG03 , and worked up in the usual 
manner to give 95 mg (93%) of 5b as an oil: bp 57.0— 
59.5 °G/0.00^5 Torr (Kugelrohr); IR (neat) 3450 (OH), 
3021, 1660 cm-1 (G=G) ; 2H NMR (60 MHz) ô 0.79—1.09 
(m, 3, GH3), 1.18—2.64 (m, 10, GH2, GH), 3.59 (br s, l, 
OH), 3.00—3.70 (m, 2, GH20), 3.78—4.10 (m, 4, GH20), 
5.60 (br s, 2, HG=G). Found: G, 70.68; H, 9.41%. Galcd 
for G14H2203: G, 70.56; H, 9.30%. 

4ß-Methyl-4aß-methylsulfonyloxymethyl-&Q> 1-octalin-1 -one Ethylene 
Acetal (5c). A mixture of 5b (386 mg, 1.62 mmol), 
MeS02Gl (592 mg, 5.2 mmol), and pyridine (2.5 ml) was 
stirred for 2 h at 0 °G and for 3 h at room temperature, 
quenched with cold aqueous 5% NaHGOs, and worked up 
in the usual manner to give 500 mg (97%) of 5c as an oil: 
IR (neat) 3028, 1671 (G=G), 1175 cm-1 (S02); 1H NMR 
(60 MHz) ô 0.92 (d, 3, 7 = 7 Hz, GH3), 1.40—2.59 (m, 10, 
CH2, GH), 3.01 (s, 3, S02GH3), 3.93 (s, 4, GH20), 4.29 
(ABq, 2, 7 = 8 Hz, GH20), 5.63 (br s, 2, HG=G). Found: 
G, 57.11; H, 7.79%. Galcd for G15H2405S: G, 56.95; H, 
7.65%. 

7,1 -Ethylenedioxy-4ß-methyl-A,6 > 1-octalin-4aß-carbaldehyde (5d). 
To a suspension of pyridinium chlorochromate (117 mg, 
0.44 mmol) and AcONa (42 mg, 0.51 mmol) in GH2G12 

(3 ml) was added a solution of 5b (35 mg, 0.15 mmol) in 
GH2G12 (1 ml) at 0 °G. The mixture was stirred for 30 min 
at 0—5 °G and for 3 h at room temperature, diluted with 
ether, and passed through short silica gel column eluting 
with ether. The elute was concentrated and the residue 
was chromatographed (Si02, hexane-AcOEt 3:1) to give 
29 mg (84%0) of 5d as an oil: bp 88.5—90.0 °G/0.015 Torr 
(Kugelrohr); IR (neat) 3015, 2750, 2680, 1712 (G=0), 
1662 cm-1 (G=G); 1H NMR (60 MHz) ô 0.83—1.08 (m, 3, 
GH3), 1.27—2.81 (m, 10, GH2, GH), 3.85—4.01 (m, 4, 
GH20), 9.50, 10.02 (s, 1, GHO). Found: G, 71.31; H, 
8.76%. Galcd for G14H20O3: G, 71.16; H, 8.53%. 

4ß-Methyl-4aß-methylsulfonyloxymethyl-A.6 ' 1-octalin-1 -one (6). 
A solution of 5c (90 mg, 0.28 mmol) and 70% HG104 (90 
mg) in THF (3 ml) and water (1.5 ml) was stirred for 1 h 
at 0 °G and for 10 h at room temperature and worked up 
in the usual manner to give 76 mg (98%) of 6: IR (neat) 
3033, 1710 (G=0), 1656 (C=C), 1177 cm-1 (S02) ; 1H NMR 
(60 MHz) ô 0.92—1.34 (m, 3, GH3), 1.57—2.78 (m, 10, 
GH2, GH), 2.93, 3.02 (s, 3, S02GH3), 4.18 (s, 2, GH20), 
5.64 (m, 2, HG-G). Found: G, 57.30; H, 7.66%. Galcd 
for G13H20O4S: G, 57.34; H, 7.40%. 

5,6-cis-5-Methyltricyclo[4.4.1.0x>*\undec-8-en-2-one (7). 
To a solution of 6 (257 mg, 0.95 mmol) in MeOH (2 ml) 
was added a solution of MeONa (254 mg, 4.7 mmol) in 
MeOH (2.5 ml). The mixture was stirred for 24 h at room 
temperature and worked up in the usual manner to give 
139 mg (84%0) of 7 as an oil: bp 40.5—42.0 °G/0.02 Torr 
(Kugelrohr); IR (neat) 3079, 3030, 1680 cm-1 (G=0) ; 1H 
NMR (60 MHz) ô 0.76—2.83 (m, 11, GH2, GH), 1.05 (d, 
3, 7 = 6 Hz, GH3), 5.49—5.33 (m, 2, HG=G); 13G NMR 
ô 14.4 (t, C-ll) , 18.4 (q, C-12), 25.1 (t, C-10), 26.7 (t, C-4), 
29.4 (t, C-7), 31.6 (s, C-6), 32.9 (d, C-5), 34.2 (s, C-l), 36.4 
(t, C-3), 122.2, 123.6 (d, C-9, C-8), 210.1 (s, C-2). Found: 
G, 81.84; H, 9.03%. Galcd for G12H160: G, 81.77; H, 
9.15%. 

tra.ns-4ß,4aß-Dimethyl-AG'7-octalin-1-one (8) and 5,6-cis-5-
Methylbicyclo[4.4.1]undec-8-en-2-one (9). To a blue solu­
tion of lithium (84 mg, 12.1 mmol) in liquid NH3 (ca. 30 ml) 
was added a solution of 7 (245 mg, 1.39 mmol) and /-BuOH 
(104 mg, 1.39 mmol) in DME (4 ml). After being stirred 

for 1.5h at — 78 °G, the blue solution was quenched with 
NH4C1 (500 mg), allowed to stand at room temperature until 
liquid NH3 had evaporated, and worked up in the usual 
manner. The crude product was chromatographed (Si02, 
hexane-AcOEt 4:1) to give 202 mg (83%) of 8 (R£ 0.8, 
hexane-AcOEt 2:1) and 24 mg (10%) of 9 (R{ 0.5). Physi­
cal constants together with elemental analyses of 8 and 9 
are as follows: 8, bp 38.0—39.5 °G/0.02 Torr (Kugelrohr); 
IR (neat) 3025, 1711 (G=0), 1658 cm-1 (G=G) ; XH NMR 
(60 MHz) ô 0.63 (s, 3, GH3), 0.91 (d, 3, 7 = 6 Hz, GH3), 
1.53—2.56 (m, 10, GH2, GH), 5.63 (m, 2, HC=C). Found: 
G, 80.94; H, 10.27%. Galcd for G12H180: G, 80.85; H, 
10.18%. 9: mp 91.0—95.0 °G; IR (Nujol) 3019, 1698 
(G=0), 1656 cm-1 (G=G); XH NMR (60 MHz) ô 0.93 (m, 
3, GH3), 1.05—2.56 (m, 13, GH2, GH), 5.65 (m, 2, HG=G). 
Found: G, 80.94; H, 9.94%. Galcd for G12H180: G, 80.85; 
H, 10.18%. 

tra.ns-4ß,4aß-Dimethyl-AG'7-octalin-1-one Ethylene Acetal (10). 
A mixture of 8 (131 mg, 0.73 mmol), ethylene glycol (700 
mg, 11.3 mmol), and/>-toluenesulfonic acid (40 mg) in ben­
zene (30 ml) was refluxed for 24 h in a Dean-Stark apparatus 
and worked up in the usual manner to give 158 mg (97%) 
of 10 as an oil: bp 73.0—75.0 °G/0.03 Torr (Kugelrohr); 
IR (neat) 3020, 1559 (G=G), 1159, 1092, 1040, 985, 897 cm-1; 
1H NMR (100 MHz) ô 0.81 (s, 3, GH3), 0.84 (d, 3, 7 = 
6 Hz, GH3), 1.10—2.44 (m, 10, GH2, GH), 3.72—4.04 (m, 
4, GH20), 5.61 (br s, 2, HG=G). Found: G, 75.64; H, 
10.03%. Galcd for G14H2a02: G, 75.63; H, 9.97%. 

tra.ns-4ß,4aß-Dimethyl-AG>7-octalin-1ß-ol (12). To a 
suspension of LiAlH4 (64 mg, 1.69 mmol) in THF (2 ml) 
was added a solution of 8 (100 mg, 0.56 mmol) in THF 
(2 ml) at 0 °G. The mixture was stirred for 1 h at 0—5 °G 
and for 9 h at room temperature, and worked up in the usual 
manner to give 91 mg (90%) of 12 as white crystals: mp 
52.5—53.5 °G; IR (Nujol) 3330 (OH), 3012, 1658 cm-1 

(G=G); XH NMR (60 MHz) ô 0.86 (complex d, 3, 7 = 5 Hz, 
GH3), 0.88 (s, 3, GH3), 1.07—2.65 (m, 10, GH2, GH), 1.64 
(s, 1, OH), 3.76 (m, 1, GHO), 5.55 (m, 2, HG=G). Found: 
G, 79.68; H, 10.99%. Galcd for G12H20O: G, 79.94; H, 
11.18%. 

tra.ns-6oc,7oc-Epoxy-4ß,4aß-dimethyldecalin-1 ß-ol (13a). 
To a solution of m-GPBA (208 mg, 1.21 mmol) in GH2Gla 

(3 ml) was added a solution of 12 (128 mg, 0.71 mmol) in 
GH2G12 (1ml) at 0 °G. The mixture was stirred for l h 
at 0 °G and for 20 h at 5 °G, washed with aqueous 10% 
Na2S2Os (3 ml), aqueous 5% NaOH, and brine, dried 
(Na2S04), and concentrated. The crude product was chro­
matographed (Si02, hexane-AcOEt 2:1) to give 127 mg 
(91%) of 13a as an oil: bp 37.0—38.0 °G/0.0075 Torr 
(Kugelrohr); IR (neat) 3444 (OH), 3020, 1258, 1227, 1150, 
1043, 1013 cm-1; XH NMR (60 MHz) ô 0.82 (unresolved 
m, 3, GH3), 0.88 (s, 3, GH3), 1.07—2.26 (m, 11, GH2, GH, 
OH), 2.98—3.36 (m, 2, GHO), 3.70 (br s, 1, GHO). Found: 
G, 73.59; H, 10.45%. Galcd for G12H20O2: G, 73.43; H, 
10.27%. 

tra.ns-6a,7oi-Epoxy-4ß,4aß-dimethyldecalin-1 ß-ol Tetrahydro-
pyranyl Ether (13b). A mixture of 13a (123 mg, 0.63 
mmol), 2,3-dihydropyran (1.01 g, 11.9 mmol), and pyri­
dinium />-toluenesulfonate18> (79 mg, 0.31 mmol) in GH2G12 

was stirred for 20 h at room temperature, diluted with ether 
(5 ml), and worked up in the usual manner. The crude 
product was chromatographed (Si02, hexane-AcOEt 4:1) 
to give 136 mg (77%) of 13b as an oil: bp 63.0—66.0 °G/ 
0.004 Torr (Kugelrohr); IR (neat) 1439, 1352, 1202, 1129, 
1072, 1031, 1022 cm-1; 1H NMR (60 MHz) ô 0.70—0.99 
(m, 3, GH3), 0.88 (s, 3, GH3), 1.06—2.41 (m, 16, GH2, GH), 
2,97—3.33 (m, 2, GHO), 3.33—4.18 (m, 3, GHaO, GHO), 
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4.43—5.54 (m, 1, GHO). Found: G, 72.59; H, 10.09%. 
Galcd for C17H2803: G, 72.82; H, 10.06%. 

trans-7oc-Hydroxy-4ß, 4 aß-dimethyldecalin-1 ß-ol Tetrahydro-
pyranyl Ether (14a). To a blue solution of lithium (84 
mg, 12.1 mmol) in liquid NH3 (ca. 25 ml) was added a solution 
of 13b (136 mg, 0.48 mmol) in DME (4 ml). The mixture 
was stirred for 1 h at - 7 8 °G and for 1.5 h at - 3 3 °G, quench­
ed with NH4G1 (500 mg), and worked up in the usual manner. 
The crude product was chromatographed (Si02, hexane-
AcOEt 2:1) to give 116 mg (85%) of 14a as an oil: bp 123.0— 
126.0 °G/0.005 Torr (Kugelrohr); IR (neat) 3370 (OH), 
1255, 1200, 1132, 1110, 1077, 1056, 1022, 1000 cm-1; XH 
NMR (60 MHz) Ô 0.80 (unresolved d, 3, 7 = 6 Hz, GH3), 
0.87 (s, 3, GH3), 1.08—2.17 (m, 19, GH23 GH, OH), 3.26— 
4.00 (m, 3, GH 20, GHO), 4.12 (m, 1, GHO), 4.45—4.73 
(m, 1, GHO). Found: G, 72.16; H, 10.78%. Galcd for 
C17H30O3: G, 72.30; H, 10.71%. 

trans - 8ß - Tetrahydropyranyloxy - 4aß,5ß - dimethyldecalin-2 - one 
(14b). To a suspension of pyridinium chlorochromate 
(299 mg, 1.12 mmol) and AcONa (183 mg, 2.23 mmol) 
in GH2G12 (3 ml) was added a solution of 14a (105 mg, 
0.37 mmol) in GH2G12 (2 ml) at 0 °G. After being stirred 
for 0.5 h at 0—5 °G and for 3 h at room temperature, the 
mixture was diluted with ether (3 ml) and passed through a 
short silica gel column eluting with ether. The elute was 
concentrated and the residue was chromatographed (Si02, 
hexane-AcOEt 2:1) to give 97 mg (93%) of 14b as an oil: 
bp 96.0—99.0 °G/0.01 Torr (Kugelrohr); IR (neat) 1710 
cm-1 (G=0); XH NMR (60 MHz) ô 0.91 (d, 3, 7 = 5 Hz, 
GH3), 1.09 (s, 3, GH3), 1.28—2.99 (m, 18, GH2, GH), 3.27 
(m, 3, GH 20, GHO), 4.41—4.74 (m, 1, GHO). Found: 
G, 72.91; H, 10.15%. Galcd for C17H28Os: G, 72.82; H, 
10.06%. 

trans-<9ß-Hydroxy-4aß,5ß-dimethyldecalin-2-one (15a). 
A solution of 14b (96 mg, 0.34 mmol) and pyridinium p-
toluenesulfonate (20 mg, 0.08 mmol) in EtOH (3 ml) was 
stirred for 20 h at 60—63 °G. The mixture was concentrated 
and the residue was chromatographed (Si02, hexane-AcOEt 
2:1) to give 64 mg (95%) of 15a as a white solid: mp 87.0— 
88.5 °G; IR (Nujol) 3405 (OH), 1695 cm"1 (G=0); XH NMR 
(100 MHz) ô 0.91 (d, 3, J = 6 Hz, GH3), 1.13 (s, 3, GH3), 
1.25—2.09 (m, 8, GH2, GH), 2.00 (s, 1, OH), 2.13—2.99 
(m, 4, GH2GO), 3.76 (br s, 1, GHO); 13G NMR ô 13.2 (q, 
C-9), 15.6 (q, C-10), 25.3 (t, C-6), 34.2 (t, C-7), 35.9 (s, 
C-4a), 38.2 (t, G-3), 39.6 (t, C-4), 42.1 (d, C-8a), 42.1 (t, 
C-l), 42.7 (d, G-5), 70.7 (d, G-8), 213.3 (s, G-2). Found: 
G, 73.26; H, 9.99%. Galcd for G12H20O2: G, 73.43; H, 
10.27%. 

trajis-4aß,5ß-Dimethyl-8ß-methylsulfonyloxydecalin-2-one (15b). 
A mixture of 15a (60 mg, 0.31 mmol), MeS02Gl (178 mg, 
1.55 mmol), and pyridine (1.5 ml) was stirred for 1 h at 0 °G 
and for 2 h at room temperature, quenched with cold water 
and worked up in the usual manner to give 73 mg (88%) 
of 15b; IR (neat) 1710 (G=0), 1378, 1178cm-1 (S02) ; XH 
NMR (100 MHz) ô 0.94 (d, 3, 7 = 6 Hz, GH3), 1.08 (s, 3, 
GH3), 1.17—2.87 (m, 12, GH2, GH), 3.00 (s, 3, S02GH3), 
4.72 (m, 1, GHO). Found: G, 57.06; H, 8.28%. Galcd 
for G13H2204S: G, 56.92; H, 8.08%. 

4aß,5ß-Dimethyl-A}>8&-octalin-2-one (16a). A mixture 
of 15b (73 mg, 0.266 mmol) and DMSO (2 ml) was heated 
at 130—140 °G for 2 h, and worked up in the usual manner. 
The crude product was chromatographed (Si02, hexane-
AcOEt 3 : 1) to give 33 mg (64%) of 16a as an oil: bp 72.5 
—75.0 °G/0.02 Torr (Kugelrohr) (lit,17) 96.0—99.0 °G/0.2 
Torr); IR (neat) 1675 (G=0), 1615 (G=G), 1235, 1188, 
1030, 955, 877 cm-1; 1H NMR (60 MHz) ô 0.93 (unresolved 
d? 3, 7 = 6 Hz, GH3), 1.10 (s, 3, GH3), 1.10—2.53 (m, 11, 

GH2, GH), 5.69 (br s, 1, HG=G); 13G NMR ô 15.3 (q, C-10), 
16.0 (q, C-9), 26.5 (t, G-7), 30.5 (t, G-8), 33.3 (t, G-6), 34.0 
(t, G-3), 35.5 (t, C-4), 39.0 (s, G-4a), 43.2 (d, C-5), 124.0 
(d, C-l), 171.4 (s, G-8a), 199.7 (s, C-2). 

3 oc- ( 1 -Hydroxy-1 -methylethyl) -4aß,5ß-dimethyl-A}'8a,-octalin-2-one 
(16b). To a stirred solution of £-Pr2NLi (103 mg, 
0.96 mmol) in THF (1.5 ml) was added a solution of 16a 
(19 mg, 0.11 mmol) in THF (0.5 ml). After being stirred 
for 40 min at —78 °G, a solution of ZnCl2 (14 mg, 0.11 mmol) 
in ether (0.5 ml) was added and to this mixture acetone 
(62 mg, 1.1 mmol) was added. The mixture was stirred 
for 10 min, quenched with cold aqueous 5% tartaric acid, 
and extracted with ether-benzene. The extract was washed 
with brine, dried (Na2S04), and concentrated. The residue 
was chromatographed (Si02, hexane-AcOEt 4:1) to give 
20mg (79%) of 16b; IR (neat) 3440 (OH), 3027, 1650 (C=0), 
1626 cm-1 (C=C); XH NMR (100 MHz) ô 0.93 (unresolved 
d, 3, 7 = 6 Hz, CH3), 1.14 (s, 3, GH3), 1.23 (s, 6, CH3), 1.29— 
2.62 (m, 10, GH2, CH), 4.72 (br s, 1, OH), 5.70 (s, 1, HG=C); 
13C NMR ô 15.1 (q, C-10), 15.9 (q, C-9), 24.6 (q, G-12), 26.2 
(t, C-7), 28.3 (q, G-13), 30.4 (t, G-8), 32.9 (t, C-6), 38.6 (t, 
C-4), 39.6 (s, G-4a), 43.6 (d, C-5), 51.2 (d, G-3), 72.4(s, C-ll) , 
124.6 (d, C-l), 172.0 (s, C-8a), 203.3 (s, G-2), Found: 
C, 76.33; H. 10.37%. Galcd for C15H2402: G, 76.32; H, 
10.24%. 

dl-Dehydrofukinone (1). To a solution of 16b (18 mg, 
0.076 mmol) in pyridine (0.5 ml) was added MeS02Cl (74 
mg, 0.65 mmol) at 0 °G. The mixture was stirred for 2 h 
at room temperature and for 2 h at 40—45 °G, quenched 
with cold water, and worked up in the usual manner. The 
crude product was chromatographed (Si02, hexane-AcOEt 
4:1) to give 12 mg (72%) of a mixture of double bond isomers 
17 (3-isopropenyl:3-isopropylidene ca. 5:1 based on 1H NMR) : 
bp 47.0—52.0 °C/0.01 Torr (Kugelrohr); IR (neat) 1674 
(C=0), 1624 (C=C), 883 cm"1; 1H NMR (60 MHz) ô 4.83, 
4.98 (br s, HG=C). Without further separation of the double 
bond isomers, 17 was passed through an activated alumina 
300 (Nakarai Chemicals) column (10 g) with hexane-AcOEt 
(10:1) to give 1 in a quantitative yield: bp 48.0—53.0 °C/ 
0.01 Torr (Kugelrohr); IR (neat) 1663 (C=0), 1629 (C=C), 
1459, 1439, 1373, 1294, 1221, 1196, 1101, 1035, 884, 846 
cm-1; 1H NMR (100 MHz) ô 0.92 (unresolved m, 3, CH3), 
0.97 (s, 3, GH3), 1.16—1.66 (m, 5, CH2, GH), 1.85, 2.09 
(s, 3, C=G(CH3)2), 2.16—2.40 (m, 5, GH2), 2.88 (d, 1, J= 
14 Hz, COGH), 5.76 (s, 1, HC=G); 13C NMR ô 15.4 (q, 
C-10), 16.0 (q, C-9), 22.0 (q, C-12), 22.5 (q, C-13), 26.5 (t, 
C-7), 30.5 (t, C-8), 32.5 (t, C-6), 41.0 (t, C-4), 41.9 (s, C-4a), 
42.5 (d, C-5), 126.1 (d, C-l), 128.1 (s, C-3), 142.1 (s, C-ll), 
168.6 (s, G-8a), 192.2 (s, C-2). 

Conversion of 17 into 1 with RhCl3-2H20. A solution 
of 17 (26 mg, 0.12 mmol) and RhCl3-2H20 (2 mg, 0.008 
mmol) in EtOH (2.5 ml) was heated at 95—100 °C for 6 h 
in a sealed tube. The mixture was concentrated and the 
residue was chromatographed (SiOa, hexane-AcOEt 4:1) 
to give 18 mg (86%) of 1. 
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Synthesis of a-Trialkylsilyl Ketones1,2) 
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The isomerization of 2-trimethylsilyl-2,3-dialkyloxiranes occurs in the presence of Mgl2 to give a-trimethylsilyl 
ketones only, if one starts from (26,*,36'*)-isomers. In contrast, however, the reaction of (2S*,3Z?*)-oxiranes 
produces enol silyl ethers in addition to a-trimethylsilyl ketones. The reaction proceeds via the Mg salts of regio-
and stereoselectively produced /?-iodo-/?-trimethylsilyl alcohols, each diastereomer of which behaves differently. 
Remarkably, Li salts of both iodohydrins [(2S*,3S*)- and (2S*,3R*)-isomers] give a-trimethylsilyl ketones exclu­
sively. This provides efficient procedures for preparing a-trimethylsilyl ketones from a mixture of diastereomeric 
silyloxiranes. 

Organosilicon chemistry has contributed much to 
the development of modern methodology of organic 
synthesis.3) Particularly, a-trialkylsilyl ketones (IV) 
have attracted considerable attention as precursors 
for olefins with predictable geometry.4»5) The prepara­
tion of I V usually involves acylation of a-trimethylsilyl 
Grignard compounds6) or oxidation of the ^-tri­
methylsilyl alcohols,4) as direct silylation of the cor­
responding ketones gives none of the expected prod­
ucts.7) This article describes a synthetic route to I V 
including the rearrangement of silyloxiranes ( II and 
VI) as a key step. 

The rearrangement of I I and V I proceeds in the 
presence of Mgl2. la»8) The required oxiranes are read­
ily accessible from internal olefins silylated on sp2 

carbon (I and V).9) 
For example, oxidation of (£')-5-trimethylsilyl-4-

decene (Ic)9g) with m-chloroperbenzoic acid gave l i e 
in 8 6 % yield. Treatment of l i e with M g l 2 (10 equiv.) 
in ether at reflux afforded 5-trimethylsilyl-4-decenone 
(IVc) in 7 2 % yield (Scheme 1 and Table 1). 

TABLE 1. REACTION OF SILYLOXIRANES WITH Mgl2 

Oxirane 

Ha 
Via 
l i b 

VIb 
He 

Isomeric purity % 

>99 
91 

>99 
96 

>99 

Products 

IV (%) 

93 (quant.)a> 
48 
74 
40 
72 

VIII (%) 

0 
9 
0 

18 
0 

a) The yield in parentheses is that before purification. 

In contrast with I I the corresponding diastereomer 
V I gave a mixture of I V and trimethylsilyl enolate 
V I I I (Scheme 2). 

Regioselective formation of I V should be ascribed 
to the oxirane cleavage at the silylated carbon to 
oxygen bond followed by the hydride shift to that 
carbon. Furthermore, oxirane cleavage accompanied 
by R migration and the 1,3 shift of Me3Si group 
from carbon to oxygen should explain the formation 

•H. / S i M e 3 m-CPBA 
> = C ' SR' 

I 

/ H.„ oSIMe3 HI H 

R^'C-C-R' = r K-;c-c^.SiMe3 

R R' 

a: n-C6Hi3 n-C6Hi3 

b: n-C5Hii n-C3H7 

c: n-C3H7 n-C5Hn 

d: n-C6Hi3 n-C6H13(SiEt3) 

Mgl2 

R*<c-c^.SIMe3 
MO V 

Scheme 1. 

R"M 

R-C-CHR 
II I 
O SiMe3 

IV 

L /S iMe 3 m-CPBA 
^C=C • 

a: 

b: 

C: 

H ' 
V 

R 

n-C6Hi3 

n-CöHn 

n-C3H7 

R' 

R' 

n-C6Hi3 

n-C3H7 

n-CöHn 

HI / R(/ .SiMe3 

\ / 
VI 

Mgl2 

H^c-cf 
/ v;SIMe3 

MO R' 

R"M= n-BuLi, MeMgl /Mgl 2 

KQtßu H C / 
VII 

R"M 

IV + CH=CRR' 
I 

OSiMe3 

VIII 

Scheme % 
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of V I I I . Reasonable accounts for the observed reactiv­
ity difference between I I and I V have stemmed from 
the following investigations. 

As known already, the reaction of trimethylsilyl-
oxiranes with MgBr2 or HBr gives ß-bromo-/?-tri-
methylsilylalkanols, regio- and stereoselectively.8'10e_g:) 
We have found that treatment of I I a with aq H I 
gives iodohydrin I l i a in a quantitative yield.13) Silyl-
oxiranes V i a and V i c were transformed analogously 
into iodohydrins V i l a and V I I c , respectively. 
Furthermore, Scheme 3 shows that I X gives X , with 
the preferential cleavage of 0 - C H S i M e 3 bond.14) 

IX 

HO SiMe3 

X 

Scheme 3. 

This is in contrast to the general belief that silicon 
stabilizes /?-carbocation instead of the plus charge on 
the carbon directly attached to silicon.3) The stereo­
chemistry of the iodohydrins was established by re­
generation of the starting silyloxiranes by the action 
of KO'Bu. All observations indicate that iodide ion 
is attached regio- and stereoselectively to the silylated 
carbon upon iodohydrin formation. 

The iodohydrins I I I and V I I thus obtained were 
treated with an organometallic reagent R " M . For 
example, reaction of 11 l a with w-BuLi (1 equiv.) in 
ether gave IVa in a quantitative yield (Table 2).15) 

Unexpectedly analogous treatment of the diastereomer 
V i l a afforded the same product IVa in 9 0 % yield. 
It is remarkable that both diastereomeric iodo­
hydrins give the same a-trimethylsilyl ketone in excel­
lent yields.16) a-Triethylsilyl ketone (IVd) could also 
be obtained from 11 Id. These and other results are 
listed in Table 2. 

The silylated olefins (I and V) are prepared by 

the alkylation of C E C S I moiety.9a-d '9g) Furthermore, 
the silylated ketones (IV) are transformed into tri-
substituted ethylenes by the published procedure 
stereoselectively.5) The present study, therefore, links 
two synthetic sequences to afford a means of preparing 
trisubstituted ethylenes of any desired stereochemistry 
starting from silylacetylenes. 

Remarkably, treatment of I l i a with MeLi in T H F 
gave predominantly the starting silyloxirane (Ha) in­
stead of a-silyl ketone (IVa) obtained above. Solvent 
effect must play an important role in the reaction of 
Li salt of iodohydrin. The O - L i should have become 
more nucleophilic in T H F than in ether. 

Furthermore, Mg salts of diastereomeric iodohydrins 
behaved differently from Li salts. Trea tment of I l i a 
with M e M g l (1 equiv.) and M g l 2 (10 equiv.) at reflux 
gave IVa17) in 9 2 % yield. The diastereomeric iodo­
hydrin ( V i l a ) , however, was transformed into a mixture 
of IVa (29%) and trimethylsilyl enolate V i l l a (43%). 

The rearrangement of silyloxiranes in the presence 
of M g l 2 showed similar product distributions depend­
ing on the sorts of the starting diastereomers. Fur­
thermore, treatment of I I a with M g l 2 at room temper­
ature provided I l i a (28%) along with IVa (30%). 
These observations indicate that the M g salt of iodo­
hydrin should be an intermediate18»19) in the M g l 2 

reaction giving IV or V I I I in the subsequent step. 
The relative orientations of the C-Si and the C - O 

bonds deviate markedly from the coplanar alignment 
which favors the /?-carbocation stabilized by the G-Si 
bond.3) The preference for oxirane cleavage at the 
silylated carbon with inversion in the iodohydrin forma­
tion suggests that the silyl group actually facilitates 
bimolecular nucleophilic displacements at the carbon 
attached to silicon.20»21) Penta-coordinated silicon 
intermediate explains the observations,22) as shown in 
Scheme 4. 

Rearrangement of iodohydrin to a-trialkylsilyl ketone 
is ascribed to Mi-elimination under 1,2-hydrogen 

TABLE 2. CONVERSION OF SILYLOXIRANES TO IV AND VIII via IODOHYDRINS III AND VII 

Oxirane 

Ha 

V i a 

l i b 

l i d 

V i c 

Ha 

V i a 

Isomeric purity % 

> 9 9 

91 

> 9 9 

> 9 9 

97 

> 9 9 

91 

a) Yields in parentheses are those 
and N M R analysis. 

before 

R-., S iMe 3 

R'̂ 'c-c^R" 

( O 

T r r ^ n 0 / TD Leagent (R"M) 

I l i a , quant. rc-BuLi 

V i l a , 94 rc-BuLi 

I l l b , (92)a> rc-BuLi 

H i d , (quant.) a> rc-BuLi 

VIIc , (92)a) rc-BuLi 

I l i a , quant. MeMgI/MgI 2 

V i l a , 94 MeMgI/MgI 2 

purification. The crude 

HI 

ne 

" R. .-f 

H ? \ - S i M e 3 
Ö* R" 

i 
H 

of R , R\ and R" ii 

Scheme 4, 

; products were 

R-. 
- R'-'C-

5 H ) 

Products 

IV (%) 

(quant.) a> 

90 (99) a> 

(quant.) a> 

87 

(quant.) a> 

92 

29 

almost pure on 

u ^ S i M e 3 
R" 

VIII (%) 

0 

0 

0 

0 

0 

0 

43 

GLPG, TLG, 
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MeaSi^Hr^R' MeaSi^H^R' 

IV 
H-C-CRR' 

II i 
O SiMe3 

Î 

VIII 

VII 
R"M MOy-k^R 

MeaSi^P^R' 
H ^ 

" Me 3Si^ f^R' 

Scheme 5. 

migration, while the one affording I V is accounted 
for by assuming M I elimination under 1,2-migration 
of R and the subsequent 1,3-migration of Me3Si group 
(Scheme 5). The observed selectivity is explained on 
the following assumption: (i) migratory aptitude H > 
R ; (ii) anti conformation of the migrating group and 
iodine;23) (iii) M e 3 S i > R , I in effective size; (iv) if 
M = L i , A ( - * I V ) > B (-*VIII) and C ( - * I V ) > D 
(—>VIII) in populations as R > O L i > H in effective 
size; (v) if M = M g I , A > B but C < D as O M g l and 
Me3Si should be in anti positions each other because 
of the larger effective size of O M g l group. Possibly 
AF* (D->VIII) is comparable with A F * (D-*C-*IV) . 

Finally, other methods for obtaining a-trialkylsilyl 
ketones have been studied. 

The procedure via /?-trimethylsilyl alcohols X I I 
(Scheme 6) reported by Hudrlik4) was reinvestigated 
and applied to the synthesis of a-triethylsilyl ketones. 
Furthermore, T . H . Chan and his coworkers have 
reported that the reaction of a-silylalkyllithium with 
acid chlorides afforded, after hydrolysis with dilute 
hydrochloric acid, the desilylated ketones in moderate 
yield.24) This reaction must proceed via a-silyl ketone, 
which is easily desilylated in acidic conditions. I t 
was expected that careful work-up should afford a-
silyl ketones. Indeed, 1-trimethylsilylhexyllithium 
(XI) was prepared by the addition of n-BuLi to Me3-
SiCH=CH2 and treated with butyryl chloride to give 
IVc in 4 5 % yield (Scheme 6). Analogously 1-tri-
methylsilylhexylcopper obtained from X I and one 
equivalent of Cu l afforded IVc in 7 1 % yield. Reac­
tion of X I with acetyl chloride gave 3-trimethylsilyl-2-
octanone in 17% yield. O n the other hand reaction 
of 1-triethylsilylhexyHithium prepared from n-BuLi and 

Me3SiCH=CH2 + w-BuLi 

/ 
/RCHO 

Li 
XI 

RCOCl 

OO3 -pyridine 
R-CH-CHSiMe3 • R-G-GHSiMe^ 

1 1 11 1 
O n-CBHu 

XII IV 

Scheme 6, 

n-G5HnOTs 1 
(w-G3H7)3B--GEGSiMe3 • (w-C3H7)2B-C=C-SiMe3 

Li+ 
XIII 

NaB03-4H20 
-» w-G3H7-G-GHSiMe3 

11 1 
O n-CBHu 

IVc 

Scheme 7. 

Et 3 SiCH=CH 2 with butyryl chloride gave no desired 
product. 

a-Trimethylsilyl ketone (IVc) has alternatively been 
obtained by the mild oxidation of 4-dipropylboryl-5-
trimethylsilyl-4-decene (XIII)2 5) with N a B 0 3 - 4 H 2 0 in 
5 7 % overall yield (Scheme 7). 

Exper imenta l 

Gas chromatography was performed on Shimadzu GC-
4BPT with 3 m X 3 mm glass column packed with 20% 
polyethylene glycol and 20% HVSG on Ghromosorb W-AW 
(80—100 mesh). Mass spectra were obtained on Hitachi 
RMU-6L with 70V chamber voltage, NMR were measured 
on Varian EM-360, JEOL JNM-PMX 60, and Varian EM-
390 with Me4Si as internal standard and GG14 as solvent. 
13G-NMR on Varian GFT-20 with Me4Si as internal standard 
and CDC13 as solvent. IR on Shimadzu IR-27G spectrom­
eter. Elemental microanalyses were performed by Elemental 
Analyses Center of Kyoto University. All the reactions 
were carried out under an atmosphere of dry argon. All 
mass spectra were those of the samples after gas chromato­
graphic separation. 

Silylated Olefins I and V. CE)-7-Trimethylsilyl-7-tetra-
decene (la, R=R/=ÏI-CQH1S) : The chloroplatinic acid-cata­
lyzed reaction of trichlorosilane and 7-tetradecyne and the 
following treatment with MeMgl gave la in 70% yield 
(£>99%).26>27> Bp 120 °G/0.07 mmHg; IR (neat) 1611, 
1200, 830, 747, 685 cm"1; MS m/e (rel. %) , 268 (M+, 0.4), 
253 (8), 194 (13), 96 (13), 73 (100), 59 (21); NMR (GG14) 
(5=0.00 (9H, s), 0.67—1.07 (6H, m), 1.07—1.70 (16H, m), 
1.70—2.30 (4H, m), 5.58 (1H, br-t, J=7 Hz). 

Found: G, 76.20; H, 13.46%. Galcd for G17H36Si: G, 
76.03; H, 13.51%. 
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(E) -7 - Triethylsilyl-7-tetradecene (Id, R = R' = n-CßHls) : 
Yield, 7 7 % ; E>99%; I R (neat) 1610, 1232, 1010, 722 cm" 1 ; 
N M R (GG14) (5=0.30—1.70 (37H, m) , 1.70—2.35 (4H, m) , 
5.62 (1H, t, 7 = 6 Hz) . 

Found: G, 77.39; H , 13.39%. Galcd for G2 0H4 2Si: G, 
77.33; H , 13.63%. 

Silylated Olefins I (R^Rf). These materials were 
prepared by the double alkylation of HC=CSiMe3.9s> 

Silylated Olefins V (R=Rf and R^R). These com­
pounds were prepared by the reductive alkylation of the 
corresponding RGEGSiMe3 according to the reported proce-
dure.9c»d) 

(Z) -7- Trimethylsily1-7-tetradecene ( Va, R=R/=n-CßH1J :9d> 
Yield, 9 5 % ; £ / Z = 9 / 9 1 ; bp 120 °G/0.07 m m H g . 

(Z)-4-Trimethylsilyl-4-decene (Vb, R=n-C5Hn, R'=n-CZH7)\ 
Yield, 7 9 % ; £ / Z = 4 / 9 6 ; bp 100 °G/10 m m H g ; I R (neat) 
1611, 1240, 830, 750, 682 cm" 1 ; M S m/e (rel. % ) , 212 (M+, 
2) ; 197 (24), 169 (3), 156 (4), 155 (4), 138 (20), 127 (8), 
113 (8), 99 (10), 73 (100), 59 (30); N M R (GG14) (5=0.08 
(9H, s) 0.67—1.05 (6H, m) , 1.05—1.67 (8H, m) , 1.70— 
2.30 (4H, m) , 5.85 (1H, br-t, 7 = 7 Hz) . 

Found: G, 73.68; H , 13.54%. Galcd for G1 3H2 8Si: G, 
73.50; H, 13.28%. 

(Z) -5- Trimethylsilyl-4-decene (Vc, R=n-CzH7, R'=n-C5//n) : 
Yield, 7 2 % ; £ / Z = 3 / 9 7 ; bp 118—122 °G/20 m m H g ; I R 
(neat) 1610, 1240, 837, 758, 690 cm" 1 ; M S m/e (rel. % ) , 
212 (M+, 0.2), 197 (11), 169 (3), 155 (2), 138 (14), 127 (7), 
113 (6), 101 (3), 99 (8), 95 (7), 82 (9), 74 (10), 73 (100), 
59 (28), 45 (12), 43 (7), 41 (5) ; N M R (GG14) 5 = 0 . 1 0 (9H, 
s), 0.90 (6H, t, 7 = 6 Hz) , 1.10—1.60 (8H, m) , 1.80—2.25 
(4H, m) , 5.85 (1H, br-t, 7 = 7 Hz) . 

Found : G, 73.45; H , 13.00%>- Galcd for G1 3H2 8Si: G, 
73.50; H, 13.28%. 

1- Trimethylsily1-1-alkynes. These precursors of silylated 
olefins V9c»d> were obtained by the usual trimethylsilylation 
of the corresponding alkynyl Grignard compounds. 1-
Trimethylsilyl-1 -pentyne was, however, prepared by the fol­
lowing procedure. T o a solution of Me3SiCECSiMe3 (3.3 
g, 19 mmol) in 15 ml of T H F and 13 ml of H M P A was added 
MeLi (21 mmol, 14 ml of 1.48 M ethereal solution) at —78 
°G. The mixture was warmed up to 0 °G and stirred for 
1 h at 0 °G. T h e resulting mixture was treated with n-
PrBr (2.0 ml, 22 mmol) , stirred for 3 h at a room-temperature, 
and poured into aq NH4G1 overlaid with hexane. T h e 
hexane layer was washed (aq NH4G1, sat. NaCl) , dried 
( M g S O J , and concentrated, affording 1.5 g (56%) of n-
G3H7GEGSiMe3 . 

2-Trialkylsilyl-2,3-dialkyloxiranes II and VI. These 
oxiranes were prepared by m-GPBA oxidation of the cor­
responding silylated olefins. 

(2S*,3S*)-2-Trimethylsilyl-2-pentyl-3-propyloxirane (lie, R= 
n-C3H7, R'=C5HU): T o a solution of m-chloroperbenzoic 
acid (85% purity, 1.2 g, 6.0 mmol) in GH2G12 was added 
(£)-5-trimethylsilyl-4-decene (Ic, 1.0 g, 4.9 mmol) a t 0 °G. 
The mixture was poured into aq K 2 G 0 3 overlaid with ether. 
T h e ether layer was washed (aq K 2 G 0 3 , sat. NaCl) and 
dried ( M g S 0 4 ) . Chromatography of the concentrate on 
silica-gel column (benzene) afforded l i e (0.96 g) . Yield, 
8 6 % ; > 9 9 % pur i ty ; bp 72—77 °G/3 m m H g ; I R (neat) 
1243, 839, 752, 693 cm" 1 ; M S m/e (rel. %>), 228 (M+, 0.5), 
213 (2), 199 (13), 185 (3), 171 (5), 143 (4), 130 (11), 113 
(4), 75 (29), 73 (100), 59 (15), 43 (9) ; N M R (GC14) 0= 
0.00 (9H, s), 0.67—1.10 (6H, m) , 1.10—1.70 (12H, m) , 
2.45—2.70 (1H, m) . 

Found: G, 68.60; H , 12.62%. Calcd for G 1 3H 2 8OSi: C, 
68.35; H, 12.35%. 

(2S*P3S*)-2-Trimethylsily 1-2,3-dihexyloxirane (IIa, R=R'=z 

n - Q # i 3 J : Yield, 6 8 % ; > 9 9 % puri ty; oil; I R (neat) 1241, 
834, 747 cm" 1 ; M S m/e (rel. % ) , 284 (M+, 1), 269 (2), 227 
(6), 213 (23), 199 (4), 185 (4), 155 (7), 143 (17), 130 (14), 
129 (9), 113 (5), 95 (5), 75 (28), 73 (100), 59 (13), 43 (14); 
N M R (GC14) (5=0.00 (9H, s), 0.67—1.05 (6H, m) , 1.05— 
1.65 (20H, m) , 2.40—2.70 (1H, m ) ; 1 3 G-NMR (CDG13) 
< 5 = - 2 . 9 4 , 14.06, 22.64, 26.34, 27.03, 28.20, 29.37, 30.08, 
30.87, 31.77, 31.89, 57.16, 60.59. 

Found : C, 71.91; H , 12.93%. Galcd for C 1 7H 3 6OSi: G, 
71.76; H , 12.75%. 

(2S*,3S*)-2-Trimethylsilyl-2-propyl-3-pentyloxirane (lib, R= 
n - C 5 / / n , R'=n-CSH7): Yield, 8 6 % ; > 9 9 % pur i ty ; bp 70— 
7 5 ° G / 3 m m H g ; I R (neat) 1239, 830, 746 cm" 1 ; M S m/e 
(rel. % ) , 228 (M+, 0.4), 213 (2), 199 (1), 185 (1), 171 (29), 
143 (8), 130 (7), 113 (15), 75 (28), 73 (100), 59 (13), 43 (9); 
N M R (CG14) (5=0.00 (9H, s), 0.65—1.13 (6H, m) , 1.13— 
1.65 (12H, m) , 2.45—2.73 (1H, m) . 

Found : C, 68.37; H , 12 .61%. Galcd for C 1 3 H 2 8 OSi: G, 
68.37; H , 12 .61%. 

(2S*,3S*)-2- Triethylsilyl-2,3-dihexyloxirane (lid, R=R'=n-
CQH1S): Yield, 9 8 % ; 9 9 % pur i ty ; oil; I R (neat) 1230, 
1005, 720 cm" 1 ; N M R (CG14) 0=0.40—1.70 (41H, m) , 
2.50—2.70 (1H, m) . 

Found : C, 73.81; H , 13.18%. Galcd for C2 0H4 2OSi G, 
73.54; H , 12.96%. 

(2S*,3R*)-2-Trimethylsilyl-2,3-dihexyloxirane (Via, R=R'= 
n-C 6 / / 1 3J: Yield, 9 3 % ; 9 1 % pur i ty ; oil; I R (neat) 1249, 
842, 757 cm" 1 ; M S m/e (rel. % ) , 284 (M+, 1), 269 (2), 227 
(5), 213 (20), 199 (6), 185 (6), 155 (9), 143 (16), 130 (12), 
129 (11), 113 (6), 95 (6), 75 (33), 73 (100), 59 (15), 43 (13); 
N M R (CG14) 0 = 0 . 0 8 (9H, s), 0.65—1.05 (6H, m) , 1.05— 
1.70 (20H, m) , 2.37—2.67 (1H, m ) ; 13G N M R (CDG13) 
( 5 = - 1 . 0 8 , 14.08, 22.67, 26.05, 27.25, 29.33, 29.74, 30.47, 
31.93, 37.93, 57.14, 64.04. 

Found : C, 71.71; H , 12.93%. Galcd for C 1 7 H 3 6 OSi: G, 
71.76; H , 12.75%. 

(2S*,3R*)-2-Trimethylsilyl-2-propyl-3-pentyloxirane (VIb, R= 
n-C5Hu, R'=n-C3H7): Yield, 9 3 % ; 9 6 % pur i ty ; oil; I R 
(neat) 1243, 840, 756, 693 cm" 1 ; M S m/e (rel. % ) , 228 (M+, 
1), 213 (2), 199 (2), 185 (2), 171 (27), 157 (3), 143 (10), 
130 (7), 113 (20), 75 (32), 73 (100), 59 (15), 43 (10); N M R 
(CG14) 0 = 0 . 0 8 (9H, s), 0.70—1.10 (6H, m) , 1.10—1.80 
(12H, m) , 2.40—2.67 (1H, m) . 

Found : C, 68.23; H , 12.47%. Galcd for C 1 3 H 2 8 OSi: G, 
68.35; H , 12.35%. 

(2S*,3R*)-2-Trimethylsilyl-2-pentyl-3-propyloxirane (Vic, R= 
n-CzH7, R,=n-C6H11): Yield, 6 8 % ; 9 7 % pur i ty ; oil; I R 
(neat) 1240, 840, 755, 690 cm" 1 ; M S m/e (rel. % ) , 228 (M+, 
0.3), 213 (1), 199 (12), 185 (3), 171 (7), 157 (2), 143 (4), 
141 (11), 130 (10), 129 (7), 115 (5), 113 (5), 99 (7), 85 (5), 
81 (5), 75 (31), 74 (10), 73 (100), 59 (18), 45 (12); N M R 
(CG14) (5=0.10 (9H, s), 0.90 (3H, t, 7 = 6 Hz) , 0.98 (3H, t, 
7 = 6 Hz) , 1.13—1.70 (12H, m) , 2.46—2.62 (1H, m) . 

Found : C, 68.64; H , 12.55%. Galcd for C 1 3H 2 8OSi: G, 
68.35; H , 12.35%. 

Isomerization of 2-Trimethylsily 1-2,3-dialkyloxiranes II and VI 
in the Presence of Mgl2. 5- Trimethylsilyl-4-decanone (IVc, 
R=n-CZH7, R,=n-C6H11) : T o a solution of M g l 2 (10 mmol) 
in 10 ml of ether was added trimethylsilyloxirane H e ( R = 
C3H7 , R / = G 5 H 1 1 , 0.23 g, 1 mmol dissolved in 5 ml of ether). 
T h e resulting mixture was stirred at reflux for 2 h and then 
treated with 6 ml of 1,4-dioxane at 0 °G overnight. The 
solution was freed from solids by filtration. T h e solids were 
washed with hexane several times and the combined organic 
layer was washed (sat. N a H C 0 3 , sat. NaCl) and dried (Mg-
S 0 4 ) . Chromatography of the concentrate on silica-gel 
column (benzene) afforded 0.16 g (72%) of IVc . Bp 110— 
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120 °G/23 m m H g ; I R (neat) 1686, 1249, 837, 750, 690 cm" 1 ; 
N M R (GG14) <5=0.00 (9H, s), 0.87 (6H, t, 7 = 6 Hz) , 1.00 — 
1.90 (10H, m) , 1.90—2.33 (3H, m) . 

Found : G, 68.85; H , 12 .11%. Galcd for G 1 3H 2 8OSi: G, 
68.35; H , 12.35%. 

Attempted purification of IVc by GLPG resulted in Im­
migration of Me3Si group affording the respective silyl enol 
ether; I R (neat) , 1671, 1243, 838, 749 c m - 1 ; M S m/e (rel. 
% ) , 228 (M+, 5), 213 (8), 185 (7), 171 (59), 158 (10), 143 
(12), 130 (35), 75 (31), 73 (100), 43 (10). 

8 - Trimethylsilyl - 7 - tetradecanone (IVa, R = R' = n - C§H1Z) : 
Yield, 9 3 % based on H a ; oil; I R (neat) 1686, 1240, 833, 
747 c m - 1 ; N M R (GG14) 0 = 0 . 0 0 (9H, s), 0.60—1.03 (6H, 
m) , 1.03—1.80 (18H, m) , 1.80—2.45 (3H, m) . 

Found : G, 69.37; H , 12.97%.28> Galcd for G1 7H3 6OSi: G, 
71.76; H , 12.75%. 

Purification of I V a by GLPG afforded the silyl enol ether; 
I R (neat) 1670, 1242, 836, 747 cm" 1 ; M S m/e (rel. % ) , 
284 (M+, 10), 269 (13), 255 (2), 241 (4), 227 (83), 213 (100), 
200 (20), 185 (14), 157 (13), 143 (53), 140 (70), 75 (23), 
73 (81); N M R (GG14) 0 = 0 . 1 3 (9H, s), 0.67—1.05 (6H, 
m) , 1.05—1.67 (16H, m ) , 1.67—2.30 (4H, m) , 4.15—4.65 
(1H, m) . 

4-Trimethylsilyl-5-decanone (IVb, R=n-C5H11, Rf=n-CZH1): 
Yield, 74% based on l i b ; bp 120—130 °G/16 m m H g ; I R 
(neat) 1686, 1245, 840, 754, 694 cm" 1 ; N M R (GG14) (5= 
0.00 (9H, s), 0.65—1.03 (6H, m) , 1.03—1.80 (10H, m) , 
2.00—2.45 (3H, m) . 

Found : G, 68.30; H , 12.65%. Galcd for G 1 3H 2 8OSi: G, 
68.35; H, 12.35%. 

Purification of I V b by GLPG gave the enol silyl e ther; 
M S m/e (rel. % ) , 228 (M+, 13), 213 (8), 199 (47), 185 (48), 
171 (8), 157 (5), 143 (16), 130 (72), 75 (28), 73 (100), 45 (10), 
43 (4). 

Isomerization of Trimethylsilyloxirane Va to a-Trimethylsilyl 
Ketone IVa and 1'-Trimethylsilyloxy-2-hexyl-l-octene (Villa, R= 
R'=n-C6H13) : T h e mixture containing 4 8 % of I V a and 9 % 
of V i l l a was separated by chromatography on silica-gel 
column (hexane and benzene). V i l l a : O i l ; I R (neat) 1661, 
1251, 1190, 1156, 1100, 881, 845, 757 cm" 1 ; M S m/e (rel. % ) , 
284 (M+, 10), 269 (3), 255 (1), 227 (1), 213 (38), 199 (5), 
157 (9), 143 (79), 81 (16), 75 (20), 73 (100), 67 (15), 55 (16), 
43 (20); N M R (GG14) 0 = 0 . 1 3 (9H, s), 0.60—1.05 (6H, 
m) , 1.05—1.65 (16H, m) , 1.65—2.30 (4H, m) , 5.90 (1H, 
br-s). 

Found : G, 72.06; H , 13.04%. Galcd for G1 7H3 6OSi: G, 
71.76; H , 12.75%. 

Isomerization of Trimethylsilyloxirane Vb to a- Trimethylsilyl 
Ketone IVb and 1-Trimethylsiloxy-2-propyl-1-heptene (VHIb, R= 
n - C 5 / / n R =n -C 3 / / 7 J : T h e products contained 4 0 % of I V b 
and 18% of V H I b . V H I b : O i l ; I R (neat) 1664, 1245, 
1154, 1092, 874, 838, 748 cm" 1 ; M S m/e (rel. % ) , 228 (M+, 
10), 213 (4), 171 (50), 157 (8), 143 (35), 129 (5), 75 (20), 
73 (100), 45 (13), 43 (7) ; N M R (GG14) (5=0.13 (9H, s), 
0.65—1.07 (6H, m) , 1.07—1.63 (8H, m) , 1.63—2.30 (4H, 
m) , 5.93 (1H, br-s). 

Found : G, 68.49; H , 12.48%. Galcd for G 1 3H 2 8OSi: G, 
68.35; H , 12.35%. 

ß-Iodo-ß-trialkylsilyl Alcohols III and VII. (7S*,8S*)-8-
Iodo-8-trimethylsilyl-7-tetradecanol (Ilia, R=R'=n-CßH13) : T o 
a solution of trimethylsilyloxirane I I a (0.28 g, 1 mmol) in 
5 ml of ether was added 1 ml of 5 7 % H I at 0 °G. After 
stirring for 1 h, the mixture was poured into sat. N a H G 0 3 

overlaid with ether. T h e ether layer was washed (10% 
N a 2 S 2 0 3 , sat. N a H G 0 3 , sat. NaCI) and dried ( M g S 0 4 ) . 
Ghromatography of the concentrate on silica-gel column 
(benzene) gave 0.41 g (quantitative yield) of Ilia. . Oi l ; 

I R (neat) 3475, 1240, 840, 756, 690 cm" 1 ; N M R (GG14) 
(5=0.23 (9H, s), 0.90 (6H, t, J=6 Hz) , 1.07—1.80 (20H, 
m) , 1.50 (1H, d, 7 = 6 . 6 Hz, G H - O H ) , 3.44 (1H, m, G H -
O H ) . Hydroxyl proton was checked by D 2 0 - a d d e d N M R 
as well as double resonance irradiated at 3.44 which induced 
singlet at 1.50. 

Found : G, 49.40; H , 9 .23%. Galcd for G 1 7H 3 7OSiI: G, 
49.50; H , 9 .04%. 

(7S*,8S*)-8-Iodo-8-triethylsilyl-7-tetradecanol (Hid, R=R'= 
n-CQH13) : Quan t , yield based on H d ; oil; I R (neat) 3475, 
1230, 1003, 725 cm" 1 ; N M R (GG14) (5=0.40—1.15 (21H, 
m) , 1.15—2.15 (20H, m) , 1.52 (1H, d, 7 = 6 . 8 Hz) , 3.45 
(1H, m ) . H i d was used for the successive reaction without 
purification. 

( 7R * ,8S * ) -8-Iodo-8-trimethylsilyl-7-tetradecanol ( Vila, R= 
A = n - C 6 / / 1 3 ) : Yield, 9 4 % based on V i a ; oil; I R (neat) 
3500, 1367, 1240, 840, 758, 690 c m - 1 ; N M R (CC14) (5= 
0.23 (9H, s), 0.90 (6H, t, 7 = 6 Hz) , 1.10—1.87 (18H, m) , 
1.37 (1H, d, 7 = 8 . 3 Hz) , 1.87—2.20 (2H, m) , 3.00 (1H, m) . 

Found : G, 49.27; H , 8 .83%. Galcd for G 1 7H 3 7OSiI: G, 
49.50; H , 9.04%. 

(4K*,5S*)-5-Iodo-5-trimethylsilyl-4-decanol (VIIc, R=n-
C3H7, R^n-C^J: Grude yield, 9 2 % based on V i c ; 
oil; I R (neat) 3500, 1369, 1240, 840, 755, 690 cm" 1 ; N M R 
(GG14) 0 = 0 . 2 3 (9H, s), 0.76—1.13 (6H, m) , 1.13—1.87 (10H, 
m) , 1.38 (1H, d, 7 = 9 Hz) , 1.87—2.30 (2H, m) , 3.05 (1H, 
m) . V I I c was used for the successive reaction without 
purification. 

Reaction of (4K*,5S*)-5-Iodo-5-trimethylsilyl-4-decanol (VIIc) 
with KO^Bu. T o a solution of K O ' B u (1.0 g, 9 mmol) 
in 5 ml of T H F was added V I I c (0.16 g, 0.92 mmol) in 5 ml 
of T H F at 0 °G. T h e resulting mixture was warmed up 
to a room-temperature, stirred for 1 h, and poured into aq 
NH4G1 overlaid with ether. T h e ether layer was washed 
(aq NH4G1, sat. NaCI) and dried ( M g S 0 4 ) , affording 97 mg 
(92%) of (26'*,3JR*)-2-trimethylsilyl-2-pentyl-3-propyloxirane 
(Vic , 9 6 % purity) after chromatography of the concentrate 
on silica-gel column (benzene). 

Reaction of ß-Iodo-ß-trialkylsilyl Alcohols III and VII with 
n-BuLi. 8- Trimethylsily 1-7-tetradecanone (IVa) : T o a 
solution of (7£*,8,S*)-8-iodo-8-trimethylsilyl-7-tetradecanol 
( I l i a , 0.35 g, 0.85 mmol) in 5 ml of ether was added w-BuLi 
(0.85 mmol , 1.12 ml of 0.76 M hexane solution) at - 2 0 °G. 
T h e reaction mixture was warmed up to a room-temperature, 
stirred for 1.5 h, and poured into aq NH4G1 overlaid with 
ether. T h e ether layer was washed (aq NH4G1, sat. NaCI) 
and dried ( M g S 0 4 ) , yielding 0.24 g (quantitative) of IVa . 

8-Triethylsily 1-7-tetradecanone (IVd, R=R'=n-C6H13) : 
Yield, 8 7 % based on H i d ; oil; I R (neat) 1687, 1230, 1130, 
1002, 725 cm" 1 ; N M R (GC14) (5=0.40—1.10 (21H, m) , 
1.10—1.90 (18H, m) , 2.00—2.45 (3H, m) . 

Found : G, 73.77; H , 12.77%. Calcd for C 2 0H 4 2OSi: G, 
73.54; H , 12.96%. 

Purification of IVd by G L P C gave the enol silyl ether; 
M S m/e (rel. % ) , 326 (M+, 10), 297 (16), 269 (44), 255 (48), 
241 (10), 227 (11), 213 (18), 185 (33), 157 (42), 143 (25), 
116 (15), 115 (90), 104 (12), 103 (100), 87 (75), 75 (40), 
59 (42), 43 (17), 41 (17), 29 (29). 

Reaction of 8-Iodo-8-trimethylsilyl-7-tetradecanol (Ilia and Vila) 
with MeMgI/MgI2. T o a solution of (7S*,8S*)-8-iodo-
8-trimethylsilyl-7-tetradecanol ( I l i a , 0.40 g, 0.96 mmol) in 
4 ml of ether was added M e M g l (1 mmol, 0.79 ml of 1.27 M 
ethereal solution) at —20 °G. T h e reaction mixture was 
warmed to a room-temperature and treated with M g l 2 

( 10 mmol) in 10 ml of ether. T h e resulting mixture was 
stirred at reflux for 2 h and then treated with 6 ml of 1,4-
dioxane at 0 °C followed by stirring at a room-temperature 



September, 1979] Synthesis of a-Trialkylsilylketones 2651 

overnight. T h e solution was freed from solids by filtration. 
The solids were washed with hexane several times and the 
combined organic layer was washed (sat. N a H G 0 3 , sat. 
NaCl) and dried ( M g S 0 4 ) . Chromatography of the con­
centrate on silica-gel column (benzene) gave 0.25 g (92%) 
of 8-trimethylsilyl-7-tetradecanone ( IVa) . T h e same treat­
ment of (7Z?*,8,S*)-isomer (Vi l a ) afforded 1 -trimethylsilyloxy-
2-hexyl-l-octene ( V i l l a , 43%) along with I V a (29%) after 
chromatography on silica-gel column (hexane and benzene). 

Further Methods for Obtaining oc-Trialkylsilyl Ketones. 
Preparation of 5- Trimethylsilyl-4-decanone (IVc) via 5- Trimethyl-
silyl-4-decanol (XIIc) : T o a solution of Me 3 SiCH=CH 2 (2.0 
g, 2.9 ml, 20 mmol) in 60 ml of T H F was added w-BuLi 
(26 mmol, 20 ml of 1.28 M hexane solution) at - 7 8 °G and 
the reaction mixture was stirred for 1 h at a room-temper­
ature. 29> T h e resulting mixture was treated with butyralde-
hyde (1.6 g, 1.8 ml, 22 mmol) at — 78 °G and overnight at 
a room-temperature. T h e whole mixture was worked up 
with aq NH4G1, washed (aq NH4G1, sat. NaCl) , and dried 
(Na 2 S0 4 ) . Chromatography of the concentrate on silica-gel 
column ( h e x a n e / T H F = 1 0 / l ) gave 4.0 g of 5-trimethylsilyl-
4-decanol (yield, 8 7 % ; bp 89—91 °G/1 m m H g ) . T o a mix­
ture of C r 0 3 (15 g, 150 mmol) and pyridine (24 ml, 300 
mmol) in 300 ml of CH2C12 was added the above alcohol 
(4.0 g) in 16 ml of CH2C12 and the resulting mixture was 
stirred at a room-temperature for 15 min. After filtration, 
the filtrate was washed (aq NH 4C1, 1M-HC1, sat. N a H C 0 3 , 
sat. NaCl) and dried ( N a 2 S 0 4 ) . Chromatography of the 
concentrate on silica-gel column (benzene) gave 3.1 g (77%) 
of IVc. 

Preparation of 3-Trimethylsilyl-2-octanone via 3-Trimethylsilyl-
2-octanol: Yield, 36% based on Me 3 SiCH=CH 2 ; bp 102 °G/ 
20 m m H g ; N M R (CC14) (5=0.06 (9H, s), 0.70—1.80 (11H, 
m) , 1.80—2.45 (1H, m) , 1.99 (3H, s). 

Found: C, 65.87; H , 12.07%. Calcd for C n H 2 4 O S i : 
C, 65.93; H , 12.07%. 

Purification by G L P C gave the enol silyl ether; M S m/e 
(rel. % ) , 200 (M+, 8), 185 (6), 171 (11), 157 (5), 144 (12), 
143 (75), 130 (7), 115 (8), 75 (30), 73 (100), 45 (14). 

Preparation of 5-Triethylsilyl-4-decanone via 5-Triethylsilyl-
4-decanol: A solution of 1-triethylsilylhexyllithium prepared 
from Et 3 SiCH=CH 2 (2.8 g, 20 mmol) and w-BuLi (26 mmol) 
in 30 ml of T H F , was treated with butyraldehyde (1.8 ml, 
22 mmol) at — 78 °C and then at a room-temperature for 3 
days. The same treatment as described above gave 4.2 g 
(77%) of 5-triethylsilyl-4-decanol.30> T h e oxidation of 
this alcohol (3.5 g, 13 mmol) with C r 0 3 - p y r i d i n e afforded 
3.0 g (86%) of 5-triethylsilyl-4-decanone. Oi l ; I R (neat) 
1687, 1235, 1137, 1004, 723 cm" 1 ; N M R (CC14) (5=0.25— 
2.00 (31H, m) , 2.00—2.57 (3H, m) . 

Found: C, 71.29; H , 12.59%. Calcd for C 1 6 H 3 4 OSi: 
C, 71.04; H , 12.67%. 

Purification by G L P C gave the enol silyl ether; I R (neat) 
1670, 1230, 1170, 998, 730 cm" 1 ; M S m/e (rel. % ) , 270 (M+, 
3), 255 (2), 241 (5), 227 (5), 213 (30), 185 (10), 171 (9), 
157 (19), 115 (35), 103 (37), 87 (30), 75 (27), 59 (25), 55 (14), 
40 (100). 

Preparation of 5- Trimethylsilyl-4-decanone (IVc) by the Acylation 
of 1-Trimethylsilylhexyllithium (XI): T o a solution of butyryl 
chloride (0.55 ml, 5.0 mmol) in 5 ml of T H F was added X I , 
prepared from Me 3 SiCH=GH 2 (5.0 mmol) and rc-BuLi (6.5 
mmol) in 30 ml of T H F , at —78 °C. T h e reaction mixture 
was stirred at a room-temperature overnight, washed (aq 
NH4G1, sat. N a H C 0 3 , sat. NaCl) , and dried over N a 2 S 0 4 . 
Chromatography of the concentrate on silica-gel column 
(benzene) gave 0.51 g (45%) of IVc. 

Preparation of 5-Trimethylsilyl-4-decanone (IVc) by the Acylation 

of 1 -Trimethylsilylhexylcopper: T o a suspension of Gul (2.1 g, 
11 mmol) in 10 ml of T H F was added X I prepared from 
Me 3 SiCH=GH 2 (10 mmol) and w-BuLi (13 mmol) , at - 3 0 — 
— 40 °C. T h e mixture was gradually warmed up to —20 °G 
and stirred for 0.5 h at —20 °G. T h e resulting mixture 
was treated with butyryl chloride (10 mmol, 1.1 ml) at —78 °C 
and overnight at a room-temperature. T h e whole was 
poured into aq NH4G1 overlaid with ether. T h e ether layer 
was washed (aq NH 4C1, sat. N a H G 0 3 , sat. NaCl) and dried 
( M g S 0 4 ) . Chromatography of the concentrate on silica-
gel column (benzene) gave 1.6 g (71%) of IVc . 

Preparation of 5- Trimethylsilyl-4-decanone (IVc) by the Oxida­
tion of 4-Dipropylboryl-5-trimethylsilyl-4-decene (XIII) : T o a 
solution of LiCECSiMe3 , prepared from HCECSiMe 3 (0.54 
ml) and w-BuLi (3.3 mmol, 4.2 ml of 0.78 M hexane solution) 
in 10 ml of T H F , was added w-Pr3B (0.66 ml, 3.3 mmol) 
at 0 °C. T h e mixture was stirred at a room-temperature 
for 1 h and at reflux for 16 h. T h e resulting mixture was 
treated with N a B 0 3 - 4 H 2 0 (2.0 g, 13 mmol) at a room-
temperature for 5 h and poured into aq NH4C1 overlaid 
with ether. T h e ether layer was washed (aq NH 4C1, sat. 
NaCl) and dried ( M g S 0 4 ) . Distillation of the concentrate 
afforded 0.30 g (57%) of IVc . 

T h e a u t h o r s wish to t h a n k t h e M i n i s t r y of E d u c a t i o n , 
Sc ience a n d C u l t u r e , J a p a n , for t h e G r a n t - i n - A i d 
(911506 , 0 1 1 0 1 0 , 110309, 203014 , 3 0 3 0 2 3 ) . 
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The reaction of the following steroidal olefins with palladium (I I) chloride in the presence of potassium acetate 
in acetic acid afforded the corresponding steroidal 7T-allyl palladium chloride complexes: 5a-cholest-l-, -2-, and 
-3-ene; cholest-4- and -5-ene; 3-methyl- and 3-phenyl-5a-cholest-2-ene; 3/?-chloro- and 3/?-acetoxycholest-5-ene ; 
and 5/?-cholest-l-, -2-, and -3-ene. 

There has been a considerable amount of work done 
on the syntheses of jz-allyl palladium complexes in the 
area of the chain compound.1) Also, in the case of 
monocyclic jr-allyl palladium complexes, their syntheses 
have been reported for l-jfr-menthen-3-ol,2) 3-halocyclo-
alkene,3) /?-pinene,4) cycloalkene,5) and alkylidene-
cycloalkanes.5) O n the other hand, with respect to 
steroids there have been no reports of syntheses except 
for the case of Tz-allyl palladium complexes of zJ4-3-oxo 
steroids,6) and of 5a-cholest-3-ene,7) cholest-4-ene,7) 
cholest-5-ene,7) 5a-cholest-6-ene,7> ergosterol,8) and 3-
methoxy-cû- 19 - norpregna -1,3,5 ( 10), 17 (20) - tetraene.10) 
These syntheses have mainly depended on methods 
using sodium tetrachloropalladate(II) or bis(benzo-
nitrile)dichloropalladium(II). In addition, the 
preparations of jr-allyl palladium complexes of chain 
compounds11) using palladium (I I) chloride and sodium 
acetate have also been described. 

There is one report which does make some reference 
to a Ti-allyl palladium complex: F. J . McQuillin and 
D. G. Parker12) reported that the reaction of ( + )-3,7-
dimethyl-l,6-octadiene with palladium (I I) chloride 
and potassium acetate in acetic acid gave a-terpinyl 
acetate as the main product and Tz-allyl palladium 
complex as a minor product. However, there has 
been no report concerning the synthesis of cycloalkenyl 
Ti-allyl palladium complexes using palladium (II) chlo­
ride and potassium acetate. Hence, we attempted the 
syntheses of some steroidal jr-allyl palladium complexes 
according to the procedures described by McQuill in 
and Parker. Not only did we want to demonstrate 
such syntheses, but we are planning a research project 
to investigate the stereospecificity of nucleophilic sub­
stitutions for the steroidal rc-allyl palladium complexes. 

In the present paper, we would like to report that 
the reaction of the following steroidal olefins readily 
yielded the corresponding steroidal Tz-allyl palladium 
chloride complexes: 5a-cholest-l- (1), -2- (2), and 
-3-ene (3); cholest-4- (4) and -5-ene (5); 3-methyl-
(6) and 3-phenyl-5a-cholest-2-ene (7); 3^-chloro- (8) 
and 3/?-acetoxycholest-5-ene (9), with a functional group 
at the C3-position; and 5/?-cholest-1 - (10), -2- (11), 
and -3-ene (12). 

R e s u l t s and D i s c u s s i o n 

The reactions of 5a-cholest-l- (1) and -2-ene (2) 
with palladium (I I) chloride both yielded yellowish 
crystals (19); mp 154—159 °G. When 1 was used as 

t A preliminary report on this work was presented 
at the 34 th National Meeting of the Chemical Society of 
Japan, Hiratsuka, April 1976. 

the starting material, 2 was given in a 2 5 % yield. 
It is considered that 1 was isomerized to the more 
stable 2-ene compound (2) by a 1:3 shift of a hydrogen 
from the allylic position to a double-bond carbon in 
the presence of palladium (I I) chloride in acetic acid.13) 
The N M R spectrum of 19 showed a multiplet at ô 
4.9—5.6 p p m due to three protons. From this spec­
t rum, however, it could not be determined whether 
the structure of 19 was of the 1-3^- or 2-4^-type; and 
so the following procedure was carried out : the 2a-
bromo-5a-cholestan-3-one (13) was reduced with 
sodium borodeuteride to give the 3-deuteriobromo-
hydrin (14). This bromohydrin was then converted 
to 3-deuterio-5a-cholest-2-ene (15). By treating 15 
with pal ladium(II) chloride according to the method 
mentioned above, yellowish crystals (19') were obtain­
ed. The N M R spectrum of 19' showed AB-type signals, 
doublets ( y = 6 . 8 Hz) at ô 5.45 and 5.05 ppm. From 
this fact, complex 19 was confirmed to be a 1-3^-type 
complex, namely, di-jW-chloro-bis[(l-3#-5a-cholesten-
2a-yl) palladium (I I ) ] , in which the palladium is co­
ordinated at the a-face of the steroid, not showing the 
C-19 methyl signal in the low field.7-9) 

Similarly, 5a-cholest-3-ene (3) gave the a-3-5^-com-
plex (20).7) In the case of cholest-4-ene (4), a yel­
lowish crystalline material was also obtained, and on 
chromatography two Tz-allyl complexes were yielded, 
which were confirmed to be a-3-5^- (20)7) and ß-Z-br]-
type complexes (21) ;7) on the other hand, with cholest-
5-ene (5) the two complexes which were obtained 
were crystals (22, m p 105—109 °C and 23, m p 151— 
155 °C) which had a-5-7?- (22)7) and a-4-6?-type (23)7) 
structures. 

The reaction of 3-methyl-5a-cholest-2-ene (6) gave 
complex (24); m p 161—165 °G. This product was 
presumed to be an a-l-3^-type complex from the AB-
type signals due to the G j -H and the C 2 - H in its N M R 
spectrum. In the case of 3-phenyl-5a-cholest-2-ene 
(7), two compounds, 25 and 26, were given. Com­
pound 25 showed doublets due to the Gj- and G2-
protons at ô 4.80 and 5.30 ppm respectively in the N M R 
spectrum, while compound 26 showed two multiplets 
due to the G2- and G4-protons at ô 4.6—5.2 and 5.5— 
5.8 p p m respectively in the N M R spectrum. From 
these data, the two complexes were confirmed to be 
a-l-3J7- (25) and a-2-4^-type complexes (26). These 
results suggest that the reaction of a 2-ene derivative 
possessing a methyl group at the G3 position gives a 
product which has a greater regioselectivity than in 
the case of the phenyl group. 

Similarly, the reaction of 3/?-chloro- (8) and of 
3/?-acetoxycholest-5-ene (9) with palladium (I I) chlo-
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T A B L E 1. YIELDS AND PHYSICAL DATA OF STEROIDAL 7T-ALLYL PALLADIUM CHLORIDE COMPLEXES (19—29') 

Materials Products 
Isolated Mp(dec) N M R Elemental 
yield/% °G (GDG13, (5/ppm) analysis(%) 

1 19 51 154—159 0.92 (s, 3H) Found (Galcd for 
4 . 9 - 5 . 6 ( m , 3H) G54H90Pd2Gl2) 

G H 
64.61 8.77 

(63.40) (8.86) 

2 19 61 

15 19' 157—160 0.92 (s, 3H) 

5.05 (d, 7 = 6 . 8 Hz , IH) 

5.45 (d, 7 = 6 . 8 Hz, IH) 

19' 

207) 

207> 

217> 

227) 

237> 

24 

48 

30 

4 

18 

2 

65 

157_160 

165—168 

165—170 

105—109 

151—155 

161—165 

25 34 178—181 

26 20 173—178 

27 60 123—126 

28 54 122—126 

10 29 63 170—173 

0.90(s, 3H) 
4.81 (m, 1H) 
5.12(d, 7 = 6 . 5 Hz, 

1.42(s, 3H) 
4.85 (m, 1H) 
5.28 (d, 7 = 6 . 5 Hz, 

0.98 (s, 3H) 

IH) 

IH) 

4.55 (dd, 7 = 7 . 0 and 1.0 Hz, IH) 
5.14(d, 7 = 7.0 Hz, 
1.12(s, 3H) 
3.76(m, 2H) 

0.92 (s, 3H) 
4.79(d, 7 = 6 . 8 Hz, 
5.27 (d, 7 = 6.8 Hz, 

0.94(s, 3H) 
4.97 (d, 7 = 7 . 1 Hz, 
5.75(d, 7=7 .1 Hz, 

0.93 (s, 3H) 
5.50—5.80(m, 2H) 

1.03(s, 3H) 
4.45—5.00 (m, 1H) 
4.71 (d, 7 = 7.5 Hz, 
5.21 (d, 7 = 7 . 5 Hz, 

1.04(s, 3H) 
2.11 (s, 3H) 
4.25 (d, J= 7.5 Hz, 
4.73(d, 7 = 7.5 Hz, 
5.05—5.70 (m, 1H) 

1.27(s, 3H) 
4.70—5.18(m, 2H) 
5.18—5.55 (m, 1H) 

IH) 

IH) 
IH) 

IH) 
IH) 

IH) 
IH) 

IH) 
IH) 

63.42 
(63.40) 

63.81 
(63.40) 

63.86 
(63.40) 

63.91 
(63.40) 

Found 

CößHgJ 
G 

63.90 
(63.99) 

Found 

^•66-"W 

G 
68.59 

(67.45) 
68.18 

(67.45) 

Found 
^54H 8 8 ] 

G 
59.96 

(59.40) 

Found 

Q s H g ^ 
G 

61.06 
(61.16) 

Found 

C54H90] 

G 
63.14 

(63.40) 

8.90 
(8.86) 

8.80 
(8.86) 

8.95 
(8.86) 

8.96 
(8.86) 

(Galcd for 
Pd2Gl2) 

H 
8.86 

(9.01) 

(Galcd for 
Pd2Gl2) 

H 
8.43 

(8.41) 
8.51 

(8.41) 

(Galcd for 
Pd2Gl4) 

H 
8.24 

(8.12) 

(Galcd for 
34Pd2Gl2) 

H 
8.39 

(8.32) 

(Galcd for 
Pd2Gl2) 

H 
8.95 

(8.86) 

11 29 76 

18 29 ' 157—160 1.28 (s, 3H) 

5.05 (d, 7 = 6 . 8 Hz , IH) 

5.45 (d, 7 = 6 . 8 Hz , 1H) 

12 217> 58 165—170 
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C 8 H 1 

PdCl/2 

PdCl/2 

20 

PdCl/2 

H 

26 

PdCI 11 

R = H 2 2 
CI 2 7 
OAc 28 

PdCl/2 

23 

PdCl/2 

R=H 29 
D 29' 

ride yielded 3^-chloro-a-5-7^- (27) and 3/?-acetoxy-a-
5-Irj-type complexes (28) respectively. These struc­
tures were determined from the N M R spectra, which 
showed the doublets due to the G6- and Oppositions. 

5/?-Cholest-l- (10) and -2-ene (11) gave the same 
product (29). The N M R spectrum showed two mul­
tiplets at ô 5.18—5.55 ppm (1H) and at ô 4.70— 
5.18 ppm (2H). From the N M R spectrum, however, 
it could not be determined whether the structure of 
29 was of the 1-3^- or 2-4^-type; therefore, the follow­
ing procedure was carried out : the deuteride derivative, 
namely, 3-deuterio-5/?-cholest-2-ene (18), was prepared 
from 2/?-bromo-5/?-cholestan-2-one (16) according to 
the procedure described for 15. This structure was 
determined from the fact that no signal due to the 
C3-H appeared in the N M R spectrum. The reaction 
of 18 with palladium (I I) chloride gave a yellowish 
compound (29'). The N M R spectrum of 29' showed 
doublets at ô 4.96 and 5.40 p p m and showed the 
C-19 methyl signal at ô 1.27 ppm. 7 - 9 ) From these 
data, compound 29' was determined to be di-jw-chloro-
bis [ ( 1 -3 î?-5/?-cholesten-2/?-yl) palladium ( I I ) ] . The reac­
tion of 5/?-cholest-3-ene (12) with pal ladium(II) 
chloride yielded a compound which was identical with 
the compound, 21 , obtained in the case of cholest-4-
ene. 

Thus, on the basis of all of the foregoing results, it 
can be concluded that the reagent used in this work 
[palladium(II) chloride containing potassium acetate 
in acetic acid] is applicable to the steroidal olefins. 
In the reaction of 5a- and 5/?-steroidal olefins with 
this reagent, the former products were a-Tz-allyl pal­
ladium complexes, in which palladium coordinated 
at the a-face, while the latter products were ß-71-allyl 
palladium complexes in which palladium coordinated 
at the /?-face. These results are also in agreement 
with the facts that the a-face of 5a-steroidal olefins is 
less hindered than the ß-face, and that the /?-face of 
5/?-steroidal olefins is less hindered than the a-face.14) 
This method showed more regioselectivity than the 
method using bis (benzonitrile) palladium chloride 
reported by Knox et al.1) 

Exper imenta l 

All the melting points are uncorrected. The IR and 
NMR spectra were measured using a Hitachi model 215 
grating infrared spectrometer and a nuclear magnetic re­
sonance spectrometer, Hitachi-Perkin Elmer R-20A, in 
carbon tetrachloride and deuteriochloroform, with TMS 
as the internal standard. 

General Procedure. A mixture of steroidal olefin (1.30 
XlO-3 mol), palladium(II) chloride (2.60 X 10"3 mol), 
potassium acetate (2.60xl0~3 mol), and acetic acid (15 ml) 
was stirred at 55—60 °G. After 20—25 h, the reaction 
mixture turned to brownish yellow; and then it was filtered 
to remove the unchanged palladium(II) chloride. The 
filtrate was taken up in ether, and the ether extracts were 
washed with a sodium hydrogen carbonate solution and with 
water, and then dried and evaporated. The resultant oil 
was chromatographed on neutral aluminum oxide. Elution 
with benzene gave yellowish or greenish crystals from acetone. 

Materials. The following compounds were synthesized 
by the methods described in literature: 5a-cholest-l-15) (1), 
-2-15) (2), and -3-ene16> (3); cholest-4-17) (4) and -5-ene18) 
(5); 3-methyl-19) (6) and 3-phenyl-5a-cholest-2-ene20> (7); 
3^-chloro-18) (8) and 3ß-acetoxycholest-5-ene21> (9); and 
5^-cholest-l-22) (10), -2-22> (11), and -3-ene23> (12). 

Synthesis of 3-Deuterio-5cc- (15) and 3-Deuterio-5ß-cholest-2-
ene (18). A mixture of 2a-bromo-5a-cholestan-3-one 
(13) (100 mg) and methanol-^ was treated with sodium 
borodeuteride (80 mg) with at room temperature. After 
1 h, water was added and the mixture was extracted 
with ether. The ethereal solution was washed with water, 
dried, and evaporated under reduced pressure. The resultant 
oil, on crystallization from methanol, gave needles of 3-
deuteriobromohydrin (14) (53 mg); mp 103—105 °G, IR 
(KBr): 3400 cm"1, NMR (GG14): (5=4.05 (1H, q, 7 = 1 2 
and 4.5 Hz). A mixture of 14 (50 mg) and zinc powder 
in acetic acid was stirred under refluxing conditions. After 
the usual work-up, the resultant oil, on crystallization from 
acetone, gave needles of 15 (33 mg) ; mp 73—74 °G, IR 
(KBr): 1640 cm"1; NMR (GG14) : (5=5.50 (1H, m, Wß = 
7.5 Hz). The reduction of 2/?-bromo-5/?-cholestan-3-one 
(16) (233 mg) was done in accordance with the procedure 
described for 14. Attempts to crystallize the resultant oil 
(17) were unsuccessful, and so the products were used in 
the next step without purification [IR (NaCl) : 3384 cm-1]. 
A mixture of the 3-deuteriobromohydrin (17) (200 mg), 
zinc powder, and acetic acid was stirred under refluxing 
conditions. After the usual work-up, the resultant oil, on 
crystallization from acetone, gave needles of 18 (108 mg); 
mp 46.5—47.5 °G, IR (KBr): 3025, 2250, and 1647 cm"1; 
NMR (GG14): (5=5.45 (1H, m, 1^/2=10.5 Hz). 

The authors are indebted to Professor Masayoshi 
Nakahara and Associate Professor Eiichi Miki for their 
valuable suggestions and to Messrs. Kohei Nakamichi, 
Ryusuke Misago, and Masami Sawayama for their 
collaboration in the experimental work. This research 
was supported in par t by a Matsunaga Research Grant 
from the Matsunaga Science Foundation. 
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orfÄo-Disubstituted F-Benzenes. II.1} One-pot Syntheses 
of (F-Benzo)heterocyclic Compounds 
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Convenient one-pot methods of converting F-benzene into substituted (F-benzo)furans, (F-benz)oxazole, 
-imidazolines, and -thiazoline are described. Ambident nucleophiles are generated in situ from ketone, amide, 
urea, thiourea, and their derivatives in the presence of sodium hydride. Enolate-anion nucleophiles are also 
generated in situ from silyl enol ethers in the presence of potassium fluoride in anhydrous DMF. 

Research in our laboratories has been directed at 
the ortÄo-difunctionalization of simple, commercially 
available F-benzene.2) This has led to the preparation 
of related (F-benzo)heterocyclic compounds, which 
were in most cases synthesized through laborious reac­
tion sequences.3^ In a previous paper1) we described 
the intramolecular cyclization of co-functionalized F -
anilide into some (F-benz)azacyclic compounds. 
Here we wish to report a convenient one-pot method 
for converting F-benzene into substituted (F-benzo) -
furans, (F-benz)oxazole, -imidazolines, and -thiazoline 
by the use of such ambident nucleophiles as ketone, 
amide, urea, and their derivatives. Several preceding 
works with similar schemes have appeared in the 
literature.4) 

) - [ t O ] - @0 
X , Y = C , N , 0 , S 

Scheme 1. 

R e s u l t s a n d D i s c u s s i o n 

A range of (F-benzo)furans (1) were obtained by 
the reaction of F-benzene with the corresponding 
ketones (2). The reactions were carried out by ad­
ding the ketone to a mixture of F-benzene and two 
equivalents of sodium hydride in D M F . 

The presence of four unequivalent fluorines in ( l a ) 
and ( l e ) , based upon their 1 9 F-NMR spectra, and 
the regio-isomerism between ( lb ) and ( lc) indicate the 
compounds (1) to have a benzofuran skeleton, which 
is compatible with their characteristic U V bands. 

•CRHCOR' 

(A) 

R = Ph , Ph , Me , H , Me 

P/= Ph , Me,Ph , P h , M e 

( a ) , ( b ) , ( c ) , ( c l ) , ( e ) 

The reaction presumably proceeds in two steps via 
an intermediary (F-phenyl) ketone (4), as shown in 
Scheme 2. The presence of a phenyl group seems to 
give a higher yield than does a methyl group. One 
reason for this might be the resonance stabilization 
of the enolate anion forms, (3) and (5), resulting from 

the a- and ^-phenyl groups, promoting the nucleophilic 
substitution of fluorine on the aromatic nucleus. Also, 
the steric bulkiness of a phenyl group, especially that 
adjacent to the ketone carbonyl, favors the intramolec­
ular cyclization by hindering intermolecular aromatic 
substitution or aldol condensation. This presumption 
is compatible with the observation that the inverse 
addition of F-benzene to a mixture of ketone and 
sodium hydride afforded yields of less than 5 % of 
the expected products (1) except for the 4 9 % yield 
from phenyl benzyl ketone (2a). Sterically less hinder­
ed ketones would promote the aldol condensation or 
intermolecular aromatic substitution in basic media, 
thus consuming the starting ketones or intermediary 
(F-phenyl) ketones (4) prior to the intramolecular 
cyclization. 

RCH=CR' 
I 
0SiMe3 

(6) 

F © 

-FSiMe3 

RCH-CR' CfiF, £6 
- F O 

( 3 ) 

vCRHCCK 

(A) 

KF 

-KHF2 @QC 
( 1 ) 

Scheme 3. 

R = Ph , H , H 

R'= Ph,Me , H 

( a ) , ( f ) , ( g ) 

The generation of an enolate anion in neutral media 
can be achieved by the S i - O bond cleavage of silyl 
enol ethers in the presence of fluoride ions.5) Also, 
one may expect that the protection of a ketone in the 
form of silyl enol ether suppresses the condensation 
reactions with the enolate. However, no satisfactory 
results have far been obtained except in the case of 
trimethylsilyl 1,2-diphenylvinyl ether (6a). The reac­
tions using the trimethylsilyl enol ethers, (6f)6) and 
(6g),7> which were derived from acetone and tetrahy-
drofuran respectively, afforded none of the expected 
products (1), in which the intermolecular condensa­
tion or aromatic substitution of intermediary (F-phenyl) 
ketones (4) seemed to be preferred. 

C6H5CONH2• 

2NaH 

^reflux 
* 0-W 

( Ô ) 

^2NaH 

r.t. 
(grVsHs 

(8) 

Scl ieme 4. 

( F ^ o > C 6 H 5 

(7) 
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2-Phenyl-F-benzoxazole (7) was previously synthe­
sized from F-aniline by way of benz-F-anilide (8).1) 
The preparation of this compound was much simplified 
by the present one-pot reaction of F-benzene and 
benzamide under reflux. The reaction proceeds step-
by-step via benz-F-anilide (8), and the intramolecular 
cyclization of the intermediary anilide required a higher 
temperature,1) since the anilide (8) was isolated in 
an 80 % yield when the reaction was carried out at 
room temperature. 

(Çp + H2NjjNH2 . I \^J fiNH2 | _ [(C6F5)2N£NH2J 

I (9) I (10) 

[C6F5NH©] — [(C6F5)2N©j —(C6F5)2NH 

(11) (12) (13) 

XsO.NH 

W J + H2NCNH2 

^y s 

2NaH 

(K) 

Scheme 5. 

[C6F5S0 ] — fC6F55>-n 

(15) (16) 

Urea, guanidine, and thiourea were also regarded 
as possible polyfunctional nucleophiles. The reactions 
with these nucleophiles, however, afforded no hetero­
cyclic products; instead, di(F-phenyl)amine (13) was 
obtained from the former two and poly(thio-F-/>-
phenylene) (16) from the last one. The occurence 
of the above products indicates that the intermediary 
F-phenyl derivatives (9) and (14) cleave at the oc-ß 
bond prior to the intramolecular cyclization, thus 
liberating F-anilide anion (11) and F-benzothiolate 
anion (15) respectively, in the presence of an excess of 
hydride ions. The anions (11) and (15) afford the 
amine (13) and sulfide (16) respectively upon subse­
quent aromatic substitution. The intermediary N-
carbamoyl-F-aniline (9), though not isolated, would 
be deprotonated at the a-amide in preference to the 
y-amide. Such an a-amide anion favors the intermo-
lecular nucleophilic aromatic substitution rather than 
the intramolecular cyclization, and in the presence 
of F-benzene it forms N,N-di (F-phenyl) urea (10), 
which then liberates the di (F-phenyl) amide anion (12) 
in the presence of an excess of sodium hydride. This 
may provide another possible route to di (F-phenyl)-
amine. 

The reaction with JVjiV'-dimethylurea gave 1,3-
dimethyl(F-benz)imidazolin-2-one (17), where the 
active a-amide hydrogen of the intermediary N-
carbamoyl-F-aniline is replaced with a methyl group; 

+- MeNHCNHMe 
ii 
0 

MeNHCNHMe 
H 
S 

2NaH 

2NaH 

Me 

( F ) f % 0 

Me 
(17) 

Me 

/>S + C9H6N2FA5 

Me 

(18) (19) 

the only dissociable hydrogen of the intermediate is 
that of the y-amide, and the a,/?-bond cleavage seems 
to be suppressed. Increased steric hindrance by the 
methyl group would also favor the intramolecular 
cyclization. 

C9H6N2FAS — 

(19) 

IFJI^ ;c=NMe 

(19a) 

Scheme 7. 

Me (19b) 

The reaction with the N, Af'-dimethylthiourea simi­
larly afforded 1,3-dimethyl (F-benz) imidazoline-2-
thione (18) and a comparable amount of poly(thio-
F-jfr-phenylene) in addition to an isomeric product, 
G9H6N2F4S (19). The 1 9 F-NMR and i H - N M R of the 
last product indicate the presence of four unequivalent 
aromatic fluorines and two unequivalent methyl groups 
on hetero atoms respectively, suggesting that the het­
erocyclic moiety has either thiazoline (19a) or iso-
thiazoline (19b) structure. The rearrangement into 
the isothiazolidine structure seems less probable under 
the present reaction conditions. The results indicate 
that, in the reaction with jY,iV-dimethylthiourea, the 
nucleophilic attacks by the amide and thiolate anions 
proceed competitively at the stage of the first aromatic 
substitution and/or the subsequent intramolecular 
cyclization. 

( F ) + MeNHCNHMe 

:©ITH-
Me J 

F ) | C=NMe 

(19a) 

>-<C 6F 4S*n 

(16) 

Scheme 6. 

Scheme 8. 

Exper imenta l 

The melting points are uncorrected. The IR and UV 
spectra were obtained with JASGO IR A-1 and Hitachi 
220 spectrophotometers respectively. The XH-NMR and 
13C-NMR chemical shifts were recorded on Hitachi R-24 
and JEOL JNM FX 100 instruments respectively, against 
the internal TMS reference. The 19F-NMR chemical shifts 
were recorded on Varian EM 390 and JEOL PS-100 
instruments as positive values downfield from the internal 
F-benzene reference. The mass spectra were obtained 
with JEOL JMS-07 and Hitachi RMS-4 spectrometers. 

Preparation of (F-Benzo)furan Derivatives (la—e). 
General Procedure Using Sodium Hydride : A solution of a ketone 
(2) (10 mmol) in anhydrous DMF (5 ml) was added dropwise 
into a stirred mixture of F-benzene (10 mmol), sodium hydride 
(20 mmol), and anhydrous DMF (10 ml) over a 30-min 
period at room temperature and under a dry nitrogen atmo­
sphere. The mixture was stirred at 80 °G for an additional 
5 h and then poured into ether. The ethereal solution was 
washed with water, dried over sodium sulfate, and evaporated. 
The residue was fractionated by chromatography on a neutral 
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alumina column. The fraction eluted with hexane gave 
a (F-benzo)furan derivative (1), which was further purified 
by sublimation. 

2,3-Diphenyl-F-benzofuran (la); Yield: 50%. White needles, 
mp 163.5—164.5 °G. ^ - N M R (GDG13) : 7.2—7.6 ppm 
(m, arom.). 19F-NMR (GHG13) : - 1 . 8 (IF), 0.0 (IF), 1.2 
(IF), 14.2 ppm (IF).8) UV: Amax (cyclohexane) ; 232 (log 
e 4.34), 297 nm (4.40).9> Found: G, 70.12; H, 2.83%; 
M+, 342. Galcd for G12H10F4O: G, 70.18; H, 2.95%, M, 
342. 

2-Methyl-3-phenyl-F-benzofuran (lb); Yield: 29%. White 
needles, mp 86—87 °G. ^ - N M R (GDG13): 2.45 (s, 3H, 
GH3), 7.4—7.9 ppm (m, 5H, arom.). 19F-NMR (GHG13) : 
- 2 . 1 (IF), - 0 . 5 (2F), 15.2 ppm (IF).«) UV: Amax (cyclo­
hexane) ; 246 nm (log e 4.19).9> Found: G, 64.47; H, 3.03% ; 
M+, 280. Galcd for G15H8F40 : G, 64.29; H, 2.88% ; M, 280. 

2-Phenyl-3-methyl-F-benzofuran (1c); Yield: 27%. White 
needles, mp 109.5—110.5 °G. ^ - N M R (GDGlJ: 1.6 (s, 
3H, GH3), 7.3—7.5 ppm (m, 5H, arom.). 19F-NMR (GHG13) : 
- 2 . 6 (IF), 0.5 (2F), 9.5 ppm (IF).8) UV: Amax (cyclo­
hexane) ; 285 nm (log e 4.40) .9) Found : G, 64.06 ; H, 3.10% ; 
M+, 280. Galcd for G15H8F40: G, 64.29; H, 2.88%; M, 
280. 

2-Phenyl-(F-benzo)furan (Id); Yield: 49%. White needles, 
mp 112—114 °G (lit,10) 114.5—115.5 °G). Found: G, 62.93; 
H, 2.23%; M+, 266. 

2,3-Dimethyl-F-benzofuran (le); Yield: 2.3%. White 
needles, mp 37.5—38.5 °G. ^ - N M R (GDC18): 2.25 (s, 
3H, GH3), 2.35 ppm (s, 3H, GH3). 19F-NMR (GHG13) : 
- 3 . 5 (IF), - 1 . 3 (IF), - 0 . 5 (IF), 8.7 ppm (IF).8) UV: 
l m a x (cyclohexane) ; 247 nm (log e 4.11 ) .9) Found : G, 54.89 ; 
H, 2.76%; M+, 218. Galcd for G10H6F4O: G, 54.89; H, 
2.77%; M, 218. 

General Procedure Using Trimethylsilyl Enol Ethers (6).*>7) 
A solution of a trimethylsilyl enol ether (6) (2.5 mmol) 
in anhydrous DMF (10 ml) was added, dropwise into a 
stirred mixture of F-benzene (2.5 mmol), anhydrous potassium 
fluoride (5 mmol), and anhydrous DMF ( 10 ml) over a 
30-min period at room temperature and under a dry nitrogen 
atmosphere. The mixture was stirred at 80 °G for an ad­
ditional 8 h and subsequently worked-up in a manner similar 
to that described above, l a ; Yield: 49%. The reactions 
using trimethylsilyl isopropenyl ether (6f) and trimethylsilyl 
vinyl ether (6g), which had been prepared according to 
the literature,6'7) afforded neither the expected (F-benzo)-
furan (lg) nor 2-methyl derivative (If). 

Reactions of F-Benzene with Benzamide. 2-Phenyl-F-
benzoxazole (7): A solution of benzamide (1.21 g, 10 mmol) 
in anhydrous DMF (20 ml) was added dropwise into a stirred 
mixture of F-benzene (1.86 g, 10 mmol), sodium hydride 
(20 mmol) and anhydrous DMF (2.5 ml) over a 15-min 
period at room temperature and under a dry nitrogen atmo­
sphere. The mixture was stirred at 80 °G for an additional 
2 h, subsequently refluxed for an additional 3 h, and then 
poured into ether. The ethereal solution was washed with 
water, dried over sodium sulfate, and evaporated off. The 
residue was chromatographed on a silica gel column. The 
fraction eluted with hexane gave 2-phenyl-F-benzoxazole 
(7) (0.85 g, 32%). The product was indentified by com­
parison with an authentic specimen.1) 

Benz-F-anilide (8) : A solution of benzamide (2.42 g, 
20 mmol) in anhydrous DMF (10 ml) was added dropwise 
into a stirred mixture of F-benzene (3.72 g, 20 mmol), sodium 
hydride (40 mmol), and anhydrous DMF (10 ml) over a 
30-min period at room temperature and under a dry nitrogen 
atmosphere. The mixture was then stirred at room tempera­
ture for an additional 24 h and subsequently worked-up 

in a manner similar to that described above. The residue 
obtained after evaporation was recrystallized from benzene 
to give benz-F-anilide (8) (4.59 g, 80%). The product 
was identified by comparison with an authentic specimen.1) 

Reactions of F-Benzene with Urea and Its Derivatives. 
Reaction with Urea : A solution of urea (0.50 g, 7.5 mmol) 
in anhydrous DMF (15 ml) was added dropwise into a stirred 
mixture of F-benzene (1.40 g, 7.5 mmol), sodium hydride 
(15 mmol), and anhydrous DMF (15 ml) over a 30-min 
period at room temperature and under a dry nitrogen atmo­
sphere. The mixture was stirred at 80 °G for an additional 
3 h and poured into ether. The ethereal solution was washed 
with water, dried over sodium surfate, and evaporated off. 
The residue was chromatographed on a silica gel column. 
The fraction eluted with hexane gave di(F-phenyl) amine 
(13) (0.73 g, 56%). The product was identified by com­
parison with an authentic specimen.11) 

Reaction with Guanidine: Di(F-phenyl) amine (13) was 
obtained in an 8% yield according to the above procedure 
by using guanidine in place of urea. 

Reaction with Thiourea: A solution of thiourea (0.57 g, 
7.5 mmol) in anhydrous DMF (15 ml) was added dropwise 
into a stirred mixture of F-benzene (1.40 g, 7.5 mmol), sodium 
hydride (15 mmol), and anhydrous DMF (15 ml) over a 
30-min period at room temperature and under a dry nitrogen 
atmosphere. The mixture was stirred at 80 °G for an addi­
tional 3 h and then poured into a mixture of ether and water. 
The resulting precipitates were filtered off and washed with 
water and ether successively. Drying in a desiccator resulted 
in poly(thio-F-/>-phenylene) (16) (1.21 g) as a pale yellow 
powder; mp>290 °G. The sulfur test using sodium tetra-
cyanonitrosylferrate(III) was positive. The product was 
assigned by means of IR spectral comparison.12) 

Reaction with N,N'-Dimethylurea. A solution of iV,iV-
dimethylurea (1.93 g, 23 mmol) in anhydrous DMF (20 ml) 
was added dropwise into a stirred mixture of F-benzene 
(3.72 g, 20 mmol), sodium hydride (46 mmol), and anhydrous 
DMF (40 ml) over a 30-min period at room temperature 
and under a dry nitrogen atmosphere. The mixture was 
stirred at 80 °G for an additional 2 h and then poured into 
ether. The ethereal solution was washed with water, dried 
over sodium sulfate, and evaporated off. The residue was 
chromatographed on a neutral alumina column. The frac­
tion eluted with hexane gave l,3-dimethyl(F-benz)imidazo-
lin-2-one (17) (0.86 g, 19%). Recrystallization from aqueous 
methanol afforded white needles; mp 104.5—105.5 °G. 
IR(KBr): 1710 cm"1 (C=0). iH-NMR (GDG13) : 3.55 
ppm (s). 19F-NMR (GHG13): - 6 . 6 (2F), - 5 . 1 ppm(2F). 
13G-NMR (GDG13): 29.60 (GH3), 154.23 ppm (G=0). UV: 
Amax (EtOH); 209.5 (log e 4.23), 224 (3.94), 277 nm (3.49). 
Found: G, 46.25; H, 2.59; N, 12.00; F, 29.7%; M+, 234. 
Galcd for G9H6N2F40: G, 46.17; H, 2.58; N, 11.96; F, 32.5% ; 
M, 234. 

Reaction with NjN'-Dimethylthiourea. A solution of 
iV,iV-dimethylthiourea (1.04 g, 10 mmol) in anhydrous 
DMF (15 ml) was added dropwise into a stirred mixture 
of F-benzene (1.86 g, 10 mmol), sodium hydride (20 mmol), 
and anhydrous DMF (40 ml) over a 25-min period at room 
temperature and under a dry nitrogen atmosphere. The 
mixture was stirred at 80 °G for an additional 2 h, subsequent­
ly refluxed for an additional 3 h, and then poured into a 
mixture of ether and water. The resulting precipitates, 
poly(thio-F-p-phenylene) (16) (1.71 g), were filtered out, 
and the filtrate was extracted with ether. The ethereal 
extract was washed with water, dried over sodium sulfate, 
and evaporated off. The residue was separated into two 
components by elution chromatography using hexane on a 
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silica-gel column. 
An earlier fraction gave l,3-dimethyl(F-benz)imidazoline-

2-thione (18) (19%).13> Recrystallization from ethanol 
afforded white needles; mp 123.5—124.5 °G. IR(KBr): 
1160 cm"1 (G=S). iH-NMR (GDG13) 3.90 ppm (s). 19F-
NMR (GDG13): - 2 . 2 (2F), - 0 . 1 ppm (2F). 13C-NMR 
(GDGI3): 33.86 (GH3), 172.90 ppm (G=S). UV: Amax 

(EtOH) ; 218 (log e 4.08), 248 (4.24), 302 nm (4.35). Found: 
G, 43.53; H, 2.53; N, 11.22; F, 30.7%; M+, 250. Galcd 
for G9H6N2F4S: G, 43.20; H, 2.42; N, 11.20; F, 30.4%; 
M, 250. The sulfur test using sodium tetracyanonitrosylfer-
rate(III) was positive. 

A later fraction gave the isomeric product (19) (7%).13> 
Sublimation afforded white needles; mp 80—81 °G. IR 
(KBr): 1670 cm"1 (G=N). ^ - N M R (GDC18): 3.10 (s, 
3H, GH3), 3.60 ppm (d, J = 3 H z , 3H, GH3). 19F-NMR 
(GHGI3): - 5 . 8 (IF), 0.3 (IF), 2.7 (IF), 20.5 ppm (IF). 
13C-NMR (GDGI3): 32.53 (d, J = 0 . 3 4 Hz, GH3), 40.93 
(GH3), 154.91 ppm (G=N). UV: Amax (EtOH); 220 (log 
e 4.41), 263 (3.80), 290 nm (3.44). Found: G, 42.94; H, 
2.48; N, 11.12; F, 30.1%; M+, 250. Galcd for G9H6N2F4S: 
G, 43.20; H, 2.42; N, 11.20; F, 30.4%; M, 250. The sulfur 
test using sodium tetracyanonitrosylferrate(III) was positive. 
The combined fractions eluted with hexane amounted to 
a total of 0.64 g. 
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The Conformation of a Diastereoisomeric Pair of 2,2-Dimethyl-
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The conformations of a diastereoisomeric pair of 2,2-dimethyl-4-phenyl-3-pentanols were studied by means 
of 1H-NMR, 13C-NMR, IR, GC, and MS analyses. All of the results point to an unambiguous conclusion that 
these molecules are present dominantly in conformers where the /-butyl and the phenyl group lie close to each 
other. The generality of the phenomenon (favored gauche interaction) as well as the nature of the interactions 
involved were discussed in light of the conformational problems of the structurally related molecules. The presence 
of an attractive interaction (CYL/n interaction) is suggested between an alkyl and a phenyl group, the possible 
importance of which in some dynamic phenomena (e.g., selectivities in certain reactions) has then been discussed 
on this basis. 

Evidence has been accumulated that an alkyl group 
orients itself close to a phenyl group in some molecular 
environments. The /-butyl group in (SR/RS)*) (1) 
and (££/##)-1-phenylethyl /-butyl sulfoxides (2) as 
well as in the corresponding sulfide (3) and sulfone 
(4), for example, has been shown to be oriented gauche 
with respect to the phenyl group (Fig. 1). Thus, 

2 X = SO 

X-ray crystallographic works on these sulfoxides (p-
Br derivatives) have demonstrated that the dihedral 
angle defined by C(Bu ' ) -S -C-C(Ph) is ca. 84° and 
65° in 1 and 25) respectively. Conclusions regarding 
the conformations of 3 and 4 have been drawn from 
indirect evidence (for 3)6) and an unpublished X-ray 
work (for 4).7) The above findings led us to NMR,5»8) 
ORD/GD 5 ) and dipole-moment studies9) of the dia­
stereoisomeric sulfoxides; the conformations adopted by 
1 and 2 in the crystal fields have been shown to be 
maintained in solutions. In an at tempt to explore 
the generality of the phenomenon, we also extended 
this work to a conformational study of some structurally 
related alcohols, (RSjSR)- and (^/ÄÄ)-2,2-dimethyl-
4-phenyl-3-pentanols. 

4 X=S02 

Me 

Q K - C H - X - B U * 

X=S,SO,S02 

Fig. 1. 

E x p e r i m e n t a l 

Preparation of Alcohols. The treatment of 2-phenyl-
propionaldehyde with /-butylmagnesium chloride gave 2,2-
dimethyl-4-phenyl-3-pentanol, with an (RS/SR) configuration 
(5, Fig. 2).4'10) The reaction mixture was shown to be almost 
diastereoisomerically pure.11) The oxidation of 5 to a ketone, 
followed by LiAlH4 reduction, gave (SS/RR) -alcohol (6). 

Me JL M B u r Me • H 

H -

•Bu* 

Bu« 
i 

H - G - O H 

1 M e - G - H 
i 1 

Ph 

(5) (3Ä, 

Bu' 
i 

H O - G - H 
| 

M e - G - H 
i 1 

Ph 
(6) (3S, 

= 

4S) 

= 

4S) 

Bu« 
i 

H - G - O H 
| 

H - G - P h 
i 1 

Me 

Bu« 
i 

H O - G - H 
| 

H - G - P h 
i 1 

Me 

Fig. 2. Procedure for the preparation of alcohols 5 and 6. Racemic mixtures were 
used but one of the enantiomers is illustrated for the sake of brevity. 
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This was again shown to be produced with an almost total 
exclusion of the other isomer.10»11) T h e samples prepared 
as above and purified chromatographically gave correct 
analytical da ta (see Tables 1, 2, and 4 for the spectral da ta ) . 
T h e configuration assignment of the alcohols has been made 
by Felkin and his group;1 0 - 1 2) it is consistent with our own 
conclusion. 

NMR Measurements. T h e N M R spectra were deter­
mined for 0.2 mol/1 solutions on a J E O L MH-100 spectrometer 
(for XH) and a J E O L FX-100 spectrometer (for 1 3G). T h e 
chemical shifts are given relative to tetramethylsilane as the 
internal reference and are accurate to ± 0 . 0 1 p p m for the 
1 H data and ± 0 . 0 4 p p m for the 13G data . T h e coupling 
constants are accurate to ± 0 . 0 2 Hz . T h e assignments of 
the 13G resonances were made by the use of the gated decoupl­
ing technique. 

IR Measurements. T h e infrared spectra were obtained 
at 20 °G for dilute solutions (5.6—8.0 mmol/1) in carbon 
tetrachloride with a Perkin-Elmer model 112G or a J A S G O 
DS-402G spectrometer. T h e error in the measurements is 
estimated to be less than 2.5 c m - 1 . 

GC. A Hewlett-Packard 5830A gas Chromatograph 
equipped with a 6-foot column was packed with Diasolid 
ZS . T h e temperature was maintained at 150 °G. T h e flow 
rate of the H e carrier gas was 35 ml /min . T h e retention 
times were 1.61 and 1.46 min respectively for 5 and 6. 

MS. A Hitachi R M U - 6 M G mass spectrometer was 

used. T h e samples were introduced gas-chromatographically. 
T h e temperature at the ion source, the ionizing potential, 
and the accelerating voltage were 230 °G, 20 eV, and 3.2 
kV respectively. 

R e s u l t s 

NMR Results. T a b l e s 1 a n d 2 list t h e p r o t o n 

a n d c a r b o n m a g n e t i c r e s o n a n c e p a r a m e t e r s respect ively 

for 5 a n d 6. 

Vicinal H/H Coupling : A n inspec t ion of t h e N e w m a n 

pro jec t ions in w h i c h t h e " b u l k i e s t " g r o u p s (BuÉ a n d 

P h ) a r e a r r a n g e d anti (F ig . 3) w o u l d l e ad us to a p r e d i c ­

t ion t h a t t h e v i c ina l c o u p l i n g c o n s t a n t , V H H * 1S l a rge r 

in t h e (SS/RR) i somer (6) t h a n in t h e (RS/SR) a l coho l 

(5 ) . T h i s s tems f rom a s imp le cons ide r a t i on of t h e 

K a r p l u s re la t ionsh ip , 1 3 ) i n w h i c h 3Jîm is la rges t (ca. 

10—12 H z ) w h e n t h e r e l e v a n t p r o t o n s a r e o r i en t ed 

anti o r ec l ipsed . T h e e x p e r i m e n t a l va lues , howeve r , 

w e r e f o u n d to b e sma l l e r t h a n 4 H z for b o t h c o m p o u n d s . 

T h i s p r o m p t l y rules o u t t h e c o n f o r m a t i o n d e p i c t e d 

in F ig . 3 for 6 ; a m u c h l a r g e r 3 y H H v a l u e is expec t ed 

for this c o n f o r m a t i o n ( H / H anti). Possible v a l e n c e 

a n g l e d e f o r m a t i o n s i n v o l v i n g t h e respec t ive a t o m s cou ld 

r e n d e r t h e v ic ina l c o u p l i n g c o n s t a n t a p o o r g u i d e 

w i t h r e g a r d to t h e c o n f o r m a t i o n a l p r o b l e m . I n this 

T A B L E 1. PROTON N M R PARAMETERS FOR (RS/SR)- AND ( £ I S / 1 ^ ) - 2 , 2 - D I M E T H Y L - 4 - P H E N Y L - 3 - P E N T A N O L 

Bu* M e H a H x H 0 H m O H 

<5a> 

LIS(obsd)b> 
(calcd) 

ASISC> 

»/Hallx 

ô 
LlS(obsd) 

(calcd) 
ASIS 

Jn&Ux 

0.90 
0.33 
0.33 

+ 0.04 

0.79 
0.31 
0.28 

+ 0.02 

1.25 
0.44 
0.44 
0.00 
3 .7Hz 

1.32 
0.37 
0.43 

+ 0.05 
3.9 Hz 

(RS/SR) (5) 
2.94 
0.48 
0.53 

+ 0.07 
(CC14), 3.7 Hz 

3.33 
1.00 
1.00 

+ 0.07 
(benzene) 

(SS/RR) (6) 
2.95 
0.37 
0.42 

+ 0.11 
(CCI,), 3.7 Hz 

3.28 
1.00 
1.00 

+ 0.07 
(benzene) 

7.17 
0.25 
0.19 

— 

7.22 
0.38 
0.38 

7.17 
0.03 
0.07 

— 

7.22 
0.08 
0.05 

1.48 

(1.3)d> 

a) Ppm downfield from internal T M S in CCJ4. b) Relative chemical shifts induced by the addition of Eu(fod)3 

in CC14 solutions, c) ô (benzene)— <5(CC14). d) Not observable, bu t suggested to be present about here by 
decoupling experiments (see text) . 

T A B L E 2. GARBON N M R PARAMETERS FOR (RS/SR)- AND (£ IS /ÄÄ)-2 ,2 -DIMETHYL-4-PHENYL-3-PENTANOL 

(RS/SR) (5) 

<5a> 

VCH/HZ 

(SS/RR) 
ô 

VCH 

Ah) 

(6) 

1 

147.99 

144.12 

+ 3.87 

2,6 
127.36 
154.3 

128.84 
156.2 

- 1 . 4 8 

3,5 
128.34 
159.2 

128.22 
159.2 

+ 0.12 

4 
125.88 
162.1 

126.31 
159.2 

- 0 . 4 3 

' 
41 

125 

41 

7 
.13 
.0 

.71 
126.0 

- 0 .58 

8 
82.92 

140.6 

83.35 
139.6 

- 0 . 4 3 

9 
36.06 

— 

35.87 
— 

+ 0.19 

10 
26.82 

125.0 

26.70 
125.0 

+ 0.12 

11 
16.53 

127.0 

22.42 
127.0 

- 5 . 8 9 

a) P p m downfield from internal T M S in GDG13 (20% w/v) . b) A=ô(RS/SR)-ô(SS/RR). 

3—2 

/ \ / 
4 1—C7—C8—C9—C10 

\ / I I \ 
5—6 G11 O H 
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(5) (6) 

Fig. 3. 

regard, it should be noted that the one-bond coupling 
constants, 1Jcn, are quite normal for relevant sp3-
hybridized linkages14) (for G 7 -H and G 8 -H, see Table 
2). I t follows, therefore, that there are no appreciable 
distortions about the bond angles and bond lengths 
involving these nuclei. I t was also noted that there 
was little effect in V H H with the change in the solvent 
or the addition of a lanthanoide-shift reagent (LSR). 
This demonstrates that the conformational equilibria 
of these alcohols are not much perturbed by the change 
in the solvent polarity or by complexation. 

Lanthanoide Shift Reagent-induced Shift (LIS) : One of 
the most remarkable features to be seen in Table 1 
is that the LIS for H a is appreciably larger in 5 than 
in 6, whereas the reverse is true for the ortho and meta-
protons on the phenyl ring. To explain this, we must 
consider that the hydroxyl oxygen (the substrate-LSR 
complexation site) is closer to H a and remoter from 
the phenyl group in 5 than in 6. This, along with 
the coupling data, rules out the possibility that the 
conformations of these alcohols are like those shown 
in Fig. 3 (BuÉ/Ph anti). To be consistent with the 
LIS data, we must presume that such conformations 
as illustrated in Fig. 4 are predominant in these solu­
tions. Note that in both conformations the £-butyl 
group orients itself gauche to the phenyl group. For 
the (RSISR) -isomer (5), however, a completely stag­
gered conformation is incompatible with the coupling 
data. 

Fig. 4. 

We, therefore, carried out computer simulations of 
the LIS for these compounds. Thus, a program was 
written in which the LIS for each proton could be 
calculated8) according to the McGonnell and Robertson 
equation.15) The necessary parameters were assumed 
as usual, and the LIS data listed in Table 1 were used. 
For the protons of Me, BuÉ, H 0 , and H m , the contribu­
tions of various rotational forms were averaged. The 
lan thanoide(Ln)-O-G angle was taken to be 130°. 
The procedure is illustrated in Fig. 5. A Gaussian 
weight factor (re;) for the rotamer population was 
defined as in Eq. I,16) where A is the distribution coef­
ficient and 6 is a torsional angle for the rotation of 
Ln around the C - O bond. For steric reasons, 

AS>| = K ( 3 c o s 2 * r 1 ) / r p 

Fig. 5. Procedure for calculating the pseudocontact 
shifts. 

60 was taken so that the position of LSR was farthest 
from the center of the phenyl ring. The agreement 
factor (AF) was defined as in Eq. 2 : 

AF(%) = 100(S |LIS o b B d i < -LIS c a l c d i t | ) /SLIS o b B d i < (2) 

while the L n - O distance (R) and the O - C - C - C ( P h ) 
dihedral angle (<I>) were allowed to vary in order to 
enable us to obtain the best fit with the experimental 
values. 

The AF values of 5 and 6 % were the best fits where 
# = 0 . 3 0 nm, ^ = 2 1 0 ° , and ,4=0 .2 for 5 and R= 
0.30 nm, ^ = 285°, and , 4=0 .6 for 6. From these 
data, the H a - C - C - H x dihedral angles were estimated 
to be around 150° and 45° for 5 and 6 respectively. 

w(Q) 
V' n 

e x p [ - ^ ( 0 - 0 o ) * ] 0) 

Fig. 6. Computer-simulated conformations for 5 and 
6. 

This is illustrated in Fig. 6. O n the basis of the 
Karplus relationship (Eq. 3) : 

VHH = 8.5 cos2 6 - 0.28 (0°—90°) 

= 9.5 cos2 0 - 0.28 (90°—180°) (3) 

the H a / H x dihedral angles, 45°, 50°, 150°, and 135°, 
give 3 y H H values of ca. 4.0, 3.2, 6.8, and 4.5 Hz re­
spectively. The computational results are, therefore, 
not so incompatible with the coupling data in view 
of the fact that they merely reflect the weighted mean 
of the possible ro tamers. This conclusion is consistent 
with the solvent effect induced by benzene (ASIS) 
as well; a larger ASIS was observed for H a in 6 than 
in 5 (Table 1 ). This is expected since H a in 6 is orient­
ed more apar t from the hydroxyl oxygen than in 5. 
The trend observed for the LSR distribution index 
(A) is also reasonable in view of steric considerations. 
O n the basis of the simulated conformations (Fig. 6), 
the phenyl group in 6 can be said to hinder more 
effectively the approach of LSR and, hence, give rise 
to a larger A (0.6 vs. 0.2). Also noteworthy are the 
differences observed in the shielding constants for the 
£-butyl and hydroxyl protons of the isomers. The 
signals appropriate to the £-butyl and O H protons 
in 6 are appreciably shifted toward the high-field 
region compared to those in 5 (0.79 vs. 0.90 ppm and 
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1.3 vs. 1.48 ppm in CG14 respectively). This can be 
ascribed to the anisotropic shielding effect of the phenyl 
group. According to the suggested conformations, the 
£-butyl and the hydroxyl group in 6 lie closer to the 
phenyl ring than do those in 5 ; therefore, they suffer 
from a more profound ring-current effect. 

13C-Chemical Shift: In Table 2 are included the 
differences [A=Ô(RS/SR)-Ô(SS/RR)] in the carbon 
resonances between these isomers. Table 3 lists the 
corresponding data for some structurally related sul­
foxide diastereoisomers, 1 and 2. The most remarkable 
differences are those (A) observed for the quaternary 
ring carbon (G1) and for the methyl carbon (C11) 
shifts. The peak assignable to G1 appears at a mag­
netic field lower by 3.9 ppm for 5 than for 6. The 
methyl carbon of 5, in contrast, gives rise to a signal 
which is 5.9 ppm higher than that of 6. Similar 
trends are also noted for the sulfoxide pairs. 

The above results can be explained in terms of 
the y-effect or the so-called steric compression shift.17) 
O n the basis of the suggested conformations (Fig. 6), 
the hydroxyl group in 5 lies closer to the methyl group 
than in 6. It is, therefore, reasonable to expect a 
more pronounced y-effect for the methyl carbon in 
5. For the quaternary ring carbon G1, on the other 
hand, it is anticipated that such an effect is more 
profound in the (SS/RR) alcohol (6) than in the (RS/ 
SR) one (5). Thus, both O H and BuÉ lie closer to 
the aromatic carbon in 6 than in 5. The same trend 
observed for the sulfoxide pairs (A = 2 . 7 and —1.8 
p p m respectively for G1 and G11, where R = H ; see 
Table 3) can be understood on a similar basis. The 
S-O oxygen atom has been established to be closer 
to the methyl group in 1 than in 2.5> The reverse 

is true for the spatial relationships of O and BuÉ with 
respect to the phenyl group. The chemical-shift dif­
ferences between isomers (A) are somewhat smaller 
for sulfoxides than for the case of alcohol. This is 
also reasonable in view of the longer bond lengths 
(S-G vs. G-G and S-O vs. G-O) for sulfoxides relative 
to alcohols. The interatomic distances of the respective 
nuclei are longer for the sulfur compounds; hence, 
the y-effects are smaller. 

Intramolecular OH/TZ Interaction. IR Spectra: 
The above findings led us to an expectation that, 
whereas an intramolecular OH/TZ bonding can be 
operative in the (SS/RR)-isomer (OH/Ph gauche), this 
interaction will be absent for the (RS/SR) -isomer (5), 
which has a hydroxyl group apart from the phenyl 
ring. In order to clarify this point, we have examined 
the I R spectra of these compounds, together with the 
lower homologues in which the £-butyl group is replaced 
by the methyl, ethyl, and isopropyl groups.10) Table 
4 summarizes the results. 

As is shown by a typical example of the I R traces 
of 5 and 6 in Fig. 7, these alcohols possess characteristic 
doublet O - H stretching bands, one at 3630—3645 
c m - 1 and the other at 3600—3610 cm"1 . I t goes 
without saying that the former is to be assigned to 
the free O H group.18) The trend for the position of 
the high-frequency band to move still to the higher-
frequency side as the substituents go from the methyl 
through ethyl to isopropyl and £-butyl seems to dem­
onstrate the effect of steric congestion by the alkyl 
groups.18»19) Thus, the conformation in which the 
torsion angle between the O H and alkyl groups is 
small (<60°) is suggested for the free O H species. 

In the threo (see footnote a in Table 4 for these 

TABLE 3. GARBON NMR PARAMETERS FOR (SR/RS)- AND (SS/Aß)-1-PHENYLETHYL /-BUTYL 

SULFOXIDES />(R)C6H4CHMeSOC4H9 

(SR/RS) (1) 

R = H 
R = Br 

(SS/RR) (2) 
R = H 
R = Br 

Ac) 
R = H 
R = Br 

la) 
140.0b> 
139.2 

137.3 
136.4 

+ 2.7 
+ 2.8 

2,6 
128.1 
132.2 

129.1 
131.6 

- 1 . 0 
+ 0.6 

3,5 
129.0 
129.8 

128.4 
130.8 

+ 0.6 
- 1 . 0 

4 
127.8 
121.7 

127.9 
122.2 

- 0 . 1 
- 0 . 5 

7 
56.9 
56.1 

54.8 
54.4 

+ 2.1 
+ 1.7 

8 9 
55.1 
55.4 

55.1 
55.1 

0.0 
+ 0.3 

10 
23.7 
23.7 

23.6 
23.6 

+ 0.1 
+ 0.1 

11 
17.8 
17.5 

19.6 
19.5 

- 1 . 8 
- 2 . 0 

a) For numbering of the carbon atoms, see Table 2. b) Ppm downfield from internal TMS in CDC13. c) A — 
Ô(SR/RS)-Ô(SS/RR). 

TABLE 4. IR SPECTRAL DATA FOR THE DIASTEREOISOMERIC PAIRS OF ALCOHOLS RCHOHCHPhMe 

erythro*) 

threoû) 

Me 

3611.8b) (0.86)c) 
3637.0 (1) 

3595.4 (11) 
3629.0 (1) 

Et 

3609.5 (1.85) 
3640.2 (1) 

3601.0 (4.8) 
3637.0 (1) 

Pr* 

3614.4 (2.48) 
3645.8 (1) 

3606.6 (5.5) 
3648.2 (1) 

Bu* 

3612 (1.0) 
3645 (1) 

3600 (1.9) 
3646 (1) 

a) (RS/SR) for R=rBu«, but (SS/RR) for R = Pr*, Et, or Me. According to the sequence rule, the configura-
tionally related alcohols do not necessarily have the same symbols (BuÉ>GHMePh; but Pr% Et, Me<CHMePh). 
b) Wave number in cm-1» c) Relative intensity, d) (SS/RR) for R = BuÉ

? (RS/SR) for the lower homologues, 
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bo 
o 

»< 
^ 
bß 

o 

(a) 

3700 3650 3600 

Wave number/cm -1 
3550 

Fig. 7. Parts of the IR-traces for (a) (RS/SR)-(5) and 
(b) (SS/RR) -2,2-dimethyl-4-phenyl-3-pentanol (6). 
The dissection of the doublet bands was made by as­
suming the Lorentzian curve. 

notations) series, the lower-frequency band is always 
stronger than the higher-frequency band.11) It is also 
suggested by the wave number, as well as by the 
intensity of the lower-wave-number bands, that the 
OH/TZ bonding is strongest in the methyl and gets 
weaker as the substituent goes to the ethyl and iso-
propyl.20) In other words, the O H and the phenyl 
groups come closer as Group R becomes smaller. 

In the erythro series, the low-frequency bands are 
at ca. 3610 cm - 1 . There are two possibilities for the 
origin of these bands: a weak O H / J T bonding, or just 
a second free O H due to the presence of a O H rotamer 
in which the hydrogen atom bisects the hydrogen and 
carbon atoms. If the former is the case, we have to 
assume the contribution of a conformer with BuÉ/Ph 
trans (see Fig. 3) for 5. We must reserve our conclusion 
on this matter until the effects of ring substituents 
on these low-frequency bands have been studied by 
performing a standard operational test for the O H / T Z 
interaction.21^ (The *>0_H absorptions of these alcohols 
has already been reported by Sicher et al.11) The 
present work conforms mostly to their method, but 
differs in some details because of differences in the 
resolution of the spectra and the method of the dis­
section of the doublet bands.) 

NMR, GC, and MS Analyses: I t has been shown 
by the above results that a major portion of the hy-
droxyl group in 6 interacts with the phenyl group, 
whereas in 5 it is almost free from intramolecular 
OH/TT interaction. This conclusion is supported by 

Me°tL Ha 
^ - B u t 

Hx /T 
Ph 

Hx Ha 

(b) 

OH Me 

+ D20 

JLMC 
Hx 

H-Ph 
6 

JVJtk, 
Hx Ha Me 

' I 
Fig. 8. Proton NMR spectra of 5 and 6 obtained for 

CC14 solutions. See text for inserts. 

an inspection of the N M R spectra. Parts of the proton 
N M R spectra are given in Fig. 8. The signal ap­
propriate to H x in 6 appears as a broad peak in both 
the solvents examined. In contrast, H x in 5 gives 
rise to a sharp doublet (spin-coupled only with H a ) . 
This is ascribed to the presence of a further coupling 
with the hydroxyl proton by H x in 6. The broad H x 

signal collapsed to a doublet on decoupling (irradiation 
at ca. 130 Hz from T M S , where the broad signal of 
O H proton was assumed to be present under these 
conditions) or when the solution was treated with 
deuterium oxide. Also, the alcoholic hydrogen of 6 
could hardly be observed because of the line broadening, 
while O H in 5 gives rise to a singlet. In the (RS/SR) 
isomer the non-bonded alcoholic hydrogen rapidly 
(at the N M R time scale) exchanges with that in the 
other molecules, thus giving rise to an observable peak. 
In the (SS/RR) -alcohol, on the other hand, the ex­
change rate is slowed down by the complexation of 
the hydroxyl group with the jr-system, thus resulting 
in the disappearance of the O H signal. 

Further support for the contribution of the intramo­
lecular OH/TZ interaction in 6 (and its absence in the 
case of 5) comes from comparisons of the chromato­
graphic behavior11) and the mass-fragmentation pat­
terns.12) Thus, the gas-chromatographic retention time 
is appreciably shorter for 6 than for 5.11) The relative 
intensity of the molecular ion peak vs. the dehydrated 
ion peak ( M + / M + - H 2 0 ) is larger for 6 (2.0) than 
for 5 (0.6). These results can be explained12) in terms 
of the presence of OH/TZ bonding for 6. 

In summary, all of the results point to an unequivocal 
conclusion that, in the molecules presently studied, 
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the £-butyl group lies gauche to the phenyl group. 

D i s c u s s i o n 

Generality of the gauche Conformation. The con­
formations of 5 and 6 are indeed the consequences 
of the balance of a number of effects. The interactions 
involving the hydroxyl group, among others, should 
be taken into consideration. This seems to be of 
relatively minor importance in this particular case, 
however, since, in the (RS/SR) isomer (5), the conformer 
which lacks the O H / T Z interaction is found to be preferr­
ed. We wish here to emphasize that, in the cases 
studied thus far (1—6), the /-butyl group is always 
found to be close to the phenyl group, irrespective 
of the nature of the X group in the following general 
structure (Fig. 9) and irrespective of the conditions 
studied. Moreover, our preliminary data suggest 
that the above situation (alkyl/Ph gauche) holds also 
in the lower alkyl homologues.6»22) It, therefore, 
follows that, in these compounds, an alkyl group has 
a general tendency to be closer to the phenyl group 
(or apart from Me) if these groups are present in the 
molecule. 

Ph-CH-X-Bu' 
I 
Me 

.t = 
Me H 

^ B u t 
Ph 

l 

so 
2 

so 
3 
S 

4 
so2 

5 6 
GHOH GHOH 

Fig. 9. 

The conformations of molecules have frequently 
been interpreted in terms of the repulsive forces arising 
from interaction between nonbonded groups.23) Such 
approaches assume that bringing "bulky" groups 
into proximity leads to unfavorable interactions; the 
nature of which is generally ascribed to the van der 
Waals repulsion. However, evidence has been ac­
cumulated that this approach does not apply in a 
number of cases. Thus, the two large groups in a 
rotamer are very often found to be gauche or to eclipse 
one another, not only in sp3-sp3 single-bond systems, 
but also in most sp2-sp3 as well as in certain double-
bond systems. To cite only a few cases, it is established 
that 1,2-difluoroethane and propyl halides prefer a 
gauche rather than an anti conformation. Propionalde-
hyde is known to exist dominantly in the conformation 
where the methyl group is eclipsed with the C = 0 
double bond. Enthalpy differences in favor of a 
eis over a trans isomer are well documented for 1-halo-
propenes, 1,2-difluoroethylenes, etc.2*) 

The most impressive of all, however, are probably 
the cases where such groups as /-butyl or trimethylsilyl 
groups are involved. The examples include meso-
3,4-dichloro-2,2,5,5-tetramethylhexane (7),25) tetra-/-
butyldiphosphine (8) ,26) 1,1,2,2-tetra-/-butylethane 
(9),27) l,l,2,2-tetrakis(trimethylsilyl)ethane (10),27) 
and 1,3,5-trineopentylbenzene ( l l ) 2 8 ) systems (Fig. 
10). In all these cases, the bulkiest groups are found 
to be close to each other in the preferred conformations. 
It seems, therefore, that this situation (favored gauche 

,R 
;x—x /

I N __ 
- Y^Sr̂ R 

7 
8 
9 

10 

C 

P 

c 
c 

Y 

Cl 
lone pair 

H 
H 

Bu* 
Bu* 
Bu* 
SiMeQ 

R= CHoBu* 

11 

R 

_L 

Fig. 10. 

interaction) is a rule rather than an exception. 
A number of approaches have been made to account 

for these "anomalies." The importance of attractive 
forces between nonbonded groups or atoms was suggest­
ed recently, while other workers favor interpretations 
in terms of repulsive steric effects or a conjugative 
stabilization (or destabilization) transmitted through 
bonds.29) In particular, Garter and his group28) 
advanced a concept of attractive steric effects on the 
basis of their findings regarding the conformational 
preference of the neopentyl groups in symmetrically 
substituted trineopentylbenzene systems (11). Their 
suggestion finds support in molecular mechanics cal­
culations,30) where the origin of the attractive forces 
is ascribed to London dispersion forces. 

In the present case, where the interactions of an 
alkyl group with a phenyl group are concerned, the 
same approach will probably not apply, however. 
In the framework of the traditional approach, i.e., 
the bulk-repulsive concept, the present result might 
be explained by regarding the "size" of a phenyl group 
as effectively smaller than that of a methyl group. 
A phenyl group is, of course, nonspherical and is capable 
of relieving the "steric constraint" which might occur 
in the interaction with the £-butyl group by a rotation 
about the G-G(Ph) bond. This possibility was argued 
in our earlier papers.5»6) However, we found recently31) 
that benzyl £-butyl sulfoxide (12) also adopts a con­
formation (in solution) similar to those established 
for 1—6. This conclusion is based on N M R (LIS-
simulation) evidence. Moreover, the stereospecificity 
and the stereoselectivities in the diastereotopos-dif-
ferentiating reactions of 12 can be understood only 
on the basis of the gauche conformation.32) In short, 
the preferred rotamer of 12 in solution again suggests 
that the £-butyl group is gauche with respect to the 
phenyl group. Note that in 12 the methyl group 
is absent. I t follows that an interaction other than 
repulsive Me/Bu* interaction should also be taken 
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into consideration. 
Possibility of Attractive Alkyl"-n-System Interaction', 

CHjut Interaction Hypothesis. A reexamination of 
the X-ray data on (SR/RS) (1) and (ÄS/ÄÄ)-l-(/>-
bromophenyl) ethyl £-butyl sulfoxide (2) (Fig. 1, X = 
SO) has revealed that a methyl group on BuÉ is oriented 
so as to be in close proximity to the phenyl ring, the 
G(Me 1 ) -C 1 distance being ca. 0.33 nm in both com­
pounds (Fig. II).33) This is much shorter than the 
sum of the so-called van der Waals radii of the relevant 
groups (0.37 n m : 0.20 for a methyl and 0.17 nm for 
the half-thickness of a benzene molecule). To account 
for these findings, we recently suggested the importance 
of an attractive force involving an alkyl and an unsatura­
ted group, namely, CH/TZ interaction.31»32) A com-
plexation of the benzene jz-system has been known 
to occur with the acidic hydrogen atom of chloroform35) 
or phenylacetylene.36) For the non-acidic hydrogens 
of simple alkyl moieties in aliphatic molecules, however, 
the importance of such an interaction has not yet been 
suggested.37) 

Me 

Me 
N<?fH Me 

Me1 à -
C1 M e 

C6/^NC2 o 
(aS,SR)-l («S,SS)-2 

Fig. 11. Newman projections for the X-ray crystal-
lographic structures of 1 and 2 (p-Br derivatives). 

The presence of such a weak interaction has been 
supported by a semi-empirical M O calculation of 
a methane/benzene model system.31) Thus, attractive 
potential curves were obtained by the GNDO/2 method, 
where the stabilization energy was estimated to be 
ca. 3.5 kj/mol at the maximum,38) the approximate 
distance between a methane hydrogen (carbon) at 
this position and the benzene plane being 0.20 nm 
(0.31 n m : 0.20+0.11) . This compares well with the 
X-ray data cited above. 

The magnitude of the interaction energy is very 
small for a single GH/TT bonding. However, a GH 
group does not generally exist in an isolated state. 
They are present, more frequently, as parts of an atomic 
cluster, such as a methyl, ethyl or isopropyl group. 
It seems, therefore, to be reasonable, in some molecular 
environments, to expect a simultaneous action of mul­
tiple interactions. It might well be that the total 
interaction energy becomes significant.39) 

The recognition of the above fact would be of help 
in explaining certain well-known but poorly understood 
phenomena, especially in the dynamic interaction 
of reacting molecules. To mention briefly a few 
examples, it has long been recognized that the extent 
of asymmetric synthesis is uniformly higher for the 
phenyl keto esters ( R = P h ) than for the methyl keto 
esters ( R = M e ) in the Prelog reaction system (Fig. 
12).4oa) w e S Ugg e s t that the free-energy level at the 
competing diastereomeric transition states can be 

R-C- (CH 2 ) n RMgX 

C=0 

A diastereoisomeric 
mixture of hydroxy 
carboxylic esters 

n = 0, 1 or 2 

Fig. 12. 

affected by an intervention of CH/TZ complexation. 
In the case of benzoylformate ( R = P h , n = 0 ) , the 
difference in the activation free energy, AAG*, can 
be amplified by the interaction of Ph with the chiral 
aliphatic alcohol moiety (menthol group). Such an 
effect is absent in the case of pyruvate (R = Me, n=0), 
where we have a non-7z system as R. Similar rela­
tionships hold also for the /9-keto (w=l ) and y-keto 
ester (w=2) series. 

A similar argument likely applies to the asymmetric 
reduction of ketones with optically active Grignard 
reagents (Fig. 13). T h e data listed in Table 5 are 
extracted from the works of Mosher and his group.40b) 
A significant increase in the optical yield (%e.e.) has 
been reported when a phenyl group is incorporated 
in both the substrate and the chiral-reagent part (com­
pare Tables 5a and 5b). In terms of the traditional 

(a) CI 

* CHo 

\ R S 

\ ''Me 
Et 

(b) 

0 
II 
C 

/ V 
Ph R 

CI 
Mq 

CH9 

\ " R 
Ph 

Fig. 13. 

HO H 

C 
/ \ 

R L R S 

(S) 

Ph R 

(5) 

bulk-repulsive concept, the optical yield would be 
anticipated to decrease as the "bu lk" of the substituent 
increases. Quite an inverse trend is observed for 
all cases, however, where we have a phenyl group 
in either side of the reacting species (Table 5b and 
column 3 in Table 5a). The results are comprehensible 
if one assumes the intervention of an attractive alkyl/ 
phenyl interaction.32»41) An interaction of this type 
could well be expected to increase with the number 
of GH groups in the aliphatic moieties, R and/or R ' . 

In this respect, the most interesting is probably 
the recent finding of Endo and his group.42) In the 
course of an effort to find the factors controlling chemical 
reactions, they arrived at a model reaction system. 
This is composed of the oxidative coupling of a pair 
of thiols (D-SH and A-SH, Fig. 14) to disulfides. The 
ratio of the unsymmetrical disulfide over a symmetrical 
one ( r=DSSA/DSSD) reflects the probability of the 
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T A B L E 5. ASYMMETRIC REDUCTIONS WITH OPTICALLY ACTIVE GRIGNARD REAGENTS*1) 

(a) CI 

0 ^ CH9 

C . _ C . 

(b) 

RL Rs 

H" \> ''Me 
Et 

„ O H 

c 
/ \ 

R L R S 

(S) 

CI 
Mg 

II 1 2 

C X . . 

Ph R Ph 

HO H 
—> \ / 

Ph R 

(5) 

R S \ R L Bu* c -C 6 H n Phb> R \ R ' Me Et P r * 

Me 
Et 
Pr" 
P r i 

13 
11 
11 

0 

4 
9 
9 
2 

4°/< 

6 
6 

24 

3 e.e. Me 
Et 
Bu* 
P r i 

38 
38 
— 
59 

47 
52 
53 
82 

— 
66 
— 
80 

a) (£)-alcohols obtained in excess. Cf. Tables 5.6 and 5.7 in Ref. 40. b) See also G. P. Giacomelli, R. Menicagli, 
and L. Lardicci , Tetrahedron Lett., 1971, 4135; R. Kretchmer , J. Org. Chem., 37, 801 (1972). 

m o l e c u l a r r e c o g n i t i o n b e t w e e n t h e i n t e r a c t i n g species. 
T h e r e c o g n i t i o n h a s b e e n f o u n d to b e m o s t select ive 
w h e n a n i sopen ty l g r o u p is i n t r o d u c e d as t h e a lky l 
s u b s t i t u e n t ( R ) in t h e A - S H m o l e c u l e ( r = 2 1 . 2 , b u t 
it g r a d u a l l y dec reases o n g o i n g f rom z - C 5 H n to e -C 6 H 1 3 

a n d t h e n to e -C 7 H 1 5 g r o u p ) . S u c h a r e m a r k a b l e 
d e p e n d e n c e of t h e select ivi ty o n t h e s t r u c t u r e w a s 
n o t obse rved for A - S H w h e r e a series of s t r a i g h t - c h a i n 
a lky l g r o u p s w e r e used as R . A n inspec t ion of t h e 
G P K m o l e c u l a r m o d e l s suggests t h a t t h e c o m p l e x e s 
of t h e r e a c t i n g species m a y wel l b e s tab i l i zed b y t h e 
G H / T T t y p e i n t e r a c t i o n ; w i t h t h e a r o m a t i c p a r t of 
t h e D - S H m o l e c u l e ( d i m e t h y l a m i n o p h e n y l g r o u p ) , t h e 
i n t e r a c t i o n is poss ible if w e h a v e a n a lkyl g r o u p as R 
in A - S H . T h i s m i g h t b e e x p e c t e d to b e m o s t select ive 
w h e n t h e R is a b r a n c h e d o n e a n d has a n a p p r o ­
p r i a t e l e n g t h (F ig . 14b) . 

( a ) Me2N--/ VNHCONHCOCH2SH 
= (D-SH) 

R - C O N H C O N H C H 2 C H 2 S H 

DSSD 

+ 
DSSA 

+ 
ASSA 

(A-SH) 

( b ) Me2N 

Me Me 

X / C H 2-
H CH2 

Fig. 14. 

W e wish to t a k e this o p p o r t u n i t y to p o i n t o u t t h e 
possibi l i ty t h a t a w e a k i n t e r a c t i o n of s u c h a k i n d p l ays 
a n i m p o r t a n t ro le in d e t e r m i n i n g t h e 3 -D s t r u c t u r e 
a n d t h e specificity of s o m e g l o b u l a r p ro t e in s . T h e s e 
i n c l u d e e n z y m e s , h e m o g l o b i n s , o r i m m u n o g l o b u l i n s . 4 3 ) 
As has b e e n e m p h a s i z e d b y W a t s o n , 4 6 ) t h e s e c o n d a r y 
forces invo lved in t h e specific b i o p o l y m e r i n t e r a c t i o n s 
s h o u l d n e v e r b e too s t rong . I n s t e a d , t h e y s h o u l d 
b e m o d e r a t e l y w e a k , t h u s m a k i n g it possible to a s s u m e 
a r a p i d r e c o m b i n a t i o n of b i o c h e m i c a l l y i m p o r t a n t 
molecu les ( a n d there fore to b e c o m p a t i b l e w i t h t h e 
ce l lu la r ex i s t ence) . O u r k n o w l e d g e a b o u t t h e w e a k 

c h e m i c a l i n t e r a c t i o n s is, h o w e v e r , still v e r y i n c o m p l e t e . 
46) T o b e a c a n d i d a t e for these forces a n i n t e r a c t i o n 
m u s t b e w e a k a n d also h a v e t h e p r o p e r s teric r e q u i r e ­
m e n t s . I n a d d i t i o n to th is , t h e g r o u p s invo lved in 
a w e a k s e c o n d a r y force used in b io logica l devices m u s t 
b e w i d e l y d i s t r i b u t e d in n a t u r e . Al l of t h e p re requ is i t es 
a r e fulfilled b y t h e C H / T Z i n t e r a c t i o n — i t is w e a k e n o u g h 
a n d o r i e n t a t i o n - d e p e n d e n t . S i m p l e a l i p h a t i c g r o u p s 
a r e so a b u n d a n t t h a t w e c a n find these moie t ies in 
v i r t ua l l y al l c o m p o n e n t s of n a t u r a l sources . As to 
t h e a b u n d a n c y of t h e g r o u p s , w e will c i te h e r e t h e 
case of a m i n o a c i d : b o t h t h e a l i p h a t i c res idues (Ala, 
V a l , L e u , He , M e t ) a n d t h e a r o m a t i c ones ( P h e , T y r , 
T r p , His ) a r e c o m m o n l y found in p ro t e in s . 

W e wish to t h a n k D r s . T a d a s h i E n d o ( A o y a m a 
G a k u i n U n i v . ) , N a o y a N a k a g a w a ( U n i v , of E l ec t ro -
C o m m u n i c a t i o n s ) , a n d M i n o r u H i r o t a ( Y o k o h a m a 
N a t i o n a l U n i v . ) for the i r v a l u a b l e discussions a n d 
c o m m e n t s . 
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The enantioface-differentiating hydrogénation of a-, ß-, y-, and (5-keto esters over a-, ß-, and y-amino ac ;d-
MRNi has been conducted. The optimum enantio-differentiating power of a-amino acid-MRNi has been found 
in the hydrogénation of the /?-keto ester and that of Camino acid-MRNi found in the hydrogénation of the y-
keto ester. The results have been explained in terms of the intermolecular recognition between substrate and 
modifying reagent through the functional groups. 

Asymmetrically modified nickel catalysts (MNi) 
provide attractive catalysts for the enantioface-dif­
ferentiating hydrogénation of prochiral unsaturated 
compounds because of their simplicity and wide ap­
plicability. 

The modifying reagents which have high enantio-
differentiating power with one type of substrate do 
not necessarily do so with another substrates.1) 
Therefore, the choice of modifying reagent suited 
to each type of substrate is the most important criteria 
for preparing an effective catalyst. In general, a-
amino acid- or a-hydroxy ac id -MRNi show good 
enantio-differentiating power with /?-keto esters but 
not with a- and y-keto esters. In a preceding paper 
which dealt with the hydrogénation of /?-keto esters 
with tartaric ac id -MNi , it was shown that the inter­
molecular hydrogen bond between substrate and 
the modifying reagent were one of the most important 
factors governing the optical yield of the reaction.2) 
O n this basis, the effect of the structural relation between 
the modifying reagent and the substrate on the enantio-
differentiating power of the modified catalyst has 
been investigated by monitoring the optical yields 
of the hydrogénations of a-, /?-, y-, and <5-keto esters 
over a-, ß-, and y-amino ac id -MRNi . 

R e s u l t s and D i s c u s s i o n 

The substrates and the modifying reagents used 
in this study are as follows; 
Modifying reagents 

GH3 CH(GH3) 
i 

H—G—NH 2 H—G— NH2 
• i 

• i 

GOOH GOOH 
(S) -alanine (S) -valine 

(i) (ii) 

CH(CH3)2 
i 

H—C—NH 2 
i 

GH2GOOH 
(S) -3-amino-4-methyl-

pentanoic acid 

2 C"H3 

H—G—NH2 
• 

GH2GOOH 
( S) -3-aminobutyric 

acid 

(in) 

CH3 
i 

NH2GH2—G—H 
i 
• 

GOOH 
(S)-3-amino-2-methyl-

propionic acid 

(IV) (V) 

CH3 
i 
i 

H—G—NH2 
• 
• 

GH2GH2GOOH 
(»S)-4-aminopentanoic acid 

(VI) 

Substrates 

CH3GO(GH2)nGOOGH3 n = 0 methyl pyruvate (1) 

n = 1 methyl acetoacetate (2) 

n = 2 methyl 4-oxopentanoate (3) 

n = 3 methyl 5-oxohexanoate (4) 

The modification of Raney nickel was conducted 
as previously reported.3) 

The hydrogénation of each substrate was performed 
in an autoclave at 100 kg/cm2 of initial hydrogen 
pressure at 60 °G. T h e optical yields of the reactions 
are summarized in Table 1. 

In the hydrogénation of various keto esters over 
a-amino ac id -MRNi the maximum optical yield was 
obtained with methyl acetoacetate as shown in Fig. 1. 
Methyl 4-oxopentanoate gave the optimum optical 
yield on hydrogénation with a /?-amino ac id -MRNi 
(Fig 2). In the Camino ac id -MRNi , I I I and IV, 
in which the chiral center is at the ^-position of the 
carboxyl group and V in which the chiral center is 
at the a-position of the carboxyl group, the same 
trend in enantio-differentiating power with change in 
substrate was observed. 

From a geometrical point of view, it is thought that 
the positions of the - N H 2 and - G O O H groups in the 
modifying reagent and those of the - C O - and - C O -
O C H 3 groups in the substrate are the most important 
factors in the optical yield of hydrogénation, i.e., a 
reasonable optical yield is only attained when the 
substrate can make a stabilized complex with the 
modifying reagent involving more than two pairs 
of interaction through functional groups as indicated 
above. 

As shown in Fig. 2, with a structural fit between 
the substrate and the modifying reagent, the optical 
yield is not influenced by the position of the chiral 
center. 

In the case of the y-amino ac id -MRNi , no significant 
enantio-differentiating power was observed in all 
substrates examined (n=0 to 3). The low optical 
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TABLE 1. HYDROGÉNATION OF KETO ESTERS WITH RANEY NICKEL CATALYST MODIFIED 

WITH <X~, ß - , AND y-AMINO ACID 

Substrate 
GH3(GH2)wC02CH3 

1 (» = 0) 
2 («=1) 
3 (» = 2) 
4 (» = 3) 

Optical yield(%) 

a-amino 

I 

0 
1.6(A) 
0 .4(A) 
0.1(A) 

acid 

II 

0 . 3 ( 5 ) 
8.9(A) 
2 .8(A) 
0 

and configuration of enantiomer 
modifying reagent 

/?-amino acid 

III IV 

0.6(A) 0 .4(A) 
1.1(A) 3.8(A) 
7A(S) 7.5(S) 
0.4(A) 0 .1(A) 

produced in excess 

V 

0 . 2 ( 5 ) 
2 .4(A) 
4 . 8 ( 5 ) 
0 .2(A) 

y-amino acid 

VI 

0 .9(A) 
0 . 1 ( 5 ) 
0 
0 . 1 ( 5 ) 

Optical Yielc 
(R) excess [%) 

\c5j-(CH3)2CHtc00H-MRNi 

r3 

CH3C0(CH2)nC00CH3 

(s) excess 

Optical Yield 
(8) excess {%), 

*2_(Sj-CH,CC00H-MRNi 
JNH2 

Fig. 1. Optical yield of the hydrogénation of CH3C-
n 

O 
(CH2)n-COOCH3 (n=0—3) with a-amino acid-
MRNi. 

yields in the reactions with the y-amino ac id -MRNi , 
even in the case of the <5-keto ester, may be ascribed 
to the lack of rigid intermolecular interaction due 
to the flexible nature of the molecules. Thus, the 
formation of rigid interaction between the substrate 
and the modifying reagent is the most important factor 
in obtaining a reasonable optical yield in this reaction 
system. 

No special models demonstrating the mode of dif­
ferentiation between the direction of enantioface-
differentiation and absolute configuration of the modify­
ing reagent, were derive from the present data. The 
structural requirement between the substrate and 
the modifying reagent provides, however, useful in­
formation as to the design of effective catalysts for 
enantio-differentiating reactions. 

Exper imenta l 

Gas chromatographic analysis was conducted with a 
Shimadzu GC-4APF apparatus using a 300 x 0.5 cm glass 
column packed with neopentyl glycol succinate (5%) on 
Chromosorb W. Optical rotation was measured with a 
Perkin Elmer 241 Polarimeter at 589 nm. NMR and IR 

CH3C0(CH2)nC00CH3 

-2 

(S) excess 

fs;-(CH3)2cflpCH2C00H-MRNi\ / / 

Fig. 2. Optical yield of the hydrogénation of CH3C-
ii 

O 
(CH2)w-COOCH3 (n=0—3) with Camino acid-
MRNi. 

Optical Yie ld 
(R) excess {%) 

CH3C0(CH2)nC00CH3 

-2 

(s;-CH3CCH2CH2C00H-MRNi 

or""2 

n= 0 

Fig. 3. Optical yield of the hydrogénation of CH3C-
ii 

O 
(CH2)w-COOGH3 («=0—3) with y-amino acid-
MRNi. 

spectra were measured on Hitachi R-24 and Shimadzu 
IR-27G spectrometers respectively. 

Modified Raney Nickel Catalyst. The Raney nickel 
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catalyst was prepared as reported before.3) A portion of 
the Raney nickel (0.1 g) was added to a 1 % aqueous solution 
of the modifying reagent (20 ml) . T h e mixture was allowed 
to stand with occasional shaking at 0 °G for 15 min. After 
décantation, the catalyst was washed with a \. ortion of water 
(1 ml) and three portions of methanol ( 3 x 10 ml) . 

Hydrogénation and Optical Yield. Into a 10 ml flask 
equiped with a small gas inlet tube, was introduced the modifi­
ed catalyst (0.1 g) suspended in the substrate (0.028 mol) . 
T h e flask was placed in an autoclave and the hydrogénation 
conducted under hydrogen (90 kg/cm2) at 60 °G until no 
more consumption of hydrogen was observed. After filtra­
tion of the catalyst, the filtrate was distilled under reduced 
pressure. GLG analysis of each distillate indicated that the 
hydrogénation was complete. 

Methyl lactate, b p 60—61 °G/35 m m H g t and methyl 3-
hydroxybutyrate bp 61—62 °G/12 m m H g were obtained 
almost quantitatively from methyl pyruvate and methyl 
acetoacetate respectively. 

A mixture of methyl 4-hydroxypentanoate and 4-pen-
tanolide, and a mixture of methyl 5-hydroxyhexanoate and 
5-hexanolide were obtained from methyl 5-oxopentanoate 
and methyl 5-oxohexanoate respectively. T h e optical yields 
of the hydrogénations of methyl pyruvate and methyl ace­
toacetate were calculated from the optical rotation of the 
products based on the values of [a]™ —8.25° (neat) for 
methyl (S)-lactate4) and [a]2

D° - 2 2 . 9 5 ° (neat) for methyl 
(Ä)-3-hydroxybutyrate.5) T h e hydrogénation product of 
methyl 5-oxopentanoate was refluxed with Amberlyst 15 in 
benzene for 3 h to give 4-pentanolide bp 88—84 °G/13 m m H g . 

H ( c ) (b) O 

I .- • .. II 
N M R for G H 3 G - G H 2 - G H 2 - G : <5, 1.42, d, 3H, (a ) ; 1.6— 

2.6, m, 4H, (b ) ; 4.68, m, 1H, (c). T h e optical yield of 
the hydrogénation was indirectly evaluated from the optical 
rotation of 4-pentanolide derived from the hydrogénation 
product based on the value of [a]2

D
a - 3 5 . 1 ± 1 ° (c 4.018, 

dioxane) for (^)-5-pentanolide.6) 
T h e hydrogénation product of methyl 5-oxohexanoate 

was also converted to 5-hexanolide (bp 97—99 °G/12 m m H g ) 
H ( d ) (b) O 

I ( c ) , II 
N M R for G H 3 G - G H 2 - G H 2 - G H 2 - G : Ô 1.41, d, 3H, (a), 

1.6—2.8, m, 4H, (b), 2.5, m, 2H, (c), 4.5, m, 1H, (d), by 
the same method as above. T h e optical yield of the hy­
drogénation was indirectly determined from the optical 
rotation of 5-hexanolide thus obtained based on [<%]D —51.4° 
( c = 4 , ethanol) for (S)-5-hexanolide.7) 

Modifying Reagents. (S)-3-Aminobutyric Acid (HI)'-
This compound was obtained by the optical resolution of 
ethyl (ÄS)-3-aminobutyrate with (R,R) -tartaric acid in meth­
anol and saponification of the resolved ester. From ethyl 
(ÄS)-3-aminobutyrate (131 g), optically pure ( + )-(S)-III 
(7.5 g) was obtained. [a]2

D
3 + 3 7 . 0 ° (c 0.5, H 2 0 ) (lit, 

[a]S 38.8° (c 0.8, H20)).8> M p 221 °G. Found : G, 46.69; 
H , 8.99; N , 13.60%. Galcd for G 4 H 9 0 2 N : G, 46.59; H , 
8.80; N , 13.58%. 

(S)-3-Amino-4-methylpentanoic Acid (IV): (S) -Valine was 
converted to (-)-)-methyl (£)-3-phthalimido-4-methylpen-
tanoate (VII) by the reported method.9) T o a solution 
of hydrazine hydrate (90%, 13 g) in a mixture of water 
(100 ml) and methanol (200 ml) , V I I (32 g) was added and 

t 1 m m H g = 133.3 Pa. 

the mixture maintained at room temperature for one week. 
After removal of the methanol from the reaction mixture 
and acidification of the residue with hydrochloric acid to 
p H 4, the precipitate was removed. Condensation of the 
filtrate to dryness gave crude 3-amino-4-methylpentanoic 
acid hydrazide as an oil. T h e oil was refluxed with 2Mtt 
hydrochloric acid (300 ml) for 4 h and the resulting solution 
concentrated to dryness to give 3-amino-4-methylpentanoic 
acid hydrochloride. T h e crude amino acid hydrochloride 
was charged on to a column of I R 120B ( H + type) and eluted 
with 0.2 M aqueous ammonia . Evaporation of water from 
the eluate gave crude crystals of IV. Recrystallization 
from a mixture of methanol and ether yielded ( £ ) - ( + ) - I V 
( 6 g ) . M p 2 1 2 ° G , [a]2

D
3 +52 .3° (c 0.6, H 2 0 ) , (lit, [a]2

D
4 

- 3 9 . 2 ° (c 0.51, H 2 0 ) for ( Ä ) - ( - ) - I V . n > Found: G, 54.66; 
H , 10.09; N , 10.49%. Galcd for G 6 H 1 3 0 2 N : G, 54.94; 
H , 9.99; N , 10.68%. 

(S) -3-Amino-2-methylpropionic Acid ( V) : This compound 
was obtained by the Hoffman degradation of (,S)-3-carbamoyl-
2-methylpropionic acid (VII I ) ([a]2

D
3 - 2 2 ° (c 2, ethanol)) 

which was prepared from (£)-3-carbamoylmethacrylic acid.10) 
T o a solution of K O B r prepared from bromine (12 g) and 
10% aqueous potassium hydroxide (400 ml) , V I I I was 
added (9.8 g) . T h e mixture was maintained at 55 °G for 1 h 
and then cooled to 0 °G. T h e solution was acidified to p H 
2 with hydrochloric acid and concentrated to dryness. The 
residue was extracted with three portions of ethanol ( 3 x 
30 ml) and the combined extracts condensed to dryness to 
give crude crystals of 3-amino-2-methylpropionic acid hy­
drochloride. T h e hydrochloride was dissolved in water (200 
ml) and passed through a column of Dowex-50. T h e amino 
acid loaded on the resin was eluted with 0.2 M aqueous 
ammonia . Evaporation of water from the eluate gave crystals 
of V. Recrystallization from a mixture of methanol and 
ethanol gave (£)-( + ) - V (5.3 g), m p 194—5 °G, [a]5 +15 .4° 
(c 5, H 2 0 ) , (lit, ( Ä ) - ( _ ) - V , [a]2? - 1 5 . 4 ° (c 1, H P ) . 1 1 ) 
Found : G, 46.06; H , 9.10; N, 13 .31%. Galcd for G 4 H 9 N 0 2 : 
G, 46.59; H , 8.80; N , 13.58%. 

(S)-(-\-)-4-Aminopentanoic Acid (VI): This compound was 
obtained by the optical resolution of 4-(benzoylamino)-
pentanoic acid with quinine and saponification of the resolved 
acylamino acid.12) 4-(Benzoylamino)pentanoic acid (65 g) 
gave 0 S > ( + ) - V I (2.7 g) as crystals, m p 205 °G, [a ] ï +12 .1° 
(c 10, H 2 0 ) (lit, [a]2

D° + 1 2 . 0 ° {c 10, H20)).8> Found: G, 
50.88; H , 9.69; N , 11.57%. Galcd for G 5 H u N 0 2 : G, 51.26; 
H , 9.46; N , 11.96%. 

Substrate. Methyl Pyruvate (1) : This was obtained 
from silver pyruvate (190 g) and methyl iodide (164 g) by 
a conventional procedure (yield 70%) , b p 61—63 °G/13 
m m H g . GLG (80 °G) showed a single peak. T h e I R 
spectrum (neat) was identical with that from an authentic 
sample. 

Methyl Acetoacetate (2) : T h e commercial product (Nihon-
gosei Go.) was used without further purification. 

Methyl 4-Oxopentanoate (3) : This compound was obtained 
by the esterification of 4-oxopentanoic acid with methanol 
in the presence of Amberlyst 15 (yield 9 0 % ) . GLG (130 °G) 
showed 9 8 % purity. H 1 N M R (GG14) and I R spectra were 
consistent with the structure of 3 . Elementary analysis was 
conducted as the 2,4-dinitrophenylhydrazone of 3 . Found: 
G, 48.19; H , 4.97; N , 17.30%. Galcd for G 1 3 H 1 6 0 6 N 4 ; 
G, 48.15; H , 4.97; N , 17.28%. 

Methyl 5-Oxohexanoate (4) : 5-Oxohexanoic acid was 
obtained from methyl acetoacetate and methyl acrylate 
(yield 68%).1 3) T h e esterification of the acid with methanol 

tt 1 M = 1 mol dm" 3 . 
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in the presence of Amberlyst 15 gave 4 (yield 90%). Bp 
96 °G/15 mmHg. GLG analysis (130 °C) showed a single 
peak. Elemental analysis was conducted as the 2,4-dinitro-
phenylhydrazone of 4. Found: G, 48.19; H, 4.97; N, 17.30%. 
Galcd for G13H1606N4: C, 48.15; H, 4.97; N, 17.28%. 

The authors would like to thank Professor Yoshiharu 
Izumi for his helpful suggestions and discussions. 
Thanks are also due to Mrs A. Kobatake for the elemen­
tal analyses. The present work was partly supported 
by a Grant-in-Aid for Scientific Research from the 
Ministry of Education. 

References 

1) Y. Izumi, M. Imaida, T. Harada, T. Tanabe, S. 
Yajima, and T. Ninomiya, Bull. Chem. Soc. Jpn., 42, 241 
(1969); Y. Izumi, Angew. Chem. Int. Ed. Engl., 10, 871 (1971). 

2) A. Tai, H. Watanabe, and T. Harada, Bull. Chem. 
Soc. Jpn., 52, 1468 (1979). 

3) H. Ozaki, A. Tai, S. Kobatake, H. Watanabe, and 
Y. Izumi, Bull. Chem. Soc. Jpn., 51, 3559 (1978). 

4) T. Purdie and J . G. Irvine, J. Chem. Soc, 75, 484 (1899). 
5) T. Harada and Y. Izumi, Chem. Lett., 1978, 1195. 
6) H. Minato, Chem. Pharm. Bull., 9, 625 (1961). 
7) R. Kuhn and D. Jerchel, Bar., 76, 413 (1943). 
8) K. Balenovic, D. Gerar, and Z. Funks, J. Chem. Soc, 

1952, 3316. 
9) K. Balenovic and D. Dvornik, J. Chem. Soc, 1962, 

1386. 
10) R. Adams and D. Fies, J. Am. Chem. Soc, 81, 4946 

(1959). 
11) Y. Kakimoto and M. D. Armstrong, J. Biol. Chem., 

236, 3283 (1961). 
12) E. Fischer and R. Groh, Ann. Chem., 383, 363 (1911). 
13) N. F. Albertson, J. Am. Chem. Soc, 70, 669 (1948). 



2674 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (9), 2674 2677 (1979) [Vol. 52, No. 9 

One-electron Reduction of l-Benzyl-3-carbamoylpyridinium 
as a NAD+ Model 
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The pyridyl radical generated chemically or electrochemically by the le-reduction of 1 -benzyl-3-carbamoyl-
pyridinium undergoes dimerization to give mainly four dimers, diastereomers of 4,4'- and 4,6/-linked dimers. 
Isomerization between the dimers proceeds readily. 

A pyridyl redical NAD • is recognized as a significant 
intermediate1) in biological interconversion between 
NAD+ and N A D H , this being supported by results from 
oxidation and transhydrogenation in model systems.2) 
Pyridyl radicals having carbamoyl group on G3 can 
be readily generated by chemical,3) photochemical,4) 
electrochemical,5-7) or radiochemical8»9) one-electron 
reduction of the corresponding cations. The transient 
radicals react with each other to give dimerized prod­
ucts. However, there seems to be confusion concern­
ing the products, particularly in the structures of the 
dimers.3-7 '10) Recently, Moracci etal. reported that le-
reduction of l-benzyl-3-carbamoylpyridinium (BzNA+) 
gives a diastereomeric pair of 4,4'-linked dimer.7) 
Formation of 4,6'- and 6,6'-dimers has also been pos­
tulated by other investigaters. Furthermore, Kosower 
et al. predicted the formation of a dihydronicotinamide 
by the dispropotionation of the 3-substituted pyridyl 
radical.11) The formation of a dihydronicotinamide 
was also demonstrated in the electrolysis of the cor­
responding l-alkyl-3-carbamoylpyridinium at a poten­
tial on the Polarographie first wave.12) 

We have studied biomimetic conversion from a 
pyridinium into the corresponding dihydropyridine 
and found that a pyridyl radical, BzNA-, arising in 
the le-reduction of BzNA+, gives none of 1-benzyl-
dihydronicotinamides (BzNAH) ; it mainly gives two 
pairs of 4,4'- and 4,6'-linked dimers in analogy with 
the dimerization of l-methyl-3-cyanopyridyl radical.13) 
Isomerization between the dimers of BzNA- was also 
observed. In this article we wish to describe the 
details. 

R e s u l t s and D i s s c u s i o n 

Chemical le-reduction of the chloride of BzNA+ 
was carried out using zinc powder-copper sulfate in 
methanol-aqueous ammonia.3»4) Electrochemical le-
reduction was performed with an Hg-pool electrode at 

Ö 

+-> 
O H 

o 

0 10 20 30 
Retention time/min 

Fig. 1. HPLG trace of the reaction mixtures of one-
electron reduction of BzNA+ chemically ( ) and 
electrochemically ( ). 

— 1.30 V, where the reversible le-reduction occurs14) 
at p H 7.4 with Mcllvaine's buffer. As shown in 
Fig. 1, many products were found in both chemical 
and electrochemical reaction mixtures by means of 
high pressure liquid chromatography (HPLG). We 
have confirmed the formation of 1,2-, 1,4-, or 1,6-
BzNAH with HPLG. However, none of the products 
was found in the reaction mixtures. This result shows 
that disproportionation of BzNA-'s did not take 
place.11»12) We have attempted the isolation and 
identification of four major products, b , c, d, and e. 
They could be isolated and purified by careful 
fractional recrystallization and column chromato­
graphy. In order to obtain unequivocal information 
on coupling positions of the dimers, the reduction of 
BzNA+ deuterated on the G4 of the nicotinamide ring 
was also carried out chemically. 

8ÇH2Ph ÇH2Ph 
2 JSL 6 2 M^6 

[^C0NH2 g - ^ (Q)C0NH2 ^NdcjLJs H2N07cU>5 
v* > *r . ^ ^ HJ4' 7 "* HJ6' 8' 
CH2Ph CH2Ph 5'ir^||CONH2 s'>MCH2Ph 

*CH2Ph /C0NH2 

b and C (J and e 

Scheme. 
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3.34(d,/4 5 = 

4.48(q,/4 5 = 
756 = 8.0) 

5.92(d,/5 6 = 

7.28(s) 

6.40(ds) 

4.31(s) 

7.3(m) 

--4.2) 

--4.2, 

.8.0) 
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TABLE 1, 

c 

3.22(d,y45 = 

4.35(q,y45 = 
/ 5 6 = 7 . 8 ) 

6.04(d,y56 = 

7.24(s) 

6.96(bs) 

4.36(s) 

7.33(m) 

. ' H N M R DATA FOR DIMERS") 

= 3.8) 

:3.8, 

= 7.8) 

d 

3.20(dq,y4 5=4.4, 
y46' = 3.6) 

4.70(q,./45 = 4-4 , J 5 6 =8.0) 

6.20(d,y5 6=8.0) 

7 .24(d ,y=2.0) 

6 .37 (d , J 4 V = 10.0) 

4 .80(q ,y 5 V = 5.2, 
J4V = 10.0) 

4 . 0 3 ( b q , / 5 V = 5-2> 

746'=3.6) 
7 .32(d,y=2.0) 

6.30(bs) 

6.70(bs) 

4.43(s) 

4.42(ABq,yAB = **. 13, 
v0ôAB = ca. 0) 

7.40(m) 

2675 

e 

3.80(dq,/45 = 5-0>j46'=4.2) 

4 .63(q ,y 4 5 =5.0 ,y 5 6 =8.0) 

6.18(d,y5 S=8.0) 

7 .26(d,y=2.0) 

6 . 3 9 ( d , J 4 V = 9 . 6 ) 

4.72(q,y4V = 9-6, 
y 5 V = 4 . 8 ) 

4 .04(bp ,y 5 v=4 .8 ( y 4 ( i . = 4.2) 

7 .34(d ( y=1.0) 

6.33(bs) 

6.64(bs) 

4.38(s) 

4 .38(ABq,yA B=M . 12 
v^AB=ca. 0) 

7.37(m) 

a) The numbers represent chemical shifts, S with ppm, from TMS in (CD3)2SO. 
Hz, are shown in parentheses. 

Coupling constants, J with 

TABLE 2. 13G NMR DATA FOR DIMERS*1) 

G7 

G2 

G6 

G5 

G3 

G8 

G4 

G7< 
G2< 

<v 
G5< 
G3< 
G8' 
G4< 

d 

169.5 
138.0 
130.7 
101.4 
100.2 
56.2 
41.4 

167.3 
145.5 
60.6 

110.7 
103.7 
58.3 

122.7 

e 

169.3 
138.5 
131.0 
100.9 
100.1 or 100.2 
55.9 or 56.1 
37.5 

167.4 
144.5 
60.1 

109.6 
100.2 or 100.1 
56.1 or 55.9 

123.3 

l,4-BzNAHb) 

169.0 
137.8 
129.5 
101.8 
100.3 
55.9 
22.3 

l,6-BzNAHb> 

167.5 
144.9 
47.0 

109.1 
99.2 
58.5 

122.5 

a) The numbers present chemical shifts, ô with ppm, 
from TMS in (GD3)2SO. b) Moracci's data.7) 

XH and 13G N M R data of these compounds are sum­
marized in Tables 1 and 2. Spectra of both b and 
c provide reasonable evidence for a symmetric structure. 
The tracer experiment established the coupling posi­
tions in the dimers. *H N M R spectra of b and c 
derived from BzNA+-4öf1 showed no methine signal at 
ô 3.34 and 3.22, respectively, indicating that they 
have only 4-substituted 1,4-dihydronicotinamide struc­
ture ; namely b and c can be identified as 4,4'-dimers 
of BzNA- and are a diastereomeric pair with respect 
to the C 4 -C 4 ' stereochemistry.15) 

The complexity of *H and 13G N M R spectra of 
d where two types of amide-signals are present suggest 
unsymmetric structure. The XH N M R signals at 
ô 3.20 and 6.37, not present in the spectrum of d obtain­

ed in the tracer experiment, should be due to the methine 
proton on G4 of the 4-substituted 1,4-dihydropyridine 
structure and the vinyl proton of the 1,2- or 1,6-dihydro 
structure, respectively. However, the signal at ô 
4.80, which is assigned to the proton on G5, has a large 
coupling constant, J = 5 . 2 Hz. This excludes the 
1,2-dihydropyridine structure for the dimer d.17) The 
13G N M R spectrum of d is composed of that of 1,4-
and 1,6-BzNAH expect that signals for methylene 
carbons appear as signals for methine carbons. Since 
a similar agreement between 13G N M R spectra of 
1,4-BzNAH and b or c is recognized, this observation 
and 13G N M R spectrum with the off-resonance proton 
decoupling technique in the dimer d strongly indicate 
the presence of 4-substituted 1,4-dihydro and 6-substi-
tuted 1,6-dihydronicotinamide structures. The *H 
and 13G N M R spectral data are in line with the structure 
of 4,6'-linked dimer.18) The complex signals could 
be assigned as shown in Tables 1 and 2. By similar 
analyses of XH and 13G N M R spectra of e and the 
corresponding deuterated one, it can be concluded 
that e is the other diastereomer of 4,6'-dimer d. 

Thus, the structures of four products isolated in 
the le-reduction of BzNA+ can be established as two 
pairs of diastereomeric isomers of 4,4'- and 4,6'-linked 
dimers. The ratios of the yields of compounds b , 
c, d, and e from the chemical reduction are 1.0 : 1.4 : 
3 . 0 : 4 . 5 at 4 °G and 1 . 0 : 2 . 6 : 2 . 3 : 3 . 3 at 60 °G, 
respectively. The ratio in the electrolysis at ambient 
temperature is 1.0 : 1.8 : 1.7 : 1.4. Although the ratios 
are labile, the total yield of four major products is 
larger than 9 5 % in all cases. We assume that the 
residue should contain 2,2'-, 2,4'-, 2,6'- and 6,6'-dimers. 

Statistically dimerization of BzNA- may give 12 
dimers ; six pairs of diastereomeric isomers. However, 
taking into account the far larger spin densities on 
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G4 and G6 of pyridyl radicals than G2,19) three pairs, 
4,4'-, 4,6'- and 6,6'-dimers, may predominate. Actu­
ally, it was proved that the dimers obtained mainly 
have 4,4'- or 4,6'-bonding, the formation of other 
dimers not being appreciable. A small or negligible 
amount, if any, of 6,6'-dimers results from steric hin­
drance for dimerization. Furthermore, it should be 
taken into account that pyridyl radical in our reaction 
systems was generated on and participated by a metal 
surface, Zn or Hg. The difference of the metal might 
contribute to the dissimilarity between chemical and 
electrochemical reductions with respect to the ratios 
of the yields of four major dimers. 

We have found isomerization between dimerization 
products. Even upon being left to stand overnight 
at room temperature in the dark with exclusion of 
air, a solution of 4,6'-dimer d gave 4,4'-dimer c mainly 
together with minor amounts of a, b , d, d ' , e, and e' . 
e in methanol kept at 82 °G for 2 h also isomerized 
into a mixture of a, a ' , b , c, d, d ' , e, and e ' ; c was 
predominant . A solution of the most stable dimer 
c gave a mixture of a, a ' , b , and c by heating at 82 °G 
for 15 h. In this mixture, small amounts of a" , e, 
and d were also detected. I t was observed that the 
rate of the isomerization of d is accelerated by exposing 
the solution to scattered light. The isomerization 
indicates that the 4,4'-dimers are thermally more 
stable than the 4,6'-dimers and that the G-G bond 
coupling two pyridyl moieties is so weak that the dimer 
dissociates reversibly into two BzNA's . 2 0 ) The latter 
seems reasonable because of steric crowd of the dimers 
and of the resonance-stabilized structure of the radical. 

E x p e r i m e n t a l 

XH and 13G NMR spectra were taken on a Varian XL-
100-15A. HPLG was effected with a Toyo Soda HLC-803 
instrument and 30 cm LS-410K. column under the following 
conditions. For BzNAHs, mobile phase, methanol-water 
(5:4v/v); flow rate, 0.30 ml/min; détecter, UV-photometer 
at 350 nm; for the dimers, methanol-water (2:1 v/v); 0.54 
ml/min, UV-photometer at 360 nm, respectively. Polaro-
gram was recorded with a Yanaco Type P8-D Polarograph, 
macro scale electrolysis being performed with a potentiostat 
(Hokuto Denko Ltd.). 

Reduction in Zinc Powder I Copper Sulfate System. To zinc 
powder (1.4 g) in 10 ml of water was added 0.5 g of copper 
sulfate pentahydrate in 20 ml of water under vigorous mag­
netic stirring, a mixture of 28% aqueous ammonia (10 ml) 
and methanol (50 ml) then being added. A solution of 
0.1 g of BzNA+Cl~ in 20 ml of water was added to the above 
mixture at a definite temperature. After 20 min, the mix­
ture was analyzed by HPLG (Fig. 1). 

In preparative experiments, zinc powder (0.6 g) /H 20 (10 
ml), CuS0 4 -6H 2 0 (2.5 g)/H20 (20 ml), 28% aqueous am­
monia (10 ml)/methanol (50 ml) and 5.0 g of BzNA+Cl-/ 
H 2 0 (20 ml) or 6.0 g of Bz'NA+-4d1 G104- in a mixture of 
H 2 0 (15 ml) and methanol (15 ml) were used, the reaction 
being carried out precipitate and inorganic materials were 
collected by filtration and were washed with 70 ml of hot 
methanol. Crystals of c obtained by cooling the methanol 
solution were separated by filtration. The filtrate was con­
centrated partially and cooled to give crystals of d. Further 
concentration and filtration gave crude crystals of e and 
the filtrate containing b predominantly. The filtrate was 

concentrated and chromatographed on a basic alumina 
eluting with a mixture of methanol and hexane (3:7 v/v). 
Several fractions containing only b were collected. Elimina­
tion of the solvents gave crystals of b. On the other hand, 
when the first aqueous filtrate was left to stand at room temper­
ature for some time, yellow solids of d and e and orange 
viscous oil containing b, d, e, and f separated. After removal 
of the yellow solids and the oil by filtration and décantation, 
the solution was cooled in an ice bath to give crystals of e 
which were recrystallized from an aqueous methanol: mp 
(dec) 155 °G. Found: G, 72.99; H, 6.13; N, 13.19%. Galcd 
for C26H26N402: G, 73.22; H, 6.14; N, 13.14%. The yellow 
solids and the oil were treated similarly by fractional recrystal-
lization to give pure dimers. 

Absorption maxima of b, c, d, and e were observed at 
355, 355, 359, and 359 nm, respectively, with a spectrometer 
(Shimadzu SPD-1) equipped with the HPGL instrument. 
In the treatments described above, HPLG was used effectively 
to estimate the composition of mixture and purity of isolated 
product. 

Electrochemical Reduction. Electrolysis was carried out 
in a three-compartment cell, the cathode being a mercury 
pool (area, 12.6 cm2), the anode a coil of Pt wire, and the 
reference electrode a saturated calomel electrode. The 
cathode was isolated from the anolyte with a glass filter and 
agar gel. Argon was blown continuously through the catho-
lite before and during electrolysis. After preelectrolyzing 
the Mcllvaine's buffer (pH 7.4, 30 ml), 102.5 mg of BzNA+Cl-
was added. Electrolysis was carried out at —1.30 V and 
stopped coulometrically at 25% conversion because of 
coating on the mercury surface with solid products. 
Dimethyl sulfoxide was then poured into the cathodic cell. 
After the mixture had been stirred until the mercury 
became clear, the solution was analyzed by HPLG. 

We thank Dr. Y. Kikuchi for his help in the electro­
chemistry and Mr. K. Sato for measuring N M R spectra. 
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Induced Circular Dichroism of /3-Cyclodextrin Complexes 
with Substituted Benzenes 

Hiroshi SHIMIZU, Akira K A I T O , and Masahiro H A T A N O * 

Chemical Research Institute of Non-aqueous Solutions, Tohoku University, Katahira, Sendai 980 
(Received November 7, 1978) 

The induced circular dichroism (ICD) of /?-Cyclodextrin(/?-CDx)-substituted benzene complexes was in­
vestigated. We observed the ICD on the absorption bands of achiral substituted benzene molecules, which is 
considered to be induced by the dissymmetric field of the chiral /?-CDx host molecule. The electronic transitions 
which are polarized along the long axis of the substituted benzenes showed positive ICD, while the sings of the 
ICD of short-axis polarized transitions are negative. The rotational strengths of these inclusion complexes were 
calculated by the Kirkwood-Tinoco expression. From the comparison between the experimental and calculated 
results, it is concluded that these /?-CDx complexes favor the axial inclusion in which the long axis of the substitut­
ed benzenes is parallel to the axis of the /?-CDx cavity. 

The cyclodextrins (CDxs) are a series of oligosac­
charides produced by the action of Bacillus macerans 
amylase on starch.1) CDxs are cyclic oligosaccharides 
composed of D(+)-gmcopyranose units which are con­
nected with each other by the a-(l,4)-glucoside bond. 
The number of glucose units of CDx is designated by 
a Greek letter: a- for 6, ß- for 7, y- for 8, and so on. 

CDx has a hydrophobic cavity in the center of a 
CDx molecule. And it is known that CDx includes 
aromatic compounds, alkyl halides, gases, etc. as guest 
molecules in the CDx cavity, resulting in the formation 
of inclusion complexes.2) These inclusion phenomena 
of CDx have been employed as one approach to the 
enzyme model, since CDx exhibited the steric specificity 
in a way similar to the formation of enzyme-substrate 
complexes.3) 

Inclusion complex formation is associated with a 
favorable enthalpy change and an unfavorable or 
slightly favorable entropy change. Several proposals4) 
for the driving force of the complex formation have 
been made to interpret this favorable enthalpy change: 

a) van der Waals interactions between the guest 
and host molecules 

b) hydrogen bonding between the guest molecule 
and the hydroxyl groups of CDx 

c) release of high energy water molecules in com­
plex formation 

d) decrease in strain energy in the ring frame of 
CDx. 

From the results of the X-ray crystallography of 
the a-cyclodextrin-potassium acetate complex, Hybl 
et alJ^ revealed that a-CDx has a doughnut-shape with 
all the glucose units in substantially undistorted chair 
conformations. In addition, many investigations on 
the structure of inclusion complexes have been made 
by means of various physicochemical methods, e.g., 
X-ray analysis,6) NMR, 7 ) ESR,8) UV,9) CD,10"12) etc. 

Since CDxs are composed of chiral glucose units, 
the circular dichroism (CD) is expected to be induced 
on the absorption bands of the achiral guest molecules 
which are included in the cavity of chiral ß-CDx. 
We thus investigated I C D spectra of ß-CDx inclusion 
complexes with substituted benzenes in aqueous solu­
tion, and calculated the rotational strength on the 
basis of the Kirkwood-Tinoco equation,13) with the 
goal of predicting the orientation of the guest molecules 
\x\ tjiese inclusion complexes, 

Exper imenta l 

/?-CDx and substituted benzenes were commercial products. 
/?-CDx, benzoic acid, and /»-nitrophenol were recrystallized 
from aqueous solutions. Aniline, phenol, and nitrobenzene 
were distilled under reduced pressure. />-Nitroaniline and 
/>-hydroxybenzoic acid were recrystallized from methanol 
and ether, respectively. An inclusion complex was prepared 
by mixing /?-CDx and the corresponding substituted benzene 
in an aqueous solution or in 0.1 M aqueous HCl. 

The circular dichroism and absorption spectra were measur­
ed at room temperature using a JASGO J-20A spectropolar-
imeter and a Hitachi EPS-3T spectrophotometer, respectively. 

Formation constants, K, and the difference in the molar 
extinction coefficients for right and left circularly polarized 
light in liter mol -1 cm -1, Ae? of inclusion complexes were 
determined by means of Benesi-Hildebrand method.14) 

On the other hand, the composition ratio of inclusion 
complexes was defined by Job's continuous variation 
method.15) 

The dipole strengths, D, of substituted benzenes were 
estimated from the absorption spectra as accurately as pos­
sible by use of the following approximate expression: 

Z> = 0.92 X 1 0 - 3 V ^ ' £ n (1) 

where emax is the maximum value for the molar extinction 
coefficient, Amax is the wavelength at absorption maximum, 
and A is the half-band width at 1/e of maximum absorption. 
Similarly, the experimental rotational strengths, R, were 
obtained by the expression of Moscowitz :16> 

72 = 0.696 X 1 O - 4 V ^ - [ 0 ] E (2) 

where [0]m a x is the maximum value for the molar ellipticity 
and A is the half-band width at 1/e of maximum ellipticity. 

Theoret ica l 

The theoretical rotational strength of the transition 
from the ground state, 0, to the excited state, a, in 
benzene derivative, Ri0ll, was calculated by the fol­
lowing expression developed by Kirkwood and Tinoco: 

Ri0& — 7tf>ai/Wi0a 2 ~2 ~2 

(GF), • e,— 
${*rTtt){êrrtj) 

«, 
\êiXêj-rtJ 

(3) 

(4) 
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T A B L E 1. T H E AVERAGED WAVE NUMBER OF THE 

ELECTRONIC TRANSITIONS (VHJ) AND POLARIZABILITY 

(A) OF THE BONDS IN A GLUCOSE RESIDUE 

Bond 

G-G 
G-OG 
O-H 

0*33-~ « l l ) X 

cm3 

0.71b> 

0.43c> 

0.45d> 

[Q24 ?bJXlO-3a> 
cm - 1 

70.85e»f) 
67.53S'11> 
80.78s>h> 

a) vhj is approximated by a wave number midway 
between the first absorption band and its ionization 
potential, b) G. G. LeFevre and J . W. LeFevre, J, 
Chem. Soc, 1956, 3549. c) R. J . W. LeFevre et al., J. 
Chem. Soc, 1963, 479. d) G. G. LeFevre et al., J. 
Chem. Soc, 1960, 123. e) L. W. Pickett et al., J. Chem 
Soc, 73, 4862 (1951). f) R. F. Pottie et al., J. Am 
Chem. Soc, 83, 3204 (1961). g) A. J. Harrison et al., 
y. Chem. Phys., 30, 355 (1959). h) K. Watanabe, J. 
Chem. Phys., 26, 542 (1957). 

,0(6) 

Fig. 1. A glucose residue and the assumed structure of 
£-CDx. 

-*X 

^ X 

Fig. 2. The two models of the complex. (I) ; Axial 
^elusion, (II); equatorial inclusion, 

Here e3 is the unit vector in the direction of the sym­
metry axis of the bond in /?-CDx; ei is the unit vector 
in the direction of the electric dipole moment, j2 i0a, 
of the transition from the ground state, 0, to the excited 
state, a, in the benzene derivative, and vai is its wave 
number ; a33 and a n are bond polarizabilities at zero 
frequency parallel and perpendicular, respectively, to 
the symmetry axis of the bond in ß-CDx; ~ri5 is the 
vector pointing from the center of benzene derivatives 
to each bond in ß-CDx; and vhJ is the averaged wave 

Fig. 3. GD (upper) and UV absorption (lower) spectra 
of /?-CDx complex with phenol in aqueous solution 
at room temperature. Dotted line; in the absence 
of ß-CDx, solid line; ß-CDx (1.35 X 10~2 M) + phenol 
(2.09X10-4 M). 

200 250 

1/nm 

300 

Fig. 4. GD (upper) and UV absorption (lower) spectra 
of /?-CDx complex with aniline in aqueous solution 
at room temperature. Dotted line; in the absence 
ofß-CDx, solid line; ß-CDx ( 1.46 X 10~2 M) + aniline 
(1.56xlO-4M) t 



2680 Hiroshi SHIMIZU, Akira KAITO, and Masahiro HATANO [Vol. 52, No. 9 

TABLE 2. OBSERVED AND CALCULATED ENERGY AND DIPOLE STRENGTH (D) OF THE 

ELECTRONIC TRANSITIONS OF BENZENE DERIVATIVES 

Benzene 
derivative 

Phenol«) 

Aniline«) 

Nitrobenzene6) 

/>-Nitrophenol 

/>-Nitroanilined) 

Benzoic acidc) 

/>-Hydroxy-
benzoic acid 

Experiment 

*XlO~3 

cm - 1 

37.0a> 
47.4 

35.6a> 
43.5 

— a ) 

31.6b> 

44.1 

26.3a> 

44.1 

36.5b> 
43.4 

39. lb> 

48.5 

D 
Debye2 

1.37 
6.26 

1.15 
8.00 

— 

20.23 

8.15 

27.51 

14.52 

0.70 
10.27 

19.34 

14.44 

Calculation 
y ^ 

? x i o - 3 

cm - 1 

37.0 
46.3 
54.2 
54.8 

35.1 
43.2 
52.0 
53.8 

35.8 
39.7 
47.9 
50.2 
52.2 

26.7 
29.4 
39.9 
43.9 
44.7 
48.0 

32.6 
34.7 
43.1 
48.7 

37.7 
44.1 
50.8 
52.9 
53.4 

36.5 
39.4 
45.7 
48.6 

s 
D 

Debye2 

0.98 
4.5 

14.1 
19.0 

1.3 
9.6 
8.1 

15.7 

0.48 
10.7 
1.2 
1.9 
7.1 

15.3 
0.06 
0.13 
0.38 
3.8 
3.0 

18.9 
0.24 
4.1 
0.15 

0.23 
11.8 
1.1 

10.4 
13.4 

0.21 
19.6 
2.0 
9.4 

Assignment 
and 0 

B2 

A t 

B2 

A1 

B2 

A! 
B2 

\ 

B2 
Aa(GT) 
B2 

B2 

A t 

A^GT) 
B2(GT) 
B2 
Ax(GT) 
B2 

A t 

Ai(CT) 
B2 
B2(GT) 
A1 

A'( 131.3°) 
A'( 9.8°) 
A , ( -32.4°) 
A'( 82.8°) 
A'( 5.5°) 

A'(-12.6°) 
A'( 3.3°) 
A'( 86.7°) 
A'( 97.8°) 

X = H , O H 

a) In aqueous solution, b) In 0.1 M aqueous HG1. c) A. Kaito, A. Tajiri, and M. Hatano, J. Am. Chem. Soc, 
98, 384 (1976). d) A. Kaito, A. Tajiri, and M. Hatano, Bull. Chem. Soc. Jpn., 49, 2207 (1976). 

number of the electronic transitions of the bond in 
0-CDx. 

In this paper, vhj is approximated by a wavenumber 
midway between the first absorption band in the bond 
of ß-CDx and its ionization potential. The values 
of (a33—ocn) and vhj for each bond are listed in Table 
1. 

Table 2 shows the observed and calculated wave 
number, v, and dipole strength, Z), of the electronic 
transitions of benzene derivatives, along with the as­

signment of each electronic transition.17) The calculat­
ed values in this table were obtained by the Pariser-
Parr-Pople (PPP) method. The experimental values 
in Table 2 were used for the calculation except in 
the case of nitrobenzene. The experimental value of 
nitrobenzene could not be estimated because of its 
insolubility in water. 

As shown in Fig. 1, the origin of the coordinates 
was chosen in the center of a ring of ß-CDx which 
was assumed to have a, seven-fold symmetry axis, The 
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coordinates of a glucose residue were determined so 
as to fit the distance of 0 ( 4 ) - 0 ( 4 ' ) with X-ray data 
(4.23 Â).18) In the determination of the coordinates 
of ß-CDx, hydroxyl groups of 0 ( 2 ) - H and 0 ( 3 ) - H 
were assumed to form hydrogen bonding with the 
hydroxyl group of the neighboring glucose unit. The 

effect of all the C - H bonds was neglected, since these 
bonds may have isotropic polarizability. 

In the present calculation, we considered two models 
for the inclusion complexes, as shown in Fig. 2 : i.e., 
the axial inclusion (I) in which the long axis of benzene 
derivatives is parallel to the axis of ß-GDx cavity 
(z-axis) and the equatorial inclusion (II) in which 
the short axis is parallel to the z-axis. 

Finally, the calculation of the rotational strengths 
of these complexes were carried out by putt ing the 
electric dipole moment at the origin. 

Fig. 5. CD (upper) and UV absorption (lower) spectra 
of ß-GDx complex with benzoic acid in 0.1 M aqueous 
HCl at room temperature. Dotted line; in the 
absence of 0-CDx, solid line; ß-CDx (1.46xlO~2M) 
+ benzoic acid (1.29 X 10"4 M). 

Fig. 7. CD (upper) and UV absorption (lower) spectra 
of ß-GDx complex with nitrobenzene in aqueous solu­
tion at room temperature; /?-CDx (1.63 X 10~2 M) + 
nitrobenzene (1.20 X 10~4 M). 

o 
X 

r — « 
CD 

200 400 300 
A/nm 

Fig. 6. CD (upper) and UV absorption (lower) spectra 
of ß-GDx complex with jfr-nitrophenol in 0.1 M aqueous 
HCl at room temperature. Dotted line; in the 
absence of £-CDx, solid line; ß-CDx (1.37xlO~2M) 
+/>-nitrophenol (1.33 X 10~4 M). 

200 300 250 
A/nm 

Fig. 8. CD (upper) and UV absorption (lower) spectra 
of ß-GDx complex with />-hydroxybenzoic acid in 0.1 M 
aqueous HCl at room temperature. Dotted line; in 
the absence of 0-CDx, solid line; ß-CDx (1.21 X 10"« 
M)+/>-hydroxybenzoiç acid (8.17 X 1Q~5 M) t 
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Results and Discussion 

Figures 3—10 show the CD (upper) and U V (lower) 
spectra of ß-CDx complexes with various substituted 
benzenes. The ß-CDx complex with phenol (in Fig. 
3) showed positive and negative I C D bands at 224 
and at 275 nm, respectively. These I C D bands were 
assigned to the l A ^ A j . and ^ a « - ^ transitions, 
respectively, from the results calculated by use of the 
PPP method in Table 2. The ß-CDx-aniline complex 
(Fig. 4) and the ß-CDx-benzoic acid complex (Fig. 
5) exhibited I C D bands similar to the bands of the 
ß-CDx-phenol complex. 

O n the other hand, as shown in Fig. 6, the ß-CDx 
complex with />-nitrophenol showed negative and 
positive I C D bands at 227 and at 329 nm. These 
bands were attributed to the 1B2<-1A1 and 1A1<-1A1 

transitions, respectively. Each sign of the I C D spectra 
of ß-CDx with nitrobenzene (Fig. 7) and />-hydroxy-
benzoic acid (Fig. 8) is the same as that of the ß -CDx-
/>-nitrophenol complex. 

Two negative I C D bands of ß-CDx-/>-nitroaniline 
complex observed at 230 and 296 nm were assigned 
to the ^ 2 « - ^ ! transitions, and the lowest positive 
I C D band was attributed to the ^ « - ^ transition 
(Fig. 9). 

As seen from each figure, the I C D bands of these 
inclusion complexes were observed at the absorption 
of benzene derivatives. In addition, from the as­
signment based on the S C F - M O calculation by the 
PPP method, it was found that the electronic transitions 
which are polarized along the long axis of substituted 
benzenes showed positive I C D , while the sign of the 
I C D of short-axis polarized transitions are negative. 

In Table 3, formation constants, K, and U V and 
CD spectral data of ß-CDx inclusion complexes are 
summarized. 

A/nm 

Fig. 9. CD (upper) and UV absorption (lower) spectra 
of ß-CDx complex with />-nitroaniline in aqueous 
solution at room temperature. Dotted line; in the 
absence of ß-CDx, solid line; ß-CDx ( 1.47 X 1 Q~2 M) 
-|-/>-nitroaniline (8.41 X 10~5 M) t 

Figure 10 illustrates Job 's continuous variation plots 
for ß-CDx and benzoic acid systems. From this figure, 
it can be seen that the composition ratio of ß-CDx 
to benzoic acid is 1:1. 

The observed and calculated rotational strengths 
of ß-CDx complexes with benzene derivatives are com­
pared in Table 4. I t is seen from Table 4 that the 
values calculated by assuming the axial inclusion (I) 
are in fairly good agreement with the experimental 
values. O n the contrary, the signs of the calculated 
rotational strengths for equatorial inclusion (II) disagree 
with the experimental results. Therefore, the orienta­
tion of the guest molecule which is included in the 
ß-CDx cavity can be regarded as the axial inclusion 

Finally, the effects of the translation and rotation 
of the guest molecules in the ß-CDx cavity on the 
signs and magnitudes of the calculated rotational 

Composition ratio 

Fig. 10 Job's continuous variation plots for ß-CDx 
(A)-benzoic acid (B) system in 0.1 M aqueous HCl. 
A; ß-CDx (1.646X 10~2 M), B; benzoic acid (1.646x 
10~2M). 

X 
05 

10 

5 

0 

- 5 

i 

\ 
o \ 

• \ 
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\ 1 

/ 

/ 
o / 

/ • 

-90° 
(-2) 

-45° 0° 
(X) 

45° 90° 
(Z) 

Rotation angle 

Fig. 11. Dependence of calculated rotational strength 
of the 1B2<-1A1 transition of phenol on the rotation of 
the electric transition moment in the x-z plane, 
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TABLE 3. THE FORMATION CONSTANTS (K), UV ABSORPTION BANDS, AND INDUCED CD BANDS OF 

/?-CYCLODEXTRIN COMPLEXES WITH BENZENE DERIVATIVES IN AQUEOUS SOLUTION 

Benzene 
derivative 

Phenol 

Aniline 

Nitrobenzene 

/>-Nitrophenola> 

/»-Nitroaniline 

Benzoic acida> 

jb-Hydroxybenzoic acida> 

K 
M"1 

99 

184 

— 
244 

312 

604 

158 

nm 

212.5 
271.5 

231.5 
282 

268.5 

229 
321 

230 

389 

230.5 
274 
281 

208.5 
256 

UV 
eXlO-3 

(M-cm)-1 

5.28 
1.62 

7.82 
1.55 

9.82 

7.02 
9.24 

6.71 

14.66 

10.35 
1.05 
0.87 

15.96 
13.44 

''-max 
nm 

224 
275 

238 
288 

275 

227 
329 

230 
296 
390 

238 
282 

216 
259 

CD 
AeXlO-2 

(M-cm)-1 

0.17 
- 0 . 1 8 

0.26 
- 0 . 1 0 

0.75b> 

- 1 . 5 7 
1.42 

- 1 . 5 8 
- 0 . 2 2 

2.24 

2.28 
- 0 . 1 3 

- 2 . 4 1 
3.61 

a) In 0.1 M aqueous HCl. b) \e of /?-CDx complex with nitrobenzene was estimated by assuming that all the 
molecules of nitrobenzene in the solution form complexes because of the insolubility of nitrobenzene itself in 
water. 

TABLE 4. COMPARISON OF THE OBSERVED AND CALCULATED ROTATIONAL STRENGTH (R) 

OF /?-CYCLODEXTRIN COMPLEXES WITH BENZENE DERIVATIVES 

Benzene 
derivative 

Phenol 

Aniline 

Nitrobenzene 

/»-Nitrophenol 

/»-Nitroaniline 

Benzoic acid 

/»-Hydroxy-
benzoic acid 

Assignment 

B2 

Ax 

B2 

Ax 

B2 

Ax 
B2 

B2 

Ax 
B2 

Ax 
B2 

B2 

Ax 

A' 
A ' 

A ' 
A ' 

•"•max 
nm 

275 
224 

288 
238 

275 

329 
227 

390 
296 
230 

282 
238 

259 
216 

Experiment 

- 0 . 3 4 
0.16 

- 0 . 2 4 
0.55 

2.97 

- (large) 

7.50 
- 3 . 8 3 

9.14 
- 0 . 5 2 
- 5 . 3 7 

- 0 . 1 5 
5.69 

11.17 
- 3 . 0 8 

Axl0*°/cgs 

(I) Axial 

- 0 . 5 3 
7.92 

- 0 . 4 2 
8.33 

- 0 . 1 7 
9.51 

- 0 . 1 3 
- 2 . 3 0 

12.28 
- 4 . 3 7 

13.05 
- 0 . 0 8 
- 7 . 7 8 

0.20 

0.08 
10.18 

16.34 
- 9 . 1 6 

Calculation 

(II) Equatorial 

1.06 
- 3 . 9 6 

0.83 
- 4 . 1 6 

0.34 
- 4 . 7 5 

0.25 
4.61 

- 6 . 1 4 
8.73 

- 6 . 5 2 
0.17 

15.55 
- 0 . 1 0 

0.18 
- 4 . 8 6 

- 8 . 1 3 
18.85 

strengths were investigated. The sign of the calculated 
rotational strength was unchanged by the translations 
of the guest molecules along the x-, y-, and z-axes, 
while their magnitudes were affected by the transla­
tion and became maxima when the center of the guest 
molecule was placed on the point about 2 Â away 
from the origin along the z-axis. The rotation of the 
guest molecule in the x-y plane had no influence on 
the calculated rotational strengths. O n the other 

hand, the calculated rotational strengths were very 
sensitive to the rotation of the guest molecules in the 
x-z plane, as demonstrated in Fig. 11. 

In conclusion, when the direction of the electric 
dipole moment is known, we can estimate the orienta­
tion of the chromophore which is included in the 
cavity of ß-CBx. 

Finally, it is stated that the measurements of I C D 
spectra in combination with the theoretical calculation 
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of rotational strengths are quite useful for the investiga­
tions of the structure of these inclusion complexes. 
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Zeeman Absorption Spectra of 2,3-Dichloro-9,10-anthraquinone Crystals 
Mizuka SANO,* Takatoshi NARISAWA, Kohji IZAWA, and Yasumasa J . F H A Y A 

Department of Materials Science, The University of Electro-Communications, Chofu 182 
(Received March 26, 1979) 

Polarized T<— S0 absorption spectra were measured for 2,3-dichloro-9,10-anthraquinone melt-grown single 
crystals in a magnetic field of 50 kOe. From the analysis of the Zeeman absorption patterns, the lowest triplet 
state of 2,3-dichloro-9,10-anthraquinone in the crystalline state has been assigned to 3A1(7T7r*). The c-polarized 
first absorption peak at 21734.7 cm - 1 has been interpreted as gaining intensity mainly from an x-polarized transi­
tion from the ground state to a B1(n7T*) perturbing singlet state, which is directly spin-orbit-coupled with the 
y spin-sublevel of the 3A1 state. The a- and b-polarized first peaks, at 21733.9 and 21733.6 cm -1, respectively, 
have been interpreted as gaining intensity through the configurational mixing of the 3A1(7T7r*) state with a nearby 
»B^IMC*) state. 

Recently, we have studied the triplet states of 9,10-
anthraquinone (abbreviated to A Q ) crystals by Zeeman 
absorption spectroscopy,1) and assigned the origin peak 
of the lowest triplet state at 22154.0 c m - 1 to 3 B l g 

(nrc*). The phosphorescence spectrum of an AQ, 
crystal was also indicative of an nrc* emitting state, 
the strongest peak being located 1680 c m - 1 from the 
origin peak of the phosphorescence. We have extend­
ed our study to 2,3-dichloro-9,10-anthraquinone (ab­
breviated to 2,3-DCAQ) in order to determine whether 
the compound, a substituted AQ,, also possesses the 
lowest triplet state of nrc* character. 

We chose 2 ,3-DGAQ because it crystallizes in such 
a manner that its molecular x, y, and z axes are nearly 
parallel to the crystallographic c, b , and a axes, re­
spectively.2) This kind of molecular alignment in a 
crystal is favorable for determining the direction of 
the electronic transition moment. We will present an 
assignment of the triplet-state electronic configuration 
of 2 ,3-DGAQ crystals, based on experimental proof 
obtained by means of Zeeman spectroscopy. 

Exper imenta l 

2,3-DGAQ was prepared by cyclocondensation of o-(3,4-
dichlorobenzoyl) benzoic acid obtained by the Friedel-Crafts 
reaction between o-dichlorobenzene and phthalic anhydride.3) 
Crude 2,3-DGAQ was purified by recrystallization twice 
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Fig. 1. Polarized absorption spectra of 2,3-DGAQ 
crystals at 1.7 K. (a) E//a, (b) E//b, (c) E//c. 

from benzene, sublimation in vacuo, and then by zone-refining 
carried out for 150 passes, three successive refinings of 50 
passes each. A single crystal was melt-grown in a Bridgman 
furnace. Crystal samples of suitable size, ca. 5 x 5 mm2 

in area and 2—5 mm in thickness, were cut from the crystal, 
and their faces identified by the X-ray diffraction method. 

Absorption spectra were analyzed with an NLM-E2M 
spectrometer equipped with an Echelles grating in a Gzerny-
Turner mount. The reciprocal dispersion of the spectrometer 
was 0.055 nm mm - 1 at 460 nm in the 12 th order of the 
grating. The incident light from an Osram 450 W regulated 
xenon-arc-lamp was chopped at 720 Hz, the light passing 
through the sample being detected by a combination of 
an HTV R376 photomultiplier tube and an NF LI-572 
lock-in amplifier. 

Two types of optical cryostats including superconducting 
magnets, an Oxford 55 and a Sinkukiko 60, were used for 
Zeeman spectroscopy. The incident light propagates along 
the magnetic field in the former and passes through the sample 
perpendicular to the magnetic field in the latter. The magne­
tic field could be controlled to any required value up to ca. 
55 kOet. Phosphoresence of a crystal immersed in pumped 
liquid helium was excited by 365 nm radiation filtered from 
an ORG 1 kW superhigh-pressure mercury arc through 
Toshiba UV-D1G and IRQ-80 filters. 

R e s u l t s a n d D i s c u s s i o n 

Figure 1 shows the polarized absorption spectra of 
2 ,3-DGAQ crystals at 1.7 K. The recordings of 
spectra (a) and (b) refer to a 3.8 m m thick crystal 
with light incident on the ab plane; the recording of 
(c) refers to a 2.3 m m crystal with light incident on 
the ac plane. The first peak, moderately intense and 
sharp (ca. 1.5 c m - 1 in width) was observed at ap­
proximately 460 nm. Several successive intense peaks 
were observed in the spectral region 460—440 nm. 
All the peaks were found to split into sublines upon 
the application of a magnetic field, which indicates 
that they could be ascribed to the T<— S0 transitions. 

The high-resolution spectrometer revealed that the 
a- and the b-polarized first peaks were located at 
21733.9 and 21733.6 cm" 1 (^4=0.87 for a 3.8 m m thick 
crystal), respectively, and the c-polarized first peak 
at 21734.7 cm - 1 . The wave-number difference of ca. 
1 c m - 1 observed between the c-polarized peak and 
the a- or b-polarized peak is understood as an indica­
tion of the triplet factor group splitting. 

t Oe=1000/47T Am- 1 . 
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The phosphorescence spectrum observed for a 2,3-
DGAQ, crystal at 1.7 K shows sharp and intense peaks 
at 460.4 nm (21712 cm-1) and 499.0 nm (20033 cm-1) 
(Fig. 2), the former located ca. 22 c m - 1 below the 
first peak in the absorption spectrum, and the latter 
1679 c m - 1 from the former peak. The wave-number 
difference corresponds to the G = 0 stretching mode 
frequency of 1676 c m - 1 observed for AQ, in the I R 
spectrum.4) A moderately intense peak was observed 
at 543.5 nm (18393 cm" 1) , which could be assigned 
to the overtone frequency of the G = 0 stretching mode. 

The phosphorescence spectrum of 2,3-DGAQ, in 
heptane (Shpol'skii matrix) at 1.7 K, on the other 
hand, shows a weak peak at 457.6 nm (21844 cm - 1 ) 
and a sharp, strongest peak at 495.9 nm (20157 c m - 1 ) , 
located 1687 c m - 1 from the weak peak (Fig. 3). Each 
peak is accompanied by two other peaks at intervals 
of 66 and 29 c m - 1 . The peaks seem to arise from 
molecules in different sites in the matrix. A similar 
multiple structure has been reported for AQ, in hep­
tane.5) 

From the results, the first peaks in the absorption 
spectra are considered to arise from the origin for 
the lowest T x «-S 0 transition of 2,3-DCAQ,. 

The crystal structure of 2,3-DCAQ, corresponds to 
a space group symmetry of D 2 with four molecules 

per unit cell. The molecules can be regarded as 
planar in the crystal, belonging to the G2v point group.2) 
The z axis is taken along the molecular twofold axis, 
and the z,y-plane as the plane of the molecule. Table 
1 gives the squared direction cosines of the molecular 
axes with respect to the crystallographic axes. The 
x, y, and z molecular axes are nearly parallel to the 
c, b , and a crystallographic axes, respectively. 

Figure 4 shows the Zeeman patterns for the first 
absorption peaks observed with polarized light, E, in 
the presence of a magnetic field, H, of 50 kOe, directed 
along the a, b , and c crystallographic axes of the 2,3-
DCAQ, single crystal. A single peak was found to 
split into sublines in the magnetic field. The transi­
tion to a triplet state from the ground state acquires 
the polarization of the transition to a perturbing singlet 
state, and assumes a spin-orbit interaction between 
the perturbing singlet state and the triplet state in 
the first-order approximation. The intensities of the 
individual Zeeman sublines depend on the polarization 
of the transition to the perturbing singlet state, p , and 
the route effective in the spin-orbit interaction, u. 

The relative intensities of the Zeeman sublines for 

TABLE 1. SQUARED DIRECTION COSINES 

FOR A 2,3-DGAO CRYSTAL 
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Fig. 2. Phosphorescence spectrum of a 2,3-DCAQ 
crystal at 1.7 K. 
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Fig. 3. Phosphorescence spectrum of 2,3-DCAQ in 
heptane at 1.7 K. 
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Fig. 4. Zeeman patterns of the first absorption peaks 
for 2,3-DCAQ, crystals at 50 kOe. 
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TABLE 2. RELATIVE INTENSITIES OF THE ZEEMAN SUBLINES FOR A TRIPLET FACTOR GROUP 

OF Do SYMMETRY 

H E 
*i B, 

I±i I±i ' ± i I±i 

a 

b 

c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

2/u
2 /p2 

2mu
2mp

2 

2»nV 

mn
2mp

2 

nu
2np

2 

I 2l2 

«-U •'P 

nn
2np

2 

^u p̂ 
mn

2mp
2 

2mu
2np

2 

2nn 
2m2 

nu
2mp

2 

mu
2np

2 

nu
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mu
2np

2 

2 / u V 

2nnV 

»uV 

W 

2/u
2mp

2 

2mnV 

mu
2lp

2 

lu2mp
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mu
2lp

2 

lv?rnp
2 

TABLE 3. INTENSITY RATIOS, IJI±1, CALCULATED 

FOR X- , y - , A N D Z-ROUTES IN THE SPIN-ORBIT 

INTERACTION FOR 2,3-DGAO 

/ / 

a 
b 
c 

X 

0.18 
0.16 

10.8 

u 

y 

0.00 
23.9 
0.17 

z 

22.2 
0.01 
0.17 

a triplet factor group of D 2 symmetry, obtained on 
the assumption that only one of the spin-orbit-coupling 
routes is effective,6) are summarized in Table 2, where 
/p, mp, and np (also /u, mu, and nu) represent the direc­
tion cosines of the axes a, b , and c with respect to 
the molecular axis p (also u) , respectively, and I0 and 
I±x represent the relative intensity of the central Zeeman 
line and that of the wing lines, respectively. 

In the absence of a magnetic field, the absorption 
intensities observed with the a-, b- , and c-polarized 
lights, 7a, 7b, and 7C, are given as 2/p

2, 2mp
2, and 2np

2, 
respectively, which are seen to be independent of the 
effective route in the spin-orbit interaction. The in­
tensity ratios, 7a : Ih : Ic, are calculated to be 0.1 : 
0.09 : 1 for an x-polarized transition in the molecular 
framework, showing that such a transition provides 
its intensity predominantly to the c-polarized absorp­
tion. The ratios are similarly calculated to be 0 : 
1 : 0.08 for a y-polarized transition, and 1 : 0 : 0.09 
for a z-polarized transition. However, the absorptions 
for the 2,3-DCAQ, crystal were observed along all 
three crystallographic axes, and the ratios, I0 : Ih : 7C, 
were found to be 1 : 0.6 : 0.4. This indicates that 
not only a z-polarized transition but also y- and 
x-polarized transitions are included in the absorption. 

Table 2 gives the intensity ratio, /0/^±i5 f ° r each 
direction of a magnetic field. The ratios are equal 
to 2 / u * / ( l - / u

2 ) , 2 m u
2 / ( l - V ) , and 2 n u

2 / ( l ~ 0 for 
a magnetic field directed along the a-, b- , and c-axes, 
respectively, which are seen to be independent of the 
polarization of the transition in the molecule. Ratios 
calculated for x-, y-, and z-routes in the spin-orbit 
interaction are given in Table 3. 

As shown in Fig. 4, the Zeeman pattern such that 
the central line is stronger than the wing lines is observ­
ed only in a b-directed magnetic field for the c-polariz-

p 

z 

y 

X 

u 

y 

z 

y 

H / / \ 

a 

b 

c 

a 

b 

c 

a 

b 

c 

a 

A Bi B2 B3 

I 

I 

.J 

II 

I 

b 

A Bt B2 B3 

I 

I 

I 

I 

j 

c 

A Bi B2 B3 I 

.1 

_L 

1 

JJ 
Fig. 5. Calculated relative intensities of the Zeeman 

sublines for a 2,3-DCAQ crystal. 

ed peak, in an a-directed field for the b-polarized peak, 
and in a b-directed field for the a-polarized peak. 
This indicates that each peak gains intensity through 
only one route in the spin-orbit interaction. The 
Zeeman pattern with a strong central line appears in 
a b-directed magnetic field for the y route, and in an 
a-directed field for the z route (Table 3). 

The c-polarized peak, which arises mainly from an 
x-polarized transition in the molecular framework, 
shows the Zeeman pat tern with a strong central line 
in a b-directed magnetic field. Thus an x-polarized 
transition to a perturbing singlet state is considered to 
provide intensity through the y route to the transition 
to the triplet state of Ax species. Similarly, the Zeeman 
patterns for the b- and a-polarized peaks show that 
y- and z-polarized transitions also provide intensity 
to the absorption to the lowest triplet state through 
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the z and y routes, respectively. 
The intensities of the Zeeman sublines, I0 and I±l9 

for each triplet factor group state of a 2,3-DCAQ, 
crystal are calculated from Tables 1 and 2 for these 
three combinations of polarization, p , and spin-orbit-
coupling route, u. Figure 5 shows the relative values 
of the intensities in thick bars. I t is seen that the 
a- and b-polarized absorptions arise mainly from the 
transition to the B3 factor group state, and the c-
polarized absorption mainly from the transition to 
the Bi state. This seems to explain the wave-number 
difference of ca. 1 c m - 1 observed between the c- and 
the a- or b-polarized first absorption peaks, i.e., the 
triplet factor group splitting. 

A simple molecular-orbital description of 2,3-
DCAQ, leads to the prediction that the low-energy 
nn* state is of species A± or B2, and the im* state is 
of species A2 ot Bv In general, the transition to an 
nn* triplet state is much stronger, 102—103 times, than 
that to a nn* triplet state. Thus if the nn* triplet 
state is mixed more than 10% with the triplet state 
of nn* character, the general appearance of the spec­
t rum and the polarization characteristics are expected 
to resemble those of pure 3nn* state.7) 

The absorption to the lowest triplet state of the 
2,3-D G A Q crystal was found to have a mixed character 
of the znn* and znn* states, as shown by the direction 
of its polarization. It is therefore concluded that 
the lowest triplet state belongs to zAx{nn*), gaining 
nn* character from a nearby-located nn* triplet state. 
The location of the nn* state could not be determined 
precisely, but a broad and intense b-polarized absorp­
tion arising mainly from the y-polarized transition in 
the molecular framework was observed at approxi­
mately 452 nm, though the maximum absorption was 
off-scale. The lowest nn* triplet state may be located 
in this spectral region, ca. 400 c m - 1 above the lowest 
jut* triplet state. 

For the 0—0 transition to the ^A-^inn*) state, the 
possible mechanisms8) for gaining the major par t of 
the intensity are (i) direct spin-orbit coupling between 
the 3A! state and an nn* perturbing singlet state, 
(ii) configurational mixing between the 2A1 state and 
a nearby nn* triplet state,7) and (iii) mixing of the 
3A! state with a nearby nn* triplet state through spin-
orbit interaction.9) T h e observed c-polarized Tx<—S0 

absorption can be explained in terms of mechanism 
(i) : The transition to the ^A-^inn*) state gains its 
intensity from an x-polarized transition to a B±(nn*) 
perturbing singlet state through the y route in the spin 
orbit interaction. 

We must further explain the contribution of the 
y route associated with the z polarization and that 
of the z route associated with the y polarization to 
the T j ^ S o absorption. Mechanism (ii) can explain 
these contributions: The y and z spin-sublevels of 
the 3A1(7r7T*) state are mixed electrostatically with the 
y and z spin-sublevels of a nearby 3B1(njr*) state, 
respectively, which are in turn spin-orbit-coupled to 
A^nn*) and B2(nn*) perturbing singlet states, re­

spectively. The transitions from the ground state to 
these singlet states are expected to be z- and y-polariz­
ed, respectively. This is what we have observed for 
the 2 ,3 -DCAQ crystal. Mechanism (iii) can not ex­
plain the observed z-polarized absorption from a group-
theoretical point of view. 

The ^A-^nn*) state can be mixed with the other 
nn* triplet state, i.e., 3A2(njr*) by mechanisms (ii) 
and (iii). However, this scheme can not explain the 
observed polarization characteristics. 

For a 2 ,3 -DCAQ crystal, the absorption to the lowest 
triplet state of A^nn*) species can be explained by 
a mechanism in which direct spin-orbit coupling with 
a perturbing 1B1(njr*) state and electrostatic mixing 
with a nearby ^ ( n r c * ) state operate for the ^A-^inn*) 
state simultaneously. 

The phosphorescence spectrum of 2 ,3-DCAQ in 
heptane showed a weak origin peak and a strongest 
peak corresponding to the G=0 stretching mode. The 
same features were observed in the phosphorescence 
spectra of 1-chloro-AQ, and 2-chloro-AQ in heptane 
at 1.7 K. The spectra are indicative of an nn* emit­
ting state. If the emitting state is regarded as the T± 

state for 2,3-DCAQ, in heptane, a comparison between 
the heptane-solution spectrum and the crystal spectrum 
shows that a low-lying znn* state is lowered in energy 
below the znn* state by changing the environment 
from heptane to 2 ,3-DCAQ. The phosphorescence 
spectra of aromatic carbonyl compounds, where the 
nn* and nn* triplet states are very close to each other, 
have been reported to be strikingly dependent on 
the nature of the environment.10-13) 
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The metal-ion catalyzed oxidation of tetralin was carried out in different solvents in which metal salts tend 
to be soluble. It was found that, for the production of a-tetralone, a chromium salt is the best catalyst among 
the first-transition-metal salts employed, while JV,iV-dialkylamides are the best solvents or the best additives. For 
example, in the tris(acetylacetonato)chromium(III)-catalyzed oxidation of tetralin in the presence of N,N-
dimethylacetamide, a-tetralone was obtained in a 93.0% yield at a 27.2% tetralin conversion. The decomposition 
of a-tetralyl hydroperoxide (THP) with different first-transition-metal catalysts was also carried out in N,N-
dimethylformamide in order to elucidate the formation mechanism for a-tetralone in the oxidation of tetralin 
in the presence of iV,iV-dialkylamides. It was concluded that the product distribution in the oxidation mainly 
depends on the decomposition mechanism of THP, and that iV,iV-dialkylamides seem to promote the reaction 
of the a-tetralylperoxyl radical with low valent metal ions, ROO-+M w + >a-tetralone+OH_+M<w+1>+. 

The dehydrogenation of a-tetralone is a commercial 
process for the production of a-naphthol.2 - 4) a-
Tetralone can be easily obtained by the liquid-phase 
autoxidation of tetralin, but in this oxidation a-tetralol 
is also produced in a large amount. a-Tetralol tends 
to undergo dehydration rather than dehydrogena­
tion5-7) and is unsuitable as a raw material for the 
production of a-naphthol. Wha t is worse, the boiling 
point of a-tetralol is very close to that of a-tetralone. 
For these reasons, many investigations6-12) have been 
undertaken in search of a method for the highly selective 
formation of a-tetralone in the autoxidation of tetralin. 
However, no satisfactory process for the production 
of a-tetralone has so far been found. In order to 
seek a better method of producing a-tetralone, we 
first studied the oxidation of tetralin in both the presence 
and absence of additives in acetic acid, using first-
transition-metal salts as a catalyst. Chromium salts 
showed the highest ratio of a-tetralone/a-tetralol (ON/ 
OL) , while cobalt salts showed the highest activity 
in this tetralin oxidation. O n the basis of this result, 
we further studied the effects of solvents and additives 
on the oxidation of tetralin ; we thus found a satisfactory 
process for the production of a-tetralone by the liquid-
phase oxidation of tetralin with molecular oxygen. 
This new process will now be reported in the present 
paper. 

Materials. The tetralin, metal salts, additives, and 
solvents employed were all of a reagent grade and were used 
without further purification. The a-tetralyl hydroperoxide 
(THP) was synthesized according to the procedure of Knight 
and Swern.13) This peroxide was 97% pure, as confirmed 
by iodometric titration. 

Oxidation of Tetralin. The oxidation of tetralin was 
performed in closed systems at higher pressures (a SUS-316 
autoclave equipped with a magnetic stirrer, a thermocouple, 
and a pressure controller) and at atmospheric pressures (a 
200 cm3 three-necked flask equipped with a thermometer, 
a reflux condenser, an oxygen inlet, and a Teflon stirring bar). 

A mixture of tetralin and a solvent or an additive containing 
a catalyst was placed in a reaction vessel and warmed to 
the desired temperature. Oxygen was then introduced 

into the vessel. However, in the oxidation under atmospheric 
pressure, the air in the vessel was quickly expelled by 600 
cm3 of oxgen in order to increase oxygen content in the reaction 
mixture when the temperature of the mixture had reached 
the desired temperature. 

The oxidation was terminated by stopping the oxygen 
feed and by quickly cooling the vessel in an ice-cold bath. 

Decomposition of THP. A four-necked flask (200 cm3, 
round-bottomed) equipped with a thermometer, a reflux con­
denser, a dropping funnel, and a nitrogen inlet was filled with 
nitrogen gas. Into the flask, were placed a Teflon stirring 
bar and a 50 cm3 solution of JV,iV-dimethylformamide (DMF) 
containing a catalyst. A stream of nitrogen was gently 
bubbled through the solution. The solution was then stirred 
and warmed to the desired temperature. To the vigorously 
stirred solution, was added a 25 cm3 solution of DMF con­
taining 2.5 g of THP. 

Analysis. The peroxide concentration was determined 
by the usual method.14) The a-tetralone, a-tetralol, and 
tetralin in the reaction mixture were identified and their 
amounts were determined using gas chromatography with 
a Shimadzu GG-4GPT Chromatograph (2 m X 3 mm column 
packed with 10% Garbowax 4000 on Ghromosorb AW; 
programming, 5 °G/min from 120 to 173 °G, He 40 cm3/ 
min). tf-Bromoanisole was used as the internal standard. 
Before GLG analysis, the remaining peroxide was reduced 
with an excess of triphenylphosphine.15) The "net a-tetralol" 
is the difference between the total amount of a-tetralol after 
reduction and the amount of peroxide before reduction. 

The best conditions for producing a-tetralone in 
the liquid-phase oxidation of tetralin were examined 
using cobalt and chromium salts as catalysts. 

The Selection of Solvents. The Co(C 6 H 5 COO) 2 -
catalyzed oxidation of tetralin under an atmospheric 
pressure at 51 °C was carried out in different solvents 
in which metal salts tend to be soluble. The results 
are shown in Table 1. Tetralin was almost not 
oxidized at all in either dimethyl sulfoxide or tetra-
hydrothiophene 1,1-dioxide for 3 h. Although D M F 
brought a very high yield of peroxide, D M F gave by 
far the highest O N / O L ratio and the lowest a-tetralol 
yield among the solvents listed in Table 1. 

The Determination of the Catalyst Concentration and Reac-

E x p e n m e n t a l R e s u l t s 
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T A B L E 1. PRODUCT DISTRIBUTION FOR THE COBALT-CATALYZE OXIDATION OF TETRALIN IN 

DIFFERENT SOLVENTS UNDER ATMOSPHERIC PRESSURE 

R u n 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Solvent 

Acetic acid 

Propionic acid 

Acetonitrile 

Propionitrile 

Ethyl acetate 

Acetic anhydride 

Dioxane 

D3VIF 

Dimethyl sulfoxide 

Tetrahydrothiophene 
1,1-dioxide 

Tetral in 
conversion 

% 

19.4 

2 5 . 6 

2 7 . 3 

2 5 . 3 

20 .7 

31 .8 

2 2 . 3 

2 1 . 9 

- 0 . 0 

- 0 . 0 

a-Tetralone 

27 .0 

32 .4 

39 .7 

32 .4 

28 .7 

33 .7 

24 .0 

32 .7 

— 
— 

Yielda>/mol% 

a-Tetralol 

37 .2 

37 .1 

12.3 

9 .1 

12.7 

28 .3 

2 . 8 

1.4 

— 
— 

Peroxide 

14.5 

16.8 

4 4 . 7 

4 1 . 6 

4 8 . 9 

0 . 3 

63 .1 

56 .1 

— 

Total 

78 .7 

8 6 . 3 

9 6 . 7 

83 .1 

9 0 . 3 

6 2 . 3 

8 9 . 9 

90 .2 

— 
— 

O N / O L 

0 .73 

0 .87 

3.2 

3 .6 

2 . 3 

1.2 

8 .6 

23 

— 
— 

Reaction 
time 
min 

126 

207 

164 

237 

287 

245 

250 

175 

180 

180 

Reaction conditions: [Go(G 6 H 5 GOO) 2 ] = 2 . 8 x 1 0 - 3 M , [ te t ra l in ] l n i t i a l = 3.88 M , the reaction temperature was 51 ± 
1 °G. a) Based on the amount of tetralin consumed. 

T A B L E 2. PRODUCT DISTRIBUTION FOR THE TRIS(ACETYLACETONATO)CHROMIUM(III)-CATALYZED 

OXIDATION OF TETRALIN IN D M F 

R u n 
No. 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Catalyst 
[Gr(acac)3] 

M 

0.0266 

0.0266 

0 .0266 

0.0060 

0.0238 

0.0010 

0.0030 

0 .0053 

0.0106 

0.0265 

Initial 
[tetralin] 

M 

3.85 

3.85 

3 .85 

3.90 

7.25 

7.25 

6 .12 

5 .76 

5 .76 

5 .74 

React ion 
temperature 

°G 

140—218 

120—128 

1 0 0 ± 1 

9 0 ± 1 

1 3 0 ± 1 

1 0 0 ± 2 

7 2 ± 1 

1 0 0 ± 1 

1 0 0 ± 2 

1 0 0 ± 2 

Tetral in 
conversion 

% 

33 .9 

34 .5 

32 .2 

23 .5 

4 3 . 8 

3 8 . 4 

18.5 

3 9 . 6 

39 .2 

34 .7 

a-Tetralone 

54 .2 

77 .1 

8 0 . 5 

79 .5 

70 .9 

6 5 . 4 

9 0 . 7 

8 3 . 5 

8 3 . 9 

8 6 . 5 

Yielda> /mo l% 

a-Tetralol 

16.6 

9 .4 

7 .8 

5 .7 

8 .5 

- 1 . 2 

2 . 1 

3 .5 

4 . 8 

7 .6 

Peoxide 

3 .0 

3 .0 

2 . 0 

5 .4 

8 .3 

26 .1 

4 . 7 

3 .7 

3 .4 

3 .5 

Tota l 

73 .8 

89 .5 

9 0 . 3 

90 .6 

87 .7 

9 0 . 3 

97 .5 

9 0 . 7 

9 2 . 1 

9 7 . 6 

Reaction 
time 
min 

2 .5 

30 

150 

140 

30 

90 

450 

150 

100 

66 

Reaction conditions: the 0 2 pressure was 20 kg/cm2 G. a) Based on the amount of tetralin consumed. 

T A B L E 3. PRODUCT DISTRIBUTION FOR THE OXIDATION OF TETRALIN CATALYZED BY DIFFERENT 

CHROMIUM SALTS IN THE PRESENCE OF D M F 

R u n 
No. 

21 

22 

23 

24 

25 

26 

27 

28 

29 

Catalyst 

Gr(acac)3 

Gr(OAc) 3 

C r ( N 0 3 ) - 9 H 2 0 

C r C l 3 - 6 H 2 0 

G r F 3 3 H 2 0 

G r ( O H ) 3 

G r 2 ( S 0 4 ) 3 - * H 2 0 

3 % Gr-naphthena te 

Gr 2 Q 3 

Reaction 
temperature 

1 1 0 + 1 

1 0 9 + 2 

1 1 0 + 2 

100—120 

llOzfcl 

1 1 0 + 1 

1 1 0 + 1 

1 1 0 + 2 

1 1 0 + 1 

Tetral in 
conversition 

% 

30 .1 

2 8 . 9 

30 .1 

2 9 . 3 

2 9 . 8 

2 9 . 3 

3 1 . 3 

2 9 . 3 

29 .9 

a-Tetralone 

79 .1 

8 0 . 8 

8 1 . 3 

76 .5 

74 .1 

8 0 . 4 

76.2 

75 .7 

61 .5 

Yields 

a-Tetralol 

6 .5 

5 .8 

4 . 9 

7 .2 

3 .3 

4 . 6 

2 . 7 

9 .7 

2 . 4 

>/mol% 

Peroxide 

5 .3 

4 . 9 

4 . 3 

5 .9 

13.6 

5 . 3 

9 .7 

4 . 8 

26 .9 

Total 

9 0 . 9 

9 1 . 5 

9 0 . 5 

89 .6 

91 .0 

9 0 . 3 

8 8 . 6 

90 .2 

9 0 . 8 

Reaction 
time 
min 

51 

70 

120 

22 

130 

105 

115 

48 

320 

Reaction conditions: [Gr] = 6 . 0 x 10~3 M , [tetralin] i n i t i a i = 4.90 M ; the 0 2 pressure was 20 kg/cm2 G. a) Based on 
the amount of tetralin consumed. 
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TABLE 4. PRODUCT DISTRIBUTION FOR THE BIS(ACETYLACETONATO)COBALT(II)-CATALYZED OXIDATION 

OF TETRALIN IN THE PRESENCE OF ADDITIVES IN D M F 

Run No. 

30 
31 
32 
33 

Additive 

— 
KSGN 
NaNOa 

LiBr 

Reaction 
temperature 

^G 

72 .5±1 
72 .5±1 
71—75 

72 .5±1 

Tetralin 
conversion 

% 
23.1 
32.1 
21.1 
23.3 

a-Tetralone 

73.5 
72.4 
76.7 
72.6 

Yielda)/mol% 

a-Tetralol 

14.6 
16.2 
13.3 
15.0 

Peroxide 

5.6 
3.2 
5.0 
3.8 

Total 

93.7 
91.8 
95.0 
91.4 

Reaction 
time 
min 

60 
100 
120 
60 

Reaction conditions; [Go (acac) 2] = [additive] = 1.06 X 10~2 M ; the 0 2 pressure was 20 kg/cm2 G, [tetralin] initial1 

3.85 M. a) Based on the amount of tetralin consumed. 

TABLE 5. PRODUCT DISTRIBUTION FOR THE OXIDATION OF TETRALIN CATALYZED BY 

DIFFERENT TRANSITION-METAL SALTS IN D M F 

Run 
No 

34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

Catalyst 

" r 
Metal salts Goncn ± 

103M Cr (acac) 2 

CrCl 3 6H 2 0 
Cr(OAc)3 

Mn(OAc)2-4H20 
FeCl3 

Co(OAc)2.4H20 
Ni(OAc)2-4H20 
Cu(OAc) 2 H 2 0 
Cr (acac) 3 

Ni(OAc) 24H 20 
Co(OAc)2.4H2o 
Co(OAc)2.4H20 
Co(OAc)24H20 

6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
3.0 
3.0 

Initial 
tetralin] 
""M 

3.90 
3.92 
3.91 
3.92 
3.93 
3.92 
3.89 
3.90 
6.10 
6.13 
3.91 
3.90 
3.91 

React, 
temp 
~^C~ 

90±1 
90±2 
90±1 
90±2 
90±1 
90±2 
90±1 
90±2 
90±1 
90±1 
65 ± 1 
90±2 
65 ± 1 

Tetralin 
conv. 

% 

23.5 
18.5 
28.1 
18.2 
26.2 
21.6 
24.6 

7.3 
26.0 
25.0 
28.5 
27.4 
28.0 

y 

a-Tetra­
lone 

79.5 
71.4 
78.6 
56.0 
63.5 
68.5 
53.4 
70.3 
84.9 
72.4 
72.6 
74.4 
53.8 

Yielda>/r 

a-Tetra­
lol 

5.7 
9.9 
4.6 

21.7 
7.3 

18.0 
- 0 . 0 

19.0 
5.1 
3.0 

14.7 
18.8 
2.8 

nol% 

Per­
oxide 

5.4 
6.8 
5.9 
3.4 

15.6 
- 0 . 0 
37.8 
0.9 
3.5 

18.4 
6.9 

- 0 . 0 
37.2 

Total 

90.6 
88.1 
89.1 
81.1 
86.4 
86.5 
91.2 
90.2 
93.5 
93.8 
94.2 
93.2 
93.8 

ON/OL 

14 
7.2 

17 
2.6 
8.7 
3.8 
— 
3.7 

17 
24 
4.9 
4.0 

19 

Reaction 
time 
min 

143 
240 
111 
240 
223 
240b> 
240b> 
240b> 
105 
180 
73 
40 
80 

Maximum 

absorption 
103mol min - 1 

2.5 
1.0 
3.3 
2.3 
1.2 

14 
4.5 
4.3 
4.0 
5.3 
3.8 

13 
2.8 

Reaction conditions : the 0 2 pressure was 20 kg/cm2 G. a) Based on the amount of tetralin consumed, b) The 
0 2 absorption rate fell suddenly about 20 min after the introduction of oxygen. 

tion Temperature. Table 2 shows the effects of the 
catalyst concentration and the reaction temperature 
on the product distribution in the Cr(acac)3-catalyzed 
oxidation of tetralin in D M F . The a-tetralone yield 
decreased with an increase in the reaction temperature 
(Runs 11—13). At reaction temperatures above 120 
°C, it was also difficult to carry out the oxidation of 
tetralin at an approximately constant temperature. 
Accordingly, the opt imum reaction temperatures for 
producing a-tetralone in the Cr(acac)3-catalyzed oxida­
tion of tetralin in the presence of D M F seem to be 
below 120 °G. 

I t was seen from Runs 18—20 that, at catalyst 
concentrations above 5 x l O _ 3 M * * , the product dis­
tribution in the oxidation of tetralin is almost not at 
all dependent on the catalyst concentration, and all 
the a-tetralone yields obtained in these three runs 
are above 8 3 % . A high a-tetralone yield was also 
obtained in the oxidation at the 3 x l 0 _ 3 M Cr (acac) 3 

concentration, although the oxidation rate was very 
slow (Run 17). However, in the oxidation at the 
i x l O _ 3 M Cr (acac) 3 concentration, the peroxide yield, 
was relatively high and the a-tetralone yield was 
relatively low (compare Run 15 with R u n 16). There-

** 1 M = 1 mol dm - 3 . 

fore, the best region of catalyst concentrations for 
the selective formation of a-tetralone appears to 
be 1 0 - 3 M < [ C r ] < 1 0 ~ 2 M in the Cr(acac)3-catalyzed 
oxidation of tetralin in the presence of D M F . 

The Effects of Ligands and Additives. Table 3 
shows the oxidation of tetralin with nine kinds of 
chromium catalysts in D M F . Chromium(II I ) oxide, 
which is insoluble in a mixed solution of D M F and 
tetralin, showed a low a-tetralone yield and a very 
high peroxide yield in comparison with the other Cr 
catalysts. However, all the other Cr catalysts which 
are more or less soluble in the reaction mixture gave 
high a-tetralone yields (above 74%) and showed similar 
product distributions, although their oxidation activities 
were considerably different from each other. Such 
a phenomenon was also observed for the Co (acac) 2-
catalyzed oxidation of tetralin in D M F in both the 
presence and absence of an additive, as is shown in 
Table 4. The four product distributions were very 
similar to each other (Runs 30—33). It was thus 
found that, for the tetralin oxidation in the presence 
of the appropriate amount of D M F , the counter anions 
and additives employed have much influence on the 
oxidation rate, but almost none on the product distribu­
tion. This fact seems to indicate that the counter 
anions and additives do not alter the oxidation mech-
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47 
48 
49 
50 
51 

TABLE 6. PRODUCT DISTRIBUTION FOR THE TRIS(ACETYLACETONATO)CHROMIUM(III)-CATALYZED 

OXIDATION OF TETRALIN IN THE PRESENCE OF JV, JV-DIALKYLAMIDES 

R u n 
No. 

Additive 

Tetral in 
conversion 

% a-Tetralone 

Yielda>/mol% 

a-Tetralol Peroxide Total 

Reaction 
time 
min 

Maximum rate of 
0 2 absorption 
103 mol m i n - 1 

DMF 
DMA 
DMP 
DEF 
DEA 

28.1 
29.5 
30.0 
28.1 
29.9 

84.7 
85.5 
88.4 
82.1 
89.0 

2.0 
5.8 
1.2 
5.2 
1.4 

4.0 
2.8 
3.2 
5.2 
3.9 

91.6 
94.1 
92.8 
92.5 
94.3 

285 
88 
198 
240 
183 

1.4 
15 
2.8 
2.8 
5.3 

Reaction conditions: [Gr(acac)3] = 2 . 0 x 10-3 M; [tetralin] i n i t i a l = 6.12 M; the reaction temperature was 80±1 °C; 
the 0 2 pressure was 20 kg/cm2 G. DMA: (GH3)2NGOGH3, DMP: (GH3)2NCOG2H5, DEF: (G2H5)2NGOH, DEA: 
(G2H5)2NGOGH3. a) Based on the amount of tetralin consumed. 

ö 
o 

Ö 

o 

0.005 0.010 0.015 0.020 

Catalyst concentration/M 

Fig. 1. Relationship between the catalyst concentra­
tion and the tetralin conversion in the Go(acac)2-
catalyzed oxidation of tetralin in DMF at 72 ± 2 °G. 
Reaction conditions: [tetralin] inIt ial = 3.85 M, the 0 2 

pressure was 20 kg/cm2 G. 

anism of tetralin, but the solubilities of metal (Co or 
Cr) catalysts and the ligand-replacement rates of active 
metal complexes in the reaction solution. 

The Effects of Metal Ions. The effects of different 
first-transition-metal ions on the oxidation of tetralin 
in D M F are shown in Table 5. Chromium catalysts 
showed the highest a-tetralone yields among the cata­
lysts employed and showed relatively high O N / O L 
ratios. Iron and Ni catalysts also showed high O N / O L 
ratios, but they also gave quite high peroxide yields. 
O n the other hand, Mn, Co, and Cu catalysts were 
more favorable for producing a-tetralol than Cr, Ni, 
and Fe. Therefore, chromium salts are the best cata­
lysts for producing a-tetralone in the oxidation of 
tetralin. 

As can be seen from Runs 39—41 in Table 5, Co 
showed the highest activity, and Ni and Cu showed 
quite high activities, but these activities fell suddenly 
twenty minutes after the introduction of oxygen. This 
phenomenon was examined in detail for the oxidation 
of tetralin with Co catalysts, and it was observed that 
the tetralin conversion decreases with an increase in 
the Co concentration or the reaction temperature (Fig. 
1 or Runs 39 and 44 in Table 5). This is thought to 
be due to the action of autoxidation inhibitors generat­
ed in consecutive oxidations, because the primary 
oxidation products of tetralin are easily oxidized with 
an increase in the Co concentration and in the reaction 
temperature. Actually, Mar t an et al.1*) have isolated 
a-naphthol and 1,4-dihydroxynaphthalene, both inhib­
itors, as higher products in the oxidation of tetralin 

o 

'S" 

90 

70 

50 

30 

10 
0= &==&!==• BH 
i -
4 5 6 7 

[tetralin] ini t ial/M 

Fig. 2. The Gr(acac)3-catalyzed oxidation of tetralin 
in DMF at 90±2 °G. Reaction conditions: [Gr-
(acac)3] = 6.0x 10~3 M, the 0 2 pressure was 20 kg/ 
cm2G, the tetralin conversion was 26.0±2.5%. ®: 
Tetralone, A : a-tetralol, • : peroxide, © : total, 
a) Based on the amount of tetralin consumed. 

catalyzed by Co(OAc)2 . 
The Effects of the Initial Tetralin Concentration. 

Figure 2 shows the dependence of the product distribu­
tions on the initial substrate concentration in the oxida­
tion of tetralin catalyzed by Cr(acac)3 in the presence 
of D M F at 90 °C. The right end of the abscissa in 
Fig. 2 indicates a neat tetralin solution without D M F . 
At initial tetralin concentrations above 7 M, the a-
tetralone yield decreased suddenly and the peroxide 
yield increased rapidly with an increase in the tetralin 
concentration, although the a-tetralol yield was almost 
independent of the initial substrate concentration. At 
initial tetralin concentrations below 6.8 M, the a-
tetralone yield decreased slowly upon a decrease in 
the tetralin concentration. From these facts and the 
solubility of Cr(acac)3 , the optimum region of initial 
tetralin concentration for producing a-tetralone seems 
to be 5.5—6.5 M in the oxidation of tetralin catalyzed 
by Cr(acac)3 in the presence of D M F . 

The Oxidation of Tetralin in the Presence of Different 
Amides and Oxygen Pressure. Table 6 shows the 
oxidation of tetralin catalyzed by Cr(acac)3 in the 
presence of five kinds of A^JV-dialkylamides at 80 °C, 
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TABLE 7. EFFECT OF OXYGEN PRESSURE ON THE TRIS(ACETYLACETONATO)CHROMIUM(III)-CATALYZED 

OXIDATION OF TETRALIN IN THE PRESENCE OF D M A 

Run 
No. 

52 
53 
54 
55 
56 

o2 
pressure 

kgcnr^G- 1 

20 
10 
2.5 

20 
6 

Catalyst 
concen­
tration 
103M 

3.0 
3.0 
3.0 
2.0 
2.0 

Reaction 
temper­

ature 

8 0 ± 3 
80±1 
80±1 
80±1 
80+2 

Tetralin 
conversion 

/o 

28.9 
41.7 
27.2 
29.5 
31.2 

a-Tetra­
lone 

84.2 
88.3 
93.0 
85.5 
89.3 

Yielda>/mol% 

a-Tetlalol 

6.2 
- 0 . 0 

0.5 
5.8 
1.7 

Peroxide 

2.8 
4.5 
1.6 
2.8 
3.3 

Total 

93.2 
92.8 
95.1 
94.1 
94.3 

Reaction 
time 
min 

87 
260 
270 
88 

147 

Maximum rate 
of 0 2 

absorption 
103 mol min - 1 

16 
4.7 
2.0 
15 
5.8 

Reaction conditions: [tetralin] ini t la l = 6.12 M. a) Based on the amount of tetrain consumed. 

Tetralin conversion/% 
10 20 30 40 

Tetralin conversion/% 
10 20 30 40 50 

o 

90, 

70 

50 

30 

10h 

/ 

sK 

y 
o-o 

D 

\ 
Ö 

\ 

A - A — A D 

Fig. 3. The Co(OAc)2-4H20-catalyzed oxidation of 
tetralin in DMF at 65±2 °G. Reaction conditions: 
[Co(OAc)2-4H2O] = 3.0x 10~3 M, [tetralin] lni t ia l = 
3.91 M, the 0 2 pressure was 20 kg/cm2 G. 0 : a-
Tetralone, A : a-tetralol, D- peroxide, © : total, a) 
Based on the amount of tetralin consumed. 

All these amides brought about high a-tetralone yields 
and product distributions very similar to one another; 
that is, we could observe almost no substituent effect 
of these amides on the product distribution, although 
these amides had much influence on the oxidation 
rate of tetralin. Table 7 shows the effect of the oxygen 
pressure on the oxidation of tetralin in the presence 
of iV,iV-dimethylacetamide (DMA), which gave the 
highest oxidation rate among the amides employed. 
The oxidation rate of tetralin fell with a decrease in 
the oxygen pressure. This indicates that, at oxygen 
pressures below 20 kg/cm2 G, the oxidation rate depends 
on the concentration of molecular oxygen in a mixed 
solution of D M A and tetralin. Accordingly, the dif­
ferences between the oxygen absorption rates listed 
on Table 6 appear to be attributable mainly to the 
differences between the solubilities of oxygen in mixed 
solutions of different amides and tetralin. For the 
tetralin oxidation in the presence of JV57V-dialkylamides 
(Runs 47—56), the recoveries of these amides ranged 
from 93 to 9 8 % . Tetralin was also oxidized with 
molecular oxygen in the presence of acetamide at 
95 °C under atmospheric pressure ( [tetralin] l n l t l a l = 
6,12 M) . This oxidation stopped at about a 10% 

2 

90h 

70 

50k 

30 [ 

10 

I ^ 

a 

•A—1 

Fig. 4. The Gr(acac)3-catalyzed oxidation of tetralin 
in the presence of DMA at 80±2 °G. Reaction condi­
tions: [Cr(acac)3] = 2.0x 10 -3 M, [tetralin] ini t ia l = 
6.12 M, the 0 2 pressure was 6 kg/cm2 G. 0 : a-
Tetralone, A : a-tetralol, G-* peroxide, © : total, a) 
Based on the amount of tetralin consumed. 

tetralin conversion (the a-tetralone, a-tetralol, and 
peroxide yields are 47.3, 2.0 and 7.0% respectively), 
and the recovery of acetamide in this run was very 
low. This acetamide reactivity seems to come from 
the property1 7 - 1 9) that primary and secondary amides 
can easily liberate their amino protons. 

The Time-course of the Product Distributions. The 
product formation for different tetralin conversions 
was examined in the oxidation of tetralin catalyzed 
by C o ( O A c ) 2 - 4 H 2 0 in D M F at 65 °C (Fig. 3). The 
yields of both a-tetralone and a-tetralol increased with 
an increase in the tetralin conversion; on the contrary, 
the peroxide yield decreased as the tetralin conversion 
increased. The total amount of the increment in the 
a-tetralone yield and that in the a-tetralol yield was 
nearly equal to the decrement in the peroxide yield. 
The increment in the a-tetralone yield was appreciably 
more than that in the a-tetralol yield. Accordingly, 
T H P seems to be preferentially converted into a-
tetralone, although T H P decomposes to both a-tetra­
lone and a-tetralol. 

The product formation for various tetralin conver­
sions was also examined in the Cr(acac)3-catalyzed 
oxidation of tetralin in the presence of D M A at 80 °Ç 
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TABLE 8. PRODUCT DISTRIBUTION FOR THE METAL-CATALYZED DECOMPOSITION OF 

THP IN DMF IN A NITROGEN ATOMOSPHERE 

Run 
No. 

57 

58 

59 

60 

61 

62 

Metal salt 

Gr(OAc)3 

M n ( O A c ) 2 4 H 2 0 

FeCl3 

Go(acac)2 

Ni(OAc) 2 -4H a O 

G u ( O A c ) 2 H 2 0 

T H P 
conversion 

% 

8 7 . 9 

97 .6 

99 .2 

96 .7 

9 6 . 6 

98 .5 

Yield*) 

a-Tetralone 

8 5 . 3 

54 .7 

79 .2 

69 .9 

9 3 . 0 

8 1 . 6 

>/mol% 

a-Tetralol 

6 .2 

27 .0 

15.0 

21 .7 

- 0 . 0 

9 .5 

O N / O L 

14 

2 . 0 

5 .3 

3 .2 

— 
8 .6 

Reaction 
time 
min 

210 

50 

15 

20 

15 

15 

Reaction conditions: [metal salt] = 6.0x 10~3 M; [THP] ln i t l ai = 0.20 M; the reaction temperature was 71—75 °G. 
a) Based on the amount of THP converted. 

(Fig. 4). For tetralin conversions below 2 5 % , the 
percentage of the decrease in the peroxide yield was 
nearly equal to that of the increase in the a-tetralone 
yield, and a-tetralol was only produced in a very low 
yield below 2 % . This seems to show that the T H P 
generated by the tetralin oxidation is converted almost 
exclusively into a-tetralone. O n the other hand, for 
tetralin conversions above 2 5 % , the a-tetralone yield 
decreased and the peroxide yield increased as the 
tetralin conversion was increased. T h e a-tetralol yield 
also had a minus sign for tetralin conversions above 
5 0 % . These facts suggest that the a-tetralone produc­
ed in the oxidation is further oxidized into a peroxide 
different from T H P during the prolonged reaction 
time. Accordingly, in order to obtain a-tetralone in 
a high purity and a high yield, the Cr(acac)3-catalyzed 
oxidation of tetralin in the presence of D M A should 
be stopped at 20—30% tetralin conversions. 

The Decomposition of THP. T h e decomposition 
of T H P with six kinds of first-transition-metal catalysts 
was carried out in D M F 71—75 °C in a nitrogen at­
mosphere. T h e O N / O L ratios decreased in this order: 
N i > C r > C u > F e > C o > M n , as is shown in Table 8. 
This order is fully consistent with that of the decreasing 
reduction potentials20-22) for these low-valent metal 
ions. In the oxidation of tetralin shown in Table 
5, the O N / O L ratios decreased in this order: N i > C r > 
F e > C o — C u > M n . This order is inconsistent with 
that in the T H P decomposition. However, except 
for the Cu catalyst, which gave too low a tetralin 
conversion in the oxidation (Run 41 in Table 5), the 
decreasing order of O N / O L ratios in the oxidation is 
in fair agreement with that in the T H P decomposition. 
In addition, the product distributions in the decompo­
sition of T H P with six kinds of transition-metal catalysts 
are similar to those in the corresponding oxidation of 
tetralin. Accordingly, the product distribution in the 
tetralin oxidation is thought to depend mainly on the 
decomposition mechanism of the T H P produced in 
the oxidation. 

D i s c u s s i o n 

The liquid-phase oxidation of tetralin has been widely 
studied, and the following elementary reactions (Eqs. 
1—7) have been proposed in previous reports. 1.16,23-30) 
Equations 1—3 are elementary reactions involving 
metal ions. From Eqs. 1—3, two kinds of regeneration 

mechanisms of metal ions can be derived; one (the 
A-mechanism) is composed of Reactions 1 and 2, and 
the other (the B-mechanism), of Reactions 1 and 3.31> 
T h e A-mechanism is the so-called Haber-Weiss mecha­
nism32-35) and is much more common as a regeneration 
mechanism of metal ions than the B-mechanism. 

If metal ions catalyze both the tetralin oxidation 
and the T H P decomposition by only the A-mechanism, 
a-tetralol will be produced in a higher yield than a-
tetralone, as can be seen from Reactions 4—7, which 
follow Reactions 1 and 2. For most runs in the present 
work, however, the a-tetralol yields were lower than 
the a-tetralone yields. Although a-tetralol resulting 
from the tetralin oxidation can be converted into a-
tetralone according to Reaction 8, Reaction 8 con-

(1) ©??+ I^'V+—* @8'+ M"+ + H* 

(2) © 0 + Mn+ > @ § + M(n",+ + 0H-

(3) @0 + M' 
QO QOH 

* ( S O + M(m1)+ + 0H~ 

fc> (§ö + ® 0 — © 0 + @0 

(5) ©5 + ®o—* @ô + @ô 
(6) ® 0 + 02 ><§Q 

00- QO Q QH 
(7) @0 + ® 0 — ® D + © 0 + 02 

Regeneration Mechanisms of Metal Ions 
A:(1),(2) B:(1),(3) 

(8) ©O + \°z 
tributes almost nothing to the formation of a-tetralone 
in the oxidation of tetralin in the presence of N,N-
dialkylamides, as can be seen from Figs. 3 and 4. Also, 
a-tetralone was always the main product in the decom­
position of T H P with six kinds of first-transition-metal 
catalysts in D M F under a nitrogen atmosphere. This 
fact cannot be explained by only the A-mechanism. 
O n the other hand, if the B-mechanism contributes 
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only to the regeneration of metal ions, the main prod­
ucts in both the tetralin oxidation and the T H P decom­
position will be a-tetralone. However, for the oxida­
tion of tetralin in aliphatic acids, the a-tetralol yields 
were higher than the a-tetralone yields, as is shown in 
Table 1. Accordingly, it seems reasonable to assume 
that the regeneration of metal ions actually proceeds 
by both mechanisms, A and B, with A or B predominat­
ing according to the reaction conditions. 

As is shown in Tables 1 and 6, D M F brought about 
relatively a very high O N / O L ratio and in the presence 
of 7V,7V-dialkylamides a-tetralone was produced in a 
very high yield. These facts suggest that, in the 
presence of JV,iV-dialkylamides, the B-mechanism rather 
than the A-mechanism performs the regeneration of 
metal ions. The predominance of the B-mechanism 
is further strengthened by the simultaneous use of 
highly reductive metal catalysts and JV,iV-dialkylamides, 
as can be seen from Tables 5 and 8. However, the 
actions of JV^-dialkylamides for the selective formation 
of a-tetralone cannot be interpreted explicitly at present. 
If JV,JV-dialkylamides promote Reaction 1 and sup­
press Reaction 2, Reaction 3 will be remarkably ac­
celerated by highly reductive metal ions such as Gr2+ , 
and such metal catalysts will give high O N / O L ratios 
and high a-tetralone yields. It has been reported that 
7V,JV-dialkylamides have high hydrogen-bonding abili­
ties36) and D M F forms electron-donor-acceptor com­
plexes37) with halo hydrocarbons with acceptor pro­
perties. I t was also observed in the present work 
that, when T H P is dissolved in a solution of N,N-
dialkylamides, the solution turns pale pink. Ac­
cordingly, the association between T H P and N,N-
dialkylamides may promote Reaction 1 and may inhibit 
Reaction 2. Furthermore, the absorption spectra of 
the D M F complexes of Cr(III)3 8) show that D M F 
has a ligand-field strength comparable to that of the 
SCN~ ligand, which occupies a higher position in 
the spectrochemical series39'40) than the H 2 0 , R C 0 2 ~ , 
R O O H ligands. Compared with ligands such as 
aliphatic acids, anhydrides, ethers and water, therefore, 
7V,7V-dialkylamides stabilize t2g orbitals and unstabilize 
eg orbitals in octahedral transition-metal complexes. 
This suggests that Cr2+ ((t2 g)3(eg)1 electron configura­
tion) and Co 2 + ((t2g.)5(e

g)2) ions are labilized by N,N-
dialkylamides ligands, while on the contrary, Cr3+ 
((t2g)3(eg)0) and Co3+ ((t2g)6(eg)°) are stabilized by 
them; i.e., the reducing power of both Cr 2 + and Co 2 + 

ions is increased by the coordination of N,N-dialky\-
amides. Accordingly, it may be concluded that, in 
the presence of JV, JV-dialkylamides, Reaction 3 proceeds 
relatively smoothly and that a-tetralone is produced 
in a very high yield. 
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Studies on Inorganic Precipitate Membranes: 
and Bi-ionic Potential 

Membrane Potential 

M . Nasim B E G , * Fasih A. SiDDiça,t Surendra P. SINGH, 

(Miss) Veena G U P T A , and Poorna PRAKASH 

Physical Chemistry Division, Department of Chemistry, Aligarh Muslim University, Aligarh, U.P., India 
(Received August 19, 1978) 

Electrical potentials arising across barium(II) phosphate, mercury(II) iodide and cobalt(II) Chromate 
membranes using various 1:1 electrolytes are reported. Thermodynamically effective fixed charge density, 
which is an important parameter governing the membrane phenomena, has been evaluated by the theory of 
Toyoshima and Nozaki. Using the values of effective fixed charge density determined, the theory of bi-ionic 
potentials developed by Toyoshima and Nozaki based on the principles of the irreversible thermodynamics has 
been examined. Theoretical predictions were borne out quite satisfactorily by our experimental results. 

In recent years we have studied a large number 
of parchment supported inorganic precipitate and 
polymeric composite membranes.1 - 6) Various trans­
port parameters such as ion migration, self diffusion 
coefficient, hydrodynamic permeability etc. occuring 
across the membranes have been evaluated in the 
light of the theory described by Speigler7) and by the 
use of the generalized Stefan-Maxwell equations. The 
theory of absolute reaction rates,8) Eisenman-Sherry 
theory of membrane selectivity9) and the theory of 
irreversible thermodynamics developed by Kedem and 
Katchalsky,10) Smit and Staverman,11) Bearman and 
Krikwood,12) and Kobatake and coworkers13-16) have 
been applied to evaluate apparent fixed charge density 
as well as to examine the various aspects of membranes. 

In this communication a series of membrane poten­
tials and bi-ionic potentials observed across parchment 
supported bar ium(II ) phosphate, mercury(II) iodide 
and cobalt(II) Chromate membranes using various 
1:1 electrolytes are presented. Thermodynamically 
effective fixed charge density, which is an important 
parameter governing the membrane phenomena has 
been evaluated by the recently developed theory of 
Toyoshima and Nozaki based on the principles of 
irreversible thermodynamics.17) An effort has been 
made to examine the validity of the theory of Toyoshima 
and Nozaki17) for bi-ionic potential. 

Exper imenta l 

Preparation of Membranes. Parchment supported barium-
(II) phosphate, mercury (II) iodide and cobalt (II) Chromate 
membranes were prepared by the method of interaction 
suggested by Siddiqi, Beg, and coworkers.1-6) To pre­
cipitate barium (I I) phosphate in the interstices of parchment 
paper, a 0.2 M solution of barium (I I) chloride was placed 
inside a glass tube, to one end of which was tied the parchment 
paper (supplied by M/s- Baired and Tatlock London Ltd.). 
The tube was suspended for 72 h in a 0.2 M solution of 
potassium dihydrogenphosphate. The two solutions were 
interchanged later and kept for another 72 h. The membrane 
was taken out and washed with deionized water to remove 
free electrolyte. Similar procedure was adopted for the 
preparation of mercury(II) iodide and cobalt(II) Chromate 
membranes by taking 0.2 M solutions of mercury(II) chloride 
and potassium iodide, cobalt (II) chloride and potassium 

Chromate, respectively. 
Measurements of Membrane Potential and Bi-ionic Potential. 

Membrane potential Em were obtained by constructing a 
cell of the following type taking different concentrations 
CN and C"N' of an electrolyte such that C'x/C'N = 10 

SGE 
Solution i Membrane ; Solution 

C'N Ci 
SGE 

and the bi-ionic potentials (BIP) were determined by setting 
up another cell of the type 

SGE 
Solution 

AP 
Membrane i Solution 

BP SGE 

t Present address: Department of Biophysics, Michigan 
State University, East Lansing, Michigan 48824, (U.S.A.). 

and keeping the same concentration of both the electrolytes 
AP and BP. The various salt solution (chlorides of Li+, 
Na+, K+) were prepared from analytical grade reagents and 
deionized water. All measurements were carried out using 
a water thermostate maintained at 25i£0.1 °G. The solutions 
on either sides of the membrane were vigorously stirred by a 
pair of magnetic stirrer. 

R e s u l t s and D i s c u s s i o n 

When two electrolyte solutions of different con­
centrations are separated by a membrane, the mobile 
species penetrate the membrane and various trans­
port phenomena are induced in the system. The 
fixed charge theory of Teorell- Meyer- Sei vers (TMS) 
for charged membranes is a pertinent starting point 
for the investigation of the actual mechanisms of the 
ionic or molecular processes which occur in the mem­
brane phase. Based on the fixed charge concept various 
mathematically rigorous equations for membrane po­
tential and bi-ionic potential have in recent years 
been derived.17-22) Most recently Toyoshima and 
Nozaki17) have derived equations for membrane po­
tential and bi-ionic potential using the principles of 
non-equilibrium thermodynamics and by utilizing ap­
propriate assumptions for the mobilities and activity 
coefficients of small ions in the membrane phase.17) 
The effect of ionic interaction, mass flow and osmotic 
effect were neglected. For a negatively charged mem­
brane separating two 1:1 electrolytes (common co-
ions) of the same concentration, these authors derived 
following expression for bi-ionic potential, EBlF, 

EBIF = (F/RT)[2\nKAIKB+\nUVA+ 1/JVB+1)]. (1) 

Knowing the values of parameters KA9 KB, VA, VB, 
and the flux / , the values of theoretical EBJf can be 
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TABLE 1. THE VALUES OF MEMBRANE POTENTIALS, Em (mV) OBSERVED ACROSS PARCHMENT SUPPORTED BARIUM(II) 

PHOSPHATE, M E R C U R Y ( I I ) IODIDE AND C O B A L T ( I I ) CHROMATE MEMBRANES AT 2 5 l £ 0 . 1 ° G 

Membrane 
concentration 

(M) 

1/0.1 

0.5/0.05 

0.1/0.01 

0.05/0.005 

0.01/0.001 

Barium (I I) phosphate 
^ ~ v 

KCl NaCl LiCl 

1.51 

2.90 

9.82 
16.34 

33.78 

- 4 . 3 9 

- 3 . 8 9 

2.10 

7.95 

22.05 

- 4 . 9 8 

- 4 . 0 1 

1.96 

2.50 

20.15 

Me 

KCl 

6.68 

10.03 

31.11 

39.58 

49.86 

rcury(II) 

NaCl 

- 1 . 3 5 

2.24 
23.59 

34.35 

46.32 

iodide 

LiCl 

- 1 3 . 4 0 

- 8 . 2 7 
14.77 

25.22 
40.63 

Cobalt(II) chro: 

KCl NaCl 

- 5 . 3 0 

- 3 . 2 0 

4.50 

8.80 

21.20 

- 7 . 9 0 

- 5 . 5 0 

- 1 . 2 3 

2.63 
16.83 

mate 

LiCl 

- 1 4 . 3 2 

- 1 1 . 5 0 
- 5 . 5 0 

- 1 . 0 0 

13.80 

Dilute solution side taken as positive. 

TABLE 2. THE VALUES OF THE MEMBRANE PARAMETERS FN AND (X/K-$) DERIVED FROM THE TOYOSHIMA 

AND N O Z A K I THEORY FOR PARCHMENT SUPPORTED MEMBRANE 

Membrane 
parameters 

KCl 

NaCl 

LiCl 

Mercury (II) 

FN 

2.05 

1.73 

1.53 

iodide 

m* 
0.438 

0.474 

0.490 

Barium(II) ph 

2.00 

1.88 

1.86 

osphate 

0.092 
0.066 

0.026 

Cobalt(II) 

FN 

1.75 

1.75 

1.55 

Chromate 

X/KN 

0.012 

0.013 

0.010 

/ Mercury (If ) Iodide 
If Barium (II ) Phosphate 
III Cobalt (If) Chromate 

I I ! L 

20r 

12 16 20 

1/C N 

Fig. 1. Plots of l/t against 1/C for various electrolytes 
across (i) mercury(II) iodide, (ii) barium(II) phos­
phate and (iii) cobalt (II) Chromate membranes. 

calculated using Eq. 1. For the evaluation of these 
parameters, following equations have been forwarded17) 

(2J+l)ln(gA + ZJ/gB + 2J) - ln(JVA+l/JVB+l) 

- MgJgB) = 0 

where 

a n d 

FN = 1 + FS/F? (N=A, B) 

(2) 

(3a) 

(3b) gs=l+ [1 + (2^TNC/^)2]V2 ( N = A , B) 

In Eq. 3a, VI and V% are the mobilities of cation N 
and anion P, respectively in bulk solution. In Eq. 

à». 

"^ 75 

c JO 
Q» 

Q 5 
o 

12 

10 

III 

12 

V à 

I Mercury (II) 
iodide 

It I - j . o -2.0 -1.0 
to g C 

Fig. 2. Plots of bi-ionic potentials against log C for 
KCl-NaCl pair of electrolytes across (i) mercury(II) 
iodide, (ii) barium(II) phosphate and (iii) cobalt(II) 
Chromate membranes. 

3b, X is the effective charge density of the membrane 
and KN is defined by 

l/tfN - exp[(tir-Mxh+Mr-M?)/2RT] (3c) 

where ju^m is the standard chemical potential of cation 
N ion in the membrane phase and / / ° b is that in bulk 
solution and ju°m and //?b are the corresponding values 
of anion P. In order to derive the values of the param­
eters VN and X occuring in Eq. 3a and 3b Toyoshima-
and Nozaki17) derived another equation for membrane 
potential Em arising across a membrane when it is 
used to separate two solutions of an electrolyte at 
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different concentrations CN and Ci 

(F/RT)Em = - l n y - (l-2/Vx)X 

In 
1/1 +(2C; /iCN/^)2+ (1 -2 /F w ) 

l / l+(2C;iCN /X)2 + ( l - 2 / F N ) 

+ ln 
Vl + (2C»K*/Xy+l 

(4) 
Vl+(2C'NKN/Xy + l 

where y = Ci/Ci. 
Equation 4 on expansion in powers of concentration 
r a t i o = 1 0 being kept constant yield 

(F/RT)Em = - ( 1 - 2 / F N ) W - 2(1-1/FN)JT 

(l /FN)( l- l /y)(^/JCN)( l /CÏ) + - (5) 

The apparent transference number t_ for co-ion was 
defined by the Nernst equation 

-(F/RT)Em = (l-2t-)\ny. (6) 

Combining Eqs. 5 and 6 and expanding \jt_ as a power 
of series of 1/CN, following expression was obtained 

i/t.= FN + ( F N - I ; 
7 - 1 

L yW J V ^CN A C'K / + (7) 

Equation 7 predicts a linear relationship between \jt_ 
and 1/CN. The values of VN and (X/KN) can be deter­
mined from the ordinate intercept and initial slope of 
a plot for \jt_ against 1/CN. The apparent transfer­
ence number t_ was calculated from membrane poten­
tial data (Table 1) using Eq. 6. T h e values of VN and 
X/KN thus derived for the membrane and various 1: 1 
electrolyte systems using Fig. 1 are given in Table 2. 
The values of VN and (X/KN) were then used to calcu­
late J and gN using Eqs. 2 and 3. Once the membrane 
parameters FN, gN, J and (X/KN) are known for the 
membrane electrolyte systems, one can calculate theo­
retical bi-ionic potential using Eq. 1. The bi-ionic po­
tential thus obtained were plotted as a function of log 
C in Fig. 2 (shown by dotted lines). In order to com­
pare theoretical bi-ionic potential values, the observed 
bi-ionic potentials were also plotted in the same graph 
(shown by solid lines). Figure 2 demonstrates that 
the theoretical predictions are borne out quite satis­
factorily by our experimental results on parchment 
supported membranes. However, a slight deviation 
in the values may be accounted due to various reasons, 
most notably due to the various degree of interaction 
of ions with the membranes of low fixed charge site. 

The authors are grateful to Professor Wasiur Rahman , 
Head, Depar tment of Chemistry for providing research 
facilities and to C.S.I.R. (India) for the award of 
fellowship to SPS, VG, and PP. 
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Vibrational Spectra and Assignments for the Fundamental 
Vibrations of Imidazolidine-2-thione and -2-selenone 
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Infrared spectra of imidazolidine-2-thione (N,N'-ethylenethiourea, ETU) and its iV,iV'-deuterated (ETU-d2) 
and S-methylthiouronium iodides have been recorded from 4000 to 30 cm"1. Normal coordinate analyses of 
ETU and ETU-d2 have been made for all the fundamental frequencies, employing a Urey-Bradley potential 
function supplemented with valence type constants for the out of plane modes of the planar skeleton. Raman 
frequencies of ETU from literature have been utilised. The results of the vibrational analyses are discussed in 
relation to the group frequencies in structurally related molecules and frequency shifts on deuteration and S-
methylation. The normal coordinate treatment is also performed for the planar vibrations of imidazolidine-2-
selenone (N,N'-ethyleneselenourea, ESU) to propose assignments for ESU and so also to support the assignments 
of ETU. 

Imidazolidine-2-thione, commonly referred to as 
N,TV'-ethylenethiourea (ETU) , is of considerable im­
portance as a ligand in transition metal chemistry. 
E T U is an interesting molecule as a simple symmetri-

i 

cally disubstituted cyclic thiourea, N H - G H 2 - G H 2 -
î 

NH-G=S, which has a - N H G S N H - group constrained 
in a cis-cis position. It may be expected to exhibit 
vibrations characteristic of this grouping and a com­
parison of the vibrations of E T U with those of sym. 
TVjTV'-dimethylthiourea1) may be of interest. Very 
recently, the normal coordinate calculations on N,N'-
ethyleneurea (imidazolidin-2-one) have been pub­
lished2) and its extension to the analogous sulfur and 
selenium compounds is desirable. O n these accounts, 
a knowledge of the normal coordinates of E T U and its 
seleno analogue would be valuable. 

Previous assignments of the principal bands of E T U 
were based upon empirical criteria.3-5) An approx­
imate normal coordinate analysis of only the in-
plane vibrations of E T U treating methylene groups 
as point masses has also been reported.6) However, 
the vibrational assignments are not complete and many 
of the fundamentals are uncertain or unassigned. In 
order to obtain as complete a vibrational assignment 
of the fundamentals as possible, the infrared spectra 
of E T U as well as its T^N'-deuterated (ETU-</2) and 
the S-methyl derivatives are studied. The R a m a n 
data from literature4»7) are also made use of. The 
assignments are supported by accomplishing normal 
coordinate analyses of E T U and E T U - Ö ? 2 for all the 
fundamental vibrations. The coordinate treatment is 
also extended to the in-plane vibrations of imidazolidine-
2-selenone (7V,7V'-ethyleneselenourea, ESU) with which 
it can profitably be compared since only the sulfur-
involving frequencies of E T U are expected to vary 
principally in ESU. 

Exper imenta l 

ETU was prepared and purified according to Allen et 
al*) mp 197—198 °G. The iV,iV'-deuterated compound 
(ETU-J2) was obtained by repeated exchange reaction with 
heavy water. The ^-methyl derivative of ETU was prepared 
by a standard procedure.9) 

Spectra. Infrared spectra of the solid samples were 

I I ! i 1 i I I 1 i I 
100 150 200 250 

Wave number/cm -1 

Fig. 1. Infrared spectra of ETU-</0 (—) and ETU-d2 

( )• 

measured on a Garl-Zeiss UR10 spectrophotometer from 
4000 to 400 cm"1 in Nujol mull and KBr pellet. The observ­
ed frequencies were calibrated with standard frequencies 
of polystyrene. Infrared spectra between 400 to 30 cm - 1 

were recorded on a Polytec FIR 30 Fourier transform spec­
trometer. The instrument was calibrated by means of water 
vapor frequencies. The Raman frequencies7) of ETU and 
the infrared bands5) of ESU are quoted from published 
spectra. The infrared spectra of ~ETTJ-d0 and ETU-J2 be­
tween 300 to 50 cm - 1 are given in Fig. 1. 

N o r m a l Coordinate Analys i s 

I t is known by the X-ray crystal structure determina­
tion10) that E T U has a G2v symmetry. The 30 normal 
vibrations of E T U and ESU in the G2v symmetry 
are classified into 19 in-plane (10A! and 9B2) and 11 
out-of-plane (5A2 and 6BX) modes of which the vibra­
tions belonging to A1? B1? and B2 species are infrared 
active and all are R a m a n active. The internal co­
ordinates are depicted in Fig. 2. The out of plane 
vibrations of the planar ring are described in terms 
of the out of plane bending of the C-S and N - H groups 
and the torsional coordinates of the GN and C'N bonds. 
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TABLE 1. FORCE CONSTANTS OF 

Urey-Bradley constants*1) 
ETU 

K(CX) 3.40 
JC(CN) 5.90 
tf(CN') 3.10 
K(GG) 2.95 
JC(GH) 4.40 
K(NH) 5.30 

*(CHa) - 0 . 0 1 6 -
(mdyn • Â/rad2) 

(mdyn/A) 
ESU 
2.80 
6.05 
3.00 
2.95 
4.40 
5.30 

-0 .016 

Valence constants (mdyn • Â/rad2) 
B> /(TTGS) 

Species / (TTNH) 

/ ( * r i n § ) 
AnCS, 
AnCS, 

TTNH) 

r ring) 

//(XGN) 
//(GNG) 
//(NGN) 
//(NGG) 
//(HGH) 
//(HGG) 
//(NC'H) 
//(GNH) 
//(C'NH) 

0.080 
0.145 
0.062 

- 0 . 0 3 0 
- 0 . 0 2 0 

SATHYANARAYANA 

IMIDAZOLIDINE-2-THIONE AND 

ETU 
0.09 
0.40 
0.48 
0.28 
0.41 
0.15 
0.26 
0.28 
0.12 

ESU 
0.08 
0.36 
0.25 
0.32 
0.41 
0.15 
0.26 
0.27 
0.12 

A2 

Species 

-2-SELENONE 

F(XGN) 
F(GNG) 
F(NGN) 
F(NGG) 
F(HGH) 
F(HGG) 
F(NC'H) 
F(GNH) 
F(C'NH) 

/ (TTNH) 

f(r ring) 

[Vol. 

ETU 
1.10 
0.30 
0.68 
0.45 
0.06 
0.50 
0.55 
0.45 
0.55 

52, No. 9 

ESU 
0.80 
0.30 
0.72 
0.45 
0.06 
0.50 
0.55 
0.40 
0.55 

0.192 
0.144 

X = S or Se. 

H ^ - r 3 

Fig. 2. Structure and internal coordinates of N,N'-
ethylenethiourea. 
Torsional coordinates are formed from the bond 
numbers. 

The molecular parameters were taken from the X-ray 
structure data10)— r ( N - H ) 0.99, r ( C - H ) 0.90, r (C-C) 
1.536, r (G-N) 1.322, r (C ' -N) 1.471 and r (C-S) 1.708 
Â; Z S C N 125.0°, ZGNG 112.6°, ZNGG 102.4°, 
Z C N H 123.7°, Z N C ' H 104.07°, Z G G H 109.6°, and 
Z H G H 126.5°. For ESU, G=Se distance was assumed 
to be 1.86 Â and the rest of the structural parameters 
were the same as those of E T U . The symmetry 
coordinates used were constructed by standard proce­
dures11»12) and are not reported here for the sake of 
briefness. 

The Wilson's GF matrix method13) was employed. 
The numerical computations were performed with an 
IBM 360/44 Computer using programs similar to those 
of Shimanouchi.14) Infrared frequencies were used for 
the calculations. Since the Urey-Bradley force (UBF) 

function has been successful in satisfactorily explaining 
the vibrational spectra of thioamides15-18) and thio­
ureas,19»20) it was employed presently. For the out 
of plane A2 and Bx fundamentals, the Urey-Bradley 
force constants for the C H 2 groups, and the valence 
force constants for the out of plane deformations and 
torsional modes were used. The initial UBF constants 
were taken from succinonitrile21) for the - C H 2 - C H 2 -
part and from JV-methyl thioacetamide15»16) (NMTA) 
for the - N H G S N H - part . The zeroth order calculat­
ed frequencies were close to the observed ones lending 
confidence to the assignments obtained. For the out-
of-plane vibrations of the molecular skeleton, valence 
force constants were used and the initial values were 
taken from iV-methylthiourea.22) The force constants 
were refined by an iterative procedure and the final 
values of the force constants of E T U are presented in 
Table 1. The force constants of E T U were then 
transferred to ESU. In accord with the concept of 
selenation,23) minimum modifications were effected in 
the force constants of E T U , particularly for those con­
nected with the thioureide group to obtain a desired 
agreement between the calculated and observed fre­
quencies for the in-plane fundamentals of ESU. The 
final values of the force constants of ESU are also given 
in Table 1. 

R e s u l t s and D i s c u s s i o n 

Force Field. The agreement between the observ­
ed and calculated frequencies for both E T U and E T U -
d2 is good. The final values of the force constants of 
E T U seem appropriate and they are comparable with 
the corresponding ones in NMTA15»16) and thioacet­
amide15»17) (TAM) for the - N H G S N H - part and those 
from succinonitrile21) for the - C H 2 - C H 2 - part . These 
demonstrate the transferability of the UBF constants. 
For example, the G=S stretching constant of E T U 
(3.40mdyn/Â) is similar to that of TAM1 7) and 
NMTA 1 6) (3.40 and 3.45 mdyn/Â, respectively). Sim­
ilarly, the G-N stretching constant of E T U (5.90 
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mdyn/Â) is also comparable with that of T A M and 
N M T A (5.70 mdyn/Â). 

The agreement between the calculated and observed 
frequencies of E S U is good and the final values of the 
force constants of ESU differ very little from the transfer­
red force constants of E T U . The C=Se stretching 
constant (2.80 mdyn/Â) is lower than the G=S stretch­
ing force constant of E T U (3.40 mdyn/Â), and the 
C-N constant of ESU (6.05 mdyn/Â) is slightly higher 
than that of E T U (5.90 mdyn/Â). A similar trend 
is noticed in the G-S and G-N force constants for 
thiourea and selenourea.19) This indicates the increased 

i 

contribution of the cannonical form S--C=N+<( over 
i 

the other structure, S=G-N< in the selenium com­
pound compared to the analogous sulfur compound. 

Vibrational Assignments. Imidazolidine-2-thione: 
The observed and calculated fundamentals of E T U 
and ETU-Ö?2 ar*e presented in Table 2 along with the 
assignments as derived from the potential energy dis­
tributions among the symmetry coordinates. 

In-plane Vibrations: Vibrations of the Methylene Groups: 
CH2 Stretching and Bending. There are two CH 2 

stretching vibrations of E T U one each belonging to 
Ax and B2 species. A medium broad band at 2900 
c m - 1 has been attributed to both these modes. The 
GH 2 bending modes (v4 and vu) are assigned to the 
bands at 1470 and 1480 c m - 1 (respectively). These 
are compatible with those of 7V,7V'-ethyleneurea.2) 

CH2 Wagging. The symmetric CH 2 wagging 
(Ax) is found as a mixed vibration contributing almost 
equally to the bands at 1286 and 1212 c m - 1 whereas 
the asymmetric C H 2 wagging (B2) may be assigned 
at 1312 cm - 1 . The assignment of C H 2 wagging vibra­
tions is similar to the corresponding modes in N,N'~ 
ethyleneurea2) at 1274 and 1207 c m - 1 , in ethylene 
trithiocarbonate24) at 1279 and 1248 cm"1 , and in 
thiazolidine25) around 1320 and 1260 cm"1 . 

Vibrations of the Thioureide Group: NH Group Vibra­
tions. The symmetric and antisymmetric N H 
stretching modes (vx and vn) are easily assigned to the 
broad bands centered at 3275 and 3250 c m - 1 , which 
on deuteration are replaced by new bands at 2435 
and 2400 c m - 1 , respectively. In 7V,7V'-ethyleneurea2> 
both N H stretching vibrations are observed as a 
single strong band at 3285 c m - 1 . 

The symmetric N H bending (Ax) is found to be a 
mixed vibration contributing equally to the bands at 
1528 and 1212 cm - 1 . This assignment qualitatively 
agrees with the earlier ones of Klaboe,4) and Mecke 
et al.3) However, in 7V,7V'-ethyleneurea, the cor­
responding mode is observed as a pure vibration at 
1385 cm - 1 . The asymmetric N H bending (B2) is 
however found as a pure vibration at 1376 c m - 1 and 
this assignment is similar to that of TVjTV'-ethyleneurea 
for a medium band at 1423 cm - 1 . In ETU-Ö? 2 , the 
N D bending contributes to the bands at 860 and 892 
c m - 1 in the A± symmetry species whereas in the Bx 

type the 927 c m - 1 band originates from N D bending. 
C-N and C=S Group Vibrations. The symmetric G -

N stretching (Ax) coupled with N H bending is associated 
with the 1528 c m - 1 band, whereas the asymmetric 
C-N stretching (B2) is pure and is assigned at 1508 c m - 1 . 

The GN stretching frequency (B2) of E T U is about 
50 c m - 1 higher than the corresponding mode in N,N'-
ethyleneurea as expected due to the increased G-N 
bond order. The infrared bands at 1508 and 1528 
c m - 1 show a pronounced shift towards higher fre­
quencies and are observed at 1557 and 1570 c m - 1 

in the S-methylated E T U , the shift being explained 
by the increased double bond character of the GN 
bond following the methylation of the sulfur atom. 

The nature of the G=S stretching mode of E T U is 
interesting. The C=S stretching coordinate is distribut­
ed principally among two vibrations giving rise to 
the strong bands in the infrared at 516 and 925 c m - 1 , 
a major proportion of 42 % for the 516 c m - 1 and a 
lesser proportion of 2 6 % for the 925 c m - 1 band. In 
support of this assignment, very strong bands are 
observed in the Raman4»7) at 927 and 513 cm - 1 . The 
assignment of the 516 c m - 1 band qualitatively agrees 
with the recent one of Verani5) but differs from that 
of Klaboe,4) and Mecke et al.,1) who have assigned the 
C=S stretching frequency around 1200 c m - 1 . 

T h e attribution of the 516 c m - 1 band to the C=S 
stretching mode is further supported from the infrared 
spectra of ESU and the 6*-methyl derivative of E T U . 
O n S-methylation, which diminishes the double bond 
character of the G=S bond, the 516 c m - 1 band of 
E T U shows a pronounced red shift and is found in 
the spectrum of the 6*-methyl derivative at 477 cm - 1 . 
The 516 c m - 1 band of E T U is replaced in the spectrum 
of E S U by a band at a much lower wave number , 
357 c m - 1 , thus confirming its assignment. In the metal 
complexes of E T U , increase in the G-N stretching band 
and decrease in the G-S stretching band (at 516 c m - 1 ) , 
similar to that on 6*-methylation but of smaller 
magnitude, are observed.25»26) 

The G=S bending may be assigned at 343 cm - 1 . 
This frequency is in between the corresponding fre­
quency in NMTA15»16) at 370 c m - 1 and in thiazolidine-
2-thione28) at 292 c m - 1 . In support of this assignment, 
the 345 c m - 1 band of E T U is replaced in ESU by a 
new band at a lower frequency, 280 cm - 1 . 

Ring Vibrations. There are two ring deforma­
tion vibrations. The ring deformation belonging to 
the A1 species is coupled and contributes chiefly to 
the bands at 925 and 516 c m - 1 . The ring deforma­
tion belonging to the B2 representation, on the other 
hand, is associated with the 678 c m - 1 band. The 
latter assignment differs from that of Klaboe,4) and 
Devillanova and Verani5) who have assigned it to an 
N H out-of-plane bending. The assignment of the 678 
c m - 1 band to a ring deformation mode is comparable 
with the 703 c m - 1 band of 7V,7V'-ethyleneurea2) and 
with similar assignments made for other five membered 
heterocyclic compounds. For instance, a ring defor­
mation mode has been assigned in 2,5-pyrrolidinedi-
thione29) at 649 c m - 1 and in thiazolidines25»28) near 
675 c m - 1 . It is interesting to note that the 678 c m - 1 

band of E T U almost completely vanishes on TV-deutera-
tion. However, there is a new weak band at 645 c m - 1 

in the infrared spectrum of E T U - Ö ? 2 corresponding to 
the 678 c m - 1 absorption of E T U as expected from the 
computed frequencies of E T U - Ö ? 2 and confirming its 
assignment to a ring deformation mode. 



2702 K. DWARAKANATH and D. N. SATHYANARAYANA [Vol. 52, No. 9 

TABLE 2. OBSERVED AND CALCULATED FUNDAMENTALS (in cm -1) AND ASSIGNMENTS FOR IMIDAZOLIDINE-2-THIONE 

ETJJ-d 

' 
Obsd 

Aj species 

2435 

2880 

1465 

1445 

1280 

860 
1200 

1022 

1004 

892 
507 

B2 species 

2400 

2925 

1492 

1445 

927 
1315 

1140 

645 
326 

Bj species 

2965 

1298 

920 
450 

200 
107 

A 2 species 

2930 

1286 

512 
87 

2 

\ 
Galcd 

2390 

2896 

1476 

1458 

1274 

861 
1146 

1031 

894 
506 

2384 

2909 

1500 

1434 

931 
1339 

1144 

662 
333 

2996 

1300 

904 
465 
200 
90 

2984 

1277 

1080 

532 
86 

Obsdl 
y ^ — 

Raman 

3293 

2900 

1520 

1473 

1286 

1213 

1106 

1000 

973 
927 
513 

3250 

2900 

1520 

1480 

1380 

1310 

1045 

660 
333 

2986 

1310 

927 
592 
205 
80 

2936 

1286 

1106 

660 
80 

ETU-J0 

IR 

3275 

2900 

1528 

1470 

1286 

1212 

1120 

1008 

925 
516 

3250 

2900 

1508 

1480 

1376 

1312 

1050 

678 
343 

2986 

1312 

925 
598 
200 
109 

90 

1286 

1108 

678 
90 

Galcd 

3268 

2896 

1528 

1463 

1282 

1225 

1118 

1008 

899 

512 

3266 

2911 

1509 

1475 

1379 

1313 

1057 

670 
344 

2996 

1300 

905 
579 
205 
99 

2984 

1277 

1081 

666 
91 

Assignment*) (PEDb>/%) 

^NH(IOO) 

*>CH2(99) 

*>CN(37), <5NH(36) 

<5CH2(89) 

wCH2(40), *CC(20) 

wCH2(49), <5NH(35) 

*>CC(42), vCN(17) 

vC'N(66), vCC(18) 

ring def(37), *>CS(26), *>CN(20) 

*>CS(42), ring def(37) 

^NH(IOO) 

*>CH2(99) 

*>CN(75) 

<5CH2(81) 

<5NH(79) 

wCH2(59), vC'N(16) 

*>C'N(72) 

ring def(89) 

<5CS(91) 

*CH2(100) 

*CH2(94) 

rGH2(85) 

TTNH(97) 

TTCS(70), r ring(28) 

T ring(83) 

*CH2(100) 

*CH2(96) 

rCH2(88) 

TTNH(97) 

r ring (99) 

a) The frequencies of ETU-J2 are so arranged as to approximately correspond to the assignments and the PEDs 
given for ETU-J0; v = stretching, S = bending, r = rocking, w — wagging, t = twisting, n = out-of-plane bending and 
retorsion, b) PED = Potential energy distributions (100 L\kFHlkk) ; those less than 15% are omitted. 

Out-of-plane Vibrations: B1 Vibrations. The out-of-
plane CH 2 stretching is assigned to a weak band at 
2967 c m - 1 comparable with the very weak R a m a n 
band of A^ ' -e thyleneurea 2 ) at 2980 cm"1 . The C H 2 

twisting of E T U at 1312 c m - 1 is slightly higher than 
that in thiazolidines25»28) and succinimides30) assigned 
around 1230 to 1270 cm - 1 . According to the normal 
coordinate treatment, the band at 925 c m - 1 could 
also be assigned to C H 2 rocking and this is compatible 
with CH 2 rocking in ethylene trithiocarbonate24) and 
thiazolidines25»28) assigned between 935 to 950 c m - 1 . 

There are three skeletal modes belonging to Bx 

species. The N H out-of-plane bending is assigned at 
598 c m - 1 and its origin from an N H group is confirmed 

by deuteration studies. O n deuteration a new strong 
broad band at 450 c m - 1 is observed in agreement with 
the calculated frequency at 465 cm - 1 . If, on the other 
hand, the 678 c m - 1 band is assigned to N H out-of-
plane bending and the 598 c m - 1 band to ring deforma­
tion, then the calculated frequencies for E T U - Ö ? 2 are 
not consistent with observed ones. The strong 598 
c m - 1 absorption of E T U is rather broad and typical 
of N H bands due to out-of-plane bending. The 678 
c m - 1 band may however be assigned to an N H bending 
of A2 symmetry overlapping with the B2 fundamental 
due to ring deformation. 

The infrared and R a m a n spectra of E T U exhibit 
a strong band near 110 c m - 1 (which is rather broad 
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TABLE 3. OBSERVED AND CALCULATED FUNDAMENTALS 

AND ASSIGNMENTS FOR IMIDAZOLIDINE-2-SELENONE 

Obsd 

Aj species 

3520 

n. a. 

1500 

1450 

1275 

1190 

1080 

988 

357 
B 2 species 

3250 

n. a. 

1515 

1475 

1350 

1300 

1026 

664 
276 

Calcd 

3268 

2896 

1492 

1461 

1262 

1211 

1098 

981 

371 

3266 

2911 

1514 

1476 

1357 

1300 

1038 

660 
280 

(FED*>/%) 

vNH(lOO) 

*CH2(99) 

vCN(41), <5NH(36) 

<5CH2(87) 

wCH 2(61) 

<5NH(45), wCH 2(20) 

vGG(43), vCN(17) 

vC'N(67), *>CC(22) 

*GSe(58), ring def(47) 

*CSe(58), ring def(28) 

i'NH(100) 

*CH2(99) 

*CN(79) 

<5CH2(83) 

<5NH(58), wCH 2(31) 

a/CHa(45), <5NH(32) 

*C'N(74) 

ring def(89) 

<5CSe(92) 

n. a. = not available, a), b) : as in Table 2. 

in the infrared with a shoulder band at 90 c m - 1 ) . 
This band has been assigned to ring torsion of species 
Bv Such features have been observed in related 
five-membered ring systems,24»31-34) such as ethylene 
trithio-24) and -triselenocarbonate34) (at « 9 0 and 70 
cm - 1 , respectively) and other cyclic carbonates33) 
( « 9 5 c m - 1 ) , etc. Lattice modes are assigned at still 
lower frequencies. The calculations for E T U indicate 
that the other ring puckering mode (of A2 species) 
could be assigned in the same region. Since it was 
not possible to record the far infrared spectra of E T U 
in solution a doubt can arise that the band around 
110 c m - 1 could be due to lattice modes. An alternate 
choice for ring torsions may then be the strong band 
at 200 cm - 1 , compatible with the assignment in ethylene 
carbonate35) (at 215, 230 cm"1) and ^TV'-ethyleneurea2) 
(near 250 c m - 1 ) . In such a case, the assignment of 
C=S out of plane bending presents a difficulty. The 
former assignment is therefore preferred. Since the 
out of plane vibrations are fairly independent of each 
other, even if the latter assignment is preferred, it 
does not affect the overall results. 

A2 Vibrations. The vibrations belonging to A2 

species, according to the selection rules, are infrared 
inactive but R a m a n active for the molecular sym­
metry C2 v . These modes may be observed in the 
infrared if the molecule is not exactly of G2v symmetry 
or if the site symmetry is lower. T h e X-ray structure 
data10) of E T U indicate some deviations from G2v 

symmetry. 
The infrared and R a m a n bands observed correspond­

ing to the calculated vibrations of the A2 species of 
E T U and E T U - Ö ? 2 are also shown in Table 2. This 

seems to indicate the overlapping of the fundamentals. 
No new R a m a n band without a corresponding infrared 
band was observed. This shows that the effective 
molecular symmetry of E T U in the solid state may 
be slightly lower than G2v. 

Imidazolidine-2-selenone: The normal coordinate cal­
culations for E T U is extended to the in-plane vibra­
tions of ESU in an at tempt to assign the planar fre­
quencies of ESU and also to confirm some of the as­
signments made for E T U themselves. The frequency 
data together with their potential energy distributions 
derived from the calculations are shown in Table 3. 
The experimental frequencies are quoted from a publish­
ed spectrum.5) 

As observed from Tables 2 and 3, the nature of 
the bands of ESU are very similar to the corresponding 
ones of E T U and only the bands at 925 and 516 c m - 1 

in the Ax symmetry species and 343 c m - 1 in the B2 

species of E T U are significantly shifted to lower fre­
quencies suggesting the higher contribution from the 
G-S group vibrations to these bands. The assignments 
of E S U are thus straightforward. 

Of particular interest in the spectrum of ESU are 
the G=Se stretching and bending vibrations. Notably, 
the potential energy distributions indicate that the 
observed band at 357 c m - 1 may be assigned to G=Se 
stretching and it has considerable contribution from 
ring deformations. The G=Se stretching also contrib­
utes significantly (27%) to the (calculated) higher fre­
quency band at 828 c m - 1 . The present assignment of 
the 357 c m - 1 band qualitatively agrees with Devillanova 
and Verani5) who have attributed it to a coupled 
mode consisting of G=Se stretching, NGSe and NGN 
bending. The 357 and 828 c m - 1 bands of ESU cor­
respond approximately to the 516 and 925 c m - 1 bands 
of E T U and thus represent a large decrease of over 
100 to 140 c m - 1 from sulfur to the corresponding 
selenium-involving vibration. The G=Se bending mode 
is found at 280 c m - 1 thus producing a decrease of over 
60 c m - 1 from the C=S bending of E T U at 343 cm"1 . 
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An ESR Study of the Photolysis of iV-Nitrosodialkylamines 
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The nitroxide radicals which are formed when acidic, neutral , and alkaline solutions containing iV-nitro-
sodialkylamines are photolysed, have been characterized by electron spin resonance spectroscopy. Nitrosamines 
are found to be photolytically active only in acidic solutions. In neutral and alkaline solutions nitrosamines only 
participate in secondary reactions involving the alcohol derived radicals. Some possible reaction pathways have 
been postulated. 

As a class of c o m p o u n d s , N-nitrosodialkylamines 
w h e n pho to lysed in n e u t r a l so lu t ions , a r e effectively 
s tab le t o w a r d s U V i r r a d i a t i o n . 1 - 3 ) H o w e v e r in d i l u t e 
ac id solu t ions , n i t r o s a m i n e s u n d e r g o a l a r g e v a r i e t y 
of p h o t o i n i t i a t e d free r a d i c a l r e a c t i o n s , m a n y of w h i c h 
a r e of in te res t in syn the t i c o r g a n i c c h e m i s t r y . 1 - 4 ) 
T h e p r i m a r y p h o t o c h e m i c a l e v e n t h a v e b e e n es tab l i shed 
to b e a n ac id ca t a lysed b r e a k i n g of t h e n i t r o g e n - n i t r o g e n 
b o n d to p r o d u c e a n a m i n i u m r a d i c a l a n d n i t r o g e n 
m o n o x i d e . A gene ra l i z ed r e a c t i o n s c h e m e is g iven 
b e l o w : (for m o r e de t a i l ed i n f o r m a t i o n t h e r e a d e r is 
d i r ec t ed to t h e rev iew ar t i c le b y C h o w 3 ) a n d references 
t h e r i n ) . 

R i \ / R 3 hv, H • Kr 

G H - N 
R / NNTO 

R i \ e / H 
G H - N + N O 

R / X R 3 

R l \ 0 / H 

G=N + H N O 

G H - N + N O 

R i \ 0 / H 
G=N + H N O 

I V X R 3 

* * 0 / H 
O N - G — N — R 3 

\ H 

(1) 

(2) 

R . 

Ri = H 0 / H 
H O N = C - N — R 3 

\ H 

G H - N 
R / X R 3 

R i \ ® / H 
G H - N 

R</ X R 3 

+ N O 

i 

R2 

R l \ 0 / R 3 
G H - N 

R</ \ H 

(3) 

(4) 

O N X 

R' 

+ G H O H 
R " / 

R i \ 0 / H R \ . 
G H - N — R 3 + G O H 

RS \ H R " ' 
(5) 

' R \ 

R " / 
G O H + N O 

R ' 

O N - G - O H 
i 

R , r 

R"=H 
H O N = C - O H 

i 
R' 

(6) 

T o t h e bes t of o u r k n o w l e d g e , t h e on ly p h o t o c h e m i c a l 
E S R inves t iga t ions of t h e photo lys i s of n i t r o s a m i n e s 
a r e t w o c o m m u n i c a t i o n s f rom this l a b o r a t o r y 5 ' 6 ) w h i c h 
s u p p o r t e d t h e N - N c l eavage as t h e p r i m a r y c h e m i c a l 
even t . As c a n b e seen f rom t h e a b o v e s c h e m e , a n y 
E S R s t u d y to c h a r a c t e r i z e t h e free r a d i c a l i n t e r m e d i a t e s 
wil l b e bedev i l l ed b y a host of n i t r o x i d e r ad ica l s f o r m e d 

t Present address: Depar tment of Chemistry, University 
of Galgary, Galgary, Ganada T 2 N 1N4. 

f rom t h e v a r i o u s C-ni t roso c o m p o u n d s b y sp in t r a p ­
ping, 7 ) 

R N 
X + R - N O N O 

x/ 
(7) 

or b y s e c o n d a r y photolys is . 3 ' 7 ) 
M a n y of these p r o b l e m s c a n b e m i n i m i z e d b y p h o t o -

lysing flowing so lu t ions a n d in this r e p o r t w e will 
desc r ibe t h e r ad ica l s o b t a i n e d w h e n so lu t ions c o n t a i n ­
i n g e i t h e r 7V-n i t rosod ime thy lamine , 7V-nitrosodicyclo-
h e x y l a m i n e o r 1-n i t rosopyrol l id ine w e r e pho to lysed . 

E x p e r i m e n t a l 

T h e chemicals were purchased from Aldrich (iV-nitro-
sodicyclohexylamine, 1-nitrosopyrollidine, acetone oxime, 
cyclopentanone oxime, maleic acid), K and K (iV-nitro-
sodimethylamine), Baker (triethylamine), B D H (propionic 
acid), McAr thur Chemicals (acetic acid). T h e solvents were 
obtained from a number of commercial sources. All chemicals 
were used as supplied except triethylamine which was distil­
led before use. 

T h e concentrations of the nitrosamines in the solutions 
were 0.03—0.1 mol d m - 3 and when di-^-butyl peroxide was 
added, its concentration was 1—2 vol % . All solutions were 
deoxygenated by purging with gaseous nitrogen. T h e flow­
ing solutions were photolysed directly in the cavity of a 
Varian E-3 spectrometer with light from a 1000 W high 
pressure mercury lamp. T h e flow rate was varied (0—4 
ml m i n - 1 ) to optimize the spectrum under study. For most 
samples this flow was 0.5 to « L O r n l / m i n . T h e sample 
temperature in the cavity was regulated by flowing thermostat-
ed nitrogen gas by the spectrosil flow tube. T h e E S R sim­
ulations were performed on a Nicolet 1180 computer. 

R e s u l t s 

Photolysis of Acidic Solutions. (a)N-Nitrosodimeth-

ylamine (NDMA) : N o r a d i c a l s w e r e d e t e c t e d o n 
photo lys is of flowing so lu t ions of N D M A in ace t i c 
ac id , or 10 vol % ace t i c a c i d : b e n z e n e , h o w e v e r , if 
a n a l coho l w a s a d d e d to this so lu t ion a n E S R s p e c t r u m 
w a s obse rved . I n g e n e r a l t h e s p e c t r u m a rose f rom 
t w o r ad i ca l s , o n e of w h i c h , a n i t r o x i d e w i t h <zN « 
1.45 m T , w a s f o r m e d t h r o u g h s e c o n d a r y processes as its 
in tens i ty i nc rea sed m a r k e d l y r e l a t ive to t h e second 
r a d i c a l o n d e c r e a s i n g t h e flow r a t e . T h i s s e c o n d a r y 
r a d i c a l w a s n o t s t u d i e d in de t a i l . W i t h t h e o t h e r 
r a d i c a l ( I ) , t h e n u m b e r of i n t e r a c t i n g nuc l e i v a r i e d 
d e p e n d i n g o n t h e a l coho l a d d e d . W i t h 2 - p r o p a n o l 
a n d 2 - b u t a n o l , sp l i t t ings f rom t w o n i t r o g e n s a n d t w o 
p r o t o n s w e r e obse rved f rom I (see F ig . 1 a n d T a b l e 1 ) 
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TABLE 1. THE HYPERFINE COUPLING CONSTANTS (mT) FOR RADICAL I 

Solvent 

10 vol% acetic acid : 2-propanol 
8 vol% acetic acid : 30 vol% water : 2-propanol 
10 vol% acetic acid : 10 vol% 2-propanol : benzene 
4 vol% 2-propanol : acetic acid 
10 vol% acetic acid : 2-butanol 
10 vol% acetic acid : 1-propanol 
10 vol % acetic : ethanol 

0.87 
0.94 
0.78 
0.86 
0.94 
0.98 
0.91 

0.83 
0.94 
0.78 
0.86 
0.77 
0.66 
0.76 

— 
— 
— 
— 
— 

0.62 
0.71 

0.29 
0.29 
0.38 
0.34 
0.31 
0.34 
0.31 

1.40 
1.39 
1.34 
1.38 
1.38 
1.34 
1.35 

Fig. 1. (a) The ESR spectrum recorded when a 
N D M A : 8 v o l % acetic acid: 30 vol % H 2 0 : 1% di-
£-butyl peroxide: 2-propanol solution was photolysed 
at 22 °G. (b) The simulated ESR spectrum of radical 
I. 

Fig. 2. (a) The ESR spectrum recorded when a 
NDGHA: 10vol% acetic acid: ethanol solution was 
photolysed at 8 °G. (b) The simulated ESR spectrum 
of radical II . 

but when the alcohol was ethanol or 1-propanol, an 
additional proton splitting was found (Table 1). When 
di-^-butyl peroxide was added to the solution, the 
spectral intensity of I increased about five fold. Al­
though the hyperfine coupling constants showed little 
variation with temperature ( — 30 °C to + 3 5 °C), they 
did vary slightly with solvent (Table 1). Linewidth 
effects associated with the coupling of the g- and A-
tensors as the radical tumbled slowly could be observed 
as temperature was lowered in the alcoholic solvents. 

For a DMNA:2-propanol solution (with and without 
di-^-butyl peroxide), the same spectrum was observed 

TABLE 2. THE COUPLING CONSTANTS (mT) 

FOR RADICAL I I 

Solvent au aN 

10vol% acetic acid : 2-propanol 
10vol% HCl (coned) : 2-propanol 
10 vol % acetic acid : ethanol 
10 vol% acetic acid : 20 vol% H 2 0 

2-propanol 
acetic acid 

1.20 
1.21 
1.20 
1.25 

0.33 
0.40 
0.33 
0.36 

1.11 
1.13 
1.10 
1.15 

1.22 0.39 1.16 

regardless of whether the acid was acetic or propionic 
but if maleic acid (0.2 mol d m - 3 ) or concentrated hy­
drochloric acid (2—10 vol %) was added, no spectrum 
was observed. Addition of 10 vol % cyclohexene to 
a D M N A : 10 vol % acetic acid : 2-propanol solution 
(8 °C) only slightly reduced the yield of I . However, 
if the flow was stopped, the solution photolysed for 
a few minutes, and then the spectrum recorded with 
the light blocked, the spectrum of a persistent nitroxide 
radical (« N =1.55 m T , au=0.\S m T , l inewidth«0.2 m T 
) was recorded. In the absence of cyclohexene, no 
spectrum was observed after this sequence as both 
I and the other nitroxide decay within seconds. 

(b) N-Nitrosodicyclohexylamine (NDCHA) : In con­
trast to D M N A , when D C H N A was photolysed in 
acetic acid, 2-propanol containing 10 vol % acetic 
acid or 1 0 v o l % hydrochloric acid, ethanol con­
taining 10 vol % acetic acid or 0.2 mol d m - 3 maleic 
acid, the same radical (II) was always observed. A 
representative spectrum is shown in Fig. 2 and the 
coupling constants (for two nitrogens and a proton) 
are given in Table 2. As with N D M A solutions, a 
second nitroxide radical spectrum was also observed 
but its intensity relative to I I decreased on increasing 
the flow rate and it is considered to arise from secondary 
processes. When di-^-butyl peroxide was added to 
any of the N D C H A solutions studied the intensity 
of I I remained unaltered. Addition of cyclohexene 
to the solutions did not affect the intensity either. 

(c) 1-Nitrosopyrollidine (NP) : A limited number 
of experiments were undertaken with NP. O n pho-
tolysing a NP:10 vol % acetic acid : 2-propanol solution, 
radicall I I I was observed (in addition, a secondary 
nitroxide was also observed). The coupling constants 
for I I I in the solution were <2N=1.36 m T and <2N=<2H = 
0.28 m T . The intensity of I I I increased on the addition 
of di-^-butyl peroxide to the solution. When the 2-
propanol was replaced by either ethanol or 1-propanol, 
the spectrum of radical I I I (which was weak) appeared 
to have an extra proton coupling(<zH « 0 . 5 8 m T ) in 
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TABLE 3. COUPLING CONSTANTS (mT) OF RADICALS 

FORMED IN NEUTRAL SOLUTIONS FROM N D G H A 

Alcohol flNa) flHa) Assignment 

CH3 
I 

,1.44 0.07(2) 0.03(6) H O - C - NO 

Ethanol 

2-Propanol 

1.41 0.51(2) 0.03(2) 

1.54 — — 

H 

/ GH3\ 

•HO-G- NO 

M.32 1.23 

1-Propanoic 

1.40 0.49(2) 

2-Butanol 1.51 0.27 

a) The number of equivalent nuclei are given in 
parentheses if different from one. b) Other radicals 
also present but spectrum too complicated to analysed 
(see Fig. 4). 

addition to the above. 
I t should be noted that while radicals I, I I , and I I I 

had half lives of about a second at 10—20 °C, their 
spectral intensities were not excessively large. When 
a 10 vol % acetic acid : 2-propanol solution containing 
either N D M A or N D C H A was photolysed, the respective 
radicals, I or I I , were still observed (although at reduced 
intensity) when a filter (which blocked light A<320 nm) 
was inserted in the light beam. 

Photolysis of Neutral and Basic Solutions. Photoly­
sis of D C H N A in static alcohol solutions will, after a 
few minutes, produce strong spectra of nitroxide radicals 
but if the solutions were flowed no radicals could be 
detected. However, if di-£-butyl peroxide was added 
to the flowing solutions nitroxide radicals were observed. 
The effect of adding di-£-butyl peroxide was to generate 
alcohol-derived radicals. 

*-BuOOtBu 

f-BuÔ + R'R"CHOH 

2*-BuO (8) 

*-BuOH + R'R"COH (9) 

The results are summarized for N D C H A in Table 3. 
The spectra obtained for the alcohols, ethanol and 
1-propanol, with N D C H A are shown in Figs. 3 and 4. 
Only ethanol and 2-propanol were studied for D M N A 
and, although the spectral intensity was greatly reduced 
in ethanol, the radicals were the same as in D C H N A . 

When a N D C H A : ethanol solution (with or without 
di-£-butyl peroxide) has 10 vol % triethylamine added, 
only the diethyl nitroxide radical was observed (<zN = 
1.58 m T , a H = 1 . 0 8 m T (4 protons)). Photolysis of a 
blank solution containing no N D C H A produced no 
detectable radicals. If the base pyridine was added to 
a N D C H A : ethanol solution, no radicals were detected 
on photolysis, whereas on addition of di-^-butyl peroxide, 
the spectrum was the same as when the pyridine was, 
absent, 

Fig. 3. (a) The ESR spectrum recorded when a 
NDGHA: ethanol solution containing di-^-butyl 
peroxide was photolysed at —10 °G. (b) The centre 
portion of the spectrum expanded, (c) The simulated 
ESR spectrum of (b) using the coupling constants in 
Table 3. 

ftfWMt̂ foriNWfy \Wfb*iW>1*fi 

Fig. 4. The ESR spectrum recorded when a NDGHA: 
1-propanol solution containing di-^-butyl peroxide was 
photolysed at 10 °G. 

Photolysis of Acetone Oxime (AO) and Cyclopentanone 
Oxime (CPO). As oximes are generated in the 
photolysis of nitrosamines (Reaction 3), alcohol (2-
propanol or ethanol) solutions containing di-^-butyl 
peroxide and A O or C P O were photolysed to see if 
the oximes would act as spin traps for the alcohol 
derived radicals (Reaction 9). Only the alcohol 
radical was observed on photolysis. 

If A O or C P O were photolysed in a 25 vol % 2-
propanol (or ethanol) : acetic acid solution, a nitroxide 
radical a N = a H = 1 . 4 0 m T was observed. When di-£-
butyl peroxide was added to the solution, the alcohol 
derived radical was also observed. Obviously the 
oximes do not act as efficient spin trapping agents 
for those alcohol derived radicals. 

D i s c u s s i o n 

Identification of the Radicals. The likely structures 
for radicals I, I I and I I I , are given below: 

R' 

C H 3 - N H - C H 2 - N - C - O H 
i i 

O R" 
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I I 
• N H A G / 

\ 
N 

/ \ 
O H 

II 

H R' 

KNk _/G-OH 
H 

N 
i 

O 
R" 

III 

R ' and R " are the substituents on the alcohol (see 
Reaction 9). The secondary amine nitrogen may 
also be protonated in these acidic solutions. The 
large nitrogen coupling constants (1.1—1.4 mT) observ­
ed for all radicals are consistent with nitroxide radi­
cals.7_14) For radicals I and I I I , the observation of 
an extra proton splitting ( « 0 . 6 mT) when ethanol 
or 1-propanol was present is indicative of spin trapping 
of the alcohol radical7 '8) whereas for I I , the aH—a^o 
is characteristic of a - N H O fragment.12) From the 
magnitude of the smaller nitrogen coupling constant 
( « 0 . 3 mT) in all three radicals, it is possible to assign 
this nitrogen as being directly bonded to the nitroxide 
nitrogen9-11) or to a carbon adjacent to this nitro­
gen.11'12) However since proton splittings consistent 
with a C H 2 fragment ( Û H « 0 . 8 mT) in I and C H (« H « 

0.3 mT) in I I I were always present and, together 
with the close similarity between the coupling constants 
for I, I I , and I I I and those observed for radicals of 
the form12) 

R1R2C 
\ H N O 

all suggest our assignment for I, I I , and I I I are correct. 
All the nitroxide radicals observed when neutral 

solutions containing di-^-butyl peroxide and N D C H A 
(or NDMA) were photolysed had a£o«1.3 to 1.6 m T . 
This indicates that the radicals are not alkoxy-sub-
stituted nitroxides (a « 2 . 8 mT)7 '8) formed from t-BuO. 
Some tentative assignments are given in Table 3. 
In ethanol solutions, where the linewidths were small 
enough to resolve splittings of about 0.03 m T (Fig. 3), 
only one of the two radicals could be assigned. The 
small splittings in both radicals are consistent with 
protons bound to a ß-carbon.13-14) 

Possible Reaction Pathways. As I, I I , and I I I 
were relatively long lived (£1 /2« second) and their 
steady state concentrations were relatively low, this 
implies that these radicals are formed by minor path­
ways. Although I, I I , and I I I are structurally similar 
it is obvious that I I is formed from a mechanism different 
to I and I I I as alcohol derived radicals (Reaction 9 
and/or 5) are involved in the generation of I and 
I I I but not I I . 

Since the alcohol-derived radicals appear not to 
be trapped by oximes, it is likely that they are trapped 
by the C-nitroso intermediate7 '8) formed in Reaction 
3 to generate I and I I I 

GH,-NH2-GH2-NO + R 'R"COH 

\ N / \ N O 
H 

+ R'R"COH III 

(10a) 

(10b) 

The lifetime of the C-nitroso compound before it iso-
merizes to the oxime should be sufficiently long for Eq. 

10 to occur as C-nitrosomethane and -ethane etc. can 
be isolated and characterized.15) The increase in yield 
of I and I I I on addition of di-^-butyl peroxide reflects 
the additional formation of alcohol radicals through 
Eq. 9 over the original reaction (Eq. 5). 

While I I is formed through an alternative mechanism 
to I and I I I , the photoproducts from N D C H A are 
also different from 7V-nitrosodi-w-alkylamines and N-
nitrosocyclicamines {e.g. 1-nitrosopiperidine) in that no 
oxime can be formed (although the C-nitroso inter­
mediate might be). The principal product for N D C H A 
is the imine 

- N = 

formed via Reaction 2, whereas oximes are principal 
products for the other two classes of nitrosamines.1 '2) 
The isotopic labelling experiments of Axenrod and 
Milne16) have demonstrated that the reactants in Eq. 2 
are not necessarily those formed in the original pho­
tochemical cage in Eq. 1. Hence the aminyl radical 
and N O must have a reasonable lifetime in solution 
(although they were not detected). I t is not un­
reasonable to suggest that some of the dicyclohexylamin-
yl radicals might rearrange to a carbon centre radical 

H ^ N - f H 
_ / H 

) > - N H 2 ^ H ^ > (11) 

which then could react with H N O formed in Reaction 
2. 

< _ > N H * < _ 
+ HNO II (12) 

Circumstantial evidence supporting this mechanism 
is the observation of I I but not I when hydrochloric 
acid was used instead of acetic acid in the photolyses. 
In N D M A solution, the presence of the stronger acid 
may increase the rate of nitroso-oxime isomerization 
and hence minimize the spin trapping reaction (Eq. 
10). In the mechanism proposed above for I I , there 
is no equivalent step to be interfered with by the hy­
drochloric acid. 

The absence of I when maleic acid was present 
is evidence for the facile photoaddition of N D M A 
to double bonds17) Eq. 4 whereas with N D C H A , which 
does not undergo photoaddition18), radical I I was 
still observed. Apparently photoaddition of N D M A 
to cyclohexene is not as efficient as to maleic acid since 
I was still observed with 10 vol % cyclohexene present. 
However some photoaddition did occur as evidenced 
by the persistent nitroxide radical (<z£o = 1.55 m T , 
<zH=0.18mT) observed after a static solution was 
photolysed. This radical is consistent with what 
would be expected from spin trapping by the photo-
addition product in an acetic acid : 2-propanol solution. 

® N - C H 3 

CH:, 

+ X (13) 

CHS 

Although positive identification was not possible 
of all the nitroxide radicals generated when neutral 
alcohol and alkaline solutions of D C H N A containing 
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di-^-butyl peroxide were photolysed, these experiments 
do indicate that nitrosamines are susceptible to reaction 
with alcohol radicals. The absence of a nitrogen 
splitting extra to that of the nitroxide nitrogen suggests 
the pathway, in part , might be Reactions 8 and 9 
followed by 

R ' R ' C O H + - «NNO 

-N- + R ' R ' C O H (14) 

NO 

R ' R ' C O H + R ' R ' C O H • (R'R"COH)2NO (15) 

NO 

The C-nitroso compound formed in Eq. 14 can then 
act as a radical t rap to form the nitroxide radicals 
observed in Eq. 15. When the alcohol is 2-propanol 
apparently a minor reaction is 

(GH3)2GOH + (GH3)2GOH • 

NO 

(CH3)2COH + (GH3)2GO (16) 

N—H 

9 

Reaction 14 may not occur in acid solutions due to 
protonation of NDCHA. 3) Furthermore, we have 
no explanation for the results observed when triethyl-
amine was present. However, these results in neutral 
and alkaline solution support the product analyses1-4) 
which conclude that nitrosamines are photolytically 
active only in acid solutions. In neutral solutions 
they are only involved in secondary reactions initiated 
photochemically. 

This research was supported by the National Research 
Council of Canada. The authors thank Dr. K. S. 
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The rates of formation of pentaammine (glycine) rhodium (III) ion from pentaammineaquarhodium(III) 
ion and glycine in weakly acidic media have been studied spectrophotometrically at different glycine and acid 
concentrations in the temperature range of 60—80 °G. The rate has been found to be insensitive towards the 
change in ionic strength from ju=0.5 to 2.0 M of the medium. The activation parameters, A # * and AS* values 
are 22.2± 1.0 kcal mol -1 and — 9.2 e.u. respectively. The results are in accord with a mechanism involving a 
fast 1:1 outer-sphere association between the pentaammineaquarhodium(III) ion and glycine in zwitter ionic 
form followed by its transformation into the product by a process where the incoming ligand is appreciably bonded 
to the metal ion in the transition state. 

Kinetics and mechanism of the substitution reactions 
involving replacement of coordinated water in penta-
ammineaquacobal t ( I I I ) , (3d6) ion by various nucleo-
philes including neutral and anionic in nature have 
been the subject of several investigations. However, 
there has been increasing interest in recent years on 
rhodium ( I I I ) , (4d6) complexes, which furnish further 
data for a comparative analysis of the reactivity of 
related octahedral structures. Though the rates of 
reactions have been generally found dependent upon 
the entering ligand concentration, they actually proceed 
by different mechanisms due to bond formation by 
the incoming nucleophile which is more significant in 
the transition state in the case of rhodium (III) than 
in cobalt(III) as is evident from the water exchange 
and anation reactions of the complexes of the type 
M(NH 3 ) 5 OH 2

3 +, where M=Go( I I I ) 1 ' 3 a - c > and Rh-
(III).2 '4 '5) In order to test further the generality of 
nucleophilic attack of the entering group on the sub­
strate R h ( I I I ) complex, it appeared worthwhile to 
extent the work to uncharged ligands, and with this 
end in view the kinetics of reactions of pentaam-
mineaquarhodium(II I ) ion with glycine in weakly 
acidic media (pH=ca. 2—4) forming pentaammine-
(glycine)rhodium(III) ion [Rh(NH3)5glyH]3+ has been 
studied in detail. In order to study the kinetics of 
such reaction the hitherto unknown Rh(NH 3 ) 5 glyH 3 + 

in the form of Perchlorate salt has been isolated. The 
results presented here show indeed a difference in 
mechanistic behaviour between cobalt(III) and rho­
dium (111) ions in conformity with the investigations 
reported earlier. 

Exper imenta l 

Materials. The pentaammineaquarhodium(III) Per­
chlorate was prepared from pentaamminechlororhodium(III) 
complex as described in the literature.6) The purity of the 
complex was checked by elemental and spectral analyses.7) 

The pentaammine (glycine) rhodium (III) Perchlorate was 
prepared for the first time by refluxing an aqueous solu­
tion (50 ml) of pentaammineaquarhodium(III) Perchlorate 
(0.0005 mol) and an excess of glycine(0.005 mol) for few 
hours at 90 °G. The solution was then concentrated to 
one third of its original volume and kept in a refrigerator. 
The resulting crystals were filtered and washed with a water-

ethanol(l:l) mixture. The complex was recrystallized from 
a cold aqueous solution by the addition of 30% perchloric 
acid. The recrystallized product was washed first with a 
water-ethanol mixture and finally with absolute ethanol. 
The purity of the complex was ascertained by the elemental 
analysis: Galcd for [Rh(NH3)5glyH](G104)3: G, 4.28; N, 
14.96; H, 3.56%. Found: G, 4.45; N, 14.85; H, 3.58%. 

Glycine used were of reagent grade (G. R., E. Merck). All 
other chemicals used were either of reagent grade purity 
or prepared in the pure state by suitable methods. 

Besides elemental analysis, spectral measurements of glycine 
complex of rhodium (III) furnish further evidence regarding 
the mode of bonding of amino acid in the complex. It is 
well known that an amino acid usually coordinates to a metal 
ion with its amino and carboxyl groups. In some complexes 
of cobalt (III),8»9) however, glycine has been observed to 
act as an unidentate ligand although no such complexes 
of rhodium(III) have been isolated before. The analytical 
results of pentaammine complex clearly indicate the uni­
dentate nature of coordinated glycine molecule. Since 
the complex was obtained from an acidic solution, the amino 
acid retains an acidic proton and is coordinated as a neutral 
ligand in agreement with the elemental analysis. Glycine 
may be bound with the rhodium (III) ion as an unidentate 
ligand either with an oxygen atom of the carboxyl group 
or with the nitrogen atom of the amino group. The results 
of the absorption measurements for the present complex, 
however, suggest that the coordination of glycine correspond 
to the former. The position and intensities of the first and 
second bands of the glycine complex (Amax; 322 nm, eM= 
144.0, Amax; 266 nm, 6M=111.0) corresponding to ^g—» 
1 T l g and 1A lg->1T2g transitions, match very well with those 
of the pentaammine carboxylatorhodium(III) ion7) in which 
the ligand undoubtedly coordinates to rhodium (III) ion 
with its carboxyl group. In accord with the postulate of 
the oxygen-bonded amino acid, IR spectrum of the complex 
shows a close similarity to that of the corresponding Go(III) 
complex, with a strong band at about 1630 cm - 1 assignable 
to G-O stretching band of the coordinated carboxyl group 
and the deformation band of -NH3+ group at about 1490 
cm -1. 

Apparatus and Procedure. The kinetic measurements 
were performed employing a Garl-Zeiss(VSU-2P) spec­
trophotometer with a quartz cell of suitable light path. The 
pH measurements were made using a radiometer pH meter 
with a glass electrode and a reference calomel electrode con­
nected to the experimental solution through 1 M NaCl-
1 M NaC104 salt bridges connected in series. The course 
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Fig. 1. Absorption spectra. 
A: [Rh(NH3)5glyH](C104)3, 0.001 M; B: [Rh(NH3)5-
OH2](G104)3, 0.001 M. 

of the anation reactions of pentaammineaquarhodium(III) 
ion with glycine in weakly acidic media was followed by 
observing the increase in absorbance at 322 nm where the 
molar extinction coefficients of the reacting complex and 
the product differ appreciably (Fig. 1). A sample queching 
technique was used. Ionic strength of the solutions was 
kept constant with sodium Perchlorate. The absorbances 
of the solutions at the end of the reactions were found to be 
in close agreement with those of the solution containing isolat­
ed complex, indicating that under the experimental conditions 
there was no interference due to reverse aquation of the 
glycine complex. The concentrations of the reactants were 
such that the pseudo first order rate law was applicable and 
the pseudo first order anation rate, &0bsd5 w a s evaluated 
graphically for each experiment by plotting log (^oo—A0)/ 
(Aoo—At) versus time (t), where A denotes measured ab­
sorbance and subscripts denote time as usual. Aoo is the 
calculated value for complete transformation of the aqua 
complex to the pentaammine (glycine) rhodium (III) complex. 

R e s u l t s and D i s c u s s i o n 

The pseudo first order rate constant, A:obsd, was 
evaluated under different sets of experimental condi­
tions (viz. glycine concentration, acid concentration, 
temperature and ionic strength). It has been observed 
that at constant p H , (i.e., keeping TQ/TA constant, 
where TQ and TA are the concentrations of total glycine 
and perchloric acid respectively in the experimental 
solution) the rate shows first order dependence on 
total glycine concentration (Fig. 2), and at a fixed 
glycine concentration the rate decreases with increase 
in acid concentration (Fig. 3). The experimental 
conditions were so chosen that the reacting complex 
present in the aqua form and the results are consistent 
with the sequence of changes as delineated below: 

GH + H+ ^=± GH2+ (1) 

R3+-OH2 + GH R3+-OH2...GH (outer sphere 
association) slow 

R3+-GH + H 2 0 

(2) 

(3) 

where R 3 +=Rh(NH 3 ) 5
3 +. 

According to the above scheme, 

*obsd = #0.s..A;'[GH] (4) 

where ^ 0 # s . is the outer sphere association constant. 
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Fig. 2. Dependence of £0bsd on total glycine concentra­

tion (TQ). [Rh(NH3)5OH2*+], 0.001 M; TQ/TA= 
20.0; r A = [ H G 1 0 J ; /*(HC104+NaC104), 1.0. 
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Fig. 3. Dependence of &obsd on total perchloric acid 
concentration (T"A) at constant glycine concentration. 
[Rh(NH3)5OH2

3+], 0.001 M; r G = 0.3 M; /z(HC104+ 
NaC104), 1.0. 

From the protonation equilibrium of glycine (Eq. 1), 
the value of G H in terms of 7^ and TA can be expressed 
in the following manner : 

TQ = [GH] + [GH2+], 

TA = [GH2+] + [H+], 

Ku=TA- [ H + ] / ( r G - r A + [H+])[H+]. (5) 

O n simplifying Eq. 5 and neglecting insignificant [H+]2 

term we have [H+] = r A / ^ H r G - ^ H r A + l . 

Substituting the value of [H+] 

[GH] = r G ( i + r G ^ H - ^ A ^ H ) / ( H - ^ G ^ H ) . (6) 

Hence Eq. 4 can be written as 
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T A B L E 1. VALUES OF THE RATE CONSTANTS AND 

ACTIVATION PARAMETERS ( ^ = 1.0) 

Tëmp 

IG 

60 
70 
80 

Ia> 

1.35 
3.42 
9.36 

kfW M - 1 min - 1 

IP) 

1.47 
3.50 
9.40 

IIP) 

1.38 
3.38 
9.45 

Average 

1.40 
3.43 
9.40 

A # # , 2 2 . 2 ± 1.0 kcal mol- i . A S * , - 9 . 2 e.u. 
a) From kohsd vs. TQ plot at fixed value of TQ/TA. 
b) From intercept of kohsd vs. TA plot at fixed value 
of TQ. C) From slope of kohsd vs. TA plot at fixed 
value of TG. 

T A B L E 2. ACTIVATION PARAMETERS FOR THE REACTIONS 

OF M(NH 3 ) 5 OH 2
3 + IONS 

(M = Co or Rh) 

T~ A/F Ä^ ~ 
System - — —- Ref. 

kcal m o l - 1 e.u. 
Go(NH 3 ) 5 OH 2

3 +/0 1 8 H 2 2 6 . 6 ± 0 . 3 6/7 1 

Go(NH 3 ) 5OH 2
3+/glyH 27 .6 5 .2 11 

29 .0 — 12 

R h ( N H 3 ) 5 O H 2
3 + / 0 1 8 H 2 2 3 . 9 ± 0 . 3 - 3 . 0 2 

R h (NH3) 5OH 2
3+/glyH 22 .2 =fc 1.0 - 9 . 2 Present work 

*obsd = kTQ - kTATQKn/(\ + TQKK) (7) 

w h e r e k=k' 'K0mBm a n d KK = e q u i l i b r i u m c o n s t a n t for 
t h e p r o t o n a t i o n of g lyc ine ( E q . 1). U n d e r t h e ex­
p e r i m e n t a l c o n d i t i o n s t h e va lue 1 0 ) of KK is ca. 200 a n d 
h e n c e TQKK^> 1. C o n s e q u e n t l y E q . 7 m a y b e w r i t t e n as 

^obsd ~ k(TQ — TA) (8) 

~k(\-TA/TQ)TG. (9) 

T h e obse rved d e p e n d e n c e of r a t e o n TA a n d T G m e n ­
t i oned a b o v e a r e in con fo rmi ty w i t h t h e E q s . 8 a n d 9 
respec t ive ly . T h e v a l u e of A: for a n y p a r t i c u l a r t e m p e r ­
a t u r e c o u l d b e e v a l u a t e d i n d e p e n d e n t l y f rom (i) t h e 
s lope of A:obsd vs. TQ p l o t (F ig . 2) a n d also f r o m (ii) 
t h e s lope a n d in t e r sep t of kohsd vs. TA p lo t (F ig . 3 ) . 
T h e va lues t h u s o b t a i n e d a r e in g o o d a g r e e m e n t w i t h 
e a c h o t h e r a n d a r e l isted in T a b l e 1. I n case of a n a ­
t ion of a m i n o ac id c o m p l e x , KQ s r ep re sen t s t h e o u t e r 
s p h e r e c o m p l e x f o r m a t i o n c o n s t a n t b e t w e e n [ R h ( N H 3 ) 5 -
O H 2 ] 3 + a n d t h e a m i n o ac id z w i t t e r i on . A l t h o u g h t h e 
n e t c h a r g e of a m i n o ac id is z e r o , t h e z w i t t e r ion h a s a 
s e p a r a t e d n e g a t i v e c h a r g e o n t h e c a r b o x y l a t e p a r t a n d 
c a n u n d e r g o ion p a i r f o r m a t i o n w i t h m u l t i v a l e n t c a t i o n . 
S ince t h e n e t c h a r g e of g lyc ine z w i t t e r ion is z e ro , t h e 
KQ s v a l u e s h o u l d b e s m a l l e r t h a n those for a n i o n i c 
l i gands . T h e in f luence of ion ic s t r e n g t h o n t h e a n a t i o n 
r e a c t i o n h a s b e e n s t u d i e d a n d t h e v a l u e of r a t e c o n s t a n t 
a t fixed TQ/TA h a s b e e n f o u n d to b e a l m o s t i n d e p e n ­
d e n t of t h e v a r i a t i o n of ion ic s t r e n g t h f rom ju=0.5 t o 
2.0 M of t h e m e d i u m . T h i s l ack of d e p e n d e n c e of r a t e 
o n ion ic s t r e n g t h c lea r ly exc ludes t h e p a r t i c i p a t i o n of 
e i t h e r G~ o r G H 2 + ion as a r eac t i ve species in t h e a n a ­
t ion process . H e n c e , t h e ove ra l l r e a c t i o n is bes t a c ­
c o u n t e d for as a n ion p a i r e q u i l i b r i u m fol lowed b y 
t h e slow i n t e r c h a n g e of t h e b o u n d w a t e r a n d t h e 
e n t e r i n g l i g a n d in t h e ion p a i r . T h e A / / * a n d A S * 
va lues for t h e r e a c t i o n s w e r e e v a l u a t e d in t h e u s u a l 

w a y b y m a k i n g use of E y r i n g e q u a t i o n f rom t h e 
k va lues a t different t e m p e r a t u r e s ( T a b l e 1):. T h e 
a c t i v a t i o n p a r a m e t e r s for t h e w a t e r e x c h a n g e a n d 
f o r m a t i o n of g lyc ine c o m p l e x of s imi la r o c t a h e d r a l 
coba l t ( I I I ) a n d r h o d i u m ( I I I ) complexes a r e col lected 
in T a b l e 2 for t h e sake of c o m p a r i s o n . A pe rusa l 
of t h e resul ts reveals t h a t A / / * va lues for t h e w a t e r 
exchange 2 ) a n d for t h e p r e s e n t sys tem of r h o d i u m ( I I I ) 
c o m p l e x a r e fairly close a n d m u c h sma l l e r t h a n those 
of t h e c o r r e s p o n d i n g c o b a l t ( I I I ) systems.1 '1 1 '*2) O n 
t h e basis of t h e va lues of t h e a c t i v a t i o n p a r a m e t e r s , 
t h e w a t e r e x c h a n g e of [ C o ( N H 3 ) 5 O H 2 ] 3 + a n d r ep l ace ­
m e n t of a q u a l i g a n d b y g lyc ine h a v e b e e n p r o p o s e d 
to t a k e p l a c e b y dissocia t ive m e c h a n i s m . H o w e v e r , 
if t h e s a m e t y p e of m e c h a n i s m is o p e r a t i v e for t h e 
p r e s e n t sys tem, o w i n g to t h e g r e a t e r loss of crysta l 
field e n e r g y o n e w o u l d expec t a h i g h e r e n t h a l p y of 
a c t i v a t i o n for t h e r h o d i u m ( I I I ) c o m p l e x c o m p a r e d 
to a n a l o g o u s a n d i soe lec t ronic (d6) c o b a l t ( I I I ) s u b ­
s t ra tes . T h u s t h e e x p e r i m e n t a l resul ts c a n n o t b e ex­
p l a i n e d b y a b o v e m e c h a n i s m , b u t suggest significant 
b o n d f o r m a t i o n b y t h e r e a g e n t in t h e t r ans i t i on s ta te 
in t h e t r a n s f o r m a t i o n of t h e o u t e r s p h e r e associa ted 
species. M o r e o v e r , a dec rea se of A S * t o w a r d s a 
n e g a t i v e v a l u e , g o i n g f rom c o b a l t ( I I I ) t o r h o d i u m ( I I I ) 
sys tem is a lso in k e e p i n g w i t h a m e c h a n i s m invo lv ing 
a m o r e p r o n o u n c e d p a r t i c i p a t i o n of t h e i n c o m i n g 
l i g a n d in t h e t r ans i t i on s t a t e for t h e l a t t e r . H e n c e , 
o n t h e basis of A / / * a n d A S * va lues it m a y b e con­
c l u d e d t h a t t h e t r a n s f o r m a t i o n of o u t e r s p h e r e c o m ­
p l e x i n t o t h e p r o d u c t occu r s b y a sort of associat ive 
process in w h i c h t h e b o n d m a k i n g a n d b o n d b r e a k i n g 
in t h e t r a n s i t i o n s t a t e p r o c e e d synchronous ly . 

T h e a u t h o r s t h a n k Professor K . Sa i to of T o h o k u 
U n i v e r s i t y , J a p a n , for t h e s a m p l e of R h C l 3 • 3 H 2 0 used 
in t h e p r e p a r a t i o n of t h e t i t le c o m p o u n d s . Helpfu l 
discussions w i t h Professor D . Bane r j ea a r e grateful ly 
a c k n o w l e d g e d . 
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Polarographic investigation of uranyl complexes with potentially bidentate a-, ß-, and y-amino acids have 
been carried out. The Polarographie behaviour of these complexes as a function of pH and ligand concentration 
has revealed the nature of binding to be unidentate carboxylate coordination in the complexes. The amino 
group is not involved in coordination. The relative stabilities of a-, ß-, and y-amino acid complexes are discussed. 

While the chelates formed by amino acids with 3d 
metal ions have been fairly well characterized, the 
amino acid complexes off block metal ions have re­
ceived relatively much less attention. Even among 
the few investigations carried out on uranyl-amino 
acid complexes reports are conflicting regarding the 
chelating ability of the amino acids towards this ion, 
and the effect of ring size and substituents of the com­
plexes. Cefola et al.,1) Farooq et al.9

2) and Tewari 
et al.*) have postulated chelation involving the carboxyl 
oxygen and the amino nitrogen in uranyl complexes 
with glycine, a-alanine, asparagine and glutamine, 
while Li et al.*) and Feldman et al.5) have suggested 
that the amino nitrogen is not involved in coordination 
in uranyl complexes of glycine, serine, aspartic acid 
and glutamic acid. 

The present investigation is oriented primarily 
towards establishing the nature of binding in uranyl 
complexes with simple amino acids, i.e. to find whether 
complexation occurs through the amino nitrogen and 
carboxyl oxygen leading to chelation or whether the 
ligand is bound only through the carboxyl oxygen. 
When a complex is reduced under Polarographie condi­
tions, the magnitude of the shift in E1/2 relative to 
the simple aqua ion is a measure of the stability of 
the complex. A chelate complex shows, because of 
its higher stability, a much larger shift in Ex/2 than 
a non-chelate one. Further the amino acid ligand 
(anion) on liberation from the complex undergoing 
Polarographie reduction gets protonated depending on 
p H conditions. A study of the Polarographie behaviour 
under varying p H conditions yields useful information 
on the way in which the ligand is bound as an anion 
or as a zwitter ion and so on, from which the nature 
of binding can be inferred.6'7) Stability constants 
obtained from Polarographie measurements of the 
complexes are reported. 

Exper imenta l 

The effect of varying pH on the Ex/2 of uranyl complexes 
at constant concentration of ligand and the effect of varying 
ligand concentration on E^ at constant pH were investigated 
by measuring the Ex/2 values for solutions containing 8 x 
10~4 M (M=mol dm -3) U02(G104)2 maintained at a constant 

tt Abstracted in part from the Ph. D. Thesis submitted 
by K. Rengaraj to the University of Madras, 1978. 

ionir strength of 0.1 M with respect to NaC104 and at a 
temperature of 30.0±0.1 °G. The polarograms were record­
ed with an automatic Metrimpex type OH 105 Universal 
Polarograph with a three-electrode set up. Some of the 
complexes were studied with a manual set up consisting of 
the Polarographie bridge of Physics Instruments Co., in 
conjunction with a Multiflex galvanometer for measuring 
diffusion currents and a Leeds Northrup K 3 Universal 
Potentiometer for measuring the applied potentials. The 
electrode characteristics were: h=40.0±0.5 cm, £=3.85 s, 
and m2/3jV6=r4.25 mg2/3 s-1/2. The Ex/2 values were measur­
ed to an accuracy of ±0 .5 mV and were reproducible to 
± 2 mV. The reversibility of each system studied was check­
ed by logarithmic analysis or by measuring the difference in 
Ej/4 — £"3/4 values. The reduction of U 0 2

2 + ion was found to 
be a reversible one electron process with an Ex/2 of —0.175 V 
(vs. SGE). 

Gonductometric titrations of the sodium salts of the ligands 
against uranyl Perchlorate were performed for determining 
the maximum number of ligand molecules coordinated to 
the uranyl ion. A direct-reading conductance meter (Tosh-
niwal Conductivity Analyser type L 01.06) provided with 
a cell of cell constant 0.738 was used. All pH measure­
ments were made with an Elico pH meter (Model L I.10T). 
The dissociation constants of the amino acids were determined 
potentiometrically. All the chemicals used were of BDH 
or Fluka puriss grade. 

R e s u l t s and D i s c u s s i o n 

The ligands chosen were glycine, DL-a-alanine, DL-
2-aminobutyric acid, /^-alanine, 4-aminobutyric acid 
and isobutyric acid, all except the last one potentially 
bidentate ligands capable of forming five-, six-, or 
seven- membered rings. Isobutyric acid was chosen 
as a reference ligand having only unidentate function 
through its carboxyl group. A comparison of the 
shift in £1/2 for Polarographie reduction of the amino 
acid complexes with that for the isobutyrate complex 
would show whether chelation occurs or not, and if 
it occured, yield information correlating ring size and 
stability of the complex. 

Effect of p H on the E1/2 of the Complexes. The 
manner in which E1/2 depends on p H often provides 
useful information regarding the electrode reactions 
and the different species existing under different p H 
conditions and thus the mode of binding in the com­
plex. 

The coordinating (donor) atom exists in the protonat-
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T A B L E 1. STABILITY CONSTANTS OF URANYL COMPLEXES 

OF a-, /?- AND y-AMINO ACIDS 

Fig. 1. Uranyl-a-amino acid complexes: plot of pH 
vs. Ex/2. 1 : Glycinate, 2 : a-alaninate and 3 : DL-2-
aminobutyrate. Concentrations : [U02

2 +] = 0.0008 M, 
[glycine] = 0.1067 M, [a-Alanine] = 0.09114 M, [2-
aminobutyric acid] = 0.1063 M. 

ed form over a range of p H , and complexation takes 
place with deprotonation. O n Polarographie reduc­
tion of the complex, the liberated ligand will recom-
bine with protons if p H conditions suit such protonation. 
In solutions of p H greater than the pK of the coordinat­
ing group, protonation would not occur. If, however, 
the solution p H is below the pK of the coordinating 
group, the released ligand will get protonated. A plot 
of the variation of the measured E1/2 with p H would 
show breaks corresponding to the pK values of the 
coordinating groups present in the ligand. 

For the potentially bidentate amino acid with amino 
and carboxyl groups as possible coordinating groups 
the following relationships between E1/2 and p H are 
valid. 

1. At p H < p ^ C 0 0 H < p ^ N H 3
+ : 

0.0591, 
E1/2 — E°a — -logÄvi 

0.0591 
-P logJCACL-]-

n 

2. At p H = p ^ C 0 0 H < p H < p ^ N H 3 

0.0591 

2 Z - ^ L P H . 

•#1/2 E°- -l0g/?M 

0 - 0 5 9 1 i ^ r r i 
-P logiC2[L-] 

3. A t p H > p ^ N H 3
+ > P ^ C O O H : 

0.0591 
El/2 = E°- -l0g/?M 

0.0591 
Z pH. 

0.0591 
P log[L-]. 

Here Kx and K2 correspond to pKcoon and P^NH 3
+ 

respectively. E1/2 is the half-wave potential of the 
complex and E° is the standard reduction potential 
of the cation — E1/2 of the uncomplexed aqua ion; 
/?MLp is the overal stability constant of the complex 
ML p , and Z is the number of protons involved in the 
electrode reaction. 

The slope d(2£1/2)/d(pH) of each region of the E1/2 

vs. p H diagram is equal to 0.059 \jn Z, where Z is the 
number of protons involved in the electrode reactions 
which will be 2, 1, and 0 at p H < p ^ C 0 0 H , P ^ C O O H < 
pH<p#NH3

+ , and pH>pÄ"NH3
+>p^0ooH> respectively. 

Uranyl-ÖL-Amino Acid Complexes. The variation 
of E1/2 as a function of p H was investigated between 

Complex 

Dissociation 
constants 

of ligands 

P-^COOH 

Glycinate 
a-Alaninate 
2-Aminobutyrate 
/?-Alaninate 

4-Aminobutyrate 

Isobutyrate 

2.45 
2.48 
2.36 
3.60 

4.04 

4.76 

P ^ N H 3
 + 

9.69 
9.67 
9.60 

10.07 

10.26 • 

— 

pH range 

2.5—4.0 
2.7—4.0 
2.7—4.0 
3.5—4.3 

p . 00—4.10 
and 

4.1—5.4 
3.00—4.8 

log£U0 2-
(HL)2*+ 

2.14 
2.15 
2.12 
3.49 

4.44 

5.66a> 

a) logj9ML2 

p H 1.80 and 4.0 with all the three a-amino acid com­
plexes. The E1/2 vs. p H diagrams (Fig. 1) show breaks 
at p H values 2.35 for glycinate, 2.70 for a-alaninate, 
and 2-aminobutyrate complexes. T h e P^COOH values 
of these acids are presented in Table 1. Below p H 
1.80 the E1/2 values were found to be independent 
of p H with a constant value of —0.175V (vs. SCE). 
Since this is the E1/2 of the uncomplexed aqua uranyl 
cation, the inference is that no complexation occurs. 
Beyond p H 4.0 the polarograms were distorted possibly 
due to hydrolysis. In the region of p H > p ^ C 0 0 H , 
the Ex/2 values were very nearly independent of p H 
upto about p H 4 in all the cases. With the experi­
mental p H below the P^NH 3

+ of the acids concerned, 
the amino group, if involved in coordination, would 
get protonated at the electrode surface on liberation 
when the complex undergoes Polarographie reduction. 
No such protonation was indicated from the experi­
mental studies. The inference is that the amino group 
is not involved in coordination. In other words, no 
chelate ring is formed. 

The effect of the ligand concentration was investi­
gated at p H 3.15±0.1 for glycinate, 3.25±0.1 for a-
alaninate, and at p H 3.5rt0.1 for 2-aminobutyrate 
complex. The plots of E1/2 vs. logHL10> for all the 
three complexes gave a (p-q) (where p and q are 
the number of ligands attached to the metal in the 
oxidised and reduced forms respectively) value of two 
in the ligand concentration range of 0.17—0.6 M. 
Since Polarographie reduction of the complexed ( U O ) | + 

ion occurs only to the lower oxidation state ( U 0 2
+ ) 

and not to the metallic state, the variation of Ex/2 

with ligand concentration will indicate only the dif­
ference in the number of ligands coordinated to the 
higher and lower oxidation states and thus only the 
ratio of stability constants of the complex between the 
oxidized and reduced forms can be determined.8) 
However, if the absolute value of '/>' or cq' is known, 
it is possible to calculate the individual stability con­
stants.9) The value of jfr' was found to be two from 
conductometric titrations. Figure 3 gives the con-
ductemetric titration of the sodium salt of a-alaninate 
against uranyl Perchlorate. T h e break at 5 ml of 
uranyl Perchlorate corresponds to the formation of 
the complex species with the metal : ligand ratio of 
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Fig. 2. Variation of Et/2 with pH for uranyl complexes. 
1 : /?-Alaninate, 2: 4-aminobutyrate and 3 : isobutyrate. 
Concentrations : [U02

2+] = 0.0008 M, [^-alanine] = 
0.1007 M, [4-aminobutyric acid] = 0.1008 M, [iso-
butyric acid] = 0.100 M. 

1:2. The value of 'p\ the maximum number of 
ligands coordinated to the metal is thus 2. Since 
(p-q) values determined polarographically are also 
found to be equal to two, it is evident that V is zero 
and that U O a

+ ion does not form a complex. The 
stability constants of the complexes calculated using 
Lingane equation10) give the log ß M(HD22+ values pre­
sented in Table 1. 

The similarity in the nature of binding in these 
complexes is evident from (a) the identical nature 
of the E1/2 vs. p H curves, (b) the similar AE1/2 values 
for similar concentrations of the ligands under similar 
conditions of p H and (c) the close similarity in the 
log/?M(HD2

2+ values. The low log/?M(HD22
+ values are 

indicative of the absence of chelation. The electrode 
reaction for all the three complexes may be expressed 
in the general form (at pH>p^T C 0 0 H ) 

U02(HL)2
2+ + e- ^ = ^ U0 2+ + 2HL, 

H L being the zwitter ion of the type of H 3 N + - C H 2 -

coo-. 
Uranyl-ß-Alaninate Complex. The variation of 

E1/2 with p H investigated in the p H region of 1.90— 
4.90 indicated that below p H 1.90 complexation did 
not occur and beyond p H 4.90 the polarograms were 
distorted. The E1/2 vs. p H diagram (Fig. 2) showed 
a break at p H 3.5 corresponding to P^COOH °f /^-alanine 
(cf. Table 1). In the p H region between 2.75 and 
3.5 the d(E1/2)/d(pH) slope has a value of 0.055 cor­
responding to the involvement one proton per metal 
atom in the reduction process. The variation of Ex/2 

with ligand concentration indicated the (p-q) value 
to be one. However, conductometric titrations of the 
sodium salt of ^-alanine with uranyl Perchlorate indicat­
ed the value of '/>' to be two. It is evident that one 
ligand molecule is coordinated to the U 0 2

+ ion. T h e 
electrode process may be formulated as (at p H < 
P^-COOH) 

U02(HL)2
2+ + H+ + e- ; = ^ U02(HL)+ + H2L+ 

co 0-6 

0-2 

es 
«J 
+-> 
o 
3 

-ö 
ö 
O 

u 

^s'/ 

/ 

5 10 
Volume of uranyl solution/cm3 

Fig. 3. Concudctometric Titration of sodium salt of 
a-alanine vs. uranyl Perchlorate. 10 ml of ligand 
(0.08072 M) +100 ml water titrated against uranyl 
Perchlorate (0.0801 M). 

H2L+ being the species H 3 N + - ( C H 2 ) - C O O H . 
In the p H region beyond pKC00u, the E1/2 values 

were very nearly independent of p H upto about p H 
4.30, beyond which once again the El/2 values became 
p H dependent possibly due to hydrolytic reactions 
and formation of hydroxo species. The fact that 
protons are not involved in the reduction process 
in the p H region between 3.5 and 4.3 leads to the 
inference that the amino nitrogen is not coordinated 
to the metal atom. The plot of E1/2 vs. log H L indicat­
ed the value of (p-q) to be two in the ligand concentra­
tion range of 0.1 to 0.7 M. Since the value of '/>' 
determined conductometrically was also equal to two, 
Y was taken to be zero meaning that U 0 2 + ion was 
not complexed. The electrode reaction in this region 
is expressed by the following equation at pKcoon< 
pH<p^NH3

+> 
U02(HL)2

2+ + e- ^ = ^ U02+ + 2HL. 

The stability constant was calculated using Lingane 
equation, and the log/?M(HD2

2+ value was found to be 
3.49±0.05. 

Uranyl-4-Aminobutyrate Complex. The variation 
of E1/2 with p H (Fig. 2) indicated that below p H 
1.70, UOa+ ion was not complexed and beyond p H 
5.4, precipitation occurred for a metal concentration 
of 8 X 10~4 M and ligand concentration of 0.1 M. The 
break corresponding to P^ C OOH (4.04) was observed 
at p H 4.10. In the p H region 3—4.1 the number 
of protons involved in the reduction was found to be 
two. The E1/2 values were independent of p H at 
p H > p ^ C O O H , clearly indicating the absence of co­
ordination by the amino nitrogen. T h e variation of 
E1/2 with ligand concentration investigated at p H 4.9 
indicated the value of (p-q) to be two, and the value 
of cp' was found to be two from conductometric titra­
tions. The electrode processes between p H 3.00 and 
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4.10 ( p H < p t f 0 0 0 H ) 

U02(HL)2
2+ + 2H+ + e- ^ = ^ U0 2+ + 2H2L+, 

and at p H 4.9 ( p H > p t f 0 0 0 H ) 
U02(HL)2

2+ + e- ; = i U02+ + 2HL. 

The log/?M(HL)2
2+ calculated using the Lingane equation 

was found to be 4 .44±0.05. 
Urahyl-Isobutyrate Complex. Below p H 2.0 com-

plexation of uranyl was not observed and above p H 
5.7 the metal precipitated. The break inj the Ex/2 

vs. p H relationship (Fig. 2), was observed at 4.8, the 
P^coofi °f t n e ligand being 4.76. In the p H region 
below P^COOH t n e d(£ ,

1 /2)/d(pH) has a value of 0.11 
corresponding to the involvement of two protons in 
the reduction process. The effect of ligand concentra­
tion on E-L/2 was investigated at p H 3.05. The plot 
of Ex/^ vs. log L~ gave a value of two for (p-q) and 
the value of cp9 was found to be two from conductometric 
titrations. The stability constant (log /W 2 ) was found 
to be 5.66zt0.10. The electrode process may be 
formulated as ( p H < p ^ C 0 0 H ) 

U0 2 L 2 + 2H+ + e- ^ = ^ UO+ + 2HL. 

Conclusions. The AE±/2 values for the typical 
amino acid complexes of uranyl reported here are 
lower than that for the unidentate complex formed 
by isobutyric acid. So are the log /?M(HL)2

2+ values. The 
results clearly indicate that the amino acids do not 
form chelate complexes with uranyl ion. Furthermore, 
the carboxyl group itself is rendered a poorer complex-
ing site because its basicity is lowered by the proximity 
of the more basic amino group in the same molecule. 
I t may be seen from the figures that AEj2 for uranyl 
ion in the presence of a-, /?-, and y-amino acids are all 

lower than the value in the presence of isobutyric 
acid for similar conditions of p H and ligand concentra­
tion. If chelate rings had been formed, the AE1/2 

values would have been larger. 
The range of p H in which the complexes undergo 

reduction reversibly before hydrolysis sets in is also 
indicative of the relative stabilities of the complexes. 
For a-amino acid systems the maximum p H upto which 
hydrolysis can be neglected is 4.0, 4.9 for /?-alaninate, 
5.4 for 4-aminobutyrate, and 5.7 for isobutyrate com­
plexes. 

The order of stability of uranyl complexes in the 
present investigation turns out to be isobutyrate>4-
aminobutyrate>/?-alaninate> glycinate = a-alaninate = 
2-aminobutyrate. This order clearly points to the ab­
sence of chelation in uranyl amino acid complexes. 
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Synopsis. An interaction of quinone compounds 
such as tetrachloro-p-benzoquinone and />-benzoquinone with 
surface hydroxyl groups of a p-type GaP electrode seems to 
play an important role in determining the magnitude of 
photovoltage in acetonitrile solutions. The same holds for 
p-type InP and Si. 

The maximum photovoltage at an illuminated 
semiconductor electrode in a redox electrolyte is equal 
to the potential difference between the flat-band poten­
tial of the electrode Eîh and the redox potential of 
the electrolyte.1) In aqueous solutions, Eth is in many 
cases a function of the solution p H , not being influenced 
by the redox species. Thus, a theoretical maximum 
photovoltage can be estimated easily by using Eth 

measured in a base electrolyte into which a redox 
species is added. However, this may not be true 
in nonaqueous electrolytes,2) although the invariance 
of Efh has sometimes been assumed.3-5) This note 
reports on the finding that the interaction of an organic 
redox species with hydroxyl groups of the electrode 
surface changes Efh to a large extent. 

Exper imenta l 

p-Type GaP, InP, and Si were used. Etching of GaP 
and InP was carried out with HCl, and that of Si with GP-
4A.6> Immediately after chemical etching, the electrodes 
were washed with de-ionized water for 15 min, followed by 
rinsing with acetonitrile (AN), and finally dried under 
evacuated conditions. An Ag wire immersed in AN contain­
ing 0.01 mol dm - 3 AgN03 was used as a reference electrode. 
The potential given in this paper refers to this electrode. 

Acetonitrile was purified according to the procedure report­
ed.7) Tetraethylammonium Perchlorate (TEAP) as a sup­
porting electrolyte was prepared in this laboratory. Its 
concentration was usually 0.1 mol dm - 3 . Tetrachloro-p-
benzoquinone (Ghloranil GA) and />-benzoquinone (BQ) 
used as redox species were of reagent grade. The redox 
electrolytes of CA/CA" and BQ/BQ/" were prepared by 
electrolyzing GA and BQin TEAP/AN at -0 .45 and - 0 . 9 5 
V, respectively, where GA~ and BQJ denote the anion 
radicals of GA and BQ. A 500 W xenon lamp was used as 
a light source. 

R e s u l t s and D i s c u s s i o n 

BQ, and CA were found to be reduced almost revers-
ibly to give BQ7~ and GA"7", respectively, making it 
possible to estimate the formal potential E° of BQ/BQ7" 
and C A / C A " from the halfwave potentials of the reduc­
tion reaction,8»9) the estimated E° being —0.81 and 
—0.31 V, respectively. The value of Efh of p-type 
Si reported4) is ca. —0.4 V ; that of p-type G a P would 

be ca. 0.8 V, as judged from the reported value for 
n-type GaP.2) The value of Efh of p-type I n P deter­
mined in TEAP/AN is ca. 1.2 V. Although the re­
producibility is poor, it is not a serious problem. If 
the redox species has no significant influence on Efh, 
the maximum photovoltage values given in Table 1 
would be expected. In the case of I n P the potential 
difference between Efh and the redox potential exceeds 
the bandgap of InP, so that no electrochemical equi­
librium can be established. 

The open circuit potentials of the semiconductor 
electrodes in the dark were almost equal to the redox 
potentials of the electrolytes. When illumination 
of 1.8 W/cm 2 was made, the electrode potential shifted 
anodically by the amount of the photovoltage (Table 
1 ). T h e photovoltage increased by 60—80 m V with 
increasing illumination intensity from 0.18 to 1.8 W/cm2 , 
gradually tending to saturation. This suggests that the 
maximum photovoltage cannot be achieved even 
under imaginary intense illumination conditions. In 
addition it should be noted that (1) the photovoltage 
appeared in the system where it was not expected 
(Si-CA/GA"7"), and (2) almost the same photovoltage 
was obtained at the same electrode independent of 
the kind of the redox electrolyte. These results suggest 
that Efh is variable in such a manner that the more 
negative the redox potential of a chemical species 
added to TEAP/AN, the larger the negative shift of 
Efh. This was investigated in detail for p-type GaP. 

Values of Efh of a p-type G a P electrode in a variety 
of electrolytes, obtaihed by Schottky-Mott plots of 
the electrode capacitance, are given in Table 2. The 
capacitance was measured at 0.5, 1.0, and 5 kHz, 
the same Eth being obtained. However, Efh was scat­
tered to about ± 0 . 2 V when pre treatment of the elec­
trode was repeated in each run. T h e scatter was 
large enough to shadow a small change in Eth which 

T A B L E 1. T H E MAXIMUM PHOTOVOLTAGE PREDICTED 

AND VALUES EXPERIMENTALLY OBTAINED WITH 

ILLUMINATION OF 1 . 8 W/cm 2 

Electrode Redox speciesa> AEm&x/V AEe^pt/V 

p-Si 
p-Si 
p-GaP 
p-GaP 
p-InP 
p-InP 

BQ/BQ7 
GA/GA" 
BQ/BQ7 
GA/GA^ 
BQ/BQ; 
GA/GA~ 

0.4 
0 
1.6 
1.1 
— 
— 

0.23 
0.21 
0.40 
0.42 
0.41 
0.42 

a) The concentration was 9.1 x 10~3 mol dm - 3 GA/ 
7.1x10-4 mol dm"3 CA~, and 8 .5x10~ 3 mol dm"3 

BQ/6.6 X 10-4 mol dm"3 BQJ. 
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TABLE 2. FLAT-BAND POTENTIAL OF A P-TYPE GaP IN 

A VARIETY OF ACETONITRILE SOLUTIONS 

Solution*1) EttJV 

1 
2 
3 

4 

5 

6 • 

a) M 

0.1 M TEAP/AN 
0.01 M CA 
0.01 M 

f 1.0x10-
1.0x10-
1.0x10-
4 .6x10-
4 .6x10-
4 .1x10-

[ 5 .6x10-
5.6x10-

[ 5 .6x10-

" = mol dm" 

BQ, 
4 M GA 
3 M GA 
2 M GA 
3 M HG1 
2 M HG1 
1 M HG1 
2 M HC1+1 
2 M HC1+1 
2 M HC1+1 

- 3 

. 0 x 

.Ox 

. 0 x 

îo-
îo-
îo-

4 M GA 
3 M GA 
2 M GA 

0.75 
0.3 

- 0 . 3 
0.6 
0.5 
0.4 
0.72 
0.78 
0.84 
0.80 
0.80 
0.80 

should have been brought about by changing the 
electrolyte from one kind to another. Thus, the pre-
treatment of the electrode was made only at the begin­
ning of a series of runs. In this way, a small change 
was noticeable. 

The following results were obtained. (1) Addition 
of GA and BQ, to the base electrolyte of TEAP/AN 
greatly shifts Efh towards negative potentials. The 
shifts is higher for BQ, than for CA. (2) Efh shifts 
cathodically with an increase in the concentration 
of GA, but a reverse tendency was obtained in the 
case of HCl . (3) When H C l and CA coexist, Efh 

is primarily determined by HCl . T h e results were 
obtained in the electrolytes containing 150—500 p p m 
water. The water content increased steadily during 
the course of measurements, and it was not possible 
to clarify the effect of water on Efh. A trial was made 
to decrease the water content to 34 p p m in the initial 
stage of the measurments, but no appreciable difference 
was observed. 

The results (1)—(3) show that a dissociative equi­
librium of surface hydroxyl groups of the electrode 
with the electrolyte should be a principal factor in 
determining Efh. The positive shift of Efh by addition 
of HCl should be related to 

- G a O H + H+ ^ Ga+ + H 2 0 (1) 

as in the cases of aqueous solutions.10) O n the other 
hand, the negative shift by addition of the quinone 
compounds indicates that negatively charged sites 
become abundant at the electrode surface by the addi­
tion. A tentative model for explanation is 

- G a O H + Q, ^ GaO- + QH+ (2) 

where Q denotes the quinone molecule. The magni­
tude of the change in Efh caused by the addition of 
a quinone compound to the base solution of TEAP/AN 
would be high for a molecule having a large effective 
electron density of the quinone ring, which is in agree­
ment with the results. B Q / B Q " has a more negative 
E° value than CA/CA"7". A large photovoltage is 
expected for the former redox electrolyte than the 
latter if Efh does not differ a great deal. However, 
the larger negative shift of Efh in the former cancels 
the advantage of E°, so that almost the same pho­
tovoltage is obtained. 

Equation 2 gives a tentative explanation of the 
observed phenomena. Any model is applicable if the 
formation of negative sites by addition of quinone 
compounds is reasonably explained. The interaction 
of organic species with the electrode surface was 
postulated in the case of GaAs in AN solutions,11) but 
its mechanism has not been clarified. 

According to the present results, the invariance 
of Efh may be expected when complete elimination 
of hydroxyl groups on the electrode surface is achieved. 
In order to prepare such an electrode, anodic polariza­
tion of the electrode in an electrolyte free of water 
may be useful. However, the preparation of such 
an electrolyte is practically difficult at least for AN,12) 
so that Efh will be varied more or less by adding an 
organic redox species to AN solutions. 
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Synopsis. The infrared emission spectra of CO s 

were observed by means of a rapid-scan infrared spectrometer 
during the explosion of C O - 0 2 in a cylindrical vessel. The 
R-branch band heads of 001-000 and 011-010 were detected. 
The time dependences of the emission intensities of these 
band heads, V^VQ, and 2v2-\-v3, were studied. 

It is well known that infrared emissions due to C 0 2 

are observed in a GO—air flame; past studies have 
been reviewed by Gaydon.1) However, there have 
been very few studies of the G O a emission spectra in 
the explosion of a C O - 0 2 mixture by means of a rapid-
scan spectrometer other than those by Bullock et al.2*3) 
As previously reported,4) we constructed a new rapid-
scan spectrometer which had a better resolving power 
than that of Bullock. This paper will be concerned 
with the detailed spectra and the time dependence of 
each band after the explosion. 

The rapid-scan infrared spectrometer was con­
structed by modifying a Shimadzu IRG-27 apparatus 
which is equipped with an oscillating mirror and a 
PbSe detector. The details of the optics and electronic 
circuits for synchronization have been described else­
where.4) The scan time was 10 ms. The scan rate 
was 125 crrr^/nis at 3000 c m - 1 and 12 cn r^ /ms at 
500 cm - 1 . The time interval of the repetition was 
20 ms. The observed resolving power was 15 c m - 1 

at 3000 cm- 1 , with the slit width of 700 (xm. 
The explosion was provoked by a spark discharge. 

A pyrex cylindrical vessel of 70 m m 0 and 40 cm long 
was used for the reaction. The vessel had electrodes 
at one end and an optical window 12 cm away from 
the electrodes. The GO and O a were passed through 
a liquid nitrogen trap before they were used. The 
total pressure was 225—350 m m H g . All the spectra 
were recorded at the slit width of 500 [Jim. 

Some typical emission spectra after the explosion 
are shown in Figs. 1(a) and (b). In Fig. 1(a), well-
resolved R-branch band heads due to the 001-000 
and 011-010 transitions are observed at 2401 and 
2389 c m - 1 respectively. The bands in the band-
head region are very similar to those in the spectrum 
obtained in the stationary flames of GO and 0 2 by 
Benedict.5) Two absorption bands are observed. 
One is the self absorption of C 0 2 at around 2350 c m - 1 , 
while the other is the absorption due to unreacted 
GO at around 2150 cm- 1 . The band shape of GO 
seems very broad because the linearity of the sweeping 
time with the wave number is not established beyond 
7.5 ms, as has been described in a previous report.4) 
The emission band maximum of the C 0 2 fundamental 
seems to be at around 2280 c m - 1 immediately after 
the explosion. The rise and decay of this band maxi­
m u m was more rapid compared with the other bands. 

As is shown in Fig. 1(b), broad emission bands at 

3480 c m - 1 and a shoulder at 3700 c m - 1 are observed. 
The weak, fine structures observed of these bands 
are considered to be due to the absorption of the H 2 0 
in the optical path . The 3480 cm" 1 and 3700 cm" 1 

bands were assigned to the 021-000 and 101-000 
transitions respectively. When 5 m m H g of H 2 0 are 
added, the explosion proceeds vigorously, as is well 
known. The emission spectra are shown in Figs. 
2(a) and (b). Again, bands similar to .those seen 
in Fig. 1 appeared, but the emission intensity of each 
band, especially that at 2280 c m - 1 , were very much 
higher than in a dry mixture at the initial stage. 

The time dependences of the combination bands 
and the fundamental band heads are plotted in Figs. 
3 and 4. In the explosion shown in Fig. 3, the time 
for the flame fromt to run across the optical window 
was estimated to be less than 10 ms. The rise time 
of the emission to the peak intensity in Fig. 3 is 70— 
80 ms, which is much longer than the value given 
above, and GO was found to decrease during the emis­
sion rise. These facts suggest that the emission-rising 
process is caused by the combustion occurring after 
the flame front has passed and that the emission-decay 

Q 5 10ms 
•IIÉIÉ U*»ß*IW&UUIlM)IUIMIk.Mlllii^ 

Fig. 1. The emission spectra in the explosion of GO/02 . 
GO 150 and 0 2 75 mmHg. 5 mV/div and 1 ms/div. 
Center wave number is 2350 cm - 1 in (a) and 3640 
cm - 1 in (b). The spectra were recorded with the slit 
width of 300 pim in (a). 
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200 

(b) 3700 3640 3480 

Fig. 2. The emission spectra in the explosion of GO/ 
0 2 / H 2 0 . GO 150, 0 2 75 and H 2 0 5 mmHg. 5 mV/ 
div and 0.5 ms/div. The center wave number are 
the same as in Fig. 1. 

process is the cooling process. I t may be seen in Fig. 
3(a) that the rises and decays of the two combination 
bands are similar. O n the other hand, in the band-
head region, as is shown in Fig. 3(b), the rise times 
of the 001 band and the 011 band are about the same, 
but the decay of the 011 band is faster than that of 
the 001 band. Then the intensities of the two bands 
are reversed after 300 ms. In H 2 0 - a d d e d mixtures, 
the rise and the decay of the emission bands are con­
siderably increased. In this case, the reversing of 
the intensities in the band-head region occurred early, 
at 60 ms, as is shown in Fig. 2(a) . "Afterglows" 
appeared during the emission-decay process, as is 
shown in Fig. 3. Bullock had already observed the 
"afterglows," but only in the self-absorption region. 
However, in this experiment they were observed in 
the combination bands and band heads, and not in 
the region of the absorption or on the low-frequency 
side of the emission. Figure 4 indicates that the com­
bination band decayed faster than the fundamental 
band head. Such differences in the decay rate were 
observed also when excess 0 2 or N 2 was added to C O -
0 2 stoichiometric mixtures. In the 0 2 - r ich mixtures, 
the decay rates of the combination bands and the 
two band heads increased to about an equal extent, 
but when 20 m m H g of N 2 was added, only those of 
the band heads increased. I t should be pointed out 
that different time dependences were observed between 
the two band heads and between the band heads and 
the combination bands in the cooling process, although 
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Fig. 3. Time dependence of the emission intensity in 
the explosion of CO/0 2 . 
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Fig. 4. Time dependence of the emission intensity in 
the explosion of CO/0 2 /H 2 0 . 

the reason for this is not clear. 

We are greatly indebted to Mr. Yuji Matsui of 
Shimadzu Seisakusho, Ltd., for the design and con­
struction of the optics of the intrument. We also 
wish to thank Messers Ikuo Murai and Masatoshi 
Kitaichi for their help in making the spark-discharge 
circuits. 
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Synopsis. The dissociation constants pi£(BH+) of 
five protonated monoamines in propylene carbonate have 
been determined potentiometrically using a glass electrode 
which was calibrated in a picric acid-picrate buffer solution. 
The p#(BH+) values found at 25 °G were 10.1 for aniline, 
11.9 for pyridine, 15.9 for ammonia, 17.0 for 1,3-diphenyl-
guanidine, and 17.9 for triethylamine. 

The dissociation and homoconj ligation constants of 
several acids (HA) have been determined in propylene 
carbonate,1) the results of which showed that propylene 
carbonate is a somewhat stronger base than acetonitrile, 
being of the same order of strength as acetone. In 
the present paper, the dissociation constants, pi£(BH+), 
of five protonated monoamines (BH+) in propylene 
carbonate are presented. The pi£(BH+) values were 
obtained potentiometrically using a glass electrode 
which had been shown to respond with a Nernstian 
slope to paH in propylene carbonate. In each mea­
surement, the electrode was calibrated in a picric 
acid-tetraethylammonium picrate buffer solution, the 
paH of which was calculated from the pKÇRA) of 
picric acid of 9.30.1) 

Exper imenta l 

Materials. Propylene carbonate was a synthetic grade 
Merck product and purified as described in a previous report.1) 
The water content of the purified solvent was less than 0.005%. 
Aniline, pyridine, 1,3-diphenylguanidine, and triethylamine 
were analytical reagent grade products (Wako Chemicals 
Co.), and purified by the method of Goetzee and Pad-
manabhan.2) Pyridine was distilled from potassium hydrox­
ide and then from barium oxide.3) Ammonia was drawn 
into the propylene carbonate and the concentration of the 
resulting solution was determined by titration with perchloric 
acid. 

The Perchlorates of aniline, pyridine, 1,3-diphenylguani­
dine, triethylamine, and ammonia were prepared by neu­
tralizing the bases with 70% perchloric acid, followed by 
recrystallization and careful drying in vacuo.2) In the neu­
tralization of triethylamine and the recrystallizations of the 
Perchlorates of pyridine, 1,3-diphenylguanidine, and triethyl­
amine, ethanol was used as the solvent. 

Potentiometrie Measurements. Potentiometrie measure­
ments were conducted at 25.0±0.5 °G as previously reported.1) 
In the pßH measurement of mixtures of a base and its Per­
chlorate, 50 ml of the Perchlorate solution was placed in 
the cell and appropriate volumes of the stock solution of 
the base were titrated to change the value of log(CBH+/CB) 
from +1.0 to — 1.0. Before and after each titration, the 
glass electrode was checked in the standard buffer solution 
(4x 10~3 mol dm - 3 picric acid and 4 x 10~3 mol dm - 3 tetra-
ethylammonium picrate) of pöH 9.33. The potentials ob­
tained in the standard buffer solution before and after each 
titration agreed within ± 1 mV. 

R e s u l t s a n d D i s c u s s i o n 

Typical results of the Potentiometrie measurements 
are shown in Table 1. In this case, 50 ml of 3.0 X 
10~3mol dm~3 pyridinium Perchlorate in propylene 
carbonate was titrated with 3.0 mol d m - 3 pyridine 
in the same solvent. The pK(BH+) value was cal­
culated according to Eq. 1, 

ptf(BH+) = paH + log C B H / B H * (1) 

where log / B H + = - 0 . 6 9 C B H +
l / 2 . 1 ) In Table 1, the 

pK(BU+) values for log (CBH*/CB) between + 1 . 0 and 
— 1.0 are constant within ±0 .02 . The titrations 
were conducted three or four times for each of the 
five protonated monoamines. In all cases, the values 
ofpK(Bîî+) in each titration were nearly constant (the 
largest standard deviation, 0.06). This indicates that 
under the experimental conditions the reaction B H + = 
B + H + predominates in solution. 

In Table 2, the pK(BH.+) values obtained are sum­
marized. The standard deviations of the pK(Bïî+) 
values in Table 2 are equal to or less than 0.1. But 
since the Nernstian response of the glass electrode 
was verified only at the pàH. range between 5 and 
10,1) it seems better to consider that the uncertainties 
of the pK(BH+) values are about ±0 .15 pK units.4) 

The values of pX(BH+) in propylene carbonate 
are smaller than those in acetonitrile by approximately 
0.5 pK units (except in the case of 1,3-diphenylguani­
dine where the difference is 0.9 pK units). As reported,1) 
propylene carbonate is a 10 to 40 times stronger 

TABLE 1. POTENTIOMETRIC DETERMINATION OF pA^(BH+) 

OF THE PYRIDINIUM ION IN PROPYLENE CARBONATE11) 

log (CBWCB) 

+ 1.00 
+ 0.70 
+ 0.40 
+ 0.22 
+ 0.10 

0.00 
- 0 . 3 0 
- 0 . 6 0 
- 0 . 7 8 
- 0 . 9 0 
- 1 . 0 0 

E/mV 

- 3 3 4 . 0 

- 3 5 1 . 5 

- 3 6 8 . 5 

- 3 7 8 . 5 

-386 .0 
- 3 9 1 . 0 

-407.0 
-426 .0 
-437.0 
- 4 4 5 . 5 

-453.0 

paW» 

11.03 
11.32 
11.61 
11.78 
11.91 
11.99 
12.26 
12.58 
12.77 
12.91 
13.04 

Av 

pK(BH+) 

11.99 
11.98 
11.97 
11.96 
11.97 
11.95 
11.92 
11.94 
11.95 
11.97 
12.00 

11.96±0.02 

a) 50 ml of 3.0 X 10~3 mol dm - 3 pyridinium"perchlorate 
in propylene carbonate was titrated with up to 0.50 
ml of 3.0rmoldm -3 pyridine in propylene carbonate. 
b) paH was obtained by paH=9.33-(£+233.5)/59.2. 
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TABLE 2. piC(BH+) OF PROTONATED MONOAMINES IN 

PROPYLENE CARBONATE AND ACETONITRILE 

Monoamine piC(BH+) 
in PCa> 

piC(BH+) 
in ANa'b> 

ApK 

Aniline 
Pyridine 
Ammonia 
1,3-Diphenyl-

guanidine 
Triethylamine 

10.09±0.10 
11.92±0.07 
15.90zfc0.04 

16.98±0.04 

17.94±0.06 

10.56 
12.33 
16.46 

17.90 

18.46 

0.47 
0.41 
0.56 

0.92 

0.52 

a) PC=propylene carbonate, and AN = acetonitrile. 
b) Values from Ref. 2. 

base towards protons than acetonitrue. The solvation 
of protonated amines would also be stronger in pro­
pylene carbonate than in acetonitrile, though the 
difference between the two solvents appears to be 
smaller than in the case of the proton. O n the basis 
of these considerations, the above differences in pK 
(BH+) values between the two solvents are reason­
able.5) 
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Synopsis. Temperature-dependent protolytic equi­

librium, Cu(OH2)!+ ^=L± Gu(OH)(OH2)+_1-hH+, was 

found to inhibit thermochromic changes of Gu(II)-Xylenol 
Orange (XO) chelate in unbuffered weakly acid aqueous 
solutions. The rate constants, kx and k-l9 at 25 °G and 
7=0.1 mol dm - 3 were evaluated to be 103—104 s_1 and ca. 
2 X 109 mol -1 dm3 s_1, respectively. 

In previous papers we reported the thermochromism 
of the metal chelates of triphenylmethane complexons 
in aqueous solutions.1) For the C u ( I I ) - X O complex 
the observed thermochromism was primarily ascribed 
to the temperature-dependent acid-dissociation equi­
libria between two 2 : 1 C u ( I I ) - X O chelates, A H 
and A: A H ^ A + H , where A H denotes a complex 
species having an uncoordinated free phenolic hydroxyl 
group and A a complex species having a coordinated 
phenolate group,1) the charges being omitted. In 
unbuffered weakly acid aqueous solutions containing 
a large excess of Cu(II ) ion the thermochromic change 
was not observed. In the present communication 
we aim to solve the problems on this phenomenon 
based on the spectrophotometric and the temperature-
j u m p measurements. 

Figure 1 shows the absorption spectra at various 
temperatures of an unbuffered aqueous solution con­
taining 500-fold excess of Gu(II) ion over X O (2 X 
10 - 5 mol d m - 3 ) . With the rise of temperature from 
15 to 60 ° G the absorbance at 574 n m increases only 
by 7 % and the thermochromic change was not observ­
ed.** The p H of the solution varies from 4.86 at 
15 °G to 4.46 at 60 °G. O n the basis of the values 
of AH and AS determined for the equilibrium A H ^ i 
A + H , 1 ) only a negligibly small change in p H should 
be expected. The large decrease in p H observed 
above strongly suggests the possibility of a contribution 
of the temperature-dependent protolysis of a large 
excess of Cu 2 + ion. This possibility was proved based 
on the temperature-jump data for aqueous solutions 
of Gu(II) ion containing uncomplexing acid-base 
indicators, Bromocresol Green (BGG), Bromocresol 
Purple (BGP), and Bromophenol Blue (BPB). 

The p H of unbuffered solution containing 2 x l 0 ~ 5 

mol d m - 3 BGG and 1 X 10"2 mol dm" 3 Cu(G10 4 ) 2 

varied from 5.40 at 14 °G to 5.10 at 60 °G, and the 

t Present address: Institute for Molecular Science, 
Okazaki 444. 

** In the case of a solution of the same pH containing 
only a small excess of Gu(II) ion over XO the absorbance 
at 574 nm increased so markedly as ca. 30% even in unbuf­
fered systems.1) 

absorbance at 628 nm, the Amax of BGG, markedly 
decreased with the rise of temperature. 

Figures 2(a) and 2(b) show the typical relaxation 
signals observed for the unbuffered systems, C u ( I I ) -
X O and Cu( I I ) -BCG, respectively. In the C u ( I I ) -
X O system, a fast relaxation signal of an increasing 
absorbance at 574 n m was observed in 5 [is region, 

500 600 

Wavelength/nm 

Fig. 1. Absorption spectra of an aqueous solution of 
Cu(II)-XO. At 15 (1), 25 (2), 44 (3), and 60 °G 
(4). [Gu]0=1.0x 10-2 and [ X O ] 0 = 2 x 10"5 mol 
dm - 3 ([ ] 0 denotes the total concentration). 1= 
0.1 mol dm-3 (NaC104). The pH of the solution 
varied from 4.86 (15 °G) to 4.46 (60 °G). 

1 

Td/ T 

1 / * 

V i 

-L 

5 10 0 5 K 

{[H] + r o n ^ i / K D / l O - 5 n i o l d m " 3 

Fig. 2. Temperature-jump signals and the plots of 

T- 1 vs. ([H] + rC u*^i / [H]) at 25 °G and 7=0.1 mol 
dm-3 (NaC104) for Gu(II)-XO (a) and Cu(II)-BCG 
(b). 
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TABLE 1. T H E RATE CONSTANTS, kx AND k-19 FOR THE 

* I 

PROTOLYTIC REACTION, C U ( O H 2 ) | + ^ * C U ( O H ) -

(OH2)t_i + H+ (7=0.1 mol dm-3 (NaG104)) 

X 

XO 
BGG 

^/ lO^- i 

1.4±1.0 
1 .0±0.9 
2 . 4 ± 2 . 0 

A:_1/109mol-1dm3s-1 

1.8±0.3 
1 .3±0.5 
2 . 0 ± 0 . 4 

T/K 

298 
290 
298 

prior to a slower signal in \0 [is region indicating a 
decrease in the absorbance (Fig. 2(a)) . The signal 
in the 5 [is region corresponds to the fast protonation-
deprotonation At fc^A+H. 1 ) The slower relaxation 
signal is ascribed to the protolysis of Cu 2 + ion coupled 
with the fast thermochromic change of the C u ( I I ) - X O 
system. In the C u ( I I ) - G C B system, however, the 
fast relaxation signal in the region of 5 [is was not 
observed, only the slower signal was invariably observed 
in the 10 [is region (Fig. 2(b)) . The slower signals 
observed in both systems are interpreted as a process 
involving the protolysis of the excess of Gu2 + ion.2) 

Assuming pre-equilibria for the thermochromic 
changes of the C u ( I I ) - X O system and also for the 
protonation-deprotonation process of the indicator, 
and regarding the protolysis of the Cu 2 + ion in the 
unbuffered aqueous solution as a rate-determining 
step, we describe the given coupled reactions by the 
following two-step mechanism: 

HX ^ ± H + X (1) 
and 

Gu(OH 2 ) r J±± CuCOHXOH,)*.! + H+, (2) 

where X denotes the base form of the chelate, A, or 
that of the acid-base indicator, In, and K^=K& or 
Kln. In Eq. 1 the charges are omitted. With ap­
propriate assumptions on the experimental conditions 
the relaxation time r observed in the 10 [is region 
can be expressed as Eq. 4 : 

T-i = kt + k-x \[H] + [GÏÏOÏÏ] . _ K H * x 1 ( 3 ) 

I [X]+[H] + # J 

^k^kJm^-^^-l (4) 
1 [H] J 

where TCvL denotes the total concentration of Cu( I I ) , 

and *K}= [GuOH][H]/[CÜ] = 10"7-34.3) [ " ] denotes 
the equilibrium concentration. G u O H indicates the 
deprotonated species, G u ( O H ) ( O H 2 ) t i . 

The plots of T-1 against [ H ] + 7 t
Cu*i^1/[H] give fairly 

good straight lines for both systems, C u ( I I ) - X O and 
C u ( I I ) - B C G (Figs. 2(a) snd 2(b)) . Table 1 shows 
the values of the rate constants, kx and k_l9 for the 
protolytic reaction (2) estimated from the intercepts 

and the slopes of the straight lines. The estimated 
value of k_1 ( — 2 X 109 m o l - 1 dm 3 s_1) lies nearly in 
the order of magnitude of the rate constant for the 
recombination of C u O H + and H + reported by Eigen 
et al. based on the sound absorption measurements 
( L j - l x l O ^ m o H d m ^ - 1 ) . 4 ) The value of *K± 

derived from the ratio k1/k_1, however, varies in the 
range 10~5 —10~7 mol d m - 3 owing to the large errors 
inherent in the estimation of the intercepts. 

The system C u ( I I ) - B C P gave a slower relaxation 
signal in the 10 [xs region only in the pH-region 5.2— 
5.9. In this system no linear relationship was obtained, 
presumably due to the contribution of the dimer forma­
tion in the Gu(II) species above p H 5.5. 

As regards the C u ( I I ) - B C G system we estimated 
the activation enthalpies for k± and k_± to be AHX = \9 
kcal m o l - 1 and AH1=9 kcal mol - 1 , respectively. The 
difference in the values, 10 kcal mol - 1 , agrees well 
with the value of AH for the protolytic equilibrium 
(2), 10—12 kcal mol"1.3) 

O n the basis of the results mentioned above we 
ascribe the observed inhibition of the thermochromism 
of C u ( I I ) - X O chelate in the presence of a large excess 
of Cu(I I ) ion in unbuffered aqueous solutions to the 
protolysis of the excess of aqua Cu 2 + ion. 

Exper imenta l 

A highly purified specimen of 3,3/-bis[iV,iV-bis(carboxy-
methyl) aminomethyl] - o - cresolsulfonaphthalein (Xylenol 
Orange) was used throughout the present work.5) Reagent 
grade acid-base indicators, BGG, BGP, and BPB (Wako), 
were used. The pH values of the unbuffered solutions 
were adjusted with HG104 and NaOH (0.1 mol dm -3) in 
the ranges 4.0—5.2, 4.4—5.2, and 4.3—5.9 for Gu(II)-
BGG, -BPB, and -BGP systems, respectively. In the case 
of buffered systems, acetate, citrate, and phthalate buffers 
were used. The details on the measurements using a 
co-axialcable temperature-jump apparatus were described 
in a previous paper.6) 
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Synopsis. An empirical rule is presented for the 
elution order of [CoN6]3+-type complexes in chromatography 
on SP-Sephadex columns. The relative elution rates have 
been correlated with the number and the kind of the octa­
hedral faces of the complex on which ion association with 
a phosphate ion occurs. 

The application of ion-exchange Sephadex to the 
column-chromatographic separation of isomers of a 
metal complex was first described by Yoshikawa and 
Yamasaki, who successfully resolved the optical iso­
mers2) of [Co(en)3]3 + and separated the three geometri­
cal isomers3) of [Co (dien) 2]3+. Subsequently the tech­
nique has been widely used to separate and resolve 
the isomers of many complexes. I t is still difficult, 
however, to predict the elution order for a given mixture 
of isomers. 

This note is concerned with a working hypothesis, 
which correlates the elution order with the structure 
of geometrical isomers of the [CoN6]3 +-type complexes. 
The predictions from the hypothesis have been compared 
with the experimental results of isomer separation 
on several complexes with five-membered chelate 
rings. 

Exper imenta l 

Materials. All Complexes,** [Co(NH3)6]
3+, [Co-

(NH3)4(en)]3+, [Co(NH3)2(en)2]3+, [Co(en)3]
3+, [Go-

(dien)2]
3+,3> [Go(en) (trien)]3+,4'5) [Go (Unpen) ]3+,6> [Go-

(hexaen)]3+,7) and [Co(pn)3]
3+,8) were prepared according 

to the literature. For each complex in which geometrical 
isomerism occurs, an equimolar mixture of the geometrical 
isomers was prepared with the isomers isolated in advance. 

Chromatography. The mixture of [Co (dien) J 3+ isomers 
was adsorbed at the top of an SP-Sephadex G-25 column 
(0 lAxca. 130 cm) and eluted with 0.1 M Na3P04 . The 
elution curve was drawn by measuring the absorbance of 
each fraction of the eluate. Similar experiments were also 
made on the same column with 0.15 M Na2S04 , 0.15 M 
Na2{(+)-G4H406}(sodium tartrate), 0.3 M NaCl, and 0.3 M 
NaC104 as eluents. The isomer contained in each band 
was identified by the IR spectra, the results of which are 
shown in Fig. 1, where the vertical lines indicate the peak 
positions (in elution volume) in each curve. 

The mixtures of the isomers of [Co(NH3)2(en)2]3+, [Go-
(dien)2]

3+, [Go(en)(trien)]3+, [Go(linpen)]3+, [Go(hexaen)]3+, 
and [Co(NH3)4(en)]3+ were examined for elution order on 
another column (0 2.7 X 127 cm) with 0.1 M Na 3P0 4 as the 
eluent. In each experiment either [Co(en)3]

3+ or [Go-
(NH3)6]

3+ was added as a reference, of which the peak 

** The following abbreviations are used in this note: 
en, ethylenediamine ; dien, diethylenetriamine ; trien, tri-
ethylenetetramine ; Unpen, linear pentaethylenehexamine ; 
hexaen, hexaethylenehexamine ; pn, propylenediamine. 

position in each elution curve is shown by a dashed 
vertical line (Fig. 2). The separation of [Go(pn)3]3+ iso­
mers was also made in a similar manner. 

0.1 M Na3P04 | | | 

0.15 M Na2S04 j | i 

0.15 M Na2{(+)-C4H406} | | | 

0.3 M NaCl J 

0.3 M NaC104 . 

0.0 1.0 2.0 3.0 4.0 v/l 

Fig. 1. Separation of the isomers of [Go(dien)2]3+ with 
different eluents. Column size: filAxca. 130 cm 
(SP-Sephadex G-25). 

[Co(NH3)6]3+ 

(8G) 

; i 
(4F+2G) 

1 1 i 
trans(4E) cis(2E+2F) 

i ; 

-i
 

s-fac(2C) u-fac(2D) 

1 ! 1 
a(2C) 3(D) 

1 1 
ffff(2B) fmff(C) 

i ; 
meso(2A) 

1 1 
lel3(2D) lel2ob(2D) 

I 1 

1 

[Co(NH3)4(en)]
3+ 

[Co(NH3)2(en)2]3+ 

[Co(en)3]3+ 

[Co(dien)2]
3+ , 

mer(0) 
[Co(en)(trien)]3+ 

[Co(linpen)]3+ 

mffm(0) 
j [Co(hexaen)]3+ 

rac(0) 

1 1 
lelob2(2D) 

, [Co(pn)3]
3+ 

ob3(2D) 

0.0 1.0 2.0 3.0 V/l 

Fig. 2. The elution order of [GoN6]
3+-type complexes. 

Column size: 02.7x127 cm (SP-Sephadex G-25). 
Eluent: 0.1 M Na3P04 . 

R e s u l t s a n d D i s c u s s i o n 

The factors influencing the relative rates of elution 
of geometrical isomers of cationic Co (III) complexes 
on an SP-Sephadex column are probably two: the 
interaction between SP-Sephadex and the complex 
cation, and the interaction between the complex cation 
and the eluent anion. Different eluents were used 
to separate the isomers of [Co(dien)2]3 + (Fig. 1). The 
same elution order (s-fac, u-fac, and mer) was shown 
by 0.1 M N a 3 P 0 4 , 0.15 M N a 2 S 0 4 3 and 0.15 M Na2-
{ ( + ) - C 4 H 4 0 6 } eluents, whereas 0.3 M NaCl and 0.3 
M NaC10 4 resulted in no clear separation. These 
results indicate that the interaction of the complex 
cation with the eluent anion, not with SP-Sephadex, 
is the dominant factor in the separation of geometrical 
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a a a 

s-fac u-fac mer 

Fig. 3. Three geometrical isomers of [Co(dien)2]3+. 

NH NH NH 

A /e\ /c\ 
HN NH HN NH2 H2N NH2 

NHo NH NB> 

A A /V\ 
H2N NH2 H2N NH3 H2N NH2 

NH NH? NH3 

A Ai Ai 
H3N NH3 H3N NH3 H3N NH3 

Fig. 4. Classification of the octahedral faces available 
for ion-pairing. 

isomers.9) 
The structure of each geometrical isomer may or 

may not favor ion association. Experimental results 
so far reported on [Co(en)3]3+-oxo anion systems 
have indicated that three hydrogen bonds can be 
formed between a trigonal-pyramidal or tetrahedral 
oxo anion and a set of three N - H bonds extending 
along a direction perpendicular to an octahedral face 
of the complex. Two faces of the [Co(en) 3] 3 + octa­
hedron are suitable for such ion association, whereas 
chelate rings will sterically interfere with ion associa­
tion on the six other faces of the octahedron.10) 

In the three geometrical isomers of [Go(dien)2]3 + 

(Fig. 3), ion association will occur on the two faces, 
abc and def in the s-fac isomer and on the two faces, 
abc and bcf, in the u-fac isomer. Each octahedral face 
of the mer isomer, however, is hindered from ion as­
sociation by the chelate ring, which is consistent with 
the experimental results that the mer isomer was the 
final one to be eluted. 

The elution behavior of the s-fac and u-fac isomers 
will be discussed in connection with the tendency 
for hydrogen bonding of the N - H protons with an 
oxo anion. T h a t tendency will be in the order: sec­
ondary amine>pr imary amine>ammonia . 9 ) Conse­
quently the octahedral faces may be classified according 
to the types of amine groups on the faces, in effect, 
according to the number of hydrogen atoms attached 
to the nitrogen atoms; the face containing three sec­
ondary amine groups is designated A, the face con­
taining two secondary and one primary amine groups 
is designated B, etc. (Fig. 4). In this way a letter of 
the alphabet is affixed to each face in the order of 
increasing number of total hydrogen atoms attached to 
the nitrogen atoms on the face. This serves as an 
index. In the situation that two types of faces exist 
with an equal number of attached hydrogen atoms, 
the designation is D and D ' for example. A face 

carrying a prior alphabetical name will have a 
greater tendency to ion-pair formation. The s-fac 
isomer of [Co(dien)2]3+ has two C faces, and the u-fac 
isomer has two D faces. Consequently the tendency 
to associate with eluent anions will be in the order: 
s-fac > u-fac > mer. This order agrees with the order 
found experimentally. 

Based on the preceding discussion, the elution order 
for [CoN6]3+-type complexes can be predicted and 
explained. Figure 2 gives the experimental results, 
where the position of the peak is shown for each 
isomer together with the number and type of octa­
hedral face on which ion association with a phosphate 
ion occurs. The experimental elution results agreed 
completely with the prediction for the isomers of 
each complex investigated. There are however some 
cases where comparison is not straight-forward, e.g., 
toj-[Co(NH3)2(en)2]

3+ (4E), [Co(en)3]3+(2D), and 
/m^-[Co(l inpen)] 3 + (C) were eluted at similar posi­
tions, a fact attributed to the counterbalance of the 
effect of decreasing number of faces available for ion-
pairing and that of the increasing tendency of the 
faces to ion-pairing. Elution was slower for u-fac-
[Co(dien)2]3+(2D) than for [Co(en)3]3+(2D), which 
has been attributed to the fact that the two D faces 
of the former complex cannot simultaneously have 
suitable N - H orientations for hydrogen bonding with 
the eluent anion. 

[Co(pn)3]3 +(2D) represents an example of a special 
case where the conformational effect is important; 
in this complex, the conformation of the chelate rings 
are not as flexible as in other complexes. Combination 
of the asymmetries at the ligands and the central cobalt 
gives rise to four enantiomeric pairs of isomers, in 
which the flexibility of the chelate rings is restricted 
by steric interaction of the bulky methyl group of pn. 
The N - H bonds at the both ends of a lei chelate ring 
are suitably oriented for hydrogen bonding, while 
those of the ob chelate ring are not.8) The experimental 
result for [Co(pn) 3 ] 3 + indicates that the N - H orienta­
tion greatly affects the rate of elution. 
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Synopsis. Benzyl alcoholysis and hydrolysis of tetrakis-
N- (benzyloxycarbonyl) fortimicin B and further transforma­
tion of the solvolysis products are described. Several deriva­
tives of 6-^z-purpurosamine B and fortamine potentially 
useful for the synthesis of fortimicin analogs are presented. 

Fortimicins A and B were found by Nara and his 
coworkers in the culture broth of micromonospora sp. 
MK-70.1) I t was also found that fortimicin B is obtain­
ed by hydrolysis of fortimicin A.2) Both antibiotics 
belong to a class of pseudodisaccharide composed of 
6-^z-purpurosamine B and fortamine which is a novel 
diaminocyclitol. In the course of the synthetic studies 
of fortimicins and their analogs through coupling 
reaction of these two components, it will be useful 
to obtain them from the natural products as their 
suitable protected derivatives. T h e present paper 
reports the preparation of fortamine and 6-^z-pur-
purosamine B by solvolysis of protected fortimicin 
B and their derivatives. 

Fortimicin B was benzyloxycarbonylated to 1,4,2',6'-
tetrakis-JV- (benzyloxycarbonyl) fortimicin B (1). Upon 
benzyl alcoholysis, 1 afforded a- and ß-benzyl glycosides 
of 2,6-bis-iV- (benzyloxycarbonyl) -6-^z-purpurosamine 
B (2 and 3) and 1,4-bis-iV- (benzyloxycarbonyl) fortamine 
(4) after separation by silica gel chromatography. 
Each structure was confirmed by the P M R spectra. 

When 2 was hydrogenolyzed with a palladium 
catalyst a-benzyl glycoside (5) was obtained. I t 
should be noted that the 1-0-benzyl group resisted 
even to prolonged hydrogenolysis. 

Upon hydrolysis of 1 with 2 M hydrochloric acid, 
2,6-bis-JV- (benzyloxycarbonyl) -6-^z-purpurosamine B 
(6) and 4 were obtained. Hydrogenolysis of 6 and 
hydrolysis of 4 afforded 6-^z-purpurosamine B (7) 
and fortamine (8) respectively as their hydrochloride. 

Acetylation of 6 gave crystalline product of acetate 
(9) and when it was hydrogenolyzed l-0-acetyl-6-
^z-a-purpurosamine B (10) was obtained. 4 and 
10 are important intermediates for fortimicin analog 
syntheses. 

RHN- Y
CH3 NHR 

^ X o J < 3 ^ C H 3 
NHR 

Fortimicin B R = H 

1 R = Z 

NHR 

/ \yCH3 

ICQHRM^ 
H o N - ^ o C H 3 

A R = Z 

8 R =H 

2 

3 

5 

6 

7 

9 

10 

R1HN-1 

R1 = Z 

R1 = Z 

Ri = H 

Ri = Z 

Ri = H 

Ri = Z 

R1 =H 

^CH3 

( R3 

NHR1 

R2 = H R3 = 0CH2Ph 

R2 = 0CH2Ph R3 = H 

R2 = H R3 = 0CH2Ph 

R2,R3 = H,0H 

R2,R3 = H,0H 

R2=H R3=0Ac 

R2 = H R3 = OAc 

Z = C02CH2Ph 

E x p e r i m e n t a l 

TLG was carried out on 7.5 X 2.5 cm slides coated with 
silica gel (Wakogel B-5, Wako Pure Chemicals Co., Ltd., 
Osaka) for protected compounds and 20 X 5 cm plates of 
cellulose (Avicel SF, Funakoshi Pharmaceutical Co., Ltd., 
Tokyo) for free compounds. Silica-gel column chromato­
graphy was performed with Kiesel gel 60 (E. Merck, 
Darmstadt, Germany). Melting point was not corrected. 

1,4,2' ,6'-Tetrakis-N-( benzyloxycarbonyl)fortimicin B (1). 
To an ice-cooled suspension of fortimicin B (10.0 g) and an­
hydrous sodium carbonate (8.79 g) in aqueous acetone (1:1, 
250 ml), benzyloxycarbonyl chloride (25.1ml) was added 
and the mixture was stirred for 1 h in the ice bath and then 
for 2 h at room temperature. The reaction mixture was 
evaporated to remove acetone and extracted with chloroform. 
The chloroform solution was dried over anhydrous magnesium 
sulfate and evaporated to give a pale yellow sirup, which 
was washed with hexane to give a colorless powder, 24.8 g 
(96.6%) ; [a]2

D
6 +42°(* l? MeOH) ; Rf 0.41 (benzene:ethanol= 

9:1); PMR (in GD3OD) : Ô 2.96 (3H, s, NGH3), 3.31 (3H, 
s, OGH3). 

Found: G, 63.68; H, 6.38; N, 6.06%. Galcd for G47-
H56N4013: G, 63.78; H, 6.38; N, 6.33%. 

Benzyl Alcoholysis of 1. A solution of 1 (1.20 g) in 
1 M hydrogen chloride-benzyl alcohol (60 ml) was heated 
at 50 °G for 4 h. Basic lead carbonate (7.45 g) was added 
and the mixture was stirred for several hours to render pH 
about 5. The mixture was centrifuged and the clear superna­
tant was evaporated under reduced pressure to give a yellow 
sirup, which was washed with hexane and chromatographed 
on a silica-gel column with benzene :ethyl methyl ketone 
(EMK)(25 : 1—4 : 1, gradually changed). Evaporation of 
the fractions in turn gave benzyl 2,6-bis-iV-(benzyloxycar­
bonyl)-a-6-^f-purpurosaminide B (2), benzyl 2,6-bis-JV- (ben­
zyloxycarbonyl) -j^-6-^f-purpurosamînide B (3) and 1,4-
bis-iV-(benzyloxycarbonyl) fortamine (4), respectively (cited 
in the order of elution). 

Benzyl 2,6-Bis-N-(benzyloxycarbonyl)-cc-6-epi-purpurosaminide B 
(2). Crystals (from ethanol), 397 mg (56%) ; mp 131.5— 
134.5 °G; [a]2

D
6 +78° (c 1, MeOH); R{ 0.49 (benzene:EMK= 

15:1); PMR (in CDCIJ: Ô 1.16 (3H, d, J=6 Hz, 6-GH3), 
4.55 (2H, ABq, / = 1 2 Hz, l-0-GH2Ph), 4.83 (1H, d, J=3 
Hz, H-l) , 5.07, 5.10 (each 2H, s, COOCH 2 Ph) . 

Found: G, 69.48; H, 6.61; N, 5.40%. Galcd for G30H34-
N 2 0 6 : G, 69.41; H, 6.74; N, 5.30%. 

Benzyl 2,6-Bis-N-(benzyloxycarbonyl) -ß-6-epi-purpurosaminide B 
(3). Crystals (from ethanol), 61 mg (9%); mp 180.5— 
183.5 °G; [a]2

D
7 - 7 7 ° (c 0.6, CHG13); R{ 0.29 (benzene : EMK 

= 15:1); PMR (in CDG13) : ô 1.21 (3H, d, J=6 Hz, 6-CH3), 
4.27 (1H, d, J=8 Hz, H-l) , 4.70 (2H, ABq, / = 1 2 Hz, l -O-
GH2Ph), 5.11 (4H s, GOOCH 2 Ph) . 

Found: G, 69.28; H, 6.86; N, 5.28%. 
1,4-Bis-N-(benzyloxycarbonyl)fortamine (4). Crystals 

(from ether), 340 mg (53%); mp 161—166 °G; [a]2
D

7 +47° 
(c 1, MeOH); R{ 0.41 (chloroform:methanol=24:l); PMR 
(in GDC13): ô 3.05 (3H, s, NGH3), 3.29 (3H, s, OCH3), 
5.10, 5.16 (each 2H, s, GO-OCH2Ph). 

Found: G, 60.75; H, 6.37; N, 5.90%. Calcd for C24H30-

file:///yCH3
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N 2 0 8 : G, 60.43; H, 6.17; N, 5.89%. 
Benzyl <x-6-epi-Purpurosaminide B Dihydrochloride (5). 

A solution of 2 (871 mg) in dioxane (23 ml) was hydrogenolyz-
ed in the presence of 10% palladium on carbon for 24 h 
under 50 psi hydrogen atmosphere. After filtration the 
filtrate was neutralized with 2 M hydrochloric acid, and 
then evaporated under reduced pressure to give a solid, 
351 mg (90%), [a]2

D
6 +78°->+80° (c 1, H 2 0 ) ; R{ 0.23 (1-

butanol : pyridine : water : acetic acid=6 : 4 : 3 : 1); PMR 
(in D 2 0 ) : Ô 1.16 (3H, d, J=7 Hz, 6-CH3), 4.62 (2H, s, 
l -0-CH2Ph), 5.10 (1H, d, J=4 Hz, H-l) , 7.37 (5H, s, 
G6H5). 

Hydrolysis of 1. To a solution of 1 (1.00 g) in dioxane 
(30 ml), 4 M hydrochloric acid (30 ml) was added and the 
mixture was heated at 90 °G for 2 h. The solution was 
evaporated to 20 ml. Water (200 ml) was added and 
precipitates were filtered to give a solid, which was chromato-
graphed on a silica-gel column with toluene: EMK(6 : 1— 
4 : 1 , gradually changed). Evaporation of the fractions in 
turn gave, 2,6-bis-iV-(benzyloxycarbonyl)-6-^f-purpurosamine 
B (6) (70 mg, 15%) and l,4-bis-iVr-(benzyloxycarbonyl)-
fortamine (4) (140 mg, 27%) in the order of elution. 

2,6-Bis-N-(benzyloxycarbonyl)-6-epi-purpurosamine B (6). 
A solid; [ a ] 5 + H ° (c 1, MeOH); R{ 0.60 (toluene: E M K = 
3:2); PMR (in GDC13): Ô 1.13 (d, J =6 Hz), 1.22 (d, J=6 
Hz) (3H in total, 6-GH3), 5.11 (4H, s, GH2Ph), 7.37 (10H, 
s, G6H6). 

Found: G, 64.40; H, 6.60; N, 6.34%. Galcd for G23H28 

N 2 0 6 : G, 64.47; H, 6.59; N, 6.54%. 
Fortamine Dihydrochloride (8)- A suspension of 4 

(100 mg) in 6 M hydrochloric acid (25 ml) was heated to 
reflux for 2 h. The resulting clear solution was evaporated 
to give a solid, which was dissolved in water and washed 
with ether. The aqueous layer separated was evaporated 
to give a residue, which was crystallized from ethanol to 
give needles, 54 mg (91%); mp 230—240 °G (dec); [a]2

D
5+4° 

(c 0.8, H 2 0 ) ; Rf 0.27 (1-butanol : pyridine : water : acetic 
acid=6 : 4 : 3 : 1); PMR (in D aO): ô 2.87 (3H, s, NGH3), 
3.53 (3H, s, OGH3), 3.54 (1H, H-l) , 3.77 (1H, q, H-4), 
3.91 (1H, t, H-6), 4.03 (1H, q, H-3), 4.25 (1H, q, H-5), 
4.26 (1H, q, H-2). A 2 = 8 Hz, y 2 t 3 = 3 Hz, J 3 , 4 = 6 Hz, 
y 5 6 = 8 Hz, y l t 6 = 8 Hz. Free base (in D20) : ô 2.38 (3H, 
s, NGH3), 2.83 (1H, t, H-l) , 3.13 (1H, q, H-4), 3.37 (1H, 
t, H-6), 3.45 (3H, s, OGH3), 3.64 (1H, q, H-2), 3.81 (1H, 
q, H-5). y i t 2 = 1 0 Hz, y 2 , 3 =3 Hz, / 3 , 4 = 3 Hz, / 4 , 5 = 5 Hz, 
J 5 , 6 =10 Hz, A e = 1 0 Hz. 

Found: G, 34.42; H, 7.22; N, 10.04%. Galcd for G8-
H1 8Na04 .2HGl: G, 34.53; H, 7.39; N, 9.72%. 

6-epi-Purpurosamine B Dihydrochloride (7). To a solution 
of 6 (5.10 g) in dioxane (250 ml), 2 M hydrochloric acid 
(11.7 ml) was added and hydrogen was bubbled through 

the solution in the presence of palladium-carbon. After 
2 h water (100 ml) was added and the reaction was continued 
for further 1 h. The solution was filtered and evaporated 
to give a solid, 2.60 g (93%), which was crystallized from 
ethanol-ether to give colorless crystals, mp 186—191 °G 
(dec), [a]2

D
4 +6°->+23° (c 0.6, water), Rt 0.26 (1-butanol: 

pyridine : water : acetic acid=6 : 4 : 3 : 1), PMR (in D20) : 
ô 1.29 (d, / = 7 Hz), 1.30 (d, J=7Hz) (total 3H, 6-GH3), 
4.80 (more intense, d, 7 = 8 . 5 Hz), 5.38 (d, 3Hz) (total 
3H, H-l) . 

Found: G, 36.43; H, 7.29; N, 11.65%. Galcd for G7H16-
N202-2HG1: G, 35.72; H, 6.85; N, 11.42%. 

/ -0-Acetyl-2,6-bis-N- (benzyloxycarbonyl) -cc-6- epi -purpurosamine 
B (9). To a solution of 6 (2.0 g) in pyridine (55 ml), 
acetic anhydride (1.5 ml) was added and the solution was 
allowed to stand at room temperature overnight. After 
a drop of water was added, the solution was evaporated 
and the residue was dissolved in chloroform. The solution 
was washed with water and evaporated to give a solid, which 
was crystallized from toluene to give needles of 9, 1.81 g 
(79%), mp 153.5—156.5 °G, [a]î? +41° (c 1, MeOH), Rf 

0.52 (toluene : E M K = 3 : 1), PMR (in GDG13): ô 1.12 (3H, 
d, y = 7 H z , 6-CH3), 2.10 (3H, s, Ac), 5.09 (4H, s, GH2Ph), 
6.08 (1H, d, y = 3 H z , H-l) , 7.33 (10H, s, G6H5). 

Found: G, 63.95; H, 6.45; N, 5.85%. Calcd for G25H30-
N 2 0 7 : G, 63.82; H, 6.43; N, 5.95%. 

1-0-Acetyl-a-6-epi-purpurosamine B Dihydrochloride (10). 
Hydrogen was bubbled through a solution of 9 (600 mg) 
in dioxane (26 ml) in the presence of palladium-carbon. 
During the course of the reaction pH was maintained at 
3—4 with 2 M hydrochloric acid, and water (0.2 ml X 3) 
was added at 30 min intervals. The solution was filtered 
and evaporated to give a solid, 357 mg (99%), [a]5 +40° 
(c 1, MeOH), Rf 0.25 (1-butanol : pyridine : water : acetic 
acid=6 : 4 : 3 : 1), IR: 1730 (ester) cm"1, PMR (in 
GD3OD): ô 1.32 (3H, d, / = 6 H z , 6-CH3), 2.25 (3H, s, Ac), 
6.30 (1H, bs, H-l). 

Found: G, 32.87; H, 7.78; N, 8.22%. Galcd for G9H18-
N203-2HC1-3H20: G, 32.83; H, 7.96; N, 8.50%. 
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Synopsis. 5-Aryl-2-oxazolidinones have been syn­
thesized readily by the elimination of dimethylamine from 
the corresponding (2-hydroxyethyl) ureas. The ureas are 
obtainable by the photoreaction of tetramethylurea with 
jtara-substituted benzaldehydes (Method A) or with para-
substituted methyl benzoates (Method B). The electronic 
character of the substituent on the benzene ring determines 
which method is suitable for the preparation of (2-hydroxy­
ethyl) ureas. 

2-Oxazolidinones {e.g., Furazolidone1*1) and Methoxa-
done lb)) are of pharmaceutical importance,2) and 
research has been devoted to establishing convenient 
synthetic routes for 2-oxazolidinones.3-5) Most of 
the reported methods, however, consist of tedious 
multiple steps.6) 

As part of the studies on the application of N,N-
dimethylcarbamoyl compounds to synthetic chem­
istry,5 >7-10) a convenient synthetic route to 5-aryl-2-oxa-
zolidinones (7) by the photoreaction of tetramethylurea 
with aromatic compounds such as benzaldehyde and 
methyl benzoate, followed by the thermal cyclization 
has been found. 

It may be reasonable to consider that the exploita­
tion of convenient synthetic route to 3 is essential, 
because the desired ones (7) are accessible from a 
series of (2-hydroxyethyl) ureas (3) in satisfactory 
yields as described later. Consequently one-step 
preparation for 3, through photochemical hydrogen 
abstraction of the /wra-substituted benzaldehydes (1) 
from tetramethylurea (2) was designed. 

Irradiation of an acetonitrile solution of 1 and 2 
gives the desired ureas (3) in one-step, although the 
yields are low as shown in Table 1, together with pinaco-
ls derived from the photoreduction of the corresponding 
1 (20—40%) and dimeric urea (4). In some cases, 
7 was also found, for example, l c gave 7c ( 1 1 % yield). 

The ureidomethylation (Method A) is apparently 
induced by hydrogen abstraction by the excited n-jz;* 

triplet state of 1 from 2. T h e formation of 3 was 
heavily suppressed in the case of I d and l e which 
has an electron withdrawing group substituent in 
the benzene ring because of the low efficiency for 
hydrogen abstraction.11) 

T o overcome this defect in Method A, the photoreac­
tion of jbtfra-substituted methyl benzoates (5) with 
2 (Method B) was designed, based on the result that 
the photoreaction of aromatic esters such as 5d or 
5e in an appropriate hydrogen donating solvent readily 
affords some alcohol derivatives derived from reduction 

TABLE 1. YIELDS AND SPECTRAL DATA OF 3 

Com 
pounds Y i d d / % b ) „/. 

IR NMR (in GDG13) 
cm - 1 (5/ppm 

3a 29 (0.4)c) 1600 
820 

3b 

3c 

3d 

3e 

28 

26 (11) c> 

5 (2)c> 
53f) 

7 
ll f) 

1600 
830 

e ) 
1715 
1600 
820 

2200 
1600 
825 

2.8 (s, 6H), 2.83 (s, 3H), 
3.0, 3.6 (ABX octet, 2H), 
3.8(s, 3H),4.9(ABXq, 1H), 
5.9 (br s, lH)d>, 6.3—7.4 
(A2B2, 4H) 

2.3 (s, 3H), 2.8(s, 9H), 3.0, 
3.6 (ABX octet, 2H), 4.9 
(ABXq, 1H), 5.8(brs, 1H), 
7.0—7.4 (m, 4H) 

e ) 
2.8 (s, 9H), 3 .1 , 3.6 (ABX 
octet, 2H), 3.9 (s, 3H), 
5.0 (ABX q, 1H), 6.4 (d, 
lH)d>, 7.0—8.0 (A2B2, 4H) 

2.8 (s, 6H), 3.1 (s, 3H), 
3.2 (ABX octet, 2H), 5.0 
(ABX q, 1H), 6.0 (br s, 
1H), 7.2—7.6 (m, 4H) 

a) Satisfactory elemental analyses were obtained for all 
new compounds (3). b) Based on the consumed 
aldehydes (1) or esters (5), c) Yield of 2-oxazolidinones 
(7). d) D 2 0 exchangeable, e) Ref. 7. f) Method B. 

X 
1 

/ \ 2, hv 
1 r\ 1 >, 
1 KJ 1 • \ y (Method A) 

1 
GHO 

l a : X = O G H 3 

l b : X = G H 3 

l c : X = H 

Id: X = C 0 2 C H 3 

l e : X = G N 

X x A 
IOI 0 
^ N C H - C H 2 - N - C - R 
H e / CH3 

3 R=N(GH 3 ) 2 

-̂ 1 
X \ A 

x / l 1 
O N-GH 3 

/ 11 
O 

Scheme 1. 

2, 

< 
hv 

(Method B) 

X 
1 

IOI 
1 

G02GH3 

5d: X=G0 2 GHj 

5e: X = GN 
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T A B L E 2. YIELDS AND SPECTRAL DATA OF 7 

pound») Y i e l d / % b ) „ /cm- 1 
N M R (in GDG13 

(5/ppm 

7a 

7b 

7c 

7 d 

7e 

69 

72 

79 

73 

77 

1740 

1730 
825 

1730 
750 
690 

1730 
1715 
820 

2200 
1740 

2 . 9 (s, 3H) , 3 .4 , 3 . 8 (ABX 
sextet, 2H) , 3 .8 (s, 3H) , 
5 . 4 (ABX t, 1H), 6 . 8 — 7 . 4 
(m, 4H) 

2 . 3 (s, 3H) , 2 . 9 (s, 3H) , 
3 .4 , 3 . 9 (ABX sextet, 2H) , 
5 .4 (ABX t, 1H), 7 . 2 — 7 . 4 
(m, 4H) 

2 . 9 (s, 3H) , 3 . 4 , 3 . 9 (ABX 
sextet, 2H) , 5 .4 (ABX t, 
1H), 7 . 2 — 7 . 4 (m, 5H) 

2 . 9 (s, 3H) , 3 .4 , 3 . 9 (ABX 
sextet, 2H) , 3 .8 (s, 3H) , 
5 .5 (ABX t, 1H), 7 . 3 — 8 . 0 
(A2B2, 4H) 

2 . 9 (s, 3H) , 3 .4 , 4 . 0 (ABX 
sextet, 2H) , 5 .5 (ABX t, 
1H), 7 . 4 — 7 . 8 (A2B2, 4H) 

a) Satisfactory elemental analyses were obtained for all 
new compounds (7). b) Based on the consumed ureas 
(3). 

of t h e es ter g r o u p a n d s u b s e q u e n t c o u p l i n g of t h e 
r e su l t i ng radica ls . 1 2 ) I r r a d i a t i o n of 5 d w i t h 2 in 
ace ton i t r i l e t h r o u g h a q u a r t z fil ter l ed to t h e f o r m a t i o n 
of 3 d in 53 % y ie ld . I n t h e case of 5 e , p h o t o u r e i d o -
m e t h y l a t i o n of t h e a r o m a t i c r i n g de sc r i bed p rev ious ly 
i n a r o m a t i c ni tr i les8) p r o c e e d e d to g ive b e n z y l u r e a 
(6e) ( 1 5 % y i e ld ) , a n d 3 e ( 1 1 % y i e l d ) . 

O 
H 3 G 0 2 G <5> G H 2 - N - G - N ( G H 3 

GH 3 

6e 

( 2 - H y d r o x y e t h y l ) u r e a s (3 ) , p r e p a r e d b y M e t h o d 
A o r B , w e r e s u b s e q u e n t l y sub j ec t ed to t h e r m a l r e a c t i o n . 
A so lu t ion of 3 (0 .05 M ) in x y l e n e w a s re f luxed for 
10 h , e n a b l i n g t h e cyc l i za t ion to p r o c e e d s m o o t h l y 
to g ive t h e 5 - a ry l -2 -oxazo l id inone de r iva t ives (7) in 
g o o d yields ( T a b l e 2 ) . 

E x p e r i m e n t a l 

Materials. Methyl terephthalaldehydate ( Id ) was 
obtained by the Sommelet reaction.12) /»-Gyanobenzaldehyde 
( le ) was prepared according to the procedure of Lieberman 
et Ö/.13) Methyl /»-cyanobenzoate (5e) was prepared by 
the esterification of the corresponding acid. All other alde­
hydes, dimethyl terephthalate (5d) and tetramethylurea 
(2) were commercially available. 

General Procedure for Preparation of (2-Hydroxyethyl) ureas 

(3), Method A: T h e aldehydes (1) and a three molar 
excess of tetramethylurea (2) were dissolved in acetonitrile. 
After nitrogen was bubbled through the solution for 15 min, 
the solution was irradiated with a 500 W high pressure mercury 
arc through a Pyrex filter for 10 h at room temperature. 
After evaporation of the solvent, the unreacted 2 was recovered 
in vacuo and the residue chromatographed on silica gel. 
T h e products (3) were eluted with a mixture of benzene-
ether. 

Method B : A solution of 5 d or 5e and a ten molar excess 
of 2 in the same solvent was similarly irradiated through 
a quartz filter for 20 h. After irradiation, a similar procedure 
was conducted. From the volatile components, methanol 
was detected by GLG (20% PEG, 20 M on Gelite 545). 
Benzylurea (6e) was confirmed by a comparison with an 
authentic sample alternatively prepared. 

Alternate Synthesis of 7-(p-Methoxycarbonylbenzyl)-7,3,3-
trimethylurea (6e). 6e was prepared from />-methoxycar-
bonylbenzyl bromide and an excess of trimethylurea in the 
presence of potassium amide in liquid ammonia according 
to the method by Bryant et a/.1*) Bp 120 °G (0.6 T o r r ) ; 
I R (neat) 1700, 1600 c m - 1 ; N M R (GDG13) Ô 2.5 (s, 3H) , 
2.6 (s, 6H) , 3.8 (s, 3H) , 4.4 (s, 2H) , 7.2—8.0 (A2B2, 4H) . 
Found : G, 62.22; H , 7.39; N , 10.90%. Galcd for G13H18 

N 2 0 3 : G, 62.38; H , 7.25; N , 11.19%. 
General Procedure for Synthesis of 5-Aryl-2-oxazolidinones (7), 

A solution of 3 (0.35—0.45 mmol) in xylene (8 ml) was heated 
under reflux for 10 h. After removal of the solvent, the 
residue was chromatographed on silica gel. Elution with 
benzene-ether gave 7. 
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A Stereoselective Total Synthesis of Methyl a-DL-Daunosaminide 
Isao IWATAKI, Yasuo NAKAMURA, Koji TAKAHASHI, and Takeshi MATSUMOTO* 
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(Received December 4, 1978) 

Synopsis. Starting from crotonoyl chloride, methyl 
a-DL-daunosaminide was synthesized through the eis hydroxyla-
tion of a key intermediate, l,l-ethylenedioxy-4-hexen-3-one, 
followed by oximation, catalytic hydrogénation (Pt, AcOH), 
and treatment with MeOH/HGl. 

Daunosamine (1) is the amino sugar moiety of the 
two antibiotics daunomycin1) and adriamycin.2) Both 
of these antibiotics, but adriamycin in particular, have 
attracted attention as promising anticancer agents. A 
number of syntheses of daunosamine have previously 
been described.3-7) However, all these syntheses were 
carried out, starting from naturally occurring hexoses, 
through rather lengthy routes. In previous papers8) 
we reported the synthesis of some deoxyhexoses from 
unnatural compounds through 2-ethoxy-6-methyl-3,4-
2//-dihydropyran as a key intermediate. We wish to 
report here a new route to daunosamine as racemic 
methyl glycoside hydrochloride, starting from crotonoyl 
chloride and vinyl chloride.9) The success of the 
present synthesis suggests the possibility of extending 
the new route as a general synthetic method for 2,6-
-dideoxyhexoses. 

c=c 
HO 

OH 

R ^ ^ H CHO 
trans threo-Glycol 

a. as Hydroxylation b. H* 

M X 1 
R^O-'NOR' 

R/OH eis 

First, crotonoyl chloride was converted, by means 
of the Friedel-Crafts reaction with vinyl chloride, to 
l-chloro-l,4-hexadien-3-one (2). a-Keto acetal, 3, 
was obtained by the reaction of 2 with 1,2-ethanediol 
in the presence of potassium carbonate at —10 °C. 
T h e eis hydroxylation ( K M n 0 4 , acetone, —40 °C) of 
3 afforded dihydroxy derivative, 4, which was transform­
ed to the oxime, 5, and was then hydrogenated over a 
Pt catalyst under acidic conditions (AcOH), according 
to the Roth method.10) The amino diol, 6, thus 
obtained was treated with methanolic hydrogen chlo­
ride to give methyl pyranoside, 7. The 3-epimer of 
7 was not isolated. The following N M R data (pyri­
d ine-^) indicate the 7 stereostructure. The signals 
around ô 2.45 p p m (q, 2H, J =9 and 3 Hz) are at­
tributable to the C2 protons. They are practically 
magnetically equivalent (the AA' par t of the AA 'XY 
system) and couple to the anomeric proton H x (ô 
4.78, t) with J =3 Hz. This establishes the equatorial 
configuration of H l 5 therefore, 7 is the a-anomer. The 
coupling constant C/2a,3a+y2e,3a)/2=9 Hz11) was con­
firmed by the double-resonance technique, showing 
the presence of the axial proton at C3. The broad 
triplet (1H, J=3 Hz) at ô 4.43 indicates the equatorial 
configuration of H4 , and ^4,5=3 Hz was acertained 
by the spin decoupling. Since the C 4 -C 5 moiety has 

the threo configuration, the methyl group at C5 is 
equatorial. 

Crotonoyl 
chloride 

HO H 

0 
2 

CI 

NH3Cl" 

H 3 C' A N^*< 

HO H H NH2 X)-

6 

OCHo 

E x p e r i m e n t a l 

All the melting points and boiling points are uncorrected. 
The IR spectra were recorded on a JASGO IR-S spectro­
photometer. The NMR spectra were measured on a Varian 
A-60 instrument. For column chromatography, Merck 
silica gel (0.08 mm) was used, while for TLG, Wakogel B-5 
was utilized. The starting material, l-chloro-l,4-hexadien-
3-one (2), was prepared by a modification of the Kochetkov 
method,12) using vinyl chloride instead of acetylene, in a 
yield of 53%. 

1,1-Ethylenedioxy-4-hexen-3-one (3). Into a suspension 
of potassium carbonate (65 g, 0.47 mol) in a mixture of water 
(20 cm3) and 1,2-ethanediol (100 cm3, 1.8 mol), a solution 
of 2 (50 g, 0.38 mol) in tetrahydrofuran (50 cm3) was stirred 
at —10 °G. The mixture was stirred for a further 3 h at 
this temperature and then for 24 h at room temperature. 
The reaction mixture was poured into water and extracted 
with petroleum ether, and the extract was dried (Na2S04). 
The subsequent evaporation of the solvent and distillation 
(78—82 °G/2 mmHg**) of the residue gave 3 as a colorless 
liquid (8.5 g, 14%); 2,4-dinitrophenylhydrazone mp 121 °G. 
Found: G, 61.42; H, 7.71%. Galcd for G8H1203: G, 61.53; 
H, 7.69%. 

1,1-Eihylenedioxy-4,5-dihydroxyhexan-3-one (4). The 
acetal 3 (10 g, 0.064 mol) in acetone (100 cm3) was cooled to 
— 40 °G, and then, to the solution a cold solution of potassium 
permanganate (12 g, 0.075 mol) in water (400 cm3) and 
acetone (200 cm3) was added. After the manganese dioxide 
formed had been filtered off, the solvent was distilled off, 
the residue was poured into water and extracted with ethyl 
acetate, and the organic phase was dried. The removal of 
the solvent in vacuo gave a colorless oil, which was subsequently 
purified by column chromatography on silica gel (150 g), 
with ethyl acetate-benzene (1:1) as an eluent, to give 4 (4.3 
g, 35%). Found: G, 50.52; H, 7.38%. Galcd for G8H1405: 
G, 50.50; H, 7.73%. NMR (GDG13) «5=1.2 (3H, d, J=l 
Hz), 3.2 (2H, d, J = 5 Hz), 3.6 (4H, m), 4.2—4.44 (2H, m), 

1 mmHg« 133.322 Pa. 



2732 N O T E S [Vol. 52, No. 9 

5.4 (1H, t, 7 = 5 Hz) and 5.9 ppm (2H, s); IR (neat) 3440 
(OH) and 1718 cm-1 (G=0). 

7,7 -Ethylenedioxy-3-hydroxyimino-4,5-hexanediol (5). To 
a mixture of sodium ethoxide (0.5 g, 0.0073 mol) and 
hydroxylamine hydrochloride (0.7 g, 0.01 mol) in 50 cm3 

of ethanol, 4 (2.3 g, 0.012 mol) was added at room tempera­
ture, after which the soin was stirred for 24 h. After the 
solvent had been removed in vacuo, the oxime, 5, was extracted 
with ether and the solvent was evaporated to give a colorless 
oil (1.4 g, 56%). This was used in the subsequent reaction 
without purification. IR (neat) 3120 and 1030 cm"1 (N-OH). 

1,1-Erhylenedioxy-3-amino-4,5-hexanediol (6). The 
oxime, 5 (2 g, 0.0098 mol), was hydrogenated over the Adams 
catalyst (0.2 g of Pt02) in 30 cm3 of acetic acid at atmospheric 
pressure for 12 h at room temperature.9) Then the catalyst 
was filtered off, and the solvent was removed in vacuo. The 
residue was dissolved in a mixed solvent of water ( 1.2 dm3) 
and methanol (400 cm3), and the solution was passed through 
Amberlite IR-400 to remove the residual acetic acid. The 
subsequent evaporation of the solvent under reduced pressure 
left 1.5 g (81%) of crystalline 6, which was recrystallized 
from 1-propanol-ether as colorless crystals. Mp 111—112 °G. 
Found: G, 50.06; H, 8.75; N, 7.63%. Galcd for G8H17N04: 
G, 50.25; H, 8.96; N, 7.35%. IR (Nujol) 1705 (NH) and 
1135 cm-1 (acetal). 

Methyl cc-DL-Daunosaminide Hydrochloride (7). The 
amine, 6 (0.3 g, 0.016 mol), was dissolved in 2%-methanolic 
hydrogen chloride (9 cm3), after which the soin was stirred 
for 24 h at 40 °G under a N2 stream. The reaction mixture 
was then cooled, and the excess hydrochloric acid was neu­
tralized with sodium hydrogen carbonate. After the evapora­
tion of the filtered solution in vacuo, the residue was extracted 
with ethanol. The solvent was distilled off, and the residual 
solid was recrystallized from 1-propanol to afford 0.28 g 
(84%) of colorless crystals. Mp 161—163 °G. Found: 
G, 42.80; N, 7.84; N, 7.14%. Galcd for G7H16N03G1: 
G, 42.53; H, 8.10; N, 7.09%. NMR (pyridine-^) 0=4.78 
(1H, t, 7 = 3 Hz), 4.43 (1H, br s), 4.32 (1H, m), 3.87 (1H, 
dq, 7 = 1 . 5 and 6 Hz), 3.20 (3H, s), 2.45 (2H, q, 7 = 9 and 

3 Hz) and 1.39 (3H, d, 7 = 6 Hz); IR (Nujol) 3300 (OH), 
1620, 1580, 1510 (NH3+), 1200, 1130, 1080, 1060, and 980 
cm - 1 . 

References 

1) E. Arcamone, G. Gassinelli, P. Orezzi, G. Franceschi, 
and R. Mondelli, J. Am. Chem. Soc, 86, 5335 (1964). 

2) F. Arcamone, G. Franceschi, S. Penco, and A. Selva, 
Tetrahedron Lett., 1969, 1007. 

3) A. G. Richardson, Carbohydr. Res., 4, 422 (1967); 
J. Chem. Soc, Chem. Commun., 1965, 627. 

4) H. H. Baer, K. Gapek, and M. G. Cook, Can. J. Chem., 
47, 89 (1969). 

5) J . P. Marsh, G. W. Mosher, E. M. Acton, and L. 
Goodman, Chem. Commun., 1967, 973. 

6) D. Horton and W. Weckerie, Carbohydr. Res., 44, 227 
(1975). 

7) T. E. Walker and R. Baker, Carbohydr. Res., 64, 266 
(1978). 

8) S. Yasuda, T. Ogasawara, S. Kawabata, I. Iwataki, 
and T. Matsumoto, Tetrahedron, 29, 4087 (1973). 

9) A similar principle of synthesis was applied to the 
total synthesis of the mushroom toxin muscarine: T. 
Matsumoto, A Ichihara, and N. Ito, Tetrahedron, 25, 5889 
(1969). A 6-step total synthesis of a DL-daunosamine deriva­
tive from 3-buten-2-ol has recently been reported: I. Dyong 
and R. Wiemann, Angew. Chem., 90, 682 (1978). 

10) W. Roth, W. Pigman, and I. Danishefsky, Tetrahedron, 
20, 1675 (1964). 

11) 72a,e=13 Hz and J2etS=5 Hz are shown for a com­
pound related to daunosamine. See Ref. 6. Practically 
identical NMR data (100 MHz, pyridine-^) have been 
reported for 7: F. Arcamone, G. Cassenelli, G. Franceschi, 
R. Mondelli, P. Orezzi, and S. Penco, Gazz. Chim. Ital., 
100, 949 (1970). 

12) N. K. Kochetkov, A. Ya. Khorlin, B. P. Gottikh, 
and A. N. Nesmeyanov, Izv. Akad. Nauk SSSR Otdel. Khim. 
Nauk, 1956, 1053. 



September, 1979] N O T E S 2733 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (9), 2733 2734 (1979) 

Preparation of Anhydrous A^iV'-Dicyclohexylalloxan and Its Use 
in Dehydration 

Takeshi E N D O and Makoto O K A W A R A * 

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 
Nagatsuta-cho, Midori-ku, Yokohama 227 

(Received December 15, 1978) 

Synopsis. Anhydrous iVjiV'-dicyclohexylalloxan has 
been prepared and used as a dehydrating agent for carboxylic 
acids in the esterification of carboxylic acids with alcohols. 

Alloxan (A), a vicinal carbonyl compound (reducton), 
is known to play an important role in biological oxida­
tion-reduction systems in the same way as ascorbic 
acid. The central carbonyl, activated by the two 
adjacent carbonyl groups, is reactive such that it 
readily combines with one mole of water to form the 
hydrate (A-hydrate).1) The photochemical reactions 
of the A-hydrate have been reported.2 '3) 

H O H O 
IST II „ ~ l\r I 
IN—v H 2 0 / I N — \ O H 

AOH 
o=< >=o > o 

N / -HjO 

H O 
(A) 

- H 2 0 N — ' ^ 
. II 

H O 

(A-hydrate) 

The study of alloxan has been extended especially in 
the redox system mediated by the alloxan radical 
produced photochemically or chemically from the A-
hydrate.4 '5) 

This paper describes the synthesis of anhydrous 
i\f,iV'-dicyclohexylalloxan and the use of the hydrate 
in the esterification of carboxylic acids with alcohols. 

A and A-hydrate are soluble in water and alcohols, 
but insoluble in common organic solvents. The pre­
paration of i\f,iV'-dialkylalloxan was directed to achiev­
ing soluble alloxan in general organic solvents. Al­
loxans may be prepared by oxidation of the correspond­
ing barbituric acids, which are obtained from diethyl 
malonate and ureas, using chromium trioxide.6) N,N'~ 
Dicyclohexyl barbituric acid(l) was prepared by the 
reaction of malonic acid and dicyclohexylcarbodiimide 
(DCC).7> iVjiV'-Dicyclohexylalloxan (2) as the hydrate 
was obtained by the oxidation of 1 with chromium 
trioxide at room temperature in a mixture of acetic 
acid and water, and identified by I R and elemental 
analyses. 

GH2(GOOH)2 

+ / ' x 
2R-N=C=N-R > H2G > 0 + RNHGONHR 

(DGG) || V 
O R 

Cr03 / 1 R = G6Hn 

/ 

o 
R - N Ä N - R 

o R 
i 

N 

H O ^ O H 

Anhydrous alloxan was prepared by heating alloxan 
hydrate in vacuo (4 mmHgt) at 150 °C.8) Anhydrous 
i^jiV'-dicyclohexylalloxan was prepared by 1) heating 
the hydrate at reduced pressure (170—180 °C/1 mmHg) , 
2) treatment with acetic anhydride at 80 °C or 3) 
treatment with D C C at room temperature. Syn­
thetically method 1 is the most convenient, since for 
methods 2 and 3 a process is needed to separate 
3 from the reaction mixture. In the I R spectrum of 
3 the O H group absorption (3450 cm - 1 ) disappeared 
completely and was accompanied by the appearance 
of a new absorption band of the C - O group at 1760 
cm - 1 . 

-H2O 

°-c 
R O 

i H 

N >° N 
i II 

R O 

Compound 3 thus obtained was examined in terms of 
its suitability as a dehydrating agent. Anhydrous al­
loxan (A) is not suitable as a dehydrating agent because 
of possible side reactions. Acetic acid was treated 
with equimolar quantities of 3 in tetrahydrofuran 
(THF) at room temperature to give quantitatively 
acetic anhydride together with 2. The esterification 
of carboxylic acids with alcohols using 3 was conducted 
in T H F at room temperature. The corresponding 
esters were obtained in reasonable yields as shown in 
Table 1. In the condensation of carboxylic acids and 
amines the same method is impossible to use since 3 
reacts preferentially with amines.9) The reaction may 
proceed via an activated intermediate of the carboxylic 
acid as shown below: 

3 + R'COOH o < 

R O 

Vi 
R O 

OH\ 
O 

O - C 
\R' 

Nu 

; 

NuC-R' + 2 
ii 

O 
Nu; R"OH, R"COOH 

Several anhydrous inorganic salts {e.g. N a 2 S 0 4 , M g S 0 4 ) 
have been used as dehydrants. 3 is novel example 
of a dehydrating agent for ester formation which can 
be reproduced by heating 2 and can be used repeatedly. 

t 1 mmHg= 133.322 Pa. 
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T A B L E 1. ESTERIFICATION OF CARBOXYLIC ACIDS W I T H 

ALCOHOLS BY ANHYDROUS I\F,IV-DICYCLOHEXYLLOXAN ( 3 ) 

Carboxylic 
(R') 

GH3 

CH3 

CH3 
c eH 5 

acid Alcohol 
(R") 

GH3GH2 

GH2G6H5 

Gi2H25 

CH3CH2 

Yield of isolated ester 
(%) 
55 
60 
53 
40 

E x p e r i m e n t a l 

The synthesis of iV,iV'-dicyclohexylbarbituric acid( l ) (mp 
207—208 °G) was prepared from DGG and malonic acid.7) 

Preparation of N,N'-Dicyclohexylalloxan (2). T o a solu­
tion of chromium trioxide (15 mmol) in a mixture of wa te r -
acetic acid (15 ml) (1/4, v/v) was added a solution of 1 
(10 mmol) at 30 °G. After stirring for 2 h at 25—30 °G, 
the reaction mixture was poured into water and then the 
precipitate filtered and dried under vacuum. The alloxan 
was recrystallized from carbon tetrachloride. Yield; 9 0 % , 
m p 212—214 °G. I R (KBr, c m " 1 ) : 3370 (v 0 H ) ; 1690 (v 0 0 ) . 
Found : G, 59.20 ; H , 7.47 ; N , 8.62 % . Galcd for G 1 6 H 2 4 0 5 N 2 : 
G, 59.24; H , 7.46; N , 8.64%. 

Preparation of Anhydrous N,W -Dicyclohexylalloxan (3). 3 
was synthesized by three methods: 1) 3 was sublimated by 
heating 2 at 170—180 °G/1 m m H g for 15 h (97% yield). 
2) A solution of 2 (10 mmol) in acetic anhydride (30 ml) 
was heated at 80 °G for 5 h. After the excess acetic anhydride 
was removed under vacuum, the residue was recrystallized 
from carbon tetrachloride to give 3 (90% yield). 3) T o a 
solution of 2 (10 mmol) in T H F (30 ml) , DGG (10 mmol) 
was added at room temperature and the reaction mixture 
stirred at 40 °G for 7 h. T h e iV,iV'-dicyclohexylurea was 
filtered and the T H F evaporated under vacuum. T h e 
residue was recrystallized from carbon tetrachloride to give 

3 (85 yield). M p 229—231 °G. I R (KBr, cm" 1 ) : 1760, 
1710, 1690 (v0O). U V ( T H F , nm) : 420, 257 (Am a x). Found: 
G, 62.70; H , 7.59; N , 9 .45%. Galcd for G 1 6 H 2 2 0 4 N 2 : G, 
62.75; H , 7.52; N , 9 .48%. 

Reaction of 3 with Acetic Acid. To a solution of 3 (30 
mmol) in T H F (30 ml) was added acetic acid (33 mmol) 
at room temperature and the reaction mixture was stirred at 
room temperature for 7 h. The T H F was removed and the 
residue was distilled to give acetic anhydride quantitatively 
and 2 was recovered from the residue. 

Esterification of Carboxylic Acids with Alcohols by the Use of 3. 
To a solution of 3 (10 mmol) in T H F (30 ml) was added 
the carboxylic acid at room temperature; alcohol (11 
mmol) was then added to the reaction mixture. After the 
mixture was stirred at room temperature for 10 h, the T H F 
was evaporated. The obtained residue was distilled to give 
the corresponding ester as shown in Table 1, and 2 was 
obtained quantitatively from the residue after distillation. 
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Synopsis. Vinyl acetate gives selectively (S)-2-
acetoxypropanal in 10—24% optical yields by the asymmetric 
hydroformylation with /^/j'-dichlorotetracarbonyldirhodium-
( — )-DIOP. (Ä)-Benzylmethylphenylphosphine and neo-
menthyldiphenylphosphine give low optical yields. The 
reaction depends essentially on the DIOP/rhodium ratio. 
Just 2 mol or more of ( —)-DIOP per g-atm of rhodium is 
required for the asymmetric reaction. Other reaction vari­
ables (temperatures and pressures of hydrogen and carbon 
monoxide) have minor effects. 

More recently, a chiral phosphine-rhodium complex 
system has been shown to be effective for the asym­
metric hydroformylation of olefins.1) These studies 
have been mainly concentrated on styrene and butènes. 
Styrène gives 2-phenylpropanal as the major product 
in moderately high optical yields up to 44% l b ) but 
such 1-alkenes as 1-butène and 1-octene give branched 
chain-aldehydes with optically active carbons as minor 
products in only low optical yields. Little attention, 
however, has been paid to the asymmetric hydroform­
ylation of 0- and N-vinyl compounds, which are selec­
tively formylated on the inner carbon adjacent to 
the oxygen and nitrogen to produce aldehydes with 
an optically active carbon.2) Thus, vinyl acetate gives 
2-acetoxypropanal in an excellent yield. Compared 
with simple olefins, 0 - and iV-vinyl compounds appear 
to be more suitable for the asymmetric hydroformyla­
tion. 

The present study will deal with the asymmetric 
hydroformylation of vinyl acetate using a chiral phos­
phine-rhodium complex, and the effects of several 
reaction variables (ligands, temperatures, and pressures 
of hydrogen and carbon monoxide) will be described 
in some detail. 

Exper imenta l 

All the *H NMR spectra were recorded on a JEOL JNM-
PM-60 spectrometer, using Me4Si as the internal standard. 
The optical rotations were measured on a JASGO model 
DIP-180 automatic Polarimeter using samples as a neat 
liquid. The GPG analysis was carried out on a Shimadzu 
model GG-3B apparatus equipped with a column (3 mm0, 
3 m) packed with diethylene glycol adipate polyester on 
Ghromosorb. 

Materials. The vinyl acetate was refluxed over active 
calcium sulfate for one or two days, distilled, and stored in 
a refrigerator. Neomenthyldiphenylphosphine (abbreviated as 
nmdpp),3) (Ä)-benzylmethylphenylphosphine(bmpp),4) 2,2-
dimethyl - 4,5 - bis (diphenylphosphino) - 1 , 3 - dioxolane ( (—) -
DIOP),5> and /*,//-dichlorotetracarbonyldirhodium6> were 
prepared according to the methods in the literature. 

Reaction Procedure. The reaction was carried out in 
a manner similar to that described in a previous paper.1*) 
The 2-acetoxypropanal was separated by vacuum distillation 
(bp, 65—68 °C/30 Torr), and then the optical rotation was 

measured. The 2- and 3-acetoxypropanal were identified by 
GPG and 1H NMR analysis. 2-Acetoxypropanal, XH NMR 
(GDG13): Ô (ppm) 1.35 (d, 3H, J = 7 . 5 H z , GH3), 2.15 (s, 
3H, GH3), 4.95 (q, 1H, 7 = 7 . 5 Hz, GH), 9.94 (s, 1H, GHO). 
3-Acetoxypropanal, 1H NMR (GDG13) : ô (ppm) 2.03 (s, 
3H, CH3), 2.83 (t, d, 2H, Jt=6, Jd=l Hz, GH2), 9.98 (t, 
1H, / = 1 Hz, GHO). 

Reduction of 2-Acetoxypropanal. Optically active 2-
acetoxypropanal, whose configuration and maximum rota­
tion are unknown, was reduced to a known compound, (S)-
1,2-propanediol ([a]D m a x = - f 16.28° 7>) : To a suspension of 
lithium aluminum hydride (3 g) in tetrahydrofuran (20 ml) 
was added, drop by drop, a 2-acetoxypropanal (5 ml, [a]D= 
— 11.26°) solution in tetrahydrofuran (20 ml), and then the 
mixture was refluxed for 4 h. The resultant solution was 
hydrolyzed with IM HCl (30 ml), and the precipitates 
thus formed were filtered off. The filtrate was dried with 
disodium sulfate, concentrated, and analyzed by GPG. 
[a]D=+2.35°; optical yield, 14.4%. 

R e s u l t s a n d D i s c u s s i o n 

Under the typical oxo reaction conditions (120 °C 
and C O / H 2 = 5 0 / 5 0 atm) using a rhodium catalyst such 
as [RhCl(CO) 2 ] 2 , vinyl acetate is readily hydroformylat-
ed to give 2-acetoxypropanal selectively. The reaction 
is completed in less than 1 h. A chiral phosphine-
[RhCl(CO) 2 ] 2 system is effective for the asymmetric 
hydroformylation. The reaction was examined in 
some detail by changing several reaction variables, 
using ( —)-DIOP, (Ä)-bmpp, and n m d p p as chiral 
phosphines. Some typical results are summarized in 
Table 1. 

CO, H 2 

AcOGH=GH2 > AcOC*-CH3 
[ R h L * l I 

GHO 

+ AcOGH2GH2GHO 
A tertiary phosphine-rhodium catalyst requires a 

much longer reaction time for completion than does 
[RhCl (CO) 2 ] 2 ; even at the D I O P / R h ratio of 1.0, 
the product yields amounted to only 2 5 % even after 
18 h (Run 1). Such a retardation effect appears to 
come from the coordination of the phosphine to the 
rhodium, showing that the active catalyst species are 
H R h ( C O ) 3 _ n L n ( f i= l , 2, L = l i g a n d ) in place of H R h -
(CO) 3 . The retardation effect appears to be largest 
with bmpp , followed by ( —)-DIOP and nmdpp . The 
stereochemical control, however, is largest with ( —)-
D I O P . (Ä)-Bmpp and nmdpp are much less effective 
(Runs 13 and 14). 

With ( - ) - D I O P , the ( - ) - D I O P / R h ratio has a 
great effect on the stereoselectivity (see Runs 1—3), 
while the other reaction conditions are fixed. At the 
ratios of 1.0 and 1.5, the stereochemical control was 
not effective, giving only low optical yields, 0.8 and 
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T A B L E 1. ASYMMETRIC HYDROFORMYLATION OF VINYL 

ACETATE W I T H [ R h C l ( C O ) 2 ] 2 - ( - ) - D I O P 

Reaction conditions 2-Acetoxypropanal 
~ - ^ Product , , 

/Rhatm/atm °C h / o —^f- ° • 0/ 
/o /o 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13c> 
14d> 

1.0 
1.5 
2.0 
4.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
4.0 
8.0 

50/50 
50/50 
50/50 

50/50 
50/50 
50/50 

50/50 

50/50 

20/50 

65/50 
50/20 
50/70 

50/50 
50/50 

120 
120 
120 
120 
70 
80 
100 
140 
120 
120 
120 
120 
120 
120 

18 
16 
15 
18 
42 
17 
20 
3 
2 
6 
6 
8 
21 
1 

25 
45 
61 
50 
13 
12 
56 
45 
59 
61 
45 
43 
25 
73 

100 
100 
100 
100 
92 
89 
87 
100 
100 
100 
100 
100 
100 
100 

-0.60 

-1.29 
-11.26 

-11.72 
-18.4 

-17.32 
-12.60 
-9.25 

-11.54 

-9.18 
-10.40 

-8.55 

-1.63 

-0.36 

0.8 
1.7 
15 
15 
23 
22 
16 
12 
15 
12 
13 
11 
2.1 
0.5 

a) Isolated yields of 2- and 3-acetoxypropanal. b) Calcd from the [<x]D values 
of 1,2-propanediol derived from 2-acetoxypropanal. c) (Ä)-Benzylmethylphenyl-
phophine was used, d) Neomenthyldiphenylphophine was used. 

1.7% respectively. A small increase in the ratio to 
2.0, however, resulted in a larger stereoselectivity, an 
optical yield of up to 15%. Additional increases in 
the ratio, to 3.0, 4.0, and 8.0, however, showed no 
additional increase in the stereoselectivity. Thus , the 
( —)-DIOP/Rh ratio clearly has a critical point at 2.0 
in the reaction. The efficiency of the D I O P ligand 
in some asymmetric reactions has been considered to 
come from its chelating ability as a bidentate,8) and 
some metal complexes chelated by D I O P are known.9) 
The results obtained here, however, appear to throw 
doubt on the idea that (—)-DIOP acts as a bidentate 
ligand in this reaction. 

The active catalyst species for the asymmetric hy­
droformylation has normally been considered to be 
H R h ( C O ) L 2 * rather than H R h ( C O ) 2 L * , where L* 
is a chiral ligand.1) Even at the ( —)-DIOP/Rh ratio 
of 1.0, a retardation in the reaction rate was observed, 
showing that the rhodium catalyst is changed into 
the H R h ( C O ) 2 P ~ P species ( D I O P is presented as P T ) , 
still with no effect on the stereochemical control. 
Jus t one additional mole of ( —)-DIOP per g-atm of 
rhodium seems to change the rhodium catalyst into 
another species, H R h ( C O ) ( P T ) 2 , with a conforma­
tional rigidity; this species is really active in the asym­
metric reaction. Thus, the fact described above could 
be explained by considering that the D I O P acts as 
a monodentate ligand. A similar doubt has been sug­
gested in the asymmetric hydrocarboxylation catalyzed 
by ( - ) - D I O P - p a l l a d i u m chloride.10) 

Among other reaction variables, such as the reaction 
temperatures and partial pressures of carbon monoxide 
and hydrogen, the reaction temperature has the largest 
effect on the stereoselectivity (see Runs 3, 5—8). 
Under fixed conditions, a ( —)-DIOP/Rh ratio of 2.0 
and an initial partial pressure of 50 a tm of either 
carbon monoxide or hydrogen, a lower reaction temper­
ature (70—140 °G) gave a higher stereoselectivity. At 
70 °G the highest optical yield of 2 3 % was achieved, 

but the reaction rate became remarkably slow. At 
lower temperatures (70—100 °C), 3-acetoxypropanal 
was produced as a by-product. Lowering the reaction 
temperature exhibits the same tendency as with sty­
rène.1) 

The stereoselectivity of this reaction, however, was 
not significantly affected by changing the initial pres­
sures of carbon monoxide and hydrogen. Under the 
fixed conditions, a ( —)-DIOP/Rh ratio of 2.0 and at 
120 °G, the effects of the pressures on the stereoselectiv­
ity were examined. When the pressure of hydrogen 
was fixed at 50 atm, the stereoselectivity was almost 
unchanged, giving 1 5 % optical yields at 20—50 atm 
of carbon monoxide, but it decreased to 12% at 65 
a tm (Runs 3, 9, and 10). When the pressure of carbon 
monoxide was fixed at 50 atm, the stereoselectivity 
was the largest ( 15% optical yield) at 50 a tm of hy­
drogen, but decreased to 13 and 1 1 % at higher (70 
atm) and lower (20 atm) pressures of hydrogen re­
spectively (Runs 3, 11, and 12). Accordingly, the 
pressures have a minor effect on the reaction of vinyl 
acetate. 

In the present study, vinyl acetate shows a larger 
stereoselectivity than any other olefins except styrene. 
The largest stereoselectivity with styrene has been 
considered to arise from the conformational rigidity 
concerned with the phenyl group, l a) though the mech­
anism of the asymmetric induction is not clear. With 
vinyl acetate, the acetoxyl group seems to play some 
role in the asymmetric induction. 

The present work was partially supported by a 
grant-in-Aid for Development Scientific Research and 
for Scientific Research from the Ministry of Education. 
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Synopsis. An improved synthesis of vulgarin is 
described. Epoxidation of l-oxo-5a//,6/?,ll/?//-eudesm-3-en-
6,13-olide and successive treatment of the resulting epoxide 
with silica gel gave vulgarin. Oxidation of l-oxo-5<xH,6ß, 
ll/?//-eudesm-3-en-6,13-olide with air or oxygen gas gave 
4a-hydroperoxy - 1 -oxo-5<xH,6ß, 1 l/?//-eudesm-2-en-6,13-olide 
and 4/?-hydroperoxy-1 -oxo-5<xH,6ß, 11 ßH- eudesm-2 - en - 6,13-
olide, which were transformed into vulgarin and C4-epi-
vulgarin, respectively. 

Many compounds with a y-hydroxy a,/?-unsaturated 
carbonyl moiety fused on various skeletons have been 
found in natural products. Since some of them have 
considerable biological activities as shown in abscisic 
acid and ecdysone, the synthesis of y-hydroxy oc,ß-
unsaturated carbonyl moiety has drawn much atten­
tion, several efficient methods for preparing this function­
al group being reported.1) Vulgarin (5) is a typical 
example of the sesquiterpenes possessing a y-hydroxy 
a,/?-unsaturated carbonyl group.2) Reports have been 
given on the synthesis of vulgarin3»5) and its a-meth-
ylene y-lactone derivative, arglanine.4»5) In connection 
with the general synthesis of y-hydroxy a,/?-unsaturated 
carbonyl moiety we have examined a more efficient 
synthesis of vulgarin. 

The starting material is a /?,y-unsaturated acetal 
(1) prepared from the corresponding a,/?-unsaturated 
ketone.5) Treatment of 1 with boiling 5 0 % aqueous 
acetic acid gave the desired /?,y-unsaturated ketone 
(2)2»4) in a quantitative yield. Methods for the prep­
aration of y-hydroxy a,/?-unsaturated ketones via the 
corresponding /?,y-unsaturated ketones are limited1) 
probably because of difficulty in the preparation of 
the intermediates.6) Since the / ^ -unsa tu ra t ed ketone 
(2) was obtained in an excellent yield, the synthesis 
of vulgarin via intermediate (2) was examined in two 
procedures. 

Epoxidation of 2 with m-chloroperbenzoic acid 
gave an epoxy ketone (4) in a quantitative yield. The 
stereochemical assignment of the epoxide ring of 4 
is based on the consideration that the epoxidation 
proceeds from the less hindered a-side. 4 was trans­
formed into vulgarin in 9 0 % yield by treatment with 
silica gel T L G for 1 h. 

During the course of attempted purification of 2 
by TLG of silica gel we observed that this compound 
gradually turned into two kinds of more polar sub­
stances at the surface of silica gel. In order to examine 
the transformation, 2 was allowed to stand on the 
surface of silica gel in TLG on exposure to air for 12 
days to give 4a-hydroperoxide (7) in a 4 6 % yield and 
4ß-hydroperoxide (8) in a 1 3 % yield accompanied 
by vulgarin in a 9 % yield. T h e structure of 7 and 
8 were deduced from the analyses of their N M R spectra. 
The assigned stereochemistry at G4 in 7 and 8 was 

unambiguously demonstrated by their conversion into 
vulgarin and C4-epivulgarin (6) in quantitative yields 
by treatment with K I in aqueous acetic acid. 

The oxidation reaction of 2 by molecular oxygen 
in solution was also investigated. Since the y-lactone 
moiety was considered to be sensitive in autoxidation 
in strong basic conditions, we chose neutral or slightly 
acidic7) conditions. The /?,y-unsaturated ketone (2) 
gave vulgarin by bubbling oxygen gas into 50 % aqueous 
acetic acid solution at refluxing temperature. This 
reaction was very slow at room temperature but proceed­
ed in a moderate rate by addition of active charcoal8) 
into the reaction mixture. I n this case the major 
product was not vulgarin but the corresponding hy­
droperoxide (7). In M e O H and D M F solutions, 
the oxidation reaction of 2 by molecular oxygen in 
the presence of active charcoal proceeded in the same 
manner as in 5 0 % aqueous acetic acid solution. The 
results are summarized in Table 1. The resulting 
hydroperoxides (7) and (8) were transformed into 
vulgarin and G4-epivulgarin, respectively, in quan­
titative yields. 

The acetal (1) also gave vulgarin (5) in a 5 0 % yield 
by bubbling oxygen gas in boiling 5 0 % aqueous acetic 
acid solution. Yamakawa et al. reported a similar 
reaction in an acetal (3), but did not mention the 
reaction path.4) These reactions probably proceeded 
through autoxidation of the corresponding / ^ - u n ­
saturated ketones formed under the reaction conditions 
and successive decomposition of the resulting hydro­
peroxides to the corresponding alcohols. 

(1) X = < o l > Y = H 

(2) X = 0 , Y = H 

(3) X = < g ] , Y = SeC6H5 

(4) (5) X = OH, Y = CH3 

(6) X = CH3, Y = OH 
(7) X = 0 2 H , Y = G H 3 

(8) X = CH3, Y = 0 2 H 

Exper imenta l 

All the melting points were uncorrected. IR spectra were 
determined on Shimadzu IRG-1 and Nihonbunko IRA-2 
spectrometers. NMR spectra were recorded on a Hitachi 
R-24 spectrometer in GDG13 containing TMS as an internal 
standard. 

7-Oxo-5ocH,6ß,77ßH-eudesm-3-en-6,73-olide (2) from 7,7-Eth-
ylenedioxy-5<xH,6ß,77ßü-eudesm-3-en-6,73-olide (l). A 
solution of 1 (800 mg, 2.74 mmol) in 50% AcOH aq 
(76 ml) was refluxed for 1 h and 15 min under N2, cooled 
and poured into satd. NaCl aq soin. The mixture was 
worked up as usual to give 677 mg (100%) of 2, (mp 139 °G). 
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Run 

i 
ii 
iii 
iv 
V 

vi 

Solvent 

50% AcOH aq 
50% AcOH aq 
50% AcOH aq 
50% AcOH aq 

MeOH 
DMF 

TABLE 1. 

N O T E S 

OXIDATION OF 

Reaction conditions 

Catalyst 

None 
None 

Cb> 
Cb> 
Cb> 
Cb> 

Temperature 

Room temp 
Reflux 
Reflux 
Room temp 
Room temp 
Room temp 

2 WITH MOLECULAR 

Time/ha> 

24 
2.5 
1 

70 
87 
76 

OXYGEN 

Isolated 

7 8 

[Vol. 52, 

yield/% 

5 

(Recovered starting material) 
0 0 
0 0 

49 13 
71 16 
62 9 

24 
38 
19 
12 
12 

No. 9 

6 

0 
9 
0 
0 
0 

a) The reactions were stopped at the time when 2 disappeared in the reaction mixture by T L G analysis except 
in the case of run i. b) Active charcoal (powder). 

3<x,4a-Epoxy-7-oxo-5aH,6ß,11ßH-eudesman-6,l3-olide (4). 
A mixture of 2 (47 mg, 0.19 mmol) and m-chloroperbenzoic 
acid (33 mg, 0.19 mmol) in GH2G12 (3 ml) was allowed to 
stand at room temperature for 75 h. T h e mixture was 
worked up as usual to give 50 mg (100%) of spectroscopically 
pure 4 as a crystalline material, which was recrystallized 
from ether to give prisms, m p 151 °G. I R (KBr) : 1770 
and 1712 cm"1 . N M R : Ô 1.24 (3H, d, 7 = 6 . 4 Hz, G „ - M e ) , 
1.27 (3H, s, C 1 0 -Me) , 1.59 (3H, s, C 4 - M e ) , 2.05 (1H, d, 

7 = 1 1 . 5 Hz, G 5 - H ) , 2.79 (1H, d, 7 = 1 . 6 Hz, G 2 - H ) , 2.83 
(1H, d, 7 = 4 . 0 Hz, G 2 - H ) , 3.25 (1H, dd, 7 = 1 . 6 and 4.0 Hz, 
G 3 -H) , 4.06 (1H, broad t, 7 = 11.5 Hz, G 6 - H ) . Found : 
C, 67.82; H , 7 .71%. Galcd for G 1 5 H 2 0 O 4 : G, 68.16; H , 
7 .63%. 

Vulgarin from 4. T h e GHG13 solution of 4 (50 mg, 
0.19 mmol) was impregnated into T L G of silica gel (Merck 
GF2 5 4 , thickness 0.25 m m , 20 cmX 20 cm sheet), which was 
developed by dipping in A c O E t - G H G l 3 (1:1) for 1 h. T h e 
most polar band was collected and extracted with acetone 
to give 45 mg (90%) of vulgarin. 

Air Oxidation of 2 at the Surfaces of Silica Gel TLC. T h e 
GHGlg solution of 2 (21 mg, 0.08 mmol) was impregnated 
into T L G of silica gel (Merck GF2 5 4 , thickness 0.25 m m , 
2 0 c m x l 0 c m sheet), which was developed by dipping in 
A c O E t - C H C l 3 (1:1). T h e T L G plate was dried and allowed 
to stand at room temperature exposed to air for 12 days. 
T h e black band monitored by an U V lamp was collected 
from T L G and extracted with acetone to give 22 mg of oil, 
which was shown to be a 10:3 mixture of 7 and 8 from the 
analysis of the N M R spectrum. This was purified by pre­
parative T L G [Merck silica gel GF2 5 4 , thickness 0.25 mm, 
E tOAc:GHGl 3 (1:1)] . The first band (Rt 0.50) gave 3 mg 
(13%) of 8, which was recrystallized from ether to give 
colorless prisms; m p 178 °G. I R (KBr) : 3360, 3300, 1765, 
1745, and 1682 cm- 1 . N M R : Ô 1.21 (3H, d, 7 = 6 . 8 Hz, 
G n - M e ) , 1.32 (3H, s, G 1 0 -Me) , 1.67 (3H, s, G 4 -Me) , 2.14 
(1H, d, 7 = 11.6 Hz, G 5 -H) , 4.24 (1H, m, G 6 -H) , 5.98 (1H, 
d, 7 = 1 0 . 2 Hz, G 2 - H ) , and 6.76 (1H, d, 7 = 1 0 . 2 Hz , G 3 - H ) . 
The second band (R{ 0.40) gave 11 mg (46%) of 7, which 
was recrystallized from ether to give colorless prisms; m p 
175 °G. I R (KBr) : 3320, 1770, 1748, 1677, and 1660cm- 1 . 
N M R : S 1.22 (3H, d, 7 = 6 . 4 Hz, G n - M e ) , 1.25 (3H, s, 
G 1 0 -Me) , 1.48 (3H, s, G 4 -Me) 2.85 (1H, d, 7 = 1 1 . 6 Hz, 
G 5 -H) , 4.13 (1H, dd, 7 = 8 . 0 and 11.6 Hz, G 6 - H ) , 6.02 (1H, 
d, 7 = 10.6 Hz , G 2 - H ) , 6.72 (1H, d, 7 = 10.6 Hz , G 3 - H ) . 
Found : G, 63.86; H , 7 . 4 1 % . Galcd for G 1 5 H 2 0 O 5 : G, 64.27; 
H , 7.19%. 

Oxidation of 2 by Molecular Oxygen in MeOH in the Presence 
of Active Charcoal. Oxygen gas was bubbled into a 
solution of 2 (20 mg, 0.08 mmol) in M e O H (3 ml) in the 
presence of active charcoal (20 mg) at room temperature 
for 87 h. T h e mixture was worked up as usual to give 22 m g 

of oil, which was separated by T L G (Merck silica gel GF2 5 4 , 
thickness 0.25 mm, E t O A c : G H G l 3 = 1:1) to give 16 mg (71%) 
of 7, 3.5 mg (16%) of 8, and 2.5 mg (12%) of vulgarin. 

Vulgarin from 7. A mixture of 7 (9 mg, 0.032 mmol), 
K l aq soin (KI 30 mg, H 2 0 1.5 ml), A c O H (0.1 ml) , and 
GHG13 (0.5 ml) was stirred for 2 h at room temperature. 
T h e mixture was worked up as usual to give 8.5 mg (100%) 
of vulgarin. 

C^-Epivulgarin from 8. 8 (9 mg, 0.032 mmol) was 
treated as mentioned above to give 8.5 mg (100%) of C4-
epivulgarin. 

Oxidation of 1 by Molecular Oxygen in Boiling 50% AcOH 
Aq Soin. Oxygen gas was bubbled into a solution of 
1 (30 mg, 0.10 mmol) in 5 0 % A c O H aq soin (3 ml) under 
refluxing for 3 h, cooled and poured into satd. NaCl aq soin. 
T h e mixture was worked up as usual to give an oily crude 
product, which was chromatographed over silica gel (Merck, 
< 230 mesh, 1.5 g) and eluted with GHG13 to give 13.5 mg 
(50%) of vulgarin. 
R e f e r e n c e s 
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Synopsis. The reactions of 9-fluorenyl, phenacyl, 
benzhydryl, and benzyl thiocyanates (or the corresponding 
bromides with sodium thiocyanate) with hydroxide ion under 
phase transfer conditions afforded 9,9'-bifluorenylidene, 2,3-
dibenzoylthiirane, thiobenzophenone and dibenzyl disulfide, 
respectively. 

It is well known that carbanion-forming reactions 
are accelerated by cationic micelles.1) Favored forma­
tion of carbanion is also known for phase transfer 
catalyzed reactions,2) including our own works.3-5) 
Recently, we have demonstrated that the mechanism 
of hydrolysis for esters bearing a-hydrogen changes from 
addition-elimination to elimination-addition mechanism 
under micellar conditions.6) This finding has led 
us to check the reaction in the title. 

In this paper, we describe the reactions of organic 
thiocyanates with hydroxide ion in the two-phase 
system, together with the reactions of the corresponding 
organic bromides with hydroxide ion in the presence 
of sodium thiocyanate, in the hope of finding a con­
venient method for the preparation of thiocarbonyl 
compounds. 

R e s u l t s and D i s c u s s i o n 

Thiocarbonyl compounds are usually prepared by 
the reaction of the corresponding carbonyl compounds 
or acetals with hydrogen sulfide in the presence of 
H+ or by H C N elimination from organic thiocyanates 
with base.7) In these reactions anhydrous conditions 
are usually required. The present reaction was carried 

out by stirring two phases of organic thiocyanates 
dissolved in CH2C12 or benzene and aqueous sodium 
hydroxide in the presence of hexadecyltrimethylam-
monium bromide (CTABr) as the phase transfer catalyst. 
Other catalysts, such as methyltrioctylammonium 
chloride and benzyltriethylammonium bromide, did 
not make much difference in the yields of products. 
The reactions could also be performed by using 
organic bromides and sodium thiocyanate to give 
the corresponding organic thiocyanates in situ during 
the reaction. The results are summarized in the 
Table. 

The run 1 indicates the formation of 9,9'-bifluorenyl-
idene in more than 9 0 % yield. The same result was 
obtained by using 9-bromofluorene and sodium thiocy­
anate. Although 9-bromofluorene is known to give 
9,9'-bifluorenylidene with base,8) the present reaction 
was found to be much slower in the absence of sodium 
thiocyanate than in its presence. Thus, the reaction 
of 9-bromofluorene is considered to proceed through 
the formation of 9-thiocyanofluorene. 

The episulfide obtained in the reaction of benzoyl-
methyl thiocyanate (run 2) is presumably the trans-
isomer since frmr-l,2-dibenzoylethylene was obtained 
on treatment of the episulfide with triphenylphosphine. 
In the case of benzhydryl thiocyanate (run 3) thio­
benzophenone was obtained in a quantitative yield. 
Finally, dibenzyl thiocyanate gave disulfide (run 4). 

These results may be tentatively accounted for by 
the following reaction scheme where A, B, C, and D 
stand for the products of runs 1—4, respectively. 

aq NaOH/CH2Cl2 or benzene 
TABLE 1. R ^ C H S C N > Products 

Run R i R2 
[NaOH] 

CTABr, under N2 

Conditions 

Temp Time 

Products 
(yield) 

/ \ / \ 
IOI IOI 

G6H5GO H 

5 Ma> r.t 2—3 h 

5 Ma> r.t 18h 

C6H5 

G6H5 

GßH5 

H 

15 Mb> 60—70 °G 2—3 days 

15 Ma> 60—70 °G 24 h 

\9S \9S (90-96%) 

I X I 
<ö><2> 
G6H5GOCH—GHGOG6H6 

(37-45%) 
Unidentified«) 

C = Sd> (90%) 
G6H6/ 

(C6H5CH2S>2*> (30%) 

a) With GH2G12. b) With benzene, c) This was found in the aqueous layer and precipitated by acidifying the 
solution, d) The absorption spectrum (^max 595 nm, e=167 in £-PrOH)10> indicated a quantitative yield, e) 
Starting material was recovered (65%). 
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R R i \ / H OH-
G > 

R / \ S G N 

O H -

R i \ / H 
G 

R 2 / \ S - G = N -
I 

O H 

-HOCN 

Ri \ /H 
R l \ / H R 2 / \SCN 

G > 

i \ 

R / ^SGN 

-CN-

Ri\ 
K l \ R 2 ' NSCN 

C = S > 
R / 

s R 1 X c / H 

\ R 2 / \SCN 

\ 

R 
H 

i \ I / R i 
C — G 

R / 1 X R 2 

SGN 

OH- -HSCN 

R , \ l * / R , 
Q Q 

^ S G N 

-SCN-

R i \ / S \ / R i 

R » / NEL 

B 

R / \ S ~ -GN-
fR'VH) 
\ R / \ S - / 

R i \ / R i 
G = G 

R / \ R 2 

A 

Scheme 1. 

C a r b e n e c o u p l i n g c a n b e c o n c e i v a b l e for t h e f o r m a t i o n 
of A.9) H o w e v e r , n o c a r b e n e a d d u c t w a s o b t a i n e d 
in t h e p r e s e n c e of c y c l o h e x e n e o r s ty rene . Episu l f ide 
(B) m i g h t b e f o r m e d b y t h e a d d i t i o n - e l i m i n a t i o n 
of S C N - to A . H o w e v e r , 1 ,2 -d ibenzoyle thy lene (A) 
d i d n o t g ive t h e episulf ide of r u n 2 in t h e p r e s e n c e 
of N a S C N u n d e r t h e p r e s e n t r e a c t i o n cond i t i ons . 
I n t h e case of r u n 4 to fo rm D , t h e b e n z y l m e t h y l e n e 
m a y n o t b e ac t i ve e n o u g h to fo rm c a r b a n i o n u n d e r 
t h e p r e s e n t p h a s e t ransfer c o n d i t i o n s . 

T h e a b o v e r e a c t i o n is h i g h l y d e p e n d e n t o n t h e 
S t ruc tu re of s u b s t r a t e a n d does n o t a p p e a r to b e g e n ­
e ra l ly useful for s y n t h e t i c p u r p o s e s e x c e p t for t h e r u n 3 . 
I n t h e r u n 3 , b e n z h y d r y l b r o m i d e o r t h i o c y a n a t e c a n 
b e r ead i ly c o n v e r t e d to t h e t h i o k e t o n e in a q u a n t i ­
t a t i ve y ie ld , a n d this m e t h o d m a y b e gene ra l l y a p ­
p l i c a b l e to t h e synthesis of d i a r y l t h i o k e t o n e . 

E x p e r i m e n t a l 

All melting points are uncorrected. The thiocyanates 
were prepared from the corresponding bromides and sodium 
thiocyanate in dry acetone.10) 

Phenacyl thiocyanate, m p 75 °G (from ether) (lit,11) m p 
75—76 °G), 7 0 % . 

9-Fluorenyl thiocyanate, m p 118—119°G (from benzene), 
7 8 % . 

Benzhydryl thiocyanate, m p 35 °G (from ether) (lit,12) m p 
35—36 °G), 9 3 % . The other reagents were purchased from 
Tokyo Kasei Go. 

Reaction of Thiocyanates with Hydroxide Ion under Phase Transfer 
Conditions. A mixture of the organic thiocyanate (10 
mmol) , GTABr (0.1 mmol) in GH2G12 (6 ml) and aqueous 
sodium hydroxide (2 ml) was stirred under N 2 atmosphere. 
The GH2G12 layer was separated and dried over N a 2 S 0 4 . 
After GH2G12 was evaporated, the products were isolated 
by column chromatography (silica gel; benzene) for phenacyl 
and benzyl thiocyanates. 9,9'-Bifluorenylidene and 2,3-di­
benzoylthiirane were isolated by recrystallization. 

9,9f-Bifluorenylidene, m p 189—190 °G (GHGl 3 -E tOH) (lit,13) 
m p 188 °G). 

2,3-Dibenzoylthiirane, m p 77—77.5 °G (GH 2 Gl 2 -E tOH) ; 
N M R (GDG13) Ô 4.00 (2H, s), 7.3—8.1 (lOH). Found : 
G, 71.30; H , 5.00; S, 11.80%. Galcd for G 1 6 H 1 2 0 2 S : G, 
71.64; H, 4.47; S, 11.95%. 

Reaction of the Bromides with a Mixture of Sodium Thiocyanate 
and Sodium Hydroxide under Phase Transfer Conditions. A 
mixture of the bromides (5 mmol) , GTABr (0.1 mmol) in 
benzene (5 ml) and an aqueous solution containing equal 
amount of sodium thiocyanate and sodium hydroxide was 
stirred at a given temperature. The product isolation was 
performed with the same procedure as in the above reaction 
of thiocyanates. 

Desulfurization of 2,3-Dibenzoylthiirane by Triphenylphosphine. 
A mixture of 2,3-dibenzoylthiirane 0.32 g (1.2 mmol) and 
triphenylphosphine 0.5 g (1.9 mmol) in 10 ml of xylene was 
refluxed overnight. Xylene was evaporated and the residue 
was subjected to column chromatography (silica gel; benzene). 
£raw.y-l,2-Dibenzoylethylene was obtained (0.24 g, 8 5 % ) , mp 
109 °G (lit,14) m p 109—110 °G). 
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Synopsis. Rate constants have been measured 
for the reactions of 4-substituted a>-bromo-l-acetonaphthones 
with aniline in methanol at three temperatures. Arrhenius 
parameters, the enthalpies and the entropies of activation 
have been evaluated. The Hammett p value of 0.90 obtained 
at 40 °G indicates that a triangular transition state is more 
likely in this reaction. 

In a previous paper1) we reported a study of the 
reaction of 4-substituted co-bromo-l-acetonaphthones 
with benzoate ion. The reaction between 4-substituted 
co-bromo-l-acetonaphthones and aniline is now in­
vestigated with a view to examine the applicability 
of the Hammet t equation. 

Exper imenta l 

Materials. All the 4-substituted co-bromo-1-aceto-
naphthones were prepared from the corresponding aceto-
naphthones by treatment with bromine. Their purities were 
ascertained by microanalysis and TLC.2> 

Methanol was dried and purified by the method of Lund 
and Bjerrum.3) 

Rate Measurement. The kinetic procedure was similar 
to that employed previously4) and the rate constants were 
calculated using the suitable second-order rate equation 
when two moles of aniline are consumed per mole of the 
co-bromoacetonaphthones. 

Products. Standard solutions of the appropriate co-
bromo-1-acetonaphthone and aniline in methanol were 
mixed in the molar ratio 1:4 and maintained at the kinetic 
temperature until completion. After concentration of 
the solution to small volume under reduced pressure, the 
products precipitated were collected, and recrystallized. In 
all cases only the co-anilinoacetonaphthone was formed. No 
other product was detected. Table 1 lists the compounds 
isolated, their mp and elemental analyses. 

R e s u l t s a n d D i s c u s s i o n 

The reaction is found to be first order in each of 
the reactants. This was established by usual procedure 
with co-bromo-1-acetonaphthone. Hence we assume 
that the reaction follows a two-stage mechanism, with 
the bimolecular rate-determining first stage. 

RGOGH2Br + PhNH2 = RGOGH2NHPh + HBr (1) 

HBr + PhNH2 = PhNH3+Br- (2) 

where R is 4-substituted 1-naphthyl group. 
The kinetic data are presented in Table 2. The 

entropies of activation are found to be negative as 
expected for bimolecular reactions.5) But they are 
more negative than those observed in reactions with 
benzoate ion.4) This may be due to the fact that 
charge is dispersed in the transition state in the case 
of reactions with benzoate ion, while in the present 

case the charge is newly produced in the transition 
state. 

A linear relationship between the enthalpies and 
the entropies of activation has been realised. As 
explained by Exner,6»7) the isokinetic relationship 
has also been examined through a plot of log k± versus 
log k2 where kx and k2 refer to the rate constants 
at temperatures 7 \ and T2 respectively with 7 \ > T2. 
From the slope (6=0.854) of the linear plot, the iso­
kinetic temperature (ß) is calculated to be 508 K, 
when 7 \ = 3 2 3 and T2=303 K. 

The plot of log k/k0 at 40 °G against o constants8) 
of the 4-substituents in 1-naphthyl system is linear. 
The p value is 0.90 at 40 °G (excluding the result 
for 4-OCH 3 ) . The correlation coefficient is 0.998 
showing excellent Hammet t fit. 

Depending upon the mode of attack of aniline, 
one may consider transition states I and I I in this 
reaction. 

3- 3-

O Br 

R—C—CH 2 

H2NPh 

O 

R—C==CH a ~ Br 
.+1 

H2NPh 

I II 

The formation of I I may require very high p value 
in view of the p values of 3.2 and 2.76(2.24) found 
for the addition reactions of methoxide, and hydroxide 
ion, respectively, to substituted benzaldehydes.9»10) 
The low p value observed in the reaction of 6-substituted 
co-bromo-2-acetonaphthones4) with aniline was ascribed 
to SN2 attack of aniline at the methylene carbon. The 
p value of 0.90 calculated in the present case is sig­
nificantly higher than the p values obtained in SN2 
displacement of substituted co-bromoacetonaphtones 
at methylene carbon by different nucleophiles.11) 
This may, therefore, point out that a triangular transi­
tion state I I I which is a hybrid between I and II is 
more likely in the present case. 

8-

o 
R — C -

8-

Br 

-GH2 

NH2 

I 
Ph 

III 

The cause for the difference in the nature of the 
transition state in the present case compared to that 
in the case of 6-substituted co-bromo-2-acetonaphthones 
may possibly be due to the partial inhibition of resonance 
between > C = 0 group and the ring as a result of the 
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Substituent 

H 
F 
Gl 
Br 
GH3 

OGHg 

TABLE 1. 

Mp 
°G 

150—151a> 
123—124b> 
139_140a) 

120— 121a> 
100— 101a> 
144—145a> 

N O T E S 

4-SUBSTITUTED 

Formula 

G18H15NO 
G18H14FNO 
G18HJ4GlNO 
G18H14BrNO 
C19H17NO 
G18H17N02 

CO-ANILINO-1 -ACETONAPHTHONES 

Calcd, ' 

G 

82.8 
77.4 
73.1 
63.5 
82.9 
78.3 

% 

H 

5.8 
5.0 
4.7 
4.1 
6.2 
5.8 

[Vol 

Found, °/ 

G 

82.5 
77.3 
73.0 
63.6 
82.6 
78.1 

. 52, No. 9 

0 

H 

5.9 
5.1 
4.6 
3.8 
6.0 
5.4 

Compounds crystallized from a) benzene-light petroleum (bp 40—60 °G) and b) light petroleum (bp 40—60 °G). 

TABLE 2. RATE CONSTANTS AND ACTIVATION PARAMETERS FOR THE REACTION BETWEEN 

4-SUBSTITUTED CO-BROMO-1-ACETONAPHTHONES AND ANILINE 

SiiVi^titnpnt 

H 
F 
Gl 
Br 
GH3 

OGH3 

30 °G 

3.77 
4.46 
6.11 
6.24 
2.78 
2.38 

Rate constant 
£/10- 4 lmol- is-

40 °G 

7.65 
8.83 

12.5 
12.6 
5.79 
4.80 

1 

50 °G 

15.9 
18.2 
25.3 
25.5 
12.2 
10.3 

E& 

kcal mol - 1 

14.8 
14.5 
14.1 
14.1 
15.1 
15.2 

AH" 
kcal mol - 1 

(40 °G) 

14.2 
13.9 
13.5 
13.5 
14.5 
14.6 

AS* 
e. u. 

(40 °G) 

- 2 7 . 6 
- 2 8 - 0 
- 2 8 . 8 
- 2 8 . 9 
- 2 7 . 3 
- 2 7 . 2 

log PZ 

7.2 
7.1 
7.0 
7.0 
7.3 
7.5 

co-bromoacetyl group going out of coplanar configura­
tion in the presence of peri-H interaction.12) Such 
inhibition of resonance is absent in the 2-series. T h e 
inhibition of resonance helps the carbonyl carbon to 
acquire more positive charge in 1-series than 2-series. 
Presumably this may be responsible for the operation 
of the transition state I I I in 1-series as compared to 
its counterpart in 2-series, thereby making the p value 
larger in the former case than in the latter case.4* 

The authors dedicate this paper to Professor V. 
Baliah, Vice-Chancellor, Nagarjuna University, India 
on the occasion of his 60 th bir thday and thank the 
managing board of V.H.N.S.N. College, Virudhunagar 
for the research facilities. 
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Synopsis. Les dérivés a-hydroxyiminés des cyclanones 
en G6 (un isomère), G8 (deux isomères) et G12 (un isomère) 
ont tous la configuration anti ; la conformation est variable 
selon la taille du cycle: s-cis pour le terme en G6, s-cis ou s-
trans pour les termes en G8, s-trans pour le terme en G12. 

Les configurations et les conformations en solution 
de certaines a-hydroxyiminocétones R C ( N O H ) C O R ' 
sont encore discutées: ainsi pour la benzile-monoxime 
Z ( R = R ' = C e H 5 ) Sadler1) et Armand2) proposent une 
conformation s-cis, Cherry3) et Pigenet4) une conforma­
tion s-trans; Kataoka5) attribue à Phydroxyimino-2 
cyclohexanone ( R - R / = - ( G H 2 ) 4 - ) la configuration Z 
et Ferris6) la configuration E. 

Dans le cas des benzile-monoximes Z et E et de leurs 
dérivés dichlorés en para, nous avons déjà démontré 
une conformation de type s-trans.7) 

En série cyclique nous reprenons ici les travaux 
de Kataoka sur les dérivés a-hydroxyiminés de la cy­
clohexanone (un seul isomère: 1), la cyclooctanone 
(deux isomères: 2 et 3) et la cyclododécanone (un 
seul isomère 4) ; grâce à une analyse en spectroscopic 
infra-rouge complétée par l 'étude de la complexation 
avec le Gu2 + et des réactions de réarrangement de 
Beckmann, nous confirmons pour 2 et 4 la configuration 
E annoncée en précisant leur conformation (s-trans) 
et nous proposons pour 1 et 3 une configuration E et 

TABLEAU 1. STRUCTURES 

Configuration 
Conformation 
Produit 

I 

OH 
E 

s-cis 
1 et 3 

x G / 0 
I 

HO 
E 

s-trans 
2 et 4 

une conformation s-cis (Tableau 1). 
Spectroscopic Infrarouge. Des solutions de con­

centrations variées sont analysées (Tableau 2) : l ' in­
tensité relative des bandes O - H libre et O - H lié, 
les premieres augmentant au dépens des secondes 
par dilution, traduit pour les quatre dérivés étudiés 
l'existence de liaisons hydrogènes intermoléculaires; 
celles-ci n'intéressent pas le groupe carbonyle (une 
seule bande C = 0 libre) ; elles sont difficilement rompues 
par dilution pour 1 et 3 et beaucoup plus facilement 
pour 2 et 4. Ceci correspond (Tableau 2) : 

— dans le premier cas à des constantes d'association 
élevées (K2=750 pour 1 et 110 pour 3) que l'on peut 
rapprocher de celle de l'isonitrosocamphre E (K2= 
150) de structure bien définie (s-cis li)8»9) et qui se 
présente en solution suffisamment concentrée sous 
forme de dimères fermés A (Tableau 3 ) ; ces résultats 

TABLEAU 3. 

Formes d'association en solution 
H 

v\ / \ 

(A) 
N O 

I I 
O N 

H 

N 
(C) \ 0 - H - 0 - H - -

N 

(B) 
...N 

NO-H. . -N 
\ Q - H 

Complexation avec Cu2+ 

Cu 
^C^°\ 

OH 

TABLEAU 2. RÉSULTATS EXPÉRIMENTAUX 

F 
°C 

Infrarouge 

Bandes OHa> 

lib. lié 
(conc. 0,100M)b> 

lib. 
(conc. 

lié 
0,001M)°> 

Bandes 
CO 
lib. 

Conste 
d'associat. 

K* (d) 

Com-
plexat. 
avec 
Cu2+ 

1 
2 
3 
4 

60 
huile 
99 
70 

3560 f 
3610 m 
3580 f 
3580 F 

3250 F 
3310 m 
3260 F 
3300 m 

3560 m 
3610 F 
3590 F 
3580 F 

3250 m 

3280 f 

1715 
1715 
1705 
1700 

750 
10 

110 
9 

+ (vert) 
- (b leu) 
+ (vert) 
- (b leu) 

a) Intensité relative des bandes: F (fort), m (moyen), f (faible), b) Cuve de 0.5 mm. c) Cuve de 50 mm. d) 
En solution diluée dans CC14, T autoassociation des molécules étudiées peut être décrite par les équilibres (13): 
D1-fD1^±D2, Dcj + D ^ D g et Dn_1 + D1^±Dn avec les constantes d'équilibre: K2 = xjx1

2, Kz — xzjxxx2 et Kn = xn/x1xn-1 

(dans ces expressions, xl9 x2,~-, xn désignent les fractions molaires des monomolécules T>19 des dimères D2 et des 
différents polymères). Pour 1 et 3 no us avons vérifié expérimentalement que Kn=Ks = 0. 

file:///0-H-0-H--
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TABLEAU 4. RÉARRANGEMENT DE BECKMANN 

Produit Réactif Produit final Référence 

1 G6H5S02G1 + alcali dil. NC(CH2)4COOH 6 
P0 4 H 3 97%/H20 - 5 

2 P0 4 H 3 97%/H20 NC(CH2)6COOH 5 
3 P0 4 H 3 97%/H20 NC(CH2)6COOH 5 
4 P0 4 H 3 97%/H20 NC(CH2)10COOH 5 

nous permettent de proposer pour 1 et 3 une structure 
s-cis E. 

— dans le deuxième cas les constantes d'association 
sont beaucoup plus faibles (7C2=10 pour 2 et 9 pour 4) , 
voisines de celle mesurée pour la diacétylmonoxime 
(K2=5) qui se présente en solution suffisamment con­
centrée sous forme de polymères ouverts de type B ou 
G (Tableau 3) et de structure s-trans E bien définie.9) 
Ces résultats nous permettent de proposer pour 2 et 
4 une structure s-trans E. 

Complexation avec le Cuivre. Seules les a-hy-
droxyiminocétones cycliques s-cis E peuvent donner 
avec l'ion cuivrique Cu 2 + un complexe vert (Tableau 
3)10>; c'est ce que l'on observe pour 1 et 3 ; pour 2 et 4, 
il n 'y a pas de complexation, on observe seulement 
la coloration bleu pale du réactif et on doit rejeter 
la structure s-cis E. 

Réarrangement de Beckmann.51**11) L'obtention d 'un 
nitrile R - G N est caractéristique d 'une configuration 
E, celle d 'un isonitrile R - N G d 'une configuration Z. 
Pour les quatre dérivés étudiés, la réaction de réar­
rangement de Beckmann (Tableau 4) conduit aux 
acides nitriles correspondants H O G O ( C H 2 ) n G N , ce 
qui est en faveur de la configuration E. 

Ainsi nous confirmons pour 1 la structure s-cis E 
proposée par Ferris. Nous pensons que 2 et 3 sont 
deux isomères de configuration identique mais de 
conformation différente (2: s-trans E; 3 : s-cis E); le 
caractère partiel de double liaison de la liaison centrale 
du motif a-hydroxyiminocétone confère au cycle une 
certaine analogie avec celui du cyclooctène pour lequel 
on connait effectivement les deux isomères s-cis et 
s-trans.12) Enfin pour 4 nous confirmons la configura­
tion E attribuée par Kataoka et proposons la conforma­
tion s-trans. 

Part ie Expér imenta l e 

Synthese. L'hydroxyimino-2 Cyclohexanone 1 a été Obtenue 
selon la Technique de Geissman:1^ Saponification de l'éthoxy-
carbonyle-2 cyclohexanone (0.05 mol) par de la potasse 
diluée (0.06 mol) puis traitement par le nitrite de sodium 
(0.06 mol) en milieu sulfurique ; en même temps que la 
nitrosation se produit une decarboxylation qui libère 1 avec 
un bon rendement (90%). Le produit après extraction éthérée 
peut être purifié par Chromatographie sur colonne (silice 
G, solvant d'élution: butanone-ether de pétrole 6-14). 
G6H9N02 calculé % G 56,69; H 7,09; N 11,02; O 25,20; 
trouvé % G 56,47; H 6,99; N 11,07; 0 25,40; RMN < W 
1,83 (4H; m), 2,55 (CH2-C(NOH); t), 2,75 (GH2-GO; t), 
12,17 (NOH; s). 

La Nitrosation de la Cyclooctanone a été Conduite selon des Con­
ditions Voisines de celle de Kataoka: La cyclooctanone (0.2 mol) 

en milieu éthéré chlorhydrique (0.02 mol de HG1) est traitée 
à 0 °G par du nitrite d'isopropyle (0.24 mol) ; les produits 
de la réaction, après neutralisation, sont extraits à l'éther 
puis sépares par Chromatographie sur colonne de gel de silice 
(solvant cyclohexane-acétate d'éthyle 1-1); en tête sort 
Vhydroxyimino-2 cyclooctanone 2 sous forme d'une huile 
légèrement jaune; G8H13N02 calculé % G 61,93; H 8,39; 
N 9,03; O 20,65; trouvé % G 61,86; H 8,46; N 8,86; O 
20,72; RMN < W 1,55 (8H; m), 2,40 (CH2-C(NOH) et 
GH2-GO; 2t), 10,83 (NOH; s). Uhydroxyimino-2 cyclooctanone 
3 qui sort ensuite de la colonne est un produit bien 
cristallise: F 99 °G; G8H13N02 calculé % G 61,93; H 8,39; 
N 9,03; O 20,65; trouvé % G 61,85; H 8,50; N 9,02; O 
20,46. RMN <5TMS: 1,53 (8H; m), 2,57 (CH2-C(NOH); 
t), 2,67 (CH2-CO; t), 11,77 (NOH; s). 

La nitrosation de la cyclododécanone, conduite comme 
pour la cyclooctanone, mène avec un bon rendement (80%) 
à un seul dérivé bien cristallisé, Vhydroxyimino-2 cyclododécanone 
4: F 70 °G ; G12H21N02 calculé % G 68,25 ; H 9,95 ; N 6,63 ; 
O 15,17; trouvé % G 68,16; H 9,84; N 6,49; O 15,40; 
RMN < W 1,22 (16H; m), 2,58 (CH2-C(NOH); t), 2,77 
(CH2-CO; t), 12,48 (NOH; s). 

Spectroscopic Infrarouge. Spectrophotomètre Perkin El­
mer 337; cuves de 0,5 et 50 mm avec fenêtres en NaCl; 
solvant GG14. La détermination graphique des constantes 
d'association a été faite selon la méthode de Ossart.13) 

Spectromêtrie de Résonnance Magnétique Nucléaire. Spec-
tromètre Varian T 60; Solvant DMSO-<f6; concentration 
5%. 

Complexes avec Cu2+. Une pincée de produit est mise 
en solution dans de l'alcool à 95 °G; on rajoute quelques 
gouttes d'une solution aqueuse saturée d'acétate de cuivre 
et on note la coloration verte (formation d'un complexe) 
ou bleu (pas de formation de complexe). 
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Synopsis. HückePs 7r-binding energy, Ex, in hy­
drocarbons is found to be parallel to Kier's molecular con­
nectivity index, x. In either class of hydrocarbons, alternant 
or non-alternant, the regression analysis reveals a highly 
significant linear correlation between En and 1%v (the first 
order valence connectivity index). 

The molecular connectivity index, %, signifies the 
degree of branching or connectivity in a molecule and 
is derived from the numerical extent of branching 
or connectivity in the molecular skeleton. 1_~3> Kier 
et al. have shown that this index can be correlated with 
several physicochemical and biological properties of 
the molecules.3) The x has several versions. The 
simplest as well as extended versions in it (mx) all 
are calculated from a hydrogen suppressed graph of 
the molecule. The simplest version designated as XX 
and known as first-order term in X is computed by1 - 3) 

XX = 2 (SiSj)-^ (1) 

where the sum is over all connections or edges in the 
hydrogen suppressed graphs, and dt and ôj are num­
bers assigned to each atom reflecting the number of 
atoms adjacent or connected to atoms i and j , which 
are formally bonded. The nature of the atoms is not 
considered in the calculation. 

T o account for the nature and unsaturation of the 
bonds in x, Kier and Hall3»4> proposed the valence 
molecular connectivity (xv) where the atom connec­
tivity term, (5V, is defined as: 

Fig. 1. A plot of E versus % in alternant hydrocarbons. 
Numbers refer to compounds in Table 1. 

0} = Z\ - hi (2) 

in which ZJ represents the number of valence electrons 
of atom z, and ht the number of hydrogen atoms at­
tached to it. Thus the use of (5V permits the calcula­
tion of valence x term of first-order, 1 x v , by the exprès 
sion : 

V = 2 {s\ô))-v\ (3) 

The details of calculation of this term and other 
higher terms in x can be seen in Ref. 3. 

The electronic interaction depends upon the specific 
orientation of atoms in a molecule, hence it becomes 
obvious that the binding energy of electrons must 
be in some way related with x. 

Using Eqs. 2 and 3, the x x v values are calculated 
for some alternant and non-alternant hydrocarbons 
and listed in Tables 1 and 2 respectively. HückePs 
^-binding energy values, Ex, are taken from the lit­
erature. 5> A plot of En versus 1 x v is shown, for alter­
nant hydrocarbons, in Fig 1, and for non-alternant 
hydrocarbons, in Fig 2. A straight line is obtained 
in both the cases. The level of significance of this 
linear correlation between EK and 1x* in two cases 
is shown by Eqs. 4 and 5 respectively. 

Y 
F 

L 

L 

k 
V-
U 
L 
L-
F 

Y-
Y 

W\ 

2cS 

L 

6r( 
5 # 

(64 

/ 3 

L_ 

1 7 9 

15c/ 

/014 
13/ 

1 2 7 
/on 

10 / 
8 F 9 

/ 7 

_ I . _ 1 1 I 1 
1 2 3 4 5 6 7 8 

Fig. 2. A plot of E versus x m non-alternant hydro­
carbons. Numbers refer to compounds in Table 2. 
To save space compounds 18 and 19 were not shown. 
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TABLE 1. En AND 1 X V VALUES FOR ALTERNANT 

HYDROCARBONS 

TABLE 2. E„ AND 1xy VALUES FOR NON-ALTERNANT 

HYDROCARBONS 

Compd ^ j 
•^r*' Compound 

E* iß) 

No. Hückel 
Calcd from 

Eq. 4 

1 
2 
3 
4 

5 
6 

7 
8 
9 

10 
11 
12 
13 

14 
15 
16 

17 
18 
19 
20 
21 
22 
23 
24 

1,3-Butadiene 
1,3,5-Hexatriene 
Benzene 
3,4-Dimethylene-
1,5-hexadiene 
Styrene 
3,4-Divinyl-
1,3,5-hexatriene 
1-Phenyl- 1,3-butadiene 
Naphthalene 
1-Phenyl-
1,3,5-hexatriene 
1 - Vinylnaphthalene 
Stilbene 
Anthracene 
1,4-Diphenyl-
1,3-butadiene 
9-Vinylanthracene 
Pyrene 
1,6-Diphenyl-
1,3,5-hexatriene 
Naphthacene 
Triphenylene 
Triphenylethylene 
Perylene 
Picene 
Benzo [ghi] perylene 
Coronene 
Tetraphenylethylene 

1.150 
1.817 
2.000 

2.351 

2.608 

3.038 

: 3.274 
3.405 

3.941 

4.019 
4.732 
4.810 

5.399 

5.429 
5.560 

6.065 

6.215 
6.232 
6.810 
6.976 
7.637 
7.720 
8.464 
8.974 

4.472 
6.988 
8.000 

9.332 

10.422 

11.925 

12.932 
13.683 

15.459 

16.129 
18.878 
19.314 

21.401 

21.790 
22.505 

23.934 

24.931 
25.274 
27.270 
28.245 
30.943 
31.425 
34.572 
35.719 

4.378 
7.093 
7.837 

9.266 

10.312 

12.062 

13.023 
13.556 

15.737 

16.055 
18.957 
19.274 

21.671 

21.793 
22.326 

24.382 

24.992 
25.061 
27.414 
28.089 
30.780 
31.118 
34.146 
36.221 

EK = 4 . 0 7 0 ^ v - 0 . 3 0 2 

/*=24, r>0.999, J = 0 . 2 2 9 , F1>22>20000 (4) 

Ex = 4 . 0 6 8 V - 0 . 5 5 1 

n=\9, r=0.999, j = 0.358, F1>17 = 8483. (5) 

In these two equations, as obtained by regression anal­
ysis, the statistical parameters : n (the number of data 
points), r (the correlation coefficient), s (the standard 
deviation), and F (the F ratio between the variances 
of calculated and observed data) exhibit very high 
level of significance of the correlations. The EK values 
reproduced from Eqs. 4 and 5 are found to be in very 
good agreement with the Hückel ones (Tables 1 and 2). 

Now these correlations can be used to predict the 
binding energy of any conjugated system. T h e cal-

Compd 
No. 

EK {ß) 

Compound V 
Hückel 

Calcd from 
Eq. 5 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 
15 
16 
17 

18 
19 

Methylenecyclopropene 
Fulvene 
6-Vinylfulvene 
Pentalene 
2-Methylene-2i/-indene 
Azulene 
Fulvadiene 
Sesquifulvene 
j-Indacene 
Acenaphthylene 
Heptafulvalene 
9-Methylenefluorene 
Cyclopentf/^]-
acenaphthylene 
Heptafulvadiene 
9-Allylidenefluorene 
Fluoranthene 
Benzo [4,5] cyclophepta-
[1,2,3-öfe] naphthalene 
9,9/-Bifluorenylidene 
l,2-Di(9-nuo-
renylidene) ethane 

1.264 
1.931 
2.608 
2.738 
3.336 
3.405 
4.065 
4.072 
4.143 
4.149 
4.738 
4.758 

4.893 

5.399 
5.435 
5.565 

6.220 

9.060 

9.720 

4.962 
7.466 

10.052 
10.456 
13.043 
13.363 
15.468 
15.931 
16.231 
16.619 
18.005 
19.224 

19.476 

20.608 
21.767 
22.500 

24.741 

36.525 

39.073 

4.592 
7.305 

10.059 
10.588 
13.021 
13.302 
15.987 
16.015 
16.304 
16.329 
18.725 
18.806 

19.356 

21.414 
21.561 
22.089 

24.754 

36.308 

38.993 

culation of x is utterly simple. These correlations 
suggest that in biochemical studies X would be very 
well able to account for the activity that would depend 
upon the binding energy of the compounds. 

The financial assistance provided by CSIR, New 
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Molecular Structure of Bromoform as Determined by a Joint Analysis 
of Electron Diffraction and Microwave Datât 

Koichi TAMAGAWA and Masao KIMURA* 
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The gas phase molecular structure of bromoform has been studied by electron diffraction. By a joint analysis 
of the diffraction results and the moments of inertia for CH79Br3, CD79Br35 CH81Br3, and CD81Br3 obtained by 
Williams et al., the bond distances in rg and the bond angles in ^>av have been determined as follows: rg(C-Br) = 
1.924±0.005Â, rg(Br...Br) = 3.175±0.003Â, rg(C-H) = l.ll l zb0.046 Â, pav(BrCBr) = 111.7±0.4°, and p a v-
(HCBr) = 107.2 ±0.5°. The uncertainties represent the estimated limits of error. The anharmonicity parameter 
of the Morse-type potential, a3, for the nonbonded Br---Br atom pair has been estimated as —1.3±0.9 A - 1 . 

In a series of fluoromethanes, CH4_MFW ( rc= l—4) , 
the systematic decrease in the C-F distances and the 
F - C - F bond angles with an increase in the number 
of F atoms has been observed.1-4) The results of popula­
tion analysis for these compounds have supported these 
trends.6) According to our recent studies on a series of 
chloromethanes,7-9) the C-Cl distances have shown a 
similar shortening with increasing number of CI atoms, 
while the C l -C-Cl bond angles increase in contrast with 
the trend observed in fluoromethanes. 

In the molecular structures of the bromomethanes, 
CH4_wBrM (n=l—4), only the re structure of CH3Br 
investigated by Duncan1) and the ra structure of 
CH2Br2 determined by Beagley et al.5) have been 
reported. The molecular structure of CHBr 3 was 
studied by Morino et al. by means of the visual method 
of electron diffraction10) and by Williams et al. by 
means of microwave spectroscopy.11) The results of 
structural analysis for CHBr3 are however not precise 
and accurate enough to be compared critically with 

t Throughout this paper 1 A = 100 pm and 1 Torr= 
133.322 Pa are used. For the definitions of various distances, 
see, e.g., K. Kuchitsu and S. J . Cyvin, "Molecular Structures 
and Vibrations," ed by S. J . Cyvin, Elsevier, Amsterdam 

those of related molecules. There is no reliable structural 
data for CBr4. Thus, in order to investigate the varia­
tions in structure with the number of bromine atoms, 
it is necessary to determine the structures of CHBr3 

and CBr4 and moreover, it is desirable to reinvestigate 
the structures of CH2Br2 and CH3Br in a series of 
studies. In the present study the structure of CHBr3 

was determined by a joint analysis of the diffraction 
data newly obtained and the rotational constants 
determined by Williams et al.11) The structures of 
carbon tetrabromide,12) methylene dibromide,12) and 
methyl bromide13) will be reported later. 

E x p e r i m e n t a l 

A guaranteed reagent purchased from Nakarai Chemical 
Co., Ltd. was used after distillation. Diffraction photographs 
were taken at 19 °C with a diffraction unit equipped with an 
r3-sector.14> The experimental conditions were as follows: 
camera length: 244.3 and 109.3 mm; sample pressure: about 
3 Torr; exposure times: about 120 and 240 s for the long and 

(1972) Chap. 12; see also L. S. Bartell, K. Kuchitsu, and H. 
M. Seip, Acta Crystallogr., Sect. A, 32, 1013 (1976). Notations 
rav and ç?av are used for the values determined by joint 
analysis. 

r*-

o.i 
0.0] 

-0 .1 

Hh 

j[|Vj----
10 15 20 

s/A-
25 30 35 

- 0 . 5 

0.1 

0.0 

0.1 

Fig. 1. Experimental (open circles) and theoretical (smooth curve) 
molecular intensities for CHBr3; AsM(s)=sM(s)obsd-sM(s)(iillod. The 
indices of resolution are 0.918—0.967 and 0.869—0.928 for the long 
and short camera lengths, respectively. 
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short camera lengths respectively; accelerating voltage: about 
42 kV; beam current: 0.20 (i.A. The scale factor for the 
diffraction patterns was determined with reference to the 
diffraction patterns of carbon disulfide taken under the same 
experimental conditions.15) 

The data were reduced to the molecular intensities by our 
usual procedures.16) Three and four plates from the long and 
short camera lengths, respectively, were used for analysis. 
The observed molecular intensities covered the ranges of 3.0 
^ ^ 1 8 . 0 A-1 and 6 . 5 ^ ^ 3 8 . 2 Â"1 for the long and short 
camera lengths, respectively. 

The observed molecular intensities and the theoretical curves 
calculated using the best-fit parameters are shown in Fig. 1 
together with the differences (experimental minus theoreti­
cal).17) The narrow shaded area corresponds to ± 2 in the 
last digit of the digital voltmeter reading, i.e., the limits of 
detection in photometry. The outer boundaries drawn by the 
broken lines show the estimated limits of error in the intensity 
measurements. They indicate the normally expected range of 
random scattering of differences between experimental and 
theoretical intensities. Some points exceed the boundaries for 
accidental reasons. The least-squares refinement with zero-
weights for these points showed that the irregularities did not 
affect the derived parameter values. Figure 2 shows the radial 

^ 

Fig. 2. Experimental (open circles) and theoretical 
(smooth curve) radial distribution curve for CHBr3: 
A / ( r ) = / ( r ) o b s d - / ( r ) c a l c d . Damping factor, exp-
[-0.00153 J2]. 

distribution curve corresponding to the molecular intensities 
from the short camera length shown in Fig. 1. 

Analys i s o f Electron Diffraction 
Intens i t ies 

The structural parameters were determined by 
applying the least-squares method to the reduced 
molecular intensities with a conventional diagonal-
weight matrix.16) The elastic and inelastic scattering 
factors and the phase shifts between C, H , and Br 
atoms were taken from the Tables of Schäfer et <z/.18) 
C3 v symmetry was assumed for the geometry in equi­
l ibrium. Five independent parameters were chosen for 
refinement: the C-Br and Br---Br distances, the mean 
amplitudes, and the index of resolution. The r g (C-H) 
distance was fixed at 1.107 Â, a value determined from 
methane,19) and also at values shifted by ±0 .050 Â. 
The mean amplitudes of the C - H and H---Br pairs 
were fixed at 0.078 and 0.11,3 Â, which were calculated 
using the force constants given by Galasso el <z/.20) The 
asymmetry constants, *:( = ( 1 / 6 ) < Z 3 ( 1 + 8 X / ( 1 + X ) 2 ) / 4 ) , for 
the C - H and C-Br bonds were estimated to be 1.2 X 10~5 

and 3 . 5 x l O ~ 6 Â 3 , assuming the anharmonicity para­
meters, <z3,

21) to be 1.98 and 2.0 Â"1 , respectively. The 
a3 values for the nonbonded H---Br and Br---Br pairs 
were assumed to be zero. The results of the least-
squares analysis thus obtained are summarized in 
Table 1. The errors in the scale factor were estimated 
to be 0 .06% and 0 .10% for the long and short camera 
lengths, respectively. The shifts of ±0 .050 Â in an 
assumed r g (C-H) value brought about changes of 
±0 .0012 Â in the resulting r g (C-Br) , but caused no 
significant changes in the other structural parameters 
as compared with the random errors. The limits of 
error for the parameter values, except for r g (C-Br) , 
were estimated from 2.6 times the random standard 
deviations and the error in the scale factor. For 
r g (C-Br) , the error due to the uncertainty of the 
r g ( C - H ) distance was further added. Variations in 
the plausible ranges of mean amplitudes for the non-
bonded pairs and tc values for the C-Br, C - H , and H---Br 
pairs caused no significant changes in the resulting 
parameter values. Variation in the £BrBr value 
associated with variation in <z3(Br---Br) was found to 
cause only a little change in the rg(Br---Br) distance, 
while the <z3(Br---Br) value itself took a significant role 
in the determination of the r a v structure by the joint 
analysis. The details of this however will be deferred 

TABLE 1. RESULTS OF THE LEAST-SQUARES ANALYSIS OF DIFFRACTION INTENSITIES FOR BROMOFORM*) (in Â units) 

Parameter 

rg(C-Br) 
rg(Br-..Br) 
rg(C-H) 
/(C-Br) 
/(Br... Br) 
Äc) 

Long 

1.922, (59) 
3.1767(26) 

[1.107=1=0.050] 
0.0620(9^ 
0.0746(58) 
0.0943(8,) 

Short 

1.925, (58) 
3.1742(39) 

[1.107=1=0.050] 
0.0510(85) 
0.071x(25) 
0.1259(138) 

Weighted 
average 

1.923,(4*) 
3.1759(22) 

0.056! (63) 
0.0717(24) 

rs~rV> 

0.0028 

0.0016 

[0.014J 

r°a 

1.921, 
3.1743 

[1.093] 

a) Parenthesized values represent the limits of error. The values in brackets were those assumed, b) Vibra­
tional corrections were calculated from the force constants cited in Ref. 20. a3 for the nonbonded Br--.Br pair 
was assumed to be 0 A-1, c) R={^]wt(AsM(s)t)

il^}wt(sM(s)°b5i)i}1/i where AsM(s)i=sM(s)l
obsi-sM(s)i

cilci. 

Br--.Br
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until the next section. The structural parameters 
determined from the data for the long and short camera 
lengths agree with each other within the limits of error. 
The most probable parameter values from the diffrac­
tion data were determined by taking the weighted 
average of both results. The observed mean amplitudes 
for the C-Br and Br---Br pairs agree with the calculated 
values, 0.0533 and 0.0740 Â, respectively, within the 
limits of error. 

Joint Analys i s o f Diffract ion and 
M i c r o w a v e Data 

The rg distances determined by electron diffraction 
were converted to r% distances using the equation:22) 

! ^ 3 « A £ 2 > , - < A * 2 > o ) 

, <A*»)o+<Ay>o , . 
"1 TT r orcent 

The corrections were calculated using the force constants 
determined by Galasso et <z/.5

2°) and the rg—r% values 
thus obtained are listed, together with the r£ values in 
Table 1. 

The ground state rotational constants, B0, for CH79Br3 , 
CD79Br3, CH81Br3, and CD81Br3 have been determined 
by Williams et al. using microwave spectroscopy.11) 
The B0 values were converted to the effective moments 
of inertia, 7b

eff). The 7b
eff) values thus obtained 

were reduced to the zero-point average moments of 
inertia, /b

z)
5 by correcting for harmonic vibrations by 

the standard method.23) 
In calculating the corrections, A/ b , the contribution 

from the centrifugal distortion was neglected24) and the 
electronic contribution24) was assumed to be zero 
because the g tensors were not available for CHBr3 . 
This assumption would not introduce significant 
errors, since the electronic contribution estimated 
from the results for formaldehyde25) and ethylene26) 
appears to be less than a few percent of the corrections 
themselves. A significant part of the corrections derives 
from terms of the 1 jco type, where co is the vibrational 
frequency.27) The experimental frequencies and the 
frequencies calculated using the force constants agree 
within a few percent. Thus in the present study the 
overall uncertainties included in A/b

z ) were tentatively 
assumed to be 10% of the correction values themselves. 
The uncertainties in the moments of inertia, 7b

z)
5 

were then estimated from the errors included in the 
experimental moments of inertia, 7b

eff), and the 

errors included in the corrections, A/b
z) . Table 2 

lists the results. 
The isotope effects for the bond distances were 

estimated using the equation:28) 

drz s (y)fl.3<A*«>0-3«A*«>o + <Ay>o)/2r, 

Assuming the anharmonicity parameters, <z3, to be 
2 . 0 ± 0 . 5 and 1.98±0.5 A" 1 for C-Br and C - H , respec­
tively, the isotopic differences were estimated to be 
- 0 . 0 0 0 9 ± 0 . 0 0 1 5 Ä for dr z (C-D) ( r z (C-D) minus 
r z ( C - H ) ) . The secondary isotope effect for r z (G-H) 
and the pr imary and secondary isotope effects for 
r z (C-Br) were estimated to be of the order of 1 X 10 - 6 Â, 
and consequently were neglected in the analysis. The 
isotope effect for the Br -C-Br bond angle, <5^z(BrCBr) 
(<pz of the isotopic species minus <pz of the parent 
species CH7 9Br3), was tentatively assumed for all 
isotopic species to be 0 .00±0.01° because of a lack of 
an established method of estimation. 

TABLE 3. rav AND THE FINAL rg STRUCTURE FOR 

CHBr3
a> (in Â and degree units) 

C-Br 
Br...Br 
C-H 
BrCBr 
HCBr 

rav and pav
b> 

1.9210(42) 
3.179,(15) 
1.097(46) 
111.63(38) 
107.16(42) 

r c) 

1.924(5) 
3.175(3) 
l . H i ( 4 6 ) 

a) Parenthesized values represent the limits of error 
referred to the last digits, b) Calculated from the 
rav distances, c) Estimated from the rav distances 
usingfl3(Br...Br) = —1.3±0.9 A-1. 

Four moments of inertia, 7b
z)

5 are available. 
Unfortunately however the Br isotopic species provide 
no independent information, as we have usually 
experienced for molecules containing heavier atoms. 
The observed /b

z ) give relations among three para­
meters ( r z (C-Br) , r 2 (Br- .Br) , and r z ( C - H ) ) . The 
relations from CH79Br3 and CD79Br3 practically coincide 
however with those from CH8 1Br3 and CD81Br3, respec­
tively. Therefore, a complete rz structure cannot be 
determined by the microwave data alone. The process 
of joint analysis to determine the complete r a v structure 
is illustrated in Fig. 3, where the rz(C-Br)—rz(Br---Br) 
space is spread out. Assigning r z (G-H) at a certain 
value, an approximately linear relation between 
r z (C-Br) and rz(Br---Br) is defined by a given 7b

z) 

TABLE 2. EXPERIMENTAL MOMENTS OF INERTIA, VIBRATIONAL CORRECTIONS AND 

CALCULATED MOMENTS OF INERTIA FOR CHBROA) 

B b ) 

/b(eff)c) 

A/b 
b 

/ (av)e) 

CH79Br3 

1247.61(3) 
405.087(28) 

0.088(09) 
405.175(30) 
405.172 

CD79Br3 

1239.45(3) 
407.754(28) 

0.085(09) 
407.839(30) 
407.834 

CH81Br3 

1217.30(3) 
415.174(29) 

0.088(09) 
415.262(3^ 
415.268 

CD81Br3 

1209.51(8) 
417.848(29) 

0.085(09) 
417.933(3^ 
417.937 

a) Units of B0 are MHz and those of / are amu Â2. Conversion factor, 505391 amu Â2 MHz. Parenthesized 
values are estimated errors, b) Taken from Ref. 11. c) The errors of /b

(eff) were taken to be 3 times the 
errors of B0. 
structures. 

d) Average moments of inertia (7b
(z)—7b

(eff) + A / b ) . e) Calculated from the final average 
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for each of the H- and D-species. The observed 7£z) 

for both species and the isotope species, ôrz(C-T>) and 
(5rz(Br---Br) for the D-species possess uncertainties 
however and the relationships between r z (C-Br) and 
rz(Br---Br) for both species are manifested by two 
approximately straight belts on the r z (C-Br) -
rz(Br---Br) space. Thus, a parallelogram, formed by 
the crossing of the two belts is the range allowed by 
1^ for the r z ( C - H ) value. Two parallelograms, a 
and b , are depicted in Fig. 3 by broken lines as examples, 
indicating the allowed ranges for r z ( C - H ) values of 
1.060 and 1.140 Â, respectively. Setting different 
values of r z ( C - H ) shifts the parallelogram along the 
two parallel lines M± and M 2 . T h e point E D in Fig. 3 
represents the r% structure determined by electron 
diffraction with #3(Br -Br) equal to zero, and the 
elliptical curve indicates the limits of error. T h e 
ranges satisfying the electron diffraction data and the 
moments of inertia from microwave spectroscopy do 
not overlap. Among the parameter values assumed in 
the present analysis the most ambiguous and influential 
one is ö3(Br---Br). The inconsistency between the 
electron diffraction data and the microwave data is 
in all probability due to the assumption that ö3(Br---Br) 
is zero. Variation in the value of ö3(Br---Br) affects 
the isotopic differences, drz(Br---Br), and consequently 
the range between M± and M 2 shifts. This shifts however 
is small and cannot be depicted in Fig. 3 discriminately. 
Variat ion in the value of 03(Br -Br) causes a small 
change in the rg(Br---Br) distance and a relatively 
large change in the correction value, r g ( B r - B r ) — 
râ(Br---Br). As a result, the point E D and consequentry 
the elliptical curve (error limits) in Fig. 3 shifts along 
the Br---Br axis without influencing the other para­
meter values. As an example, a change in the a3(Br -Br) 
value of — 1.0Â- 1 brings about changes of —0.0011, 
—0.0047, and 0.0036 Â in r g ( B r - B r ) , the correction, 
rg(Br---Br)—râ(Br—Br), and rS (Br -Br ) respectively. 
T h e two ellipses, EDj and ED 2 , depicted by the dotted 
lines are the extreme cases where the results from both 
electron diffraction and microwave data overlap, 
corresponding to the <z3(Br---Br) values of —0.4 and 
—2.2 A - 1 , respectively. T h e shaded area is the range 
allowed by both the diffraction and the microwave 
data , assuming the a3(Br---Br) value takes the range 
discussed above. O n the basis of this, the most probable 

TABLE 4. C-H DISTANCES AND BOND ANGLES OF BROMOFORM 

AND RELATED MOLECULES** (in Â and degree units) 

Molecule 

HCF3 

HGC13 

HCBr3 

HGI3 
HGH3 

HC(CH3)3 

HG(N02)3 

Method 

MW 
E D + M W 
E D + M W 
ED 
ED 
MW 
ED 

U 
r* 
TK 
rx 
rz 
rs 

U 

r(C-H) 

1.098 
1.136(35) 
1.1 M4.) 

— 
1.107(1) 
1.108(1) 

— 

XCXb) 

108.80(75) 
110.0(2) 
111.7(4) 
112.0(11) 
109.5 
111.15(10) 
110.7(10) 

Ref. 

4 
8 

c) 
29 
19 
30 
31 

a) Numbers in parentheses represent uncertainties 
quoted in the original papers, b) For HCG13 and 
HCBr3, ç?av. For the other molecules, except for 
methane, the angles are in the structures specified in 
the third column, c) The present study. 

average distances, rav(Br---Br) and r a v (C-Br) , and the 
limits of error were determined from the center, O, 
and the boundary of the shaded area in Fig. 3. The 
most probable value for r a v ( C - H ) was taken as the 
value that brings the center of the parallelogram to 
the point O, and the limit of error was taken as the 
range where the parallelogram overlaps with the 
shaded area. The r a v values thus determined are 
listed in Table 3. The most probable value of as and 
error limit are — 1.3 ± 0.9 A - 1 from values corre­
sponding to the extreme cases, EDX and ED 2 . As may 
be seen in Table 3 and also in Fig. 3, r a v ( C - H ) cannot 
be determined precisely. Most of the r g (C-H) distances 
reported so far for several molecules are in the range 
1.100—1.110 Â, which corresponds to 1.085—1.095 Â 
in r a v ( C - H ) . Even though the range of r a v ( C - H ) in 
the present molecule is limited to the range mentioned 
above, the limit of error for the rav(Br- -Br) becomes 
smaller by only 0.0003 Â. The calculated moments of 
inertia corresponding to the r a v structure are compared 
with the observed moments of inertia in the bottom 
row of Table 2. The rg(Br---Br) distance converged 

1.93 
° < 

I 
O 
V 1 . 9 2 I 

•1.91! 

1.90 

D-species 

H-species 

_L_ 
3.170 3.185 3.175 3.180 

r(Br-..Br)/Â 
Fig. 3. The allowable range for the parameters, 

r(C-Br) and r(Br---Br). The values allowed by the 
four moments of inertia (MW) are shown by the range 
between the two parallel solid lines, Mx and M2. Two 
parallerograms drawn by the broken lines show the 
ranges allowed at rz (C-H) = 1.06 Â (a) and 1.14 A 
(b), respectively. The point ED represents the ra° 
distances determined by electron diffraction with az-
(Br---Br) equal to 0 A"1, and the ellipse indicates the 
limits of error. The ellipses, EDX and ED2, correspond 
to the fl3(Br---Br) values of —0.4 and —2.2 A"1 respec­
tively (see text). The shaded area shows the probable 
range of the average structure. The point O is the 
center of this range. The solid line passing through 
the point ED shows the direction of change in r(G-Br) 
and r(Br---Br) when the scale factor used in the electron 
diffraction analysis is allowed to change. 
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at 3.175 Â with analysis of the diffraction data assuming 
a 8 (Br -Br) to be —1.3 A"1 . 

D i s c u s s i o n 

The Br-C-Br bond angle shown in Table 3 is larger 
than the tetrahedral angle by about 2°. The X C X 
bond angles and the C - H distances of related molecules 
are listed in Table 4. The X C X bond angles for 
molecules with larger substituents are larger than the 
tetrahedral angle in all probability due to repulsion. 
A general trend for the C - H bond lengths cannot be 
found from the data in Table 4. 

In the present study, it has been found that the 
anharmonicity parameter , <z3, for the nonbonded 
Br---Br pair must be negative in order that the electron 
diffraction results and the moments of inertia may be 
consistent. A recent study on CHC13

8) has shown that 
a negative az values is preferable for the nonbonded 
C1---C1 pair. No theoretical method for estimating 
these values is available at the present. 

The authors wish to thank Professor Takao Iijima 
of Gakushuin University and Professor Shigehiro 
Konaka for their helpful advice and discussion. The 
computations were performed on an electronic computer 
F A C O M 230-75 of the Computing Center, Hokkaido 
University. 
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Nitrogen 14 Nuclear Quadrupole Resonance Study of Several 
Condensed Ring Compounds 
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The 14N nuclear quadrupole resonance spectra of 2-mercaptobenzothiazole, isatin(l//-indole-2,3-dione), and 
isatoic anhydride(2//-3,l-benzoxazine-2,4(l//)-dione) have been observed at room temperature by the nuclear 
double resonance method. The quadrupole coupling constants and the asymmetry parameters thus obtained 
were interpreted by the Townes and Dailey theory. 

In this paper, we wish to report the first observation 
of the nuclear quadrupole resonance (NQR) of the 
14N in several condensed ring heterocyclic compounds. 
The parameters thus obtained, i.e., the quadrupole 
coupling constant (e2dqjh) and the asymmetry para­
meter (rj) correspond to the electronic environment 
around each nitrogen atom. In the case of nitrogen, 
these parameters are usually dominated almost entirely 
by the distribution of the valence electrons in each 
nitrogen atom. T h e three frequencies1) of 14N N Q R 
are given by : 

v± = 3l4e*Q,qlh(l±yß) (1), (2) 

VQ = V+-V_= Iß^dq/h (3) 

where e2Qqlh and rj are the quadrupole coupling 
constant and the asymmetry parameter respectively. 

The frequency, v0, is relatively low, almost always 
below 1000 kHz. In this case, such conventional N Q R 
techniques as using a regenerative spectrometer may 
not be accessible because of their low sensitivity. 
Therefore the nuclear double resonance technique2) 
in the laboratory frame ( 1H- 1 4N cross relaxation) was 
employed. 

E x p e r i m e n t a l 

The double resonance technique will be briefly described. 
A single cycle in an experiment consists of three stages. In the 
first, the major nuclei which give strong NMR signals, such 
as 1H, are polarized in a high magnetic field (~ IT) for two 
or three high-field spin-lattice relaxation times, 7\. Next, the 
sample demagnetization is performed adiabatically. The 
minor nuclei (searched for NQR signals) are irradiated with 
a certain RF field; intensity, H1B, and frequency, vB, after 
the sample has been removed from the magnet to the region 
of a zero external field for a cerain time period, T s. In the 
third stage, the sample is returned to the magnet. A 90° pulse 
is immediately applied to monitor the remaining magnetiza­
tion of the major nuclei. The amplitude of the free induction 
decay (FID) or echo is recorded. If H1B is applied at the 
frequency of the quadrupole resonance of the minor nuclei, 
the monitored magnetization, M(r), can be expected to vary 
as; 

Af(T) = Af(0) exp [ - ( l / r l d + l/rAB)]. (4) 

Here, !Tld is the spin-lattice relaxation time in a zero magnetic 
field for the major nuclei and TAB is the cross relaxation time 
between the major spin and the minor spin> which has a finite 
value if vB is equal to the resonance frequency. The NQR 
absorption line is recorded as a dip of the magnetization of 
the major nuclei. If 7\ is 100 s, one scanning of vB from 2 MHz 
to 3 MHz by 10 kHz steps takes 6 h. 

Fig. 1. Nuclear double resonance apparatus. 
1) Transmitter, 2) preamplifier, 3) receiver amplifier, 
4) gated integrator, 5) chart recorder, 6) wideband 
power amplifier, 7) PLL synthesizer, 8) pulse generator, 
9) motor driver, 10) stepping motor, 11) magnet pole 
piece. 

The double resonance apparatus was built in this 
laboratory3) (Fig. 1). 

Pulsed NMR. We used a conventional, single-coil, 
pulsed; proton magnetic resonance spectrometer operating at 
26.7 MHz (6.28 x l O ^ T ) . The transmitter was a modified 
YAESU FL-101 apparatus operating as a C-class amplifier. 
The pre-amplifier and receiver amplifier were hand-made. 
The spectrometer was constructed with care taken to insure 
stability of sensitivity and a short recovery time. 

Gated Integrator. The monitored FID was stored by 
means of a gated integrator. We used a box-car detector as 
the gated integrator by inserting a reset circuit. The 
integrated signal was recorded on a chart recorder as one bar, 
whose height was proportional to the remaining magnetiza­
tion M(r). 

Sample Elevator Mechanism. The sample is moved by a 
small elevator mechanism driven by a stepping (pulse) motor. 
The advantage of the stepping motor is that the velocity and 
the distance can be controlled electronically by means of the 
pulse frequency and the total number of pulses respectively. 
The stepping motor is ASTROSYN 34 PM-G004. 

Frequency Synthesizer and Wide-band Power Amplifier. The 
frequency, vB, must be fixed during each experimental cycle. 
The stability required in this experiment is higher than that 
of a standard signal generator. Also, it is necessary to set the 
irradiation frequency programmably. Therefore, we employed 
a PLL (phase-locked loop) frequency synthesizer, whose fre­
quency program can be set automatically. The output of the 
synthesizer, which is sometimes phase- or pulse- modulated, 
is fed to an ENI 240L wide-band power amplifier. H1B is 
applied to the sample within a soleniod coil. 

Helmholtz Coil. A small Helmholtz coil is used to cancel 
any remaining fields to within ± 10~4 T over the volume of the 
sample in the zero-field region. Sometimes, a pure iron 
magnetic shield is used in order to cancel the fairly high 
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remaining field (~ 10~2 T). 
Coherent Pulse Generator. The timing of the entire experi­

mental cycle is automatically and programmably controlled 
by a coherent pulse generator, which was designed and built 
up in our laboratory. This generator, whose components are 
almost all TTLs(7400 series), is composed of a quartz time 
base and programmable dividers. 

All experiments were done at room temperature. The 
sweeping of the minor spin irradiation (H1B) was performed 
in 10 kHz steps from 400 kHz to 3800 kHz; therefore the total 
experimental error may amount to about 10 kHz. 

Sample. All the samples were polycrystalline guaranteed-
grade chemicals obtained from the Tokyo Kasei Kogyo Co., 
Ltd. Each sample volume was approximately 1 cm3, packed 
in a test tube 10 mm in diameter. We tried to detect the 14N 
NQR spectra of some other condensed ring compounds, but 
failed. The compounds which did not give resonances were 
indigo, thionine, Juminol, uric acid, iVjiV'-dithiobismorpholine, 
and thiooxy purine. In these six compounds, the proton 
spin-lattice relaxation time, Tx. was too short to satisfy the 
adiabatic condition for the double resonance experiment. 

R e s u l t s 

7 \ , the Spin-lattice Relaxation Time in a High Magnetic 
Field. The T1 of each compound was determined 
by the 90° pulse-1-90° pulse method. The obtained time 
constant of each compound is listed in the 2nd column 
in Table 1. For a compound with the time constant of 
50 s, the experimental cycle was set at 120 s. 

TABLE 1. OBSERVED PARAMETERS 

Compound 
Resonance freq./kHz 

TJs v- v0 e^dqjh rj 

teoS'le 50 2140 1520 6 2 ° 2440 °"51 

H 

Isatin 
H 

IOI I 
\y—^o 
Isatoic 
anhydride 

H 
I O I A 

20 2540 2050 490 3060 0.32 

60 2790 750 3220 0.47 

NQR. The observed frequencies, coupling 
constants, and asymmetry parameters are given also 
in Table 1, together with the formula of each molecule. 

2-Mercaptobenzothiazole gave two strong signals, which 
correspond to v+ and v0 lines, and also a weak signal at 
1520 kHz. This corresponds to v- line. The crystal 
and molecular structure4) shows that there are four 
molecules per unit cell. However only one set of signals 
was obtained. 

Proton relaxation time of isatin is 20 s at room 
temperature. For the double resonance experiment, a 

-Q 
Ö 

a: 
2 

c o 
"o 
v_ 

û_ 

••• 
• • * 

• • •• 1 
2540 kHz 

SS 
. 

2050kHz 

SS •• •• 
• • • •• 1 

490 kHz 

Freq.of B spin irradiation 
Fig. 2. Chart recorder outputs which show 14N nuclear 

quadrupole resonance of isatin by proton-nitrogen 
double resonance method. B spin irradiation (searching 
irradiation) was performed in 10 kHz steps. 

relaxation time constant of the major spin of about 20 
or 30 s may be most favorable because of the stability 
of the apparatus and the lesser demands on the experi­
menter 's patience. This chemical also gave all three 
lines, v+, v-, and v0> as is illustrated in Fig. 2. The crystal 
and molecular structure of isatin was elucidated by 
Goldschmidt and Llewellyn.5) 

Isatoic Anhydride gave only two resonance lines, which 
correspond to the v+ line and the vQ line respectively. 
No structural data by X-ray diffraction has been 
reported for this compound. 

D i s c u s s i o n 

In 2-mercaptobenzothiazole(I), thione-thiol tauto-
merism is possible, as is illustrated below: 

H 
, / N ^ S H 

i 
- S (I) 

(la) (lb) 

The X-ray structural study4) supports the thione (la) 
form, while it gives no evidence for the thiol (lb) form. 

In isatin (II) and isotoic anhydride (III), lactam-
lactim tautomerism can exist, as is shown below : 

H 
. /N N / , 0 

"\NO 

N v . O H 

"\NO 

(Ha) (IIb) 

O 

H 

i 
O 

y 
il 

O 

, N N V O H 
Ol 4 

II 

o 

(H) 

(III) 

(Ilia) (Illd) 

The infrared results6»7) support the lactam form (a) for 
both compounds. 

I n order to interpret the observed N Q R results, the 
Townes and Dailey theory1) was employed. For all 
three compounds, the electronic environment around 
each nitrogen atom may be assumed to be pyrrole-like, 
considering the other spectroscopic results.4-7) The 
pyrrole-type formula1) is as follows; 
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(e*dqle*(lqo)(l+yl3)=L-B (5) 

(e*Qqle*Qq0)V = 3 / 2 ( 4 - 5 ) (1 -cot» y). (6) 

Here, L is the pi population, A is the the N - H sigma 
population, B is the averaged N - C sigma population, 
2y is the C N C angle, and q0 is the electric-field gradient 
caused by a 2p electron of the nitrogen a tom. 

For the two compounds whose molecular structures 
have been determined by the X-ray studies,4»5) each 
bond angle, 2y, was replaced by the corresponding 
value obtained from the studies. O n the other hand, 
for isatoic anhydride, 2y was assumed to 120°. In 
order to calculate the population numbers, L and A, 
the N - C population, B, and the atomic coupling 

TABLE 2. T H E TOWNES AND DAILEY ANALYSIS BY 

MEANS OF A PYRROLE-TYPE FORMULA 

NET 
(2.3+A+L) Compound A (N-H) L(pi) 

2-Mercapto-
benzothiazole 

Isatin 
Isatoic 
anhydride 

1 

1 

1 

.30 

.28 

.32 

1 

1 

1 

.46 

.52 

.56 

5, 

5, 

5. 

.06 

.10 

.18 

e2dq0/h=9A MHz. B= 1.15. 

constant, e^Qjqjh, were assumed to 1.15 and 9.1 MHz8) 
respectively. Using the coupling constants and asym­
metry parameters obtained at this time, the population 
numbers, L and A, were calculated by the above 
formulas [(5), (6)] ; they are shown in Table 2. One 
may easily note that, for all the compounds, the L 
values are much less than 2.0, around 1.5; this fact 
may be explained by considering that the pi electrons 
take par t in the conjugation of the heterocyclic ring. 
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Norio OHTOMO* and Kiyoshi ARAKAWA* 

Research Institute of Applied Electricity, Hokkaido University, Sapporo 060 
iFaculty of Engineering, Hokkaido University, Sapporo 060 

(Received November 10, 1978) 

The structure factors Sm(Q) for aqueous solutions of LiCl and CsCl at room temperature, including those for 
heavy water, have been determined by means of the time-of-flight (TOF) neutron diffraction method using an 
electron linear accelerator (LINAG). Analysis of the diffraction data has been carried out for the aqueous ionic 
solutions as well as for pure heavy water. The following results were obtained with respect to the structure of the 
nearest hydration shell: (a) the coordination numbers are 4 for Li+ and 6 for CI" in the LiCl solution, and 8 for Cs+ 
and 6 for Cl~ in the CsCl solution, (b) the average ion-oxygen distances are 1.90±0.05 Â for Li+, 2.95±0.10 Â for 
Cs+ and 3.10±0.05 A for Cl~, and (c) around cations water molecules take the configuration to orient the axis of 
one of two lone-pair hybrids on a straight line joining an oxygen atom and a cation. 

Since the work of Bernai and Fowler in 1933/) many 
X-ray diffraction studies have been carried out for 
clarification of the liquid structure of ionic solutions. 
Lawrence and K r u h made a comprehensive X-ray 
diffraction study on ionic solutions.2) In the last decade 
neutron diffraction studies have appeared as a new 
means for giving basic data such as the number of 
hydrated water molecules in the first shell (coordination 
number) , the ion-oxygen distances, and the orientational 
arrangements within the shell. The results obtained 
so far, such as on the coordination number, were found 
to be greatly diverse, as pointed out by Hinton and 
Amis.3) A more precise determination of these quantities 
is desirable. 

The first application of the neutron diffraction method 
to aqueous electrolyte (LiCl) solutions was at tempted 
by Narten et al.,*) who analyzed their data of aqueous 
LiCl solutions on the basis of their "near-neighbor 
model" for water. Licheri et al. carried out studies on 
aqueous solutions of electrolytes along the same line.5-11) 
However, the present authors have shown that the 
structure model of water of Narten et al. used as a basis 
for their analysis is physically unacceptable.12) Soper 
et al. in another approach by means of the neutron 
diffraction method have given an ion-water configura­
tion using their "first-order difference spectroscopy".13) 

Many problems remain unsolved with respect to the 
hydrated structure within ionic solutions, bu t the 
neutron diffraction method is becoming one of the most 
powerful means for its elucidation. We have carried 
out studies on aqueous ionic solutions by means of 
the method for which neutron diffraction data of 
heavy water are required. Since there are small discre­
pancies in the structure factor curves for heavy water 
given by us,12) by Page and Powles14) and by Narten,15) 
measurement on heavy water ( D 2 0 ) was carried out 
again. 

Measurements were carried out for aqueous solutions 
of LiCl and CsCl, the former for observing the 
pronounced effects of Li+ on the configuration of 
water molecules in the first hydration sphere due 
to the small size of the ion, and the latter in view of 
the different behavior of Cs+ expected in water as 
compared with Li+ . The results obtained by means 
of T O F neutron diffraction are reported, together 

with the new results for heavy water. 

A p p a r a t u s a n d P r o c e d u r e s 

Details of the apparatus and procedure have been report­
ed.12»16) The neutron diffraction experiment was performed 
by means of the TOF diffraction method using pulsed neutrons 
produced by LINAG. Thin-walled cylindrical vanadium and 
quartz were used as container of samples. Measurements were 
made at room temperature and at the scattering angle 20 
= 45°. 

All the data were smoothed out according to the usual least-
square fitting procedure and corrections (multiple scattering, 
absorption, background counting and Placzek corrections) 
were made for the smoothed spectrum. Absolute calibration 
was then performed by comparison of the count rate time-
spectrum from the sample with that from a polycrystalline 
vanadium rod of the same shape and dimension as the 
sample.12) 

R e s u l t s and A n a l y s i s o f H e a v y Water 

Neutron diffraction data for heavy water are required 
for analysis of the data of aqueous ionic solutions. 

L D2° 

0.6r- A 

0.4h I \ 
S i l ^ ^ ^ ^ - — ^ 
Is L f W^Jë^ ^^— ^—*~ 
1/1 i /! \0^ 

o.2h I 
I *' I 

r 
I i I i l i i i i l I 

0 2 4 6 8 10 12 14 16 18 

Q / Â 1 

Fig. 1. Observed structure factors for DaO. 
• •* Sm(Q) by the authors (14 °G), ; Sm(Q,) by the 

authors (17 °C),i2> : Sm(Q) by the authors (25 °G), 
•* Sm{Q) by Page and Powles (22 °G), : Sm-

«£) by Narten (25 °G). 
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Measurements for D 2 0 (99.75% D) were carried out 
at room temperature (14, 18, and 25 °G). 

The absolute structure factors Sm(Q) obtained for 
liquid heavy water are shown in Fig. 1, together with 
reported factors for the sake of comparison.12»14»15) 
All five curves agree as a whole. The two curves except 
for the authors ' were obtained by the conventional 
steady-state experiment using reactors as neutron 
sources. The accuracy of the present T O F experiment 
using L I N A C (20=45°) as a neutron source is as 
follows: the statistical errors are 0 .5—0.6% in the Q 
range 2—5 Â" 1 and 0 . 9 % at about 8 Â" 1 . 

We proposed the "revised watery model" as a 
structure model for liquid water and made an analysis 
by means of the formula12) 

sm(d) =/I(Û) +/,o(a)[Po(a)-a (i) 

A further slight refinement of the model was performed 
as follows, (a) The rotational angle £17> is taken to 
be 60°. (b) Concerning the factor [£C(Q,) — 1], we 
used the values obtained according to the procedure 
of Page and Powles14) starting from the X-ray data of 
Narten instead of the direct use of Narten 's value of 
[£C(Q,)~-1].18) (c) The intramolecular contribution 

fi(Q) n a s been taken to be the weighted average value 
of three varieties of the intramolecular factors, which 
correspond to the three groups of water molecules in 
the tetrahedral pentamer according to the manner 
of hydrogen-bonding (Fig. 5, Ref. 12).19) This improves 
the agreement between the calculated and observed 
curves in the high & region ( Q ^ Â " 1 ) . The Sm(Q) 
for the present "revised watery mode l" is given in 
Fig. 2 and is compared with the calculated factors 
for other models, the "unco r r ec t ed orientation model"14) 
and the "revised watery model" (free rotation) by the 
authors.12) The main features of the three curves are 
in good agreement with each other except for the 
b u m p at about 4 Â - 1 . 

a 

0.6 

0.4 

0.2 

-

- j 

-

J) 

V .r-"**';: 

'"•Z^"^ 

J 1 1 1 L 

D2° 

1 1 1 1 1 

Q/A 
12 18 

Fig. 2. Comparison between the calculated curves of 
£m(ßj for various structure models of liquid water. 

: Sm((L) f o r t h e "revised watery model" (f=60°), 
: «5^(0,) for the "revised watery model" (free rota­

tion), : ^ ( Q J for the "uncorrelated orientation 
model". 
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Fig. 3. Comparison between the calculated Sm(Q) values 
for the present "revised watery model" and the ob­
served ones by the authors. 

: Calculated *S*m(Q,) for the "revised watery model", 
• : observed Sm((D in the present study (14 °C), 

: observed £m(Q,) previously.12) 

In Fig. 3, the calculated curve of Sm(Q) for the 
present "revised watery model" is compared with the 
observed £m(Q,) curve. From Figs. 2 and 3, we see 
that the behavior of the curves near 4 A - 1 is essential 
for judging the adequacy of the model proposed.14) 
The curves (Fig. 2) show a gradual approach to the 
observed curve, indicating that the "revised watery 
mode l" is the best of all the models for liquid water 
presented so far in neutron diffraction studies. 

R e s u l t s and A n a l y s i s o f Aqueous 
Solut ions o f LiCl and GsGl 

Diffraction Data. Two 1.0 M alkali halide 
solutions (M : mol d m - 3 ) were prepared by the addition 

Fig. 4. Observed structure factors for LiCl and CsCl 
solutions at 1 M, compared with the factor for DaO 
(14 °C). 
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of extra pure anhydrous li thium chloride and caesium 
chloride to heavy water.20) 

The structure factors are shown in Fig. 4 for LiCl 
and CsCl solutions including those for pure heavy 
water.21) The change of the b u m p at ca. 4 Â - 1 as well 
as that of the main peak with a shoulder at 2.8 Â - 1 

indicates the effects of ions on the structure of the 
first hydration sphere. 

Method for Analysis. All the neutron diffraction 
studies for aqueous ionic solutions have been made so 
far for concentrated solutions ( > 1 M).4»13) We give 
here the diffraction data for more dilute solutions 
( 1 M ) . In order to analyze the data of dilute solutions, 
we have subtracted the structure factor Sm(Q)Bi0 of 
D 2 0 multiplied by an appropriate fraction from the 
total structure factor Sm(Q)total of solutions. The 
remaining factor, ASm(Q), becomes 

ASm(d) = S m ( a ) t o t a l - ( l -* )S m (QJ D 2 0 , 

_ c(n+ + n_) 
55.3 ' 

(2) 

(3) 

where x is the mole fraction of D 2 0 coordinated in 
the nearest hydration shell around ions, n+ and fl­
are the coordination number about the cation and 
the anion, respectively, and c is concentration. 

In order to determine the structure of the nearest 
hydration shell we compare the observed values of 
ASm(Q) with those calculated for various structure 
models assumed. 

Procedure for Analysis of LiCl and CsCl Solutions. 
The structure of the hydration shell is characterized 
by parameters, coordination number n, ion-oxygen 
distances, and orientational arrangements of water 
molecules around ions (Fig. 5). 

(a) (b) (c) 

0 0 0 O 
Fig. 5. Orientational arrangements of water molecules 

around ions. 
(a) Linear form for cation, (b) bifurcated form for cation, 
(c) linear form for anion, (d) bifurcated form for anion. 

The coordination number and ion-oxygen distances, 
so far obtained experimentally, are given in Tables 1 
and 2. They are very diversified. As regards configura­
tion of water molecules around ions, two forms, " l inear" 
and "bifurcated," are expected for cations where 
lone-pair electrons are in the vicinity of the ions (Figs. 
5(a) and (b)) and also for anions, where deuterium 
atoms are located in the vicinity of the ions (Figs. 5(c) 
and (d)). Very few experimental results have been 
reported so far concerning the orientation of water 
molecules around ions. 

We have calculated A£m(Q,) for a number of structure 
models in which the magnitudes of parameters have 
been varied (Table 3) . For each of the LiCl and CsCl 

TABLE 1. COORDINATION NUMBERS OF Li+, Cs+, AND Cl_ 

DETERMINED FROM X-RAY ( X ) AND NEUTRON (N) 

DIFFRACTION STUDIES AS WELL AS MOLECULAR 

DYNAMICS ( M D ) AND MONTE CALRO 

( M C ) CALCULATIONS 

Ion 

L i ^ 

Cs+ 

c i -

Coordination 
number, n 

4 ± 1 
4 
4 and 6 
4—6 
5 .7±0 .2 
7 .1±0 .1 
2.0—6.2 
1.9—6.0 
2.3—2.7 
7 . 3 ± 0 . 7 
8 . 2 ± 0 . 8 
7 
8—9 
5.4—11.0 
8.2 
8.9 
7.9—8.0 
8.0 
8.0 
6 ± 1 
7.1—10.2 
5—7 
4 
6 

Solute 

LiCl 
LiCl 
LiBr 
LiF 
LiCl 
Lil 
CsCl 
CsBr 
Csl 
CsF 1 
CsCl J 

LiCl 
LiCl 
MgCl 
MgCl2 

CaCl2 

BaCl2 

SrCl2 

LiCl 
LiCl 

HCl 
CaCl2 

6 [Cr(HaO)6]Cl 
7 . 4 ± 0 . 4 
6 . 7 ± 0 . 3 
7 . 9 ± 0 . 3 
5 .5±0 .2 
6 
6 

LiCl 
NaCl 
CsCl 
NaCl 
NiCl2 

CrCl2 

Concentra-
tion/M 

< 7 

2.1—5.6 

2 1 
2.2 
2.5—10 ' 
2 .5 ,5 
2 . 5 J 

2.2 

6 
2.5—10 

•> 

< 7 
2.15—7.3C 

< 7 
1,2,4 

,0 .25 
2 1 
2.2 
2.2 
5.32 
2 ,4 
1 

Method Reference 

X,N 
MC 
X 
MC 

MD 

X 

MD 

MD 
X 
X 

X 

X,N 
) X 

MC 
X 
X 
X 

MD 

N 
X 
X 

V 

vii 
ix 
X 

xiv 

ii 

xiv 

XV 

i 
ii 

iv 

V 

vi 
vii 
xi 
xii 
xiii 

xiv 

xvii 
xviii 
xix 

i) E. W. Brady, J. Chem. Phys., 28, 464 (1958). ii) Ref. 
2. iii) G. Licheri, G. Piccaluga, and G. Pinna, Chem. 
Phys. Lett, 12, 425 (1971). iv) J . N. Albright, J. Chem. 
Phys., 56, 3783 (1972). v) Ref. 4. vi) G. Licheri, G. 
Piccaluga, and G. Pinna, J. Appl. Cryst., 6, 392 (1973). 
vii) H. Kistenmacher, H. Popkie, and E. Clementi, J. 
Chem. Phys., 61, 799 (1974). viii) H. Bertagnolli, J . U. 
Weidner, and H. W. Zimmermann, Ber. Bunsenges. Phys. 
Chem., 78, 2 (1974). ix) Ref. 5. x) J . Fromm and E. 
Clementi, J. Chem. Phys., 62, 1388 (1975). xi) R. Triolo 
and A. H. Narten, J. Chem. Phys., 63, 3624 (1975). xii) 
Ref. 7. xiii) Ref. 8. xiv) K. Heinzinger and P. C. 
Vogel, Z. Naturforsch., 31a, 463 (1976). xv) Ref. 22. 
xvi) P. Bopp, K. Heinzinger, and G. Janeso, Z. Natur-
forsch., 32a, 620 (1977). xvii) Ref. 13. xviii) Ref. 9. 
xix) Ref. 11. 

Solutions, the 24 different structures with respect 
to the coordination number and the type of orientational 
configurations are assumed, ion-oxygen distances and 
the angle ^ being varied successively at intervals of 
0.05 Â and 10°, respectively, for each of the 24 
structure models. As a whole, we calculated the A£m (QJ 
curves for 264 different models of the structure of the 
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TABLE 2. AVERAGE ION-OXYGEN DISTANCES OF THE FIRST 

HYDRATION SHELL DETERMINED FROM X-RAY ( X ) AND 

NEUTRON (N) DIFFRACTION STUDIES AS WELL AS 

MOLECULAR DYNAMICS ( M D ) AND MONTE 

CALRO ( M C ) CALCULATIONS 

Ion 

Li+-0 

Cs+-0 

ci--o 

Distance 
r/A 

1.95—2.25 
2.1 
2.1 
1.9—2.0 
2.139—2.250 
2.06 
2.10 
3.15 
3.15—3.22 
3.02—3.15 
3.14 
3.10±0.06 
3.10±0.04 
3.32 
3.15—3.2 
3.20 
3.2 
3.10—3.193 
2.9—3.25 
3.4—3.5 
3.137—3.149 

Solute 

LiCl 
LiCl | 
LiBr J 

LiBr 
LiCl 
Lil 
CsCl 
CsBr 
Csl 

CsCl 
CsF 

LiCl 
HCl 
MgCl2 

LiCl 
LiCl 

CaCl2 

3.135 [Cr(H20)6]Cl3 

2.68 
2.66 
2.66 
3.2 
3.134—3.145 
3.08 

LiCl 
CsCl 
NaCl 
NiCl2 

NiCl2 

CrCl3 

Concentra 
tion/M 

< 7 

2.15—7.30 

2.1—5.6 

i 
2.5—10 Ï 
2 .5 ,5 
2 .5 J 

1 
2.5—10 
1,4.3 

< 7 
2.15—7.30 

1,2,4 
0.25 

1 

Î 
5.32 
2 ,4 
1 

Method 

X,N 

X 

MC 
X 

MD 

X 

X 

MD 

MD 
X 
X 
X 
X,N 
X 
MC 
X 
X 

MD 

N 
X 
X 

Refer­
ence 

V 

vi 

vii 
xiv 

xiv 

ii 

viii 

xiv 

XV 

ii 
iii 
iv 
V 

vi 
vii 
xii 
xiii 

xiv 

xvii 
xviii 
xix 

References are the same as those in Table 1. 

TABLE 3. RANGE OF PARAMETERS FOR STRUCTURE MODELS 

J Coordination Ion-oxygen Type of configuration 
number, n distance, r/A around ions (Angle, <f*l°) 

linear (44.75—64.75) 
bifurcated (0.0—20.0) 
linear (44.75—64.75) 
bifurcated (0.0—20.0) 
linear (0.0—20.0) 
bifurcated (0.0—20.0) 

Li+ 

Cs+ 

ci-

4 , 6 , 8 

4 , 6 , 8 

6,8 

1.90—2.25 

2.85—3.35 

3.05—3.20 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

a L 

Q/A"1 

Fig. 6. Changes in the calculated ASm(Q) with variation 
of the coordination number for LiCl (a—f ) and CsCl 
(a'—f ') solutions. 
• : Observed ASm(Q) (14 °C), (a), (a') w+=4, n-=6, 

(b), (b') n+=6, rc_ = 6, (c), (c') n+=8, rc_=6, (d), (d') 
H + = 4 , n- = S, (e), (e') n+=6, rc_=8, (f), (f) n+=8, 
w_=8. 

TABLE 4. COORDINATION NUMBERS, ION-OXYGEN DISTANCES 

AND CONFIGURATIONS AROUND IONS DETERMINED IN 

THE PRESENT STUDY 

j Coordination Ion-oxygen Configuration around 
number, n distance, r/A ions (Angle, <f)j°) 

Li+ 4 
Cs+ 8 
CI- 6 

1.90±0.05 
2.95±0.10 
3.10±0.05 

linear (54.75) 
linear (54.75) 
undetermined 

first hydration shell in the LiCl solution, comparing 
the calculated curves with those observed, and those 
for 744 different models in the CsCl solution. 

Results of Analysis. We determined the best 
structure model of the first hydration shell for both 
solutions. However, it is not possible to show all the 
curves calculated for the assumed models for comparison 
(264 and 744 models for LiCl and CsCl solutions, 
respectively); only typical features of the curves are 
given. 

The calculated ASm(QJ curves for different sets of 
coordination numbers are shown for both solutions 
in Fig. 6; for the LiCl solution, those with various 

magnitudes of parameter (rLi+.0, rcl-.0, and orien-
tational configurations etc.) are shown in Figs. 7(a)—(d) 
in the case of nhi+=4 and nCr = 6. 

The calculated ASm(Q) curves of the best mode's 
thus determined for both solutions are given in Fig. 8 
(each curve in Figs. 6(a) and (c') is identical with the 
best fit curve, respectively). The magnitudes of 
parameter and orientational configurations for the 
best structure model of the first hydration shell are 
given in Table 4. 

Concerning the configuration of water molecules 
within the first hydration shell around cations, the 
results agree with the conclusion obtained by the 
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0.05 

0.05 

o o 
s 

If) 

0.05 

1 1 I 1 1 1 L 

0.05 

o 1 

Q/A"1 

Fig. 7. Changes in the calculated ASm(Q) with variation 
of physical parameters for the LiCl solution. 
. : Observed ASm(Q) (14 °G), (a) rL1+ 0 (all other 

parameters are identical with those given in Table 4), 
: 1.90 A, : 2.00 A, : 2.10 A, 

(k) rci--o (a^ other parameters are identical with those 
given in Table 4), : 3.10 A, : 3.05 A, : 
3.15 A, 
(c) configurations around Li+ (all other parameters are 
identical with those given in Table 4), : linear, 

: bifurcated, 
(d) configurations around CI - (all other parameters are 
identical with those given in Table 4), : linear, 

: bifurcated. 

0.10 

0.05 

d o 
0.10 

0.05 

\-

-

-

A 
i i i 

A 
V \ 

LiCl 

• • • • I 

CsCl 

^^»A«a ,i^ **** 1 

J 1 1 I— 

0 1 

Q/A"1 

Fig. 8. The best fit curves with the observed ASm(Q). 
. rObserved ASm(Q) (14 °C), : observed ASm(Q) 

(18 °C),21> : calculated ASm(Q). 

molecular dynamics study of Briant and Burton.22) 
However, with respect to the configuration around 
CI - , we can not determine which type of configuration, 
linear or bifurcated, is predominant (Fig. 7(d)). 

From the structure analysis where the parameters 
have been varied systematically (Table 3) , we conclude 
tha t the structure models shown in Table 4 give the 
best fit curves with those observed for the LiCl and 
CsCl solutions at 1 M . 
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Oxidation of 3,5-Di-£-butylcatechol Catalyzed by Metal 
Acetylacetonates in Organic Solvents 

Hiroyuki SAKAMOTO, Takuzo FUNABIKI,* Satohiro YOSHIDA, and Kimio TARAMA 

Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Kyoto 606 
(Received November 21, 1978) 

The oxidation of 3,5-di-f-butylcatechol (3,5-DTBG) has been studied in organic solvents in the presence of 
metal acetylacetonates (M(acac)2). The catalytic activity of M(acac)2 decreased in the order M = M n > G o > 
Nr>Fe, and the product was 3,5-di-£-butyl-o-benzoquinone (3,5-DTBQJ. The kinetic analysis has suggested a 
mechanism in which the radical chain reactions involving 3,5-di-f-butyl-o-benzosemiquinone (3,5-DTBSQ>) and 
hydroperoxyl radical (»OOH) are initiated by the reaction of 3,5-DTBG with the initially formed dioxygen metal 
complexes. Kinetic parameters for the complexation of molecular oxygen by Mn(acac)2 and Go(acac)2 were 
estimated: A//*(kj mol"1) = 4,6±0.8 for Mn, 29.7±0.8 for Go; AS'¥(Jmol-1K-1) = - 2 0 0 ± 2 for Mn, - 1 3 5 ± 2 
for Go. 

There has been much interest recently in the study 
of the oxidation of catechol and the reversible 
absorption of oxygen by transition metal complexes, 
because both are related to biological phenomena 
which involve enzymes and hemoglobin. The oxida­
tion of catechols is accompanied by the aromatic ring 
cleavage1-4) or by the dehydrogenation to form o-
benzoquinones.3"9) The latter reaction has been 
catalyzed by enzymes,5) aqueous bases,4»6) metal ions 
in * basic media,4»7) metal oxides such as P b O a and 
AgaO,8) and metal salts such as Ag 2C0 3 , 9 ) but transition 
metal complexes have rarely been used as catalysts.10) 
Recently, the formation of the dioxygen complex of 
cobalt(II) acetylacetonate, in which the metal-oxygen 
bond is very weak, has been proposed in the oxidation 
of cumene,11) a-methylstyrene,11) and 1-phenylethanol.12) 
Thus , the dioxygen complex is expected to be an 
active species in the oxidation of catechol. We have 
studied the oxidation of 3,5-di-£-butylcatechol (3,5-
DTBC) by metal acetylacetonates (M(acac) 2 : M = M n , 
Fe, Co, Ni, Cu) in order to determine the catalytic 
activity of these readily available complexes for the 
oxidation of catechol and to obtain information about 
the activation of oxygen by coordinating to metal 
complexes. 3,5-DTBC was used as reactant to avoid 
the solvolytic attack on the quinonoid nucleus,4»6»13) 
and the reactions were performed in the organic 
solvents without base to avoid the complexity caused 
by the dissociation of the catechol to catechol anion. 
The coordination of catechol to the metal complex as 
mono- or dianion, which was proposed by Grinstead4) 
or Martell,7) will be neglected in the present conditions. 

E x p e r i m e n t a l 

Materials. Metal acetylacetonates and 3,5-DTBG were 
recrystallized from chlorobenzene and heptane, respectively. 
3,5-Di-f-butyl-o-benzoquinone (3,5-DTBQJ was prepared by 
the method of Grinstead4) and recrystallized from 2,2,4-tri-
methylpentane. All the solvents were distilled before use. 

Manometric Study. All the reactions were performed at 
25 °G in a 50 cm3 two-necked flask which was attached to an 
ordinary vacuum line system. The reaction was started by 
the addition of the 3,5-DTBG solution with an injection 
syringe through a serum cap to the catalyst solution, which 
was stirred magnetically in an oxygen atmosphere. The 
reaction was followed by measuring the oxygen absorption 

with a gas burette under a constant pressure. The yield of 
3,5-DTBQ, was determined spectrophotometrically. 

Spectroscopic Study. The rate of the reaction (rate of 
the formation of 3,5-DTBQJ in acetone was measured spectro­
photometrically on a JASGO UVIDEG-1 spectrophotometer 
with a 1 cm quartz cell in air. Amax and e of 3,5-DTBQ in 
acetone were 399 nm and 1.85 X 103 mol -1 dm3 cm"1, respec­
tively. The initial concentration of the dissolved oxygen was 
estimated by the use of the tabulated data.15) ESR spectra 
were taken on a JEOL PE-2X spectrometer modified with a 
JEOL ES-SGXA gunn diode microwave unit. 

R e s u l t s a n d D i s c u s s i o n 

Catalytic Activity. Figure 1 shows the oxygen 
absorption curves in the oxidation of 3,5-DTBC by 
M(acac) 2 in acetonitrile. Oxygen was absorbed without 
an induction period by the manganese, cobalt, and 
nickel complexes, but Cu(acac)2 exhibited a different 
mode of the oxygen absorption. This suggests that 
the mechanism for the former three complexes is 

0 . 6 

0 . 5 

0 . 4 

0 . 3 

0 . 2 

0 . 1 

M n ( a c a c ) ~ 
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[ 7 jf C u ( a c a c ) « 

>T A 
f Mi ( acac ) 

1 / ryXi 

r \ i i 
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,i 
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Fig. 1. Catalytic activity of M (acac) 2 in acetonitrile 
solvent at 25 °G under oxygen atmosphere. 
[M(acac)2]0=0.1 mmol; [3,5-DTBC]0= 1.0 mmol; total 
volume = 10 cm3. 
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different from that for Cu(acac)2 . The catalytic 
activity evaluated from the maximal rate of the oxygen 
absorption decreased in the order M = M n > C o > 
C u > N i > F e ( n o reaction). This order is different 
from that reported for the oxidation of cumene and 
a-methylstyrene ( C o > M n > N i ) . n ) The inactivity of 
Fe(acac)2 is due to its ready conversion to an inactive 
Fe (III) species in the presence of oxygen.16) 

TABLE 1. CATALYTIC ACTIVITY AND SOLVENT EFFECT4) 

Catalyst 

non 
Mn(acac)2 

Fe(acac)2 

Co(acac)2 

Ni(acac)2 

Cu(acac)2 

MnCl2.4H2Ob> 
FeCl2 .4H20 
CoCl2.6H20 
NiCl2 .6H20 
CuCl2 .2H20 
Mn(OAc)2 .4H20 
Co(OAc)2.4H20 
Ni(OAc)2.4H20 
Cu(OAc)2 .H20 
Mn(acac)2 

Mn(acac)2 

Mn(acac)2 

c ! . Reaction Solvent .. / • N time (mm) 

Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetonitrile 
Acetone 
Benzene 
Methanol 

120 
5 

120 
120 
180 
120 
120 
120 
120 
120 
120 
20 

120 
180 
70 
5 
7 

10 

Moles 0 2 
absorbed 
per mole 

3,5-DTBC 

Ö 
0.50 
0 
0.42 
0.23 
0.48 
0 
0.07 
0 
0 
0 
0.48 
0.45 
0.24 
0.70 
0.51 
0.49 
0.51 

Yield 
of 3,5-
DTBQ 
(%) 

0 
95—100 
0 
75—80 
40—45 
45—50 
0 
0 
0 
0 
0 
75—80 
75—80 
40—45 
95—100 
95—100 
95—100 
95—100 

a) [Catalyst]0=0.1 mmol; [3,5-DTBC]0= 1.0 mmol; total 
volume=10 cm3 at 25 °C under oxygen atmosphere, b) 
The solution was somewhat heterogeneous. 

The solvent effect was studied with Mn(acac) 2 . 
As shown in Table 1, the rate decreased in the order: 
acetone^>acetonitr i le>benzene>methanol, but the 
solvent effect was not so remarkable. Catalytic activity 
in organic solvent was also studied with some metal 
salts. As shown in Table 1, metal halides, which are 
active in K H C 0 3 buffered aqueous methanol,4) were 
not active. Metal carboxylates were active as metal 
acetylacetonates, but induction periods were clearly 
observed in the oxygen absorption curves, as in the 
case of Cu(acac)2 . 

The oxidation product, which was isolated by ether 
extraction, was 3 ,5 -DTBQ, and its yield was > 9 5 % 
in the case of Mn(acac) 2 . The result that the maximal 
amount of the absorbed oxygen with Mn(acac) 2 was 
slightly greater than one-half of 3,5-DTBG (see Fig. 1) 
suggests a two-step reaction (Reactions 1 and 2) rather 
than the single step 3 . 

3,5-DTBC + 0 2 • 3,5-DTBQ+ H2Oa (1) 

H2Oa • H2O + 0.5O2 (2) 

3,5-DTBC + 0.5O2 • 3,5-DTBQ+ H 2 0 (3) 

The formation of hydrogen peroxide was confirmed 
by iodometry and the blue color of potassium 
ferricyanide.17) I t was also observed that the complex 
catalyzed the rapid decomposition of hydrogen peroxide 
(Reaction 2). 

Kinetic and Spectroscopic Studies. Kinetic studies 
were performed with Mn(acac) 2 and Co(acac)2 in 
acetone, which was the most effective solvent for the 
oxidation. The reaction catalyzed by Ni(acac)2 was 
too slow to be followed spectrophotometrically. Acetone 
was stable under the oxidation conditions, for no 

Fig. 2. The oxidation of 3,5-DTBC at 25 °C under air. 
( O ) : [Mn(acac)2]0==3.21xl0-5moldm-3 and [3,5-
DTBC]0=0.588 mmol dm"3. r0=2.30x 10~6 mol dm"3 

s-1. 
( O ) : [Co(acac)2]0=7.73xl0-5moldm-3 and [3,5-
DTBC]0=0.531 mmol dm"3. r0=3.11 X 10"7 mol dm~3 

s-1. 
( # ) : [Mn(acac)2]0=3.21 X 10-5moldm-3, [3,5-DTBC]0 

= 0.588 mmol dm-3, and [3,5-DTBQJ0 =0.380 mmol 
dm-3. r 0 = 1.97 X 10~6 mol dm"3 s-1. 
( • ) : [Co(acac)2]0=7.73 X 10~5 mol dm"3, [3,5-DTBC^ 
= 0.531 mmol dm-3, and [3,5-DTBQJ0=0.380 mmol 
dm-3. r0=0.79 X 10"7 mol dm"3 s"1. 

4 . 0 

Co (acac ) , 

4 . 0 

[M(acac) 2]xl05 / toca dm"3) 
6 . 0 

4 . 0 

3 . O H 

2 . 0 

l.o s 

Fig. 3. Dependence of r0 on the catalyst concentration 
at 25 °C under air. 
(O) : [3,5-DTBC]0=0.588 mmol dm-3. 
( # ) : [3,5-DTBC]0=0.531 mmol dm"3. 



2762 Hiroyuki SAKAMOTO, Takuzo FUNABIKI, Satohiro YOSHIDA, and Kimio TARAMA [Vol. 52, No. 10 

1.00 

( l / [ 3 , 5 - D T B C ] 0 ) x l O dm3) Y(mol 
Fig. 4. Plots of l/r0 ÜS. l/[3,5-DTBG]0. 

(a) [Mn(acac)2]0=3.21 X 10~5 mol dm"3 

(b) [Co(acac)2]0=7.71 X 10~5 mol dm"3. 

oxidation product of acetone was detected by G L C in 
gaseous or liquid phase. A typical example of the 
oxidation of 3,5-DTBC is shown in Fig. 2. Figures 3 
and 4 show the clear linear relations between the initial 
rate and catalyst concentration and between the 
reciprocals of the initial rate and of 3,5-DTBC concent­
ration. As shown in Fig. 2, the addition of 3,5-DTBQ, 
decreased the initial rate (r0). Since M n ( I I I ) and 
Co(I I I ) species ( A m a x = 5 9 0 n m (Mn) , 595 n m (Co)) 
were formed by the addition of 3 ,5-DTBQ, the retarda­
tion may be at tr ibuted to the formation of these inactive 
species. Although Vâsvari and Gal reported that 
Co(I I I ) was formed in the initial stage of the oxidation 
of 1-phenylethanol catalyzed by Co(acac)2,13) the 
oxidation of the metal complexes was rather slow in 
the present condition and was affected by 3 ,5 -DTBQ. 
Retardat ion by the addition of water, which was 
observed in the oxidation of acrylaldehyde18) and 
tributylphosphine19) by Co(acac) 2 *2H 2 0, was not 
observed even in the presence of 5.Ox 10~4 mol d m - 3 of 
water. The effect of the oxygen concentration (oxygen 
pressure) on the initial rate was studied manometrically 
in the presence of high concentrations of 3,5-DTBC 
and catalysts; a first order dependence was observed, 
as shown in Fig. 5. We have tried to detect radical 
intermediates by the spin t rapping method, as previously 
reported.20) Double triplets were observed with 5,5-
dimethyl-1-pyrroline 1-oxide in the reaction solution 
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5 . 0 

4.0 

rH 
t 

• e 3 . 0 

rH 
O 

\ 2 . 0 
o 
r-\ 
X 

o 
u 1.0 

0 

Mn ( a c a c ) 2 

, 

Co ( a c a c ) ~ 

i 

\ 

\ 

| 

1.0 

0.8 

0.2 

0.5 1.0 

[ O 2 ] * 1 0 V (mol dm~ J) 

Fig. 5. Dependence of r0 on the oxygen concentration 
at 25 °G. 
[3,5-DTBC]0=0.1 mol dm~3. 
( O ) : [Mn(acac)a]0= 1.25 mmol dm~3. 
( • ) : [Co(acac)2]0=2.50 mmol dm - 3 . 
(The oxygen concentration was estimated by litera­
ture.15)) 

catalyzed by Mn(acac) 2 : <zN=14.6G (in acetone), 
14.2 G (in benzene), aßH=\6.6G, £=2 .0060 . The 
radical has not been assigned yet, but it may be a 
radical such as 3,5-di-^butyl-o-benzosemiquinone (3,5-
D T B S Q / ) rather than the hydroxyl radical (flN=14.3 
G, aßn=ll.7G, ^ = 2 . 0 0 6 1 in H 2 0 ) or the hydroxyl 
radical (a N =15.3 G, ^ „ = 1 5 . 3 G, £=2 .0060 in H20).21> 

Reaction Mechanism. In the studies of oxidation 
of catechol catalyzed by metal ions4) or metal chelates,7) 
aqueous methanol was used as a solvent, and the 
reaction was promoted in the basic media. The 
proposed mechanisms in these conditions involved 
the initial coordination of catechol dianion to metal 
ion (1) or of monoanion to metal chelate (2, L : 4 -
nitrocatechol or tetrabromocatechol),7) followed by 
the reaction with oxygen. A ternary complex coor­
dinated by oxygen and catechol anion has been proposed 
as an active complex.4 '7) In our present con-

X A / O x 
I II M 
V N C K 

+ 
1 

X A / O v 
ML 

+ H 
2 

ditions, in organic solvents without base, the 
coordination of catechol to metal complexes as 
a mono- or dianion is improbable. This is reflected 
by the small solvent effect. We can expect 
that catechol itself coordinates to the metal com­
plexes, but the coordination must be much weaker 
than that of anions in the basic aqueous media. In 
addition, the acac ligand initially occupies four coordi­
nation sites; this is less desirable for the coordination 
of catechol than the system by Martell,7) in which 
a 1: 1 ratio of metal ion and ligand was used to leave 
a maximum number of coordination sites open. 

O n the other hand, Kamiya has studied the oxidation 
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of hydrocarbons (cumene, a-methylstyrene) by metal 
acetylacetonates, and proposed that the reaction was 
initiated by the activated oxygen molecule coordinated 
to metal acetylacetonates ( M = C o ( I I ) , Mn(II)).11) 

M(acac)2 + 0 2 ; 

M(acac)2
5+02

5- +^C~-

M(acac)2*+02
5~ 

M(acac)2-02-G 
i 

G 
i 

Since the present reaction condition is similar to that 
suggested by Kamiya rather than those of Grinstead 
or Martell, it seems likely that the oxidation of 3,5-
DTBC is initiated by a process similar to the oxidation 
of hydrocarbon rather than the processes proposed in 
the basic aqueous media. We propose here the follow­
ing reaction sequences as a very probable mechanism; 
it well explains the kinetic results and the formation of 
hydrogen peroxide and a radical intermediate. 

M(acac)2 + 0 2 M(acac)2 ••• 0 2 

M(acac)2 ••• 0 2 + 3,5-DTBC • 

M(acac)2 + 3,5-DTBSQ. + -OOH 
$3 

3,5-DTBC + -OOH 

3,5-DTBSQ. 

3,5-DTBSQ. + HOOH 

3,5-DTBSQ- + -OOH 

M(acac)2 + 3,5-DTBQ 

M(acac)2 + HOOH — 

+ 3,5-DTBSQ. 

3,5-DTBQ + 3,5-DTBG 

-U 3,5-DTBQ + HOOH 

—• Inactive species 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

M(acac)2 + H 2 0 + 0.5O2 (10) 

The high initial rate of oxidation without the induc­
tion period can be explained by the activation of 
oxygen by the formation of a weak metal-oxygen bond, 
followed by the abstraction of hydrogen from 3,5-
DTBC to form 3,5-DTBSQ- and - O O H . T h e 
Reactions 6 and 7 were assumed by reference to the 
autoxidation of hydrocarbon22) and the dismutation 
of 3,5-DTBSQ« anion.6) The possible termination 
reactions other than 7 are 8 and 11, but the latter 
may be neglected for a low concentration of 

• OOH + -OOH • HOOH + 0 2 (11) 

the - O O H radical compared with that of 3 ,5 -DTBSQ- . 
Reactions 9 and 10 explain the retardation effect of 
3 ,5-DTBQ and the decomposition of hydrogen 
peroxide, respectively. 

In the initial period of the reaction, we can neglect 
Reactions 9 and 10. By applying the steady-state 
treatment for M(acac)2---02 , 3 ,5 -DTBSQ- , and - O O H 
(Eqs. 12—14), we obtain the rate equation 15 for the 
formation of 3 ,5-DTBQ: 

d[M(acac)2---Q2] _ 
d* 

0 = /:1[M(acac)2][O2] 

— /:_1[M(acac)2--.02] 

- £2[M(acac)2...02][3,5-DTBG] (12) 

d[3,5-DTBSq.] B 0 = 

dt 
acac) 2 • • • 0 2 ] [3,5-DTBC] 

+ ^[3,5-DTBC] [-OOH] -2£4[3,5-DTBSQ.]2 

- £5[3,5-DTBSQ ] [ • OOH] 

d[-OOH] s 0 = £2[M ( a c a c)2 . . .o2][3,5-DTBG] 
dt 

d[3,5-DTBQ] 
dt 

-^ [3 ,5 -DTBG] [-OOH] 

- £5[3,5-DTBSQ. ] [ • OOH] 

= £4[3,5-DTBSQ.]2 

(13) 

(14) 

+ £5[3,5-DTBSQ.][.OOH] 

= £2[M(acac)2...02] [3,5-DTBG] (15) 

Using the stoichiometric equation 16, we obtain Eq. 17: 

[M(acac)2] = [M(acac)2]0 — [M(acac)2---02] (16) 

/:1[M(acac)2]0[O2] 
[M(acac)2..-02] = 

*i[Oa] +*_1 + *;2[3,5-DTBC] 
(17) 

Assuming [3,5-DTBC] ~ [3,5-DTBC]0 and [ O 2 ] ^ [ O 2 ] 0 , 
we obtain the equation for the initial rate of the forma­
tion of 3 ,5 -DTBQ and its linearized form: 

/d [3 ,5-DTBQ]\ _ _ ^2[3,5-DTBG]0[O2]0[M(acac)2]0 

( dt J' r° ~ — " ^i[02]o + /:_i + /:2[3,5-DTBG]0 

l/r0 = 
^i[02]o + ^_1 

£^2 [M ( acac) 2] o [02] o 

1 

1 
[3,5-DTBG]0 

+ 

(18) 

(19) 
/:1[M(acac)2]0[O2]0 

Eqs. 18 and 19 are consistent with the results shown 
in Figs. 3 and 4, respectively. If we ignore the pre-
equilibrium (Eq. 4), the reactions of Eqs. 4 and 5 are 
described by Eq. 20. 

k 
M(acac)2 + 0 2 + 3,5-DTBG • 

M(acac)2 + 3,5-DTBSQ. + -OOH (20) 

In this case, the initial rate equation 21 is obtained by 
a similar steady-state t reatment. 

r0 = ^[M(acac)2]0[O2]0[3,5-DTBG]0 (21) 

Eq. 21 is not consistent with the results in Fig. 4, 
indicating that we can not neglect the pre-equilibrium. 

The first order dependence of the rate on the oxygen 
concentration, as shown in Fig. 5, is consistent with 
the rate equation 18, because the rate equation 22 is 
derived by assuming A:1[O2]0+A:_1<CA:2[3,5-DTBC]0. 
This assumption 

r0 = ^[M(acac)2]0[O2]0 (22) 

is not unreasonable in the presence of a high concent­
ration of 3,5-DTBG (about 103 greater than the concent­
rations in the spectroscopic studies). We observed 
that the rate was independent of the concentration 
of 3,5-DTBC in the region of 0 . 1 — 0.3 mol dm" 3 ; 
this result supports our assumption. 

Reaction 5 is the step of the abstraction of the 
hydrogen of catechol by the activated oxygen, and 
may proceed stepwise via a ternary complex, but the 
kinetic results are not enough to discriminate 
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M(acac)2..-02 + 3,5-DTBG < » 

M(acac)2...02(3,5-DTBG) 

M(acac)2...02(3,5-DTBG) • 

M(acac)2 + 3,5-DTBSQ. + -OOH 

between a one-step and a two-step process. T h e 
coordination of 3,5-DTBC to the oxygen complex 
is not impossible, because acac can coordinate as 
a monodentate ligand, but the complex seems 
far less stable than the ternary complexes pro­
posed by Grinstead4) or Martell.7) Vâsvari and 
Gal has proposed the splitting of the O - O bond by 
the following reactions in the oxidation of 1-phenyl -
ethanol ( R O H ) with Co (acac) 2,

12) but the process 

ROH'Go(acac)2---02 + Go (acac) 2 • 

Go(acac)20. + ROH.Go(acac)2-0 

ROH.Go(acac)20. • Go(acac)2OH(RO.) 

Go(acac)20. + ROH • Go(acac)2OH(RO.) 

is not consistent with the formation of hydrogen 
peroxide in the present system. 

T h e reversible formation of a 1:1 dioxygen-
transition metal complex and the reaction of the 
activated oxygen are of current interest. M a n y 
examples of a dioxygen cobalt complex have been 
found,23) and recently the formation of dioxygen 
complexes of manganese tetraphenylporphyrin2 4) and 
phthalocyanin25) have been reported. Thus , the 
formations of the dioxygen complexes of metal acetyl-
acetonates are probable. The values of k± (Reaction 
4) were estimated from the intercepts Fig. 4 (Table 2), 
or from the slopes in Fig. 5 (27.5 and 0.2 dm 3 m o l - 1 s - 1 

for M n and Co, respectively). The agreement of the 
values estimated in the different conditions was fairly 
good for Mn(acac) 2 , but rather poor for Co (acac) 2. 
The smaller values obtained from Fig. 5 may be ascribed 
to the fact that the reaction was retarded by 3,5-
DTBQ, even in the initial stage, especially in the case 
of Co (acac) 2. The activation parameters (AH* and 
AS*) for this step are given in Table 2, and the values 
for the cobalt complex are comparable to those of 
[ C o ( P h 2 P C H = C H P P h 2 ) (Oa)]+ (AH*= 14.2 k j mol"1 , 
AS * = — 117 J m o l - 1 K _ 1 ) . 26> The proposed mechanism 

TABLE 2. KINETIC PARAMETERS OF kx 

AS* 
(J mol-1 

K-i) 

Temp V f t X h AH* 
Catalyse x®™p [M(acac)2] (dm3 mol"1 (kj 

1 j X[O a ] )w s-1) mol-1) 

Mn(acac)2 

Go (acac) 2 

20 
25 
30 
35 

20 
25 
30 
35 

3.96x105 
4 . 0 9 x l 0 5 

4 . 3 3 x l 0 5 

4.79 x10 s 

1.55xl0 6 

1.35x10« 
1.20x10« 
1.15x10« 

29.9 
31.5 
33.0 
34.0 

3.17 
3.96 
4.95 
5.98 

4.6±0.8 -200±2 

29 .7±0 .8 - 1 3 5 ± 2 

a) The concentrations of catalysts were same as those of 
Fig. 4. b) The concentrations of oxygen at 20, 25, 30, 
and 35 °G were estimated to be 2.63, 2.42, 2.18, and 
1.88 mmol dm-3, respectively.1^ 

is consistent with the order of the catalytic activity 
(Mn^>Co>Ni) , because it is expected that the low 
redox potential facilitates the electron transfer from 
metal to oxygen. T h e inactivity of Fe (acac) 2 may be 
ascribed to the stabilization of a Fe(I I I ) species rather 
than Fe(acac)2---02 by the extreme electron transfer. 
We could not find any product formed by the aromatic 
ring cleavage, and this indicates that the activation 
of oxygen by coordination to M (acac) 2 is not enough, 
compared with that of superoxide3) or singlet oxygen.27) 

From the viewpoint of the potential use of the 
dioxygen metal complex as catalysts for the oxidation 
of organic substrates, this work has shown that metal 
acetylacetonates function as an efficient catalyst for 
the oxidation 3,5-DTBC. Mckillop and Ray10) have 
recently shown that Co(acacene ) (0 2 )*H 2 0 catalyzes 
the oxidation of hydroquinones ; Co(acacene) (0 2 )*H 2 0 
was presumed to be an active species, but no mechanism 
has been proposed. The mechanism proposed here 
is a new radical mechanism for the oxidation of 3,5-
DTBC which does not involve the redox of metal 
ion4) and is different from the ionic mechanism.7) 
We have not studied in detail the oxidation catalyzed 
by Cu(acac) 2 and metal carboxylates, which may be 
explained by the most common pathway for catalysis 
by transition metal complexes involving the decom­
position of peroxides. 
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The acidity and basicity of Co 3 0 4 -V 2 0 5 and Co 3 0 4 -Mo0 3 systems, with different compositions, were measured 
by means of the adsorption of NH3, pyridine, and COa. The values of acidity were also confirmed by studying the 
catalytic activity for acid-catalyzed reactions, such as the dehydration of isopropyl alcohol and the isomerization of 
1-butène. With the addition of V 2 0 5 or Mo0 3 , the basicity rapidly decreases and the acidity gradually increases. 
The catalytic activity for the oxidation of hexane is well correlated with the basicity of the catalysts. With the 
Co304-rich catalysts, V/(Co+V) or Mo/(Co+Mo)<^0.4, butadiene is mainly oxidized to C 0 2 ; the rate is also 
correlated to the basicity. However, the Co304-poor catalysts, V/(Co+V) and Mo/(Co-{-Mo)^>0.6, show a good 
selectivity for the maleic anhydride formation. The Co304-containing catalysts, regardless of the composition, are 
not effective for the selective oxidation of butène to butadiene. In the oxidation of methanol, the Co304-rich 
catalysts give only C0 2 . However, with the Co304-poor catalysts, formaldehyde is almost the sole product. It is 
concluded that the catalytic behavior is to be interpreted, to a considerable extent, in terms of the acid-base pro­
perties of the metal oxides. 

C o 3 0 4 is a typical metal oxide with an eminent 
oxidizing power; it is, therefore, employed as a 
main component of catalysts suitable for the complete 
combustion of organic compounds. In the preceding 
paper,1) we reported on the Co 30 4-based catalysts 
modified by controlling the amount of P 2 0 5 and K 2 0 
added. It was found that the catalytic activity for the 
complete oxidation of various types of reactants, such 
as hexane, butène, phenol, and methanol, was cor­
related with the basicity of the catalysts. 

I t is interesting to note that, as a component of 
mixed-oxide catalysts suitable for certain selective 
oxidations, C o 3 0 4 is also employed.2) Wha t is the 
role of C o 3 0 4 in the multi-component catalysts? 

In this work, C o 3 0 4 was combined with an acidic 
oxide, such as V 2 0 5 and M o 0 3 , which are widely 
used as the main components of various catalysts 
suitable for selective oxidation. We attempted to 
find how the addition of V 2 0 5 or M o 0 3 to C o 3 0 4 

modifies the catalytic behavior and to see whether 
or not the oxidation activity and selectivity for different 
types of oxidations can be interpreted in terms of the 
acid-base properties of the composite oxides. 

E x p e r i m e n t a l 

The catalysts used in this study were two series of binary 
oxides, Co 3 0 4 -V 2 0 5 and Co 30 4-Mo0 3 , with different compo­
sitions. As the starting materials, Co(N03)2-6H20, NH4V03 , 
and (NH4)6Mo7024-4H20 were used. They were prepared by 
the procedures described in the preceding paper.1) 

The acidity and the basicity of the catalysts were determined 
by studying the adsorption of basic and acidic molecules, such 
as NH3, pyridine, and C0 2 , from the gas phase using either 
the static or pulse method. The technique of the measurements 
has also been described previously.1 >3~6) 

The vapor-phase oxidation of 1-butène, butadiene, hexane, 
and methanol, the isomerization of 1-butène, and the dehydra­
tion of isopropyl alcohol (IP A) were carried out in an ordinary 
continuous-flow reaction system. The reactor and the experi­
mental procedures were the same as those employed in earlier 
works.1»3-7) 

R e s u l t s 

Surface Areas. The effect of the V 2 0 5 and 
M o 0 3 content on the specific surface area was first 
checked by the BET method using nitrogen at —196 °C. 
The results are shown in Table 1. The surface area 
increases gradually with the addition of V 2 0 5 or M o 0 3 

and reaches a broad maximum when the amount 
of the second components is about 10 at %. 

TABLE 1. SURFACE AREAS OF THE C O 3 0 4 - V 2 0 5 AND 

C o 3 0 4 - M o 0 3 CATALYSTS USED 

Composition Surface area Composition Surface area 
V/(Co+V) (m2/g) Mo/(Co + Mo) (m*/g) 

0 
01 
02 
04 
07 
10 
15 
20 
30 
50 
70 
80 
90 
00 

4.0 
4.9 
5.7 
6.3 
7.3 
9.6 
8.3 
8.0 
7.6 
6.6 
3.8 
4.7 
3.7 
3.2 

0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.10 
0.15 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 

4 
6. 
7 
8 
8 
8 
10 
8 
8 
8 
6 
4 
3 
4 
3 

Acidity. Since pure C o 3 0 4 has a fair amount 
of acidic sites, probably of a weak acid strength 
compared with those of V 2 0 5 and M o 0 3 , N H 3 was 
adsorbed on the Co 30 4 - r ich catalysts to the same 
extent as on the V 2 0 5 - and Mo0 3 - r i ch catalysts, 
even at 175 °C. At higher temperatures, the decom­
position of N H 3 was enhanced because of the eminent 
oxidizing power of C o 3 0 4 . Therefore, it seems difficult 
to measure the acidity by means of the N H 3 adsorption. 
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Therefore, another at tempt was made to determine 
the acidity; that is, the amount of pyridine required 
to poison the isomerization activity for 1-butène was 
measured by the pulse method in the same way as in 
earlier studies.3~5»7) A difficulty arose in this method, 
too, especially in the case of the Co 30 4 - r ich catalysts, 
because they exhibit a very low isomerization activity; 
moreover, they oxidize the adsorbed pyridine at high 
temperatures. The results are shown in Figs. 1 and 2. 
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Fig. 1. Acidity of C03O4-V2O5 as a function of the V 2 0 5 

content. Amount of pyridine required to poison the 
isomerization of 1-butène (pulse method) : broken line, 
dehydration activity for I PA at 187 °C (rp) : A? isomeri­
zation activity for 1-butène at 260 °C (rx) : 0 . 

Atomic ratio, Mo/( Go+Mo) 

Fig. 2. Acidity of Co 3 0 4 -Mo0 3 as a function of the 
M0O3 content. Amount of pyridine required to poison 
the isomerization of 1-butène at 175 °C (pulse method) : 
A? broken line, dehydration activity for IPA at 187 °C 
(rp) • A? isomerization activity for 1-butene at 272 °C 

In order to confirm the values of the acidity, the 
catalytic activity for certain acid-catalyzed reactions 
was investigated. The dehydration of IPA to propylene 
and the isomerization of 1-butene to 2-butenes, in the 
presence of an excess of air, were chosen as the model 
reactions.3-5 '7) The reactions were carried out at the 
IPA and butène concentrations of 1.33 and 1.0 mol % 
in air, and at the total flow rate of 1.0 1/min, by changing 
the amount of catalyst in the range from 1 to 20 g. 
The initial rate of IPA dehydration at 187 °C, rp, 
and that of butène isomerization at 260 or 272 °C, 
ri (mol h - 1 m - 2 of catalyst), are plotted together with 
the values of acidity, in Figs. 1 and 2. 

Basicity. The basicity of the Co304-containing 
catalysts, as determined by the amounts of C 0 2 

irreversibly adsorbed at 20 °C, is plotted in Fig. 3. 

0 0.1 0.2 
Atomic ratio, V/(Go+V), Mo/(Co+Mo) 

Fig. 3. Basicity of Co 3 0 4 -V 2 0 5 and Co 3 0 4 -Mo0 3 as a 
function of the V2O s or M0O3 content. Irreversible 
adsorption of COa at 20 °C (static method). 

Oxidation of Hexane. Alkanes and hydrogen act 
upon metal-oxide catalysts more or less as electron-
donating reagents. However, this tendency might 
be so weak that the activity for the combustion of 
these compounds is really governed by the intrinsic 
oxidation activity rather than by the activation of the 
reactant molecules.1'3»8) For convenience in the 
experimental procedures, combustion of hexane was 
chosen as a model reaction which reflects the intrinsic 
oxidation activity of the catalysts. 

The reaction was carried out keeping the following 
conditions constant at 7 = 2 6 2 °C; h e x a n e = 0 . 6 mol % 
in air, and total flow rate = 1 . 0 1/min, while the amounts 
of the catalysts were varied in the range from 1 to 
20 g to achieve a proper conversion. The main 
product was C 0 2 . The initial rate of C 0 2 formation, 
rco , (molh _ 1 m~ 2 of catalyst), was measured with each 
catalyst as an index of the activity. The results are 
plotted as a function of the basicity of the catalysts 
in Fig. 4. A fairly good correlation is obtained between 
the activity and the basicity. 

Oxidation of Butadiene. As a model reaction of 
"acid-formation" reactions, the oxidation of butadiene 
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Fig. 4. 

0.2 0.4 0.6 

Basicity/jxmol m - 2 

Relation between the basicity and the oxidation 
activity for hexane. Co304-V205 : £ , Co 3 0 4 -Mo0 3 : 
O- reot:

 r a t e of C 0 2 formation at 7 = 262 °C and 
hexane=0.6 mol % in air. Numbers correspond to 
the content (atomic percent) of V 2 0 5 or M o 0 3 in the 
binary oxides. 

to maleic anhydride was chosen in the same way 
as in the previous studies.3-5»7) The reaction was 
carried out in the temperature range from 250 to 
480 °C, at the butadiene concentration of 1.0 mol % 
in air, and with a total flow rate of 1.01/min, by 
changing the amounts of the catalysts from 1 to 20 g. 
The Co 3 0 4 - r ich catalysts, V / ( C o + V ) and Mo/ 
(Co+Mo)<X).4 , were very active. However, the 
main product was C 0 2 , and the amount of C O were 
far lower than those of C 0 2 . The maleic anhydride, 
acetic acid, and the other compounds were formed 

in negligibly small amounts. The initial rates of 
C 0 2 formation at 255 °C for the C o 3 0 4 - V 2 0 5 and at 
275 °C for the C o 3 0 4 - M o 0 3 , r C 0 , ( m o l / n * m 2 of catalyst), 
are plotted as a function of the basicity of the catalysts 
in Fig. 5. 

O n the other hand, the Co 30 4 -poor catalysts, 
V ( C o + V ) and M o / ( C o + M o ) > 0 . 6 , were fairly 
inactive compared with the Co 30 4 - r ich catalysts. 
However, they were selective in forming acidic products. 
The selectivity to maleic anhydride at a fixed conver­
sion, 50 to 6 0 % , is shown in Fig. 6. 

Oxidation of 1-Butene. As a model of the "base-
formation" reactions, the oxidation of butène to 

Atomic ratio, V/(Co+V), Mo/(Co+Mo) 

Fig. 6. Selectivity of butadiene to maleic anhydride as 
a function of the catalyst composition. Co 30 4 -V 20 5 : 
0 , Co 3 0 4 -Mo0 3 : O- Conversion=50—60%, buta­
diene =1.0 mol % in air. Numbers correspond to the 
reaction temperatures (°C). 

Basicity/fjimol m~ 

Fig. 5. Relation between the basicity and the activity 
for the oxidation of butadiene to COa. Co 3 0 4 -V 2 0 5 

(255 °C): # , Co 3 0 4 -Mo0 3 (275 °C) : O- Butadiene 
= 1.0 mol% in air. Numbers correspond to the content 
(atomic percent) of V2O s or Mo0 3 . 

14 

12 h 

10 

o 

Fig. 

6h 

0 

L 

U 

[• 

k 

h 

•2y 

'S&<^ , 

/ j 

Co-Mo Co-V 
293°C 278°C 

jf 

l 

p° 

/ -

/ i 

A 

i 1 
0 

H4 

H2 

0.2 0.4 0.6 0.8 
0 

Basicity/jxmol m~2 

7. Relation between the basicity and the activity 
for the oxidation of 1-butène to butadiene. Co 3 0 4 -
V 2 0 5 (278 °C): # , Co 3 0 4 -Mo0 3 (298 °C) : Q. 
Concentration : 1 -butene-oxygen-nitrogen = 1.0-1.0-
98.0 mol %. Numbers correspond to the content 
(atomic percent) of V2O s or Mo0 3 . 



October, 1979] Oxidation Activity of Co 3 0 4 -V 2 0 5 and Co 3 0 4 -Mo0 3 2769 

butadiene was investigated.3-5 '7) The reaction was 
carried out in the temperature range from 270 to 
420 °C, keeping the conditions constant at the concent­
rations of 1-butène, oxygen, and nitrogen of 1.0, 1.0, 
and 98.0 mol % respectively, and at the total flow 
rate of 1.0 1/min, while the amounts of the catalysts 
were varied in the range from 1 to 20 g. The main 
products were butadiene, C 0 2 , and C O ; the amounts 
of the other products were very small. 

The initial rates of butadiene formation at 278 °C 
for the C o 3 0 4 - V 2 0 5 and at 293 °C for the C o 3 0 4 -
M o 0 3 , Yß (mo lh _ 1 m~ 2 of catalyst) are plotted as a 
function of the basicity of the catalysts in Fig. 7. The 
selectivity to butadiene is shown in Fig. 8. 

Oxidation of Methanol. Since it has been found 
that the catalytic activity and selectivity in the oxida­
tion of methanol can be interpreted in terms of the 
acid-base properties of the catalysts,9) the catalytic 
behavior of the Co304-containing catalysts for methanol 
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Fig. 9. Activity of Co 30 4 -V 20 5 for the oxidation of 
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Fig. 10. Activity of Co 3 0 4 -Mo0 3 for the oxidation of 
methanol. Formaldehyde: O A> CO a : 0 . Methanol 
= 2.6 mol % in air. 

oxidation was investigated. 
The reaction was carried out at 193 °C for the 

C o 3 0 4 - V 2 0 5 and at 237 and 252 °C for the C o 3 0 4 -
M o 0 3 . The methanol concentration was 2.6 mol % 
in air, the total flow rate was 1.0 1/min, and the amounts 
of the catalysts used were from 1 to 20 g. The main 
products were formaldehyde and C 0 2 , and the amounts 
of the other products were very small. The initial 
rates of formaldehyde and C 0 2 formation, rF and 
rCo,(mol h - 1 m - 2 of catalyst), were measured following 
the principle of the differential reactor. The results 
are shown in Figs. 9 and 10. 

D i s c u s s i o n 

In the case of the C o 3 0 4 - V 2 0 5 catalysts, the catalytic 
activities for the two acid-catalyzed reactions varied 
in the same direction as do the values of acidity (Fig. 1). 
We would like here to advance the theory that the 
amounts of pyridine required to poison the isomeriza-
tion at different temperatures reflect the numbers of 
acidic sites with different acid-strengths; that is, the 
activity at a low temperature corresponds to the number 
of acidic sites of a strong acid-strength. According 
to the theory, it may be supposed from Fig. 1 that 
the V 2 0 5 or V 2 0 5 - r i ch catalysts have stronger acidic 
sites than do the Co 30 4 - r ich catalysts. 

In the case of the C o 3 0 4 - M o 0 3 system, however, a 
large discrepancy in the shape of curves is observed 
between the acidity and the activities for the acid-
catalyzed reactions. Taking into consideration the 
fact that , because of the low isomerization activity, 
reliable data cannot be obtained even by the pulse 
method, especially in the Co 3 0 4 - r ich catalysts, it is 
believed that the catalytic activities reflect the true 
acidity better than the amounts of pyridine. Tha t 
is, the acidity of the C o 3 0 4 - M o 0 3 increases steadily 
with an increase in the M o 0 3 , as in the case of the 
C o 3 0 4 - V 2 0 5 system. 
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From the results shown in Figs. 1—3 and the above 
consideration, the following arguments may be put 
forward. The generation of marked acidic or basic 
properties is not observed upon the combination of 
C o 3 0 4 with V 2 0 5 or M o 0 3 . As can easily be expected 
from the acidic nature of V 2 0 5 and M o 0 3 , the basicity 
of C o 3 0 4 is extinguished rapidly with a small amount 
of these additives. In contrast, the acidity increases 
steadily with the content of the acidic oxides ; in other 
words, the acidity of the acidic oxides is rapidly 
extinguished by combination with a basic oxide such 
as C o 3 0 4 . 

The results shown in Fig. 4 indicate that the activity 
for hexane oxidation is independent of the acidity 
of the catalyst and is dependent on the basicity. This 
finding is in line with the results obtained from the 
C o 3 0 4 - P 2 0 5 and C o 3 0 4 - K 2 0 systems.1) 

The results shown in Figs. 5 and 7 indicate that , 
even for the oxidation of olefins, the activity of the 
Co 30 4 - r ich catalysts is correlated with the basicity 
rather than with the acidity of the catalysts. Wi th 
regard to this finding, we would make the following 
proposal. 

As has been proposed in the previous studies,1 j5'7) 
the oxidation activity is governed generally by three 
functions; (i) the activation of olefin by acidic sites; 
(ii) the activation of gaseous oxygen, which is connected 
with the basic character, and (iii) the oxidizing power 
of the surface oxygen species. The Co 3 0 4 - r ich catalysts 
are poor in the acidic property; consequently, their 
ability to activate olefin is low, and, moreover, they 
have an extremely high oxidizing power. Possibly, a 
sufficient activation of the olefin by acidic sites is not 
a necessary condition for the oxidation and the reaction 
is mainly decided by the (ii) function and the (iii) 
function. This is the reason why the oxidation activity 
for olefin is correlated with the basicity. 

O n the other hand, the results in Fig. 6 indicate 
that the Go 30 4 -poor catalysts are effective for the 
"acid-formation-type" oxidation. This finding is also 
in line with the results obtained with other V 2 0 5 - and 
Mo0 3 -based catalysts and supports the proposal that 
a requirement for an effective catalyst for "acid-
formation" reaction is the possession of a sufficient 
acidic property.1 '3 - 5 '7) 

Wi th regard to the oxidation of butène to butadiene, 
both the C o 3 0 4 - V 2 0 5 and C o 3 0 4 - M o 0 3 are not 
effective over a full range of compositions. To explain 
the results, the following consideration is envisaged 
as a possibility. When the contents of V 2 0 5 or M o 0 3 

are low, the oxidizing power is so strong that the 

reaction without the activation of butène on acidic 
sites takes place non-selectively. O n the other hand, 
when the content of V 2 0 5 or M o 0 3 are high, the 
oxidizing power is highly suppressed; this is surely 
one of the necessary conditions for any type of selective-
oxidation catalyst. However, another condition is 
also required for an effective catalyst for the "base-
formation-type" oxidation; that is, the possession of a 
moderate character both in the acid and the base is 
required for the butadiene formation.1 '3-5) The V 2 O s -
and Mo0 3 - r i ch catalysts are too acidic to be satis­
factory for this type of oxidation. 

Actually, the Co304-containing catalysts are proposed 
as catalysts suited only for "acid-formation" reactions 
such as the synthesis of acrylic acid2»10) and of 
methacrylic acid.2) 

As for the oxidation of methanol, the activity to 
form C 0 2 (Figs. 9 and 10) varies in the same fashion 
as does the basicity (Fig. 3). This finding supports 
the view that the C 0 2 formation is catalyzed by the 
basic sites.9) However, it seems difficult to explain 
the activity for formaldehyde formation merely by the 
acidity, as in the previous study.9) At any event, 
it is also true in the case of the Co304-containing 
catalysts that formaldehyde is the sole product as 
long as the catalysts are acidic enough and that the 
selectivity to formaldehyde decreases, and that of 
of C 0 2 increases, with an increase in the basic 
properties.9) 

It can be concluded that the acidic and basic 
properties of the Co 30 4-containing mixed oxides are 
modified, as can be expected from the acidic nature 
of the additives, and that the catalytic behavior in 
oxidation is to be interpreted, to a considerable extent, 
in terms of the acid-base properties. 
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The photooxygenation of dibenzo [ö,j]perylene by visible light irradiation was studied spectroscopically. 
The structure of unstable photooxygenation product was deduced from spectroscopic data and results of MO 
calculations to be as 8,12b-endoperoxide of dibenzo [ö,j]perylene. This endoperoxide released oxygen gradually 
at room temperature, recovering the original hydrocarbon. The activation energy for this dark reaction was 
determined to be 21.4^0.5 kcal/mol in benzene and 22.6^0.5 kcal/mol in ethanol. 

Reactions of excited aromatic hydrocarbons with 
molecular oxygen have been extensively studied in 
relation to the properties of singlet oxygen and 
quenching of excited singlet or triplet states.1) 
However, the mode of reaction is by no means simple 
and investigations have been concentrated on rather 
small molecules as anthracene and 9,10-diphenyl-
anthracene. Rubrene may be the only medium size 
aromatic hydrocarbon which received detailed and 
sufficiently unambiguous investigations.2) Helianthrene 
(dibenzo [tf,o]perylene) and its derivatives have also 
attracted the interest of several • authors but the struc­
tures of their photooxygenation products have yet 
to be determined by further investigations.2) 

In the course of the syntheses and the study of 
photoconductive properties of aromatic hydrocarbons,3) 
we observed that dibenzo [tf,j]perylene, a structural 
isomer of helianthrene, underwent a typical photo­
chemical reaction in organic solvents like benzene and 
ethanol. This phenomenon had already been reported 
by Clar4) and could be interpreted as photooxygenation 
reaction like those of helianthrene and its derivatives. 
We have further investigated this reaction and the 
properties of the rather unstable oxygenation product 
because Clar's report was not much more than mere 
observation and also because photooxygenation process 
might possibly be related to the photoconductive 
properties of evaporated thin films or crystals of similar 
aromatic hydrocarbons. 

Exper imenta l 

Synthesis of Dibenzo[a, j]perylene. Dibenzo[a, j]perylene 
was synthesized by almost the same method as Clar's.4) 
1-Chloroanthrone (mp 138 °C) was boiled and stirred with 
zinc chloride in pyridine at 200 °G for 20 h. Then it was 
treated with sodium dithionite to give dibenzo [a, J]perylene-
3,9-dione. The dibenzoperylenequinone was boiled with zinc 
dust in pyridine, and glacial acetic acid was gradually added 
to the solution, which was then boiled and stirred for 5 h. 
From the reaction product, dibenzo[0, j]perylene was extract­
ed with benzene and was purified by column chromatography 
with activated alumina. Further purification was carried out 
by high vacuum sublimation. 

Photooxygenation and Related Measurements. Benzene or 
ethanol solution of dibenzo [a, j]perylene in 1 cm rectangular 
silica cell was irradiated by a 30 W tungsten lamp through a 
sharp cut off filter, Toshiba VY-50, transparent only for wave­
length longer than 500 nm. The spectral change induced by 
the irradiation was observed with a Shimadzu UV-210 spec­
trophotometer. 

The rate of thermal detachment of oxygen from the pho­
tooxygenation product was also observed by the same spec­
trophotometer, while the temperature of the sample solution 
was controlled to within ±0.5 °G by a specially designed 
bronze cell holder and a thermister temperature controller. 
Benzene and ethanol were used as solvents and temperature 
was controlled at several points between 40 °G and 75 °G. 

The ESR spectrum of ca. 10 -5 mol/1 benzene solution 
of dibenzoperylene5) was measured with ESR spectrometer 
NIHON DENSHI JES-PE-3X, before and after visible light 
irradiation under air pressure of about 0.1 Pa and 100 kPa. 

A preliminary measurement of the overall efficiency of the 
photooxygenation reaction was also performed as follows. 
Benzene solution of dibenzo [a, j]perylene in a 1 cm rectangular 
silica cell was irradiated with the 556 nm monochromatic light, 
and the decrease of the hydrocarbon was monitored by the 
optical density change at 556 nm. The photon flux of the 
impinging light was measured making use of potassium tris-
(oxalato)ferrate(III) actinometer. 

It has also been ascertained that singlet molecular oxygen 
reacts with dibenzo [a, j]perylene in its ground state to give 
the same oxygenation product as that obtained by photooxy­
genation. The singlet molecular oxygen was produced 
by adding NaOGl (ca. 5% commercial antiseptic solution 
PURELOX) onto H 2 0 2 (35%, Koso Chemical Ltd.), and 
was immediately introduced, bubbling, into benzene solution 
of the hydrocarbon, which had previously been placed upon 
30% H202 .6 ) The concentration of the benzene solution was 
about 10~5 mol/1 and its spectra were measured before and 
after reaction and compared to each other. 

Benzene and ethanol were reagent grade and were used 
without further purification. 

R e s u l t s a n d D i s c u s s i o n 

Benzene or ethanol solution of dibenzo[<z,j]perylene 
had been pink color but it changed to brownish color 
upon irradiation by room light. When the brownish 
solution was left in the dark at room temperature 
for a few days, the original color recovered. This 
phenomenon, which might be said a kind of photo-
and thermo-chromism, could be repeated several 
times, although some percentage of dibenzo [<z,j]perylene 
suffered permanent destruction due to some unknown 
side-reaction. 

The absorption spectra of dibenzo[<z,j]perylene in 
benzene are shown in Fig. 1. A strong absorption 
band with a typical vibrational structure is observed 
in the region between 450 and 600 nm. The region 
around 330—430 nm (especially 340—390 nm) seemed 
to be overlapped by some impurity absorption and 
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Fig. 1. Absorption spectra of dibenzo[ö,j]perylene in 
benzene. 

and - . - . : Uncorrected spectra of two samples 
obtained by different purification procedures, : 
corrected spectra. 

was different from sample to sample. Repeated 
purification procedures by column chromatography 
and high vacuum sublimation could not eliminate 
completely the impurities responsible to those 
absorption. The fluorescence excitation spectra of 
very dilute benzene solution (ca. 10~7 mol/l) monitored 
by the fluorescence band shown in Fig. 4 under 
unaerobic conditions showed a broad and rather weak 
absorption band around 370 nm. This excitation 
spectra should resemble to the true absorption spectra. 
Taking also account of the spectral change during 
photochemical reaction, which will be described later, 
we deduced the true spectral shape in this region and 
showed it in Fig. \J Fortunately, there was only 
little change in this region of spectra during the photo-
oxygenation and thermal deoxygenations. Therefore, 
we are free from complications due to these impurities 
in the present study. 

When irradiated by a tungsten lamp through a 
sharp cut off filter, Toshiba VY-50, the spectra of 
ethanol solution changed as shown in Fig. 2. We 
could observe an isosbestic point near 455 n m . I t is 
also illustrated in this figure that the solution regained 
about 8 5 % intensity of original spectra after keeping 
it about a day in the dark at room temperature. We 
could observe the same spectral change also for benzene 
solution. A small deviation of the recovered spectra 
from the isosbestic point indicates that a small fraction 

t The spectrum of helianthrene reported by Clar (p. 49, 
Ref. 5) was quite similar to that of our dibenzo[/z, J]perylene, 
which implied that we synthesized helianthrene instead of 
dibenzo[/z, j]perylene through some error. Brockmann and 
Mühlmann have reported different absorption maxima of 
helianthrene,7) but they didn't give the whole spectra. We 
ascertained that our hydrocarbon could not be helianthrene 
because the intermediate quinone, which we used for dibenzo-
la> ilperylene synthesis, did not give bisanthene-3,10-dione by 
photochemical reaction in pyridine under unaerobic condition. 
Helianthrene quinone, which is an inevitable intermediate for 
helianthrene synthesis, should give bisanthene-3,10-dione by 
such a reaction.8) 
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Fig. 2. Change of absorption spectra by visible light 
irradiation in ethanol. 

: Before irradiation, : after 12 minutes irradia­
tion, : after 50 minutes irradiation, - • - • : left in 
the dark at room temperature for a day after 50 minutes 
irradiation. 

of dibenzo[<z,j]perylene was permanently destroyed. 
By a careful treatment up to 9 5 % intensity could be 
recovered both in benzene and ethanol. The spectral 
change above mentioned did not occur when the 
solution was evacuated to about 0.1 Pa as was expected. 

The following two types of reaction paths can be 
proposed for this type of photooxygenation reaction. 

(1) A(Ground) + hv • A*(Singlet) 

A*(S) • A*(Triplet) 

A*(T) + 02(G, 3Z£) • A 0 2 

(2) A(G) + hv • A*(S) 

A*(S) • A*(T) 
A*(T) + 02(G, axj) • A(G) + 02(S, Mg) 

A(G) + 02(S, iAg) - Î - * A 0 2 

We could observe that the rate of photobleaching of 
dibenzo[#,j]perylene was much faster in CC14 than in 
benzene. Because it has been reported that the 
lifetime of 1 A g 0 2 in CC14 is 700 (xs, and is much longer 
than in benzene (lifetime 24 (xs),9) this observation 
suggests the participation of singlet oxygen. Further­
more, a similar spectral change was observed, when 
the benzene solution of dibenzo[tf,j]perylene was 
treated under dark with singlet molecular oxygen 
as has been described in the experimental section. 
I t should be also mentioned that A ( G r o u n d ) + 0 2 ( 1 A g ) 
correlates with the ground state of the product A 0 2 

exothermically and A * ( T ) + 0 2 (G, 3Zg) can only 
correlate with the excited state of A 0 2 endothermically10> 
(see Fig. 6). These observations and consideration 
lead to the conclusion that the type (2) is the appro­
priate reaction. Also it is reasonable to assign the 
new band between 370 and 450 nm to some sort of 
endoperoxide as is usually obtained or assumed in cases 
of similar reactions of other aromatic hydrocarbons.2»4) 
We can assume several possible structures for the 
endoperoxide as shown in Fig. 3 . 
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3 a 3b 3c 

3d 3 e 

Fig. 3. Possible structures of photooxygenation products 
of dibenzo[fl,j]perylene. 
a : 9-Phenylanthracene type structure (8,12b-endoper-
oxide), b : benzo[ö]perylene type structure (9,12-endo-
peroxide). 

A biradical form similar to the structure 3e in Fig. 3 
was proposed for the thermochromic form of J10»10 '-
bianthrone by Woodward and Wasserman.11) We 
performed ESR measurement as described before but 
it didn' t show any increase of ESR signal that could 
be attributed to the formation of any kind of biradical 
endoperoxide. Thus we can disregard the structure 
3e. 

In order to select the most probable structure out 
of 3a—3d, we carried out M O calculations. Table 1 
shows the calculated self-polarizabilities for all carbon 
sites of dibenzo[<z,j]perylene. 

In view of the structures of similar hydrocarbons, 
tetrabenzo[fl,^,y,/m]perylene12) and dibenzo[jÄ;,w0]-
dinaphtho[2,1,8,7-defg: 2 , , l ,

>8 , ,7 ,-o^r]pentacene,1 3) di-
benzo[<z,j]perylene must have a non-planar structure 
due to the steric hindrances of two pairs of hydrogen 

TABLE 1. SELF-POLARIZABILITIES (nrr) OF 

DIBENZO [a J] PERYLENE 

Position 

1,9 
2, 10 
3, 11 
4, 12 

4a, 12a 
4b, 12b 
7b, 15b 

nrr 

0.461 
0.406 
0.421 
0.438 
0.355 
0.395 
0.354 

Fr 

0.462 
0.405 
0.415 
0.446 
0.143 
0.188 
0.152 

Position 

4c, 12c 
5, 13 
6, 14 
7, 15 

7a, 15a 
8, 16 

8a, 16a 

nrr 

0.355 
0.491 
0.400 
0.509 
0.330 
0.604 
0.329 

Fr 

0.140 
0.473 
0.397 
0.484 
0.102 
0.544 
0.102 

Pair positions 

8+12b(16 + 4b) 
1+4(9+12) 
7+4c(15+12c) 
7b+15b 

Sum of 7rrr's 

0.999 
0.899 
0.864 
0.708 

Corresponding 
endoperoxide in Fig. 3 

3a 
3b 
3c 
3d 

atoms, the mean angle between two anthracene skeleton 
planes being about 30° (see Fig. 6a) . However, we 
assumed a planar structure for the present M O calcula­
tions to avoid less important but cumbersome problems. 
Since the qualitative or semiquantitative features of 
^-electron systems are not very sensitive to these 
moderate deviations from planarity. The present 
calculation based on the planarity approximation 
seems to be sufficient for our purpose to select the 
appropriate structure of photooxygenation product . 
The calculated results indicate that the structure 3a 
is the most probable one because the sum of two self-
polarizabilities corresponding to this structure is larger 
than the pair self-polarizabilities corresponding to the 
other structures. Thus we may be able to disregard 
3c, 3d, and 3e from the possible structures of the 
endoperoxide. 

I t may be of some interest to note that al though the 
sums of self-polarizabilities of para-positions corre­
sponding to the structures 3a, 3b , and 3c (0.999, 0.899, 
and 0.864, respectively) are similar to the corresponding 
values of anthracene (1.052 for 9,10-positions and 0.908 
for 1,4-positions), the value of the self-polarizability 
of the 8-(and 16-) position of dibenzo[<z,j]perylene, 
0.604, is much larger than that for the 9-position of 
anthracene (0.526) and even larger than the value, 
0.601, of the very reactive 6-(and 13-) position of 
pentacene. This may be the reason why dibenzo[#,j]-
perylene is so liable to react with singlet oxygen. The 
calculated values of free valence, which are given in 
Table 3, also suggest that 8-(and 16-) position is very 
reactive. 

Thus we presume that the course of the reaction 
is as follows. 

o-o-5 

(A) (B) 

The second step from (A) to (B) should be very 
fast because of the enhanced density of reacting electron 
as a result of the first step reaction. 

Further , we tried to see if the observed spectra of 
the photooxygenation product is compatible with this 
structure. Because of the high sensitivity of dibenzo-
[<z,j]perylene to light and the instability of its photo­
oxygenation product, it was difficult to obtain its 
correct spectra by a single run of the experiment. 
Figure 4 shows the spectrum composed of several 
experimental data . 

The spectrum has some ambiguity in two regions. 
First, we could not completely bleach the region 
longer than 450 nm because the thermal decomposition 
of the oxygenation product brought about the reverse 
reaction and furthermore because the oxygenation 
product was also gradually decomposed, probably by 
further photochemical reaction,7) to give some unknown 
final product which had a long absorption tail in this 
region. But it is certain that there is at most only 
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Fig. 4. Absorption and fluorescence spectra of photo-
oxygenation product. 
A: Corrected absorption spectra, benzene solution, B: 
fluorescence spectra, benzene solution, C: absorption 
spectra of dibenzo[tf,j]perylene, the concentration of 
which is the same as A. 

very weak absorption in this region, which can not 
be assigned to any allowed transitions. Another 
evidence to assure that the endoperoxide has no allowed 
absorption band in the region longer than 450 n m 
is that a fluorescence spectrum, which shows a good 
mirror image relation with the new absorption band 
between 380 and 450 nm, was observed for the partly 

photobleached benzene solution of dibenzo[# J]perylene 
(Fig. 4) . 

Since the absorption bands in the long wavelength 
region of the spectra of such endoperoxides are 
considered to be due to JZ-TZ* transitions, we calculated 
the transition energies for the conjugated jz-electron 
systems as dwawn with thick lines in Fig. 3 on the 
basis of the P-P-P method. From the consideration 
of self-polarizabilities and free valences, it is sufficient 
to consider only the two structures, 8,12b-endoperoxide 
(3a) and 1,4-endoperoxide (3b). 

The results of the calculation are shown in Table 2. 
The observed transition energies of benzo[<z] perylene 
and 9-phenylanthracene, which have similar n-
conjugation systems as those of 3a and 3b , respectively, 
are also shown in Table 2 together with the transition 
energies of related compounds, dibenzo[<z,J]perylene 
and perylene. I t is well-known that there are many 
factors that prevent a precise comparison between 
the observed and calculated results. But the overall 
correspondence is fairly good as is shown in Table 2. 

Firstly, we assume that the structure of the photo-
oxygenation product corresponds to 3 b . Both the 
calculated results and observed spectra of benzo[<z]-
perylene predict that 1,4-endoperoxide (3b) should 
show the longest wavelength absorption band (so-called 
p-band) near 500 nm (20000 c m - 1 ) . This value is 
rather larger than the observed one for the photo-
oxygenation product, 435 n m . Furthermore, the 
observed oscillator strength for p-band of the photo-
oxygenation product (about 8 0 % of the p-band of 

TABLE 2a. ELECTRONIC TRANSITIONS FOR STRUCTURES DEPICTED IN Fig. 3 AND RELATED COMPOUNDS 

The energies in wave number (cm-1), and oscillator strength (in parenthesis). 

( 

0C> 
p-Band 

a-Band ^ 

/?-Band 

Calcda> 
}-Phenylanthracene type structure 

- 2 . 3 8 
0 
20999 
(1.02) 

/ 28278 
(0.0) 
34430 
(0.07) 
35009 

k (0.14) 
( 36629 

(1.00) 
1 39766 
I (1.12) 

- 2 . 0 0 
32.8 
21485 
(0.98) 

28539 
(0.0) 
34861 
(0.06) 
35401 
(0.14) 
37054 
(1.05) 
40058 
(1.12) 

-1 .50 
50.9 
22208 
(0.91) 

28883 
(0.0) 
35454 
(0.05) 
35950 
(0.14) 
37631 
(1.13) 
40436 
(1.11) 

(Fig. 5a) 

- 1 . 0 0 
65.1 
23032 
(0.84) 

29221 
(0.0) 
36066 
(0.03) 
36541 
(0.13) 
38219 
(1.22) 
40795 
(1.08) 

9-Phenylanthracened) 

(small, Ä ? 0 ) 

( «*90°) 
25900 
(0.15)«) 

Obsd 

Photooxygenation product6) 

( Ä>60°, see text)f> 

22750 
(0.86)h) 

a) Approximations for the calculations are as follows, i) The P-P-P method using the electron repulsion 
integral y by Nishimoto and Mataga. /?=—2.38 eV. ii) CI among 36 one electron excitation configurations, 
iii) Regular hexagonal structure with the C-C bond length of 1.397 Â. b) The resonance integral between 
the 9-carbon atom of the anthracene skeleton and the l'-carbon of the phenyl group, c) The angle between 
the phenyl and anthracene skeleton planes, calculated from the approximate relation ß* =/fcos 0. d) I. B. 
Berlman, "Handbook of fluorescence spectra of aromatic molecules," 2nd ed, Academic Press, New York 
(1971), p. 363. e) Present observation, see Fig. 4. f ) Obtained by the graphic interpolation of the calculat­
ed 6- wave number relations, g) Calculated from the spectra reported in Berlman's book sited in d), based 

on the relation f= 4.02 X 10~9 e dv. See the footnote**) in the text. h) Calculated from the spectra shown 

in Fig. 4 as is described in the footnote**) in the text. Almost the same value is obtained by the interpolation 
of the calculated ö-oscillator strength relation. 
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TABLE 2b. ELECTRONIC TRANSITIONS FOR STRUCTURES DEPICTED IN Fig. 3 AND RELATED COMPOUNDS 

Benzo[fl] perylene Dibenzo [a, j ] perylene Perylene 

Galcda) Obsd Galcda) Obsdc) Galcda) Obsdb) 

20830 (p-band) 
(0.96) 
29187 (a-band) 
(0.0) 
29697 
(0.0) 
30120 
(0.02) 
34560 
(0.02) 
37193 
(0.50) 
39153 (0-band) 
(1.34) 
40160 
(0.36) 

19880 

29500 

36230 

18603 (p-band) 
(1.07) 
28705 (a-band) 
(0.0) 
34500 
(0.20) 
37333 (£-band) 
(2.03) 

18320 

27000 

34480 

24553 (p-band) 
(1.00) 
30842 (a-band) 
(0.0) 
41920 Gff-band) 
(1.80) 

23000 

39600 

a) The approximations used for calculations are the same as in Table 2a. b) R. S. Becker, J. Chem. Phys., 
38, 2144 (1963). c) This work and E. Glar, "Aromatic hydrocarbons, Academic Press, New York (1964), 
Vol. 2, p. 43. 

dibenzo [a, j] perylene1"1" is considerably smaller than 
the calculated value for the p-band of benzo[<z] perylene 
(about 9 0 % of the p-band of dibenzo[a,j]perylene). 

O n the other hand, as we can see in Table 2, the 
calculated transition energy and oscillator strength 
of the 9-phenylanthracene type structure (corresponding 
to 8,12b-endoperoxide, 3a) , agree fairly well with the 
observed ones, if its phenyl plane has a proper angle 
(about 60°) with the plane of anthracene skeleton. 

Of course, these agreements should not be taken too 
seriously since the adopted model of the molecular 
structure holds only the minimum characteristics of 
the endoperoxide and neglects all the finer details 
belonging to the real endoperoxide molecule and also 
because of the well-known limitations of M O calcula­
tions. Nevertheless all the observed data and calculated 
results seem to lead to the conclusion that the photo­
oxygenation product of dibenzo [a J] perylene is 8,12b-
endoperoxide. ttt 

As has been already mentioned, the molecular 
structure of dibenzo[a,j]perylene should be such as 
depicted in Fig. 5a. 

0 2 may attach this hydrocarbon as illustrated in 
Fig. 5b; the angle between phenyl (A) plane and the 
anthracene plane should increase owing to the increased 

tt This value was estimated from the ratio of area under 
each absorption band shown in Fig. 4, using the following 
formula 

/ = 4 . 0 2 x l O " 9 f e d P 

where/is the oscillator strength, e the decadic molar extinction 
coefficient (1/mol cm), and v the wave number in cm - 1 . 
ttt It is reported that helianthrene is most probably attacked 

by the singlet oxygen at similar positions.2) 
I 

(a) (b) 

Fig. 5. Possible three dimentional structures of dibenzo-
[fl,j]perylene and its photooxygenation product (8,12b-
endoperoxide). a: Dibenzo[a,j]perylene, b : 8,12b-
endoperoxide. 0 : Garbon, 0 : oxygen. 

sp3 nature of the bonds extending from the 8- and 
12b-carbon atoms and also owing to the steric hindrance 
of the H-atoms bonded to the 12-and 13-carbon atoms. 
Thus we can explain the rather high value of the 
angle, 60°, that has been predicted from the calculation. 
This structure also answers the question why a doubly 
photooxygenated product such as 

was not obtained, which seems to be quite probable 
considering the well-known reactivity of 9-phenyl­
anthracene to singlet molecular oxygen. The second 
molecular oxygen, if attached to the 8,12b-endo-
peroxide, will introduce intolerable steric hindrance, 
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TABLF 3. RATES OF THE OXYGEN DETACHMENT FROM 

8,12b-ENDOPEROXIDE OF DIBENZO[fl,j]PERYLENE 

T 
K 

318 
323 
328 
333 
338 
343 
348 

in benzene 
3 .4x10-* 
5.2 XlO"4 

9.0x10-* 
1.7X10"3 

2 . 6 x l 0 " 3 

4.0X10- 3 

Rate 
s"1 

in ethanol 

7.2X10"4 

1.2X10"3 

1.9X10"3 

3.1X10"3 

>» 
En 
52 

and the double-photooxygenation product may be 
unstable and may decompose rapidly.tttt 

The rate of 0 2 detachment from the endoperoxide 
are shown in Table 3 . 

The detachment was monitored with the increasing 
band at 556 n m in benzene (and 546.5 nm in ethanol) 
of the recovered hydrocarbon and obeyed the first-
order reaction scheme fairly well. The rate depends 
strongly on temperature and its temperature dependence 
seems to be explained by the existence of an activated 
transient state. The activation energy was calculated 
from the data in Table 3 to be 2 1 . 4 ± 0 . 5 kcal/mol in 
benzene and 2 2 . 5 ± 0 . 5 kcal/mol in ethanol. The 
frequency factor was also calculated to be 1.9 X 1011 s - 1 

in benzene and 4 . 9 x l 0 1 1 s _ 1 in ethanol, and these 
values suggest that the 0 2 -de tachment reaction is spin 
allowed. The activation energy can be explained by 
the fact that the endoperoxide ground state necessarily 
correlates endothermically with an excited state of 
composite system A (Ground State) + 0 2 (1Ag) owing 
to spin conservation as is illustrated in Fig. 6. I t is 
interesting that the observed activation energy is 
almost the same as the energy of the singlet 0 2

 1 A g 

state (22.5 kcal/mol), even if it might be only an 
accidental coincidence. Thus it may be possible that 
0 2 is released from the oxygenated hydrocarbon in its 
1 A g singlet state,14) but this must be clarified by further 
investigation. 

Finally, we report a prel iminary measurement of 
the overall efficiency of the present photooxygenation 
reaction. Though unfortunately, we could not afford 
to perform detailed measurements of lifetimes of A* (S), 
A*(T) , and 0 2 ( 1 A g ) that are necessary to analyse each 
step of complicated photooxygenation reactions, we 
measured only the overall quan tum efficiency of the 
photooxygenation upon irradiation of benzene solution 
by 556 nm under atmospheric pressure. The apparent 
overall quan tum efficiency depended moderately on 
the concentration of dibenzo[<z,j]perylene. They were 
ca. 1/30 for 7.2 X 10~6 mol/dm 3 and ca. 1/45 for 5.6 x 
10 - 6 mol/dm3 . These values were about fifteen times 
larger than those for rubrene photooxygenation 

CCO - t 
$>. U2: 

f 
1 3(s.+

3iâ) — ',/r 

\ ' (so^rj—k\\ 
u5( T, • 3r9 ) - y / 

\ 
i \ 

I 3(So*3£)—/ 

OCO 
» oßf 

- S, 

- Ti 

- So 

ïtîî It has been reported that, similar hydrocarbons, dimeth-
oxyhelianthrene and dibenzoyloxyhelianthrene uptake equi-
molar molecular oxygen rapidly, but further photooxygenation 
takes place only very slowly leading to final decomposition 
products.7) 

Fig. 6. State correlation diagram depicting the photo­
oxygenation of dibenzo [a, j]perylene and thermal deoxy-
genation of the photooxygenation product, 8,12b-endo-
peroxide. The relative energies of the states were 
estimated from spectroscopic data and the activation 
energy for the reaction as is given in the text. 

measured under similar conditions, and indicates that 
sensitized 1 A g 0 2 production may be quite efficient in 
this system. Assuming that the efficiency of 1 A g 0 2 

producton by the energy transfer from triplet dibenzo-
[<z,j]perylene is nearly 100%,1»2) and using the reported 
lifetime, 24 (xs, of the 0 2 ^ g state in benzene, we 
obtained 2 X108 dm3 /mol s - 1 as a lower limit of k, 
the rate of the reaction A ( G ) + 0 2 ( S , *Ag) »AOg. 

Finally, it might be better to mention that the 
application of N M R , IR , and X-ray crystallography, 
which are very powerful methods for structural analysis 
in many fields of organic chemistry, is presently very 
difficult for unstable derivatives of large condensed 
aromatic hydrocarbons. 

The authors are grateful to Prof. Ryo Hirasawa of 
the University of Tokyo for his assistance in ESR 
measurements and helpful discussion. 
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The keto-enol tautomerization rate of acetylacetone catalyzed by triethylamine or tributylamine was observed 
in eight organic solvents, and the catalytic coefficient for each process of the ketonization and enolization was 
obtained. A remarkable solvent effect on the catalysis was discussed following the linear free-energy relationship 
between the catalytic coefficient and the liquid-liquid partition coefficients of the keto and enol forms. It was 
concluded that, in the homogeneous base-catalysis, the solvent affects the free-energy change of the transition 
state more greatly than those of the keto and enol forms. On the contrary, in the heterogeneous catalysis by the 
silica surface, the free-energy change of the keto and enol forms was suggested to be the main factor governing the 
kinetic solvent effect. 

In the course of our study of the kinetic behavior of 
acetylacetone, a well-known extractant,1) in a liquid-
liquid partit ion system, we found that the keto-enol 
tautomerization rate in an organic phase is very slow 
and that the addition of a base, such as amine, trialkyl 
phosphate and trialkylphosphine oxide, which are 
often used in synergic extractions,1) remarkably 
enhances the tautomerization rate in an organic phase. 
Those catalytic effects strongly depend on the nature 
of the solvent. 

From the standpoint of the transition-state theory,2) 
a kinetic solvent effect is thought to be due to the 
difference in solvent effects on the reactant and on the 
transition state. M a n y kinetic studies of the solvent 
effect, however, have dealt with the solvent effect only 
on a rate constant, which reflects the free-energy 
difference between the reactant and the transition 
state. We think that the experimental resolution 
of an activation free energy into two parts is more 
worthwhile than a qualitative and conventional discus­
sion of the relationship between an activation energy 
and the solvent property. Previously, we reported 
the utility of a liquid-liquid parti t ion coefficient in 
evaluating the contribution of the free-energy change 
of the reactant to the activation free energy.3»4) In 
the present study, we will show a further application 
of the rate-partit ion approach to the solvent effect 
on the base-catalyzed tautomerization rate of acetyl­
acetone in organic solvents. 

E x p e r i m e n t a l 

Materials. The acetylacetone was used after the 
distillation of a commercially purchased reagent (Nakarai,G. 
R.). The triethylamine (TEA) and tributylamine (TBA) used 
as catalysts were purified by double distillation over sodium 
and kept in a darkened desiccator. The organic solvents were 
distilled after drying over sodium or phosphorus pentaoxide. 
The purity of the amines and the solvents were checked by 
GLG. Redistilled water was used throughout. The prepara­
tion of a nonaqueous solution was carried out in a gloved box 
desiccated by silica gel. 

Kinetic Measurements. Although the keto-enol equilibrium 
of acetylacetone in an inert solvent is not attained even after 
one week, the addition of an amine at a concentration of 10~3 

M (1 M = l mol dm - 3) remarkably accelerates the tautomeri­

zation rate. The measurement of the rate of the catalysis has 
been carried out by means of a Hitachi 356 spectrophotometer 
at 290 nm for aroma tic-sol vent systems and at 271 nm, the 
absorption maximum of acetylacetone, for the other systems. 
The catalysis was initiated by one of the following two methods, 
depending on the solvent used: when the enol fraction at 
equilibrium in a given solvent was below 0.8, the vapor injec­
tion method5) was employed, while in a solvent in which the 
enol fraction was over 0.8, an alternative method was employed 
since the vapor injection method does not produce a sufficient 
absorbance difference between that at the initial time and at 
equilibrium; ca. 1 ml of the pure liquid of acetylacetone was 
heated for one hour at 100 °C, cooled to room temperature 
rapidly, and diluted with an organic solvent in a Teflon flask, 
and then a 50-fjd portion of this solution was spiked into 4 ml 
of the solution of a catalyst in an optical cell which was ther-
mostated with circulating water at 25 ±0.1 °G. By the heating 
procedure, the enol fraction of 0.82 at room temperature 
decreases to 0.66. From the absorbance change, as recorded 
on a Hitachi 056 recorder, an observed rate constant A:obsd(s~

1) 
was obtained within an error of ± 3 % . The rate constants 
obtained by the two different initiation methods were con­
firmed to coincide in the benzene system. 

It was noted in a preliminary experiment that the surface 
of the quartz cell acts as an effective catalyst on the 
tautomerization. The catalytic activity of the surface depends 
on the solvent and increases in an inert solvent such as hexane. 
Hence, it was necessary to make the surface inert by treating 
the cell and all of the volumetric glassware with a 1 % benzene 
s olution of dichlorodimethylsilane.6) 

An increase in the TEA concentration up to 0.2 M shows 
no influence on either the apparent absorption coefficient or 
on the shape of the spectrum of acetylacetone, so that the 
amine is confirmed to participate only in a kinetic process as 
a catalyst in the tautomerization process. The catalytic 
experiment was carried out in 8—10 X 10~5 M for acetylace­
tone, in 10 - 5 -10- 1 M for TEA, and in 10"5-0.15 M for TBA. 

Equilibrium Measurements» The apparent partition 
coefficient of acetylacetone (P) between water (10~3M per­
chloric acid) and heptane, chlorobenzene, or 1,2-dichloroeth-
ane was determined spectrophotometrically within a precision 
of ± 3 % by the batch method. Similarly, P in the nonaqueous 
two-phase system of heptane/acetonitrile was determined. 
Each solvent of heptane and acetonitrile was mutually satu­
rated before the partition experiment, since the mutual solubil­
ity is not negligible, it is determined by GLG to be 2.8 wt % 
acetonitrile in heptane and 10.1 wt % heptane in acetonitrile 
at 25 °G. The enol fractions of acetylacetone in the organic 
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solvents were determined within a precision of ±0.01 by the 
NMR method7> using a Varian A-60 NMR apparatus at 25 
±1.5°C. 

R e s u l t s 

The Catalytic Coefficients of TEA and TBA. The 
observed tautomerization rate constant was propor­
tional to the concentration of amine, [B], in all the 
systems investigated; 

*obsd = *B[B] (1) 

where ^ ( M - 1 s -1) refers to a catalytic coefficient. 
Some typical examples of the plot of kohsd vs. [B] 
in heptane and benzene systems are shown in Fig. 1. 
The slopes of Fig. 1 give the catalytic coefficients. 
The catalytic coefficients for the eight solvent systems 

ITEAJ/M 
0.05 

in heptane 

0.10 

0.04h 

0.02 

0.5 
I05(TEA]/M 

1.0 
benzene 

Fig. 1. The effect of TEA on the keto-enol tautomeriza­
tion rate of acetylaeetone in heptane and in benzene. 

are tabulated in Table 1. It appeares that the catalytic 
coefficient increases with the increase in the dielectric 
constant of the solvent. T E A is more effective than 
TBA in every solvent. A linear correlation between 
the logarithmic values of the catalytic coefficients of 
T E A and TBA appeared. 

The Partition Coefficients and the Enol Fractions. 
The apparent partition coefficients (P) and the enol 
fraction (f0) are listed in Table 1. The partition 
coefficient in the system of acetonitrile-water was 
estimated from the results in the systems of heptane/ 
water and heptane/acetonitrile. I t appears that the 
organic solvent with a smaller f0 shows a larger value 
of P . 

D i s c u s s i o n 

Correlation between the Catalytic Coefficient and the Partition 
Coefficient. T h e catalytic coefficients for the 
ketonization (£B,k) and the enolization (£B,e) were 
estimated by the following equations, neglecting any 
spontaneous process: 

^B.k = (1"~Â)^B 

The calculated results are listed in Table 2, together 
with the partit ion coefficients of the keto (PK) and enol 
(PE) forms of acetylaeetone calculated using the values 
of P , f0, and the enol fraction in the aqueous phase, 

/=0 .15 . 5 > 
In order to examine the free-energy relationship 

between the two processes, i.e., the base catalysis in an 
organic solvent and the transfer of acetylaeetone from 
water to the solvent, log kB,k and log £B,e were plotted 
against log P E and log P K respectively. The results 
are shown in Figs. 2 and 3 . In the catalyses by both 
T E A and TBA, satisfactory linear correlations are 
obtained. 

T A B L E 1. T H E CATALYTIC COEFFICIENTS OF THE AMINES IN 

RELATION TO THE TAUTOMERIZATION RATE, THE A P P A ­

RENT PARTITION COEFFICIENTS ( P ) BETWEEN WATER 

AND ORGANIC SOLVENT, AND THE ENOL 

FRACTION (/0) IN ORGANIC SOLVENTS 

OF ACETYLACETONE 

No. Solvent 
X T B / M ^ S - 1 

TEA TBA 
/o 

1. Heptane 
2. Gyclohexane 
3. Toluene 
4. Benzene 
5. Ghlorobenzene 
6. 1,2-Dichloro-

ethane 
7 Dichloro-

* methane 
8. Acetonitrile 

4.17X10-1 

5.25X10-1 

2.10x10 
2.73x10 
8.67x10 

3.62x10 s 

4.42X102 

5.88x10 s 

2.00X10-1 

2.37X10-1 

3.27 
4.22 
1.98x10 

9.83x10 

1.97x10 s 

2.02x10 s 

0.887 
1.03a) 

4.57a) 

5.93a) 

5.27 

11.5 

22.5a ) 

7.85c) 

0.97 
0.95w 

0.91 
0.88 
0.91 

0.79 

0.78 

0.60 

a) Quoted value; H.Johansson and J . Rydberg, Acta 
Chem. Scand., 23, 2797 (1969). b) Quoted value; R. 
A. Dwek and G. Allen, J. Chem. Soc, B, 1966, 161. 
c) Estimated value; see text. 

2.0 

cn 

-2.0 

Catalyst : TEA 

-2.0 

Fig. 2. The correlation between the catalytic coefficient 
of TEA and the partition coefficient of acetylaeetone. 
The numbers in this figure correspond to those in 
Table 1. 
O : l oS kB,e vs. log PK , r=0.974; \J: log kBfk vs. log 
PE, r=0.983 except for acetonitrile. 
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TABLE 2. THE CATALYTIC COEFFICIENTS IN RELATION TO THE KETONIZATION (A:B)k)
a) AND ENOLIZATION 

(^B,e)a) REACTIONS AND THE PARTITION COEFFICIENTS OF THE KETO ( P K ) A N D ENOL 

(PE) FORMS OF ACETYLACETONE AT 25 °G 

TEA 
No. Solvent 

TBA 

logki B,k logArj B,e 
l °g *B,k 

- 2 . 2 2 
- 1 . 9 3 
- 0 . 5 3 
- 0 . 3 0 

0.25 
1.31 
1.64 
1.91 

tog *B,e 

- 0 . 7 1 
- 0 . 6 5 

0.47 
0.57 
1.26 
1.89 
2.19 
2.08 

logPK logP, E 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

Heptane 
Gyclohexane 
Toluene 
Benzene 
Ghlorobenzene 
1,2-Dichloroethane 
Dichloromethane 
Acetonitrile 

- 1 . 9 0 
- 1 . 5 8 

0.28 
0.52 
0.89 
1.88 
1.99 
2.37 

- 0 . 3 9 
- 0 . 3 0 

1.28 
1.38 
1.90 
2.46 
2.54 
2.55 

- 1 . 5 1 
- 1 . 2 1 
- 0 . 3 2 
- 0 . 0 8 
- 0 . 2 5 

0.46 
0.77 
0.54 

0.76 
0.82 
1.44 
1.54 
1.51 
1.78 
2.07 
1.47 

a) M-is - 1 . 

Fig. 3. The correlation between the catalytic coefficient 
of TBA and the partition coefficient of acetylacetone. 
The numbers in this figure correspond to those in 
Table 1. 
O tog kBte vs. log PK, r=0.968; \J: log kBfk vs. log 
PEi r=0.977 except for acetonitrile. 

A free-energy consideration of the base catalysis 
leads to the following equation; 

AG* - AG*° = <5AGX - S<5AG£ (3) 

where AG* and AG*0 are, respectively, the activation 
free energies in a given solvent and in the hypothetical 
s tandard solvent and where (5AGX and (5AG/ are the 
respective transfer free energies of the transition state 
and the reactant , i, from the standard solvent to the 
other solvent. For the ketonization and the enolization 
reactions, Eq . 3 leads to ; 

A G k * - AGk*° = <5AGX - <5AGE - <5AGB, 

A G * - AG*° = <5AGX - <5AGK - <5AGB, 
(4) 

where the subscripts X , E, K, and B correspond to the 
transition state, the enol form, the keto form, and the 
base catalyst respectively. Equat ion 4 can be rewritten 
by introducing the catalytic coefficient and the partit ion 
coefficient ; 

RTln (*B. A ) = <5AG B -<5AG x - im n (PB/PB°), 

RTln ( * B A ) = SAGB-öAGx-RTln (PK/PK°), 

where the superscript O denotes the standard solvent. 
The linear relationships obtained in Figs. 2 and 3 
for the seven inert solvents prove that the term of 
ÔAGB—ÔAGX is proportional to both RTln (PE/Pî) 
a n d i ? r i n (PJPi). 

Now, we may assume the following proportionality: 

<5AGß = Ö<5AGK = Ö ^ A G E , 
(6) 

<5AGX = böAGK = ^ A G E , 

where a, b, a\ and b' are proportional constants following 
the relation of a'ja=b'fb=c (constant). Equation 6 is 
based on the assumption that the solute-solvent interac­
tion which occurs during the base catalyzed tautomeri-
zation process does not include specific interactions, 
e.g., a strong dipole-dipole interaction and a hydrogen-
bonding interaction. The correlation between (5AGK 

and ôAGE is shown in Fig. 4, in which the linear correla­
tion between the logarithmic values of the partition 
coefficients of the keto and enol forms of acetylacetone 

en 
o 

-0.5h 

Fig. 4. The correlation between the partition coefficient 
of the keto (PK) and the enol (PE) forms of acetyl­
acetone. The numbers in this figure correspond to 
those in Table 1. 
log P K = 1.71 logPE+2.73, r=0.993 except for aceto-
nitrole and DMS03> 
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(?) 

is shown for the seven inert solvents, allowing the 
estimation of the £ V constant from the slope as 1.71. 
A linear relationship was observed among the gas 
solubilities8) and between the solubilities of bis(acetyl-
acetonato)copper(II) and bis(dipropionylmethanato)-
copper(II),9) also. By the introduction of Eq. 6 into 
Eq. 5, we obtain the following equations; 

log*B.e = (b-a-l)logPK 

+ Qogkle-(b-a-l)logPK°}, 

log A^k = ( * ' - « ' - 1 ) logPB 

+ { l o g / : S . k - ( ^ - ^ - l ) l o g P E
0 } . 

Consequently, the slopes of Figs. 2 and 3 give the set 
of the proportional constants of (b—a) and (b'—a') —2.32 
and 4.16 for TEA-catalysis and 2.37 and 4.01 for TBA-
catalysis. The deviation observed for the acetonitrile 
system in Figs. 2 and 3 may be attr ibuted to the destabli-
zation in a polar solvent such as acetonitrile of the 
enol form, which is less polar than the keto form; this 
is also suggested by the deviation in Fig. 4 . 

Relationship among ôAGx, ôAGK, and ôAGE. In 
the above section, the relationship between the catalytic 
coefficient and the partition coefficient has been proved 
in terms of the free energy. The result shows that the 
lowering of the standard free energy of the tautomers 
causes a descrease in the activation free energy because 
of the further lowering of the standard free energy of 
the transition state compared to those of the tautomers. 
The values of ôAGx are more sensitive to the solvent 
than those of ôAGK and ôAGE. The transition state 
is expected to be a complex of an ion-pair or charge-
transfer type between the amine and acetylacetone. 
Then, ôAGx can be separated into ôAGB and ôAGx,v, 

ÖAGX = ÔAGB + öAGXtT, (8) 

where ôAGXpT is the residual par t which is obtained 
by substracting ôAGB from ôAGx. àAGXtT can be 
expected to be the transfer free energy of a state like 
an ion-pair of the proton and the enolate anion of 
acetylacetone. Equations 6 and 8 lead to this relation, 

<5AGx,r = (b-a)öAGK = (b'-a')dAGE9 (9) 

or 
ôAGx>r = 2.43<5AGK = 4.16<5AGE 

for TEA-catalysis, 

<5AGx>r = 2.37<5AGK = 4.01<5AGE 

for TBA-catalysis. 

(10) 

Equation 10 shows that ôAGx>T is most affected by the 
solvent in the transfer free energies of the three states 
and that the change in (5AGx>r is the main factor 
governing the solvent effect on the rate of the catalysis. 
The difference in the solvent effect on the three states 
is probably due to the difference in the electric property; 
e.g., the expected order of the derea l iza t ion of the 
electron density is the transition s t a t e > the keto f o r m > 
the enol form. 

Although the details of the reaction mechanism of the 
base-catalyzed tautomerization are still obscure, it can 
reasonably be expected that the proton transfer will 
occur via an intramolecular process assisted by the 
amine, rather than by an intermolecular process, as 
proposed by Baba and Takemura1 0) for the base-

catalysis of anthrone-anthranol interconversion in 
nonpolar solvents. This interpretation is supported 
by the fact that , even in inert solvents, T E A and TBA 
effectively catalyze the tautomerization of acetyl­
acetone. 

Free-energy Consideration of the Effect of the Silica Surface. 
As was mentioned in the Experimental section, the 

tautomerization rate is extremely enhanced by the 
contact with the wall of the quartz cell, depending on 
the solvent used. In considering the solvent effect in 
this heterogeneous catalysis, we applied the free-energy 
treatment developed in this study. I t was assumed that 
the transition state is the adsorbed acetylacetone on the 
silica surface and that the solvation effects on the 
transition state and on the silica surface are negligible 
or compensate each other, i.e., dAGB—dAGx=const 
in Eq. 5. Then , Eq . 5 degenerates to ; 

log^obsd = - l o g / 0 ( l - / o ) P + const. (11) 

\ 

-1.0 

-2.0 

-3.0 

1 <\ 

2 o 

-

Nv 3 

slope = -

\°* 

-1 

-

6 o \ o 5 

4 ° \ 1 

-2.0 -1.0 1.0 

logf.(1-f . )P 

Fig. 5. The solvent effect on the silica surface catalysis. 
Solvent; 1: hexane, 2: cyclohexane, 3: carbon tetra­
chloride, 4 : dichloromethane, 5: chloroform, 6: 1,2-di-
chloroethane, 7: benzene, 8: toluene. 

According to the above equation, the experimental 
results are plotted in Fig. 5. A satisfactory linear 
relationship, with the slope of minus one, was obtained, 
in agreement with the prediction from Eq. 11. If the 
assumption of ôAGB—ôAGx=const does not hold, the 
slope will differ from a minus one. Consequently, in 
this case the states most affected by the solvent are 
suggested to be the keto and enol forms, contrary to 
the results of the homogeneous amine catalysis. I t is of 
interest that the solvent effect is in reverse directions in 
the two systems, i.e., the heterogeneous and homoge­
neous catalyses. Fur ther investigation employing a 
variety of solvents will enable us to assess the generality 
of this conclusion. 
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Oxygen exchange between arsenate ions and water is remarkably catalyzed by the addition of a small amount 
of periodate ions.t The reaction has been studied at 30.0 °G over the pH range of 6.7—11.4. The rate law of 
the catalytic reaction has been found to be Rc=k. [H+][As(V)][I(VII)], where Rc is defined as the increase in the 
rate of oxygen exchange of arsenate ions by the addition of periodate ions. The catalytic process has been inter­
preted in terms of the reversible condensation of arsenate ions with periodate ions to form the arsenatoperiodate ions, 
and the rate constant of the condensation reaction between H2As04

_ and H4IOö
_ has been estimated to be 340 

M-1 s-1 at 30.0 °G. 

In a previous paper,1) it has been shown that the 
oxygen exchange reaction of arsenate ions with water 
is strongly accelerated by the addition of a small amount 
of arsenious acid. The catalytic process has been 
identified with the reversible condensation of arsenate 
ions with arsenite species to form the arsenatoarsenite 
ions, and the rate constants of this condensation reaction 
have been estimated. 

The study of an oxygen exchange reaction of an 
oxoanion in the presence of a catalytic amount of 
another oxoanion may provide a means of studying 
the kinetics and equilibriums of the condensation 
reactions involving the two oxoanions. In this paper a 
study of the interaction of arsenate ions with periodate 
ions in solution by means of the oxygen exchange 
reaction will be reported. 

E x p e r i m e n t a l 

Materials. Water enriched in oxygen-18 (2 atom %) was 
obtained from a fractionating column in this laboratory. It 
was refluxed with alkaline permanganate, and distilled twice. 
Normal water was treated in the same way. Disodium hy-
drogenarsenate heptahydrate(Guaranteed reagent, Merck), 
sodium periodate (Guaranteed reagent, Merck), and all the 
other chemicals (Guaranteed reagent, JIS) were used without 
further purification. 

The concentration of the stock solution of sodium periodate 
(1.63 X 10-2 M) was checked spectrophotometrically each time 
before use with iron(II)-2,4,6-tri-2-pyridyl-l,3,5-triazine.2> 

Procedure. The procedures were almost the same as 
those used earlier. 1»3> The exchange reaction was started by 
mixing an isotopically equilibrated solution of disodium 
hydrogenarsenate in H2

1 80 with water of normal isotopic 
composition. A small amount of the stock solution of periodate 
was added, and the pH of the solution was fixed by the addi­
tion of a measured quantity of either a solution of sodium 
hydroxide or hydrochloric acid. The pH of the solution was 
measured with a Radiometer PHM type-26 pH meter. All 
experiments were performed at 30.0 °G. At intervals aliquots 
of the reacting solution were drawn, and the reaction was 
quenched by precipitating the arsenate ions as BaHAs04 • H 2 0 
with barium chloride solution. The precipitate, after being 
washed three times with absolute ethanol and dried, was 
converted into carbon dioxide by the guanidinium chloride 
method.4* The isotopic analysis of the carbon dioxide was 

t In this paper the word "periodate" is used to signify 
both periodate and orthoperiodate. 

made on a Hitachi RMS-I type mass-spectrometer. 
The rate of the oxygen exchange of arsenate ions was 

calculated by means of the formula : 

R _ _ 1 [As(V)][H2Q] , / 0,-01 \ 
t ' 4[As(V)] + [H20] \ Oo-Ö~ / 

where O0, Ot, and Om are the lsO-contents of the carbon 
dioxide at times 0, t, and infinity, respectively, and where 
[As(V)] and [H20] are the molar concentrations of the 
arsenate and water, respectively. 

R e s u l t s a n d D i s c u s s i o n 

p H Dependence. In Fig. 1, log R0 and log R are 
plotted against p H , where R0 and R designate the rates 
of the oxygen exchange reaction between arsenate ions 
and solvent water without and with the addition of 
periodate ions, respectively. The concentration of 
arsenate was 0.07 M , and no inert salt was added. The 
concentrations of the periodate were 10~5 M for series 

4 I , , , , , 

\ 

0.1 1 1 1 1 1 1 
6 8 10 12 

pH 

Fig. 1. The rate of oxygen exchange reaction of arsenate 
ions with water versus pH. 
([As(V)]=0.07 M, 7=0.2 M, 30.0 °G) 
0 : In the absense of periodate ions. 
© (A): in the presence of periodate ions, [I(VII)] = 
8.4xlO~6M. 
O (B): in the presence of periodate ions, [I(VII)] = 
8.2*X 10-5 M. 
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pH 
Fig. 2. pH dependence of the catalyzed portion of the 

exchange rate Rc. 
0 (A): [I(VII)] = 8.4x 10-« M. 
O (B): [I(VII)] = 8.2x 10-5M. 

A and 10~4 M for series B. T h e catalytic effect decreases 
with the increasing p H value and disappears at p H 10.5 
for series A and at 11.4 for series B. Even in the low 
concentration ra t io : [ I (VII) ] / [As(V)] = 10-4 , the cata­
lytic action of periodate ions is so large as to increase 
the oxygen exchange rate 3.5 fold at p H 8.5. 

Figure 2 shows the dependence of Rc on p H . Rc 

is defined as R—R0 and corresponds to the catalyzed 
portion of the exchange reaction. The slopes of the 
lines passing through the plots are — 0 .86±0.02 for 
series A and — 0 .95±0 .03 for series B within the p H 
regions 7.17—9.57 and 7.52—10.51, respectively. Rc 

depends upon the first power of the hydrogen ion 
concentration in both series. I t may be inferred from 
these results that the acidic species of arsenate and 
periodate ions are more reactive. The role of hydrogen 
ion in the rate equation is to shift the acid dissociation 
equilibrium of the oxoanions in favor of the more 
reactive ionic species. 

Dependence of the Catalytic Rate Rc on [I(VII)]. 
This has been studied at two pH's , 8.0 and 9.2. The 
concentration of periodate was varied between 3.0 X 10~5 

M and 1 1 . 6 x l O - 5 M (pH 8.0) and between 8 . 9 x l 0 ~ 5 

M and 44.0X 10-5 M (pH 9.2). The plots of log Rc 

against log [ I (VI I ) ] are shown in Fig. 3 . The slopes 
of the straight lines obtained by least square fits of the 
data are 1.03±0.01 and 0 .93±0 .07 for the p H values 
of 8.0 and 9.2, respectively. The log Rc: log [ I (VI I ) ] 
plot deviates downwards from the straight line at 
[ I (VII ) ] < 3 . 0 x l O ~ 6 M (pH 8.0) (not shown in the 
figure). This is probably due to the decomposition 
of the periodate by a trace amount of reducing impurities 
which are present in the solution. 

Dependence of the Catalytic Rate Rc on [As(VJ]. 
This has been studied under the following conditions. 
A : p H = 8 . 0 0 , [ I ( V I I ) ] = 8 . 1 0 x l O - 5 M , / (NaCl ) = 0 . 5 5 
M , [As(V)] =0.034—0.138 M ; B: p H = 9 . 0 8 , [ I (VI I ) ] = 

5+log ([I(VII)]/M) 

Fig. 3. Dependence of the catalytic rate Rc on [I(VII)] 
([As(V)]=0.07 M, 7=0.2 M) 
O : p H = 8 . 0 , [I(VII)] = (3.0-11.6) X l 0 - 5 M . 
# : pH=9.2 , [I(VII)] = (8.9—44.0) X 10~5 M. 

2+log ([As(V)]/M) 

Fig. 4. Dependence of the catalytic rate Rc on [As(V)]. 
O ( A ) : pH=8.0, [I(VII)] = 8.10X10-5M, /(NaCl) 

=0.55 M, [As(V)]=0.034-0.138 M. 
# ( B ) : P H=9.08 , [I(VII)] = 8.84 x 10~5 M, /(NaCl) 

= 1.0 M, [As(V)]=0.035—0.275 M 

8.84x 10-5 M , / (NaCl) = 1.00 M , [As (V)] = 0 . 0 3 5 — 
0.275 M . T h e plots of log Rc against log [As(V)] are 
shown in Fig. 4. The slopes of the straight lines obtained 
are 0 .97±0 .07 for A and 1.04±0.11 for B. 

Evaluation of the Rate Constants. The catalytic 
reaction rate Rc may be expressed generally as the sum 
of the kinetic terms as follows : 

Ä« = IMAsCVJMICVIIHj 
where [As(V)]i denotes the various ionic species of the 
arsenate ions, and [ I (VII ) ] j those of the periodate ions, 
and #ij is the rate constant of the reaction between 
[As(V)]i and [ I (VI I ) ] j . In the p H range 6—11, the 
dominating ionic species of the arsenate are H2As04~, 
H A s 0 4

2 _ , and A s 0 4
3 _ , and those of the periodate are 

H 4 I 0 6 - , I 0 4 - , and H 3 I 0 6
2 ~ . The concentrations of 
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H 4 I 0 6
_ and I 0 4 ~ are mutually related by the relation 

Kd—aior'aHio
2laK<ior=4;0^ and are kinetically equiv­

alent. 
The rate law of the catalytic process may now be 

given as 

Ä0 = ^[H 4 I0 6 - ] [H 2As0 4 - ] + £2[H3I06
2-][H2As04-] 

+ *3[H4I06-][HAs04
2-] + £4[H3I06

2-][HAs04
2-] 

+ £5[H4I06-][As043-] + £6[H3I06
2-][As043-], 

where [H 4 I0 6 ~] is the concentration of the periodate 
monoanions inclusive of I 0 4 ~ . The value of Rc becomes 
negligible at the p H values greater than 10.5, where 
the dominating ionic species are H 3 I 0 6

2 _ , H A s 0 4
2 _ , 

and A s 0 4
3 _ , the concentration of A s 0 4

3 _ increasing 
with the increase in p H . If the rate constants £4, k5, 
and k$ had significant values, the £4-, k5-} and £6-terms 
should contribute appreciably to the catalytic rate Rc. 
The contributions of the £4-, kb-, and kß-terms may be 
ignored. 

The rate law can be rewritten as : 

[H2As04-][H4I06~] r̂ = h + *a+ *2(As) V [H+ 
(As)_ 

] 
(1) 

where K2(As) and K2{1) are the second ionization 
constant of arsenic acid and the apparent second 
ionization constant of periodic acid, respectively, under 
the conditions of the kinetic runs. The concentrations 
of the ionic species of the periodate were evaluated by 
means of the apparent ionization constants written in 
the forms: 

flH+Kor + aHjo.-)/flH,io. = ^i ' ( I) 
%+-ÖH,io.«-/(öH jo.-+ö I o r) = K2'(l) 

The values of the ionization constants necessary to 
calculate the concentrations of the ionic species of the 
arsenate and the periodate are indicated in Table 1. 

T A B L E 1. ACID DISSOCIATION CONSTANTS OF ARSENIC 

ACID AND PERIODIC ACID UNDER THE CONDITION 

OF THE KINETIC RUNS: 7 = 0 . 2 M , 30 °G. 

As(V) P*23 ) 

P*3 3 ) 

6.56 
11.33 

I(VII) ptf/ 1.34 
ptf2' 7.87 
pK3 11.35 

K1
,(l)(I=0) at 30.0 °C was obtained by interpolation 

of the data determined by Crouthamel et al^ to 30.0 °C, 
and this value was converted to ^ ' ( 1 ) (7=0 .2 M) using 
Guntelberg's equation. K2'{1) and KZ(I) were evaluated 
similarly by using tf2'(I)(/=0) and J [ 8 ( I ) ( / = 0 . 1 M ) 
determined by Buist and coworkers6) at various tem­
peratures. 

In Fig. 5, the data corresponding to p H 6.7—9.8 
in Fig. 1 are replotted according to equation 1. From 
the intercept of the straight line through the plots, 
the value of kx is determined to be 3 3 8 ± 2 7 M " 1 s_ 1 . 
From the slope of the line, the value of [kz+k2-K2'(I)l 
K2(As)], is obtained as 3 5 . 9 ± 0 . 1 M - 1 s - 1 . I t is impos­
sible to evaluate the values of k2 and k3 separately. 
Taking 4 . 8 x l 0 - 2 as the value of K2'(I)jK2(As), k3= 
36 M - 1 s-1 and k2=750 M " 1 s - 1 may be obtained as the 
upper limits of these constants. 
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Fig. 5. i?c/[H2As04-][H4I06-] as a function of-K"2(As)/ 
[H+]. 

By analogy with the case of arsenious acid catalysis 
of the arsenate oxygen exchange,1) it is natural to 
interpret the rate term A: ij[As(V)] i[I(VII)]j in terms 
of the reversible condensation of arsenate ions with 
periodate ions. The possibility of general acid catalysis 
of the arsenate oxygen exchange by oxoanions has 
been ruled out in the previous paper.1) In the present 
case, general acid catalysis by periodate ions is also 
ruled out by the fact that the value of k± in the rate 
term A:1[H2As04~][H4I06

_] is larger than that of k 
in the rate term A:[H2As04

_][H2As04~], since H 4 I 0 6 ~ 
is weaker acid than H 2 As0 4 ~. The hydrogen-bond 
association of arsenate ions with periodate ions would 
not affect the rate of the oxygen exchange of arsenate 
ions significantly. 

The rate constants of the condensation reactions 
between anions obtained in this work are listed in 
Table 2, along with those obtained before.1»3) 

TABLE 2. 

Reactions 

T H E RATE CONSTANTS OF THE CONDENSATION 

REACTIONS BETWEEN ANIONS 

Rate const/M-1 s -î Ref. 

H2As04-
HoAsCV 

+H 2 As0 4 -
+HAs0 4

2 " 
H 2 As0 4 -+H 3 As0 3 

H 2 As0 4 -+H 2 As0 3 -
HAs0 42-+H 3As0 3 

H 2 A s 0 4 - + H 4 I 0 6 -
H 2 As0 4 -+H 3 I0 6

2 " 
H A s 0 4

2 " + H 4 I 0 6 -

0.074 
0.0064 
6.8 

< 7 
<0.02 
338 

<750 
<36 

3 
3 
1 
1 
1 

This work 
This work 
This work 

For the reversible condensation process, two paths 
are possible. Path a) : Periodate acts as the nucleophile, 
and arsenate as the substrate (an oxygen atom of 
periodate ion attacking the arsenic atom of the arsenate). 
Path b) : Arsenate acts as the nucleophile, and periodate 
as the substrate (an oxygen atom of the arsenate ion 
attacking the iodine atom of the periodate). In both 
cases an identical dianion, arsenatoperiodate, is formed. 

In the periodate oxidation of the organic substances, 
the periodate ion acts as an electrophile or a nucleophile 
depending on the nature of the substrate.7»8) 

By the principle of microscopic reversibility, the bond 
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fission in the reverse reaction must occur at the same 
position as in the forward reaction. The result that the 
oxygen exchange reaction of arsenate is catalyzed by 
periodate ions requires the reaction to proceed via 
Path a) . Pa th b) does not lead to the oxygen exchange 
of arsenate with water. 

If it is assumed that Path a) and Path b) occur 
simultaneously in a solution containing arsenate and 
periodate ions, a pa th in which the condensation 
proceeds through Path b) and the hydrolysis through 
Path a) would be an alternative mechanism for the 
periodate catalysis. 

Another possibility is a mechanism which involves 
the rapid exchange of periodate ions with solvent 
water9) and subsequent condensation through Path a) 
and hydrolysis through Path b ) . 

In order to see whether or not the catalytic action 
of the periodate ion is observed in the oxygen exchange 
of other oxoanions, we have studied the oxygen exchange 
reactions of selenic acid, phosphate ions, and Chromate 
ions with water in the presence of periodate ions. I t 
was found that the periodate ion has a remarkable 
effect on the oxygen exchange between Chromate and 
water, the effect being greater than that on the arsenate 
exchange. From the results obtained so far, the rate 
constant for the reaction: H C r 0 4

_ + H 4 I 0 6 ~ ^ = ^ 
H 3 C r I 0 9

2 - + H 2 0 , may be estimated to be 104 M " 1 s"1 

at 0 °C. The effect could not be found with selenic 
acid and phosphate ions. I t is known that the reversible 
condensation process: 2 H C r 0 4 ~ ^ = ^ C r 2 0 7

2 ~ + H 2 0 , 
plays a dominant role in the oxygen exchange of 
Chromate ion with water,10) while the oxygen exchange 
of selenic acid11) and phosphate ions12) does not involve 
the condensation mechanism. It is probable that the 
condensation process is responsible for the periodate 
catalysis. 

The catalysis of the hydration of carbon dioxide by 
various anions has been studied by Dennard and 
Williams.13) They have found that H4IOQ~ is a weak 
catalyst, and H 2 As0 3 ~ is a far better catalyst than 
H 3 As0 3 , the catalytic constant of H 2 A s 0 3

_ being 
1.9 x 103 M - 1 s - 1 at 0 °C. These results are in contrast 
with those obtained for the arsenate exchange, for which 
H 3 A s 0 3 and H 4 I 0 6 ~ are excellent catalysts and H 3 A s 0 3 

is a better catalyst than H 2 A s 0 3
_ . The mechanism 

of the oxoanion catalysis of the hydration of carbon 
dioxide would be different from that of the oxygen 
exchange of arsenate ions. 

References 

1) A. Okumura, N. Yamamoto, and N. Okazaki, Bull. 
Chem. Soc Jpn., 46, 3633 (1973). 

2) G. Avigad, Carbohydr. Res., 11, 119 (1969). 
3) A, Okumura and N. Okazaki, Bull. Chem. Soc. Jpn., 46, 

2937 (1973). 
4) P. D. Boyer, D. J . Graves, G. H. Suelter, and M. E. 

Dempsey, Anal. Chem., 33, 1906 (1961). 
5) G. E. Grouthamel, A. M. Hayes, and D. S. Martin, J. 

Am. Chem. Soc, 73, 82 (1951). 
6) G. J . Buist, W. G. P. Hipperson, and J . D. Lewis, J. 

Chem. Soc., A, 1969, 307. 
7) G. A. Bunton and V. J. Shiner, J. Chem. Soc, 1960, 1593. 
8) G.J . Buist, G. A. Bunton, and J. Lomas, J. Chem. Soc, 

B, 1966, 1099. 
9) I. Pecht and Z. Luz, J. Am. Chem. Soc, 87, 4068 (1965). 

10) R. H. Holyer and H. W. Baldwin, Can. J. Chem., 45, 
413 (1967). 

11) A. Okumura and N. Okazaki, Bull. Chem. Soc. Jpn., 46, 
1080 (1973). 
12) G A. Bunton, D. R. Llewellyn, G. A. Vernon, and V. 

A. Welch, J. Chem. Soc, 1961, 1636. 
13) A. E. Dennard and R. J . P. Williams, J. Chem. Soc, A, 

1966, 812. 



October, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (10), 2787—2790 (1979) 2787 

Ultrasonic Velocity and Compressibility in Aqueous Solutions 
of Alkali Metal Chlorides 
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The ultrasonic velocity of aqueous solutions of alkali metal chlorides was measured by the use of the sing-
around technique at 0.5 and 1 mol kg - 1 over the temperature range from 30 to 85 °G; compressibilities of the 
solutions were also determined. It was found that the ultrasound velocity versus temperature curves show a max­
imum, while the compressibility versus temperature ones show a minimum. Both maxima and minima appear at 
lower temperatures than that observed for pure water. The maximum shifted values were found for Na+ ion. 
The results were explained by the dynamic structure of the water around the ions. 

One of the abnormal properties of water is the 
variation of ultrasound velocity with temperature in 
water. Tha t is, the propagation velocity of ultrasound 
in normal liquids falls off with increasing temperature ; 
however, for water the ultrasonic velocity attains a 
maximum value of 1557 m s - 1 at a temperature of 74 °C, 
and only above this temperature does the ultrasound 
velocity diminish. The adiabatic compressibility of 
water shows a minimum at 64 °C. These phenomenon 
are due to the peculiar liquid structure of water. 

The temperature of maximum sound velocity in 
water is changed by the presence of ions,1-3) since the 
water structure is affected by the ions. Thus, from the 
effects upon the ultrasound velocity and the compres­
sibility of water by the ions it is possible to obtain some 
information with regard to the ion-water interactions. 

There have been several studies of the ultrasound 
velocity in aqueous electrolyte solutions. However, 
only a few systematic investigations1-3) have been 
reported so far over a sufficiently wide range of concent­
ration and temperature. 

We have, therefore, at tempted to measure the 
ultrasound velocity of aqueous solutions of alkali metal 
chlorides over a wide range of temperature ; the adiaba­
tic compressiblities of these solutions were also 
determined. The results are discussed on the basis of 
the dynamic structure of water around cations. 

E x p e r i m e n t a l 

Alkali metal chlorides (G. R., E. Merck Go.) were used 
without further purification. 

Sound velocity was measured by the "sing-around" tech­
nique, using an apparatus (Ghoonpa Kogyo Go.) at 5 MHz. 
Procedures of the measurement of the sound velocity are 
described elesewhere.4> Ultrasound velocity in the solutions 
was determined at 5 °G intervals over a temperature range 
from 30 to 85 °G and at 1 °G intervals in case of need. The 
constancy of temperature was ±0.01 °G. 

Adiabatic compressibility K was calculated by the following 
relation : 

K = lyW, (1) 

where u is the velocity of ultrasound and d the density of the 
solution. Values of the densities at the experimental tempera­
ture and concentration were calculated from the following 
polynomials of the concentration or temperature : 

and 

d = d0 + S btt\ (3) 

where d0 is the density of pure water, m the molality, and t 
the temperature (°G). Values of the coefficients at and bt in 
the polynomials were determined from the densities of solution 
of alkali metal chlorides,5) using a HITAG 8400. 

R e s u l t s a n d D i s c u s s i o n 

The temperature dependence of ultrasonic velocities 
in aqueous solutions of alkali metal chlorides are shown 
in Figs. 1 and 2 at salt concentrations 0.5 and 1 mol 
kg - 1 . Only the ultrasound velocity in CsCl solution is 
lower than that in water over all the range of tempera­
ture at both concentrations. The difference of the sound 
velocities in the salt solutions and water increases with 
increasing concentration. The temperature of maximum 
sound velocity, Tym, varies according to the kinds of 
salts and their concentrations, and shifts to lower 
temperatures than 74 °C. 

At any temperature the sound velocity in the salt 

> 

o 

d = d0 + ^} a^ (2) 

1500 

50~ 60 70 

Temperature/0 G 

Fig. 1. Variation of ultrasonic velocity with temperature 
in aqueous solutions of alkali metal chlorides at 0.5 
mol kg -1. 
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Fig. 2. Variation of ultrasonic velocity with temperature 

in aqueous solutions of alkali metal chlorides at 1 mol 
kg"1. 
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Fig. 3. Variation of adiabatic compressibility with tem­
perature of aqueous solutions of alkali metal chlorides 
at 0.5 mol kg"1. 
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Fig. 4. Variation of adiabatic compressibility with tem­
perature in aqueous solutions of alkali metal chlorides 
at 1 mol kg -1. 

solutions decreases in the order: 

NaCI > LiCl > KCl > RbCI > CsCl 

but above 70 °C the velocity in the 1 mol k g - 1 solution 
of LiCl becomes larger than that in NaCI solution. 

The temperature dependence of the compressibilities 
are shown in Figs. 3 and 4. The compressibilities of 
RbCI solution at temperature higher than 50 °C could 
not be calculated, since the values of densities in the 
temperature range were not found in the literature. 

All the values of compressibilities for the salt solutions 
are smaller than that of water and the order of magnitude 
diffères in different concentrations. Below 70 °C the 
compressibility of NaCI solution is the lowest at each 
concentration. Judging from the fact that the values 
of compressibilities for LiCl, RbCI , and CsCl solutions 
do not differ markedly from one another, the large 
density of CsCl solution is thought to account for the 
fact that the sound velocity in CsCl solution is smaller 
than that in water. From the above-mentioned results, 
it seems difficult to connect directly the sound velocity 
and compressibility with the structure of solutions. 

According to Hira ta and Arakawa,6) the compres­
sibility of water is equal to £oo + £reiax under our 
experimental conditions, where KM and £ r eiax

 a r e t n e 

instantaneous and the relaxational parts of the compres­
sibility, respectively.7) As the temperature rises, fcœ 

increases due to thermal motion but K relax decreases 
due to thermal rupture of water structure. The competi­
tion between these two opposing tendencies leads to the 
compressibility minimum at 64 °C and the sound 
velocity maximum at 74 °G. 

An ion affects the thermal motion of the water 
molecules around it. Thus the temperature of the 
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K+ Rb+ Cs+ 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Ionic radius/10-10 m 

Fig. 5. Relation between ATvm and ionic radius. 
- # - 0.5 mol kg"1; - ( > 1 mol kg"1. 

compressibility min imum (T c m ) and the sound velocity 
maximum (T v m ) must reflect the change of water 
structure due to the presence of the ions. Because the 
chlorine ion is common to all the salts treated in the 
present study, the relative effects of the cations can be 
compared. 

Figure 5 shows the relation between the ionic radius 
and ATY = T°m-TYm, where r ? m is 74 °C. Figure 6 
shows the relation between the ionic radius and ATcm= 
T%m—Temy where T°cm is 64 °C. These results show a 
maximum at the N a + ion. The curves shift to nearly 
parallel accordingly to the concentration or the kind 
of anion. 

Li+ Na+ K+ Cs4 

— i — i — i — r j - i — i — i — T T — i — i — i — i — 

O 

_ 1 I I I I I I I I I I ! _ 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 
Ionic radius/10-10 m 

Fig. 6. Relation between ATcm and ionic radius. 
- 0 - 0.5 mol kg"1; - ( > 1 mol kg"1. 

Eigen and Mass8) measured " the absorption-volume 
of particle" £ M in the reaction of alkali metal nitrilotri-
acetate and alkali metal acetylenediaminetetraacetate 
complex in aqueous solutions. QjX is a parameter which 
characterizes the chemical equilibrium. ÇhX versus the 
frequency of the ultrasound curve shows a maximum. 
The values of (Q// l )m a x were greatest at Na+ ion. 
Hindeman9) measured the chemical shifts of protons in 
aqueous solutions of alkali metal halides. The absolute 

value of the chemical shift for the cations shows a 
maximum at N a + ion. 

There are many thermodynamic properties which do 
exhibit a maximum at Na+ ion. Desnoyers and 
Jolicoeur10) proposed a possible explanation; these 
maxima may appear because " the strength of i on -
solvent interactions decreases with increasing size of 
the ions, but the coordination number of the ion increases 
with increasing size." According to X-ray analysis and 
neutron scattering, the coordination numbers of 
alkali metal ions are 4 for Li+, Na+, and K+ ions,11) and 
8 for Cs+ ion.12) The above suggestion leaves something 
to be desired. In order to explain the above results, it 
is necessary to consider the state of the water molecules 
around the ion more deeply. 

The compressibility of the solution will be discussed, 
since it is a fundamental thermodynamic quantity. 
Attention will be directed to the concentration range, 
at which the cospheres of the cation and the anion do 
not overlap. 

The compressibility of an aqueous electrolyte solution 
is smaller than that of pure water. This is ascribed to 
two effects:6) (1) the decrease of compressibility caused 
by the introduction of incompressible ions, and (2) the 
change of water structure around the ion. Among the 
effects, the contribution of effect (1) is larger, and 
depends more on the concentration rather than on the 
kind of ions (see Figs. 3 and 4). Recently, 
Subrahmanyan and Moorthy13) showed that if these 
are no interactions between water and solutes, Tcm is 
always lower than jTSm. W h a t they called the dilution 
effect corresponds to effect (1). Thus , we have the 
following relation, taking account of effects (1) and (2) : 

T — 7^id i 7^ion 
•* cm •* cm ~ •*• cm 

A T — V° — ( V i d 4- Tion\ -*• cm — •*• cm V •* cm i ± cm / 

(4) 

(5) 

where Tfm and T%£. are the contribution by the 
dilution effect and the ion-water interaction, respec­
tively, and rc

d
m>T'c<S. The value of T ^ is about 

constant in the case of the alkali metal ions if the 
concentration is constant, and so ATcm depends mainly 
on Tl™. 

The N a + ion is a weak structure-making ion. 
According to Samoilov,14) T,-/T0 for N a + ion is 1.3 at 

25 °C, where n and r0 are the mean residence times 
of a water molecule in the immediate neighborhood of 
the ion in the aqueous solution and in the immediate 
vicinity of a water molecule in pure water, respectively. 
Since the coordination number of the water molecule 
around N a + ion is 4, the water structure around N a + ion 
is like that of pure water. No disordered water molecules 
exist outside the reoriented water molecules around an 
Na+ ion. Therefore, Tc°m for Na+ ion is very small 
and the decrease of the compressibility of the NaCl 
solution is mainly caused by the dilution effect. 

The alkali metal ions do not change the water 
structure so much. The structure-breaking ion make 
the thermal motion of water molecules more intense, 
but the structure-making ions show a contrary effect. 
Samoilov14) proved that the surface density of the 
distribution of water molecule around the ion decreases 
with increasing the ionic radius. The surface densities 
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of K + , R b + , and Cs+ ions are smaller than that of pure 
water. Therefore, the structure-breaking ion causes the 
compressibility of the solution to increase in comparison 
with that of NaCl solution, as seen in Figs. 3 and 4. 
The value of Tl°£ increases and so A r c m decreases 
with increasing size of the ions in the case of K + , R b + , 
and Cs+ ions. Nomoto and Endo3) found that ATvm 

of N H 4 I solution is zero up to the concentration of 
25 w t % . Both N H 4

+ and I~ ions are the structure-
breaking ions. They mentioned that neither ion destroys 
the water structure markedly and both expand the 
water lattice. 

Water molecules adjacent to L i + ion strongly reorient 
around i t ; according to Passynski,15) they should be 
regarded as incompressible. T h e disordered water 
molecules exist outside these reoriented water 
molecules.16) The L i + ion with immobile water mole­
cules, therefore, behaves like a structure-breaking ion 
in the case of the acoustic and some thermodynamic 
phenomena. This model is supported by the fact that 
the compressibilities of the LiCl, RbCl , and CsCl 
solutions have values close to each other. 

Now we shall call attention to fact that the compres­
sibilities of the solutions are divided into two groups. 
In the first group, as mentioned above, are the compres­
sibilities of the solutions of LiCl, RbCl , and CsCl. 
These cations interact strongly with water molecules, 
though there is a difference in that L i + ion is a structure 
maker but R b + and Cs+ ions are structure breakers. 
The second group includes the compressibilities of the 
solutions of NaCl and KCl . N a + and K+ ions interact 
weakly with water molecules, and their effects are 
directly opposite to each other. In the case of the alkali 

metal-chelate complex, the reactions are divided into 
two groups in the same way (Ref. 7, Fig. 3). 
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The electronic spectrum of solid ion radical salt is known to be different from the monomer spectrum of the 
radical ion and to show an intermolecular charge-transfer transition between ion radicals in the low-energy region. 
The intensity of the charge-transfer absorption was theoretically obtained by applying one-dimensional half-
occupied Hubbard model to the segregated stack of ion radicals of solid ion radical salts. The intensity of the 
charge-transfer absorption was then correlated to the magnetic properties of those solid ion radical salts. 

The prominent magnetic, electrical and optical 
properties of a number of solid ion radical salts have 
been the subject of many theoretical and experimental 
investigations over the past fifteen years.1-15) In such 
solid ion radical salts, the planar ion radical molecules 
are known to form, in themselves, a plane-to-plane 
stacking into infinite one-dimensional columns so as to 
make a large overlap between their half-occupied 
molecular orbitals.5-8) In this case, since any individual 
radical molecule interacts through charge-transfer most 
strongly with two other neighboring radicals, the 
electronic spectrum of the solid salt differs distinctly 
from the monomer spectrum of the radical ion in 
solution but shows a charge-transfer transition between 
ion radicals in the low-energy region. So far, many 
investigators have observed such charge-transfer absorp­
tions of solid ion radical salts and at tempted to explain 
the electronic state of segregated stack of ion radicals 
in terms of an isolated cluster model such as a dimer of 
ion radicals.3-5) Rigorously speaking, however, the 
cluster model approximation is not applicable to one-
dimensional column composed of infinite stack of ion 
radical molecules. 

In a previous paper,9) we applied infinite one-
dimensional Hubba rd model to the columns of ion 
radical molecules, and investigated the transition 
energy and the line shape of such charge-transfer 
absorptions on the basis of Green's function method. 
In the present paper, we further at tempted to explain 
the intensity of the charge-transfer absorption of solid 
ion radical salts in terms of the same model. So far, 
it has been suggested that ion radical salts with strong 
intensity of the charge-transfer absorption show almost 
diamagnetic susceptibility and possess strong antiferro-
magnetic spin exchange interaction between nearest 
neighbor ion radical molecules, while ion radical salts 
with weak charge-transfer absorption show almost 
free paramagnetism obeying Curie law.2-5»13-15) By 
using our theoretical approach, we shall give strong 
theoretical basis to such a close correlation between the 
intensity of the charge-transfer absorption and the 
magnetic properties of solid ion radical salts. 

Theoret ica l 

For the sake of simplicity, we consider one-dimensional 
segregated stacks of ion radical molecules in simple 
solid ion radical salts where each ion radical has one 
unpaired electron. Hereafter, we take only the half-

occupied molecular orbital of the unpaired electron for 
one site of the ion radical molecule, and assume a model 
of non-alternant one-dimensional column composed of 
infinite number of such sites. I n this model, each ion 
radical site has one identical molecular orbital with 
equal energy level, and there is one electron per each 
site. Along such one-dimensional column, an unpaired 
electron transfers from one site to another site, but a 
strong repulsive force will take place when an electron 
happens to come onto a site which is already occupied 
by another electron with opposite spin. Let us denote 
the intra-site Coulomb repulsive energy as / , and 
consider a system of electrons described by the following 
Hamil tonian, which is often called the Hubba rd 
Hamiltonian,10) 

i.j.a % 
(1) 

where ni<r=Ci<r+Ci(r, and C^4" and C^ are the creation 
and annihilation operators of an electron with tf-spin 
at the z-th site, respectively, and where £# is the transfer 
matrix element between the z-th a n d j - t h sites, and the 
repulsive potential, / , appears only when two electrons 
with up and down spins are at the same site. Since 
each ion radical site has identical molecular orbital 
with equal energy level, we put ta=0 without loss of 
generality. The unper turbed band energy, eu, of the 
system is related to ty by 

e* = S««yei*-c,«-V. (2) 
3 

In the case of non-al ternant one-dimensional model, we 
assume that the transfer matr ix elements exist only 
between nearest neighbor sites. Then , the unperturbed 
band energy is simply given by 

ek = 2Tcos ha, ( <Lk<>— J, 
\ a a j 

(3) 

where J T « 0 ) is the transfer matrix element between 
nearest neighbors and a is the lattice separation. 

Hereafter, we confine our system within the framework 
of the one-particle Green's function given by Hubba rd 
in his first paper (it is often referred to as H u b b a r d I).10) 
The Green's function is given by 

^ ^ " 2 ^ 1 EZ-E£. E-Eg 

1 ( 1 - i , . , ) - i % , 1 1 
E-EiS +- ^ko &ko 

(4) 

where 
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n* = < ni* > > 

El = ~(ek + I + Vek* + 2(2n_a- l)ekI+I2), 

Et = ~(ek+I-Vek* + 2(2n_a-l)ekI + I*). 

Here E^ is the energy of an electron with tf-spin which 
moves about avoiding other electrons with — tf-spin, 
while El is the energy of an electron which propagates 
mainly among sites already occupied with electrons with 
—tf-spin. T h e optical transition from E^ to El 
corresponds to the intermolecular charge-transfer ab­
sorption of the one-dimensional system of solid ion 
radical salt. T h e charge-transfer absorption spectrum 
corresponds to the real part of frequency-dependent 
conductivity tensor, o>(co), which is given by11) 

0^0)) 
ie2 . 1 

T^-E S œ-El + Et-ià El-El 

(5) 

where co is the frequency of electromagnetic wave, V 
is the volume of the system, and f(E) is the Fermi 
distribution function. If the direction of the one-
dimensional column is chosen as x axis, the total intensity 
of the charge-transfer absorption per unit volume, A, 
is given by 

- [ 
7T62 1 

(6) 

W e assume a paramagnet ic state for simple ion radical 
salt where each ion radical carries one unpaired electron. 
This leads to half-occupied H u b b a r d model with nl = 
rcT = l /2 . In the case when the intra-site Coulomb 
repulsion energy, / , is much larger than the energy due 
to the observed temperature, we can well put 

f(Eèo)—f(Et(r) = \. If our system has N one-dimen­
sional chains per unit area perpendicular to the chain 
axis, we have 

A = ^ V 1 1 
L Ü (v /?+/ i)3 4 (**+vV + /2) 

(7) 

where L is the length of the chain. The summation with 
kxin Eq. 7 was carried out by integrating with (Z,/2^)$ 
dkx in the first Brillouin zone. By the use of Eq. 3, we 
have 

n/a j 

$ */a P 
(2Ta)2^sin2kxa_ 

4 (Vl2 + 4T2 cos '̂jfc^)» 
àkx iß) 

By replacing the parameters of kxa and 2 TJI into x and 
t, respectively, we have 

N'* Tf MC sin2 x 
(A/1 + * 2 COS 2 *) 3 

àx. (9) 

This function can be evaluated only in terms of elliptic 
integral. However, in the limit of small transfer matr ix 
element region of |^| = |2T/ / |<Cl , we have an approxi­

mation by expanding 

IKVl + t2 cos2 *)3 = 1 - - | ' 2 cos2 x + - | ^ 4 cos4 x + •• 
2. z«4 

(10) 

Therefore, we can obtain 

Ne2 

A = 
4a 

Nne2 

4a 

Î * 3 

(sin2 x — ~~t2 sin2 x cos2 x + • • • ) dx 
-z(«oa(i—§-*•+ —)- (H) 

This is the final expression for the absorption intensity 
of the charge-transfer transition between ion radicals in 
non-alternant one-dimensional column of simple solid 
ion radical salt. 

D i s c u s s i o n 

In the preceding section, the charge-transfer absorp­
tion intensity, A, was expressed as a function of intra-site 
Coulomb repulsion energy, / , and the nearest neighbor 
transfer matr ix element, T. Obviously, if T=0, that 
is, if no transfer of unpaired electron between ion 
radical molecules takes place in solid ion radical salt, 
we have A=0 in Eq . 11 and no charge-transfer absorp­
tion appears in the solid-state spectrum. O n the other 
hand, for non-zero T value, as long as 2|T'|<C/, the 
intensity, A, will be non-zero and will increase progres­
sively with the increase of the | ^ | = 2 | T ' | / / value, as is 
given by Eq. 11. In most solid ion radical salts, the / 
values are known to be of the order of 1 eV, while the 
magnitudes of \T\, to be of the order of 0.1 eV or 
more.9 '1 3 - 1 5) Therefore, in these solid salts, the magni­
tude of A is not zero, and this is the reason why a 
number of solid ion radical salts, such as 7,7,8,8-
tetracyanoquinodimethane ( T C N Q J anion radical salts, 
show marked charge-transfer absorptions in their solid-
state spectra.3 - 5) According to our previous paper,9) we 
obtained theoretically the transition energy and the 
line shape of the charge-transfer absorption of the same 
system as the present model . The peak energy of the 
charge-transfer absorption corresponds to co=I. Thus, 
from the peak position of the observed charge-transfer 
absorption, we can estimate the / value experimentally. 
Therefore, by the use of Eq. 11 together with the 
estimated / value, we can estimate the T value if the 
absolute intensity measurements are made with the 
charge-transfer absorption of solid ion radical salt. This 
procedure will be the most direct way to estimate the 
/ and T values of our H u b b a r d model. 

Next, we examine how the intensity of the charge-
transfer absorption is related to the magnetic properties 
of solid ion radical salt. In a region of small \T\ limit, 
the system of the present Hubbard model leads to a 
stabilization of antiferromagnetic state between ion 
radical molecules.12) For a pair of nearest neighbor ion 
radicals, if the direct small exchange interaction is 
neglected, the energy gap between the parallel and 
antiparallel spin state is given by 2J=4T2/I. The 
stabilization of the antiparallel spin state is caused by 
the intermolecular charge-transfer effect of the unpaired 
electrons. Therefore, we can well consider our system 
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of simple solid ion radical salt as one-dimensional 
Heisenberg antiferromagnetic system with an exchange 
interaction, J. O n the other hand, the charge-transfer 
absorption intensity, A, in Eq. 11 can be approximated 
as A^N7ie2I(at)2l4a=N7te2a T2jlin a region of small | T\ 
limit, where we neglected the terms higher than t*. 
In this case, we obtain the relation of A&Nne^aJß, so 
that A is nearly proportional to the magnitude of J. 
The physical meaning of this situation is as follows. 
Those solid ion radical salts which have very weak 
charge-transfer absorption intensity will possess very 
small J values, and thus, show the magnetic properties 
of almost free paramagnetism obeying Curie law.14-16) 
O n the other hand, those ion radical salts which have 
very strong charge-transfer absorptions will possess 
large J values, and thus, show almost diamagnetic 
susceptibilities.2-5 '13) So far, these theoretical correla­
tions between the optical and magnetic properties have 
agreed qualitatively with the experimental observations 
in a number of solid ion radical salts.2-5,13-16) Here, we 
note that, in such ion radical salts, as the / values are 
of the order of 1 eV and the | T\ values are of the order 
of 0.1 eV, the condition of the small \T\ limit approxi­
mation is fulfilled. More quantitat ive measurements 
of the charge-transfer absorption intensity together with 
the J values are required to confirm our theoretical 
relationship A oc J as well as to determine the magnitudes 
of the / and | T\ values of those solid ion radical salts in 
more detail. 
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The geometry of the radical ions of tetraphenylethylene was studied by means of electronic absorption spec­
troscopy. The spectrum of the anion radical produced by y-ray irradiation in frozen 2-methyltetrahydrofuran 
changes markedly on controlled warming. The resultant spectrum resembles the spectra of the anion radical in 
fluid solutions produced by potassium reduction and by pulse radiolysis. These spectra are distinctly different 
from the spectra of diphenylmethanide ion and of diphenylmethyl radical. From these facts it is inferred that 
the relaxed anion radical has a geometry in which the central ethylenic bond is twisted by an angle considerably 
smaller than 90°, in contrast with the near 90° twist in the dianion, and in which each bond connecting a phenyl 
group with an ethylenic carbon atom is twisted by a smaller angle than in the molecule. The spectrum of the 
cation radical produced by y-ray irradiation in frozen matrices is similar to that of the cation radical produced by 
pulse radiolysis in fluid solutions and changes only slightly on controlled warming. The geometry of the relaxed 
cation radical is suggested to be similar to that of the molecule, in contrast with that of the anion radical. 

T h e geometries of the tetraphenylethylene molecule 
(TPE) , anion radical ( T P E - ) , and dianion ( T P E 2 - ) 
are an interesting subject of study because of the pos­
sibility of twisting of the central ethylenic bond ("a-a ' 
bond") as well as the bonds connecting a phenyl group 
with an ethylenic carbon atom ("a-1 bonds") . 

T P E is considered to have a propeller-like geometry, 
in which each phenyl group is twisted around an a-1 
bond by about 35—42° out of the plane of the a-a ' 
bond.1) 

In order to explain the strong tendency of alkali salts 
of T P E " ' in ethereal solvents to disproportionate to 
T P E and alkali salts of TPE 2 - , 2 - 1 6 ) Garst et fl/.«-M7,i8) 
and Szwarc et A / . 1 0 - 1 6 » 1 9 - 2 1 ) suggested the hypothesis that 
T P E " ' and T P E 2 - had markedly different geometries. 
According to their hypothesis, T P E " ' has a geometry 
similar to that of T P E , while T P E 2 - has a geometry in 
which two -CPh 2 ~ groups are perpendicularly twisted 
around the a-a ' bond ; owing to the difference in the 
geometry, T P E " ' forms a loose solvent-separated ion 
pair with an alkali metal ion, while T P E 2 - forms a 
tight contact ion aggregate with two metal ions.10-14»22) 
This hypothesis also accounts for the relative slowness 
of the disproportionation.15»16»23) 

T h e suggested geometry of T P E 2 - seems to be 
supported by the similarity of the electronic absorption 
spectrum of the dianion24) to those of carbanions of 
R-CPh 2 ~ type (i.e., 1,1-diphenyl-l-alkanides), such as 
1,1 -diphenyl-1 -hexanide [CH 3 (CH2) 4 GPh 2 - ] 26) and 
1,1,4,4-tetraphenyl-1,4-butanediide [Ph2C (CH2) 2-
CPh2

2"],31) since this similarity would indicate that the 
the Tt-Ti interaction across the a-a ' bond is almost 
completely absent in T P E 2 - . 

As to the geometry of TPE" ' , however, no reliable 
evidence has been presented. In the present work the 
geometry of this anion radical as well as that of the 
corresponding cation radical (TPE+ ' ) is studied by 
means of electronic absorption spectroscopy mainly 
using radiation-chemical techniques, which enable us 
to study counterion free systems. 

E x p e r i m e n t a l 

Spectra of the Radical Ions in Fluid Solutions. The electronic 
absorption spectrum of TPE"' produced by alkali metal reduc­
tion is contaminated to some extent by the concomitantly 
produced TPE2". Therefore, the spectrum of TPE"' has 
been revised several times in the literature.2-4'6»7»10»15'23'25) 
In the present work TPE was reduced by potassium in 
1,2-dimethoxyethane (DME). Since the disproportionation of 
alkali salts of TPE"* is endothermic,2-4'7»10-15) the spectrum 
ascribable mainly to TPE"' was obtained by measurement at 
low temperature (about —50 °G) in the presence of a large 
excessof TPE. 

Attempts to produce TPE+ ' in fluid solution by oxidation 
with antimony(V) chloride and to measure its spectrum were 
unsuccessful. 

Spectra of the Radical Ions Produced by Pulse Radiolysis of Fluid 
Solutions at Room Temperature. In order to obtain the 
spectra of the counterion free radical ions in fluid solutions at 
room temperature, pulse radiolysis measurements were made. 
Solutions of TPE were irradiated with 1—2-jxs pulses of a 
2.5-MeV electron beam with a peak current of 80 mA. Spectra 
immediately after pulses are assignable to the solute anion if 
degassed 2-methyltetrahydrofuran (MTHF) or ethanol is used 
as solvent, and to the solute cation if aerated acetone is used 
as solvent.32) 

Spectra of the Radical Ions Produced by y-Ray Irradiation of 
Frozen Solutions at 11 K. It is known that unambiguous 
spectra of radical ions can be obtained by y-ray irradiation of 
rigid solutions at low temperature.33-35) The details of experi­
mental procedure have been described in previous papers,35-88) 
so only minimum essential information on the experimental 
conditions will be given here. 

TPE was dissolved in MTHF, j-butyl chloride (BuGl), or 
a Freon mixture (FM: an equivolume mixture of trichloro-
fluoromethane and l,2-dibromo-l,l,2,2-tetrafluoroethane), to 
a concentration of 15—60 mol m - 3 , unless otherwise indicated. 
The solution was degassed, frozen to a glassy solid at 77 K in 
liquid nitrogen, and irradiated with y-rays from 60Go to the 
dose of (1—3) X 1019 eV g - 1 . The measurement of the spectra 
was carried out by the use of a Gary 14RI spectrophotometer. 
The spectrum obtained with the MTHF solution can be 
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assigned to TPE— and the spectrum obtained with the BuGl 
solution, as well as that obtained with the FM solution, to 
TPE+\34»35) 

The spectra after "illumination (photobleaching)" or after 
"controlled warming" of y-irradiated solutions were also 
measured. Illumination was made by using a tungsten lamp 
and glass filters. Controlled warming was carried out by 
taking the y-irradiated solution out of the liquid nitrogen for 
a limited time (a few seconds) and then refreezing it at 77 K. 

Molecular Orbi ta l Calculat ion 

A semiempirical SGF-MO-CI calculation of n 
electronic states of the radical ions was made for various 
geometries by the use of a method developed by Longuet-
Higgins and Pople.39) The details of the calculation 
procedure are substantially the same as those described 
in a previous paper.38) 
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Fig. 1. The carbon skeleton of TPE. 

The carbon skeleton of T P E and the numbering of 
the carbon atoms are illustrated in Fig. 1. All the 
carbon atoms were assumed to be trigonal. T h e dihedral 
angle between the ff-bond planes centered on atoms a 
and a', for example, is denoted by 6aa'- The calculation 
was made only for geometries belonging to symmetry 
group D 2 or D 2 h with the relation dai=da'r=Oa'1" = 
Oar"- Such a geometry in which 6ai=A° and Qaa,=B° 
is represented as (A, B). 

As a matter of course, the M O calculation based on 
the n electron approximation becomes less valid as the 
planarity of the system is lost. However, the calculation 
is useful as a limited guide for rough characterization of 
the absorption bands and for qualitative prediction of 
the relation between the bands and the geometry of the 
system. 

R e s u l t s a n d D i s c u s s i o n 

Designation of Spectra and of Geometries. For the 
sake of convenience, the electronic absorption spectra 
of a radical ion measured under different conditions 
are designated as follows: The spectrum of a radical 
ion immediately after its production by y-ray irradiation 
in a frozen matrix is designated as F {frozen), that after 
illumination as P (photobleacked), that after controlled 
warming as W (warmed), and that in a fluid solution as 
R (relaxed). The same designations also apply to the 
geometries of the radical ion under the respective condi­
tions. In addition, the geometry of the parent neutral 
molecule is designated as N (neutral). 
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Fig. 2. Electronic absorption spectra of TPE—. 
: Spectrum F, : spectrum W or R, - • - • : 

spectrum P. 
(a) Curve 1 : spectrum of a sample obtained by y-ray 
irradiation of a dilute solution of TPE in MTHF at 
77 K and subsequent illumination with light of A]>700 
nm. Curve 2: spectrum obtained after controlled 
warming of the sample for curve 1. Curve 3 : spectrum 
of a sample obtained by y-ray irradiation and subse­
quent controlled warming, (b) Curve 4: spectrum F. 
Curve 5 : spectrum obtained after illumination of the 
sample for curve 4 with light of A^>620 nm. Curve 6 : 
spectrum obtained after subsequent illumination with 
light of A^>450 nm. Curve 7 : spectrum obtained after 
controlled warming of the sample for curve 6. Curves 
8, 9, and 10: spectra obtained after successive warming 
of the sample for curve 7. (c) Curve 11 : spectrum of 
TPE"' produced by potassium reduction of TPE in 
DME at —50 °C. (d) Spectra obtained by radiolysis 
of a saturated solution of TPE in degassed ethanol at 
room temperature with a 1-JJLS electron pulse. Curve 
12: spectrum at the end of the pulse. Curve 13: 
spectrum at 6 jxs after the pulse. 

The Anion Radical. Assignment of Absorption 
Bands: Representative spectra of TPE"* measured 
under various conditions are shown in Fig. 2, and 
relevant data are shown in Table 1. T h e values of molar 
absorption coefficient (e) for spectra F were determined 
on the basis of the fact that the yield of the electron 
from the solvent per unit energy absorbed, G(e~), is 
2.55 for MTHF,35 '37»38) and those for spectra P and W 
were determined on the assumption that the concentra­
tion of the anion radical did not vary on illumination 
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TABLE 1. DATA ON ELECTRONIC ABSORPTION 

SPECTRA OF T P E - * 

Spectrum Band G 

Glass No. in ^max e 
Fig. 2 ImT 104 

Band B Band A 

*max £ *max e 

nm 104 nm 104 

P 1 368 2.08 
P 6 
W 2 371 2.27 
W 3 
R(K/DME) 11 372 
R(Li/THF)a) 375 

511 1.54 ca. 750 0.85 
512 1.49 *z.700 0.95 

2.35 

508 1.33 
496 1.13 
476 1.09 
498 
495 0.85 

713 0.90 
650 1.19 
652 1.30 
670 
660 1.13 

R(Pulse) 12 ca. 500 ca. 655 

a) Taken from Ref. 15. 

or on controlled warming. 
Most of the spectra shown in Fig. 2 cover only the 

visible region, because the intense absorption by T P E 
in the near-ultraviolet region obscures the absorption 
by T P E " ' in the same region. By reducing the concen­
tration of T P E in the M T H F solution, par t of the 
electrons produced upon y-ray irradiation survived 
scavenging by T P E and became trapped electrons, 
which exhibited an absorption in the near-infrared 
region.37) T h e absorption, however, could be eliminated 
by il luminating the y-irradiated sample with red light. 
The spectrum of T P E " ' which appeared after the 
illumination extends to the near-ultraviolet region 
(Curve 1 in Fig. 2) . The main bands are designated as 
A, B, and C, as shown in Fig. 2. 

According to the results of the M O calculation, the 
7t bond order of each a-1 bond increases in going from 
T P E to T P E " ' . Therefore, the resistance to torsion of 
the bond will be stronger in T P E " ' than in T P E . This, 
in turn, suggests that the torsion angle of the bond, 
dan is possibly smaller in T P E " ' than in T P E . Thus, 
as a tentative model for geometry F of TPE" ' , geometry 
(30, 0) was adopted, instead of geometry (35—42, 0) 
assumed for TPE.1) The result of the M O calculation 
for geometry (30, 0) is shown in Table 2, which includes 
all the transitions having oscillator strength (f) larger 
than 0.01 and having transition energy (AE) smaller 
than 4.5 eV. By comparison between Fig. 2 and 

Table 2, bands A, B, and C are ascribed to transitions 
2, 7, and 8, respectively. 

As is seen in Table 2, transitions 2, 7, and 8 can be 
well approximated as one-electron excitations. The 
orbitals involved can be approximately expressed as 
follows : 

(W) 0i» ~ *0+1(E) -*[0+ 1(B) +0+1(B') + 0+1(B") 

+ 0+i(B"')l 
(b3) <pu ~ « ^ ( E ) + *[0_1(B) - ^ ( B ' ) - ^ ( B " ) 

+ 0-i(B"')l 

(a) 01B ~ « [ ^ ( B ) - ^ ( B O +0.1(B") - ^ ( B ' " ) ] 

(W) 02i ~ ¥ + i ( E ) - 4 0 - i ( B ) + 0-!(B') + 0-^B") 

+ 0-i(B"Ol 

In these expressions, a and b represent coefficients 
bearing the relation a > £ > 0 ; 0+1(E) and ^_x(E) 
represent the bonding and the antibonding n orbital 
of the central ethylenic bond (the a—a' bond) , respec­
tively; 0+1(B) and 0_1(B), for example, represent the 
following 7t orbitals of benzene ring B (see Fig. 1) : 

0+ 1(B) = 12"V2(2Zl + Z 2 - Z 3 - 2 x 4 - % 5 + % 6 ) 
^ ( B ) = l 2 - V 2 ( 2 Z l - % 2 - Z 3 + 2Z4-%5-X6) 

Comparison of Spectra and Inference of Geometries : The 
spectrum of a D M E solution of the potassium salt of 
T P E - at —50 °G (Curve 11 in Fig. 2) is very similar 
to the spectra of tetrahydrofuran (THF) solutions of the 
li thium and the sodium salt of T P E " ' reported by 
Lundgren et al.15) The latter two spectra are virtually 
identical, and do not vary with temperature. Further­
more, the enthalpy changes on the dissociation of the 
ion pairs of T P E " ' with the alkali metal cations have 
small negative values.15) From these facts the following 
inferences are d rawn: The alkali salts of TPE" ' form 
loose solvent-separated ion pairs in T H F and probably 
in D M E also; the spectra of the ion pairs and the 
spectrum of T P E " ' free from the counterion are almost 
identical, suggesting that the effect of the counterion 
in the ion pairs on the spectrum of T P E " ' is very small 
and that the geometry of T P E " ' in the ion pairs is 
similar to the geometry of T P E " ' free from the counterion 
in the fluid solutions. Thus , the spectra of ethereal 
solutions of alkali salts of T P E " ' can be considered to 
directly reflect geometry R of T P E " ' . 

TABLE 2. RESULTS OF THE MO CALCULATION FOR TPE -* OF GEOMETRY (30, 0) 

Transition10 

2 
7 
8 

11 
12 

AE/eV 

1.583 
2.062 
3.025 
4.207 
4.295 

J7/103 c m 4 

12.76 
16.62 
24.38 
33.91 
34.62 

2/nm 

784 
602 
410 
295 
289 

/ 
0.337 
0.168 
0.277 
0.031 
0.057 

pb) 

X 

y 
y 
X 

y 

Character*0 

0.977(14—15) 
0.970(14—21) 
0.957(13—14) 
0.673(14—23) 
0.659(14—25) 

AP a l
d ) 

- 0 . 0 6 1 
- 0 . 1 0 1 
+0.105 
- 0 . 0 2 9 
- 0 . 0 3 9 

APa«,e) 

+0.149 
+0.177 
- 0 . 3 3 3 
+ 0.070 
+0.068 

a) Transitions are numbered in the order of increasing transition energy, b) The polarization of the transi­
tion. For the coordinate axes, see Fig. 1. c) The wave function of the excited state of the transition. Only 
the electron configuration whose coefficient in the wave function is the largest is shown, together with the 
coefficient. Symbol (i—j) denotes the electron configuration arising from the ground configuration by 
promotion of an electron from the eth n SGF-MO (<pt) to thejth one (<pj). The orbital index i runs from 1 
for the lowest orbital to 26 for the highest one in the order of increasing energy. The coefficient of the 
ground configuration in the wave function of the ground state is 0.993. d) The change in the n bond order 
of the a-1 bond (Pal) on the transition. The value ofP a l in the ground state is 0.331. e) The change in 
the n bond order of the a-a' bond (Paa/) on the transition. The value of Paa/ in the ground state is 0.659. 
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Transient spectra of T P E " ' produced by pulse 
radiolysis of a degassed ethanol solution of T P E at room 
temperature (Curves 12 and 13 in Fig. 2) resemble the 
spectra of alkali salts of T P E " ' in ethereal solutions. 
Therefore, the geometry of T P E " ' produced by pulse 
radiolysis is probably similar to that of T P E " ' produced 
by alkali metal reduction. I t is inferred that T P E " ' 
produced by pulse radiolysis in fluid solution takes the 
relaxed geometry within the time interval of a pulse 
width. 

The end-of-pulse spectrum of a degassed M T H F 
solution of T P E closely resembles that of the ethanol 
solution, except for the appearance of an absorption 
band at about 500 n m in the former, a band which is 
ascribed to a relatively long-lived chemical species other 
than TPE" ' . 

The spectra of y-irradiated M T H F frozen solutions of 
T P E (spectra F of T P E " ' ; Curve 4 in Fig. 2) are 
markedly different from spectra R of T P E " ' . Controlled 
warming of the frozen solutions distinctly changed the 
color of the solutions from purple to dark blue. T h e 
spectra after the warming, i.e., spectra W (Curves 3 
and 7 in Fig. 2), resemble spectra R . These facts indicate 
that TPE" ' produced in frozen solutions nearly retains 
the geometry of the neutral T P E (geometry N) owing 
to the rigidness of the environment, and that during 
the process of controlled warming the geometry of 
T P E " ' is relaxed to a geometry (geometry W) which is 
almost identical with geometry R . This means that 
geometry R of T P E " ' is distinctly different from geom­
etry N , in opposition to the aforementioned hypothesis 
proposed by Garst et al. and by Szwarc et al. Since the 
same spectral change from F to W was observed both 
for solutions of concentration of about 50 mol m - 3 and 
for much more dilute solutions, and since spectra W 
closely resemble spectra R, the spectral change cannot 
be due to formation of chemical species other than 
TPE" ' , such as dimer anions. 

Thus, geometry F is inferred to be nearly similar to 
geometry N, although it may have been partially 
relaxed towards geometry R, and the spectral change 
from F to W is interpreted as a result of the geometrical 
change from F to W. In the spectral change, band A 
shifts to shorter wavelengths and increases in intensity, 
band B shifts to shorter wavelengths and decreases in 
intensity, and band C shifts to longer wavelengths and 
increases in intensity. This spectral change is in qualita­
tive agreement with what is expected from the result 
of the M O calculation shown in Tables 3 and 4 if the 
geometrical change occurs in such a way that 0ai 

becomes smaller and/or 0aa
f becomes larger. Such a 

geometrical change is conceivable, in view of the result 

TABLE 3. DEPENDENCE OF TRANSITIONS IN TPE~* 

ON TORSION ANGLE 0al 

Transition 8 Transition 7 Transition 2 
Geometry , » » , * , , » . 

AE/eV / AE/eV f AE/eV f 

(0,0) 2.587 0.415 2.234 0.009 1.680 0.276 
(15,0) 2.801 0.346 2.302 0.102 1.723 0.346 
(30,0) 3.025 0.277 2.062 0.168 1.583 0.337 
(45,0) 3.470 0.209 1.654 0.193 1.328 0.301 

TABLE 4. DEPENDENCE OF TRANSITIONS IN TPE— 

ON TORSION ANGLE 6t 

Geometry 

(30, 0) 
(30, 15) 
(30, 30) 
(30, 45) 

Transition 8 
A 

AE/eV / 

3.025 0.277 
2.941 0.299 
2.616 0.301 
2.497 0.170 

Transition 7 
A 

AE/eV f 
2.062 0.168 
2.116 0.161 
2.247 0.152 
2.171 0.236 

Transition 2 
A 

AE/eV f 

1.583 0.337 
1.626 0.331 
1.753 0.316 
1.962 0.279 

of the M O calculation that on the change from T P E 
to T P E " ' the 7t bond orders of the a A bond and of the 
a-a' bond increases and decreases, respectively.40) 

Even in geometry W, daa' cannot be too large. If 
6aa' were so large that the n-n interaction across the 
a-a' bond were negligibly small, the spectrum of T P E " ' 
would be the superposition of the spectra of a 1,1-
diphenyl-1-alkanide ion and of a 1,1-diphenylalkyl 
radical. Solvent-separated ion aggregates formed of 
1,1-diphenyl-l-alkanides and alkali metal cations exhibit 
an intense absorption band which has its maximum at 
about 495—501 nm;26»31) diphenylmethyl radical ex­
hibits a weak band with its maximum at 460 n m and an 
intense band with its maximum at 335 nm.41) The 
observed spectra of T P E " ' are definitely different from 
the superposition of such absorptions. 

Angles 0ai and 6ai»>} for example, cannot be simul­
taneously 0° because of the steric interference of the 
geminal phenyl groups. Therefore, it is considered that , 
in going from T P E to the relaxed TPE" ' , 0Ä1's (i.e., 
Oai> Oa'i'9 0<x'i"> and dai'") decrease from about 35—42° 
not to 0° but to an angle appreciably larger than 0°, 
while daa' increases from 0° not to 90° as in T P E 2 " but 
to an angle considerably smaller than 90°. By consulting 
the result of the M O calculation (cf. Tables 3 and 4), 
a geometry in which 0 a i ' s are about 15—30° and Qaa, is 
about 0—30° is proposed as a plausible geometry of the 
relaxed T P E " ' . Thus , it is concluded that the geometry 
of the relaxed T P E " ' is different from the geometries 
of both T P E and TPE 2 " . 

Extensive warming until the rigid M T H F matrix 
became a viscous fluid brought about a change of the 
color of the solution to greenish blue and a homogeneous 
diminution of the absorption by T P E " ' with a con­
comitant appearance of new peaks at 445 and 413 n m 
(see Curves 9 and 10 in Fig. 2) . The new absorption is 
at tr ibutable to 1,1,2,2-tetraphenylethyl radical formed 
by neutralization of T P E " ' with a proton produced upon 
y-ray irradiation.35) Part of the absorption at about 
450 n m in the spectrum at 6 [jts after the pulse obtained 
by pulse radiolysis of an ethanol solution of T P E 
(Curve 13 in Fig. 2) may be at tr ibuted to the tetra-
phenylethyl radical. 

I l lumination of the y-irradiated M T H F frozen 
solution with light of A>630 n m and with light of 
A^>420 n m only slightly changed the spectrum. Thus , 
the change from spectrum F to spectrum P (Curves 5 
and 6 in Fig. 2) is much smaller than the change from 
F to W. However, the tendencies induced by illumina­
tion and by warming are similar. This suggests that 
il lumination may cause a local heating of the matrix 
to allow the limited relaxation of the radical ions. 
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Controlled warming of samples exhibiting spectrum P 
changed the spectrum to spectrum W (Curve 7 in Fig. 2), 
which was almost identical with that obtained by direct 
controlled warming of y-irradiated samples. 

The Cation Radical. Assignment of Absorption 
Bands'. Spectra of T P E + ' , so far unknown in the 
literature, were measured under various conditions, and 
representative ones are shown in Fig. 3 . Relevant data 
are given in Table 5. The molar absorption coefficient 
cannot be precisely evaluated for spectra F of cation 
radicals.35) T h e values of the molar absorption coeffi­
cients shown in Fig. 3 and Table 5 were tentatively 
determined on the assumption that all the positive 
charges produced in the matrix by y-ray irradiation 

TABLE 5. DATA ON ELECTRONIC ABSORPTION 

SPECTRA OF TPE+* 

F/103 cm-1 

Fig. 3. Electronic absorption spectra of TPE + \ 
(a) Curve 1 : spectrum of a sample obtained by y-ray 
irradiation of a solution of TPE in FM at 77 K. Curve 
2 : spectrum obtained after controlled warming of the 
sample for curve 1. Curve 3 : spectrum obtained after 
repeated controlled warming of the same sample, (b) 
Curve 4: spectrum of a sample obtained by y-ray 
irradiation of a solution of TPE in BuCl at 77 K. Curve 
5 : spectrum obtained after illumination of the sample 
for curve 4 with light of X>660 nm. Curve 6 : spectrum 
obtained after illumination of the sample for curve 5 
with light of A^>370 nm. (c) Spectra obtained by pulse 
radiolysis of a solution of TPE in aerated acetone at 
room temperature. Curve 7: spectrum at the end of 
the pulse. Curve 8 : spectrum at 5 (JLS after the pulse. 

Class 

F 
F 
P 
W 

Spectrum 

R(Pulse) 

No. in 
Fig. 3 

4 
1 
6 
2 

7,8 

Solvent 

BuCl 
FM 
BuCl 
FM 
Acetone 

BandB 

^max 
nm 

494 
492 
493 
484 

ca. 500 

e 
W 
4.85 
4.85 
4.28 
4.23 

Band A 

*max e 

nm 103 

929 2.33 
907 2.41 
887 2.26 
853 2.08 

ca. 850 

were transferred to T P E molecules to produce T P E + \ 
The main bands are designated as A and B, as shown in 
Fig. 3 . 

Prolonged y-ray irradiation for 20—30 min of dilute 
(2—4 mol m - 3 ) frozen solutions of T P E in F M and in a 
5: 1 mixture of 3-methylpentane and BuCl gave spectra 
of T P E + ' which exhibited a band having its maximum 
at 358 n m (band C) . The intensity of band C is com­
parable to that of band B. 

The result of the M O calculation for T P E + ' is quite 
similar to that for TPE" ' , as should be the case because 
of the pairing properties of n orbitals of the alternant 
hydrocarbon. Similarly to the case of TPE" ' , bands 
A, B, and C are ascribed to transitions 2, 7, and 8, 
respectively. As is seen in Table 6, these transitions can 
be well approximated as one-electron transitions. Of 
the orbitals involved, (plz and ^ 1 4 are similar to the 
corresponding orbitals of TPE"% and <p$ and <p12 can be 
approximately expressed as follows : 

(b.) <P, ~ ^ ( E ) + <#+1(B) -0+ 1(BO -0 + 1 (B") 

+ 0+i(B'")l 

(b2) <pi2 ~ <#+1(B) +0+1(B') -0+ 1 (B") -0+ 1(B'")] 

The behavior of transitions 2 , 7 , and 8 with the change 
in geometry is expected to be quite similar to that of the 
corresponding transitions in T P E " ' . 

Comparison of Spectra and Inference of Geometries'. 
Spectrum F of T P E + ' (Curves 1 and 4 in Fig. 3) is 
similar as a whole to spectrum F of T P E " ' (Curve 4 in 
Fig. 2). Thus , geometries F of T P E + ' and of T P E -
seem to be similar. 

In contrast with the case of TPE" ' , spectrum F of 
T P E + ' changes only slightly both on controlled warming 
and on illumination [cf. Fig. 3, (a) and (b)] . The 
spectra of TPE+* produced by pulse radiolysis of solu­
tions of T P E in aerated acetone at room temperature 
(spectrum R ; Curves 7 and 8 in Fig. 3) are similar to 
the spectra of T P E + ' in rigid matrices, especially to 
spectra W (Curves 2 and 3 in Fig. 3). This indicates 
that geometry R of T P E + ' is only slightly different 

Transition 

2 
7 
8 

AEIeV 

1.576 
2.063 
3.015 

T A B L E 6. RESULTS OF THE 

r/103 cm-1 

12.70 
16.63 
24.30 

^/nm 

787 
601 
412 

M O CALCULATION FOR T P E + * OF GEOMETRY 

/ 
0.297 
0.141 
0.381 

P 

X 

y 
y 

Character 

0.968(12—13) 
0.959( 6—13) 
0.942(13—14) 

(30, 0)a ) 

A P a l 

- 0 . 0 6 1 
- 0 . 0 9 6 
+0.098 

AP a a , 

+0.148 
+ 0.167 
- 0 . 3 1 2 

a) See footnotes of Table 2. The coefficient of the ground configuration in the wave function of the ground 
in the ground state are 0.331 and 0.660, respectively. state is 0.993. The values of Pal and P( 
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from geometry F and probably from geometry N . 
A detailed comparison of the spectra, however, 

reveals that there are small, but significant, differences 
among the spectra of TPE+* measured under different 
conditions. Especially, in going from spectrum F to 
spectrum W, both bands A and B shift to shorter 
wavelengths {cf. Table 5), probably indicating that , in 
going from geometry F to geometry W, 0 a i ' s become 
slightly smaller and/or daa> becomes slightly larger. 
Both bands A and B are located at slightly shorter 
wavelengths in spectrum F of the F M solution (Curve 1 
in Fig. 3) than in spectrum F of the BuCl solution 
(Curve 4 in Fig. 3) . This fact suggests that the F M glass 
at 77 K is softer than the BuCl glass at 77 K35> and that 
TPE+* in the former is relaxed to some extent im­
mediately after its production, while TPE+* in the latter 
is almost unrelaxed. 

In conclusion, the geometries of relaxed T P E " ' and 
TPE+* are considerably different. This is a rather 
unexpected finding, because the n bond orders of each 
bond in the anion and the cation of an alternant hydro­
carbon should be equal and hence one would not expect 
a significant difference for the geometries of the two ions 
within the framework of n electron approximation. 
However, a few similar examples are found in the 
literature : While the geometry of the anion radical of 
cyclooctatetraene is inferred to be planar,42»43) the 
geometry of the corresponding cation radical is suggested 
to be similar to that of the neutral cyclooctatetraene, a 
tub form;35) according to Ishizu et al.,**) the torsion 
angle of the coannular bond (the 1-1' bond) of the cation 
radical of 2,2',4,4 / ,6,6 /-hexamethylbiphenyl is close to 
that of the parent neutral molecule (about 70°), while 
that of the anion radical of 2,2' ,6,6 /-tetramethylbiphenyl 
is much smaller (45—50°) (although Sullivan and 
Fong45) have cast some doubt on this conclusion). It is 
of interest that in all these examples, including the 
present case, the geometry of the cation radical is 
inferred to be similar to that of the parent neutral 
molecule while that of the anion radical is considered 
to be different from that of the molecule. 

References 

1) H. Suzuki, Bull. Chem. Soc. Jpn., 33, 389 (1960). 
2) A. G. Evans, J . C. Evans, E. D. Owen, and B. J . 

Tabner, Proc. Chem. Soc., 1962, 226. 
3) J. E. Bennett, A. G. Evans, J . G. Evans, E. D. Owen, 

and B. J . Tabner, J. Chem. Soc, 1963, 3954. 
4) A. G. Evans and B.J. Tabner, J. Chem. Soc, 1963, 4613. 
5) J. F. Garst and R. S. Gole, J. Am. Chem. Soc, 84, 4352 

(1962). 
6) J. F. Garst, E. R. Zabolotny, and R. S. Gole, J. Am. 

Chem. Soc, 86, 2257 (1964). 
7) J. F. Garst and E. R. Zabolotny, J. Am. Chem. Soc, 87, 

495 (1965). 
8) J. F. Garst, J . G. Pacifici, and E. R. Zabolotny, J. Am. 

Chem. Soc, 88, 3872 (1966). 
9) J . F. Garst, "Free Radicals," ed by J . K. Kochi, John 

Wiley and Sons, New York (1973), Vol. I, Chap. 9. 
10) R. G. Roberts and M. Szwarc, J. Am. Chem. Soc, 87, 

5542 (1965). 
11) M. Szwarc, Prog. Phys. Org. Chem., 6, 323 (1968). 
12) M. Szwarc, Ace Chem. Res., 2, 87 (1969). 

13) A. Gserhegyi, J . Jagur-Grodzinski, and M. Szwarc, J. 
Am. Chem. Soc, 91, 1892 (1969). 

14) M. Szwarc and J . Jagur-Grodzinski, "Ions and Ion 
Pairs in Organic Reactions," ed by M. Szwarc, John Wiley 
and Sons, New York (1974), Vol. 2, Ghap. 1. 

15) B. Lundgren, G. Levin, S. Glaesson, and M. Szwarc, 
J. Am. Chem. Soc, 97, 262 (1975). 

16) B. DeGroof, G. Levin, and M. Szwarc, J. Am. Chem. 
Soc, 99, 474 (1977). 

17) E. R. Zabolotny and J. F. Garst, J. Am. Chem. Soc, 86, 
1645 (1964). 
18) J. F. Garst, J, Am. Chem. Soc, 93, 6312 (1971). 
19) M. Szwarc, Proc. R. Soc London, Ser. A, 279, 260 (1964). 
20) J . Jagur-Grodzinski, M. Feld, S. L. Yang, and M. 

Szwarc, J. Phys. Chem., 69, 628 (1965). 
21) G. Levin, B. Lundgren, M. Mohammed, and M. 

Szwarc, J. Am. Chem. Soc, 98, 1461 (1976). 
22) J . Smid, "Ions and Ion Pairs in Organic Reactions," 

ed by M. Szwarc, John Wiley and Sons, New York (1972), 
Vol. 1, Ghap, 3. 

23) G. Levin, S. Claesson, and M. Szwarc, J. Am. Chem. 
Soc, 94, 8672 (1972). 
24) The Na salt of TPE2- forms solvent-separated ion 

aggregates in tetrahydrofuran (THF) at — 78 °G, for which 
the wavelength at the maximum of the main absorption band 
(Amax) is 510 nm.10> Li, Na, K, and Ba salts form contact ion 
aggregates in various solvents at room temperature, for which 
m̂ax ranges from 463 nm to 495 nm, depending on the kind of 

metal cation and of solvent.2"4'6'10'15'16»21'23'25) 
25) A. G. Evans and B. J. Tabner, J. Chem. Soc, 1963, 5560. 
26) The Li salt of the diphenylhexanide forms solvent-sepa­

rated ion pairs in THF and in 1,2-dimethoxyethane (DME), 
for which Amax is 495—496 nm.27-30) It forms contact ion 
pairs in various solvents such as hexane, benzene, and diethyl 
ether, for which Amax ranges from 410 nm to 451 nm, depend­
ing on the kind of solvent. 28»30) 

27) T. E. Hogen-Esch and J . Smid, J. Am. Chem. Soc, 88, 
307 (1966). 
28) R. Waack and M. A. Doran, J. Phys. Chem., 67, 148 

(1963). 
29) R. Waack and M. A. Doran, / . Am. Chem. Soc, 85, 

1651 (1963). 
30) R. Waack, M. A. Doran, and P. E. Stevenson, J. Am. 

Chem. Soc, 88, 2109 (1966). 
31) Li and Na salts of the tetraphenylbutanediide form 

solvent-separated ion aggregates in THF at — (50—70) °G, for 
which Amax is 500—501 nm.27) Li, Na, and Cs salts form 
contact ion aggregates in THF at room temperature, for which 
4 a x ranges from 460 nm to 485 nm, depending on the kind 
of alkali metal cation.22»27> 

32) S. Arai, A. Kira, and M. Imamura, J. Chem. Phys., 54, 
5073 (1971). 
33) T. Shida and W. H. Hamill, / . Chem. Phys., 44, 2375 

(1966). 
34) T. Shida and W. H. Hamill, J. Chem. Phys., 44, 4372 

(1966). 
35) T. Shida and S. Iwata, J. Am. Chem. Soc, 95, 3473 

(1973). 
36) W. H. Hamill, "Radical Ions," ed by E. T. Kaiser and 

L. Kevan, Interscience, New York (1968), Ghap. 9. 
37) T. Shida, J. Phys. Chem., 73, 4311 (1969). 
38) T. Shida and S. Iwata, / . Phys. Chem., 75, 2591 (1971). 
39) H. C. Longuet-Higgins and J . A. Pople, Proc. Phys. Soc. 

London, Sect. A, 68, 591 (1955). 
40) The partial n bond orders of the a-1 and the <x-a' bond 

for the half-filled orbital (^l4) in T P E - of geometry (30,0) 
are +0.064 and —0.158, respectively. 



2800 Hiroshi SUZUKI, Kinko KOYANO, Tadamasa SHIDA, and Akira KIRA [Vol. 52, No, 10 

41) N. Kanamaru and S. Nagakura, Bull. Chem. Soc. Jpn., 2314 (1967). 
43, 3443 (1970). 44) K. Ishizu, M. Ohuchi, F. Nemoto, and M. Suga, Bull. 
42) T. J . Katz and H. L. Strauss, J. Chem. Phys., 32, 1873 Chem. Soc. Jpn., 46, 2932 (1973). 

(1960). 45) P. D. Sullivan and J. Y. Fong, J. Phys. Chem., 81, 71 
43) R. Chang and C. S. Johnson, Jr., J. Chem. Phys., 46, (1977). 



October, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (10), 2801—2807 (1979) 2801 

A Molecular Orbital Study on the Nucleophilicity and the Electro-
philicity of Free Radicals in Abstraction Reactions 

Hiroyuki SHINOHARA,* Akira IMAMURA,** Takahiro MASUDA,*** and Masaharu KONDO*** 

Department of Radiology, Fujigaoka Hospital, Showa University, Fujigaoka, Midori-ku, Yokohama 227 
**Department of Chemistry, Shiga University of Medical Science, Seta Tsukinowa-cho, Otsu 520-21 

***Department of Chemistry, Faculty of Science, Tokyo Metropolitan University, Fukasawa, Setagaya-ku, Tokyo 158 
(Received February 14, 1979) 

The polarities (nucleophilicity and electrophilicity) of free radicals in abstraction reactions were studied by 
the comparison of the stabilization energies due to derealization of electrons (SEDE) between a radical and a 
substrate. The stabilization energies were calculated by the CNDO/2 method for several substrate-radical systems. 
For the reactions of the methyl radical with chlorinated methanes, the nucleophilicity of the radical was well inter­
preted by the SEDE from the radical to the substrate. Similarly, the nucleophilicity of the hydrogen atom in chlorine 
abstraction from chlorinated methanes was indicated by the SEDE from the hydrogen atom to the substrate. 
In an electrophilic reaction such as hydrogen abstraction by the methyl radical from aliphatic hydrocarbons, the 
activation energy was found to decrease linearly with an increase in the SEDE from the substrate to the radical. 
This result is consistent with the electrophilic tendency of the reaction. The SEDE calculated for the reactions 
of a radical with a series of substrate thus indicates the polarity of the free radical in the abstraction reactions. 

The polarity of a free radical has been an interesting 
subject in organic chemistry ever since a number of 
observations were published on the polar effect in 
radical reactions.1) The Hammet t and the Taft equa­
tions allow the quantitative study of polar effects in 
radical reactions as well as ionic reactions. O n the 
basis of p values, various kinds of radicals have been 
found to react as electrophiles in abstraction reac­
tions,1-8) while a few radicals undergo the nucleophilic 
reactions.9-16) The argument about the polarity of the 
radical, however, was generally empirical and no 
successful theoretical elucidation of the factors deter­
mining the polarity has been given. 

The theory of chemical reactivity has succeeded in 
explaining the relative reactivity of the substrate toward 
a given radical. The Evans-Polanyi relationship17) and 
the delocalizability18) in the frontier electron theory 
developed by Fukui and his coworkers are typical 
theories. In the Evans-Polanyi relationship, the 
resonance stabilization energy of the formed radical 
is an important factor in determining the reactivity. 
O n the other hand, the delocalizability is a measure 
of the stabilization energy due to derea l iza t ion of 
electrons (SEDE) between a substrate and a radical, 
and is recognized as an excellent reactivity index. 
Imamura has recently developed a molecular orbital 
(MO) method which evaluates semiempirically the 
SEDE from a substrate to a radical or vice versa.1*) 

In the present work, an at tempt was made to explain 
the polarity of free radicals in terms of the SEDE, which 
was calculated by the CNDO/2 method for the substrate-
radical system. In the nucleophilic reactions, such as 
hydrogen abstraction by the methyl radical from 
chlorinated methanes20) and chlorine abstraction by the 
hydrogen atom from chlorinated methanes,21) the SEDE 
from the radical to the substrate was found to correlate 
linearly with the activation energy. The SEDE from 
the substrate to the radical also correlates with the 
activation energy in electrophilic reactions such as the 
hydrogen abstraction by the methyl radical from 
aliphatic hydrocarbons.21) For several kinds of radicals, 
the polarity in abstraction reactions is discussed on the 

basis of both the SEDE and their physical properties. 

M e t h o d o f Calculat ion 

T h e total energies for the isolated molecule as well 
as the reacting system were calculated by the U H F 
method22) in the CNDO/2 approximation.23»24) The 
values of the parameters included in the method are 
the same as those used in the original papers.23 '24) 

Geometries. Geometries used for the calculation 
are as follows : for CH4,25) r (C-H) = 1.09 Â; for CH3C1,26) 
r ( C - H ) = 1.103 Â and r (C-Cl) = 1.782 Â ; for CH2C12,27) 
r ( C - H ) = 1.082 A and r (C-Cl) = 1.772 A ; for CHC13,27) 
r ( C - H ) = 1.10Â and r (C-Cl) = 1.758 A ; for CC14,

27) 
r(C-C1) = 1.755 A; for aliphatic hydrocarbons, r ( C - H ) = 
1.09 A and r (C-C) = 1.54Â. The bond angles for 
chlorinated methanes and aliphatic hydrocarbons are 
assumed to be the same as that of methane (109.47°). 

Stabilization Energy Analysis. T o calculate the 
SEDE, it was assumed that in a hydrogen abstraction 
by a radical from a substrate the reaction proceeds 
through the following steps : 

RH + X • [R...H-..X] • R + HX 

where R H and X denote a substrate (hydrogen donor) 
and a radical, respectively. The SEDE (AZs) is defined 
by Eq. 1 

A £ = £(R..-H X) - £(R...H-..X) (1) 

where the first term on the right hand side in Eq. 1 
denotes the energy of the reacting system in which the 
derea l iza t ion of electrons between R H and X is 
forbidden. The second term includes the derea l iza t ion 
of electrons. The SEDE is calculated as follows, (i) 
The total energy of the reacting system [R---H---X] 
without derea l iza t ion of electrons is calculated with the 
U H F method in the CNDO/2 approximation after 
dropping all the resonance integrals (/ r s) between 
atomic orbitals (AO's) on the fragment R H and those 
on the fragment X . Thus we obtain the M O ' s localized 
on the fragments R H and X . (ii) By using the M O ' s 
obtained in step (i), the modified resonance integrals 
between AO's (7r's) are calculated according to Eq. 2 
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in order to take the delocahzation of electrons between 
particular M O ' s into account: 

iU-JO 
(2) 

where CRHiltr is the coefficient of A O in the ^ - th M O 
of substrate R H and CX 7 l , r is for radical X . XI 

XJ,r «^7.) 
denotes the summation over a particular orbital set 
(ii—jx). (iii) IrS is employed to calculate the total 
energy of the reacting system with the delocahzation 
of electrons, which corresponds to the nucleophilic or 
the electrophilic nature of the radical in question, (iv) 
When the vacant M O ' s of the substrate and the occupied 
M O ' s of the radical are chosen for ix a n d j l 5 respectively, 
in Eq. 2, the difference between the two energies 
obtained in steps (i) and (iii) corresponds to the SEDE 
from radical to substrate. This energy should be the 
nucleophilic stabilization energy; it is represented by 
the symbol N. When the occupied M O ' s of the substrate 
and the vacant M O ' s of the radical are chosen for i± 

and j \ , respectively, the electrophilic stabilization 
energy E is obtained. Table 1 shows the schematic 
representation of intermolecular interaction between the 
M O ' s of R H and X obtained by dropping the Irs 

(they interact electrostatically with each other, but the 
delocahzation of electrons is prohibited). 

T A B L E 1. T H E SCHEMATIC REPRESENTATION OF THE 

ORBITAL INTERACTIONS BETWEEN SUBSTRATE 

R H AND RADICAL X a ) 

Interaction a-Spin /?-Spin 

Electrostatic 
(Zero) 

Nucleophilic-1 
(IN) 

Electrophilic-1 
(IE) 

Nucleophilic-2 
(2N) 

Electrophilic-2 
(2E) 

All 

J RH Occ 
I X Occ 
j RH Occ 
I X Occ-" 
j RH Occ 
I X Occ 
j RH Occ 
I X O c c ^ 
f RH O c c ^ 
1 X Occ^ 
( RH Occv 

1 X Occ/ 

Vac 
Vac 
Vac 

^ V a c 
Vac 
Vac 
Vac 

^ V a c 
Vac 

^ V a c 
yVac 

x V a c 

RH Occ Vac 
X Occ Vac 
RH Occ Vac 
X Occ Vac 
RH Occ Vac 
X Occ""^Vac 
RH Occ Vac 
X O c c ^ V a c 
RH Occ Vac 
X O c c ^ V a c 
RH Occv .Vac 

1 1 
X O c c / ^ V a c 

a) The symbols for the orbital interactions used in 
the text are given in the parentheses. An interaction 
including the IUjl is represented by a solid line. 

R e s u l t s 

A. Hydrogen Abstraction Reaction by the Methyl Radical. 
A-1 : The Nucleophilicity of the Methyl Radical in Hydrogen 
Abstractions with Chlorinated Methanes:2^ The coordinate 
system assumed for the reaction of the methyl radical 
with methyl chloride is shown in Fig. 1 as an example. 
Without loss of generality, it is assumed that the methyl 
radical has four valence electrons with a-spin and three 
valence electrons with /?-spin. The electron distribution 
shown in Fig. 2 indicates that the delocahzation of 
electrons occurs from the methyl radical to methyl 
chloride by the interaction IN, and from methyl 
chloride to the methyl radical by IE. Thus the stabili­
zation energy represented by N or E corresponds to the 

1.40 Â ,, 1.20 X 
-»X 

2.182 X 1.475 A 

Fig. 1. Interaction models for hydrogen and chlorine 
abstraction reactions by radicals. 

C l -0.1408 

-H-
,7+0.0093 -0.0025 

* 0.0278' H • 0.0278 

1 N 

H+0.0035 

/*H+0.0035 

• 0.0015 

' • 0.0030 

-0.0791 

, H— 
7+0.0403 +0.1311 

H +0.0074 

/ * H +0.0074 

-C-0.2177 

+0.0530 n+0.0530 
H +0.0047 

1E 
Fig. 2. The electron distribution of CH3C1-CH3 system 

by the nucleophilic and the electrophilic interactions. 

direction of the delocahzation of electrons occurring 
between a substrate and a radical . Figure 3a shows the 
correlation between the activation energy20) and the 
electron density on the hydrogen atom to be abstracted. 
The activation energy decreases with a decrease in the 
electron density, and thus the methyl radical reacts as a 
nucleophile. The nucleophilicity of the methyl radical 
is explained essentially by the SEDE, as summarized in 
Table 2. In the reactions with chlorinated methanes the 
electrophilic stabilization energy 2E decreases with the 
increasing number of chlorine atoms, while the nucleo­
philic stabilization energy 2N increases. As is shown 
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in Fig. 3b, the reactivities of chlorinated methanes are 
correlated with the sum of 27V" and 2E calculated by the 
present procedure. I t should be noted that the change 
of 2N from molecule to molecule is much larger than 

T A B L E 2. T H E NUCLEOPHILICITY OF THE METHYL RADICAL 

IN HYDROGEN ABSTRACTION REACTIONS 

WITH CHLOROMETHANES 

Substrate 

GH4 (12.8)d) 

GH3G1 (9.4) 

GH2G12 (7.2) 

GHGI3 (5.8) 

Orbitala) 

interaction 

Zero 
IN 
IE 
2N 
2E 
All 
Zero 
IN 
IE 
2N 
2E 
All 
Zero 
IN 
IE 
2N 
2E 
All 
Zero 
IN 
IE 
2N 
2E 
All 

Totalb) 

energy 

-18.9882 
-19.0345 
-19.1333 
-19.0441 
-19.1339 
-19.2779 
-34.3920 
-34.4449 
-34.5321 
-34.4555 
-34.5328 
-34.6894 
-49.8072 
-49.8659 
-49.9436 
-49.8773 
-49.9442 
-50.1120 
-65.2482 
-65 .3124 
-65.3817 
-65.3245 
-65.3823 
-65.5601 

Stabilization^ 
energy 

Ö 
0.0463 
0.1451 
0.0559 
0.1457 
0.2897 
0 
0.0529 
0.1401 
0.0635 
0.1408 
0.2974 
0 
0.0587 
0.1364 
0.0701 
0.1370 
0.3048 
0 
0.0642 
0.1335 
0.0763 
0.1341 
0.3119 

ETC) 

~~ä 
0.0822 

- 0 . 2 0 4 3 
0.0892 

-0 .2048 
-0 .0276 

0 
0.0985 

-0 .1982 
0.1065 

-0 .1987 
0.0004 
0 
0.1126 

-0 .1945 
0.1212 

-0 .1952 
0.0162 
0 
0.1264 

-0 .1918 
0.1354 

-0 .1923 
0.0269 

a) See Table 1. b) Atomic units, c) Electron transfer 
quantity due to derealization of electrons. Positive 
values correspond to that from the radical to the sub­
strate and negatives, vice versa, d) The values denote 
the activation energy (kcal/mol). Ref. 20. 

0.92 0.9 A 0.96 0.98 
Electron density 

Fig. 3a. T h e correlat ion of the act ivat ion energy20) a n d 
the electron density for hydrogen abstract ion by the 
methyl radical from chloromethanes . 1 : C H 4 , 2 : 
GH3CI, 3 : GH2G12 , 4 : CHG1 3 . 

that of 2E, al though 2E is larger than 2N. This suggests 
that the nucleophilic stabilization energy governs the 
relative reactivities (Fig. 3c). The conclusion is con­
sistent with the linear relation between the electron 
density and 2N, as is shown in Fig. 3d. 

The electrophilic stabilization energy depends mainly 
on the derea l iza t ion of electrons with ß-spin from the 
occupied M O ' s of the substrate to the vacant M O ' s 
of the methyl radical, because the stabilization energy 
for the 2E interaction is almost the same as that for the 
\E interaction, as indicated in Table 2. O n the other 
hand, the nucleophilic stabilization energy depends not 
only on the derea l iza t ion of electrons with ar-spin from 
the occupied M O ' s of the methyl radical to the vacant 
M O ' s of the substrate, but also on the derea l iza t ion of 

Ê? 
V 
Ö 
V 
Ö 

o 

13 

12 

11 

10 

9 

8 

7 

6 

F T -

0 \ 

1 

°\ 

j — 1 \ °4 

Li 1 0.202 0.210 0.206 
(2N+2E)l*a 

Fig. 3b. The correlation of the activation energy20) and 
(2N+2E) for hydrogen abstraction by the methyl 
radical from chloromethanes. 1—4, see the caption 
in Fig. 3a. 

13 

12 

11 

10 

9 

8 

7 

6 

r^ 
- \ 

-

\ 

j 1 

3 \ 

1 L_ 
vi 

0.056 0.072 0.064 

2iV/au 

Fig. 3c. The correlation of the activation energy20) and 
2N for hydrogen abstraction by the methyl radical 
from chloromethanes. 1—4, see the caption in Fig. 3a. 



2804 Hiroyuki SHINOHARA, Akira IMAMURA, Takahiro MASUDA, and Masaharu KONDO [Vol. 52, No. 10 

0.92 
0.056 0.064 

2N/2LU 

0.072 

Fig. 3d. The correlation of the electron density and 2N 
for hydrogen abstraction by the methyl radical from 
chloromethanes. 1—4, see the caption in Fig. 3a. 

electrons with /?-spin, although the former contribution 
is larger than the latter. The total stabilization energy 
including the interaction between the occupied M O ' s 
of the substrate and the methyl radical ("All" in 
Table 2) is larger than that due to the derea l iza t ion of 
electrons, as is shown in Table 2. This energy can be 
considered to include the redistribution energy in addi­
tion to the derea l iza t ion energy, which is much larger 
than the redistribution energy and comes to about 7 0 % 
of "Al l" . As the ratio of {2N+2E) to "Al l " is nearly 
constant for every substrate, a good correlation between 
the activation energy and "Al l " is also observed in 
Table 2. 

A-2 : The Electrophilicity of the Methyl Radical in Hydrogen 
Abstraction Reactions with Aliphatic Hydrocarbons:^ The 
coordinate system assumed for the reaction is the same 

as that used in Fig. 1. Figure 4a shows the correlation 
between the activation energy and the electron density 
on the hydrogen atom. Contrary to the methyl chloride-
methyl radical system, the activation energy decreases 
with an increase in the electron density and, in this 
case, the methyl radical reacts as an electrophile. The 
electrophilic stabilization energy 2E was found to 
correlate linearly with the activation energy, as is 
shown in Fig. 4a. The results suggest that the electro­
philic stabilization energy gives a theoretical basis for 
the electrophilicity of the methyl radical. A linear 
relation between the electron density and 2E is also 
shown in Fig. 4b . 

O n the basis of the results obtained above, the 
polarity of a free radical can be defined as follows: 
If the reactivity of the radical toward a series of substrates 

TABLE 3. THE ELECTROPHILICITY OF THE METHYL 

RADICAL IN HYDROGEN ABSTRACTION REACTIONS 

WITH ALIPHATIC HYDROCARBONS 

Substrate 

CH3GH3 

(10.4)d) 

GH3GH2GH 

(9.0) 

(GH3)3GH 
(7.5) 

Orbitala) 

interaction 

Zero 
2N 
IE 
All 

3 Zero 
IN 
IE 
All 
Zero 
IN 
IE 
All 

Totalb) 

energy 

-27 .6864 
-27.7421 
-27 .8353 
-27.9821 
-36 .3794 
-36.4350 
-36.5309 
-36.6806 
-45.0686 
-45.1234 
-45.2224 
-45.3749 

Stabilization^ 
energy 

0 
0.0551 
0.1489 
0.2957 
0 
0.0556 
0.1515 
0.3012 
0 
0.0557 
0.1538 
0.3063 

E T o 

0 
0.0902 

-0 .2160 
-0 .0341 

0 
0.0910 

-0 .2246 
-0 .0377 

0 
0.0920 

-0 .2334 
-0 .0403 

a—d) See the notes in Table 2. The activation energy 
is cited from Ref. 21. 

2E/au 
0.146 0.150 0.15 A 

'0.987 0.997 1.007 
Electron density 

1.007 

0.997 

0.987 
1 / 

b 

2 / 

1 

• / 

1 t _ 

/M / 

LJ 

0.146 0.150 
2E/au 

0.154 

Fig. 4a. The correlation of the activation energy21) with 
the electron density and 2E for hydrogen abstraction 
by the methyl radical from aliphatic hydrocarbons. 
1: CH3-H, 2: CH3CH2-H, 3 : (CH3)2CH-H, 4: 
(CH3)3C-H. For the reaction of the methyl radical 
with CH4, 12.8 kcal/mol of the activation energy 
was used in the present work as the average value 
in Ref. 12 and 42. 

Fig. 4b. The correlation of the electron density with 2E. 

TABLE 4. THE NUGLEOPHILICITY OF THE HYDROGEN 

ATOM IN CHLORINE ABSTRACTION REACTIONS 

WITH CHLOROMETHANES 

Substrate 

GH3G1 
(7.9)d) 

(6.0) 

CH3G1 
(4.3) 

CG14 

(3.5) 

Orbitala) 

interaction 
Totalb> 
energy 

Stabilization^ 
energy E T o 

Zero 
IN 
IE 
All 
Zero 
IN 
IE 
All 
Zero 
IN 
IE 
All 
Zero 
IN 
IE 
All 

-25 .8786 
-25 .9415 
-25.9342 
-26 .0565 
-41.2827 
-41 .3478 
-41 .3375 
-41 .4663 
-56.7160 
-56 .7828 
-56 .7700 
-56.9052 
-72.1550 
-72.2232 
-72 .2086 
-72 .3487 

0 
0.0629 
0.0556 
0.1779 
0 
0.0651 
0.0548 
0.1836 
0 
0.0668 
0.0540 
0.1892 
0 
0.0680 

0.0536 
0.1937 

0 
0.1233 

-0 .0861 
0.0568 
0 
0.1302 

-0 .0845 
0.0593 
0 
0.1359 

-0 .0834 
0.0606 
0 
0.1404 

-0 .0828 
0.0621 

a—d) See the notes in Table 2. The activation energy 
is cited from Ref. 20. 
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increases with an increase in the nucleophilic stabiliza­
tion energy, the radical is a nucleophile. Similarly, 
the radical is an electrophile when the reactivity 
increases with the increase in the electrophilic stabiliza­
tion energy. 

B: Chlorine Abstraction Reactions by the Hydrogen Atom. 
Nagai et al.11) reported the nucleophilicity of the triethyl-
silyl and phenyldimethylsilyl radicals in chlorine 
abstractions with polychloroalkanes. If the present 
analysis is applied to the reactions, the information 
on the theoretical basis of the Taft equation will be 
obtained from the reactivities of polychloroalkanes 
toward these radicals. Unfortunately, the molecules 
and the radicals are too large for the calculation to be 
carried out. Thus the chlorinated methane-hydrogen 
atom system20) was taken as a model case. As will be 
discussed below, the nucleophilic nature of a radical 
in hydrogen abstraction depends on the ionization 
potential of the radical. When the ionization potential 
is rather low, the nucleophilicity is observed. If the 
hydrogen atom, which is known to have a high 
ionization potential (13.6 eV),28> reacts as a nucleophile 
in chlorine abstractions with chlorinated methanes, the 
silyl radical would be expected to react as a nucleophile, 
because its ionization potential is lower than that of the 
hydrogen atom. The coordinate system assumed for the 
reaction is given in Fig. 1. As shown in Fig. 5, the 
nucleophilic stabilization energy 1N correlates with the 
relative reactivity, so that the hydrogen atom reacts as a 
nucleophile. The result suggests that the nucleophilicity 
of the silyl radicals in chlorine abstractions from poly­
chloroalkanes will be interpreted by the SEDE, if the 
energy is calculated for the reacting system. 

C: Hydrogen Abstraction Reactions by Various Kinds of 
Radicals.29) For the hydrogen abstractions involving 
several radicals with hydrocarbons, the activation energy 

IN/SLU 

0.063 0.065 0.067 

- J I I L_ 

7.05 7.07 7.09 7.11 

Election density 

Fig. 5. The correlation of the activation energy20) with 
the electron density and liVfor chlorine abstraction by 
the hydrogen atom from chloromethanes. 1 : CH3C1, 
2: CH2C12, 3: CHC13, 4: CG14. 

0.08 0.09 0.10 0.11 0.12 

(IP-EA)-VeV 

Fig. 6. The correlation between the activation energy28> 

and 1/(IP-EA) for hydrogen abstractions by various 
kinds of radicals from aliphatic hydrocarbons. EA: 
electron affinity of the radical, IP : ionization potential 
of the aliphatic hydrocarbon. O : GH4, % : GH3GH3, 
© : GH3GH2CH3, <J : (GH3)3GH. 

is plotted against the reciprocal of the difference between 
the ionization potentials of the hydrocarbons and the 
electron affinities of the radicals in Fig. 6. The reciprocal 
of the difference between the ionization potential of 
hydrocarbon and the electron affinity of the radical is 
not directly related to the electrophilic stabilization 
energy, but is qualitatively associated with it. From the 
linear correlation shown in Fig. 6, it may be inferred 
that the electrophilic stabilization energy is an important 
factor in determining the reaction rates for the radicals 
with low electron affinity ( H : 0.80 eV, C H 3 0 : 0.38 
eV)28) and with high electron affinity (CF 3 : 1.85 eV, 
O H : 1.83 eV).28) The correlation in Fig. 6 is also 
consistent with the order of reactivity of the C - H bonds 
(pr imary<secondary<ter t ia ry) . The result supports 
the significance of the electrophilic stabilization energy 
in hydrogen abstractions from aliphatic hydrocarbons, 
although the important role of the dissociation energy 
of the C - H bond should also be taken into consid­
eration.30) 

Figure 7 shows the difference in the polarity between 
the phenyl31) and the hydroxyl32) radicals in the reactions 
with chlorinated methanes. In spite of its high electron 
affinity (2.20 eV),28) the phenyl radical reacts as a 
nucleophile, while the hydroxyl radical and the chlorine 
atom (3.61 eV)33) react as electrophiles in the reactions. 
The difference in behavior is interpreted by the ioniza­
tion potentials of the radicals (C 6 H 5 : 9.90 eV,28) O H : 
13.18 eV,28) CI: 13.01 eV34>). The low ionization 
potential of the phenyl radical is a cause of the nucleo­
philicity. A radical with a high ionization potential, 
such as the hydroxyl radical, on the other hand, reacts 
as an electrophile. Although the stabilization energy 
analysis was not carried out for these radicals, the 
correlation between the electron density and the SEDE 
in Figs. 3d, 4, and 5 indirectly interprets the nucleo-
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0.92 0.94 0.96 0.98 

Electron density 

Fig. 7. The nucleophilicity of the phenyl radical and the 
electrophilicity of the hydroxyl radical or the chlorine 
atom in hydrogen abstractions with chloromethanes. 

philicity of the phenyl radical35) and the electrophilicity 
of the hydroxyl radical or the chlorine atom. 

D i s c u s s i o n 

The polar effect may explain the substituent effect in 
hydrogen abstraction reactions1 '2 '5 - 7) where an empirical 
l inear energy relation such as the Hammet t or the Taft 
equation holds. In the present work, the electron 
density on the hydrogen atom was found to correlate 
with the activation energy. However, for a more 
fundamental understanding, the polarity of a radical in 
hydrogen abstraction should be explained by a quanti ty 
derived from the reaction system, not one taken from 
an individual reactant . T h e stabilization energy due 
to derea l iza t ion of electrons (SEDE), calculated by the 
CNDO/2 method for the reaction system which consists 
of a substrate and a radical, is a more essential quantity» 
As described above, the change of the electrophilic 
stabilization energy indicates the electrophilic tendency 
of the radical, and the nucleophilic stabilization energy 
corresponds to the nucleophilicity. 

Since the electron affinity or the ionization potential 
of a radical can be related with the electrophilic or the 
nucleophilic stabilization energy,36) respectively, the 
Hammet t p values are expected to correlate with the 
physicochemical properties of the radical. In fact, 
Sakurai et al.zi>> reported a linear relation between the 
negative p values and the electron affinity of the radical 
for hydrogen abstraction from substituted toluenes. 
Pryor et Ö/.38) revealed that the isopropyl and the 
/-butyl radicals react as nucleophiles. The positive p 
values increase with the decreasing ionization potentials 
(IP) of the radicals (CH 3 : ̂ o^-O.lO, 3 9 ) I P = 9 . 8 6 eV,28) 
*-C3H7: p=0.8, IP=7 .90eV, 2 8 > *-C4H9: /o = 1.0, I P = 
7.07 eV28)). T h e quantitative correlation may be given 
by the SEDE, because it is calculated for the reacting 

system and includes both reactants. 
T h e present analysis is based on the zero differential 

overlap approximation,23 '24) and thus the quantitative 
treatment is not sufficient. Furthermore, the SEDE 
were not calculated for the transition state in the 
reacting system. T h e geometries shown in Fig. 1 were 
tentatively chosen as interaction models, because the 
reaction pa th could not be obtained by the CNDO/2 
method. However, the essential features of the radical 
reagent obtained in the present work will probably be 
valid, because for an argument on the polarity40) the 
absolute value of the stabilization energy is not neces­
sarily required but a relative one is sufficient. For a 
more elaborate approach, the ab initio M O method 
might be adapted to the present analysis. The method 
of Ki taura and Morokuma,41) which divides the inter-
molecular interaction energy into the electrostatic, the 
polarization, the exchange, and the dereal iza t ion 
energies, will make it possible to apply the ab initio 
method to the present analysis. 

We would like to express our grati tude to the 
Computer Center of Tokyo University for the generous 
permission to use the H I T A C 8700/8800 computer. 
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The association constants and thermodynamic parameters were determined for complexes of a- and /?-cyclodex-
trins (CD) with a variety of alcohols (ROH) by the spectrophotometry examination of the inhibitory effect of 
ROH on the association of CD with azo dyes, and they were analyzed in connection with the partition coefficients 
of ROH in a diethyl ether-water solvent system in order to elucidate the binding forces contributing to the associa­
tion of CD with an organic substrate. Hydrophobic and van der Waals interactions were of primary importance 
in the complexation. Among them, the latter was preferential in a-CD-1-alkanol adducts, while the former, in 
ß-CD-1-alkanol adducts. As the bulkiness of ROH increased, the stability of the a-CD adduct was lowered owing 
to van der Waals repulsion between R O H and the relatively small a-CD cavity, whereas that of the /?-CD adduct 
was enhanced by the attainment of the close van der Waals contact of ROH with the relatively large /?-CD cavity. 

Cyclodextrin (CD) is a doughnut-shaped molecule 
and includes a variety of substrates within the hole of 
the doughnut.1-4) The stability of the CD adducts 
varies markedly either with the size of the CD cavity 
or with the structure of a substrate. In order to under­
stand the mechanism from which the substrate specificity 
arises, it is necessary to clarify binding forces contribut­
ing to the inclusion process. Hydrogen bonding,5 - 8) 
van der Waals interactions,8-13) and/or hydrophobic 
interactions2»12-17) have been proposed to explain the 
inclusion phenomena. Among them, hydrophobic 
interactions have been regarded as especially significant 
on the basis of the fact that the inclusion phenomena of 
CD exclusively occur in an aqueous solution.2) However, 
a number of thermodynamic parameters determined 
for the inclusion equilibria indicated that the process 
is governed by a negative enthalpy change. The entropy 
term was always negative and contributed unfavorably 
to the complexation, despite hydrophobic interactions 
being normally caused by a favorable positive entropy 
change.1 8 - 1 9) 

Bender et al.2*10) and Bergeron et a/.11»20) explained 
the thermodynamic parameters in terms of the relief 
of high energy water from the CD cavity. According 
to them, the water molecules associated with the cavity 
are enthalpy rich, because they can not have a full 
complement of hydrogen bonds owing to interference 
from the glucopyranose rings of C D . The inclusion of a 
substrate results in the expulsion of these high energy 
water molecules into bulk water. Another binding 
force was proposed by Saenger et a/.,21-24) who system­
atically examined the molecular structures of a -CD 
adducts by means of X-ray crystallography. They 
found that the macrocycle of a-CD bears an unstrained 
hexagonal geometry in most of a -CD adducts except 
for a a -CD-water adduct , in which the macrocyclic 
conformation of a-CD is unsymmetrically distorted and 
energetically unstable. The relief of conformational 
strain energy in the a -CD-water adduct upon substrate 
inclusion was regarded as the main binding force of 
complexation. However, Tabushi et Ö/.13) recently 
showed that the strain relief as well as the relief of high 
energy water molecules is not major driving force of 
inclusion, but van der Waals interactions and the 
breaking of water clusters around an apolar guest 

molecule are of primary importance in the stabilization 
of an inclusion complex. 

T h e present study was undertaken to estimate the 
extent of the contribution of these binding forces to the 
inclusion process on the basis of the association constants 
(Ka) and the thermodynamic parameters for the 
complexation of a- and ß-CD with a variety of alcohols 
( R O H ) . The observed Ka values were analyzed in 
connection with the partition coefficients (Pe) of R O H ' s 
which are a reasonable measure of hydrophobicity and 
is often successfully applied to biological structure-
activity relationship studies.25-31) R O H ' s are well 
suited for substrates, since they are the simplest organic 
analogs of water which plays an important role in the 
inclusion process. 

E x p e r i m e n t a l 

Materials. The a- and /?-CD were prepared by the 
method of Lane and Pirt.32) These substances were separated 
and purified according to the directions of Cramer and 
Henglein.33) Unless otherwise noted, ROH's of reagent grade 
were used after distillation. 3-Methyl-2-butanol and 3,3-di-
methyl-2-butanol were prepared by the reduction of the 
corresponding 2-butanones with LiAlH4: bp 112.8—113.2 °C 
(lit,34) bp 113—114 °C) for the former and bp 120.5—122.2 °C 
(lit,34) bp 120—121 °C) for the latter. 2-Methyl-2-pentanol 
and 2-methyl-2-hexanol were prepared by the reaction of 
acetone with propyl- and butylmagnesium bromides respec­
tively: bp 52—56 °C/45 mmHg (1 mmHg= 133.322 Pa) (lit,34) 
bp 122.5—123.5 °C/762 mmHg) for the former and bp 64— 
67 °C/30 mmHg (lit,34) bp 141—142 °C/755 mmHg) for the 
latter. 3-Methyl-3-pentanol and 3-ethyl-3-pentanol were pre­
pared by the reaction of ethylmagnesium bromide with 
2-butanone and 3-pentanone respectively: bp 121—123 °C 
(lit,34) bp 122.5 °C/758 mmHg) for the former and bp 56—58 
°C/33 mmHg (lit,34) bp 142 °C/764 mmHg) for the latter. 
2-Methyl-l-butanol, 2-pentanol, 2-hexanol, 4-methyl-2-penta-
nol, cyclobutanol, cyclopentanol, cycloheptanol, and cyclo-
octanol of reagent grade were used without further purification. 
An azo dye, sodium 4-(4-hydroxy-l-naphthylazo)-l-naphtha-
lenesulfonate (1), was prepared and purified as has been 
described previously.35) Methyl Orange (2) of reagent grade 
was used without further purification. 

Apparatus. Absorption spectra were recorded using a 
Hitachi Model 124 spectrophotometer. The cells (1.0 cm) 
were maintained at a constant temperature by means of a 
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jacket through which water was circulated from a constant-
temperature bath . The p H of an aqueous solution was 
measured by means of an Orion Model 801A digital p H / m V 
meter. A Hitachi Model 063 gas Chromatograph with a F I D 
detector and 2 % DEGS columns was used for the quant i ta t ive 
determination of R O H in diethyl ether and in water. 

Spectrophotometry Determination of Equilibrium Constants for the 
Association of a- and ß-CD with ROH. The association 
constant (K&) for a C D - R O H system was determined by the 
spectrophotometric examination of the inhibitory effect of the 
R O H on the association of the C D with a dye. In order to 
obtain the K& values in a satisfactory accuracy by this method, 
it is necessary to choose such a dye as to exhibit a large absorb­
ance change upon the addition of a small amount of CD. 
If the concentration of C D is high, a large amount of R O H 
must be added to a CD-dye solution for the sufficient obser­
vation of the inhibitory effect of R O H on the association of 
C D with the dye. However, the addit ion of a large amount 
of R O H is undesirable owing either to low solubility in some 
R O H ' s or to alteration in solvent composition. I n the present 
study, azo dyes, 2 and 1, were used for a- and ß-CD systems 
respectively. In 0.10 mol/dm 3 H 2 S 0 4 containing N a 2 S 0 4 for 
the adjustment of the ionic strength (7C) to be 0.50 mol/dm3 , 
2 gave an absorption maximum at 507 nm, the absorbance of 
which was markedly lowered by the addition of a small amount 
of oc-CD (Fig. 1). Similarly, the addit ion of ß-CD to a solution 
of 1 in a ci trate-phosphate buffer ( pH 6.4, 7C=0.05 mol/dm3 , 
and 25 °C) markedly lowered the absorbance at Amax of 485 
nm.35) Each azo dye forms a 1: 1 complex with C D at a C D 
concentration below 2 mmol/dm3 .35) Although such experi­
mental conditions as p H and Ic were different between a-
and ß-CD systems, these may little affect the K& values since 
both of CD and R O H are neutral molecules. 

CD + A Z O ; 

CD -f R O H 

C D A Z O 

C D R O H 

(1) 

(2) 

where A Z O represents an azo dye, and C D A Z O and C D R O H , 
corresponding CD complexes. T h e initial and equilibrium 
concentrations were designated by a0 and a for A Z O , b0 and 
b for R O H , and c0 and c for C D respectively. Since CD, 
R O H , and C D R O H are spectrophotometrically transparent 
in a visible region, the change (AA) in absorbance of an azo 
dye with the addition of CD and R O H is related to the 
equilibrium concentration (a0—a) of C D A Z O by Eq. 3 : 

a0 — a = 
AA 

Ae'' (3) 

where As is the difference in molar absorbance between A Z O 
and C D A Z O . Similarly, a is given by 

(AAm-AA) 
Ae (4) 

where AAm is the difference in absorbance between A Z O and 
C D A Z O (AAm = Ae-a0). T h e dissociation constant (Kd) for 
C D A Z O is represented by Kd=c>a/(a0—a), so that the equi­
l ibrium concentration of C D is given by 

c _ Kd{aQ-a) 
a (5) 

O n the other hand , the association constant (K&) for C D R O H 
is represented by 

Ka = -g-fa) 
c[b0-c0 + c+(a0-a)] (6) 

Since the value of a0—a is very small compared with either 
c0—c or b0—CQ-\-C under the experimental condition of a0<^b0, 
c0, Eq. 6 is simplified as Eq. 7 : 

Kn = 
c(b0 — c0 + c) ' (7) 

450 500 550 

Wavelength/nm 

Fig. 1. Effect of a-CD and 1-butanol on the spectrum 
of 2 in 0.10 mol/dm 3 H 2 S 0 4 ( / C =0.50 mol/dm3) at 
25 °C. 
a) 1.86X 10-5 mol /dm 3 2 ; b) a + 1.01 mmol /dm 3 a - C D ; 
c) b + 6 . 0 7 mmol/dm 3 1-butanol; d) b + 2 4 . 3 mmol /dm 3 

1 -butanol ; e) b + 70.7 mmol /dm 3 1 -butanol. 

T h e addition of R O H to each C D - a z o dye system resulted 
in an increase in absorbance (Fig. 1), indicating that a par t 
of the added R O H is included by CD to expel the complexed 
azo dye to a bulk solution. U p o n an assumption that each 
R O H also forms a 1: 1 inclusion complex with CD, a relation 
between the absorbance and the concentration of the added 
R O H was analyzed by the application of the law of mass 
action and Lambert-Beer's law to the following two chemical 
equilibria : 

The values of Kd and Ae are easily determined by the 
Hildebrand-Benesi plot36) (Table 1). By indroducing these 
values and the observed A A value into Eqs. 3, 4, and 5, we 
obtain the value of c, which is in turn introduced into Eq. 7 
to give the K& value. Actually, absorption spectra were 
measured a t five or more different concentrations of R O H 
for each C D - R O H system. T h e calculated values of log K& 

were in good agreement with one another wihin the s tandard 
error of ± 0 . 0 4 . 

T A B L E 1. T H E Kd AND Ae VALUES FOR C D - A Z O DYE 

INCLUSION COMPLEXES A T VARIOUS TEMPERATURES 

T 
K 

283 
288 
293 
298 

288 
293 
298 
303 
308 

* d 
mmol/dm3 

AeXlO"4 

(mmol/dm3) -1 cm-1 

a-CD-2 systema) 

0.762 
0.917 
1.08 
1.25 

£-CD-l 
0.320 
0.360 
0.397 
0.457 
0.491 

systemb) 

3.95 
3.93 
3.90 
3.88 

0.773 
0.763 
0.740 
0.723 
0.684 

a) p H 1.2, 7C = 0.50 mol/dm3 , and ^ = 507 nm. 
b) p H 6.4, 7C=0.05 mol/dm3 , and ^ = 4 8 5 n m . 
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Determination of Thermodynamic Parameters for the Association 
of CD with ROH. The K& values were determined at 
10, 15, 20, and 25 °C for a-CD-ROH systems and at 15, 20, 
25, 30, and 35 °C for ß-CD-ROH systems. The method of 
least squares was applied to the relationship between log K& 

and \\T. The values of AH and AS were calculated from 
the slope and the intercept respectively of the straight line 
obtained. The values of Kd and Ae at temperatures used 
for the determination of K& are shown in Table 1. 

Determination of Partition Coefficient of ROH in a Diethyl Ether-
Water System. A proper amount of ROH was added to 
a mixture of diethyl ether (5 cm3) and water (5 cm3). The 
resulting mixture was vigorously shaken in a constant-tem­
perature bath at 25 CC for ca. 1—2 min and was then allowed 
to stand in the bath. The aliquots of diethyl ether and 
aqueous solutions were analyzed by gas chromatography to 
determine the concentrations of ROH in diethyl ether (ce) 
and in water (*w). The partition coefficient (Pe) of ROH 
was evaluated as the mean of the values of cjcw determined 
at five or more different amounts of the added ROH. The 
standard errors of log Pe were less than 0.04 except for the 
case of methanol, where it was 0.08. 

R e s u l t s 

Table 2 shows the values of log Ka for each C D - R O H 
system, log P e for R O H in a diethyl ether-water 
system, and a few related parameters for each R O H . 
The number of R O H examined is thirty-four, involving 
twenty-seven saturated aliphatic R O H ' s , five alicyclic 
R O H ' s , and two aromatic R O H ' s . Among the saturated 
aliphatic R O H ' s , twelve are primary, nine, secondary, 
and six, tertiary. All the structural isomers are involved 
among them with regard to saturated aliphatic mono-
functional R O H ' s containing less than five carbon atoms 
in a molecule. Table 3 shows the thermodynamic 
parameters determined for the association of several 
R O H ' s with C D . 

D i s c u s s i o n 

Three characteristic relationships were recognized 
between the structure and log Ka for the examined 

TABLE 2. THE VALUES OF log K&, log Pe, log P0 , E3, AND V (25 °G) 

No. ROH 

1 Methanol 
2 Ethanol 
3 1-Propanol 
4 2-Propanol 
5 1-Butanol 
6 2-Methyl-l-propanol 
7 2-Butanol 
8 2-Methyl-2-propanol 
9 1-Pentanol 

10 2-Methyl-l-butanol 
11 3-Methyl-1 -butanol 
12 2,2-Dimethyl-1 -propanol 
13 2-Pentanol 
14 3-Pentanol 
15 3-Methyl-2-butanol 
16 2-Methyl-2-butanol 
17 1-Hexanol 
18 2-Hexanol 
19 4-Methyl-2-pentanol 
20 3,3-Dimethyl-2-butanol 
21 2-Methyl-2-pentanol 
22 3-Methyl-3-pentanol 
23 1-Heptanol 
24 2-Methyl-2-hexanol 
25 3-Ethyl-3-pentanol 
26 1-Octanol 
27 2-Octanol 
28 Cyclobutanol 
29 Cyclopentanol 
30 Cyclohexanol 
31 Cycloheptanol 
32 Cyclooctanol 
33 Benzyl alcohol 
34 2-Phenylethanol 

log^a 

a-CD 
_ - 0 . 0 3 

0.75 
1.37 
0.69 
1.95 
1.44 
1.42 
0.64 
2.51 
2.04 
1.87 
1.47 
2.13 
1.94 
1.27 
1.53 
2.95 
2.55 
1.72 
1.30 

3.36 

3.80 
3.15 
1.59 
1.66 
1.81 
1.90 
2.25 
1.33 

ß-CD 

- 0 . 4 9 
- 0 . 0 3 

0.57 
0.58 
1.22 
1.62 
1.19 
1.68 

1.80 
2.08 
2.25 
2.76 
1.49 
1.35 

1.92 
1.91 
2.34 
1.98 
2.04 
2.75 
1.99 
2.15 
2.85 
2.33 
2.28 
3.17 
3.13 
1.18 
2.08 
2.70 
3.23 
3.30 
1.70 
2.15 

logPe 

- 1 . 1 5 
- 0 . 5 0 
- 0 . 0 2 
- 0 . 1 8 

0.61 
0.65 
0.41 
0.09 
1.20 
1.13 
1.19 
1.21 
0.89 
0.96 
0.94 
0.64 
1.80 
1.58 
1.47 
1.56 
1.16 
1.10 
2.40 
1.79 
1.63 
2.91 
2.87 
0.18 
0.74 
0.95 
1.22 
1.70 
0.96 
1.18 

log P0
a ) 

- 0 . 8 2 
- 0 . 3 2 

0.34 
0.06 
0.88 
0.83 
0.61 
0.37 
1.40 

1.16 
1.36 
1.34 
1.37 

0.89 
2.03 

2.41 

3.15 

1.23 

1.10 
1.30 

£sb) 

öToo 
- 0 . 0 7 
- 0 . 3 6 
- 0 . 4 7 
- 0 . 3 9 
- 0 . 9 3 
- 1 . 1 3 
- 1 . 5 4 

- 0 . 4 0 

- 0 . 3 5 
- 1 . 7 4 

- 0 . 3 3 

- 0 . 0 6 
- 0 . 5 1 
- 0 . 7 9 
- 1 . 1 0 

- 0 . 3 8 
- 0 . 3 8 

vc) 

(K52 
0.56 
0.68 
0.76 
0.68 
0.98 
1.02 
1.24 
0.68 
1.00 
0.68 
1.34 

0.73 

0.73 

0.68 

0.87 

0.70 
0.70 

a) Ref. 27. b) Ref. 38. c) Ref. 39. 
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TABLE 3. THERMODYNAMIC PARAMETERS FOR THE ASSOCIATION OF CD 

WITH R O H IN AN AQUEOUS SOLUTION AT 2 5 ° C 

ROH AG 
kj mol-1 

a-CD 

AH 
kj mol-1 

AS 
J mol-1 K 1 

AG 
kj mol"1 

£-CD 

AH AS 
kj mol-1 J mol-1 K 1 

1-Butanol 
1-Pentanol 
1-Hexanol 
2,2-Dimethyl-1 -propanol 
Cyclohexanol 

- 1 1 . 1 
- 1 4 . 3 
- 1 6 . 8 

- 8 . 4 
- 1 0 . 3 

- 1 2 
- 1 6 
- 1 9 
- 1 2 
- 1 4 

- 2 
- 5 
- 8 

- 1 2 
- 1 4 

- 7 . 0 
- 1 0 . 3 
- 1 3 . 3 
- 1 5 . 5 
- 1 5 . 3 

2.9 
4.6 
0.4 

- 8 . 8 
- 1 0 . 0 

33 
50 
46 
21 
17 

R O H ' s by a direct comparison of the data in Table 2 
with one another. 

1) The values of Ka for C D - R O H adducts change 
with a change in the structure of R O H to a great extent 
(from - 0 . 0 3 to 3.80 and from - 0 . 4 9 to 3.30 for a- and 
/?-CD systems respectively). This fact suggests that 
neither hydrogen bonding nor the relief of conforma­
tional strain energy of CD is of pr imary importance in 
stabilizing an inclusion complex between CD and R O H , 
since these binding forces have been regarded as either 
weak2) or virtually constant 5

21~24) independent of the 
structure of a guest molecule, in an aqueous solution. 

2) A considerably high positive correlation exists 
between the observed log Ka and log Pe values. Thus , 
for a-CD systems; 

logXa = 0.83 l o g P e + 1.00, (8) 

n = 29, r=0.895, and s=0.38l, 

and for ß-CD systems ; 

logXa = 0.901ogPe + 0.98, (9) 

H=34, r=0 .871 , and j=0 .441 , 

where n, r, and s are the number of data , a correlation 
coefficient, and the standard deviation of residuals 
respectively. These observations indicate that hydro­
phobic interactions play a significantly important role 
in the complexation. 

3) Virtually half of the examined R O H ' s associate 
with a-CD more strongly than with ß-CD, while the 
others are reverse. The log Ka values for a-CD com­
plexes with the following R O H ' s are larger, by 0.5 or 
more, than those for the corresponding ß-CD complexes : 
Ethanol, 1-propanol, 1-butanol, 1-, 2-, and 3-pentanols, 
1- and 2-hexanols, 1-heptanol, and 1-octanol. All of 
these R O H ' s contain a straight-chain alkyl group. O n 
the other hand, the following R O H ' s associate with 
ß-CD more strongly than with a-CD by 0.5 or more in 
log Ka: 2-Methyl-2-propanol, 2,2-dimethyl-l-propanol, 
3-methyl-2-butanol, 3,3-dimethyl-2-butanol, cyclo­
hexanol, cycloheptanol, and cyclooctanol. All of these 
R O H ' s contain a bulky alkyl group. I t is interesting 
to compare data for the structural isomers of 1-pentanol 
and 2,2-dimethyl-l-propanol with each other. The 
log Pe values for the isomers are 1.20 and 1.21, being 
virtually equal to each other. Nevertheless, the log Ka 

value for a a-CD-1-pentanol adduct (2.51) is larger 
than that for a a-CD-2,2-dimethyl-l -propanol adduct 
(1.47) by more than unity, whereas the log Ka value 
for a /?-CD-1-pentanol adduct (1.80) is smaller than 
that for a /?-CD-2,2-dimethyl-l-propanol adduct (2.76) 

by nearly unity. These observations indicate that not 
only hydrophobic interactions but also the bulkiness of a 
guest molecule relative to the size of the CD cavity 
affects on the stability of a C D - R O H adduct . It seems 
that straight-chain alkanols with rod-like structure are 
closely fitted to the relatively small a-CD cavity, whereas 
they are too small in size to be in close contact with the 
relatively large cavity of ß-CD. O n the other hand, 
bulky or globular molecules, such as multi-branched 
alkanols and cycloalkanols, may be too large in size 
to be included deeply within the a-CD cavity, while 
they may be closely fitted to the ß-CD cavity. In this 
connection, it is interesting that the log Ka value for a 
/?-CD-3-ethyl-3-pentanol adduct (2.28) is significantly 
smaller than that for the corresponding straight-chain 
isomer (1-heptanol) system (2.85). In this case, the 
guest molecule is so large in size that it may be difficult 
even for ß-CD to include deeply the guest within the 
cavity. T h e above presumptions were substantiated by 
an examination with the Corey-Pauling-Koltum molec­
ular models, too. Thus, R O H ' s in a-CD- 1-pentanol and 
/?-CD-2,2-dimethyl-l -propanol adducts are readily 
inserted into the bottom of the corresponding CD 
cavity to come into close contact with the C-5 hydrogens 
which locate at the bottom-half of the CD cavity. O n 
the other hand, R O H ' s in <*-CD-2,2-dimethyl-l-
propanol and /?-CD-3-ethyl-3-pentanol adducts are only 
able to be inserted into the top-half of the corresponding 
CD cavity not or hardly to come into contact with the 
C-5 hydrogens. Taking into account the fact that the 
C P K models are constructed on the basis of van der 
Waals radii of atoms, we may say that van der Waals 
interactions also significantly contribute to the com­
plexation of CD with R O H . 

Correlation between log Ka and log Pe. In order to 
learn the implication of the results in Table 2 more 
closely, the correlation between log Ka and log Pe 

was examined either graphically or by regression 
analysis. The partition coefficient of an organic com­
pound in an apolar solvent-water system is a practical 
and reasonable index of the hydrophobicity of the 
compound.2 5 - 3 1) Although 1-octanol is ordinarily used 
as an apolar solvent,27»30) diethyl ether was used in the 
present study, since a number of ethereal oxygens are 
aligned within the CD cavity to give an ether-like 
atmospher.10) However, it was found that a good 
linear correlationship exists between the observed Pe 

and the partition coefficient (P0) in a 1-octanol-water 
system for twenty R O H ' s thus far reported. 
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logPe = ( 1 . 0 3 ± 0 . 0 3 ) l o g P 0 - (0.26±0.04), (10) 

« = 20, r = 0.993, and j=0 .115 . 

A similar equation has been reported by Leo et al.21) 

for a variety of organic compounds including R O H ' s : 

logPe = (1.13+0.04) l o g P 0 - (0.17+0.05), (11) 

« = 71, r = 0.988, and ^=0.186. 

Accordingly, no difference may arise in conclusion 
whether log P e or log P 0 is used as an index of the 
hydrophobicity of R O H . 

Regression analysis of log P e for twenty-seven acyclic 
alkanols examined showed that the following equation 
holds for with a very high multiple correlation 
coefficient : 

logPe = - 1 . 7 2 + 0 .58 iV- 0.226* - 0.61 T, (12) 

« = 27, r = 0.998, and ^=0.061, 

where N is the number of carbon atoms contained in 
R O H , S and T, indicator variables which are equal 
to zero or unity. If the R O H is primary, S=T=0; 
if secondary, S=l and T=0; if tertiary, S=0 and T= 
1. Equation 12 indicates that log P e of R O H is virtually 
defined only by the number of carbon atoms in R O H 
and the class of the R O H . 

/ & À 
£j y*'23 

- 2 I 1 « 1 1 1 
- 2 - 1 0 1 2 3 

logPe 
Fig. 2. Plots of log K& vs. log Pe for CH3(CH2)nOH 

( » = 0 - 7 ) . 
O - a - C D system; 0 : ß-CD system. 
The solid and dashed lines were obtained by the 
application of the least squares method to the set of 
data for «=0—4 and «=4—7 respectively. Numbers 
shown refer to the numbers in the first column of 
Table 2. 

Figure 2 shows the plot of log Ka vs. log P e for C D - 1 -
alkanol systems. Both the plots for a- and ß-CD systems 
gave approximately straight lines with a slope of ca. 
unity. For the a-CD system, 

logXa = 0 .921ogP e + 1.25, (13) 

« = 8, r = 0.994, and j=0 .153 , 

and for the ß-CD system, 

logXa = 0.941ogPe + 0.58, (14) 

« = 8, r=0.998, and s=0.099. 

However, it was recognized in each system that a 
refractive point does exist around the point correspond­
ing to 1-pentanol and the plots for the higher alkanols 
tend to locate below a straight line drawn through the 
plots for the lower alkanols. The solid and dashed lines 
in Fig. 2 were obtained by the application of the least 
squares method to the sets of data from methanol to 
1-pentanol and from 1-pentanol to 1-octanol respec­
tively. Taking into account the depth of the CD cavity 
(ca. 7 Â2)) together with the mean length of an aliphatic 
C-C bond (1.537 Â37)), we can presume that the whole 
molecule of 1-butanol or even 1-pentanol is completely 
included within the CD cavity, while a part of the 
molecule of 1-hexanol or higher alkanols is protruded 
from the CD cavity to a bulk solution. In the case of 
the latter, interactions between CD and R O H may be 
lowered either by the incomplete liberation of iceberg 
water18) or water cluster19) around the apolar alkyl chain 
of R O H upon inclusion or by the incomplete van der 
Waals contact of the alkyl group with the CD cavity. 

It is also evident from Fig. 2 that each 1-alkanol 
associates with a-CD more strongly by a factor of 6—7 
than with ß -CD. Although p H and Ic of solutions used 
are different between a- and ß-CD systems for the sake 
of experimental convenience (cf. Experimental), such 
difference may have no or little effect on the value of 
log Ka, since both of CD and R O H are neutral molec­
ules. The difference in log Ka between a- and ß-CD 
systems might be attr ibuted to the difference either in 
size or, if any, in hydrophobicity between the a- and 
ß-CD cavities. However, no evidence has ever been 
offered for a postulate that the hydrophobicity of the 
a-CD cavity is greater than that of the ß-CD cavity. 
The solubility of a-CD in water is rather 8 times that 
of ß-CD.1) Thus, it is unlikely that the a-CD cavity 
is more hydrophobic than the ß-CD cavity to cause the 
difference in log Ka between a- and ß-CD systems. It 
is much reasonable to consider that a-CD includes 1-
alkanol in closer contact with each other than ß-CD 
does. According to Bergeron and Meely,20) the relief 
of high-energy water molecules in the inclusion process 
of CD is substantiated by the fact that a number of 
organic molecules associate with ß-CD more strongly 
than with a-CD. However, the reverse is true for the 
present CD-I-alkanol systems, indicating that the 
basis given by them is not always general. 

Figures 3 and 4 show the plots of log Ka vs. log P e 

for branched or cyclic R O H - C D systems. Both of the 
plots for the a- and ß-CD systems showed considerable 
scatter in contrast to the plots for 1-alkanol systems. 
However, a remarkable trend was found by comparing 
both plots with each other. Most of the plots for a a-CD 
system (Fig. 3) locate below the straight line obtained 
by the regression analysis of the data for a tf-CD-1-
alkanol system (Eq. 13), while those for a ß-CD system 
(Fig. 4) locate above the straight line given by Eq. 14. 
This observation shows that it is general for a bulky 
R O H to associate with a-CD less strongly and with 
ß-CD more strongly than a rod-like 1-alkanol if the 
log P e values are the same. 

An interesting indication is afforded by the plots of 
log Ke vs. log P e for cycloalkanols shown by solid circles 
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logPe 
Fig. 3. Plots oflog K&vs. log Pe for complexes of a-CD 

with branched ROH's (O) and cycloalkanols ( £ ) . The 
solid line was given by the plots for a a-CD-1-alkanol 
system. Numbers shown refer to the numbers in the 
first column of Table 2. 
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Fig. 4. Plots of log K& vs. log Pe for complexes of ß-CD 

with branched ROH's (O) and cycloalkanols ( £ ) . 
The solid line was given by the plots for a ß-CD-l-
alkanol system. Numbers shown refer to the numbers 
in the first column of Table 2. 

in Figs. 3 and 4. In the case of a a-CD system, a plot 
for cyclobutanol locates slightly above the straight line 
for a 1-alkanol system. As the size of the cycloalkanol 
ring increases, the plot comes to locate below the line 
and the difference between them increases. O n the 
other hand, each plot for a /?-CD-cycloalkanol system 
locate above the straight line for 1-alkanols. The 
difference between them increases with increasing size 
of the cycloalkanol r ing. The maximum difference is 
attained at the plot for cycloheptanol and the difference 
for cyclooctanol is significantly smaller than that for 
cycloheptanol. These results suggest that the a- and 
ß-CD cavities are large in size enough to come into the 

closest contact with cyclobutanol and cycloheptanol 
respectively. 

Polarizability, molar refraction ( M R ) , Taft's steric 
substituent constant (£s),38) and the v parameter given 
by Gharton39) are frequently used for a comparative 
index of molecular bulkiness in the quantitative study of 
structure-activity relationship. Among them, the first 
two were not suitable for the present study, since they 
vary markedly with a change in the number of carbon 
atoms in molecule but slightly with a change in structure 
among isomers. In contrast, the values of Es and v 
for structural isomers are significantly different from 
one another, so that the possibility is present that either 
Es or v is accessible for the index of molecular bulkiness 
in the present case. A correlation analysis for R O H ' s 
with the known values of Es and v (Table 2) gave 
Eqs. 15—18. For a a-CD system, 

logK, = 0.92 logPe + 0A2ES + 1.24, (15) 

n=\7, r=0 .953 , and ^=0.271, 

logK&= 0 . 9 5 1 o g P e - O.881, + 1.67, (16) 

n=\7, r = 0.968, and ^=0.269, 

and for a ß- CD system, 

\ogK& = 0 . 9 7 1 o g P e - 0.65£s + 0.60, (17) 

n=\8, r= 0.938, and s=0.383, 

logXa = 0.91 l o g P e + 1.36» - 0.17, (18) 

n=18, r = 0.962, and ^=0.296. 

The results of the F- and t-tests showed that all of 
Eqs. 15—18 are reliable with a 9 5 % level of confidence, 
although the values for r and s indicate that v is some­
what preferred to Es as an index of molecular bulkiness. 
In each equation, the dependence of log Ka on log Pe 

was virtually constant (0.91—0.97) and equal to those 
for 1-alkanol systems (0.92—0.94, cf., Eqs. 13 and 14). 
O n the other hand, the dependence of log Ka on either 
Es or v was remarkably different between a- and ß-CD 
systems: The coefficient of Es was positive in sign for a 
a-CD system and negative for a /?-CD system, while 
the reverse is true for the coefficients of v. These clear-
cut differences in sign between a- and ß-CD systems 
reflect the fact that a bulky R O H is subject to van 
der Waals repulsion by the a-CD cavity and to van der 
Waals attraction by the ß-CD cavity. 

Thermodynamic Parameters for CD-ROH Systems. 
The above presumptions on the driving forces of 
inclusion were substantiated by the determination of 
thermodynamic parameters, AH and AS, for the 
association of CD with R O H (Table 3). I t is very 
interesting that both of AH and AS for ß-CD- 1-alkanol 
systems are positive. This fact indicates that the com-
plexation is not governed by enthalpy but by entropy. 
It has rarely been reported that the inclusion process 
of CD is accompanied by a positive entropy change. 
Only a tf-CD-1-adamantanecarboxylate system, 
reported by Komiyama and Bender,17) falls under 
this category. Among the binding forces proposed for 
the inclusion phenomena of CD, only hydrophobic 
interactions are governed by entropy. Thus , it is 
obvious that hydrophobic interactions play a primary 
role in the complexation of ß-CD with 1-alkanols. 



2814 Yoshihisa MATSUI and Kazuo MOCHIDA [Vol. 52, No. 10 

As the bulkiness of R O H increases, the AH term 
becomes negative and the contribution of AS to the 
binding becomes low even in the case of a ß-CD system. 
Such a change may be at tr ibuted to an increase in 
contribution of van der Waals interactions ( A / / < 0 , 
A £ < 0 ) to the complexation. 

O n the other hand, both of AH and AS are negative 
in the case of a-CD-1-alkanol systems, where it was 
suggested that the contribution of van der Waals 
interactions is very large. A decrease in the stability 
of a : -CD-ROH adducts with an increase in bulkiness 
of R O H is mainly caused by a marked decrease in 
contribution of the AH term to the complexation. 
Komiyama and Bender17) have also suggested that the 
contribution of the AH term to complexation is very 
little compared with that of the AS term in the com­
plexation of bulky 1-adamantanecarboxylate with a-CD. 

In conclusion, it was shown that hydrophobic and 
van der Waals interactions are of pr imary importance 
in the inclusion process of C D - R O H systems. Among 
them, the latter is preferential for tf-CD-1-alkanol 
adducts and the former for /?-CD-l-alkanol adducts. 
As the bulkiness of R O H increases, the stability of «-CD 
adducts decreases owing to van der Waals repulsion, 
while that of ß-CD adducts increases owing to the 
at tainment of the close van der Waals contact of R O H 
with the ß-CD cavity. The present conclusion is very 
similar to that given by Tabushi et al.lz) by means of 
theoretical calculation. 

The authors are indebted to Miss Mutsuko Kanzaki 
for her help in making some of the measurements. 
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Structure and Pt-H Coupling in the Binuclear Platinum Complex 
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The NMR analysis on the olefinic protons of the binuclear complex Pt2[(C6H5GH=GH)2GO]3 was conducted 
on the deuteriated compounds Pt2[(C6D5CH=CH)2CO]3, Pt2[(G6D5GD=GH)2GO]3, and Pt2[(G6D5CH=GD)2GO]3. 
Examination of the various 1H NMR parameters revealed the individual characteristics of the six coordinated 
olefins of three dibenzylideneacetone ligands with respect to the metal-olefin bonding and coordination geometry. 
The three ligands which triply bridge the two Pt atoms are composed of one s-cis,cis ligand which is distant from 
the Pt atoms and of two s-cis,trans ligands which are close to the Pt atoms. Asymmetry in the coordination, which 
is caused by the gliding of the olefinic double bond to the metal atom, becomes greater as the olefinic moiety ap­
proaches the metal atom more closely. The major transmission route of the Pt-olefinic proton coupling is attrib­
utable to metal to olefin jr-back bonding. 

s/ppm 
Fig. 1. 1H NMR spectra of Pt2[(C6D5CH=CH)9CO]3 

(A), Pt2[(G6D5CD=GH)2GO]3 (B), and Pt2[(G6D5GH= 
GD)2GO]3 (G) recorded in GDG13 at 25 °G. In B 
and G, a—f denote the proton signals of the respec­
tive olefins and the arrows indicate the satellites due 
to the 195Pt couplings of the olefinic protons. 

TABLE 1. 1H NMR PARAMETERS OF THE OLEFINIC 

PROTONS OF dba IN Pt2(dba)3 IN GDG13 AT 25 °G 

The first introduction of the zerovalent Pd complex of 
dibenzylideneacetone (dba), Pd2 (dba) 3 (solvent) (solvent: 
dba, CHClg, CH2C12 , and so on) was made by Ishii's 
group.1) Maitlis ' group2) prepared its Pt analog Pt2-
(dba)g(dba). A novel type of these Pd and Pt complexes, 
which contains a ligand where only the olefïnic portions 
are involved in the bonding to the metals, has attracted 
much interest and has been extensively investigated, 
especially in connection with the reactivity with various 
compounds.3 - 6) For the Pd complex, the X-ray analyses 
on Pd2(dba)3(CHCl3)6> and Pd2(dba)3(CH2Cl2)7>8> have 
been also performed. However, the bonding and struc­
tural studies on Pt 2 (dba) 3 have not been done until now. 

In the preceding paper,9) the ligand conformations 
of Pd 2 (dba) 3 in solution have been clarified by the 1H 
N M R method and have been compared with those in 
crystalline state.6»8) In this study, the treatment estab­
lished with Pd 2 (dba) 3 is applied to evaluate the structure 
of Pt2(dba)3 . O u r continuing interest in the relation 
between N M R parameters and metal-olefin bonding is 
intensified by a new insight into the coordination 
geometry of the olefins in the present complex; we now 
have a suitable model for olefin coordination. 

R e s u l t s and D i s c u s s i o n 

The XH N M R spectra of the olefinic protons in the 
deuteriated Pt 2 (dba) 3 compounds, Pt 2[(C 6D 5CH=CH) 2-
CO] 3 , P t 2 [ (C 6D 5CD=CH) 2CO] 3 , and Pt2[(C6D5CH= 

3, are shown in Figs. 1-A, B, and C, respec­
tively. These spectra exhibit some additional absorptions 
due to the couplings of the olefinic protons with the 
195Pt isotope (natural abundance 3 4 % ) . The chemical 
shift ÔA of the olefinic proton on the carbonyl side (HA) 
and the chemical shift ôB of the olefinic proton on the 
phenyl side (HB) were exactly determined from each 
main peak in the spectra of Figs. 1-B and C, respectively. 
Further analysis was conducted by spin decoupling 
in the spectrum of Fig. 1-A, to find the pairs of HA 

and HB in trans position of the olefinic moieties and 
hence to determine the olefinic coupling constant JAB. 
Thus the spectrum was found to consist of six AB 
quartet patterns with at tendant 195Pt satellites. The 
JAB, ÔA, and ôB values together with the internal shift 
<5AB(=(5B—ÔA) and the mean shift <5 H [=( (5A+(5B) /2] are 

Olefins JAB/HZ <5A/ppm <5B/ppm <5AB/ppm <WPPm 

a 
b 
c 
d 
e 
f 

12.7 
12.7 
10.9 
11.2 
10.9 
11.1 

6.666 
6.357 
4.301 
4.000 
4.704 
4.537 

6.396 
6.278 
5.969 
6.023 
4.905 
4.905 

- 0 . 2 7 0 
- 0 . 0 7 9 

1.668 
2.023 
0.201 
0.368 

6.531 
6.318 
5.135 
5.012 
4.805 
4.721 

dA and dB : in ppm with tetramethylsilane. 5AB = <5B — dA 

and dn= (<5A+<5B)/2. For free dba (in GDG13 at 25 °G) : 
yAB, 16.0 Hz; dA 7.090; dB 7.750; <5AB, 0.660; and 3H, 
7.420 ppm. 

summarized in Table 1, where the six olefins a to f 
are arranged in the decreased order of <5H (in the 
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increased order of the chemical screening). 
The 195Pt coupling with HA (yPt-A) and that with 

HB C/PI-B) were definitely determined10) from the 
separation of the two satellites which are symmetrically 
disposed on either side of each main signal in the spectra 
of Figs. 1-B and C, respectively. But for the couplings 
with HB 's of olefins e and f a definitive assignment was 
difficult, because of an identity of the chemical shifts 
of the respective protons. Table 2 lists the coupling 
constants JPt-A and JFt-B, together with their average 
Jpt-H[=(ypt-A+ypt-B) /2] and difference yPt_A>B( = 

JPt -A— jP t -B j ' 

T A B L E 2. 195 Pt-OLEFiNic PROTON COUPLINGS IN 

Pt2(dba)3 IN GDGI3 AT 25 °C 

Olefins yPt»A/Hz 

a 53.7 
b 48.3 
c 43.9 
d 50.8 

e 84.0 

f 87.9 

yPt_B/Hz 

49.3 
56.6 
65.4 
63.8 
43.0 0 

(32.2) 
32.2 a ) 

(43.0) 

7pt-H/H z 

51.5 
52.5 
54.7 
57.3 
63.5 

(58.1) 
60.1 

(65.5) 

7pt-A,B/Hz 

4.4 
- 8 . 3 

- 2 1 . 5 
- 1 3 . 0 

41.0 
(51.8) 
55.7 

(44.9) 

a) The coupling of HB's of olefins e and f were not 
determined (see text). 

Bonding Nature. The chemical shifts ôK
9s for all 

the olefinic portions move to the high field side and the 
coupling constants ^AB'S are reduced as a consequence 
of direct coordination of the olefinic double bond to the 
Pt atom. However, the degrees of the up field shift 
(A<5H) and of the reduction of the coupling (AJAB) from 
âK and JAB of free dba allow us to divide the six olefinic 
moieties into two groups: the two olefins a and b 
have AJAB of 3.3 Hz and A<5H of about 1.0 ppm, and 
for the remaining four, c—f, AyAB and AôK lie in the 
narrow range of 4.8—5.1 Hz and 2.3—2.7 ppm. When 
we recall9) that both the parameters directly reflect the 
strength of metal-olefin jr-bonding which is controlled 
mainly by the distance from each olefin to the metal 
atom, the above fact leads us to state that olefins a and 
b with the smaller AJ^ and A<5H> are weaker in the 
TT-bonding and are more distant from the Pt a tom than 
the other four. 

The average values of AyAB and AôK in the six 
olefins are 4.4 Hz and 2.00 ppm, respectively. These 
are small compared with the corresponding values 
6 . 1 H z and 3.3 ppm in the zerovalent dba complex 
Pt(PPh3)2(dba).1 1) This can be understood in terms 
of the stabilization effect of the electron donative ligand 
PPh3 , whose the ionization potential is lower than that 
of olefin.12»13) The average values of AyAB and AôK in 
Pt 2 (dba) 3 are larger than those9) of 2.7 Hz and 1.51 
ppm in Pd 2 (dba) 3 . The larger values in Pt 2 (dba) 3 can 
be explained from the view of nd10—wd^fl+ljs1 promo­
tion energies14 '15) of these d10 metals. The above facts 
indicate that in so far as judging from the average 
bonding strength in all the coordinated olefins, the 
binuclear complex is ordinary and to be expected. T h e 
characteristics of the binuclear complex appear in the 

remarkably unbalanced distribution of the bonding 
strength to the chemically equivalent olefins, as appre­
ciated from the A<5H spreading from 0.89 ppm, a popular 
value of the divalent Pt-olefin complexes, to 2.70 ppm, 
a typical value of the zerovalent Pt-olefin complexes.16) 

Ligand Conformation. The six olefinic moieties 
of the three dba ligands can also be classified into two 
distinct groups with respect to the internal shift ôAB: 
the two olefins c and d with ôAB larger than 1.6 ppm 
and the remaining four with ôAB smaller than 0.4 ppm. 
Referring to the definitive relation9»17) between the 
magnitude of ôAB and the conformation of olefinic 
moiety ((5A B^1.0ppm for s-trans form and (5AB<0.4 
ppm for s-cis form), we can assign the olefins c and d 
with the larger ôAB values to be in the s-trans form and 
the olefins a, b , e, and f with the smaller dAB values 
to be in the s-cis form. Another support for the above 
assignment was obtained from the temperature depend­
ence of ôAB (Fig. 2). Raising the temperature from —60 

-60 -40 -20 0 
t/°C 

Fig. 2. Temperature dependence of the internal shift 
(5AB for each olefinic moiety a to f in Pt2(dba)3, 
measured in GDG13. 

to 25 °C the ÔAB values of olefins a and b increased by ca. 
0.1 ppm, while those of olefins c and d decreased by ca. 
0.03 p p m and those of olefins e and f were unchanged. 
The temperature change of ÔAB implies a conformational 
distortion of the ligand in which the s-cis and s-trans 
olefins acquire some s-trans and s-cis characters, respec­
tively. Then, since the ôAB is a minimum in the s-cis 
form and a maximum in the s-trans form,17) the ôAB 

values of s-cis and s-trans olefins should increase and 
decrease, respectively, with a rise of temperature. Thus, 
the preceding assignment for olefins a—d can be 
established. The constancy18) of the ÔAB in the s-cis 
olefins e and f may be due to their diminished thermal 
flexibilities, which are suggested by their stronger 
TT-bonding with the Pt a tom than that of the other 
s-cis olefins. 
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Fig. 3. The high field spectrum of Pt2[(C6D5CD=CH)2-
GO]3 showing the splitting of 1.5 Hz of HA's in olefins 
d and f (A) and the spectrum decoupled by the irradia­
tion of HA of olefin f (B). 

A clue to find the pair of the olefinic moieties which 
constitute one dba ligand was provided by the observa­
tion of the fine splitting (1.5 Hz) of the HA signals in 
olefins d and f (Fig. 3-A) ; decoupling of the HA signal 
showed that these splittings came from the long range 
coupling between the HA 's (Fig. 3-B). This indicates 
that s-cis olefin f and s-trans olefin d are linked to 
constitute the s-cis,trans dba ligand. The remaining 
three s-cis and one s-trans olefins inevitably give one 
s-cis,trans and one s-cis,eis dba . The most probable pair 
yielding another s-cis,trans conformation would be 
olefins c and e, because not only s-trans olefins c and d 
but also s-cis olefins e and f are closely similar to each 
other in all the N M R data gathered in Tables 1, 2, and 
Fig. 2. Thus, third dba ligand with s-cis,eis conformation 
should be composed19) of olefins a and b , which also 
have analogous N M R parameters to justify the combina­
tion. This is the first finding of the s-cis,eis form fixed 
as a ligand, though it is a prevailing conformation17) in 
the free dba. 

Two types of the bonding scheme will be considered 
from the manner where the two s-cis,trans ligands, 
together with the symmetric s-cis,cis ligand, are bridged 
to the two Pt atoms : 

/CIS CtS^ 

Pt—cis-trans—Pt 

Hrans-cis' 

(i) 

/CIS ClS^ 

Pt—cis-trans—Pt 

\cis-transy 

(ii) 

The solid and broken lines denote the strong and weak 
bonds, respectively in the Tr-bonding strength as already 
determined. Scheme I is reasonable if we consider the 
fact that in a crystal8) of Pd2(dba)3(CH2Cl2) the two 
s-eis,trans ligands together with the symmetric s-trans,trans 
ligand are allocated in such a manner as in I . Scheme I 
with the same conformational combination {cis-cis-trans) 
around each metal a tom is also rationalized by the fact 
that the same bonding strength is given for each metal 
a tom; it binds the two of the three olefins strongly and 
the one weakly: this situation is completely comple­
mentary with the situation9) in Pd2(dba)3 , which is 
obtained by substituting the word different instead of 
the same in the above description. It may be reasonable 

to say that the olefin conformations around the metal 
can control the geometry about the metal-olefin bonds 
and hence the bonding strength to the metal. Scheme I I 
is in conflict with the above consideration. 

Pt-H Coupling. As shown in Table 2, the Pt 
couplings with the individual protons (JPt-A and JPt-B) 
distribute in so much large a range, from 32 to 88 Hz, 
as to cover the values16) for various Pt-olefin complexes, 
but the average value of the twelve couplings falls in 56.6 
Hz, a popular value of the Pt-olefinic proton coupling. 
Interestingly, the mean coupling yP t_H keeps an approxi­
mate correlation with the mean shift <5H; as <5H decreases 
with going from olefin a to f, Jpt-n tends to increase. 
This means that the Pt-olefinic proton coupling is 
influenced mainly by the same origin as that in the up 
field shift, i.e. metal to olefin yr-back donation. This 
deduction is easily accepted if one considers20) that in 
zerovalent Pt-olefin complexes the Tr-back bonding 
plays a major role25) in the total Pt-olefin bonding. 
The coupling may be transmitted by a Fermi contact 
mechanism via the o-n mixing26) on the olefinic carbon 
with the strong yr-back bonding. Thus , the P t - H 
coupling increases with an increase of the Tr-back 
donation, closely related to an approach of the olefin 
to the metal a tom. 

Another interesting feature appears in the coupling 
difference JFt-A,B- The absolute value of JPt-A,B also 
correlates roughly with JPt-a and with <5H. The origin of 
the appearance of JFt-A,B must be ascribed to an 
asymmetric coordination owing to the gliding27) of the 
olefinic double bond to the metal a tom: 

HA HA^ 

^H B ^H B 

M 
(I) 

M 
(II) 

Through the gliding, one of the carbons CA and CB 

approaches the metal while the other departs from the 
metal. In the first approximation, it could be said that 
the carbon close to the metal takes the larger Tr-back 
donation and so the proton attached to this carbon 
spin-couples with the metal a tom more strongly. Thus, 
the positive sign of JPI-A,B in olefins a, e, and f can be 
interpreted on the basis of gliding model I , where the 
metal a tom glides toward CA, whereas the negative 
sign in olefins b , c, and d can be interpreted on the 
basis of gliding model I I where the metal atom glides 
toward CB. The magnitude of yPt_A>B can be explained 
in terms of the extent of coordination asymmetry 
coming from the gliding such as exemplified by the 
ratio of the C A -M and C B -M distances. The X-ray 
analysis8) on the analogous compound Pd 2 (dba) 3 has 
clarified the existence of the glidings shown in I and I I . 
Eventually, the correlation between J W - H and JPt-A,B 
in P t 2 (dba) 3 indicates that the closer the olefinic moiety 
approaches the metal, the greater becomes the asym­
metry in coordination, as expected from the structure 
where the two olefinic moieties of dba ligand bridge 
the two metal atoms. 
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E x p e r i m e n t a l 

Materials. The binuclear Pt complex Pt 2 (dba) 3 (dba) 
was synthesized according to the literature.4) Recrystalliza-
tion of the complex in GHG13 gave deep purple solids with 
the formula Pt 2 (dba) 3 (GHGl 3 ) , where an involvement of the 
solvent molecule was found by mass and elemental analyses. 
P t 2 [ (C 6 D 5 CH=CH) 2 CO] 3 (CHCl 3 ) , P t 2 [ (C 6 D 5 CD=CH) 2 CO] 3 -
(CHC18), and Pt 2 [ (G 6 D 5 CH=GD) 2 CO] 3 (CHCl 3 ) were pre­
pared by the above procedure using the respective deuteriated 
dba.17> 

XH NMR Measurements. The XH N M R spectra of the 
deuteriated complexes in GDG13 were recorded through a 
number of pat tern accumulations by a J E O L PS-PFT/EG 
100 pulsed Fourier transform system. This system overcame 
the low solubility of the binuclear complex. T h e measuring 
conditions were the same as those stated in the preceding 
paper.9) 
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Wurster's Blue cation radical, which is composed of TMPD cation and BF4 anion moieties, was prepared 
and its magnetic properties were examined. The cation radical shows similar magnetic behavior to that of the 
TMPD-GIO4 cation radical, but there is a slight perturbation when changing the counteranions from perchlorate 
to tetrafluoroborate. A phase transition takes place at 190.5 K, which is attributable to a dimerization involving 
a small molecular displacement in the crystal lattice. These phenomena are discussed using the magnetic suscep­
tibility data, thermal study, and ESR observations due to triplet exciton. The magnetic data are described by 
comparison with Wurster's Blue perchlorate cation radical. 

The phase transition of i\f,iV,iV'/,iV'/-tetramethyl-/>-
phenylenediamine (TMPD) perchlorate has been 
studied extensively. The cation radical called Wurster 's 
Blue perchlorate experiences the first-order phase 
transition at about 190 K, as was ascertained from 
magnetic susceptibilities,1-2) heat capacity,3) electron 
spin resonance,4) nuclear magnetic resonance,5) and 
crystal structure determinations.6) The nature of the 
phase transition was discussed previously.7) Some of the 
anion radicals composed of tetracyanoquinodimethane 
(TCNQ,)8) and several kinds of neutral radicals9) also 
exhibit magnetic phase transition; the former undergo 
first-order transitions and the latter second-order. O n 
the other hand, Wurster 's Blue iodide (TMPD-I) is 
paramagnetic from room temperature till liquid nitrogen 
temperature and no phase transition has been observed 
in this temperature range.10) In the case of donor and 
acceptor complexes of T M P D , there exist both dia-
magnetic and paramagnetic species. For instance, the 
complex compounds of T M P D with chloranil and 
bromanil are almost diamagnetic, while T M P D -
iodanil compound is weakly paramagnetic.11) T C N Q 
salt with T M P D , which is also one of the donor and 
acceptor complexes, shows a weak paramagnetism; 
there is a thermally accessible triplet state lying above 
a singlet ground state with an energy separation AE= 
0.075 eV.12) Thus, the magnetic properties of the 
cation radical of T M P D vary with counteranions. 

Hunig has pointed out a two-step redox system for 
the stable radical ions of nitrogen-containing aromatic 
molecules.13) According to the fundamental work of 
Michaelis, the three oxidation levels are called "reduced 
form," "semiquinone," and "oxidized form."14) Among 
these oxidation levels "semiquinone" has one unpaired 
electron in each molecule. Hunig isolated the above-
mentioned three types of compounds with a careful 
choice of counteranions (perchlorate or tetrafluoro­
borate).15) Thus, it might be an interesting problem 
to see the influence of tetrafluoroborate anion moiety 
upon magnetic interactions between unpaired electrons 
of T M P D cation moiety. After a successful a t tempt 
to prepare Wurster's Blue tetrafluoroborate, its magnetic 
properties were made clear and discussions on the 
magnetic phase transition were made in comparison 
with Wurster's Blue perchlorate. 

E x p e r i m e n t a l 

A detailed description of the apparatus and experimental 
techniques used in this experiment was published previously.16) 
Only a brief comment will be given here. The diamagnetic 
contribution was calculated from Pascal's constants to be 
—153 X 10-6 emu/mol, on the assumption that diamagnetism 
of BF4~ is — 32 X 10-6 emu/mol. This contribution is a little 
larger than that of TMPD-CIO4 obtained by Michaelis et 
al.,17) — 138x 10-6 emu/mol, in spite of the minor difference 
between the presumed diamagnetic susceptibilities of BF4~ 
and G104~ anion moieties. As a paramagnetic susceptibility 
standard, we used the 4-methyl derivative of 4-hydroxy-
2,2,6,6-tetramethylpiperidine-l-oxyl (TANOL), which con­
forms to the Curie law from room temperature down to 
1.8 K.18> The differential scanning calorimeter was a con­
ventional one, Perkin-Elmer DSG-1. We made a temperature 
calibration using hexane and chloroform. 

Samples were prepared following the procedure of Michaelis 
and Granick,17) with a slight modification as required. One 
gram of iV,iV,iV'/,iV'Metramethyl-/>-phenylenediamine, prepared 
by the method of Cox et #/.,19> was dissolved in a mixed solution 
of 18 ml water and 24 ml methanol containing 9 g of sodium 
tetrafluoroborate. It was cooled to —10 °C, then 32 ml of 
0.252 mol kg - 1 aqueous bromine solution was added drop-
wise. The crystals were filtered, washed several times with 
small portions of ice-cold methanol, then abundantly with 
dry ether. The yield of TMPD-BF4 melting at 126—127 °G 
(dec) after recrystallization from methanol was 0.8 g (52%). 
The crystals have a brownish purple metallic luster. Chemical 
analysis gave 6.64% (H), 47.85% (C), and 11.12% (N), which 
is to be compared with calculated values of G1UH1UN2BF1 : 6.42 
% (H), 47.82% (C), and 11.16% (N). 

R e s u l t s 

Figure 1 shows the magnetic susceptibility versus 
temperature curve, in which one can recognize a sharp 
peak around 190 K. Upon lowering the temperature, 
the susceptibility drops steeply and then decreases 
gradually. This behavior is quite similar to that of 
T M P D - C I O 4 salt. In order to compare the magnetic 
behavior between Wurster 's Blue tetrafluoroborate and 
perchlorate salts we also carried out a susceptibility 
measurement on the perchlorate salt as shown in Fig. 2, 
although many investigations have already been 
published.1 - 2) I t should be noted here that some of the 
differences are found in the maximum value of magnetic 
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TMPD-BF4 

Fig. 1. Magnetic susceptibility versus temperature curve 
of TMPD-BF4 cation radical. 
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Fig. 2. Magnetic susceptibility versus temperature curves 
of TMPD-BF4 and -C104 cation radicals below the 
transition temperatures. 

TABLE 1. MAGNETIC SUSCEPTIBILITY RESULTS AND 

TRANSITION TEMPERATURE 

7 a) T IK AY a) v a) 

A m a x Â m a x / 1 1 ^ A t r A77 
TJK 

TMPD-
BF4 

TMPD-
ciod 

16.0 

16.8 

15.8 
14.5 

191 

190 

186 
189 

3.1 

2.8 

0.8 
1.4 

3.1 0.82 190.5b) P r e s e n t 

work 

2.00 190 

186 
189 

Present 
work 
Duffy1' 
Okumura2) 

a) X 10"4 emu/mol. b) The transition temperature 
was determined from thermal studies. 

0.5 K 
Fig. 3. Differential scanning calorimetry. The tempera­

ture was gradually elevated from right to left. The 
temperature difference was calibrated by the melting 
points of hexane and chloroform. 

susceptibility (z m a x ) , in the temperature where the 
susceptibility takes its maximum value (Tmax), and 
in the temperature dependence of the susceptibility 
below Tn The former two characteristics are sum­
marized in Table 1 and the latter is depicted in Fig. 2. 

According to the thermal study using the differential 
scanning calorimeter (DSC), endothermic or extho-
thermic behavior was observed with T M P D - B F 4 at a 
slightly higher temperature than with T M P D - C 1 0 4 . 
The temperature difference was found to be 0.5 K, as 

TMPD-BF4 

TMPD-CIO4 

100 G 

Fig. 4. Polycrystalline ESR spectra at 77 K. The triplet 
excitons can be clearly observed in TMPD-BF4 (A), 
while the fine structure in TMPD-ClOj is exchange-
narrowed because of the fast motion of triplet excitons 
(B and G). The field modulation was 1 G in A and B 
and 10 G in C. 
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shown in Fig. 3. The abscissa is a temperature scale, 
but only the difference between the peaks was calibrated 
using the standard materials described in the experi­
mental section. 

Electron spin resonance was observed at room 
temperature and at liquid nitrogen temperature in 
order to obtain information on the phase transition. 
The polycrystalline spectrum at 77 K is given in Fig. 4. 
This is characteristic of triplet exciton spectrum of 
polycrystalline samples.20) A single crystal study of this 
exciton in T M P D - C 1 0 4 has been reported elsewhere.4) 
The powder pattern of T M P D - C 1 0 4 at 77 K is also 
drawn in Fig. 4 for comparison. The ESR data are 
tabulated in Table 2. 

TABLE 2. ESR RESULTS AND ZERO FIELD SPLITTING 

PARAMETERS 

£-valuea) Linewidth/Ga) E/G D/G 

" " T M P D - ~ B F 7 2.00325 2 J 6 4 73TÖ 0 
TMPD-C104 2.00325 2.68 75.7b) 0b) 

a) At room temperature, b) Réf. 4. 

D i s c u s s i o n 

The magnetic behavior of Wurster 's Blue tetra-
fluoroborate and that of perchlorate salts above the 
transition temperature are identical, as seen from 
Tables 1 and 2. The ESR g-values and linewidths at 
room temperature show the same experimental values. 
The magnetic susceptibility also shows the same tempera­
ture variation, as far as we could determine, al though 
Duffy1) and Okumura2) have published smaller values 
in TMPD-CIO4 . These facts indicate that the crystal 
structure of T M P D - B F 4 may have the same molecular 
packing of T M P D cations as that of T M P D - C 1 0 4 salt 
along the a-axis.6) 

The magnetic susceptibilities of T M P D - B F 4 and 
- C 1 0 4 salts start to deviate from each other in the 
vicinity of the transition temperature and then exhibit 
sharp decreases at 191 and 190 K, respectively. The 
decreases (Ax t r) at these temperatures are steeper than 
those published previously for T M P D - C 1 0 4 salt (see 
Table 1). The discontinuity comes from cooperative 
phenomena of a first-order nature, as suggested in 
T M P D - C 1 0 4 , so that the above fact may be concerned 
with the degree of purification of the crystals. In fact, 
Okumura reported 8 1 % radical contribution due to a 
deterioration of the crystal. O n the other hand, Duffy 
observed 9 4 % radical concentration calculated from the 
Curie constant. However, both their room temperature 
susceptibilities show nearly the same value, 10.5 X 10~4 

emu/mol. 

T M P D - B F 4 salt also experiences a magnetic phase 
transition accompanied by a crystal distortion. The 
proposed model in T M P D - C 1 0 4 salt is that there is a 
strongly alternating antiferromagnet and a regular 
antiferromagnet in the low and high temperature 
phases, respectively.21) This is caused by a dimerization 
of T M P D cation molecules in the crystal. This may 
be also true in T M P D - B F 4 and can be ascertained 
partly from the low temperature ESR study which 

indicates the presence of triplet excitons. 
The transition temperature of T M P D - C 1 0 4 salt has 

been reported by many investigators: 186 K (Duffy),1) 
189 K (Okumura),2) and 189.9 K (Chihara et a/.).3) In 
our study a good agreement with a precise heat capacity 
measurement by Chihara et al. was obtained in T M P D -
C10 4 . However, the DSC study gave 0.5 K difference 
between the transition temperatures of BF4 and C10 4 

salts, so that we concluded that the transition tempera­
ture of T M P D - B F 4 is 190.5 K in spite of the suscep­
tibility maximum at 191 K. This is partly because we 
believe the experimental errors in the heat capacity and 
DSC measurements are smaller than those in the 
susceptibility measurement. The error found in the 
susceptibility is at most 0.5 K . 

The magnetic susceptibilities below the transition 
temperature are different, as is shown in Fig. 2. This 
means that, al though both of the cation radicals have 
dimerized structures which form a strongly alternating 
antiferromagnet, the triplet exciton density in T M P D -
BF4 is much smaller at a given temperature than that of 
T M P D - C 1 0 4 . This fact suggests that the observation 
of triplet exciton spectra of T M P D - B F 4 may be possible 
at a higher temperature region, because one can observe 
fine-structure due to triplet entities in ESR measure­
ments at a relatively low triplet density.22) In fact, 
we were able to observe clearly the fine-structure of 
triplet excitons in T M P D - B F 4 at 77 K, while in the 
case of T M P D - C 1 0 4 the spectrum at 77 K shown in 
Fig. 4 was an exchange-narrowed one with a feeble 
indication of triplet excitons around the strong absorp­
tion. At 77 K the exchange interactions between 
triplet excitons are not small enough to be neglected 
in the case of T M P D - C 1 0 4 salt. McConnell et al fi 
noted that they have seen clear exciton paramagnetic 
resonance spectra in polycrystalline samples of T M P D -
C10 4 at 50 K. The spectra in Fig. 4 can be accounted 
for by the spin Hamil tonian : 

#> = DS* + E(SX*-S7*)9 

where Sx, Sy9 and Sz are the components of spins in 
the direction of the principal fine structure axes, and 
D and E are zero-field splitting parameters. The 
spectral analysis implies the vanishing of D as in the 
case of T M P D - C 1 0 4 salt.4) The spectral separation 
between the two side-absorptions was 219.1 G, leading 
to | £ | = 73'.0G for T M P D - B F 4 , while | £ | = 7 5 . 7 G for 
T M P D - C 1 0 4 . These facts give microscopic evidence 
for a dimerization of T M P D cations below the transition 
temperature. In order to obtain the principal coor­
dinates of dipolar interactions, however, more detailed 
experiments using single crystals must be performed. 

A comparison of the ionic radii of BF4 and CIO4 
suggests that tetrafluoroborate anions have a smaller 
ionic radius. However, the conjecture that both of the 
crystals have the same structure in the high tempera­
ture region is reasonable if we take into account that 
there are no significant differences in the magnetic 
properties. O n the contrary, in the low temperature 
phase, the smaller anion moiety makes it easier for the 
T M P D cations to get nearer. Therefore, the presump­
tion that the molecular displacement of T M P D cations 
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of BF4 salt at the transition temperature may be larger 
explains the larger A%tr and smaller susceptibility 
values, that is, the larger antiferromagnetic interactions 
at or below Ttr. In this context, the triplet interaction 
parameters, D and E, are also dependent on the distance 
between the dimerized molecules. Since D and E are 
inversely proportional to the third power of distance, 
the shorter the distance between T M P D cations, the 
larger the D and E values. However, BF4 salt has a 
smaller E value, 73.0 G, than that of 75.7 G for C10 4 

salt. This is because the D and E values also depend 
on the molecular symmetry around the pairing axis. 
The most perfect vanishing of the D value is also 
explainable by the molecular conformation.4) 

In conclusion, the cation radical T M P D - B F 4 experi­
ences a phase transition of the first-order at 190.5 K. 
This transition may be accompanied by a dimerization 
of T M P D cation molecules, as proposed in the case of 
T M P D - C 1 0 4 salt. T h e magnetic susceptibility measure­
ments, thermal calorimetry, and ESR observations 
support these conclusions. Observation of the triplet 
excitons at the low temperature phase supports the 
strongly alternating antiferromagnetic interaction. The 
magnetic properties of the two cation radicals, T M P D -
BF4 and - C 1 0 4 , are almost identical. The few discre­
pancies might be due to the ionic radii of the anions, 
BF4 and CIO4 and this influence should be clarified 
by X-ray crystal analysis. 
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The linear response polarizability theory of the spectral bandshapes is applied to the numerical analysis of 
the U V, ORD, and CD spectra of the DNA-Acridine Orange complex by using various models of conformation. 
In all calculations, we make use of an infinite orders approximation for the intermonomer electronic interaction, 
since convergence of the Dyson-type series for the polymer polarizability tensor sometimes becomes seriously slow, 
in particular in such case that the transition moments of a constituent monomer such as Acridine Orange are quite 
large. It is found that among the various outside-stacking models, a dimer-pairs repeating sequence model newly 
proposed leads to reasonable results for the UV, ORD, and CD spectral bandshapes. 

The binding of dye molecules to some species of 
macro-biomolecules exhibits metachromasy, i.e., appre­
ciable change in the U V absorption spectra of the 
dye molecules. Such formation of molecular complexes 
often accompanies the extrinsically induced Cotton 
effect which usually appears in the corresponding U V 
absorption region of the dye. For instance, the interac­
tion of nucleic acids with acridine dyes is the case for 
this phenomena. The spectral profiles for the U V , 
O R D , and CD bands of the DNA-dye and/or RNA-dye 
complexes remarkably change depending upon the 
several binding modes of the dyes to the polymers, 
which have specifically been discussed in terms of the 
phosphate/dye (=PjD) ratio in the literature. I t is a 
hard task to analyze these profiles in detail, since there 
is a difficulty in properly assuming the definite models 
of conformation for such complicated molecular com­
plexes. Nevertheless, there have been published several 
investigations on the bandshapes of biopolymer-dye 
complexes.1-7) 

In order to elucidate the spectral profiles, there have 
been mainly two models proposed; one is the outside-
stacking model of dyes bound weakly to the phosphate 
groups corresponding to the case P/Z)«*l, and the other 
is the intercalation model in which monomeric dyes are 
strongly penetrated between the base-pairs correspond­
ing to the case P / Z ) > 1 . In opposition to this, there is a 
finding that the latter model is good enough even for 
the low P\D ratio, for example P/Z)=4.8) If we can 
clarify further detail of the bandshapes for these models 
in terms of Green's function method, some useful 
information which we might have discarded up to now 
will be expected to become available for the determina­
tion of unknown structures of biopolymer-dye 
complexes, including the mutual geometries among dyes 
and the binding sites of dyes. This paper is a mere trial 
but the first at tempt to attain this a im. In our method, 
dye molecules play a roll as kinds of probes to see the 
structures of macromolecules in the bandshape analysis. 
In order to provide a theoretical foundation for analyzing 
these bandshapes of molecular complexes, we firstly 
need to prepare such a theoretical tool that is capable 
of being satisfactorily checked with a model polymer 
of known structure. 

Recently, we have presented the linear response 
theory of the U V , O R D , and CD bandshapes for 
homopolymer systems9-12) which has satisfactorily, to 

some extent, been applied to polyadenylic acid to which 
an X-ray analysis da tum is available. By applying this 
theory to various models of the DNA-Acridine Orange 
(AO) complex, we compute the U V , O R D , and CD 
bandshapes in order for seeking possibilities of a further 
detailed analysis for such a complicated system. 

Bas ic F o r m u l a s for C o m p u t i n g the 
UV, O R D , a n d CD Curves 

The basic formulas necessary for the calculations of 
the U V, O R D , and CD bandshapes are collected below : 

(+) 
-(v+v^-i^)-1^ 0) 

(+) 
+ î}«%(ï)-VmrCLf(v)-Vln-ay(v) - ..., (2) 

( + ) 

ß(v) = ( l / 12 )SI ] r m n . «n (*0 = • ) , (5) 

m n 

e xyz = exzy = e zxy = ezyx eyzx e yxz * ' \P) 

e(u) = + (8^ A /2302.6)P[ i \Ti f ]2( l /3)Tr <,,(*), 
/ \ m n 

(I mol"1 cm"1), (7) 
[$(1,)] = + 288jt2NAv2[N-1Re ß(v)], 

( - ) 
(deg cnrVdmol-1), (8) 

[6{v)] = + 28Sn2Njp*[N-1Im ß{V)], 

(deg crnVdmol"1). (9) 

The notations and units used above are just the same 
as those of our previous paper.12) /*0\(m)/*A0

(m) 1S a dyadic 
product of the transition moment between the Ath excited 
state and the ground state of the mth monomer. T o 
avoid confusion in the formulations which have appeared 
in the literature on this subject, it seems well to comment 
upon the sign convention. Depending upon the defini­
tion for the monomer polarizability tensor a™, that is, 
either the minus or the plus signs before Eq. 1, the 
upper or the lower (parenthesized) signs in Eqs. 2, 7, 8, 
and 9 appear respectively. Although we have chosen 
the plus sign before Eq. 1 in our previous papers, the 
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minus sign in Eq. 1 is rather recommended because it is 
the customarily used definition. Another reason is 
that if we choose the minus sign in Eq. 1 the plus and 
the minus signs appear alternately in the expansion 
formula (Eq. 2) derived perturbatively from the classical 
electromagnetic theory,13»14) Note that in the literature 
we sometimes find the opposite sign convention for 
Umn

lb) which leads to Eq. 2 with all the plus signs even 
by using the conventional definition (minus) for Eq. 1. 

Let us consider a biopolymer-dye complex in which 
the dyes are regularly arrayed and bound to the biopo-
lymer one way or another. I t is now assumed that 
experimentally and/or theoretically we will be able to 
know the monomer polarizability tensor a^n(v) for the 
mth constituent dye chromophore bound to the biopo-
lymer. Then , we can derive the matrix element of the 
polarizability tensor cx^n(v) for the biopolymer-dye 
complex, by using hypothetically a Dyson-type equation 
(Eq. 2). In Eq. 2, the interactions among the dyes and 
the macromolecular skeleton are neglected for simplicity. 
Actually, this means that the macromolecule-dye 
complex could be approximated as a polymer (JV-mer) 
of aggregated dyes, in so far as we are concerned with 
the specific wavelength region of our interest. 

From Eq. 2, we can calculate the U V absorbance 
e(v) and the optical rotatory parameter ß{y).14) Different 
from our previous paper,12) let us relate ß(y) of Eq. 5 
with the familiar scalar triple product vmn*pffi X pxP: 

ß(v) = ( l /12)UXS]( r m n ) , l ]2 ]« P i J "«^a 
m n k t j 

= - (i/i2)XEEEE(r™)*(«S(*0 -oSÎW)» 
m n %. j^k 

= ~ ( l / 1 2 ) Ï Ë k , : ymn : 2mJ > (10) 

where the symbol ( ) k denotes the Â:th component of 
the vector and i,j,k=x,y,z. Equation 10 is a working 
formula for the evaluation of /?(?), with simultaneous 
use of Eq. 2. 

O n the other hand, if we formally assume the polymer 
polarizability tensor as 

( + ) 

- ( f + iÇo-Mtf)-1], (H) 

Eq. 10 leads to the familiar formula for describing 
optical rotat ion: 

/ i \ m n k 

-(*+v*0-iVl)-i], (12) 

which indicates the conformat ional^ induced exciton-
type optical rotation. However, Eq . 12 contains 
unknown quantities relating to the polymer and can 
not be practically used for the evaluation of ß{?). 
Instead, going back to Eq. 5, we can derive the following 
equation to a first order approximation with respect to 
U m w i n E q . 2 : 

ß(P) = ( l / 1 2 ) S S r w n . [ a ^ ) : e - ( a ^ ) . U m n . a ^ « ) : e ] 
m n I I \ 

(_l_ \ m n k % 3 

/ I \ m n X i' 

X (rmn.^?X t&imP-fffl + iyï»)-1 

~(V + ̂ S° - «?$m)) _1] [ (0 - V?o + tyP) _1 

-(v + vW-W)-1]. (13) 

Equation 13 does not contain any unknown polymer 
parameter and is found to be quite similar to the 
equations derived by Applequist14) and Kirkwood 
et al.16>17) Equations 12 and 1.3 are exactly the same 
formulas from a viewpoint of a first order approxima­
tion. However, we can preferentially make use of 
Eq. 13 when we wish to take higher order terms into 
account. For example, replacing Umn in Eq. 13 with 

+ H S U m r « r - U ! s - a « . U s n + - , (14) 
l S 

we can to infinite order approximation describe ß(v) in 
terms of a sum of the product of the scalar triplet 
product rmn*[L™X[Lyl and the intermonomer interac­
tion / # > •U m M .^o ) . 

Infinite O r d e r s A p p r o x i m a t i o n for the 
P o l y m e r Polar izabi l i ty T e n s o r 

In a previous calculation of the bandshapes of 
polyadenylic acid,12) we took into account Eq. 2 up to 
the second order terms with respect to Umn. However, 
the expansion series of Eq. 2 very slowly converge in the 
case that chromophores have large transition moments, 
so that we must include higher order terms in Eq. 2 
for the present calculation of the D N A - A O complex. 
It may rather be clever to choose the following com­
putational scheme which involves the intermonomer 
interactions Umn to infinite orders, since such a calcula­
tion in the expanded form of power series becomes 
time-consuming due to the increase in the number of 
overlappings of the DO loops in a computer program. 

If we follow the upper sign convention in Eqs. 1, 2, 
7, 8, and 9, Eq. 2 reduces to 

•»** = ( l + a ^ U ) - 1 ^ 

a^-U21 •••aMJ2 1 

IN 

where 
L«5f-uN 

l = 

<CUN 

ap ü ••• ü 

0 aS1 0 

LO O.-aJfJ 

" 1 0 0" 

0 1 0 

0 0 1 _ 

, 0 = 

"0 0 0" 

0 0 0 

0 0 0_ 

(15) 

(16) 

The tensor components of the 3 x 3 matrix for cx^(v) are 
given as 

< ' ( ? ) = Re<->(*0 + i l m < ' ( ? ) , (ij = x,y, z), (17) 

and we finally obtain 
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+ ^ ) 2 ] " 1 - ( ^ + ^ ) [ ( ^ + ^ ) ) 2 + ^ m ) 2 ] " 1 } J (18) 

+ ^ m ) 2 ] " 1 + ^ [ ( ^ + ^ ) ) 2 + ^ m ) 2 ] " 1 } . (19) 

Being utilized the subroutine to compute the inverse 
of the 3Nx3N complex matrix, the matrix elements 
amn(?) can easily be obtained, and then the three 
bandshape functions for the molar absorptivity (Eq. 7), 
molar rotation (Eq. 8), and molar ellipticity (Eq. 9) 
are computed by making use of Eqs. 10 and 15. 

Specif ication o f M o d e l s and 
Computa t iona l P r o c e d u r e s 

As shown in Fig. 1, we assume such a regular model 
that the dyes are helically aggregated on the sites of the 
polymer skeleton. Here, the Cartesian coordinate is 
taken along the radial (r), tangential (t), and vertical 
(z) directions of the first dye monomer site considered. 
By doing so, we can relate the non-interacting monomer 
polarizability tensor of the mth site, a%(v), with that 
of the first site, a?(P) : 

where 

a ï W = R [ + ( m - l ) f l . a ? W . R [ - ( m - l ) ^ ] 

= R z [ - ( m - l ) ^ ] . a ^ ~ ) . R z [ + ( m - l ) 0 ] , (20) 

{COS0 — sin0 0 \ 

sin0 cos0 0 . (21) 

0 0 1 / 
For instance, if we put the first dye on the r',£'-plane 
determined by the parameters of angles such as 0°, 
tilt°, and twist0 as depicted in Fig. 1, the components 
of the transition moment j>i$ in the Cartesian coordinate 
are given by 

(= x = tilt axis) 

• I t i l t l 

t ( = twist axis // y) 

Fig. 1. A model of the Acridine Orange polymer helically 
stacked on the one-strand of DNA-AO complex and 
its geometrical parameters. 

~cos (+ \twist\) 

0 

_sin (+ \twist\) 

1 0 

X 

Rt(+\twist\)>Rr,(-\titl\) 
" l#oV]r'l 

[tôïL- I 

- sin ( + | twist | ) "] 

0 

cos ( + I twist | ) J 

0 cos(-|*i7*|) sin {-\tilt\) \j#?\t\ (22) 

[ 0 - s i n ( - \tilt\) cos {-\tilt\) J |_ M V L J 

By defining the plus sign of the angles counter-clockwise, 
we can write more generally 

'fogflr] 
[pSilt = R.t[-\twist\-sgn(twist)]-

L fogfl. J 

L triSV 
Thus, we can compute the bandshapes by making use 
of Eqs. 7, 8, and 9 for either the outside-stacking or the 
intercalation model by changing the parameters (a, <f>, 
pitch, 0, tilt, twist) as illustrated in Fig. 1. 

Wi th the scope of outside-binding models, we newly 
propose a dimerpairs repeating sequence model illus­
trated in Fig. 2. Looking at this model, every dye is 

Rr,[— \tilt\-sgn(tilt)] (23) 

pi tch' = 3 .4 A 

pitch 

t i l t a x i s > •• 

Fig. 2. A dimer-pairs repeating sequence model [(dye)2]# 
for DNA-AO complex and its geometrical parameters. 
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found to be arrayed on the site of the same strand. 
However, if we change our views just for the computa­
tional convenience, we can readily regard this single-
stranded polymer of the dyes as the double-stranded one, 
i.e., one strand consisting of the dyes shown with the 
dotted line and another strand building from the dyes 
drawn with the solid line. This may be the special 
case of the double-stranded model shown in Fig. 1 of 
our previous paper.12) In Table 1, the double-stranded 
D N A - A O polymer model presented by Tinoco et A/.1) is 
described by the parameters assigned in Fig. 2. Corre­
sponding to Eq. 20 which defines the polarizability 
tensor of the mth monomer, the polarizability tensor of 
the m'th monomer can be obtained by a simple rotation 
from the position m, being assumed the geometry of the 
double-stranded D N A - A O complex, so as to satisfy 

a - « = R ( y ) . « S ( P ) . R ( - y ) , 

(mf = opposite site of m), (24) 

and the position vectors are given by 

vm — a cos (nuj>)i + a sin {rrup)\ + n pitch k, 

rm. = a cos (m0 + y)i + a sin (m0 + y)j 

+ (n pitch + pitch')k. 

R e s u l t s a n d D i s c u s s i o n 

(25) 

(26) 

The spectroscopic parameters of the monomer dye, 
Acridine Orange, necessary for the calculations of the 
U V, O R D , and CD bandshapes of the polymer complex 
are experimentally determined as given in Table 1. In 
Table 2 are listed the various models assumed for the 
D N A - A O complex and the parameters describing the 
corresponding models. The results of model calculations 

TABLE 1. SPECTROSCOPIC PARAMETERS FOR THE ACRIDINE 

ORANGE MONOMER TAKEN FROM THE 

EXPERIMENTAL DATA a) 

Energy 

eV 

Oscillator 
strength 

Ao 

Damping 
factor10 

eV 

Polarization 
direction of 
transition 
moment 

2.504 
3.806 
4.166 
4.563 

0.570 
0.420 
0.920 
0.676 

0.09540 
0.15475 
0.16297 
0.23062 

long-axis 
long-axis 
long-axis 
short-axis 

a) From Ref. 20. b) Estimated from Eq. 27 of Ref. 12. 

are given through Fig. 3 to Fig. 10. In what follows, 
we are concerned specifically with the visible region 
of the whole bandshapes obtained. Tentatively, we 
assume that the dyes helically aggregate as if they were 
tilted and twisted in their molecular planes (see Fig. 1), 
with the parameters which are quite similar to the base 
parameters of the B-DNA geometry; i.e. tilt=2.l°, 
twist =—4.9°, a (variable in Â) . Incidentally, the model 
presented by Tinoco et aL1) corresponds to tilt=0.0°, 
twist=0.0°, a= 12.68 Â. The assumption above implies 
that the molecular planes of the bound dyes are almost 
vertical to the helical axis of DNA, and in fact this 
nearly vertical orientation has experimentally been 
suggested.19) I t was shown in the study of polyadenylic 
acid12) that the tilt and twist of the chromophores in the 
polymer system give rise to a large effect in the spectral 
bandshapes. We do not enter into the effect of tilting 
and twisting of the dyes beyond that, since there are 
some other unknown factors with regard to the para­
meters describing the D N A - A O complex. 

TABLE 2. VARIOUS MODELS FOR THE DNA-AO COMPLEX AND FIGURE INDEX 

Fig* Models 
No. 1V1UUC1;> 

Single-stranded 
3 intercalation80 

5-mer 
Single-stranded 

A outside-stacking 
iV-mer 

( # = 2 , 3 , 5 , 11) 

5 5-mer 

6 Dimer 
7 5-mer 
8 5-mer 

Double-stranded 
9 outside-stackingb) 

5-mer 
Outside-stacking 
iV-dimer-pairs 

10 repeating sequence0 

(Dye)a 

[(Dye)J 

a 

X 
4.00 

12.68 

12.68 
13.50 
14.50 
12.68 
12.68 
12.68 

12.68 

12.68 
12.68 

tilt 
degree 

2.1 

2.1 

2.1 

2.1 
2.1 
2.1 

0.0 

2.1 
2.1 

twist 
degree 

- 4 . 9 

- 4 . 9 

- 4 . 9 

- 4 . 9 
- 4 . 9 
- 4 . 9 

0.0 

- 4 . 9 
- 4 . 9 

0 
degree 

72 

36 

36 

36 
36 
36 

36 

108 
108 

pitch 

6.80 

3.40 

3.40 

3.40 
3.40 
3.40 

3.40 

10.20 
10.20 

pitch' 

2.72 

- 3 . 4 0 
- 3 . 4 0 

y 
degree 

- 1 1 7 . 6 

- 2 6 . 5 d ) 

- 2 6 . 5 d ) 

e 
degree 

36 
40 
45 

52 

90 

40, 50, 60, 90 
0, 35, 50, 55, 90 

49,50,51,52,53,-54,55 

90 

55,60 
45, 55, 60 

a) From Ref. 6. b) From Ref. 1. c) This model may be regarded as a single-stranded polymer of dyes rather 
than the double-stranded one. d) From the outside-stacking model proposed by Obendorf et al. (a —6 Â, 0 = 
26.5°,/>*M=4Â).21) 
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A/min 

Fig. 3. The ORD (top), CD (middle), and UV (bottom) 
bandshapes for the intercalation model (see Table 2). 
Me in the bottom shows the UV absorption spectrum 
of the AO monomer through Fig. 3 to Fig. 10. 

Intercalation Model. Let us assume a simple 
model that the dyes are penetrated between every two 
base-pairs and constitute the single-stranded pentamer 
(5-mer) of the dyes as given in Table 2. This corre­
sponds to the intercalation model for P/D=4:—5. The 
spectral profiles computed with this model are shown 
in Fig. 3. In the visible region of the O R D and CD 
curves computed for the 0 = 4 0 ° model (see Fig. 1), we 
obtain the bandshapes having reasonable peaks and 
troughs in their spectral intensities in comparison with 
the curves of P/D = 5 observed by Yamaoka and 
Resnik.18) The first (longest wavelength) U V band 
computed shows only a minor blue shift and a slight 
decrease of intensity, even if whatever values are given 
for 0. Since the chain-length effect in the bandshapes 
is small even if we take N to be larger than 5 for the 
outside-stacking model (see below), qualitative feature 
to be obtained for the JV>5 cases of the intercalation 
model might not be much different from Fig. 3 . In 
short, in so far as the O R D and CD curves for low 
P/D ratios are concerned, the adequacy of this model is 
numerically proved. I t seems that the feature of the 
first U V band observed for P/D = 5 can qualitatively be 
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reproduced for the specific 0-value (0=40°) , though 
there still remains dissatisfaction about the intensity 
of the first U V band. 

Outside-stacking Models. Chain-length (N) Effect 
and Radius (a)-Dependence of the ORD, CD, and UV 
Bandshapes: In Fig. 4, we investigated the chain-length 
effect of the bandshapes for the parameter N=2, 3, 5, 
11 in the single-stranded models, fixing 0 = 52°, which 
reproduces appropriately the O R D and CD curves. 
We found a tendency such that the computed curves 
for the N=8—11 models converge to certain shapes 
(approximately to that of the N=5 model). Therefore, 
for saving computational time, we carried out the 
model calculations of the D N A - A O complex only with 
the N=2 and N=5 species. 

Wi th a fixed 0-value 0 = 9 0 ° , the dependence of the 
bandshapes for the single-stranded models upon the 
value of the radius, a= 12.68, 13.5, and 14.5 Â, was 
examined as shown in Fig. 5. When we fix the para­
meters except the position of the binding site (a), and 

make the value of \a\ larger by degrees, the inter-
monomer interaction UOTW between the dyes becomes 
small, so that the O R D and CD curves decrease their 

170 230 290 350 410 470 530 590 

A/nm 

Fig. 4. The chain-length dependence (N=2, 3, 5, 11) 
of the ORD (top), CD (middle), and UV (bottom) 
bandshapes of the single-stranded outside-stacking 
iV-mer model (see Table 2). 
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170 230 290 350 410 470 530 590 

A/nm 

Fig. 5. Dependence of the ORD (top), CD (middle), 
and UV (bottom) bandshapes of the single-stranded 
outside-stacking 5-mer model (see Table 2) on the 
radius (a) of the helix. 

intensities with the increase of \a\ while the first U V 
band hardly change its peak and intensity. It is thus 
difficult to consider the possibility that the dyes will 
bind to the sites inside beyong the limit of 12.68 Â. 
For instance, in the stacking model presented by 

Obendorf et al.,21) the binding site was set to be \a\ = 
6 Â and other parameters adopted were quite similar 
to our values. From Fig. 5, it is predicted that their 
model is indisputably denied. 

Single-Stranded Dimer Model: From comparison of 
Figs. 4, 6, 7, and 8 it can be concluded that the qualita­
tive feature of the U V , O R D , and CD bandshapes 
computed for the dimer does not very much change 
even for the N^>3 polymers. In other words, the 
qualitative feature of these bandshapes in the visible 
region is mainly determined by the nearest neighbor 
interactions of the dyes with the intermonomer distance 
nearly equal to 3 . 4 Â . This suggestion also coincides 
with the experimental conclusion for the complexes 
of the low PjD ratios that the main binding species are 
dimeric molecules bound to the outside sites, while for 
those of P / D > 1 , it is usually accepted that the main 
binding species are monomeric. From our calculation, 

we have confidence in suggesting a model such that 
not the monomeric but the dimeric dyes are sparsely 
dispersed on the binding sites. If this assumption is 
correct, such a dimer model flexibly applies to the cases 
for PjD^\ as well as P / Z ) > 1 . However, if this dimeric 
model is denied for P /Z )>1 , we must consider that the 
optical activity may be induced not only by the local 
steric interaction between the monomeric dye and the 
base-pair (i.e., conformational^ induced optical 
activity), but also by the interaction between the dye 
and the sugar phosphate groups (i.e., the intrinsic 
optical activity induced by the assymmetric environ­
ments). This monomeric binding is certainly the 
consensus ascertained experimentally for PjD^>\. We 
do not carry out possible model calculations taking 
account of such effects, since there is no definite experi­
mental da tum in the shorter wavelength region available. 

In Fig. 6, the model calculation for 0 = 9 0 ° gives the 
reasonable blue shift and intensity descent in the first 
U V band which are comparable to the bandshapes 
experimentally observed for P/D=2—5.18) O n the other 
hand, the calculation for 0 = 50° gives the reasonable 
O R D and CD curves for the corresponding experimental 
curves.18) We could not find out a proper 0-value so as 

— 22 ' ' * *" / i •* i i i i i-J i ' • i i L 
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A/nm 

Fig. 6. The ORD (top), CD (middle), and UV (bottom) 
bandshapes for the outside-stacking dimer model (see 
Table 2). 
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to obtain the agreement of the computed U V , O R D , 
and CD bandshapes with experiments at the same time. 
I t should be noticed that for O°<0<4O° the red shift 
and the intensity ascent are observed in the first U V 
band and that the reversed Cotton effect and the red 
shift in the O R D and CD bands come to be large. 
Such bandshapes computed happen to correspond to 
the experimental ones for PjD^l and may be true if the 
species of the dimeric dyes are dispersedly bound to 
DNA. However, we must not forget that depending 
upon the experimental condition the reversed Cotton 
effect can be seen even for P/Z)^l . 6 ' 2 2 ) 

Single- and Double-Stranded 5-mer Models: As will be 
expected from the discussion of the chain-length effect, 
we obtain almost the same results in Fig. 7 as those in 
Fig. 6. The model calculation for 0 = 90° (the radial 
orientation of the long axis of the dye molecule) gives 
the reasonable blue shift and intensity descent which 
are comparable with the first U V band observed for the 
low PjD ratios, but the O R D and CD curves computed 
are too intense in comparison with the experimental 
ones. Our previous study20) on the shift of the U V 
band suggested the radial orientation, but found that 

and UV bottom) bandshapes for the outside-stacking 
5-mer model (see Table 2) on the twisting angle (0) 
of the short axis of the AO dye from the radial direc­
tion of the helix. 

although the qualitative feature of the bandshapes is 
satisfied,5) the O R D curves computed are extraordinarily 
strong in their intensités which may be brought about 

just due to the assumption of a smaller value of |fl| = 

9.1 Â compared with |«| = 12.68 Â, as is readily under­
stood from the present results. O n the other hand, the 
model calculation for 0 = 0° (tangential orientation of 
the long axis) gives a large red shift and a large reversed 
Cotton effect. 

In Fig. 7, it should be noticed that the single-stranded 
models for 0 = 50°—55° give the O R D and CD curves 
comparable for the experimental ones of the low PjD 
ratios, while we have only the imperceptible U V 
intensity descent. When we compute the bandshapes 
in more detail, particularly for 0=49°—55° using the 
same model, we obtain the results as shown in Fig. 8. 
It is interesting to note that drastic changes of the O R D 
and CD curves occur for small changes in the vicinity 
of a specific value 0 = 55°, and that the U V bandshape 
computed changes a little comparing with the experi­
mental U V band. 

By using the model presented by Tinoco et A/.,1) we 
computed the bandshapes for the single- and double-
stranded D N A - A O complexes fixing 0 = 90°, which are 
shown in Fig. 9. In this calculation, we used the spectral 

170 230 290 350 410 470 530 590 

1/nm 

Fig. 8. The selected 0-dependence of the ORD (top), CD 
(middle), and UV (bottom) bandshapes for the single-
stranded outside-stacking 5-mer model (see Table 2). 
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Fig. 9. The ORD (top), CD (middle), and UV (bottom) 
bandshapes for the single-stranded 5-mer model (see 
Table 2) similar to the Tinoco-Woody-Bradley model. 
The S and D denote the single- and double-strands, 
respectively. 
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A/nm 

Fig. 10. The ORD (top), CD (middle), and UV (bottm) 
bandshapes for the one dimer-pair (Dye)2 and/or the 
five dimer-pairs repeating sequence models [(Dye)2]5 

(see Table 2). 

parameters given in Table 1 and the screened potential 
UsTnen = ( l / e ) U ^ e with the dielectric constant £ = 2 . 0 , 
instead of the bare interaction \Jmn=\J^. If we 
assume that the radial orientation (0=90°) of the dyes 
is experimentally correct, the discrepancy mentioned 
about Figs. 7 and 8 is found to be overcome in Fig. 9 
by the inclusion of the dielectric screening effect and 
the dye-dye interaction between the double strands. 
However, e is simply the parameter assumed tentatively 
and it may be difficult to choose the value which has a 
real physical meaning. We notice in Fig. 9 that the 
qualitative feature of the bandshapes for the single-
stranded polymer is not definitely changed by allowing 
for the dye-dye interaction between the double strands. 
Concerning this model, there also remains dissatisfaction 
with regard to the fact that the extent of the blue shift 
and the intensity descent in the first U V band is small 
compared with the experimental bandshapes for the 
low PjD ratios. 

Dimer-Pairs Repeating Sequence Model: For the dimer 
model mentioned in the previous paragraphs, we 
assume a rather different model as shown in Fig. 2 
and in the bot tom line of Table 2, which we call a 

dimer-pairs repeating sequence model. I t is necessary 
to note that the model drawn in Fig. 2 is a kind of 
visualization of an external association model of dimer 
dyes, i.e., the polymer of the dimer units which was 
used by Imae and Ikeda6) for the calculations of CD 
curves. As shown in Fig. 10, the (Dye)2- and [(Dye)2]5-
models for 0 = 5 5 ° and 66° give the similar bandshapes, 
which are approximately comparable with the U V , 
O R D , and CD bandshapes observed for the low PjD 
ratios. For the models within the range O ° ^ 0 ^ 4 5 ° , the 
reversed Cotton effect can be seen in the visible region, 
and only small intensity increase and red shift in the 
first U V band are observed. 

From the discussions mentioned above, it is found 
that the outside-stacked one dimer-pair model and/or 
the outside-stacked five dimer-pairs repeating sequence 
model is a good example to be able to well predict the 
experimental U V , O R D , and CD bandshapes for the 
low PjD ratios, as far as the models assumed in Table 2 
are concerned. We obtain the reasonable bandshapes 
for the intercalation models of the low PjD ratio {PjD = 
5), but in the present paper we do not consider the 
possible intercalation models for P /Z )>1 . 
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There still remain a lot of problems such as the 
correct assignment of the transition energies and the 
polarization directions of the transitions for the monomer 
dye, the introduction of the bandshape functions 
involving the vibrational levels, and the suitable 
determination of the damping factors ( = /72 ) of the 
monomer band governing the bandshapes of the 
polymer. The study on this line is now in progress. 
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The Mass-transfer Rate through the Liquid-Liquid Interface. VII. 
Diffusion through a Spherical Interface Involving 

the Adsorption-Desorption Process 
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A theoretical formula for the transfer rate of a solute through a spherical interface has been proposed, con­
sidering the adsorption-desorption process and the variation in the amount of adsorption. Computational results 
indicate that, in the usual particle-diameter (radius < 1 mm), the diffusion coefficient has practically no relation 
to the transfer rate in the case of a significant interfacial resistance, such as is observed in the transfer of fatty acids. 
The concentrations of butylamine in the aqueous, continuous phase in a stirred extraction vessel have been predicted. 

In the t reatment of mass transfer through oil-water 
interfaces, the adsorption-desorption process on the 
interface has usually been disregarded in chemical 
engineering practice; that is, the two concentrations in 
both phases next to the interface have been assumed 
to be in equil ibrium. The ground of this disregard of 
the process is supposedly that the transfer rate has not 
physically, but rather formally been treated in terms 
of the ' 'mass-transfer coefficient;" also, that the resistance 
encountered when a solute molecule transfers through an 
oil-water interface has been generally considered to be 
negligible. 

Some authors have studied and investigated, however, 
about the magnitudes of the interfacial resistances; 
their results1"7) indicate that usually the resistance is 
fairly significant. A theoretical formula8) of mass-
transfer rates was derived in the case of linear diffusion 
through the plane interface in a finite composite medium, 
considering the adsorption-desorption process on the 
interface and also the variation in the amount of 
adsorption; the analytical results7) from the observed 
transfer rates of propylamine and butylamine through 
the water-benzene interface using the derived formula 
showed that the activation free energies of desorption 
of the solutes from the interface were about 18 kcalt/mol 
at 50 °C, which agreed with the results4-6) obtained by 
other procedures from the transfer rates of fatty acids 
through oil-water interfaces. 

In an actual and effective operation of the technical 
extraction of substances, the oil-water system is 
composed of a dispersed phase and a continuous phase 
in a stirred vessel or in a dropping tower; the role of 
the interfacial process of transfer may become important 
as the liquid-drop goes to smaller sizes. 

Below we shall treat theoretically, from the above 
point of view, the mass-transfer rates through a spherical 
interface involving the adsorption-desorption process 
and the variation in the amount of adsorption.9) 

T h e o r y 

Modified Fick's diffusion equations for a composite 
spherical system10) are defined by 

du1/dt = D1(d
2u1[dr2), 0^r<Rl9 t > 0 ; (1) 

duJdt = Dz(d2u2ldr*), Rx<r<R2i * > 0 , (2) 

t lkca l=4184J . 

where ux and u2 are related to ci} i=\ or 2, as Ui=rct; 
here, ct is the local concentration of the solute in Phase 
i; D± and D2 are the diffusion coefficients; r is the 
distance from the center of the composite (concentric) 
sphere; / is the time, and Rx and R2 are constants. 

The boundary conditions are represented by 

-D&duJdrVr-iuJr*)} + D2{(du2/dr)/r-(u2/r
2)} 

= r . ( d 0 / d 0 , r = Rl9t>0; (3) 

-*>ii(duJdr)lr-(ujT*)} = k^l-d^Jr-k^d, 

r = R19 * > 0 ; (4) 

D2{(du2ldr)lr-(u2/r*)} = k&2(l-6)u2lr-kd26, 

r = Rl9 C > 0 ; (5) 

Ul = 0, r= 0, * > 0 ; (6) 

u2 = R2c2(0, r = R2, t > 0, (7) 

where r* is the saturated value of the amount of 
adsorption per unit of area of the interface; 0 is the 
fraction of the total interface occupied by adsorbed 
molecules ; kal and ka2 are the rate constants of adsorp­
tion to the interface from Phase 1 and Phase 2 respec­
tively ; kdl and kd2 are the rate constants of desorption 
from the interface to Phase 1 and Phase 2 respectively, 
and c2Ct) is a constant. Equation 3 relates the variation 
in the amount of adsorption to the fluxes, while Eqs. 4 
and 5 give the relation between the adsorption-desorp­
tion mechanism and the fluxes. 

The initial conditions are assumed to be 

«i = w10, 0 < r < Ä 1 3 t = 0; (8) 

u2 = rc2m R1<Cr<R2, t = 0; (9) 

0 = 0O, * = 0 , (10) 

where c10 and 0O are constants as well as c2(0. 
Equations 1—10 are to be solved by means of the 

Laplace transformation; in an extreme case, (R2—R1)—>0 
(then R1=R2=R)) considering a dynamic system such 
as in a stirred vessel, the solution may be expressed as 

'i.i = ( ^ a i ^ r ^ W ^ + (2/r)f]I>-1^ sin (ran) 
71 = 1 

x e x p ( — D ^ H ) ; (11) 

6„ = {kJkAi)c^ + 2(r„Ä)-1S f l _ 1{C1 > tsin (Ran) 
n=l 

+ C2>icos (Äan)}exp (-D^H); (12) 

D = 4>i sin (Ran) + 02 cos (Ran) ; 
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+ { Ä - I ^ Ä - I - ^ ) - r„ - i (^d 1 +^ 2 )}«„ 

- (D.R-^+Ua^; 

»2,t = k*l(c10 + Dl<Xn2Il,Ù ~ hA + ^ t a a . + ^ W - W 

~~ ft<12"0 ! 

^ 1 J a i - 1 » 

I /.ffj + ioo 

h,r+l = -TT-7- C2(0 \ (T^B^-D^-^dd, 
* m J a . - i oo 

where the subscript i designates including perturbation11) 
to the 2th term, provided I10=I2s0=0; c^p) and 0(/>) 
are the image functions corresponding to c^t) and 0(t) 
respectively; here, p is the conversion parameter of the 
Laplace transformation; ±<xn are the roots (generally 
complex) of a in the next equation : 

ax sin (Ra) + a2 cos (Ra) = 0 ; (13) 

Xir^yi-tDiR-i-k^D^; 

a2 = D±V - r.-W^kto + kto). 

The amount of solute in the sphere of Phase 1 on the 

condition that (Ä2
—^i) '~>0 is represented by 

= 4TI\ cx*r 
Jo 

5dr 

= (4/3)^(* a l*d 2)-i* a 2* 
71 = 1 

X {an
_1 sin (Ran) -Rcos {Ran)} exp (-D^H), (14) 

where the superscript* indicates the convergence in the 
progress of the perturbation. 

Let us consider a stirred vessel with a certain volume, 
V, which is filled with Phase 1 (dispersed) and Phase 2 
(continuous), with liquids of Phase 1 and Phase 2 
constantly flowing in and out at the volumetrical rates 
of F1 and F2 respectively; these liquids (solvents) are 
immiscible and dissolved a solute in the initial concent­
rations of c10 and c20 respectively. 

We calculate the concentration, c2(0, of the solute in 
Phase 2 (continuous) in the steady state; the dispersed 
particles are taken to be spheres of complete mixing,12) 
and the distribution of the particle-diameters as well 
as the coalescence and fission of particles are disregarded 
for the sake of simplification. 

The transfer rate of the solute from a sphere of Phase 1 
to Phase 2 that is continuous (we use Eq. 14) is approxi­
mately given as 

v = -dqjdt = STtD^D-^^sin (Ran) - Ran cos (Ran)} 
n = l 

The probability of the residence of a particle in the 
vessel (for complete mixing) may be represented as Z= 

exp(-FtlV), where F=F1-{-F2; the probability density 
of the residence time is given by 

/ ( 0 = d ( l - Z ) / d / = ( F / F ) e x p ( - F / / F ) ; 

so the average rate of transfer may be expressed as 

v = Vvf(t)dt = STtD^F/V^D-^iD^+iF/V)}-1 

Jo n=1 

X {sin (Ran) —Ran cos (Ran)}. 

Considering the mass-balance, we obtain this relation : 
vnV=(c2(0—c20)F2, where n is the number of particles 
per unit volume in the vessel, and after rearranging the 
relation, we may obtain a representation (for 0O=O) of 
the concentration sought as 

C» = ^20 + 6 ^ ( ^ 7 ) ^ I 3 [ ^ l K ) + ^ l « n 2 4 * ^ 2 K ) ] } 
n = l 

x^i-ezMÄvr^K)}"1; (15) 
n = l 

<p2(an) = k&2kdlA; y = F 2 /F i ; 

A = { a ^ s i n (Ran)-R cos (Ran)}{D[D1an
2+ (F'/'V)]}~K 

S o m e C o m p u t a t i o n a l R e s u l t s 

Figure 1 shows the time-dependences of the amount of 
solute in a sphere (where qm is the value in a transfer-
equilibrium), with hypothetical values given to the 
parameters in Eq. 14; Curve a, in the case of an insig­
nificant interfacial resistance ( A F = ¥

d ^ 4 kcal/mol), and 
Curve b (where ^ = ( 5 / 6 ) X 10"5 cm/s; see Appendix), 
in the case of a significant interfacial resistance ( A F * d ^ 
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Fig. 1. Change in the amount of solute in a sphere. 
Z>!= 10"5—10-3 cm2/s; R= 1—0.01 mm. 
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a) The values of kdl, kd2, k&1, and k&2 substituted all the figures 
in the parentheses for ones on the left of the parentheses were 
also examined. 
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16 kcal/mol);5 '7) here, AF#
d l- is the activation free 

energy of desorption from the interface to the ith. phase ; 
the diffusion coefficient, Dl9 was changed at intervals 
from 10~5 to 10~3 cm2/s, and the radius of the sphere, R, 
from 1 to 0.01 mm, in both cases. 

The values of the rate constants of adsorption and 
desorption were given by the following formulas:1) 

k&i = ^(kT/h) exp (-AF\JRT); 

kdi = r^kT/h) exp (-AF^JRT); 

i=\ and 2, where At-(«*10Âtt) i s the length of the 
adsorption pa th from the boundary site of Phase i to 
the interface; A F #

a I is the activation free energy of 
adsorption from Phase i to the interface; k is the 
Boltzmann constant; h is the Planck constant; R is the 
gas constant, and T ( = 300 K) is the absolute tem­
perature. 

The procedure of calculation was as follows. Definite 
values were assigned to Dl9 r«,, R, kal, kdl, and kd2 in 
Eq. 13, and the roots were found; although the roots, 
<xw ( ^ = 1 , 2, •••), were generally complex, they were 
real13) in those cases. 

The values were assigned to Dl9 J1«,, R, kal, ka2, kdl, 
^d2J ci05 c2<o> 0̂5 a n d ans ( ^^20 usually suffices for 
convergence) in Eq. 14, and the amount of solute in the 
sphere, q, was computed as a function of the time, t. 
In those cases, 0^O.OO5<C1, and the q value was 
computed approximately by the zero perturbation 
(substitute clt0 and f0 for cx* and £* in Eq. 14 respec­
tively; see also Eqs. 4 and 5). 

The computational results fell closely near the curves, 
a and b, in Fig. 1, in agreement with the values on the 
curves to the third decimal-digit. This means that , 

in the above ranges of conditions, the q value may be 
expressed approximately by the following sublimate 
relations in the cases of " a n insignificant interfacial 
resistance" and of " a significant interfacial resistance" 
respectively : 

*/*- =/ i ( iV/ t f 2 ) , and q/qm =f2(t/R), 

w h e r e / j a n d / 2 designate functional relations. 
The a curve well fits the next equation14) of no 

interfacial resistance : 

q/q„ = ßn-WiD^W/R - 3DJR* + {12 (^0 1 / 2 / £} 

XSierfc{WjR/(Z)101/2}. 
n = l 

(16) 

This may be an expression of the functional relation, fv 

The b curve indicates that the q value in the case of 
"a significant interfacial resistance" (AF*di*> 16 kcal/ 
mol) has practically no relation to the diffusion coeffi­
cient, Dv This means that the diffusion process in bulk 
phases cannot be the rate-determining step under these 
conditions (see Appendix). 

The a, b , and c curves in Fig. 2 predict the changes 
in the concentration of solute (c2(o) in the continuous 
phase (aqueous) as functions of F/V, as calculated by 
means of Eq. 15 (of / 1 * = / 2 * = 0 ) when a 1 mol/m3 

(c2o) aqueous solution of butylamine and a solvent, 
benzene, was allowed to flow into a stirred vessel in the 
flow ratio y = 5 (water/benzene) at 50 °C, and the 
spherical particles of the dispersed phase had radii (R) 
of exactly 1, 0 .1 , and 0.01 m m respectively; the other 
parameters were set as follows: 2 ^ = 3 . 2 0 6 X 10~5 

cm2/s;15> T œ = 6 . 8 3 X 10"6 mol/m2;18) £ a l = 7 . 8 5 X 103 

cm/s;7) A:a2= 1.089 X l 0 - 4 c m / s ; 7 ) kdl = l mol/cm2 s;7> 
£ d 2 = 5 X 10-9 mol/cm2 s;7> c10=00=0. 

o 

ä o.i 

- 3 - 2 - 1 

logic (FF-Vs-1) 

Fig. 2. FjV Dependence of c2(0. Sample: 1 mol/m3 aqueous solution of butylamine 
and benzene; y (water/benzene) = 5; temperature = 50 °G. a, a': R=l mm; b, b ' : 
£ = 0 . 1 mm; c, c': £=0.01 mm. 

tt 1 Â = 1 0 - I 0 m . 
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The a', b ' , and c' curves in Fig. 2 indicate the relation 
supposing the interfacial resistance was negligible; the 
two parameters were reset as follows: £ a 2 = 2 . 1 7 8 x 104 

cm/s and kd2=l mol/cm2 s. 
An examination of the magnitude of the interfacial 

resistance may be effectively made under the given 
conditions provided the Fj Vratios are set as 0.013, 0.43, 
and 13 s - 1 in experiments with R=l, 0 .1 , and 0.01 m m 
respectively: If the resistance is significant ( A F ¥ ' d 2 = 1 8 
kcal/mol), the c2o values are determined to be 0.96, 
0.98, and 0.99 mol/m3 respectively, while if the resistance 
be negligible, the c2<o values are determined to be 
lower19) than 0.69, 0.66, and 0.65 mol/m3 respectively. 

The author is indebted to Professors Hikoji Inazumi 
and Tadao Shiba of this Institute for their helpful 
discussions concerning this subject. 

Appendix 

When trie transfer resistance in the bulk phases is negligible 
as compared with the interfacial resistance, the next equation 
may be derived as a specific case of Eq. 14, neglecting also 
the variation in the amount of adsorption on the interface:1'3) 

Q = q~ ~ te«,-q0) exp (Skit/R); 

k^k^i + ikjuyi, 
(17) 

where qQ is the initial amount of solute in a sphere and kx 

is the effective rate constant for transferring through the 
interface from Phase 1 to Phase 2. Equation 15 may then 
be simplified as follows : 

6 

5 

4 

3 

2 

1 

0 

- 1 

-

^ ^ ^ ^ 

-

*•**. 

c 

B 

A 

! , 1 1 

-logio (Ä/cm) 
Fig. 3. Limits of application of the specific equations. 

Z)1=10"5 cm2/s; q/qœ = 0.5. A: Bulk-diffusional resist­
ance is negligible (Eq. 17 is applicable). B: Neither 
bulk-diffusional nor interfacial resistance is negligible. 
C: Interfacial resistance is negligible (Eq. 16 is 
applicable). 

<2.= (c10 + c20H)(K+H)-i; (18) 

HzEyil + iRßkJiF/V)}; K= (kAlkd2)^k&2kdl. 

The computational values using these formulas also fit well 
the b curve in Fig. 1 and the a, b, and c curves in Fig. 2. 

Figure 3 shows the limits of the application of Eqs. 16 
and 17 to pairs of values of kx and R at Dx= 10~5 cm2/s. 
The lines indicating the limits were drawn on the assumption 
that every pair of kx and R on the lines made the q value 
computed by means of the specific equations (Eq. 16 or 17) 
deviate from that computed by means of Eq. 14 exactly 5% 
at the time of q!qœ(Eq. 14) = 0.5;2°) these lines should be 
considered to give a sort of standard, and the change in the 
time, t, as well as in the diffusion coefficient, Dx, transfers 
the position of the 5% lines. 
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Matrices and in Crystals at 4.2 K 

Eiji KANEZAKI,1" Nobuyuki NISHI , and Minoru KINOSHITA* 

The Institute for Solid State Physics, The University of Tokyo, Roppongi, Minato-ku, Tokyo 106 
(Received March 28, 1979) 

The lower excited singlet and triplet states of 9,10-anthraquinone-</0 and -ds are examined in normal alkanes 
and in crystals at 4.2 K with the phosphorescence excitation method. The S<—S0 and T«—S0 excitation spectra 
are analyzed by considering environmental effects on and isotopic changes in the vibrational structure. The low 
energy region of the spectra can be explained without taking the Au origin in close proximity of the B lg origin 
into account. The latter origin band in the singlet and triplet spectra in hexane and in crystals, respectively, 
is weaker by a factor of 10-3—10-2 than the strongest vibronic band in the respective regions. No clear evidence 
has been found about the location of the singlet and triplet Au states in the excitation spectra. 

The investigation of the energy separation between 
the two low lying n,7r* states of quinones has attracted 
much interest,1-8) because its determination measures 
the magnitude of the electronic interaction of the 
nonbonding orbitals. In a jb-quinone molecule, only 
the through bond interaction is dominant , as in the 
cases of pyrazine and quinoxaline,9) in which the two 
interacting nonbonding orbitals are concluded to have 
an energy separation of the order of 1 eV (~8067 c m - 1 ) , 
in good agreement with the theoretical calculation.9»10) 

Although there is a discrepancy in the assignment of 
the He-I photoelectron spectrum of jb-benzoquinone 
between the two groups,2 '10 '11) the energy levels of the 
two nonbonding orbitals are separated by 0.910) or 
0.3 eV.2 '11) The Coulomb integrals for the n+,7Z* and 
n_,7Z* states, Jn+,K* and Jn_,x*> may differ from each 
other and modify the energy separation between the 
two zero-order n,7Z* states. From the absorption 
experiments on jb-benzoquinone crystals, the separation 
has been reported to be about 225 c m - 1 in the singlet 
state3) and 320 c m - 1 in the triplet state.6) Recently 
Goodman and Brus12) have examined excitation spectra 
of jb-benzoquinone in a neon host. They could not 
observe the broad band, which had been assigned to a 
different electronic origin, but observed very strong 
origin bands which they assigned to the 1AU and 3AU 

states. Their conclusion is that the two n,7Z* states are 
nearly degenerate in jb-benzoquinone. Although we do 
not agree with their conclusion, because they did not 
consider the possibility of a structural change induced 
by the host, their results give us very important informa­
tion about the assignment of the two origins. 

The assignment of the lowest triplet state of 
anthraquinone (AQJ has also attracted much attention 
from many workers.13-17) The polarization measure­
ment indicates that the phosphorescence of A Q has the 
transition dipole moment along the oxygen-oxygen 
direction(z).13) Thus , it is concluded that the radiative 
transition from the lowest triplet state of AQ, borrows 
its activity from the z axis polarized 1Blu(7r,7r*)->1Ag 

transition. 
The phosphorescence spectrum of AQ, in hexane is 

known to arise from the 3Blg(n,:rc*)—>*Ag transition. 
The A Q molecules in this matrix seem to retain the 

t Present address: Faculty of Engineering, Tokushima 
University, Minamijosanjima, Tokushima 770. 

inversion symmetry, because the 0,0 band is missing.17) 
O n the other hand, the spectrum in pentane was 
analyzed to be a two-site emission. One of the sites 
produces a strong origin band induced by breakdown 
of the inversion symmetry.17) 

The T<—S0 absorption spectrum of crystalline AQ, 
has been obtained and the Zeeman experiment has been 
performed on the individual bands in the spectrum. 
From the very weak intensity and the Zeeman patterns 
of the 0,0 band, the lowest triplet state of AÇHs assigned 
to 3B lg(n,7r*), which is located at 22154 cm - 1 1 4> or at 
22150 c m - 1 . 15) The vibronic bands appearing in the 
spectrum are ascribed to the ungerade-type vibrations, 
since the inversion symmetry of the molecule is conserved 
even in the crystal.18) 

The purpose of this work is to analyze the excitation 
spectra of AQ-d0 and AQ-ûfg in the above two Shpol'skii 
matrices and to find evidence for the location of the 
A u state. We will also discuss the structure of the T<—S0 

excitation spectra of both isotope crystals. 

E x p e r i m e n t a l 

9,10-Anthraquinone (AQ-^) and spectrograde hexane were 
purchased from Tokyo Kasei Co., Ltd. Merck Uvasol pentane 
was used without further purification. 2,3-Dichloroquinoxa-
line (DCQ) and 9,10-anthraquinone-</8 (AQ-rfg) were from 
Eastman Kodak and Merck Sharp and Dohme Ltd., 
respectively. 

An Ushio UXL-1000DO 1 kW xenon lamp was used as 
a light source for excitation and absorption experiments. A 
Molectron DL-200 tunable dye laser equipped with a 
Molectron UV-1000 1 MW N2 laser was used to detect the 
origin bands in the T<—S0 excitation spectra. Most of the 
high resolution spectra were observed through a Jobin Yvon 
HR 1000 monochromator fitted with a 1800 grooves/mm, 120 
X 140 mm2 grating, and a Spex 1700-III 3/4 m or a Bausch 
& Lomb 1/2 m monochromator was used to isolate a 
specific band of emission for excitation studies or microwave 
experiments. 

R e s u l t s and D i s c u s s i o n 

Phosphorescence. The spectra of AQjd0 in hexane 
and pentane showed sharp bands. These spectra were 
essentially the same as those reported by Khalil and 
Goodman.17) The high resolution spectra of AQ-ds 

in these matrices are shown in Fig. 1. We could detect 



- Site I origin 21953 cm-' 
- « - Site 1 origin 21925cm"' 

• 1.163(^56) Site H origin 21816cm"1 

t-212(^32) 

Origin 21802 crrf1 

B«2!3(y32) 
f377(^49) 

' 55 (V s s ) b 3 u 

~- . 1 •586(1^,) 

J !«632(j;4,) 

£ ^ n^&3(î ,) 
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the origin band at 21802 c m - 1 in hexane, the intensity 
of which was about 10~3 of that of the strongest band 
assigned as being due to the b l u C = 0 stretching vibra­
tion (^24)- This vibronic band has a single peak and is 
accompanied with a broad tail towards the low energy 
side. This feature is also seen in its combination bands 
with totally symmetric vibrations. The shape of this 
tail is apparently different from that seen in the band 
at 0 — 745 c m - 1 . The band assigned to ^25 shows a 
doublet structure at 0 — 1569 and 0 — 1573 cm- 1 . Most 
of the b l u and b 2 u vibrations, except for the two C - D 
stretching modes, are found in the spectrum. 

Three-site emission is observed in pentane at 4.2 K. 
Most of the active bands were analyzed to be bands 
originating from two sites. The emission from site I 
has a very, very weak origin at 21953 c m - 1 . The 
vibrational structure is almost the same as that in 
hexane. The origin band of the emission from site I I 
reveals the strongest intensity in the spectrum. The 
energy of this origin band is close to that in hexane. 
The most intense vibronic band due to v24: splits into 
two lines for site I and into four or more for site I I . 
The combination bands with ag vibrations show a 
similar band shape, which is very helpful for the analysis. 

i n o 

ANTHRAQUINONE-h8 

? in n-HEXANE 

430 420 410 400 390 380 370 360 

WAYELENGTH/nm 

t, ANTHRAQUINONE-d8 

in n-HEXANE 

350 340 

400 390 380 370 360 
WAVELENGTH/nm 

350 340 

Fig. 2. The S<—S0 excitation spectra of 9,l0-anthraquinone-^0 and -d8 in hexane at 4.2 K. Detection 
bandwidth is 4 nm centered at 497 nm. 
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The band width of the site I I origin is about 2 c m - 1 and 
those of other bands are generally much narrower in 
pentane than those in hexane. In spite of the very 
strong intensity of the origin band of site I I , no other a g 

fundamental band shows distinguishable activity in the 
spectrum. This indicates that any distortion of the 
site I I molecules is not very large. 

S(n,7i*)<r-S0 Excitation. The two n,7z* states in 
question are 1 B l g and 1AU in the low energy region of 
A Q . The transitions from the ground state to both of 
these n,7r* states are symmetry forbidden processes, and 
would become allowed by borrowing intensities mainly 
from ^ m ^ * ) ^ ^ and 1B2U(TZ97Z*)<—*Ag transitions 
through u-type out-of-plane vibrations for the transition 
to the ^ g state and g-type vibrations for that to the 
1AU state, or by molecular distortion to a lower sym­
metry. 

Spectra in Hexane: The excitation spectra of AQ-d0 

and -d8 in hexane are shown in Fig. 2. A very, very 
weak but distinct band at 23198 c m - 1 in the spectrum 
of AQ-d0 and at 23212 c m - 1 in that of AQ-öfg was 
observed in the hexane matr ix. The vibrational struc­
tures were analyzed by taking these bands as an 
electronic origin and the results are given in the figure. 

The spectrum of AQ-d0 has a structure quite similar 
to that of crystalline jb-benzoquinone observed by 
Trommsdorff.3) The bands in the spectra of A Q ^ 
and jb-benzoquinone exhibit a good correspondence with 
each other, except for the strong bands, which have 
been assigned to the ^ g and 1AU origins of p-
benzoquinone. The strongest band in the jb-benzo-
quinone spectrum is the one at 0 + 9 4 6 c m - 1 . T h e 
corresponding band also appears as the strongest band 
in the AQ-d0 spectrum in hexane at 0 + 9 4 9 c m - 1 . 
Other bands seen in the />-benzoquinone spectrum at 
0 + 1 4 1 , 0 + 5 9 7 , 0 + 6 7 9 , 0 + 8 3 6 , 0 + 1 0 4 4 , 0 + 1069, and 

0 + 1161 c m - 1 correspond well to the bands at 0 + 1 7 4 , 
0 + 553, 0 + 6 2 6 , 0 + 8 6 5 , 0 + 1 0 4 6 , 0 + 1066, and 
0 + 1 1 6 6 c m - 1 , respectively, in the spectrum of AQjd0. 
These frequencies are surprisingly closely related to 
each other. In the case of AQ-d0, however, there is no 
strong band in the lower energy region which corre­
sponds to the strong broad band assigned as the 1AU 

origin of j&-benzoquinone. 
The broad band at 0 + 78 c m - 1 and the sharp band 

at 0 + 1 7 4 c m - 1 of AQ,-d0 correspond well with the first 
two vibrational bands of AQ,-d8 at 0 + 78 and 0 + 1 6 5 
c m - 1 in their intensity and frequency. The correspond­
ing bands are also observed in the phosphorescence 
spectra of AQ-d0 and -d8 in hexane (at 0* —76 and 
0* —167 c m - 1 for AQ,-rf0, where 0*=21783 cm- 1) and 
assigned to a lattice mode and a b 3 u out-of-plane 
vibration, respectively.17) The vibration of 141 cm" 1 

found in the spectrum of a />-benzoquinone crystal was 
also assigned to a b 3 u skeletal mode by Trommsdorff.3) 
The appearance of the b 3 u vibration clearly indicates 
that these bands are associated with the ^g«—*Ag 

transition. 
The spectra of the two isotopes show different 

structures in the region from 0 + 5 0 0 to 0 + 1200 c m - 1 

mainly in their intensity relation. The strongest band 
of AQrd0 at 0 + 9 4 9 c m - 1 shifts to 0 + 717 c m - 1 for A Q -
d8. This frequency lowering by about 230 c m - 1 excludes 
an assignment of these bands to vibrations belonging to 
another electronic state. The isotopic ratio of 1.32 
(=949/717) indicates that these vibrations are to be 
assigned to a C-H(D) bending mode. Considering the 
assignment of the 946 c m - 1 vibration of jb-benzo-
quinone,3) we also assign the 949 c m - 1 vibration 
tentatively to an au out-of-plane C - H bending vibration. 
However, we could not eliminate the possibility of a 
b 3 u vibration, because the band observed at 970 c m - 1 

ANTHRAQUINONE-h8 

Crystal 

420 400 380 
WAVELENGTH/nm 

Fig. 3. The S<—S0 absorption spectrum of crystalline 9,10-anthraquinone-6?0 at 4.2 K. 
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in the infrared spectrum was assigned to vG1, a b 3 u C - H 
bending mode.18) 

Other strong bands of AQ, -^ at 0 + 5 5 3 , 0 + 6 2 6 , 
0 + 714, and 0 + 8 6 5 c m - 1 correspond with those of 
AQr</8 at 0 + 5 1 1 , 0 + 5 2 0 , 0 + 6 3 3 , and 0 + 8 1 3 cm- 1 , 
respectively. The combination bands of these strong 
lines with the 1065 and 1090 c m - 1 vibrations of AQ,-d0 

and the 1100 c m - 1 vibration of AQ-ds are found strongly 
and this proves that these bands do not belong to a 

different electronic transition. Such combination bands 
were also observed in the spectrum of a jb-benzoquinone 
crystal by Trommsdorff,3) who assigned the 1100 c m - 1 

vibration as being due to the totally symmetric C = 0 
stretching vibration. 

Spectrum of Neat Crystal: The absorption spectrum of 
the AQjd0 crystal is shown in Fig. 3 . The origin band 
was observed at 23563 c m - 1 , which is about 360 c m - 1 

higher in energy than the ^ g origin in hexane. The 

Detection: 497nm 

ANTHRAQUiNONE-hs 
in PENTANE 

430 420 410 400 390 380 370 360 350 340 

WAVELENGTH/nm 

Detection: 496.5 nm 

ANTHRAQUINONE-d8 

in PENTANE 

370 360 
WAVELENGTH/nm 

Fig. 4. The S<—S0 excitation spectra of 9jl0-anthraquinone-^0 and -d8 in pentane at 4.2 K. 
bandwidth is 5 nm centered at 497 nm. 

Detection 
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band at 0 + 9 7 c m - 1 corresponds with a lattice mode, 
and the band at 0 + 1 7 3 c m - 1 to the b 3 u mode found 
in the hexane system. The vibrational structure of 
the strong bands in this spectrum coincides quite well 
with that in hexane. Combination bands with ag 

vibrations of 1100 and 1150 c m - 1 are also active in the 
crystal. 

Spectra in Pentane: The excitation spectra of AQ-d0 

and -d8 in pentane were observed by monitoring the 
strong bands around 497 n m of the phosphorescence 
from site I I with a detection bandwid th of 4—5 n m 
The observed spectra in Fig. 4 show a strong origin 
band to the higher energy side by about 20 c m - 1 with 
respect to the origin band in hexane. T h e appearance 
of the strong origin band is consistent with that observed 
at 21790 c m - 1 for AQ-d0 and at 21816 c m - 1 for AQ,-âf8 

in the phosphorescence in pentane. Therefore, we are 
really observing the same species with a distorted 
structure. 

Apart from the intense broad bands around 420 and 
390 nm, which will be shown to be due to molecular 
aggregates, the spectra consist of a number of sharp 
bands and a hump around 365 nm. The sharp bands 
in the lower energy region may be classified into two 
groups. One of the groups consists of the bands which 
correspond to those found in the hexane system; these 
bands can be assigned to b 3 u and au vibrations. Since 
the fundamental frequencies measured from the origin 
band fit quite well to those observed in hexane, there 
is no possibility that these bands belong to the ^u^—1Ag 

transition which could be observed for the distorted 
species. If the bands belonging to the ^ ^ 2 A g transi­
tion appeared in the same region, the vibrations should 
be assigned to b l g or b 2 g symmetry. 

The bands in the other group are characteristic of a 
distorted species, for which ag and b l u in-plane vibra­
tions may show some activity. The bands appearing 
around 0 +1100 c m - 1 do not have a corresponding band 
in the spectrum in hexane. The vibration of about 
1100 c m - 1 is known to form combination bands with 
b 3 u and au vibrations in hexane and is assigned to the 
ag C = 0 stretching vibration. The b l u G=0 stretching 
vibration is also expected to acquire activity, if the 
molecular symmetry is reduced by the environment to 
C2 v with the C2 axis along the C = 0 bonds. 

In pentane, the phosphorescence emission shows 
strong sharp bands overlapping a very broad back­
ground. The broad background was assigned to 
molecular aggregates.17) As a matter of fact, the strong 
broad bands also appear at 420 and 390 n m in the 
excitation spectra monitored at 497 n m . The position 
and relative intensity of the broad band around 420 n m 
were found to change markedly when the wavelength 
setting of the detecting monochromator was changed; 
some examples are shown in Fig. 5. The energy shift 
of the band center seems to be just equivalent to the 
difference in the wavelength of the monitored light. 
Furthermore, the intensity of the broad band relative 
to that of the origin band at 23217 c m - 1 also changes 
with cooling condition of the sample and initial guest 
concentration. The spectra of the two isotopes in Fig. 4 
were taken at the concentrations differing by a factor 

Detection :500.5nm Detection : 493.5 nm 

430 420 410 430 420 410 
WAVELENGTH/nm 

Fig. 5. Variation of the broad band position in the excita­
tion spectrum with detection wavelength of the emission 
from anthraquinone-</0 in pentane at 4.2 K. 

of three. These results suggest that the broad band 
around 420 n m arises from molecular aggregates. The 
broad band around 390 n m (about 1660 c m - 1 higher 
in energy) seems to be its combination band, although 
the bandwidth is about half. 

The 1Au<r-1Ag Transition: I t was expected that the 
forbidden 1AU<—2Ag transition would appear in the 
excitation spectrum in pentane, when the phosphores­
cence from the distorted species was monitored. For 
this purpose, we have carefully adjusted the detecting 
monochromator to a desired wavelength. In this 
respect, it is of great interest to pay attention to the 
sharp band appearing at 367.65 n m in the excitation 
spectrum of AQjds in pentane. The band lies at 4033 
c m - 1 from the strong origin and could not be assigned 
to a combination band or an overtone band . Further­
more, the hump with weak but sharp bands is commonly 
found around 365 n m in all the four spectra in Figs. 2 
and 4. As the ^ g origin lies within 35 c m - 1 in the 
four systems, the origin of the 1AU<—2Ag transition in 
these systems is also expected to appear at nearly the 
same position. The region where the hump is observed 
clearly satisfies this condition. The sharp band at 
367.65 n m in the spectrum of AÇWg is quite within the 
reasonable bounds of possibility of the 1AU origin. A 
weak similar band is also seen at 367.7 n m in the 
spectrum of AQd0 in pentane. 

T(n,7i*)<—S0 Excitation. A mixed crystal of AQ, 
with 0 . 1 % of 2,3-dichloroquinoxaline (DCQJ emits a 
strong phosphorescence from the lowest triplet state of 
DCQ, . The vibrational structure of the phosphorescence 
spectrum is in good agreement with the result reported 
by Tint i and El-Sayed.19) The excitation spectrum of 
crystalline A Q was observed by monitoring this emis­
sion. T h e spectra for the AQ,-rf0 and -d8 crystals are 
shown in Fig. 6. The excitation spectrum of AQd0 is 
essentially the same as the absorption spectrum reported 
by Drabe et al.14* and Narisawa et a/.,15) except for minor 
details. Carefully comparing the spectra of the two 
isotopes, we could notice a structural difference around 
443 nm. AQ,-rf8 shows an intensity increment of the 
broad band around 0 + 3 2 7 c m - 1 . Another obvious 
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Fig. 6. The T<—S0 excitation spectra of crystalline 9,10-anthraquinone-</0 (top) and -d8 (bottom) at 
4.2 K. The whole phosphorescence from the doped 2,3-dichloroquinoxaline was monitored. 

difference can be found around 0 + 8 3 0 and 0 + 1000 
c m - 1 . This difference can be at tr ibuted to an isotopic 
frequency shift of vibrations, thereby suggesting some 
participation of hydrogen bending vibrations in the 
transition mechanism. 

MIDP Excitation Spectra : Since each of the transitions 
from the ground state to the three spin states in a single 
vibronic level of an excited triplet state has a different 
selection rule, depending on the spin-orbit coupling 
processes involved, microwave induced delayed phos­
phorescence (MIDP)2 0) signals in an isolated molecule 
reflect the transition probability characteristic of each 
sublevel excitation. In a mixed crystal, however, the 
selective populations of the spin states are sometimes 
not maintained during energy transfer processes, and 
M I D P signals show a modified spin population depend­
ing on the relative orientations of the molecular spin 
axes between the guest and host and between the host 
molecules.20»21) 

The short axes(z) of the AQ, molecules in a crystal 
are nearly parallel to each other, but the long axis(y) 
of an AQ, molecule is approximately parallel to the 
normal axis(x) of the translationally inequivalent 

molecules.22) In the mixed crystal of AQ, with DCQ,, 
it is reasonably assumed that the guest molecules 
replace the host molecules subst i tut ional^. Therefore, 
it is expected that the population of T z produced in 
DCQ, by direct T<—S0 excitation of the mixed crystal may 
not be affected very much by energy transfer and 
trapping processes, whereas the populations of T y and 
T x may or may not mix with each other depending on 
whether the main energy transfer mechanism is one-
dimensional or not. A single band excitation of the 
AQjdQ crystal yielded the steady state population 
ratios of N z : N y : N x to be approximately 1 .9 :2 .1 :1 
for the 0 + 165 c m - 1 band and 5 . 5 : 0 . 5 5 : 1 for the 
0 + 2 0 4 c m - 1 band . From these results, it was concluded 
that the mechanism is mainly one-dimensional and that 
the mixing of the populations of T y and T x during the 
energy transfer has a minor effect on the relative 
populations in our systems. 

T h e excitation spectrum shown in the upper part of 
Fig. 7 was taken by sampling the DCQ,phosphorescence 
in the A Q ^ g crystal for a period of 110 ms just after 
excitation lasting 30 ms. The repetition rate was 2 Hz. 
Since the decay times of T z , T y , and T x were observed 
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Tz«-S0 enriched Spectrum 

450 445 ^ 

Tx*-So enriched Spec, o 

WAVELENGTH/nm 

Fig. 7. The T<—S0 excitation spectra of crystalline 
9,10-anthraquinone-^8 at 1.4 K. The absorption to 
Tz is enhanced in the upper spectrum by choosing the 
sampling time, while that to T x is enhaced in the lower 
spectrum by using microwave modulation. 

to be 150, 260, and 2700 ms, respectively, this spectrum 
contains an enhanced contribution from the Tz<—S0 

transition of AQjd8, by comparison with an excitation 
spectrum taken under steady state condition. 

The lower spectrum of Fig. 7 is an M I D P excitation 
spectrum taken by sampling only the portion of the 
M I D P signal on sweeping the microwave frequency 
through the Ty<->TX transition of D C Q 950 ms after 
excitation. The microwave sweep increases the T y 

emission in proportion to the population of T x produced 
mostly by the Tx<—S0 transition of the host molecules 
The assignments of the vibronic bands were performed 
according to the selection rule that a b l u vibration is 
actively involved in the excitation to the T z sublevel 
in the 1 B l g state and a b 3 u vibration is involved in the 
excitation to the T x sublevel. Some of the results are 
shown in Fig. 7. 

The sharp band at 0 + 1 6 4 c m - 1 is notably enhanced 

by the Ty<->TX pumping and assigned to a b 3 u vibration. 
The vibration of 165 c m - 1 has also appeared in the 
S<—S0 excitation spectrum of AQ;âf8 in hexane. This 
was assigned to the ^66(b3u) mode. The intensity of the 
band at 0 + 350 c m - 1 is markedly increased by the 
Ty<->TX pumping, and this band can be assigned to a 
b 3 u vibration. At first sight, the broad bands at 0 + 3 6 5 
and 0 + 393 c m - 1 also seem to be intensified by the 
microwave transition, but this could be due to their 
overlapping with the band at 0 + 350 c m - 1 . The broad 
low frequency bands which should be considered as 
being due to lattice modes behave like b 3 u vibrations. 
Murao and Azumi23) also found that the fundamental 
lattice band is exceedingly active in the emission 
spectrum from the T x sublevel of AQj-d0 in octane. 

Except for several broad bands around 0 + 4 0 0 c m - 1 , 
most of the strong bands in Fig. 6 were assigned on the 
basis of the relation of the isotopic ratio of the vibrational 
frequency and the relative intensity found in the phos­
phorescence spectra of both isotopes in hexane and in 
octane.23) The fundamental frequencies obtained are 
summarized in Table 1, together with those found in the 
emission17) and in the infrared absorption spectra.18) 
The frequency changes of these vibrations in the 3 B l g 

state are not very large, except for the C-H(D) bending 
mode(^45), which shows a frequency reduction of 16—17 
per cent. 

T h e antisymmetric C = 0 stretching mode(^24) and the 
out-of-plane C - H bending mode(^63) are found to be 
active in the phosphorescence spectrum.17) However, we 
are not certain whether these vibrations appear in the 
T<—S0 excitation spectrum. If the frequency of v24 is 
increased for any reason in the 3 B l g state or is decreased 
by less than 16 per cent, then the vibronic band due to 
^24 would be hidden in the region of S<—S0 absorption. 
The symmetric C = 0 stretching mode(v3) of about 1100 
c m - 1 is known to form several combination bands in the 
S<—S0 excitation in hexane, as discussed above. There­
fore, we may also expect the appearance of its combina­
tion bands in the T<—S0 excitation spectrum. The band 
appearing at 0 + 1295 c m - 1 might be at tr ibuted to a 
combination band with the v32 mode. However, this 
band seems to be too weak to be assigned to the combina­
tion band of v3. 

Any strong vibronic interaction between the 3 B l g 

TABLE 1. THE VIBRATIONAL FREQUENCIES OBSERVED IN THE 3Blg<—1Ag EXCITATION SPECTRA OF THE 

A N T H R A Q U I N O N E CRYSTALS W I T H T H E CORRESPONDING FREQUENCIES FOUND IN T H E 

PHOSPHORESCENCE SPECTRA IN H E X A N E AND IN T H E I N F R A R E D 

ABSORPTION SPECTRA OF CRYSTALS 

Assignment 

6̂6 b3u skel. def. 
y32 b l u skel. def. 
y64 b3u C=0 bend. 
y31 b l u skel. def. 
y62 b3u skel. def. 
4̂5 b2u C-H bend. 

y44 b2u ring str. 

Ti(cryst.) 

165 cm-1 

204 
— 

645 
815 
999 

1204 

9,10 -Anthraquinone 

S0 (hexane)80 

167 
228 

(517) 
620 
791 

1155 
1339 

-do 

IR(cryst.)b) 

167 
237 
491 
626 
816 

1207 
1335 

9,10 

T^cryst.) 

164 
198 
350 
626 
790 
812 

1122 

-Anthraquinone 

S0 (hexane) 

155 
214 
492 
590 
745 
945 

1241 

-d8 

IR(cryst.)b) 

161 
222 

(398) 
605 
744 
965 

1246 

a) Ref. 17, b) Ref. 18; skel., skeletal; def., deformation; bend., bending; str., stretching. 
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and 3AU states through the i>24 mode would have a 
possibility of causing a frequency shift of this vibration. 
The strong band at 0 + 3 7 3 c m - 1 for AQ-d0 and at 
0 + 3 6 5 c m - 1 for AQj-d8 might be considered to be due 
to vu of reduced frequency, as a result of the pseudo­
Jahn-Tel ler effect. However, the P M D R studies of 
jb-benzoquinone24) and AQjd0

23) did not demonstrate 
any detectable molecular distortion along the b l u 

coordinate. These results are therefore consistent with 
the fact that the origin band is vanishingly weak in the 
excitation spectra of the A Q crystals and in the emission 
spectra of AQ, -^ and -d8 in hexane. The frequency 
reduction from 1676 c m - 1 in the ground state to 373 
(or 365) c m - 1 in the 3 B l g state would be too large to 
explain the absence of molecular distortion along the 
b l u direction. The above discussion suggests that the 
frequency of the vz vibration and possibly that of the v24: 

vibration are higher than 1100 c m - 1 in the 3 B l g state. 

The Broad Band Cluster: Drabe et al. assigned the 
center of the broad band cluster from 445 to 441 n m 
{i.e., 22560+10 cm-1) as the origin of the 3AU state.14) 
Instead of taking the origin at the center of the cluster, 
the strongest band position may be a more adequate 
choice for the origin, that is, 22526 c m - 1 (0 + 373 cm - 1 ) 
for AQjdQ and 22550 c m - 1 (0 + 365 cm-1) for AQ, -^ . 
This assignment was proposed mainly from analogy 
with the absorption spectrum of a jfr-benzoquinone 
crystal, which exhibited a strong broad absorption 
at 320 c m - 1 to the higher energy side from the 3 B l g 

origin. However, this broad band assigned as the 3AU 

origin was not found in the excitation spectrum of the 
isolated jb-benzoquinone molecule in a neon matrix.12) 
Goodman and Brus concluded that this broad band 
might be vibronic absorption induced by the environ­
ment.12) Therefore, it seems that the assignment of the 
cluster is still inconclusive. The cluster may be inter­
preted in several ways. 

In the first place, we examine the possibility that the 
3AU origin may be in the cluster and the vibronic 
bands thereafter would belong to the 3AU<—1Ag transi­
tion. In this case, a vibronic band is expected to have a 
band shape similar to that of the origin, because the 
3AU origin band has an allowed character and coupling 
with a non-totally symmetric phonon is not expected 
in this transition. The shapes of the clusters are different 
in the spectra of the two isotopes, al though the spectral 
positions of the clusters are coincident. Therefore, the 
vibrational bands coupled with the origin band would 
give rise to a more complex Spectrum for AQ-d8 than 
for AQ;rf0. The observed spectrum of AQ,-öf8, however, 
does not include such a complicated structure and the 
difference between the two spectra is thus at t r ibuted to 
the involvement of C-H(D) bending vibrations. This 
cluster does not seem to behave as an origin in the 
spectrum. 

The second case is that the strongest band in the 
cluster would be assigned to the 3AU origin as before, 
bu t the vibronic bands in the cluster are built on the 
3Blg<—xAg transition and are induced by a strong 
interaction between the vibronic levels in 3 B l g and the 
3AU origin. In this case, the fact that the intensity of 
the band at 0 + 3 2 7 c m - 1 is comparable with that at 

0 + 3 6 5 c m - 1 in the spectrum of AQ;öf8 indicates that 
the coupling should be very strong in AQjd8. However, 
the intensity of the corresponding band at 0 + 3 3 7 c m - 1 

in the spectrum of AQ,-d0 is less than half of that of the 
strongest band at 0 + 3 7 3 c m - 1 and the energy gap 
between the two bands is nearly the same as that for 
AQ,-rf8. This fact probably eliminates the possibility 
that the strong interactions exist between the vibrational 
levels in 3 B l g and the 3AU origin. 

Thirdly, the coupling of a vibronic band with phonon 
modes may be considered. Vibrational frequencies of 
350—450 c m - 1 correspond to those of in-plane C = 0 
bending vibrations in the ground state. A b 2 u mode is 
found at 387 c m - 1 in the infrared absorption spectrum 
and assigned to y49.18) A R a m a n band at 485 c m - 1 was 
attr ibuted to the b 3 g C = 0 bending mode.25) The former 
b 2 u vibration was also found in the phosphorescence 
spectrum of AQ-d8 in hexane (Fig. 1) and in that of an 
isotopically mixed crystal.14) Since the triplet state is 
n,7r* in character, frequency reduction of C = 0 bending 
vibrations can be expected, although dereal izat ion of 
the nonbonding orbitals over the whole a framework 
probably decreases this effect to some extent. Such 
a change in the force field around the C = 0 groups is 
considered to induce an interaction with local lattice 
modes. Here , we have to at tach importance to the 
fact that the lattice modes coupled with the very weak 
3 B l g origin band appear with different relative intensities 
among the bands in the spectra of the two isotopic 
crystals. I t would then be possible that these b 2 u and 
b 3 g vibrations couple with some lattice modes of b g 

and b u symmetries, respectively, resulting in the same 
behavior as b l u vibrations. This explains the similarity 
in frequency and the difference in relative intensity of 
the peaks in the broad band clusters in the two excita­
tion spectra. This idea is consistent with the interpreta­
tion suggested by Goodman and Brus12) that the broad 
absorption band of jb-benzoquinone may be vibronically 
induced by the environment. 

Finally, it is also possible to consider that the 
Duschinsky effect26'27) is prominent in the triplet 
manifold and that the transition intensity shared by i>24 

is distributed over several bands with b l u symmetry, 
including the bands coupled with lattice modes. This 
allows some strong bands to appear in the low frequency 
region, where the fundamental band of the v24: mode 
in the ground state coordinate cannot be expected to 
appear.28) 

As discussed above, the assignment of the 3AU origin 
to the broad band around 443 nm does not explain 
satisfactorily the intensity relation among the near 
lying bands. We conclude that no tangible evidence 
for that assignment has been found in the excitation 
spectra of the AQ, crystals. From analogy with the 
singlet system, we presently lean towards the possibility 
that the 3AU state in the AQ, crystal lies outside the 
region accessible by the T<—S0 excitation technique. 
Further studies are indispensable to draw a final 
conclusion. 
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4-Sulfate and 6-Sulfate 
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Enthalpies of dilution of aqueous sodium chondroitin 4- and 6-sulfate were measured by a microcalorimeter 
from the various initial concentrations m=0.16—0.07 monomole kg"1 to the final concentration m'=3.85xl0~ 3 

monomole kg - 1 at various temperatures. The concentration and temperature dependencies of measured enthalpies 
well agreed quantitatively with the theoretical ones calculated by Manning's limiting law, when the distance 
between the neighboring charges of polyion, b, was assumed to be 4.8 Â, which was obtained from X-ray diffraction 
measurement. 

Chondroitin 4- and 6-sulfate, whose repeating units 
are composed of JV-acetyl-D-galactosamine 4- and 6-
sulfate together with D-glucuronic acid, respectively, 
are known to be the important components of mam­
malian connective tissues and have been investigated 
from various points of view. In our laboratory, the 
counter ion binding of chondroitin sulfates was confirm­
ed to exist at low concentrations from the measurements 
of two thermodynamic properties, molal osmotic 
coefficients1) and partial molar volumes.2) Also, the 
electrolyte permeability of the gelatin-chondroitin 
sulfate mixed membrane as a model of connective tissue 
has been investigated.3) In this work, the enthalpies of 
dilution (Ad[lH) of aqueous chondroitin 4- and 6-
sulfate were measured by a twin-type microcalorimeter, 
and the behaviors of chondroitin sulfate at moderate 
concentrations were discussed by applying Manning 's 
limiting law4 '5) to our results. 

E x p e r i m e n t a l 

Materials. Chondroitin 4-sulfate (ChS-A), extracted 
from whale cartilage as sodium salt, was obtained from 
Seikagaku Kogyo Co., Ltd. (Tokyo, Japan). It has an 
average molecular weight of 2.0 xlO4 as determined by 
viscosity measurement.6>7) 

Two kinds of chondroitin 6-sulfate (ChS-C), extracted 
from shark cartilage as sodium salts, were offered from Kaken 
Yakukako Co., Ltd. (Tokyo, Japan), Their molecular 
weights were determined to be 5.7 X 104 and 1.1 X 104, respec­
tively. Distilled and deionized water was used for the 
preparation of aqueous ChS salt solutions. 

Methode The calorimeter used was a twin-type 
conduction microcalorimeter (CM 204 Dl of Rhesca. Co., 
Ltd.). A micro volt meter AM-1001 B of Ohkura Electric 
Co. was used as an output amplifier. Each solution cell 
(sample side or reference side) of the calorimeter consists of 
a reaction-vessel and an ampoule. The content of the 
ampoule can be mixed with that of the reaction-vessel by 
destroying the ampoule. 

Sample Side: Aqueous solution of ChS salt (1—2 ml) in 
the ampoule. Water (30—50 ml) in the reaction-vessel. 

Reference Side : The same amounts of water as the sample 
side in the ampoule and the reaction-vessel, respectively. 

After a steady state had been reached (after about 20 h), 
ampoules of both sides were destroyed at the same time 
and the heats arised from mixing were measured. The heats 
correspond to the dilution enthalpies of ChS salts from the 
various initial concentrations m=0.16—0.07 monomole kg - 1 

to the final concentration m'=3.85x 10~3 monomole kg -1, 

where monomole means the molar amount of the repeating 
disaccharide unit of ChS. The heats divided by the amount 
of ChS in monomole give the dilution enthalpies per ChS 
monomole, AdnH. 

R e s u l t s 

The exothermic quantities, i.e. — A d i l / / , of NaChS-A 
and NaChS-C at several temperatures were plotted 
against the initial concentrations m in Figs. 1 and 2, 
respectively. The value of — AdûH increased mono­
tonously with m. 

Of NaChS-C samples having different molecular 
weights, the higher molecular weight sample showed the 
greater —AdnH by about 400 J monomole - 1 at 
different m and temperatures than the lower one. 

Since the plots in Figs. 1 and 2 showed qualitatively 
the greater — AdllH at the higher temperature, we 
plotted — AdllH against temperature in Figs. 3 and 4 
for the NaChS-A and NaChS-C, which were diluted 
from 0.1 monomole k g - 1 to rri = 3 . 8 5 X 10~3 monomole 
kg - 1 , showing fairly linear relations. 

—log m 

Fig. 1. Dilution enthalpies of NaChS-A vs. solute 
concentration 
O : at 292.15 K, A : at 298.15 K, A : at 310.15 K, 
0 : at 323.15 K. 
Theoretical values: solid lines in £=4.8 Â (a; at 292.15 
K, b ; at 323.15 K), broken lines in b = 6.3 Â (a'; at 
292.15 K, b ' ; at 323.15 K). 
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1.0 

— log m 

Fig. 2. Dilution enthalpies of NaChS-C vs. solute 
concentration 
O : M.W.=5.7x 104 at 298.15 K, # : M.W.= 1.1 X 104 

at 298.15 K, A : M.W. = 5.7x 104 at 323.15 K, A : 
Af.W.= 1.1 x 104 at 323.15 K. 
Theoretical values: a: £=4.8 A at 298.15 K, b : b= 
4.8 A at 323.45 K. 

Fig. 3. Effect of temperature on the dilution enthalpies 
of NaChS-A from 0.1 monomole kg"1 to 3.85 X 10~3 

monomole kg -1. Solid line: b = 4.8 A, broken line: 
£=6.3 A. 

Fig. 4. Effect of temperature on the dilution enthalpies 
of NaChS-C from 0.1 monomole kg-1 to 3.85 X 10-* 
monomole kg-1. O' M.W. = 5.7x\0i, # : M.W.= 
1.1 XlO4. 
Solid line: £=4.8 A. 

D i s c u s s i o n 

To examine to what extent the enthalpies of dilution 
of aqueous NaChS solutions may be explained by the 
electrostatic interaction of polyion with counterions, 
A d i l / / was divided as follows.9'10) 

A d i l / / = A d i l / / ° + A d i l / / e l , (1) 

where A d i l / / ° is the enthalpy of dilution of polyelec-
trolyte solution into a hypothetical reference state, in 
which all the ions are discharged and AdllH

el is the 
contribution from the electrostatic interaction of polyion 
with counterion and can be evaluated by various 
electrostatic theories, e.g. Manning 's limiting law.4* 
Manning 's theory replaces a polymer chain with 
infinitely long line charges and considers the two modes 
of interaction: Debye-Hückel ccion atmosphere" and 
condensation of counterions on the line charge. There, 
polyions are assumed to interact only negligibly with 
each other. Recently, this theory was applied to the 
thermodynamic properties of polyelectrolyte solutions, 
showing that this model is a good representation of the 
polyelectrolyte solution at low concentration.11) T . 
Okubo et al. used successfully Manning 's theory for the 
enthalpies of dilution of polyacrylate, carboxymethyl-
cellulose, etc. 

According to Manning , the electrostatic Helmholtz 
free energy Fel for this model4) may be shown to be 

F°l/VkT= -£n e ln /e , (2) 

where V is total volume, k is Boltzmann constant, T is 
absolute temperature, £ is charge density parameter , 
ne is equivalent polyion concentration (charge/ml), and 
K is Debye screening parameter . The value of K is 
given by Eq. 3 at a salt-free solution. 

K* = 
4jze2 

ekT n^Za. (3) 

where e is a protonic charge, e is the dielectric constant 
of solvent and ng and zg are the concentration (ion/ml) 
and valence, respectively, of counterion. The value of 
£ is given by 

£ = e2lekTb, (4) 

where b is the distance between the neighboring charges 
of a polyion. Different theoretical treatments are given 
for the case of £ > 1 and £<[1. For the critical value of 
£ = 1 , b is equal to 7.1 Â in water at 298.15 K. The £ 
value of ChS salt equals to the case of £ > 1 as can be 
presumed by its structure. Starting from Eq. 2, A d i l / / e l 

could be finally expressed as follows.12) 

Ad i l / /
e l = RT/^l+^j In (mlm'), £ > 1 (5) 

There, the choice of £ value, which is the only adjustable 
parameter in Manning 's theory, of ChS salts is a subject 
of discussion. 

Two theoretical values of b were discussed with 
experimental AdnH as follows. One was a structural 
value which obtained from X-ray diffraction measure­
ment.13 '14) It was reported that ChS salts have eight­
fold, three-fold and two-fold single stranded helical 
conformations. Their disaccharide lengths are 9.3—9.8 
A. The value of £ = 4 . 8 A, which is a half of 9.6 A for 
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disaccharide lengths of three-fold helical molecule of 
ChS-A and ChS-G salts, gives the structural value. 
Another was the value of b—6.3 Â. We previously 
measured the molal osmotic coefficients of ChS-A and 
ChS-C salts by vapor pressure osmometry. If the £ 
value was considered as an adjustable parameter , 
experimental coefficients at infinite dilution <j>Q well 
agreed with the theoretical coefficients calculated from 
^ = ( 2 2 g f ) - i using 6 = 6 . 3 Â.1) 

Theoretical — AdUHel, calculated from Eqs. 4 and 
5, are shown by solid lines with £ = 4 . 8 Â in Figs. 1, 2, 3, 
and 4 and by broken line with b=6.3 Â, for the case 
of NaChS-A only, in Figs. 1 and 3, respectively. It was 
confirmed that the theoretical enthalpic values for b = 
4.8 Â well agreed quantitatively with experimental 
values. In the above-mentioned treatment, the non-
electrostatic enthalpies of dilution had been implicitly 
assumed to be negligible. However, it can be safely 
stated that the assumption is at least relatively a self-
consistent one over the experimental range of tempera­
ture and concentration. 

As the conclusion, at least tentative, ChS salt in 
aqueous solution may behave in such a way that the 
polyion of ChS has a stretched conformation with 
disaccharide lengths of ca. 12.6 Â at infinite dilution 
and a conformation nearly like solid state at moderate 
concentration. 
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Acidic and Catalytic Properties of Amorphous and 

Crystalline Alumino-silicates 
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Surface acidities and acid strength distributions of amorphous silica-alumina, Y-type faujasite and mordenite 
have been examined by measuring the differential heats of adsorption of ammonia. The number of acid sites 
with adsorption heats higher than 70 kj/mol increased in the order : NH4Y^>NH4M^>RENH4Y^>silica-alumina. 
On the other hand, the order of the acid strength was : NH4M>RENH4Y^>silica-alumina>NH4Y. The high 
catalytic activities of zeolites for cumene cracking and toluene disproportionation were correlated with acid strength, 
Brönsted acidity, and electrostatic effect. 

Zeolite have been shown to be more active than 
amorphous silica-alumina catalysts for many reactions. 
Miale et al.1) compared the relative rates of hexane 
cracking reaction by a wide variety of zeolite catalysts 
with those by amorphous silica-alumina catalysts. They 
showed the superior activity of zeolite catalysts, that 
is, the relative rate, compared with silica-alumina taken 
as 1, was more than 10000. Plank et al.2) showed the 
high activity of zeolite catalysts for gas oil cracking. 
Venuto and co-workers have shown that zeolites can 
catalyze a wide range of organic reactions.3) In a 
previous paper,4) the cumene cracking activities were 
measured for several FCC catalysts and the present 
authors concluded that the higher activity of zeolite-
cracking catalysts could not be explained only by an 
acidity increase. Tung5) proposed the time variant 
Brönsted acidity of zeolite catalysts to explain their 
high activity compared with that of amorphous silica-
alumina. The nature of active centers of zeolite catalysts 
has been reviewed recently.6) 

In this work, cumene cracking and toluene dispropor­
tionation reaction were measured over amorphous 
silica-alumina, Y-faujasite and mordenite. The results 
of activity were correlated with acid strength distribu­
tion, I R spectra of adsorbed pyridine and electrostatic 
effects evaluated from nitrogen adsorption. 

E x p e r i m e n t a l 

Materials. The solid acids used in this study were 
shown in Table 1. Silica-alumina (Al2Os contents, 28 wt 
%) , Na-type mordenite and rare-earth (RE) exchanged Y-fau­
jasite supplied by Catalysts and Chemicals Ind. Co. Ltd. 
NH4M and RENH4Y were prepared by a conventional cation 
exchange procedure with NH 4 N0 3 solution and then calcined 
in air at 600 °C and 400 °C for 3 h, respectively. NH4Y, 
prepared by an ion exchange with NH4C1 solution of NaY-
faujasite supplied by Linde Co. was calcined in air at 400 
°C for 3 h. The degree of ion-exchange was determined by 
flame photometry. All the catalysts were used as granule 
of 28—60 mesh. 

Apparatus and Procedure. Experimental procedures and 
analysis of differential heats of adsorption of ammonia to 
estimate the acidity and acid strength distribution were 
carried out as described in a previous paper.7) The same 

t Present address: Catalysts and Chemicals Ind. Co., 
Ltd., 2-6-2 Ohtemachi, Chiyoda-ku, Tokyo 100. 

TABLE 1. SURFACE AREA, Si02 /Al203 MOLAR RATIO AND 

T H E D E G R E E OF E X C H A N G E OF SOLID ACID CATALYSTS 

SA*> NH4Y RENH4Y NH4M 

Surface area (j/m2 g-1) 511 595 451 430 
Si02 /Al203 molar ratio 4.3 5.0 4.82 10.9 
Ion exchange/% — 96.0 96. 3b) 98.1 

a) Silica-alumina, b) 64.0% rare earth and 32.3% 
NH4+ exchanged. 

apparatus was used to measure the heat of adsorption of 
nitrogen and argon on solid acid catalysts. Each catalysts 
received a heat treatment at 400 °C under a pressure of 1.3 
X 10~3 Pa for 5 h before calorimetric measurements. 

The infrared absorption spectra of the adsorbed pyridine 
on solid acid catalysts were recorded on Hitachi infrared 
spectrometer model EPI-G3 by use of a conventional in situ 
cell connected to a vacuum line. The catalysts were pressed 
into a wafer with a thickness of about 10 mg/cm2 and heat-
treated at 400 °C under a pressure of 1.3 X 10~3 Pa for 4 h. 
The infrared spectra were measured at 25 °C. 

The catalytic reactions were carried out in a pulse reactor 
system. The apparatus and experimental procedure were 
described in detail in a previous paper.4) The catalysts were 
pretreatcd at 400 °C for 4 h in a stream of helium gas as a 
carrier. The helium flow rate during the pretreatment was 
30 cm3/min. The catalyst bed used in a cumene cracking 
reaction consisted of 20 mg catalysts diluted with 130 mg of 
catalytically inert quartz beads and the reaction was carried 
out at 300 °C and at a helium flow rate of 60 cm3/min. Tolu­
ene disproportionation reaction was carried out at 400 °C and 
at a helium flow rate of 30 cm3/min over 150 mg of catalysts. 
The catalytic activity was estimated by means of a conversion 
rate of cumene and toluene. 

R e s u l t s 

Catalytic Activity. The cumene cracking and 
toluene disproportionation activities over mordenite, 
Y-faujasite and silica-alumina are shown in Table 2. 
R E N H 4 Y had higher initial activity for cumene cracking 
than N H 4 Y and N H 4 M . A large drop in conversion 
with an increase in the pulse number was observed over 
N H 4 M , indicating the formation of non-volatile residure 
which left portions of the active site inaccessible to the 
reactants. N H 4 M showed higher activity for toluene 
disproportionation and the order of activity was: 
N H 4 M > R E N H 4 Y > N H 4 Y > s i l i c a - a l u m i n a in agree-
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TABLE 2. GUMENE CRACKING30 AND TOLUENE DISPROPOR-

TIONATIONB) ACTIVITY OVER SILICA-ALUMINA, 

NH4Y, RENH4Y, AND NH4M 

Cumene 
conversion/%c) 

SA 
NH4Y 
RENH4Y 
NH4M 

3.5 
68.9 
83.0 
71.1 

Gumene 
conversion/%d) 

0 
48.3 
37.1 
10.5 

Toluene 
conversion/%e) 

0 
5.5 

18.6 
56.9 

a) React, temp: 300 °G, 60 cm3 of He/min. b) React. 
Temp: 400 °G, 30 cm3 of He/min. c) Conversion of the 
first pulse (5 yd), d) Conversion of the pulse (5 yd) 
after 180 yd of the reactant was charged, e) Average 
conversion of the first 5 pulses (2 yd X 5). 

ment with the results of Nakano et al.%) Conversions of 
cumene or toluene over amorphous silica-alumina were 
slight or none under these reaction conditions. 

Differential Heats of Adsorption of Ammonia. In 
Fig. 1, the differential heats of adsorption of ammonia 
on silica-alumina, NH 4 Y, R E N H 4 Y , and N H 4 M are 
shown. The nature of differential heat curves of silica-
alumina and N H 4 Y has been discussed previously.7) 
The differential heat curve of R E N H 4 Y showed the 
existence of strong acid sites of heats of adsorption higher 
than 105 kj/mol compared with that of NH 4 Y, but the 
number of acid sites between adsorption heats of 80—100 
kj/mol decreased markedly. Initial heat of N H 4 M was 
higher than 150 kj/mol and the differential heat curve 
was very similar to that of R E N H 4 Y . 

The acid strength distributions of these solid acid 
catalysts are shown in Fig. 2. T h e maximum distribu­
tions were observed at ca. 98 kj/mol for mordenite and 
Y-faujasites and the other maximum distributions were 
also observed at HOkJ /mol and 77, 120kJ/mol for 
R E N H 4 Y and N H 4 M , respectively. Silica-alumina 

0.5 2.0 1.0 1.5 

F/mmol g_1 

Heats of adsorption of ammonia on solid acid Fig. 1 
catalysts at 25 °C. 
- A - : NH4Y, - A - : RENH4Y, - Q - : NH4M ; 

0 

Fig. 

70 90 110 130 150 
q/kj mol"1 

2. Acid site distributions of solid catalysts. 
— : NH4M, : NH4Y, : RENH4Y, - :SA, 

possessed a maximum distribution at 105 kj/mol. 
Infrared Spectra of Adsorbed Pyridine. Infrared 

spectra of pyridine on silica-alumina and zeolites are 
shown in Fig. 3 . The adsorbed pyridine has strong and 

§ 

-:SA. 

1700 

Fig. 3. Spectra of adsorbed pyridine on solid acids after 
pyridine dosing at 25 °C and evacuating at 150 °C for 
1 h, (A) SA; (B) NH4M; (C) RENH4Y; (D) NH4Y. 
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sharp bands characteristic of pyridinum ions (B-Py) at 
1545 c m - 1 and coordinately-bonded pyridine (L-Py) at 
1450 c m - 1 . In these spectra, the hydrogen-bonded 
species were removed by evacuation at 150 °C for 1 h, 
which was confirmed by the disappearences of their 
characteristic absorption bands at 1593 and 1438 cm- 1 . 
I t is apparent that the fraction of L-Py was higher in 
silica-alumina than in zeolites. The exchange with 
rare-earth cations in R E N H 4 Y results in a formation 
of Lewis acid sites and enhances the acid strength as 
shown in Fig. 2. The band near 1443 c m - 1 due to 
pyridine interacted with the rare-earth cations could 
not be observed after the evacuation at 150 °C. Strong 
adsorption band of L-Py was observed on N H 4 M in 
contrast with the results of Yashima et al.9) 

Heats of Adsorption of Nitrogen and Argon. The 
integrated heats of adsorption of nitrogen and argon on 
silica-alumina, NH 4 Y, R E N H 4 Y , and N H 4 M are 
collected in Table 3 . They were taken up to 20—35 
(xmol/g of the amount adsorbed for zeolites and about 
10 (xmol/g for silica-alumina. The order of integral 
heats was: N H 4 M > R E N H 4 Y > N H 4 Y > s i l i c a - a l u m i n a . 
For zeolites, this order coincides with that of acid 
strength in Fig. 2. A large difference in adsorption 
heats between argon and nitrogen was observed over 
N H 4 M . 

TABLE 3. HEAT OF ADSORPTION OF NITROGEN AND 

ARGON ON SOLID ACIDS (# /kJ m o l - 1 ) 

N2 

Ar 

SA 

6 
5 

NH4Y 

11.8 
9.0 

RENH4Y 

14.5 
10.1 

NH4M 

23.1 
16.8 

D i s c u s s i o n 

A high activity of zeolites has led to suggestions that 
the active sites such as Brönsted acid sites, Lewis acid 
sites and electrostatic fields on crystalline alumino-
silicates are considerably different from those on 
amorphous alumino-silicates. Oblad10) has compared 
the acidic nature of zeolite cracking catalysts with that 
of silica-alumina and concluded that the activity of 
zeolites was related to the intrinsic "protonic acidity" 
of the alumino-silicate lattice. 

The present authors have previously shown that the 
cumene cracking activity over amorphous silica-
alumina had a linear correlation with the number of 
acid sites higher than 70 kj/mol of adsorption heats of 
ammonia.4) The surface acidities obtained from Fig. 1 
are 0.65, 1.32, 1.56, and 3.95 mmol/g for silica-alumina, 
RENH 4 Y, N H 4 M , and NH 4 Y, respectively. An in­
crease in acid strength in R E N H 4 Y can be explained by 
inductive effects of rare-earth cation on the acidic 
hydroxyl groups. These values suggest that the excellent 
activity of zeolite catalysts for cumene cracking can not 
be explained only in terms of acidity increase. However, 
the existence of strong acid sites in N H 4 M and R E N H 4 Y 
leads to a large aging of cumene cracking activity, i.e., 
the formation of non-volatile residue. 

It is evident that the catalysts such as N H 4 M and 
R E N H 4 Y which possessed stronger acid sites showed 

higher conversion for toluene disproportionation, 
indicating that the reaction was effectively promoted 
by strong acid sites, i.e., the sites having the heat of 
adsorption of ammonia higher than ca. 100 kj/mol. 
However, it is difficult to explain the difference in 
activities for toluene disproportionation between silica-
alumina and NH4Y in terms of acid strength. 

Differential heats in Fig. 1 contain both the interaction 
of ammonia with Brönsted and with Lewis acid sites, 
and it is difficult to differentiate these two sites from 
heat curves. The relatively homogeneous acid sites at 
98 kj/mol in adsorption heats of NH 4 Y in Fig. 2, 
combined with the results of infrared spectra, can 
probably attr ibuted to protonic acid sites because of the 
existence of weak band of L-Py in Fig. 3 . The apparent 
ratios of the peak height of L-Py to B-Py, compared 
with that of silica-alumina taken as 1, were 0.57, 0.19, 
0.03 for N H 4 M , R E N H 4 Y , and NH 4 Y, respectively. 
If we assume that the number of Brönsted acid sites is 
equal to that of Lewis acid sites in silica-alumina, the 
Brönsted acidities of silica-alumina, N H 4 M , RENH 4 Y, 
and N H 4 Y should be 0.32, 0.99, 1.11, and 3.82 mmol/g, 
respectively. Brönsted and Lewis acid sites concentra­
tion of the solid acids were summarized in Table 4. 
If Brönsted rather than Lewis acid sites are the seats 
of activity for toluene disproportionation as mentioned 
by Benesi,11) the absence of activity over silica-alumina 
must somewhat be due to its small Brönsted acidity and 
this is also true for cracking activity. The higher initial 
activity over R E N H 4 Y for cumene cracking can be 
related to its relatively strong acid sites and larger 
number of Brönsted acid sites. 

It has long been believed that the zeolite surfaces were 
heteropolar. Therefore, molecules occuluded within 
the zeolite framework are subject to its electrostatic 
field. H u a n g et al.12) obtained the isosteric heat of 
adsorption of krypton from adsorption isotherms and 
discussed the surface electrostatic effects associated with 
lattice cations of Y-faujasites. They concluded that the 
existence of bivalent cations on zeolite surface had no 
influence on the adsorption of krypton because of its 
smaller contribution to polarization energy. Meanwhile 
the use of nitrogen molecules should be suitable for 
studies of electrostatic effects of solid surfaces because of 
its large quadrupole moment and relatively large 
polarizability. 

If we can assume that the polarizability of nitrogen 
is almost the same as that of argon, the difference of 

T A B L E 4 . B R Ö N S T E D A N D L E W I S A C I D SITES C O N C E N T R A ­

T I O N MEASURED BY THE INFRARED SPECTRA 

OF ADSORBED PYRIDINE 

Acidity/mmol g - 1 

L-Py/B-Py 
B-sitesa)/mmol g-1 

L-sitesb)/mmol g - 1 

SA 

0.65 
1 
0.32 
0.33 

Catalysts 

NH4M 

1.56 
0.57 
0.99 
0.57 

RENH4Y 

1.32 
0.19 
1.11 
0.21 

NH4Y 

3.95 
0.03 
3.82 
0.13 

a) The number of Brönsted acid sites, b) The number 
of Lewis acid sites. 
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adsorption heats between them is probably due to the 
quadrupole-electrostatic field gradient interaction. 
Therefore, the higher adsorption heats of nitrogen on 
R E N H 4 Y compared with that on N H 4 Y can be ascribed 
to the contribution of quadrupole interaction of nitrogen 
with rare-earth cations. I t is noteworthy that the order 
of integral heats of nitrogen coincides with that of 
activity for toluene disproportionation. These facts 
indicate that the cages and channels of zeolitic crystal­
line structure are characterized by the existences of 
high electrostatic field and its gradient, and therefore 
they act as strong polarizing agents for hydrocarbon 
transformation reactions. 

I t may be concluded from the present work that the 
acidity of zeolite catalysts appears to be the same kind 
as silica-alumina but differs in both quanti ty and 
quality of acid sites. Acid strength distributions of each 
solid acids obtained from differential heats of adsorption 
of ammonia are extensively different depending upon 
their crystalline structure and the existence of cations. 
The acid sites having the adsorption heats of ammonia 
higher than ca. 100kJ/mol are effective for toluene 
disproportionation at 400 °C and these values are 
considerably high compared with the effective acid 
strength for cumene craking. Heats of adsorption of 
nitrogen indicate the high electrostatic field over 
zeolite surfaces. The low Brönsted acidity as well as 

the low electrostatic effects probably correlate with the 
low activity of amorphous silica-alumina. 

This work was partly supported by a Grant-in-Aid 
for Science Research from the Ministry of Education. 
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An Analysis of Impedance in the Kolbe Reaction on Platinum and 
Gold Anodes in Aqueous Acetate Solutions 
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The Kolbe reaction occurring on platinum or gold anodes in aqueous acetate was studied by analyzing the 
equivalent circuit of the impedance obtained with a phase-sensitive detector. In the case of platinum, the equivalent 
circuit at the potential for the Kolbe reaction is represented by a parallel combination of the double-layer capacity, 
Cdl, and the charge-transfer resistance, 0, in series with the solution resistance, -ßsol. The Cdl value of 2.00 V 
obtained by a complex impedance plane plot is nearly identical to that calculated by assuming that the Helmholtz 
layer is occupied by CH3COO~. In the potential range more negative than 2.00 V, the Kolbe reaction occurs. 
The steep decrease in the differential capacity is considered to be a result of the decrease in the adsorption pseudo-
capacity. The 6 value of the oxygen evolution increases with an increase in the acetate concentrations. It is 
shown that the surface coverage of GH3COO~ may be obtained by "Frumkin's treatment" in conjunction with the 
high-frequency capacitance, CHF, and the low-frequency capacitance, CLF, from the complex capacitance plane 
plot (Y/co plane plot). The Kolbe reaction does not occur at all with gold anodes, and the specific circular arc 
was not seen in the Y/to plane plot. Impedance measurements, therefore, confirm that an adsorption pseudo-
capacity of GH3GOO~ is not present with gold anodes. 

Electrochemical studies of the Kolbe reaction using 
various techniques have been reported by many 
investigators.1-3) The Kolbe reaction was, for example, 
examined with plat inum or gold anodes in acetate or 
propionate solutions.4-7) In aqueous acetate solutions 
the Kolbe reaction proceeds efficiently on pla t inum at 
anodic potentials greater than ca. 2.00 V, with the 
release of ethane and carbon dioxide, whereas the 
reaction does not occur at any potentials on gold 
anodes.1) These phenomena result from the difference 
in anode surface states; ellipsometry8) shows that the 
adsorption of a layer of C H 3 C O O - or C H 3 C O O - about 
10 Â thick on the plat inum at anodic potentials greater 
than 2.00 V is favorable to the Kolbe reaction, while 
the oxide (Au 20 3 ) more than 30 Â thick formed on 
gold anodes inhibits the reaction. 

According to an analysis of the impedance of the 
Kolbe reaction by Kunugi et a/.,9) the double-layer 
capacity decreases from 30 to 10 (xF/cm2 when the 
anodic reaction changes from the oxygen evolution to 
the Kolbe reaction. Such behavior can be explained 
by attributing it to the change from the acetate ion to 
the methyl radical. However, only this explanation for 
these phenomena seems not to be sufficient. Further­
more, the equivalent circuit has not appeared in the 
literature. 

In the present study, impedance measurements were 
made on plat inum and gold anodes in aqueous acetate 
solutions using a phase-sensitive detector (PSD). The 
equivalent circuits corresponding to the adsorbed layer 
on the plat inum anode or the oxide layer on the gold 
anode are derived from the impedance analysis. The 
possibility of the occurrence of the Kolbe reaction is 
discussed. 

Exper imenta l 

Apparatus. The impedance was measured with a PSD 
(Fuso Seisakusho, model 332). The reference signal of the 
sinusoidal wave in PSD was within 3.5 mV (RMS) over the 
frequency range of 9 kHz—10 Hz. 

Electrodes. A section (0.10 cm in diameter) of platinum 
or gold wire served as the working electrode. The pretreat-
ment of these anodes was carried out as has been described 
previously.4) The counter electrode was a spiral platinum 
wire. The potential was measured with reference to a 
saturated calomel electrode (SGE), and the electrode was 
gradually polarized to the positive potential with 10 mV/s. 
The parallel capacity and resistance were simultaneously 
plotted with a two-pen recorder. All the circuits were 
shielded and grounded. 

Solutions. Test solutions were prepared from the 
reagent-grade chemicals and triply distilled water. Acetic 
acid was refluxed in the presence of potassium permanganate 
to oxidize the contaminating aldehydes, and was then 
redistilled in the presence of fresh diphosphorus pentaoxide 
to remove the water. Potassium acetate was used without 
further purification. The aqueous acetate solutions used were 
1: 1 mixtures of equimolar solutions of potassium acetate and 
acetic acid at 0.5, 1, 2, and 5 M respectively. All the experi­
ments were carried out at 25 °C. 

R e s u l t s a n d D i s c u s s i o n 

Platinum Electrode. I t has previously been 
reported that the remarkable decrease at 2.00 V in the 
differential capacity obtained by an impedance bridge 
is a necessary condition to promote the Kolbe reaction 
on a plat inum anode in an aqueous acetate solution.4) 

Figure 1 shows the relationship between the parallel 
capacitance and the potential (Cp—E), as measured by 
a PSD. Two peaks were observed at around 0.80 and 
1.35 V. The capacity at potentials greater than 1.35 V 
markedly decreases and levels off to a constant value at 
2.25 V. I t has already been reported that an oxygen 
evolution reaction and adsorption of C H 3 C O O ~ 
compete in the potential range where the Kolbe reaction 
does not occur. Such a competition can be analyzed 
with the aid of the complex impedance plane plot10) 
(Z plane plot) obtained at various acetate concentra­
tions. 

Figure 2 shows the results of the Z plane plot observed 
on a plat inum anode at various acetate concentrations. 
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Fig. 1. Parallel capacitance vs. potential curves on Pt 
in 2 M acetate with various frequencies, 
sweep rate: 10 mV/s, 
a: 15 Hz, b : 60 Hz, c: 3 kHz, d: 8 kHz. 
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Fig. 2. Complex impedance plane plot of Pt in various 
acetate concentrations. 
a: 1.50 V, - ( > : 0.5 M, - A - : 1 M, - • - : 2 M, -%-: 
5 M , b : 2.00 V, - ( > : 0.5 M. 

The diameter of the semicircle in the Z plane shows 
the charge-transfer resistance, 0. If the value of 0 at 
1.50 V is determined only by oxygen evolution, it will 
not be affected by the acetate concentrations. Since 0 
increases with an increase in the acetate concentration, 
it may be concluded that an oxygen-evolution reaction 
is inhibited by the adsorption of C H 3 C O O ~ . Since the 
loci of the Z plane plot are given only by the semicircle, 
the rate-determining step of the Kolbe reaction or the 
oxygen evolution on the pla t inum is regarded as a 
charge-transfer process, representing an activation 
polarization. 

The Cdl values at each concentration, as calculated 
from, comSLX(=\ldCdl), corresponding to the top of the 
semicircle, are shown in Fig. 3. At more negative 
potentials than 2.00 V, where the oxygen evolution 
proceeds, the Cdl value of plat inum depends on the 
bulk concentration of the acetate ion and decreases 
with an increase in the concentration. By contrast, 
Cdl at 2.10 V, where the Kolbe reaction proceeds, is 
almost independent of the bulk concentration. From 
the above results, it can be said that, when the electrode 
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Fig. 4. Complex capacitance plane plot of Pt in 0.5 M 
acetate. 
- O - : 0 . 7 5 V , - A - : 1 .37 5 V,-D- : 1.50 V , - # - : 1.75 
V , - O - : 2 . 0 0 V. 

reaction changes from the oxygen evolution to the 
Kolbe reaction, Cdl decreases and then remains 
approximately constant (5—8 (jiF/cm2). Such behavior 
in Cdl was found to be similar to that observed for Cp 

in the Cp—E curve described above. 
To elucidate further the decrease and then the 

constancy in Cdl at the potential where the Kolbe 
reaction proceeds, the above results were analyzed on 
the basis of the complex capacitance-plane plot11»12) 
(Y/œ plane plot) (Fig. 4). At the more negative poten­
tials than 2.00 V, the quarter circle was found in the 
high-frequency region, while the straight line was 
found in the lower-frequency region. 

If the high-frequency capacitance, CHF> is determined 
by extrapolation to an infinite frequency (co = °o) in a 
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quarter circle, and the low-frequency capacitance, CLF, 
by linear extrapolation to the Cp axis, the definitions 
of CHF> CLF and the adsorption pseudo-capacity, AC", 
are as follows :13> 

CHF = (d?/9£)„>r 

CLF = (ßql9E)ß = (9?/9£)„,r 

+ Oq/dD^idridE), 
AC = CLF - CHF = (9?/3D, ,E (9r /9£) , 

(1) 

(2) 

(3) 

where J1, q, and ß represent surface excess, the surface 
charge density, and the chemical potential respectively. 

The quarter circle was obtained at 0.75 and 1.35 V, 
where the first and second capacity peaks were obtained 
respectively in the Cp—E curves. I t is known that the 
first capacity peak is due to an adsorption of oxygen-
containing species (OH~, H 2 0 , O 2 - , etc.)*) and that the 
rate-determining step of adsorption is a diffusion 
process when the Y[co plane plot gives a quarter 
circle.11»12) As has been described above, the adsorption 
of oxygen-containing species is diffusion-controlled and 
the adsorption pseudo-capacity gives a value of 10—20 
(jiF/cm2. The second peak is regarded as the adsorption 
of C H 3 C O O ~ in the potential range of oxygen evolu­
tion.4) In this case, the C H 3 C O O - is specifically 
adsorbed by forming a partly covalent bond with 
platinum and is perhaps responsible for the pseudo-
capacity.14) 

Since the Y/co plane plot gives a quarter circle at 
1.375 V, the rate-determining step in the adsorption of 
C H 3 C O O ~ is a diffusion-controlled process and produces 
an adsorption pseudo-capacity, A C A AC value of 
20 (jiF/cm2 is observed at 1.375 V. In the Cp—E curve 
noted above, the Cp value decreased markedly with an 
increase in the positive potentials to more than 1.30— 
1.40 V indicated a second capacity peak, and Cdl 

decreased similarly (Figs. 1 and 3). These results can 
be explained by a diminution of the quarter circle, 
representing the magnitude of the adsorption pseudo-
capacity, AC; i.e., if (dr/dE),,=0 in Eq. 3, the AC due 
to the adsorption of C H 3 C O O _ will vanish. The above 
conditions are satisfied by the fact that J1 for the adsorp­
tion of C H 3 C O O ~ is constant against the potentials. 
The limiting case in the Y/co plane plot is at 2.00 V, 
where the quarter circle almost disappears and a 
straight line is obtained. 

In order to determine the surface coverage of 
C H 3 C O O - from the CHF values, "Frumkin 's t rea tment" 
was performed. If the electric double layer is constructed 
by two parallel condensers, one is covered by the 
adsorbate, while the other is not ; the charge on the 
electrodes is then given as follows:15) 

q = qo(i-es) + q*ds 

where q0 and q* correspond to the electrode charges 
when 0S=O and 0 S = 1 respectively; and where 0S 

is the fractional coverage of the surface ( = / 1 / / 1
m a x ) -

The CLF value given in Eq. 2 is converted to Eq. 4 : 

CLF = dq/dE = (dqldE),B + (dqld6s)(d6JdE) 

= {CoCl-W + C*©,} + (q*-q0)(ddJdE) (4) 

where C0=dq0/dE and C*=dq*/dE. The first two 
terms of Eq. 4 are replaced by Eq. 1 and : 

CHF = (dq/dE)9s = C0(l -0S) + C*0S (5) 

As an example, 0S of C H 3 C O O ~ was obtained from 
the plat inum anode in a 2 M acetate solution; the 
values of CHF for C* and C0 were 6 and 24 (jiF/cm2, 
obtained at 2.00 and 0.90 V, respectively. Because the 
adsorption of C H 3 C O O ~ is negligible at potentials less 
than 1.30 V, as shown by a previous study,9) the condi­
tion of A C = 0 is satisfied at 2.00 V in Fig. 4. The 
values of 0S were calculated from Eq. 5 ; e.g., when 
C H F = 2 0 [i.F/cm2 at 1.50 V, then 0S=O.2, and when 
CHF=12fjiF/cm2 at 1.75 V, 0S=O.7. The 0S values 
obtained by the above method agreed approximately 
with the surface coverage obtained from the difference 
between the currents observed in the presence and in the 
absence of acetate ions in a phosphate solution using 
the linear-potential-sweep method. 

The admit tance for a first-order electrode reaction 
proceeding on the Y/co plane is characterized by Eq.6.16) 
Since only the perpendicular line against the Cp axis 
is observed, the straight lines obtained at 1.50 and 1.75 
V indicate that the oxygen evolution follows a first-
order electrode reaction : 

YI<o=jCdl+ l/cod (6) 

The intercept at the Cp axis gives both Cd l and CLF, 
according to Eq. 6. Therefore, it may be concluded 
that the Cdl value on the Z plane at the potentials of 
oxygen evolution contains the adsorption pseudo-
capacity, AC, of C H 3 C O O ~ . For example, at 1.50 V 
in a 2 M acetate solution, the Cd l obtained on the 
Z plane corresponding to CLF on the Y/co plane is 
33 (jiF/cm2. Consequently, AC( 13 
(iF/cm2, since CHF is equal to 20 (xF/cm2. For the above 
derivation, the adsorption of C H 3 C O O ~ was taken to 
proceed simultaneously with the oxygen evolution on 
the Y/co plane. 

As AC approximates zero at 2.00 V, where the Kolbe 
reaction proceeds, the Cd l value extrapolated to the 
Cp axis almost represents that of CHF. Thus , a CHF 

value of 5—6 fjiF/cm2 was found at 2.00 V in 0.5—2 M 
acetate solutions. Accordingly, the equivalent circuit 
of pla t inum at potentials less than 2.00 V is shown in 
Fig. 5(a). Tha t the adsorption of C H 3 C O O ~ is the 
diffusion-controlled process and gives the pseudo-
capacity, AC, is shown by the elements of CHF, AC, and 
Z w . This impedance, Z w , is considered to be equivalent 
to the Warburg impedance in a diffusion process: 

-HF 

a) —>A/W-
R sol 

AAA 
AC 1\/\M/U 

b) —sNWH 

^sol 

Cdl 

sMtfi-

Fig. 5. Electrical equivalent circuit. 
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Zw=(l-j)(rD/2coy/*-AC-i (7) 

rD = (dr/dcA)i/D 
rD: mean diffusion-controlled relaxation time; 
CA: concn of adsorbate; D: diffusion coefficient. 

The coefficient, ( T D ^ ^ - A C " 1 , was about 200—400 
0«cm 2 ' S~ 1 / 2 in the potential range from 0.90 to 1.50 V 
in the 0.5 M acetate solution. The rD was calculated 
from comax ( = 1/TD) , corresponding to the top of the 
quarter circle. The 0, combined with other parallel 
elements, shows the charge-transfer resistance for the 
oxygen-evolution reaction. Since AC is almost equal 
to zero at potentials greater than 2.00 V, the equivalent 
circuit for the Kolbe reaction is simply shown by 
Fig. 5(b). 

The facts that Cp is constant at potentials greater than 
2.00 V and that Cdl decreases to an almost constant 
value of 5—8 (jiF/cm2 result from the fact that : the 
constancy in Cdl is explained on the basis of the concept 
of electric double layer, and the results of ellipsometry.8) 
The total capacitance, Cdl , is generally considered to 
be the serial combination of a Helmholtz capacity, CH ; 
a diffuse double-layer capacity, CD, and a film capacity, 
Qilm? due t o t n e formation of a film on a solid electrode 
interface : 

1/Ql = l/Qilm + 1/CH + 1/CD (8) 

Since a sufficiently high concentration is employed in 
this study 1/CD becomes small and : 

1/Qi = 1/Qiim + 1/CH (9) 

According to Hoare,17) oxygen evolves from the 
plat inum surface covered by an electronically conducting 
monolayer of adsorbed oxygen ( P t - O ) . In addition, 
ellipsometry confirmed that the thickness of an adsorp­
tion layer does not exceed 10 Â, even in the Kolbe 
reaction region.8) Therefore, the incorporation of 
C H 3 C O O ~ into the P t - O layer seems more reasonably 
to be expected than that of the adsorption layer of 
C H 3 C O O - onto the oxide film (PtO) . Hence, Cd l , 
represented by CH, is due to the specific adsorption of 
C H 3 C O O - into the Helmholtz layer. This CH can be 
explained on the basis of a Helmholtz parallel-plate 
condenser model: 

Q i ^ ^ H = e/4jid (10) 

where d is the distance between the condenser plates 
and e is the dielectric constant. Using a dielectric 
constant of acetic acid of 6.2 and a thickness of CH of 
the order of 10 Â, CH can be estimated to be about 
6 (xF/cm2. This CH value is almost equal to those of Cd l 

and CHF obtained from the Z plane plot and the Y/œ 
plane plot respectively at 2.00 V. 

The Kolbe reaction at the surface covered by 
C H 3 C O O - or C H 3 C O O at potentials above 2.00 V is 
due to : 

CH3COO. ( a d ) + CH3COO-
,18) G2H6 + 2G02 + e 

Gold Electrode. The differential capacity on a 
gold anode in an aqueous acetate solution, as measured 
with an a.c. bridge in series with a capacitor and a 
resistor, increased markedly at potentials above 1.50 
V.19> 

200 

^ 100 

0.50 1.00 1.50 2.00 
E/V vs. SGE 

Fig. 6. Parallel capacitance vs. potential curves on Au 
in 2 M acetate with various frequencies, 
sweep rate: 10 mV/s, 
a: 20 Hz, b : 80 Hz, c: 400 Hz, d: 3 kHz. 

40 
RJkQ 

Fig. 7. Complex impedance plane plot of Au in 5 M 
acetate. 
- 0 - : 1.00 V, - A - : 1.30 V, - [ > : 1.50 V. 

Figure 6 shows the Cp—E curves of gold anodes 
measured with the PSD in parallel with a capacitor 
and resistors. A constant value was reached at potentials 
above 1.60 V, in contrast to the results of a previous 
paper.19) In order to determine the rate-determining 
step of the oxygen evolution reaction in the presence 
of C H 3 C O O ~ with gold anodes, the Z plane plot was 
worked out ; the results are shown in Fig. 7. The rate-
determining step that occurs at potentials above 1.36 
V20) was found to be a charge-transfer process according 
to Eq. A, because the only semicircle was observed in 
the Z plane at 1.50 V. 

H 2 0 ( a d ) • OH ( a d ) + H+ + e (A) 

OH ( a d ) + OH ( a d ) «=> Ocad) + H 2 0 (B) 

O(ad) + O(ad) < > ^ 2 ( a d ) < > 0 2 (G) 

The Cd l value on gold in a 5 M acetate solution is 
shown in Fig. 3. 

T h e Y/œ plane plot (Fig. 8) was worked out with a 
gold anode in an acetate solution in order to examine 
the behavior of G H 3 C O O _ , since the adsorption of 
C H 3 C O O ~ on plat inum occurs at around 1.30 V, with 
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Fig. 8. Complex capacitance plane plot of Au in 2 M 
acetate. 
- 0 - : 0.75 V, - A - : 1.00 V, - [ > : 1.30 V, - # - : 1.50 V. 

the evolution of oxygen. The loci of the plot in the 
potential range of 0.75 to 1.50 V differ from those on 
platinum anodes; they represent an approximately 
straight line without a specific circular arc. The Cdl 

value obtained at the intercept of the Cp axis (Eq. 6) 
is of the order of 6—10 (xF/cm2 in the potential range 
from 0.75 to 1.50 V. These potentials are on the Y/œ 
plane. Since the presence of the semicircle or the 
quarter circle is quite doubtful, the adsorption of 
C H 3 C O O - on a gold anode is unlikely. In addition, 
the surface coverage of C H 3 C O O ~ on a gold anode is 
negligible at concentrations higher than 0.5 M , as has 
previously been reported.6) 

Since the characteristics of the Cp—E curve at 
potentials less than 1.50 V shown in Fig. 6 are similar 
to those of the capacity-potential curve of gold anodes 
in perchloric acid reported by Schmid and 
Hackerman,21) it may be concluded that the present 
Cp—E curves are not affected by the adsorption of 
C H 3 C O O - . According to Schmid and Hackerman,21) 
the capacity hump in the potential range from 0.9 to 
1.3 V is due to the adsorption of oxygen-containing 
species, i.e., OH~~, O 2 - , etc. 

Thermodynamically, the formation of oxide on gold 
anodes at potentials above 0.93 V (vs. SCE) in acetate 
solutions ( p H = 4 . 8 0 ) is possible via Eq. D ; 

2Au + 3H 20 = Au203 + 6H+ + 6e22> (D) 

E° = 1.457 - 0.591pH (vs. NHE) 

E°: equilibrium potential 

Therefore, the adsorption of oxygen-containing species, 
e.g., water, on gold seems reasonable. 

The specific circular arc with gold anodes, however, 
was not observed on the Y/co plane at the potentials 
where the oxygen-containing species adsorbs. The 
quarter circle on plat inum anodes was obtained on the 
Y/œ plane in the potential range from 0.75 to 0.90 V, 

where the first peak of the capacity was observed with 
the Cp—E curves. In this potential range, the adsorp­
tion of oxygen-containing species on plat inum anodes 
is possible. 

The difference between the adsorption of oxygen-
containing species on pla t inum and gold anodes is 
considered to be as follows. Since the adsorption of 
reacting species can be detected by the specific arc on 
the Y/co plane, the adsorption of oxygen-containing 
species on pla t inum is verified by the quarter circle. 
Water adsorbed on a gold anode is immediately changed 
to the oxide, A u 2 0 3 , according to Eq. D , and the 
surface is completely covered with the oxide. 

Since the time constant of the adsorption layer 
differs from that of oxide, the Y/co plane plot with 
gold anodes will not show a circular arc indicating the 
adsorption. 

T h e results presented above support the notion that 
the Kolbe reaction occurs on surfaces covered with 
C H 3 C O O - or C H 3 C O O . 3 ) The equivalent circuit of 
the oxygen evolution on a gold anode, which does not 
contain the adsorption pseudo-capacity of C H 3 C O O ~ , 
is shown in Fig. 5b. 
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The Mechanism of Catalyzed Hydrogen-Deuterium Exchange on 
Gold Deposited over Poly(tetrafluoroethylene) 
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The H2-D2 exchange reaction over Au(0.3%)/PTFE(poly(tetrafluoroethylene)) was studied. The apparent 
activation energy was found to be 29 kj mol -1 . The dependence of the reaction rate on the total pressure was 
measured at 518, 432, and 393 K. It was found that the pressure exponent of the exchange reaction decreases with 
the increase in the total pressure and that in the lower pressure range, the reaction order is as high as 2. The rate 
equation obtained from the pressure dependence was R=k{KPj{\-\-KP)y2. Accordingly, it was concluded that 
the H2-D2 exchange reaction over gold takes place between molecularly adsorbed hydrogen and deuterium through 
a dimeric intermediate. The heat of adsorption on the active sites in the gold surface was 5.9 kj mol -1. 

T h e H 2 - D 2 exchange reaction on metal catalysts 
has been extensively studied as a measure of hydrogen 
activation.1»2) Transition metals are known to be 
effective catalysts for this exchange. By contrast, non-
transition metals are notably less efficient than transition 
metals, due to their smaller ability to interact with 
hydrogen. 

The earliest views on the mechanisms of this exchange 
were those of Bonhoeffer and Farkas,3) who suggested 
the following steps: 

H2 + 2* < 

D2 + 2* « 

H D + 2* 

2H* 

2D* 

t H* + D* 
(1) 

This mechanism should operate when the adsorption-
desorption process is rapid. Certain drawbacks to this 
mechanism soon, however, became evident. For 
example, Benton and White4) showed that the desorp-
tion of adsorbed hydrogen from the surface of nickel 
powder only occurred above 173 K, although the H 2 -
D 2 exchange reaction proceeded measurably on nickel 
at about 83 K . 

An alternative mechanism was therefore proposed as 
follows:5»6) 

H2 + D* 

D2 + H* 

H* + HD 

D* + HD (2) 

This is called the Rideal-Eley mechanism. 
I t has been accepted that the Bonhoeffer-Farkas 

mechanism operates with transition metals above room 
temperature, where the adsorption-desorption process 
is fast. The Rideal-Eley mechanism is likely to apply to 
low-temperature reactions, where dissociated atoms are 
irreversibly adsorbed. 

There have been many studies on the H 2 - D 2 

exchange reaction which at tempted to distinguish 
between the Bonhoeffer-Farkas mechanism and the 
Rideal-Eley mechanism.1 '2) 

O n the other hand , Schwab and Kil lman suggested 
the following reaction mechanism for the exchange 
reaction over nickel foil, on the basis of the isotope 
effect of the reaction rate:7»8) 

H2 + * < = 

D2 + * T= 

H2* + D2* 

HD + * «= 

H2* 

D2* 

= ± 2HD* 

l HD* 

(3) 

In this case, the isotope exchange takes place between 
molecularly adsorbed hydrogen and deuterium. 
However, A. Farkas made the criticism that their 
t reatment on the basis of the isotope effect cannot 
provide proof for or against any mechanism.8) 

In this paper, we examine the H 2 - D 2 exchange 
reaction on gold supported over poly(tetrafluoro-
ethylene) (PTFE) , which has already been proved to be 
a good support for platinum.9) Although there are a 
few works on the H 2 - D 2 exchange reaction over gold 
catalyst,10 '11) the kinetic behaviour of this exchange 
reaction has not yet been fully studied. In our study, 
the diagnostic test of a mechanism is based on the 
pressure dependence of the reaction rate. 

E x p e r i m e n t a l 

The rate of the H2-D2 exchange reaction was measured in 
a closed circulation system with a volume of 330 cm5, 
Auxiliary equipment consisted of a mercury diffusion pump 
backed by a mechanical pump and isolated from the reaction 
apparatus by a liquid nitrogen trap. The pressure of the 
reaction system was measured with a mercury manometer 
which was covered with a small amount of silicone oil (Dow 
Corning 705 Fluid Lot. No. 33) at the top. 

The isotope distribution in the gas phase was determined 
by gas chromatography at 77 K, using a column filled with 
alumina,/5% manganese chloride. Prior to each measurement, 
the catalyst was subjected to heat-treatment in vacuo at 518 K. 

Hydrogen of seven nine purity (Nippon Sanso Co., Ltd.,) 
and deuterium of 99.5% purity (Showa Denko Co., Ltd.,) 
were passed through a liquid nitrogen trap before use. 

Gold (0.3%) supported on PTFE catalyst was prepared as 
follows: PTFE (914J. Mitsui Fluoro Chemicals Co., Ltd.,) 
was soaked in an acetone solution of chloroauric acid and 
the solvent was evaporated; after evacuation at room tem­
perature, the sample was heated to 463 K and evacuation 
was continued for 30 min at the same temperature, after 
which hydrogen gas (40 kPa) was circulated over the catalyst 
at 463 K for 3 h, followed by evacuation overnight at the 
same temperature. The amount of the catalyst used was 
5.06 g. 

For the blank test, an equimolar mixture of H2 and D2 at 
the pressure of 46.3 kPa was circulated over 5.26 g of PTFE 
at 503 K; it was found that no appreciable amount of HD 
was formed even after 140 min. 

R e s u l t s 

T h e time course of the H 2 - D 2 exchange reaction is 
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described by the first order equation : 

Jn- lt -Ay, W Xe Xo 

where %0, Xu a n d Xe
 a r e t n e fractions of hydrogen 

deuteride present at times zero and t and at equilibrium. 
The total rate of exchange, R (cm3 /min), is given by 

R = keN (5) 

where N is the total amount of hydrogen gas (H2 , D2) 
introduced. We could not calculate the absolute rate 
(the exchange rate per unit metal surface area) since 
the surface area of gold was not determined. 
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Fig. 1. First order rate constant (ke) at 518 K against 
the fraction of hydrogen. Total pressure was kept 
constant at 24.9 kPa. 

The dependence of the first order rate constant, ke, 
on the composition of the mixture of H 2 and D 2 under 
the total pressure of 24.9 kPa was studied. The results 
(Fig. 1) show that there exists little isotope effect in the 
H 2 - D 2 exchange reaction on A u / P T E E . Therefore, 
an equimolar mixture of H 2 and D 2 was employed in 
contact with the catalyst in all later experiments. 

The temperature dependence of the first order rate 
constant, ke, plotted in Arrhenius form is shown in 

-2.0 

2.0 2.5 
io3 r-VK-1 

Fig. 2. Arrhenius plots for the H2-D2 exchange reaction 
on Au(0.3%)/PTFE. P== 34.7 kPa. 
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Fig. 3. Dependencies of the H2-D2 exchange reaction 
on the total pressure at 518, 432, and 393 K. 
- O - ; 518 K, - A - ; 432 K, - [ > ; 393 K. 

Fig. 2. T h e apparent activation energy calculated from 
the slope of the line is 29 k j mo l - 1 , which is the same as 
that over gold wire obtained by Avdeenko et al.12) 

The logarithms of the total rates of the exchange at 
518, 432, and 393 K are plotted against those of the 
total pressure P of hydrogen in Fig. 3 . I t is shown in 
Fig. 3 that the pressure exponent of this exchange 
reaction decreases with the increase in the total pressure. 
For example, at 518 K , the pressure exponent decreased 
from 2 at pressures between 13 and 20 kPa to 1.0 at 
pressures between 50 and 70 kPa; at 393 K, it decreased 
from 2 at pressures between 13 and 20 kPa to 0.5 at 
pressures between 50 and 70 kPa. 

I t is surprising that the reaction order was found to 
be 2 in the lower pressure range, because neither the 
Bonhoeffer-Farkas mechanism nor the Rideal-Eley 
mechanism can explain such a high reaction order. 
For the Bonhoeffer-Farkas mechanism, where the 
exchange reaction proceeds by way of dissociative 
adsorption and desorption, the reaction order should 
vary from first at low coverages to zero at high coverages. 
For the Rideal-Eley mechanism, the order should be 
first, providing the atomic layer is complete and the 
molecular species only weakly adsorbed or not at all. 

Consequently, we must consider the Schwab mecha­
nism, in which the H 2 — D 2 exchange reaction goes 
through an associative intermediate, as expressed by 

H2(a) + D2(a) 
H . . .H 

D. . .D 
2HD(a). iß) 
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In this case, the reaction velocity is proportional to the 
square of the coverage of the molecularly adsorbed 
hydrogen. Using the Langmuir equation, total rate of 
exchange is given by 

-'(w)' (7) 

where K denotes the adsorption constant. 
By rearranging Eq. 7, we get the following equat ion: 

1 
*/R VkK ^ */ k' ^ 

Therefore, it can be expected that when P/t/R's are 
plotted against total pressure, P, a straight line will 
be obtained. 

100 
P/kPa 

Fig. 4. Relation between the total pressure (P) and PJAJR . 
- O ; 518 K, - A - ; 432 K, - [ > ; 393 K. 

The graphs o^P/^/R against P at 518, 432, and 393 K 
are shown in Fig. 4 ; they give reasonably good straight 
lines. Accordingly, we get Eq. 7 as the rate equation 
for the H 2 - D 2 exchange reaction on A u / P T F E . 

From the slopes and intercepts of the graphs in Fig. 4, 
we can calculate the rate constant, k, for the surface 
exchange and the adsorption constant, K, at 518, 432, 
and 393 K ; these are summarized in Table 1. 

TABLE 1. RATE CONSTANT OF THE H2-D2 EXCHANGE 

REACTION A N D ADSORPTION CONSTANT OF HYDROGEN 

MOLECULE ON A u / P T F E 

r/K £/cm3min~ #/kPa-

518 
432 
393 

65.6 
9.66 
4.49 

0.0122 
0.0152 
0.0190 

In Fig. 5, In k and In K are plotted against \/T. The 
heat of hydrogen adsorption on the surface of gold and 
the activation energy of the surface reaction, given by 
the slopes of the lines in Fig. 5, are 5.9 k j m o l - 1 and 37 

2.0 2.5 

io3 r-vK-1 

Fig. 5. Temperature dependencies of logarithm of rate 
constant (k) and that of adsorption constant (K). 

kj mol - 1 , respectively. Although in the case of the H 2 -
D 2 exchange reaction on copper catalyst Kiyomiya et al. 
found a marked isotope effect,13) we found little isotope 
effect for the reaction on gold. Therefore, the heat of 
adsorption obtained is not the average of that for 
hydrogen and deuterium. The heat of adsorption for 
hydrogen and that for deuterium are the same and are 
both 5.9 k j mol"1 . 

D i s c u s s i o n 

Although Trapnell did not find chemisorption of 
hydrogen on the evaporated film of gold in the tempera­
ture range 293 K to 93 K,14) there are a few reports on the 
H 2 - D 2 exchange reaction on gold which indicate that 
the adsorption of hydrogen on gold docs occur.10»11) 
For example, Taylor and his coworkers11) found the 
H 2 - D 2 exchange reaction to take place on gold foil. 
They speculated that the hydrogen atoms were chemi-
sorbed on the vacant d-orbital created by a promotion 
of a d-electron to the top of the s-band, since no d-
orbitals are normally available in gold for surface bond 
formation. 

O n the other hand, Wise and Sancier found that 
after t reatment of gold foil with hydrogen plasma, the 
rate of the H 2 - D 2 exchange reaction on it became 
greater and that the activation energy was reduced 
from 90.0 k j m o l - 1 over the untreated catalyst to 
46 k j mo l - 1 . Since the high activity of treated gold was 
reduced by evacuation at 615 K, chemisorbed hydrogen 
seems to have been formed, giving rise to the enhanced 
activity and presumably reacting with gaseous hydrogen 
(Rideal-Eley mechanism). However, they also paid 
attention to the fact that over gold foil treated with 
hydrogen plasma, another heterogeneous reaction of 
higher activation energy takes place which predominates 
at temperatures in excess of 450 K . They suggested that 
the reaction may proceed by the Bonhoeffer-Farkas 
mechanism in the higher temperature range. 

In both of the works mentioned above, the pressure 
dependence of the exchange reaction was not studied 
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en 

c 
c* 

s. 
Type A 

Fig. 6. Potential energy curves for Type A (M-H) and 
Type G (M.--H2) chemisorbed hydrogen. 

and the interpretations are not more than conjectures. 
I t could be said that the results in these works do not 
exclude the possibility that the reaction goes through 
an associative intermediate. 

As far as we know, we were the first to study the 
pressure dependencies of the H 2 - D 2 exchange reaction 
on gold catalyst. We found that the pressure exponent 
of the H 2 - D 2 exchange reaction was as high as 2 at 
the lower pressure range. Usually one cannot decide 
the mechanism of the H 2 - D 2 exchange reaction only 
by measuring the pressure dependencies. In our case, 
however, the pressure exponent we obtained precludes 
mechanisms other than that proposed by Schwab and 
Killman. Moreover, the rate equation (Eq. 7) which 
we confirmed at 518, 432, and 393 K strongly supports 
the mechanism; the exchange reaction takes place 
between molecularly adsorbed hydrogen and deuterium. 

At this stage, we consider the nature of the hydrogen 
adsorbed. Dowden15) has pointed out that there is 
probably an initial state of chemisorption in many 
cases, named Type C chemisorption (molecular), on 
the empty atomic d-orbitals; this type is intermediate 
between physical adsorption and strong chemisorption, 
as shown in Fig. 6. Concerning this suggestion, Clark16) 
commented that the potential energy curves of chemi­
sorption of hydrogen on sp and d metals may be quite 
similar and that, for transition metals, the Type C 
potential curve may intersect the curve for strong atomic 
adsorption in such a way that very little activation 
energy is required for the hydrogen to transfer to the 
final atom curve, Type A, whereas in a nontransition 
metal, the crossing point may be located in a postition 
that requires a large activation energy for the transfer. 
Actually, preformed hydrogen atoms can be chemisorbed 
on Group IB metals,17) which may indicate that chemi­
sorption of hydrogen atom is limited by a large activa­
tion energy and not by the inability of gold to chemisorb. 

Our results showed that hydrogen is adsorbed on a 
gold surface molecularly and that the heat of adsorption 
is as low as 5.9 k j mol - 1 , which seems correspond to 
Type G chemisorption. 

O n the other hand, it was shown by Hoffmann,18) 
using arguments based on the conservation of orbital 
symmetry,19) that in the gas phase reaction, the coplanar 
path proceeding through a square transition state is 

thermally forbidden. An approximate energy barrier 
for the process is that amount of energy necessary to 
raise two electrons from the bonding ag orbital in H 2 

up to the non-bonding hydrogen Is level, or 498 k j 
mo l - 1 . In the study of the H 2 - D 2 exchange reaction 
in the gas phase, Bauer and Ossa found that the activa­
tion energy was 177 k j m o l - 1 and the possibility of an 
atomic exchange mechanism, i.e. H 2->2H followed by 
H + D 2 ~ - » H T J + T J w a s considered to be ruled out.20) 
Various theoretical studies searching for a low-lying 
four-centre transition state have been, done but none 
of them has succeeded in explaining the low activation 
energy observed.21) 

O n the other hand, in our study the activation energy 
for the surface exchange was found to be 37 k j mol-*1. 
Therefore, a large amount of stabilization of H 4 inter­
mediate does occur on the surface of gold. Although 
Mango and Schachtschneider pointed out that the 
reactions which are symmetry forbidden can become 
allowed by interaction with the d-orbital of a transition 
metal,22) the argument cannot proceed in a similar 
fashion in the case of the reaction on gold for the lack 
of the vacant d-orbital. Nevertheless, there are various 
kinds of approaches for two hydrogen molecules to 
form a H 4 intermediate: e.g. an orthogonal approach 
passing through a tetrahedron, rectangle, and rhombus, 
and an allowed pa th suggested by Gimarc23) passing 
through Y- and T-shaped transition states. Moreover, 
various kinds of sites differing in electronic or in geo­
metric structure exist in the metal surface. Therefore, 
it seems that further theoretical studies will be necessary 
to understand the transition state of the surface exchange 
on gold completely. 

The author is grateful to Professor Kenzi Tamaru 
of the University of Tokyo and Professor Atsumu Ozaki 
of Tokyo Institute of Technology for helpful comments. 
Acknowledgement is made to Dr . Toshihiko Kondo for 
helpful discussions. 
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Reversible Binding of NO to Fe(II)edta 
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The equilibrium constants, enthalpy, and entropy of the reversible binding of nitrogen oxide to Fe(II)edta 
in an aqueous solution have been measured in the temperature range 38.5 to 70 °G. Experiments were carried 
out by absorbing NO under 0 2 free conditions. The results show that, in the absorption of NO with Fe(II)edta 
solution, the value of AH° is — 15.8 kcal/mol and AS° is —20.7 e.u. 

A number of nitrogen monoxide complexes have been 
known for many years and have attracted the attention 
of many chemists because the way that N O interacts 
with transition metal complexes is similar to the way 
that CO and 0 2 interact with those complexes. And 
recently, the structure of these complexes, the coordina­
tion geometry of the N O ligand,1 - 4) ways of synthesizing 
nitrosyl complexes, and the coordinated N O reaction5) 
have been under investigation. 

In the course of our attempts to develop a method of 
removing nitrogen monoxide from a flue gas, we found 
that many of the peptide and amino acid complexes of 
iron(II) and cobalt(II) bind N O reversibly in aqueous 
solutions and, therefore, it became necessary to make a 
detailed investigation of the conditions under which 
this binding occurs. But only a few data are available 
with respect to the thermodynamics of this reaction. 
The experiments reported in this paper were carried 
out to determine the thermodynamics of the reversible 
binding of molecular N O to Fe(II )edta . 

Although it has been known that the aqueous solution 
of Fe(II)edta absorbs N O , it has not been known 
whether Fe(II )edta binds N O reversibly, and the data 
have not been reported in its thermodynamics in detail. 
We found that, under 0 2 free conditions, a light yellow 
aqueous solution of Fe(II)edta turns dark green as it 
absorbs N O , and it turns light yellow again upon 
heating, in a vacuum or when purged with nitrogen. 
We have been able to show that these color changes 
are caused by the following reversible reaction. 

Fe"edta + NO(g) Fen(NO)edta. (1) 

In this paper, we discuss the thermodynamics of the 
coordination of molecular N O to Fe(II )edta in an 
aqueous solution in the temperature range 38.5 to 70 °C. 

E x p e r i m e n t a l 

Materials, Reagent grade iron(II) sulfate and EDTA 
were used without further purification. The nitrogen monox­
ide gas that was used was an extra pure mixture of NO and 
N2 (NIHON SANSO). 

Preparation of Fe(II)edta. The aqueous solution of 
Fe(II)edta was prepared according to the following method. 
EDTA was first dissolved in distilled water under Oa free 
conditions and the pH of the solution was adjusted to ca. 9 
by adding a dilute NaOH solution. An equivalent amount 
of FeS04 was added to the solution and the pH of the 
solution was adjusted to the desired values by adding a dilute 
HCl or NaOH solution. 

Fig. 1. Schematic diagram of apparatus. 
A : gas mixer, B : water bath, G : thermostat 
D : absorber, E : pH meter, F : NO x meter. 

The concentration of iron(II) was measured with the usual 
1,10-phenanthroline method.6) 

Equilibrium Measurements. Equilibrium constants were 
determined at 38.5, 55, and 70 °G. A schematic diagram of 
the apparatus is shown in Fig. 1. The temperature was 
controlled to within ± 1 °C by a thermostat. All experiments 
were carried out under Oa free conditions to avoid irreversible 
oxidation of the Fe(II)edta. A 100 ml quantity of the Fe(II)-
edta solution (0.008—0.036 M) was introduced to an absorber. 
A mixture of NO and N2 of known NO concentration was 
bubbled through the solution and the NO concentration in 
the outlet gas was measured with Beckman Model 951 NO* 
meter. The gas flow rate was 0.73 N.T.P. 1/min. NO absorp­
tion was carried out until equilibrium was reached, i.e. until 
the NO concentration in the outlet gas became equal to that 
n the inlet gas. 

The amount of NO absorbed was determined by graphical 
integration of the NO concentration in the outlet gas. 

R e s u l t s a n d D i s c u s s i o n 

T o confirm the stoichiometry of N O uptake by 
Fe(II )edta , we first measured the quantitative N O 
uptake of an aqueous Fe(I I )edta solution. The experi­
ments were performed by absorbing pure N O gas 
obtained from Matheson Co. with a 0.1 M Fe(I I )edta 
solution at p H 6 at room temperature. I t was found 
from these experiments that 1.0 mol of N O was taken 
up by each mole of Fe(I I )edta initially present, and 
hence that Fe(I I )edta binds N O in a molar ratio of 
unity. The N O uptake by Fe(I I )edta was also found 
by visible spectroscopy measurements to be reversible. 

Figure 2 shows the visible absorption spectrum of the 
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Fig. 2. 

A/nm 

Spectrum of Fen(NO) edta at 15 °G. 

aqueous Fe(II ) (NO)edta solution. The initial light 
yellow color of the Fe(I I )edta solution changes to dark 
green upon N O absorption and an absorption peak 
appears at X=434 n m . When the solution is heated or 
purged with N 2 , it regains its original light yellow color, 
with the desorption of N O . This indicates that Reaction 
1 is completely reversible. Furthermore, the p H of the 
solution increased from 6.0 to 7.2 after absorbing N O . 
This increase is probably caused by the displaced 
carboxylic group since it binds the H+ in the solution. 
The expression of the equilibrium constant for Eq. 1 
can be written as 

Kn = 
[Fen(NO)edta] 

[Fenedta].[NO]a q 

Equation 2 can also be written as 

[Fen(NO)edta].H 
#„ = 

(2) 

(3) {[Fe n edta ] 0 - [Fe11 (NO) edta]}. [NO] g 

where [Fe n edta] 0 is the initial molar concentration of 
Fe(II )edta , [Fe11 (NO)edta] is the equilibrium molar 
concentration of the N O adduct , [ N O ] g is the partial 
pressure of the N O in the gas, and H is the Henry's 
constant for the solubility of N O in water. 

3 
O 
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Fig. 3. Graphical illustration of the canges in NO 
concentration at the absorber outlet. 
Inlet gas contents: NO 1000 ppm, N2 balance, gas 
flow rate: 730 Nml/min, temperature: 55 °G, pH: 3.0, 
Fe(II)edta concentration: - [ > 0.008M, - A - 0.016M, 
-O-0 .036 M. 

Figure 3 shows changes in N O concentration at the 
absorber outlet for various concentrations of the Fe(II ) -
edta solution. By graphically integrating the outlet N O 
concentration curves, the amount of absorbed N O in 
each solution can be obtained. 

o 
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Fig. 4. Effect of Fenedta concentration on NO 
absorption. 

Figure 4 shows the effect of [Fe n edta] 0 on the molar 
ratio of the absorbed N O to [Fe n edta] 0 obtained from 
Fig. 3 . It was found that the ratio was not affected by 
[Fe n edta] 0 of 0.008—0.036 M at p H 3. 

The effect of p H on the molar ratio of absorbed N O 
to total i ron(II) ( [Fe n ] 0 +[Fe n ed ta ] 0 ) is shown in 
Fig. 5. The ratio was not affected by the p H value of 
the solution in the p H range of 3—6, but this ratio 
decreased drastically below a p H of 3 . 

1.0 

Fig. 5. Effect of pH on NO absorption. 
Inlet gas content: NO 1000 ppm, N2 balance, gas flow 
rate: 730 Nml/min, temperature: 55 °G, Fe(II): 0.02 
M, edta: 0.02 M. 

Because Fe (II) edta is very stable and almost 100% 
of the Fe(II) in the solution exists as Fe(II)edta,7) in 
the pH-range 3—6, Eq. 3 can be rewritten as 

[Fenedta]0 , . H 
= 1 + (4) 

[NO]ab ^ [NO]g.tfc 

In this experiment, the N O concentration and tempera 



October, 1979] Reversible Binding of NO to Fe(II)edta 

TABLE 1. THERMODYNAMIC DATA FOR REVERSIBLE NO COORDINATION TO IRON COMPLEXES 

2865 

Complex 

Fe(II)edta 

Fe(II)edta9> 

Fe(III)CI(TPP)10) 

State 

aqueous 
solution 

aqueous 
solution 
solid 

Temperature 

38.5 
55.0 
70.0 

60—70 

25.0 

HIKC 

atm 

0.18x10 3 

0.850X10-3 

2.38X10"3 

— 

M-1 

3.48x10« 
0.859x10« 
0.339 x10 e 

3.45 atm-1 

AH° 
kcal/mol 

- 1 5 . 8 

- 1 4 . 1 

- 5 . 2 6 

AS° 
e.u. 

- 2 0 . 7 

- 1 5 

ture were kept constant and, therefore, H / [ N O ] g was 
constant. This indicates that the equilibrium constant 
KQ which is defined by Eqs. 2 and 3, is not affected by 
p H in the range 3—6. But below a p H of 3 the dissocia­
tion of Fe(II)edta takes place, which gives rise to a 
decrease in the N O absorption. 

1 2 

(1//W/10» atm-* 
Fig. 6. Plot of [Fe11 edta]0/[Fen(NO)edta] - 1 vs. 1/PN0 

pH: 3.0, temperature: - £ > 70 °C, - A - 55 °C, - [ ] -
38.5 °G. 

2.9 3 .0 3.1 3 .2 3 .3 

r-vio-3 K-1 

Fig. 7. van't Hoff plot of equilibrium constants for Eq. 1. 

Figure 6 shows the relation between [Fe nedta] 0 / 
[Fe n (NO)edta] —1 and 1/PN0 at temperatures of 38.5, 
55, and 70 °C. HjKc can be obtained from the slope of 
each line for each of these temperatures. Using Henry's 
constants,8) the equilibrium constant at each tempera­
ture was obtained. These values are summarized in 
Table 1. Figure 7 shows the van ' t Hoff plot of these 
equilibrium constants. The values of thermodynamic 

quantities obtained from the van ' t Hoff plot are also 
given in Table 1. Enthalpy and entropy for Reaction 1 
are AH° = —15.8 kcal/mol and AS°= —20.7e.u., respec­
tively. Recently Hasui studied the binding of N O to 
Fe(I I )edta in an aqueous solution and measured its 
equilibrium constants in the temperature range 60—70 
°C in the p H range 2.4—8.5.9) They reported that 
the enthalpy change for the coordination of N O to 
Fe(I I )edta was AH°= —14.1 kcal/mol. This value is 
approximately same as our data . 

The binding of gases with metal complexes is charac­
terized by a small negative change in enthalpy and a 
relatively large change in entropy to compensate for the 
enthalpy change. This occurs because a gas loses its 
translational and rotational degree of freedom by 
coordination. The stability of such reversible complexes 
is examined by comparing their AH° values. But to the 
authors ' knowledge, the only available thermodynamic 
data to date for the reversible binding of N O with iron 
complexes other than Fe( I I )ed ta are those obtained by 
Vasca.10) Their data are shown in Table 1 together with 
our data . But their da ta are for N O absorption by 
F e ( I I I ) C l (TPP) ( T P P = t e t r a p h e n y l porphinate)in the 
solid state. Further extensions of the present work to 
different solvent systems and ligands will enable us to 
establish more fully the factors contributing to the 
stability of reversible N O complexes. 
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The decay of the phosphorescence of naphthalene in the mixed solutions of methylcyclohexane and several 
chlorinated compounds has been analyzed. In many cases the decay was almost exponential and the decay constant 
was a function of the concentration of chlorinated compounds. In the case of carbon tetrachloride, the decay was 
distinctly non-exponential. The decay was analyzed by a Laplace transformation method. In this case a complex 
was formed, in equilibrium with the free naphthalene molecule, and the decay constant of the former increased 
when the concentration of GG14 increased. The external heavy atom effect takes place in two ways : one by complex 
formation with the molecule containing heavy atoms and another by a long range interaction through a statistical 
distribution of the latter molecules around the phosphorescing molecule. 

The interaction of a molecule with molecules contain­
ing heavy atoms may frequently result in an apparent 
decrease in the triplet lifetime of the former. This 
external heavy atom effect has been the subject of a 
number of experimental and theoretical investigations. 
Quanti tat ive treatment of the effect has led to an 
elucidation of the mechanism in terms of enhanced 
spin-orbit interaction through formation of C T com­
plexes in which emitting triplet species may be either a 
locally excited state of one of the component 
molecules1-9) or a C T state.10-13) Previous investigators 
have laid stress on a particular route of enhancement, 
for example, 

a) mixing of the triplet state with the locally excited 
singlet state,1-3) 
or 

b) mixing of the triplet state with the C T singlet 
state.4»5»13) 

The heavy atom effect on the phosphorescence of 
stable C T complexes has been investigated.7-12) I t has 
been shown that the rate constants of both S-f^Tj and 
Ti—*So transitions are increased. Furthermore, it has 
also been demonstrated that the T - ^ S Q radiationless 
transition is not much enhanced and the observed 
reduction in the triplet lifetimes is mainly due to a 
change in the radiative lifetime.7) 

The decay of benzene phosphoresence in rare gas 
hosts has been reported.1 4 - 2 0) I t has been found that 
heavy atoms such as K r or X e have a drastic effect on 
the decay rate. Moreover, the geometrical arrangement 
of the heavy atoms around the molecule has been found 
to affect its lifetime. The mechanism has been elucidated 
by K . C. Lin and S. H . Lin3) in terms of enhanced 
spin-orbit coupling in the benzene ring in the presence 
of a heavy atom perturber. Najbar1 7 - 2 0) has discussed 
their experimental results in terms of a mean lifetime 
averaged over different sites, each occupied by a 
benzene molecule and a variable number of heavy 
atoms. 

The dependence of the heavy atom effect on the 
distance between the emitting molecule and the heavy 
atom has also been investigated. Kavarnos et al.21) 
have synthesized several bromine-substituted naph-
thonorbornanes and have measured their radiative as 
well as non-radiative lifetimes. Giaccino and Kearns22) 
have doped naphthalene molecules into crystals of 

various halogen-containing molecules and have meas­
ured the phosphorescence lifetimes. None of them, 
however, could find any distinct relationship between 
the lifetime and the halogen-naphthalene distance. 

Eisenthal8) has found that in the presence of tetra-
chloro- or tetrabromophthalic anhydride or in the 
presence of propyl iodide the phosphorescence of 2-
chloronaphthalene becomes very similar to that of 
naphthalene. He claimed that the C T singlet state 
playes an important role in the donor phosphorescence. 
Similar observations were also reported by other 
authors.23) 

I t has been shown that the lifetime is dependent on 
the concentration of concomitant heavy atom com­
pounds. If the heavy atom effect manifests itself through 
formation of a C T complex, the decay of phosphores­
cence would consist of two exponential components, one 
for the complex and another for naphthalene itself, 
and the ratio of their coefficients would be a function 
of the concentration. In a separate experiment on the 
phosphorescence of haloalkylnaphthalenes, we have 
found some evidence for a non-complexed external 
heavy atom effect. If such is the case, the concentration 
dependence is a function of the distribution of heavy 
atom molecules around the phosphorescing molecule. 

In the following, we have employed chlorinated 
compounds because they seemed least liable to form 
complexes with naphthalene. The decay curve of 
naphthalene molecule in the presence of chlorinated 
moleculas was analyzed as a function of the concentra­
tion of the latter. 

E x p e r i m e n t a l 

Naphthalene-ö^ and naphthalene-^ were zone-refined sev­
eral times. Methylcyclohexane (MGH) and the following liquid 
samples were purified by column chromatogram or distilled: 
carbon tetrachloride, dichloromethane, propyl chloride, butyl 
chloride, cyclohexyl chloride, benzyl chloride, chlorobenzene, 
o-dichlorobenzene, and m-dichlorobenzene. Naphthalene was 
dissolved in a chlorinated compound-MCH mixture in various 
mole fractions from 0: 1 to 1:0. The concentration of naph­
thalene molecule was kept at 5 X 10~3 mol dm~3 in every case. 
Samples were excited at 315 nm at 77 K and the decay of 
phosphorescence was displayed on a recorder. In the photo-
selection experiment, the exciting light was passed through a 
Gran-Thomson prism and the emission was observed through 
a plastic polarizer. 
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R e s u l t s and D i s c u s s i o n 

The decay of naphthalene phosphorescence in the 
presence of the above chlorinated compounds was 
almost exponential, except for the case of carbon 
tetrachloride (Figs. 1—3). The decay constants were 
sometimes very sensitive to the presence of chlorinated 
molecules and sometimes quite insensitive. There 
seemed no distinct relation to the extent of C T interac­
tion. Generally, compounds with one chlorine atom 
were insensitive and compounds with more than one 

bo o 

Time/s 

Fig. 1. Phosphorescence decay of naphthalene in MGH 
in the presence of GH2G12 or CC14 of various mole 
fractions: GH2G12, 1) 0.0, 2) 0.02, 3) 0.14, 4) 0.87, 
5) 1.00; GG14, A) 0.25, B) 0.35, G) 0.60. 

0.5 

Mole fraction 

Fig. 2. Phosphorescence decay constant of naphthalene 
in the mixed solution of MGH and monochloro com­
pounds: a) G6H5G1, b) G6H5GH2G1, c) G6HnGl, d) 
G4H9G1, e) G3H7G1. 

1.0H 

0.5-1 

0.0 0.5 

Mole fraction 

Fig. 3. Phosphorescence decay constant of naphthalene 
in the mixed solution of MGH and di- or tetrachloro 
compounds: a) o-G6H4Gl2, b) m-C6H4Cl2, c) GH2G12, 
d) GH2G12 in EtOH, e) GG14. 

chlorine atom were sensitive. I n the latter case, the 
concentration dependence was remarkable, although the 
exponential behavior seemed to appear quite clearly. 
There were two characteristic observations to be noted. 

(1) The decay constant increased when the mole 
fraction of chlorinated compound increased, until it 
reached a maximum. After this concentration, the 
solid solution lost its transparency, indicating that two 
solid phases separated out. 

(2) The decay constant increased again when the 
mole fraction of chlorinated compound approached 1.0. 
However, the rate constant in this region was less than 
the maximal value. As this region was very near to the 
pure phase of chlorinated compound, it may be reason­
able to assume that the sample was again single phase. 

Hence, the regions of monotonie increase (from the 
mole fraction of 0.0 to the maximum of A; and from the 
min imum of A: to mole fraction 1.0) seem to be important . 

If the concentration dependence is the result of 
complex formation, the decay should be non-exponen­
tial. One may well think that the experimental accuracy 
had failed to detect its bicomponent character, but then 
the observed large change in the rate constant should 
be within this inaccuracy, which is unrealistic. More­
over, the molecule employed seemed quite unsuscep­
tible to complex formation. I t can be shown by a model 
calculation that a decay of a statistical body, of which 
the distribution of the decay constant has a fairly sharp 
peak, seems like a true exponential decay. Hence, it 
may be concluded that the decay is not bicomponent, 
but is multicomponent and that the decay component 
distribution has a sharp peak around a point which 
moves toward larger values with increasing concentra­
tion of the chlorinated compound. 

We assume that the distribution of chlorinated 
compound around naphthalene molecules is random but 
statistically uniform, and that the decay constant of each 
naphthalene molecule is determined by its environment. 
As the heavy atom effect is short-range, the decay 
constant of each naphthalene molecule is mainly 
determined by the distance to its nearest chlorinanated 
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molecule. The distribution of the nearest distance is 
expressed24) by 

par = 47rr2Cexp (-4m*C/3)dr 

with a peak at 

Vax = (2*C)-V» 

where C is the concentration of the chlorinated molecule 
in Â~3 and r in Â (Fig. 4) . The distribution of A; itself 
can not be estimated, but it is a sharp function of r 
and would have a sharp peak at the respective value of 
^(rmax)j which would shift monotonically toward larger 
values according to the concentration. 

Fig. 4. Distribution of nearest distance p(r) at C=5.3 
X 10-3 A"3. 

I t may be asked that the observed effect may be 
ascribed to a medium-range C T interaction, rather 
than a heavy atom effect. I t can be discarded because 
the observed effect seemed irrelevant to the extent of 
the donor character of the chlorinated compounds. I t is 
often suggested that the overlap integrals between 
orbitals of the heavy atom and those of atoms par­
ticipating in the triplet state serve as a measure of the 
heavy atom effect. I n our experiment, however, they 
are somewhat smaller to account for the observed 
concentration dependence of the heavy atom effect. 
We assume that the effect is mainly carried by the 
framework of the surrounding solvent molecules, as can 
be shown by a C N D O calculation. In addition, the 
heavy molecule would exert an out-of-plane interaction. 
In this respect, we have carried out a photoselection 
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Fig. 5. Polarization of the phosphorescence of naphtha­
lene in a) EPA and b) GH2G12-EPA (mole fraction 
0.23). 

measurement of the phosphorescence of naphthalene 
in the mixture solution of CC14 and EPA (Fig. 5). The 
phosphorescence tended to depolarize when CC14 was 
added, indicating that the phosphorescence has some 
in-plane character. I t follows that the triplet state 
mixed with TI-TI* singlet states by the presence of a 
perturber. If the interaction of the perturber destroys 
the planar symmetry of the molecule, one center spin-
orbit integral on the heavy atom suffices to effectively 
mix the TI-TI* triplet state with the TI-TI* singlet states, 
thereby remarkably decreasing the radiative lifetime. 

mol l -1 

2 

B 

Ö 
as 

P4 

Mole fraction 

Fig. 6. Apparent quantum yield of C10D8 in EPA in 
the presence of GG14. 

We have measured a relative quan tum yield of the 
phosphorescence as a function of the concentration of 
CC14 in the EPA-CC1 4 mixture solution (Fig. 6). If 
we assume that the radiationless lifetime is not affected 
and that the lifetime of C1 0D8 (22 s) is equal to the 
radiative lifetime of C1 0H8 , then a six time increase 
of the radiative decay constant leads to a mean total 
decay constant of 0.59—0.64 s-1 at 0.3 mole fraction, 
according to the extent to which the fluorescence 
(#=0.18) is quenched by an enhanced intersystem 
crossing. This value of the decay constant can be 
compared with the observed mean value of 0.78 s"1. 
Thus the experiment of Eisenthal, in which the phos­
phorescence spectrum of chloronaphthalene becomes 
very similar to that of naphthalene in the presence of 
alkyl bromide or iodide, may also be interpreted by 
assuming that the totally-symmetric bands acquire 
large oscillator strengths from TI-TI* singlet states. 

If the solvent molecules participate in the heavy 
atom effect, the latter may be sensitive to the kind of 
solvent. In Fig. 3 the same chlorinated compound 
GH2C12 was examined with two different solvents, 
methylcyclohexane and ethanol. They had quite 
different profiles, although the decay constant of 
naphthalene was the same in either solvent when the 
perturber was absent. 

In the case of monochloro compounds (Fig. 2), the 
heavy atom effect manifested itself only slightly. The 
decay constant in the presence of the perturber is always 
very near to that in the absence of the perturber. In 
contrast, the change was remarkable in the case of 
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dichloro compounds (Fig. 3). There seemed to be no 
parallelism between the heavy a tom effect and the 
ability of forming a C T complex. Only a tentative 
explanation can be given at present. The contraction 
of M C H when chilled from room temperature to 77 K 
was measured to be 7 5 % , so that the mean distance 
between two solvent molecules is 5.4 Â, which we 
assume to be the same as the mean distance between a 
naphthalene molecule and a nearest solvent molecule. 
In a solution of 0.6 mole fraction of chlorobenzene the 
mean distance from a naphthalene molecule to the 
nearest chlorobenzene molecule is 6.4 Â, and the mean 
distance from a naphthalene molecule to the nearest 
chlorine atom is also 6.4 Â, assuming a free rotation 
for the chlorobenzene molecule. But in the case of p-
dichlorobenzene, the mean distance to the nearest 
chlorine atom is reduced by 1.6 Â, a half of the center-
of-molecule chlorine distance. The difference may give 
rise to a drastic change, as the distance dependence of 
the heavy atom effect is large. 

The decay of naphthalene in CC14 was non-
exponential (Fig. 1). As CC14 can form a C T complex 
with naphthalene, we expected that the decay had two 
components and the peak of the complex would move 
in accordance with the advent of statistical heavy atom 
effect. Very rough estimates of the mean rate constants 
are illustrated in Fig. 3 ; these show a similar inflecting 
profile. The decay curves were analyzed by a method of 
Laplace transformation developed by one of the 
authors.25) The decay function can be expressed as 

/ ( 0 = I"g(s) exp (-st)ds 
J So 

Fig. 7. Distribution function of the decay constant of 
G10D8 in the mixed solution of GC14 and MCH in 
varying mole fraction of GC14: A) 0.00, B) 0.005, G) 
0.01, D) 0.025, E) 0.05, F) 0.07, G) 0.10, H) 0.15, 
J) 0.20, K) 0.25, L) 0.30, M) 0.41, N) 0.51, P) 0.60, 
Q,)0.99, R) 1.00. 

where g(s) is a normalized distribution function of the 
decay constant. g(s) is approximated by a power series 
with an exponential function which guarantees the 
convergence : 

g(s)=J}Ai(s-s0)*exp(-Bs) 
i 

where Aï s are the coefficients to be determined and N 
and B are ajustable parameters . A method of least 
squares was applied for A/s to obtain the best fit to the 
observed decay curve. The results are shown in Fig. 7. 
The peak of the complex is gradually formed at the 
expense of that of free naphthalene molecule, and the 
former moves according to the concentration. Thus 
the external heavy atom effect takes place in two ways : 
one by forming a C T complex with a molecule contain­
ing heavy atoms, and the other by a statistical approach 
of heavy molecules to the phosphorescing molecule. 

When the mole fraction of the halogenated compound 
was large, the rate constant became small again, 
contrary to expectation. I t might be supposed that in 
an incommodious crystal lattice of the halogenated 
compound the naphthalene molecule is deprived of the 
solvent molecules which br ing the heavy a tom effect 
in a favorable position or that the disposition of the 
naphthalene molecule itself is unfavorable. The singular 
nature at high concentration limit is open to future 
investigation. 

This work was partly supported by a Grant-in-Aid 
for Scientific Research from the Ministry of Education. 
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Raman Spectra of a Compound under Inversion Motions : 
JV, iV'-Dimethylpiperazine 

Kunio FUKUSHIMA 

Department of Chemistry, Faculty of Science, Shizuoka University, 836, Oya, Shizuoka 422 
(Received February 16, 1979) 

Raman spectra of methanol and aqueous solutions of iVjiV'-dimethylpiperazine were measured. Forms of 
stable conformers in various states were studied by comparison of the spectra obtained under various conditions. 
It was found that hydrogen bonding to nitrogen atoms of iVjiV'-dimethylpiperazine causes a conformational change. 

Many proofs of the inversion motion of the molecule 
have been given by N M R studies.1-6) In order to study 
the conformation of molecules subjected to inversion 
motions, ring inversion and inversion at nitrogen, N,N'-
dimethylpiperazine was studied by R a m a n spectroscopy 
because of its high molecular symmetry. Since suppres­
sion of inversion motion at nitrogen by hydrogen bonding 
was expected, effect of the suppression on molecular 
conformation was studied by measuring R a m a n spectra 
of solutions of the substance. 

E x p e r i m e n t a l 

Commercial iVjiV'-dimethylpiperazine (grade GR, Tokyo 
Kasei Chemical Co., Ltd.) was used without further purifica­
tion. Raman spectra were measured with a Model R-800T 
Raman spectrophotometer (Japan Spectroscopic Co., Ltd.) 
under excitation with a Spectra Physics argon ion laser (model 
165) using 514.5 nm line (300 mW). 0.1 ml or 0.3 ml Raman 
cells were used. Infrared spectra of the liquid were recorded 
on a Hitachi EPI-G3 spectrophotometer and a Hitachi FIS-3 
far infrared spectrometer. The results of the measurements 
are shown in Table 1 and Fig. 1. 

R e s u l t s and D i s c u s s i o n 

Comparison of Raman Spectra of N,N'-Dimethylpiperazine 
in Liquid State with Infrared Spectra. Coincidence of 
Raman shift frequency with infrared absorption maxi­
m u m frequency is observed only for 1420 c m - 1 and 630 
c m - 1 (Table 1). The couples, 1450 c m - 1 (Raman) and 
1455 cm- 1 ( IR) , 1020 c m - 1 (Raman) and 1018 c m - 1 

( IR) , are close, both being in the higher frequency 
region O l O O O c m - 1 ) , and the difference in R a m a n 
shift frequency and infrared absorption maximum 
frequency is expected to be intrinsically small. For all 
the other couples, frequencies of R a m a n shift and 
infrared absorption maximum differ a great deal. This 
suggests that the mutual exclusion rule holds for the 
R a m a n spectra and infrared spectra. Thus, conformers 
in the liquid take molecular forms each having a center 
of symmetry, diaxial conformer (AA), diequatorial 
conformer (EE) or some other form. A R a m a n line 
and the corresponding infrared band are observed at 
ca. 630 cm - 1 , their intensity or absorbance being very 
small. This can be interpreted as due to eis form (AE 
conformer), as confirmed by dipole moment measure­
ment to exist in mole fraction of 0.103 for a benzene 
solution.7) 

Raman Spectrum Change Associated with the Change of 
State, Pure Liquid to Solutions. The R a m a n lines 

having shift frequencies (1313 cm- 1 , 1173 cm- 1 , 457 
c m - 1 , 277 cm - 1 ) higher than those of the pure liquid 
(1306 c m - 1 , 1160 cm- 1 , 440 c m - 1 , 251 cm - 1 ) appear in 
the spectrum of aqueous solution A (Table 1 and Fig. 1), 
the weaker R a m a n lines corresponding to the latter 
coexisting with the former. In the case of aqueous 
solution B, where the fraction of water is smaller than 
that of aqueous solution A, shift frequency values of the 
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Fig. 1. Raman spectra of N,N '-dimethylpiperazine 
(iVjiV'-dmp) in lower shift frequency region. 
(a) Liquid (b) aqueous solution B (mole fraction of 
N9N'-dmp, 0.433) (c) aqueous solution A (mole fraction 
of N,N'-dmp, 0.205) (d) methanol solution (mole 
fraction of N,N'-dmp, 0.197); solid line, J„ ; dotted 
line, I±. 
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TABLE 1. RAMAN SPECTRA OF ^VJ^V'-DIMETHYLPIPERAZINE COMPARED WITH 

INFRARED SPECTRA OF THE PURE LIQUID 

IR 
Liquid 
va) 

1455 (s) 

1420(vw) 

1372(m) 

1294(s) 
1283(sh) 

1171(vs) 

1122(m) 
1094(m) 

1058(w) 

1018(m) 
977(vw) 
921(w) 

810(m) 

718(vvw) 
630 (vvw) 

365 (m) 
324(sh) 
278(w) 

144(sh) 

135(w) 

Liquid 

v*> 

1467( 32) 

1450( ?)d> 
1440( 17) 
1420( 12) 
1385( 3) 

1335( 3) 

1306( 41) 

1263( 7) 
1196( 11) 

1160( 22) 
1130( 24) 

1075( 5) 

1046( 8) 
1020( 13) 

856( 5) 

780(100) 

630( 1) 
513( 19) 

440 ( 78) 
393 ( 30) 

251( 26) 

137( ?)d) 

~v 
0.75 

?d) 

0.75 
0.75 
0.75 

0.75 

0.47 

0.75 
0.75 

0.44 
0.75 

0.35 

0.75 
0.75 

0.75 

0.24 

?d) 

0.75 

0.04 
0.64 

0.29 

?d) 

Raman 

Aqueous soin A 

va) p w 

1473( 45) 0/75 

1455( ?)d) ?d> 
1445( 19) 0.75 
1427( 21) 0.75 
1390( 5) 0.75 

1340( 4) 0.75 
1313( 38) 0.49 
1306( ?)d) ?d) 

1257( 7) 0.75 
1202( 16) 0.75 
1173( 14) 0.64 

1160( ?)d> ?d> 
1130( ?)d) ?d> 
1116( 31) 0.75 

1077( 7) 0.38 

1043( 12) 0.75 
1019( 10) 0.75 

852 ( 8) 0.75 

773(100) 0.18 

630( 1) ?d) 

514( 27) 0.75 
457( 70) 0.06 
440 ( ?)d) ?d) 

394( 39) 0.49 

277( 10) 0.34 
250 ( ?)d) ?d) 

140( ?)d) ?d) 

Methanol soin 

v^ 

c) 

c) 

c) 

c) 

1391( 9) 

1341 ( 6) 
1314( 43) 
1306( ?)d) 

1259( 8) 
1203( 17) 

c) 

c) 

c) 

c) 

1079( 14) 

c) 

c) 

854( 8) 

774(100) 

630( 1) 
516( 25) 
456( 67) 
440( ?)d) 

396( 44) 

264( 17) 
250( ?)d) 

c) 

^ 
c) 

c) 

c) 

c) 

0.75 

0.75 
0.49 
?d) 

0.75 
0.75 

c) 

c) 

c) 

c) 

0.42 

c) 

c) 

0.75 

0.17 

?d) 

0.75 
0.05 
?d) 

0.43 

0.33 
?d) 

c) 

Figures in parentheses represent relative intensities, the maximum value being 100. a) Frequency in cm-1. 
b) Degree of depolarization, c) Raman lines, the frequency, the intensity and p of which could not be deter­
mined because of overlapping with the Raman lines of methanol, d) Intensity and p could not be determined 
precisely. 

four R a m a n lines have intermediate values between 
those for the pure liquid and those for aqueous solution 
A. For aqueous solution C (mole ratio, solute 1 : water 
9.015) the four R a m a n lines corresponding to those of 
the pure liquid disappear. For a methanol solution, 

almost the same spectrum as that of aqueous solutions 
is observed. 

Interpretation of Results. The spectrum change 
associated with the change of state, pure liquid to 
solution, is considered to be due to the conformational 
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TABLE 2. CALCULATED NORMAL FREQUENCIES (in cm-1) 

Conformer y m m e rY Frequency 
species ^ J Description 

EE 

AA 

422 C-N(-CH8)-C skeletal 
369 C-N(-CH3)-C skeletal 
254 C-N(-CH3)-C skeletal 
457 C-N(-CH3)-C skeletal 
395 C-N(-CH3)-C skeletal 
186 N-CH8 torsion 
496 C-N(-CH3)-C skeletal 
437 C-N(-CH3)-C skeletal 
173 C-N(-CH3)-C skeletal 
502 C-N(-CH3)-C skeletal 
356 C-N(-CH3)-C skeletal 
183 N-CH3 torsion 

deformation 
deformation+N-C-C deformation 
deformation+N-C-C deformation 
deformation+N-C-C deformation 
deformation+N-C-C deformation 

deformation+N-C-C deformation 
deformation 
deformation+N-C-C deformation+N-CH3 torsion 
déformation+N-C-C deformation 
deformation+N-C-C deformation 

EE 

A species 

1 g 
EE 

B species 

obs. 

AA 

A species 

AA 

B species 
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Fig. 2. Calculated frequencies of Ag and Bg species of 
N,N'-dimethylpiperazine compared with observed 
Raman shift frequencies. 

change caused by hydrogen bonding or the change of 
nature of bonding in iV,iV'-dimethylpiperazine molecule. 
As the number of R a m a n lines arising from hydrogen 
bonded species is the same as that of the liquid, the 
species is also considered to have a center of symmetry. 
The molecular shape of species can be deduced as 
follows. 

Normal vibration calculation of conformers (AA 
conformer and EE conformer belonging to C2h point 
group) was carried out using force constants of related 
molecules.8»9) The calculated frequencies of R a m a n 
active skeletal deformation vibrations (Table 2 and 
Fig. 2) are sensitive to conformational change. They 
are compared with the observed frequencies of the 
liquid in the table and the figure. Assigning polarized 
R a m a n lines (0<jO<\).75) to calculated frequencies of 
A g species and depolarized R a m a n lines (|O=0.75) to 
those of B g species, the calculated frequencies of EE 
conformer almost fit the observed R a m a n lines. 
However, those of AA conformer do not correspond 
exactly to the observed frequencies. The R a m a n lines 
of the pure liquid (440 c m - 1 , 251 c m - 1 ) , whose shift 
frequencies change with change of state, pure liquid to 

solution, are assigned to C - N ( - C H 3 ) - C skeletal defor­
mation vibrations. 

The change can be interpreted as due to the conforma­
tional change arising from the change of valence state 
of nitrogen atoms. I t can not be explained in terms of 
the conformational change of EE conformer to A A 
conformer for the following reason. Of the calculated 
frequencies of A g species of EE conformer, both 422 
c m - 1 and 369 c m - 1 increase and 254 c m - 1 decreases by 
the conformational change. Thus, the observed 
frequency of polarized R a m a n line (251 c m - 1 ) of the 
pure liquid is expected to decrease if the change is 
caused by the conformational change. However, the 
frequency increases to 277 c m - 1 . Of the calculated 
frequencies of B g species of EE conformer, 457 c m - 1 

increases and 186 c m - 1 does not change its frequency 
considerably, while 395 c m - 1 decreases its frequency by 
the conformational change of EE conformer to AA 
conformer. Therefore, if the change is due to the 
conformational change, a depolarized R a m a n line is 
expected to appear in the region 300 cm - 1 —400 c m - 1 . 
However, this is not the case. I t can thus be concluded 
that the conformer having a center of symmetry and a 
molecular shape similar to that of EE conformer exists 
in pure liquid in abundance and that another conformer, 
also having a center of symmetry and differing from 
the above conformer in the molecular conformation 
around nitrogen atoms, appears in aqueous solutions 
and in a methanol solution as a results of hydrogen 
bonding to nitrogen atoms. 

Probable Conformers in Solutions and in Pure Liquid. 
Hydrogen-bonded species. By the formation of hydrogen 
bonding to nitrogen atoms of iV^'-dimethylpiperazine, 
valence orbitals of the nitrogen atoms may become 
similar to sp3 hybrid orbitals, and the molecular confor­
mation having bond angles close to tetrahedral angles 
would become abundant . Conformers in pure liquid. 
For trimethylamine, C - N - C angles have been found 
to be 108.7°;±:lo, which is almost a tetrahedral angle 
corresponding to sp3 hybrid orbitals. 10> Considering 
resemblace of the skeleton of C - N ( - C H 3 ) - C of N,N'-
dimethylpiperazine with trimethylamine, the valence 
orbitals of nitrogen atoms in iV,iV'-dimethylpiperazine 
are expected to be almost sp3 orbitals, which do not 
seem to be affected much by hydrogen bonding to the 
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nitrogen atoms. However, a remarkable frequency 
change in the deformation vibrations of C - N ( - C H 3 ) - G 
skeleton by hydrogen bonding is observed, suggesting 
the change in the valence state of nitrogen atoms. In 
pure liquid, therefore, time-averaged orbitals of the 
nitrogen atoms during inversion motions might be in 
sp2 state. In accordance with the assumption, a simple 
calculation revealed that planar conformation around 
the nitrogen atoms can be realized by changing the 
azimuthal angle of N - C H 2 - C H 2 - N internal rotation 
axis from 60° to 46°34' and all the C - N - C angles from at 
tetrahedral angle to 120° with no changes in all the 
bond lengths and other bond angles (tetrahedral angles), 
which require large energy. In the model, C H 2 - C H 2 

bond length is assumed to be the same as that of C H 2 - N 
bond length on the basis of Rerat 's work.11) 
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Vibrational Spectra and Normal Coordinate Calculations for 
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Infrared spectra (4000-80 cm-1) of CH3HgC=CCH3, CD3HgC=CCH3, CH3HgC=CCD3, and CD3HgC=CCD3 

have been obtained in carbon tetrachloride, carbon disulfide and benzene solutions, as well as in the solid state at 
liquid nitrogen temperature. Raman spectra (4000—0 cm-1) have also been recorded on benzene solutions 
and on solids at room temperature. Assignments for all the fundamentals have been made assuming G3v molecular 
symmetry. Normal coordinate calculations have been carried out in order to confirm the proposed assignments. 

In a previous paper1) a report was given on the 
vibrational spectra and normal coordinate calculations 
for methylethynylmercury ( I I ) . The study has now been 
extended to methyl-1-propynylmercury(II). Although 
many acetylides of the type R H g C b C R ' have been 
prepared,2) no vibrational study on these compounds 
except methylethynylmercury (I I) seems to have been 
reported. In the present study, infrared and R a m a n 
spectra have been obtained for methyl-1-propynyl­
mercury (I I) and its deuterated analogues. Assignments 
for all the fundamentals are made assuming C3 v sym­
metry. Normal coordinate calculations have been 
carried out in order to confirm the proposed assign­
ments. 

Exper imenta l 

Methyl-1-propynylmercury(II) was prepared in the follow­
ing way. 

Methylmercury(II) iodide was dissolved in an aqueous 
solution of potassium hydroxide. Methylacetylene, generated 
by the action of 1,2-dibromopropane with potassium hydroxide 
in ethanol,3) was passed through the solution. White precipi­
tates were filtered and washed with water and then dried in 
a desiccator over potassium hydroxide pellets. The crude 
product was purified by sublimation in a vacuum. 

Deuterated compounds were prepared in a similar way 
using methyW3-mercury(II) bromide and/or methylacety-
lene-âf4, prepared from methyW3-magnesium bromide and 
mercury(II) bromide, and by the action of D 2 0 with magne­
sium carbide,4) respectively. 

Methyl-1 -propynylmercury(II) melts at 80—81 °G (no 
value was found in literature). The mercury content was 
determined for the undeuterated compound by the method 
of Spahr et al.5) Found, 78.0%. Galcd for G4H6Hg, 78.8%. 
The molecular weight was also cryoscopically determined in 
benzene. Galcd for G4H6Hg, 255. Measured, 260. 

The infrared spectra in the range 4000—400 cm - 1 were 
recorded on a Perkin-Elmer 337 spectrophotometer in anneal­
ed solid films at liquid nitrogen temperature. Cooling was 
necessary to prevent sublimation during the course of the 
measurements. The spectra were also obtained in carbon 
tetrachloride and carbon disulfide solutions. The instrument 
was calibrated in the usual way.6) 

Far-infrared spectra in the range 400—80 cm - 1 were record­
ed on a Hitachi FIS-III Far-infrared spectrophotometer which 

1" A preliminary report of this work was presented at the 
37th National Meeting of the Chemical Society of Japan, 
Yokohama, April 1978, 

had been evacuated in order to remove atmospheric water 
vapor. The spectra were measured in annealed solid films at 
liquid nitrogen temperature in order to prevent sublimation. 
The spectra in benzene solutions were also obtained using 
polyethylene bags. The instrument was calibrated with water 
vapor frequencies. 

Raman spectra were recorded in the solid state in capillary 
tubes on a JEOL JRS-S1 Raman spectrophotometer equipped 
with a 50 mW NEC GLG 108 He-Ne laser. The instrument 
was calibrated with the emission lines of Ne. The spectra 
were also measured in benzene solutions in order to obtain 
qualitative polarizations. 

R e s u l t s a n d Vibrat iona l A s s i g n m e n t s 

The infrared and R a m a n spectra of the four isotopic 
methyl-1-propynylmercury(II) are shown in Figs. 1 and 
2. The symmetry coordinates are summarized in Table 
1 and observed frequencies are given in Tables 2—4. 

T h e CHgC skeleton is linear in many organomer-
curials.7) I t is thus reasonable to assume the same 
skeleton for the present compounds. Since the two 
methyl groups in each compound are separated from 
each other to a greater extent than those in dimethyl-
mercury (I I),8) where the free rotation of methyl groups 
is believed to be present, it is likely that the free rotation 

TABLE 1. DESCRIPTION OF THE SYMMETRY COORDINATES 

FOR METHYL-l-PROPYNYLMERCURY(II) 

Coordinate 
Vibrational mode , * » 

CH3(CD3) st. (Me-CC) 
CH3(CD3) st. (Me-Hg) 
C E C st. 
CH3(CD3) def. (Me-CC) 
CH3(CD3) def. (Me-Hg) 
C-C st. 
CH3(CD3) rock. (Me-CC) 
CH3(CD3) rock. (Me-Hg) 
CH3-Hg(CD3-) st. 
Hg-CC st. 
CCC def. 
CCHg def. 
CHgC def. 

Abbreviations: st., stretching; 

Ai 

Si 

s2 
s3 
s4 
s5 
s. 

s7 
s8 

def., deformation; 

E 

$10 

s, 
S„ 
S12 

$13 

SM 

Si. 
Si. 
Sir 

rock., 
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Fig. 1. Infrared spectra of C H 3 H g C = C C H 3 (A), CD 3 HgC=CCH 3 (B), CH 3 HgC=CCD 3 

(G), and C D 3 H g C = C C D 3 (D), in the solid state a t - 1 9 6 °G. 

T A B L E 2. OBSERVED AND CALCULATED FREQUENCIES 

(cm-1) FOR C H 3 H g C E C C H 3 

T A B L E 3. OBSERVED AND CALCULATED FREQUENCIES 

(cm-1) FOR CD 3 HgCECCH 3 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

Infrared 

solid 

2911 
2901 
2150 
1380 
1197 
990 
556 
336 

2980 
2950 
1435 
1421 
1028 
782 

220 

soin 

2914 
2906 
2157 
1367 
1200 
997 
553 
340 

2977 
2945 
1437 
1412 
1021 
772 

203 

Raman 

solid 

2910 
2900 
2147 
1370 
1196 

555 
330 

2980 
2948 
1430 

1025 
785 
366 
219 
73 

A 
soin 

2915 p 
2905 p 
2158 p 
1371 
1202 p 

556 p 
340 p 

2980 

363 
205 

Galcd 

2920 
2904 
2152 
1371 
1201 
997 
558 
341 

2981 
2956 
1440 
1416 
1030 
780 
365 
200 
76 

PED 

lOOSx 
98S2 
85S3 
93S4 

78S5 
77S6 
91S7 

74S8 
100S9 
100S19 
91S U 

97S12 

88S13 
97S14 
74S15 
79S16 
69S17 

us. 
17S2 
17S8 

12S7 

25S16 
21S17 
29S16 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

Infrared 

solid 

2914 
2119 
2151 
1375 
929 
991 
507 
337 

2230 
2950 
1429 
1046 
1029 
596 

212 

soin 

2913 
2120 
2159 
1370 
930 
997 
504 
339 
2228 
2950 
1437 
1026 
1026 
589 

195 

Raman 

solid 

2910 
2113 
2145 
1368 
929 

505 
338 
2220 
2951 
1430 
1030 
1030 

364 
210 
70 

soin 

2910p 
2107p 
2160 p 
1372 
932 p 

508 p 
340 p 

2220 

360 
196 

Galcd 

2920 
2119 
2152 
1372 
927 
999 
503 
337 

2222 
2956 
1440 
1025 
1030 
579 
365 
199 
69 

PED 

lOOSx 
94S2 
84S3 
93S4 
69S5 
73S6 
78S7 
71S8 
99S9 
100S10 
91S U 

98S12 
88S13 
99S14 
74S15 
80S18 
70S17 

HS. 

19S2 10S7 
15S8 
12S5 
15S7 

25S16 
20S17 
28S16 

Abbreviat ion: p , polarized. Abbreviat ion: p , polarized. 
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Fig. 2. Raman spectra of CH3HgC=CCH3 (A), CD3HgC=CCH3 (B), CH3HgC=CCD3 (G), 
and CD3HgC=GGD3 (D), in the solid state at room temperature. 

TABLE 4. OBSERVED AND CALCULATED FREQUENCIES 

(cm-1) FOR CH3HgCECCD3 

No 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

Infrared 

solid 

2102 
2902 
2149 
1110 
1200 
899 
559 
321 

2979 
2217 
1032 
1425 
835 
783 
345 
209 

soin 

2107 
2903 
2156 
1113 
1200 
903 
556 
325 

2977 
2209 
1038 
1412 
829 
774 

196 

Raman 

solid 

2105 
2905 
2152 
1108 
1190 
896 
555 
313 

2981 
2221 
1039 
1425 
830 
780 
347 
209 
72 

soin 

2110p 
2908 p 
2150 p 
1111 
1201p 

560 p 
325 p 

2220 

348 
195 

Galcd 

2092 
2905 
2167 
1109 
1201 
902 
555 
326 

2981 
2204 
1033 
1416 
817 
780 
343 
192 
74 

PED 

78Si 
97S2 
65S3 
54S4 
79S5 
39S6 
93S7 
72S8 
100S9 
98S10 
94S U 

97S12 
84S13 
97S14 
68S15 
75S16 
67S17 

20S3 

20SX 12S6 
38S6 
17S2 
40S4 18S8 

10S7 

ns 1 5 

28S16 
24S17 

30S16 

Abbreviation: p, polarized. 

takes place also in methyl-1-propynylmercury ( I I ) . 
However, the observed spectra can satisfactorily be 
explained on the assumption of C3 v symmetry (a 
staggered form) for these molecules. With this sym­
metry, the molecule is expected to have 8A l5 A2 , and 9E 
vibrational modes, in which the A2 mode is inactive in 
both the infrared and R a m a n spectra, while the Ax 

and the E modes are active in both. 
Since the vibrational coupling of the two methyl 

groups in a molecule is expected to be very small, 
vibrations of one methyl group are hardly influenced 
by deuteration of the other. Taking their isotopic 

shifts and polarizations of R a m a n bands into consider­
ation, together with the da ta for related compounds,9 '10* 
assignments for the methyl groups are easily made. 

A strong infrared absorption at ca. 2150 c m - 1 in 
each isotopic species is hardly affected by deuteration 
and the corresponding R a m a n band in solution is 
polarized. This is undoubtedly assigned to the C=C 
stretching. 

C - C stretching vibrations for CH3C=N and CH3C= 
CH10) have been observed at ca. 900 c m - 1 . We have 
assigned the strong infrared bands at ca. 990 c m - 1 for 
CH 3 HgC=CCH 3 and CD 3 HgCECCH 3 to this mode. 
Upon deuteration of the 1-propynyl group, these bands 
shift to ca. 900 cm" 1 for CH 3 HgC=CCD 3 and CD3HgC= 
CCD 3 , suggesting a vibrational coupling between the 
C-C stretching and the vibrations of the neighbouring 
methyl group. 

The remaining skeletal vibrations are expected to 
appear below 600 c m - 1 . In the solution R a m a n 
spectrum for CH 3 HgC=CCH 3 , the four bands appear 
at 556, 363, 340, and 205 cm- 1 , the bands at 556 and 
340 c m - 1 being polarized. Upon deuteration of the 
methyl group (CD 3HgC=CCH 3 ) , the 556 c m - 1 band 
shifts to 508 cm- 1 , while the 340 c m - 1 band remains at 
the same position. In contrast, the 340 c m - 1 band shifts 
to 325 c m - 1 upon deuteration of the 1-propynyl group 
(CH 3HgC=CCD 3 ) . Thus , the 556 c m - 1 band can be 
assigned to the C H 3 - H g stretching and the 340 c m - 1 

to the H g - C C stretching vibrations. The remaining 
two bands at 363 and 205 c m - 1 seem to be due to the 
skeletal deformations. The former band slightly shifts 
to lower frequency upon deuteration of the 1 -propynyl 
group, while the latter band exhibits a very small 
isotopic shift upon deuteration of either methyl or 1-
propynyl group. The H g C C deformation in CH 3HgC= 
CH1) has been assigned at 272 c m - 1 , lower than the 
C C C deformation in C H ^ C H C H 1 0 ) at 336 cm- 1 . From 
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the results, the 205 c m - 1 band is assigned to H g C C 
deformation and the 306 c m - 1 to CCC deformation. 

The assignment of CHgC deformation is fairly 
difficult, since the mode is expected to appear below 
150 c m - 1 in weak intensity. In this study, the R a m a n 
bands at ca. 70 c m - 1 in the solid state were tentatively 
assigned to this mode. No solution R a m a n spectra in 
this range could be observed owing to obscurity in the 
background. 

N o r m a l Coordinate Calculat ions 
a n d D i s c u s s i o n 

Normal coordinate calculations were carried out by 
Wilson's GF-matrix method on an ACOS 77/700 
computer at the Computer Center, Tohoku University, 
using the iterative least-squares procedure in the usual 
way. For lack of structural data , the molecular param­
eters were transferred from those of CH 3 HgCl , n ) 
CH3HgC^N1 2) and CH3C=CH;1 3) r ( C - H ) of C H 3 C C , 
1.11 Â; r ( C - H ) of CH 3 , 1.10 Â; r ( C - C ) , 1.46 Â; r ( O C ) , 
1.21 Â ; r ( C H 3 - H g ) , 2.08 Â; r ( H g - C C ) , 2.05 Â ; Z l H C H 
of CH 3 CC, 108.5°; Z H C H of CH 3 , 110.7°. The least-
squares refinement was carried out in terms of the 
symmetry force constants, which were fitted to the 
infrared frequencies in solutions, except for the H g C C 
and CHgC deformations which were taken from the 
R a m a n spectra for solutions and solids, respectively, for 
the four isotopic species simultaneously. 

T h e symmetry force constants, together with uncer­
tainties from the last cycle of the least-squares refine­
ments, are given in Table 6. The average errors are 
0 . 3 5 % and 0 .97% for the Ax and E vibrations, respec­
tively, the sum of the weighted squares of errors 
S(^obsd-^caicd)2Mobsd being 2 . 3 9 X 1 0 - 3 and 2.54X 
10 - 3 for the Ax and E vibrations, respectively. The 
agreements between the calculated and the observed 

TABLE 5. OBSERVED AND CALCULATED FREQUENCIES 

(cm-1) FOR CD3HgC==CCD3 

T A B L E 6. SYMMETRY FORCE CONSTANTS AND THEIR UNCER­

TAINTIES FOR METHYL-l-PROPYNYLMERCURY(II)a) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Infrared 

solid 

2102 
2117 
2149 
1110 
932 
896 
507 
320 

2225 
2213 
1051 
1030 
822 
587 

202 

soin 

2106 
2120 
2156 
1113 
935 
905 
504 
325 

2227 
2211 
1035 
1035 
820 
589 

190 

Raman 

solid 

2101 
2119 
2154 
1109 
929 

505 
322 

2225 
2210 
1040 
1040 
829 
592 
349 
201 

70 

soin 

2110p 
2121p 
2158p 
1113 
929 p 

509 p 
325 p 

2232 
2210 

347 
190 

Galcd 

2092 
2120 
2168 
1110 
935 
896 
500 
323 

2222 
2204 
1033 
1025 
817 
579 
343 
191 
68 

PED 

78SX 20S3 

94S2 

66S3 19S! 
54S4 38S6 

64S5 18S2 

32S6 30S4 

79S7 12S5 

70S8 14S7 

99S9 

98S10 

94SX1 

98S12 

84S1311S15 

99S14 

68S15 28S16 

77S1622S17 

69S17 29S16 

12S6 

10S7 

17S514S8 

F1 

F2 

Fz 
F* 
F5 

F6 

F7 

Fs 

^ 2 , 5 

^ 4 . 6 

^ 5 , 7 

*V.B 

4.890 
4.630 

14.098 
0.571 
0.534 
5.168 
2.478 
2.992 

- 0 . 5 4 8 
- 0 . 3 6 4 
- 0 . 0 9 6 
- 0 . 4 7 1 

a 

0.015 
0.075 
0.070 
0.005 
0.025 
0.122 
0.079 
0.242 

0.077 
0.020 
0.040 
0.225 

F9 

F10 

Fu 
F1% 

Flz 

F,, 
F15 

F1Q 

F17 

Fi5,n 

4.721 
4.648 
0.546 
0.513 
0.680 
0.428 
0.533 
0.316 
0.228 

0.259 

a 

0.012 
0.012 
0.003 
0.003 
0.007 
0.004 
0.096 
0.019 
0.030 

0.060 

a) The stretching force constants are given in mdyn/Â, 
the deformation force constants in mdyn«Â, the 
stretching-deformation interaction constants in mdyn. 

T A B L E 7. COMPARISON OF FORCE CONSTANTS (mdyn/Â) 

/ (M-CC) /(M-GH3) 

CH3HgCEECCH3 

CH3HgC=CH 
CH3HgCl 
GH3HgBr 
GH3HgI 
SiH3GEGH 
SiH3C=CSiH3 

SiH3G=GGH3 

SiH3OH3 

Si(CH3)4 

GeH3C=CH 
GeH3CH3 

Ge(GH3)4 

a) This work. 

2.99a) 

2.831) 

3.3014) 

3 . 3 5 ^ 
3.3014) 

3.4616) 

2.48a) 

2.5415 

2.559) 

2.489) 

2.389) 

2.9714) 

2.8816) 

2.8717) 

2.§V*> 

Abbreviation: p, polarized. 

frequencies are satisfactory for the four isotopic species 
(Tables 2—5). The potential energy distributions are 
also given in these tables. A strong vibrational coupling 
exists between the C-C stretching and the CD 3 sym­
metric deformations (Tables 4 and 5, mode Nos. 4 and 
6). 

In these calculations, the symmetry force constants 
F7 and F8 turn out the C H 3 - H g and H g - C C valence 
stretching force constants. A comparison of force 
constants is given in Table 7. We see that the force 
constants for the M - C C bond are always larger than 
those for the M - C H 3 bond. This is in line with the 
expectation on the basis of the hybridization of the 
carbon atom adjacent to the metal a tom; the sp hybrid 
in M - C C and the sp3 hybrid in M - C H 3 , make the 
former bond stronger than the latter. 

One of authors (Y.I.) wishes to express his thanks 
to Assist. Prof. Fumio Watar i for helpful suggestions 
throughout this work and for the computer programs 
used in calculations. 
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Studies on the Aqueous Solutions of Guanidinium Salt. XI. Volume 
Changes of Mixing of Aqueous Solutions of Guanidinium 

Bromide and Tetraalkylammonium Bromide at 25 °C 

Koichiro MIYAJIMA, Hiromitsu YOSHIDA,* and Masayuki NAKAGAKI 

Faculty of Pharmaceutical Sciences, Kyoto University, Yoshida-Shimoadachi-cho, Sakyo-ku, Kyoto 606 
(Received May 4, 1979) 

The volume changes on mixing aqueous solutions of guanidinium bromide with those of tetrabutyl- and tetra-
methylammonium bromide were measured with a vibration densimeter at 25 °G. The excess volume change of 
mixing was positive and large for the system of tetrabutylammonium bromide-guanidinium bromide-water. On 
the basis of the interaction parameters of Friedman's formalism, this result was interpreted in terms of an interaction 
between guanidinium cation and tetrabutylammonium cation through the change of water structure. 

In a previous paper,1) we reported that the free energy 
of mixing for the ternary system, guanidinium bromide 
(GuBr)- te trabutylammonium bromide (Bu4NBr)-water 
was negative and large in magnitude. This result was 
interpreted in terms of either direct (complex formation) 
or indirect (through the change of water structure) 
interaction between the guanidinium cation (Gu+) and 
the tetrabutylammonium cation (Bu4N+). In other 
words, gB

+c+j the interaction parameter of the mixed 
cation pair in Friedman's formalism,2) was the predo­
minant factor for the mutual sal ting-in of this system. 

In contrast to this result, in the ternary system 
containing Bu4NBr and alkali halides, such as KBr or 
CsBr,3) the mutual salting-out was observed, in spite 
of the facts that both K+ and Cs+ were structure breaker 
ions similar to the guanidinium ion. 

The volume changes of mixing for the ternary systems 
KBr-Bu 4 NBr-H 2 0 4 ) and NaBr- te t rapropylammonium 
bromide-H 2 0 5 ) were also determined and large excess 
volume changes of mixing with positive signs were 
obtained. The increase of the solution volume by 
mixing was attr ibuted mainly to the interaction of 
hydrophobic cations through the change of water 
structure. 

Previously,6) the authors reported that in organic 
solutes including ions, the size, shape, and functional 
groups were the important factors which determine the 
nature of the solute-water interaction. The structure 
breaking action of guanidinium ion would thus be 
different from K + and Cs+, and similar to that of urea 
with regard to the hydrogen bonding with water 
molecules. 

From these standpoints, it is interesting to investigate 
the volume change on mixing aqueous solutions of 
GuBr and Bu4NBr. In this paper, we reported the 
volume changes of mixing of the ternary system G u B r -
B u 4 N B r - H 2 0 and GuBr-tetramethylammoniurn 
bromide ( M e 4 N B r ) - H 2 0 up to 2 molalities of total 
concentration. The data obtained were analyzed by 
Friedman's formalism and the results are discussed in 
terms of the interionic interactions and concomitant 
structural change of water. 

E x p e r i m e n t a l 

Materials. GuBr was prepared and purified by the 
method described elsewhere.1) Bu4NBr and Me4NBr were 
purchased from Wako Junyaku Co., Ltd. and recrystallized 

two or more times from the appropriate solvents, as described 
elsewhere.7) These compounds were dried in vacuo over 
phosphorous pentoxide before use. The salts were dissolved 
in redistilled and deionized water. 

Method. Stock solutions of total molalities of 2 mol» 
kg - 1 with different ionic mole fractions were prepared by 
weighing and mixing each salt solution. Each stock solution 
was diluted by weight to the desired molalities before use. 
About fifteen kinds of sample solutions with different molalities 
and the same ionic mole fraction were used for the measure­
ment. Solution densities were determined by Seiko SDM 421 
and 422 vibration densimeters, which were linked with a 
quartz oscillator and a digital counter. Pure water and 
aqueous sodium chloride solution were used as the standards 
for the calibration of the apparatus. Measurements were 
done at least twice for every solution and were accurate to 
± 1 X 10~5 g/cm3. The temperature of the cell chamber was 
maintained at 25 ±0.01 °C. 

R e s u l t s a n d D i s c u s s i o n 

Apparent Mold Volumes. The apparent molal 
volume <ßy of the 1: 1 electrolyte in the solution volume 
V has been defined in the molality scale: 

V— 55 5lF.° 
m ' 

where VA° is the molal volume of pure water, and m is 
the solute molality. If we consider a solution in which 
two electrolytes, B and C having a common ion are 
dissolved, Eq. 1 can be modified into the following form 
by using the density and molality and rewriting <j>w 

as $y(x,m)9 

^ m) = J _ f m^rnBM3±rn9MQL_i^l ( 2 ) 

where d and dA are the densities of the solution and pure 
water, respectively, and mB(mc) and MB(MC) are the 
molalities and molecular weight of B(C), respectively. 
In this paper, B denotes GuBr and C denotes tetra­
alkylammonium bromide. <f>v(x,m) is the mean apparent 
molal volume of the mixed electrolyte or the pseudo 
binary salt at total molality m and ionic mole fraction 
x, given as 

m = mB + m0, and x = mc/m. (3) 

For the various x's, the relation between <f>y(x,m) and 
m is obtained from the density data, and is shown in 
Fig. 1 for the G u B r - B u 4 N B r - H 2 0 system and in Fig. 2 
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> 

X 0.000 [GuBr] 
® 0.112 

0.5 1.0 1.5 2.0 

V> 
Fig. 1. The concentration dependence of the excess apparent molal volume of 

H2Q-GuBr-Bu4NBr system at 25 °G. Debye-Hückel line. 

Fig. 2. The concentration dependence of the excess apparent molal volume of 
H20-GuBr-Me4NBr system at 25 °C. Debye-Hückel line. 

for the G u B r - M e 4 N B r - H 2 0 system. In both figures 
the ordinate represents the excess apparent molal 
volume &vex(x,m), defined as the deviation from 
<j>v(xß), the mean apparent molal volume at infinite 
dilution. 

0v
e xO, m) = <f>y(x, m) - 0V(*, 0). (4) 

The additivity rule has to hold for <ftv(x,0) as 

0T(*,O) = *0y(l,O) + (1-*)0Y(O,O), (5) 

where 0V(O,O) and 0V(1,O) are the apparent molal 
volume at infinite dilution for the electrolyte B and C, 
respectively. As seen in Figs. 1 and 2, the concentration 
dependence curves of 0v

e x (x,m) are located between 
those of binary solutions in both the systems. These 
curves are expressed in the form of Eq. 6: 

0v
ex(*> m) = S&mV2, (fc= 1.865) (6) 

and each qi coefficient is obtained by a least squares 
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fit with a computer program. These coefficients repre­
sent the various intetractions contributing to the solution 
volumes; they are not useful, however, for interpreting 
the volume change in terms of ionic interactions, except 
for calculating <j>w at the desired molality. 

In the mixing of inorganic electrolytes, the Young's 
mixture rule8) is an adequate description of the volume 
properties of a mixture : 

6v{x, m) = *0V(1, m) + (1-*)0V(O, m). (7) 

Equation 7 means that the mixing of two binary solu­
tions at constant total molality produces a ternary 
solution whose volume is exactly the sum of the volumes 
of the binary solutions. Combining Eqs. 4, 5, and 7, 
we have 

0v
ex(*, m) = *0v

e x(l , m) + (1-*)0V«(O, m). (8) 

This equation may express that the volume changes 
resulting from the new ionic interaction in the ternary 
solution are equal to the arithmetic means of the volume 
changes resulting from the ionic interaction in each 
binary solution. Most inorganic electrolyte mixtures 
obey this rule, al though slight deviations are obtained.9) 
T h e ^-dependence of &v

ex (x,m) is shown in Fig. 3 at 

0 x \ 

Fig. 3. The relationship between 0v
ex and x for 

H20-GuBr-Bu4NBr system at various m. Dotted line 
is obtained from Young's rule. Solid line is obtained 
from experiment. 

m = 0 . 5 , 1.0, and 2.0 for the G u B r - B u 4 N B r - H 2 0 system, 
for which the mixture rule does not hold, and a positive 
deviation from Eq. 8 is observed. In this case, the 
addition of term A to Eq. 8 is required: 

0V«(*, m) = *0v
e x(l , m) + (l-*>0T

ex(O, m) + A. (9) 

In the case of the common anion mixing, this deviation 
may be at tr ibuted to the difference in the cation-cation 
interactions; these are discussed in next section. 

Excess Volume Change of Mixing. The excess 
volumes of the pseudo-binary salt solution may be 

defined as the product of the total molality and the 
excess apparent molal volume: 

Vex(x9m) = m0v
ex(x,m). (10) 

The excess volume change of mixing AmVex has been 
given as the deviation from the linear relationship 
between Vex and x at constant molality.4) 

AmVG*(x, m) = Vex(x, m) - *F e x( l , m) 

- ( l-*)0v
e x(O,m). (11) 

O n substituting Eq. 10 to Eq. 11, we obtain 

AmV*(x9 m) = m{^v
ex(^ m ) - * 0 v « ( l , m) 

- ( l - * ) 0 / x ( O , m ) } 

= m-J. (12) 

Therefore the A in Eq. 9 correspond to AmVex/m. As 
shown in Figs. 4 and 5, AmVex plotted against x are 

Fig. 4. The relationship between AmVex and x at various 
m of the H20-GuBr-Bu4NBr system. 

0.5 

0.4 

^ 0.3] 

0.2 

0.1 

Me4NBr - GuBr 

m^2.0 

/<> >̂  

I / m=J'° 
L / z^*7

 ^ > N 
\ jT m=0.5 \ o \ 

Fig. 5. The relationship between AmVGX and x at various 
m of the H20-GuBr-Me4NBr system. 



October, 1979] Volume Change of Mixing of Guanidinium and Tetraalkylammonium Salts 2883 

both positive and nearly parabolic. The maximum 
points for the system G u B r - B u 4 N B r - H 2 0 are left from 
the vertical line of x=0.5. The AmVex values and the 
degree of the skewness increased with increasing the 
total molality. The magnitude of AmVex for the system 
containing Bu4NBr is six or seven times larger than that 
for the system containing Me4NBr. From this experi­
mental result, the observed large values of AmVex are 
considered to be due to the change of the hydration of 
tetraalkylammonium salts as shown in next section, 
because the mixing of inorganic salts solution is not 
accompanied by such a large volume change and the 
hydration cosphere of the Bu4N+ is more extensive than 
that of the Me4N+. In the binary tetraalkylammonium 
salt solutions in the relatively low concentration range, 
the decrease of the apparent or partial molal volume 
was considered to take place because of the formation 
of cage-like structure around the tetraalkylammonium 
ion10) and the overlap of the cage by cation-cation 
interactions.11) T o interpret the AmVex dependences 
on the ionic strength and/or ionic mole fraction in 
Figs. 4 and 5, one may introduce the following 
Friedman's treatment:2»4) 

AmV°*(x,m) = x(l-x){v0 + Vl(l-2x)+ ...} (13) 

where v0 and v1 are volumetric interaction parameters. 
To evaluate v0 and ul9 the quantities AmVex{x,m)j 
x(\—x) are plotted against x. This relation would be 
linear if the higher terms are negligibly small. As seen 
in the upper corner of Fig. 6, v0 and vx has been obtained 
from the intercept and slopes. 

Fig. 6. The concentration dependence of v0 and vx for 
the ternary systems. 

In the common ion mixing, one can easily consider 
the pairwise and triplet interactions between like-
charged ions, which mainly influence the excess function 
of mixing at relative low concentrations. Applying a 
treatment similar to the excess free energy of mixing,1»2) 
v0 and Vi can be described as 

v0 = (2JVO+ - *Vc+ - *VB+) + vo ( t r lP) • m> ( ! 4"a) 
and 

vx = vx ( trip) • m, (14-b) 

where vy is the concrete interaction parameter of 
cation i and 7, and z/0(trip) and z>i(trip) are the triplet 

interaction parameters.1) As predicted from Figs. 4 and 
5, the signs and magnitude of AmVex are determined 
mainly by the v0 values, while the skewness of the curve 
depends on the vx values. 

T h e large excess volume change does not always arise 
from the volume difference of two kinds of solutes. In 
the volume changes of mixing of the ternary system 
KBr- te t rapropylammonium b r o m i d e - H 2 0 and KBr 
tetrakis(2-hydroxyethyl)ammonium b r o m i d e - H 2 0 , the 
former system showed large AmVex, while the latter 
underwent almost no volume change, although the ion 
sizes of the two kinds of cations are nearly the same.4) 
Based on the above result and the similar properties of 
Bu4N+ and tetrapropylammonium ion(Pr 4 (N+ ) ) , we will 
discuss the large AmVex for the system GuBr-Bu 4 NBr-
H 2 0 by focusing on the change of water structure 
and the structuredness of a hydration cosphere by the 
interionic interactions. 

The curves in Fig. 6 can be expressed by Eq. 13 
within experimental error. According to Eq. 13, the 
contribution of the triplet interaction term(v0(trip)) 
become large with increase of total molality, but the 
pairwise interaction term (2vB+c+ —v0+c

+—VB
+B+) con­

tributes more significantly to v0 in the concentration 
range studied. Since v0 decreases almost linearly with 
m} as seen in Fig. 6, the value of (2vB+c+ —vc+c+—*>B+B+) 
was obtained by extrapolating Eq. 13 to infinite dilution. 
Although it is quite difficult to evaluate the vy from 
the present approach, the free energy of mixing for the 
same system will help us in estinating the signs and 
magnitude of the v;j. Among the three parameters 
of the pairwise term, vB+B+ the interaction parameter 
between Gu+'s, must be small, because of the weak 
hydration of the guanidinium cation.12) Therefore, it is 
reasonable to neglect the contribution of vB+B+ to 
the pairwise term. The vc+c+ between Bu4N+ ,s has a 
negative sign, because two cations approach each other 
at a suitable distance and tend to link up to release 
water molecules of the cosphere to bulk solution,11) 
leading to a small volume. O n the other hand, the 
vB+o+ between Gu + and Bu 4N+ must be positive, since 
the hydrophobic hydration originally makes a negative 
contribution to the solution volume.10) Indeed the 
hydration cosphere itself around a hydrophobic ion is 
more bulky than pure water, but the tight packing 
based on the formation of cage decreases the void space 
of liquid water. The latter effect dominate over the 
former. The guanidinium ion reduces and breaks the 
cage-like structure around a hydrophobic ion, leading 
to a large volume. From the consideration above, both 
parameters, z>B+c+ and — vc+c+ make positive contribu­
tions to the solution volume. 

In the free energy of mixing of the system K B r -
Pr 4 NBr-H 2 0 , 3 ) where the mutual salting-out was 
observed, the formation of like-cation pairs were more 
favoured than that of mixed cation pairs. O n the other 
hand, the positive value of AmVex was obtained from 
the volume of mixing of the same system and attr ibuted 
also to the interaction of a like cation pair. 

In contrast to the above results, a large mutual 
salting-in was observed in the free energy of mixing 
of the system GuBr-B^NBr-HjjO, 1 ) where the forma-
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tion of mixed cation pair was preferred to that of the 
like cation pairs. 

These facts strongly suggest that vB+c+ parameter 
should contribute more significantly than vG+c+ param­
eter to the large AmVex of the system GuBr-Bu 4 NBr-
H 2 0 . Consequently, the increase of solution volume 
observed in the above two systems would depend on the 
different cation-cation interaction, that is, C+-C+ 
interaction for the system K B r - P r 4 N B r - H 2 0 and B+-C+ 
interaction for the system G u B r - B u 4 N B r - H 2 0 . This 
concept is consistent with the general aspects of dissolu­
tion of hydrophobic solute in aqueous guanidinium 
solution, that is, the guanidinium ion breaks the water 
structure and weakens the water-structure-enforced 
association of hydrophobic solute. Since the interaction 
of hydrophobic solute with K+ and guanidinium ion 
take place through the structure of water, the difference 
in the interaction indicates that the guanidinium ion 
breaks water structure in a different way from K+. 

Partial Molal Volumes, V-v Since &v(x,m) are 
regarded as the apparent molal volumes of the pseudo-
binary salt, the partial moal volume of this salt Ç(x,m) 
may be defined as13) 

«<*-)-(£),-«-»> +^B^tf1) . w 
Using Eq. 6, we obtain 

m'/*. (16) 

£(x,m) are computable. As the solution volume is the 
sum of the partial molal volumes of the individual 
components, 

V(x,m) = 55.51fA + (l—x)mVB + xmVc (17) 

Differentiating Eq. 17 with m or x, and applying the 
Gibbs-Duhem relation to the differentiated equation, 
we have the partial molal volume of solute B and C, 

F» = ^ , m ) - * ( - ? ^ ^ ) B (18-a) 

i £ 

301. 

30Q 

299 

298. 

297. 

296. 

295. h 

294 

293. 

x 0.000 
• 0.1 1 2 
a> 0.250 
• 0.400 
• 0.491 
• 0.600 
• 0.799 
• 1.000 

0 0.5 1.5 1.0 

V^ m 

Fig. 7. Vc vs. */ m at various x for the H20-GuBr-Bu4NBr 
system. 

Vc = Ç(x9m) - (l—x) 
(d$T(x,m)\ 

\ 3 (1-*) /« 
(18-b) 

VA values did not change appreciably with m and were 
nearly the same as VA° in this experimental method. 
The partial molal volumes of tetrabutylammonium 
bromide Vc are calculated from Eq. 18-b and are 
shown in Fig. 7 at various x values. With decreasing x, 
the curves of Vc vs. ^Jln become flat, accompanying the 
shift of the minimum values. However, this figure is 
not suitable for the comparison of the mc dependence of 
Vc in water and with that in aqueous GuBr solution. 
To elucidate the volume change of Bu4NBr in the GuBr 
solution, Vc at constant rational mole fraction, No were 
calculated and replotted against mo'. iVo and m0 ' are 
defined as1) 

Nn = -
2mc 2m0' 

55.51 + 2mc 55.51 + 2m0'+2mB ^ 

where mc
f is the molality of Bu4NBr in ternary solution 

300F 

298 

296 

294 

0.5 1.0 

Vmc 
Fig. 8. Vc vs- *Jrnc' at various mB for the H20-GuBr-

Bu4NBr system. 

VmBf 

Fig. 9. VB VS. ^/m^ at. various mc for the H20-GuBr-
Bu4NBr system. 
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having the same Nc in the binary solution. This 
treatment means that the guanidinium bromide solution 
is regarded as a solvent. As seen in Fig. 8, the VG vs. 
mo curves clearly shift upward with increase of mB, 
but the concentrations of Bu4NBr having the min imum 
VG value are independent of mB. VB vs. ^rn~B~' curves are 
shown in Fig. 9. The VB values change only slightly 
with increase of mG. These facts indicate that the large 
volume change of mixing for this system is due to the 
change of the hydration of Bu 4N+ caused by the change 
of solvent structure. 
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Vapor-pressure depressions and electric conductivities have been measured for bis(tetraalkylammonium) electrolytes 
in methanol, ethanol, and 2-propanol. The analysis of the data of vapor pressure osmometry (VPO) of these 
bolaform salts was carried out taking into account the two-step dissociation equilibrium as follows. 

M2+ + 2X- <=± MX+ + X - <=± MX2 

*& n1 

In each solvent, the ionic association constants, K[ and Kj* (K&= l/Kh), tend to decrease with increasing ionic 
size. This tendency is greater in K* than in Kj*. The K* values of bis(tetraalkylammonium) electrolytes show 
virtually no dependence on the dielectric constant of solvent. On the contrary, the values of K[! strongly depend 
on the dielectric constant of solvent. Using the values of K\ and K*1 in 2-propanol, the ultrasonic relaxation 
data were analyzed. 

In a recent series of papers,1 - 5) vapor pressure 
lowering data obtained by means of vapor pressure 
osmometer (VPO) measurements have been reported for 
a variety of electrolytes in nonaqueous solvents. The 
concentration dependence of the activities of the salts 
has been analyzed assuming the existence of a dissocia­
tion and/or association equilibrium. Vapor pressure 
osmometry is particularly useful in studying cases of 
neutral species where the use of conductance techniques 
is precluded.5) As well, in the case where ionic equlibria 
are being studied, it provides a method of estimating 
equilibrium constants complementary to conductance 
studies. 

There have been numerous investigations of solution 
properties of 1: 1 electrolytes in nonaqueous solutions. 
However, because of the low solubility of 2 : 1 electrolytes 
in nonaqueous solvents,6-8) only a few results have been 
reported for these systems. A series of electrolytes that 
circumvent this solubility problem in nonaqueous 
solvents is the bis(tetraalkylammonium) or bolaform 
type of electrolyte. Their moderately high solubility 
is due to the rather large portion of hydrocarbon 
moieties in their elemental composition. These salts 
had been considered as model systems to examine the 
contribution of cation-cation ion pairing to the non-
ideal behavior of R 4 N + ions in aqueous solutions. 
Conductance studies of several of these systems have 
been reported by Evans et al.9) 

In the present paper we report vapor pressure 
lowering and conductance measurements of some 
bis(tetraalkylammonium) salts in methanol, ethanol and 
2-propanol in order to estimate the degree of ionic 
dissociation in these solvents. Also, the present results 
are compared with those previously obtained10) by 
means of ultrasonic relaxation studies of these electrolytes 
in 2-propanol. 

Theoret i ca l 

A salt, M X 2 , dissolved in non-aqueous solvent can 
exhibit a two-step dissociation equilibrium, as follows: 

M 2+ + 2 X -

MX+ + X-

MX+ + X-

MX, 

step I 

step II 
(i) 

The activity of the solvent is related to the activity 
coefficients of the undissociated salt and ions by an 
integrated form of the Gibbs-Duhem equation. For the 
reactions represented by equation 1 this expression is 
given as 

1 
ln^i = (m2 + m3 + m 4 +m 6 +\ m3dlny3 

+ 

Ni 

m4 din y4 + 
$; 

m6 din y6) (2) 

where a± is the activity of the solvent, 
N-L is the mole number of the solvent ( = 1000/ 

Mx\ Mx is the molecular weight of the 
solvent), 

m is the molal concentration of the added 
solute, 

m2 

m3 

m± 
m5 

a 
ß 
Vi 

is the molality of undissociated salt M X 2 , 
is the molality of cation M 2 + , 
is the molality of anion X - , 
is the molality of cation M X + , 
is defined as <x=Tn5/m (0<oc<l ) , 
is defined as ß=m3lm5 (/8>0), 
is the mean activity coefficients of the ions, 

suffixes 3, 4, and 5 referring to M 2 + , X - , and 
M X + , respectively, and y2, the activity 
coefficient of the undissociated salt, is assumed 
to be unity. 

From these definitions it follows that in Eq. 2 

m2 = m[l-a(l+ß)] 

m3 = maß 

m4 = ma(\+2ß) 

and m5 = ma 

The dissociation equilibrium constants are obtained 
by curve fitting procedures using Eq. 2. In order to do 
this, values of the activity coefficients in terms on the 

(3) 
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right-hand side of Eq. 2 must be evaluated. We have 
assumed that the activity coefficients of the ions are 
represented by the Güntenberg-type equation:11) 

l n y __A\z1z2W~T_ A_ 1.825X10« ( ) 
7±~ 1 + V T ' (eT)*/* [ ) 

Numerical values of the density d0 and the dielectric 
constant e of the solvent used in calculations were 
obtained from Ref. 12. 

As in previous work,4) a function, h, defined as 

A = AJ5A+i (5) 
m 

was used for the analysis of the experimental results. 

carried out at 45.0, 55.1, and 60.0 °C for methanol, 
ethanol, and 2-propanol, respectively. 

Values of h, calculated by introducing the experi­
mental values of activity coefficients ax in Eq. 5, are 
given in Table 2. Plots of h vs. the concentration in 
molality units are shown in Figs. 1—3. The behavior 
of the values of h (h^O) clearly shows the existence of a 
dissociation equilibrium.3) 

Attempts to fit the profiles of h vs. concentration 
using the procedures of one-step dissociation equation 
such as R 4 N X in acetone did not give good fitting in 
this case. In order to estimate the two-step dissociation 
constants K& and Kd

u in Eq. 1, the following procedures 

E x p e r i m e n t a l 

Materials. The bis(tetraalkylammonium) salts, 1,4-bis-
(triethylammonio) butane dibromide, l,5-bis(triethylammo-
nio) pentane dibromide, and l,10-bis(triethylammonio) decane 
dibromide, abbreviated hereafter J4, J5 , and J10, respectively, 
were prepared and purified as described eleswhere.13) Before 
use, the salts were dried for a period of five days in a vacuum 
oven at 50 °G over molecular sieves 3A (1/8 in. pellet). Fresh 
molecular sieves were used each day. 

Reagent grade methanol and 2-propanol (Kishida Chemical 
Go. Ltd.) were further purified by drying with anhydrous 
calcium sulfate and finally distilled in the presence of molecu­
lar sieves in a nitrogen atmosphere. Reagent grade ethanol 
(Nakarai Chemical Co., Ltd.) was refluxed with magnesium 
metal and magnesium ethoxide in a dry nitrogen atmosphere 
for a period of 12 h and then distilled over molecular sieves 
in a dry nitrogen atmosphere. The water content of the 
purified solvents was checked by Karl-Fisher analysis and 
found to be less than 0.0018, 0.028, and 0.009 wt % for 
methanol, ethanol, and 2-propanol, respectively. 

The preparation and handling of the salts and their solu­
tions was carried out in a dry box under a nitrogen atmosphere 
in order to avoid contact with the moist air. 

Vapor Pressure Osmometry and Conductance. The experi­
mental method and equipment have been reported in a 
previous paper.4) 

R e s u l t s 

Vapor Pressure Osmometry. The proportionality 
constants Ks of the apparatus were determined using 
standard substances: benzil for methanol and ethanol 
and 1-octadecanol for 2-propanol. The values of the 
constants Ks and Ke (=BrR/AH, see Ref. 3 for defini­
tion of terms), and their ratios are summarized in 
Table 1. Vapor pressure depression measurements were 

TABLE 1. PROPORTIONALITY CONSTANTS OF 

V P O IN VARIOUS SOLVENTS 

T/°C 

45 
50 

55.1 

60 
70 

KJQ 

-42100 
-38000 

-27600 
i-PrOH-

-21800 
-17300 

Ke( = BrR/AH)/Q 

MeOH-Benzil 
-43200 
-37200 

EtOH-Benzil 
-28300 

-1-Octadecanol 
-23900 
-18200 

KJKe 

0.974 
1.022 

0.973 

0.911 
0.951 

Fig. 1. Relationships between h and concentration for 
J4, J5 , and J10 in methanol at 45 °G. 

-0-9 

-0.7F 

-1.0 

-1.0 

m x10£ 

Fig. 2. Relationships between h and concentration for 
J4, J5 , and J10 in ethanol at 55.1 °G. 
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TABLE 2. h VALUES OF BIS-TETRAALKYLAMMONIUM SALTS IN VARIOUS SOLVENTS 

mx 102 mx 102 mxlO2 mxlO2 

MeOH-J4 
0.0946 
0.1021 
0.1242 
0.1855 
0.2058 
0.2173 
0.2882 
0.3345 
0.3461 
0.3895 
0.4334 
0.4490 
0.5147 
0.6153 
0.6504 
0.6993 
0.7616 
0.8037 
0.9526 
1.1904 
1.4087 
1.5599 
1.8301 
2.1927 
2.2599 
1.8366 

MeOH-J5 
0.0961 
0.2293 
0.3236 
0.4556 
0.6087 
0.7265 
0.9031 
1.3085 
1.6969 
1.9320 
2.5625 

at 45 °G 
-1 .0361 
-1 .4673 
-0 .6932 
-1 .1250 
-1 .2533 
-0-9836 
-1 .1181 
- 1 . 1 3 0 3 
-0 .9222 
-1 .0805 
-0 .8423 
-1 .0324 
-1 .0150 
-0 .8636 
-0 .9635 
-0 .9893 
-0 .7487 
- 0 . 9 2 0 8 
-0 .8288 
-0 .8382 
-0 .7658 
-0 .7779 
-0 .7542 
-0 .7121 
-0 .7261 
-0 .7521 

at 45 °G 
-1 .2045 
-1 .1707 
-1 .1469 
-1 .1039 
-1 .0421 
-0 .9942 
-0 .9455 
-0 .8704 
-0 .8282 
-0 .8082 
-0 .7500 

MeOH-J10at45°C 
0.0680 -1 .3111 

0.1083 
0.1110 
0.1446 
0.2035 
0.2147 
0.2232 
0.2943 
0.3022 
0.3164 
0.3939 
0.4414 
0.4785 
0.5634 
0.5883 
0.6998 
0.7158 
0.8713 
0.9397 
0.9726 
1.0999 
1.3316 
1.3574 
1.3933 
1,6626 
1.7612 
1.8205 
2.0910 
2.1659 
2.5414 
2.6814 

EtOH-J4 
0.0841 
0.0868 
0.1696 
0.2564 
0.3624 
0.3798 
0.4631 
0.6028 
0.7151 
0.7976 
1.1804 

-1 .5454 
-1 .4028 
-1 .3661 
-1 .3666 
-1 .2706 
-1 .4365 
-1 .2504 
-1 .4069 
-1 .2383 
-1 .2114 
-1 .2151 
-1 .2882 
-1 .2271 
-1 .1633 
-1 .2249 
-1 .2126 
-1 .0982 
-0 .9480 
-1 .1478 
-1 .0728 
-1 .0804 
-1 .0312 
-1 .0522 
-1 .0156 
-1 .0063 
-0 .9864 
-0 .9802 
-0 .9562 
-0 .9441 
-0 .9238 

at 55.1 °G 
-1 .1356 
-1 .0143 
- 0 . 8 2 0 4 
-0 .6890 
-0 .6033 
-0 .5922 
-0 .5882 
-0 .5152 
-0 .4800 
-0 .4413 
-0 .3861 

1.2277 

EtOH-J5 
0.0824 
0.1566 
0.2421 
0.3315 
0.4456 
0.5831 
0.6965 
1.1706 
1.4653 
1.8362 
2.3225 

EtOH-J10 
0.0833 
0.1574 
0.2548 
0.3287 
0.4579 
0.5746 
0.7409 
1.0913 
1.5030 
1.9196 
2.3156 

-0.3841 

at 55.1 °G 
-0.8349 
-0.7703 
-0.6328 
-0.6625 
-0.6079 
-0.5879 
-0.5487 
-0.4435 
-0.4187 
-0.3834 
-0.3507 

at 55.1 °C 
-1.2691 
-1.1006 
-1.0086 
-0.9069 
-0.8055 
-0.7404 
-0.7068 
-0.6018 
-0.5559 
-0.5087 
-0.4655 

2-PrOH-J5 
0.1029 
0.1118 
0.1138 
0.2001 
0.2004 
0.2330 
0.3121 
0.3264 
0.4304 
0.4427 
0.4731 
0.5553 
0.5646 
0.5767 

at 60 °G 
-0.4989 
-0.6119 
-0.5295 
-0.3353 
-0.3102 
-0.4087 
-0.3207 
-0.2862 
-0.2735 
-0.3105 
-0.2263 
-0.2647 
-0.2547 
-0.2337 

0.6614 
0.7964 
0.8087 
0.8951 
1.1360 
1.2427 
1.2611 
1.6673 
1.7946 
2.0913 
2.0914 
2.4574 
2.4800 
2.5151 

2-PrOH-J10 
0.1085 
0.1178 
0.1401 
0.2145 
0.2307 
0.2361 
0.3230 
0.3475 
0.4588 
0.4673 
0.4893 
0.6049 
0.6244 
0.6696 
0.8026 
0,9293 
0.9574 
0.9590 
1.4045 
1.4173 
1.7633 
1.7825 
2.2173 
2.2386 
2.6255 
2.6301 
2.6835 

-0 .2234 
-0 .2173 
-0 .2177 
-0 .1888 
-0 .1504 
-0 .1598 
-0 .1186 
-0 .0934 
-0 .1000 
-0 .0855 
-0 .0673 
-0 .1028 
-0 .0829 
-0 .0799 

at 60 °C 
-0 .5616 
-0 .6590 
-0 .4926 
-0 .5519 
-0 .4426 
-0 .4547 
-0 .4037 
-0 .4016 
-0 .3643 
-0 .3658 
-0 .3416 
-0 .3225 
-0 .2838 
-0 .2951 
-0 .2993 
-0 .2535 
-0 .2135 
-0 .2323 
-0 .1609 
-0 .1633 
-0 .1169 
-0 .1160 
-0 .0797 
-0 .0605 
-0 .0485 
-0 .0408 
-0 .0411 

were carried out ; From Eq. 1, one can write the follow­
ing equations: 

Kl = maß(\+2ß)yu2+yx~ 
VMX+ 

K}* = ma\\ + 2ß) yux+yx-
l-a(l + ß) yUXt 

(6) 

In the first approximation, to simplify the calcula­
tions, assume the values of (yu*+yx-/yux+) and (yuX+yx-j 
7*1x2) to be unity. The function h can be expressed as 

-a{\ + 2ß) (?) 

By means of the complete grid search techniques, 
the dissociation constants, Kd

T and Kd
u, were estimated 

so that the standard deviation 

• 2 
/ ^ e x p - ^ c a l \ 2 

\ hexp I 
(8) 

is minimized. 
In the second step, using the values of K& and Kd

n 

obtained and Eq. 4 for y±, the values of a and ß in 
Eq . 6 are corrected, then the computer method used in 
the first step was repeated, still assuming the yMx+ and 
7MX2 to be unity, because of their very low concentration. 

The values of Kd
J and Kd

u obtained using this method 
are summarized in Table 3. The solid lines in Figs. 1—3 
are the results obtained using these "best fit" values. 
I t can be seen that there is good agreement between 
experimental and calculated values. 

Conductometry.1^ The concentration dependence 
of the equivalent conductivities of J 5 and J10 in 2-
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Fig. 3. Relationships between h and concentration for 
J 5 , and J IO in 2-propanol at 60 °C. 

TABLE 3. DISSOCIATION CONSTANTS OBTAINED BY 

V P O AND CONDUCTOMETRY 

Solute K\ x 104 Standard deviation „ l , Q 4 

for the function h d 

J4 
J5 
Jio 

J4 
J5 
Jio 

J5 
Jio 

3.33 (2.71) 
5.84 (4.75) 

15.56 (12.2) 

5.00 (3.32) 
0.034( — ) 
6.67 (4.11) 

4.12 (2.30) 
4.67 (2.33) 

MeOH at 45 °G 
375.9 (305.6 ) 
611.1 (496.8 ) 

1944.4 (1521.7) 
E t O H a t 5 5 . 1 ° G 

20.58( 13.7) 
40.53( 26.9) 
77.78( 48.0) 
z-PrOH at 60 °G 
2.12( 1.18) 
3.76( 1.88) 

0.135 
0.047 
0.078 

0.030 
0.028 
0.016 

0.037 
0.054 

at 25 °G 
6.25 
7.23 

The values in the brackets show the corrected values 
at 25 °G. 

p r o p a n o l o b t a i n e d a t 25 °C is s h o w n in F i g . 4 . C o n d u c ­
t a n c e d a t a h a v e b e e n a n a l y z e d b y t h e t r e a t m e n t 
p r o p o s e d b y Davis 6 ) a n d M o n k , 7 ) i n w h i c h d e v i a t i o n s 
f rom t h e l i m i t i n g O n s a g e r e q u a t i o n a r e i n t e r p r e t e d i n 
t e r m s of ion -assoc ia t ion . A t c o n c e n t r a t i o n s w h e r e t h e 
e x t e n t of assoc ia t ion is sma l l , t h e s e c o n d s t ep of E q . 1 
c a n b e d i s r e g a r d e d a n d t h e so lu t ion c o n t a i n s t h r e e 
species : M 2 + , M X - , a n d X ~ . I f a is t h e f rac t ion of 
i n t e r m e d i a t e p r o d u c t , M X - , de f ined i n E q . 2 (neg l ec t i ng 
t h e difference b e t w e e n m (mo l /kg ) a n d c (mol /1) , th is a 

is cons is tent w i t h t h a t def ined i n E q . 2 . T h i s a s s u m p t i o n 
c a n b e a c c e p t a b l e i n these e x p e r i m e n t a l c o n d i t i o n s . ) , 
t h e e q u i v a l e n t c o n d u c t i v i t y wi l l b e g iven b y : 

A = {\-a)Atf+ + y^Mx- + Hh-
(9) 

A = (l-a)(Au*+ + Ax-) + y U M x - + ilx-) 

<! i 

_/Txio2 

Fig. 4. Relationships between A and concentration for 
J 5 , and J 1 0 in 2-propanol at 25 °C. 

of a c o m p l e t e l y d i ssoc ia ted u n i - b i v a l e n t sal t of c o n c e n t ­
r a t i o n c, w h e r e c refers to t h e m o l a r c o n c e n t r a t i o n of t h e 
so lu t ion (mol/1) . 

I n so lv ing t h e e q u a t i o n for a, t h e e q u i v a l e n t c o n d u c ­
t iv i ty a t inf ini te d i l u t i o n of t h e i n t e r m e d i a t e ion is 
i n d e s p e n s a b l e . T h e e q u i v a l e n t c o n d u c t i v i t y of i n t e r ­
m e d i a t e p r o d u c t , Aux+, i s a s s u m e d to b e 0 .6 t imes of 
ylM

2+, s imi l a r ly t o t h a t of M o n k et al. U s i n g t h e va lues 
of Aßr- i n t h e l i t e ra tu re , 1 5 ) t h e va lues of AM2+ w e r e 
d e t e r m i n e d b y t h e e x t r a p o l a t i n g p r o c e d u r e in t h e p lo ts 
of A vs. I1/2. U s i n g t h e l i m i t i n g O n s a g e r e q u a t i o n , t h e 
e m p i r i c a l e q u a t i o n s w e r e o b t a i n e d : 

A= 1 2 . 0 - 1 1 1 . 1 3 / V 2 _ a ( 6 . 1 1 - 7 4 . 0 7 / V 2 ) f o r j 5 

(10) 
^ 1 = 1 5 . 6 - 1 2 5 . 2 3 / V 2 _ a ( 8 . 6 1 - 8 6 . 1 8 / V 2 ) forJ10 

T h e d i ssoc ia t ion c o n s t a n t K& c a n b e o b t a i n e d i.e. 

K} = 
c ( 2 - a ) ( l - q ) 

a Vux+ (11) 

By m e a n s of t h e u s u a l c o m p u t e r m e t h o d , u s ing E q s . 10 
a n d 1 1 , t h e d i ssoc ia t ion c o n s t a n t K& w a s d e t e r m i n e d so 
t h a t t h e s t a n d a r d d e v i a t i o n 

\ A x p / 
(12) 

I n this e q u a t i o n , t h e so lu t ion is r e g a r d e d as a m i x t u r e 

•A-exp 

is m i n i m i z e d . 

T h e v a l u e s o b t a i n e d for J 5 a n d J 1 0 a r e s u m m a r i z e d 
i n t h e 5 t h c o l u m n of T a b l e 3 ; I n F i g . 4 , sol id l ines s h o w 
t h e bes t fitting ones . I n F i g . 4 , t h e d a s h e d l ines s h o w 
t h e l i m i t i n g O n s a g e r ' s l a w . 

D i s c u s s i o n 

T h e V P O m e a s u r e m e n t s w e r e c a r r i e d o u t a t d i f ferent 
t e m p e r a t u r e s b e c a u s e of t h e dif ferent o p t i m u m e x p e r i ­
m e n t a l c o n d i t i o n s for t h e t h r e e so lvents . I n o r d e r to 
c o m p a r e t h e Kd va lues o b t a i n e d f rom t h e t w o t e c h n i q u e s 
it w a s necessa ry to e s t i m a t e t h e K^ a n d Kâ

u v a lue s f rom 
V P O m e a s u r e m e n t s for 2 5 ° C . I n a p r e v i o u s pape r , 1 0 ) 
t h e a p p a r e n t a c t i v a t i o n e n e r g y AH of i on ic assoc ia t ion 
w a s e s t i m a t e d to b e 3 .3 a n d 3.9 k c a l / m o l for J 5 a n d J 1 0 , 
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respectively, in 2-propanol. As well, the ionic association 
constants in nonaqueous solvent depend mainly on the 
dielectric constant and its temperature dependence. 
Assuming the temperature dependence of K& and Kd

u 

to be equivalent, the activation energies in methanol 
and ethanol were estimated from the values in 2-
propanol, taking into consideration the difference in 
dielectric constants of the solvents. The estimated values 
for the V P O method at 25 °C are shown in brackets, 
in Table 3. It is seen that the agreement between K& 
values at 25 °C derived from V P O and conductance 
data is within an order of magnitude. Figures 1—4 also 
show that there is no apparent evidence of micell 
formation in these systems. 

100/e 

Fig. 5. Relationships between log K&
u and 100/e 

0;J4, C;J5,#;Jio. 

Solvent and Ionic Dependence of Ionic Accosiation Constants. 
In each solvent, the ionic association constant, K± and 
K&

n, defined as K^^ljK^, tends to decrease with 
increasing ionic size. (As usual, the equilibrium proper­
ties of electrolytes in nonaqueous solvents are discussed 
using the ionic association constant, K&, rather than Kd. 
We will talk about K& instead of Kd.) This tendency 
is greater in K&

u than in K*. The K± values of bis-
(tetraalkylammonium) electrolyte show virtually no 
dependence on the dielectric constant of solvent. O n 
the contrary, the values of K™ strongly depend on the 
dielectric constant of the solvent. The relationship 
between log K&

u and 100/e, where e refers to the dielectric 
constant of solvent, is shown in Fig. 5. As is seen in 
Fig. 5, log K&11 increases linearly with increasing values 
of 100/e. This behavior is in good agreement with that 
of tetraalkylammonium ions in nonaqueous solvents.15) 
This result indicates that the ionic association in step I I 
(in Eq. 1) is a solvent-separated type. I t looks strange 
that in 2-propanol, the values of K™ are greater than 
that of K* for both J 5 and J10. However, as pointed by 
Evans et A/.15) and discussed in our previous paper,10) 
the Et4N+, Br~ ions and Et4NBr in 2-propanol are 
strongly solvated with 2-propanol. I t may be considered 
that J 5 and J10 are also strongly solvated with 2-propanol 
as solvent. At this stage, the solvent effects on the 
dissociation equilibria of J 5 and J10 in 2-propanol can 
not be explained completely, but it may be roughly 
considered as follows: The value of K* and K&

n for 

J10 in 2-propanol are comparable and also of the same 
order of magnitude as K& for Et4NBr in 2-propanol, 
8.45 x l 0 ~ 4 by conductometry15) and 5.05 x l O " 4 by 
V P O . This fact clearly indicates that in a solvent of 
low dielectric constant, the ionic sites of J 1 0 2 + i o n act 
independently because of the long distances between 
them. 

Interpretations for Dynamic Data by Means of Ultrasonic 
Method: In a previous paper,10) ultrasonic absorption 
data obtained over the frequency range 5—95 M H z by 
the pulse method were reported for tetraethylammonium 
bromide, J 5 , and J10 in 2-propanol in the temperature 
range 0—25 °C . A single relaxation curve was observed 
under all experimental conditions. However, because 
of the lack of thermodynamic and conductance data 
for J 5 and J10 , a complete kinetic analysis could not be 
carried out. 

The equilibria, Eq. 1, can be symbolized as 

A <-

D 

* B <- *a 
k-t \ 

D 

* G (13) 

where A, B, C, and D refer to M X 2 , MX+, M2+, and X~ 
in Eq. 1 respectively, and the equilibrium concentration 
of them is shown as Ä, B, C, and D, respectively. As 
shown by the V P O data, this two-step reaction should 
be closely coupled. Under such conditions, the reciprocal 
relaxation terms can be expressed as16»17) 

2*/n = — = fllltfl22[l + (l-6)]V2 

2*/,. 
1 _ u i i flu + flS! -[1 _(!_*)]! /« 

(14) 

and 

where 

b __ 4 ( f l n f l 2 2 - f l 1 2 a 2 1 ) 

(%i + tf22)
2 

flu = h + k^B + C) 

«12 = -h{B-C) 

«21 = (A2 ~T^_2C) 

a22 = -ka + k_2{C+D) 

and the maximum excess absorption per wavelength is 
in this case represented by 

_ nlAVj+XAVJ* f M , 1 , 1 \ 
" m " 1 - 2ßaRT 1 U B C/ 

\D BJ \B C D/j 

= 7i(YAV1 + AV2)* f /1 1 1 \ 
2ß0RT IU fi c/ 

2Y(1-1) + (UUl))-1 

\D B) \B C Dl\ 

and 

+ : 

(15) 

where 

X = 

Y-. 

-ko — k_oLt 

flll+l/Ta 

k^jD-B) 

fl22+l/7l 

Using the ionic association constants for J 5 and J10 
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reported here, we can estimate the experimental 
relaxation frequencies. Since the kinetic constants, 
£_! and £_2, can be considered to represent diffusion 
control processes, their values are of the order of 10 - 1 0 

M _ 1 s - 1 . Assuming the values of k_x and k_2 to be 
2.35 X 10-10, which is obtained for Et4NBr in 2-propanol, 
the values of kx and k2 can be estimated from the values 
of KS and K&

u. 

0-1 02 0-3 0 

( 6 * C ) CONC-

Fig. 6. Relationships between 2 / r and {B + C) in Eq. 
14 (solid lines show the estimated one) for J5 and 
J10 in 2-propanol. 

Figure 6 shows the relaxation frequencies estimated 
by the above method for J 5 and J10 in 2-propanol at 
25 °C. For J 5 in 2-propanol, the agreement between the 
estimated and experimental values of higher relaxation 
frequencies is good. However, for J10 the agreement is 
not so good, but still within an order of magni tude. 
Considering the assumptions used for V P O data 
analysis and the method of obtaining these estimates, 
this difference is acceptable. 

For the case of J 5 in 2-propanol, the maximum excess 
absorption per wavelength should be expressed by Eq. 
15. In Eq. 15, the value of F i s almost zero and from a 
plot of jKmaX2 against ( 1 / 5 + 1 / C + l / Z ) ) . One can 
estimate the value of AV2 to be 52.9 ml/mol. This 
value is of a reasonable magnitude and compares with 
that for malonic acid in aqueous solution, 50.3 ml/ 
mol.17> 
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An Application of Neutron Activation Analysis to Biological Materials. 
III. Natural Abundance of Small and Micro Amounts of 
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The natural abundance of the principal inorganic elements in five human tissues (brain, kidney, lung, liver, 
and heart) have been determined by neutron activation analysis. Gl, K, and Mn are equally distributed in all 
tissues. The highest concentration of Sc(0.22±0.044 ppm) is found in the liver. V(0.64=t0.5l ppm) and Gr 
(0.19^0.11 ppm) concentrations in the lung are significantly higher than in other tissues at a 95% confidence 
level. The lowest concentration of Br(2.7± 1.8 ppm) is found in the brain. The highest concentration of Gd 
(74± 11 ppm) appears in the kidney and differs significantly from that in other tissues. Significant correlations 
appear to exist between many pairs of elements in the kidney and the lung, whereas there are relatively few in the 
liver. The normal significant correlations between Na, Gl, K, Sc, Zn, Se, Gd, and other elements are given. 

There are increasing reports concerning the physio­
logical activity of small or micro amounts of metals 
contained in the cells or tissues of several organs. For 
example, micro amounts of Cu in the human body play 
an important role in hematopoitic activity.1) Wilson's 
disease (hepatolent icular degeneration) is at times 
characterized by an accumulation of Cu in the liver 
and brain tissues.2) Schroeder3) reported that Cd is 
related to the hypertension found in man . 
Hadjimarkos4 '5) suggested that trace amounts of Se 
appear capable of increasing the susceptibility to dental 
caries. Se is also reported to offer protection against 
human cancer.6»7) Dick8) has reported the physiological 
interactions between Cu, M n , Mo, and sulfate. And 
Gather et al.9* reported the role of Se in preventing the 
hazardous action of organic mercury. Sufficient 
information, however, concerning the effect of trace 
amounts of heavy metals in human tissues on physio­
logical activities remains scant. Physiological functions 
in the human body are influenced by the heavy metals 
and chemical compounds are required further investiga­
tion. In this study, an at tempt has been made to 
determine simultaneously the concentration of 15 
elements in specified pathological conditions. The 
organs studied have been the brain, kidneys, lung, liver, 
and heart . The abundances and interactions of the 
elements in these tissues have been determined by 
neutron activation analysis. 

E x p e r i m e n t a l 

Collection and Preparation of the Samples. The human 
tissues analyzed were obtained from 9 autopsy cases examined 
in the Pathological Institute, Juntendo University, School of 
Medicine, Tokyo. Tissue samples were taken from minimally 
affected areas in the above mentioned organs, taking special 
care to avoid local neoplastic invention. All samples were 
dried in the desiccator (P206) for 7 days. The dried tissues 
(50 mg) were weighed and heat-sealed in clean polyethylene 
bags. The distribution of age, sex, and the causes of death 
are shown in Table 1. 

Preparation of the Reference Samples. High purity metals, 
Mg, Cr, Mn, Fe, Go, Gu, Zn, and Gd, and special grade 
NaCl, KBr, Sc203 , Se02 , and V 2 0 5 were used as standard 
material. A definite amount of each metal or compound was 

T A B L E 1. DISTRIBUTION OF AGE, SEX AND THE 

CAUSES OF DEATH FOR THE SUBJECTS 

Age 
(years) 

Sex The causes of death 

7 
40 
61 
34 
51 
61 
62 
63 
70 

f 
f 
f 

m 
m 
m 
m 
m 
m 

Pyothorax 
Gerebello-pontine-angle tumor 
Olivo-ponto-celebellar atrophy 
3rd degree burn 
Liver cirrhosis 
Liver cirrhosis 
Myocard infarction 
Myocard infarction 
Hodgkin's disease 

a) f: female, m: male. 

dissolved in nitric acid or pure water. A reference standard 
was prepared by pipetting an appropriate volume of the stock 
solution, impregnating it in a small sheet of filter paper and 
drying at room temperature. The amounts of Na, Mg, K, 
Gr, Mn, Fe, Gu, Zn, Se, and Gd in the reference standard 
were 1 [ig, those of Go, Sc, and V were 0.1 \xg and those of 
Gl and Br were 1.54 and 2.04 [ig. The sheets of filter paper 

T A B L E 2. T H E NUCLEAR DATA OF THE NUCLIDES 

USED IN THIS STUDY 

Stable 
isotope 

Natural 
abundance 

(%) 

Nuclear 
reaction 

Radio 
isotope Half life 

y-Ray 
energy 
(keV) 

2 3 N a 

2 6Mg 
37C1 
4 1 K 

45Sc 
51V 
5 0Cr 
55Mn 
5 8 F e 

59Co 
65Cu 
64Zn 
74Se 
79Br 

114Cd 

100 
11.7 
24.47 

6.68 
100 
99.75 
4.31 

100 
0.33 

100 
30.91 
48.9 

0.87 
50.5 

100 

n, y 
n, y 
n, y 
n, y 
n, y 
n, y 
n, y 
n, y 
n, y 
n, y 
n, y 
n, y 
n, y 
n, y 
n, y 

24Na 
27Mg 
38G1 

4 2 K 

46Sc 
5 2 y 
51Cr 
56Mn 
5 9 F e 

60Go 
66Gu 
6 5Zn 
75Se 
8 0 B r 

n 5 C d 

15.1 h 
9.45m 

37.3 m 
12.4 h 

83.4 d 
3.57m 

27.8 d 
2.57h 

45 d 
5.26y 
5.1 m 

245 d 
120 d 
17.6 m 
2.69 d 

1367 
1014 
1642 
1525 
1120 
1434 
320 

1811 
1099 
1173 
1039 
1115 
265 
617 
412 
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TABLE 3. THE MEAN VALUES AND THE STANDARD DEVIATIONS OF THE 

ELEMENTS IN THE HUMAN TISSUES (ppm) 

Elements 

Na 
Mg 
Gl 
K 
Sc 
V 
Cr 
Mn 
Fe 
Go 
Gu 
Zn 
Se 
Br 
Gd 

Brain 
M.V.±S.D. 

1900 ±720 
810±310 

1000 ±550 
130±43 

0.0069±0.0029 
0.11±0.063 

0.044± 0.023 
2 . 6 ± 1 . 0 

12±7.7 
0.0088± 0.0049 

37±11 
87±23 

1.5±0.50 
2 . 7 ± 1 . 8 
4 . 1 ± 3 . 0 

Kidney 
M.V.±S.D. 

1000±710 
510±460 
990 ±570 
69 ± 4 8 

0.0065 ±0.0032 
0.13±0.11 

0.041 ±0.020 
2 . 9 ± 1 . 6 
23±12 

0.034±0.039 
14±10 

140±45 
3 . 7 ± 1 . 5 
35±26 
74±11 

Lung 
M.V.±S.D. 

2200±1800 
520±290 

1700±1200 
140±110 

0.054±0.040 
0.64±0.51 
0.19±0.11 
3 .1±1 .7 
25±8 .1 

0.018±0.0085 
9 . 4 ± 5 . 5 
100±34 

0.80±0.29 
44±40 

6 . 2 ± 3 . 8 

Liver 
M.V.±S.D. 

970 ±670 
500 ±350 
870 ±480 
83 ±36 

0.22±0.044 
0 .17±0.13 

0.041±0.017 
3 .9±2 .0 

37±28 
0.021±0.013 

22±14 
140±63 
2 .0±0 .35 
7 .7±3 .6 

12±8.9 

Heart 
M.V.±S.D. 

1400 ±780 
400 ±170 

1100±540 
110±60 

0.0087 ±0.0040 
0.12±0.087 

0.038±0.018 
2 .3±0 .69 

13±8.7 
0.013±0.0076 

16±7.2 
99±23 

1.6±0.59 
19±17 

4 . 7 ± 2 . 0 

a) M.V. : mean value, S.D. : standard deviation. 

were then heat-sealed in clean polyethylene bags. 
Neutron Activation and Determination of y-Ray Spectra. 

Samples and reference standards were irradiated in a rotary 
specimen rack in a TRIGA MARK II reactor (Rikkyo 
University) with a thermal neutron flux of 5x 1011 n«cm-2. 
s_1. The irradiation period was 3 min for short-lived nuclides, 
and 24 h (intermittent irradiation of 6 h a day for 4 days) for 
long-lived nuclides. Irradiated samples and reference sample 
were removed from the polyethylene bag and transferred to 
new one before measuring the y-ray spectra. 

The y-ray spectra were determined on a Ge(Li) y-ray 
detector and 4096 channel pulse height analyzer (Type 8100: 
Gamberra Inductries Inc. USA). 

The nuclear data of the nuclides used in this study, are 
shown in Table 2. 

R e s u l t s a n d D i s c u s s i o n 

The data have been analyzed by evaluating the mean 
values and the standard deviations for 15 elements in 
each tissue, after rejection of the widely different values 
according to the method of Smirnoff, the results of 
which are shown in Table 3. The results of the t-test 
for the elemnts for every two tissues are shown in Tables 
4(1)—(8). In the Tables, the symbol " * " illustrates 
the significant difference in mean values between two 
tissues at a 9 5 % confidence level. The coefficient of 
correlation for every two elements in each tissue are 
shown in Tables 5(1)—(3). In Table 5, the symbols 

(1) Na a n d Mg 

TABEL 4. THE SIGNIFICANT DIFFERENCE IN THE ABUNDANCE OF THE ELEMENTS IN 

HUMAN TISSUE AT 9 5 % CONFIDENCE LEVEL 

(5) Fe and Co 

Mg 

Bn 

Ky 

Lg 

L r 

H t 

Na 

Bn Ky Lg L r Ht 

x. ** ** 

** N. 

(3) Sc and V 

V 

Bn 

Ky 

Lg 

L r 

Ht 

Bn 

— 
** 

— 

— 

Ky 

— 

** 

— 

— 

Lg 

** 
** 

** 

** 

L r 

** 
** 

** 

— 

Ht 

— 

— 
** 

** 

(2) 

K 

C I a n d K 

C I 

Bn 

Ky 

Lg 

L r 

H t 

Bn Ky Lg L r Ht 

/ 
\ 

i 
i 

i 
/ 

i 
i 

i 
i 

(4) C r a n d 

Mn 

Bn 

Ky 

Lg 

L r 

Ht 

Bn 

— 

Mn 

C r 

Ky 

— 

Lg 

** 
** 

L r 

— 

— 
** 

H t 

— 

— 
** 

Fe 

Co 

Bn 

Ky 

Lg 

L r 

H t 

Bn 

** 

— 

— 

Ky 

** 

** 

— 

— 

Lg 

** 

** 

L r 

** 

— 

H t 

** 

** 

(7) Se and Br 

Se 

B r 

Bn 

Ky 

Lg 

L r 

H t 

Bn 

** 

** 

** 

** 

Ky 

** 

— 

• • — 

Lg 

** 

** 

— 

L r 

— 
** 

— 

Ht 

— 
** 

— 

— 

**: Significant difference at a 95% confidence level. 
— : No difference. 
Bn: Brain, Ky: Kidney, Lg: Lung, Lr: Liver, Ht: Heart. 

(6 ) 

Zn 

Cu 

Bn 

Ky 

Lg 

L r 

H t 

a n d Zn 

Cu 

Bn Ky Lg L r Ht 

** N. 

(8) Cd 

Cd 

Bn 

Ky 

Lg 

L r 

H t 

Bn Ky 

** 

Lg 

** 

L r 

** 

Ht 

** 
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" * * " and " * " show the significant correlation at 9 5 % 
and 9 9 % confidence levels respectively. The symbols 
" - * * " and " - * " show the reverse correlations at the 
same levels. The symbols " + " and " ~ " show the tendency 
of normal and reverse interactions. 

The Abundances of the Elements in Human Tissue ( Table 
3). Sodium: The highest concentration of Na is 
found in the lung, but no significant difference exists in 
the average value of Na for any pair of tissues. Na and CI 
are the main electrolytes in blood serum and therefore, 
it appears that the high content of Na and CI in the 
lung are influenced by the blood volume existing at 

the time of death. The standard deviation of Na level 
is small in the brain and the mean value differs signifi­
cantly from those in the kidney and liver at a 9 5 % 
confidence level (Table 4 ( 1 ) ). 

Magnesium : The concentration of Mg in the brain is 
relatively higher than that in other tissues and is signifi­
cantly different from the smallest level found in the 
heart at a 9 5 % confidence level. The mean values of 
Mg were found to be small for all tissues except the 
brain (Table 4 (1)). 

Chlorine : The highest concentration of CI as well as 
Na is in the lung. No significant differences were found 

TABLE 5-1. THE CORRELATIONS OF THE ELEMENTS IN THE HUMAN TISSUES 

Brain 

Na 

Mg 

Cl 

K 

Sc 

V 

Cr 

Mn 

Fe 

Co 

Cu 

Zn 

Se 

Br 

Cd 

L Na 

-
* 

* 

* 

_* 

+ 

** 

+ 

** 

+ 

** 
* 

+ 

* 

Mg 

_** 

+ 

* 

+ 

** 

-
+ 

* 

* 

+ 

+ 

** 

+ 

+ 

Cl 

* 

_* 

* 

+ 

_** 

+ 

** 

+ 

+ 

-
** 
* 

** 

* 

K 

+ 

_* 

+ 

+ 

_** 

+ 

* 

* 

* 

+ 

** 
* 

+ 

* 

SC 

* 

-
* 

* 

_** 

+ 

+ 

-
+ 

-
* 

+ 

** 

+ 

V 

* 

-
+ 

+ 

* 

+ 

-

-
** 

-
-

-
+ 

-

Cr 

_** 

** 
_* 

-
_** 

_* 

-

-

-
+ 

** 

+ 

* 

* 

Mn 

+ 

-

-

-
_* 

_** 

+ 

* 

* 

+ 

** 
* 

+ 

+ 

Fe 

+ 

-
+ 

-
+ 

-
+ 

_** 

* 

** 
** 
* 

-
+ 

Co 

** 

+ 

+ 

-
+ 

** 

-

-
* 

+ 

+ 

* 

-
+ 

Cu 

-

-

-
+ 

-

-
** 

+ 

-

-

* 
** 

-
+ 

Zn 

+ 

+ 

-
_* 

-

-
+ 

-
* 

* 

-

* 

+ 

* 

Se 

* 

-
** 

+ 

* 

-

-

-
* 

* 

-
+ 

+ 

** 

Br 

+ 

-
+ 

-
+ 

-

-
+ 

* 

* 

-
* 
* 

* 

Cd 

** 

_** 

* 
* 

* 

** 

-* 

-* 
+ 

+ 

-
-
+ 

+ 

*, ** : Significant corre la t ion a t a 99% and 95% levels 

_*f _** . Reverse s ignif icant cor re la t ion at a 99% and 95% levels 

TABLE 5-2. THE CORRELATIONS OF THE ELEMENTS IN THE HUMAN 

Live r 

TISSUES. 

K 
Na 

Mg 

Cl 

K 

Sc 

V 

Cr 

Mn 

Fe 

Co j 

Cu 

Zn 

Se 

Br 

Cd 

Na 

+ 

* 

* 

* 

+ 

** 

+ 

** 

+ 

+ 

* 

8 

** 

+ 

Mg 

+ 

+ 

* 

* 

* 

* 

-
** 

+ 

+ 

* 

* 

* 

* 

Cl 

* 

-

* 

* 

+ 

+ 

+ 

** 

+ 

+ 

* 

** 

* 

+ 

K 

* 

+ 

* 

* 

+ 

* 

-
* 

** 

+ 

* 

* 

+ 

+ 

Sc 

-
+ 

-

-

** 

* 

+ 

+ 

+ 

* 

* 

* 

* 

* 

V 

-

-
_* 

_** 

-

+ 

-
+ 

+ 

-
** 

+ 

* 

** 

Cr 

-

-
+ 

+ 

-

-
+ 

* 

* 

* 

_* 

+ 

+ 

Mn 

-

-
+ 

-
+ 

+ 

+ 

-
* 

+ 

+ 

-
* 

Fe 

-

-

-
+ 

+ 

* 

+ 

+ 

** 

+ 

+ 

-
+ 

Co 

+ 

** 

+ 

-
+ 

_** 

-

-

+ 

+ 

+ 

-

-

Cu 

* 

-
* 

* 

-

+ 

-

-

-

* 

* 

-
* 

Zn 

-

-

-

-
* 

-
+ 

-
** 

-

** 

* 

** 

Se 

-

-
+ 

+ 

+ 

+ 

* 

+ 

+ 

-
** 

+ 

* 

Br 

+ 

-
+ 

-

-

-

-

-
+ 

-

-

-

** 

Cd 

-

-
+ 

+ 

+ 

* 

-
* 

-
+ 

-
* 

* 

-



October, 1979] Activation Analysis of Elements in Human Tissues 2895 

TABLE 5-3. THE CORRELATLON OF THE ELENTS IN THE HUMAN TISSUES 

Heart 

Na 

Mg 

CI 

K 

Sc 

V 

Cr 

Mn 

Fe 

Co 

Cu 

Zn 

Se 

Br 

Cd 

Na Mg 

\ 
Cl K 

* * 

+ 

\. * 

SC 

_* 

* 

-
-

V 

+ 

+ 

+ 

** 

+ 

Cr 

_* 

+ 

_* 

_* 

+ 

* 

Mn 

* 

+ 

** 

** 

+ 

_* 

Fe 

+ 

-
+ 

+ 

-

-
+ 

Co 

-

-

-
-

+ 

* 

+ 

-

Cu 

+ 

+ 

+ 

+ 

-
_* 

+ 

* 

-

Zn 

+ 

_* 

** 

-

+ 

+ 

+ 

-
** 

.-

Se 

+ 

+ 

+ 

* 

** 

_* 

** 

+ 

-
+ 

. -

Br 

+ 

-
+ 

-

-
+ 

-
_** 

+ 

-
+ 

_** 

Cd 

+ 

_* 

+ 

-

_** 

-

-

+ 

+ 

+ 

* 

-

v + 

between the pairs of tissues analyzed (Table 4 (2)). 
Potassium : The distribution of K is similar to that for 

N a a n d C l (Table 4 (2)). 
Scandium: Little data on the physiological activities 

and/or toxicities of Sc in human body exists.10) Sc is 
widely distributed in all the organs but the highest 
concentration of Sc is observed in the liver. The concent­
rations of Sc decrease in the following order: lung, heart , 
brain and kidney (Table 4 (3)). 

Vanadium : The highest mean value of V is found in 
the lung, corroborating the data of Tipton and Cook.11) 
The average value of V in the lung significantly differs 
from that found in the other organs at a 95 % confidence 
level, but in the other organs there are no significant 
differences in the V contents. Schroeder12) found trace 
amounts of V in the lungs of sucklings and higher V 
levels in the adult lungs. In the lung of a 7 year old 
girl the V concentration was found to be 0.0083 ppm, 
although the average level in adult lungs is 0 .72±0 .49 
ppm. This suggests that the large amounts of V in the 
adult lung results from an accumulation of inhaled fly 
ash (Table 4 (3)). 

Chromium: The abundances of Cr are similar to V. 
As Cr is one of the essential elements in living cells, 
it is widely distributed in all organs. The higher abun­
dance in the lung may be attr ibuted to the accumulation 
of fly ash deposition in the pulmonary tissues through 
inhalation. The Cr concentration gradually enriches 
in the lung due to ageing13) (Table 4 (4)). 

Manganese: Manganese is widely distributed in all 
the tissues. No significant differences however were 
found in any two tissues and the results are slightly 
higher than that reported by Sumino et a/.14) and Tipton 
et al.11) The weight loss of the tissues after drying for 7 
days is ca. 8 0 % for the wet weight, and consequently 
the figures cannot be compared without a calibration 
(Table 4 (4)). 

Iron : The mean value of Fe is slightly lower in the 
brain and the heart than in other tissues (Table 4 (5)). 

Cobalt: The highest value of Co is found in the 
kidney and the lowest in the brain. The average content 
of Co is widely distributed in each tissue (Table 4 (5)). 

Copper: The highest content of Cu is present in the 
brain and significant differences exist between some 
pairs of tissues such as the brain and the kidney, the 
lung and the heart, the lung and the liver at 9 5 % 
confidence level. The value of 22 p p m in the liver is 
lower than the value of 35 p p m reported by Bruckmann 
and Zondek15) (Table 4 (6)). 

Zinc : Similar abundances of Zn were detected in the 
kidney and the liver and these results agree with the 
values of Tipton and Cook.11) The Zn content in the 
kidney is significantly higher than in the brain (Table 
4 (6)). 

Selenium: There are few reports on the Se contents in 
human tissue.6»16) The Se concentration in the kidney 
is significantly higher than in the other tissues. Allaway 
et a/.6) have reported that the Se contents in blood serum 
inversely correlate with the cancer death rate. Such a 
trend was not found in the present work (Table 4 (7)). 

Bromine : The highest content of Br is found in the 
lung and the lowest in the brain which amounts to only 
6.1 % of the lung. O n e of the authors has reported that 
the abundance of Br in the optic nerve is smaller than 
in the other eye organs. Suggesting that Br interferes 
with the actions of the nervous organs (Table 4 (7)). 

Cadmium : An extremely high value of Cd was found 
in the kidney ( 7 4 ^ 1 1 ppm) . Several reports17»18) have 
suggested that Cd accumulates in the kidney and is not 
excreted. The Cd content of the standard American 
has been found to be 30—40 p p m in the kidney and 2—3 
ppm in the liver,19) Whereas in the Japanese it is twice 
this value.17) These results therefore are in good agree­
ment19) (Table 4 (8)). 

Interaction of the Elements in Human Tissue. Several 
interesting facts have emerged from the present study 
and are shown in the Tables 5 (1)—(3). The principal 
points a re : 
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Characteristics in the Brain: Several elements have 
been correlated with other elements, for example, Na 
normally correlates with CI, Sc, V, Co, Se, Cd, and 
inversely with Mg , Cr. Significant inverse correlations 
were found between (Mg and Na, Cl, K, Cd) , (Cr and 
Na, CI, Sc, V, Cd) and (Mn and Sc, V, Fe, Cd) , and a 
significantly normal correlation between (Na and CI, 
Sc, V, Co, Se, Cd) , (Sc and Na, Cl, K, V, Se Cd) , 
(Co and Na, V, Fe, Zn, Se, Br), and (Se and Na, Cl, 
Sc, Fe, Co, Br). Cu in the brain normally correlates 
with only Cr and other pairs of elements including Cu 
have inverse interactions. 

Characteristics in the Kidney and the Lung: Similar 
tendencies of correlation of the elements are found in 
the kidney and the lung. Normal significant correla­
tions exist for each of the pairs of elements in both 
tissues, and significant inverse correlations in four pairs 
in the kidney and one pair in the lung. Inverse interac­
tions between V and other elements except Mg, Cr, 
Co, and Br at the kidney exist. 

Sc significantly correlates with Na, Mg, CI, K, V, 
Cr, Cu, Zn, Se, Br, and Cd in the lung. A more charac­
teristic factor is that there is a significant inverse correla­
tion between Cr and Se, and there appears inverse 
interactions in the lung. 

Characteristic in the Liver: Inverse interactions exist 
although no significant correlations are present in the 
liver. 

Characteristics in the Heart : Significant inverse correla­
tions are found between (Cr and Na, CI, K, Mn , Cu, 
Se) and (Sc and Na, Zn, Cd) . Normal significant 
correlations are also found between (CI and Na, K, 
M n , Zn) and (K and Na, V, M n , Se). Such tendencies 
as reported above are almost uniformly distributed in 
the elements in the heart . 
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The [M(acac)(tn)2]2+ and [M(acac)2(tn)]+ complexes (M=Co and Gr) have been prepared and resolved 
by (Ä,Ä)-tartratoarsenate(III) and hydrogen-(Ä,Ä)-di-0-benzoyl tartrate, respectively. On the basis of the CD-
spectral studies in comparison with the corresponding ethylenediamine complexes, the absolute configurations of 
(+)589-[Co(acac)(tn)2]

2+, (-)589-[Go(acac)2(tn)]+, ( + )589-[Cr(acac)(tn)2]
2+, and (-)58i)-[Gr(acac)2(tn)]+ were all 

assigned to A- Electronic spectra of these complexes and proton NMR spectra of the cobalt(III) complexes are 
also reported. 

There have been published many papers dealing with 
the interrelation between the Cotton effect and the 
absolute configuration of dissymmetric metal com­
plexes.3) The absolute configurations of ( + ) 5 8 9 -
Co(en)3

3 + 4) and (—)589-Co(tn)3
3+ 5> were determined by 

X-ray analysis both to be A. By comparison of the CD 
spectrum with that of yl-Co(en)3

3+, absolute configura­
tions of a number of dissymmetric D 3 and D 2 complexes 
have been assigned. Although the CD-spectral feature 
in the first d-d band region of yl-Co(tn)3

3+ 6) is remarkably 
different from that of yl-Co(en)3

3+,7) the empirical 
criterion of McCaffery et al.8) seems to be applicable also 
to the six-membered chelate compounds.9) However, 
the assignment of the E and A2 components of the CD 
band in the first absorption region is not unambiguous 
for Co(tn)3

3V°> whereas J - [ C o ( # , # - p t n ) 3 ] C l 3 - 2 H 2 0 
(ptn=2,4-pentanediamine) was confirmed to have 
negative E and positive A2 components in the solid-state 
CD spectrum11) in accordance with the informations 
from the solution spectra.12) 

Thus synthesis and examination of the absolute 
configuration of still more dissymmetric trimethylenedi­
amine complexes especially of metal ions other than 
cobalt(III) are desired. The present paper is concerned 
with the optically active Cr(acac)A.(tn)3_A. complexes 
( # = 1 or 2), which are compared with the Cr(acac)Ar-
( e n )3-* complexes and also with the corresponding 
cobalt (III) complexes. 

E x p e r i m e n t a l 

Preparation and Resolution of Complexes. The starting 
compounds, fom.y-[CoCl2(tn)2]Cl,13) Na[Co(N02)2(acac)2],14> 
tow-[CrCl2(tn)2]Cl,15) and a*-[CrCl2(tn)2]Cl.H2015> were 
prepared according to the literatures. The resolving agents, 
sodium (Ä,Ä)-tartratoarsenate(III) and (Ä,Ä)-di-0-benzoyl-
tartaric acid were prepared by the reaction of sodium hydro­
gen- (R,R) -tartrate with arsenic (III) oxide16) and that of 
(R,R) -tartaric acid with benzoyl chloride,17) respectively. 

(—) 589-Acetylacetonatobis (trimethylenediamine) cobalt (III) Iodide, 
(—)'o8v\Co(acac)(tn)<^I2\ Preparation and optical resolution 
of this compound were performed in a similar way as that 
for the corresponding ethylenediamine complex.18) To a 1 M 
sodium hydroxide solution (60 ml) containing acetylacetone 
(8 g) was added /ratty-[CoCl2(tn)2]Gl (12.5 g), and the solution 
was heated at about 70 °G until it turned red. The solution 
was then cooled to room temperature and an excess amount 
(37.5 g) of potassium iodide was added to the solution kept 

in ice to deposit a red precipitate, which was filtered, washed 
with cold water followed by cold methanol, and air-dried. 
The yield was 20.0 g (89.6%) and recrystallization from hot 
water gave red prisms. Found: G, 23.54; H, 4.94; N, 9.90%. 
Calcd for GnH2 702N4I2Go: G, 23.59; H, 4.86; N, 10.00%. 

A mixture of the racemic complex (8 g) and silver acetate 
(5 g) was stirred in water (25 ml) for 30 min. Silver iodide 
and unreacted silver acetate were filtered and washed with 
water (10 ml). To the filtrate was added slowly a solution 
(8 ml) of sodium (Ä,Ä)-tartratoarsenate(III) hydrate (3.75 
g) and the mixture was kept in a desiccator to precipitate 
red orange crystals. The yield was 1.5 g (13.4%). Found: 
C, 29.10; H, 4.50; N, 7.14%. Galcd for C19H35016N4As2Co : 
C, 29.75; H, 4.39; N, 6.98%. 

A mixture of the diastereomer ( 1.5 g) and potassium iodide 
(1.0 g) was stirred in an 0.1 M sodium hydroxide solution 
(10 ml) for 10 min to separate out white and red precipitates. 
When washed with methanol, the red precipitate was dissolved 
to leave the white one. A red precipitate was recovered on 
addition of diethyl ether to the washings. The yield was 0.6 
g (56.0%). Found: G, 23.49; H, 4.92; N, 9.60%. In order 
to assure the optical purity, the resolution process was repeated 
and the final product showed the following molar rotation in 
aqueous solution at room temperature : [Af]589= —430°, [Af]546 

= -1180°, [Af]43C= + 6970°. 
(—) 589-Bis(acetylacetonato) (trimethylenediamine) cobalt (III) 

Iodide Hydrate, (—)589-[Co(acac)2(tn)~\I»H20: A method of 
preparation analogous to that for [Co(acac)2(en)]C104

19) was 
employed. Trimethylenediamine ( 1.2 g) and active charcoal 
(1.0 g) were added to a solution (100 ml) of Na[Co(N02)2-
(acac)2] (6.2 g). After stirring for 15 min at room tempera­
ture, the charcoal was filtered and washed with water (30 ml). 
The filtrate and washings were combined and concentrated 
to ca. 50 ml by evaporation at 50 °G. The concentrate was 
then filtered and potassium iodide (30 g) was added to the 
filtrate to precipitate deep red needles on cooling. The yield 
was 6.5 g (81.9%), and recrystallization from hot water gave 
deep red needles. Found: G, 32.99; H, 5.52; N, 5.88%. 
Galcd for Ci3H2605N2ICo: G, 32.79; H, 5.50; N, 5.88%. 

After a mixture of the racemic complex (4.5 g) and silver 
acetate (4.0 g) was stirred in water (20 ml) for 10 min, silver 
iodide and remaining silver acetate were separated by filtra­
tion and washed with water (10 ml). A solution (50 ml) of 
sodium hydrogen-(Ä,Ä)-di-0-benzoyltartrate (3.6 g) was added 
slowly to the filtrate and the solution was kept in a desiccator 
to deposit a deep violet precipitate. The yield was 1.5 g 
(23.1%). Found: G, 54.13; H, 5.44; N, 3.95%. Galcd for 
G3iH37012N2Go: G, 54.07; H, 5.42; N, 4.07%. 

A mixture of the diastereomer ( 1.0 g) and silver acetate 
(1.0 g) was stirred in methanol (20 ml). A precipitate was 
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filtered and washed with methanol (20 ml). The washings 
was combined with the filtrate and the solvent was evaporated 
to dryness. The residue was dissolved in water (5 ml) and 
the solution was filtered. Solid potassium iodide was added 
to the filtrate to separate out a deep red precipitate. The 
yield was 0.3 g (43.4%). Found: G, 32.80; H, 5.50; N, 5.85 
%. The specimen was dissolved in a minimum amount of 
water and the solution was cooled to deposit a precipitate. 
After filtration, potassium iodide was added to the filtrate to 
obtain a precipitate which showed an improved optical activ­
ity. This procedure was repeated to attain the following 
constant molar rotation in aqueous solution at room tempera­
ture: [M] 5 8 9 =-1810°, [M]546= + 9140°, [ M ] « . = -15610°. 

(+) $s9-Acetylacetonatobis(triimthylenediarnine) chromium (III) 
Iodide Hemihydrate, (+)b^-\Cr(acac)(tn)^\I2»0.5HzO: To an 
aqueous solution (25 ml) of acetylacetone (1.0 g) and sodium 
hydroxide (0.4 g) was added m-[GrGl2(tn)2]Gl.H20 (3.3 g), 
and the mixture was stirred at 70 ° G to become a clear orange 
solution. After cooling to room temperature, solid potassium 
iodide (10 g) was dissolved in the solution, which was then 
kept in an ice bath to separate out an orange precipitate. 
The crude product was filtered, washed with small portions 
of water and acetone successively and air-dried. The yield 
was 2.0 g (35.0%) and recrystallization from hot water gave 
orange plates. Found: G, 23.61; H, 5.01; N, 9.94; I, 45.09 
%. Galcd for G n H 2 8 0 2 5N4I2Cr: G, 23.50; H, 5.02; N, 9.96; 
I, 45.14V 

In a similar manner to the corresponding cobalt(III) com­
plex, the racemic compound (2.0 g) was converted to the 
acetate and resolved by the (Ä,Ä)-tartratoarsenate(III). The 
diastereomer (0.9 g) was then treated with potassium iodide 
to give ( + )589-[Cr(acac)(tn)2]I2.0.5H2O (0.3 g). Found: G, 
23.58; H, 4.98; N, 9.73%. After repeated resolution the final 
specimen showed the following molar rotation in aqueous 
solution at room temperature: [Af]589=+310°, [Af]546= + 
630°, [M] 4 3 6 =-5020° . 

(—) 5S9-Bis (acetylacetonato) (trimethylenediamine) chromium (III) 
Iodide Hydrate, ( — )b^-\Cr(acac)2(tn)^I*H%0'. To an aqueous 
solution (50 ml) of acetylacetone (2.0 g) and sodium hydroxide 
(0.8 g) was added /ratty-[CrCl2(tn)2]Cl (3.1 g), and the mixture 
was heated at 70 °G to result in a red solution. After cooling 
solid potassium iodide (10 g) was added and the solution was 
kept in ice to form a red precipitate, which was filtered and 
extracted with acetone. The solvent was evaporated and the 
residue was recrystallized from hot water to obtain red needles. 
The yield was 1.5 g (32.2%). Found: G, 33.67; H, 5.59; N, 
6.09; I, 27.45%. Galcd for C13H2605N2ICr: G, 33.27; H, 
5.58; N, 5.97; I, 27.04%. 

The racemic iodide (1.5 g) was converted to the acetate 
and resolved by the (Ä,Ä)-di-0-benzoyl tartrate. The dia­
stereomer (2.7 g) was treated in a similar manner as the case 
of [Co(acac)2(tn)]+ to obtain ( — )589-[Gr(acac)2(tn)]I»H20 
(1.4 g). Found: G, 34.18; H, 5.40; N, 5.98%. The resolution 
procedure was repeated until the following constant molar 
rotation was observed in aqueous solution at room tempera-
ture: [M] 5 8 9 =-420° , [M]546= + 5000°, [M]4 -5750°. 

Measurements. The electronic absorption spectra were 
measured by a Hitachi EPS-3T spectrophotometer. The 
optical rotations were determined with a Yanagimoto OR-50 
Polarimeter, and the GD spectra with JAS GO J-20 recording 
spectrometer. The proton NMR spectra were recorded on a 
JEOL-G 60HL spectrometer with TMS as an external refer­
ence. 

R e s u l t s a n d D i s c u s s i o n 

The mixed ligand complexes [Co(acac)(en)2]I2« 
H20,18> [Co(acac)2(en)]I,20> [Cr(acac)(en)2]Cl2-H20,21> 
and [Cr(acac)2(en)]Cl«1.5H202 1) were prepared and 
resolved by Na 2 [ (Ä,Ä)As 2 (C 4 H 2 0 6 ) 2 ]«2H 2 0 according 
to previously reported procedures. The same resolving 
agent was successfully applied to the acetylacetonatobis-
(trimethylenediamine) complexes. The enantiomer of 
[Co(acac)( tn)2]2 + forming a less-soluble diastereomer 
with the resolving agent shows an opposite CD pattern 
as compared with that of the corresponding diastereomer 
of [Co(acac)(en)2]2 + as is seen in Fig. 1. It is worth 
noting that the solubility criterion for relative configura­
tion does not hold even in this couple of quite similar 
complexes. In the case of bis (acetylacetonato) (trimeth­
ylenediamine) complexes, on the other hand, the 
tartratoarsenate was not suitable and the di-O-benzoyl-
tartrate was used as a resolving agent. Brennan, Igi, 
and Douglas resolved [Co(acac)2( tn)]+ as the (R,R)-
tartrate.22) 

Wavelength/nm 
500 400 300 200 

20 30 40 50 
Wave number/103 cm - 1 

Fig. 1. Absorption (AB) and circular dichroism (GD) 
spectra of (-)589-[Go(acac)(tn)2]I2 ( ) and ( + )589-
[Co(acac)(en)2]I2»H20 ( ) in water. 

The cobalt (III) complexes (—)5 8 9-[Co(acac)(tn)2]2 + 

and ( — )5 8 9-[Co(acac)2(tn)]+ are quite stable and the 
aqueous solutions showed no change in the optical 
rotation at room temperature over one month. O n the 
contrary, the corresponding chromium (111) complexes 
are not so stable. The optical rotations of ( + ) 5 8 9 -
[Cr(acac)( tn) 2] 2 + and ( — ) 5 8 9 - [ G r ( a c a c ) 2 ( t n ) ] + i n 

aqueous solutions diminished gradually on standing at 
room temperature to one-half after six days. The 
absorption spectra also changed, indicating that reac­
tions other than racemization proceeded. 

Electronic Spectra. The electronic absorption 
spectra of the complexes obtained are displayed in 
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Wavelength/nm 
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500 400 300 

50 

and 

20 30 40 

Wave number/10 3 c m - 1 

Fig. 2. Absorption (AB) and circular dichroism (CD) 
spectra of ( —) 5 8 9 - [Co(acac) 2 ( tn) ] I»H 2 0 '(-
(—)589-[Go(acac)2(en)]I ( ) in water. 

Wavelength/nm 

500 400 300 
- i -

20 30 40 
Wave number/10 3 c m - 1 

Fig. 3. Absorption (AB) and circular dichroism (CD) 
spectra of (+) 5 8 9 - [Cr(acac) ( tn)2]I2»0.5H2O ( ) and 
(+)546-[Cr(acac)(en)2]Cl2»H20 ( ) in water. 

Figs. 1—4 together with those of the corresponding 
ethylenediamine complexes for the sake of comparison. 
In the earlier papers of this series,23-25) several 
dianionobis (trimethylenediamine) cobalt (III) complexes 
have been reported, of which the first absorption 
maxima all located in the lower energy region than 
those of the corresponding ethylenediamine complexes, 
indicating that the ligand field of trimethylenediamine 

20 30 40 
Wave number /10 3 c m - 1 

Fig. 4. Absorption (AB) and circular dichroism (CD) 
spectra of ( —) 5 8 9 - [Cr (acac ) 2 ( tn ) ] I .H 2 0 ( ) and 
(+)546- [ G r ( a cac) 2 (en) ]C1 .1 .5H 2 0 ( ) in water. 

is a little weaker than that of ethylenediamine. In the 
present case, however, the first bands of [Co (acac) -
(tn) 2] 2+ (19800 cm-1) and [Co (acac) 2 (tn)]+ ( 18500 
cm - 1 ) nearly coincide with the data for [Co (acac)-
(en)2]2 + (19800 cm-1)26) and [Co(acac)2(en)]+ (18600 
cm - 1),2 0) respectively, and those of [Cr(acac)( tn) 2] 2 + 

(20300 cm-1) and [Cr(acac)2(tn)]+ (19200 cm-1) are 
even higher in frequency than [Cr(acac)(en)2]2 + (20200 
cm-1) and [Cr(acac)2(en)]+ (19000 cm-1).21) In either 
of cobal t(III) and chromium(II I ) complexes, participa­
tion of acetylacetone as ligand diminishes the frequency 
of the absorption maximum due to its lower field as 
compared with ethylenediamine and trimethylene­
diamine. As to the assignment of the U V absorption 
bands, Boucher20) discussed on [Co(acac)2(en)]+ and 
Kaizaki et al.21) on [Cr(acac)2(en)]+. 

CD Spectra and Absolute Configuration. Figures 
1—4 show the CD spectra of the [Co (acac) *(tn) z-x] 
and [Cr(acac)^(tn)3^] complexes (x=l or 2) together 
with those of the corresponding ethylenediamine 
complexes. The CD pattern of (—)589-[Co(acac) ( tn) 2 ] 2 + 

in aqueous solution is just opposite in sign as compared 
with that of (+) 5 8 9-[Co(acac) (en)2]2 + which was reported 
to have the A configuration.26) Thus a A configuration 
is assigned to (—)5 8 9-[Co(acac)(tn)2]2 + and has in fact 
been confirmed by X-ray analysis.27) The CD spectra 
o f ( — )589-[Co(acac)2(en)]+ and (—)589-[Co(acac)2(tn)]+ 
show a striking resemblance to each other (Fig. 2). 
Boucher assigned the A configuration to the ethylene-
diamine complex on the basis of the positive sign of 
the dominant CD band (A 2 +B 2 ) in the first absorption 
region.20) Then the A configuration of (—)589-[Co-
(acac)2( tn)]+ is quite obvious and the same conclusion 
was drawn already by Brennan et al.22) 

Kaizaki et al. prepared and characterized ( + ) 5 4 6 -
[Cr(acac)(en)2]Cl2 and (+)546-[Cr(acac)2(en)]Cl by the 
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absorption and CD spectra in both the visible and 
ultraviolet region, assigning the A configuration to both 
of the mixed-ligand complexes.21) As is seen in Figs. 3 
and 4, the CD spectra of ( + )5 8 9-[Cr(acac)(tn)2]2 + and 
( — )5 8 9-[Cr(acac)2( tn)]+ are quite similar to those of 
( + )546-[Gr(acac)(en)2]2+ and (+)546-[Cr(acac)2(en)]+, 
respectively, except that the rotational strength of each 
CD band is smaller for the tn complex than for the 
corresponding en complex. Thus the two (acetylaceto-
nato) (trimethylenediamine) chromium (III) complexes 
may be concluded to have the A configuration. The 
X-ray analysis of a red prism of (—)589-[Cr(acac)2(tn)]I» 
H 2 0 now in progress confirms the A configuration with 
a tn chelate ring of chair form.28) 

Wave number/103 cm - 1 

Fig. 5. Circular dichroism spectra in the first d-d 
absorption region of yl-[Co(tn)3]3+ (1),6) ^-[Co(acac)-
(tn)2]

2+ (2), and yl-[Co(acac)2(tn)]+ (3) in water and 
ofyl-[Co(acac)3] (4)29> in ethanol. 

Figure 5 compares the CD patterns of the [Co (acac) j -
( tn) 3 _J complexes (x=0-—3) in the first absorption 
region. The absolute configuration of (—)546-[Co-
(acac)3] was determined as A by X-ray analysis.29) 
The predominant positive CD band at 17500 c m - 1 was 
assigned to the E component on the basis of the polarized 
crystal spectrum30) in accordance with the empirical 
spectroscopic rule that for the A isomer the CD com­
ponent with E symmetry has positive rotational 
strength.8) The CD spectral pat tern of yl-[Co(acac)2-
( tn ) ] + is quite similar to that of [Co(acac)3] except that 
the peak positions are shifted to the higher energy region 
due to the higher ligand field of tn than that of acac. 
Thus the positive CD band at 19600 c m - 1 of A-
[Co(acac) 2( tn)]+ may be assigned to the E component. 

The positive CD band of [Co(tn) 3 ] 3 + was attr ibuted 
to the E component based on the ion-pairing effect.31'9) 
I t should be noted that the E component lies at lower 
energy side of the A2 component for [Co(tn) 3 ] 3 + on the 

contrary to the [Co (acac) 3] case where the E component 
lies at higher energy side of the A2 component. A-
[Co(acac)(tn)2]2 + exhibits a single positive CD band 
which is drawn as a reverse of the band observed for 
zl-[Co(acac)(tn)2]2+ (Fig. 1). The E-A2 split seems 
small and cancellation of the two components with each 
other is extensive, leaving residue of the predominant E 
component. 

15 20 25 

Wave number/103 cm - 1 

Fig. 6. Circular dichroism spectra in the first d-d 
absorption region of yl-[Cr(tn)3]3+ (1),35) yl-[Cr(acac)-
(tn)2]

2+ (2), and yl-[Cr(acac)2(tn)]+ (3) in water and 
of yl-[Cr(acac)3] (4)32> in ethanol. 

In a similar fashion Fig. 6 shows the CD spectra of 
the [Cr (acac)*(tn) 3 _ J complexes in the first d-d 
absorption region. Mason et al.32) prepared optically 
pure (—) 589-[Cr (acac) 3] and assigned the absolute 
configuration to A based on comparison of the CD 
spectrum with those of four isomers of t r i s ( (+) -3 -
acetylcamphorato)chromium(III)3 3) of which A(+)-
trans-[Cr(( + )-a,tc)z] had been confirmed to be A by 
X-ray analysis.34) The curve (4) in Fig. 6 is drawn as a 
reverse of the CD spectrum reported by Mason et al. 
for zl-[Cr(acac)3],32) showing the CD spectrum of 
yl-[Cr(acac)3]. Thus the positive major band at 18500 
c m - 1 can be assigned to the E component. The CD 
spectrum of A(—)589-[Cr(acac)2(tn)]+ is also similar in 
the pat tern to that of yl-[Cr(acac)3] and the positive 
major band is assigned to the E component. 

The CD spectrum of ( + )5 4 6-[Cr(tn)3]3 + reproduced in 
Fig. 6 was reported by Kaizaki et al.35) O n addition of 
sodium selenite to the solution, intensity of the positive 
CD band at 477 nm was diminished and a new negative 
CD band appeared at 435 nm. Thus the positive band 
was assigned to the 4E component and the absolute 
configuration of ( + )546-[Cr(tn)3]3 + was concluded to be 
yl.35> The CD pattern of (+)5 8 9-[Cr(acac)(tn)2]2+ 
(curve 2 in Fig. 6) is similar to that of ( + )546-[Cr(tn)3]3+ 
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and the positive CD band is considered to be a residue 
of the predominant 4E component after cancellation 
with a negative 4A component. 

The ligand-metal-ligand bond angle 0 exceeds 90° 
in the six-membered chelate ring formed by trimeth-
ylenediamine with cobalt ( I I I ) , whereas 0 is generally 
less than 90° in the five-membered ethylenediamine 
cobalt (III) chelates. The empirical criterion relating 
the positive E component of the lowest-energy d-d 
absorption band to the A isomer of the cobalt ( I I I ) 
ethylenediamine chelate8) has been shown to apply 
to the cobalt(III) trimethylenediamine complexes in 
spite of the larger angle Ö.31) In contrast with the 
N - C o - N angle of 96(1)° in (-)5 89-[Go(acac)(tn)2]2+ 27> 
the N - C r - N angle in (—)5 8 9-[Cr(acac)2(tn)]+ was 
found to be 88.8(4) °.28> The striking resemblance of the 
CD patterns depicted in Fig. 6 to those in Fig. 5 indicates 
that the same generalization as established for the 
cobalt(III) complexes applies to the chromium(II I ) 
complexes, too. 
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Fig. 7. Proton NMR spectra of [Co(acac)(tn)2]I2 in D 2 0 
(1), ca. 0.1 M DC1-D20 (2), and dimethylsulfoxide-</6 

(3). The asterisks denote the peaks due to solvent 
impurities. 

Proton NMR Spectra. Figure 7 shows the proton 
N M R spectra of [Co(acac)(tn)2]I2 in D 2 0 , DC1-D 2 0 
and DMSO-rf6. Two sharp signals observed at 5.75 and 
2.16 ppm in D 2 0 with the area ratio of ca. 1:6 are 
assigned to the methine and methyl protons of the 
acetylacetonate ligand. The methine signal is lost in 
acidic solution due to the exchange reaction. Three 
broad signals observed at 4.24, 2.51, and 1.84 ppm in 
0.1 M DC1-D 2 0 solution with the relative intensity of 
2 : 2 : 1 are assigned to the NH 2 , a-CH 2 and /?-CH2 

protons of trimethylenediamine, NH 2 -CH 2 ( a ) -CH 2 ( / ? ) -
CH 2 (a ) -NH 2 . In neutral D 2 0 the amine protons are 
deuterated and the methylene signals become sharper. 

In DMSCW 6 solution the methylene protons resonate 

at a little higher field (2.28 and 1.70 ppm) and the 
amine protons exhibit two signals at 4.55 and 4.27 ppm 
with equal intensities. Clifton and Prat t found that 
the chemical shifts of ammine or amine protons trans 
to halide or oxygen-donor ligand in [CoX(NH3)5] ( 3~w ) + 

and m-[CoCl 2 (en) 2 ] + are appreciably smaller than those 
of the eis amine protons.36) The same situation is 
realized in [Co(acac)( tn)2]2 + and the 4.27 ppm signal 
is assigned to the amine groups trans to the acetyl­
acetonate oxygen and the 4.55 ppm signal to the 
mutually trans amine groups. 
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— i i / \ ^ 
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Fig. 8. Proton NMR spectra of [Co(acac)2(tn)]I.H20 
in D 2 0 (1), ca. 0.1 M DG1-D20 (2), and dimethyl-
sulfoxide-dg (3). The asterisks denote the peaks due 
to solvent impurities. 

As is seen in Fig. 8 the spectrum of [Co(acac) 2( tn)]+ 

in D 2 0 shows two methyl signals at 2.11 and 2.15 ppm 
together with a methine signal at 4.28 ppm in accord 
with expectations. In D C 1 - D 2 0 solution three signals 
due to trimethylenediamine are observed at 4.47, 2.43, 
and 1.88 ppm with the relative intensity of 2 : 2 : 1 and 
assigned to the NH 2 , a-CH 2 and /?-CH2, respectively. 
In DMSCW 6 , however, the relative intensities of the 
two methylene signals are reversed, the higher-field 
signal at 1.80 ppm being twice as large in area as the 
lower-field one at 2.27 ppm. It is not conceivable that 
the a-CH 2 protons resonate at a higher field than the 
/?-CH2 in this case, but nonequivalence of the geminal 
a-CH2 protons may be responsible for this phenomenon. 
The complex m- [Co(CN) 2 ( tn ) 2 ] + shows three methylene 
signals of equal intensity in D20.25> The two protons 
in each methylene group of N H 2 C H 2 C H X C H 2 N H 2 

(X = O H or CI) coordinated to plat inum (I I) are not 
equivalent, the axial proton resonating at higher field 
than the equatorial one.37) In the spectrum of [Co-
(acac)2( tn)]+ , the signal at 2.27 ppm may be attr ibuted 
to the equatorial protons of the two a-CH 2 groups and 
the chemical shift of the axial a-CH2 protons may be 
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assumed to coincide with that of /?-CH2 by chance. The 
trimethylenediamine molecule coordinated to cobalt-
( I I I ) has the chair conformation in crystals of (—)589-
[Co(tn)3]Br.H20,*) ( + )589-[Co(en)2(tn)]Br3538) ( _ ) 5 8 9 -
[Co(acac)( tn) 2 ] [As-(+)- tar t ] 2 .H 2 0 5

2 7 ) ( - W w - t C o -
(NCS) 2 (tn) 2] [Sb- ( + ) -tart] • 2H20,39> trans- [Co (N0 8 ) 2-
(tn)2]NO3,40> and [Co(C03)(tn)2]C104 .4 1> However, 
the chair conformation of the six-membered chelate 
ring seems only slightly more stable than the skew-boat 
conformation,42) and the CD spectra of [Co(tn) 3] 3 + ions 
in solutions were interpreted to indicate the equilibrium 
between these two conformers.43) The remarkable 
difference now observed in the N M R spectra in D 2 0 
and DMSCW 6 may reflect the change of the equilibrium 
among conformers with solvent. 

The authors wish to thank Mr . J . Gohda for the 
elemental analyses and Dr. T . Kinoshita for the P M R 
measurements. This work was supported in part by the 
Grant-in-Aid administered by the Ministry of Education. 
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Potentialities of Field Desorption Mass Spectrometry Using Emitter 
Current Programmer for Direct Analysis of Multicomponents 

Hiroaki SHIRAISHI,* Akira OTSUKI, and Keiichiro FUWA 

Department of Chemistry and Physics, National Institute for Environmental Studies, Yatabe, Ibaraki 300-21 
(Received February 26, 1979) 

The influence of emitter current on field desorption (FD) mass spectra was examined with use of an emitter 
current programmer (EGP). Reproducibility of FD mass spectra measured by electronic detection is improved 
with EGP and the integration of stored spectra on the computer. The FD mass spectra of some surfactants are 
shown as an example of complex mixture. The FD mass spectra of poly(oxyethylene) alkylphenyl ethers show that 
the distribution pattern of molecular ion peaks depends upon emitter current. The fractional desorption also 
occurs in the FD mass spectra of a-hydro-o)-(octadecylamino) poly (oxyethylene) measured with a constant emitter 
current. The emitter current required for desorption of hexadecyltrimethylammonium chloride is greatly affected 
by coexisting with another ammonium salt. Use of EGP supplies information on the analysis of multicomponents. 

Field desorption mass spectrometry (FDMS) has been 
found to be useful for analysis of thermally labile and 
non-volatile compounds. However, the formation of 
ions in FD-MS is affected by various parameters such 
as electric field strength, emitter temperature, mor­
phology and surface properties of the emitter needles 
and kind of sample loading.1»2) Maine et al.2) found that 
automatic control of the emitter temperature is essential 
for obtaining reproducible results from successive 
analysis of the same sample. They suggested that the 
most important factors are the emitter temperature and 
the use of an emitter current programmer, which 
provides precise control of the magnitude and rate of 
change of current in the emitter wire, for obtaining 
reproducible FD mass spectra. 

Several emitter current control devices3-5) were 
reported; they are not yet available commercially. In 
an attempt to develop a method for identification and 
analysis of several types of surfactants, an emitter 
current programmer was constructed with a slight 
modification of that by Maine et al. The possibility for 
separation and analysis of multicomponents using the 
ECP has been examined. 

Exper imenta l 

Apparatus. Mass spectrometry was performed on a 
JEOL JMS-OISG double focusing mass spectrometer with 
a combined field desorption/field ionization/electron impact 
ion source, connected to JMS-2000 mass data analysis system 
(Japan Electronic and Optics laboratory). FD-emitter used 
was 10 {xm tungsten wire with carbon needles grown at high 
temperature.6) An anode potential of 10 kV and cathode 
potential of —3 kV were applied. Emitter curent was 
increased linearly by use of a modified emitter current pro­
grammer during the course of repetitive magnet scanning. 
The emitter was loaded with 0.2—1 fxg samples from stock 
solutions (ca. 1 fxg/[xl) using microsyringe technique.7) 

Figure 1 shows a block diagram of the modified EGP. 
Operation modes are the same as those described by Maine 
et al. The current programming rate can be set at a desired 
value in the range 1-100 mA/min. The emitter current is 
regulated within 0.05 mA at any level between 0 and 60 mA. 
Initial and final current values can be controlled within 
this range. 

Initial focussing was done on acetone introduced via the 
batch inlet. After measurements of each sample the emitter 
current was increased to 60 mA in order to clean the emitter. 

CURRENT > 
PROGRAMMING >' 

RATE > 
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START 

k HOLD ) 

CONTROL 

LOGIC 

rr> 
FINAL 

CURRENT i ^ > 
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A / D 
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GULATOR ^J 

U !" 
AC100 V 

COMPARATOR 

Fig. 1. The block diagram of EGP. 

Materials. Poly (oxyethylene) octylphenyl and dodecyl-
phenyl ethers supplied by Gasukuro Kogyo Go., Ltd. and 
Daiichi Seiyaku Go., Ltd., respectively, and other surfactants 
from Wako Pure Chemical Industries, Ltd. were used. 

R e s u l t s a n d D i s c u s s i o n 

The FD mass spectrum of sodium dodecylbenzene-
sulfonate (DBS), a typical anionic surfactant, was 
measured by repetitive magnet scanning at 11 s intervals, 
the emitter current increasing linearly at a rate of 
3 mA/min. Integration of all the spectra collected on 
the computer showed mje 719 ( 2 M + N a ) + , 371 ( M + 
Na)+, and 348 (M)+ ion peaks (Fig. 2). Each coefficient 
of variation calculated from seven measurements of the 
same sample was ± 4 % for the intensity of the base 
peak ( M + N a ) + to the total intensity of all peaks, ± 3 0 % 
and ± 2 0 % for those of M+ and ( 2 M + N a ) + peaks, 
respectively. FD mass spectra obtained with a single 
magnet scan and electric detection gave less reproducible 
spectra due to the fluctuation of ion current . FD mass 
spectrum of DBS was considerably affected by emitter 
current (Fig. 2(b)) . In general, ( 2 M + N a ) + ion has a 
relatively high intensity at lower emitter current, but at 
higher emitter current the intensity of this cluster ion 
rapidly decreased whereas ( M ) + and ( M + N a ) + peaks 
increased. Emission controlled FD mass spectra of some 
sulfonates were studied by Schulten and Kummler.8) 
They used a vacuum evaporated AgBr plate for photo­
graphic detection and found that ( w M + N a ) + cluster 
ion with n= 1 is mostly prominant , molecular ion having 
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Fig. 2(a). The FD mass spectrum of DBS; initial current 
0 mA, current programming rate 3 mA/min, sum of 
the stored spectra. 
(b). Reconstructed mass chromatogram ; RIG (recon­
structed ion current) : sum of ion intensities between 
mje 50 to 800. ion intensities are plotted on ordinate 
and full scales are designated in parentheses. 

relatively smaller intensity. The integration of spectra, 
obtained by electric detection and linear current 
program, gives reproducible spectra consisting of the 
spectrum obtained by Schulten and Kummler by 
potographic detection and emission controlled time/ 
current program. 

Figure 3 shows the integrated FD mass spectrum (a) 
of hexadecyltrimethylammonium chloride (CA), a 
typical cationic surfactant, and the reconstructed mass 
chromatogram (b) obtained under the same conditions 
as those of DBS except for the initial current value. 
T h e ion peaks at mje 284, 603, and 269 were assigned 
to salt cation (molecular ion minus chloride ion), 
cluster ion of the type, molecular ion plus cation portion, 
and fragment ion peak (M —Me) + , respectively. The 
intensities of these ion peaks were also dependent upon 
emitter current. Reconstructed mass chromatogram 
(Fig. 3(b)) indicates that the intensity of cluster ion 
( M + C ) + decreases at higher emitter current, while the 
intensities of salt cation and fragment ions increase. 
Disappearance of the cluster ion at the higher emitter 
current can be attr ibuted to weak binding of the cluster 
ion that thermally decomposes. Figures 4(a) and (b) 
show the F D mass spectra of equimolar mixture of 
hexadecyltrimethylammonium chloride (CA) and benzyl -
hexadecyldimethylammonium chloride (BA). Lower 
emitter current gave ion peaks of two salt cations {mje 
284, 360) and relatively high intensities of three cluster 
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Fig. 3. The FD mass spectrum of G A (a) and recon­
structed mass chromatogram (b). Initial current 10 
mA, current programming rate 3 mA/min, sum of the 
stored spectra. 
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Fig. 4. The FD mass spectra of equimolar mixture of 
GA and BA. Emitter current: (a) 17 mA, (b) 19 mA. 

ions {mje 603, 679, 755) of the type ( M + C ) + . The ion 
peak at mje 679 demonstrates the production of a mixed 
cluster ion consisting of both cation portions and 
chloride ion. A similar phenomenon has been observed 
by Veith,9) who used simple ammonium salts. O n the 
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7 MIN 

Fig. 5. Reconstructed mass chroma togram of equimolar 
mixture of GA and BA. 
Current programming rate 3 mA/min. 

other hand, higher emitter current gave only the 
spectrum of CA due to the disapperance of BA at lower 
emitter current. Figure 5 shows the reconstructed mass 
chromatogram of two salt cations during the course of a 
linear emitter current programming, suggesting that the 
part of CA on the emitter wire can be desorped at lower 
emitter current when BA coexist, compared with that 
in Fig. 3(b), but further increase in emitter current is 
required for the desorption of the remaining part of 
CA after all BA was desorped. The results indicate 
that emitter current required for desorption of CA is 
greatly affected by the presence of BA, viz., emitter 
current required for field desorption changes with not 
only the properties of individual compounds but also 
the interaction of each component loaded on emitter 
wire. When emitter current was increased to 17 mA 
at a rate of 3 mA/min and kept constant for 4 min, 
a mixture of CA and BA was found to be separated by 
fractional desorption (Fig. 6). This suggests that the 
use of ECP producing programmed thermal gradients 

3mA/min 

RIC 

_ 7 5 5 . 0 

( 1 0 0 . 2 * 1 . 0 ) 
6 7 9 . 0 
( 2 3 0 . 1 * 1 . 0 ) 

6 0 3 . 0 
( 1 2 2 . 6 * 1 . 0 ) 
3 6 0 . 0 
( 2 6 8 . 4 * 1 . 0 ) 

2 8 4 . 0 
( 1 0 0 0 . 0 * 1 . 0 ) 

5 10 MIN 

C 1 6 H 3 3 ( C H 3 > 3 * : C l 

C 1 6 H 3 3 ( C H 3 h S c H 2 P h : C 2 

Fig. 6. Reconstructed mass chromatogram of equimolar 

mixture of CA and BA. 

makes the separation and analysis of multicomponents 
in complex mixtures by mass chromatograpy or selected 
ion monitoring techniques possible. 

The FD mass spectra of poly(oxyethylene) alkylphenyl 
ethers, nonionic surfactants, were measured. The 
results indicate only molecular ions with different 
polymerization degree of ethylene oxide unit.10) Single 
scan F D mass spectra of poly (oxyethylene) octhylphenyl 
ethers (PO) obtained during the course of a linear 
emitter current programming are shown in Fig. 7. 
The distribution pat tern of molecular ion peaks is also 
dependent upon emitter current, viz., at lower emitter 
current the distribution pat tern of ions is weighted for 
low mass region, whereas at higher emitter current it 
is weighted for high mass region, suggesting that 
fractional desorption occurs. T h e integrated F D mass 
spectrum of P O and the reconstructed mass chromato­
gram of selected ions are shown in Figs. 8(a) and (b). 
Figure 8(b) shows that the fractional desorption of 
mixtures occurs by thermal gradient. A similar frac­
tional desorption was observed in the F D mass spectra 
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Fig. 7. The FD mass spectra of PO; emitter current (a) 14 mA (b) 16 mA. 
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Fig. 8. (a) The FD mass spectrum of PO; sum of the stored spectra, small peaks 
are neglected. (b) Reconstructed mass chromatogram ; current programming 
rate 3 mA/min. 

of poly(oxyethylene) nonylphenyl and dodecylphenyl 
ethers. The result suggests that the true distribution 
of multicomponents in the original sample can be 
estimated at least from an integration of stored spectra 
during the course of slow increase in emitter current or 
photographic detection. The series of weak peaks found 
at m je 14 lower and higher than the major ion peaks 
exhibit the existence of impurities having different alkyl 
side chains. The impurities correspond to poly-

(oxyethylene)nonylphenyl and hexylphenyl ethers. The 
FD mass spectra of ar-hydro-co-(octadecylamino)poly-
(oxyethylene) obtained under the following conditions 
are shown in Figs. 9(a) and (b) : initial emitter current 
was set at 14 mA and kept constant during repetitive 
magnet scanning at 18 s intervals. Integration of the 
spectra of first 20 scans (a) and next 30 scans (b) 
indicates different distribution pattern of protonated 
molecular ions, suggesting that a similar fractional 

a) Sum of scan 1 to20 

1000 

If) 
Z 
111 

z 

0 

534 

JL 

578 
n=7 

622 

"1, i i , ,i,i , * 
550 600 650 

n=8 

666 

n = 9 

710 
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Fig. 9. The FD mass spectra of a-hydro-o)-(octadecylamino)poly(oxyethylene); 
emitter current 17 mA, (a) sum of the first 20 scans and (b) next 30 scans. 
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Fig. 10. The FD mass spectrum of "Span 20", Current 
programming rate 3 mA/min, sum of 20 scans, ft, V 
and O indicate mono-, di- and tri-esters of sorbitans 
respectively. ^ and J^ indicate mono- and di-esters 
of sorbid respectively, 2^ indicates unreacted fatty 
acids. 

desorption was taking place. The series of minor ion 
peaks found at 28 mass lower than the protonated 
molecular ion peaks correspond to the protonated 
molecular ions of a-hydro-co-(hexadecylamino)poly-
(oxyethylene) contained in the commercial samples as 
impurities. 

The FD mass spectra of a group of nonionic surfactant, 
called " S p a n " known as a complex mixture of mono-
di-, tri-, and tetra-esters of 1,5- and 1,4-sorbitans and 
mono- and di-esters of 1,4: 3,6-sorbid were measured. 
Figure 9 shows the integrated F D mass spectra of "Span 
20" as an example of complex mixtures, showing many 
protonated molecular ion peaks of the esters and 
molecular ion peaks of unreacted fatty acids and 
fragment ions at mje 183, 211, 239, and 269 (RCO)+ in 
low mass region. The protonated molecular ions of 
esters of sorbitan and sorbid observed in the F D mass 
spectra of various "Span"s are given in Table 1. Since 
these ions might consist of some isomers, the total carbon 
number of acyl groups (l+n, l+n+m) can be calculated. 
The composition of acyl groups in the samples can be 
estimated from the distribution of protonated molecular 
ion peaks of mono-esters. Wi th linear increase in 
emitter current, desorption of di-esters occurs before that 
of tri-esters, the esters of sorbid being generally desorped 
prior to the esters of sorbitans. Because of fractional 
desorption, an integration of single scan spectra was 
needed to identify all the components in the mixtures. 

The present study and others11) indicate that there 
are two types of FD mass spectrum, one obtained from 
single scanning at near the best anode temperature and 
the other an integrated F D mass spectrum obtained 
from repetitive magnet scanning or photoplate detec­
tion, the latter being much more reproducible than the 
former when the cluster and fragment ions are produced. 

TABLE 1. PROTONATED MOLECULAR IONS OF ESTERS OBSERVED 

IN THE FD MASS SPECTRA OF "Span"s 

Mono-estc 

n 

8 
10 
12 
14 
16 
18 

18Fi 

A 

291 
319 
347 
375 
403 
431 
429 

îrs 

B 

273 
301 
329 
357 
385 
413 
411 

Di-esters 

n-\-m 

20 
22 
24 
26 
28 
30 
32 
34 

36 

A 

473 
501 
529 
557 
585 
613 
641 
669 

697 

B 

455 
483 
511 
539 
567 
595 
623 
651 

679 

Tri-esters 

l+m+n A 

28 599 

30 627 

32 655 

34 683 

36 711 

38 739 

40 767 

42 795 

A and B indicate esters of sorbitans and sorbid, respecti­
vely. /, m, and n indicate carbon numbers of each fatty 
acid. 

C<H 
o 

HO-CH—CH-OH 

CH2 GH~GHCH2OH 
Ncr OH 

1,4-Sorbitan 

^H2 GH • CH2OH 

HO-CH GH.OH 
\ C H / 

OH 

1,5-Sorbitan 

• < \ 
HO-CH—CH CH2 

CH2 CH-CH-OH 

\ > ' 

l,4:3,6-Sorbid 

The present study also suggests that the compounds, 
from which cluster and fragment ions will be produced, 
and a complex mixture sample in which fractional 
desorption occurs, should be measured with E C P as an 
integrated FD mass spectrum. I t seems that when the 
integrated FD mass spectrum is taken, the effect of the 
difference in morphology of emitter needles on the 
reproducibility of F D mass spectrum can be reduced. 
In FD-MS, the thermal gradient produced by E C P 
has become a powerful means for analysis of complex 
mixtures. 
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The X-ray photoelectronic spectra of 2-mercaptobenzothiazole (LH) and its metal complexes have been 
measured. On the basis of the chemical shifts of the N(ls), S(2p), and Cu(2p3/2) electron binding energies, the 
coordination mode of the ligand and the oxidation state of the copper atom have been examined. It is suggested 
that, in HgL2, PbL2, AgL, and CuL3H2Cl complexes, the ligand is solely coordinated through the exocyclic sulfur 
atom, and that, in CuL, CuL2, PtL2, PdL2, NiL2, and CdL2 complexes, the ligand is coordinated through both 
the exocyclic sulfur and nitrogen atoms. In CuL2 and CuL3H2Cl, it was found that the copper was present in a 
(+1) oxidation state, and that part of the ligand molecules, bis(benzothiazol-2-yl) disulfide, resulted from oxidation 
of LH by the Cu2+ ion on complex formation. 

The use of 2-mercaptobenzothiazole as an analytical 
reagent has been known for a long time,1 - 3) and the 
structures of its complexes with several metal ions have 
been investigated using a variety of physical 
techniques.4-9) 

In the copper complex prepared from the reaction 
of 2-mercaptobenzothiazole with copper (I I) chloride, 
the copper has been reported to be in a ( + 2 ) oxidation 
state, in spite of its diamagnetism.7 '9) Clear evidence 
for this assignment has however not been given. Fur­
thermore, it is well known that sulfur-containing 
ligands often reduce the Cu(I I ) ion to Cu(I) on complex 
formation.10) 

X-Ray photoelectron spectroscopy (XPS) is sensitive 
to charge distribution and is suitable for the detection of 
protonated atoms and the oxidation state.11) 

The purpose of the present study is to confirm the 
oxidation state of copper in complexes with 2-mercapto­
benzothiazole, and to examine the mode of coordination 
of the ligand in several metal complexes. 

E x p e r i m e n t a l 

Chemicals. 2-Mercaptobenzothiazole, the sodium salt, 
and 2-mercaptobenzimidazole (abbreviated as LH, LNa, and 
L'H, respectively) were obtained commercially and were of 
analytical grade. They were used after recrystallization from 
ethanol. Bis(benzothiazol-2-yl) and bis(benzimidazol-2-yl) 
disulfides (abbreviated as L-L and L'-L') were obtained by 
standard methods : the oxidation of LH and L'H in ethanol 
by H 2 0 2 and I2, respectively. L'H and L ' -L ' were used as 
reference compounds. All the copper salts used were analytical 
reagents. All ligands and metal complexes were analysed 
elementally. 

^ V ^ / A / N . \ 
LH: | | C-SH L-L: | | C-S— 

A / N . / A / N . \ 
L'H: | | C-SH L'-L': | | C-SJ-

X / W IV'N/ /2 
H H 

Preparation of the Metal Complexes. CuL : Method (a) 
(according to the literature). An ethanol solution of LH was 
added to an aqueous solution of copper (I) chloride saturated 
with KCl3) which gave an orange yellow precipitate. Found : 
C, 36.86; H, 1.71; N, 6.09; S, 27.47; Cu, 27.50%. Calcd 
for CuL: C, 36.60; H, 1.74; N, 6.10; S, 27.89; Cu, 27.67%. 

Method (b). A solution of LH (4—6 mmol) in ethanol (100 
ml) was added to a solution of CuX2 (X=CH 3 COO or N03) 
(2 mmol) in ethanol (50 ml). The orange-yellow and pale 
yellow compounds precipitated were digested on a water bath 
for approximately 1 h. The suspension was cooled and filtered 
on a suction pump through a qualitative filter paper to give 
a pale yellow crystalline precipitate (L-L). The filtrate, 
containing a fine orange-yellow precipitate was filtered 
through a quantitative filter paper and the resulting amor­
phous precipitate (CuL) washed with hot ethanol. The yields 
were approximately 90% for CuL and L-L. Found: C, 
37.00; H, 1.67; N, 6.11; S, 27.57; Cu, 27.90%. 

CuL2 : Method (a). A solution of CuX2 (X=CI, CH3COO, 
N0 3 , 1/2 (S04)) (2 mmol) in water (50 ml) was substituted 
for the solution of CuX2 in ethanol in the above preparation 
procedure for CuL by method (b). The orange-yellow 
precipitate was washed with water and ethanol (yield^>95%). 
Found: C, 42.34; H, 2.03; N, 7.08; S, 32.12; Cu, 16.20%. 
Calcd for CuL2: C, 42.48; H, 2.02; N, 7.08; S, 32.36; Cu, 
16.06%. Method (b). A solution cotaining LH and L-L (2 
mmol and 1 mmol, respectively) in a mixture of ethanol (100 
ml) and iV,iV-dimethylformamide (DMF) (50 ml) was added 
to a solution of CuCl (2 mmol) in an aqueous solution satu­
rated with KCl (30 ml). The pale orange-yellow precipitated 
was digested with stirring on a water bath for approximately 
1 h. The suspension was cooled and filtered and the collected 
precipitate washed with water, an ethanol-DMF mixture (30 
ml, 2: 1), and ethanol (yield 80%). Found: C, 42.26; H, 1.99; 
N, 7.00; S, 32.02; Cu, 16.11%. 

CuL3H2Cl: A solution of CuCl2 (2 mmol) in ethanol (50 
ml), in a procedure similar to method (b) above for CuL, 
gave a pale yellow complex (yiekT>95%). Found: C, 42.43; 
H, 2.17; N, 7.04; S, 31.23; CI, 5.80; Cu, 10.63%. Calcd 
for CuL3H2Cl: C, 42.07; H, 2.34; N, 7.01; S, 32.05; CI, 
5.93; Cu, 10.60%. In the preparation of CuL3H2Cl, more 
than 5% water produced a mixture of CuL2 and CuL3H2Cl, 
and greater than 20% gave CuL2 quantitatively. 

Other Metal Complexes: PtL2, PdL2, NiL2, CdL2, HgL2, 
PbL2, and AgL were prepared according to the literatures.7»8) 

All compounds used were dried in an air oven at 105 °C 
for a minimum of 2 h. 

The structures of the two complexes prepared by methods 
(a) and (b) in the cases of CuL and CuL2 were analysed by 
powder X-ray diffraction analysis. 

Physical Measurements. The X-ray photoelectron spectra 
were measured on an AEI-ES200 spectrometer. Al Kv> 
(1486.6 eV) X-ray radiation was used as the excitation source. 
Samples were ground and dusted onto a double-backed 
adhesive tape. The measurements taken at room temperature 
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under vacuum (about 10~7 Torr). The binding energy of 
the C(l s) peak assigned to the carbon of benzene was used 
as the energy standard throughout the experiments and taken 
to be 285.0 eV. The reproducibility was ±0.1 eV. 

The IR spectra of LH and the copper complexes were 
recorded on an IR spectrometer, model IR-G (Japan Spec­
troscopic Co., Ltd.). The spectrum of CuL3H2Cl was the 
only one which exhibited a similar N - H band to that of LH 
in the region 2800—3150 cm -1 . Magnetic measurements were 
conducted at room temperature using the Faraday method 
on a magnetic balance, model MB-2 (Shimadzu Co., Ltd.). 
The diamagnetic corrections were estimated by the use of 
Pascal's Constants12) and all copper complexes were found 
to be diamagnetic. 

R e s u l t s 

The measured binding energies are given in Table 1. 
Free Ligands. The N(ls) electron spectra of L ' H 

and L ' -L ' , and the S(2p) electron spectrum of L ' H are 
shown in Fig. 1. The N(ls) spectrum of L ' H showed a 

T A B L E 1. BINDING ENERGIES 

Compound 
Binding energy/eV 

N(ls) S(2p3/2) Cu(2p3/2) 

LH 
LNa 
L-L 
L'H 
L'-L' 
CuL 
CuL2 

CuL3H2Cl 
PtL2 

PdL2 

NiL2 

CdL2 

HgL2 

PbL2 

AgL 
CuCl2 

Cu(CH3COO)2 

400. t 

400 
400 

6 
398.9 
399.0 

6 
5; 399.1 

399.4 
399.4 

400.6; 398.9 
399.8 
399.7 
399.6 
399.4 
399.0 
399.0 
399.1 

164.5; 
164.2; 
164.5 

164, 
164, 
164, 
164 
164 
164 
164 
164. 
164, 
164. 
164. 

162.3 
162.2 

162.4 

162.8 
162.8 
162 
162 
162 
162 
162 
163 
162 

933.5 
933.5 
933.5 

162.7 
935.8 
935.2 

402 400 398 

Binding energy/eV 

Fig. 1. Electron spectra of the reference compounds, 
a: N(l s) of L'H, b : N(l s) of L'-L7, c: S(2 p) of L'H. 

single peak with the full-width at a half-maximum 
height (FWHM) of 1.7 eV. L ' - L ' showed two peaks 
with almost equal intensities. The S(2p) spectrum of 
L 'H as well as that of L ' - L ' showed an unsymmetrical 
peak with a F W H M of 2.3 eV. Two peaks, px and p 2 , 
indicated by broken lines in the figure, have been 
attr ibuted to S(2p1/2) and S(2p3/2) electrons, respec­
tively. The S(2p) spectra of L H , LNa, and the metal 
complexes were resolved graphically on the basis of the 
shape L ' H containing one type of sulfur a tom. 

289 287 285 283 402 400 166 164 162 

Binding energy/eV 

Fig. 2. Electron spectra of LH. 
a: C(l s), b : N ( l s ) , c: S(2 p). 

The C( ls ) , N( l s ) , and S(2p) electron spectra of L H 
are shown in Fig. 2. The G (Is) spectrum showed a 
main peak and a weak peak on the higher energy side. 
The former has been assigned to the carbon in the 
benzene ring and the latter to the thioamide group. 
The N(ls) spectrum together with the L ' H showed a 
single peak, but the S(2p) spectrum showed a broad 
peak with a shoulder suggesting two types of sufur 
atoms. The two peaks indicated by the broken lines 
which were obtained by a graphical resolving, were 
almost equal in intensity. The peak with the lower 
binding energy of the two appeared to weaken with 
X-ray radiation time. Such X-ray damage in the S(2p) 

Fig. 3. 
a: 

402 400 398 402 

Binding energy/eV 

N(l s) electron spectra of the copper complexes. 
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166 164 162 

Binding energy/eV 

S (2 p) electron spectra of the copper complexes. Fig. 4. 
a: CuL, b : CuL2, c: CuL3H2Cl. 

spectra was not observed in the other samples. T h e 
N(ls) and S(2p) spectra of LNa were similar to those of 
L H in shape. The S(2p) spectrum of L - L , which 
contains two types of sulfur atoms, was almost the same 
as those of L ' - L ' and L ' H in shape. 

Complexes. The N(ls) and S(2p) spectra of CuL 
CuL 2 , and CuL 3 H 2 Cl are shown in Figs. 3 and 4. T h e 
N(ls) spectra of CuL and CuL 2 as well as those of the 
other metal complexes showed a single peak with a 
F W H M of 1 .5 -1 .7 eV. T h e N(ls) spectrum of 
CuL 3H 2Cl showed two peaks with an intensity ratio of 
approximately 2 : 1 . T h e S(2p) spectra of the three 
copper complexes as well as those of the other metal 
complexes showed the presence of two types of sulfur 
atoms. T h e two peaks, indicated by broken lines in the 
figures were obtained by graphical resolving. The 
approximate intensity ratio of the two peaks of CuL as 
well as the other complexes was 1 : 1 , however, that of 
CuL 2 was 3 : 1, and that of CuL 3 H 2 Cl 2 : 1 . 

The Cu(2p3 / 2) electron region spectra of CuL 2 , 
CuCl2 , and C u ( C H 3 C O O ) 2 are shown in Fig. 5. In the 
case of CuL 2 as well as CuL 3H 2Cl the broad satellite 
was not observed in the higher energy region than a 
main peak as was seen for CuCl2 and C u ( C H 3 C O O ) 2 . 

D i s c u s s i o n 

Free Ligands. The peak with the higher binding 
energy of the two in the N(ls) spectrum of L ' - L ' may 
be assigned to the protonated nitrogen atom and the 
other to the deprotonated atom, considering that the 
N(ls) binding energy of a protonated nitrogen atom is 
approximately 1.5 eV higher than that of a deprotonated 
one.13) 

L H and L ' H are able to exist in two tautomeric 
conformations, the thiol form and the thioketo form. IR , 
N M R , and X-ray analysis studies6 '8 '14) have indicated 
that the thioketo form dominates in L H and L ' H in the 
solid state. The results in this study indicate that both 
L H and L ' H exist entirely in the thioketo form, since 
the N(ls) spectra showed a single peak with a binding 
energy corresponding to the - N H type. 

946 932 944 942 940 938 936 934 

Binding energy/eV 

Fig. 5. Cu(2 p3/2) electron region spectra, 
a: CuCl2, b : Cu(CH3COO)2, c: CuL2. 

T h e peak with the higher binding energy of the two 
in the S(2p) spectrum of L H can be readily assigned 
to the endocyclic sulfur atom and the other to the 
exocyclic, by comparing the binding energies (164.5 
and 162.3 eV) with that of L ' H , which has only the 
exocyclic a tom. The binding energies of two types of 
sulfur atoms of LNa, when compared with those of the 
corresponding sulfur atoms of L H , give a difference of 
0.3 eV for the endocyclic sulfur atom and 0.1 eV for the 
exocyclic a tom. Furthermore, the N(ls) binding energy 
of LNa was only 0.2 eV lower than that of the depro­
tonated nitrogen of L ' - L ' . From these results, it is 

suggested that in LNa, the contribution of -N-C=S 

dominates that o f -N=C-S~ , and that an apparent unit 
negative charge on the nitrogen atom is delocalized 
by conjugation within the hetero five-membered ring. 

Complexes. I t has been reported that CuL2 may 
be prepared by the reaction of CuCl2 with L H in 
ethanol.7 '9) Repeated attempts to prepare CuL 2 in this 
way however failed and a complex with an elemental 
analysis of CuL 3H 2Cl was obtained. CuL 2 was obtained 
only in the presence of some amount of water as 
described above. 

CuL 2 involves only one type nitrogen atom, a 
deprotonated type, whereas CuL 3 H 2 Cl involves both 
protonated and deprotonated nitrogen atoms, with a 
ratio of 2 : 1. This result supports the experimental 
evidence that CuL 2 does not show the N - H band in the 
I R spectrum, whereas CuL 3 H 2 Cl does. 

The diamagnetism of Cu(I I ) complexes has been 
explained by two theories. One is that the paramagne­
tism is quenched by a strong spin-spin interaction 
between the two copper (I I) ions,15) and the other is a 
reduction of the Cu(I I ) ion to Cu(I) by a ligand on 
complex formation.10) The diamagnetism of the complex 
of the copper(II) salt with L H has been explained by 
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the former theory.7 '9) This explanation was however 
found to be completely excluded on the basis of the 
following evidence obtained. 

A Cu(II) complex typically exhibits a satellite on the 
higher-energy side of the primary peak in the Cu(2p3 / 2) 
electron region spectrum, as seen for CuCl2 and Cu-
(CH 3 COO) 2 in Fig. 5. A Cu(I) complex does not 
exhibit this.16) O n the basis of the absence of the 
satellite in the spectra of CuL 2 and CuL 3 H 2 Cl, it is 
suggested that CuL 2 and CuL 3 H 2 Cl are Cu(I) com­
plexes. This agrees with their magnetic moments, i.e. 
both complexes are diamagnetic. Furthermore, the 
Cu(2p3/2) binding energies of CuL 2 and CuL 3 H 2 Cl, 
as well as CuL, are about 2 eV lower than those of 
CuCl2 and C u ( C H 3 C O O ) 2 . This difference in binding 
energy is comparable to the difference between CuCl 
a n d C u C l 2 (1.8 eV).16) 

The inequality of intensities of the two types of peaks 
in the S(2p) spectra of CuL 2 and CuL 3H 2Cl is thought 
due to the change in the state of a par t of the exocyclic 
sulfur atoms, i.e. the change of a thiocarbonyl group 
to a disulfide group. This is supported by the following 
facts; the S(2p) binding energy of the sulfur atom of a 
disulfide group is close to that of an endocyclic one and 
L - L was obtained from the reaction of L H with copper-
(II) salts instead of H 2 0 2 . CuL 2 could be prepared from 
the reaction of CuCl with L H and L - L . 

It is thought that the Cu(I I ) ion is reduced to the 
Cu(I) ion by L H on complexing giving CuL 2 and 
CuL3H2Cl, and that the resulting L - L is coordinated 
to the Cu(I) ion. Therefore, it is thought that , in the 
stoichiometric forms of CuL 2 and CuL 3H 2Cl, the half 
and the one-third of the ligands, respectively, should be 
replaced by 1/2(L-L). 

In general, coordination of a ligand to a metal ion 
causes a decrease in the electron density on the coor­
dinating atom, giving rise to an increase in the core-
electron binding energy of the atom. T h e N ( l s ) chemical 
shifts, which are the differences between the N(ls) 
binding energies of the complexes and LNa, were 
0.5—0.9 eV in CuL, CuL2 , PtL2 , PdL2 , NiL2 , and 
CdL2 , and very small in HgL 2 , PbL2 , and AgL. The 
N(ls) chemical shift of the deprotonated nitrogen atom 
of CuL3H2Cl was not appreciable, and the N(ls) bind­
ing energy of the protonated nitrogen of the complex 
was the same as that of L H . 

From these results, it may be concluded that , in 
CuL, CuL2 , PtL2 , PdL2 , NiL2 , and CdL 2 an M - N bond 
is present, and in HgL 2 , PbL2 , AgL, and CuL 3 HCl 2 it is 
absent. 

The S(2p) binding energies of the two types of sulfur 
atoms of all the present complexes, when compared with 
the corresponding ones of LNa, were equal to or larger 
than those of the latter; the differences were 0—0.3 
eV for an endocyclic sulfur atom and 0.2—0.9 eV for 
an exocyclic one. The S(2p) chemical shfts for an 
exocyclic sulfur were comparable with the values 
(0.3—0.9 eV)17) due to the coordination of thiourea 
or thiazole through the sulfur atom. Therefore, it may 
be concluded that the exocyclic sulfur atom-metal ion 
bond is present in all the complexes. 

The small positive chemical shifts of an endocyclic 

sulfur a tom appears to suggest the absence of the sulfur-
metal ion bond based on the following. The binding 
energies of the endocyclic sulfur atoms of all the com­
plexes were equal to or smaller than that of the corre­
sponding sulfur atom of L H . The sulfur a tom present 
in the skeleton of the five-membered ring has very weak 
coordinating ability, since the lone pairs on the sulfur 
atom are involved in the resonance structures of the 
molecule.18) 

These results concerning the mode of coordination 
of L H largely supports the I R results6-8) in all the 
complexes. The I R data however suggested that 
bonding occurred only through the sulfur atom in 
CuL,3) and through both the sulfur and the nitrogen 
in PbL 2 and AgL.7) This difference of assignments by 
XPS and I R can not be explained, but may be due to 
large uncertainties encountered in assigning C=S, M - N , 
and M - S vibrations in the ligands containing 
H - N - C = S and their metal complexes.19) 

The authors wish to thank Mr. Yukihiro Sato for 
his aid in performing these experiments, and Mr. 
Taichiro Hirohara for the elemental analysis. 
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Use of a Programmable Monochromator and a SIT Detector 
in Flame Atomic Emission Spectrometry 
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A multielement detection system which uses a programmable monochromator and a SIT image detector has 
been constructed, and evaluated by measuring the flame emission of 22 elements in the nitrous oxide-acetylene flame. 
The detection limits for the elements under optimized experimental conditions are reported, and are compared 
with those obtained by a standard photomultiplier tube. 

The silicon intensified target tube (SIT) coupled with 
an optical multichannel analyser (OMA) has been 
utilized as a detector system in emission,1-6) absorp­
tion7-9) and fluorescence10) spectroscopic studies. Attrac­
tive analytical features of the S I T detection system, 
which have been well-documented in the reports from 
Morrison and his coworkers,1»4-6) include the simultan­
eous multielement analysis capability, the facility to 
correct for spectral and background interference and 
detection power equivalent to the photomultiplier tube 
(PMT) in the visible region, although detection per­
formance is relatively poorer in the ultraviolet. As is 
well known,11) the standard S I T image detector consists 
of about 500 light sensitive elements (channels) within 
an area of approximately 62.5 mm 2 (length 12.5 m m , 
height 5 mm) so that, when situated in a dispersing 
instrument, simultaneous detection of atomic lines is 
possible. The range of wavelengths which are detected 
simultaneously is determined primarily by the reciprocal 
linear dispersion (RLD) of the monochromator. In 
order to take advantage of the S I T - O M A system for 
simultaneous multielement analysis, relatively low-
dispersion monochromators which provide a spectral 
window generally greater than 20 nm have been 
preferred. The use of the low-dispersion monochro­
mator, however, may result in severe spectral inter­
ference in atomic emission spectroscopy in high 
temperature media, particularly in inductively coupled 
plasma (ICP) emission spectroscopy. 

In the present study, the S I T - O M A system has been 
combined with a medium resolution monochromator 
(focal length, 1 m ; R L D , 0.4 nm/mm) to evaluate 
detectability performance. The use of the medium 
resolution monochromator reduces the spectral region 
spatially detected by the S I T - O M A system (5 n m for 
present instrumentation) and sacrifices to some extent 
the capability for simultaneous multielement analysis. 

Recently, the present authors have developed a 
programmable monochromator controlled by a mini­
computer, where a slew-scan technique was employed 
as has been reported by other workers.12-16) The 
programmable monochromator of the slew scan type 
is convenient for rapid sequential multielement analysis 
and has more inherent flexibility for multielement 
detection than the well-established direct reading system 
where only fixed wavelengths of the desired elements are 

available.17) However, the slew scan technique suffers 
from the problem of irreproducibility in wavelength 
setting, precision being limited to ± 0 . 1 nm, as has 
already been pointed out.13»16) To avoid the error 
caused by irreproducible wavelength setting in the slit-
based spectrometer, it was decided to adopt the S I T 
as the spatial detector in the slew scan system. The 
important capability of simultaneous multielement 
analysis is still retained provided element lines are 
within a 5 n m range for the present instrumentation 
( ± 2 . 5 n m from the central O M A channel). 

In this study, the analytical performance of the S I T -
OMA-detector is considered when combined with the 
programmable monochromator system. The nitrous 
oxide-acetylene flame was selected as the excitation 
source for initial studies. 

E x p e r i m e n t a l 

Instrumentation. The experimental system is shown in 
Fig. 1. A nitrous oxidett-acetylene flame was supported on 
a burner assembly (5 cm slot burner) of a commercially 
available spectrophotometer (Shimadzu AA 650). The mono­
chromator (Jobin Yvon HR 1000; focal length, 1 m) had 
dual entrance and exit ports and was equipped with a holo­
graphic grating (2400 grooves/mm) ; the desired optical path 

Fig. 1. Schematic diagram of computer-controlled instru­
mentation for multielement analysis. 
(A) Flame gas controlls, (B) burner, (G) chopper, 
(D) lens, (E) monochromator, (F) Hg lamp, (G) SIT, 
(H) photomultiplier, (I) power supply, (J) optical 
multi-channel analyser, (K) oscilloscope, (L) X-Y 
recorder, (M) pre-amplifier, (N) lock-in-amplifier, (O) 
recorder, (P) minicomputer, (QJ teletype, (R) tape 
reader/puncher, (S) interface for peak sensor. 

t Present address: Department of Chemistry, The Uni­
versity of Alberta, Edmonton, Alberta, Ganada T6G 2G2. tt N 2 0 , dinitrogen oxide in IUPAC nomenclature. 
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was selected by mirrors positioned beside the entrance and 
exit slits. The entrance slits were used to receive radiation 
from the flame and a mercury penray lamp, respectively, the 
latter being used for wavelength calibration of the monochro-
mator scanning system. The flame focused on the entrance 
slit was imaged down a factor of 2 using a single spherical 
silica lens (diameter, 60 mm ; focal length, 219 mm). The 
SIT detector tube (Princeton Applied Research Co., SIT 
1205D/01) and a standard photomultiplier (Hamamatsu TV 
Co., R919) sensitive to ultraviolet and visible light were 
positioned at the exit ports. The slit unit was removed in 
the former case, and a plate was equipped on the SIT adaptor 
to obstruct 50% of the incident light to enable dark current 
correction. The lateral length of the SIT detector was 12.5 
mm and for the monochromator RLD of 0.4 nm/mm, a 5 nm 
spectral window was obtained. The resolution power for the 
SIT, 0.032 nm, was about 7 times poorer than that by PMT 
(slit width, 10 [xm). The SIT signal after processing in the 
OMA (Princeton Applied Research Co., OMA 1205A) was 
displayed on the oscilloscope and/or could be recorded by an 
external X-Y recorder (Yokogawa Electric Works, Ltd., 3078). 

For PMT detection, a pre-amplifier (laboratory construct­
ed), a light chopper and a lock-in-amplifier (Princeton Applied 
Research Co., 125A and 5203, respectively) were used. 

A minicomputer (Hewlett Packard 2108) was employed to 
control the monochromator wavelength by the slew scanning 
technique. A mercury penray lamp (Ultra-Violet Co., 
11SC-I) was used for initial wavelength calibration. 

Procedure. For wavelength calibration, the scanning 
system was referenced to the mercury lines at 253.65 and 
507.30 nm using the Hg lamp. This procedure determined 
the number of steps /wavelength (nm) to be employed in 
wavelength selection by the stepping motor, when controlling 
the grating angle. After calibration, the wavelengths of the 
desired atomic lines could be set arbitrarily by command 
from the computer. The details of the slew scanning system 
will be described elsewhere.18) 

The experimental conditions for the measurement of atomic 
emission using the nitrous oxide-acetylene flame were opti­
mized in terms of the flame and slit conditions. Once the 
conditions had been optimized, a standard solution was 
aspirated and the accumulated spectrum was stored in OMA 
memory [A]. The procedure was repeated for the blank 
solution using memory [B]. The subtracted spectrum [A-B] 
provided the emission line(s) of the element (s). The emission 
intensity was obtained by noting the peak height (generally 
for channel 250±2) and subtracting the average reading of 
the side background for 10 channels around the peak channel. 
The background noise level ([A-B] spectrum for the channel 
range 240—260) was obtained when distilled water was aspi­
rated and subtraction of the [A] and [B] memories was 
performed. The PMT detection system was used for com­
parison studies. The signal and background noise were 
measured from the pen deflection on the chart recorder paper. 

The detection limits in Tables 1 and 2 are defined as the 
concentrations which represent a signal equivalent to twice 
the standard deviation of the background noise level. The 
values were obtained from the standard calibration curve for 
each element prepared by the least squares method. The 
optimized conditions determined are also summarized in 
Table 1 with the wavelengths of analytical lines. The 
chemicals used were of analytical reagent grade and deionized 
and distilled water was used as the blank solution. 

R e s u l t s and D i s c u s s i o n 

Flame Background Correction. The atomic emission 
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Fig. 2. Emission spectra of nitrous oxide-acetylene 
flame observed by photomultiplier tube. 

of 22 elements in the nitrous oxide-acetylene flame was 
measured by the S I T - O M A system coupled to the 
programmable monochromator. Figure 2 shows the 
N 2 0 - C 2 H 2 flame emission spectra recorded by the 
P M T when only distilled water was aspirated. The 
upper curve was recorded at a high E H T ( —695 V) 
to indicate the prominent background constituents of 
the flame. Background species at approximate wave­
lengths are N O (200—280 nm) , O H (280—330 nm) , 
N H (336 nm) , CN (350—442 nm) , C H (387—431 nm) , 
and C2 (437—600 nm) . The analytical lines of the 
elements used in the study are indicated by the dotted 
lines on the lower spectrum. 

Flame emission spectra observed by the S I T - O M A 
system for a 5 n m spectral window are shown in Figs. 3 

Wavelength/nm 

200 300 400 500 600 700 

Bi Mppb 
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( ^ 

[ A - B] W W A — f 

Fig. 3. Emission spectra observed by SIT-OMA system 
near Bi(306.8 nm), Mo(390.3 nm), and Pb(405.8 nm) 
lines in nitrous oxide-acetylene flame (Bi 100 (xg/ml, Mo 
lOjig/ml, Pb50(Ag/ml). 
[A] : Spectra for sample solutions, [B] : spectra for blank 
solution, [A-B] : spectra corrected for flame back­
ground. 
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Wavelength/nm 
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Fig. 4. Emission spectra observed by SIT-OMA system 

near Cr(425.4 nm), Sr(460.7 nm), and Li(670.8 nm) 
lines in nitrous oxide-acetylene flame (Cr 1 (xg/ml, Sr 
0.1 ng/ml, Li 0.005 jig/ml). 
[A] : Spectra for sample solutions, [B] : spectra for blank 
solution, [A-B] : spectra corrected for flame back­
ground. 

and 4 for Bi, Mo, Pb, and Cr, Sr, and Li, respectively. 
Since the S I T - O M S system has 2 memories, each mem­
ory was used for the emission measurements of the sam­
ple solution and the blank solution, respectively. Spec­
tra [A-B] in Figs. 3 and 4 are the corrected spectra 
calculated from the [A] and [B] memories, and subtrac­
tion is automatically performed in the O M A . The 
background at the Bi wavelength is particularly severe 
and corresponds to the O H vibrational fine structure. 
The predominant background species at the M o 
wavelength is C H , while at the Pb wavelength CN is 
predominant. For Sr and Li, the predominant species is 
C2, while at the Cr wavelength flame background is 
negligible. 

Detection Limits and Precision. The analytical 
performance data summarized in Table 1 were obtained 
by accumulating the signals for 4.1 s. In the S I T - O M A 
system, the scanning rate of the electron beam over 500 
channels was 32.8 ms, and the 4.1 s accumulation time 
corresponded to 125 times accumulation of the signals 
at each channel in the S IT detector. The dynamic range 
of the S I T - O M A system is 105 counts and the real-time 
dynamic range (real-time is a single scan) is about 750 
counts for each channel. Therefore, the entrance slit 
width and slit height were required to be adjusted to 
obtain the appropriate signal intensities which were 
within the dynamic range of the S I T - O M A system. 
Before adjustment of the slit conditions mentioned 
above, the flame conditions and height above the burner 
head were optimized for each element using a constant 
nitrous oxide flow rate of 7.5 1/min. The experimental 
results obtained through the above procedures are 
summarized in Table 1, along with the analytical lines 
and other experimental conditions. The detection limit 
data are similar to those obtained by Howell and 
Morrison6) who used a 0.5 m monochromator -SIT 
combination. The relative standard deviation (RSD) 
values for the concentration indicated in parenthesis 
were generally in the 3 % range, although for some 
elements of low sensitivity, e.g. Bi, Pb where concentra­

tions were relatively closer to the respective detection 
limits, higher R S D values were obtained. 

Regarding the flame operating conditions, it can be 
seen from Table 1 that the elements such as Ti , V, Al, 
and M o were atomized effectively in the reducing 
atmosphere of the C2H2-rich flame and in the high 
temperature region corresponding to a high position 
above the burner head. These conditions are required 
to prevent formation of the refractory oxide species. In 
contrast, opt imum sensitivity for Co, Pb, Fe was obtained 
in the oxygenated atmosphere of the C2H2-lean flame 
and at a low position above the burner . In this way, 
the opt imum conditions in the N 2 0 - C 2 H 2 flame are 
very different for the elements. This spread in the 
opt imum values constitutes a major problem in utilizing 
the N 2 0 - C 2 F I 2 source for multielement analysis, since 
fixed flame conditions and flame height would be 
desirable for rapid analysis. The other major drawback 
in the N 2 0 - C 2 H 2 excitation source is that elements 
whose resonance lines are in the U V region are not 
sufficiently excited to observe atomic emission.19) 

Comparison of SIT and PMT Detection. So far, to 
evaluate S I T detector performance, the detection limits 
obtained by the S IT image detector have been compared 
with those obtained in separate studies by the PMT. 1 - 1 0 ) 
In the present study, the detection limits of 8 elements 
were also obtained by a P M T (R919). The experimental 
conditions for the S I T detector were the same as those 
shown in Table 1, and the conditions for the P M T were 
independently determined by optimization procedures 
for each element. 

As is well known,6) the photon quantum yield of the 
S IT in the ultraviolet region is worse by 1—2 orders of 
magnitude when compared to that of the P M T , while 
it is almost comparable with or better than that of the 
P M T in the visible region. Although a rigorous com­
parison of data is ruled out due to fundamental design 
differences between the S I T and the P M T , for standard 
measurement conditions, i.e. S I T accumulation time of 
4 . 1 s and a P M T time constant of 2 s, a general trend 
in the results can be pointed out. Poor S I T detector 
performance is evident in the U V , e.g. for Mg and Ag 
where detection limits are about 20 times poorer than 
the P M T data . The excellent detection power in the 
visible region is, however, clearly seen from Table 2. 

Conc lus ions 

Use of the S I T detector for slew scan multielement 
analysis is advantageous in that it allows for a less 
accurate wavelength setting of the monochromator than 
otherwise would be required for P M T detection. Rapid 
analysis may be performed with the present system (e.g., 
less than 5 min required for 10 elements). The results 
shown in Tables 1 and 2 and Figs. 3 and 4 demonstrate 
the following important capabilities of the S I T - O M A 
system: 1) high detection limits for many elements, 2) 
multielement detection over a small wavelength range 
(5 nm) , 3) the facility to correct for background inter­
ference. However, the relatively poor sensitivity of the 
S IT in the ultraviolet region and the insufficient excita­
tion efficiency of the N 2 0 - C 2 H 2 flame detract from the 
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TABLE 1. THE FLAME EMISSION DETECTION LIMITS OF VARIOUS ELEMENTS FOR 

SIT DETECTION UNDER OPTIMIZED EXPERIMENTAL CONDITIONS 

Element 

Mg 
Bi 
Cu 
Ag 
Go 
Ni 
Ti 
Fe 
Mo 
Al 
Mn 
K 
Pb 
Rb 
Ga 
Gr 
V 
In 
Sr 
Ba 
Na 
Li 

Wavelength 

nm 

285.21 
306.77 
324.75 
328.07 
345.35 
352.45 
365.35 
371.99 
390.30 
396.15 
403.08 
404.41 
405.78 
420.19 
422.67 
425.43 
437.92 
451.13 
460.73 
553.56 
589.00 
670.78 

C2H2» 
Flow rate 

1/min 

5.75 
6.13 
5.75 
6.0 
5.75 
5.75 
7.5 
5.75 
6.5 
7.25 
6 
5.75 
5.75 
5.75 
6 
6 
7.5 
6 
6.25 
6.25 
6 
6.25 

Flameb> 
height 
mm 

7.5 
5 
4 
4 
9 
6 

10 
8 
9 
8 
5 

10 
8 
6 
4.5 
6 
8 
4.5 
7 
4.5 
7.5 
6 

Slit 
width 

[Am 

70 
30 

165 
60 

160 
150 
250 
150 
150 
150 
100 
250 
170 
150 
40 

120 
125 
130 
120 
180 
100 
170 

height 
mm 

3 
2.8 
2 
1 
5 
3 
6 
5 
1 
0.3 
1 
5 
5 
1.4 
0.4 
1.5 
2 
0.9 
3 
1 
1.5 
2.3 

Detection 
limit6) 
(xg/ml 

0.22 
21 
0.066 
0.11 
0.21 
0.61 
0.15 
0.13 
0.17 
0.032 
0.017 
7.5 
0.95 
2.2 
0.002 
0.0028 
0.018 
0.0092 
0.0008 
0.064 
0.00066 
0.00013 

RSDd> 
0/ 
/o 

3.0(1) 
12.6(100) 
5.6(1) 
2.3(5) 
8.4(1) 
2.8(10) 
3.8(5) 
7.2(1) 

15.4(1) 
7.4(0.5) 
2.1(1) 

— 
11.4(10) 
5.1(50) 
2.8(0.1) 
2.2(0.1) 
2.4(0.5) 
1.6(0.5) 
1.5(0.05) 
3.7(1) 

— 
2.1(0.005) 

a) The flow rate of nitrous oxide was fixed at 7.5 1/min. b) Height above the burner head, c) See text 
for definition. d) Relative standard deviation calculated from 10 determinations. Value in parenthesis is 
concentration at which determination was performed. 

TABLE 2. COMPARISON OF DETECTION LIMITS 

FOR SIT AND PMT 

Element 

Mg 
Bi 
Ag 
Mo 
Pb 
Gr 
Sr 
Li 

Wavelength 
nm 

285.21 
306.77 
328.07 
390.30 
405.78 
425.44 
460.73 
670.78 

SIT 
jig/ml 

0.24 
24 

0.20 
0.39 
0.35 
0.005 
0.0005 
0.00028 

PMT 
Pg/ml 

0.004 
23 
0.060 
0.87 
0.48 
0.018 
0.0007 
0.0022 

use of the present instrumental system for analytical 
flame emission spectrometry. Particularly, the flame 
requires tedious optimization procedures to achieve 
sufficient sensitivity for each element. The I C P ex­
citation system would overcome to some extent the 
poor S IT sensitivity in the U V . A further advantage 
of the I C P source relative to the N 2 0 - C 2 H 2 flame is 
that near-optimum sensitivity for all elements is pro­
vided by one set of I C P operating conditions.20) The 
application of the present instrumental system to I C P 
emission spectrometry is in progress, and will be 
reported in the near future21*. 

The authors express their thanks to Dr. A. Otsuki, 
National Institute for Environmental Studies, for his 
helpful discussion and encouragement. C .W.M. is 
grateful to the Inner London Education Authority 

(U.K.) for the award of The Robert Blair Fellowship 
and receipt of a travel grant . 
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Phase Transformation of Iron Vanadium Sulfides at High Temperatures 
Hiroaki WADA 

National Institute for Researches in Inorganic Materials, Namiki 1-1, Sakura-Mura, Niihari-Gun, Ibaraki 300-31 
(Received March 27, 1979) 

The phase relations of iron vanadium sulfides with the atomic Fe: V ratios 3: 2 and 71: 29 were examined 
by the high-temperature DTA and X-ray measurements. It was found that the structure of iron vanadium sulfide 
changes gradually from a less symmetric form to a highly symmetric form with the increase in temperature. Two 
types of phase transformations by vacancy order-disorder were observed at temperatures above 800 °G. One 
was due to the intralayer disordering of metal vacancies: V3S4-type •Cd(OH)2-type (type la) or V3S4-type+ 
NiAs-type •Gd(OH)2-type (type lb) at 7\. The other was due to the entirely interlayer disordering of metal 
vacancies: Gd(OH)2-type • NiAs-type (type II) at T2 (T^T^). The tentative phase diagram of iron vanadium 
sulfides with the atomic Fe : V ratio 3: 2 was constructed on the basis of the DTA results. 

The phase equilibrium study of a part of the F e - V - S 
system has been made recently by means of thermo-
gravimetry.1) The phase relations of the F e - V - S 
system at high temperatures (500—800 °G) were 
presented in an earlier publication.2) From the powder 
X-ray diffraction patterns of the quenched specimens 
and the behavior of the composition-equilibrium sulfur 
pressure relations, it has been shown that the F e - V - S 
system has extensive solid solution phases, i.e, ( F e ^ x - ^ S , 
(Fe,V)3±ArS4, and (Fe,V)5±ArS8, which have a lattice 
intermediate between the NiAs-type and the Cd(OH) 2 -
type lattice. These phases exhibited the ordered struc­
tures of the metal vacancies due to the removal of metal 
atoms from every second metal layer in the fundamental 
NiAs-type structure, in spite of the quenching of speci­
mens from high temperature to room temperature. 
This fact appears to indicate the non-quenchability of 
the high-temperature state, because the energy of 
thermal agitation promotes a state of disorder of metal 
vacancies with increasing temperature and the disorder­
ed phases become stable at high temperatures. Hence, 
it is desirable to observe the crystal structure of sulfide 
specimens in situ in order to know its real phase relations 
at high temperatures. However, comparatively few 
data have been collected on this subject with respect to 
iron vanadium sulfides. 

The vacancy order-disorder transformation of com­
pounds in the V - S system has been reported recently 
by several investigators. Nakazawa et al. studied a V 5 S 8 

single crystal by means of high-temperature X-ray 
measurements and found that the V 5 S 8 phase has the 
intralayer order-disorder transformation at about 800 
°C.3) Oka et al. called attention to the order-disorder 
transformation of the metal vacancies and determined 
the phase diagram of the V - S system in the composi­
tional range from VS±#30 to VSX#70 by means of high-
temperature D T A and X-ray measurements.4) Also, 
they explained the order-disorder transformation on the 
basis of statistical thermodynamic theory.5) From these 
reports, it is expected that compounds in the ternary 
system F e - V - S have similar phase transformations at 
high temperatures owing to the disordering of metal 
vacancies. 

The primary aim of this investigation was to observe 
the structural change of iron vanadium sulfides with 
temperature and to elucidate the process of its structural 
phase transformations. The high-temperature D T A and 

X-ray measurements were employed in this study to 
obtain direct information on the thermal behavior and 
structural property of compounds. The author reports 
in this paper the results of high-temperature experiments 
of iron vanadium sulfides with the atomic Fe : V ratios 
3 : 2 and 7 1 : 2 9 . 

Exper imenta l 

Materials and General Procedure. The sulfide samples 
were synthesized by heating the mechanical mixtures of 
reagent grade VOS0 4 -3H 2 0 and FeS04- (NH4)2S04 .6H20 
in an H2S atmosphere at 1050 °G for 4 h, and were used as 
starting materials. The sulfur composition of the sample 
was adjusted to the desired one by holding it for 5 h at the 
pre-determined sulfur pressure and temperature and quench­
ing it to room temperature. The general experimental 
procedures, the apparatus, and the chemical analyses are the 
same as those described in the previous paper.1) Fe0#60V0 40S,e 
and Fe0#71V0 ggS ,̂ in the compositional range of #=1.20— 
1.35, were used chiefly in the high-temperature experiments. 

X-Ray Study and DTA Method. The high-temperature 
X-ray measurements were carried out by the film method. 
The X-ray powder diffraction patterns of samples were 
recorded at various temperatures with a precession camera 
{R= 100 mm, Mo KOL radiation with Zr filter). A high-power 
X-ray generator (Rigaku RU-200: 60 kV-200 mA) was 
employed for rapid measurements at high temperatures. 
The sulfide sample was sealed in vacuum in a silica-glass 
capillary (diameter 0.2 mm and thickness 0.01 mm). The 
capillary was mounted on a usual type of goniometer head 
and covered by a minifurnace with two small windows along 
the path of the X-ray beams. Temperature regulation was 
carried out up to 950 °G within the accuracy of ± 5 °G with 
the P.I.D control system by using a Pt-13%Rh thermocouple. 
The temperature of the sample was raised and kept at the 
desired one. The sample was exposed to X-rays for 3 h and 
powder photographs were taken under the conditions of 50 
kV-180 mA. 

The DTA measurements were carried out at the heating 
rate of 20 °G/min up to 1100 °G by using a Rigaku Thermo-
flex DTA. About 130 mg of the sulfide powder was sealed 
in vacuum in a micro silica capsule specially designed for 
the DTA method; pure a-Al203 was used as the reference 
substance. 

R e s u l t s and D i s c u s s i o n 

The High-temperature X-Ray Study. The high-
temperature X-ray studies were carried out in orde^ 
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to clarify the real phase relations and the phase trans­
formation of iron vanadium sulfide which could not be 
determined directly only from the thermochemical data 
on its composition-equilibrium sulfur pressure relations.2) 
Representative compounds of Fe0#60V0A0SX#31, Fe0#60-
Vo.4oSi.28> and Fe0e71V0>29Sle2oj were selected for this 
study. Photographs were taken first at room tempera­
ture, and then at various temperatures up to 950 °C 
during both the heating and cooling processes. 

V3S4-type 

Fig. 1. The X-ray powder photographs of Fe0 60V0 40S1#31. 

Figure 1 shows a series of diffraction patterns for 
Fe0.60^0.40^1.31? which has the monoclinic V3S4-type 
structure (nonreduced space group 12/m referred to the 
fundamental NiAs-type cell) at room temperature; its 
composition corresponds to that of the metal-rich phase 
boundary of (Fe,V)3S4 solid solution at 727 °C.2) 

Temp/°C 
25 

680 

830 

930 

10 

\ 103 

10 15 20 25 
20/° (Mo KOL) 

Fig. 2. T h e X -ray diffraction patterns of Fe0 60^0 4o î 3i« 

Figure 2 gives the X-ray diffraction profiles which 
were reproduced from Fig. 1 by means of the micro 
photo-densitometer in order to represent the 20-intensity 
relations of reflections. I t can be seen from these figures 
that the splitting of reflections which would be charac­
teristic of the V3S4-type cell decreases gradually with 

increasing temperature and its peak positions are shifted 
slightly to the lower side of 20 values at high tempera­
tures. This result suggests a gradual structural trans­
formation of the monoclinic V3S4-type phase from a 
less symmetric low temperature form to a highly 
symmetric high temperature form. It should be em­
phasized that a new phase with the trigonal Cd(OH) 2 -
type structure appears at about 930 °C. However, the 
high-temperature phase was not quenchable at all. O n 
cooling the sample to room temperature, only the 
original patterns of V3S4-type was observed. This 
suggests that the phase transformation process of 
(Fe,V)3S4 solid solution is reversible. 

T A B L E 1. 

OF 

Temp 
°G 

a 

T H E RELATION OF THE UNIT CELL DIMENSIONS 

F e 0 . 6 o V 0 . 4 o S i # 3 i WITH TEMPERATURE 

b 

A 
c 

17 
ß 
o 

Volume 
A* 

25 5 .90±1 3 .33±1 11.19±2 92 .1±1 219±1 
480 5.96±2 3 .39±1 11.30±2 91 .9±1 228±1 
680 5 .99±2 3 .42±1 11.33±4 91 .7±1 232±1 
830 6 .01±2 3 .44±1 11.40±4 91 .2±2 236±1 
930 3.477±6a> 5.738±9a> 60.1±2a> 

a) Trigonal phase. The unit cell dimensions are calcu­
lated on the basis of a Gd(OH)2-type hexagonal lattice. 
b) A=10~ 1 nm. 

Lattice parameters of Fe0#60V0>40S1#31 were calculated 
by the least-squares method6) from the data which were 
obtained by the film method. Tempera ture dependence 
of the unit cell dimensions is given in Table 1. It is 
noted that the a-, b-, and ^-dimensions and the unit 
cell volume, V, expand linearly with the increase in 
temperature. O n the contrary, the /?-angle decreases 
gradually from 92.1 to 91.2 at temperatures between 25 
and 830 °G. Also, the value of the c-sinßßb ratio, 
which corresponds to the c\a ratio in the NiAs-type 
structure, decreases from 1.68 to 1.65 in the temperature 
range from 25 to 930 °C. This indicates that the 
interlayer spacing is reduced relative to the intralayer 
spacing with increasing temperature, due to the differ­
ence of the directional character of the structure in the 
thermal expansion. In this connection, the relative 
expansion coefficients (a a=l/ t f 2 5o 0 .d t f /d7 ' and analo­
gously for ah and ac) were calculated from the linear 
relations of the unit cell dimensions with temperature. 
It was found that a a , ab , and ac , and the volume 
expansion coefficient, /?, are 2 4 x l O - 6 K _ 1 , 41 X 10~6-
K- 1 , 22 x 10-6 K- 1 , and 95 x 10~6 K"1 , respectively. 

A few remarks should be made here regarding the 
process of the phase transformation of a V3S4-type cell. 
A possible model of the structural transformation 
process is shown schematically in Fig. 3. The crystal 
structure of the monoclinic V3S4-type is characterized 
by the ordered arrangement of metal vacancies which 
are confined to the alternate metal layers in the funda­
mental NiAs-type structure.7) This vacancy-ordered 
phase is stable at lower temperatures. As the tempera­
ture is raised, the energy of thermal agitation gradually 
increases the degree of disorder. The ordered arrange­
ment of vacancies within the metal-deficient layer 

Vo.4oSi.28
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Tv°3* n-m 
0 : sulfur • : metal 

# : P = 1 Q : P = i 
<* : P= f O : P= 0 

n^M 
K^H 

\££j£H 
•TO 

V 3 S 4 - t ype Cd(0H)2-type N i As- type 

Fig. 3. A schematic model of the structural transformation 
of the V3S4-type phase with a&*/~$ *amkB\ ^ % i A S ; 
c*&2cmAs; /?Ä*92°. Hexagonal array of sulfur is 
omitted in a picture of the V3S4-type structure for 
convenience. Symbol p denotes the occupation proba­
bility of a metal atom for each site. 

changes to the entirely disordered one of the solid 
solution at high temperatures. A trigonal Cd(OH) 2 -
type phase with the complete intralayer disordering 
becomes stable at temperatures above 7 \ . Fur ther 
temperature elevation promotes the successive phase 
transformation from a trigonal Cd (OH) 2-type to a 
hexagonal NiAs-type, based on the complete intra- and 
inter-layers disordering. A nonstoichiometric NiAs-type 
phase appears at temperatures above T2. The schematic 
model of a disordering process of metal vacancies, 
however, may need some modifications because both 
the intra- and inter-layers disordering take place 
concomitantly with increasing temperature.3) As shown 
in Fig. 2, the intensity of the (001) reflection of a trigonal 

T A B L E 2. 

hkl 
25 

VARIATION 

°G 500 °G 

OF fif-SPACINGS W I T H T E M P E R A T U R E 

730 

^ o b s d / Â 

°G 800 °G 850 °G ^ 0 0 °G 

002 
101 
011 
103 
100a) 

200, 110 
202 
112 
013 
211 
204 
114 
204 
301 
303 
110a> 
310 
020 
116 

5.65 
5.17 
3.20 
3.12 
3.00 

5.69 5.70 

90 
60 
58 
51 
15 
08 
04 

19 
24 
15 
04 
94 
68 

2.62 

2.00 
1.93 
1.77 
1.73 
1.69 
1.66 
1.57 

53 
17 
09 
06 
02 
94 

1.78 
1.76 
1.71 
1.69 
1.58 

26 
26 
17 
06 
97 
70 
64 
55 

5.71 
5.28 
3.28 

3.06 

2.20 
2.09 
2.08 

99 
70 
65 
55 
20 
09 

04 
96 
79 
76 
73 
71 

2.05 

1.59 

1.96 
1.79 
1.76 
1.73 
1.72 
1.60 

5.74 
5.30 
3.27 

3.05 

2.68 

2.56 
2.21 
2.09 

2.06 

1.97 

1.75 
1.73 

1.62 

5.77 

3.04 

2.69 

2.09 

1.75 

1.62 

a) (100) and (110) reflections are referred to the hexagonal 
NiAs-type structure. 

5 00°C 

8 50°C 

90 0°C 

950^C 

Cd(OH)2-tyP* 

NiAs-type 

Fig. 4. The X-ray powder photographs of Fe0#60V0#40S1: ,28* 

phase is very weak compared with that of the corre­
sponding (002) reflection of the ordered V3S4-type phase. 
This may be indicative of some degree of the interlayer 
disordering in the process of the phase transformation. 

Figure 4 shows a series of the high-temperature X-ray 
diffraction patterns of Fe0#60V0Afß la2a. The temperature 
dependence of öf-spacings is listed in Table 2. The X-ray 
powder photograph taken at room temperature indicates 
clearly the presence of two phases, which are composed 
of (Fe,V)1_jCS with hexagonal NiAs-type structure and 
(Fe,V)3S4 with the monoclinic V3S4-type structure. 
However, both phases show very similar X-ray diffrac­
tion patterns, so that some reflections overlap each other. 
The former could be distinguished from the latter only 
by the presence of (100) and (110) reflections, referred 
to the hexagonal structure. 

O n heating the sample up to 850 °C, the splitting of 
reflections which are attributed to the V3S4-type 
structure gradually decreases, but the two phases still 
coexist. However, mutual solubility of both phases 
increases with increasing temperature. A new solid 
solution phase is formed due to the reaction of two 
phases at temperatures above 850 °C. The phase 
described above has a trigonal Cd(OH) 2 - type structure 
with intralayer disordering. Again, on heating the 
sample up to 950 °C, the trigonal phase transforms 
perfectly to the high-temperature phase with the 
hexagonal NiAs-type structure. This phase transforma­
tion was reversible. The trigonal phase decomposed 
to the original two different phases on quenching below 
850 °G, owing to the phase separation. 

Figure 5 shows the results of the high-temperature 
X -ray study of Fe0#71V0 29S1#205 which is composed of a 
two-phase mixture of (Fe,V)1_jCS and (Fe,V)3S4 at room 

8 5 0°C ^ ^ M i ^ l i ^ ^ S ^ ^ ^ ^ ^ P ^ Ä NiAs-type 

Fig. 5. The X-ray powder photographs of Fe0 71V0 29SX, 
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temperature. The intensity of the super-structure 
reflections derived from the (Fe,V)3S4 phase decreases 
gradually with increasing temperature. Finally, a high-
temperature phase with the hexagonal NiAs-type 
structure appears at about 850 °C. However, the 
trigonal phase with the complete intralayer disordering 
could not be observed in the process of this phase 
transformation. This may suggest that the occurrence 
of the trigonal phase at high temperatures is affected by 
the bulk concentration of metal vacancies in the original 
low-temperature phases. 

The High-temperature DTA Measurement. In order 
to determine the temperature of the phase transforma­
tion accurately, the D T A measurements were carried 
out in the temperature range from 25 to 1100 °C. I ron 
vanadium sulfides with the atomic Fe : V ratios 3 : 2 and 
71 : 29 were used chiefly for the comparison with the 
results of the high-temperature X-ray experiments. 

800 900 

Temp/°G 

Fig. 6. D T A curves for Fe 0 # 6 0 V 0 ^S* . 

Figure 6 shows representative differential heating 
curves obtained with the composition Fe0.6oV0.4oS*5 

where x lies in the range from 1.217 to 1.354. It is 
evident that each heating curve has two endothermic 
peaks in the temperature range from 700 to 1000 °C. 
As shown in Fig. 6, the lower one, A, is large and rather 
sharp in shape. O n the other hand, the higher one, B, 
is small and broad. Note that the profile of the endo­
thermic peaks varies clearly with the composition of 
sulfides. The sharpest and largest peak is observed at 
842 °G in the heating curve of the composition x— 1.337, 
which is close to the stoichiometric composition, 
(Fe0.60V0 40)3S4. The A peak for the compositions on 
the sides more rich in metal than # = 1 . 3 3 3 becomes 

broader and smaller with decreasing sulfur content. 
Also, the heating curve of the composition # = 1 . 3 5 4 
shows the tendency for the A peak to grow broader and 
to be shifted significantly to the low temperature side 
with increasing sulfur content that characterizes the 
thermal behavior of the composition on the side more 
rich in sulfur than # = 1 . 3 3 3 . O n the other hand, the 
B peaks exhibit essentially similar profiles for all of the 
composition studied and observed at temperatures above 
900 °C. 

By the direct comparison with the results of the high-
temperature X-ray experiments, it is concluded tha t : 
(1) the A peak is related to the phase transformations, 
such as V3S4-type—>Cd(OH)2-type (type la) and V3S4-
type+NiAs- type-*Cd(OH) 2 - type (type l b ) , at the 
temperature 7 \ , and (2) the B peak is related to the 
phase transformation from Cd (OH) 2-type to NiAs-type 
(type I I ) at the temperature T2. The tentative phase 
diagram of iron vanadium sulfides with the atomic 
Fe : V ratio 3 : 2 is shown in Fig. 7, where the tempera-

1000 

1.20 1.30 1.40 

x in Fe0#60V0#40SX 

Fig. 7. Tentative phase diagram of a part of the Fe-V-S 
system at section with atomic Fe: V ratio 3 :2 . Phase 
relations are represented as follows. 
A: (Feo.eoVo.^^S (Gd(OH)2-type), 
B: (Fe0.60V0.40)1_:cS (NiAs-type), 
G: (Fe,V)i-ß (NiAs-type) + (Fe,V),±XS4 (V3S4-type), 
F>: (Fe0#60V0#40)3:ta.S4 (V3S4-type), 
E: (Fe,V)3±a:S4 (V3S4-type) + FeS2 (pyrite). 
The phase boundary between A and E is determined 
on the basis of the stability limit of pyrite.8* 

tures ( 7 \ and T2) at which maxima were observed on 
the heating curves are plotted against composition. 
The transformation temperature, Tl9 of type l a is 
connected smoothly to that of type l b . The phase 
boundary curve which was determined by the 7 \ 
values has the maximum temperature of 854 °C at the 
composition near # = 1 . 2 7 . A rapid decrease of the 
temperature 7 \ is observed at the compositions on the 
sulfur-richer side of # = 1 . 3 3 3 . For example, Tx is 
about 813 °C at # = 1 . 3 5 4 . Such a compositional 
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dependence of Tl9 as mentioned above, is similar to 
that of the V - S system which has been reported by Oka 
et al.4* As shown in Fig. 7, the transformation tempera­
ture T2 of the type I I increases slightly with increasing 
sulfur content. The T2 changes from 920 to 940 °C 
in the compositional range of x =1 .217—1.354. How­
ever, the T% value is quite ambiguous because of the 
broadness of the B peak, as shown in Fig. 6. 

The profiles on the differential heating curves of 
Fe0.7iV0 29&x w a s essentially the same as those of 
Fe0.eoVo.4oS*> except that the phase transformation took 
place at lower temperatures. T h e 7 \ and T2 of 
Feo.7iVo.29Si.3o a r e 820 °C and 910 °C, respectively. 
The 7V of Fe0.71V0.29S1.20 is about 770 °C. These 
temperatures are relatively lower than those of the 
corresponding composition of Fe0 60V0#40S^. According 
to Oka et al., the 7 \ of V S ^ g is about 1200 °C.4) This 
temperature is much higher than that of Fe0#60V0 ^ S i 337 

(about 840 °C). From these facts, it can be concluded 
that the temperature of the phase transformation of 
iron vanadium sulfides decreases with increasing Fe 
content, when the S / ( F e + V ) ratio is held constant. 

T h e author wishes to express his thanks to Professor 

Mitsuoki Nakahira of Okayama College of Science for 
his encouragement and helpful discussion throughout 
this study. Thanks are also due to Dr. Hiromoto 
Nakazawa for his invaluable discussion, and to Drs. 
Akihiko Nukui and Mamoru Watanabe for their 
technical assistance with the high-temperature X-ray 
measurements during this work. 

References 

1) H. Wada, Bull. Chem. Soc. Jpn., 51, 1368 (1978). 
2) H. Wada, Bull. Chem. Soc. Jpn., 52, 2130 (1979). 
3) H. Nakazawa, M. Saeki, and M. Nakahira, Less Common 

Metals, 40, 57 (1975). 
4) Y. Oka, K. Kosuge, and S. Kachi, J. Solid State Chem. 

23, 11 (1978). 
5) Y. Oka, K. Kosuge, and S. Kachi, J. Solid State Chem. 

24, 41 (1978). 
6) Computer program written by T. Sakurai, Institute of 

Physical and Chemical Research, Tokyo. 
7) M. Cheverton and A. Sapet, C. R. Acad. Sei., Paris, 261, 

928 (1965). 
8) G. Kullerud and H. S. Yoder, Economic Geology, 54, 

533 (1959). 



October, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (10), 2923—2927 (1979) 2923 
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A new ion exchanger, crystalline zirconium titanium phosphate with variable zirconium to titanium mole 
ratios has been prepared and the sodium ion exchange behavior studied. In the zirconium-rich exchanger a half-
exchanged monosodium phase was produced. This differs from the titanium-rich exchanger where a disodium 
phase was formed without formation of the intermediate monosodium phase. The pH titration curves were 
complicated but a trend emerged with variation in the Zr/Ti ratio. On the basis of the X-ray evidence and the 
shapes of the titration curves it is thought that the synthesized phosphates are solid solutions rather than a mechanical 
mixture of the two metal phosphates. 

Considerable work have been reported on the ion 
exchange behavior of alkali metal ions on inorganic ion 
exchangers of the a-zirconium phosphate type.1) 
Among the exchangers, a-ti tanium phosphate, 
T i ( H P 0 4 ) 2 - H 2 0 (designated as a-TP) has the same 
layer structure as tf-zirconium phosphate (tf-ZP) with 
approximately the same interlayer distance of 7.56 Â. 
The ion exchange properties however differ in some 
respects from that of a-ZP. For example, in H+-Na+ 
ion exchange, both a monosodium phase and a disodium 
phase exist for a-ZP, which are immiscible with each 
other when they coexist. In X-ray powder diffracto-
metry of tf-TP, the monosodium phase2) was not observed 
as was the case of H+-Li+ exchange.3) The ion sieve 
effect exhibited by exchangers of this type also differs 
in that in acid media a-ZP can absorb K+ ions but or-TP 
cannot. 

Synthesis of the crystalline mixed phosphate of zirco­
nium and ti tanium having variable zirconium to 
titanium mole ratios has been at tempted and the sodium 
ion-exchange behavior studied. 

Exper imenta l 

Synthesis of the Exchangers. Hydrochloric acid solutions 
(2 mol dm -8) of zirconium dichloride oxide and titanium 
tetrachloride were prepared. The zirconium to titanium mole 
ratio in the mixed solutions was varied between experiments. 
The solution was added dropwise, with stirring to H 3 P0 4 (2 
mol dm -3) kept at 60—70 °G. The resultant colorless gel 
was allowed to stand overnight, filtered and washed with 2% 
H3PO4 solution until free from chloride ion. The obtained 
amorphous salt was refluxed at the boiling point in concen­
trated H3PO4 for 48 to 200 h. The product was centrifuged 
and washed with deionized water until the pH of the super­
natant solution exceeded 3. The microcrystalline product was 
stored over silica gel. The exchanger will be designated as 
ZTP hereafter. 

Analysis of the Exchangers. The zirconium to titanium 
mole ratio in the exchangers was determined as follows. A 
weighed amount (100 mg) of the exchanger was dissolved 
in hot coned H2S04 (20 cm3). After cooling, the solution 
was diluted to 200 cm3, and the ice-cooled 5% cupferron 
aqueous solution (10 cm3) added. The precipitate was filtered 
and washed with 1.2 mol dm - 3 HCl, ignited and weighed 
as the sum of ZrOa and TiOa. 

In a separate experiment, the exchanger (120 mg) was 

dissolved in hot coned H 2 S0 4 (20 cm3). After cooling, the 
solution was added to 1.5% H 2 0 2 (200 cm3). To this was 
added NH 4H 2P0 4 (1.5 g) and the resulting gelatinous precipi­
tate aged on a steam bath at 50—60 °G for 2 h. The 
precipitate was filtered and washed with 1 % NH4NO s , ignited 
and weighed as ZrP207 . The zirconium to titanium mole ratio 
was estimated from the results of both experiments.** 

Ion Exchange. The experiment was conducted by the 
batch method. Mixed solutions of 0.1 mol dm-3 NaCl and 
0.1 mol dm~3 NaOH at variable mixing ratios were prepared 
to give solutions of differing values of pH keeping the sodium 
concentration constant. ZTP (250 mg) was placed in contact 
with each of the above mentioned solutions (25 cm3), and 
shaken for 4 days at 25 °G. The solution was centrifuged, 
and the supernatant liquid subjected to pH measurement. 
Analysis for sodium was by flame photometry, and for phos­
phorus colorimetrically by the phosphomolybdic acid method. 
X-ray powder diffractometry was conducted on the exchangers 
obtained at various stages of ion exchange. Thermal analysis 
(TG and DSC) was performed to determine the number of 
waters of crystallization per formula weight of the exchanged 
phase. 

R e s u l t s a n d D i s c u s s i o n 

Synthesized Exchangers. I n Table 1, the zirconium 
to t i tanium mole ratios in the starting mixture and in 
the product together with the theoretical exchange 
capacity of the exchangers are shown. In each ex­
changer, the Zr /Ti ratio in the product was less than 
that in the starting mixture. 

The X-ray powder patterns of the exchangers 
resembled that of a -ZP and tf-TP, but the interlayer 
distance (d002) estimated from the first reflection peak 

TABLE 1. COMPOSITION OF SYNTHESIZED ION 

EXCHANGER, ZrxTi1_x(HP04) 2 • H 2 0 

Estimated 
exchange 
capacity 
(meq/g) 

Notation 

Mixing 
mole ratio 

(Zr/Ti) 
of starting 
materials 

Mole 
ratio 

(Zr/Ti) 
of 

products 

ZTP(3.25) 
ZTP(0.93) 
ZTP(0.25) 

3.38 
1.13 
0.37 

3.25 
0.93 
0.25 

0.77 
0.48 
0.20 

6.87 
7.17 
7.50 

** 

t Present address : Tokyo University of Fisheries, Könan, 
Minato-ku, Tokyo 108. 

There is the possibility that a small amount of titanium 
coprecipitates with the zirconium phosphate. Volumetric 
determination of titanium after reduction to the + 3 state by 
liquid zinc amalgam gave a somewhat lower Zr/Ti ratio.4* 



2924 Yutaka YAZAWA, Toru EGUCHI, Kazunori TAKAGUCHI, and Isao TOMITA [Vol. 52, No. 10 

at the lowest angle was 7.63 Â in each case. This figure 
is slightly larger than that for a-ZP and a-TP. Further­
more, a mechanical mixture of a-ZP and a-TP gave a 
more complicated powder pat tern in which a single 
reflection from the (002) plane existed but several 
reflections at higher angles appeared separately as 
shown in Fig. 1. 

a-TP + a-zp 

TABLE 2. RESULTS OF THERMOGRAVIMETRY 

OA 

1 

10 

10 

A 

I T * I 
20 

ZTP 

,l , 
20 

2 

O - a - T P 
A - a - Z P 

o 

MO 

Il II II 
30 A0 

I I ! 
30 A0 

9 CuKa 
Fig. 1. Comparison of X-ray powder diffraction patterns 

between a-TP, a-ZP, and ZTP. 

The results of thermogravimetric analysis are given 
in Table 2. The weight loss at 100—250 °C is ascribed 
to the water of crystallization, and the loss at 400—550 
°G to condensation of the phosphate group. These 
data indicate that Z T P with all Zr /Ti mole ratios is 
monohydrate. Thus , Z T P is assumed to be isomorphous 

Exchanger 
Water of 

crystallization 
(mol/mol ZTP) 

Dehydration due to 
condensation of 

phosphate 
(mol/mol ZTP) 

ZTP(3.25) 
ZTP(0.93) 
ZTP(0.25) 

1.09 
1.05 
1.03 

1.05 
1.00 
1.04 

with a-ZP and a-TP. Analogously with a-ZP, the three 
oxygen atoms of the phosphate group are bonded to the 
three metal atoms in a layer. In Z T P , the three metal 
atoms consist of Zr and/or T i . Since the crystal ionic 
radius of Zr4+ and Ti 4 + differs considerably (0.79 and 
0.68 Â respectively), the structure of the lattice is 
assumed to be less ordered than that of a-ZP or a-TP, 
and the remaining P - O bond of each phosphate group, 
to which an exchangeable H atom is bonded, may tilt 
from the perpendicular. This may result in a slight 
expansion of the interlayer distance and lead to the 
phosphate groups in Z T P having different values of 
acidity. T h e synthesized exchangers will be designated 
as ZTP(3.25) , ZTP(0.93) , and ZTP(0.25), depending 
upon the Zr /Ti ratios. The refluxing time was 200 h 
for ZTP(0.93) and 48 h for the others but the degree 
of crystallization did not greatly differ. 

Ion Exchange. Figure 2 illustrates the pH-
titration curves for sodium ion exchange and the 
phosphate release curves indicate the extent of hydrolysis 
of the exchanger. The titration curve for ZTP(3.25) 
has a point of inflection at approximately 3.5 meq Na + 

absorbed/g Z T P corresponding to approximately one 
half of the calculated exchange capacity of 6.87 meq/g. 

In the titration curve for ZTP(0.93) , the inflection is 
observed at approximately 3 meq/g, which is less than 
one half of the theoretical capacity of 7.2 meq/g. In the 
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Fig. 2. The pH-titration curves for sodium ion exchange and the phosphate release curves. 
-%-: ZTP (3.25), -<>-: ZTP (0.93), and - . - £ - . - : ZTP (0.25). 
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The X-ray powder diffraction patterns of ZTP (3.25) and ZTP (0.93) at various 
stages of exchange. XN& denotes the ionic fraction of sodium ion in the exchanger. 

titration curve for ZTP(0.25) , the inflection point is at 
approximately 2.2 meq/g, a value far less than half 
of the exchange capacity of 7.50 meq/g. This shift of 
the inflection has neither been observed in a-ZP nor 
in a-TP. Furthermore, the rise in p H at the inflection 
was very small compared to the clear and large p H 
change in the case of a-ZP. The cause for the "inflection 
shift" is not clear, but if the exchanger was a mechanical 
mixture of a-ZP and or-TP, the p H titration curve 
should be the composite curve for both exchangers. 
This however was not the case in the present study, and 
the curves indicate the solid-solution character of Z T P , 
in which the acidity of the phosphate protons varies 
depending upon the Zr /Ti mole ratio. 

The ease of hydrolysis increased as the t i tanium mole 
fraction of the exchanger increased. As a result, the 
observed exchange capacity did not increase as suggested 
from the theoretical value. 

Figure 3 illustrates the X-ray powder patterns for 
the exchangers (ZPT(3.25) and ZTP(0.93)) at several 
stages of exchange. The ionic fraction of sodium in the 
exchanger phase is denoted by XN a . In ZTP(3.25) and 
ZTP(0.93), the trend was very similar, namely, as the 
exchange of sodium ion proceeded, a new phase having 
an interlayer distance of 11.9 Â appeared. The diffrac­
tion peak intensity increased until, at the mid point of 
exchange, only this phase was observed.*** U p to 
£ N a = 0 . 6 1 forZTP(3.25) and Z N a = 0 . 5 4 for ZTP(0 193) , 
two peaks appeared at 9.9 and 8.4 Â. Finally at XVtL= 
0.95 for ZTP(3.25) and Z N a = 0 . 9 0 for ZTP(0.93) , the 

*** Under some conditions of drying, the reflection peak 
appeared at 7.9 Â instead of 11.9 Â. The interlayer distance 
is relatively sensitive to the water content of the exchanger, 
and consequently to the drying conditions,4) 

peak at 11.9 Â completely disappeared leaving the peaks 
at 9.9 and 8.4 Â. 

For the sodium ion exchange on a-ZP, the point of 
inflection is found at the point of half exchange. 
Clearfield et a/.5) reported that the monosodium salt 
having an interlayer distance of 11.8 Â and the disodium 
salt having an interlayer distance of 9.9 Â exist, where 
the monosodium salt is a pentahydrate when stored at a 
relative humidity of 100%. Dried overnight at 35 °G 
or over diphosphorus pentaoxide this salt is converted 
to a monohydrate with an interlayer distance of 7.9 Â. 

Similar phenomena were observed for ZTP(3.25) 
and ZTP(0.93) . The monosodium form of ZTP(3.25) 
when stored at a relative humidity of 7 5 % , it contained 
4.7 mol of water of crystallization per formula weight. 
Dehydration of this monosodium form took place in 
two steps. Dried at 50 °C for 1 h it converted to the 
monohydrate having an interlayer distance of 7.9 Â 
(Fig. 4) . The disodium salt when dried at 50 °G over­
night, lead to the disappearance of the peak at 9.9 Â, 
the peak at 8.4 Â remained. The results for ZTP(0.93) 
were essentially the same. The indication is that the 
two peaks correspond to two types of disodium forms 
having different waters of crystallization, although the 
accurate number of the hydration could not be 
estimated. The monohydrate of the disodium form of 
a-ZP has an interlayer distance of 8.42 Â and thus the 
disodium form of Z T P with a spacing of 8.4 Â is most 
probably a monohydrate. The monohydrates of the 
monosodium and disodium forms did not regain the 
interlayer spacings when stored over saturated aqueous 
sodium chloride solution (relative humidity «*75%). 

In Fig. 5, the X-ray powder patterns for ZTP(0.25) 
at several stages of exchange together with those of the 
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Fig. 5. The X-ray powder diffraction patterns of ZTP (0.25) at various stages of exchange 

and those of sodium form under different storage conditions. 

disodium form under different storage conditions are 
shown. The X-ray pat tern at XfttL=l.O was the same 
as for the foregoing two exchangers. The monosodium 
form however was not observed in this casej t.6,j as 
exchange proceeded, the disodium form phases were 
formed without the formation of the intermediate. In 
fact, at X N a = 0 . 5 , two peaks of the disodium form, 9.9 Â 
and 8.4 Â coexisted with the peak at 7.6 Â, which 
belongs to the unexchanged hydrogen form. Never­

theless, a small p H j u m p existed in the titration curve. 
In this case, the absence of a monosodium form does 
not correspond to a smooth titration curve without 
structure. 

Further experimentation is continuing on the ion 
exchange behavior of other alkali metal ions such as 
lithium and potassium, and will be reported in due 
course. 
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Conc lus ions 

A crystalline phosphate ion exchanger containing both 
zirconium and t i tanium has been synthesized. The 
sodium ion exchange behavior on the exchanger is 
interesting in that the presence or absence of the mono-
sodium phase is dependent upon the Zr /Ti mole ratio 
in the exchanger. As an ion exchanger, Z T P is preferred 
to tf-TP since it has higher resistance to hydrolysis. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Education. 
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Synthesis of 4-(Glycosyl)isoxazoline iV-Oxides and Related Substances1) 
Eisuke K A J I , * Hiromi ICHIKAWA, and Shonosuke Z E N 

School of Pharmaceutical Sciences, Kitasato University, Shirokane, Minato-ku, Tokyo 108 
(Received February 13, 1979) 

4-(Glycosyl) isoxazoline iV-oxides were synthesized directly from aldehydo sugars by one-step cyclization with 
double mole of methyl nitroacetate in a satisfactory yield. 2,3-O-Isopropylidene-D-glyceraldehyde reacted with 
methyl nitroacetate to give 4- (1,2-O-isopropylidene-D-^/y^ro-dihydroxyethyl)-3,5-bis(methoxycarbonyl)isoxazoline 
N-oxide. The same treatment of 2,3: 4,5-di-O-isopropylidene-fl/de/^/0-L-arabinose and penta-O-acetyl-fl/^Ä^öfo-D-
glucose also gave the corresponding homologs. From the corresponding cyclic aldehydo sugars, 4-aldofuranosyl-3,5-
bis(methoxycarbonyl)isoxazoline iV-oxides, e.g. 4-(2,3-0-isopropylidene~/^D-erythrofuranosyl)-, 4-[(4Ä)-3-0-benzyl-
l,2-0-isopropylidene-/?-L-threofuranos-4-yl]-, 4-(2,3,5-tri-0-benzyl-/?-D-ribofuranosyl)-, and 4-(2,3,5-tri-0-benzoyl-
/?-D-ribofuranosyl) -derivatives were synthesized. The latter was converted into 3,5-dicarbamoyl-4-(/?-D-ribofuranos-
yl)isoxazoline by deoxygenation followed by carbamoylation and deprotection. 

Recently numerous reports have appeared on the 
synthesis of C-glycosyl heterocycles related to C-nucleo-
side antibiotics and their analogs in the quest of potential 
chemotherapeutic compounds,2) such as polyhydroxy-
alkyl-3) or C-glycosyl4) isoxazolines and isoxazoles, and 
their carbocyclic analogs.5) The heterocyclic moiety 
was obtained mostly by 1,3-dipolar cycloaddition of 
olefinic or acetylenic dipolarophiles to sugar nitrile 
oxides, or by that of olefinic sugars to some nitrile oxides, 
affording 3- or 5-(glycosyl)isoxazolines or isoxazoles. 
However, no 4-(glycosyl) isoxazoline or isoxazole appears 
to have been prepared. A previous work6) on the 
synthesis of 4-substituted isoxazoline iV-oxide led us to 
develop a new route to the above-mentioned C-nucleo-
side. In the present paper we give syntheses of some 
4-(polyhydroxyalkyl)- and 4-(glycosyl) isoxazoline N~ 
oxides by means of one-step cyclization of aldehydo 
sugars with double mole of methyl nitroacetate. 

First we examined the condensation of 2 ,3-0-
isopropylidene-D-glyceraldehyde ( l a ) with methyl nitro­
acetate in order to confirm the reaction conditions. I t 
was found that l a reacts with two equivalents of methyl 

Et2NH 
R-CHO + 2 CH2COOMe 

NO 2 

1 

R'OC-^Y^- COR1 

X x°-
H 2C—O ^ O-CH2 

2 : R1= OMe 

3 : R'= NHBU 

f-OAc 

OAc 

CH2OAc 

nitroacetate in the presence of one equivalent of diethyl-
amine in JV,iV-dimethylacetamide (DMA) to afford 
4- (1,2- O-isopropylidene-D-^^ro-dihydroxyethyl) -3 ,5-
bis(methoxycarbonyl)isoxazoline iV-oxide (2a) in 74% 
yield. The structure of 2a was confirmed by its IR , UV, 
and 1 H - N M R spectra and elemental analysis. Fractional 
recrystallization of 2a from hexane resulted in the 
isolation of two diastereomers (2a! : m p 121.5—124 °C 
and 2a 2 : mp 86.5—87.5 °G) in a ca. 3 : 2 ratio. The 
relatively small J±t5 value (3.5—4.0 Hz) shows the 
4,5-trans configuration of 2a2 and 2a2.

6»7) The opposite 
sign of CD spectra centered at 270 n m might be attrib­
uted to a symmetric relationship on the configuration 
of the isoxazoline ring as shown is Scheme 3. According­
ly (4R,5S) and (4S,5R) configuration could fit both 
isomers. However, we can offer no convincing argument 
as to the assignment of each isomer. 
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Scheme 1. 

The same treatment of 2,33: 4,5-di-O-isopropylidene-
ö/^^ufo-L-arabinose ( lb ) and penta-0-acetyl-<z/afe/z>>ofo-
D-glucose ( lc) also gave the corresponding homologs 
(2b and 2c) in 48 and 6 4 % yields, respectively, their 
diastereomers not being detected. 3,5-Bis(butylcar-
bamoyl) derivatives (3aj and 3b) were prepared by 
treatment of 2ax and 2 b with butylamine in methanol. 
Deisopropylidenation of 2ax and 2 b by Dowex 50 W 
in methanol gave 5aj and 5b , respectively. The latter 
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Fig. 2. CD and UV spectra of 2gi and 2g2 in MeOH. 
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seems to have been formed through the 3,4-deprotected 
intermediate which was isolated. Deacetylation and 
carbamoylation of 2c led to a mixture of products 
which could not be characterized. 

I t is of interest to explore a route to 4-aldofuranosyl-
isoxazolines, since naturally occurring C-nucleosides 
contain a D-ribofuranosyl moiety. For synthesis of 4-
aldofuranosylisoxazolines, 2,5-anhydro-aldoses and 1,4-
pentodialdofuranose were employed. 2,5-Anhydro-3,4-
O-isopropylidene-D-ribose ( Id ) , 3-O-benzyl-l,2-0-iso-
propylidene-tf-D-;9>/0-pentodialdo-l,4-furanose ( l e ) , 2,5-
anhydro-3,4,6-tri-0-benzyl-D-allose ( If) and its 3,4,6-
tri-0-benzoyl analog ( lg) were condensed with methyl 
nitroacetate by the above-mentioned procedure, afford­
ing the corresponding 4-aldofuranosylisoxazoline N~ 
oxides (2d—2g) in a satisfactory yield except 2e ( 6%) . 
C-Glycoside 2f was obtained as a mixture of two dia-
stereomers indicated by two sets of singlet for the 
methyl of the methoxycarbonyl groups of 2f in its 
1 H - N M R spectrum. With regard to compound 2g, two 
diastereomers (2gx: mp 97.5—99 °C and 2g 2 : m p 
68—71 °C) were isolated through column chromato­
graphy on silica gel in a CA. 1:3 rat io. The 1 H - N M R 
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MeOOC 

(4R.5S) 

COOMe 

Scheme 3. 

and CD spectra (Fig. 2) of 2gx and 2g2 also indicate 
that the isomers have either (4^,56*)- or (4S,5R)-
isoxazoline moiety as described for compound 2a. 

In view of biological activities of several nucleosides 
possesing carbamoyl groups in the heterocyclic portion, 
carbamoylation of 2d—2f with methanolic ammonia or 
butylamine in methanol was carried out, affording 
mono- or dicarbamoyl derivatives (3d, 4d, and 4f) . 
O n the other hand carbamoylation of 2e with diethyl-
amine in methanol gave 5-diethylcarbamoyl-3-methoxy-
carbonylisoxazole (4e), the structure of which was 
confirmed by its spectral and elemental analysis. The 
formation of 4e would have resulted from a base 
catalyzed transformation of isoxazoline iV-oxide into 
isoxazole.6»8) In other cases, however, no isoxazole 
derivative was observed. 

Deisopropylidenation of 2 d was achieved using 
Dowex 50 W resin in aqueous methanol, giving 5d . 
Since direct debenzoylation of 2g2 (major isomer) with 
saturated methanolic ammonia was unsuccessful because 
of the lability of 2g 2 in such a medium, it was sub­
sequently deoxygenated with triethyl phosphite, leading 
to an isoxazoline (6) in 4 9 % yield. Debenzoylation and 
carbamoylation of 6 was accomplished with saturated 
methanolic ammonia, giving 7 in 5 5 % yield, biological 
assay of which is now in progress. 

E x p e r i m e n t a l 

Melting points are uncorrected. 1H-NMR spectra were 
recorded with a 60 MHz Varian T-60 and a 100 MHz JEOL 
PS-100 spectrometer with a spin decoupler using tetramethyl-
silane as an internal standard in chloroform-^/, acetone-*/6 and 
methanol-d/4 solution, and sodium 2,2-dimethyl-2-silapentane-
5-sulfonate in deuterium oxide. IR, UV, CD, and MS were 
measured with JASGO IRA-1, Hitachi 340, JASGO J-20, and 
JMS D-100 spectrometers, respectively. TLG was carried out 
on Kiesel gel G (Merck), spots being detected with iodine 
vapor or 10% sulfuric acid on a hot plate. Silica gel (Kanto 
Kagaku, up to 100 mesh) was used for column chromato­
graphy. For preparation of aldehydo sugars, reported procedures 
were applied to 2,3-O-isopropylidene-D-glyceraldehyde (la),9> 
2,3:4,5-di-0-isopropylidene-fl/^Ä);öfo-L-arabinose (lb),10> penta-
O-acetyl-fl/fife/bfifo-D-glucose (lc),11) 2,5-anhydro-3,4-0-isopro-
pylidene-D-ribose (ld),12> 3-0-benzyl-l,2-0-isopropylidene-a-
D-^;/o-pentodialdo-l,4-furanose (le),13> 2,5-anhydro-3,4,6-tri-
O-benzyl-D-allose (lf),14) and 2,5-anhydro-3,4,6-tri-0-benzoyl-
D-allose (lg).14> 

4- ( 1,2-0-Isopropßidene-D-glycero-dihydroxyethyl)-3,5-bis (meth­
oxycarbonyl) isoxazoline N-Oxide (2a) (A Typical Procedure for 
Condensation). To a solution of la (0.69 g, 5.3 mmol) 
in 30 ml of anhydrous DMA were added methyl nitroacetate 
(1.2 g, 10.6 mmol) and an equivalent of diethylamine (0.52 
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ml, 5.3 mmol). The mixture was stirred at room temperature 
for 16 h. After the starting materials had been almost con­
sumed by TLG (silica gel, ethyl acetate-hexane (1:1)) analysis, 
the mixture was poured into a mixture of benzene (40'ml) and 
ice-water (80 ml), and the aqueous phase was extracted with 
benzene (3 X 40 ml). The combined extract was washed with 
water (3 X 80 ml) and dried over anhydrous sodium sulfate. 
Evaporation gave a yellowish syrup, which was purified by 
column chromatography on silica gel eluted with ethyl acetate-
hexane (1: 1), giving 1.2 g (74%) of 2a. Fractional recrystal-
lization of 2a from ethyl acetate-hexane resulted in isolation 
of two diastereomers (2ax and 2a2) in a ratio of ca. 3 :2 . 2a!*. 
mp 122.5—123.5 °G; [a]J° -117° (* 2.5, GHG13); UVm a x 

(MeOH) 270 nm (e 8400) ; IR (KBr) 1760—1740 (ester G=0), 
1630—1620 (G=N), 1380 and 1150 cm-1 (GMe2); ^ - N M R 
(GDGlg) 0=1.37 and 1.50 (each 3 H, s, GMe2), 3.87 and 
3.90 (each 3 H, s, ester Me), 3.97—4.07 (3H, m, H-r ,2 ' ) , 
4.57 (1H, dd, y4 > 1 /=6Hz, H-4), 5.08 (1H, d, y4 > 5=3.5Hz, 
H-5); GD (MeOH) [0]273 -26000 (negative maximum). 

Found: G, 47.52; H, 5.58; N 4.59%; M+, 303. Galcd 
for G12H17N08: G, 47.52; H, 5.65; N, 4.62%; M, 303. 

2a2: mp 86.5—87.5 °G; [a]J° - 2 3 ° (c 2.5, CHG13); UVm a x 

(MeOH) 270 nm (e 8300); IR (KBr) 1760—1740 (ester 
C=0), 1630—1620 (G=N), 1380 and 1150 cm-1 (CMe2); 
3H-NMR (GDGlg) 0=1.37 and 1.50 (each 3H, s, GMe2), 
3.90 and 4.07 (each 3H, s, ester Me), 4.65 (1H, m, H-4), 
5.21 (1H, d, y 4 > 5 =4Hz, H-5); GD (MeOH) [0]268+814O 
(positive maximum). 

Found: G, 47.28; H, 5.60; N, 4.48%; M+, 303. 
4-(1,2: 3,4-Di-O-isopropylidene-L-arabino-tetrahydroxybutyl)-

3,5-bis(methoxycarbonyl) isoxazoline N-Oxide (2b) from lb. 
Reaction time 2.5 h ; Yield 48%; mp 86—87 °G (hexane); 
[a]J° - 3 6 ° (c 2.6, GHG13); IR (KBr) 1755 and 1710 (ester 
G=0), 1635 (G=N), 1380 and 1150 cm"1 (GMe2); XH-NMR 
(GDGlg) 0=1.40 (12H, m, GMe2), 3.87 (6H, s, ester Me), 
3.5—4.2 (5H, m, H-4,2',3',4'), 4.52 (1H, m, H-l ' ) , 5.05 (1H, 
d , / 4 , 5 = 2 H z , H - 5 ) . 

Found: G, 50.89; H, 6.34; N, 3.49%; M+, 403. Galcd 
for G17H25NO10: G, 50.61; H, 6.25; N, 3.47%; M, 403. 

3,5-Bis (methoxycarbonyl)-4- (r>-gluco-pentaacetoxypentyl)-isoxa-
zoline N-Oxide (2c) from 1c. Yield 64% (yellowish syrup) ; 
[a]J5 +6° (c 3.4, GHGI3); IR (liq. film) 1750 (ester G=0), 
1640 cm-1 (G=N); XH-NMR (GDG13) <5=2.10—2.16 (15H, 
m, OAc), 3.83 and 3.95 (each 3H, s, ester Me), 4.0—4.3 
(3H, m, H-4,5'), 5.08 (2H, d, y4 5 =2.5 Hz, H-5,1'), 5.0—5.6 
(3H, m, H-2 ,,3 ,,4/). 

4-(2,3-0-Isopropylidene-ß-r>-erythrofuranosyl)-3,5-bis(methoxycar-
bonyljisoxazoline N-Oxide (2d) from Id. Reaction time 3 
days. Solvent system for chromatography, ethyl acetate-
hexane (1:2) ; Yield 32% (yellowish syrup); [a]J° - 4 1 ° (c 
1.0, GHGI3); IR (liq. film) 1740 (ester G=0), 1630 (G=N), 
1380 and 1160 cm"1 (GMe2); ^ - N M R (GDG13) 0=1.37 and 
1.53 (each 3H, s, CMe2), 3.88 and 3.92 (each 3H, s, ester 
Me), 3.65—4.38 (3H, m, H-4,4'), 4.6—5.0 (3H, m, H-r,2 , ,3 /) , 
5.11 (1H, d, y4 > 5=1.5Hz, H-5). 

Found: G, 48.28; H, 5.71 ; N, 3.58%. Galcd for G14H19N09: 
G, 48.69; H, 5.55; N, 4.06%. 

4- [ (4K) -3-O-Benzyl- l,2-0-isopropylidene-ß-L-threofuranos-4-yl] -
3,5-bis(methoxycarbonyl)isoxazoline N-Oxide (2e) from le. 
Solvent system for chromatography, chloroform-ethyl acetate 
(5:1) ; yield 6% (yellowish syrup); [a]*0 -64.9° (c 2.0, 
CHGI3); IR (liq. film) 1760—1735 (ester C=0), 1620 (G=N), 
1380 cm-1 (GMe2) ; « - N M R (GDC13) 0= 1.33 and 1.50 (each 
3H, s, GMe2), 3.77 and 3.83 (each 3H, s, ester Me), 3.95—4.8 
(4H, m, H-4,2',3',4'), 4.53 (2H, broad, CH2Ph), 5.30 (1H, 
m, H-5), 5.99 (1H, d, H-l ' ) , 7.37 (5H, s, Ph). 

Found: G, 55.71; H, 5.81; N, 2.96%; M+, 451. Galcd for 

G20H25NO10: G, 55.87; H, 5.58; N, 3.10%; M, 451. 
4-(2, 3,5-Tri-0-benzyl-ß-B-ribofuranosyl)-3,5-bis-(methoxycar-

bonyl)isoxazoline N-Oxide (2f) from If. Solvent system for 
chromatography, ethyl acetate-hexane (2:1) followed by ace-
tone-hexane (1:3) ; yield 60% (a syrupy mixture of two 
diastereomers); [a]*0 -21.3° (c 2.1, GHG13); IR (liq. film) 
1760 and 1740 (ester C=0), 1630 cm-1 (G=N); « - N M R 
(GDGlg) 0=3.45 (1H, dd, y4 t l /=4.7 Hz, y l/§a/=4.3 Hz, H-l ') , 
3.67, 3.70, 3.78, and 3.80 (6H, s, ester Me), 3.85—4.0 (4H, 
m, H-3',4',5'), 4.14 (1H, dd, J 4 5=2.5 Hz, J 4 t /=4.7 Hz, 
H-4), 4.46—4.58 (7H, m, GH2Ph, H-2'), 5.30 (1H, d, Ji5= 
2.5 Hz, H-5). 

Found: G, 65.19; H, 5.88; N, 2.29%; M+, 604. Galcd 
for G33H35NOi0: G, 65.44; H, 5.83; N, 2.31%; M, 604. 

4-(2, 3,5-Tri-0-benzoyl-ß-B-ribofuranosyl)-3,5-bis(methoxycar-
bonyl)isoxazoline N-Oxide (2g) from lg. Reaction time 3 
days. By column chromatography on silica gel eluted with 
ethyl acetate-hexane (1:2), two diastereomers of 2g (2gx: 
R{ 0.35 and 2g2 : Rf 0.25) were isolated in a. ca. 1:3 ratio 
in a combined yield of 67%. 2gx: mp 97.5—99 °G; [a]^0 

+ 62.9° (c 0.45, MeOH); UVm a x (MeOH) 230 nm (e 40000), 
269 nm (e 12000); IR (KBr) 1725 (ester G=0), 1640 cm"1 

(G=N); ^ - N M R (GDG13) 0=3.65 and 3.71 (each 3H, s, 
ester Me), 4.18 (1H, dd, y4>5 = 3.0Hz, /4 § 1 /=5.3 Hz, H-4), 
4.53—4.77 (4H, m, H-l',4',5'), 5.19 (1H,* d, / 4 5 = 3 . 0 H z , 
H-5), 5.59 (1H, dd, y 2 / 3 /=5 .9Hz, / 3 / 4 , = 7 . 7 H z , H-3'), 
5.78 (1H, dd, y l / 2 /=3 .5Hz , y2/>3,=5.9 Hz, H-2'), 7.5—8.0 
(15H, m, Ph); CD (MeOH) [0]269 +16200 (positive maxi­
mum). 

Found: G, 61.19; H, 4.54; N, 2.13%; M+, 647. Galcd for 
G33H29N013: G, 61.20; H, 4.51; N, 2.16%; M, 647. 

2g2: mp68—71 °G; [aß0 -61.4° (*0.5l, MeOH); UVmax 

(MeOH) 230 nm (e 39000), 270 nm (e 1100); IR (KBr) 1725 
ester G=0), 1640 cm"1 (G=N); ^ - N M R (GDG13) 0=3.68 
and 3.73 (each 3H, s, ester Me), 4.27 (1H, dd, y4 5 =2.3 Hz, 
y4 !/ = 5.5 Hz, H-4), 4.5—4.7 (3H, m, H-4',5'), 4.76 (1H, m, 
H-l ' ) , 5.14 (1H, d, y4 5 =2.3 Hz, H-5), 5.55—5.70 (2H, m, 
H-2',3'), 7.3—8.1 (15H, m, Ph); GD (MeOH) [0]266 -13000 
(negative maximum). 

Found: G, 60.99; H, 4.59; N, 2.10%; M+, 647. 
3,5-Bis(butylcarbamoyl)-4-(l,2-0-isopropylidene-D-glycero-dihy 

droxyethyl)isoxazoline N-Oxide (3ax) (A Typical Procedure for 
Butylcarbamoylation). A solution of 2ax (200 mg, 0.66 
mmol) in methanol (5 ml) was refluxed in the presence of 
excess butylamine (480 mg, 6.6 mmol) for 1 h. After evapo­
ration the residue was chromatographed on silica gel eluted 
with ethyl acetate-hexane (1: 1), giving 85 mg (34%) of 3a t 

as colorless needles: mp 109—110 °G (hexane); [a]*5 +8° (c 
1.7, GHG13); IR (KBr) 3300 (NH), 1680 and 1650 (amide 
I), 1615 (G=N), 1540 (amide II), 1380 and 1160 cm"1 (GMe2); 
iH-NMR (GDG13) 0=1.33 and 1.48 (each 3H, s, GMe2), 
3.93__4.23 (3H, m, H-4, 2'), 4.77 (1H, m, H-l ' ) , 4.98 (1H, 
d, y 4 f 5 =3 Hz, H-5), 6.70 and 8.00 (each 1H, broad, NH). 

Found: G, 56.09; H, 8.11; N, 10.90%; M+, 385. Galcd 
for G18H31N306: G, 56.16; H, 8.04; N, 10.88%; M, 385. 

3,5-Bis(buty[carbamoyl)-4-(l, 2: 3,4-di-O-isopropylidene-L-a.ra.-
bmo-tetrahydroxybutyl)isoxazoline N-Oxide (3b) from 2b. 
Yield 38%; mp 137.5—139 °G (hexane); [a]*0 - 2 ° (c 2.5, 
GHG13); IR (KBr) 3300 (NH), 1680 and 1650 (amide I), 
1610 (G=N), 1530 (amide II), 1380 and 1160 cm-1 (CMe2); 
iH-NMR (CDCI3) 0=1.38—1.50 (6H, m, GMe2), 3.8—4.3 
(5H, m, H-4,2',3',4'), 4.73 (1H, m, H-l ' ) , 4.92 (1H, d, Jih 

= 3 Hz, H-5), 6.6 and 8.0 (each 1H, broad, NH). 
Found: G, 56.91 ; H, 8.12; N, 8.60%. Galcd for G23H39N308: 

G, 56.89; H, 8.10; N, 8.65%. 
3,5-Bis (buty[carbamoyl) -4-(2, 3-O-isopropylidene-ß-D-erythrofu-

ranosyl)isoxazoline N-Oxide (3d) from 2d. Reaction time 20 
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min. Solvent system for chromatography, ethyl acetate-
hexane ( 1 : 3 ) ; yield 12%; mp 141.5—142 °G (ethyl acetate-
hexane); [a]*0 + 0 . 5 ° (c 0.2, GHG13); IR (KBr) 3340 and 
3300 (NH), 1645 (amide I) , 1620 (C=N), 1550 (amide II) , 
1380 and 1155 cm-* (GMe2); ^ - N M R (GDG13) 0 = 0 . 9 3 
(6H, t, CH2CH3) , 1.32—1.48 (14H, m, GMe2, GH2), 3.25— 
3.38 (4H, m, NHGH 2 ) , 3.88—4.3 (4H, m, H-4,1',4'), 4.89— 
4.98 (2H, m, H-2',3'), 5.13 (IH, d, y 4 5 = 3 Hz, H-5), 6.56 
and 7.95 (each IH, broad, NH) . 

Found: G, 55.97; H, 7.79; N, 9.80%; M+, 427. Galcd for 
G2oH33N307: G, 56.19; H, 7.78; N, 9.83%; M, 427. 

3, 5-Dicarbamoyl-4-(2, 3-O-isopropylidene-ß-D-erythrofuranosyl)-
isoxazoline N-Oxide (4d). A solution of 2d (100 mg, 0.29 
mmol) in saturated methanolic ammonia (1 ml) was stored 
at room temperature for 0.5 h and then evaporated to dryness. 
The residue was crystallized from ethyl acetate, giving 14 mg 
(15%) of 4d: mp 222 °G (dec); [a]J° - 4 . 3 ° (c 0.47, M e O H ) ; 
IR (KBr) 3460—3400 (NH), 1685 and 1655 (amide I), 1615 
(G=N), 1385 and 1150 cm- 1 (GMe2); ^ - N M R (acetone-</6) 
0 = 1 . 3 2 and 1.45 (each 3H, s, GMe2), 3.81 (IH, dd, Jgem = 
10 Hz, J3 4 , a = 2 Hz, H-4'a), 4.00 (IH, d, / 4 / = 6 Hz, H- l ' ) , 
4.08 ( lH,'dd, H-4'b), 4.34 (IH, dd, J 4 5 = 3 Hz, H-4), 4.84— 
5.08 (3H, m, H-5,2',3'), 6.84—7.88 (4H, m, GONH 2 ) . 

Found: G, 45.71; H, 5.42; N, 13.24%; M+, 315. Galcd 
for C 1 2 H 1 7 N 3 0 7 : G, 45.71; H, 5.44; N, 13.33%; M, 315. 

4- [ (4R) -3-0-Benzyl-U2-0-isopropylidene-ß-i,-threofuranos-4-yt] -
5-diethylcarbamoyl-3-methoxycarbonylisoxazole (4e). A solution 
of 2e (74 mg, 0.16 mmol) in methanol (5 ml) was kept with 
diethylamine (0.17 ml, 1.6 mmol) at room temperature for 
5 h. After evaporation the residue was crystallized from 
methanol-diethyl ether to give 26 mg (35%) of 4e : mp 174 
—179.5 °G; [<x]*> - 1 8 9 ° (c 0.32, GHCl3); IR (KBr) 1760 
(ester G=0) , 1710cm- 1 (amide); ^ - N M R (GDG13) 0 = 1 . 1 9 
(6H, t, GH2GH3), 1.32 and 1.50 (each 3H, s, CMe2) , 2.96 
(4H, q, GH2GH3), 3.82 (3H, s, ester Me), 4.35 (IH, d, H-3'), 
4.46 (2H, d, CH2Ph), 4.58 (IH, d, Jx, 2 , = 4 Hz, J2, 3 , = 0 Hz, 
H-2'), 5.42 (IH, d, y 3 / 4 , = 4 H z , H-4'), 5.82 (IH, d, Jx, 2 , = 
4 Hz, H - r ) , 7.16 (5H, s, Ph). 

Found: G, 60.35; H, 6.50; N, 5.69%; M+, 475. Galcd for 
G24H30N2O8: C, 60.75; H, 6.37; N, 5.90%; M, 475. 

4- (2,3,5- Tri-O-benzyl-ß-D-ribofuranosyl) -5-carbamoyl-3-methoxy-
carbonylisoxazoline N-Oxide (4f). A solution of 2f (208 
mg, 0.34 mmol) in saturated methanolic ammonia (1 ml) was 
stored at room temperature for 1 h and then evaporated to 
dryness. The residue was chromatographed on silica gel 
eluted with ethyl acetate-hexane (3: 2). A fraction of Rt 0.3 
was collected and crystallized from ethyl acetate-hexane, 
giving 44 mg (22%) of 4f : mp 128.5—129.5 °G; [a]*0 + 1 . 4 ° 
(c 0.3, GHG13); IR (KBr) 3415 (NH), 1730 (ester G=0) , 
1680 (amide), 1615 cm"1 (G=N); ^ - N M R (GDG13) (5=3.3— 
3.65 (3H, m, H-r ,5 ' ) , 3.79 (3H, s, ester Me), 3.85—4.18 
(3H, m, H-2',3',4'), 4.11 (IH, dd, H-4), 4.4—4.62 (6H, m, 
GH2Ph), 5.14 (IH, d, y 4 5 = 3.3 Hz, H-5), 5.60 and 6.45 
(each IH, broad, CONH 2 ) , 7.2—7.3 (15H, m, Ph). 

Found: G, 65.10; H, 5.79; N, 4 .73%; M+, 590. Galcd for 
G 3 2 H 3 4 N 2 0 9 : G, 65.07; H, 5.80; N, 4.74%; M, 590. 

4-(r>-glycero-Dihydroxyethyl) - 3,5- bis (methoxycarbonyl) isoxazo­
line N-Oxide (5ax) (A Typical Procedure for Deisopropylidenation) : 

A solution of 2ax (major isomer, 726 mg, 2.4 mmol) in 
aqueous methanol (50 ml) was treated with acidic resin 
(Dowex 50 W-X8, 4 g) under stirring at room temperature 
for 4 h. After evaporation the residue was crystallized from 
ethyl acetate-hexane, giving 630 mg (quantitative) of 5ax : 
mp 145.5—147 °G; [a]*0 - 1 2 4 ° (c 0.2, MeOH); IR (KBr) 
3430 and 3320 (OH), 1730 (ester C = 0 ) , 1615 cm"1 (G=N); 
XH-NMR (acetone-^) 0=3 .6—3.7 (3H, m, H-l' ,2') , 3.80 
(6H, s, ester Me), 4.06 (IH, m, H-4), 5.28 (IH, d, J 4 5 = 2 

Hz, H-5). 
Found: G, 40.91 ; H, 4.97; N, 5.16%. Galcd for C 9 H 1 3 N 0 8 : 

G, 41.07; H, 4.98; N, 5.32%. 
4- fL-arabino- Tetrahydroxybutyl) - 3,5-bis (methoxycarbonyl) isoxa-

zoline N-Oxide (5b) from 2b. T h e reaction mixture 
obtained after stirring for 0.5 h was chromatographed on 
silica gel eluted with ethyl acetate-chloroform (3: 1), giving 
3,4-diol (colorless syrup, Rf 0.4); yield 36%; [aß 0 - 9 3 . 7 ° 
(c 2.7, M e O H ) ; IR (liq. film) 3460 (OH), 1760—1735 (ester 
G=0) , 1630 c m - 1 (G=N); XH-NMR (GDG18) 0 = 1 . 4 2 and 1.45 
(each 3H, s, GMe2), 2.4—3.2 (2H, broad, OH) , 3.87 and 3.90 
(each 3H, s, ester Me), 3.75 (4H, m, H-2',3',4'), 4.18 (IH, dd, 
H-4), 4.58 (IH, dd, H- l 7 ) , 5.12 (IH, d, y 4 > 5 =2 .5 Hz, H-5) 
and 1,2,3,4-tetrol (5b, Rt 0.1); yield 17%; mp 66 °G (dec); 
M£° + 3 9 . 7 ° (c 3.0, M e O H ) ; IR (KBr) 3360 (OH), 1735 and 
1700 (ester G = 0 ) , 1630 cm"1 (C=N); i H - N M R (methanol-*/,) 
<5=3.83 and 3.87 (each 3H, s, ester Me), 3.70—4.03 (5H, m, 
H-4,2',3',4'), 4.37 (IH, m, H- l ' ) , 5.68 (IH, d, y 4 5 = 3 H z , 
H-5). 

Found: G, 40.46; H, 5.08; N, 3.98%. Galcd for G u H 1 7 N O 1 0 : 
G, 40.87; H, 5.30; N, 4.33%. 

4- ( ß-n-Erythrofuranosyl)-3,5-bis (methoxycarbonyl) isoxazoline N-
Oxide (5d) from 2d. Reaction time 10 h. Solvent system 
for chromatography, ethyl acetate-acetone-benzene (4: 5: 3) ; 
yield 29%; mp 167—169.5 °G (ethyl acetate-hexane); [<x]f° 
+ 14.7° (c 0.2, M e O H ) ; IR (KBr) 3480 (OH), 1765 and 
1730 (ester G=0) , 1620 cm"1 (G=N); ^ I - N M R (GDG13) 0= 
2.9—3.3 (2H, broad, O H ) , 3.71 and 3.84 (each 3H, s, ester 
Me), 5.02 (IH, d, / 4 > 5 = 2 Hz, H-5), 3.8—4.35 (6H, m, other 
protons). 

Found: G, 42.89; H, 4.91; N, 4 .33%; M+ 306. Galcd for 
G n H 1 5 N 0 9 : G, 43.28; H, 4.95; N, 4.59%; M 306. 

4-(2,3,5-Tri-O -benzoyl-ß-T>-ribofuranosyl)- 3,5-bis (methoxycar­
bonyl) isoxazoline (6). A mixture of 2g2 (major isomer, 
970 mg, 1.5 mmol) and triethyl phosphite (300 mg, 1.8 mmol) 
in anhydrous toluene (4 ml) was refluxed for 5 h under nitro­
gen atmosphere. The solvent was evaporated and the residue 
was chromatographed on silica gel eluted with ethyl acetate-
hexane (1: 1), giving 632 mg of amorphous solid. Recrystal-
lization from benzene-hexane gave 461 mg (49%) of 6 as 
colorless prisms: mp 92.5—93.5 °G; [a]J° - 1 3 4 ° (c 0.25, 
GHG13); U V m a x (MeOH) 230 nm (e 42000), 272 s h nm (e 
4600); IR (KBr) 1720 (ester G = 0 ) , 1 6 3 0 c m - 1 (G=N); 
i H - N M R (GDG18) 0 = 3.60 and 3.68 (each 3H, s, ester Me), 
4.36 (IH, dd, J4 5 = 5 . 0 Hz, y 4 1 / = 5 . 0 H z , H-4), 4.48—4.66 
(3H, m, H-4',5'), 4.77 (IH, d d , ' y 4 1 ' = 5 . 0 Hz, Jt, 2 / = 7 . 8 Hz, 
H - r ) , 5.23 (IH, d, Ji5 = 5.0 Hz, H-5), 5.43 (IH, dd, 7 ^ , = 
7.8 Hz, y 2 / 3 / = 5 . 8 H z , H-20 , 5.65 (IH, dd, J2r 3 / = 5 . 8 ' H Z , 
y 3 r 4 , = 3 . 5 H z , H-30-

Found : C, 62.48; H, 4.54; N, 2.15%. Galcd for G 3 3 H 2 9 N0 1 2 : 
G, 62.76; H, 4.63; N, 2.22%. 

3,5-Dicarbamoyl-4-(ß-jy-ribofuranosyl) isoxazoline (7). A 
solution of 6 (200 mg, 0.32 mmol) in saturated methanolic 
ammonia (15 ml) was stored at room temperature for 7 h, 
when TLG (silica gel, ethyl acetate-hexane (1: 1)) showed 
complete consumption of 6. The syrupy residue on evapora­
tion was dissolved in methanol and chromatographed on 
silica gel eluted with methanol-ethyl acetate ( 1 : 3 ) , giving 
51 mg (55%) of 7 as colorless prisms: mp 198—198.5 °G; 
[a]*0 - 1 7 3 ° (c 0.14, M e O H ) ; U V m a x (MeOH) 225 nm (e 
5400); IR (KBr) 3400—3280 (NH, OH) , 1655 (amide), 1605 
c m - 1 (G=N); XH-NMR ( D 2 0 ) 0=3 .5—3.8 (2H, m, H-5'), 
3 . 9 - 4 . 1 (3H, m, H- l , , 2 , , 4 / ) , 4.16 (2H, m, H-4,3'), 5.25 (IH, 
d , y 4 > 5 = 3 . 7 H z , H-5). 

Found: G, 41.58; H, 5.23; N, 14.32%. Galcd for 
Gi 0H 1 5N,O 7 : G, 41.52; H, 5.23; N, 14.53%. 
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Synthesis of some pyrimidines and pteridines with an amino acid residue at the 2-position was investigated. 
4-Amino-6-hydroxy-2-methylthio-5-nitrosopyrimidine, on heating with amino acids in water, underwent aminolysis 
at the 2-position to give the corresponding iV-(4-amino-6-hydroxy-5-nitroso-2-pyrimidinyl) amino acids. These 
(5-nitroso-2 -pyrimidinyl) amino acids, after reduction of the nitroso group to an amino group, condensed with 
biacetyl or a pentose phenylhydrazone to give iV-(4-hydroxy-6,7-dimethyl-2-pteridinyl)amino acids and N-(4-
hydroxy-6-polyhydroxypropyl-2-pteridinyl) amino acids, respectively. 

Various 2-amino-4-hydroxypteridines and their 
5,6,7,8-tetrahydro derivatives having an alkyl or 
polyhydroxyalkyl substituent at the 6-position possess 
distinctive biological activities. For example, biopterin 
[2-amino-4-hydroxy-6- {iu-erythro-1,2-dihydroxypropyl) -
pteridine] is a growth factor for Crithidia fasciculate2^ 
and the 5,6,7,8-tetrahydro derivative is a potent 
coenzyme for phenylalanine,4) tyrosine,5»6) and trypto­
phan hydroxylases.7) 

The relation between the structure of 6-substituted 
5,6,7,8-tetrahydro-2-amino-4-hydroxypteridines and the 
coenzyme activities for tyrosine hydroxylase has been 
studied extensively by Nagatsu and his coworkers.6»8»9) 
However, the pteridines used in their study vary only 
in the substituents attached to the pyrazine r ing of the 
compounds except a few cases.8) I t is of interest to 
investigate how the biological activities of such pteridines 
will be changed by modification in the pyrimidine 
rather than the pyrazine moiety. This paper describes 
the synthesis of 6- or 6,7-disubstituted 2-amino-4-
hydroxypteridines possessing a carboxyalkyl group 
attached to the 2-amino group. The choice to introduce 
a carboxyalkyl group rather than a simple alkyl group 
stemmed from an anticipation that such polar group 
would cause a stronger interaction of the pteridine with 
the biological systems. In addition, it is expected that 
further modification of the compounds at the carboxyl 
group, for example the formation of an amido linkage 
to polyamines or proteins, would widen the utility of 
these compounds. 

The amino acid residue of the pteridines (3, 4, and 
5) was introduced prior to the formation of the pteridine 
ring by nucleophilic displacement of the methylthio 
group of 4-amino-6-hydroxy-2-methylthio-5-nitroso-
pyrimidine (1) by an appropriate amino acid in 
analogy to the aminolysis of 1 by simple aliphatic 
amines.10) When the methylthiopyrimidine was heated 
with an excess amount of 6-aminohexanoic acid in an 
aqueous solution, the solution changed the color from 
blue to dark red and evolved methanethiol . The 
displacement became complete after refluxing for 1 h 
and the yield of 6-[(4-amino-6-hydroxy-5-nitroso-2-
pyrimidinyl) amino] hexanoic acid (2a) was about 7 0 % . 
The reaction of 1 with 4-aminobutanoic acid and ß-
alanine took place in a similar manner to give the 
4-(2-pyrimidinylamino)butanoic and 3-(2-pyrimidinyl-

amino) propanoic acids (2b and 2c) , respectively. 
However, the displacement reaction of 1 with several 
a-amino acids proceeded much easier when the sodium 
salts of the acids in place of the free acids were employed. 
Thus , heating of 1 with L-alanine in the presence of an 
equivalent amount of sodium hydroxide yielded iV-(4-
amino- 6 -hydroxy -5 - nitroso - 2 - pyrimidinyl) - L - alanine 
(2d) in 5 3 % yield; in the absence of sodium hydroxide, 
the yield was 22 %. Under similar conditions, 1 reacted 
with D-alanine and glycine to give the iV-(2-pyrimidin-
yl)-D-alanine (2e) and the iVr-(2-pyrimidinyl) glycine 
(2f), respectively. 

These iVr-(2-pyrimidinyl) amino acids showed two pKa 

values at about 2.4 and 7.9, which were at tr ibuted to 
the ionization of the pyrimidine r ing to form a cation 
(pKa 2.4) and to form an anion (pKa 7.9); pKa values 
due to the ionization of the carboxyl group could not 
be determined on a spectroscopic measurement. Thus, 
all the iVr-(2-pyrimidinyl)amino acids, despite of the 
different carbon chain between the carboxyl and amino 
groups, exhibited U V spectra (Table 1) very similar 
to those of known 4-amino-6-hydroxy-2-methylamino-
5-nitrosopyrimidine.11) These physical data , together 
with elemental analyses, confirmed the structure of the 
aminolysis products. 

The nitrosopyrimidines (2a—f ) were converted to the 
corresponding 2-amino-4-hydroxy-6,7-dimethylpteri-
dines (3a—f ) having a carboxyalkyl group attached to 
the 2-amino group in a conventional way : by reduction 
of the 5-nitroso group to an amino group by catalytic 
hydrogénation, followed by condensation with biacetyl. 
By using glyoxal instead of biacetyl in the above course, 
2f gave iV-(4-hydroxy-2-pteridinyl) glycine (4). 

Several pteridines analogous to biopterin or neopterin 
having a di- or trihydroxypropyl substituent a t the 6-
position were also synthesized starting from the 5-
nitrosopyrimidines (2a and 2f ) . Condensation of the 
5-amino analogue of 2 a or 2f with L-arabinose phenyl­
hydrazone at p H 2—3, followed by air oxidation at 
p H 7—8 gave 6-[[4-hydroxy-6-(L-e?r^Ärö - 1,2,3 - tri -
hydroxypropyl)-2-pteridinyl]amino] hexanoic acid (5a) 
and the lower homologue (5b), respectively. Condensa­
tion of the 5-amino analogue of 2 a with 5-deoxy-L-
arabinose phenylhydrazone in a way similar to that for 
biopterin1) afforded 6-[[4-hydroxy-6-(L-^^rö-l ,2-di-
hydroxypropyl)-2-pteridinyl] amino] hexanoic acid (5c). 
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T A B L E 1. T H E pK& VALUES AND U V SPECTRA OF iV-(2-PYRiMiDiNYL)AMiNO ACIDS 

AND iV-(2-PTERIDINYL)AMINO ACIDS 

Compound 

2a 

2b 

2c 

2d 

2e 

2f 

3a 

3b 

3c 

3d 

3e 

3f 

4 

5a 

5b 

P*a 

2.49+0.01 
8.10+0.01 

2.46+0.01 
7.87+0.01 

2.41+0.03 
7.91+0.02 

2.31+0.01 
7.86+0.01 

2.30+0.01 
7.86+0.01 

2.31 + 0.01 
7.98+0.01 

-2.36+0.03 
2.60+0.01 
8.59+0.02 

-2.45+0.02 
2.40+0.02 
8.92+0.05 

-2.55+0.02 
2.22+0.02 
8.89+0.02 

-2.95+0.05 
1.46+0.05 
3.2+0.1 

8.97+0.02 

-3.02+0.05 
1.57+0.05 
3.6+0.1 

9.02+0.05 

-2.91+0.03 
1.30+0.01 
3.36+0.01 
8.45+0.01 

- 3 . 2 + 0 . 1 
0.88+0.02 
3.26+0.02 
7.90+0.01 

2.10+0.04 
7.96+0.01 

- 1 . 6 + 0 . 1 
1.01+0.03 
3.10+0.02 
7.81+0.01 

pHof 
buffer^ 

ÖT25 
5.5 

10.5 
0.25 
5.0 

10.0 
0.25 
5.0 

10.0 
0.25 
5.0 

10.0 
0.25 
5.0 

10.0 
0.25 
5.0 

10.0 
- 4 . 0 

0.25 
6.0 

10.5 
- 4 . 0 

0.25 
6.0 

11.0 
- 4 . 0 
-0 .25 

5.5 
11.0 

- 4 . 0 
-0 .75 

2.5 
6.0 

11.0 
- 4 . 0 
-0 .75 

2.5 
6.0 

11.0 
- 4 . 0 
-0 .75 

2.5 
6.0 

10.5 
- 4 . 0 
- 1 . 0 

2.0 
5.5 

10.0 
0.25 
5.0 

10.0 
- 4 . 0 
- 0 . 5 

2.0 
5.0 

10.0 

^xnax ( log <0b> 

212(3.90), 268(4.06), 310(3.96) 
216(3.77), 230(3.89), 258(3.66), 
214(3.82), 328(4.36) 
212(3.92), 270(4.10), 310(3.81) 
215(3.82), 230(3.93), 257(3.70), 
213(3.86), 327(4.39) 
211(3.98), 269(4.16), 310(4.03) 
215(3.85), 230(3.98), 257(3.75), 
213(3.92), 327(4.44) 
209(3.96), 271(4.13), 310(3.99) 
214(3.83), 230(3.93), 261(3.68)3 

213(3.89), 328(4.40) 
209(3.96), 271(4.13), 310(4.00) 
215(3.82), 230(3.93), 261(3.68), 
214(3.89), 328(4.38) 
209(3.99), 270(4.17), 310(4.03) 
214(3.85), 230(3.98), 260(3.74), 
211(3.89), 327(4.43) 
220(4.18), 254(4.11), 340(3.94) 
219(4.29), 253(4.06), 324(3.96)3 

213(4.23), 279(4.24), 350(3.85) 
260(4.31), 366(3.91) 
219(4.22), 253(4.14), 339(3.98) 
219(4.26), 253(4.05), 293(3.73), 
223(4.24), 279(4.25), 350(3.86) 
259(4.34), 365(3.94) 
220(4.18), 253(4.10), 338(3.95), 
218(4.26), 253(4.05), 290(3.77) 
224(4.21), 278(4.24), 349(3.86) 
259(4.34), 364(3.93) 
222(4.13), 253(4.11), 286(3.76) 
218(4.09), 261(4.07), 285(4.04) 
220(4.21), 276(4.18), 344(3.84) 
224(4.20), 279(4.25), 350(3.87) 
259(4.34), 364(3.93) 
221(4.11), 253(4.08), 286(3.72) 
218(4.06), 261(4.03), 285(4.00) 
221(4.16), 276(4.15), 344(3.80) 
224(4.18), 278(4.23), 350(3.84) 
259(4.32), 364(3.91) 
221(4.12), 252(4.08), 287(3.68) 
219(4.11), 255(4.05), 285(3.98) 
220(4.20), 275(4.15), 343(3.83) 
222(4.21), 278(4.23), 350(3.86) 
259(4.25), 360(3.89) 
209(4.06), 235(4.02), 280(3.70) 
209(4.13), 235(4.08), 280(3.73) 
214(4.09), 234(4.06), 273(4.12) 
221(4.07), 275(4.19), 347(3.78) 
261(4.34), 365(3.84) 
213(4.22), 242(4.26), 324(3.94) 
221(4.15), 241(4.08), 281(4.31) 
216(4.07), 265(4.41), 372(3.90) 
210(4.11), 251(4.09), 285(3.77) 
211(4.14), 239(4.12), 282(4.19) 
213(4.11), 239(4.08), 277(4.21) 
225(4.05), 240(4.04), 280(4.29) 
218(4.00), 266(4.37), 369(3.87) 

326(4.34) 

326(4.36) 

326(4.40) 

326(4.37) 

327(4.37) 

326(4.41) 

400(3.10) 

323(3.93), 397(3.26) 

398(3.76) 
323(3.91), 395(3.42) 

,336(3.88), 393(3.53) 
,324(3.66), 389(3.88) 

,336(3.85), 392(3.46) 
, 324(3.61), 390(3.84) 

, 336(3.87), 391(3.41) 
,323(3.72), 387(3.82) 

,318(3.72), 390(3.43) 
,315(3.78), 384(3.44) 
,342(3.76) 

,353(3.81) 

, 323(3.80), 394(3.46) 
,322(3.74), 389(3.35) 
,347(3.79) 
,352(3.79) 

Ionic 
speciesc> 

+ 
O 
-
+ 
O 
— 
+ 
O 
-
+ 
O 
-
+ 
O 
-
+ 
O 
— 

2 + 
+ 
O 
— 

2 + 
+ 
O 
— 

2 + 
+ 
O 
— 

2 + 
+ 
+ d> 

O 
— 

2 + 
+ 
+d> 

O 
— 

2 + 
+ 
+ d) 

O 
— 

2 + 
+ 
+ d> 

O 
— 
+ 
O 
— 

2 + 
+ 
+d) 

O 
-
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TABLE 1. (Continued) 

Compound P^a 
p H o f 
buffer*) U (log *)b> 

Ionic 
speciesc) 

5c 

6a 

6b 

2.13±0.01 
7.95±0.02 

2.45±0.02 
2.59±0.02 
8.46±0.02 

2 .42±0.06 
2.51±0.02 
8.50±0.01 

0.25 
5.0 

10.5 
- 4 . 0 

0.25 
6.0 

10.5 
- 4 . 0 

0.25 
5.5 

10.5 

212(4.03), 242(4.23), 325(3.90) 
221(4.12), 241(4.06), 281(4.29) 
218(4.05), 265(4.41), 372(3.89) 
220(4.21), 254(4.13), 340(3.97) 
219(4.32), 252(4.09), 324(3.98), 
223(4.26), 279(4.26), 350(3.87) 
260(4.34), 365(3.94) 
220(4.20), 253(3.13), 339(3.97) 
219(4.31), 252(4.09), 324(3.98), 
225(4.22), 279(4.25), 350(3.86) 
260(4.33), 366(3.93) 

353(3.80) 

400(3.13) 

396(3.09) 

+ 
o 

2 + 
+ 
o 

2 + 
+ 
O 

a) Negative figures are HQ values, b) Wavelength in nm measured in aqueous buffer of given pH; 
shoulders or inflexions in italics, c) Ionic species shown by 2 + (dication), -j- (monocation), O 
(neutral molecule), and — (monoanion) are regarded only to the pyrimidine or pteridine chromo-
phore unless otherwise indicated, d) Zwitter ions. 

The structures of these iVr-(2-pteridinyl) amino acids 
(3, 4, and 5) were confirmed by the elemental analyses 
and the close similarity of their U V spectra (Table 1) 
to those of 4-hydroxy-6,7-dimethyl-2-methylamino-
pteridine12) or biopterin.13) The pteridines (3d—f, 4, and 
5b) derived from a-amino acids exhibited four pKa 

values at about 8.8, 3.3, 1.0, and —3.0 which were 
measured by a spectroscopic method.14) The values at 
8.8, 3.3, and —3.0 are attr ibuted to the ionization of the 
pteridine ring to form anionic species by losing a proton 
from the ring (pKa 8.8) and to form cationic species by 
single or double protonation ( p ^ a 3.3 and —3.0, 
respectively). The pKa value at 1.0 could be at tr ibuted 
to the ionization of the carboxyl group, since no pKa 

was detected by a spectroscopic measurement at this 
range with 3a—c where the carboxyl group was 
separated far from the pteridine chromophore by a 
long carbon chain of two or more carbon atoms. The 
acidity of the monocations (protonated at the pteridine 
ring) of 3d—f, 4, and 5b ( p ^ a about 1.0) was fairly 
strengthened compared to those of glycine ( p ^ a 2.2215)) 

H N ^ \ . N 0 

CH3S^N^NH2 H Î ^ N K ^ N H Î 

1 R1 ,2 

- HN if TCh3 

Hhl^M-^M^CHa 
R1

 0 

0 ' 0 H H O 

HN^VN^ H N ^ N Y ^ ; ; C H 2 X H N ^ Y N Y C H 3 

HN-kNA.N^ HI^NAN*J ° °H
 H N A N A N A C H 3 

CH2CO2H 
4 

(CH2)sC0NHR3 

6 
2,3 

a 

b 
c 

d 

e 

f 

R1 

-(CH2)5C02H 

-(CH2)3C02H 

- CH2CH2C02H 
CH3 

-C-C02H (L ) 
H 
H 

-Ç-C02H ( D ) 
CH3 

-CH2C02H 

5 
a 
b 
c 

R2 

-(CH2)5C02H 

- CH2C02H 

-(CH2)5C02H 

X 

-OH 

-OH 

- H 

6 
a 

b 

R3 

-H 

-C4H9 

and alanine (pKa 2.2215)) owing to the electron with­
drawing pteridinyl group at tached to the nitrogen atom. 

As a model for making a peptide linkage between 
the present synthesized iV-(2-pteridinyl) amino acids and 
a protein, conversion of the carboxyl group of 3a into 
a carbamoyl group was examined. First, the carboxylic 
acid (3a) was treated with hydrogen chloride in 
methanol to give the methyl ester which on subsequent 
treatment with ammonia gave 6-[(4-hydroxy-6,7-di-
methyl-2-pteridinyl) amino] hexanamide (6a). The con­
version, however, was found to undergo much easier by 
employing a mixed anhydride16) as an intermediate : 3 a 
was treated with ethyl chloroforma te in iV^iV-dimethyl-
formamide in the presence of triethylamine to form 
an anhydride. Without isolation, the anhydride was 
treated with butylamine to give the iV-butyl-6-(2-
pteridinylamino)hexanamide (6b) in a good yield. T h e 
latter method involving an anhydride would be 
applicable for making a peptide linkage between the 
present synthesized pteridines and a protein. 

E x p e r i m e n t a l 

The elemental analyses were conducted at the Analytical 
Section, Meijo University, Nagoya. The pK& values were 
determined spectroscopically,14) and the UV spectra in an 
appropriate buffer solution on a Shimadzu UV-300 spectro­
photometer. 

Synthesis of N-(4-Amino~6-hydroxy-5-nitroso-2-pyrimidinyl)amino 
Acids (2a—f). Method A : A mixture of 4-amino-6-hydroxy-
2-methylthio-5-nitrosopyrimidine (1)17) (10 g) and 6-amino-
hexanoic acid (20 g) in water (400 ml) was heated under 
reflux for 1 h. The resulting solution was adjusted to pH 
2—3 with formic acid and chilled. Filtration and washing 
with water gave an orange powder (8.5 g) of 6-[(4-amino-
6-hydroxy-5-nitroso-2-pyrimidinyl) amino]hexanoic acid (2a), 
which was pure enough for further reactions. The analytical 
sample (orange needles) was prepared by dissolving in hot 
dilute ammonia then acidifing with formic acid, mp 232.5— 
233.5 °G, dec (Found: G, 44.53; H, 5.65; N, 25.69%. Galcd 
for C10H15N5O4: G, 44.60; H, 5.62; N, 26.01%). A similar 
treatment of 1 with 4-aminobutanoic acid or ^-alanine gave 
the 4-(2-pyrimidinylamino)butanoic acid (2b) [77% yield, mp 
240—241 °G, dec (from water) (Found : G, 39.33; H, 4.92; 
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N , 29 .32%. Galcd for CsHnN50A: G, 39.83; H , 4.60; N , 
29.04%)] and the 3-(2-pyrimidinylamino)propanoic acid(2c) 
[68% yield, m p > 3 0 0 °G (Found: G, 37.58; H , 4 . 11 ; N , 
30 .65%. Galcd for C 7 H 9 N 5 0 4 : G, 37 .01 ; H , 3.99; N , 30.83 
% ) ] , respectively. 

Method B : A solution of 1 (9.0 g) and L-alanine (8.9 g) 
in 0.25 M sodium hydroxide (400 ml) was heated under 
reflux for 2 h . After concentration in vacuo to about 200 ml, 
the solution was adjusted to p H 2—3 with formic acid and 
chilled. T h e orange flakes (5.8 g, 53%) of the iV-(2-pyrimi-
dinyl)-L-alanine (2d) , purified in the same way as above, 
darkened without melting above 245 °G (Found : G, 34.42 ; 
H , 4.50; N , 28 .46%. Galcd for C 7 H 9 N 5 0 4 . H 2 0 : G, 34.29; 
H , 4.52; N , 28 .56%). Similarly, 1 reacted with D-alanine 
and glycine to give the N-(2-pyrimidinyl)-D-alanine(2e) [18% 
yield; darkened above 245 °G without melting (Found: G, 
34.38; H , 4.52; N , 28 .28%. Galcd for C 7 H 9 N 5 0 4 . H 2 0 : G, 
34.29; H , 4.52; N , 28.56%)] and the N-(2-pyrimidinyl)-
glycine(2f)[63% yield; darkened above 280 °G without melting 
(Found: G, 31.42; H , 3 .71; N , 30 .33%. Galcd for C G H 7 N 5 0 4 . 
H 2 0 : C, 31.17; H , 3.92; N, 30 .30%)] , respectively. 

Synthesis of N-(4-Hydroxy-6,7-dimethyl-2-pteridinyl)amino Acids 
(3a—f). A solution of 2a (4.3 g) in 2 M sodium hydroxide 
(60 ml) was hydrogenated over pal ladium on carbon ( 5 % , 2 
g) at room tempera ture and atmospheric pressure till the 
calculated amount of hydrogen was absorbed. After acidifing 
with coned hydrochloric acid (20 ml) , the catalyst was removed 
by filtration. T h e filtrate, after being adjusted to p H 2—3 
with ammonia , was heated with biacetyl (3.0 g) under reflux 
for 1 h . Refrigeration gave a yellow solid, which was crystal­
lized from 5 0 % aqueous methanol to give yellow needles (70 
% yield) of 6-[(4-hydroxy-6,7-dimethyl-2-pteridinyl) amino] -
hexanoic acid (3a), m p 215—219 °G, dec (Found: G, 51.94; 
H , 6 .61; N , 21 .30%. Galcd for C 1 4 H 1 9 N 5 0 3 . H 2 0 : G, 52.00; 
H , 6.55; N , 21 .66%) . 

I n an analogous way, its lower homologues (3b—f ) were 
synthesized from the corresponding pyrimidines (2b—f ) : the 
4-(2-pteridinylamino)butanoic acid (3b) [80% yield, m p 
238—240 °G, dec (from water) (Found: G, 48.72; H , 5.82; 
N , 23 .40%. Galcd for C 1 2 H 1 5 N 5 0 3 . H 2 0 : G, 48.80; H , 5.80; 
N , 23 .72%)] , 3-(2-pteridinylamino)propanoic acid (3c) [70% 
yield, darkened above 275 °G without melting (Found: G, 
49.73; H , 4 .98; N , 26 .44%. Galcd for G n H 1 3 N 5 0 3 : G, 50.18; 
H , 4.98; N , 26 .61%)] , N-(2-pteridinyl)-L-alanine (3d) [50% 
yield, darkened above 180 °G and did not show sharp m p 
(from water) (Found: G, 46.95; H , 5.40; N , 24 .63%. Galcd 
for G 1 1 H 1 3 N 5 0 3 . H 2 0 : G, 46.97; H , 5.38; N , 24 .90%) ] , 
iV-(2-pteridinyl)-D-alanine (3e) [45% yield, darkened above 
180 °G without showing sharp m p (from water) (Found: G, 
46.84; H , 5.14; N , 24 .59%. Galcd for G U H 1 3 N 5 0 3 . H 2 0 : G, 
46.97; H , 5.38; N , 24 .90%)] , N-(2-pteridinyl)glycine (3f) [87 
% yield, m p 206—210 °G, dec (from water) (Found : G, 
45.13; H , 4.87; N , 25 .95%. Galcd for G 1 0 H n N 5 O 4 . H a O : 
G, 44.94; H , 4.90; N , 26 .21%)] . 

N-(4-Hydroxy-2-pteridiny I) glycine (4). A solution of the 
5-amino analogue of 2f (2.0 g) in water (pH 6—7, 80 ml) , 
prepared in the same way as above, was heated with glyoxal 
sodium hydrogensulfite (3.5 g) under reflux for 1 h. T h e 
solution was adjusted to p H 2—3 with hydrochloric acid and 
chilled to give a solid. Crystallization of the solid from water 
gave colorless prisms (1.1 g) of 4 which darkened above 250 
°G without melting (Found: G, 40.28; H , 3.77; N , 28 .94%. 
Galcd for C 8 H 7 N 5 0 3 . H 2 0 : G, 40.17; H , 3.79; N , 29 .28%). 

6-[[4-Hydroxy-6-(L-ery thro- 7,2,3-trihydroxypropyl)-2-pteridin-
yl~]amino]hexanoic Acid (5 a) and the Homologue (5b). A solu­
tion of 2a (4.0 g) in 2 M sodium hydroxide (100 ml) was 
hydrogenated and separated from the catalyst as above. T h e 

filtrate was adjusted to p H 3—4, diluted with methanol (100 
ml) , and then heated with L-arabinose phenylhydrazone (3.8 
g) under nitrogen and reflux for 2 h. After cooling, the 
solution was adjusted to p H 8—9 with ammonia and stirred 
under bubbl ing air at room temperature for 20 h. The 
orange solution was evaporated to dryness in vacuo and the 
residue was extracted with 1 M ammonia (200 ml) . The 
extract was adjusted to p H 2—3 with formic acid and 
chromatographed on a Florisil column1) (4.5 X 40 cm) using 
water as the elution solvent. T h e eluate was evaporated to 
dryness and the residue was extracted with hot water (100 
ml) . T h e extract, on concentration to about 50 ml and 
chilling, gave pale yellow prisms (2.0 g) of 5a, m p 186— 
190 °G, dec (from water) (Found: G, 46.55; H , 5.84; N , 
17.95%. Galcd for C 1 5 H 2 1 N 5 0 6 . H 2 0 : G, 46.75; H , 6.02; 
N, 18.17%). 

By using 2f in place of 2a in the foregoing condensation, 
N-[4-hydroxy-6-(L-erythro- 1,2,3-trihydroxypropyl)-2-pteridin-
yl]glycine (5b) was obtained in 5 3 % yield as colorless needles, 
m p 177—180 °G, dec (from water) (Found: G, 40.15; H , 
4.49; N , 20 .98%. Galcd for G n H 1 3 N 5 0 6 . H 2 0 : G, 40.12; 
H , 4.59; N , 21.27%). 

6-[[4-Hydroxy-6- (L-erythro- l>2-dihydroxypropyl)-2-pteridinyl~\-
amino]hexanoic Acid (5c). T h e 5-nitrosopyrimidine (2a) 
(4.0 g) was hydrogenated in the same way as above to the 
5-amino analogue, which was heated under reflux with 
5-deoxy-L-arabinose phenylhydrazone (4.5 g) in 50% aqueous 
methanol (200 ml) at p H 3—4 and under nitrogen for 20 
min. T h e solution, after cooling in an ice bath , was added 
to an ice chilled solution of potassium hexacyanoferrate (III) 
(30 g) , potassium iodide (5 g), 3 5 % hydrogen peroxide (10 
ml) , and formic acid (10 ml) in water (200 ml) . T h e mixture 
was stirred under bubbl ing oxygen at 0—5 °G for 2 h and 
then at 20—25 °G for 10 h. T h e resulting solution was 
concentrated in vacuo to about 100 ml and chromatographed 
on a Florisil column as above. T h e eluate was evaporated 
to dryness and the residue was extracted with methanol (200 
ml) . Evaporat ion of the extract and subsequent crystalliza­
tion from 9 0 % ethanol gave pale yellow needles (0.47 g) of 
5c, m p 216—218 °G, dec (from 9 0 % ethanol) (Found: G, 
48.55; H , 6.25; N , 18.55%. Galcd for G 1 5 H 2 1 N 5 0 5 - H 2 0 : 
G, 48.77; H , 6.28; N , 18.96%). 

Conversion of 3a into the Carboxamides (6a and 6b). 
Method A: T o a solution of 3a (300 mg) in anhydrous 
methanol (30 ml) , dry hydrogen chloride was passed till 
saturation. T h e solution, after being allowed to stand at 
25 °G for 10 h, was evaporated to dryness in vacuo. The 
residue was dissolved in 2 0 % aqueous ammonia (100 ml) and 
kept at 25 °G for 10 h. Evaporat ion of the solution gave a 
solid which was chromatographed on a Florisil column ( 2 x 
20 cm) , eluted by 0—2% ammonia (500 ml) gradiently. T h e 
eluate, on evaporation to dryness and subsequent crystalliza­
tion from dil formic acid, gave colorless needles (200 mg) of 
the 6-(2-pteridinylamino)hexanamide (6a), m p 212—215°C 
dec (from water) (Found: G, 52.07; H , 6.88; N , 2 6 . 0 1 % . 
Galcd for C 1 4 H 2 0 N 6 O 2 . H 2 O : G, 52.16; H , 6.88; N , 26.07%). 

Method B : Ethyl chloroformate (50 mg) was added to a 
solution of 3a (125 mg) and triethylamine (100 mg) in 
JVjiV-dimethylformamide (1 ml) at — 5 °G. After stirring for 
15 min, butylamine (75 mg) was added to the solution. The 
mixture was stirred at — 5 °G for 30 min and then at 25 °G 
for 1 h. Evaporat ion of the solution in vacuo gave an oily 
residue, which was chromatographed on a Florisil column 
( 1 x 2 0 cm) eluted by 2 0 % aqueous acetone containing 2 % 
ammonia . T h e eluate was evaporated to dryness and the 
residue was extracted with ethanol (50 ml) . Concentration 
of the extract to about 5 ml and chilling gave pale yellow 
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needles (47 mg) of the iV-butyl-6-(2-pteridinylamino)hexan-
amide (6b), which decomposed above 150 °C (from 90% 
ethanol) (Found: G, 57.21; H, 7.53; N, 22.04%. Galcd for 
C1 8H2 8N602 .H20: G, 57.11; H, 7.99; N, 22.21%). 

The authors would like to thank Mrs. Noriko 
Nishioka for the measurement of pKa values and U V 
spectra. 
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Hydrolysis of an imidazoline derived from (£)-alanine and (S)-2-(aminomethyl)pyrrolidine afforded (i?)-
alanine in the optical yield of 93.8% (e.e.). The asymmetric transformation was explained on the basis of prefer­
ential crystallization of one epimer followed by epimerization of the other epimer in a solution. It was found 
that the epimerization was catalyzed by amines. (2£)-iV-isopropyl-2-aminopropylamine was also examined as a 
diamine component of imidazolines. 

In an ideal and complete optical resolution, a racemic 
compound would be separated into 5 0 % of each 
enantiomer. O n the other hand, an asymmetric trans­
formation is a unique method to obtain optically active 
compounds because it is possible to convert a racemic 
compound into one of the isomerides in 100% yield. 
Optically labile compounds are suitable for the asym­
metric transformation and it has been reported by many 
workers.1) O n the other hand, optically stable com­
pounds are not suitable for the transformation, and 
conversion of the compounds into the optically labile 
intermediates is indispensable. From this point of view, 
amino acids, aldehydes, and ketones have been studied 
in our laboratories.2) 

W e also studied on the asymmetric transformation 
of carboxylic acids. I t was reported by Yonetani et al. 
tha t imidazoline derivatives of amino acids are 
racemized easily.3) T h e asymmetric transformation of 
a-substituted carboxylic acids might be possible using 
the optical lability of the derivatives in an asymmetrical 
circumstance. T h e iV-protected alanine was used as a 
model of the carboxylic acid. (S)-2-(Aminomethyl)-
pyrrolidine and (2£)-i\T-isopropyl-2-aminopropylamine 
were used as chiral diamine components to prepare the 
imidazoline derivatives. 

CH3 

Alanine - Z - N H C H C ^ N H 

[ > C H 2 N H 2 

H 
or 

ÇH3 

H2N-Ç-CH2NHCH(CH3)2 

R' 
I L «H3/H 

1 R1+R2=CH2CH2CH, R 3 = H 

2,3R1 = (CH3)2CH, R 2 =H, R 3=CH 3 

Z=C6H5CH2OCO 

E x p e r i m e n t a l 

Optical activities were determined with a JASGO Digital 
Automatic Polarimeter Model DIP 4. Nuclear magnetic 
resonance spectra were obtained with a JNM-PS-100 Spec­
trometer with tetramethylsilane as an internal standard 
Accurate mass determinations were carried out on 
Hitachi RMU-7 instrument operated at 70 eV. 

(S)-(+)-2-( Aminomethyl) pyrrolidine. This compound 

was prepared as reported previously:4) bp 72.5—74 °G/2933 
Pa; (lit, bp 65 °G/1466 Pa). 

(2S ) -(-{-) -N-Isopropyl-2-aminopropylamine. (S) -Alanine 
(60 g, 0.67 mol) was converted to (S)-iV-phthaloylalanyl chlo­
ride by the method described by Job and Bruice:5> bp 149— 
154°C/400 Pa; yield 125.7 g (79%). Isopropylamine (34.3 
g, 0.58 mol) and sodium hydrogencarbonate (53.6 g, 0.64 mol) 
were dissolved in 426 ml of water and the solution was cooled 
in an ice bath to 10 °C* To this solution, a solution of (S)-N-
phthaloylalanyl chloride (125.7 g, 0.53 mol) in dioxane (193 
ml) was added dropwise with vigorous stirring. After the 
addition had been completed, the white precipitates thus 
formed were collected by filtration and washed with water. 
Recrystallization of the crude product from methanol gave 
JV-isopropylamide of (S)-iV-phthaloylalanine (55.1 g, 0.21 mol). 
Removal of the phthaloyl group from JV-isopropylamine of 
(iS*)-iV-phthaloylalanine (55.1 g, 0.21 mol) by equimolar hydra­
zine hydrate gave (S)-iV-isopropylalaninamide (ca. 0.2 mol). 
(iS*)-iV-Isopropylalaninamide (ca. 0.2 mol) was reduced by 
lithium aluminium hydride in tetrahydrofuran (reflux 15 h). 
After the usual treatment, (2£)-iV-isopropyl-2-aminopropyl-
amine was obtained by fractional distillation: bp 144—146 
°G (13.5 g, 0.116 mol, 17.3% yield based on (S)-alanine) ; 
[a]f° +22.2° (neat); MS m/e 116.1296 (M+, G6H16N2; calcd 
116.1313); IR (Nujol) 1370 and 1380 cm-1(GH(GH3)2);NMR 
(GDGlj) 5=1.07 (N-C-CH3, d) and 1.07 ppm (N-C-(CH3)2, 

(—) -Ethyl (S) -2- (Benzyloxycarbonylamino)propioimidate. 
Preparation of this compound was previously reported :6> mp 
72.5—74 °G; [a]** -1 .3° (c 12.65, 99.5% ethanol); (lit, mp 
71.5—73.0 °G; [a]*4 - 1 . 4 ° (c 12.65, anhydrous ethanol)). 

(-{-) -Ethyl (K) -2- (Benzyloxycarbonylamino)propioimidate. 
This compound was prepared from (R) -alanine by the same 
method described for the preparation of ( — )-ethyl (£)-2-
(benzyloxycarbonylamino)propioimidate :6) mp 72.5—74 °G; 
[<x]23+1.3° (c 12.65, 99.5% ethanol); MS m/e 250.1306 
(M+, G13H18N203; calcd 250.1316); IR (Nujol) 1645 (G=N) 
and 1710 cm-1 (G=0); NMR (GDG13) 5=7.27 (phenyl, s), 
5.08 (phenyl-GH2-0, s), 1.35 (N-C-CH3, d) and 1.29 ppm 
(0-C-CH 3 , t). 

Preparation of Imidazolines. Imidazoline derivatives of 
alanines were prepared by the coupling method described by 
Hirotsu et a/.6> 

Imidazoline Derivative (1) : The reaction of (S) -2- (amino­
methyl) pyrrolidine and the (S)- or the (Ä)-imidate mentioned 
above gave the imidazoline derivative (1). Preparation from 

a the (S)-imidate: Yield 86%; mp 86—87.5 °G; [a]*3 -94.1° 
(c 1.0, methanol); MS m/e 287.1634 (M+, G16H21N302, calcd 
287.1633); IR (Nujol) 1620 (G=N) and 1710 cm"1 (G=0); 
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T A B L E 1. CONFIGURATION AND OPTICAL PURITY OF ALANINE RESIDUES OF IMIDAZOLINE DERIVATIVES 

Diamine 
component . .. i . Imidazoline starting alanine 

Alanine obtained 
after hydrolysisa> 

Gonfig. e.e. (%) Yield (%) 

(S) -2- ( Aminomethyl) pyrrolidine 

(2£)-iV-Isopropyl-2-aminopropylamine 

S 
R 
S 
R 

1 
1 
2 
3 

R 
R 
S 
R 

93.8 
93.2 
91.9 
91.8 

89.2b> 
90.1 

5.6 
4.3 

a) Configuration, optical purity, and yield were determined according to the DNP-method after 
hydrolysis of imidazoline derivatives.35 b) Based on imidazoline. 

NMR (GDGlg) ô= 1.40 (N=G-G-GH3, d) and 5.05 ppm (phen-
yl-GH2-0, s). Preparation from the (Ä)-imidate: Yield 75% ; 
mp 86—87.5 °G; [a]»8 -94.9° (c 1.0, methanol); MS m/e 
287.1643 (M+, G16H21N302, calcd 287.1633); IR (Nujol) 
1620 (G=N) and 1710 cm"1 (G=0); NMR (CDG18) 5=1.40 
(N=C-C-CH3, d) and 5.05 ppm (phenyl-CH2-0, s). 

Imidazoline Derivative (2) : This compound was prepared 
from (2£)-iV-isopropyl-2-aminopropylamine and the (iS')-imi-
date: Yield 57%; mp 71.5—73 °G; [a]*3 -57.9° (c 1.0 metha­
nol); MS m/e 303.1930 (M+, G17H25N302, calcd 303.1945); 
IR (Nujol) 1610 (C=N) and 1710 cm-1 (G=0); NMR (GDG13) 
5=1.38 (N=G-G-GH3, d) and 5.03 ppm (phenyl-GH2-0, s). 

Imidazoline Derivative (3) : This compound was prepared 
from (2£)-iV-isopropyl-2-aminopropylamine and the (Ä)-imi-
date: Yield 64%; mp 120—122.5 °G; [a]» -36.2° (c 1.0, 
methanol); MS m/e 303.1955 (M+, G17H25N302, calcd 
303.1945); IR (Nujol) 1600 (G=N) and 1695 cm"1 (G=0); 
NMR (GDG13) 5=1.37 (N=G-G-GH3, d) and 5.08 ppm 
(phenyl-GH2-0, s). 

Determination of the Optical Purity and the Configuration of the 
Alanine after the Asymmetric Transformation. The configura­
tion and the optical purity of the alanine residues of the 
imidazoline derivatives were determined as DNP-alanine 
(DNP; 2,4-dinitrophenyl) prepared after hydrolysis of the 
derivatives according to the method described by Yonetani 
et al.3) (hydrolysis conditions: 6 M HCl, 110 °G, 20 h). The 
specific optical rotation of the prepared DNP-alanine was 
observed at 546 nm and the concentration of the solution 
was calculated from the extinction coefficient at 360 nm; 
authentic DNP-(S)-alanine: [a]3l6 +221° (c 0.22, 1% 
NaHG03) ; A^anco. 360 nm (e=1.72x 104). 

R e s u l t s a n d D i s c u s s i o n 

Imidazoline derivatives prepared from (S) -2- (amino­
methyl) pyrrolidine and the imidates derived from (£*)-
alanine and (R) -alanine have the same crystal habit 
(platelets) and melting point, and showed identical 
spectral data . The hydrolysis of these imidazoline 
derivatives gave (R) -alanine (Table 1). These facts 
indicate that the bond between or-carbon and hydrogen 
is labile enough to epimerize in the course of the prepa­
ration. (Hereafter the imidazoline was called 1). 

High optical yield (93.8 or 93.2%) of alanine obtained 
in the case of 1 was considered to be due to a combination 
of epimerization and resolution by preferential crystal­
lization of one diastereomer. In order to clarify the 
resolution process, optical purity of alanine residue of 
1 in the reaction mixture was examined. Two batches 
of a reaction mixture of 1 were examined. After removal 
of the solvent from the reaction mixture under reduced 
pressure, the oily residue was directly hydrolyzed in one 

T A B L E 2. CONFIGURATION AND OPTICAL PURITY OF ALANINE 

OBTAINED BY THE HYDROLYSIS OF THE REACTION MIXTURE 

OF 1 BEFORE AND AFTER CRYSTALLIZATION 

Alanine obtained 
after hydrolysis*) 

Gonfig. e.e. (%) Yield (%) 

Oily mixture R 35 .1 84.1b> 
Crystallized crude mixture R 6 3 . 5 87 .0 

a) Configuration, optical puri ty, and yield were deter­
mined according to the DNP-method after hydrolysis of 
imidazoline.3) b) Based on imidate 

experiment. In another experiment, the oily residue 
was allowed to stand at room temperature for 12 h. 
The crystallized crude mixture was then subjected to 
hydrolysis without any purification, and the configura­
tion and the optical yields of the resultant alanine were 
determined. The results are shown in Table 2. The 
optical yield (35.1%) of the alanine obtained from the 
oily mixture was the same as that obtained from the 
hydrolyzate of the imidazoline derivatives after the 
mutarotat ion in methanol (vide infra). Since no purifica­
tion was performed in both cases, the difference between 
the oily mixture and the crystallized mixture is at tr ib­
utable to the epimerization promoted by the preferential 
crystallization of one diastereomer out of the liquid 
phase in which a rapid equilibration is maintained. 

ru L T J ^ N H 2 
(S ) - ïHVOCH2CH3 B 
or Z-NHCHcf 
(R)- ^NH 

Z = 0 - C H 2 O C O -

OC-(S) 1 : 
35% 

liqiuid phase 

[o(-(R)l] 
crystals 

z^ 0(-(R)l] 
65% J 

I t is required for this mechanism that the rate of 
epimerization is fast enough. T h e rates of epimerization 
of 1 in several solvents (methanol, ethanol, benzene, 
and dichloromethane) were observed (Fig. 1). I t was 
fast in methanol or ethanol but the epimerization was 
not detected in the aprotic solvents. A mixture of 
dichloromethane and ethanol (equimolar quantities 
with 1) was examined as a solvent because, in the course 
of coupling reaction of ethyl (S)- or (i?)-2-(benzyloxy-
carbonylamino)propioimidate with (S) -2- (aminometh­
yl) pyrrolidine in dichloromethane, ethanol in amounts 
equimolar to 1 is to be produced. No epimerization 
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CM û 

S 

Time/h 

Fig. 1. Mutarotation of 1. 
O : Methanol, A : ethanol, 0 : benzene, ±: dichloro­
methane, • : ethanol ( 1 molar equivalent) in dichloro­
methane, ® : ethanol (5 molar equivalents) and 
triethylamine (0.5 molar equivalents) in dichlorometh­
ane, Q : the reaction mixture of 1, (J) : pyrrolidine (5.7 
molar equivalents) in dichloromethane, f) : propyl­
amine (5.7 molar equivalents) in dichloromethane, 3 : 
iV-methylpyrrolidine (5.7 molar equivalents) in dichlo­
romethane, • : quinuclidine (5.7 molar equivalents) in 
dichloromethane. 

could be observed under such circumstance. An 
increase in the content of ethanol and an addition of 
some triethylamine in dichloromethane was also 
examined. As shown in the figure, no epimerization was 
observed. O n the other hand, when the crystalline 
imidazoline 1 was dissolved in the crude reaction 
mixture of imidazoline, which contains an excess 
amount of (S) -2- (aminomethyl) pyrrolidine, an appre­
ciable epimerization was observed. The rate was as 
fast as that in methanol . This suggested that (S)-2-
(aminomethyl)pyrrolidine catalyzes this epimerization. 
Accordingly, the rate of epimerization in a dichloro­
methane solution containing (S) -2- (aminomethyl) pyr­
rolidine was studied, and it is observed that the rate 
was fairly fast. There are a pyrrolidine ring moiety 
and a pr imary amine group in (S) -2- (aminomethyl) -
pyrrolidine. In order to reveal the effect of the nature 
of amines on the ability of acceleration of the rate, the 
rates in dichloromethane solutions each containing 
propylamine, pyrrolidine, iV-methylpyrrolidine and 
quinuclidine are examined. T h e acceleration of the rate 
of epimerization was found to be in the order of pyrroli­
dine (cyclic secondary amine) ^ p r o p y l a m i n e (acyclic 
pr imary amine) >iV-methylpyrrolidine and quinuclidine 
(tertiary amine) . T h e small effect of tertiary amine on 
the acceleration of the rate suggests that this catalytic 
action of amines does not depend only on the basicity 
of amines. 

Imidazoline derivatives 2 and 3 were prepared from 
(2£*)-iV-isopropyl-2-aminopropylamine and the imidates 
derived from (S) -alanine and (R) -alanine respectively. 
T h e imidazoline derivative 2 was isolated as longitudinal 
crystals by recrystallization from petroleum ether and 

S -20 h 

Fig. 2. Mutarotation of 2. 
f) : Propylamine (5.7 molar equivalents) in dichloro­
methane, + : dipropylamine (5.7 molar equivalents) in 
dichloromethane, <>: iV-isopropylethylenediamine (5.7 
molar equivalents) in dichloromethane, ® : pyrrolidine 
(5.7 molar equivalents) in dichloromethane, A : dichlo­
ro methane. 

3 was isolated as fine needles by recrystallization from 
acetone-petroleum ether. The physical data of these 
imidazoline derivatives were apparently different. 
Hydrolysis of 2 and 3 gave the starting alanines, (S) 
and (R) respectively, both with high optical purity 
(Table 1). I t is considered that the epimerizations of 
both diastereomers 2 and 3 are rather slow. Epimeriza­
tion of 2 was examined and the results are shown in 
Fig. 2. T h e results indicate that the rate of epimeriza­
tion promoted by pr imary or acyclic secondary amine 
was far slower than pyrrolidine. Since the rate of 
crystallization of 2 or 3 seemed to be similar to that of 
1, the failure of asymmetric transformation in the case 
of 2 or 3 may be at tr ibuted to the slow epimerization. 
This fact suggests that the efficient catalytic action of 
(S) -2- (aminomethyl) pyrrolidine was attributed to the 
pyrrolidine moiety and does not due to the chelate 
effect of the diamine. 

I t is explicable that the alanine was obtained in low 
yield by the hydrolysis of 2 and 3 . The existence of an 
isopropyl group on nitrogen a tom in diamine moiety is 
common to these imidazolines. The difficulty of the 
hydrolysis is explained on the basis of the steric hindrance 
of this isopropyl group. Similar description was given 
in the case of hydrolysis of proteins containing valine 
or isoleucine residue.7) 

I t was revealed that the epimerization of the 
imidazoline derivatives were efficiently catalyzed by 
pyrrolidine. T h e asymmetric transformation of 2 was 
at tempted using pyrrolidine. The imidazoline 2 (53 mg) 
was dissolved in the dichloromethane solution containing 
pyrrolidine (5.7 molar equivalent). After 24 h the 
solvent was removed under reduced pressure. Because 
the excess pyrrolidine prevented the crystallization, the 
residue was dissolved in dichloromethane and washed 
with water to remove the pyrrolidine. T h e dichloro-
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methane layer was dried and evaporated under reduced 
pressure, and the residue was recrystallized from 
acetone-petroleum ether to give 23 mg of crystals in the 
form of fine needles. The melting point (111—115°) 
and I R spectrum of the crystals were almost identical 
with those of 3 . I t showed that the asymmetric trans­
formation from 2 to 3 occured by the catalytic action 
of pyrrolidine. T h e low yield of 3 based on 2 was 
considered the removal of the pyrrolidine interrupted 
the epimerization during crystallization. 
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An Examination of the Displacement Reactions in Alkyldicyclo-
hexylborane and Alkyldi-exo-norbornylborane 
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Displacements involving the reaction of olefins with alkyldicyclohexylborane and alkyldi-&vo-norbornylborane 
were studied. In the case of alkyldicyclohexylborane, the 1-ethylbutyl group could be displaced selectively by 1-
decene to produce hexenes. However, the hexyl group could not be displaced selectively, the reaction proceeding 
to produce both 1-hexene and cyclohexene. In contrast, in the case of alkyldi-ßw-norbornylborane, the norbornyl 
group bonded so tightly to the boron atom that it was possible to displace both the 1-ethylbutyl and the hexyl 
groups selectively and completely by 1-decene with no loss of 2-norbornyl-boron bonds. The results suggest the 
possibility of contra thermodynamic isomerization of olefins by the combination of "isomerization-displacement" 
with di-6*0-norbornylborane. 

Organoboranes undergo displacement of contained 
olefins when they are heated in the presence of another 
olefin.1"4) 

(RCH2GH2)3B + 3R'CH=CH2 < I 

3RGH=GH2t + (R/CH2GH2)3B 

Detailed studies of this reaction have been published 
by Brown and his coworkers using homogeneous 
trialkyl- or dialkylboranes (R3B or R2BH).5>6> 

The displacement reaction is a reversible reaction 
and can be brought to completion by using an excess 
of olefin or by removing the displaced olefin from the 
reaction media by distillation. 

The rate of the displacement reaction is essentially 
independent of the concentration of the displacing 
olefin. 

The rate of displacement varies with the type and 
structure of the olefin bonded to boron a tom. 

R e s u l t s a n d D i s c u s s i o n 

In this study, the displacement reaction involving 
the organoboranes derived from the hydroboration of 
several types of olefins with dicyclohexylborane and 
di-6*0-norbornylborane has been examined. I t was 
thought to be interest to clarify the displacement 
reaction with organoboranes which have more than one 
alkyl group in a molecule in order to confirm which 
alkyl group is more easily displaced. Such a study would 
establish the conditions under which only one attached 
alkyl group could be selectively displaced, making it 
possible to use repeatedly a particular dialkylboryl unit, 
such as dicyclohexylboryl- or di-6K0-norbornyl-boryl-
group. 

In studying the displacement reaction, it was very 
difficult to follow on a small scale the reaction process 
quantitatively by determining the amounts of olefin 
displaced. 

An alternative procedure was adopted. Aliquots of 
the reaction mixture were removed and oxidized and 
the decreasing or increasing amounts of alcohols 
determined by glpc analysis were taken as a measure 
of the displacement reaction. The following standard 

* On leave of absence from the Research Center, Maruzen 
Oil Co., Ltd. Present address: Research Center of Maruzen 
Oil Co., Ltd., Satte-cho, Kitakatsushika-gun, Saitama 340-01. 

procedure was utilized. 
A three-necked flask fitted with a thermometer and a 

side a rm closed by rubber septum was attached to a 
microdistillation system. The olefins were hydro-
borated using dicyclohexylborane or di-^ö-norbornyl-
borane, which had been prepared from cyclohexene or 
norbornene in T H F solvent and used in situ. Hydrobo­
ration was carried out in diglyme or triglyme solution. 
After the completion of the hydroboration, all T H F 
was removed by vacuum evaporation. Then a 100% 
excess of 1-decene and calculated amount of the internal 
standard were added to the reaction mixture. The 
mixture was rapidly heated to the desired temperature. 
At appropriate intervals of time, aliquots were with­
drawn from the reaction flask and oxidized with alkaline 
hydrogen peroxide. Alcohols thus produced were taken 
up in ether and the dried ether extract was analyzed by 
N M R . T h e ratio of the original alkyl groups displaced 
from the organoborane was calculated from the decreas­
ing amount of alcohols found in each aliquot. 

During the course of reaction, the displaced olefins 
were removed from the distillation system into a cooled 
receiver and the distillate was analyzed by G L P C . A 
static nitrogen atmosphere was maintained throughout 
the reaction. 

Displacements Involving Hexyldicyclohexylboranes. The 
displacement reaction with hexyldicyclohexylborane 
was carried out at different temperatures in the hope 
that only the hexyl group would be displaced by 1-
decene so that the dicyclohexylborane moiety could 
be used repeatedly. However, it was found that the 
cyclohexyl group was readily eliminated to generate 
cyclohexene so that it was not practical to remove the 
hexyl group selectively. The results are given in Table 
1. W e see that the hexyl moiety of hexyldicyclohexyl­
borane is displaced a little more easily than cyclohexyl 
moiety. However, the difference in the rate of displace­
ment is too small to displace only the hexyl group. Both 
the hexyl and the cyclohexyl groups are displaced 
almost completely under these conditions and analysis 
of the decanols by G L P C established that there is no 
significant loss of boron-hydrogen bond in the process. 

T h e purity of displaced hexene is much more selective 
at higher temperature than at lower temperature. This 
indicates that at lower temperature the displacement 
rate of the hexyl group is low. Consequently, some of 
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TABLE 1. DISPLACEMENT REACTION WITH 

HEXYLDICYCLOHEXYLBORANE*) 

TABLE 2. DISPLACEMENT REACTION WITH 1-ETHYL-

BUTYLDICYCLOHEXYLBORANEA) 

Reaction 
temp 

Reaction 
time/h 

0 
0.5 
1 
2 
4 
6 
8 

24 
48 
72 

Hexy 
% 

0 
37 
60 
76 
89 
93 
97 

100 

Hexene % 

1-Hexene 
trans-2-

Hexene 
cis-2-

Hexene 
3-Hexene 

94.3 

0.7 

3.9 

1.1 

Displaced ratio of 
original alkyl group 

160 °C 130 °G 

I Gyclohexyl Hexyl 
% % 
0 

14 
38 
44 
62 
78 
85 
99 

Distilled olefins 

Gyclo-
hexene 

100 

0 
0 

17 
54 
63 
65 
83 
93 

100 

0 / Hexene % 
/o 

1-Hexene 
trans-2-

Hexene 
cis-2-

Hexene 
3-Hexene 

73.5 

1.3 

22.6 

2.6 

Gyclohexyl 
% 

0 
0 
0 

24 
33 
33 
68 
86 
94 

Gyclo-
hexene % 

100 

Reaction 
temp 

Reaction 
time/h 

0 
0.5 
1 
2 
4 
6 
8 

24 
48 
72 

Hexene 

1-Hexene 
cis-2-

Hexene 
trans-2-

Hexene 
3-Hexene 

Displaced ratio of 
original alkyl group 

160 °G 130 

1-Ethyl- Cyclo- 1-Ethyl 
butyl % hexyl % butyl % 

0 0 
98 24 
98 52 
98 65 
98 85 
99 92 
99 96 

100 99 

Distilled olefins 

81 
94 
98 
98 
98 
97 
99 
99 

100 

0 / C y c l o - H e x e n e ° / 

hexene % W e x e n e /o 

0.1 TOO 1-Hexene Ö7T 
42.8 cis-£ 

Hexenc 
r7 * trans-2-

Hexene 
3-Hexene 

57.3 

42.6 

°C 

Cyclo-
hexyl % 

0 
0 

11 
31 
45 
49 
79 
92 
98 

Cyclo-
hexene % 

100 

a) Initial charge: hexyldicyclohexylborane 10 mmol, 1-
decene 60 mmol, solvent (diglyme or triglyme) 10 ml, 
internal standard (tridecane) 5 mmol. 

a) Initial charge: 1-ethylbutyldicyclohexylborane 10 
mmol, 1-decene 60 mmol, solvent (triglyme) 10 ml, 
internal standard (tridecane) 4.83, 5.33 mmol 

the hexyldicyclohexylborane is isomerized to the 
isomeric sec-hexyldicyclohexylborane and the sec-hexyl 
groups thus formed are much more easily eliminated 
from the boron a tom than the hexyl group. T h e 
relationship is illustrated as follows : 

n - C 6 H 1 3 - B - « _ » 2 

elimination 

(slow) 
CH2=CHC4H9 

Tr isomeri-
I zation + HB 

» , 

or 
C4H9(CH3)CH R //_M — \ \ elimination 

(fast) 

fCH3CH=CHC3H7l „ / / ~ \ \ 
1C2H5CH=CHC2H5J

 + M J ^ \ \ _ / ; 2 

Route (1) 

Route (2) 

At lower temperature, Route 1 is so slow that Route 2 
would play an important role. 

C8fl7f rC2//5JCf/-5-(^rfo-Ce//1 1)2: I t has been estab­
lished that the secondary alkyl group is displaced much 
more easily than the normal alkyl group.6) The dis­
placement reaction with 1-ethylbutyldicyclohexylborane 
was undertaken in order to compare the displacement 
rate of the secondary alkyl group with that of the 
cyclohexyl group. The results are given in Table 2. 
We see that it is possible to displace the 1-ethylbutyl 
group selectively. The best results were obtained under 
the conditions 130 °C for 1—1.5 h in triglyme solvent, 
more than 9 4 % of the 1-ethylbutyl group being dis­
placed by 1 -decene with negligible loss of the cyclohexyl 
group. 

The concentration of 1-hexene in the displaced olefins 
was very low although under these conditions some 
isomerization of 1-ethylbutyldicyclohexylborane to hex­
yldicyclohexylborane would have been expected. The 
reason must be that the elimination of 1-ethylbutyl 
group is relatively fast and the dissociated internal 
hexenes fail to associate again with the dicyclohexyl-
borane because of the faster reason with 1-decene. This 
behavior is different from that observed in the case 
of hexyldicyclohexylborane in which only a little of 2-
and 3-hexenes were present in the distilled hexenes. 

There is a considerable difference in the distribution 
of the displaced hexenes at different temperatures. 

n-CcH^-B-Ccyclo-CsH^).}. Under Neat Conditions: 
T h e displacement reaction with hexyldicyclohexyl­
borane under neat conditions was carried out in the 
hope that the rate of elimination of the cyclohexyl group 
would be much smaller in the absence of etheric solvent 
so that the selective displacement of the hexyl group 
would be possible. The results are summarized in 
Table 3 and compared with those of the displacement 
reaction in diglyme. 

I t was unexpected that the absence of the etheric 
solvent failed to decelerate the rate of the displacement 
reaction (Table 3). I t was impossible to displace only 
the hexyl group under the conditions of a neat reaction. 

Cyclopentyldicyclohexylborane. In order to examine 
which group, cyclopentyl- or cyclohexyl-, is more easily 
eliminated from the mixed organoborane, the displace­
ment reaction with cyclopentyldicyclohexylborane was 
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TABLE 3. EFFECT OF SOLVENT IN THE DISPLACEMENT REACTION 

WITH HEXYLDICYCLOHEXYLBORANEA> AT 1 6 0 ° C 

Displaced ratio of 
original alkyl group 

Solvent 

Reaction 
time/h 

Neat Diglyme 10 ml 

Hexyl Cyclohexyl 
0/ 0/ 
/o /o 

Hexyl Cyclohexyl 
% % 

0 
0.5 
1 
2 
4 
6 
8 
24 

0 
40 
55 
62 
88 
95 
97 
100 

0 
26 
41 
43 
61 
84 
91 
99 

37 
60 
76 
89 
93 
97 
100 

14 
38 
44 
62 
78 
85 
99 

Distilled olefin 

Hexene % Cyclo-
hexene % Hexene % Cyclo-

hexene % 

1-Hexene 
trans-2-

Hexene 
cis-2-

Hexene 
3-Hexene 2 .1 

8 6 . 9 

1.1 

9 . 9 

100 1-Hexene 94 .3 
trans-2-

Hexene 
cis-2-

Hexene 
3-Hexene 1.1 

100 

0 .7 

3 .9 

a) Initial charge: hexyldicyclohexylborane 10 mmol, 
1-decene 60 mmol, solvent neat or diglyme, internal 
standard (tridecane) 5 .0 mmol. 

TABLE 4. DISPLACEMENT REACTION WITH CYCLOPENTYL-

DICYCLOHEXYLBORANE AT 1 6 0 ° G 

Reaction 
time/h 

Displaced ratio of 
original alkyl group 

Gyclopentyl Cyclohexyl 

0 
0 . 
1 
2 
4 
6 
8 

24 

0 
62 
87 
97 
99 
99 

100 
100 

0 
23 
46 
65 
84 
91 
96 

100 

a) Initial charge: cyclopentyldicyclohexylborane 10 
mmol, 1-decene 60 mmol, solvent (triglyme) 10 ml, 
internal standard (dodecane) 5 .5 mmol. 

BH 3 . 7 ) T h u s crude (71%) di -^ö-norbornylborane , 
w h i c h can be prepared directly from B H 3 and nor­
bornene , was used. 

T h e best condit ions for preparing di -^ö-norbornyl-
borane directly are as follows. A norbornene solution in 
T H F is a d d e d to a B H 3 - T H F solution in the ratio 
( n o r b o r n e n e / B H 3 ) = 2 . 0 at 0 °C and the mixture is 
stirred at 0 °C for 1 h . O n comple t ion of the process, 
the mixture conta ined 7 1 % di-6*ö-norbornylborane, 
1 3 % tri-6K0-norbornylborane, 1 6 % B H 3 , but n o m o n o -
&KO-norbornylborane. 

I t m i g h t be possible to determine the relative e l imina­
tion rate of the norbornyl group a n d other alkyl groups 
from the data obta ined b y using the crude di-exo-
norbornylborane . 

TABLE 5. DISPLACEMENT REACTION WITH HEXYLDI-^O-

NORBORNYLBORANE AND 1 -ETHYLBUTYLDI-£#0-

NORBORNYLBORANEa) AT 160 °G 

Displaced ratio of 
original alkyl group 

Raw 
material 

Reaction 
time/h 

Hexyldi-exo-
norbornylborane 

1 -Ethylbutyldi-tftfo-
norbornylborane 

Hexyl Norbornyl 1-Ethylbutyl Norbonyl 
0/ 0 / 0 / 0 / 
/o /o /o /o 

0 
0. 
1 
2 
4 
6 
8 

24 

0 
13 
28 
47 
77 
86 
90 
98 

0 
0 
0 
0 
0 
0 
2 . 3 

21 

0 
96 
96 
97 
96 
97 
98 

100 

0 
0 
0 
0 
0 
9 

11 
21 

Distilled olefins 

Hexene Norbornene Hexene Norbornene 
O/ 0/ 0 / 0 / 
/o /o /o /o 

1-Hexene 
2-Hexenes 
3-Hexene . 

95 .7 

4 . 3 

100 1-Hexene 
cis-2-

Hexene 

trans-2-
Hexene 

3-Hexene 

0.1 

4 1 . 3 

58.6 

100 

a) Initial charge: raw material 10 mmol, 1-decene 
60 mmol, solvent (triglyme) 10 ml, internal standard 
(tridecane) 5 .1 mmol. 

undertaken . T h e cyc lopenty l group is d isplaced at 
approx imate ly twice the rate of the cyc lohexy l group 
(Tab le 4 ) . 

Displacement Reaction with Alkyldi-exo-norbornylborane. 
T h e norbornyl group is so t ightly b o u n d to a boron 
a t o m that is not displaced b y 1-decene under the same 
condit ions as at w h i c h d i sp lacement of other olefins 
could proceed. 6 ) T h u s , it was ant ic ipated that treatment 
of hexy ld i -^ö-norborny lborane w i t h 1-decene m i g h t 
result in selective e l iminat ion of the hexyl group . 
Difficulty in testing this procedure is caused b y the 
relative unavai labi l i ty o f pure d inorbornylborane w h i c h 
cannot b e synthesized directly from norbornene a n d 

Hexyldi-exo-norbornylborane and 1-Ethylbutyldi-exo-nor-
bornylborane. D i s p l a c e m e n t reaction w i t h hexyldi-
£K0-norbornylborane a n d 1 -ethylbutyldi -^o-norbornyl-
borane were carried out to see whether selective displace­
m e n t o f hexyl group is possible in these derivatives 
(Table 5 ) . I t was conf irmed that selective displacement 
of the hexy l group is possible . For example , 9 0 % of the 
hexyl group was r e m o v e d w i t h only 2 % loss of the 
norbornyl group b y the d isp lacement react ion w i th 
hexyldi-£*0-norbornylborane at 160 °C for 8 h . Even 
more favorable condit ions w o u l d be found for complete 
selective d i sp lacement in hexyldi-ßtfo-norbornylborane 
b y work ing at lower temperatures . T h e results indicate 
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T A B L E 6. DISPLACEMENT REACTION W I T H CYCLOHEXYLDI-

6K0-NORBORNYLBORANEA> AT 1 6 0 ° G 

Displaced ratio of 
original alkyl group 

on time/h 

0 
0.5 
1 
2 
4 
6 
8 

Gyclohexyl 
/o 

0 
28 
47 
63 
85 
94 
97 

^ s 

Norbornyl 
% 
0 
0 
0 
0 
1.7 

14 
11.5 

a) Initial charge: cyclohexyldi-^o-norbornylborane 
10 mmol, 1-decene 60 mmol, solvent (triglyme) 10 
ml, internal standard (tridecane) 5.29 mmol. 

that the norbornyl group can be eliminated by 1 -decene 
under severe conditions. I t was found by means of 
GLPC analysis of the distilled olefins after 24 h reaction 
that norbornene is present in a large amount . 

Cyclohexyldi-exo~norbornylborane. The displacement 
reaction with cyclohexyldi-^o-norbornylborane was 
carried out to make clear the relative rate of displace­
ment by 1-decene of the cyclohexyl group and the 
norbornyl group (Table 6). I t is evident that the 
cyclohexyl group can be displaced selectively by 1-
decene from cyclohexyldi-^ö-norbornylborane. 

Di-6Kö-norbornylborane is an excellent agent for the 
contrathermodynamic isomerization of olefin.8) T h e 
isomerization rate was almost the same as that of 
dicyclohexylborane, the selectivity of the primary 
position being a little better. I t was found that âî-exo-
norbornylborane is an excellent agent for a selective 
displacement reaction, much better results being 
expected by using pure di-6*o-norbornylborane which 
could be synthesized by indirect methods. 

Di-6Kö-norbornylborane is an excellent agent for 
achieving the movement of a double bond from the 
interior of a carbon chain to the terminal position of 
olefins via hydroboration-isomerization displacement. 

E x p e r i m e n t a l 

Materials. The solvents, olefins and preparation of 
the BHg-THF solution have been described.6) Norbornene 
(reagent grade, Aldrich Chemical Go.) was used without 
further purification and stored under nitrogen as a THF 
solution in a volumetric flask. 1-Decene (Ghem Samples 
Go.) was distilled from lithium aluminum hydride and stored 
under nitrogen. 

Hydroboration-Displacement Experiments. Alkyldicyclohexyl-
borane : After all systems were dried and flushed with nitrogen, 
4 ml (10.8 mmol) of BH3-THF solution (2.70 M) and 10 ml 
of solvent (diglyme or triglyme) were placed in a 50 ml three-
necked flask fitted with a thermometer, a side arm containing 
a rubber septum and a distillation system, consisting of a 
Vigreaux column (20 X 13 1 cm), a distillation head, a Liebig 
condenser, and a receiver which can be cooled in an ice bath, 

the top of which is connected to a Hg bubbler to maintain 
a static pressure of nitrogen gas. 2.10 ml (21 mmol) of cyclo-
hexane was added slowly at 0 °G by means of a hypodermic 
syringe. After addition, the ice bath was removed and the 
mixture was stirred at room temperature for 2 h. The dicyclo­
hexylborane thus prepared was used in situ in subsequent 
processes. 

The reaction mixture, containing precipitated dicyclohexyl­
borane dimer was cooled in an ice bath and 10 mmol of each 
olefin (directly or as a THF solution) was added dropwise 
at 0 °G. Stirring was continued at 0 °G for 3 h. The ice 
bath was then removed and the reaction mixture was stirred 
overnight (13—15 h) at room temperature in order to com­
plete the reaction. 

The flask was connected to a vacuum system at the top of 
the receiver and almost all of the THF and unreacted olefins 
were removed from the mixture by vacuum evaporation (35 
°G, 10—13 mmHg, 20 min). 11.4 ml (60 mmol) of 1-decene 
and a measured amount of internal standard (w-dodecane or 
n-tridecane) were then added by means of a hypodermic 
syringe. The flask was dipped into an oil bath, the tempera­
ture of which was controlled with an electric temperature 
controller. At certain time intervals, 1 ml aliquots were 
withdrawn with a hypodermic syringe, the samples being 
oxidized by alkaline hydrogen peroxide in the usual manner. 
The alcohols formed were extracted with 10 ml of ether and 
dried on K2G03 . 

The samples were analyzed by gas chromatography (Gar-
bowax 20 M, 10% on Varaport 100/120, l /8"xl2f t , FID). 
During the course of displacement reaction, the displaced 
olefin was collected into an ice-cooled receiver, and the 
distribution of isomers of displaced olefins was analyzed 
by gas chromatography. During the entire operation, the 
system was maintained under a static pressure of nitrogen gas. 

Alkyldi-exo-norbornylborane : A 4 ml sample of BH3-THF 
solution (10.7 mmol) was placed in a 50 ml three-necked 
flask and cooled in an ice bath. A 6.69 ml (21.4 mmol) of 
norbornene-THF solution (3.20 M) was added slowly at 0 °G 
by means of a hypodermic syringe and the mixture was 
maintained at 0 °C for 1 h. Grude dwtfo-norbornylborane 
solution was used in situ in subsequent processes. 10 ml of 
each of the olefins and 10 ml of solvent (diglyme or triglyme) 
were added slowly at 0 °G to the mixture. The same proce­
dure as that for monoalkyldicyclohexylborane then followed. 

The author wishes to express his grati tude to Professor 
Herbert C. Brown for his guidance and encouragement. 
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Distribution of Alkylboranes in the Reaction of Norbornene 
and Cyclopentene with Borane-THF 

Hiroaki TANIGUCHI* 

Richard B. Wetherill Laboratory, Purdue University, West Lafayette, Indiana 47902, USA 
(Received February 28, 1979) 

Systematic studies of the partial alkylation of diborane with norbornene and cyclopentene were carried out in 
THF and the equilibrium distribution of the borane derivatives was determined. Di-^o-norbornylborane was 
obtained in 71% yield with no mono-6*o-norbornylborane as a by-product, under the conditions: initial ratio of 
norbornene to borane 2 : 1 , temperature 0 °G and reaction time 1 h. Mono-^o-norbornylborane was obtained 
in 72—75% yield under the conditions: initial ratio of norbornene to borane 1:1, temperature 25 °G, and reaction 
time 48 h. In the dialkylborane [R2BH]2, norbornene and cyclopentene exhibit very different behavior during 
the course of equilibration reaction. 

Di-6*0-norbornylborane is promising as a new agent 
for the contrathermodynamic isomerization of olefins.1) 
I t is desirable to find a simple synthetic route for this 
dialkylborane. 

The easiest route to obtain the disubstituted boranes 
would be the partial alkylation of BH3 , bu t direct 
partial alkylation of BH 3 by norbornene does not seem 
to have been studied. I t is possible to obtain a mixture 
of BH3 , RBH 2 , R 2 BH, and R3B from the direct reaction 
of 2 mol olefin and 1 mol BH3 , but not pure dialkyl-
boranes.2) However, pure dialkylboranes such as 
bis (1,2-dimethylpropyl) borane and dicyclohexylborane 
can be obtained from some special types of hindered 
olefins.3) A complete study of the composition or the 
equilibrium distribution realized in the partial alkyla­
tion of diborane with different types of olefins does not 
seem to have been carried out. I herewith report a 
systematic study on the partial alkylation of diborane 
with norbornene, cyclopentene being considered as a 
comparable raw material . 

R e s u l t s a n d D i s c u s s i o n 

Kinetic Study of Partial Alkylation. (1) Partial 
Alkylation of Diborane with Norbornene and Cyclopentene in 
THF at 0 °C: Partial alkylation of BH 3 with norbornene 
in the ratios 1: 1, 1:2, and 1: 3 was carried out at 0 °C. 

A solution of norbornene in T H F was slowly added 
to a solution of diborane in T H F at 0 °C. After 1 h, 
excess methanol was added and the amounts of methyl 
borate [B (O CH3) 3 ] , dimethoxy-^o-norbornylborane 
methoxy-di-^o-norbornylborane obtained were deter­
mined by titration and N M R analysis. The amounts 
of tri-&w-norbornylborane were calculated from the 
difference between the theoretical amounts of the 
borane compounds found and the sum of the amounts 
of the rest three boron derivatives found. Partial 
alkylation of BH 3 with cyclopentene under the same 
conditions was also undertaken to clearify the influence 
of the particular olefin and to compare results with the 
data obtained by Brown et al& T h e results are sum­
marized in Table 1. 

We see that the derivative of the alkylboranes formed 

is dialkylborane [R 2 BH]. Under mild conditions it is 
possible to obtain R 2 BH as the main product of both 
the 1: 1 and 1: 2 ratio reaction mixtures. This could 
be accounted for as follows: RBH 2 exists neither as a 
complex with other alkylboranes nor T H F , but exists 
either free or as a very weak complex reacting much 
faster than BH 3 which undergoes fairly strong com-
plexation with T H F . O n the other hand, R 2 BH sould 

R \ _ / H x / R l 
form a relatively stable dimer | The rate of 

* On leave of absence from the Research Center, Maruzen 
Oil Co., Ltd. Present address: Research Center, Maruzen 
Oil Co., Ltd., Satte-cho, Kitakatsushika-gun, Saitama, 340-01. 

B B 
_R/ \ H / \ R J 

reaction of this dimer with olefin should be smaller than 
that of the corresponding dimer of monoalkylborane. 

The difference between norbornene and cyclopentene 
is not remarkable but appreciable. In the case of 
norbornene, it is possible to obtain alkylborane products 
containing no RBH 2 . If the reaction is to be used for 
synthesis, this undesirable by-product should be avoided. 

The data differ considerably from those obtained in 
the earlier study.2) Cause of this difference might be due 
to the difference in analytical procedure. T h e amounts 
of the alkylborane derivatives were determined by 
distillation of the methoxyalkylboranes formed after 
methanolysis of reaction products. I t was found that 
methoxyalkylboranes can easily undergo redistribution 
at higher temperature.4) In the present procedure, N M R 
analysis was carried out for the methanolyzed product, 
no high temperature t reatment being involved. 

T h e conditions for these experiments were too mild 
to complete the hydroboration of norbornene. Thus 
in Expt. H-60 (Table 1) large amounts of R 2 BH and 
unreacted norbornene remained in the reaction mixture. 

(2) Partial Alkylation of Diborane with Norbornene and 
Cyclopentene in THF at Room Temperature : Interesting 
results were obtained in the kinetic study of partial 
alkylation. Partial alkylation reactions were carried 
out at 25—28 °C for 24 h. Olefins were added to the 
B H g - T H F solution at 0 °C, and the reaction mixture 
was left to stand at room temperature for 24 h with 
stirring. Excess methanol was added, the same analytical 
procedure as that given in (1) being applied. The 
results are summarized in Table 2. 

R B H 2 is obtained as the main product in the reaction 
at the ratio 1 : 1 , indicating the complex [(R 2BH) 2] , 
which is evidently formed initially, undergoes rearrange­
ment during the course of longer reaction time at higher 
temperature to produce RBH 2 . 
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TABLE 1. PARTIAL ALKYLATION*0 OF DIBORANE WITH CYCLOPENTENE AND 

NORBORNENE AT 0 ° G FOR 1 H 

Expt. Olefin 

/ Olefin \ H a G a s g e n e r a t e d 

/ by methanolysis \ BH3 

Ratio 
mol 
mol 

Yield (per 100 mmol BH3) 

( H2 mmol \ 
BH3 mmol ) 

BH3 

% 
RBH2 

% % 
R3B 
% 

H-56 
H-59 
H-60 
H-57 
H-62 

Norbornene 

Cyclopentene 

Cyclopentene 

1.02 
2.04 
3.08 
1.04 
2.04 
1 
2 

1.74 
1.15 
0.42 
1.92 
1.01 

43(52)b> 
16 

1 
39(49)b> 
13 
46 
17 

2 
0 
0 
2 
2 
6 
8 

37 
71 
46 
45 
56 
32 
30 

9 
13 
53 
4 

29 
8 (loss 8) 

31 (loss 14) 

a) Olefin was added dropwise into BH3-THF solution at 0 °C over a period of 13 min. b) Correct value 
calculated from theoretical amounts of olefin, c) H. C. Brown, A. Tsukamoto, and D. B. Bigley, J. Am. 
Chem. Soc, 82, 4703 (1960). 

TABLE 2. PARTIAL ALKYLATION10 OF DIBORANE WITH CYCLOPENTENE AND 

NORBORNENE AT ROOM TEMPERATURE FOR 2 4 H 

Expt. 

H-65-1 Ï 
H-64-6 I 
H-66-4 J 
H-58 \ 
H-70-1 | 
H-67-6 J 

d) 

Olefin 

Norbornene 

Cyclopentene 

Cyclopentene 

/ Olefin \ 
V BH3 j 

Ratio 
mol 
mol 

r 1.02 
J 2.04 
i 3 .10 
r 1.04c> 

1.02c> 
I 2 .01 
r le> 

J 2e> 
12 

(-

H2 Gas 

H2 mmol 
BH3 mmol 

2.02 
1.13 
0.00 
1.93 
1.79 
1.04 

• ) 

Yield 

BH3 

% 

ll(16)b> 
3 
1 

22 
19 
6 

30 
11 
15 

(per 10i 

RBH2 

% 

65 
30 
0 

43 
45 
25 
45 
19 
44 

0 mmol BH. 

R2BH 
/o 

19 
57 
4 

33 
31 
48 

2 
22 
10 

i ) 

R3B 
% 

0 
15 
95 

2 
5 

21 
19 (loss 4) 
37—39 
4 2 - 4 4 

a) Olefin was added dropwise into BH3-THF at 0 °C over a period of 13 min. b) Correct value calculated 
from theoretical amounts of olefin. c) The same experiments were repeated in order to check the accuracy. 
d) H. C. Brown, A. Tsukamoto, and D. B. Bigley, / . Am. Chem. Soc, 82, 4703 (1960). e) BH3 gas was passed 
into olefin-THF solution. 

RoBxi. -|- BH3 2RBH2 

The most evident difference between norbornene and 
cyclopentene is the disparity in the (RBH2 /R2BH) ratio 
in the 1: 1 reaction. The (RBH2 /R2BH) ratio in 
norbornene is 3 : 4 (Expt. H-65). In contrast, the 
(RBH2 /R2BH) ratio in cyclopentene is only 1: 4 — 1 : 5 
(Expt. H-58, H-70). This indicates that the stability 
of the (dicyclopentylborane)2 complex is much higher 
than that of (di-&*0-norbornylborane)2 complex. A 
possible reason could be the difference in the steric 
hindrance of the two alkyl groups with large steric 
requirement of norbornyl group in the dimer decreasing 
the stability of (R 2BH) 2 . In the 1:3 mixture of BH 3 

and norbornene, the reaction proceeds almost complete­
ly to form the trialkylborane. 

Thermodynamic Study of Partial Alkylation. 
Equilibration of B Hz-Norbornene and BH\-Cyclopentene System 
in THF at Room Temperature: The reaction of BH 3 and 
norbornene or cyclopentene in T H F was studied at 
room temperature in order to estimate the approximate 
rate of equilibration and the composition at equilib­

r ium. T h e equilibration reaction was carried out using 
two kinds of starting materials in order to confirm that 
the attained composition was that of true equilibrium 
mixture: distribution of the kinetic mixture from BH 3 

and olefin, redistribution of trialkylborane with borane. 
It was confirmed that the same equilibrium distribution 
is attained from both combinations of starting materials. 

In the experiments using (BH3-f olefin) as the starting 
materials, the addition of olefin to B H 3 - T H F solution 
was carried out at 0 °C by the usual method, the 
reaction mixtures being stirred at room temperature. 
1/10 aliquots were taken out at appropriate intervals 
and analyzed. 

In the experiments using (R3B-f BH3) as the starting 
material, R3B was synthesized first by the reaction of 
BH 3 with olefin in 1: 3 ratio at room temperature for 
1 h and BH 3 was added to the solution of R3B in T H F 
at 0 °C. The reaction mixtures were allowed to stand 
at room temperature and the same sampling procedure 
was carried out. Representative results are shown 
graphically in Figs. 1—5. Data of the equilibrium 

file:///-Cyclopentene
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TABLE 3. EQUILIBRIUM DISTRIBUTION OF THE PARTIAL ALKYLATION OF DIBORANE WITH 

CYCLOPENTENE AND NORBORNENE AT ROOM TEMPERATURE IN T H F 

Olefin Olefin: BH3 
Ratio Starting material 

Time to attain 
equilibrium 
distribution 

h 

Equilibrium distribution 

BH3 

% 
RBH2 

% 
R*B 

Norbornene 

Gyclopentene 

j 0 2 01efin+BH3 • 
< R3B+BH3

a> 
2 0 4 01efin+BH3 • 

< R.B+BH,») 
Olefin-f BH3 • 

< R3B+BH3
b) 

01efin+BH3 • 
< R3B+BH3

b> 

1.02 

2.02 

48 
48—72 

24 
24 
48 
48 
48 
48 

12—14 
14—17 
1—3 
4—2 

24—27 
20—24 

3 
3—4 

72—74 
72—75 
26—27 
26—27 
46—51 
48—52 
28—29 
25—30 

13—16 
13—12 
56—57 
54—60 
24 

27—30 
52—56 
52—55 

0—2 
0—2 

15—18 
11—17 
0—6 
0—2 

11—17 
12—15 

a) R=tri-6K0-norbornyl-. b) R=cyclopentyl-

10 20 30 40 50 60 70 120 
Reaction time/h 

Fig. 1. The equilibration of BH3+norbornene (1: 1)-
in THF solution at R.T. 

0 10 20 30 40 50 60 70 " 120 
Reaction time/h 

Fig. 3. The equilibration of tri-^o-norbornylborane 
+ BH3 (1: 2)-> in THF solution at R. T. 

o 
OH 

S 
Ô 

100f 

10 20 70 30 40 50 60 
Reaction time/h 

The equilibration of BH3+norbornene Fig. 2. 
in THF solution at R.T, 

120 

(1:2)-

distributions are summerized in Table 3 . 
We see that the distribution of the borane products 

from borane and olefin and that from borane and 
trialkylborane of the same (olefin : BH3) ratio are almost 
the same, indicating they are true equilibrium distribu­
tions. In the (olefin: BH3) r a t i o = 2 , the composition 
of the equilibrium is almost the same in both norbornene 
and cyclopentene. O n the other hand, in the (olefin: 
BH3) r a t i o = l , it is quite different, indicating that the 
stabilities of the (R 2BH) 2 complexes of these two olefins 
differ considerably. The main route to give R B H 2 is 
postulated to be as follows. 

, ° 10 20 30 40 50 60 70 " 120 
Reaction time/h 

Fig. 4. The equilibration of tri-^o-norbornylborane 
+ BH3 (2 :1)-* in THF solution at R. T. 

(i) Starting material : O le f in+BH 3 

fast 
BH3 + 201efin 

slow 
R2BH + BH3 • 2RBH2 

(ii) Starting material : R 3 B + B H 3 

H 
(ii-a) R3B + BH3 

R \ ,< H \ / 
B B 

K/ \ R \ H 

R2BH + RBH2 
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o 
OH 

S 
o 

U 

100 

80 

60 

40 

20 

X D-BH2 
\ • • -

fc> P ^ W ^ I Q>2BH 
\ / / — — S L o — — o —^->-

C 1 " » ft i i iBi i i Q-.... . W O - ' 

Fig. 5. 
(1:2). 

10 20 30 40 50 60 70 120 
Reaction time/h 

The equilibration of tricyclopentylborane+BH3 

-• in THF solution at R. T. 

R N 

(ii-b) R2BH + BH3 

, H X / H 
B B 

R / \ H \ H 

B B 
H/ \ R \ H 

2RBHo 

In the case of norbornene (Fig. 3), the ra te of (ii-b) 
reaction should be much smaller than that of cyclo-
pentene (Fig. 5). 

Mono-m>-norbornylborane can be synthesized in 
72—75 % yield by the reaction of norbornene and BH 3 

in 1: 1 ratio at room temperature for 40 h. 

E x p e r i m e n t a l 

Materials. Norbornene (reagent grade, Aldrich Chemi­
cal Co.), mesitylene (Coleman and Bell Co.) for the internal 
standard of NMR analysis and methanol (Mallinckrodt 
Chemical Works) for the methanolysis of products were used 
without further purification. Cyclopentene (Phillips Petro­
leum Co.) was distilled from lithium aluminum hydride and 
stored under nitrogen. The other reagents were the same 
as those used by Brown et al.2) 

Partial Alkylation of BH3 with Olefin at 0 °C. Experi­
ments were carried out with use of a 100-ml 2-necked round-
bottom flask fitted with a reflux condenser which was connected 
with glass stopcock and a bubbling gas outlet at the top and 
a side arm fitted with a rubber cap to permit the flushing of 
all systems with nitrogen before the reaction. 

A solution of 10 mmol, 20 mmol, or 30 mmol norbornene 
in THF (2.20 M) was added to a solution of 10 mmol of BH3 

in THF (2.69 M) at 0 °C over a period of 13 min. 
The reaction was carried out at 0 °C for 1 h. The ice 

bath was then removed and methanol (50—100% excess) 
was added dropwise at room temperature. Stirring was 
continued for 10 min, and all the hydrogen gas generated 
during the course of methanolysis was collected into the gas 
burrette and measured. The solvent (THF), excess MeOH, 
and methylborate [B(OCH3)3] were removed by vacuum 
distillation (30—35 °C, 15—13 mmHg, 20 min) and trapped 

with a Dry Ice bath. The trapped mixture was analyzed 
for boric acid by titration with standard sodium hydroxide 
in the presence of 10 mmol of mannitol. 

The residue containing dimethoxy-^o-norbornylborane, 
methoxy-di-6*0-norbornylborane, and tri-^o-norbornylborane 
was analyzed by NMR. The amounts of mono- and di-exo-
norbornylborane could be estimated. The amount of tri-exo-
norbornylborane was calculated as the difference of the sum 
of the initial borane and the amounts of B(OCH3)3, RB-
(OCH3)2, R2B(OCH3) found. 

Equilibration of BHS and Olefin (1: 1 or 1: 2). 80 mmol 
of norbornene in 26 ml of THF was added slowly to a stirred 
solution of 80 mmol (2.69 M) BH3-THF solution at 0 °C over 
a period of 13 min. The ice bath was then removed and 
the reaction mixture was stirred at room temperature. 

At certain intervals, 1/10 aliquots were withdrawn with a 
hypodermic syringe, weighed and put into a 50-ml two-necked 
flask fitted with a reflux condenser and a side arm for a 
rubber cap purged with nitrogen, subsequent treatment being 
the same as described above. 

Equilibration of BHS and R3B. 90 mmol of norbornene 
in 20 ml of THF was added slowly to a stirred solution of 
30 mmol BH3-THF at 0 °C over a period of 13 min. The 
reaction mixture was kept at room temperature for 1 h to 
complete the formation of tri-^o-norbornylborane. The 
mixture was then cooled in an ice bath to 0 °C and 15 mmol 
of BH3-THF solution was added dropwise to the mixture. 
The ice bath was removed and the reaction mixture was 
stirred at room temperature. At certain time intervals, 1/10 
aliquots were withdrawn with a syringe, subsequent treatment 
being the same as described above. 

NMR Analysis. The methoxyl protons of RB(OCH3)2 

and R2B(OCH3) have a sharp singlet peak. The contents 
of these compounds in the residue were measured by use of 
mesitylene as an internal standard. It has a sharp singlet 
peak of benzene proton at <5 = 6.67, no absorption at <5=3—4. 
The experiments were carried out in nitrogen. NMR spectral 
data are given in Table 4. 

TABLE 4. NMR SPECTRAL DATA 

Methoxy borane <5/ppm 

Methoxydi-6*0-norbornylborane 
Dimethoxy-6*0-norbornylborane 
Methoxydicyclopentylborane 
Dimethoxycyclopentylborane 

3.61 
3.50 
3.65 
3.52 

The author wishes to express his sincere thanks to 
Prof. Herbert C. Brown for his guidance throughout 
the course of this study. 
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S^'-Dihydroxy-o^-dimethoxyflavone, which had been proposed as the structure of skullcapflavone I isolated 
from Scutellaria baicalensis Georgi, was synthesized from 2-hydroxy-3,5,6-trimethoxyacetophenone. However, the 
synthetic flavone was not identical with the natural flavone. Thus, two isomeric flavones, 5,2/-dihydroxy-7,8-
dimethoxyflavone and S^'-dihydroxy-ô^-dimethoxyflavone, were prepared from the corresponding acetophenones; 
the structure of skullcapflavone I was confirmed to be 5,2/-dihydroxy-7,8-dimethoxyflavone. 

Skullcapflavone I has recently been isolated from 
roots of Scutellaria baicalensis Georgi, along with skull­
capflavone I I ; its structure has been proposed as 5,2'-
dihydroxy-6,8-dimethoxyflavone (1) on the basis of the 
spectroscopic data and degradative studies.1) The 
properties of skullcapflavone I are not, however, 
consistent with those of 5,2'-dihydroxy-6,8-dimethoxy-
flavone (1) synthesized from 2-hydroxy-3,5,6-trimeth-
oxyacetophenone (7). Therefore, two isomers of 1, 
5,2'-dihydroxy-7,8-dimethoxyflavone (2) and 5,2'-di-
hydroxy-6,7-dimethoxyflavone (3), were prepared in 
order to confirm the structure of skullcapflavone I ; 
consequently, the properties of the former were thus 
found to be identical with those of skullcapflavone I . 
We wish now to report that the structure of natural 
skullcapflavone I is 5,2'-dihydroxy-7,8-dimethoxyflavone 
(2)-

MeO' 

MeO. MeO. 

MeO' 

( 1) R = R ' = H ( 2) R = R ' = H ( 3) R = R ' = : H 
( 9) R = M e , R = H (12) R = M e , (16) R = M e , 
(10) R = R = A c R'=:C6H5CH2 R ' = H 

(13) R = M e , R ' = H (17) R = R ' = A c 
(14) R = R ' = A c 

OMe OMe 
OR 

MeO' 
OMe 

o-TS OH CO- % , 
I \ = / 

,CH2 
CO^ 

OMe 

M e O v J v ^ i OH 

COCHs 
OMe 

(4) R = M e , R = A c 
(5) R = M e , R ' = O H 
(6) R = M e , R ' = O M e 
(7) R = H , R ' ^ O M e 

(8) (11) R = O M e , R ' = H 
(15) R = H , R ' = O M e 

l,3-Diacetyl-2,5,6-trimethoxybenzene (4)2) was oxi­
dized with 3 0 % hydrogen peroxide in a mixture of 
acetic acid and concentrated sulfuric acid ; the hydrolysis 
of the resultant compound gave 3-hydroxy-2,5,6-
trimethoxyacetophenone (5). The acetophenone 5 was 
converted into the methyl ether (6) and was then 

demethylated with anhydrous aluminum chloride in 
ether to give 2-hydroxy-3,5,6-trimethoxyacetophenone 
(7). After the condensation of 7 with 2-benzyloxybenzoyl 
chloride, the debenzylated diketone (8) was obtained 
by the Baker-Venkataraman rearrangement. The 
compound 8 was cyclized with anhydrous sodium 
acetate in acetic acid to yield a 2'-hydroxyflavone 
derivative (9), which was then converted with anhydrous 
a luminum chloride in acetonitrile into 5,2'-dihydroxy-
6,8-dimethoxyflavone (1) (mp 246.5—248 °C). The 
flavone 1 afforded the corresponding diacetate (10). 
The flavone 1 and the diacetate 10 should be consistent 
with skullcapflavone I and its diacetate respectively, 
but they were not identical with each other, as is shown 
in Tables 1 and 2. Tha t is, in the N M R spectra of the 
acetate of skullcapflavone I and the diacetate 10, it 
appears that there is a remarkable difference between 
the chemical shifts of protons on the A ring of the 
flavone nucleus, but that other proton signals show very 
similar chemical shifts. Therefore, it may be assumed 
that the structure of skullcapflavone I is the isomer of 
1, that is, 2 or 3 . 

2'-Hydroxy-5,7,8-trimethoxyflavone (13) could not 
be prepared from the acetophenone (11)3) via the 
corresponding diketone by the method described above. 
The condensation of the acetophenone 11 with 2-
benzyloxybenzaldehyde in the presence of piperidine 
gave an oily chalcone derivative, which was then 
converted into a benzyloxyflavone derivative (12) by 
oxidative cyclization with selenium dioxide. The 
flavone 12 was debenzylated with palladium charcoal 
to give a hydroxyflavone derivative (13) and was then 
demethylated with anhydrous a luminum chloride in 
acetonitrile to afford the desired flavone 2 (mp 253—254 
°G), which was subsequently converted into the diacetate 
(14). 5,2'-Dihydroxy-6,7-dimethoxyflavone 3 was also 
synthesized from the acetophenone (15)4) via the 
corresponding chalcone by using the same method as 
was used in the case of the flavone 2 . The flavone 3 
led to the diacetate (17). 

The physical and spectral da ta of synthetic flavones 
and these acetates are listed in Tables 1 and 2. In 
Tables 1 and 2, the N M R and U V spectral data of 
skullcapflavone I and its diacetate are shown to be 
identical with those of the synthetic flavone 2 and the 
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TABLE 1. Mp AND UV SPECTRA OF FLAVONES*) 

Compound Mp/°C ^max/nm ( l og e) 

Skullcapflavone I1) 

Acetate1^ 
1 

10 
2 

14 
3 

17 

263—265 
(266—267) b> 
143—144 

246.5—248 

195—195.5 
253—254 

(266.5—267.5) b> 

135—136 
254—255 

145—146 

(EtOH) 
(EtOH-AlGlg) 

(EtOH) 
(EtOH-AlCl3) 
(EtOH-AcONa) 
(EtOH) 
(EtOH) 
(EtOH-AlGlg) 
(EtOH-AcONa) 
(EtOH) 
(EtOH) 
(EtOH-AlGl3) 
(EtOH-AcONa) 
(EtOH) 

271(4.40), 340(4.05) 
280(4.34), 342(4.05), 400(3.84) 

284(4.41), 321(4.10), 339(4.11) 
253(4.03), 287^4.29), 301(4.35), 339(4.21), 355^4.19) 
285(4.37), 319i(4.02), 340(4.00), 411(3.77) 
269(4.47), 345(3.69) 
273(4.44), 343(4.11) 
282(4.39), 294^4.34), 345(4.11), 404(3.91) 
271(4.41), 343(4.01), 416(3.81) 
257(4.45), 303(4.13) 
248(4.12), 271(4.36), 339(4.26) 
254(4.09), 278i(4.35), 285.5(4.44), 354(4.28) 
270.5(4.34), 337(4.15), 415(3.73) 
254(4.31), 301(4.28) 

a) i : Inflection point, b) The melting points were measured with a Yanagimoto micro-melting-point 
apparatus in our laboratory. 

TABLE 2. NMR SPECTRA OF FLAVONES 

Compound 

Skullcapflavone I1) 

Acetate1) 

1 

10 

2 

14 

3 

17 

Solvent 

DMSO 

CDC13 

DMSO 

GDGI3 

DMSOa> 

CDCl3
a> 

DMSO 

GDGI3 

C3-H 

6.55-

6.50(s) 

6.91-

6.50(s) 

7.09(s) 

6.44(s) 

7.11(s) 

6.45(s) 

Arom H 

A ring 
-7.90(6H, 

6.69(s) 

-7.95(6H, 

6.90(s) 

6.54(s) 

6.64(s) 

6.90(s) 

6.80(s) 

^^ N-
B ring 

m) 

7.16—7.81 (4H,m) 

m) 

7.10—7.83(4H, m) 

6.9—7.95 (4H,m) 

7.1—7.85(4H, m) 

6.90—7.80 (4H,m) 

7.10—7.80(4H, m) 

OMe 

3.82(3H, s; 
3.91(3H, s; 
3.82(3H, s; 
3.91(3H, s; 
3.85(3H, s) 
3.93(3H, s] 
3.88(3H, s; 
3.94(3H, s) 
3.78(3H, s; 
3.88(3H, s] 
3.84(3H, s; 
3.92(3H, s; 
3.71(3H, s; 
3.89(3H, s] 
3.83(3H, s) 
3.93(3H, s) 

OAc 

— 

) 2.28(3H, s) 
2.40(3H, s) 

— 

2.27(3H, s) 
2.43(3H, s) 

— 

2.30(3H, s) 
2.40(3H, s) 

— 

) 2.27(3H, s) 
) 2.46(3H, s) 

OH 

10.79 
12.64 
— 

10.93 
12.16 
— 

10.99 
12.86 
— 

10.95 
12.99 

a) The NMR spectra of 2 and 14 could be superimposed on those of the literature.^ 

diacetate 14 respectively. The melting point of the 
flavone 2 was not depressed by admixture with the 
natural flavone, and the U V spectrum of the flavone 
2 was also superimposable on that of the natural flavone. 
O n the basis of these results, the structure of skullcap­
flavone I was confirmed to be 552'-dihydroxy-758-
dimethoxyflavone 2, which had previously been pro­
posed as the structure of andrographin isolated from 
Andrographis paniculata.^ The flavone 2 has also been 
produced in differentiating tissue cultures of Andrographis 
paniculata.^ 

Experimental 

All the melting points were determined in glass capillaries 
and are uncorrected. The NMR spectra were measured with 
a JEOL PS-100 spectrometer (100 MHz), using tetramethyl-
silane as the internal standard (ô, ppm). The UV spectra 
were taken on a Hitachi 124 spectrophotometer. 

2i3i5,6-Tetramethoxyacetophenone (6). l,3-Diacetyl-2,5,6-
trimethoxybenzene (4)2> (10 g) and coned sulfuric acid (5 ml) 
were dissolved in acetic acid (5 ml) below 10 °G, and to the 

solution with stirring was then added dropwise a mixture of 
30% hydrogen peroxide (7 g) and acetic acid (10 ml) below 
10 °G. The resulting mixture was subsequently stirred for 
5 h at room temperature. After the addition of water to the 
reaction mixture, the mixture was extracted with ether, and 
the ethereal solution was washed with aqueous sodium car­
bonate and water. The solvent was evaporated from the 
ethereal solution to give crude 3-acetoxy-2,5,6-trimethoxy-
acetophenone.7> The acetophenone was hydrolyzed with 10% 
sodium hydroxide in methanol (50 ml) for 10 min; then, a 
crude phenol derivative (5) (6 g) was obtained by a usual 
treatment. A mixture of 5 (16 g) and dimethyl sulfate (20 g) 
was refluxed with anhydrous potassium carbonate (40 g) in 
anhydrous acetone (65 ml) for 5 h. After water had been 
added to the mixture, the solvent was removed, and then the 
residue was extracted with ether. The ethereal solution was 
washed with 10% aqueous sodium hydroxide and water, and 
dried. The solvent was removed, and the residue was distilled 
under reduced pressure to give an acetophenon (6) (15.5 g); 
it solidified at room temperature: bp 108 °C/0.25 mmHg; 
NMR (GDGI3) à 2.47 (3H, s, CH3CO), 3.73 and 3.83 (each 
6H, s, OGH3), 6.51 (1H, s, Arom H). Found: G, 60.02; H, 
6.78%0. Galcd for C12H1605: G, 59.99; H, 6.71%. 
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2-Hydroxy-3,5,6-trimethoxyacetophenone (7). A mixture of 
6 (5 g) and anhydrous a luminum chloride (5.2 g) in anhy­
drous ether (40 ml) was stirred for 5 h in an ice ba th and then 
allowed to stand overnight in a refrigerator. T h e reaction 
mixture was poured into diluted hydrochloric acid, and the 
solvent was evaporated to afford a precipitate (7), which was 
subsequently recrystallized from methanol as yellow needles 
(2.6 g ) : m p 62—63.5 °G; N M R (DMSO) Ô 2.41 (3H, s, 
C H 3 C O ) , 3.63 (3H, s, OGH3), 3.76 (6H, s, O C H 3 x 2 ) , 6.80 
(1H, s, Arom H ) , 9.43 (1H, s, O H ) . Found : G, 58.48; H , 
6 .24%. Galcd for C n H 1 4 0 5 : G, 58.40; H , 6 .24%. 

2-Hydroxy-3)5y6-trimethoxy-a)-( 2-hydroxybenzoyl) acetophenone(8). 
A mixture of 7 (2 g) and 2-benzyloxybenzoyl chloride (3.5 

g) was heated in the presence of pyridine (3.5 g) at 100 °G 
for 5 h, and then the reaction mixture was poured into a 
mixture of ice and hydrochloric acid. T h e mixture was 
extracted with ethyl acetate and treated by a usual method. 
T h e solvent was then evaporated, and the residue was dried 
sufficiently to give a crude ester (3.2 g) . T h e ester was stirred 
in the presence of freshly powdered potassium hydroxide (3.5 
g) in pyridine (10 ml) at 60 °G for 4 h, and then a mixture 
of ice and hydrochloric acid was added to the mixture. After 
the mixture had been extracted with ether and treated by a 
usual method, the ether was evaporated to yield a precipitate 
(8), which was subsequently recrystallized from ethyl acetate 
as yellow plates (300 mg) : m p 140—140.5 °G. F o u n d : G, 
62.56; H , 5 .35%. Galcd for G 1 8 H 1 8 0 7 : G, 62.42; H , 5.24%. 

2'-Hydroxy-5i6i8-trimethoxyflavone (9). A mixture of 8 
(150 mg) and anhydrous sodium acetate (1 g) in acetic acid 
(6 ml) was heated for 4 h, and then water was added to the 
reaction mixture to give a precipitate (9), which was subse­
quently recrystallized from methanol as pale yellow needles 
(100 m g ) : m p 231—232 °G; N M R (DMSO) Ô 3.66, 3.87, 
and 3.96 (each 3H, s, O C H 3 ) , 6.9—7.9 (6H, m, Arom H ) . 
Found : G, 65.66; H , 4 .94%. Galcd for C 1 8 H 1 6 0 6 : G, 65.85; 
H , 4 . 9 1 % . 

5,2'-Dihydroxy*6,8-dimethoxyflavone (1). A mixture of 9 
(240 mg) and anhydrous a luminum chloride (0.5 g) in aceto-
nitrile (3 ml) was heated at 80 °G for 4 h, and then 2 % 
aqueous hydrochloric acid was added to the reaction mixture. 
T h e mixture was heated on a water ba th for 30 min and then 
allowed to stand at room temperature to give a precipitate 
(1), which was subsequently recrystallized from methanol as 
yellow needles (200 m g ) ; m p 246.5— 248 °G. Found : G, 
65.02; H , 4 .66%. Galcd for G 1 7 H u 0 6 : G, 64.96; H , 4 .49%. 

The Diacetate (10) of 1. T h e flavone 1 was converted 
into a diacetate (10) by an acetic anhydr ide-pyr idine method; 
it was subsequently recrystallized from methanol as colorless 
prisms; m p 195—196.5 °G. F o u n d : G, 63 .41 ; H , 4 .67%. 
Calcd for C 2 1 H 1 8 0 8 : G, 63 .31; H , 4 . 5 5 % . 

2'-Benzyloxy-5,7,8-trimethoxyflavone (12). A mixture of 
2-hydroxy-3,4,6-trimethoxyacetophenone (11)3) (3.5 g) and 
2-benzyloxybenzaldehyde (bp 153—155 °G/1 mmHg) (3.5 g) 
was refluxed in the presence of piperidine (4.5 g) in ethanol 
(20 ml) for 7 h ; the solvent was then removed under reduced 
pressure, a n d the residue was extracted with ethyl acetate. 
T h e solution of ethyl acetate was washed with diluted hydro­
chloric acid and water, and dried. T h e solvent was evaporated 
to give a crude chalcone, which was subsequently refluxed 
in the presence of selenium dioxide (4 g) in 1-pentanol for 
22 h. T h e reaction mixture was filtered out, and the filtrate 
was condensed sufficiently under reduced pressure. T h e 
residue was extracted with ethyl acetate, and the extract 
was washed with aqueous sodium carbonate solution and 
diluted hydrochloric acid, and dried. After the removal of 
the solvent, the residue was solidified in a small amoun t of 
ether and the solid was recrystallized from ethyl acetate as 

yellow prisms of 12 (2.6 g) : m p 145.5—146.5 °G. Found : G, 
71.52; H , 5 .23%. Galcd for C 2 5 H 2 2 0 6 : G, 71.76; H , 5.30%. 

2'-Hydroxy-5,7,8-trimethoxyflavone (13). T h e flavone 12 
(1.01 g) was hydrogenated over pal ladium on charcoal (10%; 
190 mg) in methanol until the uptake of hydrogen ceased. 
T h e solvent was then removed under reduced pressure, and 
the residue was recrystallized from methanol to give yellow 
needles (13) (744 mg) : m p > 2 7 0 °G. Found : G, 65.82; H , 
4 . 9 1 % . Galcd for C 1 8 H 1 6 O e : G, 65.85; H , 4 . 9 1 % . 

5,2'-Dihydroxy-7>8-dimethoxyflavone (2). T h e flavone 13 
(147 mg) was heated with anhydrous a luminum chloride (0.4 
g) in acetonitrile (1 ml) at 80 °G for 2.5 h. T h e mixture was 
then heated with diluted hydrochloric acid (15 ml) for 3 min 
on a water ba th to give a precipitate (2), which was subse­
quently recrystallized from methanol to give yellow needles 
(118 m g ) : m p 253—254 °G. Found : G, 64.69; H , 4 .43%. 
Galcd for C r / H 1 4 0 6 : G, 64.96; H , 4 .49%. 

The Diacetate (14) of 2. T h e flavone 2 was converted 
into a diacetate (14) as colorless needles: m p 135—136 °G. 
Found : G, 63.08; H , 4 . 5 1 % . Galcd for C 2 1 H 1 8 0 8 : G, 63.31; 
H , 4 .55%. 

2'-Hydroxy-5,6,7-trimethoxyflavone (16). A mixture of 
2-hydroxy-4,5,6-trimethoxyacetophenone (15)4> (1.1 g) and 
2-benzyloxybenzaldehyde (1.15 g) was refluxed in the presence 
of piperidine ( 1.2 ml) in ethanol (8 ml) for 7 h, and then the 
reaction mixture was worked-up in the same manner as in the 
case of 12 to give an oily chalcone. After the chalcone had 
been treated with selenium dioxide (1.5 g) in 1-pentanol for 
20 h to afford an oily flavone, the oily compound was chro­
ma tographed over a polyamide column with methanol. The 
eluate containing the major product was again chromato-
graphed over a silica-gel column with chloroform to give a 
yellow oily compound ( 1 g) . This oily compound was treated 
with pal ladium on charcoal to give a precipitate (16), which 
was subsequently recrystallized from methanol as colorless 
prisms (550 m g ) : m p 2 4 1 — 242 °G. Found : G, 65.69; H , 
4 .85%. Galcd for C 1 8 H 1 6 O ö : G, 65.85; H , 4 . 9 1 % . 

S^'-Dihydroxy-ßJ-dimethoxyflavone (3). A mixture of 
16 (100 mg) and anhydrous a luminum chloride (0.3 g) in 
acetonitrile ( 1 ml) was heated at 70 °G for 2 h, and then the 
reaction mixture was worked-up in the same manner as in 
the case of 1 to give a precipitate, which was subsequently 
recrystallized from methanol as pale yellow needles (3) (52 
m g ) : m p 254—255 °G. Found : G, 64.99; H , 4 .40%. Galcd 
for C 1 7 H 1 4 0 6 : G, 64.96; H , 4 .49%. 

The Diacetate (17) of 3. T h e flavone 3 was converted 
into a diacetate (17), which was then recrystallized from 
aqueous methanol as colorless plates: m p 145—146 °G. Found: 
G, 63.25; H , 4 .46%. Galcd for C 2 1 H 1 8 0 8 : G, 63.31 ; H , 4 .55%. 

T h e a u t h o r s a r e g ra te fu l t o professor M i c h i o T a k i d o , 
D e p a r t m e n t of P h a r m a c y , Col lege of Sc ience a n d 
T e c h n o l o g y , N i h o n U n i v e r s i t y , for t h e s a m p l e of 
n a t u r a l sku l l capf l avone I . 
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The crystal structure of tryptamine : adenin-9-ylacetic acid (1:1) hemihydrate complex has been determined 
by the X-ray method. The crystal is monoclinic, space group P2JC with unit-cell dimensions: 0=9.164(2), b = 
6.908(1), £=29.524(4) A and ß= 110.98(2)°. The structure was solved by application of MULTAN and refined 
by the block-diagonal least-squares method to give a final i?-value of 0.064. No specific interaction between 
indole and adenine rings is observed. Both component molecules are held together by three-dimensional frame­
works of hydrogen bonds around a twofold screw axis to form an infinite helical array along the b-direction. Two 
kinds of dimer formation around a center of symmetry are observed between adenin-9-ylacetic acid molecules. 

In previous communications, reports were given on the 
crystal structures of l-methyl-3-carbamoylpyridinium: 
indole-3-acetic acid (1 :1 ) complex1) and 7,8-dimethyl-
isoalloxazine-10-acetic acid: t ryptamine ( 1 : 1) complex2) 
selected as suitable models for indo le -NAD + and indole-
FAD interaction, respectively. 

Prominent stacking of indole-pyridinium or indole-
isoalloxazine rings by charge-transfer interactions was 
observed. However, when we compare the spectroscopic 
data of these model complexes with those of indole-
NAD+ and the indole-FAD complexes, we see that 
there is a slight difference in the association constant 
and Amax of charge-transfer band . 

We thus synthesized the title complex. The present 
paper deals with crystal structure analysis of the complex 
which may provide further insight into intermolecular 
stacking interaction of indole-adenine rings suggested 
from spectroscopic studies.3-12) 

E x p e r i m e n t a l 

Potassium adenin-9-ylacetate was synthesized according lo 
the reported procedure.13) Its aqueous solution was absorbed 
to the Amberlite-IRA-401 anion-exchange resin (OH-type) 
column, and eluted with an equimolar aqueous solution of 
tryptamine hydrochloride. Transparent platelet crystals were 
obtained by slow evaporation of the elute at room temperature. 

The UV spectra and thermal analysis of the crystals indi­
cated a one-to-one stoichiometry of adenin-9-ylacetic acid 
(AAA) and tryptamine (TPA) with a halfmolar water mole­
cule. 

Oscillation and Weissenberg photographs showed the space 
group to be P2x/c. The density was measured by the floatation 
method in a benzene-carbon tetrachloride mixture. The cell 
dimensions were refined by the least-squares method, using 
30 reflections measured on a Rigaku-Denki automatic four-
circle diffractometer with Ni-filtered Gu KOL radiation. The 
crystal data are given in Table 1. 

Intensity data were collected on a diffractometer with the 
same radiation using co/20 scanning technique within sinö/A 
less than 0.55 A - 1 with scan speed 4°/min, and background 
being measured for 5s. A total of 2431 independent reflections 
were corrected for Lorentz and polarization factors, but not 
for absorption because of the smallness of the crystal (dimen­
sion : 0.3 X 0.3 X 0.4 mm). The intensities of three standard 

TABLE 1. CRYSTAL DATA OF TPA: AAA(1: 1) COMPLEX 

Chemical formula 
Molecular weight 
Crystal system 
Space group 
Cell constant 
A/A 

b/k 
c/k 

ßl° 
Volume/A3 

Z 
AJg-cm-3 

^x/g 'cm- 3 

ju(CuKoc)/cm^ 

C17H19N702 .l/2 
362.39 
Monoclinic 
P21/c 

9.164(2) 
6.908(1) 

29.524(4) 
110.98(2) 

1745.1 
4 
1.375(2) 
1.379 
9.38 

reflections, measured every 50 reflections, showed no deterio­
ration during the course of data collection. 

All the numerical calculations were carried out on an 
NEAC-2200-700 computer of the Computation Center of 
Osaka University using "UNICS" program (1973).14> Atomic 
scattering factors cited in "International Tables for X-Ray 
Crystallography"15) were used» 

D e t e r m i n a t i o n a n d Ref inement 
o f the Structure 

The structure was solved by the direct method with 
the program MULTAN 1 6 ) using 493 reflections with 
|2£|^1.20. An i?-map computed with the phase set 
of the highest figure of merit (1.249) revealed the 
positions of all non-hydrogen atoms except a water 
molecule. At the stage i ?=0 .143 , a difference Fourier 
synthesis gave two peaks related by a center of symmetry 
at (0,1/2,0) which could be assigned to the disordered 
oxygen atoms of the water molecules (occupancy: 1/2 
per one peak), and nineteen hydrogen atoms other than 
those of the water molecule. The final block-diagonal 
least-squares refinement was computed with the follow­
ing weighting scheme: w=0.30 for F o = 0 . 0 , w=1.0 for 
0 < F o ^ 2 1 . 0 and w = 1 . 0 / [ 1 . 0 + 0 . 2 6 3 ( F o - 2 1 . 0 ) ] for 
F o > 2 1 . 0 . In the last cycle of refinement, none of the 
positional parameters shifted more than one-fourth of 
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TABLE 3. ATOMIC COORDINATES ( X 104) AND THEIR STANDARD DEVIATIONS OF NON-HYDROGEN ATOMS 

Atom 

ANÏ 
AG2 
AN3 
AG4 
AG5 
AG6 
AN6 
AN7 
AG8 
AN9 
AGIO 
AG11 
A012 
A013 

Atom 

AN1 
AG2 
AN3 
AG4 
AG5 
AG6 
AN6 
AN7 
AG8 
AN9 
AGIO 
AG11 
A012 
A013 
TNI 
TG2 
TG3 
TG4 
TG5 
TG6 
TG7 
TG8 
TG9 
TG10 
TG11 
TN12 

X 

1303(3) 
948(4) 

1592(3) 
2702(3) 
3200(3) 
2458(3) 
2860(3) 
4377(3) 
4546(4) 
3570(3) 
3531(4) 
4388(3) 
4438(2) 
4961(2) 

y 

11380(4) 
10219(5) 
8534(4) 
8021(4) 
9072(4) 

10850(4) 
12029(4) 
8095(3) 
6494(4) 
6360(3) 
4831(4) 
5337(3) 
4005(2) 
6976(3) 

z 
432(i; 
74i(i; 
929(i; 
754(1] 
442 ( r 
277(i; 

- i 8 ( i ; 
343(1] 
599(1] 
849(1] 

ii80(i; 
1708(1] 
2002(i; 
1820(1] 

Atom 

TNI 
TG2 
TG3 
TG4 
TG5 
TG6 
TG7 
TG8 
TG9 
TG10 
TG11 
TN12 
0 ( H 2 0 ) 

TABLE 4. ANISOTROPIC THERMAL PARAMETERS ( x 

0 ( H 2 0 ) 

X 

6894(3) 
7413(3) 
8184(3) 
8727(3) 
8549(4) 
7760(4) 
7133(3) 
7328(3) 
8131(3) 
8934(3) 
8092(3) 
6526(2) 
517(7) 

y 
293(3) 
950(4) 

2663(4) 
4602(4) 
4547(5) 
3031(5) 
1536(5) 
1582(4) 
3091(4) 
3828(4) 
5697(4) 
5285(3) 
5120(8) 

104) AND THEIR STANDARD 

DEVIATIONS OF NON-HYDROGEN ATOMS 

The anisotropic temperature factors are expressed in 
^{-(B^+Bnkt+BJt+Buhk+BMhl+Bnkl)}. 

B11 

135(4) 
144(5) 
161(4) 
123(4) 
115(4) 
124(4) 
184(4) 
140(4) 
153(5) 
154(4) 
190(5) 
99(4) 

138(3) 
156(3) 
116(4) 
111(4) 
86(4) 

119(4) 
151(5) 
151(5) 
112(4) 
87(4) 
77(3) 

104(4) 
109(4) 
110(3) 
267(11) 

B22 

188(6) 
245(8) 
237(7) 
178(7) 
158(6) 
156(6) 
191(6) 
172(6) 
173(7) 
149(5) 
143(6) 
105(5) 
112(4) 
114(4) 
145(5) 
139(6) 
117(5) 
158(6) 
255(8) 
310(10) 
257(8) 
140(6) 
115(5) 
161(6) 
127(6) 
113(5) 
252(13) 

^ 3 3 

î^ôT 
16(0) 
17(0) 
10(0) 
10(0) 
12(0) 
19(0) 
13(0) 
12(0) 
11(0) 
12(0) 
11(0) 
12(0) 
13(0) 
24(1) 
22(1) 
16(0) 
15(0) 
16(1) 
15(1) 
18(1) 
18(0) 
15(0) 
14(0) 
14(0) 
13(0) 
33(1) 

B12 

49(8) 
60(10) 
60(9) 
12(8) 
14(8) 
25(8) 
85(9) 
42(7) 
55(9) 
25(7) 

-59(9) 
-8 (7 ) 

-19(5) 
-78(6) 
-66(7) 

14(8) 
29(7) 

-37(8) 
17(11) 
88(12) 
48(10) 

-14(8) 
- 4 ( 7 ) 
55(8) 

-30(8) 
22(6) 

235(21) 

L the form 

^ 1 3 

25(2) 
41(3) 
49(2) 
17(2) 
19(2) 
17(2) 
52(2) 
34(2) 
26(2) 
26(2) 
25(2) 
28(2) 
35(1) 
30(2) 
51(2) 
60(3) 
38(2) 
25(2) 
32(3) 
30(3) 
16(2) 
31(2) 
28(2) 
30(2) 
32(2) 
34(2) 
80(6) 

z 
1882(1) 
2352(1) 
2388(1) 
1709(1) 
1227(1) 
931(1) 

1111(1) 
1601(1) 
1909(1) 
2839(1) 
2866(1) 
2893(1) 

-130(2) 

^ 2 3 

-5 (2 ) 
-1 (3 ) 

9(3) 
-2 (3 ) 
-3 (2 ) 
- 8 (3 ) 
47(3) 
4(2) 
6(3) 

12(2) 
4(3) 

-2 (2 ) 
9(2) 

-8 (2 ) 
-34(3) 

3(3) 
-1 (3 ) 

1(3) 
19(3) 

-9 (4 ) 
-53(4) 
-21(3) 
-7 (2 ) 
- 2 (3 ) 
-13(3) 
-5 (2 ) 
55(7) 

the estimated standard deviations. The final R-value 
including Fo=0.0 is 0.064. The observed and calculated 
structure factors are given in Table 2.17> T h e final 
positional and thermal parameters with their s tandard 
deviations for non-hydrogen atoms are given in Tables 3 
and 4, respectively. The coordinates and isotropic 
thermal parameters for hydrogen atoms except those 
of the water molecule are given in Table 5. 

R e s u l t s a n d D i s c u s s i o n 

Molecular Structure. T h e bond distances and 
angles with their s tandard deviations for non-hydrogen 
atoms are shown in Fig. 1, with the atomic numbering 
used in this work. The least-squares planes of adenine, 
carboxyl, indole, and aminoethyl moieties are given in 
Table 6, together with the displacement of atoms from 
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TABLE 5. HYDROGEN ATOM COORDINATES ( X 103) AND 

ISOTROPIC TEMPERATURE FACTORS WITH THEIR 

STANDARD DEVIATIONS 

Atom 

AH2 
AH6A 
AH6B 
AH8 
AH10A 
AH10B 
TH1 
TH2 
TH4 
TH5 
TH6 
TH7 
TH10A 
TH10B 
TH11A 
TH11B 
TH12A 
TH12B 
TH12C 

X 

6(4) 
373(5) 
214(5) 
534(4) 
405(4) 
239(4) 
627(4) 
719(4) 
929(3) 
905(4) 
766(4) 
655(4) 

1005(4) 
907(4) 
788(3) 
872(4) 
612(4) 
636(5) 
581(4) 

y 
1071(5) 
1186(6) 
1298(6) 
539(5) 
360(5) 
445(5) 

-81(5) 
20(5) 

570(4) 
563(5) 
306(5) 
36(5) 

424(5) 
303(5) 
651(4) 
644(5) 
650(5) 
427(6) 
482(5) 

z 

86(r 
- i i ( r 
- i 9 ( r 

6i(r 
no(i; 
114(1 
i75(r 

264(r 
192(1 
i06(r 
55(1 
88(1 

287(1 
316(1] 
255(1] 
3i8(i; 
295(i; 
309(1] 
257(1] 

B/A* 

) 3.3(7) 
) 5.0(9) 
) 5.0(9) 
) 3.5(8) 
) 3.6(8) 
) 4.0(8) 
) 3.0(7) 
) 2 6(7) 
) 2.1(6) 
) 4.5(9) 
) 3.2(7) 
) 4.0(8) 
) 2.5(7) 

3.2(7) 
) 2.0(6) 
) 2.6(7) 
) 2.5(7) 

5.5(10) 
2.7(7) 

the planes. The torsion angles are given in Table 7. 
The bond lengths and angles of the adenine ring agree 
with those found in related compounds within their 
standard deviations.18) The purine base is planar with 

a maximum deviation of 0.024 Â for A N 3 . The bond 
parameters for the carboxyl group are also within 
their expected ranges as having no hydrogen atom, the 
group being almost planar and at approximately right 
angles to the purine base (dihedral angle = 78.0°). The 
molecular conformation of AAA with the torsion angle, 
r and co, is very similar to one of the same molecule 
determined by Voet19> ( r = 8 4 . 3 ° , o>=7.7°), both 
molecules lying in (+)c l ina l and synperiplanar for r 
and ft), respectively. 

The bond lengths and angles of the T P A molecule 
agree with the values found in the crystal structures of 
the other T P A molecules: TPA,20) T P A picrate,21) T P A 
hydrochloride,22) T P A phenylacetate,23) T P A thymine-
1-ylacetate,24) and T P A 7,8-dimethylisoalloxazine-10-
acetate.2) The indole ring is also planar with a maximum 
shift of 0.025 A for T C 8 , the dihedral angle between 
the indole ring and the aminoethyl group being 74.6°. 
Three hydrogen atoms (TH12A—TH12C) found in the 
difference m a p are tetrahedrally bound to T N 12, 
indicating the amino group to be in a cationic -NH8

+ 

form. The conformation of the T P A molecule in this 
crystal is similar to the hitherto analysed T P A molecules 
except thymine-1-ylacetäte. The conformation having 
the torsion angles, % and 0, in ( + ) anticlinal and in 
( — ) synclinal regions, respectively, is thought to be the 
most stable one.20) 

Crystal Structure. The crystal structure projected 
along the b-axis is shown in Fig. 2. The intermolecular 
distances and angles for the hydrogen bonds and the 

TH12B 

1TH12C 

TO11A 

THS 

TH6 

TH7 

Fig. 1. Bond lengths and angles. 
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TABLE 6. DEVIATIONS OF ATOMS FROM THE 

LEAST-SQUARES PLANES 

Equations of the best planes expressed by mxX+ m2 Y-\- msZ= d 
in an orthogonal space 

Plane 
Purine ring 

mx 

0.4328 
Carboxyl group 0.9435 
Indole ring 
Aminoethyl 

0.8419 
group 0.0555 

Deviations (/A) from the best 
AAA 
Purine ring 

AN1* 
AG2* 
AN3* 
AG4* 
AG5* 
AG6* 
AN7* 
AG8* 
AN9* 
AN6 
AGIO 
AH2 
AH8 

0.020 
0.011 

- 0 . 0 2 4 
- 0 . 0 0 7 
- 0 . 0 1 4 
- 0 . 0 0 9 
- 0 . 0 0 4 

0.009 
0.018 

- 0 . 0 4 9 
- 0 . 0 3 6 

0.014 
0.015 

Carboxyl group 
AGIO* 
AG11* 
A012* 
A013* 
AH10A 
AH10B 

0.001 
- 0 . 0 0 4 

0.001 
0.001 

- 0 . 8 2 1 
0.853 

m2 m3 

0.4604 0.7750 
-0 .3247 -0 .0658 
-0 .4977 0.2086 
-0 .0222 0.9982 

planes : 
TPA 
Indole ring 

TNI* 
TG2* 
TG3* 
TG4* 
TG5* 
TG6* 
TG7* 
TG8* 
TG9* 
TG10 
TH1 
TH2 
TH4 

TH5 
TH6 
TH7 

d 
4.8820 
0.5803 
4.6306 
8.0422 

0.005 
-0.021 
-0.016 
0.018 

-0.016 
-0.021 
0.005 
0.025 
0.021 

-0.052 
0.062 

-0.017 
0.029 

-0.081 
-0.055 
-0.019 

Aminoethyl group 
TG10* 
TG11* 
TN12* 
TH10A -

Atoms with asterisks define the plane. TH10B 
T H l l A 
T H l l B -
TH12A -
TH12B -
TH12G 

0.0 
0.0 
0.0 

-0.125 
-0.887 
0.871 

-0.859 
-0.104 
-0.536 
0.904 

TABLE 7. TORSION ANGLES (/°) OF TPA 

AND A A A MOLECULES 

AG4-AN9-AG10-AG11 
AG8-AN9-AG10-AG11 ; r 
AN9-AG10-AG11-A012 
AN9-AG10-AG11-AO13 ; œ 

TPA 
TG2-TG3-TG10-TG11 ;x 

TG9-TG3-TG10-TG11 
TG3-TG10-TG11-TN12 ; <f> 

- 7 6 . 5 
98.5 

183.2 
3.9 

108.5 
- 7 2 . 0 
- 6 5 . 7 

short contacts less than 3.5 Â are given in Table 8. 
In the crystal, the complex formation is mainly due 

to the salt bridge between the amino and carboxyl 
groups. Both the molecules are linked by the hydrogen 
bonds of the amino nitrogen atom (TN 12) to the carboxyl 
oxygen a tom(AO12 and A 0 1 3 ) , which are formed 
around a twofold screw axis, A O 13 participating further 

Fig. 2. The crystal structure viewed along the b-axis. 

in a hydrogen bond with T N I of the indole ring, which 
may strengthen the salt bridge formation. The complex 
molecules form an infinite helical array with two 
complex pairs per turn (Fig. 3). The packing mode is 
found frequently in the crystal structures of the complex 
formed by a salt bridge between the acid and amine 
components, such as the 5-methoxytryptamine : 5-
methoxyindole-3-acetic acid ( 1 : 1) complex,25) 5-meth­
oxytryptamine: indole-3-acetic acid (1 :1 ) complex,25) 
T P A : phenylacetic acid (1 :1 ) complex23) and T P A : 
thymine-1-ylacetic acid (1 :1 ) complex.24) 

O n the other hand, AAA molecule is further linked 
by two kinds of hydrogen-bonding schemes with the 
neighboring AAA molecules related by a center of 
symmetry. One is a linkage by two identical hydrogen 
bonds of AN6 to AN 7. This kind of dimer formation is 
frequently observed in adenine derivatives.19»26-29) The 
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TABLE 8. HYDROGEN BONDS AND SHORT CONTACTS LESS THAN 3.5 Â 

Superscribed numbers represent the symmetry operators. 

Hydrogen bonds 
Donor 

TN121) 
TN122> 
TN121) 
TN13> 
0(H 20) 3) 
0(H 2 0)D 
AN64> 
AN61) 

Short contacts 
0(H20)1>-AC41) 
A C l l ^ - T N t f « 
AO^U-TCS« 
A013D-TN121) 
A012«-TGll a ) 
TC21>-A0122> 
TN12^-AN32) 
ACÔD-O^O) 3 ) 

Symmetry code 
1) x,y, z 2) 1— x, —. 

Acceptor 

A0121) 
A0121) 
A0132) 
A0131? 
AN11) 
AN15> 
AN71) 
0(H 20) 3) 

3.331(7) 
3.343(4) 
3.338(4) 
3.194(3) 
3.376(4) 
3.261(4) 
3.498(4) 
3.432(7) 

1/2 +y, 1/2-z 3) x, 

Distance/Â 
D-.-A H . - A 

2.786(3) 1.79(3) 
2.770(3) 1.83(3) 
2.937(3) 2.07(5) 
2.862(4) 2.00^4) 
3.016(7) — 
2.891(7) — 
3.013(4) 2.07(4) 
2.962(7) 2.15(4) 

0(H20)1)-AN91) 
A0121>-TC21> 
A O ^ - T C l l 1 ) 
A013D-AN91) 
TN1«-TN12« 
TC2^-TN122) 
ANI^-ACIO3) 
ANl^-ANl5) 

l+y, z 4) \-x92-y9 -z 5) • 

Angle/0 

D-H-.-A 
176(3) 
170(3) 
150(4) 
150(3) 

— 
— 

172(4) 
144(8) 

3.335(7) 
3.307(4) 
3.493(4) 
2.723(3) 
3.429(4) 
3.449(4) 
3.390(4) 
3.389(5) 

-x, 2-y, -z 

Fig. 3. The stereoscopic view of two complex pairs around a twofold screw axis. 

other is the bond to the disordered crystal water (AN1 ••• 
0 ( H 2 0 ) ) . The water molecule is not located on a 
center of symmetry, but found at two equally disordered 
positions separated from a center of symmetry by 0.715 
Â. The water molecule is further hydrogen bonded 
to AN6. 

The dihedral angle between the indole and adenine 
rings is at approximately right angles (72.7°). Neither 
hydrogen bond nor short contacts less than 3.5 Â exist 
between both rings. Contrary to our expectation, 
there is no specific interaction between the indole and 
adenine rings in this complex, whereas the interaction 
through the hydrogen bond is observed in the related 
crystal structures.30»31) The hydrogen bonds between 

the carboxyl and amino groups might be preferable to 
any specific interaction of indole-adenine rings. 
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Utility of the primary alkylamine-water-crown ether system as an effective source of hydroxide ion was studied 
by the reduction of benzylideneacetone with carbonylhydridoferrate anion. Excellent conversion and selectivity 
for the reduction were attained in a two-phase system (benzene-water) in the presence of dicyclohexano-18-crown-6, 
comparable to those obtained with use of potassium hydroxide in place of the amine. Effects of several alkylamines 
and crown ethers were presented. IR examination of pentacarbonyliron-butylamine-water in benzene with or 
without the crown ether showed that the presence of the crown ether markedly alters the route of formation of 
the reducing agent (s). 

The macrocyclic polyethers (crown ethers) form 
stable complexes with alkali and alkaline earth metal 
cations as well as primary alkylammonium ions. The 
chemistry of the ammonium salt complexes was inves­
tigated in detail by Cram and his collaborators.1) They 
utilized the nature of the complexes as a novel method 
for optical resolution of amino acids.2) 

Primary alkylamine in water is in equilibrium as 
shown by Eq. 1. When an alkylammonium hydroxide 
is brought into formation of a complex (1) with a crown 
ether, the equilibrium would shift to the right, and in a 
two phase, e.g. benzene and water, the resulting complex 
could be transferred to the organic phase to greater 
extent. The phenomenon can be considered to be 
production of an increased concentration of hydroxide 
ion from an alkylamine and water, especially in the 
organic phase. 

RNHa + H 2 0 ±=r- RNH3 OH" (1) 

RNH3 OH" + crown ether <==-> 

[RNH3 • crown ether] OH" (2) 
1 

The postulate led us to study the use of pr imary 
alkylamine-water-crown ether system as a source of 
hydroxide ion in organic reactions. 

Pentacarbonyliron and its polynuclear homologs can 
be converted into carbonylhydridoferrate anions 
(HFe(CO)r from Fe(CO)5) by the action of a strong 
base. The hydrido anions have been used in the selective 
reduction of activated double bonds.3) This paper 
reports on the use of primary alkylamine-water-crown 
ether combination as an effective alkali in the hydrido 
anion reduction. Unsaturated esters (acrylates or 
cinnamates) could be reduced by the reduction system, 
but side reactions such as transamination and Michael 
addition as well as hydrolysis are involved, thus affording 
unreproducible results. Benzylideneacetone was selected 
as an adequate substrate, although its reduction was 
also accompanied by Michael addition. The present 
study was undertaken in order to confirm the possibility 
of suppression of the side reaction by a technique 
consisting of phase-transfer effect and enhancement of 
hydroxide ion activity. 

R e s u l t s a n d D i s c u s s i o n 

Effect of Dicyclohexano-18-crown-6 (DC18C6). 
Benzylideneacetone (1 mmol) was allowed to react with 
a reduction system, butylamine(2 mmol)-water(0.5 m l ) -
Fe(CO) 5 (4 mmol)-benzene(2 ml), at 25 °C under vigor­
ous stirring for 24 h. G L C analysis of the product in 
the benzene layer showed a 7 7 % consumption (conver­
sion) of the substrate and 22 % formation of 4-phenyl-2-
butanone (based on benzylideneacetone reacted; selec­
tivity). The balance represents the extent of side 
reaction. Two of the by-product A and B were observed 
in the ratio 9 : 1 . Trea tment of benzylideneacetone with 
2 molar excess of butylamine in benzene gave the main 
by-product which coincided with peak A and was 
considered to be the Michael adduct . Attempt to 
isolate the two peaks from the reduction mixture for 
structural identification by preparative G L C was 
unsuccessful because of decomposition of the components 
during the course of separation. The results of the 
reduction under various conditions are summarized in 

TABLE 1. REDUCTION OF BENZALACETONE*) WITH Fe(CO)5-

R N H 2 - H 2 0 - C R O W N ETHER-BENZENE SYSTEM 

Result*) 

Run CE» Base*) K^Ct)?n
r "~^V7 •• •• time/h Conversion Selectivity 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

DC18C6 
DC18C6 
DC18C6 
DC18C6 
DC18C6 

— 
— 
— 
— 

DC18C6 
18C6 
DC18C6 
DC18C6 

n-G4NH2 

*-C4NH2 

n-C8NH2 

/z-C8NH2 

KOH 
w-C4NH2 

*-C4NH2 

w-C8NH2 

KOH 
«-C4NH2 

72-C4NH2 

K 2 C0 3 

CH3C02K 

24 
24 
24 

5 
24 
24 
24 
24 
24 

9 
9 

24 
24 

% 

100 
77 

100 
84 
93 
76 
38 
84 
10 
65 
51 
87 
17 

% 

88 
95 
65 
83 
93 
22 
61 
32 

100 
86 
29 
92 
88 

a) Reaction conditions: benzalacetone, 1 mmol; crown 
ether (CE), 1 mmol; base, 2 mmol, at 25 °C. b) Deter­
mined by GLC. 
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Table 1. When an equimolar amount of DC18C6 was 
added, the reduction of benzylideneacetone proceeded 
to give 100% conversion and 8 8 % selectivity. T h e 
result is nearly comparable to that obtained with 
F e ( C O ) 5 - K O H - D C 1 8 C 6 combination (Run 5, Table 
1), and evidences pronounced effect of the crown ether 
addition. The expected phase-transfer effect in the 
present system is also observed in the F e ( C O ) 5 - K O H 
combination. Other weak bases, K 2 C 0 3 and C H 3 C 0 2 K , 
can also act as a hydroxide ion source in the presence 
of DC18C6, though less effectively in the latter. 
Fedorynski et al*) recently reported that a combination 
of K 2 C 0 3 and a crown ether in non-polar solvents can 
be used effectively for generating carbanions from active 
methylene compounds in a solid-liquid system. 

Effect of Structures of Primary Alkylamines and Crown 
Ethers, T h e stability of pr imary alkylammonium 
ion-crown ether complexes depends on the structure of 
the amines, and steric bulk of the alkyl groups is an 
important factor.5) The steric effect was examined with 
the use of ^-butylamine in the reduction. Its use in 
place of butylamine gave a low conversion as expected, 
bu t selectivity for reduction was considerably high even 
in the absence of DC18C6. T h e low conversion could 
be much improved by the addition of the crown ether, 
accompanied by increase in selectivity. T h e high 
selectivity obtained with the tertiary-amine under both 
conditions can be interpreted by the decrease in nucleo-
philic function of the amine due to the bulky £-butyl 
group. Octylamine was more efficient than butylamine 
for the reduction probably because of an increase of its 
solubility and the resulting increase of hydroxide ion 
concentration in the benzene layer even in the absence 
of the crown ether. However, the increase of solubility 
of the amine seems to cause an increase of Michael 
adduct leading to a lower selectivity. 

18-Crown-6(18C6) is a more favorable complexing 
agent to alkylammonium salts than DC18C6. However, 
it gave no improvement in both conversion and selec­
tivity as compared to the latter. This might be at tr ibuted 
to a larger solubility of 18C6 and its ammonium ion 
complex in water. Benzocrown ethers, benzo-18-crown-
6 and dibenzo-18-crown-6, were less efficient than 18C6. 
This indicates that conversion and selectivity in the 
present reduction depend not only on the stability 
of 1 but also on solubilities of 1 and free amines in the 
benzene layer. 

Routes of the Formation of Reducing Agent. In the 
present reduction, reducing agents are considered to be 
H F e ( C O ) 4 - and HFe 2 (CO) 8 ~ which might be formed 
from the mononuclear anion under the reaction condi­
tions. Collman et al.3d) reported that Na+HFe 2(CO) 8~ is 
more reactive ( > 2 6 times) than Na+HFe(CO) 4 ~ in the 
reduction of activated double bonds in T H F . A 
qualitative examination for the presence of the reagents 
and also for the effect of DC18C6 on their formation 
was made by I R measurement.6) When Fe (CO) 5 

(1 mmol) was allowed to react with a mixture of 
butylamine (2 mmol) and water (0.5 ml) in benzene 
(4 ml) at 25 °C under vigorous stirring in the presence 
of the crown ether, the color of the mixture turned 
rapidly from yellow to deep-red. A spectrum of the 

benzene layer taken 2 h after mixing showed the 
formation of HFe(CO) 4 ~ (vco 1915 cm" 1 sh), 1880 cm- 1 

(s)) and H F e ( C O ) n - (vco 2070 c m - 1 (vw), 1995 c i r r u s ) , 
1978 cm 1 (m), 1950 cm * (sh)), and the presence of a 
small quanti ty of unreacted Fe (CO) 5 (vco 2020 c m - 1 

(s), 1995 c m - 1 (s)). O n the other hand, in the absence 
of the crown ether the color change to deep-red pro­
ceeded slowly, the I R spectrum of the benzene layer 
indicating a large quanti ty of Fe (CO) 5 remaining 
unreacted. Hydrido anions observed in the spectrum 
were small amounts of HFe 2 (CO) 8 ~ (»co 1913 cm-1) and 
H F e 3 ( C O ) n ~ , the absorption of HFe(CO) 4 ~ being very 
weak. 

T h e marked effect of DC18C6 in the formation of 
HFe(CO) 4 ~ strongly suggests that there are two major 
routes for the formation of the anion, the reaction of 
Fe (CO) 5 with free amine and that with hydroxide ion 
in 1 derived according to Eq. 2. The reaction of Fe(CO) 5 

with alkylamines, especially with secondary amines, was 
studed in detail by Edgell et al.1) Application of their 
results to the present pr imary amine system gave the 
following results. A reaction of a primary amine 
with Fe (CO) 5 gives an equilibrium mixture of 

R N H 2 C O F e ( C O ) 4 - (3) and [RNH 3 ] [RNHCOFe(CO) 4 - ] 
(4) ; in the presence of water and excess amine they are 

hydrolyzed to an equimolar mixture of [RNH 3 ] [HFe-

(CO) 4 - ] (2) and [ R N H ? ] [ R N H C O ? - ] (5) (Scheme l ) . 
Under the present conditions containing only a small 
quanti ty of water (especially in the benzene layer) 
hydrolysis would be sluggish and far from complete. 
The lower selectivity for benzylideneacetone in the 
absence of DC18C6 (Table 1) can be accommodated 
with the slow formation of the hydrido anions (HFe-

Q 

b 

c 

I i i i I 
1700 1600 1500 

Wave number/cm -1 

Fig. 1. IR spectra of the reaction mixture of Fe(GO)5 

and butylamine, and butylcarbamate solution. 
a) Fe(CO)5-n-BuNH2-DC18C6-H20-C6H6. 
b) Fe(GO)5-n-BuNH2-H20-G6H6. 

c) [n-BuNH3] [rc-BuNHC02-]-DCl8C6-C6H6. 
The crown ether was added to solubilize the salt in 
benzene. 
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(CO) 4 - and HFe 2 (CO) 8 - ) . T h e formation of butyl-
carbamate salt (5) in the reduction mixture was also 
confirmed by comparison of its I R spectrum with that 
of an authentic butylcarbamate solution (1570 cm - 1 ) 

(Fig. 1). 
In the absence of a crown ether. 

RNH2 + Fe(CO)5 <=t RNH2COFe(CO)4-
3 

RNH2 + 

<=> [RNH3][RNHGOFe(GO)4-] 
4 

H 20, RNH2 

3 and 4 • 

[RNH3][HFe(GO)4-] + [RNH3] [RNHCO,-] 
2 5 

Scheme 1. 

In the presence of a crown ether (CE). 

RNH2 + H 2 0 <-r=; RNH3 OH" 
+ CE + 

RNH 3 OH" <=> [RNH 3-GE]OH-
1 

1 + Fe(CO)5 • [RNH3.GE][HFe(GO)4-] 
6 

+ [ R N H 3 . C E ] H C 0 3 -
7 

and/or [RNH3 .CE]2C03
2-

8 

Scheme 2. 

Scheme 2 is a modification of the pathway commonly 
accepted for the formation of carbonylhydridoferrate 
anions by causic alkalis (so-called base reaction), and 
could be realized by complexization of the alkylammo-
nium hydroxide with crown ether. Hydroxide ion of 1 
would effectively react with Fe (CO) 5 to give 6 and 7 
(and/or 8). The rapid formation of HFe(CO) 4 ~ in a 
large quantity and the enhanced conversion in the 
reduction, as high as that observed when K O H was 
used, could be interpreted by this route, though the 
extent of the participation of HFe 2 (CO) 8 ~ in the reduc­
tion is not clear. I R inspection of the reduction mixture 
obtained in the presence of DC18C6 indicated the 
presence of hydrogencarbonate and/or carbonate ions 
(ca. 1620 cm - 1 ) and a marked decrease of the butyl­
carbamate ion (Fig. 1). It is obvious that the increased 
formation of 6 (and its polynuclear homologs) as well 
as 7 and 8 cause a decrease of free alkylamine, especially 

in the benzene layer, by its conversion into the onium 
ion complexes. An interpretation for the increase in 
selectivity in the reduction effected by the addition of 
DC18C6 is given by Scheme 2. 

I t is concluded that the pr imary a lkylamine-water-
crown ether system can be used as effective hydroxide 
ion source especially in a two phase system. 

E o p e r i m e n t a l 

Materiah. Benzylideneacetone, DC18C6,8> and benzo-
crown ethers8) were prepared by conventional methods. 
Commercial 18G6 (Bokusuy Brown Go.) was used. Penta-
carbonyliron (Alfa Products), primary amines, water, and 
benzene were distilled and stored under nitrogen. 

General Procedure. All reactions were carried out under 
nitrogen with a vessel {ca. 10 ml) equipped with an outer 
jacked for circulation of water (thermostated at 25 ±0.5 °G) 
and a serum cap for introduction of pentacarbonyliron by 
means of a syringe. Water (0.5 ml), alkylamine (2 mmol), 
benzene (2 ml) containing heptadecane as an internal standard, 
benzylideneacetone (1 mmol) and a crown ether (1 mmol) 
were placed in the vessel, and then pentacarbonyliron (4 
mmol) was added. The mixture was vigorously stirred at 
25 °C. After a certain time (24 h or 8 h), the reaction 
mixture was neutralized by addition of aq HCl, and the 
aqueous layer was extracted by ether twice. The products 
in the combined organic layer were analyzed by GLG (PEG 
20M 10%-Celite 545, 3 m m x 2 m, FID). 
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Sodium Methoxide Catalyzed Isomerization of Dimethyl l-Oxo-ci*8-
3a,7a-dihydroindene-3a,7a-dicarboxylates to Dimethyl 

3-Oxo-l,7-indandicarboxylates 
Tadao UYEHARA,* Shoichi MIYAKOSHI, and Yoshio KITAHARA1 

Department of Chemistry, Faculty of Science, Tohoku University, Aoba, Aramaki, Sendai 980 
(Received March 6, 1979) 

Treatment of dimethyl l-oxo-m-3a,7a-dihydroindene-3a,7a-dicarboxylates (A) with sodium methoxide in 
methanol gave particular dimethyl 3-oxo-l,7-indandicarboxylates (F). A multistep mechanism for the isomeriza­
tion was proposed on the basis of the positional correlations between the dihydroindenones A and the corresponding 
isomers F. The isomerization seems to be initiated by the addition of a methoxide to the 1 position of the dihydro­
indenones A affording the cyclohexadienide anions (B), which cyclize to give dimethyl l-oxo-cw-3a,7a-dihydro-
indene-3a,4-dicarboxylates (C). The dihydroindenones C become enolates (D), whose methoxycarbonyl group 
at the 3a position (E9) shifts to the 1 position of the enolates of F, (E), with the aid of aromatization. The same 
treatment of methyl 3-oxo-m-3a,7a-dihydroindene-3a-carboxylates gave key information on the process for the 
isomerization of A. 

Dimethyl 1 -oxo-c£r-3a, 7a-dihydroindene-3a, 7a-di-
carboxylate (1) is a product of a thermal rearrangement 
of dimethyl 2-oxobicyclo[3.2.2]nona-3,6,8-triene-6,7-di-
carboxylate (dimethyl homobarrelenone-6,7-dicarbox-
ylate).1) During the course of investigation on the 
structure of 1, it was found that the dihydroindenone is 
sensitive to sodium methoxide in methanol.2) When a 
solution of 1 in methanol was added to a solution of 
sodium methoxide at 0 °C or at room temperature, the 
mixture immediately turned violet and then rapidly 
became pale yellow. The product , obtained in 9 5 % 
yield, was dimethyl 3-oxo-l,7-indandicarboxylate (2). 
Unde r the same conditions the 7-methoxy derivative of 
1, (3), was isomerized to dimethyl 6-methoxy-3-oxo-l,7-
indandicarboxylate (4).2) This paper deals with an 
a t tempt to clarify the mechanism of isomerization. 

prepared from 6- and 4-isopropyl-2-methoxytropones 
(6b and 7b) via the homobarrelenones (6a and 7a) , 
respectively.3) 

I 

f^ V "S -? TE I 
x u 

1 X = H 
3 X= 

CH3ONa 
>• CHJOH 

E=C02CH3 

= OCH3 

X 1 f 

rir> w 0 

2 X = H 
4 X = OCH3 

R e s u l t s a n d D i s c u s s i o n 

Several alkyl derivatives of 3 were prepared and 
treated with sodium methoxide in methanol to examine 
the generality and limit of isomerization and the 
positional correlations between the cû-3a,7a-dihydro-
indenones and the products. 

Dimethyl 2-isopropyl-7-methoxy-1 -oxo-cû-3a, 7a-di-
hydroindene-3a,7a-dicarboxylate (5) is the product of a 
thermal rearrangement of dimethyl 3-isopropyl-l-
methoxyhomobarrelenone-6,7-dicarboxylate (5a) 
derived by the regioselective Diels-Alder reaction of 7-
isopropyl-2-methoxy-2,4,6-cycloheptatrien-1 -one (7-
isopropyl-2-methoxytropone, 5b) with dimethyl acety-
lenedicarboxylate.3) Similarly, dimethyl esters of 3-
isopropyl- and 5-isopropyl- 7-methoxy- l-oxo-cû-3a, 7a-
dihydroindene-3a,7a-dicarboxylic acids (6 and 7) were 

t Deceased February 4, 1976. 

E = C02CH3,X=OCH3 

5 R2 = z-Pr, R3 = R5 = H 5a 
6 R2 = R5 = H, R3 = z-Pr 6a 
7 R2 = R3 = H, R5 = *-Pr 

The conditions and results of the reactions of the 
m-3a,7a-dihydroinden-l-ones with sodium methoxide 
in methanol are given in Table 1. A solution of 5 was 
added to a solution of sodium methoxide in methanol 
at room temperature (Run 5). The mixture soon 
turned reddish violet and then slowly became pale 
yellow. After being left to stand for 4 h, the solution 
was acidified and extracted promptly with three portions 
of dichloromethane. The product (8) is an isomer of 5 
whose infrared spectrum shows a typical absorption due 
to the carbonyl of a 1-indanone, at 1691 c m - 1 . The 
ultraviolet spectrum of 8 exhibits an absorption 
maximum of the electron transfer band at 270 nm, 
which is 25 n m longer than that of 2 . The difference 
suggests that 8 is one of the 5-methoxy-l-indanones.4) 
The N M R spectrum of 8 indicates that the compound is 
dimethyl 2-isopropyl-6-methoxy-3-oxo-1,7 - indandicar-
boxylate, showing an AB pattern at (5 = 7.10 and 7.88 
(7^=8.6 Hz) for H 5 (R6) and H 4 (R5) , respectively, a 
doublet at (5=4.25 ( 7 = 3 . 4 Hz) for H x (R8) and a 
doublet of doublets at (5=2.81 ( 7 = 4 . 1 and 3.4 Hz) for 
H 2 . 

Under the same conditions, 7 was isomerized to 
dimethyl 4-isopropyl-6-methoxy-3-oxo -1 ,7 - indandicar-
boxylate (9) (Run 6), whose structure was deduced on 
the basis of its spectra. 

3-Isopropyldihydroindenone 6 was inactive to sodium 
methoxide in methanol at room temperature (Run 7), 
whereas the isomer (10) was obtained when 6 and the 
base were heated under reflux in methanol (Run 8). 
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Product 10 has a charac te r i s t ic absorption maximum 
at 271 nm, its N M R spectrum showing an AB pattern 
at (5 = 7.05 and 7.93 ( 7 = 8 . 7 Hz) for H 5 (R6) and H 4 

(R5) , respectively, and AB pattern at (5=2.67 and 3.08 
( / = 1 9 . 2 Hz) for the geminal protons at the 2 position. 
Thus compound 10 should be dimethyl 1 -isopropyl-6-
methoxy-3-oxo-l,7-indandicarboxylate. The fact that 
6 was isomerized to 10 seems to supply valuable infor­
mation on the mechanism of the isomerization, but the 
reaction conditions were different from those for other 
dihydroindenones. 

TABLE 1. A SODIUM METHOXIDE CATALYZED ISOMERIZATION 

OF DIMETHYL l-OXO-CW-3a,7a-DIHYDROlNDENE-

3a,7a-DICARBOXYLATES IN METHANOL 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Dihydro-
indenone 

lb) 

1 
1 
3 
5 
7 
6 
6 

11 
12 
12 
16d> 

Conditions 
(temp, time) 

0 °G, 5 min 
r.t., 5 min 
reflux, 10 min 
r.t., 5 min 
r.t., 4 h 
r.t., 4 h 
r.t., 12 h 
reflux, 12 h 
r.t., 12 h 
r.t., 12 h 
reflux, 12 h 
r.t., 4 h 

Product 

2 
2 
2 
4 
8 
9 

— 
10 
13 
— 
14 
17 

Yielda) 

% 

95 
87 
74.5 
90 
96.5 
98 
95c> 
63.4 
77 
95c> 
74.5 
70 

a) After isolation, b) Ref. 2. c) Recovery, d) Methyl 
4-methoxy-3-oxo-m-3a,7a-dihydroindene-3a-carboxylate. 

Re 

E 9 Ra 

E 7 E s ö 
Es — E9 — CO2 CH3 

5 R2=î-Pr, R 3 = R 5 = R 6 = H , R7 = OCH3 

6 R3=z'-Pr, R 2 = R 5 = R 6 = H , R 7 = O C H 3 

7 R6=z'-Pr, R 2 = R 3 = R 6 = H , R 7 = O C H 3 

11 R3 = CET 3 , R 2 = R 5 = R 6 = R 7 H 
12 R 3 =CH 3 , R2 = R5 = R 6 = H , R 7=OGH; 

E 8 =C0 2 CH 3 , E 9 = H 
16 R 2 = R 3 = R 5 = R 6 = H , R 7 = O C H 3 

8 
10 
9 

13 
14 

17 

In order to know the generality of formation of 
dimethyl l-alkyl-3-oxo-l,7-indandicarboxylatesfrom the 
corresponding dimethyl 3-alkyl-l-oxo-m-3a,7a-dihydro-
indene-3a,7a-dicarboxylate, we developed a general 
synthetic method for 3-methyl-2-cyclopenten-l-ones 
from 2-cyclopenten-l-ones, prepared dimethyl 3-methyl-
l-oxo-m-3a,7a-dihydroindene-3a,7a-dicarboxylates (11 
and 12)5) and treated them with sodium methoxide. 

Isomerization of 11 proceeded at room temperature 
to give dimethyl 1-methyl-3-oxo-l,7-indandicarboxylate 
(13) (Run 9). The other 3-methyldihydroindenone 12 
was not isomerized at room temperature, giving the 
so mer (14) in boiling methanol (Runs 10 and 11, 
respectively). Thus dimethyl 3-alkyl-l-oxo-m-3a,7a-
dihydroindene-3a,7a-dicarboxylates in general are iso­
merized with sodium methoxide to the corresponding 
dimethyl 1 -alkyl-3-oxo-1,7-indandicarboxylates. 

From the results we are able to estimate positional 
correlations between the dihydroindenones and the 
isomeric indanones. A mechanism for the isomerization 
is proposed as a working hypothesis which satisfies the 
positional correlations (Scheme 1). The mechanism 
shows that sodium methoxide acts as a catalyst in the 
first and second steps (A to C) . To know the role of 
sodium methoxide in the reactions, 1 was teated with 
sodium ethoxide in ethanol. T h e reaction of 1 at room 
temperature for 10 min gave diethyl 3-oxo-l,7-indandi-
carboxylate (15) in 6 4 .2 % yield. The same reaction 
for 10 s afforded a mixture of 1 (recovered) and dimethyl 
3-oxo-l,7-indandicarboxylate 2 in a 8 1 : 19 ratio. Thus, 
the alkoxides are shown to be the catalysts for the 
isomerization. 

C02C2H5 
E I C02C2H5 

j ^ | \ C2H5ONa/C2H5OH f ) f \ 
^s\^\ 10 min * ^ ^ V 

1 E = C O 2 C H T ^ ^ ^ CO 2 CH 3 

CzHsONa/^ I C02CH3 
C2Hs0H r ^ S - A 

ios y q > +1 
2 0 

The tentative mechanism shows that E 9 of the 
dihydroindenones shifts to the 1 position of the indan-3-
ones and E8 of the former corresponds to the methoxy-
carbonyl group at the 7 position of the latter. For 
confirmation of the working hypothesis, either methyl 
ester of l-oxo-«j-3a,7a-dihydroindene-3a- or 7a-carbox-
ylic acid is necessary. We were able to prepare methyl 4-
methoxy-3-oxo-«.y-3a, 7a - dihydroindene - 3a - carboxylate 
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(16) .3> 
When 16 was treated with sodium methoxide in 

methanol (Run 12), methyl 5-methoxy-1-oxo-4-indan-
carboxylate (17) was obtained in 7 0 % yield. Thus , 
the methoxycarbonyl group at the 7a position of the 
dihydroindenones should correspond to that at the 7 
position of the products, indan-3-ones. 

Formation of the intermediate B is supported by the 
following results. When methyl 4-methoxy-1 -methyl -
3- oxo- cis-3a, 7a-dihydroindene- 3a - carboxylate (18), 
derived from 16 via the pyrazoline (19), was treated 
with sodium methoxide in methanol, 1,2,3-trisubstituted 
benzene (20) was formed selectively. Its absorption 
spectra show that the compound is not methyl 5-
methoxy-3-methyl-1 -oxo-4-indancarboxylate. The 
ultraviolet spectrum does not exhibit the typical absorp­
tion maximum of 1-indanones, at ca. 300 n m . The 
infrared spectrum shows no absorption at ca. 1700 cm" 1 

due to the carbonyl of 1-indanones. The N M R spectrum 
of 20 indicates that the compound is methyl 3-
(3 - methoxy - 2 - methoxycarbonylphenyl) butanoate : the 
spectrum exhibits a doublet at (5=1.24 (3H, y = 6 . 8 
Hz) for C H 3 - ( C H ) , an ABC pat tern at (3 = 6.68 (dd, 
7 = 8 . 0 and 0.9 Hz) , 6.78 (dd, 7 = 8 . 0 and 0.9 Hz) and 
7.20 (t, y = 8 . 0 Hz) for the three adjacent protons on 
the benzene ring, an ABC pat tern at (5=2.34 (dd, J= 
15.0 and 9.0 Hz) , 2.59 (dd, 7 = 1 5 . 0 and 5.6 Hz) and 
3.14 (ddq, 7 = 9 . 0 , 5.6, and 6.8 Hz) for the - C H 2 -
CH(CH 3 ) system, and three singlets at (5=3.54 (3H), 
3.73 (3H), and 3.81 (3H) for the methyl protons of the 
ether and the esters. 

T h e process for formation of 20 should be addition 
of a methoxide to the 3 position of 18 giving the anion 
(B'), which corresponds to the intermediate B in 
Scheme 1, followed by aromatization to the intermediate 
(21). 6> 

The reaction of dimethyl 4,7-dimethoxy-l-oxo-a.r-
3a,7a-dihydroindene-3a,7a-dicarboxylate (22) 3> and 
sodium methoxide gave a mixture of several products 
which could not be separated. 

H ÇH3 H ^ n 3 H yv. 

ni - qft 
X E 0 

18 

•16 

I CH30Na/ 
I CH30H 

X 19 
E = C02CH3,X=OCH3 

E CH3 

CO2CH3 

CO2CH3 

The infrared spectrum of the mixture shows no typical 
absorption for the carbonyl of 1-indanones. If the 
working hypothesis is correct, 22, would not give 1-
indanones. 

The fourth step of the mechanism (D to E) is the 
1,5-shift of the methoxycarbonyl group and the aromati­

zation. This type of migration of an alkoxycarbonyl 
group was observed on a cyclopentadiene skeleton.7) 

So far, the mechanism (Scheme 1) seems to be 
adequate for the isomerization of dimethyl 1-oxo-m-
3a,7a-dihydroindene-3a,7a-dicarboxylates to dimethyl 
3-oxo-1,7-indandicarboxylates. 

E x p e r i m e n t a l 

General. Melting point were determined on a Thomas 
Hoover MP apparatus, and are uncorrected. Infrared spectra 
were recorded on Hitachi EPI-3 and Model 215 Spectro­
photometers. Ultraviolet spectra were recorded on a Hitachi 
EPS-2T spectrometer. NMR spectra were obtained on Varian 
A-60 and HA-100 spectrometers equipped with spin decou-
plars, using tetramethylsilane as an internal standard. Mass 
spectral studies were conducted using a Hitachi RMU-6D 
spectrometer. 

Reaction of Dimethyl l-Oxo-cis-3a,7a-dihydroindene-3a,7a-dicar-
boxylates with Sodium Methoxide in Methanol at Room Temperature. 

General Procedure : To a freshly prepared solution of sodium 
methoxide in methanol (100 mg of sodium and 10 ml of 
absolute methanol) was added rapidly a solution of the 
dihydroindenones {ca. 100 mg) in methanol (10 ml) at room 
temperature (on a water bath), and the mixture was allowed 
to stand for 5 min to 12 h. The reaction was quenched by 
2 M-hydrochloric acid, diluted with water and extracted 
rapidly with three portions of dichloromethane (20 ml each). 
The extracts were combined, washed with two portions of 
water (20 ml each), dried over Na2S04 , and concentrated in 
vacuo. Isolation and purification of each product were per­
formed with chromatography on silica gel and/or recrystal-
lization. 

Reaction of Dimethyl l-Oxo-cis-3a,7a-dihydroindene-3a,7a-dicar-
boxylates with Sodium Methoxide in Boiling Methanol. General 
Procedure: A solution of sodium methoxide in methanol, 
prepared from 100 mg of sodium and 10 ml of methanol, was 
heated under reflux. To the solution was added a solution 
of the dihydroindenones {ca. 100 mg) in methanol (10 ml). 
After 10 min or 12 h reflux, the mixture was poured on a 
mixture of 2 M-hydrochloric acid and ice, and extracted with 
three portions of dichloromethane (20 ml each). The usual 
work-up followed by recrystallization or molecular distillation 
gave the 1-indanones. 

Physical Properties of the New Dimethyl 3-Oxo-lJ-indandicar-
boxylates. Dimethyl tra.ns-2-Isopropyl-6-methoxy-3-oxo-l,7-
indandicarboxylate (8) : Colorless needles (from CH3OH), mp 
105—106 °C; UVm a x (CH3OH) 233 (log e 4.28), 270 (4.16), 
and 296 nm (3.88); IR (KBr) 1725, 1691, 1581, and 814 
cm-1; NMR (GDG18) 0=0.85 (3H, d, 7 = 7 . 0 Hz, CH3), 1.05 
(3H, d, 7 = 7 . 0 Hz, CH3), 2.37 (1H, doublet of sept, 7=4 .1 
and 7.0 Hz, CH(CH3)2), 2.81 (1H, dd, 7=4 .1 and 3.4 Hz), 
3.68 (3H, s), 3.90 (3H, s), 3.97 (3H, s), 4.25 (1H, d, 7=3 .4 
Hz, HO, 7.10 (1H, d, 7 = 8 . 6 Hz, H5), and 7.88 (1H, d, 
7 = 8 . 6 Hz, H4). Found: G, 63.68; H, 6.30%. Calcd for 
C17H20O6: G, 63.74; H, 6.29%. 

Dimethyl 4-Isopropy I-6-methoxy-3-oxo-1,7-indandicar boxy late (9) : 
Colorless needles (from ether-CH3OH), mp 177-178 °C; 

UVm a x (CH3OH) 236 (log e 4.41), 275 (4.17), and 300 nm 
(3.69)sh; IR (KBr) 1728, 1698, 1597, and 1461 cm"1; NMR 
(GDGI3) 0=1.25 (3H, d, 7 = 6 . 9 Hz, CH3), 1.27 (3H, d, 7 = 
6.9 Hz, CH3), 2.84 (1H, dd, 7=18.2 and 4.2 Hz, U2-cis to 
Chester), 2.92 (1H, dd, 7=18.2 and 7.8 Hz, H2-trans to 
Ci-ester), 3.67 (3H, s), 3.86 (3H, s), 3.95 (3H, s), 4.24 (1H, 
sept, / = 6 . 9 Hz, CH(CH3)2), 4.47 (1H, dd, 7 = 7 . 8 and 4.2 
Hz, Hi), and 6.97 (1H, bs, W l / 2 =1.6Hz, H5). Found: G, 
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63.51; H, 6.41%; M+, 320. Galcd for C17H20O6: G, 63.74; 
H, 6.29%; M, 320. 

Dimethyl l-Isopropyl~6-methoxy-3-oxo-l, 7-indandicarboxylate( 10) : 
Colorless prisms (molecular distillation, bp 160 °G (bath)/ 

0.2 Torr), mp 150—151 °C; UVm a x (CHsOH) 228 (log e 
4.31), 271 (4.20), 285 (4.10)sh, and 294 nm (3.95)sh; IR 
(KBr) 1735, 1709, 1581, 1470, and 828 cm"1; NMR (GDG18) 
0=0.51 (3H, d, 7 = 6 . 8 Hz, GH3), 1.03 (3H, d, 7 = 6.8 Hz, 
GH3), 2.67 (IH, d, J= 19.2 Hz, H2), 2.89 (IH, sept, 7 = 6 . 8 
Hz, CH(CH3)2), 3.08 (IH, d, 7=19.2 Hz, H2), 3.65 (3H, s), 
3.93 (6H, s), 7.05 (IH, d, 7 = 6 8 Hz, H5), and 7.93 (IH, d, 
7 = 8.7 Hz, H4). Found: G, 63.59; H, 6.29%; M+, 320. 
Galcd for C17H20O6: G, 63.74; H, 6.29%; M, 320. 

Dimethyl l-Methyl-3-oxo-l,7-indandicarboxylate (13) : Colorless 
oil; UVmax (CH3OH) 219 (log e 4.51), 241 (4.01)++, 292 
(3.39), and 301 nm (3.39); IR (film) 1740, 1722, 1600, 1588, 
1479, and 773 cm"*; NMR (CDC13) 5=1.68 (3H, s, CH3), 
2.72 (IH, d, 7=18 .8 Hz, H2), 2.98 (IH, d, 7=18.8 Hz, H2), 
3.68 (3H, s), 3.91 (3H, s), 7.57 (IH, t, 7 = 7 . 4 Hz, H5), 7.99 
(IH, dd, 7 = 7 . 4 and 1.5 Hz, H6 or H4), and 8.35 (IH, dd, 
7=7 .4 and 1.5 Hz, H4 or H6). Found: M+, 262 Calcd for 
C1 4H1 405 :M, 262. 

Dimethyl 6-Methoxy-l-methyl-3-oxo-l,7-indandicarboxylate (14): 
Colorless needles (from CH3OH), mp 118—119 °C; UVm a x 

(CH3OH) 228 (log e 4.43), 271 (4.33), and 295 nm (4.13); 
IR (KBr) 1740sh, 1732, 1713, 1706, .1581, and 824 cm"1; 
NMR (GDGI3) 5=1.60 (3H, s, CH3), 2.60 (IH, d, 7=18.5 
Hz, Ha), 3.06 (IH, d, 7=18.5 Hz, H2), 3.67 (3H, s), 3.89 
(3H, s), 3.97 (3H, s), 7.07 (IH, d, 7 = 8 . 5 Hz, H5), and 7.90 
(IH, d, 7=8 .5 Hz, H4). Found: G, 61.34; H, 5.49%; M+, 
292. Calcd for C15H1606: C, 61.64; H, 5.52%; M, 292. 

Reactions of Dimethyl l-Oxo-cis-3a,7a-dihydroindene-3a,7a-dicar-
boxylate (1) with Sodium Ethoxide in Ethanol. A) : To a 
solution of sodium ethoxide in ethanol, prepared from 100 mg 
of sodium and 10 ml of absolute ethanol, was added rapidly 
a solution of 98.8 mg (0.40 mmol) of 1 in 10 ml of ethanol, 
and the mixture was allowed to stand at room temperature 
for 10 min. The solution was poured on 2 M-hydrochloric 
acid (20 ml), diluted with water and extracted with three 
portions of dichloromethane (20 ml each). The usual work-up 
afforded 101 mg of red oil, which was chromatographed on 
silica gel. The product (71 mg, 64.2%) was identical with 
diethyl 3-oxo-l,7-indandicarboxylate (15) which was derived 
from 2 with sodium ethoxide in ethanol. 15 : Colorless needles 
(from ethanol), mp 78—80 °C; UVm a x (CH3OH) 218 (log e 
4.70), 240 (4.06)sh, 265 (3.28)sh, 290 (3.53), and 299 nm 
(3.55); IR (KBr) 1729, 1715, 1703, 1588, and 763 cm"1; NMR 
(CDC13) 0=1.23 (3H, t, 7=7 .1 Hz), 1.39 (3H, t, 7 = 7 . 1 Hz), 
2.72 (IH, dd, 7=19-2 and 4.4 Hz, H2-cis to Chester), 3.07 
(IH, 7=19.2 and 8.2 Hz, K2-trans to C rester), 4.19 (2H, q, 
7=7 .1 Hz), 4.38 (2H, q, 7=7 .1 Hz), 4.71 (IH, dd, 7=8 .2 
and 4.4 Hz, H J , 7.55 (IH, t, 7 = 7.4 Hz, H5), 7.95 (IH, dd, 
7=7 .4 and 1.5 Hz, H6 or H4), and 8.30 (IH, dd, 7 = 7 . 4 and 
1.5 Hz, H4 or He). Found: C, 64.87; H, 5.74%; M+, 276. 
Calcd for C15H1605: C, 65.21; H, 5.84%; M, 276. 

B) : To a solution of sodium ethoxide in ethanol, prepared 
from 150 mg of sodium and 10 ml of absolute ethanol, was 
added a solution of 104 mg of 1 in 10 ml of ethanol in one 
portion. After 10 s, 10 ml of 2 M-hydrochloric acid was added 
to the solution which was still violet. The mixture was 
extracted rapidly with three portions of dichloromethane (20 
ml each). The usual work-up gave 108.1 mg of pale red oil, 
whose chromatography on silica gel gave 81 mg (77.9%) of 
1 and 19 mg (18.3%) of dimethyl 3-oxo-l,7-indandicarbox-
ylate 2. 

Reaction of Methyl 4-Methoxy-3-oxo-cis-3a,7a-dihydroindene-3a-
carboxylate (16) with Sodium Methoxide in Methanol. To a 

solution of sodium methoxide in methanol, freshly prepared 
from 150 mg of sodium and 15 ml of absolute methanol, was 
added a solution of 101.2 mg of 16 in 10 ml of methanol, and 
the mixture was allowed to stand at room temperature for 
4 h . The usual work-up afforded pale red oil (81.3 mg), 
which was chromatographed on silica gel giving 71 mg (70 
%) of methyl 5-methoxy-l-oxo-4-indancarboxylate (17), as 
colorless oil. 17: UVm a x (CH3OH) 224 (log s 4.48), 253 
(3.92)sh, and 303 nm (3.30); IR (film) 1723, 1692, and 1598 
cm"1; NMR (CDC13) 0=2.72 (2H, m, H2), 3.12 (2H, m, 
H3), 3.90 (3H, s), 4.02 (3H, s), 7.19 (IH, dt, 7 = 8 . 0 and 0.5 
Hz, H6), and 7.95 (IH, d, 7 = 8 . 0 Hz, H7). 2,4-DNP of 17: 
mp 221 °C (dec). Found: C, 53.75; H, 4.27; N, 13.90%. 
Calcd for C18H1(iN407: C, 54.00; H, 4.03; N, 14.00%. 

Preparation of Methyl 7-Methoxy-3-methyl-l-oxo-cis-3a,7a-dihy-
droindene-3a-carboxylate (18). To a solution of 473 mg 
(2.15 mmol) of 16 in 10 ml of ether was added an excess of 
an ethereal solution of diazomethane, and the mixture was 
allowed to stand overnight at room temperature. After 
removal of the excess of diazomethane and the solvent, crys­
tallization of the residue gave 379 mg (67.3%) of the pyrazo-
line (17). A solution of 186.4 mg (0.71 mmol) of 17 in 5 ml 
of xylene was heated under reflux for 1 h. Removal of the 
solvent in vacuo followed by recrystallization from methanol 
gave 136 mg (0.52 mmol, 73 %) of 18. 17: Colorless prisms 
(from CH3OH), mp 150—151 °C (dec); IR (KBr) 1758, 
1742, and 1653 cm"1; Found: C, 59.51; H, 5.31; N, 10.71%. 
Calcd for C13H14N204: C, 59.54; H, 5.38; N, 10.68%. 18: 
Colorless prisms (frm CH3OH), mp 143—144 °C; IR (KBr) 
1723, 1708, 1655, 1638, and 1599 cm"1; NMR (CDC13) 0= 
2.18 (3H, t, 7 = 1.4 Hz, CH3), 3.64 (3H, s), 3.73 (3H, s), 3.88 
(IH, dddd, 7=5 .2 , 2.2, 1.8, and 1.4 Hz, H7a), 5.14 (IH, d, 
7 = 6 . 5 Hz, H6), 5.51 (IH, dd, 7 = 9 . 5 and 6.5 Hz, H5), 5.99 
(IH, ddd, 7 = 9 . 5 , 6.5, and 1.8 Hz, H4), and 6.03 (IH, dq, 
7=2 .2 and 1.4 Hz, H2). Found: C, 66.51; H, 6.03%. Calcd 
for C13H1404: C, 66.66; H, 6.02%. 

Reaction of Methyl 7-Methoxy-3-methyl-l-oxo-cis-3a,7a-dihydro-
indene-3a-carboxylate (18) with Sodium Methoxide in Methanol. 
To a solution of sodium methoxide in methanol, freshly 
prepared from 100 mg of sodium and 10 ml of absolute 
methanol, was added a solution of 135 mg (0.576 mmol) of 
18 in 10 ml of methanol at room temperature, and the mixture 
was allowed to stand for 1 h. The usual work-up gave 149.7 
mg (0.562 mmol, 97%) of methyl 3-(3-methoxy-2-methoxy-
carbonylphenyl)butanoate (20), as colorless oil which was 
purified by molecular distillation: 90—95 °C (bath)/0.06 Torr. 
20: UVm a x 280 nm (log e 3.43); IR (film) 1733, 1588, and 
802 cm-1. Found: C, 63.24; H, 6.94%; M+, 266. Calcd 
for C14H1805: C, 63.14; H, 6.81%; M, 266. 
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Acyl Cyanide. V. The Synthesis of 1-Cyano-l-alkenyl Esters by the 
Reaction of Acyl Cyanides with Acid Anhydrides and Isocyanates 
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The reactions of enolizable acyl cyanides (acetyl, propionyl, and isobutyryl cyanide) with acid anhydrides 
(acetic, propionic, butyric, isobutyric, and benzoic anhydride) in the presence of a catalytic amount of tertiary 
amines (pyridine, lutidines, 4- (dimethylamino) pyridine) produced the corresponding 1-cyano-l-alkenyl 
carboxylates. In the reactions of propionyl cyanide, (Z)-l-cyano-l-propenyl carboxylates were formed predom­
inantly over the (Zs)-isomers (isomer ratios Z/E were ca. 80/20). The reactions of the cyanides with isocyanates 
also gave the corresponding 1-cyano-l-alkenyl carbamates in moderate yields, and the acid-treatments of 1-cyano-
2-methyl-l-propenyl phenylcarbamate induced its annelation into 3-phenyl-l,3-oxazolidine-2,4-dione derivatives. 

Only a limited number of methods have been known 
for the synthesis of 1-cyano-l-alkenyl esters, known as 
versatile reagents for ring formations1) and polymeriza­
tions,2) and they are classified into two groups : dehydro-
halogenation of 1 -cyano-2-haloethyl acetate by tertiary 
amines,3) and base-catalyzed addition of hydrogen 
cyanide to ketene.4) However, these methods are 
limited to the preparation of 1-cyanovinyl esters. We 
therefore have tried to find a more general and conven­
ient method for the synthesis of a variety of unsub-
stituted and substituted 1-cyano-l-alkenyl esters. 

Related to the synthetic method of the cyanoalkenyl 
esters, it has been reported5) that when the reaction of 
aliphatic acyl chloride with metal cyanide (Eq. 1) 
known as an authodox preparative method6) of acyl 
cyanides was carried out in the presence of crown 
ether, acyl cyanide was not isolated. In addition, our 
analogous examination in the reaction of acetic 
anhydride with potassium cyanide in the presence of 
crown ether proved it unsuccessful in the synthesis of 
acetyl cyanide. However, 1-cyanovinyl acetate was 
obtained instead. The formation of the ester seems to 
be accountable by the base-catalyzed dimerization of 
acetyl cyanide followed by dehydrocyanation as was 
proposed by Tate7) (Eq. 2). If this mechanism is 
correct, then the maximum yield of the ester, calculated 
upon the basis of inorganic cyanide consumed, should 
not exceed 5 0 % . However, the ester was isolated in 
5 2 % from the reaction of isobutyric anhydride (two 
parts) and potassium cyanide (one part) in the presence 
of 18-crown-6 in 1,2-dimethoxyethane. Evidently, this 
fact implies that an alternative reaction path must 
(co)exist to produce the ester. We clarified this is the 
acylation of acyl cyanide intermediate by acetic 
anhydride (Eq. 3). We have extended this reaction 
to a variety of acyl cyanide-acid anhydride combinations 
and established its versatile characters. Also the carba-
moylation of acyl cyanides with isocyanates was inves­
tigated to prepare 1-cyano-l-alkenyl carbamates (Eq. 4). 

R ^ C H C O C l H- Metal-CN • R ^ C H C O C N (1) 

R ^ C H C O C N + ON" • R1R2CH-C(CN)20" 

R^CHCOCN 
> R1R2CH-C(CN)2OCOCHR1R2 

——*-+ R1R2C=C(CN)OCOCHR1R2 (2) 

R1R2CHCOCN + (R3CO)20 • 

R1R2C=C(CN)OCOR3 (3) 

R1R2CHCOCN + R4-NCO > 

R1R2C=C(CN)OCONHR4 (4) 

R e s u l t s a n d D i s c u s s i o n 

Both acyl cyanides and acid anhydrides are known 
as acylating reagents and they stay unchanged when 
mixed. However, a catalytic amount of tertiary amines, 
usually pyridine derivatives, induced a condensation 
reaction between these two reagents affording the 
corresponding 1-cyano-l-alkenyl esters in good yields. 

Reaction of Acetyl Cyanide with Acid Anhydrides. 
When a mixture of acetyl cyanide and an acid anhydride 
was treated with a catalytic amount of pyridine in 
tetrahydrofuran at ambient temperature, the corre­
sponding 1-cyanovinyl carboxylate (1—3) was obtained. 
The results are tabulated in Table 1. All the product 
esters showed v ( O N ) at 2210 cm" 1 about 50 cm" 1 

lower than that of saturated nitriles, and the terminal 
methylene protons in N M R around ^ 5.7 C / = 3 Hz), 
thus demonstrating the product structures to be the 
expected ones. 

Reaction of Propionyl Cyanide with Acid Anhydrides. 
As shown in Table 1, the product esters 1-cyano-l-
propenyl carboxylates (5—8) consisted of two geomet­
rical isomers (Z- and ^- isomer) . Their N M R assignment 
was carried out as follows. 

First, we noticed that the major isomer shows higher 
chemical shifts of the terminal methylene protons than 
the minor one in any isomeric couple. If the PascuaPs 
equation8) which was proposed for the substituent 
effects in determining the chemical shifts of olefinic 
protons is applicable in our cases (Eq. 6), then the 
calculated chemical 

gem\ y trans 
C = C 

n/ \is 
3(H) = 5.28 + a (gem) + a(cis) + a(trans) (6) 

shifts ô(H) are 5.90 for ii-isomer and 5.83 for Z-isomer, 
thus indicating the major isomer should have a Z-
configuration. Second, the greater deshielding effect 
of an acetoxyl group than a cyano group on a vicinal 
eis proton in ^-substituted styrènes9) also suggests that 
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Compd 

1 
2 
3 
4c) 
5 
6 
7 
8 
9 

10 
11 
12 

R1 

H 
H 
H 
H 
CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

R2 

H 
H 
H 
H 
H 
H 
H 
H 
CH3 

CH3 

CH3 

CH3 

TABLE 1. 

CH-CO 
R 2 / 

R3 

CH3 

C2H5 

C3H7 

CH3 

CH3 

C2H5 

iso-C3H7 

C6H5 

CH3 

C2H5 

C3H7 

C6H5 

REACTION OF ACYL CYANIDES W I T H ACID ANHYDRIDES 

-CN + (R3CO)20 

Solvent 

THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
DME 
DME 
DME 
DME 

Time 

20 
24 
24 
23 
24 
24 
48 
48 
26 
22 
22 
48 

pyridine 

Yieldb) 

% 

39 
44 
37 
_ d ) 

65 
80 
75 
43e) 
66 
40 
39 
61f) 

R \ 
C= 

R 2 / 

Isomer 
ratio 
(Z/E) 

77/23 
80/20 
76/24 
69/31 

:C(CN)OCOR3 

PMR chemical shifts/ppm 

Aô between 
R 1 and R2 

0.078 
0.080 
0.083 

0.25 
0.26 
0.28 
0.26 

Ad (ÔZ-ÔE) of 

Olefin H Allylic Me 

- 0 . 0 3 0.23 
- 0 . 0 3 0.18 
- 0 . 0 3 0.20 
- 0 . 0 6 0.23 

a) Temperature 25 °C. Reactant ratios were 1 :1: 0.03 (cyanide/anhydride/pyridine). b) Isolated yields. 
c) 1.0 mol equiv of pyridine was added, d) 1,1-Dicyanoethyl acetate (4) was formed (76%). e) Determined 
by VPC, 6 was also formed (9%). f) Determined by VPC, l-cyano-2-methyl-l-propenyl isobutyrate (13) 
was also formed (19%). 

the olefinic proton of the Z-isomer should appear at 
higher field than the ^-isomer. Third, on geometrical 
analysis of the shielding effect of the cyano group on the 
chemical shifts of allylic methyl group, it became 
evident that the methyl protons of the ^-isomer should 
appear at a higher field than the Z-isomer, and this 
agreed with the observed results (see Table 1). There­
fore, we concluded that the major isomers are (Z) - l -
cyano-1-propenyl carboxylates. The demonstrated Z-
configuration of the major product suggested us that 
this configuration is stabilized by a dipolar interaction 
rather than by steric factors in the structure determining 
step. 

CH 3 > or 

(Z) 

a N 

H' 

C H IW C > 
V 

(E) 
Reaction of Isobutyryl Cyanide with Acid Anhydrides. 

In the N M R spectra of the products, the differences 
in chemical shifts between the two allylic methyl groups 
(A<5) are analogous to those between E and Z isomers in 
the case of 1-cyano-1-propenyl esters (Table 1). The 
reaction with benzoic anhydride produced l-cyano-2-
methyl-1-propenyl isobutyrate (13) as a by-product. 
(Analogous side reaction was also observed in the 
reaction of propionyl cyanide with the same anhydride) . 
Despite of the fact that isobutyryl cyanide undergoes 
dimer formation followed by the elimination of hydrogen 
cyanide to afford this ester, another reaction channel 
via acyl exchange between cyanide and benzoic an­
hydride seems also plausible (Eq. 7). 

(CH3)2CHCOCN + (PhCO)20 <=± 

(CH3)2CHCOOCOPh + PhCOCN (7) 

Tertiary Amine Catalysts. The presence of tertiary 
amine catalysts is essential in the present synthesis of 
cyanoalkenyl esters. Among several tertiary amines 
examined, pyridine derivatives with moderate basicity 
were found to be suitable for this purpose, e.g., 4-
(dimethylamino) pyridine, pyridine, lutidines, and 
picolines. Such strong bases as triethylamine and 1,7-
diazabicyclo[4.3.0]non-6-ene were inadequate because 
they induced considerable degradation of the product 
esters. Solid-phase catalysts such as basic alumina and 
Amberlite IRA-400 were inactive in this reaction. 
Calcined anhydrous Hydrotalcite,10) however,catalyzed 
the reaction to give the expected ester 5 (17%) in the 
reaction of propionyl cyanide with acetic anhydride 
besides 1,1-dicyanopropyl acetate 15 (22%) and 1,1-
dicyanopropyl propionate 16 (13%) as by-products. 

Reaction of Acyl Cyanides with Isocyanates. The 
above-mentioned reactions of acyl cyanides seemed to 
signify that acyl cyanide reacted in its enol (or enolate) 
form with acid anhydride. This prompted us to examine 
the reaction of acyl cyanides with isocyanates where the 
latter reacted as carbamoylating reagents to the former 

T A B L E 2. REACTION OF ACYL CYANIDES WITH ISOCYANATES1) 

pyridine 
R W C H - C O C N + R3NCO 

RiR2C=C(CN)OCONHR3 

17—19 

Compd 

17 
18 
19 

R1 

CH3 

CH3 

CH3 

R2 

CH3 

CH3 

H 

R3 

G6H5 

G2H5 

C 6 H 5 

Solvent 

C6H6 

THF 
THF 

Time 
"TT" 

20 
20 
24 

Yielda) 

% 
62 
25 
53e) 

a) Cyanide/isocyanate/pyridine= 1:1:0.25 mole ratio, b) 
Isolated yields, c) Determined by NMR, not isolated. 
Isomer ratio Z/E=7/3. 
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giving rise to the formation of 1-cyano-l-alkenyl 
carbamates. Results are shown in Table 2. None of 
C-acylated products anticipated from the result of the 
reaction of carbamoyl cyanides with isocyanates11) was 
detected in the reaction mixture. The rate of carbamate 
formation was relatively slow in this reaction that the 
formation of the acyl cyanide dimer became un-
negligible, especially in the reactions with aliphatic 
isocyanate. 

As part of structure-determining experiments of the 
carbamates, the hydrogénation of 1 -cyano-2-methyl-1 -
propenyl phenylcarbamate (17) over Pd/carbon catalyst 
was carried out in acetic acid. The carbamate slowly 
absorbed one mole of hydrogen to give not the expected 
acyclic carbamate but a cyclic iminourethane, i.e., 3-
phenyl-4-imino-5-isopropyl-1,3-oxazolidin-2-one (21). 
Analogous five-membered heterocyclic compound was 
obtained when carbamate 17 was hydrolyzed in aqueous 
sulfuric acid and its structure was attr ibuted to 3-
phenyl-5-isopropylidene-1,3-oxazolidine-2,4-dione (20). 

CH3 \ / C H 3
X H \ H y 

0 * C " N - P h HN* C - N -Ph 

20 21 

E x p e r i m e n t a l 

General. The NMR spectra were measured by Varian 
T-60A spectrometer in CC14 solutions unless otherwise stated 
and the chemical shifts are given in d-units. The IR and MS 
spectra were taken on J A S C O IRA-1 and Hitachi RMU-6L 
spectrometer respectively. Acyl cyanides were prepared from 
the corresponding carboxylic acids via the reaction of acyl 
bromides with copper(I) cyanide.6a> 

Reaction of Acyl Cyanides with Acid Anhydrides. A General 
Procedure: The mixture of an acyl cyanide (0.02 mol) and 
an acid anhydride (0.02 mol) dissolved in 10 ml of solvent 
(1,2-dimethoxyethane or tetrahydrofuran) was cooled at 0 °C, 
to which a solution of pyridine (0.001 mol) which was dissolved 
in 10 ml ofthe same solvent was added. The reaction mixture 
then was stirred at 25 °C for a certain period. After removing 
solvents, the residue was distilled in vacuum to give the 
corresponding 1-cyano-l-alkenyl carboxylate. For the product 
yields and reaction conditions, see Table 1. The spectroscopic 
data are as follows. 

1-Cyanovinyl Acetate (1) : Bp 48—52 °C/9 Torr. IR (liquid) 
2220 and 1765 cm"1. NMR 5.74 (2H, a pair of d, 7 = 2 . 8 
Hz), 2.27 (3H, s). 

1-Cyanovinyl Propionate (2) : Bp 34—38 °C/0.5 Torr. IR 
(liquid) 2240 and 1770 cm-1. NMR 5.77 (2H, a pair of d, 
7 = 3 Hz), 2.54 (2H, q, 7=7 .3) , 1.24 (3H, t, 7=7 .3) . 

1-Cyanovinyl Butyrate (3) : Bp 55—58 °C/3 Torr. NMR 
5.64 (2H, d, 7 = 2 . 8 Hz), 2.40 (2H, t, 7=6 .8) , 1.70 (2H, 
sext, 7=7 .2 and 6.8), 0.99 (3H, t, 7=7 .2) . 

1-Cyano-l-propenyl Acetate (S) : Bp 95—98 °C/37 Torr. IR 
(liquid) 2220 and 1765 cm"1. NMR: (Z)-isomer 6.15 (1H, 
q, 7 = 7 . 3 Hz), 2.20 (3H, s), 1.75 (3H, d, 7=7 .3 ) ; (£)-isomer 
6.18 (1H, q, 7=7 .3) , 2.15 (3H, s), 1.98 (3H, d, 7=7 .3 ) . 
Z/E= 77/23. 

1-Cyano-l-propenyl Propionate (6) : Bp 108—110 °C/29 Torr. 
IR (liquid) 2220 and 1765 cm"1. NMR: (Z)-isomer 6.25 

(1H, q, 7=7 .2) , 2.54 (2H, q, 7=7.6) , 1.75 (3H, d, 7=7.2) , 
1.18 (3H, t, 7 =7 .6 ) ; (£)-isomer 6.28 (1H, q, 7=7 .4) , 2.55 
(2H, q, 7=7 .6 ) , 1.93 (3H, d, 7=7.4) , 1.15 (3H, t, 7=7.6) . 
Z/E=8/2. 

1-Cyano-l-propenyl Isobutyrate (7): Bp 115°C/26 Torr. IR 
(liquid) 2220 and 1760 cm"1. NMR: (Z)-isomer 6.23 (1H, 
q, 7=7 .2) , 2.75 (1H, hept. 7=7.2) , 1.73 (3H, d, 7=7.2) , 
1.24 (6H, d, 7=7 .2 ) ; (E)-isomer 6.26 (1H, q, 7=7.5) , 2.78 
(1H, hept. 7=7.2) , 1.93 (3H, d, 7=7.5) , 1.20 (6H, d, J= 
7.2). Z / £ = 76/24. 

1-Cyano-l-propenyl Benzoate (8) : Separated by VPC. IR 
(liquid) 2220 and 1730 cm"1. NMR: (Z)-isomer 8.2—7.95 
(3H, m), 7.7—7.3 (2H, m), 6.22 (1H, q, 7=7.2) , 1.80 (3H, 
d, 7 =7 .2 ) ; (£)-isomer 6.28 (1H, q, 7=7.4) , 2.03 (3H, d, 
7=7 .4) . Z/E= 69/31. 

l-Cyano-2-methyl-l-propenyl Acetate (9) : Bp 90 °C/25 Torr. 
IR (liquid) 2210 and 1760 cm"1. NMR 2.17 (3H, s), 2.02 
(3H, s), 1.77 (3H, s). 

l-Cyano-2-methyl-l-propenyl Propionate (10) : Bp 125 °C/60 
Torr. IR (liquid) 2220 and 1765 cm"1. NMR 2.47 (2H, q, 
7=7 .5) , 2.04 (3H, s), 1.77 (3H, s), 1.20 (3H, t, 7=7.5) . 

l-Cyano-2-methyl-l-propenyl Butyrate (11) : Bp 125—130 °C/ 
45 Torr. IR (liquid) 2200 and 1760 cm"1. NMR 2.43 (2H, 
t, 7=6 .5 ) , 1.70 (2H, sext. 7 = 6 . 5 and 7.0), 1.00 (3H, t, 
7=7 .0) , 2.06 (3H, s), 1.77 (3H, s). 

1-Cyano-2-methyl-1-propenyl Benzoate (12) : Separated by 
VPC. IR (liquid) 2230 and 1750 cm"1. 8.07 (2H, m), 7.6 
(3H, m), 2.09 (3H, s), 1.83 (3H, s). 

Reaction of Isobutyric Anhydride with KCN in the Presence of 
18-Crown-6. A mixture of isobutyric anhydride (7.1 g, 
0.04 mol), KCN (1.5 g, 0.02 mol), and 18-crown-6 (0.5 g, 2 
mmol) in 30 ml of dimethoxyethane was stirred at 25 °C for 
7 h. The mixture was poured into 60 ml of petroleum ether, 
filtered, and the filtrate was evaporated followed by fractional 
distillation to give 1-cyano-2-methyl-1 -propenyl isobutyrate 
(13) 2.35 g (52%), bp 110—115°C/20 Torr. IR (liquid) 
2210 and 1760 cm"1. NMR 2.60 (1H, hept, 7=7.2) , 2.01 
(3H, bs), 1.75 (3H, bs), 1.25 (6H, d, 7=7.2) . 

Reaction of Propionyl Cyanide with Acetic Anhydride in the 
Presence of Calcined Hydrotalcite. Propionyl cyanide (2.49 
g, 0.03 mol) and acetic anhydride (3.09 g, 0.03 mol) were 
mixed in 20 ml of THF, to which was added 3.0 g of Hydro­
talcite (calcined at 470 °C for 2 h under vacuum) under 
N2-atmosphere. The reaction mixture was stirred at ambient 
temperature for 23 h, filtered, and the solvent was removed. 
The residue contained three products which were separated 
preparatively by VPC; 1-cyano-l-propenyl acetate (5) 17%, 
Z/E=7/3; 1,1-dicyanopropyl acetate (15) 22%, NMR 1.32 
(3H, t, 7=7 .2 ) , 2.25 (3H, s), 2.35 (2H, q, 7=7.2) , IR (nujol) 
2260 and 1770 cm - 1 ; 1,1-dicyanopropyl propionate (16) 13%, 
NMR 1.27 (3H, t, 7 = 7 ) , 1.33 (3H, t, 7 = 7 ) , 2.17—2.77 
(4H, a mixture of two q). 

Reaction of Acyl Cyanide with Isocyanate. A mixture of 
phenyl isocyanate (6.1 g, 0.05 mol), isobutyryl cyanide (5.0 g, 
0.05 mol) and pyridine (1.0 g) in 50 ml of dry benzene was 
warmed at 33 °C for 20 h. After removing solvent, the residue 
was washed with petroleum ether and the obtained solid (7.6 
g) was then chromatographed (silica gel, chloroform) to give 
1-cyano-2-methyl-1 -propenyl phenylcarbamate (17) 6.9 g (62 
% ) , mp 129 °C (benzene). NMR (CDC13) 1.83 (3H, s), 2.06 
(3H, s), 6.95 (1H, bs), 7.1—7.4 (5H, m). IR (Nujol) 3300, 
2240, 1740, and 1550 cm"1. MS (m/e) 216 (M+). Found: 
C, 66.90; H, 5.79; N, 12.70%. Calcd for C12H12N202: C, 
66.65; H, 5.59; N, 12.96%. 

1-Cyano-2-methyl-1-propenyl ethylcarbamate (18) : Yield 25%, 
mp 53.5—54 °C, recrystallized from cyclohexane/benzene= 
10/2. NMR (CDClg) 1.20 (3H, t, 7=7.5) , 1.81 (3H, s), 2.05 
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(3H, s), 3.23 (2H, quintet, 7 = 7 . 5 and 6), 5.97 (IH, bt, J=6). 
MS (m/e) 168 (M+). Found: C, 57.53; H, 7.29; N, 16.43%. 
Calcd for C8H12N202: C, 57.23; H, 7.19; N, 16.66%. 

1-Cyano-l-propenyl phenylcarbamate (19) : Yield 53% (by 
NMR), not isolated. NMR (Z)-isomer 7.30 (5H, m), 5.76 
(IH, q, J=7 .5 ) , 1.78 (3H, d, 7=7 .5) . (£)-isomer 7.30 (5H, 
m), 6.15 (IH, q, 7=7 .2) , 1.72 (3H, d, 7=7 .2) . Z/E=7/3. 

Hydrolysis of 17 in 25% Sulfuric Acid: The mixture of 17 
(0.945 g, 4.4 mmol, in 5 ml of dioxane) and 5 ml of 50% 
H 2S0 4 was heated at 100 °G for 17 h. After cooling the 
solution, water (50 ml) was added to separate colorless solids, 
which was filtered, dried, and chromatographed (silica gel, 
chloroform). The fraction eluting faster than the unreacted 
17 was collected and recrystallized from cyclohexane to give 
3-phenyl-5-isopropylidene-l,3-oxazolidine-2,4-dione 20, 95 mg 
(10%), mp 93—94°C. NMR (CDC13) 2.03 (3H, s), 2.27 
(3H, s), 7.43 (5H, m). IR (Nujol) 1800, 1720, and 1185 cm"1. 
MS (m/e) 217 (M+). Found: C, 66.51; H, 5.14; N, 6.42%. 
Calcd for C 1 2 H n 0 3 N: C, 66.36; H, 5.07; N, 6.45%. 

Hydrogénation of 17: A solution of 17 (1 mmol) dissolved 
in a mixture of acetic acid and methanol (5 ml+30 ml) 
absorbed ca. 25 ml of H2 (1 mmol) over 5% Pd-carbon (100 
mg) during 10 days. Evaporation of solvents separated a 
half-solidified material, which was then washed with CC14 

and the residue was chromatographed (silica gel, chloroform) 
to give colorless solids of 3-phenyl-4-imino-5-isopropyl-l,3-
oxazolidin-2-one (21), 175 mg (80%), mp 219—220 °C. MS 
(m/e) 218 (M+). NMR (acetone-^) 0.80 (3H, d, 7 = 7 Hz), 
1.15 (3H, d, 7 = 7 ) , 2.48 (IH, m, probably a pair of splitted 
heptets, 7=2 .2 and 7), 5.02 (IH, d, 7=2 .2) , 7.2—7.55 (3H, 
m), 7.7—7.9 (2H, m). IR (Nujol) 3250, 3070, 1740, 1625, 
and 1560 cm"1. Found: C, 65.80; H, 6.41; N, 12.68%. 
Calcd for C12H14N202: C, 66.04; H, 6.47; N, 12.83%. 

The authors wish to express their thanks to Mr . 

Hiroyuki Ueda for his assistance in this study. 
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The reduction of Methylene Blue (MB) with L-ascorbic acid to the corresponding leuco compound has been 
studied in aqueous surfactant solutions. The reduction was accelerated in the presence of cationic surfactant 
hexadecyltrimethylammonium bromide, but tetrabutylammonium bromide, which has no ability of micelle forma­
tion, does not show any effects on the reaction rate. The micellar effects are largely affected by pH of the medium, 
and the rate enhancing effects of the micelles are retarded by KCl. These results could be interpreted by the change 
in dissociation state of the substrate on the micelle surface and by the binding of the reaction product, leuco MB, to 
the micelles. The binding site of leuco MB was found to be outer core of the HTAB micelle by NMR. Similar 
results were obtained in the reduction of MB with L-cysteine, although the reduction did not proceed without the 
addition of cationic surfactant. The interaction between dissolved oxygen and the substrate in HTAB micellar 
solutions was also investigated. 

Oxidation and reduction are fundamentally important 
reactions of metabolism in living systems catalyzed by 
oxidase and reductase. These enzymes are usually 
composed of two parts, coenzyme and apo-enzyme. 
Coenzymes are compounds which transfer electrons to 
substrates, whereas apo-enzymes are spherical proteins 
which provide the reaction sites. Associates of surfactant 
molecules are similar to spherical proteins in several 
respects.1) (1) The micellar structure has many similar 
features to spherical proteins; (2) dénaturants of 
proteins also destroy micellar structure; (3) the binding 
constants of substrates with micelles are in the same 
order as those with enzymes; (4) kinetics of micellar 
catalysis obeys the Michaelis-Menten equation which 
is applied extensively to the enzyme catalysis. 

This report describes the results of micellar effects 
on the reduction of Methylene Blue (MB) with L-
ascorbic acid or L-cysteine, and the oxidation of leuco 
MB with oxygen in the presence of surfactants. 

E x p e r i m e n t a l 

Materials. Methylene Blue was recrystallized three 
times from ethanol. L-Ascorbic acid and L-cysteine of reagent 
grade were used without further purification. Hexadecyltri­
methylammonium bromide (HTAB) and sodium dodecyl 
sulfate (SDS) were recrystallized three times from ethanol-
ether. Poly(oxyethylene) oleyl ether (POOE) was obtained 
commercially and used without further purification. 

Reduction Rate Measurement of Methylene Blue. After mixing 
an aqueous solution of L-ascorbic acid (1 .29xlO - 3M) with 
an aqueous solution of MB (1.23xlO~5M) containing a 
certain amount of a surfactant, the decrease in the intensity 
of absorption peak of MB at 660 nm was followed. The pH 
of the solution was adjusted with a phosphate buffer, but 
sometimes sodium hydroxide or hydrochloric acid were used 
in order to avoid complexity caused by the buffer solution. 
The pH of reaction mixtures was measured with a Toa 
HM-5A pH meter. The reactions were carried out in UV 
cells of 10 or 2 mm path length and the decrease in absorp­
tion intensity of MB was recorded with a Union stopped-flow 
spectrophotometer model RA-1100 with a RA-1085 digital 
memory unit. For tracing slower reactions, a Union SM-401 
spectrophotometer was employed. The reactions of MB with 
L-cysteine were examined by similar procedures. 

Oxidation of Leuco Methylene Blue with Oxygen. Leuco 

MB was prepared by the electrolytic reduction of MB in 0.01 
M hydrochloric acid solution. The solution was diluted with 
air-saturated water containing a given amount of surfactant. 
The oxidation rate was determined by measuring the increase 
in absorbance of MB at 660 nm in a UV cell of 10 mm path 
length at 25 °C. 

Determination of Dynamic Solubilization Site of Leuco Methylene 
Blue. The XH NMR spectra were recorded on a Hitachi 
60 MHz spectrometer and used for the determination of solu­
bilization site of leuco MB. All spectra were measured on 
freshly prepared solutions at 35 °C. A 30% solution of tetra-
methylsilane in deuteriochloroform was used as an external 
standard. 

R e s u l t s a n d D i s c u s s i o n 

Reduction of Methylene Blue with \,-Ascorbic Acid. 
Under neutral conditions the reduction of MB with 
L-ascorbic acid is a reversible reaction as shown below 
and the position of equilibrium lies far to the left. 

MB + AsH <=± MBH + As 

In the present investigation an excess amounts of 
L-ascorbic acid over those of MB were used, and the 
pseudo first order rate constants kx were determined 
from the relation shown below. 

-d[MB]/d* = i^fMB] 

The effects of the addition of various surfactants on the 
rate constant kx and the apparent equilibrium constant 
X = [ M B H ] / [ M B ] were examined. 

Figure 1 shows the effects of the addition of surfactants 
on kv The reduction of MB is accelerated by the 
addition of a cationic surfactant H T A B . The addition 
of a nonionic surfactant P O O E also accelerates the 
reduction, but the effect is not so large as that of HTAB. 
O n the other hand, an anionic surfactant SDS inhibits 
the reduction due to the formation of complex salt with 
MB. Tet rabuty lammonium bromide, which is the 
compound of the same type as HTAB but has no ability 
of micelle formation, does not show any acceleration 
effect on the reaction. This indicates that micelle 
formation is essential for catalytic activity. 

The dependence of kx on the HTAB concentration 
near critical micelle concentration (CMC) is shown in 
Fig. 2. Unlike the ordinary behavior of micellar 
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Fig. 1. Rate constant for the reaction of Methylene Blue 
with L-ascorbic acid as a function of surfactant concen­
tration. Methylene Blue 1.23 X 10~5 M, ascorbic acid 
1.29 x 10-3 M, 25 °C, pH 6.80. 
O , HTAB; # , POOE («=10); 3 , POOE («=50); 
®, poly(oxyethylene) ^-nonylphenyl ether («=10); 
0 , tetrabutylammonium bromide. 
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Fig. 2. Dependence of rate constant on HTAB concen­
tration. Methylene Blue 1.23 X 10~5 M, ascorbic acid 
1.29 x 10-3 M, 25 °G, pH 6.80. 

catalyses,2) a linear relationship between kt and H T A B 
concentration is observed far above the C M C where the 
micelle concentration is much higher than those of the 
substrates. This lack of saturation in the rate profile 
suggests that the interaction between the cationic 
micelle and MB is weak, i.e. the binding constant is 
small. This seems reasonable because MB has the same 
positive charge as H T A B . The association between 
them is considered to be originated from hydrophobic 
interaction which competes with electrostatic repulsion 
between MB and the cationic head groups of the 
micelle. 

Figure 3 shows the effect of surfactants on the apparent 
equilibrium constant K. H T A B has a large effect on 
K as well as on kl9 while P O O E shows a medium effect 
on K. As will be discussed later, reduced MB (leuco 
MB) is most likely solubilized in the HTAB micelle 

log ( [surfactant]/M) 

Fig. 3. Dependence of K on surfactant concentration. 
Methylene Blue 1.23xlO~5M, ascorbic acid 1.29 X 
10-3 M, 25 °C, pH 6.80. 
O , HTAB; O , POOE («=10); 3 , POOE («=50); 
©, poly (oxy ethylene) j£-nonylphenyl ether («=10). 
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o 

Fig. 4. Relationship between relative rate and pH. 
kx

m and kx° are rate constants with and without surfac­
tant, respectively. Methylene Blue 1.23xlO_5M, 
ascorbic acid 1.29xlO"3M, 25 °C. 0> HTAB 1.37 
XlO~3M; # , POOE («=10) 1.97xlO"3M. 

core, and this would reduce the direct contact with 
oxidizing species leading to the increase in the apparent 
equilibrium constant. 

The dependence of kx on p H is shown in Fig. 4. In 
these experiments, p H of the solutions was adjusted by 
using dilute aqueous solutions of hydrochloric acid or 
sodium hydroxide in order to exclude the possible 
effect of buffer solution.3) The reduction rate in H T A B 
or P O O E micellar solutions increases with increasing 
p H as well as in the absence of surfactants over most of the 
range of p H investigated. This implies that ascorbic 
acid reacts with MB faster in anionic form than in 
neutral form. The above observation suggests that the 
rate acceleration by H T A B is likely to be attr ibuted to 
the concentration of MB and anionic ascorbic acid on 
the surface of the micelle where the p H is higher than 
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bulk water phase. 
I t should be noted that, as shown in Fig. 4, both 

H T A B and P O O E have inhibitory effects on the 
reaction below p H 4. Under these acidic conditions 
ascorbic acid is considered to be neutral and binds easier 
with the micelles. The separate solubilization of MB 
and ascorbic acid into the micelles may be the reason 
for the rate retardation, although it is difficult to draw 
any definite conclusion from these p H studies. 

I t was reasonably expected that competitive binding 
of counter ions on the micellar surface occurs by the 
addition of inorganic salts, so that the local concentra­
tion of anionic substrates on H T A B micelle surface was 
expected to be reduced. Figure 5 shows the effect of 
potassium chloride on kx in H T A B solutions. The 
acceleration effect of H T A B is markedly reduced which 
may be due to the reduction of the binding of the 
substrate on the micelle surface. 

To clarify the origin of nonionic micellar effects on 
the reduction rate shown above, the effect of solvent 
polarity was examined. The reactions were carried out 
in methanol-water mixed solvents. The reaction rate 
increases with increasing content of methanol (Fig. 6). 
This implies that less polar media favor the reaction 
and that the micellar effects of nonionic surfactants 
arise at least partly from the change of local polarity 
of the micellar systems. 

The Dynamic Solubilization Site of Leuco Methylene Blue. 
Leuco MB is expected to be solubilized in surfactant 
micelles for its low solubility in water. N M R studies of 
surfactant solutions have been carried out in order to 
determine the dynamic solubilization site of organic 
compounds.4) We studied the 1 H N M R of aqueous 
H T A B solutions in the presence of leuco MB in order 
to determine the solubilization site of leuco M B . Table 
1 summarizes the observed chemical shifts and the 
results on pyrene reported by Grätzel et al.V Pyrene 
has been considered to be solubilized in HTAB micelle 
core causing higher shifts of resonance band of H T A B 

[KC1]/M 

Fig. 5. Effect of KCl on the reduction rate of Methylene 
Blue with ascorbic acid in surfactant solutions. Meth­
ylene Blue 1.23 X 10"5 M, ascorbic acid 1.29 X 10"3 M, 
25 °C, pH 6.80. 0> HTAB 8.05 X 10~3 M; # , POOE 
(n=\0) 5.00X10-3 M. 
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Fig. 6. Effect of methanol content on the reduction rate 
of Methylene Blue with ascorbic acid at 25 °C. Meth­
ylene Blue 8.05 X 10"5 M, ascorbic acid (Na salt) 5.82 
X 10"3 M, without buffer. 

TABLE 1. CHANGE IN CHEMICAL SHIFT OF HTAB PROTONS 

BY T H E ADDITION OF SOLUBILIZATESa> 

Proton 

N(CH3)3 

(CH2)n 

MB 
5.Ox 

10-3M 

0.00 
0.00 

A<5 

Leuco MB 
1.3x 

10-4M 

0.027 
0.005 

Leuco MB 
8.2x 

10-*M 

0.039 
0.008 

\ 
Pyreneb) 

l .Ox 
10-2M 
0.033 
0.016 

a) Ppm relative to an external TMS standard. [HTAB] = 
0.1 M. Ad = Difference in chemical shifts of HTAB 
protons with and without solubilizates. MB=Methylene 
Blue, b) Réf. 5. 

protons. As seen in Table 1, the protons of methyl 
groups attached to nitrogen exhibit upfield shifts by the 
addition of leuco MB which are comparable to that of 
pyrene of higher concentration. This seems to suggest 
that leuco MB is located in the outer core and near 
surface of the micelle. 

Reduction of Methylene Blue with L.-Cysteine. Similar 
to the reduction with ascorbic acid, both acceleration by 
HTAB and inhibition by K C l were observed in the 
reduction of MB with L-cysteine as shown in Figs. 7 

H 8 12 16 
103[HTAB]/M 

Fig. 7. Effect of HTAB on the reduction rate of Meth­
ylene Blue with L-cysteine. Methylene Blue 1.27 X 10~5 

M, cysteine 3.12 X 10"3 M, 25 °C, pH 6.80. 
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[KC1]/M 

Fig. 8. Effect of KCl on kx in aqueous HTAB solutions. 
Methylene Blue 1.27 x 10~5 M, cysteine 3.12 X 10"3 M, 
HTAB 9.41 X 10-3 M, 25 °C, pH 6.80. 

O 

Fig. 9. Effect of pH on the reduction rate of Methylene 
Blue with L-cysteine at 25 °C. Methylene Blue 1.27 X 
10-5 M, cysteine 8.25 X 10~3 M. 
O , Without surfactant; %, HTAB 1.13 X 10"2 M. 

and 8. However, quite different results were obtained 
for the dependence of k± on p H as shown in Fig. 9. 
In HTAB micellar systems k± increases with the increase 
of p H followed by rate saturation above p H 7, whereas 
kx is almost independent of p H in the reaction without 
surfactants. 

In general, there are two distinguished factors 
govering the micellar effects on organic reactions. One 
is the local concentration effect of substrates or catalysts 
at the reaction site, which is caused by electrostatic or 
hydrophobic interactions between micelles and the 
substrates. Another is the medium effect on the stability 
of transition states.6) Many studies have revealed that 
the surface of cationic micelles is more basic than bulk 
water phase. Heitmann7) suggested that the pKa value 
of the SH group of iV-dodecanoyl-DL-cysteine incor­
porated in cationic micelles is larger by unity than the 
value in micelle free solutions. 

I t is obvious that the results shown in Fig. 9 cannot 
be explained by p H effect of the cationic micelle surface 
and other factors must be effective in this case. I t 
should be noted that, contrary to L-cysteine, the solu­
bility of L-cystine in water is very low and in the presence 
of HTAB micelles it is likely to be solubilized in the 
micelles. In the present system, a large excess of H T A B 
micelles would solubilize the reaction products separate­

ly for each other, which would suppress the reverse 
reaction of leuco MB with L-cystine and increase the 
apparent kv 

Another factor which should be taken into considera­
tion is the effect of dissolved oxygen. I t has been reported 
that the reduction of MB is inhibited by dissolved 
oxygen in aqueous solutions.8) There is a possibility 
that oxygen participates in the reduction with L-
cysteine through the following two processes. One is 
the inhibition of reduction by L-cysteine, and another 
is the rapid oxidation of leuco M B . Although we found 
it difficult to examine the effect of the former process, 
the latter was examined by the following method. 
Leuco MB was prepared electrolytically and the effect 
of H T A B micelle on its oxidation by dissolved oxygen 
was examined. Since the dissociation state and the 
micro environment of leuco MB would change by the 
addition of H T A B as describe above, the oxidation 
rate by dissolved oxygen was expected to be affected 
by H T A B . Actually however, the oxidation rate was 
found to be almost independent of H T A B concentration 
as seen in Fig. 10. I t is interesting to note that different 
trends for the effect of added K C l on the oxidation rate 
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Fig. 10. Effect of HTAB on the relative oxidation rate 
of leuco Methylene Blue with dissolved oxygen in 
aqueous solutions. 
Leuco Methylene Blue 1.33 X 10"5 M, 25 °C, pH 2.10. 
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Fig. 11. Effect of KCl on the relative oxidation rate of 
leuco Methylene Blue with dissolved oxygen in aqueous 
HTAB solutions. 
Leuco Methylene Blue 1.33xlO~5M, at 25 °C, pH 
6.80. HTAB O , 5.49 X 10"4 M; # , 1.42 X 10"2 M. 
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were observed below and above cmc of H T AB (Fig. 11). 
The rate is lowered by the addition of KCl above cmc 
of HTAB, and this implies that cancelling the electric 
charge on the micelle surface would lead to the inhibi­
tion of the oxidation. The above observations tentatively 
lead to the conclusion that dissolved oxygen has, if any, 
small effect on the reduction system of MB by L-cysteine. 
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Electronic State of Ethoxycarbonylnitrene Generated by 
a-Elimination under Two-phase Conditions 

Manabu SENÖ,* Tomiyuki NAMBA, and Hideo KISE 

Institute of Industrial Science, The University of Tokyo, 7-22 Roppongi, Minato-ku, Tokyo 106 
(Received November, 1, 1978) 

The base decomposition of ethyl /?-nitrophenylsulfonyloxycarbamate in organic-aqueous two-phase systems 
in the presence of eis- or tom.y-4-methyl-2-pentene and quaternary ammonium or phosphonium halides afforded 
both stereospecific and nonstereospecific addition products of ethoxycarbonylnitrene. The electronic state of the 
nitrene was analyzed on the basis of Skell's hypothesis. 

In the previous paper,1) we reported that ethoxy­
carbonylnitrene was generated by ^-elimination reac­
tion of ethyl p-nitrophenylsulfonyloxycarbamate (1) and 
reacted with cyclohexene in organic-aqueous two-phase 
systems in the presence of phase transfer catalysts. In 
these reactions the variation of reaction path through 
singlet or triplet nitrene was shown as the dependence 
of addition/insertion product ratio on the concentration 
of cyclohexene. 

In the present study the electronic state of ethoxy­
carbonylnitrene generated under two-phase conditions 
is examined by analyzing the composition of the reaction 
products with eis- or fr<2/2.y-4-methyl-2-pentene on the 
basis of Skell's hypothesis.2) 

Results and Discussion 

Table 1 shows the yield of aziridines and the fraction 
of nonstereospecific addition (inversion) products in the 
reaction with eis- and fr<my-4-methyl-2-pentene under 
two-phase conditions (Scheme 1). No significant 
differences were observed in the catalysis of ammonium 
chlorides and bromides, but ammonium iodides gave 
unusual results ; that is, the yields of addition product 
are low and the fractions of nonstereospecific addition 
product are decreased. 

The ethoxycarbonylnitrene generated by ^-elimina­
tion is supposed to be a singlet nitrene, which adds 

stereospecifically to olefins with complete retention of 
configuration. 

N 0 2 - ^ 0 >-S0 3 NHC0 2 Et + 

1 

(CH3)2CHX /CHo 
C = C 

(CH3)2CH CH3 (CH3)2CH H 

—77\ + 

C0 2Et 

2 

H i CH3 

1 + 
(CH3)2CHX 

C = C 
H / ^CH3 

Scheme 1. 

Since the ground state of the nitrene is triplet, a part 
of the singlet nitrene decays to the triplet nitrene, which 
adds nonstereospecifically to olefins. As a side reaction, 
ethyl carbamate is formed by hydrogen abstraction 
reaction from the triplet nitrene. The reaction scheme 
is summarized in Fig. 1. 

When triethylbenzylammonium chloride (TEBAC1) 
was used as a phase transfer catalyst, the relationship 
between the concentration of eis- or trans-4-methyl-2-

TABLE 1. REACTION OF ETHYL/?-NITROPHENYLSULFONYLOXYCARBAMATE (1) 

WITH eis- AND tom.y-4-METHYL-2-PENTENESa) 

Catalyst 
From cis-oleûn From trans-oleftn 

% Yield of 
aziridine trans-product 

% Yield of 
aziridine 

% Fraction of 
cû-product 

(CH3)4NBr 
(C2H6)4NBr 
(*-C4H9)4NBr 
(«-C4H9)4PBr 
(*-C4H8)4NI 
n-C8H17N(C2H5); 

n-C12H25N(C2H5; 
n-C16H33N(C2H6; 
K - C 1 6 H 3 3 N ( C H 3 ) : 

;Br 
3Br 
3Br 
Br 

(C6H5CH2)N(C2H5)3CI 
(CsH6CH2)N(C2H6)3Br 
(C6H5CH2)N(C2H5)3I 

0 
11.4 
19.8 
16.6 
6.3 

25.6 
27.0 
29.0 
22.2 
26.7 
34.3 
11.3 

0 
59.3 
41.9 
46.5 
15.3 
38.0 
46.0 
42.4 
48.2 
38.2 
35.3 
10.0 

0 
5.2 

17.8 
13.7 
5.3 

20.2 
20.9 
23.9 
16.5 
24.9 
28.3 
4.7 

0 
17.6 
14.8 
13.9 
11.8 
20.3 
14.2 
18.3 
15.5 
17.3 
19.4 
6.4 

a) 1 0.01 mol, olefin 0.02 mol, catalyst 1.0 mmol, GH2C12 40 ml, NaHG0 3 0.03 mol, H 2 0 30 ml, 
room temperature, 2 h. 
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nitrene kl singlet k* triplet k* side 
precursor nitrene nitrene reaction 

k3 olefin &4 olefin 

stereospecific nonstereospecific 
product product 

Fig. 1. Reaction scheme. 

10 20 

[olefin]/[GH2Gl2] 
30 

mol % 

Fig. 2. Addition of ethoxycarbonylnitrene to eis- and 
Jran.y-4-methyl-2-pentene under two-phase conditions in 
the presence of TEBAC1. 
0 ; a.y-4-Methyl-2-pentene under two-phase conditions, 
A i £rarc.y-4-niethyl-2-pentene under two-phase condi­
tions, O ; £W-4-methyl-2-pentene in the homogeneous 
system,3) ^ ; ^m^-4-methyl-2-pentene in the homo­
geneous system.3) 

pentene in dichloromethane and the fraction of inver­
sion product is shown in Fig. 2. In comparison with 
the results for the homogeneous system investigated by 
Lwowski et a/.,3> which are also shown in Fig. 2, the 
portion of the inversion product of the reaction with 
^^-4-methyl-2-pentene under two-phase conditions is a 
little low, while that of the reaction with transA-methyl-
2-pentene is a little high, but concerning the dependence 
on the olefin concentration, the same trend is found for 
both the homogeneous and the two-phase systems. 
Thus , the increase in the concentration of olefin leads 
to a descrease in the inversion product . This can be 
explained as a consequence of an increasing frequency 
of the singlet nitrene reaction at higher concentrations 
of the olefins. 

Now we consider the electronic state of the ethoxy­
carbonylnitrene generated in the present system accord­
ing to the method proposed by Lwowski et al.3>V The 
fraction of the aziridine produced from the triplet 
nitrene in the total aziridine obtained is designated 
[ T ] , and the fraction of the "trans-aziridine" 3 in the 
aziridine produced from the triplet nitrene is designated 
a. If one assumes that the composition of the aziridine 
mixture produced from the triplet nitrene depends on 
the position of the equilibrium of the two conformers 
of open-chain biradical intermediate and not on the 
nature of the starting olefin, the fraction A of 3 in the 
aziridine mixture obtained from the o>-olefin and the 

fraction B of the "eis-aziridine" 2 in the aziridine 
mixture obtained from the trans-oleûn are expressed 
respectively as; 

A = [T]a, B=[T](l-a) (1) 

The following relation is derived from Eq. 1. 

a = A/(A+B) (2) 

In order to know the value oîAjB from the experimental 
data, the difference in the reactivity of eis- and trans-
olefins toward the nitrene should be taken into consider­
ation. From the measurements on the homogeneous 
system by Lwowski et a/.,3) the ratio of the reactivity 
k*,trans: k±tCis

 1S determined to be 0.7. This value 
is affected by the nature of olefin, but not affected by 
the nature of nitrene. Then , we can adopt this value 
for the present systems and then we can obtain the 
value of AjB from the experimental data shown in 
Fig. 2, by comparing the value of A at a given concent­
ration with the value of B at 1/0.7 of that concentration. 
The values of AjB thus obtained vary from 1.5 to 2.1 
in the concentration range from 33 to 1.5 mol %. The 
average value of AjB is 1.8, and the value of a is deter­
mined to be 0.64 from Eq. 2. 

When the fraction of the aziridine produced from the 
singlet nitrene in the total aziridine is denoted as [S], 
we get from Eq. 1 

[71 = 1.56A, [S] = 1 - [T] (3) 

From the reaction scheme shown in Fig. 1, the 
following relation is obtained by assuming the stationary 
state with respect to the triplet nitrene, 

[S] ^{[olefin] + (kJkA)} { ] 

Then, a plot of [T]/[S] vs. 1 /{[olefin] + (*5/A4)} should 
give a strainght line having the slope of k2lk3. Various 
plots were drawn by assuming various values of £5/A;4 

and the value of kh\k± which gives the best straight line 
was determined. The selected value of £5/£4 for the 
two-phase reaction with TEBAC1 is 0.005, and then 

10 20 

[olefin]/[CH2Cl2] 
mol % 

Fig. 3. Addition of ethoxycarbonylnitrene to w-4-meth-
yl-2-pentene under two-phase conditions in the pres­
ence of TEBAI. 
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the value of k2/k3 is determined to be 0.033 from the 
slope of the line. 

When triethylbenzylammonium iodide (TEBAI) is 
used as a phase transfer catalyst, the relationship 
between the concentration of m-4-methyl-2-pentene in 
dichloromethane and the inversion product is shown in 
Fig. 3. According to the same procedure as the case 
of TEBAC1, the values of kbjk± and k2\k3 were deter­
mined to be 0.07 and 0.033, respectively. 

TABLE 2. RATE CONSTANT RATIOS k2/k3 AND kjk^ OF THE 

REACTIONS OF E T H O X Y C A R B O N Y L N I T R E N E 

U N D E R VARIOUS CONDITIONS 

Two-phase system Homogeneous system 

a-Elimination Thermolysis 
TEBAC1 TEBAI with of ethyl 

triethylaminea) azidoformateb) 

k2/k3 ÖTÖ33 0.033 0.036 ÖTTÖ 
kjkt 0.005 0.07 0.015 0.03 

a) From Ref. 4. b) From Ref. 3. 

Table 2 summarizes the values of kjk3 and £5/£4. The 
results of the two-phase reactions using TEBAC1 or 
TEBAI as phase transfer catalysts are compared with 
those of «-elimination reaction by triethylamine in a 
homogeneous system3) and the thermolysis of ethyl 
azidoformate.4) I t is revealed from these results that 
the singlet nitrenes generated in the two-phase sys­
tem and in the homogeneous system have the similar 
reactivity and the addition reaction of the singlet 
nitrene is about 30 times faster than the decay to the 

triplet state. However, there is a difference in the 
reactivity of the triplet nitrene. In the case of TEBAC1, 
the ratio of side reactions such as hydrogen abstraction 
to form ethyl carbamate is low compared with the case 
of homogeneous system, while the ratio of side reactions 
(k5jké) is very high in the case of TEBAI . Iodide ions 
from the catalyst is considered to enter into the organic 
phase easier than chloride or bromide ions, and the 
results imply that triplet nitrene is consumed by iodide 
ions in some unknown processes. 

E x p e r i m e n t a l 

The materials used and the authentic samples of the 
aziridines are described in the previous paper.1) The reactions 
of ethyl /?-nitrophenylsulfonyloxycarbamate (1) with eis- or 
£ra/w-4-methyl-2-pentene were carried out in dichloromethane 
solutions and aqueous sodium hydrogencarbonate solutions in 
the presence of phase transfer catalysts. The details of the 
reactions and the analyses of the products are also described 
in the previous paper.1) 
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Modifizierte Wichterle-Reaktion. 
Ein Weg zur Darstellung von 2-Cyclohexenonen und 1,4-Diketonen. 

Synthese von 4-Estren-3,17-dion und Dihydrojasmon 

Makoto KOBAYASHI und Takeshi MATSUMOTO* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Eingegangen November 20, 1978) 

Während die Behandlung von 2-(3-Ghlor-2-butenyl)-2-methylcyclohexanon mit konz. H 2S0 4 2,5-Dimethyl-
bicyclo[3.3.1]non-2-en-9-on als Hauptprodukt ergab, wurde beim Erhitzen in HG0 2 H in Anwesenheit von HG104 

4a-Methyl-id
1C8a)-2-octalon in 70 bis 98%-iger Ausbeute erhalten. Unter diesen Bedingungen reagierten andere 

a-( Chi orbutenyl) ketone analog und lieferten die entsprechende Annelierungsprodukte in hohen bis massigen 
Ausbeuten. Aus a-(2-Haloallyl) ketonen wurden 1,4-Diketone gewonnen. Als Anwendungsbeispiele wurden 
4-Estren-3,17-dion und Dihydrojasmon synthetisiert. 

Bei Synthesen von Naturstoffen spielen Cyclisierungs-
reaktionen eine wichtige Rolle. Die Robinson-
Annelierung ist eine der wirksamsten Cyclisierungsreak-
tionen, die bis jetzt entwickelt worden ist.1) 1947 
berichteten Wichterle et al. über eine Modifizierung der 
Robinson-Annelierung,2) in der l,3-Dichlor-2-buten 
(DCB) anstatt Methylvinylketons verwendet wurde : 
d.h. , das durch Alkylierung von Carbonylverbindung 
mit DCB dargestellte a-(3-Chlor-2-butenyl)keton 1 
wurde mit konz. H 2 S 0 4 behandelt , wobei das entspre­
chende 2-Cyclohexenon-Derivat 2 entstand (Schema-
la ) . Wie bereits Prelog sowie andere Autoren gezeigt 
haben, führt aber die Einwirkung von konz. H 2 S 0 4 auf 
tf-(Chlorbutenyl) ketone 3 in den meisten Fällen nicht 
zu bicyclischen Produkten 4, die für den Aufbau von 
gewissen Naturstoffen wertvoll sind, sondern zu ver­
brückten Olefinen von Typ 5.3> Marshall et al. unter­
suchten daher die Cyclisierungsbedingungen von 3 näher 
und es gelang, unter relativ milden Bedingungen das 

a) 

Cl R R 

c,J| + (£j *afä1 al 

) (CH2)n . 

(R=CH: 

Cl 
(CH2)n (CH2)n 

3 4 
(R=ALKYL oder ALKOXYCARBONYL) 

" A 
7 

a* oV 
te 

9 - , 
Schema 1. 

Bedingung 

>Ro~ 

8 

9 

0^ cK^ 

H oder CH3)
 1 0 

Wichterle-Reaktion unter konventionellen 
en. 

1,5-Diketon 6 in massiger Ausbeute zu isolieren (Schema­
lb).4) Anderseits liefern unter den oben erwähnten 
konventionellen Bedingungen chlorbutenylierte a,ß-
Enone 7 sowie 9 die entsprechenden 1,5-Diketone 8 und 
10 in guten Ausbeuten, was zur Konstruktion des 
Steroid-A-Rings angewandt wurde (Schema-lc).5) 
Wegen des oben beschriebenen Nachteils, dass oft 
verbrückte Bicyclene als Hauptprodukt entstehen, wurde 
die Wichterle-Reaktion zur Synthese von Naturstoff 
bisher selten verwendet.6) 

Es ist wohlbekannt, dass ein Vinylhalogenid wegen 
des Doppelbindungscharakters zwischen Halogen- und 
Kohlenstoffatom im allgemeinen eine geringe Reak­
tionsfähigkeit besitzt. Ausser der gewöhnlicher Hydro­
lyse unter stark saueren Bedingungen wurden vor 
kurzem einige milde Umwandlungen von Vinyl-
halogeniden zu den entsprechenden Ketonen berichtet, 
bei welchen Übergangsmetalle verwendet wurden.7) 

Im Zusammenhang mit dem Versuch zur Darstellung 
eines Zwischenproduktes bei der Totalsynthese eines 
Diterpens war es erforderlich, die Cyclisierungsbeding­
ungen der Wichterle-Reaktion zu untersuchen. Dabei 
stellte sich heraus, dass sich «-(Chlorbutenyl)keton 
beim Erhitzen mit Mineralsäure in saueren Lösungsmit­
teln wie H C 0 2 H leicht ins entsprechende 2-Cyclo-
hexenon-Derivat umwandeln lässt. Darüber möchten 
wir hier zusammen mit den einfachen Anwendungen 
zur Darstellung von Steroid-Skeletten und Dihydro­
jasmon berichten.8> 

A. Lösungsmit te l e f fekt u n d 
R e a k t i o n s w e g 

Unter Verwendung von 2-(3-Chlor-2-butenyl)-2-
methylcyclohexanon (11) als Modellverbindung wurde 
der Optimierungsversuch durchgeführt. Der Lösungs­
mitteleffekt ist in Tabelle-1 zusammengestellt. Daraus 
ergab sich, dass dieser Ringschiuss von 11 zu 4a-
Methyl-J1 ( 8 a )-2-octalon (12) in Lösungsmittel wie 
H C 0 2 H sowie C H 3 N 0 2 in Anwesenheit von starker 
Säure (Nr. 4, 8) und H 2 0 (Nr. 3) unter Kochen leicht 
stattfindet. Bei Verwendung von H C 0 2 H als 
Lösungsmittel und H C 1 0 4 als Säure-Katalysator erhielt 
man die beste Ausbeute an 12 (Nr. I).9) Weder 1,5-
Diketon 13 noch verbrücktes Bicyclen 14 wurden 
isoliert (Schema-2).4) Besonders bemerkenswert ist 
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TABELLE 1. LÖSUNGSMITTELEFFEKT IN CYCLISIERUNG VON 11 ZU 12a) 

Nr. 

i 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Lösungsmittel 

HG0 2 H 
HG0 2 H 
HG02H f) 
HG0 2 H 
AcOH 
AcOH 
AcOH*> 
AcOH 
GF3G02H 
G12GHG02H 
GH3GH2G02H 
GH3N02 

EtOH 
Dioxan 
DMSO 

P*b
b ) 

> 2 0 . 2 

20.2 

20 
25 

*%*16 

~ 1 7 . 8 

Säure 

HC104
d> 

HBre> 
p-TsOH 

— 
HG104 

H2S04
d) 

/>-TsOHh> 
CFgCOaH1) 
HG104 

HG104 

HG104 

HG104 

HG104 

HG104 

HG104 

Rückflussdauer 

1.5h 
1 
2.5 

18 
2 
4 
3 
7 
2.5 
0.75» 
7 
lk> 
3 
5.5 
3 

Ausb. an 12c> 

98% 
90 
77 
0 

98 
90 

^ 0 
^ 0 
60 
75 
50 
55 
0 
0 
0 

a) Verhältnis von Substrat-Säure-Lösungsmittel = 100 mg: 1 ml: 9 ml. b) pKh-Werte des 
Gleichgewichtes: Lösungsmittel+H30+ < > Lösungsmittel-H++H20, J . B. Hendrickson, 
D. J . Gram, und G. S. Hamond, "Organic Chemistry," 3 Auflage, McGraw-Hill Kogakusha 
Ltd., Tokyo (1970), S. 304—307. c) Ausbeute des isolierten Produktes, d) 60% wässrig. 
e) 47% wässrig. f) 90% wässrig. g) Eisessig, h) Monohydrat. i) 80% wässrig. j) bei 
130 °G. k )be i75°G 

4 ° U HC09H ' [Cl^ o U 13 

11 15 X / . 12 

JX) 
16 

13 
Schema 2. Reaktionsweg der modifizierte Wichterle-

Reaktion. 

die Tatsache, dass diese Cyclisierung sehr stark vom 
Lösungsmittel abhängig ist. Es scheint, dass eine enge 
Beziehung zum pÄ'b-Wert des Lösungsmittels besteht. 
In den Lösungsmitteln wie H C 0 2 H (pKh^20.2) sowie 
C H 3 N 0 2 (pKh^25), die schwächer basisch als Olefin 
(pKh^\S) sind, sollte die Protonierung an die C=C-
Doppelbindung des Chlorbutenyl-Restes viel günstiger 
sein als in den stärker basischen alkoholischen (pKh<*?\6) 
bzw. ätherischen (pÄ"b^17.5) Lösungsmitteln. Das 
durch Addition des Protons an den Chlorbutenyl-Rest 
gebildete intermediäre Ion 15 würde über das 1,5-
Diketon 13 ins Endeprodukt 12 umgewandelt werden. 
Dass die Reaktion die Anwesenheit von H 2 0 erfordert 
(Nr. 7), ist verständlich, wenn man die intermediäre 
Bildung des 1,5-Diketons 13 annimmt. Obwohl die 
Möglichkeit der Carbonylgruppenbeteiligung(15-»16—• 
13, Schema-2) nicht ausgeschlossen werden kann, 
erscheint dieser Verlauf auf Grund der unten beschrie­
benen Befunde weniger wahrscheinlich. 

U m den Reaktionsweg von 11 zu 12 genauer zu 
untersuchen, wurden Dichlordiolefine 17 und 19 
dargestellt und den neuen Cyclisierungsbedingungen 
der Wichterle-Reaktion unterworfen. Da diese beiden 

cii c i ^ 
17 

5 h 

18 

4.5 h 

19 12 

ClJ, J U 3 h" ' 0H(T o k j 
20 21 

oft* A ) 0 . 6 7 h 

B)1 .5 h 
OK L 

50% 

35% 

0% 

A)50%
 ; 

C02H B ) 6 6 % * ) 

22 23 

A) HClOjfHOyi, RÜCKFLUSS. B) HBr-HC02H, RÖCKFLUSS. 

* ) ALS f-ETHYLESTER ISOLIERT. 

Schema 3. 

Verbindungen keine Carbonylgruppe enthalten, ist eine 
Carbonylgruppenbeteiligung beim Hydrolysierungs-
schritt zum Diketon nicht möglich. Obwohl die Reak­
tionszeit im Vergleich mit 11 etwas länger dauerte, 
ergaben diese Dichlordiolefine in massigen Ausbeuten 
Octalon-Derivate 18 bzw. 12 (Schema-3).3a> Dies 
weist darauf hin, dass die Nachbargruppenbeteiligung 
(15—>16—>13—>12) beim Ringschluss unter diesen neuen 
Bedingungen nicht so wichtig sein sollte. U m diesen 
Punkt weiter aufzulkären, wurde die Umwandlung von 
2-(3-Chlorallyl)cyclohexanon (20) in den entsprech­
enden Ketoaldehyd 21 versucht. Nicht nur unter den 
neuen, sondern auch unter den konventionellen (konz* 
H 2 S 0 4 ) Bedingungen wurde 21 nicht erhalten. Des 
weitern verlief die Hydrolyse von 5-Chlor-2,2-dimethyl-
4-hexensäure (22) zur Ketocarbonsäure 23 nicht so 
glatt. Dies deutet da raufh in , dass eine Beschleunigung 
der Hydrolyse durch einen NachbargruppenefTekt der 
Carboxylgruppe nicht stattfindet. Diese Ergebnisse 
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könnten zeigen, dass bei der Cyclisierung von a-
(Chlorbutenyl)ketonen ein intermediäres Carboniumion 
wie 15 zuerst entsteht und dessen Stabilität sehr wichtig 
ist, und dass die Methylgruppe des Chlorbutenyl-Restes 
für die Stabilisierung von 15 eine grosse Rolle spielt. 
Alle bisher erwähnten Befunde zusammengenommen, 
könnte der Reaktionsweg der neuen Ringschlussreaktion 
von 11 über 15 und 13 zu 12 führen (Schema-2). 

Sehr interessant ist, dass das verbrückte Bicyclen 14 
unter den oben beschriebenen Bedingungen in guter 
Ausbeute ins Octalon 12 überführt wurde, während in 
E t O H keine Reaktion eintrat und das Ausgangsmaterial 
14 fast quantitativ zurückgewonnen wurde. Die 
basekatalysierte Retro-Aldolkondensation von 24 zu 12 
ist schon bekannt.10) In diesem Fall würde 14 zuerst 
zum Ketol 24 hydratisiert, das weiter ins 1,5-Diketon 
13 über 25 säurekatalysiert überführt und zum 12 
recyclisiert würde (Schema-4). 

. 1 3 • 1 2 

HC10A-HC02H, 1 h RÖCKFLUSS, 82% 

HC10A-EtOH , 3 h RÖCKFLUSS, 0% 

Schema 4. 

B. Reakt ionsbeispie le 1 1 ) 

U m den Anwendungsbereich und die Grenze dieser 
Annelierung zu untersuchen, Hessen sich viele a-
(Chlorbutenyl)ketone H C 0 2 H mit H C 1 0 4 bzw. HBr 

umsetzen. Die Resultate sind in Tabelle-2 zusam-
mengefasst. In allen Fällen wurden weder das entsprech 
ende 1,5-Diketon noch verbrückte Bicyclen wie Typ 
5 isoliert. Aus 6-Chlor-3,3-dimethyl-5-hepten-2-on (28) 
wurden Trimethylcyclohexenone 29 und 30 im 
Verhältnis von ca. 1:2 erhalten.13) Die Konstitutionen 
von 29 und 30 folgten aus den charakteristischen N M R -
Signalen (2 breite Tripletts bei 2.43 ppm für die Meth­
ylenprotonen an C-6 von 29 und bei 2.30 ppm für die 
Methylprotonen an C-4 von 30) sowie MS-Fragmen-
tierungen {mje 112 (M+ —C2H2) von 29 und m\e 82 
(M + —C 4 H 8 ) von 30). Ausserdem unterstützt die 
mechanistische Überlegung auch, dass 30 das Haupt­
produkt wird, weil der Weg zu 30 im Übergangszustand 
die kleinere sterische Hinderung erfährt als derjenige 
zu 29.13) Bei der Umsetzung von 26 und 33a war im 
Vergleich mit 11 eine längere Reaktionszeit erforderlich. 
Es scheint, dass die Reaktionszeit auch von der Menge 
der zugesetzten Säure abhängt . In den in der Tabelle-1 
gezeigten Beispielen wurde 1 ml 6 0 % H C 1 0 4 zugegeben, 
die im Fall des Substrates 11 (100 mg) 18 Äq. entspricht. 
Setzt man beim grossen Ansatz der Reaktion von 11 
zu 12 eine kleinere Menge H C 1 0 4 (f&2 Äq.) zu, so 
wurde eine Abnahme der Reaktionsgeschwindigkeit 
(«^8 h) und der Ausbeute ( ^ 7 0 % ) beobachtet. 

2-(3-Chlor-2-butenyl)-3-methyl-2-cyclohexenon (35) 
und 4-(3-Chlor-2-butenyl)-7a-methyl-5,6,7,7a-tetra-
hydroindan-l ,5-dion (40) wurden jeweils direkt bis zum 
a,ß: y,(3-Dienon 36 und -Diendion 41 cyclisiert.3a»15) Im 
Genensatz dazu fand im Fall des 6-(3-Chlor-2-butenyl)-
6-methyl-2-cyclohexenons (37) eine intramolekulare 
Michael-Reaktion statt und 5-Acetyl-l-methylbicyclo-

TABELLE 2. 

Nr. Substrat Produkt Medium Rückflussdauer Ausb. 
(h) (%) 

CV\ 

o 

26 

Oy 

28 

/ \ l / \ 
O 

GF 

O' 
31 

° 
R 

33a ( R = H ) 
33b (R=GH3) 

12) 

O' 
a) 

27 
13a) 

29 

O 
30 

32 

o-

3,4) 

/ 

«0 

a) 

I 
R 

18 
34 

0.75 

77 

25 

48 

50 

75 
70 

Cl' O' 
35 

O' 
a) 

36 

1.5 70 
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Nr. 

10 

11 

12 

Substrat 

ai o^\y 
37 

O 

C l ^ / 40 

o 

Cl' oy 

42 

O 

45 

O 

Gl' O' 
48 

G0 2 H 
II I I 

51 

Cl' 

G0 2H 

O' 
54 

Produkt 

er 
38 

39 
O 

/N/" 
er 41 

O 

43 
17) 

44 
O 

46 
G0 2 H 

G0 2 H c) 

\ 

O' 
47 

O 

V 
49 

/\ | C\°2H c) 

I 
o > 

50 
O 

\ / \ / xœ 2H c> 
II 

52 
G0 2 H c ) 

O' 
53 

O 

GOoH 
55 

GOoHc) 

O' 
56 

Medium 

«0 

a) 

b) 

b) 

b) 

b) 

a) 

a) HC104-HC02H. b) HBr-HC0 2H. c) als Methylester isoliert. 

Rückflussdauer 
(h) 

2.5 

1.5 

1.5 

1.5 

Ausb. 
(%) 

22 

71 

65 

40 

10 

58.5C) 

9.7C) 

32 

30c) 

50c) 

4_c) 

6 3 c ) 

1 8 . 5 C ) 
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[2.2.2]octan-2-on (39) entstand als Hauptprodukt.4) Das 
erwartete Annelierungsprodukt 38 wurde als Neben­
produkt nur in 22%-iger Ausbeute erhalten.4) Ein 
1,5-Diketon wie Typ 8 oder 10, das bei der Behandlung 
mit konz»H 2 S0 4 hauptsächlich entsteht, wurde in 
keinen Fall isoliert. 

Bei Ringschlüssen von 2-(3-Chlor-2-butenyl)-2-meth-
ylcycloalkan-l,3-dion konnte man im allgemeinen mit 
HBr eine bessere Ausbeute erziehen als mit H C 1 0 4 . 
Beim Erhitzen in H C 0 2 H mit HBr wurde aus 2-(3-
Chlor-2-butenyl)-2-methylcyclopentan-1,3-dion (42) das 
Annelierungsprodukt 43 in massiger Ausbeute 
erhalten,16) wobei ein Nebenprodukt 44 mit der gleichen 
Formel (C10H12O2) wie 43 in einer Ausbeute von 10% 
kristallin isoliert wurde.17) Bei 2-(3-Chlor-2-butenyl)-
2-methylcyclohexan-1,3-dion (45) verlief anderseits bei 
60 °C eine Ringöffnung zur Chlorketocarbonsäure 57 
glatt,18) die über 58 zu den 2-Cyclohexenon-Derivaten 
46 und 47 weiter cyclisiert wurde.19»20) Das erwünschte 
Wieland-Miescher-Keton, 8a-Methyl-1,6-dioxo-1,2,3,4,-
6,7,8,8a-octahydronaphthalin wurde nicht erhalten. 
I m Gegensatz dazu wurde aus dem Trimethylkörper 48 
das Dioxohydronaphthalin-Derivat 49 neben 50 im 
Verhältnis von ca. 1:1 isoliert. Wegen der sterischen 
Hinderung zwischen Hydroxygruppe und ^m-Dimeth-
ylgruppe (59a und 59b) sollte sich die Ringspaltung 
von 48 zu 60 im Vergleich mit 45 ziemlich unterdrücken 
lassen (Schema-5). Analog wurden aus Chlorketo-
carbonsäuren 51 und 54 die entsprechenden 2-Cyclo-
hexenon-Derivate 5221) und 53 bzw. 55 und 56 
dargestellt. Die oben beschriebenen Ketocarbonsäuren 
wurden alle nach Behandlung mit ether. CH 2 N 2 als 
Methylester isoliert und die Ausbeuten bestimmt. 

a)45 
HBr -

HC02H ClJ 

BEI 60 °C 

:o2H :O2H 

57 58 

b) 4 8 - 5 — > 

59 

°f^\ 

• 46 + 47 

49 

59 
i (R= -CHoCH=C(Cl)CH3) 

r . C O 2 H I 2 * 

ofXp 50 

6 0 

Schema 5. 

C. Synthese v o n 4-Estren-3,17-dion 

Als ein weiteres Anwendungsbeispiel wurde die 
Synthese von 19-Nor-steroid versucht. Es wurde zuerst 
versucht, ausgehend von 4322) und dessen Derivaten 
43a, b2 '23) durch die Stork'sche reduktive Alkylierung6d) 
oder aus dem von 43 leicht abgeleiteten 40 durch 
selektive Hydrierung 4-(3-Chlor-2-butenyl)-7a-methyl-
hexahydroindan-l ,5-dion (61) darzustellen, das in ein 
wichtiges Zwischenprodukt 64 überführt werden könnte. 
Alle Versuche waren aber erfolglos. Dan wurde 40 
mit konz. H 2 S 0 4 zum ungsättigten Triketon 62 hydroly-
siert, das in A c O H mit 10% P d - C unter Normaldruck 

67 66 
A) DCB^AmOK. B) H2S0Z|. C) H2/Fd-C. D) P-TSOH. E) PYRROLIDIN, 

F) DCB. G) H20. H) HC10^-HC02H. 

Schema 6. 

hydriert wurde, wobei man ein Gemisch von 63a und 
63b im Verhältnis von 2 : 1 erhielt. Ohne Trennung 
und Reinigung wurde das rohe Hydriergemisch in AcOH 
mit p-TsOH under Rückfluss weiter zum bekannten 
tricyclischen Diketon 64 cyclisiert, das nach der Säulen­
chromatographie an S i 0 2 in 40%-iger Ausbeute aus 
62 isoliert wurde.15) 64 wurde dann über Dienamin 
mit DCB weiter zu 65 alkyliert. Die Cyclisierung von 
65 in H C 0 2 H mit H C 1 0 4 ergab aber kein 4,9-
Estradien-3,17-dion, sondern ein bekanntes tetra-
cyclisches Diketon 67 (Schema-6).15) Als nächstes 
wurde die reduktive Alkylierung von 68 versucht, das 
aus 64 mit NaBH 4 leicht zugänglich ist.15) Die reduktive 
Chlorbutenylierung von 68 in flüss»NH3 mit Li-DCB 
und die anschliessende Oxydation mit C r 0 3 lieferten 
die gewünschte Verbindung 70 in geringer Ausbeute. 
Bei der Alkylierung von 69 Hess sich die Ausbeute 
ebenfalls nicht verbessern ( ^ 1 7 % ) . Deshalb wurden 
die Bedingungen der Stork'schen reduktiven Alkyl­
ierung von 12 sowie 33a als Testverbindungen untersucht 
(Tabelle-3). Wenn man 0.8 Äq. ' B u O H zusetzte und 

TABELLE 3. TESTEXPERIMENT DER REDUKTIVEN ALKYLIERUNG 

Substrat Medium Alkylierungsreagenz Ausb. 

33a NHg DGB 20% 
33a NHg-THF DGB 15 
33a NH3- 'BuOH-THF H3CC(C1)=CH-CH2I 30 
12 NH3- 'BuOH-THF H3CC(C1)=CH-CH2I 23 

anstatt DCB l-Jod-3-chlor-2-buten als Alkylierungs­
reagenz verwendete,25) konnte die Ausbeute wenig 
erhöht werden. Die hier erhaltenen Verbindungen, 
l-(3-Chlor-2-butenyl)-2-decalon (72a) und 1-(3-Chlor-
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& 

111 

71 7 0 

1) c, 

2) D' 

33a(R=H) 72a 
72b 

73a, 70% 
73b, 90% 12(R=CH3) 

A) NaBH4. B) DHP-POCI3. c) Li-NHj-^uOH. 

D) H3CC(C1)=CHCH2I. E) H30
+-MeOH. F) Cr03< G) HC10/|-HC02H. 

Schema 7. 

2-butenyl)-4a-methyl-2-decalon (72b) wurden durch 
Behandlung in H C 0 2 H mit H C 1 0 4 in die entsprech­
enden Hydrophenanthren-Derivate 73a bzw. 73b in 
guten Ausbeuten überführt.60) Analog zum oben 
erwähnten Testexperiment wurde 69 in flüss»NH3-
T H F mit Li und ' B u O H versetzt und dann mit 1-Jod-
3-chlor-2-buten reduktiv alkyliert. Das nach üblicher 
Aufarbeitung erhaltene Rohprodukt wurde zur 
Abspaltung der Schutzgruppe in M e O H mit H 2 S 0 4 

versetzt und anschliessend mit C r 0 3 oxydiert, so dass 
man nach der chromatographischen Reinigung 10-(3-

Chlor-2-butenyl)-des-A-estran-5,17-dion (70) in 2 2 % -
iger Ausbeute erhielt. Ausserdem wurde Des-A-estran-
5,17-dion als Hauptkomponente isoliert und dessen 
Ausbeute betrug ca. 4 0 % . 70 wurde in H C 0 2 H in 
Gegenwart von H C 1 0 4 erhitzt, wobei das Zielprodukt 
71 in einer Ausbeute von 9 0 % entstand (Schema-7). 
Die IR- , N M R - , und MS-Spektren vom hier synthe­
tisierten 71 sind in Übereinst immung mit denjenigen in 
der Literatur und die Konstitution von 71 wurde 
dadurch ermittelt.26) 

D . D a r s t e l l u n g v o n 1,4-Diketonen u n d 
Synthese v o n D i h y d r o j a s m o n 

Wie in Abschnitten A, B, und C beschrieben, wurde 
festgestellt, dass die modifizierte Wichterle-Reaktion zur 
Darstellung von 2-Cyclohexenonen geeignet ist. Es 
wurde dann versucht, sie auf die Umwandlung von 
tf-(2-Haloallyl)keton wie 74 ins 1,4-Diketon wie 77 zu 
übertragen.27) 

Nienhaus et al. haben bereits darüber berichtet, dass 
die Behandlung von 2-(2-Chlorallyl)cyclohexanon (74) 

c'OD JQO 
74 75 

c,O0 70% 

76 
2h 
BEI 75 °C 

°no 
77 

A) KONZ.H2S0/|. B) HCIO4-HCO2H. 

Schema 8. 

T A B E L L E 4. 

Nr. Substrat 

O" 

Brx 

O' 

O" 

O^PHp-CH3) 
86 

Produkt 

-0 / xPh(/>-CH3 

87 

Reaktionszeit 
(h) 

Ausb. 
(%) 

1.5 
bei 70 °G 

75 

5 
bei 75—80 

3.5 
Rückfluss 

2.5 
bei 80 °G 

1 
Rückfluss 

°G 
/Kompliziertes^ 
\ Gemisch / 

30b) 

55c) 

80 

a) In HG0 2 H mit HG104. b) Als Methylester isoliert, c) Die Ausbeute ist auf die reagierte Ausgangsverbindung 
84 benzogen. Eine kleine Menge 84 wurde zurückgewonnen. 
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mit konz • H 2 S 0 4 2-Methyl-4,5,6,7-tetrahydrobenzofuran 
(75) in guter Ausbeute liefert.28) Dagegen entstand beim 
Erhitzen von 74 in H C 0 2 H in Gegenwart von H C 1 0 4 

1,4-Diketon 77 in 70%-iger Ausbeute,29) vermutlich 
über das Carboniumion 76. I m NMR-Spek t rum des 
Rohproduktes war das Furan-Derivat 75 nicht zu 
erkennen. Die Optimierungesversuche zeigten, dass 
die Umwandlung von 74 in 77 im Vergleich mit a-
Chlorbutenylketon wie T y p 1 bei relativ tieferer 
Tempera tur verläuft und dass beim Kochen weniger 
1,4-Diketon 77 entsteht. Es zeigte sich auch, dass durch 
den Zusatz von fast äquimolarer Menge H C 1 0 4 eine 
bessere Ausbeute resultiert (Schema-8). 

In Tabelle-4 sind andere Beispiele zusammengefasst. 
Während 2-(2-Bromallyl)-6-methylcyclohexanon (78) 
das entsprechende 1,4-Diketon 7927c) in 75%-iger 
Ausbeute ergab, wurde aus 2-(2-Chlorallyl)-2-methyl-
cyclohexanon (80) kein erwünschtes Produkt 81,29»30) 
sondern nur ein kompliziertes Gemisch erhalten. Sogar 
durch die Behandlung mit konz • H 2 S 0 4 konnte 80 nicht 
in 81 überführt werden. Wie das Molekülmodell zeigt, 
könnte der Angriff eines Nucleophils auf das zwischen­
stufige Carboniumion wegen der sterischen Hinderung 
in der Umgebung des in a-Stellung zur Carbonylgruppe 
liegenden quar tären Kohlenstoffatoms gestört werden. 
2- (2- Chlorallyl) - 2- methylcyclohexan -1 ,3 - dion (82) 
ergab analog zu 45 beim Kochen über Ringöffnung und 
anschliessende Cyclisierung 2-(2-Carboxyethyl)-3,6-di-
methyl-2-cyclopentenon (83), das nach Veresterung mit 
CH 2 N 2 isoliert und dessen Konstitution spektroskopisch 
bestätigt wurde . Anderseits wurden aus den leicht 
enolisierbaren a-(2-Haloallyl)ketonen 84 bzw. 86 die 
Furan-Derivate 85 bzw. 87 erhalten.31) 

Aufgrund der oben beschriebenen Ergebnisse wurde 
die Synthese von Dihydrojasmon versucht.32) Ausgehend 
von Acetessigsäureethylester wurde 89a durch y-
Alkylierung mit NaH/rc-BuLi/rc-C5HnBr in T H F 

C02Et CO^t 

> -^ >— BÏXT 
3) c fc 

88 8 9 a (R= -n-c5Hn) 9 0 
b(R= -n-C6H13) 

c(R= -CH2Ph) 

91 92 

90 92 
a 29% aus 8 8 22% aus 90 
b 45% 54% 

C 36% 46% 

°^c°2Et 4HH* ^ oLx°2Et i B * 9 2 a 

n-CsHii 3) G n-CöHi, 

A) NaH. B) n-BuLi. c) R-Br. D) NaH/CH2=C(Br)CH2Br. 

E) HC104-HC02H. F) 0.5n-NaOH. G) CH2=C(C1)CH2C1. 

Schema 9. 

dargestellt.33) Ohne Reinigung wurde 89a mit NaH/2,3-
Dibrompropen zu 90a alkyliert. Beim Erhitzen von 
90a in H C O a H mit H C 1 0 4 entstand ein Gemisch von 
Undecan-2,5-dion (91a) und Dihydrojasmon 92a im 
Verhältnis von 8 : 3 ( N M R ) , das ohne Trennung 
anschliessend mit 0.5 M - N a O H umgesetzt wurde.34) 
Nach chromatographischer Reinigung wurde Dihydro­
jasmon 92a in 22%-iger Ausbeute aus 90a isoliert. 
Auf die gleiche Weise wurde aus Acetessigsäureethylester 
2-Hexyl-3-methyl-2-cyclopentenon (92b) und 2-Benzyl-
3-methyl-2-cyclopen tenon (92c) in 24%-iger bzw. 
16.5%-iger Gesamtausbeute synthetisiert (Schema-9a). 

Die Totalausbeute an Dihydrojasmon durch den 
oben erwähnten Syntheseweg ist gering. Ein Grund 
dazu scheint in der y-Alkylierungsstufe zu liegen, weil 
die a-Alkylierung von 89a mit 2,3-Dibrompropen gut 
verläuft. Folgenderweise wurde die verbesserte Ausbeute 
verwirklicht. Der a-pentylierte Ketoester 93, der nach 
einer Vorschrift in guter Ausbeute zugänglich ist,35) 
wurde in T H F mit N a H 1 h bei Raumtemperatur 
gerührt und nach Abkühlen auf 0 °C mit n-BuLi und 
anschliessend mit 2,3-Dichlorpropen versetzt. Das 
NMR-Spekt rum des Rohproduktes zeigte, dass das 
y-Alkylierungsprodukt 94 in 80 %-iger Ausbeute entsteht 
(isolierte Ausb. 6 0 % ) . O h n e Reinigung wurde das 
Rohprodukt in H C 0 2 H mit H C 1 0 4 4 h bei 90 °C 
erhitzt, wobei Decarboxylierung, Hydrolyse des Vinyl-
chlorides und teilweise Ringschluss stattfanden und eine 
Mischung von 91a und 92a (ca. 1: 2) erhalten wurde. 
Die anschliessende Behandlung dieser Mishung mit 
0.5 M - N a O H lieferte Dihydrojasmon in 42%-iger 
Ausbeute aus 93. Das hier dargestellte Dihydrojasmon 
wurde durch den Vergleich der spektroskopischen Daten 
mit denjenigen in der Literatur identifiziert.32) Die 
modifizierte Wichterle-Reaktion erwies sich somit als 
eine Methode zur Darstellung von 2,3-disubstituierten 
2-Cyclopentenonen. 

Exper imente l l er Te i l 

Allgemeine Bemerkungen. Die IR-Spektren wurden mit 
einem Gerät JASGO.IR-S gemessen und die Lage der Banden 
in cm - 1 angegeben. Die MS-Spektren wurden mit einem 
Gerät Hitachi RMU-6E erhalten. Die NMR-Spektren wurden 
mit den Geräten Hitachi R-20B bei 60MHz und JEOL.PS-100 
bei 100 MHz aufgenommen. Die chemische Verschiebungen 
sind in ppm (interner Standard; TMS=0ppm) angegeben. 
Die Signale wurden durch folgende Abkürzungen charakter­
isiert; s=Singulett, d=Dublett, t=Triplett, q=Quartett , m = 
Multiplett und b=breites Band. Die Schmelzpunkte wurden 
in einer Kapillare bestimmt und sind nicht korrigiert. Es 
wurden 99—100% HG0 2 H und 60% oder 70% HC104 

sowie 47% HBr verwendet. Die Abkürzung RT. bedeutet 
Raumtemperatur. 

Abschnitte A und B. 

Darstellung von Ausgangsmaterien. 
2-bzw. 6-(3-Chlor-2-butenyl)-l-chlor-cyclohexen (17). 

Zu einer Lösung von 1 g 33a in 20 ml GG14 fügte man 5 g 
PGI5 und erhitzte 4 h unter Rückfluss. Nach Abkühlen auf 
RT. wurde das Reaktionsgemisch auf 50 ml H 2 0 gegossen 
und mit GHG13 extrahiert. Die GHG13-Auszüge wurden mit 
gesätt. NaHG03-Lösung neutralgewaschen, getrocknet und 
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eingedampft. Der Rückstand wurde an der 100-fachen Menge 
SiOa mit Hexan chromatographiert. Man erhielt 830 mg 
(75%) 17 als ein Gemisch von 2- und 6-Alkylisomeren ; IR 
(Film): 1667, 1653cm"1; NMR (GG14): 2.09 (3H, d, 7 = 1 . 5 
Hz), 5.35 (1H, qt, 7 = 1 . 5 , 7 Hz), 5.75 (0.7 H, t, 7 = 3 Hz); 
MS: 204, 206,208 (M+), 169, 171 (M+-G1), 115, 117 ( M + -
G4H6G1). 

1-Chlor- 6- (3-chlor-2-butenyl) -6-methylcyclohexen (19). 
Gleicherweise wurden 125 mg 19 (57%) aus 200 mg 11 und 
1 g PG15 erhalten; IR (Film) : 1668, 1644 cm"1; NMR (GG14) : 
1.14 (3H, s), 2.10 (3H, d, 7 = 1 . 5 Hz), 5.32 (1H, qt, 7 = 1 . 5 , 
7 Hz), 5.74 (1H, t, 7 = 3 . 5 Hz); MS: 218, 220, 222 (M+), 
183, 185 (M+-G1), 129, 131 (M+-C4H6C1). 

2-(3-Chlorallyl) cyclohexanon (20). Eine Lösung von 5 g 
Pyrrolidinenamin des Cyclohexanons36) und 5 ml 1,3-Dichlor-
propen in 20 ml Dioxan wurde 18 h unter Ar gekocht. Nach 
Abkühlen auf RT. wurde die Lösung mit 1 ml konz.HGl und 
10 ml H 2 0 versetzt und 4 h weiter unter Rückfluss erhitzt. 
Nach Entfernung von Dioxan extrahierte man die wässrige 
Phase mit AcOEt. Die AcOEt-Auszüge wurden mit gesätt. 
NaHG03-Lösung neutralgewaschen, getrocknet und 
eingedampft. Man erhielt 4.5 g (80%) 20; Kp. 93 °G/3 Torr; 
IR (Film): 1710, 1630cm"1; NMR (CDC13): 5.3—6.2 (2H, 
m); MS: 172, 174 (M+), 137 (M+-G1); Gef: G, 62.45; H, 
7.38; Gl, 20.45%. Ber. für G9H13G10: G, 62.61; H, 7.54; 
Gl, 20.58%. 

5-Chlor-2i2-di?nethyl-4-hexensäure(22). Das zur Darstellung 
von 28 verwendete rohe Chloraldehyd (2 g) in 10 ml Aceton 
wurde bei RT. mit Gr0 3 (Jones-Reagenz) versetzt und 48 h 
bei RT. gerührt. Nach Zugabe von z-PrOH wurde die 
Reaktionsmischung mit H 2 0 verdünnt und mit AcOH 
extrahiert. Die AcOEt-Extrakte wurden dann mit 5% 
NaOH-Lösung ausgeschüttelt. Die alkalische Phase wurde 
mit 3 M-HG1 schwach angesäuert und wieder mit GHG13 

extrahiert. Nach Abdampfen des Lösungsmittels wurde der 
Rückstand bei 135—140 °G (Öl-Bad)/12 Torr destilliert. 
Ausb. 1.1 g (50%); IR (Film): 1705, 1670, 1640 cm-1; NMR 
(GG14): 1.24 (6H, s), 2.10 (3H, d, 7 = 1.5 Hz), 5.42 (1H, qt, 
7=1 .5 , 7 Hz); Gef: G, 54.48; H, 7.38; Gl, 20.12%. Ber. 
für G8H13G102: G, 54.39; H, 7.36; Gl, 20.11%. 

6-Chlor-5-hepten-2-on (26). Zu einer Lösung von 13.6 
g EtONa in 100 ml EtOH fügte man 25 g Acetessigsaüre-
äthylester und 25 g l,3-Dichlor-2-buten (DGB) bei 0 °G unter 
Rühren und N2. Die Lösung wurde 24 h bei RT. stehengelassen 
und dann 1 h gekocht. Das ausgefallene NaCl wurde abgesaugt, 
und das Filtrat zur Trockene eingeengt. Zur Suspension des 
oben erhaltenen Rückstandes in 320 ml H 2 0 wurde eine 
Lösung von 25 g NaOH in 180 ml H 2 0 unter Rückfluss 
innerhalb von 2 h tropfenweise gegeben und weiter 4 h gekocht. 
Nach Abkühlen auf RT. wurde die wässrige Phase mit NaCl 
gesättigt und mit Ether mehrmals extrahiert. Die organische 
Phase wurde mit 3 M-HC1, mit gesätt. NaHG03-Lösung 
gewaschen, getrocknet und eingedampft. Der Rückstand 
wurde dann bei 78—80 °G/20 Torr destilliert. Ausb. 15 g 
(53%); IR (Film): 1720, 1663 cm-1; NMR (GG14) : 2.06 
(6H, bs), 5.42 (1H, qt, 7 = 1 . 5 Hz); MS: 146, 148 (M+), 
111 (M+-C1). 

6-Chlor-3,3-dimethyl-5-hepten-2-on (28). Zur Suspension 
von 12.4 g NaOH, 1.13 g w-Bu4NBr, 12.4 g H 2 0 und 17.4 ml 
Benzol wurde eine Mischung von 25 g Isobutyraldehyd und 
32.5 g DGB bei 70 °G unter Rühren langsam zugetropft und 
weiter 2 h bei der gleichen Temp, gerührt.37> Nach Abkühlen 
wurde das Reaktionsgemisch auf H 2 0 gegossen und mit AcOEt 
ausgezogen. Nach üblicher Aufarbeitung destillierte man das 
Rohprodukt bei 75 °G/12 Torr. Zu einer Lösung von 64 mmol 
CHgMgl in 30 ml Ether wurde eine Lösung von 8 g (53 mmol) 
des oben erhaltenen alkylierten Aldehydes in 10 ml Ether bei 

0 °G zugegeben und 18 h bei RT. gerührt. Nach Zugabe 
der gesätt. NH4G1-Lösung extrahierte man mit Ether und 
erhielt 7 g Alkohol, der anschliessend ohne Reinigung oxydiert 
wurde. Eine Lösung vom rohen Chloralkohol (7 g) in 200 ml 
Aceton wurde mit C r 0 3 (Jones-Reagenz) bei 0 °G versetzt und 
bei RT. über Nacht gerührt. Nach Entfernung von Aceton 
wurde der Rückstand in Ether aufgenommen. Die etherische 
Phase wurde mit 5% NaOH-Lösung, mit H 2 0 gewaschen, 
getrocknet und eingedampft. Man erhielt nach Destillation 
bei 89—90 °G/12 Torr 3 g 28 (14% aus Isobutyraldehyd); 
IR (Film): 1708, 1663cm"1; NMR (CDC13): 1.17 (6H, s), 
2.07 (3H, d, 7=1-5 Hz), 2.12 (3H, s), 5.33 (1H, qt, 7 = 1 . 5 , 
7 Hz); MS: 174, 176 (M+), 139 (M+-G1); Gef: G, 61,91; H, 
8.68; Gl, 20.04%. Ber. für G9H15G10: C, 61, 89; H, 8.68; 
Cl, 20.34%. 

2-(3-Chlor-2-butenyl)-2-methylcyclopentanon (31). Ein 
Gemisch von 2-Methylcyclopentanon (5 g) und NaNH2 (2 g) 
in 30 ml Benzol wurde 5 h unter Rühren und N2 gekocht. 
Nach Abkühlen auf RT. wurde die Lösung mit 6 ml DGB 
in 6 ml Benzol tropfenweise versetzt und 3 h unter Rückfluss 
erhitzt. Nach üblicher Aufarbeitung wurde das Rohprodukt 
an der 10-fachen SiOa mit Benzol-Hexan (1:1) chromato­
graphiert und man erhielt 3.2 g (34%) 31; IR (Film): 1740, 
1665 cm-1; NMR (GG14) : 0.99 (3H, s), 2.05 (3H, d, 7 = 1 . 5 
Hz), 5.35 (1H, qt, 7 = 1 . 5 , 7 Hz) ; Gef: G, 64.33; H, 8.18; 
Cl, 18.62%. Ber. für G10H15GlO: C, 64.34; H, 8.10; Gl, 
18.99%. 

2-(3-Chlor-2-butenyl) cyclohexanon (33a)?*) Analog zur 
Darstellung von 20 wurde eine Lösung von Pyrrolidinenamin 
von Gyclohexanon (16 g) in 55 ml Dioxan mit 16 ml DGB 
18 h unter Ar gekocht. Nach der schon beschriebenen 
Aufarbeitung erhielt man 11 g (58%) 33a nach Destillation 
bei 85—100°C/3 Torr; IR (Film): 1715, 1675cm"1; NMR 
(GG14) : 2.07 (3H, d, J= 1.5 Hz), 5.49 (1H, qt, 7 = 1.5, 7 Hz). 

2-(3-Chlor-2-butenyl)-2-methylcyclopentan-l,3-dion (42). 
2-Methylcyclopentan-l,3-dion38> (2.2 g) wurde in 5.6 ml 20% 
KOH-Lösung gelöst und mit 0.5 g KI und 2.2 ml DGB 
versetzt. Die Reaktionsmischung wurde ca. 1.5 h bei 90 °G 
gerührt, bis diese gegen Lackmus neutral reagierte. Nach 
Abkühlen auf RT. und Zugabe von H 2 0 wurde die Mischung 
mit Ether extrahiert. Die Ether phase wurde mit gesätt. 
NaHG03-Lösung neutralgewaschen, über Na2S04 getrocknet 
und eingedampft. Das Rohprodukt (3.9 g) wurde an der 
15-fachen Menge SiOa mit Benzol-AcOEt (9: 1) chromato­
graphiert. Man erhielt 2.7g (67%) 42; IR (Film): 1765, 
1725, 1660 cm-1; NMR (GG14) : 1.15 (3H, s), 2.10 (3H, d, 
7 = 1 . 5 Hz), 2.36 (2H, d, 7 = 7 Hz), 2.70 (4H, s), 5.34 (1H, 
qt, 7 = 1 . 5 , 7 Hz); Gef: G, 59.95; H, 6.45; Gl, 17.43%. Ber. 
für C10H13ClO2: G, 59.85; H, 6.53; Cl, 17.67%. 

Analog wurden 45 als Öl aus 2-Methylcyclohexan-l,3-dion38> 
(76%) und 48 als farblose Kristalle aus 2-Methyldimedon38> 
(80%) dargestellt. 

2-(3-Chlor-2-butenyl)-2-methylcyclohexan-l,3-dion (45) : IR 
(Film): 1730, 1690, 1665 cm"1; NMR (GDG13) : 1.25 (3H, s), 
2.09 (3H, d, 7 = 1 . 5 Hz), 5.30 (1H, qt, 7 = 1 . 5 , 7 Hz). 

2,5,5- Trimethyl-2- (3-chlor-2-butenyl) cyclohexan-1,3-dion (48) : 
Schmp. 69—70 °C (Hexan); IR (Nujol): 1725, 1690, 1665 
cm-1; NMR (GDG13) : 0.90 (3H, s), 1.10 (3H, s), 1.23 (3H, 
s), 2.09 (3H, d, 7 = 1-5 Hz), 5.32 (1H, qt, 7 = 1.5, 7 Hz) ; Gef: 
C, 64.50; H, 7.90; Gl, 14.41%. Ber. für C13H19C102: 
C, 64.33; H, 7.86; Cl, 14.64%. 

8-Chlor-5-methyl-4-oxo-7-nonensäure (51). 1 g 42 in 18 
ml H 2 0 wurde mit 6.3 g Ba(OH)2-8H20 versetzt und 4 h 
unter Rückfluss erhitzt.39> Nach Abkühlen wurde das über­
schüssige Ba(OH)2 durch Einleitung von C 0 2 in die 
Reaktionsmischung ausgefällt, bis diese gegen Lackmus neutral 
reagierte. Das ausgefallene BaC0 3 wurde abgesaugt, die 
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Garbonsäure durch Zugabe von 2 M-HG1 in Freiheit gesetzt 
und mit GHG13 extrahiert. Die CHC13-Auszüge wurden über 
Na2S04 getrocknet und eingedampft. Man erhielt 880 mg 
(81%) 51, die ohne weitere Reinigung in H C 0 2 H mit HBr 
umgesetzt wurde. Zur Analyse wurde 51 mit GH2N2 in den 
Methylester umgewandelt; IR(Film) : 1740, 1715 cm"1; NMR 
(GDGlg): 1.14 (3H, d, 7 = 7 Hz), 2.06 (3H, d, 7 = 1 . 5 Hz), 
3.65 (3H, s), 5.37 (1H, qt, 7 = 1.5, 7 Hz) ; MS : 232, 234 (M+) ; 
Gef: G, 57.93; H, 7.48; Cl, 13.60%. Ber. für GnH17G103: 
G, 56.77; H, 7.36; Gl, 15.24%. 

9-Chlor-5-oxo-8-decensäure (54). Zu einer Lösung von 1.5 
g Cyclohexan-l,3-dion in 3.5 g 20% KOH-Lösung fügte man 
1.4 ml DGB und 0.5 g KI und erhitzte 1.5 h bei 85 °G unter 
Rühren. Nach Abkühlen auf RT. wurde die Reaktions­
mischung auf 15 ml 3% NaOH-Lösung gegossen und dreimal 
mit Ether ausgeschüttelt, um das dialkylierte Produkt zu 
entfernen. Unter Eiskühlung und Rühren wurde die wässrige 
Phase mit 6 M-HG1 auf pH 4 eingestellt, wobei 2-(3-Chlor-
2-butenyl)cyclohexan-l,3-dion (1.2 g, 44%) ausfiel. Dieses 
monoalkylierte Dion wurde ohne weitere Reinigung mit Ba-
(OH)2 umgesetzt. 

0.5 g vom oben erhaltenen monoalkylierten Dion wurden 
in 7 ml H 2 0 mit 1.7 g Ba(OH)2 .8H20 4 h unter Rückfluss 
gekocht.39> Analog zu 51 erhielt man 520 mg (95%) 54, die 
auch ohne Reinigung in H C 0 2 H mit HG104 umgezetzt wurde. 
Zur Analyse wurde die Säure mit CH2N2 in den Methylester 
überführt; IR(Film): 1740, 1715, 1670 cm"1; NMR (GDG13) : 
2.05 (3H, d, 7 = 1.5 Hz), 3.65 (3H, s), 5.43 (1H, qt, 7=1-5 , 
7 Hz); Gef: G, 56.95; H, 7.44; Gl, 14.90%. Ber. für 
CUH17C103: G, 56.75; H, 7.36; Gl, 15.24%. 

Allgemeine Vorschrift der Cyclisierung. 
Eine Lösung von a-chlorbutenyliertem Keton in H C 0 2 H 

wurde mit einer kleinen Menge HG104 (60% od. 70% wässrig) 
oder HBr (47% wässrig) versetzt und unter Rückfluss erhitzt, 
bis das Ausgangsmaterial dünnschichtchromatographisch nicht 
nachgewiesen wurde. Danach wurde die Reaktionsmischung 
i. Vak. eingeengt und in einem organischen Lösungsmittel wie 
AcOEt, GHG13 usw. aufgenommen. Die organische Phase 
wurde dann vorsichtig mit gesätt. NaHCOg-Lösung neutral­
gewaschen, getrocknet und eingedampft. Der Rückstand 
wurde danach chromatographisch oder durch Destillation 
gereinigt. Das Verhältnis von Mineralsäure und H C 0 2 H 
zu Substrat kann man gegebenfalls vielfach ändern. 

4a-Methyl-A1C8&:>-2-octalon (12). a) 100 mg 11 in 9 ml 
H C 0 2 H wurden mit 1 ml HClO4(60%) versetzt und 1.5 h 
gekocht. Nach der oben erwähnten Aufarbeitung wurde das 
Rohprodukt an der 50-fachen Menge SiOa mit AcOEt-Benzol 
(1: 19) chromatographiert. Ausb. 80 mg (98%). 

b) 14 g 11 in 200 ml HG0 2 H wurden mit 15 ml HG104 

(60%) 8 h gekocht. Nach Abdampfen von HG0 2 H und 
Aufarbeitung wurde der Rückstand bei 94—96 °C/3 Torr 
destilliert. Ausb. 8 g (70%); NMR (GDG13): 1.26 (3H, s), 
5.75 (1H, bs); MS: 164 (M+). 

Behandlung von 17 und 19. a) 18 aus 17: 245 mg 17 
wurden in 10 ml H C 0 2 H suspendiert und mit 1 ml HG104 

(70%) 5 h rückfliessend erhitzt. Ausb. 90 mg (50%). 
b) 12 aus 19: Analog wurde eine Lösung von 110 mg 19 

in 10 ml H C 0 2 H mit 1 ml HClO4(60%) 4.5 h gekocht. Ausb. 
30 mg (35%). 

2,2-Dimethyl-5-oxohexansäure (23). a) mit HG104. Zu 
einer Lösung von 465 mg 22 in 10 ml HG0 2 H fügte man 
1.5 ml HGIO4 (70%) und kochte 40 Min. unter Rückfluss. 
Nach Abkühlen auf RT. wurde das Reaktionsgemisch auf 
100 ml H 2 0 gegossen und mit GHG13 extrahiert. Die GHG13-
Auszüge wurden mit H 2 0 gewaschen, getrocknet und 
eingedampft. Der Rückstand wurde in AcOEt gelöst und 
mit ether. CH2N2 verestert. Man erhielt 225 mg (50%) 23 

als Methylester; Kp. 95 °C/12 Torr; IR (Film): 1730, 1725 
cm-1; NMR (CDG13) : 1.20 (6H, s), 2.12 (3H, s), 3.65 (3H, 
s); MS: 172 (M+), 141 (M+-OCH 3 ) , 129 (M+-COCH 3 ) ; 
Gef: C, 62.17; H, 9.45%. Ber. für G9H1603: G, 62.76; H, 
9.36%. 

b) mit HBr. 522 mg 22 in 20 ml HG0 2 H wurden mit 3 
ml HBr versetzt und 1.5 h gekocht. Nach Veresterung mit 
GH2N2 wurden 336 mg (66%) 23 erhalten. 

Umwandlung von 14 in 12. Eine Lösung von 255 mg 
13 in 20 ml H C 0 2 H wurde mit 1 ml HC104 (70%) versetzt 
und 1 h unter Rückfluss erhitzt. Nach üblicher Aufarbeitung 
erhielt man 210 mg (82%) 12. 

3-Methyl-2-cyclohexenon (27). 19 g 26 wurden in 300 ml 
H C 0 2 H mit 30 ml HG104 (60%) 3 h unter Rückfluss gekocht. 
Nach Aufarbeitung ergab Destillation bei 79—80 °G/15 Torr 
11 g (77%) 27; IR (Film): 1673, 1635 cm-*; NMR (GG14) : 
1.93 (3H, s), 5.20 (1H, q, 7 = 1 Hz); MS: 110 (M+), 82 
(M+-C 2 H 4 ) . 

3,4,4-Trimethyl-2-cyclohexenon (29) und 3,6,6-Trimethyl-2-cyclo-
hexenon (30). Eine Lösung von 500 mg 28 in 25 ml 
HG0 2 H wurde mit 2.5 ml HC104 (70%) 45 Min. unter 
Rückfluss erhitzt. Nach Abdampfen von HG0 2 H wurde der 
Rückstand in Ether gelöst und mit gesätt. NaHGOs-Lösung 
neutralgewaschen, getrocknet und eingedampft. Das Roh­
produkt wurde dann dünnschichtchromatographisch (Lauf­
mittel: Hexan-AcOEt 1:1) abgetrennt. Man erhielt 100 mg 
(25%) 29 und 193 mg (48%) 30. 29; Kp. 106—110 °G 
(Öl-Bad)/12 Torr; IR (Film): 1666, 1615 cm"1; NMR 
(GDG13): 1.20 (6H, s), 1.90 (3H, d, 7 = 1 Hz), 2.43 (2H, bt, 
7 = 6 Hz), 5.75 (1H, bs); MS: 138 (M+), 110(M+-C2H4 bzw. 
CO), 96 (M+-G3H6) . 30; Kp. 87—90 °G (Öl-Bad)/12 Torr; 
IR (Film): 1668, 1640 cm-*; NMR (GDG13) : 1.10(6H, s), 
1.80 (2H, bt, 7 = 6 Hz), 1.92 (3H, d, 7 = 1 Hz), 2.30 (2H, bt 
7 = 6 Hz), 5.71 (1H, q, 7 = 1 Hz); MS: 138 (M+), 110 
(M+-CO) , 82 (M+-C 4H 8 ) . 

7a-Methyl-5,6,7,7a-tetrahydro-5-indanon (32). Eine Lösung 
von 250 mg 31 in 9 ml HG0 2 H wurde mit 1 ml HG104 (60%) 
versetzt und 1 h rückfliessend gekocht. Nach Aufarbeitung 
wurde das Rohprodukt säulenchromatographisch gereinigt, 
wobei 100 mg (50%) 32 mit Benzol-AcOEt (19: 1) eluiert 
wurden; IR (Film): 1665cm"1; NMR (GG14): 1.17 (3H, s), 
5.60 (1H, d, 7 = 1 Hz); MS: 150 (M+), 112 (M+-C2H4) . 

AU8,°-2-Octalon (18). 19 g 33a wurden in 300 ml 
HG0 2 H mit 30 ml HG104 (60%) 3 h gekocht. Nach üblicher 
Aufarbeitung ergab Destillation bei 90—106 °G/3 Torr 11.5 g 
(75%) 18; IR (Film): 1670, 1620 cm-1; NMR (GG14): 5.79 
(1H, s). 

8-Methyl-A1<i8^-2-octalon (34). Eine Lösung von 600 
mg 33b in 30 ml HG0 2 H wurde mit 3 ml HG104 (60%) 
versetzt und 1 h gekocht. 345 mg (70%) 34 wurden säulen­
chromatographisch abgetrennt; IR (Film): 1670, 1615cm"1; 
NMR (GG14) : 1.10 (3H, d, 7 = 6 Hz), 5.80 (1H, d, J= 1 Hz). 

5-Methyl-2-oxo-2,3,4,6,7,8-hexahydronaphthalin (36). 150 
mg 353a> wurden in 10 ml HG0 2 H mit 1 ml HG104 (60%) 
1 h rückfliessend umgesetzt. Nach chromatographischer 
Reinigung erhielt man 86mg (70%) 36; IR (Film): 1660, 
1632, 1585 cm-1; NMR (CC14) : 1.35 (3H, s), 5.54 (1H, bs). 

4a-Methyl-2-oxo-2,3,4,4a,5,6-hexahydronaphthalin (38) und 
5-Acetyl- 1-methylb icyclo [2.2.2] octan-2-on (39). Eine Lösung 
von 510 mg 374> in 30 ml HG0 2 H wurde mit 3 ml HC104 

(60%) versetzt und 3 h unter Rückfluss umgesetzt. Nach 
Aufarbeitung wurde der Rückstand an der 50-fachen Menge 
SiOa chromatographiert, wobei 90 mg (22%) 38 und 320 mg 
(71%) 39 mit Benzol-AcOEt (19: 1) abgetrennt wurden. Die 
Konstitution von 38 wurde durch den Vergleich der spek­
troskopischen Daten mit denjenigen in der Literatur4) ermittelt. 
39; Schmp. 76—77 °G (Isopropylether) ; IR (Nujol): 1715 
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cm-1; NMR (GDG13) : 0.92 (3H, s), 2.15 (3H, s); MS: 180 
(M+); Gef: G, 73.33; H, 9.02%. Ber. für C u H 1 6 0 2 : G, 
73.30; H, 8.95%. 

Des-A-estra-A9<:w>8a^-dien-5,17-dion (41). 370 mg 4015> 
wurden in 15 ml HG0 2 H gelöst und mit 1 ml HG104 (60%) 
1 h gekocht. Das Rohprodukt wurde an der 50-fachen Menge 
SiOa mit Benzol-AcOEt (4: 1) chromatographies. Man 
erhielt 205 mg (65%) 41. Die spektroskopischen Daten von 
41 sind in Übereinstimmung mit denjenigen in der Literatur15) ; 
IR (Film): 1745, 1663, 1635, 1585 cm"1; NMR (GG14) : 1.14 
(3H, s), 5.68 (1H, bs). 

7a-Methyl-5,6,7,7a-tetrahydroindan-l,5-dion (43) und 1-Methyl-
brexan-4,9-dion (44). Eine Lösung von 1.89 g 42 in 100 
ml HG0 2 H wurde mit 10 ml HBr 1.5 h unter Rückfluss 
gekocht. Nach Abdampfen von HG0 2 H wurde der Rückstand 
in AcOEt aufgenommen. Die organische Phase wurde mit 
gesätt. NaHG03-Lösung neutralgewaschen, getrocknet und 
eingedampft. Das Rohprodukt wurde dann an der 100-fachen 
Menge SiOa Chromatographien, wobei 150 mg (10%) 4417) 
mit Benzol-AcOEt (4:1) eluiert wurden, dann folgten 620 mg 
(40%) 43. 43; Schmp. 70—71 °G (Ether); IR (Nujol) : 1745, 
1675 cm-1; NMR (GDG13) : 1.32 (3H, s), 5.94 (1H, d, 7 = 1 . 5 
Hz); Gef: G, 73.32; H, 7.12%. Ber. für G10H12O2: G, 73.14; 
H, 7.37%. 

2-(2-Carboxyethyl)-3,6-dimethyl-2-cyclohexenon (46) und 3-(3-
Carboxypropyl)-4-methyl-2-cyclohexenon (47). Eine 
Lösung von 240 mg 4518> in 18 ml HG0 2 H wurde mit 2 ml 
HBr versetzt und 1 h bei 60 °G erhitzt. HG0 2 H wurde 
abgezogen und der Rückstand in GHG13 gelöst. Die organische 
Phase wurde mit H 2 0 gewaschen, getrocknet und eingedampft. 
Man erhielt 207 mg (77%) 57. Zur Analyse wurde 57 mit 
GH2N2 in den Methylester umgewandelt; IR (Film) : 1740, 
1710, 1675 cm-1; NMR (CDC13) : 1.12 (3H, d, 7 = 6 Hz), 2.09 
(3H, d, J = 1.5 Hz), 3.65 (3H, s), 5.49 (1H, qt, 7 = 1.5, 7 Hz) ; 
Gef: G, 58.66; H, 7.98; Gl, 13.73%. Ber. für G12H19G103: 
G, 58.41 ; H, 7.76; Gl, 14.37%. 1.38 g von der oben erhaltenen 
rohen Garbonsäure 57 wurden in 60 ml HG0 2 H mit 6.5 ml 
HBr 1.5 h rückfliessend erhitzt. Nach üblicher Aufarbeitung 
erhielt man ein Gemisch 46 und 47, das mit GH2N2 verestert 
und chromatographisch mit Benzol-AcOEt (4:1) auseinander 
abgetrennt wurde. Methylester von 46 (940 mg, 58.5% aus 
45); IR (Film): 1740, 1660, 1630cm-1; NMR (GDG13): 1.12 
(3H, d, 7 = 6 Hz), 1.96 (3H, s), 3.62 (3H, s); Gef: G, 68.56; 
H, 8.58%. Ber. für G12H1803: G, 68.54; H, 8.63%. Methyl­
ester von 47 (155 mg, 9.7% aus 45); IR (Film): 1744, 1670, 
1625 cm-1; NMR (GDG13): 1.21 (3H, d, 7 = 6 Hz), 3.65 (3H, 
s), 5.76 (1H, bs); MS: 210 (M+); Gef: G, 68.56; H, 8.59%. 
Ber. für C12H1803: G, 68.54; H, 8.63%. 

3,3,8a- Trimethyl-l,6-dioxo-l, 2,3,4,6,7,8,8a-octahydronaphthalin 
(49) und 4-Methyl-3- (2,2,-dimethyl-3-carboxypropyl) -2-cyclohexenon 
(50). Eine Lösung von 800 mg 48 in 40 ml HG0 2 H 
wurde mit 4 ml HBr 1.5 h gekocht. Nach Entfernung von 
HC0 2 H wurde der Rückstand auf H 2 0 gegossen und mit 
AcOEt extrahiert. Die AcOEt-Auszüge wurden mit 10% 
NaOH-Lösung geschüttelt, getrocknet und eingedampft. Der 
erhaltene neutrale Teil wurde dünnschichtchromatographisch 
gereinigt. Man erhielt 220 mg (32%) 49; Schmp. 93—94 °G 
(Ether); IR (Nujol): 1705, 1660, 1615 cm-1; NMR (GDG13) : 
0.80 (3H, s), 1.15 (3H, s), 1.42 (3H, s), 5.82 (1H, d, 7 = 2 Hz); 
MS: 206 (M+); Gef: G, 75.59; H, 8.74%. Ber. für G13H1802: 
G, 75.69; H, 80.8%. Die alkalische Phase wurde unter Ei­
skühlung mit 6 M-HG1 angesäuert und mit GHG13 extrahiert. 
Der sauere Teil wurde dann in AcOEt mit GH2N2 verestert. 
Der Methylester wurde dann durch Dünnschichtchromato­
graphie an SiOa (Laufmittel: AcOEt-Hexan 1:1) gereinigt. 
Man erhielt 240mg (30%) 50 als Methylester; IR (Film): 
1730, 1660, 1615 cm"1; NMR (GG14): 1.07 (6H, s), 1.22 (3H, 

d, 7 = 6 Hz), 3.60 (3H, s), 5.64 (1H, bs); MS: 238 (M+); 
Gef: G, 70.01; H, 9.46%. Ber. für G14H2203: G, 70.55; H, 
9.31%. 

2-Carboxymethyl-3,6-dimethyl-2-cyclohexenon (52) und 3-(2-Car-
boxyethyl)-4-methyl-2-cyclohexenon (53). Eine Lösung von 
510 mg 51 in 20 ml HG0 2 H wurde mit 2.7 ml HBr 1.5 h 
rückfliessend erhitzt. Nach üblicher Aufarbeitung und 
Versterung mit CH2N2 wurde die Reaktionsmischung 
dünnschichtchromatographisch an SiOa(Laufmittel: Benzol-
AcOEt 4: 1) gereinigt. Als Methylester erhielt man 230 mg 
(50%) 52 und 20 mg (4%) 53. Methylester von 52; IR 
(Film): 1740, 1662, 1640cm"1; NMR (GG14): 1.09 (3H, d, 
7 = 6 Hz), 1.88 (3H, s), 3.21 (2H, s), 3.57 (3H, s); Gef: G, 
67.10; H, 8.16%. Ber. für C A O g : G, 67.32; H, 8.22%. 
Methylester von 53; IR (Film) : 1730, 1665, 1630 cm"1; NMR 
(GDG13): 1.24 (3H, d, 7 = 7 Hz), 2.54 (4H, s), 3.68 (3H, s), 
5.74 (1H, bs); MS: 196 (M+); Gef: G, 66.94; H, 8.13%. 
Ber. für G n H 1 6 0 3 : G, 67.32; H, 8.22%. 

2-(2-Carboxyäthyl)-3-methyl~2-cyclohexenon (55) und 3-(3-car-
boxypropyl)-2-cyclohexenon (56). Eine Lösung von 260 mg 
54 in 13 ml HG0 2 H wurde mit 2 ml HG104 (60%) versetzt 
und 2 h gekocht. Analog wurden die beiden Garbonsäuren 
55 (136 mg, 63%) und 56 (40 mg, 18.5%) als Methylester 
abgetrennt (Laufmittel: AcOEt-Hexan 1:1). Methylester 
von 55; IR (Film): 1745, 1665, 1630cm"1; NMR (GDG13): 
1.99 (3H, s), 3.65 (3H, s); Gef: G, 67.33; H, 8.14%. Ber. 
für CnH^Og: G, 67.32; H, 8.22%,- Methylester von 56: IR 
(Film): 1745, 1670, 1630 cm"1; NMR (GDG13) : 3.65 (3H, 
s), 5.81 (1H, t, 7 = 1 Hz); MS: 196 (M+); Gef: G, 66.34; H, 
8.38%. Ber. für G n H 1 6 0 3 : G, 67.32; H, 8.22%. 

Abschnitt G. 

l-(3-Chlor-2-butenyl)-2-decalon (72a). a) TAX einer 
Lösung von 210 mg (0.03 g-Atom) Li in ca. 50 ml NH3 wurden 
1.5 g (0.01 mol) 33a bei - 3 3 °G hinzugefügt und 1 h bei der 
gleichen Temp, gerührt. Dazu wurden 4.5 ml DGB bei —33 
°G tropfenweise gegeben und die Reaktionslösung weiter 1 h 
gerührt. Nach Entfernung von NH3 wurde die Reaktions­
mischung mit H 2 0 verdünnt, mit 6 M-HG1 schwach angesäuert 
und mit AcOEt extrahiert. Die AcOEt-Auszüge wurden mit 
H 2 0 gewaschen, getrocknet und eingedampft. Der Rückstand 
wurde an der 30-fachen Menge SiOa chromatographiert, 
wobei 430 mg (20%) 72a mit Benzol eluiert wurden; IR 
(Film): 1710, 1670 cm"1; NMR (GDG13): 2.05 (3H, bs), 5.51 
(1H, bt, 7 = 7 Hz); MS: 240, 242 (M+), 205 (M+-G1); Gef: 
C, 69.41; H, 8.81; Gl, 14.61%. Ber. für G14H21G10: G, 
69.84; H, 8.79; Gl, 14.73%. 

b) Zu einer Lösung von 105 mg (15 mg-Atom) Li in 30 
ml NH3 wurde eine Lösung von 750 mg (5 mmol) 33a und 
0.38 ml (4 mmol) JBuOH in 20 ml THF bei - 3 3 °G gegeben 
und 1 h bei der gleichen Temp, gerührt. Dann wurde eine 
Lösung von 1.6 ml (15 mmol) l-Jod-3-chlor-2-buten in 3.5 ml 
THF bei — 33 °G zugetropft und die Reaktionslösung 1 h 
gerührt. Nach der oben erwähnten Aufarbeitung erhielt man 
350 mg (30%) 72a. 

2-Oxo-2,3,4,4a,4b,5,6,7,8,8a,9,10-dodecahydrophenanthren (73a). 
Eine Lösung von 138 mg 72a in 6 ml HG0 2 H wurde 

mit 0.5 ml HG104 (70%) versetzt und 1 h unter Rückfluss 
gekocht. Nach üblicher Aufarbeitung wurde das Rohprodukt 
durch präparative Dünnschichtchromatographie an SiOa 

(Laufmittel: Benzol-AcOEt 9:1) gereinigt. Man erhielt 83 
mg (70%) 73a als farbloses Öl; IR (Film): 1670, 1623 cm"1; 
NMR (GDG13): 5.77 (1H, bs); MS: 204 (M+), 176 ( M + -
C2H2); Gef: G, 81.00; H, 9,90%>. Ber. für G14H20O: G, 82.30; 
H, 9.87%. 

l-(3-Chlor-2-butenyl)-4a-methyl-2-decalon (72b).6d) Analog 
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zur Darstellung von 72a (Vorschrift b) wurden 820 mg 12 
reduktiv alkyliert. Man erhielt 300 mg (23%) 72b; IR (Film) : 
1708, 1663 cm-1; NMR (GDG13) : 1.11 (3H, s), 2.05 (3H, d, 
J= 1.5 Hz), 5.49 (1H, qt, 7 = 1.5, Hz). 

8a-Methyl-2-oxo-2,3,4,4a,4b,5,6, 7,8,8a,9,10-dodecahydrophenan-
thren (73b). Analog 73a wurde eine Lösung von 256 mg 
72b in 8 ml HG0 2 H mit 0.5 ml HG104 (70%) versetzt und 
0.5 h bei 95 °G erhitzt. 197 mg (90%) 73b wurden erhalten; 
Schmp. 125—127 °G (Ether); IR (Nujol): 1660, 1615 cm"1; 
NMR (GDGlg): 1.00 (3H, s), 5.80 (1H, bs). 

17-Tetrahydropyranyloxy-des-A-estr-9-en-5-on (69). Eine 
Lösung von 1 g 6815> in 20 ml abs. THF wurde bei RT. in 
Gegenwart von einer katalytischen Menge POGl3 mit 4 ml 
Dihydropyran versetzt und 1 h stehengelassen. Die Reaktions­
lösung wurde dann mit H 2 0 , mit gesätt. NaHGOg-Lösung 
gewaschen, getrocknet und eingedampft. Der Rückstand 
wurde dünnschichtchromatographisch an SiOa (Laufmittel: 
AcOEt-Hexan 1:1) gereinigt. Man erhielt l g (72%) 69 als 
farbloses Öl; IR (Film): 1670, 1620cm"1; NMR (GDG13): 
0.95 (3H, s), 5.85 (1H, bs); MS: 304 (M+). 

10-(3-Chlor-2-butenyl)-des-A-estran-5,17-dion (70). a) Zu 
einer Lösung von 70 mg Li in 50 ml NH3 wurde eine Lösung 
von 1 g 69 und 0.25 ml JBuOH in 25 ml THF gegeben. Die 
blaue Lösung wurde 0.5 h bei —33 °G gerührt, mit 1.3 ml 
DGB in 5 ml THF tropfenweise versetzt und 1 h bei der 
gleichen Temp, gerührt. Nach Abdampfen von NH3 wurde 
das Reaktionsgemisch auf H aO gegossen, mit 6 M-HG1 schwach 
angesäuert und mit AcOEt extrahiert. Nach Eindampfen von 
AcOEt wurde der Rückstand in 15 ml MeOH gelöst, mit 
einer katalytischen Menge H 2S0 4 versetzt und 24 h bei RT. 
stehengelassen. Nach Entfernung von MeOH wurde der 
Rückstand in 50 ml Aceton aufgenommen, mit Gr0 3 (Jones-
Reagenz) versetzt und bei RT. über Nacht gerührt. Nach 
Abdampfen von Aceton wurde der Rückstand in GHG13 

gelöst. Die organische Phase wurde mit H 2 0 gewaschen, 
getrocknet und eingedampft. Das Rohprodukt wurde dann 
an der 50-fachen Menge SiOa mit Benzol-AcOEt (7: 3) 
chromatographiert, wobei 170 mg (17%) 70 eluiert wurden, 
dann folgten 310 mg (42%) Des-A-estran-5,17-dion. 

b) Auf die gleiche Weise wurden 300 mg 69 mit 1-Jod-
3-chlor-2-buten reduktiv alkyliert. Die anschliessenden 
Abspaltung der Schutzgruppe und Oxydation ergaben 65 mg 
(22%) 70; IR (Film) : 1740, 1710, 1660 cm"1; NMR (GDG18) : 
0.98 (3H, s), 2.07 (3H, bs), 5.50 (1H, bt, 7 = 7 Hz); MS: 
308, 310 (M+), 273 (M+-C1); Gef: G, 70.18; H, 7.95; Gl, 
11.72%. Ber. für G18H25G102: G, 70.00; H, 8.16; Gl, 11.48%. 

4-Estren-3317-dion (71). Eine Lösung von 95 mg 70 in 
5 ml H C 0 2 H wurde mit 0.5 ml HG104 (70%) versetzt und 
0.5 h bei 95 °G erhitzt. Nach üblicher Aufarbeitung wurde 
das Rohprodukt dünnschichtchromatographisch gereinigt. 
Man erhielt 75 mg (90%) 71; Schmp. 152—154 °G (GH2G12-
Isopropyl ether); IR (Nujol): 1738, 1668, 1620cm"1; NMR 
(GDG13): 0.95 (3H, s), 5.82 (1H, bs); MS: 272 (M+), 244. 

Abschnitt D. 

Darstellung von <x-(2-Haloallyl) ketonen. 
2-(2-Bromallyl)-6-methylcyclohexanon (78). Eine Lösung 

von 4 g Pyrrolidinenamin des 2-Methylcyclohexanons36) in 15 
ml Dioxan wurde mit 2.6 ml 2,3-Dibrompropen versetzt und 
18 h unter Ar rückfliessend gekocht. Danach wurden 1 ml 
6 M-HG1 und 5 ml H aO zugegeben und die Reaktionslösung 
3 h gekocht. Nach Abkühlen auf RT. wurde das Reaktions­
gemisch auf Eis gegossen und mit AcOEt extrahiert. Die 
organische Phase wurde mit gesätt. NaHG03-Lösung neutral­
gewaschen, getrocknet und eingedampft. Der Rückstand 
wurde an der 20-fachen Menge SiOa mit Benzol chromato-

graphiert. Man erhielt 3.5g (62%) 78 als Öl; IR (Film): 
1720, 1630 cm-1; NMR (GG14): 0.99 (3H, d, 7 = 6 Hz), 5.40 
(1H, t, J= 1 Hz), 5.60 (1H, t, J= 1 Hz); MS: 230, 232 (M+) : 
Gef: G, 51.83; H, 6.57; Br, 34.80%. Ber. für G10H15BrO: 
C, 51.96; H, 6.54; Br, 34.57%. 

2-(2-Chlorallyl)-2-methylcyclohexanon (80). Ein Gemisch 
von 3 g 2-Methylcyclohexanon und 1.3 g NaNH2 in 20 ml 
Benzol wurde 5 h unter Rückfluss und Ar gerührt. Nach 
Abkühlen anf RT. wurde eine Lösung von 3.6 ml 2,3-Dichlor-
propen in 7 ml Benzol unter Rühren tropfenweise hinzugefügt 
und die Reaktionslösung 2 h rückfliessend erhitzt. Nach 
üblicher Aufarbeitung wurde das Rohprodukt an der 20-fachen 
Menge SiOa Chromatographien, wobei 1 g (20%) 6-Methyl-
2-(2-chlorallyl)cyclohexanon mit Benzol-Hexan (3: 1) eluiert 
wurde, dann folgten 2.1 g (42%) 80; IR (Film): 1715, 1635 
cm"1; NMR (GG14) : 1.26 (3H, s), 2.62 (2H, s), 5.09 (1H, t, 
7 = 1 Hz), 5.21 (1H, d, 7 = 1 . 5 Hz); MS: 186, 188 (M+), 151 
(M+-C1); Gef: G, 64.46; H, 8.13; Cl, 19.10%. Ber. für 
C10H15GlO: G, 64.34; H, 8.04; Gl, 19.03%. 

2- (2-Chlorallyl) -2-methylcyclohexan-1,3-dion (82). Zu einer 
Lösung von 1.1g 2-Methylcyclohexan-l,3-dion und 0.56 g 
KOH in 2.24 ml H 2 0 fügte man 1 ml 2,3-Dichlorpropen und 
0.3 g KI und rührte 1.5 h bei 90 °G. Nach Abkühlen auf 
RT. wurde die Reaktionsmischung auf Ether gegossen. Die 
etherische Phase wurde mit H 2 0 gewaschen, getrocknet und 
eingedampft. Der Rückstand wurde an der 30-fachen Menge 
SiOa mit Benzol-AcOEt (4: 1) Chromatographien. Man 
erhielt 1 g (50%) 82 als farbloses Öl; IR (Film): 1730, 1700, 
1630 cm-1; NMR (GDG13): 1.32 (3H, s), 2.90 (2H, s), 5.09 
(1H, t, 7 = 1 Hz), 5.12 (1H, d, 7 = 1 . 5 Hz); MS: 200, 202 
(M+); Gef: G, 59.78; H, 6.61; Gl, 17.74%. Ber. für 
C10H13GlO2: G, 59.85; H, 6.53; Gl, 17.67%. 

2- (2-Bromallyl) cyclohexan-1,3-dion (84). TAX einer Lösung 
von MeOK aus 1.6 g K in 14 ml abs. MeOH wurden 4.4 g 
Cyclohexan-1,3-dion hinzugefügt. Diese Lösung wurde bei 
50 °G mit einer Lösung von 4.6 ml 2,3-Dibrompropen versetzt 
und 10 Min. unter Rückfluss erhitzt. Nach Entfernung von 
MeOH wurde der Rückstand in 40 ml 3% NaOH-Lösung 
aufgenommen und mit Ether geschüttelt. Die wässrige Phase 
wurde unter Eiskühlung mit 6 M-HC1 auf pH 4 eingestellt, 
wobei 3.1 g (33%) 84ausfielen; Schmp. 119—120 °G (MeOH-
Isopropylether-AcOEt); IR (Nujol): 1635, 1565cm"1; MS: 
151 (M+-Br) ; Gef: G, 46.82; H, 4.84; Br, 34.58%. Ber. 
für G 9 H n Br0 2 : G, 46.77; H, 4.80; Br. 34.59%. 

a- (2-Chlorallyl)-4-methoxydeoxybenzoin (86). Ein Gemisch 
von 1 g 4-Methoxydeoxybenzoin4°) und 276 mg NaH (50% 
Ölsuspension) in 10 ml Benzol wurde 1 h unter Rühren und 
Ar gekocht. Nach Abkühlen wurde 0.55 ml 2,3-Dichlorpropen 
in 10 ml Benzol zugetropft und die Reaktionslösung 1.5 h 
unter Rückfluss erhitzt. Nach üblicher Aufarbeitung wurde 
das Rohprodukt an der 30-fachen Menge SiOa mit Benzol 
chromatographiert. Man erhielt 930 mg (70%) 86; Schmp. 
114—115 °G (GH2Gl2-Isopropyläther) ; IR (Nujol) : 1665,1635 
1605, 1575 cm-1; NMR (GDG13) : 2.74 (1H, dd, 7 = 7 , 14.5 
Hz), 3.24 (1H, dd, 7 = 7 , 14.5 Hz), 3.75 (3H, s), 4.93 (1H, 
t, 7 = 7 Hz), 4.98 (1H, d, 7 = 1 Hz), 5.04 (1H, d, 7 = 1 Hz), 
7.24 (5H, s), 6.80 (2H, d, 7 = 9 Hz), 7.95 (2H, d, 7 = 9 Hz); 
MS: 265(M+-G1); Gef: G, 71.76; H, 5.69; Gl, 11.97%. 
Ber. für G18H17G102: G, 71.88; H, 5.66; Gl, 11.81%. 

2- (2-Bromallyl) -3-oxononansäureethylester (90a). y-Alkylie-
rung von 2.6 g Acetessigsäureethylester mit w-G5HnBr wurde 
nach der Vorschrift von Huckin et Ö/.33> durchgeführt. Zu 
365 mg NaH (50% Ölsuspension) in 5 ml THF wurden 1.5 g 
89a in 10 ml THF tropfenweise gegeben, 0.5 h bei RT. und 
dann 10 Min. bei 50 °G unter Ar gerührt. Die so erhaltene 
Enolatlösung von 89a wurde mit 0.84 ml 2,3-Dibrompropen 
in 5 ml THF versetzt und 18 h bei RT. gerührt. Die 
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Reaktionsmischung wurde auf H 2 0 gegossen, mit 6 M-HG1 
schwach angesäuert und mit Benzol extrahiert. Die Benzol­
auszüge wurden mit gesätt. NaCl-Lösung gewaschen, ge­
trocknet und eingedampft. Der Rückstand wurde an der 
10-fachen Menge SiOa mit Benzol chromatographies. Man 
erhielt 1.7 g (29% aus 88) 90a; IR (Film): 1745, 1720, 1630 
cm-1; NMR (GDG13) : 0.89 (3H, bt, J=5 Hz), 1.27 (3H, t, 
7 = 7 Hz), 2.93 (2H, bd, J = 7 H z ) , 3.90 (1H, t, J = 7 H z ) , 
4.17 (2H, q, 7 = 7 Hz), 5.39 (1H, d, J=2 Hz), 5.62 (1H, 
m); MS: 239 (M+-Br) ; Gef: G, 52.81; H, 7.41; Br, 25.03%. 
Ber. für C14H23Br03: G, 52.67; H, 7.26; Br, 25.03%. Analog 
wurden 90b und c dargestellt. 

2-(2-Bromally)-3-oxodecansäureethy lester (90b): IR (Film): 
1750, 1725, 1633 cm-!; NMR (GDG13): 0.88 (3H, bt, J=l 
Hz), 1.25 (3H, t, J = 7 Hz), 2.95 (2H, bd, 7 = 7 Hz), 3.91 
(1H, t, 7 = 7 Hz), 4.18 (2H, q, 7 = 7 Hz), 5.42 (1H, d, 7 = 2 
Hz), 5.62 (1H, m); MS: 253 (M+-Br) ; Gef: G, 54.19; H, 
7.63; Br, 24.52%. Ber. für G15H25Br03: G, 54.05; H, 7.56; 
Br, 23.97%. 

2-(2-Bromallyl)-3-oxo-5-phenylpentansäureethylester (90c) ; IR 
(Film): 1750, 1725, 1633 cm"1; NMR (GG14): 1.19 (3H, t, 
7 = 7 Hz), 2.82 (4H, s), 2.86 (2H, bd, 7 = 7 Hz), 3.78 (1H, 
t, 7 = 7 Hz), 4.05 (2H, q, 7 = 7 Hz), 5.31 (1H, d, 7 = 2 Hz), 
5.53 (1H, m), 7.08 (5H, s) ; MS: 259 (M+-Br) ; Gef: G, 56.78; 
H, 5.73; Br, 23.98%. Ber. für G16H19Br03: G, 56.64; H, 
5.64; Br, 23.56%. 

6-Chlor-3-oxo-2-pentyl-6-heptensäureethylester (94). 93 wurde 
nach der Vorschrift von Marvel et ß/.35) dargestellt (Kp. 120 
°G/12 Torr). Zu einer Suspension von 500 mg NaH (55%, 
Ölsuspension) in 25 ml THF wurden 2 g 93 bei 0 °G unter 
Ar hinzugefügt und 1 h bei RT. gerührt. Dann wurde die 
Lösung bei 0 °G mit 6.8 ml 15% w-BuLi in Hexan versetzt 
und weiter 10 Min. gerührt. Dazu wurde 1 ml 2,3-Dichlor-
propen in 2 ml THF bei 0 °G tropfenweise gegeben und die 
Reaktionsmischung 0.5 h bei RT. gerührt. Nach Zugabe von 
7 ml 3.5 M-HG1 und 15 ml Ether unter Eiskühlung wurde die 
Reaktionsmischung mit Ether ausgezogen. Die Ether auszüge 
wurden mit H 2 0 neutralgewaschen, getrocknet und ein­
gedampft. Man erhielt 3 g (80%) vom Rohprodukt 94, das 
ohne weitere Reinigung in 92a umgewandelt wurde. Zur 
Analyse wurde eine Probe an SiOa chromatographiert (isolierte 
Ausb. 60%); IR (Film): 1745, 1718, 1635cm-1; NMR 
(GDG13): 0.89 (3H, bt, 7 = 6 Hz), 1.28 (3H, t, 7 = 7 Hz), 
3.44 (1H, t, 7 = 7 Hz), 4.17 (2H, q, 7 = 7 Hz), 5.12 (2H, 
bs) ; Gef: G, 61.49; H, 8.44; Cl, 12.60%. Ber. für G14H23G103: 
G, 61.72; H, 8.44; Gl, 12.90%. 

Allgemeine Vorschrift der Hydrolyse. 
Eine Lösung von a-(2-Haloallyl)keton in HG0 2 H wurde 

mit einer kleinen Menge HC104 (60 od. 70% wässrig) versetzt 
und bei 70—75 °G erhitzt. Nach der in Abschnitten A und 
B beschriebenen Aufarbeitung wurde das Rohprodukt säulen-
oder dünnschichtchromatographisch gereinigt. 

2-(2-Oxopropyl) cyclohexanon (77). Eine Lösung von 500 
mg 7428) in 20 ml HG0 2 H wurde mit 0.3 ml HG104 (70%) 
versetzt und 2 h bei 75 °G erhitzt. Man erhielt 320 mg (70%) 
77; IR (Film): 1710 cm-1; NMR (GG14) : 2.10 (3H, s). 

6-Methyl-2-(2-oxopropyl) cyclohexanon (79). 410 mg 78 
wurden in 10 ml HG0 2 H mit 0.2 ml HG104 (70%) 1.5 h 
bei 70 °C erhitzt. 224 mg (75%) 79 wurden erhalten; Kp. 
77—80 °C (Öl-Bad)/1 Torr; IR (Film): 1710 cm"1; NMR 
GG14): 0.95 (3H, d, 7 = 6 Hz), 2.12 (3H, s); MS: 168(M+); 
Gef: G, 70.41; H, 9.34%. Ber. für C^H^O,,: G, 71.39; 
H, 9.59%. 

2-(2-Carboxyethyl)-3,5-dimethyl-2-cyclopentenon (83). Zu 
einer Lösung von 500 mg 82 in 20 ml HG0 2 H fügte man 1.5 
ml HG104 (70%) und kochte 3 h unter Rückfluss. Nach 
Abdampfen von H C 0 2 H wurde der Rückstand in AcOEt 

aufgenommen. Die organische Phase wurde mit H 2 0 gewa­
schen, eingeengt und mit GH2N2 versetzt. Der Methylester 
wurde dünnschichtchromatographisch an Si02 (Laufmittel: 
Benzol-AcOEt 4:1) gereinigt. Ausb. 146 mg (30%); IR 
(Film): 1740, 1695, 1643 cm"1; NMR (GDG13): 1.14 (3H, d, 
7 = 7 Hz), 2.07 (3H, s), 2.47 (4H, s), 3.65 (3H, s); MS: 196 
(M+); Gef: G, 67.47; H, 8.25%. Ber. für G n H 1 6 0 3 : G, 67.32; 
H, 8.22%. 

2-Methyl-4-oxo-4,5,6,7-tetrahydrobenzofuran (85). 1 g 84 
wurde in 30 ml H C 0 2 H mit 3 ml HC104 (60%) 2.5 h bei 
80 °G erhitzt. Nach Aufarbeitung wurde der Rückstand 
dünnschichtchromatographisch an SiOa (Laufmittel: AcOEt-
Hexan 1:1) abgetrennt. Neben dem nicht umgesetzten 
Ausgangsmaterial 84 (195 mg) erhielt man 290 mg (55%) 85 
als Öl; IR (Film): 1675, 1582, 1240cm"1; NMR (CDC13): 
2.30 (3H, s), 2.88 (2H, t, 7 = 6 Hz), 6.22 (1H, q, 7 = 1 Hz); 
MS: 150 (M+); Gef: G, 71.59; H, 6.78%. Ber. für G9H10O2: 
C, 71.98; H, 6.71%. 

5-Methyl-2- (p-methoxyphenyl) -3-phenylfuran (87). 160 mg 
86 wurden in 10 ml H G 0 2 H mit 1.5 ml HG104 (60%) 1 h 
rückfliessend erhitzt. Man erhielt 112 mg (80%) 87 als Öl; 
IR (Film): 1610, 1580, 1564, 1250cm"1; NMR (GG14): 2.31 
(3H, s), 3.67 (3H, s), 5.98 (1H, bs), 6.63 (2H, d, 7 = 8 . 5 Hz), 
7.28 (2H, d, 7 = 8 . 5 Hz), 7.20 (5H, s); MS: 264 (M+); Gef: 
C, 81.61; H, 6.04%. Ber. für G18H1602: G, 81.79; H, 6.10%. 

Dihydrojasmon (92a). à) aus 90a. Eine Lösung von 
950 mg 90a in 33 ml H C 0 2 H wurde mit 4.5 ml HG104 (60 
%) versetzt, langsam bis auf 80 °G erwärmt und 2 h bei 80— 
90 °G erhitzt. Nach Abdampfen von HG0 2 H wurde der 
Rückstand auf gesätt. NaHG03-Lösung gegossen und mit 
AcOEt extrahiert. Die AcOEt-Auszüge wurden mit gesätt. 
NaCl-Lösung gewaschen, getrocknet und eingedampft. Der 
Rückstand wurde 1 ml EtOH gelöst und mit 3 ml 0.5 M-NaOH 
2.5 h gekocht. Nach üblicher Aufarbeitung wurde das 
Rohprodukt chromatographisch an SiOa (Laufmittel : AcOEt-
Hexan 1:1) gereinigt. Man erhielt 110 mg (22% aus 90a) 
92a; IR (Film): 1706, 1648 cm"1; NMR (GG14) : 0.89 (3H, 
bt, 7 = 6 Hz), 2.01 (3H, s); MS: 166 (M+), 151, 110. 

b) aus 94. Eine Lösung von 1 g 94 in 25 ml HG0 2 H wurde 
mit 3 ml HG104 (70%) und 2 ml H 2 0 4 h bei 90 °G erhitzt. 
Das erhaltene Gemisch {ca. 600 mg) von 91 und 92a wurde 
in 2 ml EtOH gelöst und mit 6 ml 0.5 M-NaOH 4 h bei 90 °G 
erhitzt. 233 mg (42% aus 93) 92a wurden erhalten. 

Analog wurden 92b und 92c dargestellt. 
2-Hexyl-3-methyl-2-cyclopentenon (92b) ;41> IR (Film) : 

1700, 1644 cm-1; NMR (GG14): 0.85 (3H, bt, 7 = 6 Hz), 
1.97 (3H, s); Gef: G, 79.35; H, 11.33%. Ber. für G12H2,,0: 
C, 79.94; H, 11.18%. 

2-Benzyl-3-methyl-2-cyclopentenon (92c); IR (Film): 1700, 
1645, 1605, 1586 cm-1; NMR (GG14): 2.02 (3H, s), 3.44 (2H, 
s), 7.08 (5H, s); MS: 186 (M+); Gef: G, 83.73; H, 7.67%. 
Ber. für G13H140: C, 83.83; H, 7.58%. 

Herrn Dipl .-Chem. G. Stoll und Herrn G. Burger 
danken wir für die Korrektur des Deutschen. Herren 
Y. Shoji und K . Okada danken wir für die experi­
mentelle Mitarbeit . 
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The conformations of 8-methyl (4) and 8-ethyl-8,9,10,1 l-tetrahydro-7//-cycloocta[öfe]naphthalenes (5) have 
been studied on the basis of the NMR spectra. It was found that both compounds exist as an equilibrium mixture 
of the axial-boat (ab) and the equatorial-boat (eb) conformers in solution. The 1 H spectra revealed that the boat 
conformations of all these isomers are somewhat in the distorted form due to the steric repulsion between the interior 
benzyl protons. The free-energy differences ( —AG°) between the two isomers (ab<=±eb) in 4 and 5 were calcu­
lated from the 13G spectra and found to be 0.09 and —0.07 kcal/mol, respectively. These results are discussed in 
terms of the structural and conformational features of the 8-membered pericyclized naphthalene ring and compared 
with the cyclohexane ring. 

Recently, as a part of our studies on the chemistry of 
the 8,9,10,11 -tetrahydro-7/f-cycloocta[^] naphthalene 
system ( l) , 1 - 4) the conformations of 8-alkyl-9-oxo 
derivatives, 2 and 3, were reported.5) In the present 
paper, we have extended our study to the deoxo com­
pounds 4 and 5 in order to examine in detail the effect 
of the alkyl substituent on the stability of the peri ring 
in these pericyclized naphthalene system. Here, we will 
report the conformational equilibria in these 8-alkylated 
compounds by a study of the XH- and 1 3 C-NMR spectra 
and make some discussion about the conformational 
and spectral features of the 8-membered pericyclized 
naphthalene system in comparison with the cyclohexane 
ring. 

2 ; R = C H 3 4 ; R = C H 3 

3; R = C 2 H 5 5; R = C 2 H 5 

R e s u l t s a n d D i s c u s s i o n 

The room-temperature 1 H - N M R spectrum of 8-
methyl-8,9,10,11 - tetrahydro- 1H- cycloocta[öfe]naphtha-
lene-8,10,10-^3 (4-*/3) in a ca. 10% solution in 
deuteriochloroform shows broad signals for both the 
methyl and the benzyl protons. As the temperature 

of the sample is progressively lowered, the methyl 
signal broadens and then splits into two different lines 
with a chemical-shift difference of 0.36 ppm, while the 
benzyl proton signal changes into four sets of AB 
quartets of different intensities, centered at ô 3.29, 3.38, 
3.44, and 3.46 ppm, respectively. The proton-decoupled 
1 3 C-NMR spectrum of 4 at 30 °C gives a broad line for 
each of the peri ring carbons and the methyl group, all 
of which split into a doublet of different peak heights 
on lowering the temperature. Similar spectral changes 
were observed for the ethyl compound 5. 

From these spectra it is apparent that both 4 and 5 
assume two different forms interchanging to each other 
by the inversion of the peri r ing. Analysis of the low-
temperature spectra of 4 and 5 as well as their 8,10,10-
trideuterated derivatives (4-^3, 5-d3) affords the 1 H-
and 1 3C-data for each conformational isomer of these 
compounds which are summarized in Tables 1 and 2. 

I t has previously been shown1 - 6) that the interior 
benzyl protons (H i n ) in the 8-membered pericyclized 
naphthalene ring suffer a severe steric interaction and 
resonate at much lower field than the corresponding 
exterior protons (H e x ) . Thus the strong vicinal coupl­
ings (J= 13 Hz) observed in the lower-field signals of 
the G- l l methylene groups in all the conformations 
(Table 1) clearly suggest that only boat conformations 
are significantly populated in these 8-alkylated com­
pounds, since, as can be seen in Fig. 1, the H i n proton 
of the boat conformation (B) is situated in a position 
trans to an adjacent equatorial proton (H e q ) , and thus 
a strong coupling is expected between these two protons. 

TABLE 1. 1H-NMR DATA OF CONFORMATIONAL ISOMERS OF 4 AND 5a>b> 

Conformer 

4-eb 

4-ab 

5-eb 

5-ab 

7-CH2 

4.25 (J=-14.4, 6.1Hz) 
2.64 ( 7 = - 1 4 . 4 , 1.0 Hz) 
3.67 ( 7 = - 1 4 . 1 , 12.7Hz) 
2.90 U=- 14.1, 6.0 Hz) 
4.20 (J=-14.6, 6.1Hz) 
2.75 ( 7 = - 1 4 . 6 , 1.0Hz) 
3.57 ( 7 = - 1 4 . 4 , 11.5Hz) 

2.89 ( 7 = - 1 4 . 4 , 6.0 Hz) 

11-GH2 

3.99 ( J = - 1 4 . 3 , 13.0, 7.0Hz) 
2.92 ( 7 = - 1 4 . 3 , 6.0Hz)d> 
3.87 ( 7 = - 1 4 . 3 , 13.0, 7.0Hz) 
2.90 (J= - 1 4 . 3 , 6.0 Hz)d> 
3.98 ( J = - 1 4 . 5 , 13.0, 7.0Hz) 
2.93 ( J = - 1 4 . 5 , 6.0Hz)d> 
3.83 ( 7 = - 1 4 . 3 , 13.0, 6.0 Hz) 

2.96 ( 7 = - 1 4 . 3 , 6.0Hz)d> 

GH3 

0 .84</ (7=6 .8 Hz) 

1.20 i / ( 7 = 7 . 0 Hz) 

ca. 1.0C> 

ca. 1.0°) 

a) At —45.1 °G in GDG13, 5 in ppm from internal TMS. b) Signals due to the G-9 protons are buried under 
those of the methyl group, c) Because of overlapping of signals splitting of this signal was not observed, d) 
The coupling (7ex,ax) *s small enoguh not to be observed. 
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TABLE 2. CARBON-13 CHEMICAL SHIFTS OF 

CONFORMATIONAL ISOMERS OF 4 AND 5A) 

Conformer 

4-eb 
4-ab 
5-eb 
5-ab 

C-7 

42.6 
44.6 
39.5 
43.2 

C-8 

33.2 
34.1 
40.7 
40.7 

C-9 

29.6 
26.9 
26.6 
23.8 

C-10 

29.4 
24.4 
29.2 
24.6 

C-ll 

35.9 
36.3 
36.5 
36.5 

£H3
b> 

22.0 
20.0 
12.4 
12.4 

CH2
b) 

27.7 
27.7 

a) At —56.1 °C in CDC13, ô in ppm from internal TMS. 
b) Carbons due to the alkyl group. 

4 : R=CH3 

5:R=C2H5 HI 
i i / • 

« (C) 
Fig. 1. The boat (B) (eb, ab) and the chair (C) (ec, 

ac) conformations for 4 and 5, and their Newman 
projections about the C 1 0 -C u bond. 

O n the contrary, if the chair (C) would be the predom­
inant conformation for 4 and 5, then the strong vicinal 
coupling could be observed for the H e x protons (see 
Newman projections in Fig. 1). The splitting pat tern 
of the C- l l interior proton signal ( 7 = 1 4 . 3 , 13.0, 7.0 
Hz) in each conformer of 4 and 5 is analogous to that 
of the parent compound 1 ( 7 = 1 4 . 2 , 12.9, 6.5 Hz),4) 
which exists in the boat conformation alone. 

Then the positions of the alkyl group in each confor­
mation can be obtained from the magnitude of the 
vicinal couplings of the C-7 interior protons. Thus the 
isomers which have larger values (12.7 Hz in 4 and 
11.5 Hz in 5) have the alkyl groups at axial (4-ab and 
5-ab), while the others with smaller values (6.1 Hz in 
both 4 and 5) have the equatorial alkyl groups (4-eb 
and 5-eb). 

This result is consistent with the 13C chemical shifts 
in Table 2. Thus , high-field shifts of the C-7 carbons 
in the equatorial isomers (eb) relative to those in the 
axials (ab) (A<5=2.0—3.7 ppm) are caused by a gauche 
interaction between the alkyl substituent and the peri 
bond in the e b isomer (see Fig. 1), whereas marked 
shieldings of the C-9 (A<5=2.7—2.8 ppm) and C-10 
carbons (A<5=4.6—5.0 ppm) in the a b conformations 
as compared to those in the e b result from the so-called 
y-effect.7) By these effects the chemical-shift differences 
in the C-8 (A<5=0.0—0.9 ppm) and in the alkyl carbons 
(A<5=0.0—2.0 ppm) between the axial (ab) and the 
equatorial (eb) isomers in these peri-8-membered ring 
system are rather small as compared to those observed 
in the cyclohexane system (A<5=4.5 and 6.0 p p m for 

the a and the methyl carbons, respectively).7) 
Consequently, compounds 4 and 5 exist as an 

equilibrium mixture of the axial-boat (ab) and the 
equatorial-boat (eb) conformers in solution. The 
unusually overwhelming preference of the boat confor­
mations ( ab , eb) over the chair (ac, ec) observed in 
these compounds results chiefly from much lower 
torsional energy about the C 7 -C 8 and C 1 0 - C n bonds 
of the boat conformation (staggered) than the chair 
(eclipsed), which is one of the unique features in the 
peri-8-membered ring system of naphthalene (Fig. 1). 
All the other compounds of this ring system studied 
so far, including the substituted (2, 3,5) and 71)) and 
unsubstituted (l4) and 62)) compounds exist solely in 
the boat conformation, too. The interconversion 
between a b ^ e b in 4 and 5 is likely to proceed by 
pseudorotations of the peri bonds via the twist-boat as 
in the parent compound l.4 '6) 

TABLE 3. CONFORMATIONAL EQUILIBRIA BETWEEN 

ab < > eb IN 4 AND 5a> 

R = C H , R=C 2 H S 

tf(eb/ab) 1.27 
-AG0/(kcal/mol) 0.09 

1.70e) 

0.89 
0.10b> - 0 . 0 7 -0.59b> 

1.6—1.8« 1.75e) 1.1—1.2d> 

a) Obtained from the intensity ratio of the C-7 carbon 
signal at —56.1 °C. b) Data taken from Ref. 5. c) For 
the alkylcyclohexane (Ref. 8). d) For the 2-alkylcyclo-
hexanone (Ref. 10). 

In order to determine the effect of the naphthalene 
moiety on the stabilities of isomers in 4 and 5 (the 
C-8-C-9-C-10 moiety of the boat has a geometry very 
similar to that of the cyclohexane ring;1) Fig. 1), the 
isomer ratios (eb/ab) in these compounds were then 
calculated from the C-7 carbon signal intensities of 
each conformational isomer in the low-temperature 13C 
spectra. The results are shown in Table 3 together with 
the corresponding free energy differences (—AG°). In 
4, the equatorial methyl group at C-8 is slightly favored 
vis-à-vis the corresponding axial group, by ca. 0.09 
kcal/mol, while the C-8 ethyl group in 5, on the contrary, 
prefers the axial conformation by ca. 0.07 kcal/mol at 
—56.1 °C. This result is in striking contrast with the 
situation of the cyclohexane system, in which both the 
methyl and the ethyl substituting groups have a strong 
preference for the equatorial conformation (—AG°—1.7 
and 1.75 kcal/mol, respectively).8) 

The unusual high stability of the axial isomers (ab) 
observed in these 8-membered pericyclized naphthalenic 
compounds 4 and 5 as compared to those in the 
cyclohexane ring may be explained on the basis of 
molecular models as follows:5) The axial alkyl group 
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in the a b conformation involves one gauche arrangement 
around the C 9 - C i 0 bond and one syn-axial hydrogen at 
C-10 position. This corresponds to only one half of the 
steric interaction present in the axial isomer of the 
alkylcyclohexanes.9) In the case of the equatorial 
isomer, however, the cyclohexane ring has no significant 
steric interaction within molecules,9) while the equatorial 
alkyl group in the peri-8-ring (eb) involves one gauche 
arrangement with the G-7 peri bond. 

Here, it is of interest to note that the bulkiness of the 
substituting group in the peri-8-ring system can play a 
more significant role in determining the conformational 
equilibria than in the cyclohexane ring, since, with 
increasing the steric bulkiness of the alkyl group, the 
conformation eb additionally suffers a non-bonded 
interaction between the alkyl group and the naphthalene 
nucleus, which is absent in the cyclohexane system. 
Thus, the AG° difference ( A A G ° = - 0 . 1 6 kcal/mol) on 
going from the methyl (4) to the ethyl (5) derivative 
may be attr ibuted chiefly to the alkyl-naphthalene 
interaction mentioned above, by which the stability 
of the 5-eb conformation is further decreased as com­
pared to that of the equatorial isomer of the alkyl-
cyclohexane (AAG° = 0.05 kcal/mol).8) 

We have already studied5) the N M R spectra of 
the 8-alkyl-8,9,10,11 -tetrahydro-7/f-cycloocta[cfe]naph­
thalene-ones (2 and 3) and shown that these compounds 
exist also as an equilibrium mixture of the a b and the 
eb conformers in solution. Comparison of the AG° 
values between the hydrocarbons (4, 5) and the ketones 
(2, 3) reveals that — AG° value of the methyl compound 
4 (0.09 kcal/mol) is almost equal to that of the corre­
sponding ketone 2 (0.10 kcal/mol), whereas in the case 
of the ethyl derivatives the — AG° value of the ketone 
3 is considerably decreased ( — 0.59 kcal/mol) relative 
to the value of the deoxo compound 5 ( — 0.07 kcal/mol) 
(Table 3). This can be reasonably explained in terms 
of the so-called "2-alkylketone effect," since the geom­
etry around the C-8-C-9-C-10 moiety of the peri-8-
membered ring system is very similar to that of the 
cyclohexane ring.1) Tha t is, because of the eclipsed 
interaction between the equatorial ethyl group and the 
carbonyl function, the 3-eb isomer is more destabilized 
than the 5-eb isomer by the energy of ca. 0.5 kcal/mol, 
which is almost comparable to the value (0.55—0.65 
kcal/mol)10) found in the cyclohexane system. 

The XH- and 1 3C-data in the tables show other spectral 
and conformational features inherent in the 8-membered 
pericyclized naphthalene ring. The chemical-shift 
difference between the axial and the equatorial methyl 
protons in 4 (A<5=0.36 ppm) is greatly increased 
relative to the value (0.07 ppm)11) found in the cyclo­
hexane system. This may be caused chiefly by the ring-
current effect of the naphthalene nucleus, since, in the 
boat conformation of the peri-8-membered ring, the 
equatorial methyl group on C-8 has a position closer 
to the naphthalene ring than the corresponding axial 
methyl group (see Fig. 1). Actually, the magnitude 
of the shift difference of the two methyl protons observed 
in the spectrum (0.36 ppm) well agrees with the result 
of the calculation that the equatorial methyl protons 
resonate at ca. 0.46 ppm higher field than the axial 

methyl protons by the effect of the ring current of 
naphthalene.1) 

In all the isomers of 4 and 5, the chemical shifts of 
the exterior benzyl protons ((5=2.64—2.96 ppm) are 
approximately equal to the values reported for the 
benzyl protons of 6,7,8,9-tetrahydro-5i/-benzocyclo-
heptene 8 (0=2.721—2.827 ppm),12) whereas the 
interior protons of 4 and 5 are deshielded markedly 
((5 = 3.57—4.25 ppm) as a result of the steric compression 
effect. The calculation4) revealed that the interatomic 
distance between the two interior protons of the boat 
conformation is 0.652 Â, much smaller than the sum 
of the van der Waals radii of the two hydrogens (2.4 Â). 
This suggests that al though the boat (ab , eb) is the 
most favored conformation for 4 and 5, it still involves 
severe steric repulsion between the two interior protons. 

eO 
8 

Thus it is expected that as in the case of the parent 
compound 1,4) the boat conformations of 4 and 5 are 
also in the distorted form [B] , in which the two interior 
benzyl protons are pushed apart to relieve the steric 
repulsion between them. In this case, in view of the 
fact that the splitting patterns observed in the C-11 
protons of 4 and 5 are very similar to those of 1 and 6, 
it is reasonable to consider that the peri bonds of 4 and 
5 undergo in-plane deformation as in the compounds 
l4) and 62>4) to result in the symmetric (Cs) conforma­
tion [B] as is shown in Fig. 2 (in studies on the peri-

Fig. 2. The distorted boat conformation [B] for the 
8,9,10,11 - tetrahydro - 7 H- cycloocta [de] naphthalene 
ring and its Newman projection about the G7-G8 

(G10-Gn) bond (see text). 

substituted naphthalenes, it was revealed that the peri 
bonds of 1,8-dimethylnaphthalene undergo in-plane 
deformation,13»14) while, in l,8-di-£-butylnaphthalene,15>16) 
the peri bonds undergo out-of-plane deformation). 
Table 1 shows that in all the isomers the vicinal spin 
couplings between the C-11 exterior and the C-10 axial 
protons are very small (splitting is not observed) as 
compared to the values observed between the C-11 
interior and the C-10 axial protons ( y = 6 . 0 and 7.0 
Hz) . Similar trend is observed in the vicinal couplings 
about the C 7 -C 8 bond of the e b isomer, where the axial 
protons are coupled more strongly with the interior 
benzyl protons ( y = 6 . 1 Hz) than with the exterior 
protons (J=l Hz) . These facts strongly support that 
all the isomers of 4 and 5 exist in the distorted boat 
[B] rather than in the normal boat (B), since as is seen 
in Fig. 2, the observed couplings are explained much 
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better by the space arrangement in the distorted 
molecule [B] ( H e x / H a x ; 0>6O°, H i n / H a x ; 0<6O°) 
than by the space arrangement in the normal boat 
conformation (B) (0^60°) . 

In our previous paper,5) we have reported the N M R 
spectra of 2 and 3 . The interior benzyl protons in these 
compounds suffer also marked deshieldings (5=4 .22— 
4.89 ppm) and show splitting patterns (2; y = 1 4 . 8 , 
13.4, 7.3 Hz, 3 ; 7 = 1 4 . 7 , 13.5, 5.6 Hz) similar to those 
of the distorted conformations (6; y = 1 4 . 8 , 13.0, 5.9 
Hz).2»4) Thus, taking account of this fact, it is most 
probable that 2 and 3 also experience the ring distor­
tions as in the deoxo compounds 4 and 5, though the 
magnitude of the vicinal splitting (JeXt3LX) is not known 
in 2 and 3 . I t should be noted here that the interior 
benzyl protons in the ketones (2, 3) are ca. 0.5—0.7 
p p m more deshielded than those of 4 and 5, which 
makes the chemical-shift differences of the benzyl 
methylene protons in the former molecule much larger 
(A(5= 1.21—2.11 ppm) than those in the latter molecules 
(A<5 = 0.68—1.61 ppm) . Similar trend is observed 
between the unsubstituted compounds 1 and 6 (A<5 = 
1.03 and 1.55 p p m for 1 and 6, respectively). This results 
probably from the differences in the steric interaction 
of the interior benzyl protons. A calculation reveals 
that the distance between the interior benzyl protons 
of the peri-8-ring system is somewhat shortened when 
the bond of the C-9 carbon changes from the sp3 (0.652 
Â)4> into the sp2 hybrid (0.632 Â). Thus it can be 
expected that the interior benzyl protons of the ketones 
(2, 3 , and 6) suffer the steric repulsion larger than that 
of the hydrocarbons (4, 5, and 1) and are deshielded 
more largely than in the case of the latter compounds. 

Comparison of the 13C chemical shifts of 4 and 5 with 
those of the ketones (2, 3) reveals that the axial methyl 
group in the ketone 2-ab is only slightly shielded (0.9 

ppm) relative to that of the hydrocarbon 4-ab, whereas 
the methyl group in the equatorial isomer suffers a 
marked shielding (7.4 ppm) by introduction of the 
carbonyl group. Similar trend is observed in the ethyl 
derivative, where the methylene carbon of the equatorial 
ethyl group (eb) is greatly shielded (6.0 ppm) relative 
to that of the axial isomer (ab) by the effect of the 
carbonyl group. This chiefly arises from the eclipsed 
interaction of the carbonyl function and the alkyl group 
in the equatorial isomer as is noted in the cyclohexane 
system.17) This interaction is also reflected in the 
chemical shifts of the peri r ing carbons of 
both alkyl compounds, in which the C-8 and the 
carbonyl carbons of the equatorial isomers are shielded 
by 5.8—7.1 p p m relative to those of the axial isomers 
(for the other peri ring carbons, which are remote from 
the interacting groups, the effects are rather small 
(0.0—1.0 ppm)) . This result is interesting in comparison 
with the result of the norbornane system previously 
reported.18) In 3-methyl-2-norbornanones, in which 
the carbonyl group is nearly in the same orientation 
with respect to the exo- and the endo-methyl groups, 
the carbonyl substituent effects differ only by 0.9—2.3 
ppm between the two isomers. 

Table 5 shows the effect of the 8-alkyl group on the 
chemical shifts of the C-7 benzyl protons. In both 
hydrocarbon (4) and ketone (2), the exterior protons 
are shielded markedly (0.30—0.31 ppm) by the effect 
of the equatorial methyl group, whereas the interior 
protons, on the contrary, are markedly deshielded 
(0.25—0.28 ppm) by the same substituting group. O n 
the other hand, the introduction of an axial methyl 
group shields both the interior and the exterior protons 
on C-7, but the effects for the former protons are much 
larger (0.30 and 0.33 ppm) than those for the latter 
protons (0.03 and 0.04 ppm) . Similar effect was 

TABLE 4. EFFECT OF THE CARBONYL GROUP ON THE CARBON-13 CHEMICAL SHIFTS OF 8-ALKYL-

8 ,9 ,10 ,11 -TETRAHYDRO-7//-CYCLOOCTA[fife]NAPHTHALENES ( in p p m ) a> 

R Isomer C-7 C-8 C-9 C-10 C-ll CH3 CH2 

Me 

Et 

eb 
ab 
Ab> 
eb 
ab 
Jb> 

1.9 
1.9 
0.0 
1.7 
2.1 

-0.4 

-12.0 
-17.9 

5.9 
-11.4 
-18.5 

7.1 

-185.0 
-190.8 

5.8 
-187.4 
-193.2 

5.8 

-16.4 
-17.4 

1.0 
-17.1 
-17.9 
0.8 

1.4 
2.4 

-1.0 
1.9 
2.5 

-0.6 

7.4 
0.9 
6.5 
0.2 
0.2 
0.0 

6.8 
0.8 
6.0 

a) A<5 = <5Hydrocarbon-<5Ketone (obtained from the data in Table 2 and in Ref. 5). 
carbonyl substituent effect between the two isomers (A = A3eh— A<5ab) 

b) Differences of the 

TABLE 5. EFFECT OF 8-ALKYL GROUP ON THE CHEMICAL SHIFTS OF 7-BENZYL PROTONS IN THE 

8,9 ,10 ,1 1-TETRAHYDRO-7//-CYCLOOCTA [fife] NAPHTHALENE RING ( in p p m ) a > 

Isomer R H7in
b> H„ b> 

eb 

ab 

Me 
Et 
Me 
Et 

0.28 0.25 ,fl__lfifioxc) - 0 . 3 0 
0.23 0.07 ^ - 1 D D ; - 0 . 1 9 

-0.30 - 0 . 3 3 fAA&ow - 0 . 0 4 
-0.40 - 0 . 4 2 ^ ° } - 0 . 0 5 

- 0 . 3 1 ff) 

- 0 . 1 7 (Ö 

- 0 . 0 3 

=46°)c> 

-o :o8 (ö = 7 4°) c ) 

a) A minus sign indicates a high-field shift, b) Figures in the left column are due to the 
hydrocarbons (A3 = 3(4, 5) —3(1)) (Ref. 4), and those in the right column are to the 
ketones (A3 = 3(2, 3) —3(6)) (Refs. 2 and 5). c) Torsional angle between the C7-benzyl 
proton and the alkyl group (taken from the data of 1 in Ref. 4). 
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observed in the cyclohexane ring11 '19) and some theories 
to explain this were reported.20,21) In the present case, 
although details are not known at present, the above 
results may be interpreted qualitatively in terms of 
carbon-carbon single-bond anisotropics.19) Since the 
peri rings of 4 and 5 have a geometry analogous to that 
of the parent compound 1, the torsional angle about 
the C 7 -C 8 bond of 4 and 5 can be estimated from the 
data of 1 as follows; H 7 i n / C H 3 ( a x ) = H 7 e x / C H 3 ( e q ) = 
46°, H 7 e x /CH 3(ax) = 74° and H 7 i n /CH 3 (eq) = 166° (the 
peri-eight-membered ring of 8,9,10,11-tetrahydro-7H-
cycloocta[öte] naphthalene system is more greatly distort­
ed (internal dihedral angle 3F=46°)4) than the cyclo­
hexane ring (F=58°),2 2> see Fig. 2) . These angles could 
adequately explain the trend of the shift values of the 
C7-benzyl protons of 4 described above. For the ethyl 
compounds (3, 5), almost the same trend is observed 
except for the H 7 i n proton of the e b isomer (see Tab le 5). 
The small shift value (0.07 ppm) observed in the ketone 
3-eb, in contrast to the case of the hydrocarbon 5-eb 
(0.23 ppm) , might be related chiefly to the 2-alkylketone 
effect described above. 

E x p e r i m e n t a l 

The synthesis of 8-methyl-8,9,10,11-tetrahydro-7//-cyclo-
octa[öfe]naphthalene (4) was reported previously.3) 8-Ethyl-
8,9,10,11-tetrahydro-7//-cycloocta[öfe]naphthalene (5) was syn­
thesized from diethyl 9-oxo-8,9,10,l l-tetrahydro-7//-cycloocta-
[öfe]naphthalene-8,10-dicarboxylate (9)3) as follows. 

To a stirred solution of sodium ethoxide in ethanol (obtained 
by dissolving 1.7 g of sodium into 150 ml of absolute ethanol) 
was added a solution of 5 g of keto ester 9 in 50 ml of absolute 
ethanol and 30 ml of dry dimethyl sulfoxide. After 1 h heating, 
excess ethyl bromide was added and the mixture was refluxed 
overnight. The mixture was poured into ice-water and the 
resulting cloudy solution was extracted with ethyl acetate. 
The organic solution was worked up as usual to leave a brown 
oil, which then treated with alkaline solution. The solid 
precipitated was crystallized from ethanol to give 1.2 g of 
8-ethyl-8,9,10,11-tetrahydro- 7//-cycloocta [öfe] naphthalen- 9-
one (3) as white needles; mp 97—98 °G; Found: G, 85.87; 
H, 7.83%. Galcd for G17H180: G, 85.67; H, 7.61%. 
Giemmensen reduction of the ketone 3 gave the hydrocarbon 
5. The product was obtained as white needles after recrystal-
lization from aqueous ethanol; mp 38—39 °G; Found: G, 
90.95; H, 8.70%. Galcd for G17H20: C, 91.01; H, 8.99%. 

8-Methyl-8,9,10,11-tetrahydro - 7//-cycloocta [/&] naphtha-
lene-8,10,10-i3 (4-öf3) and 8-ethyl-8,9,10,ll-tetrahydro-7i/-cy-
cloocta[öfe]naphthalene-8,l 0,10-öf3 (5-öf3) were synthesized by 
Giemmensen reduction of the corresponding 8,10,10-trideu-
terated derivatives5) of 2 and 3, which had been obtained by 
the deuterium exchange reactions described previously.4) The 
structures of the deuterated compounds were confirmed based 

on TLG, mp (4rdz; 39—40 °G, 4; 40—41 °G,3) 5-</3; 38—39.5 
°C) and their spectra (IR and NMR). 

XH NMR spectra were determined on a Varian HA-100D 
spectrometer operating at 100 MHz. 13G NMR spectra were 
determined on a Varian NV-14 spectrometer operating at 
15.087 MHz with a Varian 620/L computer (16K) in the 
pulsed FT mode (pulse flipping angle, 48°; pulse repetition 
time, 1.3 s). The samples were dissolved in chloroform-*/ (ca. 
10% (w/v) solution), and tetramethylsilane was used as an 
internal standard. The temperature was controlled by using 
cooled nitrogen and measured by calibrated copper-constantan 
thermocouple. 
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In order to obtain a clue to understanding the micro-environmental effect on the reactivity of a mercapto 
group placed in a reaction center of enzymes, micellar surfactants bearing a mercapto group were synthesized and 
their catalytic activity in the degradation of/nnitrophenyl carboxylates was studied. iV-Hexadecyl-iVa-glutaryl-
L-cysteinamide (AM • Gys-1 ) has an ability to form anionic micelles in aqueous media. The catalytic activity of 
AM-Gys-1 was compared with that of another synthetic surfactant, iV-hexadecanoyl-L-cysteine (AM-Cys-2). 
These surfactants below their critical micelle concentrations markedly accelerated the degradation of several 
/>-nitrophenyl carboxylates. On the contrary, the concentration - rate profiles for the degradation of/?-nitrophenyl 
dodecanoate (PNPL) as catalyzed by the surfactants indicate that the reactivity of the mercapto group is reduced 
upon formation of the anionic micelles. The large rate retardation is primarily due to the decrease in concentration 
of the active thiolate anion. This was supported by the fact that the pK& values for mercapto groups of the anionic 
micelles, for which the carboxyl group acts as an anionic head, were increased by 0.8—1.6 pK& unit over those 
of the corresponding monomeric surfactants in the bulk phase. These surfactants showed profound reactivity 
even in a neutral pH region when mixed with cationic GTAB micelle. The electrostatic field effect provided by 
the cationic head of GTAB micelle seems to enhance the nucleophilicity of the mercapto group in the mixed micelles. 

The mercapto group is located at the active site of 
thiol proteases such as papain, ficin, and bromelain and 
playes an important role in enzymatic reactions.1) The 
reactivity of the mercapto groups of these enzymes, 
however, drastically changes from one to another 
depending on the nature of micro-environment where 
they are located. Because of the complexity of protein 
molecules, the difference in reactivity among various 
types of mercapto groups has not yet been satisfactorily 
clarified. Only a few studies on the reactivity of 
mercapto groups of non-enzymatic systems in the 
degradation of />-nitrophenyl acetate have been reported 
so far.2) Some studies were carried out in cationic 
micelles such as hexadecyl- and octadecyltrimethylam-
monium bromide as enzyme model systems.3) Shinkai 
and Kunitake introduced the concept of hydrophobic 
ion pair for the reaction of coenzyme A (CoASH) and 
glutathione (GSH) with jfr-nitrophenyl acetate in a 
cationic micelle in which the hydrophobic environment 
has an important role for the development of catalysis.4) 
Recently, Moss and his coworkers synthesized self-
contained thiol-functionalized surfactants and inves­
tigated their catalytic activity in the degradation of p-
nitrophenyl acetate.5) In their system, the mercapto 
group seems to be placed in the cationic Stern layer 
judging from the molecular structure of surfactants. 

In order to clarify the various features of reactivity 
of the mercapto group in enzymatic reactions and to 
create more elaborated models of thiol proteases, we 
prepared in this work a novel type of surfactants, N-
hexadecyl-7Va-glutaryl-L-cysteinamide (AM • Cys-1 ). 
The mercapto group is expected to be placed in a 
hydrophobic core of the micellar phase. The catalytic 
activity of AM«Cys-1 was compared with that of 
another synthetic surfactant, iV-hexadecanoyl-L-cysteine 
(AM-Cys-2). The structural and micellar effects 
provided by the present cysteine-containing surfactants 
have been clarified in the deacylation of />-nitrophenyl 

t Contribution No. 509 from this Department. 

carboxylates. The effective catalysis by mixed micelles 
composed of hexadecyltrimethylammonium bromide 
(CTAB) and either AM«Cys-1 or -2 in the deacylation 
has also been investigated here. 

Exper imenta l 

Spectroscopic data were taken on a JAS CO DS-403G 
grating IR spectrophotometer, a Varian A60 NMR spec­
trometer, and a Hitachi 124 spectrophotometer. pH-Mea-
surements were carried out with a TOA HM-9A pH meter 
equipped with a TOA GC-125 combined electrode after 
calibration with a combination of appropriate aqueous stan­
dard buffers. 

Materials. Hexadecyltrimethylammonium bromide 
(CTAB) of Nakarai Chemicals was recrystallized from ethanol, 
mp 237—239 °C (dec). Sodium dodecyl sulfate (SDS) 
and a-hydro-co-dodecyloxytricosa(oxyethylene) (Brij 35) were 
purchased from Nakarai Chemicals as extra pure grade and 
used without further purification. 1-Dodecanethiol (C12-SH) 
was obtained from Ishizu Pharmaceutical Co. and distilled 
under nitrogen, bp 145—147 °C/16 mmHg. 2-Mercaptoetha-
nol was purchased from Nakarai Chemicals and distilled under 
nitrogen, bp 54.5 °C/13 mmHg. Glutathione (GSH, Wako 
Pure Chemical Industries), L-cysteine hydrochloride (Cys-
HCl, Ishizu Pharmaceutical Co.), and 2,2'-dinitro-5,5'-dithio-
dibenzoic acid (DTNB, Nakarai Chemicals) of bio-analytical 
grade were used without further purification. Rhodamine 6G 
was purchased from Daiwa Chemicals as extra pure grade. 
/>-Nitrophenyl carboxylates were prepared by the reaction of 
the corresponding carbonyl chlorides with j^-nitrophenol. The 
esters were identified by elemental analyses and spectroscopic 
measurements.6* 

N-Hexadecanoyl-L-cysteine (AM-Cys-2). This was 
prepared by the condensation of hexadecanoic acid with 
S-benzyl-L-cysteine in the presence of ethyl chloroformate 
followed by elimination of the benzyl group in a manner 
reported by Heitmann.7* 

iV-Hexadecanoyl-S-benzyl-L-cysteine: nip 79—81 °C. IR 
(KBr disc): 3320 (NH str.); 2920 and 2860 (CH str.); 1750 
and 1650 (C=0 str.); 825, 770, and 700cm"1 (CH bend, of 
benzene). NMR (CDC13, TMS): Ô 0.87 (3H, t, CH3(CH2)13-
CH2-), 1.24 (26H, broad, CH3(CH2)13CH2-), 2.20 (2H, t, 
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CH3(CH2)13CH2CO-), 2.91 (2H, d, -NHCH(CH2SCH2Ph)-
G02H), 3.68 (2H, s, -SCH2Ph), 4.80 (1H, t, -NHCH-
(G02H)-), 6.37 (1H, d, -NH-) , and 7.51 (5H, s, phenyl H's). 

iV-Hexadecanoyl-L-cysteine : mp 83—85 °G, nitroprusside 
positive, Ellman positive, [aft1 -26.0° (c 1.00, G2H5OH); 
R{ (silica gel IB of J. T. Baker, methanol), 0.80; R{ (silica gel 
IB of J. T. Baker, butanol-water-acetic acid at 4 : 2 : 1 by 
volume), 0.87. IR (KBr disc): 3320 (NH str.); 2920 and 
2860 (GH str.); 1750 and 1650cm-1 (C=0 str.). NMR 
(GDG13, TMS): ô 0.86 (3H, t, CH3(CH2)13CH2-), 1.25 (26H, 
broad, CH3(CH2)13CH2-), 2.28 (2H, t, CH3(CH2)13CH2CO-), 
2.96 (2H, dd, -NHGH(GH2SH)G02H), 4.80 (1H, t, -NHCH-
(GH2SH)G02H), 6.25 (1H, d, -NH-) , and 8.18 (1H, s, 
-G0 2 H). Found: G, 63.55; H, 10.16; N, 3.80%. Galcd for 
G19H37N03S: G, 63.47; H, 10.37; N, 3.90%. 

The synthetic procedures for iV-hexadecyl-iVa-glutaryl-L-
cysteinamide (AM-Cys-1) is outlined in Scheme 1. 

NH2(CH2)15CH3 

BocCys(Bzl) • 
DCC 

GH2SGH2Ph 
I CF3C02H 

(GH3)3GOGONHGHGONH(GH2)15GH3 • 

1 

GH2SGH2Ph 
+ 1 CH3OOC(CH2)3COCl 

GF3GOO~ NH3GHGONH(GH2)15GH3 • 

2 

GH2SGH2Ph 
I 2 2 NaOH 

GH3OOG (GHa) 3GONHGHGONH (GH2) 15GH3 • 

3 

GH2SGH2Ph 
I HF 

HOOG(GH2)3GONHGHGONH(GH2)15GH3 • 

4 

GH2SH 

HOOG (GHa) 3CONHCHCONH (CH2) 15GH3 

AM-Gys-1 

(Boc, /-butoxycarbonyl; Bzl, benzyl; Ph, phenyl) 

Scheme 1. Synthetic procedures for AM • Gys-1. 
N-Hexadecyl-Na-t-butoxycarbonyl-S-benzyl-L-cysteinamide (1). 

/-Butoxycarbonyl-S-benzyl-L-cysteine (8.0 g, 23 mmol) and 
dicyclohexylcarbodiimide (4.7 g, 23 mmol) were dissolved in 
dichloromethane-acetonitrile (1:1 by volume, 40 ml), and 
the solution was cooled down to 0 °G. Then, 1-aminohexa-
decane (5.5 g, 23 mmol) was added to the solution and the 
mixture was stirred for 3 h at 0 °G. Precipitated white solid 
was recovered by filtration and recrystallized from hexane-
ethyl acetate (1: 1 by volume); yield 8.7 g (72%), mp 88—90 
°G. IR (KBr disc) : 3300 (NH str.) ; 2910 and 2850 (GH str.) ; 
1695 and 1640cm"1 (G=0 str.). NMR (GDG13, TMS): Ô 
0.88 (3H, broad t, GH3(GH2)15-), 1.27 (28H, s, CH3(CH2)14-
GH2NH(GO)-), 1.45 (9H, s, (CH3)3CO-), 2.82 (2H, d, 
-GH2SGH2Ph), 3.23 (2H, broad t, CH3(CH2)14CH2NH-
(GO)-), 3.75 (2H, s, -GH2SGH2Ph), 4.57 (1H, broad t, 
-NHGH(GH2SGH2Ph)GO-), and 7.31 (5H, s, phenyl H's). 

N-Hexadecyl-Na-methylglutaryl-S-benzyl-~L-cysteinamide (3). 
Trifluoroacetic acid (5.7 g) was added to a dichloromethane 
solution (16 ml) of 1 (534 mg, 1.0 mmol), and the mixture 
was stirred for 1 h at room temperature. Evaporation of the 
excess trifluoroacetic acid in vacuo below 40 ° G gave pale 
yellow crystals (2), mp 72 °G. Elimination of the /-butoxy-
carbonyl group was confirmed by the NMR spectrum. The 

crystals were used for the following reaction without further 
purification. Amine component 2 (210 mg, 0.38 mmol) and 
triethylamine (115 mg, 1.14 mmol) were dissolved in dichloro-
methane (5 ml) and cooled down to 5 °G. Methyl 4-chloro-
formylbutanoate (81 mg) dissolved in dichloromethane (2 ml) 
was added to the solution in 15 min at this temperature. 
The mixture was stirred for 1 h at 0 °G, for 1 h at room 
temperature, and refluxed for 10 min; and then washed with 
water (5 ml), 5% aqueous sodium hydrogencarbonate (5 ml 
X2), water (5 mix2) , and 5% aqueous citric acid (5 mix 2) 
in this sequence. After being dried over anhydrous sodium 
sulfate, the mixture was evaporated in vacuo at 50 °G to give 
a white solid which was then purified by gel-filtration chro­
matography (Sephadex LH-20, 1: 1 chloroform-methanol as 
an eluant); yield 180 mg (50%), mp 86—88 °G. IR (KBr 
disc): 3275 (NH str.); 2900 and 2830 (GH str.); 1740 and 
1640cm-1 (G=0 str.). NMR (GDG13, TMS): ô 0.88 (3H, 
broad t, CH3(CH2)15-), 1.27 (30H, s, CH3(CH2)14CH2NH-
and GH302GGH2GH2GH2GO-), 1.75—2.55 (4H, m, CH302-
CCH2CH2CH2CO-), 2.71 (2H, d, -GHGH2SGH2Ph), 3.24 
(2H, broad t, -NHCH2(CH2)14CH3), 3.66 (3H, s, CH 30 2C-), 
3.74 (2H, s, -SGH2Ph), 4.57 (1H, t, -NHCH(CH2SCH2Ph)-
CO-), and 7.29 (5H, s, phenyl H's). Found: G, 67.96; H, 
9.63; N, 4.87%. Galcd for G32H5404N2S: G, 68.29; H, 9.67; 
N, 4.97%. 

N-Hexadecyl-Na-glutaryl-S-benzyl-L-cysteinamide (4). To 
a mixture of 3 (700 mg), dioxane (20 ml), and methanol (35 
ml) was added 4% aqueous sodium hydroxide (9 ml). After 
being stirred for 6 h at room temperature, the mixture was 
evaporated in vacuo to remove methanol and then water (30 
ml) was added to the residue. The solution was acidified to 
pH 5 by adding 10% aqueous citric acid. White precipitates 
were recovered by filtration and washed with water (5 ml X 
10); yield 677 mg (99%), mp 101—102 °G. IR (KBr disc): 
3250 (NH str.); 2900 and 2840 (GH str.); 1700, 1630, and 
1525cm-1 (C=0 str.). NMR (GDG13, TMS): ô 0.88 (3H, 
broad t, GH3(GH2)15-), 1.26 (30H, s, CH3(CH2)14CH2-and 
H02CCH2CH2CH2CO-), 1.73—2.57 (4H, m, H02CCH2CH2-
CH2CO-), 2.71 (2H, d, -CH(CH2SCH2Ph)-), 3.24 (2H, 
broad t, -NHCH2(CH2)14CH3), 3.74 (2H, s, -SCH2Ph), 4.57 
(1H, t, -NHCH(CH2SCH2Ph)CO-), and 7.29 (5H, s, phenyl 
H's). Found: G, 67.23; H, 9.48; N, 5.06%. Galcd for 
C31H5204N2S: G, 67.84; H, 9.55; N, 5.10%. 

N-Hexadecyl-Na-glutaryl-L-cysteinamide (AM-Cys-1). L-
Methionine (180mg) and 4 (600 mg) were placed in a reaction 
vessel into which hydrogen fluoride (20 ml) was introduced. 
The mixture was stirred for 1 h at 0 °C, for 30 min at room 
temperature, and then evaporated in vacuo to remove hydrogen 
fluoride completely. Dichloromethane (30 ml) was added to 
the residue and white precipitates were recovered by filtration ; 
this treatment was repeated four times. The white solid was 
dissolved in ethanol-chloroform (1:1 by volume, 5 ml) and 
purified by repeated gel-filtration chromatography (Sephadex 
LH-20, 1: 1 ethanol-chloroform as an eluant); yield 135 mg 
(27%), mp 98—101 °G, nitroprusside positive. IR (KBr 
disc): 3250 (NH str.); 2910 and 2830 (GH str.); 1710, 1635, 
and 1535cm-1 (C=0 str.). NMR (CDC13, TMS): ô 0.88 
(3H, broad t, CH3(CH2)15-), 1.27 (30H, s, GH3(GH2)14GH2-
andH02GGH2GH2GH2GO-), 1.75—2.55 (4H, m, H02GGH2-
CH2CH2CO-), 2.82 (2H, dd, -GH(CH2SH)-), 3.20 (2H, 
broad t, GH3(GH2)14GH2NH-), and 4.60 (1H, broad t, -NH-
CH(CH2SH)-). Found: G, 63.63; H, 9.89; N, 5.93%. Galcd 
for G24H46N204S: G, 62.84; H, 10.10; N, 6.11%. 

Kinetic Measurements. The concentration of free thiol 
for AM-Gys-1 and -2 was determined by using the Ellman's 
reagent (DTNB)8> before kinetic runs. The reaction between 
a thiol compound and DTNB in 10% (v/v) aqueous ethanol 
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at pH 8.0 ((x 0.10 with KCl) and room temperature was 
followed at 412 nm to completion and the amount of free 
thiol was evaluated by using cysteine hydrochloride and/or 
2-mercaptoethanol as a reference. The concentration of free 
thiol for AM.Gys-1 and -2 decreases upon oxidation to the 
corresponding disulfides at alkaline pH's, and the oxidation 
rate for the mercapto group of AM-Cys-2 was roughly esti­
mated at several pH's by the Ellman's method. For example, 
the acyl transfer from an ester substrate to AM-Cys-2 was 
completed within 1 min at pH 11.82 while only a 5% amount 
of AM-Cys-2 was oxidized in 5 min. Under every conditions 
used in this work, the reaction between surfactant and ester 
species was fast enough to neglect oxidation of the mercapto 
group of the surfactants. 

Rates of />-nitrophenol liberation from />-nitrophenyl esters 
were measured at 317 nm (pH<6) and 400 nm (pH>6) with 
a Hitachi 124 spectrophotometer. Each run was initiated by 
adding a dry dioxane solution (30 (xl) of a substrate ester to 
a mixture of a reaction medium (3.0 ml) and a dry ethanol 
solution (30 (xl) of a catalyst which was pre-equiliorated at 
30.0±0.1 °G in a thermostatted cell set in the spectropho­
tometer. The reaction medium was prepared as follows: 10.0 
ml of 1.0 M aqueous potassium chloride, 10.0 ml of an appro­
priate aqueous buffer, and 10.0 ml of dry ethanol were placed 
in a 100-ml volumetric flask; and subsequently the flask was 
filled with deionized and distilled water. Aqueous buffer 
solutions adopted in the present study were as follows: 1/10 M 
potassium dihydrogenphosphate-1/20 M sodium borate for pH 
6—9, 1/20 M sodium borate-1/20 M sodium carbonate for pH 
10— 11, and 1 /10 M sodium hydroxide-1 /10 M sodium 
hydrogenphosphate for pH 11—12. 

Determination of pK& Values. The pK& value for a 
mercapto group involved in AM-Cys-l and -2 depends on 
their concentrations. The extent of dissociation of the 
mercapto group was evaluated by Eq. 1. 

a = AAbs(pH x)/AAbs(pH 13.26) (1) 

where AAbs(pH x) refers to the difference between absorb-
ances at 235 (maximum) and 265 nm (minimum) in 10.8% 
(v/v) aqueous ethanol at pH x. AAbs for the completely 
ionized mercapto group of AM-Cys-l was evaluated at pH 
13.26. The modified Henderson-Hasselbalch equation as 
represented by Eq. 2 was adopted to evaluate pK& values. 

pU = pK& + n\og{a/(l-a)} (2) 

In order to determine the true pK& value in a micellar phase, 
the pK& value was plotted against the concentration of AM-
Gys-1 as shown in Fig. 4. 

CMC Measurements. The critical micelle concentrations 
for AM.Gys-1 and -2 were determined at 30.0±0.1 °G, pH 
9.30, and (x 0.10 (KG1) in 15.6% (v/v) and 11.5% (v/v) 
aqueous ethanol, respectively. Rhodamine 6G was used as a 
dye probe at 1.0 X 10~5 M. The difference spectra between 
520 (maximum) and 543 nm (minimum) were taken and the 
difference in absorption was plotted against the concentration 
of a surfactant in reference to the method used for the deter­
mination of GMG values for JV-acyl-DL-cysteines.7> 

R e s u l t s a n d D i s c u s s i o n 

The catalytic efficiency of the surfactants in the 
deacylation of />-nitrophenyl carboxylates has been 
investigated by the kinetic method in 10.8% (v/v) 
ethanol-1.0%(v/v) dioxane-water at 30 .0±0 .1 °C and 
[JL 0.10 (KCl) . Apparent pseudo-first-order rate con­
stants (kohsd) were obtained by measuring the amount 
of liberated jfr-nitrophenol. The first-order kinetics was 
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Fig. 1. Plots of first-order rate constant vs. surfactant 
concentration (CD) for the deacylation of />-nitrophenyl 
dodecanoate in 10.8% (v/v) ethanol-1.0% (v/v) diox­
ane-water at 30.0±0.1 °G, pH 9.3, and (x 0.10 (KG1) : 
^î^^obsd-^hydî initial concentration of PNPL, 0.984 
XlO~5M; A, AM.Gys-1; B, AM-Cys-2. The rate 
was not measured for the AM-Gys-1 system beyond 
this concentration range due to its limited solubility. 

found to hold at least up to 8 0 % conversion of the 
substrate for [ C ] > [ S ] ; C and S stand for catalyst and 
substrate species, respectively. Figure 1 shows the rate-
concentration profile for the deacylation of/>-nitrophenyl 
dodecanoate (PNPL) catalyzed by AM«Cys-l and -2 
at p H 9 .3 ; kx refers to kobsd—khyd. The apparent 
first-order rate constant (kx) increases as the surfactant 
concentration is raised up to a certain concentration 
range which may be referred to the critical micelle 
concentration. The kinetic C M C values agree reason­
ably well with the corresponding values determined by 
the dye method as seen in Table 1. Beyond these concen­
tration ranges, the kx values were nearly leveled off for 
both surfactant systems. The straight line portions below 

TABLE 1. CRITICAL MICELLE CONCENTRATIONS 

FOR AM-Cys-1 AND -2 

Surfactant 

AM.Cys-1 
AM.Gys-2 

CMCxl0 4 /M 

Dye method Kinetic method 

3.76a) 1.33b) 

1.40c) 2.00d) 

a) In 15.6%0 (v/v) aqueous ethanol at 30.0±0.1 °C, 
pH 9.30, and (xO.10 (KCl), b) In 15.6%(v/v) 
ethanol-1.0%(v/v) dioxane-water at 30.0±0.1 °G, 
pH 9.28, and (j, 0.10 (KCl); initial concentration of 
PNPL, 0.984 x 10-5M. c) In 11.5% (v/v) aqueous 
ethanol at 30.0±0.1 °G, pH 9.30, and (j. 0.10 (KCl), 
d) In 10.8% (v/v) ethanol-1.0%(v/v) dioxane-
water at 30.0±0.1 °G, pH 9.30, and \L 0.10 (KCl); 
initial concentration of PNPL, 0.984 x 10"5 M. All 
the concentrations throughout this paper are given 
in M; 1 M = 1 mol dm-3. 
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T A B L E 2. KINETIC PARAMETERS FOR THE CATALYZED DEACYLATION OF 

/>-NITROPHENYL DODECANOATE AND ACETATE1 0 

Catalyst 
RSH 

AM-Cys-1 
AM-Cys-2 
C12-SHW 

GSH 
HSCH2CH2OH 

OH- f> 

[RSH] x 105 

M 

9.82 « C M C ) 
10.5 « C M C ) 
5.01 « C M C ) 

567 
98.3 

9830 

pKl™ 

10.5C); 10.5d) 

10.3C); 10.4d) 

12.0C) 

9.2e ) 

9.4e) 

pH 

9.28 
9.30 

12.41 
9.41 
9.41 

kJM-1* 

' PNPL 

4180 
1290 
1970 

0.011 
— 

0.012 
1.11 

- i 

x 
PNPA 

0 
0 
— 
1.92 
4.28 
— 

24.4 

a) In 10.8%(v/v) ethanol-1.0%(v/v) dioxane-water at 30.0±0.1 °C and \x 0.10 (KCl). Initial con­
centrations: PNPL, 0.984x 10~5M; PNPA, 0.989x 10~5M. The relative rate (kohJkhyd) in the presence 
of AM-Gys(Bzl)-l (39.9x 10~5 M > CMC) is 0.48 at pH 11.13. b) In 10.8%(v/v) aqueous dioxane at 
40.0^0.1 °C and [x 0.10 (KCl), c) Determined by the kinetic method (Eq. 3) as a dissociation constant 
for a mercapto group, d) Determined by the photometric titration as a dissociation constant for a 
mercapto group, e) Cited from literature: J . W. Ogilvie, J . T. Tildon, and B. S. Strauch, Biochemistry, 
3, 754 (1964). f) Alkaline hydrolysis. 

C M C are referred to the apparent second-order kinetics 
with rate constant k2h as catalyzed by the monomeric 
surfactants in the bulk phase, whereas those above C M C 
are due to the apparent second-order kinetics with rate 
constant k2m as catalyzed by the micellar surfactants. 
The leveling-ofF behavior suggests that the micelle 
formation results in the loss of thiol-reactivity for the 
present surfactants. 
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Fig. 2. pH-rate profiles for the deacylation of /»-nitro-
phenyl dodecanoate as catalyzed by AM. Cys-1 above 
(O) and below ( # ) its CMC in 10.8% (v/v) ethanol-
1-0%(v/v) dioxane-water at 30.0±0.1 °C and \x 0.10 
(KCl). Initial concentrations: AM. Cys-1, 8.20X 10~5 

M « C M C ) and 1.63xlO~4M (>GMC); PNPL, 
0.984xlO~5M. 

The pH-rate profiles for the decomposition of p-
nitrophenyl dodecanoate (PNPL) as catalyzed by AM« 
Cys-1 below and above its C M C are shown in Fig. 2. 
A plot of log kx against p H exhibited a straight line of 
slope 1.0 below p H 10.5, and log kx is leveled off beyond 
this p H . The behavior indicates that the active group 
of the surfactant for the degradation of PNPL is the 

thiolate anion. T h e apparent pKa value evaluated 
from Fig. 2 agrees satisfactorily with that determined 
by the photometric titration as seen in Table 2. The 
pH-rate profile for the surfactant-catalyzed degradation 
of PNPL above its C M C is almost identical with that 
observed below C M C . The result again indicates that 
the reactivity of A M «Cys-1 above its C M C is primarily 
due to the monomeric species. The similar behavior was 
observed for A M • Cys-2. 

Reactivity of the Mercapto Group Below CMC's. The 
initial rapid release of />-nitrophenol from PNPL was 
followed by the slow process at p H 9.28 for [ S ] > [ C ] . 
The absorbance increase due to /?-nitrophenol at 400 
n m in the slow rate region is almost identical with that 
observed in the absence of the surfactants. The result 
indicates that the deacylation of the thiol ester yielded 
by the reaction between P N P L and surfactants can not 
proceed to any detectable extent under present condi­
tions. Thus , the net reaction pathway below C M C is 
given by Scheme 2, where Pt and P2 stand for phenol 
and carboxylic moieties, respectively; k2 refers to the true 
second-order rate constant for the acylation step and 
khyd to the rate constant for the alkaline hydrolysis of 
PNPL. 

02N- -OCOR + R/S- R'SCOR + Pi 

&hyd Hir-
R'SH 

Scheme 2. 

The true second-order rate constant for the below-CMC 
region was determined by the aid of Eq. 3, where k2 

is the apparent second-order rate constant at a given 
p H ; Ä ^ Ä J J C R ' S H J T . A plot of \\k2 against [H+] is 
shown in Fig. 3 for the P N P L - A M • Cys-1 system. 

_ 1 _ 

/^2 /^2 

[H+] 
(3) 

The k2 values thus obtained are summarized in Table 2. 
The reactivity of the thiolate anion of the surfactants 
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1.0 2.0 3.0 40 5.0 6.0 

[H+] x 1010/M 

Fig. 3. A plot of \jk2' vs. [H+] for the deacylation of 
/>-nitrophenyl dodecanoate as catalyzed by AM-Cys-1 
in 10.8% (v/v) ethanol-1.0%(v/v) dioxane-water at 
30.0dz0.1 °G and [L 0.10 (KCl). Initial concentrations: 
AM.Cys-1, 8.20x 10~5 M; PNPL, 0.984x 10~5 M. 

on a carboxylic ester which bears a long alkyl chain 
(PNPL) in the aqueous phase is remarkably larger than 
that of the hydroxide ion as seen in Table 2, but not 
so on PNPA. The result also indicates that the catalytic 
activity of A M • Cys-1 in the decomposition of />-nitro-
phenyl dodecanoate is greater than that of A M • Cys-2 
by 3.3 fold. A carboxylate anion as the surfactant-head 
would destabilize the anionic tetrahedral intermediate 
formed from the thiolate anion and the substrate in a 
manner as observed for the paracyclophane catalysis.9) 
Therefore, the distance between the carboxyl group and 
the mercapto group in the surfactant molecules must 

control the reactivity toward ester substrates. The 
difference in reactivity between AM-Cys-1 and -2 
would be attr ibuted to the greater hydrophobic interac­
tion of the former with PNPL. 

iV-Hexadecyl - Na - glutaryl - S - benzyl - L - cysteinamide 
[AM«Cys(Bzl)-l] , in which the mercapto group is 
protected with a benzyl group, did not show any 
meaningful effect on the hydrolysis of PNPL below its 
C M C . O n the other hand, AM-Cys(Bzl)-l retarded 
the alkaline hydrolysis above its C M C . The result 
indicates that the anionic micelle may incorporate 
PNPL into its hydrophobic core and the ester bond of 
P N P L is masked from the hydroxide attack. Anionic 
micelles of sodium dodecanoate were found to behave 
similarly for the hydrolysis of several jfr-nitrophenyl 
esters as reported recently by Menger et a/.10) Thiol 
catalysts bearing a long alkyl chain such as AM«Cys-l, 
-2, and 1-dodecanethiol (C12-SH) show catalytic 
activity in the decomposition of PNPL, but smaller 
thiols such as glutathione (GSH) and 2-mercaptoethanol 
give out little catalytic activity (Table 2). These smaller 
thiols, however, catalyzed the decomposition of p-
nitrophenyl acetate (PNPA) by using them in a large 
amount . AM«Cys-l , -2, and C12-SH were not used in 
higher concentrations for the reaction with PNPA 
because of their limited solubility. As we clarified 
previously/1) the reactivity of monomeric esters decreases 
with increasing the alkyl chain length due to their 
self-coiling behavior so as to mask the ester bond from 
the hydroxide attack. Thus , the hydrophobic interac­
tion between the catalyst and the substrate may cause 
not only the access of both reactants (proximity effect) 
but also the decoiling of the alkyl chain of PNPL. 

Both AM«Cys-1 and -2 showed a marked catalytic 
activity in the deacylation of PNPL at p H 9.30 below 

TABLE 3. RELATIVE CATALYTIC ACTIVITY OF AM-Cys-1 AND -2 FOR THE 

DEACYLATION OF /> -NITROPHENYL C A R B O X Y L A T E S a ) 

Substrate 

p H 9 . 3 0 pH 12.00 

* h y d x l07s - i 
1c c ) 

AM. Cys-1 AM. Cys-2 
^hydXlOVs-1 

le Ö 

AM. Cys-1 AM. Cys-2 

CH 3 -
CH3(CH2)4-
CH3(CH2)8-
CH3(CH2)10-
CH3(CH2)14-

H 

H V C H 2 

H \ - C H ( C H 3 

CH, 

CH2OCONHCH2 

72.2 
32.0 
5.23 
1.82 
0.50 

11.3 

13.6 

1.75 

140 

530 

1 
9.8 

575 
1509 
2397 

13.9 

11.4 

13.0 

18.0 

1 
4. 

199 
441 
801 

587 
65.7 
8.08 
0.88 

3.0 
43.8 

267 
1432 

1.9 
19.9 

138 
292 

5.2 

3.6 

5.7 

3.5 

6.6 

a) In 10.8%(v/v) ethanol-1.0%(v/v) dioxane-water at 30.0±0.1 °C and \L 0.10 (KCl). Initial 
concentrations: substrate, 0.984—1.00xlO"5M; AM-Cys-1 and -2, 7.90xlO"5M. b)Rfor /?-
N0 2C 6H 4OC(0)R. c) £rei

=£obsdAhyd: ôbsd? apparent first-order rate constant; khyd, hydrolysis rate 
constant in the absence of a catalyst. 
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their CMC's . These surfactants catalyzed not only the 
deacylation of />-nitrophenyl carboxylates bearing a long 
alkyl chain but also that of jfr-nitrophenyl esters of 
cyclohexane derivatives and i\^-benzyloxycarbonyl-
glutarate as shown in Table 3. The present thiol 
catalysts exercise a significant activity toward hydro­
phobic substrates in their deacylation and the profound 
efficiency is observed selectively in the decomposition 
of esters bearing a longer alkyl chain. 

T A B L E 4. EFFECTS OF METAL IONS IN THE SURFACTANT-

C A T A L Y Z E D DEACYLATION OF />-NITROPHENYL 

DODECANOATEa) 

Metal ion/M 
F 0 x l 0 8 / M s - l b ) 

AM.Cys-1 AM-Cys-2 

None 
Cu2+ : 

Zn2+ : 

Mg2+: 

1.02x10-« 
1.02x10-* 
1.02xl0- 4 

1.01x10-« 
l .O lx lO- 5 

1.01 x lO- 4 

1.01x10-« 
1.01 x lO- 5 

1.01 x lO- 4 

10.9 
10.4 
6.85 
0 

10.6 
7.38 
0 

10.9 
10.9 
10.9 

8.27 
7.20 
4.68 
0 

7.55 
6.60 
0 

8.27 
8.27 
8.27 

a) In 10.8% (v/v) ethanol-1.0%(v/v) dioxane-water at 
30.0±0.1 °C, pH 9.27, and fx 0.10 (KCl). Initial con­
centrations: AM.Cys-1, 3.33x10-* M; AM.Cys-2, 3.92 
X 10-4M; PNPL, 0.984x 10"5M. All the metal ions 
were used as nitrates, b) V0 stands for the initial velocity 
of reaction. 

Effects of Metal Ions on the Catalysis. I t is expected 
that an appropriate metal ion would show somewhat 
a unique effect on the reactivity of surfactants which 
involve effective donor groups. The metal ions used 
here (Cu2+ , Zn2 + , and Mg2 +) did not give out any effect 
on the alkaline hydrolysis of PNPL, while the surfactant-
catalyzed deacylation of the ester was markedly retarded 
by Cu2 + and Zn 2 + as shown in Table 4. Such a behavior 
of the synthetic surfactants bears a resemblance to those 
of thiol proteases. Thiol proteases such as papain are 
extremely sensitive to the presence of heavy metal ions, 
and metal ions of groups IB and I IB such as Cu2 + , Zn 2 + , 
and Hg 2 + cause reversible inhibition of the enzyme 
catalysis. The inhibition seems to occur through 
formation of the thiolate complexes. Since the thiolate 
anion is one of the soft bases, the hard acid (Mg2 +) does 
not form the corresponding complex and consequently 
show no effect on the surfactant-catalyzed reaction. 

Evaluation of True pKa Values for the Mercapto Group in 
Micellar Phase. I n order to clarify the reason why 
the catalytic activity of the surfactants markedly 
decreases above C M C for the deacylation of p-n\Xro-
phenyl esters, we evaluated true pKa values for the 
mercapto group in micellar phase from the pKa-
concentration profiles. The pKa- and rc-values deter­
mined by Eq. 2 were plotted against the concentration 
of the surfactants as shown in Fig. 4. The pÄ"a-value 
of each surfactant increases as the concentration increases 

kf 
A 

[Surfactant] X 104/M 

Fig. 4. Plots of pK&- and rc-values against concentration 
of the anionic surfactants. p ^ a - and rc-values were 
evaluated by the modified Henderson-Hasselbalch 
equation. For AM-Cys-1: Q, pK&; • , n. For AM-
Cys-2: # , pK&; • , n. 

to a certain extent which is considered to be the true 
pKa in micellar phase: AM-Cys-1 , 11.3; A M «Cys-2, 
11.9. These values are larger than those for the corre­
sponding monomeric surfactants. O n the other hand, 
the H-value of each surfactant decreases as the surfactant 
concentration increases and levels off beyond a certain 
range: AM-Cys-1 , 0.58; AM-Cys-2, 0.56. pÄ"a-Values 
are generally affected by electrostatic and hydrophobic 
fields. The result suggests that the electrostatic field 
effect overcomes the hydrophobic effect for the present 
surfactant systems since the evaluated p^ a -value for 
AM-Cys-2 is larger than that for AM-Cys-1 by 0.6 pKa 

unit. The a-values for AM-Cys-1 and -2 are 3.57 X 10~4 

and 2.30 X 10-5 , respectively, at p H 9.30. As a whole, 
the diminished reactivity observed for the micellar 
systems of AM-Cys-1 and -2 is primarily attr ibuted 
to the decrease in pÄ"a of the mercapto group. The 
modified Henderson-Hasselbalch equation was applied 
to a micellar system of hexadecyl (imidazolylmethyl)-
dimethylammonium chloride and a low rc-value (0.8) 
was obtained.12) 

Effects of CTAB Micelle on the Catalysis. The 
rate constant (kobsd) for the deacylation of PNPL was 
measured in several micellar systems. Sodium dodecyl 
sulfate and a-hydro-co-dodecyloxytricosa(oxyethylene) 
did not appreciably alter the rate relative to that for 
the alkaline hydrolysis, while a greater rate was observed 
in the presence of CTAB. Figure 5 shows the r a t e -
concentration profiles for the decomposition of PNPA 
and />-nitrophenyl hexanoate (PNPH) as catalyzed by 
mixed C T A B - A M • Cys-1 micelle. A pronounced 
catalytic effect was observed with the mixed micelle 
and the profile is typical for the micellar catalysis. The 
reaction pathway for the decomposition of jfr-nitrophenyl 
esters as catalyzed by the mixed micelle is given by 
Scheme 3, where S stands for an ester substrate (PNPA 
or P N P H ) , C M for the mixed micelle formed with 
CTAB and a thiol surfactant, C M - S for a complex 
formed with the mixed micelle and a substrate, and P 
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TABLE 5. KINETIC PARAMETERS FOR THE DEACYLATION OF />-NITROPHENYL 

DODECANOATE AND ACETATE CATALYZED BY MIXED MICELLES*0 

Catalyst 

AM.Gys-1 
AM.Cys-2 

G12-SH 

[Catalyst]/[GTAB] 

1/20 
1/16 
1/20 
1/20 

* m x l 0 * 
s-1 

4.41 
1.95 
1.59 
0.168 

PNPH 

M- 1 

885 
599 
633 
667 

\ 
^ m / ^ h y d 

3080 
1360 
1110 
117 

* m x l 0 * 
s-1 

4.75 
0.874 
0.526 
0.557 

PNPA 

* b 
M- 1 

33.3 
71.4 

117 
15.5 

^ m / ^ h y d 

3320 
611 
368 
390 

a) In 10.8%(v/v) ethanol-1.0%(v/v) dioxane-water at 30.0±0.1 °G, pH 7.60, and//0.10 (KG1). 
Apparent first-order rate constants for the hydrolyses of PNPH and PNPA in the absence of the 
mixed micelles are 1.43 X 10~5 s - 1 at pH 7.60. 

surfactant] > [Substrate], the pseudo-first-order rate 
constant (kobsd) is given by Eq. 413> on the basis of 
Scheme 3. 

1.0 2.0 
[GM] x 102/M 

Fig. 5. Rate-concentration profiles for the deacylation 
of />-nitrophenyl hexanoate ( 0 ) and acetate (O) a s 

catalyzed by CTAB-AM-Cys-l mixed micelle in 10.8 
%(v/v) ethanol-1.0% (v/v) dioxane-water at 30.0± 
0.1 °G, pH 7.63, and fx 0.10 (KG1). Initial concentra­
tions: PNPA, 0.989 x lO"5 M; PNPH, 0.983 X 10~5 M. 
[GM] = [GTAB] + [AM.Gys-1]; [AM.Gys-1]/[GTAB] 
= 1/20. Solid lines are the theoretical curves calculated 
by Eq. 5. The maximum rate constants for the hydroly­
sis of PNPA and PNPH in the GTAB micelle (0.125— 
2.50X10-2 M) are 3.75 xlO" 5 and 2.73 xlO" 5 s"1, 
respectively, under the same kinetic conditions. 

and P ' for reaction products; khyd and km refer to rate 
constants for product formation in the bulk phase and 
in the mixed micelle, respectively; Kh represents a 
binding constant for formation of the micelle-substrate 
complex. 

GM + S GM.S 

Scheme 3. 

Under the present experimental conditions the reaction 
in the micellar phase resulted in the formation of the 
acylated micelle and any further reaction was not 
detected. For [ C T A B ] > C M C and [CTAB]>[Th io l 

^obsd 

*hyd + *m*b[CM] 
l + Kh[CM] 

Rearrangement gives Eq. 5. 

kQbBd~kh Km ^h + 

(4) 

(5) ^hyd *m — *hyd (km~ khyâ) Kh[CM] 

where [CM] refers to the sum of the initial concentra­
tions of CTAB and a thiol surfactant. A plot of 1/ 
(^obsd~~^hyd) vs- 1/[GM] allows to evaluate km and 
Kh. The kinetic parameters thus evaluated are sum­
marized in Table 5 for the reactions catalyzed by 
mixed micelles; CTAB-AM-Cys-1 , CTAB-AM.Cys-2 , 
and CTAB-C 1 2 -SH. 

The binding constant (Ä"b) for the mixed micelles 
with PNPA changes depending upon the nature of the 
thiol surfactants, whereas Kb is constant with PNPH 
regardless of the surfactants. This seems to suggest that 
P N P H is incorporated into the hydrophobic core of 
the mixed micelles while PNPA into the hydrophilic 
Stern layer. The value of km stands for the acyl transfer 
from the substrates to the mercapto group of the thiol 
surfactants, and the hydrolysis rate (A£M) for the esters 
with the concentrated hydroxide ion in the Stern layer 
of the mixed micelles** is negligibly small relative to 
the acyl transfer rate for a neutral p H region. The most 
effective micellar catalyst was constructed with A M • Cys-
1 and CTAB and the km value for the deacylation of 
P N P H is 3080 times as large as the corresponding khyd 

value as shown in Table 5. Some plausible explanations 
for the difference in reactivity among the mercapto 
groups of AM«Cys-l5 -2, and C12-SH placed in micellar 
CTAB are as follows. 

(1) If the pKa value for the mercapto group of 
A M • Cys-1 in micellar CTAB decreases mor(e than those 
for AM-Cys-2 and C12-SH in micellar CTAB, the 
difference in catalytic activity is attributed to variation 
in concentration of the active thiolate anion. This may 
not be the case since the mercapto group of A M «Cys-1 
must be located in a more hydrophobic region than those 
of AM'Cys -2 and C1 2-SH. In other words, the mer­
capto groups of AM'Cys-2 and C12-SH are most likely 

** The ££$ values were evaluated from the hydrolysis of 
/>-nitrophenyl carboxylates as catalyzed by micellar GTAB 
under the same conditions. 
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pH 

Fig. 6. pH-Rate profiles for the deacylation of PNPH 
as catalyzed by CTAB-AM. Cys-1 (A), CTAB-AM. 
Gys-2 (B), and GTAB-G12-SH (G) mixed micelles 
in 10.8% (v/v) ethanol-1.0%(v/v) dioxane-water at 
30.0±0.1°C and fx 0.10 (KG1) : ^=Â:obsd-Â:CTAB; 
kCTAB, apparent first-order rate constant for the 
hydrolysis of PNPH as catalyzed by hexadecyltrimeth-
ylammonium bromide. Initial concentrations: PNPH, 
0.983xlO-5M; [GM] = [GTAB] + [Thiol surfactant], 
0.50X 10-2 M; [Thiol surfactant] / [CTAB] = 1/20. 

placed in the cationic Stern layer and, therefore, the 
pKa values for these mercapto groups 'are expected to 
decrease more than that for the mercapto group of 
A M «Cys-1 in micellar CTAB. Figure 6 shows the 
pH-rate profiles for the deacylation of P N P H as cata­
lyzed by the mixed micelles. These profiles indicate 
that the pKa value for each thiol surfactant in the mixed 

Electrostatic Stern layer 

o P °*®*P CH3ÇH3 

Fig. 7. Schematic representation of a plausible reaction 
mechanism for the deacylation of PNPH by CTAB-
AM. Cys-1. 

micelle decreases by 1—2 pKa unit relative to that for 
each surfactant monomer, and the greater reactivity 
of the thiol surfactants in mixed micelles is partly due 
to the pKa effect. The pKa value for AM-Cys-1 is 
almost comparable to that for A M C y s - 2 and smaller 
than that for C12-SH. 

(2) The orientation of the ester bond of P N P H 
would be so arranged that an attack of the mercapto 
group on it is facilitated in the hydrophobic core. 

(3) The intramolecular hydrogen bonding between 
the thiol and peptide-carbonyl groups as shown in 
Fig. 7 for the AM-Cys-1-CTAB system would enhance 
the nucleophilicity of the mercapto group in the effective 
hydrophobic core. Such development of a negative 
charge on the sulfur a tom of the mercapto group in the 
hydrophobic core would be facilitated by the electro­
static field effect provided by the cationic micelle head 
in the transition state of acylation. Meanwhile, the 
mercapto groups of A M C y s - 2 and C12-SH in the 
mixed micelle would not form an effective hydrogen 
bond since these may be placed in the more hydrophilic 
region. The reaction mechanism is analogous to that 
for papain catalysis proposed by Lowe14) in which the 
nucleophilicity of a catalytic mercapto group is enhanced 
by its hydrogen bonding with an imidazolyl group. 

Conclusion. The reactivity of mercapto groups 
drastically changes upon variation of their micro-
environment. An electrostatic field provided by the 
Stern layer of an anionic micelle tends to increase pKa 

of a mercapto group placed in such a micelle, so that 
the mercapto group is masked to reduce its reactivity 
in a neutral p H region against an ester substrate. 
However, pKa of a mercapto group decreases when it is 
placed in a cationic micelle due to the effective electro­
static field effect provided by cationic heads. Further­
more, the nucleophilicity of the mercapto group placed 
in a hydrophobic core is enhanced by the intramolecular 
hydrogen bonding (Fig. 7) as well as by the electrostatic 
field effect transmitted into the hydrophobic core. These 
effects were demonstrated here with the mixed micelle 
composed of CTAB and A M • Cys-1 for the deacylation 
of ester substrates. The present results suggest that 
there are two kinds of mercapto groups; masked and 
super-reactive ones depending on their micro-environ­
ment and should be noted in connection with enzyme 
catalysis. In order to make a mercapto group more 
active in the hydrophobic region of micelles, it is 
required to introduce the second functional group at 
the juxtaposition of the mercapto group so that its 
nucleophilicity is much enhanced. 
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In the solution of catechol and borax at pH 11, the equilibria between catechol and the monomeric borate 
anion to form the 1: 1 and 2: 1 (catechol : boron) anionic complexes have been demonstrated by the existence of 
nB-NMR signals for the two complexes and the monomeric borate anion. In the solution of L-dopa and borax at 
pH 11, however, the signal for the 2: 1 anionic complex was not observed, though it was observed below pH 7. By 
the 11B-NMR spectra at pH 6.5, the complex formation constants, log Kx and log K2, have been estimated as 3.9 
and 4.4 for catechol, and as 4.3 and 5.0 for L-dopa, respectively. 

The neutron-capture therapy requires a boron-10-
containing compound which concentrates selectively in 
cancer tissue and does not in normal tissue in order to 
collect boron-10 selectively in the malignant tumor.1 - 3) 
L-Dopa is one of the precursors of mélanine, which is 
produced in a great quanti ty in malignant melanoma. 
Planning to carry the boron-10 into melanoma using 
L-dopa as a carrier, the compound "dopabora te , " which 
has one boron atom per molecule, has been synthesized. 
The present authors have investigated the structure and 
reactivety of this compound in an aqueous solution by 
means of the U V spectroscopic method.4) I t was thus 
recognized that the solution of "dopabora te" was just 
the same as that of a mixture of 1: 1 L-dopa and boric 
acid at about p H 8.5, and in an aqueous solution the 
catechol site of L-dopa coordinates to the monomeric 
borate anion. 

In the equilibrium system of catechol and the mono­
meric borate anion, the equlibria may be represented 
by the following equations (Equilibria 1—3). The 
equilibrium constants for these equilibria can be 
represented by Eq. 6—8. Since catechol itself is an 
acid, the acidic strength of which is comparable to that 
of boric acid, its dissociation reactions must also be 
taken into consideration (Equilibria 4 and 5). 

B(OH)3 + H 2 0 <^± B(OH)4- + H + (1) 
(BH) 

B(OH)4 C 
H O / 

(G) 

(B-) 

HCK - /O x 
B G6H4 + 2H 2 0 (2) 

H O x 
B(OH)4- + 2 G6H4 

H O / 

H O / \CK 
(BO") 2 

/ O w O N 
H4G6 B G6H4 + 4H 2 0 (3) 

N O / \CK 
(BCV) 3 

H O , 

H O / 
G6H4 

-Ov 
G6H4 + H+ 

HCK 
C,,Hd 

H ( X 
(C-) 

"CK 
(c2-) 

H+ 

(4) 

(5) 

* . = [B-][H+]/[BH] 

Ki = [BC-]/[B-][C] 

K2 = [BC2-]/[B"][CP 

(6) 

(7) 

(8) 

Two methods have been developed to identify the 
equilibrium system of catechol and the monomeric 
borate anion. One is the Potentiometrie method,5 - 8) 
and the other is the U V spectroscopic method.9) In the 
case of potentiometry, the evidence concerning the 
complex formation is largely indirect. In the case of 
the U V method, though, since the absorption spectrum 
of the catechol-borate complex, (2 or 3), is different 
from that of catechol (1), the method offers direct 
evidence concerning the complex formation; however, 
since the absorption spectrum of the 1: 1 catechol-
borate complex (2) seems to be the same as that of the 
2 : 1 catechol-borate complex (3), this method does 
not give directly the concentrations of the two complexes. 

In many equilibrium systems of diol and the mono­
meric borate anion, n B - N M R spectroscopy demon­
strated that the 2 : 1 complex has a chemical shift 
different from that of the 1: 1 complex, and the n B -
N M R spectra give the concentrations of the each boron 
species directly, which makes it possible to calculate 
the equilibrium constants.10 '11) Therefore, we have 
used n B - N M R spectroscopy in order to elucidate the 
nature of the equilibria of the catechol-borate and 
L-dopa-borate systems. 

E x p e r i m e n t a l 

Preparation of Solutions for nB-NMR Studies. Twice-
distilled deionized water was used throughout the experiments. 
Dissolving the weighed amount of borax into water, a weighed 
amount of L-dopa (or catechol) was slowly added to the 
solution. Thereby the pH of the solution was kept higher 
than 8 by adding sodium hydroxide. After the L-dopa (or 
catechol) had been completely dissolved, the pH of the solu­
tion was adjusted to the required value with sodium hydroxide 
or hydrochloric acid, and the solution was diluted with water 
to 50 ml. These preparations were carried out in an N2 

atmosphere, because both L-dopa and catechol are oxidized 
by atmospheric oxygen, especially in an alkaline solution. 
The 2—4 ml aliquots were put into 8 mm0 NMR quartz 
probes and sealed in an N2 atmosphere to avoid oxidation; 
these probes were then placed into 10 mm0 quartz probes 
which had D 2 0 as a lock. 

1XB-NMR Measurements. The FT-NMR spectrometer 
used was JEOL FX-100. The operation were performed at 
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TABLE 1. 11B-NMR SPECTROSCOPIC DATA 

Diol 

Catechol 

L-Dopa 

Diol-Boron 
ratio 

0 .5 : 1 
1: 1 
2: 1 
1: 1* 

0.5 : 1 
1: 1 
2: 1 
1: 1 
1: 1 
1: 1 
1: 1 
1: 1 
1: 1* 

pH 

11 
11 
11 
6.5 

11 
11 
11 
12 
10 
9 
8 
7 
6.5 

<*4 

— 
— 
— 

20.6(73) 
— 
— 
— 
— 
— 
— 

19.8 
20.4 

tf3 

— 
— 

14.5 
14.4(20) 

— 
— 
— 
— 
— 
— 

13.7(sh) 
14.5 
14.7 

ö-2 

8.9(27) 
9.0(26) 
9.0(28) 
9.0(23) 
9.0(50) 
9.0(57) 
9.1(74) 
9.0(55) 
9.1(62) 
9.2(64) 
9.1(63) 
9.1(67) 
9.1(56) 

* i 

3.5(17) 
3.4(45) 
— 
— 

3.4(12) 
3.3(43) 
— 

3.1(24) 
— 
— 
— 

— 

A, 

— 
— 
— 
34 
— 
— 
— 
— 
— 
— 
— 

28 

A, 

— 
— 

5 
9 

— 
— 
— 
— 
— 
— 
— 

12 

A2 

51 
91 
95 
57 
48 
87 

100 
79 

100 
100 
100 

60 

A 

49 
9 

— 
— 
52 
13 
— 
21 
— 
— 

— 

— 

The total concentration of boron is 0.5 mol dm-3, except in the cases marked with'*, which are 0.25 mol dm - 3 . 
on9 the downfield chemical shift (in ppm) from sodium tetrafluoroborate; the width at half-height (W0m5) is 
shown in brackets in Hz in cases where the values were obtained. An9 the relative area of the signal at an as % 
of the total area of the signals. In cases where the signals overlapped, the relative areas of the signals were ob­
tained by computer simulation.16) 

31.96 MHz. The probe temperature was about 27 °G. The 
number of pulses (the repetition time is 1.0 s) was 100 except 
in the case of the 0.25 mol dm - 3 boron concentration in which 
400 pulses were needed. The solution of sodium tetrafluoro­
borate was used as an external reference. 

R e s u l t s and D i s c u s s i o n 

The experimental conditions and the obtained data 
are summarized in Table 1. 

A borax solution has only one n B - N M R signal in 
all the p H region, but the chemical shift of this signal 
changes from 20.6 p p m (pH 6.5) to 3.1 p p m (pH 12) 
with the increase in p H ; these values are assigned to 
boric acid and the monomeric borate anion respec­
tively.10»12) The appearance of only one signal in the 
p H region in which both monomeric species exist 
indicates that Equil ibrium 1 is rapidly interconverting.10) 
Therefore, if any other boron species does not exist 
in this p H region, the chemical shift of the signal may 
be ascribed to the relative concentration of boric acid 
and the borate anion, and the line-width (the width at 
the half height) of the signal would be intermediate 
between those of the monomeric species. Figure 1 
shows the n B - N M R spectra of the solution of borax 
at p H 7, 9, and 11. The boron concentration of each 
solution was 0.5 mol d m - 3 . The signal at p H 11 is 
assigned to the almost monomeric borate anion. Since 
the signal at p H 7 has a shoulder peak, and since the 
line-width of the signal at p H 9 is broader than that 
of the signal at p H 7 and 11, there may be 
polyborates.13 '14* 

^B-NMR Spectroscopic Examination at pH 11. 
The spectra of catechol-borax solutions (pH 11 ) at 

several molar ratios are illustrated in Fig. 2. The signal 
at 3.4 p p m corresponds exactly to that of the monomeric 
borate anion. The change in the signal intensity with 
the increase in the catechol concentration (the boron 
concentration is kept at 0.5 mol d m - 3 ) demonstrates 
that the low-field signals at 9.0 and 14.5 p p m can be 

25 20 15 10 5 0 
(5/ppm 

Fig. 1. 11B-NMR spectra of borax solutions at pH 7, 
9, and 11. The boron concentration of the solutions 
is 0.5 M (1 M = l mol dm - 3) . The reference signal of 
sodium tetrafluoroborate at ô 0.0 is not shown. 

assigned to the 1:1 (1) and 2 : 1 (2) complexes respec­
tively. The line-width of the 1: 1 catechol-borate 
complex has nearly the same value (27 Hz) in the 
spectra of three different molar ratios of catechol-
boron. 

Figure 3 shows the spectra of L-dopa-borax solutions 
(pH 11) at several molar ratios. The signal at 9.0 ppm, 
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r°B(0H)2 

1.0M Catechol 

<&&. 

B(0H), 

V| 0.5 M Boron 

0.5 M CatechoL 

0.25 M Catechu 

0.5 M Boron 

^——CX5M Boron 

20 15 10 5 0 

(5/ppm 

Fig. 2. 11B-NMR spectra of catechol-borax solutions at 
2 : 1, 1: 1, and 0.5: 1 molar ratios of catechol and boron. 
In the solutions, the initial concentration of boron is 
0.5 M (1 M = 1 mol dm"3) and pH is 11. The reference 
signal of sodium tetrafluoroborate at ô 0.0 is not shown. 

which seems to be that of the 1: 1 L-dopa-borate 
complex, is not so sharp as that of catechol-borate 
complex, and the broadening of this signal with the 
increase in the molar ratio of L-dopa-boron is remark­
able (the boron concentration is kept at 0.5 mol d m - 3 ) . 
The signal of the 2 : 1 L-dopa-borate complex could not 
be observed separately, not even in the L-dopa-borax 
solution with a L-dopa-boron ratio of 2 : 1. 

11B- NMR Spectroscopic Examination for the 1:1 iu-Dopa-
Boron Solution at Various p H Values. Figures 4 and 
5 show the obtained spectra of the 1: 1 L-dopa-boron 
solutions at p H 12—pH 6.5. The boron concentration 
is kept at 0.5 mol d m - 3 , except in the case with p H 6.5, 
in which the concentration is 0.25 mol d m - 3 . In the 
case of p H 12—pH 9, the signal of the monomeric 
borate anion became smaller and at last disappeared 
at p H 10 with a decrease in the p H . There may be two 
reasons for this. One of these is that, in the dissociation 
equilibria in the catechol part of L-dopa, the amount 
of un-ionized dihydroxy species, which may coordinate 
with the monomeric borate anion, increases with the 
decrease in p H and the formation of the 1:1 L-dopa-

Q5M Boron 

0.25 M «--Dopa 

0.5 M Boron 

05 M Boron 

20 15 10 5 0 

(5/ppm 

Fig. 3. 11B-NMR spectra of L-dopa-borax solutions at 
2: 1, 1: 1, and 0.5: 1 molar ratios of L-dopa and boron. 
In the solutions, the initial concentration of boron is 
kept 0.5 M (1 M = l mol dm"3) and pH is 11. The 
reference signal of sodium tetrafluoroborate at ô 0.0 is 
not shown. 

borate complex proceeds; as a result, the monomeric 
borate anion decreases by the corresponding amount . 
The other possible reason may be explained as follows. 
With a decrease in the p H , some monomeric borate 
anions become boric acid or polyborate anions, as was 
mentioned above, and the signals of these species 
overlap with that of the 1: 1 complex. The latter 
explanation is proved by the change in the line-width 
for the signal at 9.1 ppm. It becomes larger with a 
decrease in the p H . The constant chemical shift (9.1 
ppm) in this p H region, however, makes it clear that 
most of the boron species is the 1: 1 L-dopa-borate 
complex. Figure 5 shows that, at p H 7, two signals 
(at 19.8 and 14.5 ppm) appear in addition to the signal 
of the 1: 1 complex. These signals are more clearly 
observed at p H 6.5. The signals at 19.8 (pH 7) and 
20.4 (pH 6.5) ppm are ascribed to the free boron species, 
as is shown in Fig. 1, and that at 14.5 ppm, to the 2 : 1 
L-dopa-borate complex. The latter assignment is made 
by comparing this signal with that of the 2 : 1 catechol-
borate complex at 14.5 ppm, which was observed in 
Fig. 2. These assignments are also confirmed by a 
comparison of these spectra with the spectrum of the 
1: 1 catechol-boron solution at p H 6.5, which is shown 
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I 

R§fiOHfe 

20 15 10 5 

(5/ppm 

Fig. 4. 11B-NMR spectra of L-dopa-borax solutions at 
pH 12—pH 9. In the solutions, the ratio of L-dopa and 
boron is kept 1:1, and the initial concentration of 
boron is kept 0.5 M (1 M = 1 mol dm - 3 ) . The reference 
signal of sodium tetrafluoroborate at ô 0.0 is not shown. 

in Fig. 6 (the boron concentration is 0.25 mol d m - 3 ) . 
The appearance of the 2 : 1 L-dopa-borate complex 
might be explained as follows. As has been mentioned 
in the introduction, the complex formations may occur 
between the monomeric borate anion and the un­
ionized catechol par t of L-dopa. Therefore, under the 
present experimental conditions, in spite of the same 
initial concentrations of L-dopa and boron, the concen­
tration of the monomeric borate anion is far less than 
that of the un-ionized catechol type of L-dopa. There­
fore, the equil ibrium not only for 1: 1 but also for 2 : 1 
L-dopa-borate complex formation is shifted to the right. 

The Estimation of the Equilibrium Constants for the 1:1 
and 2: 1 Complex Formations. In the case of the 
catechol-borate complex formation, the equilibria 
which seem to take place in this experiment have 
already been summarized in Equilibria 1—5. In the 
case of L-dopa-borate complex formation, however, the 
equilibria are much more complicated, because L-dopa 
has an amino group, the acidic strength of which seems 

pHa5 

20 15 10 5 0 

(5/ppm 

Fig. 5. 11B-NMR spectra of L-dopa-borax solutions at 
pH 8—pH 6.5. In the solutions, the ratio of L-dopa 
and boron is kept 1:1, and the initial concentration 
of boron is 0.5 M (1 M = 1 mol dm -3) except in the 
case at pH 6.5 in which 0.25 M. The reference signal 
of sodium tetrafluoroborate at ô 0.0 is not shown. 

BDI 

L 
25 20 15 10 5 0 

(5/ppm 
Fig. 6. 11B-NMR spectrum of catechol-borax solution 

at pH 6.5. The ratio of catechol and boron is 1:1, 
and the initial concentration of boron is 0.25 M (1 M 
= 1 mol dm - 3) . The reference signal of sodium tetra­
fluoroborate at ô 0.0 is not shown. 

to be comparable to that of catechol or boric acid. 
Therefore, L-dopa has many dissociation equilibria 
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which must be taken into consideration; the equilibria 
for L-dopa-borate complex formation may be repre­
sented as follows in the experimental p H region : 

H O x 
B(OH) 4 -+ C6H4R <=± 

HCK 
4a 

H O w O x 

B C6H4R + 2H 2 0 
H O / x O / 

5a 

(9) 

B(OH)4 

HCX 
+ C6H4R' 

H O / 
4b 

H O w O x 

B C6H4R' + 2H 2 0 (10) 
H O / \ 0 / 

5b 

B(OH)4 

H O x 
+ 2 C6H4R 

H O / 

/ O w O N 
RH4C6 B C6H4R + 4H 2 0 (11) 

xo/ \ o / 
6a 

HOv 
B(OH)4- + 2 

H O / 

/ O w O N 

where R=CH 2 CHCOO 

NHa
+ 

R'H4C6 B C6H4R' + 4H 2 0 (12) 
No/ x o / 

6b 
and R'=CH2CHCOCT. 

NH2 

In order to estimate the equilibrium constants by 
using the 1 1B-NMR spectra, the concentrations of the 
monomeric borate anion (B(OH)4~) and un-ionized 
dihydroxy catechol (1) or un-ionized dihydroxy L-dopa 
(4a) and (4b) should be obtained. At p H 11, the free 
boron species is regarded as almost entirely the mono­
meric borate anion, and its concentration is calculated 
directly from the signal area of the n B - N M R spectra. 
However, the concentration of (1) cannot be obtained 
without using the dissociation constants of Equilibria 4 
and 5, and the concentrations of (4a) and (4b) are 
hard to obtain, because the dissociation constants of 
L-dopa, which are needed to calculate the concentra­
tions of (4a) and (4b), have not yet been determined. 
O n the other hand, at p H 6.5, since free catechol and 
free L-dopa are regarded as (1) and (4a) respectively, 
these concentrations can be obtained from the n B - N M R 
spectra and the ionization constant of boric acid (Ka). 

Calculation of Equilibrium Constants. Catechol: The 
three signal areas of the n B - N M R spectrum at p H 6.5 
correspond to [BC~], [BC2~], and [B] + [B~] respec­
tively. The combination of these concentrations with 
the following equations gives the concentrations of all 
the species: 

[B]0 = [BH] + [B-] + [BC-] + [BC2-] 

[C]0 = [C] + [BC-] + 2[BC2-] 

tftt=[B-][H+]/[BH] 

where [B]0 is the initial concentration of boron and 

[C] 0 is the initial concentration of catechol. 9.00 was 
used for log Ka.

15) 
iu-Dopa: The method is the same as that used in the 

case of catechol, bu t in this case [C] , [BC~], and 
[BC2~] correspond to the concentrations of (4a), (5a), 
and (6a) respectively, and [C] 0 is the initial concentra­
tion of L-dopa. 

TABLE 2. COMPARISON OF EQUILIBRIUM CONSTANTS (KX 

AND K2) CALCULATED FROM THIS N B - N M R STUDY 

FOR CATECHOL AND L-DOPA WITH THE VALUES 

OBTAINED FROM OTHER METHODS 

Diol Method Temp logKi l°g^2 Remarks 

Catechol pH-Change8) 25 °G 

L-Dopa 

UV9) 

nB-NMR 

pH-Change 
UV9) 

nB-NMR 

27 °C 

27 °G 

3.97 
4.3 
3.9 

4.2 
4.3 

4.26 
— 

4.4 

5.0 

pH 7.8 
pH 6.5 

pH 7.8 
pH 6.5 

The values thus obtained, log Kx and log K2, are 
shown in Table 2, along with the values of the other 
methods. T h e values obtained for catechol are consistent 
with the values obtained by potentiometry. Among the 
results obtained, it is found for the first time that the 
2 : 1 L-dopa-borate complex is formed between L-
dopa and the monomeric borate anion. 

The authors wish to thank Professor Atsuo Nishioka 
and Dr. Isao Ando of the Tokyo Institute of Technology 
for their helpful discussion, and also J E O L for measuring 
the n B - N M R spectra. 
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The free-radical aqueous polymerizations of/>-styrenesulfinates (Na, K, NH4, NHEt3-salts) provided water-
soluble polymers with high molecular weights at low conversions. The polymers contained 62—84% of the 
sulfinate unit and indicated half-oxidation potentials ranging from 340 to 415 mV. The nucleophilic reactions 
of the sodium polysulfinate [poly(sulfinic acid)] prepared from cross-linked polystyrene are highly dependent 
upon the swelling nature of the solvent. The reactions consisting of (A) simple displacements with activated 
halomethyl groups, (B) reductive additions to quinonoid compounds such as TGNQand alizarin, and (G) displace­
ments of the activated aromatic nitro groups, e.g., of 2,4,7-trinitrofluorenone have been investigated and the results 
compared with those of/»-toluene and /HStyrenesulfinates. The effect of the solvent on the reaction rate is in the 
order: D M S O > D M F > HMPA. 

Arenesulfinic acids and their salts are of chemical 
interest since they are mild reductants and take the 
role of nucleophiles in many reactions. 

From the standpoint of obtaining a novel and usefuel 
polymer reagent, />-styrenesulfinic acid and its salts have 
been synthesized and it has been shown that polymers 
of high-molecular weights are formed.1) 

This paper summarizes the results of the investigations 
conducted on the redox properties of the pendant 
polymers synthesized from jfr-styrenesulfinates by free-
radical polymerizations as well as the nucleophilic 
reactions of the/>-styrenesulfinate (sulfinic acid) polymers 
prepared from polystyrene by means of polymer reac­
tions, together with those of jfr-toluenesulfinate and p-
styrenesulfinates (sulfinic acids). 

The following nucleophilic reactions were examined: 

(1) R- -S0 2 Na + CH2=CH- . / " 
=Xi 

l a : R = G H 3 m/p = 60/'40 
l b : R=CH 2 =CH- 2 
l e : R = . - C H 2 - Ç H - . . 

O 

GH2GI 

-NaCl 
-+ R - S - C H 

ii 
O 

3a: R = GH3 

3b: R=CH 2 =CH-
3c: R = . - C H 2 - Ç H 

V 
XCH=CH 2 

(2) la , c + ClCH2COOCH=CH2 

-NaCl 

(3) la , c + 

_ O 
R _ / \ _ s -CH2COOCH=CH2 

\ = / II o 
5a: R = GH3 

5c: R = . - C H 2 - Ç H - . . 

O 

Vc-CH 2 Br 

-NaBr o o 
R-< 

_\ ̂ - S - C H 2 - C -
ii o 

7a: R = GH3 

7c: R = . - C H 2 - Ç H -

(4) R 

8c: R = . - C H 2 - Ç H 
SO2H + o=< y=o 

(5) la—c + G < 
N C ' X = 

11 

R-

O 

O X)H 
10c: R = . - C H 2 - Ç H - . . 

/GN 
=G 

NG-G-GN 

u NG-G-GN 

O 
II 

- S -
ii 

o 

• R 

12a: R = G H 3 

12b: R=CH 2 =CH-
12c: R = . - C H 2 - Ç H -

O OH 

A À À / O H 
(6) l c + | » | | 

II 

o 

„ O H O 
t± I II 

13 NaI0 4 

R -

O, 
O |" I 

II -s 
II o o 

14c: R = — C H 2 - Ç H ~ 

Cl Gl 

(7) l a , c + 0=<^ ^>=0 

c f XG1 
15 

- N a C l "\C1 

16a: R = G H 3 

16c: R = . - G H 2 - Ç H — 

NOa 

X / G N - N a N 0 2 

(8) le + I || • R-^ 
o 
Il \ = , 

° 6s 
17 18c: R = . - G H 2 - Ç H -
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O 
ii 

(9) la-
,N0 2 

. II II . 

v—\f 
N 0 2 

19 

-NaNOa R - < / " 
\ = 

o 
II -s-
II 
o 

o 

: i i 

NO, 
20a: R = GH3 

20b: R = CH2=CH-
20c: R= . . -GH 2 -ÇH-

O 

o 2 N x y\A/X/N0 2 
(10) l c + I | | | v—Y 

N 0 2 NO, 
21 

~NaNOa 

R 

Na 
K 
NH4 

NHEtg 

TABLE 1. 

GH2 

Conver-
sion/% 

29.7 
24.2 
31.0 
45.6 

POLYMERIZATION BEHAVIOR OF 

= G H - / \ - S 0 2 R a ) 

Precipi- [J?] b) 

tant dl g"1 

MeOH 6.9 
DMF 5.5 
EtOH 7.9 
*-BuOH 9.3 

Sulfinatec) 

content/% 

78 
63 
62 
84 

F d) 

mV 

410 
370 
415 
340 

a) Aqueous solution with 10% monomer and 0.1% 
KPS. 70 °G x 24 h. b) In water at 30 °G. c) By 
oxidative titration with bromine-water. d) Half-
oxidation potential against a saturated calomel elec­
trode at 20 °G. 

R e s u l t s and D i s c u s s i o n 

The free-radical polymerizations of four jfr-styrene-
sulfinates as listed in Table 1 proceeded smoothly to 
afford water-soluble polymers of high molecular weights. 
The conversions were however rather low and the 
sulfinate contents in the polymers were reduced by 
possible side reactions : 

- S - S - 2) 

The low conversion data listed in Table 1 appear 
to be caused by the reductive actions of the sulfinates 
which lead to the disappearances of growing radicals 
as well as the physical loss of polymers into précipitants. 

The values of [9] are, nevertheless, high, a charac­
teristic of the aqueous polymerizations of ionic vinyl 
monomers. 

Degree of oxidation/% 

Fig. 1. Typical oxidative titration curve for sulfinate 
polymers. Sodium poly />-styrenesulfinate in aqueous 
solution (4x 10~3 mol dm -3) was titrated with aqueous 
bromine (0.0435 mol dm"3) at 20 °G. E, oxidation 
potential against sat. calomel electrode. 

The half-oxidation potential (E0) for each sulfinate 
ranges from 340 to 410 m V and is comparable with that 
(375 mV) for hydroquinone under the same titration 
conditions, indicating that these polymers are weak 
reductants. Figure 1 illustrates a typical oxidative 
titration curve for a sulfinate polymer. 

The nucleophilic reactions of the sulfinate polymers 
and their low-molecular weight homologs investigated 
have been classified into three categories. 

Simple Displacements (Reactions 1, 2, 3, and 7). 
Reactions 1, 2, and 3 are quite simple nucleophilic 
reactions, in which the sulfinate anions attack the 
activated halomethyl groups with the elimination of 
sodium halides. Satisfactory yields are attained for l a 
and l b at room temperature in dipolar aprotic solvents 
such as D M S O , D M F , and H M P A . In polymer l c , 
on the other hand, which was prepared from a porous 
crosslinked polystyrene, the swelling ability of the 
solvent plays a decisive role in determining the extent 
of reaction. Thus, in Reaction 1 conducted for 72 h 
at room temperature with a large excess of 2, the 3c-
contents were 92.7, 79.7, and 31 .7% in D M S O , D M F , 
and H M P A , respectively (on the basis of the initial l c 
unit) . D M S O , the most favorable swelling solvent for 
polymer l c , provided the best results throughout the 
reactions. Reaction 7 with chloranil (15) appears to be 
somewhat complicated due to possible inactivation of 
the sulfinates and 15 as a result of oxidation to the 
sulfonates and reduction to tetrachlorohydroquinone, 
respectively. The extent of side reaction, however, 
appears to be small and does not appreciably affect the 
yield of 16c. 

Reductive Additions to Quinonoids (Reactions 4, 5, and 6). 
The nucleophilic addition reaction of sulfinic acid to p-
benzoquinone3) was applied to polysulfinic acid (8) in 
ethanol-water (1 :1 ) to afford a 91 mol % addition of 
the hydroquinone unit (Reaction 4). Similarly, the 
reaction of oxidized alizarin with sulfinate4) was applied 
to the polymer l c and gave satisfactory extents of 
Reaction 6. 
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The reactions of la and lb with TCNQ (11) in 
acetonitrile giving the disubstituted products 12a and 
12b which were analytically pure (Reaction 5) appears 
to proceed as follows: 

NC CN 
c 

NC 
n, 

R Ol T N a + (Ù 
z=x ?u£> C"N 

C ± C = N 
MeCN *of0 

NC 

NC 

0 c = C = N: 

— *0!^) TCNQ 

, C = C = NT 
NC 

NC CN 
0 V 

(~2e) •ofO 
C = C = N: 

NC 

(1) R-Q>SQ2Na 

(2) TCNQ 

NCN CN 

o V 

- R ^ r C M ^ 

NC CN 

12a-c 
R 0 

NC CN 

The reaction of polymer l c with T C N Q also appears 
to take place in a similar manner . 

Displacement of Aromatic Nitro Groups (Reactions 8, 9, 
and 10). The displacement reactions of aromatic 
nitro groups with arenesulfinate5) were applied to l a — c . 
Thus, o-nitrobenzonitrile (17) possessing an activated 
nitro group reacted with polymer l c in D M S O at room 
temperature (Reaction 8). In the reactions of l a and 
l b with T N F (19) (Reaction 9), only single monosub-
stituted products (20a and 20b) were isolated, indicating 
that the most activated 7-nitro group of 19 was predom­
inantly replaced. The effect of the solvent on the extent 
of reaction for polymer l c (70 °C, 12 h) was also in the 
order: D M S O > D M F > H M P A . As anticipated, the 
reaction of l c with tetranitrofluorenone (21) was 
easier than that with T N F , but a product of unidentified 
structure was obtained. 

The results indicate that the nucleophilic reactions 
of l a — c are generally very easy and provide satisfactory 
yields of products, sometimes with apparent selectivity. 

The polymerization behavior of the styrenesulfonyl 
derivatives synthesized here has also been examined. 
The results so far obtained, however, indicate the 
predominance of polymer reactions. 

E x p e r i m e n t a l 

The IR, 1H-NMR, and mass spectra were recorded on a 
Hitachi 215 spectrophotometer, aJNM-PMX 60 spectrometer, 
and a Hitachi RMU-6 MG spectrometer, respectively, all 
under standard measurement conditions. Elemental analyses 
were conducted using a Perkin-Elmer 250 instrument. 

p-Styrenesulfinates. jfr-Styrenesulfinic acid, synthesized as 
in a previous paper,1) was neutralized in aqueous or £-butyl 
alcoholic solutions with equimolar sodium hydroxide, potas­
sium hydroxide, ammonia, and triethylamine and the resulting 
solutions freeze-dried to isolate the respective salts. 

Polymerization of p-Styrenesulfinates. A solution of the 
monomer (0.5 g) and potassium persulfate (KPS, 0.005 g) in 
water (5 ml) was placed in a glass ampoule, which was 

evacuated twice by a standard freeze-thaw method, sealed, 
and maintained at 70 °C for 24 h. The viscous solutions were 
precipitated into appropriate précipitants (Table 1) to afford 
the polymers. 

Preparation of Sodium Polystyrenesulfinate (lc) from Crosslinked 
Polystyrene. To a suspension of crosslinked polystyrene 
beads (1.2 g ; 10 mmol; Aldrich Macroporous) in chloroform 
(50 ml) was added dropwise chlorosulfuric acid (8 ml; 100 
mmol) and the mixture refluxed overnight. The brown reac­
tion mixture was filtered and washed with chloroform, aceto­
nitrile, and finally with cold water to leave white beads. The 
weight increase and IR data [disappearance of the absorption 
peaks at 680 and 740 cm - 1 attributable to the monosubstituted 
styrene and appearance of a strong 820 cm - 1 peak (/>-disub-
stitution)] indicated that reaction was practically quantitative. 

Poly(/?-styrenesulfonyl chloride) thus prepared (2.0 g, 10 
mmol) was converted to sodium poly(/>-styrenesulfinate) (lc) 
by stirring in a solution of sodium sulfite (13 g, 100 ml) in 
water (50 ml) at 50—60 °G for 24 h. The lc-polymer was 
filtered and washed with water thoroughly to leave light brown 
beads (2.0 g). Iodometry on the sample stirred in excess 
aqueous bromine at room temperature overnight provided 
90.9% of the sulfinate unit on the basis of available reaction 
sites. 

Oxidative Titration. Oxidative titrations of the soluble 
sulfinate polymers were conducted in aqueous solutions with 
bromine (0.05 mol dm -3) potentiometrically (electrodes : Pt-
sat. calomel at 20 °G). Figure 1 illustrates a typical titration 
curve. 

Reaction 1. As a typical example, 4-(vinylbenzylsulfon-
yl)styrene (3b) was prepared as follows: a solution of sodium 
/>-styrenesulfinate ( 1.0 g, 5 mmol ; lb) and vinylbenzyl chloride 
(1.0 g, 7 mmol; 2, Seibi Ghem. Co., m/p=60/40) in DMF 
(30 ml) was stirred at room temperature overnight. The 
reaction mixture was poured into water and the resulting 
precipitates were filtered and recrystallized from benzene-
hexane to afford colorless crystals (mp 162—165 °G) in 26% 
yield. Found: G, 71.15; H, 5.59%. Galcd for G1VH1602S: 
G, 70.82; H, 5.67%. IR (KBr) : 3100—3000 (aryl), 3000— 
2920 (alkyl), 1310, 1150 (S02), 990, 910 (vinyl) cm"1. NMR 
(GDG18) ô 4.4 (s, 2H, GH2), 5.0—6.2 (m, 4H, 2x(-CH= 
GH2)), 6.7 (m, 2H, 2 x (-CH=CHa)), 7.1—7.8 (m, 8H, ArH) 
ppm. Mass (m/e) : 284 (M+, 1.5), 117 (100). 

4-(Vinylbenzylsulfonyl) toluene (3a) was synthesized in the 
same manner to afford colorless crystals (mp 147—148 °G) 
in 46% yield. Found: G 70.44; H, 6.02%. Galcd for 
G16H1602S: G, 70.56; H, 5.89%. IR (KBr): 3100—3000 
(aryl), 2920—2980 (alkyl), 1310, 1150 (S02), 990, 910 (vinyl) 
cm-1. NMR (GDGI3) Ô 2.5 (s, 3H, CH3), 4.4 (s, 2H, GH2), 
5.3 (d, 1H, GH2=GH-), 5.8 (d, 1H, CH2=CH-), 6.7 (q, 1H, 
CH2=CH-), 7.1—7.8 (m, 8H, ArH) ppm. Mass (m/e) : 273 
(M+, 2.4), 117 (100). 

In the case of polystyrenesulfinate ( lc ; 0.1 g), 72 h-reactions 
at room temperature with a large excess of 2 ( 1 ml) provided 
92.7, 79.7, and 31.7% of 3c-content in DMSO, DMF, and 
HMPA (each 10 ml), respectively. These were determined 
by the remaining -S0 2 Na in IR (960 cm -1) on the basis of 
the initial l c unit. IR (KBr) indicated vinyl (1620, 990, 910 
cm-1) and S0 2 (1310 cm -1) absorptions. 

Reaction 2. l a (1.5 g, 7 mmol) was reacted for 15 h with 
vinyl chloroacetate (4, 1.0 g, 8 mmol) in HMPA solution (20 
ml) at room temperature. Subsequent purification of the 
product by extraction with ether-wTater, washing of the color­
less organic layer with aqueous sodium hydrogencarbonate, 
drying over anhydrous sodium sulfate, removal of the ether, 
extraction of the residue with petroleum ether, and vacuum 
drying afforded a colorless viscous oil in 65% yield. Found: 
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G, 54.83; H, 5.21%. Galcd for G n H 1 2 S0 4 : G, 55.00; H, 
5.00%. IR (GHG13): 1760 (ester); 1640, 940 (vinyl); 1320 
(S02), 1120 (S02) cm-1. NMR (GDG13) Ô 2.5 (s, 3H, GH3), 
4.3 (s, 2H, GH2), 5.0 (t, 2H, CH2=CH-), 7.1—8.6 (m, 5H, 
GH2=GH-+ArH) ppm. Mass (m/e): 240 (M+). 

In the case of polymer l c (0.1 g) using a large excess of 4 
(1.0 g) in DMSO (10 ml) at room temperature, the extent 
of reaction (IR) was 86 mol % over 72 h. IR (KBr) indi­
cated 1760 (ester), 1310 (S02), 1120 (S02), 990, 950 (vinyl) 
cm -1. 

Reaction 3. 4-(Phenacylsulfonyl) toluene (8a; mp 109— 
110 °G) was synthesized in quantitative yield by allowing a 
solution of l a (1.5 g, 7 mmol) and phenacyl bromide (1.0 g, 
5 mmol; 6) in DMSO (30 ml) to stand for 20 h at room 
temperature. Subsequent precipitation into water and recrys-
tallization from benzene-petroleum ether gave the product 
as colorless crystals. Found: C, 65.35; H, 5.26%. Galcd for 
G15H14S03: G, 65.69; H, 5.11%. IR (KBr) : 3050 (aromatic) 
3000—2850 (alkyl), 1660 (G=0), 1580 (aromatic), 1305, 1140 
(S02) cm"1. NMR (GDG13) Ô 2.5 (s, 3H, GH3), 4.8 (s, 2H, 
GH2), 7.2—8.2 (m, 9H, ArH) ppm. Mass (m/e): 274 (M+). 

In the case of polymer l c (0.2 g), a large excess of 6 (1.0 g) 
in DMSO (10 ml) at room temperature gave a quantitative 
yield in 72 h as determined by IR (960 cm-1). IR (KBr) 
also indicated 1660 (G=0), 1600 (aromatic), and 1310 (S02) 
cm - 1 absorptions. 

Reaction 4. Grosslinked poly(/?-styrenesulfinic acid) (0.2 
g, 8c) was stirred in a solution of />-benzoquinone (9, 1 g) in 
ethanol-water (30 ml, 1: 1 v/v) for 48 h at room temperature. 
The brown reaction mixture was filtered and extracted with 
acetone to afford a brown powder, in which the hydroquinone 
unit existed in 91 mol %, as determined by both remaining 
-S0 2Na and weight increase. IR (KBr) indicated absorptions 
at 1450 (hydroquinone), 1300 (S02), and 1200 (hydroqui­
none) cm -1. 

Reaction 5. 7,7,8,8-Tetracyanoquinodimethane (TGNQ, 
11; 1 g, 5 mmol) and l a (1 g, 5 mmol) in acetonitrile (50 ml) 
were refluxed for 8 h. The dark green solution containing 
a precipitate was poured into aqueous hydrochloric acid and 
the resulting precipitate extracted with chloroform. The red 
extract was filtered and evaporated in vacuo at 50 °G to give 
a green powder (12a) in 15% yield. Found: G, 61.37; H, 
3.63: N, 10.82%. Calcd for G26H16N4S204 : G, 60.82; H, 
3.12; N, 10.92%. IR (KBr): 2200 (GN), 1590 (aromatic), 
1340, 1140 (SOa) cm-1. NMR (DMSO-</6 + CDCl3) ô 2.5 (s, 
6H, 2 GH3), 7.2—8.3 (m, ÎOH, ArH-f quinonoid) ppm. Mass 
(m/e): 512 (M+). 

The same procedure was applied for l b also to afford the 
disubstituted product 12b. Polymer l c (0.1 g) and TGNQ 
(11, 0.5 g) in acetonitrile (25 ml) were refluxed for 24 h. The 
dark green product was extracted with hot acetonitrile. The 
extent of reaction, as determined by the remaining -S0 2 Na 
in IR and N-analysis, was 48%. IR (KBr) indicated absorp­
tions at 2150 (GN), 1600 (aromatic), 1330 (S02) cm"1. 

Reaction 6. To a solution of alizarin (13, 1 g) in DMSO 
(25 ml) was added a solution of sodium periodate (0.8 g) in 
water (5 ml). The mixture was stirred for a short time, then 
the polymer l c (0.2 g) was added. Stirring was continued 
at 70 °G overnight. The red reaction mixture was filtered 
and the polymer extracted with acetone to leave an orange 
powder. Weight increase and the remaining -S0 2 Na in IR 
indicated that the polymer contained 95 mol % of the 14c 
unit. IR (KBr) indicated absorptions at 1660, 1630 (quinone), 
1430 (phenol), 1340 (S02) cm"1. 

Reaction 7. A mixture of l a (1 g, 5 mmol), chloranil 
(15, 1.2 g, 5 mmol), and DMF (20 ml) was stirred at 50 °G 
for 15 h. The resulting brown solution containing a white 

precipitate was poured into water to give a gray powder. 
Recrystallization form benzene—petroleum ether containing 
bromine gave a yellow powder (16a, mp 140—142 °G) in 
52% yield. Found: G, 42.89; H, 1.98%. Galcd for 
G13H7S04G13: G, 42.68; H, 1.92%. IR (KBr): 1690 
(quinone), 1580 (aromatic), 1370, 1160 (S02), 1100, 900 
cm"1. NMR (GDCI3) ô 2.5 (s, 3H, GH3), 7.0—8.3 (m, 4H, 
ArH) ppm. Mass (m/e) : 290 (M+—74). 

Polymer l c (0.1 g) was stirred in a solution containing an 
excess of 15 (0.5 g) in DMSO (20 ml) for 24 h at room tem­
perature. This was followed by filtration and subsequent 
extraction with acetone which gave a light orange powder. 
Weight increase and IR indicated that the extent of the 
reaction was 91% based on the available reaction sites of lc . 
IR (KBr) indicated characteristic absorptions at 1680 (qui­
none), 1580 (aromatic), 1370, 1180 (S02), 1120, 900 cm"1. 

Reaction 8. The polymer l c (0.1 g) was stirred in a 
solution of o-nitrobenzonitrile (17, 1 g) in DMSO (10 ml) for 
72 h at room temperature. The reaction mixture was filtered 
and the polymer extracted with acetone to afford a light 
brown powder. IR and N-analysis indicated the presence 
of 43 mol % of the 18c unit. IR (KBr) indicated 2200 cm"1 

(CN) absorption. 
Reaction 9. A solution of 2,4,7-trinitrofluorenone (19; 

1 g, 32 mmol) and l a (0.57 g, 32 mmol) in DMSO (25 ml) 
was stirred at room temperature for 12 h. The brown solution 
was poured into iced hydrochloric acid to afford a white 
precipitate, which was recrystallized from acetonitrile-water. 
A yellow powder (20a) of mp 220—222 °G was isolated in 
52% yield. Found: G, 56.49; H, 2.86; N, 6.78%. Galcd 
for G2uH12N2S07: C, 56.60; H, 2.83; N, 6.60%. IR (KBr): 
3060 (aromatic), 2960—2840 (GH3), 1720 (G=0), 1510 (NOa) ; 

1340, 1150 (S02) cm-1. NMR (DMSO-</6) ô 2.5 (s, 3H, GH3), 
7.5 (d, 2H, Ha , Hb), 8.0 (d, 3H, Hc, Hd, H f), 8.4 (s, 1H, He), 
8.7 (s, 2H, Hh, H J , 8.9 (s, 1H, Hg) ppm. Mass (m/e): 424 
(M+, 11), 149 (100). 

H„ H„ Hh O H, 
I II I 

C H 3 - ^ 0 / 

Hb 

NO., 

Hd 

The same reaction procedure was applied to l b to afford a 
yellow powder (20b, mp 200—204 °G) in 44% yield. Found: 
G, 57.70; H, 2.79; N, 6.75%. Galcd for G21H12N2S07: G, 
57.80; H, 2.75; N, 6.42%. IR (KBr): 1720 (G=0), 1580 
(aromatic), 1520 (N02), 1320, 1140 (S02), 990, 910 (vinyl) 
cm-1. NMR (DMSO-</6) ô 5.5 (d, 1H, GH2=GH-) 6.1 (d, 
1H, CH2=CH-), 6.8 (q, 1H, GH2=GH-), 7.8 (d, 2H, Ha, Hb), 
8.2 (d, 3H, Hc, Hd, H f), 8.4 (s, 1H, He), 8.7 (s, 2H, Hh, H,), 
9.0 (s, 1H, Hg) ppm. Mass (m/e): 436 (M+, 30), 104 (100). 

Polymer l c (0.1 g) was stirred in a solution of 19 (1 g) in 
DMSO (25 ml) at 70 °G for 12 h. The yellow-brown reaction 
mixture was filtered and the polymer extracted first with 
acetone, then with ace tone-water (1: 1), and finally with 
acetone. A light yellow powder containing 77% of the 20c 
unit, as determined by the remaining -S0 2 Na and N-analysis, 
was obtained. Reactions for 72 h at room temperature in 
DMSO, DMF, and HMPA provided 77.0, 57.8, and 35.0% 
extents of reaction, respectively. IR (KBr) indicated charac­
teristic absorptions at 1730 (G=0), 1600 (aromatic), 1530 
(N02), 1340 (S02) cm"1. 

Reaction 10. Polymer l c (0.2 g) was stirred in a solution 
of 2,4,5,7-tetranitrofluorenone (21, 1 g) in DMSO (25 ml) for 
72 h at room temperature. The green reaction mixture was 
filtered and the polymer extracted first with acetone, then 
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with acetone-water (1: 1), and finally with acetone. A brown 
powder with the extent of reaction of 83 mol %, as deter­
mined by -S0 2 Na in IR, was obtained. IR indicated that 
the reaction proceeded via the formation of the S0 2 linkage 
(1350 cm - 1), but the number of replaced nitro groups in 21 
was not established. 

Characteristic absorptions in IR (KBr) were located at 1740 
(G=0), 1600 (aromatic), 1540 (N02) , 1350 (S02) cm"1. 
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amino-a- D -glucopyranoside Derivatives 
Teruo KISHI, Tsutomu TSUCHIYA, * and Sumio UMEZAWA 

Institute of Bio-organic Chemistry, 1614 Ida, Nakahara-ku, Kawasaki 211 
(Received March 19, 1979) 

3-0-Acetyl, 3-O-thiocarbonyl, and 3-O-sulfonyl derivatives of the titled compound have been irradiated in 
aqueous HMPT. Conversion of the 3-O-acetyl derivative to the corresponding 3-deoxy compound was most 
effective. 3-O-DimethylthiocarbamoyI-, 3-0-(methylthio)thiocarbonyl- and 3-0-(l-imidazolyl)thiocarbonyl 
derivatives were found to give the 3-deoxy compound accompanied by 3-hydroxy compound, whereas the 3-0-
phenyl(thiocarbonyl) derivative did not give the 3-deoxy compound. 3-O-Methylsulfonyl and 3-O-tolylsulfonyl 
derivatives gave the 3-hydroxy compound. Under low-energy irradiation, the (l-imidazolyl)thiocarbonyl deriva­
tive gave the 3-deoxy compound in moderate yield. 

Deoxygenation of the hydroxyl group at C-3 of sugars 
and its application to aminoglycoside antibiotics1) are 
of current interest, due to the marked activities of 3 ' -
deoxy derivatives such as 3'-deoxykanamycin A,2) 3',4'-
dideoxykanamycin B,3) and 3'-deoxybutirosins4) against 
resistant bacteria. In a-D-glucopyranosides, however, 
deoxygenation at C-3 is difficult5) since the ̂ 2 process 
at this position is hindered in the majority of cases. 
Barton et ß/.6) recently solved this problem by treating 
O-thiocarbonyl derivatives with tributylstannane and 
have synthesized the corresponding deoxy compounds 
in good yields. Pete et al?"* succeeded in deoxygenation 
of the position by acetylating the 3-hydroxyl group 
followed by irradiation of the solution of the O-acetyl 
derivative in aqueous hexamethylphosphoric triamide 
( H M P T ) . Horton et al.V prepared the 2- and 3-deoxy 
sugars by irradiation of the methanol solution of 2- and 
3-0-dimethylthiocarbamoyl derivatives. The present 
studies have been undertaken to investigate the photo­
chemical treatment of several 3-0-thiocarbonyl and 
3-O-sulfonyl sugars. 

The starting materials, the 3-O-thiocarbonyl deriva­
tives of methyl 4,6-0-cyclohexylidene-2-deoxy-2-meth-
oxycarbonylamino-a-D-glucopyranoside10) (1), namely, 
3-O-dimethylthiocarbamoyl (4), 3-0-[ (methylthio)thio-
carbonyl] (5), 3-0-[(l-imidazolyl)thiocarbonyl] (6), 
and 3-0-phenyl(thiocarbonyl) (7) derivatives were 
prepared. In addition, the 3-0-acetyl derivative (3) was 
prepared. 

In order to select the solvent for the photochemical 
reaction, compound 6, a model compound, was dissolved 
in several solvents and each solution irradiated (with 
2537 Â lamp) for 1.5 h in the manner described in the 
experimental. Photochemical reactions conducted in 
tetrahydrofuran, dioxane, methanol, ethanol, 2-pro-
panol, 1-butanol, acetone, acetonitrile, dimethyl 
sulfoxide (all including the reactions in neat solvents 
and aqueous so lven ts=5: 95), £-butyl alcohol, benzene 
or sulforane gave the starting material (6) together with 
the formation of a slight amount of the 3-hydroxy 
compound (1). The low yield of the 3-deoxy compound 
(2) was found in the reactions in 2-propanol, 1-butanol, 

TABLE 1. THE YIELDS (%) OF 2 AND 1 BY IRRADIATION OF 3—10 IN AQUEOUS HMPT (5: 95) 

°to 
NHC00CH, 

r0CH3 

NHC00CH, 

°(0o OCH3 

NHCOOCH3 

other 

products 

3-10 

Compound 

3 
4 
5 

6 

7 

8 
9 

10 

R 

CH3CO-
(CH3)2NCS-
CH3SCS-

1 NCS-

C6H5CS-

(CH3)2NS02 

CH 3 S0 2 -
/>-CH3C6H4S02-

Timc/h 

1.5 
14 
2 

1.5 

3 

4 
6 
4 

2537 Â Lamp 

2 

88 
72 
57 

54 

0 

0 
trace(?) 

0 

1 

0 
10 
12 

17 

«*30 

0 
1 86 

91 

St. m. and 
other prod­
ucts 

0 
0 

14(5) 

5(4) 

>7(7) 
>17(11) 
100a)(8) 

9(9) 
0 

Time/h 

14 
14 
14 

4 

4 

14 
14 
14 

3000 Â Lamp 

2 

0 
0 
0 

51 

0 

0 
0 
0 

1 

0 
0 
0 

26 

9 

0 
0 
0 

St. m. and 
other prod­
ucts 

100a>(3) 
100(4) 
100(5) 

8(4) 

b ) 

100(8) 
100(9) 
100(10) 

a) The figure 100 indicates that no product other than the starting material (st. m.) was produced, b) A 
large amount of unidentified product was formed, but the formation of 11 was not observed. 
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sulforane, and dimethyl sulfoxide (all including the 
reactions in neat solvents and in aqueous solvents = 
5: 95). In the reaction in iV,iV-dimethylformamide and 
aqueous iV^-dimethylformamide (5 :95 ) , 6 was con­
verted to the dimethylthiocarbamoyl derivative (4). 
The reaction mechanism is thought to that 6 reacts with 
dimethylamine produced from JV^iV-dimethylformamide 
during the irradiation. 1 and 2 were however formed 
in trace amounts. The solution of 6 however in aqueous 
H M P T (5 : 95) when irradiated produced the 3-deoxy 
compound (2) in 5 4 % yield. 

O n the basis of these results 3—7 were treated 
photochemically (2537 Â lamp) in aqueous H M P T , 
the results of which are summarized in Table 1. The 
acetyl derivative (3) gave the best result, the deoxy 
compound (2) being formed exclusively. In the case 
of 4, 2 was formed in good yield, but the reaction 
required a longer period and the product was con­
taminated by the 3-hydroxy compound (1). In the 
cases of 5 and 6, 2 and 1 were formed but in the case 
of 7 the expected 2 was not formed, the 3-hydroxy 
compound (1) and an unidentifiable product being 
formed. Interestingly the 3-O-benzyl product (11) was 
found to be formed in this reaction. This product was 
proved by synthesis from 1 and a-bromotoluene. 

NHC00CH3 NHCOOCHJ 

7 11 

Under low-energy irradiation (3000 Â lamp) , only 
the (l-imidazolyl)thiocarbonyl compound (6) was 
converted to the 3-deoxy compound (2) in moderate 
yield, but other compounds except 7 were all stable 
after 14 h irradiation (Table 1). This demonstrates 
that low-energy irradiation, only the ( 1-imidazolyl)-
thiocarbonyl group can be removed to give the deoxy 
compound in the presence of acetyl, dimethylthio-
carbamoyl), (methylthio)thiocabonyl, methylsulfonyl, 
and jfr-tolylsulfonyl groups. 

The deoxygenation at C-3 of a-D-glucopyranosides by 
treatment of the 3-O-dimethylsulfamoyl derivatives with 
sodium metal in liquid ammonia has been reported.10) 
The mechanism of photochemical reaction and the 
reaction with sodium metal are both considered to be 
radical reactions and consequently the photochemical 
treatment of the 3-sulfonic esters (8-—10) of 1 in aqueous 
H M P T (5 :95) were examined. O n photochemical 
treatment of the 3-O-dimethylsulfamoyl derivative10) 
(8), however, no deoxy compound was formed and the 
starting material was recovered (Table 1). In the 
cases of the 3-O-methylsulfonyl (9) and 3-0-(/?-tolyl-
sulfonyl) derivative (10), the 3-hydroxy compound (1) 
was formed in good yield. The ready removal of the 
3-O-tosyl group of 10 offers a facile method for detosyla-
tion. Zen et al.11) reported the photochemical detosyla-
tion of sugar tosylates in methanol containing sodium 
methoxide. 

E x p e r i m e n t a l 

PMR spectra were recorded at 90 MHz with a Varian 

EM-390 spectrometer. Thin-layer chromatography (TLG) 
was performed on Wakogel B-5 using a sulfuric acid spray for 
detection. Silica gel (Wakogel C-200) was used for separation 
of the products by column chromatography. 

General Procedure for Photochemical Reaction. Nitrogen was 
bubbled through an aqueous HMPT (5: 95, Ä» 10 ml) solution 
of the starting material (3—10, 0.04—0.05 mmol) in a quartz 
tube (PQV-5 or -7, 13 X 180 mm) for 10 min. The solution 
was stoppered, set in a photo-reactor (Rayonet (R) RPR 208 
Preparative Photochemical Reactor with MGR-100 Merry-
Go-Round) and irradiated with a RUL-2537 Â or RUL-3000 
Â lamp (in the latter case, a Pyrex RPV-8 tube was used 
instead of a quartz tube). All apparatus used was manufac­
tured by The Southern New England Ultraviolet Company, 
England. The speed of reaction was influenced by both the 
concentration and the volume of the solution in the tube of 
the starting material. 

Photochemical Reaction of 3 (2537 A Lamp). A solution of 
3 (55 mg) in aqueous HMPT (30 ml) was divided between 
three quartz tubes and, after nitrogen was bubbled through 
the solution, the solution was irradiated at room temperature 
with a 2537 Â lamp for 1.5 h. The TLG plate was prepared 
as follows: a small portion of the solution was poured into 
aqueous ether and, after shaking the mixture vigorously, the 
separated ethereal solution was spotted with a glass capillary 
on the plate and developed with benzene-ethyl acetate=5: 1. 
The solution showed a single spot at R{ 0.38 (2) (cf. 3, R{ 0.2). 
The solution was poured into water (150 ml) and the mixture 
extracted with ether (150+50 ml). The ethereal solution was 
washed with water, dried (sodium sulfate), and concentrated. 
The residue was chromatographed with benzene-ethyl acetate 
(5: 1) to give a HMPT-free syrup of 2, which crystallized on 
standing, 41 mg (88%). Recrystallization from hexane gave 
granular crystals; mp 118—119 °G, [oc]2D

5 +77° (c 1, chloro­
form); PMR (GDGI3): Ô 1.3—2.2 (12H), 3.40 (3H s, CH30), 
3.72 (3H s, GH3OCO), 4.60 (1H d, y=3 .5 Hz, H-l) . 

Found: G, 57.28; H, 7.82; N, 4.28%. Galcd for G15H25N06: , 
G, 57.13 ; H , 7.99; N, 4.44%. 

Decyclohexylidenation of 2 as previously described10) gave 
methyl 2,3-dideoxy-2-methoxycarbonylamino-oc-D-glucopyra-
noside.10> 

Photochemical Reaction of 6 (2537 A Lamp). An aqueous 
HMPT solution (40 ml) of 6 (73 mg) in four quartz tubes 
was irradiated for 1.5 h. The standard work-up as described 
above gave a mixture of products. The mixture showed, on 
TLG with cyclohexane-ethyl acetate (5: 1), spots of R{ 0.23 
(major, 2), 0.11 (trace, 4), and «*0.05 (minor) (cf. 6, R{ 0.05). 
Separation by column-chromatography with cyclohexane-
ethyl acetate (5: 1) as eluent gave 2 (28 mg, 54%) and 4 
(3.2 mg, 5%). Further elution with ethyl acetate gave 1 
(9.1 mg, 17%). 

Photochemical Reaction of 6 (3000 A Lamp). An aqueous 
HMPT solution (40 ml) of 6 (41 mg) in four Pyrex tubes was 
irradiated with a 3000 Â lamp for 4 h. The standard work-up 
gave 2 (14.7 mg, 51%), 4 (2.9 mg, 8%), and 1 (7.9 mg, 26%). 

Photochemical Reaction of 7 (2537 A Lamp). A solution 
of 7 (183 mg) in aqueous HMPT (90 ml) was irradiated for 
3 h. The solution was poured into water (500 ml) and the 
mixture extracted with ethyl acetate (150 mix2 , 50 mix3) . 
The combined solutions were washed with water, dried 
(sodium sulfate) and concentrated. The residue was chroma­
tographed on a column of silica gel with cyclohexane-ethyl 
acetate (5: 1). 7 (12 mg, 7%, R{ 0.46 with benzene-ethyl 
acetate=5: 1), a mixture of 7 and 11 (6.8 mg), and 11 (29 
mg, 17%, Rf 0.33) were eluted in this order. A change of 
eluent to ethyl acetate gave 1 (43 mg, 32%) and to methanol 
gave an unidentified product (^*130 mg). 
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Compound 11 was purified by column chromatography 
with benzene-ethyl acetate (15: 1) to give colorless powder, 
[a]% +98° (c 1, chloroform); IR (KBr) : 1735 cm"1; PMR 
(CDC13): Ô 1.3—2.5 (10H, cyclohexylidene), 3.37 (3H s, 
GxOCHg), 3.71 (3H s, G02CH3); 2H AB q centered at 4.87 
( J = 12 Hz, C6H5CH20), 4.74 (IH d, 7 = 4 Hz, H-1), 4.83 
(IH d, J= 10 Hz, NH; disappeared on deuteration), 7.40 (5H 
s, G6H5). 

Found: G, 62.86; H, 7.29; N, 3.15%. Galcd for C22H31N07: 
G, 62.69; H, 7.41; N, 3.32%. 

Photochemical Reaction of 10 (2537 Â Lamp). An aqueous 
HMPT solution (20 ml) of 10 (41.5 mg) was irradiated for 
4 h in the manner described. The solution was poured into 
water (100 ml) and the mixture extracted with ethyl acetate 
(100+50 ml). The organic solution was washed with water, 
dried, and concentrated. The residue was chromatographed 
with benzene-ethyl acetate (2: 1) to give 1, 25.7 mg (91%), 
[a]2

D
5 +78° (c 1, chloroform). 

Methyl 3- O-Acetyl-4,6-O-cyclohexylidene- 2- deoxy- 2- methoxycar-
bonylamino-oi-D-glucopyranoside (3). Prepared from 1 with 
acetic anhydride in pyridine gave a yield of 76%, [a]" +81° 
(c 1, chloroform); UV (ethanol): Amax 203 nm (e 270); PMR 
(GDGI3): Ô 2.10 (3H, s, Ac), 3.41 (3H s, CH 30) , 3.72 (3H s, 
GH3OGO), 4.72 (IH d, 7 = 3 . 5 Hz5 H-1), 5.10 (IH t, 7 = 1 0 
Hz, H-3). 

Found: G, 54.72; H, 7.10; N, 3.78%. Galcd for G17H27N08: 
G, 54.68; H, 7.29; N, 3.75%. 

Methyl 4,6-0-Cyclohexylidene-2-deoxy-3-0- ( dimethylthiocarbamo-
yl)-2-methoxycarbonylamino-<x.-D-glucopyranoside (4). To an 
ice-cold solution of 1 (106 mg) in tetrahydrofuran-HMPT 
(1: 1, 2 ml), 50% oily sodium hydride (net wt 15 mg) was 
added and the mixture stirred for 10 min under an atmosphere 
of nitrogen. Dimethylthiocarbamoyl chloride12) (59 mg) was 
added and the mixture stirred for 1 h at room temperature. 
The reaction mixture was poured into water and the mixture 
extracted with ethyl acetate. The organic solution was washed 
with water, dried (sodium sulfate), and concentrated to give 
a residue. The residue was chromatographed with chloro­
form-ethyl acetate (10: 1) to give a pale-yellow syrup. The 
solution of the syrup in hexane was concentrated in vacuo to 
give a solid, 83.3 mg (62%), [<x]2D

5 +32° (c 1, chloroform); 
UV (ethanol): Amax 285 nm (log e 3.00), 248 (4.18), 203 
(3.95); PMR (GDG18); ô 3.14 (3H s, CH3N), 3.41 and 3.42 
(each 3H s, CH3N and CH 30) , 3.65 (3H s, CH3OCO), 4.79 
(IH d, 7=3 .5 Hz, H-1), 5.99 (IH t, 7 = 1 0 Hz, H-3). 

Found: G, 51.65; H, 7.06; N, 6.73; S, 7.69%. Galcd for 
G18H30N2O7S: G, 51.66; H, 7.23; N, 6.69; S, 7.66%. 

Methyl 4,6-0-Cyclohexylidene-2-deoxy-2-methoxycarbonylamino-3-
0-[(methylthio)thiocarbonyl~]-(x.-T>-glucopyranoside (5). To a 
solution of 1 (365 mg) in tetrahydrofuran (4.0 ml), 50% oily 
sodium hydride (net wt 55 mg) and imidazole (2 mg) were 
added and the mixture stirred for 30 min at room temperature. 
Garbon disulfide (0.50 ml) was added and the reaction mixture 
stirred for 1 h, then methyl iodide (0.12 ml) was added and 
stirring continued for further 30 min. After the addition of 
acetic acid (1.0 ml), the mixture was poured into a mixture 
of ice-water and chloroform and stirred vigorously. The 
chloroform solution was successively washed with a 5% potas­
sium hydrogensulfate solution, sodium hydrogencarbonate 
solution, and water, dried (sodium sulfate) and concentrated. 
The residue was chromatographed with chloroform-ethyl 
acetate (5: 1) to give a pale-yellow syrup, which was dissolved 
in hexane and concentrated to give a solid, 373 mg (80%), 
[oc]2D

5 +48° (c 1, chloroform): UV (ethanol): Amax 281 nm 
(log e 4.00), 227 (3.78), 203 (3.85): PMR (CDC13) : ô 2.60 
(3H s, CH3S), 4.77 (IH d, 7 = 3 . 5 Hz, H-1), 6.15 (IH t, 
7 = 9 Hz,'H-3). 

Found: G, 48.69; H, 6.27; N, 3.23; S, 15.49%. Galcd for 
C17H27N07S2: G, 48.44; H, 6.46; N, 3.32; S, 15.21%. 

Methyl 4,6-0-Cyclohexylidene-2-deoxy-3-0-[( 1-imidazolyl) thio-
carbonyl]-2-methoxycarbonylamino-oL-T>-glucopyranoside (6). To a 
solution of 1 (457 mg, 1.38 mmol) in tetrahydrofuran (5 ml), 
JVjiV'-thiocarbonyldiimidazole13) (490 mg, 2.75 mmol) was 
added and the mixture refluxed for 4.5 h under an atmosphere 
of nitrogen. After the addition of chloroform (30 ml), the 
organic solution was washed successively with 5% potassium 
hydrogensulfate solution, sodium hydrogencarbonate solution, 
and water, dried (sodium sulfate) and concentrated to give 
a solid. Recrystallization from benzene—hexane gave needles, 
499 mg (82%) ; mp 172—173 °G, [<x]2D

5 +62° (c 1, chloroform) ; 
UV (ethanol): Amax 276 nm (log e 4.08), 219 (3.70), 201 
(3.70); PMR (GDG18) : ô 3.46 (3H s, CH 30) , 3.61 (3H s, 
CH3OGO), 4.78 (IH d, 7 = 4 Hz, H-1), 5.10 (IH d, 7 = 1 0 
Hz, NH; disappeared on deuteration), 6.00 (IH t, 7=10Hz, 
H-3); 7.09, 7.69, and 8.41 (each IH s, imidazolyl). 

Found: G, 51.95; H, 6.22; N, 9.48; S, 7.37%. Galcd for 
G19H27N307S: G, 51.69; H, 6.17; N, 9.52; S, 7.26%. 

Methyl 4,6-0-Cyclohexylidene-2-deoxy-2-methoxycarbonylamino-3-
0-phenyl(thiocarbonyl)-oi.-T>-glucopyranoside (7). A mixture 
of carboxymethyl dithiobenzoate14> (157 mg) and 50% oily 
sodium hydride (net wt 36 mg) in tetrahydrofuran (20 ml) 
was stirred at room temperature for 5 min. Imidazole (101 
mg) was added and the mixture refluxed for 5 min. Com­
pound 1 (245 mg) dissolved in tetrahydrofuran (3 ml) was 
added and the mixture refluxed for a further 5 min. The 
reaction mixture was poured into a mixture of ice-water and 
chloroform and vigorously stirred. The separated organic 
layer was treated similarly as described for 5 to give a syrup. 
Chromatography with chloroform-ethyl acetate (10: 1) gave 
a pale-yellow solid of 7, 200 mg (60%). Recrystallization 
from hexane gave yellow needles; mp 129—131 °C, [a]" +48° 
(c 1, chloroform): UV (ethanol): Amax 292 nm (log s 4.00), 
253 (3.90), 217 (3.90), 202 (4.04); PMR (CDC13) : ô 3.48 
(3H s), 3.57 (3H s), 4.80 (IH d, 7 = 4 Hz, H-l)5 5.15 (1H 
d, 7 = 8 Hz, NH), 6.35 (1H t, 7 = 9 Hz, H-3), 7.4—8.3 (5H). 

Found: G, 58.32; H, 6.35; N, 2.86; S, 6.82%. Calcd for 
C22H29N07S: C, 58.52; H, 6.47; N, 3.10; S, 7.10%. 

Methyl 4,6-0-Cyclohexylidene-2-deoxy-3-0-dimethylsulfamoyl-2-
methoxycarbonylamino-oL-D-glucopyranoside10) (8). Mp 136— 
137 °G (recrystallized from hexane), [oc]" +51° (c 1, chloro­
form) . 

Methyl 4,6-0-Cyclohexylidene-2-deoxy-3-0-methylsulfonyl-2-meth-
oxycarbonylamino-ac-v-glucopyranoside (9). Prepared in the 
usual manner from 1 with methanesulfonyl chloride and 
pyridine; mp 147.5—148.5 °G (hexane), [<x]2D

5 +70° (c 1, 
chloroform); UV (ethanol): Amax 223 nm (e 160), 200 (200); 
PMR (GDGI3): ô 3.10 (3H s, Ms), 3.42 (3H s), 3.74 (3H s), 
4.66 (IH t, H-3), 4.78 (IH d, H-1). 

Found: C, 47.07; H, 6.50; N, 3.43; S, 7.68%. Galcd for 
C16H27N09S: G, 46.93; H, 6.65; N, 3.42; S, 7.83%. 

Methyl 4,6-0-Cyclohexylidene-2-deoxy-2-methoxycarbonylamino-3-
O-tosyl-oL-n-glucopyranoside (10). Prepared in the standard 
manner from 1 with tosyl chloride and pyridine to give a 
solid, [oc]2D

5 +44° (c 1, chloroform); UV (ethanol): Amax 223 
nm (log s 4.00), 199 (3.88); PMR (GDG18) : ô 2.44 (3H s, 
CH3 of Ts), 3.41 (3H s), 3.69 (3H s), 4.72 (IH d, H-1), 4.75 
( l H t , H-3). 

Found: G, 54.70; H, 6.53; N, 2.67; S, 6.70%. Calcd for 
C22H31N09S: C, 54.42; H, 6.44; N, 2.89; S, 6.60%. 

Methyl 3-O-Ben zyl- 4,6-0-cyclohexylidene-2-deoxy-2-methoxycar-
bonylamino-oc-B-glucopyranoside (11). To a solution of 1 
(121 mg) in tetrahydrofuran (3 ml), 50% oily sodium hydride 
(net wt 17 mg) and imidazole ( 1 mg) were added and the 
mixture stirred for 15 min in an ice bath. a-Bromotoluene 
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(0.065 ml) was added and the mixture stirred at room tem­
perature for 47 h. After the addition of methanol (0.2 ml), 
the mixture was poured into water containing sodium chloride 
and the mixture extracted with ethyl acetate. Concentration 
of the extracts gave a residue which was chromatographed 
on a column of silica geJ with benzene-ethyl acetate (10: 1) 
to give 11 (59 mg, 38%), which was identical with the product 
obtained by photochemical reaction of 7 in all respects. 
Changing the eluent to ethyl acetate gave recovered 1 (48 
mg, 40%). 

The authors are grateful to Prof. H . Umezawa, 
Director of the Institute of Microbial Chemistry, for his 
support and encouragement. 
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2-Acyl-l,4-benzoquinones and 2-acyl-l,4-naphthoquinones underwent a novel type of regiospecific and 
stereospecific cyclodimerization by photolysis. The reaction was general, being not affected by any variation 
in the substituents and solvents. The structure of the dimers was elucidated as 4aa-acyl-10/?-alkyl-5.8-dihydroxy-
4aa,10aa-dihydro-l,4,9(10//)-phenanthrenetriones and dibenzo[£,Ä]homologues (8). The structure of 8 suggests 
that the dimerization proceeds through a.y-ring fusion, disposing two substituents of the dimer (an acyl and an 
alkyl group) to a trans configuration. 

Many types of photochemical reactions have been 
reported for quinones and related compounds.1) In the 
absence of other sustrates, 1,4-quinones undergo 
dimerization to give oxetanes and cyclobutanes. We 
wish to report here that acyl-1,4-quinones (2) suffer a 
novel and general type of dimerization upon irradia­
tion.2) For example, when a degassed solution of 2-
butanoyl-l,4-benzoquinone (2c) in carbon tetrachloride 
was irradiated with a high-pressure mercury arc lamp 
in a Pyrex tube, a yellow solid product soon crystallized 
out, the yield of the product being up to 8 0 % in 15 
h. Elemental analysis and mass spectrometric data 
showed it to be a dimer of 2c . When benzene was used 
as the solvent, none of the dimer crystallized out of 
the reaction solution, but the solution was deeply 
darkened because of the partial decomposition of the 
dimer formed. As is shown in Table 1, the reaction 
proceeded in the same fashion on acylquinones with a 
wide variety of substituents, and only a single compound 
was obtained in each case. The solutions of 2 gave no 
signs of affording such dimers after standing for a fairly 
long time without light at room temperature. 

The isolation and purification of the dimers could 
not be performed under the same conditions since the 
dimers decomposed thermally or with a trace amount 
of water, sometimes even with moisture. Consequently, 
the yields of the purified dimers were of less constancy. 
This makes it hard to compare the each yields with 
others obtained under different conditions. However, 
there is a discernible tendency for the reaction to be 
considerably slower for acetyl quinones 2 (R—H) than 
for the other acylquinones 2 ( R = É H ) (Table 1). 

The Skeletal Structure of the Dimers. The structures 
of the dimers were determined by means of their XH 
N M R spectral data, which are listed in Table 2. They 

• Ü * -

3 (Z=C0CH2R) 3-

are all consistent either with 3 or 3 ' (the usual double-
resonance technique was used to determine the identity 
of protons causing 1 H- 1 H couplings). The spectrum of a 
dimer of 2g in CDC13 is exemplified, illustrated with the 
atoms denoted in Table 2. 

Four methyl signals were observed. Two of them had 
coupling constants of 7.5 H z ; the triplet at 0.99 and the 
doublet at 1.29 were assigned to MeA and MeB , respec­
tively. Although the triplet suggests the existence of 
the C O C H 2 M e A group, the spectrum lacked a quartet 
normally expected for a methylene group. Instead, a 
lot of weak signals were observed at 2.1—2.6. This 
suggests that the C O C H 2 M e A group might be bound 
to an asymmetric carbon a tom. The third methyl 
signal, arising at 1.99 as a doublet ( y = 1 . 5 Hz) , may be 
ascribed to M e c . The signal was split by coupling with 
H c , which showed its signal at 6.77 as a quartet ( / = 1 . 5 
Hz) . The fourth methyl group, MeD , and the aromatic 

TABLE 1. YIELDS OF THE DIMERS 3 

R 
X 
Y 

Yield/% 
Irradiation time/h 

Solvent11) 

a 

H 
H 
H 
60 

100 
c 

b 

Me 
H 
H 
40 
15 
c 

c 

Et 
H 
H 
80 
15 
c 

d 

w-Pr 
H 
H 
15 
10 
a 

e 

H-Bu 
H 
H 
44 
13 
a 

f 

H 
Me 
H 
40 
70 
c 

g 

Me 
Me 
H 
20 
15 
c 

h 

Me 
Cl 
H 
40 
40 
c 

i 

H 
Br 
H 
0 

30 
c 

j 
Me 
Br 
H 
10 
15 
c 

k 

H 

i 
0 

20 
b 

1 m 

Me Et 

-(CH=CH)2-

30 25 
10 10 
b b 

a) a, benzene-cyclohexane (1:4, v/v) ; b, benzene ; c, carbon tetrachloride. 
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proton, HD , showed their signals as singlets at 2.30 and 
6.84, respectively. The double quartet at 2.81 may be 
due to HB , which was coupled with MeB (J'=7.5 Hz) 
and HA ( 7 = 3 . 5 Hz) . The doublet at 3.84 ( 7 = 3 . 5 Hz) 
was assigned to HA , which was coupled with HB . A 
chelated and a non-chelated hydroxyl proton resonated 
at 12.28 and 6.10, respectively. 

The other dimers showed similar spectra, bu t with 
partial variations dependent on their substituents. 

i) The variation for R = H (the dimers of 2a and 2f ). 
A set of signals of the ABX type was observed at about 
3.0 (HB and HB ') and at about 4.1 (HA). A singlet due 
to an acetyl group was observed at about 2.2. 

ii) The variation for X = Y = H (the dimers of 2a— 
e) . Two AB quartets due to H c and He/, and to HD 

and HD ' , were observed at about 6.7 and about 7.1, 
respectively. 

iii) The variation for X + Y = - ( C H = C H ) 2 - (the 
dimers of 21—m). Two sets of four aromatic protons 
gave complex signals at 7.5—8.5. 

The above assignments were substantiated by the 
spectra of the dimers (6a—b or 6 'a—b) of the partially 
deuterated monomers (5a—b), which were prepared 
from 4 a — b . The signals due to HB and HB ' (dABq at 
3.08) and C O C H 3 (s at 2.23) of 3a disappeared, and the 
signal of HA became a singlet upon deuteration. The 
doublets due to MeB (1-45) and HA (4.08) and the 
triplet due to MeA (0.96) of 3 b all became singlets in 
6b. 

CDoR 

o 

hi / 

~ (Z=C0CD2R) 

a,R=D; b, R=Me 

However, all the types of spectra illustrated above 
may be explained by the alternative structure, 3 ' , i.e., 
an orientational isomer of 3, though 3 is more feasible 
for the following reason. The value of the 1 H- 1 H 
coupling constant, which had been ascribed above to 
the H A - C - C - H B coupling of 3g, was 3.5 Hz. The 
corresponding values of the other dimers were also in 
the range of 3.0—4.0 Hz. They are a little too large for 
the H - C - C - C - H couplings, which should be in 3 ' . 
The 13C N M R data of the dimer of 2h was also either 
compatible with 3h or 3 'h, shown with 3h in Fig. 1. 
As was stated in a previous communication,2) 3 ' was 
excluded on the basis of chemical evidence by converting 

TABLE 2. 1H NMR DATA OF THE DIMERS 3 AND 6: <5/ppm 

Solva) OHb ) OH c ) 
HD 
and 

H c 
and 
H c , 

HA 
HB 

(andHB.) 

RB 
(RB = H and 

COCH2RA 
(R A =H and 

(CH2)„MeB (* = 0—3)) (CH a)nMeA(n=0-3)) 

3a 

6a 

3b 

6b 

3c A 

3d 

3e G 

12.30 9.28 

12.59 8.91 

12.44 9.43 

12.30 9.09 

12.42 9.18 

12.34 5.82 

12.35 5.90 

12.41 6.12 

7.18d) 

(9 Hz) 
7.30d) 

(8.5 Hz) 
7.01d) 

(9 Hz) 
6.98d) 

(8.5 Hz) 
7.01d) 

(9 Hz) 
6.98d> 
(8 Hz) 
6.95d> 
(9 Hz) 
7.00d> 
(9 Hz) 

6.76d) 

(11 Hz) 
6.88d) 

(10 Hz) 
6.62d) 

(10 Hz) 
6.59d) 

(10 Hz) 
6.60d> 
(10 Hz) 
6.68d> 
(10 Hz) 
6.63d) 
(10 Hz) 
6.69d> 
(10 Hz) 

4.09 (dd, 
5 and 3 Hz) 
4.15(s) 

4.08 (d, 
3.5 Hz) 
4.09 (s) 

4.18 (d, 
3.5 Hz) 
3.94 (d, 
3.5 Hz) 
3.95 (d, 
3.5 Hz) 
4.06 (d, 
3.5 Hz) 

3.08 (2H, 
dABqe)) 
HB = HB/ 

= D 

unclear 

H B = D 

unclear 

unclear 

unclear 

unclear 

RB = HB, = D 

1.46 (d, 7 Hz, 
MeB): n=0 

1.45(s, MeB): 
n = 0 
1.01 (t, 7 Hz, MeB); 

-CH2MeB and 
0.94 (t, 7 Hz, MeB); 

-CH2MeB and 
0.91 (t, 6 Hz, MeB); 

-(CH2)2MeB and 
0.90 (t, 6 Hz, MeB); 

-(CH2)3MeB and 

2.23 (s, A c ) : R A = H 

CH2RA= GD3 

0.96 (t, 7 Hz, MeA); 
CH2-MeA, unclear 
0.95 (s, MeA); 
CH2RA=CD2MeA 

0.80 (t, 7 Hz, MeA); 
-(CH2)2MeA, unclear 
0.78 (t , -7Hz,MeA); 
-(CH2)2MeA, unclear 
0.82 (t, 7 Hz, MeA); 
-(GH2)3MeA, unclear 
0.83(t ,6.5Hz,MeA) ; 
-(CH2)4MeA, unclear 

He 
6 (Z = C0CD2RA) 

a,R=D; b,R=Me 
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TABLE 2. (Continued) 

3021 

Solva> 

3f~ 

3g 

3h 

3j 

31 

3m 

~ÄT 

G 

A 

G 

G 

A 

G 

G 

OHb> 

12.81 

12.20 

12.41 

12.28 

12.54 

12.44 

14.18 

14.19 

OHc> 

8.03 

7.84 

6.10 

5.78 

8.64 

6.40 

6.60 

HD 

6.81 
(lH,s) 

6.88 
(lH,s) 

6.76 
(lH,s) 

6.84 
(lH,s) 

7.15 
(lH,s) 
7.42 
(lH,s) 

7 .6 -
(8H 

7 .6 -
(8H 

F*c HA 

6.75 (1H, 3.99 (dd, 
q, 1.5 Hz) 5 and 

4 Hz) 
6.83 (1H, 3.76 (dd, 
q, 1.5 Hz) 8.5 and 

5 Hz) 
6.60 (1H, 4.08 (d, 
q, 1.5 Hz) 3 Hz) 

6.77 (1H, 3.84 (d, 
q, 1.5Hz) 3.5 Hz) 

7.08 4.10 (d, 
(lH,s) 3.5 Hz) 
7.29 4.19 (d, 
(1H, s) 3.5 Hz) 

-8 .4 4.11 (d, 
, m) 4 Hz) 

-8.5 4.16(d, 
, m) 3.5 Hz) 

HB 
(and HB,) 

3.00 (2H, 
dABqf>) 

2.95 (2H, 
dABq*)) 

2.82 (1H, 
dq, 7 and 

3 Hz) 
2.81 (1H, 
dq, 8 and 

3.5 Hz) 
2.92 
( lH,m) 
3.06 (1H, 
dq, 6 and 

3.5 Hz) 
3.01 (1H, 
dq, 7 and 
4 Hz) 
2.78 
( lH,m) 

MeD 

2.14 
(s) 

2.13 
(s) 

2.30 
(s) 

2.30 
(s) 

— 

— 

M e c 

1.81 (d, 
1.5 Hz) 

2.01 (d, 
1.5 Hz) 

1.74 (d, 
1.5 Hz) 

1.99 (d, 
1.5 Hz) 

— 

— 

RB 
(RB = H a n d 

(CH2)„MeB 
( n = 0 - l ) ) 

XVTJ = H p / 
a a 

1.43 
(d, 7 Hz, MeB) 

1.29 
(d, 7.5 Hz, MeB) 

1.52 
(d, 7 Hz, MeB) 
1.48 
(d, 6 Hz, MeB) 

1.30 
(d, 7 Hz, MeB) 

0.92(t, 7Hz,MeB) 

COCHoRA 
(R A =H and 
(CH2)nMeA 

( n = 0 - l ) ) 

2.34 . 
(s, Ac): 

\ R A - H 
2.35 
(s, Ac): j 

0.94 (t, 7 Hz, MeA); 
CH2MeA, unclear 

0.99 
(t, 7.5 Hz, MeA); 

GH2MeA, unclear 
1.06 (t, 7 Hz, MeA); 
CH2MeA, nuclear 
0.98 (t, 7 Hz, MeA); 
GH2MeA, unclear 

1.02 (t, 7 Hz, MeA); 
GH2MeA, unclear 

; 0 . 7 7 ( t , 7 Hz, MeA); 
CH2MeB and (CH2)2MeA, unclear 

a) A, GD3GOGD3; G, GDGI3. b) Chelated (1H). c) Non-chelated (1H). d) 2H, ABq. e) Analyzed as 
AMX: 2.90 (HB, / A B = 5Hz), 3.26 (HB,, JAB, = 3 Hz); y B B , = 18 Hz. f) Analyzed as AMX: 2.84 (HB, 
y A B = 5Hz), 3.16 ( H B „ y A ) B , - 4 H z ) ; y B B , = i8.5Hz. g) Analyzed as AMX: 2.81 (HB, JA B = 5 Hz), 3.09 
(HB„ 7A, B ' = 8.5 Hz); y B B , = 18.5 Hz. 

MeD' 

3 f - 3̂  h and j 

(Z=C0CH2RA) 

a dimer to a phenanthrenequinone derivative. Finally, of the dimers, including their stereochemistry, were 
3 was confirmed by X-ray analysis. unequinvocally resolved by X-ray structure analysis. 

The Stereochemistry of the Dimers. The structures It was carried out for the monoacetyl derivative of 

•Me 
13.23 

Fig. 1. Carbon chemical shifts of 3h in CDCl3((5/ppm). 

20.14 7.52 

Fig. 2. Carbon chemical shifts of 7 in CDC13 (d/ppm). 
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CL(1) 

) C ( 1 6 ) 

Fig. 3. Perspective view of 7. 

the dimer of 2 h because the dimer itself gave no 
satisfactory single crystals. The monoacetyl derivative 
was prepared by treating the dimer with Ac20-/>-TsOH ; 
it showed a 1H N M R spectrum quite similar to that of 
the parent dimer (Table 2). Its 13C N M R spectrum 
was also similar to that of the dimer (Fig. 2). 

Figure 3 presents a stereoscopic view of one molecule. 
Here, the acetyl derivative has the structure and 
complete stereochemistry shown in 7. Accordingly, those 

7 (Z = COCH2MeA) 

III i C v 0 1 W 
0 Me 

CI 

H 
Fig. 4. Bond lengths of 7 (//A). 

C H 
^ & 5 ^ mo) c\^"s£rS^ T<'2\;% 

8 (Z=COCH2R) 4aa-Acyl-10ß-alkyl-5,8-dihydroxy-
4aa, 1 Oaa-dihydro-1,4,9 ( 1 OH) -phenanthrenetrione. 

C i s H 3 

Z1G(4)-G(4a)-G(4b), 114.2(3); ^C(10a)-C(4a)-C(l l ) , 
108.5(3) ;Z;G(9)-G(10)-G(14), 114.4(4) ;Z;G(10a)-G(10)-
H(3), 109(3); ^C(10)-C(10a)-H(4), 109(3); Z £ ( l ) -
G(10a)-G(4a), 109.6(3); ZO(6)-C(l l ) -C(4a) , 118.0(4); 
ZO(6)-G(l l)-G(12), 123.7(4); ^C(4a)-C(l l )-C(12) , 
118.3(3); z;G(ll)-G(12)-G(12)-G(13), 113.7(4); Z H ( 5 ) -
G(12)-H(6), 108(4). 

Fig. 5. Numbering of atoms and bond angles (0/°) of 7. 

of the dimers should be shown as 8, confirming 3 as the 
sketletal structure. The eis disposition of the hydrogen 
atom at C10a and the acyl group at C4 a indicates that 
the condensation proceeds through a eis addition. The 
disposition of the hydrogen atoms at C10 and C10a was 
also clarified as eis. 

Mechanistic Consideration. The following mecha­
nism may be the most plausible. In many cases, the 
Diels-Alder reaction resulted in the preferential forma­
tion of a certain one of the possible orientational and 
stereochemical isomers. Photochemically formed enols 
have been known to undergo the Diels-Alder reaction 
with dienophiles.3) If the above mechanism indeed 
holds, the condensation of the enol, 9, with the other 
kinds of dienophiles should proceed. However, the 
expected products, 10, 11, or 12, were not obtained and 
the dimer 8 was still the only isolable product when the 
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OH-0 

MeOoCCHCCOoMe \ / ^ ^K^T" 

A' '- xkXJc HO C02Me 

rc°s 

reaction was carried out in the presence of twice as 
many moles of maleic anhydride, iV-phenylmaleimide, 
or dimethyl acetylenedicarboxylate. 

In contrast to the above dimerization, the other type 
of dimer, 13, was obtained by the irradiation of degassed 
solutions of 2a—c in the presence of Rose Bengal.4) 
The mechanisms of the above two dimerizations are 
now under investigation. 

13 

E x p e r i m e n t a l 

2-Acylhydroquinones (1). la—j were prepared from 
hydroquinones and carboxylic acids by known methods.5-7) 
Ik—m were photochemically prepared from 1,4-naphtho-
quinone and aldehydes by a known method.8) All the new 
compounds gave satisfactory results in elemental analyses and 

TABLE 3. PHYSICAL DATA OF 2-ACYL-1,4-QUINONES (2) 

X Y R Mp/°G 

Found (%) 
(Calcd (%)) 

: H 

Molecular 
formula 

*HNMR: Ö (CDC13) 

X 
Aliphatic Aromatic 

Method 
of 

prepn. 
Yield 

% 

H H 62.5— Known compounda) 

65.5 
H Me 36—37 65.89 5.04 — 

(65.85 4.91) 
H Et 39— 67.47 5.63 — 

40.5 (67.40 5.66) 

H 

H 

Me 

H H-Pr 37.5— 
39 

H n-Bu 50.5— 
52 

H H 78—80 

68.98 
(68.73 

69.58 
(69.88 

65.90 

6.21 
6.29) 

6.95 
6.84) 

5.07 
(65.85 4.91) 

g Me H Me 40—41 67.32 5.59 — 
(67.40 5.66) 

H Me 51—54 54.70 3.41 18.00 
(54.41 3.53 17.88) 

H H 93—96 42.74 2.38 34.87 
(42.90 2.18 34.92) 

H Me 56—58 b 

H 83.5-
84 

Known compound^ 

-(CH=CH)2-

m J Et 

Me 78.5— 72.59 4.98 
80 (72.89 4.71) 

58—59 73.49 5.37 
(73.67 5.30) 

2.57 (3H, s, Ac) 

C 9H 80 3 1.14 (3H, t, 7 Hz, Me) 
2.88 (2H,q, 7 Hz, CH2) 

C10H10O3 0.98 (3H, t, 7 Hz, Me) 
1.70 (2H, sex, 7 Hz, CH2) 
2.85 (2H, t, 7 Hz, COCH2) 

C n H 1 2 0 3 0.93 (3H, t, 7 Hz, Me) 
1.2— 1.7(4H,m, (CH2)2) 
2.87 (2H,t, 7Hz,COCH2) 

C12H1403 0.86 (3H, t, 7 Hz, Me) 
1.2— 1.6(6H,m, (CH2)3) 
2.70 (2H,t, 7Hz,COCH2) 

C9H803 2.10 (3H, d, 1.5 Hz, Me) 
2.56 (3H, s, Ac) 

C10H10O3 1.15 (3H, t, 7 Hz, Me) 
2.10(3H,d, 1.5 Hz, Me) 
2.90 (2H,q, 7 Hz, CH2) 

C9H703C1 1.17 (3H, t, 7 Hz, Me) 
2.91 (2H, q, 7 Hz, CH2) 

C8H503Br 2.57 (3H, s, Ac) 

C9H703Br 1.15 (3H, t, 7 Hz, Me) 
2.87 (2H,q, 7 Hz, CH2) 
2.50 (3H, s, Ac) 

6.94(2H,dd>) 
7.10(1H, dd>) 
6.70(2H,dd>) 
6.88 (1H, dd>) 
6.88(2H,dd>) 
7.02 (1H, s) 

6.81 (2H,dd>) 
6.93(lH,dd>) 

6.60(2H,dd>) 
6.74(lH,dd>) 

6.64 ( lH,q, 1.5 Hz) 
7 " "" * 
6 
6 

,00(lH,s) 
62( lH,q , 1.5 Hz) 
92(lH,s) 

(3H, t, 6 Hz, Me) 
2 .96(2H,q ,6Hz , CH2) 

C14H1203 0.97 (3H, t, 7 Hz, Me) 
; (2H, sex, 7 Hz, CH2 

7.01 (lH,s) 
7.10(lH,s) 
7.17 (1H, s) 
7.30 (1H, s) 
7.14(lH,s) 
7.33 (1H, s) 
6.92(lH,dd)) 
7.5—7.6 (2H, m) 
7.8—7.9 (2H, m) 

1.68 
2.87 (2H, t, 7 Hz, COCH2) 8.1—8.2 (2H, m 

10(lH,s) 
8—7.9(2H,m) 
1—8.2(2H,m) 
06 (1H, s) 
8—7.9(2H,m) 

A 

A 

A 

A 

A 

90 

80 

80 

G 65 

G 60 

90 

80 

B 80 

B 70 

B 50 

A 90 

A 80 

A 80 

a) Ref. 12. b) Satisfactory results were not obtained because of the hygroscopic character of the sample, c) Réf. 9. 
d) Slightly splitting. 
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the expected values of m/e for the molecular peaks in the 
mass spectroscopy. T h e melting points of l a — m were : a, 
200—202 °G, lit, 201—203 °G,6) 204 °G;7) b , 97—99 °G, lit, 
96 °G;7> c, 91 °G;7> d, 61—62.5 °G; e, 82—83 ° C ; f, 149— 
150 °G, lit, 141 °G;7) g, 110—116 °G; h , 127—129 °G; i, 144 
—156 °G; j , 121—123 °G; k , 215—216 °G, lit, 210—211 °C,9> 
206 °C,10> and 216—217 °C;n> 1, 187—189 °G;8) m , 151— 
153 °G. 

2-(Acetyl-d3) hydroquinone (4a) and 2-(Propanqyl-2-d2)hydroqui-
none (4b). A solution of 3a or 3 b (1 g) in dioxane (30 ml) 
and a solution of N a O H ( 1 equiv) in D 2 0 (3 ml) were succes­
sively syringed into a flask equipped with a rubber-serum cap 
and purged with nitrogen. T h e solution immediately turned 
reddish yellow. After stirring for 0.5 h, deuteriochloric acid 
(1.5 equiv) was added (the color of the solution thereupon 
turned back yellow). T h e solution was concentrated to yellow 
crystals, which were subsequently recrystallized from aqueous 
acetone to give 4a or 4 b , respectively; m p : 4a, 200—202 °G; 
4b , 96—98 °G. They showed no 1H N M R signals due to 
methyl or methylene protons adjacent to a carbonyl group 
and the expected values of m/e for the molecular peaks in 
the mass spectroscopy. 

2-Acyl-l,4-benzoquinones (2). These substances were 
prepared by one of the following methods. T h e yields were 
usually high, but showed less constancy. Thei r physical da ta 
are tabulated in Table 3. 

Method A: This was originally described by Kloetzel et 
al.12) A solution of 1 (1 g) in benzene (20 ml ; for l a — c , 
f, and g) or diethyl ether (100 ml ; for I k — m ) was stirred 
with silver oxide (3 g) and magnesium sulfate ( 1.5 g) for 0.5 
h. T h e powder was then filtered off and washed with diethyl 
ether under a slightly reduced pressure to prevent moisture 
from being condensed on the filtrate. T h e residue obtained 
by the concentration of the filtrate was submitted to sublima­
tion under a vacuum to give 2 a — j . 2 k — m were purified 
by recrystallization from ligroin. 

T h e partially deuterated monomers (5a—b) were prepared 
from 4 a — b . 5 a — b were not subjected to elemental analysis, 
bu t they gave satisfactory results in the mass and 1H N M R 
spectroscopies. 

Method B : W h e n l h and l i were oxidized by Method A, 
many unsublimable solids remained. T h e use of D D Q was 
successful for oxidation. A solution of the calculated amount 
of D D Q i n acetonitrile (20 ml) was added to a stirred solution 
of l h or l i (1 g) in acetonitrile (20 ml) . Immediate ly the 
solution became deeply colored, and a colorless powder soon 
began to precipitate. After ca. 15 min the solution turned 
yellow and precipitation had ended. After filtration, the 
filtrate was concentrated to a residue, which was submitted 
to sublimation under a vacuum to give 2h—i . 

Method C: 2 d and 2e were very hygroscopic. When 
Method A was apllied, a dirty colored syrup was left by the 
concentration of the filtered reaction solution. A method 
to avoid to contact with moisture was devised as follows. 
A solution of I d or l e (1 g) in acetonitrile (20 ml) was charged 
into a two-necked flask equipped with a rubber-serum cap. 
T h e flask was connected to a vacuum line, and the solution 
was then degassed by the thaw-freeze-pump method. Through 
the serum cap a solution of the calculated amount of D D Q 
in acetonitrile (10 ml) was syringed in. T h e change in the 
color of the reaction was the same as in method B. After 
ca. 15 min, the solvent was evaporated by bulb-to-bulb distil­
lation through the vacuum line. T h e residual powder, com­
posed of dichlorodicyanohydroquinone and 2, was submitted 
to sublimation under a vacuum to isolate 2a—e. 

Preparation of the Dimers (3). Solutions of 2 were 
sealed in Pyrex glass tubes after having been degassed by 

the thaw-freeze-pump method and irradiated externally by 
means of a 300W high-pressure Hg-arc lamp for the appro­
priate times. T h e homogeneous reaction solutions, or the 
filtrates when solid products had been crystallized out, were 
concentrated to semi-solid residues, which were then submit­
ted to sublimation under a vacuum to recover the 2. The 
residues on sublimation were repeatedly rinsed with benzene 
to remove any tarry materials.13> T h e remaining dirty yellow 
crystals, combined with the crystals which had been filtered 
off from the reaction solutions, were dissolved chloroform by 
slight warming. T h e solvent was evaporated in a desiccator 
by connecting it through a calcium chloride tube to a water 
p u m p . T h e solid residues were repeatedly rinsed with benzene. 
This process was repeated several times to give the pure dimers 
(3), i. e. 8, which decomposed on silica-gel chromatography. 

T A B L E 4. ELEMENTAL ANALYSES OF THE DIMERS 3a> 

a 

c 

d 

e 

f 

h 

1 

m 

Mp/°Cb> 

154—156 

c 

137—142 

c 

159—161 

c 

c 

c 

Found (%) 
(Galcd (%)) 

G 

63.96 
(64.00 
67.52 

(67.40 
68.79 

(68.73 
69.91 

(69.88 
65.61 

(65.85 
54.13 

(54.41 
73.09 

(72.89 
73.94 

(73.67 

H 

4.25 
4.03) 
5.61 
5.66) 
6.41 
6.29) 
6.99 
6.84) 
4.80 
4.91) 

X 

— 

— 

— 

— 

— 

3.46 18.09 
3.53 17.88) 
4.40 
4.71) 
5.44 
5.30) 

— 

— 

Formula 
( C ^ O Ä ) : 

l-m-n-x 

16-12-6 

20-20-6 

22-24-6 

24-28-6 

18-16-6 

18-14-6-2 

26-20-6 

28-24-6 

a) For 3b , c ) g,c) and j , c ) satisfactory results were not 
obtained because of the contamination by a trace 
amount of tarry materials, which could not be elimi­
nated by repeated purification, b) Measured in a 
vacuum-sealed capillary, c) Melting gradually be­
cause of thermal decomposition. 

T h e results of the elemental analyses are shown in Table 4. 
All the dimers gave the expected values of the molecular 
peaks in the mass spectrometry. Some of the dimers showed 
their melting points sharply in vacuum sealed capillaries, but 
the others melted gradually because of thermal decomposition. 
All the dimers showed similar I R and U V spectral data . 
Those of 3c are representative; I R (KBr) : v 3500 (broad), 
2980, 2950 (shoulder), 2880, 1720, 1695, 1680, 1645, 1610 
(shoulder), 1595 c m - 1 ; U V (E tOH) : Amax (e) 388 (5930), 300 
(3650), 275 (3900), 222 (31200) nm. 

T h e partially deuterated dimers (6) were similarly prepared 
from 5. Elemental analyses were not performed for 6, but 
satisfactory results were obtained in the mass spectrometry. 

The Monoacetyl Derivative of 3h (7). A homogeneous 
solution obtained by the occasional swirling of a suspension 
of 3 h (0.5 g) in acetic anhydride (20 ml) containing one crop 
of ̂ -toluenesulfonic acid was left standing at room temperature 
for 2 days. T h e solvent was then evaporated by bulb-to-bulb 
distillation through a vacuum line. Upon standing in vacuo 
overnight, the strupy residue became a semi-solid, which was 
subsequently dissolved in chloroform after rinsing with ben­
zene.14) T h e solution was concentrated to a solid, which was 
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TABLE 5A. FINAL ATOMIC COORDINATES ( X 104) AND THERMAL PARAMETERS* ( X 104) 

W I T H T H E I R ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

CI(1) 
CI(2) 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
C(l) 
C(2) 
C(3) 
C(4) 
C(4a) 
C(4b) 
C(5) 
C(6) 
C(7) 
C(8) 
C(8a) 
C(9) 
C(10) 
C(10a) 
C(I1) 
C(12) 
C(13) 
C(14) 
C(15) 
C(I6) 

X 

7568(2) 
2906(2) 
9036(4) 
3465(3) 
3032(3) 
8164(5) 
9365(4) 
5151(4) 
3332(3) 
7756(5) 
6729(5) 
5282(5) 
4616(5) 
5498(4) 
5588(4) 
4388(4) 
4456(5) 
5712(6) 
6940(6) 
6907(5) 
8218(5) 
8071(5) 
7107(4) 
4769(5) 
3615(5) 
3034(5) 
9569(6) 
2539(5) 

952(6) 

y 
-2130(1) 

344(1) 
-230(3) 

226(3) 
411(2) 

1621(3) 
1897(3) 
2221(3) 

-1209(2) 
-126(3) 
-987(3) 
-894(3) 

106(3) 
972(3) 
958(3) 
651(3) 
694(3) 

1026(4) 
1304(3) 
1287(3) 
1648(3) 
1744(3) 
879(3) 

1943(3) 
2451(3) 
3403(4) 
1875(4) 

-553(3) 
-609(5) 

z 
3896(1) 
619(1) 

3835(3) 
4148(2) 
2372(2) 
1293(2) 
2737(2) 
4559(2) 
2153(2) 
3926(2) 
3895(2) 
3877(2) 
3883(2) 
3601(2) 
2696(2) 
2132(2) 
1306(2) 
1027(3) 
1581(3) 
2421(2) 
2986(3) 
3865(3) 
4086(2) 
3874(2) 
3280(3) 
3599(3) 
4441(4) 
2304(3) 
2452(4) 

# i i 

275(3) 
329(3) 
198(6) 
179(5) 
159(4) 
316(8) 
176(5) 
257(6) 
183(5) 
147(6) 
206(7) 
193(7) 
153(6) 
135(5) 
157(6) 
162(6) 
246(8) 
294(10) 
260(9) 
157(6) 
148(6) 
143(6) 
149(6) 
158(6) 
162(7) 
192(8) 
184(8) 
178(7) 
153(8) 

# 2 2 

56(7) 
93(1) 
78(3) 
98(3) 
53(2) 

112(3) 
88(3) 
92(3) 
58(2) 
71(3) 
54(2) 
61(3) 
76(3) 
50(2) 
39(2) 
46(2) 
49(2) 
69(3) 
56(3) 
49(2) 
52(3) 
66(3) 
53(2) 
57(2) 
63(3) 
67(3) 

106(5) 
63(3) 

106(5) 

# 3 3 

68(1) 
33(1) 

116(3) 
45(1) 
38(1) 
68(2) 
84(2) 
36(1) 
67(2) 
41(2) 
28(1) 
32(2) 
24(1) 
26(1) 
26(1) 
31(1) 
29(1) 
34(2) 
46(2) 
41(2) 
60(2) 
46(2) 
34(1) 
31(1) 
42(2) 
71(3) 
79(3) 
44(2) 

121(5) 

# 1 2 

36(2) 
27(3) 
52(6) 

-34(6) 
11(4) 

-19(8) 
-15(6) 

31(7) 
17(5) 
23(7) 

-2 (7 ) 
-26(7) 
-37(7) 

- 5 ( 6 ) 
26(5) 
31(6) 
51(7) 
33(9) 
38(8) 
15(6) 
12(7) 

-46(7) 
-17(6) 
-24(6) 

46(7) 
29(8) 

-101(10) 
6(7) 

-50(10) 

# 1 3 

-67(2) 
-33(2) 

102(7) 
66(4) 
12(3) 

-184(7) 
94(5) 

8(4) 
29(5) 
16(5) 

-11(5) 
1(5) 

21(4) 
20(4) 
30(4) 
35(5) 
10(6) 
74(7) 

120(7) 
61(5) 
60(6) 
13(5) 
2(5) 

32(5) 
2(6) 

39(8) 
-45(8) 

1(6) 
83(10) 

# 2 3 

-3 (1 ) 
-20(1) 

54(4) 
20(3) 

-18(2) 
38(4) 
36(4) 

-39(3) 
-20(3) 

35(4) 
15(3) 
14(3) 
13(3) 
7(3) 

10(3) 
0(3) 

-9 (3 ) 
4(4) 

26(4) 
21(3) 
38(4) 
18(4) 
15(3) 

-15(3) 
-18(4) 
-46(5) 

32(6) 
-23(4) 
-72(8) 

*The anisotropic thermal factors are of the form: exp ^—{h2B11-^k2B22-\-l
2Bz^-{-hkB12

JrhlBlz-{-klB^y. 

TABLE 5B. FINAL ATOMIC COORDINATES ( X 103), 

W I T H T H E I R ESTIMATED STANDARD 

DEVIATIONS IN PARENTHESES 

H(l) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 

X 

458(5) 
563(6) 
747(5) 
706(5) 
284(6) 
410(6) 

y 
-146(4) 

109(4) 
241(4) 
90(4) 

199(4) 
271(4) 

z 

386(3) 
43(3) 

390(3) 
467(3) 
308(3) 
278(3) 

again rinsed with benzene. By repeating this process, faint 
yellow crystals of 7 were obtained; 150 mg. These crystals 
gradually melted at 180—190 °G. Found: G, 54.30; H, 3.48; 
Gl, 16.01%. Galcd for C20H16O7Cl2: G, 54.66; H, 3.64; Gl, 
16.17%. 1H NMR (CDC13); Ô 1.06 (3H, t, J=7 Hz, MeA), 
1.49 (3H, d, 7 = 7 Hz, MeB), 2.23 (3H, s, OAc), 2.68 (IH, 
dq, J=l and 3.5 Hz, HB), 4.21 (IH, d, 7=3 .5 Hz, HA), 
7.16 (IH, s, H c ) , 7.32 (IH, s, HD), 12.88 (IH, s, chelated 
OH) (COCH2-MeA: unclear). MS: m/e 440 and 438 (M+). 

X-Ray Structure Analysis. The molecular structure of 
7 was determined by X-ray structure analysis. The crystal 
data were: monoclinic, P22/c, «=9.052 (2), £=13.512 (2), 
c= 16.750 (3) Â, ß=99.39 (2)°, 7=2021.1 (7) A3. Z = 4 , 
Dm= 1.449, Dc= 1.445 g-cm -3. A single crystal of approxi­
mately 0.26x0.25x0.18 mm was used for the intensity 
measurement. The cell constants were determined by the 

least-squares treatment of the angular settings of 20 reflections 
measured on a Rigaku computer-controlled four-circle diffrac-
tometer with Ni-filtered Mo Koc radiation. The intensities 
were measured by the 6-26 scan technique, with a scan speed 
of 2° min - 1 in 6. The intensities of 3248 independent reflec­
tions were collected within sin 6\X 5^0.65. The structure of 
7 was solved by the heavy-atom method and refined by the 
blok-diagonal least-squares method. The difference Fourier 
synthesis computed after the anisotropic refinement of the 
non-hydrogen atoms revealed the positions of all the hydrogen 
atoms except the methyl and hydroxy 1 hydrogen atoms. The 
final refinement, including the contribution of these hydrogen 
atoms with isotropic temperature factors, reduced the i?-value 
to 0.074 without ^obsd=0* The final atomic coordinates are 
given in Table 5, while the bond lengths and angles are shown 
in Figs. 4 and 5 respectively. 

We wish to thank Dr. Yoshitaka I tatani , Faculty of 
Pharmaceutical Sciences, Kanazawa University, for the 
N M R measurements and for his valuable discussions. 
One of the authors (Y. M.) is also especially grateful 
to The Institute for Protein Research, Osaka University, 
for supporting his stay for X-ray analysis. 
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Structure of a New Ionone Derivative, Nigakialcohol from 
Picrasma ailanthoides PLANCHON1) 
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A new ionone derivative, nigakialcohol, was isolated from the leaves of Picrasma ailanthoides PLANCHON 
(Simaroubaceae), the structure being found to be (4i?,5(S')-4-[(i?)-3-hydroxybutyl]-5-hydroxymethyl-3,3-dimethyl-
1-cyclohexanone. Nigakilactones E, F, and H and vomifoliol were also isolated from the leaves. 

Bitter principles isolated from Simaroubaceae have 
been extensively investigated.2-4) Some of them show 
antileukemic activity.5) Picrasma ailanthoides PLANCHON 
(Japanese name : Nigaki) is one of two species belonging 
to Simaroubaceae grown in J a p a n . A number of bitter 
principles were isolated from the bark and stem of the 
plant and their structures elucidated.3»4) In connection 
with these studies, we examined constituents of the 
leaves of the plant and isolated vomifoliol6) (blumenol 
A7)) and a new ionone derivative (1 , named nigaki­
alcohol) as non-bitter principles, as well as three bitter 
principles, nigakilactones E,3a) F,3a) and H.3b) In this 
paper we wish to report on the determination of the 
structure of nigakialcohol (1). 

Dried leaves of the plant were extracted with hot 
water. The aqueous extract was concentrated and 
extracted with benzene. The benzene extract was 
subjected to separation by chromatography to afford a 
new compound ( 1 ; yield 0 .003%, [<x]?,40o), which is 
not bitter. The I R and 1H N M R spectra suggested the 
presence of two tertiary methyls (<5 0.80 and 1.08, each 
3H, s), a secondary methyl (<5 1.23, 3H, d) , two hydroxyls 
(ô 2.26, 2H, s-like; disappeared on addition of D 2 0 ; v0u 
3400 cm"1) , three protons (ô 3.30—4.10, 3H, m) 
attached to carbon atoms bearing hydroxyls, a saturated 
carbonyl group (vc=o 1700 c m - 1 ) , and a- and a'-
methylene protons (ô 2.00—2.60, 4H , m) adjacent to 
the carbonyl group. The molecular formula, C 1 3 H 2 4 0 3 , 
was inferred from elemental analysis and high resolution 
mass spectrum which gave no molecular ion peak but 
a fragment ion peak at m\e 210.1620 (C 1 3 H 2 2 0 2 ) due to 
dehydration. 

The presence of a primary alcohol and a secondary 
alcohol was suggested for 1 from the spectral data . This 
is supported by the following evidence. Acetylation of 
nigakialcohol (1) with acetic anhydride and pyridine 
afforded nigakialcohol diacetate (2) and monoacetate I 
(3). The N M R spectrum of the diacetate (2) showed 
that one acetoxyl is attached to a methylene carbon 
and another to a methine carbon, while the spectrum of 
the monoacetate I (3) revealed the presence of a second­
ary alcohol and an acetoxyl group on methylene 
carbon. O n the other hand, another monoacetate, 
nigakialcohol monoacetate I I (4) could be obtained by 
partial hydrolysis of diacetate (2) with alumina. The 
N M R spectrum of 4 showed the presence of a primary 
alcohol and an acetoxyl group on methine carbon {cf. 
Experimental). 

In the N M R measurement of 1 using Eu(dpm) 3 as a 

shift reagent, one of three protons (due to - C H O H and 
- C H 2 O H ) giving a multiplet at ô 3.30—4.10, appeared 
at ô 13.85—14.65, the doublet corresponding to the 
secondary methyl being observed at ô 4.78 (d, J= 

6 Hz) . O n irradiation at ô 14.28 (due to - C H O H ) , 
the doublet changed into a singlet. This shows the 

presence of the part ial structure C H 3 - C H - O H for 
nigakialcohol (1). 

The molecular formula, C 1 3 H 2 4 0 3 , of nigakialcohol 
and a comparison of the I R and N M R spectra of 
nigakialcohol with those of vomifoliol6»7) suggest the 
presence of an ionone skeleton for nigakialcohol. The 
above observation could lead to a structure l a for 
nigakialcohol. 
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The presence of the ionone skeleton for 1 was shown 
as follows. Nigakialcohol (1) was subjected to Huang-
Minion reduction to afford deoxonigakialcohol (5) as 
an oil, [a]?? —28°. ( i ) -Deoxonigakialcohol was syn­
thesized from (±)-y- ionone (6) in four steps, ( i t ) - ^ -
Ionone (6)8 '9) was epoxidized with m-chloroperbenzoic 
acid in chloroform to afford a mixture of epoxy ketones 
(7) quantitatively.10) The mixture of epoxy ketones 
(7) gave one spot on T L C and a single peak on GLC 
examination. However, N M R measurement revealed 
that the product consists of two isomeric epoxy ketones 
in a ratio of 2 : 1 (cf. Experimental) . The coupling 
constant values of the olefinic protons in the side chain 
for two isomers are identical, indicating that they are 
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configurational isomers between the side chain and the 
oxirane ring. 

A mixture of 7 was treated with boron trifluoride 
etherate in toluene at 0 °C. An unsaturated keto 
aldehyde (8) obtained in 7 0 % yield was found to be a 
mixture of two isomers in a ratio of 3 : 2 (by N M R 
measurement) which, without further separation, was 
subjected to reduction with sodium borohydride. 

The reduction product was purified by column 
chromatography to give two diols 9 (R{ 0.36) and 9' 
(Rf 0.30) in a ratio of 3 : 1. The I R and M S spectra 
of 9 and 9' were almost the same. O n G L C examination, 
each diol was found to be a mixture of two isomeric 
diols. N M R measurement also revealed that each diol 
consists of two isomers (cf. Experimental) . In the N M R 
measurement using Eu(fod)3-öf27 as a shift reagent for 
9 and 9', a doublet appearing at ô 1.26, changed into 
a pair of doublets at Ô 2.25 (d, J=6 Hz) and Ô 2.30 
(d, 7 = 6 Hz) , and at ô 2.20 (d, 7 = 6 Hz) and ô 2.25 
(d, J =6 Hz) , respectively. 

Finally, the unsaturated diols 9 and 9' were cataly-
tically hydrogenated to afford saturated diols 10 and 
10', respectively. 10 and 10' gave almost the same I R 
spectra, minute differences being observed in the M S 
and N M R spectra. Each diol was found to be a mixture 
of two isomeric diols by N M R , G L C , and H P L C 
examinations. Their retention times on G L C and 
H P L C together with those of deoxonigakialcohol (5) 
are given in Table 1. Diol 10 was subjected to separa­
tion by preparative H P L C to give diols 10a and 10b. 
The synthetic diol 10a was identical with deoxonigaki­
alcohol (5) with respect to IR , M S , N M R , Rf on T L C , 
and Rt on GLC and H P L C (Table 1). 

TABLE 1. Rf AND Rt VALUES ON TLC, GLC, AND 

HPLC FOR 5, 10, 10', 10a, 10b 

10 10' 10a 10b 

Rt on GLCb> 
(min) 

Rt on HPLCC> 
(min) 

0.34 

16.75 

31.0 

0.34 
16.83 
17.78 

;27.5 
30.8 

J27.5 J! 
{30.8 \: 

0.32 
16.47 
17.60 

'33.2 
35.1 

0.34 

30.8 

0.34 

27.5 

a) Developed with ether, b) Column: 10% FFAP 
Uniport B, 1.5 m, temperature 200 °C, a flow rate of 
N2: 60 ml/min. c) Column: jx-Porasil 1/8 (inch) x 1 
(foot), solvent system: 2.5% methanol-dichloro-
methane, flow rate: 0.5 ml/min, pressure: ca. 450 psi, 
detection: an RI detector. 

The absolute configurations of chiral centers at C-5 
and C-3 ' for nigakialcohol (1) were determined by an 
M T P A ester method ; this method was recently develop­
ed by Yamaguchi and Yasuhara in order to determine 
the absolute configurations of secondary alcohols11) 
and primary alcohols with the chiral center at the 2-
position.12) 

Acetylation of deoxonigakialcohol (5) yielded a 
diacetate (11), which was partially hydrolyzed over 
alumina to afford deoxonigakialcohol monoacetate I 
and I I (12 and 13). Nigakialcohol monoacetate I and 
I I (3 and 4) and deoxonigakialcohol monoacetate I I 

10 

(13) were converted into the corresponding (i?)-(+)-a-
methoxy-a-trifluoromethylphenylacetic acid [(i?)-( + )-
M T P A ; Mosher's reagent] esters (A) and (S)-( — )-
M T P A esters (B), respectively, by Mosher's method.13) 
The LIS (lanthanoid induced shift) values of the three 
pairs of diastereomeric esters are given in Table 2. The 
ALISoMe values11«12) ( - 0 . 4 6 and - 0 . 6 0 ) for M T P A 
esters of nigakialcohol monoacetate I I (4) and deoxo­
nigakialcohol monoacetate I I (13) show a negative sign, 
indicating that the chiral center at C-5 of 4 is in S-
configuration.12) O n the other hand, the positive sign 
of ALISoMe value (+2 .06) was observed for M T P A 
esters of nigakialcohol monoacetate I (3). This indicates 
that the chiral center at C-3 ' is in ^-configuration.11) 
This is in line with the absolute configuration deter­
mination by Horeau's method.14) 

TABLE 2. LANTHANOIDE INDUCED SHIFT (LIS) VALUES OF 

THE METHOXYL GROUP IN THE ACID MOIETY FOR 

(Ä)- ( + ) - AND ( £ ) - ( - ) - M T P A ESTERSa> 

L I S O M e v a l u e L I S O M e v a l u e ATT«; 
for (*)-( + )- for (£ ) - ( - ) - A i ^ 

acetate MTPA ester, MTPA ester, 
Mono-fbrJ*)-( + )- fcrÇS)--(-)- " ^ ™ f u e £ J g ï L 

B 
(LISA-LISB) tion 

3 
4 

13 

4.89 
1.09 
3.33 

2.83 
1.55 
3.93 

+2 .06 
- 0 . 4 6 
- 0 . 6 0 

Ä(G-3') 
S(C-5) 
S(C-5) 

a) Determined at the molar ratio of Eu(fod)3-ûf27/each 
ester (1:1) for a. ca. 1.3 mmol/ml solution of each 
ester in CCL. 

The absolute configuration of the asymmetric center 
at C-4 could be determined by the measurement of 
coupling constant between C ( 4 ) -H and C ( 5 ) -H in a 
tetradeuterio derivative (15-fl?4) derived from nigaki­
alcohol (1). Nigakialcohol monoacetate I (3) was 
treated with dimethoxymethane15) and phosphorus 
pentaoxide to afford nigakialcohol monoacetate I 
methoxymethyl ether (14). Deuteriation of 14 proceeded 
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w i t h c o n c o m i t a n t hydro lys i s of t h e ace toxy l g r o u p a t 
C - l " to g ive 15-<i4. I n t h e N M R m e a s u r e m e n t of 15-d^ 
us ing Eu(fod)3-öf27 as a shift r e a g e n t , a b r o a d s igna l 
d u e to a p r o t o n o n C-5 a n d a b r o a d s igna l d u e to 
m e t h y l e n e p r o t o n s ( - C H 2 O H ) a p p e a r e d a t ô 2 . 2 0 — 2 . 5 0 
a n d ô 4 . 2 5 — 4 . 6 6 , respec t ive ly . O n i r r a d i a t i o n a t d 4 . 4 6 , 
t he b r o a d s igna l d u e to t h e p r o t o n o n C-5 co l l apsed i n t o 
a d o u b l e t , c o u p l e d w i t h a p r o t o n o n C-4 w i t h a c o u p l i n g 
c o n s t a n t , J= 11.5 H z . S ince t h e l a r g e c o u p l i n g c o n s t a n t 
suggests a ^ ^ - r e l a t i o n s h i p b e t w e e n C ( 5 ) - H a n d C ( 4 ) -
H , t h e a s y m m e t r i c c a r b o n a t o m a t C-4 pos i t i on c o u l d 
b e c o n c l u d e d to b e i n ^ - c o n f i g u r a t i o n . 

T h e s t r u c t u r e i n c l u d i n g t h e a b s o l u t e c o n f i g u r a t i o n of 
n igak i a l coho l s h o u l d b e r e p r e s e n t e d b y (4R,5S)-4-[(R)-
3 - h y d r o x y b u t y l ] - 5 - h y d r o x y m e t h y l - 3 5 3 - d i m e t h y l - l - c y c l o -
h e x a n o n e . 

E x p e r i m e n t a l 

General Procedure. I R spectra were taken on a Hi tachi 
260-30 or a J A S C O J I R - 1 0 spectrometer. *H N M R spectra 
were measured on a Hitachi R-20B (60 M H z ) or a J N M 
PS-100 (100 M H z ) spectrometer ( J E O L ) . Chemical shifts 
are expressed in ô (ppm) downfield from T M S as an internal 
s tandard and coupling constants in Hz . C D and O R D curves 
were measured on a J A S C O Model J-20 spectrometer. Mea­
surements of optical rotation [ a ] D were carried out using a 
J A S C O D I P - S L Polarimeter. Mass spectra (MS) were 
obtained on a Hitachi RMU-6-Tokuga ta mass spectrometer 
and high resolution mass spectra on a Hi tachi R M H - 2 mass 
spectrometer. Gas chromatography (GLC) was carried out 
using Shimadzu 4A-PF equipped with a hydrogen flame 
ionization detector (column A : SP-1000, 2 m, N 2 60 ml /min ; 
column B: 10% FFAP Unipor t B, 1.5 m, N 2 60 ml /min) . 
Liquid Chromatograph Model A L C / G P C 202/401 (Waters 
Assoc.) was used for high performance liquid chromatography 
( H P L C ) ; column: [x-Porasil 1/8 (inch) X 1 (foot). Th in layer 
chromatography (TLC) was carried out on Kieselgel GF 2 5 4 

and Kieselgel G (E. Merck) of 0.25 m m thickness for analyti­
cal and 0.5 m m thickness for preparat ive. Wakogel C-200 
(Wako) and Activated Alumina mesh 200—300 (Showa-
kagaku) were used for column chromatography. 

Isolation of Nigakialcohol (1). Dried leaves (12 kg) of 
Picrasma ailanthoides PLANCHON were pulverized and extracted 
with hot water (90 °C, 70 L) for 4 h. Extraction under the 
same conditions was repeated twice. T h e combined extracts 
(ca. 200 L) were concentrated under reduced pressure to ca. 
40 L and extracted continuously with benzene for 4 days. 
The benzene extracts (36.5 g) , dissolved in benzene, were 
passed through a column of neutral a lumina (2 kg, pretreated 
with dilute hydrochloric acid, washed with water unti l the 
washings became neutral , and then activated) and eluted 
with the following solvents (each fraction: 1 L) . Fractions 
1—4, benzene; frs 5—20, benzene-ether 1 : 1 ; frs 21—31, 
ether; frs 32—40, ether-ethyl acetate 1: 1 ; frs 41—92, ethyl 
acetate. Fractions 60—90 (4.7 g) were subjected to separa­
tion by column chromatography on silica gel (300 g) . Elution 
(each fraction: 40 ml) was carried out with benzene (100 ml) , 
benzene-acetone, 4 : 1 (500 ml) , 3 : 1 (800 ml) , 2 : 1 (1.2 L ) , 
and then with 1:1 (1 L ) . Nigakialcohol ( 1 ; 306 mg) was 
obtained from fractions 46—76. Fractions 77—95 (129 mg) 
were combined and purified by rechromatography on silica 
gel (20 g) to afford additional nigakialcohol ( 1 ; 67 mg) . 
Nigakialcohol (1): I R (neat) 3400 and 1700 cm" 1 ; [a]2

D
4 0° 

(c 0.21, CHC13); C D (c 0.083, E t O H , at 24 °G) [0]34O - 5 0 , 
[Ö]323 0, [6>]294 + 3 1 0 , [6>]278 0, [6>]255 - 4 6 0 ; O R D (c 0.083, 

E t O H , at 24 °C) [3>]360 - 2 7 ° , [c£]345 0°, [ $ ] 3 1 4 + 1 8 0 ° , [3>]298 

0°, [<I>]277 - 4 1 0 ° , [<I>]260 0 ° ; N M R (60 M H z ) ô (CDC13) 0.80, 
1.08 (each 3H, s, *-CH3), 1.23 (3H, d, J=6 Hz , J - C H 3 ) , 2.00 
—2.60 (4H, m, - C H 2 - C O - C H 2 - ) , 2.26 (2H, s-like, 2 X - O H ; 
disappeared on addit ion of D 2 0 ) , and 3.30—4.10 (3H, m, 

- C H 2 O H and - Ç H O H ) ; High resolution M S , F o u n d : m/e 
210.1628. Calcd for C 1 3 H 2 2 0 2 ( M - H 2 0 ) + : m/e 210.1620. 
Found : m/e 213.1456. Calcd for C 1 3 H 2 1 0 3 ( M - C H 3 ) + : m/e 
213.1491; F o u n d : C, 65.99; H , 10.67%. Calcd for C 1 3 H 2 4 0 3 . 
1/2 H 2 0 : C, 65.79; H , 10.62%. N M R measurement using 
E u ( d p m ) 3 as a shift reagent was effected for a 9 % (w/v) 
solution of 1 in CDC13 in a molar ratio [1 /Eu(dpm) 3 ] of 
1: 0.69. 

Isolation of Vomifoliol and Nigakilactones E, F, and H. T h e 
benzene extracts (45 g) , obtained from the dried leaves (15 
kg) by the same procedure as described above, were dissolved 
in benzene and chromatographed on a column of neutral 
a lumina (3 kg) using the following solvents (each fraction: 1 
L) as eluents: benzene (frs 1—7), benzene-ether ( 1 : 1, frs 8— 
65), ether (frs 66—165), e ther-ethyl acetate ( 3 : 1, frs 166— 
187), e ther-ethyl acetate ( 2 : 1 , frs 188—220), e ther-ethyl 
acetate ( 1 : 1, frs 221—254), and ethyl acetate (frs 255—265). 

Fractions 66—75 were combined and the solvent was distil­
led off. T h e residue (2.3 g) was further chromatographed on 
silica gel [dry column, 250 g, eluent: benzene-ether (from 
1:1 to 1:3) , each fraction 50 ml ] . Fractions 27—34 were 
combined and crystallized from benzene to afford vomifoliol 
(1.2 g).«;'> 

Fractions 101—116 gave a residue (1 g) which was chroma­
tographed on silica gel [dry column, 150 g, e luent : ethyl 
aceta te-e ther ( 1 : 4 ) , each fraction 50 ml ] . Fractions 31—33 
were combined and crystallized from benzene and then from 
benzene-l ight petroleum to give nigakilactone E.3a> 

Fractions 144—170 were combined and the solvents were 
removed. T h e residue (1.5 g) was further chromatographed 
on silica gel [dry column, 200 g, e luent : benzene-acetone 
(3 : 1), each fraction 50 ml ] . Fractions 7—9 gave a residue 
which was crystallized successively from benzene and aqueous 
methanol to yield nigakilactone F ( 153 mg) .3a> 

Fractions 182—195 were combined (1.8 g) and chromato­
graphed on silica gel [dry column, 200 g, e luent : benzene-
acetone (from 3 : 1 to 1: 1), each fraction 100 ml ] . Fractions 
7 and 8 were combined and crystallized from benzene and 
then from methanol to give nigakilactone H ( 17 mg) .3b) 

Acetylation of Nigakialcohol (1). Nigakialcohol ( 1 ; 41.0 
mg) was treated with acetic anhydride (3 ml) and pyridine 
(5 drops) at room temperature for 25 min. After addition of 
methanol , the reaction mixture was treated as usual to give 
a residue, which was dissolved in benzene and passed through 
a dry column of silica gel (5 g) . O n elution (each fraction : 
1 ml) with ether, fractions 8—12 gave nigakialcohol diacetate 
(2; 24.4 mg, yield 4 3 % ) and fractions 15—26 afforded nigaki­
alcohol monoacetate I ( 3 ; 26.7 mg, yield 5 5 % ) . Nigakialcohol 
diacetate (2) : I R (neat) 1740 and 1715 cm" 1 ; [a]2

D
7 + 3 0 ° (c 

0.098, CHC1 3 ) ; N M R (60 M H z ) ô (CDC13) 0.81, 1.09 (each 
3H, *-CH3), 1.24 (3H, d, J=6 Hz , *-CH3) , 2.03, 2.07 (each 
3H, s, C H 3 C O O - ) , 2.10—2.50 (4H, m, - C H 2 - C O - C H 2 - ) 
3.80—4.40 (2H, m, - C H 2 O A c ) , and 4.50—5.10 (1H, m, 
- à H O A c ) ; M S mje 252 ( M - 6 0 ) + ; F o u n d : C, 65.36; H , 
8 .93%. Calcd for C 1 7 H 2 8 0 5 : C, 65.36; H , 9 .03%. Nigaki­
alcohol monoacetate I (3) : I R (neat) 3450, 1740, and 1715 
c m - 1 ; [oc]2D

6 + 3 ° (c 0.094, CHC13) ; N M R (60 M H z ) ô (CDC13) 
0.82, 1.10 (each 3H, s, *-CH3), 2.07 (3H, s, C H 3 C O O - ) , 1.22 
(3H, d, J =6 Hz , s-CH3), 1.67 (1H, s-like, - O H ; disappeared 
on addition of D 2 0 ) , 2.05—2.70 (4H, m, - C H 2 - C O - C H 2 - ) , 

3.45—4.05 (1H, m, - Ç H O H ) , and 3.95—4.30 (2H, m, 
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- C H 2 O A c ) ; M S m/e 210 ( M - 6 0 ) + ; High resolution M S , 
F o u n d : m/« 210.1558. Galcdfor C 1 3 H 2 2 0 2 ( M - C H 3 C O O H ) + : 
m/e 210.1620. 

Partial Hydrolysis of Nigakialcohol Diacetate (2) into Nigaki-
alcohol Monoacetate II (4). A solution of nigakialcohol 
diacetate (2; 57.3 mg) in benzene was adsorbed on the neut ra l 
a lumina (6 g, prepared by the same pre t rea tment as before) 
for 6 days at room temperature . Elution with ether afforded 
nigakialcohol monoacetate I I (4; 22.4 mg, yield 4 6 % ) , I R 
(neat) 3450, 1735, and 1715 cm" 1 ; [oc]2D

6 + 2 1 ° (c 0.14, GHG13); 
N M R (60 M H z ) Ô (GDG18) 0.80, 1.08 (each 3H, s, *-CH3), 
1.25 (3H, d, 7 = 6 Hz , J - C H 3 ) , 2.01 ( I H , s-like, - O H ; disap­
peared on addit ion of D 2 0 ) , 2.05 (3H, s, C H 3 C O O - ) , 2.05 
—2.60 (4H, m, - C H 2 - C O - C H 2 - ) , 3.40—3.90 (2H, m, 
- C H 2 O H ) , and 4.60—5.20 ( I H , m, - O H O A c ) ; M S m/e 252 
( M - 18)+; High resolution M S , F o u n d : m/e 252.1 /'27'. Calcd 
for G 1 5 H 2 4 0 3 ( M - H 2 0 ) + : m/e 252.1725, F o u n d : m/e 
210.1652. Calcd for C 1 3 H 2 2 0 2 ( M - C H 3 G O O H ) + : m/e 
210.1620. 

Huang-Minion Reduction of Nigakialchol (1). A mixture 
of nigakialcohol ( 1 ; 153.7 mg) , diethylene glycol (16 ml) , 
hydrazine hydrate (2.4 ml) , and potassium hydroxide (1.6 g) 
was heated under reflux at 140 °C for 1 h under a nitrogen 
atmosphere, distillation being continued until the temperature 
of the vapor reached 218 °G. T h e reaction mixture was 
refluxed at 218 °C for 5 h, followed by extraction with chloro­
form and the usual t reatment . T h e reaction product was 
dissolved in benzene and subjected to purification by chro­
matography on silica gel (5 g) . Elut ion with ether afforded 
deoxonigakialcohol (5 ; 98.3 mg, yield 6 9 % ) , I R (5 ; 3 mg/ 
0.12 ml GHC13) 3380 cm" 1 , (5 ; 12.5 mg/5.0 ml CHC13) 1450, 
1388, 1088, 1061, and 945 cm- 1 , [oc]3D° - 2 8 ° (c 0.125, GHC13) ; 
N M R (60 M H z ) Ô (GDG18) 0.83, 0.94 (each 3H, s, *-CH3), 
1.19 (3H, d, / = 6 Hz , *-CH3) , 2.27 (2H, s-like, 2 x - O H ; 
disappeared on addit ion of D 2 0 ) , and 3.35—4.05 (3H, m, 
- C H 2 O H and - à l J O H ) ; High resolution M S , Found : m/e 
196.1745. Calcd for C 1 3 H 2 4 0 ( M - H 2 0 ) + : m/e 196.1827; 
G L C a n d H P L C (Table 1). 

Acetylation of Deoxonigakialcohol (5). Deoxonigakialcohol 
(5 ; 110.3 mg) was treated with acetic anhydr ide (8 ml) and 
pyridine ( 10 drops) at room tempera ture for 6 h. After 
decomposition of excess acetic anhydride by addit ion of 
methanol and the usual work-up, the reaction product was 
dissolved in benzene and passed through a column of silica 
gel (5 g) . O n elution with benzene-ether (2 : 1), deoxonigaki­
alcohol diacetate ( 1 1 ; 122.0 mg, yield 79%) was obtained, 
I R (neat) 1742 cm" 1 ; [oc]2D° - 1 7 ° (c 1.06, CHC1 3 ) ; N M R (60 
M H z ) ô (GDGls) 0.82, 0.93 (each 3H, s, *-CH8), 1.21 (3H, 
d, 7 = 6 Hz , *-CH3) , 2.02, 2.05 (each 3 H , s, C H , C O O - ) , 
3.60—4.40 (2H, m, - C H 2 O A c ) , and 4.60—5.10 ( I H , m, 
- Ô H - O A c ) ; M S m/e 238 ( M - 6 0 ) + . 

Partial Hydrolysis of Deoxonigakialcohol Diacetate (11). A 
solution of deoxonigakialcohol diacetate (11 ; 119.2 mg) in 
benzene was adsorbed on the neutral a lumina (7 g, prepared 
by the same t rea tment as before) for 6 days. After benzene 
(20 ml) had been passed through the column, elution with 
benzene-ether ( 4 : 1 , each fraction: 10 ml) was followed. 
From fractions 1—5, the starting material (11 ; 26.0 mg) was 
recovered in 2 3 % yield. Fractions 6—11 gave deoxonigaki­
alcohol monoacetate I I (13; 43.1 mg, yield 4 3 % ) , I R (neat) 
3430 and 1739 cm" 1 ; [oc]8D° - 7 ° (c 0.40, CHC13) ; N M R (60 
M H z ) ô (CDC13) 0.81, 0.92 (each 3H, s, *-CH3), 1.23 (3H, 
d, J=6 Hz , j - C H 3 ) , 1.75 ( I H , s-like, - O H ; disappeared on 
addit ion of D 2 0 ) , 2.03 (3H, s, C H 3 C O O - ) , 3.30—3.90 (2H, 
m, - C H 2 O H ) , and 4.85 ( I H , m, - Ô H O A c ) ; M S m/e 196 
(M —60)+ . Fractions 13—17 afforded deoxonigakialcohol 
monoacetate I (12; 10.4 mg, yield 10%) , I R (neat) 3420 and 

1739 c m - 1 ; [oc]3D° - 3 6 ° (c 0.104, CHC13) ; N M R (60 MHz) ô 
(CDC13); 0.83, 0.94 (each 3H, s, *-CH3), 1.20 (3H, d, J=6 
Hz, j -CHg) , 1.65 ( I H , s-like, - O H ; disappeared on addition 
of D 2 0 ) , and 3.55—4.40 (3H, m, - C H 2 O A c and - O H O H ) ; 
MS m/e 196 ( M - 6 0 ) + . 

Epoxidation of ('± ) -y-Ionone (6). (±)->'-Ionone (6) 
was prepared from geraniol via ^- ionone8) by the reported 
procedure.9) T h e crude y-ionone containing a- and ß-ionones 
was chromatographed on a column of silica gel impregnated 
with 2 0 % silver ni trate. Elution with 15% ether in hexane 
gave (= t ) -y-ionone (6), the puri ty of which was examined by 
G L C (column: A, temperature 220 °C), I R (neat) 1676, 990, 
and 896 c m - 1 ; N M R (60 M H z ) ô (GDC13) 0.89, 0.93 (each 
3H, s, *-CH3), 2.27 (3H, s, C H 3 C O - ) , 2.59 ( I H , s, 
- à l J - C H = C H - ) , 4.57, 4.81 (each I H , s, - C = C H 2 ) , 6.10 ( I H , 
d, y = 1 6 Hz , - C H = C H - C O - ) , and 6.97 ( I H , dd, 7 = 1 0 and 
16 Hz , - à H - C H = C H ) ; M S m/e 192 (M+) and 43 (base peak). 

(db)-y-Ionone (6; 987 .1mg) in chloroform (100 ml) was 
treated with m-chloroperbenzoic acid (975.7 mg) at room 
temperature for 2 days with agitation. After addition of 
chloroform ( 100 ml) , the reaction was stopped by addition 
of 10% sodium sulfite solution and the reaction product was 
extracted with chloroform. T h e usual t reatment gave a 
mixture of isomeric epoxy ketones (7) in a quanti tat ive yield, 
which showed a single peak on G L C (Rt 4.3 min, column: 
A, temperature 220 °G) and a single spot on T L C (Rt 0.38, 
developed with hexane-ether , 1 :1 ) ; I R (neat) 3030, 1662, 
1250, and 900 cm" 1 ; N M R (60 MHz) ô (GDG18) 0.92, 1.05 
(each 3 H X 2 / 3 , s, *-CH3), 0.95, 1.01 (each 3 H x 1/3, s, *-CH3), 
2.24 (3H, s, C H 3 C O - ) , 6.08 ( 1 H X 2 / 3 , d, 7 = 1 6 Hz, 
- C H = C H - C O - ) , 6.05 ( l H x l / 3 , d, 7 = 16 Hz , - C H = G H -
G O - ) , 6.68 ( I H x 2/3, dd , J= 10 and 16 Hz , - à H - C H = C H - ) , 
6.66 (1HX 1/3, dd , 7 = 1 0 and 16 Hz , - à H - C H = C H - ) ; M S 
m/e 208 (M+) and 43 (base peak) ; Found : C, 74.68; H , 
9.48%0. Calcd for C 1 3 H 2 0 O 2 : C, 74.96; H , 9 .68%. 

Keto Aldehyde (8). A few drops of boron trifluoride 
etherate solution were added with stirring to an ice-cooled 
solution of the epoxy ketone (7 ; 280.5 mg) in toluene (2.5 
ml) . After 15 min, 5 % sodium hydroxide solution was added. 
T h e reaction product was then extracted with toluene and 
the extract was treated as usual to give a residue. T h e residue 
was subjected to purification by chromatography on a column 
of silica gel (6 g) . Elution with ether afforded a mixture of 
isomeric keto aldehydes (8 ; 200.5 mg, yield 71 .4%) . The 
product showed one spot on T L C (R{ 0.44, developed with 
hexane-ether , 2 : 3 ) and one peak on G L C (Rt 6.1 min, 
column: A, temperature 220 °G) ; I R (neat) 2830, 1715, and 
1662 c m - 1 ; N M R (60 M H z ) ô (GDG18) 0.94 ( 6 H x 3 / 5 , s, 
*-CH3), 0.87, 1.10 (each 3 H x 2 / 5 , *-CH3), 2.24 (3H, s, 
G H 3 C O - ) , 2.45—2.80 (2H, m, - 6 H - ) , 6.05 ( 1 H X 3 / 5 , d, 

7 = 1 6 H z , - C H = C H - C O - ) , 6.12 ( 1 H X 2 / 5 , d, 7 = 1 6 H z , 
- C H = C H - C O - ) , 6.66 ( 1 H X 3 / 5 , dd, 7 = 8 and 16 Hz, 

- à H - C H = C H - ) , 6.70 ( 1 H X 2 / 5 , dd, 7 = 8 and 16 Hz, 
- à H - C H = C H - ) , 9.45 ( 1 H X 3 / 5 , d, 7 = 3 . 5 Hz, - C H O ) , and 
9.56 ( 1 H X 2 / 5 , s-like, - C H O ) ; M S m/e 208 (M+) and 43 
(base peak) ; High resolution M S , Found : m/e 208.1464. 
Calcd for C 1 3 H 2 0 O 2 : m/e 208.1463. 

Reduction of Keto Aldehyde (8) into Unsaturated Diol (9). A 
solution of the keto aldehyde (8; 40.8 mg) in methanol (1.5 
ml) was cooled with an ice ba th and sodium borohydride 
(7.7 mg) was added to the solution. After 30 min, the reaction 
was stopped by addit ion of aqueous acetic acid, methanol was 
removed and extraction with ether was followed. T h e ether 
extract was treated as usual and the reaction product was 
chromatographed on a column of silica gel (10 g) eluting with 
ether to afford isomeric diols 9 (7.3 mg) and 9" (2.4 mg) . 9 : 
T L C Rf 0.36 (developed with ether) ; G L C Rt 24.4 and 25.8 
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min with peak area in a ratio of 3 : 2 (column : A, tempera ture 
200 °G), Rt 18.3 and 19.0 min with peak area in a ratio of 
3 : 2 (column: B, temperature 210 ° C ) ; I R (neat) 3330 cm" 1 ; 
N M R (60 M H z ) Ô (CDC13) 0.85 ( 6 H x 3 / 5 , s, *-CH3), 0.80, 
1.02 (each 3 H x 2 / 5 , s, *-CH8), 1.26 (3H, d, 7 = 6 Hz , J - C H 3 ) , 
2.41 (2H, s-like, - O H ) , 3.15—3.65 (2H, m, - C H 2 O H ) , 4 .05— 
4.50 (1H, m, - à H O H ) , and 5.40—5.70 (2H, m, - C H = C H - ) ; 
M S m/e 194 ( M - 1 8 ) + and 82 (base peak) . 9 ' : T L C Rt 0.30 
(developed with ether) ; G L C Rt 26.1 and 27.1 min with peak 
area in a ratio of 5 : 3 (column: A, temperature 200 °G), Rt 

18.4 and 18.8 min with peak area in a ratio of 5 : 3 (column: 
B, temperature 210 ° C ) ; I R (neat) 3330 cm" 1 ; N M R (60 
MHz) ô (CDG13) 0.82 ( 6 H X 5 / 8 , s, *-CH3), 0.77, 1.02 (each 
3 H X 3 / 8 , s, *-CH3), 1.26 (3H, d, 7 = 6 Hz , s-CH3), 2.82 (2H, 
s-like, - O H ) , 3.20—3.75 (2H, m, - C H 2 O H ) , 4.00—4.40 (1H, 
m, - Ô H O H ) , and 5.18—5.78 (2H, m, - C H = C H - ) ; M S m/e 
194 ( M - 1 8 ) + and 82 (base peak) . T h e N M R measurement 
using Eu(fod)3-^27 as a shift reagent was carried out for a 10% 
(9%) solution of 9 (9') in CDC13 in a molar ratio [9 (9 ') /Eu-
(fod)3-</27] of 1:0.25 (0.17). 

Hydrogénation of Unsaturated Diols (9 and 9'). Unsatu­
rated diol (9; 59.8 mg) in ethanol (4 ml) was hydrogenated 
in the presence of 5 % palladium charcoal (4.9 mg) at room 
temperature overnight. T h e reaction product was purified 
by chromatography on a column of silica gel (7 g) . Elution 
with ether gave a mixture of saturated diols (10a and 10b; 
20.1 mg, yield 3 3 . 3 % ) , Rt value on T L C , Rt value on G L C , 
and Rt values on H P L C are listed in Table 1 ; I R (neat) 
3320 c m - 1 ; N M R (60 MHz) ô (CDC13) 0.82, 0.90, 0.93, 1.00 
(each s, total 6H, *-CH3), 1.19 (3H, d, 7 = 6 Hz, s-CH3), 2.01 
(2H, m, 2 X - O H ) , and 3.55 (3H, m, - à l J O H and - C H 2 O H ) ; 
M S m/e 196 ( M - 18)+ and 69 (base peak) . 

Unsaturated diol (9' ; 24.0 mg) in ethanol (4 ml) was 
hydrogenated in the presence of 5 % pal ladium charcoal (4.9 
mg) under the same conditions as above to afford a mixture 
of saturated diols (10'a and 1 0 b ; 9.8 mg, yield 4 0 . 5 % ) , Rf 

value on T L C , Rt values on G L C , and Rt values on H P L C 
are shown in Table 1 ; I R (neat) 3320 c m - 1 ; N M R (60 M H z ) 
ô (GDGls) 0.82, 0.90, 0.93, 1.00 (each s, total 6H , *-CH3), 
1.19 (3H, d, 7 = 6 Hz , J - C H 3 ) , 2.06 (2H, s-like, 2 x - O H ) , 

3.40—4.20 (3H, m, - ^ H O H and - C H 2 O H ) ; M S m/e 196 
( M - 18)+ and 69 (base peak). 

Separation of Diols (10a and 10b) by HPLC. A mixture 
of the diols (10a and 10b; 12.6 mg) was subjected to separa­
tion by preparative H P L C under the same conditions as given 
in Table 1 to give diols 10a (2.5 mg) and 10b (3.0 mg) . 10a: 
Rf value on T L C , Rt value on G L C , and Rt value on H P L C 
given in Table 1 ; I R (10a; 2.5 mg/0.12 ml CHC13) 3380 cm"1 , 
(10a; 2.5 mg/1.5 ml CHC13) 1450, 1388, 1088, 1061, and 945 
c m - 1 ; N M R (60 M H z ) ô (CDC13) 0.90, 1.00 (each 3H, s, 
*-CH3), 1.21 (3H, d, 7 = 6 Hz, J - C H 3 ) , 1.80 (2H, s-like, 2 x 
- O H ) , and 3.35—4.05 (3H, m, - à l J O H and - C H 2 O H ) ; 
High resolution M S , Found : m/e 196.1830. Calcd for C 1 3 H 2 i O 
( M - H 2 0 ) + : m/e 196.1827. 10b: Rt and Rt values given in 
Table 1; I R (10b; 3 mg/0.12 ml CHC13) 3380 cm- 1 , (10b; 
3.0 mg/1.5 ml CHC13) 1450, 1388, 1076, 1061, and 937 c m - 1 ; 
N M R (60 MHz) ô (GDG18) 0.83, 0.94 (each 3H, s, *-CH3), 
1.19 (3H, d, 7 = 6 Hz , J - C H 3 ) , 1.74 (2H, s-like, 2 x - O H ) , 

3.35—4.05 (3H, m, - à l J O H and - C H 2 O H ) ; High resolution 
M S , Found : m/e 181.1590. Calcd for C 1 2 H 2 1 0 ( M - H 2 0 
- C H 3 ) + : m / * 181.1592. 

(R)-(+)-MTPA Ester of Nigakialcohol Monoacetate I (3). 
Pyridine (0.3 ml) and ( + ) -MTPACl (25 JJJ) were added to 
a solution of nigakialcohol monoacetate I (3 ; 17.8 mg) in 
carbon tetrachloride (0.3 ml) . T h e mixture was stirred for 
2 h at room temperature and then JV,JV-dimethyl-l,3-propane-

diamine (50 fxl) was added. After the usual t reatment , the 
reaction product was dissolved in benzene and subjected to 
purification by chromatography on a column of silica gel 
( 2 g ) . Elution with ether gave (Ä)-( + ) - M T P A ester of 3 
(24.0 mg, yield 7 4 % ) , I R (neat) 1742 and 1720 c m - 1 ; N M R 
(60 M H z ) ô (CC14) 0.77, 1.02 (each 3H, s, *-CH3), 1.30 (3H, 
d, 7 = 6 Hz , j - G H 3 ) , 2.01 (3H, s, C H 3 C O O - ) , 3.49 (3H, 
- O C H 3 ) , 3.90—4.15 (2H, m, - C H 2 O A c ) , 4.70—5.20 (1H, m, 
- à l J - O M T P A ) , and 7.20—7.70 (5H, m, arom H ' s ) ; M S m/e 
253 and 189 (base peak) . 

(S)-(— )-MTPA Ester of Nigakialcohol Monoacetate I (3). 
T h e same t rea tment of nigakialcohol monoacetate I ( 3 ; 23.1 
mg) with ( - ) - M T P A C l (25 JAI) gave ( £ ) - ( - ) - M T P A ester of 
3 (29.2 mg, yield 7 0 % ) ; I R (neat) 1740 and 1720 cm" 1 : N M R 
(60 M H z ) ô (CC14) 0.65, 0.88 (each 3H, s, *-CH3), 1.37 (3H, 
d, 7 = 6 Hz , j - G H 3 ) , 2.01 (3H, s, C H 3 C O O - ) , 3.55 (3H, 
- O C H 3 ) , 3.85—4.05 (2H, m, - C H 2 O A c ) , 4.80—5.20 (1H, m, 
- à U - O M T P A ) , and 7.20—7.65 (5H, m, arom H ' s ) ; M S m/e 
253 and 189 (base peak) . 

(R)-(+)- and (S)-(-J-MTPA Esters of Nigakialcohol Mono-
acetate II (4). (Ä)-( + ) - M T P A ester (17.0 mg, yield 67 
% ) and ( £ ) - ( - ) - M T P A ester (24.3 mg, yield 89«%) were 
prepared by the same procedure from nigakialcohol mono­
acetate I I (4; 14.1 mg and 15.0 mg) , respectively. (/?)-( + )-
M T P A ester: I R (neat) 1740 and 1720 cm" 1 ; N M R (60 M H z ) 
ô (CC14) 0.78, 1.03 (each 3H, s, *-CH8), 1.18 (3H, d, 7 = 6 
Hz , J - C H 3 ) , 1.97 (3H, s, C H 3 C O O - ) , 3.50 (3H, - O C H 3 ) , 
3.90—4.40 (2H, m, - C H 2 O A c ) , 4.45—4.95 (1H, m, 
- à l J - O M T P A ) , and 7.20—7.60 (5H, m, arom H ' s ) ; M S m/e 
253 and 189 (base peak) . ( £ ) - ( - ) - M T P A ester: I R (neat) 
1742 and 1720 cm" 1 ; N M R (60 M H z ) ô (CC14) 0.78, 1.03 
(each 3H, s, *-CH3), 1.17 (3H, d, 7 = 6 Hz , *-CH3) , 1.98 (3H, 
s, C H 3 C O O - ) , 3.52 (3H, - O C H 3 ) , 4.20—4.40 (2H, m, 
- C H 2 O A c ) , 4.45—5.00 (1H, m, - ( ^ H - O M T P A ) , and 7.20— 
7.70 (5H, m, arom H ' s ) ; M S m/e 253 and 189 (base peak). 

(K)-(-\-)- and (S)-(-J-MTPA Esters of Deoxonigakialcohol 
Monoacetate II (13). (Ä)-( + ) - M T P A ester (16.7 mg, yield 
65%) and ( £ ) - ( - ) - M T P A ester (30.7 mg, yield 87%) were 
prepared from deoxonigakialcohol monoacetate I I (13; 13.8 
mg and 19.1 mg) . (Ä)-( + ) - M T P A ester: I R (neat) 1740 
c m - 1 ; N M R (60 MHz) ô (CC14) 0.82, 0.92 (each 3H, s, 
*-CH3), 1.17 (3H, d, 7 = 6 Hz , s-CH3), 1.96 (3H, s, 
C H 3 C O O - ) , 3.52 (3H, - O C H 3 ) , 3.70—4.95 (3H, m, 
- C H 2 O A c and - O H - O M T P A ) , 7.20—7.70 (5H, m, arom 
H ' s ) ; M S m/e 280 and 189 (base peak) . ( £ ) - ( - ) - M T P A 
ester: I R (neat) 1740 cm" 1 ; N M R (60 M H z ) ô (CC14) 0.82, 
0.92 (each 3H, s, *-CH3), 1.16 (3H, d, 7 = 6 Hz , J - C H 3 ) , 1.97 
(3H, s, C H 3 C O O - ) , 3.53 (3H, - O C H 3 ) , 3.90—4.50 (2H, m, 
- C H 2 O A c ) , 4.50—5.00 (1H, m, - O H - O M T P A ) , and 7.20— 
7.65 (5H, m, arom H ' s ) ; M S m/e 280 and 189 (base peak) . 

Determination of the Configuration at C-3' in Nigakialcohol Mono­
acetate I (3) by Horeau's Method. Racemic oc-phenylbutyric 
anhydride (60.3 mg, 0.194 mmol) and nigakialcohol mono­
acetate I ( 3 ; 20.0 m g ; 0.074 mmol) were dissolved in pyridine 
(0.3 ml) . After the solution had been allowed to stand at 
room temperature overnight, water (0.5 ml) was added and 
the mixture was left to stand for 1.5 h at room temperature . 
Benzene was added, followed by extraction with saturated 
sodium hydrogencarbonate solution. T h e benzene layer was 
washed with dilute hydrochloric acid and then with brine, 
and dried over sodium sulfate. Concentrat ion in vacuo afforded 
28.5 mg (0.069 mmol, yield 93%) of an a-phenylbutyrate of 
3. An N M R spectrum of this ester indicated that 3 was 
totally esterified. T h e sodium hydrogencarbonate extract was 
acidified with 3 M hydrochloric acid and the acidified solution 
was extracted with chloroform. T h e chloroform extract was 
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washed with brine and treated as usual to yield 47.1 mg 
(0.287 mmol, yield 91%) of oc-phenylbutyric acid, which 
showed [a]g + 2 . 1 ° (c 0.471, CHC13 , optical yield 12%) , 
suggesting that the asymmetric center (C-3') of the secondary 
alcohol possesses ^-configuration. 

Preparation of Tetradeuterionigakialcohol Methoxymethyl Ether 
(15-d^). Phosphorus pentaoxide (ca. 500 mg) was added 
to a solution of nigakialcohol monoacetate I (3 ; 26.7 mg) in 
chloroform (3 ml, freshly distilled from phosphorus pentaoxide) 
and dimethoxymethane (1.5 ml) , and the mixture was stirred 
for 30 min at room temperature . T h e reaction mixture was 
washed with cold saturated sodium carbonate solution and 
then with brine, dried over sodium sulfate, and evaporated to 
afford a residue. T h e residue was dissolved in hexane and 
purified by column chromatography over silica gel (4 g) . O n 
elution (each fraction: 1 ml) with hexane-ether (2: 3), frac­
tions 7—21 gave nigakialcohol monoacetate I methoxymethyl 
ether (14; 20.5 mg, yield 6 6 % ) ; I R (neat) 1740 and 1715 
c m - 1 ; [tf]2

D
6 + 5 ° (c 0.140, CHC13) ; N M R (60 MHz) Ô (CDC13) 

0.82, 1.10 (each 3H, s, *-CH3), 1.19 (3H, d, 7 = 6 Hz , s-CH3), 
2.10—2.50 (4H, m, - C H 2 - C O - C H 2 - ) , 2.18 (3H, s, 
C H 3 C O O - ) , 3.40—3.80 (1H, m, - a H - 0 - C H 2 - ) , 3.48 (3H, 
s, - O C H 3 ) , 4.00—4.20 (2H, m, - C H 2 O A c ) , and 4.46, 4.60 
(2H, ABq, 7 = 7 . 5 Hz , - 0 - G H 2 - 0 - ) ; M S m/e 299 ( M - 1 5 ) + . 

T h e methoxymethyl ether (14; 30.0 mg) was deuteriated 
by t reatment with sodium methoxide [prepared from sodium 
(ca. 60 mg) and deuter ium oxide (1.2 ml)] in methanol-^/ (9 
ml) . The reaction mixture was heated under reflux for 4 
days under nitrogen atmosphere. Neutralization with dilute 
hydrochloric [D] acid, extraction with dichloromethane, and 
the usual work-up gave a residual oil. T h e same deuteriat ion 
procedure was repeated twice to afford a deuteriated nigaki­
alcohol methoxymethyl ether ( l . W 4 ; 23.1 mg) ; I R (neat) 
3440 and 1700 cm" 1 ; N M R (60 M H z ) Ô (CDC13) 0.79, 1.08 
(each 3H, s, *-CH3), 1.20 (3H, d, J=6 Hz , J - C H 3 ) , 2.17 (1H, 
s-like, - O H ) , 3.40—4.00 (3H, m, - C H 2 O H and -ÖU-O-
C H 2 - ) , 3.38 (3H, s, - O C H 3 ) , and 4.58, 4.68 (2H, ABq, J= 
7.5 Hz , - 0 - C H 2 - 0 - ) ; Ô (CC14) 0.78, 1.08 (each 3H, s), 1.26 
(3H, d, y = 6 H z ) , 2.60 (1H, s-like; disappeared on addit ion 
of D 2 0 ) , 3.30—3.90 (1H, m) , 3.31 (3H, s), and 4.47, 4.61 
(2H, ABq, 7 = 7 . 5 H z ) ; N M R (100 M H z ) [15-</4/Eu(fod)3-</27 

= 1:0.07; for 7«% (w/v) solution of 15-</4 in GDC13] ô 1.03, 
1.24 (each 3H, s, *-CH3), 1.31 ( 3 H , d , / = 6 H z , J - C H 3 ) , 2.20 
—2.50 (1H, m, - à H - C H 2 O . . . E u ) , 3.58 (3H, s, - O C H 3 ) , 

3.75—4.10 (1H, m, - a l J - 0 - C H 2 - ) , 4.25—4.66 (2H, m, 
- C H 2 O . . . E u ) , and 4.87, 4.94 (2H, ABq, 7 = 7 . 5 Hz , 
- 0 - C H 2 - 0 - ) . 
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The Substituent Effect. 14.1) The Solvolysis of 6- and 
7-Substituted l-(2-Naphthyl)ethyl Chlorides 
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Nine of the title compounds were synthesized, and their solvolysis rates were determined in 80%(v/v) aq 
acetone at 45 °G. The effects of the />£-donor substituents for each substituent position are shown to be excellently 
described in terms of inductive (/) and ̂ '-electronic(Pi) effects by means of the LSFE equation (log k/k0=piai-{-
p£a£), just as with those in the 1-naphthyl systems. When those data are joined with all our substituent effects 
data for the phenyl, 4-biphenylyl, 2-fluorenyl, and 1-naphthyl systems under identical conditions, it is clear that 
the overall correspondence between the pt values and Dewar's simple-field-effect function (1/r) is satisfactory. 
On the other hand, the pi values appear to give slightly different responses (separate correlations for the 1- and 
2-naphthyl systems) to the SCF-jr charge difference values; this may be ascribed to the steric effects on the Pi effect 
in only the 1-naphthyl-solvolysis sets. Furthermore, the position constancy of the /effect (/Oï6_x_2/|Oi>7_x_2=0.85) 
has been observed in the present solvolysis and the available data for dissociation of 2-naphthalenecarboxylic 
acids involving relatively weak Pi effects; the figure is in good agreement with the ratio of pitParal'pi,meta=zQ'85-
Analogous results were also achieved by the same treatment to 2-benzo[£]thienyl reactivities. All the results are 
discussed with respect to the validity of the LSFE equation. 

It has been the well-accepted concept that substituent 
effects on reactivities can be described in a good approxi­
mation as an additive function of two basic components, 
polar (inductive, / ) and resonance (^/-electronic, Pi) 
effects, each of which is given as a pa product .2 - 4) 
Provided that there exists a universal set of inductive 
and jta-electronic substituent constants, the constants 
should be applicable in principle to any kinds of extended 
^"-system for various reactions. The term of universal 
substituent constants refers to the unchanged (inherent) 
electron-donating or -withdrawing capabilities of their 
own substituents, independent of any different reactivity 
classes.2) 

We have long focused on such separation and 
separability problems and have continued our studies 
of substituent effects on reactivities in certain ^'-elec­
tronic systems. LArSR Eq. 1, originally based upon 
the phenyl system,8-10) has been applied to 3 ' - , 4 '-
substituted 4-biphenylyl,5) 7-substituted 2-fluorenyl,1) 
and 3-, 4-substituted 1-naphthyl systems:7) 

log k/k0 = p(oO + r+Aâi + r-Aâx) (1) 

LArSR Eq. 1, however, stands on the reference scale 
of a0 for unexalted phenyl reactivities as a standard, 
which is separable further into two basic terms, / and Pi 
effects. The a0 scale also implies the effect of the sub­
stituent position, such as the meta or para position. 
Therefore, LSFE Eq. 26 '10-12) is expected to be appro­
priate to an understanding of the general scheme of the 
substituent effect in extended jfrz-systems. 

log k/k0 = ptat + piai + p-<j- (2) 

The at values are the inductive substituent constants, 
while the o% or a^ values the ^/-electronic substituent 
constants for pi-donor ( —R) or jfrz-acceptor(+#) sub­
stituents respectively, which, we believe, may be 
regarded as universal constants independent of any 
different reactivity classes; the numerical values are 
defined by ^ = 0 . 7 4 ^ , <rJ=0.415Aä£, and ^ = 0 . 7 3 
A<JR. These scales hold a simple association with a°p 

by means of: 

a% = at + at + a~.^ (3) 

The substituent-effect parameters obtained by means 
of the LArSR treatment can, then, be interconverted 
into those obtained by means of the LSFE treatment i1) 

Pi = p, pi = p(l+r+/0A15), p- = p(l+r-/0.73). 

It must be noted that the different susceptibilities to Pi 
effects for donor and acceptor substituents, even in a 
given reaction, are essentially expressed as in LSFE 
Eq. 2. The duality of such p^'s is a significant implica­
tion of LArSR Eq. 1 and the inevitable conclusion to 
be induced from it. 

O n the other hand, DSP Eq. 4 by Taft has been 
widely applied to many chemical reactivities and 
physical properties:2 '4 '13) 

log k/k0 = plal + pRäR (4) 

We can point out there remain three important 
differences between our LSFE Eq. 2 and Taft's DSP 
Eq. 4 : that is, (1) the existence of universal ^/-electronic 
substituent constants,6 '14) (2) the dual susceptibilities to 
the Pi effects,6'14»16) and (3) the scaling of the inductive 
substituent constants.17) A principal objective of our 
current studies has been to obtain evidence for the 
existence of a universal set of jfrz-electronic substituent 
constants. 

A naphthyl system is suitable for studies of substituent 
effects because of its various substituent positions.23) 
We have already reported the correlations for the 
solvolysis of the 5-, 6-, and 7-substituted 1-naphthyl 
systems and for the pKR of the corresponding 1-naph-
thalenecarboxylic acids with respect to jfo'-donor sub­
stituents, i.e., by means of Eq. 5:18) 

log k/k0 = ptax + p+ot (5) 

Here, we have worked with the alternative 2-naphthyl 
system and have examined the substituent effects at 
the B-ring positions, namely, the solvolysis of 6- and 7-
substituted 1-(2-naphthyl)ethyl chlorides. 

Surprisingly few substituent effect data have been 
published on 2-naphthyl reactivities;24) available are 



3034 Yuho TSUNO, Masami SAWADA, Takahiro Fujii, and Yasuhide YUKAWA [Vol. 52, No. 10 

only data sets as four reactions, in which at least both 
6- and 7-substituent effects were studied systematically: 
(I) the present solvolysis in 8 0 % aq acetone, (II) the 
detritiation of 2-tritionaphthalenes in C F 3 C O O H at 
70 °C,19) (III) the dissociation of 2-naphthalenecarboxy-
lic acids in 5 0 % aq E t O H at 25 °C,2a>20> and (IV) the 
alkaline hydrolysis of methyl 2-naphthalenecarboxylates 
in 7 0 % aq dioxane at 25 °C.21> These 2-naphthyl 
reactivities belong to the tf+-type (I and II) as well as 
the tf-type category (III and IV) and are appropriate 
for a study of the accurate reaction dependencies of 
the / and Pi effects. Further, LSFE Eq. 5 will also be 
tested for some electrophilic reactivities of the relevant 
heteroaromatics, such as 2-benzofuryl and 2-benzo[&]-
thienyl systems.22'233) 

Chart 1. 

Accordingly, the present results and discussion bear 
on the validity and utility of LSFE Eq. 2 in extended 
jfo'-systems and on the transmission efficiency of the / 
and Pi effects. 

Experimental 2 5 ) 

Materials. Commercial 2-acetylnaphthalene was purified 
through the recrystallization of its picrate (mp 82—83 °C), 

followed by the fractional distillation of the regenerated ketone 
using aq NH3. 

6-Substituted 2-Acety[naphthalenes : 6-Methoxy-,26) 6-methyl-
thio-,27) 6-methyl-,28) and 6-bromo-2-acetylnaphthalenes29) 

were prepared by following the literature methods of the 
Friedel-Crafts acetylation in nitrobenzene and were purified 
by fractional redistillation or by column chromatography over 
alumina (eluting with hexane-benzene) or by fractional 
recrystallization. The 6-bromo-2-acetylnaphthalene was con­
verted to 6-cyano-2-acetylnaphthalene (mp 142—144 °C) by 
the ordinary method, using CuCN in DMF.24C>30> The 
physical constants agreed well with the reported values, as 
is shown in Table 1. 

7-Substituted 2-Acetylnaphthalenes: These compounds were 
prepared essentially by a combination of such well-known 
synthetic routes31) of reactions as the following. 

7-Methyl-2-acetylnaphthalene. 3- (/>-Methylbenzoyl) pro­
panoic acid was prepared by the Friedel-Crafts reaction of 
succinic anhydride with toluene and A1C13.

32> The acidifi­
cation of the aq sodium salt solution gave colorless ppt (mp 
129—131 °C; lit, 126—128 °C,33> 124—126 °C),34> which was 
then reduced by a Wolff-Kishner reaction with KOH, 80% 
aq NH2NH2 in diethylene glycol35> to 4-(/>-methylphenyl)-
butanoic acid (recrystd from hexane, mp 57—58 °C; lit, 59— 
61 °C,33> 60—61 °C)31> and then esterified with 99% EtOH. 
Ethyl 4-(/>-methylphenyl)butanoate was distilled at bp 97.5— 
98 °C/2 mmHg as a GLC pure sample. The ester (80 g) was 
treated with ethyl formate (64 g) and NaOEt in abs ether36) to 
give ethyl 2-formyl-4-(/?-methylphenyl)butanoate, along with 
about a half of the starting butanoate ester (43 g). The 
product was, then, cyclized to ethyl 3,4-dihydro-7-methyl-2-
naphthoate, using phosphoric acid and coned H2S04 , accord­
ing to the procedure described by Holmes and Trevoy.36) 

The subsequent distillation of the desired ester gave a GLC 

TABLE 1. PHYSICAL PROPERTIES AND ANALYTICAL DATA OF 2-ACETYLNAPHTHALENES, 

1-(2-NAPHTHYL) ETHANOLS, AND 1 - ( 2 - N A P H T H Y L ) ETHYL CHLORIDES 

Group 

Ketone 

Alcohol^ 

Chloride*' 

Subst 

H-2 

6-MeO-2 

6-MeS-2 
6-Me-2 
6-Br-2 
7-MeO-2 
7-Me-2 
7-Br-2 
H-2 
6-Me-2 
6-Br-2 
6-CN-2 
7-MeO-2 
7-Me-2 
7-Br-2 
H-2 
6-MeS-2 
6-CN-2 
7-MeO-2 
7-Me-2 
7-Br-2 

Mp or bp 
(°C or °C/mmHg) 

55—56 
133—135/5 
109—110 

124.5—126.5 
140—144/0.8 
104.5—105.5 
85.0—85.5 
95.5—96.0 
94.5—95.5 
75.5—76.0 
135—137/1 
142—144/0.7 
ca. 55—57 
86.0—86.5 
70.5—71.5 
90—91 
68.5—69.0 
97.5—99.0 
82—83 
75—76 
66—67 
76—77 

Lit 

5644b) 

171—173/1744b> 

106.526> 

175—185/0.844a> 
12027> 
ca. 154/0.828) 
100.529> 

748a) 

688a> 

Carbon 
Found (Calcd) 

84.81(84.68) 

78.01(77.98) 

72.19(72.19) 
84.61(84.75) 
58.15(57.86) 
77.87(77.98) 
84.66(84.75) 
57.81(57.86) 
83.45(83.69) 
84.11(83.83) 
57.49(57.39) 

76.94(77.20) 
83.64(83.83) 
57.19(57.40) 
75.45(75.59) 
65.94(65.95) 
72.51(72.39) 
70.71(70.75) 
76.28(76.28) 
53.64(53.47) 

Hydrogen 
Found (Calcd) 

5.87(5.92) 

5.56(6.04) 

5.64(5.59) 
6.73(6.57) 
3.72(3.64) 
5.98(6.04) 
6.39(6.57) 
3.36(3.64) 
6.79(7.02) 
7.40(7.58) 
4.30(4.42) 

6.82(6.98) 
7.37(7.58) 
4.18(4.42) 
5.74(5.82) 
5.48(5.53) 
4.34(4.67) 
5.80(5.94) 
6.16(6.40) 
3.58(3.74) 

Other 
Found (Calcd) 

(Br) 31.84 (32.08) 

(Br) 31.69(32.08) 

(Br) 31.53(31.82) 
(CI) 18.48(18.59) 
(CI) 15.13(14.97) 
(CI) 16.17(16.44) 
(CI) 16.01(16.06) 
(CI) 17.12(17.32) 
(CI) 12.92(13.15) 

a) 6-MeS-2, mp 100—102 °C. b) 6-Me-2, bp 115—116 °C/1 
were used immediately after the preparation of the chlorides, 

.2 mmHg. Both 6-MeO-2 and 6-Br-2 derivatives 
without distillation. 



October, 1979] Substituent Effects for Solvolysis of 2-Naphthyl Derivatives 3035 

pure, colorless liquid (27.6 g) ; bp 142—144 °G/4 m m H g ; 
N M R (CG14) 6 - 1 . 3 3 (3H, t, 7 = 7 . 1 Hz, GH 2 GH 3 ) , 2.29 (3H, 
s, CH 3 ) , 2.4—2.9 (4H, m, C H 2 G H 2 ) , 4.20 (2H, q, 7 = 7 . 1 Hz , 
GH 2 GH 3 ) , 6.94 (3H, s, Ar) , and 7.36 ( I H , olefinic); F o u n d : 
G, 77.78; H , 7 .30%. Galcdfor C 1 4 H 1 6 0 2 : G, 77.75; H , 7 .46%. 

The ethyl d ihydronaphthoate (27 g) was dehydrogenated 
with 2,3-dichloro-5,6-dicyano-/?-benzoquinone ( D D Q , 32 g) in 
xylene (250 ml) under refluxing for 24 h . After a usual 
work-up, a major fraction of the distillation (bp 133—140 
°C/2 mmHg) was collected (solidified on standing) and recrys-
tallized from hexane to give pure ethyl 7-methyl-2-naphtha-
lenecarboxylate (15 g) ; m p 64.5— 65 °G; N M R (CC14) 0= 
1.42 (3H, t, 7 = 7 . 1 Hz , GH 2 GH 3 ) , 2.50 (3H, s, GH 3 ) , 4.37 
(2H, q, 7 = 7 . 1 Hz, GH 2 GH 3 ) , and 7.2—8.4 (6H, m, A r ) ; 
Found: G, 78.38; H , 6.65«%. Galcd for G 1 4 H 1 4 0 2 ; G, 78.48; 
H , 6 . 5 9 % . 

7-Methyl-2-naphthalenecarboxylic acid, obtained from the 
alkaline hydrolysis, was recrystallized from aq E t O H ; m p 208 
—209 °C (lit, 207—209 °C).31> 7-Methyl-2-acetylnaphthalene 
was similarly synthesized (via 7-methyl-2-naphthoyl chloride, 
as has been described elsewhere)7»8a»18) and purified by recrys-
tallization from hexane ; m p 85.0—85.5 °G; N M R (CC14) (5= 
2.55 (3H, s, GH 3 ) , 2.64 (3H, s, G O G H 3 ) , and 7.4—8.4 (6H, 
m, Ar) . 

7-Methoxy-2-acetylnaphthalene. 3- (/>-Methoxybenzoyl) -
propanoic acid (mp 148—150 °G; lit, 148—149 °C),37>38> 
4-(/>-methoxyphenyl)butanoic acid,38) and ethyl 4-(/>-methoxy-
phenyl)butanoate (bp 133.5—134 °G/3 m m H g ) were prepared 
successively by methods similar to those used for the above 
7-methyl derivatives. T h e cyclization of ethyl 4-(/>-methoxy-
phenyl)butanoate (74 g) via ethyl 2-formyl-4-(/?-methoxyphen-
yl)butanoate gave ethyl 3,4-dihydro-7-methoxy-2-naphthalene-
carboxylate (17.5 g) ; bp 169—175 °G/5—6 m m H g ; N M R 
(GC14) é = 1 . 3 3 (3H, t, 7 = 7 . 1 Hz, GH 2 GH 3 ) , 2.4—2.9 (4H, 
m, GH 2 CH 2 ) , 3.74 (3H, s, O C H 3 ) , 4.19 (2H, q, 7 = 7 . 1 Hz , 
GH 2 GH 3 ) , 6.6—7.0 (3H, m, Ar) , and 7.36 ( I H , s, olefinic); 
Found : C, 72.50; H , 6 .70%. Galcd for C 1 4 H 1 6 0 3 : G, 72.39; 
H , 6 . 9 4 % . 

T h e dehydrogenation of the dihydronaphthalene (28.5 g) 
with DDQ, gave ethyl 7-methoxy-2-naphthalenecarboxylate 
(21.5 g ) ; bp 188—195 °G/5 m m H g (lit, m p 36—36.5 °G) ;39> 
N M R (CG14) 6 = 1 . 4 2 (3H, t, 7 = 7 . 1 Hz , GH 2 GH 3 ) , 3.88 (3H, 
s, OGH 3 ) , 4.37 (2H, q, 7 = 7 . 1 Hz , GH 2 GH 3 ) , and 7.1—8.4 
(6H, m, Ar) . 

After alkaline hydrolysis, 7-methoxy-2-naphthalenecarbox-
ylic acid was obtained; recrystd from aq E t O H , m p 200.5— 
201 °G (lit, 194—195 °C,40> 195.5—196 °C).39> T h e naph tha -
lenecarboxylic acid was converted to 7-methoxy-2-acetylnaph-
thalene, being distilled at 183—189 °G/5 m m H g , and was then 
recrystallized from hexane-benzene as colorless needles; m p 
95.5—96.0 °G; N M R (CC14) 6 = 2 . 6 1 (3H, s, C O G H 3 ) , 3.90 
(3H, s, OGH3), and 7.1—8.2 (6H, m, Ar) . 

7-Bromo-2-acetylnaphthalene. 3- (/»-Bromobenzoyl) propanoic 
acid (mp 148.5—150.5 °G; lit, 148—149 °C),41> 4-(/>-bromo-
phenyl)butanoic acid (mp 68.5—69.5 °C ; lit, 7 1 — 72 °C),41> 
and ethyl 4-(/>-bromophenyl)butanoate (bp 115—117°C/2 
mmHg) were similarly prepared as the corresponding M e 
and M e O derivatives. T h e ester condensation and successive 
cyclization of the ester (89 g) gave ethyl 3,4-dihydro-7-bromo-
2-naphthalenecarboxylate, which was distilled at b p 140—153 
°G/1 m m H g (35 g) and then recrystallized from hexane to 
afford the above named substance (mp 67—67.5 °G) as color­
less crystals (30 g ) ; N M R (GC14) 6 = 1 . 3 3 (3H, t, 7 = 7 . 1 Hz , 
CH 2 CH 3 ) , 2.4—2.9 (4H, m, C H 2 C H 2 ) , 4.21 (2H, q, 7 = 7 . 1 
Hz, GH 2 GH 3 ) , and 6.9—7.3 (4H, m, Ar and olefinic) ; F o u n d : 
G, 55.51; H , 4.42; Br, 2 8 . 5 3 % . Galcd for G 1 3 H 1 3 0 2 Br: G, 
55.54; H, 4.66; Br, 28 .42%. 

T h e dihydronaphthalene was dehydrogenated with D D Q , 
to give ethyl 7-bromo-2-naphthalenecarboxylate as colorless 
needles (recrystd from ligroin; m p 92.5—94 °G) ; N M R (GC14) 
<5=1.46 (3H, t, 7 = 7 Hz , GH 2 GH 3 ) , 4.46 (2H, q, 7 = 7 Hz, 
C H 2 G H 3 ) , and 7.7—8.6 (6H, m, A r ) ; N M R (GDC18) 6 = 1 . 4 4 
(3H, t, 7 = 7 . 1 Hz, C H 2 C H 3 ) , 4.45 (2H, q, 7 = 7 . 1 Hz, 
C H 2 G H 3 ) , and 7.6—8.5 (6H, m, Ar);42a> G 1 3 -NMR (GDC13) 
6 = 1 4 . 4 0 (GH 2 GH 3 ) , 61.38 (GH 2 GH 3 ) , 120.80 (G7), 125.93 
(G3), 128.27 (C4),t,42b)!29.00 ( Q ^ 129.59 (G5),t 130.22 (Gx) 
131.39 (C8), 131.69 (C6),t 133.84 and 134.03 (C9 and C10), 
and 166.60 (£OOEt) ; 4 2 b> Found : G, 55.93; H , 3.73; Br, 
28 .25%. Galcd for G 1 3 H n 0 2 B r : G, 55.94; H , 3.97; Br, 
2 8 . 6 3 % . 

T h e alkaline hydrolysis of the ester afforded 7-bromo-2-
naphthalenecarboxylic acid (mp 241—243 °G; lit, 238—240 
°C),40> which was similarly converted to 7-bromo-2-acetyl-
naphthalene, having been purified by distillation and then 
recrystallization from hexane; m p 94.5—95.5 °G; N M R (GC14) 
6 = 2 . 6 5 (3H, s, GOCH3) and 7.7—8.4 (6H, m, Ar ) . 

l-(6- and 7-Substituted 2-naphthyl) ethanols and Their Chlorides. 
T h e alcohols and chlorides were prepared successively from 

the corresponding ketones with the s tandard method :7,8a'18> 
(i) the reduction of the ketone with LiAlH4 or NaBH 4 to give 
1-(2-naphthyl) ethanol followed by (ii) the chlorination of the 
alcohol with dry H C l or SOCl 2 to provide 1-(2-naphthyl)ethyl 
chloride. T h e N M R data of l-(7-substituted 2-naphthyl)-
ethanols were as follows. 7-Me deriv; N M R (GG14) 6 = 1 . 4 7 
(3H, d, 7 = 6 . 3 Hz , C H O H G H 3 ) , 1.93 ( I H , s, O H ) , 2.48 (3H, 
s, GH 3 ) , 4.89 ( I H , q, 7 = 6 . 3 Hz, G H O H G H 3 ) , and 7.1—7.7 

T A B L E 2. SOLVOLYSIS DATA FOR 6- and 7-SUBSTITUTED 

1-(2-NAPHTHYL) ETHYL CHLORIDES IN 

8 0 % AQ, ACETONE 

Subst 

FÜ2 

6-MeO-2 

6-MeS-2 

6-Me-2 

6-Br-2 

6-GN-2 

7-MeO-2 
7-Me-2 
7-Br-2 

Temp/°G 

45TÖ 
25.0 
45.0 
25.0 
15.0 
0.0 

- 1 5 . 0 
45.0 
25.0 

0.0 
45.0 
25.0 
65.0 
45.0 
25.0 
90.0 
75.0 
45.0 
25.0 
45.0 
45.0 
45.0 

l O ^ / s - 1 

5.01b> 
0.442 

835a> 
127a> 
46.6 

7.78 
1.30 

224a> 
24.0 

0.935 
34.5°) 
3.73 

10.5 
1.18 
0.0993a) 
3.68 
0.870 
0.0325a> 
0.00253a> 
5.94d) 
9.05d) 
0.300d> 

a) Extrapolated from other temperatures by means of 
the Arrhenius equation. b) Previous value; 5.03 
(5.18).*a> c) Calculated from the L F E R of (log k\ 
^o)45o C =0.9436 (log Â#0)2 5 oC - 0 . 0 3 6 ( r = 0 . 9 9 9 6 , 
j = ± 0 . 0 5 7 , n=5). d) For the 7-X-2 series, kx = 
5.17 x 10"6 s-1 for the parent H-2 was used for the 
calculations of the relative rates because of the 
different batchs and different workers. 
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(6H, m, Ar). 7-MeO deriv; NMR (GG14) 6-1 .48 (3H, d, 
7 = 6 . 4 Hz, CHOHCHg), 1.79 (1H, s, OH), 3.85 (3H, s, 
OGH3), 4.89 (1H, q, J - 6 . 4 Hz, GHOHGH3), and 7.0—7.7 
(6H, m, Ar). 7-Br deriv; NMR (GG14) 6-1.49 (3H, d, J= 
6.4 Hz, CHOHGH3), 1.69 (1H, s, OH), 4.94 (1H, q, 7 - 6 . 4 
Hz, CHOHCH3), and 7.4—7.9 (6H, m, Ar). 

The physical properties and the microanalysis data of the 
ketones, alcohols, and chlorides are listed in Table 1. 

Solvent and Kinetics : The 80 % (v/v) aq acetone solvent was 
prepared by mixing 1 volume of deionized, distilled, and 
degassed water with 4 volumes of purified acetone at 25 °G, 
as has been described before.7'8*'18) Different batches of the 
aq acetone solvent, which gave slightly different rate con­
stants (Table 2), were employed without calibration for each 
series of measurements. The solvolysis reaction was followed 
by the usual titration method (chloride of ca. 0.02 M-1 , titer 
of ca. 0.02 M- 1 aq NaOH, indicator of Bromocresol Purple). 
The bath temperature was controlled to ±0.02 °C. At very 
low temperatures (—15 °G), the accuracy was estimated to 
be within 0.1 °G. The kinetic procedures were essentially the 
same as those reported before.8*,45a) 

All runs followed first-order kinetics, covering over 70— 
80% of the reaction, except for the 6-GN-2 derivative (50% 
reaction). The first-order rate constants were calculated by 
means of the least squares method using the mean infinity 
reading obtained after over 10 half-lives (corr coeff^> 
0.9999) .45b) The data points in a run were usually 12 points 
(2 for infinity reading), but in a few instances 7 points were 
used, covering up to ca. 70% of the reaction. The rate con­
stants from duplicated runs were reproducible within ± 2 % 
or better. Very reactive chloride, such as the 6-MeO-2 
derivative, was used for the kinetic measurements immediately 
after the evaporation of the solvent and without purification. 

The rate constants, ^ ( s - 1 ) , obtained at various temperatures 
are given in Table 2. 

R e s u l t s and D i s c u s s i o n 

The logarithmic relative rates of 6- and 7-substituted 
1-(2-naphthyl) ethyl chlorides with respect to the parent 
unsubstituted 2-naphthyl derivative in 8 0 % aq acetone 
at 45 °C and 25 °C are summarized in Table 3, along 
with some activation parameters. The reaction condi­
tions are our standard ones in our studies of a series 
of solvolysis reactions. The log k/k0 values in Table 3 
can, then, be directly compared with the other corres­
ponding solvolysis sets in the phenyl,83) 4-biphenylyl,5) 

TABLE 3. log k/k0 VALUES FOR THE SOLVOLYSIS OF 

SUBSTITUTED l-(2-NAPHTHYL)ETHYL CHLORIDES 

IN 8 0 % AQ, ACETONE 

4.0 

Subst 

H-2 
6-MeO-2 
6-MeS-2 
6-Me-2 
6-Br-2 
6-GN-2 
7-MeO-2 
7-Me-2 
7-Br-2 

(log k/k0) 
at 25 °G 

0.000 
2.46a> 
1.735 
0.926 

-0.65a> 
-2 .24 a J 

(log k/k0) 
at 45 °G 

0.000 
2.22a> 
1.65a> 
0.84c> 

- 0 . 6 2 8 
-2.19a> 

0.060d> 
0.234d> 

-1.236d> 

A//* 
kcal/mol 

22.3 
17.1 
20.4 
20.4 
22.7 
23.4 

-AS* 
eu 

8.3 
14.4 
6.5 

10.5 
9.8 

14.6 

4 MeO 1 O 

a), c), and d) are the same as in the footnotes in 
Table 2. 

- 2 . 0 0.0 2.0 4.0 

(log k/k0) 
detritlation 

Fig. 1. A rate plot between the present solvolysis (45 
°G) and the detritiation (70 °G) in the 2-naphthyl 
(closed circle) and in the 1-naphthyl (open circle) 
systems. 

2-fluorenyl,1) and 1-naphthyl systems.7'18) 
In the present 2-naphthyl series, the log k/k0 varies 

widely not only with the substituent change, but also 
with the position change, just as in the 1-naphthyl 
series. Figure 1 shows a plot of the logarithmic relative 
rates for the present solvolysis, I (at 45 °C), against 
those for I I (at 70 °C).19a> Although common 
substituents are so limited, all the points except for the 
6-MeO-2 derivative in the 2-naphthyl system (closed 
circle) fall on or near the line for the 1-naphthyl system 
(open circle).18) The detritiation data for the 6-C1-2 
and 7-C1-2 derivatives were employed in this figure 
instead of those for the Br derivatives. 

The M e O group may be modified in C H 3 C O O H by 
hydrogen-bonding interaction, which appears to reduce 
mainly its ability to make a />/-electron donation.18 '46) 
The modification seems to be consistent with the fact 
that deviations are serious only in a strongly conjugative 
position, in which the ^/-electronic contribution is 
important , but not appreciable in weakly conjugative 
(5-MeO-l) and essentially nonconjugative positions. 
The single correlation line for 1- and 2-naphthyl 
derivatives, except for such a single M e O group, 
reflects a similar blend of the I/Pi effects in the two 
naphthyl series between I and I I . 

O n the contrary, Fig. 2 illustrates a plot of I (at 45 °C) 
against III (at 25 °C).2a'20> Note that the plot does not 
show an overall linearity in the 2-naphthyl system from 
the M e O to the CN substituents (closed circle) ; the 
same is true in the 1-naphthyl system (open circle). 
This is similar to the plot of the <r+ reactivity data 
against the a values in the phenyl system: that is, (i) 
all the substituents at the conjugate position (7-MeO-2, 
7-Br-2, 7-Me-2), the jfrz-acceptor (+R) substituents at 
the conjugate position (6-CN-2), and the unsubstituted 
one make a straight line, and (ii) the jfrz-donor (—R) 
substituents at the conjugate position (6-MeO-2, 
6-Me-2, 6-Br-2) substantially deviate upward from the 
correlation line, the deviations depending upon the 
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V^P-^a/nap..t.oic acid 

Fig. 2. A plot of the log k/k0 in the present solvolysis 
(45 °G) vs. ApK& in the corresponding naphthoic acids ; 
closed circle for 2-naphthyl and open circle for 1-naph­
thyl systems. 

order of the jfo'-donor ability: M e O > M e > B r . Analo­
gous phenomena have been observed in the 2-fluorenyl1) 
and 4-biphenylyl systems.5) As far as electrophilic 
reactivities are concerned, it can be generally deduced 
from extended jfo'-electron systems that the blend of the 
I-Pi effects of the donor substituents at the conjugate 
positions varies with the reactions of different electron 
demands, whereas the blend for acceptor substituents, 
even at conjugate positions, does not. All these facts 
are in line with the general features of the substituent 
effects observed in the Hammett- type treatment of 
general benzene reactivities. 

The next feature of this figure is the separate slopes 
for the 2-naphthyl (a solid line) and 1-naphthyl (a fine 
line) systems ; each line is drawn through the substituents 
for which no additional resonance exaltation effect can 
be expected. The slope for the 2-naphthyl system is 
2 5 % larger than that for the 1-naphthyl system. Any 
one of the three reactions (I, I I , and I I I ) has a higher 
sensitivity to the substituent changes in the 2-naphthyl 
than in the 1-naphthyl system. This probably arises 
from the different steric effects with the peri-hydrogen 
on the reaction center. Special care should be taken 
in the discussion of the apparent substituent constants 
in the 2-naphthyl system compared with the 1-naphthyl 
system, for example, the use of the p in the phenyl 
system. Since the p value for the solvolysis of l-(3,4-X-
1-naphthyl) ethyl chlorides (by LArSR or LSFE for 
4-X-l) was found to be — 5.1,7) compatible with the 
p of —5.0 for the phenyl system,83) the separate lines 
in Fig. 2 imply the possibility that the treatment of the 
substituent effects for the dissociation of both 1- and 
2-naphthalenecarboxylic acids with a single, common 
/O20) is not appropriate. 

At the intermediate in the present solvolysis, where a 
positive charge is developed, the 6-X-2 naphthyl system 
can be stabilized by an extended quinoid structure 

throughout the A and B rings. The higher stability of 
2,6-naphthoquinone than, for example, 1,7-naph-
thoquinone or 1,5-naphthoquinone47) may tell us 
qualitatively of the larger contribution of such a 2,6-
naphthoquinonoid structure. O u r a t tempt to correlate 
the 6-X-2 reactivities with simple o+ parameters48) 
appears to have been practically successful. I t provides 
p+=— 3.05, with a correlation coefficient of 0.9990 
(s= ± 0 . 0 8 0 , ?z=6), suggesting quite a large jfo'-electronic 
exaltation effect in this series. The LArSR approach 
gives a more precise description (Fig. 3) by the use of: 

\ogk/k0 = - 3 . 2 7 5 ( 4 + 0.872 A*S) - 0.053 

with a corr coeff of 0.9997 and a standard deviation of 
± 0 . 0 4 4 (rc = 6).49> O n the basis of the p and r+ values 
thus obtained, the LSFE p{ and pi values are estimated 
to be as listed in Table 4 ; the pi\p{ ratio is ca. 3 .1 . 

O 

2.0 

1.0 

0.0 

-1.0 

-2.0 

6-MeO-2 

6-MeS-2 

i6-Me-2 

6-Br-2 

- 0 . 6 + 0.6 0.0 

<7°-f0.87 Aa+R 

Fig. 3. The LArSR plot for the solvolysis of 6-substi-
tuted l-(2-naphthyl)ethyl chlorides at 45 °G. 

In the 7-X-2 naphthyl reactivities, there is no single 
tf-type parameter to describe the substituent effects. We 
arrived at the view that the effects for 7-X-2 of I may 
correlate well with the quanti ty of ( 4 + ^ m ) / 2 rather 
than with that of a% or <7m.50) This indicates that the 
Pi I Pi ratio is close to 0.7 (rather than to 1.0 or 0.4). 

For the present aim to ascertain the general features 
of the position dependency of the / and Pi components 
of substituents in extended jfo'-systems, it should be 
appropriate to use the LSFE approach, using their 
universal substituent constants. It would seem that a 
large number of data including both — R and +R 
substituents would give the most reliable statistical 
parameters of pi9 pi, and /0" in LSFE Eq. 2 when three 
independent variables are used (ou ai, and tf^).6>16>54) 
In the present cases, we have treated only /?z-donor 
substituents and then utilized the simplified LSFE Eq. 5 
for each substituent position in the naphthalene ring. 

file:////q3-CN-1
file:////n4-CN-l
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TABLE 4. CORRELATIONAL PARAMETERS FOR THE SOLVOLYSIS OF 1-(2-NAPHTHYL)ETHYL CHLORIDES AT 45 °Ca) 

Series 

6-X-2 

7-X-2 

Method1*) 

LArSR Eq. 1 
LSFE Eq. 5 
LSFE Eq. 5f> 
LSFE Eq. 5 

Pi 

- 3 . 2 8 
- 3 . 4 5 
- 3 . 4 9 
- 3 . 8 9 

Pt 
- 1 0 . 2 
- 1 0 . 4 
- 1 0 . 3 
- 2 . 9 6 

P7 

( - 3 . 3 ) 

±sc> 

0.044 
0.069 
0.092 
0.121 

Äd> 

0.9998 
0.9991 
0.9991 
0.9946 

H(Subst)e> 

6(MeO,MeS, Me, Br, H, GN) 
5(MeO, MeS, Me, Br, H) 
4(MeO, Me, Br, H) 
4(MeO, Me, Br, H) 

a) See also Table 5. b) See Text, c) Standard deviation, d) Correlation coefficient, e) Substituents involved 
in calculation, f ) Without SMe. 

T h e regression parameters derived are given in Table 
4. The substituent constants employed here are the 
same as those in previous reports.18) The reliability 
of such statistically derived Pi and pi parameters 
depends greatly upon the variation in the electronic 
natures of the substituents as well as on those 
numbers.23 '51 '52) The present series involve four 
common, typical substituents—MeO, Me, Br, H . Such 
a variety should provide meaningful results for the 
present purpose. 

In the case of the 6-X-2 naphthyl series, the para­
meters from LSFE Eq. 5 (without the CN group) agreed 
quite well with those from the LArSR treatment, 
including the CN group. The identity of the correlation 
parameters with and without the CN, associated with 
high correlation coefficients, suggests that the /o~ value 
must be rather close to the pi value. In a previous 
paper,1) it has been demonstrated that the reactivities 
in the 6-X-2 naphthyl derivatives can generally be 
expressed by the LArSR approach, involving both pi-
donor and ^ '-acceptor substituents (CN or N 0 2 ) . This 
means that px — Pi holds generally, as a good approxi­
mation, in spite of varying contributions by Pi effects of 
jta-donor groups. 

To minimize the probability of an accidental correla­
tion due to experimental error, etc., we used here the 
correlation values of pi and pi, including the CN group, 
for wider coverage. The —pi value for 7-X-2 naphthyl 
has been shown to be larger than that for the 6-X-2 
series. The /°/,6-x-2//°/,7-x-2 r a t i o is calculated to be 
0.85 by the use of —3.3/ —3.9; this value is in good 

agreement with the Pi,paralPi,meta v a l u e of 0.85, but it 
seems to be slightly larger than the relevant values of 
Pi.e-x-ilPi.i-x-i or fr.e-x-i/ft\5-x-i of ca.^ 0.75 in the 1-
naphthyl series (see also Table 5).18) It is apparent that 
the / effect of substituents from the 7-position is more 
effectively transmitted than that from the 6-position 
in the 2-naphthyl system. This can reasonably be 
related to the shorter distance or less intervening sp2-
carbons in the 7-X-2 system than in the 6-X-2 system. 
O n the other hand, the resulting — pi for the 6-X-2 is 
larger by a factor of 3 than that for the 7-X-2 system; 
this is in qualitative accord with the prediction from 
M O calculations.23 '3 '1915 '20 '23) 

In Table 5 are collected the full sets of Pi and pi 
values derived from our solvolysis rates. Figure 4 gives 
the overall correspondence of the empirical Pi sets to 
Dewar's 1/r function, which has been shown to be 
appropriate for 1-naphthyl reactivities.18) The figure 
seems to justify again the soundness of the simple 
function, covering a wide enough range, from the 
phenyl to the 2-fluorenyl system. Although the deviation 
of the 7-X-2 naphthyl appears to be slightly large, 
no other complicated functions, such as (cos 6)/r2 

(Table 5), can provide any appreciable improvement in 
the correlation. Therefore, it is apparent that the angle 
factors are unimportant . Herein, the r refers to Dewar's 
simplest distance between the naphthyl carbons to 
which substituents and reaction site are attached,33) 
and 0 is the angle between the above distance vector 
and a C - X dipole vector. It is characteristic that, 
instead of the 4-biphenylyl sets which had previously 

TABLE 5. COMPARISONS BETWEEN EMPIRICAL AND THEORETICAL PARAMETERS FOR THE SOLVOLYSIS OF 

1-ARYLETHYL CHLORIDES IN 8 0 % AQ, ACETONE AT 4 5 ° C 

Aryl system 

4-X-l Phenyl 
3-X-l Phenyl 
7-X-2 Fluorenyl 
4'-X-4 Biphenylyl 
3'-X-4 Biphenylyl 
3-X-l Naphthyl 
4-X-l Naphthyl 
5-X-l Naphthyl 
6-X-l Naphthyl 
7-X-l Naphthyl 
6-X-2 Naphthyl 
7-X-2 Naphthyl 

Method111) 

LArSR8) 
LArSR8) 
LArSR1) 
LArSR*) 
LArSR5) 
LSFE18) 
LSFE18) 
LSFE18) 
LSFE18) 
LSFE18) 
LArSRf) 
LSFEf) 

Pi 

-4 .95 a ) 
-5 .79 b ) 
— 2.28a'c) 
-1 .56 a ) 

(-1.83)b) 
- 6 . 9 6 
- 5 . 0 9 
- 3 . 8 2 
- 2 . 9 0 
- 3 . 6 6 
- 3 . 2 8 
- 3 . 8 9 

Pt 

-18 .7 a ) 
-2 .48 b ) 
—6.79a>c) 
-4 .71 a ) 

- 2 . 5 6 
- 1 7 . 6 
- 4 . 4 0 
- 2 . 4 3 
- 7 . 7 4 

- 1 0 . 2 
- 2 . 9 6 

Ratio 
of l/rd> 

1.00 
1.15 
0.40 
0.40 
0.44 
1.15 
1.00 
0.76 
0.67 
0.76 
0.56 
0.58 

Ratio 
of cos 0/r2 d) 

1.00 
0.96 
0.25 
0.25 
0.18 
0.96 
1.00 
0.65 
0.67 
0.50 
0.42 
0.38 

MO index 
SCF-7T Age) 

0.200 
0.042 

0.019 
0.225 
0.084 
0.043 
0.107 
0.116 
0.045 

a) Calcd with pt=p, pt = p(l +r+/0.415).1) b) Calcd with pitmeta= 1-17 pttPara'15) c) The temperature factor 
of 0.957 was used from 25 °G to 45 °G.5) d) See Text, e) Ref. 23b. f) Present study. 
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Li i L_ 
0.0 0.5 1.0 

Ratio of 1/r 

Fig. 4. A plot of the pt values vs. a ratio of Dewar's 1/r; 
N(Naphthyl), F(Fluorenyl), and B(Biphenylyl). 

been applied to Dewar's F M equation,33) the planar 
2-fluorenyl set fits the line much more closely (Fig. 4) . 
This observation is not inconsistent with our earlier 
conclusion of the l/R2 dependence of the / effect in the 
4-biphenylyl relative to the phenyl system.5) Even 
bearing the crudeness of the approximation in mind, 
the inductive effect in various extended jfo'-systems for 
the present solvolysis series may be explicable in terms 
of Dewar's 1/r parameter (to a practical approximation) 
if the jbm-hydrogen steric effect does not exert any 
observable effects on the p{ values. This conclusion 
will be further evaluated on the basis of available 
solvolysis data for heteroaromatics (see below). 

In the solvolysis of 6-substituted bicyclo[4.4.0]dec-2-yl 
tosylates, which constitute a good model of the 6-X-2 
naphthyl sigma skeleton, Tanida et al. suggested the 
importance of the field effect based upon the rate ratio 
Of *ax/*eq = 0.7—0.9.55> 

Previously, we noted a good relationship between the 
Pi values and Forsyth's theoretical A^j values (the 
regional charge difference at a substituent position).53) 
Resently, Forsyth, Spear, and Olah have reported 
extensive sets of Aq; the change in charge density for 
the process of Ar-»ArCH£ was calculated by the use 
of a PPP S C F - T I method.23b>58> Figure 5 illustrates the 
correspondence between the empirical pi and the 
charge difference (Aq), giving two lines covering the 
1- and 2-naphthyl and phenyl sets. The higher-slope 
line involves 4-X-l phenyl and 6-X-2 naphthyl groups, 
while the lower line involves 4-X-l naphthyl and 7-X-l 
naphthyl groups; the four pi values of these groups 
are more reliable than the other groups in Fig. 5 because 
of their wider coverage of the reactivity change. The 
M O calculations do not involve any accounts of the 
steric effects. The separate response (Fig. 5) is ex­
plicable; that is, the 1-naphthyl pi sets, appreciably 
4-X-l and 7-X-l, are influenced more efficiently by 
steric effects caused by jfrm-hydrogen and give lower pi 
values than would be expected with other steric-free 
sets. 

As a conclusion, the good coincidence between the 

Aq (SCF-TT) 

Fig. 5. A plot of the pi values vs. Aq of Forsyth's 
charge difference values by PPP SGF-TT method.23b> 

empirical and theoretical coefficients with respect to the 
/ and Pi effects, covering a wide range of jfo'-systems, 
provides evidence justifying the validity of the descrip­
tion of the substituent effects in terms of the / and Pi 
effects by means of the LSFE equation. 

The LSFE approach has been further tested for other 
reactions59) or other extended jfo'-systems: the I I I , IV, 
and the (V) solvolysis of l-(2-benzofuryl) ethyl p-
nitrobenzoates,22) the (VI) solvolysis of l -(2-benzo[i]-
thienyl)ethyl jö-nitrobenzoates,23) the (VII) acetolysis of 
2-(l-azulenyl)ethyl tosylates,563) and the (VII I ) dissocia­
tion of 1-azulenecarboxylic acids.56b) The correlation 
results are summarized in Table 6, in which almost all 
the series provide very satisfactory correlations 
(i?>0.995).61> Since common substituents are involved 
in most cases, the correlation parameters (pi9 pi) can 
be estimated with a similar reliability without paying 
attention to improper substituent constants in certain 
groups. 

In the case of the I I I and IV reactions, the /0/,7_x_2 

is apparently larger than the /of-i6_x_2 and the Pi,6-X-2I 
Pi.i-x-2 ratio is calculated to be 0.85 for I I I and 0.87 for 
IV. T h e features are in line with that for the I solvolysis. 
The identical pi ratio of 0.85, in spite of the obviously 
different amount of the Pi effect, means that the / 
effect in the 2-napthyl system also remains the position 
constant. At present, the meaning of the difference 
between the factor of the present 0.85 in the 2-naphthyl 
and the previous 0.75 in the 1-naphthyl18) is not clear. 
The other sets of solvolysis data, such as for the 5-X-2 
and 8-X-2 naphthyl systems, will clarify the significance 
of such a figure for the entire B-ring positions. 

Wi th this purpose in mind, the 2-benzofuryl and 2-
benzothienyl reactivities have been chosen. These 
heteroaromatic systems are similar to the 2-naphthyl 
system; an oxygen or sulfur atom substituted for the 
CH=CH group. T h e empirical — p{ values for 5- and 
6-substituent positions in the two heteroaromatics are 
nearly equal : 4.1 ± 0 . 1 for V and 4.1 ± 0 . 2 for V I . 
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TABLE 6. CORRELATIONAL PARAMETERS FOR REACTIVITIES IN 2-NAPHTHYL AND RELEVANT SYSTEMS 

Reaction typea) Condition Subst 
position Methodb) pt Subst and note 

I I I : 2-Naph-COOH, p7Ca
2a'20) 

IV : 2-Naph-COOMe+ OH21) 

50E, 25 °C 

70D, 25 °C 

V : 2-Benzofuryl-CH-Me, Solv22) 80E, 75 °C 

OPNB 

VI : 2-Benzothienyl-CH-Me, Solv23) 80E, 75 °C 

OPNB 

VII : l-Azulenyl-CH2CH2-OTs, Solv56a) AcOH, 25 °C 

VIII : 1-Azulene-COOH, pK&™» 50E, 25 °C 

6-X-2 A 0.74 0.97 0.995 NMe2,MeO,Me,Br,Cl, 
F,H,CN,N02

c) 

7-X-2 A 0.87 0.57 0.993 NMe2,NH2,MeO,Me,Br, 
Cl,F,H,CN,N02

d:) 

6-X-2 C 1.72 2.43 0.995 MeO,Me,F,Cl,H,CN,N02
e) 

7-X-2 A (1.97) (3.56) (0.996) F,C1,H,CN,N02° 
5-X-2 B - 4 . 2 1 - 4 . 7 9 0.998 MeO,Me,Cl,H^ 

6-X-2 B - 4 . 0 0 - 1 1 . 5 0.999 MeO,Me,Cl,Hs> 
4-X-2 B - 4 . 9 9 - 7 . 1 5 0.993 MeO,Me,Cl,H 

5-X-2 B - 4 . 1 9 - 4 . 8 1 0.997 MeO,Me,Cl,Hh) 

6-X-2 B - 3 . 8 8 - 1 1 . 0 0.999 MeO,Me,Cl,H 
7-X-2 B - 4 . 6 1 - 3 . 1 0 0.992 MeO,Me,Cl,H 
2-X-l B - 4 . 4 9 - 5 . 1 7 0.999 MeO,Me,Cl,Br,H 
3-X-l A - 3 . 7 0 - 3 . 8 0 0.995 MeO,Me,Br,H,CN,Ac,NO2

0 

6-X-l B - 3 . 1 6 - 4 . 3 9 0.993 MeO,Me,Br,H 
2-X-l B 2.23 2.53 0.999 MeO,Me,Cl,Br,H 
3-X-l A 1.58 0.89 0.999 MeO,Me,Cl,H,CN,Ac,N(V 
6-X-l B 1.29 1.48 0.997 MeO,Me,Br,H 

a) See text, b) A: Analysis with LSFE Eq. 2, B: with LSFE Eq. 5, C: calculation by means of the parameters 
of LArSR Eq. 1. c) ^"=(0.96). d) Without OH; ^"=(0.56). e) r+ = 0.17i:> was used for the interconver­
sion, f ) Without NH2 ; too limited data set. g) Too limited data sets for the 5-X-3 and 6-X-3 benzofuryl 
systems ;57) further, the data for the pK& of 5,6-X-benzofurancarboxylic acids are not sufficient.60) h) The 
\ogk/k0 value for MeO ( = 0.53) was corrected and used; (log £/£0)benzofuryl=0.9842 (log ^ ^ 
i)p-=-3.3. j)p;=l.9. 

O n the other hand, the — pi values for the 4- and 
7-positions in the benzothienyl system are also nearly 
the same as the value of 4 . 9 ^ 0 . 2 for V I . The ratio of 
the values is calculated to be 0.84 (by 4.1/4.9), identical 
with the position constant in the 2-naphthyl system. 
The pi values thus obtained by the use of LSFE Eq. 5 
may again be concluded to furnish the simple 1/r 
dependency well. Previously, Wells and Adcock argued 
for the requirement of some angle function, (cos 0)/R2, 
in particular for the dissociation of the 8-X-2 naph-
thalenecarboxylic acids.20) The orientational effect, if 
operative, may be expected to be relatively more 
important in the 4-X-2 benzothienyl system than in the 
8-X-2 naphthyl system because of the larger angle of 
$ 23a) However, no orientational factor can be detected 
in the present results. Further, the azulyl system gives 
a constant ratio of Pi,ß-x-ilPi,3-x-i (0-84 for V I I and 
V I I I ) , independent of the different Pi effects. Since 
the reactivities are concerned with nonconjugate 
positions in the azulyl ring, more data at the conjugate 
positions would be of much interest. 

From the values of pi relative to pi in the series of 
the 2-benzothienyl system in Table 6, the 6-X-2 system 
(pZIPi=2.8) can be regarded as a system involving a 
strong Pi exaltation effect. Though the 7-X-2 benzo­
thienyl system (0.7) also shows less exaltation than (7°p, 
as in the case of the 7-X-2 naphthyl , the 4-X-2 (1.4) and 
5-X-2 (1.2) systems belong to the intermediate class, 
with a moderate Pi exaltation. These observations 
indicate the requirement of different resonance para­
meters of #R, #R, and tfR(BA) for the respective sets to 

achieve the best fit to Taft's DSP Eq. 4. Generally 
speaking, however, there is no definite rule for the choice 
of the most appropriate parameters, especially for any 
intermediate class of reactivity [pijpi=2—2.5). Since 
a different choice of dR causes different ^R values, the 
comparison of pi and pR between different sets of 
reactivity classes may be difficult. The present pi 
values, obtained for V I , satisfy not only the sequence, 
but also the magnitude of Aq, Forsyth's charge 
difference.233) 

As has been mentioned before by us18) and by others,4) 
Dewar's FM3) and many other modified methods for 
extended jfrz-systems19'20'23) have, a priori, assumed 
transmission coefficients, especially for Pi effects, 
obtained by means of M O calculations and have then 
defined the substituent constants to fit the corresponding 
original phenyl set of reactivities. Although this kind 
of approach is successful with a very limited reactivity 
class, the approach can never handle variations in Pi 
effects depending on the types of reactions without any 
changes in substituent constants and/or model calcula­
tions. 

In summary, it may be concluded that the electro-
philic reactivity sets at B-ring positions in the 2-naphthyl 
and relevant extended systems can be adequately 
described by means of the LSFE equation. The resulting 
empirical pi and pi parameters are reasonably cor­
related with certain physical properties characteristic 
of the system and are not inconsistent with our earlier 
conclusions with regard to the 1-naphthyl and other 
reactivities. The present discussion has been concerned 
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w i t h t h e jfo'-donor subs t i t uen t s i n e l ec t roph i l i c reac t iv i t i es , 
b u t t he t r e a t m e n t seems l ikewise p r o m i s i n g for pi-

a c c e p t o r subs t i t uen t s i n n u c l e o p h i l i c react ivi t ies . 5 0 ) W e 
be l ieve t h e p r e s e n t resul ts p r o v i d e fu r the r e v i d e n c e for 
t h e s ignif icance of t h e L S F E e q u a t i o n as wel l as for t h e 
a p p l i c a b i l i t y of t h e un ive r sa l s u b s t i t u e n t c o n s t a n t s , 
i n d e p e n d e n t of t h e r e a c t i v i t y classes. 
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The Transformation of 11-Deoxojervine into 18-Functional 
C-Nor-D-homosteroids1»2) 

Hiroshi SUGINOME,* Norio SATO, and Tadashi MASAMUNE* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received April 23, 1979) 

Deoxojervine, a C-nor-Z)-homosteroidal alkaloid, has been transformed into 17/?-acetyl-12a-etiojervan-3/?-ol 
acetate in 3 steps. Treatment with base gave the 17a-epimer. Reduction of the 17/?-isomer with NaBH4 afforded 
17/?-ethyl-12oc-etiojervane-3/?,20/?-diol 3-acetate as a single product whereas reduction of the 17a-isomer afforded 
17/^ethyl-12a-etiojervane-3/?,20/?-diol 3-acetate and the 20a isomer in an approximate 1: 1 ratio. Irradiation 
of 17/?-ethyl-12a-etiojervane-3/?,20/?-diol 3-acetate in cyclohexane in the presence of lead tetraacetate and iodine 
afforded a C-18 functional C-nor-Z>-homosteroid as a 18,20-epoxide which was oxidized to the corresponding y-
lactone with chromium trioxide. A mixture of the 17a-ethyl-12a-etiojervane-3/5,20oc-diol 3-acetate and its 20/3 
isomer in contrast gave no 18-functional compounds upon irradiation under similar conditions. 

Selective functionalization of inactive angular methyl 
groups by processes, which involve intramolecular free 
radical reactions3) have been proven to be successful in 
steroids. There exists, however, no studies on the 
functionalization of inactive methyl groups by intra­
molecular radical processes in the field of C-nor-D-
homosteroids. In this and subsequent papers the 
functionalization of the 13/?-methyl group in the C-nor-
Z)-homosteroid, derived from jerveratrum alkaloids by 
this process will be reported. These C-18 functional 
C-nor-Z)-homosteroids may be of value in further 
transformations of this important group of steroids. 

R e s u l t s 

Catalytic hydrogénation of tetrasubstituted double 
bonds in (226",256")-5o:-veratr-13(17)-enine-3iff,23/ff-diol 
(2), prepared by the platinum-catalyzed hydrogénation4) 
of 11-deoxojervine (l),5) was affected using a rhod ium-
platinum catalyst.6) The perhydro derivative (3), m p 
219—221 °C, was obtained in a 3 5 % yield. The N M R 
spectrum of 3 exhibited a 3-H singlet at r 9.20 due to the 
19-H, and three 3-H doublets centered at r 9.23 (J=ca. 
6 Hz, a signal of the doublet coincided with 19-H), 9.11 
( 7 = 6 . 3 Hz) and 8.99 (J=6.3 Hz) due to the three 
secondary methyl groups. At lower field, after D 2 0 
exchange, a broad 2-H multiplet at r 6.47, at tr ibutable 
to the 3a-H and the 23-tfH, a 1-H doublet at r 7.52 
( / = 9 . 6 ) and a 1-H double doublet at r 7.08 (J=12 
and 4) presented themselves. Irradiation at r 6.47 
caused the doublet at r 7.52 to collapse to a singlet and 
thus the doublet has been assigned to the 22/J-H. The 
double doublet is then assignable to one of the 27-
methylene protons. The stereochemistry was assumed 
to be (226*,256*)-5o:-veratranine-3/ff,23/ff-diol (3) on the 
basis of the eis addition of hydrogen atoms to an isolated 
olefinic center from the less-hindered side of steroid 
molecules and confirmed by its transformation into 
17^acetyl-12a-etiojervan-3/?-ol7) (10) identical with a 
specimen derived from a C-nor-Z)-homosapogenin by 
Johns and Laos.8) The configurations at C-12, C-13, 
and C-17 in the 3/?-ol 10 were established by further 
transformations as described later in this paper. 

It was subsequently found that the diol 3 could be 
directly obtained by the catalytic hydrogénation of 
11-deoxojervine in the presence of a rhodium-pla t inum 

catalyst or a large amount of Adams ' plat inum catalyst 
in acetic acid. From the hydrogénation product using 
the rhodium-pla t inum catalyst, perhydro compound 
(4), mp 178—180 °C, isomeric with the diol 3 was 
isolated in a 4 % yield. The N M R spectra of 4 and 
compound 3 were very similar exhibiting a 3-H singlet 
at r 9.25 due to the 19-H, and 4 singlets due to the 
overlap of three doublets centered at r 9.13 (J=6), 
9.08 ( 7 = 6 ) , and 9.00 ( 7 = 6 ) assignable to three 
secondary methyl groups. A broad 2-H multiplet at r 
6.47 attr ibutable to an overlap of the 3<*-H and the 
23-aH, a 1-H doublet at r 7.73 ( 7 = 9 . 9 Hz, 22-ßH), 
and a 1-H double doublet after D 2 0 exchange at r 7.03 
( 7 = 1 2 and 4, one of 27-CH2) were also present further 
downfield in the spectrum. No evidence is available 
on the configurations at the C-13 and the C-17 centers, 
but the structure has been tentatively assigned as 
(226",256")-5o:,13o:,17o:-veratranine-3/8,23/ff-diol (4) result­
ing from eis addition of hydrogen atoms from a more-
hindered side. 

The heterocyclic ring of diol 3 was removed by the 
procedure devised by Frank and Johnson.9»10) Treatment 
of the diol 3 in dry T H F with iV-chlorosuccinimide for 
1 h in an atmosphere of nitrogen afforded a JV-chloro 
derivative (6). This was treated in situ with sodium 
methoxide in methanol for ca. 24 h at 0—10 °C to 
afford an aldehyde (7), mp 109—110 °C, in a 9 5 % 
yield. The N M R spectral data was in agreement with 
the structure assigned. The mass spectrum exhibited 
a base peak at m je 274 resulting from a loss of the C-17-
substituent from the molecular ion involving a 
McLafferty rearrangement of a y-hydrogen. 

Trea tment of the aldehyde 7 in T H F with butyl 
nitrite in the presence of sodium methoxide afforded a 
ketone (10), mp 150—152 °C, in a 9 0 % yield. Upon 
acetylation and oxidation with Jones reagent the 
3-acetate (11), mp 116—118 °C, and a 3-one (12); 
mp 158—160 °C, were formed. The ketone 10 and 
acetate 11 were identical with the specimens8) kindly 
provided by Dr. Johns . The corresponding oxime (9), 
mp 106—109 °C, which is characteristically obtained 
as the product in this reaction,9) was isolated in only 
one experiment. Hydrolysis of the oxime with aq 
ethanolic HCl under reflux, however, gave an isomeric 
ketone which was identical with the ketone (13) obtained 
by treatment of the ketone 10 with base. I t is assumed 
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v-CX — 

" XI 
(3) R'=R2=H 
(5) R ^ ^ R ^ A c 
(6) R*=H, R2=C1 

CHO 

(7) R = H 
(8) R=Ac 

to be epimeric with the ketone 10 at the C-17. 
The configurations at C-12 and C-13 in methyl 

ketone 10 have been established by Johns and Laos 
by transformation into 12<*-etiojervane-3,17-dione (17) 
by Baeyer-villiger oxidation, followed by hydrolysis and 
oxidation with Jones ' reagent. Repetition of these 
experiments afforded a diol ( 1 6 ) n ) and a dione (17) 
which were identical with the specimens prepared by 
Johns and Laos from a C-nor-Z)-homosapogenin, by 

Scheme 1. 

direct comparison. As described by Johns and Laos,8) 
t reatment of the dione 17 with methanolic 5 % K O H 
for 1 h under reflux resulted in partial epimerization 
at C-13 and afforded an equilibrium mixture of 12«-
etiojervane-3,20-dione 17 and 12tf, 13<*-dione (18). 
Recrystallization of this mixture from aq acetone 
afforded a pure dione 18, mp 136—140 °C, identical 
with a specimen obtained from C-nor-Z)-homosapogenin 
by Johns and Laos.8) The configurations at the C-17 

A 

H (21) R = Ac, R 
(22) R = R'=H 
(23) R=R' = Ac 
(24) R=Ac, R'=N0 

"^•OR1 

(25) R=R'=H 
(26) R = Ac, R'=H 
(27) R = R*=Ac 

„OH 

,.OR 

28) R=R!=H 
(29) R = Ac, R1 

(30) R = R'=A 
(14) R ^ O A c 
(15) R = 0 

19) R = H 
(20) R = Ac 

Scheme 2. 
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centers of methyl ketone 10 and consequently the diol 
3, and the aldehyde 7, were confirmed as ß on the basis 
of the following epimerization experiments. 

Treatment of the methyl ketone 10 with methanolic 
potassium hydroxide (2.5%) for 12 h at room tempera­
ture gave an isomeric ketone 13, mp 140.0—141.5 °C, 
the acetate (14), mp 88.0—90.0 °C, of which was 
isomeric with methyl ketone acetate (11). 

O n Baeyer-Villiger oxidation, the isomeric ketone 13 
afforded a new diol (19), m p 179.0—179.5 °C, which 
gave an acetate (20), mp 96—98 °C. The diol 19 was 
shown to be epimeric at C-17 with the diol 16 in that 
Jones ' oxidation of the diol 19 afforded the dione 17 
identical with the dione obtained by oxidation of the 
diol 16. The D-ring of the ketones 10 and 13 is assumed 
to adopt one of four possible conformations, two quasi 
chair and two quasi boat forms. Regardless of these 
conformations, the 13/?-methyl and the 17-acetyl 
substituents in the more stable ketone 13 will occupy 
more stable equatorial positions. 

It follows that the 13/?-methyl and the 17-acetyl 
substituents in the D-ring of the less stable ketone 10 
and hence in the aldehyde 7 and the diol 3, should be 
either in /^-equatorial and /?-axial or in /?-axial and ß-
equatorial orientations. Thus, the isomerization of 
methyl ketone 10 into methyl ketone 13 demonstrates 
that the two substituents at C-13 and C-17 in the D-ring 
of compounds 3, 7, and 10 are oriented in the eis direc­
tion. The structures of the isomeric diols 16 and 19 
have thus been assigned as 12oc-etiojervane-3/?,17/?-diol 
and 12tf-etiojervane-3/?, 17a-diol respectively. 

Reduction of methyl ketone 11 with NaBH 4 in a 
mixture of ethanol and ethyl acetate gave a single 
product (21), mp 126—129 °C, in greater than 9 5 % 
yield. Under these conditions both the 3/?-ol (22) and 
the 20£-epimer of 21 were not formed. Hydrolysis and 
acetylation of the 20£-ol afforded 3ß,20£-diol, m p 
252—254 °C, and the diacetate (23), m p 84.5—87.0 °C. 

Reduction of isomeric 17o:-acetyl-12tf-etiojervan-3/?-ol 
acetate with NaBH 4 under similar conditions afforded 
a mixture of 20£-ols (26)4> and (29) which was hydro-
lyzed to a mixture of 3/?,20£-diols. Separation by 
preparative T L C afforded 3ß,20f-diol (25), mp 140.0— 
140.5 °C, and isomeric 3ß,20£-diol (28), 187—189 °C, 
in 38 and 41 % yields respectively. 

BHr 
or 

. .% BHf 

H 16 Scheme 3. 

No unambiguous spectral evidence with regard to 
the configurations of the hydroxyl group in the C-17 
side chain of the etiojervanes (21, 26, and 29) was 
available. T h e stereochemistry can however be 
reasonably explained by considering the steric course 
of the reduction with complex metal hydrides. Examina­
tion of models of 17/?-acetyletiojervane 11 indicates that 
regardless of the quasi-chair or quasi-boat conformation 
of the D-ring, the preferred conformation of the 17/?-
acetyl group would be such that the C = 0 bond eclipses 
the C-16-C-17 bond when the 13-methyl is axial and 
the 17/?-acetyl is equatorial . Alternatively, with the 
13-methyl equatorial and the 17/?-acetyl group axial, 
the preferred conformation is for the carbonyl to lie 
orthogonal to the C-16-C-17 bond. In the former case, 
hydride ion attack would occur predominantly from 
the a-face due to the presence of the 13/?-methyl group 
(steric approach control)12) giving predominantly the 
/?-ol 21 (Scheme 3). In the latter case, the hydride ion 
would attack predominantly from the front, and aided 
by the presence of the 13/?-methyl and the predominant 
product would be the /?-ol 21 (Scheme 3). In such 
cases, formation of the a-ol is unlikely. 

The situation is analogous to the reduction of 20-oxo-
pregnanes with complex metal hydrides where the 
predominant product is the 20/?-isomer.13) 

BH4-

H 

BH4-
Scheme 4. 

Examination of the model of 17a-etiojervane in which 
the 13/?-methyl and the 17«-acetyl both occupy equa­
torial positions, shows that the preferred conformation 
of the 17#-acetyl group is when the C = 0 bond eclipses 
the C-13-C-18 bond in order to minimize the interac­
tion between the skeletal par t and the C-17 acetyl 
methyl. Thus , the hydride ion can approach the C = 0 
bond equally from both the a- and /?-sides affording a 
1: 1 mixture of the observed a- and /?-ols 26 and 29 
(Scheme 4). 

20/?-ol 21 in pyridine readily afforded a crystalline 
nitrite (24), m p 102—106 °C, by treatment with 
nitrosyl chloride-pyridine. 

Irradiation of the nitrite in benzene for 230 min under 
an atmosphere of nitrogen afforded a mixture of 
products. The product, hydrolyzed with methanolic 
5 % potassium hydroxide at room temperature and 
subjected to recrystallization and preparative T L C 
afforded 3^,20^-diol 22 (23%) and 17/8-acetyl-3/8-ol 10 

(15%). 
Examination of the N M R spectra of the other frac­

tions from the preparative T L C failed to identify the 
18-functionalized derivative. The failure in obtaining 
the 13/3-methyl functionalized product contrasts with 
the results for the normal steroids.14) 

Functionalization of the 13/?-methyl in the 20/?-ol 21 
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was, however, achievable by the hypoiodide reaction 
(Scheme 5). Thus, 20/?-ol 21 in cyclohexane contain­
ing iodine and lead tetraacetate was irradiated for 0.5 h 
with a 450 W high pressure H g arc. Preparative T L C of 
the product afforded a crystalline 18,20-epoxide (32), 
m p 76—79 °C, resulting from intramolecular hydrogen 
abstraction, (16% yield) together with an amorphous 
substance (31). The N M R spectrum of the former 
exhibited two 3-H singlets at r 9.22 and 7.98 which 
have been assigned 10/?-methyl and OAc and a 3-H 
doublet (J=6.3 Hz) at r 8.75 which has been assigned 
to the methyl attached to a carbon having an ether 
oxygen. The spectrum disclosed the absence of a 
signal at tr ibutable to the 13^-methyl and the presence 
of a multiplet due to the AB part of the ABX system 
from r 5.88 to 6.91 ascribable to the 18-methylene 
protons. The mass spectrum was in full accordance 
with the epoxide structure (32). Thus, the prominent 
fragment ions (B) at mje 345 (65%) and 285 ( 7 3 % , 
M+ — C H 3 C 0 2 H — C H 3 ) result from the expulsion of a 
methyl group from the molecular ion (A) and the 
molecular ion peak at mje 360 (2%) and base peak at 
m\e 300 arise from the loss of acetic acid from the 
molecular ion. The amorphous substance 31 exhibited 
aromatic and cyclopropane protons in the N M R 

spectrum and contained iodine. No satisfactory structure 
has been evaluated for this compound. 

Oxidation of (206")-18,20-epoxy-17^-ethyl-12«-etio-
jervane-3/?,20/?-diol 3-acetate (32) with chromium 
trioxide afforded the corresponding y-lactone (33), mp 
89—90 °C, characterized by I R and N M R spectra 
[100-methyl at r 9.15 and 20£-methyl at r 8.60 ( 7 = 6 . 0 

AcO 

(B) m/e345and285 
(33) 

Scheme 5. 

TABLE 1. NMR PARAMETERS FOR ETIOJERVANE DERIVATIVES IN CDC13 SOLUTION 

(Chemical shifts (T) and splittings (Hz; in parentheses)) 

Compoun« 
7 
8 
9 

10 
X 1 a ) 

12 
13a) 

1 4 a ) 

15 
16 
17 
18 
19 
20 
21 a ) 

23 
24 
25 
27 
28 
30 
3 2 a ) 

i 18-H 
8.97(d, 7.2) 
8.96(d,6.6) 
9.21 (d, 6) 
9.20(d,6.8) 
9.28(d, 7) 
9.16(d, 6.6) 
9.21(d, 5.4) 
9.30(d,6) 
9.15(d, 6.0) 
9.03(d,6.6) 
9.01 (d, 6.0) 
9.00(d,6.2) 
8.96(d,6.6) 
9.04(d, 7.8) 
9.14(d, 7) 
9.22(d, 7.8) 
9.21 (d, 6) 
9.08(d,6.0) 
9.13(d, 6) 
9.10(d, 5.3) 
9.07(d, 4.5) 
13/?-methylene, 

19-H 
9.20(s) 
9.16(s) 
9.20 (s) 
9.20(s) 
9.24(s) 
8.99(s) 
9.21 (s) 
9.26(s) 
8.98(s) 
9.20(s) 
9.09 (s) 
9.00(s) 
9.21 (s) 
9.19(s) 
9.19(s) 
9.18(s) 
9.20(s) 
9.20 (s) 
9.19(s) 
9.18(s) 
9.20(s) 
9.25(s) 

21-H 
9.19(d, 7. 
9.19(d,6. 
8.12(s) 
7.85 (s) 
7.93(s) 
7.84(s) 
7.87(s) 
7.93(s) 
7.86 (s) 

— 
— 
— 
— 
— 

8.81(d,6 
8.80(d,6 
8.63(d, 6 
8.82(d,6 
8.81(d, 6 
8.86(d,6 
8.85(d, 6 
8.78(d,6 

2) 
6) 

.0) 

.0) 

.6) 

.0) 

.0) 

.6) 

.6) 

.0) 

OAc 
— 

7.97 (s) 
— 
— 

8.04(s) 
— 
— 

8.05 (s) 
— 
— 
— 
— 
— 

7.92 and 7.92(s) 
7.99(s) 
7.96 and 7 
7.98(s) 

— 
7.98 and 7 

— 
7.99 and 7 
8.00(s) 

96 (s) 

.98(s) 

.99(s) 

Other 
CHO,0.42(d, 3.8) 
CHO,0.43(d ,3 .8) 

20-H6.39(m) 

20a-H,6.37(m) 

33 

6.05 (bt ,8) ,6 .57 
(bt, 8) 

9.15(s) 8.60(d, 6.0) 7.97 (s) 

a) Measured by 100 MHz instrument. 
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Hz) ] 5 i n 19% yield. 
A mixture of the isomeric 20£-ols (26) and (29) was 

subjected to the hypoiodite reaction but no 18-functional 
compound resulting from intramolecular hydrogen 
abstraction was obtained. 

The foregoing results demonstrate that the functionali-
zation of the 13/?-methyl group in C-nor-Z)-homosteroids 
may be achieved by intramolecular hydrogen abstrac­
tion of the 20/?-oxyl radical attached to the C-1 Iß alkyl 
but not by 20<* and 20^-oxyl radicals attached to the 
C-17 «-alkyl group. 

E x p e r i m e n t a l 

All melting points were determined with a hot-plate 
(Yanagimoto micro melting point) apparatus and are uncor­
rected. Unless stated otherwise, IR spectra were determined 
in Nujol with a JASCO DS-402G or JASCO model IR-E 
spectrophotometer. Unless stated otherwise, NMR spectra 
were determined with a JEOL 3H-60 high resolution spec­
trometer in deuteriochloroform solution using TMS as an 
internal reference. The course of reaction and column chro­
matography were followed by thin layer chromatography with 
Wakogel B-5. Mass spectra were determined with a RMU-6E 
spectrometer with the exception of the MS of compound 21 
which was determined with a Hitachi JMS-D 300 spec­
trometer. 

Catalytic Hydrogénation of (22S,25S)-5a-Veratr-13( 17)-enine-
3ß,23ß-diol (2). The diol 2 (1 g) in acetic acid (30 ml) 
containing a rhodium-platinum oxide catalyst (2 g) was 
hydrogenated with stirring. The theoretical amount of hydro­
gen was absorbed in 22 h. After the removal of the catalyst, 
the filtrate was made alkaline by the addition of aq 10% 
sodium carbonate solution. To the solution was added chloro­
form and the chloroform complex obtained was recrystallized 
from acetone to yield (22-S,,25,S,)-5tf-veratratranine-3/?,23/?-diol 
(3), identical with the diol obtained by catalytic hydrogéna­
tion of 11-deoxojervine. 

Catalytic Hydrogénation of 11-Deoxojervine (1). (a) Rhodium-
Platinum Catalyst: 11-Deoxojervine (8 g) in glacial acetic acid 
(130 ml) containing rhodium-platinum oxide6) (2.69 g) was 
hydrogenated with stirring. The absorption of hydrogen 
practically ceased after 69 h. The catalyst was removed by 
filtration and washed with hot methanol. The filtrate and 
methanol washings were combined and the solution concen­
trated. To this solution methanol was added followed by 
methanolic potassium hydroxide and finally a small volume 
of water to afford crude crystals of diol 3. The total weight 
of crystals obtained (5 crops) was recrystallized to afford the 
pure diol (2.88 g). Specimens for analysis were obtained by 
recrystallization from methanol, mp 219—221 °C. IR: 3274 
and 3338 (OH and NH), 1038, and 968 cm-1 NMR, see text. 
Found: G, 77.78; H, 11.25; N, 3.42%. Galcd for G27H4702N, 
C, 77.64; H, 11.34; N, 3.35% ; MS (80 eV), m/e (rel. intensity) 
417 (0.2, M+), 402 (0.3, M+-GH 3 ) , 399 (0.4, M + - H 2 0 ) , 

3 8 4 ( 0 . 8 , M + - C H 3 - H 2 O ) , a n d l l 4 100, f ^ . The 

\ ^ H C K \ / V 
residue from the filtrate was dissolved in acetone and to this 
solution a small volume of methanol was added to afford the 
crystals on standing. Recrystallization from aq methanol 
gave (22^,256,)-5a,13a,17a-veratranine-3ft23i5-diol (4) (0.36 g). 
Specimens for analysis were obtained by recrystallization from 
acetone. Mp 178—180 °C: IR: 3112—3432 (OH and NH), 
1040, and 883 cm"1; NMR, see text. Found: G, 78.11; H, 

11.27; N, 3.33%. Calcd for C27H4702N, C, 77.64; H, 11.34; 
N, 3.35%; MS (80 eV), m/e (rel. intensity), 417 (0.3, M+), 
402 (0.4, M + - C H 3 ) , 399 (0.5, M + - H 2 0 ) , 384 (1.1, M + -

C H 3 - H 2 0 ) , and 114 j ^ N . The yields of diol 3 

\ H C K \ / V 
from of hydrogénation conducted under different ratios of 
substrate and catalyst and under different concentrations, are 
tabulated below. 

Weight ratio between 
deoxojervine and 

the catalyst 

Concentration of 
deoxojervine 

(g/100 ml) 

Yield of 
d io l3 (%) 

1:0.3 
1:0.33 
1:0.66 
1:1 
1:1.4 

5.0 
6.2 
5.0 
3.3 
2.5 

39 
36 
42 
46 
46 

(b) Platinum Catalyst: 11-Deoxojervine (2.0 g) in glacial 
acetic acid (20 ml) containing Adams platinum oxide (0.68 g) 
was hydrogenated for 60 h under atmospheric pressure with 
stirring. The solution was worked up as described in procedure 
(a). The diol 3 obtained, was recrystallized from methanol 
(0.613 g). 

Preparation of N--Acetyl- (22S, 25S) -5a-veratranine-3ß, 23ß-diol 
(5). The diol 3 was acetylated with acetic anhydride 
and pyridine at 60—70 °C for 3 h. After the usual work-up, 
an amorphous 3-0,23-0,iV-triacetyl derivative of diol 3 [NMR 
T 9.20 (3-H, s, 19-H), 7.84 and 7.95 (3-H and 6-H, s, N-Ac, 
and OAc)] was obtained. This triacetyl derivative was hydro-
lyzed with methanolic 2.5% potassium hydroxide at room 
temperature overnight. The usual work-up afforded the 
iV-acetyl derivative 5 which was recrystallized from aq acetone. 
Mp 227—229 °C: IR: 3153 and 3429 (OH), 1602 cm"1 (NAc), 
1025, and 986 cm"1. Found: G, 75.76; H, 10.69; N, 2.84%. 
for C29H4903N; C, 75.77; H, 10.74; N, 3.05%. 

N-Chloro-(22S,25S)-5a-veratranine-3ßi23ß-diol (6). The 
diol 3 (50 mg) and iV-chlorosuccinimide (22 mg) in dry THF 
(8 ml) were stirred for 1 h under dry nitrogen atmosphere. 
After the addition of water, the resultant precipitate was 
collected by filtration. The crude iV-chloro derivative was 
dissolved in chloroform, the solution filtered and the residue 
recrystallized from acetone to yield the pure iV-chloro deriva­
tive, mp over 290 °C, in an almost quantitative yield. IR : 
3399 cm"1 (OH), 1036, and 1019 cm-1. Found: N, 2.97%. 
Galcd for G27H4602NG1, N, 3.10%. 

Degradation of Diol 3 to 20-Formyl-17ß-ethyletiojervan-3ß-ol 
(7). The diol 3 (1.4g) and iV-chlorosuccinimide (0.63 
g) in dry THF (250 ml) were stirred for 1 h under an atmo­
sphere of nitrogen. The reaction mixture was cooled to —20— 
— 40 °G and to this solution a mixture of sodium (4.0 g) in 
dry methanol (70 ml) was added within a period of 0.5 h. 
The mixture was allowed to stand at —2 10 °G for 15 h 
and then at 0 °G for 9 h. This procedure was conducted under 
an atmosphere of nitrogen. The solution was concentrated 
« 3 5 °G) and water (300 ml) added to the solution. The 
mixture was neutralized with 6 M-hydrochloric acid (50 ml) 
at ca. — 7 4 °G and then stirred for 2.5 h at room tem­
perature. The reaction mixture was extracted three times 
with chloroform and the combined chloroform solution were 
washed with water, dried and evaporated to afford crude 
aldehyde 7. The products from other two identical procedures 
were combined (3.1 g, 95%). The crude aldehyde 7 was 
recrystallized from aq ethanol. Mp 109—111 °G: IR: 3363 
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(broad, OH), 1708 and 2703 (GHO), and 1024 cm"1. Found: 
C, 79.22; H, 10.72%. Calcd for C2 2H3 602: C, 79.46; H, 
10.92%; MS, (80 eV), m/e (rel. intensity), 332 (2.0, M+), 317 
(0.7, M+-CH 3 ) 5 314 (1.6, M + - H 2 0 ) , 274 (100, M + - H -
G-17-substituent), 259 (20.5, M+-H-C-17-subs t i tuen t -
CH3), 257 (19.6, M+-C-17-subst i tuent-H20), 149 (44.2), 
148 (49.5), and 107 (35.3). The acetyl derivative 8 was 
prepared by the usual method. Mp 114—116 °C (methanol) : 
IR: 1720 and 1735 cm"1 (CHO), 1242, and 1028 cm-1. 
Found: G, 76.48; H, 9.98%. Galcd for G24H3803: G, 76.96; 
H, 10.23%; MS (80 eV), m/e (rel. intensity) 374 (1.1, M+), 
316 (100, M+-C-17-substi tuent-H), 257 (30.9, M + - C -
17-substituent-CH3C02H), 256 (42.4, M+-C-17-substitu-
e n t - H - C H 3 C 0 2 H ) , 149 (57.4), 148 (62.3), 107 (56.0), and 
93 (56.0). 

Preparation of 17ß-Acetyl-12a-etiojervan-3ß-ol (10) and the 3-Ace­
tate. To a solution of the aldehyde 7 (1.3 g) and butyl 
nitrite (5 ml) in THF (10 ml) was added sodium (460 mg) 
in dry methanol (10 ml) under an atmosphere of nitrogen 
at — 20 °C over 20 min. The mixture was set aside 
25 h at 2—3 °C and neutralized by the addition of hydrochloric 
acid (3 ml) at 0 4 °C. The solution was concen­
trated « 3 5 °G) and extracted with chloroform. The chloro­
form solution was washed with water, dried and evaporated 
and the viscous residue subjected to silica gel column chro­
matography (Mallincrodt, 100 mesh). The column was suc­
cessively eluted with hexane, benzene, chloroform, and diethyl 
ether. The chloroform and diethyl ether fractions afforded a 
ketone 10, mp 145—150 °C (1.14 g, 90%). Specimens for 
analysis were obtained by recrystallization from aq ethanol; 
mp 150—152 °C (lit,8) 154—156 °C); IR: 1699 (acetyl), 
3523 (OH), 1193, and 1063 cm-1. The acetyl derivative 11 
was obtained in the usual manner and recrystallized from aq 
methanol. Mp 116—118 °G (lit,8) 131—133 °G); IR: 1692 
(Ac), and 1720 cm-1 (OAc), 1241, and 1030 cm"1. Methyl 
ketone 10 and its acetate 11 were identical with specimens 
prepared by Johns and Laos8) by direct comparison. 

Preparation of 17ß-Acetyl-12a-etiojervan-3ß-ol Oxime (9) and the 
Acid-catalyzed Hydrolysis to 17a-Acetyl-12a-etiojervan-3ß-ol (13). 

The oxime 9 was obtained only from this precedure. To a 
solution of the aldehyde 7 (50 mg) and butyl nitrite (0.5 ml) 
in methanol (1.5 ml) was added sodium metal (62 mg) in dry 
methanol (1.5 ml) over 3 min in an atmosphere of dry nitrogen 
at —20 °G. The mixture was set aside for 27.5 h at 0 °G. 
The pH of the mixture was adjusted to 4 by the addition of 
hydrochloric acid (ca. 6 drops) at —20 °G. After removal of 
the solvent, the residue was extracted with chloroform. After 
the usual work-up, the residue (42 mg) was purified by 
preparative TLC to afford a crude oxime (36 mg). The 
oxime was recrystallized from acetone to yield the pure oxime, 
mp 106—109 °C. IR: no carbonyl band, 3336 cm-1 (OH), 
1040, and 879 cm-1. The oxime (ca. 20 mg) in ethanol (10 
ml) containing hydrochloric acid ( 1 ml) was refluxed for 2 h for 
40 min. The reaction mixture was concentrated and extracted 
with diethyl ether and water. The organic layer was worked 
up to afford a residue ( 17 mg). After recrystallization from 
aq methanol it was shown to be identical with 17a-ethyl-
12oc-etiojervan-3/?,20f-ol (13), obtained by the isomerization 
of 17ß-ketone 10. 

Oxidation of 17ß-Acetyl-12oi-etiojervan-3ß-ol (10) with Chromium 
Trioxide. To the 3ß-ol 10 (105 mg) in acetone (5 ml), 
cooled in an ice-water bath, was added Jones' reagent (7 
drops) and the mixture stirred for 1 h. After the usual work­
up, the residue (120 mg) was recrystallized from acetone to 
afford the 3,20-dione 12 in 95% yield. Specimens for analysis 
were obtained by recrystallization from acetone. Mp 158— 
160 °C. Found: C, 79.58; H5 10.07%. Calcd for G21H3202: 

G, 79.90; H, 10.19%: MS (80 eV), m/e (rel. intensity); 316 
(65, M+), 301 (19, M + - C H 3 ) , 232 (42), 231 (44), 203 (30), 
163(55), 107(58), 95(86), 85(100), 55(87), and 43(91). 

Preparation of 12cc-Etiojervane-3ß, 17ß-diol (16) by the Baeyer-
Villiger Oxidation of 17ß-Acetyl- 12a-etiojervan-3ß-ol. A solution 
of the 20-one 10 (178 mg) and perbenzoic acid (90% purity, 
105 mg) in chloroform (0.75 ml) were allowed to stand for 7 
days at room temperature. The excess of perbenzoic acid was 
decomposed by the addition of 10% aq sodium hydrogen 
sulfite and the reaction mixture extracted with chloroform and 
water. The organic layer was washed with 10% aq sodium 
carbonate and water successively and dried. After evapora­
tion of the solvent the residue (150 mg) was dissolved in 
methanolic 5% potassium hydroxide solution (10 ml) and 
allowed to stand for 3 h at room temperature. The usual 
work-up of the solution afforded a residue which was subjected 
to preparative TLC with a 1: 1 mixture of chloroform and 
diethyl ether. The starting material (20 mg) and 13/?-etio-
jervane-3/?,17/?-diol 16 (49 mg) were obtained. Recrystalliza­
tion from acetone-cyclohexane, gave 16 which melted at 167 
—169 °C (lit,8) mp 169—170 °C). The diol was proved 
to be identical with a specimen prepared by Johns and Laos8) 
by direct comparison. IR: 3339 (OH), 1036, and 1069 cm-1. 

Oxidation of 12a-Etiojervane-3ß,17ß-diol (16) with Chromium 
Trioxide. To the diol 16 (50 mg) in acetone (10 ml) 
cooled by ice-water, was added Jones' reagent (3 drops). 
The reaction mixture was stirred for 1 h. After the excess 
chromium trioxide was decomposed by the addition of 10% 
aq sodium hydrogen sulfite, the solvent was evaporated and 
the reaction mixture worked up in the usual manner. The 
dione 17 was recrystallized from acetone (42 mg). Specimens 
for direct comparison were obtained by recrystallization from 
diethyl ether. Mp 169—170 °C (lit,8) 169—170 °G). This 
specimen was identical with dione 17 prepared by Johns and 
Laos by a direct comparison. IR 1700 and 1713 cm - 1 

(carbonyl). 
Isomerization of 12a-Etiojervane-3,17-dione (17) with Base. 
The dione (20 mg) in methanolic 5% potassium hydroxide 

solution (10 ml) was refluxed for 1 h under an atmosphere of 
nitrogen. The solution was concentrated and the residue 
extracted with diethyl ether and water. After the usual work­
up, the residue was recrystallized from aq acetone to yield 
crystals (18 mg); mp 115—125 °G which were largely an 
isomer 18, epimeric at the G-13 and contaminated with a 
small amount of the starting ketone as evidenced by a weak 
singlet at r 9.09 due to 19-H of 17 in the NMR spectrum. 
The mixture was recrystallized twice to afford pure 12«, 13a-
etiojervane-3,17-dione (1 mg), mp 136—140 °C (lit,8) mp 
143—145 °C). This compound was identical with the speci­
men prepared by Johns and Laos8) by a direct comparison. 

Base-catalyzed Epimerization of 17ß-Acetyl- 12a-etiojervan-3ß-ol 
(10). The 3ß-ol 10 ( 100 mg) in methanolic 2.5% potassium 
hydroxide (10 ml) was allowed to stand for 12 h under an 
atmosphere of nitrogen. The solution was neutralized by the 
addition of dilute hydrochloric acid and extracted with chlo­
roform. The organic layer was washed with water, dried and 
evaporated. The residue was recrystallized from a diethyl 
ether-hexane mixture to yield 17a-acetyl-12oc-etiojervan-3/?-ol 
(13) (78 mg). Specimens (57 mg) for analysis were obtained 
by recrystallization from aq methanol. Mp 140.0—141.5 °C: 
IR: 3450 (OH), 1695 (acetyl), 1166, 1069, and 1045 cm-1. 
Found: C, 78.54; H, 10.49%. Calcd for C21H3402: C, 79.19; 
H, 10.76%. The acetate (14) was prepared in usual way and 
was recrystallized from aq methanol. Mp 88—90 °G: IR: 
1723 and 1701 cm-1, (carbonyl and OAc), 1240, and 1030 
cm-1. Found: C, 76.67; H, 9.97%. Galcd for C23H3603: 
G, 76.62; H, 10.07%. 
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Oxidation of 17a-Acetyl-12cc-etiojervan-3ß-ol with Chromium 
Trioxide. T o 17o:-acetyl-12tf-etiojervan-3/?-ol (70 mg) in 
acetone (4 ml) cooled by ice-water, was added Jones ' reagent 
and the solution stirred for 1 h. After the excess reagent was 
decomposed by the addit ion of 10% aq sodium hydrogen 
sulfite, the solution was worked up . T h e product (73 ml) was 
recrystallized from aq methanol to afford 17a-acetyl-12/?-etio-
jervan-3-one, m p 87—88 °G, (48 mg) . I R : 1700 c m " 1 (broad, 
carbonyl). Found : G, 79.59; H , 10.12%. Calcd for C 2 1 H 3 2 0 2 : 
G, 79.70; H , 10.19%. 

Preparation of 12a-Etiojervane-3ß,17a-diol (19) by Baeyer-
Villiger Oxidation of 17a-Acetyl-12a-etiojervan-3ß-ol. T h e 
reaction was conducted as described for the oxidation of the 
17ß-isomer 10. T h e 20-one 13 (178 mg) afforded a crude 
product (200 mg) which was hydrolyzed in a manner similar 
to that for the 17/?-isomer. T h e crude product was subjected 
to preparative T L C with a 5 : 1 mixture of chloroform and 
acetone to afford the starting mater ial (41 mg) and etio-
jervane-3/?, 17a-diol (83 mg) . Specimens of the lat ter for 
analysis were obtained by recrystallization from aq methanol . 
M p 179.0—179.5 ° C ; I R : 3240—3372 (OH) and 1034 cm" 1 . 
Found: G, 78.05; H , 10 .93%. Calcd for C 2 9 H 3 2 0 2 : C, 78.03; 
H, 11.03%. Diacetate 20, m p 96—98 °G, was prepared by 
the usual method. I R (CHC13), 1722 (broad, OAc) , 1250, 
1028, and 978 cm" 1 . Found : G, 73.30, H , 9 .82%; Calcd for 
C 2 3 H 3 6 0 4 : C , 73.36; H , 9 .64%. 

Reduction of 17ß-Acetyl-12a-etiojervan-3ß-ol Acetate (11) with 
NaBH±. 1 Iß-Acetyl- 12a-etiojervan-3ß-ol acetate (300 mg) 
and NaBH 4 (160 mg) in absolute ethanol (26 ml) containing 
ethyl acetate (0.75 ml) were stirred for 2.5 h. After the excess 
reagent was decomposed by the addit ion of acetic acid, the 
solvent was removed to afford a residue which was extracted 
with chloroform. After the usual work-up, the product (310 
mg) was examined by T L C which indicated the formation of 
virtually a single product . T h e product was recrystallized 
from a diethyl e ther-hexane mixture to yield pure 17/?-ethyl-
12a-ethiojervane-3/?,20f-diol 3-acetate (21), in greater than 
9 5 % yield. Specimens for analysis were obtained by recrys­
tallization from aq methanol . M p 126—129 ° C : I R : (CHC13), 
1719 (OAc), 3519 and 3401 ( O H ) , 1457, 1393, 1269, and 
1027 c m - 1 . F o u n d : C, 75.62; H , 10.45%. Calcd for 
C 2 3 H 3 8 0 3 : C, 76.19; H , 10.57%. M S (70 eV) m/e (relative 
intensity), 344 (56.3, M + - H 2 0 ) , 329 ( M + - H 2 0 - C H 3 ) 5 315 
(18.4), 302 (22.5, M + - A c O H ) , 274 (47.5), 269 (26.6), 257 
(88.3, M + - C - 1 7 - s i d e c h a i n - A c O H ) , 147 (56.1), 107 (100), 
95 (82.2), 93 (91.9), 81 (78.0), and 43 (74.3). 

Hydrolysis of 17ß-Ethyl-12a-etiojervane-3ß,20£-diol 3-Acetate 
(21). T h e 3-acetate (60 mg) in methanolic 2 . 5 % potas­
sium hydroxide (15 ml) was allowed to s tand for 3 h at room 
temperature under an atmosphere of nitrogen. T h e solution 
was concentrated and extracted with chloroform. T h e usual 
work-up afforded a residue which was recrystallized to afford 
3/?,20£-diol 22 (53 mg) . Specimens for analysis were obtained 
by further recrystallization from aq methanol . M p 252—254 
°C; I R : 3247 ( O H ) , 1064, 1048, 1027, and 1010 cm- 1 . F o u n d : 
G, 78.06; H , 11 .13%. Calcd for C 2 1 H 3 6 0 2 : C, 78.69; H , 11.32 
% ; M S (80 eV), m/e (relative intensity), 302 (59, M + - H 2 0 ) , 
287 (18), 273 (21), 257 (77, M + - H 2 0 - C - 1 7 substituent), 
147 (65), 107 (99), 95 (100), 81 (91), 67 (79), and 55 (86). 

Acetylation of 17ß-Ethyl-12a-etiojervane-3ß,20£-diol 3-Acetate 
(21). T h e 3-acetate (43 mg) and acetic anhydr ide (0.5 
ml) in pyridine (0.5 ml) were allowed to stand for 3 h at 
room temperature . T h e usual work-up afforded the diacetate 
23 (35 mg) . Recrystallization from aq methanol gave the 
pure product, m p 84.5—87.0 °C. I R : 1718 c m - 1 (OAc), 1239, 
1051, and 1024 cm- 1 . Found : C, 74.36; H , 9 .70%. Calcd 
for C 2 5 H 4 0 O 4 : C, 74 .21; H , 9 .97%. 

Reduction of 17a-Acetyl-12a-etiojervan-3ß-ol Acetate(14) with 
NaBHé. 17or-Acetyl-12a-etiojervan-3ß-ol acetate (14) (300 
mg) and N a B H 4 (160 mg) in absolute ethanol (26 ml) con­
taining ethyl acetate (0.75 ml) were stirred for 3 h at room 
temperature . T h e addit ion of acetic acid to the reaction 
mixture and extraction with chloroform afforded a product 
(332 mg) . A port ion of the product (178 mg) was treated 
with methanolic 5 % potassium hydroxide solution and allow­
ed to s tand for 1 h. T h e usual work-up afforded products 
which were subjected to preparat ive T L C with a 5 : 1 mixture 
of chloroform and acetone to afford two fractions. T h e more 
mobile fraction (63 mg) was recrystallized from aq methanol 
to afford 3ft20f-diol 25 (55 mg) , m p 140.0—140.5 °C. I R : 
3170—3310 ( O H ) , 1038, 1009, and 895 cm- 1 . Found : C, 
78.50; H , 11 .31%. Calcd for C 2 1 H 3 6 0 2 : C, 78.69; H , 11.32%. 
T h e less mobile fraction (70 mg) was recrystallized from aq 
methanol to afford 3ß,20£-diol 28 (59 mg) , m p 187—189 °C. 
I R : 3336 ( O H ) , 1063, 1038, and 895 cm" 1 . F o u n d : C, 78.87; 
H , 11.42%. Calcd for C 2 1 H 3 6 0 2 : C, 78.69; H , 11.32%. T h e 
diacetates 27 and 30 of the diols 25 and 28 were prepared by 
s tandard methods. T h e diacetate 27 from diol 25, m p 131— 
132 °C (aq methanol) . I R : (CHC13), 1739, 1241, 1042, and 
1030 cm- 1 . F o u n d : C, 74.63; H , 9 .84%. Calcd for C 2 5 H 4 0 O 4 : 
C, 74 .21; H , 9 .97%. T h e diacetate 30 from diol 28 was 
amorphous. I R : (CHC13), 1725 (OAc), 1255, and 1028 
c m - 1 . 

17ß-Ethyl-12a-etiojervane-3ß,20£-diol 3-Acetate 20-Nitrite (24). 
20£-Ol 21 (290 mg) in pyridine (2 ml) was nitrosated with 

nitrosyl chloride in pyridine at —20 to —30 °C by the stan­
da rd method. T h e crude nitrite 24 was recrystallized from 
methanol . M p 102—106 ° C : I R : 1734 (OAc) , 1631, 794, 
774, ( O N O ) , 1242, and 1031 cm- 1 . 

Photolysis of Nitrite 24. T h e nitrite (200 mg) in dry 
benzene (10 ml) in a Pyrex vessel was i r radiated with a 100 W 
high pressure H g arc for 3 h and 50 min under an atmosphere 
of nitrogen. After evaporation of the solvent, the residue was 
examined by T L C which indicated at least 6 spots. T h e 
product was dissolved in chloroform and the solution washed 
with water, dr ied and evaporated. T h e residue was hydrolyzed 
with methanolic 5 % potassium hydroxide solution (5 ml) at 
room tempera ture and under an atmosphere of nitrogen for 
3 h. T h e usual work-up afforded a residue which was dissolved 
in acetone to yield crystals (38 mg) of 17/?-ethyl-12o:-etio-
jervane-3/?,20f-diol (22). T h e residue from the filtrate was 
subjected to preparat ive T L C with chloroform. T h e plates 
were developed three times and the major three fractions, A 
(13 mg) , B (48 mg) , and C (60 mg) were obtained. T h e 
N M R spectra of fraction A showed the absence of a C-18 
functionalized product . T h e amorphous fraction B was 
recrystallized from acetone to afford 17«-acetyl-12a-etiojervan-
3/?-ol (13) (25 mg) . Fract ion C exhibited three spots on T L C 
examination and this was subjected again to preparat ive T L C 
with a 40 : 1 mixture of diethyl e ther -methanol to afford two 
major fractions C-l (35 mg) and C-2 (18 mg) . T h e more 
mobile fraction C-l was a mixture and fraction C-2 showed 
a single spot on the T L C . T h e N M R spectra of both fractions, 
however, showed the absence of a C-18 functionalized product . 

The Hypoiodite Reaction of 17ß-Ethyl-12a-etiojervane-3ß,20£-diol 
3-Acetate. Freshly prepared lead tetraacetate (600 mg) 
and sodium carbonate (200 mg) in cyclohexane (18 ml) were 
refluxed for 1 h and the solution brought to room temperature . 
To this solution, were added 17^ethyl-12a-etiojervane-3/?,20£-
diol 3-acetate (180 mg) and iodine (160 mg) and the solution 
i r radiated under reflux for 0.5 h with a 450 W high pressure 
H g arc. T h e insoluble material was removed by filtration 
and washed with hot cyclohexane. T h e filtrate and washings 
were combined and the solution washed with 10% aq sodium 
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hydrogen sulfite and water successively. T h e organic layer 
was dried and evaporated to afford a brownish residue (0.2 
g) which was dissolved in methanolic 2 . 5 % potassium hydrox­
ide solution (10 ml) . T h e solution was allowed to stand for 
3 h under an atmosphere of nitrogen, concentrated under 
reduced pressure and extracted with chloroform and water . 
T h e usual work-up of the organic layer gave a residue which 
showed two major and a very minor spot on T L G . T h e residue 
was subjected to preparat ive T L C with chloroform. T h e T L C 
plates were developed three times to afford three fractions. 
T h e most mobile amorphous fraction (79 mg) could not 
however crystallize but gave a positive Beilstein test and the 
chloroform solution developed an yellow color by the addi­
tion of te t rani t romethane. U V Amax (ethanol) 262 n m ; N M R 
r 2.99 (2H, q, possibly ortho aromatic protons), 8.92 (s, 19-H), 
7.97 (s, OAc) , 7.68 (s, possibly the methyl group a t tached to 
the aromatic r ing), 8.01 (s), 9.38 (1H, d, / = 1 . 7 H z , the 
proton possibly a t tached to the cyclopropane r ing) . I R 
(CHGlg) no carbonyl or hydroxyl groups. T h e second mobile 
fraction (4 mg) was an unidentified gum. T h e least mobile 
amorphous fraction (48 mg) was a deacetylated product of a 
18,20-epoxide 32. This fraction was acetylated with acetic 
anhydride (2 ml) and pyridine (2 ml) . After the usual work­
up , the product was recrystallized from aq methanol to yield 
a 18,20-epoxide (32) (29 mg) , amorphous. I R : 1732 (OAc) , 
1024, and 1237 cm- 1 . Found : G, 76.50; H , 9 .92%. Calcd 
for C 2 3 H 3 6 0 3 : G, 76.62; H , 10 .07%; M S (80 eV) , m/e (rel. 
intensity) 360 (2.4 M+), 345 (65.0, M + - C H 3 ) , 316 (16.7), 300 
(100, M + - C H 3 C 0 2 H ) , 285 (73.4, M + - C H 3 C 0 2 H - C H 3 ) , 
149 (92.2), 148 (92.2), and 141 (98.4). 

Oxidation of 18,20-Epoxide (32) with Chromium Trioxide. 
T o the 18,20-epoxide (25 mg) in glacial acetic acid, was added 
drop wise chromium trioxide (50 mg) in aq acetic acid (90%) 
(2 ml) a period over 0.5 h while the solution refluxed. T h e 
reaction mixture was further refluxed for 0.5 h and the solvent 
removed under reduced pressure. T h e residue was extracted 
with chloroform and water and the organic layer washed with 
water and dried ( N a 2 S 0 4 ) . T h e residue (23 mg) from the 
solution was dissolved in methanolic hydrochloric acid (10 ml) 
to hydrolyze the 3/?-acetoxyl group and allowed to s tand 
overningt. After removal of the solvent, the residue was 
dissolved in chloroform. T h e chloroform solution was worked 
up in the usual way to afford the crude lactone (20 mg) . T h e 
lactone was subjected to preparat ive T L G with a 1: 20 mixture 
of benzene and chloroform to afford 6 fractions. T h e thi rd 
mobile fraction (4 mg) was the major product . T h e product 
in pyridine was subjected to acetylation in the usual way. 
T h e usual work-up of the reaction mixture afforded a crys­
talline lactone 33 (5 mg) which was recrystallized from diethyl 
ether. M p 89—90 ° C ; I R : 1752 (y-lactone), 1726 (OAc) , 
1238, and 1029 cm- 1 . Found : C, 73.64; H , 9 . 2 1 % . Calcd 
for C 2 3 H 3 6 0 4 : G, 73.36; H , 9 .64%. 

T h e a u t h o r s a r e g ra te fu l t o D r . W . F . J o h n s of C . D . 
S e a r l e a n d C o . , for t h e g e n e r o u s gift of severa l e t io -
j e r v a n e s a m p l e s for d i r e c t c o m p a r i s o n s . T h a n k s a r e 
also d u e t o M r . S. S h i m o k a w a of t h e F a c u l t y of E n g i n e ­
e r i n g for t h e N M R m e a s u r e m e n t s . 
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Benzyl 2-acylamino-4-azido-2,4-dideoxypentopyranosides having oc-T>-ribo, ß-L-ribo, ct-T>-lyxo, and ß-L-lyxo 
configurations were derived from the corresponding a.-T>-xylo, ß-L-xylo, oL-T>-arabino, and ß-^-arabino isomers, respec­
tively, by inversion of hydroxyl group on C-3. Displacement reaction of sulfonyloxy group with sodium acetate or 
benzoate in aqueous 2-methoxyethanol or anhydrous JV,Af-dimethylformamide, or oxidation-reduction method 
via ulose derivative was used properly according to the stereochemistry of the starting materials. 

In the course of study on the relationship between the 
configuration and biological activity using diastereomers 
of an antifungal antibiotic, prumycin: 4-(D-alanyl)-
amino-2-amino-2,4-dideoxy-L-arabinose, as model com­
pounds, the arabino and xylo analogues could be syn­
thesized via 2,3-anhydro-4-azido-4-deoxypentopyrano-
sides.1-3) In order to complete the synthesis of the 
remaining diastereomers which have ribo and lyxo 
configurations, the inversion of hydroxyl group on C-3 
was studied in this paper. 

Being used often for the inversion of hydroxyl group, 
displacement reactions of its sulfonate on the pyranose 
ring are known to be restrained by the axial substituent 
on a- or /?-carbon with respect to the sulfonyloxy group. 
Four isomers, namely, oc-D-arabino (9), ß-\,-arabino (10), 
oc-D-xylo (11), and ß-h-xylo (12) diastereomers of benzyl 
4 - azido- 2 - benzyloxycarbonylamino- 2,4- dideoxy- 3- 0-
methylsulfonylpentopyranoside, were prepared from the 

corresponding ammonolysis products (1—4) of benzyl 
2,3-anhydro-4-azido-4-deoxy-pentopyranosides1-4) via 
their #-benzyloxycarbonyl derivatives (5—8). In 
order to predict the reactivity, the predominant con-
formers of these 3-O-methylsulfonyl derivatives together 
with the corresponding 3-O-acetyl ones (13—16) were 
examined by N M R data (Table 1 ). The conformational 
equilibria were estimated by the method of averaging 
of spin coupling5) using the values of y4 > 5 a or J^J and 
J2 3. Although the standard values for Ja a and Jee 

should be determined in each case because of dependency 
of spin coupling on the substituent groups of the con­
cerned system,7) the following values reported for the 
similar aldopyranoside systems were used: 11.1 and 1.5 
Hz for y4 a > 5 a and J±e,5e>8) a n d H.O and 3.6 Hz for 
/2a,3a a n d «/2e,3e5 respectively.9) In the cases of a-
arabino and ß-xylo isomers whose hydrogens on C-l and 
C-2 have trans relationship, the ratios of two chair 

<^HNQ 
N > -

R2 
R1 

1 H 
5 H 
9 H 

13 H 
28 H 
41 H 
42 H 
43 H 
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H 
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H OH H 
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t The methylene protons on C-5, i.e., H5a and H5e were assigned due to Lemieux's empirical rules6) that an axial proton 
resonates at higher field than an equatrial one. 
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conformers were also calculated from the observed values 
of J12 using 7.910> and 2.09> Hz as standards for Jl3Lt2a 

and Jlet2e> respectively. The results and predominant 
conformers were shown in Table 2. The ratios obtained 
from coupling constants between different ring protons 

gave good agreement with one another indicating that 
the standard coupling constants used here for the 
estimation of conformer ratios seem to be also applicable 
to the here examined system. The conformational 
equilibria of benzyl 4-azido-2-benzyloxycarbonylamino-

TABLE 1. N M R DATA OF BENZYL 4-AZIDO-2-BENZYLOXYCARBONYLAMINO-2,4-DIDEOXY-3-0-METHYLSULFONYLPENTO-

PYRANOSIDES (9 12) AND THE CORRESPONDING 3-O-ACETYL DERIVATIVES (13 16) AT 100 M H z IN C D C 1 3 

Chemical shifts 
H-l 

H-2 
H-3 
H-4 
H-5a) 

H-5 , a ) 

CH2 in Bnb) 

CH2 in Z 
N H 
Others 

9 

, (5/ppm 
4.74d 
3.74dd 

ca. 5.20 — 
4.10 nm 
3.60 dd 
4.05 dd 

4.56,4.88 
5.08 s 
5.28 

2.84(Ms,s) 

Coupling constants/Hz 

Jl,2 

J2,Z 

J3,4 

Ji,5 

74,5 ' 

7.5 
d) 

— 

1.5 
3 .3 

A s ' ca.\2.5 

J AB 

JNH.CH 

12.0 
7.8 

10 

4.98d 
4.36 dt 
4.98 dd 
4 .14nm 
3.90 dd 
3.70 dd 

4.46,4.70 
5.10c) 

5.21d 
2.84(Ms,s) 

3.6 
10.5 
3 .5 

1.5 
2 . 0 

12.6 
11.9 
10.5 

11 

4.90d 
4.02 dt 
4.62 — 

Ï 
1 3.60 — 
f 3.80m 

4.42,4.68 
5.09 s 
5.26d 

2.94(Ms,s) 

3.6 
10.4 
— 
— 
— 
— 

12.0 
9.1 

Compounds 

12 

4.62 d 
Ï 
1 3.50 — 
1 3 80 

3.29 dd 
4.11dd 

4.51,4.80 
5.07 s 

ca. 5.18 — 
2.96(Ms,s) 

7.5 
— 

— 

9 . 4 

4 . 5 
11.5 
11.4 
— 

13 

4.57d 
ca. 3.95 — 

5.24dd 
ca. 3.95 — 

3.59 dd 
4.04 dd 

4.54,4.86 
5.09 s 

ca. 4.85 d 
2.05 (Ac,s) 

ca. 6.2 
9 .3 
3 .3 

1.7 
3 .5 

12.2 
12.0 
— 

14 

4.90 d 
4.28 dt 
5.14dd 
3.92m Ï 
3.87 dd 
3.62 ddJ 

4.41,4.65 
5.06c) 

ca.5.04d 
1.99(Ac,s) 

3 .5 
10.5 
3 .5 
2 .1 
1.5 

12.4 
12.0 
10.8 

15 

4.88d 
3.94 dt 

ca. 5.10 — 
ca. 3.70 — 

3.76 dd 
3.54 dd 

4.46,4.70 
5.06c) 

ca. 5.10 — 
1.96(Ac,s) 

3.2 
10.5 
— 

2 . 0 

10.2 
11.7 
11.9 
— 

16 

4.43 d 
3.79 dd 
4.94t 
3.66 dt 
3.24dd 
4.07 dd 

4.54,4.82 
5.08 s 

— 

2.02 (Ac,s) 

7.5 
9 .3 

9 .0 

9 .2 
4 . 5 

11.6 
12.0 
— 

a) H-5 and H-5' designate pro R and pro S protons, namely, in 4CX conformation equatrially and axially oriented 
protons on C-5, respectively, b) AB quartet with coupling constant Jj^. c) Narrow AB quartet, d) Could not 
be obtained from the spectra. Abbreviation of functional groups: Bn=benzyl, Z = benzyloxycarbonyl, Ac=acetyl 
and Ms = methylsulfonyl. Observed signal multiplicities: s=singlet, d=doublet, t=triplet, m=multiplet, 
dd=double doublet, dt=double triplet, nm=narrow multiplet 

TABLE 2. RATIOS OF CONFORMERS CALCULATED FROM COUPLING CONSTANTS 

Compound 

9 

13 

10 

14 

11 

15 

12 

16 

Configuration 

oc-T>-arabino 

oc-T>-arabino 

ß-L-arabino 

ß-^-arabino 

oc-D-xylo 

oc-B-xylo 

ß-\,-xylo 

ß-i^-xylo 

Jl,2 

15:85 

39:61—20: 

X d ) 

X 

X 

X 

15:85 

15:85 

Ratios of 4CX and XC4 conformers in % 

Calculated from 
the values of 

J2,3 

b) 

80c) 23:77 

93:7 

93:7 

92:8 

93 :7 

23:77 

As or As' 

19:81 

21:79 

100:0 

91:9 

18:82 

20:80 

for 
methyl tri-O-
acetylpento-
pyranosidesa) 

17:83 

97:3 

> 9 8 : < 2 

19:81 

Predominant 
conformers 

R = M s or Ac 

/fc&~™ 
N3 

N3 

R 0 ^ B n 

^ ° ^ > B n 

Hr^zssr 

xc4 

4Cx 

4 C ! 

X Q 

a) see Ref. 11. b) Coupling constants could not be obtained from the spectra, c) Due to overlap of Hx 

signal with a part of methylene proton, the exact ratio could not be obtained, d) This method cannot be 
applied for estimation of conformational equilibria because of eis-relationship of H-l and H-2. 
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TABLE 3. DISPLACEMENT REACTIONS OF ß-L-xylo ISOMER (12) 

Run 

Reaction conditions Yield/% 

Base Concentration Solvent*0 Temperature 
M ^C 

Time 17 18 19 20 21 22 
Recovered 

12/% 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

AcONa 
AcONa 
AcONa 
AcONa 
AcONa 
AcONa 
AcONa 
AcONa 
AcONa 
AcONa 
AcONa 
AcONa 
BzONa 
BzONa 

0.2 
0.4 
0.8 
0.8 
1.5 
0.2 
0.2 
0.4 
0.8 
1.5 
0.2 
0.2 
0.2b) 

0.2b) 

A 
A 
A 
B 
B 
A 
B 
B 
B 
B 
C 
C 
C 
C 

95—100 
95—100 
95—100 
95—100 
95—100 

115—120 
115—120 
115—120 
115—120 
115—120 
95—100 

115—120 
95—100 

115—120 

40 
40 
40 
40 
40 
13 
13 
13 
13 
13 
13 
13 
13 
13 

44 
52 
62 
61 
60 
44 
37 
45 
41 
38 

14 
17 
23 
17 
25 
34 
35 
24 
24 
35 

57 
58 

25 
25 

69 
68 

0 
17 

28 
19 
0 
0 
0 

10 
14 
7 

10 
0 
0 
0 
0 
0 

a) A, 2-methoxyethanol : water=19: 1; B, 2-methoxyethanol : water=4: 1; C, DMF. b) Not fully dissolved. 

2,4-dideoxy-3- O-methylsulfonylpentopyranosides (9— 
12) accord with those of the corresponding 3-0-acetyl 
derivatives (13—16), and also with those of methyl 
tri-O-acetylpentopyranosides.11) Among these predom­
inant conformers only that of the ß-L-xylo isomer (12) 
has no axial substituent on a- and ^-carbons as shown in 
Table 2 (axial substituent with thick line) and seems 
to be most reactive for displacement reactions. There­
fore, some displacement reactions of 12 were examined 
at first and the results were summarized in Table 3. 

The £N2 type displacements of methylsulfonyloxy 
group with hydroxyl and acyloxy groups in compound 
12 were accomplished in the presence of sodium acetate 
in 2-methoxyethanol-water and by sodium acetate or 
benzoate in #,iV-dimethylformamide (DMF) , respec­

tively. Under the first conditions, which are used 
generally for the similar conversion in acylamino sugar 
derivatives having trans vicinal amino alcohol structure 
in the aid of anchimeric assistance,12) the desired 
compound, benzyl 4-azido-2-benzyloxycarbonylamino-
2,4-dideoxy-/?-L-ribopyranoside (17) was obtained as a 
major product together with benzyl 2-amino-4-azido-2-
N: 3-0-carbonyl-2,4-dideoxy-/?-L-ribopyranoside (18). 
Although configuration on C-3 in compound 17 was 
ascertained by the change of J12 from the large value 
(7.5 Hz) in 12 to the small value (2.4 Hz)3) in predom­
inant 4 C 1 conformation,11) the structure was furthermore 
confirmed unambiguously by the N M R data of its 
3-acetate (19) (Table 4). O n the other hand, absence of 
benzyloxycarbonyl group ascertained by the N M R and 

TABLE 4. NMR DATA OF COMPOUNDS 18—23 AND 25—26 AT 100 MHz IN CDCL 

18 

Chemical shifts, <5/ppm 
H-l 
H-2 
H-3 
H-4 
H-5 
H-5' 
CH2 in Bn 
CH2 in Z 
NH 
Others 

4.64d 
3.82 dd 
4.93 dd 
3.94 — 

— 
— 

4.54,4.79 

6.12 s 

Coupling constants/Hz 

Jl,2 
J 2,3 

i /3 ,4 

*/4,5 

J4,5' 
J5,5' 

JAB 

JNH.CH 

3.0 
7.6 
3.3 
— 
— 
— 

11.9 
< 0 . 5 

19 

4.87d 
4.20m 
5.31 t 
3.92m 
3.72 dd 
3.99 dd 

4.49,4.68 
5.10 s 
5.88d 

2.02(Ac, s] 

1.4 
4.2 
4.2 
1.9 
1.7 

12.0 
12.0 
10.1 

20 

4 .93d 
4.37m 
5.57 t 
4.10 nm 
3.78 dd 
4.10dd 

4.52,4.72 
5.10 s 
6.02 d 

) 

Compounds 

21 22 

5. .09 s 4 .64d 

23 

4.78d 
2.87 d 3.98 ddd 3.94dd 
3. 

ca. 3. 
3. 
3. 

.18dd 5.21 t 
58 nm 3.80 dt 
91 dd 3.44dd 
50 dd 4.20 dd 

4.55,4.78 4.56,4.84 
5. 

1.2 < 0 . 5 
4.3 
4.3 
2.3 
1.1 

12.5 
12.0 
10.1 

5.8 
6.2 
6.0 
2.6 

13.5 
11.7 

,16 s 5.03 s 
5.32d 

ca. 6.0 
7.4 
7.4 
7.4 
4.1 

11.9 
11.9 

4.55 dd 
ca. 3.92m 

3.51 dd 
4.13dd 

4.56,4.86 

5.40 s 

3.6 
7.2 
4.5 
6.0 
4.0 

12.0 
12.2 

25 

4.77d 
4.82 dd 
4.85 dd 

ca. 3.65 — 
4.03 t 
3.70 — 

4.50,4.80 

5.55 s 

4.2 
6.0 
4.5 
4.5 

11.7 
11.7 
12.0 

ca.9.0 < 0 . 5 < 0 . 5 

26 

5.Old 
ca. 4.56 — 

5.46 dd 
4.06 nm 
3.72 dd 
3.98 dd 

4.48,4.73 
5.00 s 
5.08d 

5.3 
11.0 
3.8 
2.1 
1.5 

12.5 
12.0 
— 
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I R spectra of 18 and presence of a typical absorption at 
1760 c m - 1 in the I R spectra assigned to carbonate 
supported its structure. Moreover the N M R data, 
especially the large value (7.6 Hz) for J2 3, indicated 
that 18 exists in a boat conformation (B4 t l). 

As shown in Table 3 the higher base concentration, 
the lower water content of the solvent, and the higher 
reaction temperature accelerated the formation of both 
17 and 18 (Runs 1—10). The last factor, however, 
favored the formation of 18, so the ratio of 17 and 18 
was changed from 3 : 1 at 95—100 °C to nearly 1—2: 1 
at 115—120 °C. Although the formation of 18 could 
not be completely suppressed, among the reaction 
conditions tested the most suitable combination for 
preparation of 17 seems to be as follows : concentration 
of sodium acetate, 0.8—1.5 M ; water content of solvent 
(2-methoxyethanol), 5—20%; reaction temperature, 
95—100 °C. All these reactions were carried out in 
sealed tubes to maintain the constant water content, 
but for preparative purpose more convinient open air 
system was examined. It was found that the compound 
12 was heated under gentle reflux (in oil ba th at 110— 
115 °G) with sodium acetate (1.5 M) in 2 0 % water 
containing 2-methoxyethanol to give 17 in unexpectedly 
good yield (80%) as reported earlier.3) Considering 
the azeotropic point (99.5 °C/750 mmHg) of this 
binary solvent system, these conditions seem to be very 
similar to the best combination of reaction conditions 
described above. The difference between closed and 
open system, however, remains unclear. Furthermore, 
displacement reaction with sodium acetate or benzoate 
in D M F gave the corresponding 3-acetate (19) or 
3-benzoate (20) of 17 in good yields (Runs 11—14), 
while in the former case the aziridine derivative (21) 
in ca. 2 5 % yield, and in the latter only at higher tem­
perature the corresponding 3-benzoate (22) of 8 were 
also formed (Run 14). The structure of 19 and 20, 
especially the configuration on C-3, was confirmed by 
the characteristic small coupling constants of all ring 
protons as shown in Table 4 indicating also that they 
exist in 4 C 1 conformation predominantly. The aziridine 
derivative (21) showed no N - H absorption in I R and 
N M R spectra, and the latter showed typical two 
protons attached to the aziridine ring at higher magnetic 
field (Ô 2.87 and 3.18) than other pyranoside ring 
protons. The structure of 22 was also elucidated by 
N M R spectra in comparison with that of 12 and 16. 
The compound 22 may be formed via 21 or by the 
neighboring group participation of urethane carbonyl. 
The former case may be more reasonable considering 

relatively weak polarization of benzyloxycarbonyl 
group. The structure of 22 was also confirmed by its 
identification with the alternatively prepared 3-benzoate 
of 8. 

Thus , in the case of ß-\,-xylo isomer (12) the inversion 
reactions in the presence of sodium acetate in 8 0 % 
2-methoxyethanol and with sodium benzoate in D M F 
gave good results and then the same reactions of the 
other three diastereomers of 12 were also examined 
(Table 5). As expected these isomers resisted the 
displacement of methylsulfonyloxyl group with both 
hydroxyl and benzoyloxyl ones. So at the lower tempera­
ture (95—100 °C) both reactions did scarcely proceed, 
and higher temperature (over 120 °G) and higher base 
concentration promoted decomposition of the starting 
material and also D M F . In the first reaction the product 
characterized was only the 2-N: 3-O-carbonate deriva­
tive in each case. The ß-'L-arabino isomer (10) gave the 
ß-\,-lyxo carbonate (23) in 2 2 % yield, while the OC-D-
arabino and oc-B-xylo isomers (9 and 11) gave the corre­
sponding oc-B-lyxo and oc-B-ribo carbonate (24 and 25) 
in very low yield. The structure of these carbonate 
derivatives was easily ascertained by I R absorption of 
the cyclic carbamate (1755—1760 cm - 1 ) and by N M R 
signal of the proton attached to the nitrogen, which 
show a typical broad singlet. The N M R data of 23 
and 25 confirmed their structures indicating also the 
predominance of 4»1B conformation. The compound 
24 was, however, characterized only by the I R absorp­
tion of cyclic carbamate. Moreover, the inversion 
reaction with benzoate gave no desired product, and 
those obtained (26 and 27 from 10, and 28 from 9) 
seem to be derived via the corresponding aziridine 
intermediate as supposed for the formation of 22 from 
12. 

As shown in the substitution reaction of 12, benzyl­
oxycarbonyl group can participate or assist the displace­
ment reaction of the neighboring carbon atom, but such 
ability is not so strong as those of acetyl, benzoyl and 
formyl groups.13) Then, the similar displacement 
reaction of iV-acetyl, JV-benzoyl, and JV-formyl deriva­
tives was investigated. Because ß-L-ribo and oL-r>-ribo 
isomers could be prepared by the above mentioned 
displacement reactions or by oxidation-reduction method 
as described below, respectively, only arabino isomers 
were examined in detail. The JV-acetyl (29), JV-benzoyl 
(30), and N-formyl (31) derivatives of 2 were prepared 
in the usual manner by treatment with acetic anhydride, 
benzoyl chloride, or /?-nitrophenyl formate, respectively. 
These compounds were converted into the corresponding 

TABLE 5. DISPLACEMENT REACTIONS OF &.-T>-arabino (9), ß-L-arabino (10) AND oc-T>-xylo (11) ISOMERS 

Run 

1 
2 
3 
4 
5 

Starting 
compound 

9 
9 

10 
10 
11 

-" 
Base 

AcONa 
BzONa 
AcONa 
BzONa 
AcONA 

Reaction conditions 

Concentration 
M 

0.4 
0.4b) 

0.4 
0.4W 

0.4 

.̂ 
Solvent*0 

A, B 
G 
A 
C 
A, B 

Temperature 
°C 

110—115 
110—115 
110—115 
130 
110—115 

" \ Time 
h 

144 
144 
120 
36 

216 

Product 
(yield) 

24 (low) 
28 (12%) 
23 (22%) 
26 (4%), 27 (3%) 
25 (trace) 

a) A, 2-methoxyethanol: water=4: 1; B, 2-methoxyethanol: wa te r s 19: 1; C, DMF. b) Not fully dissolved. 
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TABLE 6. NMR DATA OF COMPOUNDS 28, 32—34, 36, AND 38-^40 AT 100 MHz IN CDC13 

Chemical shifts 
H-l 
H-2 
H-3 
H-4 
H-5 
H-5' 
CH 2 in 
CH2 in 
NH 
Others 

Bn 
Z 

28 

, <5/ppm 
4.68d 
4.16dt 
5.52 dd 

ca. 4.05 — 
3.68 

ca. 4.0S — 
4.60,4.91 

5.08 s 
5.08d 

Coupling constants/Hz 

Jl,2 
J2,Z 

J3,i 

Ji,5 

Jl,5' 

1/5,5' 

JAB 

JNH.CH 

6.0 
8.7 
2.7 

< 0 . 5 
— 

10.4 
12.0 
9.0 

32 

4.90d 
4.62m 
5.00 dd 
4.12nm 
3.72 dd 
3.92 dd 

4.45,4.68 

5.72d 
1.96 (Ac,s) 
3.08 (Ms,s) 

3.3 
10.7 
3.4 
2.2 
1.7 

12.3 
11.6 
9.0 

33 

5.08d 
4.84ddd 
5.18dd 
4.20 nm 
3.78 dd 
4.00 dd 

4.48,4.71 

6.38d 
3.02 (Ms,s) 

3.5 
10.5 
3.5 
2.0 
1.5 

12.0 
11.7 
9.0 

Compounds 

34 

4.98d 
ca. 4.70m 

5.06 dd 
4.20 nm 
3.76dd 
3.95 dd 

4.50,4.74 

6.16d 
3.09 (Ms,s) 

36 

5.00d 
4.52m 
3.69 nm 
3.86 nm 
3.62 dd 
4.14dd 

4.49,4.76 

6.80d 

8.21 (HCO,s) 

2.7 
10.8 
3.4 
1.6 
1.2 

12.0 
11.7 
9.0 

3.3 
2.7 

ca.4.2 
3.0 
3.0 

13.5 
12.0 
9.0 

38 

4.72 d | 
ca. 4.64 —J 

4.90 dd 
3.72dt 
3.42 dd 
4.10dd 

4.50,4.82 

5.94d 
1.98 (Ac,s) 
2.10 (Ac,s) 

3.0 
3.8 
6.0 
5.3 
3.3 

12.2 
12.3 
8.3 

39 

ca. 4.86m 
5.05 dd 
3.80dt 
3.50 dd 
4.16dd 

4.56,4.86 

6.51d 
2.10 (Ac,s) 

— 
3.8 
6.0 
5.4 
3.2 

12.0 
12.0 
8.4 

40 

4.75d 
— 
4.94 dd 
4.74ddd 
3.42 dd 
4.12dd 

4.52,4.82 

6.34d 
2.10 (Ac,s) 

3.0 
3.8 
6.8 
6.0 
3.0 

12.0 
12.0 
8.7 

3-O-methylsulfonyl derivatives (32, 33, and 34) in high 
yields. The displacement reactions of 32, 33, and 34 
using sodium acetate in 2 0 % water-containing 2-
methoxyethanol at 115 °C gave benzyl 2-acylamino-4-
azido-2,4-dideoxy-/?-L-lyxopyranosides; iV-acetyl deriva­
tive (35) in quantitative yield, while, iV-benzoyl one 
(36) in 6 0 % , and #-formyl one (37) in 70—80% yield, 
respectively. The structure of these three compounds 
were ascertained by the N M R spectra of themselves 
and their 3-acetates (38, 39, and 40) as shown in 
Table 6. The coupling constants of ring protons sup­
ported the ß-lyxo configuration and indicated the 
existence of nearly equal AG1 and 1 C 4 conformers, which 
was deduced from the values of J3A and y4>5 . In the 
case of ̂ -benzoyl derivative an unidentified by-product 
was also obtained in 12% yield, which is deduced to be 
2,3-oxazoline derivative having ß-L-lyxo configuration by 
spectral data given in the Experimental . As iV-acetyl 
and iV-formyl derivative gave satisfactory results in the 
case of oc-r>-arabino isomer, only iV-acetyl (41) and N-
formyl (42) derivative of 1 were prepared. Although 41 
could be converted into the corresponding 3-O-methyl­
sulfonyl derivative (43) in high yield, the same conver­
sion of 42 gave 44 in slightly lower yield (60%). Then , 
similar displacement reaction of iV-acetyl derivative (43) 
in the presence of sodium acetate as described above 
gave the oc-r>-lyxo isomer (45) in quantitative yield, but 
the corresponding iV-formyl derivative (44) did inver­
sion product (46) in 5 4 % yield. The slightly poor 
results of N-formyl derivative both in the 3-O-methyl-
sulfonylation and the inversion reaction may be due 
to the fact that formyl group is not perfectly stable under 
these reaction conditions. Furthermore, iV-acetyl 
derivative (47) of the oc-D-xylo isomer (3) was converted 
into the corresponding oc-B-ribo isomer (49) via the 3-

methanesulfonate (48) in the same manner . The 
structures of these inversion reaction products (45, 46, 
and 49) were also elucidated by N M R data, especially 
by coupling constants of ring protons of the correspond­
ing 3-acetates (50, 51 , and 52, respectively). 

O n the other hand, the inversion of hydroxyl group 
via ulose derivative is also used widely for the synthetic 
purpose.14) Then, all isomers (1—4) were subjected to 
oxidation with dimethyl sulfoxide-trifluoroacetic an­
hydride ( D M S O - T F A A ) , which was applied recently 
to preparation of ulose by us.15) T o our surprise, 
all isomers gave only one ulose, benzyl 4-azido-2-
benzyloxycarbonylamino-2,4-dideoxy-a-D-^r7/Aro-pento-
pyranosid-3-ulose (53), preferential ly in 80—85% 
yields. The I R spectrum of 53 shows a new absorption 
1740 c m - 1 due to carbonyl group and the signal of H-2 
proton appears as a quartet indicating the proton has 
no vicinal one other than H- l and N H . The structure 
of 53 was further ascertanied by conversion into the 
oc-D-ribo derivative by reduction as described below. 
Thus , except the oc-B-xylo isomer (7) the configuration of 
at least one substituent on C-2 and C-4 was inverted 
in the oxidation reaction. As the inversion of the axially 
oriented group adjacent to carbonyl group was observed 
often in D M S O oxidation,16) the case of ß-^-arabino 
isomer (6) could be explained in the same category. 
O n the other hand, in the cases of oc-B-arabino (5) and 
ß-L-xylo (8) isomers the change of conformation from 
1 C 4 to 4C a at the intermediate stage of the reaction 
should occur, because the inverted groups have equa­
torial orientations originally. Such conformational 
change may be caused by the electrostatic attraction 
between the intermediate sulfonium ion and the lone 
pair of oxygen at C-1 as shown in Scheme 1. 

Then, the reduction of 53 with sodium borohydride 
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N3 

HO 
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N3 
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N3 
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N3 
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N3 NHZ 
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J v ® , .OBn 
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OBn 
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N3 

Scheme 1. 

i n m e t h a n o l g a v e s te reose lec t ive ly t h e c o r r e s p o n d i n g 
oc-D-ribo i s o m e r (54) i n h i g h y ie ld . T h e s t r u c t u r e of 5 4 
w a s c o n f i r m e d b y N M R d a t a of i ts 3 - ace t a t e (55 ) , 
w h i c h s h o w t y p i c a l c o u p l i n g c o n s t a n t s of r i n g p r o t o n s 
for a - r i b o p y r a n o s i d e s . 

I n conc lu s ion , t h e four i somers of b e n z y l 4 - a z i d o - 2 -
a c y l a m i n o - 2 , 4 - d i d e o x y p e n t o p y r a n o s i d e s h a v i n g ribo a n d 
lyxo con f igu ra t i ons w e r e p r e p a r e d f rom t h e c o r r e s p o n d ­
i n g xylo a n d arabino i somers , a n d t h e fo l lowing facts 
m u s t b e useful. I n v e r s i o n of h y d r o x y 1 g r o u p b y n u c l e o -
p h i l i c s u b s t i t u t i o n of i ts su l fona te w i t h s o d i u m c a r b o x -
y l a t e c a n b e a p p l i e d on ly t o ß-xylo i s o m e r w h i c h h a v e 
n o ax ia l s u b s t i t u e n t i n its p r e d o m i n a n t c o n f o r m e r . O n 
t h e o t h e r h a n d , i n v e r s i o n u s i n g t h e c o r r e s p o n d i n g 2 -
a c e t y l a m i n o d e r i v a t i v e i n t h e a i d of a n c h i m e r i c assist­
a n c e c a n b e a p p l i e d sure ly t o a l l xylo a n d arabino 
i s o m e r s . F u r t h e r m o r e , D M S O o x i d a t i o n of a l l four 
xylo a n d arabino i somers fol lowed b y s o d i u m b o r o h y d r i d e 
r e d u c t i o n g a v e oc-ribo i s o m e r se lect ively in g o o d y ie lds , 
r e spec t ive ly . 

E x p e r i m e n t a l 

General Methods. Melt ing points were determined with 
a Mel -Temp melting point appara tus and not corrected. 
Opt ical rotations were measured in chloroform at c 1.0, 
unless otherwise stated, using a 0.5-dm tube with Carl Zeiss 
LEP-A1 or J A S C O DIP-4 Polarimeter. I R spectra were 
recorded with a Hi tachi EPI-G2 grat ing spectrometer. N M R 
spectra were recorded with a J E O L J N M PS-100 spectometer 
in chloroform-^ containing tetramethylsilane as the internal 
reference. Chemical shifts and coupling constants are recorded 
in ô and Hz units, and I R frequencies in cm- 1 . Evaporat ions 
were conducted under diminished pressure. T h e products 
were recrystallized from ethanol unless otherwise stated. 

Benzyl 4-A zido-2-benzyloxycarbonylamino-2, 4-dideoxypentopyrano si­
des (5, 6, 7, and 8). T o a solution of benzyl 2-amino-
4-azido-2,4-dideoxy-pentopyranoside (10 mmol) and sodium 
hydrogencarbonate (20 mmol) in 1: 1 d ioxane-water (50 ml) 
was added benzyloxycarbonyl chloride (13 mmol) dropwise 
with vigorous stirring at room tempera ture and stirring was 
continued overnight. T h e crystals separated during the reac­
tion was filtered and recrystallized from ethanol to give pure 
JV-benzyloxycarbonyl derivative in ca. 8 0 % yield. T h e filtrate 
was evaporated to give a crystalline residue, which was 
extracted with chloroform. T h e extract was washed with 
water , dried, and evaporated to give a further crop of the 
product . T h e combined yield of the product was almost 
quanti tat ive. I n the cases of a-D- and ß-L-arabino isomers the 
ammonolysis mixture which contain 2- and 3-amino deriva­

tives in the ratio of 3 : 24) was directly subject to this reaction 
because of difficulty of separation of each component on a 
column in large scale, and the 2-benzyloxycarbonylamino 
derivative was obtained in ca. 4 0 % yield by fractional crystal­
lization from ethanol. 

Benzyl 4- Azido -2- benzyloxycarbonylamino -2,4-dideoxy- a- D -
arabinopyranoside (5): M p 188—190 °C; [ a ] D +24 .2° (c 1.9 
CHC13), + 3 1 . 5 ° (c 0.7 M e O H ) : T h e reported value of - 1 1 0 ° 
for the enantiomer of 51 7 ) seems to be incorrect; I R (KBr) : 
3420 and 3320 ( O H and N H ) , 2100 (N3) , 1690 and 1540 
(urethane) . Found : C, 60.12; H , 5.59; N , 14.02%. Calcd 
for C 2 0 H 2 2 N 4 O 5 : C, 60.29; H , 5.57; N, 14.06%. Acetylation 
of 5 with acetic anhydride in pyridine gave its 3-acetate (13) 
in quant i ta t ive yield. M p 183—184 °C ; [ a ] D + 1 8 . 8 ° ; I R 
(KBr) : 3300 (NH) , 2100 (N3) , 1738 (ester), 1685 and 1540 
(urethane), 730 and 698 (phenyl). Found : C, 59.66; H , 5.57; 
N, 12 .83%. Calcd for C 2 2 H 2 4 N 4 0 6 : C, 59.99; H , 5.49; N, 
12.72%. 

Benzyl 4-Azido-2-benzyloxycarbonylamino-2,4-dideoxy-/?- L -ara­
binopyranoside (6) : M p 159—160 °C ; [ a ] D + 143°; I R (KBr) : 
3315 ( O H and N H ) , 2120 (N3), 1690 and 1530 (urethane). 
Found : C, 60.45; H , 5.61 ; N , 13.99%. Calcd for C 2 0 H 2 2 N 4 O 5 : 
C, 60.29; H , 5.57; N, 14.06%. Acetylation of 6 in a usual 
manner gave its 3-acetate (14) in good yield. M p 129—130 
°C; [<x]D + 1 3 4 . 0 ° ; I R (KBr) : 3340 (NH) , 2120 (N3), 1735 
(ester), 1685 and 1515 (urethane) , 735 and 703 (phenyl). 
F o u n d : C, 60.09; H , 5.43; N , 12 .63%. Calcd for C2 2H2 4-
N 4 0 6 : C,59.99; H , 5.49; N , 12.72%. 

Benzyl 4-A zido- 2-benzyloxycarbonylamino- 2,4-dideozy-oc-v-xylo-
pyranoside (7) : M p 114—115 °C; [ a ] D + 123.9°; I R (KBr) : 
3325 ( O H and N H ) , 2100 (N3) , 1690 and 1530 (urethane), 
733 and 695 (phenyl). Found : C, 60.00; H , 5.52; N, 13.87%. 
Calcd for C 2 0 H 2 2 N 4 O 5 : C, 60.29; H , 5.57; N , 14.06%. Acetyl­
ation of 7 in a usual manner gave its 3-acetate (15) in good 
yield. M p 106—107 °C ; [ a ] D + 1 5 7 . 3 ° ; I R (KBr) : 3400 
(NH) , 2098 (N3) , 1745 (ester), 1718 and 1502 (urethane), 
735 and 690 (phenyl). F o u n d : C, 59.90; H , 5 .51; N , 12.24%. 
Calcd for C 2 2 H 2 4 N 4 0 6 : C, 59.99; H , 5.49; N , 12.72%. 

Benzyl 4-A zido- 2-benzyloxycarbonylamino- 2,4-dideoxy-ß-L - xylo-
pyranoside (8) was already reported.3) Acetylation of 8 in a 
usual m a n n e r gave its 3-acetate (16) in good yield. M p 134— 
137 ° C ; [ a ] D + 1 3 . 6 ° ; I R (KBr) : 3305 (NH) , 2110 (N3), 1750 
(ester), 1698 and 1540 (urethane) , 738 and 695 (phenyl). 
Found : C, 60.10; H , 5.49; N , 12.76%. Calcd for C 2 2 H 2 4 N 4 0 6 : 
C, 59.99; H , 5.49; N, 12.72%. 

Benzyl 4 -Azido-2-benzyloxycarbonylamino-2,4-dideoxy- 3-O-methyl-
sulfonylpentopyranosides (9, 10, 11, and 12). T o a solution 
of the compound 5, 6, 7, or 8 (2 mmol) in pyridine (5 ml) 
was added methylsulfonyl chloride (3 mmol) dropwise with 
stirring at 0 °C. Stirring was continued overnight at room 
temperature . T h e solution was poured into ice-water with 
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stirring. After 3 h, a crystalline precipitate separated was 
collected by filtration and recrystallized from ethanol to give 
the corresponding 3-O-methylsulfonyl derivative in 9 0 — 9 5 % 
yield. 

Benzyl 4-Azido-2-benzyloxycarbonylamino-2, 4-dideoxy-3-0-methyl-
sulfonyl-oL-T>-arabinopyranoside (9): M p 160—162 °C ; [ a ] D 

+ 3.5°; I R (KBr) : 3320 (NH) , 2100 (N3) , 1690 and 1535 
(urethane), 1335 ( S 0 2 ) , 733 and 695 (phenyl). F o u n d : C, 
53.33; H, 5.20; N, 11.41; S, 6 .68%. Calcd for C 2 1 H 2 4 N 4 0 7 S : 
C, 52.94; H , 5.08; N , 11.76; S, 6 .72%. 

Benzyl 4-Azido-2-benzyloxycarbonylamino- 2,4-dideoxy-3-0-methyl-
sulfonyl-ß-L-arabinopyranoside (10): M p 139—140 °C ; [ a ] D 

+ 137.0°; I R (KBr) : 3360 (NH) , 2130 (N3) , 1690 and 1535 
(urethane), 1365 ( S 0 2 ) , 740 and 700 (phenyl). F o u n d : C, 
52.50; H , 5.07; N, 11.82; S, 6 .96%. Calcd for C 2 1 H 2 4 N 4 0 7 S : 
C, 52.94; H , 5.08; N, 11.76; S, 6 .72%. 

Benzyl 4-Azido-2-benzyloxycarbonylamino-2,4-dideoxy~3-0-methyl-
sulfonyl-cc-D-xylopyranoside (11): Sy rup ; [ a ] D + 1 2 4 . 5 ° ; I R 
(NaCl) : 3375 (NH) , 2110 (N3) , 1695 and 1523 (urethane) , 
1345 and 1175 ( S 0 2 ) , 740 and 700 (phenyl). F o u n d : C, 
53.25; H , 5 .31; N , 11.32%. Calcd for C 2 1 H 2 4 N 4 0 7 S : C, 
52.94; H , 5.08; N , 11.76%. 

Benzyl 4-A zido- 2-benzyloxycarbonylamino-2', 4-dideoxy-3-0-meth-
ylsulfonyl-ß-1L-xylopyranoside (12) was reported already.3) 

General Methods for Inversion Reaction with Sodium Acetate or 
Benzoate. All inversion reactions were carried out in 
sealed tubes or tightly stoppered test tubes at a tempera ture 
between 95 and 140 °C using 2-methoxyethanol-water or 
D M F as solvent. 

Inversion Reaction with Sodium Acetate in 2-Methoxyethanol-
Water: T h e starting 3-metanesulfonate (50 mg, 0.1 mmol) 
and sodium acetate (50—380 mg, 0.55—4 mmol) were dissolv­
ed or suspended in 2-methoxyethanol-water ( 1 9 : 1 or 4 : 1, 
3 ml) and heated. Undissolved material went into the solution 
during the reaction. Then , the reaction solution was evapo­
rated directly to give a residue, which was extracted with 
acetone. T h e extract was concentrated to a small volume, 
and subjected to preparat ive T L C on silica gel. 

Inversion Reaction with Sodium Acetate or Benzoate in DMF: 
A suspension of the 3-methanesulfonate (50 ml, 0.1 mmol) and 
sodium acetate (41 mg, 0.5 mmol) or benzoate (85 mg, 0.5 
mmol) in D M F (3 ml) was heated. Sodium benzoate d id 
not dissolved completely even at higher temperature , and 
formation of resin-like material was observed by long t ime 
heating at higher than 130 °C. Work-up was done in the 
same manner as described above. 

Benzyl 4-Azido-2-benzyloxycarbonylamino-2,4-dideoxy-ß-L-ribopy-
ranoside (17) and Benzyl 2-Amino-4-azido-2-H: 3-O-carbonyl-
2,4-dideoxy-ß--L-ribopyranoside (18). A mixture of 12 (95 
mg, 0.2 mmol) and sodium acetate (656 mg, 80 mmol) in 
8 0 % 2-methoxyethanol (6 ml) was heated at 95—100 °C for 
40 h. A mixture of products obtained as described above was 
separated on a silica gel T L C using 19: 1 benzene-methanol 
as a solvent to give 17 (51 mg) and 18 (14 mg), in 60 and 
2 0 % yields, respectively. 

17: Syrup. T h e optical rotation, IR , and N M R spectra 
were identical with those reported previously.3^ 

18: Syrup; [a ] D + 7 1 . 0 ° ; I R (NaCl ) : 3300 (NH) , 2090 
(N3), 1760 (cyclic urethane) , 735 and 695 (phenyl). Found : 
C, 53.44; H , 5.04; N , 18.93%. Calcd for C 1 3 H 1 4 N 4 0 4 : C, 
53.79; H, 4.86; N, 19.30%. 

Benzyl 3-0-Acetyl-4-azido-2-benzyloxycarbonylamino-2,4-dideoxy-
ß-i.-ribopyranoside (19) and Benzyl 4-Azido-N-benzyloxycarbonyl-
2,3-epimino-2,3,4-trideoxy-ß-i.-ribopyranoside (21). A mixture 
of 12 (50 mg, 0.1 mmol) and sodium acetate (54 mg, 0.65 
mmol) in D M F (3 ml) was heated at 115—120 °C for 13 h. 
T h e similar work-up mentioned above gave 19 (27 mg) and 

21 (10 mg) in 58 and 2 5 % yields, respectively. 
19: Sy rup ; [ a ] D + 7 6 . 6 ° ; I R (NaCl ) : 3410 ( N H ) , 2100 

(N3) , 1745 (ester), 1720 and 1500 (urethane) , 740 and 700 
(phenyl). F o u n d : C, 59.95; H , 5.48; N, 12.85%. Calcd 
for C 2 2 H 2 4 N 4 0 6 : C, 59.99; H , 5.49; N, 12.72%. 

21: Sy rup ; T h e structure was ascertained only by N M R 
da ta (Table 4) . 

Benzyl 4-Azido-3-0-benzoyl-2-benzyloxycarbonylamino-2,4-dide-
oxy-ß-is-ribopyranoside (20) and -ß-\,-xylopyranoside (22). A 
suspension of 12 (50 mg, 0.10 mmol) and sodium benzoate 
(85 mg, 0.5 mmol) in D M F (3 ml) was heated at 115—120 
°C for 13 h. T h e similar work-up mentioned above gave 20 
(39 mg, 68%,) and 22 (10 mg, 17%,). At lower reaction 
temperature (95—100 °C) only 16 was obtained in 6 9 % yield. 

20: M p 88—90 ° C ; [ a ] D + 2 8 . 2 ° ; I R (KBr) : 3410 (NH) , 
2100 (N3) , 1720 (ester), ca. 1700 and 1500 (urethane), ca. 
740 and 705 (phenyl) . F o u n d : C, 64.47; H , 5.26; N , 11.26%. 
Calcd for C 2 7 H 2 6 N 4 0 6 : C, 64 .53; H , 5.22; N , 11.15%. 

22: M p 122.0—123.5 °C ; [ a ] D + 2 5 . 5 ° ; I R (KBr ) : 3330 
(NH) , 2110 (N3) , 1720 (ester), 1700, and 1520 (urethane) , 
710 and 698 (phenyl). 

Benzyl 2-Amino-4-azido-2-N: 3-0-carbonyl-2,4-dideoxy-ß-'L-lyxo-
pyranoside (23). A solution of 10 (128 mg, 0.26 mmol) 
and sodium acetate (170 mg) in 8 0 % aqueous 2-methoxy­
ethanol was heated at 110—115 °C and evaporated to dryness. 
T h e residue was shaken with chloroform and water . T h e 
chloroform layer was evaporated to give a dark brown syrup. 
T h e syrup was separated on preparat ive T L C with 8 : 1 
benzene-acetone to give 23 (18 mg, 2 3 % ) . M p 102—104 °C ; 
[ a ] D + 1 2 6 . 0 ° ; I R (KBr) : 3300 (NH) , 2090 (N3) , 1760 (cyclic 
ure thane) , 735 and 695 (phenyl) . F o u n d : C, 52.19; H , 4.88; 
N, 18.85%. Calcd for C 1 3 H 1 4 N 4 0 4 . 1 / 2 H 2 0 : C, 52.17; H , 
5.02; N , 18 .71%. 

Benzyl 2-Amino-4-azido-2-N: 3-0-carbonyl-2,4-dideoxy-oL-T>-ribo-
pyranoside (25). Similarly, 25 was obtained from 11 in 
17% yield. M p 118—120 °C ; [ a ] D + 1 3 0 . 0 ° ; I R (KBr) : 
3260 (NH) , 2100 (N3) , 1755 (cyclic ure thane) , 735 and 695 
(phenyl) . F o u n d : C, 53.34; H , 4.88; N , 18.96%. Calcd 
for C 1 3 H 1 4 N 4 0 4 : C, 53.79; H , 4.86; N , 19.30%. 

Reaction of 10 with Sodium Benzoate. A mixture of 10 
(393 mg, 0.77 mmol) and sodium benzoate (540 mg) in D M F 
(20 ml) was heated at 140 °C for 17 h to give many products 
on T L C . Sodium benzoate did not dissolved completely 
during the reaction. T h e solution turned black was evapo­
rated. T h e residue was shaken with chloroform and water . 
T h e chloroform layer was evaporated to give a black syrup. 
T h e syrup was separated on preparar t ive T L C with 8 : 1 
benzene-acetone to give benzyl 4-azido-2-benzyloxycarbonyl-
amino-3 - 0 - benzoyl -2,4-dideoxy -ß -L -arabinopy ranoside (26) 
and benzyl 4-azido-3-benzyloxycarbonylamino-2-0-benzoyl-3, 
4-dideoxy-/?-L-xylopyranoside (27) in 3.8 and 3.0% yields, 
respectively. Besides 26 and 27, benzyl 4-azido-3-0-benzoyl-2, 
4-dideoxy-2- (3,3-dimethylureido) -ß-L-arabinopyranoside could 
be also obtained in 7 .8% yield, bu t its structure was deduced 
only by the following spectral da ta . I R (NaCl ) : 3450 and 
3470 (NH) , 2120 (N3) , 1725 (ester), and 1660 and 1525 
(amide), 710 (phenyl) ; N M R : 5.07 (H x : d, / 1 2 = 3 . 0 ) , 5.60 
( H 3 : dd, 7 2 . 3 = 1 0 . 5 , 7 3 , 4 = 3 . 6 ) , 5.12 (H 4 : b road ' s ) , 4.06 (H 5 : 
dd, J 4 , 5 , = 1.5, J 5 , 5 , = 12.8), 3.80 (H 5 , : dd, / 4 § B , = 1.5), 2.74 
(6H, i V - C H 3 : s ) . 

26: M p 85—87 °C; [ a ] D + 1 1 4 . 0 ° ; I R (KBr) : 3320 (NH) , 
2100 (N3) , 1715 (ester), 1685 and 1515 (urethane) , 735, 705, 
and 695 (phenyl). F o u n d : C, 64.83; H , 5 .21; N, 11.30%. 
Calcd for C 2 7 H 2 6 N 4 0 6 : C, 64.53; H , 5.22; N , 11.15%. 

27: M p 142—144 ° C ; [ a ] D + 3 . 9 ° ; I R (KBr) : 3320 (NH) , 
2125 (N3) , 1715 (ester), 1695 and 1540 (urethane) , 730, 700, 
and 690 (phenyl) . Found : C, 64.60; H , 5.15; N , 10.96%. 
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Calcd for C 2 , H 2 6 N 4 0 6 : C, 64.53; H , 5.22; N, 11.15%. 
Reaction of 9 with Sodium Benzoate. A mixture of 9 

(231 mg, 0.45 mmol) and sodium benzoate (278 mg) in D M F 
(10 ml) was heated at 110—115 °C for 5 days. T h e mixture 
of products obtained by the same work-up as described in 
the reaction of 10 was separated on preparat ive T L C with 
7: 1 benzene-methanol to give benzyl 4-azido-3-0-benzoyl-2-
benzyloxycarbonylamino-2,4-dideoxy-a- D- arabinopyranoside 
(28, 27 mg) in 1 3 % yield. M p 77—79 °C ; [a ] D + 2 9 . 9 ° ; I R 
(KBr) : 3325 (NH) , 2105 (N3), 1720 (ester), 1695 and 1530 
(urethane) , 735, 715 and 695 (phenyl). Found : C, 64.18; 
H , 5.36; N , 10.80%. Calcd for C 2 7 H 2 6 N 4 0 6 : C, 64.53; H , 
5.22; N , 11.15%. 

General Method for N-Acetylation. T o a solution of 2-amino 
derivative (2, 1, or 3 , 10 mmol) in ethanol (30 ml) was added 
acetic anhydride (15 mmol) dropwise with stirring at room 
temperature . After 30 min, water was added to a suspension 
of crystallized product , and this suspension was evaporated 
directly to give a crystalline residue, which was recrystallized 
from ethanol to give the corresponding iV-acetyl derivative 
in 85—90%. 

Benzyl 2- Acetylamino- 4- azido- 2,4- dideoxy-ß- "L-arabinopyranoside 
(29) : As in the prepara t ion of 6 the ammonolysis mixture 
of benzyl 4-azido-2,3-anhydro-/?-L-ribopyranoside was used, 
and 29 was obtained in ca. 4 0 % yield by fractional crystalliza­
tion from ethanol. M p 178—180 °C ; [ a ] D + 2 1 7 . 9 ° ( M e O H ) ; 
I R (KBr) : 3455 and 3395 ( O H and N H ) , 2130 (N3) , 1655 
and 1550 (amide), 735 and 695 (phenyl) . Found : C, 54.95; 
H , 5.83; N , 18.35%. Calcd for C 1 4 H 1 8 N 4 0 4 : C, 54.89; H , 
5.92; N , 18.29%. 

Benzyl 2-Acetylamino-4- azido- 2,4- dideoxy- a- D- arabinopyranoside 
(41) i M p 208—210 °C ; [a ] D + 4 7 . 2 ° ( M e O H ) ; I R (KBr) : 
3280 ( O H and N H ) , 2110 (N3) , 1650 and 1550 (amide), 
730 and 692 (phenyl). Found : C, 54.95; H , 5.84; N , 18.25%. 
Calcd for C 1 4 H 1 8 N 4 0 4 : C, 54.89; H , 5.92; N, 18.29%. 

Benzyl 2-Acetylamino-4-azido-2,4-dideoxy-cc-D-xylopyranoside 
(47) : M p 160—161 °C ; [<x]D +210 .9° ( M e O H ) ; I R (KBr) : 
3500 and 3280 ( O H and N H ) , 2105 (N3) , 1630 and 1525 
(amide), 735 and 695 (phenyl). F o u n d : C, 55.15; H , 5.95; 
N, 18.52%. Calcd for C 1 4 H 1 8 N 4 0 4 : C, 54.89; H , 5.92; N , 
18.29%. 

Benzyl 4-Azido-2-benzoylamino-2,4-dideoxy-ß-lL-arabinopyranoside 
(30). T o a solution of 2 (2.0 g, 6.7 mmol) in 1:1 
dioxane-water (40 ml) was added potassium hydroxide (0.38 
g, 6.7 mmol) and benzoyl chloride (1.54 g, 11 mmol) with 
stirring in an ice-water ba th . After 3 h the solution was 
poured into ice-water . T h e crystalls separated were collected 
by filtration, washed with 1 M sodium hydroxide and recrys­
tallized from ethanol to give 30 in a quant i ta t ive yield. M p 
167—170 °C ; [ a ] D +140 .0° (CHC13) ; I R (KBr) : 3275 ( O H 
and N H ) , 2105 (N8) , 1630 and 1523 (amide), 732 and 692 
(phenyl). F o u n d : C, 62.24; H , 5.17; N , 14 .91%. Calcd for 
C 1 9 H 2 0 N 4 O 4 : C, 61.94; H , 5.47; N, 15 .21%. 

Benzyl 4-A zido-2,4-dideoxy-2-formylamino-ß-1L-arabinopyranoside 
(31) and -cc-T>-arabinopyranoside (42). T o a solution of 
2-amino derivative (2 or 1, 1 mmol) in tetrahydrofuran (10 
ml) was added a solution of />-nitrophenyl formate (2 mmol) 
in tetrahydrofuran (5 ml) dropwise with stirring at 0 °C. 
After standing overnight at room temperature , the solution 
was evaporated to give a crystalline residue, which was 
purified on a column of silica gel with 1 5 : 1 benzene-ethanol 
to give the corresponding 2-formylamino derivative in good 
yield. 

31: M p 166—167 °C; [a ] D +205 .0° ( M e O H ) ; I R (KBr) : 
3295 ( O H and N H ) , 2140 (N3) , 1655 and 1545 (amide), 740 
and 700 (phenyl). Found : C, 53.13; H, 5.54; N , 19.00%. 
Calcd for C 1 3 H 1 6 N 4 0 4 : C, 53.42; H , 5.52; N, 19.17%. 

42: M p 194—195 °C ; [a ] D +44 .7° ( M e O H ) ; I R (KBr) : 
3290 ( O H and N H ) , 2110 (N3) , 1645 and 1530 (amide), 730 
and 705 (phenyl). Found : C, 53.67; H , 5.53; N, 19 .31%. 
Calcd for C 1 3 H 1 6 N 4 0 4 : C, 53.42; H , 5.52; N , 19.17%. 

Benzyl 2-Acetylamino-(or 2-Formylamino)-4-a zido-2,4-dideoxy-3-
O-methylsulfonylpentopyranosides (32, 34, 43, 44, and 48). T o 
a solution of the compound to be methylsulfonylated (29, 31 , 
4 1 , 42 or 47) (2 mmol) in pyridine (15 ml) was added meth-
anesulfonyl chloride (3 mmol) dropwise with stirring at 0 °C. 
After stirring overnight at room temperature, water was added 
to the solution, and the solution was evaporated directly to 
give black syrupy residue. T h e residue was fractionated on 
a silica-gel column using 5 : 1 benzene-acetone as eluant to 
give the corresponding 3-O-methylsulfonyl derivative in 8 0 % — 
quanti ta t ive yield. 

Benzyl 2-Acetylamino-4-a zido-2,4-dideoxy-3-0-methylsulfonyl-ß-\.-
arabinopyranoside (32) : M p 137—138 °C; [a ] D +213 .8° (c 1.0, 
M e O H ) ; I R (KBr) : 3305 (NH) , 2120 (N3) , 1645 and 1530 
(amide), 1365 and 1180 ( S 0 2 ) , 735 and 698 (phenyl). Found : 
C, 46.58; H , 5.20; N, 14.95; S, 8.52%. Calcd for C 1 5 H 2 0 N 4 O 6 S: 
C, 46.87; H , 5.25; N, 14.58; S, 8 .33%. 

Benzyl 4-A zido-2,4-dideoxy-2-formylamino-3-0-methylsulfonyl-ß-
h-arabinopyranoside (34) : Syrup ; I R (KBr) : 3375 (NH) , 2110 
(N3) , 1665 (amide), 1345 ( S 0 2 ) , 700 (phenyl). Beside spectral 
da ta ( N M R da ta in Tab le 6) , other characterization could not 
be done because of its unstability. 

Benzyl 2-Acetylamino- 4-azido-2,4-dideoxy-3-0-methylsulfonyl-VL-
D-arabinopyranoside (43): M p 148—150 °C ; [a ] D +19 .2° (c 
1.0, M e O H ) ; I R (KBr) : 3250 (NH) , 2100 (N3) , 1645 and 
1545 (amide), 1360 and 1178 ( S 0 2 ) , 750 and 695 (phenyl). 
Found : C, 47.13; H , 5.24; N, 14.87; S, 8 .53%. Calcd for 
C i 5 H 2 0 N 4 O 6 S: C, 46.87; H , 5.25; N , 14.58; S, 8 .33%. 

Benzyl 4-A zido-2,4-dideoxy-2-formylamino- 3-O-methylsulfonyl-cc-
D-arabinopyranoside (44): M p 162—163 °C ; [ a ] D +15 .4° 
( M e O H ) ; I R (KBr) : 3300 (NH) , 2120 (N8) , 1662 and 1535 
(amide), 1338 and 1175 ( S 0 2 ) , 725 and 700 (phenyl). Found : 
C, 45.25; H , 4.92; N , 15.10; S, 8 .53%. Calcd for 
C i 4 H 1 8 N 4 0 6 S : C, 45.40; H , 4.90; N, 15.13; S, 8 .45%. 

Benzyl 2-Acetylamino-4-a zido-2,4-dideoxy-3-0-methylsulfonyl-oL-
D-xylopyranoside (48) : M p 115—117 °C; [a ] D + 141.5° (c 1.0, 
M e O H ) ; I R (KBr) : 3275 (NH) , 2100 (N3) , 1650 and 1510 
(amide), 1345 ( S 0 2 ) , 722 and 690 (phenyl). Found : C, 46 .71; 
H , 5.15; N , 14.30; S, 8 .17%. Calcd for C 1 5 H 2 0 N 4 O 6 S: C, 
46.87; H , 5.25; N, 14.58; S, 8 .33%. 

Benzyl 4-Azido-2-benzoylamino-2,4-dideoxy-3-O-methylsulfonyl-ß-
"L-arabinopyranoside (33). Compound 30 was methylsul­
fonylated as described in the preparat ion of 9—12 to give 33 
in 9 5 % yield. M p 163—164 °C ; [a ] D + 1 5 0 . 7 ° ; I R (KBr) : 
3320 (NH) , 2140 (N3) , 1635 and 1530 (amide), 1362 and 1188 
( S 0 2 ) , 730 and 695 (phenyl) . Found : C, 54.03; H , 4.97; 
N, 12.37; S, 7.00%. Calcd for C 2 0 H 2 2 N 4 O 6 S: C, 53.81; H , 
4.97; N, 12.55; S, 7 .17%. 

Inversion Reaction of 2-Acylamino Derivatives (32, 33, 34, 43, 
44, and 48). A solution of 2-acylamino derivative (1 
mmol) and sodium acetate (5 mmol) in 8 0 % 2-methoxyetha-
nol was heated in a sealed tube overnight at 110—115°C. 
T h e solution was evaporated and the residue was purified on a 
colomn of silica gel to give a product in various yields. 

Benzyl 2- Acetylamino -4-a zido -2,4 - dideoxy - ß - L - lyxopyranoside 
(35) : T h e inversion reaction of 32 as described above gave 
35 in 8 9 % yield. M p 117—119 ° C ; [oc]D +116 .8° ( M e O H ) ; 
I R (KBr) : 3330 ( O H and N H ) , 2110 (N3) , 1650 and 1520 
(amide), 740 and 704 (phenyl) . Found : C, 55.19; H , 5.95; 
N, 18.35%. Calcd for C 1 4 H 1 8 N 4 0 4 : C, 54.89; H , 5.92; N, 
18.29%. A usual acetylation of 35 gave the corresponding 
3-O-acetyl derivative (38) : Only N M R spectra was taken 
(Table 6) . 
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Benzyl 4-Azido-2-benzoylamino -2,4- dideoxy-ß - L - lyxopyranoside 
(36). Similarly, 33 gave 36 in 6 0 % yield. I R (KBr) : 
3420 ( O H and N H ) , 2090 (N3), 1630 (amide), 705 (phenyl). 
Fur ther characterization was done as its 3-0-acetyl derivative 
(39): Syrup; [ a ] D + 6 2 . 4 ° ; I R (NaCl) : 3440 and 3360 (NH) , 
2105 (N3), 1745 (ester), 1660 and 1510 (amide), 710 and 695 
(phenyl). Found : C, 61.31; H , 5.48; N, 13.30%. Calcd for 
C 2 1 H 2 2 N 4 0 5 : C, 61.45; H , 5.40; N , 13.65%. T h e by-product 
obtained in a low yield and supposed to be an oxazoline 
derivative has the following spectral da ta . I R (NaCl) : 2095 
(N3), 1720, 1640 and 695; N M R : 5.09 (H x : d, Jx 2 = 4.0), 
4.50 (H 2 : dd, y2,3 = 9.3), 4.70 (H 3 : dd , 7 3 , 4 = 6 . 8 ) , 4.28 ( H 4 : 
ddd) , 3.94 (H 5 a : dd, y4 ,5 a = 5.7, y 5a,5b=H.O), 3.43 (H5h: t, 
y 4 > 5 b - 1 0 . 1 ) , 4.83 and 4.65 (ABq. C H 2 in Bn), 7.26 (broad s, 
5H) , 7.48 (m, 2H) and 8.02 (m, 2 H ) . 

Benzyl 4-Azido-2,4-dideoxy-2-formylamino- /? - L -lyxopyranoside 
(37) : Similarly, 34 gave 37 in 6 5 % yield. Syrup, [ a ] D 

+ 72.3° ( M e O H ) ; I R (NaCl) , 3320 ( O H and N H ) , 2100 
(N3), 1660 (amide), 735 and 695 (phenyl) . Found : C, 53 .21 ; 
H , 5.66; N, 18 .81%. Calcd for C 1 3 H 1 6 N 4 0 4 : C, 53.42; H , 
5.52; N, 19.17%. A usual acetylation of 37 gave the corre­
sponding 3-O-acetyl derivative (40): M p 99—101 °C ; [ a ] D 

+ 134.3°; I R ( K B r ) : 3415 and 3180 (NH) , 2105 (N3) , 1730 
(ester), 1645 (amide), 695 (phenyl) . Found : C, 53.68; H , 
5.44; N, 16.65%. Calcd for C 1 5 H 1 8 N 4 0 5 : C, 53.88; H , 5.43; 
N, 16.76%. 

Benzyl 2-Acetylamino-4-azido-2,4-dideoxy-OL-T>-lyxopyranoside 
(45): Similarly, 43 gave 45 in quant i ta t ive yield. [OC]D 
+ 133.0° ( M e O H ) ; I R (KBr ) : 3325 ( O H and N H ) , 2110 
(N3), 1645 and 1530 (amide), 728 and 700 (phenyl) . F o u n d : 
C, 53.72; H , 6.02; N , 17.74%. Calcd for C 1 4 H 1 8 N 4 0 4 . l / 2 -
H 2 0 : C, 53.50; H, 6.05; N, 17.83%. N M R da ta of its 3-
acetate (50): 4.74 (H x : d, y 1 2 = 1 . 5 ) , 4.65 (H 2 : dq, J2t3 = 
4.5, y N H , cH=9 .0 ) 5.24 (H 3 : dd, y 3 > 4 =9 .0 ) 

Benzyl 4-A zido -2,4- dideoxy-2 -formylamino - a - D - lyxopyranoside 
(46) : Similarly, 44 gave 46 in low yield. M p 97—98 °C, 
[a ] D +72 .9° ( M e O H ) ; I R (KBr) : 3455, 3350 (NH and O H ) , 
2080 (N3), 1648 and 1505 (amide), 740 and 695 (phenyl). 
Found : C, 53.30; H , 5.83; N, 17.45%. Calcd for C 1 4 H 1 8 N 4 0 4 . 
1 /2H 2 0: C, 53.33; H , 6.03; N, 17.78%. 

Benzyl 2 - Acetylamino -4- a zido -2,4- dideoxy - a - D - ribopyranoside 
(49) : Similarly, 48 gave 49 in 8 3 % yield. M p 94—96 °C; 
[a ] D +72 .9° ( M e O H ) ; I R (KBr) : 3455 and 3350 ( O H and 
N H ) , 2080 (N3), 1648 and 1505 (amide), 740 and 695 
(phenyl). Found : C, 53.30; H, 5.83; N, 17.45%. Calcd for 
C 1 4 H 1 8 N 4 0 4 . 1 / 2 H 2 0 : C, 53.33; H , 6.03; N , 17.78%. N M R 
da ta of its 3-acetate (52): 4.70 (H x : d, 7 i , 2 = 3.8), 4.39 ( H 2 : 
dt, 7 2 , 3 = 3 . 8 , yNH ,cH = 9.5), 5.43 (H 3 : t, >3,4) = 3.8). 

Benzyl 4-Azido-2-benzyloxycarbonylamino-2,4-dideoxy-cc-T>-erythro-
pentopyranosid-3-ulose (53). Dimethyl sulfoxide (2.65 g,34 
mmol) and dichloromethane (5 ml) were pu t into Erlenmeyer 
flask with vigorous s t i r r ing at —76 °C. T o this solution was 
added trifluoroacetic anhydride (3.56 g, 18 mmol) with vigor­
ous stirring for 5 min at — 76 °C and was added a solution 
of 6 (2.92 g, 6.75 mmol) in dichloromethane (20 ml) . After 
1 h, to this solution was added triethylamine (3 ml) dropwise. 
After 10 min, the solution was mixed with chloroform-water, 
and the chloroform layer was evaporated to give a crystalline, 
which was recrystallized from ethanol to give 44 in 81 .7% 
yield (2.37 g) : M p 123—125 °C ; [a ] D +173 .8° (CHC13); 
I R (KBr) : 3350 ( O H and N H ) , 2100 (N3) , 1740 (ketone), 
1720 and 1530 (urethane), 695 (phenyl). Found : C, 60.35; 
H , 5.13; N, 14.09%. Calcd for C 2 0 H 2 0 N 4 O 5 : C, 60.60; H , 
5.09; N , 14.14%. 

T h e stereoisomers of 6 (5, 7, and 8) were also oxidized in 
the same manner as described above to give the same ulose 
derivative (53) in 80—85% yields. 

Benzyl 4-Azido-2-benzyloxycarbonylamino-2,4-dideoxy-oL-T>-ribopy-
ranoside (54). T o a solution of 53 (250 mg, 0.58 mmol) 
in methanol was added sodium borohydride (40 mg, 1.06 
mmol) with stirring at room temperature . After 30 min, the 
solution was neutralized with 1 M hydrochloric acid. After 
evaporation of the solution the resulting residue was dissolved 
in chloroform. T h e chloroform solution was washed with 
water, dried with anhydrous sodium sulfate and evaporated 
to give a syrup. T h e syrup was first crystallized by evapo­
ration of ethanol solution after decolorization with activated 
charcoal. Yield, 9 4 . 4 % : [a ] D + 9 7 . 2 ° (CHC13) ; IR (KBr) : 
3450 and 3340 ( O H and N H ) , 2075 (N8) , 1680 and 1495 
(urethane) , 740 and 695 (phenyl) . F o u n d : C, 60.25; H , 
5.57; N, 13 .93%. Calcd for C 2 0 H 2 2 N 4 O 5 : C, 60.29; H , 5.57; 
N, 14.16%. Its 3-acetate (55) ; Syrup, [a ] D + 70.8° (CHC13) ; 
N M R : 4.78 (H x : d, Jl 2 = 3.3), 4.14 (H 2 : dt , J2 3 = 3.0, 
A H . C H - 9 . 6 ) , 5.75 (H 3 : t,' 7 3 , 4 = 3 . 0 ) 3.94 ( H 5 a : dd, > 4 , 5 a = 
3 A y 5 a ,5b=12.3) , 3.64 (H 5 b : dd, 7 4 , 5 b = 6 . 8 ) . 

T h i s w o r k w a s s u p p o r t e d i n p a r t b y a Scient if ic 
R e s e a r c h G r a n t f rom t h e M i n i s t r y of E d u c a t i o n , J a p a n 
( N o . 3 4 7 0 2 3 ) . 
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The Hydrocracking of Solvent Refined Coals over Molten Salt Catalysts1) 
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T h e hydrocracking of Yübar i S R C and Tempoku S R C over ZnCl 2 /CuCl or ZnCl 2 molten salt was examined 
at 350 or 400 °G for 3 h in a batch autoclave system. T h e reactivity of S R C under the hydrocracking conditions 
with the molten salts was estimated mainly by comparison with the results obtained in the study using a variety of 
polynuclear aromatic hydrocarbons. T h e presence of hetero atoms (especially, the hydroxyl group) in S R C may be 
supposed to play an important role in this hydrocracking using molten salts. I n addition, the average structures 
of SRC, according to the GAMSG method, are offered, and the usefulness is examined from the point of view of the 
reactivity of S R C in the presence of molten salts. 

A l t h o u g h t h e s t r u c t u r e of coa l ha s n o t b e e n a p p r e ­
c i a b l y clar i f ied i n de t a i l , s o m e s t r u c t u r a l ana lyses 
suggest t h a t coa l is a n a t u r a l p o l y m e r cons i s t ing m a i n l y 
of c o n d e n s e d r i n g s . C o n s e q u e n t l y , i n o r d e r to o b t a i n 
l i q u i d fuels f rom coa l , i t is neces sa ry to d e c o m p o s e t h e 
c o n d e n s e d r i ngs i n a d d i t i o n to effect ing t h e scission of 
t h e b o n d s b e t w e e n s t r u c t u r a l u n i t s . F r o m th is s t a n d ­
p o i n t , t h e h y d r o c r a c k i n g of m o d e l subs t ances of coa l 
( t h a t is, a h e a v y a n t h r a c e n e oil2) a n d p o l y n u c l e a r 
a r o m a t i c h y d r o c a r b o n s 3 ) ) o v e r m o l t e n salts w a s inves ­
t i g a t e d . O n t h e bas is of d e t a i l e d p r o d u c t ana lyses , 
Z n C l 2 / C u C l m o l t e n sal t w a s f o u n d to b e a s u p e r i o r 
h y d r o c r a c k i n g ca t a ly s t for c o a l - r e l a t e d s u b s t a n c e s . I n 
th is p a p e r , w e wi l l a p p l y th is ca t a ly s t sys tem to t h e 
h y d r o c r a c k i n g of so lvent re f ined coals ( S R C ) , w h i c h 
a r e c o n s i d e r e d to b e r e p r e s e n t a t i v e of s o m e of s t r u c t u r a l 
un i t s of coa l , a n d wi l l clarify t h e c a t a l y t i c a c t i o n for 
S R C in c o m p a r i s o n w i t h t h a t of Z n C l 2 . 

E x p e r i m e n t a l 

T h e N M R spectra were recorded on a J E O L JNM-PS-100 
spectrometer, using tetramethylsilane as the internal s tandard. 
CDC13 was used as the solvent for all the substances. T h e 
G L C analyses were performed on a Shimadzu GC-3AH 
apparatus for gaseous products and on a GC-4BPTF appara tus 
for liquid and solid products. T h e G C - M S spectra were 
taken with a Hi tachi R M U - 6 M G spectrometer at 20 eV 
connected with a Hi tachi M 5201 appara tus using a 3 m x 3 
m m column of 5 % Silicone OV-1 on Unipor t K S . T h e 
average molecular weights were determined with a Hi tachi-
Perkin Elmer 115 vapour-pressure osmometer in chloroform, 
with bibenzyl as the calibration s tandard. T h e zinc chloride 
and copper (I) chloride were obtained from Nakara i Chemi­
cals, Ltd . 

Preparation of SRC. The experiments were carried out 
in a 500 ml SUS 32 autoclave; 50 g of Yübar i coal ( - 2 0 0 
mesh) and 100 ml of tetralin were placed in it, and hydrogen 

was added up to a pressure of 80 kg/cm2 . T h e rate of the 
tempera ture rise was controlled to about 3 °C/min up to 400 
°C, after which the tempera ture was held for 3 h. The auto­
clave was shaken in a horizontal direction (70 strokes/min). 
N o at tempts were made to maintain the hydrogen pressure 
at a constant level dur ing the reaction. After the system had 
been cooled to room temperature , the gases were collected 
in a gas holder and analyzed by G L C (60—80 mesh silica-gel 
column, 3 m x 3 mm, T C D , 120 °C, N 2 carrier) . T h e product 
was filtered, and the residue was extracted with benzene by 
means of a Soxhlet extractor. T h e above procedure was 
repeated 3 times. T h e benzene and tetralin were then 
removed from the combined mixture of filtrates and extracted 
solutions. T h e yield of Yübar i S R C was 90 g. In the case 
of the Tempoku coal, the reaction t ime was 30 min and the 
autoclave experiment was repeated 4 times. T h e yield of 
Tempoku S R C was 70 g. All the properties of coals and 
their S R C are shown in Tab le 1. 

Hydrocracking of SRC. A stainless-steel vessel containing 
8 g of S R C and the catalyst was placed in a SUS 32 autoclave 
with a capacity of 200 ml. T h e air in the autoclave was 
replaced by hydrogen, and then the system was filled with 
hydrogen to 100 kg/cm2 ; thereafter, the autoclave was heated 
up to the desired temperature . T h e t ime taken to reach the 
stage was from 60—70 min. T h e reaction system shaken in 
a horizontal direction (68 strokes/min) was mainta ined at the 
reaction temperature for 3 h. N o attempts were made to 
mainta in the hydrogen pressure at a constant level during 
the reaction. After the system had been cooled to room tem­
perature , the gases were collected in a gas holder and analyzed 
by G C . T h e liquid and solid products were extracted with 
pentane by means of a Soxhlet extractor, and the residues 
were subjected to benzene extraction. Moreover, the pentane 
extracts were separated into two fractions (PSL and PSH) by 
means of vacuum distillation (— 190 °C/3 m m H g ) . T h e lighter 
fraction (PSL) was analyzed by G C (4.5 m X 3 m m packed 
with 2 0 % SE-30 on Unipor t B 60—80 mesh, programmed 
from 30—270 °C, 5 °C/min, T C D , H 2 carrier) . 

T A B L E 1. PROPERTIES OF COAL AND S R C 

Ult imate analyses80 Structural parameters b 

Yübari coal 
Yübari SRC 
Tempoku coal 
Tempoku SRC 

H 

6.0 
6.4 
5.4 
6.3 

C 

86.1 
88.9 
69.8 
87.2 

N 

2.1 
2.2 
1.9 
1.7 

oc) 

5.8 
2.6 

22.9 
4.8 

/ a 

— 
0.73 
— 

0.76 

a 

— 
0.28 
— 

0.26 

Hau/Ca 

— 
0.63 
— 

0.69 

mol wtd) 

— 
506 
— 
340 

a) D.a.f. b) By Brown-Ladner 's method .^ c) Difference, d) In CHCL 
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R e s u l t s and D i s c u s s i o n 

Average Structure of SRC. The SRC consists of 
large numbers of compounds possessing different 
molecular weights; moreover, the constituents cannot 
be determined. However, as these compounds may 
be supposed to consist of similar types of compounds, 
the concept of the average structure has been employed 
for a variety of structural analyses. In this investigation, 
the average structure of the S R C was estimated accord­
ing to the CAMSC method proposed by Oka et al.4* 
This CAMSC method attempts to represent the average 
structure as a combination of aromatic and aliphatic 
groups, in accordance with the input data represented 
as integral numbers based on the experimental data 
from the elemental, N M R , and molecular-weight 
analyses. The oxygen atoms were considered as a 
phenolic O H , as an ether, or as a carbonyl group; on 
the other hand, the sulfur and nitrogen atoms were not 
considered. The determination of the average structures 
has been carried out by means of a computer program 
prepared according to the flow chart and the classifica­
tion method of Oka et al. The results for Yübar i S R C 
and Tempoku SRC are shown in Figs. 1 and 2 respec­
tively. I t may be supposed to be unreasonable to 
represent the average structure by a single structure. 
I t is preferable to divide the average structures obtained 
by the CAMSC method broadly into two types, that 

a) b) 

a) f"PJLi0H a) 

Experimental result: H a = 9.4, Ho=10.5, H a l=19.9, 
H a r=12.2, Ca r=28.0, C a l=9.4, (OH=0.82). 

Input data for GAMSG: H a = 9 , H 0 = l l , Ha l = 20, 
H a r =12 , G a r=28, G a l =9, ( O H = l ) . 

Fig. 1. Average structure of Yübari SRG by GAMSG. 

J3H OH 

Me Me 
Experimental result: 1^=6.9, H o =5.0, H a l=11.9, 

H a r =9.6 , C a r=19.0, C a l=5.7, (OH=0.79). 
Input data for CAMSC: a) H a = 7 , H 0 = 5 , H a l =12 , 

H a r =10 , C a r =18, C a l =6 , ( O H = l ) . b) C a r =20. 

Fig. 2. Average structure of Tempoku SRG by GAMSC. 

is, the type containing a direct bond between two 
aromatic rings (a) and the type containing a large ring 
structure (b). 

Hydrocracking of SRC. The SRC, which under­
went a thermal scission of the bonds between structural 
units and stabilization by hydrogen transfer from 
tetralin, is the pr imary hydrocracked product of coal 
and may be regarded as representative some of the 
structural units of coal. The difference in the structural 
parameters calculated using Brown-Ladner's method5) 
and the average molecular weight between Yübari 
S R C and Tempoku S R C suggest that the original 
structure of coal considerably influences the structure 
of S R C . O n the other hand , as the S R C is molten at 
this reaction temperature and becomes a homogeneous 
liquid, the catalytic action of the molten salts on the 
SRC may be expected to be similar to that on poly-
nuclear aromatic hydrocarbons (PAH). Wi th these 
facts in view, the S R C was selected as a kind of model 
substance of coal. 

The results of the hydrocracking of the S R C are 
shown in Table 2. The products were classified into 
Gas, PSL, PSH, and BS. The G C charts of the hydro-
cracked products (PSL) of Yübar i S R C are shown in 
Figs. 3 and 4. The products listed in Figs. 3 and 4 
were identified by means of GC-MS and by reference 
to the G C charts of the hydrocracked products of PAH.3) 
The structural parameters, the average molecular 
weight, and the nitrogen content of the hydrocracked 
products of Yübar i S R C are shown in Table 3. The 
catalytic action of molten salts will now be discussed 
on the basis of the product distribution shown in Table 
2 and the properties shown in Table 3. 

TABLE 2. HYDROCRACKING OF YÜBARI SRGa) 

Catalyst 

(mol: mol) 
Gatalyst/Feed (wt/wt) 
Reaction temp (°G) 

Gas 
PSL 
PSH 
BS 

1 

ZnCl2 

0.1 
350 

2 
2 

25 
48 

2 

ZnCLJ 
GuGl 

(60:40) 
0.1 
350 

3 
2 

34 
42 

3 

— 

— 
400 

9 
7 

19 
61 

4 

ZnCl2 

0.1 
400 

13 
16 
39 
17 

Run No. 

5 

ZnCLJ 
GuGl 
(60:40) 

0.1 
400 

14 
19 
41 
14 

6 

ZnCl2 

1 
400 

25 
32 
28 

1 

7 

ZnCLJ 
GuGl 
(90:10) 

1 
400 

29 
32 
22 

1 

8 

ZnCl2/ 
GuGl 
(60:40) 

1 
400 

36 
24 
13 

1 

9» 

ZnCLJ 
GuGl 
(60:40) 

1 
400 
40 
34 
8 
1 

Reaction conditions: initial hydrogen pressure, 100 kg/cm2 

of PS, 61% of BS, and 17% of BIS. b) Tempoku SRG. 
reaction time, 3h; a) Yübari SRG consists of 22% 
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Feed 

Catalyst 
(mol : mol) 

Products ; 

(wt %) 1 

Hydrocracking of SRC 

TABLE 4. INFLUENCE OF 

< G1-G4 gases 
C5-C7 alkanes 
cycloalkanes 

monocyclic aromatics 
indans and tetralins 
naphthalene 

^ higher boiling products 

OH 

over Molten Salts 

SUBSTITUENT ON THE PRODUCT DISTRIBUTION 

Naphthalene 

ZnCl2 

3.4 
— 

0.1 

2.0 
16.0 
77.9 
0.7 

ZnCyCuCl 
(60:40) 

45.7 
3.7 
1.5 

46.4 
1.7 
0.5 
— 

2-Naphthol 

ZnCl2 

26.3 
1.1 
3.2 

18.7 
31.2 
9.3 

10.3 

ZnCyCuCl 
(60:40) 

56.0 
2.9 
3.1 

33.7 
3.0 
0.7 
0.6 

3063 

Reaction conditions: initial hydrogen pressure, 100 kg/cm2; 
Catalyst/Feed = 1 (mol/mol). 

reaction time, 3h; reaction temperature, 400 °G. 

At 350 °C (Runs 1 and 2), a difference in these two 
catalysts was observed in the yields of PSH and BS. 

In the hydrocracking of PAH, it was clarified that the 
product distribution is dependent upon the original 
structure and that the methyl groups in the feed 
remarkably affect the compositions of monocyclic 
aromatics and of gases.10) Based on the results obtained 
in the hydrocracking of SRC under conditions similar 
to those in the hydrocracking of PAH,3) the structure 
of SRC will be discussed. 

TABLE 5. INFLUENCE OF RING SIZE ON THE 

PRODUCT DISTRIBUTION 

TABLE 6. COMPOSITION OF MONOCYCLIC AROMATICS (mol %) 

Yübari SRCa) Tempoku SRCb) 

Substance used for 
hydrocracking 

Cycloalkanes/monocyclic 
aromaticsa) 

Bicyclic compounds10 

Tricyclic compounds'0 

Chrysene 
Tempoku SRCd) 

Yübari SRCe) 

0.03—0.04 
0.14—0.42 
0.70 
0.82 
1.11 

a) wt/wt. b) Naphthalene, 1-methylnaphthalene, 2-
methylnaphthalene, 2,6-dimethylnaphthalene. c) 
Anthracene, 2-methylanthracene, 9-methylanthrace-
ne, 9-propylanthracene, 9,10-dihydroanthracene, 9, 
10-dihydro-9-methylanthracene, 9,10-dihydro-9,10-
dimethylanthracene, phenanthrene, 9-methylphenan-
threne, 9,10-dihydro-9-methylphenanthrene, fluo-
rene. d) Run 9. e) Run 8. 

Monocyclic aromatics are relatively stable under these 
reaction conditions. O n the other hand, cycloalkanes 
are mainly formed via highly hydrogenated compounds 
(for example, m^m-octahydrophenanthrene in the 
hydrocracking of phenanthrene3)) , and so the yield of 
cycloalkanes can be expected to increase as the size of 
the original ring structure increases. The ratio of the 
amounts of cycloalkanes to those of monocyclic aromatics 
in the hydrocracked products shown in Table 5 is 
considered to be a measure of the size of the r ing 
structure. If the SRC consists of alkyl-substituted PAH, 
they are supposed to have larger a ring structure than 
chrysene, on the average. This finding suggests that 
the type containing a large ring structure (b) is more 
important than that containing a direct bond between 
two aromatic rings (a) in the average structures as 
determined by the CAMSC method. Table 5 also 

A c ) 

B d ) 

G e ) 

Df> 
Eg) 

go 

a) Run 8. b) 
e) Ethylbenzene 

Run 9 
and x 

14.2 
25.0 
28.7 
20.2 
12.0 
0.57 

. c) 
ylenes 

Benzene. 

27.0 
27.7 
26.8 
12.3 
6.2 

0.97 

d) Toluene. 
(C2 alkylbenzenes). f) 

C3 alkylbenzenes. g) Alkylbenzenes containing more 
than C4. h) R=benzene/toluene (mol/mol). 

TABLE 7. COMPOSITION OF GASES (mol %) 

Yübari SRCa) Tempoku SRCb) 

Cl c ) 

G 2 d ) 

C3e) 

C4f> 

a) Run 8. 
e) Propane. 

b) Run 9 

40.0 
17.7 
19.3 
22.9 

c) Methane. 
f) Butanes and butènes. 

39.1 
17.7 
20.7 
22.5 

d) Ethane. 

indicates that the average ring size of Yübar i SRC is 
larger than that of Tempoku S R C . The values shown 
in Table 5 are supposed to reflect the difference in the 
average structures, shown in Figs. 1 and 2, between 
these two S R C . 

In the hydrocracking of alkyl-substituted PAH,10) the 
behavior of the alkyl group attached to the condensed 
ring has been found to be different. The methyl group 
was not completely dealkylated in the initial stage, but 
remained in the products as monocyclic aromatics; 
the extent of dealkylation had been found to be depend­
ent upon the type of starting materials. Table 6 suggests 
that Yübar i S R C possesses many more alkyl groups as 
substituents than does Tempoku S R C . O n the other 
hand, Table 7 indicates that the extent of dealkylation 
is similar to that in the case of Tempoku S R C . These 
results seem to support the idea that the average struc­
tures shown in Figs. 1 and 2 reflect quite well the 
characteristics of the real structures of these two SRC. 
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Vapor-phase Hydrolysis of Chlorobenzene Catalyzed by Copper(II) 
Ion-exchanged Zirconium Phosphate 
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Copper(II) ion-exchanged zirconium phosphate (ZP-Cu(II)) effectively catalyzed the vapor-phase hydrolysis 
of chlorobenzene to phenol at 450 °G under atmospheric pressure. Per-pass conversion of chlorobenzene was 
between 12 and 18% with selectivity for phenol from 90 to 95 mol %. The catalytic activity was influenced by the 
content of copper, the ratio of phosphate to zirconium, and the pH at which copper(II) ions were introduced 
into zirconium phosphate. ZP-Gu(II) catalyst was amorphous and it turned inactive by thermal treatment at 
above 800 °C, resulting in a crystalline substance. The active site of ZP-Cu(II) for this hydrolysis reaction appears 
to be the phosphate groups of ZP bearing copper(II) ion. The reaction seems to proceed via a Rideal mechanism 
in which an adsorbed chlorobenzene molecule reacts with water in the vapor phase at the catalyst surface. The 
desorption of hydrogen chloride was rate controlling. 

Ion-exchange properties of zirconium phosphate (ZP) 
as well as its crystallography have been the subject of a 
great deal of research in the field of inorganic and 
nuclear chemistry. O n the other hand, little interest 
have been shown in the catalysis of Z P since Austerweil 
first tried to employ Z P as a catalyst for the Pechmann 
condensation of malic acid with phenol into Cumarins in 
1959.1-6) Recently, acidic characteristics of Z P have 
been investigated in detail in connection with its 
catalysis in dehydration of 2-propanol and isomerization 
of 1-butène.7'8) 

Since amorphous Z P has a large surface area (100— 
350 m2/g) and it is also considerably durable against 
thermal and chemical treatments, Z P would be expected 
to show unique catalytic performance in several organic 
reactions when combined with various transition metal 
ions or metals through ion exchange or subsequent 
reduction. The authors have previously reported that 
the acidic amorphous Z P loaded with a small amount of 
finely dispersed palladium metal is an efficient bifunc-
tional catalyst for the direct synthesis of isobutyl methyl 
ketone by the liquid-phase reductive aldol condensation 
of acetone.9-11) As another a t tempt of applying Z P to 
catalyst, we have examined the vapor-phase hydrolysis 
of chlorobenzene to phenol over the Z P incorporating 
copper(II) ions through ion exchange (ZP-Cu( I I ) ) . 

The Raschig process, an existing commercial 
technology of phenol synthesis, involves oxychlorination 
of benzene to yield chlorobenzene and subsequent vapor-
phase hydrolysis of the chlorobenzene to phenol : 

C6H6 -f l /20 2 -f HCl > G6H5G1 + H 2 0 , 

AH = - 43 kcal/mol at 500 K ( 1 ) 

G6H5C1 -f H 2 0 • C6H5OH + HCl, 

AH = -0.64kcal/mol, Kp = 0.877 at 700 K. (2) 

Although silica has been found effective for the second 
step reaction (Eq. 2) ,1 2 _ 1 4 ) calcium hydroxyapatite, 
often promoted by copper (I I) ion, is commercially 
employed at present.15) But this "calcium phosphate" 
catalyst (CP) still has drawbacks such as poor thermal 
durability and loss of copper at high temperatures 

t Present address: Department of Synthetic Chemistry, 
Faculty of Engineering, Nagoya University, Furo-cho, 
Chikusa-ku, Nagoya 464. 

(375—450 °C). I t is, therefore, interesting to examine 
the applicability of thermally stable Z P catalyst to this 
hydrolysis reaction. 

The present study concerns itself with a general 
examination of ZP-Cu(I I ) catalyst in the hydrolysis of 
chlorobenzene, its nature , and possible reaction 
mechanism. 

E x p e r i m e n t a l 

Catalyst Preparation. ZP-Gu(II) catalyst was directly 
prepared by reacting phosphate ion with zirconium salt in 
the presence of copper(II) ion at a pH around 4.0, because 
ZP was fully ion-exchangeable even in a state of hydrous gel. 
This method was preferable to obtain such ZP as contained 
homogeneously distributed metal cations in it. The standard 
ZP-Gu(II) catalyst was prepared as follows: 0.6 g of copper-
(II) chloride (CuCl2»2H20) was added to an aqueous solution 
of zirconium dichloride oxide (ZrOGl2 .8H20 24 g/H 20 100 
ml). Separatly, 8.0 g of sodium hydroxide was added to an 
aqueous phosphoric acid (85 vol% H 3 P0 4 14.8 g/H 20 100 
ml). The former solution was added to the latter under 
vigorous stirring at room temperature. The ratio of phosphate 
to zirconium (P/Zr) was 2 : 1 . The mixture was then allowed 
to stand for 44 h. A light blue gel was precipitated, leaving 
a colorless liquid, pH of which was 4.08. The hydrous gel 
was filtered, washed with water, dried at 110 °G, and finally 
calcined at 400 °G for 3 h to yield 20 g of ZP-Cu(II) catalyst. 
The copper content was 1.1% by weight. 

Calcium hydroxyapatite was prepared by a known proce­
dure.16) Copper doping of the calcium hydroxyapatite was 
carried out after Reichle.15) 

Chlorobenzene Hydrolysis. The reaction was carried out 
using a fixed-bed flow apparatus under atmospheric pressure. 
A Pyrex tube reactor (20 mm0 X 400 mm) was placed in a 
fluidized alumina bath. The catalyst (18—28 mesh) was 
placed in the middle of the reactor, and the remainder was 
filled with catalytically inactive porcelain chips. Reaction 
temperature was measured with a thermocouple inserted in a 
Pyrex thermowell (7.5 mmçJ) extending longitudinary through 
the center of the reactor. Both water and chlorobenzene 
were continuously metered into the reactor by means of 
microfeeders. The products were withdrawn as oil and aqueous 
condensates in a receiver held in an ice bath. When the 
reaction was carried out with a nitrogen flow to dilute the 
reactants, a trap containing water was connected with the 
receiver in order to completely recover the produced hydro­
gen chloride. 
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Analytical Methods. The aqueous condensate was 
separated from the reaction products and extracted with 
benzene to recover the dissolving phenol. The extract was 
joined to the oil condensate and the mixture was analyzed 
by means of gas chromatography using a 3 m Silicone DG-550 
column at 80 °G with a flow rate of carrier gas (H2) 40 ml/min. 
The hydrogen chloride dissolving in the aqueous condensate 
was determined by means of alkalimetry. Thus the total 
per-pass conversion of chlorobenzene (x) was calculated from 
the amount of hydrogen chloride. The selectivity for phenol 
was calculated as 100 m(l—x)/x (%), where m denotes the 
molar ratio of phenol to chlorobenzene in the reaction products 
that was determined by the above described analysis by gas 
chromatography. 

Copper in catalyst was determined by means of iodometry. 
A powdered ZP-Cu(II) sample was previously treated with 
1 M nitric acid at 80 °C to remove copper (I I) ions. 

The thermal analysis of catalyst was carried out by use of 
a differential thermal analyzer. A 20 mg sample was heated 
in an aerobic atmosphere at the rate of 10 °C/min using 
a-alumina as a reference. 

Results and Discussion 

Catalytic Activity. Figure 1 shows the results of 
the vapor-phase hydrolysis of chlorobenzene over Z P 
( P / Z r = 2 . 0 ) , s tandard Z P - C u ( I I ) , CP and C P - C u ( I I ) 
(Cu 2.0 w t % ) . Z P - C u ( I I ) was very active compared 
with other catalysts. The rapid decrease in activity 
with the time on-stream observed for CP and C P - C u ( I I ) 
and the slow one for Z P - C u ( I I ) were both due to the 
formation of carbonaceous mat ter on the catalyst 
surface. The by-product was benzene. Each of the 
used catalysts nearly recovered its initial activity after 
it was regenerated with air to burn off the coke at 
450 °C for 2 h . CP was considerably active without 
the aid of copper. But ZP itself was almost inactive, 

1 2 3 A 5 6 
Time on-stream/h 

Fig. 1. Vapor-phase hydrolysis of chlorobenzene at 450 
°C under atmospheric pressure. H20/C6H5C1 mole 
ratio: 3.84, contact time: 1.6 s. 
0 : ZP-Cu(II), © : CP-Cu(II), © : CP, Q: ZP. 

Copper content/wt % 

Fig. 2. Effect of copper content of ZP-Cu(II) on initial 
conversion (O) and selectivity ( f ) . Reaction condi­
tions: 450 °C, 1 atm, H20/C6H5C1 3.8, contact time 
1.8 s. Data represent the average values during the 
initial 2.75 on-stream hours. 

and copper was essential to the catalysis of ZP for this 
hydrolysis reaction. These facts suggest that the catalytic 
performance of ZP is quite different from that of CP. 
Furthermore, the effect of copper seems to be specific 
to this reaction because other metal ions incorporated 
into Z P such as Ag(I ) , N i ( I I ) , Fe ( I I I ) , and Co(II) 
were all inactive except Ca (II) which was slightly 
effective (convers ion=4.0%). The influence of copper 
content of ZP-Cu( I I ) (P /Zr=2 .0 ) upon the activity 
is shown in Fig. 2 in more detail. The chlorobenzene 
conversion rapidly increased with the copper content 
until around 2 .0% by weight (0.6 meq/g catalyst). On 
the other hand, the selectivity for phenol gradually 
decreased with the copper contents as a result of increas­
ing catalytic decomposition of chlorobenzene to benzene. 
The opt imum range of the copper content was between 

1 2 3 
P/Zr mole ratio 

Fig. 3. Effects of P/Zr mole ratio of ZP-Cu(II) on 
initial conversion (O) ar*d selectivity ( f ) . Reaction 
conditions: 450 °C, 1 atm, H20/C6H5C1 3.8, contact 
time 1.8 s. Data represent the average values during 
the initial 2.75 on-stream hours. The figure beside each 
conversion plot denotes copper content (wt % ) . 
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Fig. 4. Effect of pH at catalyst preparation on initial 
conversion (O) a n d selectivity ( £ ) . Reaction condi­
tions: 450 °C, 1 atm, H20/G6H5G1 3.8, contact time 
1.8 s. Data represent the average values during the 
initial 2.75 on-stream hours. 

1 and 2 wt % at which the maximum space-time yield 
of phenol was obtained. 

Figure 3 shows the effect of the P/Zr molar ratio in 
ZP-Cu( I I ) catalyst. The ratio considerably affected the 
selectivity for phenol, though the conversion of chloro-
benzene was almost unaffected except for a P/Zr ratio 
3.0. The opt imum P/Zr ratio was 2.0. 

Characterization of ZP-Cu(II). T h e catalyst effi­
ciency remarkably changed with the p H at which 
ZP-Cu( I I ) hydrous gel was precipitated (Fig. 4) . T h e 
most active catalyst was obtained at a p H about 4.0 
that was most preferable to introducing copper(II) ion 
into Z P hydrous gel through ion exchange. At a p H 
below 4.0 ion exchange became incomplete, while at a 
p H above 5.3 ineffective copper(II) hydroxide was 
deposited in Z P hydrous gel. Since not only fresh 
catalyst but also used one contained no chloride ion, 
ZP-Cu( I I ) catalyst appears to hold copper not as 
liberated copper(II) chloride but as copper(II) ion that 
is bound to its phosphate groups. In fact, it was experi­
mentally found that both copper (I I) chloride and 
copper (I I) phosphate themselves were inactive for this 
reaction. The ion-exchange capacity of Z P ( P / Z r = 2 . 0 ) 
was measured 0.7 meq/g for copper (I I) ion at a p H 4.O. 
This corresponded to 2.2 wt % as the copper content. 
Considering that the activity rapidly increased until 
around this value of copper content (Fig. 2), the active 
site of ZP-Cu( I I ) catalyst seems to be represented by the 
phosphate groups in Z P bearing a copper (II) ion. 

Figure 5 illustrates the thermal change of the standard 
ZP-Cu( I I ) catalyst in an aerobic atmosphere, together 
with a thermogram of ZP ( P / Z r = 2 . 0 ) . Although the 
catalyst was an amorphous solid, it was transformed into 
an unknown crystalline substance when heated at above 
around 800 °C, turning completely inactive. The Z P 
containing no copper was found to change into zirco­
nium pyrophosphate (ZrP 2 0 7 ) at above around 1000 °C. 

Activity Maintenance. A continuous catalyst test­
ing was performed by using Z P - C u ( I I ) ( P / Z r = 2 . 0 , 
copper con ten t=2 .2 wt % ) . Although the catalyst was 

Fig. 

U00 800 
Temperature/0 G 

5. DTA curves of ZP-Gu(II) (— 

1200 

and ZP (-

regenerated with air at 430 °C for 33 min every 3.5 h, 
the conversion of chlorobenzene gradually decreased 
with the time on-stream. This change in activity is 
mainly due to the loss of copper in catalyst because the 
surface area of catalyst was almost unchanged except 
for its rapid decrease observed during the initial 14 h 
(Table 1 ). The selectivity for phenol gradually increased 
due to the decrease in the copper content of catalyst 
with reaction t ime. The copper removed from the 
catalyst was detected as copper (I I) chloride on the 
reactor wall. Probably, the copper(II) ion bonding 
to the phosphate groups in Z P reacted with hydrogen 
chloride to change into copper(II) chloride and vapor­
ized out of the catalyst. Since the vapor pressure of 
copper(II) chloride is as much as 28 m m H g ^ at 450 °C, 
the copper (II) chloride thus liberated on the catalyst 
surface seems to be liable to vaporize. 

TABLE 1. CHANGES OF SURFACE AREA AND COPPER 

CONTENT OF Z P - G U ( I I ) WITH TIME 

ON-STREAM OF REACTION 

Time on-stream 
h 

0 
14.3 
47.5 

BET surface 
m2/g 

169 
118 
114 

area Copper content 
w t % 

2.16 
1.06 
0.39 

In order to maintain the activity for longer duration, 
another catalyst testing with continual supply of copper 
was undertaken at 450 °C using a stainless steel reactor 
(28 m m 0 X 400 m m ) . Preheated gaseous reactants had 
passed at 400 °C through a reactor zone packed with 
copper metal chips (15 m m in depth) before they 
reached the catalyst bed (40 m m in depth) . The 
catalyst was regenerated with air at 450 °C for 33 min 
every 3.5 h, and at the same time the surface of the 
copper metal chips above the catalyst bed were also 

tt (1 mmHg^l33 .3Pa) . 
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oxidized. Copper(II ) oxide thus formed catalyzed the 
decomposition of chlorobenzene and a small amount of 
hydrogen chloride was produced. The hydrogen 
chloride, in turn, reacted with the surface copper(II) 
oxide to form copper (I I) chloride. T h e catalyst could 
be, therefore, continually supplied with the vapor of 
copper (I I) chloride from the zone of copper metal 
chips. By means of such continual supply of copper, 
the Z P - C u ( I I ) catalyst maintained both the conversion 
and the selectivity at their stationary levels for 600 on-
stream hours, except for a slight decrease in the conver­
sion observed during the initial 140 h. 

Reaction Mechanism. The kinetic da ta of the 
hydrolysis of chlorobenzene were obtained using small 
particles (18—24 mesh) of the s tandard Z P - C u ( I I ) 
catalyst. The linear velocity of the flow of gaseous 
reactants was kept above 22 cm/s at the reaction 
temperature. Under these conditions, the reaction 
rate was released from the influence of both external 
and internal mass-transport processes. T h e total 
pressure of the reactants was varied by the dilution with 
nitrogen. Figure 6 shows the changes in the initial 
reaction rate with the water to chlorobenzene molar 
ratio and with the total pressure of the reactants. The 
initial rate at each reaction temperature remained 
nearly unchanged under varied partial pressures of 
the reactants and different total pressures. At a 
reaction temperature as high as 400 to 450 °C, it is 
unlikely that the adsorption constant for chlorobenzene 
or for water is large enough to cancel the effect of the 
total pressure of the reactants on the initial rate. I t is, 
therefore, probable that the desorption of one of the 
products was rate-controlling. Figure 7 gives the 
change in the initial rate when one of the products 
was added to the reactants beforehand. The rate again 
remained approximately constant with all the amount 
of hydrogen chloride added. O n the other hand, the 
phenol in the feed clearly lowered the rate. Considering 
that the equilibrium constant for the over-all reaction 

2.0 

to 
I 

2 1.0 

Ö 

o 

-3 
• f t 

•a o 

A50°C 
-ft 

TT 
400°C 

450° C 
—y 

-0L. 

400° C 

0.5 1.0 "0 2 A 6 0 
1—1 

H20/C6H5C1 mole ratio Total pressure/atm 
Fig. 6. Effects of mole ratio of reactants and total 

pressure on initial reaction rate. Data were obtained 
between initial 1.0 and 2.0 on-stream hours. 
O : fresh catalyst, total pressure 1.0 atm; 0 : regener­
ated catalyst, total pressure 0.7 atm; 0 : fesh catalyst, 
H20/C6H5C1 2.2; f ) : regenerated catalyst, H 2 0 / 
C6H5C1 3.2. 

0 0.1 0.2 0 0.1 0.2 
llCl/CeHsCl mole ratio C6H5OH/C6H6Cl mole ratio 

Fig. 7. Effects of hydrogen chloride and phenol on initial 
reaction rate at 450 °C. Data were obtained between 
initial 1.0 and 2.0 on-stream hours. Catalyst: regen­
erated, total pressure: 0.65 atm. 

is less than unity at 400 to 450 °C, the above kinetic 
data are well interpreted by assuming that the desorp­
tion of hydrogen chloride is rate-controlling. The 
apparent activation energy was 8.6 kcal/mol at a 
reaction temperature between 400 and 450 °C. 

Furthermore, in order to presume the reaction 
mechanism, it was examined at what stage in the 
reaction pa th phenol was formed. Water and chloro­
benzene were alternately adsorbed on the catalyst 
surface and each desorbed product was analyzed (Fig. 
8). I t was found that phenol was formed only when 
water was supplied to the catalyst on which chloro­
benzene had already been adsorbed, but on the other 
hand no phenol was detected in the reactor effluent 
when chlorobenzene was fed to the catalyst on which 
only water had been adsorbed. This experiment 
suggests that the reaction proceeded via a Rideal 
mechanism in which adsorbed chlorobenzene reacts 
with water in the vapor phase. 
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Fig. 8. Phenol formation by alternate feed of water and 
chlorobenzene at 305 °C. 
Catalyst: standard fresh ZP-Cu(II) 2.0 g, H 2 0 flow 
rate: 0.0992 mol/h, C6H5C1 flow rate: 0.0306 mol/h. 
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Considering the structure of the active site in Z P -
Cu(II ) discussed above, the vapor-phase hydrolysis of 
chlorobenzene over ZP-Cu( I I ) catalyst appears to 
proceed as follows : 

Cu 

HQJ>" 9T>PH 
OP P*0 

//// /)/ + 
ZP 

CI 

(g) 

,ci. 
cu2V 

°w0 H 

0-P PO 
7777—77T 

ZP 

H9N P" - W ; 

H20(ad.) Cu2'+ >H + 

$ HO 0~ Q^/OH 
H0o(g) o-p PO 

^=* / > / / z p / > / + 

Cu : • / 
H0 \ /°" °W0H 

////zp)// + H c l ( g ) (3) 

A chlorobenzene molecule is first adsorbed on the 
active site and activated by copper (II) ion and phos­
phate group. The activated molecule is then hydrolyzed 
with the water in the vapor phase at the catalyst surface, 
and finally converted into phenol, leaving adsorbed 
hydrogen chloride behind. The rate-determining step 
is the desorption of hydrogen chloride. 

Reichle15) has previously investigated the vapor-phase 
hydrolysis of chlorobenzene over calcium hydroxy-
apatite promoted by copper (I I) ion and proposed a 
mechanism of nucleophilic displacement of chloro­
benzene by the hydroxide ion of the apati te. The 
copper (I I) ion held in the apatite crystal would activate 
the formation of a Meisenheimer type complex from 
chlorobenzene and hydroxide ion. Thus the calcium 
apatite catalyst works as a nucleophile by itself: 

2G6H6G1 + Ca10(OH)2(PO4)6 

2C6H6OH + Ca10Cl2(PO4)6 (4) 

2H 2 0 + Ca10Cl2(PO4)6 • 

2HG1 + Ga10(OH)2(PO4)6 (5) 

O n the other hand, Z P - C u ( I I ) in the present study 
catalyzes the reaction presumably in this way that both 
copper(II) ion and the phosphate group concertedly 
activate or polarize a chlorobenzene molecule and 
facilitate a nucleophilic attack of water on the chloro­
benzene molecule. 

T h e authors wish to thank Mr . Noboru Idemoto of 
Tokuyama Soda Co., Ltd. for a great deal of experimental 
help. 
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The molecules benzazulenes and benzofluoranthenes have been studied by the semi-empirical method for 
7T-molecular systems, similar to that of Pariser-Parr and Pople. Ground state properties and 7T*<— n spectra have 
been predicted and compared with experiment. Agreement between the theoretical values and observed ones 
is good; that between the experimental value of half-wave reduction potential and values calculated by SGF(d) 
method is very good. 

Dewar and coworkers1) and Lo and Whitehead2) 
predicted the ground state properties of many con­
jugated systems using the self-consistent field molec­
ular orbital (SGF M O ) theory with core resonance 
integral values determined either by a hypothetical 
thermocycle la»2) or utilising a relation111) between over­
lap integral and resonance integral. By means of their 
methods not only the ground state properties of some 
nonbenzenoid hydrocarbons can be predicted but also 
the 7r*<-7r spectral transitions can be obtained with 
reasonable accuracy.3) In most cases this spectra 
thus predicted are better than those predicted by the 
'^-variable' SGF method with core resonance integral 
proposed by Yamaguchi et al.**) and modified by Das 
Gupta and Birss.4b) 

In this paper we would like to report the results 
of our calculations on some benzazulenes and ben­
zofluoranthenes using the semi-empirical SGF M O 
method with resonance integral proposed by Ghung 
and Dewar, l a) Lo and Whitehead,2) and Dewar and 
Harget. l c) The results are compared with those ob­
tained by the ^-var iable ' SGF method, the methods 
being designated as SGF(a), SGF(b), SGF(c), and 
SGF(d). The molecules (Fig. 1) have also been studied 
theoretically by others5) using different sets of pa­
rameters. W e have studied how the properties of 

azulene and fluoranthene change with the fusion of 
benzene nucleus to them. 

M e t h o d a n d P a r a m e t e r s 

The method used here is the Pariser and Parr6) 
and Pople7) method within the zero-differential ap­
proximation.8) The choice of parameters and mode 
of evaluation of certain integrals were reported.3) 
For molecule 6 experimental structure9) is available 
and core resonance integral and the two-center two 
electron repulsion integrals were evaluated by means 
of the structure. For other molecules whose exper­
imental structure is not known we have used a planar 
and regular geometry with each bond length equal 
to 1.40 Â as far as possible for the evaluation of in­
tegrals. 

R e s u l t s and D i s c u s s i o n 

Bond Length. For monobenzazulenes the bond 
lengths calculated by the SGF(d) method is in good 
agreement with those of Dewar et ö/.5f) 

In the monobenzazulenes and dibenz [0,0] azulene 
the predicted bond lengths in the benzene ring have 
aromatic character, the bond length varying from 1.384 

1 Benz [a] azulene 2 Benz[>]-
azulene 

3 Benz[/]-
azulene 

4 Dibenz [#,#]-
azulene 

5 Dibenz[#,A] azulene 

6 Benzo[ghi]-
fluoranthene 

7 Benzo[#]-
fluoranthene 

8 Benzo[>]-
fluoranthene 

Fig. 1. 

9 Benzo[j]-
fluoranthene 

10 Benzo[£]-
fluoranthene 

t On leave of absence from Chemistry Department, Visva-Bharati University, Santiniketan, West Bengal, India. 
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to 1.413 Â. In dibenz[fl,Ä] azulene, however, the bond 
lengths of one of the benzene ring maintain the 
aromatic character whereas the bonds of the other 
benzene nucleus have marked deviation from aromatic 
character. In the first case they vary from 1.38 to 
1.425 Â and in the second case from 1.36 to 1.45 Â. 
Thus the two benzene nuclei of the two dibenzazulenes 
are quite different; in one (Molecule 4) both the six-
membered rings have aromatic nature whereas in 
the other (Molecule 5) only the benzene ring attached 
to the seven-membered ring maintains the character. 
This is also exhibited in the prediction of resonance 
energy. Molecule 4 has a higher value of resonance 
energy. 

The peripheral bonds in azulene3b> lie between 
1.394 and 1.408 Â and are predicted to have aromatic 
character, but the fusion of benzene nucleus to azulene 
destroys the aromatic nature of the peripheral bonds 
in the five and seven-membered rings of the benzazu­
lenes, except molecule 5 where the bond lengths pre­
dicted by the SGF(a), SGF(b), and SGF(d) methods 
have aromatic nature. The SGF(c) method gives 
the results which disagree. In all the molecules the 
common bond between the five and seven-membered 
rings has single bond character similar to that of azulene, 
the value lying between 1.45 and 1.47 Â calculated 

by these methods compared to 1.46 to 1.47 Â of azu­
lene.315) 

In the molecules 7—10 the fusion of a benzene 
ring in a fluoranthene moiety alters the predicted 
bond lengths of the six-membered ring to a considerable 
extent where the fusion takes place, the other bond 
lengths remaining almost the same as those of flu­
oranthene.36) 

Resonance Stabilization 

The heats of atomization (AH&) and yr-bond energy 
{Enh) for the molecules calculated by the SGF(a), 
SGF(b), and SGF(c) methods are given in Table 1. 
The resonance energy (ER) calculated by the methods 
of Lo and Whitehead2), Dewar et al.1) and Hess and 
Schaad10) is given in Table 2, together with the res­
onance energy per G-G bond (EJC-C) since it is 
more useful for predicting the stability or aromaticity 
of a molecule. In benzazulenes the fusion of a benzene 
nucleus in azulene increases the ER/C-C over that 
of azulene, whereas in benzofluoranthenes E^/C-C 
is almost the same as that of fluoranthene. This sug­
gests that all the benzazulenes should be more stable 
than azulene. I t is also clear from the values of res­
onance energy and EJC-C bond that molecule 4 

TABLE 1. HEAT OF ATOMIZATION (eV) AND 7T-BOND ENERGY (eV) 

Molecule 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

SCF 

122, 
122. 
122. 

' ( a ) 

.910 

.955 

.909 
156.624 
156. 
153. 
171. 
171. 
171. 
171. 

.147 
,227 
,650 
,987 
,818 
,768 

Heat of atomization 

SGF(b) 

123.041 
123.086 
123.040 
156.798 
156.321 
152.002 
171.850 
172.185 
172.016 
171.967 

a) Heat of formation, b) Ref. 5f. 

Molecule 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

( a ) 
(eV) 

3.908 
3.953 
3.907 
6.006 
5.528 
7.592 
7.605 
7.943 
7.773 
7.724 

SGF(c ) 

123.211 
123.253 
123.218 
157.054 
156.432 
153.259 
172.003 
172.316 
172.164 
172.129 

Other worka> 

123, 
123. 
123. 

TABLE 2. RESONANCE ENERGY AND 

( b ) 
(eV) 

4.055 
4.099 
4.054 
5.967 
5.490 
7.306 
7.610 
7.945 
7.777 
7.728 

Resonai 

Other wor 
(eV) 

2.32 
2.37 
2.37 

ice energy 

k5f> ( c ) 
(eV) 

0.621 
0.666 
0.620 
1.335 
0.858 
2.465 
2.123 
2.461 
2.291 
2.242 

( d ) 
(eV) 

1.108 
1.151 
1.112 
1.958 
1.367 
2.683 
2.701 
3.014 
2.862 
2.717 

.68b> 

.70b> 

,69b> 

SGF(a ) 

19.920 
19.964 
19.919 
26.441 
25.962 
27.930 
30.471 
30.809 
30.639 
30.590 

RESONANCE ENERGY 

~~7o 
iß) 

0.411 
0.425 
0.428 
0.648 
0.562 
0.865 
0.886 
0.984 
0.934 
0.931 

rc-Bond energy 

SGF(b ; 

19.600 
19.644 
19.598 
26.023 
25.546 
27.525 
30.001 
30.336 
30.168 
30.119 

) SGF(c ) Other work 

19.596 
19.628 
19, 
25, 
25, 

.604 

.858 

.205 
26.912 
29.426 
29, .729 
29.600 
29.576 

PER G - G BOND 

Resonance energy per 

( a ) 
(eV) 

0.244 
0.247 
0.244 
0.286 
0.263 
0.345 
0.317 
0.331 
0.324 
0.322 

( b ) 
(eV) 

0.253 
0.256 
0.253 
0.284 
0.261 
0.333 
0.317 
0.331 
0.324 
0.322 

( c ) 
(eV) 

0.039 
0.042 
0.039 
0.064 
0.041 
0.112 
0.088 
0.103 
0.095 
0.093 

18.24b> 
18.25b> 
18.25b> 

G-G bond 

( d ) 
(eV) 

0.069 
0.072 
0.069 
0.093 
0.065 
0.122 
0.113 
0.126 
0.119 
0.113 

( e ) 
iß) 

0.026 
0.027 
0.027 
0.031 
0.027 
0.039 
0.037 
0.041 
0.039 
0.039 

a, b, c, d, and e represent SGF (a), SCF(b), SGF(c), Dewar and de Lanolb> and Hess and Schaad10) methods, 
respectively. 
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Mole­
cule 

Expérimentait 
„ Sym. 

e V log s 

SGF(a) 

eV / 

SGF(b) 

TABLE 3. (Continued) 

SGF(d) GI 
- Sym 

eV / eV / eV / 

Other works 

eV / eV / 

10 

2.93 2.47 B2 

3.10 2.90 B2 3.33 0 3.49 0 B2 

3.68 4.23 B2 3.78 0.96 3.76 1.00 Aa 

Ax 
4.38 4.58 B2 4.29 0.85 4.35 0.70 4.35 0.71 B2 

90 
47 
15 
97 

36 
3.55 

24 
97 

.27 
88 

,07 
.41 

3.66 
4.02 

4.93 
5.27 

3.92 
3.70 
3.91 
4.86 

3.86 
4.00 

58 
57 

09 
14 

50 
70 

3.16 4.09 

4.76 

4.79 

Ax 
B2 

B2 

Aa 
B2 

Ax 
B2 

\ 
B2 

Ax 

06 
25 
31 
15 

4.57 
4.97 
5.15 

3.27 
(3.51 
(4.12 
4.40 
5.48 

3.83 
4.36 
4.07 
4.81 
5.07 
5.24 
4.97 
5.26 

0.73 
0.22 
0.74 
0.67 

0.35 
0.58 
0.65 

0.43 
0.74 
0.15 
0.45 
0.23 

0.20 
0.95 
0.25 
0.03 
0.16 
0.24 
0.39 
0.45 

3.05 0.73 
3.24 0.22 
4.29 0.73 
5.12 0.66 

4.55 0.35 
4.94 0.58 
5.12 0.65 

3.26 0.43 
3.49 0.74 
4.11 0.15 
4.38 0.45 
5.45 0.23 

3.82 
4.34 
4.05 
4.79 
5.05 
5.22 
4.94 
5.22 

0.20 
0.94 
0.25 
0.03 
0.16 
0.24 
0.39 
0.44 

13 
39 
25 
16 

4.48 
5.01 
5.13 

4.26 
5.41 

3.97 
4.43 
4.16 
4.69 
4.75 
5.48 
5.07 
5.07 

0.73 
0.21 
0.80 
0.69 

3.59 1.07 3.58 1.06 3.72 1.12 

0.34 
0.61 
0.65 

3.34 0.41 
3.62 0.78 

0.60 
0.19 

3.49 0.96 3.48 0.96 3.51 1.01 

0.20 
0.98 
0.23 
0.02 
0.39 
0.01 
0.16 
0.22 

3.23 
3.50 
3.66 
3.95 
4.29 

2.77 
3.35 
4.26 
4.95 

3.32 
3.42 

4.13 
4.91 

4.25 
(5.16 
15.37 

3.13 
3.48 
3.67 
3.89 
3.93 
4.51 
4.79 
4.95 
5.04 
5.20 

0.043 
0.132 
0.029 
0.014 
0.843 

0.360 
0.060 
0.074 
0.781 

0.233 
0.383 

0.168 
0.707 

3.283a> 0.002 
3.537 0.375 
3.763 0.053 
4.192 0.012 
4.501 0.906 

2.730a> 0.181 
3.070 0.174 
3.736 0.086 
4.102 0.368 
4.409 0.128 

3.346a> 0.324 
3.578 1.129 
3.612 0.096 
4.419 
4.689 

0.175 
0.126 

2.764a> 0.097 
3.26 0.370 3.389 0.584 
3.84 0.458 3.959 0.132 

0.162 
0.950 
0.211 

0.499 
0.000 
0.001 
0.713 
0.167 
0.227 
0.006 
0.203 
1.062 
0.423 

124 
389 

0.446 
0.226 

.237a> 0.678 

.503 0.002 
927 
054 

0.063 
0.142 

4.131 0.85 

3.163c> 0.134 

.906 

.235 

.982 

0.057 

22e> 
53 
87 
07 
03 
65 
96 
21 
24 

5.08 

> 0 . 5 
< 0 . 1 
< 0 . 1 
> 0 . 5 
0.1—0.5 
0.1—0.5 
< 0 . 1 
0.1—0.5 
> 0 . 5 
> 0 . 5 

tt Molecule 1 Refs. 11, 12; 2 Refs. 12, 5a; 3 Refs. 11, 12, 13; 4 Ref. 5b; 5—9 Ref. 11; 10 Refs. 11, 22, 23. 
ttt Calculated using the relation in Ref. 20. a) Ref. 5b, b) Ref. 5a; c) Ref. 5c; d) Ref. 21; e) Ref. 22. 
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should be more stable than molecule 5. All the methods 
agree that the monobenzazulenes should be equally 
stable as shown by Dewar and Gleicher.5f) 

Molecules 7, 8 and 9 or 10 can be treated as either 
anthracene and benzene, phenanthrene and benzene, 
and two naphthalene molecules joined by single bonds 
respectively. The resonance energy for these molecules 
corresponds almost to the sum of the resonance energies 
of anthracene and benzene, phenanthrene and benzene, 
and two naphthalene molecules. The best result is 
obtained by the method of Dewar and Harget. lc> 

TZ*<^TZ Spectra, Ionization Energy and Electron Affinity. 
The 7r*<-7r spectra calculated by the SGF methods 
(except the SGF(c)3) method which is not as good 
as the other SGF methods in predicting the spectral 
transitions) with and without configuration interaction 
(GI) along with the experimental spectra11-13) are 
given in Table 3. For the sake of comparison, the 
results of other workers5) are given. In the GI pro­
cedure the final vectors and integrals obtained by 
the SGF(d) method were used, all the single excitations 
being included. For benzazulenes our results are 
in good agreement with the experimental value, in 
particular, the results predicted by the GI method 
which is better than those predicted by Koutecky 
et ö/.5b) The same conclusion can be drawn for the 
benzofluoranthenes (7—10). However, for molecule 
6 the agreement between our results and experi­
mental values is not so good; the results predicted 
by the GI method are better than the results predicted 
by other workers.5b) 

Although SGF(a) and SGF(b) methods were param­
eterized to predict the ground state properties, the 
spectral transitions predicted by them are in better 
agreement with the experimental values than the 
SGF(d) method which was parameterized to predict 
the 7r*<—n spectra. The same has been observed.3) 

According to Koopmans ' theorem14) ionization po­
tential (IP) is equal to the highest occupied orbital 
energy. But IP predicted in this way is 1 or 2 eV 
higher than the true ionization potential. Hence a 
correction should be introduced. The ionization po­
tential can be given by the relation 

IP= _ ( e i + c ) e V 

where ei is the highest occupied orbital energy and 
V is the correction term. Bloor15a) used a value of 
1.33 for the correction term V and we have used it in 
predicting the IP by the SGF(a) or SGF(b) method. 
For the SGF(d) method the value of the correction 
term is 1.06 as suggested by Kunii and Kuroda.16) 
It has been found that a value of 1.8815b) for V gives 
very good prediction of IP in SGF(c) method. The 
calculated values of ionization potential are given 
in Table 4. According to Bloor15a) the half-wave 
reduction potential, measured in 9 5 % aqueous dioxane, 
can be fitted by a relation. If the SGF(d) method 
is used, the half-wave reduction potential for molecules 
7—10 are well reproduced by the relation 

elh = - (ej + 4.60)eV 

where ej is the lowest unoccupied orbital energy. The 
predicted values of half-wave reduction potential, 
£ I /2J using the SGF(d) method along with the exper­
imental values of e1/2 where available and calculated 
values of yr-dipole moment are also given in Table 4. 
The experimental value (1+0.2Z))19) has been reported 
only for molecule 10. For comparison we have in­
cluded the values of Dewar et al.bi) for monobenzazu­
lenes. 

The authors wish to thank Professor F. W. Birss 
for his comments, helpful discussions and financial 
support. Computational facilities were provided by 
the Computing Services, University of Alberta. 
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Conductometric Study of Ion-Ion and Ion-Solvent Interactions. I. 
Conductances of Silver Acetate in 0—50% (w/w) Methanol-Water 

Mixtures at 35 °C 
J . ANANTHASWAMY, B. SETHURAM, and T . NAVANEETH R A O * 

Department of Chemistry, Osmania University, Hyderabad 500007, India 
(Received June 24, 1978) 

Conductances of the solutions of silver acetate in 0 to 50% (w/w) methanol-water mixtures were measured 
at 35 °G. The association constants and molar conductances at infinite dilution were calculated using the 
Shedlovsky extrapolation technique and the Fuoss-Hsia equation with Fernandez-Prini coefficients. The log 
K± VS. 1/D plot passes through the origin in accordance with the Denison-Ramsey theory of ion-pair formation. 
The results were interpreted in terms of the equilibrium between the solvent separated ion-pairs (SSIP) and 
contact ion-pairs (GIP). 

Ion-association increases from lithium to cesium 
in solutions of alkali metal halides, and from cesium 
to lithium in solutions of alkali metal acetates, hydrox­
ides and fluorides.1) Ion-pair formation in solutions 
of alkali metal halides and halides of small metal ions 
has been extensively investigated2) conductometrically 
both in aqueous and aquo-organic solvents. However, 
such studies on acetates3) of small metal ions are very 
few. The electrical conductances of silver acetate 
were thus measured in order to understand the reverse 
trend of ion-association in acetates etc., as compared 
to that in halides. The conductance data was analysed 
using the Fuoss-Hsia equation4) with Fernandez-Prini 
coefficients5) to evaluate the association parameters. 
The results were interpreted in terms of the equilibrium 
between the solvent separated ion-pairs (SSIP) and 
contact ion-pairs (CIP) . The applicability of various 
theories of ion-pair formation such as those of Bjerrum,6) 
Fuoss,7) Denison-Ramsey8) (DR) , and Ebeling-Kraeft-
Yokoyama and Yamatera9 '1 0) (EKYY) has been dis­
cussed. 

E x p e r i m e n t a l 

Silver acetate (Fluka: purum) was used after repeated 
recrystallizations from ethanol and drying. Methanol (BDH, 
electrolytic grade) was used without further purification. 
The specific conductance was found to be within 2 —5x 10~8 

S cm -1 . Water with a specific conductance less than 5 X 10~7 

S cm - 1 was used. Due correction was made for the solvent 
conductance in the conductance values of all the salt solutions. 
All solutions were prepared freshly just before use and pro­
tected from light by covering with a thick dark cloth. The 
experimental arrangement was the same as reported earlier.11) 
The overall accuracy of the measured molar conductances 
was better than ±0 .05%. 

R e s u l t s a n d D i s c u s s i o n 

The molar conductances of the solutions of silver 
acetate in water and 10, 20, 30, 40, and 5 0 % (w/w) 
methanol-water mixtures at 35 °C are given in Table 1. 
The dielectric constants and viscosities of methano l -
water mixtures were taken from literature.12a»b) 

T h e conductance data were first analysed using 
the Shedlovsky extrapolation technique,13) 

l/AS(Z) = 1/A + (KAIA0*)(CAJ±*S(Z)), (1) 

where A and A0 are the molar conductances at con­
centrations c mol d m - 3 and zero (infinite dilution), 

respectively. 

S(Z) = 1 + Z + Z2/2 + Z3/8 4- . - , (2) 

Z = s(Ac)V*IA0*/*, (3) 

s is the limiting law slope and KA is the association 
constant. The activity coefficient (y±) was calculated 
using the Debye-Hückel limiting law.14) 

logj>± = -A(cxc)y\ (4) 
where 

A= 1.8246 X 106/(i)r)3/2. (5) 

The degree of dissociation (oc) is related to S{Z) by 

oc = AS(Z)IA0. (6) 

The association parameters obtained by this method 
are given in Table 2. 

The conductance data was then analysed using 
the Fuoss-Hsia equation4) with Fernandez-Prini coef­
ficients5) as in the following. 

A = A0 - s(cx c)V* 4- E oc c ln(oc c) + Jx{oc c) 

-M<xc)*/*-KAAj±*ozc (7) 

where the various symbols have their usual meanings. 
The activity coefficients (y±) were calculated by the 
equation, 

-logy± = A(ot c^/il + Baiocc)1/2}. (8) 

Equation 7 was solved as originally described by 
Justice15) and subsequently clarified by Pethybridge and 
Spiers,16) and Kubota and Yokoi.17) The procedure 
envisages the replacement of the distance of closest 
approach of ions (a) by the Bjerrum critical distance 
(q). The standard deviation (a) values were calculated 
from the relation : 

O = { S ( A x p - ^ c a l ) 2 / ( ^ - 3 ) } 1 / 2 . (9) 

All the calculations were done on TDC-12 computer 
and the results are given in Table 3. 

We see from Table 2 that A0 values obtained by 
the Shedlovsky method are higher than those obtained 
by use of the Fuoss-Hsia equation by 0.1—1.4%. The 
deviations in KA values are 7.7—16.4% (50% meth­
anol) . Thus , the A0 values obtained by the Shedlovsky 
method deviate to a lesser extent than the correspond­
ing KA values. Therefore, the Shedlovsky method 
may be used as a rapid first hand tool for evaluating 
AQ values, even though the KA values obtained by 
this method are not so reliable. 

The functional dependence of \ogKA on \jD was 
used to test the applicability of the various theories 
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I ABLE 1. M O L A R CONDUCTIVITIES OF SILVEB 

IN M E T H A N O L - W A T E R 

10* C 

mol d m - 3 S 

A 
> cm2 m o l - 1 

50% Methanol 

Z> = 53.21 

37 = 0.01129 
49.708 

42.607 

37.281 

33.139 

29.825 

27.114 
24.854 
22.942 

21.304 

19.883 

18.641 

poise 

53.537 

55.514 

57.301 

58 .993 

59.956 

61.007 

62.002 

62.805 

63.588 

64.391 

64.951 

30% Methanol 

£ = 62.20 

37 = 0.01119 

48.230 

41.340 

36.173 

32.153 

28.938 

26.307 

24.115 

22.260 

20.670 

19.292 

18.086 

poise 

65.709 

66.472 

68.963 

70.002 

71.221 

72.143 

73.001 

73.616 

74.302 

74.861 

75.259 

10% Methanol 

D = 70.68 

37 = 0.00866 

48.335 

41.430 

36.251 

32.223 

29.001 

26.365 

24.168 

22.309 

20.715 

19.334 

18.126 

poise 

87.302 

88.998 

90.471 

91.532 

92.506 

93.321 

94.077 

94.701 

95.325 

95.833 

96.316 

MIXTURES A T 3 5 

10* £ 

mol d m - 3 S 

> A C E T A T E 

°G 

A 
> cm2 m o l - 3 

40%, Methanol 

Z> = 57.720 

37 = 0.01143 

49.200 

42.172 

36.900 

32.800 

29.500 

26.837 

24.600 

22.708 

21.086 

19.680 

18.450 

poise 

58.197 

60.101 

61.654 

63.003 

64.082 

65.006 

65.901 

66.702 

67.385 

67.977 

68.535 

2 0 % Methanol 

D = 66.52 

37 = 0.01005 

48 .956 

41 .654 

36.447 

32.398 

29 .158 

26.507 

24.298 

22.429 

20.827 

19.439 

18.224 

Water 

Z) = 75.03 

37 = 0.00725 

21.094 

18.080 

15.820 

14.063 

12.656 

11.506 

10.547 

9.735(6) 

9 .040(2) 

8.437(5) 

poise 

74.754 

76.773 

78.214 

79.425 

80.418 

81.325 
82.101 

82.802 

83.417 

84.001 

85.487 

poise 

114.524 

115.532 

116.426 

117.157 

117.783 

118.301 

118.785 

119.202 

119.629 

119.938 

T A B L E 2. A0 AND KA VALUES CALCULATED ACCORDING 

TO T H E S H E D L O V S K Y METHOD AND T H E I R DEVIATIONS 

FROM T H E CORRESPONDING VALUES OBTAINE 

BY USE OF T H E F u O S S - H s i A EQUATION 

Solvent ^ ° Deviation -^A 
S cm2 m o l - 1 in A0/% dm 3 m o l - 1 

5 0 % M e O H 80.888 1.36 132.0 

4 0 % M e O H 81.453 0 .963 93 .36 

30% M e O H 86.438 0 .704 68.71 

2 0 % M e O H 95.667 0.595 57 .05 

10% M e O H 105.84 0.377 37 .93 

Water 125.81 0.111 31 .89 
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Fig. 1. log KA vs. 100/Z). 

D 

Deviation 
in KjJ% 

16.4 

14.8 

13.6 

12.8 

11.8 

7.70 

i 

r e p r o d u c e s t h e assoc ia t ion c o n s t a n t d a t a for si lver 
a c e t a t e i n 0 — 5 0 % (w/w) m e t h a n o l - w a t e r m i x t u r e s 
a t 35 °G. 

logiCA = 120.4/Z) 

or 

KA = exp {211 jD). 

(10) 

(11) 

By c o m p a r i n g E q . 10 w i t h D R t h e o r y express ion , 
w e h a v e 

logKA = \Z+Z-\e*/aDkT. (12) 
i c m n n n 

of ion-pair formation. A linear plot passing through 
the origin is expected according to the Denison-Ramsey 
(DR) theory whereas Bjerrum and E K Y Y theories 
predict curves which are concave downwards. The 
Fuoss theory predicts a straight line with a finite in­
tercept. The least square regression line required 
by the experimental points has a correlation coefficient 
of 0.997 with slope and intercept values of 120.4 and 
—0.0453 respectively (Fig. 1). When we neglect 
the small intercept (—0.0453), the plot of log KA vs. 
\jD becomes a straight line passing through the origin. 
The following simple expression of D R theory closely 

to be 2.02 Â. The ion-size parameters (%) required 
by various theories to give the experimental KA values 
were also calculated. While the Fuoss, Bjerrum and 
EKYY theories require the a values to lie in the range 
0.6—0.8 Â, the D R theory requires thorn to be 2.01 ± 
0.03 Â. Since the ionic radii of Ag+ itself is 1.26 Â, 
a n a value of 0 .8Â for silver acetate is incompatible. 
The D R theory is in better agreement with experimental 
results. 

The ion-size parameter of the silver acetate was 
calculated18) to be 2.53 Â from the known crystal-
lographic data. The theoretical association constant 
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TABLE 3. ASSOCIATION PARAMETERS OF SILVER ACETATE OBTAINED BY USE OF THE FUOSS-HSIA EQUATION 

Solvent 

50% Methanol 
40% Methanol 
30% Methanol 
20% Methanol 
10% Methanol 
Water 

qlk 

5.095 
4.697 
4.358 
4.075 
3.835 
3.613 

A 
S cm2 mol - 1 

82.006 
82.245 
87.051 
96.240 

106.24 
125.95 

KA 

dm3 mol -1 

157.9 
109.6 
79.49 
65.40 
43.01 
34.55 

a 

0.121 
0.072 
0.097 
0.382 
0.054 
0.091 

Av 

0.9267 
0.9376 
0.9750 
0.9672 
0.9200 
0.9131 

values for silver acetate according to Bjerrum, Fuoss, 
Denison-Ramsey (KDIL) and E K Y Y theories were 
calculated for various dielectric constants using the 
crystallographic ion-size parameter value, i.e. 2.53 Â. 
The plots of the logarithms of these theoretical associa­
tion constants against \jD are also shown in Fig. 1. 
I t is evident that all the theories predict lower asso­
ciation constants than those obtained experimentally. 
However, XD R values are comparatively nearer to 
the experimental values. The experimental results 
are in better agreement with the D R theory than the 
other theories. The same was concluded above from 
the nature of log K vs. \jD plots. The experimental 
values are higher than the theoretical values, i.e. KBR. 
This could be explained19) by assuming the existence 
of two types of ion-pairs i.e. solvent separated ion-
pairs (SSIP) and contact ion-pairs (CIP) in equilib­
rium. This involves a two step process: 

M+(S)W + A-(S)n ^ 
* i 

M+SA-(S)W+W_1 

(SSIP) 

K2 

M+A-(S)W+W_1 + S, 
(CIP) 

where S denotes a solvent molecule and m and n are 
the solvation numbers of ions. The overall association 
constant Kt for this process could be related to Kx 

and K2 by 

K^K^l + KJlS]). (13) 

The values of K2 were calculated by substituting the 
association constant values calculated using the D R 
theory with an a value of 2.53 Â for Kx and experi­
mentally obtained KA values for Kt in Eq. 13. The 
results are given in Table 4. In Eq. 13, S was taken 
as the concentration of water in methanol-water mix­
tures since the medium activity coefficient data20) 
shows that both A g + and C H 3 C O O ~ are preferentially 
hydrated in methanol-water mixtures. 

The association constants of silver acetate increased 
from 34.55 in water (Z> = 75.03) to 157.9 dm 3 mol" 1 

in 5 0 % methanol (JD = 53.21). The values are un­
usually high as compared to those of alkali metal halides 
in these solvent systems. In a recent study16) the 
KA values of alkali metal fluorides in water at 25 °C 
were found to be 0.07 (GsF), 0.16 (RbF) , 0.14 (KF) , 
0.47 (NaF) and 1.78 (LiF). In aqueous solutions21) 
potassium, rubidium and cesium hydroxides are com­
pletely dissociated whereas lithium hydroxide (KA = 
0.81 dm 3 mol - 1 ) shows clear evidence of association. 

T A B L E 4. EQUILIBRIUM CONSTANTS FOR THE CONVERSION 

OF SSIP INTO C I P 

Solvent 

50% Methanol 
40% Methanol 
30% Methanol 
20% Methanol 
10% Methanol 
Water 

•KI = -KDR 

dm3 mol - 1 

56.12 
40.97 
31.36 
25.06 
20.74 
17.40 

K^lSUKt/Ki-l) 
dm3 mol - 1 

50.38 
55.87 
59.69 
71.54 
53.69 
54.76 

An unusually high association constant of 200 dm 3 

m o l - 1 was reported22) for silver hydroxide. Similarly 
silver nitrate was found to be more associated than 
alkali metal nitrates in both methanol and ethanol.23) 
This shows that ion-pair formation is higher in silver 
salts than in the corresponding alkali metal salts. 
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Thermochemistry of Copper(II) /3-Diketonates, II.1" 
Bis(benzoylacetonato)copper(II) 

M a n u e l A . V . R I B E I R O D A S I L V A * a n d A n a M a r i a M . V . R E I S 

Chemistry Department, Faculty of Sciences, University of Oporto, P-4000 Porto, Portugal 

(Received J u l y 22, 1978) 
T h e standard enthalpy of formation of crystalline bis(benzoylacetonato)copper(II) has been determined 

at 298.15 K by solution calorimetry: A # ? [ C u ( b z a c ) 2 ] (c) = —143.6±2.2 kcal mo l - 1 . Enthalpy changes at 
298.15 K for the following hypothetical gaseous reactions have been subsequently derived: 

Gu(g) + 2 b z a c (g) = [Gu(bzac)2](g) AH = - 1 6 5 . 9 ± 14.3 kcal mol" 1 

Gu2+(g) + 2bzac-(g) = [Gu(bzac)2](g) AH = - 7 4 7 . 3 ± 14.4 kcal mol" 1 

T h e corresponding homolytic(Z£) and heterolytic(£ /) copper (I I)-oxygen mean bond energy parameters 
were calculated as 

ZT0u_o = 41 ± 3 kcal mol" 1 and iPou-o = 1 8 7 ± 3 kcal mol" 1 

respectively. 

I n a p r e v i o u s p a p e r , 1 ) t h e s t a n d a r d e n t h a l p y 
of f o r m a t i o n of b i s ( t r o p o l o n a t o ) c o p p e r ( I I ) a n d t h e 
C u ( I I ) - 0 h o m o l y t i c a n d he t e ro ly t i c b o n d energ ies 
w e r e p r e s e n t e d . As i t w a s p o i n t e d o u t in t h e discuss ion, 
t h e l ack of k n o w l e d g e of s imi la r p a r a m e t e r s for t h e 
C u ( I I ) - 0 b o n d s of o t h e r c o m p o u n d s , m a d e i t v e r y 
difficult to discuss t h e c a l c u l a t e d va lues of t h e C u ( I I ) - 0 
b o n d s . 

T o close t h e g a p w e e x a m i n e h e r e t h e c o r r e s p o n d i n g 
b e n z o y l a c e t o n a t e f t c o m p l e x in o r d e r to c o m p a r e 
t h e l i g a n d s t r u c t u r a l effects i n t h e c o p p e r - o x y g e n b o n d . 
T h e c rys ta l s t r u c t u r e of bis ( b e n z o y l a c e t o n a t o ) c o p p e r -
( I I ) h a s b e e n d e t e r m i n e d 2 ) a n d shows t h a t t h e crys ta ls 
a r e f o r m e d f rom s e p a r a t e c o m p o n e n t s a n d t h a t i n 
e a c h m o l e c u l e t h e four o x y g e n a t o m s lie in t h e s a m e 
p l a n e as t h e c o p p e r a t o m s . 

E x p e r i m e n t a l 

The Solution Calorimeter. T h e L K B 8700 React ion 
and Solution Precision Calorimeter was used for all solution 
reactions. T h e operation and calculation methods have been 
described before.1) 

Thermochemical functions are expressed in terms of the 
thermochemical calorie (defined as 4 .184J exactly) and 
refer to the isothermal process at 298.15 K and the true 
mass, calculated using the atomic weights of 1966 based on 
the isotope 12G. A check on the accuracy of the calorimeter 
was carried out by determining the enthalpy of solution 
of iV,iV / ,iV / /-tris(hydroxymethyl)methanetriamine, (tham) in 
excess 0.1 M hydrochloric acid. T h e result, — 7110.2±0.7 
cal m o l - 1 is in excellent agreement with previous results3) 
( - 7 1 1 5 . 4 ± 0 . 6 c a l m o l - 1 ) . 

T h e uncertainty range is twice the standard deviation of 
the mean (five determinations were made for each compound) . 

Materials. Benzoylacetone (Hbzac) : 'Ana laR ' Koch-
Light benzoylacetone was recrystallized from ethanol-water 
and dried over silica gel; m p = 5 5 °G (lit, 56 °C4>). 

Found : G, 73.87; H , 6.26%. Galcd for G 1 0 H 1 0 O 2 : G, 
74.06; H, 6.22%. 

Bis(benzoylacetonato)copper(II) : [Gu(bzac)2] was prepared 
by a modification of the method of H a m m o n d et a/:5) a solu­
tion of A n a l a R ' copper(II ) sulfate (2.5 g) in water (100 cm3) 
was buffered with sodium acetate (7.5 g) and then mixed 

t Par t I is Ref. 1. 
tt Benzoylacetone (Hbzac) = 1 -phenyl-1,3-butanedione. 

with a solution of benzoylacetone (5 g) in ethanol (80 cm3) . 
The precipitated complex was washed on the filter with water 
and cold ether, filtered off, dried in the air, recrystallised 
from chloroform and stored in a desiccator over silica gel; 
m p = 1 8 9 — 1 9 0 °G. 

Found : G, 62.00; H , 4.68; Gu, 16.41%. Galcd for 
G 2 0H 1 8O 4Gu: G, 62.25; H , 4.70; Gu, 16.46%. 

Copper(II) Sulfate Pentahydrate: 'Ana laR ' grade copper(II) 
sulfate pentahydrate was powdered and dried in a desiccator 
over silica gel for 48 h. Its composition was determined by 
means of a electrogravimetric copper analyses and found 
to be CuSO 4 -5 .00 H 2 0 . Periodical analyses showed no 
change in composition. 

Sulfuric Acid: A molar solution of A n a l a R ' grade sulfuric 
acid was made up , by using a B D H concentrated volumetric 
solution; the concentration was checked by acid-base titration 
against N a 2 B 4 0 7 - 1 0 H 2 O and found to be (series of six titra­
tions) 1.0000±0.0004 M which corresponds4) to the composi­
tion H 2 S0 4 . 53 .539(1) H 2 0 . 

1,4-Dioxane: * Ana laR ' dioxane was purified according to 
Refs. 6 and 7. 

Constant Boiling Hydrochloric Acid, was prepared from 
'Ana laR ' HG1 by dilution with distilled water. T h e con­
centration of the HG1 solution was determined by titration 
against N a 2 B 4 0 7 • 10H 2O. A series of six different determina­
tions gave the result of 4 .2172±0.0004 M i.e. HCl-11.911 
H20.4> 

Analyses: All carbon and hydrogen analyses were carried 
out in the Microanalytical Service of the University of Sur­
rey; copper in the complex was analysed by atomic absorption 
spectroscopy. 

Method for Solution Calorimetry : Preliminary tests of solu­
bility showed that al though some species would dissolve very 
slowly in dilute acid solutions, satisfactory results were obtain­
ed using a solution of dioxane (75%) and 4.2 M HG1 (25%) 
as calorimetric solvent, and dissolving stoichiometric quantities 
of the reactants and products in this mixed solvent. 

Calculation: T h e standard enthalpy of formation of the 
bis (benzoylacetonato) copper (II) complex can be determined 
from reaction between the benzoylacetone and the copper(II) 
sulfate pentahydrate to give a solution of the copper(II) 
complex and sulfuric acid: 

2Hbzac(c) + C u S 0 4 . 5 H 2 0 ( c ) • 

[Gu(bzac)2](c) + H 2 S 0 4 . 5 H 2 0 ( a q ) . (1) 

The difference between the enthalpies of solution of the prod­
ucts and reactants in the same stoichiometric ratio gives the 
required enthalpy of formation, provided equilibrium is 
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reached from either side within the period of the experiment. 
To the calorimetric solvent (100.0 cm3) ampoules with 

the appropriate amounts of water, benzoylacetone and 
CuS0 4-5H 20 were added consecutively and A-Wi, A#2> a n d 
A#a were measured. To a second portion of the same 
solvent (100.0 cm3) were added consecutively ampoules of 
H2S04-53.54 H 2 0 and bis(benzoylacetonato)copper(II) and 
A#4 and A#5 were measured. The general procedure to­
gether with the general thermochemical cycle, is given in 
the Scheme. The quantities of reactants in a series of ex­
periments were determined by the amount of bis(benzoyl-
acetonato)copper(II) in a particular ampoule (about 2.5 X 
10~4mol); exact control of stoicheiometry was maintained 
throughout each series. When this procedure is used the 
value calculated for AHR refers to the reaction indicated in 
the first line of the Scheme, provided that solutions (A3) 
and (B2) are identical and that the value of AH6 is zero. 
As a check of the validity of this, ampoules of solutions (B2) 
were broken into solution (A3) in the calorimeter; no detect­
able heat exchange occurred. 

R e s u l t s a n d D i s c u s s i o n 

The experimental data are presented in Table 1, 
leading to the value A / / R = + 10.13±0.31 kcal mol-1 . 

The following values were taken from the literature : 

A#?[CuS0 4 .5H 20(c)] = -544 .85 kcal mol-1,8) 

AH°{ [Hbzac (c)] = - 8 1 . 2 ± 1 . 1 kcal mol"1,9) 

AH°t [H2S04 .53.54H20 (aq)] 

= - 3869.5509 kcal mol"1,10) 

A#?[H20(1)] = -68 .315 kcal mol"1,10) 

and, according to the first line of the Scheme, the 
standard enthalpy of formation of crystalline bis (ben­
zoylacetonato) copper (II) at 25 °C was calculated to 
be A/ / ! [Cu(bzac) 2 ] (c) = ~ 1 4 3 . 6 ± 2 . 2 kcal mol"1 . 

Although the enthalpy of sublimation of the bis-
(benzoylacetonato)copper(II) has not yet been experi­
mentally and accurately measured, the consideration 
of the existing data on similar compounds (other metal 
ß-diketonates11'12)) makes possible a reasonable esti­
mate1); however, the uncertainty must be large, but 
if we take the upper value of ± 1 0 kcal mol - 1 , this 
only produces an uncertainty of ca. 2.5 kcal in the 
bond energy. Accordingly, if we assume A Ä ? « 
[Cu(bzac)2](c) = 3 2 . 0 ± 1 0 . 0 kcal mol"1 , the standard 
enthalpy of formation of the gaseous complex is A/7? 
[Cu(bzac)2](g) = - 1 1 1 . 6 ± 1 0 . 2 kcal mol"1 . 

As discussed previously,11»12) the metal-oxygen bond 
strength can be equated to be the energy needed to 
break the molecule into the metal and ligand radicals, 
all referred to the gaseous state (Eq. 2), in order to 
remove the condensed state effects. 

[Gu(bzac)2](g) 
AtffO) 

-> Gu(g) + 2bzac(g) (2) 
Since the oxygens in /?-diketonates are known to 

be equivalent,13) which is again supported by the 
crystal structure of this particular complex2), the mean 

copper(Il)-oxygen homolytic bond energy 2£(Cu-0) , 
is A # ? ( r ) / 4 . 

The value of the standard enthalpy of formation 
of the benzoylacetone radical itself can be calculated 
from the knowledge of the dissociation energy of the 

TABLE 1. CALORIMETRIC STUDY OF [Gu(bzac)2] 

(a) Addition of H 2 0 to solvent (dioxane-HGl) 

H 2 0 
102 amount/mol 10»(AÄ/Ä„ A#i/kcal mol-

1.2446 1.8124 1566.2 -0.228 
1.2416 
1.2463 
1.2111 
1.2102 

Mean: 

(b) Addition 

Hbzac 
104 amount/mol 

5.0046 
5.0583 
5.0348 
4.9824 
4.9676 

1.7986 
1.6979 
1.7363 
1.7262 

A # i - - 0 . 2 2 3 

of Hbzac to 

1569.0 
1565.6 
1562.4 
1570.4 

- 0 . 2 2 7 
- 0 . 2 1 3 
- 0 . 2 2 4 
- 0 . 2 2 4 

±0.006 kcal mol"1 

solution A2 

10»(AÄ/Äm) 

2.0179 
2.0686 
2.0417 
2.0318 
2.0275 

s 

1567.7 
1575.2 
1576.6 
1564.6 
1568.2 

Aflykcal mol -1 

+ 6.321 
+ 6.442 
+ 6.393 
+ 6.380 
+ 6.400 

Mean : A # 2 = + 6.39±0.04 kcal mol"1 

(c) Addition of CuS0 4 -5H 2 0 to solution A2 

GuS0 4 .5H 2 0 
104 amount/mol I0«(Afi/Am) Afls/kcal mol"1 

2.4860 
2.5276 
2.5152 
2.4824 
2.5124 

9.9760 
9.9381 
9.8559 
9.6201 
9.6803 

1562.4 
1558.7 
1577.7 
1575.7 
1606.5 

+ 6.270 
+ 6.129 
+ 6.182 
+ 6.106 
+ 6.190 

Mean: A # 3 = + 6.18±0.06 kcal mol"1 

(d) Addition of H2S04-53.54H20 to solvent (dioxane-
HGl) 

Yo^l^fi WUUWW A#4/kcal mol" 

2.5172 
2.6236 
2.5076 
2.5078 
2.5223 

2.0177 
2.1124 
2.0235 
2.0625 
2.0371 

1574.2 
1574.4 
1575.2 
1557.1 
1573.5 

-12 .618 
-12 .676 
-12 .711 
-12 .806 
-12 .708 

Mean: A # 4 = - 12.70±0.06kcal mol"1 

(e) Addition of [Gu(bzac)2] to solution B2 

[Gu(bzac)2] 
104 amount/mol 10*(A*/ßm) Afls/kcal mol"1 

2.4739 
2.4104 
2.5369 
2.5188 
2.5146 

Mean: 

1.6856 
1.6284 
1.7427 
1.7096 
1.7138 

1576.8 
1572.3 
1566.8 
1569.0 
1580.5 

+ 10.744 
+ 10.622 
+ 10.763 
+ 10.649 
+ 10.772 

A # 5 = + 10.71±0.06 kcal mol-1 

enolic hydrogen of benzoylacetone, that is the enthalpy 
of reaction of process(3) 

Hbzac(g) • H-(g) + bzac(g) (3) 

According to previous work1»11»14»15) we take 100±5 
kcal m o l - 1 for the enolic hydrogen dissociation energy 
of gaseous Hbzac. Hence, from A//B?bi (Hbzac) = 
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GuS04 .5H20(c) + 2Hbzac(c) + 48.54H20(1) > H2S04.53.54H20(1) + [Gu(bzac)2](c) 

A//3 A//2 A//i A//4 A//5 

Solvent (75% Dioxane + 25% HCl, 4.2 M) Solvent (75% Dioxane + 25% HCl, 4.2 M) 
A//6=o 

Solution A3 > Solution B2 

Solvent -f H 2 0 > Solution Ax 

A//2 
Solution A1 -f- Hbzac > Solution A2 

A//3 

Solution A2 -f GuS04-5H20 > Solution A3 
A//4 

Solvent + H2S04-53.54H20 > Solution B± 
A//5 

Solution Bx -f [Gu(bzac)2] > Solution B2 

AHR = 48.54A#! + 2AH2 + AHS - AH, - AH5 + AH, 

Scheme 1. 

TABLE 2. (all values in kcal mol-1) 

Complex AH°t{c) AHT(r) 2T(Cu-0)- A#r'(i) IT'(Cu-O) 

[Cu(trop)Ja* - 9 9 . 1 3 ± 0 . 4 2 - 1 4 6 . 9 ± 1 4 . 1 37±3 - 7 2 8 . 0 ± 1 1 . 4 182±3 
[Gu(bzac)2] - 1 4 3 . 6 ± 2 . 2 - 1 6 5 . 9 ± 1 4 . 3 41 ± 3 - 7 4 7 . 3 ± 1 4 . 4 187±3 

20.02±0.1016> kcal mol" 1 one calculates AH°£ (Hbzac, 
g) = — 61.2±1.1 kcal m o l - 1 and from the above values 
and AHî(H-,g) =52 .095 kcal mol"1,10) the standard 
enthalpy of formation of the gaseous benzoylacetone 
radical, is derived as AH°t (bzac-,g) ——13.3±5.1 kcal 
mol - 1 . 

As A / / î ( C u , g ) - 8 0 . 8 6 kcal mol - 1 ,8) the calculated 
value for the hypothetical gaseous reaction 2 is A/ / r ( r ) 
= 165.9±14.3 kcal m o l - 1 and hence, the mean copper-
(H)-oxygen homolytic bond energy, £ ' ( C u - 0 ) = = 4 1 ± 3 
kcal m o l - 1 was calculated. 

The bond energy in terms of the ions in defined 
by Eq. 4. 

Cu*+(g) + 2bzac-(g) — ^ [Gu(bzac)2](g) (4) 

Estimating the electron affinity of the ß-diketonates1) 
to be approximately equal to that of the oxygen atom 
for one electron ( £ L = 1.465 e V = 3 3 . 8 kcal mol"1),17) 
the enthalpy of formation of the gaseous anion ben­
zoylacetone is calculated as A/ / f (bzac - ) (g) = — 4 7 . 1 ± 
5.1 kcal mo l - 1 , and using the literature value AH° 
(Cu2+) (g) = 729.93 kcal mol"1,8) one calculates the 
value of AH{(\) = 747.3± 14.4 kcal m o l - 1 and hence 
the so called heterolytic copper (I I)-oxygen mean 
bond energy, £ " C u _ 0 =A/ / f ( i ) / 4 , is calculated as Ef

Cu_0 

= 187±3 kcal mol"1 . 
The stability of a co-ordination compound is com­

monly interpreted as referring to the process 
Mn+ + nL- > [MLn] 

occurring in solution, which is a Lewis acid-base reaction 
and therefore the stability of the compound should 
increase as the strength of the Lewis base increases. 
One would expect therefore that the stability should 
be in the order of increasing dissociation constant 
pK of the ketone, i.e., in the case of copper(II) 
/?-diketonates, tropolone(7.0)18) and benzoylacetone 
(8.94).19> There is little data from stability constant 

studies which related directly to this system: copper-
(II) tropolonate has an overall stability constant of 
15.4, at 30 °C in 5 0 % dioxane-water2 0 - 2 2) and copper-
(II) benzoylacetonate has an overall stability constant 
of 17.02 at 25 °C in 7 5 % dioxane-water,23) from 
which the free energies can be derived: AG?[Cu(trop)2] 
- V - 2 1 . 4 kcal mol"1 and AG[Cu(bzac)2] = - 2 3 . 2 kcal 
mol - 1 . 

This is quite a significant difference in free energy 
but the lack of values for the entalpy of formation of 
the complexes in solution prevents other conclusions. 

However, the large value for the enthalpy of forma­
tion of copper (I I) benzoylacetonate from its ions in 
the vapour state ( — 747 kcal mol - 1 ) shows the large 
importance of solvation effects in solution processes, 
and so, it is apparent from this, that stability constants 
can give very little direct information of metal-ligand 
bond energies. 

Table 2 summarizes the relevant parameters for 
the copper (I I) complexes of benzoylacetone and tro-
polone.24) 

Whether the C u - O bond energy is expressed in terms 
of dissociation into radicals or ions, the uncertainty 
arising from the use of the estimated auxiliary data 
is sufficiently large to obscure any clear difference 
effect of ligand parameters, but it is noteworthy that a 
change in the dissociation constant of the ligand by 
almost 2 pK units causes a change in the heterolytic 
bond energy of less that 5 kcal (3%) . Unfortunatly, 
the uncertainties ascribed to the bond energy parameters 
( ± 3 kcal mol - 1 ) are big enough to prevent one to 
conclude that the C u - O bond energy is definitely 
larger in the benzoylacetonate complex than in the 
tropolonate one. Nevertheless, it seems reasonable 
to think that these results are in agreement with the 
Nakamoto's25) statement that the value of the meta l -
oxygen bond energy in substituted /?-diketonates in­
creases with the introduction of a phenyl group in 
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the /?-diketones a n d d isagrees w i t h Co l lman ' s 2 6 ) oppos i t e 
s t a t e m e n t . 

T h a n k s a r e d u e to t h e I n s t i t u t o N a c i o n a l d e I n v e s t i g a -
ç a o Cient i f ica , L i sboa , P o r t u g a l , for p a r t i a l f inanc ia l 
s u p p o r t of t h e r e sea rch p ro jec t . 
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The oxidation of benzaldehydes by peroxomonophosphoric acid has been found to proceed by 
(i) — d[peroxomonophosphoric acid]/d£ oc [benzaldehyde][peroxomonophosphoric acid][H+]x 

where x=a. fraction at [H+]<0.5 M and * = 0 at [H+]>0.5 M and 
(ii) — d[peroxomonophosphate]/d£ oc [benzaldehyde] [peroxomonophosphate] [OH - ] v 

where _y=a fraction at [OH~]<0.1 M and_y=0 at [OH~]>0.1 M. 
In the alkaline oxidation Hammett relationship is obeyed excellently, unlike the oxidation in the acid medium. 

The oxidation mechanisms are discussed in terms of a nucleophilic attack of the peroxomonophosphoric acid 
species on the carbonyl carbon centre. Thermodynamic parameters have been evaluated to substantiate the 
mechanisms. 

Peroxomonophosphoric acid (PMPA) is known to 
function through a polar mechanism in spite of the fact 
that these compounds are sources of free radicals due 
to homolysis of O - O bonds not only in homogeneous 
media but also in some heterogeneous reactions.1-3) 
Operat ion of a polar mechanism in oxidations by peroxo 
compounds was first recognised by Swern.4) Kinetics 
of oxidation of halide ions5) by peroxomonophosphoric 
acid, peroxomonosulfuric acid and peracetic acid, and 
of iodide ion6) by peroxomonophosphoric acid involve 
both H+-dependent and H+-independent terms. 

A survey of literature, however, reveals that studies 
relating to P M P A oxidation of organic substrates are 
quite few. Hence it was thought worthwhile to inves­
tigate the possibility of the use of P M P A as an oxidant 
for organic substrates. More interesting is the use of 
P M P A in alkaline medium which is probably for the 
first time we have at tempted to undertake. This report 
deals with the kinetics of oxidation of aromatic aldehydes 
by PMPA in acid and alkaline media. 

E x p e r i m e n t a l 

All the chemicals used were of Analar grade. Benzaldehydes 
used were freshly distilled or recrystallized samples. PMPA 
was prepared by the acid hydrolysis5-7) of K4P208 . The 
acidity of the medium was adjusted with HC104 or H 2 S0 4 as 
the case may be and the ionic strength of the medium was 
maintained by adding requisite amounts of NaC104 or 
NaHS04 . In the case of experiments in alkaline medium, the 
acid after hydrolysis of peroxodiphosphate was first neutralised 
by adding a calculated amount of alkali and then a known 
excess of alkali was added so as to obtain the required hydroxide 
concentration. Reactions were followed by measuring the 
rate of disappearance of PMPA, the estimation of which was 
done in an acetic acid-acetate buffer of pH 4—5 by the usual 
iodometric procedure. In separate experiments, the oxidation 
rates followed by the disappearance of PMPA were found to 
check within 2—6% with the rates followed by measuring 
the formation of benzoic acid spectrophotometrically. The 
self decomposition of the oxidant was routinely checked and 
found to be either nil or negligibly small under our experi­
mental conditions. The aerial oxidation of benzaldehyde was 
found to be negligible because the rates of oxidation in an 
atmosphere of nitrogen, in representative runs, agreed with in 
3—5% to those in the presence of air.8'9) 

R e s u l t s and D i s c u s s i o n 

Reactions in Acid Medium. Stoichiometry : Experi­
ments conducted with excess of PMPA, in the presence 
of air or under a nitrogen atmosphere, showed that 
the stoichiometry of aldehyde to PMPA is 1: 1 and the 
product is the corresponding benzoic acid. 

Benzaldehyde has been oxidised by PMPA in aqueous 
medium in the presence of H C 1 0 4 and H 2 S 0 4 at 35 °C 
at constant ionic strength. The reaction is found to be 
first order with respect to the disappearance of PMPA 
and to the substrate (Table 1). 

Dependence on [H+] : The variation of [H+] (HC10 4 

or H 2 S 0 4 ) is accompanied by a variation of rate in the 
same direction suggesting the reaction to be acid-
catalysed. However, this catalysis is observed up to 
H + = 0 . 5 M beyond which the rate tends to become 
independent of the acid concentration. 

Effect of Added Substances: A change in the ionic 
strength of the medium or the addition of acrylamide or 
Cu2 + does not affect the oxidation rate. The decrease 
in the rate in the presence of H P 0 4

2 ~ may be due to the 
removal of H+ from the reaction medium (Table 1 ). 

Effect of Sabstituents : The second order rate constants 
(k2') for the oxidation of benzaldehydes are summarised 
in Table 2. It is interesting to note that the substituent 
effect on the reaction rate is insignificant in acid 
medium; the electron-withdrawing />-nitro substituent 
and the electron-releasing />-methyl substituent only 
marginally influence the rate whereas the other sub-
stituents are without any effect. Such observations on 
anomalous substituent effect have been reported 
earlier.10 '103) It might have arisen because of the 
operation of a preliminary hydration equilibrium,103) 

XC,H4CHO + H 2 0 XC6H4CH(OH)2, 

competing with the oxidation steps; an electron with­
drawing p-nitro substituent would favour the formation 
of the hydrate, but would retard the oxidation process 
because of a fall in the effective concentration of benzal­
dehyde available for oxidation (benzaldehyde is prefered 
to the hydrate in the oxidation steps because otherwise 
the substituent effects would have been in the same 
direction; e.g., an electron-withdrawing substituent 
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TABLE l.a) OXIDATION OF BENZALDEHYDES BY 

P M P A IN ACID MEDIUM 

Substrate 
(S) 

Benzaldehyde 

p-Nitro-
benzaldehyde 

103S 
M 

5.29 
5.31 
5.31 
2.74 
5.11 

10.63 
25.56 
5.29 

5.26 

5.43 

5.26 

5.14 

5.14 

5.43 

5.27 

5.37 
5.23 
5.21 
2.46 
5.29 

10.52 

2.07 

2.09 

2.07 

2.13 

103 

PMPA 
M 

4.27 
8.60 
6.42 
4.16 
4.28 
4.16 
4.16 
4.17 

0.64 

4.56 

0.57 

4.27 

4.34 

4.38 

1.14 

0.59 
1.08 
4.07 
4.41 
4.41 
4.41 

0.59 

1.10 

0.60 

1.19 

HC104 

M 

0.1 
0.1 
0.1 
0.3 
0.3 
0.3 
0.3 
0.3 

0.05 

0.1 

0.2 

0.3 

0.3 

0.5 

0.75 

0.5 e ) 

0.5 e ) 

0.5 e ) 

0.5 e ) 

0.5 e ) 

0.5 e ) 

0.05 

0.1 

0.2 

0.3 

HOAc-
Water 
(% v/v) 

20-

30-

-80 

-70 

Aqueous 

102 *,' 
dm3 mol - 1 

S" 1 

0.62 
0.63 
0.66 
1.90 
1.66 
1.76 
1.83 
1.61 
0.59 

(1.07)b> 
0.94 

(1.5 ) 
1.43 

( 2 . 0 ) 
2.02 

(2.2 ) 
1.89c) 

1.78d) 

2.56 
(2.42) 
2.64 

(2.53) 
3.6 
3.48 
3.63 
4.75 
3.66 
3.70 
1.20 

(1.27) 
1.50 

(1.83) 
2.32 

(2.35) 
2.58 

(2.60) 

a) At 7=1.5 M and 35 °G. b) (In parentheses) 102£2' 
calcd dm3 mol -1 s -1, c) Rate of formation of benzoic acid. 
d) In the presence of added HP04

2~ (5.02 X 10~2 M). e) 
At 0.5 M H2S04 . 

TABLE 2.a) OXIDATION OF BENZALDEHYDES BY 

P M P A : EFFECT OF SUBSTITUENTS 

102 k' b) 102£2 'c ) 102£2"d ) 

Substrate dm3 mol -1 dm3 mol - 1 dm3 mol - 1 

Benzaldehyde (H-) 
jb-Nitro-
m-Nitro-
jb-Chloro-
m-Chloro-
o-Chloro-
jb-Bromo-
m-Bromo-
/»-Methyl-
jb-Methoxy-

1.66 
2.33 
1.75 
1.61 

1.68 

3.03 
1.78 

2.95 
4.15 
2.91 
2.51 

2.56 

5.15 

7.30 
63.56 
58.26 
15.45 
22.05 
6.93 

18.31 
22.55 

3.81 
2.48 

a) At 35 °C. b) HC104, 0.3 M; HOAc: water, 20: 80; 
7=0.5 M. c) H2S04 , 0.5 M; HOAc: water 20: 80; 1= 
2.0 M. d) OH-, 0.2 M; aqueous medium, 7=0.5 M. 

would have enhanced the rate and an electron-releasing 
substituent would have retarded it). 

Solvent Effect: The oxidation rate is found to decrease 
marginally with increase in acetic acid content in the 
solvent mixture (Table 1). The marginal decrease in 
the rate with decrease in dielectric constant of the 
medium is to be expected for a reaction involving a 
neutral molecule and an ion11) to which the present 
reactions probably conform. 

Rate Law: The various equilibria involving PMPA 
in the solution are 

H 3 P0 6 Ä H 2 P0 5 " + H+ , (l) 

H ^ ± HP0 5
2 " + H+ , (2) H 2 P0 5 

HPO, + H+ . (3) 

Kl9 K2, and K3 values are 8.0 X 10~2, 4.2 X 10~6
5 and 

1 .6Xl0- 1 3 respectively at 25 °C.7> Since in the 
range used, P M P A exists7) as H 3 P 0 5 and H 2 P 0 5 " 
oxidation steps may be written as 

XC6H4CHO + H 2 0 «=> XC6H4CH(OH)2, 

H 2 P 0 5 - + H+ <^=± H 3 P0 5 , 

H 2 P 0 5 - + XC6H4CHO • 

XC6H4GOOH + H 2 P0 4 -
and 

H 3 P0 5 + XC6H4CHO • 

XC6H4COOH + H3P04 . 

The reaction sequence leads to the rate law 

[H+] 
, the 

(A) 

(4) 

(5) 

(6) 

d[PMPA] 
At 

where 

[PMPA] [XC6H4CHO] 

X( l+ t f p [H 2 0] ) , 

k2K[H+] 

l+K[H m 
(7) 

I 14 
( l+ t f p [H 2 0]) . 

Since l/K^K, and # P [ H 2 0 ] < 1 , 1 5 > Eq. 8 becomes 

(8) 

Ko — (9) 

This rate law (Eq. 9) is in agreement with the 
experimental findings. T h e values of kx and k2 have 
been calculated by the method of least squares from 
Eq. 9. The values of k2 for benzaldehyde and />-nitro-
benzaldehyde are 2.80 x 10~2 and 3.29 X 10~2 dm 3 mol"1 

s - 1 respectively. For both the compounds, the values of 
kx are small and negative and thus can be approximated 
to zero. Therefore the Eq. 9 reduces to 

** " K1+[u+y ( 1 0 ) 

T h e rate constants (k2' calcd) as obtained from Eq. 10 
at different [H+] are recorded in Table 1. I t appears 
that in the lower [H+]3 k2 calcd values for benzaldehyde 
are significantly higher than the experimental ones (k2) 
and this can probably be ascribed to the contribution 
of the kx term at lower [H+] to the observed k2 as 
defined by Eq. 9. It is now evident that the species 
H 3 P 0 5 is important in the reaction. I t is also natural 
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TABLE 3.a) OXIDATION OF BENZALDEHYDES BY PMP 

IN ALKALINE MEDIUM 

Substrate 
(S) 

Benzaldehyde 

jb-Nitro-
benzaldehyde 

103S 
M 

2.80 
5.38 

10.27 
24.98 
9.98 

10.41 
9.72 

10.06 
10.06 
10.22 
2.61 

2.62 

2.62 

2.61 

2.61 

104 

PMP 
M 

5.37 
5.37 

4.85 
5.57 
4.66 
5.03 
5.01 
3.94 
4.33 
4.11 
4.74 

3.80 

3.91 

4.24 

4.56 

O H -
M 

0.204 
0.204 

0.205 
0.204 
0.050 
0.05 
0.05 
0.017 
0.031 
0.105 
pH 10 

0.019 

0.0387 

0.058 

0.098 

/ /M 

0.5 
0.5 

0.5 
0.5 
0.1 
0.302 
0.503 
0.5 
0.5 
0.5 
— 

0.5 

0.5 

0.5 

0.5 

102 * a" 
dm3 mol - 1 

S" 1 

7.30 
7.60 
7.45b) 

7.83 
7.28 
1.95 
2.88 
3.41 
1.40 
2.43 
5.95 
0.52 

29.15 
(30.52)° 
46.21 

(44.79) 
55.73 

(54.25) 
65.08 

(66.61) 

a) At 35 °C in aqueous 
of benzoate ion. c) (I 
mol - 1 s -1. 

medium, b) Rate of formation 
n parentheses) 102 k2" calcd dm3 

to expect a very insignificant value of kv since in the 
range of [H+] used, P M P A would mainly exist as 
H3P05 . '> 

Peroxo compounds are known to act as nucleophiles 
since the peroxo group can at tach itself to a reactive 
site (i.e., a p-orbital of carbon). Thus the peroxomono-
phosphoric acid can attack the carbonyl carbon of the 
aldehyde giving rise to transition state of the form : 

H 

XC6H4 

O H 

- C . . . Ô - 0 - P 0 3 H 2 XC6H4 

o 
II -c.. 0 - 0 - P O , H 

H J L H 

(I) (II) 

This is consistent with the idea of Edwards12) that in 
the reactions of peroxo compounds with inorganic and 
organic substrates, a fair degree of covalent bonding 
developes between the redox pair. The activation 
parameters calculated (Table 4) are also in agreement 
with the mechanism. 

TABLE 4.a) OXIDATION OF BENZ ALDEHYDES BY 

PMP: THERMODYNAMIC PARAMETERS 

Substrate AH % b ) AS* AH # c ) AS %c) 

k J m o R J ^ l " 1 kj mol-i J m o l _ 1 

K-1 

Benzaldehyde (H-) 39.4 
jb-Nitro- 33.4 
jb-Methyl- 33.4 
/>-Methoxy- 32.3 

-145.3 35.8 
-161.4 48.6 
160.5 35.8 

-163.7 — 

- 1 5 0 . 6 
- 91.0 
- 1 5 6 . 1 

a) Calculated at 298 K. b) H2S04 , 0.5 M; aqueous 
medium, / = 1.5 M. c) OH~, 0.2 M, aqueous medium, 
7=0.5 M. 

Reactions in the Alkaline Medium: The oxidation of 
benzaldehydes by peroxomonophosphate (PMP) in 
alkaline medium follows a first order dependence each 
on oxidant and substrate as shown by the constancy of 
the pseudo first order rate constants (£/') upto a high 
percentage of the reaction in any single run and the 
constancy of k1

ul\ß'\ (=k2
n) values respectively. The 

dependence of rate on [ O H - ] is peculiar; the rate 
increases with an increase in the [ O H - ] at lower [ O H - ] 
and tends to reach a limiting value at higher [OH~] 
(Table 3). 

Substituent Effect : Substituent effect in alkaline medium 
is another important observation made which is kinet-
ically different from that in acid medium. The 
substituents manifest their influence implying electronic 
effects are prominent for the oxidation in alkaline 
medium. The rate variation is essentially in agreement 
with the Hammet t ' s substituent constants, a (Table 2) ; 
a plot of log k2" vs. o is linear ( r=0.992) with a positive 
slope (/o=1.27), which is indicative of a developing 
negative charge in the side chain of the benzaldehyde 
molecule.13) The magnitude of the p value is close to 
that observed for the ionization of benzoic acids 
(P=1.0). 

Effect of Temperature : Identical enthalpy and entropy 
of activation observed for benzaldehyde and the p-
methyl derivative (Table 4) suggest that oxidation of 
both the compounds are isoentropic; however, />-nitro 
derivative requires higher energy of activation and much 
higher entropy of activation compared to the other two 
derivatives, inspite of the higher reactivity of the p-mXxo 
derivative. This is probably due to the reason that a 
greater concentration of />-nitrobenzaldehyde will be 
available in the hydrate form compared to that for 
benzaldehyde or jö-methylbenzaldehyde. 

Rate Law and Mechanism: At p H > l l , peroxomono­
phosphate exists7) as H P 0 5

2 ~ and P 0 5
3 ~ . 

+ O H -
K< 

vor + H2O (11) 
In alkaline medium benzaldehydes also exist15'16) in the 
hydrated form because of the following equilibria : 

XC6H4CHO + OH" «=^> XC6H4CH(OH)0-, (12) 

XC 6H 4CH(OH)0" + H 2 0 «=?± 

XC6H4CH(OH)2 + OH". (13) 

Even though the equilibrium (13) has been considered 
to be unimportant by earlier workers;16) Sayer,14) and 
Bell and Sorensen15) at tach significance to this equilib­
r ium and have evaluated the formation constant for 
X C 6 H 4 C H ( O H ) 2 . An examination of the formation 
constants though reveals the predominance of 
X C 6 H 4 C H ( O H ) 0 - , X C 6 H 4 C H ( O H ) 2 is considered to 
be the reactive species in this oxidation process. This 
arises mainly from the following reasons (i) that the 
OH~-dependence would have been more than unity had 
the reacting species been the hydrate mono anion 
because of the participation of O H - in steps (Eqs. 11 
and 12), (ii) that there would have been a marked ionic 
strength effect if the reaction involved two ions. The 
marginal effect of ionic strength on rate points the 
reaction to involve at least one neutral molecule17) and 
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(iii) that the attack of the P M P species on the more 
electrophilic X C 6 H 4 C H ( O H ) 2 will be favoured. 

So the reaction would involve a nucleophilic attack 
of the peroxo di- and tri-anions on the carbonyl carbon 
of the aldehyde hydrate molecule giving rise to the 
transition states I I I and I V respectively. The thermo­
dynamic parameters calculated are in the range expected 
for a bimolecular substitution reaction. 

HP05
2" + XC6H4CH(OH)2 

H XC6H4 

0 3 P - 0 - Ô . . . C . . . O H 

H OH 
(III) 

XC6H4COO- + H 2 P 0 4 - + H 2 0 (14) 

P05
3~ + XC6H4CH(OH)2 

^£06H4 
1 O3P-O-O. . .C. . .OH 

/ \ 
H OH 

(IV) 

XC6H4COO" + HP0 4
2 " + H 2 0 (15) 

O n the basis of the proposed mechanism the rate law 
can be derived as : 

d[PMP] 
d* tfh+[OH-] 

X[PMP][XC6H4CHO], 

where 

and 

ko 

K. 

(16) 

(17) 

4 _ 

[H20] Kh 
(Kh=KJKz, where Kw is the ionic 
product of water and Kz is the dis­
sociation constant of HPO*2~) 

Rearrangement of Eq. 17 would give 

k2"(Kh+ [OH"]) = k,KhK5K6 + k,K5K6[OU-]. (18) 

O n plotting k2"(Kh+[OY[-]) against [OH~] , linearity 
(r=0.99) is observed for both benzaldehyde and p-
ni trobenzaldehyde. 

From the intercept and slope of the plot, and em­
ploying the reported K5 and K6 values,15) the values of 
k3 and k± for />-nitrobenzaldehyde are calculated to be 
0.34 dm 3 m o l - 1 s - 1 and 6.76 dm 3 m o l - 1 s - 1 respectively. 
The higher £4 value is quite in agreement with the 
higher nucleophilic reactivity of P 0 5

3 ~ in alkaline 
medium. With these k3 and £4 values, the rate constants 
k2" (calcd) from Eq. 17 are collected in Table 3 . In the 
case of benzaldehyde, since the least squares plot results 
in a very small and negative intercept, the value of k3 is 

approximated to zero. The value of k^K5K6, as given 
by the slope is 1.07 X 10 - 1 . The value of £4 for benzal­
dehyde could not be calculated because of the non­
availability of the K5 and K6 values. 
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(cyclopentadienyl)zirconium(IV) with Bidentate, Terdentate, 

and Quadridentate Schiff Bases 
G o p a l G U P T A , R a m S H A R A N , a n d R a m e s h N . K A P O O R * 

Department of Chemistry, University of Delhi, Delhi-110007, India 

(Received M a y 12, 1978) 

Bis(cyclopentadienyl)zirconium(IV) Schiff base derivatives have been synthesized by treating dichlorobis-
(cyclopentadienyl)zirconium(IV) (Cp2ZrCl2) with bidentate Schiff bases (SBH) viz., JV-salicylidenaniline, N-
salicylidene-o-toluidine, JV-salicylidene-m-toluidine, JV-salicylidene-/>-toluidine, and N- (2 -hydroxy 1-1 -naphthyl-
iden)aniline, terdentate Schiff bases (SB'H2) viz., iV-(3-oxo-l-methylbutyliden)-o-aminophenol and JV-(3-oxo-
l-phenylbutyliden)-o-aminophenol; quadridentate Schiff base (SB"H2) iV,iV'-disalicy]idene-0-phenylenedia-
mine, in T H F , in the presence of triethylamine at room temperature. The resulting derivatives of the type 
Cp2Zr(SB)Cl, Cp2Zr(SB)2 , Cp 2Zr(SB') , Cp 2 Zr(SB") , and (Cp 2 ZrCl)SB" [where [SB]- , [SB'] 2 - , and [ S B " ] a -
represent the anion of corresponding Schiff bases SBH, SB'H2 , and SB"H 2 ] have been characterised by their 
elemental analysis and by IR , electronic spectra, electrical conductance and molecular weight determinations. 

A n u m b e r of t r ans i t i on m e t a l c o m p l e x e s of Schiff 
bases h a v e b e e n syn thes ized a n d c h a r a c t e r i z e d d u r i n g 
r e c e n t years . 1 ' 2 ) I n v i ew of t h e in t e r e s t i ng s y n t h e t i c 
a n d s t r u c t u r a l a spec t s of these complexes , i n t e res t 
in t h e s t u d y of Schiff ba se c o m p l e x e s c o n t i n u e s to in­
crease . H o w e v e r , few Schiff ba se complexes of o r ­
g a n o m e t a l H c de r iva t ives such as d i ch lo rob i s (cyclo-
p e n t a d i e y l ) z i r c o n i u m ( I V ) a n d d ich lo rob i s ( cyc lopen t a -
d i e y l ) t i t a n i u m ( I V ) h a v e b e e n studied.3»4) R e c e n t l y , 
a series of c o m p l e x e s of d i ch lo rob i s ( cyc lopen t ad i eny l ) -
t i t a n i u m ( I V ) w i t h Schiff bases ha s b e e n r epo r t ed . 5 ) 
N o w these s tudies h a v e b e e n e x t e n d e d to t h e c o m p l e x e s 
of d ich lo rob i s ( c y c l o p e n t a d i e n y l ) z i r c o n i u m ( I V ) w i t h 
b i d e n t a t e , t e r d e n t a t e a n d q u a d r i d e n t a t e Schiff bases . 
S u c h a s t u d y a p p e a r s to b e useful in v i ew of t h e fact 
t h a t o r g a n o m e t a l H c c o m p o u n d s of t i t a n i u m 6 ) a n d 
z i r con ium 7 ) a r e found to b e c a p a b l e of a c t i v a t i n g m o ­
l e c u l a r n i t r o g e n . I n o n e i n s t a n c e , a lkoxy de r iva t ives 
of z i r c o n i u m ( I V ) h a v e b e e n inves t iga t ed as p o t e n t i a l 
a g e n t in t h e n i t r o g e n fixation processes.8) 

E x p e r i m e n t a l 

Dichlorobis (cyclopentadienyl) zirconium (IV) was prepared 
by CpNa method.9 '10) Schiff bases were synthesised by the 
usual methods1 1 - 1 3) and recrystallized from absolute ethanol. 

T H F (Baker AR) was dried by storage on sodium wire 
overnight and then refluxed until it gave a blue colouration 
with benzophenone. I t was finally dried by distilling over 
LiAlH4 . Hexane was dried by distilling over sodium wire. 
Triethylamine was purified by the given method.14) All the 
reactions were carried out in anhydrous conditions. 

Zirconium was estimated gravimetrically as Z r 0 2 , chlorine 
as AgCl, and nitrogen was estimated by Kjeldahl's method. 
Analytical da ta of these complexes are given in Tables 1 
— 3 . T h e I R spectra were recorded on Perkin-Elmer 
IR-621 and IR-137 instruments in KBr phase in the ranges 
of 4000—200 c m - 1 and 4000—700 cm"1 . The electronic 
spectra of the complexes were run on Perkin-Elmer 4000A 
in the range of 400—750 c m . - 1 Molecular weight of the 
complexes were determined by Gal len-Kamp Ebulliometer, 
W. G. Pye & Go. Electrical conductance measurements 
were carried out in nitrobenzene on a Beckmann conductivity 
Bridge Model RG-18A. 

Reactions of Dichlorobis(cyclopentadienyl) zirconium (IV) (1 mol) 
with N-Salicylidene-p-toluidine (1 mol). Schiff base (0.64 g) 

was added to a solution of dichlorobis (cyclopentadienyl)-
ziroconium(IV) (0.89 g) in dry T H F (80 g). To this tri­
ethylamine (0.50 g) was added, the mixture was stirred for 
24 h. Precipitated Et 3 N«HCl was removed by filtration 
and the complex was crystallised by a hexane /THF mixture 
(yield 8 5 % ) . 

Reaction of Dichlorobis(cyclopentadienyl) zirconium(IV) (1 mol) 
with N-Salicylidene-p-toludidine (2 mol). To dichlorobis (cy­
clopentadienyl) zirconium (IV) (0.72 g) and Schiff base (1.05 
g) dissolved in T H F (80 g) was added triethylamine (0.51 g) 
and the mixture was stirred for 18 h. Et 3 N«HCl which pre­
cipitated was removed by filtration. After distilling the 
solvent under reduced pressure, the product was recrystal-
lised from a hexane /THF mixture (y i e ld=82%) . 

Reaction of Dichlorobis (cyclopentadienyl) zirconium (IV) (1 mol) 
with N-(3-Oxo-7 -methylbutylidene) -o-aminophenol (1 mol). 
A mixture of dichlorobis (cyclopentadienyl) zirconium (IV) 
(1.20 g) and Schiff base (0.72 g) was dissolved in T H F (80 g) 
and triethylamine (0.84 g) was added. The mixture was 
stirred for 24 h. Precipitated E t 3 N H C l was removed by 
filtration and complex was crystallised from a hexane /THF 
mixture (yield 8 0 % ) . 

Reaction of Dichlorobis (cyclopentadienyl) zirconium (IV) (2 mol) 
with N,N'-Disalicylidene-o-phenylenediamin2 (1 mol). Schiff 
base (0.68 g) was added to a solution of Cp2ZrCl2 (1.27 g) in 
dry T H F ( 7 5 g). To this triethylamine (0.88 g) was added, 
and the mixture was stirred for 30 h. Et 3N • HG1 which 
precipitated out was removed and solvent was removed 
under reduced pressure. The complex was crystallized from 
a hexane /THF mixture (yield 8 3 % ) . 

R e s u l t s a n d D i s c u s s i o n 

D i c h l o r o b i s ( cyc lopen t ad i eny l ) z i r c o n i u m ( I V ) reacts 
w i t h b i d e n t a t e Schiff bases ( 1 : 1 a n d 1:2 m o l a r rat ios) 
in a n h y d r o u s T H F , in t h e p r e s e n c e of t r i e t h y l a m i n e . 

T H F 
Cp 2ZrCl 2 + SBH + Et 3 N • 

room temp 

Cp2Zr(SB)Cl + E t 3 N-HCl , 

THF 
Cp2ZrCl2 + 2SBH + 2Et 3N > 

room temp 

Cp2Zr(SB)2 + 2 E t 3 N H C l , 

w h e r e SB~ rep resen t s t h e a n i o n of c o r r e s p o n d i n g b i d e n ­

t a t e Schiff bases S B H . 
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TABLE 1. REACTIONS OF Cp2ZrCl2 WITH BIDENTATE SCHIFF BASES 

Reactants 
(Molar ratio) 

Cp2ZrCl2 + SBH + Et3N 
(1:1:1) 

Cp2ZrCl2 + SBH + Et3N 
(1:2:2) 

Cp2ZrCl2 + SB'H + Et3N 
(1:1:1) 

Cp2ZrCl2 + SB'H + Et3N 
(1:2:2) 

Gp2ZrGl2 + S'BH + Et3N 
(1:1:1) 

Cp2ZrCl2 + S'BH + Et3N 
(1:2:2) 

Cp2ZrCl2 + S'B'H + Et3N 
(1:1:1) 

Gp2ZrGl2 + S'B'H + Et3N 
(1:2:2) 

Gp2ZrGl2 + S"B"H + Et3N 
(1:1:1) 

Gp2ZrGl2 + S"B"H + Et3N 
(1:2:2) 

Stirring 
time 
( h ) 

26 

24 

18 

24 

24 

30 

24 

18 

24 

30 

Product, 
colour and 
dec temp 

Cp2Zr(SB)Cl 
Reddish brown, 138 
Cp2Zr(SBH2) 
Dark brown, 112 
Cp2Zr(SB')Cl 
Brownish red, 152 
CpZr(SB')2 
Light brown, 95 
Cp2Zr(S'B)Cl 
Brown, 165 
Cp2Zr(S'B)2 
Yellowish brown 130 
Cp2Zr(S'B')Cl 
Yellow orange, 115 
Cp2Zr(S'B')2 
Yellowish brown 103 
Cp2Zr(S"B")Cl 
Light brown, 228 
Cp2Zr(S"B")2 
Dark yellow, 203 

Molwt 
Found 

(Galcd) 

491 
(453) 
668 

(613) 
— 

— 

— 

676 
(641.4) 
483 

(466.9) 
— 

— 

759 
(713.5) 

Zr 

19.8 
(20.1) 
14.8 

(14.9) 
19.2 

(19.5) 
13.9 

(14.2) 
19.1 

(19.5) 
14.0 

(14.2) 
19.3 

(19.5) 
13.9 

(14.2) 
17.8 

(18.1) 
12.6 

(12.8) 

Found (Galcd) °7 

N 

2.95 
(3.1) 
4.4 

(4.6) 
2.8 

(3.0) 
4.2 

(4.4) 
2.8 

(3.0) 
4.3 

(4.4) 
2.9 

(3.0) 
4.24 

(4.4) 
2.7 

(2.8) 
3.85 

(3.9) 

0 

Gl 

7.5 
(7.8) 

— 

7.3 
(7.6) 

— 

7.3 
(7.6) 

— 

7.4 
(7.6) 

— 

6.7 
(7.05) 

— 

SBH = iV-salicylidenaniline, SB'H = iV-salicylidene-o-toludine, S'BH = JV-salicylidene-m-toludine, S'B'H = JV-salicyl-
idene-/>-toluidine and S"B"H = N- (2-hydroxy-1 -naphthyliden)aniline. 

_ / O H _ R 

<(O)>-CH=N-<^^ 

[R = H, o-Me, m-Me, and p-Me] 

_ / O H _ 

< / 0 ^ - C H = N - < ^ > 

<°> 
These Schiff base complexes are yellow to dark brown 
in colour and are soluble in benzene, tetrahydrofuran, 
chloroform and acetone. Analytical data and physical 
measurements are given in Table 1. 

Reactions of Cp2ZrCl2 with terdentate Schiff bases 
(1:1 molar ratio) in T H F , in the presence of trieth-
ylamine yielded complexes of the type Cp2Zr(SB'). 

T H F 

Cp2ZrCl2 + SB'H2 + 2Et3N > 
room temp 

Cp2Zr(SB') + 2Et3N.HCl 

[SB7]2 - represents the anion of terdentate Schiff 
base SB'H, 

T H F 

Cp2ZrCl2 + SB"H2 + 2Et3N • 
room temp 

Cp2Zr(SB") + 2Et 3 NHCl 

T H F 

2Cp2ZrCl2 + SB^H, + 2Et3N • 
room temp 

(Cp2ZrCl)2SB" + 2Et2N-HGl 

[SB7 7]2 - represents the anion of quadridentate Schiff 
base SB"H 2 

o 
^/N=CH 

IOI 
\ / \ N = C H 

\ OH 

OH 

<° 

R 
\ !=N-<^o)> 

HG 
% 

OH 

G-OH 

[R = Me, Ph] 

These complexes are yellowish green and orange in 
colour and are soluble in organic solvents. Analytical 
data and physical properties are given in Table 2. 

Quadridentate Schiff base reacts with Cp2ZrCl2 

(1:1 and 1:2 molar ratios) in anhydrous T H F , in the 
presence of triethylamine giving soluble products. 

These complexes are brown or dark brown in colour 
and are soluble in organic solvents. The analytical 
data of these complexes is given in Table 3. 

All the above reactions are quite facile and the 
resulting compounds could be isolated in almost quan­
titative yields. The complexes are involatile, very 
senstive to oxygen but relatively stable in an inert 
atmosphere and decomposes on heating between 95— 
325 °C. All complexes are monomeric except bi-
nuclear complex(E) with a dimeric structure (Tables 
1—3). Electrical conductance measured in nitro­
benzene showed them to be essentially nonelectrolytes. 

O n the basis of elemental analysis, I R and electronic 
spectra, molecular weight determination and electrical 
conductance, following structures are tentatively as­
signed for the complexes of the type (A) Cp2Zr(SB)Cl; 
(B) Cp2Zr(SB)2 ; (C) Cp2Zr(SB') ; (D) Cp2Zr(SB") 
and (E) (Cp2ZrCl)2SB. 
Complexes with bidentate Schiff bases : 
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T A B L E 2. REACTIONS 

Reactants 
(Molar ratio) 

Cp2ZrCl2 + SBH2 + Et 3N 
(1:1:2) 

Cp2ZrCl2 + SB'H2 + Et 3 N 
(1:1:2) 

Stirring 
time 
( h ) 

24 

24 

OF Cp2ZrCl2 WITH TERDENTATE SCHIFF BASES 

Product, Mol wt 
colour and Found 
dec temp (Galcd) 

Cp2Zr(SB) 435 
Dark yellow, 225 °G (410.4) 
Cp2Zr(SB') — 
Orange, 245 °G — 

Found (Galcd) % 

Zr N 

22 .0 3.2 

(22.2) (3.4) 

19.0 2 .7 
(19.3) (3.0) 

SBH2 = N'(3-oxo-1 -methylbutyliden)-o-aminophenol and SB'H = N- (3-oxo-1 -phenylbutyliden)-o-aminophenol. 

T A B L E 3. REACTIONS OF Cp2ZrCl2 WITH QUADRIDENTATE SCHIFF BASE 

Reactants 
(Molar ratio) 

Stirring 
time 
( h ) 

Product, Mol wt 
colour and Found •— 
dec t emp (Galcd) Zr 

Found (Galcd) % 

N Gl 

Cp2ZrCl2 + SB"H 2 + Et 3 N 

(1:1:2) 
Cp2ZrCl2 + SB"H a + Et 3 N 

(2:1:2) 

36 

30 

Cp2Zr(SB") 
Yellowish green, 290 

(Cp 2ZrCl) 2SB" 
Dark brown, 325 

885 
(827.4) 

16.9 
(17.0) 
22.4 

(22.05) 

5.1 
(5.2) 
3.3 

(3.4) 

8.3 
(8.6) 

SB"H2 = JV, JV'-disalicylidene-o-phenylenediamine. 

TABLE 4. IR FREQUENCIES (cm-1) FOR BIS(7T-CYCLOPENTADIENYL)ZIRCONIUM(IV) SCHIFF BASE COMPLEXES 

Complex v(C-H) v(C-C) ^ • P - ( - G H ) C5°-P-(-CH) v(C=N) v(G=0) 

Gp2ZrGl2 

Cp2Zr(SB)Cl 
Gp2Zr(SB)2 

Gp2Zr(SB,)Gl 
Cp2Zr(SB')2 

Cp2Zr(S'B)Cl 
Cp2Zr(S'B)2 

Cp2Zr(S'B')Cl 
Cp2Ze(S'B')2 

Cp2Zr(S"B")Cl 
Gp2Zr(S//B//)a 

Cp2Zr(SB) 
Cp2Zr(SB') 
Cp2Zr(SB") 
(Cp2ZrCl)2SB" 

3100 s 
3000 s 
2995 w 
3000 w 
2995 s 
2995 m 
3000 s 
2990 s 
3000 w 
2990 s 
3000 w 
2910w 
2930 w 
2960 w 
2970 b 

1435 s 
1442 s 
1445 s 
1440 s 
1435 s 
1440 s 
1440 s 
1440 s 
1445 s 
1430 s 
1425 s 
1430 m 
1430 s 
1445 s 
1445 s 

1020m 
1010b 
1005 b 
1015m 
1015m 
1020w 
1018b 
1016 s 
1016 s 
1018m 
1018m 
1018 s 
1020 s 
1018 s 
1018 s 

820 m b 

800 b 

8 1 0 b 

800 s 

800 b 

805 w 

800 b 

800 b 

8 1 0 b 

820 b 

820 b 

805 m 

800 s 

815 b 

810 s 

— 
1590 s 

1590 s 

1600 s 

1600 s 

1600 s 

1595 s 

1590 s 

1595 s 

1613w 

1613w 

1580 s 

1588 s 

1610 s 

1605 s 

1315m 
1305 b 
1305 s 
1305 s 
1310w 
1305w 
1220 s 
1340w 
1335 s 
1345 s 
1305w 
1310m 
1315 s 
1310 s 

•-© 
(A) 

q>-°.f>^ 
HU^OHD) 

R 

(B) 

[R=C 6H 5 , o-CH3C6H5, m-CH3C6H5, and />-CH3C6H5] 

Complexes with terdentate Schiff bases : 

ry 
\ i 

C=CH 
/ 

(G) 

[ R ^ G H g and C6H5] 
Complexes with quadridentate Schiff base : 

(D) 

0 
He q 

II V 
N 

a / 
N ? 2 r 

HC o ' 

(E) 

Similar structures have been reported for oximate com­
plexes of dichlorobis(cyclopentadienyl)ziroconium.15) 
In all complexes having structures (A), (G), and (E), 
the coordination number of zirconium appears to be 
five. This coordination number is well known for zirco­
nium complexes.15»16) For complexes with structures 
(A) and (E), the appearance of band at « 3 5 0 c m - 1 

due to r (Zr-Cl) confirms the presence of coordinated 
chlorine. In complexes having structures (B) and (D) 
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zirconium attains the well known coordination number 
s i x 15,17) j n ^ g structure (B) the Schiff base acts as 
a bidentate ligand while in the case of (D) the den-
ticity of the ligand is four i.e. it behaves as quadri-
dentate ligand. Both these complexes are examples 
of twenty-electron system which has been reported for 
several other titanium18 '19) and zirconium15) complexes. 
A twenty-electron system is also well documented for 
nickelocene.20) 

In all the complexes the cyclopentadienyl rings 
are eis, as their I R frequencies in the complexes coincide 
with those of dichlorobis (cyclopentadienyl) zirconium-
(IV), supporting "angular" sandwich structure as 
reported by Giddings et al.21) 

Infrared Spectra. The important I R frequencies 
are given in Table 4. Absorption bands occurring at 
«3000 cm- 1 r ( C - H ) , «1435 cm" 1 v(G-G), « 1 0 2 0 
cm- 1 ö1-p-(-GH), and at « 8 1 0 cm" 1 (5°-p-(-CH) 
indicated the presence of the cyclopentadienyl groups. 
All these bands are similar to these of dichlorobis-
(cyclopentadienyl) zirconium (I V).22) 

In the spectra of Schiff bases, a strong band is ob­
served in the 1617—1613 c m - 1 region, which can be 
assigned to the absorption basd of the azomethine group 
()>C=N-). In these complexes, this band is slightly 
shifted to the lower side as given in Table 4. Similar 
observations have also been made by a number of 
workers.23'24) But in case of complexes with Schiff 
base, iV-(2-hydroxy-l-naphtyliden) aniline, there is no 
appreciable shift in y(C=N) band compared to Schiff 
base as reported by Bailar.25) 

The strong band in the region of 1300—1282 c m - 1 

in the Schiff bases is attributed to the phenolic r ( C - O ) 
in view of previous assignments. This v(C-O) band 
shifts by « 30 c m - 1 towards higher frequency upon 
complexation, suggesting bonding between zirconium 
and oxygen as observed by Poddar et A/.26) 

The disappearance of the weak and broad bands 
in the region 3300—3100 c m - 1 ( -OH) in the complexes 
suggests that the ( -OH) group of the Schiff base has 
taken part in the bond formation, and confirms the 
complex formation. Bands in the region 570—530 
c m - 1 and 520—420 cm" 1 are attributed to v(Zr-N) 
and r ( Z r - O ) , respectively as reported.27 '28) 

Electronic Spectra. The electronic spectra of 
all the Schiff base complexes of dichlorobis (cyclo­
pentadienyl) zirconium (IV) complexes were recorded in 
chloroform and acetone. All complexes show a single 
band in the region 25250—24280 c m - 1 which can 
be assigned to the charge transfer band,29) and is in 
accordance with their (ji— l)d°ns° electronic configura­
tion. 

Two of the authors (G.G.) and (R.S.) thank the 
Council of Scientific and Industrial Research, New 
Delhi, for the award of junior Research Fellowship. 
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Reactions of 2-Ethoxycarbonyl-l,3-indandione with Aromatic Amines, 
Diazonium Salts, and Phenols 
El-Saved AFSAH* and Tawfik ZIMAITY 

Department of Chemistry, Faculty of Science, Mansoura University, Mansoura, A. R. Egypt 
(Received March 6, 1978) 

2-Ethoxycarbonyl-l,3-indandione (1) was treated with primary aromatic amines in acetic acid to afford 
3-hydroxy-l-(arylimino) derivatives (2). Treatment of 1 with excess /Ktoluidine gave 3-tolylimino-4'-methyl-in-
dancarboxanilide (3). With o- or /?-phenylenediamine it yielded 3,3'-dihydroxy-r-(o- or /?-phenylenedinitrilo)di-
2-indenecarboxylate. The tetraazacycloeicosene derivative was obtained by the action of /?-phenylenediamine 
on 1 in a 1:1 molar ratio. In boiling toluene 1 gave the corresponding 2-carboxanilides (8) which cyclized to 
the diazepinone or to the quinolone. The coupling of 1 and 8 with diazonium salts was also investigated. The 
condensation of 1 with phenols afford 14, which were hydrolysed to 3-aryl-1-indenones. 

Many reactions of 1,3-indandione and its derivatives 
with various reagents have been reported.1 - 5) How­
ever, little work has been done on the reactions of 
2-ethoxycarbonyl-1,3-indandione.6-7) The compound 
is considered to be an easily available starting material 
for the synthesis of some new 1,3-indandione derivatives. 

We have found that 2-ethoxycarbonyl-1,3-indandione 
(l)8) reacts with aromatic amines to give various 
products depending upon the reaction conditions. In 
hot acetic acid 1 reacts with primary aromatic amines 
to give ethyl 3-hydroxy-l-(arylimino)-2-indenecarbox-
ylate (enolic form A; 2 a — d ) . Structure of 2 was 
elucidated on the basis of elemental analysis and IR 
spectra, which showed bands attributable to (G=N) 
1630, enolised 0-keto ester 1670, 3080 and (C=0) 
1705 cm - 1 . Furthermore, the lack of I R bands char­
acteristic of the (NH) stretching mode ruled out the 
alternative structure B. Thus, it can be concluded 
that the structure of 2 is best represented by the enolic 
form A. 

COOC2H5 

Ar-NH2 /Ac0H 

N- \ J> -R2 N H ^ > R 2 

OOC2H5 "COOC2H5 

OH . 
A ^ 

2 a : R1 = R2 = H 

b : |* = H , R2 = OCH3 

c : FS = H , R2=CH3 

d : R1 = N H 9 , R 2 : : H 

Treatment of 1 with excess jb-toluidine in hot acetic 
acid gave 1 -oxo-3-(/j-tolylimino)-4'-methyl-2-indancar-
boxanilide (3). The I R spectrum of 3 indicated bands 
characteristic of the secondary amide group at 3400 
( -Ni l ) and 1630, 1540 c m - 1 ( - N H C O - ) . In partic­
ular, the presence of a - N H C O - grouping is confirmed 
by the N M R spectrum (ô 8.1, I H , s). Attempts to 

prepare ethyl l,3-bis(tolylimino)-2-indancarboxylate 
(4) failed. 

> 
NC6H4CH3 

ONH-C6H^CH3 

N 

C 6 t y C H 3 

N-C6tyCH3 

COOC2H5 

Condensation of 1 with aromatic diamines was also 
investigated. The reaction of 1 with o-phenylenedi-
amine in a 2:1 molar ratio in hot acetic acid yielded a 
mixture of two compounds, which were separated by 
their different solubilities in ethanol. The insoluble 
compound was found to be diethyl 3,3 '-dihydroxy-l ,r-
(ö-phenylenedinitrilo)di-2-indenecarboxylate (5), while 
the ethanol soluble one was identified to be 2d by 
elemental analysis, mixed mp and I R spectrum. Under 
essentially the same conditions, condensation of 1 with 
jb-phenylenediamine afforded diethyl 3,3'-dihydroxy-
1, 1'- (p - phenylenedinitrilo) di - 2 - indenecarboxylate (6). 
The assigned structure for the two compounds, 5 and 
6, is inferred from their elemental analyses and the 
I R spectra. In the mass spectra of both compounds, 
the basic peak was m/e 362 corresponding to the split­
ting of the two ethoxycarbonyl groups. 

^ 
HO OH 

^N-CgH^-N: 
-R R-
^N~c6Hr~N 

R = C00C2H5 

Treatment of 1 with jb-phenylenediamine in 1:1 
molar ratio in acetic acid at 80 °C for 1 h, gave diethyl 
7 , 1 0 : 1 9 , 2 2 - dietheno - 5 , 2 4 : 1 2 , 1 7 - dimethanodibenzo-
[c,m] [1,6,11,16] tetraazacycloeicosene - 25,28- dicarboxyl-
ate (7). The results of the elemental analysis and 
the mass spectrum were in line with the molecular 
formula C 3 6 H 2 8 N 4 0 4 . The structure 7 was assigned 
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on the basis of its I R spectrum which shows bands 
at 1725 (ester group), 1200 ( C - O stretching), and 
1665 c m - 1 (C=N), its mass spectrum showing a peak 
at mass m\e 490 ( M + - 2 ( O C 2 H 5 ) ) . 

O n the other hand, treatment of 1 with primary 
aromatic amines in boiling toluene afforded the 
corresponding l,3-dioxo-2-indancarboxanilides (8a—i) . 
The products 8 were characterized by analysis and 
spectral data. They all showed characteristic absorp­
tions at 1680—1700 (C-O) and 1625, 1560 c m - 1 

( - N H C O - ) . The N M R spectra also exhibited one 
proton singlet at ô 8.1 due to ( - N H C O - ) . Further, 
the identity is established by converting 8 b into 3, 
by treatment with jb-toluidine in acetic acid. The 
action of o-, or jfr-phenylenediamine on 1 in boiling 
toluene gave in each case a single product (8f and g) , 
respectively. The mass spectra of both compounds, 
m/*280(M+) and 173 ( M + - N H C 6 H 4 N H 2 ) , confirm 
their structures. Upon treatment with boiling acetic 
acid, 8f or 2d afforded 10,10a,l 1,12-tetrahydrobenz-
[^] indeno[ l ,2^][ l ,4]diazepine-10,11-dione (9). The 
formation of the diazepine derivative 9 is in line with 
the work of Ried and Draisbach9) on the condensation 
of ethyl 2-oxocyclohexanecarboxylate with o-phenyl-
enediamine. 

0 

0 
CO-NH-vJ 

(8) a: R1=R2 = H 

b: tfr H , 
c: R1

 = H , 
d: R1S H , 
e: R1=H , 
f: H1

r NHo , 
g . - t f .H % 
h: R1= H , 
i :R l -H -

CON H 

( 9 ) 

R2=CH3_p 
R2=C l -p 
R 2 = C l - m 
R2 = N0 

:io: 

;2~P 
R2=H 
R2=NH2_p 
R2=C0CH3_p 
R2= COOC2H5_p 

The synthesis of quinolones by the condensation 
between /?-keto esters and primary aromatic amines 
was described in earlier reports.10 '11) The nature of 
the product depends on the conditions. Compounds 
2 and 8 are considered to be suitable starting materials 
for the synthesis of new quinolones fused to the indanone 
and/or indenone nuclues. Thus, 8d was cyclized ac­
cording to the Knorr quinolone synthesis10) by hot 
sulfuric acid to give 3-chloro-5//-indeno[2,l-^]quinoline-
6,7-dione (10). 

The structure of the quinolone derivative (10) was 
confirmed by elemental analysis and I R spectrum. 
An attempt to cyclize 2a under conditions similar to 
those for Conrad-Limpach synthesis11) gave only a 
black, intractable tar. 

Treatment of 1 with diazotised jö-nitroaniline or bis-
(diazotised) benzidine, in basic medium, gave the 
expected result of a Japp-Kl ingemann reaction.12) 
The ethoxycarbonyl group was cleaved with the forma­
tion of 1,2,3-indantrione 2-jb-nitrophenylhydrazone (11), 
and 4 ,4 ' - bis ( 1,3 - dioxo - 2 - indanylidenehydrazono) bi-
phenyl (12) respectively. The melting point of 11 
and 12 showed no depression on being mixed with an 
authentic sample.13) 

O n the other hand, coupling of 8 a — b with diazotised 

N - N H - H Q K - N 0 2 

<x 

;0-NH-C6H4-R 

N^N-CgH^NC^-p 

13. a : R-H 

s ^ b: R=CH3-p 
0 -_ _ 0 
N-NHHQHQ>-HN.N 

12 

jb-nitroaniline in methanol afforded 2-(jb-nitrophenyl-
azo)-l,3-dioxo-2-indancarboxanilide (13a) and 2-(jfr-
nitrophenylazo)-l,3-dioxo-4 ,-methyl- 2 - indancarboxani-
lide (13b), respectively. Structure of 13 was con­
firmed by elemental analysis and I R spectra. T h e 
coupling of ß-keto anilides has been reported.14) The 
formation of the azo derivatives (13) is in line with 
the work of Linstead and Wang15) on the coupling of 
2-oxocyclohexan-l-carboxanilide with benzenediazo-
nium chloride. 

The observation that /?-keto esters react with phenols 
to form coumarin derivatives (Pechmann reaction),16) 
prompted us to investigate the behaviour of 1 under 
similar reactions in order to obtain 3-arylindenones. 
Compound 1 was treated with resorcinol17) and p-
cresol in ethanolic-hydrogen chloride to give 3-hy-
droxy-, and 2-methyl-benz[6]indeno[l,2-âT]pyran-6,7-
diones (14a—b), respectively. Alkaline hydrolysis of 
14, followed by treatment with boiling hydrochloric 
acid afforded 3-(2-hydroxyphenyl)-l-indenones (15). 
The structure of indenones 15 has been confirmed by 
analytical data and I R spectroscopy. 

/R 

1) OH" 

0 0 

U 

2) H + 

a :R=0H-m 

b:R = CH3-p 

15 

E x p e r i m e n t a l 

All melting points were determined in a capillary and 
are uncorrected. IR spectra were determined on KBr discs 
with a Unicam SP 2000 Infrared spectrophotometer. The 
NMR spectra in GDG13 solution were obtained on a Varian 
60 MHz spectrometer with TMS as an internal standard. 
The mass spectra were obtained on MS 902 at 70 eV using 
a direct insertion probe at 250—300 °G. 

Ethyl 3-Hydroxy-l-(arylimino)-2-indenecarboxylate (2). 
General Procedure: A mixture of 1 (1.1 g, 0.005 mol) and 
appropriate primary aromatic amine (2 g) in 10 ml acetic acid 
was heated at 60 °G for 5 min. After cooling and dilution 
with water the solid was filtered and crystallized from 
ethanol. 

Ethyl 3-Hydroxy-l-(phenylimino)-2-indenecarboxylate (2a): 
Orange crystals, yield, 0.8 g (54.8%), mp 152 °G. IR: 3080, 
1705, 1670, 1630, and 1040 cm-1. Found: G, 73.81; H,5.36; 
N, 4.31%. Galcd for C 1 8H r )N0 3 : G, 73.70; H, 5.15; N, 
4.77%. 

Ethyl 3-Hydroxy-1-(p-methoxyphenylimino) -2-indenecarboxylate 
(2b): Brown crystals, yield, l g (62.5%), mp 162 °G (dec). 
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I R : 3085, 1700, 1665, 1630, and 1045 cm"1 . Found : G, 70.34; 
H , 5.11 ; N , 4 .10%. Galcd for G 1 9 H 1 7 N 0 4 : G, 70.57; H , 5.30; 
N, 4 .32%. 

Ethyl 3-Hydroxy-1-(p-tolylimino)-2-indenecarboxylate (2c): 
Orange crystals, yield, 0.9 g (58.8%), m p 174 °G. I R : 3080, 
1700, 1660, 1625, and 1050 cm"1 . Found : G, 74.48; H , 5.61 ; 
N, 4 . 3 3 % . Galcd for G 1 9 H 1 7 N 0 3 : G, 74.24; H , 5.57; N , 
4 . 5 5 % . 

Ethyl 3- Hydroxy - 1 - ( o - aminophenylimino ) -2- indenecarboxylate 
(2d) : Dark brown crystals, yield, 0.5 g (32.4%), m p > 3 0 0 °G. 
I R : 3280, 3100, 1690, 1650, and 1625 cm"1 . Found : G, 69.82; 
H , 5.13; N , 8.88%. Galcd for G 1 8 H 1 6 N 2 0 3 : G, 70.11; H , 
5.20; N, 9 .08%. 

1 - Oxo-3- (p-tolylimino) -4''-methyl-2-indancarboxanilide (3) : 
From 1.1 g (0.005 mol) of 1 and 3 g of />-toluidine dissolved 
in ( 10 ml) acetic acid, 3 was obtained by the same procedure 
as that for 2. Recrystallization from methanol gave 0.8 g 
(43%) of 3 as a brown crystalline powder ; m p 205 °G (dec). 
I R : 3400, 2920, 1670, 1630, 1540, 1525, and 1250 c m - 1 ; 
N M R (GDGlg): <5;2.6 (1H s , - G O - G H - G O - ) ; 2.41 (6H s, 
G 6 H 4 GH 3 ) ; 7.33 (8H s, C 6 H 4 C H 3 ) ; 7.62 (4H d, ^subst i tuted 
G6H4) and 8.1 p p m (1H s, - N H - C O - ) . Found : G, 78.31; 
H , 5.50; N , 7 .31%. Galcd for G 2 4 H 2 0 N 2 O 2 : G, 78.23; H , 
5.47; N, 7.60%. 

Diethyl 3,3 '-Dihydroxy-1,1'- (o-phenylenedinitrilo) di-2 - indenecar­
boxylate (5): A mixture of 1.1 g (0.005 mol) of 1 and 
0.3 g (0.0025 mol) of o-phenylenediamine in 10 ml acetic 
acid was heated with stirring for 15 min. T h e reaction 
mixture gave a dark brown solid (0.8 g) on dilution with 
water, which on t reatment with boiling ethanol gave 5 as 
an insoluble red solid (0.5 g). Recrystallization from acetic 
acid afforded 5 as red crystals; m p > 3 0 0 ° G . I R : 3100, 
1700, 1650, and 1635 cm- 1 . M S , m/e 362 (base, M + - 2 
GOOG 2 H 5 ) , 274, 104, and 76. Found : G, 71.00; H , 4.95; N , 
5.37%. Galcd for G 3 0 H 2 4 N 2 O 6 : G, 70.85; H , 4.75; N , 5 . 5 1 % . 

Concentration of the ethanolic filterate after separation 
of 5 gave 0.14 g of 2d as dark brown crystals, the I R spectrum 
of which was identical with that of the authentic sample 
of 2d obtained above. 

Diethyl 3,3'-Dihydroxy-1,1'- (p-phenylenedinitrilo) di-2-indenecar­
boxylate (6): From 1.1 g (0.005 mol) of 1 and 0.3 g (0.0025 
mol) of />-phenylenediamine dissolved in 10 ml acetic acid, 
6 was obtained according to the same procedure as that 
for 5. Recrystallization from benzene-ethanol gave 0.7 g 
(27.5%) of 6 as dark brown powder ; m p > 3 0 0 °G. I R : 
3105, 1690, 1655, and 1640 cm"1 . M S , m/e 362 (base, M + - 2 
G O O G 2 H 5 ) , 274, 104, and 76. Found ; G, 70.91; H , 4.66; 
N, 5.40%. Galcd for G 3 0 H 2 4 N 2 O 6 : G, 70.85; H , 4 .75; N , 
5 . 5 1 % . 

Diethyl 7,10:19,22-Dietheno-5,24\12,17-dimethanodibenzo [c ,m]-
[1,6,11,16] tetraazacycloeicosene - 25,28 - dicarboxylate ( 7) : A 

mixture of 1.1 g (0.005 mol) of 1 and 0.6 g (0.006 mol) of 
/>-phenylenediamine in 20 ml acetic acid was heated at 80 °G 
for 1 h with stirring. T h e reaction mixture was diluted 
with water, and filtered to give dark green material (0. 6g). 
Crystallization from ethanol-benzene (1:1) afforded 7 as a 
dark green powder (0.4 g) ; m p 255 °G, I R : 1725, 1665, and 
1200 c m - 1 ; M S , m/e 490 ( M + - 2 ( O C 2 H 5 ) ) , 366, 169, and 76. 
Found : G, 74.60; H , 4.90; N , 9.42%. Calcd for G 3 6 H 2 8 N 4 0 4 : 
C, 74.46; H , 4.86; N , 9 .65%. 

1,3-Dioxo-2-indancarboxanilides (8a—i) : A mixture of 1.1 g 
(0.005 mol) of 1 and 0.0055 mol of the appropriate primary 
aromatic amine in 50 ml toluene was refluxed for 30 min. 
T h e solid obtained after concentration and cooling was filtered. 
Recrystallization from benzene gave 8 a — i as yellow crys­
talline solids. The results are summarized in Table 1. 

Formation of 3 from 8b: A mixture of 0.28 g (0.001 mol) 
of 8 b and 0.11 g (0.001 mol) of />-toluidine in 10 ml acetic 
acid was heated at 70 °G for 10 min. T h e solid obtained 
on dilution with water was filtered and crystallized from ben­
zene to give 0.08 g of 3 . T h e I R spectrum of the product 
was identical with that of the authentic sample of 3. 

10,10a,11,12-Tetrahydrobenz [b] indeno [1,2-e] [1,4] diazepine-
10,11-dione (9) : 0.5 g of 8f or 2d was refluxed in 30 ml acetic 
acid. T h e dark red solid obtained on cooling was filtered 
and recrystallized from acetic acid to give 0.22 g of 9 as a 
red crystalline solid; m p > 3 0 0 °G. I R : 3210, 1705, 1650, 
1630, and 1575 cm- 1 . Found : C, 73.34; H , 4.10; N , 10.31%. 
Galcd for C 1 6 H 1 0 N 2 O 2 : G, 73.27; H , 3.84; N, 10.68%. 

3-Chloro-Jti-indeno[2,1-c]quinoline-6,7-dione (10): 0.5 g of 
8 d was heated with 20 ml of H 2 S 0 4 (85%) in an oil bath 
at 110 °C for 1 h. After cooling, the reaction mixture was 
diluted with 80 ml cold water, and the brown solid obtained 
was filtered. Crystallization from benzene-ethanol gave 
0.16 g of 10; m p > 3 0 0 ° G . I R : 2900, 1725, 1670, 1620, 
1590, and 1450 cm- 1 . Found : C, 67.91; H , 3.01; N , 4 .66%. 
Galcd for C 1 6 H 8 N 0 2 G 1 : C, 68.22; H , 2.86; N , 4 .97%. 

Coupling of 1 with p-Nitrobenzenediazonium Chloride and Bis-
(diazotised) Benzidine: Diazotised />-nitroaniline (0.005 mol), 
or bis (diazotised) benzidine (0.0025 mol), was added with 
stirring to a cold solution of 1 (0.005 mol) in 50 ml 2 .5% aq 
N a O H . Sodium acetate (2 g) was added, and the reaction 
mixture was left to stand under cooling overnight. The 
brown solid obtained was crystallized from acetic acid to 
give 11 and 12, respectively, in a 7 5 % yield. Compounds 
11 and 12 were identical with the corresponding authentic 
samples prepared from 1,3-indandione by the method of 
Das and Ghosh.13) 

Coupling of 8a—b with Diazotised p-Nitroaniline : Diazotised 
/?-nitroaniline (0.003 mol) was added with stirring to a cold 
solution of 8 a or 8 b (0.003 mol) in 60 ml methanol, followed 
by addition of lg of sodium acetate in 5 ml water. The 

Compound 
No. 

8a 
8b 
8c 
8d 
8e 
8f 

8g 
8h 
8i 

Mp 
°G 

148 
188 
200 
170 
228 

>300 
280 
185 
161 

Yield 
0 / 
/o 

61 
43 
77 
70 
53 
45 
41 
66 
52 

TABLE 1. 

Formula 

C 1 6 H u N0 3 

C17H13N03 

C16H10NO3Cl 
C16H10NO3Cl 
C16H10N2O5 

C16H12N203 

Ci6H12N203 

C18H13N04 

C19H15N05 

1,3-DIOXO-2-INDANCARBOXANILIDES (1 

Found (%) 

C H N 

72.11 
73.31 
64.33 
64.25 
61.56 
68.43 
68.37 
70.26 
67.41 

4.23 
4.37 
3.41 
3.51 
3.50 
4.11 
4.20 
4.31 
4.20 

5.00 
5.15 
4.52 
4.53 
8.95 

10.03 
10.01 
4.38 
4.00 

B) 

Galcd (% 

C 

72.44 
73.10 
64.10 
64.10 
61.93 
68.56 
68.56 
70.35 
67.64 

H 

4.18 
4.69 
3.36 
3.36 
3.24 
4.31 
4.31 
4.26 
4.48 

.) 

N 

5.27 
5.01 
4.67 
4.67 
9.03 
9.99 
9.99 
4.55 
4.15 

IR(KBr; 
Î'max/Cm-

3402, 
3400, 
3390, 
3390, 
3400, 
3400, 
3400, 
3400, 
3400, 

1680, 
1685, 
1680, 
1680, 
1685, 
1685, 
1680, 
1700, 
1740, 

) 
- l 

1560 
1560 
1565 
1560 
1560 
1550 
1550 
1555 
1560 
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solid obtained was crystallized from methanol to give 13a—b, 
respectively. 

2- (p-Nitrophenylazo) -1,3-dioxo~2~indancarboxanilide (13a) : 
Orange crystals, yield, 0.19 g (15.3%), m p 132 °G. I R : 
3060, 1700, 1650, 1580, 1340, and 890 cm"1 . Found: G, 63 .61 ; 
H, 3.17; N , 13.68%. Galcd for G 2 2 H 1 4 N 4 0 5 : G, 63.76; H , 
3.40; N, 13.52%. 

2-(p-Nitrophenylazo)- 7,3-dioxo -4' - methyl-2- indancarboxanilide 
(13b): Yellow crystals, yield, 0.16 g (12.5%), m p 158 °G. 
I R : 3065, 1700, 1640, 1585, 1345, and 8 9 0 c m - 1 . Found : 
G, 64.22; H , 3.68; N , 12.88%. Galcd for G 2 3 H 1 6 N 4 0 5 : G, 
64.48; H, 3.76; N , 13.07%. 

Condensation of 1 with Phenols: Gold saturated ethanolic 
hydrogen chloride (10 ml) was added with stirring to a mixture 
of 2 g of 1 and resorcinol or />-cresol (6 g) in 30 ml ethanol. 
After 24 h the yellow crystalline product was filtered, washed 
with ethanol and acetone to give 14a—b respectively. 

3-Hydroxybenz[h]indeno[7,2-d]pyran-6,7-dione (14a): Yellow 
crystals, yield, l g (37.8%). Its m p and I R spectrum were 
identical with those of an authentic sample.17* 

2-Methylbenz [b] indeno [ 1,2-d]pyran-6,7-dione (14b) : Recrys-
tallized form ethanol, pale yellow crystals, yield, 0.5 g 
(19%), m p 265 °G. I R : 1740, 1720, 1590, and 1470 cm"1 . 
Found: G, 77.67; H , 4 .00%. Galcd for G 1 7 H 1 0 O 3 : G, 77.85; 
H, 3.84%. 

3-(2-Hydroxyphenyl)indenones (15) : A solution of aq N a O H 
( 5 % , 20 ml) was added to boiling solution of 14a or 14b 
(0.002 mol) in ethanol (40 ml) . T h e reaction mixture was 
refluxed for 1 h, acidified with dil hydrochloric acid and 
the resulting precipitates were filtered and dried to give 15a, 
0.15 g (32%). Recrystallization from methanol afforded 
greenish-yellow crystals; m p 177 °G. I R : 3410, 1740, 1630, 
1375, 1270, and 1180cm" 1 . Found : G, 75.46; H , 4 .06%. 
Galcd for G 1 5H 1 0O 3 : G, 75.62; H , 4 . 2 3 % . 

3-(2-Hydroxy-m-tolyl)indenone (15b): Orange crystals from 
methanol, yield, 0.2 g (42%), m p 147 °G. I R : 3400, 1735, 
1620, 1370, 1270, and 1185 cm"1 . Found : G, 81.16; H , 
5.22%. Galcd for G 1 6 H 1 2 0 2 : G, 81.33; H , 5.12%. 

W e wish to express o u r s incere g r a t i t u d e to D r . 
A . M . D a w i d a r for t h e N M R a n d mass m e a s u r e m e n t s . 
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Synthesis and Absorption Spectra of Some 6-Hydroxythiazolo[3,2-a]-
benzimidazoles and Their Quaternary Derivatives 

R. P. SONI and J. P. SAXENA* 

Department of Chemistry, University of Jodhpur, Jodhpur, India 
(Received January 30, 1979) 

A series of substituted 6-Hydroxythiazolo[3,2-ö]benzimidazoles has been synthesized. Their quaternary 
derivatives showed characteristic absorption maxima at longer wavelengths in visible region. The spectral study 
of parent compounds in the visible region shows a red shift at higher pH which is attributed to the dipolar nature 
of these compounds. 

The chemotherapeutic importance of imidazole 
derivatives is well recognized.1-3) T h e effectiveness of 
condensed heterocycles containing thiazole and 
imidazole rings as antiprotozoal agents,4) anticonvul­
sants,5) antidepressants,6) antihelminthic agents,7"10) 
antidiabetic,11) and as inhibitors of dihydrofolate12) led 
us to synthesize a new series of thiazolobenzimidazoles in 
a manner analogous to Schmid and Czerney's13) 
synthesis of 8-hydroxypyrido[l,2-<z]benzimidazole. 
Rudner14) synthesized some of the 6-hydroxy-substituted 
thiazolo[3,2-<z]benzimidazoles by the condensation of 
substituted 2-aminothiazoles with jfr-benzoquinone in 
acetic acid. We followed the same procedure and 
obtained more new compounds of the above series. A 
study of their finer structure through spectral analysis 
was made. The thiazolobenzimidazoles so obtained 
were quaternized with ethyl bromide giving the corre­
sponding 9-e t hyl-6-hy droxy thiazolo [3,2-d] benzimidazo-
lium bromides. These quaternary compounds gave 
intense yellow color with dilute aqueous alkali due to 
the formation of phenol betaines. 15-16> The colored 
betaines could be extracted in the chloroform layer 
giving a deep violet color. T h e color was discharged on 
acidification which is the reversal of the mode of forma­
tion of these betaines. 

E x p e r i m e n t a l 

All the reagents were thoroughly dried and purified before 
use. All melting points were determined on Kofler instrument 
and were uncorrected. IR spectra were recorded on a Perkin-

Elmer 577 spectrophotometer in KBr. UV absorption spectra 
were scanned in Beckman spectrophotometer, Model DU-2. 

2-Aminothiazoles: These compounds were prepared by 
known method.17) 

6-Hydroxythiazolo[3,2-2L]benzimidazoles (I). A solution 
of />-benzoquinone (0.01 mol) in glacial acetic acid (10 ml) 
was added in small portions to the substituted 2-aminothiazole 
(0.01 mol) in acetic acid (10 ml) with shaking. The mixture 
was left aside for 30 min. After addition of 20 ml of 50% aq 
HCl, the solution was diluted with water, and extracted with 
ether to remove any unreacted quinone and hydroquinone. 
The resulting solution was made alkaline with aq sodium 
carbonate when the desired compound precipitated. After 
treatment with charcoal in ethanol, the compound was 
recrystallized from ethanol. The yields, mp; etc. are given in 
Table 1. 

9~Ethyl-6-hydroxythiazolo[3,2-a]benzimidazolium Bromides (II). 
A mixture of I (0.01 mol) and ethyl bromide (0.01 mol) in a 
minimum quantity of acetone was boiled under reflux for 
1 h. The solvent was evaporated to dryness under reduced 
pressure and the residue was crystallized from ethanol-ether. 
The yields, mp etc. are given in Table 2. 

D i s c u s s i o n 

All these compounds are deep colored powdery 
substances, insoluble in water but are readily soluble in 
ethanol. They do not melt upto 330 °C. The structure 
of these compounds has been determined on the basis of 
I R spectra and elemental analysis. The I R spectra of 
these compounds showed bands at 3210, 1200 (phenolic 
O H ) , 1610(C=N), 1310(C-N), and 1440 c m - 1 (aromatic 
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R N _ N _ / X / 0 

Il , Il | -
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October, 1979] Synthesis and Absorption Spectra of 6-Hydroxythiazolo[3,2-ß]benzimidazoles 3097 

TABLE 1. 6-HYDROXYTHIAZOLO[3,2-Ö]BENZIMIDAZOLES (I) 

UV spectra 

Gompd T> 
N o . K R i 

Molecular 
formula 

Analysis (%)^ Y i d d Ethanol 0.1 M HCl 0A M NaOH 

Galcd Found % 

nm 
loge loge 

nm 
loge 

1 G6H5 

2 GH, 

3 GH, 

4 H 

5 GH, 

H 

H 

C15H10N2OS 

G10HRN2OS 

GOOG2H5 G13H12N203S 

GH, G10H8N2OS 

G6H5 G16H12N2OS 

6 />-CH3C6H4 H 

7 />-BrC6H4 H 

8 />-HOC6H4 H 

9 2-Thienyl H 

10 2-Naphthyl H 

G16H12N2OS 

G ^ H ^ O S B r 

C15H10N2O2S 

G13H8N2OS2 

G19H12N2OS 

G 
H 
N 
G 
H 
N 
G 
H 
N 
G 
H 
N 
G 
H 
N 
G 
H 
N 
G 
H 
N 
C 
H 
N 
G 
H 
N 
G 
H 
N; 

67.6 
3.7 

10.5 
58.8 

3.9 
13.7 
56.5 
4 .3 

10.1 
58.8 

3.9 
13.7 
68.5 
4.28 
10.0 
68.5 
4.28 
10.0 

52.1 
2.5 
8.1 

63.8 
3.54 
9.95 
57.3 
2.94 
10.2 
72.1 
3.78 
8.86 

67.4 
3.6 

10.4 
58, 

3, 
13, 
56, 
4 
9, 

58, 
3 

13, 
68.1 
4.1 
9.8 

68.3 
4.20 

9.7 
52.0 
2.3 
8.1 

63.5 
3.32 
9.67 
57.1 
2.78 
10.1 
71.8 
3.52 
8.75 

55 

40 

57 

36 

25 

40 

39 

48 

53 

35 

230 
258 
350 
236 
253 
357 
240 
255 
361 
244 
272 
355 
245 
278 
364 
238 
275 
362 
245 
267 
357 
248 
272 
352 
251 
277 
368 
254 
279 
372 

4.13 
3.93 
3.39 
4.01 
3.95 
3.56 
3.98 
3.90 
3.78 
3.80 
3.74 
3.40 

60 
57 
60 
76 
54 
65 
69 
35 

3.81 
01 
41 
87 
31 
13 
61 
84 
12 
71 

315 
375 

310 
366 

313 
372 

321 
370 

329 
385 

325 
380 

319 
384 

315 
377 

334 
387 

339 
383 

3.40 
3.47 

3.43 
3.71 

3.41 
3.35 

3.37 
3.5 

3.8 
3.3 

3.6 
3.5 

3.38 
3.40 

3.46 
3.38 

3.84 
3.61 

3.51 
3.47 

312 
450 

305 
435 

308 
415 

310 
427 

324 
450 

318 
445 

312 
449 

308 
438 

325 
453 

322 
451 

3.53 
3.55 

3.54 
3.43 

3.51 
3.29 

3.48 
3.35 

3.2 
3.7 

3.3 
3.46 

3.43 
3.61 

,28 
72 

63 
57 

3.31 
3.57 

Note: Compounds No. 1, 2, 4, 5 are reported.145 

TABLE 2. 9-ETHYL-6-HYDROXYTHIAZOLO[3,2-O]BENZIMIDAZOLIUM BROMIDES (II) 

Gompd 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

R 

G6H5 

GH3 

GH3 

H 

GH3 

/>-GH3C6H4 

/>-BrC6H4 

/>-HOC6H4 

2-Thienyl 

2-Naphthyl 

R i 

H 

H 

GOOG2H5 

CH3 

GGH5 

H 

H 

H 

H 

H 

Molecular 
formula 

G17H15N2OSBr 

G12H13N2OSBr 

G15H17N203SBr 

G12H13N2OSBr 

G18H17N2OSBr 

G18H17N2OSBr 

G17H14N2OSBr2 

G17H15N202SBr 

G15H13N2OS2Br 

G21H17N2OSBr 

Mp 
°G 

310 

299 

317 

285 

360 

293 

288 

280 

326 

304 

Yield 
% 

40 

35 

25 

25 

30 

40 

37 

41 

51 

45 

N, 
Br, 

N, 
Br, 

N , 
Br, 

N, 
Br, 

Br, 

N , 
Br, 

N , 
Br, 
N, 
Br, 

N , 
Br, 
N, 
Br, 

Analysis 

Galcd 

7.43 
21.3 
8.94 

25.5 
7.27 

20.7 
8.94 

25.5 
6.88 

19.5 
6.88 

19.5 
7.48 

21.3 
7.17 

20.5 
7.34 

20.9 
6.58 

18.5 

(%) 

Found 

7.41 
21.2 
8.89 

25.4 
7.16 

20.5 

8.92 
25.3 

6.86 
19.3 
6.85 

19.4 
7.37 

21.0 
7.09 

20.1 
7.31 

20.6 
6.37 

18.3 

UV, 

*max 
nm 

260 
510 
265 
525 
257 
515 
253 
530 
250 
512 
264 
526 
260 
512 
255 
508 
271 
535 
276 
519 

Ethanol 

loge 

3.84 
4.00 
3.65 
3.90 
3.45 
3.85 
3.50 
3.64 
3.50 
3.81 

3.72 
3.94 
3.40 
3.81 
3.38 
3.63 
3.71 
3.56 
3.51 
3.87 
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ring breathing). 
A study of the absorption spectra of various substituted 

6-hydroxythiazolo[3,2-<z]benzimidazoles in ethanol at 
different p H shows a bathochromic shifting of the 
absorption maxima in both acidic and alkaline media. 
The observed bathochromic shift might be explained 
by the canonical quinonoid structure shown in Scheme 1. 
Same phenomenon is observed when these compounds 
are quaternized with ethyl bromide which results into 
further red shifting of absorption maxima in visible 
region. 

For the sake of comparison of the absorption spectra 
of these title compounds (I) , 8-hydroxypyrido[l,2-<z]-
benzimidazole was synthesized by the method described 
by Schmid and Czerney.13) A study of its absorption 
spectra in ethanol under various conditions (Table 3) 
also shows a red shifting of absorption band in the 
longer wavelengths in alkaline medium whereas in acid 
medium the spectra remain practically unaltered. 

TABLE 3. ABSORPTION SPECTRA OF 8-HYDROXY-

PYRIDOfl , 2 - Ö ] B E N Z I M I D A Z O L E 

No. C o m P ° u n d Vg™ 
, Parent base _ 360 300 248 
1 methanol (3.78) (3.76) (4.5) 
9 Parent base in 405 _ 268—270 242 
1 alkaline ethanol (3.87) (4.49) (4.36) 
« Parent base in _ 358 292 238 
0 acidic ethanol (3.94) (3.71) (4.17) 

I t has been observed by Edger et al.1*) that the 5- or 
6-chlorobenzimidazoles do not show any shifting of 
absorption maxima in ethanolic solution of different 
p H . It indicates that the presence of 6-hydroxyl group 
in these title compounds which being more acidic causes 
the molecule to at tain greater dipolar character at 
different p H thereby facilitating absorption in the longer 
wavelengths. 

Thanks are due to Professor R. C. Kapoor for 
providing necessary laboratory facilities and to the 
U. G. C , New Delhi for awarding a research scholarship 
to one of them (R. P. S). We are also thankful to the 
Director, C. D . R. I . Lucknow for the I R spectra and 
elemental analysis. 
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(Received February 19, 1979) 

Synopsis. The reaction of benzyltriphenylphosphonium 
ion (PhCH2P+Ph3) with e~q has been studied. The benzyl 
radical and triphenylphospine are formed by the reaction: 
PhCH2P+Ph3+e-q~>PhCH2H-Ph3P, with the rate constant 
(2.7±0.3)xl01 0 M"1 s-1. The benzyl radical decays in a 
bimolecular reaction with 2£=(2.7±0.4) x 109 M"1 s"1. 

Tetraphenylphosphonium ions (Ph4P+) are reduced 
with hydrated electrons to form Ph4P« radicals which 
decay by d i sp ropor t iona te . 1 ) 

O n the other hand, optically active tertiary phosphines 
have been prepared without racemization by electro­
chemical reduction of quaternary phosphonium salts 
having the benzyl group.2 '3) This indicates that the 
electron is transferred directly to the benzyl group and 
not to the phosphorus atom, causing fission to form a 
tertiary phosphine and benzyl radical, since nucleophilic 
attack on phosphorus leads to inversion of configura­
tion.4) The present investigation deals with the direct 
confirmation of this scheme by the pulse radiolysis 
method. 

E x p e r i m e n t a l 

The experimental details and dosimetry were reported.5) 
A 500 W Xe lamp was used to follow the decay of the hydrated 
electron and observe other transient and permanent absorp­
tions. All solutions were prepared from triply distilled water. 
The solutions were buffered with 1 mM phosphate. Deaera-
tion of solutions was performed by argon bubbling for about 
2 h. The reagents were of analytical grade and used without 
further purification. A fresh solution was used for each pulse. 
Ph3P aqueous solution used for the absorption spectra was 
prepared by mixing 5 x 10~5 M Ph3P EtOH solution with H 2 0 . 

0.04 

0.03 

Q 

Ö 
0.02 

0.01h 

300 3 20 280 

A/nm 
Fig. 1. Absorption spectra observed after pulse irradia­

tion in a deaerated aqueous solution of 2 x l O _ 5 M 
benzyltriphenylphosphonium chloride, 0.2 M /-butyl 
alcohol at pH 7. Dose, 430 rad: (O) end of the pulse; 
(A) 5 ms after the pulse. 

obtained by subtraction of the absorption taken 5 ms 
after cessation of the pulse from that taken immediately 
on cessation (Fig. 1). The spectrum has three maxima 
at 258, 305, and 315 n m with the estimated extinction 
coefficients 13300, 3400, and 5900 M " 1 cm- 1 , respective­
ly, taking C(e£Tq)=2.7. The spectrum is very similar to 
that of the benzyl radical6) in aqueous solutions, which 
has three maxima at 258, 307, and 317.5 n m with 
extinction coefficients 14000, 3300, and 5500 M " 1 cm"1 , 
respectively. 

Figure 3 shows the absorption spectrum at 5 ms after 
the pulse corrected for the depletion of the solute 
(PhCH 2P+Ph 3Cl-) , and that of aqueous Ph 3P solution 

R e s u l t s a n d D i s c u s s i o n 

Pulse radiolysis of deaerated neutral aqueous solutions 
of benzyltriphenylphosphonium chloride yielded a 
transient species and products. Figure 1 shows the 
spectra observed immediately and 5 ms after the 
cessation of pulse in a buffered solution at p H 7 of 
2 x l O _ 5 M benzyltriphenylphosphonium chloride con­
taining 0.2 M £-butyl alcohol as an O H radical 
scavenger. The absorption at 5 ms after cessation of the 
pulse seems to be permanent from oscilloscopic tracing. 
O n saturating the solution with dinitrogen oxide which 
converts eiTq into O H radicals, the transient absorption 
almost disappeared. Thus, transient and permanent 
absorptions are caused by the reaction of the phospho­
nium ion with e^q. 

Figure 2 shows the spectrum of the intermediate 

0.02 

Q 

Ö 
0.01 

280 

A/nm 
Fig. 2. Transient spectrum corrected for the permanent 

absorption obtained from Fig. 1. 
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240 260 280 300 320 

yVnm 

Fig. 3. Absorption spectra of the stable products cor­
rected for depletion of the substrate obtained from 
Fig. 1 (O) and that of ethanolic aqueous solution of 
Ph3P corresponding to the e~q concentration in Fig. 
1 (A). 

corresponding to the concentration of the e^q produced 
under the conditions of Fig. 1. The absorption spectrum 
of Ph 3P in Fig. 3 was obtained from that of 9 X 10~6 M 
Ph 3 P aqueous solution containing 20 v o l % E t O H , which 
has an absorption maximum at 260—265 n m with e = 
10300 M - 1 c m - 1 . The permanent absorption spectrum 
formed by pulse radiolysis probably comes from PPh3 , 
since the two spectra are considerably similar. The 
small difference in the absorption spectra below 260 n m 
may be due to bibenzyl7) produced by the recombina­
tion of benzyl radicals and the one beyond 270 n m may 
arise from undissolved triphenylphosphine in water. 

The transient absorption at 315 n m (Fig. 2) disappears 
in a bimolecular reaction with 2k= (2 .7±0.4) X 109 

M _ 1 s_1 . The absorption at 258 nm, which is corrected 
for the permanent one, decays by a second-order 
kinetics with the same rate constant as that a t 315 n m 
within an experimental error. This indicates that the 
permanent absorption takes place immediately on 
cessation of the pulse. The rate constant agrees with the 
previous values (3.1 ± 0 . 3 ) X 109,6) 2.4 x 109 M " 1 s"1.8) 

The results suggest that the PhCH 2 P+Ph 3 ion is 
reduced with e^q to dissociate into the benzyl radical 
and triphenylphosphine. The following reaction scheme 

may be suggested: 

H 2 0 > e-q, H, OH, etc. (1) 

OH + *-BuOH • *-BuOH radical + H 2 0 (2) 

PhCH2P+Ph3 + e-q • PhCH2. + Ph3P (3) 

PhCH2 . + PhCH2 . • Products (4) 

ea"q + N 2 0 • OH + OH" + N2 (5) 

The rate constant for the reaction of the PhCH.2P+Ph3 

ion with e^q is (2 .7±0 .3) X 1010 M " 1 s"1, which was 
determined from the decay of e^q. The rate constant 
is diffusion controlled, similar to that1) of Ph4P+ with 
C a q . 

The phosphoranyl radical PhCH 2 PPh 3 might not be 
sufficiently stable to be observed in the microsecond 
pulse radiolysis. I t seems reasonable to assume that 
ea"q attacks the PhCH 2 group, and causing release of the 
benzyl radical before the electron is delocalized to 
form the phosphoranyl radical. 

The reaction mechanism might be similar to that of 
the electroreduction of quaternary ammonium 
compound.9»10) 

References 

1) H. Horii, S. Fujita, T. Mori, and S. Taniguchi, Int. 
J. Radiât. Phys. Chem., 8, 521 (1976). 

2) L. Horner, H. Winkler, A. Rapp, A. Mentrup, H. 
Hoffmann, and P. Beck, Tetrahedron Lett., 1961, 161. 

3) L. Horner and H. Winkler, Tetrahedron Lett., 1964, 175. 
4) R. F. Hudson, "Structure and Mechanism in Organo-

phosphorus Chemistry," Academic Press, London (1965), pp. 
211—212. 

5) S. Fujita, H. Horii, and S. Taniguchi, J. Phys. Chem., 
77,2868(1973). 

6) H. G. Ghristensen, K. Sehested, and E. J. Hart, J. 
Phys. Chem., 77, 983 (1973). 

7) H. G. Ghristensen and R. Gustafsson, Acta Chem. Scand., 
26,937 (1972). 

8) K. Sehested, H. Gorfitzen, H. G. Christensen, and E. 
J. Hart, J. Phys. Chem., 79, 310 (1975). 

9) M. Finkelstein, R. G. Petersen, and S. D. Ross, J. Am. 
Chem. Soc, 81, 2361 (1959); 82, 1582 (1960). 

10) J . S. Mayell and A. J . Bard, J. Am. Chem. Soc, 85, 
421 (1963). 



October, 1979] N O T E S 3101 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (10), 3101 3102 (1979) 

Phase Transition of [(C6H5)3PCH3]i-*
+ [(CeH^AsCHsV (TCNQ)2

V, 
(0<JC<1), Anion Radical Salts. Thermodynamical 

Stability of the Solid Solutions 
Yôichi IIDA 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 

(Received April 28, 1979) 

Synopsis. The phase transition and the thermodynamic 
properties of solid solutions were studied with anion radical 
salts of [(G6H5)3PGH3]1_:c+ [(C6H5)3AsCH3L+ (TCNQ) a

T , 
(0<C*<n)> The stability condition of the solid solutions was 
examined in both the low- and high-temperature phases. 

Much attention has been paid to solid anion radical 
salts of 7,7,8,8-tetracyanoquinodimethane ( T C N Q ) 
because of their prominent electronic properties.1-12) 
In particular, the anion radical salt of methyltriphenyl-
phosphonium, [(C6H5)3PCH3]+ (TCNQ,) 2

T , undergoes 
a solid-state phase transition at 315.7 K.1"8) The methyl-
triphenylarsonium salt, [(C6H5)3AsCH3]+ (TCNQJ 2

V , 
although it exhibits electronic properties very similar 
to those of the phosphonium salt, shows no such phase 
transition up to the decomposition temperature at 1 a tm 
pressure.1-3»6-11) Moreover, one can prepare the salts 
containing the mixed cations represented by [(C6H5)3-
P C H s W [(C6H5)3AsCH3L+ ( T C N Q V , (0<£*<£ 
1) 1,2,6 ii) The phase transitions of these mixed anion 
radical salts have been studied, as a function of the 
composition parameter , by observing anomalies in the 
temperature dependence of the static magnetic suscep­
tibilities and the electrical conductivities and also by 
means of thermal analyses.2»6-8) The experimental 
relation between the transition temperature and the 
composition parameter (x) at 1 a tm pressure is illustrated 
in Curve (a) of Fig. 1. In order to understand the 
thermodynamic behavior of the phase transitions 
against the composition parameter, we proposed in a 
previous paper a thermodynamical theory of binary 
regular solid solution model for those T C N Q mixed 
crystals.11) In the present paper, we shall examine 
the condition of the thermodynamical stability of the 
solid solutions and investigate the mechanism of the 
phase transitions. 

According to the previous paper,11) a thermodynami­
cal theory of binary regular solid solution model is 
applicable^ to [ ( C 6 H 5 ) 3 P C H 3 ] 1 _ ^ [(C6H5)3AsCH3] ,+ 
(TCNQ,)2

T , (0<><I1). This model assumes an ideal 
mixing of the two components of [ (C 6 H 5 ) 3 PCH 3 ] + 

( T C N Q V , (*=0.00) , and [(C6H5)3AsCH3]+ 
(TCNQJ 2

T , (#=1 .00) , because the crystal structure and 
the chemical properties of the phosphonium salt are 
very similar to those of the arsonium salt. The model 
further assumes that the phase transition of a solid 
solution does not change the manner of ideal mixing 
of the two components. In this respect, it is important 
to note that the phase transition of our system is not 
the usual order-disorder type with respect to the mixing 
of the two components. Moreover, we could well 
assign the low- and high-temperature phases of the solid 

450 

^ 350 L v<r 

fe 300 f-

S i 
- 3 6 L « ^ ^ (b) 

0.0 0.2 0.4 0.6 0 8 1.0 

Composition parameter, x 

Fig. 1. Curve (a) shows the experimental relation 
between the temperature of the ay—>/fy phase transi­
tion and the composition parameter (#) of the solid 
solutions of [(C6H5)3PCH3]1_,+ [(C6H5)3AsCH3L+ 
(TCNQ,)./, (0<><1) , anion radical salts at 1 atm 
pressure. Curves (b) and (c) show boundaries between 
the solid solution and the segregated region for the 
ßy and ay phases of the solid solutions, respectively. 
See text. 

solutions at 1 a tm pressure as ay and ßy phases, respec­
tively. 9~11) Their Gibbs free energies per mol were 
expressed by 

G'lr(T,p,x) = (\^x)G1
i(T,p) + xG2r(T,p) 

+ / / ^ ( l - . * ) . * + RT{{\-x) In (1 -* ) 

+ * l n * } , (U=a,j8), (1) 

where T and p represent temperature and pressure, 
respectively, and where ( 1 — x) and x are the mole 
fractions of the component [(C6H5)3PCH3]+ (TCNÇ))2

T 

and [(C6H5)3AsCH3]+ (TCNQV,respec t ive ly . GfiTj) 
and Gt

ß ( T,p) are the Gibbs free energies per mol for the 
low-temperature (a) and high-temperature (ß) phases 
of pure phosphonium salt, respectively, while G2

y ( T,p) 
is that of the (y) phase of pure arsonium salt at 1 a tm 
pressure. i / S is the heat of mixing per mol for each 
phase, and is assumed to be independent of temperature. 
The phase transitions of the solid solutions at 1 a tm 
pressure can then be assigned to the ocy—>ßy process. By 
analyzing the experimental relation between the tran­
sition temperature of the ay-+ßy phase transition and 
the composition parameter (Curve (a) of Fig. 1), we 
obtained the difference of the heat of mixing between the 
ay and ßy phases as Hg? -H<£ = 0 . 5 9 4 ± 0 . 0 2 1 kj/mol.11) 
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For either of the low-temperature (ay) or high-
temperature (ßy) phase of our solid solutions, if the 
value o f / / m , (i=a or/?), is positive, the solid solutions 
are unstable below certain critical temperature and the 
segregation into the phosphonium salt and the arsonium 
salt should take place. It is well known that the theore­
tical relation between the mole fraction of the two 
components and the critical temperature at which the 
breaking of solid solution occurs can be determined by 
solving the equation 

Hm
lr(l-2x) + RTln^-j = 0. (2) 

In the region above critical temperature the solid 
solutions are thermodynamically stable with ideal 
mixing of the two components, while the solid solutions 
do not exist below critical temperature. In the tempera­
ture region above TlJ[ =H12 /2R, the solid solutions 
can be obtained with all compositions ranging from 
* = 0 . 0 0 to * = 1 . 0 0 . 

In the case of [ ( C 6 H 5 ) 3 P C H 3 ] 1 - / [ ( C 6 H 5 ) 3 A s C H 3 ] / 
(TCNQJ 2 ~, (0<I#<;1), anion radical salts, although we 
have no information about the individual value of 
H%? or / / £ y , we can safely assume that the value of 
H%? may be very nearly equal to zero kj/mol for the 
low-temperature (ccy) phase, because the crystal and 
molecular structures of the a phase of the phosphonium 
salt are almost identical with those of the y phase of the 
arsonium salt.12) Moreover, there acts no specific 
interaction between the methyltriphenylphosphonium 
and methyltriphenylarsonium cations in the ccy phase 
and the chemical properties of the phosphonium salt 
are very similar to those of the arsonium salt. The 
assumption of H%?&0 kj/mol is also strongly supported 
by the reason to be mentioned in the following. Then, 
we have H%? «»0.594 kj/mol for the high-temperature 
(ßy) phase of the solid solutions. This positive Hg? 
value is reasonable, because the molecular and crystal 
structures of the ß phase of the phosphonium salt are 
closely related to those of the y phase of the arsonium 
salt but a difference was found in the conformation 
of the methyltriphenylphosphonium cation with respect 
to the intramolecular rotation of the phenyl groups.12) 

First, we neglect the effect of the ay-+ßy phase 
transition, and only consider the ßy phase of the solid 
solutions. By the use of H$?M).594 kj/mol, together 
with Eq. 2, the boundary between the solid solutions 
and the segregated region is obtained as shown in Curve 
(b) of Fig. 1. In the region above Curve (b) the solid 
solutions composed of ideally mixed ß form of the 
phosphonium salt and the y form of the arsonium salt 
are stable, while they have to be segregated into two 
components below Curve (b). T$? at # = 0 . 5 0 is 
calculated to be about 36 K. 

In view of these results, we can understand the 
importance of the ßy-+ay phase transitions (Curve (a) 

of Fig. 1) of the solid solutions. If there were no such 
phase change, the ßy phase would become unstable in 
going to low temperatures and the crystals of the solid 
solutions would break. Actually, however, the solid 
solutions change into the ay phase at Curve (a) of 
Fig. 1, which lies in the temperature region much higher 
than does Curve (b) of Fig. 1. As for the ay phase, since 
/ / ^ O k J / m o l and thus T « ^ 0 K 3 the boundary 
between the solid solutions and the segregated region 
is schematically given by Curve (c) of Fig. 1, that is, 
the solid solutions composed of the a form of the phos­
phonium salt and the y form of the arsonium salt will 
be stable down to 0 K in all compositions. This predic­
tion may be supported by the experimental results by 
Kosaki et al.8) For example, the fact that the observed 
heat capacity versus temperature curve of the ay phase 
of the solid solution with the composition #=0 .449 is 
smooth down to about 10 K means that the solid 
solution does not break and that the ay phase is stable 
at least down to 10 K. This experimental result also 
implies very small value (less than 0.17kJ/mol) for 
H%? in the ay phase. 

O u r investigation clearly shows that, because of the 
ßy-+ay phase transition, the solid solutions of 
[(C6H5)3PCH3], : ; c+ [(C6H5)3AsCH3L+ (TCNQ) 2 ' , ( 0<I 
x<L 1 ), anion radical salts are stable both in the tempera­
ture range from 0 K up to decomposition temperatures 
and in the whole composition range from # = 0 . 0 0 to 
# = 1 . 0 0 . So far, this conclusion agrees well with the 
experimental observations.1-8) Another important 
conclusion is concerned with the mechanism of the phase 
transition of the solid solutions. The existence of the 
ßy-+ay phase change is necessary to avoid breaking of 
the ßy phase at low temperatures. 
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Synopsis. Ozone decomposition on natural sand has 
been studied with a flow system. Ozone decomposed signifi­
cantly on natural sand and in particular on iron sand. Silica, 
alumina, and iron oxides, the major components of the sand, 
were also capable of decomposing ozone. 

Ozone is one of the major photochemical pollutants 
and its behavior in the environment has been reported. 
Ozone is reactive, which suggests that ozone may be 
decomposed on terrestrial substances on the ground or 
in airborne dusts. There have been several reports 
describing the heterogeneous decomposition of ozone on 
solids. Harteck and Dondes reported the decomposition 
of ozone on glass wool,1) and Mahieux studied the 
decomposition of ozone on glass, aluminium, copper, 
silica gel, and active charcoal.2) These investigations 
were qualitative and conducted at relatively high 
concentration (several % ) . No report has been published 
concerning the decomposition of ozone at low levels of 
concentration e.g., several ppm. 

The present paper describes the decomposition of 
ozone on natural sea sand in order to clarify the decom­
position of ozone on terrestrial substances. Natural sea 
sand was used since it is easy to handle and has a 
relatively uniform composition. 

E x p e r i m e n t a l 

Materials. Natural Sea Sand: The sample was supplied 
from the seashore of Futsu Cape, Tokyo Bay, Japan. The 
sample was sieved between 80 and 120 mesh, and dried at 
150 °C for three hours in an electric furnace. 

Iron Sand and Remainder-sand: Natural sea sand was subdi­
vided into iron sand and remainder-sand by means of a magnet 
and dried identically. 

Silica, Fe%Oz, Fe^Oé, and Al203: Commercial reagents were 
employed; silica(ar-quartz), or-Fe203(hematite), Fe304 (mag­
netite), anda-Al203(corundum). They were dried identically. 

Instruments. Reactions were conducted in a flow 
system. An ozone generator (Tokyo Kogyo Co.) supplied a 
given concentration of ozone (0—5 ppm). The air containing 
ozone was blown into the reaction cell, filled with the appro­
priate sample powder. Sample powders were supported on 
glass frit and Teflon filters. The concentration of ozone was 
measured by a UV absorption type ozone monitor (Dasibi 
Co.) at the inlet and the outlet of the reactor. The flow 
rate of the ozonized air was regulated at 2 1/min by the suction 
pump of the ozone monitor. 

R e s u l t s and D i s c u s s i o n 

Ozone Decomposition on Natural Sea Sand. No 
ozone was decomposed in blank tests in the absence of 
sample materials in the reactor. Ozone decomposition 
was seen to take place on the natural sand sample 
charged in the reactor. Figure 1 shows the variation 

30 60 90 120 150 

Contact time/min 

Fig. 1. Decomposition rate of ozone on natural sand 
(5 ml) versus contact time. 
Concentration of ozone at inlet ; - O " : 5 ppm, - 0 - : 
3.5 ppm, - A - : 1-0 PPm> ~A~: 0-25 ppm. 

in the rate of decomposition of ozone with contact time 
on the natural sand (5 ml) . The decomposition rate was 
determined as follows: 

Decomposition rate = ([03]i— [03]0) Xf 

[03]i : Inlet ozone concentration (ppm) 
[O3]0 : Outlet ozone concentration (ppm) 

f: Flow rate of air (1/min) 

The rate of decomposition decreased gradually with 
increase in concentration, whereas the rate remained 
almost constant at low ozone concentration. 

The decomposition rate of ozone at constant concent­
ration (3.5 ppm) increased in proportion to the volume 

TABLE 1. ANALYSIS OF SAND 

Component 

SiO, 

Sieved sanda> Original sandb) Analytical 
(wt %) (wt %) method 

57.18 68.21 

Fe203<° 
A1203 

CaO 
MgO 
H 2 0 ( - ) 
H 2 0 ( + ) 
Mn 
Cr 
Zn 

21.73 
10.11 
3.30 
3.76 
0.66 
1.25 
0.33 
0.01 
0.01 

alkaline fusion, 
HF-hH2S04 

EDTA 
chelatometry 

atomic absorption 
photometry 

a) Natural sand sieved between 80 and 120 mesh, and 
provided for exposure to ozone, b) The original natural 
sand was used without sieving, c) Fe content expressed 
as Fe203 . 
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30 60 90 120 150 

Contact time/min 

Fig. 2. Decomposition rate of ozone on various compo­
nents of the sand versus contact time. 
- 0 ~ : Natural sand (5 ml), — • — : iron sand (5 ml) 
—A—: remainder-sand (5 ml). 

of the sand. 
Individual Activity of the Components of Natural Sand in 

Ozone Decomposition. The decomposition was studied 
on several components of sand ; iron sand, remainder-
sand and some reagents. The reagents are those which 
were found by chemical analysis to be the major com­
ponents of the sand; i.e. silica, iron oxides, and alumina. 
The major component of iron sand is known to be 
F e 3 0 4 , so that ar-Fe203 and magnetite were investigated. 

Natural sand was analyzed by chelatometry and 
atomic absorption spectrometry, the results of which are 
given in Table 1. The sand used in the experiments 
contained more iron oxides than the original non-
sieved sand probably because the iron sand grain size 
is mainly distributed in the 80—120 mesh range. In 
measurements of ozone decomposition the amounts of 
samples used were : remainder-sand (5 ml), iron sand 
(5 ml) , silica (5 ml) , F e 2 0 3 (5 ml) , alumina (1 g), and 
F e 3 0 4 ( 1 g). Figure 2 shows the rates of ozone decom­
position on iron sand, remainder-sand and natural sand. 
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Fig. 3. Decomposition rate of ozone on several materials 
versus contact time. 
. . • O - : Fe 20 3 (5 ml), —T—i Fe304 (I g), — • — : 
A l 2 0 3 ( l g ) - A - : S i 0 2 ( 5 m l ) 

The rate on iron sand was higher than that on natural 
sand suggesting that iron sand more effectively decom­
poses ozone than remainder-sand. 

The decomposition rates on alumina, F e 2 0 3 and 
F e 3 0 4 were lower, whereas that on silica remained almost 
constant as shown in Fig. 3. The decomposition on 
F e 3 0 4 , a major component of iron sand, behaved very 
similarly to that on iron sand as shown in Figs. 2 and 3. 
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Synopsis. Pentaamminecarboxylatoruthenium(III) 
complexes are reversibly reduced to the corresponding Ru(II) 
complexes by means of a one-electron transfer at the dropping 
mercury electrode in aqueous solutions. The absorption 
maxima, which ranged from 34.6 X 103 cm - 1 (trichloroacetato 
complex) to 33.6 X 103 cm - 1 (glycinato complex) were assigned 
to the charge-transfer from ligand to metal ; they were linearly 
related to the reversible half-wave potential. 

Recent Polarographie reduction studies of ruthenium-
(III) carboxylato complexes1-3) have revealed that the 
complexes are reversibly reduced at the dropping 
mercury electrode through the process of one-electron-
transfer. For the series of ammineru thenium(II , I I I ) 
complexes,4-9) formal reduction potentials (Ef) were 
measured and a linear relationship was found to exist 
between the Ef and the charge-transfer energy from 
metal to ligand.8) Hence, it seemed of interest to check 
whether or not a similar relationship exists between the 
iij/2 and the CT-energy from ligand to metal for 
ruthenium (111) complexes. In the present paper, a 
similar relationship was confirmed between them for 
the series of R u ( I I I ) complexes. 

E x p e r i m e n t a l 

Reagents and Materials. All the chemicals used were of a 
reagent grade. Twice-distilled water was used in all the ex­
periments. The ionic strength and the acidity of the electrolyte 
solution were adjusted with />-toluenesulfonic acid and its so­
dium salt. Pentaammineformatoruthenium(III) and other 
carboxylato complexes were prepared by the method described 
in the literature10) starting from pentaamminechlororuthe-
nium(III) chloride, the corresponding buffer solution, and 
zinc amalgam. The complexes thus prepared were analyzed 
by the usual elemental analysis, and their chemical purities 
were confirmed. 

Apparatus and Procedures. A Shimadzu RP-50 polarograph 
was employed with a circuit for an extendable and adjustable 
applied potential. An H-cell with a saturated calomel 
electrode (SGE) was used. The capillary used had an m-value 
of 1.82 mg s - 1 and a drop time of 5.0 s in distilled water at 
a mercury height of 61.5 cm with an open circuit. All the 
measurements were carried out in a thermostat of (25.0±O.l) 
°G. Gelatin was used as the maximum suppressor. Polaro­
graphie measurements were made after the removal of oxygen 
by bubbling nitrogen gas through the electrolyte solution. 
The half-wave potentials were determined from the extended 
polarograms by means of the plotting. The potential values 
were corrected for the iR drop by using the minimum value 
of the cell resistance. A Shimadzu UV-200 spectrophotometer 
was used to measure the electronic spectra of the ruthenium 
complexes. 

R e s u l t s and D i s c u s s i o n 

Electrode Process in the Polarographic Reduction of a 

Complex. Each complex exhibits a single well-
defined reduction wave at a potential near zero volt 
vs. S CE. The limiting current, il9 was proportional to 
the concentration of the complex ion. Plots of ix vs. 
the square root of the mercury head, h, were linear. 
Thus , the electrode process posseses a high degree of 
diffusion control. The plots of Ed e%

 vs- l°g D7(*d~-*)] 
are almost linear for all the complexes (Fig. 1). The 
numbers of electrons involved in the reduction was 
determined to be almost one from the slope of this 
plot. Thus , each low-spin ( t2 g)5 ru thenium (III) complex 
was found to undergo a ready one-electron reduction, 
which might be regarded as completing the metal 
t2g subshell. In each case, the reciprocal slope of 
the logarithmic plot is (60 ± 2 ) mV, indicating that the 
electrode reaction is a reversible step, with a one-electron 
transfer. The half-wave potentials measured in solutions 
o f p H 5 . 0 — 7 . 5 and at an ionic strength of 0.1 mol 
d m - 3 are almost constant; they are given in Table 1. 
However, the half-wave potentials shifted slightly in 
a positive direction with a lowering of the p H of the 
solution, as is exemplified in Fig. 1. This fact may be 
attr ibutable to the increase in the reversibility of the 
electrode reaction resulting from the stabilization of the 
reduced R u ( I I ) species. 

The redox potential of the R u ( I I I ) / R u ( I I ) couple 
for the complexes of the [ R u ( 0 2 C R ) ( N H 3 ) 5 ] type 
shifts in a negative direction in this ligand order: 
0 2 C C C 1 3 < 0 2 C C H C 1 2 ^ 0 2 C C H 2 F < 0 2 C C H 2 C 1 ^ 
0 2 C C H 2 B r ^ 0 2 C C H 2 I < 0 2 C H < 0 2 C C H 2 N H 2 < 

Fig. 1. Plots of log [il{id-i)]us.EAmem. 

[Ru(02CH)(NH3)5]2+, O : 0.008 mol dm"3 p-
toluene sulfonic acid, 0.092 mol dm - 3 sodium 
/>-toluenesulfonate, 0 : 0.1 mol dm - 3 sodium 
^-toluenesulfonate. 

[Ru(02GGH2OH)(NH3)5]2+ 0 : 0.1 mol dm"3 

sodium />-toluenesulfonate. 



3106 N O T E S [Vol. 52, No. 10 

0 2 C C H 2 O H < 0 2 C C H 3 ^ 0 2 C C 2 H 5 ^ 0 2 C C H ( C H 3 ) 2 . 
This order agrees with that for the increasing pKa 

values of the ligand acids, except for the glycinato 
complex. 

When the complex ion reacts with the electrode as a 
depolarizer, the reduction is regarded as comprising the 
acceptance of an electron into the lowest unoccupied 
orbital of the complex. For the reduction process, the 
rate and mechanism of the overall process will be 
dictated by the localization and energy of the lowest 
orbital.12) The R u ( I I I ) complex with an electronic 
configuration of (t2 g)5 tends to take the (t2 g)6 configura­
tion because of the high electron affinity of the unoc­
cupied orbital, partly filled with one electron. Thus , 
the values of the redox potentials measured in this 
experiment are correlated with the energy level of the 
lowest unoccupied orbital of R u ( I I I ) in the coordination 
sphere of pentaamminecarboxylato complexes. 

Electronic Spectra of Ru(III) Complexes. The 
electronic spectra of all the complexes measured in a 
solution of 0.1 mol d m - 3 j&-toluenesulfonate at 25 °C 
exhibit an intense band in the energy region from 
3 4 . 6 x l 0 3 c m - 1 to 33.6 X10 3 cm" 1 , as is shown in 
Table 1. These bands are assigned to the charge-
transfer transition from ligand pn to R u ( I I I ) dn orbitals 
on the basis of their intensity and spectral energies, 
and on the basis of a comparison of these data with 
those of the other related complexes.13) The pn-dn 
charge-transfer energy in [ R u n i 0 2 C R ( N H 3 ) 5 ] com­
plexes regularly decreases upon R-substituents of R C 0 2 

ligands in this order: 0 2 C C C 1 3 > 0 2 C C H C 1 2 > 
0 2 C C H 2 F > 0 2 C C H 2 C l > 0 2 C C H 2 B r ^ 0 2 C C H 2 I > 
0 2 C H ^ 0 2 C C H 2 O H > 0 2 C C H 3 ^ 0 2 C C 2 H 5 > 
0 2 C C H ( C H 3 ) 2 > 0 2 C C H 2 N H 2 . This order agrees with 
that of the increasing pKa values of the ligand acids 
except for the case of iso-butyric acid and glycine 
(Table 1). 

I t is of interest to examine whether or not there exists 
a direct relationship between the electrochemical 
stabilization of R u ( I I I ) towards cathodic reductions, 
as expressed in terms of Ex/2 values, and the L M C T 

TABLE 1. HALF-WAVE POTENTIALS AND OPTICAL PARAMETERS 

OF PENTAAMMINERUTHENIUM(III) COMPLEXES AND 

DISSOCIATION CONSTANTS OF LIGAND ACIDS 

Complex ion -

Ru(OaCCCl3)(NH3)52+ 
Ru(02CCHCI2)(NH3)0*+ 
Ru(02CCH8F)(NH3)62+ 
Ru(02CCH2Cl)(NH3) s

2+ 
Ru(02CCH2Br)(NH3)52+ 
Ru(O aCCH8I)(NH3V+ 
Ru(02CH)(NH3)5

2+ 
Ru(OaCCH2OH) (NH3)5

2+ 
Ru(02CCH3)(NH3)5

2+ 
Ru(OaCCHaCH3)(NH3)52+ 
Ru(OaCCH(CH3)2)(NH3)5

2+ 
Ru(02CCH2NH2)(NH3)5

2+ 

- (£ , / , w. SCE)*> 
V 

0 .20 2 ±0.01 
0 .23 5 ±0.01 
0 .23 8 ±0 .0 I 
0 .26 6 ±0.01 
0 .27 0 ±0.02 
0 .27 5 ±0.02 
0 .28 2 ±0.01 
0 . 3 1 ^ 0 . 0 1 
0 . 3 3 ^ 0 . 0 2 
0 .33 8 ±0.01 
0 .34 3 ±0.01 
0 .28 8 ±0.02 

«'mar 
103cm-i 

3 4 . 6 ± 0 . 1 
3 4 . 4 ± 0 . 1 
3 4 . 2 ± 0 . 1 
3 4 . 1 ± 0 . I 
3 4 . 0 ± 0 . 1 
3 4 . 0 ± 0 . 1 
33 .9±Q. l 
3 3 . 9 ± 0 . 1 
3 3 . 8 ± 0 . 1 
3 3 . 8 ± 0 . 1 
3 3 . 7 ± 0 . 1 
3 3 . 6 ± 0 . 1 

Eb> 

1380 
1490 
1470 
1510 
1300 
710 

1540 
1480 
1590 
1660 
1770 
1560 

pKt of ligand acid° 
/Ionic strength\ 
\ mol dm- 3 / 

0.635(0.003—O.Ql) 
1.257(0.001—0.2) 
2.586(0.0003—0.0015) 
2.854(0.0001—0.03) 
2.902(0.0003—0.001) 
3.175(0.0001—0.001) 
3.752(0.01—0.2) 
3.831(0.005—0.08) 
4.756(0.01—0.2) 
4.874(0.01—0.09) 
4.862(0.01—0.02) 
2.350(0.01—0.36) 

33.5 34.0 34.5 

V a x / l ° 3 c m ~ 

a) Supporting electrolyte solution: 0.1 mol d m - 3 sodium /»-toluenesulfonate. 
b) mol"1 dm3 cm"1, c) From Ref. 11. 

Fig. 2. Plot of half-wave potential El/2 of the Ru(02CR)-
(NH3)5

2+/+ couples vs. the wave number of the ligand-
to-metal charge-transfer maxima for the Ru(02GR)-
(NH3)5

2+ complexes. 

spectral energies. The plots of E^2 vs. vm a x (LMCT) 
are approximately linear for various pentaammine-
carboxylatoruthenium(III) complexes, as is shown in 
Fig. 2. A linear relationship between the formal redox 
potential and the absorption maximum of the metal to 
ligand charge-transfer (MLCT) has been found to exist 
for various benzonitrile and pyridine complexes of 
Ru(II) . 8 ) The charge-transfer energy is related only 
to the energy difference between pn and dn orbitals. 
O n the contrary, the reversible half-wave potential is 
directly related to the energy level of a singly occupied 
an orbital. Therefore, this dn orbital energy level may 
be a determinant factor for both the redox potential 
and the charge-transfer energy for pentaammine-
carboxylatoruthenium (III) complexes. 
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Synopsis. Triheteropolymolybdates of [XFeMonO40H2] -
and [XFeMo11O40H3]-type have been synthesised by the metal-
substitution reaction of 12-heteropolymolybdate of [XMo12-
O40]-type (X is Si or P) and their properties have been inves­
tigated. 

Although triheteropolymolybdate, a mixed-metal 
polyoxoanion, was expected to be a new catalyst of 
reversible oxidation in homogeneous system,1J the 
compound, generally prepared in only a narrow p H 
range, is more easily hydrolyzed than the corresponding 
saturated heteropolymolybdate. We have examined 
the metal substitution of 12-heteropolymolybdate 
possessing well-known Keggin structure with Fe (II) and 
Fe(I I I ) ions. We report on the isolation of the reac­
tion products, the anions of [ X F e M o u O 4 0 H 2 ] - and 
[XFeMo1 1O4 0H3]-type as te t rabutylammonium salts, 
where X is Si or P. So far as Fe-ion substituted products 
derived from heteropolyanions of [XMo1 2O4 0]- type are 
concerned, no precedent has been reported except for 
[SiFeMonO4 0H2]*-.2) 

The reaction of [S iMo 1 2 O 4 0 ] 4 - with FeCl3 in aqueous 
solution containing potassium acetate and glacial acetic 
acid gave mainly [SiFeMo 1 1O 4 0H 2 ] 4 _ , where Fe is 
tervalent and all M o are sexivalent cations. The 
complex was isolated as a stable te t rabutylammonium 
salt. The reaction of [SiMo1 2O4 0]4~ with FeCl2 under 
similar conditions gave [SiFeMo 1 1 O 4 0 H 3 ] 5 - , where Fe 
is also tervalent, only one M o being quinquevalent and 
the others sexivalent cations. During the course of 
substitution, bivalent Fe ion turns into a tervalent 
cation by the intrinsic strong oxidation property of the 
parent anion. Such a compound has also been isolated 
as a tetrabutylammonium salt and purified by recry-
stallization from acetonitrile. By the reaction of 
[PMo1 2O4 0]3~ with Fe(II) or Fe( I I I ) ion, the corre­
sponding one iron substituted derivatives were obtained. 
In these reactions no further substitution of M o ion 
was observed. 

The K+, Na+, and N H 4
+ salts of heteropolymolybdate 

containing an iron atom, once formed in aqueous 
solutions of limited p H range, are sparingly recrystal-
lized from an aqueous solution because of their extreme­
ly low solubility and hydrolytic instability. However, 
by using tetrabutylammonium cation as précipitants, 
such unstable anions were converted into stable com­

pounds for recrystallization from a nonaqueous solvent 
such as acetonitrile. The treatment makes the deter­
mination of anionic charge, elemental analysis, spectro­
scopic characterization easy, giving good yield of 
compounds. Furthermore, in a nonaqueous solvent, 
these compounds obtained as a te trabutylammonium 
salt do not decompose even in the presence of an 
organic base such as pyridine and triphenylphosphine. 

The heteropolyanions obtained are formulated as 
follows ; 

[ S i F e m M o V I
n O 4 0 H 2 ] 5 -

[SiFe i nMo vMoV I
1 0O 4 0H 3 ] 5" 

[PFe I I IMoV I
1 1O 4 0H 2 ] 4 -

[PFe I nMo vMoV I
1 0O 4 0H 3 ] 4" 

(yellow, 1), 
(yellow-green, 2), 
(pale yellow, 3), 
(dark green, 4), 

their analytical data being given in Table 1. 
Yellow compounds 1 and 3 are written as 

[ X F e M o n O 4 0 H 2 ] ( X = S i , P) , where " H 2 " is included 
in the formula not only to make the total oxidation 
number consistent; X ( + 4 or + 5 corresponding to 
Si or P), Fe ( + 3 ) , Mo ( + 6), O ( - 2 ) and two H ( + 1 ) , 
but is arised from the hydrogen part of coordinating 
water molecule. Existence of a coordinating water 
molecule was determined by I R study. T h e complexes 
were recrystallized several times from dry acetonitrile 
in order to remove sol va ted water molecules entirely. 
In this case, the characteristic bands of coordinating 
water at ca. 3400 and 1630 c m - 1 were observed, but 
not in the case of parent anion [XMo1 2O4 0]- type. Thus 
if Fe ion is considered as a central ion, the compounds 
obtained are considered to be a hexa-coordination 
complex of Fe coordinated by quinquedentate ligand 
" X M o n 0 3 9 " and unidentate ligand H 2 0 . 

The green compounds 2 and 4 with the formula 
[XFeMo n O 4 0 H 3 ] - type also possess the water molecule 
coordinated to tervalent Fe ion and one hydroxy! group 
coordinated to one quinquevalent M o ion in quin­
quedentate ligand " X M o n 0 3 9 . " The presence of the 
coordinating hydroxyl group is strongly suggested from 
the reduction of parent anion [SiMo1 2O4 0]4~ by alco­
hols leading to the formation of the blue anion of 
[S iMo 1 2 O 4 0 HJ- type , where n = 2—4 and M o ions of 
the corresponding numbers are quinquevalent.3) 

I R and electronic spectral data of heteropoly anion 
obtained together with parent molybdosilicate and 
molybdophosphate, are given in Tables 2 and 3, 

TABLE 1. ANALYTICAL DATA 

Formula 
Found (%) Calcd (%) 

1 
2 
3 
4 

C 

28.09 
26.90 
25.89 
26.46 

H 

5.57 
5.23 
5.04 
5.19 

N 

2.17 
2.10 
1.87 
1.81 

Fe 

1.41 
1.64 
1.82 
1.63 

C 

27.99 
27.53 
25.89 
26.34 

H 

5.27 
5.27 
5.73 
5.66 

N 

2.47 
2.01 
1.89 
1.92 

Fe 

1.97 
2.00 
1.88 
1.92 

K[(C4H9)4N]4[SiFeMouO40H2]. CH3CN 
K[(C4H9)4N]4[SiFeMOllO40H3] 
[(C4H9)4N]4[PFeMOllO40H2]. 12H20 
[(C4H9)4N]4[PFeMOllO40H3] -9H20 
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T A B L E 2. 

t (C 4 H 9 ) 4 N] 4 

[SiMo1 2O4 0] 

980m 980m 980m 

940s 

898vs 

863m 

800vs 

730m(sh) 

633m 

527m 

503m 

937s 

894vs 

863m 

800vs 

730m(sh) 

633m 

527m 

505m 

936s 

887vs 

860m 

788vs 

730m(sh) 

633m 

525m 

500m 

respec t ive ly . T y p i c a l e l ec t ron i c s p e c t r a a r e d o m i n a t e d 
b y t w o o r t h r e e b a n d s i n t h e 2 4 0 — 5 0 0 n m r e g i o n , 
w h i c h a r e b a s e d o n t h e c h a r g e t rans fe r t r a n s i t i o n of 
i n t r a - l i g a n d , viz. i n t r a - u X M o n 0 3 9 " m o i e t y . T h e 
a b s o r p t i o n d u e to t h e low sp in F e ( I I I ) c o m p l e x u n d e r 
s u c h l i g a n d fields is e x t r e m e l y w e a k , t h e w h o l e spec t r a l 
a spec t r e s e m b l i n g t h a t of t h e p a r e n t a n i o n . H o w e v e r , 
t h e i n t ens i t y a t n e a r 300 n m s t rong ly reflects t h e effect 
of m e t a l s u b s t i t u t i o n a n d / o r t h e d e g r e e of r e d u c t i o n of 
m o l y b d e n u m a t o m . T h e c h a r a c t e r i s t i c s p e c t r a of 
c o m p o u n d s 2 a n d 4 c o n t a i n i n g a r e d u c e d m o l y b d e n u m 
i o n h a v e w e a k i n t e n s i t y b a n d s i n a l o n g e r w a v e - l e n g t h 
r e g i o n t h a n 700 n m . T h e d a t a ( T a b l e 2) r evea l t h a t 
t h e m e t a l s u b s t i t u t i o n a n d / o r h e t e r o a t o m s u b s t i t u t i o n 
d i r ec t l y in f luence t h e I R b a n d s d u e to t h e M - O - M , 
X - O a n d M - O s t r e t c h i n g modes . 4 ) Al l s u c h b a n d s 
a r e shifted to t h e low f r e q u e n c y r e g i o n o n r e p l a c e m e n t 
of o n e M o ion i n [ X M o 1 2 O 4 0 ] w i t h o n e F e i o n . 

T A B L E 3. ELECTRONIC SPECTRAL DATA*) 

/nm(emaxxl0-4) 

[(C4H3)4N]4[SiMo12O40] 250sh (7.26), 292 (2.40) 
1 245sh (4.45), 300 (1.64), 420sh (0.04) 
2 245sh (5.35), 300 (2.06), 420sh (0.08) 

[(C4H8)4N]4[PMo12O40] 307 (2.24), 400sh (0.19) 
3 307(6.30), 360sh (2.54) 
4 307(3.24), 360sh (1.29) 

.a) In acetonitrile. 

E x p e r i m e n t a l 

I R spectra (KBr and Nujol) were recorded with a J A S G O 
I R - G spectrophotometer and electronic spectra with a Hi tachi 
124-Model spectrophotometer. I n the measurements of the 
te t raalkylammonium salts of heteropolyanions, both the KBr 
pellet method and the Nujol mull method gave the same 
results. [S iMo 1 2 O 4 0 ] 4 _ was prepared according to the method 
of Nor th and Haney.5> Its te t rabuty lammonium salt was 
obtained by adding excess te t rabutylammonium halide. Com­
mercial [PMo 1 2O 4 0 ] 3~ (Wako Pure Chemicals Co., Ltd.) was 
used. Its te t rabuty lammonium salt was prepared by a similar 
work-up. T h e contents of Fe in the heteropolymolybdates was 
determined by the analytical method in the presence of Mo.6) 

Preparation. KUC^HJ^N^lSiFeMo^O^H^ . CH3CN, 1 : 

A solution of l g (0.478 mmol) H 4[SiMo 1 2O 4 0] • 1 5 H 2 0 

E S [Vol. 52, No. 10 

DATA (KBr) 

1057s 

960s 

950vs 

875s 

804vs 

735w 

605w 

495w 

1053s 

970w(sh) 

950vs 

940vs 

863s 

803vs 

735w 

710w 

588w 

495w 

1053s 

970w(sh) 

948vs 

938vs 

868s 

805vs 

735m (sh) 

590w 

500w 

dissolved in 3 ml water was gently heated to 60 °C. T o this 
were added in succession a 1 ml solution mixture of 15 g (0.15 
mol) C H g C O O K and 25 ml water containing 1 ml glacial 
acetic acid, and a 2 ml solution of 1.2 g (7.39 mmol) FeCl3 

dissolved in 20 ml water. T h e mixture was refrigerated 
overnight. T h e white precipitate produced was filtered off. 
T h e filtrate was evaporated under 50 °C until some crystal 
appeared, and then refrigerated overnight. T h e resulting 
yellow needle compound of K 5 [S iFeMo n 04oH2] was dissolved 
in a small amount of warm water, and then an aqueous 
solution containing excess te t rabutylammonium bromide was 
added. T h e product was washed several times with water, 
dried in vacuo, and recrystallized from dry acetonitrile (yield 
3 5 % , pale yellow). 

KUC^H^^N^SiFeMo^O^H^ 2: 0.94 g (7.39 mmol) of 
FeCl2 was dissolved in 20 ml water containing 0.5 ml coned 
H C l . Except for use of this solution instead of the FeCl3 

aqueous solution in the preparat ion of 1, the product was 
obtained by a similar work-up (yield 3 8 % , yellow-green). 

[ f C 4 i / J 4 i V ] 4 [ P ^ M o 1 1 0 4 0 / / 2 ] • 12H20, 3: A solution of l g 
H 3[PMo 1 2O4 0] in 3 ml water was gently heated to 65 °C. 
A 1 ml solution of 15 g (0.15 mol) C H 3 C O O K in 25 ml water 
containing 1 ml glacial acetic acid was added and stirred 
thoroughly. A 2 ml solution of 1.2 g (7.39 mmol) FeCl3 in 
20 ml water was then added and refrigerated overnight. The 
precipitate was dissolved in water. T o this yellow clear 
solution was added a small amount of solution containing 
excess te t rabuty lammonium bromide. T h e product was 
thoroughly washed with water and dried in vacuo (yield 9 5 % , 
pale yellow). 

UCtHJiNUPFeMouO^Hs] -9^0, 4: 0.94 g (7.39 mmol) 
of FeCl2 was dissolved in 20 ml water containing 0.5 ml coned 
H C l . Except for use of the solution mixture instead of the 
FeCl3 aqueous solution in the preparat ion of 3, the product 
was obtained by a similar work-up (yield 6 2 % , dark green). 
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Synopsis. Mono-0-trityl derivatives of methyl a- and 
/?-L-rhamnopyranoside have been prepared and the structures 
established by PMR analysis. 

Hockett and Hudson2* described the tritylation of 
methyl a-L-fucopyranoside which contains only sec­
ondary hydroxyl groups. 

Recently, the preparation of methyl 2 -0- and 3-0-
trityl-a-D-fucopyranoside has been reported.3* This 
paper represents on extention of that work and reports 
the tritylation of methyl a- and /?-L-rhamnopyranoside. 

0R3 0R2 

1 R2= 
3a R8= 
3b R3= 
3c R3= 
4a R4= 
4b R4= 
4c R4= 
5a R2= 
5b R2= 
6 R3= 
7 R4= 
8 R 2 = 
9a R3= 
9b R3= 

10a R4= 
10b R4= 

R3 = R4 = ^ 
Tr, R2=R4= 
Tr, R2=R4= 
Tr, R2=R4= 
Tr, R2=R3= 
Tr, R2=R3= 
Tr, R2=R3= 
Tr, R3=R4= 
Tr, R3=R4= 
H, R 2 = R 4 = 
H, R 2 = R 3 = 
H, R 3 = R 4 = 
H, R 2 = R 4 = 
Ac, R2=R4= 
Ac, R2=R3= 
Ac, R2=R3= 

2 
= H 11a 
= Ac l i b 
= Me l i e 
= H 12a 
=Ac 12b 
= Me 12c 
=H 13a 
=Ac 13b 
Ac 14a 
Ac 14b 
Ac 
Me 
=Me 
=Me 
= Me 

Tr: 

R 3 =Tr , R2=R4= 
R 3 =Tr , R2=R4= 
R 3 =Tr , R2=R4= 
R 4 =Tr , R2=R3= 
R 4 =Tr , R2=R3= 
R 4 =Tr , R2=R3= 
R 3 = H , R 2 = R 4 = 
R 3=Ac, R2=R4= 
R 4 = H , R 2 = R 3 = 
R 4=Ac, R2=R3= 

-0-(<2». 

= H 
=Ac 
= Me 
=H 
=Ac 
= Me 
Me 
= Me 
Me 
= Me 

R e s u l t s a n d D i s c u s s i o n 

The reaction of 1 with 2.5 molar equivalents of trityl 
chloride in pyridine afforded three mono-O-trityl 
ethers: the 3-0- (3a), 4 -0 - (4a) and 2-0-trityl derivative 
(5a) in 57, 2.8 and 1.4% yields, respectively, which were 
converted to the corresponding di-O-acetates 3b, 4b, 
and 5 b . The P M R spectra were analyzed with a 
favorable IG conformation4) confirming the structure. 
T h e P M R data for the compounds described are 
summarized in Tables 1 and 2. Detritylation of 3b, 
4b, and 5 b with HBr in glacial acetic acid at low 
temperature gave the corresponding di-O-acetates: 6, 7, 
and 8. Methylation of 3a and 4a, followed by detrityla­
tion and acetylation gave the O-acetyl-di-0-methyl 
derivatives 9 b and 10b, the structures of which were 
established by P M R analysis. Gas chromatography-
mass (GC-MS) spectra of the intermediary d i -0 -
methyl derivatives (9a and 10a) were similar to the 

TABLE 2. CHEMICAL SHIFTS (ppm) OF METHYL PROTONS 

3b 
4b 
5b 
6 
7 
8 
3c 
4c 
9b 
10b 
lib 
12b 
lie 
12c 
13b 
14b 

OAc (s, 3H) 

1.85, 2.18 
1.18, 1.85 
1.88, 2.02 
2.09, 2.13 
2.04, 2.10 
2.02, 2.06 

2.13 
2.08 

1.72, 1.92 
1.20, 1.92 

2.17 
2.07 

OMe (s, 3H) 

3.10, 
2.85, 
3.36, 
3.40, 

3.26, 
2.84, 
3.50, 
3.42, 

3.12 
3.18 
2.93 
3.33 
3.36 
3.37 
3.14, 
3.37, 
3.45, 
3.42, 
3.32 
3.34 
3.26, 
3.40, 
3.52, 
3.53, 

3.57 
3.43 
3.48 
3.52 

3.58 
3.43 
3.57 
3.62 

H-6 (d, 3H) 

1.10 
1.08 
1.25 
1.19 
1.35 
1.20 
1.25 
1.05 
1.33 
1.20 
1.19 
1.16 
1.33 
1.09 
1.37 
1.25 

TABLE 1. PMR PARAMETERS OF METHINE PROTONS 

Chemical shifts, d/ppm Coupling constants/Hz 

3b 
4b 
5b 

6 
7 
8 
9b 

10b 
l i b 
12b 
13b 
14b 

H-l 

4.43(d) 
4.42 (d)a> 
3.53(d) 
4.63(d) 
4.58(d) 
4.66(d) 
4.66(d) 
4.75(d) 
3.89d(bs) 
4.51(d) 
4.37 (d,bs) 
4.32 (d,bs) 

H-2 H-3 

4.18(dd) 3.88(dd) 
ca.5.2 ca.5.3 

3.88 (dd) 5.07(dd)c> 
5.02 (dd) 3.98 (dd) 

4.9—5.3(m) 
4.01 (dd) 4.8—5, 
3.60(dd)f>e> 5.08(dd) 
3.3—3.6 (overlapped) 
4.74(d,bs) 3.48 (dd) 
5.33 (dd) 5.01 (dd) 

3.1—4.1 (m) 4.77 (dd) 
3.1—3.9(m) 

H-4 H-5 

5.27(dd) 3.47(qd) 
3.18(dd)b> 4.03 (qd) 
5.44 (dd) *z.3.7(m)d> 
4.82 (dd) 3.77 (qd) 

3.4—3.9(m) 
.3(m) 3.82 (qd) 

3.22 (dd)« 3.67 (qd) 
5.06 (dd) 3.85 (qd) 
5.27 (dd) ca.3.1(m) 
3.23 (dd) 3.70 (qd) 

3.1—4.1(m) 
5.02 (dd) 3.1—3.9(m) 

J l ,2 

1.9 
1.5 
1.6 
1.5 
1.8 
1.6 
2.0 
1.3 

ca.0.5 
ca.0.7 
ca.0.5 
ca.0.5 

J 2,3 

3.2 
— 

3.0 
4.0 
— 

3.0 
3.4 
— 

3.4 
3.3 
3.0 
— 

Jz,4, 

10.0 
9.0 

10.5 
9.8 
— 
— 

9.5 
9.5 

10.0 
9.5 

10.0 
10.0 

Ji,5 

9.7 
9.0 
9.0 

10.0 
— 

9.5 
9.5 
9.5 

10.0 
9.5 

— 
10.0 

J 5 , 6 

6.0 
6.1 
6.0 
6.0 
6.0 
6.0 
6.0 
6.4 
6.2 
6.0 
6.0 
6.2 

Mutiplicity in nuclear magnetic double resonance (irradiated protons are in parentheses) : a) s (H-2 and H-3); 
b) d (H-2and H-3); c) d (H-2); d) d (H-6); e) s (H-2); f) d (H-l); g) d (H-3); bs: broad singlet. 
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m e t h y l 2 ,4 - a n d 2 ,3 -d i -O-methy l -a -D- fucopyranos ides , 3 ) 
r espec t ive ly , s u p p o r t i n g t h e p r o p o s e d s t r u c t u r e s . T h e 
a n a l o g o u s t r i e t h y l a t i o n of 2 g a v e a 2 : 1 m i x t u r e of t w o 
m o n o - O - t r i t y l e t h e r s : 3 - 0 - (11a) a n d 4 - 0 - ( 1 2 a ) , i n a 
c o m b i n e d y ie ld of 52 % . T h e s t r u c t u r e s w e r e e s t ab l i shed 
b y P M R ana lys i s of t h e c o r r e s p o n d i n g d i - O - a c e t a t e s 
( l i b a n d 12b) a n d O - a c e t y l - d i - 0 - m e t h y l de r iva t i ve s 
( 1 3 b a n d 14b) of 2 . T h e e q u a t o r i a l O H - 3 h a v i n g a 
v i c ina l eis h y d r o x y l g r o u p ( O H - 2 ) w a s m o s t r e a c t i v e 
t o w a r d s t r i t y l a t i o n as s h o w n i n t h e select ive a c e t y l a t i o n 
of t h e pyranos ides . 4 ) 

E x p e r i m e n t a l 

General Methods. T h e solution were evaporated under 
reduced pressure below 40 °G. Optical rotations were meas­
ured with a J a p a n Spectroscopic DIP-SL Polarimeter. P M R 
spectra were recorded on a N E V A NV-14 (60 MHz) or Var i an 
EM-360 (60 M H z ) spectrometer, deuteriochloroform being 
used as the solvent and tetramethylsilane as an internal 
s tandard. T h e multiplicities of the signals have been desig­
nated s for a singlet, d for a doublet , dd for a doublet of 
doublets, qd for a quar te t of doublets and m for a multiplet . 
GG-MS was conducted using the Var ian M A T 111 G C / M S 
system. An electron energy of 80 eV was applied. A glass 
column ( 5 ' x l / 8 " ) packed with 5 % NPGS/Chromosorb W 
was used for the GG. T L G and preparat ive column chro­
matography were performed with Wakogel B-10 and G-300 
(Wako J u n y a k u Go., L td . ) , respectively. 

Tritylation of Methyl a- (1) and ß-L-Rhamnopyranoside (2). 
Rhamnosides 1 and 2 were prepared from commercial 
L-rhamnose monohydra te . A mixture of 1 or 2 and trityl 
chloride in a molar ratio of 1: 2.5 dissolved in dry pyridine 
( X 5) was allowed to stand for five days a t room temperature . 
A small amoun t of water was added to the solution. After 
concentration, the residue was dissolved in ( X 5) toluene. 
Tr iphenylmethanol was filtered from the toluene solution and 
the triphenylmethanol-free concentrate subjected to recycling 
column chromatography five-times on silica gel (50 g) with 
5 % acetone/benzene. Evaporat ion of the solvent fractions 
having Rt values of 0.45, 0.42, and 0.39 on T L G in 15% 
acetone/benzene gave 973 mg (57.2%) of 3a, 62 mg (3.7%) 
of 4a and 29 mg (1.6%) of 5a, respectively, as an amorphous 
solid. [a]2

D° in chloroform: 3a, - 5 0 . 6 ° (c 2 .7) ; 4a, - 8 8 . 4 ° 
(c 1.0); 5a, + 4 5 . 0 ° (c 1.1). Found : 3a, G, 74.26; H , 6 .82%; 
4a, C, 74.37; H , 6 .79%; 5a, G, 73.86; H , 6 .73%. Galcd for 
G 2 6 H 2 8 0 5 : G , 74.26; H , 6 . 7 1 % . 

T h e triphenylmethanol-free concentrate from 2 ( 1780 mg) 
was chromatographed on silica gel (50 g) with 5 % acetone/ 
benzene three-times. Concentrat ion of the fractions having 
R{ values of 0.56 and 0.37 on T L G with 12.5% acetone/ 
benzene two developments gave 1522 mg (36.5%) of 11a and 
633 mg (16.7%) of 12a as an amorphous solid, respectively. 
[aJ2

D° in chloroform: 11a, + 5 5 . 2 ° (c 0 .9); 12a, + 1 3 . 2 ° (c0.7). 
F o u n d : 11a, G, 74.26; H , 6 . 7 1 % ; 12a, G, 73.94; H , 6 .80%. 
Galcd for G 2 6 H 2 8 0 5 : G, 74.26; H , 6 . 7 1 % . Compound 12a 
was recrystallized as a monobenzene complex from benzene: 
[a]2

D° + 1 4 . 7 ° (c 1.2, chloroform), m p 67—68 °G. Found as 
a benzene complex: G, 77.65; H , 7 .07%. Calcd for C 3 2 H3 4 0 5 : 
C, 77.52; H , 6 .87%. 

Acetylation of Methyl O-Tritylrhamnopyranoside. Each 
sample was acetylated under s tandard conditions for 2 days. 
After chromatographic purification, the acetates were recrys­
tallized (except 4b a n d 5b) from 8 0 % aqueous acetone in 
yields of 70—80%. M p : 3b, 127—130 °G; l i b , 188—190 
°G; 12b, 186—188 °C. [a]2

D° in chloroform: 3b, - 7 . 9 ° (c 3.3); 

4b, - 8 6 . 7 ° (c 0 .7) ; 5b, + 3 1 . 6 ° (c 0.5); l i b , +53 .6° (c 1.1); 
12b, - 4 2 . 3 ° (c 1.35). Found : 3b, G, 71.12; H , 6 . 6 1 % ; 4b, 
G, 71.16; H , 6 .44%; 5b, G, 71.11; H , 6 . 5 1 % ; l i b , C. 71.16; 
H , 6 .46%; 12b, G, 71.15; H , 6 .46%. Calcd for G 3 0 H 3 2 O 7 : 
C, 71.41; H , 6.40%. 

Detritylation of Tritylacetyl Derivatives of Methyl Rhamnopyrano-
sides. T h e detritylation procedure for 3b, 4b, and 5b 
was almost identical to tha t for the tritylacetylsucroses.6) The 
corresponding di-O-acetates were purified on a silica-gel 
column eluted with 5 % acetone/benzene. T h e yields of 
detritylation products were 8 0 — 8 5 % . Recrystallization 
(except 7) from 8 0 % aqueous acetone gave the products as 
needles. M p : 6, 116 °C ; 8, 119—120 °G. [oe]2D° in chloroform: 
6, - 1 0 6 . 5 ° (c 1.7); 8, - 9 7 . 4 ° (c 1.0). Found : 6, C, 75.24; 
H , 7 .12%; 8, G, 74 .91 ; H , 7 .17%. Calcd for G 2 8 H 3 2 0 5 : C, 
74 97; H , 7 .19%. 

Methylation of Methyl O- Tritylrhamnopyranosides. Methyla-
tion was conducted according to the Purdie method.7) T h e 
products were purified on a silica-gel column eluted with 1% 
acetone/benzene, after the column was washed with benzene. 
T h e yields were approximately 7 0 % . Recrystallization from 
8 0 % aqueous acetone gave the products as needles M p : 3c, 
101—104 °G; 4c, 138—139 °G; l i e , 158—159 °G; 12c 174 
— 178 °G. [oc]2D° in chloroform: 3c, - 3 0 . 0 ° (c 6.7); 4c, - 9 6 . 5 ° 
(c 0 .7); l i e , + 6 7 . 3 ° (c 2 .7) ; 12c, +18 .5° (c 1.5). Found: 
3c, C, 75.24; H , 7 .12%; 4c, G, 74.81; H , 7 .17%; l i e , C, 
74.72; H , 7 .17%; 12c, G, 74.81; H , 7 .19%. Calcd for 
G 2 8 H 3 2 0 5 : C , 74.97; H , 7 .19%. 

Detritylation of Methyl O-Trityl-di-O-methylrhamnopyranoside 
and Acetylation of the Corresponding Methyl Ethers. Detrityla­
tion was conducted by heating the sample with 8 0 % aqueous 
acetic acid at 90 °C for 1 h. T h e corresponding methyl ethers 
were purified on a silica-gel column eluted with 2 0 % acetone/ 
benzene. After acetylation of the methyl ethers, the corre­
sponding acetates were purified on a silica-gel column, the 
acetates being eluted with 3 % acetone/benzene after the 
column was washed with benzene. T h e yields of detritylation 
and acetylation products were greater than 9 0 % . M p : 13a, 
73.5 °C ; 14a, 63—64 °G; 14b, 83—84 °C. [oc]2D°: 9a, - 6 3 . 2 ° 
{c 1.2, methanol ) ; - 5 3 . 3 ° (c 1.2, chloroform); lit,8) [a]g 
- 6 8 . 0 ° (c 4 .1 , methanol ) ; 9b, - 4 6 . 5 ° (c 0.8, chloroform); 
lit,8) - 5 1 . 1 ° (c 0.8, chloroform); 10a, - 2 2 . 8 ° (c 1.0, metha­
nol ) ; - 1 8 . 2 ° (c 1.0, chloroform); lit,9) [<x]D - 1 4 ° (c 1.94, 
methanol ) ; 10b, - 3 2 . 5 ° (c 1.4, chloroform); 13a, +88 .2° (c 
1.4, chloroform) ; 13b, + 8 9 . 9 ° (c 1.4, chloroform) ; 14a, +68 .3° 
{c 3.2, chloroform) ; 14b, + 8 9 . 2 ° (c 2.3, chloroform). Found: 
10b, C, 53.40; H , 7.60%, 13b, C, 53.17; H , 7.92%, 14b, G, 
53.72; H , 7 .49%. Calcd for G n H 2 0 O 6 : C, 53 .21; H , 8.12%. 
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Synopsis. A preparative method for the iV-benzyloxy-
carbonyl hydroxy amino acid £-butyl esters using the aceto-
acetyl group as a protecting group for the hydroxyl group 
of hydroxy amino acids is described. The acetoacetyl group 
is readily introduced into the hydroxyl group with diketene 
and effectively deprotected from the O-protected compounds 
using hydrazine. 

Recently, a new method for the synthesis of a peptide 
lactone as exemplified in the preparation of N-
(3 - hydroxypicolinyl) threonyl - D-leucyl - propylsarcosyl -
leucyl-alanyl-alanine threonine lactone, via peptide 
cyclization between sarcosine and leucine (Fig. point A) 
has been reported.1) The peptide lactone has also been 
synthesized by an alternative route, in which peptide 
cyclization was achieved by peptide bond formation 
between threonine and D-leucine (Fig. point B).2) In 
the latter case it was necessary to prepare 7V-benzyloxy-
carbonyl threonine £-butyl ester (4a) as a starting 
material. 

7V-benzyloxycarbonyl amino acids are readily es-
terified by treating the acid with isobutylene in the 

point B 

Hypic-Thr-D-Leu-Pro-Sar—, 
I «—point A 
I—O-Ala-Ala-Leu—I 

presence of an acid catalyst. In the case of iV-benzyl-
oxycarbonyl hydroxy amino acids, however, this method 
is accompanied by simultaneous O-alkylation. A novel 
preparation of £-butyl ester of the hydroxy amino acids 
4a—c via protection of the hydroxyl group of l a — c 
effectively overcomes this problem. For the O-protec-
tion the acetoacetyl (AcA) group proved very effective 
for this purpose, the synthetic route of which is shown 
in Scheme 1. A practical example will be given to illus­
trate the route for the case of threonine derivatives. 
The reaction of Z - T h r - O H ( la ) with diketene was 
conducted in dichloromethane in the presence of an 
equimolar amount of triethylamine at room temper­
ature to give Z - T h r ( A c A ) - O H (2a) in 9 6 % yield. 
Esterification of 2a with isobutylene in the presence 
of a catalytic amount of coned sulfuric acid gave the 
£-butyl ester 3a in 6 5 % yield. 

diketene isobutylene 
Z-A.A. -OH • Z -A.A. -OH > 

la—c 

Z-A.A.-OBu' 
i 

hydrazine 

AcA 

2a—c 

HsO
+ 

-> Z-A.A.-OBu* 

AcA 

3 a - ( A. A. = hydroxy amino acid) 
(a = Thr, b = Ser, c = Hyp) 

Scheme 1. 

Similarly, but without isolation of 2b—c, compounds 
l b — c were converted into the corresponding esters 
3 b — c . Attempts to protect the hydroxyl group of 
l a — c by acetylation gave unsatisfactory results. 

Removal of the protecting group from compound 3a 
was achieved by treatment with a twicemolar amount of 
hydrazine in ethanol for 30 min, the yield of deprotected 
product 4a being 9 4 % . Similarly, the deacylated 
products 4 b — c were prepared from compounds 3b—c, 
the results of which are listed in Table 1. 

TABLE 1. PREPARATION OF JV-BENZYLOXYCARBONYL 

HYDROXY AMINO ACID F-BUTYL ESTERS 4A C 

FROM JV-BENZYLOXYCARBONYL 

HYDROXY AMINO ACIDS l a C 

Starting material 

Z-Thr-OH (la) 
Z-Ser-OH (lb) 
Z-Hyp-OH (lc) 

3a—c 

65a> 
65b> 
80b> 

Yield/% 

4a—c 

94 
96 

quant. 

a) Yield based on 2a. 
ponding lb—c. 

b) Yields based on the corres-

E x p e r i m e n t a l 

All melting points are uncorrected. The NMR spectra 
were recorded on a JEOL/MH-60. The chemical shifts are 
reported on the ô scale relative to TMS as an internal standard. 
The IR spectra were measured with a JASGO IRA-1 diffrac­
tion grating infrared spectrometer. The optical rotation values 
were measured with a JASGO DIP-SL polarimeter. 

Z- Thr(AcA)-OH (2a). To a suspension of Z-Thr-OH 
(la) (506 mg, 2 mmol) in dichloromethane (10 ml) was added 
triethylamine (202 mg, 2 mmol). To the resulting clear solu­
tion, diketene (168 mg, 2 mmol) was added. After stirring at 
room temperature for several hours, the reaction mixture was 
evaporated to dryness under reduced pressure. The residual 
oil was dissolved in ethyl acetate and the organic layer washed 
with IM HCl (2.2 ml) and water, and dried over Na2S04 . 
After evaporation of the solvent, the desired product was 
obtained as an oil (96% yield; 646 mg) : IR (neat) 3300, 
2990, 1710, 1530, 1060 cm"1; NMR (GDG13) Ô 1.30 (d, 3H, 
J = 7 H z ) , 2.14 (s, 3H), 3.36 (s, 2H), 4.30—4.65 (dd, 1H, 
J = 9 H z ) , 5.07 (s, 2H), 5.27—5.90 (m, 2H), 7.24 (s, 5H), 
8.75 (bs, 1H). DGHA salt of 2a: mp 140—141 °G; [a] g 
+ 3.0° (0.67, absEtOH); Found: G, 64.80; H, 8.26; N, 
5.26%. Galcd for C28H42N207: G, 64.84; H, 8.16; N, 5.40%. 

Z-Thr(AcA)-OBut (3a). Compound 2a (337 mg, 1 
mmol) was dissolved in dichloromethane (10 ml) and the 
solution saturated with isobutylene in the presence of coned 
sulfuric acid (0.05 ml). The reaction mixture was allowed 
to stand at room temperature for 65 h, evaporated in vacuo 
and the residue dissolved in ethyl acetate. The organic layer 
was washed with 10% NaHG0 3 and water, dried over Na2S04 
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and filtered. Then it was evaporated to dryness in vacuo to 
give the crude product. The crude oil was subjected to 
preparative TLG using benzene-ethanol (10: 1 v/v) as solvent 
to give the desired product 3a as an oil in 65% yield (254 
mg): IR (neat) 3320, 2960, 1720, 1510, 1150, 1060cm-1; 
NMR (GG14) Ô 1.25 (d, 3H, J=7Hz), 1.37 (s, 9H), 2.09 (s, 
3H), 3.22 (s, 2H), 4.10—4.42 (bd, IH, / = 9 H z ) , 5.00 (s, 
2H), 5.17—5.75 (m, 2H), 7.20 (s, 2H). 

Z-Ser(AcA)-OBut (3b) : Oil, IR (neat) 3320, 2960, 1715, 
1420, 1050 cm-1; NMR (CG14) Ö 1.39 (s, 9H), 2.08 (s, 3H), 
3.25 (s, 2H), 4.32 (m, 3H), 4.97 (s, 2H), 5.62—5.95 (m, IH), 
7.19 (s, 5H). 

Z-Hyp(AcA)-OBé (3c): Oil, IR (neat) 2960, 1740, 1700, 
1050 cm-1; NMR (GG14) Ô 1.39 (d, 9H, J=S Hz), 2.12 (s, 
2H), 2.30 (m, 2H), 3.29 (s, 2H), 3.65 (m, 2H), 4.18 (t, IH, 
/ = 7 Hz), 5.01 (s, 2H), 5.22 (bs, IH), 7.20 (s, 5H). 

Z-Thr-OBu* (4a). To a solution of 3a (100 mg, 
0.25 mmol) in ethanol (2 ml), was added a solution of 
hydrazine hydrate (25 mg, 0.50 mmol) in ethanol. The reac­
tion mixture was stirred at room temperature for 30 min, and 
evaporated to dryness under reduced pressure. The residue 
was dissolved in ethyl acetate and filtered. After evaporation 
of the solvent, the residue was subjected to preparative TLG 
using benzene-ethanol (10: 1 v/v) as solvent to give the 
desired product 4a (74 mg, 94%), which was recrystallized 
from benzene-hexane: mp 66—67 °G; [a]2

D
6 —20.6° (1.07, 

absEtOH); IR (KBr) 3400, 3180, 1738, 1705, 1220, 1090, 
1065 cm-1; NMR (GG14) ô 1.15 (d, 3H, J = 7 H z ) , 1.43 (s, 

9H), 2.70 (d, 1H, y - 4 Hz), 3.29—4.23 (m, 2H), 5.03 (s, 2H), 
5.64 (bd, IH, y = 9 H z ) , 7.26 (s, 5H); Found: G, 61.90; H, 
7.32; N, 4.68%. Galcd for G16H23N05: G, 62.12; H, 7.49; 
N 4.53<y . 

Z-Ser-OBu" (4b): Mp 93—95 °G; [a]2
D

6 -16.5° (1.03, 
absEtOH); IR (KBr) 3400, 3260, 1710, 1704, 1235, 1045 
cm-1; NMR (GG14) ô 1.46 (s, 9H), 2.60 (s, IH), 3.83 (d, 
2H, 7 = 4 Hz), 4.20 (m, 1H), 5.03 (s, 2H), 5.70 (d, 1H, y = 8 
Hz), 7.86 (s, 5H); Found: G, 61.32; H, 7.04; N, 4.58%. 
Galcd for G15H21N05: G, 61.00; H, 7.17; N, 4.74%. 

Z-Hyp-OBé (4c): Mp 62—63 °G; [a]2
D

7 -68.6° (1.09, 
absEtOH); IR (KBr) 3440, 1730, 1665, 1370, 1040cm"1; 
NMR (GG14) ô 1.31 (d, 9H, y = 7 H z ) , 2.20 (m, 2H), 3.39 
(m, 2H), 3.73—4.38 (m, 3H), 4.89 (s, 2H), 7.02 (s, 5H); 
Found: G, 63.66; H, 6.96; N, 4.31%. Galcd for G17H23N05: 
G, 63.53; H, 7.21; N, 4.36%. 
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Synopsis. 4,6,10, lO-Tetramethyltricyclo^AO.O1»3]-
undec-4-ene-5-carboxylic acid has been converted to a tricyclic 
y-butyrolactone by perchloric acid catalyzed isomerization. 
Acetalization of the ketocarboxylic acid afforded an acetal 
derivative of y-butyrolactone. 

The acid-catalyzed rearrangement of cyclopropyl-
carbonyl or cyclopropylcarbinyl systems have been 
extensively investigated. Most of these reactions have 
known to undergo acid-catalyzed cleavage of the 
cyclopropane ring and migration of the angular methyl 
group and/or one of a ^ ^ - d i m e t h y l groups. For 
example, under acid conditions, m-thujopsene (1) is 
converted by ring enlargement and angular methyl 
group migration into a diene (2).1* The acid-cata­
lyzed isomerization of 6,10,10-trimethyl-4-oxotricyclo-
[4.4.0.01»3]decane (3) caused ring enlargement and gem-
dimethyl group migration giving the product 4.2) 

5 6 7: R = GHO 
8 : R = COOH 

on the olefinic carbon, a C 5 - H proton, and a vinyl 
proton are indicated by the N M R signals at ô 1.80, 
2.35, and 5.45 ppm, respectively. Reduction of 9 with 
li thium aluminium hydride in ether gave an alcohol 
(10). The I R absorptions of 10 at 3260 and 3100 cm" 1 

show the presence of a hydroxyl group. The presence 
of a methyl group on the olefinic carbon, a vinyl proton, 
and a hydroxymethyl group are indicated by the N M R 
signals at Ô 1.75, 5.41, and 2.78 ppm (d, / = 3 . 0 H z ) , 
respectively. 

v/ OH 

CH2OH 

Marshall and Ellison3) reported that cyclopropyl-
methanols were subjected to solvolysis in aqueous acid 
to give y-butyrolactones fused with cycloheptene and 
cyclohexene rings. Interest in these reactions prompted 
the authors to investigate the acid-catalyzed isomeriza­
tion of 4,6,10,10-tetramethyltricyclo[4.4.0.01»3]undec-4-
ene-5-carboxylic acid (8) and its related compound (5). 
I t was found that compounds 5 and 8 were converted 
into the y-butylolactones (9 and 11) via cleavage of the 
cyclopropane ring, and that migration of the angular 
methyl or g^m-dimethyl group of 5 and 8 did not occur. 

The starting materials (5 and 8) were synthesized 
from m-thujopsene (1) as follows. Ozonolysis of eis-
thujopsene (1) in acetic acid gave 6 (47.5%) and 5 
(26.6%). The I R and N M R spectra of 6 were identical 
with those of the sensitized photo-oxidation products 
of m-thujopsene (1).4) Compound 5 was identical with 
the spectra of the ozonolysis products of m-thujopsene 
(1) obtained in methanol and ethyl acetate by Norin.5) 
One of the ozonolysis products (6) was converted into a 
carboxylic acid (8) via the aldehyde (7)4»6) as reported 
by Ohlof f^a / . 6 ) 

The reaction of tricyclic carboxylic acid (8) with 70 % 
perchloric acid in benzene gave a y-butyrolactone (9) 
in 6 5 . 5 % yield. The structure of 9 was deduced from 
the spectral data together with the following evidence. 
The I R absorption of 9 at 1760 c m - 1 shows the presence 
of y-butyrolactone. The presence of a methyl group 

The other ozonolysis product (5) was refluxed for 
10 h with ethylene glycol and />-toluenesulfonic acid in 
benzene and the reaction mixture chromatographed to 
give compound 11. The structure of 11 was deduced 
from the spectral data as well as the following evidence. 
The I R absorption of 11 at 1755 c m - 1 shows the presence 
of an y-butyrolactone r ing. Reduction of 11 with 
li thium aluminium hydride in ether at room temperature 
gave the lactol (12). The lithium aluminium hydride 
reduction of 11 in ether at boiling point however for 
2 h gave the diol (13). 

CH 2 OH 

U : R 1 = R f l = 0 13 
1 2 : R 1 = H , R 2 = O H 

E x p e r i m e n t a l 

The melting points were determined on a Yanagimoto 
micro melting point apparatus and are uncorrected. The 
NMR spectra were recorded on a JEOL PMX-60 spectrometer 
at 60 MHz, using Me4Si as an internal standard. The IR 
spectra were determined on a Shimadzu IR-400 spectrometer. 
Elemental analyses were performed by a Hitachi 026 CHN 
analyzer. The analytical GLG was performed on a Shimadzu 
GG-4B apparatus with a 3 m stainless steel column packed 
with 3% SE-30, at 10 °C/min 150—250 °G. 



3114 N O T E S [Vol. 52, No. 10 

0zonulysis of eis- Thujopsene (1). A stream of ozone at 
20—35 °G was passed through a stirred solution of 1 (20.4 g, 
0.1 mol) in acetic acid (200 ml), until all the starting material 
had disappeared. The reaction mixture was subsequently 
treated with zinc dust (30 g) for 1 h at 60—70 °G to reduce 
the ozonide, filtered, and concentrated. The residue was 
dissolved in ether (500 ml) and the ether solution washed 
with 5% aqueous NaOH (50 mix3) , water, dried (Na2S04), 
and evaporated to give an oily residue (16.2 g). The product 
was purified by column chromatography using silica gel. 
Elution with benzene gave 6 ( 11.2 g) as a colorless liquid. 
6; NMR (CDC13) Ô 0.72 (s, 3, CH3), 1.13 (s, 3, CH3), 1.30 
(s, 3, CH3), 2.37 (s, 3, CH3), 3.00 (dd, 1, J - 1 0 . 0 and 3.5 
Hz), and 9.68 (t, 1, y = 3 . 0 Hz). The combined water layer 
was acidified with 10% HCl, and extracted with ether. The 
ether solution was washed with water, dried (Na2S04), and 
evaporated to give a solid residue (7.9 g). A pure sample 
of 5 was obtained by recrystallization from hexane. 5; mp 
165—168 °G (lit,6> mp 166—168 °G). 

Cyclization of 6. To a stirred solution of 6 (10.5 g, 
40 mmol) in ethanol (200 ml), maintained at 15 °G was added 
powdered KOH (50 mg, 10 mmol). The solution was stirred 
for 2 h at room temperature, and then the solvent evaporated 
under reduced pressure and the residue diluted with water 
and extracted with ether. The ether solution was washed 
with water, dried (Na2S04), and evaporated to give an oily 
residue (9.8 g). The product was separated by column 
chromatography using silica gel. Elution with benzene gave 
colorless crystals (7) (5.2 g). A pure sample of 7 was 
obtained by recrystallization from hexane. 7; mp 73.5—75 
°G (lit,6) mp 73^74 °G). 

Oxidation of 7. Compound 7 (2.16 g, 10 mmol) was 
oxidized in acetone (25 ml) with Jones reagent (8 mole ratio, 
2.8 ml) at room temperature for 1 h. The mixture was 
evaporated and ice-cooled water poured into the resulting 
residue, which was then extracted with ether. The extract 
was washed with water, dried (Na2S04), and evaporated to 
give crude crystals ( 1.98 g). Recrystallization from hexane 
gave pure 8. 8; mp 148—149 °G (lit,6) mp 147—149 °G). 

Lactonization of 8. A mixture of 8 (1.16 g, 5 mmol) 
and perchloric acid (70%, 0.5 ml) in benzene was refluxed 
for 5 min. The reaction mixture was washed with water, 
dried (Na2S04), and evaporated to give an oily residue (1.1 
g). The product was separated by column chromatography 
using silica gel. Elution with benzene gave colorless crystals 9 
(0.81 g). A pure sample of 9 was obtained by recrystallization 
from hexane. 9; mp 122—125 °C; IR (KBr) v 1760 cm"1 

(y-butyrolactone) ; NMR (CDC13) Ô 1.03 (s, 6, 2CH3), 1.10 
(s, 3, CH3), 1.80 (d, 3, CH3, 7 = 3 . 0 Hz), 2.35 (s, 1, C5-H), 
2.48 (m, 2, C2-H), and 5.45 (m, 1). Found: G, 76.97; H, 
9.35%. Calcd for C1 5H2 202: G, 76.88; H, 9.46%. 

Reduction of 9. A mixture of 9 (117 mg, 0.5 mmol) 
and LiAlH4 (46 mg, 1.2 mmol) in ether was refluxed for 3 h. 

To the stirred reaction mixture was added water (2 ml), and 
extracted with ether. The ether solution was washed with 
water, dried (Na2S04) and evaporated to give a solid residue 
(116.5 mg). A pure sample of 10 was obtained by recrystal­
lization from hexane. 10; mp 140—141 °G; IR (KBr) v 3250 
and 3100 cm"1; NMR (CDC13) ô 0.95 (s, 3, CH3), 1.13 (s, 
6, 2CH3), 1.75 (broad s, 3, CH3), 2.78 (d, 2, -CH2OH, / = 
3.0 Hz), and 5.41 (m, 1). 

Lactonization of 5. A benzene solution of 5 (2.52 g, 
10 mmol), ethylene glycol (740 mg, 12 mmol), and />-TsOH 
(19 mg, 0.1 mmol) was refluxed for 10 h. The reaction mixture 
was washed with water, dried (Na2S04), and evaporated to 
give an oily residue (3.17 g). The product was separated by 
column chromatography using silica gel. Elution with benzene 
gave colorless crystals (11) (1.58 g). A pure sample of 11 was 
obtained by recrystallization from hexane. 11; mp 65—67 °G; 
IR (KBr) v 1755 cm-1 (y-butyrolactone) ; NMR (CDC13) ô 
1.10 (s, 6, 2CH3), 1.25 (s, 3, CH3), 1.32 (s, 3, CH3), and 
3.95 (s, 4, -CH2CH2-) . Found: G, 69.02; H, 9.56%. Calcd 
for C17H2804: G, 68.89; H, 9.52%. 

Reduction of 11 at Room Temperature. To a stirred solution 
of 11 (296 mg, 1 mmol) in ether (3 ml), maintained at 10 °G, 
LiAlH4 (45.6 mg, 1.2 mmol) was added and the solution 
stirred for 2 h at room temperature. Water ( 1 ml) was added 
to the stirred solution, and the aqueous solution extracted 
with ether. The ether solution was washed with water, dried 
(Na2S04), and evaporated to give an oily residue (294.2 mg). 
12; IR (neat) v 3400 cm"1 (-OH); NMR (CDC13) ô 0.98 (s, 
6, 2CH3), 1.10 (s, 3, CH3), 1.33 (s, 3, CH3), 3.97 (s, 4, 
-CH2CH2-) , and 5.33 (m, 1). 

Reduction of 11 at Boiling Point. A mixture of 11 (296 
mg, 1 mmol) and LiAlH4 (91 mg, 2.4 mmol) in ether (3 ml) 
was refluxed for 2 h. Water (2 ml) was added to the stirred 
solution and the aqueous solution extracted with ether. The 
ether solution was washed with water, dried (Na2S04) and 
evaporated to give an oily residue (116.5 mg). 13; IR (neat) 
v 3395 cm-1 (-OH); NMR (CDC13) ô 0.95 (s, 3, CH3), 1.07 
(s, 6, 2CH3), 1.32 (s, 3, CH3), 2.90 (broad s, 2, -OH) , 3.68 
(t, 2, -CH2OH, 7=6 .0 Hz), and 3.97 (s, 4, -CH2CH2-). 
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Notiz über die Säurekatalysierte Umwandlung von 7a-Methyl-5,6,7,7a-
tetrahydroindan-l,5-dion in l-Methylbrexan-4,9-dion 

Makoto KOBAYASHI, Takashi MINAMI, und Takeshi MATSUMOTO* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Eingegangen November 20, 1978) 

Synopsis. Beim Erhitzen in HG0 2 H mit Mineralsäure 
wurde 7a-Methyl-5, 6,7, 7a-tetrahydroindan - 1,5-dion sauer 
katalysiert in l-Methylbrexan-4,9-dion umgewandelt. Ein 
Zwischenprodukt, 7a-Methylhexahydro-2-inden-1,5-dion kon­
nte gaschromatographisch abgetrennt werden. 

Wir haben schon berichtet, dass tf-(3-Chlor-2-
butenyl) ketone wie 1 unter Rückfluss in H C O a H in 
Anwesenheit von Mineralsäure 2-Cyclohexenon-
Derivate liefern.1) Unter diesen Bedingungen der 
modifizierten Wichterle-Reaktion wurde aus 1 7a-
Methyl-5,6,7,7a-tetrahydroindan-l,5-dion (2) in 
massiger Ausbeute erhalten, wobei 1 -Methylbrexan-4,9-
dion (4) (l-Methyltricyclo[4.3.0.03 '7]nonan-4,9-dion) 
als Nebenprodukt entstand, dessen Konstitution ohne 
Diskussion bereits erwähnt wurde. lb> Aus der weiteren 
Untersuchung zeigte sich, dass 4 nicht direkt aus 1, 
sondern aus 2 durch die sauer katalysierte Umwandlung 
entsteht. Hier beschreiben wir eingehend die spektro­
skopisch aufgeklärte Konsitution von 4 sowie einem 
Zwischenprodukt, das gaschromatographisch in geringer 
Ausbeute isoliert wurde. 

1 

HBr-
HC02H "̂ rjTjl i + ^ PR0DUKTE 

Nr.3(2) 

20Min. 10 Min. 0 

GASCHROMATOGRAMM: QF-L 180 °C 

Abb.-l 

I m analytischen Gaschromatogramm des durch die 
Behandlung von 1 mit H B r - H C 0 2 H erhaltenen 
Rohproduktes erschienen 3 Peaks (Abb. 1). Die GC-MS-
Messung zeigte, dass alle diese Substanzen das selbe 
Molekulargewicht ( M + 164) besitzen. Es wurde durch 
Vergleich mit der authentischen Probe festgestellt, dass 
der dritte Peak mit der längsten Retentionszeit dem 
erwünscheten Produkt 2 entspricht. Durch Säulen­
chromatographie an S i 0 2 wurde das Rohprodukt 
vorsichtig abgetrennt und die dem Peak Nr. 1 entspre­
chende Substanz 4 wurde in 10%-iger Ausbeute rein 
isoliert. Die Analyse zeigte eine Molekularformel 
C1 0H1 2O2 . I m IR-Spektrum erscheint eine charak­
teristische Band für gesättigtes 5-gliedriges Keton 
( 1740 c m - 1 ) . Ausserdem war kein besonderes Band für 
C=C-Doppelbindung, Hydroxy-, Ester-, sowie 
Ethergruppen zu beobachten. Dies zeigt, dass zwei 
Sauerstoffatome an zwei Cyclopentanringen vorliegen. 
I m NMR-Spekt rum waren erkennbar : ein Singulett für 

eine anguläre Methylgruppe bei 1.18 ppm, ein Dublett 
( IH) mit y = 1 5 Hz bei 1.36 ppm, ein doppeltes Dublett 
( IH) mit J=6 und 15 Hz bei 1.85 ppm, ein breites 
Singulett (5H) bei 2.35 p p m und ein Multiplett (2H) 
bei 2.65 ppm. Durch Einstrahlen bei 2.65 p p m geht 
das doppeltes Dublett bei 1.85 ppm in ein Dublett mit 
y = 1 5 Hz über. Diese Daten weisen auf das Vorliegen 
der Teilkonstitutionen A, B, C, und D hin (Abb. 2). 

A) 

C) • CH? 

I 
- C H 2 — Ç — CH—CH2 — • 
2.35 ° 2.65 1.36 

1.35 

B) —CH — CH — 
2.65 2.35 

D) —C-
ö 

-CHo 
1.18 u 2.35 

( D : EIN QUARTERNÄRES KOHLENSTOFFATOM) 

Abb.-2 

Wie schon erwähnt, enthält diese Substanz 10 Kohlen­
stoffatome. Da in den Teilkonstitutionen A—D 
insgesamt 11 Kohlenstoffatome vorliegen, so müssen 
die Zeichen • in A und G das gleiche KohlenstofTatom 
darstellen. Daraus folgt, dass die Verbindung 4 ein 
tricyclisches Molekül mit zwei Cyclopentanringen ist. 
Aufgrund dieser spektroskopischen Befunde und der 
mechanistischen Überlegung sowie Annahme, dass 4 
ein Folgeprodukt von 2 sein sollte, folgt für diese 

J 1 I I I I I ' « » I ' I I L_ -JU_J 

Abb.-3 Ein mit Eu(Fod)3[15 mol %] verschobenes 
NMR-Spektrum von 4. 
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Substanz die Konstitution eines 1-Methylbrexan-4,9-
dions (4).2> Die nicht beobachtete Kopplungskonstante 
JBX wird dadurch erklärt, dass das HB-Atom am C-2 
zum H x -Atom a m C-3 in einem Winkel ^ 9 0 ° steht. 
Das Molekülmodell zeigte, dass die beide Winkel 
z lH 8 a C 8 H 8 / 3 und zlH5aC5H5J3 durch die Carbonyl-
gruppen halbiert werden. I m Einklang damit bleiben 
diese Methylenprotonen im mit Eu(Fod)3(Tris(hepta-
fluorbutanoylpivaloylmethan) europium) verschobene 
NMR-Spekt rum auch fast äquivalent (Abb. 3). In 
der demethylierten analogen Verbindung von 4 sollten 
die Protonen HA und HB bzw. H 6 und H 7 äquivalent 
sein.3) Bei 4 ist die Symmetrie durch die Methylgruppe 
am C-l erniedrigt. Wegen deren C - C H 3 Bindungsani­
sotropie sind die H-B und H6-Protonen zu höherem 
Feld verschoben als HA- und H7-Protonen. 

H* 2 H L V 

3 ° 4 
Abb.-4 

Ein denkbarer Bildungsmechanismus von 4 ist in 
Abb.-4 wiedergegeben.4) 1 wurde zuerst mit H B r -
H C 0 2 H zum 2 cyclisiert, das unter der Umwandlung 
der Doppelbindung zum 3 isomerisiert. 3 Hess sich 
durch sauer katalysierte intramolekulare Michael-
Reaktion weiter in 4 umwandeln . Das oben angenom­
mene Reaktionsbild konnte in der Ta t bestätigt werden. 
Die Behandlung von 2 in H C O a H mit HBr ergab auch 4 
in einer Ausbeute von 6 % neben polymeren Produkten. 
Das Gaschromatogramm war identisch mit dem in Abb . 
1 gezeigten. Es wurde dann versucht, die dem Peak 
Nr. 2 entsprechende Substanz 3 abzutrennen. Diese 
konnte mit Hilfe der präparat iven Gaschromatographie 
isoliert werden. Das NMR-Spek t rum dieser Verbindung 
zeigt ein Singulett für eine anguläre Methylgruppe bei 
1.24 ppm, ein Singulett ( IH) mit Feinstruktur bei 2.99 
ppm und zwei doppelte Dubletts bei 6.25 p p m ( I H , 
7 = 1 . 5 , 6 Hz) bzw. 7.52 ( I H , 7 = 2 , 6 Hz) . Durch 
Einstrahlen bei 7.52 ppm geht das Signal bei 6.25 p p m 
in ein Dublett mit 7 = 1 . 5 Hz über. Demgemäss wurden 
die zwei doppelten Dubletts dem AB-Teil eines ABX-
Systems zugeordnet. Entsprechend erscheint im IR-
Spektrum die Absorption der «^-ungesät t igten Carbon-
ylgruppe bei 1710 c m - 1 . Der Substanz könnte somit 
die Konstitution von «>-7a-Methylhexahydro-2-inden-
1,5-dion (3) zugewiesen werden, die auch durch den 

Basis-Peak des MS-Spektrums bei mje 55 (0 + =C-CH= 
CH2) bekräftigt wird. 

Exper imente l l e r Te i l 

Vorbemerkungen. Die Schmelzpunkte sind nicht korrigiert. 
.R-Spektren: JASCO IR-S; NMR-Spektren : Hitachi R-20B 
bzw. JEOL PS-100 (interner Standard; TMS = 0 ppm); 
MS-Spektren: Hitachi RMU-6E bzw. RMS-4; Gaschro­
matographie: Hitachi 063 (analytisch) und AEROGRAPH 
700 (präparativ). 

l-Methylbrexan-4,9-dion (4). a) : Eine Lösung von 1.89 g 
l1) in 100 ml HG0 2 H wurde mit 10 ml 47% HBr versetzt 
und 1.5 h unter Rückfluss gekocht. Nach Abdampfen von 
HG0 2 H wurde der Rückstand in AcOEt aufgenomen und 
mit gesätt. NaHGOa-Lösung neutralgewaschen. Nach 
Eindampfen des Lösungsmittels wurde das Rohprodukt an 
der 100-fachen Menge SiOa chromatographiert. AcOEt-
Benzol (1: 4) eluierte 150 mg (10%) 4, und dann folgten 620 
mg 2, das als Verunreinigung 3 enthielt. 

b): Eine Lösung von 164 mg 2 in 3 ml HG0 2 H wurde 
mit 0.3 ml 47% HBr versetzt und 3 h rückfliessend erhitzt. 
Nach der oben beschriebenen Aufarbeitung und Reinigung 
erhielt man 10 mg 4; Schmp. 106—108 °G (Hexan-Isopro-
pylether); IR (Nujol) : 1740 cm"1; NMR (GDG13) : 1.18 (3H, 
s), 1.36 (IH, d, J = 1 5 Hz), 1.85 (IH, dd, J = 6 , 15 Hz), 2.35 
(5H, bs), 2.65 (2H, m); MS: 164 (M+); Gef: G, 72.90; H, 
7.39%. Ber. für G10H12O2: G, 73.14; H, 7.37%. 

cis-7a-Methylhexahydro-2-inden-l,5-dion (3). Die Mutterlauge 
von 21) wurde an Si02 chromatographiert und man erhielt 
eine Fraktion, die 3 relativ viel enthält. Dann wurde das 
Gemisch von 2 und 3 gaschromatographisch (DGSP, bei 150 
°G) abgetrennt. Man isolierte 20 mg 3 (1.2% aus 2 g 1); 
Schmp. 84.5—86 °G; IR (GHG13) : 1710, 1675, 1595 cm"1; 
NMR (GDGlg): 1.24 (3H, s), 2.99 (IH, bs), 6.25 (IH, dd, 
7=1 .5 , 6 Hz), 7.52 (IH, dd, J=2, 6 Hz); MS: 164 (M+); 
Gef: G, 73.20; H, 7.42%. Ber. für G10H12O2: G, 73.14; H, 
7.37%. 
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New Synthesis of Alkyl Polysulfides by Treatment of Thiols, Disulfides 
and Thionitrites with Anhydrous Copper(II) Chloride 

Yong Hae KIM, Köichi SHINHAMA, and Shigeru OAE* 

Department of Chemistry, University of Tsukuba, Niiharigun, Ibaraki 300-31 
(Received January 16, 1979) 

Synopsis. Reaction of several divalent organic sulfur 
compounds with copper(II) chloride in acetonitrile gave the 
corresponding disulfides or other polysulfides in good yields 
under mild conditions. 

In the course of our studies on the synthetic applica­
tions of thionitrites, the initial intermediates in the 
oxidation of either thiols or disulfides, we found that 
/-alkyl thionitrites were readily converted to the trisul-
fides upon treatment with anhydrous copper (I I) 
chloride. Various other divalent organic sulfur com­
pounds such as £-BuSH and di-^-butyl disulfide have 
now been found to react similarly with anhydrous 
copper(II) chloride under mild conditions to give either 
the corresponding disulfides or other polysulfides in 
good yields, as shown in Table 1. This paper deals with 
these reactions. 

A few dialkyl trisulfides or tetrasulfides have been 
prepared either by the reaction of the corresponding 
disulfides1) or thiols2) with sulfur, by treatment of 
alkanesulfenyl chlorides with hydrogen sulfide,3) or by 
the reaction of sulfur monochloride with alkanethiols.4) 
Our new method which involves only mixing anhydrous 
copper (II) chloride with divalent organic sulfur com­
pounds is simple and especially useful to prepare di-t-
alkyl trisulfides or di-^-alkyl tetrasulfides. This method 
is also quite useful to prepare various disulfides from 
corresponding thiols upon slight modifications. 

Di-^-butyl disulfide was added to a stirred mixture 
of acetonitrile and anhydrous copper(II) chloride at 
room temperature. After 5 h under nitrogen, the 
starting material disappeared completely and di-^-butyl 
trisulfide and di-^-butyl tetrasulfide were obtained 
(Run 1). The trisulfide and the tetrasulfide were 
separated by distillation, and then identified by ele­
mental analysis. The main product was the tetrasulfide 
(63%). 

Meanwhile, treatment of anhydrous copper (I I) 
chloride with £-BuSH or £-BuSNO in acetonitrile was 
found to afford di-^-butyl trisulfide as the main product 
(Runs 2 and 5). 

When di-^-butyl disulfide was treated with anhydrous 

i ron(I I I ) chloride in ether, the corresponding tri- and 
tetrasulfides were also obtained, though the reaction 
was slow and a small amount of the starting material 
always remained even after a prolonged reaction time 
(Run 8). 

Trea tment of .y-BuSH with anhydrous copper (I I) 
chloride at room temperature afforded di-j-butyl 
disulfide in a good yield without forming any di-j-butyl 
trisulfide or di-j-butyl tetrasulfide (Run 11). However, 
the same treatment of .y-BuSH or dw-buty l disulfide at 
a high reaction temperature (under reflux) gave ài-s-
butyl trisulfide in 66—79% yields (Runs 12 and 13). 

Primary and aromatic divalent sulfur compounds did 
not give the corresponding trisulfides and tetrasulfides 
even after a prolonged reaction time, but gave the 
corresponding disulfides selectively only in several 

TABLE 1. SYNTHESIS OF POLYSULFIDES FROM 

SEVERAL ORGANIC SULFUR COMPOUNDS WITH 

METAL HALIDES IN ACETONITRILE 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Substrate 

(*-Bu)2S2 

*-BuSH 
*-C8HnSH 
f-C9Hi9Srl 
*-BuSNO 
*-C5HnSNO 
*-C9H19SNO 

(f-Bu)2S2 

*-BuSH 
*-C5H11LSH 
j-BuSH 
j-BuSH 
(j-Bu)2S2 

j -BuSNO 
n-BuSH 
(n-Bu)2S2 

n-C8H17SH 
C6H5CH2SH 
C 6H 6CHMeSH 
/»-TolSH 

Halîde , 
1 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

FeCl3s> 
CuCl 
CuCl 
CuCl2 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

CuCl2 

[Halide]» 

Substrate] 

2 
4 
4 
4 
1 
1.5 
1 
2 
4 
1 
4 
6 
3 
1 
3 
2 
3 
3 
3 
3 

Temp Time 

°C 

25 
25 
25 
25 
25 
25 
25 
25*> 
2 5 " 
25« 
25 
82f> 
82f> 
25 
25 
82° 
25 
25 
25 
25 

nun 

300 
90 

180 
150 
20 
10 
20 

840 
20 
40 
15 

240 
360 

5 
10 

720 
10 
10 
10 
10 

Yield/%1» 

R2S2<> 

0 
trace 
trace 
trace 
trace 

ge) 

trace 
10e> 

quant.e> 
88e) 
84d> 
23e> 
20e> 
91e) 
84d) 

quant."1) 
85d) 

q u a n t a 
quant.d) 
quant.d) 

R2S3 

25e) 
51e) 
49e) 
37e) 
81e) 
59e) 
77e) 
49e) 

0 
0 
0 

66e) 
79e) 

0 
0 
0 
0 
0 
0 
0 

R2S4 

63e) 
43e) 
47e) 
55e) 

3e) 
8e) 
4e) 

41e) 
0 
0 
0 

trace 
trace 

0 
0 
0 
0 
0 
0 
0 

a) Molar ratio, b) Yield of 100% is achieved when 2/3 mol of the trisulfide or 
1/2 mol of the tetrasulfide is obtained from 1 mol of the disulfide, or when 1/2 
mol of the disulfide or 1/3 mol of the trisulfide or 1/4 mol of the tetrasulfide is 
afforded from 1 mol of the thiol or the thionitnte. c) Spectroscopic data of all 
the disulfides were identical with those of the authentic samples, d) Yield 
isolated, e) Yield determined by GLC. f ) Refluxed in acetonitrile. g) Ethyl 
ether was used as the solvent, h) Air was bubbled into the solution. 

TABLE 2. SPECTRAL DATA OF POLYSULFIDES 

Compound 

(*-Bu)2S3 

(*-Bu)2S4 

(f-G5H11)2S3 

(J-C5Hn)2S4 

(*-C9H19)2S3 

(f-G9H19)2S4 

(j-Bu)2S3 

IR (neat, cm -1) 

1450, 1360, 1260 
1450, 1360, 1159 
1450, 1378, 1150 
1455, 1380, 1153 
1452, 1373, 1135 
1459, 1380, 1135 
1462, 1373, 1217 

NMR (GG14, Ô) 

1.36(s) (lit,?> 1.34) 
1.37(s) (lit,?> 1.37) 

0.95(t, 6H), 1.30(s, 12H), 1.68(q, 4H) 
0.97(t, 6H), 1.35(s, 12H), 1.70(q, 4H) 

0.6—2.1(m) 
0.6—2.1(m) 

0.99(t, 6H), 1.37 (d, J=7 Hz, 6H) 

MS (70 eV, m/e, M+) 

210 
242 
238 
270 
350 
382 
210 

1.50—1.92(m, 4H), 2.69—3.18 (m, 2H) 
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TABLE 3. BOILING POINTS, AND ANALYTICAL DATA OF POLYSULFIDES 

Compound 

(*-Bu)2S3 

(^-C5H11)2S3 

(*-C5Hn)2S4 

(£-C9H19)2S3 

(£-C9H19)2S4 

Bp/°G(Torr) 
(bath temp) 

65-
85-
95-

120-

-75/2 
-90/2 
-100/2 
-125/2 

130—135/2 

i 

45 
50 

C 

.75 

.30 
44.02 
61 
56 

.93 

.14 

Found(%) 

H 

8.69 
9.32 
7.81 

11.30 
9.85 

\ 
S 

45.82 
— 
— 
— 
— 

G 

45.66 
50.36 
44.39 
61.65 
56.48 

Calcd(%) 

H 

8.62 
9.29 
8.19 

10.92 
10.00 

S 

45.71 
— 
— 
— 
— 

minutes (Runs 15, 16, 17, 18, and 20). I t is interesting 
to note that the treatment of £-BuSH with anhydrous 
copper (I) chloride in the presence of air at the room 
temperature also gave selectively di-^-butyl disulfide, no 
formation of the trisulfide or the tetrasulfide being 
confirmed (Run 9). Oxidation of thiols with CuCl was 
found to require atomospheric oxygen, while oxidation 
with CuCl 2 proceeded under nitrogen. Thus , the 
reaction is quite useful to prepare symmetrical poly­
sulfides. 

These experimental observations seem to suggest that 
the C-S bond in £-alkyl compounds is readily cleaved 
to form the relatively stable £-alkyl cation upon treat­
ment with copper(II) ion. 

Thus the following mechanism may be conceivable 
for the reaction with di-/-alkyl disulfide. Other £-alkyl 
sulfur compounds would behave similarly. Copper(II) 
chloride would be reduced to Cu° or copper (I) chloride. 

R-S-S-R + Gu11 

1 2 

3 + 1 

R _ S - S - R 

Gu11 

R+ + Gun-SSR 

3 

R _ S - S - S - R + RS-Gu11 

4 5 

5 + 1 • R+ + 4 + [Gu°] 
Cu» 

[Cu1] 

5 + 4 R + + R-S-S-S-S-R + 6 
Cu»' 

The gas evolved during the reaction of di-^-butyl 
disulfide with anhydrous copper(II) chloride was 
analyzed through mass spectroscopy which gave a 
strong peak of 56 (C4H8) . Thus £-butyl cation was 
found to be converted to the olefin. Meanwhile, the 
lack of C-S bond cleavage in pr imary and aromatic 
sulfur compounds and the low reactivities of the 
secondary sulfur compounds are also in keeping with 
the relative stabilities of the respective carbonium ions. 

E x p e r i m e n t a l 

All the melting points and boiling points were uncorrected. 
Elemental analysis of sulfur was carried out by Sagami 
Chemical Research Center and the analyses of other elements 
were carried out by the analytical labolatory in our university. 
Analytical determinations by GLC were performed on a 
Hitachi 163 gas Chromatograph fitted with the following 
column (3 mm o.d. x 3 m): 10% SE-30 on Chromosorb W. 
1H-NMR spectra were taken at 60 MHz on a Hitachi R-24 

A apparatus. IR spectra were recorded with a Hitachi 215 
spectrometer. Mass spectra were recorded with a Hitachi 
RMU-6M spectrometer. Thionitrites were prepared from 
corresponding thiols by the method reported by us.5) The 
folio wings are typical runs. 

Reaction of Di-t-butyl Disulfide and Anhydrous Copper(II) 
Chloride. Di-^-butyl disulfide 3.56 g (20 mmol) was added 
to a stirred mixture of anhydrous copper(II) chloride 5.38 g 
(40 mmol) in 50 ml of anhydrous acetonitrile. The mixture 
was stirred at room temperature for 5 h. A saturated NaCl 
aq solution was added to the dark brown mixture and extracted 
with ether. The ethereal extract was dried (MgS04), concen­
trated, and distilled, giving pure trisulfide and tetrasulfide. 
The amounts of the products were estimated by GLC: 
Di-*-butyl trisulfide 0.69 g (25%), di-*-butyl tetrasulfide 1.52 g 
(63%). DW-butyl trisulfide; mp 14—15 °G (lit,6) 16.63 °C). 
Di-*-butyl tetrasulfide; bp (bath temperature), 80—90 °G/2 
mmHg (lit,6) 70 °C/2 mmHg). 

£-Butyl thionitrite and £-BuSH were found to react similarly, 
and the results are shown in Table 1 while the physico-chemi­
cal properties are listed in Tables 2 and 3. 

Reaction ofDi-s-butyl Disulfide with Anhydrous Copper(II) Chlo­
ride. Di-j-butyl disulfide 1.16 g (6.5 mmol) and anhydrous 
copper(II) chloride 2.62 g (19.5 mmol) was refluxed in anhy­
drous acetonitrile for 6 h under nitrogen. The saturated NaCl 
aq solution was added into the mixture which was extracted 
with ether. The amount of di-j-butyl trisulfide was calibrated 
by GLC: 0.694 g (79%). The ethereal extract was dried 
(MgS04), concentrated and distilled giving 0.623 g of trisul­
fide: bp (bath temperature) 100—110 °G/2 mmHg (lit,2) bp 
79—80°G/0.4mmHg). 

Primary and secondary thiols were found to react similarly 
and the results, physical properties and analytical data on the 
resulted products are listed in Tables 1, 2, and 3 respectively. 
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Synopsis. Synthesis of optically active benzyl[cis-2-(hy-
droxymethyl)cyclohexyl]dimethylammonium bromide (3) and 
its application to asymmetric synthesis were studied. It was 
found that 3 was as effective as ( — )-iV-benzyl-JV-methyl-
ephedrinium bromide in the enantioselective alkylation of 
active methylene compounds when it was employed as a 
chiral phase transfer catalyst. 

As part of ongoing program of study on the use of 
optically active benzyl [cis-2-( hydroxy methyl )cyclohex-
yljamine (1), prepared by the li thium aluminium 
hydride reduction1) of optically active m-2-benzamido-
cyclohexanecarboxylic acid,2) application of 1 to the 
asymmetric synthesis and induction was initiated. 
Among many papers about asymmetric synthesis and 
induction, there is only one report concerning enantio­
selective alkylation of active methylene compounds 
using a chiral phase transfer catalyst.3) This prompted 
us to prepare a new chiral catalyst from 1 and to 
employ it in the enantioselective alkylation. 

Both enantiomers, ( + )- and (—)-l, were prepared 
in 30—40% overall yields and in high optical purities 
from commercially available £w-l,2-cyclohexanedicarb-
oxylic anhydride via six steps as reported.1 '2) 

Treatment of 1 with aq formaldehyde and formic 
acid under gentle refluxing gave iV-methylated product, 
namely, benzyl [cis-2- (hydroxymethyl) cyclohexyl] meth-
ylamine (2) in a good yield. By the quaternization of 2 

with methyl bromide, benzyl[m-2-(hydroxymethyl) -
cyclohexyl] dimethylammonium bromide (3) was 
obtained in a moderate yield. 

cis-
,CH2OH 

\NHGH2Ph 

MeBr 

HCHO, HCOOH / ^X/CHaOH 
• eis- | I 

NCH2Ph 

Me 

cis-

,CH2OH 

\NCH2Ph 

Me Me Br" 

These reaction conditions are completely free from 
epimerization and/or racemization. Therefore, ( + )-
and (—)-3 are considered to be optically pure when 
optically pure 1 is used as a starting material . 

In the next stage, the enantioselective alkylation of 
active methylene compounds (4) was carried out using 
( + )- or (—)-3 as an asymmetric phase transfer catalyst. 

T h e solvent effect on the alkylation of ethyl 2-oxo-
cyclohexanecarboxylate (4a) with allyl bromide was 
studied in ether, benzene, dichloromethane, and 
chloroform, and chloroform was found to be a suitable 
solvent. Both chemical yield and optical purity of ethyl 
l-allyl-2-oxocyclohexanecarboxylate (5a) were fairly 
improved when the alkylation was carried out in 

TABLE 1. ENANTIOSELECTIVE ALKYLATION OF ACTIVE METHYLENE COMPOUNDS 

Run 

Î 
2ft) 
3 
4 
5 
6 
7ft> 
8ft> 
9ft> 

10b) 
l l b > 

Active Methylene 
Compound 

4^ 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4b 
4c 
4d 

/ X R*-Hal, NaOH, 
p i n u JA. V ĴTX 

Halide 

GH2=GHGH2Br 
GH2=GHGH2Br 
GH2=GHGH2Br 
GH2=GHGH2Br 
GH2=GHGH2Br 
GH2=GHGH2Br 
GH2=GHGH2Br 
GH5GH2Br 
GH2=GHGH2Br 
GH3I 
GH2=GHGH2Br 

H20/CHC1S 

/ ^ \ . G H 2 O H 
eis- | 1 + \ / \ N G H 2 P h 

Me 

3/4 Ratio 
mol% 

3 
3 
3 
3 
3 
5 
5 
5 
5 
5 
5 

Me Br~ 

Solvent 

E t 2 0 
G6H6 

GH2G12 

GHGI3 
GHGI3 
GHGI3 
GHGI3 
GHGI3 
GHGI3 
GHGI3 
GHGI3 

R \ / X 
G 

R 2 / \ y 

Temp 

r.t. 
r.t. 
r.t. 
r.t. 
0°C 
0°G 
0*G 
0°G 
0°C 
0°G 
0°G 

Product 

~lùL 
5a 
5a 
5a 
5a 
5a 
5a 
5a ' 
5b 
5c 
5d 

Yield/% 

Ö 
18 
54 
60 
74 
84 
79 
71 
68 
65 
86 

MD/° 

— 
+ 0 . 1 
- 0 . 9 
- 3 . 3 
- 7 . 0 
- 7 . 4 
+ 7.7 
+ 4 . 7 

+ 18.2 
+ 1.7 
+ 0 . 4 

a) (+)-Ammonium bromide, (+)-3 , was used, and in the other runs (—)-3 was employed, b) 5% Aq NaOH (40 ml) 
was used. Runs (5—11) were carried out twice, and comparing their specific rotations lower ones are listed. 
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chloroform at 0 ° C . No reaction proceeded when allyl 
chloride was employed as an alkylating agent. 

Under opt imum conditions, the enantioselective 
alkylation of ethyl 2-oxocyclohexanecarboxylate (4a), 
2-acetylcyclohexanone (4b), ethyl 2-oxocyclopentane-
carboxylate (4c), and ethyl 2-cyano-2-phenylacetate 
(4d) was carried out giving ethyl l-allyl-2-oxocyclo-
hexanecarboxylate (5a), ethyl l-benzyl-2-oxocyclohex-
anecarboxylate (5a ') , 2-acetyl-2-allylcyclohexanone 
(5b), ethyl l-methyl-2-oxocyclopentanecarboxylate 
(5c),4> and ethyl 2-cyano-2-phenyl-4-pentenoate (5d).5) 
The results are summarized in Table 1. 

Fiaud reported that specific rotations of 4a and 4 b 
were —8.2° and —23.5°, respectively, when (-)-N-
benzyl-JV-methylephedrinium bromide (6) was used as a 
catalyst.3) Thus, 3 is considered to be as effective as 6 
in the enantioselective alkylation of active methylene 
compounds. In contrast to that only one enantiomer, 
namely, (—)-6 is usually available because it is derived 
from a natural product, both enantiomers of 3 are 
conveniently prepared, and alkylated products having 
the desired configuration are easily given choosing the 
suitable enantiomer. In this respect, 3 is considered 
to be advantageous as a chiral phase transfer catalyst. 

E x p e r i m e n t a l 

The melting points were determined on a Laboratory 
Devices Mel-Temp apparatus and are uncorrected. The 
boiling points are also uncorrected. The NMR spectra were 
recorded on a Varian A-60 spectrometer at 60 MHz using 
Me4Si as an internal standard. The IR and MS spectra 
were determined on a JAS CO IR-2A spectrometer and on 
a JEOL-01SG instrument, respectively. The values of specific 
rotation were obtained on JASGO DIP-181 digital Polarime­
ter. Optically active 1 was prepared as reported.1'2) 
(+)-Form: mp 68—69 °G, [a]8

D
2 +40.4° (c 1.00, dry EtaO). 

( - ) -Form: mp 68—69 °G, [a]2
D

4 -40 .6° (c 1.00, dry EtaO). 
Benzyl\cis-2-(hydroxymethyl)cyclohexyl\methylamine (2). To 

(-f)-l (5.48 g, 25 mmol) was added under cooling with an 
ice bath 35% aq formaldehyde (2.15 g, 25 mmol) followed 
by dropwise addition of formic acid (4.14 g, 90 mmol). Then, 
the mixture was allowed to stand at room temperature for 
15 min, and was gently refluxed for 8 h. To the ice cooled 
reaction mixture was added coned HG1 (13 ml), and the 
solution was concentrated under reduced pressure to give 
viscous brown residue. The residue was treated with 4 M 
NaOH (50 ml) and was extracted with three 30 ml portions 
of ether. The ethereal extract was dried (MgS04), concen­
trated, and distilled giving 4.59 g (79%) of ( + )-2: bp 141— 
142°G/0.2 Torr; [a]8D° +22.8° (c 1.14, GHC13); IR (neat) 
3300 (OH), 1030 (OH), 740 (Ph), and 695 cm"1 (Ph); NMR 
(GG14) 0=1.1—2.1 (8H, m), 2.10 (3H, s), 2.2—2.7 (2H, m), 
3.3—4.3 (4H, m), 4.87 (1H, quasi s) and 7.22 (5H, s); MS 
m/e 233 (M+); Found: N, 6.31%. Galcd for G15H23NO: N, 
6.00%. 

In a similar manner, ( — )-2 was obtained in 75% yield: 
bp 130—132 °G/0.08 Torr; [a]2

D
4 -22.4° (c 0.98, GHG13); 

MS m/e 233 (M+). 
Benzyl\cisr2-(hydroxymetyl)cyclohexyl]dimethylammonium Bromide 

(3) . To a solution of (+)-2 (4.00 g, 17 mmol) in methanol 
(30 ml) was bubbled methyl bromide gas for about 8 h at 

0 °G. After removal of the solvent, the residual crystals were 
recrystallized from 2-propanol giving 3.87 g (69%) of ( —)-3: 
mp 176—177 °G; [a]2

D
9 -34 .6° (c 1.00, GHG13); IR (KBr) 

3450 (OH), 1040 (OH), 730 (Ph) and 700cm-1 (Ph); NMR 
(GDGls) ô= 1.1—2.5 (8H, m), 2.6—3.0 (1H, bs), 3.17 (3H, 
s), 3.67 (3H, s), 3.7—4.2 (3H, m), 4.7—5.2 (3H, m) and 
7.2—7.7 (5H, m); Found: N, 4.29%. Galcd for G16H26BrNO: 
N,4.27%. 

Similarly, (+) -3 was prepared from ( — )-2 in 54% yield: 
mp 175—176 °G; [a]g +34.6° (c 1.04, GHG13); Found: N, 
4.21 %. Galcd for G16H26BrNO : N, 4.27%. 

General Procedure for the Alkylation of Active Methylene Compounds 
(4). To an ice cooled solution of active methylene 
compound (4) (20 mmol), alkylating agent (22 mmol), and 
( + )- or ( —)-3 (328 mg, 1.0 mmol) in chloroform (20 ml) was 
added 10% NaOH (20 ml), and the mixture was stirred 
overnight at 0 °C. After separation of the chloroform layer, 
the aqueous layer was extracted with three 40 ml portions of 
chloroform. The chloroform solution combined was concen­
trated under reduced pressure. Ether (about 100 ml) was 
added to the concentrated oily product, and residue was 
separated by décantation. The ethereal solution was dried 
(Na2S04), evaporated, and distilled giving 5. 

5a: Yield 3.53 g (84%); bp 84—85 °G/2 Torr; [a]2
D

5 -7 .4° 
(c 1.51, GHG13); IR (neat) 1740 (shoulder, G=0), 1705 
(G=0) and 1200 cm-1 (C-O-G); NMR (GG14) 0=1.23 (3H, 
t, / = 7 Hz), 1.4—2.2 (6H, m), 2.2—2.7 (4H, m), 4.15 (2H, 
q, 7 = 7 Hz), 4.7—5.0 (1H, m), 5.0—5.2 (1H, m), and 5.4— 
6.1 (1H, m). 

5a ' : Yield 3.69 g (71%); bp 140—141 °G/3 Torr; [a]2
D

5 

+4.7° (c 1.15, GHG13); IR (neat) 1730 (C=0), 1710 (C=0), 
1190 (C-O-C), 740 (Ph) and 700cm-1 (Ph); NMR (CG14) 
5=1.12 (3H, t, 7 = 7 Hz), 1.4—2.2 (6H, m), 2.2—2.6 (2H, 
m), 2.77 (1H, d, 7 = 13.5 Hz), 3.19 (1H, d, J= 13.5 Hz), 4.01 
(2H, q, 7 = 7 Hz) and 7.10 (5H, s). 

5b : Yield 2.44 g (68%); bp 119— 120°C/11 Torr; [a]» 
+ 18.2° (c 1.48, GHG13); IR (neat) 1710 (G=0) and 1695 
cm-1 (G=0); NMR (GC14) 5=1.3—2.2 (6H, m), 1.99 (3H, 
s), 2.2—2.6 (4H, m), 4.8—5.0 (1H, m), 5.1 (1H, quasi s) and 
5.2—5.8 (1H, m). 

5c: yield 2.21 g (65%); bp 101—102 °G/14 Torr; [a]2
D

2 

+ 1.7° (c 10.33, GHG13); IR (neat) 1745 (G=0) and 1725 
cm-1 (G=0); NMR (GG14) 5=1.22 (3H, s), 1.25 (3H, t, 
7 = 7 Hz), 1.6—2.6 (6H, m) and 4.08 (2H, q, 7 = 7 Hz). 

5d: yield 3.95 g (86%); bp 111—112 °G/1 Torr; [a]2D° +0.4° 
(c 10.0, GHG13) ; IR (neat) 2250 (GsN) and 1740 cm"1 (G=0) ; 
NMR (CC14) 5=1.17 (3H, t, 7 = 7 Hz), 2.5—3.3 (2H, m), 
4.15 ( 2 H , q , 7 = 7 Hz), 5.0—6.1 (3H, m) and 7.2—7.7 (5H,m). 
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Synopsis. Trimethyl phosphate was found to methylate 
deoxyadenosine (N-l) and deoxyguanosine (N-l, N-7, and 
0-6) in a homogeneous aqueous phase at 37 and 60 °G, 
giving the corresponding methyl derivatives. 

The alkylation of nucleic acids, especially deoxy­
ribonucleic acid (DNA) in vivo, is considered to be 
closely related to carcinogenesis or mutagenesis, and 
various alkylating agents have been employed for 
alkylation studies of nucleic acids and their com­
ponents.1-8) 

Methylation reactions of nucleic acid-bases,9) 
pyrimidine 2/-deoxynucleosides,10) and ribonucleosides11) 
were carried out successfully in a homogeneous aqueous 
phase using trimethyl phosphate (TMP) as a methylat-
ing agent. 

In this paper, we wish to describe the reactions of 
deoxyadenosine (1) and deoxyguanosine (4) with T M P 
in an aqueous phase. 

The reactions were carried out at 37 and 60 ° G by 
stirring a mixture of 2'-deoxynucleoside and T M P in 
water at an appropriate p H (7—10 for 1 and 10—11 
for 4). The products were conveniently identified by 
comparison of their Rf values and U V spectra with 
those of the authentic samples, their yields being 
determined by means of U V spectra. The results are 
summarized in Table 1. 

TABLE 1. METHYLATION OF PURINE 2 '-DEOXYNUCLEOSIDES 

( d N u ) WITH TRIMETHYL PHOSPHATE ( T M P ) a ) 

dNub> 

dA 

(1) 

dG 

(4) 

Temp 
"~5CT" 

3 7 ~ 

37 

37 

37 

60 

60 

37 

37 

37 

Mole ratio 
/TMP\ 
\ dNu / 

15 

60 

15 

60 

15 

15 

15 

15 

60 

pH 

~~7~~ 

7 

10 

10 

7 

10 

10 

11 

11 

Product^ 

1-Methyl-dA (2) 
JV»-Methyl-dA (3) 

2 
3 
2 
3 
2 
3 
2 
3 
2 
3 

Unknown A 
Unknown B 

1-Methyl-dG (5) 
Imidazole ring opened 
7-methyl-dG (6) 
Imidazole ring opened 
1,7-dimethyl-dG (7) 
06-Methyl-dG (8) 

5 
6 
7 
8 
5 
6 
7 
8 

U \ 

24 h ~ 

4~~ 
0 
5 
0 
3 
3 
4 
3 

38 
0 
5 

32 
2 
1 

27 

7 

7 
2 

32 

6 
3 

42 
16 
14 
3 

r-yield/% 

48 h 

8 ~ 
0 
9 
1 
3 
7 
7 
6 

52 
5 
6 

48 
3 
1 

35 

15 

15 
3 

48 
14 
12 
3 

43 
9 

30 
3 

72 h 

ÎÔ 
3 

13 
1 
3 

11 
8 
9 

58 
7 
7 

54 
3 
3 

32 

16 

25 
9 

41 
17 
24 
6 

44 
10 
37 

2 

a) Reaction size: deoxyadenosine (0.25 mmol)+TMP (3.8 or 15.0 
mmol) + H20 (2.5 ml) ; deoxyguanosine (0.05 mmol)+TMP (0.7 or 
3.0 mmol)+H20 (0.5 ml), b) dA and dG refer to deoxyadenosine 
and deoxyguanosine, respectively. 

Compound 1 and adenosine are generally alkylated 
with methyl iodide1) or diazomethane6) at the N- l 
position. Singer et al. reported the formation of 1-ethyl-
and 7-ethyladenosine in the reaction of adenosine with 
diethyl sulfate.3) 

T M P also alkylates 1 at the N-l position to give 1-
methyldeoxyadenosine (2) and 7V6-methyldeoxyadeno-
sine (3) which arose from 2 by the Dimroth rearrange­
ment under alkaline conditions. Two minor products 
obtained in the reaction at 60 °C, p H 10, were con­
sidered to be 5 ' (or 3 ')-0-methylated products found 
also in methylation of pyrimidine 2'-deoxynucleosides 
under similar conditions.10) 

H 0 V ° N ) 

OH 

N i f ^ N Nj 

* k . " % ^ 0=P(OCH3)3 % , 
, H 0 . 0 , 

OH 

NH2 HN 
..CH3 

„CH 3 

J 
H2O 

H°Y°\i 
W N 

OH 

In deoxyguanosine (4), the N- l and N-7 positions 
are subjected to alkylation in preference to the other 
positions by alkylating agents.1»2»4»7»8) 

In the present method with T M P , 4 was methylated 
at the N - l , N-7, and O-6 positions giving 1-methyl- (5), 
imidazole ring opened 7-methyl- (6), imidazole ring 
opened 1,7-dimethyl- (7), and 06-methyldeoxyguano-
sines (8). Identification of 5, 6, and 7 was based on 
comparison of their Rf values and U V spectra with 
those of the authentic samples, 8 being tentatively 
assigned through its U V spectra and characterestic 
fluorescence under U V light. 

H0VN 
C Û L 0H" 

0 
II 

OH 

NH2 TMP jH0y)T N N H 2
+ H 0 - T X J

 N NH* 
H2O * y/ * y/ 

OH OH 

H 3 S X -CH3 

H0V°N 2 

OH 

OCH3 

H 0 V ° N 

OH 

Thus, methylation of the N- l position of 4 was found 
to be accelerated by the increase of p H of the reaction 
medium, the reactivities of the N- l position of 1 and 
the N-7 position of 4 being independent of p H . 
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Occurrence of 06-methylation of 4 may be worth 
remarking, since 06-alkylation of guanine moiety in 
DNA seems to be related closely to the mutagenecity 
and the carcinogenecity through atypical base-pairing.12) 

E x p e r i m e n t a l 

Melting points are uncorrected. UV spectra were recorded 
on a Hitachi 3T spectrometer, and NMR spectra on a Hitachi 
Perkin-Elmer R-20 spectrometer with a dilute solution in 
deuterioxide and sodium 3- (trimethylsilyl)propionate-^ as an 
internal standard. Thin-layer chromatography was performed 
on silica gel [GF254(type 60), Merck] or cellulose (13254, 
Eastman) using the following solvents; A: chloroform-metha-
nol, 5: 1, B: 2-propanol-water, 7 : 3 . Column chromatography 
was carried out using silica gel (Merck, Art. 7734, 70—230 
mesh). 

Commercial deoxyadenosine (1) and deoxyguanosine (4) 
were used without further purification. Trimethyl phosphate 
(TMP) was distilled prior to use. 

Methylation of Deoxyadenosine (1). A mixture of 1 (125 
mg, 0.5 mmol) and TMP (7.5 or 30 mmol) in water (5 ml) 
was stirred at 37 or 60 °C at an appropriate pH maintained 
throughout the reaction by occasional addition of 2 M sodium 
hydroxide. At an appropriate reaction time, 4 \x\ of the 
reaction mixture was spotted on silica gel TLC plate, which 
was developed immediately using solvent A. Two UV-absorb-
ing products (2 and 3) were observed (Rt; 1: 0.29, 2: 0.01, 
3 : 0.41). In the reaction at 60 °C, pH 10, additional two 
spots (Unknown A and B) appeared (R{; A: 0.54, B: 0.60). 
Each product was identified by a comparison of its Rt and 
UV spectrum with those of the authentic sample and the 
yield was calculated from its UV spectrum in a similar way 
to that reported.9) The results are summarized in Table 1. 

The authentic sample of 1-methyldeoxyadenosine was pre­
pared according to the procedure of Jones and Robins.1) 

A^-Methyldeoxyadenosine was isolated as follows. 
A mixture of 1 (1.0 g, 4.0 mmol) and TMP (8.4 g, 60.0 

mmol) in water (10 ml, pH 10, NaOH) was stirred at 60 °C 
for 48 h. After the reaction mixture had been neutralized 
by concentrated hydrochloric acid, the solvent was removed 
by evaporation. The residue was purified by silica gel column 
chromatography (2.5x50 cm). Elution with chloroform 
afforded unchanged TMP, 3 being obtained by subsequent 
elution with chloroform-methanol (7: 1) (349 mg, 33%); mp 
200—201 °C (lit,1) 206—208 °C); UV Amax (H20) nm: pH 
1, 262.0, pH 7, 265.0, pH 13, 265.0 (lit,1) pH 1, 261.0, pH 
7, 265.0, pH 11,265.0). 

Methylation of Deoxyguanosine (4). The reaction of 4 
(0.05 mmol) with TMP (0.7 or 3.0 mmol) in water (0.5 ml) 
at 37 °C, pH 10 or 11 afforded four UV-absorbing products 
(5, 6, 7, and 8) on cellulose TLC which was developed using 
solvent B (R{; 4: 0.46, 5: 0.67, 6: 0.59, 7: 0.73, 8: 0.83). 
At an appropriate reaction time, the yield of each product 
was calculated in a similar way to that mentioned above. 
The UV spectrum of each product was as follows; 5: Amax 

(H20) nm: pH 1, 257.0, 280.0 (shoulder), pH 7, 255.5, 271.0 
(shoulder), pH 13, 255.5, 272.0 (shoulder) (lit,2) pH 1, 257.0, 

pH 11, 254.0); 6: /U* (H20) nm: pH 1, 272.0, pH 7, 273.0, 
pH 13, 266.0 (lit,13) pH 1, 270.5, pH 11, 265.0)* 7: Amax 

(H20) nm: pH 1, 272.0, pH 7, 273.0, pH 13, 273.0 (lit,4) 
pH 1, 272.0, pH 13, 273.0); 8: Amax (H20) nm: pH 1, 241.0, 
286.0, pH 7, 249.0, 279.0 (lit,7) pH 1, 244.0, 286.0 pH 7, 
248.0, 277.0, pH 13, 247.0, 278.0). The R{ and UV spectrum 
of each product agreed with those of the authentic sample 
or reported values. Products and their distribution are 
summarized in Table 1. 

The authentic sample of 5 was prepared from the reaction 
of 4 with trimethylsulfonium hydroxide,14) and that of 6 was 
given by the alkaline treatment of 7-methyldeoxyguanosine 
prepared according to the procedure of Jones and Robins.1) 

Compound 7 was prepared as follows. A mixture of 5 
(57 mg, 0.2 mmol) and TMP (0.84 g, 6.0 mmol) in water (2 
ml, pH 10, NaOH) was stirred at 60 °C for 30 h. The TLC 
of the reaction mixture showed only one UV-absorbing spot 
whose aqueous extract had Amax at 273.0 nm. After the 
reaction mixture had been neutralized with concentrated 
hydrochloric acid, unchanged TMP was removed by extrac­
tion with chloroform. Evaporation of the water layer gave 
the residue which was washed with acetone several times. 
The acetone solution was concentrated and poured into a 
large excess of ether, giving white hydroscopic precipitate of 
7 (31 mg, 49%); NMR (DMSO-</6) (5=2.65 and 2.71 (0.8 
H+2 .2 H, two s, N(CHO)CH3), 3.05 (3H, s, N-CH3), 5.05 
—5.60 (1H, complex m, l '-CH), and 7.55 and 7.62 (0.25H 
+ 0.75H, two s, N(CHO)CHg); UV Amax (H20) nm: pH 1, 
272.0, p H 7, 273.0, pH 13, 273.0. 
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Reactive Troponoids and o-Aminophenol. IV. The Synthesis of 
8-Arylazocyclohepta[6][l,4]benzoxazine by the Reaction 

of Arylazotropolone with o-Aminophenol1) 
Taichi SOMEYA 

Central Research Laboratory of Takasago Perfumery Co., Ltd., Kamata, Ohta-ku, Tokyo 144 
(Received February 17, 1979) 

Synopsis. 8-Phenylazocyclohepta[£] [ 1,4] benzoxazine 
was obtained by the dehydration of 5a-hydroxy-8-phenylhy-
drazonocyclohepta[£][ 1,4] benzoxazine, which had itself been 
obtained by the reaction of 5-phenylazotropolone with o-ami-
nophenol. 

In previous papers, we have reported the formation 
of cyclohepta[b] [1,4]benzoxazine ( l a ) and its deriva­
tives by the reactions with o-aminophenol of troponoids 
which have one or two leaving groups.2 - 4) Many years 
ago, Nozoe and his coworkers found that 5-nitrosotro-
polone (2a) and 5-arylazotropolone (2b) reacted with 
o-phenylenediamine to give quinoxalotropone deriva­
tives,5) while 5-nitrosotropolone gave the condensation 
products (3a) by a reaction with o-aminophenol; the 
latter reaction has not, however, been examined in 
detail.6) 

In this paper, the present author wishes to describe 
the results of the reactions of 5-phenylazo- and 5-(p-
tolylazo)tropolone with o-aminophenol. 

1a R = H 

1b R=N=N-@ 

1c R=N=N-@-CH3 

1d R=N=0 

<-CC 
2a R=N=0 

2b R=N=N-@ 

2 c R = N=N-^-CH 3 

When 3b and 3c were left in acetic acid in the 
presence of sulfuric acid, they underwent dehydration 
to form 8-phenylazo- ( lb ) and 8-(/>-tolylazo)cyclo­
hep ta [b][ 1,4] benzoxazine ( lc) respectively. These 
structures were determined by mass and elemental 
analyses and by means of the spectral data . When 
l b , c were allowed to stand in ethanol, upon the 
addition of 1 M N a O H or 1 M HCl at room temp, 
for 3 h, l b , c reverted to 3b,c, which were then 
decomposed into 2b,c and 4 when heated with an 
excess of alkali for 2 h . 

The dehydration of 3a failed to produce 8-nitro-
socyclohepta[£][ 1,4]benzoxazine (Id) under the same 
reaction conditions as were used in the case of 3b,c 
to l b , c. 

The N M R data of l b measured in trifluoroacetic 
acid and chloroform-^ show a sflift of the seven-
membered ring protons by 0.86—1.07 p p m and that 
of the benzene ring protons by only 0.10—0.22 ppm 
towards a lower magnetic field. This indicates that the 
positive charge of the cation (5) derived from l b is 
delocalized over both the seven-membered ring and the 
heterocyclic part , as in the case of cyclohepta[^][l ,4]-
benzoxazine (la).2) 

®-N* 

OH 

3a R=0H 

3b R=NH-® 

3 c R = NH-©-CH3 

R e s u l t s and D i s c u s s i o n 

The heating of 5-phenylazotropolone (2b) with o-
aminophenol (4) in ethanol under reflux resulted in 
the repid, quantitative precipitation of sparingly soluble 
crystals (3b). From elemental analysis (C 1 9 H 1 5 N 3 0 2 ) , 
the mass-spectral determination of mol wt (m/e 317 
(M+))5 and other spectral data, 3b seems to be 5a-
hydroxy-8-phenylhydrazonocyclohepta [b] [1,4] benzoxa­
zine . Similarly, 5a-hydroxy-8- (p-tolylhydrazono) cyclo-
hepta[0][ 1,4]benzoxazine (3c) was obtained from 5-(p-
tolylazo)tropolone (2c) and 4. I t is because of the 
contribution of the arylazo or nitroso group that 3b,c 
and 3a do not undergo dehydration to form l b , c and 
I d respectively under these reaction conditions. 

E x p e r i m e n t a l 

If not otherwise stated, the instruments and methods were 
as previously described.2) 

5a-Hydroxy-8-phenylhydrazonocyclohepta[b] [1\4]benzoxazine(3b) : 
A mixture of 5-phenylazotropolone (2b) (2.0 g, 8.7 mmol), 

o-aminophenol (4) (2.0 g, 18.3 mmol), and ethanol (16 ml) 
was refluxed for 3 h. After cooling, the resulting red crystals 
(3.2 g) were filtered and recrystallized from ethanol to give 
2.7 g (96%) of 3b; red needles; mp 198 °G; ?™£H nm (log 
e) : 205 (4.73), 234 (4.36), 278 (4.06), and 440 (4.32) ; A£gH+Na0H 

nm (log e) : 277 (4.05), 410 (4.00)sh, and 472 (4.20) ; IR (KBr) : 
3300 (NH) and 3200 cm"1 (OH) ; NMR (60 MHz in DMSO-
d6): Ô 9.72 (br. s, 1H, OH), 9.09 (s, 1H, NH), and 6.2—8.0 
ppm (m, 13H). Found: G, 71.88; H, 4.86; N, 13.50%; M+, 
317. Galcd for G19H15N302: G, 71.91; H, 4.76; N, 13.24%; 
M, 317. 

5a-Hydroxy- 8- (p-tolylhydrazono) cyclohepta [b] [1,4] benzoxazine 
(3c). A mixture of 5-(/>-tolylazo)tropolone (2c) (2.0 g, 
8.2 mmol), 4 (1.8 g, 16.4 mmol), and ethanol (4.5 ml) was 
refluxed for 9 h. After cooling, the resulting crystals were 
filtrated. Recrystallization from ethyl acetate gave 2.3 g (87 
%) of 3c as orange red needles; mp 231 °G; Aî^g" nm (log 
e) : 205 (4.72), 250 (4.35), 300 (4.04), and442 (4.33) ; A ^ + N a 0 H 
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nm (log e) : 293 (4.05), 405 (4.09), and 480 (4.26) ; IR (KBr) : 
3400 (NH) and 3250 cm"1 (OH) ; NMR (60 MHz in DMSO-
d6): Ô 9.40 (s, 1H, NH), 6.9—8.2 (m, 12H), and 2.40 ppm 
(s, 3H, GH3). Found: G, 72.20; H, 5.13; N, 12.33%; M+, 
331. Galcd for G20H17N3O2: G, 72.49; H, 5.17; N, 12.33%; 
M, 331. 

5a-Hydroxy-8-(hydroxyimino)cyclohepta\h~\ [l,4]benzoxazine (3a). 
A mixture of 5-nitrosotropolone (2a) (400 mg, 2.6 mmol), 

4 (290 mg, 2.66 mmol), and MeOH (40 ml) was stirred at 
room temp. The suspension became clear once, and then 
yellow crystals were precipitated. After nitration, recrystal-
lization from ethyl acetate gave 540 mg (86%) of 3a; pale 
yellow needles; mp 198 °G. 

8-Phenylazocyclohepta\fo\\_l,4~]benzoxazine (lb). A mixture 
of 3b (800 mg, 2.5 mmol), acetic acid (15 ml), and coned 
sulfuric acid ( 1.4 ml) was allowed to stand at room temp 
for 1 day. The solution was then neutralized with aq NaHG0 3 

and extracted with ether. The extract was concentrated, and 
the residue was chromatographed on a silica-gel column. 
From the benzene fraction, 600 mg (80%) of l b was obtained 
as brown, triangular structures; mp 210 °G (from benzene); 
AMgHnm (log e): 205 (4.45), 231 (4.32), 263 (4.44), 322 
(4.30), 450 (4.43)sh,471 (4.48), 500 (4.40)sh, and 570 (3.76)sh; 
A^H + H C 1nm (log e): 205 (4.38), 235 (4.37), 265 (4.38), 274 
(4.41), 333 (4.26), and 535 (4.39) ; A^H + N a 0 H nm (log e) : 258 
(4.32), 321 (4.14), 448 (4.52), 505 (4.28)sh, and 570 (4.16)sh; 
NMR (100 MHz in GDG13) : ô 7.76 (2H, m, C2, 6 , -H), 7.43 
(3H, m, C3 ,4 ,5 , -H), 7.14 (1H, dd, 7=13.0 , 2.0 Hz, G9-H), 
6.89 (1H, dd, J= 10.5, 2.0 Hz, G7-H), 6.86 (3H, m, C l f M -H) , 
6.51 (1H, m, C4-H), 6.29 (1H, d, J= 13.0 Hz, G10-H), and 
5.72 ppm (1H, d, J= 10.5 Hz, G6-H); NMR (100 MHz in 
CDCl3+CF3COOD): ô 8.06 (G9-H, Aô=0.92 ppm), 7.90 
(C2,#6,-H, A<5=0.14ppm), 7.88 (G7-H, A<5=0.99 ppm), 7.53 
(Ca'ié'.B'-H, A<5=0.10 ppm), 7.15 (C10-H, A<5=0.86 ppm), 6.96 
(C1 2 f 3-H, A<5=0.10ppm), 6.79 (C6-H, A<5= 1.07 ppm), and 
6.73 ppm (G4-H, A<5=0.22 ppm). Found: G, 76.23; H, 4.19; 
N 13.77%; M+, 299. Galcd for G19H13N30: G, 76.24; H, 
4.38; N, 14.04% ; M, 299. 

8-(p-Tolylazo)cyclohepta[h][l,4]benzoxazine (le). A 
mixture of 3c (400 mg, 1.2 mmol), acetic acid (10 ml), and 
coned sulfuric acid (0.5 ml) was heated at 75—80 °G for 2 h 
After standing over night, water (50 ml) was added to the 
solution, and it was neutralized with NaHG0 3 and extracted 
with benzene. The extract was chromatographed on a silica-
gel column. From the benzene-ethyl acetate (20: 1) fraction, 

250 mg (64%) of l c was obtained as brown needles; mp 219 
°G (from benzene); / l ^ H nm (log e) : 206 (4.39), 230 (4.25), 
264 (4.41), 328 (4.28), 455 (4.45)sh, 474 (4.49), 500 (4.41)sh, 
and 560 (4.37)sh; A^gH+HC1 nm (log e) : 206 (4.31), 233 (4.28), 
265 (4;36), 275 (4.39), 341 (4.17), and 540 (4.37); A^£H+Na0H 

nm (log e): 268 (4.35), 333 (4.21), 475 (4.50), 510 (4.37)sh, 
and 570 (4.02)sh; NMR (60 MHz in GDG13) : ô 7.70 (2H, 
m, C2 ,6 ,-H), 7.30 (2H, m, C3, 5 ,-H), 7.10 (1H, m, C,-H) 
6.87 (1H, m, G7-H), 6.80 (3H,'m, C± 2 3-H), 6.45 (1H, m, 
G4-H), 6.27 (1H, d, y = 1 3 Hz G10-H),'5.70 (1H, d, J=10 
Hz G6-H), and 2.38 ppm (3H, s, GH3). Found: G, 76.67; 
H, 4.63; N, 13.06%; M+, 313. Galcd for G20H15N3O: G, 
76.66; H , 4.83; N, 13.41%, M, 313 

Conversion of lb,c into 3b,c. A solution of lb,c 
(5 mg) in ethanol ( 1 ml) and three drops of 1 M HCl or 1 M 
NaOH was allowed to stand at room temp for 3 h. The 
neutralized solution was found to be 3b, c by means of the 
TLG and UV absorptions 

A solution of lb,c or 3b,c (5 mg) in ethanol (1 ml) and 
1 M NaOH (1 ml) was refluxed or 2 h. The neutralized 
solution was found to be a mixture of 2b,c and 4 by means 
of the TLG and UV absorptions. 
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Synopsis. 4-Alkylphenyl 4-(4-vinyl-, methacryloyloxy-, 
and methacrylamido-benzoyloxy)benzoates have been synthe­
sized by the reactions of 4-alkylphenyl 4-hydroxybenzoates 
with the corresponding substituted benzoyl chloride in pyri­
dine. The mesomorphic ranges of these novel monomers are 
highly dependent upon the type of substituent at both ends 
of the molecules. 

Phenyl 4-benzoyloxybenzoates such as 4-hexylphenyl 
2-chloro-4-(4-hexylbenzoyloxy)benzoate have been 
reported1) to possess low mesomorphic ranges as well 
as to be more stable against hydrolysis as compared 
with the Schiff bases commonly used for liquid crystal 
applications. 

In the course of synthetic studies of mesomorphic 
organic compounds bearing terminal vinyl groups and 
their polymers,2»3) several novel 4-alkylphenyl 4-
benzoyloxybenzoates bearing terminal vinyl groups have 
been synthesized. 

The synthetic route adopted was as follows. 

soci2 

Ri-

R i -

Ri-

"V 

-GOOH 

GOG1 

-GOO-

lst step 

H O " ^ 3 " c o o ~ ^ 3 ~ R a (3) 
—> 

f \ (-HCl) 

2nd step 

Vcoo-/ VR2 

The 4-vinyl-, methacryloyloxy-, and methacryl-
amido-benzoic acids (1) synthesized were converted to 
the respective acyl chlorides (2), which wrere subsequent­
ly reacted with 4-alkylphenyl 4-hydroxybenzoate (3) in 

TABLE 1. MESOMORPHIC RANGE FOR SUBSTITUTED PHENYL 4-BENZOYLOXYBENZOATES 

R l / ~ y G - 0 - / ~ V c - 0 - / ~ V R 2 (4) -C-O-
ii o 

-C -O-
II 

O 

Monomer 

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4-7 

4-8 

4-9 

R i 

C H 2 = C H -

C H 2 = C H -

C H 2 = C H -

G H 2 = G H -

CH2=CH— 

C H 3 

C H 2 = C - C O O -

C H 3 

C H 2 = C - C O O -

C H 3 

C H 2 = C - C O N H -

C H 3 

C H 2 = C - C O N H -

R2 

GH3GH2—CH-

C H 3 

C H 3 

C H 3 - C -

C H 3 

G H 3 G H 3 

i i 
CH3— C—CH2— C— 

i ^ i 
C H 3 G H 3 

GH3GH2GH2-*GH— 

C H 3 

C H 3 

GH3GH2—G— 

C H 3 

C H 3 

1 
C H 3 GH2—GH— 

C H 3 
1 

Grx3GH.2GH2—GH— 
C H 3 1 

GH3GH2—GH— 

G H 3 
G H 3 G H 2 - G -

GH3 

Yielda>/% 

36 

16 

52 

45 

19 

18 

9 

18 

20 

Mesomorphic rangeb ) /°G 

G 88—90 N 169—1701 

G 115—118 S 128N 151—1541 

G 117—1181 

G 79 S 96 N 1301 

G 102 N 107 I 

G 125—126 N 134—135 I 

G 121—122 S 126 N 157—158 I 

G 162—165 N 175—176 1 

G 170—171 N 176—177 I 

a) For purified products, b) G: crystal; S : smectic; N : nemat ic ; I : isotropic. 
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anhydrous pyridine to afford the desired product 4. 
The yields however were not high. T h e success of this 
synthetic route depends on the 2nd step. The nature of 
R j appears to markedly affect the yield and the extent 
of side reactions, e.g., the use of acryloyloxyl or acryl-
amido groups as Rx resulted in little reaction or poly­
merization. Substitution of iV,N-dimethylaniline for 
pyridine as the HCl-acceptor did not give satisfactory 
results. 

The novel vinyl monomers thus synthesized are listed 
in Table 1, where it may be seen that the effect of R t 

and R 2 on the mesomorphic range is large. I t is anti­
cipated that branching in the alkyl group R 2 brings 
about a narrower mesomorphic range. Normal alkyl 
groups were however not introduced due to the lack 
of raw materials. The use of vinyl (4-1—4-5), 
methacryloyloxyl (4-6 and 4-7), and methacrylamido 
(4-8 and 4-9) as Rj markedly affected the mesomor­
phic range. The vinyl group appears to afford the 
lowest CN or SN transition temperature and the widest 
nematic range, which appear to be comparable with 
those with freely rotatable alkyl groups.1) 

The compounds not only indicate mesomorphic 
ranges as they are, but also they might afford polymers 
with mesomorphic ranges due to pendant portions by 
suitable polymerization methods. 

E x p e r i m e n t a l 

Mesomorphic ranges were determined by means of a 
Yamato MP-21 melting point apparatus. 4-Alkylphenyl 
4-hydroxybenzoates (3) were synthesized according to the 
reported method.1) 

4-s-Butylphenyl 4- (4- Vinylbenzoyloxy) benzoate (4-1). To a 
solution of 4-^-butylphenyl 4-hydroxybenzoate (3, 1.3 g, 4.7 
mmol) and 4-^-butylcatechol (50 mg) in anhydrous pyridine 
(25 ml), 4-vinylbenzoyl chloride (2, 0.8 g, 5.0 mmol) prepared 
by the room temperature reaction of 4-vinylbenzoic acid (1) 
and thionyl chloride was added with ice-cooling. The solu­
tion was allowed to stand at room temperature for 18 h with 
the exclusion of moisture. The reaction mixture was then 
poured into iced water and the precipitated crude product 
was recrystallized three times from ethanol to afford colorless 
crystals (0.7 g, 36% yield). Found: G, 77.49; H, 6.05%. 
Galcd for G26H2404: G, 77.98; H, 6.04%. IR (KBr) 1720 

(G=0), 995, 900 (vinyl) cm"1. ^ - N M R (GDG13) Ô 0.8 (t, 
3H, CH3), 1.2 (d, 3H, CH3), 1.6 (t, 2H, CH2), 2.6 (q, 1H, 
GH), 5.4 (d, 1H, CH2=CH-), 5.8 (d, 1H, CH2=CH-), 6.7 
(q, IH, CH2=CH-), 7.3 (q, 8H, ArH), 8.2 (t, 4H, ArH) 
ppm. Mass (m/e) 400 (M+, 6), 131 (100). 

The monomers 4-2—4-5 were synthesized in the same 
manner, their analytical data being also satisfactory. 

4- ( 1-Methylbutyl) phenyl 4- [4- ( Methacryloyloxy) benzoyloxy] ben­
zoate (4-7). The same procedure as that for monomer 
4-1 was applied for 3 (R2=l-methylbutyl; 1.3 g, 5.0 mmol) 
prepared from 4-(methacryloyloxy) benzoic acid (1), which 
was itself synthesized by the reaction of sodium 4-hydroxy-
benzoate with methacryloyl chloride in aqueous solution, to 
afford colorless crystals (0.2 g, 9% yield). Found: G, 73.74; 
H, 5.49%. Galcd for G29H2806: G, 73.69; H, 5.99%. IR 
(KBr) 1740 (G=0), 950, 885 (CH2=CCH3) cm-1. NMR 
(CDCl3+DMSO-<4) Ô 0.8 (t, 3H, CH3), 1.3 (d, 3H, CH3), 
1.6 (m, 4H, GH2GH2), 2.1 (s, 3H, CH2=CCH3), 2.5 (m, IH, 
GH), 5.8 (s, IH, CH2=), 6.4 (s, IH, GH2=), 7.4 (m, 8H, 
ArH), 8.3 (d, 4H, ArH) ppm. Mass (m/e) 472 (M+, 2), 190 
(100). 

Monomer 4-6 was synthesized in the same manner with 
satisfactory analytical data. 

4-t-Pentylphenyl 4-[4- (Methacrylamido) benzoyloxy] benzoate (4-
9). Compound 3 (R2=/-pentyl; 1.3 g, 4.7 mmol) and 
4-(methacrylamido)benzoyl chloride (2, 1.1 g, 5.0 mmol), pre­
pared by the reaction of sodium 4-aminobenzoate with metha­
cryloyl chloride in aqueous solution, when subjected to the 
same reaction procedure as described above, gave colorless 
crystals (0.4 g, 20% yield). Found: G, 73.80; H, 6.50; N, 
3.16%. Galcd for C29H29NOs: G, 73.87; H, 6.20; N, 2.97%. 
IR (KBr) 1740 (ester), 1680 (amide), 960, 860 (CH2=CCH3) 
cm-1. NMR (GDG18) ô 0.7 (t, 3H, GH3), 1.3 (s, 6H, 2 GH3), 
1.6 (t, 2H, CH2), 2.1 (s, 3H, GH2=GGH3), 5.5 (s, IH, GH2=), 
5.8 (s, IH, GH2=), 7.0—8.3 (m, 13H, ArH+GONH) ppm. 
Mass (m/e) 471 (M+, 3), 190 (100). 

Monomer 4-8, synthesized in the same manner, also 
provided satisfactory analytical data. 
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Synopsis. The structure of a new triterpene glucoside, 
arjunglucoside III , isolated from Terminalia arjuna was found 
to be ß-D-glucopyranosyl 2a,3/?,19a-trihydroxy-ll-oxoolean-
12-en-28-oate. 

The isolation and structure determination of sitosterol, 
•ellagic acid, D-( + )-mannitol, ( + )-leucocyanidin, ( + )-
leucodelphinidin, oleanolic acid, arjunic acid (1), 
arjunolic acid (2), and arjunetin (3) from Terminalia 
mjuna have been reported.1»2) In a previous paper,3) a 
report was given on three new constituents, arjungenin 
(4) and arjunglucosides I (5) and I I (6) from the bark 
of plant. We describe the structure determination of a 
minor glucoside, arjunglucoside I I I (7), isolated from 
the same plant . 

Arjunglucoside I I I (7) was obtained from the 
methanol extract of the bark of Terminalia arjuna in ca. 
0 . 0 1 % yield based on the bark. Crystallization from 
methanol gave a crystal, m p 241.5—243.5 °C, \oi\xl 
+ 4 . 8 ° ; U V Amax 255.5 n m (e 9600). The 13C N M R 
spectra of arjunglucoside I I I (7) together with those of 
arjunetin (3) and arjunglucoside I I (6) are given in 
Table 1. The results led to the proposal4»5) that the 
structure of arjunglucoside I I I (7) can be formulated 
as glucopyranosyl 2,3,19-trihydroxy-ll-oxoolean-12-en-
28-oate. 

The 13C N M R spectrum of methyl 3^-acetoxy-11-
oxoolean-12-en-29-oate shows its C-9 signal at ô 61.9, 
C-11 signal at Ô 200.2, and C-12 signal at Ô 128.9, while 
that of the corresponding 11-deoxo derivative, methyl 
3/?-acetoxyolean-12-en-29-oate shows its C-9 signal at 
è 47.7, C-11 signal at ô 23.6, and C-12 signal at ô 
123.0.5) The 13C N M R and U V spectra strongly suggest 
the ll-oxoolean-12-ene structure for arjunglucoside I I I 
(7) ; this was confirmed by the following evidence. 
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Arjunglucoside I I I (7) was treated with acetic 
anhydride in pyridine to afford an acetate (8), m p 

TABLE 1. CARBON-13 CHEMICAL SHIFTS de OF ARJUNGLUCOSIDE 

I I I (7) ARJUNETIN ( 3 ) , AND ARJUNGLUCOSIDE I I (6) 

Carbon 
number 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-8 
C-9 
C-10 
C-11 
C-12 
C-13 
C-14 
C-15 
C-16 
C-17 
C-18 

48.3 
68.3 
83.4 
39.9 
55.6 
17. 
33 
44 
62 
38 

200 
129.0 
170. 
45. 
28. 
27. 
46. 

47.5 
68.5 
83.7 
39.8 
55.9 
19.0 
32.9 
39.8 
48.3 
38. 
24. 

123. 
144. 
42. 
29. 
24. 
46. 

.6 

.2 

.4 

.2 

.1 

.2 

.9 

.3 
45.5 44.5 

46.9 
68.8 
78.2 
43.5 
48.1 
18.5 
32.8 
40.0 
47.6 
38.4 
23.9 

122.8 
144.0 
42.2 
28.1 
23.3 
48.0 
41.7 

Carbon 
number 

C-19 
C-20 
C-21 
C-22 
C-23 
C-24 
C-25 
C-26 
C-27 
C-28 
C-29 
C-30 
C-17 

C-2' 
C-3' 
C-4' 
C-5' 
C-6' 

80 
35 
28 
32 
28 
17 
17 
19.6 
24.3 

176.7 
29.2 
22.9 
95.9 
74.0 
79.2 
71.0 
78.7 
62.1 

80.9 
35.5 
29.9 
32.1 
28.7 
16.8 
17.5 
17 
28 

177 
29 
24 
95 
74.0 
79.1 
71.0 
78.7 
62.1 

46.1 
30.7 
34.0 
32.5 
66.6 
14.2 
17.5 
17.4 
26.0 

176.3 
33.0 
23.6 
95.6 
74.0 
79.0 
71.1 
78.7 
62.2 

i3Q F T NMR spectra were measured with a JEOL 
FX-100 spectrometer at 25.05 MHz using pyridine-öf5 

solutions (ca. 100 mg/cm3) in 10 mm o.d. egg-shape cells. 
FT conditions: spectral width, 5 kHz; pulse flipping 
angle, 60°; pulse repetition time, 1.0 s ; number of data 
points, 4 K; number of transients, 5 K—40 K. Chemical 
shifts are expressed by ô (ppm downfield from internal 
TMS). 

272—275 °C, U V Amax 250 n m (e 11500). The mass 
spectrum showed a molecular ion peak at m\e 916 and a 
base peak at m/e 331. The molecular ion peak together 
with elemental analysis led to the molecular formula, 
C 4 8 H 6 8 0 1 7 , the base peak due to a fragment ion (9)6> 
suggesting the presence of a glucosyl moiety in the 
molecule. The 1 H N M R spectrum showed the presence 
of seven tertiary methyls, two acetoxyls, an a-proton 
(at C-9) adjacent to the carbonyl group, an allylic 
proton (at C-1 Sß), and a proton attached to a carbon 
a tom (C-19) bearing a hydroxyl group (the presence of 
which was supported by the I R spectrum at 3540 c m - 1 ) , 
besides a tetra-O-acetyl-D-glucopyranosyl moiety (cf. 
Experimental) . The acetate (8), on oxidation with the 
Collins reagent,7) gave an oxidation product (10), m p 
215—218 °C, which was found to be identical with the 
ll,19-dioxoolean-12-ene derivative obtained by the 
same oxidation reaction of known arjunetin hexaacetate 
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(11), tetra-0-acetyl-/?-D-glucopyranosyl 2a,3/?-diacetoxy-
19a-hydroxyolean-12-en-28-oate.1»3) Arjunglucoside I I I 
should be ß-D-glucopyranosyl 2a,3ß, 19?-trihydroxy-ll-
oxoolean-12-en-28-oate. 

Since the tetra-0-acetyl-D-glucopyranosyl group 
preferentially exists as Gl form, the 1 H N M R spectrum 
of the hexaacetate (8) (Jr2,=8 Hz) provides support 
for the presence of a ß-glucosyl linkage in the molecule.8* 
The a-orientation of the hydroxyl group at C-19 was 
suggested from the 1 H N M R spectrum of the acetate 
(8), which showed a broad signal (M^/2 6 Hz) at ô 3.20 
due to a proton on C-18 (/?-axial) and a triplet-like 
signal (W^/a 6 Hz) at ô 3.47 (/^-equatorial) due to a 
proton on C-19. The values are in good accord with 
those of 18/?- and 19/?-protons of arjunetin hexaacetate 
(11) and arjungenin methyl ester triacetate,3»9) suggest­
ing the a (axial) -orientation of the hydroxyl group of 
arjunglucoside I I I (7). 

In conclusion, the structure of arjunglucoside I I I (7) 
is ß-D-glucopyranosyl 2a,3ß, 19a- trihydroxy-11 -oxo-
olean-12-en-28-oate. 

E x p e r i m e n t a l 

The general procedure is the same as described in a previous 
paper3) except UV measurement, which was carried out on 
a Hitachi 340 spectrometer. High resolution mass spectrum 
was taken on a JEOL JMS-D300 mass spectrometer. 

Isolation of Arjunglucoside III (7). The bark (1.5 kg) of 
Terminalia arjuna was pulverized and extracted with methanol 
(8 1) for 10 days. The methanol extract afforded a residue 
(10.5 g), which was subjected to separation by column chro­
matography on silica gel (500 g). Elution was carried out 
with chloroform containing methanol of the following concen­
tration: frs 1—13, 2%, each 200 ml; frs 14—17, 4%, each 
250 ml; frs 18 and 19, 6%, each 500 ml; frs 20—24, 8%, 
each 200 ml; frs 25—30, 10%, each 200 ml; frs 31—35, 12%, 
each 160 ml; frs 36—43, 14%, each 200 ml; frs 44—51, 16%, 
each 200 ml; frs 52—60, 18%, each 160 ml. After arjunic 
acid (1), arjunolic acid (2), and arjungenin (4) had been 
eluted, arjunetin (3; 2.4 g) was eluted in frs 41—49 and a 
mixture (102 mg) of arjunetin (3) and arjunglucoside III (7) 
was eluted in fr 50. Fr 51 mainly consisted of arjunglucoside 
III (7; 96 mg) and frs 52—58 afforded arjunglucoside II (6; 
1.4 g). The mixture containing arjunglucoside III (7) was 
subjected to separation by column chromatography under 
the same conditions as above to give additional arjunglucoside 
III (7; ca. 20 mg). Two crops of crude arjunglucoside III 
were combined and purified by crystallization from methanol 
to give 64 mg of arjunglucoside I I I (7), mp 241.5—243.5 °G 
(with decomposition); [a]g +4.8° (c 0.83, G2H5OH); IR 
(Nujol) 3380, 1725, and 1630 cm"1; UV (G2H5OH) Amax 

255.5 nm (e 9600); 13G NMR (Table 1); MS m/e 470, 455, 
410, 395, and 69 (base peak) (no molecular ion peak was 
observed), characterized as its hexaacetate (8). 

Acetylation of Arjunglucoside III (7). Arjunglucoside III 
(7; 45 mg) was treated with acetic anhydride (0.2 ml) and 
pyridine (0.2 ml) at room temperature overnight. After the 
usual treatment, crystallization from ethanol gave arjunglu­
coside III hexaacetate (8; 42 mg), mp 272—275 °G; [a]2D° 
+ 12.6° (c 1.9, GHGlg); IR (Nujol) 3540, 1765, 1755, 1730, 
1660, and 1240 cm"1; UV (GHG13) Amax 250 nm (e 11500); 
m NMR (100 MHz) ô (GDGI3) 0.92 (6H, s), 0.96, 1.25 
(each 3H, s), 0.99 (9H, s), 1.99 (3H, s), 2.05 (9H, s), 2.08 
(6H, s), 2.55 (1H, s), 3.20 (1H, br s), 3.47 (1H, t-like, Wl/2 

6 Hz), 3.82 (1H, m), 4.06 (1H, as A part of ABX-system, 
/ 6 , , 6 ,= 12 and 75VJ> = 2 Hz), 4.32 (1H, as B part of ABX-
system, y6,,6,= 12 and y5 ,> 6 ,=4Hz), 4.74 (1H, d, J2ßtZa=W 
Hz), 5.20 (4H, m), 5.62 (1H, d, Jv 2, = 8 Hz), and 5.77 (1H, 
s); MS m/e 916 (M+), 856, 796, 649^ 483, 465, 335, 331 (base 
peak), 271, and 169; Found: G, 62.76; H, 7.62%. Galcd 
for G48He8017: G, 62.87; H, 7.47%. 

Oxidation of Arjunglucoside III Hexaacetate (8). Chromium 
trioxide (160 mg) was added to a mixture of pyridine (0.4 
ml) and dichloromethane (4 ml) with stirring for 15 min.7> 
To the solution was added arjunglucoside III hexaacetate 
(8; 28 mg) in dichloromethane (0.3 ml) and the reaction 
mixture was stirred at room temperature for 1.5 h. The 
usual treatment and crystallization from ethanol gave tetra-
O-acetyl-ß-D-glucopyranosyl 2<x,3/?-diacetoxy-l 1,19-dioxoolean-
12-en-28-oate (10; ca. 20 mg), as white needles, mp 215—218 
°C; [a]% +21° (c 0.85, GHG13); the IR, UV, XH NMR, and 
MS spectra were identical with those of the sample prepared 
from arjunetin hexaacetate (11). 

Oxidation of Arjunetin Hexaacetate (11). Arjunetin hexa­
acetate1»3) (11; 36 mg, mp 233.5—235.5 °G) was oxidized with 
the Collins reagent according to the same procedure as above. 
The reaction product was crystallized from ethanol to give 
tetra-0-acetyl-ß-D-glucopyranosyl 2a,3/?-diacetoxy-11,19-di-
oxoolean-12-en-28-oate (10; ca. 20 mg) as white needles, mp 
215—218 °C; [a]2£ +13° (c 0.93, CHC13); IR (Nujol) 1760, 
1750, 1712, 1663, and 1230 cm"1; UV (CHC13) Amax 246 nm 
(e 8300); 1H NMR (100 MHz) ô (CDC13) 0.92 (9H, s), 1.17, 
1.25 (each 3H, s), 1.22 (6H, s), 1.99 (3H, s), 2.02 (9H, s), 
2.08 (6H, s), 2.53 (1H, s), 3.82 (1H, m), 4.06 (1H, as A part 
of ABX-system, y6,>6,= 12 and 75,,6, = 2 Hz), 4.30 (1H, as B 
part of ABX-system, J6,>6,= 12 and / 5 , 6 , = 4 Hz), 4.72 (1H, 
d, 72ß.3a = 10 Hz), 5.23 (4H, m), 5.60 (IH, s), and 5.68 (1H, 
d, Jv.2'= 8 Hz); MS m/e 914 (M+), 854, 794, 647, and 522; 
Found: m/e 914.4162. Calcd for C48H66017: M 914.4298; 
Found: C, 62.40; H, 7.22%. Calcd for C48H66017.1/2 H 2 0 : 
C, 62.39; H, 7.31%. 

The authors wish to express their thanks to Dr. 
Kazuo Tori , Shionogi Research Laboratory, for his 
helpful discussion. 

References 

1) L. R. Row, P. S. Murty, G. S. R. S. Rao, C. S. P. 
Sastry, and K. V . J . Rao, Indian J. Chem., 8, 716, 772 (1970); 
L. R. Row and G. S. R. S. Rao, J. Indian Chem. Soc, 39, 89 
(1962). 

2) F. E. King, T. J. King, and J. M. Ross, J. Chem. Soc, 
1954, 3995. 

3) T. Honda, T. Murae, T. Tsuyuki, T. Takahashi, and 
M. Sawai, Bull. Chem. Soc. Jpn., 49, 3213 (1976). 

4) S. Seo, Y. Tomita, and K. Tori, J. Chem. Soc, Chem. 
Commun., 1975, 954. 

5) G. S. Ricca, B. Danieli, and G. Palmisano, Org. Magn. 
Reson., 11, 163 (1978); H. Duddeck and M. H. A. Elgamal, 
ibid., 11, 130 (1978). 

6) K. Biemann, D. C. Dejongh, and H. K. Schnoes, J. 
Am. Chem. Soc, 85, 1763 (1963). 

7) R. Ratcliffe and R. Rodehorst, J. Org. Chem., 35, 4000 
(1970). 

8) R. U. Lemieux, R. K. Kulling, H. J . Bernstein, and 
W. G. Schneider, J. Am. Chem. Soc, 80, 6098 (1958). 

9) Cf. D. H. R. Barton, N. J . Holness, K. H. Overton, 
and W. J . Rosenfelder, J. Chem. Soc, 1952, 3751; R. T. 
Aplin, W. H. Hui, C. T. Ho, and C. W. Yee, J. Chem. Soc, 
C, 1971, 1067. 



October, 1979] N O T E S 3129 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 ( 1 0 ) , 3 1 2 9 3 1 3 0 (1979) 

Convenient Preparation of Furanoeremophilane and Menthofuran1) 
Toshichika SATO, Masahiro TADA,** and Takeyoshi TAKAHASHI* 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
**Laboratory of Bioorganic Chemistry, Tokyo University of Agriculture and Technology, Fuchu, Tokyo 183 

(Received April 27, 1979) 

Synopsis. Pulegone was transformed into isopulegone 
enol acetate or isopulegone ethylene acetal, which was treated 
with m-chloroperbenzoic acid and then with acid to give 
menthofuran. Fukinone was converted into furanoeremo­
philane by the same procedure. 

It has been reported that oxidation of isopulegone (1) 
with perbenzoic acid and subsequent t reatment of a 
keto epoxide (2) with hot dilute acid give menthofuran 
(3) in 1 3 % yield.2) The present paper deals with a 
convenient preparation of 3 from pulegone (4) via 
isopulegone enol acetate (5) or isopulegone ethylene 
acetal (6). Although the preparat ion is similar to that 
reported, the yield was much improved. Preparation of 
furanoeremophilane (7) from fukinone (8) by the same 
procedure is described. 

Enol acetylation of pulegone (4) gave a mixture of 
5 and pulegone enol acetate (9) quantitatively in a ca. 
5: 3 ratio. Enol acetate (5) with isopropenyl double 
bond was isolated in 5 9 % yield, epoxidized with m-
chloroperbenzoic acid in the presence of phosphate 
buffer solution (pH 7.2),3) and the reaction mixture 
was treated with /?-toluenesulfonic acid to afford 
menthofuran (3)4) in 6 8 % yield. The reaction of 5 to 
form 31»5) may proceed through an epoxide (10) and 
(or) a hydroxy ketone ( l l ) 6 ) as an intermediate. How­
ever, no information could be obtained about the 
intermediate due to its labile nature . 

Similarly, fukinone (8)7> was enol acetylated to give 
two enol acetates 12 and 13 in 2 7 % and 4 0 % yields, 
respectively. The enol acetate (13) was treated succes­
sively with m-chloroperbenzoic acid and /?-toluene-
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sulfonic acid to afford furanoeremophilane (7)8) in 4 2 % 
yield. 

Acetalization of pulegone (4) proceeded quantitatively 
to give 6. Epoxidation of 6 with m-chloroperbenzoic 
acid gave an epoxide (14) in 8 9 % yield showing two 
peaks in a ca. 2 : 1 ratio on GLC examination. The 
major epoxide was separated by means of preparative 
TLG and converted into menthofuran (3) by acid 
treatment (2 M hydrochloric acid-pentane).9) When 
the reaction was carried out without separation of the 
intermediates 6 and 14, 3 was obtained from 4 in 9 0 % 
yield. 

An ethylene acetal (15) with terminal double bond 
was formed as the sole product on acetalization of 
fukinone (8). Trea tment of 15 with peroxy acid and 
then with acid gave furanoeremophilane (7) in 74% 
yield from 15. 

These two methods are useful for the synthesis of 
3-methylfuran derivatives from a-isopropylidene ketones. 

E x p e r i m e n t a l 

UV spectra were measured on a Hitachi 124 spectropho­
tometer, and high resolution mass (MS) spectra on a JEOL 
JMS-D300 spectrometer. Other details are the same as 
described in a previous paper.10) 

Enol Acetylation of Pulegone (4). A mixture of 4 (3.60 
g), isopropenyl acetate (4.17 g), and/>-toluenesulfonic acid 
(0.5 g) was stirred under nitrogen at room temperature for 
15 h. The reaction mixture was passed through a column 
of silica gel (100 g). An excess of isopropenyl acetate was 
eluted with pentane. Elution with pentane-ether (50: 1) 
afforded isopulegone enol acetate (5; 2.69 g; yield 59%), an 
oil (one spot on TLG), bp 74.5—77 °C/533 Pa; IR (neat) 
1760, 1635, and 900 cm"1; UVm a x (EtOH) 223 nm (e 5700); 
NMR (GS2) Ô 0.88 (3H, d, / = 6 Hz), 1.74 (3H, d-like, J= 1.5 
Hz), 1.92 (3H, s), and 4.73 (2H, m); NMR (GG14) Ô 1.03 
(3H, d, J = 6 Hz), 1.78 (3H, d-like, 7 = 1 . 5 Hz), 1.98 (3H, s), 
and 4.77 (2H, m). Found: m/e 194.1308. Galcd for G12H1802: 
M, 194.1307. Successive elution with the same solvents gave 
pulegone enol acetate (9; 1.50 g ; yield 33%), an oil (one 
spot on TLG); IR (neat) 1760 cm"1; UVm a x (EtOH) 241 nm 
(e 3400); NMR (GG14) ô 1.00 (3H, d, 7 = 6 . 5 Hz), 1.74 (3H, 
br. s), 1.82 (3H, br. s), 2.00 (3H, s), and 5.07 (1H, d, J = 3 
Hz). Found: m/e 194.1278. Galcd for G12H1802: M, 194.1307. 

Menthofuran (3) from Isopulegone Enol Acetate (5). A buffer 
solution (pH 7.2; 20 ml; prepared from KH 2 P0 4 -NaOH-
H 2 0) and m-chloroperbenzoic acid (2.3 g) in ether (30 ml) 
were added to a solution of 5 (250 mg) in ether (10 ml) at 
0 °G, and the mixture was stirred for 30 min. The organic 
layer was washed with a 10% aqueous sodium thiosulfate 
solution and treated with />-toluenesulfonic acid (30 mg) in 
ether at room temperature for 2 min. The ethereal solution 
was washed with a 5% sodium hydroxide solution and brine, 
dried (MgS04) and evaporated, giving a residue which was 
chromatographed (silica gel, 5 g; elution with pentane) to 
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afford menthofuran (3; 132 mg; yield 68%), an oil (one spot 
on TLG); IR (neat) 1635 and 1560cm-1; NMR (CS2) Ô 
1.09 (3H, d, 7 = 5 . 5 Hz), 1.85 (3H, d, 7 = 2 Hz), and 6.84 
(1H, m); NMR (GGI4) ô 1.06 (3H, d, 7 = 5 . 5 Hz), 1.86 (3H, 
d, 7 = 2 Hz), and 6.88 (1H, m). Found: m/e 150.1032. Galcd 
forC1 0H1 4O:M, 150.1045. 

Furanoeremophilane (7) from Fukinone (8). Fukinone (8; 
351 mg) was treated with isopropenyl acetate (300 mg) in the 
presence of />-toluenesulfonic acid (50 mg) under nitrogen with 
stirring at room temperature for 15 h. The reaction mixture 
was passed through a column of silica gel (10 g). An excess 
of isopropenyl acetate was eluted with pentane. Elution with 
pentane-ether (25: 1) gave an enol acetate (13; 164 mg; yield 
40%), an oil (one spot on TLG); IR (neat) 1760 and 895 
cm-1; NMR (GS2) ô 0.88 (3H, d, 7 = 6 . 5 Hz), 0.91 (3H, s), 
1.73 (3H, d-like, J= 1.5 Hz), 1.92 (3H, s), 4.68 (1H, m), and 
4.77 (1H, m); MS m/e 262 (M+). Successive elution with the 
same solvent mixture gave another enol acetate (12; 114mg; 
yield 27%), an oil (one spot on TLG); IR (neat) 1760 cm-1; 
NMR (CS2) ô 0.70 (3H, d, 7 = 6 Hz), 0.90 (3H, s), 1.74 (3H, 
br s), 1.81 (3H, br s), 2.00 (3H, s), and 4.80 (1H, d, 7 = 3 
Hz) ; MS m/e 262 (M+). 

The enol acetate (13; 85 mg) was dissolved in ether (10 
ml), and treated with m-chloroperbenzoic acid (650 mg) in 
ether (50 ml) at 0 °G for 1 h with stirring in the presence of 
the phosphate buffer solution (10 ml; vide supra). The organic 
layer was treated as described above (including the treatment 
with />-toluenesulfonic acid, 10 mg) to give a residue which 
was chromatographed (silica gel, 5 g ; elution with pentane) 
to give furanoeremophilane (7; 30 mg; yield 42%). The IR 
and NMR spectra were identical with those of an authentic 
7.8) 

Acetalization of Pulegone (4). Ethylene glycol (2.5 ml) 
and /»-toluenesulfonic acid (100 mg) were added to a solution 
of 4 (2.24 g) in benzene (20 ml) and the mixture was refluxed 
under nitrogen for 7.5 h using a Dean-Stark water separator. 
The organic layer was washed with aqueous sodium hydro-
gencarbonate solution and brine, dried (MgS04), and evapo­
rated, giving a residue. This was passed through a column 
of silica gel (30 g) [elution with hexane-ether (20: 1)] to give 
isopulegone ethylene acetal (6; 2.84 g ; yield 98%), an oil 
showing one spot on TLG and one peak at 7?t=8.7 min on 
GLG examination [column, SP-1000 (10%), 3(mm)x2(m); 
160 °G; N2 flow rate, 40ml/min]; IR (neat) 1640 and 890 
cm-1; NMR (GG14) ô 0.90 (3H, d, 7 = 6 Hz), 1.74 (3H, m), 
3.78 (4H, br s), and 4.74 (2H, m). Found: m/e 196.1455. 
Galcd for G12H20O2: M, 196.1464. 

Menthofuran (3) from Isopulegone Ethylene Acetal (6). A 
solution of m-chloroperbenzoic acid (266 mg) in ether (20 ml) 
was added to 6 (304 mg) in ether (10 ml) at 0 °G, and the 
mixture was stirred for 15 h. The ethereal solution was 
washed with a 10% aqueous sodium thiosulfate solution, 
aqueous sodium hydroxide solution and brine, and dried 
(MgS04). The solvent was removed under reduced pressure 
(at below 20 °G) to give a residue which was chromatographed 
on a column of Florisil (5 g). Elution with pentane-ether 
(5: 1) gave an epoxide (14; 294 mg; yield 89%) as an oil. 
The epoxide (14) showed two spots on TLG and two peaks 
at Rt= 10.1 min (a major epoxide) and i? t= 10.8 min (a 
minor epoxide) in a ratio of ca. 2 :1 on GLG examination 
under the same conditions as described above. Epoxide (14) 
was further chromatographed [silica gel, 3 g; elution with 
pentane-ether (5: 1)] to afford the major epoxide, an oil (one 
spot on TLG); NMR (GG14) ô 0.89 (3H, d, 7 = 6 Hz), 1.19 
(3H, s), 2.46 and 2.67 (each 1H, 7 = 6 Hz, GH2 in an oxirane 
ring), and 3.86 (4H, m, 0 -GH 2 -GH 2 -0 ) . Found; G, 68.05; 
H, 9.58%. Galcd for G12H20O3: G, 67.89: H, 9.50%. The 

minor epoxide could not be obtained as a pure sample. 
To this major epoxide (1024 mg) in pentane (15 ml) was 

added 2 M hydrochloric acid (15 ml), and the mixture was 
stirred at room temperature for 1.5 h. The pentane layer 
was separated and the aqueous layer was further extracted 
with pentane (total 50 ml). A combined pentane solution 
was washed with aqueous sodium hydrogencarbonate solution 
and brine, dried (MgS04), and evaporated (at below 28 °C), 
giving a residue which was chromatographed on a column 
of Florisil (5 g). Elution with pentane afforded menthofuran 
(3; 674 mg) in 93% yield, identical (IR, NMR, MS, and 
TLG) with the authentic sample (vide supra). 

Acetalization of Fukinone (8). Fukinone (160 mg) in 
benzene (7 ml) was acetalized with ethylene glycol (1 ml) in 
the presence of />-toluenesulfonic acid (30 mg; in benzene, 5 
ml) under reflux (12 h) using a Dean-Stark water separator. 
After the usual work-up, the residue was chromatographed 
[silica gel, 10 g ; elution with hexane-ether (20: 1)] to give 
an ethylene acetal (15; 112 mg) in 58% yield, an oil (one 
spot on TLG); IR (neat) 1635 and 890cm"1; NMR (GG14) 
ô 0.88 (3H, d, J = 5 Hz), 0.97 (3H, s), 1.78 (3H, m), 3.78 
(4H, m), and 4.50 (2H, m); MS m/e 264 (M+). Further 
elution with the same solvents gave fukinone. 

Furanoeremophilane (7) from the Ethylene Acetal (15). A 
solution of 15 (44 mg) in ether (10 ml) was epoxidized with 
m-chloroperbenzoic acid (55 mg; in ether, 20 ml) at 0 °G (4.5 
h). The ether solution was washed with a 10% aqueous 
sodium thiosulfate solution, a 5% sodium hydroxide solution, 
and brine, and then treated with 2 M hydrochloric acid (10 
ml) under nitrogen at room temperature for 20 min. The 
ether layer was separated and the aqueous layer was further 
extracted with ether (total 20 ml). The combined ether 
solution was treated as usual to give a residue which was 
chromatographed on a column of silica gel (2 g). Elution 
with pentane afforded furanoeremophilane (7; 27 mg; yield 
74%), identical with the authentic specimen.8) 
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Synopsis. Synthesis of a new 2-pyrimidylhydrazone 
i.e. di-2-pyridylmethanone 2-pyrimidylhydrazone (DPMPH) 
and its application in the selective determination of micro-
amounts of zinc is presented. DPMPH reacts with zinc to 
form a yellow complex in the pH range 7.9—11.1 with molar 
absorptivity 5.2 X 104 1 mol - 1 cm"1 at 430 nm. Beer's law is 
obeyed upto 1.56 ppm of zinc. Zinc has also been determined 
in several alloys. 

In recent years many nitrogen containing heterocyclic 
hydrazones derived from 2-hydrazinopyridine1-4> and 
2-hydrazinoquinoline5-8) have been prepared and tested 
as possible analytical reagents. Lions et a/.9»10) first 
reported the analytical properties of these compounds. 
However, hydrazones derived from 2-hydrazinopyrimi-
dine have not been investigated in detail for analytical 
purpose. 

In this note, synthesis of di-2-pyridylmethanone 2-
pyrimidylhydrazone ( D P M P H , I) and its application 
in the determination of micro-amounts of zinc is 
described. 

DPMPH, I 

This method is based upon a differential demasking 
technique proposed by Platte and Marcy.n> According 
to this technique utilized here zinc was determined with 
D P M P H in the presence of interfering meta}s, such as 
iron and copper. The cyanide complexes of the metals 
present in the solution were formed and the zinc complex 
was preferentially destroyed by chloral hydrate. The 
z inc -DPMPH complex formed by the liberated zinc was 
measured spectrophotometrically, before interfering 
metals were liberated from its cyanide complex. I t was 
reported12-14) that the cyanide complexes of Cu(I I ) and 
Fe (III) are not stable enough to prevent interferences 
of copper and iron in the determination of zinc accord­
ing to the above procedure and the reduction of Cu(I I ) 
and Fe (III) with ascorbic acid was proposed.15) The 
Cu(I) and Fe(II) cyanide complexes are more stable 
against chloral hydrate. 

E x p e r i m e n t a l 

Apparatus. A Unicam SP600 spectrophotometer was 
used for measuring absorbance and a Beckman Expandomatic 
SS-2 pH meter was used for pH measurements. 

Reagents. Synthesis of Di-2-pyridylmethanone 2-Pyrimidyl-
hydrazone: 2-Chloropyrimidine was prepared by the method 

of Kogon et ß/.16> and converted to 2-hydrazinopyrimidine by 
the method of Shirakawa et al.11^ An ethanolic solution of 
equimolar quantities of 2-hydrazinopyrimidine and di-2-
pyridylmethanone (Fluka A. G.) was refluxed for 6 h. The 
residue obtained after the removal of ethanol, by using a 
rotatory evaporator, was crystallized from benzene to give 
pale yellow crystals (mp 160 °G). Purity was checked by TLG. 
Elemental analysis confirmed the synthesis (Galcd: G, 65.2; 
H, 4.3%. Found: G, 65.5; H, 4.9%). 

DPMPH solutions were prepared in ethanol (95%) and 
stored in amber glass bottles. Such solutions are stable for 
several weeks. 

Ascorbic Acid Solution (10% w/v) : This solution was prepared 
on alternate days and stored in amber glass bottles. 

Buffer Solution: Borax (4.5 g) and KGN (0.2 g) were dissolved 
in 20 ml of 4 M NaOH and the solution was diluted to 50 ml 
with distilled water. When 1 ml of buffer is mixed with 5 ml 
of working standard or blank, the resulting pH should fall 
between 8.5—9.5 usually. If it does not, the preparation must 
then be repeated by changing the amount of alkali added and 
the pH is checked again. Once the final conditions have been 
established for this solution, it is easy to prepare new buffer 
when it is needed. 

Standard Zinc Solution: A standard solution of zinc was 
prepared by dissolving the analytical reagent grade zinc 
sulfate heptahydrate in doubly distilled water. 

Chloral Hydrate Solution (1.5%): Chloral hydrate solution 
was prepared for differential demasking of zinc from cyanide 
complex. 

All other solutions were prepared with analytical grade 
reagents in doubly distilled water. 

Recommended Procedure. To an aliquot containing 
2.6—13.0 [ig of Zn(II), add 1 ml of ascorbic acid solution, 
followed by 2 ml of buffer solution. Then add 1 ml of ethanolic 
10~2 M solution of DPMPH and dilute the contents to 10 ml. 
Measure the absorbance of the solution within 25 min 
after the addition of DPMPH at 430 nm against reagent blank 
prepared under the identical conditions. 

Absorption Spectra, Effect of pH and Reagent Concentration : A 
pH study of the complexation of DPMPH with Zn(II) showed 
that the yellow complex (Amax=430 nm) gives a constant 
absorbance in the pH range 7.9—11.1. Carrying out the 
proposed procedure it has been found that the pH adjustment 
in the desirable range was more effectively achieved when the 
buffer solution and the masking agent i.e. the cyanide, are 
added simultaneously. It was observed that a separate 
addition of cyanide and buffer, irrespective of their order of 
addition, did not give good results in pH adjustments. For 
complete complexation 6-fold excess of reagent is necessary. 
The absorbance of the reagent at the wavelength of maximum 
absorbance of its zinc complex i.e. at 430 nm, is negligible. 
This is advantageous because the excess of reagent is not 
critical. 

Stability of the Complex. It was also observed that 
addition of chloral hydrate is not necessary after the addition 
of DPMPH, for the destruction of zinc-CN complex and for 
full colour development. The zinc-CN complex is completely 
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destroyed within 5 min and z i n c - D P M P H is formed even in 
the absence of chloral hydrate . This must be related to the 
strength of the stability constants of z inc -CN a n d z inc -
D P M P H complexes. This complex is stable up to 25 min . 
While by addit ion of chloral hydrate (1.5%) solution, 
z i n c - D P M P H complex is formed as soon as it is added and 
remains stable for 5 min, then it diminishes. However, full 
colour development takes place in both the cases. Hence 
readings of the absorbance of the test solution should be taken 
within 5—25 min after the addit ion of D P M P H in the 
first case and within 5 min in the second case. 

Effect of Diverse Ions: Synthetic solutions containing known 
amounts of zinc(II) and varying amounts of diverse ions were 
prepared and the recommended procedure was followed for 
the determination of z inc(I I ) . An error of ± 2 % in the 
absorbance reading was considered tolerable. In the deter­
minat ion of 0.65 p p m of zinc, the ions tolerated (given in 
p p m in parentheses) are as follows : 

Chloride, bromide, iodide, fluoride, citrate, tar t ra te , 
thiourea, acetate, sulfite, nitri te, ni t rate (2000 p p m each) ; 
thiocyanate (1000 ppm) ; thiosulfate, oxalate (500 p p m each) ; 
phosphate (150 p p m ) ; C a ( I I ) , S r ( I I ) , Ba( I I ) , M g ( I I ) , P b ( I I ) , 
M o ( V I ) , W ( V I ) (1000 p p m each) ; A l ( I I I ) , Sn( I I ) , Be(I I ) , 
S b ( I I I ) , (800 p p m each) ; R u ( I I I ) , R h ( I I I ) , I r ( I I I ) , A u ( I I I ) , 
O s ( V I I I ) , T i ( I V ) , M n ( I I ) , Ag(I) (500 p p m each) ; P d ( I I ) , 
N i ( I I ) , Co( I I ) , C d ( I I ) , H g ( I I ) , V(V) (200 p p m each) ; Cu( I I ) 
and Fe(II) (100 p p m each). However, E D T A interferes 
seriously. 

Calibration Curve : Beer's law is obeyed upto 1.56 p p m of 
Zn ( I I ) in presence or absence of chloral hydrate . T h e op t imum 
concentration range evaluated by Ringbom's method is 
0.26—1.30 p p m . T h e SandelPs sensitivity is 0.0012 [Lg Zn 
c m - 2 and the molar absorptivity is 5.2 X 1041 m o l - 1 c m - 1 a t 
430 nm. T h e composition of the complex as determined by 
Job ' s method of continuous variations shows tha t metal to 
ligand ratio is 1:2. 

Determination of Zinc in Alloys. Dissolve 1.0 g of brass 
or gun metal in 10 ml of concentrated nitric acid, evaporate 
to dryness, extract wi th 4 ml of concentrated sulfuric acid and 
dilute to 250 ml. 

T A B L E 1. DETERMINATION OF ZINC (in %) IN ALLOYS 

Alloy Zn Zn 
reported found 

R.s.d. 

(%) 

Brass 
(BCS No. 5g) 
Gun metal 
(BCS No. 6g) 
6% Zn-Al alloy 
(BCS No. 300) 

30.0 

1.5 

5 98 

29.8 

1.43 

5 76 

6 

6 

6 

1.40 

2.96 

1 49 

a) T h e average of n determinations is reported with the 
relative s tandard deviation. 

Dissolve 1.0 g of the a luminium alloy in aqua regia, 
evaporate to small volume, add 10 ml of concentrated hydro­
chloric acid and dilute to 250 ml. 

Suitable aliquot solution is taken and recommended general 
procedure is followed for the determination of zinc in alloys. 
T h e results of alloy analysis are summarized in Table 1. 

Selective and sensitive method for the determination of zinc 
is proposed. Determinat ion can be carried out in aqueous 
solutions and there is no need of extraction etc. Zinc can be 
determined in alloys, without its separation from other metals 
present in the alloys. 

A u t h o r s a r e t hank fu l to t h e C e n t r e of A d v a n c e d 
S tud ie s i n C h e m i s t r y , U n i v e r s i t y of D e l h i ( I n d i a ) for 
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Synopsis. The stability constants of the complexes 
mentioned in the title obtained by us by Potentiometrie pH 
measurements are compared with those of Kodama et al. 
Because sodium ion forms quite a stable 1,2-cyclohexanedi-
amine-iV,iV,iVv,iVv-tetraacetate (CyDTA) complex, the discrep­
ancy of the values can be explained. Further new calculations 
confirm the formation of protonated chelate with CyDTA but 
in a very limited pH range. 

Kodama et al. have determined the stability constants 
of thallium(I) complexes with diethylenetriaminepenta-
acetate (DTPA)1) and 1,2-cyclohexanetetraacetate 
(CyDTA)2) ions using Polarographie measurements. 
Their values (K. and T.) are given together with those 
obtained by us3) (A. and B.) with p H measurements in 
the Table 1. The difference between the results of the 
two works can be partly caused by the different ionic 
strengths used but the discrepancies with CyDTA as 
ligand is too large to be explained in this manner . The 
preference given by us to the potassium nitrate as inert 
salt is justified by the fact that potassium ion forms very 
weak complexes with amino polycarboxylate ligands and 
the ligand protonation constants in this medium at 
7 = 0 . 1 are known.4»5) Kodama and Tominaga have 
preferred NaC10 4 solutions (7=0 .4 resp. 0.3) in spite 
of the greater stability of the sodium complexes4»7) and 
have calculated the dissociation constants of the acids 
using the pK values of Schwarzenbach and Ackermann,6) 
correcting for the change in the ionic strength by means 
of the Davies equation. The calculation of the activity 
coefficients of high charged ions as those involved here 
can only give very approximative results. Further the 
pK value of H C y D T A 3 - of the above work was found 
to be too low.5) The better agreement of the results in 
the case of D T P A indicates that the discrepancies for 
CyDTA cannot be due only to these reasons. 

K. and T. followed from the constancy of (£'1/2)T1Z 

in the p H range from 10 to 11.7 the formation of the 
protonated chelate T1HZ2~. This constancy is due to 
the fact that beside the unprotonated complex T1Z3~ 
"uncomplexed" ligand is mainly present as sodium 
complex N a Z 3 - in that p H range. Indeed from our pK 
values4»5) and some new measurements—the pK of 
HCyDTA 3 " at 7 = 0 . 1 (NaN0 3 ) and 20 °C is found to 

be 9.80—for that complex a stability constant of 
approximately 102-7 is estimated. Therefore in 0.3 
(NaC104) and p H = 1 0 already more than 8 0 % of the 
uncomplexed ligand is present as N a Z 3 - . As described 
in our work3) for the determination of the stability of 
the thallium (I) complexes alkalimetric titration have 
been used, in which solutions containing the diproton-
ated ligand H 2 Z~ and thallium (I) nitrate have been 
titrated with 0.1 M K O H . In Fig. 1 of reference3) the 
curve obtained with E D T A as ligand is given. Starting 
from 100 ml of a solution containing 10~4 mol H 2 CyDTA 
and T1+ by addition of 0.1 M K O H the following data 
have been obtained: (ml/pH) : 0.4/5.919: 0.6/6.259:0.8/ 
6 .686:0.9/6.986:0.95/7.178: 1.0/7.409: 1.05/7.637: 1.1/ 
7.823: 1.2/8.136: 1.3/8.399: 1.4/8.626: 1.5/8.858: 1.6/ 
9.098: 1.65/9.218: 1.7/9.478: 1.8/9.605. The calcula­
tions were done considering the following equilibria: 

H2L2~ <=± HL3~ <=± L*-
Tl+ + H2L2~ <=± T1HL2" <=± T1L3~ 

and inserting for pK3 6.12 and pX4 12.3. 
New calculations show that in the solutions at lower 

p H , between 5 and 8, also T 1 H L 2 - is formed, being its 
maximal concentration always lower than 10% of the 
total amount of the metal ion. The values given in the 
table are calculated using différents titration curves. As 
found by K. and T . T1+ forms with CyDTA also an 
hydrogen complex T1HL2~, with a limited p H range of 
existence (pK of T1HL 2 "=7 .32 ) . 
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TABLE 1. STABILITY CONSTANTS OF SOME T1(I) COMPLEXES8,5 

log [ML] 
[M][L] 

log [MHL] 
[M][HL] 

p t fo fMHL Ionic medium 

DTPA 

CyDTA 

K. and T. 
A. and B. 
K. and T. 
A. and B. 

5.45 
5.97±0.05 

3.85 
6.7=1=0.05 

4.24 
4 . 2 ± 0 . 1 

3.71 
1.7=1=0.2 

8.8 
8 .8±0 .1 

11.29 
7 .3±0 .2 

/ = 0 . 4 (NaC104) 
7=0 .1 (KNO3) 
7 = 0 . 3 (NaC104) 
7=0 .1 (KNOg) 

a) Unit of concentration used is mol dm-
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Using the pulse method, the ultrasonic absorption was measured for binary mixtures of water and N,N-
dimethylformamide (DMF) at 5.5 and 57 MHz in the temperature range of 5—45 °G. At lower temperatures 
a/f2 as a function of the concentration produces a plateau up to x (x is the mole percent of DMF in solution) = 
1.5, a minimum point at #=6 , and a maximum point at #=25. An increase in the temperature causes these 
characteristic features of a/f2 to disappear. At 45 °G the values of oc/f2 increase monotonically. No relaxation 
process is observed in the frequency range of this work. The general features of the concentration dependence 
of oc/f2 resemble those of the urea-water system in a water-rich region and those of the dioxane-water system in 
a DMF-rich region. The mechanism of the plateau can be explained by the cooperative nature of the forma­
tion and breaking of water clusters. The maximum of a/f2 is ascribed to the complex formation between DMF 
and water molecules, while the minimum of a/f2 arises from the competition between the breaking-down of the 
water structure and the complex formation in solution. The maximum behavior in the ultrasonic absorption 
can be interpreted in terms of a kinetic model, DMF+mH 2 0^±DMF-(H 2 0) m . m is determined to be 3, and 
the following values have been obtained for the model mentioned above: AFm—1 cm3/mol, Km=l0±2. 

In a previous paper1) the ultrasonic and volumetric 
behavior of aqueous solutions of amides (iV-methyl-
formamide, iV,iV-dimethylformamide and iV,iV-dimeth-
ylacetamide) was studied at 25 and 35 °G over the 
entire concentration range. The velocity maxima were 
observed for all three of the amide solutions, while 
the minima in the partial molar volume were observed 
for D M F and DMAA. A tentative interpretation has 
been proposed that the velocity maxima are ascribable 
to the complex formation between water and amide 
molecules, while the minima in the partial molar 
volume are to be ascribed to the competition between 
the volume increase due to the complex formation 
and the volume decrease due to the breaking-down 
of the water structure. 

In order to obtain further information on the in­
teraction between water and amide molecules, ultra­
sonic absorption measurements have been carried out 
on the DMF-wa te r system. From among three types 
of amide-water systems investigated previously, the 
DMF-wa te r system is chosen because this system is 
one of the most widely used systems of polar mixed 
solvents. 

Exper imenta l 

The DMF used was of a spectral grade obtained from 
Nakarai Chemicals and was used without further purification. 
The distilled water was degassed prior to each measurement. 

The ultrasonic pulse method was used for the measuremet 
of the absorption coefficients of solutions. The details of 
the apparatus and the experimental procedures have been 
reported previously.2»3) The measurements of the absorp­
tion coefficient were done at 5.5 and 57 MHz in the temper­
ature range of 5—45 °G. The data are reproducible within 
± 1 % at 57 MHz and within 5% at 5.5 MHz. The temper­
ature was controlled to ±0.1 °G. 

R e s u l t s 

Temperature and Concentration Dependences of oc/f2. 
Figure 1 shows the concentration dependences of oc/f2 

at various temperatures. At lower temperatures, the 
curves show a minimum point at x (x is the mole per­
cent of D M F in solution) = 5 — 8 and a maximum 

point at ca. # = 2 5 . With the rise in the temperature, 
the height of ( a / / 2 ) m a x and the depth of (oc/f2)min 

decrease, and the width of the maximum peak shows 
a broadening with a slight shift of PSAG (the peak 
sound absorption concentration) towards higher con­
centrations of D M F . At temperatures higher than 
35 °G, the minimum and the maximum points disap­
pear and the values of oc/f2 increase monotonically. 
The appearance of the minimum point in the relation 
of oc/f2 vs. concentration in a small concentration of 
solute has not been observed in other aqueous solutions 
of nonelectrolytes except the work of Takenaka et a/.4) 
who found the appearance of the minimum in the 
oc/f2 vs. concentration curves for this system (20 and 
25 °G, 15—45 M H z ) , but who mentioned nothing 
further about it. 

Figure 2 is an expanded representation of Fig. 1 
in the water-rich region. Two characteristic features 
should be noted regarding the temperature dependence 
of oc/f2 in this region. T h e first is, as has been described 
above, the appearance of the minimum point, while 
the second is the appearance of the plateau, in which 
oc/f2 is relatively insensitive to the quanti ty of D M F 
added. With a decrease in the temperature, this region 
increases from x=0 at 45 °G to x=2 at 5 °G. At 
35 °C, the values of oc/f2 remain constant up to x=7, 
but this constant-value region does not correspond 
to the true plateau. From the comparison of the 
plateau region at different temperatures, it may be 
concluded that the constant-value region observed at 
35 °G is the result of the opposite effects of the decrease 
of oc/f2 in the 2—6 m o l % concentration range and 
the increase of oc/f2 in the concentration range of more 
than 6 mo l%. The overlooking of the plateau in 
this system by Takenaka et alß is due to the incom­
pleteness of their measurements. 

The general behavior of the D M F - w a t e r system 
in a small concentration of a solute shown in Fig. 2 
resembles the results observed by Arakawa et al.b) in 
the aqueous solutions of urea and guanidine hydro­
chloride. In urea solutions, the magnitudes of oc/f2 

first decreased very slowly (it is more correct to say 
that the oc/f2 remains constant) with the concentration, 
and then, decreased rapidly in the range ca. 0.5 to 
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Fig. 1. Temperature and concentration dependence of 
oc/f2 in DMF-water system. 

3 M. The temperature rise causes these concentra­
tion dependences to disappear. T h e similarities be­
tween the urea-water system and the present one 
will be clearer if the results shown in Fig. 2 are rep­
resented in a molar scale (see Fig. 6(a) of Ref. 5). 

As is shown in Fig. 1, in the DMF-rich region the 
values of oc/f2 measured at higher temperatures are 
larger than those measured at lower temperatures. 
These phenomena correspond well to those observed 
in the dioxane-water system.5) 

Frequency Dependence of oc/f2. The values of oc/f2 

at 5.5 M H z are always larger than those a t 57 M H z . 
However, the differences are so small (at most 4 x 
10 - 1 7 neper s2 c m - 1 at 25 °G) that it is reasonable to 
conclude that the relaxation process does not exist 
in the present frequency range. Takenaka et al.^ 
have also reported that the relaxation process is not 
observed in the frequency range of 15—45 M H z . 

D i s c u s s i o n 

Plateau and Minimum in the Water-rich Region. In 
spite of many theories of water structure and the 
ambiguities involved in them, it is widely recognized 
that the temperature-rise breaks down the hydrogen-
bonding of water, resulting in increases in the fraction 
of unbonded or smaller-cluster molecules in water. 
The ultrasonic absorption coefficient of water, ex­
pressed as oc/f2 decreases monotonically with the temper­
ature. The variation in the relation of oc/f2 vs. con­
centration in a small concentration of solute reflects 
the effects of the addition of D M F upon the water 
structure. T h e present experimental results indicate 
that the added D M F molecules have the same effects 
as the temperature-rise upon the ultrasonic absorption 

Makoto OHNO, and Yutaka MIYAHARA [Vol. 52, No. 11 
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Fig. 2. Expanded representation of Fig. 1 in water-
rich region. 

coefficient. Therefore, D M F molecules act as a struc­
ture breaker in water. Some experimental evidences 
have been found that D M F is a water-structure 
breaker.7 - 9) 

As has already been mentioned in the preceding 
section, the behavior of a / / 2 observed in the u rea -
water system and in the present one in their water-
rich regions is very similar. Urea acts as a water-
structure breaker. Both urea and D M F molecules 
have the > N - C - group. These facts led us to adopt 

Ö 
the same interpretation of the concentration dependence 
of oc/f2 in the D M F - w a t e r system in a small concentra­
tion region of the solute as that proposed for the u rea -
water system.5) Arakawa et al& have argued that 
the characteristic feature in the oc/f2 vs. concentration 
curve found in the small concentration region is at­
tributable to the cooperative nature of the formation 
and breaking of water clusters. When a very small 
amount of D M F is added to water, the influence of 
the D M F molecules upon the structure of water is 
isolated and the cooperative formation of clusters is 
not affected by the added D M F . When the amount 
of D M F is greater, however, the influence becomes 
appreciable and D M F affects the clusters cooperatively, 
disrupting them into unbonded monomers and/or small 
clusters. 

Blandamer6) has insisted that, if the liquid clathrate 
model is accepted, the plateau region is the zone of 
the enhanced water structure in the system of wa te r -
alcohols (alcohols are water-structure formers). His 
interpretation, however, can not be applied in the 
present system, for the D M F molecule is a water-
structure breaker.7 - 9) 

T h e minimum sound absorption concentration 
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(hereafter abbreviated as MSAG) corresponds to the 
concentration at which the partial molar volume of 
D M F reaches a minimum point. MSAG becomes 
more remarkable with a decrease in the temperature. 
This phenomenon suggests that MSAG is intimately 
related to the structure of water. In the preceding 
paper,1) the minimum in the partial molar volume 
of D M F in the aqueous solution is ascribed to the 
competition between the volume increase due to the 
complex formation and the volume decrease due to 
the breaking-down of the water structure. A similar 
conclusion can be drawn in the case of MSAG observed 
in the present work. In other words, MSAG arises 
from the competition between the decrease in oc/f2 

due to the breaking-down of the water structure and 
the increase in oc/f2 due to the complex formation in 
D M F with water, which will be discussed below from 
another point of view. 

PS AC and Excess Absorption due to the Complex Formation 
between DMF and Water. Two different approaches 
are possible to account for the abnormal ultrasonic 
absorption in the liquid mixture. One is the fluctua­
tion theory proposed by Romanov et al.,10) while the 
other is a kinetic model of complex formation between 
solute and solvent. The following factors indicate 
that the interpretation based on the complex formation 
is more suitable in the present system. First, Assarsson 
and Eirich11) have shown the complex formation of 
such alkyl-substituted amides as iV,iV-dimethylacet-
amide with water from the data of viscosity and the 
phase diagram of these systems. Therefore, the com­
plex formation in the DMF-water system is higly 
probable. Second, PSAC agrees fairly well with the 
concentration of the velocity maximum, ca. # = 2 0 . 
Third, the peak in the ultrasonic absorption observed 
in the present system is less steep than in the system 
consisting of water and alcohols, to which the fluctua­
tion theory has been applied. Finally, the effects of 
the temperature rise on the PSAG and the width of 
the maximum peak in the ultrasonic absorption are 
small in comparison with those found in the aqueous 
solutions of alcohols. 

Various kinetic models of complex formation have 
been put forward.12) The model adopted by the pres­
ent authors to interpret the ultrasonic absorption be­
havior observed in the D M F - w a t e r system is represent­
ed by this equation: 

A + roB ^ ± ABm (I) 

The principal reason for adopting this model is the 
extreme unsymmetry in the relationships of oc/f2 with 
the concentration of D M F . In Model (I) , it is as­
sumed that the D M F molecule, represented by the 
symbol A, combines in a single step with m water 
molecules, represented by the symbol mB. Let the 
mole fraction, x, of the solute and the z of the complex 
be such that when the total number of solute and water 
molecules, including those in the complex, is unity, 
x is the total number of solute molecules and z is the 
number of complexes in the A + B ^ A B model. If 
the variables x and z are transformed to 

and z = 

PSAG is situated at * m = 0 . 5 or P S A C = * = l / ( l + r o ) . 
Therefore, in this model, m ==(1— PS AG) /PS AG is the 
opt imum water-to-solute ratio. Using the usual an­
alysis of the ultrasonic absorption data, the following 
physical properties concerning the excess absorption 
can be obtained; 

dc2 

(AFm)! ( 1 - / U 
m 4 VmRT 

AVm = (dVldzm)p,T 

ßm* = 1 - ±Xm{\-xm)Km*l{\ + Kmy 

(1) 

(2) 

(3) 

a n d ; 

where / f iS" , Vm9 and Km refer to the excess absorp­
tion per wavelength at the maximum, the molar 
volume of the complex, and the equilibrium constant 
in Model (I) respectively. The theory enables a match 
to be made of the position of the experimental absorp­
tion peak by adjusting the value of m, of the height 
of the peak, by adjusting AVm, and of the mean width 
of the peak by adjusting Km. Here m is taken to 
be 3, as PSAG is found at ca. * = 2 5 in Fig. 1. /*excess 

is given by this relation; / / e x c e s s =(a / / 2 ) e x c e S 8 - /^ , where 
/ i s the frequency, and c, the velocity of the ultrasonics. 

In the course of calculation, the values of the ultra­
sonic velocity, c, and the density, d, introduced on 
the right-hand side of Eq. 1 should not be the real 
values, but the ones at the "hypothetical state" of the 
solution without complex formation, because only the 
excess contribution originating from the complex forma­
tion is considered. The values of d and c at these 
"hypothetical state," dhJV, and chJV respectively, were 
estimated on the basis of the ideal additivity of the 
volume of solution and the ideal additivity of the 
compressed volume in solution: 

^ h y p = * l ^ l + X2V2 = • 
"hyp 

V1X1K1 + ^2*2*2 — ^ h y p ^ h y p 

(5) 

(6) 

*+ ( l -* ) / r o x+(l-x)/m9 

" h y p (^hyp/ "hyp 

The final results of calculation are shown in Fig. 3, 
where PSAG is at # m = 0 . 5 , as predicted by Eqs. 1 
and 3. T h e improper choice of m does not lead to 
the results shown in Fig. 3. T h e small non-symmetry 
in the curve of Fig. 3 is not significant and the variation 
in the mean width of the peak with the temperature 
can be taken to be negligible if due consideration is 
paid to the experimental errors and the analysis of 
the data. The average values of (#TO)i/2 are found 
to be 0.72 and 0.28. As (xm)1/2 is obtained by solving 
Eq. 3 at H™?*j2, the sum of the two values of 
C O i/2 1S always 1. T h e most appropriate values of 
Km compatible with these values of (#m)i/2 were numer­
ically determined through the use of Eqs. 1 and 3 : 

Km = l0±2. This value and the values of ju*xcess 

at PSAG make possible the evaluation of AVm. At 
this stage, the sign of AVm remains undetermined. 
I t is, however, the same as that of AHm (see Eq. 7 
below). T h e temperature dependence of the latter 
leads to the assignment of the negative sign to A / / m . 
The values of AVm thus obtained are 
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Fig. 3. Excess absorption plotted against xm at various 
temperatures. 
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AFm /cm3mol-1 

5 
1.12 

15 
0.93 

25 
0.74 

35 
0.67 

45 
0.61 

These values have been determined on the assumption 
that the thermal contribution to the relaxation strength 
of the ultrasonic absorption is negligible compared 
with the isothermal one. In other words, the observed 
behavior in the ultrasonic absorption has been ascribed 
to the volume changes of complex formation between 
D M F and water. Denote these values of AVm by 
AVm. If we consider that the thermal contribution 
is dominant in the ultrasonic absorption behavior, the 
contribution denoted by the enthalpy change, AHm, 
can also be estimated. AHm is obtained with re­
course to this equation: 

V0AH* = CpAVm* (7) 

where 6 is the volume expansibility of the solution. 
The basis of Eq. 7 is that the same value of /CxaxeS9 

is produced either by AVm* or AHm. Therefore, 
the values of AH™ determined by Eq. 7 correspond 
to those at the maximum contribution. Using the 
values of AVm — 1 cm3/mol and 6 and Cp data at x= 
25 found in the literature,13) A / / J ? - 5 . 0 6 J /mol . This 
value gives the temperature dependence of Km: 10.7 
at 5 °G and 9.4 at 45 °G. T h e small variations in 

Km with the temperature well correspond to the ex­
perimental fact that the mean width of the peak in 
Fig. 3 is almost independent of the temperature in 
the present system. 

The values of AVm is small in comparison with 
the results found in the systems of acetone-, dimethyl-
amine- , methyldiethylamine-, and n-amylamine-
water.14) The complex formation in the aqueous solu­
tion of D M F produces rather minor changes in the 
intermolecular distances between D M F and water mol­
ecules. The complex formed in the solution becomes 
looser with an increase in the temperature, as is seen 
in the variation of AVm with the temperature. This 
fact confirms the views described in our preceding 
paper1) that the structure of the complex in amide -
water systems may not be similar to those in an ordinary 
clathrate-like 17 hydrate or 8 X 1 3 6 H 2 0 . 

A par t of the cost of this work was defrayed by the 
support given to F. K. from Hattori Ho-ko-kai. 
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In a bi-ionic system in which a liquid membrane is interposed between aqueous solutions containing different 
counterions, the solution composition is often not maintained uniform right up to the membrane-solution interface 
owing to the presence of diffusion layers adjacent to the interface. Taking the effect of the diffusion layers into 
account, an expression is derived for the bi-ionic potential across a membrane having completely dissociated ion-
exchange sites and counterions. The expression contains as an empirical parameter the ratio between the thick­
nesses of the diffusion layers at the solution and membrane sides of the interface. The expression is found to agree 
with experimental data, with the parameter given a single value. 

The electric potential difference, V, between two 
aqueous solutions (') and (") separated by a liquid 
ion-exchange membrane is usually given in the form 
of the following empirical equation:1 - 3) 

RT 
-In 

F fl/'+S^W" 
(1) 

where aï and a^ are the activities of univalent coun­
terions i and j , respectively, in solutions (') and ("), 
and K\°i is the Potentiometrie selectivity coefficient 
of ion j over ion i. In particular, when ion-exchange 
sites and counterions are completely dissociated in the 
membrane, Eq. 1 was also derived theoretically by 
Conti and Eisenman,4) who showed that the selectivity 
coefficient is given by 

Kfpot _ 
•«M.j — Ufa' 

(2) 

where 5j and Sj are the mobilities of ions i and j , respec­
tively, in the membrane, and kt and ki are the single-
ion distribution coefficients between the membrane 
solvent and water. However, Eq. 1 is sometimes 
observed to be only approximate, since the selectivity 
coefficient changes with the solution concentration and 
composition. In a previous study,5) electric potentials 
were measured for liquid membranes having dissociated 
sites and counterions, and the results were compared 
with those predicted by the Conti-Eisenman theory. 
The theory was found to be applicable only when 
the concentrations of aqueous solutions were sufficiently 
high in comparison with that of an ion exchanger in 
the membrane. Deviation from the theory occurring 
in other cases was attributed to the ionic composition 
at the membrane-solution interface differing from that 
in the bulk solution owing to the presence of diffusion 
layers adjacent to the interface. The effect of dif­
fusion layers on the membrane potential has been 
discussed quantitatively for solid ion-exchange mem­
branes,6-8) but not for their liquid counterpart. 

In the present paper, the Conti-Eisenman theory 
is extended so as to incorporate the effect of the dif­
fusion layers, and an expression is derived for the 
membrane potential in a bi-ionic system. The validity 
of this expression is examined by a comparison with 
experimental results.5) 

Theoret ica l 

a liquid membrane with an ion exchanger R Y is 
interposed between two aqueous solutions (') and (") 
containing different counterions X and Y of equal 
valence z, respectively, but with a common co-ion 
M of valence zM: 

Solution (') 
M X 

Liquid membrane 
RY 

Solution (") 
MY . 

(3) 

(The treatment given below can be readily extended 
to more general systems in which the solutions and 
membrane contain both counterions.) I t is assumed 
that the ion-exchange sites (R) and counterions are 
completely dissociated in the membrane and that the 
aqueous and membrane phases are impermeable to 
R and M , respectively. In cell (3), a continuous 
exchange of the counterions occurs across the mem­
brane-solution (') interface. As a result, the con­
centrations of the counterions at the interface generally 
differ from those in the bulk phases, since two diffusion 
layers (through which the transport of the ions can 
take place by diffusion only) are present adjacent to 
the interface. The situation is schematically shown 
in Fig. 1, where C is the concentration of the coun­
terions; a and b refer to the membrane-solution (') 
and membrane-solution (") interfaces, respectively; a 
superscript bar refers to the membrane phase; and 

ô and ô are the thicknesses of the diffusion layers at 
the solution and membrane sides of interface a, re­
spectively. Contamination of the bulk phases by the 
counterion exchange, however, is assumed to be neg­
ligible in the present treatment. 

In order to obtain an expression for the total mem­
brane potential in cell (3), the two phase-boundary 

potentials (0 a—0 a) and {$" — <f>b) and the two dif-

Solution (') 
Cx" 

'<#> 

cy° 

*-<f-» 

Membrane 
i i 

1 V*y 

A 
Cy i 

i 

"F CU 

r * ! 
V i 

«-7H 

Solution (") 

Cy" 

The system considered is a bi-ionic cell in which 
Fig. 1. Concentration profiles of counterions X and 

Y in the bi-ionic system (schematic). 
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fusion potentials within the diffusion layers (0a—<j>') 

and (0b—<j/Ta) should be evaluated, where <f> is the 
electric potential. If thermodynamic equilibrium is 
assumed to be established at the membrane-solution 
interfaces, the electrochemical potentials of the coun-
terions are continuous at the interfaces. Thus we have 
at interface a, 

tix° + RT\nyx'Cx* + zF<l>* 

= £x° + RTlnyxCx* + zF$\ (4) 

HY° + RT\nyY'CY
& + zF0a 

= £Y° + RTlnyYCY* + zF^ a , (5) 

where //° is the standard chemical potential and y 
the activity coefficient, for which the superscript a 
is not used since it is assumed to be constant throughout 
the diffusion layers. Rearrangement of Eq. 4 yields 

Y zF yxCx* 
(6) 

where k is the single-ion distribution coefficient defined 
by 

*"*(W (7) 

Subtraction of Eq. 4 from Eq. 5 gives 

ciw ' ( ) 

where Ä is the equilibrium selectivity coefficient given 
by 

K = k ^ Y . (9) 

At interface b , we get an equation corresponding to 
Eq. 6 : 

9 9 zF kYaY"' 
(10) 

where aY" is the activity of counterion Y in solution 

The diffusion potentials can be evaluated by con­
sidering the steady transport of the ions inside the 
diffusion layers. Expressing the ionic fluxes by the 
Nernst-Planck equations, we have, for the diffusion 
layer at the solution side of interface a, 

d 
Jx = -uxCx—(RT\nCx+zF$) = const, 

JY -uYCY-r-(RT\nCY-\-zF6) = const, 
dx 

7M = - w M C M — ( / m n C M + z M F 0 ) = 0, 
ax 

(12) 

(13) 

where J is the ionic flux, u the mobility (assumed to 
be constant throughout the diffusion layer), and x 
the space coordinate perpendicular to the m e m b r a n e -
solution interfaces. Since no electric current flows 
through the present system, 

Jx + JY = 0. (14) 

Substitution of Eqs. 11 and 12 into Eq. 14 yields 

d0 _ RT dln(uxCx + uYCY) 

~dx~ " 
(15) 

zF dx 

Integration of Eq. 15 across the diffusion layer leads to 

0a * ' = ^ l n -
uxCx' 
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(16) 
zF uxCx

& + uYCY
&* 

Alternatively, the electric potential gradient d^/d* can 
be expressed from Eq. 13 as 

d<j> _ RT dlnCM 

d* ~ zMF d# 9 

so that 

(17) 

0a 
v zMF CM

a 
(18) 

The diffusion layer at the membrane side of interface 
a can be treated by regarding the co-ions as the sites 
in the above calculation. Thus, we get an equation 
corresponding to Eq. 16: 

0b — 0a 
RT . uxCx*+uYCY

& 

——In 
zF uYCY 

(19) 

Combining Eqs. 6, 10, 18, and 19 and using Eqs. 
8 and 9, we have the total membrane potential V: 

V = 0 " - <t>' 

= ^ | i l n ^ ^ ± ^ + l l n - ^ | , (20) 
r ( z aY zM oM ) 

where 

r = üx/üY. (21) 

With the use of the electroneutrality condition 

zCx + zCY + ZKCK = 0, (22) 

Eq. 20 is written as 

RT 

(23) 

For the calculation of V the concentrations Cx
a and 

CM
a at interface a are required. They can be deter­

mined in the following way. It follows from Eqs. 
15 and 17 that within the diffusion layer at the solution 
side, 

CM-'/MWXCX + WYCY) = const. (24) 

Applying Eq. 24 to both ends of the diffusion layer 
and taking Eq. 22 into account, we get 

4^K'#+£K£n 

or 

C„" r~\ 

where 

(25) 

(26) 

(27) r = ux/uY. 

Likewise, the following relation holds inside the dif­
fusion layer at the membrane side: 

C R - ^ R ( M X C X + M Y C Y ) = cons t> (28) 

so that 

z r— l 

where the electroneutrality condition in the membrane 

zCx + zCY + zRCR = 0 (30) 

has been used. Introducing Eqs. 25 and 29 into Eq. 
8, taking Eqs. 22 and 30 into account, we obtain 



November, 1979] Effect of Diffusion Layers on Liquid Membrane Potentials 3141 

m */*B-I (Kr- \)r{Cu»-ICuy/**-1-Kr+ r 

(K-lMGflCuy/'v-i—K+r ' ( 3 1 ) 

It is now necessary to derive another relationship 

between the unknown quantities CM
a and C'R

a. Com­
bination of Eqs. 11, 12, and 22 gives 

ux uY Z ax ax 
(32) 

Using Eqs. 14 and 17 to eliminate JY and d^/d# and 
integrating, we have 

c M
a - c M ' 

• M ' - T K ^ T Ô 
(33) 

A similar expression is valid for the diffusion layer 
at the membrane side: 

M ' - T H wx C R
b - C R

a 

-1 
(34) 

In the steady state (JX=JX), it follows from Eqs. 33 
and 34 that 

(CM W ) - 1 (1 -z*lz)üx(r- l)<5CR
b 

1 - (CR
a/CR

b) (1 -zn/z)ux(i- 1)<5CM' ' 
(35) 

Thus, the membrane potential can be calculated 
from Eqs. 23, 26, 31, and 35, if the mobilities of the 

counterions and the quantities K and ô/ô are known. 
The effect of the diffusion layers appears through the 
parameter on the right-hand side of Eq. 35. Two 
limiting cases are noted. When the parameter is very 
small, it is seen from Eqs. 35, 31, and 26 that CM

a/CM' 
and Cx

&/Cx
f approach unity, viz., the effect of the 

diffusion layers becomes negligible. Under such cir­
cumstances Eq. 23 is reduced to the form of Eq. 1 
with the selectivity coefficient Ä"T°,X given by r(kxyYj 
^YJ'X)* The latter equation is identical with that of 
Conti and Eisenman4) for the system in question, if 
the ratio of the activity coefficients in the membrane 

yYjyx is taken as equal to unity (see Eq. 2). O n the 
other hand, when the above parameter is extremely 
large, it is found from Eqs. 35, 31, and 26 that (CM

a/ 

CM')1"*/*M->r a n d cx&lcx'-*0' I n ° t h e r words, the 
concentration gradient of counterion X (in the dif­
fusion layer at the solution side) reaches its maximum 
value, and there are no concentration gradients within 
the membrane. The situation corresponds to what 
is known as "film diffusion control" in solid membrane 
systems.6) For this case the membrane potential is 
obtained from Eq. 23 as 

F ^ Ä (36) 
zt aY 

In particular, when the mobilities of the counterions 
are the same in both solutions and membrane (ux = 
uY=u and M x = â Y = â ) , Eq. 23 takes a simpler form. 
Since Eqs. 22 and 24 show that the concentration 
CM of the co-ions is constant across the diffusion layer, 
Eq. 23 becomes 

v = RT lnyY'cx'((K-\)(cx*/cx') + \}^ ( 3 7 ) 

zF aY 

Here C x
a /C x ' is evaluated as follows. From the con­

stancy of CM and Eqs. 22, 17, and 11, we get 

CY
a = Cx' - Cx

a, (38) 

Jx = RTu(Cx'-Cx*)!S. (39) 

Similarly, for the diffusion layer at the membrane 

side, we have 

CY
a = CY

b - Cx
a, (40) 

J x = RTÛCX*/Ô. (41) 

Equating Eq. 39 with Eq. 41 , we get 

Cx
a = (uofaô)(Cx'-Cx*-). (42) 

Introducing Eqs. 38, 40, and 42 into Eq. 8 and solving 
the result with respect to CX

&ICX, we find that 

£-(K'-3£M 
+[K'-^H'^-"]'")K"-(43> 

In this case, the effect of the diffusion layers is given 
in terms of the parameter ûôCY

hjuôCx. I t is negligible 

when uôCY
hluôCx'-*0, and largest when ûôCY

hjudCx '-> 
oo. 

C o m p a r i s o n w i t h 
E x p e r i m e n t a l R e s u l t s 

Experimental data were reported for the bi-ionic 
potentials across liquid anion membranes [nitrobenzene 
solutions of a Crystal Violet (CV) salt] separating 
aqueous solutions containing NaC10 4 , NaSCN, or 
Nal.5) Values of kx\kY were also determined by 
measuring the distribution coefficients of the coun­
terions between nitrobenzene and water. T h e results 
are as follows: A(C10 4 - ) /A(I-)=84.7, A(C104-)/ 
* ( S C N - ) = 2 7 . 0 , A(SGN-)/A(I-)=3.13. The assump­
tions made in the present treatment seem to be satis­
factory for these membrane systems. T h e counterions 
have approximately the same mobility in both water 
and nitrobenzene, the ratio being less than 1.16 and 
1.12 at infinite dilution in water9) and nitrobenzene,10) 
respectively. The experimental potentials are therefore 
compared with those expected from Eqs. 37 and 43. 
(The small difference between the counterion mobilities 
is disregarded here and hence Eq. 23 is not employed, 
in view of the approximate nature of the assumption 
involved in the theory that the counterion mobilities 
are constant throughout the diffusion layers.) 

In the calculation of membrane potentials, the data 
on kx\kY given above were used to obtain the selectivity 
coefficient K. The activity coefficient y in solutions 
was calculated from the Debye-Hückel equation with 
Kielland's ion-size parameters.11) In the membrane 
the activity coefficient y was assumed to be the same 
for all the counterions. The mobility ratio üju was 
evaluated from the mobilities of iodide ions estimated 
from the equivalent conductance data for Nal1 2) in 
water and CV-I1 3) in nitrobenzene by assuming that 
their transport numbers are independent of concentra­
tions and equal to those at infinite dilution. The 

value of ô/ô can be determined by means of Eqs. 37 
and 43 from one potential measurement with a system 
of known values of K and uju, and can be used to 
predict all other membrane potentials, as long as cell 
geometry and stirring conditions in the membrane 
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Aq soin concn/M 

Fig. 2. Comparison of experimental potentials (points) 
with those calculated from Eqs. 37 and 43 (solid curves) 
for the bi-ionic system NaG104( ,)/GV-SGN in nitro-
benzene/NaSGN (")• The value of the empirical 
parameter ô/ô (see Fig. 1) is taken as 1.8. Exchanger 
(GV-SGN) concentrations: O, 5 x l O " 5 M ; • , 5 x 
10-4 M; » , 5 X lO"3 M; • , 5 X 10~2 M. The broken 
line indicates the value of the potential expected from 
the Gonti-Eisenman theory, or from Eq. 37 when the 
effect of diffusion layers is neglected, i.e., Cx a /Cx'=l . 

and solutions remain unchanged. In the experimental 
work mentioned above, neither the membrane nor 

the solution phases were stirred. The value of ô/ô 
was taken here as 1.8. 

Figure 2 shows membrane potentials in the bi-ionic 
system N a C 1 0 4 - N a S C N in which a membrane (nitro­
benzene solution of GV-SGN) is interposed between 
aqueous solutions of the two counterions (G104~ and 
SCN~) at the same concentration and at the same 
activity.* The experimental potentials are indicated 
by points. When the effect of diffusion layers is 
absent, the membrane potential for this system is 
calculated from the Gonti-Eisenman theory, or from 
Eq. 37 with C x

a / C x ' = l . I t is independent of the 
concentrations of the aqueous solutions and of the 
ion exchanger in the membrane. The calculated value 
is 85 m V and is given by a broken line. The Gonti-
Eisenman theory is seen to be valid only when the 
solution concentration is more than ca. 20 times as 
high as the exchanger concentration. The solid curves, 
on the other hand, represent values of the potential 
predicted from Eqs. 37 and 43.14> They reproduce 
the experimental values quantitatively. 

In Figs. 3 and 4, membrane potentials observed 
with the systems N a C 1 0 4 - N a I and N a S C N - N a l are 
plotted as a function of iodide ion activity.15) The 
curves represent the values calculated by Eqs. 37 
and 43. Agreement between the calculated and 
experimental potentials is good. The effect of diffusion 
layers is absent only in systems of the type: 

> 
a 

lO"2 10" 

Iodide activity/M 

Fig. 3. Comparison of experimental potentials (points) 

with those calculated from Eqs. 37 and 43 with ô/ô= 
1.8 (curves) for systems of the types: O, 0.1 M 
NaC104 O/5X10-4 M GV-I in nitrobenzene/Nal 
("); Q Nal (0/5 X lO"4 M GV-G104 in nitrobenzene/ 
0.1 M NaC104 ("); • , Nal O/10"2 M GV-G104 in 
nitrobenzene/0.1 M NaC104 ("). The potentials are 
shown as positive. 

10 10" 

* In this paper 1 M = 1 mol dm - 3 . 

10"2 10-3 

Iodide activity/M 

Fig. 4. Comparison of experimental potentials (points) 

with those calculated from Eqs. 37 and 43 with ô/ô= 
1.8 (curves) for systems of the types: O, 0.1 M NaSCN 
O/5X10-4 M CV-I in nitrobenzene/Nal ("); • , 
Nal O / 5 x l 0 " 4 M CV-SCN in nitrobenzene/0.1 M 
NaSCN ("); • , Nal O/K)-2 M CV-SCN in nitro­
benzene/0.1 M NaSCN ("). The potentials are 
shown as positive. 

0.1 M N a X O / 5 x l 0 - 4 M G V - I in nitrobenzene/Nal 
(") where X = C 1 0 4 - or SGN". 

The results indicate that the concept of diffusion 
layers is useful in the theoretical interpretation of 
liquid membrane potentials. 
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A Vapor-Liquid Equilibrium Still Suitable for Small Amounts 
of Samples* 
Sadao T A K A G I * * 
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Details are described for the apparatus and procedures for the accurate measurement of vapor-liquid equi­
libria by use of small amounts of samples. The new recirculation still described is a modification of the Brown's 
still (Aust. J. Sei. Res., A, 5, 530 (1952)) and its total amount of operating charge is ca. 53 cm3, of which each 7 cm3 

is in the vapor- and liquid-sample traps and ca. 23 cm3 is in the boiler. A method of determining an optimum 
value of the heating current of the boiler is described. Partial condensation of the vapor and entrainment of 
the liquid phase into the vapor were eliminated. Some results obtained for the system hexane+chlorobenzene 
at 338.15 K agreed with the thermodynamically consistent values of Brown, showing the reliability of this still 
operating with the samples having relative volatilities up to 13. The construction of a thermostatted sample 
vessel without vapor space for a Pulfrich refractometer is also illustrated which is suitable for small quantity of 
volatile or hygroscopic solution. 

Vapor pressures of binary solutions may be meas­
ured1»2) by the static method, the boiling-point method, 
the gas-saturation method, the isopiestic method, the 
dew-point method, the method used with the so-called 
vapor phase osmometer or vapor pressure osmometer, 
and others. Of those the first two methods are most 
widely used. T h e boiling-point method is preferred 
when both components of a binary solution are volatile, 
because the sufficient amounts of representative samples 
of vapor and liquid phases can easily be obtained if 
the apparatus is properly handled, and hence the 
thermodynamic consistency among the values obtained 
for the temperature, pressure, and compositions of 
vapor and liquid phases can be checked by means 
of the Gibbs-Duhem relation. In this paper the author 
will describe a recirculation still which was constructed 
to obtain sufficient amounts of representative samples 
of both vapor and liquid phases with use of relatively 
small amounts of solution. 

After a survey of literatures of existing stills, including 
some actual trials, the equilibrium still of Brown (the 
still No. 2)3> was selected as a basis for modification. 
The Brown's still incorporates many refinements de­
signed to ensure that the samples of condensate and 
liquid accurately reflect the equilibrium compositions 
at a well-defined temperature and pressure. Using 
his still, Brown obtained the thermodynamically con­
sistent results for miscible systems having a relative 
volatility in the range 1.0 to 14.3) The amount of 
operating charge of his still is, however, approximately 
200 cm3. 

Apparatus 

Description of the Vapor-Liquid Equilibrium Still. 
T h e design of the new still is shown in Fig. 1. This 
still was made of borosilicate glass. Its total amounts 
of operating charge are approximately 53 cm3, of which 
7 cm3 is in each trap and about 23 cm3 is in a boiler. 
O n the inner surface of boiler B finely powdered boro-

* Presented at the 15th National Meeting of the Chem­
ical Society of Japan, Kyoto, April 1962. 

** Present address: Department of Chemistry, Faculty 
of Science and Technology, Kinki University, Kowakae 
3-4-1, Higashi-osaka, Osaka 577. 

silicate glass was sintered to promote even bubbling 
which ensures effective stirring of the content. The 
outer heater O is a nichrome ribbon heater wound 
on the outer wall. T h e internal heater P is a closely 
coiled plat inum wire4) whose diameter is ca. 0.1 mm. 
I t was spot-welded with tungsten wires which had 
been sealed with a glass ground joint S. For being 
insulated thermally and increasing the heat capacity, 
the boiler was pasted thick with asbestos leaving each 
peep slit in front and behind, through which condition 
of the plat inum coil and mode of bubbling were observ­
ed. T h e Gottrell p u m p G is ca. 39 cm long and its 
inside diameter is ca. 3.5 mm. The equilibrium cham­
ber A has a thermometer well Q, whose depth is ca. 
9.0 cm and inside diameter is 10 mm. A spiral guide 
made of glass cane was welded on the outside wall 
of the thermometer well to ensure sufficient thermal 
contact of the liquid and vapor with the well. Three 
concentric tubes in the equilibrium chamber form two 
annular spaces, of which the outer space is ca. 6 to 
7 m m wide and it serves as a vapor jacket to prevent 
fractional condensation of the vapor phase in the 
inner space. The inner annular space of ca. 5 m m 
width may contribute to eliminate entrainment of 
liquid phase into the vapor. The upper end of the 
middle tube was slightly bent toward the center to 
prevent entering of sprays. The narrowest width of 
this annular space is 3 mm. Special care was taken 
to eliminate spattering of sprays as follows. The mid­
dle and lower portions of the middle tube were gently 
tapered. T h e bottom of the innermost tube was slight­
ly made narrower so as to drain for the liquid gently 
along the wall of the middle tube. The equilibrium 
chamber was completely enclosed in a vacuum jacket 
R whose wall was silvered except vertical peep slits. 
The inside diameter of condenser D is ca. 12 mm. 
A vertical condenser E (shown as B in Fig. 2) is a 
total condenser whose vacuum jacket has been silvered 
leaving peep slits. Inside diameters of the tubes des­
ignated U and L are ca. 4 m m and ca. 5 mm, respec­
tively. The extended portion I, ca. 20 m m i.d., and 
the constriction J in a return path were inserted so 
as to reduce fluctuations of the liquid level. About 
8.5 cm long U-shaped tube K was required to avoid 
flowing upstream. Inside diameters of this portion 
are 2 to 3 mm. The vertical extension of a capillary, 
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Fig. 1. Equilibrium still, (a) and (b) are side views of the sample traps G and F and their 
neighbors. 
A: Equilibrium chamber, B: boiler, G: Gottrell pump, D: condenser, E: to a total condenser 
(shown in Fig. 2, B), F: liquid sample trap, G: vapor sample trap, H: cup for collecting the 
contents, I and J : devices for reducing fluctuations of the liquid level, K: U-shaped tube, L: 
path of a main flow of the liquid, M: magnetically operated ball valve, N: opening for filling, 
O: outer heater, P: internal heater, Q,: thermometer well, R: vacuum jacket, S: tapered ground 
stopper, T : ridge for dividing liquid into two 2 : 1 portions, U: path of the returning con­
densate, V: vent for filling by distillation, W: ground stopper, X: cooler, Y: to a diffusion 
pump through a liquid nitrogen trap. 

ca. 3.5 cm long and ca. 0 . 1 m m i.d., was connected 
with a ground tapered joint. A cup H with the core 
of ground joint W for collecting the contents of the 
still was copied from that originally introduced by 
Smit and Ruyter.5) Both the vapor trap G and the 
liquid trap F are essentially similar to those introduced 
by Brown:3) each trap has a small vapor hold-up, a 
small area of free surface of liquid, and a magnetically 
operated ball valve M. The both surfaces of the ball 
and the top of the trap were well ground. In the 
design of this still a spiral heat-exchanger B of the 
Brown's still was omitted for simplification of the 
design and reduction of the volume of dead space. 
However, a small cooler of ca. 6 cm long was mounted 

on L as shown in Fig. 1, (b) after the construction was 
completed. A vent V was provided for filling hy­
groscopic liquids by distillation through a mercury 
cut-off (shown in Fig. 2). All tapered joints of F, 
G, and N and the ground stoppers S and W were 
supported with springs and hooks and sealed with 
mercury in use. 

Measurement of Pressure. The apparatus for the 
control and measurement of pressure was essentially 
the same as that used by Scatchard et a/.6> I t is il­
lustrated schematically in Fig. 2. The maintenance 
of constant pressure was ensured by connecting the 
still with a manostat through a liquid nitrogen trap 
D. The manostat F filled with dry nitrogen is a 
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r=->Vac 

Fig. 2. Arrangement of pressure measuring apparatus. 
A : Main part of the still, B : total condenser, C : distillation device for hygroscopic liquid, D : liquid 
nitrogen trap, E: openning for atmosphere or a dry nitrogen reservoir, F: manostat, G and H: 
bulb and stopcocks for fine adjustment of nitrogen pressure, Hg: to a mercury reservoir, I : 
heat-exchanger for nitrogen, J : rough manometer, K: dry nitrogen reservoir, L: liquid nitrogen 
trap for drying nitrogen gas, M: P 20 5 , N: silica-gel column, N2: nitrogen from a cylinder, 
O and O' : tubular brass screens, P : precision manometer, Q,: thermostat, R : to a rotatable McLeod 
gauge, S and T : inner and outer baths of a double water thermostat, U: stirrer, Vac: to a high 
vacuum system. 

painted 100-dm3 iron tank submerged in a double 
thermostat S and T made of tinplate whose temperature 
was regulated to within ±0 .001 K. The pressure of 
dry nitrogen in the manostat F was measured with 
a precision manometer P immersed in a thermostat 
Q, in which the thermostatted water in the outer ther­
mostat T was circulated. The circulating water was 
ejected through three nozzles as je t streams into the 
thermostat Q, and the water was gently stirred with 
a stirrer driven with a synchronous motor so as to 
prevent any temperature difference along the manom­
eter P. A high quality plate glass for mirror was 
used for the front window of the thermostat. A good 
quality tubing with constant bore size, 20 m m i.d., 
and uniform thickness was used for making the precision 
manometer. Two brass collars O and O ' painted 
black were fitted around the tubes and connected 
to an adjustment device. The readings of mercury 
menisci were made with a 1-m Shimazu cathetometer 
readable to 0.05 m m under illumination of a diffuse 
pale yellow, vertically parallel light from behind; an 
angular displacement of ca. 30° from the diametrical 
position. T h e pressure in the vacuum side of manom­
eter was checked with a rotatable McLeod gauge. 
T h e temperature of the scale was read with a ther­
mometer immersed in a mercury pool attached to 
the cathetometer. 

Measurement of Temperature. Temperatures were 
measured with a specially constructed plat inum resist­
ance thermometer of the four-lead type,7»8) a Yokogawa 

P-7 vernier potentiometer, and a calibrated 100-ohm 
standard resistance of four-lead type. A lead storage 
battery was lagged with foamed polystyrene boards. 
The thermometer was calibrated at the triple point 
of water9) and compared with a Leeds and Northrup 
No. 8163 plat inum resistance thermometer calibrated 
by the National Bureau of Standards, U.S.A. The 
values obtained of the coefficients of the Gallendar 
equation:7) 

t/°C = 
<*Rn <s-') t/°C 

100 (1) 

were 
R ̂ - = 1.39145, a=0.00391451, and 6=1.49225, (2) 

RQ 

which indicated the plat inum to be of the requisite 
purity. A clearance of ca. 0.7 m m wide between the 
outer wall of thermometer and the inside wall of ther­
mometer well was filled with silicone oil. A space 
between the thermometer and a wide tube welded 
on the top of thermometer well was plugged with 
cotton wool. 

Operat ion o f the Still 

After the solution was charged, the still was evacuated 
and kept to boil below the room temperature for a 
few minutes. Then, it was isolated from the vacuum 
line and connected to the manostat whose pressure 
had been adjusted to an approximately predicted value. 
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Heating was commenced adjusting the pressure to the 
value corresponding to the required temperature by 
using a calibrated mercury-in-glass thermometer at 
first and finally the plat inum resistance thermometer. 
After the still was allowed to make steady boiling, 
the valves on the traps were closed, and the samples 
were withdrawn for analysis.3) 

The measured height hT between the menisci was 
converted to the pressure P given in the standard m m 
of mercuryt by Eqs. 3 and 4.10) T h e corrections due 
to the capillary depressions of the mercury were found 
to be negligible. 

AS,.» = _hr__ 1 + I .84xl0-5{(7VK) -293.15} 

mm mm X 1 + 1.818X 10-4{(!T/K)-273.15} U 

__P = ^ _ / AS. J m m \ 
mmHgt mm 8 \ 100 / w 

Here Ts and T are the temperatures of the cathetometer 
scale and the manometer, respectively. 

P e r f o r m a n c e T e s t s 

Optimum Value of Heating Current. Electric cur­
rents were supplied to the outer and internal heaters 
under observation on each ammeter. A fine adjust­
ment was made with each autotransformer whose in­
put voltage was adjusted to ten volts. T h e heating 
current of the internal heater was fixed so as to ensure 
smooth bubbling of the liquid. T h e current through 
the outer heater was changed and the plots of equi­
librium temperature vs. heating current were made. 
A range of the optimum heating currents was deter­
mined from a horizontal portion of the curve where the 
equilibrium temperature was independent of the value 
of current supplied. As the range of opt imum values 
of heating current was dependent on the concentration 
of solution, boiling temperature, or systems to be 
measured, this test was carried out before the mea­
surement. Portions of the Gottrell p u m p were wrapped 
with asbestos ropes, if necessary. 

Entrainment of the Liquid Phase into the Vapor. A 
saturated ethanolic solution of fluorescein at a room 
temperature (296 K) was charged into the boiler and 
a lower portion of the return line by means of a syringe 
fitted with a bent needle. The liquid trap was filled 
with this solution and the vapor t rap was filled with 
pure ethanol. After 5-h recirculation at atmospheric, 
542-mmHg, and 330-mmHg pressures, no color could 
be detected in the vapor t rap. 

Comparison with the Reported Values of Hexane-\-Chloro-
benzene at 338 K. Materials: Reagent grade 
hexane was passed through a column filled with silica 
gel six times to remove aromatics. T h e hexane obtain­
ed was rectified and the portion of distillates boiling 
at 341 to 342 K was collected. This material was 
shaken with chlorosulphonic acid to remove methyl-
cyclopentane by means of the method described by 
Brown,3»11) and finally rectified over phosphorus pen-
taoxide through a 1-m column packed with Dixon 
packing. The boiling temperature of the purified 
material was 341.83 K. Gas-chromatography analysis 

t Throughout this paper 1 mmHg= 133.3224 Pa. 

Fig. 3. Thermostatted sample vessel without vapor 
space suitable for small amounts of volatile or hygro­
scopic solutions for a Pulfrich refractometer and a 
device for the transfer of samples. 
The both equipments were made of borosilicate glass. 
G: stopcocks, J : tapered ground joint, P: prism, R: 
rubber stopper, S: ground stopper, T : thermometer, 
W: thermostatted water. 

TABLE 1. MOLE FRACTIONS X1 AND yx OF HEXANE IN 

LIQUID AND VAPOR PHASES, EQUILIBRIUM VAPOR PRESSURES 

P, AND RELATIVE VOLATILITIES OL=y1X2ly2X1 FOR THE 

SYSTEM HEXANE(1)+CHLOROBENZENE(2) AT 338.15 K 

(1 mmHg-133.3224 Pa) 

x1 

0.089 
0.321 
0.442 

y\ 

0.564 
0.822 
0.870 

P 
mmHg 

174.2! 
344.70 

410.1, 

13.2 
9.8 
8.4 

showed that the impurities having shorter retention 
times than hexane were completely removed and 
methylcyclopentane was almost completely removed. 
Reagent grade chlorobenzene showed only very small 
peaks of a gas-chromatography curve in the shorter 
side of retention time apar t from the main peak. I t 
was rectified, shaken with 10% aqueous solution of 
sodium hydroxide, washed with water, dried over 
anhydrous calcium chloride and then phosphorus pen-
taoxide, and finally rectified over phosphorus penta-
oxide through the column described above. The boil­
ing temperature was 404.85 K. 

Procedures and Results: Since the refractive indices 
of both components agreed with those reported by 
Brown,3) the equilibrium compositions were determined 
by the refractive index vs. mole fraction curve which 
had been drawn from his data. The refractive indices 
of small quantities of samples were accurately measured 
on a Pulfrich refractometer by use of the thermostatted 
liquid vessel without gas phase designed by the author 
as shown in Fig. 3. The results of vapor-l iquid equi­
libria obtained are given in Table 1. These values 
agreed well with the Brown's data3) within the ex­
perimental error. Since the Brown's data for this 
system satisfied the Gibbs-Duhem relation well,3) the 
vapor-l iquid equilibrium still for small sample size, 
ca. 52 cm3, here described is also reliable to operate 
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with the samples having relative volatilities up to a = 
13. 
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^Cl-NQR of Some Chlorocarbons and Oxochlorocarbons 
with a Small Ring* 

Koichi M A N O , Takefumi MATSUKURA,** and Akira FUJ INO* 

Research Institute for Atomic Energy, Osaka City University, Sugimoto-cho, Sumiyoshi-ku, Osaka 558 
(Received December 25, 1978) 

35C1-NQR of two chlorocarbons and six oxochlorocarbons, all having a small ring, were measured in the 
temperature range 77—300 K. The NQR line groups for the allylic and vinylic chlorine atoms appear separately 
in the five-membered ring compounds, whereas they are concentrated in a rather narrow region near 38 MHz 
in the four-membered ones. Perchlorocyclopropene possesses at least three crystal modifications at 77 K, the 
most stable one of which has only two lines in the temperature range examined. The line assignments, and the 
hyperconjugative effect in some of them, are discussed with reference to the CNDO/2 MO calculation data. 

By means of 35C1-NQR we can discuss the hyper­
conjugative effects in the ground state of an organic 
molecule. Unexpected lowering of the observed fre­
quencies in chlorofluoromethanes, chloromethyl 
ethers,1»2) and benzyl chlorides3) was explained by the 
interaction between the G-Gl o bond and the p -
orbital of the adjacent first-row substituents. Consider­
ing the fitness of chlorocarbons (no hydrogen bond 
in or between the molecule (s)) for the purpose, we 
examined the 35C1-NQR of some cyclic chloro- and 
oxochlorocarbons in which all the chlorine atoms on 
the ring carbons have a rigid conformation. W e found 
that in some of them the hyperconjugative effect causes 
a significant frequency shift from the expected value. 

Exper imenta l 

Except for commercial perchlorocyclopropene, all the 
specimens were prepared according to the methods des­
cribed.4-8) They were purified by monitoring their IR spectra 
and elemental analyses. Melting points are: perchloro-4-
cyclopentene-l,3-dione (1), 68 °G; perchloro-2-cyclopente-
none (2), 28 °G; perchloro-3-cyclopentenone (3), 89 °G, 
perchloro-3,4-dimethylenecyclobutane-l,2-dione (4), 167 °C; 
perchloro-2,3-dimethylenecyclobutanone (5), 68 °G; per-
chloro-2-cyclobutenone (6), —1 °G (by DSG); perchloro-
cyclobutene (7), 50 °G. 

A Decca Radar NQR Spectrometer and a superregenerative 
spectrometer were used. Temperature dependence of the 
NQR signals was measured by Hashimoto's method.9) 
Resonance frequency values obtained by extrapolating the 
observed variation to OK were taken for minimizing the 
thermal effect of the crystalline lattice on frequencies. 

R e s u l t s and D i s c u s s i o n 

The resonance frequencies of six oxochlorocarbons 
(1—6) and two chlorocarbons (7 and 8) at several 
temperatures are given in Table 1. The stick diagram 
(Fig. 1) shows the values at 0 K together with those 
of the related compounds, perchlorocyclopentene (9) 
and perchloro-1,2-dimethylenecyclobutane ( 10). 

Five-membered Ring Compounds. The resonance 
lines of all oxo compounds as well as the reference 
chlorocarbon 9 fall into two clearly separated frequency 

t Presented in part at the Third International Symposium 
on Nuclear Quadrupole Resonance, Tampa, Fla., U. S. A., 
April 1975. 

** The Toyo Linoleum Manufacturing Company 
Limited, 5-125 Higashi-arioka, Itami 664. 

TABLE 1. TEMPERATURE DEPENDENCES OF NQR LINES 

IN SOME CHLOROCARBONS AT SEVERAL TEMPERATURES 

77~K 195 K 288 K 0 K » 

a) Extrapolated values, b) Cf. C. Brevard and J . M. 
Lehn, / . Chim. Phys. Physicochim. Biol., 1968, 727. 
Their v% value for 1 differs exactly 1000 kHz from 
ours. However, their values for 6 and 7 and those 
we obatined are in good agreement, c) At 200 K. 
d) At 206 K. e) At 233 K. 

regions, one lower than 38.1 M H z , and the other above 
39.1 M H z . T h e lower group corresponds to the vinylic 
(v-), and the higher to the allylic (a-) chlorine substitu­
ents. The numbers of observed lines for 1 and 3 
were two and three, respectively, indicating that the 
former molecule has a G2 and/or two Gs, and the 
latter a G2 or Gs symmetry element(s) in their crystals. 

T h e lowest line v6 in 2 is easily assigned to a »-C1, 
^-positioned to the carbonyl group. T h e two-paired 
<2-CPs resonate in sufficiently separated regions, re-

\Vl 

I V2 

( 
"3 

* 4 

" 2 

\H 

n 

\Vi 

39.848 
36.573b> 

40.362 
40.157 
39.333 
39.178 
38.014 
37.266 

39.414 
39.082 
37.674 

37.948 
37.389 

38.304 
37.921 
37.798 
37.723 
37.562 
37.562 

37.780b> 
37.645*» 
37.296b> 
36.707b> 

38.482 
38.412b> 
38.352b> 
38.230b> 
36.647b> 
36.480b> 

38.730 
36.471 

39.272 
36.105 

40.060 
39.789 
39.077 
38.905 
37.684 
36.905 

38.921 
38.577 
37.376 

37.372 
37.115 

37.874°) 
37.465°) 
37.494°) 
37.425°) 
37.153°) 
37.254°) 

37.461 
37.354 
36.971 
36.371 

38.151 
38.037 
38.011 
37.843 
36.259 
36.105 

38.308 
36.131 

38.765 
35.692 

39.749 
39.429 
38.810 
38.632 
37.381 
36.587 

38.403 
38.036 
36.997 

37.508 
36.836 

37.447 
37.006 
37.190 
37.104 
36.701 
36.950 

37.420d) 
37.319d) 
36.940d) 
36.337d) 

37.789 
37.637 
37.637 
37.439 
35.843 
35.711 

38.144e) 
35.933e) 

40.07 
36.72 

40.45 
40.30 
39.38 
39.28 
38.14 
37.39 

39.55 
39.22 
37.75 

38.02 
37.45 

38.40 
38.01 
37.86 
37.80 
37.64 
37.62 

37.90 
37.75 
37.42 
36-82 

38.55 
38.50 
38.42 
38.34 
36.74 
36.57 

38.80 
36.54 
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Fig. 1. Resonance lines obtained by extrapolating the thermal variation to 0 K. 

spectively ca. 39.3 and 40.4 M H z . T h e highest two 
among them can be explained in terms of the hyper-
conjugative interaction between the G5-G1 bond and 
the carbonyl group which unusually decreases the 
ionicity of the allylic chlorine (the term "allylie" is 
also applied to the chlorine a tom a-positioned to the 
carbonyl group). T h e remaining pairing lines, vz and 
y4, can be assigned to the a-CPs at G4. 

The 0-C1 (v-ù in 1 appears in a region similar to 
the highest one in 2. In this case, we see no additive 
effect of hyperconjugation due to the second carbonyl 
group. 

The frequency of y-Cl in 3 is situated roughly at 
an average of the highest two lines for 9. T h e a-CYs 
resonate in the same frequency region as do the #-CPs 
at G4 in 2. Thus , the carbonyl seems to have no 
influence on all the resonance frequencies. 

Four-membered Ring Compounds. In contrast to 
the above, all the N Q R lines of oxochlorocarbons 
4—6 were observed in a narrow range near 38 M H z . 
Dioxo compound 4 gave two lines which suggest a 
G2 and/or a Gs symmetry in the crystal, its splitting 
(ca. 600 kHz) due to inner and outer p-CPs being 
appreciably larger than the corresponding one in chlo-
rocarbon 10. The large splitting suggests a difference 
in contribution of each carbonyl group to the conjuga­
tion with chlorine atoms between the inner z;-Cl and 
the outer one. Preliminary M O calculation data 
(CNDO/2)1 1) indicate that the lower line corresponds 
to the inner substituent. 

Mono oxo compound 5 has five lines at 77 K. How­
ever, temperature dependence observation of these lines 
revealed that 5 has essentially six lines in the range 
77—310 K ; three (yl9 v2, and v3) of them having a 
steeper temperature gradient, ca. 4.2 kHz/K, and the 
rest having ca. 2.9 kHz/K. All the lines appear in the 
tf-Cl region after 0 K extrapolation, suggesting that 
the hyperconjugation with C=C double bond would 
be dominant over that with the G = 0 group. Reflect­
ing this situation, the calculation gave an appreciably 

large N z (1.233, A O population of p j of the a-CL 
Such a polarization in the Gl at G4 is due to the con­
tribution of a stabilized allylic cation with full n-
conjugation. I t was difficult to assign the six lines 
because of their concentration in a narrow range 
within crystal field effects. However, the calculated 
line pat tern for 5 with a twisted geometry of G=C12 

groups resembles the observed one.11»12) 
Compound 6, having four N Q R lines all in the 

z>-Cl region (below 38.0 M H z ) , shows an almost sim­
ultaneous fade-out at around 210 K, which seems to 
be related to the phase transition at 220 K evidenced 
by DSC analysis. The extraordinary low values for 
the a-CVs suggest the contribution, in the ground state, 
of some stabilized structure, perhaps an aromatized 
one as shown below, rather than a hyperconjugated. 
In a compound like 7, where no similar contribution 
can be expected, six lines appear in two groups well 
separated. 

o-

cf 
+ 4-

-ci 

L-ci 
CI 

Three-membered Ring Compound. Perchlorocyclo-
propene 8 is an interesting compound in view of N Q R 
spectra. Lücken and Mazeline reported six lines at 
77 K, falling into two frequency groups (four: 38.2— 
38.8; two: 36.4—36.8 MHz).1 3) They assigned the 
higher line group to <z-, and the lower to z>-CPs. Smith 
and West later gave a completely inversed assignment 
on the basis of the data for some chlorocyclopropene 
derivatives.14) We found from both N Q R and DSC 
studies that 8 possesses at least three crystal modifica­
tions at 77 K. The most stable form, obtained by 
annealing 8 at Dry Ice temperature for 72 h, has only 
two N Q R lines with very strong intensities in the 
temperature range 77—233 K (mp). Thus, it should 
have a C2 and/or two C s symmetry in the crystal. 
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Prediction from M O calculation strongly supports 
West's assignment.14) T h e inversion of the frequency 
region between a- and y-Cl is attributed to both an 
extraordinary increase in N z of the <z-Cl (1.261) and 
a decrease in that of z;-Cl (1.181).11) The former is 
caused by the hyperconjugation with the C=C bond 
which stabilizes its cyclopropenium cationic structure 
in the ground state of the molecule. 
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On the Phase Transitions in Ammonium Hexafluoroaluminate(III) 
Keiichi M O R I Y A , * Takasuke MATSUO, Hiroshi SUGA, and Syûzô SEKI 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka Osaka 560 
(Received January 5, 1979) 

The heat capacities of (NH4)3[A1F6] were measured between 11 and 300 K with an adiabatic calorimeter. 
Two anomalies were found at (193.0±0.3) K and (220.79±0.05) K. The enthalpy and entropy of the phase 
transitions are (790±150) J mol"1 and (4.2±0.8) J K"1 mol"1 for the former, and (4030±150) J mol"1 and (18.5± 
0.7) J K_ 1 mol - 1 for the latter, respectively. The total anomalous entropy, (22.7±1.5) J K_ 1 mol-1, is in agre­
ement with R In 16=23.05 J K - 1 mol - 1 predicted by a model involving orientational disorder of the hexafluoro-
aluminate(III) and the ammonium ions. Discontinuities in fluorine 7\ and Tlp at 221 K by pulse NMR meas­
urement also support this model. The potential barrier height of the hindered rotation of the NH4

+ ion was 
estimated to be 7 kj mol - 1 from the heat capacity data. The intermediate phase undercooled and coexisted with 
the low temperature phase in a limited range of temperature. The upper phase transition is of the first order 
but the anomalous heat capacity follows the Landau theory of the phase transitions of the second kind. The high 
symmetry of the crystal structure of the present crystal at room temperatures in comparison with that of the alkali 
cryolites was discussed in terms of the hydrogen bonding, molecular disorder and packing consideration. 

There is currently a considerable interest in the 
phase transitions of crystals containing [ A X 6 ] n _ ions, 
where A is a multivalent atom and X halogen. The 
phase transitions hitherto studied of this type of com­
pound appear to be displacive if X is chlorine, e.g., 
K2[SnCl6y>2) (NH4)2[SnCl6],3) K2[ReCl6],4) K2-
[OsCl6],4> and (NH3CH3)2[SnCl6].5) Spectroscopic 
studies have shown that low-frequency rotational vibra­
tions of [AC16]2~ ion play an important role in the 
phase transitions in these crystals.2'3»5) The entropy 
of transition, in case where calorimetric data are 
available, is relatively small in agreement with the 
displacive mechanism of the transitions. For X = 
fluorine, we have shown that the phase transition is 
of order-disorder type in (NH4)3[FeF6] crystal.6) T h e 
large entropy of transition (A3* ̂ 2 4 . 8 J K - 1 mol - 1 ) was 
accounted for in terms of a model involving orientational 
disorder of both the ammonium and hexafluoroferrate 
( I I I ) ions. I t was pointed out that the same orienta­
tional disorder explains, albeit qualitatively, why am­
monium hexafluoroferrate ( I I I ) crystal is cubic at room 
temperature while alkali hexafluoroferrates(III) are 
not. 

In the present paper we will report a calorimetric 
and N M R study of phase transitions in ammonium 
hexafluoroaluminate (ammonium cryolite), (NH4)3-
[A1F6]. I t will be shown that this crystal is very 
similar to ammonium hexafluoroferrate ( I I I ) in regard 
to the ionic disorder but the low temperature behavior, 
having an additional phase transition, is more com­
plicated than in the iron compound. 

(NH4)3[A1F6] at room temperature is isomorphous 
with cubic (NH4)3[FeF6] . The structure7) is illustrated 
in Fig. 1. The aluminum atoms occupy the corner 
(0,0,0) and face-center (1/2,1/2,0) of the cube. The 
fluorines are placed tentatively on the four-fold axis 
of the crystal to form a regular octahedron around 
the aluminum. There are two sites for the ammonium 
ions. One is on the edge of the cube (1/2,0,0) and 
the other (1/4,1/4,1/4). There are four of the former 
in the unit cell of the fee Bravais lattice and eight 
of the latter. 

T h e crystal is not cubic at 93 K. Steward and 
Rooksby7) called it pseudo tetragonal. Schwarzmann8) 
found that (NH4)3[InF6] belongs to the monoclinic 
system (C|h-P21 /n) and that (NH4)3[A1F6] undergoes 
a phase transition at 224 K which he described as 
displacive. Thus it has been known that there is a 
phase transition between the room temperature and 
93 K. I t will be shown below that there are in fact 
two phase transitions. 

Comparison of the crystal structure of alkali and 
ammonium hexafluoroaluminates and analogous 
hexafluoroferrates(III) shows that there is similar be­
havior as the size of cation increases in these two fami­
lies. In Table l9) which summarizes the crystal system 
and the molar volume of the cryolite family, it is shown 
that smaller alkali cations excluding lithium tend to 
form less symmetric crystals. The molar volume of 
the ammonium cryolite is intermediate between those 
of R b and Cs compounds. The fee symmetry of 
the ammonium cryolite is thus anomalously high in 

TABLE 1. THE CRYSTAL SYSTEM AND MOLAR VOLUME 

OF CRYOLITE-TYPE COMPOUNDS A ( I ) 3 [ A 1 F 6 ] 

AT ROOM TEMPERATURE 

O - NH, h A l 

Fig. 1. Crystal structure of (NH4)3[A1F6]. 

A(I) 

Li 
Na 
K 
Rb 
Gs 
NH4 

Crystal system 

orthorhombic 
monoclinic 
tetragonal 
tetragonal 
tetragonal 
cubic 

Molar volume 
cm3 mol - 1 

58.9 
72.0 
90.4 

102.0 
117.4 
107.2 
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Fig. 2. Molar heat capacity of (NH4)3[A1F6]. 

this family. I t will be shown below that the anomalous 
property of the ammonium compound is closely related 
to the orientational disorder and packing of the ions. 

Exper imenta l 

Sample Preparation. Metallic aluminum of stated 
99.99% purity was dissolved in extra-pure reagent of hydro­
fluoric acid (Wako Pure Chemical Industries, Ltd.). The 
aluminum fluoride solution thus prepared was added to 
the aqueous solution of the 1.5 times equivalent amount 
of extra-pure reagent of ammonium fluoride (Wako Pure 
Chemical Industries, Ltd.). The reaction was performed 
at 60 °C. The precipitated crystal, (NH4)3[A1F6], was re­
peatedly digested at 90 °C. The crystal obtained was sepa­
rated by filtration, washed with methanol and dried in vacuo 
at 90 °C. Polyethylene or teflon laboratory ware was used 
exclusively throughout the sample preparation. The crystal 
was kept in an evacuated desiccator together with calcium 
oxide before heat capacity measurement. The elemental 
analysis was made by oxine gravimetric method for Al, 
by thorium nitrate titration for F and gravimetric method 
for N and H. The values given below in parentheses are 
calculated for the chemical formula (NH4)3[A1F6]; Al: 
13.80±0.04 (13.83%), F: 58.3±0.4 (58.5%), H: 6.17± 
0.20 (6.20%), N: 21.3±0.2 (21.54%). 

Differential Thermal Analysis and X-Ray Powder Photograph. 
The thermal behavior was first examined by differential 
thermal analysis (DTA).10> Only one exothermic peak was 
detected at 220 K on cooling at the rate of 3 K/min down 
to 100 K. On the other hand two peaks were observed in 
the heating run around 190 K and 220 K, respectively. 
This behavior was reproducible with the same crystal. X-
Ray powder photographs taken at 125, 216 and 293 K gave 
different diffraction patterns. The pattern at 293 K was 
fully indexed with the fee lattice. The intermediate and 
the lowest-temperature patterns were increasingly complicat­

ed and could not be indexed. However, by the DTA and 
the Debye-photograph data it became evident for the first 
time that ammonium hexafluoroaluminate is trimorphic below 
the room temperature. The hysteresis phenomenon in DTA 
was confirmed in the heat capacity measurement as will be 
discribed below. 

Heat Capacity Measurement. The heat capacity was 
measured from 11 K to 300 K with an adiabatic calorimeter. 
The calorimeter consists of the sample cell and double adia­
batic jackets surrounding it. They are suspended in a vacu­
um chamber. The temperature of the cell was measured 
with a platinum resistance thermometer calibrated in terms 
of the IPTS-68. Precision of the heat capacity measurement 
was ±0 .05% in the temperature range above 50 K, and 
the estimated accuracy ± 1 % at 20 K and 0.1 % above 50 K. 
Details of the construction of the calorimeter were published 
elsewhere.11) 

The calorimeter cell, a chromium plated thin-walled copper 
cylinder with the thermometer and heater, was loaded with 
44.296 g (0.22706 mol) of the (NH4)3[A1F6] crystal, evacuat­
ed to approximately 1 Pa, filled with 105 Pa of He gas at 
20 °C and then sealed off with low melting solder. The 
increment of the temperature in one measurement of the 
heat capacity was 1—3 K in the normal temperature region 
and less than 0.1 K in the transition region. The experi­
mental heat capacity values are given in Table 2 and shown 
in Fig. 2. Two heat capacity peaks were found at (193.0± 
0.3) K and (220.79±0.05) K, respectively. These temper­
atures agree well with the DTA result. The high temper­
ature anomaly has a premonitory effect already at 193 K 
where the peak height of the low temperature anomaly 
reaches maximum. The apparent heat capacity reached 
23000 J K - 1 mol - 1 at the upper phase transition. The time 
required for thermal equilibration in the neighbourhood of 
both phase transitions increased to about an hour, compared 
with ten minutes normally required in normal region. Such 
a behavior is often observed in the first order transitions. 
Figure 3 shows the cooling curve obtained by slow removal 
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TABLE 2. H E A T CAPACITY OF (NH4)3A1F6 

T 
•*• a v 

~ K " 

1st 
11.99 
13.07 
13.93 
14.65 
15.41 
16.20 
16.96 
17.77 
18.58 
19.38 
20.19 
20.96 
21.76 
22.56 
23.30 
24.09 
24.94 
25.72 
26.46 
27.18 
27.93 
28.76 
29.55 
30.29 
31.09 
31.93 
32.73 
33.57 
34.44 
35.44 
36.79 
38.27 
39.66 
41.07 
42.46 
44.08 
45.97 
47.65 
49.39 
51.17 
52.92 
54.66 
56.61 
58.38 
60.33 
62.69 
64.67 
66.81 
71.33 
75.47 
77.15 
79.13 
81.04 

2nd 
62.66 

cp 
J K-1 mol"1 

series 
2.13 
2.77 
3.38 
3.93 
4.55 
5.18 
5.93 
6.71 
7.51 
8.38 
9.29 

10.26 
10.87 
11.95 
12.77 
13.74 
14.68 
15.67 
16.49 
17.40 
18.30 
19.35 
20.34 
21.17 
22.16 
23.29 
24.36 
25.39 
26.52 
27.86 
29.67 
31.57 
33.45 
35.29 
37.08 
39.37 
41.91 
44.38 
46.91 
49.52 
51.09 
54.67 
57.44 
60.30 
63.34 
66.73 
70.14 
73.51 
80.47 
87.10 
89.66 
92.91 
96.05 

series 
66.98 

T 
•*• a v 
K 

65.60 
68.35 
71.11 
73.43 
75.64 
78.20 
80.66 

3rd 
80.15 
82.52 
85.28 
88.57 
91.47 
94.31 
97.10 
99.81 

102.38 
104.92 
107.38 
109.79 
112.14 
114.44 
117.00 
119.80 
122.54 
125.22 
127.86 
130.46 
133.02 
135.51 
137.97 
140.38 
142.76 
145.11 
147.42 
149.70 
152.12 
154.60 
157.08 
159.69 
162.27 
164.80 
167.32 
169.81 
172.26 
174.69 
177.09 
179.47 
181.92 
184.42 
187.37 
189.39 
191.61 
193.59 
195.76 
198.13 

cP 
J K"1 mol"1 

71.53 
75.84 
80.08 
83.73 
87.27 
91.37 
95.35 

series 
94.56 
98.46 

102.9 
108.1 
112.8 
117.1 
121.6 
125.7 
129.7 
133.6 
137.3 
141.0 
144.5 
148.0 
151.7 
156.0 
160.4 
159.9 
167.7 
171.3 
174.9 
178.4 
181.7 
185.1 
188.3 
191.4 
194.4 
197.5 
200.9 
203.7 
206.9 
210.2 
213.5 
216.7 
219.9 
222.8 
226.0 
229.0 
231.8 
235.0 
237.9 
241.2 
247.0 
268.0 
346.9 
349.8 
281.7 
272.9 

•*• a v 

K 

200.49 

202.82 
205.12 
207.38 

209.60 
211.78 

213.91 
215.99 
217.99 
219.81 
220.69 
220.78 
221.10 
222.48 
224.72 
227.06 
229.40 
231.73 
234.05 

236.37 
238.68 
240.98 
243.27 
245.56 
247.83 
250.03 
252.23 
254.48 
256.73 
258.96 
261.18 

4 th 
172.07 
173.50 
174.91 
176.32 
177.73 
179.29 
181.02 
182.73 
184.35 
185.78 
187.15 
188.34 
189.32 
190.27 
191.15 
191.95 
192.68 
193.38 
194.11 
194.88 
195.83 
196.75 
197.67 

cP 
J K"1 mol"1 

278.5 
283.8 

289.6 

295.4 

302.2 
310.5 

319.8 
331.7 
347.7 
437.1 

7349 
23300 

1378 
308.2 
274.5 
273.2 
273.3 
273.7 
274.4 

275.1 
275.8 
276.8 
277.5 
278.4 
279.1 
279.9 
281.0 
281.5 
282.8 
283.5 
284.0 

series 
225.6 
227.5 
229.1 
231.0 
232.5 
234.5 
236.3 
238.8 
241.1 
243.1 
246.1 
250.2 
257.2 
269.9 
315.6 
356.1 
398.7 
397.6 
358.3 
285.9 
279.8 
272.6 
272.8 

T 
•*• a v 

K 
198.64 
199.76 
201.47 
203.07 
204.90 
206.52 
208.19 
210.16 
212.10 
213.98 
215.85 
217.66 
219.12 
220.16 
220.68 
220.75 
220.78 
220.80 
221.07 
221.94 
223.23 
224.60 
226.17 
228.08 
230.17 

5 th 
262.52 
264.75 
267.15 
269.91 
272.85 
275.78 
278.70 
281.60 
284.49 
287.39 
290.28 
293.22 
296.37 
299.83 

6 th 
187.49 
188.69 
190.05 
191.57 
193.27 
195.12 
197.10 
199.15 
201.08 
203.08 

7 th 
181.59 
182.88 
184.53 
186.30 

Cp 
J K"1 mol"1 

274.7 
276.9 
280.3 
284.4 
288.9 
293.2 
298.1 
303.9 
311.9 
320.9 
330.4 
345.1 
359.9 
464.5 

5605 
15540 
22050 
23130 

963.3 
323.5 
287.3 
275.0 
273.6 
273.4 
273.5 

series 
284.6 
285.6 
286.2 
287.8 
288.0 
289.2 
290.3 
291.2 
292.4 
292.9 
294.3 
295.0 
295.9 
297.0 

series 
254.8 
255.9 
258.8 
261.4 
264.3 
267.9 
271.7 
275.8 
280.2 
284.6 

series 
244.5 
246.5 
249.6 
252.0 
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T 
•*• a v 

K 

TABLE 2. 

cP 
J K-1 mol"1 

Continued. 

T 
•*• a v 

K 
cP 

J K"1 mol-1 

188.05 
189.96 
192.01 
194.03 
196.04 
198.03 
199.97 
201.91 

i 

174.61 
176.26 
178.39 
180.50 
182.59 
184.68 
186.70 
188.75 

8 th 

255 .3 

258 .8 

265 .9 

267 .9 

269.5 

273.5 

277.5 

281 .8 

series 

232 

234 

237 

240 

243 

246 

250 

256 

190.74 
192.67 
194.64 
196.71 
198.77 
200.82 

282 .4 

313 .7 

2 7 8 . 9 

9 th 

175.52 
176.93 
178.31 
179.68 
181.04 
182.39 
184.08 
186.09 
188.06 
189.67 

271 

275 

279 

series 

231 

232 

235.3 
236, 
238. 
240, 
242, 
246, 
252. 
266.2 

of heat from the specimen. The cooling rate 0.7 K/h at 
the normal region was effected by introduction of an ap­
propriate back-up potential in the cell-jacket thermocouple 
circuit. The temperature arrest occurred at (220.79±0.05) 
K which was in good agreement with the temperature of 
the heat capacity peak. No temperature halt was observed, 
however, at the lower temperature where the low temper­
ature transition was expected to occur. This is consistent 
with the D T A result that the low temperature anomaly 
is observed only in the heating run. The hysteresis was then 
studied by the heat capacity measurement. The crystal 
was first cooled down to 186.8 K, 6.2 K below the lower 
transition temperature. Subsequent measurement of the 
heat capacity gave the curve that joins smoothly to the heat 
capacity of the intermediate phase, as shown by the Series 
2 curve in Fig. 4. The crystal was cooled then to 180.9 K 
and again the heat capacity was measured, giving the Series 
3 curve. There occurred a small anomaly at 193.0 K in 
this series. Similar series of measurements after precooling 
to increasingly lower temperatures gave Series 4 (173.9 K) -
and 5 (171.3 K) - curves in Fig. 4, respectively. In these 
measurements, the temperature drift was less than the observa­
tional limit, 0.1 mK h_ 1 . It is therefore concluded that the 
two phases (the intermediate and the low temperature phases) 
coexist side by side indefinitely in the temperature range 
between 193.0 K and the temperature of the precooling. 
The heat capacity values above 80.15 K plotted in Fig. 2 
and given as the 3rd series in Table 2 pertain to the crystal 
cooled to 78 K and are believed to represent the crystal 
fully converted to the low temperature phase. 

Thermodynamic Quantities. The tempered enthalpy, 
entropy and heat capacity of (NH4)3[A1F6] crystal are given 
in Table 3. These values refer to the stabilized crystal. 

The Proton and Fluorine Nuclear Relaxation Times.} The 

t More detailed N M R study was presented at the 
Symposium on Molecular Structures and Molecular Elec­
tronic States, Tokyo, 1976 (Title: "Nuclear magnetic relaxa­
tion and molecular motion of W, 19F, 27A1 in (NH4)3[A1F6]" 
by Yoshihiro Furukawa, Hideko Kiriyama, Keiichi Moriya 
and Takasuke Matsuo). 

0 10 20 30 40 
/ /h 

Fig. 3. Cooling curve of (NH4)3[A1F6]. 

300 

o 
280 

5 
260 h 

240h 

170 210 

Fig. 4. Hysteresis phenomenon of the heat capacity of 
(NH4)3[A1F6] around the lower phase transition. 

spin relaxation time 7 \ was measured for the proton and 
fluorine nucleus by use of a pulse N M R spectrometer, Brucker 
Model BK-322S, in the temperature range between 15 and 
350 K. The 7 \ was measured at 60 and 20 MHz by the 
1 8 0 ° - T - 9 0 ° method, and, at lower temperatures, by the 90°-
T - 9 0 ° method. Tlp in the rotating frame was also measured 
by the method of Look et al.12) The powder sample was 
sealed in a thin-wall glass ampule of 5 mm diameter 
together with He gas. The sample temperature was meas­
ured with either a copper-constantan or copper cobalt-
doped-gold thermocouples, depending on the temperature 
region. The temperature was stabilized at least 30 min in 
each of the measurements. 

The 7 \ and Tlp for the proton are shown in Fig. 5. On 
cooling the crystal from the room temperature, 7 \ decreased 
gradually and underwent a jump at 222 K to a lower value. 
The gradually decreasing portion of the curve was fitted 
to the Arrhenius equation and gave an activation enthalpy 
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TABLE 3. THERMODYNAMIC FUNCTION OF (NH4)3[A1F6] 

T_ C% S°-S% [H°-Hf]/T -\G°-H%\IT 

K JK^moH JK-imol"1 JK^mol"1 J K"1 mol"1 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
273.15 

298.15 

(1.24) 

9.04 

20.85 

33.80 

47.79 

62.75 

78.40 

94.30 

110.3 

126.0 

141.2 

156.1 

170.7 

184.6 

198.0 

210.6 

223.1 

235.6 

265.2 

277.6 

303.5 

441.0 

273.5 

276.3 

279.9 

283.8 

287.4 

290.9 

294.2 

297.1 

288.5 

296.6 

(0.30) 

3.23 

9.09 

16.83 

25.81 

35.84 

46.69 

58.19 

70.22 

82.67 

95.39 

108.3 

121.4 

134.6 

147.8 

160.9 

174.1 

187.2 

200.4 

216.2 

230.3 

245.7 

270.0 

281.6 

293.0 

304.1 

314.8 

325.3 

335.6 

345.6 

318.2 

343.8 

(0.31) 

2.41 

6.55 

11.22 

17.47 

23.76 

30.45 

37.43 

44.65 

52.00 

59.43 

66.87 

74.30 

81.69 

88.99 

96.20 

103.3 

110.3 

117.3 

126.9 

134.6 

143.6 

160.8 

165.6 

170.1 

174.4 

178.5 

182.4 

186.2 

189.9 

179.7 

189.2 

(0.10) 

0.83 

2.54 

5.11 

8.34 

12.08 

16.24 

20.76 

25.58 

30.66 

35.97 

41.45 

47.10 

52.87 

58.77 

64.74 

70.79 

76.89 

83.04 

89.30 

95.68 

102.1 

109.2 

116.1 

122.9 

129.7 

136.4 

142.9 

149.4 

155.8 

138.4 

154.6 

of 14.6 kj mol - 1 . The Tx at 20 MHz reached the maximum 
value at approximately 357 K, indicating onset of another 
relaxation mechanism operating at higher temperature. The 
same relaxation mechanism showed itself in Tlp which 
reached the maximum value at 250 K and decreased with 
the increasing temperature. The activation enthalpy derived 
from the Tlp is 22.5 kj mol - 1 . This is assigned tentatively 
to diffusional motion of the ammonium ion, as the AG con­
ductivity13) increased rapidly above the room temperature. 

In the intermediate phase, a Tx minimum of the proton 
of 5.4 ms occurred at (200±2) K for CO0/2TT=20 M H Z . The 
corresponding 7 \ minimum for a>0/27r=60 MHz, as calculat­
ed by the BPP equation, will be 16.2 ms and may be identified 
with the experimental value of 16.2 ms at ( 2 1 3 ± 2 ) K. 

The 7 \ value shows a hysteresis at the lower transition con­
sistently with the calorimetric observations. The cooling 
run gave slightly larger 7\ . Below 200 K, Tx remained 
more or less constant down to 78 K with shallow minima in 
the Tx vs. \\T curve. In the temperature range from 111 
to 197 K, slight deviation from the exponential law was 
observed in the magnetization vs. x curve. This may be 
reasonable in view of the presence of the proton and fluorine 
nuclei in the crystal. It was not possible, however, to eval­
uate separately the two Tx values characterizing the cross 
relaxations. The values plotted in Fig. 5 are those of the 
faster relaxation process. 
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Fig. 5. Proton 7 \ and Tlp in (NH4)3[A1F6], plotted 
semi-logarithmically against temperature. 

The temperature dependence of the fluorine Tx (Fig. 6) 
is similar to that of the proton. In the high temperature 
phase, the T± at 20 MHz and 60 MHz are the same at least 
to 291 K. It increased with the increasing temperature, 
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Fig. 6. Fluorine 7\ and Tlp in (NH4)3[A1F6], plotted 
semi-logarithmically against temperature. 

while the Tlp measured at i/1== 10 G decreased with the 
increasing temperature. There is a large jump of the fluorine 
7i at the upper transition temperature. The ratio of the 
7i of the high temperature phase to that of the intermediate 
phase at the transition temperature is four times as large 
for the fluorine resonance as for the proton. A Tt minimum 
of 8.7 ms for 20 MHz occurred at (193±2) K. This value 
pertains to the intermediate phase because the data was 
taken in a cooling run. A hysteresis behavior was found 
again around the intermediate-to-the-low-temperature phase 
transition. The difference in the 7\ values obtained in 
the cooling and heating runs is larger for the fluorine resonance 
than for the proton. 

D i s c u s s i o n 

Heat Capacity of the High Temperature Phase. One 
does not expect that the heat capacity of a complex 
compound should be equal to the sum of the heat 
capacities of the components of the compound. How­
ever, approximate equality holds between the heat 
capacity of an alloy and that of the component metals 
and is known as the Neumann-Kopp law. We have 
examined the validity of the additivity of the heat 
capacity of the hexafluoroaluminates as shown in Fig. 
7 where the difference (ACp) between the experimental 
value and the Neumann-Kopp sum are plotted in 
ordinate. The heat capacity data were taken from 
Furukawa, Saba and Ford (Li3[AlF6])14), Clusius, 
Goldmann and Perlick (LiF)15), and King (Na3[AlF6], 
NaF, and A1F3)16). ACp is very small for these hexa­
fluoroaluminates between 220 and 300 K considering 
that the total heat capacity amounts to 200 J K _ 1 m o l - 1 

of M3[A1F6], although the fractional difference in­
creases with the decreasing temperature at lower tem­
perature as Furukawa, Saba and Ford noted. Similar 
calculation was done for the high temperature phase 
of (NH4)3[A1F6] by using the present heat capacity 
data and those by Benjamins and Westrum (NH4F)17> 
and King (A1F3)16). There is a large positive deviation 
from the Neumann-Kopp law as shown in Fig. 7. 
The internal vibrations of the [A1F6]3" and NH 4+ 
ions are practically independent of their environment 
as far as their contribution to the heat capacity is 

220 240 260 280 
r/K 

300 

Fig. 7. Additivity of the heat capacity of hexafluoro­
aluminates. 
3CP(3M(I)F)+CP(A1F3)=CP(M(I)3[A1F6]) 

concerned. One may, therefore, attribute the positive 
deviation from the Neumann-Kopp law to the dif­
ference in the external vibrations of the ammonium 
ions in N H 4 F and (NH4)3[A1F6]. There are two types 
of the external vibrations, translational and rotational. 
Translational vibrations of the cation are involved also 
in Li3[AlF6] and Na3[AlF6] . But the Neumann-Kopp 
law holds to a good approximation for these substances. 
Therefore, the rotational motion of the ammonium 
ions is responsible to the non-additivity of the heat 
capacity. I t is very reasonable to assume that the 
rotational motion of the ammonium ion is much more 
hindered in N H 4 F than in (NH4)3[A1F6] in view of 
the strong N H - F hydrogen bonding in the former 
crystal18). The fluorine atoms in fluorocomplex ions 
such as [SiF6]2 _ , [PF6]~ and [BF4]~ are generally poor 
hydrogen-bond acceptors in comparison with the flu­
oride ion F~, as is evident from the higher N - H stretch­
ing frequencies in these compounds.1 9 - 2 1) 

An estimate of the rotational heat capacity of NH4+ 
ion in (NH4)3[A1F6] crystal is obtained by addition of 
three times the rotational heat capacity of the am­
monium ion in N H 4 F to the heat capacity difference 
given in Fig. 7. The former is calculated by the 
harmonic approximation by using the three-fold de­
generate frequency of 523 cm - 1 .1 8) The result of the 
calculation for the present crystal is plotted in Fig. 8 
(data designated by (B)) for one mole of NH 4+ ion. 

A slightly different estimate of the rotational heat 
capacity is obtained by subtraction of the heat capacity 
of Na3[AlF6] from that of (NH4)3[A1F6] and making 
a small correction for the internal vibration of the 
ammonium ion. This is equivalent to assuming that 
all the translational vibrations and the internal vibra­
tions and rotational parts of the external vibrations 
of the [A1F6]3" anion in (NH4)3[A1F6] crystal are 
the same as the corresponding vibrations in Na3[AlF6] 
crystal, as far as their contributions to the heat capacity 
are concerned. The difference between the Cp and 
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Fig. 8. NH4+ ion rotational heat capacity in (NH4)3-
[A1F6] by two methods 
(A) C rot=C((NH4)3[AlF6])-C(Na3[AlF6])-

3C(NH4+ internal). 
(B) C rot=C((NH4)3[AlF6])-C(AlF3)-3C(NH4F) + 

9C(Harmonic, a = 523 cm"1). 

Cv is also assumed to cancel out by the subtraction. 
The estimated rotational heat capacity is plotted also 
in Fig. 8 as data (A). Accuracy of the assumptions 
made here is difficult to assess. But the good agree­
ment of two independent estimates (difference 7%) 
indicates the essential correctness of the derived rota­
tional heat capacity. The derived value is ap­
proximately equal to the heat capacity of three har­
monic oscillators in the classical limit. However, it 
decreases with increasing temperature. This behavior 
is often observed in a high-temperature heat capacity 
of a hindered rotator. In Fig. 8, approximate calcula­
tions for the hindered rotational heat capacity are 
plotted for the hindering potential V0 of 5, 7 and 10 
k j mol - 1 . The calculation with V0=7 k j m o l - 1 

reproduces fairly well the experimental heat capacity. 
Here, three dimensional rotation of the ion was ap­
proximated as the sum of one dimensional rotations22) 
and the two ammonium ions at (1/2,0,0) and at (1/4, 
1/4,1/4) were assumed to have the same heat capacity. 
In spite of these limitation one may conclude that the 
barrier hindering the rotation of the ammonium ion 
is much lower in (NH4)3[A1F6] than in NH4F2 3) for 
which the barrier height of 42 k j m o l - 1 was reported. 
This may be another instance of a general observation 
that fluorocomplex ions are poor hydrogen-bond ac­
ceptors. 

The activation enthalpy derived from the Tx meas­
urement, 14.6 k j m o l - 1 differs from the calorimetric 
barrier height. Quanti tat ive comparison of the two 
values will be justified when quantum mechanical 
calculation of three dimensional motion24) of the ion 
is performed for the present compound. 

Ionic Motion in the Intermediate and Low Temperature 
Phases. The Tx minimum of the proton for coj 
2 T T = 2 0 M H Z indicates that the correlation time of 
the reorientational motion of the ammonium ion is 
4.9 ns at (200±2) K. The activation enthalpy from 
the temperature dependence of Tx near the minimum 
is « 23 k j m o l - 1 and the pre-exponential factor of the 
correlation time r0 4.8 fs. An approximately equal 

value is obtained from the Tx value at 60 MHz . The 
minimum value of Tv 5.4 ms, at 20 M H z is comparable 
with 3.1—4.3 ms calculated for a reasonable range 
of the proton-proton distance in ammonium ion by 
use of the BPP mechanism involving random reorienta­
tion of the ion.25»26) The second moment of the proton 
resonance absorption is 5.4 G2 in the intermediate 
phase27) and supports the rapid reorientation model. 
In the calculation of the Tx minimum all of the am­
monium ions are assumed to have the same correlation 
time. The fair agreement of the experimental and 
calculated values appears to support this simplification. 
The relatively short Tx found in the low temperature 
phase suggests the occurrence of some reorientational 
motion of the ammonium ions in this phase. However, 
detailed interpretation of the shallow Tx minima is 
not possible at present because of lack of the structural 
information. 

The Tx minimum of 8.7 ms of the fluorine resonance 
occurs in the intermediate phase for co0/2:rc=20 MHz . 
The activation enthalpy derived from the fluorine 
Tx is 23 k j m o l - 1 and equal to that derived from the 
proton Tx. This suggests that the same mechanism 
(reorientation of NH 4

+ ) is involved in the proton and 
fluorine relaxations, though reorientation of hexa-
fluoroaluminate ion cannot be ruled out. In the cubic 
(NH4)2[SiF6] , reorientation of [SiF6]2 _ octahedron 
begins to take par t in the fluorine relaxation above 
360 K and the fluorine second moments retains its 
rigid lattice value up to 300 K.28) O n the other hand, 
fluorine Tx minimum occurs in the temperature range 
130—245 K for the low temperature phase of Na[PF 6 ] , 
K[PF 6 ] and Rb[PF6].2 9) These minima are caused by 
reorientation of the fluorine octahedron. In NH 4 [PF 6 ] 
both proton and fluorine Txs show minima due to 
the reorientation of [PF6]"3 0) at 125 K. The second 
moment of the fluorine resonance of (NH4)3[A1F6] is 
3.1 G2 in the intermediate phase.23) I t is evident 
that the [A1F6]3_ ion reorients rapidly and that the 
same motion can well contribute to the nuclear relaxa­
tion at some appropriate temperature. Tx measure­
ments of (ND4)3[A1F6] will be interesting in this respect. 
This will disentangle the probable complication arising 
from the motion of ammonium and hexafluoroaluminate 
ions and cross relaxation through the interaction of 
the proton and fluorine. 

Increase of the proton Tx in the temperature range 
30—50 K gives an activation enthalpy of 2.5—3 k j 
mol - 1 . I t is not clear if this really corresponds to 
a potential barrier hindering another reorientational 
motion of the ammonium ion. Effect of the tunnelling 
motion of the ammonium ion is excluded because the 
second moment of the proton resonance increases to­
ward the rigid lattice value around 80 K27) and the 
Tx value becomes very high ( « 1 0 0 s) at 15.8 K. 
Interestingly, the activation energy corresponds to 210— 
250 c m - 1 of the wave number or the frequency of 
typical optical lattice vibration of translational or 
rotational origin. Physical implication of the coin­
cidence of these two energy parameters is not clear 
at present. 

Mechanism of the Phase Transitions. The enthalpy 
and entropy of the phase transitons were evaluated 
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TABLE 4. "NORMAL" HEAT CAPACITY OF (NH4)3A1F6 

T 
K 

150 
160 
170 
180 
190 
200 

cp 
J K"1 mol-1 

196.5 
207.9 
218.7 
228.7 
237.9 
246.5 

T 
K 

210 
220 
230 
240 
250 
260 

cP 
J K"1 mol"1 

254.4 
261.6 
268.0 
273.8 
279.2 
283.6 

TABLE 5. 

T/K 

193.0 ± 0 . 3 
220.79±0.05 

PHASE TRANSITIONS OF (NH4)3[A1F6] 

AH/] mol"1 

790±150 
4030±150 

AS/J K"1 mol"1 

4 . 2 ± 0 . 8 
18 .5±0.7 

by integrating the excess heat capacity over the normal 
value. The normal heat capacity was determined by 
smooth interpolation of the low and the high temper­
ature heat capacities into the anomalous region. T h e 
normal heat capacity employed here is given in Table 
4. The entropies and enthalpies of both transitions 
are given in Table 5. 

If one assumes that the orientation of the ions is 
uniquely fixed in the low temperature phase, the 
entropy of transition AS is related to the number 
W of different orientations allowed to the ions in the 
high temperature phase through the equation, AS= 
R In Wy provided that the vibrational entropy is ad­
equately taken into account by the lattice heat capacity. 
The sum of the entropies of the two transitions (22 .7± 
1.5) J K - 1 m o l - 1 corresponds to W= 15.3±3.0. An ap­
proximately equal value was found for the entropy 
of transition in (NH4)3[FeF6].6> One interpretation 
of W=\§ is to ascribe it entirely to the disorder of 
the ammonium ion. [A1F6]3_ ion having the O h sym­
metry occupies the site of O h symmetry, the (0,0,0) 
position in the fee Bravais lattice, and is assumed to 
have uniquely fixed orientation. There are two types 
of the ammonium ions, one in the (1/2,0,0) position 
and the other in the (1/4,1/4,1/4). One formula unit 
of (NH4)3[A1F6] contains one of the former ammonium 
and two of the latter. The experimental transition 
entropy may be interpreted formally by allowing four 
orientations to each of the former ammonium and two 
to the latter, or W = 4 x 2 x 2 = 1 6 . However, four 
equivalent orientations of the N H 4

+ ion in the (1/2, 
0,0) position is inconceivable from the geometrical 
viewpoint. Moreover, absence of phase transitions in 
the cubic (NH4)2[SiF6] disfavors this model. In the 
cubic (NH4)2[SiF6] , the ammonium ions are all equiv­
alent and occupy the (1/4,1/4,1/4) positions. In this 
case the site symmetry is T d so that the ammonium 
ions occupy the site without two-fold disorder. As 
will be discussed below, the ammonium ion in the 
(1/4,1/4,1/4) position appears to stabilize the cubic 
structure energetically. Another interpretation of W= 
16 proposed earlier6) will be appropriate to the present 
crystal also. I t involves orientational disorder of the 
[A1F6]3~ ion. Because of the O h symmetry of the 
Al site, the orientational disorder has to be one-fold 

(ordered) or eight-fold. The latter corresponds to 
rigid rotation of the fluorine octahedron which shifts 
the fluorine atom from (#,0,0) to a general position. 
There are eight different orientations of this type.6) 
Allowing two orientations to the (1/2,0,0) ammonium 
in conformity with the site (Oh) and ionic (Td) sym­
metries one of which is related to the other by a 90° 
flipping, one obtains 8 x 2 = 16 states for one formula 
unit of (NH4)3[A1F6]. 

These two models of ionic disorder in the cubic 
phase predict the same entropy of transitions AS= 
R In 16=23.05 J K - 1 m o l - 1 which is in agreement with 
the experimental data. In addition to the symmetry 
argument, the N M R result favors the second model. 
It was pointed out that discontinuity in Tx at the 
upper transition is much larger for the fluorine reso­
nance than for the proton. One should not expect 
the large Tx change in the fluorine resonance if the 
phase transition involved only the orientational disorder 
of the ammonium ions. Thus the N M R data supports 
the second model rather than the first. 

Comparison with the Alkali Cryolites. As shown in 
Table 1, (NH4)3[A1F6] alone is cubic in the cryolite 
family at the room temperature. This high symmetry 
is a result of replacement of the spherical alkali ion 
by the tetrahedral ammonium ion. Three reasons 
may be advanced for explanation of this fact. The 
first is that the ammonium occupying the (1/4,1/4,1/4) 
position will stabilize the cubic structure. The twelve 
fluorine atoms surrounding the ammonium ion are 
grouped into four clusters of three. The four clusters, 
each belonging to different [A1F6]3_ ion, form a regular 
tetrahedron around the ammonium. The (1/2,0,0) 
ammonium and the equivalents occupy the corners 
of another tetrahedron which forms, together with 
the four a luminum atoms, the cube of the one-eighth 
volume of the fee unit cell. Thus there are positive 
charges (NH4+ ions) at the four of the eight corners 
of the cube and negative charges (cluster of fluorine 
atoms) at the other four corners. The central am­
monium ion will be situated stably in this tetrahedral 
field with its hydrogen atoms pointing toward the 
negative corners. Consequently, the cubic structure 
is stabilized by the presence of the (1/4,1/4,1/4) am­
monium. This will also explain the fact that the cubic 
(NH4)2[SiF6] remains cubic at least down to 25 K:31> 
the crystal has ammonium ions only in the (1/4,1/4,1/4) 
positions which favors the stability of the cubic lattice 
without orientational disorder. In alkali cryolites, the 
alkali ions in the (1/4,1/4,1/4) position do not offer 
any particular advantage for the cubic structure be­
cause the spherical alkali ions have no special reason 
to favor the tetrahedral environment. The structure 
of alkali cryolites will be dominated by the packing 
consideration and (at higher temperatures) by the 
entropy effect of the [A1F6]3_ disorder. 

The second of the explanations for the stability of 
the cubic structure of the ammonium cryolite is that 
the orientational disorder of the (1/2,0,0) ammonium 
ion will decrease the free energy of the cubic phase 
relative to the non-cubic phase at sufficiently high 
temperature. Position of the (1/2,0,0) ammonium ion 
is not known at present. However, it will be reason-
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able to suppose that orientational disorder (and de­
crease of the free energy) is possible only in the cubic 
phase, as the experimental transition entropy indicates. 
Such a stabilization of the cubic phase is not available 
to the alkali cryolites because alkali ions lack orienta­
tional degree of freedom. In passing it may be inter­
esting to note here that A[PF6] crystals, where A is 
alkali or ammonium ion, are all cubic (except for Li 
salt) at room temperatures and undergo phase transi­
tions at lower temperature.1 '29»30) I t may be argued 
that orientational disorder of [PF6]~ ions stabilizes 
the cubic phase of these crystals. 

Finally, the third of the factors contributing to the 
stability of the cubic ammonium cryolite is that the 
ionic radius of the ammonium ion may be favorable 
for the packing of the ions in the cubic lattice. Com­
parison of the unit cell dimensions of the ammonium, 
rubidium and caesium cryolites gives some support 
to this view. If we define the cubicity ratio yc=cl 
(V 2 a) where a and c are unit cell lengths of the tetra­
gonal crystal, we obtain yc= 1.0098 for Rb3[AlF6] 
and 0.9945 for Cs3[AlF6] from the X-ray data of 
Holm.32) Linear interpolation between the R b and 
Cs gives yc= 1.0043 for (NH4)3[A1F6] where the cubic 
cell dimension (0.893 nm) was taken from Steward 
and Rooksby.7) The calculated cubicity ratio of the 
ammonium cryolite is not exactly equal but closer 
to the ideal cubic value 1 than the corresponding 
ratios of the rubidium and caesium cryolites are. Thus, 
it may be argued that as the size of cation increases 
the tetragonal cell changes from prolate to oblate 
and the ammonium happens to have the size that is 
favorable for the cubic packing. This will decrease 
the anisotropy of the environment of the ammonium 
ion and thus increase the tendency toward disordering 
of the ion discussed above. 

We have presented triple reasons, the first energetic, 
second entropie and the third due to packing considera­
tion, to explain the apparently contradictory fact that 
less symmetric ammonium ion forms more symmetric 
crystal in the cryolite family. Alkali cryolites undergo 
phase transition at higher temperatures.32»33) I t will 
be interesting to study the heat capacity of these sub­
stances to see if the orientational disorder of [A1F6]3_ 

ion proposed here will be substantiated by the ex­
perimental data for the entropy of transition. 

Temperature Dependence of the Anomalous Entropy. 
In Fig. 9, the excess entropy AS( T) is plotted against 
the temperature. This quantity was calculated by 
integrating the excess heat capacity, 

AS(T) = f1{&C{T')lT'}.àT'. 

The anomalous entropy increases gradually in the 
intermediate phase and jumps discontinuously at the 
upper transition temperature to the high temperature 
value. Thus , the phase transition is of the first order 
in agreement with the Tx discontinuity at the transi­
tion. The discontinuous par t of the anomalous en­
tropy is l S ^ J K - i m o l " 1 in the total of 22 .7±1.5 
J K _ 1 mol - 1 . This behavior is very similar to that 
observed in (NH4)3[FeF6]6) (discontinuity 18.5 J K" 1 

mol"1 , total 2 4 . 8 z t l . 9 J K " 1 mol"1) . 

Fig. 9. Temperature dependence of the anomalous 
entropy AS(T). 

Fig. 10. AC(T)/T plotted against ( T - T y - V * with 
r k =224 .9 K. 

T h e gradual increase of the entropy near the upper 
phase transition will be described by the Landau 
theory of the phase transition. The free energy of 
a crystal is expanded in powers of a certain order 
parameter. 

1 . . 1 . 
G= (T-Tc)av* + —bV* + -CT}* 

By differentiation of the free energy, one obtains the 
heat capacity. Figure 10 shows the plot of the anom­
alous encraty (ACp/T) against (T^—T)'1/2 for Tlc= 
224.9 K. The linearity of the plot between 190 K 
and 220 K is very satisfactory up to the onset of the 
first order transition. The parameter values derived 
from the best fit are as follows. 
a= l S ^ J K ^ m o l " 1 , b= - 9 9 5 J mol"1, c = 819 J mol"1. 

I n the lower temperature region between 180 K 
and 200 K of the intermediate phase where the extent 
of the disorder is small, the anomalous heat capacity 
will be expressed as 

24.8ztl.9JK%221
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Fig. 11. ln(T2AC(T)) plotted against inverse temper­
ature. 

AC(T) = B(^Jcxp[SVR]^xp[-elRTl 

where R is the gas constant, S* an entropie parameter 
(not equal to the total transition entropy and e the 
molar energy required to excite the ion to the "mis-
oriented" state in the ordered crystal. In Fig. 11, 
In T2AC(T) is plotted against \jT. As expected the 
experimental heat capacity satisfies the linearity in 
this plot. The parameter values are e=15 .6 k j m o l - 1 

S*=51.8 J K" 1 mol - 1 . In the same low temperature 
approximation, the anomalous entropy is given by 
the expression, 

AS(T) = R(e/RT+\)exp[S*/R]exp[-elRT]. 

By use of this equation, one can calculate the entropy 
which the crystal would acquire if the anomalous heat 
capacity of the intermediate phase continued down 
to zero Kelvin without being disrupted by the low 
temperature phase transition. AS(T=\97A0 K) 
calculated by this equation is equal to 2.86 J K _ 1 

mol - 1 , where the temperature 197.10 K corresponds 
to the minimum of the anomalous heat capacity just 
above the lower phase transition. The experimental 
value of the anomalous entropy (Fig. 9) determined 
by the integration of the anomalous heat capacity 
including that due to the lower phase transition is 
S ^ J K - i m o l " 1 at 197.10 K. Thus large fraction of 
the entropy of the lower phase transition is accounted 
for by the disrupted par t of the upper phase transition. 

I t is tempting to assume that ammonium and hexa-
fluoroaluminate ions contribute to the lower and the 
upper transitions separately, but the entropy of the 
lower transition is too small as compared with R In 
2 to support this view. At present we have no ready 
explanation to the fact that the phase transition in 
(NH4)3[A1F6] proceeds in two steps while the isomor-
phous (NH4)3[FeF6] has only one phase transition. 

Undercooling of the Intermediate Phase. I t was 
pointed out in the experimental section that the inter­
mediate phase undercook and that the heat capacity 
of the intermediate phase was measured in its meta-
stable temperature region. Undercooling of the present 
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Fig. 12. Fraction of the low^ temperature phase vs. 
the lowest temperature to which the crystal was 
precooled before each measurement. 

substance is very different in its character from that 
of typical first order transitions, e.g. crystallization of 
a simple liquid. Once the nucleation takes place 
in a typical undercooled liquid, the crystallization 
proceeds to completion consuming the liquid phase 
entirely, as the Gibbs phase rule dictates. In contrast, 
the present crystal exists in two different forms over 
a range of temperature. In Fig. 12, the fraction (f) 
of the low temperature phase is plotted against the 
temperature to which the crystal was cooled just before 
the heat capacity measurement. The measurement 
after precooling to 78 K gave the same heat capacity 
as after the precooling down to 13 K. This was taken 
to represent the completely transformed crystal. The 
fraction of the low temperature phase was calculated 
by two methods, one from the enthalpy of the low-
temperature-to-intermediate phase transition and the 
other from the heat capacity difference at 184 K (see 
Fig. 4). The two methods gave a consistent result. 
A similar suspended phase change was reported in 
K 4 Fe(CN) 6 «3H 2 0. 3 4 ) In this case, a monotropic trans­
formation (in contrast to enantiotropic of the present 
crystal) from the metastable tetragonal phase to the 
stable low temperature phase stops in the midway 
depending on the temperature to which the tetragonal 
crystal is cooled. A simple interpretation of these 
anomalous metastabilities would be that slow atomic 
motion hinders the progress of the phase transition in 
these crystals. The fact that simple liquids never 
exhibit the anomalous metastability seems to support 
this interpretation because the molecular motion is 
certainly rapid there. However, the nuclear relaxa­
tion data presented above shows that the ionic motion 
is very rapid at the temperature where the under 
cooling of the intermediate phase occurs. Therefore 
the immobility of the ions cannot be the explanation 
of the anomalous metastability. It should be added 
that similar hysteresis phenomena have been reported 
in Rb[PF 6 ] and Cs[PF6].

29>35> Most probably, inter-
facial and strain free energies caused by coexistance 
of the two phases will have to be taken into account 
for correct understanding of these phenomena. 
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Film Dichroism. II. Linearly-polarized Absorption Spectra of 
Acridine Dyes in the Stretched Polyvinyl alcohol) Films1} 

Yukio MATSUOKA and Kiwamu YAMAOKA* 

Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
(Received January 5, 1979) 

The linear dichroic absorption spectra of the protonated and quaternized acridine dyes were measured in 
the UV and visible regions by the stretched film technique. The dyes examined were acridine, 10-methylacridine, 
Proflavine, Trypaflavine, Acridine Yellow, 10-Methylacridine Yellow, Acridine Orange, and 10-Methylacridine 
Orange, all of which belong to the G2V point symmetry group. Poly (vinyl alcohol) was used as a film matrix. 
The absorption spectrum of each dye was resolved into the long-axis and short-axis polarized components. Two 
orthogonally-polarized electronic transitions (the xLa and xLb bands) of 3,6-disubstituted acridine dyes were 
reduced to overlap in the visible region of the spectra. The orientation factors K7 and Kz of each dye were 
evaluated at a constant degree of stretching and were related to the geometry of the dye molecule. 

Studies of the interaction between acridine dyes and 
natural or synthetic polymers have been carried out 
by various optical methods.2 - 8) However, the optical 
properties of the dyes per se were treated qualitatively 
in those studies. T o obtain useful and unambiguous 
information on the optical properties of those polymer-
dye complexes, it is imperative to accumulate the 
detailed data on the polarization direction of the 
electronic bands of individual dyes.9-11) 

One promising technique is the measurement of 
the linear dichroism of dyes oriented in a film by me­
chanical stretching. The importance of this method 
has been recognized in the assignment of the polariza­
tion directions of absorption bands.1 2 - 1 8) Tanizaki12) 
derived a theoretical expression which relates the di­
chroic ratio to the stretch ratio of a matrix film, and 
applied it to the absorption band of naphthols13) and 
acridine14) to determine the relative directions of their 
transition moments. Thulstrup et ÖZ.15> reported a 
method (the reduction procedure) for the quantitative 
evaluation of "reduced spectra" from the dichroic 
absorption spectra of planar molecules belonging to 
the G2v or D 2 h point symmetry group. 

The first paper of this series has established the 
groundwork for the measurement and analysis of the 
dichroic spectra.19) The purposes of this paper are, 
therefore, (1) to determine the relative direction of 
the transition moment of eight acridine dyes,20»21) (2) 
to divide the isotropic spectrum of each dye into the 
long-axis and short-axis polarized components (the 
reduced spectra), (3) to evaluate the orientation factors 
K7 and Kz for each dye, and (4) to relate the molecular 
shape of the dye with the orientation factors. The 
major findings are as follows: (1) Isotropic spectra of 
acridine and 10-methylacridine contain a short-axis 
polarized (xLa) and two long-axis polarized transitions 
(1Bh and 1 L b ) . (2) The isotropic spectrum of each 
3,6-disubstituted acridine dye consists of two orthogo­
nally-polarized transitions (1Ba and 1Bb) in the U V 
region, a dominant long-axis polarized transition (1Lb) 
and a weak short-axis polarized transition ^ L J in the 
visible region. (3) The values of Ky and Kz obtained 
for acridine and 10-methylacridine change remarkably 
upon substitution of the amino or dimethylamino 
groups at the 3,6-positions of the acridine nucleus. 
(4) Both Acridine Yellow and 10-Methylacridine Yellow 
behave like a rod-shaped molecule as regards their 

orientation property. 

Exper imenta l 

Materials. Acridine dyes were all in the monocationic 
form, the anion being chloride (for details, see Ref. 20) : 
Acridine (Acr) and 10-methylacridine (MeAcr), 3,6-diami-
noacridine or Proflavine (PF) and 3,6-diamino-l 0-methyl­
acridine or Trypaflavine (TF), 3,6-diamino-2,7-dimethyl-
acridine or Acridine Yellow (AY) and 3,6-diamino-2,7-
dimethyl-10-methylacridine or 10-Methylacridine Yellow 
(MeAY), 3,6-bis (dimethylamino) acridine or Acridine 
Orange (AO) and 3,6-bis (dimethylamino)-10-methylacridine 
or 10-Methylacridine Orange (MeAO). All these dyes were 
purified by recrystallization from ethanol and their purity 
was confirmed by the method of thin layer chromatography. 
The powdered poly (vinyl alcohol) (PVA) samples were 
obtained from Tokyo Kasei Co., Ltd., and Kuraray Go. 
(Kuraray Poval 117-H). Their nominal degrees of poly­
merization were 1750 and 1680, respectively. 

Preparation of Sample Films. A stock aqueous PVA 
solution {ca. 9.1 wt %) was prepared as described elsewhere.19) 
To the stock PVA solution (5x l0 _ 2 dm 3 ) , an aqueous dye 
solution {ca. 1 X 10-3 mol dm -3) was added dropwise. The 
mixture was then stirred for 20—30 min to make a dye-
PVA solution (the final dye concentration was about 1 X 
10~5 mol dm - 3) . (Each solution spectrum was measured at 
this stage to compare with the corresponding film spectrum.) 
To prepare a nonoriented sample film, the dye-PVA solution 
was spread onto a glass plate and kept for 7—10 days in an 
open room to ensure dryness. The glass plate was adjustable 
horizontally by screws and equipped with four removable 
sides (10 X 10 cm) which allowed the dried film to be detached 
easily from the glass surface. The reference film was prepared 
from an aqueous PVA solution which contained no dye 
under the same conditions. 

Measurements and Analyses of Dichroic Spectra. Dichroic 
spectra were measured on a Hitachi EPS-3T double beam 
recording spectrophotometer equipped with a mechanical 
stretcher that could stretch both sample and reference films 
simultaneously inside the cell compartment. 19> In each 
optical path, a schlieren-free grade Glan-Taylor calci te 
polarizer (Karl Lambrecht Corp., Chicago) was mounted 
in front of the stretcher. The stretch ratio, S, of the film 
was defined as the axial ratio, a/b, (a and b are the semi-
major and -minor axes) of an ellipse deformed from a circle 
of radius r which was initially drawn on the film.12»19) 
Uniform stretching of the film was tested at each S by compar­
ing an imaginary volume of 4nab2/3 with the initial volume 
of 47zr3/3. These two volumes agreed within an experimental 
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uncertainty of 4%. 
The absorbances of dye molecules in the film, with polar­

izers arranged parallel, A n and perpendicular, Ax to the 
direction of stretch, should satisfy the relation 

An + 2AI 
k X AQ '• (i) 

where k is the normalization factor, which depends on S, 
and A0 is the absorbance of the nonstretched film. The 
dichroic ratio, Rd, or the reduced dichroism, AA/A, of partially 
oriented rod-shaped molecules can be related to the transition 
moment angle, 6, which is defined as the angle between 
the direction of the transition moment and the orientation 
axis of a molecule, as19»22) 

R* = 

or 
AA 

2 + 2(3 cos2fl-1)0 
2 - ( 3 c o s 2 0 - l ) 0 : 

-^räe-i*--'* 

(2) 

(3) 

where 0 is called the orientation function which represents the 
degree of orientation of an assembly of like molecules. An 
orientation function was derived for the rod-shaped molecule 
as19> 

/li/cx 3 ^ - ^ ( ^ - ^ - V H a n - 1 ^ 2 - ! ) 1 ^ 1 

0{s)= 2 _ _ - . (4) 

By using Eqs. 2 and 4 or Eqs. 3 and 4, the transition moment 
angle can be determined according to the method of 
Tanizaki.12) 

Since the acridine dyes studied in the present work belong 
to the C2V point symmetry group, the reduction procedure15) 
can be employed for evaluating the ^-spectrum (the 
short-axis polarized component of isotropic spectrum) and 
the ^4z-spectrum (the long-axis polarized component) 
from the observed dichroic spectra. In the spectral region 
between 220 and 550 nm, the out-of-plane polarized com­
ponent may be ignored (i.e., Ax=0) ; therefore, if the molecules 
in the film are oriented uniaxially, the formulas necessary 
for the procedure are as follows:15) 

AL - dLA H = 
Kz—Kj 

2KZ 

and (5) 

As-dtAx= * ' _ * y Az 

where d± and dn are the reduction factors. The constants 
Ky and Kz are termed the orientation factors and are given 
by15) 

K. 
du+2 

and Kz = 
1 

2</±+l 
(6) 

R e s u l t s a n d D i s c u s s i o n 

Isotropic, Dichroic, and Rd-Spectra. Figures 1 to 
4 show the dichroic spectra, i.e., the A w -spectrum (dotted 
curve) and the ^4±-spectrum (dashed curve), of eight 
acridine dyes at a particular stretch ratio, together 
with the wavelength dependence of the dichroic ratio 
Rd (filled circles), which is termed the i?d-spectrum. 
An error bar on the dichroic ratio indicates the ex­
perimental uncertainty. The dichroic ratio can be 
converted into the reduced dichroism,19) which should 
be referred to the left ordinate of each figure. Two 

• . • • • • • " 
, • • • • • • • « » • « • • • • • • • . I.5P 

240 260 280 300 350 400 450 
Wavelength / n m 

Fig. 1. Isotropic, dichroic, and i?d-spectra of Acr and 
MeAcr in the stretched PVA film. Symbols are: 
the isotropic spectrum ( ), the parallel ( ) 
and perpendicular ( ) polarized spectra, the Ad-
spectrum (••••) and the normalized isotropic ab­
sorbance (O). Letters A to F indicate the apparent 
peak or shoulder positions in each isotropic spectrum 
and the polarization directions in the acridine nucleus. 
Acr at 5=4.3 and £ = 0.62. MeAcr at £=4.3 and 
£ = 0.65. Factor k is an average of the values of k 
at about 30 wavelengths. 

kinds of isotropic spectra are also shown in each figure : 
one, kxA0 (open circles), was obtained from the left 
hand side of Eq. 1 and the other, A (solid curve), was 
calculated from the right hand side of the same equa­
tion. An excellent agreement between these two iso­
tropic spectra suggests that the dye molecules are 
indeed oriented uniaxially in the stretched film. The 
observed isotropic spectra of all the acridine dyes in 
the PVA film were similar to the spectra of the dyes 
in aqueous PVA solution. The apparent band posi­
tions of each dye are shown in Table 1. 

The dye A O has drawn special attention because 
of its strong ability of dimerization in aqueous solution. 
The "monomer" spectrum, which was unmasked by 
the monomer-dimer analysis, gave a value of 1.5— 
1.6 for the ratio of the peak intensity (492 nm) to the 
shoulder intensity ( « 4 7 0 nm).23»24) The spectrum of 
A O in an aqueous PVA solution (2.5 X 10"5 mol d m - 3 

in 9.1 wt %) also gave nearly the same value, which 
indicates A O is probably in the monomeric form. 
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TABLE 1. THE APPARENT BAND POSITIONS (A—F) IN THE ISOTROPIC SPECTRA AND THE TRANSITION MOMENT 

ANGLES {Ox—0p) A T T H E CORRESPONDING BAND POSITIONS OF EIGHT ACRIDINE DYES 

Dyes 

Acr 
MeAcr 

A 

408(403) 
412(416) 

D 

Positionsa)/nm 

B 

356(354) 
360 (358) 

^ 
£ 

C 

258 
263 

F 

0A 

54±1 
58±1 

0D 

Angles/deg 

OB 

41±1 
40±1 

0E 

ÖC 

40±1 
38±1 

0p 

PF 
TF 
AY 
MeAY 
AO 
MeAO 

465 (452) 
470 
467 (453) 
471 (461) 
502 (496) 
506(500) 

305 
305 
314 
317 
330 
335 

263(261) 
265 
266(265) 
270(267) 
272(271) 
274(272) 

8±2 
8±2 

8 ± 2 
12±2 
10±2 

70±2 

22±2 
24±2 

23±2 
23±2 
27±2 

a) The values in the parentheses are the corresponding positions in the aqueous PVA solution. 

_1 , 

0.4h 

ehTV* ••* 

—i « 1 1 r. 

• • • • • • 

250 300 350 4 0 0 450 500 
Wavelength / n m 

Fig. 2. Isotropic, dichroic, and i?d-spectra of PF and 
TF in the stretched PVA film. Symbols are the 
same as in Fig. 1. PF at £=3.7 and £ = 0.65. TF 
at 5=3.7 and £ = 0.65. 

In the isotropic spectrum of A O in the PVA film 
(Fig. 4a), the ratio was as high as 2.0. This value 
compares favorably with the values of 2.1 in chloro­
form ( 1 — 1 0 x l 0 - 6 m o l d m - 3 ) and 1.9 in ethanol (2 X 
10"5 mol d m - 3 ) . These data suggest that A O is also in 
the monomeric form in the PVA film. Results similar 
to the above were observed for such associative dyes 
as PF,25»26) TF,26) and MeAO. Therefore, the iso­
tropic spectra in Figs. 1 to 4 were concluded to be 
essentially the monomer spectra of the respective dyes. 

Acridines: Both the dichroic and i?d-spectra of Acr 
and MeAcr are shown in Fig. 1. In order to ascertain 
that Acr is fully protonated, an appropriate amount 
of HCl (0.1 mol d m - 3 ) was added to the aqueous d y e -
PVA solution prior to casting. The isotropic spectrum 

of Acr in the film resembles the solution spectrum 
of the acridinium ion. The A n -spectrum of Acr is 
always more intense than the ^4±-spectrum, except 
for the long-wavelength region. The i?d-spectrum of 
Acr is nearly flat in 460—400 nm ( Ä d = 1.0—1.1) and 
again in 360—320 nm (Ä d «1.7) , sharply changing 
at about 370 nm. Another plateau region is observed 
in 260—240 nm (Ä d «1 .8) . These dichroic features 
are in excellent agreement with a previous report.27) 
The isotropic spectrum of MeAcr shifts toward the 
red, as compared with the spectrum of Acr, because 
of the substitution of a methyl group on the ring 
nitrogen. The /?d-spectrum is constant over 460— 
390 nm (Ä d «0.9) , 360—330 nm (Ä d «1 .8) , and 270— 
250 nm (Ä d «1.9) . 

3fi-Diaminoacridities'. Figure 2 shows the dichroic 
and Äd-spectra of PF and T F , which are 3,6-diamino 
derivatives of Acr and MeAcr, respectively. The iso­
tropic spectra of PF and T F differ from those of Acr 
and MeAcr in that PF and T F show a deceptively 
simple absorption peak in the visible region and two 
conspicuous shoulders in 280—320 nm. In spite of 
the simple isotropic absorption in the visible region, 
the Äd-spectra of PF and T F are not flat: the largest 
values occur near 465 nm and 470 nm, respectively. 
They descend rather sharply on the long-wavelength 
side and slowly but irregularly on the short-wavelength 
side. These descending trends are well beyond the 
experimental uncertainty. 

3,6-Diamino-2,7-dimethylacridines: Figure 3 shows the 
dichroic data of AY and MeAY, which are 3,6-diamino-
2,7-dimethyl derivatives of Acr and MeAcr, respectively. 
In the isotropic spectrum of AY, there are at least 
three humps at ca. 445, 428, and 400 nm, and a shoulder 
at ca. 255 nm. The profile of the isotropic spectrum 
of MeAY resembles that of AY in the visible and U V 
regions. A new feature was discovered for MeAY 
in the 340—310nm region, where the A ± -spectrum 
is more intense that the A n -spectrum (inset of Fig. 
3). Such a reverse trend is always found for more 
heavily substituted dyes, such as A O and MeAO. 
The i?d-spectra of AY and MeAY give the highest 
value near the main peak in the visible region and 
show the lowest value in the 340—310nm region. 
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250 300 350 400 
Wavelength/nm 

450 500 

Fig. 3. Isotropic, dichroic, and i?d-spectra of AY and 
MeAY in the stretched PVA film. Symbols are the 
same as in Fig. 1. AY at S=4.3 and £ = 0.57. MeAY 
at £=4.3 and £=0.62. 

Especially, the Äd-value becomes smaller than unity 
for MeAY, indicating that a weak absorption band 
exists in 340—310 nm. O n the analogy of the Rd-
spectrum of MeAY in 340—310 nm, all AY, T F , and 
PF should also have such a weak band in the same 
region. 

3,6~Bis(dimethylamino)acridines\ T h e dichroic and 
Äd-spectra of A O , which is the 3,6-bis(dimethylamino) 
derivative of Acr, are shown in Fig. 4a. The A w -
spectrum is more intense than the A ±-spectrum in 
the entire spectral region, except for the 360—320 
n m region, where the behavior of the Aw and A±-
spectra is reversed. Such a reverse trend has also 
been reported.28»29) The Äd-spectrum of A O descends 
on the long-wavelength side of the 502 nm principal 
band, while it decreases irregularly on the short-
wavelength side and becomes smallest at ca. 330 nm. 
Figure 4b shows the dichroic data of M e A O . The 
isotropic spectrum of M e A O is bathochromic relative 
to A O ; the spectral features are almost the same. 
The reverse trend of the dichroic spectra was also 
observed in the 350—320 n m region. The changes 
in the i?d-spectrum on both sides of the 506 n m principal 
band become more pronounced than those of A O . 
The change of the Äd-spectrum of M e A O in the visible 
region can be explained reasonably well by introducing 
the short-axis polarized transition (the 1 L a band) with 
a vibrational structure which is overlapped by the 
506 n m band (the ^X^ band) . Similar interpretations 
can be put on the changes of the i?d-spectra of all 3,6-
disubstituted dyes: A O , AY, MeAY, PF , and T F . 

Determination of Transition Moment Angles. If a 

IJO 

^r^ 1 ' 1 1 1 1 1 r 
•*, H 

„ **d 
*D,F / \ 

0.8 

»0.6h 
x h 
0.4h 

0.2 

/F*. xiol 

n\ 4 

N(CH,)2 sj)\ 

Vf 

250 300 350 400 450 
Wavelength/nm 

4 

22 
0 

500 

Fig. 4. Isotropic, dichroic, and i?d-spectra of AO and 
MeAO in the stretched PVA film. Symbols are the 
same as in Fig. 1. AO at S=4.3 and £ = 0.55. MeAO 
at S=4.3 and £ = 0.60. 

planar molecule has at least one G2 symmetry axis 
in the molecular plane, the observed isotropic spectrum 
can be divided into two components (i.e., the divided 
spectra)13) which are polarized parallel and perpen­
dicular to the symmetry axis, respectively. In order 
to obtain the divided spectra of each acridine dye, 
the transition moment angle must be evaluated cor­
rectly.13»30) For this purpose, the dichroic spectra were 
analyzed, in the first place, by Tanizaki 's method.12) 
As examples, the dependences of Rd (and AA/A) on 
S are shown for Acr and AY in Fig. 5. The transition 
moment angles, 6, relative to the orientation axis are 
given in Table 1, together with those of the remaining 
acridine dyes. 

The sums of the transition moment angles of 0 A 
and 6c, and 0 A and 0B, for Acr are 94° and 95°, re­
spectively. These values are in good agreement with 
the results obtained by Yoshino et al.,27) and assure 
the equal precision of the experimental procedures 
of the present work. From the symmetry consideration, 
the transition moments of the A and C bands of Acr 
or MeAcr (each band can be regarded as a single 
transition from the flatness of the Äd-spectrum) should 
be orthogonal i.e., 6A+OC=90°. However, the values 
are 94° for Acr and 96° for MeAcr, always larger than 
90°. The deviation from the orthogonality is more 
conspicuous for MeAcr than Acr; this implies that 
those transition moment angles contain some kind of 
systematic error which is associated with the molecular 
shape, i.e., the shape of Acr or MeAcr can not be 
generally represented by a rod, but is more likely to 
be planar. The most unrealistic example is AY, 
for which the dependence of Rd (or AAJA) on S at 
position D exceeds the theoretically permissible curve 
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Fig. 5. Dependence of (a) the observed i?d and (b) 
AA/A on S for Acr and AY. Symbols ( • and O) 
denote the values of Acr at wavelength positions A 
and C; and ( • and # ) denote the values of AY 
at F and D, respectively. Solid curves are theoretical 
and calculated with the angle 6 specified for respective 
curves by the use of Eqs. 2, 3, and 4. 

(0=0°) , as shown in Fig. 5. In fact, the Rd-values 
of AY are very large in the visible absorption peak, 
as compared with those of PF and A O . (The dichroic 
spectra of AY were measured several times to confirm 
the reproducibility of the Rd-values.) 

The above findings suggest that the orientation func­
tion given by Eq. 4 does not represent the degree of 
orientation of AY and Acr correctly. Since this equa­
tion was derived from the distribution of unit vectors 
and contains the variable S only, no consideration has 
been given to the geometrical shape of a particular 
guest molecule. For instance, the large Rd-values of 
AY at two main peaks (467 and 266 nm) , as compared 
with those of MeAY, can be accounted for by assuming 
that AY is better oriented than MeAY at a given S. 
Hence, the actual orientation mechanism of dyes in 
the stretched polymer film seems to be more complex 
than that described by the orientation function (Eq. 
4). The stretch ratio S may need a more critical 
evaluation: the true stretch ratio for AY could possibly 
be greater than the macroscopic S. The discrepancy 
between the true and calculated angles of a transition 
moment may become pronounced, if any transition 
moment of the molecule is nearly parallel or perpen­
dicular to the orientation axis, i.e., if the angle 6 ap­
proaches either 0° or 90°. Because of the reasons 
cited in this section, the reduction procedure,15) which 
does not need to assume the degree of orientation of 
the guest molecules, was employed to determine the 
reduced spectra of each dye. 

Reduced Spectra of Eight Acridine Dyes. Since each 
dye belongs to the C2 v point symmetry group, its 
transition moment should be in the molecular plane 
and along the long (z) or short (y) axis in the visible 

and U V regions. According to many film dichroism 
measurements, the molecules embedded in the PVA 
matrix are generally known to orient predominantly 
with their long axes aligned to the direction of stretch. 
This means that an absorption band whose transition 
moment is polarized along the long axis rather than 
the short axis should give a larger Rd-value. For 
example, in the dichroic spectra of Acr and MeAcr 
(Fig. 1), the change of each i?d-curve indicates the 
existence of at least one short-axis polarized (denoted 
as A) and two long-axis polarized (denoted as B and 
C) transitions. In contrast, the jRd-curves of the 3,6-
disubstituted acridine dyes (Figs. 2 to 4) reveal the 
existence of at least one short-axis polarized (E) and 
two long-axis polarized (D and F) transitions. O n 
the basis of these apparent spectral features, the reduced 
spectra of each dye were determined with a H I T A C -
8700 computer according to the reduction procedure.15) 

The resultant reduced spectra of Acr are shown in 
the upper half of Fig. 6a. As expected from Fig. 1, 
the ^4z-spectrum (solid curve) gives rise to two strong 
long-axis polarized transitions at ca. 356 and 258 nm 
(the 1L,b and xBb bands), while the ^4y-spectrum (dotted 
curve) manifests a short-axis polarized transition at 
ca. 408 n m (the xL a band) . These assignments are 
in excellent agreement with the results of fluorescence 
polarization31) and film dichroism.27) I t is interesting 
to note that the ^4y-spectrum is much better resolved 
with the reduction procedure than the Z)y-spectrum,27) 
which appears to contain some remaining contributions 
from the intense Z>x-spectrum between 370 and 320 
nm. The reduced spectra of MeAcr are shown in 
the lower half of Fig. 6a. Jus t as noted for Acr, the 
^4z-spectrum of MeAcr gives two long-axis polarized 
transitions at ca. 360 and 263 nm (the rLh and 1Bb 

bands), whereas the ^4y-spectrum shows a short-axis 
polarized transition at ca. 412 nm (the ^X^ band).32) 
The higher-energy transition polarized along the short 
axis (the 1 B a band) is rather obscured in the reduced 
spectra, but can possibly be at 260 n m for Acr and 
at 280 nm for MeAcr, as was shown for Acr previ­
ously,27) or it may be hidden in the higher-energy 
region, as in anthracene.33) 

The reduced spectra of 3,6-disubstituted acridine 
dyes are shown in Figs. 6b to 6d. As already expected 
from the Äd-spectra in Figs. 2 to 4, there are generally 
two strong long-axis polarized transitions (the 1 L b and 
1Bh bands) in the ^4z-spectrum and a short-axis polarized 
transition (the 1 B a band) in the ^4y-spectrum.34) In 
addition to these transitions, there is definitely a short-
axis polarized, weak transition (probably the 1 L a 

band)34) in the visible region, the presence of which 
has long been a point of controversy.35) I t should be 
this transition, hidden in the isotropic spectrum, that 
is responsible for the decrease in the Äd-values on both 
sides of the principal peak in the visible region. 

From comparison of the reduced spectra between 
Acr and PF or between MeAcr and T F , it is clear 
that the 1 L a and 1'Lh bands of Acr or MeAcr are shifted, 
on the substitution of amino groups at 3,6-positions, 
toward the long wavelength in such a way that the 
1Lih band overtakes the 1 L a band.36) The 1 B a transition 
is definitely unraveled in the U V regions of PF and 
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Fig. 6. The reduced spectra (the ^z-spectrum and the ^4y-spectrum) of eight acridine dyes at 5=4.3 . 
The long-axis (z-axis) and short-axis (y-axis) polarized absorbances (arbitrary units) are shown by 
the solid and the dotted curves, respectively, (a) Acr and MeAcr (The absorbance between 320 
and 480 nm is expanded as indicated.), (b) PF and TF, (c) AY and MeAY, and (d) AO and MeAO. 

T F , in contrast to the reduced spectra of Acr and 
MeAcr. These features of the reduced spectra are 
also evident from Figs. 6c and 6d for AY and A O 
relative to Acr and for MeAY and M e A O relative 
to MeAcr. 

The ^4y-spectrum of A O shows the 1 L a band in 550— 
400 nm (probably the 0-0 transition near 518 nm) . 
This 0-0 transition of the xL a band is mostly responsible 
for the decrease of the i?d-spectrum of A O (also PF, 
T F , AY, MeAY, and MeAO) on the long-wavelength 
side of the visible peak. In 350—310 nm, the A7-
spectra of A O and M e A O are more intense than the 
corresponding ^4z-spectra. This trend is in excellent 
accord with the result that the Äd-spectra of A O and 
M e A O become smallest at ca. 330 nm. (This statement 
is also valid for PF, T F , AY, and MeAY.) Since 
the 330 n m band is expected to be an in-plane transi­
tion, it may be assigned to be the 0-0 transition of 
the 1 B a band. 

A comprehensive assignment of polarization was 
tentatively carried out for the reduced spectra of 3,6-

disubstituted acridine dyes on the basis of the data 
of Acr and MeAcr. In order to obtain the complete 
and detailed assignment of all the transition moments 
of those dyes, each reduced spectrum should be resolved 
into individual component bands, the isotropic spectrum 
should then be reconstructed from those decomposed 
bands, and above all, the observed i?d-spectrum should 
be reproduced fully by simulation. The details will 
be reported shortly. 

Relation between Molecular Shape and Orientation Factors. 
The orientation factors Ky and Kz were determined 
from the reduction factors d\\ and d± with the aid 
of Eq. 6. The values of d\\, d±, Ky, and Kz obtained 
for each dye at £ = 4 . 3 are listed in Table 2. In order 
to find out the relation between the molecular shape 
and the orientation factors, the points (Ky,Kz) for 
all the dyes are plotted in Fig. 7. All these points 
lie either inside or on the periphery of the "orientation 
triangle".18) The accuracy of each point is roughly 
indicated by its size. 

The location of each point in the orientation triangle 
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TABLE 2. THE AVERAGE VALUES OF THE REDUCTION 

FACTORS (D\\ AND D±) AND THE ORIENTATION FACTORS 

(KY AND KZ) AT £ = 4 . 3 OF EIGHT ACRIDINE DYES 

Dyes d± Kv K* 

Acr 
MeAcr 
PF 
TF 
AY 
MeAY 
AO 
MeAO 

0.95 
0.88 
0.52 
0.47 
0.23 
0.30 
0.47 
0.37 

0.54 
0.53 
0.21 
0.18 
0.12 
0.19 
0.24 
0.18 

0.322 
0.305 
0.206 
0.190 
0.099 
0.130 
0.190 
0.156 

0.481 
0.485 
0.704 
0.735 
0.806 
0.725 
0.676 
0.735 

Fig. 7. The orientation factors K7 and Kz of eight 
acridine dyes at 5=4.3 in the coordinates (K7, Kz). 
The orientation triangle is denoted by PQR. 

is clearly related to the molecular shape of dye. For 
example, the points for Acr and MeAcr are closest 
to the apex P (1/3,1/3), indicating that both Acr and 
MeAcr are the least orientable among those dyes 
studied here. This is probably due to their molecular 
shape, which lacks the 3,6-substituents and, as a result, 
is least prolate. The distance between the apex P 
and each point increases remarkably on the substitu­
tion of the amino or dimethylamino groups at the 
3- and 6-positions of acridine nucleus (AO, PF, T F , 
MeAO, MeAY, and AY in this order). Since these 
dyes are oriented more favorably than Acr and MeAcr, 
the increase in the distance is attributable to the length­
ening of the molecular shape. The factor Kz is larger 
for AY than for the quaternized, 10-methyl substituted 
MeAY, which implies that the quaternization of AY 
may alter the orientability along the z-axis. However, 
this tendency is reversed for pairs of PF and T F , and 
A O and MeAO, which possess the same substituents 
(either amino or dimethylamino) at 3- and 6-positions 
but a different one at 10-position (hydrogen or methyl). 
The reason for this reversal is not yet clear. 

Since the points for AY and MeAY are nearly on 
the line P R (Kz=\—2Ky), these two dyes can be 
approximated as a rod-like molecule in their orienta­
tion property.18) It may then be concluded that AY 
and MeAY are geometrically more symmetric than 
PF and T F with respect to the z-axis and, accordingly, 
the orientation axis nearly coinsides with the z-axis. 
The points for Acr, MeAcr, PF, T F , A O , and M e A O 
lie not on the line P R but inside the orientation triangle. 
This result indicates that the orientation axis of each 
of those six dyes does not coincide with the z-axis 
but should be somewhere between the y- and z-axes 
in the molecular plane. Thus the locations of the 
points in Fig. 7 are related to the molecular shape 
and, as a consequence, to the orientability of dyes. 
With the location of those points determined at a single 
S value, however, the degree of orientation of an 
assembly of like molecules can not be specified as 
yet. In this connection, a more comprehensive theory 
of the film dichroism must be developed under due 
consideration of the dependence of the degree of orienta­
tion on the geometrical shape of the guest molecules. 

Conclus ion 

The film dichroism method has proved to be powerful 
for obtaining information on the polarization direc­
tions and the presence of weak bands for 3,6-disubstitut-
ed acridine dyes. From the dependence of Rd on 
S, the transition moment angle relative to the orienta­
tion axis could be determined, only when the Rd-
values are near unity. By the reduction procedure, 
the reduced spectra and the orientation factors for 
acridine dyes of C2 v symmetry could be estimated 
at a given S without recourse to the orientation function 
of the guest molecules. The orientation factors of 
these dyes could be related to their molecular shapes. 

The authors thank Mr. Takumi Matsuda for his 
skilled computer programming, which was used in 
calculating the reduced spectra. 
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The Determination of the Formation Constant of Triiodide Ion in 
Micellar Solution of Dodecyltrimethylammonium Chloride 
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Spectrophotometric measurements were undertaken at 360 nm in order to estimate the formation constant 
of triiodide ion in micellar solution of dodecyltrimethylammonium chloride. The absorption spectra of the solu­
tions suggested that both iodine molecule and triiodide ion are solubilized in a hydrophilic surface region of the 
surfactant micelle. The apparent formation constant of triiodide ion, KK, was found to be much larger in micel­
lar solution than in water. It was also shown that the value of K& decreases regularly with increasing surfactant 
concentration. A tentative estimation based on a lamellar micelle model led to the intrinsic formation constant 
of triiodide ion of 650 mol"1 dm3 or less at 30 °G, which is comparable with that in water. The thermodynamic 
consideration revealed that the formation reaction of triiodide ion from iodine and iodide ion in micellar solution 
is accompanied by an anomalous entropy decrease. 

In a previous paper,1) we have reported the spec­
trophotometric measurements of the effect of solvent 
composition on the formation constant, Kc, of triiodide 
ion in water-methanol and water-ethanol mixed sol­
vents. We found that in both systems the value of 
Kc increases remarkably with increasing mole fraction 
of alcohol, e.g., it varies rapidly with methanol con­
centration from 730 in water to 12200 m o l - 1 dm 3 in 
methanol at 25 °G. Similar increases in Kc were also 
found in 2-propanol2) and acetonitrile.2»3) 

In connection with a remarkable effect of solvent 
properties on Kc, it is of great interest to study the 
formation constant of triiodide ion in a solution of 
surfactant, since this provides an aqueous as well as 
a hydrophobic environment by forming a micelle, 
which consists of a hydrocarbon core with polar groups 
at the surface. In particular, the cationic surfactant 
micelle may be anticipated to affect Ke significantly 
through a strong coulombic interaction with iodide 
and triiodide ions. However, such studies have not 
been performed so far. The estimation of Kc in micel­
lar solution is also essential for the clear understanding 
of our recent studies on the rate of catalytic oxidation 
of formate ion by iodine in micellar solutions.4) 

The present paper is concerned with the spectro­
photometric determination of the formation constant 
of triiodide ion in a micellar solution of dodecyltri­
methylammonium chloride. 

Exper imenta l 

Materials. Dodecyltrimethylammonium chloride 
(DTAG), purchased from Tokyo Kasei Kogyo Co., Ltd., 
was recrystallized twice from methanol. Other chemicals 
were of guaranteed grade. Sodium iodide was dried at 
120 °G and used without further purification. Iodine was 
purified further by sublimation. 

Measurements. The apparent formation constant of 
Ig- in a mixed solution of I2, Nal, and DTAG was determined 
spectrophotometrically at 360 nm. The absorption spectra 
were recorded on a Hitachi spectrophotometer model 200-20 
equipped with a thermoregulated cell compartment. The 
change in absorbance at 360 nm was followed as a function 
of Nal concentration at constant concentrations of I2 and 
DTAG. 

The chloride ion activity in DTAG solution was measured 
potentiometrically by using a National chloride ion selective 

ceramic electrode IE-510103. The electromotive force was 
measured with an Orion digital pH/mV meter model 701A 
with an accuracy of ±0.1 mV. In the concentration range 
below the critical micelle concentration (GMG) of DTAG, 
the semilogarithmic plots of electromotive force versus chloride 
ion activity taken from Kieland's data5) gave a linear relation 
with an ideal Nernst slope, suggesting that the electrode 
responds exclusively to chloride ions. 

All measurements were conducted at 21, 30, and 40 °G. 

R e s u l t s a n d D i s c u s s i o n 

The Absorption Spectra. In the presence of 
DTAG micelles, the absorption spectrum of the solution 
of 12 and N a l is characterized by an absorption band 
at 360 nm. Figure 1 shows the typical change in 

Ö 

^ 2 

A/nm 

Fig. 1. The dependence of the absorbance spectrum 
of iodine in DTAG micellar solution on the concentra­
tion of sodium iodide at 30 °G; I2 7.82 X 10"5 mol dm"3, 
DTAG 0.13 mol dm~3, Nal a: 0, b : 3.36, c: 6.71, 
d: 10.1, e: 16.8, f: 25.2, g: 33.6, h: 58.2xl0" 5mol 
dm - 3 . 
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absorption spectrum with N a l concentration, under 
the condition where concentrations of I2 and DTAG 
are kept constant. Similar results were also obtained 
at the different DTAG concentrations studied. The 
important aspects of Fig. 1 are that the absorbance 
at 360 nm increases progressively with increasing N a l 
concentration, while the peak location is independent 
of N a l and DTAG concentrations. Unfortunately, 
only limited data are available in the concentration 
range of DTAG below GMG, since the occurrence 
of an appreciable amount of precipitate makes it 
difficult to obtain the reliable absorption spectra. 
However, the measurement of I2 solution, though it 
was somewhat less accurate, showed that the absorption 
peak shifts successively from 460 to 360 nm with in­
creasing DTAG concentration. At higher DTAG con­
centrations above GMG, the complex redissolved and 
the peak location remained at 360 nm. These observa­
tions suggest that an iodine molecule can interact 
strongly with a DTAG ion to give rise to a complex 
which is sparingly soluble in water but is easily solu­
bilized in DTAG micelle. 

The absorption spectrum of an iodine molecule is 
known to depend significantly on the polarity of the 
surrounding medium. Thus, an iodine molecule has 
the absorption band with a peak at 525 nm in a hydro­
phobic medium such as hexane,6) but at 460 nm in 
water.7) I t is, therefore, reasonable to assume that 
the iodine molecules in micellar solution of DTAG 
are solubilized not in the hydrocarbon core but in 
a hydrophilic surface region of the DTAG micelle. 
T h e pronounced blue shift in peak location from 460 
nm in water to 360 nm in micellar solution would 
provide additional evidence for the strong interaction 
between the iodine molecule and the ionic head group 
of DTAG. 

As is shown in Fig. 1, the addition of sodium iodide 
results in a successive increase in absorbance but in 
no shift in peak location. This change can reasonably 
be ascribed to the formation of triiodide ion. Since, 
however, the peak location is red-shifted by 8 n m in 
micellar solution as compared with that in water,7) 
triiodide ion is also considered to be solubilized in 
the surface region of the DTAG micelle. 

The Formation Constant of Triiodide Ion. T h e 
foregoing considerations suggest that the formation 
reaction of triiodide ion in micellar solution will take 
place at the micellar surface, i.e., between the iodine 
molecules solubilized in the surface region of DTAG 
micelle and the surrounding iodide ions in the close 
neighborhood of the micellar surface. Thus, if the 
inside and outside regions of micellar surface are 
denoted by suffix m and s respectively, the formation 
reaction of triiodide ion can be written as 

^2,m ~r Ag x A3.n1. \A) 

By taking into account the fact that the electrical 
potential at I s~ is virtually identical with that at I ^ m J 

we can safely set the activity coefficient ratio of these 
ions equal to unity without introducing serious errors. 
Moreover, the activity coefficient of I2>m may probably 
be set equal to unity, since the total concentration of 
12 is sufficiently small as compared with that of DTAG 

under our experimental conditions. With this simpli­
fication, the intrinsic formation constant of triiodide 
ion may be written as 

Ko = [I , - ]m/[IJmP-] . , (2) 

where the bracket represents an equilibrium concentra­
tion in moles per liter of the respective phase. Denot­
ing the electrical potential at the micellar surface by 
<I>Q, the concentration of iodide ion near the micellar 
surface, [I~]8 , can be described in terms of the ap­
parent iodide ion concentration, [ I~] t , as 

[ I - ] s e x p ( - ^ 0 / Ä r ) = y_[I-] t , (3) 

where y_ is the activity coefficient of the iodide ion. 
Since both iodine molecule and triiodide ion are solu­
bilized in the same surface region of the DTAG micelle, 
their concentration ratio [I3~]m/[l2]m

 m Eq. 2 may 
be replaced by the ratio of the number of moles of 
solubilized triiodide ions per mole of iodine molecules. 
Therefore, if we denote an apparent concentration in 
moles of solubilized species per liter of solution by 
suffix t, we have 

P r W M m = M t / M t . (4) 
Substitution of Eqs. 3 and 4 into Eq. 2 gives 

Ke = KJy-exp(e<polkT), (5) 

where KK represents an apparent formation constant 
of triiodide ion defined by 

K* = [I3-]t/[IJ«[I-]t. (6) 

I t is worth noting here that in micellar solution the 
counterion concentration is a primary determinant of 
<p0 and y_. Accordingly, KK can be regarded as 
constant at a given concentration of DTAG, because 
the iodide ion does not contribute appreciably to the 
total counterion concentration. Denoting [I 3~] t by x, 
and the total concentrations of iodine and sodium 
iodide by a and b, we have 

* ; = * / («-*) (*-*) . (7) 
Substituting y=x/a and z=bja, Eq. 7 may be rear­
ranged to 

yl(\-y) = K*a(z-y). (8) 

Eq. 8 suggests that yl(l—y) should be proportional 
to (z—y). Since sodium iodide and DTAG do not 
show an appreciable absorption at 360 nm, the absorp­
tion coefficient of the solution, A, may be written as 

A = e0(a—x) + exx = A0 + (A1-A0)y (9) 

with 
A0 = e0a, Ai = exa, (10) 

where e0 refers to the molar absorption coefficient of 
iodine and e1 to that of triiodide ion, respectively. 
Equation 9 allows one to estimate the value of y as 
a function of b or z, with the knowledge of A 4̂«>( = 
Ax—A0) which corresponds to an increment in absorb­
ance of a hypothetical solution in which iodine mole­
cules are converted completely to triiodide ions. In 
order to estimate AAoo, therefore, the increment in 
absorbance, AA(=A—A0), was conveniently plotted 
against the reciprocal of sodium iodide concentration 
and was extrapolated to infinite iodide concentration. 
Using the value of y so determined, we can easily 
evaluate the apparent formation constant at a given 

A3.n1


The Formation Constant of I3~ in Gationic Surfactant Solution 3173 

TABLE 1. T H E APPARENT FORMATION CONSTANT OF 

TRIIODIDE ION IN D T A G MICELLAR SOLUTION 

z-y 

z-y 

z-y 
Fig. 2. The plot of y/(l—y) versus z-y. (a): 21 °G, 

(b): 30 °G, (c): 40 °G; [DTAG] O : 0.03, A : 0.04, 
• : 0.06, # : 0.08, A : 0.13 mol dm"3. 

surfactant concentration from the slope of y 1(1—y) 
versus (z—y) plots according to Eq. 8. Equation 5 
then serves to estimate the intrinsic formation constant, 
Kc, provided that an appropriate expression is available 
f o r <I>Q. 

Figure 2 shows yl(l—y) versus (z—y) plots at the 
given concentrations of iodine and surfactant. In all 
cases, the linearity of the plots is satisfactory over the 
whole concentration range of sodium iodide studied. 

[DTAG] 
mol dm - 3 

0.03 
0.04 
0.06 
0.08 
0.13 

(21 °G) 

10.4 
4.97 
2.05 
1.20 
0.67 

10-4iCa/mol-i dm3 

(30 °G) 

4.35 
2.47 
1.16 
0.82 
0.48 

(40 °G) 

1.8 
0.80 
0.60 
0.32 

Standard deviation: 2% at 21 and 30 °G, 7% at 40 °G. 

The values of K& calculated from Eq. 8 are summarized 
in Table 1. According to Eq. 5, K& should decrease 
with increasing surfactant concentration, since both 
(pQ and y_ axe decreasing functions with respect to 
surfactant concentration. This is the case for the 
present results. The value of K& shown in Table 1 
tends to decrease regularly with increasing DTAG 
concentration, reflecting the significant contribution of 
electrostatic term in Eq. 5. I t should also be noted 
that even in the highest concentration of DTAG studied 
the observed values of K& are much larger than those 
in water. 

Information regarding the intrinsic formation con­
stant of triiodide ion can now be obtained by introduc­
ing an appropriate expression for the electrical work, 
e<p0, into Eq. 5. T o this end, we applied an expression 
based on the lamellar micelle with uniformly charged 
surface. It is well known that the lamellar model 
can account for most of the interesting features of 
ionic surfactant solutions, e.g., the effect of added salt 
on C M C , and a linear dependence of log C M C on 
the number of carbon atoms, m, for the homologous 
series of surfactants described as8) 

log CMC = A - Bm. (11) 

In his theoretical study of ionic surfactant solutions, 
Shinoda8) has derived the following expression for 
the effective electrical work, Eel, needed to introduce 
a unit charge e into the surface of a lamellar micelle, 
by taking into consideration the counterion fixation 
effect of a highly charged micellar surface. 

.Eei = KgkTln(2000na2leINAkTCg) (12) 

where, o is the surface charge density, er the relative 
permittivity of the solution, and Cg the total counterion 
concentration in equivalents per liter; other symbols 
than Kg have their usual meanings. For a given 
homologous series of surfactants, Kg is an experimental 
constant which can be correlated to the constant B 
in Eq. 11 by 

B = col2.303(l+ Kg)kT, (13) 

where co refers to the cohesive energy change involved 
in transferring one methylene group from a hydrocarbon 
environment to an aqueous medium.8) The value of 
co was estimated by Shinoda9) to be 1.08 k T. By 
introducing the critical micelle concentrations reported 
for dodecyltrimethyl- and hexadecyltrimethylam-
monium chlorides,10) Kg for alkyltrimethylammonium 
chloride may be estimated from Eqs. 11 and 13 to 
be 0.62 at 30 °G. I t is to be noted that Kg is nearly 
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TABLE 2. The FORMATION CONSTANT OF TRIIODIDE ION IN SOME SOLVENTS 

[Vol. 52, No. 11 

Medium KJmol-1 dm3 AH/kJ mol"1 

DTAG 
H 2 0 
MeOH 
EtOH 

910 (21 °G) 
1010 (9.5 °C) 

13600 (20 °G) 
28700 (17 °G) 

650 (30 °G). 
730 (25 °G) 

10900 (31 °G) 
20700 (28 °G) 

430 (40 °G) 
550 (38 °G) 

9590 (39 °G) 
15100 (39 °G) 

- 3 0 
- 1 5 . 4 
- 1 4 . 3 
- 2 1 . 4 

0.10, 

S 

'o 

3, 

0.05 

0.00 
0.0 0.1 0.2 

[DTAG]/mol dm"3 

Fig. 3. The plot of chloride ion activity versus the 
total concentration of DTAG at 30 °G. 

independent of temperature.8) 
Substituting Eel for e<fi0 in Eq. 5, we have 

1^ = ±(eINAkTye 
KK Kc\2000n^) ^ g ; 

(14) 

This equation implies that yJKK should be proportional 
to (Cg)

Ke if surface charge density o remains constant 
over the concentration range of DTAG studied. 
Though Cg in Eq. 14 can safely by replaced by the 
total concentration of DTAG, the use of this equation 
still requires a knowledge of the activity coefficient 
of an iodide ion in the presence of excess chloride 
ions, which is experimentally rather difficult to estimate. 
Therefore, on the assumption that the activity coef­
ficient of iodide ion is equal to that of chloride ion, 
we made the Potentiometrie measurements of chloride 
ion activity in a solution of DTAG alone. Figure 3 
shows the typical plot of chloride ion activity versus 
the total concentration of DTAG at 30 °G. Similar 
results were also obtained at different temperatures. 
In agreement with the results reported for counterion 
activities in solutions of various ionic surfactants,11) 
the observed chloride ion activity first increases almost 
linearly with increasing D T A C concentration up to 
GMG, then it continues to increase linearly but less 
steeply with further increases in DTAG concentration. 
According to the earlier assumption, this chloride ion 
activity divided by total DTAG concentration gives 
y_ in Eq. 14. In Fig. 4, yJKK is plotted against 
Cg

0*62. As would be expected, the plots are linear, 
but the straight lines do not converge to the origin. 
At the present time, no conclusive explanation can 
be offered as to whether the observed deviation in 
the intercept comes from the underlying lamellar model 
which assumes an infinitely extended plane surface 
with uniform charge density or from the assumption 

0.1 0.2 

([DTAG]/moldm-3)0-62 

Fig. 4. The plot of y-/K& versus Cg
0-62. 

3 : 30 °G, O : 21 °G. 

0.3 

>: 40 °C, 

of equal activity coefficients for iodide and chloride 
ions. In fact, the micellar aggregation number of 
DTAG was determined from a light scattering experi­
ment to be 57 in 0.05 mol d m - 3 sodium chloride solu­
tion.12) However, in view of the fact that the predicted 
linear relationship is found between y_jKK and Cg

0*62, 
Eq. 14 can presumably be applied for a tentative estima­
tion of the intrinsic formation constant of triiodide 
ion, Kc. O n the basis of geometric considerations, 
Tanford13) has calculated the surface area per polar 
head group of micelle forming surfactant molecules, 
S, for various micelle shapes as a function of micellar 
aggregation number. According to his calculation for 
globular micelles, the micellar aggregation number of 
57 corresponds to the value of S of 78 A2. Substituting 
ejS for a and assuming that S is independent of temper­
ature, the values of Kc were tentatively estimated from 
the slopes of straight lines given in Fig. 4. The results 
are summarized in Table 2 together with those in 
various solvents.1) I t should be emphasized that the 
value of Kc estimated above depends considerably 
on the selected value of S. For instance, it decreases 
up to 190 at 30 °C if we assume £ « 3 0 A2, which cor­
responds to the surface area per polar head group 
of a lamellar micelle.13) With these reservations in 
mind, the intrinsic formation constant of triiodide ion 
in DTAG micellar solution is expected to be compa­
rable with or slightly less than that in water, but small 
enough as compared with those in alcohols. This 
result supports well the assumption that the formation 
reaction of the triiodide ion in the micellar solution 
will take place at a hydrophilic surface region of the 
micelle. Thus the remarkable increase in the apparent 
formation constant of triiodide ion may be ascribed 
to an increase in surface concentration of iodide ions 
due to the strong coulombic interaction between iodide 



November, 1979] The Formation Constant of I3
_ 

ion and polyvalent micellar ion. Other factors seem 
to play at best a minor role. 

Apart from a plausible estimation of Kc, we can 
easily evaluate the enthalpy change for Reaction 1 
from the change in the slope of the straight line in 
Fig. 4 with temperature. As can be seen from Eq. 
14, the enthalpy change so calculated is independent 
of the value of a, so long as it remains constant over 
the temperature range studied. 

It is worth noting that the enthalpy change in micel­
lar solution shown in Table 2 is not only negative 
but about twice as large as that in water. Nevertheless, 
the values of Kc are nearly the same in both solvents. 
This implies that the formation reaction of triiodide 
ion in micellar solution is accompanied by an anomalous 
entropy decrease, contrary to the increases observed 
in water and alcohols.1) The situation is somewhat 
complicated by the fact that in micellar solution both 
iodine molecule and triiodide ion are solubilized in 
the surface region of the micelle. I t seems probable 
that the solubilized triiodide ions are restricted in 
their molecular motion through a strong coulombic 
interaction with highly charged micellar surface. 

The authors wish to express their thanks to Associate 
Professor Norinobu Yonehara, Kagoshima University, 
for use of the Hitachi Spectrophotometer. 
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Partially sulfonated poly(l,4-piperazinediylterephthaloyl)(SPP) microcapsules were found to undergo 
disintegration by the action of dodecylpyridinium ions when the surfactant cation concentration exceeded a 
certain value which was dependent on pH of the medium. At their lower concentrations, dodecylpyridinium 
ions interacted with negatively charged SPP microcapsules to produce aggregation of the latter. A polyelec-
trolyte-type viscosity behavior was observed with the complex formed between SPP and dodecylpyridinium ions 
in the disintegration process of the microcapsules. Grosslinking of the terminal amino groups of SPP micro­
capsules prevented disintegration from taking place. 

Since the earliest work was carried out on protein-
anionic surfactant systems in the 1940's,1) interactions 
in aqueous media between polyelectrolytes and op­
positely charged surfactants have been under study 
for more than 30 years.2-8) In almost all systems 
studied so far, the interaction causes precipitation of 
a complex which can be resolubilized by excess sur­
factant. In general, maximum precipitation seems to 
correspond to a single layer of surfactant adsorbed 
on the polymer, and the resolubilized form to a double 
layer of surfactant. 

Meanwhile, it has become possible to prepare micro­
capsules composed of polyelectrolytes and to study 
their various physical properties.9) Since such an 
electrically charged microcapsule can be regarded as 
a matrix of polyelectrolyte molecules assembled in a 
very thin spherical shell the interaction of the micro­
capsule with oppositely charged surfactants in aqueous 
media will be worth studying on the ground that 
understanding of this type of interaction should help 
us elucidate the mechanisms of the action of ionic 
surfactants on biological cells such as erythrocytes.10) 

T h e present paper deals with the interaction between 
partially sulfonated poly(l,4-piperazinediylterephth-
aloyl)(SPP) microcapsules and 1-dodecylpyridinium 
chloride (G12PyCl) as a function of the cationic sur­
factant concentration at different degrees of sulfonation 
and p H of the medium, which leads to disintegration 
of the microcapsules at high concentrations of the 
surfactant. The effect of crosslinking with glutar-
aldehyde of the terminal amino groups of the polymers 
constituting the microcapsules on the interaction will 
also be discussed. 

Exper imenta l 

Preparation of Microcapsules. SPP microcapsules were 
prepared by the method described in a previous paper.11) 
The degree of sulfonation was varied by changing the molar 
ratio of 4,4/-diaminostilbene-2,2/-disulfonic acid to piperazine 
in the diamine mixture to be used as the water-soluble mono­
mer in the preparation. When the ratio was fixed at 1:2, 
1:3, and 1:5, the microcapsules obtained were named SPP-2, 
-3, and -5 microcapsules, respectively. 

Microscopic Observation of Disintegration. To a dialyzed 
suspension of each of SPP-2, -3, and -5 microcapsules (ca. 
5 x l 0 7 capsules cm -3) in test tubes was added an equal 
volume of various concentrations of aqueous C12PyCl solu­

tion. The pH and ionic strength of the medium were adjust­
ed by the addition of HCl or NaOH and NaCl, respectively. 

The mixtures were then allowed to stand for 1 h with 
shaking in a thermostated water bath maintained at 35 °G. 
At the end of this period, a small portion of each of the mix­
tures was withdrawn by a capillary tube and placed on a 
slide glass to obse ve if SPP capsules were disintegrated or 
not. 

Treatment of Microcapsules with Glutaraldehyde. The 
terminal amino groups of SPP microcapsules were crosslinked 
with glutaraldehyde in the same way as in the previous 
work.11) 

Adsorption of Dodecylpyridinium Ions to Microcapsules. 
Adsorption of G12Py ions to noncrosslinked and crosslinked 
SPP microcapsules was measured by an equilibrium dialysis 
technique in the following manner. 

Seventy cm3 each of surfactant solution and microcapsule 
suspension were placed respectively in two compartments 
separated by a Cellophane membrane of an equilibrium 
dialysis cell made of methacrylate. The cell was immersed 
in a constant temperature bath kept at 35 °G. The content 
of each compartment was stirred with a two-blade glass 
stirrer. Equilibrium was attained within 4 h in all cases. 

After equilibration, an aliquot of solution was withdrawn 
by a pipet from the compartment containing surfactant 
solution and its concentration was determined by the Few-
Ottewill method.12) 

The amount of adsorption was calculated from the dif­
ference between the surfactant concentrations before and 
after adsorption. 

Viscosity of Solubilized Complex. An Ostwald viscome­
ter was used to measure the viscosity of solutions containing 
the solubilized complex formed between SPP and G12Py 
ions. All measurements were made at 35 °G. 

Sample solutions were prepared by diluting the solubilized 
complex solution with NaCl solutions of appropriate con­
centrations. The ratio of the specific viscosity to the dilution 
was defined as the viscosity number. 

R e s u l t s 

Microscopic Observation. Disintegration of SPP 
microcapsules by C12Py ions was dependent greatly 
on the surfactant cation concentration and slightly 
on the p H of the medium. The degree of sulfonation 
and the ionic strength of the medium had no effect 
on the disintegration phenomenon. 

SPP microcapsules were disintegrated by the action 
of C12Py ions when their concentration exceeded a 
certain value at all p H studied. Lower concentrations 
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TABLE 1. DISINTEGRATION OF SPP MICROCAPSULES BY C12PyCla) 

pH 

C12PyCl concn M 2.0 4.0 
Microcapsule 

7.0 

SPP-2 SPP-5 SPP-2 SPP-5 SPP-2 SPP-5 

1 x 10-6 

1 x 10-5 

1 X 10-4 

l x l O - 3 

l x l O - 2 

3 x l 0 - 2 

5 x l 0 - 2 

7 x l 0 - 2 

l x i o - i 

+ • 

+ -
+ 

+ -
+ 

+ -
+ 
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+ 
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a) aggregation; H—, partial disintegration; + , disintegration. 
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Fig. 1. Photomicrographs of SPP-5 microcapsules aggregated by 10~4 M C12PyCl (a) and partially 

redispersed by 10"2 M C12PyCl (b) at pH 7.0 and ionic strength 0.1. 

of the surfactant cation caused aggregation of the 
microcapsules. Complete disintegration of the micro­
capsules was observed at surfactant concentrations high­
er than 7 x l 0 ~ 2 M . * * The minimum surfactant con­
centration needed for complete disintegration slightly 
decreased with increasing p H of the medium. 

Table 1 gives the dependence of the phenomenon 
on the two variables at an ionic strength of 0.1. 

Disintegration of glutaraldehyde-treated SPP micro­
capsules was never observed even when the highest 
concentration of C12PyCl was used. Instead, redis­
persion of the crosslinked microcapsules aggregated 
by low concentrations of C12PyCl took place in the 
presence of a large excess of the surfactant as shown 
in Fig. 1. 

Surfactant Adsorption. Adsorption of G12Py ions 
on SPP microcapsules was affected by the surfactant 
cation concentration, the p H of the medium, the 
degree of sulfonation, and crosslinking of the terminal 
amino groups. 

All adsorption isotherms exhibited a definite step 
in the surfactant concentration range of 10 - 2 to 10 - 3 M . 

** l M = lmoldm- 3 . 

The number of C12Py ions adsorbed on the micro­
capsules increased with increasing p H of the medium. 
This trend was more remarkable at low concentrations 
than at high concentrations of the surfactant cation. 
Increase in the degree of sulfonation gave rise to an 
increase in the amount adsorbed of C12Py ions. 

Some of the adsorption isotherms for SPP-2 and 
SPP-5 microcapsules at an ionic strength of 0.1 are 
shown in Figs. 2 and 3, respectively, where the number 
of C12Py ions adsorbed on unit weight of the micro­
capsules is plotted against the initial surfactant con­
centration in logarithmic scale. 

Crosslinking with glutaraldehyde of the terminal 
amino groups of SPP microcapsules caused a significant 
decrease in the number of adsorbed C12Py ions. 
Examples of the adsorption isotherms obtained at p H 
7.0 and an ionic strength of 0.1 are given in Fig. 4 
where isotherms for noncrosslinked SPP microcapsules 
are also shown for comparison. 

Viscosity Behavior. The viscosity of solubilized 
complex formed between SPP molecule and C12Py 
ions exhibited a concentration dependence which is 
characteristic of poly electrolytes. 

The viscosity number of the solubilized complex 
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Fig. 2. Adsorption isotherms of G12Py ions on SPP-2 
microcapsules at different pH and ionic strength 
0.1 (35 °G). 

JË 10 

10" io-4 io~3 lu-2
 1 0-

C n P y C l concentration/mol dm - 3 

10° 

Fig. 3. Adsorption isotherms of G12Py ions on SPP-5 
microcapsules at different pH and ionic strength 0.1 
(35 °G). 

at high ionic strength decreased linearly with increasing 
dilution while that at low ionic strength showed an 
uprising tendency at high dilutions. At intermediary 
ionic strength, the viscosity curve lay on a position 
between those at lower and higher ionic strengths. 
An example is illustrated in Fig. 5. 

D i s c u s s i o n 

I t is quite obvious that aggregation of SPP micro­
capsules observed at low surfactant concentrations is 

1 ( J 2 2 

2 io2 

t IO20 

Crosslinked 

S P P - 5 

1(T5 1(T4 1(T3 1(T2 10_1 

Ci2PyCl concentration/mol dm - 3 

Fig. 4. Adsorption isotherms of G12Py ions on cross-
linked and noncrosslinked SPP microcapsules at pH 
7.0 and ionic strength 0.1 (35 °G). 

Fig. 5. Viscosity of solubilized G12Py-SPP complex as 
a function of dilution at 35 °G. 

caused by adsorption of C12Py cations with their hydro­
phobic tails directing outwards on sulfonato groups 
of the polymers constituting the microcapsules to form 
a hydrophobic complex. As the number of sulfonato 
groups on the polymers is slightly p H dependent, this 
head-to-head adsorption is also slightly p H dependent. 
This type of adsorption of the surfactant cations di­
minishes the electrostatic repulsion and at the same 
time augments the van der Waals attraction between 
the microcapsules, thus causing their aggregation. 

When the G12Py ion concentration is increased be­
yond a value of IO - 2 M adsorption of the surfactant 
cations rises steeply to form a step on the adsorption 
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Dispersion 

Redispersion (crosslinked) 

Fig. 6. Model for aggregation, disintegration, and redispersion of SPP microcapsules caused by G12Py ions. 

isotherm (Figs. 2 and 3). The rise in adsorption is 
likely to correspond to the start of tail-to-tail adsorp­
tion onto the anionic sites modified by head-to-head 
adsorption and hydrophobic binding onto lipophilic 
sites on the polymer chains of C12Py ions. This view 
is supported by the fact that the number of the sur­
factant cations adsorbed at the concentration of 10~2 

M on the capsules is comparable to that of anionic 
sites on the polymer chains.11) Both types of adsorp­
tion generate positive charges on the polymer chains. 
The number of positive charges thus created will be 
larger, though not remarkably, at higher p H of the 
medium because the number of anionic sites along 
the polymer chains increases slightly with increasing 
p H as dissociation of sulfonato groups on the polymer 
proceeds while the number of lipophilic sites is inde­
pendent of p H . I t continues to increase with further 
rise in the surfactant cation concentration and the 
amount of adsorbed surfactant cations will then be 
enough to solubilize the polymer chains since the 
number of adsorbed surfactant cations reaches a value 
far larger than that of sulfonato groups on the polymer 
chains (Figs. 2 and 3).11) 

As the degree of sulfonation rises the number of 
sulfonato groups on the polymer chains also increases, 
and this in turn brings about an increase in the number 
of adsorbed C12Py ions as indicated from comparison 
of Fig. 2 with Fig. 3. 

Increase in the number of positive charges on the 
constituent polymer chains of the microcapsules will 
cause dissociation of the chains, which leads to disin­
tegration of the microcapsules, owing to the increased 
electrostatic repulsion between the chains. As is seen 
from Fig. 5, the viscosity of solubilized complex under­
goes a marked increase with dilution when the ionic 
strength of the medium is low. This behavior of 
viscosity is characteristic of polyelectrolytes. Hence, 
each of the dissociated and solubilized polymer chains 
can be regarded as a polyelectrolyte. 

Grosslinking of the constituent polymer chains pre­
vents them from separating each other though they 
acquire some positive charges as a result of adsorption 
of C12Py ions on them. Consequently, disintegration 
of the microcapsules is never observed and instead 
redispersion occurs. Adsorption is rather limited in 
this case as the positively charged polymer chains 
are connected to each other by covalent bonds, and 
hence, an electric field exists around each capsule 
which is strong enough to repel the free surfactant 
cations approaching from the bulk of solution after 
adsorption proceeds to a certain degree (Fig. 4). 

Figure 6 gives a proposed model for disintegration 
and redispersion of SPP microcapsules by the action 
of C12Py ions based on the experimental findings de­
scribed in the previous section and the arguments 
made so far. 
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Polarized absorption and reflection spectra were observed on the single crystals of the solvent-free and solvent-
containing modifications of benzidine (BD)-7,7,8,8-tetracyano-/>-quinodimethane (TCNQ) molecular complex, 
by using the microspectrophotometers of transmission and reflection types. The absorption spectra obtained 
by the dispersion analyses of the reflection spectra agreed fairly well with those directly observed by the transmis­
sion method. The spectra showed that the BD-TCNQ complex has non-ionic ground state in all modifica­
tions although the intermolecular interaction is considerably strong and is appreciably affected by the inclusion 
of solvent molecules. In all modifications, the second charge-transfer band was confirmed to be polarized in 
the direction almost perpendicular to the direction of the donor-acceptor stack, while the first charge transfer 
band is polarized in the direction of the donor-acceptor stack as it is usually found for a typical charge-
transfer complex. This anomaly of the polarization direction of the second charge-transfer band was conclud­
ed to be due to a strong mixing between the charge-transfer excitation and the local excitation associated 
with TCNQ. 

The charge-transfer complex which involves benzi­
dine (BD) as electron donor and 7,7,8,8-tetracyano-
jb-quinodimethane (TCNQ,) as electron acceptor, ex­
hibits anomalous behaviors in several respects. First, 
B D - T C N Q is not a radical salt, but a charge-transfer 
complex with essentially non-ionic ground state, 
although BD is an electron donor with considerably 
low ionization potential (7.0 eV) and T C N Q , is an 
electron acceptor with very high electron affinity (2.8 
eV).1) Second, when B D - T C N Q complex is crystal­
lized from solution, it forms either a crystal including 
solvent molecules in the crystal lattice or a crystal 
of the solvent-free form, depending on the solvent 
used, and the semiconductive properties of the solvated 
modifications are markedly different from those of 
the solvent-free modification.2*6) The crystal structure 
analyses revealed that, in the solvated modifications, 
solvent molecules are included in the channel-like free 
space in the B D - T C N Q host-lattice, while BD and 
T C N Q , molecules are closely packed without leaving 
any space to accommodate solvent molecules in the 
case of the solvent-free modification.3-5) From these 
structural studies, the solvated modifications of B D -
T C N Q complex were concluded to be a new type of 
the inclusion compound where the intermolecular hy­
drogen bonds and intermolecular charge-transfer in­
teraction are responsible for the formation of the 
channeled structure of the host lattice. The third 
point of interest is that, according to our preliminary 
study on the absorption spectrum of B D - T C N Q 
crystal,1) the polarization direction of the second charge-
transfer band is perpendicular to the direction of the 
B D - T C N Q , stack while the first charge transfer band 
is parallel to the stacking direction as it is usually 
expected for a typical charge-transfer band. 

In view of those anomalous behaviors of B D - T C N Q 
system, it seemed of great interest to investigate the 
optical properties of the single crystals of the solvent-
free and solvated modifications of B D - T C N Q com­
plex. 

As we have pointed out in our previous papers,3 - 5) 
the obtainable modifications of B D - T C N Q complex 
can be classified into three types according to the 
difference as regards the structure of the B D - T C N Q 

sub-lattice: the one is the solvent free modification, 
the second is the modification which includes an ali­
phatic solvent molecule such as dichloromethane and 
the third is the one which includes benzene or its 
derivatives. Thus, in the present study, we have taken 
up one representative example for each of these three 
types: the solvent-free crystal ( B D - T C N Q - [ n ] ) , the 
dichloromethane-containing crystal ( B D - T C N Q ^ 
[CH2C12]), and the benzene-containing crystal (BD-
T C N Q - [ C 6 H 6 ] ) . We will show the absorption and 
reflection spectra of these crystals measured by means 
of the microspectropho tome trie technique. Discussion 
will be given on the interpretation of the observed 
spectra and on the charge-transfer interaction between 
BD and T C N Q molecules, using the results of the 
molecular orbital calculations on the models of isolated 
B D - T C N Q molecular pair. 

Exper imenta l 

Materials. The crystals of the solvent-free modifica­
tion of BD-TCNQ complex were obtained by crystallizing 
the complex from chloroform solution. The crystals of each 
solvated modification were prepared from the solution where 
appropriate amounts of BD and T C N Q were dissolved in 
the solvent which was to be included in the crystal. The 
details of the procedure of preparation and the characteriza­
tion of each modification were described in our previous 
paper.6) 

Absorption Spectrum. The absorption spectrum was 
measured on very small single crystals by use of plane-polar­
ized light, using the Olympus MSP-A-IV microspectrophoto-
meter which we had modified for the purpose of the meas­
urement of crystal spectrum. The details of this apparatus 
and the procedure of measurement have been described 
elsewhere.7) All absorption spectra were observed at room 
temperature. 

Reflection Spectrum and Its Analysis. We have newly 
constructed an apparatus for the measurement of the reflec­
tion spectrum of a very small single crystal. Figure 1 shows 
the block diagram of this apparatus. We used Sylvania 
650 W halogen lamp as the light source for infrared and 
visible region. The light is monochromatized by means 
of JASGO-GT52 grating monochromator with the focal 
length of 50 cm and the /-number of 4.5. The monochro­
matic light is put into the microscope optical system, Olympus 
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Fig. 1. The optical system of the Olympus MMSP-
RK and the block diagram of the microspectropho-
tometer for reflection spectra. S: A.c. stabilizer, L: 
650 W halogen lamp, D: diaphragm, GH: chopper, 
VD: variable diaphragm, P: polarizer, H M : half 
mirror, M: mirror, A: analyzer, PP: pentaprism, 
S: sample, G: goniometer head. 

MMSP-RK, the structure of which is schematically illus­
trated in Fig. 1. In this optical system, the light which has 
passed through a variable diaphragm (VDl), is converted 
to a plane-polarized light by a Glan-Thompson prism (P), 
reflected by a half-mirror (HM), and focussed down onto 
the sample crystal through an objective lens (LO). The 
size of the light spot on the sample can be varied from 10 
jxm0 to 196 jxm0 by changing the opening of the variable 
diaphragm (VDl) and the magnification of the objective lens. 
The reflected light passes again through the same objective 
lens, is focussed at the second variable diaphragm (VD2), 
and the intensity of the light passes through the above dia­
phragm is measured by the detector. Three detectors, 
having different spectral sensitivities, are installed and selec­
tively used depending on the wavelength by changing the 
optical path by means of a mirror system : A photomultiplier 
tube HTV R435 is used for 400—700 nm region, another 
tube HTV R316 for 700—1100 nm region and a PbS photo-
conductive cell, cooled with Dry Ice-methanol mixture, for 
1100—2500 nm region. 

The output signal from the detector is amplified by a 
lock-in-amplifier, Brookdeal M9503, by being synchronized 
to the signals from the remote sensor which detects the rota­
tion of the light chopper (GH), and the final output is read 
with a digital voltmeter. 

The sample crystal is mounted on a goniometer head so 
that we can select out the crystal face on which the meas­
urement of reflection spectrum is carried out, and can orient 
the observing crystal face exactly normal to the light axis. 
The goniometer head is transferable to X-ray diffraction 
camera to examine the crystallographic character of the 
observing crystal face. The goniometer head mentioned 
above is mounted on a rotatable sample stage which also 
has a mechanism to move in two horizontal directions. 

Strictly speaking, the condition of normal incidence is 
not filled in our optical system, since the light is focussed 
down onto the sample through the objective lens. The 
reflectance we are observing, is the one averaged over the 
contributions of the s- and /^-polarized components of the 
light beams with the incident directions within the cone of 
the focusing light. Naturally, the deviation from the normal 
incidence condition will be larger as the aperture angle of 
the objective lens is larger. The aperture angles of our 
lenses are 5.8°, 14.5°, and 23.6° for the magnifications of 
X5, X 10, and X20, respectively. We carried out numerical 
calculation by computer on the variation of reflectance with 
incident angle for s- and p- polarizations.8) This calculation 
showed that, when the deviation from the normal incidence 

direction is less than 24°, the average of the reflectances of 
the s- and /^-components remains at almost the same value, 
because the reflectance increases for the j-polarization while 
decreases for the /»-polarization on increasing the deviation 
from the normal direction. In effect, the reflectance data 
which were obtained on the same sample by using the three 
lenses mentioned above, agreed with each other within the 
experimental error. Thus we concluded that the reflectance 
data which are obtainable with our microspectrophotometer 
can be regarded to be effectively the same as those obtained 
under the normal incidence condition. 

To obtain absolute reflectance values, we have to compare 
the intensity of the light reflected from the sample with that 
reflected from a standard reflector of known reflectivity. 
The single crystals of silicon9) and saphire10»11) were used 
as the standard reflector, since the reflectances of their pol­
ished surfaces, in the near-infrared and visible region, are of 
the same order of magnitude with those of our samples and 
their surfaces are very stable so that their reflectance values 
do not vary with time. 

On each modification of BD-TCNQ, complex, we carried 
out the measurement on several different crystals. Although 
the obtained spectral shape were almost the same, the absolute 
reflectance values were different at most 10% (A#/Ä<0.1) 
from crystal to crystal depending on the quality of the crystal 
surface. We considered that the spectrum showing the 
highest reflectance value at each reflectance maximum, are 
the best observed result. 

There are several different method to obtain optical con­
stants from a reflection spectrum. The Kramers-Kronig 
analysis is the most direct way if one can use reflectance 
data over a wide wavelength region. However, in the 
present study, the observation was limited only in the near-
infrared and visible region, and, furthermore, our samples 
had strong absorption bands around the long and short 
wavelength limits of the observed range. These situations 
make it difficult to perform a direct Kramers-Kronig 
analysis. The method proposed by Roessler12) and its modi­
fication13) are also hard to be used in the present case. 
Therefore, we used the so-called dispersion analysis method, 
describing the complex dielectric function e(co) by the fol­
lowing equation based on the model of uncoupled Helmholtz-
Kettler oscillators:8) 

e o> = £C + s - r - , — y - (1) 

There is the following relation between the reflectance R(a>) 
and the complex dielectric function e(co). 

\e(œ) | + ! - • 2"{ \e(œ) | +Rc|>(a>)]}Vi 
R(co) (2) 

\e(œ) I + 1 + x/T{ \e(co) | + Re[e(œ)]}V2 

Treating the constants ec and (coj, yj, Sj), as adjustable pa­
rameters, we determined their values so as to give the best 
agreement between the observed and calculated reflectance. 
In this curve-fitting procedure, we defined an error function 
as SDftobsd^*) -Acaicd(w*)]2

5 and looked for the set of the 
k 

parameter values which minimize the above error function, 
by means of the Fletcher-Powell method,14) using computer. 
By use of the known relations, Re[e(œ)]=n(œ)2—k(œ)2 and 
Im[e(œ)] = 2n(œ)k(œ), we calculated the optical constants, 
n(a>) and k(co), from the obtained complex dielectric function. 
Then, the molar extinction coefficient /u(co) was calculated 
by Eq. 3 

2œk(œ) \000d 
, ( « , ) = — _ (3) 

where c is the light velocity in vacuum, d is the density of 
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Fig. 2. The crystal structure of BD-TCNQ,-[n] projected onto the (010) plane. 
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Fig. 3. (a) Molecular overlap between BD and TCNQ, 
(Type A), (b) Molecular overlap between BD and 
TCNQ. (Type B). 

the crystal, and M is the molecular weight of the complex. 
In practice, we used one oscillator function for each transition 
in describing the complex dielectric function by Eq. 1. The 
oscillator strength of the_/-th electronic transition was calculat­
ed by the following equation. 

fU) = 2» Jo 
Ime^>(cü)cüdcü (4) 

2nVr> 

where e^(co)=SjCOj2/[(a>j2—œ2) — iycojCui], n is the number 
density of electrons concerned with the j-th transition, m 
is the electron mass, and e is the electron charge. 

R e s u l t s and D i s c u s s i o n 

Solvent-free Modification, BD-TCNQrln]. The 
crystal of BD-TCNQ,- [n] is monoclinic with the space 
group G2/m. The lattice constants are a = 12.231 A, 
6=12.679 Â, r = 6 . 4 7 7 A, and ß = 104.84°. Two molec­
ular units are contained in the unit cell. As shown 
in the projection of the structure onto the (010) planes 
(Fig. 2), BD and T C N Q , molecules are alternately 
stacked along the c axis, orienting their molecular 
planes almost perpendicular to the axis, and their 
long molecular axes are in the [201] direction. The 

Wave number/103 cm"1 

Fig, 4# Reflection spectra on the (010) plane of BD-
T G N Q r M . 

overlap of BD and T C N Q , molecules in this crystal 
is of the type A shown as Fig. 3(a), having the average 
intermolecular separation of 3.24 A, between BD and 
TCNQ, . We measured the reflection spectrum as well 
as the transmission spectrum on the (010) face of 
this crystal. 

The observed reflection spectra are shown in Fig. 4, 
and the absorption spectra directly observed by the 
transmission method are shown in Fig. 5 (solid lines). 
I t should be noted in Fig. 5 that the absorption spectra 
obtained by the two entirely different experimental 
methods are in satisfactory agreement with each other. 
As we will show later, a similarly good agreement 
between the spectra obtained by the two methods 
could be found in all cases studied in the present study. 
This fact provides an evidence for the validity of the 
procedure which we have adopted for the measurement 
and analysis of reflectance data. 

As shown in Fig. 5, the //c absorption spectrum 
exhibits a strong absorption band with a maximum 
at 7 . 4 x l 0 3 c m _ 1 and a shoulder at about 9 x l 0 3 
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Fig. 5. Absorption spectra on the (010) plane of BD-
TGNQrfn]. The solid lines are the absorption 
spectra measured by the transmission method. The 
ordinate is optical density. The dotted lines are 
absorption spectra calculated by the reflection spectra. 
The ordinate is molar extinction coefficient. 

cm - 1 . This infrared absorption band is strongly 
polarized in the c axis direction ( B D - T C N Q stacking 
direction). O n the other hand, the J_c spectrum 
shows an absorption band at 21.2 X 103 c m - 1 , completely 
polarized in the [201] direction. T h e J_c spectrum 
measured by the transmission method shows another 
two absorption bands in the ultraviolet region, the 
one being at 2 9 x l 0 3 c n r ~ 1 and the other at above 
3 3 x l 0 3 c m _ 1 . Figure 6 shows the absorption spectra 
of BD and T C N Q molecules observed on their dichlo-
romethane solutions, and the charge-transfer bands 
of the B D - T C N Q complex formed in the chloroform 
solution. The absorption spectrum of BD shows a 
broad absorption band in the region from 3 0 x l 0 3 

cm- 1 to 4 0 x l 0 3 c m - 1 (the maximum is at 3 5 x l 0 3 

c m - 1 ) . This band can be assigned mainly to the 
TZ-TZ* transition ^ B g ^ ^ g ) polarized along the long 
molecular axis of BD. According to the molecular 
orbital calculation, there must be a weak absorption 
band associated with the short-axis polarized TZ-TZ* 
transition (1B2u<-1Ag) in the same region. Seemingly, 
this weak band is hidden under the strong absorption 
band mentioned above. In the solution spectrum of 
T C N Q , the absorption band at 25.4 X 103 cm" 1 is due 
to the lowest TZ-TZ* transition (1B3u<-1Ag), polarized 
in the long-axis direction. BD and T C N Q , molecules 
form a stable charge-transfer (GT) complex in the 
chloroform solution. As shown in Fig. 6, this molec­
ular complex exhibits the first GT band at 10.3 X 
103 c m - 1 and the second one at 2 0 x l 0 3 c m _ 1 . I t 
was found in our previous study that the energy separa­
tion between the first and second GT bands was always 
about 1.3 eV in the solution spectra of a series of the 
molecular complexes which involve BD as the donor, 
irrespective of the acceptor, and the separation of 
the two GT bands is approximately equal to the energy 
difference between the highest and second highest 
occupied orbitals of BD. These facts indicate that 
the second GT band of the solution spectrum of B D -
T C N Q , complex is associated with the charge transfer 
from the second highest occupied molecular orbital 

Wave number/103 cm"1 

Fig. 6. Absorption spectra of BD ( ) and T C N Q 
( ) in the dichloromethane solution. The ordinate 
is molar extinction coefficient. Absorption spectra 
of BD-TCNQ complex ( ) in the chloroform 
solution. The ordinate is optical density. 

(second H O M O ) of BD to the lowest unoccupied 
molecular orbital ( L U M O ) of T G N Q , while the first 
G T band is associated with that from the H O M O 
of BD to the L U M O of T G N Q . 

Let us compare the crystal spectrum of B D - T C N Q -
[n] with the solution spectra discussed above. The 
7 . 4 x l 0 3 c m _ 1 band of the //c spectrum undoubtedly 
corresponds to the first GT band of the solution spec­
t rum of B D - T G N Q complex, although its shift, 3 X 
103 c m - 1 , to lower energy is a little larger than the 
shift usually found for a typical GT complex. 

From the simple comparison of the crystal spectrum 
with the solution spectra of BD, T G N Q , and their 
complex, we could conclude that the 2 1 . 2 x l 0 3 c m _ 1 

band of the crystal spectrum corresponds to the second 
GT band of the solution spectrum of B D - T G N Q 
complex, and the 2 9 x l 0 3 c m ~ 1 band and the band 
above 33 X 103 c m - 1 are the local-excitation bands as­
sociated with the transitions in T G N Q and BD, re­
spectively. However, it should be noted that the 
2 1 . 2 x l 0 3 c m _ 1 band of the crystal spectrum is polar­
ized perpendicular to the direction of the B D - T G N Q 
stack. This is unusual for a GT band. O n the other 
hand, if the 2 1 . 2 x l 0 3 c m - 1 band is due to the 1B3vL^-
*Ag transition of T G N Q , we must consider that it 
is shifted by 4 x 103 c m - 1 to lower energy as compared 
with the solution spectrum. 

A BD molecule overlaps with the adjacent T G N Q 
molecule, in the manner shown in Fig. 3(a). In this 
case, the overlap integral between the H O M O (bx) 
of BD and the L U M O (bj of T G N Q is large, but 
the overlap integral between the second H O M O (ax) 
of BD and the L U M O (b2) of T G N Q must be zero. 
This means that the absorption band, which has been 
tentatively attributed to the charge transfer from the 
second H O M O of BD to the L U M O of T G N Q , cannot 
appear unless the above G T configurations is mixed 
with another excited configuration which gives a strong 
absorption band. The most probable mechanism 
would be the mixing of the local excitation associated 
with the lowest TZ-TZ* transition t 1 ] ^ « - ^ ) of T G N Q . 
In order to confirm this idea, we carried out a molecular 
orbital calculation on the isolated B D - T G N Q pair 
of the geometry found in the crystal. The method 
of calculation is the same as the one which was previ­
ously used by Ohta , Kuroda , and Kunii for the molec­
ular complexes of polycyclic aromatic hydrocarbon 
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TABLE 1. TRANSITIONS PREDICTED BY THE S C F - M O - C I CALCULATION ON A BD-TCNQ, 

PAIR CORRESPONDING TO BD-TONQ,-[n] CRYSTAL 

Transition11) Wave number 
v/ lO^m- 1 /b> 

Transition dipolec) Character of transition 

M x M v M, (DD)m (AA)m (DA)m (AD), 
Assignment 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

(16-*17) 
(15->17) 
(14-*17) 
(16-*19) 
(16-*20) 
(15-*20) 
(15-*18) 
(16-*21) 
(16-*22) 

12.51 
17.55 
24.52 
26.96 
28.07 
31.22 
32.35 
33.91 
34.21 

0.356 
0.802 
0.559 
0.124 
0.196 
0.018 
0.143 
0.494 
1.850 

— 
2.052 
1.450 

— 
0.802 

— 
— 
— 

2.233 

1.619 

— 0.651 — 

— — 0.235 
0.638 — 
1.157 — 

0.13 0.13 0.69 0.03 CT(D->A) 
0.08 0.38 0.43 0.07 CT(D-*A) + LE(A*) 
0.09 0.39 0.42 0.07 CT(D-*A) + LE(A*) 
0.00 0.19 0.75 0.00 CT(D-*A) 
0.01 0.20 0.77 0.01 CT(D-*A) 
0.00 0.46 0.50 0.00 CT(D-*A)+LE(A*) 
0.04 0.37 0.46 0.01 CT(D-*A) + LE(A*) 
0.06 0.15 0.56 0.04 CT(D-*A) 
0.80 0.01 0.01 0.15 LE(D*) 

a) The main excitation is indicated here : (*—>/) stands for the electron 
orbital, b) Oscillator strength, c) x and y are parallel to the long 
is parallel to the direction connecting the centers of BD and TCNQ,. 

excitation from the t-th orbital to the J-th 
and short axes of BD and TCNQ,; z axis 

with tetracyanoethylene.15) A ^-orbital of a super-
molecule, B D - T C N Q , pair, is expressed by the linear 
combination of 2pz AO's as follows. 

(5) 

where 0„ with / / = 1 - -n, are the AO's associated with 
the donor and those with /u=nd+l—nd+n& are the 
AO's associated with the acceptor. I n order to see 
the contributions of the donor and acceptor for the 
z-th molecular orbital, we define Dt and Ai as follows. 

Dt •st? 

»d+»a 

/i = n a + l 
(6) 

The rc-orbital scheme calculated for the B D - T C N Q , 
pair and those for the constituent molecules are il­
lustrated in Fig. 7, where the values (Di3 At) are given 
for each molecular orbital of B D - T C N Q pair. With 
the aid of Dt and At values and the symmetry con­
sideration, we derived the correlation between the 
orbitals of B D - T C N Q , pair and those of BD and T C N Q 
molecules as illustrated in Fig. 7 with dotted lines. 

The excited states of B D - T C N Q pair were calculat­
ed by taking into account the configuration interac­
tion of all singly-excited configurations. The results 
of this calculation are summarized in Table 1. T h e 
electronic transitions in a molecular pair DA can be 
classified into four categories: (a) the local excitation 
LE(D*) associated with a transition in the donor 
molecule D, (b) the local excitation LE (A*) associated 
with a transition in the acceptor molecule A, (c) the 
charge-transfer excitation CT(D—»A), (d) the back 
charge-transfer excitation CT(A-»D) . The excitation 
of an electron from the z-th orbital to the j - t h orbital 
of the molecular pair, 0tJ, generally has a character 
that LE(D*) , LE(A*) , CT(D-*A) , and CT(A-*D) are 
mixed with the weights proportional to D^j, AtAj, 
DtAj and AtDy, respectively. When the CI (configura­
tion interaction) wavefunction of the m-th excited 
state, ¥m, is expressed as, 

y » = 2*<y.»*«i (7) 

we define the following quantities. 
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Fig. 7. Molecular orbitals of BD, T G N Q , and BD-
TCNQ, complex. The numerical values in the 
parenthesis correspond to the weight of the donor 
and acceptor character. 

(DD)m = 5*V m Z) < Z) y 

(AA)„ = S * V « M 

(DA)m = %b*iJ,mDiAj 

(AD)m = %b*iJ,mAiDj 
'j 

(8) 
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The values of (DD) m , (AA)m , (DA)m , and (AD)m give 
the weights of the characters of LE(D*) , LE(A*) , 
CT(D->A), and CT(A->D) in the m-th excited state, 
respectively. The above values of each transition are 
also given in Table 1. For example, in the case of 
the transition (1) which is predicted at 12.51 X 103 

cm - 1 , the (DA)m value is about 0.7, which indicates 
that this transition is mainly associated with a charge 
transfer from BD to T C N Q . In effect, the transition 
moment is predicted to be in the direction connecting 
the centers of BD and T C N Q molecules. The result 
for the transition (2) is most interesting. This transi­
tion is predicted to have its transition moment parallel 
to the long axes of BD and T C N Q molecules. In 
this case, (DA)m is 0.43 and (AA)m is 0.38. This 
means that the transition has a character that GT 
(D-»A) and LE (A*) are mixed with almost equal 
weights. The same can be said for the third transition 
predicted at 24.52 X 10 3 cm _ 1 . When we calculate the 
transitions in T C N Q , molecule using the same method, 
the lowest TZ-TZ* transition (1B3u<-1Ag) is predicted 
at 22.18 X10 3 cm"1 , which is lower by about 3 x 
103 c m - 1 than the experimental value. From the 
comparison of the results of the calculation on B D -
T C N Q , pair and those on T C N Q molecule, we can 
conclude that the C T configuration associated with 
the charge transfer from the second H O M O of BD 
to the L U M O of T C N Q and the LE (A*) configuration 
associated with the lowest singlet TZ-TZ* excitation of 
T C N Q , are strongly mixed with each other in B D -
T C N Q pair to give the transitions (2) and (3). 

Although the crystal of B D - T C N Q - [ n ] is not com­
posed of isolated B D - T C N Q pairs, the results of the 
above calculation can be used to interprète the crystal 
spectrum, since the main features of the crystal spectrum 
of a C T complex is determined by the interaction 
between neighboring donor and acceptor molecules. 
The z and x axes in Table 1 correspond to the //c 
and ± c directions of the crystal of B D - T C N Q - [ n ] , 
respectively. Consequently, the transition (1) which 
is predicted to be polarized in the z axis direction 
will appear in the //c spectrum, while the x axis polar­
ized transitions, (2), (3), (5), and (9) are expected to 
appear in the ± c spectrum. Therefore, we can assign 
the 7 . 4 x l 0 3 c m ~ 1 band in the //c spectrum to the 
transition (1), and the 2 1 . 2 x l 0 3 c m - 1 and 2 9 x l 0 3 

c m - 1 bands in the ± c spectrum to the transitions (2) 
and (3), respectively. The strong absorption band 
at above 3 3 x l 0 3 c m _ 1 in the ± c spectrum is likely 
to correspond to the transition (9) which is mainly 
associated with the lowest TZ-TZ* transition of BD. We 
were not able to observe any absorption maximum 
corresponding to the transition (5). Seemingly, it is 
hidden under the strong absorption bands correspond­
ing to the transitions (3) and (9). 

The low frequency dielectric constants of the micro-
crystalline powders of molecular complexes were 
studied by Ishii et al.16) by use of the microwave cavity 
perturbation method. I t was revealed that the ob­
served dielectric constants are always larger than the 
values estimated under the assumption that the 
molecular polarization of a complex is equal to the 
simple sum of the molecular polarizations of the 

Fig. 8. 

Wave number/103 cm - x 

The real ( ) and the imaginary (- -) 
parts of the dielectric function of BD-TGNQ-fn]. 

constituent molecules. The dielectric constant of the 
B D - T C N Q - [ n ] powder is 6—7 according to the above 
paper. If we estimate the molecular polarization of 
B D - T C N Q system as the simple sum of the molecular 
polarizations of BD and T C N Q , and assume the 
Clausius-Mossotti equation, the dielectric constant of 
B D - T C N Q - [ n ] is estimated to be about 4, which is 
smaller by 2—3 than the observed dielectric constant. 
This difference must be due to the enhancement of 
dielectric constant by the intermolecular interaction. 
It is most likely that the above enhancement arises 
mainly from the C T interaction between BD and 
T C N Q . To confirm this idea, we carried out the 
following analysis. 

Fig. 8 shows the real and imaginary parts of the 
frequency-dependent dielectric functions obtained from 
the //c and _Lc reflection spectra. The static dielectric 
constant e(0) can be estimated from the complex 
dielectric function e(co) by means of the Kramers-
Kronig equation for an insulator. 

e(0) = i + 2, r}^± àm (9) 
7t Jo w 

According to this relation, the contribution of the 
C T transitions to e(0) can be expressed as follows. 

Ime(co) 
Ae(GT) 2_ r2 

n J<oi 
-dco (10) 

where co1 and co2 are the low- and high-frequency 
limits of the region of C T band. Taking c o x = 4 x 
10 3 cm _ 1 and c o 2 = 2 4 x 103 c m - 1 , we performed the 
above integration using the complex dielectric functions 
obtained from the //c and ± c reflection spectra. The 
Ae(CT) value thus calculated was 3.0 and 0.5 for 
the //c and ± c polarizations, respectively. T h e Ac 
(CT) value must be zero for the //b polarization since 
the C T transitions concerned here has no //b compo­
nent. In order to compare with the dielectric behavior 
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Fig. 9. The crystal structure of BD-TCNQ-[CH2C12] projected onto the (010) plane. 
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Fig. 10. Reflection spectra on the (010) plane of BD-
TGNQr[GH2Gl2]. 

of the microcrystalline powder, we have to take the 
average of the Ac (CT) values for the three polariza­
tions. This average value is calculated to be 1.2. 
Although it is a little smaller than the enhancement 
of dielectric constant, estimated from the data by the 
microwave cavity perturbation method, the above result 
indicates that the enhancement of dielectric constant 
is indeed mainly due to the intermolecular charge-
transfer interaction. 

BD-TCNQ-[CH2Cl2] and BD-TCNQr\CH2BrCH2-
Br\. The crystal of BD-TCNQ-[CH 2 C1 2 ] is 
monoclinic, with the space group I2/m. The lattice 
constants are «=20.892 Â, 6=9 .950 Â, r = 6 . 4 4 5 Â, and 
/?=91.92°.3) Two molecular units are contained in 
the unit cell as shown in Fig. 9. The BD and T C N Q 
molecules are alternately stacked along the c axis to 
form a B D - T C N Q column, in which the molecular 
overlap of BD and T C N Q , are almost the same as 
that in B D - T C N Q - [ n ] except that the average separa­
tion of the molecular planes, 3.22 Â, is a little smaller 
than that in the latter. The main difference between 
BD-TCNQ-[CH 2 C1 2 ] and B D - T C N Q - [ n ] is that, in 
the former crystal, there are channels surrounded by 
four B D - T C N Q , columns, in which dichloromethane 

5 10 15 20 25 

Wave number/103 cm - 1 

Fig. 11. Reflection spectra on the (100) plane of BD-
TCNQ- [CH2BrCH2Br]. 

molecules are included, while B D - T C N Q columns are 
closely packed in the crystal of B D - T C N Q - [ n ] . The 
adjacent B D - T C N Q columns in BD-TCNQ-[CH 2 C1 2 ] 
are connected with each other by the intermolecular 
hydrogen bonds between C E N group of T C N Q and 
N H 2 group of BD. These hydrogen bonds seem to 
contribute to the stabilization of the channeled struc­
ture of B D - T C N Q sublattice of the solvated modifica­
tion. 

The crystal of BD-TCNQ-[CH 2 BrCH 2 Br] is ortho-
rhombic with the space group Immm. The lattice 
constants are a= 10.205 Â, 6=20.785 Â, and r=6 .525 
Â. T h e a and b axes in this crystal correspond to 
the b and a axes of BD-TCNQ-[CH 2 C1 2 ] , respectively, 
and the structure of B D - T C N Q sub-lattice is almost 
the same as that of the latter crystal, except that the 
average separation between the molecular planes of 
BD and T C N Q is 3.26 Â. 

The reflection spectrum measured on the (010) face 
of BD-TCNQ-[CH 2 C1 2 ] and that measured on the 
corresponding crystal face, (100), of B D - T C N Q -
[CH2BrCH2Br] are shown in Fig. 10 and Fig. 11, 
respectively. From the analyses of these spectra, we 
obtained the absorption spectra shown in Figs. 12 
and 13. In Fig. 12, we have also shown the absorption 
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4H 

Wave number/103 cm 

Fig. 12. Absorption spectra on the (010) plane of BD-
TCNQj-tCHaClJ. The continuous lines are the 
absorption spectra measured by transmission method. 
The ordinate is optical density. The dotted lines 
are absorption spectra calculated by the reflection 
spectra. The ordinate is molar extinction coefficient. 

spectrum measured on the same crystal face directly 
by the transmission experiment. 

The spectra of B D - T C N Q ^ C H a C y and B D -
TCNQ-fCHaBrCHgBr] are very similar to each other 
as we can expect from the similarity of B D - T C N Q , 
sub-lattice in these two crystal forms. In both cases, 
the //c spectrum exhibits a strong absorption band 
in the near-infrared region. The maximum of this 
band is located at 5 . 7 x l 0 3 c m - 1 in the case of B D -
TCNQ,-[CH 2 BrCH 2 Br] . Seemingly the absorption 
maximum is at almost the same wave number in the 
case of B D - T C N Q - f C H . j C y . This infrared band is 
the GT band corresponding to the 7.4 x 103 c m - 1 band 
of BD-TCNQ,- [n] . There are three absorption bands 
in the l c spectrum: a relatively sharp one at 19.0X 
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Fig. 13. Absorption spectra on the (100) plane of BD-
TCNCHCHaBrCHaBr] calculated by the reflection 
spectra. The ordinate is molar extinction coefficient. 

10 3 cm- x and two broad ones at 2 7 x l 0 3 and 32 X 
103 c m - 1 , respectively. These bands must correspond 
to the absorption bands observed at 21.2 XlO3 , 29 X 
103, and above 3 3 x l 0 3 c m _ 1 , respectively, in the J_c 
spectrum of B D ^ T C N Q - f n ] . I t should be noted that 
all absorption bands are shifted to lower wave number 
by about 2 X 103 cm" 1 in the spectrum of B D - T C N Q , -
[GH2C12] as compared with the spectrum of B D -
T C N Ç H n ] , and the intensity of 1 9 . 0 x l 0 3 c m " 1 band 
is markedly enhanced in the solvated modifications. 

We carried out the molecular orbital calculation 
on the B D - T C N Q , pair taking the separation of the 
molecular planes as 3.22 Â as in the crystal of B D -
T C N Ç H C H a C y . This calculation shows that the 
transitions which are responsible for the observed 
absorption bands, are shifted to lower wave number 
on decreasing the molecular separation from 3.24 Â 
to 3.22 Â. But the predicted shift is 50 and 300 cm" 1 

for the transitions (1) and (2), respectively, and 600 
c m - 1 for the transitions (3) and (8) of Table 1. These 

Fig. 14. The crystal structure of B D - T C N O r ^ H , , ] projected onto the (010) plane. 
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TABLE 2. TRANSITION PREDICTED BY SGF-MO-GI CALCULATIONS ON THE TWO STRUCTURES OF BD-TCNQ, 

PAIR CORRESPONDING TO BD-TCNQ,-[C6H6] ; SEE Fig. 3 (a) AND (b) FOR THE OVERLAPPING 

OF BENZIDINE AND TCNQ, IN EACH MODEL 

Wave number Transition dipole Gharabter of transition 

Model (a) 

(i) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

(10) 

Mode 

(10 
(20 
(30 
(40 
(50 
(60 
(70 

(16->17) 
(15->17) 
(14-*17) 
(16-*19) 
(16-*20) 
(15-*20) 
(15->18) 
(15->19) 
(16->21) 
(16-*22) 

I (b) 
(16-*17) 
(15->17) 
(14->17) 
(16->19) 
(16-*20,21, 
(16-*22) 
/16-*25\ 

v/Wcnr1 

13.83 
17.35 
24.98 
28.21 
29.08 
30.77 
30.79 
31.96 
33.22 
33.56 

10.16 
20.47 
21.32 
25.98 

23) 31.40 
32.19 
35.86 

J 

0.467 
0.964 
0.266 
0.144 
0.244 
0.023 
0.166 
0.102 
1.663 
0.295 

0.505 
0.230 
1.159 
0.427 
0.230 
1.196 
0.506 

M3 

— 
2.263 
0.989 

— 
0.898 

— 
— 
— 

2.148 
— 

1.595 
0.788 
2.210 
1.224 

— 
1.840 

— 

c M3 

— 
— 
— 

0.685 
— 
— 

0.705 
0.542 

— 
0.900 

— 
— 
— 
— 

0.823 
— 

1.141 

M, 

1.762 
— 
— 
— 
— 

0.262 
— 
— 
— 
— 

1.429 
0.642 
0.358 
0.131 

— 
0.199 

— 

(DD)m 

0.18 
0.11 
0.08 
0.02 
0.02 
0.03 
0.03 
0.04 
0.72 
0.27 

0.13 
0.09 
0.06 
0.00 
0.23 
0.81 
0.30 

(AA)m 

0.18 
0.40 
0.49 
0.26 
0.27 
0.46 
0.46 
0.46 
0.00 
0.19 

0.10 
0.29 
0.54 
0.14 
0.09 
0.03 
0.40 

(DA)m 

0.56 
0.34 
0.28 
0.69 
0.67 
0.46 
0.43 
0.42 
0.02 
0.47 

0.73 
0.53 
0.29 
0.82 
0.55 
0.02 
0.22 

(AD)m 

0.06 
0.12 
0.12 
0.01 
0.02 
0.04 
0.01 
0.02 
0.23 
0.09 

0.02 
0.05 
0.09 
0.00 
0.05 
0.11 
0.00 

r^Odlgl l l lX^lX L 

CD(D-*A) 
CT(D-*A) + LE(A*) 
LE(A*) 
CT(D->A) 
CT(D-*A) 
CT(D-*A) + LE(A*) 

•CT(D-*A) + LE(A*) 
CT(D->A) + LE(A*) 
LE(D*) 
CT(D->A) 

CT(D-*A) 
CT(D-*A) 
LE(A*) 
CT(D-*A) 
CT(D-*A) 
LE(D*) 
LE(A*)+LE(D*) 

lib 

JA lie 

(100) 

//[102] 

± [1123 
(20T) 

V 
//[112] 

(110) 
Fig. 15. Crystal morphology and principal axis direc­

tions for BD-TGNQrCGgHe] single crystal. 

are too small to explain the observed difference between 
the spectra of BD-TCNQ,-[CH2C12] and B D - T C N Q , -
[n]. The oscillator strength of the transition (2) is 
predicted to increase only by about 15 percent on 
decreasing the molecular separation from 3.24 Â to 
3.22 Â, while the observed oscillator strength of the 
19.0 X 103 c m - 1 band of BD-TCNQ,-[CH2C12] is almost 
twice that of the 21.2 X 103 c m - 1 band of B D - T C N Q , -
[n] . Thus, the observed differences between the spec­
tra of B D - T C N Q - C C H a C y and BD-TCNQ,- [n] 
cannot be simply explained from the decrease of the 
intermolecular separation. Seemingly, it is necessary 
to take into account the effects of the intermolecular 
hydrogen bonds and the presence of solvent molecules 
in order to fully understand the observed differences. 

BD-TCN(l-[C6H6]. The crystal of B D -

40 

30 
*v9 

<u o Ö 
a 

R
ef

le
ct

 

O
 

10 

• A 
i\ 

1 A 
H/1 
I / i 
11 / > 1 1 
1 ' 1 1 ^ 

• / M 
^ \ / / \ « / 

As/ \\ / 1 / w // H 1 \ \ / / 
1 ' \ \ ' / 
1 \ *'/• 
l ^ , v . (2) 

\ ^ ^ (3) 

1 1 1 1 ! . . J 

10 15 20 25 

Wave number/103 cm"1 

Fig. 16. Reflection spectra of BD-TGNQr[G6H6]. 
The numbers correspond to the spectra polarized to 
(1) He on the (100) (2) //b on the (100) (3) ±[112] 
on the (110) (4) //[112] on the (110) (5) //[102] 
on the (201). 

TCNQ,-[C 6 H 6 ] is monoclinic with the space group 
P^i/m, the lattice constants being 0=17.184 Â, b = 
9.852 Â, r = 7 . 6 8 0 Â, and ^=100.3°.5) The unit cell 
contains two molecular units. The structure of B D -
T C N Q , sub-lattice in this crystal is quite different from 
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TABLE 3. COMPARISON BETWEEN THE PREDICTED AND OBSERVED ABSORPTION BANDS IN 

THE //c AND //b SPECTRA OF THE (100) PLANE OF BD-TCNQ,-[C6H6] 

//c Spectrum //b Spectrum 

v/Wcnr1 /c
a> Ttansitionc> 

observed band 
v / W c m - 1 v/ lO^m- 1 /b

b> Transition0) Observed band 
v / W c m - 1 

10.16 
13.83 

0.48 
0.20 

(I7) CT(D-
(1) CT(D-

• A ) 

.A) 

17.35 0.32 
20.47 0.21 
21.32 0.22 

24.98 0.09 
25.98 0.10 
29.08 0.08 

32.19 
33.22 

0.28 
0.05 

(2) CT(D-*A) + LE(A) 
(20 CT(D-*A) 
(30 LE(A*) 

(3) LE(A*) 
(40 CT(D-*A) 
(5) CT(D-*A) 

(60 LE(D*) 
(9) LE(D*) 

4—15 
(max. 7.5) 

15—24 
\ (max. 17.3 

shoulder: 20) 

>25 

28.21 0.14 
30.79 0.17 
31.40 0.23 
31.96 0.10 

(4) 
(6) 
(50 
(8) 

CT(D-
CT(D-
CT(D-
CT(D-

• A ) 

•A) + LE(A*) 
.A) 
•A) + LE(A*) 

33.56 
35.86 

0.30 (10) 
0.51 (70 

CT(D-*A) 
LE(A*) + LE(D*) 

25—30 

«33 

a) //c component of oscillator strength predicted for each transition, //b component of oscillator strength predicted 
for each transition, c) Refer Table 2 for the numberings of transitions. 

ai M 

11 
•9 "s 

Bf 

Wave number/103 cm - 1 

Fig. 17. Absorption spectra of BD-TCNQ,-[C6H6]. 
The continuous lines are the absorption spectra on 
the (100) plane measured by the transmission method. 
The ordinate is optical density. The other lines are 
the absorption spectra calculated by the reflection 
spectra. The ordinate is molar extinction coef­
ficient. The numbers correspond to those in Fig. 16. 

the cases discussed above. The B D - T C N Q , sub-lattice 
is definitely composed of B D - T C N Q , pairs (see Fig. 
14). The molecular overlap within the B D - T C N Q , 
pair is of the same type as those in BD-TCNQ,- [n] 
and B D - T C N Ç H C H a C y , which are shown in Fig. 
3(a), but with a very short intermolecular separation 
of 3.09 Â. O n the other hand, the B D - T C N Q , overlap 
between the adjacent pairs is of the type shown in 
Fig. 3(b) with an intermolecular separation of 3.27 Â. 
Here again, the hydrogen bonds between C E N group 
of T C N Q a n d N H 2 group of BD stabilize the channeled 
structure of the B D - T C N Q sub-lattice. 

The typical shape of the crystal of B D - T C N Q -
[C6H6] is a hexagonal prism with the developed crystal 
faces (100), (110), and (201) as shown in Fig. 15. T h e 
reflection spectra were measured on all of the above 
three crystal faces. Fig. 16 shows the observed spectra. 
The spectra (1) and (2) were obtained on the (100) 
face for the light polarizations parallel to the c and 
b axes, respectively; the spectra (3) and (4) were 

TABLE 4. COMPARISON BETWEEN THE OBSERVED 

AND PREDICTED OSCILLATOR STRENGTH 

OF BD-TCNQ-[C6H6] 

[Infrared band] 
»>m/103 cm - 1 

/obsdb> 

/ ( I ) 
/ ( I ' ) 
/ ( I ) + / ( ! ' ) 

[Visible band] 
vm/103 cm - 1 

/obsdb> 

(1) 

7.5 
1.2 

0.308 
0.476 
0.784 

16.1 
0.1 

Spectrum11) 

(2) 

0.0 

0.000 
0.000 
0.000 

0.0 

(3) 

7.5 
0.9 

0.427 
0.256 
0.683 

19.5 
0.2 

(4) 

9.4 
0.7 

0.000 
0.242 
0.242 

15.6 
2.1 

(5) 

« 1 0 
0.2 

0.000 
0.296 
0.296 

15.3 
2.8 

/ (2) 0.334 
/(2 ' ) 0.211 
/(3 ') 0.207 
/ ( 2 ) + / ( 2 / ) + / ( 3 / ) 0.752 

0.000 
0.000 
0.000 
0.000 

0.015 
0.106 
0.003 
0.124 

0.789 
0.119 
0.914 
1.822 

0.964 
0.145 
1.117 
2.226 

a) The numbers of the spectrum correspond to those 
in Fig. 17. b) yobsd is t n e oscillator strength obtained 
from each reflection spectrum. f(a) is the projected 
value of the predicted oscillator strength of the transi­
tion (a) on each observed polarization-direction. 

obtained on the (110) face for the polarizations parallel 
and perpendicular to the [112] direction; the spectrum 
(5) is the one obtained on the (201) face for the polariza­
tion parallel to the [102] direction. The spectrum 
(1) shows two reflectance maxima at 7.6 X10 3 and 
15.5 X 10 3 cm _ 1 , while the spectrum (2) exhibits no 
indication of dispersion in the whole observed range. 
The spectra (3) and (4) also exhibit a reflectance maxi­
m u m at about 7 . 6 x l 0 3 c m _ 1 , but the spectrum (5) 
shows a small maximum at 9 . 0 x l 0 3 c m ~ 1 instead of 
7.6 X 103 c m - 1 . This fact indicates that there are two 
kinds of transitions in the infrared region. In the 
visible region, the spectra (1), (4), and (5) exhibit a 
reflectance maximum at 15.5 X 103 c m - 1 , but the spec­
trum (3) shows a maximum a t 19 X 103 c m - 1 . We note 
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also in the spectra (4) and (5), the shape of the reflect­
ance curve at the high energy side of the 15.5 X 103 

c m - 1 maximum suggests the presence of another dis­
persion. 

The absorption spectra obtained by the analysis 
of the reflectance data are shown in Fig. 17, together 
with the absorption spectra directly observed by the 
transmission experiment on the (100) plane of the 
relatively thick crystal. 

We carried out the molecular orbital calculations 
on the two models of B D - T C N Q pair corresponding 
to the two kinds of B D - T C N Q molecular overlap 
in B D - T C N Q - [ C 6 H 6 ] . The model (a) is the one 
corresponding to the arrangement of BD and T C N Q 
molecules within the B D - T C N Q , pair and the model 
(b) is the one corresponding to that between adjacent 
pairs. The transitions which are predicted for the 
two models are listed in Table 2. Since the short 
molecular axis of T C N Q , has been taken as the y axis 
direction in the above Table, the transition polarized 
in the y axis direction are expected to appear only 
in the //b spectrum, while other transitions are expected 
to have their transition moments within the (010) 
plane. Thus the comparison of the observed absorp­
tion band with the predicted transitions can be made 
as shown in Table 3. As indicated in this table, it 
is most likely that the absorption bands in the infrared 
region is associated with the transitions (1) and (T) , 
and those in the visible region are associated with 
the transitions (2), (2'), and (3'). Using the predicted 
oscillator strengths and the crystal structure data, we 
estimated the components of the oscillator strengths 
parallel to the polarization direction of each observed 
spectrum. The results are listed in Table 4 together 
with the observed values. Naturally it is difficult 
to expect a good quantitative agreement between the 
experimental and predicted values. But the general 
features of the absorption spectra can be understood 
from the results of the calculation. The results shown 
in Table 4 suggest that the absorption band at about 
9 x l 0 3 c m _ 1 observed in the spectra (4) and (5) of 
Fig. 17 is the one associated with the transition (T) , 
while the strong infrared band in the spectra (1) and 
(3), is due to the superimposition of the bands as­
sociated with the transitions (1) and (T) . This means 
that the absorption band corresponding to the transi­
tion (1) is located at about 7 x l 0 3 c m _ 1 , and is ener­
getically lower than the one corresponding to the 
transition (T) , although the transition (T) is predicted 
to be energetically lower than the transition (1), ac­
cording to the calculation on the models of isolated 
B D - T C N Q , pair. For the visible region, we can con­
clude that the weak absorption band at 1 9 x l 0 3 c m _ 1 

in the spectrum (3) is due to the transition (2'), while, 
in the spectra (4) and (5), the strong peak at 15.5 X 
103 c m - 1 is associated with the transition (2) and its 
high-energy tail is associated with the transition (3'). 
There exists a discrepancy as regards the spectral 
shape in the visible region between the spectrum (1) 
and the absorption spectrum measured directly by 
the transmission method on the same crystal plane 
(100). In this case, the absorption spectrum derived 
from the reflectance data seems to be less reliable since 

the reflectance of the (100) face in the above region 
is very small for the //c polarization, so that there 
could be relatively large errors in the process of their 
analysis. We consider that the absorption spectrum 
directly observed on a thick crystal is more reliable 
in this case than the spectrum derived from the reflect­
ance data. The former shows a weak and broad 
visible absorption band with an indication that it is 
actually composed of three transitions. Indeed this 
is consistent with the results of calculation shown in 
Table 4. 

Summary and Conclusion. In the present study, 
we have observed the absorption and reflection spectra 
on the known crystallographic faces of the single crystals 
of B D - T C N Q - [ n ] , BD-TCNQ-[CH 2 C1 2 ] , B D - T C N Q -
[CH 2BrCH 2Br], and B D - T C N Q - [ C 6 H 6 ] . Usually in 
the case of the direct measurement of absorption spec­
t rum by the transmission experiment with a micro-
spectrophotometer, there remains some ambiguity as 
regards the identification of the crystallographic nature 
of the observing crystal face since it is hard to identify 
it directly by X-ray diffraction. O n the other hand, 
in the case of the measurement of reflection spectrum 
by the microspectrophotometric technique, we can use 
a relatively large crystal, so that we can directly deter­
mine the observing crystal face by means of the X-ray 
diffraction, and it is also possible to observe the reflec­
tion spectrum on several different crystal faces. Thus 
we can determine the direction of the transition moment 
of an absorption band without any ambiguity. By 
this method, we confirmed that the first absorption 
band at about 6 — 8 x l 0 3 c m _ 1 is polarized in the 
direction of B D - T C N Q stack, but the second absorp­
tion band at about 1 7 x l 0 3 c m _ 1 is polarized parallel 
to the direction of the long molecular axes of BD and 
T C N Q in the cases of B D - T C N Q - [ n ] , B D - T C N Q -
[CH2C12], and B D - T C N Q - [CH2BrCH2Br]. The 
situation is a little complicated in the case of B D -
T C N Q - [ C 6 H 6 ] . T h e transmission experiment was 
possible only on the (100) face of the crystal of this 
modification, and the observed absorption spectra in­
dicated that both the first and second band appear 
in the //c spectrum. However, by examining the 
reflection spectra obtained on three different crystal 
faces, we revealed that there exist two absorption bands 
of different polarizations in the infrared region, and 
three bands in the visible region. We carried out 
molecular-orbital calculations on the models of B D -
T C N Q pair, and showed that the observed spectra 
can be satisfactorily interpreted by using the results 
of these calculations. I t has been thus concluded that, 
in B D - T C N Q complexes, the infrared absorption band 
is associated with the charge transfer from the H O M O 
of BD to the L U M O of T C N Q , but the second C T 
excitation associated with the charge transfer from the 
second H O M O of BD to the L U M O of T C N Q is 
strongly mixed with the local excitation from the 
H O M O to the L U M O of T C N Q to give a visible 
absorption band and an absorption band at about 
29 X 103 c m - 1 . This can be understood as follows from 
the consideration of the orbital symmetries. BD and 
T C N Q molecules overlap on each other as shown in 
Fig. 3(a), having their molecular axes exactly on each 
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TABLB 5. OBSERVED OSCILLATOR STRENGTHS OF THE CHARGE-TRANSFER BANDS OF BD-TCNQ, COMPLEXES 

GT1 CT2a> 

^max/103 Cm"1 / ^max/l^Cm-1 
/ 

Intermolecular 
spacing 

Â 

BD-TCNQ,-[n] 
BD-TCNQr[CH2Cl2] 
BD-TCNQ-[CH2BrCH2Br] 
BC-TCNQ,-[C6H6] (a) 

(b) 

7.4 
< 6 . 2 

5.7 
7.5 

« 1 0 > 

0.8 
(0.8) 
0.8 

« 1 . 2 

21.3 
19.1 
19.8 
15.3, 
19.5> 

0.7 
1.6 
1.5 

(<2.8)b> 

3.24 
3.22 
3.26 
3.09 
3.29 

H-bond 
H-bond 

H-bond 

a) This is not a pure charge-transfer band. Refer the text for the nature of this band, b) The contribution 
of the transition (3') is included in this value. 

other. As shown in Fig. 7, the H O M O of T C N Q , 
and the second H O M O of BD have the same orbital 
symmetry b l u . Therefore, the electronic excitations 
from these orbitals to the L U M O (b2g) of T C N Q 
belong to the same symmetry, and can strongly mix 
with each other. O n the other hand, because of 
the above orbital symmetries, the overlap integral 
between the second H O M O of BD and the L U M O 
of T C N Q must be zero. Thus the moments of the 
optical transition where the above two excitations 
are mixed, will be entirely due to the contribution 
of the excitation from the H O M O to the L U M O 
of T C N Q . This is the reason why the visible absorp­
tion band, which was tentatively considered as the 
second GT band in our previous study, is polarized 
perpendicular to the direction of B D - T C N Q , stack. 

We noted that the GT bands are very strong in 
the crystal spectra of B D - T C N Q , complex as compared 
with the crystals of typical GT complexes such as 
pyrene-TGNE. From the analysis of reflectance data, 
we can determine the absolute oscillator strength of 
each absorption band. The values thus determined 
are given in Table 5. I t should be noted that the 
oscillator strength of the first GT band is as large as 
0.8. Interestingly, this is about twice the oscillator 
strength predicted for a B D - T C N Q , pair by the molec­
ular orbital calculations. The experimentally deter­
mined oscillator strength is much larger for the second 
GT band. This is primarily due to the effect of the 
mixing of the local excitation associated with the strong 
1B3u^-1Ag transition of T G N Q . 

Finally, we wish to point out that, when dichloro-
methane or dibromoethane is included in the B D -
T C N Q lattice, the absorption bands are shifted to 
lower energy by about 2 x l 0 3 c m _ 1 . Since the struc-
uture within the B D - T C N Q stack remains almost 
the same except a slight change of the intermolecular 
separation, the above shifts must be due to the effect 
of included solvent molecules and/or to that of the 
formation of intermolecular hydrogen bonds. 

We wish to thank Dr. T . Oh ta in our laboratory 
for helping us to use his computer program for the 
molecular orbital calculation of supermolecule system. 

We are grateful to Olympus Optical Co., Ltd. 
for their generous offer of Olympus M M S P - R K used 
in this study. 
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The metathesis of 1,5-cyclooctadiene (GOD) was investigated over supported rhenium oxide catalysts in 
terms of carrier effects, acid properties of the catalysts, product distributions, and the reversibility of the reaction. 
Only alumina plays an effective role as a support. The reaction of GOD over rhenium oxide-alumina catalyst 
yields oligomers, C8W, sesqui-oligomers, C8n+4, and polymers. The important results are as follows: 1) The 
product distribution in terms of the carbon number of the products shows a decay curve with maxima around 
Ci2j G16, and G20. 2) The reaction of oligomers gives GOD and some products similar to those of GOD. 3) 
The reactivity of 1,5,9-cyclododecatriene (GDT) was low compared with GOD, 1,5,9,13-cyclohexadecatetraene 
(CHT), and 1,5,9,13,17-cycloeicosapentaene (GEP). 4) A reaction of a mixture of macrocyclic polyenes and 
polymers gave appreciable amounts of GDT, GHT, and GEP, whereas no GOD was obtained. On the basis of 
the results, we conclude that the products, oligomers, sesqui-oligomers, and polymers, are formed independently 
from the active intermediary polymers which are formed from GOD. 

The metathesis of acyclic alkenes has been investigat­
ed extensively both in homogeneous and heterogeneous 
systems. I t is known that the effective catalysts for 
this reaction include compounds or complexes of Mo, 
W, and Re.1"3) 

O n e of the characteristics in the metathesis reaction 
of cyclic alkenes is to form two kinds of homologues, 
cyclic oligomers and polyalkenes,4»5) which are not 
obtained in the disproportionation of acyclic alkenes. 
Though some studies on the polyalkenenes have been 
reported6) and put into practical applications in high 
polymer industries because of their high selectivity 
for ring-opening polymerization,6) less attention has 
been paid to the formation of cyclic oligomers. 

1,5-Cyclooctadiene (COD) was reportedly catalyzed 
by homogeneous metal complexes to yield not only 
cyclic oligomers and poly(octadiene) but "sesqui-
oligomers. " 5 - 8 ) In a previous paper,8) we briefly re­
ported a heterogeneous catalytic metathesis of C O D 
on R e 2 0 7 - A l 2 0 3 , yielding oligomers and sesqui-oligo­
mers, in which the distribution of C12—C32 cyclo-
polyenes was different from that in homogeneous 
catalyst system. 

I t will also be quite interesting to investigate how 
the sesqui-oligomers (C8 n + 4) are formed from C O D 
(eight membered ring diene) and what kind of reaction 
path is dominant and will give the three types of prod­
ucts: poly(octadiene) (polymers), cyclic oligomers 
(oligomers), and sesqui-oligomers. 

In this study, supported rhenium oxides were used 
in the metathesis of C O D ; their catalytic activities 
and selectivities are compared with surface properties. 
The reactivity of 1,5,9-cyclododecatriene (CDT, C12), 
1,5,9,13-cyclohexadecatetraene ( C H T , C16), and 1,5, 
9,13,17-cycloeicosapentaene (CEP, C20), and the 
reversibility of the reaction are discussed and a probable 
reaction pa th is proposed. 

Exper imenta l 

Materials. Catalyst Preparation: Supported molybde­
num and rhenium oxide catalysts were prepared by im­
pregnating various metal oxide supports with aqueous solu­
tions of ammonium heptamolybdate (Wako Pure Chemical 

Ind., Ltd., GR) and ammonium perrhenate (Engelhard), 
respectively, followed by drying and calcining at desired 
temperatures in air for more than two hours. The supports 
tested here were Si02-Al203 , A1203, MgO, Ti0 2 , ZnO, 
Zr0 2 , Sn02 , La203 , Th0 2 , W0 3 , and MgO-ZnO. Si0 2 -
A1203 was obtained from Nikki Chemical Co., and contained 
15 wt% of A1203. Magnesium oxide was the GR grade 
of Kan to Chemical Go. Aluminas were "an activated 
alumina" from Nishio Industry Co., Ltd, N611 from Nikki 
Chemical Co., A022 and TK13R from Tokai Konetsu Kogyo, 
Neobead MSG from Mizusawa Chemical Co., Ltd., and 
Albes FE and FF from Showa Tansan Kaisha, Ltd. An 
alumina was prepared by neutral hydrolysis of aluminum 
triisopropoxide (Wako Pure Chemical Ind. Ltd.). Titanium 
epoxide, ZnO, Zr0 2 , Sn02 , and La 2 0 3 were prepared by 
hydrolysis of titanium tetrachloride (Wako, GR), zinc nitrate 
(Nakarai Chemicals, Ltd., GR), zirconium(IV) dichloride 
oxide (Wako, GR), tin(IV) chloride (Wako, GR), and 
lanthanum nitrate (Nakarai Chemicals, Ltd., extra pure) 
with aqueous ammonia, respectively, followed by washing, 
drying, and calcining in air at 500 °G for 3 h. Thorium 
oxide and W 0 3 were obtained by thermal decomposition 
of thorium nitrate (Wako, GR) at 550 °C for 1 h and of 
ammonium dodecatungstate (Wako, GR) at 550 °G for 10 h, 
respectively. A mixed oxide MgO-ZnO (1:9 in molar 
ratio) was provided by hydrolysis of aqueous mixture of 
Zn(N03)2 and MgCl2 with 28% aqueous ammonia, followed 
by washing, drying, and calcining in air at 500 °G for 3 h. 

6.5 wt% of Re 20 7 was mounted on all carriers except 
A1203, on which the amount of Re 20 7 was varied from 0.5 
to 10 wt%. The amount of M o 0 3 supported was 5.1 wt%. 

Reactants and Solvents'. COD (Shell) was distilled under 
atmospheric pressure without using any drying reagents. 

CDT, CHT, and GEP were obtained by fractional distil­
lation from the reaction mixture of COD. Polymers which 
contain the open-chain polymers and macrocyclics higher 
than G66 were also prepared from COD products by distil­
lation. 

Solvent purifications are as follows. Benzene and cyclo-
hexane (Wako, GR) were distilled over metallic sodium. 
1,2-Dichloroethane (Wako, GR) was distilled over phos­
phorus pentaoxide. Heptane and ethyl alcohol (Wako, GR) 
were dried over molecular sieves ; carbon tetrachloride (Wako, 
Pure Grade) was dried over calcium chloride. Hexane, 
ethyl acetate (Wako, GR), and dioxane (Kanto, GR) were 
used without further purifications. 

Procedure. The reactions were carried out at 0 to 
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80 °G with continuous stirring in a round bottom flask which 
contained 0.5 ml of GOD with 5 ml of solvent and 0.2 g 
of catalyst. Small amounts of samples for analysis were 
taken out from the reaction mixture at appropriate time 
intervals. 

The reaction products were analyzed by three sets of 
gas chromatographs : (A) equipped with a 3 m column of 
Silicone DC 200 at 200 °G for lower molecular weights 
macrocyclics (G8—G20) analysis. (B) equipped with a i m 
column of SE-30 with temperature programming for the 
analysis of an internal standard and G8—G28 macrocyclics. 
(G) equipped with a 1 m column of Dexsil 300 GG (3%) 
with temperature programming for G16—G56 macrocyclics 
analysis. 

Products were identified by gas chromatography, IR, 
and mass spectra, in comparison with their authentic samples. 
Quantitative analyses were made by using an absolute calibra­
tion curve. 

Measurement of Surface Acidity. Acidic properties of 
the catalysts were examined by the butylamine titration 
method using Hammett indicators. 

Definition of Terms. The term "the conversion of 
GOD" was defined as a percentage ratio of the converted 
GOD to the initial amount of GOD. The term "the amount 
of polymers" was defined as the difference between the 
amount of GOD converted and the total amount of the 
products which can be analyzed by gas chromatography. 
"Catalytic activity" and "selectivity" were defined as the 
ratio of the total amount of macrocyclics to the initial amount 
of GOD and the ratio of macrocyclics to the converted GOD, 
respectively. 

TABLE 1. LIST OF ALUMINA USED 

Conversion = 
Converted COD 

Initial GOD 
X 100% 

Amount of Polymers = (Converted COD) 

- (Total Product) 

Total Macrocyclics 
Catalytic Activity 

Selectivity = 

Initial COD 

Macrocyclics Individual 

Converted COD 

R e s u l t s and D i s c u s s i o n 

Effect of Carriers on Catalytic Activity. The reac­
tions were carried out over single or impregnated 
oxides. Only R e 2 0 7 - A l 2 0 3 showed an activity for 
the formation of macrocyclic polyenes and polymers; 
the following catalysts were completely inactive : M o 0 3 , 
W 0 3 , R e 2 0 7 , A1203 , R e 2 0 7 - M g O , R e 2 0 7 - T i 0 2 , 
R e 2 0 7 - Z n O , R e 2 0 7 - Z r 0 2 , R e 2 0 7 - S n 0 2 , R e 2 0 7 -
L a 2 0 3 , R e 2 0 7 - T h 0 2 , R e 2 0 7 - M g O - Z n O , and R e 2 0 7 -
S i 0 2 A l 2 0 3 or M o 0 3 - A l 2 0 3 . The high catalytic 
activity of R e 2 0 7 - A l 2 0 3 implies that only alumina 
plays a special role in the formation of the active sites. 
Such a specific role of A1 2 0 3 is also reported in the 
disproportionation of propylene over M o 0 3 - A l 2 0 3

9 ) 
and Re2O7-Al2O3.10> Various aluminas, which were 
supplied by different industries, were examined to 
investigate the role of A1203 . Table 1 lists the names 
of these aluminas, their crystal forms, and their surface 
areas. The numbers correspond to that of Fig. 1. 
As Fig. 1 shows, catalytic activities are well correlated 
with the surface area of supports and do not depend 
on crystal forms (a, y, etc.). Therefore, in the following 

No. Name 

1 Albes-FF 
2 TK-13R 
3 Albes-FE 
4 N-611 
5 Neobead M6C 
6 A-022 

Crystal form 

(fibrillar) 

y-
(fibrillar) 

y-
y-
a-

Surface area 

330 
230 
110 
200 
210 
1 

100 200 300 400 

Surface area/m2 g - 1 

Fig. 1. Correlation between surface area and relative 
rate. Numbers correspond to those in Table 1. 

studies, the alumina which had the largest surface 
area was used as the carrier of rhenium oxide. 

The amount of R e 2 0 7 supported was varied from 
0.5 to 10 w t % to A1203 . The catalytic activity in­
creased up to 3 w t % and became constant above this 
range. 

O p t i m u m and reproducible activity was obtained 
by calcining the catalyst at 600 °C in air for more 
than 2 h. 

Catalytic Activities and Acid-Base Properties of Catalysts. 
Since some relationships were suggested between the 
acidic properties of catalysts and the catalytic activities 
for the metathesis of alkenes,11-15> the acidic strength 
and the acidity (number of acid sites) of the catalytically 
active R e 2 0 7 - A l 2 0 3 and the inactive M o 0 3 - A l 2 0 3 

were compared. These catalysts have strong acid sites 
(pK&= — 5.6) which were not found on the component 
oxides themselves, i.e., the strong acid sites were created 
by the combination of those oxides. Though both 
catalysts have fairly large amounts of acid sites, one 
of the catalysts, M o 0 3 - A l 2 0 3 , does not show any 
catalytic activity. However, the activity of R e 2 0 7 -
A1 2 0 3 was decreased with the increase of the amount 
of N a O H added and completely lost by the addition 
of 1.24 mmol/g N a O H . These results seem to indicate 
that the acidic property does not directly dominate 
the catalytic activity, but is one of the important factors 
which control the activity. 

Effect of Solvent on Catalytic Activity. I t is known 
that some particular solvents are favorable for a high 
conversion or a high selectivity in metathesis.16»17) 
The solvents used in this study are listed in Table 2, 
together with the conversion of C O D , the catalytic 
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TABLE 2. EFFECT OF SOLVENTS11) 

Solvent 
Reaction 

time 
C o n - Activity S e l e c " 

Benzene 
Carbon tetrachloride^ 
Cyclohexaneb) 
Hexaneb> 
1,2-Dichloroe thane 
Dioxane 
Ethyl acetate 
Ethyl alcohol 

min 

80 
75 
60 
60 
60 

120 
120 
120 

% 
37 
38 
24 
23 
20 
0 
0 
0 

Vo 

11 
8 
7 
4 
0.8 
0 
0 
0 

% 
30 
21 
29 
17 
4 

— 
— 
— 

a) Reaction conditions: temp=40°G, solvent=5.0 ml, 
GOD = 0.5 ml. b) White polymer was found on glass 
wall. 

12 16 20 24 28 32 36 40 44 48 52 56 60 

Carbon number of macrocyclics 

Fig. 2. Product distributions in terms of the carbon 
number of the products. 
B> Q, D : after 5, 10, and 15 min reaction, respec­
tively, of 2 wt% solution of COD in heptane. A, 
A : After 0.5 and 9 h reaction, respectively, of 5 wt% 
solution of COD in benzene. O, # : After 4 and 
51 h reaction, respectively, of 10wt% of COD in 
heptane. 

activity, and the selectivity. Besides benzene and 
cyclohexane, which are known as suitable solvents in 
homogeneous systems, carbon tetrachloride is also a 
good solvent for obtaining high conversion, activity, 
and selectivity. O n the other hand, in ethyl alcohol, 
dioxane, and ethyl acetate, no product was obtained. 
Product distributions did not depend on the solvents 
used. Though the effective solvents seem to be good 
for polymers as well as oligomers, further studies should 
be done to clarify the role of solvents. 

Product Distributions. As in the case of homo­
geneous systems, the metathesis of C O D over R e 2 0 7 -
A1 2 0 3 yields oligomers, C8 n , sesqui-oligomers, C8w+4 , 
and polymers. Figure 2 shows the dependency of the 
product distribution in terms of the carbon number 
of macrocyclics. The spectrum seems to be a decay 
curve over C20 product, with an ambiguous maximum 
around the first three products: C D T , C H T , and 

d20 C3/Î2O 360 

t/min 

Fig. 3. Reaction of CDT • : CDT, T : polymer, O : 
C165 9 ' C2OJ LJ.* C24, • • * C28, V : C32. 

lOOi 

o 

o 
O 

Fig. 4. Reaction of CHT O : CHT, A: C12, T : 
polymer, O : C20, • : C24, A : C8, • : C28, V : C32. 

Fig. 
A 

60 120 

J/min 

5. Reaction of CEP A : CEP, # : C12, O : C16, 
: polymer, • : C24, • : C28. 

CEP. The product distributions were essentially un­
changed through the entire reaction period, until most 
of the C O D was consumed. These results suggest 
that oligomers and sesqui-oligomers are formed by 
parallel paths but not by a consecutive reaction path. 

The Reaction of Oligomers and Sesqui-oligomers. 
The results of the individual reactions of CDT, C H T , 
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Fig. 6. Competition reaction of GOD and CDT A : 
CDT, A : GOD, V : polymer, • : G20, O : G16, • : 
G24, • : G28, V : G32. 
Reaction mixture contains 0.4% of GOD, 0.5% of 
GDT, and benzene as solvent. 

Fig. 7. Competition reaction of GOD and CHT O : 
GHT, A : GOD, A : G12, T : polymer, • : C20, D : 
C24, | : G28, V : G32. 

and CEP are shown in Figs. 3, 4, and 5, respectively. 
Sesqui-oligomers react and give similar products to 
those of oligomers, except there is no production of 
COD. Such results are consistent with the results 
shown in Fig. 2, which indicate that the product 
distributions of both oligomers and sesqui-oligomers 
produced by the metathesis of C O D are on the same 
line. 

If we assume that those products were formed by 
a consecutive oligomerization reaction, it is expected 
that the product distribution may be different in 
reactions in which C D T , C H T , or CEP is used as 
a reactant, since they are supposed to be the inter­
mediate reaction products in the consecutive reaction. 
Thus, the data which suggest similar product distribu­
tions (Figs. 3, 4, and 5) lead us to conclude that each 
product, CDT, C H T , or CEP, is formed independently 
and not by a consecutive step. 

In the competitive reaction of C D T or C H T with 
COD, the product distributions hardly differed from 
those in the reaction of individual materials, as shown 
in Figs. 6 and 7. This reveals that the competitive 
reaction is the simple superposition of two independent 

C12 4 6 8 l! 20 r~30 töT^to 

t/h 

Fig. 8. Reaction of GOD A : COD, A : GDT, O : 
CHT, # : CEP, T : polymer. An arrow on the time 
scale indicates the addition of a new catalyst. 

reactions of C O D and other cyclic polyenes. 
The reactivity of macrocyclics can be estimated 

from the competitive reactions and the individual 
ones. C O D is the most reactive and is followed by 
C H T and CEP. T h e low reactivity of C D T is indicat­
ed by the following observations. (1) the reaction 
seems to stop at about 3 0 % conversion within 1 h, 
when C D T is used as the reactant, while C H T and 
CEP react over 7 0 % within 1 h and keep converting 
to the products. (2) C D T is continuously formed as 
the product during the reaction, while the additional 
formation of other products such as C20, C24, and 
C28 was not observed after 1 h. (3) in a competitive 
reaction of C O D and C D T , only C O D was a reactive 
component. 

Though C H T gives a small amount of C O D (about 
3%) , C D T and C E P do not give any. No production 
of C O D in the latter case may be due to the absence 
of a reverse reaction or to the rapid disappearance of 
the C O D formed. Since the reactivity and the distribu­
tion of the products from C H T do not differ markedly 
from that of CEP or C D T , it will be reasonable to 
conclude that no reverse reaction takes place from 
C D T or C E P to C O D . The formation of C O D from 
oligomers, such as C H T , will be a simple deoligomeriza-
tion. T h e difficulty in the formation of C O D from 
sesqui-oligomers will be understood by considering that 
such a reaction must accompany the C4 fragments. 

Depolymerization and Equilibrium. A depoly-
merization of macrocyclic polyenes and polymers was 
examined to elucidate the reversibility of the reaction; 
a 1 w t % mixture containing 75.5 w t % of C2 4—C5 2 

macrocyclics and 24.5 w t % of polymers was used at 
40 °C. The composition of the mixture after 4 h reac­
tion was as follows: 13.5% of C D T , 8 .5% of C H T , 
12% of CEP, 35 % of macrocyclics, and 3 1 % of poly­
mers. No C O D was obtained. These results are coin-
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cident with those which have been obtained in homo­
geneous catalyst systems. Scott et al. found the forma­
tion of C1 2—C3 2 materials in the reaction of a diluted 
solution of the "extracted high molecular weight C O D 
polymers" by using the system WCl 6 -EtAlCl 2 -EtOH. 7 ) 

Figure 8 shows the result of the prolonged reaction 
of C O D . When the amount of C O D is sufficient 
(more than 5%) , the ratios of the first three products, 
C D T , C H T , and CEP, are held almost constant at 
about 9.5:8:9.5, and the reaction seems to reach equi­
librium. However, after the amount of C O D decreas­
ed below 5 % , an addition of a fresh catalyst leads a 
remarkable change in the ratio of the first three prod­
ucts. The amount of C D T increases abruptly and 
the amounts of C H T and C E P decrease rapidly, while 
the amount of the higher molecular weight products 
becomes a little smaller. After a long period, C O D 
disappeared completely from the reaction mixture and 
the reaction seems to reach equilibrium again, where 
the composition of the products is C D T = 2 5 , C H T = 
4.5, C E P = 6 . 5 , and o thers=64 . 

Reaction Route. Before presenting a probable 
reaction route, it will be convenient to summarize 
the important findings. 

a) C O D is formed by a degradation of the oligomers 
(dimer, trimer, tetramer, etc.) but not from the sesqui-
oligomers. 

b) Some oligomers and sesqui-oligomers are formed 
by the back reaction of the polymers which contain 
chained species of high molecular weight and large 
ring-size polyenes. 

c) T h e consecutive reaction is unlikely. 
T h e following reaction scheme interprets the observa­

tions. 

polymers 

polymers 

Formation of Oligomers and Sesqui-oligomers. 
Oligomers will be formed by an intramolecular dis-
proportionation of the AIP . C O D does not participate 
in this reaction process. The oligomers produced can 
be reconverted to the A I P and give polymers or other 
oligomers with a new product distribution. The A I P 
from the oligomers can produce C O D by an intra­
molecular reaction of the AIP , while the A I P from 
the sesqui-oligomers does not. Presumably, the latter 
A I P is different from the others. 

The oligomers and the sesqui-oligomers will be form­
ed by the intramolecular reaction process, i.e., by the 
"pinch off" process proposed by Scott et al.1) As 
already shown in Fig. 2, the distribution of the reaction 
products shows a decay curve, as the ring-size of the 
products increases. Especially, the distribution of the 
products which have larger ring-size than C20 is expres­
sed very well by a single curve. This indicates that 
the product distribution will dominantly depend on 
the "pinch off" probability of the intramolecular reac­
tion in the formation of the individual products, where 
the production of the smaller polyenes is much higher 
than that of the higher ones. The deviation of the 
product distribution of the three products, C12, C16, 
and C20, from this plot will be brought about from 
the following reactions: C D T (C12), which is the 
product of the intramolecular reaction of polyenes, 
reacts with C O D (C8) to form CEP (C20) or dimerizes 
to give C24 species. The former reaction (C 1 2 +C 8 ) 
will take place more easily than the latter (C 1 2 +C 1 2 ) , 
because C O D is more reactive than C D T (C12). 
Dimerization of C O D to form C H T (C16) should also 
be taken into consideration. 

Formation of AIP. Though the A I P are sup­
posed to be the macrocyclic polyenes19) or open-chain 
polymers which are adsorbed on the catalyst at multiple 
points, it is not clear how the A I P forms from C O D . 
One possible way is to assume a chain reaction, as 
Chauvin has proposed,20) in which a carbene inter­
mediate mechanism was proposed for the polymeriza­
tion of cycloolefins. Considering the reaction time-
course, the A I P is supposed to be formed at a very 
early stage of the reaction. 

I and I I represent active intermediary polymers 
(AIP). An assumption of two intermediates is based 
on the observations that C D T and C E P did not give 
any C O D . Arrows with different lengths between 
C8 and I and between C12 and I I mean that, for in­
stance, the rate of formation of I from C8 is faster 
than that of C8 from I. T h e dotted arrows indicate 
that it is uncertain whether I I is formed directly from 
C 8 and C1 6 or indirectly via I I . 

Formation of Polymers. T h e polymers will be 
formed either as the desorption products of one par t 
of the "active intermediary polymers" (AIP) or as 
the product of the ring-opening polymerization of 
C O D with the AIP . A sufficient amount of C O D 
will give a large amount of polymers by the latter 
reaction. The polymers produced may readsorb on 
the sites to form the A I P and may give the oligomers. 
A large amount of polymers produced may inhibit 
the reaction by covering the active sites.18) 
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The hydrolytic reactions of beryllium(II) ions were calorimetrically studied at 25 °G in aqueous solution 
and dioxane-water mixtures, both containing 3.0 mol dm~3 (Li)G104 as a constant ionic medium. On the 
basis of the formation constants previously determined,10-12) the enthalpy and entropy changes for the reaction, 
qBe2++pH20=Beq(OH)pVz-W++pH+, were estimated for the Be2OH3+ and Be3(OH)3

3+ complexes in aqueous 
solution and 0.1 mole fraction dioxane-water mixture and for Be2OH3+, Be3(OH)3

3+, and Be2(OH)2
2+ complexes 

in 0.2 mole fraction dioxane-water mixture. The enthalpy and entropy changes of formation of the Beq-
(OH)p(25_p)+ complex obtained in solutions of various mole fractions of dioxane were as follows: 2Be2+-f-H20= 
Be2OH3++H+; A# i 2 (mole fraction: 0.0) = 18.6±0.2 kj mol"1, rAS12(mole fraction: 0.0) = 1.3±0.2 kj mol"1, 
AH12 (0.1) = 15.2±0.2kjmol-1 , TA5,

la(0.1) = - 3 . 4 ± 0 . 2 kj mol"1, A#i2(0.2) = 8.4±0.4kJ mol"1, 7AS12(0.2) = 
-12.4iO.4k.Jmol- 1 , 3Be2++3H20=Be3(OH)3

3++3H+; A//33(0.0)=61.7±0.2 kj mol"1, T&Sm(0.0) = \2.2± 
0.2 kj mol"1, A//33(0.1) = 59.4±0.2 kj mol"1, TASzz(0A) = 10.0:fc0.2 kj mol"1, A//33(0.2) = 59.0±0.4 kj mol"1, 
7AS33-(0.2)=9.1±0.4 kj mol"1, 2Be2++2H20=Be2(OH)2

2++2H+; A//22(0.2)=42.3±0.4 kj mol"1, TAS22(0.2) 
= 1.3±0.4kJ mol -1. The enthalpy and entropy changes of the reaction, H 2 0 = H + + O H ~ , in the solutions of 
the same compositions were also determined as A#w(0.0)=56.6±0.1 kj mol-1, TASw(0.0) = — 22.6zt 0.1 kj 
mol"1, A#w(0.1) = 58.1±0.1 kj mol"1, rASw(0.1) = -25 .3±0 .1 kj mol"1, A # w (0.2) = 61.2 ±0.1 kj mol"1, 
TA«S*W(0.2) = —26.6±0.1 kj mol -1. These results were discussed in connection with interactions between the 
hydroxo complexes and the solvent molecules and with those between solvent molecules in the mixed solvents. 

I t has been said that the thermodynamic parameters 
of transfer of electrolytes from aqueous to aqueous 
organic mixed solvents would be a measure of solute-
solvent and solvent-solvent interactions.1-4) T h e 
change in strength of carboxylic acids in mixed solvents 
may be a typical example, where the acidity usually 
decreases with increasing mole fraction of organic 
component.5»6) O n the other hand, the acidity of 
ammonium ion and its homologues increases with the 
concentration of an organic solvent and then sharply 
decreases after passing through a maximum. 7 - 9 ) In 
the preceding studies of hydrolytic reactions of metal 
ions in mixed solvents,10-12) we pointed out that hydrat-
ed metal ions behave in different manner from these 
two types of acids, that is, the acid dissociation (i.e., 
hydrolysis) constant of a hydrated metal ion is not 
practically influenced by the solvent composition of 
aqueous organic mixtures. 

Since no data have been available for the enthalpy 
and entropy changes of hydrolytic reactions of metal 
ions in aqueous organic mixtures, we carried out 
calorimetric measurements of hydrolytic reactions of 
metal ions in order to investigate solute-solute and 
solute-solvent interactions in the reactions. Beryllium 
ion was first chosen as a target of the aim, because 
it has been investigated in detail in aqueous and aqueous 
organic mixtures containing various ionic media.1 0 - 1 2) 
Since the complex formation proceeds rather slowly 
at a high p H range,12) the experiments in this study 
were carried out in the range p H < 4 . 

E x p e r i m e n t a l 

Reagents and Analysis. Beryllium Perchlorate : Beryllium 
oxide of reagent grade was heated for several hours 
with an excess of perchloric acid. Residual beryllium oxide 
was filtered off with a glass filter and beryllium Perchlorate 

thus prepared was recrystallized three times from water. 
The concentration of beryllium ions in the stock solution 
was determined gravimetrically.13) 

Lithium Perchlorate: Lithium Perchlorate was prepared 
as described in Ref. 14. Crystals of lithium Perchlorate 
were dried at about 200 °G in an electric oven. 

Lithium Hydroxide: A lithium hydroxide solution was 
prepared by electrolysis of an aliquot of the lithium Per­
chlorate stock solution under an atmosphere of nitrogen in 
a polyethylene bottle. The concentration of hydroxide ions 
thus prepared was determined by Gran's method15) by titrat­
ing with a standard perchloric acid solution. 

Perchloric Acid: Perchloric acid of super special grade was 
used without further purification. 

Dioxane: Dioxane was purified by the method described 
in Ref. 10. 

The concentrations of hydrogen ions contained in the 
stock solutions were coulometrically determined by Gran's 
method.15) 

Preparation of Test Solutions. Test solutions were con­
tained 3.0 mol dm - 3 Perchlorate ions as a constant ionic 
medium. In each titration, two test solutions were prepared, 
both containing the same total concentration of beryllium 
ion at a given concentration of dioxane in the solutions. 
One (Solution S) contained hydrolyzed beryllium ions and 
the other (Solution T) contained unhydrolyzed beryllium 
ions and a known concentration of perchloric acid, and the 
former was titrated by the latter. The total concentration 
of beryllium ion was kept practically constant during the 
titration. 

The Method of Measurements. The measurements were 
carried out in a thermostated room at 25.0±0.5 °G. All 
the cells used were Dewar vessels, which were immersed 
in a thermostated water bath. The temperature fluctuated 
by ±0.0007 °G at 25.00±0.05 °G. First, about 150 cm3 of 
test solution S was placed in a titration vessel. The tem­
perature change in the titration vessel was detected by use 
of a micro volt meter (Model AM-1001, Ohkura Electric 
Co., Ltd.) and a couple of thermisters which were introduced 
into the titration and reference vessels. Temperature in 

-12.4iO.4k.Jmol-1
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Pulse Generator AD Converter 

Fig. 1. The cell arrangement used for the enthalpy 
titration. A: The reference vessel, B: the titration 
vessel, G: the cell used as a heat exchanger, a: ther-
mister, b : heater, c: cooler which is filled with 
methanol and is connected with an air pump, d: 
stirring bar, e: titrant from a piston buret. 

the reference vessel, to which the temperature change in 
the titration vessel was referred, was kept constant throughout 
the titration. At the thermal equilibrium, temperature in 
the titration vessel was usually slightly higher than that in 
the thermostated water bath because of joule heat by agita­
tion. Therefore, in order to keep temperature of the titrant 
practically the same as that of the test solution, another 
cell was used as a heat exchanger through which the titrant 
T was introduced into the titration vessel. The heat ex­
changer was also agitated with a stirring bar to keep the 
same temperature in the heat exchanger with that in the 
titration vessel. The cell arrangement was depicted in Fig. 
1. Heat evolved per addition of the titrant was about 6— 
20 J, which corresponded to the change of about 200— 
700 (xV. The estimated uncertainty {a) of the heat meas­
urements was about ±0 .4 \LV or ±0.00005 °G. The on­
line controlled enthalpy titration system was developed in 
order to make precise determinations of heat evolved and 
to spare time for measurements. 

The On-line Controlled Enthalpy Titration System. The 
on-line controlled enthalpy titration system is schematically 
shown in Fig. 2. The temperature change in the titration 
vessel was monitored by a JEG-6 spectrum computer (JEOL 
Co., Ltd.) through a micro volt meter and a 10-bit AD con­
verter. Throughout the measurements, time was controlled 
by means of a pulse generator. 

The procedure of a heat measurement per addition of 
the titrant consisted of four steps, A through D, as is shown 
in Fig. 3. 

A Region". Before addition of the titrant, the temper­
ature difference between the titration and reference vessels 
was measured every 10 seconds and a set of continued 50 
data was analyzed to give the temperature gradient G 
(=dd/dt) by assuming the temperature (0) changing linearly 
with time, and, at the same time, the uncertainty ÔG was 
estimated. If G and ôG obtained did not fall within specified 
ranges, one more temperature-difference was measured, and 
the same procedure was repeated using a new set of 50 data. 
When G and ôG fell within given ranges, and thus the test 
solution was reached the thermal equilibrium with the ther-
mostated bath, the temperature at the equilibrium 0O and 
its uncertainty ôô0 were recorded. 

B Region: When the test solution was reached the 
thermal equilibrium with the thermostated bath, the titrant 
T was added from a piston buret to the test solution. The 

Micro Volt 

Meter 

JEC-6 Electronic Computer 

Teletype Relay-

Recorder 

Thermister 

rJJHeaterl 

*-»|cooler| 

Calorimeter 

Fig. 2. The on-line controlled enthalpy titration 
system. The arrows indicate the direction of signals. 

t = 0 

\—4B|*-C-4-

Fig. 3. Determination of heat evolved per addition 
of the titrant. 

operation of adding the titrant usually took a few minutes. 
When the temperature in the titration vessel rose over a 
level of 1O<50O, the temperature change was read every second. 
The procedure was continued until the temperature in the 
titration vessel started to decrease, and the time (tm&x) when 
the temperature reached the maximum was determined (the 
maximum temperature: 0max)-

C Region: The temperature in the titration vessel 
decreased approximately linearly after passing through the 
maximum. The temperature change in the G region could 
be expressed by the following equation: 

0 « = ( 0 m a * - 0 o ) { l - « ( ' - ' m , t s ) } 0) 
where a denotes a constant. The values of 6m&x and a were 
determined using a set of 100 data in this region which were 
measured every second. Then, a cooler was operated to 
cool the test solution to approximately the same temperature 
as 0O. 

D Region: When the cooling of the test solution was 
finished, the test solution was heated by using a standard 
heater which evolved a constant joule heat q. During the 
evolution of heat, the temperature change was read every 
second. The heating of the test solution was continued 
until a set of 100 data was recorded, then the cooler was 
again operated. The set of 100 data was analyzed by as­
suming that temperature rose with a constant rate, and the 
rate R (=dd/dt) was determined. The determination of 
R was repeated five times and the mean value was used to 
estimate the heat capacity Cp of the test solution Cp=q/RV, 
where V denotes the volume of the test solution. The un-
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certainty in R was usually within ± 0 . 3 % . Thus, the heat 
evolved in the course of one titration q was determined by 
the following equation: 

q = A,Cj,7/(emaI-e0) + A2 (2) 

where / stands for a correction of heat escaped from the 
titration vessel until temperature reached the maximum in 
the B region, 

/ = l / ( l - o t f m « / 2 + a»fm„V3) (3) 
and kt and k2 represent empirical constants (kx was nearly 
unity and k2 was nearly zero) which had been determined 
by separate experiments using a standard heater. 

All procedures were automatically operated under the 
controll by the JEG-6 electronic computer. A least-squares 
method was employed for the analysis of the sets of data 
obtained. One procedure of the measurement from A to 
D usually finished within 40 min. In one run of the 
whole titration, ten experimental points were usually meas­
ured with the total volume of the titrant of about 20 cm3. 

Results 

The Enthalpy Change for the Autoprotolysis Reaction of Solvents. 
The enthalpy change for the autoprotolysis reaction of the 
solvents were measured by titrating a standard lithium 
hydroxide solution with perchloric acid in mixed solvents 
containing 3.0 mol dm - 3 Perchlorate ions. The enthalpy 
change AHW for the reaction, H 2 0 = H + + O H - , is given 
by the equation: 

ft = S Q = AHwcnv (4) 

where Q,, q, C&, and v stand for the total heat evolved, the 
heat evolved per addition of the titrant, the concentration of 
hydrogen ions in the titrant and the total volume of the titrant 
added, respectively. A plot of Q,/^H against v might give a 
straight line. The plots in various solvents are shown in 
Fig. 4, and AHW was given as the slope of the straight line. 

The Enthalpy Changes of Formation of the Hydroxo Complexes 
of Beryllium(II). In aqueous solution and 0.1 mole 
fraction dioxane-water mixture, the only Be2OH3+ and 
Be3(OH)3

3+ complexes were formed in the pH range exam­
ined (pH<;4). Therefore, the heat evolved was expressed 
as follows: 

0. = S Q = AH12ôn12 + A#33<5% (5) 
where ônpq denotes the total change in the number of moles 
of the Be3(OH)p<2«-^)+ complex when the titrant was added. 
The ônpq was calculated on the basis of the formation con­
stants previously determined.10-12) Plots of Q/ôn33 against 
ôn12/ônzz gave a straight line with the slope of A # i 2 and 
the intercept of AHZZ. The plots are shown in Fig. 5. 

In 0.2 mole fraction dioxane-water mixture, the Be2(OH)2
2+ 

complex was formed together with the Be2OH3+ and Be3-
(OH)3

3+ complexes. Therefore, the heat evolved was 
expressed as follows: 

d = AH12ôn12 + AHzzônzz + AH22ôn22 (6) 

When we applied a least-squares method to Eq. 6 in order 
to evaluate the values AH12, AHZZ, and A#22> reasonable 
values were not obtained. A possible reason may be that 
ôn22 was approximately proportional to ônzz under the ex­
perimental conditions examined. Since the formation of 
the Be2(OH)2

2+ complex was small (about 20%) compared 
with that of the Be3(OH)3

3+ complex, we assumed at a first 
step of approch that the only Be2OH3+ and Be3(OH)3

3+ 
complexes were present. Thus, the same plots as those 
demonstrated for the aqueous solution and 0.1 mole fraction 

Fig. 4. Determination of the enthalpy change for 
the autoprotolysis reaction of water in dioxane-
water mixture. X represents mole fraction of dioxane 
in the mixture. 

64.0 

62.0 

60.0 
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56.0 y* 
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-0.3 -0 .2 - 0 . 1 

ôn12/ôn33 

0.0 0.1 

Fig. 5. Determinations of the enthalpy changes of 
formation of the Be2OH3+ and Be3(OH)3

3+ complexes 
in aqueous solution and 0.1 mole fraction dioxane-
water mixture. Total concentration of beryllium ions 
cBe (mol dm-3) : O 0.1620, A 0.0967, O 0.0506 
A 0.0995, • 0.0831, • 0.0652. X represents mole 
fraction of dioxane in the mixture. 

dioxane-water mixture were possible and are shown in 
Fig. 6. A relatively good straight line was obtained to 
give approximate values of AH12 and AHZZ. Using the 
value of AH12 thus obtained, the values of AHZZ and A#22 
were estimated by Eq. 7: 

{(l-AH12ôn12)lônzz = A//33 + AH22(ôn22/ônzz) (7) 
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-0.05 

<H2/<5%3 
Fig. 6. Determination of the enthalpy changes of forma­

tion of the Be2OH3+ and Be3(OH)3
3+ complexes in 

0.2 mole fraction dioxane-water mixture. Total 
concentration of beryllium ions cBe (m°l dm -3) : O 
0.1183, A 0.0855, • 0.0847, V 0.0646, O 0.0390. 
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Fig. 7. Determination of the enthalpy changes of forma­
tion of the Be2(OH)2

2+ and Be3(OH)3
3+ complexes 

in 0.2 mole fraction dioxane-water mixture. Total 
concentration of beryllium ions £Be (mol dm -3) : O 
0.1183, A 0.0855, • 0.0847, V 0.0646, O 0.0390. 

The plots of (Q,—AH12ôn12)jônzz against ôn22/ônZ3 for a given 
total concentration of beryllium ions gave a straight line 
with the slope of AH22 and the intercept of AHZZ. By chang­
ing AH12 around the value firstly obtained, the procedure 
was repeated until the plots for all given total concentrations 
of beryllium ions examined were converged on the same line. 
The plots are shown in Fig. 7. The value of AHZZ finally 
obtained was 59.0 kj mol-1, which was in good agreement 
with the value of 59.2 kj mol - 1 firstly approximated. The 
thermodynamic parameters for the formation of the hydroxo 
complexes of beryllium ions and for the autoprotolysis reac­
tion of the solvents thus obtained are summarized in Table 
1. The results obtained in aqueous solution are in good 
agreement with those obtained previously.18»17) 

D i s c u s s i o n 

Ion-solvent and solvent-solvent interactions in 

dioxane-water mixtures have so far been studied by 
using various methods and the following conclusions 
are generally accepted. 1) T h e hydrogen bonded 
structure of water is broken down by the addition of 
dioxane (it has also been reported that the structure 
of water may be enhanced by the addition of dioxane 
less than 0.05 mole fraction18)). The fact is directly 
confirmed by means of N M R . The P M R signal of the 
water molecules shifts to the higher magnetic field 
on dilution with dioxane.19) 2) The interaction be­
tween cations and solvent molecules is enhanced as 
the dioxane content of the solvent increases, while 
the reverse is the case for the interaction between anions 
and solvent molecules. T h e cation-solvent interaction 
is usually larger than the anion-solvent interaction. 
I t has been shown that the enthalpy changes of transfer 
of most electrolytes from aqueous solution to dioxane-
water mixture are negative (exothermic) and become 
more negative as the dioxane content of the mixtures 
increases.20-22) The results are explained as follows: 
Solvent structure plays an important role in determin­
ing the thermodynamic parameters of transfer of elec­
trolytes.23»24) A dioxane-water mixture is less struc­
tured than an aqueous solution, and therefore, ions 
have a larger solvent-ordering effect (or an enhanced 
solvation structure of ions) in the dioxane-water mix­
ture. 3) T h e inner-sphere structure of a complex 
ion is not practically influenced by the addition of 
dioxane. I t has been found that metal ions are pri­
marily solvated with water molecules in water-rich 
dioxane-water mixtures (e.g., the dioxane content less 
than 0.5 mole fraction).25»26) 

O n the basis of these facts, the solvent effects on 
the autoprotolysis of water and the formation of hy­
droxo complexes of beryllium ion are discussed in 
the following sections. 

Autoprotolysis Reaction of the Solvents. The dif­
ference between the enthalpy changes for the auto­
protolysis reaction of water, H 2 0 = H + + O H ~ , in a 
dioxane-water mixture and an aqueous solution is 
represented as follows: 

AHl = AHW (mixed) — A#w( a c l u e o u s ) 

Ahs + AASH - Ahi2o (1) 

where Ah\ stands for the partial molar enthalpy change 
of transfer of species i from aqueous solution to a di­
oxane-water mixture. As is seen from Table 1, the 
enthalpy changes in both aqueous solution and diox­
ane-water mixtures were positive. AHl was also 
positive and became more positive with increasing 
concentration of dioxane. This result for AH I is in 
contrast to those of dissociation reactions of weak acids 
(e.g., acetic acid), in which AH I is usually negative.5) 
Since the sum of the partial molar enthalpy changes 
of transfer of H + and O H ~ ions from water to a d ioxane-
water mixture is negative,20) the positive AH I obtained 
indicated that Ahi2o must be more negative than 
the sum of Ahn and AASH. Since the hydrogen 

bonded structure of water is broken down by the ad­
dition of dioxane, the negative AAà2o may be caused 
by enhancement of the intramolecular interaction of 
a water molecule (i.e., the strength of the O - H bond) 
in dioxane-water mixtures. 
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Formation of Hydroxo Complexes of Beryllium Ion. 
A hydrolytic reaction of beryllium ions may be express­
ed as follows: 

?Be2+ + />H20 = Beç(OH)p<
2«-*>+ + pH+ (2) 

Similar to Eq. 1, Eq. 3 can be represented as follows: 

AH£q = AHpq(mixed) - AHpq(aqueous) 

= AKq + M « - ?AhL - M « 2 o (3) 

In order to estimate the extent of the direct beryl-
l ium-dioxane interaction, R a m a n spectra of aqua beryl­
lium ions in dioxane-water mixtures were measured. 
R a m a n bands of aqua beryllium ions in aqueous 
solution were held at the same frequencies in d ioxane-
water mixtures examined, and therefore, beryllium 
ions may be preferentially solvated with water molec­
ules in the mixtures. Although no direct evidence 
has been given for hydroxo complexes, beryllium ions 
within the hydroxo complexes may also be preferen­
tially solvated with water molecules in water-rich 
dioxane-water mixtures, and the structure of the skel­
eton (i.e., - B e - O H - bonds) of the hydroxo complexes 
may not be appreciably influenced by the solvent 
composition. Therefore, we assumed that Ahpq, as 
well as those of simple ions, reflected the change in 
the solvation structure of the Beq(OH) p(

2q~p>>+ complex 
when the hydroxo complex was transferred from water 
to a dioxane-water mixture. Solvation of the hydroxo 
complex may occur at the beryllium ions within the 
complex. Charges of beryllium ions within the Be3-
(OH)p(2 3 _ p)+ complex may partially be compensated 
with those of hydroxide ions, and therefore, the charge 
per beryllium ion of the Be 3 (OH) p ( 2 « - p ) + complex 
may be smaller than + 2 . Thus, the relation Ahpq> 
qAhL may generally be held. 

As is seen from Table 1, the enthalpy changes of 
formation of the Be 2 OH 3 + complex in aqueous solution 
and dioxane-water mixtures were both positive, but 
AHît became negative with the increase in the con­
centration of dioxane. O n the contrary, the enthalpy 
changes of the Be 3 (OH) 3

3 + complex was practically 

TABLE 1. THE FORMATION CONSTANTS AND THE CHANGES 

IN ENTHALPY (AHpq/kJ m o l - 1 ) AND ENTROPY 

( TASpq/kJ m o i - 1 ) OF THE HYDROLYTIC REACTION 

OF BERYLLIUM ION IN DIOXANE-WATER MIXTURES 

?Be2+ + pH20 = Beq(OH.)pVz-P)+ + pH+ 
ß*q = [Beq(OH)pV«-P)+][H+]P/[Be*+]« 

Mole fraction of dioxane 

0.0 0.1 0.2 

Be2OH3+ 

Be3(OH)3
3+ 

Be2(OH)2
2+ 

H 2 0 = 
H + + O H -

-logA*. 
AH12 

TAS12 

- l o g « 
A//33 
TASm 

- l og AI 
AH22 

TAS22 

AHW 

TAS* 

3.0411) 
18.6 
1.3 

8.67111) 
61.7 
12.2 

3.2911) 
15.2 

- 3 . 4 -

8.6511) 
59.4 
10.0 

13.867«) 14.6106) 
56.6 58.1 

- 2 2 . 6 - 2 5 . 3 -

3.6410> 
8.4 

-12.4 

8.76310) 
59.0 
9.1 

7.11 
42.3 

1.3 

15.376«) 
61.2 

-26.6 

independent of the concentration of dioxane, and AHà 
was approximately zero. The different tendencies in 
AH}q between Be2OH3+ and Be3(OH)3

3+ complexes 
may be caused by the difference in Ahpq, or in other 
words, the different solvation structures of the com­
plexes. 

In order to compare AÄi and Ahn with AhL, 
the values of AHÏ and AH£ of the following reactions 
were calculated, where the contributions of hydrogen 
ions and water molecules to the reactions are same. 

6Be2+ + 3H 2 0 = 3Be2OH3+ + 3H+; Am = 3A/Ä (4) 

3Be2OH3+ + 3H 20 = 2Be3(OH)3
3+ + 3H+; 

Am = 2A//3
t3 - 3A//A. (5) 

The values of AH I and AH I from water to 0.2 mole 
fraction dioxane-water mixture were —30.6 and 25.2 
k j mol - 1 , respectively. Equations 6 and 7 can be 
derived by using partial molar enthalpy changes of 
transfer of the relevant species as follows: 

AHl = 3 ( A t t - 2 A t t . ) + 3 ( A W - A t t , o ) (6) 

Am = (2AW-3A«.) + 3 ( A « - A « 2 o ) (7) 

and 

Am < Am (8) 

Therefore, the relation 

2Ah3\ - 3AÄA > 3At t - 6A/^e 

or 
0 > 2At t > 3At t > 6A^Be 

(9) 

(10) 

was readily obtained. 
As has been pointed out by earlier workers,18-26) the 

enthalpy change of transfer of an ion from water to 
dioxane-water is due to the change in secondary or 
more hydration spheres of the ion and the enthalpy 
change of transfer becomes large for ions having a large 
charge density. Therefore, the relationship given in 
Eq. 10 leads to the charge density per metal ion of 
aqua and hydroxo complexes of beryllium ions decreas­
ing in the order of Be2+, Be2OH3+, and Be3(OH)3

3+. 
Although the formal charges calculated on the beryl­
lium atoms within the aqua and hydroxo complexes 
are + 2 , + 1 . 5 , and + 1 for Be2+, Be?OH3+, and Be3-
(OH) 3

3 + , respectively, the results given in Eq. 10 
suggested that much more positive charges might locate 
at the beryllium atoms within the hydroxo complexes. 

T h e charge distributions within the Be 2 OH 3 + and 
Be3(OH)3

3+ complexes may be represented as follows:27) 

/ 
(H20)3Be 
+ (2-6/2) 

OH 

Be(OH2)3 

+ (2-6/2) 

+ ( 2 - a / ) / ° ^ + ( 2 - d / ) 

(H20)2Be Be(OH2)2 

- (1-6 ' ) 

0 < ( 5 < 1 

HO OH - ( 1 - 6 0 

N \ / 

Be(OH2)2 

+ ( 2 - 6 0 

0 < 6' < 1 
In the models it was simply assumed that solvation 
of a hydroxo complex of beryllium ions occurred at 
the beryllium ion, and a hydroxide ion within the 
complex acted as a joint between beryllium atoms and 
as to decrease their charges. 



November, 1979] Thermodynamic Study on Hydrolysis of Be(II) in Mixed Solvents 3203 

The interaction between a beryllium ion and solvent 
molecules may be essentially electrostatic, so that the 
bond energy (or the enthalpy of solvation) may be 
approximately proportional to zfi/r2, where z, ju, and 
r stand for the formal charge of beryllium ion in the 
complex, the dipole moment of the water molecule 
and the distance between the beryllium ion and the 
water molecule, respectively. If we assumed that the 
enthalpy of solvation of a beryllium ion within a hy-
droxo complex is proportional to the charge of the 
beryllium ion, the relationship ô<ô' may be derived 
from Eq. 9. Thus, the charge on the hydroxide ions 
within the Be 2 OH 3 + complex may be larger than that 
within the Be 3 (OH) 3

3 + complex. 
Raman spectroscopic measurements of aqua beryl­

lium ions in aqueous solution showed a band at 527 
c m - 1 due to the total symmetric stretching vibration 
of Be(OH2)4

2+.28> Corresponding frequencies(*>) of the 
Be -OH 2 stretching vibration within the Be 2 OH 3 + and 
Be3(OH)3

3+ complexes shifted to 497 and 408 c m - 1 , 
respectively.28) The shift of the band of the Be2OH3+ 
complex is comparatively less than that of the Be3-
(OH) 3

3 + complex. If we simply assumed that the 
interaction between a beryllium ion and water mole­
cules within a complex is purely electrostatic, and thus, 
v2 is approximately proportional to the charge of the 
beryllium ion, the formal charge of the beryllium ions 
within the Be 2 OH 3 + and Be 3 (OH) 3

3 + complexes were 
estimated to be + 1 . 7 8 and + 1 . 2 0 , respectively, or 
(5=0.44 and (5'=0.80. The results coincided with that 
derived from a qualitative comparison between AAA 
and AW described above. 

Although these considerations were very approximate, 
the results obtained suggested that the charge distribu­
tion within the hydroxo complexes may be strongly 
related to the enthalpy of solvation, and thus the partial 
molar enthalpy change of transfer of the complexes 
from one solvent to another. 
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Molecular Structure of Trimethylphosphine-boron 
Trichloride by Gas Electron Diffraction 

Kinya IIJIMA and Shuzo SHIBATA* 

Department of Chemistry, Faculty of Science, Shizuoka University, Oya, Shizuoka 422 
(Received March 22, 1979) 

The molecular structure of trimethylphosphine-boron trichloride (CH3)3P-BC13 has been determined from 
gas electron-diffraction data. The structure parameters and uncertainties are rg(P-B) = 1.941 (16) A, rg(B-Cl) 
= 1.851(7) Â, rg(C-P) = 1.800(4) Â, rg(C-H) = 1.099(5) Â, rg(Gl-Gl) = 3.022(5) Â, and r g (G-G) =2.936 
(10) Â. The potential barrier about the P-B axis is 3.8=fc0.7 kcal mol - 1 in the gas phase. The data show that 
the molecular structure in the gas phase is nearly equal to that in the solid phase. 

The molecular structures of several phosphorus-boron 
donor-acceptor complexes have been investigated in 
the gas and solid phases by microwave spectroscopy1-5) 
and X-ray diffraction,6) respectively. According to 
these studies the distances of the P-B dative bond in 
the complexes are very different from each other. 
The experimental data showed that the P-B distances 
in FgP-BHa1) and H3P-BH3

2) are 1.836±0.006Â and 
1.937±0.005 Â, respectively, and the P-B distances 
of the other complexes are somewhat between these 
values. Therefore, the P-B dative bond appears to 
considerably change in length according to circum­
stances surrounding the bonded atoms. I t has been 
noted that there appears to be no correlation between 
the distance of the P-B dative bond and the stability 
of the complex.4) For example, the F3P*BH3 complex 
is extensively dissociated in the gas phase at room tem­
perature, while the ( C H 3 ) 3 P B H 3 complex, which has 
a greater P-B distance, 1.901 ±0 .007 Â,4) is more stable 
and can be heated to approximately 200 °C without 
appreciable decomposition.7) Rudolph and Parry 
have proposed a theory to account for the unusual 
properties of the P-B bond,8) but more structural data 
appears to be necessary in order to understand the 
nature of the P-B dative bond. I t has been reported 
that the distance of the N - B dative bond in trimethyl-
amine-boron trihalide is significantly larger in the gas 
phase than in the solid phase.9 - 1 1) I t is therefore of 
interest to compare the P-B distance of trimethyl­
phosphine-boron trihalide in the gas phase with that 
in the solid phase.6) Thus the present study was 
undertaken in order to determine the molecular struc­
ture of gaseous trimethylphosphine-boron trichloride 
(CH3)3P-BC13 . 

Exper imenta l 

Trimethylphosphine was prepared by the dropwise ad­
dition of phosphorus trichloride into an ethereal solution 
of methyllithium, and the distilled trimethylphosphine solu­
tion added to an ethereal solution of boron trichloride. After 
removal of the ether, the trimethylphosphine-boron trichlo­
ride complex was recrystallized from acetone and water, 
and sublimed under vacuum. The purity of the complex 
was verified by IR analysis.12) In the electron-diffraction 
experiment the sample was vaporized at approximately 
190 °G by means of a high temperature nozzle, and photo­
graphs taken with an r3-sector at camera distances of 144 
and 294 mm. The accelerating voltage was 40 kV, and 
the exposure time for the long camera distance was 25 s 
using an electron-beam current of 0.7 JJLA. For the short 

camera distance the exposure time was 80 s using a beam 
current of 0.9 uA. The pressure in the diffraction chamber 
was approximately 1X 10-5 Torr during the experiment. 
The electron wavelength was measured by means of dif­
fraction patterns of thallium chloride powder.13) Photo­
graphs were recorded on Kodak electron-image plates, and 
the optical densities of the three plates taken at each camera 
distance were measured at 0.4 mm intervals by means of 
a digital microphotometer. The electron-diffraction unit 
and digital microphotometer used in the present study have 
been described elsewhere.14) 

Analys i s a n d R e s u l t s 

The scattering intensities were obtained in the ranges 
of ^=2.5—17.3 Â - 1 and 5.0—34.2 Â" 1 from the pho­
tographic plates at long and short camera distances, 
respectively. The intensities were divided by the 
theoretical backgrounds, and the leveled intensities of 
several plates for each camera distance were averaged. 
The elastic and inelastic scattering factors were taken 
from the tables prepared by Schäfer et al1^ and Cromer 
and Mann,1 6) respectively. The background curves 
were drawn by hand for the long distance data and 
fitted to a 7th degree polynomial for the short distance 
data . The molecular intensities for each camera dis­
tance were joined at ^=14 .8 Â - 1 , and the curve, shown 
in Fig. 2, used for the analysis. Figure 3 shows the 
radial distribution curve, which suggests that the molec­
ular structure of (CH3)3P-BC13 is staggered. 

The molecular parameters were determined by a 
least-squares analysis of the molecular intensities. I t 
was assumed that the (CH3)3P-BC13 molecule has 
C3v symmetry in the staggered form, and that the 
methyl group has local C3 v symmetry and is staggered 
with respect to the P-B bond. The mean amplitudes 
and the corrections for the shrinkage effects,17) r&—ra, 
were calculated on the basis of the force field for 
(CH3)3P-BC13

12) and are given in Table 1. The 

H3 CI 3 

MijJ^HHi Cli 
Hs 

Fig. 1. Numbering of atoms in trimethylphosphine-
boron trichloride (symmetry C3„). 
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TABLE 1. CALCULATION OF MEAN AMPLITUDES AND 

SHRINKAGE EFFECTS FOR ( C H 3 ) 3 P - B C 1 3 (IN 1 0 _ 4 Â ) 

Fig. 2. Molecular intensities for trimethylphosphine-
boron trichloride. Solid curve, calculated; dotted 
curve, experimental. Lower curve, two times the 
residuals with respect to the experimental curve. 

Fig. 3. Radial distribution curve for trimethylphos-
phine-boron trichloride. Solid curve, experimental; 
lower curve, 2.5 times the residuals. 

geometrical parameters and the mean amplitudes de­
termined by the least-squares analysis are as follows: 
r(B-Cl) , r (P-B) , r ( C - P ) , r ( C - H ) , r ( C l - C l ) , r ( C - C ) , 
Z P C H , /(B-Cl) , / (C-P) , / ( C - H ) , / ( C l - C l ) , l(trans 
C - C l ) , [(gauche C - C l ) , / ( P - H ) . The mean am­
plitudes for the other atomic pairs were fixed to the 

B-Gl 
B-P 
B - G i 
B-..H! 
B . .H 2 

Gl^-.G^ 

ar..p 
G1....G, 
G11...G2 

G1....H, 
Q r - H g 
C l ^ - H , 
G l r - H , 
Glr -He 

/ 

696 
645 

1187 
1340 
2276 
808 

1001 
1160 
2390 
1498 
2141 
2476 
3850 
3456 

rs.-r„ 

62 
3 

117 
242 
253 

93 
15 
20 

3 
111 
107 
123 

- 1 0 6 
112 

P-G, 
P.. .H, 
Gj—Ga 
Gx-H, 
CV--H4 

G r - H , 
Gi-'-Hg 
Hj-'-Ha 
Hj—K^ 
H r . . H 5 

Hi-'-Hg 
H2---H5 

H2---H6 

H 2 ' "H 9 

I 

534 
1181 
1189 
782 

2329 
2341 
1330 
1299 
3292 
3621 
2373 
2319 
1561 
3360 

rs.-ra 

277 
428 
410 
518 
401 
450 
685 
900 
356 
271 
665 
740 
889 
363 

The numbering of the atoms is shown in Fig. 1. 

calculated values shown in Table 1. The asymmetry 
parameter , K, for the C - H bond was assumed to be 
1 .2x lO~ 5 Â 3 by a diatomic approximation.18) The 
asymmetry parameters for the other atomic pairs were 
neglected. 

In the force field treatment by Drake et al.12) the 
torsional vibrations around the C - P and P-B bonds 
were not taken into consideration. In the present 
study the force constant for the torsional vibration 
around the C - P bond was assumed to be 0.08 mdyne 
Â. This value was estimated from the potential bar­
rier for trimethylphosphine, 2.6 kcal mol - 1 .19) Since 
the torsional vibration around the P-B bond contributes 
considerably to the mean ampli tude of the gauche 
C - C l pair, the force constant for this motion, 
F (P-B) , was adjusted to fit the calculated mean am­
plitude of the gauche C---C1 pair to the observed 
one from the analysis of electron-diffraction inten­
sities.11) Thus 7 (P-B) was estimated to be 0 .12± 
0.02 mdyne Â, and the potential barrier of the torsional 
vibration around the P -B bond was evaluated as 
3 .8±0.7 kcal mol"1 . 

The ra parameters and mean amplitudes determined 
by the analysis are given in Tables 2 and 3 together 

TABLE 2. MOLECULAR PARAMETERS 

(GH3)3P.BG13 (gas)») 

ra
D <7f> 

(solid)c> 
r 

(CH3)3Pa> BCL«) 

B-Gl 
P-B 
G-P 
G-H 
C I - C I 
G...G 

ZPCH 
ZG1BG1 
ZGPG 

1.843 
1.939 
1.771 
1.042 
3.010 
2.890 
113.7 
109.5 
109.3 

1.851 
1.941 
1.800 
1.099 
3.022 
2.936 

0.007 
0.016 
0.004 
0.005 
0.005 
0.010 
0.9 
0.4 
0.3 

1.855 (5) 
1.957 (5) 
1.81 (1) 

111.4 (4) 
107.9 (4) 

1.846 (3) 
1.091 (6) 

2.800 (5) 
110.7 (5) 

98.6 (3) 

1.742 (4) 

3.013 (6) 

120 

Bond distance: Â unit; bond angle: degree unit, a) Present study, b) Angles were calculated using ra param­
eters, c) Ref. 6. d) Ref. 21. e) Ref. 22. f) See text. 
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TABLE 3. ROOT-MEAN-SQUARE AMPLITUDES FOR 

(GH3)3P.BG13 (in Â unit) 

B-Gl 
G-P 
G-H 
C -CI 
trans C—Cl 
gauche G---G1 
P-..H 

tobsd 

0.067 (6) 
0.048 (4) 
0.073 (5) 
0.092 (4) 
0.106 (8) 
0.238 (10) 
0.113 (10) 

Scaled 

0.070 
0.053 
0.078 
0.081 
0.116 
0.239 
0.118 

with their 9 9 % confidence errors, respectively. The 
errors were estimated from random errors in the least-
squares calculations and systematic errors originating 
from the measurements of camera distance and electron 
wavelength. The comparatively large errors of r ( B -
Cl), r (P-B) , and /(B-Cl) are attributable to the large 
correlations between other parameters . The correla­
tion matrix is listed in Table 4, and the best-fit theo­
retical intensity curve is shown in Fig. 2.20> The 
calculations of mean amplitudes, shrinkage effects, and 
method of least-squares were conducted on a H I T A C 
8800/8700 computer in the Computer Center of the 
University of Tokyo. 

D i s c u s s i o n 

From a comparison of the molecular structure of 
the (CH3)3P-BC13 complex to those of the component 
molecules of (CH3)3P21) and BC13

22> (Table 2), it can 
be seen that complex formation increases the CPC 
angle by 1 1 % and the B-Cl distance by 6%, and 
decreases the C - P distance by 3 % and the C1BC1 
angle by 9 % . Both the CPC and the C1BC1 angles 
in the complex are almost tetrahedral. The above 
changes can be interpreted in terms of the valence-
shell electron-pair repulsion theory.23) 

The structural change of the donor molecule by 

the formation of (CH3)3P-BC13 is quite different from 
that by the formation of the trimethylamine complex, 
since in the former the CPC angle increases and the 
C - P distance decreases while in the latter the CNC 
angle decreases (2°) and the C-N distance increases 
(0.04 Â).10) With respect to the acceptor molecule, 
however, the structural change is rather similar in 
both complexes (a decrease of 8 % in the C1BC1 angle 
and an increase of 6 % in the B-Cl distance in the 
(CH3)3N-BC13 complex10)). There is another dif­
ference between both complexes. The molecular 
structure of (CH3)3N-BC13 in the gas phase10) differs 
from that in the solid phase.24) For example, the 
N - B dative bond is much greater in the gas phase 
than in the solid phase. The molecular structure of 
gaseous (CH3)3P-BC13 is however nearly equal to that 
in the solid phase.6) 

The rotational barrier of H 3 P B H 3 about the P-B 
bond is 2.47±0.05 kcal m o l - 1 according to a M W 
spectroscopic study.2) The fluorine-substituted com­
pounds of F 3 P-BH 3 and H 3 P-BF 3 have slightly larger 
barriers, 3.24±0.15 and 3.39±0.40 kcal mol"1 , re­
spectively.1»3) The H---H distance in H 3 P B H 3 , the 
F—H distance in F 3 P B H 3 and that in H 3 P-BF 3 

are virtually identical, which suggests that the incre­
ment in the barrier for the fluorine-substituted com­
pounds is probably due to the large steric repulsion 
of the fluorine atoms. O n this bases, it might be 
expected that in (CH3)3P-BC13 the methyl groups 
and chlorine atoms increase the barrier around the 
P-B bond through large steric effects. The barrier 
was however found to be 3.8±0.7 kcal mol - 1 , which 
is equal to that reported for F 3 P-BH 3 and H 3 P-BF 3 

within the limits of experimental error. This could 
be attributed to the considerably large C---C1 dis­
tances in (CH3)3P-BC13 . 
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Anodic oxidation of 2-aminofluorene in acetonitrile solutions at a Pt electrode was investigated by using 
electrochemical techniques and by preparative-scale electrolyses. The cyclic voltammogram of 2-aminofluorene 
exhibited two anodic waves, which had peak potentials at 0.45 V (Ia) and 1.15 V (IIa) vs. Ag/0.01 M AgC104. 
Wave I I a was due to oxidation of protonated 2-aminofluorene. In the voltammogram of repetitive sweeps, 
another redox couple (IIIa/IIIc) was observed at 0.13 V for I I I a and 0.06 V for IIIC, respectively. This indicates 
that at wave Ia , a species which is more easily oxidized than 2-aminofluorene was produced by follow-up chemical 
steps. By controlled-potential electrolysis at 0.5 V of a 2-aminofluorene solution containing pyridine as a prpton 
acceptor, a dark green product, 3-(2-fluorenylimino)-2,3-dihydro-2-fluorenimine (5) (or l-(2-fluorenylimino)-
1,2-dihydro-l-fluorenimine (5')), precipitated as the main product in more than 70% yield. The oxidation 
pathway of 2-aminofluorene (Eqs. 1—4) has been proposed on the bases of the following results: (i) The ap­
parent w-value was 1.95, (ii) two protons/molecule of 2-aminofluorene were released in the follow-up chemical 
steps, and (iii) the peak potential for oxidation of 2/-amino-2,3/-difluorenylamine (3) (or 2-amino-l,2'-difluo-
renylamine (3')) was in good agreement with that of wave IIIa, and the anodic oxidation of 3 (or 3') gave the 
same product as that obtained by oxidation of 2-aminofluorene. 

Anodic oxidation of aromatic amines has been ex­
tensively studied in both aqueous and nonaqueous 
solutions, and some general rules for reaction pathways 
have been obtained for mononuclear aromatic 
amines.1-5) For polynuclear aromatic amines, how­
ever, little is known about the oxidation pathway. 
This is partially because in many cases the oxidation 
products film the electrode surface and no product 
could be isolated. Most investigations of these com­
pounds have been limited to the measurement of the 
oxidation half-wave potentials which are correlated 
with the H M O energies of the highest occupied molec­
ular orbitals.6»7) Recently, however, electrochemical 
pathways of polynuclear aromatic amines have become 
increasingly important biologically. This is because, 
(i) since these compounds are typical carcinogens and 
their azo and/or hydrazo derivatives are important 
metabolic intermediates of the carcinogens,8»9) informa­
tion which elucidates the carcinogenic mechanism may 
be obtained, and (ii) an electrochemical technique 
for the synthesis of biologically important compounds 
can be developed. Furthermore, it would be worth­
while to study the oxidation of polynuclear aromatic 
amines to examine whether or not the general rules 
for the oxidation mechanism proposed for mononuclear 
aromatic amines can be applicable for polynuclear 
ones. 

In the present study, anodic oxidation of 2-amino­
fluorene, whose reaction pathway has not yet been 
reported, was investigated. 

E x p e r i m e n t a l 

Reagents were analytical GR grade and used without 
further purification unless otherwise noted. Sodium Per­
chlorate was recrystallized twice from ethanol, dried overnight 
under a reduced pressure (400 Pa), and stored over silica 
gel. Acetonitrile was purified by distillation with P2O s 

and with K2G03 , and then twice by slow fractional distil­
lation. The MeCN was used within two weeks after purifica­

tion. The water concentration of the test solution was 
determined to be less than 0.2 wt% by the Karl-Fischer 
titration. 

The cyclic voltammograms were measured at a Pt disk 
electrode (2.0 X 10-3 cm2) using a Yanaco P8 polarograph. 
The electrode was polished with an oil stone before each 
measurement. Rotating disk electrode (RDE) voltammetry 
was carried out using a commercially available instrument 
constructed by Nikko Keisoku. The kinematic viscosity 
(v) of the solution used was 0.00441 cm2 s_1. The diffusion 
coefficient (D) of 2-aminofluorene was estimated to be 1.55 X 
10 -5 cm2 s_1 by the Levich equation. 

Controlled-potential electrolysis was undertaken using a 
Nikko Keisoku NPGS 301 potentiostat. A two-compartment 
cell with a fine glass frit was used. The working (50 cm2) 
and the counter electrodes were Pt plates. During elec­
trolysis, cyclic voltammograms of the solution were measured 
to check the change of the composition of the solution. The 
working electrode for preparative-scale electrolysis was 
reactivated, when necessary, by burning, because the product 
which adhered on the electrode surface caused a steep decrease 
in current. In the time scale for voltammetric measurements, 
however, no serious adsorption of the product was observed. 

An Ag/0.01 M AgC104 couple in MeCN was used as 
the reference electrode and potentials appearing in this 
paper are referred to this electrode. All electrochemical 
experiments were carried out at 25±0.5 °G under an atmos­
phere of nitrogen. Throughout this paper, 1 M = 1 mol dm -3 . 

After exhaustive electrolysis of 2-aminofluorene, the solu­
tion was concentrated and water was added to precipitate 
a dark green product. The precipitate was separated by 
centrifugation and filtered off. The crude product was 
washed more than six times with each 10 ml of water to 
remove trace amounts of 2-aminofluorene which remained 
unreacted, and then recrystallized from either aqueous meth­
anol or aqueous iV,iV-dimethylformamide. Thus, for ex­
ample, 19 mg of the product (I) was obtained by electrolysis 
of 27 mg of 2-aminofluorene (150 ml of I m M solution); 
the yield is more than 70%. The product I was then chro-
matographed on both silica gel (Wako B-10) and alumina 
(Wako B-10) with either benzene, acetone, or ethanol, and 
detected with iodine. In each case only a single spot was 
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observed. The analytical data on the product I are: m p > 
300 °G; UV-Vismax (MeCN) 277 (log e 4.3) and 660 nm 
(log e 3.4); NMR (G5D5N) (5=3.76 (4H, s, GH2) and 6.9— 
7.8 (13H, m, Ar-H); IR (KBr) 3370 (v N-H) and 1610 
cm-1 (v G=N). Found: C, 87.2; H, 5.4; N, 7.4%; M+, 
358. Galcd for G26H18N2: G, 87.1; H, 5.1; N, 7.8%; M, 
358.4. The product I was easily soluble in 7V,iV-dimethyl-
formamide, fairly soluble in pyridine, soluble in MeCN, 
methanol, and ethanol, but almost insoluble in water. 

Acetylation of I was performed by a method similar to 
that described by Bridger et al.10) In the IR spectrum of 
the acetylated product, the absorption of N-H stretching 
at 3370 cm - 1 disappeared, and those of G=0 stretching and 
G-CH3 bending appeared at 1720 and 1370 cm -1, respectively 
( = N H - > = N - G ( = 0 ) - G H B ) . The number of NH groups was 
estimated to be one by the ratios of the number of methyl 
protons introduced by acetylation to those of methylene 
protons and aromatic protons of the fluorene ring in the 
NMR spectrum of the acetylated product. 

2/-Amino-2,3/-difluorenylamine (3) was prepared accord­
ing to the literature,11^ where it had not been determined 
whether the compound was 3 or 2-amino-l,2'-difluoren-
ylamine (3'). No data for distinguishing between 3 and 
3' were obtained in the present study; we denote this com­
pound as 3 just for convenience. Oxidation of 3 was carried 
out electrochemically by a method similar to that used for 
the oxidation of 2-aminofluorene, except for the applied 
potential. 

The IR and UV spectra were obtained using a Hitachi 
125-G (using KBr pellet technique) and a Hitachi 200-10 
spectrophotometer, respectively. The NMR spectra were 
measured using a JEOL MH-100 spectrometer in either 
pyridine-^ or GDG13 containing TMS as an internal standard. 
The mass spectra were recorded using a JEOL JMS D-100 
spectrometer. 

R e s u l t s a n d D i s c u s s i o n 

The cyclic voltammogram of 2-aminofluorene showed 
two anodic waves having peak potentials, Ep, of 0.45 
(Ia) and 1.15 (IIa) (Fig. l a ) . Wave I I a was due to 
oxidation of protonated 2-aminofluorene. When the 
concentration of proton added was equal to that of 
2-aminofluorene, only this wave was observed (Fig. 
lb ) . Further increase in proton concentration did not 
cause appreciable change in the shape or height of 
the wave. O n the other hand, the height of wave 
I a increased with increasing amounts of pyridine added. 
Finally, in the solution containing twice as much 
pyridine as the concentration of 2-aminofluorene, the 
peak current of I a became twice the value observed 
in the solution with no pyridine, whereas wave I I a 

disappeared and a wave due to oxidation of pyridine 
at £"p=0.95 V was observed (Fig. lc) . These cyclic 
voltammetric data show that 2-aminofluorene acted 
as a base in the follow-up chemical steps, but pyridine 
replaced 2-aminofluorene as a proton acceptor. 

By controlled-potential electrolysis of 1 m M 2-amino­
fluorene solution with no pyridine, the n-value (elec­
trons consumed/molecule of the starting amine) ob­
served was 0.5—0.6, and a dark green precipitate 
and protonated 2-aminofluorene were produced. 
During electrolysis, the color of the solution turned 
green and then reddish purple. T h e latter color was 
due to protonated species of the dark green product, 

E vs. (Ag/Ag+)/V 

Fig. 1. Cyclic voltammograms of 1 mM 2-amino­
fluorene in 0.1 M NaC104-MeCN at the scan rate 
of 0.2 V s_1. a; With no additive, b ; with 1 mM 
HG104, and c; with 2 mM pyridine. The direction 
of the potential sweep is shown by arrows on the 
voltammograms. 

because an acetonitrile solution of the green product 
changed from green to reddish purple when perchloric 
acid was added to the solution. Thus , in order to 
reduce the complication caused by the protonation 
of both the starting amine and the product, preparative-
scale electrolyses at 0.5 V of 1 m M 2-aminofluorene 
solution containing 2—5 m M pyridine were carried 
out. During electrolysis, the dark green product was 
generated as the main product in a yield of more than 
70%, and the w-value of 1.95 was obtained by cou-
lometry. The color of the solution became dark green 
and no further change to reddish purple was observed 
even at the end of the electrolysis. In the cyclic 
voltammograms of the solution during electrolysis, the 
peak current of I a decreased and a new reduction wave 
(IVC) due to reduction of protonated pyridine ap­
peared (Fig. 2). The peak current of wave IVC ob­
served at the end of the electrolysis indicates that two 
protons per molecule of 2-aminofluorene were released 
in the follow-up chemical steps. No appreciable 
change in the results was observed by varying the 
concentration of pyridine (2—5 m M ) . 

Oxidation Product. The structure of the dark 
green product is now considered in detail. In general, 
anodic oxidation of aromatic amine gives three types 
of compounds, namely, azo type (which is formed 
by N - N coupling of the intermediates), ortho-semidine 
type (by ortho G-N coupling), and benzidine type 
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-1.0 -0.5 0 
£ w. (Ag/Ag+)/V 

0.5 

Fig. 2. Cyclic voltammograms of 1 mM 2-amino­
fluorene in 0.1 M NaC104-MeCN containing 3 mM 
pyridine (a and b), and of 1 mM protonated pyridine 
(c) in 0.1 M NaC104-MeCN. a; Before, and b ; 
after exhaustive oxidation at 0.5 V. c; 1 mM pyridine 
solution containing 1 mM HG104. Scan rate: 0.2 
Vs- 1 . 

compounds (by C - C coupling). For product I, 2,2'-
azofluorene must be rejected because no appreciable 
U V absorption for 2,2'-azofluorene or 2,2'-hydrazo-
fluorene12) was observed. A benzidine type compound 
may also be unlikely because of the structural hindrance 
of 2-aminofluorene. Thus, an ortho-semidine type is 
most probable, and 2'-amino-2,3'-difluorenylamine 
(3), which seems to be an intermediate in the present 
reaction, was synthesized according to the literature11) 
(see experimental section). 

By anodic oxidation of 3 at 0.3 V, the slightly orange-
colored solution turned green and a product was 
obtained, which was identical with that obtained by 
oxidation of 2-aminofluorene, judging from their N M R , 
IR , and U V spectra. Thus, the following structure, 
5, is suggested for product I : 

S\ /V 
I II II I 

X / N / V ^ N H 
5 

To further clarify the structure, the product was 
analyzed by several methods (see experimental section). 
The following analytical data support the structure 
5 : (i) In the I R spectrum of I, N - H stretching absorp­
tions for 2-aminofluorene at 3360 and 3450 c m - 1 

changed to a single band at 3370 c m - 1 and a C=N 

10 

04 8 

t> « 
i 

2 \-

I K# 

1 1 

• 

• 
1 1 
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• 

i 

-1 1 
log^/Vs- 1 ) 

Fig. 3. The ratio of the peak current for wave Ia of 
1 mM 2-aminofluorene solution to the square root 
of the scan rate, ipijv1/2, as a function of the scan 
rate in 0.1 M NaC104-MeCN. (O); With 2 mM 
pyridine, and ( • ) ; without. 

stretching absorption at 1610 c m - 1 was observed 
( - N H 2 - » >C=NH). (ii) Acetylation of I took place, 
and the number of N - H groups per molecule of I 
was estimated to be one from the N M R spectrum of 
the acetylated product, (iii) Results of elementary 
analysis and molecular weight ( = 358) are in good 
agreement with those calculated for 5. (iv) The N M R 
spectrum showed that the number of aromatic protons 
and that of methylene protons are reasonably explained 
in terms of the structure of 5, though no appreciable 
peak for N - H protons was observed. 

Oxidation Pathway. T o clarify the mechanism 
for the formation of 5, further cyclic voltammetric 
investigations were carried out. The ratio of the peak 
current of wave I a to the square root of the scan rate 
of the potential, *pIa/fl

1/2, decreased with an increase 
in the scan rate (Fig. 3). In repetitive cyclic voltam­
mograms, a couple of waves ( I I I a / I I I c ) at potentials 
less anodic than that of wave I a were observed (Fig. 
4). These results indicate that for oxidation at wave 
I a a pr imary one-electron transfer occurred to form 
a cation radical, and then a species which is more 
easily oxidized than the starting amine was produced 
by a chemical reaction and was further oxidized; 
this would be like a so-called ECE mechanism. Wave 
I I I a in the cyclic voltammogram of 2-aminofluorene 
was in good agreement with the oxidation wave of 
3 in both the peak potential and the wave shape (Fig. 
4). T h e differences in shape and the peak potential 
observed between wave IIIC and the corresponding 
re-reduction wave of 3 are probably because the oxida­
tion product adsorbed on the electrode shifts the re-
reduction wave of 3 to more negative potentials (Fig. 
4c). During controlled-potential electrolysis of 3 at 
0.3 V, two electrons per molecule of 3 were consumed, 
and the number of protons liberated was estimated 
to be two from the peak current for the reduction of 
protonated pyridine. 

Thus, taking into account the results that (i) the 
over-all w-value for oxidation of 2-aminofluorene was 
two, and (ii) two protons with respect to the starting 
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Fig. 4. Repetitive cyclic voltammograms of 1 mM 2-

aminofluorene (a and b), and of 0.5 mM of 3 (c) in 
0.1 M NaC104-MeCN containing a; 0 mM, b ; 2 
mM, and c ; 5 mM pyridine. Scan rate : 0.2 V s -1. 

amine were released in the follow-up chemical steps 
to produce 5, we propose that 5 is formed by the fol­
lowing reactions in a solution containing pyridine 
(Py): 

y \ /% 
\ > X/sy^NH, eu) 

\ > \ / \ y \ N H 2 

2 

X \ A / H 
i ii i r+ (i) 
X / ^ X / ^ N H 2 

2 2 + 2Py S\-
H A 

X / N X + 2PyH+ 
X / \ / \ ^ N N H 2 

- 2 c (Ilia) > 

^f 2c (IIIC) 
^ \ -

H A - w 
' i + 

(2) 

(3) 

vvvm 
+ 

4 
_/X 

4 + 2Py ^ N ^ \ / , N / X / \ / \ X + 2PyH+ 

X / X / V ^ N H (4) 

where the formation of 5 ' , an isomer of 5, is also possible 
via similar reactions. In the present experiment, no 
data for distinguishing between 5 and 5 ' have yet 
been obtained; to determine the correct structure of 
the product I, further experiments, for example 13G 

TABLE 1. RDEa) DATA FOR OXIDATION OF 2-AMINO­

FLUORENE IN 0.1 M NaC104-MeCN 

Conen 
mM 

0.6 

0.8 

1.0 

1.2 

CO 

rad s_1 

20.7 
30.4 
40.3 
49.8 
61.3 
meand> 

20.7 
30.2 
40.2 
50.0 
61.4 
meand> 

11.0 
20.7 
30.6 
40.2 
50.3 
meand) 

20.7 
30.4 
40.4 
50.2 
meand) 

e>-V2 b> 

jxA rad-V» s1/2 

3.99 
3.94 
3.87 
3.83 
3.79 
3.79 

5.46 
5.41 
5.36 
5.29 
5.19 
5.20 

6.99 
6.77 
6.71 
6.64 
6.56 
6.51 

8.68 
8.51 
8.45 
8.43 
8.26 

wapp 

1.05 
1.04 
1.02 
1.01 
1.00 
1.00 

1.05 
1.04 
1.03 
1.02 
0.998 
1.00 

1.07 
1.04 
1.03 
1.02 
1.01 
1.00 

1.05 
1.03 
1.02 
1.02 
1.00 

Av. 

k°) 
s-1 

0.20 
0.22 
0.16 
— 
— 
— 

0.19 
0.23 
0.23 
0.16 
— 
— 

0.15 
0.15 
0.17 
0.15 
— 
— 

0.20 
0.17 
0.17 
0.19 
— 

0.18 

a) The area of the electrode was 0.0707 cm2, b) The 
values adopted are the average of more than five 
independent experiments, c) The values of k were 
estimated using Eq. 7 of Ref. 14, where Z)=1.55 
Xl0- 5 cm 2 s - x and v = 0.00441 cm2 s"1. d) The mean 
of the values obtained at 83.8<a><314.2 rad s_1. 

N M R measurements, are required, and some investiga­
tions are now in progress. 

y \ A 
i II II i 

NH 

_/X 

-2e - 2 H + 

(. II 
X / N / X / ^ N H 

3' 

(5) 

Since the potentials for the waves I I I a / I I I c and 
I a were not affected by the presence of pyridine, similar 
reactions to those described above (Eqs. 1—4) also 
occurred in the solution with no pyridine, except 
that the protonations of the starting amine and of 
the product 5 occurred in this solution. The proposed 
reactions for 2-aminofluorene are similar to those usu­
ally observed for mononuclear aromatic amines. 
However, the predominant formation of the ortho-
semidine type dimer should be noted because several 
compounds involving polymers are usually formed for 
mononuclear amines. This probably results from the 
structures of 2-aminofluorene and its generated cation 
radical. 
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Preliminary Information/or the Chemical Steps. Due 
to protonations of both 2-aminofluorene and the prod­
uct, it appears difficult to measure kinetic data on 
the chemical steps. However, some preliminary infor­
mation on the rate of chemical steps may be obtained. 
Since the peak current of the wave IIIC increased 
when pyridine was added, the deprotonation in Eq. 
2 was accelerated by pyridine, whereas the deprotona­
tion in Eq. 4 was probably slow and the addition of 
pyridine did not affect the rate. Thus, in the solution 
with no pyridine, the step of deprotonation of the 
cation radical generated by the primary electron trans­
fer, 

I II II I + . • I II || | . + H + , ( 6 ) 

becomes a rate-determining step for oxidation at wave 
I a . T o confirm this consideration, R D E voltammetry 
was applied for 2-aminofluorene solution with no pyri­
dine. The value of ijco1/2, where ix is the limiting 
current at an R D E and co is the rotation speed of 
the electrode, decreased to a limiting value (7 l im) 
with an increase in the rotation speed (Table 1). The 
limiting value, Illm, corresponds to the initial one-
electron oxidation. The values of wapp (=*'iCo-1/2// l im) 
for lower rotation speeds depend on the rotation speed 
but are independent of the concentration of 2-amino­
fluorene. This is explained in terms of a first-order 
reaction for the chemical step,13»14) namely, deprotona­
tion. The rate constant of the deprotonation in Eq. 
6 was thus estimated to be about 0.2 s"1 using Eq. 
7 of Ref. 14 (Table 1). 

This work was supported in part by the Asahi Glass 
Foundation for the Contribution to Industrial Tech­
nology. 
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The emission spectra of 1,4-naphthoquinone (NQ) and 2-methyl-l,4-naphthoquinone (MNQ) vapors have 
been investigated at various temperatures in the presence of added foreign gases ( Ä 100 Torr). The results 
indicate that in both N Q and M N Q the emission consists of Tj(n, 7r*)—>S0 phosphorescence and weak E-type 
delayed fluorescence, S^n, 7T*)—>S0, the latter lying at higher frequencies. This new interpretation of the vapor-
phase emission spectra of the naphthoquinones, which is substantially different from the interpretations given 
by previous authors, is based on and consistent with the following observations: (1) When the temperature is 
raised, the ratio of the fluorescence intensity to the phosphorescence intensity increases; (2) the Si—T1 energy 
separations, 1365±60 and 1500±200 cm - 1 for N Q and MNQ, respectively, determined from the temperature 
dependence of the emission intensities agree with the corresponding values obtained from spectral data; (3) the 
emission lifetimes obtained by monitoring the fluorescence and phosphorescence are identical. 

1,4-Naphthoquinone ( N Q ) is one of the representa­
tive quinones and shows strong emission in the visible 
region in rigid glass solution at 77 K. This emission 
has been identified as the phosphorescence from the 
lowest triplet state of n, n* type, on the basis of the 
prominent progression in the G - O stretching vibration, 
the short lifetime, and the band position.1) A com­
parison of the phosphorescence and absorption spectra 
of N Q indicates that the energy difference between the 
lowest excited singlet and triplet states is very small. 

I t is known that N Q exhibits weak emission in 
the vapor phase, and studies have been made on both 
emission2»3) and absorption spectra4) of N Q vapor. 
The vapor-phase emission spectrum of N Q w a s obtained 
in the presence of added benzene by Singh and Singh2) 
and by Longin3) with the aid of discharge excitation, 
but their assignments of the emitting states are in­
consistent with each other. The former authors inter­
preted the emission spectrum in terms of fluorescence 
from a 1(n, TZ*) state and phosphorescence from a 
3(n, TZ*) state, with the origins at 21945 and 18782 
cm - 1 , respectively, while the latter regarded the spec­
trum as due to two kinds of fluorescence from different 
n, TZ* states with the origins at 22163 and 21974 c m - 1 . 

The emission and absorption spectra of 2-methyl-
1,4-naphthoquinone ( M N Q ) vapor also were reported 
by Baruah et al.5) They interpreted the emission as 
consisting of fluorescence from a 1(n, TZ*) state and 
phosphorescence from a 3(n, TZ*) state, with origins 
at 22075 and 20262 cm"1 , respectively. 

Since the phosphorescent carbonyl compounds 
having a small S ^ ^ energy separation often show 
weak E-type delayed fluorescence at room temper­
ature,6) one must take this into account in the as­
signment of the emitting states of N Q or M N Q vapor. 

The purpose of the present study is to clarify the 
emitting states of N Q and M N Q in the vapor phase. 
Particular attention has been directed to the change 
of emission spectra with temperature. I t is shown 
that, at high total pressure ( « 1 0 0 Torr) in the presence 
of a foreign gas, the emission spectra of N Q and M N Q 
vapors consist of T x(n, era*)—>S0 phosphorescence and 
weak E-type delayed fluorescence, S^n, TT*)->S0 . The 
Si-Ti energy gaps obtained from the temperature 
dependence of emission spectra are in agreement with 

those obtained from the band positions. T h e results of 
the decay measurement also support the present as­
signment. 

E x p e r i m e n t a l 

Materials. 1,4-Naphthoquinone (NQ), obtained from 
Wako Pure Chemical Industries, was recrystallized several 
times from ethanol, passed through a silica-gel column with 
benzene or petroleum benzine as the solvent, and finally 
sublimed in vacuo. 2-Methyl-1,4-naphthoquinone (MNQ) 
from Tokyo Chemical Industries was recrystallized several 
times from ethanol and sublimed in vacuo. It was confirmed 
that the emission spectra of these purified materials in a 
rigid glass at 77 K agree well with those reported previ­
ously.1«7) Carbon tetrachloride of spectroscopic quality from 
Merck and benzene of chromatographic quality from Nakarai 
Chemicals were used as foreign gases without further purifica­
tion. 

Apparatus and Procedure. Emission and excitation 
spectra were measured with a high-sensitivity spectrophotom­
eter based on the photon-counting method; it is equipped 
with a xenon lamp and a double monochromator for excita­
tion, and with an HTV R-585 photomultiplier.8) Two 
reflecting concave mirrors were placed beside the sample 
cell so as to intensify the emission signal. Absorption spectra 
were obtained with a Hitachi EPS-3 or a Cary-15 spectro­
photometer. Emission decays were measured with a spectro-
phosphorimeter which was specially designed for measuring 
lifetimes ranging from 10~2 to 10~5 s by means of the photon-
counting method.9) Quartz cells of 35-mm path length 
were used for measuring emission and excitation spectra 
as well as emission decays. Samples were degassed in a 
mercury-free vacuum system. 

Emission spectra were corrected for the spectral sensitivity 
of the monochromator-photomultiplier system with a solution 
of quinine in 0.5 M sulfuric acid as a standard. Excitation 
spectra were corrected for the spectral intensity distribution 
of the exciting light by the use of an aqueous solution of 
rhodamine B as a quantum counter. Emission quantum 
yields were determined by comparing the corrected emission 
spectra of the sample vapors with that of quinine in 0.5 M 
sulfuric acid, which is known to have an emission quantum 
yield of 0.51.10) 

R e s u l t s 

Figure 1 shows the corrected emission spectra in 
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Fig. 1. Vapor-phase emission spectra (corrected) in 
the presence of benzene vapor («100 Torr) at dif­
ferent temperatures (1 and 2) and absorption spectra 
(3 and 4) of 1,4-naphthoquinone: (1) at 15 °G; (2) 
at 85 °G; (3) in the vapor phase; (4) in isopentane 
solution at room temperature. The intensity of 
spectrum 2 is arbitrarily chosen with no relation to 
that of spectrum 1. Emission spectra were obtained 
with a bandwidth of 1.0 nm. 

A /nm 
600 560 520 500 480 460 440 420 400 
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17 18 19 20 21 22 23 24 25 
\> x 10"3 /cm"*1 

Fig. 2. Vapor-phase emission spectra (corrected) in 
the presence of benzene vapor ( Ä 100 Torr) at dif­
ferent temperatures (1 and 2), vapor-phase excitation 
spectrum (3), and absorption spectrum in isopentane 
at room temperature (4) of 2-methyl-1,4-naphtho­
quinone: (1) at 25 °C; (2) at 80 °G. The intensity 
of spectrum 2 is arbitrarily chosen with no relation 
to that of spectrum 1. Emission spectra were obtained 
with a bandwidth of 2.0 nm. 

the presence of benzene ( « 1 0 0 Torr) at two temper­
atures and the absorption spectrum of N Q , vapor, 
where the main emission bands are denoted by a, ß, 
y, and ô. Bands y and ô split into doublets, i.e. yx 

and y2, and ôx and ô2, respectively. When the tem­
perature is raised, the ratio of the intensity of band 
a to that of band ß, y, or ô increases. Band a has a 
sort of mirror-image relation to the vapor-phase absorp­
tion spectrum. Band ß agrees in position with the 
very weak band which appears at about 20500 c m - 1 

in the absorption spectrum in isopentane solution (Fig. 
1). This weak absorption band can be at tr ibuted to 
S0->T1(n, n*) transition on account of its small molar 
extinction coefficient (e^O.4 m o l - 1 dm 3 c m - 1 ) . The 
excitation spectra monitored at bands a, ß, y l5 and 

y2 agree well with the absorption spectrum. The 
absorption spectrum of NQ, vapor ranging from 2.1 
to 2 . 8 x l 0 4 c m _ 1 can safely be assigned as the S0-> 
Sx(n, TT*) transition on the basis of the molar extinction 
coefficients for the corresponding absorption in iso­
pentane, although Singh and Singh4) regarded it as 
consisting of transitions from the ground state to a 
x(n, n*) state and a 3(n, n*) state with the origins at 
23161 and 21944 cm- 1 , respectively. 

Figure 2 shows the corrected emission spectra of 
M N Q vapor in the presence of benzene ( « 1 0 0 Torr) 
a t two temperatures, the vapor-phase excitation spec­
trum, and the absorption spectrum in isopentane solu­
tion. As is seen in Fig. 2, the intensity distribution 
of the emission spectrum changes with temperature 
in much the same way as that of N Q vapor. Band 
a for M N Q vapor also has a sort of mirror-image 
relation to the vapor-phase excitation spectrum and 
to the absorption in isopentane solution in the S0-> 
Sx(n, n*) region. The absorption spectrum of M N Q 
vapor in the S , , - ^ region could not be obtained. 
I t is assumed that the vapor-phase excitation spectrum, 
which resembles the absorption spectrum in isopentane, 
can be used as a substitute for the vapor-phase absorp­
tion spectrum. The excitation spectrum of M N Q 
vapor in the S0->S2(TT, TT*) region (2.8—3.6 X 104 cm"1) 
was found to agree well with the corresponding vapor-
phase absorption spectrum. The emission spectra of 
N Q and M N Q vapors obtained in the present study 
are somewhat different in structure from the previous 
results.2»3»5) 

In the present experiment, carbon tetrachloride as 
well as benzene was used as a foreign gas. These 
compounds have the same effect on N Q and M N Q 
vapors with respect to the temperature dependence 
of the emission spectra and to the relation between 
excitation and absorption spectra. Both benzene and 
carbon tetrachloride are considered to induce col-
lisional deactivation of excited vibronic levels of N Q 
and M N Q vapor. Benzene, however, has an ad« 
ditional effect: When N Q (or M N Q ) vapor is excited 
in the presence of benzene at wavelengths where 
benzene absorbs ( < 2 6 0 n m ) , intense emission is ob­
served. The spectrum of this emission is identical 
with the emission spectrum of N Q (or M N Q ) , but 
the excitation spectrum for the emission agrees with 
the absorption spectrum of benzene vapor. O n refer­
ence to the electronic energy levels of N Q (or M N Q ) 
and benzene, one is led to the conclusion that actually 
the emission in question occurs through energy transfer 
from benzene to N Q (or M N Q ) . We thus utilized 
benzene not only as an inert foreign gas but also as 
an energy donor in order to obtain strong emission 
from N Q (or M N Q ) . 

Figure 3 shows the emission spectra of N Q and M N Q 
in rigid glass solution at 77 K. Except for the absence 
of band a, these spectra resemble the corresponding 
vapor-phase emission spectra. With N Q in the rigid 
glass solution, however, the second and third bands, 
which belong to the prominent progression in the 
C - O stretching vibration, do not show such doublets 
as observed in the case of the vapor-phase emission 
spectrum (bands y± and y2, and ôx and ô2 in Fig. 1). 
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Fig. 4. Typical semilogarithmic plots of emission 
intensity vs. time for 1,4-naphthoquinone vapor in 
the presence of added CC14 («100 Torr) at 80 °G: 
(1) monitored at band a; (2) at band ß. Emission 
decays were obtained with a bandwidth of 20 nm 
for the detection monochromator. 

Emission decays of N Q vapor in the presence of 
carbon tetrachloride ( « 1 0 0 Torr) are shown in Fig. 
4. The lifetimes monitored at bands a, ß, and y1 

were found to be the same (84 JJLS) and independent 
of the excitation energy. The decay of the emission 
of M N Q , vapor could not be measured because of its 
low quantum yield. The emission quan tum yields 
were determined to be 1.5 X 10 - 2 for NQ, and 9.5 X 
10 - 4 for M N Q vapor at 80 °G in the presence of carbon 
tetrachloride. 

Discussion 

The vapor-phase emission spectra of N Q and M N Q 
obtained in the present study show characteristic tem­
perature dependence; that is, the ratios of the intensity 
of band a to those of the other bands increase, when 

>• 
o 
cc 

UJ 

Sp ^ ^ j , ^ 

Fig. 5. Kinetic scheme and the rate constants for the 
radiative (—>) and nonradiative ( >) processes of 
naphthoquinone vapors in the presence of an added 
foreign gas. 

the temperature is raised. We assign band a to the 
S-^n, err*)—>S0 fluorescence and bands ß, y, and ô to 
the T x(n, TT*)—>S0 phosphorescence. This assignment 
is based on the mirror-image relation between vapor-
phase emission and absorption spectra and on the 
similarity between the emission spectrum in the vapor 
and the phosphorescence spectrum in the rigid glass. 
For both N Q and M N Q vapors (Figs. 1 and 2), band 
ß can be taken as the origin of the phosphorescence; 
and the peak on the higher-wavenumber side of band 
a is taken as the fluorescence origin, since it coincides 
in position with a peak that appears in the vapor-
phase absorption or excitation spectrum. Thus, the 
origins of phosphorescence are located a t 20460 and 
20340 c m - 1 , and those of fluorescence at 21830 and 
21950 c m - 1 , respectively, for N Q and M N Q vapors. 
The S-L-T-L energy separations, AES_T, are thus found 
to be 1370 c m - 1 for N Q and 1610 c m - 1 for M N Q 
vapor. I t then follows from Figs. 1 and 2 that the 
ratio of the fluorescence intensity to the phosphorescence 
intensity increases with temperature. I n view of this 
observation, we assign the fluorescence of the naph­
thoquinone vapors to E-type delayed fluorescence. 

T h e kinetic scheme for the electronic relaxation 
processes in the naphthoquinone vapors, including E-
type delayed fluorescence, is illustrated in Fig. 5 
together with various rate constants: kF and kT are 
the radiative rate constants, and &FQ and AJPQ are the 
nonradiative rate constants, respectively, from Sx and 
T-L to the ground state, S0 ; kt represents the rate con­
stant for the intersystem crossing; kT is the rate constant 
for thermal activation to upper vibrational levels of 
T x followed by reverse intersystem crossing to S l5 

and it can be written in the form11) 

kT° exp 
/ - AES-T \ 

V kT } (1) 

where k and T are the Boltzmann constant and absolute 
temperature, respectively, and kT° represents a temper­
ature-independent term. 

According to the kinetic scheme, the ratio of the 
quan tum yield of the delayed fluorescence, #D F , to 
that of phosphorescence, # P , is given by 

0 D F = kFkT° / - A ^ S - T \ (2) 

0P kpfo + krq + kt) e X P \ kT ) ' U 

Therefore, AES_T can be derived from the variation 



3216 Takao ITOH and Hiroaki BABA [Vol. 52, No. 11 

J I I I I 1 I I I I I I L 

2.8 2.9 3.0 3.1 3.2 3.3 2.8 2.9 ao 3.1 3.2 3.3 
O/DXIOVK"1 ( V D X I O V K 1 

Fig. 6. Temperature dependence of ratios between 
band intensities for (a) 1,4-naphthoquinone and (b) 
2-methyl-l,4-naphthoquinone vapors: (1) In [/(/?)//(a)] 
vs. l/T; (2) ln[/(y i)//(a)] or ln[/(y)//(a)] vs. 1/T. 
Essentially the same results were obtained by using 
benzene and carbon tetrachloride as foreign gases. 

of #D F /#p with T. We use peak-intensity ratios instead 
of the quantum-yield ratios; the peak intensities of 
bands a, ß, and y will be denoted by / ( a ) , I(ß), and 
I(y), respectively. 

Figure 6 shows the plots of In [/(/?)//(a)] and ln [ / (y ) / 
/ ( a ) ] against l / T for N Q and M N Q vapors. In the 
case of NQ,, the peak intensity of band yx is used instead 
of I(y). The plots give straight lines, and the values 
of AE8_T calculated from the slopes are 1365±60 and 
1500zt200 c m - 1 for N Q a n d M N Q , vapors, respectively. 
These values agree well with the spectroscopically esti­
mated gaps of 1370 c m - 1 for N Q and 1610 c m - 1 for 
M N Q , thus confirming the occurrence of E-type delayed 
fluorescence. Since the intensities of the emission bands 
other than band a change in the same way when the 
temperature is changed, the main emission bands locat­
ed at wavenumbers lower than about 2 . 1 x l 0 4 c m - 1 

can be regarded as due to a single electronic transition, 
T ^ S o , for both N Q and M N Q vapors. 

The fact that the lifetimes of N Q vapor monitored 
at bands a and ß are the same also supports our inter­

pretation of the emission spectra, because according 
to the kinetic scheme in Fig. 5 the concentration of 
the Sx molecule is to be proportional to that of the 
T 2 molecule. I t is certain that the T j state is of an 
n, n* type on account of its relatively short lifetime. 

O u r assignment for N Q vapor differs entirely from 
the ones presented by the previous authors. There 
are marked differences between the present and pre­
vious assignments also for M N Q vapor. The previous 
authors5) assigned a relatively weak band of M N Q 
at 20262 c m - 1 to the origin of phosphorescence and 
some of very strong bands at wavenumbers lower 
than 2 . 1 x l 0 4 c m - 1 to fluorescence. Moreover, none 
was pointed out as to the mechanism of the occurrence 
of fluorescence emission. Although our spectral meas­
urement was performed with lower resolution, the 
temperature dependence of the emission spectra along 
with the results of the lifetime measurement indubitably 
indicates that the emission spectra of N Q and M N Q 
vapors at high total pressures consist of phosphorescence 
and E-type delayed fluorescence. 
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The study of the photoanodic reaction at the ZnO electrode in an electrolyte solution containing redox 
agents was carried out by means of the rotating ring-disk electrode technique. The competition reactions be­
tween the photocorrosion of ZnO and the oxidation of reducing agents were discussed focusing on the potentials 
of the electroactive species at the semiconductor-solution interface. The ZnO photoelectrode was stabilized 
in the course of the oxidation of a strong reducing agent dissolved in a solution. 

Photo-induced redox reaction at the semiconductor-
liquid junction have been extensively investigated with 
photoelectrolytic synthesis or solar energy conversion 
in mind.1 - 6) The most recent interest in the elec­
trochemical photocells has been the suppression of 
the photocorrosion of the semiconductor electrode itself 
during the operation.7) The stabilization of the photo-
corrosive semiconductor electrode has been much in­
vestigated from several experimental approaches7 - 1 8) 
and also discussed from the point of view of thermody­
namic points.19»20) However, the charge-transfer ki­
netics of a photogenerated hole-electron pair is not 
well understood, so the investigation of photoelec-
trochemical competitive oxidations at the Z n O elec­
trode by means of the rotating ring-disk electrode 
(RRDE) is the subject of this work. 

The photoanodic reaction of the Z n O electrode in 
the supporting electrolyte solution is known to consist 
of the photocorrosion21-23) of the electrode per se by 
photoholes (p+) : 

ZnO -f 2 p+ > Zn2+ + l /20 2 (1) 

Though Z n O has a demerit as the photoelectrode in 
an electrochemical photocell because of its large band-
gap (ca. 3.2 eV), the stabilization of Z n O under opera­
tion in a solution is necessary for it to be used as a 
semiconductor-solution photodiode. When we intro­
duce a certain reducing agent into an electrolyte solu­
tion, the oxidation (2) of a reducing agent can occur 
in competition with Process 1 : 

reduced -f np+ • oxidized (2) 
form form 

By using the rotating ring-disk electrode with a semi­
conductor disk and a metal ring, one can instanta­
neously ascertain the competition efficiencies of Proces­
ses 1 and 2 under illumination by comparing the col­
lection ring currents caused by the reduction of the 
oxidized products with the geometrical collection cur­
rent.10'17»22) 

Exper imenta l 

The semiconductor electrode used in this experiment was 
sintered polycrystal ZnO which had been prepared by pres­
sing the reagent-grade ZnO powder at 1.0 t/cm2 and then 
heated at 1300 °G for 3 h in the air. The sintered polycrystal 
was shaped into a disk 6.0 mm in diameter and 1.0 mm in 
thickness. Indium-gallium alloy was painted onto one face 
of the polycrystal in order to insure an ohmic contact with 
the copper conducting wire. Then, the ZnO disk was 
mounted on a Teflon rod using epoxy resin, together with 

a Au ring 7.0 mm in inner diameter and 9.0 mm in outer 
diameter, thus producing a ring-disk electrode system. 
Sometimes a Au-ring electrode was also amalgamated. The 
polycrystal face of ZnO was polished with alumina powder, 
etched in 6 M (M=mol dm -3) HCl for 10 s, and washed 
with water. The ring-disk electrode thus prepared was 
connected into an RRDE measurement system (Nikko 
Keisoku), which has been described elsewhere.7'10'11'22,24) 
The light source was a 500 W high pressure mercury arc 
lamp, while the illuminating wavelengths was selected with 
a glass filter from 300 to 400 nm. The supporting electrolyte 
was 0.2 M Na2S04 , and all the redox agents used were 
reagent-grade. 

R e s u l t s 

The curves of the ring current, IR, vs. the ring poten­
tial, ER, where the disk photocurrents are constant at 
the disk potential of 1.0 V vs. SGE, are shown in Fig. 1. 

Photogenerated carriers (holes) produced by the 
illumination of the absorbable light, whose energy is 
greater than a bandgap (3.2 eV) of Z n O , are forced 
to the surface by the electric field in a space charge 
layer and then oxidize the electroactive species at 
the interface. The collection current at the ring elec­
trode caused by the discharge of the oxidized product 
which flows from the disk electrode gives information 
about the photoassisted oxidation, the photocorrosion 
of Z n O , and the oxidation of reducing agents. 
Gathodic currents which appear at the Au ring electrode 
in the solution without reducing agents indicate the 
reduction of the oxygen produced by the photocor­
rosion process (1). In the presence of a reducing 
agent in an electrolyte solution, a two-step cathodic 
current appears at the Au ring electrode, where the 
first wave of the cathodic current depends on the 
reduction of an oxidized redox agent produced by 
Process 2, while the second wave depends on the 
reduction of the oxygen produced by Process 1. 
Therefore, we can calculate the competition ratios6»24) 
between Processes 1 and 2 from the height of the 
reduction current at the Au ring electrode. 

Figure 2 shows the relation curves of the competitive 
oxidation ratios of various reducing agents versus their 
concentrations. The competition ratio increases in 
general with an increase in the concentration of a 
redox agent, while its value is different for different 
kinds of reducing agents. When a redox agent is 
present in a high concentration (ca. 1.0 M) in the 
solution, it is nearly 100%, oxidized by photogenerated 
holes, while the Z n O photoelectrode is stabilized against 
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Fig. 1. Current-potential (JR-.ER) curves at the Au 
ring electrode at the rotational speed of 1000 rpm 
with reducing agents in the electrolyte solution. 
Potential of the ZnO disk electrode was 1.0 V vs. 
SGE. (1) In addition of Br-, (2) in addition of I", 
(3) in addition of Fe(CN)6

4-.* 1, in dark with and 
without reducing agents (red.); 2, in a supporting 
electrolyte solution; 3, in addition of 10 -3 M red.; 
4, in addition of 10"2 M red.; 5, in addition of 10"1 

M red.; 2—5, under illumination. 

the photocorrosion process (1). 
Figure 3 shows the competitive oxidation ratios 

(stability ratios) of a variety of reducing agents (10 - 2 

M) as a function of their redox potentials. T h e results 
indicate that the reducing agent with a more negative 
redox potential has a larger competition ratio and 
can better stabilize the photoelectrocorrosive Z n O elec­
trode.9) 

D i s c u s s i o n 

For charge transfer across the semiconductor-solution 
junction, the statistical equations have been establish­
ed by several investigators.26) The photocurrent at 
the illuminated n-type semiconductor electrode is 
determined by the overlap of the relative distributions 
of states in the valence band holes and of the reducing 
agents in the electrolyte solution; that is, 

/ox = k° [Red] f° K°(E)D+(E)Wn(E)dE 
J —oo 

(3) 

where 70X is the anodic photocurrent, [Red] is the 
concentration of a reducing agent in a solution, D+ (E) 
is the density of photogenerated holes in a semi­
conductor, and WR(E) is the distribution function of 

10"b 10"* 10~J 10' z 10"' 

Concentration of reducing agent (M) 

Fig. 2. Concentration dependences of competition 
ratios for various reducing agents. 
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a reducing agent. Figure 4 shows the schematic dis­
tributions between the states of the Z n O electrode 
and a redox agent (Fe(CN) 6

3 - / 4 - ) in the solution. 
The distribution functions (Woyi, WTeil) of this redox 
couple are given by; 

Wred = exp [-X(E-E;tel + X)*/4dT] 

Wox = exp [-(E-E;, el-À)2/4kTX] 

where A denotes a reorganization energy (ca. 0.75 
eV27 '28)), JW..1 denotes the Fermi level of the elec­
trolytes, and E denotes the energy level. I t can be 
expected from the mapping between -D+(E) and 
l^ r e d(E) that it will be difficult for Fe(CN) 6

4 " to be 
oxidized by the photogenerated holes in the valence 
band, whereas F e ( C N ) 6

3 - will be reduced by the 
electrons in the conduction band. However, Fe (CN) 6

4 -

is actually oxidized well by the photogenerated holes 
at the Z n O photoelectrode, as is shown in Fig. 3. 

Therefore, for the elucidation of the photo-hole 
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( A ) charge transfer via 
surface state 

( B ) direct charge 
transfer 

Fig. 5. Schematic explanation for charge transfer 
kinetics, upper illustration for hole transfer and lower 
one for reaction coodinations. (A) Charge transfer 
via surface state, (B) direct charge transfer. A, 
initial state; B, photoexcited state; G, intermediate 
state; D, final state. 1, Photoexciting process; 2, 
relaxation process. 

transfer across the semiconductor-solution interface, the 
following two schemes are considered to be probable. 
One process is the charge transfer via surface states 
within a bandgap, when the overlap between dis­
tributions of surface states and of reducing species is 
necessary. For the explanation of this scheme, some 
investigators have reported that positively charged holes 
could transfer to reducing species via the surface states 
at the Z n O photoelectrode.29»30) Another process is 
the direct transfer of a positively charged hole to the 
excited states of reducing species, when the distribution 
of reducing species becomes an unsymmetrical one. 
Figure 5 presents schematic representations of the 
above two processes. However, from this experiment 
it is hard to decide which process is more acceptable. 

As for the stability of the photoelectrodes, the guid-
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Fig. 6. Enegetic elucidation for stability of photo-
electrodes in the course of redox reactions at the 
interface. ED denotes the decomposition potential 
of a semiconductor electrode per se. 
(1) Stable or unstable case of semiconductor photo-
electrodes versus photoelectrolytic oxidation of water. 
(2) Stabilized case of an unstable photoelectrode in 
the course of photoelectrolytic oxidation of reducing 
agents. 

ance has been presented from the point of view of 
thermodynamics19»20) and on the basis of the experi­
mental results,10»31) focusing upon the redox reactivities 
of electroactive species at the semiconductor-solution 
interface. T h e stability of an n-type semiconductor 
photoelectrode in a supporting electrolyte solution is 
determined by the potentials of the competitive oxida­
tions between the photocorrosion of a semiconductor 
and the oxidation of water, as schematically shown 
in Fig. 6. From this consideration, while T i 0 2 is 
a stable photoelectrode because this oxidative decom­
position potential is more positive than the oxidation 
potential of water, the Z n O photoelectrode becomes 
a stable photoanode in the course of the competitive 
oxidation of dissolved reducing agents whose redox 
potentials are more negative than the decomposing 
potential of Z n O . 

Conc lus ion 

Many semiconductor electrodes cause photocorrosion 
by means of an action of photogenerated carriers 
when they are illuminated in water. However, once 
a photocorrosive semiconductor electrode is stabilized, 
a new way of its use may be developed, for example, 
as photosensitive devices,32) including the photoelec­
trode in the electrochemical photocell. 
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An Interpretation of the "Molecular Space" on the Basis of Quantum 
Chemical Calculations of Hydrated Ions 
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Quantum chemical calculation has been made for the sizes of the hydration shells of the metal ions as well 
as for the binding energies of water molecules in the hydration shells. The results of the both calculations give 
the basis of the size of the molecular space.1) Although the experimental value of the molecular space, (20 ± 
5A)3, does not exactly agree with the calculated value, we assume that the quantum chemically obtained hydra­
tion sphere refers to the molecular space. 

Several experimental results concerning aqueous solu­
tions of salts have indicated that there exists a well 
defined minimal volume of solvent which is needed 
by each ion to maintain "regular" behavior in a ther­
modynamic as well as in a kinetic sense.1»2) ESR 
investigations of aqueous solutions in gels allowed to 
determine this volume to be (20±5A) 3 for copper 
and some other simple organic molecules.1) Hence 
this apparently essential volume was named "molecular 
space."1) Within this context it is of particular interest 
that the concentration of salt in the sea water as well 
as the salt concentration in "biosolutions" as human 
blood serum is adjusted to an amount, which still 
corresponds to the maintenance of this "molecular 
space" for the ions. 

Previous quan tum chemical calculations on ions link­
ed to linear water polymers have shown that the upper 
limit of ion solvent interaction corresponds to the 
size of the experimentally determined molecular space 
for a series of monovalent and divalent ions.3) These 
calculations could give, however, only an estimation 
of upper limit of interaction range and, due to method­
ical simplification, not yet reflect well the situation of 
a fully solvated ion in solution. 

Using the common ab-initio M O - S C F calculation 
method, the treatment of such large systems (an ion 
surrounded by several hydration layers) will lead to 
dimensions of the calculation, which cannot be manag­
ed so far. O n the other hand, semiempirical methods 
are also not suitable for the correct description of 
such systems4»5) and also lead to rather ambiguous 
results due to the neglect of most 2-electron integrals 
and introduction of numerous empirical parameters. 

The recently developed M E S Q U A G (Mixed 
Electrostatic Quan tum Chemical) M O - S C F method 
allows a treatment of quite large complex systems at 
a reasonable computational effort.6»7) The results 
obtained for some hydrated ions6) are in very satis­
factory agreement with experimental values and with 
results obtained by ab initio calculations near H F -
limit. I t was to be expected, therefore, that this 
method should be the most useful way for calculating 
ions with several hydration layers and to obtain therby 
a theoretical explanation for the experimental facts 
concerning molecular space. 

** On leave from Institut für Anorganische und Ana­
lytische Chemie Uuiversität Innsbruck, Innrain 52a, A-
6020, Innsbruck, Austria. 

E x p e r i m e n t a l 

MESQUAC Concept. The details of the method have 
been published already elsewhere,6) so that at this point 
a very brief survey will be given. The principle of the 
method is a separation of the total system into an "essential" 
part (usually the ion + 1 or several ligands) and a second 
part ("outer part"), including the other ligands or even 
some bulk solvent. The "essential part" is calculated within 
the framework of the all-electron ab initio MO-SCF method, 
the "outer part" introduced as electrostatic perturbation 
term to the Hamiltonian, constructed according to the molec­
ular geometry of the ligands in this outer part. The elec­
trostatic fractional charges used in building up this perturba­
tion terms are those being obtained from previous ab initio 
calculations on smaller ion-ligand-systems, performing a 
MULLIKEN population analysis.6) 

The method could be shown recently to work also satis­
factorily in the case of transition metal ions,8) and even 
for these systems computing times are still quite short. For 
this reason, we have chosen the monovalent ions of Li (I), 
Na(I) and K(I), and the divalent ions of Mg(II), Ca(II), 
Mn(II) and Zn(II) for this work. Mn(II) and Zn(II) 
seemed to be a useful supplement to the main group metal 
ions, since they also possess a "symmetrical" electron con­
figuration (d5 and d10, respectively), one being a typical 
open shell (high spin) system, the other one a closed shell 
system, but containing d electrons. 

Performance of the Calculations. The Gaussian basis 
sets being used for ions and ligands have been given already 
in the references.5»6»8) The geometries of the first hydration 
shells have been chosen according to experimental results 
of X-ray investigations of aqueous salt solutions9»10) or to 
optimized MO-SCF geometries.12»13) The geometries of the 
further solvation layers were constructed assuming hydrogen 
bonding of each water molecule to two water molecules in 
the next higher shell (0---0 distance 2.70 Â), in a 90° 
twisted configuration. For most of the ions both tetrahedral 
and octahedral coordinations have been considered. Some 
data obtained for Ti(III) aquacomplexes8) are included for 
comparison of the results of this work with those of a tervalent 
ion. 

The calculations were performed in part at the HITAC 
8700/8800 computer of the University of Tokyo, in part 
at the CDC Cyber 174 computer of the Vienna TU computer 
center. 

R e s u l t s a n d D i s c u s s i o n 

In Table 1, the binding energies per water molecule, 
calculated for the first, second and third hydration 
shells of the ions, are listed. For the discussion of 
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TABLE 1. CALCULATED BINDING ENERGIES PER WATER 

MOLECULE OF THE FIRST ( E - I ) , SECOND ( E - I I ) , AND 

THIRD ( E - I I I ) HYDRATION SHELLS, FOR TETRAHEDRAL 

(TD) AND OCTAHEDRAL (OH) COORDINATIONS, 

IN kcal/mol 

Ion 

Li(I) 

Na(I) 

K(I) 

Mg(II) 

Ga(II) 

Mn(II) 

Zn(II) 

Ti(III) 

Coordination 

Td 
Oh 

Td 
Oh 

Td 
Oh 

Td 
Oh 

Td 
Oh 

Oh 

Oh 

Oh 

E-I 

25.7 
22.1 

17.3 
15.4 

14.7 
14.2 

59.4 
50.5 

47.1 
46.9 

73.8 

71.0 

100.0 

E-II 

9.8 
9.4 

7.6 
7.6 

7.2 
6.4 

21.6 
20.9 

19.9 
18.3 

22.1 

22.4 

34.5 

E-III 

1.5 
1.6 

1.5 
1.5 

1.5 
1.3 

3.3 
3.2 

3.0 
3.0 

5.4 

5.5 

8.8 

TABLE 2. CALCULATED VOLUMES FOR THE HYDRATED 

IONS INCLUDING HYDRATION LAYERS, U BEING THE 

NUMBER OF HYDRATION SHELLS 

Values are given in (hartree)3. 

Ion 

Li(I) 
Na(I) 

K(I) 
Mg(II) 
Ca(II) 
Mn(II) 
Zn(II) 

v2 
457 
681 
1051 
475 
754 
612 
537 

v2 
2668 
3352 
4361 
2668 
3561 
4151 

2922 

v3 
9209 
10730 
12860 
9209 
11182 
10292 
9775 

v4 
24300 
27160 
31000 
24300 
27900 
26340 

25390 

v5 
46870 
51271 
57160 
46870 
52540 
50020 
48550 

these energy values, the hydrogen bond energy between 
the solvent molecules themselves (6.8 kcal/mol with 
the basis set used) represents a crucial limit, since 
stabilization and structural influence of the ion by 
full or partial formation of a hydration shell is not to 
be expected, if the energy gain by solvation does not 
exceed this value to some extent. The larger the 
difference between binding energy in the hydration 
layer and hydrogen bond level is, the more stable 
and rigid the hydration shell will be. 

According to our results (Table 1), almost all ions 
show such a stabilization u p to the second hydration 
shell, 1(1) and T i ( I I I ) ion being the lower and upper 
limit, showing possibly a somewhat different behavior 
(no influence on second shell for K ( I ) , partial forma­
tion of a third shell for T i ( I I I ) ) . 

These results are in good agreement with some 
preliminary calculations one on the hydrated divalent 
ions Fe( I I ) , Co(I I ) , Ni ( I I ) , and Cu( I I ) , which also 
let expect a quite strong influence on the second shell, 
and the other on the binding energies for the third 
shell below hydrogen bond level.14) 

Experimental X-ray investigations of aqueous salt 

solutions9-11»15) also support our results, showing a 
significant structural influence of the ions up to a 
radius of about 5 Â around the ion, which corresponds 
to the distance including two hydration layers. X-
R a y data have been evaluated, however, usually only 
for the first shell, for which the peaks are more strong 
and easier to analyze. The existence of the second 
shell (and sometimes even of a third shell) has been 
pointed out, however, by some of the authors.11»15) 

Discussing now the results of our calculations in 
connection with the concept of molecular space, 
another consideration will be useful and necessary, 
namely that of the volume occupied by an ion sur­
rounded by 1,2,3, or more solvation layers. In Table 
2, these volumes are given, as they result from the 
geometries being used in the M E S Q U A G M O cal­
culations. 

From the values for the necessary volume being 
assigned to an ion including 1, 2, or more solvation 
layers we can see that the volume corresponding to 
an ion with two layers —which are expected according 
to the calculations for most of the ions— is always smaller 
than 6800 hartree3 , corresponding to a sphere of 10 Â 
diameter. The volume needed after addition of a 
third shell will exceed, however, in all cases this value. 
I t can be concluded, therefore, that the space being 
"structured" by the ions in aqueous solution cor­
responds to a sphere of about 10 Â in diameter. 

Summarizing the results of the calculations presented 
here, we believe that they seem to give a reasonable 
theoretical foundation for the experimentally observed 
size of the molecular space. They are expected also 
to be a useful basis for further investigations of aqueous 
and nonaqueous electrolyte solutions by means of the 
calculation method being employed. 
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The photoelectron spectra of typical hydrogen-bonded complexes, C F 3 C O O H - ( C 2 H 5 ) 2 N C H 3 , C F 3 C O O H -
(W-C3H7)3N, C F 3 C F 2 C O O H - ( C 2 H 5 ) 2 N C H 3 , and CF 3 CF 2 COOH-( /z -C 3 H 7 ) 3 N were observed in the gas phase. 
I t was found that the nonbonding orbital of the proton acceptor is stabilized significantly by hydrogen-bond 
formation while the three higher occupied orbitals of the proton donor are destabilized. The large orbital 
energy changes due to hydrogen-bond formation strongly support the charge-transfer model for the hydrogen 
bond. 

Photoelectron spectroscopy is expected to give ef­
fective informations concerning the electronic structure 
of hydrogen-bonded systems and also concerning the 
nature of hydrogen bond. This is because the photo­
electron spectrum of the hydrogen-bonded complex 
gives the orbital energy shifts due to hydrogen-bond 
formation within the limitation of Koopmans' theorem. 

In a previous paper,1) we reported the photoelectron 
spectra of some electron donor-acceptor complexes in 
the gas phase, and found that this technique was quite 
effective for the study of the intermolecular interaction. 
In this paper, in order to clarify the nature of hydrogen 
bond, we have studied the He I photoelectron spectra 
of hydrogen-bonded complexes between carboxylic 
acids as proton donors and alkylamines as proton 
acceptors in the gas phase. In actuality, N,iV-diethyl-
methylamine and tripropylamine are taken as proton 
acceptors, and trifluoroacetic acid and pentafluoro-
propionic acid as proton donors. 

Experimental 

N,JV-Diethylmethylamine (DEMA) and tripropylamine 
(TPA) were purified by distillation. Commercially available 
trifluoroacetic acid (TFAA) and pentafluoropropionic acid 
(PFPA) were used without further purification. Puri ty of 
the amines and the carboxylic acids was checked by N M R 
spectroscopy. An aliphatic amine and a carboxylic acid 
were introduced through needle valves into a 5-liter gas 
reservoir and were mixed with each other. The nonexistence 
of chemical products except for hydrogen-bonded complexes 
in the mixtures was checked by N M R spectroscopy for the 
liquid phase. T h e mixed gas was introduced into the ioniza­
tion chamber of a photoelectron spectrometer, the details of 
which were described in a previous paper.2) T h e photo­
electron spectra of the hydrogen-bonded complexes and 
their component molecules were measured at room temper­
ature, the H e I resonance line being used as the excitation 
source. At the initial stage of the measurement of the mixed 
gases, the bands of the free amines added in slight excess 
appear strongly in addition to those of the hydrogen-bonded 
complexes. T h e bands of the free amines, however, rapidly 
decreased in intensity, and the spectra turned out to be 
composed almost completely of the bands of the hydrogen-
bonded complexes. 

Results and Discussion 

The photoelectron spectra of hydrogen-bonded 
systems such as TFAA-DEMA, PFPA-DEMA, 
TFAA-TPA, and PFPA-TPA are shown in Fig. 1, 

together with those of component molecules. The 
measurements were performed with very high sensitivity 
for the hydrogen-bonded complexes because of their 
low vapour pressure. This is the reason why the 
signal of only a trace of water appears in the spectra 
of the complexes. The vertical ionization potentials 
(7V) of the hydrogen-bonded complexes and the com­
ponent molecules are summarized in Table 1. 

Thomas3) has assigned the first band of TFAA to 
the nonbonding (n) orbital mainly localized on the 
oxygen atom of the carbonyl group, the second band 
to a n orbital, and the third band to a a orbital which 
is denoted by n' hereafter. The shapes of the higher 
occupied molecular orbitals of TFAA obtained by the 
GNDO/2 calculation are schematically shown in Fig. 

i i i i i i i i i i 
8 10 12 14 16 

IP/eV 

Fig. 1. Photoelectron spectra of hydrogen-bonded com­
plexes and their component molecules: curve (a), 
D E M A ; curve (b), T P A ; curve (c), T F A A - D E M A 
complex; curve (d), P F P A - D E M A complex; curve 
(e), T F A A - T P A complex; curve (f), P F P A - T P A com­
plex; curve (g), T F A A ; curve (h), PFPA. 
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TABLE 1. VERTICAL IONIZATION POTENTIALS, Iy(J), 

OF HYDROGEN-BONDED COMPLEXES AND THEIR 

COMPONENT MOLECULES 

— * 

Species 
7a) 

TFAA 
PFPA 
DEMA 
TPA 
TFAA-DEMA 
PFPA-DEMA 
TFAA-TPA 
PFPA-TPA 

1 

12.00 
11.94 

9.26 
9.24 
9.53 
9.49 

/v(J)/eV 

2 

13.16 
13.09 

10.41 
10.38 
10.71 
10.67 

3 

14.83 
14.04 

11.23 
10.94 

I 

8.32 
7.94 

11.64 
11.63 

a) J shows the numbering of the photoelectron spectral 
band given in Fig. 1 from which the vertical ionization 
potential in this table was obtained. 

TABLE 2. PHOTOELECTRON SPECTRAL BAND SHIFTS, 

ALY(J), DUE TO HYDROGEN-BOND FORMATION 

Species Gai 

ja) l(n) 

TFAA-DEMA - 2 . 7 4 
PFPA-DEMA - 2 . 7 0 
TFAA-TPA - 2 . 4 7 
PFPA-TPA - 2 . 4 5 

A, 

'boxylic ; 

2(n) 

- 2 . 7 5 
- 2 . 7 1 
- 2 . 4 5 
- 2 . 4 2 

fv(/)/eV 

acid 

3(n') 

- 3 . 6 0 
- 3 . 1 0 

Amine 

I(n) 

3.32 
3.31 

a) See the footnote a) for Table 1. 

2. The ordering of the first three bands of PFPA 
m a y safely be regarded to be the same as in the case 
of T F A A judging from the band shapes and positions. 
T h e first band of the alkylamine is assigned to the 
nonbonding orbital localized on the nitrogen atom. 

Let us turn to amine-carboxylic acid systems. As 
is seen in Fig. 1 which shows the photoelectron spectra 
of the T F A A - D E M A , P F P A - D E M A , T F A A - T P A , 
and P F P A - T P A systems, each of the amine-carboxylic 
acid systems has several bands pertinent to the cor­
responding hydrogen-bonded complex, in addition to 
the band around 8 eV due to the corresponding free 
amine added in excess. The bands due to the complex 
are numbered as shown in Fig. 1. The energy separa­
tion between bands 1 and 2 of the hydrogen-bonded 
complex is nearly equal to that of the free carboxylic 
acid. This means that bands 1 and 2 of the hydrogen-
bonded complex correspond to bands 1 and 2 of the 
carboxylic acid, respectively. The GNDO/2 calcula­
tions made for the T F A A - D E M A system taken as 
an example show that the energy separation is almost 
unaffected by hydrogen-bond formation (1.51 eV for 
the free acid; 1.49 eV for the weak complex with the 
N - H distance of 1.6 Â ; 1.42 eV for the strong complex 
with the distance of 1.2 Â). This is consistent with 
the present assignment. According to this assignment, 
the shifts of bands 1 and 2 due to hydrogen-bond 
formation amount to 2.70—2.75 eV for the systems 
containing D E M A and to 2.42—2.47 eV for the systems 
containing T P A (see Table 2). 

•o 
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€ 
Fig. 2. Schematic representation of the higher oc­

cupied molecular orbitals of trifluoroacetic acid. 

Another possible assignment of bands 1 and 2 of 
the hydrogen-bonded complexes is to assign one of 
them to the n orbital of the amine and the other band 
to the n orbital of the carboxylic acid. This assign­
ment, however, may lead to unreasonable band shifts. 
Let us consider, as an example, the case in which bands 
1 and 2 are assigned to the n orbitals of the amine 
and the carboxylic acid, respectively. The shift of 
the amine band due to complex formation with TFAA 
is 0.94 eV for D E M A and 1.59 eV for TPA. This 
apparently indicates that T P A is stronger as proton 
acceptor than D E M A . O n the other hand, the shift 
of the carboxylic acid band due to complex formation 
with the amine is 1.59 eV for D E M A and 1.29 eV 
for TPA. This seems to show that T P A is weaker 
as proton acceptor than DEMA. From the above 
consideration, the assignment of either of bands 1 
and 2 to the n orbital of the amine is unacceptable. 

Judging from the orbital shape of the carboxylic 
acid shown in Fig. 2, the shift due to hydrogen-bond 
formation is larger for band 3 (n' band) than for band 
1 (n band) . Therefore, it is expected that band 3 
of PFPA at 14.04 eV appears below 11.34eV for the 
P F P A - D E M A hydrogen-bonded system. Thus, the 
third and fourth bands of the system are assigned to 
the shifted bands of the third band of PFPA and of 
band I of D E M A , respectively. From an analogy 
with the P F P A - D E M A system, the third and fourth 
bands of the T F A A - D E M A system are tentatively 
correlated with band 3 of T F A A and band I of DEMA, 
respectively. In the T F A A - T P A and PFPA-TPA 
complexes, bands 3 and I are covered with a back­
ground band and their exact positions can not be 
decided. 

The band shifts due to hydrogen-bond formation 
are summarized in Table 2. We can see that the n 
bands of the proton acceptors (amines) shift towards 
the higher-IP region by hydrogen-bond formation while 
the n bands, n bands, and n ' bands of the proton 
donors (carboxylic acids) shift towards the lower-IP 
region. These tendencies can well be explained by 
the contribution of the dative structure (-GOO -*-* 
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H-N+<r) as is expected from the charge-transfer 
mechanism4) of hydrogen-bond formation. The large 
energy shifts of the bands of the component molecules 
due to hydrogen-bond formation indicate that the 
contribution of the dative structure to these hydrogen-
bonded complexes is quite significant. 

The n, n, and n ' bands of the proton donor and the 
n band of the proton acceptor shift a little more in 
the system containing TFAA as the proton donor 
than in the system containing PFPA. This suggests 
that TFAA is slightly stronger as the proton donor 
than PFPA. Concerning proton acceptors, the band 
shift due to hydrogen-bond formation is less in the 
system containing TPA. This is reverse to the order 

of the proton-accepting ability expected from their 
ionization potentials. This contradiction may be ex­
plained in terms of the steric hindrance effect. 
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Vibrational Distribution of CSiX1!)*) Fragments Formed 
in the UV Flash Photolysis of CS2 
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The vibrational distribution of the GS(X) fragment has been studied by the UV flash photolysis and kinetic 
spectroscopic technique. The GS fragment was generated by the flash photolysis of GS2 at «200 nm. The 
vibrational distribution is well represented by a sum of two modified Poisson distributions with different mean 
values. This distribution is explained by assuming the following two photodissociation processes of GS2; one 
is a predissociation through a triplet state and the other is a direct photodissociation. 

CS^Ä 1 ^) -* GS2(T) -* GS(X12+, v") + S(3P), 
GS2 + hv — 

GS(X12+, v") + S (TO). 

The photodissociation dynamics of triatomic mole­
cules has been of theoretical interest and simple models 
for the vibrational distribution have been developed.1) 
The vibrational distribution of CS fragments in the 
photodissociation of CS 2 is a good test for these models. 
Early works2-4) reported that the vibrationally excited 
CS(X 1 2 + ) radicals are formed in the flash photolysis 
of CS2 . Lee and Judge5) pointed out that the vibra­
tional population of CS(A1I1) produced in the vacuum-
U V photolysis of CS2 is approximately represented by 
a modified Poisson distribution. Bersohn and co-
laborators6) measured the translational energy distribu­
tion of photofragments, CS and S, by photodissociating 
a CS2 molecular beam with a pulsed ArF excimer 
laser at 193 nm. They observed that the translational 
energy distribution can be represented by a sum of 
two distributions. 

In this study, using the flash photolysis and kinetic 
spectroscopic technique, the vibrational distribution 
of CS(X 1 2 + ) has been determined in the photolysis 
of CS 2 at quartz U V region. 

E x p e r i m e n t a l 

The set-up of quartz UV flash photolysis and kinetic 
spectroscopic system has been described previously.7) In 
brief, the mixture of GS2 (0.2 Torr) and Ar (5.0—200 Torr) 
was flash-photolyzed in a quartz cell which contained a 
multiple reflection mirror system. The 1000 J photolysis 
and 50 J spectroscopic flash lamps gave 8 and 5 jxs light 
pulses, respectively. The absorption spectra of GS were 
photographed with a Nikon G-500 spectrograph on Kodak 
2475 recording films in the wavelength range between 255 
and 275 nm. We assumed that in this wavelength range 
the spectral sensitivity of the film was constant. The absorp­
tion intensity of each vibrational band at "no delay" was 
obtained by extrapolating the decay curve to t=0. 

GS2 (Wako Chemical) was degassed under vacuum and 
Ar (Takachiho Chemical Ind., 99.99%) was used without 
further purification. The mixture was left in a 20-1 glass 
bulb for 4 h before photolysis. Under our experimental 
conditions, the absorption spectrum of GS (A1!}, J / = 0 < -
X 12+ , v"—0) could be observed even a few minutes after 
one flashing because of its stability. Therefore after each 
flashing, the mixture was pumped out. 

R e s u l t s a n d D i s c u s s i o n 

Vibrational Distribution of the CS(X12+) Photofragment. 
Figure 1 shows relative excited population density 

which is determined by folding the lamp spectral 
irradiance into the absorption spectrum of the CS2 

molecule. T h e population density is centered at 
« 2 0 0 nm. The F W H M is «1700 c m - 1 which cor­
responds to less than two vibrational quanta of CS 
(X 1 !* ) . 

The absorption spectra of the CS(X 1 2 + ) fragment 
formed in the photodissociation of CS2 by quartz 
flash lamp were observed up to five vibrational quanta. 
The pressure effect of Ar buffer gas was not observed 
under our experimental conditions. In order to obtain 
the vibrational population of CS(X 1 2 + ) at t=0, the 
optical density of each vibrational band is plotted 
against delay time as shown in Fig. 2, where ODt(0, 0) 
is normalized to unity. The plots show good linear 
relations between log[ODt(v', v")/ODt(0, 0)] and delay 
time. Using the extrapolated values of the optical 

Frequency/103 cm"1 

52 50 48 

t Present address: Chemistry Department of Industry 
and Resources, Faculty of Engineering, Mi'e University, 
Kamihama-cho, Tsu 514. 

190 200 

Wavelength/nm 

Fig. 1. Population density which is obtained by mul­
tiplying the absorption spectra of CS2 by the lamp 
spectral irradiance. 
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TABLE 1. VIBRATIONAL DISTRIBUTION OF GS(X1Z+) FORMED BY PHOTODISSOCIATION OF GS2 

V -V A/nm OD0(u',u")/OD0(0,0) ? „ V ' a ) Nv"(rel.] qv'v' Nv»(rel.) Nv»(rel.) 

0-0 
0-1 
1-1 
1-2 
2-2 
2-3 
3-4 
4-5 

257.7 
266.4 
259.1 
267.9 
260.7 
269.4 
271.0 
272.7 

1.00 
0.43 
1.08 
0.38 
0.57 
0.43 
0.32 
0.22 

0.830 
0.151 
0.514 
0.268 
0.261 
0.306 
0.292 
0.242 

1 
2.9 
1.8 
1.5 
1.9 
1.5 
1.2 
1.0 

0.75 
0.17 
0.59 
0.23 
0.35 
0.34 
0.35 
0.36 

1 
2.2 
1.4 
1.5 
1.2 
1.2 
0.8 
0.6 

1 

2.1zfc0.4 

1.5±0.1 

1.3±0.2 

1.0±0.2 

0 . 8 ± 0 . 2 

a) Ref. 8. b) Corrected for the change of the electronic transition moment according to Ref. 5. c) Averaged 
population relative to u" = 0. 

10 
Delay time/jxs 

Fig. 2. Time variation of the relative absorption in­
tensity of GS, Ain(i>')«-X12;+(i>") bands. The (0, 
0) band is normalized to unity. 

density at t=03 the vibrational population Nv> 
obtained by, 

Nv„ __ OD^v'iV") q00 Re*(r00) 

is 

Nn OZ>0(0,0) qv,v„ Re\rv>v>>) (I) 

where qv'v" is the Franck-Condon factor of CS(A-X) 
and Re is the electronic transition moment which is 
given by Re(rv'v")=c(l—0.39rvv) with the r-centroid 
in Angstrom units. In order to evaluate the ratio 
NV"JNQ, we used the Franck-Condon factors which 
were calculated by Coxon et a/.8> with the R K R poten­
tial and obtained experimentally by Lee and Judge5) 
with correction for the change of the electronic transi­
tion moment (Table 1). The averaged values of 
Nv"jN0 against vibrational quan tum numbers are plot­
ted in Fig. 3. A population inversion between v" = 
0 and 1 levels is evident. The F W H M is approxi­
mately four vibrational quanta which is wider than 
that of the population density of the parent molecule 
of Fig. 1, indicating vibrational excitation of CS in 
photodissociation processes. 

The vibrational excitation of the CS fragment is 
explained both in terms of the comparison of the CS 
internuclear distance of CS 2* with that of the elec­
tronically ground state of CS radical and in terms 
of the dynamical energy transfer during photodis-

ö 
Q 

3 
o 

l 1 

1 . " 1 1 

L < ) 

\ / * \ 

n=1.7 

i 

N 

1 i i i 

-J 

j 

n = 5.5 1 
P4 

0 1 2 3 A 5 6 7 

Vibrational quantum number, v" 

Fig. 3. The vibrational population of the GS(X12+) 
state formed in photodissociation. The solid line 
shows the best fit curve obtained by summing up the 
two distributions. See text. 

sociation.9) If we assume that both the vibrational 
levels z = 0 and 1, are initially populated and the energy 
transferred by dynamical interaction is the same for 
two vibrational states, the population in the vibrational 
level v" is given by "modified Poisson distribution" 
in the impulsive half-collision model1) 

(n)*+(oc-2u")n+u" 
Nv> (n) 

v"l[(n)*+(*-2)n+l] 
exp ( — n) (II) 

where a is the ratio of the population in the i=0 state 
to that in the i=\ state, and n is the averaged vibra­
tional state.5) Assuming two photodissociation pro­
cesses, i.e., two vibrational distributions, the result of 
the best fit to the observed populations using Eq. I I 
is shown in Fig. 3. The best fit curve was obtained 
by summing up two distributions of the (n, a) values 
of (1.7, oo) and (5.5, 19.0) almost equally weighted. 
The former means that CS fragments are not initially 
vibrationally excited, while the latter indicates the 
initial vibrational excitation of the CS photofragments. 

Photodissociation Processes. The vibrationally hot 
CS fragments may be directly produced by the photol­
ysis of CS2 . Since the absorption of light is centered 
at « 200 n m in this experiment, photolysis occurs with 
sufficient energy to leave an excess of « 40 kcal/mol 
after production of electronically ground state frag­
ments. In the photolysis of the CS2 molecular beam 
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at 193 nm,6) the translational energy distribution of 
the fragments consists of two distributions; one peaks 
sharply at « 8 kcal/mol and the other extends broadly 
with its peak at « 1 5 kcal/mol. From both these data 
and ours, it is expected that there are two photodis­
sociation processes of CS2 at « 2 0 0 n m and that the 
CS fragment is vibrationally and/or rotationally excit­
ed. 

The absorption spectrum of gaseous CS 2 around 
at 200 nm consists of a single progression of bands 
superimposed on the continuum. The variation of the 
contours of the bands may result from varying degrees 
of predissociation.10) The maximum quan tum yield 
of « 1 0 ~ 3 has been reported for the fluorescence of 
CS 2 and it is concluded that the main fate of CS 2* 
is photodissociation.11) 

The following two processes are energetically pos­
sible in the photolysis at « 2 0 0 nm, 

AW (kcal/mol) 
GS(X!2+) + S(3P), 102.9 (1) 

CS2 
GS(X!i:+) + S(!D). 129.3 (2) 

Concerning the photodissociation process (1) which 
is spin-forbidden, it is postulated that CS 2 is decompos­
ed through a triplet excited state4) 

GS2 + hv -* CS2(A
1B2) -* GS2(T) -* 

GS(X!2+) + S(3P). (la) 

The CS2 absorption band near 200 n m has been as­
signed to the transition to the A1B2 state10) which is 
nonlinear with a C-S bond distance of re = 1.66Â. 
Once this singlet state crosses over to the repulsive 
triplet state, CS 2 will simultaneously decompose to 
the fragments. If this is the case, the CS fragment 
is vibrationally excited before photodissociation be­
cause the CS equilibrium bond distance of the excited 
CS2(Ä1B2) is longer than that of CS(X 1 2 + ) by 0.13 Â. 
Furthermore, during dissociation the fragment is vibra­
tionally excited by the actual repulsive force, i.e., 
dynamical excitation. Because the A1B2 state has the 
S-C-S angle of 153°, the CS fragments are thought 
to be rotationally excited. The spectator model pre­
dicts that the rotational energy will be one fourth 
of the vibrational energy.12) 

Concerning the photodissociation process (2), 
Donovan et a/.13) reported the preliminary results 

which showed the yields of S^Da) in the photolysis 
of CS 2 at 200 nm. As the process (2) is thought to be 
the direct photodissociation, the singlet excited state 
must have very short lifetime in which the linear 

structure of the ground state of CS 2(X 12+) is retained 
during the decomposition. Although no rotational 
excitation is possible in this case, n is smaller because 
available energy for the process (2) is smaller than 
that for (1) by 26.4 kcal/mol.14) Because the CS bond 

distance (1.55 Â) of CS2(X) is almost same as that 
of CS(X) (1.53 Â) , the value of a in Eq. I I is ex­
pected to be infinite, i.e. only i=0 is initially populated. 
From the above discussion it is concluded that the 
vibrational distribution with the lower vibrational 
quanta (n, a) = (1.7, oo) corresponds to the process 
(2), while that with (n, a) = (5.5, 19.0) corresponds to 
the process (1) because of the initial excitation of the 
CS fragment. 
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Proton magnetic relaxation times Tly Tlp, and T1B were measured on a single crystal of a-form oxalic acid 
dihydrate in two modes: temperature dependence at one or two specific crystal orientations, and angular depend­
ence at several temperatures. Results were compared with the calculation based on an isolated three proton 
system for the assumed modes of motions. The temperature dependence of Tx and that of Tlp and T1B in the 
low temperature range are reasonably accounted for by the 180°-flip of the water molecule. The activation 
energy for the motion of 43.6 kj mol - 1 is obtained. Tlp and T1D above about 35 °G decreased as the temperature 
was raised. The comparison of the observed results in this temperature range with the calculated ones suggests 
that there is exchange motion among the three spins. An activation energy for this motion of 80.8 kj mol - 1 is 
obtained. This three spin exchange motion may be considered as a combination of a jump of carboxyl proton 
to a higher potential trough corresponding to the ionic configuration and the three-fold reorientation of the hy-
dronium ion thus formed. 

Because nuclear magnetic relaxation in a low field 
can be very effectively caused by a slow nuclear motion, 
measurement of Tlp is an important means to study 
such motion. In the course of Tlp and 7 \ D measure­
ments on powdered samples of oxalic acid dihydrate, 
we found a decrease in these relaxation times with 
temperature which cannot be accounted for by the 
familiar 180°-flip of the water molecule of hydration. 
O u r primary purpose in this paper is to elucidate 
the motion responsible for the above finding from the 
relaxation time study on single crystals. 

We will describe first the calculation of relaxation 
times for assumed modes of motion, then experimental 
procedures, results of temperature and magnetic-field-
direction dependence of relaxation times, and com­
parison of these results with the calculated values. 

Calculat ion o f the Re laxat ion R a t e s 

The crystal of a-form oxalic acid dihydrate is mono-
clinic, and its structure is accurately known.1) Hy­
drogen atoms in this crystal are incorporated in a 
hydrogen bond network, as shown in Fig. 1. For 
simplicity, calculations of relaxation rates are made 
for an isolated three spin system of H1 ? H 2 , and H 3 . 
The atomic positions obtained from neutron diffraction 
studies are used.2) For proton resonance, an isolated 
three spin system may be a reasonable approximation, 
because inter-proton distances within the three spin 
group are 2.05, 2.12, and 1.53 Â, while those between 
the adjacent groups are 3 Â or greater, except the 
H 3 - H 3 ' value of 2.78 Â. 

Calculation of Relaxation Rates due to 180°-Flip of Water 
Molecule, Relaxation Rate in the Laboratory Frame: 
Along the line of Look and Lowe's standard treatment,3) 
the relaxation rate 7 \ _ 1 due to random modulation of 
the dipole interaction between the carboxyl proton 
and two protons of a water molecule executing 180°-flip 
motion with a probability w1 can easily be calculated as 

~ 2 R e ( % 1 2 a ) * % 1 3 a ) ) ] + T q ^ ^ 

X [| %12<
2) 12+ | %13<

2) |2-2Re(x12<2)*%13
(2))]| (1) 

where rl=\ßwl defines the correlation time of the 
motion, %'s are given by 

Xaß
{1) =raß-*sm6aßcos6aßexp(-i<paß), ) 

\ (2) 
Xaß

{2) = raß-*sm*6aßexp(-2i<paß), ) V ; 

where raß) daß) and <paß are the polar coordinates 
of a vector joining site a to site ß in the coordinate 
system with its polar axis along the static field / / 0 , 
site 1 for carboxyl proton, sites 2 and 3 for those of 
a water molecule. co0 is the Larmor angular frequency 
and other symbols have their usual meanings. 

Relaxation Rate in the Rotating Frame: In a same 
manner T ^ - 1 can be calculated for the present case.3) 
Since Tlp^Tx in the present experiment, we retain 
only the dominant terms in the expression of T ^ - 1 

involving cox and neglect those terms involving co0 

and 2co0, where œ1=yH1. 7 \ , , _ 1 is then given by 

T^ = 3^W^' (3) 

where 

do = \(Xi*™-Xnm), (4) 

with 

X«ß
m=raf-

3(l-3cos*eaß). (5) 

Fig. 1. Crystal structure of a-oxalic acid dihydrate: 
b axis projection. 
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When c o ^ C l , we have 

Tlp-^ = ^hHldQK (6) 

Relaxation Rate in the Dipole Field in the Rotating Frame : 
Because under the conditions of the present measure­
ment of T1D, TX is always much smaller than the Larmor 
period in the local field, we only consider the case 
of the short correlation time limit. We start from the 
general perturbation equation of relaxation rate4) in 
which the dipole Hamiltonian in the rotating frame 
is divided into two par ts : ^fd0 J the motion averaged 
part , and < f̂ di, the time-varying par t (perturbation 
term). 

X f+JdTTr{<[jrd l*M, JTdo] 

X[jrd l*(0),Jrdo]», (?) 
where 

^ d o = « O ( A J + A K ) + b0DJK, (8) 

J T d l = </(*) ( A J - A K ) , (9) 

<3?V(0 = e x p ^ - z ^ - ^ d l ( 0 e x P ( ^ ^ ) , 

and 

«o = 7(Zi2
(0> + Zi3

(0 )), ) 

* 0 = JZ23 ( 0 )-

(10) 

(11) 

Du etc, are of the form, 

A j = y 2 Ä 2 ( 3 / z y z - r . j ) . (12) 

I is a spin at site 1, J and K are those flipping between 
sites 2 and 3, and 

d(t)=d0 if J spin is in site 2 at time t, 
= —d0 if J spin is in site 3 at time t. 

In the short correlation time limit it is permissible 

to replace exp( i—j^-t) in Eq. 10 by 1. We then have 

x [+°°(d{T)d{0)ydt. (13) 

The integral gives 2rld0
2. Traces in Eq. 13 are evaluat­

ed straightforwardly, leading to the final expression 

^ID-1 = y y ^ W , (14) 

which is 1/2 the Tlp~
x of Eq. 6. 

I t is noted here that when < f̂ d0 + ^ z
 l$ u s e d instead 

of JTdo in Eq. 7, where ^z=-yhH1(Ix+Jx+Kx) is 
the effective Zeeman Hamiltonian in the rotating frame, 
a straightforward calculation similar to the above yields 

Equations 6 and 14 are the two limiting cases of Eq. 
15 for / / L C / ^ and H^O, respectively. 

Relaxation due to Slow Motional Processes. Relaxa­
tion Rate in the Rotating Frame due to Exchange between 
Carboxyl and Water Protons, or a Three-fold Reorientation'. 
In the present work, in the temperature range where 
relaxation effects of slow motion appear, we consider 
the situation where exchange between H x and H 2 or 
H 3 occurs. This may be viewed as a slow three­
fold reorientation in addition to the rapid flip motion 
of the water molecule. We will discuss the actual 
mode of motion later. 

We assume that exchange occurs among the spin 
arrangements i, ii, and iii with a probability wu. 

site 1 sites 2 and 3 

~~ï Î J, K 
ii J K, I 
iii K I , J 

Look and Lowe's treatment3) is again followed and 
T ^ - 1 is expressed by 

or 

r, - = lr»(*-UV(Cn/3)«' 

Tl - x = - V fa"*»)2 ._L 
*' 8 7 «,» T„ 

(17) 

(18) 

in the limit of slow motion (co 1T n>l) . Here we take 
the correlation time of the exchange motion as r n = 

»Mi-
When T ^ - 1 of Eq. 18 is compared with T1D~l of 

Eq. 24 to be given in the next section, we have 
3 Tlf-

llT: ID rW/Hs (19) 

According to Slichter and Ailion,5) for the relaxation 
by slow motion 

^irV^iD-1 = HJKHf+H,*), (20) 

when Hx is comparable to or less than Hh, and 

Tlp-
1/T10-

i = ^U^jfu^+jUj^, (21) 

when Hx is sufficiently greater than HL so that cross-
relaxation between the Zeeman and the secular part 
of the dipole energy in the rotating frame can be 
neglected. I n the present experiment the largest Hh 

amounts to « 3 . 7 G, while the H± used is 6.2 G. 
Rigorously, Tlp~

1 of Eq. 18 needs adjustment for 
Hh due to the relation given by Eq. 20 or 21. These 
correction factors, however, turn out to be small (esti­
mated to be not more than 2 0 % in the worst case) 
and are therefore neglected. 

Relaxation Rate in the Dipole Field in the Rotating Frame 
due to Slow Exchange between the Carboxyl and Water 

T -i =±y*h*Tld0*(Hj* + 2H1*)l(Hj* + H1*), (15) Protons: T1D~l in the present case can be given by5) 

where the local field in the rotating frame / / L is by 
definition 

# L 2 = [ 3 / ^ y * / ( / + l ) ( 2 / + l ) N ] T r { ( ^ d 0 ) 2 } , 

and expressed in this case as 

Hi* = jy>#(W+b0
%). (16) 

with 

7 \ D - 1 = ( 1 - / 0 , 

(i-Ä = SA(A-A)/SA 2 , 

(22) 

(23) 

where Ah are the lattice part of the dipole interaction 
(a0 between sites 1 and 2 or 3, and b0 between sites 
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2 and 3), q denotes a spin pair before the reorientational 
j u m p and s denotes that after the j u m p , and the sum­
mation is carried out over all possible processes and 
possible spin pairs. For each j u m p from one of the 
arrangements, i, ii, and iii, to another the numerator 
of Eq. 23 will be given by (a0—b0)

2 because in the 
process of i—»ii, for instance, one of the three spin 
pairs (IJ) makes no contribution to it while for the 
others, (IK) has a0(a0—b0) and (JK) has b0(b0—a0). 
Each j u m p contribution to the denominator of Eq. 
23 is simply 2a0

2+b0
2; thus we have 

(a0-b0)* 1 

p-T 1 1 1 1 1 1 1 1 1 1 1 1-

1 ID — 
(2a0

2 + V ) T " 
(24) 

Relaxation Rate due to Diffusion. Diffusion of water 
molecules or carboxyl protons may be another motion 
which is likely to exist at high temperatures. Here 
we consider the following two cases of diffusional 
j u m p (the three-spin system is considered as before) : 

Case 1 : all dipole interactions are destroyed. 
Case 2 : dipole interactions between carboxyl protons 

and water protons are destroyed but that within the 
water molecule is retained. As will be described later, 
these diffusion mechanisms do not give satisfactory 
angular dependence of relaxation rates; thus only the 
proportionality relations resulting from these mech­
anisms, which are necessary for later discussion, will 
be presented. 

When an expression for relaxation rate by slow 
motion similar to Eq. 22 is applied, we have for Case 1, 

2 a 0
2 + V 1 1 

ID • oc-
2a0

2 + b0
2 r d r d 

(25) 

independent of the field direction, because the entire 
dipole interaction is destroyed by a diffusional j u m p . 
rd denotes the correlation time for diffusion. From 
the relation of T ^ - 1 and X ^ - 1 mentioned before 
we can expect to have an approximate relation: 

^-l0CJv+v.J_. (26) 

A similar argument for Case 2 leads to 

W + bo2 *d ' 
' I D 

and 

Tlp-^-
1 

*d 

(27) 

(28) 

Exper imenta l 

Single crystals of a-form oxalic acid dihydrate (GOOH)2 ' 
2H 2 0 are grown by slowly cooling a saturated aqueous 
solution. The crystal is mounted on a teflon holder which 
fits in the probe head. Alignment of the crystalline axes 
in the probe head is made visually. The alignment error 
is estimated to be less than 2°. Measurements are made 
at the Larmor frequency of 30 MHz. A single coil coupling 
arrangement is used. Recovery time of the receiving system 
is about 8 (xs. 7^ is measured by 90° pulse comb-90° pulse 
sequence. For rotating frame experiments the spin locking 
state is prepared by turning on Hx slowly (in a time of « 1 ms), 
and at the same time the initially offset rf frequency is swept 
to the exact resonance. 

Accuracy of the relaxation time measurement depends 

_J i i i i i i i i i L. 
2.8 3.0 3.2 3.4 3.6 3.8 A.0 4.2 

r-vkK-1 

Fig. 2. Temperature dependence of Tx at (p-R=\12°, 
<pK being defined in the text. 

strongly on the appearance of free induction decay signals. 
In most unfavorable cases the error in the relaxation time 
probably amounts to 20%, but in most cases the estimated 
error is 10% or less. 

Temperature control below room temperature is made 
by regulation of intermittent flushing of liquid nitrogen 
directly onto the thick-wall copper shield casing of the sample 
coil.6) 

R e s u l t s 

Tv Temperature dependence of 7 \ as shown in 
Fig. 2 is measured at <pK=\72°, where <pK denotes 
the angle of rotation of H0 from the a axis toward the 
c axis in the ac plane. To avoid damage of the sample 
due to dehydration the measurement is not carried 
out to the point of 7 \ minimum. However, from 
the appearance of Fig. 2, we estimate this to occur 
at about 61 °G. The theoretical 7 \ curve of Eq. 1 
with rT of Arrhenius form is fit to the observed one in 
the following two respects: (1) the slope of log 7 \ 
against l/T, and (2) the temperature of the 7 \ mini­
mum. The following parameters are obtained: 

T l = 4.37 X 10-16exp (AEi/RT), 

A#i = 43.6kJmol" 1 . 

T h e calculated 7 \ from Eq. 1, also shown in Fig. 2, 
is in satisfactory agreement with the observed value, 
considering that only isolated three-proton system is 
taken into account. 

In Fig. 3, T^1 at 1.4 °G with H0 in the ac plane, 
and that with H0 in the b axis are compared with 
the theoretical curve with rl of Eq. 29. The agreement 
is generally satisfactory. 

Tlp and T1D. The temperature dependence of Tlp 

and T1D is measured at <pK=47° and 172° where the 
free induction decay signal is not exceedingly short, 

(29) 
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Fig. 3. Angular dependence of T-1 at 1.4 °G. The 
calculated curve from Eq. 1 is also shown. The 
value with H0 along the b axis is shown at the far-
right of the figure; an arrow indicates a calculated 
value. 

r-VkK-1 

Fig. 4. Temperature dependence of Tlp and T1B. 
• , # : Tlp and T1D, respectively, measured at #>H= 
172°. • , • : those measured at <pK=47°. The 
values corrected for relaxation rates due to 180°-
flip are indicated by open marks, • , etc. 

so that a relatively accurate measurement of relaxation 
time is possible. The results are shown in Fig. 4 
as a semilog plot against l/T. Each curve shows a 
maximum, indicating the presence of at least two 
different modes of motion. 

Positively Temperature Dependent Range. The 
slopes of the curves in this range are nearly the same 
as that of Fig. 2. This indicates that the relaxation 
times are governed by the fast 180°-flip of water mole­
cule ( r j y / ^ C l or T J / T / L C I ) . The AEl values derived 
from Tlp9 « 4 7 k J m o l - 1 (y>H=172°), and « 4 1 k j mol" 1 

((Pn=47°) are in satisfactory agreement with AET of 
Eq. 29. Calculated Tlp and T1D from Eqs. 6 and 
14 with rl from Eq. 28 are a factor of about 1.5 greater 
than the observed values of #>H=172° and a factor 
of about 2.2 greater than those of #>H=47°. 

The angular dependences of 7 \ , , _ 1 and T ^ - 1 

measured at 0 °C are shown in Fig. 5. Calculated 
angular dependences due to fast 180°-flip from Eqs. 
6 and 14 with Eq. 28 are also shown in the same figure. 

I 200 

<Pn 
Fig. 5. Angular dependence of T,

1/9~
1(0) and T1B~X 

(# ) at 0°C. (a): Tlp-* from Eq. 6, (b): T1Trx 

from Eq. 14. Values at the b axis are presented 
at the far-right (calculated Tlp-

X value indicated 
by an arrow). 

h - ioo| 
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<PK 

Fig. 6. Angular dependence of TlD-x at 47 °G (solid 
circles) with H0 in the ac plane and along the b axis, 
the latter being shown at the far-right of the figure. 
Open circles are those corrected for contribution from 
180°-flip motion. Calculated curve from Eq. 24 is 
also shown. 

The agreement with the experimental values is generally 
satisfactory. Discrepancies may be partly ascribed to 
the assumption of the isolated three spin system.7) 

Negatively Temperature Dependent Range. At tem­
peratures above the T1D maximum, relaxation rates 
due to the high-temperature-mode motion are estimat­
ed by subtracting the contribution due to the 180°-
flip motion of water molecule from the observed relaxa­
tion rates. The latter values are estimated by ex­
trapolating relaxation rates from the low temperature 
values, by assuming the activation energy determined 
above. The corrected values are also shown in Fig. 
4. An average value of activation energy for the 
high-temperature-mode motion of 80.8 k j m o l - 1 is 
obtained from lines (A) and (B) fit to the temperature 
dependence of T1D of Fig. 4. The same trend at 
high temperatures is apparent for both Tlp and 7 \ D 

but the high temperature mode motion has less effect 
on Tlp. Therefore, Tlp data are not used for deriving 
the activation energy. 
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Fig. 7. Angular dependence of Tlp-
X at 55.3 °G (solid 

circles) with H0 in the ac plane and along the b axis. 
Open circles are values corrected for contribution 
from 180°-flip motion. Calculated curve from Eq. 
18 is also shown. 

To understand the mode of motion responsible for 
the high temperature relaxation, angular dependences 
of 7 \ D at 47 °G and Tlp at 55.3 °G are measured. 
These relaxation rates are shown in Figs. 6 and 7. 
Also shown in these figure are the rates corrected for 
the small contribution due to the 180°-flip. The 
amounts of correction at these temperatures are as­
sumed to be the fraction theoretically expected from 
the temperature variation in correlation time of the 
relaxation rates of Fig. 5 at 0 °G. 

Theoretical curves of the angular dependence of 
relaxation rates due to carboxyl-water proton exchange 
motion from Eqs. 18 and 24 are also shown in Figs. 
6 and 7. Numerical values of ru used in drawing 
these curves are to be described later. Except for 
the field direction in which the second moment of 
the three spin system becomes very small and where 
such an approximation is by no means a good one, 
the agreement of angular dependence between observed 
7 \ D

_ 1 and the one calculated for the three spin exchange 
motion appears excellent. The observed angular 
dependence of T ^ - 1 in Fig. 7 is also in satisfactory 
agreement with the curve for the exchange mechanism. 

Before concluding that the exchange mechanism is 
the high temperature motional mode of this crystal, 
however, we need to examine whether a diffusion 
mechanism can also explain the observed results. The 
angular dependences of diffusion mechanisms expected 
from relations (25)—(28) are shown in Fig. 8. Dif-
fusional motion of Case 2 can be definitely eliminated 
from the appearance of the curve. As for Case 1, 
though T^u -1 from (25), which is angular independent, 
disagrees with the observed curve of Fig. 6, two dips 
on the curve which are located around the second 
moment minimum might be a consequence of inap­
propriate assumption of the isolated three spin system 
at these angles. Unfortunately, this cannot be decided 
by the angular dependence of 7 \ , _ 1 j because the 
curves of Fig. 7 and Fig. 8 (d) have similar appearance. 

<PH 

1 — 1 — —T 1 

( d 7 \ 

1 1 

1 1 

i ^ A 

Fig. 8. Angular dependence of T^D - 1 and ^i,,-1? in 
the ac plane from assumed diffusional mechanisms. 
(a) and (b) represent 7*1D

_1 and Tlp~
x, respectively, 

for Case 1 ((25) and (27)). (c) and (d) represent 
T^D - 1 and Tlp~

x, respectively, for Case 2 ((26) and 
(28)). Each curve is drawn to arbitrary scale. 

3001 

200 
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i i y i i 6r i i 9 0 

Fig. 9. T^-1 at 49 °G as H0 is rotated from the a 
to b axis. (A) : Calculated curve from Eq. 24. 
(B) : calculated angular dependence of second moment 
(scale arbitrary); this curve is to show no extremely 
small values of i /L is present in these directions. 

In order to draw a definite conclusion to this problem, 
the angular dependence of T1B with H0 in the ab 
plane is measured. In this case the three spin system 
has two different orientations with respect to H0i 

and T'iu -1 is calculated as the mean value for these 
two orientations, as shown in Fig. 9. It is noted 
that the theoretical 7 \ D

_ 1 due to three spin exchange 
motion decreases steadily as the field is rotated from 
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(30) 

the a axis to the b axis. The observed values of 7 i D
_ 1 , 

also shown in Fig. 9, are in satisfactory agreement 
with the curve calculated for the exchange mechanism,8) 
but they disagree with the diffusional motion of Case 
1, where a constant value over the whole range is 
expected. A diffusion mechanism is therefore excluded. 

From the maximum value of X ^ - 1 at 47 °G of 
Fig. 6, T n = 7 . 7 m s is obtained using Eq. 24. With 
this r n and the activation energy obtained above, 
we have 

ru = 5.3 x 10-16exp (AEnlRT), 

A-En ^SO.SkJmol - 1 . 

Similarly, from the maximum value of T^-1 at 55.3 °G 
of Fig. 7, T n = 2 . 8 m s is obtained using Eq. 18; this 
is in fair agreement with 3.5 ms at that temperature 
from Eq. 30. 

D i s c u s s i o n 

7 \ and the low temperature par t of Tlp and T1D 

are consistently explained by a 180°-flip motion of 
water molecule. The activation energy for this motion 
has been obtained from the temperature dependence 
of T± of the deuteron in the a-form ( C O O D ) 2 - 2 D 2 0 
crystal to be 9.7 kcal mol" 1 ( = 4 0 . 6 k j mol"1).9) There 
is a small difference in AET of the previous report 
from the present result; this may be ascribed to ex­
perimental error rather than indicating an isotope 
effect.10) 

While relaxation rates in the rotating frame are 
most sensitive to slow motion at H^O, for a rapid 
motion this is not the case. As seen in Eqs. 6 and 14, 
7 \ D is twice the Tlp in the case of rapid two-fold reori­
entation.11) The relation may be utilized to detect 
slow motion in the presence of rapid reorientation, 
for T1BITlp may be a sensitive measure of additional 
slow motional processes. 

The case dealt with in the present study revealed 
an interesting three spin exchange motion in a system 
in which H 3 0 + is not formed. I t seems more reason­
able to consider this motion as involving the following 
excited configuration rather than a simple three-fold 
reorientation. The system in the ground configuration 
(I) is first excited to the excited configuration ( I I ) , 

O - H - c / 
H-

o-
/ \ H -

/ H 
H - O 

\ H 

(I) (II) 

followed by a three-fold reorientation of H 3 0 + in that 
state, and then it returns to (I) . Schematic illustration 
of the potential curve of the system is shown in Fig. 
10. The observed AEn may be interpreted as the 

Fig. 10. Schematic illustration of the potential curves 
for water and carboxyl proton exchange motion. 

sum of E1+E3 if E2<,E3i or interpreted as E^E^ 
if E2>E3; in the latter case the j u m p of the carboxyl 
proton to the upper state and the three-fold reorienta­
tion take place in one step. The activation energy 
for the three-fold reorientation of H 3 0 + is reported 
to be 4.82 kcal mol" 1 (=20 .17 k j mol"1) in H 3 0 + -
C104-,12) and that of 34 k j mol" 1 is obtained for 
H 3 0 + H S 0 4 ~ from our TX measurement.13) Though 
the interpretation of the energy relations given here 
is very approximate, with E3 in the range of activation 
energy of H 3 0 + reorientation quoted above, a reason­
able estimate of the upper limit of E± may be around 
60 k j mol"1 . 

The mechanism of motion proposed above involves 
jumps between unequal levels of the carboxyl proton. 
Usually in a case like this the motion is relatively 
ineffective for relaxation due to the short residence 
time in the less stable site.14) In the present case, 
however, the carboxyl proton which moved to the 
high energy site can exchange position with the water 
protons by the three-fold reorientation and therefore 
the whole sequence can provide an efficient mechanism 
for relaxation.15) 

From the positive temperature dependence of the 
deuteron quadrupole coupling of carboxyl deuteron 
in deuterated oxalic acid dihydrate, a weakening of 
the hydrogen bond with temperature is suggested.9) 
If this is the case it would result in an increase in the 
activation energy AEU with temperature. However, 
if such an effect is taken into consideration, the result­
ing pre-exponential factor, Tn°, becomes unreasonably 
small. For instance, a linear temperature dependence 
of AEn of only 4.2 k j mol^/lOO °G leads to AEU at 
350 K of 88 k j mol" 1 and ru° of 10~17. Though there 
seems to be thus some incongruity between the previous 
deuteron resonance result and the present work, for 
which at the moment no explanation is available, we 
conclude that AEU of Eq. 30 is substantially correct 
and that the positive temperature dependence in AEU, 
if it exists, is not large. 

The chemical shift of oxalic acid dihydrate at room 
temperature has been measured by high resolution 
N M R in solids.16) Because the chemical shift spectrum 
is also sensitive to slow motional processes, it is hoped 
that such study will be extended to higher temperatures 
to see if supporting results can be obtained. 
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Theoretical equations are presented of the a.c. polarization and of the a.c. polarography and voltammetry for 
the surface redox reaction (Oad+«e^±Rad) in which charge transfer reaction takes place exclusively between the 
adsorbed reactants Oad and Rad, and both reactants are adsorbed so strongly that the amount of O or R brought 
to or removed from the electrode surface can be neglected. The interaction between adsorbed molecules is as­
sumed to be expressed by Frumkin's «-parameters. Also the effect of the double layer impedance is taken into 
account. Some simplified cases are discussed in detail. 

Electrochemistry with electroactive reactants ir­
reversibly or strongly adsorbed on or chemically bonded 
to electrode surface is an active field of current research 
(for reviews, see Refs. 1 and 2). In the majority of 
cases the electrochemical behavior of such electrodes 
has been studied by using linear sweep cyclic voltam­
metry and differential pulse polarography. Also the 
coulostatic technique3) and the second harmonic a.c. 
voltammetric technique4) were used for the study of 
electron transfer reactions between reactants irrevers­
ibly or strongly adsorbed on or chemically bonded to 
electrode surface. We have applied the a.c. Polaro­
graphie technique to elucidate the electrode processes 
of ferredoxins irreversibly adsorbed on the surface 
of mercury electrode. 5a> T h e results indicated that 
the a.c. polarography is a powerful technique, in par­
ticular, for determining the electrochemical kinetic 
parameters. 

Theory of the faradaic impedance or a.c. polaro­
graphy of the electrode processes with specific adsorption 
has been given in a general form6) which involves terms 
of mass transfer, adsorption and charge transfer. 
Although the general expressions are very involved, 
the expressions will become very simple7) when the 
charge transfer reaction takes place exclusively between 
adsorbed molecules and the amount of electroactive 
species (O or R) brought to or removed from the 
electrode surface by mass transfer can be neglected 
in comparison with the amount which remains adsorb­
ed. These conditions will be satisfied in the case of 
strongly or irreversibly adsorbed or chemically bonded 
species. 

In this paper, we present theoretical expressions of 
the faradaic impedance and of the a.c. polarography 
and voltammetry of the electrode processes with re­
actants irreversibly adsorbed on or chemically bonded 
to electrode surface (hereafter we call this the "surface 
redox reaction") on the basis of the general expres­
sions6). In the following derivation we shall make 
several assumptions: (a) the charge transfer reaction 
takes place exclusively between the adsorbed molecules, 
(b) both O and R are adsorbed so strongly (irreversibly) 
that the amount of O or R brought to or removed 
from the electrode surface can be neglected, and (c) 
the interaction between adsorbed molecules can be 
expressed by Frumkin's «-parameters. The effect of 
the double layer impedance is also considered. 

T h e o r y o f Faradaic a n d 
Non-faradaic Currents 

W e consider an n-electron surface redox reaction, 

Oa d + »e ^ = ± R a d . (1) 

Since the surface redox reaction proceeds exclusively 
between the adsorbed molecules (assumption (a)), the 
faradaic current density IF is a function of the electrode 
potential, E, and the surface concentrations of the 
adsorbed species O and R, ro and JT R ; IF=g(E, 
^oj ^ R ) - For small variations of the potential, ôE, 
superimposed on the " d . c . " potential, Eûc, (E=EÛC+ 
ôE), the surface concentration will change around the 

mean ( " d . c " ) value, ri9 with small variations, (5/^; 

ri=ri-\-ôri ( i = 0 and R) and the faradaic current 
will be given by6) 

/ F = /dc + <5/F. (2) 

Thus we have for the first harmonic of faradaic current, 

V F > 

V F = (dl/dE^E + (dl/dr'0) V \ > + {ßlldr^dj1^ (3) 
where ôxE and <5X/YS represent the first harmonic 
variations of E and / Y s respectively. From the as­
sumption (b) we further have6) 

d( V O / d * = JarfiA = ±{àihlnF). (4) 

Here the upper and lower sings correspond to O and 
R, respectively, j is the operator ( —1)1 / 2 , and eo the 
angular frequency of sinusoidal variations. 

By combination of Eqs. 3 and 4 we obtain the I-E 
characteristic for sinusoidal variations of small ampli­
tude, 

V F = <V/eal + J V » W = (r-jyy^E, (5a) 

(rfy)2 1 

and 

V - 1 — T F ^ w = - ^ (5c) 

where V " a l a n d V F " " a r e t n c r e a ^ a n ^ imaginary 
components of the faradaic a.c. current, respectively, 
and r and y are given by 

r = l/fil/dE), (6a) 
and 

y=yo + Ä = (ilnFco)[-(diidr0)l(dildE) 
+ (diidrR)/(diidE)]. (6b) 
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In harmony with the assumption (b) (see Eq. 4) the 
general theory6) would give the same expressions as 
above when 

Wo/MV) = (dfa/dro) = o, |Ci|«i, 
and (o>/2A)1/2(ari/ac?)>i 

(see Ref. 6 regarding the notations). 
Because of adsorption of O and R, the double layer 

impedance, i.e., the non-faradaic impedance may dif­
fer from that observed in the absence of O and R. 
In this case we can assume that the surface charge 
density on the electrode, q, is a function of E, ro, 
and rR only, so that for sinusoidal variations of the 
non-faradaic current-density we have for the first har­
monic6»8) 

V N F = {àqlàt)^=]œ[{dqldE)ô1E-V{dqldr 0)0^0 

+ (9* /9 r R )Wi . (7) 
From Eqs. 4 and 7, we obtain for the non-faradaic 
ac current 

V N F = (VnF)[(dqldr0)-(dqldrR)]ô1IF + fctfqldE^E. 

(8) 

Thus we have for the total (faradaic and non-faradaic) 
ac current 

V t = V F + V N F 

= {1 + (1/«F) [ ( W o ) - (fy/MV)]} V F 
+ ^(dqldE^E, (9) 

and the observable real and imaginary components 
are 

v x i = 0 + (MnF)[{dqidr0) - (fy/arB)]} v r 1 , (ioa) 
and 

v a » = {i + (i/^)[W9r0)-(^/5rR)]}VFmas 

+ co(dq/dE)o1E, (10b) 

respectively. The second term on the right-hand side 
of Eq. 10b, co(dq/dE)ô1E, (i.e., so-called "wahre 
Kapazität" term8)) can be estimated from double-layer 
capacity measurements employing very high fre­
quencies. This term is generally a reverse-S-shaped 
or S-shaped variation of the capacity current and 
for practical purpose can approximately be eliminated 
by a conventional method of correction for ac base 
current as usually used in a.c. Polarographie technique: 

Vier? = V S ï - coidq/dE^E 

= {i+(iinF)[(dqidr0)^(dq/drR)]}ô1rr^ (îoc) 
On the other hand it is very difficult to estimate the 
term [ißql^r,^) — (dqjdrB)'\ experimentally. However, 
since the potential range in which the faradaic 
current appears does not exceed a few tenths of a 
volt, it can be assumed that this term is practically a 
constant within the range studied: 

VSSi = («/») V " a l , (Ha) 

VSSff = (m/»)Vlr% (Hb) 
(m/») = {l + (llnF)[(dqldr0)- (dq/dr*)]} (lie) 

We call the constant, m, denned by Eq. l i e the apparent 
number of electrons associated with the surface redox 
reaction (1). 

Equations for Faradaic 
Impedance and A.c. Polarography 

and Voltammetry 

Laitinen and Randies9) first gave theoretical expres­
sions of the faradaic impedance for the surface redox 
reaction. However, they did not take the interaction 
between the adsorbed molecules into account. We 
assume that the current-potential-concentration charac­
teristic can be written as7) 

(/F/IIF) = V-'V, (12a) 

V = *.'(1 -f)6tB? exp [ß(nFIRT)(E-E0)] 

X exp [-aRR(l - / ) 0 t - W 0 t ] , (12b) 

V = ktfBtBfexp l-x(nFIRT)(E-E0)] 

X exp [ - Ä O O A - « O B ( 1 - Z W ] , (12c) 

where Bi is the constant representing the adsorption 
energy of i on the electrode surface at E=E0, E0 being 
the reference electrode potential (see below), aLi the 
Frumkin's ^-parameter of interaction between the ad­
sorbed molecules i and j (al5 is positive for an attraction 
and negative for a repulsion),10) 0t the total coverage 
denned by 0 t = / \ / r m = f l o + f l B with eo=ro/rm, 6R= 

r*lrm> a n d r t = r 0 + r R = r 0 + r R 5
 rm t h f m a x i " 

mum value of the total surface concentration, / = 
0o/6t, kt=kBrm and kB (in s-1) the rate constant of 
the charge transfer reaction at the standard potential 
of the surface redox reaction, E'o, which is defined by 

Ei = E0+ [RTI(x+ß)nF][\n (BjJBo) 

- ( l / 2 ) ( ö 0 0 - Ö R R + Ö 0 R - Ö R 0 ) ö t ] . (13) 

The equilibrium dc potential, £ e q , a t 7P=0 is given by 
Eeq = E'0+ [RTI(x+ß)nF][\n ( / / ( l - / ) ) 

+ (l/2)(l-2/)G0 t]eq (14) 

where G is defined by Eq. 19. a and ß are the transfer 
coefficients for cathodic and anodic charge transfer 
reaction, respectively. Similar expression of the cur­
rent-potential-concentration characteristic has been 
used by Conway et al.11*12) in the kinetic theory of the 
linear sweep voltammetry of the surface redox reaction, 
and by Laviron,13) Brown and Anson,14) and Murray 
et al.lb) in theoretical expressions of the reversible 
linear sweep voltammogram of the surface redox reac­
tion. It can generally be shown that the peak potential 
of the d.c. reversible (i.e., d.c. Nernstian) linear sweep 
voltammogram, E%c, is equal to E'o defined by Eq. 
13. In the following we assume that the ^-parameters 
are independent of the electrode potential. In Eqs. 
12b and 12c the terms exp[ß(nF/RT)(E—E0)] and 
exp[—(x.(nFjRT)(E—E0)] represent the dependence of 
both the activation free energy of charge transfer and 
the adsorption free energy of reactants on the electrode 
potential. The quadratic dependence of these energies 
on the electrode potential has been described. In 
the following, however, we assume in the first ap­
proximation that the coefficients a and ß are inde­
pendent of the electrode potential. The reference elec­
trode potential, E0, may be considered as correspond­
ing to the standard potential of the redox couple 
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supposedly in the bulk of solution. 
From Eqs. 6a, 6b, 12a, 12b, and 12c we obtain 

r = (l/nFKßinFIRT^c + ocinFIR^Vtc]-1 (15) 

and 

y = ( rM{Fd c[( l / /T
0)-(«oo-«OR)(öt/A)] 

+ Fdc [ ( l / r R ) - ( f l R R - Ö R o) (ö t / r t ) ] } . (16) 

Here Vûc= V(E=Eac, f=f) and V,Q=V{E=E^ / = / ) 

with f=ro/rt and these are related to the dc faradaic 
current by 

( / , W « F , = Kc- Fdc- (17a) 

When the surface redox reaction is d.c. reversible (dc 
Nernstian), i.e., (4RTkJnFv)>\ in a.c. voltammetry 
with the potential sweep rate, v, or k8r>\ in a.c. polar-

ography with the drop time, T, f or ro, and 7 ^ can 
be estimated by 

( ^ d c _ ^dc)dc reversible = 0 ( ! ' " ) 

and given by 

Eûc = E'0 + [RT/(oc+ß)nF] 

X [ l n ( / 7 ( l - / ) ) + ( l /2 ) ( l -2 / )G0 t ] , (18) 

with 

G = a00 + aRR — a0R — URO- (19) 

In this case r and y are given by 

1 RT 1 

and 

y = 

(oc + ß) nF 70 ' 

1 l-Gdt(l-f)f 
(oc + ß)nF(nFIRT)a>rt (\-f)f ' 

(20) 

(21) 

(23) 

where 70 is the exchange current density at E=EÛQ 

and given by 

70 = nFksrJß/(a+ß^\-J)a/(a+?)BöV(a+VBäaKa+V 

X exp{-(ßl(x + ß))[a00f+a01i(l-f)]dt} 

X exp {-(a/(a + ^ ) ) [ f l R R ( l - / ) + Ö R 0 / ] ö t } . (22) 

T h e phase angle, <p, is given by 

cot <p=(r/y) = ( V r W i T " ) = ( V X l / V S r ? ) 

( 1 - / ) / 
0o l _ G 0 t ( l - / ) / ' 

with </>0=I0lnFrt. 
These equations 18, 20, 21 , and 23 are applicable 

without alteration to a.c. polarization of the surface 
redox reaction at the equilibrium (dc) potential. 

Simpl i f ied Gases 

In the following we shall consider several simplified 
cases, in which the surface redox reaction is assumed 
to be dc reversible. 

A.c. Reversible Case. When the rate constant is 
so large that the condition (r/jy)<l is satisfied, Eqs. 
5a, 5b, and 5c are reduced to 

( V f ) r W = (<VFma*)rev = —àxE 

= (oc + ß)nF(nFIRT)a)rt 
/ ( I - / ) 

l-G6t(\-f)f 
—àiE, 

(24) 

becomes vanishingly 
The a.c. wave has a 

and cot <p=0. T h a t is, ÔJ7*1 

small and <p approaches 90°. 

maximum a t / = l / 2 and is symmetrical with respect 
to the peak potential. T h e peak current, (^7?) rev, 
peak potential, E?r, and half-peak width, AE*P%, 
are given by 

(V*)r.Y = (a + ^ )«F(«F /Ar )û>r t (4 -G0 t ) - 1 ^ , (25) 

ET = E'0, (26) 

and 

ÀE3Ï = 
2RT 

(oc + ß)nF 
In -I±2-_(l/2)G0tf 

1 —y 
(27) 

with 

y = l / (4 -G0O/(8-G0O. (28) 

As seen from these equations, both ( ^ 7 » ) ^ and 
ùkEVjl depend remarkably on the adsorption param­
eter G0t and also on the coefficient (ot-\-ß). It is 
noted that these equations are the same as those of 
the reversible linear sweep voltammogram13) if the 
term coôxE is replaced by the sweep rate v. Namely, 
in this case the shape of the a.c. wave is the same as 
that of the reversible linear sweep voltammogram and 
ET coincides with E?. 

Case of a=a{ 0 0 " 
- Ö R R — a o n — f l i "RO- In this case r 

and y are reduced to 

r = [{* + ß)nF{nFIRT)kB^tpß/(a+ß){\ + p)-*]-\ 

and 

y = [(* + ß)nF(nFIRT)a>rtp(l + p)-*]-\ 

where 

^sap : k8Bzß/(a+ß)Bäa/(a+V exp (-a0 t) , 

p = exp [(a + ß)(nF/RT){Euc-Ei)'\9 

(29) 

(30) 

(31) 

(32) 

with Eo=E0+[RT/(a+ß)nF]ln(BJB0), because a00-
Ö R R + Ö O R — Ö R O = 0 in this simplified case (see Eq. 
13). Introducing Eqs. 29 and 30 into Eqs. 5b and 
5c leads to equations of the two components of the a.c. 
wave, from which the two peak potentials, E™*1 and 
£,1pmagr, are given as functions of the kinetic parameters, 
a, ß and £sap, which implicitly depends on the adsorp­
tion parameter a, as shown, for example, for the case 
of oc+ß=l in Fig. 1. 

For the phase angle we obtain 

cot^ = ( V H V M = (a>lks&p)p
a/(a+ß)(\ + p)-i. (33) 

Accordingly a plot of cot (p against Eûc at any frequency 
has a maximum at the potential 

E'0 + [RTI(oc+ß)nF-\ In (cc/ß) (34) 

with a magnitude 

[cotçJ]max = («Afc..p)[(«/fl-"/<a+'> + («#)"<"+«]-». 

(35) 

The relations 33 to 35 are important because we do 
not need the knowledge on [(fy/dT^) — (<ty/37^R)]. 

When a + ß = l , we can determine the kinetic param-
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Fig. 1. Variations of £r
p

eal and El™e as a function of 
log (co/£8ap) for the case (2) with a + £ = l . Ef*g: 
(1) a=0.2, (2) a=0.4, (5) a=0.5 E1^1: (3) a=0.2, 
(4) a=0.4, (5) a=0.5 . 

eters, ks&p and a, from the relations 33 to 35. Then 
the adsorption parameter, a, can be determined from 
the slope of a plot of In ks&v versus 0t. Furthermore 
if oc=ß=0.5, we have the following simplified relations 
for the half-peak widths of the two a.c. components, 
AET,? and A£J>m

a
as, and the half-peak width of the 

cot <j> versus Eac curve, A£ ,
p/2(cot <p) : 

A^p/3(i = real or imag) 

= (2Ä77«F) |ln [(1 + ^ ) / ( l -??1)] I, (36) 

A£p/2(cot <p) = 5.27(RT/nF), (37) 

In Eq. 36 ? r e a l =VT^-4£ r e a l with freal representing 
the solution of the equation, 

4 [ 4 + ( c o / ^ p ) 2 ] ^ , = (a)/Â:5 a p)^ r e a l+l, and 

ï , m , « = ^ [ 4 + ( « • / * . . p ) ï ] / [ 8 + ( W A » , ) , ] . 
When a + j 8 = l and a=0, theoretical equations of 

the a.c. wave are reduced to 

Slir
l = nF(nFIRT)a>rt ? 

Q)/(k+k) 

[(a>l(k + k))*+l] 
-*iE, (38) 

OJlre = nF(nFIRT)wrt~ 
(1 + P)2 

1 

[(a>l(k + k))*+l] 
-*iE, (39) 

where k=ksBoß!(a+ß)B*a/(a+ß)p-a and k=ksBöß^a+ß^ 
B^ana+ß)pß If B0=Bn=l, Eqs. 38 and 39 are 
reduced to the equations which were previously 

•©• 0.2 

-100 0 100 

« ( 4 - £ ' . ) / m V 

Fig. 2. Normalized real component of a.c. wave cal­
culated by Eqs. 5b, 40, 41 and 44 with oc=ß=0.5 
and (û)/*aap) = l. Gdt: (1) 3, (2) 1, (3) - 1 . 

-100 

n(£ d c -£ ' 0 ) /mV 

Fig. 3. Normalized imaginary component of a.c. wave 
calculated by Eqs. 5c, 40, 41 and 44 with a=ß= 
0.5 and (co/*sap) = l. G0t: (1) 3, (2) 1, (3) - 1 . 

derived for analysing the electrode processes of fer-
redoxins irreversibly adsorbed on the mercury elec­
trode. 5a»5b) Quite recently theoretical equations, es­
sentially the same as Eqs. 38 and 39, have been re­
ported by Laviron.16) 

Case of aii=a00=aILIL, aii=a0R=aIi0 and a = ß . 
In this case the terms r and y are reduced to 

r = [2xnF(nFIRT)ks&prJV*(l-fy/*]-\ 

2ocnF(nFIRT)wrt 
( 1 - / ) / 

1 - G 0 t ( l - / ) / . 

where 

*saP = WBoBjù-Wexp [-( l /2)( f l i i + *ij)0t] 

and 

G = 2(<i11-<i1J). 

T h e relation between Eûc and f is given by 

(40) 

(41) 

(42) 

(43) 
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n(Eûc-Ei)lmV 

Fig. 4. D.c. dependece of phase angle calculated by 
Eqs. 45 and 44 with a=/?=0.5 and (co/£sap) = 1. 
G0%: (1) 3, (2) 1, (3) - 1 . 

£ d c =E'0+ (RTI2xnF)[\n ( / / ( l - / ) ) + (l/2)(l- -2/)G0 t] 
(44) 

with E'*=E*+(RTI2<mF)\n(BjB0), because a00 — 
Ö R R + Ö O R — a n o = Q m t n^ s simplified case. Thus the a.c. 
wave is expressed by Eqs. 5a, 5b, and 5c with Eqs. 
40, 41 , and 42 and is shown to be symmetrical with 
respect to the potential E'0=EÎ\ Also Eq. 42 pre­
dicts that In £sap depends lineally on 0 t. T h e nor­
malized a.c. waves, 0le&lE=ôirr1lnF(nF/RT)œrtô1E 
and Qlmg=ôxI?*'lnF(nFIRT)œrtd1E, for different 
values of G6t at a = ß = 0 . 5 and (cjo/k8&p) = l are illustrat­
ed in Figs. 2 and 3. 

Furthermore we obtain 

cot <p (45) 
^sap 

( / )V 2 (1 - / )V 2 

l-G6t(l-f)f 

This equation predicts that the c o t ^ versus Eûc 

curve has a maximum for 4>G6t>— 4 or minimum 
for G0t<— 4 at E'o with a magnitude 

[cot 4>\E^x = (o>/* lap)P/(4-G0 t)] = A. (46) 

Figure 4 shows the cot <l> versus Eûc curves for different 
values of G6t at a = ß = 0 . 5 and (eo/A;sap) = 1. 

In this case we can determine the kinetic and adsorp­
tion parameters by the following two methods if a 
is known. 

Method (a): When oc=ß=A, AEi/% is given by 
(for Gdt*0) 

AEl/t = (RT/AnF) In 1 + 1 / 1 - 4 6 
1 - 1 / 1 - 4 ^ 

- ( 1 / 2 ) ^ 1 / 1 - 4 6 

(47) 

In this equation i = r e a l or imag and £ r e a l and fimag 

respectively are the solutions of the following 
two equations; (4 - GSt)

2 (1 + A2) «&i = ( 1 - GSt?real)
2+ 

(A/2)2(4-G0 t)
2£P e a l and (1 _ G 0 t £ i m a g ) 2 + ( A / 2 ) 2 ( 4 ^ 

^ t ) 2 f i m a g = 2 ( 4 - G ö t ) ( l + ^ 2 ) ( l - ^ A m a g ) f i m a g 5 where 
A is defined by Eq. 46. Dependences of Au la ' s 
on G6t for different values of A at oc=ß=0.5 are shown 
in Figs. 5 and 6. Since A can be estimated from 

Fig. 5. Variations of nAü^/a1 as a function of G6t 

calculated by Eqsi 36 and 47 with a=/?=0.5. A: 
(1) 0.5, (2) 1, (3) 2, (4) 4. 

Fig. 6. Variations of nAEfif* as a function of Gdt 

calculated by Eqs. 36 and 47 with a=/?=0.5. A: 
(1) 0.5, (2) 1, (3) 2, (4) 4. 

(ÔJT'IÔJ^E^Ei and AEpVa's are functions of 
G0t and A only, we can determine k8&p and G0t 

from A and either A-Ep/a11 or A£p/aa*. As shown 
in Fig. 3, ôxl?*8 has a maximum or minimum at 
EAo=El. When ÔJT** has a minimum at £ d c = 
£J, AEffi8 of Eq. 47 means a difference between 
the dc potentials at which the current value is one-
half that observed at Eûc=Eo. 

Method (b): The half-peak width of the c o t ^ 
versus Eûc curve, AEv/2 ( co t^ ) , depends on G6% 

(G6t^0 in this case) only and is given by 

AEv/2(cot<p) = (RT/AnF) 

X | l n [ ( l + l / l -4(5) / ( l -1 /1-4(5) ] 

- ( l / 2 ) G 0 t l / l - 4 ( 5 | 

with 

Ô = [l/2(G0 t)
2]{[2G0 t+(4-G0 t)

2] 

(48) 

- l / [ 2G0 t +(4 -G0 t )
2 ] 2 -4 (G0 t )

2 } . 

Thus we can determine G6t from this relation and 
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finally k8&p from X when G0% is given. As described 
above, the cot <p versus Eac curve has a minimum at 
E'o when Gdt<— 4. In this case AEp/2(cot<p) of 
Eq. 48 means a difference between the dc potentials 
at which the value of cot <p is one-half that observed 
at £ d c = K . 

Finally since the sum of the parameters, (%+#i j ) , 
can be determined from the slope of a plot of In k8&p 

against 0 t, the two parameters, au and a^, can be 
determined when G is given. 

Application of these simplified equations to the elec­
trode processes of ferredoxins irreversibly adsorbed on 
the surface of the dropping mercury electrode17) will 
be reported in a succeeding paper. 
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A Molecular Orbital Calculation of Chemically Interacting Systems. 
Recombination of Two Methyl Radicals 

Shinichi YAMABE,* Tsutomu M I N A T O , * * Hiroshi FUJIMOTO,** 

and Kenichi F U K U I * * 

Department of Chemistry, Nara University of Education, Takabatake-cho, Nara 630 
* * Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606 

(Received March 13, 1978) 

A molecular orbital (MO) approach to a radical-radical reacting system is proposed within the isolated 
molecule approximation. The interaction energy, AW, is defined as the sum of four components, Coulomb, 
exchange, charge transfer and polarization energies. The four terms are calculated in the recombination of 
two methyl radicals. The origin of the deformation of methyl radical (D3h—>C3V) and the rotational barrier (stag­
gered—>eclipsed) in the course of the recombination was found to be the exchange energy caused by the interaction 
of both doubly occupied MO's. The difference-density map shows the characteristic role of exchange and charge 
transfer interactions for charge redistribution. 

T h e molecular orbital (MO) method has been found 
to be fairly satisfactory for describing a reasonable 
reaction path and the activation energy of ionic1) 
and addition2) reactions, but not those of radical-
radical reactions. Multi-determinantal wave functions 
such as those obtained by the MCSCF3) and natural 
orbital4) methods have also been utilized. However, 
enormous computer time is required for molecules with 
size of chemical interest, and difficulty in convergence 
is sometimes encountered. In addition, the methods 
give no vivid orbital picture which appeals to organic 
chemists as regards the interpretation of reactivity. 
In view of the fact that the pa th of the radical-radical 
reaction does not yet seem to be understood theoreti­
cally,5) a new means to analyze the mechanism with 
a clear orbital concept is desirable. 

In 1968, two of us (K.F. and H.F.) proposed a 
method for the general reactivity index ("AW method") 
based on the isolated molecule approximation.6) 
Various calculations of model reacting systems showed 
that the AW method is effective for interpreting the 
reactivity of closed-shell molecules.7) 

In view of the applicability of this method to the 
elucidation of the reaction mechanism and the necessity 
to investigate the radical-radical reaction theoretically, 
an extension of the method was carried out, the aim 
of the work being to simulate and analyze the reaction 
within the framework of the M O calculation. Since 
the A W method is based on the static model, dynamic 
processes in the reaction such as the relaxation of 
vibration energy are beyond the scope of the present 
approach. 

Definit ion o f Interact ion Energy 

The derivation of the interaction energy (AW) is 
based on the configuration interaction (CI) procedure 
in terms of the electronic structure of two independent 
radicals, essentially similar to the case of the reaction 
between two closed-shell molecules.6) The wave func­
tion (¥*•*) of the whole reacting system is represented 
by a linear combination of various configuration func­
tions (Fig. 1). 

y.» = c0wr + S CJP? (i) 
p 

Each Slater determinant of ^5** and ¥%* is composed 

of the MO' s , ai?
8) ao5 b k , and bOJ which are the solu­

tions of the doublet spin state of two independent radicals. 
Once they are included within one Slater determinant 
and the electron exchange between them is allowed, 
the non-orthogonality condition makes the evaluation 
of expected values difficult. The tedious derivation 
was carried out in this work. Configurations other 
than W\,% in Eq. 1 are all possible one-electron transfer­
red (from i—>1 to o—>o') and excited (from i—>j to o'—> 
1) ones which have the forms as the eigenstate of the 
spin augular momentum $2. The minimum total 
energy of <W^\U\W^>j<W^\W^> is determined 
by the secular equation according to the usual CI 
procedure. In order to get a succinct expression of 
the interaction energy (AW), the secular determinant 
is expanded perturbationally. We obtain AW in the 
following partitioned form. 

AW = Eq + EK-D-II (2) 

Eq is the classical Goulombic energy and EK the ex­
change energy caused by the overlap of the electron 
cloud between two radicals. These two are the first-
order energies in the sense of the Rayleigh-Schrödinger 
perturbation. O n the other hand, fourteen terms of 
the second-order perturbation form corresponding to 
the electron configurations (except ^0

M) (Fig. 1) are 
divided into two groups, D and U, according to the 
type of electron jumping. D is the stabilization energy 
due to the mixing of the one-electron transferred 
configurations and U the stabilization energy by the 
one-electron excited configurations. AW is a general 
index of the reactivity for both singlet and triplet 
radical-radical interactions. This simplified form of 
interaction energy which can be grasped intuitively 
is based on the idea of isolated molecule approximation. 
The mode of molecular interaction is entirely dependent 
on the electronic structure of two monomers. In order 
to get a more explicit form of the four terms in Eq. 2, 
we rewrite them as the sum of various molecular 
integrals, taking into account the possible permutation 
of electrons within each Slater determinant. Thus, 
EK9 D, and U are generally represented as a power 
series of the M O overlap (s ik). As long as the interac­
tion is weak enough to be dealt with by perturbation, 
the M O overlap of the high order caused by the mul­
tiple permutat ion is negligible. The validity of this 
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Fig. 1. Electronic configurations adopted for the present CI procedure. The "zero confiuration." Wlt%, 

retains the original electronic structure at the infinite separation between two radical monomers, A 
and B. 

truncation can be confirmed numerically by calculat­
ing some terms of M O overlap. 

Coulomb Energy E^. This energy depends only 
on the occupation number of electrons in each M O 
regardless of the spin multiplicity of the system. The 
derivation is straightforward. 

Exchange Energy EK. In the present scheme, 
EK can be partitioned into four pairs of occupied 
MO's . 

EK = EK(Ï, k') + EK(Ï, o') + EK(o, k') + EK(o, o') (3) 

Their schematic representation is shown in Fig. 2. 
jE'K(i/,k/) expresses the interaction between doubly oc­
cupied MO's , working repulsively. Both ^ ( i ' j O ' ) and 
jE'K(o,k/) are also repulsive energies ( > 0 ) . Whether 
EK(o,o') is repulsive or attractive depends on the spin 
multiplicity of the system. When the spin coupling 
between the electrons of MO' s , a0 and b 0 ' , gives the 
singlet state, £^(0,0') represents attraction, when it 
gives the triplet state, £^(0,0') represents repulsion. 

Charge Transfer Energy D. D consists of eight 
different terms of the second-order perturbational form 
corresponding to charge-transferred configurations 
(Fig. 1). The difference in the normalization factors 
(e.g., <r&\T&> and <Wy\Wy>) for expected 
values are explicitly considered. For the sake of 
convenience, D is represented as the sum of eight 
components. 

D = Z>(i-*1) + 2>(k->j) + Z K i - K O + Z ^ k - K ) ) 

+ JD(o->l) + JD(o'->j) + Z ) (o ->o0 + JD(o' -*o) (4) 

In line with the fact that ^ - » o ' and SPV-ND have only 
singlet spin state that can not mix with Wt} the stabiliza-

EK(o.o') 

% 
At 

B 

EK^ÉKd^kO + EKCiVoO+EKCo^îfEKCo^') 

Fig. 2. The schematic representation of four types of 
exchange interaction. The reason why the doubly 
occupied MO's, i and k, have the prime in the 
figure is that exchange energy is caused by the 
electron permutation for which the prime is imposed 
on MO's. 

tion energies Z>(o->o') and Z^o7—>o) are zero for 
triplet. D is usually positive, acting as the stabilization 
energy in AW of Eq. 2. T h e denominator of each 
component of Eq. 4 becomes negative in some cases.9) 

Polarization Energy II. In Eq. 2, the residual 
par t of the second-order perturbational form, /7, con­
sists of six different terms corresponding to local one-
electron excited configurations (Fig. 1). II can be 
represented by the sum of six components. 
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77 = /7(i->j) + /7(k->l) -f 2Z(i->o) 

+ /7(k-*o') + 77 (o-*j) + /7(o'-*l) (5) 

Difference Density. The difference density map 
of the radical-radical reaction system visualizes the 
change of the electron density during the course of 
reaction. Here, the case of singlet interaction is dealt 
with. The spinless difference density Ap(l \\)EK which 
includes the exchange interaction is derived by the 
use of Eq. (A.3),10) and is partitioned into four com­
ponents according to the decomposition of EK in Eq. 
3. 

A/o(l 11)** = A/o(l | l)*K(i' ik ') + Ap(l | l)**<i',o'> 

+ A|0(11 l),K(0.k') + Ap(l I 1)*K<O.O') (6) 

The difference density including the exchange and 
charge-transfer interactions, A ^ ( l | l ) , is also given as 

Ap(l 11) = M J V S ( 1 , 2, •.., M ) r * ( l , 2, . - , M)df1dr2...drM 

-p(l\l)A-p(l\l)B (7) 

where W*(\,2,... ,M) is the wavefunction of Eq. 1 
without the six polarization-type configurations and 
M the total number of electrons of the system. 
AjO(l | l) can be obtained numerically.11) 

R e c o m b i n a t i o n o f Methy l R a d i c a l s 

As a test of the AW method, the recombination 
between two methyl radicals was examined. In the 
assumed model of the D 3 d symmetry (i.e., elongated 
staggered ethane), two variables (R and 0) are changed 
to simulate the reaction. R is the C---C distance 

eV A T r i p l e t fc) 

Fig. 3a. The change of the singlet interaction energies 
along the adopted staggered path with the deforma­
tion of the methyl-radical geometry. The deforma­
tion of methyl radical is found to smooth the in­
crease of the global J5K as R becomes smaller, and 
consequently the stabilization of the system becomes 
large. 

3b. The change of the triplet interaction energies 
along the adopted staggered path with the deforma­
tion of the methyl-radical geometry. 

and 0 is the < H G G angle. The G - H bond length 
(1.079 A)12) of the monomer radical is kept constant 
throughout the calculation. The interaction energy 
is computed approximately in terms of the semi-
empirical all-valence-electron U H F M O including 
overlap integrals. In a strict sense, the R H F M O 
which is the doublet spin eigenfunction should be 
employed as MO' s , i, k, j , and so forth (Fig. 1). How­
ever, the M O gives unacceptable physical properties 
such as ionization potential and electron affinity. 
Since the orbital energy is crucial to evaluate the 
second-order terms (D and II), we are obliged to use 
the U H F M O instead of the R H F M O . The former 
M O , although somewhat deviated from the spin 
eigenfunction, can reproduce the property well. The 
way of estimating semi-empirical parameters to evaluate 
M O integrals is the same as that used in a previous 
paper.7a) Calculated results of the singlet A W along 
the approaching pa th of two radicals with plausible 
values of R and 0 are given in Fig. 3a and Table 1 
and those of the triplet AW in Fig. 3b and Table 2. 
R is restricted to the range 2.85 Â—2.40 A, since the 
perturbational expansion of the CI matrix elements 
was used in this work. The two methyl radicals 
approach in an eclipsed manner (D3 h) , the other 
models having D 3 d symmetry. 

First, the singlet AW is examined. Eq is found to 
have a positive (repulsive) and small value throughout 
the adopted models (Table 1). Since the present 
neutral system consists of only carbon and hydrogen 
atoms, 2£Q is obviously small, the positive value being 
caused by the C - C electrostatic repulsion, overcom­
ing the C---H attraction. 

The singlet EK in Eq. 2 is also positive. Of its 
four components the largest (absolute value) at Ä = 

TABLE 1. GALUCULATED SINGLET INTERACTION ENERGIES 

FOR THE RECOMBINATION OF TWO METHYL RADICALS 

Ä/A 
6j° 

2.85 

90.00 

2.85(E)b> 

90.00 

2.40 

105.00 
2.40 

90.00 

£Q
a>/eV 0.0134 0.0145 0.0626 0.0269 

(0.0216) (0.0235) (0.0858) (0.0435) 

EK(ï, k') 0.1678 0.1821 0.3779 0.7401 
EK{ï, o'), EK(o, k') 0.0756 0.0757 0.2703 0.3251 
£K(O, O') -0 .1372 -0 .1373 -0 .6964 -0 .5730 

EK/cV 0.1818 0.1962 0.2221 0.8173 

D(i->1), D(k->j) 0.0004 0.0001 0.0113 0.0072 
D(o-+\), ^(o'-^j) 0.0008 0.0008 0.0002 0.0099 
^(i-^o'), D(k-H>) 0.0283 0.0283 0.0937 0.1130 
Z)(o-*o'), ̂ (o'-^o) 0.0842 0.0842 0.3962 0.3170 

D/éV 0.2274 0.2268 1.0028 0.8942 

/7(i->j), T7(k->1) 0.0002 0.0002 0.0044 0.0012 
/7(i->o), /7(k->o') 0.0019 0.0019 0.0205 0.0269 
/7(o->j), /7(o'->l) 0.0000 0.0000 0.0003 0.0006 

/7/eV 0.0042 0.0042 0.0504 0.0574 

AW/eV - 0 .0364 -0 .0203 -0 .7685 -0 .1074 

a) Values in parentheses evaluated by net charge ap­
proximation, b) Eclipsed approach model with R = 
2.85 A. 
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TABLE 2. CALCULATED TRIPLET INTERACTION ENERGIES 

FOR THE RECOMBINATION OF TWO METHYL RADICALS 

Ä/A 2.85 
90.00 

2.40 
105.00 

£Q/eV 
0.0134 

(0.0216) 
0.0626 

(0.0858) 

EK(i', k') 
EK(Ï, O'), EK(O, k') 
EK(o, o') 

EK/cV 

D(i-*\), Z)(k-*j) 
2)(o-*l), 2)(o'-*j) 
JD(i-*o'), D(k-*o) 
D(o-*o'), D(o'-±o) 

JD/eV 

/7(i-*j), /7(k-*l) 
/7(i-*o), /7(k-*o') 
/7(o-*j), /7(o'-*l) 

77/eV 

0.1696 
0.0764 
0.1386 

0.4610 

0.0004 
0.0008 
0.0288 
0 

0.0600 

0.0002 
0.0019 
0.0000 

0.0042 

0.3994 
0.2857 
0.7361 

1.7069 

0.0123 
0.0002 
0.1017 
0 

0.2284 

0.0044 
0.0223 
0.0000 

0.0534 

AW/cV 0.4102 1.4877 

2.85 A is £ K ( i ' ,k ' ) , while that at # = 2 . 4 0 A is £ K (o ,o ' ) . 
This shows that a0-b0 ' M O interaction grows dis-
criminatively along the progress of the reaction. Such 
remarkable growth of a particular M O interaction 
plays a key role to determine the reaction path. Thus, 
the repulsive character of the exchange energy which 
is unfavorable to the enhancement of the reaction 
is considerably weakened by isK(o,o'). 

D is found to give the largest attractive energy 
throughout the adopted staggered models, the increase 
of the energy along the C---C approach being dras­
tically large. I t is noteworthy that Z)(i—>1) [or Z)(k—> 
j)] has a small value in spite of many ( a ^ b j pairs. 
This is because both a t and bx do not have their spatial 
extension toward the intermolecular C---C region, 
the M O overlap between them thus being small. 
The strength of the M O overlap is a crucial criterion 
to determine the extent of the ( a ^ b j ) charge transfer 
(GT) interaction. Since the "symmetry-forbidden" 
GT interaction {e.g., from the ^-symmetry M O of 
one radical to the ^-symmetry M O of the other) has 
no contribution to D, the non-zero components of 
Z>(i->1) are actually limited to three. Z>(o->l) and 
Z)(o'—>j) have also small values for the following reason. 
The singly occupied (SO) MO' s , a0 and b 0 ' , which 
are of ax{a)-symmetry, can overlap only one unoc­
cupied ax M O with its spatial extension localized on 
three hydrogens. However, owing to the largest separa­
tion between the density of a0 (or b0 ' ) and that of 
the one a type ax M O , no effective GT interaction 
occurs. As for Z>(i->o') [or Z>(k->o)] there is only 
one occupied ax{a) M O with its substantial localiza­
tion on the carbon 2s atomic orbital,13) which is able 
to mix with the ax type M O , a0 or b 0 ' . Contrary 
to the case of Z>(i->1), the combination of a t and b 0 ' 
gives an appreciable M O overlap, s io ', resulting in 
the large value of Z>(i->o') (Fig. 4a) . T h e largest 
two equivalent GT terms, Z)(o->o') and Z>(o'->o), 

Sio' 

a: (i-*o') CT Interaction 

DOO 

b: (o-o')and(o*o) CT Interaction 

Eclipsed Staggered 

C: Exchange Interaction 

Eclipsed Staggered 

d:CT Interaction 

Fig. 4. Schematic representation of the mode of 
dominant MO interactions. 

have their common origin from the huge M O overlap, 
s00 ', shown in Fig. 4b. In view of this, the M O 
overlap, soc/, is a crucial factor to give the large stabi­
lization energies, Z>(o->o') and Z>(o'->o) as well as 
^ K ( ° 5 ° ) m t n e c a s e °f singlet interaction. Thus , the 
important role of the particular M O interaction to 
control the reaction is demonstrated. 

T h e polarization energy U (Table 1) has the smallest 
absolute value among the four terms of A W regardless 
of the C---C distance R, reflecting the "neut ra l" 
character of the system without heteroatoms. 

Summing up Eq, EK, D, and U according to Eq. 2, 
we obtain the total singlet energy, AW (Table 1). 
Its value indicates that the electronic interaction energy 
gives considerable stabilization energy at the perturba-
tional region between two radicals. Comparing the 
two A ^ ' s (0=90° and 105°) at # = 2 . 4 0 Â, we see a 
remarkable difference in EK. Thus, the geometrical 
deformation of methyl radical (planar—»pyramidal) in 
the course of the reaction brings about the decrease 
in the exchange repulsion resulting in the decrease 
of A W and ease in recombination. Terms other than 
EK are not influenced so much by the 6 variation. 
Of the four terms of EK, EK(i',k') of 0 = 9 0 ° differs a 
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great deal from that of 0=105° at # = 2 . 4 0 Â. Thus , 
for the progress of the reaction it is very important 
to avoid the exchange repulsion of doubly occupied 
M O ' s by deformation. The enlargement of lobes of 
S O M O ' s (a0 and b0 ' ) which makes EK(o,o'), Z>(o-> 
o') and Z>(o'—>o) more attractive terms is found to 
be a secondary factor for this acceleration. Even if 
the geometrical deformation is accompanied by the 
destabilization of the monomer total energy in its 
isolated state, it is covered entirely by the electronic 
stabilization energy.14) 

A comparison of the interaction energy between 
the D 3 d staggered and the D 3 h eclipsed models is 
made at R=2.S5 Â. As expected, the staggered pa th 
gets more stabilization energy (AH^=—0.0364 eV) than 
the eclipsed pa th (AW= — 0.0203 eV). W h a t is the 
origin of this rotational barrier in the course of the 
reaction? Comparing all the components of A W, we 
find that the sole component, E (i ',k')5 gives the energy 
difference. This is because the o type M O overlap 
such as s00' is insensitive to the rotation of the n type 
electronic cloud around the C---C a axis. Only 
the n-ri type exchange interaction which is included 
in EK(i\kf) depends on the rotation angle. T h e mode 
of the M O overlap, the origin of i£K(i',k'),15) for the 
two approaching models is shown in Fig. 4c. I t is 
evident that the eclipsed approach gets the larger 
M O overlap than the staggered one. O n the other 
hand, GT interaction does not give a large energy 
difference between the two approaches (Fig. 4d). 
The negligible difference in GT interaction arises from 
the nodal property of the n type unoccupied M O . 
Sovers and his coworkers made an extensive study 
on the internal rotation barrier of ethane by use of 
the bond-orbital wavefunction and concluded that 
the main source of the barrier is the overlap repulsion 
between localized G - H bond orbitals with the closed 
shell.16) Although ethane itself is not dealt with in 
this work, the present result seems to help to elucidate 
the origin of the rotational barrier. 

T h e sharp increase of A W is due mostly to EK (Fig. 
3b). This indicates that the triplet interaction makes 
the recombination (D3d) pa th unfavorable. T h e trip­
let EK (Table 2) differs considerably from the singlet 
EK (Table 1). The greater destabilization due to 
the triplet EK is ascribed to the change of the sign 
attached to i£K(o,o'). The minor difference of jE'K(i/,k/), 
EK(ïyO') and EK(o,k') between singlet and triplet is 
due to that of the normalization factor of ¥0. Contrary 
to the case of singlet, the triplet a0-b0 ' M O interaction 
contributes to the exchange energy as repulsive. The 
triplet D is much smaller than the singlet D, which 
is mostly due to the absence of both Wl^Q> and Wl>^0 

configurations in Eq. 1. However, the triplet II is 
almost the same as the singlet II. T h e global term, 
AW, of triplet is positively large. This reflects the 
fact that two electrons with parallel spins can not 
occupy the same space (along the C---C axis) ac­
cording to the Pauli exclusion principle. 

The density distribution is analyzed in terms of 
the various difference densities given by Eqs. 6 and 
7. Of the four terms of Eq. 6, A/o(l | l)tfKa',k') of the 
singlet radical-radical interaction is shown in Fig. 

5a. This is regarded as the electron rearrangement 
through the mutual overlap between both doubly 
occupied MO' s , i' and k'. We see a large amount 
of decreased density in the C---C region. This 
quantity corresponding to the positive jE'K(i/,k/) usually 
appears when the exchange interaction is taken up 
in the system of closed-shell molecules. Instead, the 
electron density, shifting from the central C---C 
region, is piled up around respective carbon and 
hydrogen atoms. In the case of A/>(11 l)^Ka',0 ' ) (Fig. 
5b), EK(i',o') is the repulsive energy (Table 1). The 
repulsive character is reflected in the large area of 
the negative density along the C---C line (Fig. 
5b). However, the center of the negative part is 
located almost at the left end of the C---C region. 
The shift of the region of the intermolecular decreased 
density is due to the fact that the differential M O 
overlap, i ' ( l ) o ' ( l ) , which is the main origin of the 
AP(1\1)EK(Ï,O') has a maximum in the region. The 
trend always appears in the overlap between the s 
type and p type orbitals.17) The counterpart of the 
decreased density is accumulated at each carbon site, 
which is similar to the case of Ap(l | l)^K(i'.k')- As 
regards Ap(l \ \)EK(O,O') (Fig. 5c), since EK(o,o') is a 
considerable stabilization energy, AP(1\1)EK(O,O') is 
expected to give the large bonding density at the 
central C---C region, competing with the decrease 
by Ap(l I l)tfK(i,'k'), A/o(l I l)i?K(i',o') and Ap(l | l)^K(o,k'). 
An egg-shaped increased density is observed in the 
middle of the C---C line. This also demonstrates 
the important role of the a0-b0 ' M O interaction on 
bond formation. The decreased quantity opposing 
the drastic bonding density is found just around each 
carbon atom. Thus, the change in density distribution 
is interpreted as follows. The M O overlap, soc/, 
absorbs the electron density from the M O ' s a0 and 
b„'. 

Of the four components of AP(\\\)EK the origin 
of the geometrical deformation. (D3h->C3v) of methyl 
radical is brought about by Ap(l | l)^K(i',k') (Fig. 
5-a).18) The other three difference densities exhibit 
a nearly equivalent electron redistribution around both 
hydrogen and carbon atoms or represent only the 
motion of translation of the C - H bond. However, 
A^(l | l ) t f( i ' fk') has a positive contour line just around 
the front side of the pyramidal methyl carbon which 
pulls the carbon atom so as to decrease the C---C 
distance,19) whereas the hydrogen atom does not move 
toward any direction. The discussion based on the 
"force" criterion20) is in line with the result of interac­
tion energy. EK(i',k') affects mostly nuclear deforma­
tion of the methyl radical among the four energy terms 
of EK. 

The change of the electron distribution due to the 
exchange and C T interactions in Eq. 7 is shown in 
Fig. 5d. No polarization interaction is taken into 
account in the present analysis, since the reacting 
system is neutral and the interaction is not so important. 
A huge accumulation of the intermolecular bonding 
density in the central C---C region is noteworthy. 
As compared with that of JE'K(O,O /), the global bonding 
density in the C---C region is much more increased. 
This indicates the significant role of the a0->b0 ' and 
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APO|I)EK(»§.W 

AP(l|«EK<o.tf) 

j 

W K.sJ&\. J il 

APO|l>EK(iV>') ,, 
AP(I h) 

Fig. 5a. The difference density map of A/o(l | l)#Ka'fk') f° r the singlet interaction. The value attached 
to each contour line is in e/A3. 

5b. The difference density map of A/o(l | l)#Ka',0 ') for the singlet interaction. The map of 
A/o(l | l)#K(o,k') is obtained through the 180° rotation of this figure around the center of C---C line 
in the cut plane. 

5c. The difference density map of A|0(11 l)#K(o,o') f° r the singlet interaction. 
5d. The difference density map due to the singlet exchange and charge transfer interactions in Eq. 7. 

its reverse b0'—>a0 GT interactions to pile up the density. 
The decreased density which sandwiches the central 
increased density arises, to a great extent, from the 
exchange interaction, Ap(l | l)#K(o,o'). 

Conclus ion 

In the present work, a means to investigate the 
mode of interaction between two radicals has been 
proposed. The interaction energy, AW, has been 
partitioned into four terms, E^, EK, D, and U. 

As a result of analysis of its four components for 
the C H 3 - C H 3 reaction, the ease of the recombina­
tion in this neutral system is attributed to the S O M O -
S O M O interaction. If the deformation (D3h—>C3v) 
is added to each methyl radical, the singlet W gains 
a greater stabilization. The deformation enlarges the 
a0-b0 ' M O interaction and reduces the exchange repul­
sion between both doubly occupied M O ' s . The latter 
effect in particular is remarkable. The rotational bar­
rier between staggered and eclipsed approaches was 
examined and found to be almost due to the exchange 
interaction of both doubly occupied MO' s . 

A density map of the same system has been construct­
ed, in order to examine the role of the four components 
of EK. Accumulation of the bonding density in the 
A|0(1| l)#K<o,o') is remarkable, con tribu tingfto the new 

C - C bond formation. 
Since the present study is made within the scope 

of perturbation procedure with the use of semi-empirical 
M O , each term calculated so far should be regarded 
as qualitative. The AW method employed simplifies 
the reaction as a static model, the energy obtained 
thus having hardly anything to do with measurable 
property. In spite of these handicaps, the present 
method seems to give an idea of how to interpret and 
understand the radical-radical reaction in terms of 
the partitioned energies. Applicability of the orbital 
picture to this reaction could be successfully demonstrat­
ed. We may take up two important types of interaction 
contributing to the progress of recombination, EK(i',k') 
which has a role to deform the monomer radical, and 
the a0-b0 ' M O overlap [£K(o,o')5 Z>(o->o'), and D(o'-+ 
o)] which operates to make the new C - C bond. 

Permission to use the F A G O M 230-75 computer 
at the Data Processing Center of Kyoto University 
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The temperature dependences of reorientational and vibrational relaxation times of benzene and benzene-
d6 in the solid and liquid phases were measured by means of Raman line shape analysis. The temperature de­
pendence of the reorientational relaxation times was in very good agreement with that published previously. 
The vibrational relaxation times of benzene changed drastically at the solid to liquid phase transition point both 
in G6H6 and G6D6. We consider that this effect is due to the non-radiative energy transfer and the pure dephasing 
process by molecular collisions in the liquid state. 

Some time ago, the ultrasonic technique was the 
only method available to measure the vibrational relaxa­
tion times of molecules in the liquid state.1) However, 
more recently some other methods have been used 
to study the molecular orientational and vibrational 
relaxation processes in the liquid phase. In particular, 
it is known that one may analyse separately the effects 
of reorientational and vibrational motions from the 
profiles of the isotropic and anisotropic R a m a n scat­
tering. Also, spectroscopic techniques using high 
powered pulsed laser have been applied to the investiga­
tion of vibrational relaxation in liquids.2_5> 

Recently, Griffiths, Clerc, and Rentzepis applied 
the R a m a n and picosecond pulsed spectroscopic 
methods to study the intermolecular vibrational energy 
transfer between G6H6 and G6D6.6) 

Several mechanisms may contribute to the shape 
of the vibrational correlation function, but the two 
most common interpretations are energy relaxation 
to lower vibrational levels (the lowest of which is the 
ground vibrational state) through a collisional non-
radiative mechanism, and phase relaxation, which also 
involves a collision induced process. Both mechanisms 
are subject to molecular collisions in the liquid phase. 

An intuitive argument suggests that the molecules 
in the solid phase freeze out orientational motions 
and collisions, which are effective for the exchange 
of the energy. Therefore the vibrational relaxation 
time in the solid state is expected to be much longer 
than in the liquid state. A discontinuity in the vibra­
tional relaxation times is expected at the solid-liquid 
phase change. 

In this work, we report the experimental results 
of the temperature dependence of the reorientational 
and vibrational relaxation times of G6H6 and C 6D 6 

in solid and liquid phases and discuss the process of 
the vibrational energy transfer of C 6 H 6 and C 6D 6 in 
the liquid phase. 

Exper imenta l D e t a i l s a n d 
D a t a Ana lys i s 

The apparatus used consisted of an argon ion laser (800 
mW at 488 nm) produced by the Coherent Radiation Co., 
Ltd., and a Laser Raman Spectrometer of JRS-U1 type 
JEOL, Ltd., Japan. 

In order to obtain the reorientational and vibrational 

relaxation times, the Raman line shapes of the v2(alg) and 
v1(alg) fundamental modes of ring and G-H or C-D stretch­
ing were analyzed. The Raman spectrum was observed at 
90° with respect to the linearly polarized incident light. 
With /H (CD) and I±(a>) respecting the strong and weak 
components of the scattered light, one can write: 

/ i l H = / i s o t H + 4 / 3 / a n i s H (1) 

/ l H = / a n i s H (2) 

/ > • = / ] » / / „ (û>) (3) 

where ps is the depolarization ratio. 7isot(co) represents the 
intrinsic vibrational line shape, and /anis(CÜ) is a convolution 
of the vibrational line shape and the orientational spectrum. 

The Raman lines of G6H6 and G6D6 were measured using 
a constant mechanical slit width, 30 (xm. The Raman 
bands obtained are broadened by the slit and the spectrum 
measured is a convolution of the true Lorentzian spectrum 
and the slit function, S(a>). As the spectral slit function is 
well approximated by a Gaussian function,7) one can write 

/w=*£>FKbH-0^ __ (4) 

where /?L is the true half-width and ßg=S/2V\n 2,8> where 
S is the spectral slit width; S= 0.741 cm - 1 at 30 (xm. By 
curve fitting of Eq. 4 to the measured spectrum, we determined 
the true half-width /?L of each measured Raman line. 
û>isot(l/2) and coanls(l/2), hereafter, refer to the true half-
width, /?L, of the isotropic and anisotropic Raman line, 
respectively. From I\\ (co) of the v2(

aig) band of G6D6 

in the liquid phase, the coisot( 1/2) obtained was 0.73 cm -1, 
corresponding to a vibrational relaxation time of 7.42 X 
10~12 s. This value is in excellent agreement with that 
obtained by Griffiths et al. from direct measurements using 
picosecond spectroscopy and the Raman line width. 

Temperatures were in the range from —50 to 60 °G. 
A variable temperature Raman cell of the Harney-Miller 
type was used. 

R e s u l t s 

The temperature dependence of co isot(l/2) and 
eoanls(l/2) of vx and v2 bands of C 6 H 6 are shown in 
Fig. 1 and those of vx and v2 bands of G6D6 are shown 
in Fig. 2, together with the values obtained by Griffiths 
et al.9) In Figs. 1 and 2, in the solid phase, eoanis(l/2) 
apparently equals co isot(l/2) for C 6 H 6 and G6D6 at 
each R a m a n line but , as pointed out by many 
workers,10»11) we can not directly reduce the above 
relation in the crystalline state from this experimental 
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-60 -4Q -20 20 40 60 

Temp/°C 

Fig. 1. Temperature dependences of half-width of vx 

and v2 bands of G6H6. O ; û>isot(l/2) of vx band, 
3 ; û)anis(l/2) of vx band, O; û>isot(l/2) of v2 band, 
X ; û>anis(l/2) of v2 band. 

-60 -40 -20 20 40 60 

Temp/°G 

Fig. 2. Temperature dependences of half-width of vx 

and v2 bands of G6D6. • ; coanis( 1/2) of v2 band 
(Griffiths *£ al.) and the other symbols are the same 
as those in Fig. 1. 

data. However, as the R a m a n intensities of the iso­
tropic light were very much stronger than those of 
the anisotropic light, the values of coisot( 1/2) in the 
solid state may be considered significant. 

As is seen in Figs. 1 and 2, the values of «(1/2) 
are dependent on the vibrational modes and increase 
slightly with increasing temperature in the solid and 
liquid phases. 

From these results, we can obtain the vibrational 
and reorientational relaxation times from the following 
equations : 

TV = (27rooisot(l/2))-i (5) 

ro r = (27r«oor(l/2))-i (6) 

where co o r ( l /2 )=cü a n l i ( l /2 ) -cü l i o t ( l /2 ) . 

Discussion 

Reorientational Relaxation Times of C6H6 and C6D6. 
The relationship between In ro r and 103 \T is shown 
in Fig. 3. As is seen in Fig. 3, the reorientational 
relaxation times of G6H6 and G6D6 obtained from the 
v2 bands are in good agreement with those obtained 
from their vx bands. The isotope effect, r o r(C 6D 6) / 
r o r (C 6H 6 ) = 1.102, is in good agreement with the value 
calculated for the small step Brownian diffusion (1.10). 

The relationship between In rOT and T can be ex­
pressed by 

ln r o r = A + AU/RT (7) 

The values of AU are 2.83 and 2.764 kcal/mol for G6H6 

and G6D6, respectively. These values are in very 
good agreement with those published previously.9) 

Vibrational Relaxation Times ofvx and v2 Modes. As 
is seen in Figs. 1 and 2, the half-widths of v2 funda­
mentals in G6H6 and G6D6 are 1.09 and 0.72 c m - 1 

at 30 °G and slightly depend on the temperature. 
Griffiths et al. explained this difference as follows.6) 

During collisions, the vibrational energy from one 
molecule is more readily transferred to a lower neigh­
boring energy level in a second molecule if the vibra­
tional energy levels are close together. In G6H6 , there 
are two vibrational levels, v7 a t 985 (b2g) and v19 

at 970 (e2u) cm - 1 . During collisions, the near reso­
nance energy condition would favor the non-radiative 
transition. O n the contrary, the closest level in G6D6 

is the ^i7(e2g) fundamental at 867 cm - 1 . The energy 
difference between the v2(a lg) a n d the ^i7(e2g) fun­
damental modes is A £ , = 7 8 c m _ 1 in G6D6. This value 
is much larger than the energy differences AE=6 c m - 1 

between the v2(aig) a n d the *>7(b2g), and AE=2l 
c m - 1 between the v2(a l g) and the ^i9(e2u). Therefore, 
in G6D6 a non-radiative transition such as is observed 
in G6H6 should not contribute significantly to a change 
in life time of the v2 state of G6D6. Although there 
is one more level, v6(bln), at 963 c m - 1 near the v2 

fundamental, this excitation energy level is higher 

-13.0 

Fig. 3. Relationships between log (ror) and 103/ T. 
O ; G6H6, obtained from v2 band, # ; C6D6, obtained 
from v2 band, A ; G6D6, Griffiths et al., X ; G6D6, 
obtained from vx band. 
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than v2 at 945 c m - 1 ; so this level may not contribute 
significantly to the relaxation mechanism of the v2 

mode of G6D6. 
At the transition point, the values of co isot(l/2) for 

G6D6 changed from 0.52 in solid state to 0.72 c m - 1 

in liquid state. This broadening can only be inter­
preted by considering some other mechanisms besides 
those proposed by Griffiths et al. 

Similarly, as is seen in Figs. 1 and 2, the half-widths 
of the vx fundamental mode are broader than those 
of the v2 mode in liquid phase. The differences in 
coisot(l/2) of vx solid and liquid phases are about 2.8 
cm - 1 , which is about 6 and 10 times those of the v2 

band of G6H6 and G6D6, respectively. 
As mentioned above, there is one more dominant 

mechanism which contributes to the vibrational relaxa­
tion, that is, the phase relaxation or so-called "pure 
dephasing process," 

Fischer and Laubereau12* have presented the fol­
lowing expression for the vibrational dephasing relaxa­
tion t ime: 

2 MWL2
 / 0. 

Tph = T"Är" T c (8) 

where M is the reduced mass of the oscillator with 
frequency co, and L measures the range of interactions 
between colliding molecules. The ju and y are pa ram­
eters defined by them.12) 

As a first approximation, the energy dissipation and 
pure dephasing which are caused by the molecular 
collisions in liquid phase are considered to be an 
independent process. The vibrational relaxation time 
of this mechanism, rv ' , can be written as follows: 

1/T/ = 1/Tph + 1/Te (9) 

in a practical case, ( 1 / T / ) can be estimated from the 
difference of co isot(l/2) between the solid and the 
liquid phase. In ultrasonic studies of liquid G6H6 

and G6D6, the relaxation process was found to have 
the frequency of about 2 GHz.13»14) This relaxation 
has been considered to be due to the vibrational process. 
The total relaxation strength of the ultrasonic relaxa­
tion was found to be in very good agreement with 
those calculated from the Einstein equation, assuming 
the relaxation to be that of vibrational specific heats. 
From these ultrasonic data and a liquid model, r c 

in Eq. 8 can be estimated as about 0.79 X 10~13 s.1) 
Recently, Tanabe and Jonas have reported that 

the line broadening effects of R a m a n lines can be 
interpreted by the pure dephasing model as caused 
by the molecular collisions in the liquid phase, using 
Eq. 8.15»16) The values obtained are summarized in 
Table 1. The vibrational relaxation mechanism of 
v2 band in the liquid G6H6 involves the non-radiative 
transition mentioned above. So, as is seen in Table 
1, the difference of the co isot(l/2) of v2 band between 
in G6H6 and C6D6 , about 0.3 c m - 1 , can be considered 
to be due to the non-radiative transition mechanism 
proposed by Griffiths et al. In the case of vx band, 
the value of ôY' of G6H6 is comparable to that of G6D6. 

As indicated in Table 1, the values of <5V' obtained 
in this experiment are quite different from those of 
dph estimated from Eq. 8. In the dephasing mecha-

TABLE 1. ESTIMATED VIBRATIONAL WIDTHS (cm - 1 ) 

Mode 

v i ( a i g ) 

*2(aig) 

Assignment 

C-H or C-D 
stretching 
G-G stretching 

G6H6 

2.8 

0.5 

6.35*> 

0.40
a> 

G6D6 

<V <V 

2.8 3.55
a> 

0.2 0.45
a> 

a) The dephasing widths calculated by Tanabe and 
Jonas.15) 

<V=(27T*TV')-* and (5 p h=(2^r p h ) - 1 . 

nism explained by Eq. 8, a binary collision is assumed 
and only the repulsive par t of the intermolecular 
potential is considered. Intrinsically, the above 
dephasing mechanism should be applied to the diatomic 
molecule. In a polyatomic molecule such as benzene, 
the interactions between intramolecular modes should 
be involved. Recently, the vibrational dephasing of 
polyatomic molecules was treated by the intermolecular 
vibrational energy exchange model.17) In the exchange 
model, the dephasing arises from random modulation 
of the vibrational frequency caused by intramolecular 
anharmonic coupling to low frequency modes which 
are undergoing intermolecular energy exchange with 
the bath. Therefore, the <5V' obtained in this experi­
ment could not be explained by the dephasing mecha­
nism expressed by Eq. 8. 

In the G - H or C - D stretching vibration region, 
there are a few R a m a n forbidden bands ; for example, 
the 2264 and 2294 c m - 1 bands which lie close to v1 

band of G6D6. At this stage, it is impossible to rule 
out the energy transfer mechanism due to the non-
radiative transition as in the case of v2 band of G6H6 . 

As indicated above, the vibrational relaxation mecha­
nism of benzene is very complicated. Further theoret­
ical and experimental investigations are needed and 
continuing. 

The authors are grateful to Prof. D . Nakamura of 
Nagoya University for many stimulating discussions. 
This work was financially supported by a Grant-in-Aid 
for Scientific Research from the Ministry of Education. 
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The formation of a potential-dependent surface layer on V 0 2 electrode has been investigated from the change 
in conductance of a thin V 0 2 film electrode by galvanostatic polarization. The V 0 2 electrode dissolved as 
vanadate with 100% current efficiency by anodic polarization. At potentials negative to the immersion potential, 
the V 0 2 electrode functioned as an insoluble electrode with the formation of the potential-dependent surface 
layers of the vanadium oxides by lower valence. The change in composition of the surface layers was traced 
by resistmetry and coulometry, and illustrated against the amount of electric charge passed, taking V701 3 , V 6 O n , 
V 50 9 , V 40 7 , V 3 0 5 , and V 2 0 3 as the possible oxides. The composition at vanadium oxides of outer-most layer 
was plotted against the electrode potential. The plot shows a multi-step figure as in the equilibrium partial 
pressures of oxygen on vanadium oxides at high temperatures, suggesting a model in which the composition of 
the outer-most layer of the oxide responds to the electrode potential applied. 

Resistmetry, a method based on the resistance meas­
urement of a thin film electrode, was first applied to 
the studies of anodic oxide film on metals by Haruyama 
and Tsuru1 - 4) as an in-situ method of measuring the 
thickness and the electric properties of anodic oxide 
film. 

The potentiostatic transient current on V 0 2 elec­
trodes in the cathodic potentials between —0.30 and 
— 1.00 V (SCE) decreases in proportion to the inverse 
of time asymptotically, the stationary cathodic being 
below 10~5 A/cm2.5) In this potential region, the V 0 2 

electrode functions as an insoluble electrode. A similar 
behavior has often been observed on transition metals 
in passive potentials, anodic current flowing in this 
case. 

Iron in passive potentials carries a thin duplex oxide 
film which consists of an outer y - F e 2 0 3 and an inner 
F e 3 0 4 layer.4-6) I t was found by resistmetric studies 
on passive iron that the structure of the cation-vacant 
outer-most layer responds to the applied potential.4) 
We have applied resistmetry to the thin V 0 2 electrode 
in order to establish the structure of the surface layer 
formed at the potentials negative to the immersion 
potential, where the V 0 2 electrode works as an insoluble 
electrode. 

M e t h o d 

When no dissolution process takes place, cathodic 
polarization of V 0 2 electrode yields a thin oxide layer 
with lower valence on the surface. T h e conductance 
of a V 0 2 film electrode changes during the course 
of cathodic reduction. The total conductance of the 
film electrode is assumed to be the sum of the conduct­
ance of the V 0 2 substrate and that of the surface layers 
thus formed. T h e conductance of each layer is given 
by 

Kj = l/Rj = wtj/pjl, (1) 

where tj and pj are the thickness and the resistivity 
of J-th layer, respectively, w and / are the width and 
length of the electrode, respectively. Thus, when a 
vanadium oxide V O n is reduced giving VOn_ a ? ac­
cording to the electrochemical reaction 

VO n + 2*H+ + 2*e- = VO B _, + *H 2 0, (2) 

the change in conductance Akx during the reduction 
is given by 

A * W f M»~* M» In m 
Aki = ̂ i^^^^i^l^ (3) 

where M is the molecular weight, p the electric resis­
tivity, a the density, ß , the amount of charge passed 
(C/cm2) , x the number of electron concerned, and 
suffixes n and n—x represent V O n and VOn_ a ? , respec­
tively. When the VOn_ a ? formed is reduced to 
V O » - ( * + y ) > 

V O n _ , + 2yH+ + 2ye- = VO n _ ( x + y ) + yH20, (4) 
the change in conductance Ak2 dealing with Eq. 4 
is given by 

2yFl l 0n-(x+v)Pn-(x+v) ^n-xpn-x J 

Therefore, the change in conductance Ak (=Ak1+Ak2) 
caused by the reactions of Eqs. 2 and 4 is given by 

_Oi_r_j LI + J M _ 1 _ L_l 
* Ipn-x Pn] y L Pn-ix+y) pn-x J 

Q,i + 0,2 = a> (7) 

where Q represents the total amount of charge passed. 
Since the resistivities of vanadium oxides differ a 

great deal from each other in comparison with the 
differences in the molecular weight or the density of 
oxides, the latter differences can be neglected. Thus, 
we have 

M = Mn-X = Mn-(x+y) (8) 

<* =r <*n-x =7 0n-(x+v) (9) 

According to Eqs. 6 and 7, it is possible to separate 
Q, into Q,i and Q,2 by using the Ak vs. Q, diagrams and 
the data of resistivity of oxides. T h e change in the 
composition of surface layer of the V 0 2 electrode 
during the course of galvanostatic polarization can 
be estimated from the k vs. time curve and chrono-
potentiogram. A similar treatment is also possible 
for the anodic oxidation of the surface layer in a reduced 
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state. 

Exper imenta l 

Specimen. The V 0 2 film electrode was prepared by 
the dry oxidation of a vanadium foil. A pure vanadium 
foil (99.98%) of 0.125 mm thick was oxidized at first in a 
stream air (1.2 m3/h) at 873 K for 4 h . The X-ray diffrac­
tion pattern of the oxidized surface layer of vanadium shown 
in Fig. 1-A indicates that the oxidation product consists 
of V 20 5 , V601 3 , and V 0 2 . The oxidized vanadium was 
then reduced in a stream of S0 2 gas (1.2 m3/h) at 773 K for 
2 h. The oxide layer changed to a single phase of V 0 2 

(Fig. 1-B).7-8) Since the oxidation process proceeds via 
the vacancy diffusion mechanism, a number of voids should 
be concentrated at the metal-oxide boundary. The oxide 
layer can be easily removed from the metallic substrate. 
In order to prepare the V 0 2 film electrode, the oxidized 
vanadium sample was covered first with an epoxy resin, 
and then with an acryl resin plate. After the elapse of 
12 h for the solidification of the epoxy resin, the V 0 2 layer 
was taken off with the acryl plate from the vanadium sub­
strate. The dimension of the V 0 2 electrode thus prepared 
was 0.015x0.02 m and 10"5 m thick. Both ends of the 
specimen were connected to lead wires by an electric con­
ductive cement and then covered with epoxy resin. The 
electrode surface was a sort of cleavage surface of black 
color and moderate brightness. 
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Fig. 1. X-Ray diffraction patterns of vanadium oxides. 
Preparation of specimen; (A) oxidation of vanadium 
in air at 873 K for 4 h ; (B) reduction of specimen 
(A) in S0 2 at 773 K for 2 h. 

Solution. A mixture of 0.2 mol/1 boric acid and 0.05 
mol/1 sodium borate solution (pH 8.39) was used as an elec­
trolyte solution. Reagent grade chemicals and twice-distil­
led water were used to prepare the solution. The solution 
was kept in a storage vessel and deaerated for more than 
20 h by bubbling nitrogen gas purified through an active 
copper bed at 473 K. The solution was transferred from 
the vessel to the cell or removed from the cell under a nitrogen 
atmosphere. 

Electrical Circuit. The electrical circuit of the resistance 
measurement is shown in Fig. 2. The change in conductance 
of the film electrode was traced by recording the unbalanced 
output voltage of the bridge through a pre-amplifier and a 
rectifier. The a-c signal between both ends of the film 
electrode was maintained below 0.005 V in order to minimize 
an undesirable change in film composition and the by-pass 
current through the solution. Polarization experiments were 
carried out with an electronic galvanostat and a counter 
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Ql 11 
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Fig. 2. Diagram of electrical cirucit for conductance 

measurement. 
(1) Oscillator (1 kHz), (2) connected to electrode 
or standard resistance box, (3) amplifier and rectifier, 
(4) recorder. 

electrode made of a platinum plate. The potential of the 
film electrode was measured against a saturated calomel 
electrode via a Luggin capillary and a salt bridge. A two-
pen recorder was used to record the change in both the 
potential and the conductance of the film electrode. 

Procedure. All the experiments were carried out after 
anodic treatment at a constant current density of 10~6 A/cm2. 
After the electrolyte solution had been replaced, the specimen 
was polarized cathodically at 10~6 A/cm2. The VOa elec­
trode did not dissolve except at the final stage of the anodic 
polarization. The amount of vanadium ion dissolved was 
analyzed by a colorimetric analysis using the 4-(2-pyridylazo) 
resorcinol method.9) The experiments were carried out 
under a nitrogen atmosphere at 298 K. In order to confirm 
semiconductive property, the experiment was carried out 
also under illumination with a 500 W lamp. Illumination 
effected neither the potential nor the conductance of the 
film electrode. 

R e s u l t s 

Chronopotentiogram of V02 Electrode. The V 0 2 

electrode did not dissolve, functioning as an insoluble 
electrode at the potentials negative to 0.05 V (SCE) 
in a solution of p H 8.39.5> The potentiostatic transient 
current decreased in proportion to the inverse of time.5) 
This indicates the formation of an oxide layer with 
low valence on the V 0 2 electrode, since a similar 
transient phenomenon is often observed in a film-
forming reaction.6) The V 0 2 film electrode was cath­
odically reduced at first until the potential reached 
a certain value and then anodically oxidized at a 
constant current density of 10~5A/cm2 . The chrono-
potentiograms of the galvanostatic polarization of the 
V 0 2 electrode are shown in Fig. 3. The cathodic 
polarization of V 0 2 electrode was terminated at various 
potentials, followed by anodic polarization. In the 
initial periods of cathodic polarization, the potential 
decreased steeply toward the negative direction to 
reach E1? then showing an asymptotic behavior. The 
chronopotentiogram of the succeeding anodic polariza­
tion exhibits two potential arrests E2 and Ez. Potential 
E a corresponds to a stationary state of the anodic 
polarization where the anodic dissolution of V 0 2 oc­
curred. The amount of electric charge relating to 
the arrest E2 increases with the extension of the periods 
of cathodic polarization. 
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Fig. 3. Change in potential and conductance of V 0 2 

film during cathodic and anodic polarization at 10~6 

A/cm2. 
Solid lines conductance change; dashed lines 
- - potential change. 

Anodic Dissolution of V02. The V 0 2 electrode 
dissolved at the final stage of anodic polarization. 
In order to determine the dissolution scheme, the 
solution after the anodic polarization was examined 
by colorimetry. The amount of vanadium dissolved 
and that of the electric charge passed are summarized 
in Table 1, together with the calculated value of the 
number of electron in the anodic dissolution of V 0 2 

electrode. The sample solution for the spectropho-
tometric analysis was prepared by the anodic dissolu­
tion of the V Ö 2 electrode at a constant current density 

TABLE 1. NUMBER OF ELECTRONS IN THE ANODIC 

DISSOLUTION OF V 0 2 AT 298 K (pH 8.39) 

IJA cm-2 a> 103 dJG cm-2 *» 108 WBAJg cm"2 c> N*> 

10-5 

10-5 

5 x l 0 - 5 

5 x l 0 " 5 

7.143 
9.091 
7.500 
5.000 

3.798 
4.833 
4.026 
2.607 

0.993 
0.993 
0.983 
1.013 

a) Current density, b) Amount of anodic charge. 
c) Weight of vanadium dissolved, d) Number of 
electrons. 

Fig. 4. Absorption spectrum of electrolyte solution 
after anodic dissolution of V 0 2 (4.1 x l O - 5 moI/1, 
pH 8.39), 

of 5.0 X 10~5 A/cm2 for 21 min. The expected con­
centration of vanadate(V) was 4.1 X 10 - 5 mol/1. The 
absorbance curve of the solution, shown in Fig. 4, 
is in good agreement with the data of vanadate H V 0 4

2 ~ 
reported by Newman et a/.10) The anodic dissolution 
of V 0 2 (Fig. 4 and Table 1 ) proceeds with one electron, 

V 0 2 + 2H 2 0 = H V 0 4
2 - + 3H+ + e~. (10) 

Change in Conductance on V02 Film Electrode During 
Galvanostatic Polarization, The change in conduct­
ance of the V 0 2 film electrode during polarization 
is plotted against the amount of charge passed in 
Fig. 3, together with corresponding change in potential. 
In the initial periods of polarization where a steep 
change in potential is observed, the conductance changes 
slowly with time. After the potential reaches the 
arrest El9 the conductance increases steeply, then ex­
hibiting an asymptotic behavior. The conductance 
vs. time curves of the subsequent anodic polarization 
are nearly symmetrical to those of the cathodic branch. 
The conductance of the electrode reverts nearly to 
the original value at the end of anodic polarization 
and the electric charge needs to reach the original 
conductance value increased with extension of the 
periods of cathodic polarization. 

D i s c u s s i o n 

Since the V 0 2 electrode did not dissolve during the 
course of polarization at the potentials negative to 
0.05 V, the change in conductance (Fig. 3 and Fig. 
5-A) is attr ibuted to the formation and the reduction 
of the oxide layers with different electric resistivity. 
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Fig. 5. (A) Change in conductance and potential of 
V 0 2 film during cathodic and anodic polarization 
curves at 10-5A/cm2. 
(B) Change in composition of surface layers during 
cathodic reduction and anodic oxidation of V 0 2 film. 
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TABLE 2. ELECTRIC RESISTIVITY OF VANADIUM 

OXIDES11) 

Oxide form 

vo2 
v7o13 
v , o n 
v 6 o, 
v4o7 
v3o6 
v2o3 

Resistivity/12 cm 

250 
50 
4.4 

142 
13.3 

1000 
0.04 

In order to estimate the constitution of the surface 
layers formed by the cathodic polarization, Eqs. 6 
and 7 were solved for Qt and Q2, by using the change 
in conductance and the electric resistivities of vanadium 
oxides. 

T h e values of resistivity of vanadium oxides show 
an appreciable scattering. T h e data given in Table 
2ii) w e r e chosen in the following calculation. The 
thickness of each layer was calculated from Q^ and 
Q̂ 25 by means of Eqs. 2 and 4, and the densities of 
oxides. The species and thicknesses of oxide layers 
were estimated on the following assumptions. 

(1) The V 0 2 electrode is reduced in the decreasing 
order of oxidation state with formation of a multilayer 
film on surface 

vo2 
— v7o13 — 

d[ d'2 

v 6 o n v5o9 
0.4 

v4o7 

v3o5 

de 
V A 

where Qn is the amount of charge concerned with 
respective reaction. 

(2) The thickness of each layer increases or decreases 
monotonically with time, the total thickness of the 
surface layers being nearly proportional to the duration 
of cathodic reduction. 

(3) The calculation based on Eqs. 6 and 7 can 
be applied to the thicknesses of V 7 0 1 3 and V 6 O n in 
the initial stage of reduction, where only two layers 
are formed. W h e n the third layer participates in 
the growth with the progress of reduction, a supple­
mentary procedure is used in the calculation. The 
growth of the V 7 0 1 3 layer (Fig. 5-A) follows the fol­
lowing equation in the initial stage of cathodic reduction 

d = 2A7 x t0-85 (11) 

where d represents the thickness of the V 7 0 1 3 layer 
(Â) and t the time (s). I t was assumed that the 
thickness of the V 7 0 1 3 layer increases according to 
Eq. 11 even after the V 5 0 9 layer has appeared. The 
thickness of the V 6 O n and V 5 Ö 9 layers was calculated 
by means of Eqs. 6 and 7 and that of V 5 0 9 layer was 
estimated by Eq. 11. 

T h e results of calculation are illustrated against 
time in Fig. 5-B. The unit time (1 min) corresponds 
to 6 x l O ~ 4 C / c m 2 , since the polarization experiment 
was carried out at a constant current density of 10~5 

A/cm2 . The surface of the V 0 2 electrode is seen to 
be reduced first to V 7 0 1 3 , and then to V 6 O n , which 
is further reduced to V 5 0 9 . During the course of 
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O 
> 
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2.0 
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> 
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- 0 . 4 - 0 . 2 
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(B) 

0.0 

Fig. 6. (A) Relation between vanadium oxides and 
their eqilibrium pressures of oxygen (from Okinaka's 
data). 
(B) Potential dependency of surface oxides on V 0 2 

(present work). Tr: Transition potential. 

reduction process, the V 0 2 substrate is consecutively 
reduced to the low-valence oxides, the total thickness 
of the oxide layer increasing in proportion to the 
amount of electric charge passed. The V 7 0 1 3 layer 
vanishes after 5 min of cathodic polarization (3 X 10~3 

C/cm2), the final structure of surface layer consisting 
of V 5 0 9 and V 6 O n . 

I n the subsequent anodic oxidation, V 5 0 9 is oxidized 
to V 0 2 via V 6 O n and V 7 0 1 3 . Using Fig. 5-B, the 
oxidation state of the outer-most layer of the V 0 2 

electrode is plotted against the potential in Fig. 6-B. 
Since the ohmic drop inside the oxide electrode was 
estimated to be of the order of 10 - 4 V at the current 
density chosen, the potential difference should appear 
mainly at the oxide/electrolyte interface. 

T h e transition from V 0 2 to V 7 0 1 3 occurs at —0.08 
V (SCE) in the cathodic process, and at —0.26 V in 
the anodic process. A similar hysteresis of the transi­
tion potential between the cathodic and anodic branch 
is observed on the transition between V 7 0 1 3 and V 6 O n 

on that between V 6 O n and V 5 0 9 . Further experi­
ments are necessary to explain, the hysteresis in the 
transition potential, since it is a sort of underpotential 
phnomenon. 

Thermodynamic properties of vanadium oxides were 
reported1 2 - 1 4) mainly from the measurement of the 
equilibrium partial pressure of oxygen po2 at high 
temperature. The composition vs. log po2 diagram 
of vanadium oxides at 298 K (Fig. 6-A) was estimated 
by the extrapolation of the data at high temperature 
to those at 298 K according to the Van ' t HofF equation. 
The log po2 scale at 298 K was also converted into 
the potential scale, by considering the Nernst equation 
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Data i exti rapolated from high 
temperature measurement 
(Okinaka et al12)) 

AGS. 
kj mol"1 

- 6 5 8 

-4447 
- 6 5 3 

-3789 
- 6 3 1 

-3127 
- 6 2 6 

-log/>o2 

54.6 

55.7 

64.1 

£(SCE) 
pH 8.39 

- 0 . 3 1 2 

- 0 . 3 2 8 

- 0 . 4 5 2 

Data calculated from 
transition potential 
(present work) 

AGS, 
kj mol-1 

- 6 5 8 

-4474 
- 6 3 9 

-3809 
- 6 3 5 

-3142 
- 6 2 8 

-log/>o2 

45.1 

64.5 

67.9 

E(SGE) 
pH 8.39 

- 0 . 1 7 0 

- 0 . 4 6 5 

- 0 . 5 0 5 

vo2 

v7o1 3 
vo1 3 / 7 

v 6 o n 
vo1 1 / 6 

v 5 o 9 
vo 9 / 5 

on the reversible potential of oxygen, thus 

0 2 + 2H 2 0 + 4e- = 4 0 H - (12) 

Eh? = 1.229 + 0.015 \ogp02 - 0.060 pH (13) 

Figure 6-A and B are so arranged that the scale of 
log po2 and that of potential correspond to each other 
according to Eq. 13. 

Transition potentials and the (— log po» 29SK) at 

the equilibrium between two oxides are summarized 
in Table 3, together with the free energy of the formation 
AGf'298K of the vanadium oxides. The free energy of 
formation was calculated from (—log po% 2»SK) and 
the transition potentials, assuming that AGf'298K of 
V 0 2 is —314.3 kcal/mol. There is an appreciable 
disagreement between the values of AGV298K calculat­
ed from the data of equilibrium partial pressure of 
oxygen at high temperatures and those from the transi­
tion potentials. The former values might be less reli­
able since they are based on an extended extrapolation 
from the data at temperatures over 1273 K by using 
the Van ' t Hoff equation. O n the other hand, un­
cer ta in ly also exists in the latter method especially 
on the hysteresis of the transition potentials. 

The potential dependency of the surface layer on 
the V 0 2 electrode estimated from the resistmetry (Fig. 
5-B) exhibits a quite reasonable behavior as compared 
with that obtained from the equilibrium partial pres­
sures of oxygen at high temperatures. The results 
strongly support the model in which the composition 
of the outer-most layer oxide electrodes changes re­
sponding to the applied potential. 

The authors wish to thank Prof. Masao Taniguchi, 

Dr. Tooru Tsuru, and Dr. Masataka Wakihara for 
their discussions. 
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Catalysis by platinum supported on polyamide-6 was examined for the H2-D2 equilibration reaction at 
0 °G in the pressure range of 5—20 Torr (1 Torr =133.3 Pa). Three kinds of polyamides with different molec­
ular weights were prepared as support; the concentration of platinum varied from 0.5 to 2.7 wt%. With pread-
sorption of hydrogen at 0 °G, the rate of the reaction was found to increase up to 10 times as high as the original 
level. The rate km (HD molecule s-1Pt atom-1) showed a maximum, depending on surface area of the polyamides 
used, in the range 0.8—1.0 wt% of Pt content and its dependence on total pressure is represented by £m=Ä^P/ 
(1-f À^l /P) 2 irrespective of Pt content. No significant isotope effect was observed at 0 °G. It was found that 
a linear relationship exists between the enhancement of km and the amount of hydrogen preadsorbed, indicating an 
important role of the preadsorbed hydrogen in activation of the catalysts. In contrast to km, the turn-over 
frequency k% (HD molecule s - 1 site-1) was nearly independent of Pt concentration. The exchange reaction is 
explained in terms of the Bonhoeffer-Farkas mechanism. XPS spectra provided the evidence for the presence 
of Pt(II) complexes on the surface. The structure of active sites is discussed. 

Catalysis by metals dispersed on organic polymers 
has been the subject of particular interest, because 
the catalytically active sites are different in electronic 
and geometric factors from metals on inorganic sup­
ports. The pioneering work on this subject has been 
done by Izumi,1) who employed silk fibroins as sup­
ports for palladium and studied the hydrogénation 
of various organic compounds. Harrison and Rase2) 
studied the hydrogénation of benzene on plat inum 
supported on polyamides. They reported the capacity 
of the catalysts to produce cyclohexene, which is scarce­
ly farmed at all on silica-supported platinum. They 
used polymers with different periodic structures, and 
pointed out the importance of the geometric arrange­
ment of Pt metal atoms correlating to the position of 
the amide group in the polymer chains. Dini et al.z) 
examined the number of chlorine atoms remaining 
in the catalysts and showed the presence of bivalent 
plat inum ions which are available as sites for the 
formation of cyclohexene. 

T h e structures and distributions of active sites on 
polyamides are of interest. So we will examine sys­
tematically the effect of plat inum metal dispersion 
upon catalytic activity, since the number of the active 
sites is likely to depend on that of N H G O and/or 
N H 2 groups exposed to the surface to which Pt is 
considered to be bonded. Further information is 
obtained from the change in catalytic activity which 
occurs when the polyamides which differ as much 
in molecular weight as possible are used. 

In our preliminary study4) on the hydrogénation 
of acetylene and butadiene over the Pt-polyamide 
catalysts, it was found that the major products of 
the reactions were the saturated hydrocarbons instead 
of the corresponding monoolefins, indicating that the 
reactions are quite different in selectivity from those 
on metal powder and silica-supported catalysts re­
ported earlier.5) Preadsorbed hydrogen promoted the 
reactions and there were opt imum conditions to give 
the stable and high catalytic activity, which is ap ­
parently associated with the pre treatment by hydrogen. 
These results led to the consideration that an interac­
tion of hydrogen with Pt on the polymer is charac­

teristic, but no extensive study has been done so far. 
Thus, the present study was undertaken to examine 
the equilibration reaction between H 2 and D 2 on P t -
polyamide catalysts and to determine the effect of 
Pt dispersion on catalytic activity. In order to get 
information on the states of Pt supported on polyamides, 
X-ray photoelectron Spectroscopy (XPS) was employed 
in this study. 

Exper imenta l 

Catalyst Preparations. Polyamide-6 (PA) was obtained 
by the polymerization of e-caprolactam (Wako Pure Chemical 
Go.) initiated with 1.0 wt% of 6-aminohexanoic acid at 
250 °G in a stream of nitrogen. Unreacted monomer, oli­
gomers, and cyclic oligomers were eliminated from the 
products with hot water. The polyamide-6 was dissolved 
into formic acid of extra pure grade, and then the PA powder 
was obtained by transferring the solution to ion-exchanged 
water and drying in vacuo at room temperature. Three 
kinds of polyamide-6 with different molecular weights of 
6.8 xlO3 , 3 x l 0 3 , and 1.7 x lO 3 (as denoted by L, M, and 
S hereafter) were prepared and found to have surface areas 
of 5.7, 5.5, and 4.6 m2/g, respectively. 

The polymers were immersed in an aqueous solution of 
H2PtCl6 of about 8xlO~ 3 Ptg/ l in concentration, heated at 
90 °G for 2 h and then washed thoroughly with ion-exchanged 
water. The catalysts were dried in vacuo at room temper­
ature. The concentration of Pt dispersed on PA was deter­
mined according to the procedure described in the reference.6) 
The catalysts with Pt concentration of 0.5 to 2.7 wt% 
were prepared. Elemental analysis showed that the amount 
of chlorine atoms remaining on the treated 2.7 wt% 
Pt-PA-M catalyst was estimated, in terms of the Gl/Pt 
ratio, at 1.7. 

Characterization of Catalyst. In order to examine the 
valence states of Pt bonded to PA, a Hewlett-Packard 5950A 
ESGA spectrometer with a monochromatic Al Koc X-ray 
was used and a flood gun was operated at 0.3 mA with 0— 
0.7 eV to avoid the charging of the samples. The binding 
energy of G 1 s of GH2 group in PA, 284.8 eV, was taken as 
standard. X-Ray diffraction and electron microscopic studies 
were done to ascertain the presence of Pt crystallites and 
also their distributions on the surface. 

Equilibration Reaction. The equilibration reaction be-
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tween H2 and D2 was studied using a closed circulating 
apparatus which was similar to that used before.7) Hydrogen, 
hydrogen deuteride, and deuterium were analyzed by a 
gas Chromatograph connected to the system.7) Prior to 
the kinetic run, a fresh catalyst was evacuated at 150 °G 
for 1 h and then cooled to the reaction temperature, 0— 
35 °G. Hydrogen (99.98% pure), and deuterium (contain­
ing less than 0.5% HD) were obtained from Takachiho 
Chemical Go. and used without further purification. 

R e s u l t s 

Figure 1 shows the time course of the equilibration 
reaction at 0 °G using the catalyst evacuated at 150 °G. 
The rate of equilibration is expressed as 

In (X0-X.)/(Xt-X.) = k.t (1) 

where Xo9 X%9 and Xe are, respectively, the fraction 
of H D at J = 0 , t, and equilibrium. In the initial 
stage of the first run (curve a) , the experimental values 
were considerably off the linearity but , after three 
or more successive runs, they turned out to fit a linear 
expression. The reaction rate ke is derived from the 
slope and then km is defined as 

km = nkJNrt (molecule s"1 Pt atom"1) (2) 

where n is the number of molecules in the gas phase 
and NFt the number of Pt atoms. Figure 2 shows 
the dependence of the reaction rate upon the time of 
exposure of the catalyst to hydrogen of 20 Tor r at 
0 °G after evacuation at 150 °G. T h e catalytic activ­
ity increased with the contact time and no further 
increase was observed after 24 h. T h e highest activity, 
about 10 times as high as the original one of the first 
run without H2-preadsorption, was diminished by 
evacuation at 150 °G for 3 h to the original level, 
but the treatment with hydrogen at 0 °G promoted 
again the activity to the highest level. This cycle 

20 30 m 50 

Time/min 

Fig. 1. H2-D2 exchange reaction on 0.5 wt% Pt-PA-M. 
O: First run, # : second, © : third, Q: fourth. 
Between each run, the catalyst was evacuated at 
0 °G for 10 min. The reaction conditions are as 
follows unless otherwise stated. Total pressure = 20 
Torr, H2/D2 = l, reaction temperature = 0 °G. 

o 

3 
O 

i—i 

o 

*46 

Fig. 2. Increase in k 
to hydrogen. 
Catalyst: 0.5 wt% Pt-PA-M, 
perature = 0°C. 

2 

Time/h 

as a function of time exposed 

PH = 20Torr, tem-

of activation and deactivation was quite reversible 
and reproducible. Evacuation at 0 °G for less than 
30 min caused no significant change in the highest 
activity, which was taken as the measure for comparison 
of catalytic activity, unless otherwise stated. 

T h e dependence of km on Pt concentration for three 
catalysts, P t -PA-L, -M, and -S, is shown in Fig. 3. 
Each catalyst has a maximum km value around 0.8— 
1.0 w t % of Pt. T h e activity beyond the maximum 
declined sharply. Figure 4 shows Arrhenius plots for 
the H 2 - D 2 equilibration on 0.5, 0.8, 1.0, and 2.0 
w t % P t - P A - M catalysts. T h e evaluated activation 
energies were almost constant as 7 .2±0.2 kcal/mol 
(1 kca l=4 .184 kj) irrespective of Pt content. T h e total 
pressure dependence of the exchange rate for these 
four catalysts using an equimolar mixture of H 2 and 
D 2 as reactant is shown in Fig. 5. T h e reciprocals 
of the square root of both total pressure P and km 

provided a linear relationship for each catalyst, indicat­
ing that km can be represented as K1PI(l+K2VP)2 

0.10 

S 
o 

0.05 

1 
"à 
-se 

0.00 

1.0 2.0 

Pt concentration/wt% 

Fig. 3. Change in km and invariance of kt with Pt 
concentration. 
km, O : Pt-PA-M, € : -S, # : -L. k%9 D : Pt-PA-M. 
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Fig. 4. Arrhenius plots for H2-D2 exchange reaction. 
C : 0.5 wt% Pt-PA-M, ©; 0.8, • ; 1.0, O ; 2.0. 
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Fig. 5. Total pressure dependence of km at 0 °G. 
€ : 0.5 wt% Pt-PA-M, £ ; 0.8, • ; 1.0, O ; 2.0. 

where Kx and K2 are constants. 
In order to see the detailed kinetic behavior of 

the reaction and also to ascertain whether the isotope 
effect is present or not, the part ial pressure dependence 
was investigated at 0 °G. For 1.0 w t % P t - P A - M 
catalyst, the reaction order with respect to hydrogen 
pressure, P H , was about 0.5 in a range from 2 to 4.7 
Torr at a fixed deuterium pressure, P D , of 7 Torr , 
and the deuterium order was the same as that of hy­
drogen in a range of P D from 0.4 to 4.5 Tor r at a fixed 
P H of 5 Torr . This close similarity in the partial 
pressure dependence between H 2 and D 2 predicts that 
there exists little isotope effect at the reaction temper­
ature. 

T h e adsorption of hydrogen at 0 °G in an activation 
process occurred in a slow manner analogous to the 
increase of activity observed in Fig. 2 ; thus we can 

Catalyst: 0.5 wt% Pt-PA-M. 

obtain a correlation between the amount of the pre-
adsorbed hydrogen and the corresponding catalytic 
activity. The results are shown in Fig. 6. The linear 
relationship between km and the H/Pt ratio reflects 
the direct contribution of hydrogen to the activation 
of catalysts. The saturation of the preadsorbed hy­
drogen took place after 24 h, and evacuation of the 
surface at 0 °G for 10 min caused negligible desorption 
of the hydrogen, since no further adsorption of hydrogen 
was observed after the introduction of hydrogen fol­
lowing the evacuation. For P t -PA-M catalysts with 
Pt loading ranging from 0.5 to 2.7 w t % , the saturated 
amount of the adsorbed hydrogen per gram Pt increas­
ed with the content, passed through a maximum at 
1.0 w t % , and decreased. This change is in a close 
parallel to that observed in the catalytic activity. 
The number of active sites can be calculated from that 
of the hydrogen atoms preadsorbed. The turn-over 
frequency, kv in terms of molecules s - 1 s i te - 1 , is given 
in Fig. 3. 

T h e effects of the preadsorbed hydrogen on the 
exchange reaction of catalyst hydrogen with gaseous 
deuterium were examined at 0 °C. Hydrogen of 3.6 X 
10~6 mol was preadsorbed at 0 °G, evacuated for 10 
min, and then deuterium of 2.4 Torr was introduced. 
The rate of H D formation is much the same in the 
cases of both the presence and the absence of the 
preadsorbed hydrogen, but smaller by a factor of 
about 40 compared to the ordinary rate in the steady 
reactions. I n order to confirm whether or not the 
slow exchange is attributable to the reaction between 
the structural hydrogen in PA and gaseous deuterium, 
1.0 w t % P t - P A - M catalyst was exposed to a deuterium 
atmosphere at 150 °G. T h e number of the exchanged 
hydrogen atoms was found to amount to approximately 
300 times that of Pt atoms, indicating that hydrogens 
in bulk organic groups participated in the exchange. 
After the exchange, the catalyst was examined by 
means of infrared spectroscopy, and, in addition to 
ordinary bands due to PA, new strong bands at 2400 
and 2460 c m - 1 and also weak bands at 2090 and 
2190 c m - 1 were observed. The former group cor­
responds to the bands of the characteristic region ascrib-
able to the N - D stretching vibration. The latter 
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two bands are reasonably assigned to the G-D stretching 
vibration. 

For 2.7 w t % P t - P A - M catalyst without evacuation 
at high temperature after preparation, the Pt 4f region 
of X-ray photoelectron spectra showed three peaks, 
the central one of which is apparently derived from 
a superposition of two peaks (Fig. 7 and Table 1). 
From the comparison with binding energies of Pt 
complexes reported earlier,8) these peaks can be as­
sociated with the 4f level of Pt ( IV) and P t ( I I ) . I t 
was found that three peaks gradually changed to two 
stable peaks, 4f7/2 and 4f5/2, during the course of the 
photoemission measurement and that X-ray irradiation 
caused the reduction of Pt( IV) to P t ( I I ) , which is 
analogous to the phenomena observed in X P S studies 
on Pt complexes.8»9) For 2.7 w t % P t - P A - M catalyst, 
which was evacuated at 150 °G, only two 4f peaks 
appeared at the binding energies of 72.5 and 75.7 
eV, which are higher by 1.3—1.2 eV than those of 
Pt metal, indicating the presence of Pt( I I ) on PA. 
Further exposure of the surface to a hydrogen atmos­
phere at 0 °G for 24 h gave rise to no significant change 
in the spectra. T h e chlorine 2p level was monitored 

79 71 77 75 73 
Binding energy/eV 

Fig. 7. Pt 4f region of XPS spectra of 2.7 wt% Pt-
PA-M. 
a: Evacuated at room temperature, b : evacuated at 
150° G and then exposed to 20 Torr of hydrogen 
at 0 °G, c : exposed to X-ray for 6.5 h after a. 

but no strong peak was observed. This is probably 
attr ibuted either to the low intensity of the level or 
to the loss of chlorine with X-ray exposure, which 
occurred in the case of Gl-containing Pt complexes.8) 
For N Is and O Is levels, neither a significant shift 
of the peaks nor broadening was observed between 
PA and P t -PA. 

No appreciable change was observed in the infrared 
spectra of the organic groups characteristic in PA 
when the plat inum complex was deposited on it. The 
X-ray diffraction measurement provided only a dif­
fused peak due to PA crystallites and showed unam­
biguous evidence for the absence of large Pt metal 
particles. Electron microscopy was applied to the 
catalysts under a magnification of more than 90000, 
but failed to detect the presence of large Pt particles. 

D i s c u s s i o n 

The p la t inum-PA catalysts are characterized by a 
gradual increase in the activity for H 2 - D 2 equilibra­
tion as the catalysts are exposed to a hydrogen atmos­
phere. One might argue that such an activity enhance­
ment is ascribable to metal particles produced by the 
reduction of the Pt complexes. This is unlikely, 
because the activity was lost upon heat-treatment a t 
150 °G but again restored to the same level as before 
when they were exposed to a hydrogen atmosphere 
at 0 °C. X P S results gave no sign of a Pt 4f peak 
due to the metallic state, but showed the presence of 
bivalent plat inum cation. T h e results obtained by 
electron microscopy and X-ray diffraction also support 
this view. T h e reversible change in catalytic activity 
mentioned above clearly shows that the preadsorbed 
hydrogen played an important role in the formation 
of catalytically active sites. 

I t is of interest to see that the position of peak activity 
shown in Fig. 3 can be correlated with the surface 
area of PA used as support ; for both PA-L and PA-M 
catalysts having the surface areas of 5.7 and 5.5 m2/g, 
each peak appears at a Pt content of 1 w t % , whereas 
for PA-S the downward shift of the position occurs 
by a factor of 0.2, almost the same ratio as the decrease 
in the surface area. This correlation indicates that 
the functional organic groups of PA exposed on the 
surface, but not those in bulk, are of importance in 
catalysis, and also predicts that the number of active 

TABLE 1. BINDING ENERGY OF Pt 4f, N Is, AND O IS LEVELS OF 2.7 wt% Pt-PA-M CATALYST 

Samples 

1) PA-6 
2) 2 .7wt% Pt-PA-M 

evacuated at room 
temperature11) 

3) 2 .7wt% Pt-PA-M 
evacuated at 150 °G 

4) After 3), exposed 
to H2 at 0 °C 

5) Pt metal 

Pt 4f7/2 

— 
72.7 75.4 

(12.1 
V75.0 
72.5 

72.7 

71.2 

Binding energy/eVb> 

Pt 4f5/2 N Is 

— 399.6 
78.1 399.6 
76.0 Pt(II) \ 
78.2 Pt(IV)J 
75.7 399.5 

76.0 399.5 

74.5 — 

ols 
531.1 
531.1 

531.2 

531.2 

— 

a) Prolonged exposure to X-ray gives the values of 72.8 and 76.0eV for the Pt 4f region, b) G Is=284.8eV 
as standard. The error in binding energy is within 0.2 eV. 
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sites is proportional to that of such groups. 
T h e (010) face of a polyamide-6 crystal consists 

of a unit cell with a dimension of 1 7 . 2 A x 4 . 7 8 A 
and involves two N H G O groups. For 1.0 w t % P t -
PA-M catalyst, a calculation gave the ratio of Pt 
atoms to surface N H G O groups to be 2.3. Since 
even the highest value of the H/P t ratio reaches only 
0.4, not all the Pt atoms on PA can work as active 
sites for both the equilibration and the adsorption 
of hydrogen. This low ratio of H/P t is consistent 
with the results obtained by Dini et al.;3) their 0.6 
and 3.8 w t % Pt supported on nylon-6 catalysts gave 
0.08 and 0.11, respectively, at 25 °G. I t should be 
noted that no metal crystallites as large as 100 Â, 
which would be anticipated in such low degrees of 
exposure, were detected. 

The kinetic results showed that the turn-over fre­
quency kt for the exchange reaction is apparently 
independent of Pt content and that kinetic behavior 
such as activation energy and reaction order are almost 
the same over the whole range of the loading. Thus , 
it is suggested that there is a single kind of catalytically 
active site on the surface. For this view, the presence 
of a maximum in km appears somewhat puzzling, 
but is explained by the model on the basis of the fol­
lowing assumptions. The fundamental unit of poly­
amide-6 (a-type) is given below, where x and y rep­
resent the positions corresponding to the spacing be­
tween neighboring polymer chains. 

I t is likely that an N H G O group (position x) is 
involved in the coordination with the Pt complex, 
whereas a C H 2 group (position y) has a weak interac­
tion with the complex upon its access. I t is assumed 
that such characteristics in the structure of PA-6 lead 
to the formation of cluster complexes consisting of 
two and three Pt metal atoms, denoted as (Pt)2 and 
(Pt)3 respectively, and that only (Pt)3 is catalytically 
active. The ratio of existing (Pt)3 to (Pt)2 depends 
on the numbers of the positions having suitable spacing 

xk / \ / \ / \ / \ / \ / \ y\\ 
I GH2 NH GH2 GH2 GO GH2 GH2 |\ 

| GH2 GO 
y 

GH2 

y 
GH2 NH GH2 

y 
GH9 

in the vicinity of N H G O group; thus it follows that 
the catalytic activity becomes the highest when one 
unit is occupied by one (Pt)3 and one (Pt)2 . Further 
deposition of Pt beyond this distribution results in 
the decrease of the catalytic activity per gram Pt. 
Table 2 shows the results of calculations obtained on 
the basis of the distribution of (Pt)3 and (Pt)2 on the 
polyamide-6 with a periodicity of three units which 
contain six N H G O and fifteen C H 2 - C H 2 groups 
in them. The rather good agreement between the 
calculated and experimental values shows that the 
structures of the active sites are well represented by 
the cluster model. 

Reaction Mechanism. The adsorption of hydrogen 
in the formation of the catalytically active sites is 
undoubtedly slow and irreversible at 0 °G, but induces 
a drastic rise in activity. T h e following process seems 
to take place. 

(Pt), + H2 > (Pt*), (3) 

where (Pt*) 3 represents the catalytically active sites. 
The H 2 - D 2 equilibration on this surface is considered 
in terms of the Bonhoeffer-Farkas mechanism which 
is shown below. 

H2(g) — 2H(a) 
*5 
/ t H D 

HD(g) ^ ± H(a) + D(a) 
tHD 
*4 

D,(g) ^ ± 2D(a) 

(4) 

(5) 

(6) 

The rate constants of adsorption and desorption are 
denoted as kl and A;J, respectively, where i = H , H D , 
or D. The changes in surface concentration of hy­
drogen and deuterium atoms as a function of time 
can be represented by the following equations: 

d 0 H - 2 * ; P H ( I - 0 H - 0 D ) 2 + ^ D P H D ( I - Ö H - Ö D ) 2 

r X / N / N / N / N / N / N / l 

dt 

döD 

d* 

- 2*50H - *SD0H0D (7) 

= 2 « P D ( 1 - 0 H - 0 D ) 2 + * ? D P H D ( 1 - 0 H - 0 D ) 2 

- 2k»M - *;D0H0D (8) 

T A B L E R . T H E H/Pt RATIO AND THE NUMBER OF Pt ATOMS ON Pt-PA CATALYSTS 

Obsd Calcdb> 

Catalysts (Nn+Nc)*> Wt% Pt 
(atom/g) 

H/Pt Pt 
(atom/g) 

3 .5x l0 1 9 

3 .3x l0 1 9 

1.6xl01 9 

2 . 8 x l 0 1 9 

H/Pt 

Pt-PA-L 

Pt-PA-M 

Pt-PA-S 

4 . 9 x l 0 1 9 

4 . 7 x l 0 1 9 

3 .9x l0 1 9 

1.0 
1.0 
0.5 
0.8 

3 . 1 x l 0 1 9 

3 .1x l0 1 9 

1.5xl01 9 

2.5 xlO19 

0.40 
0.27 

0.40 
0.27 

a) The total number of NHGO and GH2 surface groups per gram of catalyst, b) At the maximum activity, the 
surface of three units distributes fifteen Pt atoms on twenty one positions ( = x + y). Numbers of Pt atoms per 
gram catalyst were calculated by multiplying (Nn + Nc) by 15/21. The H/Pt ratio is given by 2 X (number of 
(Pt)3)/(number of Pt atoms) under the assumption that a hydrogen molecule occupies a (Pt)3. From the dis­
tribution of the cluster described in the text, the H/Pt value is calculated to be 2x3/15 = 0.4 for 1.0 wt% and 
2 x 1 / 7 . 5 = 0 . 2 7 for 0.5 wt%. This model permits the comparison of km; for 1.0 wt%, km is given by (3/15)&t, 
whereas for 0.5 wt% by (l/7.5)kt. The ratio of km(\ .0 wt%)/£m(0.5 wt%), 1.5, is close to the observed one, 
1.7. 

17.2Ax4.78A
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where 0H and 0D are, respectively, the fractions of 
hydrogen and deuterium occupying the active sites 
in the complex. The neglect of the isotope effect 
leads to the simple relations, k*=k*=k*ï)=k* and 
2k*=2kï=kT=k*. The factor 2 in the desorp-
tion rate constants k* and A:S comes from the fact 
that the probability of making an atom pair H D is 
twice as large as that of making a pair H 2 or D2 . Since 
the amount of hydrogen adsorbed on a catalyst surface 
was negligibly small compared to that in the gas phase, 
P H D is represented by 2 (PZ—Pa) or 2 (PS—PD) , 
where P£ and PS are hydrogen and deuterium pres­
sures at £=0 , respectively. By introducing the steady-
state approximation, d0H /d£=d0D /d£=O, and the rela­
tions described above, one can obtain the following 
equations : 

(l-0H-0D)22tfP£ = 0H(0H + 0D) (9) 

and 
(1-0H-0D)227CPS = 0D(0D + 0H) (10) 

where K denotes kjkd. 
Total Pressure Dependence. The rate equation 

which describes the time course of the reaction is 
given by 

/ N&V \ d P H D 

\RTN„/~dT~ M H 0 D - M W 1 - 0 H - 0 D ) 2 (H) 

where JVa is Avogadro's number , V the volume of 
the reaction system, and R the gas constant. Since 
the equimolar mixtures of H 2 and D 2 were used as 
the reactants, the relations, 0 H = 0 D = 0 / 2 and P H = 
P ° = P ° / 2 , always hold in this case. Equation 9 or 
10 is then transformed into 

0H + 0D = 0 
V2KP° 

X-VV2ÏOF 

The insertion of Eq. 12 into Eq. 11 provides 

N&V \ d P H D kdKP° 

(12) 

/ NKV \ d P H ] 

\RTNPJ dt * T \ 2 r ) ( 1 3 ) RTNPJ dt (\ + V2KP° 

By introducing the fraction of H D in the gas phase, 
Z H D = P H D / P ° and that in equilibrium, X » = P H D / P ° = 
1/2, Eq. 13 can be rewritten as 

d-^HD 

dt 
where 

— ^(XQ—XHV) 

kdKRTNPt 

(14) 

(15) 
NKV{\ + V2KP°)* 

The integration of Eq. 14 gives the experimental 
relation (1), and Eq. 2 on km is correlated with ke 

in Eq. 15 as 

nke kdKP° 
NPt 

Km — (16) 
(\ + V2KP°)* 

This equation accords well with the observed kinetic 
behavior shown in Fig. 5. 

Partial Pressure Dependence. By solving Eq. 9 
and 10, one can obtain the following expressions for 
0H and 0D. 

0H 
V2KPI 

V2KPI 
V(Pl + PV) [l + l/2JC(PS + P8)] 

(17) 

(18) 

The measurements on the partial pressure dependence 
of the rate were carried out only at the initial stage 
of reaction and then P H D in Eq. 11 was safely omitted 
from the expression. 

/ N&V \ d P H D _k,_kQQ 

UtKPlPl 
(PI + PI) [1 + V2K{Pl -I- PS)]2 (19) 

where kL=kmj2 when Pn=Pl. This equation can 
be transformed into 

^ l ^ ^ = ^ + ^ n + n)yE (20) 

Figure 8 shows the plot of experimental values of 
V /PlPS/A:m(Pâ+PS) against (PZ+PZ)1'2. Besides, the 
values of kd and K were evaluated at 2.2 molecule s _ 1 

Pt a tom" 1 and 3.6 X 1 0 - 3 T o r r - 1 , respectively, from 
the observed rate shown in Fig. 5. These values 
were inserted into Eq. 20 and the line thus obtained 
is also shown in Fig. 8. In spite of the lower accuracy 
in the values of initial rate, the correspondence between 
the results of the separate studies seems fairly good 
and suggests that the proposed mechanism is an ac­
ceptable one. The equation derived on the basis 
of the Rideal-Eley mechanism did not fit with the 
experimental pressure dependence. 

I t is of interest to compare the present kinetic results 
with those on metal plat inum. The value of km is 
smaller by a factor of about 103 at 0 °G than the absolute 
equilibration rate (molecule s _ 1 Pt a tom - 1 ) on Pt 
wire cleaned by outgassing around 1100°C,10) and 
the activation energy of about 7 kcal/mol in the present 
study makes a contrast to the negligibly small value 
for Pt wire at temperatures higher than —73 °C.10) 
The detailed analysis of energy level of the adsorbed 
hydrogen is permitted by use of the thermal desorp-
tion technique and will be presented in a subsequent 
paper. 

^ 

2.5 3.0 
(PS + PS)V2/TorrV2 

3.5 

Fig. 8. Plots of i/PgPS/*m(PS+PS) vs. (P£ + PS)V2. 
O : PD = 7Torr, 2 ^ P H ^ 4 . 7 Torr, • : P H = 5 Torr, 
0 .4^P D ^4 .5 Torr. : Calculated line from kd 

and K obtained from the total pressure dependence 
of the rate. 
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Structures of Active Sites and Role of Preadsorbed Hydrogen. 
There are several possibilities about the structures 
of the active sites of Pt-polyamide catalysts. T h e 
monoatomic dispersion of plat inum metal with a suit­
able arrangement of appropriate amide group spacing 
was first proposed in order to explain the formation 
of cyclohexene in the benzene hydrogénation,2) b u t 
confirmative support has not been so far obtained 
by other workers. Bernard et al.11) observed the forma­
tion of Pt metal crystallites on nylon-66 upon heating, 
but showed that such an aggregation is due to the 
specific structure of nylon-66. Such formation is not 
the case in polyamide-6. O n the other hand, the 
importance of plat inum complexes containing chlorine 
atoms has been pointed out ; Dini et al. reported the 
ratio of Gl/Pt to be 2 for 0.6 w t % Pt-nylon-6 catalyst.3) 
From the diamagnetic properties of Pt on nylon, 
Rasadkina et al. concluded that plat inum is non-
metallic in character.12) These results indicating the 
presence of Pt ( I I ) are consistent with our X P S results. 

The present kinetic results for the equilibration are 
well explained by the Bonhoeffer-Farkas mechanism. 
Since the mechanism involves the dissociative adsorp­
tion of both hydrogen and deuterium and needs at 
least four sites available in the neighborhood, it seems 
unlikely that a complex of single Pt atom can work 
as the active site. The requirement of such multiple 
sites and of the presence of a bivalent cation provides 
further support to the existence of the cluster such as 
(Pt)3 which was proposed on the basis of the model 
discussed earlier. Although no experimental evidence 
has yet been obtained, it seems plausible that the 
clusters are analogous to complexes with bridging 
metal-halogen bonds. The process of activation of 
the catalysts probably involves the dissociation of 
hydrogen molecules into atoms. T h e splitting of the 
hydrogen molecule is likely to take place, since U V 
spectra on Rh-polyamide catalysts showed the forma­
tion of a hydride complex when the catalysts in an 
aqueous alcoholic solution were exposed to a hydrogen 
atmosphere.13) However, the exchangeable hydrogen 
takes a different configuration and location on the 
surface from those of the preadsorbed hydrogen used 
for activation, because the exchange of the former 
hydrogen is very rapid. T h e difinite structure of the 
clusters and the conformation of the hydrogen on 
them have to await further study. The loss of the 
activity upon heating at 150 °G can be explained by 
a reverse process to reproduce the original complex 
by the desorption of hydrogen. 

Exchange of Hydrogen in PA with Deuterium. The 
exchange rate of the structural hydrogen in PA support 
with gaseous deuterium at 0 °G was lower than that 
of H 2 - D 2 equilibration by a factor of about 40 under 
ordinary conditions, and showed no enhancement even 
for the activated catalysts. The infrared spectra of 
P t - P A - M systems in which hydrogen was replaced 
by deuterium to different extents showed that the 
exchange of hydrogen atoms in N H and N H 2 groups 
was preferentially invoked as a first step, followed by 
the exchange of hydrogen in the C H 2 group. These 
results together with those of the measurement of 
electric conductivity of polyamides by Eley and 
Spivey14) suggest that the slow exchange described 
here takes place with proton diffusing on the surface 
and also in the bulk of the polyamide. 
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The electrophilicity of the H atom in hydrogen abstraction reactions was studied by the CNDO/2 method. 
The origin of the electrophilicity of the H atom was well understood using the stabilization energy due to the 
delocaHzation of electrons (SEDE) between the radical and substrate; this energy was calculated along the reac­
tion path. The electrophilic energy (SEDE from the substrate to the radical) governs the relative reactivities 
of substrates, CH^CHgCH^CHgCHjjCHg^CHgJgCH, which correspond to the order of the increase in the 
electron density. The electrophilic energy is also important in hydrogen abstraction by the H atom from ali­
phatic alcohols. In the case of the Gl2~ radical, the nucleophilic energy (SEDE from the radical to the substrate) 
determines the relative reactivities of substrates, CH3OH<C2H5OH</-C3H7OH. The polarity of a free radical 
is tentatively clarified by using its ionization potential. 

The polarities of free radicals in abstraction reactions 
(nucleophilicity or electrophilicity) have been examined 
experimentally by the Hammet t or the Taft equa­
tion.1-4) Although the equation does allow the 
determination of the polarity, its origin has not been 
clarified theoretically. In previous papers,5) we at­
tempted to explain the polarity of a free radical by 
the stabilization energy due to the delocaHzation of 
electrons (SEDE) between the radical and substrate; 
this was calculated by the C N D O / 2 method.6»7) T h e 
nucleophilic stabilization energy, defined by the SEDE 
from the radical to substrate (contribution of the 
structure 1 in the reacting system R- -H- - -X) , and 
the electrophilic stabilization energy, defined by the 
SEDE from substrate to the radical (structure 2 
in Eq. 2), contribute in determining the relative reac­
tivities of substrates ( R H : hydrogen donor, X : radical). 

R H - f X • [R...H-..X] > R + H X (1) 

Ö- Ô+ Ö+ 8-

[R . . .H . .X <—> R - H . . - X ] (2) 

1 2 

The polarity of a free radical is correlated with the 
relative importance of these structures. Thus the rad­
ical is a nucleophile if the relative reactivities of sub­
strates are governed by the nucleophilic energy (nucle­
ophilic stabilization energy) and an electrophile when 
the reactivities are governed by the electrophilic energy 
(electrophilic stabilization energy). The electrophilicity 
of the O H and C H 3 radicals in hydrogen abstrac­
tions with methane derivatives or the nucleophilicity 
of the C H 3 radical in hydrogen abstraction with 
chlorinated methanes is well understood by using the 
SEDE.5) 

In the present work, we examined the polarity of 
the H atom in hydrogen abstractions with aliphatic 
hydrocarbons. The hydrocarbon-H system is useful 
to check our ideas on the polarity because the reaction 
path for C H 4 - H system was deduced by the ab initio 
M O method,8) which enabled us to calculate the 
SEDE in detail along the reaction path. The elec­
trophilic energy changes remarkably from one substrate 
to another substrate, compared with the change in 
nucleophilic energy. The former thus plays a dominant 
role in determining the relative reactivities of substrates, 

C H 4 < C H 3 C H 3 < C H 3 C H 2 C H 3 < ( C H 3 ) 3 C H , which cor­
respond to the order of the increase in the electron 
density. O n the other hand, in hydrogen abstractions 
by the Cl2~ radical from aliphatic alcohols, the nucle­
ophilic energy changes remarkably compared with the 
electrophilic energy, although the absolute magnitude 
of these energies changes with a change of the geometry 
in the reacting system. T h e ionization potential of 
the radical is found to be the important factor determin­
ing the polarity, judging from the present results 
obtained in the reactions of the H atom and Cl2~ 
radical. 

M e t h o d o f Calculat ion 

T h e total energies for the reacting systems were 
calculated by the U H F method9) in the CNDO/2 
approximation.6»7) The values of the parameters in­
cluded in the method are the same as those used in 
the original papers. 

Geometries used for calculation are as follows: for 
CH4,10) GH3GH3, CH 3 CH 2 CH 3 , and (CH 3 ) 3 CH, 
r ( C - H ) = 1.09Â and r (C-C) = 1.54Â; for CH3OH,11) 
G 2 H 5 OH, and z-G3H7OH, r ( C - H ) = 1.094 Â, r ( G - 0 ) = 
1.425 Â, r(O-H) = 0 . 9 4 5 Â, Z C O H = 108.53°. The 
bond angles H G H for these compounds were assumed 
to be 109.47°. 

Procedure of Analysis.5) (i) The total energy of 
the reacting system [R--H---X] without the delo­
caHzation of electrons is calculated with the U H F 
method in the CNDO/2 approximation after dropping 
all the resonance integrals (7rs) between atomic orbitals 
(AO's) on the fragment R H and those on the fragment 
X . Thus we obtain the M O ' s localized on the fragment 
R H and those on the fragment X . (ii) By using the 
M O ' s obtained in step (i), the modified resonance 
integrals between AO's (/ ' r s) are calculated according 
to Eq. 3 in order to take the delocaHzation of electrons 
between particular M O ' s into account. 

^'rs = S C'RHii.rCxii.a/ii./p (3) 
O'I-ii) 

where CnHti.r is the coefficient of A O in the z-th M O 
of the substrate R H and Cxjua is for the radical X . 

S denotes the summation over a particular orbital 
0*i-ii) 
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TABLE 1. THE SCHEMATIC REPRESENTATION OF THE 

ORBITAL INTERACTION BETWEEN SUBSTRATE 

R H AND RADICAL X a) 

Interaction 

Electrostatic 
(Zero) 

Nucleophilic 
(JV) 

Electrophilic 
(E) 

a-Spin 

r RH 

I x _ 
r RH 

ix 
f R H 

.x 

Occ Vac 

Occ Vac 

Occ Vac 
/ 

/ 
Occ Vac 
Occ Vac 

\ 
\ 

Occ Vac 

RH 

X 

RH 

X 

RH 

X 

/?-Spin 

Occ Vac 

Occ Vac 

Occ Vac 
/ 

Occ Vac 

Occ Vac 
\ 

\ 
Occ Vac 

a) The orbital interaction which includes the lixix is 
represented by a solid line. The symbol for the inter­
action used in the text is given in the parentheses. 

set (il9j\). (iii) / ' r s values are employed to calculate 
the total energy of the reacting system with the d e r ­
ealization of electrons, which corresponds to the nucle­
ophilic or the electrophilic nature of the radical in 
question, (iv) When the vacant M O ' s of the substrate 
and occupied M O ' s of the radical are chosen for ix 

and j \ , respectively, in Eq. 3, the difference between 
two energies obtained in steps (i) and (iii) corresponds 
to the SEDE from the radical to the substrate. This 
energy should be the nucleophilic energy; it is rep­
resented by the symbol N. When the occupied M O ' s 
of the substrate and the vacant M O ' s of the radical 
are chosen for ix and j l 9 respectively, the electrophilic 
energy E is obtained. Table 1 shows the schematic 
representation of intermolecular interaction between 
the M O ' s of R H and X obtained by dropping the 
Iia (they interact electrostatically with each other, 
but the derea l iza t ion of electrons is prohibited). 

R e s u l t s a n d D i s c u s s i o n 

The Electrophilicity of the H Atom. The coordinate 
system for a hydrogen abstraction reaction by the H 
atom from aliphatic hydrocarbons is shown in Fig. 
1. We specify the reaction path with a notation (rl9r2)9 

where rx is the distance (in Â) between the carbon 
atom G1 and the hydrogen atom H 5 to be abstracted, 
while r2 is the distance between this hydrogen a tom 
H 5 and the incoming H atom. Calculations were 
carried out at six path points: A(1.2, 1.1), B(1.3, 
0.95), G(1.365, 0.873), D(1.38, 0.85), E(1.5, 0.80), 
and F(1.7, 0.75), which are very nearly on the potential 
valley deduced by ab initio calculations.8) Figure 2a 
shows the correlation of the activation energy12) and 
the electron density on the hydrogen atom. The 
activation energy decreases with an increase in the 
electron density. The origin of the electrophilicity 
of the H atom can be understood by N and E, as sum­
marized in Tables 2a—2f. E is about 6—10 times 
larger than N before transition state (G) and after 
the state, the difference becomes nearly constant as 
the reaction proceeds. When the substrate changes 
from CH 4 to GH 3 CH 3 , C H 3 C H 2 C H 3 , or (CH 3 ) 3 CH, 

-+X 

A 1.425 Â 

V-
/ / 1 0 9 

H 3 *A 

•CI 1.805 A CI 
109.47 

1.094 Â 
(H) 

Fig. 1. The coordinate systems for hydrogen abstrac­
tions by the H atom and the Gl2" radical from GH4 

and GHgOH, respectively. 

12 

11 h 
I 

I 
73 10 

Ö 9 h 

0 
o 

•43 
£ 8 

hoi 

[-

11 

\ \ 

» 

\ 3 

\ 
\ 

„ 1 , 

\J 
0 

0.987 0.997 
Electron density 

1.007 

Fig. 2a. The correlation of the activation energy12) 
and the electron density in hydrogen abstraction by 
the H atom from aliphatic hydrocarbons. 1 : GH4, 
2: GH3GH3, 3: GH3GH2GH3, 4: (GH3)3GH. 

E increases remarkably with the increasing number 
of electron donating C H 3 groups, while N does not 
change significantly in any substrate. The contribu­
tion of the structure 2 in the reacting system is an 
important factor in determining the relative reactivities 
of substrates, and thus the reactivities are explained 
by E, as is shown in Fig. 2b. T h e electrophilicity 
of the H atom suggested by the electron density is 
ascribable to the correlation of the electron density 
and E in Fig. 2c. 

The Nucleophilicity of the Cl2~ Radical. Radical 
anions (Br2~, (GNS)2~, G 0 3 ~ , and Gl2~) are known 
as the free radical probes which attack specific residues 
in enzymes13»14) and give the information on the active 
sites. In comparison with O H radical, the radical 
anions are highly selective in reactions with amino 
acid residues. The polarity of the radical anion is 
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TABLE 2a. THE SEDE FOR HYDROCARBON-H 

SYSTEM IN THE PATH POINT A ( 1 . 2 , 1.1) 

TABLE 2d. THE SEDE FOR HYDROCARBON-H 

SYSTEM IN THE PATH POINT D ( 1 . 3 8 , 0 .85) 

Substrates 
Orbitale Totalb> 
interaction energy SEDEb> ETC> Substrates 

Orbitale Totalb) 
interaction energy SEDEb> ETC> 

GH4 

CH3CH3 

GHgGHgGHg 

(GH3)3GH 

Zero 
N 
E 

Zero 
N 
E 

Zere 
N 
E 

Zero 
N 
E 

- 1 0 . 7 0 3 0 
- 1 0 . 7 0 7 5 
- 1 0 . 7 4 7 3 

- 1 9 . 3 9 8 7 
- 1 9 . 4 0 3 3 
- 1 9 . 4 4 3 7 

- 2 8 . 0 8 9 4 
- 2 8 . 0 9 4 1 
- 2 8 . 1 3 4 9 

- 3 6 . 7 7 6 4 
- 3 6 . 7 8 1 1 
- 3 6 . 8 2 2 3 

0 
0.0045 
0.0443 

0 
0 .0046 
0.0450 

0 
0.0047 
0.0455 

0 
0.0047 
0.0459 

0 
0 .0079 

- 0 . 0 7 1 8 

0 
0.0081 

- 0 . 0 7 6 2 

0 
0 .0083 

- 0 . 0 8 0 1 

0 
0.0085 

- 0 . 0 8 2 9 

GH4 

GH3GH3 

GH3GH2GH3 

(GH3)3GH 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

- 1 0 . 5 8 0 8 
- 1 0 . 5 9 3 9 
- 1 0 . 6 6 1 6 

- 1 9 . 2 7 8 9 
- 1 9 . 2 9 2 0 
- 1 9 . 3 6 1 3 

- 2 7 . 9 7 1 6 
- 2 7 . 9 8 4 9 
- 2 8 . 0 5 5 5 

- 3 6 . 6 6 0 7 
- 3 6 . 6 7 4 0 
- 3 6 . 7 4 5 7 

0 
0.0131 
0.0808 

0.0131 
0 .0824 

0 
0 .0133 
0.0839 

0 
0 .0133 
0.0850 

0 
0 .0276 

- 0 . 1 4 1 8 

0 
0 .0279 
0.1510 

0 
0.0283 

- 0 . 1 5 7 7 

0 
0.0282 

- 0 . 1 6 4 5 

a) See the notes in Table 1. b) Atomic units, c) 
Electron transfer quantities due to delocalization of 
electrons. Positive values correspond to those from the 
radical to substrate and negatives, vice versa. 

a)—c) See the notes in Table 2a. 

TABLE 2e. THE SEDE FOR HYDROCARBON-

SYSTEM IN THE PATH POINT E ( 1 . 5 , 0 .80) 

H 

TABLE 2b. T H E SEDE FOR 

SYSTEM IN THE PATH POIN1 

0 u , , Orbital*) Totalb> Substrates interaction ener^v 

GH4 Zero 
N 
E 

CH3CH3 Zero 
N 
E 

CH3CH2CH3 Zero 
N 
E 

(GH3)3GH Zero 
N 
E 

- 1 0 . 6 4 4 5 
- 1 0 . 6 5 3 0 
- 1 0 . 7 0 8 5 

- 1 9 . 3 4 1 4 
- 1 9 . 3 5 0 0 
- 1 9 . 4 0 6 6 

- 2 8 . 0 3 3 2 
- 2 8 . 0 4 1 9 
- 2 8 . 0 9 9 3 

- 3 6 . 7 2 1 3 
- 3 6 . 7 3 0 0 
- 3 6 . 7 8 8 2 

a)—c) See the notes in Table 2a. 

TABLE 2C. T H E ! 

SYSTEM IN THE P. 

0 , . . Orbitale 
Substrates . . 

HYDROCARBON-H 

: B(1.3, 0.95) 

SEDEb> 

0 
0,0085 
0.0640 

0 
0.0086 
0.0652 

0 
0.0087 
0.0661 

0 
0.0087 
0 .0669 

ETC> 

0 
0.0168 

- 0 . 1 0 8 7 

0 
0 .0170 

- 0 . 1 1 5 8 

0 
0 .0170 

- 0 . 1 2 0 9 

0 
0 .0173 

- 0 . 1 2 6 3 

SEDE FOR HYDROCARBON-H 

ATH POINT G(1.365, 0.873) 

Totalb> 

interaction energy 

CH4 (11.9)d> Zero 
N 
E 

GH3GH3 (9.7) Zero 
N 

E 

GH3GH2GH3 Zero 
(8.3) N 

E 

(GH3)3GH Zero 
(7.0) N 

E 

- 1 0 . 5 9 5 9 
- 1 0 . 6 0 7 8 
- 1 0 . 6 7 2 3 

- 1 9 . 2 9 3 6 
- 1 9 . 3 0 5 6 

- 1 9 . 3 7 1 7 

- 2 7 . 9 8 6 2 
- 2 7 . 9 9 8 3 

- 2 8 . 0 6 5 6 

- 3 6 . 6 7 5 1 
- 3 6 . 6 8 7 3 
- 3 6 . 7 5 5 6 

SEDEb> 

0 
0.0120 
0.0765 

0 
0 .0120 

0.0781 

0 
0.0121 

0 .0794 

0 
0.0121 
0.0805 

ETC> 

0 
0.0249 

- 0 . 1 3 3 8 

0 
0.0252 

- 0 . 1 4 2 6 

0 
0 .0256 

- 0 . 1 4 8 9 

0 
0 .0260 

- 0 . 1 5 5 4 

Substrates 

GH4 

GH3GH3 

GH3GH2GH3 

(GH3)3GH 

Orbital*) Total1» 

interaction energy 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 

N 
E 

- 1 0 . 5 0 5 1 
- 1 0 . 5 2 5 1 

10 5950 

- 1 9 . 2 0 5 1 
- 1 9 . 2 2 5 0 
- 1 9 . 2 9 7 3 

- 2 7 . 8 9 9 7 
- 2 7 . 9 1 9 5 
- 2 7 . 9 9 3 7 

- 3 6 . 5 9 0 3 
- 3 6 . 6 1 0 2 
- 3 6 . 6 8 5 9 

a)—c) See the notes in Table 2a. 

SEDEb) 

0 
0.0200 
0 0898 

0 
0 .0199 
0.0922 

0 
0 .0198 
0.0940 

0 

0 .0199 
0.0959 

TABLE 2f. T H E SEDE FOR HYDROCARBON 

SYSTEM IN THE 

Substrates 

GH4 

GH3GH3 

CH3OH2OH3 

(GH3)3GH 

Orbitala> 

PATH POINT 

Total1» 

interaction energy 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 

E 

- 1 0 . 3 8 2 7 
- 1 0 . 4 1 7 6 
- 1 0 . 4 8 5 7 

- 1 9 . 0 8 6 3 
- 1 9 . 1 2 1 3 
- 1 9 . 1 9 2 9 

- 2 7 . 7 8 4 1 
- 2 7 . 8 1 9 1 
- 2 7 . 8 9 3 4 

- 3 6 . 4 7 7 6 
- 3 6 . 5 1 3 0 
- 3 6 . 5 8 9 0 

a)—c) See the notes in Table 2a. 

F(1.7, 0.75) 

SEDEb) 

0 
0 .0349 
0 .1030 -

0 
0 .0350 
0 .1066 -

0 
0 .0350 
0.1093 -

0 
0 .0354 
0 .1114 -

ETC> 

0 
0.0462 
0 1680 

0 
0.0465 

- 0 . 1 7 9 1 

0 
0.0469 

- 0 . 1 8 8 3 

0 

0.0475 
- 0 . 1 9 6 2 

r-H 

ETC) 

0 
0.0913 

- 0 . 2 1 5 6 

0 
0.0925 

- 0 . 2 2 8 9 

0 
0.0936 

-0 .2393 

0 
0.0947 

-0 .2474 

a)—c) See the notes in Table 2a. 
(kcal/mol).12) 

d) Activation energy 
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Fig. 2b. The correlation of the activation energy and 
the electrophilic energy E (in path point G) in 
hydrogen abstraction by the H atom from aliphatic 
hydrocarbons. 1—4, see the caption in Fig. 2a. 
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Fig. 2c. The correlation of the electron density and 
the electrophilic energy E (in path point G) in 
hydrogen abstraction by the H atom from aliphatic 
hydrocarbons. 1—4, see the caption in Fig. 2a. 

interesting from a theoretical point of view since it 
has a negative charge, unlike a neutral radical. In 
the present work, we calculated the SEDE in hydrogen 
abstraction by the Cl2~ radical from aliphatic alcohols15) 
by assuming the following reaction paths : A(1.2, 1.4), 
B(1.3, 1.4), C(1.4, 1.3), and D (1.5, 1.27). Calcula­
tions were also carried out for hydrogen abstraction 
by the H atom from aliphatic alcohols16) to study 
the factors which determine the polarity of a radical. 
T h e coordinate systems for these reactions are shown 
in Fig. 1. The optimized Gl-Gl distance of the Cl2~ 
radical is 1.805 Â. I t is slightly longer than that of 
Cl2 molecule (1.75 Â).17) Table 3 shows the result 
for the H atom. As is shown in the previous section, 
the electrophilic energy governs the relative reactivities 
of alcohols, which confirms the electrophilicity of the 
H atom (Fig. 3). Although the points A, B, G, and 

0.078 0.079 0.080 
£/au 

0.081 

Fig. 3. The correlation of the rate constant16) and the 
electrophilic energy E (in path point G) in hydrogen 
abstraction by the H atom from aliphatic alcohols. 
1: GH3OH, 2: G2H5OH, 3: i-C3H7OH. 

TABLE 3. THE SEDE IN ALCOHOL-H SYSTEM 

Path Q , . . Orbitale 
point S u b s t r a t e s interaction 

Totale 
energy SEDEb) ETC) 

B GH3OH 

G2H5OH 

i-C3H7OH 

G GH3OH 
(1.6)d) 

G2H5OH (16)d) 

i-G3H7OH 
(50)d) 

D GH3OH 

G2H5OH 

f-G3H7OH 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

-29.0907 
-29.0991 
-29.1559 

-37.7878 
-37.7962 
-37.8542 

-46.4778 
-46.4861 
-46.5453 

-29.0431 
-29.0550 
-29 .1213 

-37.7411 
-37.7528 
-37.8209 

-46.4319 
-46 .4436 
-46.5131 

-29.0285 
-29.0413 
-29.1110 

-37.7266 
-37.7394 
-37.8109 

-46.4176 
-46.4304 
-46.5034 

0 
0.0084 
0.0652 

0 
0.0084 
0.0664 

0 
0.0083 
0.0675 

0 
0.0119 
0.0782 

0 
0.0117 
0.0798 

0 
0.0117 
0.0812 

0 
0.0128 
0.0825 

0 
0.0128 
0.0843 

0 
0.0128 
0.0858 

0 
0.0165 

-0 .1153 

0 
0.0165 

-0 .1222 

0 
0.0167 

-0 .1283 

0 
0.0249 

-0 .1421 

0 
0.0249 

-0 .1504 

0 
0.0251 

-0 .1578 

0 
0.0276 

-0 .1505 

0 
0.0276 

-0 .1593 

0 
0.0278 

-0 .1669 

a)—c) See the notes in Table 2a. d) Rate constant 
(WM-is- 1 ) . 1 6 ) 

D were tentatively chosen for the reaction of the Cl2~ 
radical, an interesting result was obtained, as is shown 
in Table 4. When the G 1 - ! ! 5 bond is not elongated 
far from the equilibrium G - H bond distance, the 
electrophilic energy is larger than the nucleophilic 
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TABLE 4. THE SEDE FOR ALCOHOL-C12~ SYSTEM 

P a * Substrates 9 * * * ? T o t a l b > 

point interaction energy SEDEb> ETC> 

A CHgOH 
(0.035)d> 

G2H5OH J 2 X ± 5 

(0.45)*) 

i-C3H7OH 
(1.2)d> 

B GH3OH 

G2H5OH 

f-C3H7OH 

G GH,OH 

G2H5OH 

i-C3H7OH 

D CH,OH 

G2H5OH 

i-C3H7OH 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zero 
N 
E 

Zeru 
N 
E 

-60.9592 
-61.0001 
-61.0186 

-69.6550 
-69.6978 
-69.7146 

-78.3439 
-78.3879 
-78.4037 

-60.9341 
-60 .9894 
-60.9892 

-69.6308 
-69.6875 
-69.6861 

-78.3205 
-78.3788 
-78.3761 

-60.8363 
-60.9177 
-60.9001 

-69.5339 
-69.6175 
-69.5981 

-78.2247 
-78.3104 
-78.2891 

-60.7704 
-60.8751 
-60.8341 

-69.4691 
-69.5765 
-69.5332 

-78.1609 
-78.2708 
-78.2254 

0 
0.0409 
0.0594 

0 
0.0428 
0.0596 

0 
0.0440 
0.0598 

0 
0.0553 
0.0551 

0 
0.0567 
0.0553 

0 
0.0583 
0.0556 

0 
0.0814 
0.0638 

0 
0.0836 
0.0642 

0 
0.0857 
0.0644 

0 
0.1047 
0.0637 

0 
0.1074 
0.0641 

0 
0.1099 
0.0645 

0 
0.0906 

-0.0646 

0 
0.0967 

-0.0656 

0 
0.1028 

-0.0666 

0 
0.1309 

-0.0630 

0 
0.1395 

-0.0642 

0 
0.1482 

-0.0653 

0 
0.1951 

-0.0769 

0 
0.2071 

-0.0784 

0 
0.2189 

-0.0797 

0 
0.2521 

-0.0805 

0 
0.2729 

-0.0821 

0 
0.2869 

-0.0833 

a)—c) See the notes in Table 2a. d) Rate constant 
(lO'M-is-i).") 

energy, but the latter increases as the C1-!!5 bond 
is elongated. Thus, at the initial stage, the SEDE 
from the substrate to the radical is a driving force 
of the reaction; but as the reaction proceeds, the 
SEDE from the radical to the substrate is an important 
force in completing the reaction. It is noteworthy 
that although the absolute magnitude of N or E changes 
along the reaction path, the nucleophilic energy governs 
the relative reactivities of alcohols, as is shown in 
Fig. 4.5c»5) Therefore the Cl2~ radical reacts as a 
nucleophile. 

Both frontier electron densities of H O M O (/HOMO) 
and L U M O (/LUM0) on the a hydrogen atom of 
alcohol18) increase as follows: CH 3 OH (/H0MO: 0.234, 

/LUMO: 0.185); C2H5OH (/H0M0: 0.297, / L U M 0 : 0.347); 
z-C3H7OH (/H0M0: 0 .314 , / L U M 0 : 0.592). In the case 
of the Cl2~ radical, the electrophilic or the nucleophilic 

0.82 0.84 0.86 
JV/au 

Fig. 4. The correlation of the rate constant15) and 
the nucleophilic energy N (in path point G) in 
hydrogen abstraction by the Gl2~ radical from aliphatic 
alcohols. 1—3, see the caption in Fig. 3. 

TABLE 5. THE CORRELATION OF THE p VALUES IN 

HXDROGEN ABSTRACTIONS A N D THE 

IONIZATION POTENTIALS 

Radicals Ionization11) 
potential/eV 

Electron1*) 
affinity/eV valuec) 

f-C4H9 

*-C3H7 

H-C3H7 

G2H5 

GH3 

G6H5 

H 
CC13 

GF3 

OH 
Gl 

7.07 
7.90 
8.69 
8.67 
9.86 
9.90 

13.16 
8.78 
8.90, 

13.18 
13.01 

10.15 

0.69 
0.94 
1.4 
2.21 
0.80 
1.22 
1.85 
1.83 
3.61 

1.0 
0.8 

- 0 . 1 — 0 
- 0 . 1 
- 0 . 3 
- 1 . 4 6 

-0 .96 d ) 
_ 0 . 8 1.9 

energy increases with an increase in ^ 0 M O o r fi LUMO? 

a) Ref. 19. b) Ref 20. c) Ref 4d. d) p value for 
hydrogen abstraction with substituted methanes. Ref. 
4e. 

respectively, while the nucleophilic energy does not 
increase in hydrogen abstractions by the H atom. 
The S O M O of the Cl2~ radical (an electron occupies 
the L U M O of Gl2 molecule) is high enough so that 
the increase off^^Q contributes largely to the increase 
in the nucleophilic energy, while the S O M O of the 
H atom is so low that the above situation is not at­
tainable. The result obtained here leads to the con­
clusion that a radical having a low ionization potential 
is a nucleophile and one having a high potential is 
an electrophile. Table 5 shows the correlation of 
the p values in hydrogen abstractions by radicals40) 
and the ionization potentials. It is expected that 
G2H5 radical will react as a weak nucleophile with 
substituted toluenes. Although the CH 3 radical reacts 
as an electrophile in this case, it reacts as a nucleophile 
in hydrogen abstractions with chlorinated methanes.5d) 
As the ionization potential of the GH3 radical is not 
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so high as that of the electrophilic O H radical or Gl 
atom, the nucleophilic energy will change largely from 
substrate to substrate in a nucleophilic reaction. 
Therefore a radical having a moderate ionization 
potential reacts as an electrophile or a nucleophile 
according to the nature of the substrate. 

We would like to express our gratitude to the 
Computer Center, Tokyo University, for its generous 
permission to use the H I T A C 8700/8800 computer. 
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The Reaction of Recoil ^S Atoms with Organic Compounds. II. 
The Insertion Reaction of Recoil ^S Atoms into the C-H 

and C-C Bonds in Ethane in the Gas Phase 
Kazuhiro NIISAWA* and K o T A K I 

Faculty of Industrial Hygiene, Kitasato University, Asamizodai, Sagamihara, Kanagawa 228 
(Received March 3, 1979) 

The sulfur atoms produced by the nuclear transformation of 35Gl(n,p)35S were allowed to react with gaseous 
ethane in the presence or in the absence of radical scavengers. The products were hydrogen sulfide, methane-
thiol, ethanethiol, dimethyl sulfide, and other sulfur-containing compounds. The yield of the G-H insertion 
product (ethanethiol) increased upon the addition of a small amount of the scavenger and then decreased with 
an increase in the amount of the scavenger to give a constant value, but the yield of the G-G insertion product 
(dimethyl sulfide) did not vary. The increase in the ethanethiol yield at low concentrations of the scavenger 
may be ascribed to a protective effect by the scavenger. By the addition of ethanethiol before thermal-neutron 
irradiation, the yield of ethanethiol was increased, but that of dimethyl sulfide was not increased, therefore the 
primary yield of ethanethiol could be determined. The spin state of the reactive sulfur atoms in the thermal-
insertion reaction was also estimated to be the 3P state upon the addition of COS and G2H4. 

Recently, there have been intensive investigations 
of the reactivities of the sulfur atoms generated by 
the photolysis of COS and by nuclear transformations. 
Kremer and Spicer have studied the reactions of 
recoil 35S or 38S atoms produced from 34S or 40Ar 
atoms with several reactants.1»2) 

Church and Rowland have also investigated the 
reaction of 35S atoms produced from 35C1 atoms with 
propane; they found that the atoms are predominantly 
inserted into the secondary G - H bond in the triplet 
state. 3> 

The sulfur atoms generated photolytically from C O S 
can be inserted into the G - H bond of hydrocarbons 
to produce the corresponding thiols. These insertion 
reactions have been investigated in detail by Strausz 
and Gunning;4^ they have established that the atoms 
can be inserted into the G - H bond in ethane in the 
singlet state. 

In our previous paper,5) it has been demonstrated 
that the recoil sulfur atoms produced by the nuclear 
transformation of 35Gl(n,p)35S in the liquid phase are 
capable of being inserted into the G-C bond of 2-
methylbenzothiazole by the energetic process, and that 
the insertion into the G - H bond of benzothiazole 
takes place not only in the energetic process but also 
in other processes, such as the thermal and the dis­
sociation processes. 

In this paper, the primary yield of sulfur compounds 
in the reaction of the sulfur atoms produced by the 
nuclear transformation of 35Gl(n,p)35S process with 
gaseous ethane will be estimated, and the ratio of 
the insertion rate of the G - H bond to that of the G-G 
bond will be decided. Also, the spin state of the 
sulfur atoms in this reaction will be discussed. 

Exper imenta l 

Materials. Ethane (purchased from the Takachiho 
Ghem. Co.; purity, 99.9%) and dichlorodifluoromethane 
as a chlorine source (Asahi Glass Co., Ltd.; purity, 99.8%) 
were purified by trap-to-trap distillation. 

Methanethiol, ethanethiol, and dimethyl sulfide were also 
purified by trap-to-trap distillation before use. Garbonyl 
sulfide (prepared from KSGN and sulfuric acid) and hydrogen 
sulfide (prepared from NaSH and hydrochloric acid) were 

purified by gas-chromatographic separation using a silica-
gel column. 

Nitrogen monoxide was purified by trap-to-trap distillation, 
while oxygen from the tank was purified by passing it through 
a NaOH trap to remove a trace amount of carbon dioxide. 

Thermal-neutron Irradiation. Thermal neutron irradia­
tion was carried out by means of a Triga Mark II nuclear 
reactor (Institute for Atomic Energy, Rikkyo University) 
at a thermal-neutron flux of about 1.5x 1012 n cm - 2 s_1 for 
l h . 

A mixture of ethane and dichlorodifluoromethane was 
irradiated in a quartz ampoule (about 5 ml) at a total pres­
sure of about 700 Torr.t 

The ratio of the ethane pressure to the dichlorodifluoro­
methane pressure was 2.05±0.02. Additives were also added 
to this system. The irradiation was carried out in the gas 
phase and at a reactor temperature of about 40 °G. The 
irradiated samples were stored below —78 °G and then at 
—196 °G until analysis. 

The Separation and the Purification of the Reaction Products. 
Carriers [carbonyl sulfide, hydrogen sulfide, methanethiol, 
ethanethiol, dimethyl sulfide, carbon disulfide, ethyl methyl 
sulfide, and diethyl sulfide (about 0.2 X 10~5—0.5 X 10~6 mol 
each; Tokyo Kasei Go.; purity, above 98% except for hy­
drogen sulfide and carbonyl sulfide)] were added to avoid 
the loss of trace amounts of 35S-labeled compounds during 
separation and purification. The separation and the purifica­
tion of the products were performed by means of a gas-
chromatograph equipped with a thermal conductivity cell, 
using hydrogen as the carrier gas. The column contained 
15% tritolyl phosphate, 15% m-bis(m-phenoxy phenoxy) 
benzene (polyphenyl ether, 5 rings), 15% squalane and 
10% a- [4- (1,1,3,3-tetramethyl butyl) phenyl] -co-hydroxy 
poly(oxy-l,2-ethanediyl) [Triton-X 305] on Ghromosorb-T 
(40—60 mesh) in stainless steel tubes (3-mm diameter; 7 m, 
5 m, 3 m, and 2 m long). 

The Reduction of the Reaction Products to H2
Z5S.6) Each 

eluted sulfur compounds from the gas-chromatograph was 
passed through quartz tube containing platinized quartz 
wool as a catalyst and heated above 800 °G to produce 
hydrogen sulfide-35^. The hydrogen sulfide thus produced 
was trapped at the temperature of liquid nitrogen. The 
reduction efficiency was about 60—80%. 

The Radioassay of the Reaction Products. The amount 
and the radioactivity of hydrogen sulfide was measured by 

t 1 Torr =133.3 Pa. 
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means of a radio-gas-chromatograph equipped with a thermal 
conductivity cell and with a proportional flow counter. 
The specific radioactivity of each product was determined 
by comparing the mass peak area with the radioactivity 
of the hydrogen sulfide. 

The radiochemical yield was determined from the specific 
radioactivity of each product and the standard hydrogen 
sulfide obtained by the simultaneous irradiation of ammonium 
chloride in the following processes: 

irradiation with thermal neutrons 

NH4G1 > 35S 
Na2 SO 4 (carrier) 

. — > 
oxidation by HNO3 

BaCl2 aq H 2 at 900 °C 

35SOJ- • Ba35S04 > Ba35S9) 
Pt (catalyst) H3PO4 

H2
35S10) 

The column for the quantitative determination of the 
hydrogen sulfide consisted of silica gel (60—80 mesh) in 
a stainless steel tube (2 m long, 3-mm diameter). 

No isotopic exchange was found between the products 
and the carriers, as confirmed by the following experimental 
fact. The methanethiol separated gas-chromatographically 
from a mixture of labeled hydrogen sulfide-35*?, ethanethiol-
35S and non-radioactive methanethiol did not show any 
radioactivity under the same experimental conditions as 
those in the analysis of the reaction product. The standard 
deviation in the figures represents the experimental error 
in 2 or more runs. 

R e s u l t s a n d D i s c u s s i o n 

The Effects of the Radical Scavenger. When recoil 
sulfur atoms react with an organic compound, roughly 
two processes (thermal and energetic) must be consider­
ed. In order to eliminate the thermal process, radical 
scavengers have been used in a number of recoil and 
radiation chemical studies. Nitrogen monoxide has 
been used as a radical scavenger by Hyder and 
Markowitz in the reactions of recoil sulfur atoms with 
hydrogen sulfide and other reactants.11) Oxygen has 
been also used by Lee and his coworkers in the reac­
tions of recoil sulfur atoms with G O and C 0 2 to produce 
G 0 3 5 S , especially, it may be said that oxygen reacts 
fast with the triplet sulfur atoms.13) 

The effects of the scavenger on the formations of 
the two insertion products are shown in Fig. 1. T h e 
formation of dimethyl sulfide was not affected by the 
addition of N O , but the yield of ethanethiol was affected 
by the addition of N O . 

The results of the effects of the scavenger show that 
both the thermal and energetic processes are obviously 
involved in the formation of ethanethiol, but the thermal 
process sensitive to N O may not be involved in the 
formation of dimethyl sulfide. This sulfide formation 
seems to be inserted directly by means of the recoil 
sulfur atoms with excess translational energy into the 
G-G bond.14) The insertion of a diradical into the 
G-G bond in the thermal reaction has not been known. 
The fact that the G-G insertion takes place only in 
the energetic process may not conflict with usual 
chemical reactions. This finding had already been 
discussed in a previous paper.5) 

Figure 1 shows that the yield of ethanethiol increases 
slightly at the low concentration of N O , but as the 
concentration of N O is increased the yield decreases 

û—A- -A— 

60 80 100 

/>/Torr 

Fig. 1. Plots of the yield of ethanethiol and dimethyl 
sulfide as a function of NO pressure. 
O : Ethanethiol, A : dimethyl sulfide. 

to about 0 .4%. This may be considered to show 
that the increase is due to a protective effect by the 
radical scavenger. The main characteristic of the ac­
tion of N O may be the high reactivity with radicals 
or fragments, which reduce the thiol yield. 

Thiols are easily decomposed by radicals and by 
some other fragments formed in an irradiated system. 
These types of behavior have also been seen in the 
reaction of recoil tritium atoms with pure ethane16) 
in the presence of oxygen and in the reactions of recoil 
carbon atoms with methane17) and ammonia,18) in 
which the increases the yields of ethylene-t and methyl-
amine have been ascribed to the protective effect of 
oxygen.19) 

The Addition of Thiols and Dimethyl Sulfide. If 
an additive which is identical with a product is present 
in the reaction system before the irradiation, the prod­
uct may be protected from the attack of radicals formed 
by radiation, and then the primary yield may be 
estimated, because the number of additive molecules 
is much greater than that of the product molecules 
formed in the system. The effects of the additives 
on the formation of ethanethiol and dimethyl sulfide 
are shown in Figs. 2—4 in the presence or in the absence 
of ca. 20 Torr oxygen as a radical scavenger. By the 
addition of ethanethiol the yield of radioactive 
ethanethiol increased in both the presence and the 
absence of the radical scavenger. 

This increase suggests that the sulfur atoms also 
react with added thiol by means of the collisional 
exchange with the sulfur in the added ethanethiol. 
Then the intercept of the plots of the thiol yield in 
the scavenged and non-scavenged systems in Fig. 2 
may give the pr imary yield of ethanethiol in the 
energetic and the sum of the energetic and thermal 
processes. 

The values are 0 .4% and 3.7% respectively. The 
difference in the yield (dotted line) of ethanethiol 
between that in the presence and that in the absence 
of the scavenger in Fig. 2 increases slightly. This 
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/>/Torr 
Fig. 2. Plots of the yield of ethanethiol and dimethyl 

sulfide as a function of the pressure of added ethane­
thiol or the added dimethyl sulfide in the presence 
or in the absence of 0 2 . 
O : Ethanethiol in the absence of 0 2 , # : ethanethiol 
in the presence of ca. 20 Torr 0 2 , A : dimethyl sufide 
in the absence of 0 2 , • : dimethyl sulfide in the 
presence of ca. 20 Torr 0 2 , © : intercept of the plots 
of ethanethiol yield in the absence of 0 2 , : 
difference between the yield in the absence of 0 2 

and in the presence of 0 2 . 
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Fig. 3. Plots of the yield of ethanethiol and dimethyl 
sulfide as a function of the pressure of added 
methanethiol. 
O : Ethanethiol in the absence of 0 2 , # : ethanethiol 
in the presence of ca. 20 Torr 0 2 , A : dimethyl 
sulfide in the absence of 0 2 , m. 
the presence of ca. 20 Torr 0 2 . 

dimethyl sulfide in 

indicates that there are other thermal processes involved 
in the formation of ethanethiol. One of these processes 
may be the hydrogen exchange of C2H5

35S- species 
with the added thiols. The radioactive ethylthio 
radical may react with ethanethiol to give radioactive 
ethanethiol, as in ( 1 ) ; it also reacts with methanethiol 
to give the ethanethiol, as in (2), by almost the same 

Fig. 4. Plots of the yield of ethanethiol and dimethyl 
sulfide as a function of the pressure of added 
hydrogen sulfide. 
O : Ethanethiol in the absence of 0 2 , # : ethane­
thiol in the presence of ca. 20 Torr 0 2 , A : dimethyl 
sulfide in the absence of 0 2 , A : dimethyl sulfide 
in the presence of ca. 20 Torr 0 2 . 
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Fig. 5. Plots of the yield of diethyl sulfide as a func­
tion of the pressure of added methanethiol and added 
ethanethiol in the presence or in the absence of ca. 
20 Torr O r 

O : Diethyl sulfide in the presence of methanethiol 
and in the absence of 0 2 , • : diethyl sulfide in the 
presence of methanethiol and in the presence of ca. 
20 Torr 0 2 , D : diethyl sulfide in the presence of 
ethanethiol and in the absence of 0 2 , • : Diethyl 
sulfide in the presence of ethanethiol and in the 
presence of ca. 20 Torr 0 2 . 

S -H bond dissociation energy as that of ethanethiol, 
as is shown in Fig. 3. 

C2H5*5S. + G2H5SH > C2H53*SH + G2H5S. (1) 

C2H63*S. +GH3SH > C2H5*
5SH + GH3S. (2) 

However it does not react with hydrogen sulfide 
by means of a higher S -H bond dissociation energy 
than that of the thiols (AD = 17.7 k j mol-1).20) 
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Figure 4 shows the decrease in the ethanethiol yield 
as the hydrogen sulfide is increased. The existence 
of the ethylthio radical is also supported by the fol­
lowing experimental fact. 

The yield of diethyl sulfide decreases drastically in 
the presence of ethanethiol and methanethiol as is 
shown in Fig. 5. 

The formation mechanism of this sulfide may be 
mainly considered to be the combination of ethylthio 
and ethyl radicals, because the yield of the sulfide 
was very much affected by the radical scavenger. 
The addition of the thiol may reduce the yield of 
the sulfide by the hydrogen donation. Accordingly, 
the existence of the ethylthio radical in the reaction 
system is confirmed by the above experimental findings 
but it can not become the precursor of ethanethiol 
without the help of the thiol additives. O n the other 
hand, the radiochemical yield of dimethyl sulfide was 
not affected both in the presence and in the absence 
of the added dimethyl sulfide carrier. 

The dimethyl sulfide thus does not seem to react 
with the radicals and the fragments formed in the 
reaction system. 

The Effects of Carbonyl Sulfide and the Spin State of 
the Sulfur Atoms. The electronic states of the sulfur 
atoms produced by the nuclear transformation are 
not known. At a high initial recoil energy, many 
higher electronic states and Sw+ ions may be possible. 
However, the sulfur in the higher excited states and 
in the ionic states may be quickly deactivated to the 
lowest electronic states by elastic and non-elastic col­
lisions with its surroundings, and then chemical reac­
tions may occur. These states are 3 P 2 (ground state 
(0.00 k j mol- 1 ) , *P± (4.76 k j mol"1) , 3 P 0 (6.85 k j mol"1) , 
!D 2 (110.46 k j mol-1) and % (265.22 k j mol"1).4) 
Although some differences in reactivity may exist in 
the three triplet states, it may be difficult to discriminate 
among them by usual chemical means. 

For convenience, the sulfur atoms will be considered 
simply to have a 3P ground-state and the two excited 
singlet-states, which are both metastable with transi­
tions among them.4) 

Strausz and Gunning have proposed the following 
reaction schemes for the sulfur atoms produced by 
the photolysis of C O S with hydrocarbons:4) 

hv 

COS • S(lD) 

S(lD) + RH < ^ 

S(lD) + COS < 

S(3P) + COS — 

S(3P) + S(3P) — 

S(3P) + S(3P) + 

nS 2 • Sin 

+ CO 

* RSH 

* S(3P) + RH 

^ S2 + CO 

>•• S(3P) + COS* 

-» S2 + CO 

— s, 
M • S2 + M 

(3) 

(4a) 

(4b) 

(5a) 

(5b) 

(6) 

(7) 

(8) 

(9) 
The rate constants of several steps have been re­

ported: £ 4 a = 5 X 107 M - 1 s-1,21) kb&>4x 1010 M - 1 s-1,22) 
and A 6 = 1 . 8 x l 0 6 M - 1 s - 1 , 2 8 ) then, the disappearance 
of the S(1D) atoms is about 1000 times greater than 
that of the corresponding thiol formation. In the 

0 10 20 

/»/Ton-
Fig. 6. Plots of the yield of ethanethiol as a function 

of COS pressure in the presence of 10 Torr ethan­
ethiol. 
The plots were corrected for the yield of ethanethiol-
36S in the collisional exchange reaction by the ad­
dition of 10 Torr ethanethiol as a protecting agent. 

600 800 
/»/Torr 

Fig. 7. Plots of the yield of ethanethiol and dimethyl 
sulfide as a function of total pressure. 
O : Ethanethiol, A : dimethyl sulfide. 

35Gl(n,p)35S reaction, the sulfur atoms produced are 
carrier-free, so the sulfur-sulfur combination reaction 
is improbable. Therefore, Schemes 7, 8, and 9 can 
be excluded. 

The radiochemical yield of ethanethiol in the reac­
tion of sulfur atoms with ethane in the presence of 
C O S is shown in Fig. 6. The yield of ethanethiol 
is 0 .4% for an energetic reaction and 3 . 3 % for a thermal 
reaction, as has been mentioned above. Therefore, 
the formation of ethanethiol proceeds mostly by means 
of a thermal process. The electronic states of the 
sulfur atoms for the formation of ethanethiol may be 
considered to be those of thermal sulfur atoms. The 
formation of ethanethiol was not affected by the ad­
dition of C O S , and the yield kept constant. Such 



November, 1979] Reaction of Recoil 35S Atom 3275 

a constancy of the yield may imply that the contribu­
tion of S(1D) atoms to the formation of ethanethiol 
is negligible in the thermal process. 

Moreover, the formation of ethanethiol was not 
affected with the variation of the reaction pressure 
from 400 Torr to 1100 Torr , as is shown in Fig. 7. 
Strausz and Gunning have shown that the deactivation 
of the S(1D) state to the S(3P) state increases when 
the pressure of the reaction system is increased (300— 
2000 Torr).4) 

The yield of ethanethiol was reduced from about 
2 .6% to 1.1% by the addition of a small amount of 
ethylene. Davis and his coworkers have reported 
that ethylene reacts fast with the S(3P) atoms (rate 
constant, 5 x 108 M - 1 s-1).13) Also, thermochemically, 
the insertion reaction of the S(3P) atoms into the 
G - H bond of ethane is 231.8 k j m o l - 1 exothermic. 

From the above facts and the thermochemical cal­
culation, the insertion of S(3P) atoms into the G - H 
bond may be possible, although the S(3P) atoms must 
be accompanied by a spin conversion in the formation 
of the G- 3 5 S-H bond. 

Church and Rowland3) have also reported that the 
S(3P) atoms can be inserted into the secondary G - H 
bond of propane in the presence of a large amount 
of argon as a moderator. 

Furthermore, Ring and Rabinovitch25»26) have re­
ported that the reaction of the triplet GH 2 (a diradical) 
produced by the photolysis of diazomethane in a 
large excess of inert N 2 can be inserted into the G - H 
bond of propane and isobutane in the gas phase. 
O n the other hand, Gunning and his co-workers have 
concluded that the S(3P) atoms do not insert into the 
G - H bond of hydrocarbons in the photolysis of C O S ; 
they concluded this from the marked decrease in the 
thiol yield in the presence of a large amount of G 0 2 . 4 ) 

This discrepancy can not be explained clearly, but 
it may presumably be expected that, in this system, 
a small yield of a sulfur compound is detectable, even 
if the reaction rate of the insertion by the S(3P) is 
extremely slow as compared with that of the S(*D) 
atoms; a small excess of the translational energy in 
this thermal reaction may then cause the insertion, 
even in the S(3P) states. 

The Ratio of the C-H and C-C Insertions. The 
insertion yield of the G - H bond in ethane is about 
0.4% as an energetic process, and about 3 . 3 % as a 
thermal process and the insertion yield of the G-G 
bond is about 0 . 3 % as an energetic process. 

Therefore the ratio of the rate constant in the ener­
getic reaction can be represented as the ratio of the 
yields per bond, i.e., (0.4/6)/0.3. The insertion into 
the G-G bond is about 5 times faster than that of 
the G - H insertion in the energetic process. In a 
previous paper,5) it was pointed out that the insertion 
rate of the 2-position of the G - H bond in benzothiazole 
to that of the G-G bond in 2-methylbenzothiazole 
was slightly larger in the G - H bond. 

In general, the insertion reaction of diradical into 
the G-H bond always takes place more easily in a 
weaker bond than a strong bond. For instance, the 
insertion rate in the reaction of GH2 , generated from 
the photolysis of diazomethane, into the primary G - H 

bond relative to that of the secondary in the propane 
molecule is 1:1.22.27> The bond dissociation energy 
is 410.0 k j m o l - 1 for the primary G - H bond and 
395.4 k j m o l - 1 for the secondary G - H bond in the 
propane molecule.28) 

Even in the energetic reaction, a similar fact was 
shown by Church and Rowland,3) they concluded 
that the recoil sulfur atoms are inserted predominantly 
into the secondary C - H bond rather than the primary 
C - H bond in propane. 

Moreover, it has been reported that the formation 
of the tritiated hydrogen (abstraction reaction) is re­
duced as the bond dissociation energy of hydrocarbons 
becomes greater.29) 

T h e above insertion and abstraction reactions are 
discussed in just the G - H bond in both the thermal 
and energetic processes. In the energetic reaction, 
it may be considered that the insertion reaction occurs 
also in the C-G bond, and a comparison of the insertion 
rate into the C - H bond with that of the G-C bond 
seems to show that it is also affected by the bond-
dissociation energy. The bond-dissociation energy of 
the G-C bond is smaller than that of the C - H bond 
by about 41.8 k j m o l - 1 in ethane.28) 

This work was supported by the Visiting Researchers 
Program in the Rikkyo Reactor. The authors wish 
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Wollastonite(/?-CaSi03) was formed directly from the mixed powder prepared by simultaneous hydrolysis 
of calcium and silicon alkoxides. Crystallization isotherms were described by the Avrami equation ln(l— a) = 
—ktn with w=3 and the activation energy was determined as 284.5 kj/mol. The kinetics of transformation of 
ß- into a-CaSiOg was best interpreted by the contracting cube equation 1 — (1— <x)1/3=kt. The value of the 
activation energy was 983.2 kj/mol. 

Calcium metasilicate (CaSi0 3 ) exists in three poly­
morphic modifications; wollastonite(triclinic, ß-
CaSi0 3 ) , pseudowollastonite(triclinic, a -CaSi0 3 ) , and 
parawollastonite (monoclinic). Parawollastonite has 
been recognized as a mineral. Many investigations1-7) 
have been made on the solid state reaction of an equi-
molar mixture of silica and either calcium carbonate 
or calcium oxide. I t is shown that calcium orthosilicate 
(Ga2Si04) is always one of the first products at any 
reaction temperature. For example, J ande r and 
Hoffmann3) reported that C a 2 S i 0 4 and Ca 3 Si 2 0 5 are 
the first-formed products and gradually convert into 
CaS i0 3 , the final product. They observed also a 
strong effect of grinding on the formation of C a S i 0 3 . 

Temp/°G 

10h 

20h 

h 

200 
i 

400 
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600 
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800 1000 
1 1 

Fig. 1. TG curve of the starting powder. 
Sample weight : 20 mg. 

This indicates that the contact of reactants in the 
powder mixture plays an important role. O n the 
other hand, though it has been reported that /?-CaSi03 

transforms into a - C a S i 0 3 at 1125±10 °G,8) 1180 °G,5) 
or 1190 °C,9) no kinetic study has been carried out. 

In the present study, it was found that /?-CaSi03 

is formed directly from the mixed powder prepared 
by simultaneous hydrolysis of calcium and silicon alko­
xides. O n the basis of this result, kinetic studies have 
been made on the formation of /?-CaSi03 and the 
transformation of ß- into a-CaSiO s . The kinetic data 
were analyzed with available solid state models. 

E x p e r i m e n t a l 

Materials and Procedure. Silicon ethoxide used was of 
guaranteed purity. Calcium methoxide was synthesized by 
heating calcium metal in an excessive amount of dehydrated 
methanol at 65 °G for 5 h. The purity of calcium metal 
was 99.9%. A mixture of these alkoxides with the mole 
ratio of Ga2+/Si4+=1:1 was prepared, and then poured into 
aqueous ammonia solution at 30 °G. The temperature was 
slowly raised up to 85 °G while being stirred. The resulting 
mixed powder was washed repeatedly with hot water and 
dried at 60 °G under reduced pressure. The mixed powder, 
in the description below, is termed starting powder. The 
average particle size of the starting powder is ca. 400 Â. 

Measurement. Thermal analyses (TG, DTA) were 
carried out in air at a heating rate of 10 °G/min. Alpha-
alumina was used as a standard material in DTA. On 
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Fig. 2. DTA curve of the starting powder. 
Sample weight : 20 mg. 
Arrows show the temperatures at which the starting powder was 
heated in order to obtain several specimens for X-ray diffraction. 
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Raw material 

(A) 900 °C 

o u o 

JUUUJ 
(B) 1240°C 

(C) 1280°C 

^ 
20 25 30 35 

20/degree(Cutfa) 

45 

t/min 
5 10 20 40 60 

Fig. 3. X-ray diffraction patterns of specimens with 
increasing temperature. 
O : ^-GaSiOg, * a-GaSi03. 

t/min 

Fig. 4. Formation of /?-CaSi03 as a function of time 
at different temperatures. 
O : 820 °G, • : 840 °G, € : 870 °G. 

the basis of the DTA data, the starting powder was heated 
in an electric furnace up to a desired temperature at a heating 
rate of 10 °G/min, and then cooled rapidly to room temper­
ature. The specimens were examined by means of X-ray 
diffractometer using nickel filtered copper Ka. The fractional 
transformation was determined from the heights of the main 
peaks characteristics of <*-(</= 3.20 Â) and /?-CaSi03 (d= 
2.97 Â), using the calibration curve prepared with known 
compositions. 

I 
r—i 

7 
L__l 

Ö 

2 3 

In (t/min) 

Fig. 5. Plots of In (1—a) vs. time t of the data shown 
in Fig. 4. 
O: 820 °G, • : 840 °G, ©: 870 °G. 

R e s u l t s and D i s c u s s i o n 

Thermal Analysis. Figure 1 shows a T G curve 
of the starting powder. The weight loss of 18.2% 
up to 320 °G is attributed to the loss of ammonia, 
surface-absorbed methanol and ethanol, absorbed 
water, and hydrated water. Continued weight loss, 
2 .8%, was observed between 690 and 820 °G. The 
specimens heated in this temperature range were 
grayish. This may be due to the alcoholic hydrocarbon 
occluded in powders and/or free carbon produced by 
heating, which reacts with oxygen of bulk at the surface, 
resulting in the evolution of the decomposition prod­
ucts such as carbon monoxide, carbon dioxide, and 
water vapor.1 0 - 1 1) 

A D T A curve of the starting powder is shown in 
Fig. 2. Two exothermic reactions were observed at 
830—900 °G and 1200—1280 °C. From the results 
of X-ray diffraction, the reactions were found to be 
the crystallization of /?-CaSi03 from an amorphous 
phase and the transformation of ß- into a-CaSi0 3 , 
respectively. 

X-Ray Analysis. Figure 3 shows the variation 
of X-ray diffraction patterns of C a S i 0 3 with increasing 
temperature. The starting powder was amorphous, 
and no significant changes were observed up to 800 °G. 
The peaks corresponding to /?-CaSi03 appeared after 
heating at 820 °C for 10 min, and the intensity increas­
ed rapidly up to 900 °G. No other peaks were iden­
tified except for the /?-CaSi03 spectrum up to 1170 °C. 
The peaks of a - C a S i 0 3 began to appear when heated 
at 1180 °G for 20 min, and the specimen heated at 
1280 °G showed an X-ray diffraction pattern char­
acteristic of a -CaSi0 3 . 

Kinetics of the Formation of ß-CaSiO^. Figure 4 
shows the fraction of the crystallized /?-CaSi03 at 
820, 840, and 870 °G. The starting powder was pre­
heated at 500 °C for 1 h. The fractional crystalliza­
tion of each specimen was determined from the height 
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(X 20000) 

Fig. 6. Electron micrograph of the /?-CaSi03 powder. 

20 30 

//min 

Fig. 7. Phase transformation from ß- into a-CaSi03 

as a function of time at different temperatures. 
O: 1180°G, • : 1210 °G, € : 1240 °G. 

of d =2 .97 Â which is the strongest peak of the ß-
C a S i 0 3 spectrum. A well-crystallized specimen was 
obtained by heating the starting powder at 1150 °C 
for 20 min. Quartz was used as an internal standard 
material. Crystallization isotherms were characterized 
by sigmoidal shape (Fig. 4), the kinetics being best 
described by the Avrami equation12) (Fig. 5), 

l n ( l - a ) = -ktn (n = 3—3.1=3) (1) 

where a, t, k, and n are the fractional crystallization, 
time, rate constant and a constant related to the reac­
tion mechanism, respectively. Electron micrograph of 
the /?-CaSi03 powder consisting of nearly spherical 
particles is shown in Fig. 6. In view of this fact and 
also the fact that the Avrami equation with n=3 
was fitted over the whole range of crystallization 

50 60 20 30 40 

(t — t0)/min 

Fig. 8. Plots of l - ( l - a ) V 3 0Sm time t-t0 of the 
data shown in Fig. 7. 
O : 1180°C, • : 1210 °G, € : 1240 °G. 

curves, three-dimensional growth of /?-CaSi03 with 
site-saturation for nucleation is probably the rate-
determining step. The activation energy calculated 
from the Arrhenius plot was 284.5 kj/mol. 

Kinetics of the Transformation of ß- into oc-CaSi03. 
Figure 7 shows the fractional transformation of ß-
into a - C a S i 0 3 as a function of time at different tem­
peratures. The specimens heated at 1150 °C for 20 
min were used as a starting material. Induction 
periods were observed, attempts being made to fit 
the results to kinetic laws by considering the induction 
periods. As shown in Fig. 8, transformation isotherms 
are best described by the contracting cube equation,13) 

1 - ( i - a ) V » = * ( * - t 0 ) (2) 

where a is the fractional transformation, t time and 
tQ induction period. This indicates that the transforma­
tion is controlled by the rate of advance of the reaction 
interface. T h e rate constants were determined from 
the slopes of the straight lines and the activation energy 
was determined as 983.2 kj/mol. 
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The pressure effects on the base hydrolysis reaction rates of a-, /?-[Co(edda)(NH3)2]+ and a-[Co(edda)-
(N02)2]~ in a carbonate buffer were measured up to 1500 kg/cm2 (1 kg/cm2=98.0665 kPa). The activation 
volumes at normal pressure were found to be 16.6, 22.3, and 11.9cm3/mol respectively. These values are 
consistent with those expected from the SN\ GB mechanism, where the conjugate bases dissociate via the Id 

mechanism. 

The pressure dependence of a reaction rate gives 
the value of the activation volume (AV"). In the 
base hydrolysis reaction of a Go (III)-complex, the 
magnitude of AV* is comparatively large (20zt l0 cm3/ 
mol) for the «S*N1 GB mechanism, since the volume 
change in the pre-equilibrium to produce the conjugate 
base amounts to about 20 cm3/mol.1) In contrast, it 
is smaller than 9 cm3/mol for the SN2 mechanism.2) 
Thus , the activation volume is a useful quanti ty for 
use in discriminating the mechanisms for a base hydrol­
ysis reaction. 

I t has been shown by Kuroda et al. that, in a car­
bonate buffer, the base hydrolysis reactions of 
a-, £-[Co(edda)(NH3)2]+ and a - [Go(edda) (N0 2 ) 2 ] - , 

a-[Go(edda)(NH3)2]+ + OH~ -^ 

a-[Go(edda)(NH3)OH] + NH3, (1) 

£-[Co(edda)(NH3)2]+ + OH" -^ 

£-[Co(edda)(NH3)OH] + NH3, (2) 

a-[Go(edda)(N02)2]- + O H - -> 

a-[Go(edda)(N02)OH]- + N0 2~, (3) 

are followed by successive carbonation steps (ethyl-
enediamine-7V,iVr/-diacetic acid = H2edda).3 - 5) The rates 
of the carbonation step are relatively high for the 
reactions of a-[Co(edda)(NH3)2] + and a-[Co(edda)-
( N 0 2 ) 2 ] - , and relatively low for that of ^-[Go(edda)-
(NH3)2]+, compared to the base hydrolysis rates. By 
assuming a first-order reaction for the base hydrolysis, 
the rate constants of Reactions l,3) 2,6) and 35) have 
been calculated at a normal pressure. 

In this experiment, the pressure dependences of the 
rate constants of Reactions 1, 2, and 3 were examined 
up to 1500 kg/cm2 . The mechanisms are discussed 
from the standpoint of the activation volume. 

T A B L E 1. T H E P R E P A R A T I V E M E T H O D S A N D T H E A B S O R P ­

T I O N MAXIMA OF THE COMPLEXES USED IN THIS STUDY 

Complex 
/nm(emax) 

This work 

Ref. 

Lit a ) b ) 

a-[Go(edda)(NH3)2]. 
C10 4 .H 2 0 

£-[Co(edda)(NH3)2]. 
C10 4 .1 .5H 20 

a-Cs[Co(edda)(NOa)J. 
H 2 0 

538(92.5) 
363(116) 

502(140) 
359(154) 

520(148) 

538(92.0) 
363(118) 

499(153) 
358(159) 

520(150) 

7) 

8) 

10) 

7) 

9) 

10) 

Exper imenta l 

Materials. The preparative methods and the absorp­
tion maxima of the complexes used in this study are sum­
marized in Table 1. The buffer solutions were made from 
reagent-grade chemicals. The water was distilled after pas­
sing it through an ion-exchange column. 

Kinetic Measurement. The procedures were the same 
as those in a previous work.11) 

R e s u l t s 

The first-order rate constant, kl9 of the base hydroly­
sis was determined by 

In [(Doo-Dt>)/(Doo-Dt)]=k1(t-t
/), 

where Dt> and Dt represent the optical densities at the 
moment when the high pressure is reached, and at the 
moment when the high pressure is released, respec­
tively. For the reaction of a-[Co(edda)(NH3)2]+, Doo 
represents the optical density (OD) at equilibrium. For 
the reactions of /?-[Co(edda)(NH3)2] + and a-[Co(edda)-
(N0 2 ) 2 ]~ , -Ö«» represents the estimated O D values 
of the base hydrolysis products: /?-[Co(edda)(NH3)OH] 
and a - [Co(edda ) (N0 2 )OH]~ respectively. Kuroda's 
DOO/DQ values are used, where DQ represents the O D 
at the moment of the dissolution of the initial complex. 
The DOOJDQ values ( l (nm) used to follow the reaction) 
are 1.9 (540) for Reaction 1,8> 0.7 (500) for Reaction 
2,6> and 4.86 (590) for Reaction 3.5) {t-t') is the 
reaction time. The kx values at each pressure are 
summarized in Table 2. An increase in pressure by 
1000 kg/cm2 reduces the kx values below half, from 
which large positive magnitudes [ca. 20 cm3/mol) of 
the activation volumes can be expected for these reac­
tions. They were fitted to the formula, ln(A:1/A:10) = 
aP+bP2, where k10 is the rate constant at a normal 
pressure and where P is expressed in kg/cm2 (Fig. 1). 

At a normal pressure, the kx values are proportional 
to [ O H - ] i.e., i ^ ^ p H - ] . 3 » 5 ' 6 ) Then, the activation 
volume and its pressure dependence are given by2) 

AV* = 
„ m din L 
RT- 2 

dP 

^ d l n * ! ^ d l n t O H - l 
RT—r^- + RT- L J 

= - RT(a+2bP) + RT-

dAF* 

dP 

dlniCw 

dP 
- RT-

dP 

dlnXo 

dP 
= - 2bRT + RT~ 

d2ln Kv 
dP2 RT-

dP 

d2ln K» 

dP2 

a) Ref. for preparations, b) Ref. for spectra. 

where Kv and K2 represent the ionic product of water 
and the second dissociation constant of carbonic acid 
respectively. By using the known pressure dependences 
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of the Kw and K2, the values of A F * and dAV*/dP 
at the normal pressure are calculated.2) El 'yanov and 
Hamann have proposed a formula for the pressure 
dependence of the volume change of an acid-base 
equilibrium : 

d A F / d P - ( - 1 . 8 0 x 10-4 cm2/kg)AF, 
where A F is the volume change at a normal pres­
sure.11) The second derivatives of Kw and K2 are 
estimated following their method. The results are 
summarized in Table 3. 

Discussion 

From the proportionality of the kx values to [ O H - ] , 
the SN2 and SN\ CB mechanisms are possible for these 
reactions. In the case of the SN2 mechanism, AV* is 

TABLE 2. ^ x l O 3 (min-1) FOR THE BASE HYDROLYSIS 

REACTIONS IN A CARBONATE BUFFER 

in 

*a> 

a 

0 .2 M N a 2 C 0 3 

= 65 .6 °G. 

-[Go(edda)(NH3)2]+ 

-0 .2 M NaHGOg, pH6 5 °cz = 9 38, 

P/kg cm - 2 

Average 

11 
11 
11 

11 

1 

.3 (41 .2 ) 

.8 (50 .6 ) 

.8 (60 .6 ) 

.6 

500 

7 .5(50) 
7 .9(60) 
7 .7(70) 

7 .8 

1000 

4 .0(50) 
4 .6(60) 
4 .0(70) 

4 . 2 

1500 

2 .4(50) 
2 .2(60) 
2 .3(70) 

2 . 3 

£-[Co(edda)(NH3)2]+ 

in 0.2 M Na 2C0 3 

*=42.8 °G. 
0.2 M NaHG03 , pH, 45 °C - :9.54, 

P/kg cm"2 

Average 

1 
7.4(40.7) 
7.2(50.5) 
7.2(60.6) 

7.3 

500 
4.4(50) 
4.3(60) 
4.3(70) 

4.3 

1000 
2.4(60) 
2.7(70) 
2.5(80) 

2.5 

1500 
1.3(70) 
1.6(80) 
1.4(90) 

1.4 

in 0.3 M Na 2C0 3 

* = 65.6°C. 

a-[Go(edda)(N02)2]-

0.1 M NaHG03 , pH65 «C = 9.86, 

P/kg cm"2 

Average 

1 

10 .3(30 .8) 
10 .1(40 .9) 
11 .5(50 .9) 

10.6 

500 

8 .0(40) 
7 .5(50) 
7 .4(60) 

7 .6 

1000 

5 .3(40) 
5 .7(50) 
4 .7(60) 

5 .2 

1500 

3 .4(50) 
3 .3(60) 
3 .2(70) 

3 . 3 

a) Reaction temperature. The numbers in parentheses 
denote the reaction time in min. M = mol/dm3. 

estimated to be smaller than 9 cm3/mol.2) The large 
positive values of A F * obtained for Reactions 1 and 
2 can then be considered as evidence for the SNl CB 
mechanism. For Reaction 3, the obtained magnitude 
of AV* is not large enough. However, this complex 
ion has a negative charge, and so the formation of a 
seven-coordinated intermediate or an ion pair with 
an O H " ion would be improbable. Therefore, 
Reaction 3 should also proceed via the SNl CB mecha­
nism. 

In this mechanism, the reaction series for Reactions 
1 and 2 are 

a-, £-[Co(edda)(NH3)2]+ + OH~ 

= a-, £-[Co(edda)(NH2)(NH3)] + H 2 0 
a-, £-[Co(edda)(NH2)(NH3)] _^ 

a-, £-[Co(edda)(NH2)] + NH3 

a-, £-[Co(edda)(NH2)] + H 2 0 -> 

a-, £-[Co(edda)(NH3)OH], 

where the first and the third steps are rapid and where 

^1 

- 1 . 5 

500 1000 1500 

P/kg cm~2 

Fig. 1. The pressure dependence of the A^-value. 
O : a-[Go(edda)(NH3)2]+ 

In (kjk10) = - 7 . 6 0 x 1 0 - 4 P - 2 . 1 8 x 10-7P2, 
• : £-[Co(edda)(NH3)2]+ 

In (kjk10) = - 1 0 . 3 x 10~ 4P-0.497x 10"7P2, 
3 : a-[Go(edda)(N02)2]-

ln (kjk10) = - 5.96 x 10~4P -1 .21x10" 7 P 2 . 

TABLE 3. ACTIVATION PARAMETERS FOR REACTIONS 1—5 

a) 

1 

2 

3 

4 

5 

a) I 

Complex 

a-[Go(edda)(NH3)2]+ 

£-[Co(edda)(NH3)2]+ 
a- [Go(edda)(N0 2 ) 2 ] -

£-[Co(edda)(tn)]+ 

£-[Co(edda)(en)]+ 

Reaction number, b) Réf. 

AV* 

16.6 

2 2 . 3 

11.9 

14.7 

2 0 . 0 

for iL an 

AFpre 

16.9 

16.9 

13.9 

16.9 

16.9 

d A S * . T] 

AV*' 

- 0 . 3 

5 . 4 

- 2 . 0 

- 2 . 2 

3.1 

ie units are 

d A F * 
dP 

13.4 

3 . 6 

7 .9 

0 .2 

- 1 . 4 

: A F * . AV 

d A F * ' 
dP 

16.4 

6 .6 

10.4 

3 . 2 

1.6 

' A F ' U 

E& 

157 

172 

161 

151 

176 

:m3/mol>) : 

AS" 

145 

213 

143 

124 

195 

d A F * 

b) 

3) 

6) 

5) 
17) 

4) 

d A F * ' 

(10-3 cm6 moi"1 kg-1); £ a (kj/mol); and A** (J K"1 mol-1). 
UP dP 
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the second is the rate-determining process. Analo­
gously, the series for Reaction 3 is 

a-[Go(edda)(N02)2]- + OH~ 

= a-[Go(edda*)(N02)2]2- + H 2 0 

a-[Go(edda*)(N02)2]2- -^ a-[Go(edda*)(N02)]- + N0 2 ~ 

a-[Go(edda*)(N02)]- + H 2 0 -^ a-[Go(edda)(N02)OH]-, 

where edda* represents the conjugate base of the 
edda ligand. Thus, the activation volume is given 
by A F * = A F p r e + A F * ' , where A F p r e is the volume 
change in the pre-equilibrium and AV*' is the activa­
tion volume of the second step. 

The isomerization reactions in a carbonate buffer, 

0-[Co(edda)(tri)]+ -> a-[Co(edda)(tn)]+, (4) 

^-[Go(edda)(en)]+ -> a-[Go(edda)(en)]+, (5) 

also proceed via the SNl CB mechanism. In a previous 
report, the A F p r e value for Reactions 4 and 5 was 
estimated as 18.8 cm3/mol.2) Later, for the equilib­
rium, 

a-[Go(edda)(H2NGH2GH2OH)]+ + OH~ 

= a-[Go(edda)(H2NGH2GH20)]0 + H 2 0 , (6) 

the volume change ( A F = 1 6 . 9 ± 0 . 7 cm3/mol) was 
obtained at 25 °G and a low ionic strength.1) This 
equilibrium is analogous to the pre-equilibria of 
Reactions 1, 2, 4, and 5, and the A F p r e values for these 
reactions may be taken approximately as 16.9 cm3 /mol. 
In Equilibrium 6, A Z 2 = — 1 , where Z is the charge 
of the complex ion; the contribution (AFe l) of the 
electrostrictive volume change of the complex ion is 
positive. In contrast, in the pre-equilibrium for 
Reaction 3 ( A Z 2 = 3 ) , AVel would be negative and 
A F p r e would be smaller than 16.9 cm3/mol. Values 
of A F = 1 9 : 9 ± 1 cm3/mol are known for the neutraliza­
tion equilibria of trivalent complex ions ( A Z 2 = — 5) 
such as [Fe(H 20) 6 ] 3+, [Go(NH 3 ) 5 (H 2 0)] 3 +, and [Cr-
(H20)6]3+.1) Since AVel is proportional to AZ 2 , the 
A F p r e value for Reaction 3 must be approximately 
13.9 cm3/mol.1) The magnitudes of A P ' thus obtained 
for Reactions 1, 2, and 3 are comparable to those 
for Reactions 4 and 5. In the activated states of 
Reactions 4 and 5, the - N H 2 group liberated from 
the conjugate base must remain in the vicinity of the 
five-coordinated intermediate, since it is linked to the 
intermediate through the molecular chain of tn or 
en. Therefore, the conjugate bases in Reactions 1, 
2, and 3 may dissociate via the Id mechanism; i.e., 
in the activated state the leaving group remains in 
the second coordination sphere. 

The aquo-exchange reaction, 

[Go(NH3)5H20]3+ + H 2 0 * -> 

[Go(NH3)5H20*]3+ + H 2 0 , (7) 

also proceeds via the Id mechanism and A F * = 1.2 
cm3/mol is known at 25 °G.13) In the activation step 
of Reaction 7, the electrostrictive volume change is 
not involved. In the dissociative activation steps for 
Reactions 1 and 2, a neutral N H 3 departs from the 
neutral conjugate base, and the electrostrictive volume 
change is also ignored. In that of Reaction 3, only 
a separation of charge occurs, and the electrostrictive 
volume change may be insignificant, Therefore, the 

AV*' values for the Id dissociation in Reactions 1, 2, 
and 3 may be expected to be comparable to the AV* 
for Reaction 7. The experimentally obtained mag­
nitudes of AV*' are consistent with this expectation. 

If the conjugate bases completely dissociate in the 
activated state (D mechanism), AV*' can be estimated 
from the partial molar volumes (V) by 

AV' = F(a-,£-[Co(edda)(NH2)]) 

- F(a-,^-[Go(edda)(NH2)(NH3)]) + F(NH3), 
and 

AV' = F(a-[Go(edda*)(N02)]-) 
- F(a-[Go(edda*)(N02)2]2-) + F (N0 2 " ) . 

Stranks assumes that the intrinsic volume difference 
between the five-coordinated intermediate and its six-
coordinated precursor is zero.14) This volume dif­
ference may be estimated from the volume difference 
between a square pyramid or a trigonal bipyramid 
and an octahedron, with each center-apex length 3 Â. 
This leads to the intrinsic volume difference of —10.8 

and — 7.6cm3 /mol. F (NH 3 ) is ca. 24.9 cm3/mol.15) 
Then, in the D mechanism, the AV*' values for Reac­
tions 1 and 2 would be 14.1 cm3/mol or larger. 

F ( N 0 2
_ ) is ca. 31.6 cm3/mol.16) Taking account of 

the electrostrictive volume expansion {ca. 2.3 cm3/mol) 
of the complex, the AV*' value for Reaction 3 would 
be 23.1 cm3/mol or larger in the D mechanism. Thus, 
the values of AV*' to be expected from the D mechanism 
are considerably larger than those obtained from the 
experimental results. 

The values of d A F * ' / d P a r e calculated from àAV*jàP 
(Table 3) : 

(dAF*7dP) = (dAF*/dP) - (dAFpre/dP), 
where dAF p r e / dP is - 3 x l 0 " 3 and - 2 . 5 x l 0 - 3 c m 5 

m o l - 1 k g - 1 for AFp r e =16 .9 and 13.9 cm3/mol respec­
tively (estimated after El 'yanov and Hamann).1 2) The 
values of àAV*'jàP are comparatively small for Reac­
tions 4 and 5, where the liberated - N H 2 group is 
linked to the five-coordinated intermediate. In con­
trast, they are comparatively large for Reactions 1, 
2, and 3, where the leaving group is not linked to 
the intermediate. Hence, the increases in the AV*' 
with the increase in the pressure are caused by the 
enhancement of the separation of the leaving group 
from the five-coordinated intermediate at high pres­
sures. In other words, the mechanism of the dissocia­
tion of the conjugate base changes from the Id mecha­
nism at a normal pressure to the D mechanism at 
higher pressures. A possible factor promoting the 
separation at high pressures may be the increasing 
stability of the hydrogen bonds between the leaving 
group and the water molecules, which decreases the 
interaction between the leaving group and the inter­
mediate. 

The activation energies (E&) obtained by Kuroda 
are listed in Table 3. In the SNl GB mechanism, 
E^ — AHVTe-]-E^ where A/ / p r e is the enthalpy change 
for the pre-equilibrium and where E&' is the activation 
energy for the dissociation of the conjugate base. 
A/ / p r e would be negative, since an evolution of heat 
was noticed in the analogous neutralization Equilib­
r ium 6,1) The abnormally large magnitudes of E%' 
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can be understood only by considering the Go-N bond 
rupture to be the activation step.3) There can be 
found an qualitative correspondence relation between 
the magnitude of E& and the position of the first absorp­
tion band.9»17) This indicates that the ligand-field 
strength is one factor which influences the activation 
energy. The activation entropies calculated from the 
first-order rate constants are listed in Table 3. An 
ordinary compensation relation is found between the 
magnitudes of E& and AS". This relation is often 
found for a series of related reactions and is interpreted 
as indicating that the essential reaction mechanism 
is the same for all of a given series.18) Another linear 
correlation is found between AS" and AV" except for 
Reaction 3. Thus, the values of AV"', E&, and AS* 
for Reactions 2 and 5 are comparatively larger than 
those for Reactions 1 and 4. One possible interpreta­
tion of this may be that, in the activated states for 
Reactions 2 and 5, the leaving group is more separated 
from the five-coordinated intermediate than in those 
for Reactions 1 and 4. Then, the smaller magnitude 
of dAV"' /dP for Reaction 2 than that for Reaction 
1 may be interpreted as showing that, for Reaction 
2, the separation increases rather moderately with 
the pressure, since it is already considerable at the 
normal pressure. 

The author wishes to thank Professor Kashiro 
Kuroda of Ehime University for permission to refer 
to his unpublished results and for his valuable sug­
gestions throughout this work. The author is also 
indebted to Mr . Yoshifumi Noma for his co-work in 
the preliminary experiments on the reaction of a-
[Co(edda)(NH3)2]+. 
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(CN3H6)2[CH3AsMo6021(H20)6]-6H20 and Guanidinium Tetramolybdodi-
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The crystal and molecular structures of polymolybdo complexes of methylarsonate and dimethylarsinate have 
been determined by the X-ray diffraction technique. The crystal of (CN3H6)2[CH3AsMo6021(H20)6] -6H20 
is trigonal, with the space group R3 and the cell dimensions of ß=9.653(6) Â, a=87.01(15)°, and Z=\. The 
anion is an assemblage of six Mo0 6 octahedra and a tetrahedral GH3As03 group. The six Mo0 6 octahedra 
constitute a ring with alternate edge- and corner-sharing, and the tetrahedral GH3As03 group joins the anion, 
with its three oxygen atoms shared with the ring. Each molybdenum atom has two terminal oxygen atoms in 
the eis position and is coordinated by one water molecule. (GN3H6)2[(GH3)2AsMo4014(OH)]-H20 crystal­
lizes in the space group ¥2^0 of the monoclinic system, with the cell dimensions of a=S.530(5), £ = 8.532(4), c= 
30.121(15) Â, £=95.50(16)°, and Z = 4 . The Mo4014(OH) moiety in the [(GH3)2AsMo4014(OH)]2- anion 
is formed with two face- and two edge-sharings of Mo0 6 octahedra into an almost flat rectangle. The oxygen 
atom located at the center of the anion and bonded to all the four molybdenum atoms is protonated and is, in 
fact, a hydroxyl group. 

I t is well known that arsenic acid reacts with molybdic 
acid to yield various heteropoly acids. Some of them 
have been structurally elucidated by X-ray diffraction: 
AsMo 1 2O 4 0

3 _ with the Keggin structure,1»2) H4AsMo1 2-
O 5 0

4 - 3) with the "reversed" Keggin structure, AsMo9-
03 4

9- ,4) As2Mo18062
6-,5»6) and As2Mo502 3

6- .7) Alkyl-
or arylarsonic acids and -arsinic acids, R A s 0 3 H 2 and 
R 2 A s 0 2 H , seem to be similar to phosphoric or arsenic 
acid in their chemical properties in the following 
respects: they form dimers of the pyrophosphoric-
acid type and are weak acids (the pK values of 
R A s 0 3 H 2 are 3—4, whereas pKx is 2.1 for phosphoric 
acid and 2.3 for arsenic acid). In view of the fact 
that the heteropolyanions containing phosphorus or 
arsenic atoms are formed through dehydration between 
phosphoric or arsenic acid and molybdic acid, these 
organo-arsenic acids can be expected to react with 
molybdic acid to give organo-heteropolyanions. 

Such anions are noteworthy from the following points 
of view: the organo-heteropolyanions have their het-
eroatoms, that is, As(V) in the present case, partly 
coordinated by organic groups. Therefore, the arsenic 
atoms can not be coordinated by four oxygen atoms, 
unlike those in non-alkylated arsenic acids, as long 
as the former keep their coordination number of 4. 
Otherwise, they may increase the coordination number 
from 4 to 6. Whichever of the two may be the case, 
new structural types may be expected for these anions. 
Recently, the present author has reported the crystal 
and molecular structure of (CN3H6)4[(C6H5As)2Mo6-
0 2 5 H 2 - 4 H 2 0 , 8 ) whose anion's interconversion with 
[ (G 6 H 5 As) 2 Mo 6 0 2 4 ] 4 _ in an aqueous solution9) has 
added valuable knowledge concerning the intermediate 
species involved in the formation of these anions and 
the p H regions where they are stable. 

In this paper the author will report on the crystal 
and molecular structures of guanidinium polymolyb-
domethylarsonate and polymolybdodimethylarsinate, 
( G N 3 H 6 ) 2 [ G H 3 A s M o 6 0 2 1 ( H 2 0 ) 6 ] - 6 H 2 0 and (GN3H6)2 

[ ( C H 3 ) 2 A s M o 4 0 1 4 ( O H ) ] H 2 0 . The first synthetic 
description of these complexes was made by Gibbs 

as early as in 188310) and later by Rosenheim and 
Bilecki,11) but their analytical results are unsatisfactory 
and the molecular formulae they gave seem doubtful. 
As for the heteropolyanions containing methylarsonic 
acid, the synthesis and the structure of [(GH3As)2Mo6-
0 2 4 ] 4 _ have recently been reported,12) but the author 
has independently obtained a hexamolybdomethyl­
arsonate anion which seems to have a different molec­
ular formula, i.e., [CH 3 AsMo 6 0 2 1 (H 2 0) 6 ] 2 ~. Thus, 
the formation conditions and structural differences of 
these anions are of interest and would give information 
about the reactions occurring in an aqueous solution 
containing molybdic acid and methylarsonic acid. O n 
the other hand, regarding the heteropolyanion con­
taining dimethylarsinic acid, a short communication 
on the crystal structure of (CN 3H 6 ) 2 [ (CH 3 ) 2AsMo 40 1 4 -
( O H ) ] H 2 0 recently appeared;13) it briefly discusses 
the anion's structure. In this paper, the whole crystal 
structure, together with the anion's structure, will 
be discussed, and the full and detailed data on the 
bond distances, bond angles, and the crystal packings, 
including the network of hydrogen bondings, will be 
presented. 

Exper imenta l 

(CN3HJ2[CHsAsMo6021(H20)6] -6H20. Preparation: 
4.3 g (0.03 mol) of M o 0 3 was gradually added to 75 cm3 

of a boiling aqueous solution containing 1.46 g (5 mmol) 
of Na2AsGH303, and the pH of the solution was decreased 
to ca. 2 with HCl. After the solution has been boiled for 
a few minutes, it was filtered to remove a small amount 
of unreacted M o 0 3 and the filtrate was condensed on a 
water bath to 12.5 cm3. The addition of 1 g of GN3H6G1 
to the solution readily gave a lolorless precipitate, which 
was subsequently filtered, recrystallized from hot water, and 
air-dried. The reaction is expressed as follows: 

GH3As03
2- + 6Mo0 3 + 6H 6 0 > 

[GH3AsMo6021(H20)6]2-
Found: G, 2.69; H, 2.94; N, 6.48%. Galcd for (GN3H6)2-
[CH3AsMo602 1(H20)6]-6H20: G, 2.73; H, 2.80; N, 6.37%. 

The addition of (GH3)4NBr or KCl instead of GN3H6G1 
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T A B L E 1. FINAL POSITIONAL PARAMETERS ( x l O 4 ) FOR T A B L E 2. FINAL TEMPERATURE FACTORS FOR (GN3H6)2-

( G N 3 H 6 ) 6 [ G H 3 A s M o 6 0 2 1 ( H 2 0 ) 6 ] . 6 H 2 0 , WITH THEIR [ C H 3 A s M o 6 0 2 1 ( H 2 0 ) 6 ] - 6 H 2 0 WITH THEIR 

ESTIMATED STANDARD DEVIATIONS IN PARENTHESES ESTIMATED STANDARD DEVIATIONS 

T h e £ij's are denned by exp [ — ( A ^ 2 + ^22A:2 + ̂ 33/2 + 

*_ I Z 2ß12hk + 2ßJJd+ 2ß2Zkl)] • ( X 104 for Mo and 
M o ( l ) 40(6) 2265(6) - 2 9 5 6 ( 6 ) As and x 103 for the others). 
M o (2) 2965(5) - 1 4 5 ( 6 ) - 2 2 4 5 ( 5 ) 
As 300a) = x = x P11 @22 PM @12 P™ ^23 

G 
O(l) 

0(2) 
0(3) 

0(4) 
0(5) 
0(6) 
0(7) 
0(8) 

0(9) 
G(l) 
G (2) 
N(l) 
N(2) 
H 20(1) 

H 20(2) 

1345(58) 
844(35) 

2041 (69) 
1373(53) 
392 (58) 

-1155(76) 
-882(53) 
3735 (36) 
4185(54) 
1429(46) 
3204(306) 

-3133(243) 
2079 (85) 

-1890(92) 
-4040(53) 

-2273(64) 

= x 
629 (36) 
1381(71) 
3538 (60) 
3612(56) 

2718(82) 
949 (55) 

787(42) 
-435(63) 

-1577(48) 
= x 
= x 

4063 (99) 

-3994(72) 
2496(53) 

4035 (59) 

= x 
-1312(37) 
-3223(70) 
-1545(61) 
-4156(56) 
-1584(76) 
-3863(51) 
-1203 (36) 
-3482(51) 
-3345(46) 
= x 
= X 

3206(106) 

-3146(87) 
-4076(50) 

4161 (59) 

a) The coordinates for As are arbitrarily fixed at 300. 

precipitated the corresponding salts of the anion. T h e 
potassium salt was recrystallized from hot water. However, 
the te t ramethylammonium salt is insoluble in most aqueous 
and organic solvents. T h e addition of (w-G4H9)4NBr to 
the solution gave a yellow-green precipitate, which was a 
mixture of several polyanions. By the fractional recrystal-
lization of this mixture from G H 3 N 0 2 , the [(CH3As)4Mo1 2-
0 4 6 ] 4 ~ anion was obtained together with other polyanions, 
such as [ G H 3 A s M o 6 0 2 1 ( H 2 0 ) 6 ] 2 - and M o 6 0 1 9

2 - . T h e 
[(CH3As)4Mo1 204 6]4-1 2> and Mo 6 0 1 9

2 ~ 1 4 ) anions were iden­
tified by elemental analyses and I R spectra. 

Crystal Data: Although many kinds of salts of the 
[GH 3 AsMo 6 0 2 1 (H 2 0) 6 ] 2 ~ anion were prepared, as has been 
described above, most of them were obtained in powder or 
microcrystalline form. Among them, guanidinium salt 
seemed likely to give a single crystal of an appropriate size, 
though it would not do so easily. Thus , at tempts were 
made to obtain it by a diffusion method, and a crystal with 
approximate dimensions of 0.1 X 0.08 X 0.08 m m was used 
for X-ray measurements. Although this crystal gives slightly 
smeared diffraction spots, it is fairly stable in air and against 
X-ray irradiation, at least for the period of X-ray data col­
lection. Such smeared spots have been observed in other 
isopoly- and heteropolyanions ; they are probably at tr ibuted 
to the loose packings of large anions and the existence of 
easily mobile water of crystallization occupying the cavities 
between the large anions.15»16) Although a crystal structure 
analysis with a high precision can not be expected for this 
crystal, X-ray measurement was undertaken, because at 
least the structure of the anion could be elucidated and this 
would be valuable information for the chemistry of hetero­
polyanions containing methylarsonic acid. T h e lattice con­
stants were refined with twelve 20 values measured on a 
diffractometer with M o Koc radiation (A=0.7107Â) . T h e 
crystal data for (GN 3 H 6 ) 2 [GH 3 AsMo 6 0 2 1 (H 2 0) 6 ] - 6 H 2 0 a re : 
trigonal, R 3 , a=9.653(6) A, a=87 .01(15)° , F=--895.9Â3, 
M. ^ . = 1338.0, Z = l , Z>m = 2 . 4 5 g c m - 3 , Z>x=2.48, / / = 1 3 . 3 
c m - 1 . 

Mo(l) 
M o (2) 
As 
C 
O(l) 

0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 
0(9) 
C(l) 
C(2) 
N(l) 
N(2) 
H 60(1) 
H eO(2) 

73(7) 
27(5) 
12(3) 
5(4) 
3(4) 
12(9) 
5(5) 
11(7) 
14(9) 
8(6) 
2(4) 
8(6) 
6(5) 
29(16) 
9(19) 

18(12) 
30(16) 
12(7) 
18(8) 

50(6) 
76(7) 
12(3) 
5(4) 
2(4) 
15(9) 
11(7) 
9(7) 
18(10) 
11(7) 
6(5) 
14(8) 
7(5) 

29(16) 
9(19) 

32(17) 
11(10) 
13(7) 
13(7) 

46(6) 
35(5) 
12(3) 
5(4) 
3(4) 
14(9) 
13(8) 
9(7) 
13(9) 
7(6) 
2(3) 
6(6) 
6(5) 
29(16) 
9(19) 

37(19) 
24(14) 
11(6) 
15(8) 

19(5) 
12(5) 
4(3) 

-1(4) 
2(3) 
8(8) 

-1(5) 
1(6) 
4(8) 
0(5) 
5(3) 
2(6) 
3(4) 
12(11) 
7(23) 

10(12) 
14(11) 
0(5) 

-4(7) 

11(5) 
18(4) 
4(3) 

-1(4) 
2(3) 

-3(7) 
5(5) 
3(6) 
8(7) 
2(5) 
3(3) 
5(5) 
2(4) 

12(11) 
7(23) 

23(13) 

13(12) 
-2(5) 
-6(7) 

27(4) 
11(4) 
4(3) 

-1(4) 
0(3) 

-6(8) 
1(6) 
5(6) 

-1(8) 
2(5) 
3(3) 

-1(5) 
1(4) 
12(11) 
7(23) 

24(15) 
8(9) 
5(5) 
4(6) 

Data Collection: All the intensities were measured on a 
Philips automatic four-circle diffractometer with graphite-
monochromated M o Koc radiation. T h e eo-20 scan mode 
was employed with the scan rate of 1 ° m i n - 1 in 20. T h e 
scan width was determined for each reflection according 
to this formula co= ( 1 .4+0 .6 tan 0)°. Background counts 
of 20 s were taken at each scan end. Three standard reflec­
tions were monitored every 3 h, bu t no significant intensity 
loss was observed throughout the da ta collection. T h e 
data were corrected for Lorentz and polarization effects. 
Absorption and extinction corrections were not applied. 
T h e intensities were collected up to 2 0 = 6 0 ° , of which 1094 
independent reflections with | F G | > 3 Ö - ( | F 0 | ) were used for 
the structural analysis. 

Solution and Refinement of the Structure: Two independent 
molybdenum atoms were located from the Patterson map , 
and successive Fourier syntheses revealed the positions of 
all non-hydrogen atoms in the anion. At this stage, a 
problem arose concerning the space group of this crystal. 
Although this anion itself is, strictly speaking, dissymmetric, 
a close examination of the atomic coordinates (Table 1) 
exhibits that this anion is approximately centrosymmetrical 
except the par t of the As-G bond. For instance, many 
atoms in the anion are related to each other nearly centrosym-
metrically, i.e., M o ( l ) and Mo(2) , 0 ( 3 ) and 0 ( 9 ) , 0 ( 4 ) 
and 0 ( 8 ) , and 0 ( 6 ) and 0 ( 7 ) . Moreover, when the struc­
ture analysis had proceeded further, it was found that the 
cations and water molecules also occupy centrosymmetric 
positions (G(l) and G(2), N(_l) and N(2) , and H 2 0 ( 1 ) and 
H 2 0 ( 2 ) ) . As the R 3 and R 3 space groups can not be dis­
tinguished from the systematic absence of reflection, two 
different refinements were at tempted, one based on the R 3 
space group, and the other, on R 3 , assuming a statistical 
distribution of the anions in the r ight-handed and left-handed 
orientations, with an equal weight for each. Disorder of 
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T A B L E 3. FINAL POSITIONAL COORDINATES ( x l O 4 ) FOR 

( C N 3 H 6 ) 2 [ ( C H 3 ) 2 A s M o 4 0 1 4 ( O H ) ] . H 2 0 , WITH THEIR 

ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Mo(l) 

M o (2) 

M o (3) 

M o (4) 

As 
O(l) 

0(2) 

0(3) 

0(4) 

0(5) 

0(6) 

0(7) 

0(8) 

0(9) 

O(10) 

O(ll) 

0(12) 

0(13) 

0(14) 

0(15) 

0(16) 

C(l) 

C(2) 

C(3) 

C(4) 

N(l) 

N(2) 

N(3) 

N(4) 

N(5) 
N(6) 

X 

1896(2) 

3606 (2) 

1720(2) 

-32(2) 

-367(2) 

3744(16) 

4120(22) 

5407 (20) 

2458(15) 

2546(16) 

3508 (20) 

737(19) 

683(16) 

807(18) 

-298(16) 

-2029(17) 

-67(15) 

2752(18) 

1175(19) 

1205(15) 

4960(17) 

-348(37) 

-2220(27) 

6612(30) 

6446 (25) 

5352 (26) 

7651(31) 

6996 (25) 

6263 (24) 

7708 (22) 
5401 (23) 

y 

1989(2) 

-1073(2) 

-1161(2) 

1942(2) 

-1375(2) 

748(15) 

-2518(18) 

-764(19) 

952(14) 

-2190(15) 

-932(19) 

-2628(17) 

735(15) 

3671(17) 

-656(14) 

2197(17) 

2138(14) 

3723(18) 

2176(19) 

-703(15) 

2335(16) 

-3636(24) 

-623(26) 

6234(27) 

4093 (23) 

5770(23) 

5169(27) 

7738 (22) 

3873 (23) 

3476(21) 
4940 (22) 

z 

3202(1) 

3550(1) 

4458(1) 

4114(1) 

3413(1) 

3155(4) 

3180(5) 

3887 (5) 

3923 (4) 

3961 (4) 

4778 (5) 

4712(5) 

4629 (4) 

4282 (5) 

3920 (5) 

4153(5) 

3472 (4) 

3349(6) 

2654(5) 

3186(4) 

4434(5) 

3435(10) 

3063 (8) 

4634 (8) 

2942 (7) 

4392 (7) 

4841 (8) 

4691 (7) 

3374(7) 

2766 (6) 
2686 (6) 

T A B L E 4. FINAL TEMPERATURE FACTORS ( x l O 4 ) FOR 

(CN 3 H 6 ) 2 [ (CH 3 ) 2 AsMo 4 0 1 4 (OH)] . H 2 0 , WITH 

THEIR ESTIMATED STANDARD DEVIATIONS 

The ßij's are defined by : exp [ - (ßnh
2 + ß22k

2 + 

& 3 / 2 + 2 j M * + 2ßlzhl+ 2ß23kl)] 

this kind has sometimes been observed in crystals of isopoly-
and heteropoly acids and their salts,16»17) and is considered 
as one of their specific properties. T h e R value for R 3 was 
0.20, whereas that for R 3 was 0.21. Therefore the R 3 
space group was assumed to be the true one. After several 
cycles of refinement with isotropic temperature factors by 
the block-diagonal least-squares method using the U N I CS 
program,18) anisotropic temperature factors were applied for 
all the atoms; further refinements reduced the R value to 
0.16 ( £ = S | | F 0 | - | F C | | / S | F 0 | ) . All the cations and water 
of crystallization were located on the basis of the difference 
synthesis, and the structure was finally refined to i ? = 0 . 1 4 . 
Although the final R value is not low enough, this is because 
of the unsatisfactory quality of the crystal, as has been men­
tioned, and does not basically obviate the elucidated anion's 
structure. 

T h e atomic coordinates and temperature factors are 
listed in Tables 1 and 2. T h e final FQ-FC table is available 
at the Office of Chemical Society of J a p a n as Document 
No. 7930A. T h e atomic scattering factors were taken from 
Ref. 19, while the corrections of the effect of the anomalous 
dispersion for molybdenum and arsenic atoms were based 
on Ref. 20. T h e calculation was performed on a H I T A C 
8700/8800 computer at the Computer Center of the University 
of Tokyo. 

(CN3H6)2[(CH3)2AsMo^Ou(OH)] • H20. Preparation : 

Mo(l) 

M o (2) 

M o (3) 

M o (4) 

As 
O(l) 

0(2) 

0(3) 

0(4) 

0(5) 

0(6) 

0(7) 

0(8) 

0(9) 
O(10) 

O(ll) 

0(12) 

0(13) 

0(14) 

0(15) 

0(16) 

C(l) 

G (2) 

G (3) 

C(4) 

N(l) 

N(2) 

N(3) 

N(4) 

N(5) 

N(6) 

ßn 
48(2) 

46(2) 

54(2) 

46(2) 

45(2) 

64(17) 

184(29) 

68(23) 

38 (16) 

73(18) 

92 (24) 

106(23) 

65(17) 

80(20) 

56(17) 

56(19) 

46(16) 

45 (20) 

77 (22) 

31(15) 

54(18) 

107(48) 

79 (30) 

115(35) 

82 (27) 

120(32) 

183(42) 

100(30) 

94(28) 

69(23) 

88(26) 

ßn 
29(2) 

31(2) 

28(2) 

23(2) 

26(2) 

39(15) 

50(19) 

81 (22) 

37(15) 

39(15) 

93 (23) 

34(17) 

37(15) 

30(17) 

13(14) 

53(18) 

9(13) 

52(19) 

114(23) 

38(15) 

33(17) 

19(22) 

63 (27) 

54(28) 

51 (24) 

52 (25) 

62 (30) 

47 (24) 

79(25) 

55 (22) 

72 (24) 

ß33 

5(1) 
4(1) 

4(1) 

4(1) 

4(1) 

4(1) 

6(2) 

10(2) 

5(1) 

4(1) 

7(2) 

9(2) 

5(1) 

12(2) 

7(2) 

9(2) 

6(1) 

16(2) 

7(2) 

6(2) 

10(2) 

18(3) 

10(3) 

9(3) 

5(2) 

11(3) 

16(3) 

11(3) 

8(2) 

8(2) 

6(2) 

ßli 

6(2) 

12(2) 

11(2) 

10(1) 

-7(2) 

18(13) 

-22(19) 

-1(18) 

4(12) 

7(14) 

18(19) 

39(16) 

31(13) 

20(16) 

-13(13) 

22(15) 

2(12) 

17(17) 

15(19) 

6(13) 

-11(14) 

17(27) 

-10(24) 

45 (27) 

1(21) 

17(23) 

52 (30) 

-15 (22) 

-13(23) 

23(19) 

33(21) 

& 3 

5(1) 
4(1) 

3(1) 

3(1) 

2(1) 

11(4) 

20(6) 

1(5) 

3(3) 

5(4) 

-2(5) 

12(5) 

10(4) 

-12(5) 

-2(4) 

9(4) 

1(4) 

-3(5) 

8(5) 

3(3) 

2(4) 

10(11) 

0(7) 

-3(8) 

-1(6) 

-8(7) 

-24(10) 

-7(7) 

4(6) 

4(5) 

4(6) 

ß*3 

3(1) 

1(1) 

1(1) 

0(1) 
-1(1) 

1(3) 

0(4) 

4(5) 

-1(3) 

1(4) 

-3(5) 

2(4) 

1(4) 

-4(5) 

-1(4) 

-2(5) 

0(4) 

-2(6) 

7(5) 

-4(4) 

1(4) 

-2(7) 

-1(7) 

-4(8) 

0(6) 

-3(7) 

0(9) 

1(6) 

8(6) 

1(6) 

0(6) 

This compound was prepared according to the method 
described in Ref. 11. Found : C, 5 .41; H , 2 .51 ; N , 9.90; 
Mo , 45 .52%. Calcd for (CN 3 H 6 ) 2 [ (CH 3 ) 2 AsMo 4 0 1 4 (OH)] • 
H 2 0 : C, 5.54; H , 2.44; N , 9.68; Mo , 44.22%. 

Cyrstal Data: A colorless rectangular crystal with the 
approximate dimensions of 0.2 X 0.2 X 0.1 m m was used. 
T h e cell dimensions were obtained from twelve 20 values 
measured on a diffractometer with M o Kcc radiation. The 
crystal da ta for (CN 3 H 6 ) 2 [ (CH 3 ) 2 AsMo 4 0 1 4 (OH)] H 2 0 are : 
monoclinic P2j/c, a=8 .530(5) Â, £=8 .532(4) , £=30.121(15), 
£=95 .50(16)° , M . W . = 867.9, Z = 4 , Z>m=2.63 g cm"3 , Dx= 
2.64, / z = 4 1 . 0 c m - 1 . 

Data Collection: All the intensity measurements were 
performed on a Rigaku four-circle diffractometer with graph-
ite-monochromated M o Koc radiation. T h e conditions for 
the data collection were basically the same as those described 
above. T h e scan rate was 2° m i n - 1 in 20, and the scan 
range was determined according to this formula: a>= (1 .4+ 
0.6 tan0)°. A background count was made for 10 s at the 
end of each scan. Three standard reflections, monitored 
every 50 measurements, remained essentially constant during 
the da ta collection. T h e da ta were corrected for Lorentz 
and polarization effects. Absorption and extinction cor-
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Fig. 1. Stereoscopic view of the [GH3AsMo6021(H20)6]2- anion with vibrational 
ellipsoids drawn at the 30% probability level. (ORTEP Johnson, 1971) 

T A B L E 5. T H E BOND LENGTHS FOR THE ANION AND THE 

CATIONS IN (GN3H6)2[GH3AsMo6021(H20)6].6H20, 

WITH THEIR ESTIMATED STANDARD DEVIATIONS 

IN PARENTHESES .^i^-ofc) 

M O ( l ) - 0 ( l ) 
0 ( 2 ) 
0 ( 3 ) 
0 ( 4 ) 
0 ( 5 ) 
0 ( 6 ) 

As-O (1) 
G 

G ( l ) - N ( l ) 
G(2)-N(2) 

//A 
2.33(4) 
2.08(7) 
2.35(6) 
1.73(6) 
1.77(8) 
1.87(6) 
1.64(4) 
1.84(6) 
1.33(27) 
1.42(24) 

M o ( 2 ) - 0 ( l ) 
0(2) 
0 (7) 
0 (8) 
0 (9) 
O(50 

Mo ( 1 ) - M o (2) 
Mo (I ) - -Mo (20 

//A 
2.29(4) 
1.91(7) 
1.62(4) 
1.66(5) 
2.40(5) 
1.72(7) 
3.63(1) 
3.48(1) 

The prime refers to the transformation, (j>, z, x). 

rections were not applied. 5222 independent reflections 
with | F 0 | > 3 Ö - ( | F 0 | ) up to 20=60° were used for the com­
putation. 

Solution and Refinement of the Structure: The coordinates 
for the four independent molybdenum atoms were deduced 
from the Patterson map. All the remaining non-hydrogen 
atoms were located from the successive Fourier maps. A 
few cycles of refinement with individual isotropic temperature 
factors for all the atoms, followed by several further cycles 
of anisotropic refinement, resulted in a final R value of 0.091. 
The final coordinates and temperature factors are listed 
in Tables 3 and 4, while the FQ-Fe table is kept at the office 
of this Bulletin as Document No. 7930B. 

Descr ip t ion o f the Structure 
and D i s c u s s i o n 

(CNsHJ2[CH3AsMo,0?1(H2OJ6]-6H^O. The 
structure of the anion is illustrated in Fig. 1. The 
anion consists of six M o O e octahedra, which form 
a ring by alternate corner- and edge-sharing (the 
shared corner is 0 ( 5 ) and the shared edge is O ( l ) -
0 ( 2 ) ) , and a G H 3 A s 0 3 tetrahedron connected to the 
ring with its three oxygen atoms shared with the ring. 
The six molybdenum atoms are not coplanar and 
deviate from the best plane by about 0.4 Â, upward 
and downward alternately. Only M o ( l ) , Mo(2) , As, 
G, and the nine oxygen atoms coordinated to these 
molybdenum and arsenic atoms are crystallographically 
independent; the remaining par t of the anion is related 

/ .0(3)-Mo(l)-0(4) 82.5(2.3)° Z 0(8)-Ko(2)-0(9) 90.4(2.1)* 

/10(4)-Mo(l)-0(6) 107.4(2.4)° Z. 0(7)-Mo(2)-0(8) 102.7(2.2)* 

Z.0(3)-Mo(l)-0(6) 168.5(2.2)° Z 0(7)-Mo(2)-0(9) 166.6(1.8)° 

Fig. 2. The geometry of the terminal oxygen atoms 
around Mo(l) and Mo(2) in the [GH3AsMo6021-
(H20)6]2 _ anion. 

to the independent atoms by a three-fold axis which 
coincides with the As-G bond axis. The bond lengths 
in the anion and cations are listed in Table 5. I t 
is noteworthy that each molybdenum atom seemingly 
possesses three terminal oxygen atoms. However, for 
the reasons to be presented below, it is concluded that 
each molybdenum atom is surrounded not by three 
terminal oxygen atoms, but by two terminal ones and 
a water molecule. One of the reasons is concerned 
with the distances of the terminal M o - O bonds. As 
is illustrated in Fig. 2, the M o ( l ) - 0 ( 3 ) and M o ( 2 ) -
0 ( 9 ) distances are obviously longer than the other 
four terminal ones ( M o ( l ) - 0 ( 4 ) , M o ( l ) - 0 ( 6 ) , M o ( 2 ) -
0 ( 7 ) , and M o ( 2 ) - 0 ( 8 ) ) . The distances, 2.35 Â for 
M o ( l ) - 0 ( 3 ) and 2.40 Â for M o ( 2 ) - 0 ( 9 ) , are compa­
rable to the M o - O H 2 distances of 2.28 Â in MoÔ 3 -
2H2021> and of 2.33 Â in K 2 (Mo 2 0 5 (G 2 0 4 ) 2 (H 2 0) 2 ) . 2 2 ) 
The second reason is concerned with the arrangement 
of the oxygen atoms coordinated to the molybdenum 
atoms and the bond angles. In the present polyanion, 
the three terminal oxygen atoms occupy the mer 
position, whereas the mononuclear and binuclear oxo-
complexes of M o (VI) with three terminal oxygen atoms 
investigated thus far possess the oxygen atoms in the 

fac position.22»23) The angles between these three M o -
CD bonds are given in Fig. 2. I t is generally accepted 
that the repulsion between two terminal oxygen atoms 
always, without exception, causes fairly large O (ter­
minal) - M o - O (terminal) bond angles, ranging from 
101° to 108°,22'24) while the 0 ( t e r m i n a l ) - M o - H 2 0 
angle in K 2 ( M o 2 0 5 ( G 2 0 4 ) 2 ( H 2 0 ) 2 ) is reduced to 
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TABLE 6. BOND LENGTHS IN THE [(CH3)2AsMo4014(OH)]2-

ANION AND IN THE GUANIDINIUM CATIONS, G N 3 H 6 + , WITH 

THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

H&\) 

Fig. 3. The crystal structure of (CN3H6)2[CH3AsMo6-
0 2 1 (H 2 0) 6 ] -6H 2 0 viewed normal to a and b axes. 

85.500.22) Considering the fact that the 0 ( 3 ) - M o ( l ) -
0 ( 4 ) and 0 ( 8 ) - M o ( 2 ) - 0 ( 9 ) angles in the present 
anion are as small as the latter, 0 ( 3 ) and 0 ( 9 ) can 
be identified as water molecules without any risk of 
serious mistake. This assignment is also supproted 
by the fact that each molybdenum atom is coordinated 
by two terminal oxygen atoms in the eis position, 
which is the usual geometry not only in polyacids 
but also in mono- and binuclear oxo-complexes of 
Mo(VI ) . Trans terminal oxygens have been found 
only in d2 complexes, such as in (Mo0 2 (CN) 4 ) 4 - , 2 5 ) 
but not in Mo(VI ) complexes. 

Although there have been some reports concerning 
the coordination of water molecules to heteroatoms 
in polyanions and their substitution reactions,26»27) the 
present anion would seem to be one of the few examples 
of water molecules coordinating to addenda atoms, 
that is, molybdenums; another example is found in 
N a 3 [ P M o 9 0 3 1 ( H 2 0 ) 3 ] -TZH 2 0 . 2 8 ) 

The crystal structure is shown in Fig. 3, while select­
ed interionic distances are listed in Table 6. The 
anions, water molecules, and cations form a three-
dimensional network of hydrogen bondings. 

(CN3HJ2[(CHJ2AsM0iOu(OH)] -H20. Figure 
4 illustrates the structure of the [(CH3)2AsMo4-
0 1 4 ( O H ) ] 2 _ anion, which consists of four M o O e octa­
hedra joined to form a flat group of M o 4 0 1 5 , with 
two face-sharings (the shared faces are 0 ( 4 ) - 0 ( 8 ) -
O(10) and 0 ( l ) - 0 ( 4 ) - 0 ( 1 5 ) ) and two edge-sharings 
(the shared edges are 0 ( 4 ) - 0 ( 5 ) and 0 ( 4 ) - 0 ( 1 2 ) ) . 
A (GH 3 ) 2 As0 2 tetrahedron shares two oxygen atoms 
(0(10) and 0 (15 ) ) with the M o 4 0 1 5 moiety. The 
bond lengths and angles in the anion are listed in 
Tables 7 and 8. 0 ( 4 ) is common to all four octahedra, 
and the Mo(w)-0(4) ( w = l , 2, 3, and 4) bond lengths 
are noticeably large; the distance of M o ( 3 ) - 0 ( 4 ) is 
2.538 Â in the present work, one of the largest M o - O 
lengths recorded, so far as the author knows. Not 
many examples of face-sharing of octahedra, as is seen 
in the present anion, are known, either; other examples 

M o ( l ) - 0 ( l ) 
0 ( 4 ) 
0 (12) 
0 (13) 
0 (14) 
0 (15) 

M o ( 3 ) - 0 ( 4 ) 
0 ( 5 ) 
0 ( 6 ) 
0 ( 7 ) 
0 ( 8 ) 
0 (10) 

Mo (I)---Mo (2) 
Mo (2)—Mo (3) 
Mo (3) ..-Mo (4) 
Mo (4)-..Mo (1) 

G ( 3 ) - N ( l ) 
N(2) 
N(3) 

0 ( l ) - 0 ( 2 ) 
0 ( 3 ) 
0 ( 4 ) 
0 (13) 
0 (14) 
0 (15) 

0 ( 2 ) - 0 ( 3 ) 
0 ( 5 ) 
0 (15) 

O (3) - O (4) 
0 ( 5 ) 

O (4) - O (5) 
0 ( 6 ) 
0 ( 8 ) 
0 ( 9 ) 
0 (10) 
0 (12) 
0 (13) 
0 (15) 

O (5) - O (6) 
0 ( 7 ) 

G (1)...G (2) 
O(10). .-O(15) 

G (1)-O(10) 
0(15) 

G (2)-O(10) 
0(15) 

//A 
1.916(14) 
2.351(15) 
1.934(15) 
1.690(16) 
1.713(17) 
2.371(13) 

2.538(14) 
1.926(16) 
1.736(19) 
1.726(16) 
1.938(14) 
2.290(17) 

3.163(5) 
3.353(9) 
3.166(5) 
3.334(9) 

1.30(3) 
1.38(3) 
1.33(3) 
2.81(2) 
2.82(2) 
2.66(2) 
2.76(2) 
2.82(2) 
2.51(2) 
2.74(2) 
2.83(2) 
2.93(2) 
2.92(2) 
2.75(2) 
2.68(2) 
3.10(2) 
2.73(2) 
2.97(2) 
2.72(2) 
2.64(2) 
2.96(2) 
2.76(2) 
2.74(2) 
2.88(2) 
3.17(3) 
2.66(2) 
2.93(4) 
2.96(3) 
2.92(3) 
2.91(3) 

M o ( 2 ) - 0 ( l ) 
0 ( 2 ) 
0 ( 3 ) 
0 ( 4 ) 
0 ( 5 ) 
0(15) 

M o ( 4 ) - 0 ( 4 ) 
0 ( 8 ) 
0 ( 9 ) 
0(10) 
O ( l l ) 
0 (12) 

As-O (10) 
0(15) 
G( l ) 
G (2) 

G (4)-N(4) 
N(5) 
N(6) 

O(5) -O(10) 
0(15) 

0 ( 6 ) - 0 ( 7 ) 
0 ( 8 ) 

0 ( 7 ) - 0 ( 8 ) 
0(10) 

0 ( 8 ) - 0 ( 9 ) 
0(10) 
O ( l l ) 

0 ( 9 ) - 0 ( l l ) 
0 (12) 

O ( 1 0 ) - O ( l l ) 
0 (12) 

0 ( 1 1 ) - 0 ( 1 2 ) 
0 ( 1 2 ) - 0 ( 1 3 ) 

0(14) 
0 (15) 

0 ( 1 3 ) - 0 ( 1 4 ) 
0 ( 1 4 ) - 0 ( 1 5 ) 

//A 
1.960(14) 
1.720(17) 
1.709(19) 
2.369(15) 
1.911(16) 
2.326(15) 

2.407(15) 
1.912(15) 
1.696(15) 
2.298(13) 
1.732(15) 
1.939(14) 

1.642(15) 
1.665(15) 
1.930(20) 
1.924(25) 

1.34(3) 
1.35(3) 
1.33(3) 
2.75(2) 
2.81(2) 
2.76(2) 
2.80(2) 
2.88(2) 
2.98(2) 
2.72(2) 
2.52(2) 
2.89(2) 
2.72(2) 
2.81(2) 
2.97(2) 
2.76(2) 
2.77(2) 
2.81(2) 
2.77(2) 
2.83(2) 
2.72(2) 
2.93(2) 

are the M o 2 0 9 par t of the mannitol-molybdate com­
plex, H 2 Mo 2 0 9 G 6 H 8 (OH) 2 , 2 9 ) and the molybdocerate 
anion, [CeMo1 204 2]8- .3 0) 

Considering the fact that the distances of As-O 
(terminal) are generally smaller than those of the 
As -O (bridging) distances in pyroarsenic acids,31 >33>34) 
the A s - O (bridging) distances in the present anion are 
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0(11) 

3289 

0(14) 

Fig. 4. The structure of the [(GH3)2AsMo4014(OH)]2- anion. 
The vibrational ellipsoids are drawn at the 50% probability level. (ORTEP Johnson, 1971) 

Fig. 5. The crystal structure of (GN3H6)2[(GH3)2AsMo4014(OH)] H 2 0 viewed along b axis. 

rather short, with lengths comparable to the A s - O atom is located and what kind of role it plays in the 
(terminal) distances. The O - A s - O angles do not crystal. Barkigia et al. reported13) that I R absorption 
deviate significantly from the usual values in A s 0 4

3 _ is observed at 3615 c m - 1 in unhydrated tetrabutylam-
anions.32»34) monium salt; this absorption can be identified as 

I t is of interest to know where the unique hydrogen O - H stretching. They also reported that the anion 
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TABLE 7. BOND ANGLES IN THE [ ( G H 3 ) 2 A S M O 4 0 1 4 ( O H ) ] 2 - ANION AND IN THE GUANIDINIUM 

CATIONS WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

0 ( l ) - M o ( l ) - 0 ( 4 ) 
0(12) 
0(13) 
0(14) 
0(15) 

0 ( 4 ) - M o ( l ) - 0 ( 1 2 ) 
0(13) 
0(14) 
0(15) 

0 ( 1 2 ) - M o ( l ) - 0 ( 1 3 ) 
0(14) 
0(15) 

0 ( 1 3 ) - M o ( l ) - 0 ( 1 4 ) 
0(15) 

0 ( 1 4 ) - M o ( l ) - 0 ( 1 5 ) 
0 ( l ) - M o ( 2 ) - 0 ( 2 ) 

0(3) 
0 (4) 
0(5) 
0(15) 

O (2) -Mo (2) - O (3) 
0 (4) 
0 (5) 
0(15) 

O (4) -Mo (2) - O (4) 
0 (5) 
0(15) 

O (4) -Mo (2) - O (5) 
0(15) 

O (5)-Mo (2)-O (15) 
O (4) -Mo (3) - O (5) 

0 (6) 
0(7) 
0 (8 ) 
O(10) 

O (5) -Mo (3) - O (6) 

0/° 

76.3(5) 
145.0(6) 
99.5(6) 

101.7(7) 
70.6(5) 
75.3(5) 
92.5(6) 

161.4(6) 
90.2(6) 

101.7(6) 
98.8(6) 
81.3(5) 

106.1(7) 
97.2(6) 
90.2(6) 
99.2(6) 

100.1(6) 
75.1(5) 

145.9(6) 
71.0(5) 

106.2(7) 
163.6(6) 
102.3(7) 
91.6(6) 
90.0(6) 
98.9(7) 

161.3(6) 
76.9(5) 
72.0(4) 
82.3(5) 
72.5(5) 
90.8(6) 

163.3(6) 
73.9(5) 
68.4(4) 
96.7(7) 

O (5) -Mo (3) - O (7) 
0 (8) 
O(10) 

O (6) -Mo (3) -O (7) 
0 (8 ) 
O(10) 

O (7) -Mo (3) -O (8) 
O(10) 

O (8)-Mo (3)-O (10) 
O (4) -Mo (4) -O (8) 

0 (9) 
O(10) 
O ( l l ) 
0(12) 

O (8) -Mo (4) - O (9) 
O(10) 
O ( l l ) 
0(12) 

O (9)-Mo (4)-O (10) 
O ( l l ) 
0(12) 

O (10)-Mo (4)-O (11) 
0(12) 

O (11)-Mo (4)-O (12) 
O(10)-As-O(15) 

G(l) 
G (2) 

0(15)-As-G(l) 
G (2) 

G(l)-As-G(2) 
N( l ) -G(3)-N(2) 

N(3) 
N(2)-G(3)-N(3) 
N(4)-G(4)-N(5) 

N(6) 
N(5)-G(4)-N(6) 

0/° 

104.1(6) 
142.9(6) 
80.9(5) 

105.9(7) 
99.0(6) 

158.9(6) 
103.5(6) 
94.9(6) 
72.5(5) 
77.6(5) 
91.1(6) 
70.6(4) 

163.0(6) 
73.8(5) 
97.7(6) 
72.7(5) 

104.7(6) 
146.0(5) 
160.7(6) 
105.1(7) 
100.8(6) 
93.7(6) 
80.7(5) 
97.7(6) 

107.2(7) 
110.0(7) 
109.9(8) 
110.7(7) 
108.1(8) 
110.8(9) 
121.0(21) 
123.1(20) 
115.9(18) 
119.9(19) 
120.2(20) 
119.9(19) 

can not be neutralized by alkali; instead, it is directly 
decomposed. O n the other hand, a close contact of 
2.77(2) Â is observed between 0 ( 4 ) and the water 
molecule 0 ( 1 6 ) , which suggests a hydrogen bonding. 
These facts all together lead to the conclusion that 
0 ( 4 ) is, in fact, a hydroxyl group and is hydrogen-
bonded to 0 ( 1 6 ) . 

Guanidinium cations are almost flat triangles. The 
close contacts between nitrogen and oxygen atoms in 
the polyanions water molecules suggest probable hy­
drogen bondings (see Fig. 5). Table 9 lists the inter-
ionic distances less than 3 Â. 

T h e author wishes to thank Professor Yukiyoshi 
Sasaki of the University of Tokyo for his continual 
interest in the present work and for his valuable discus­
sions. Thanks are also due to Professor Hisao Kuroya 
and Dr. Keiji Matsumoto of Osaka City University 
for the use of a Philips automatic diffractometer. 
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The thermogravimetry and differential thermal analysis of VGIO in an argon stream were carried out. The 
products obtained by heating VGIO in an argon stream at various temperatures were examined by chemical 
analysis and X-ray analysis. Also, the reaction between VGIO and oxygen was examined in the same manner. 
When VGIO is heated in an argon stream, it decomposes above about 400 °G to form V 2 0 3 and VG13, 3VG10(s)-^ 
V203(s)+VCl3(s). Subsequently, the resulting VG13 disproportionates to form VG12 and VG14, 2VCl3(s)-^ 
VCl2(s)+VCl4(g). VGIO reacts with oxygen above about 120 °G to form V 2 0 5 and VG130, 6VC10(s) + 
302(g)-+2V205(s) + 2VCl30(g); this reaction is accompanied by the 4VC10(s) + 302(g)-+2V205(s) + 2Cl2(g) 
reaction. 

As regards the thermal decomposition of vanadium-
(III) chloride oxide(VGlO), McCarley and Roddy1) 
have examined the thermal stability of VGIO at a 
pressure of ca. 10~ 3 mmHg in the course of their in­
vestigation of the reduction of vanadium (V) trichloride 
oxide(VGlgO) with hydrogen, and have estimated that, 
when VGIO is heated, the 3 V C 1 0 = V 2 0 3 + V C 1 3 and 
6 V C 1 0 = 2 V 2 0 3 + V C 1 2 + V C 1 4 reactions probably oc­
cur simultaneously above 650 °G, although at a higher 
temperature the latter reaction should become rela­
tively more important since vanadium(I I I ) chloride 
(VGI3) becomes increasingly unstable with an increase 
in the temperature. Schäfer and Wartenpfuhl2) have 
briefly reported that, when VGIO is heated at a pres­
sure of 10~5 m m H g , the thermal decomposition of 
VGIO occurs above 620 °G. In addition to these 
reports, Oppermann 3 ) has reported that the thermal 
decomposition of VGIO, 7VC10( s )=2V 2 0 3 ( s ) + 
2VGl 2 ( s )+VGl 3 0(g ) , occurs above 600 °G; he has also 
given the equilibrium pressure of the above reaction 
in the temperature range of 750—850 °G, based on 
vapor-pressure measurements by a static method using 
a Bourdon-type sickle gauge. As has been mentioned 
above, the thermal decomposition of VGIO was not 
clarified. Also, there has been no report on the reac­
tion between VGIO and oxygen. 

In this paper, the thermal decomposition process 
of VGIO in an argon stream and the reaction process 
between VGIO and oxygen will be revealed. 

E x p e r i m e n t a l 

The VGIO used was obtained by heating vanadium (IV) 
chloride oxide (VG120) at 370 °G in an argon stream, based 
on the results of a previous investigation concerning the 
disproportionation of VG120 ;4) it was confirmed to be VGIO5) 
by X-ray analysis. The chemical analysis gave V, 49.8; 
Gl, 34.6% (Galcd for VGIO: V, 49.75; Gl, 34.62%). VG13 

was obtained by the thermal decomposition of VG14, which 
had been prepared by the reaction between vanadium (V, 
99.8% up) and chlorine at 500 °C,6> at 180 °G in an argon 
atmosphere;7) it was confirmed to be VG13

8> by X-ray analysis. 
The chemical analysis gave V, 32.4; CI, 67.6% (Galcd for 
VG13: V, 32.38; Gl, 67.62%). The oxygen was dried by 
passing it through coned sulfuric acid and over phosphorous-
(V) oxide. 

The sensitivity of the quartz helix used for the thermo-

gravimetry(TG) was approximately 67 mm/g. 0.15—0.20 g 
of the sample was heated at a rate of 2.5 °C/min. The 
flow-rate of argon or oxygen was maintained at 50 cm3/min. 
The differential thermal analysis (DTA) was performed in 
an argon stream at the same heating rate for TG. a-Al203 

was used as a reference. 
The X-ray analysis of the solid sample was performed 

using Ni-filtered Gu radiation. The sample chamber of 
the diffractometer was maintained under a dry nitrogen 
atmosphere to prevent the contamination of the sample 
with moisture in the air during the irradiation. 

The products obtained by heating VGIO in an argon 
stream at various temperatures were examined by the fol­
lowing procedures. The sample ( 1.0 g) in a quartz boat 
(60 mm length, 13 mm width, 7 mm depth) was placed in 
a straight reaction tube (16 mm i.d.) with a water-cooled 
condenser. Argon was introduced into the reaction tube 
at a flow-rate of 50 cm3/min. The sample part was then 
placed in the centre of an electric furnace (300 mm in heating 
length) maintained at a specified temperature for a specified 
period. The temperature of the sample part was controlled 
to within ± 2 °G. 

The products obtained by heating VGIO in an oxygen 
stream at various temperatures were examined in the manner 
described above, except that oxygen was introduced into 
the reaction tube instead of argon at the same flow-rate as 
that of argon. 

The liquid product (VG14 or VG130) was collected in a 
trap cooled in solid carbon dioxide through the condenser. 
The chlorine formed was absorbed in a KI solution through 
the trap and was determined by iodometry. The total 
amount of chlorine formed during the reaction was determin­
ed by adding the above value and the amount of chlorine 
dissolved in the liquid product in the trap cooled in solid 
carbon dioxide.9'10) The determination of the amount of 
chlorine dissolved in the liquid product will be described 
later. 

The chemical analysis of solid and liquid products was 
performed as follows. The vanadium content in the sample 
was determined by chelatometric titration,11) while the chlo­
rine content was gravimetrically determined as AgCl after 
dissolving the sample in dilute nitric acid. When the sample 
contained vanadium chloride, the chloride oxide, and the 
oxide, the water-soluble chloride (VG12, VG13) was dissolved 
in water and filtered, and the water-insoluble residue (V203, 
unreacted VGIO) was dissolved in dilute nitric acid. The 
vanadium and chlorine contents in the both solutions were 
determined as has been described above. 

The amount of chlorine dissolved in the liquid product 
in the trap cooled in solid carbon dioxide was determined as 
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TABLE 1. THERMAL DECOMPOSITION PRODUCTS OF VClO IN AN ARGON STREAM 
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Fig. 1. TG and DTA curves of VGIO in an argon 
stream. 

follows. After the reaction was over, the liquid product 
was allowed to warm to room temperature in an argon 
atmosphere in order to liberate the chlorine from the liquid 
product. The liberated chlorine was absorbed in a NaOH 
solution. A small amount of the liquid product which 
vaporized during the above procedure was also absorbed 
in the NaOH solution. The total amount of chlorine in 
the NaOH solution was gravimetrically determined as AgCl, 
while the vanadium content in the NaOH solution was 
also determined by chelatometric titration. From the vana­
dium content, the amount of the liquid product absorbed 
in the NaOH solution was calculated. The amount of 
chlorine dissolved in the liquid product was calculated by 
subtracting the amount of chlorine corresponding to the 
liquid product absorbed in the NaOH solution from the 
total amount of chlorine in the NaOH solution. Also, the 
total amount of the liquid product formed was corrected 
by adding the amount of the liquid product absorbed in 
the NaOH solution to the amount of the liquid product 
in the trap. 

Throughout this work, the chlorides and chloride oxides 
of vanadium were handled in an argon atmosphere or in 
vacuo to prevent any contamination with moisture. 

R e s u l t s and D i s c u s s i o n 

Thermal Decomposition Process of Vanadium (III) Chloride 
Oxide in an Argon Stream. The T G and D T A 
curves of VGIO in an argon stream are shown in Fig. 1. 

The T G curve showed that VGIO gradually lost 
weight above about 400 ° G The samples heated up 
to Point a (420 °G), Points b (500 °G) and c (600 °G), 
Point d (700 °G), and Point e (800 °G) in Fig. 1 were 
found by X-ray analysis to be VGIO, a mixture of 
vanadium(III) oxide(V203)12> and unreacted VGIO, 
a mixture of V 2 0 3 , VC12,

13> and unreacted VGIO, 
and a mixture of V 2 0 3 and VG12, respectively. A 
weak exothermic effect followed by an endothermic 
peak was observed in the D T A curve. The weight 
loss at Point e in Fig. 1 was 31.4%. This value was 

0 100 300 400 500 600 700 

Temperature/°C 

Fig. 2. TG and DTA curves of VG13 in an argon 
stream. 

in good agreement with the calculated value, 31.37%, 
based on the assumption that the 3VC10(s)—>V203(s) + 
VGl3(s) and 2VCl 3(s)^VCl 2(s)+VCl 4(g) 1 4- 1 7> reactions 
occur when VGIO is heated. However, VG13 was 
not observed by X-ray analysis. 

Then, the products formed by heating VGIO at 
various temperatures for a specified period were ex­
amined by chemical analysis and X-ray analysis. The 
results are shown in Table 1. The amount of each 
product is shown as a weight percentage of the product 
to the initial weight of VGIO. 

The results showed that a small amount of VG13 

was formed as a solid product, in addition to V 2 0 3 

and VG12, at 420 °G. The gaseous product formed 
was confirmed to be VG14. Also, the formation of 
small amounts of VG13 and chlorine outside the heating 
zone was considered to be due to the thermal decom­
position of the gaseous VG14 formed, 2VGl4(g)-^ 
2VGl3(s)+Gl2(g),1 8) since the molar ratio of the 
amount of VG13 to that of chlorine was calculated to 
be approximately 2 : 1 . 

From the above-mentioned results, the solid products 
on heating VGIO were found to be V 2 0 3 , VG12, and 
VG13. Among these products, VG13 is unstable on 
heating. It has been reported that, when VG13 is 
heated, the disproportionation, 2VCl3(s)-VVCl2(s) + 
VGl4(g), occurs above 380 °C,14> 400 °C,15> 425 °C,16> 
or 450 °C17> 

T o confirm the disproportionation of VG13, the fol­
lowing experiments were carried out. 

The T G and D T A curves of VG13 in an argon stream 
are shown in Fig. 2. The T G curve showed that 
VC13 gradually lost weight above about 350 °G. The 
sample heated up to Point a (700 °G) in Fig. 2 was 
found by X-ray analysis to be VG12. The weight 
loss at Point a was 6 1 . 3 % . This value was in good 
agreement with the calculated value, 61.27%, based 
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TABLE 2. REACTION PRODUCTS BETWEEN VGIO AND 

OXYGEN A T VARIOUS TEMPERATURES 
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Fig. 3. TG curve of VGIO in an oxygen stream. 

on the disproportionation of VG13, 2VCl3(s)->VCl2(s) + 
VGl4(g). Also, the gaseous product was confirmed 
to be VG14 by the chemical analysis of the product 
obtained outside the heating zone by heating VC13 

(1.0 g) in an argon stream at 600 °C for 1 h. 
From these results, it is clarified that VG13 dispro-

portionates above about 350 °G with an endothermic 
effect, according to the 2VCl3(s)-Vv

rCl2(s)+VCl4(g) 
reaction. 

Considering the above-mentioned results, it is found 
that, when VGIO is heated in an argon stream, the 
3VC10(s)—>V203(s)+VCl3(s) reaction occurs above 
about 400 °G. Subsequently, the resulting VG13 dis-
proportionates according to the 2VCl3(s)-»VCl2(s) + 
VGl4(g) reaction^ since the disproportionation of VG13 

occurs as early as about 350 °G. 
The exothermic effect observed in the D T A curve, 

shown in Fig. 1, is considered to be due to the 
3VG10(s) -^V 2 0 3 ( s )+VCl 3 ( s ) reaction, since the dis­
proportionation of VG13 is accompanied by an endo­
thermic effect. I t was considered that the observed 
exothermic effect was very weak, because the 
3VG10(s)-^V203(s) +VGl 3 (s) reaction proceeded 
slowly at the lower temperature and was accompanied 
by the disproportionation of the resulting VG13, with 
an endothermic effect. 

As has been mentioned above, Oppermann 3) has 
reported that the thermal decomposition, 7VC10(s)—> 
2 V 2 0 3 ( s ) + 2 V G l 2 ( s ) + V C l 3 0 ( g ) , occurs when VGIO 
is heated in a sealed tube. O n the other hand, the 
formation of VG1 3 0 was not observed on heating 
VGIO in an argon stream. It may be considered 
that the VC1 3 0 was formed by the reaction between 
unreacted VGIO and gaseous VC14,

2> which had itself 
been formed via the thermal decomposition of VGIO, 
as has been revealed in this work. 

Reaction Process between Vanadium (III) Chloride Oxide 
and Oxygen. The T G curve of VGIO in an oxygen 
stream is shown in Fig. 3. 

The results showed that VGIO reacted with oxygen 
before decomposing and that the reaction proceeded 
rapidly above about 200 °G. The sample heated up 
to Point a (250 °G) was found by X-ray analysis to 
be a mixture of vanadium (V) oxide (V205)19> and a 
small amount of vanadium(IV) oxide(V02).2 0) 
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T o obtain more detailed information on the reaction 
between VGIO and oxygen, the products formed by 
heating VGIO for a specified period at various temper­
atures in an oxygen stream were examined by X-ray 
analysis and chemical analysis. 

At 110 °G, no reaction product was observed. The 
reaction products obtained at various temperatures 
above 120 °G and their weight percentages relative 
to the initial VGIO were determined by chemical 
analysis and X-ray analysis.5'19'20) The results are 
shown in Table 2. 

These results indicate that the reaction between 
VGIO and oxygen proceeds above about 120 °G. 
V 2 0 5 , VC1 3 0, and a small amount of chlorine were 
formed below 170 °G. Above 190 °G, V 0 2 was also 
formed in addition to these products. 

The most stable oxide phase of vanadium under 
the conditions of this work is V205 ,2 1) and, as is shown 
in Table 2, V 0 2 was not formed below 170 °G. 
However, the formation of V 0 2 in addition to V 2 0 5 

was observed above 190 °G. As is shown in Table 
2, the reaction between VGIO and oxygen proceeded 
markedly above 190 °G to form a large amount of 
gaseous VG1 30. Consequently, the concentration of 
oxygen decreased temporarily in the neighborhood of 
the sample VGIO in the boat. Under such a low 
concentration of oxygen, the oxidation of VGIO has 
been thought to yield V 0 2 . Then, the solid products 
obtained by heating VGIO (0.25 g) at 200 °G under 
various flow-rates of oxygen for 0.5 h were examined. 
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The results are shown in Table 3. 
From the results, it was observed that V 0 2 was 

not formed under a high flow-rate of oxygen. This 
confirms the above consideration of the formation of 

vo2. 
Based on the experimental results presented above, 

the reaction process between VGIO and oxygen will 
now be discussed. 

The experimental results for the reaction products 
between VGIO and oxygen at various temperatures, 
shown in Table 2, showed that V 2 0 5 and VG1 30 
were the main products. This fact was considered 
to indicate that the main reaction which occurred 
upon heating VGIO in an oxygen stream was 

6VdO(s) + 302(g) -> 2V205(s) + 2VGl30(g). (1) 

The reactions which possibly gave the chlorine (in 
Table 2) were considered to be 

4VG10(s) + 302(g) -> 2V205(s) + 2Gl2(g) (2) 

and the reaction between gaseous VG1 30 formed by 
Reaction 1 and oxygen, 

4VGl30(g) + 3 0 2 ( g ) ^ 2V205(s) + 6Cl2(g).22> (3) 

It has previously been reported that Reaction 3 
does not proceed below 400 °G.22) The present 
authors also confirmed that Reaction 3 began at about 
400 °G and proceeded almost completely above about 
700 °G. O n the basis of these results, the formation 
of a small amount of chlorine obtained by heating 
VGIO in an oxygen stream was considered to be due 
to Reaction 2. 

Based on the assumption that the formation of 
chlorine was due to Reaction 2, the amount of V 2 O s 

formed by Reaction 2 was calculated from the amount 
of chlorine formed (in Table 2). The molar ratio 
of the amount of VG1 30 to the amount of V 2 0 5 obtain­
ed by subtracting the amount of V 2 0 5 formed by 
Reaction 2 from the total amount of V 2 0 5 formed was 
calculated to be approximately 1 : 1 . In this calcula­
tion, the amount of VO2 formed was converted into 
that of V 2 0 5 on the assumption that V O a was oxidized 
to V 2 0 5 . These results confirmed that the main reac­
tion which occurred when VGIO was heated in an 
oxygen stream was Reaction 1 and that this reaction 
was accompanied by Reaction 2. 

The above-mentioned results reveal that VGIO reacts 

with oxygen above about 120 °G according to Reaction 
1 and that this reaction is accompanied by Reaction 
2. As a result, V 2 0 5 (under a low concentration of 
oxygen, V 0 2 is formed in addition to V a 0 5 ) , VG1 30, 
and a small amount of chlorine are formed. 
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A Proton Conductive Coordination Polymer. I. [iV,iV/-Bis(2-hydroxyethyl)-
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In a family of catena-ii-N,N'-àis\ihsût\iteà di thiooxamidocopper(II) complexes which have been assumed as 
two-dimensional coordination polymers, one complex with H O G 2 H 4 - substituents is an electronic conductor 
as well as others, and also a protonic conductor uniquely. T h e latter property was proved both by spectroscopic 
detection of the hydrogen molecules evolved from d.c. electrolysis of pressed pellets of the powder specimen and 
by observation of the anomalous increase (three orders of magnitude) of the electric conductivity as an effect of 
103 Pa of H 2 0 or D 2 0 vapor on the dehydrated specimen in an evacuated conductivity cell. A novel conduc­
tion mechanism was suggested for such a solid system with both conjugated double bonds and extended hydrogen 
bonds. 

T h e [A^iV' -d isubs t i tu ted d i t h i o o x a m i d o ] c o p p e r ( I I ) 
complexes , a b b r e v i a t e d as R 2 - d t o a - C u ( e a r l i e r as R -
D T O A - C u ) , 1 ) h a v e b e e n r e g a r d e d as t w o - d i m e n s i o n a l 
p o l y m e r s f rom severa l e x p e r i m e n t a l facts 1 '2> as s h o w n 
in F ig . 1. T h o s e c o p p e r c o n t a i n i n g p o l y m e r s w i t h 
a p a i r of C H 3 - , C 6 H 5 C H 2 - , C 6 H n - , C 1 2 H 2 5 - r ad i ca l s 
as t h e t w o subs t i t uen t s o n t h e t w o n i t r o g e n a t o m s of 
a d i t h i o o x a m i d e m o l e c u l e a r e t h e a m o r p h o u s semi­
c o n d u c t o r s in w h i c h t h e de loca l i zed e lec t rons o n t h e 
t w o - d i m e n s i o n a l a t o m i c n e t w o r k c o n s t r u c t e d f rom 
c a r b o n , n i t r o g e n , sulfur, a n d c o p p e r a t o m s t a k e p a r t . 

A n a n o m a l o u s t i m e d e p e n d e n c e of e lec t r ic con ­
d u c t i v i t y of ( H O C 2 H 4 ) 2 - d t o a - C u is o b s e r v e d w h i c h 
impl ies a p a r t of t h e c o n d u c t a n c e a t least o r i g i n a t e d 
f rom t h e c h a r a c t e r i s t i c b e h a v i o r of t h e h y d r o x y l p r o ­
tons . T h e p r o t o n c o n d u c t i o n i n solid h a s r e c e n t l y 
a t t r a c t e d a t t e n t i o n f rom t h e v i e w p o i n t of b o t h p u r e 
a n d a p p l i e d sc i ences ; 3 - 7 ) as a c o n s e q u e n c e a few c o m ­
p r e h e n s i v e rev iews h a v e b e e n publ ished. 8> 

I n this r e p o r t w e t r y to p r o v e t h e p r o t o n c o n d u c t i o n , 
a n d p r o p o s e a possibi l i ty of a nove l m e c h a n i s m of 
t h e c h a r g e t ransfer in solid w h i c h is a t t r i b u t e d to 
t h e c o o p e r a t i o n of e lec t rons a n d p r o t o n s d u e t o t h e 
specific s t r u c t u r e of t h e c o m p o u n d . 

E x p e r i m e n t a l 

Materials. Ligand, iV,iV /-bis(2-hydroxyethyl) dithio­
oxamide, abbreviated as (HOG 2 H 4 ) 2 -d toa-H 2 , was of a 
commercial preparat ion, purified by recrystallization from 
distilled water. Copper (II) sulfate pentahydrate of reagent 
grade was recrystallized from distilled water. T h e coordina­
tion polymer was precipitated by addition of 5 % ligand 
ethanol solution to a lukewarm copper aqueous solution with 
stirring, followed by washing several times with distilled 
water and ethanol alternatively. T h e gelatinous precipitate 
was centrifugated and dried in an evacuated desiccator. 
T h e analytical values will be discussed in detail later. 

Measurements of Conductance. T h e measurements were 
made on the pressed disk (13 m m diameter X 1.5—2.0 m m 
thick) prepared in a press and a die at 1.3 X 108 Pa for 30 s. 
Electrical leads were silver pasted on the disk from the both 
sides with an area of 0.7—0.8 cm2 . T h e measurements were 

t Present address: Tra ining Institute for Environmental 
Pollution Control, Tokorozawa 526, Sai tama 359. 

** Present address: Osaka Ti tan ium Co., Ltd. , Amaga-
saki, Hyogo 660. 

carried out in a cell which could be evacuated to 10~? Pa 
and kept the blank value of resistance more than 1017 £1. 
In order to improve an electrical insulation, the electrical 
leads for the electrodes entered the cell through Teflon plugs 
(a). A vacuum tight of the Teflon plugs to the metal plate 
and to the brass bolts (d) was made with O-rings(b) and 
with O-stat-seals 660(c), respectively, as shown in Fig. 2. 
T h e other leads for a thermocouple and a heater were con­
nected to hermetic seals on the plate. 

After installation of the specimen in position the cell was 
evacuated and flushed with nitrogen several times to remove 
the gas molecule such as H 2 0 adsorbed on the specimen, 

Fig. 1. The two-dimensional molecular model of 
copper acetate Type R 2-dtoa-Cu. For simplicity, 
substituents R on nitrogen atoms are omitted. See 
Ref. 2. 

Fig. 2. Teflon plug of high resistance conductivity 
cell, a) Teflon plug, b) O ring, c) stat-O-seal 660 
(Manuf. by Parker Seal Company, U.S.A.) , d) brass 
bolt. 
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Fig. 3. Electrolysis cell and vacuum line for gas 
identification by atomic spectra, a) Geisler tube 
operated by neon trans (6000 V, 60 Hz), b) gas 
trap at 77 K, c) spectrograph. 

before admitting dry nitrogen of 104 Pa as heat conductor 
for temperature control. In addition to nitrogen, H 2 0 or 
DaO vapor of 103Pa was introduced for confirmation of 
effects of water vapor. 

For electrolysis the three pellets were connected in parallel 
in an evacuated cell (Fig. 3) and d.c. (6.8 x l O - 1 C) was 
passed under 300—500 V for 170 h. After the procedure 
mentioned above, the gas in the vessel was transported to 
the Geissler tube(a) in Fig. 3 through a 77 K trap(b) to 
remove leaked gases, HaO and C0 2 , if any. By application 
of an a.c. voltage (6000 V, 60 Hz) an atomic spectrum was 
taken on a photographic film (Fuji SSS) with a spectrograph 
(Shimadzu-OC-50) using a mercury lamp as a calibration 
source. The blank test was performed for the same processes 
without the application of the d.c. voltage. 

DTA and TGA measurements were carried out simul­
taneously by a derivatograph (Rigakudenki 8002) with a-
A1203 as a reference, at a rate of temperature rise of 5 °C/min. 

R e s u l t s a n d D i s c u s s i o n 

Chemical Constitution and the Structure. Analysis 
of (HOC2H4)2-dtoa-Cu, Found: C, 25.7; N, 9.77; 
H, 3.91; Cu, 23.0%. And a weight loss in T G A 
up to 150 °C; 3 .3%. In the light of the coordination 
chemistry, the constitutional formula of (HOC 2 H 4 ) 2 -
dtoa-Cu is proposed as Cu((HOC 2 H 4 ) 2 -d toa) 0 985-
( O H ) 0 0 3 ( O H 2 ) 0 5 : Calcd for the constituents: C, 25.7; 
N, 9.99; H , 3.97; Cu, 23.00; H 2 0 , 3.26%. These 
values are in excellent agreement with each other 
except those for nitrogen. The discrepancy is not 
serious for the proposed formula, as the nitrogen atom 
coordinated directly to copper ion has a tendency 
to result in a lower value in the analysis than expected. 
The other homologous complexes R2-dtoa-Gu's are 
assumed to have a two-dimensional structure of sheet 
polymer on the basis of several experimental facts.1»2) 
Assuming the same two-dimensional structure for this 
compound, the nonstoichiometric 0.03 mol hydroxide 
in the formula suggests that the molecules were ter­
minated by coordination of two of O H instead of 
(HOC2H4)2-dtoa at some parts of the edge of the 
sheet polymer. One half mole of O H 2 is assumed 
to be the coordinated water on copper(II) ions as 
the water is not removed even in an evacuated desic­
cator but is lost at the temperatures up to 150 °G as 
observed in the T G A analysis. 

From I R study of the complex in KBr pellets the 
following results were obtained; 1) no peak between 

0 10 20 

*/min 

Fig. 4. Time decrease(%) of conductivity, at a) 22 °C, 
b) 50 °C, and c) 78 °C. 
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Fig. 5. Effects of temperature on specific conductivities 
for both ae and #£. O : ae> # : ^H-

4000 and 3400 cm" 1 and 2) a broad intense band around 
3340 c m - 1 with a half-value width of ca. 400 c m - 1 . 
These results suggest the followings; 1) Free 
H O C H 2 G H 2 - , H 2 0 and/or - N H groups (which should 
indicate v0H at 3600 cm - 1 ) do not exist, 2) almost 
all nitrogen atoms separate protons for coordination 
to the copper ions, and 3) the H O G 2 H 4 - and H 2 0 
form inter- and/or intramolecular hydrogen bonds to 
the oxygen, nitrogen, or sulfur atoms, which are proved 
by the peak shifted to 3340 c m - 1 assigned to VOH—X. 
Provided that the macromolecules are the two-dimen­
sional sheets as mentioned before,1 >2> intermolecular 
hydrogen bonds would connect the parallel macro-
molecules on their both sides of the lamellar layer. 

Electric Conductivity. Figure 4 shows the typical 

time dependence of the electric current through the 
pellet of the specimen at applying d.c. voltage of 
32 V/1.5—2.0 mm. As shown in Fig. 4 the current 
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TABLE 2. NON-OHMIC BEHAVIOR IN (HOC2H4)2-dtoa-Cu, 

CONTRASTED WITH (C6H5CH2)2-dtoa-Cu 

Sample 
TeniD Ohm's law Applied 

deviation 

(HOC2H4)2-dtoa-Cu 

(C6H5CH2)2-dtoa-Cu 

°c 

f 22 
42 
64 

[ 79 

f 20 
57 
79 

% 

18 
18 
10 
8.3 

2.7 
1 
1 

V/cm 

1800 
1800 
1800 
1800 

1700 
1700 
1700 

The current values are taken at 30 s after applied 
voltage. 

"to" 

f/min 

Fig. 8. Effect of water vapor on the conductivity of 
(HOC2H4)2-dtoa-Cu. a) Vapor of H 2 0 (white circle), 
b) vapor of D 2 0 (black circle), c) contrasted with 
that of (C6H5CH2)2-dtoa-Cu. 

voltage relation deviates to higher current side at a 
higher voltage region as shown in Table 2 together 
with that of (C6H5CH2)2-dtoa-Cu for comparison; 
the deviations are expressed as a percentage, 100 
{io—ic)]i0 where i0 is the observed current and ic is 
that calculated from the initial slope assuming Ohm's 
law. 

In the case of trap-limited or ionic conduction, the 
current has non-Ohmic character and follows an eq. 
i=A sinh bV which has a non-linear character.9) The 
values for (HOC 2H 4) 2-dtoa-Cu in Table 2 support 
the proton conduction mechanism. 

Figure 8 illustrates the marked effects of water vapor 
(ca. 103 Pa) on the conductivity of the hydroxyethyl 
homologue and that of benzyl-substituted one for 
comparison. Conductivity of the former compound 
increases gradually by a factor of 103 in 2 h, whereas 
that of the latter increases only by 10%, levels off 
within 10 min and decreases to original value by re-
evacuation of the water vapor. As is shown in Fig. 

8, by a reevacuation the conductivity of the former 
rapidly decreases not to the initial but to 5 0 % of the 
initial value, probably because the crack of the pellet 
or the partial peeling of the cathode causes a decrease 
of the apparent conductivity. Introduction of deu-
terated water in the cell results in the slower increase 
of the conductivity than in the case of normal water. 
T h e difference between the effects of H 2 0 and D 2 0 
would be attributed to that in the diffusion coefficients 
of the water molecules in the pellets and in the mobil­
ities of H+ and D+ in an electric field through hydrogen 
bonds, although these data are not sufficient for quan­
titative analysis. The slow effects of water vapor 
imply that the increment of the current originates 
not only from the water molecules adsorbed on the 
surface of the pellets but also from that absorbed into 
the pellets. 

In order to confirm a proton conduction mechanism 
in (HOC 2H 4 ) 2 -dtoa-Cu complex, three pellets con­
nected in parallel were subjected to d.c. voltage (av. 
400 V) for 170 h, resulting in a charge flow of ca. 
0.7 G and a certain amount of electrolytically generat­
ed gas. From the spectrogram of the gas, H^ (486.1 
nm) medium line, H r (434.0 nm) very strong line, 
and H a (410.1 nm) weak line of Balmer series of hy­
drogen atom were assigned by comparison with the 
line spectra of mercury as a standard for wavelength 
determination. This fact proves directly the genera­
tion of hydrogen gas by applying d.c. voltage on the 
specimen. Now it became apparent that the generated 
hydrogen causes the cracks of the pellets and the 
peeling of the cathodes observed only in case of the 
(HOC 2H 4 ) 2 -dtoa-Cu compound. 

The experimental facts on this compound can be 
summarized as follows : 1 ) H 2 is generated at a cathode, 
2) the charge carrier other than electrons will be 
protons, and 3) the charge drift and the gas evolution 
seem to occur not only on surface but also in the inner 
part of the pellet as well. The third conclusion needs 
more consideration in detail. The pellet is an ag­
gregate of the microscopic amorphous grains, and 
the "inner part of the pellet" mentioned above could 
mean both the surface and the interior of the grain. 
However, they are indistinguishable because the surface 
of the grain and that of the two-dimensional amorphous 
macromolecule located inside behave almost in the 
same manner as far as the proton conduction mecha­
nism is concerned. 

In order to elucidate the hydrogen evolution at 
the location remote from the cathode, an appropriate 
mechanism should be proposed. The conventional 
mechanisms of electric conduction by linked chain 
of hydrogen bonds are reviewed and classified as 
follows:10) Type 1, through chains of hydrogen bonds 
jr-electrons drift without evolution of hydrogen gas 
to give rise the steady current as was proposed by 
Eley and his school for protein and amino acids.11) 
Type 2, a hydrogen bonded proton transfers from 
molecule A to molecule B sequentially followed by 
reorientation processes of the chain, that is, the molec­
ular rotation of B by which further transfer of the 
proton takes place from B to G through a newly formed 
hydrogen bond between them. The arrangement of 
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A, B, and C is more or less parallel to the electric field. 
In such case that the reorientation processes are ener­
getically difficult, the step could be substituted by 
the intramolecular proton migration. The transition 
of the mechanism from type 1 to type 2 at about 100 
°C was reported in the polyamides.12) T h e generation 
of molecular hydrogen at the locations other than 
cathode is hard to be explained by both the types. 

The (HOG 2H 4 ) 2 -dtoa-Cu specimen containing 
nonstoichiometric H 2 0 and O H " provides the several 
possible paths for the electric conduction due to either 
electrons or protons, or both (Fig. 9). T h a t is, the 
serial bondings <S-C-G-S-Gu> n , < N - C - C - N - C u } n , 
and { S - C - C - N - C u ) n in the framework of the macro-
molecule could operate as the pure :rc-electronic 
macroscopic conduction paths independently from the 
hydrogen bond chain. As the figure shows, a set of 
the complicated hydrogen bonds could be composed 
between - C 2 H 4 O H , coordinated water, nitrogen and 
sulfur of ligand molecules; the bonds could construct 
a) extended chains of the hydrogen bonds solely, and 

Fig. 9. The possible conduction paths by both electron 
and proton. Shaded circle, double circle, and triangle 
exhibit copper, sulfur, and nitrogen atoms respectively. 
White circles are OH and/or water molecule. All 
carbon atoms are abbreviated. Govalent bonds and 
coordinate bonds are represented by broad and 
narrow lines. Dotted lines are hydrogen bonds and 
the circled arrow exhibits an internal rotation of the 
hydroxyethyl group to transfer of hydrogen bond. 

b) mixed chains of the hydrogen bonds and the con­
jugate double bonds, both resulting the macroscopic 
paths. In case (a) the protons move to the cathode and 
are discharged there to evolve hydrogen molecules, 
whereas in case (b) the protons could be discharged 
at the contact points between the hydrogen bond chains 
and the conjugate double bond paths as well as at the 
metallic cathode. Especially the D-defect (doppel 
Besetzung) in the hydrogen bonds13) presents a probable 
opportunity of the H 2 generation in the interior of the 
specimen. M a n y studies14) on cooperative phenomena 
of H+-jump and e~-transfer in microscopic scale have 
been done as a kind of redox reactions in the liquid 
phases. Coexistence of conjugated double bonds and 
extended hydrogen bonds in solid phases makes a 
following conduction mechanism possible in macro­
scopic scales (type 3) ; the sequence of the proposed 
mechanism is shown in Fig. 10 by way of a simple 
example (peptide bonds), which is adoptable easily 
for any other systems with H+-bonds and conjugate 
7r-bonds. In this case neither the conduction band 
of TT-electrons in an extended hydrogen bond system 
(type 1) nor the molecular rotation mechanism with 
hydrogen evolution on the electrode (type 2) are needed. 
The cyclic sequence (1, 2, 3, and 4), type 3A, is that 
of no hydrogen evolution and of the time independence 
of the conductivity, whereas the other sequence ( 1, 2, 3, 
and 5), type 3B, is that of the hydrogen evolution on 
a positive electrode surface and/or in the interior of 
the solid. In type 3B the electric conduction path 
through hydrogen bonding chains will be bleached 
gradually. Consequently 3A mechanism allows the 
time independent par t of the whole electric current. 
Although some residual possibility of type 2 mechanism 
can not be ruled out, the hydrogen evolution from the 
interior of the specimen suggested by its cracking 
induces us to conclude the functioning of the type 
3B mechanism. At the present stage the type 3 mech­
anism is presented as a working hypothesis which 
should be ascertained quantum-mechanically and ex­
perimentally in future. 
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The crystal structure of ethylenediaminebis[2-(aminomethyl)pyridine]cobalt(III) hexacyanocobaltate(III) 
dihydrate, [Go(H2NGH2GH2NH2)(G5H4NGH2NH2)2][Go(GN)6]-2H20, has been determined by the X-ray 
diffraction method and subsequently refined by a block-diagonal least-squares method to give R=0.050 for 
5238 non-zero reflections. The crystals are triclinic with a space group PI ; «=9.034(2), £=17.267(2), c= 
8.395(2) Â, a=87.1(3), £=96.2(3), y= 104.6(3)°, and Z = 2 . The crystal is ionic, comprising the [Go(H2NGH2-
GH2NH2)(G5H4NGH2NH2)2]3+ cation and the [Co(CN)6]3- anion. The complex cation is a slightly distorted 
octahedron with three five-membered chelate rings in a lei conformation. The two pyridine nitrogen atoms 
occupy trans positions. Thus, the cation has an approximate twofold axis of rotation. The anion is also a 
distorted octahedron, with the coordination of GN~ through the carbon atom. The cobalt atoms of the anions 
occupy the special positions. Two cations in the unit cell are connected by these anions through hydrogen bonds 
to form a three-dimensional network typical of an ionic crystal. 

The cobal t(III) complexes of bidentate 2-(amino-
methyl)pyridine (2-picolylamine, abbreviated as pic) 
have been reported from the synthetic and spectro­
scopic points of view.1-5) In a previous investigation,4) 
a mixed-ligand complex, the ethylenediaminebis[2-
(aminomethyl)pyridine]cobalt(III) cation, [Co(en)-
(pic)2]3 + , was prepared and separated into all three 
possible geometrical isomers by means of a chroma­
tographic method. T h e structures were assumed from 
the elution order and the P M R spectra. In the present 
investigation, a crystal-structure analysis has been car­
ried out to confirm the previous assumption. One 
of the isomers has been selected in which two pyridine 
groups may occupy trans positions of the octahedron, 
and its hexacyanocobaltate(III) salt has been used. 

Exper imenta l 

The complex was prepared and separated by the previously 
reported method.4) Orange prismatic crystals were obtained 
by a diffusion method using aqueous solutions of the complex 
chloride and K3[Go(GN)6]. A crystal of 0.2x0.2x0.2 mm 
was selected, and the X-ray diffraction intensities were 
measured on a Philips PW 1100 four-circle automatic single-
crystal diffractometer with Mo KOL radiation monochromated 
by a graphite plate. The 0-20 scan technique was used 
at a scan rate of 0.0668°/s in 0 with a scan width of (0.90-f-
0.30 tan 0)°. The intensities of three reference reflections 
monitored every 2 h remained constant during the data 
collection. Of 5326 observed independent reflections mea­
sured up to 0=30°, 5238 with |F0|>3<7 were used for the 
structure analysis. No corrections were made for absorption 
and extinction effects (fir=0.14). The cell dimensions were 
obtained from the least-squares method, based on 14 20 
values. The crystal data are listed in Table 1. 

D e t e r m i n a t i o n a n d Ref inement 
o f the Structure 

The coordinates of the three cobalt atoms were 
determined from the Patterson m a p ; successive Fourier 
synthesis gave the approximate skeletal structure. T h e 
block-diagonal least-squares refinement was carried out 
based on 5238 non-zero reflections with the weight 

of 1.0 for \FQ\>3.5 and that of 0.5 for the others. 
The atomic scattering factors were taken from the 
International Tables for X-Ray Crystallography.6) 

At the beginning stage of refinement, both atoms 
of each cyano group were assumed to be carbon. 
After several cycles of refinement with isotropic tem­
perature factors, the R-value was 0.088. Anisotropic 
temperature factors were, then, introduced for all the 
non-hydrogen atoms. At this stage, if the coordination 
atom of each cyano group was assumed to be nitrogen, 
the i?-value was 0.073. O n the other hand, if it was 
carbon, the R-value was lowered to 0.058. It was 
thus concluded that the cyano groups coordinate 
through the carbon atoms. 

The positional parameters of all the hydrogen atoms 
except for those of the water molecules were calculated 
using sp2 and sp3 models. They were refined with 
the isotropic temperature factors fixed at 4.0 Â2. The 
final R-value was 0.050. 

The final atomic parameters are listed in Table 
2. T h e observed and calculated structure amplitudes 
are deposited with the Chemical Society of J a p a n 
(Document No. 7933). 

The refinement of the structure and the drawing 
of the thermal ellipsoids were carried out with HBLS-
IV7) and ORTEP 8 ) programs respectively. The other 
calculations were carried out with programs written 
by one of the present authors (M. S.). A F A C O M 
230-75 computer at the Computation Center of Nagoya 
University and a F A C O M M-160 computer at the 

TABLE 1. T H E CRYSTAL DATA 

[Go(H2NGH2GH2NH2) (C5H4NCH2NH2)2] [Go(GN)6] -
2H 2 0 

F. W.=586.39. 
Triclinic, PI . 
« = 9.034(2), 6 = 17.267(2), *=8.395(2)A, 
a = 87.1(3), £ = 96.2(3), y=104.6(3)°. 
F=1258Â3 . 
Z>x=1.547gcm-3 , Z = 2 . 
/ /=14 .2cm- 1 (Mo KOL radiation, ^=0.7107Â). 
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T A B L E 2a. FINAL ATOMIC PARAMETERS WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Thermal parameters are in the form: exp — (h2ß11-\-k
2ß22-\-l

2ß33-\-hkß12-\-hlß13-\-klß2Z). 

Values are multiplied by 104. 

Atom 

* Go(l) 
Go(2) 
Go(3) 
N(l) 
G(2) 
G(3) 

G(4) 
G(5) 
G(6) 
G(7) 
N(8) 

N(ll) 
G(12) 
G(13) 

G(14) 
G(15) 
G(16) 
G(17) 
N(18) 
N(21) 
G(22) 
G(23) 
N(24) 
G(101) 
N(101) 
C(102) 
N(102) 
G(103) 
N(103) 
G(201) 
N(201) 
G(202) 
N(202) 
G(203) 
N(203) 
0(lw)a> 
0(2w)a> 

X 

0 
1/2 

3388(1) 
1993(5) 
1827(6) 
832 (7) 
-32(7) 
110(7) 
1112(6) 
1369(7) 
2110(5) 
4527 (5) 
5703 (6) 
6414(7) 
5934 (7) 
4753 (7) 
4065 (6) 
2830 (7) 

2082 (5) 
4753 (5) 
6206(6) 
5751 (6) 
4799 (5) 
1962(6) 
3124(6) 
-275(6) 
-403(6) 
-800(6) 
-1231(6) 
4535(6) 
4222 (6) 
4189(6) 
3740 (6) 
3023 (7) 
1837(7) 
7335 (6) 

-1350(7) 

y 

0 
1/2 

2346(1) 
2806 (3) 
2781 (4) 
3149(4) 
3554(4) 
3570(4) 
3183(3) 
3170(4) 
2515(3) 
1771(3) 
2097 (4) 
1628(4) 

804(4) 
469 (4) 
964(3) 
643 (3) 
1276(3) 
3422 (3) 
3513(4) 
3090(4) 
2271(3) 
691 (3) 
1120(3) 
629(3) 
999(3) 
652 (3) 
1047(3) 
3905 (3) 
3245 (3) 
4790(3) 
4691 (3) 
5011(4) 
4988 (4) 
1556(4) 
4085(4) 

z 

0 
0 

5015(1) 
3579(5) 
1952(7) 
1045(7) 
1796(9) 
3449 (8) 
4309(7) 
6117(7) 
6634(6) 
6555 (5) 
7672 (7) 
8694 (7) 
8603 (8) 
7466(8) 
6465 (5) 
5164(8) 

4520 (5) 
5400 (5) 
4623 (7) 
3074(6) 
3436 (5) 
537 (6) 
948 (6) 

-1850(6) 
-3025(6) 
1267(6) 
2074(6) 
-470(6) 
-804(6) 
2021(7) 
3265(6) 

-1021(7) 
-1673 (8) 
4533 (6) 

-2260(9) 

Ai 

62(2) 
81(2) 
62(1) 
65(5) 
80(7) 
100(8) 
99(8) 
87(7) 
73(7) 
119(8) 
85(6) 
74(5) 
99(7) 
103(8) 
117(9) 
102(8) 
82(7) 
127(9) 

85(6) 
90(6) 
72(7) 
85(7) 
73(6) 
85(7) 
96(7) 
69(6) 
105(7) 
69(6) 
123(8) 
104(7) 
147 (8) 
92(7) 
140(8) 
106(8) 
121(8) 
194(9) 
205(11) 

#32 

17(1) 
16(1) 
16(1) 
17(2) 
27(2) 
35(3) 
39(3) 
31(3) 
24(2) 
34(3) 
23(2) 
20(2) 
28(2) 
38(3) 
40(3) 
26(2) 
21(2) 
18(2) 

20(2) 
19(2) 
24(2) 
29(2) 
21(2) 
20(2) 
32(2) 
22(2) 
33(2) 
21(2) 
34(2) 
22(2) 
24(2) 
17(2) 
29(2) 
24(2) 
44(3) 
75(3) 
65(4) 

/?33 

61(2) 
81(2) 
66(1) 
104(7) 
101 (8) 
115(9) 
201 (13) 
174(11) 
137(9) 
116(9) 
107(7) 
85(6) 
95(8) 
98(8) 
134(10) 
143(10) 
92(8) 
150(10) 

86(6) 
94(7) 
114(9) 
85(8) 
91(6) 
76(7) 
137(9) 
98(8) 
97(7) 
81(7) 
134(9) 
78(7) 
98(7) 
112(8) 
129(9) 
124(9) 
203(11) 
129(8) 
410(18) 

/?12 

12(1) 
24(1) 
16(1) 
14(5) 
21(6) 
27(7) 
67(8) 
48(7) 
29(6) 
61(7) 
20(5) 
24(5) 
40(7) 
55(7) 
73(8) 
41(7) 
20(6) 
30(6) 
14(5) 
22(5) 
-0(6) 
15(6) 
24(5) 
22(6) 
1(6) 
16(5) 
12(6) 
11(5) 
45(7) 
36(6) 
33(6) 
20(6) 
27(7) 
44(7) 
64(8) 
177(9) 
76(10) 

ßis 

7^2) 
5(2) 
6(2) 
9(9) 

13(12) 
-33(13) 
-2(16) 
45(14) 
38(12) 
70(14) 
44(10) 
15(9) 
-4(12) 
-30(13) 
29(14) 
52(14) 
41(11) 

-38(15) 

-15(10) 
14(10) 

19(12) 
33(11) 
3(9) 

26(11) 
30(12) 
19(11) 
6(11) 

-4(10) 
43(13) 
9(11) 

25(12) 
16(12) 
48(13) 
9(13) 

-54(15) 
62(13) 

-211(22) 

/?23 

ïw 
-2(1) 

-1(1) 
9(5) 
23(7) 
23(8) 
39(10) 
12(8) 
12(7) 

-19(8) 
5(6) 
11(5) 

-10(7) 
-5(8) 
42(8) 
30(7) 
5(6) 

-6(7) 
-10(5) 
-2(5) 
5(7) 
1(7) 

-2(5) 
-4(6) 

-39(7) 
6(6) 
28(6) 
-4(6) 
-31(7) 

3(6) 
-12(6) 
12(6) 
9(7) 

-4(7) 
-18(9) 
16(8) 

-177(12) 

a) Oxygen atoms of water molecules. 

T A B L E 2b. POSITIONAL PARAMETERS OF THE HYDROGEN ATOMS ( x l O 3 ) 

H(G2) 
H(G3) 
H(G4) 
H(G5) 
H(G7-a) 

H(G7-b) 
H(N8-a) 
H(N8-b) 
H(G12) 
H(G13) 
H(G14) 
H(G15) 

X 

250(9) 
76(9) 

-68(9) 
-47(9) 
37(9) 

211(9) 
143 (9) 
279 (9) 
601 (9) 
721(9) 
636(9) 
431(9) 

y 

252 (5) 
311(5) 
382 (5) 
388 (5) 
312(5) 

374 (5) 
208(5) 
264 (5) 
271(5) 
193(5) 
45(5) 

-14(5) 

z 

139(8) 
-18(8) 
114(8) 
407 (8) 
663 (8) 
651(8) 
680(8) 
771(8) 
778 (8) 
959(8) 
937 (8) 
738 (8) 

H(C17-a) 
H(G17-b) 
H(N18-a) 
H(N18-b) 
H(N21-a) 
H(N21-b) 
H(G22-a) 
H(G22-b) 
H(G23-a) 
H(G23-b) 
H(N24-a) 
H(N24-b) 

X 

214(9) 
334(9) 
117(9) 
192(9) 
427 (9) 
494(9) 
690 (9) 
674(9) 
661 (9) 
507 (9) 
542 (9) 
427 (9) 

y 

17(5) 
47(5) 
121(5) 
125(5) 
382 (5) 
353 (5) 
328 (5) 
409(5) 
302 (5) 
332 (5) 
197(5) 
201 (5) 

z 

557 (8) 
429(8) 
502 (8) 
344(8) 
493 (8) 
656(8) 
537 (8) 
455 (8) 
249 (8) 
227 (8) 
388 (8) 
246(8) 
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TABLE 3. BOND DISTANCES (//Â) AND ANGLES (<p/°) 

Go(3)-N(l) 
Go(3)-N(8) 
N(l)-G(2) 
N(l)-G(6) 
C(2)-C(3) 
G(3)-G(4) 
G(4)-G(5) 
C(5)-C(6) 
G(6)-G(7) 
G(7)-N(8) 

Go(3)-N(21) 
N(21)-G(22) 
G(22)-G(23) 

Go(l)-G(101) 
Go(l)-G(102) 
Go(l)-G(103) 
G(101)-N(101) 
G(102)-N(102) 
G(103)-N(103) 

G(2)-H 
G(3)-H 
G(4)-H 
G(5)-H 
G (7)-Ha 
G(7)-Hb 
N(8)-Ha 
N(8)-Hb 
N(21)-Ha 
N(21)-Hb 
G (22)-Ha 
G (22)-Hb 

N(l)-Go(3)-N(8) 
N(ll)-Go(3)-N(18) 
N(21)-Go(3)-N(24) 
Go(3)-N(l)-G(2) 
Go(3)-N(l)-G(6) 
G(2)-N(l)-G(6) 
N(l)-G(2)-G(3) 
G(2)-G(3)-G(4) 
G(3)-G(4)-G(5) 
G(4)-G(5)-G(6) 
N(l)-G(6)-G(5) 
N(l)-G(6)-G(7) 
G(5)-G(6)-G(7) 
G(6)-G(7)-N(8) 
Go(3)-N(8)-G(7) 

Go(3)-N(21)-G(22) 
N(21)-G(22)-G(23) 

G(101)-Go(l)-G(102) 
G(102)-Go(l)-G(103) 
G(101)-Go(l)-G(103) 
Go(l)-G(101)-N(101) 
Go(l)-G(102)-N(102) 
Go(l)-G(103)-N(103) 

1.938(4) 
1.953(4) 
1.360(7) 
1.356(7) 
1.372(8) 
1.386(9) 
1.381(9) 
1.380(9) 
1.510(8) 
1.480(7) 

1.974(4) 
1.498(7) 
1.490(8) 

1.892(5) 
1.881(5) 
1.902(5) 
1.150(7) 
1.158(7) 
1.147 (7) 

1.01(8) 
1.03(8) 
0.95(8) 
1.03(8) 
1.02(8) 
1.09(8) 
0.86(8) 
1.04(8) 
0.95(8) 
0.99(8) 
0.98(8) 
0.99(8) 

83.2(2) 
84.4(2) 
84.8(2) 

126.3(4) 
115.1(4) 
118.6(5) 
121.6(5) 
119.6(6) 
119.2(7) 
119.0(6) 
122.0(6) 
114.6(5) 
123.4(6) 
108.3(5) 
110.4(4) 

110.1(4) 
106.2(5) 

90.3(3) 
91.6(3) 
87.2(3) 

175.9(5) 
176.8(5) 
177.3(5) 

Go(3)-N(ll) 
Go(3)-N(18) 
N(ll)-G(12) 
N(ll)-G(16) 
G(12)-G(13) 
G(13)-G(14) 
C(14)-C(15) 
G(15)-G(16) 
G(16)-G(17) 
G(17)-N(18) 

Go(3)-N(24) 
N(24)-G(23) 

Go (2)-G (201) 
Go (2)-G (202) 
Go(2)-G(203) 
G(201)-N(201) 
G(202)-N(202) 
G(203)-N(203) 

G(12)-H 
G(13)-H 
G(14)-H 
G(15)-H 
G(17)-Ha 
G(17)-Hb 
N(18)-Ha 
N(18)-Hb 
N(24)-Ha 
N(24)-Hb 
N(23)-Ha 
G (23)-Hb 

N(l)-Go(3)-N(ll) 
N(8)-Go(3)-N(24) 
N(18)-Go(3)-N(21) 
Go(3)-N(ll)-G(12) 
Go(3)-N(ll)-G(16) 
G(12)-N(ll)-G(16) 
N(ll)-G(12)-G(13) 
G(12)-G(13)-G(14) 
G(13)-G(14)-G(15) 
G(14)-G(15)-G(16) 
N(ll)-G(16)-G(15) 
N(ll)-G(16)-G(17) 
G(15)-G(16)-G(17) 
G(16)-G(17)-N(18) 
Go(3)-N(18)-G(17) 

Go (3)-N (24)-G (23) 
N(24)-G(23)-G(22) 

G(201)-Go(2)-G(202) 
G(202)-Go(2)-G(203) 
G(201)-Go(2)-G(203) 
Go(2)-G(201)-N(201) 
Go(2)-G(202)-N(202) 
Go(2)-G(203)-N(203) 

1.953(4) 
1.961(4) 
1.364(7) 
1.354(6) 
1.371(8) 
1.381(9) 
1.381(9) 
1.380(8) 
1.493(8) 
1.476(7) 

1.966(4) 
1.494(7) 

1.882(5) 
1.903(5) 
1.900(6) 
1.144(7) 
1.150(7) 
1.141(8) 

1.04(8) 
1.04(8) 
0.98(8) 
1.03(8) 
0.96(8) 
1.01(8) 
0.94(8) 
0.90(8) 
0.90(8) 
0.97(8) 
1.00(8) 
0.99(8) 

171.7(2) 
174.8(2) 
176.8(2) 
127.0(4) 
114.4(4) 
118.5(5) 
121.6(6) 
119.7(6) 
119.1(6) 
119.3(6) 
121.8(5) 
116.0(5) 
122.1(5) 
110.3(5) 
111.4(4) 

109.1(4) 
107.3(5) 

92.8(3) 
90.6(3) 
87.3(3) 

177.6(5) 
177.3(5) 
176.9(6) 
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Data Processing Center of Kanazawa University were 
used. 

Descr ip t ion o f the Struct are 
a n d D i s c u s s i o n 

The crystal is ionic, comprising [Go(en)(pic)2]3 + and 
[Co(CN) 6 ] 3 - ions and water molecules. The ar­
rangement of the ions in the crystal is shown in Fig. 
1. The unit cell has two formula units, which are 
related to each other by an inversion center. T h e 
cobalt atoms of the cations occupy the general positions, 
while those of the anions occupy the special positions, 
(0, 0, 0) and (1/2, 1/2, 0), of the triclinic cell. 

The structure of the cation is shown in Fig. 2, together 
with the anisotropic thermal ellipsoids of the non-
hydrogen atoms. Each of the 2-(aminomethyl)pyri­
dine molecules acts as a bidentate ligand through 
the amino nitrogen and pyridine nitrogen atoms. 
The two pyridine nitrogen atoms are located at trans 
positions, while the two amino nitrogen atoms are 
at eis positions of the octahedron. The remaining 
two coordination positions are occupied by the ethyl-
enediamine nitrogen atoms. Thus, the cation has an 
approximate twofold axis of rotation through the cobalt 
atom and bisecting the G-G bond of ethylenediamine. 
This structural feature agrees with the assumption by 

©Co O N <§> 0 

Fig. 2. The structure of the cation with the anisotropic 
thermal ellipsoids of the non-hydrogen atoms at the 
50% probability level. 

TABLE 4. HYDROGEN BONDS 

D -

N(18) 
N(21) 
N(24) 
N(24) 
0 ( 2 w ) 
O ( l w ) 
N(8) 
N(8) 
N(18) 
N(21) 
O ( l w ) 
0 ( 2 w ) 

H • 

Hb 
Ha 
Hb 
Ha 
H 
H 
Ha 
Hb 
Ha 
Hb 
H 
H 

•• Aa> 

N(101)b> 
N(202) 
N(101) 
O(lw) 
N(203) 
NOOS)1 

N(102)u 

N(201)ii 

N(102)ii 

N(201)ü 
N(102)m 

N(202)iv 

a) D, Hydrogen donor; A, 
b) Key 

D-A (//Â) 

3.282 
3.020 
2.969 
2.913 
2.910 
2.836 
3.025 
2.833 
3.143 
3.262 
3.033 
3.402 

H-A (//A) 

2.50 
2.11 
2.04 
2.04 
— 
— 

2.17 
1.85 
2.24 
2.37 
— 
— 

Hydrogen acceptor. 
to symmetry operation: 

No mark 
i 
ii 
iii 
iv 

X 

\+x 
X 

\-\-x 

— x 

y 
y 
y 
y 

i -y 

z 
z 

l+z 
1 + z 

— z 

Fig. 1. Atomic arrangement in the crystal. Dashed 
lines exhibit hydrogen bonds. 

the previous investigation.4»5) 
Three five-membered chelate rings exhibit the lei 

conformation. The value of the dihedral angle between 
the N(21)G(22)G(23) and G(22)G(23)N(24) planes is 
51.2°. O n the other hand, those between the 
C(6)G(7)N(8) and N(1)C(6)G(7) planes and between 
the G(16)G(17)N(18) and N(11)G(16)G(17) planes 
give smaller values of 19.6° and 15.3° respectively. 
These values indicate that 2-(aminomethyl) pyridine 
nearly forms a plane in contrast to the usual gauche 
conformation of ethylenediamine. 

T h e bond distances and angles are listed in Table 
3. The coordination bond distances of the cation 
show an average value of 1.96 Â; the coordination 
bond angles in the chelate rings are smaller than 90° 
(average, 84°). These results are similar to those 
for [Co(en)3]3+.9> All the three coordination bond 
angles in trans positions of the octahedron deviate 
from 180°. Especially the N ( l ) - G o - N ( l l ) angle is 
considerably small (171.7°). Thus, the octahedron of 
the cation is distorted. 

The octahedral coordination in the anion is also 

file:///-/-x
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slightly distorted. The Go-G and G-N bond distances 
are normal,9) with the mean values of 1.89 and 1.15 Â 
respectively. The average value of the G o - G - N angles 
is 177°. 

The complex cations and anions are connected to 
one another through hydrogen bonds between amino 
and cyano nitrogen atoms, in addition through elec­
trostatic interactions. The water molecules are also 
hydrogen-bonded with these ions. These hydrogen 
bonds are summarized in Table 4 and are also shown 
in Fig. 1. No contacts shorter than 3.5 Â are observed 
between any cations or between any anions. Thus, 
a three-dimensional network typical of the ionic crystal 
is completed by these intermolecular interactions. 

The authors are grateful to Professor Yoichi l i taka 
of the University of Tokyo for the measurements of 
the intensities with the diffractometer. 
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The Crystal Structure and Absolute Configuration of 
(—)589-Bis(294-pentanedionato)(l93-propanediamine)chromium(III) 

Iodide Monohydrate 
Keiji MATSUMOTO* and Shun'ichiro Ooi 

Department of Chemistry, Faculty of Science, Osaka City University, Sumiyoshi-ku, Osaka 558 
(Received May 15, 1979) 

The crystal structure of (—)589-[Cr(acac)2(tn)]I-H20 has been determined from the X-ray diffraction data 
collected on a diffractometer. The crystal is orthorhombic, with the space group P212121 and with a=20.834(6), 
6= 12.015(3), c=7.621(2) A, and Z = 4 . Block-diagonal least-squares refinement for 1426 independent reflec­
tions with F0

2>3tf(F0
2) converged to Ä=4.91%. The complex cation has the A absolute configuration. The 

1,3-propanediamine ligand assumes a chair conformation. One of the 2,4-pentanedionato chelate rings is almost 
planar, while in the other the 2,4-pentanedionato plane is bent away from the plane defined by Gr and 2 O donor 
atoms because of the intramolecular repulsion, the interplanar angle being 9.4°. The interrelation between 
the absolute configuration and the circular dichroism was discussed for the [Cr(acac)n(tn)3_ri]<

3-ri>+-type com­
plexes. 

The optically pure ( — )589-[Cr(acac)3] ( acac=2 ,4 -
pentanedionate anion) was isolated by Mason et al.1) 
using asymmetric synthesis. The circular dichroism 
spectrum (CD) of the complex had previously been 
related to those of ^ - (+) 5 8 9- [Cr ( (+) -a tc ) 3 ] 2 ) (( + )-
a t c = ( + )-3-acetylcamphorate anion) and A-trans-
( ~~ ) 589" [Gr (rf-hmc) 3] 3> (fif-hmc=fif-hydroxymethylene-
camphorate anion) the structures of which had 
already been determined by means of X-ray analysis 
and stereoselectivity respectively. The A configuration 
had thus been given to ( — )589-[Gr(acac)3]. Recent 
X-ray work has confirmed that the assignment of 
the A configuration to (—)589-[Gr(acac)3] is correct.4) 

The ( — )5 8 9-[Cr(acac)2( tn)]+ ( t n = 1,3-propane­
diamine) complex was prepared and resolved by 
Nakano and Kawaguchi.5) The CD curve of the 
complex is similar in shape to that of A-(+)589-[Cr-
(acac)3], although the former is shifted to a higher 
wave number. Therefore, the A configuration could 
be assigned to the ( — )5 89-[Cr(acac)2(tn)]+ complex. 
The (—) 5 8 9 - [Cr(acac) 2 ( tn)]I-H 20 crystal was subjected 
to X-ray structure analysis in order to confirm the 
absolute configuration of the complex cation. 

Exper imenta l 

X-Ray Data Collection. Preliminary photographic data 
obtained using a Weissenberg camera indicated that the 
Laue symmetry was mmm and that the space group was 
P212121. The specimen employed for the data collection 
was an approximate sphere, the diameter of which was 
0.3 mm. The crystal was mounted on a glass fibre along 
the c axis. 

The cell dimensions were obtained by the least-squares 
refinement of the 6 values of 26 automatically centered 
reflections by means of a Philips PW1100 four-circle 
diffractometer. 

Crystal Data: (-)589-[Gr(G5H7O2)2(G3H10N2)]I-H2O, 
F.W.=469.3, orthorhombic, 0=20.834(6) A, £=12.015(3) 
A, £=7.621(2) A, U= 1907.7(9) A3, Z = 4 , Z>x=1.63, Dm = 
1.62 g-cm-3, space group ^ 2 ^ , //(Mo Ka) = 22.8 cm"1, 
A(Mo Koc)=0.7107 A. 

The intensity data (20<^55°) were collected at room tem­
perature by the use of graphite-monochromated Mo Ka 
radiation. The co-scan mode was employed, since the reflec­
tions were rather broad. The scan range was (1.6+0.5 

tan 0)°, and the scan speed, 2°/min; the background was 
counted for 10 s at each side of the scan range. During 
the data collection, the intensities of three standard reflections 
were monitored every 180 min in order to check the orienta­
tion and stability of the crystal. No appreciable decay 
was observed. A total of 1426 reflections with F 0

2 > 3 Ö " ( F 0
2 ) 

were observed and used in the subsequent structure determina­
tion and refinement. The observed intensities were cor­
rected for Lorentz-polarization and absorption effects ( r= 
0.015 cm), and the relative structure factors were derived.6) 

Structure Determination and Refinement. The crystal 
structure was solved by the heavy-atom method. The pa­
rameters of all the non-hydrogen atoms were refined by 

TABLE 1. POSITIONAL AND THERMAL PARAMETERS 

Atom 104* 10* y 104z 10B/A2 

a) Anisotropic thermal parameters(x 105) in the form of: 
exp [ - (Buh

2 + B22k
2 + B33l* + B12hk+B13hl+B23kl)]. 

Atom Bn B22 B3Z B12 Blz B2Z 

I 289(2) 564(4) 2387(17) 30(7) -115(15) —81(18) 
Gr 161(4) 382(10) 1236(32) 1(14) 17(25) -124(32) 

I 
Gr 
O(l) 
0(2) 
0(3) 
0(4) 
N(l) 

N(2) 
G(l) 
G (2) 
G (3) 
G (4) 
G (5) 
G (6) 
G (7) 
G (8) 
G (9) 
G (10) 
G (11) 
G (12) 
G (13) 
0(H 20) 

3959.0(5) 
3930(1) 
3445 (4) 
3939 (4) 
3158(4) 
3919(4) 
4784(5) 
4461 (5) 
2947 (7) 
3262 (5) 
3369(7) 
3678 (6) 
3725 (8) 
2223 (7) 
2788(6) 

2882 (6) 
3450(6) 
3521 (7) 
5314(6) 
5519(7) 
5023 (7) 
4813(5) 

901 
6720 
5447 
6080 
7542 
7415 
5914 
8041 
3680 
4583 
4448 
5169 
4997 
8696 
8109 
8234 
7916 
8235 
5965 
7126 
7799 
3400 

.3(7) 

(1) 
(7) 
(6) 
(6) 
(6) 
(8) 
(8) 
(13) 

(9) 
(12) 

(H) 
(15) 
(12) 
(10) 

(H) 
(10) 

(12) 

(H) 
(H) 
(12) 

(9) 

212.1(14) 
606(2) 
1492(12) 

-1754(10) 
-64(12) 
2950(10) 
1181(13) 
-293(14) 
1713(21) 
616(16) 

-1130(20) 
-2235(19) 
-4198(23) 

100(23) 

956(17) 
2790(17) 
3625(17) 
5592(19) 
-89(19) 
-578(19) 
-1520(19) 
1269(14) 

a 
a 

36(2) 
34(1) 
34(2) 
31(1) 

30(2) 
31(2) 
46(3) 
26(2) 
42(3) 

34(2) 
53(3) 
50(3) 
30(2) 
32(2) 
28(2) 
42(3) 
41(2) 
40(2) 
39(3) 

47(2) 
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TABLE 2. OBSERVED AND CALCULATED STRUCTURE 

AMPLITUDES OF SOME BLJVOET PAIRS 

h k I 

1 1 1 
3 1 1 
3 2 1 
8 2 1 
1 5 1 
5 1 2 
1 3 2 
2 3 2 
3 3 2 
4 3 2 
3 4 2 

\Fc(hkl)\ 

42.5 
22.3 

227.0 
24.5 

105.3 
22.3 
10.0 

174.8 
27.0 
52.8 
23.0 

Obsd 

< 
> 
> 
> 
> 
> 
< 
> 
> 
> 
< 

\Fc(hkl)\ 

69.3 
18.0 

212.0 
14.0 
96.5 
19.8 
14.3 

166.5 
23.0 
39.0 
32.6 

the block-diagonal least-squares method, using the anisotropic 
temperature factors for the I and Gr atoms. Although the 
difference Fourier map computed at this stage showed the 
positions of all the hydrogen atoms except for those of the 
hydrogen atoms of the GH3 groups and the water of crystal­
lization, the hydrogen atoms were located in geometrically 
calculated positions (N-H, C-H=1.03A, £ = 4 . 0 A2) and 
their contributions to the structure factors were taken into 
account. However, their parameters were not refined. The 
final agreement indices R and R'=[^wAF2/^wF0

2]1/2, were 
0.0491 and 0.0640 respectively. A weighting scheme of 
w=(44.4/F0)2 for FG>44.4, w=\ for 17.8^FG^44.4, and 
z#=0.6 for 17.8>F0 was used to make wAFQ

2 approximately 
constant over the whole range of F0 values. All the param­
eter shifts in the final cycle refinement were less than 0.2 tf. 
The atomic scattering factors were taken from Ref. 7. The 
real and imaginary parts of the anomalous dispersion cor­
rection were applied for the I and Gr atoms. 7> The final 
difference Fourier map was rather flat, the largest peak 
being 0.6 e/A*. The atomic coordinates and the tem­
perature factors are listed in Table 1. A complete list of 
the observed and calculated structure factors is preserved 
by the Chemical Society of Japan (Document No. 7934). 

The absolute configuration of the complex cation was 
determined by the anomalous dispersion technique. Table 
2 gives the calculated structure amplitudes of several Bijvoet 
pairs and the observed inequality relationships which were 
obtained from Weissenberg photographs taken with Gu Ka 
radiation. The observed relationships indicate that the 
absolute configuration of the complex cation is A. 

The computer programs used in the calculations included 
the local version of the UNIGS.8> All the calculations were 
performed on a FAGOM 230-60 computer at Osaka City 
University. 

R e s u l t s and D i s c u s s i o n 

Figure 1 shows a view of the (—)589-[Cr(acac)2(tn)] + 
complex. The absolute configuration of the complex 
cation has been determined as A. The projections 
of the three chelate rings are given in Fig. 2, along 
with the deviations (Â) of the atoms from the planes 
formed by the Gr and two ligator atoms. One of 
the Gr-acac six-membered chelate rings is nearly planar, 
and the [Gr, O ( l ) , 0 ( 2 ) ] and [ O ( l ) , 0 ( 2 ) , C ( l ) , 
C(2), C(3), C(4), C(5)] planes make an angle of 2.6°, 
while the other somewhat deviates from a plane, the 
interplanar angle between the [Gr, 0 ( 3 ) , 0 ( 4 ) ] and 

Fig. 1. A perspective view of ( — )589-[Cr(acac)2(tn)]+. 

Cr Cr Cr 

y\ y\ y\ 
0(DÖ Y)0(2) 0(3)0 D0(4) N(1)(Y Y)N(2) 

C(l) C(3) c { 5 ) c ( 6 ) C(8) c{10) c(12) 

_ _^=^- cm 
-0.15-0.03 -0.01 0.03 0.16 0.11 0.20 0.45 0.28 0.42 0.87 0.66 0.98 

Fig. 2. Projections of the three chelate rings. 

[ 0 ( 3 ) , 0 ( 4 ) , C(6), C(7), C(8), C(9), C(10)] planes 
being 9.4°. The Gr-tn chelate ring is of a chair form. 
The average length of the G r - O bonds is 1.96(1) Â, 
which is in agreement with the 1.951(7), 1.97 (1), 
and 1.964(5) Â found in [Cr(acac)3],9) ^ - (+ ) 5 8 9 - [Cr -
(( + )-atc)3]3+,2) and (-)589-[Cr(acac)3]4) respectively. 
The chelate bite angle (90.6(4)°) in the Gr-acac ring 
is slightly smaller than 91.9(6)9) and 91.9(1)°2) in these 
related complexes, but it agrees well with 90.8(2)° 
in (—)589-[Cr(acac)3].4) Both the Gr -N distance 
(2.06(1) Ä) and the N - C r - N angle (88.2(4)°) are 
normal compared with the values previously report­
ed.10'11) The bond distances and angles are given 
in Table 3. 

Figure 3 gives the GD spectra of the four [Cr(acac)n-
(tn)3_n](3-w)+-type complexes in the octahedral 4A2g-> 
4 T 2 g transition, whose absolute configurations are 
considered to be A. The X-ray diffraction study of 
( —)589-[Gr(acac)3] indicates that this complex has the 
A absolute configuration. The A configuration is, 
therefore, given to the enantiomeric form (+)5 8 9-[Gr-
(acac)3] of the complex. The present X-ray study 
has revealed that the configuration of (—)589-[Gr-
(acac)2(tn)] + is A. In the case of (+) 5 8 9 - [Cr(acac)-
( tn) 2 ] 2 + , the structure of the corresponding Go (III) 
complex was determined by the X-ray method.12) 
The ( + )589-[Go(acac)(tn)2]2+ complex, which shows 
a positive GD peak in the first absorption band region, 
has the A configuration. As the GD curve of (+ ) 5 8 9 -
[Cr(acac)(tn)2]2+ is similar to that of the cobalt ana­
logue, the configuration of ( + )5 8 9-[Cr(acac)(tn)2]2 + is 
A. In the GD spectrum of (—)589-[Gr(tn)3]3+, the 
positive GD peak was identified as the 4E component 
from the ion-pairing effect.13) Therefore, the configu­
ration may be A. 
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TABLE 3. INTERATOMIC DISTANCES AND BOND ANGLES TABLE 4. POSSIBLE HYDROGEN BONDS (//A) 

Bond length(//A) Bond angle(^>/°) 

Gr-O (1) 
Gr-O (2) 
Gr-O (3) 
Gr-O (4) 
Gr-N (1) 
Gr-N (2) 
0 ( 1 ) - G ( 2 ) 
0 ( 2 ) - G ( 4 ) 
0 ( 3 ) - G ( 7 ) 
0 ( 4 ) - G ( 9 ) 
N ( l ) - G ( l l ) 
N(2 ) -G (13) 
G ( l ) - G ( 2 ) 
G(2) -G(3) 
G (3)-G (4) 
G (4)-G (5) 
G (6)-G (7) 
G (7)-G (8) 
G (8)-G (9) 
G (9)-G (10) 
G ( l l ) - G (12) 
G (12)-G (13) 

1.95(1 
1.96(1 
1.96(1 

97(1 
07(1 
05(1 
29(2; 
28(2 
29(2; 
26(2; 
47(2; 
53(2; 
52(2; 
36(2 
37(2; 
5i(2; 
52(2 
42(2; 
40(2 

1.55(2 
1.51(2; 
1.50(2; 

0 ( l ) - C r - 0 ( 2 ) 
O (3)-Gr-O (4) 
N ( l ) - G r - N ( 2 ) 
Gr-O (1)-G (2) 
Gr-O (2)-G (4) 
Gr-O (3) 
Gr-O (4) 
Gr-N (1) 
Gr-N (2) 
O ( l ) 
0 ( 2 ) 

G (7) 
G (9) 
G (11) 
G (13) 

G (2)-G (3) 
G (4)-G (3) 

0 ( 3 ) - G (7)-G (8) 
0 ( 4 ) - G (9)-G (8) 
N ( l ) - G ( l l ) - G (12) 
N (2)-G (13)-G (12) 
G (2)-G (3)-G (4) 
G (7)-G (8)-G (9) 
G ( l l ) - G (12)-G (13) 
0 ( 1 ) - C ( 2 ) - C ( 1 ) 
0 ( 2 ) - G ( 4 ) - G ( 5 ) 
0 ( 3 ) - G ( 7 ) - G ( 6 ) 
0 ( 4 ) - G (9)-G (10) 
G ( l ) - G ( 2 ) - G ( 3 ) 
G ( 5 ) - G ( 4 ) - G ( 3 ) 
G ( 6 ) - G ( 7 ) - G ( 8 ) 
G (10)-G (9)-G (8) 

90.9 
90.7 
88.2 

127.1 
126.6 
127.0 
125.6 
119.1 
118.1 
123.6 
124.5 
124.6 
127.1 
114.5 
109.9 
127.2 
122.4 
115.0 
114.7 
111.9 
116.8 
116.0 
121.6 
123.6 
118.7 
116.9 

JeXIO 

4) 
4) 
8) 
.8) 
8) 

:s) 
.8) 
:s) 
12) 
13) 
H) 
12) 

H) 
H) 
13) 

H) 
H) 
H) 
12) 

H) 
H) 
12) 
13) 
H) 
H) 

Fig. 3. CD spectra of [Gr(acac)n(tn)3_n](3-w)+-type 
complexes in the region of the octahedral 4A2g-4T2g 
absorption. 
(a) (-)589-[Cr(tn)3]3+, (b) ( + )589-[Cr(acac)(tn)2]*+, 
(c) (-)589-[Cr(acac)2(tn)]+, (d) ( + )589-[Cr(acac)3]. 

In the CD spectrum of (+)5 89-[Cr(acac)3] , the nega­
tive CD peak at the lower wave number is assigned 
to the 4Aj component, and the positive CD peak at 
the higher wave number, to the 4E component.14) 
The CD spectrum of ( — )589-[Cr(acac)2(tn)] + is similar 
in shape to that of (+)5 89-[Cr(acac)3] , although the 

I - 0 ( H 2 0 ) 
N( l ) . 
0 (4 ) . 
N(2). 

N( l ) -
N(2)-

• 0 ( H 2 0 ) 
• 0 ( H 2 0 ) ( 1 

••I(*, l+J, 

H 1.02 
H 1.03 

-x, 

z) 

1/2 +j9 1/2 -z) 

H-
H-

•0(H 2 0) 

••!(*, 1+J>, 

3.58(1) 
3.02(2) 
2.96(2) 
3.61(1) 

z) 

2.07 
2.97 

Fig. 4. A projection of the crystal structure along 
the c axis. 

former is shifted to a higher wave number. Therefore, 
the positive CD peak of ( — )5 8 9-[Cr(acac)2(tn)] + is 
mainly due to the 4E component of the 4 T 2 g transition 
of (+)589-[Cr(acac)3] . The (+)5 8o-[Gr(acac)(tn) a] a+ 
complex gives two positive CD components in the 
region of the octahedral 4 T 2 g absorption. The two 
components are due to the combined 4A l 5

 4B2 , and 
4B1 components derived from the octahedral 4 T 2 g 

transition of Cr (III)15 '16) and seem to have a sign 
reflecting that of the positive CD peak of ( — )589-
[Cr(acac)2(tn)]+. The combined 4A l 5

 4B2, and *Bt 

components of ( + )589-[Cr(acac)(tn)2]2+ have the same 
sign as the CD of ( — )589-[Cr(tn)3]3+, and the CD 
peaks of the two complexes are observed at approxi­
mately equal energies. Therefore, the positive CD 
peaks of (+)5 89-[Cr(acac)(tn)2]2+ and ( — )589-[Cr-
( tn) 3 ] 3 + are likely to have the same origin. Conse­
quently, the absolute configuration of ( — )589-[Cr(tn)3]3+ 
is A, in accordance with the assignment from the ion-
pairing effect.13) 

Figure 4 gives the crystal structure viewed down 
the c axis. Possible hydrogen bonds are summarized 
in Table 4. The Cr-acac six-membered chelate ring 
containing the 0 ( 3 ) and 0 ( 4 ) atoms is bent away 
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from the [Cr, 0 ( 3 ) , 0 ( 4 ) ] plane to C ( l ) ( 1 / 2 - x , \-y, 
1/2 + z) by 9.4° (Fig. 2). As the interatomic distances 
between C(10) and C( l ) ( 1 / 2 - * , \-y, 1/2 + z) and 
that between C(10) and C ( l l ) ( 1 - * , l/2+y, 1 / 2 - z ) 
are 3.92 and 4.11 Â respectively, the large deviation 
of the acac ring from the coordination plane (9.4°) 
may result from an intramolecular repulsion. 

We wish to thank Professor Shinichi Kawaguchi 
for providing the sample and for his continuing interest 
in this study. This research was supported by a Grant-
in-Aid from the Ministry of Education. 
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Analytical studies on phenol, o-cresol, m-cresol, />-cresol, and />-ethylphenol from liquid swine manure were 
performed with selected ion monitoring in computer-controlled gas chromatography-mass spectrometry. 
Phenol, />-cresol, and />-ethylphenol in effluent gas from liquid swine manure and in the head-space gas over liquid 
swine manure were determined. 

Some odorous phenols have already been detected 
in liquid swine manure.1) Phenols contributed greatly 
to malodor of liquid swine manure , because there is 
a relationship between the nature of the putrid odor 
and the quanti ty of phenols present.2) Phenols are 
present at a relatively high concentration in liquid 
swine manure. I t is very valuable to quantify phenols 
in gas from rotten liquid manure in order to estimate 
the role of phenols on the malodor from the piggery. 
The analytical methods reported for phenols are mainly 
gas chromatography (GC).3~5> Selected ion monitor­
ing (SIM) in gas chromatography-mass spectrometry 
however has the advantage of higher selectivity and 
sensitivity, when compared to GC. S I M controlled 
by computer has been shown to have sufficient ac­
curacy and stability for long-time measurement in the 
quantification of geosmin.6) 

This paper reports an analytical method for phenols 
by S I M and the results of measurements on phenols 
in the gas from liquid swine manure . 

Exper imenta l 

Gas Chromatography. A 3 m X 2 mm i.d. glass column 
packed with KG-027) was used. The column temperature 
was 170 °G, the injection port temperature was 250 °G and 
the carrier gas was helium at a flow-rate of 30 ml/min (2.4 
kg/cm*). 

Computer-controlled Selected Ion Monitoring. A JEOL 
Model JMS-D 100 mass spectrometer was connected with 
a JEOL Model JGG-20 K gas Chromatograph and a JEOL 
Model JMA-2000 mass data analysis system. The mass 
spectrometer was operated with a resolution (10% valley) 
of ca. 1000. The magnetic field was set at m/e 93 and the 
accelerating voltage and electric field were changed at inter­
vals of 0.3 s. Six-time repetitions of a small range sweep 
(1 mass unit) on each mass number setting (94, 105, 107) 
were carried out and the latter four values were averaged 
for the correction of deviations of the magnetic field. The 
ionizing current was 3xlO~ 4 A and the ionizing energy 
was 75 eV. 

Absorption Process and Extraction of Phenols. A fixed 
volume of gas was passed through a glass filter and then 
into sodium hydroxide solution (20 ml, 1 M) to trap phenols. 
After acidification of the solution with coned hydrochloric 
acid (5 ml), phenols were extracted with dichloromethane 
(10 ml) twice. The combined solution after drying over 
anhydrous sodium sulfate was concentrated to a few mil­
lilitres using a Kuderna-Danish concentrator under atmo­
spheric pressure. One (xg of butyl benzoate was added as 
an internal standard to 1 ml of the sample solution. 

Isolation of Phenols from Rotten Liquid Manure by a Gas-strip­

ping Method. Liquid swine manure (2.5 1) which had 
been digesting anaerobically or aerobically was transfered 
to a three-necked flask (3 1) and warmed to 35 °G. Nitrogen 
or air was passed into the flask at a rate of 220 ml/min for 
3 h. The effluent gas was treated with the absorption process 
described above. 

Isolation of Phenols from Head-space Gas over Rotten Liquid 
Swine Manure in the Pigsty. The head-space gas over 
the reservoir of liquid manure in a pigsty near Tsukuba 
New Town, Ibaraki, was passed into sodium hydroxide 
(20 ml, 1 M) at a rate of 1 1/min for 1 h. Subsequent 
procedures were the same as described above. 

R e s u l t s a n d D i s c u s s i o n 

It has already been reported that the column packing 
material, KG-02, used here had excellent ability for 
the separation of several phenols.8) 

The mass numbers used for ion detection were 94 
for phenol and 107 for three cresols and/>-ethylphenol. 
As the dynamic range in the mass spectrometer is 
very narrow and injection of an exact volume with 
a microsyringe is not sufficiently accurate, quantitative 
analysis was carried out using an internal standard 
method. Butyl benzoate was selected as the internal 
standard, since the retention times of phenols and 
butyl benzoate in the gas chromatogram were close 
and a base peak at m\e 105 in the mass spectrum of 
butyl benzoate was close to the mass numbers of the 
selected ions for phenols. 

Extended measurements by S I M with a magnet-
type mass spectrometer has been considered to be 
difficult until a few years ago, because the magnetic 
field is not so stable at a resolution (10% valley) over 
1000. Improvements of instruments have now enabled 

0.01 0.10 1.0 10.0 
Weight /r ig 

Fig. 1. Calibration curve for the analysis of /»-cresol 
by selected ion monitoring. 
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x 25 c 

1 5 6 7 8 
Time/min 

-~m/e 94 
T 
10 

Fig. 2. Typical example of selected ion monitoring in 
GG/MS. 
a: Butyl benzoate (1 (xg/ml), b : o-cresol (50 ng/ml), 
c: phenol (50 ng/ml), d: />-cresol (50 ng/ml), e: m-
cresol (50 ng/ml), f: />-ethylphenol (50 ng/ml). 

TABLE 1. COEFFICIENT OF VARIATION FOR MEASUREMENT 

OF PHENOLS BY SELECTED ION MONITORING 

Concen­
tration 

10 (xg/ml 
5 (xg/ml 
1 (xg/ml 

500 ng/ml 
100 ng/ml 
50 ng/ml 

Phenol 

13.5% 
12.9 
8.2 
8.4 
3.1 
5.9 

0-

8.1% 
6.0 
2.8 
2.8 
7.1 
1.6 

Gresol 

m-

, 8.7% 
10.4 
5.4 
8.3 

12.2 
15.7 

s 

p-
9.2% 

12.5 
5.7 

17.3 
7.5 

14.9 

/>-Ethyl-
phenol 

7.4% 
10.6 
3.8 
8.9 
5.9 
7.6 

TABLE 2. RECOVERY OF PHENOLS FROM ALKALINE 

AQUEOUS SOLUTION 

"Run 

N ° - Phenol 

1 86 
2 92 

Average 89 

Recovery/% 

o-Cresol m-Cresol />-Cresol 

89 89 92 
93 95 97 
91 92 95 

/>-Ethyl-
phenol 

95 
99 
97 

extended measurements over 10 h to become possible, 
since deviations of the magnetic field can now be 
corrected by computer. This is achieved by generating 
the electric field and accelerating voltage as a continu­
ously varying triangular wave function which sweeps 
over a small mass range (1 mass unit) . The sweep 
correction technique is described in the experimental 
section. 

T h e calibration curve for each phenol was prepared 
using the ratio of the peak areas of the component 
and butyl benzoate. An example of the calibration 
curves is shown in Fig. 1. The detection limit of 
each compound was 50 ng/ml and an example of 
S I M is shown in Fig. 2. The precision of measurement 
was obtained by making measurements on six samples 
five times respectively. The coefficients of variation 
are shown in Table 1. 

A standard gas containing a fixed amount of phenols 

(A) 
x20 

A. 
x40 

m/e 
107 

105 

94 

2 3 

x20 

- i 1 i r 
A 5 6 7 

T ime /min 

(B ) 

8 9 10 

m/e 
107 

A_ -105 

x20 
94 

-I 1 1 1 1 r-
4 5 6 7 8 9 

Time/min 
10 

Fig. 3. Selected ion monitoring for phenols in effluent 
gas from liquid swine manure. 
(A) : The case of aerobic digestion, (B) : background, 
a: Butyl benzoate, c: phenol, d: />-cresol. 

c 
o 
Q. 
in 
Q> 

b e 

Li 

-TIM 

m/e 107 

~~ m/e105 

^+~*~r-J V . ^wiw>s- ~m/e94 
n — i — i — i — i — i — i — i — r 

1 2 3 4 5 6 7 8 9 10 
Time/min 

Fig. 4. Selected ion monitoring for phenols in effluent 
gas from anaerobically digested liquid swine manure, 
a: Butyl benzoate, b : o-cresol, c: phenol, d: p-
cresol, e: m-cresol, f: />-ethylphenol. 

cannot be prepared because of the low volatility of 
phenols and also because of adsorption loss on the 
container walls. Therefore, a fixed volume of gas 
containing a suitable amount of phenols was passed 
consecutively through two bottles containing sodium 
hydroxide solution (20 ml, 1 M) . This extraction 
procedure was the same as those of the samples and 
extracted phenols were measured by S IM. Phenols 
were not detected from the second trap so that sub­
sequent experiments utilized only one bottle containing 
sodium hydroxide solution (20 ml, 1 M ) . 

Next, to test whether phenols trapped in alkaline 
aqueous solution are oxidized by aeration, air was 
passed into 1 M aqueous solution (20 ml) of sodium 
hydroxide containing phenol (6.2 (Jig), o-cresol (4.2 
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TABLE 3. CONCENTRATION OF PHENOLS IN THE EFFLUENT 

GAS FROM ANAEROBICALLY OR AEROBICALLY 

DIGESTED LIQUID SWINE MANURE 

BY GAS-STRIPPING METHODA) 

TABLE 4. CONCENTRATION OF PHENOLS IN HEAD-SPACE 

GAS OVER THE RESERVOIR OF LIQUID SWINE MANURE*) 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Phenol 

27.4 
33.1 
35.8 
39.3 
37.4 
42.8 
43.0 
46.3 
47.3 
44.1 
40.9 
41.7 
44.1 
42.5 
42.8 
39.8 

Anaerobically 

/>-Cresol 

163 
201 
215 
225 
191 
201 
212 
219 
218 
222 
226 
237 
233 
232 
245 
212 

/>-Ethyl-
phenol 

16.6 
20.1 
22.1 
24.2 
19.3 
19.9 
21.9 
27.1 
28.4 
24.0 
22.6 
24.8 
28.4 
26.7 
25.9 
23.0 

Aerobically 
/ "" s 

Phenol 

ND 
ND 
6.3 
7.1 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

/>-Cresol 

3.0 
5.1 

13.1 
15.2 
3.5 
3.5 
9.7 
5.5 
4.4 

10.1 
3.7 
6.4 
3.0 
3.7 
3.5 
9.7 

a) Unit of concentration is volume ppb (10-9). ND 
means "not detected." 

fxg), m-cresol (6.9 p.g), />-cresol (8.3 jxg), and />-ethyl-
phenol (19.4 u.g) under the same conditions as those 
of measurements. The results are shown in Table 2. 

Figures 3 and 4 show the S I M for the phenols isolated 
from aerobically or anaerobically digested liquid 
manure by gas stripping. Phenol and jfr-cresol were 
detected under aerobic digestion, whereas five phenols 
were sometimes detected from anaerobically digested 
manure. Phenol, />-cresol, and />-ethylphenol were 
always detected at a higher concentration under an­
aerobic digestion than under aerobic digestion. The 
results of measurements are shown in Table 3. 

Phenols in the head-space gas over the reservoir 
of liquid manure, in which a small amount of fresh 
manure was continuously poured, were measured ac­
cording to this procedure. The results are shown 

Run No. Phenol />-Cresol />-Ethylphenol 

1 
2 
3 
4 

13 
11 
9 

13 

0.83 
0.35 
ND 
ND 

0.86 
0.38 
0.31 
ND 

a) Unit of concentration is volume ppb (10-9). ND 
means "not detected." 

in Table 4. The concentration of phenol was greater 
than that of />-ethylphenol in the head-space gas, 
compared with the gas-stripping method. 

Quantification of carboxylic acids by S I M was un­
successful, because the concentration of carboxylic acids 
in liquid manure or head-space gas was lower than 
that of phenols. For the analysis of carboxylic acids 
it is necessary to use an adsorption method with a 
precolumn rather than the absorption method with 
an alkaline aqueous solution. 

The authors wish to thank Mr. Minoru Kuriyama, 
a hog raiser near Tsukuba New Town, Ibaraki 
Prefecture, for his offer of liquid swine manure and 
for his permission on the measurements in his pigsty. 
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Peri interaction in several naphthalene ketones was investigated using the carbon-13 N M R , IR , and U V 
spectra. T h e carbonyl carbon resonances for 7//,14i^-cycloocta[l,2,3-^:5,6,7-öf^ /]dinaphthalene-7,14-dione 
and its 7-oxa analog were found to be shifted upfield by 27 and 24 p p m respectively compared with those of model 
compounds. T h e anomalous shift for the former was at tr ibuted to 7r-orbital compression, which inhibited the 
polarization of carbonyl groups because of a forced parallel geometry, while the latter was attr ibuted to field 
effects. T h e conclusion was supported by U V and I R data . 

R e c e n t l y w e h a v e obse rved t h e u n u s u a l c h e m i c a l 
shifts for t h e s ter ica l ly p e r t u r b e d sp 2 c a r b o n r e s o n a n c e s 
i n c e r t a i n cyc lophanes . 1 ) U n l i k e t h e c o n v e n t i o n a l 
s ter ic effects o n t h e c a r b o n c h e m i c a l shifts,2) w h i c h 
i n g e n e r a l l e a d a r e s o n a n c e upf ie ld t h r o u g h t h e c h a r g e 
p o l a r i z a t i o n of t h e G - H b o n d s i n d u c e d b y t h e s ter ic 
compres s ion , this n e w t y p e of s te r ic effect seems to 
b e c a u s e d b y t h e i n t e r a c t i o n s b e t w e e n j r -orbi ta ls a l o n g 
t h e o r b i t a l axis . I n o r d e r to d i s t ingu i sh these t w o 
s ter ica l ly i n d u c e d shifts w i t h o p p o s i t e signs, w e cal l 
t h e fo rmer ( c o n v e n t i o n a l ) shifts "o-orbital c o m p r e s s i o n 
shif ts" a n d t h e l a t t e r ( n e w ) , " j r -o rb i t a l c o m p r e s s i o n 
shif ts ." 

As t h e j r -compress ion shifts m a y c o n v e n i e n t l y b e 
used to assess t h e s ter ic p e r t u r b a t i o n of rc-orbitals, 
w e h a v e s t u d i e d t h e p r o x i m i t y effects o n t h e c a r b o n y l 
c a r b o n c h e m i c a l shifts of n a p h t h a l e n e p e r i k e t o n e s , 
w h o s e p e r i pos i t ions a r e o n l y 2 . 4 — 2 . 5 A a p a r t . 3 ) 
T h e s t r u c t u r a l fea tures of these ke tones w e r e a lso 
i nves t iga t ed in o r d e r to o b t a i n c o l l a b o r a t i v e e v i d e n c e 
of t h e j r -orb i ta l c o m p r e s s i o n effect. 

E x p e r i m e n t a l 

Spectral Measurements. T h e carbon-13 N M R spectra 
were recorded using a J E O L J N M FX-60 spectrometer 
equipped with a JFA-100 da ta system (8 K) operating at 
15.00 M H z . T h e sample was dissolved in CDC13 . T h e 
concentration was ca. 0.2 M except for 3, for which a 
saturated solution was used. T h e samples were contained 
in 10 m m o.d. tubes. T h e spectra were obtained by storing 
the free induction decays produced by a series of 9 ^s r.f. 
pulses (45° pulse), followed by the Fourier transformation. 
T h e sample temperature was 25 °G. Generally, 4 K da ta 
points (real 2 K points) were collected for a sweepwidth 
of 4 kHz, giving an effective resolution of 2 Hz ( ± 0 . 1 3 
ppm) . The delay between pulses was 3—5 s, and 500— 
1000 transients were required to obtain a good signal-to-noise 
ratio. T h e chemical shifts are shown in a ô value down-
field from the internal T M S . 

T h e carbonyl stretching frequencies in the I R spectra 
were recorded using a Perkin-Elmer 225 spectrometer on 
samples dissolved in CHC1 3 (0.25 and 0 .5% solutions) using 
a 1-mm cell. A symmetrical carbonyl band was observed 
in the expanded spectrum ( X 8) except for 4a, which showed 
low-intensity bands at 1632 and 1623 c m - 1 in addition to 
a strong band a t 1653 c m - 1 . T h e da ta are collected in 
Table 1, together with the shift and frequency differences 
from 1. 

T h e U V spectra were recorded on a Hitachi-124 spec­
trometer, using 9 5 % ethanol as the solvent. T h e da ta are 
summarized in Table 3, while some representative curves 
are shown in Fig. 1, 

7-Oxa-7H,14H-cycloocta[1,2,3-de : 5,6,7-d'e']dinaphthalene-14-
one (4a). A mixture of 6.3 g (0.02 mol) of 8-(l-
naphthyloxy) naphthalene- 1-carboxylic acid (mp 128.5— 
130 °G), prepared by the Ul lmann reaction between ethyl 
8-bromonaphthalene-l-carboxylate4) and sodium 1-naph-
thoate in D M F , using cupric oxide as the condensing reagent, 
followed by hydrolysis, and 300 g of polyphosphoric acid 
was warmed at 100 °G for 30 min. A usual work-up subse­
quently gave pale yellow needles; m p 210—212 °G; recrystal-
lized from benzene; m/e 296; ô (G), 118.7, 123.4, 124.4, 
124.9, 126.0, 127.0, 128.0, 128.6, 129.6, 130.4, 131.9, 133.2, 
134.0, 134.5, 135.8, 136.9, and 173.2. Found : G, 84.31; 
H, 4 .07%. Galcd for C 2 1 H 1 2 0 : G, 85.12; H , 4 .08%. 

7-Thia-7H,14H-cycloocta[1,2,3-de : 5fi,7-d'e']dinaphthalene-M-
one (4b). A mixture of 2.1 g (6.4 mmol) of 8-(l-
naphthylthio)naphthalene-1-carboxylic acid (mp 202—203.5 
°G), prepared by the Ul lmann reaction between ethyl 8-
bromonaphthalene-10-carboxylate and sodium 1-naphtha-
lenethiolate, followed by hydrolysis, and 77 g of polyphos­
phoric acid was heated at 120 °G for 7.5 h after the literature 
method.6) Pale yellow needles; m p 235.5—236.5 °G; recrys-
tallized from benzene; m/e 312; ô (G), 123.1, 126.0, 127.3, 
128.3, 129.9, 130.9, 133.2, 134.5, 137.7, 146.2, 200.5. Found: 
G, 80.69; H , 3 . 8 1 % . Galcd for G2 1H1 2S: G, 80.74; H , 
3.87%. 

12H-Benzo [f] naphtho [1,8-bc] oxepin-12-one (5c). The 
acyl chloride obtained from 8-phenoxy-l-naphthoic acid 
(21.5 g, 0.082 mol) was dissolved in 100 ml of benzene, 
and to this we added 22 g (0.10 mol) of a luminum chloride. 
Column chromatography on silica gel gave pale yellow 
needles; m p 97.5—98.5 °G; 10% yield. Found : G, 83.33; 
H , 4 .05%. Galcd for C 1 7 H 1 0 O 2 : G, 82.91; H , 4 .09%. 

"22Ö ' 26Ö ' 30Ö ' 34Ö ' 38Ö ' 42Ô" 

Wavelength/nm 

Fig. 1. U V spectra in 9 5 % ethanol; 3 , 1, 
2, and - • - . - 4a, 
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TABLE 1. CARBON-13 NMR AND IR DATA 

3315 

Compound 
Carboon-13 NMR, (5/ppm 

c=o A<5a> 

IR, v/cm-

^c = o Avc = ob) 

Ph 

c=o 

Ar Ar 

o=c c=o 

I O I O I 

Ar 

2a Ph 

2b />-tolyl 

2c 1-naphthyl 

197.6 

197.6 

197.3 

198.4 

0 

- 0 . 3 

+ 0.8 

1660 

1660 

1656 

1660 

0 

- 4 

0 

I O I O I 

o=c c=o 170.9 -26 .7 1685 + 25 

O I O I 

X 

4a O 

4b S 

173.2 

200.5 

- 2 4 . 4 

+ 2.9 

1653 

1662 

- 7 

+ 2 

O I O I 

X 

5a CH2 

5b CO 

5c O 

198.9 

196.0 

193.8 

+ 1.3 

- 1 . 6 

- 3 . 8 

1654 

1658 

1659 

- 6 

- 2 

- 1 

a) Chemical-shift differences for carbonyl carbons with respect to the shift for 1. b) Difference in carbonyl 
stretching frequencies compared with 1. 

TABLE 2. CARBON-13 NMR CHEMICAL SHIFTS, (5a> 

Compound 

1 

2a 
2b 
2c 

3 
5c 

c=o 
197.6 

197.6 
197.3 
198.4 

170.9 
196.0 

136.2, 
127.1, 
137.7, 
143.5, 
153.2, 
127.4( 
129.9, 
138.3, 

Chemical shift, (5/ppm 

133.6, 132.4, 133.0, 
126.4, 125.6, 124.1 
137.1, 135.1, 132.7, 
137.3, 135.1, 131.7, 
141.9, 135.6, 134.9, 

X2), 125.2, 124.1 
128.4, 126.1, 125.2, 
136.2, 135.1, 133.8, 

Ar-C 

131.0, 130.3(x2) , 

131.9, 130.4(x2) , 
130.6(x2) , 129.6, 
133.6(x2) , 132.5, 

124.4, 120.4 

128.3(x2) , 127.7 

128.8, 128.0, 124.9 
128.8(x2) , 124.8 
131.5, 129.2, 127.9, 

132.8, 132.2, 127.8, 126.0 

CH3 

21.7 

a) Numbers in italic denote non-protonated carbons. Resonances due to the doubly overlapped carbons are 
shown by 2 in parentheses. 

R e s u l t s and D i s c u s s i o n 

The naphthalene peri ketones examined in this paper, 
1—5, are shown in Table 1. 1-Benzoyl- (l)5) and 1,8-
diaroyl-naphthalenes (2),6> 7H, 14//-cycloocta[ 1,2,3-de : 
5,6,7-d'e'] dinaphthalene-7,14-dione (3) ,7> 7(12/ / ) -
pleiadenone (5a),8> and 7,12-pleiadenedione (5b) 8> 
were prepared according to the reported method. 

7-Oxa-7//,14//-cycloocta[l,2,3-öfe : 5,6,7-</V]dinaphtha-
lene-14-one (4a) and sulfur analog 4b,9) and 
12/ / -benzo[ / ]naphtho[ l ,8-^]oxepin-12-one (5c) were 
prepared from ethyl 8-bromonaphthalene-1 -carboxylate 
(see Experimental section). 

The chemical shift of the carbonyl-carbon resonances 
for these compounds are shown in Table 1, in which 
are also shown t h e chemical-shift differences, Ad's, 
from that of the reference compound 1. T h e carbon-
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TABLE 3. UV SPECTRA DATA IN 95% ETHANOL 

Compound ^max/nm (log e) 

1 220(4.79), 250(4.20), 280sh(3.75), 290sh(3.69), 306(3.67), 320sh(3.60) 
2a 206(4.72), 230 sh (4.40), 250(4.40), 290(3.99), 310sh(3.91) 
2c 216(5.02), 230sh(4.79), 250sh(4.35), 316(4.28) 
3 212(4.95), 226(4.73), 250sh(3.49), 259(3.56), 269(3.77), 280(3.87), 3.16(4.03), 326(4.05) 
4a 215(4.89), 257(4.42), 293(3.87), 303sh(3.82), 333(3.81), 356sh(3.76) 
4b 214(4.89), 253sh(4.28), 258sh(4.27), 270sh(4.09), 293(4.01), 308(3.98), 333(3.84) 
5a 210(4.63), 245(4.26), 336(3.92) 
5b 206(4.66), 240(4.47), 280sh(3.62), 335(3.39) 

13 N M R data for selected compounds are summarised 
in Table 2. Quaternary carbon resonances were as­
signed by means of the 1 H single-frequency off-resonance 
decoupling (SFORD) technique. The protonated aryl 
carbon resonances having double intensity are designat­
ed in Table 2. The carbon-13 N M R spectra for the 
less symmetrical 4a, 4b , 5a, and 5b were too complex 
to analyze. The data for these compounds are, 
therefore, not included in Table 2. 

Taking compound 3 as an example, the procedures 
of the assignment will now be illustrated. Compound 
3 showed a carbonyl resonance at ô 170.9, together 
with six aromatic carbon resonances. The aromatic 
carbon peaks at ô 120.4, 125.2, and 128.4 were at­
tributed to the protonated carbons by means of the 
S F O R D technique. The lowest field resonance, at 
ô 120.4, was assigned to the carbon directly bonded 
to the carbonyl group, since it appeared as the double 
intensity peak. The resonances at ô 124.4, 126.1, 
and 129.9 all appeared as double-intensity peaks which 
were split into doublets in the S F O R D spectrum. 

The chemical shifts of the carbonyl carbons depend 
strongly upon the conjugative interactions between 
the adjacent unsaturated bonds. The chemical shifts 
of the carbonyl carbons in the conjugated systems 
usually appear at a higher field than those in the non-
conjugated systems. For example, the carbonyl carbon 
for di-^-butyl ketone at ô 215.8 is shifted to ô 195.2 
for benzophenone.10) 

Garbonyl-carbon resonances for 1, 2a, 2b , and 2c 
at ô 197—198 are only slightly downfield from those 
of the unhindered aryl ketone (AS ca. 3 ppm) . These 
slight downfield shifts may result from the peri interac­
tions, which might inhibit the conjugation between 
the naphthalene ring and the carbonyl group. Because 
of additional conjugation in the benzoyl moiety, the 
extent of conjugation inhibition by the peri interaction 
in these systems could not be correctly estimated. 
The situation, however, may not be as serious as in 

the case of 9-acetylanthracene {Ad 11 ppm) ,10) in which 
two peri interactions exist. The U V spectral data 
for 1 and 2 in Table 3 revealed that the conjugations 
between the naphthalene ring and carbonyl groups 
were quite similar to each other, as is shown in Fig. 1. 

With the 8-membered cyclic compound 3, the car­
bonyl carbon resonance appeared at ô 170.9, which 
is, to our best knowledge, the highest field signal thus 
far reported for ketones. The shift difference, Aôy 

from compound 1 was —26.7 ppm. This observation 
is somewhat surprising, since the compound has a 
rigid structure in which two carbonyl groups are 
parallel to each other and are nearly perpendicular 
to the naphthalene ring plane.11) The U V spectrum 
of 3 shows that the naphthalene chromophores are 
in an unfavorable geometry for conjugation (Table 
2, Fig. 1). Furthermore, the 8-membered ketones 
have been known to show the ôc=0 at the lowest field 
among the other cycloalkanones.12) Both the electronic 
and ring-size considerations call for downfield shifts 
of carbonyl carbons, the opposite of what we have 
observed. I t is, therefore, apparent that a possible 
angle strain can not be responsible for the observed 
anomalous chemical shift. 

Instead, we attribute the primary origin of the 
unusual up-field shift to the increased double-bond 
character of the carbonyl group in 3, possibly caused 
by the inhibition of the carbonyl-bond polarization. 
In this compound, not only do two carbonyl groups 
come into a parallel geometry, but also the n electrons 
interact directly by means of the forced paralled orienta­
tion. The latter situation can not be expected for 
the related s-cis a-diketone, in which the nordal planes 
of the carbonyl carbons lie nearly on a single plane. 

Carbon-13 upfield shifts were observed for all the 
other naphthalene carbon resonances in 3, indicating 
the increased electron density of the aryl carbons in 
3. Especially, the resonance due to the carbons 
directly bonded to the carbonyl group was shifted 
upfield by more than 10 ppm from the equivalent 
resonances for 1 and 2. This may indicate a partial 
inhibition of the conjugation between carbonyls and 
aryl rings, which in turn increases the electron density 
of the aryl rings in 3 relative to those in 1 and 2. 

The carbonyl-stretching frequency of 3 was shifted 
by 25 c m - 1 to 1685 c m - 1 compared to that of the model 
compound 1, indicating the increased double-bond 
character of the carbonyl group, again caused by the 
conjugation inhibition. Part of this frequency shift 
should also be ascribed to the Z G - C O - C deformation 
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characteristic of the medium-sized cyclic ketones, which 
also show vc=0 at a high frequency. The I R as well 
as U V spectral data are consistent with our interpreta­
tion of the anomalous chemical shift of the carbonyl 
carbons for 3. 

In order to obtain further insight into the stereo­
chemical features of 3, we have examined two analogs, 
4a and 4b , in which one of the carbonyl groups in 
3 is replaced by oxygen or by sulfur respectively. 
The carbonyl carbon in 4a was observed at ô 173.3, 
at a field higher by 24.4 than that of 2a. Unlike 
3, however, ôc=0 of 4a appeared at a frequency lower 
by —7 c m - 1 than that of 1. Nakashima and Maciel14) 
observed the vc=0 in 4-oxacyclooctanone shifted by 
3.9 ppm compared to cyclooctanone and attr ibuted 
the phenomenon to the electric-field effect. As the 
nitrogen analog showed an upfield shift of 13 ppm, 
they considered this upfield shift to be caused by the 
transannular effect arising from the through-space 
charge-neutralization proposed by Leonard et al.15) 
The upfield shift for 4a may also be due to the transan­
nular effects. The 4b , sulfur analog, gave a less 
anomalous chemical shift for the carbonyl carbon, 
perhaps because of the enlarged ring size and also 
the poor electron-donating ability of sulfur compared 
to oxygen. Because of the substantial geometrical dif­
ference, no further comparison between acyclic models 
and 4 was at tempted. 

The 4a, oxygen analog, showed a high intensity 
plateau at a long wavelength, indicative of substantial 
conjugation. The sulfur analog 4 b also exhibited an 
U V absorption similar to that of 4a but the long wave 
band fell off to a shorter wavelength. The conforma­
tional rigidity of an 8-membered ring in 4 b was con­
firmed by Johnson et alP* using a derivative of 4b . 

The pleiadene ketones, 5a, 5b , and 5c, are less 
anomalous with respect to the carbon-13 N M R and 
I R data. Tha t these have conformational mobility 
and undergo inversion at an appreciable rate is shown 
by the variable temperature N M R spectra.16) Two 
carbonyl groups are not in a parallel geometry, but 
point outward in 5b . Conjugation between carbonyl 

and aryl groups dominates these compounds, as is 
shown by the data in Tables 1 and 3. 
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The addition reaction of lithium benzenethiolate to 2-buten-4-olide in the presence of aldehydes and ketones 
afforded a-substituted /?-phenylthio-y-butyrolactones (4a—f). The dehydrosulfenylation of 4a—d proceeded 
smoothly to give 2-substituted 2-buten-4-olide by the reflux of a-substituted /?-phenylsulfinyl-y-butyrolactone, 
which was prepared by the oxidation of 4a—d, in the presence of triethylamine. 

A number of methods for the preparation of 2- or 
3-buten-4-olides l a -d) exist because of the interest in 
the synthesis of natural products. In a previous paper, 
a covenient method for the preparation of 3-substituted 
2-buten-4-olide using a,a-bis (phenyl thio)-y-butyro-
lactone was reported which was readily prepared 
by the reaction of y-butyrolactone with iV-phenyl-
thiophthalimide.2) 

In the present study, the introduction of substituent 
groups to the a-position of 2-buten-4-olide (1) was 
investigated by the reaction of the lithium salt of ß-
phenylthio-y-butyrolactone (2) with aldehydes and 
ketones and subsequent dehydrosulfenylation. 

R e s u l t s and D i s c u s s i o n 

Synthesis of <x-Substituted ß-Phenylthio-y-butyrolactones 
(4a—f). The Michael addition reaction of lithium 
benzenethiolate to 1 afforded 2. However, when 
li thium benzenethiolate was allowed to react with 1 
in T H F at —50 °G and the reaction mixture quenched 
with 10% hydrochloric acid, 2 was obtained in only 
5 2 % yield because of the addition reaction of the 
resulting lithium salt of 2 to unreacted 1 to yield the 
lactone derivative (3). Therefore, in order to avoid 
the undesired addition reaction, the reaction was con­
ducted in the presence of phenol, which neutralized 
the resulting lithium salt of 2 to give 2 quantitatively. 

PhS SPh 

in the absence 

O=o. PhSLi H 

of PhOH . O = o . »• 

in the presence 
of PhOH * 

' 0 

2 

52% 

2 
quant. 

The alkylation of 2 with alkyl halides (methyl iodide, 
benzyl bromide, butyl bromide) in the presence of 
lithium diisopropylamide was examined, but this at­
tempt was unsuccessful due to the formation of alkyl 
phenyl sulfide. This shows that the a-anion of 2 
decomposes to the benzenethiolate anion and 1. 

The synthesis of a-substituted ß-phenylthio-y-butyro-
lactones was established by the reaction of the a-
anion of 2 with aldehydes and ketones as electrophiles. 

The reaction of 2 with benzaldehyde in the presence 
of lithium diisopropylamide in T H F at —50 °G for 
2 h afforded a-(1-hydroxybenzyl)-/^phenylthio-y-
butyrolactone (4a) in 5 2 % yield. Furthermore, it 
was found that the yield of 4a was increased to 9 2 % 
when a mixture of benzaldehyde and 1 was added to 
a solution of lithium benzenethiolate in T H F at —50 
°G. This reaction involves two different addition reac­
tions, i.e., the a-anion of 2 generated by the addition 
of lithium benzenethiolate to 1 underwent subsequent 
addition to benzaldehyde to give 4a. 

PhS. 

PhSLi 

3. LI 

O.o 
0 
H 

-C-R 

R 
PhS C-0Li 

PhS C-0H 

H* 0% 
Aa-f 

a: R=Ph, R'=H 

b: R=CH3(CH2)2, R'=H 

c: R=CH3(CH2)A R'=H 

d: R=CH3(CH2)6/ R'=H 

e: R=Ph, R'=CH3 

f: R=R'=C2H5 

Scheme 1. 

In a similar manner, the reactions with other alde­
hydes and ketones were investigated and these results 
are given in Table 1. As shown in Table 1, the reac­
tion with acetophenone or 3-pentanone gave unsatis­
factory results compared with the other aldehydes. 

Dehydrosulfenylation. Dehydrosulfenylation3) of 
4a—d to 8 a — d was achieved by elimination of the 
sulfinyl group of the a-substituted /^phenylsulfinyl-y-
butyrolactones (7a—d) prepared by the oxidation of 4a 
—d. Oxidation of 4a to a- ( 1 -hydroxybenzyl) -ß-phenyl-
sulfinyl-y-butyrolactone (7a) with m-chloroperbenzoic 
acid was conducted in dichloromethane at 0 °G for 
1 h. Subsequent elimination of the sulfinyl group of 
7a without further purification in refluxing T H F for 
3 h in the presence of one equivalent of triethylamine 
afforded 2-(1-hydroxybenzyl)-2-buten-4-olide (8a) in 
75% yield. Substitution of lead acetate as the eliminat­
ing agent in refluxing methanol gave 8a in 6 0 % yield. 
The results of dehydrosulfenylation of 4a—d to 8a—d 
are summarized in Table 2. For 8b , 8c, and 8d, 
where the reaction time was longer than 1.5 h in the 
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a: R = Ph, R'=H c: R = CH3(CH2)*, R'-H 

b: R = CH3(CH2)2, R'=H d: R = CH3(CH2)e, R'=H 

Scheme 2. 

T A B L E 1. T H E REACTION OF 1 WITH ALDEHYDES 

AND KETONES 

T e m p Time ^ , Yield*) 
Entry Aldehyde or ketone „ ^ — ; Product 

°G % 
1 Benzaldehyde b> 

2 ButanaP) 

3 Hexanalb> 

4 OctanaP) 

5 Acetophenonec) 

6 3-Pentanonec) 

-50 
-50 
-50 
-50 

-50 
-40 

-40 
-30 

4b 
4c 
4d 

4e 

4f 

92 

61 

73 

56 

17 

a) The yields are based on 1. b) For entry 1, 2, 3, 
and 4, 1.5 equiv of aldehyde was used, c) For entry 
5 and 6, 2 equiv of ketone was used. 

thermolys is s tep , d e h y d r a t i o n p r o d u c t s w e r e o b t a i n e d . 
I n a d d i t i o n , a second m e t h o d of d e h y d r o s u l f e n y l a -

t ion , w h i c h involves [2,3] s i g m a t r o p i c r e a r r a n g e m e n t 
of allyl sulfoxide (6a),4> w a s a t t e m p t e d . T h e c o n v e r ­
sion of 4 a to 6 a w a s c o n d u c t e d as follows. C o m p o u n d 
4 a was t r e a t e d w i t h o n e e q u i v a l e n t of sulfuric a c i d 
in ref luxing b e n z e n e w i t h a z e o t r o p i c r e m o v a l of w a t e r 
to give a - b e n z y l i d e n e - ß - p h e n y l t h i o - y - b u t y r o l a c t o n e 
(5a) ( 9 0 % y ie ld ) . O x i d a t i o n of 5 a w i t h m-ch loro-
p e r b e n z o i c ac id in d i c h l o r o m e t h a n e a f forded 6 a 
q u a n t i t a t i v e l y . Severa l r e a c t i o n cond i t i ons for t h e 
[2,3] s i g m a t r o p i c r e a r r a n g e m e n t w e r e e x a m i n e d , 
h o w e v e r , b u t t h e des i red 8 a c o u l d n o t b e o b t a i n e d , 
t h e s t a r t i ng m a t e r i a l 6 a b e i n g r e c o v e r e d in a l m o s t 
cases. T h e use of t r i m e t h y l p h o s p h i t e as t h e t h i o p h i l e 
gave t h e r e d u c t i o n p r o d u c t , 5 a . 

T h u s a c o n v e n i e n t m e t h o d for t h e p r e p a r a t i o n of 
8 a — d was es tab l i shed . Seve ra l r e p o r t s exist of t h e 
i n t r o d u c t i o n of s u b s t i t u e n t g r o u p s o n t h e a -pos i t ion 
of a , / ? -unsa tura ted ke tones a n d esters.5> I n t h e r e a c ­
t ion s tud ied h e r e t h e a - a n i o n of 2 serves as a n oc-
a n i o n of 1. T h e a d v a n t a g e s of th is m e t h o d a r e (1) 
t h e s t a r t i ng m a t e r i a l s a r e i nexpens ive a n d r ead i l y ava i l -

T A B L E 2. FORMATION OF 8 a — d 

Oxidation a) Thermolysis15) 

Entry 
Sulfenyl 
lactone 

Sulfinyl 
lactone 

Time 
Product 

Yield«) 

i 

2 
3 
4 

4a 

4 b 

4c 

4 d 

7 a 

7 b 

7c 

7 d 

3 

1.5 

1.5 

1.5 

8 b 

8c 

8 d 

65 

84 

58 

69 

a) Oxidat ion was conducted in dichloromethane at 0 °G 
and the oxidation products were used for the subsequent 
thermolysis without further purification, b) Thermol­
ysis was conducted in refluxing T H F in the presence 
of triethelamine. c) Yields are calculated from sulfenyl 
lactones 4 a — d . 

a b l e ; (2) t h e r e is n o n e e d to isolate t h e i n t e r m e d i a t e 
2 a n d (3) t h e g e n e r a t i o n of t h e a - a n i o n of 2 is p e r f o r m e d 
b y a w e e k b a s e , l i t h i u m b e n z e n e t h i o l a t e . 

Exper imenta l 

Preparation of ß-Phenylthio-y-butyrolactone (2). To a 
solution of benzenethiol (1.10 g, 0.01 mol) in T H F (10 ml) 
was added dropwise a hexane solution of butyllithium (15%, 
6.3 ml, 0.01 mol) at —50 °G under nitrogen and the mixture 
stirred for 15 min. A T H F (8 ml) solution of 2-buten-4-
olide (1)6> (0.84 g, 0.01 mol) and phenol (0.94 g, 0.01 mol) 
was added to this mixture over 10 min, and the mixture 
stirred for 1 h at —50 °G. T h e reaction mixture was warmed 
to room temperature and washed with 10% sodium carbonate 
to remove the phenol and extracted with three 30 ml portions 
of ether and dried over sodium sulfate. After removal of 
the solvent, the residual oil was chromatographed on silica 
gel using benzene as an eluting agent to yield 1.90 g (98%) 
of 2 : m p 51—52 °G (recrystallized from 2-propanol). I R 
1770 cm- 1 . N M R (GDG13) Ô 6.98—7.27 (5H, m) , 3.70— 
4.50 (3H, m) , 2.06—3.00 (2H, m ) . M S 194 (M+). Found : 
G, 61.55; H , 5.15; S, 16.46%0. Galcd for G 1 0 H 1 0 O 2 S: G, 
61.83; H, 5.19; S, 16.50%. 

a- ( 1 -Hydroxybenzyl) -ß-phenylthio- y-butyrolactone (4a). 
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T o a T H F (8 ml) solution of benzenethiol (550 mg, 5 mmol) 
was added butylli thium (in hexane, 1 5 % , 3.2 ml, 5 mmol) 
at — 50 °G and the mixture stirred for 15min . T o this 
solution was added dropwise over 15 min a mixture of 1 
(420 mg, 5 mmol) and benzaldehyde (795 mg, 7.5 mmol) 
in T H F (10 ml) and the reaction mixture stirred for 1.5 h 
at —50 °G. T h e reaction mixture was poured with stirring 
into cold saturated ammonium chloride solution and extract­
ed with three 30 ml portions of ether and the extracts dried 
over anhydrous sodium sulfate. After removal of the solvent, 
the residual oil was chromatographed on silica gel using 
benzene as an eluting agent to give 1344 mg (92%) of 4a . 
Further purification of 4 a was conducted by recrystallization 
from 2-propanol: m p 127—127.5 °G. I R 3420, 1758 cm- 1 . 
N M R (DMSO-</6) Ô 6.83—7.20 (10H, m) , 6.02 (1H, d ) , 
4.00—4.85 (3H, m) , 3.30 (1H, s), 2.45 (1H, b r ) . M S 300 
(M+). Found : G, 67.84; H , 5.37; S, 10.65%. Galcd for 
G 1 7 H 1 6 0 3 S : G, 67.99; H , 5.37; S, 10.67%. 

In a similar manner , a- (1 -hydroxybutyl) -/?-phenylthio-
y-butyrolactone (4b), a-(l-hydroxyhexyl)-/?-phenylthio-y-
butyrolactone (4c), a- (1 -hydroxy octyl)-/?-phenyl thio-y-
butyrolactone (4d), a- (1 -hydroxy- 1-phenylethyl) -/?-phenyl-
thio-y-butyrolactone (4e), and a-( l-ethyl- l-hydroxypropyl)-
/?-phenylthio-y-butyrolactone (4f) were obtained in 6 1 % , 
7 3 % , 56%, 17%, and 7% yields respectively. T h e reaction 
temperature and time for each aldehyde or ketone are as 
follows: —50 °G for 1.5 h for butanal , hexanal, and octanal ; 
- 5 0 °G for 1 h, - 4 0 °G for 1 h for acetophenone ; - 4 0 °G 
for 1 h, - 3 0 °G for l h for 3-pentanone. 4 b : I R 3450, 
1758 cm- 1 . N M R (GDG13) Ô 7.20—7.60 (5H, m) , 3.37— 
4.70 (4H, m) 2.42—2.85 (2H, m) , 1.30—1.80 (4H, m) , 
0.93 (3H, t ) . M S 266 (M+). 4 c : I R 3450, 1760 cm- 1 . 
N M R (GDG13) ô 7.10—7.38 (5H, m) , 3.70—4.68 (4H, 
m) , 3.15 (1H, s) 2.52 (1H, t ) , 1.30 (8H, br) , 0.88 (3H, t ) . 
M S 294 (M+). 4 d : I R 3450, 1770 cm- 1 . N M R (GDG13) 
ô 7.10—7.38 (5H, m) , 3.72—4.68 (4H, m) , 3.41 (1H, s), 
2.52 (1H, t ) , 1.25 (12H, br) , 0.88 (3H, t ) . M S 322 (M+). 
4 e : I R 3490, 1770 cm- 1 . N M R (DMSO-</6) ô 6.90—7.20 
(10H, m) , 4.50 (1H, s), 2.93—3.75 (3H, m ) , 2.38 (1H, d ) , 
1.63 (3H, s). M S 314 (M+). 4f: I R 3500, 1775 cm- 1 . 
N M R (GDGI3) ô 7.35—7.65 (5H, m) , 3.92—4.40 (2H, m) , 
2.20—3.35 (3H, m) , 1.22—1.82 (4H, m) , 0.83 (6H, d t ) . 
M S 280 (M+). 

Preparation of oc-Benzyliden-ß-phenylthio-y-butyrolactone (5a). 
A solution of 4a (3.00 g, 0.01 mol) in benzene (50 ml) in 
the presence of one equivalent of />-toluenesulfonic acid or 
coned sulfuric acid was heated under reflux for 8 h using a 
water separator. The reaction mixture was cooled to room 
temperature, washed with 10% sodium carbonate solution, 
extracted with T H F - G H G 1 3 (1:1), and dried. Removal 
of the solvent under reduced pressure and recrystallization 
from 2-propanol gave 2.54 g (90%) of 5 a : m p 218—219 °G. 
I R 1760 cm- 1 . N M R (DMSO-</6) ô 6.20—7.20 (11H, m ) , 
3.50—4.65 (3H, m ) . M S 282 (M+). Found : G, 72.27; 
H , 5.00; S, 11.35%. Galcd for G 1 7 H 1 4 0 2 S : G, 72.53; H , 
4.94; S, 11.40%. 

Preparation of oc-Benzyliden-ß-phenylsulßnyl-y-butyrolactone (6a). 
T o a solution of 5a (564 mg, 2 mmol) in dichloromethane 
(20 ml) was added dropwise a dichloromethane (15 ml) 
solution of m-chloroperbenzoic acid (414 mg, 2.4 mmol) a t 
0 °G. The reaction mixture was stirred for 1 h. T h e reac­
tion mixture was washed with 10% sodium hydrogencarbon-
ate, extracted with dichloromethane and dried over anhydrous 
sodium sulfate. Evaporation of the solvent gave an oil 
of 6a and treatment with ether provided crystals of 6a (578 
mg, 9 7 % ) : m p 169 °G (dec). I R 1780 cm- 1 . N M R 
( D M S O - 4 ) ô 6.80—7.60 (11H, m) , 3.60—4.65 (3H, m ) . 

M S 298 (M+). Found : G, 68.87; H , 4.92; S, 10.77%. 
Galcd for G 1 7 H 1 4 0 3 S : G, 68.44; H , 4 .73; S, 10.75%. 

General Procedure for Oxidation of 4a—d. T o a solution 
of the /?-phenylthio lactone derivative in dichloromethane 
(15 ml, for 1 g of the lactone) was added dropwise a dichlo­
romethane solution of m-chloroperbenzoic acid (1.2 equiv) 
at 0 °G. T h e reaction mixture was stirred for 1 h at 0 °G, 
washed with 10% aqueous sodium hydrogencarbonate and 
dried. Evaporation of the solvent under reduced pressure 
gave the /?-phenylsulfinyl derivative in quantitative yield. 
The products thus obtained, 7 a — d were used for subsequent 
thermolysis without further purification. 

General Procedure for Thermolysis of ß-Phenylsulfinyl-y-butyro-
lactones (7a—d). A solution of the /?-phenylsulfinyl-y-
butyrolactone derivative in T H F (20 ml for 1 g of the lactone) 
in the presence of one equivalent of triethylamine was heated 
under reflux for 1.5—3 h. After removal of the solvent 
under reduced pressure the residue was chromatographed 
on silica gel using benzene-ether (3:1) as an eluent to give 
the 2-substituted 2-buten-4-olide. 

Analytical and spectral results are as follows: 
2-(7-Hydroxybenzyl)-2-buten-4-olide (8a). 7 5 % . I R 

3425, 1740 cm- 1 . N M R (GDG13) ô 6.95—7.25 (6H, m) , 
5.40 (1H, s) 4.65 (2H, t ) , 3.37 (1H, br ) . M S 190 (M+). 
Found : G, 69.97; H , 5 .38%. Galcd for G n H 1 0 O 3 : G, 69.46; 
H, 5.30%. 

2-(1-Hydroxybutyl)-2-buten-4-olide (8b). 8 4 % . I R 
3425, 1730 cm- 1 . N M R (GDG13) ô 7.18—7.30 (1H, m) , 
4.76 (2H, t ) , 4.42 (1H, br ) , 4.10 (1H, s), 1.03—1.98 (4H, 
m) , 0.90 (3H, t ) . M S 138 ( M - 1 8 ) . The spectral data 
of the dehydration product, 2-(l-butenyl)-2-buten-4-olide, 
of 8 b was shown since the elemental analysis of 8 b gave 
unsatisfactory results. I R 1745 cm- 1 . N M R (GG14) ô 
5.92—7.22 (3H, m) , 4.80 (2H, s) 2.15 (2H, q) , 1.08 (3H, 
t) . M S 138 (M+). 

2-(1-Hydroxyhexyl)-2-buten-4-olide (8c). 5 8 % . I R 
3425, 1735 cm- 1 . N M R (GDG13) ô 7.31—7.35 (1H, m) , 
4.80 (2H, t ) , 4.45 (1H, br ) , 3.55 (1H, br ) , 1.33 (8H, brs), 
0.90 (3H, t ) . M S 166 ( M - 1 8 ) . Found: G, 64.90; H , 
9.04%. Galcd for G 1 0 H 1 6 O 3 : G, 65.19; H , 8.75%. 

2-(1-Hydroxyoctyl)-2-buten-4-olide (8d). 6 9 % . I R 
3425, 1750 cm- 1 . N M R (GDG13) à 7.10—7.25 (1H, m) , 
4.80 (2H, t ) , 4.38 (1H, br ) , 3.10 (1H, br ) , 1.30 (12H, brs), 
0.90 (3H, t ) . M S 194 ( M - 1 8 ) . Due to the difficulty 
in the further purification of 8d, elemental analysis was 
achieved by dehydration product , 2-(l-octenyl)-2-buten-4-
olide, of 8 d as follow. Found : G, 74.04; H , 9 . 3 1 % . Galcd 
for G 1 2 H 1 8 0 2 : G, 74.19; H , 9.34% [ IR 1750 cm- 1 . N M R 
(GG14) ô 5.90—7.23 (3H, m) , 4.76 (2H, s), 1.35 (ÎOH, brs), 
0.90 (3H, t ) . M S 194 (M+).] 
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The liquid-phase oxidation of toluene catalyzed by the cobalt (I I) ion and the bromide ion in the presence 
of the copper(II) ion has been studied. Benzyl acetate was obtained in a good yield (50—70%) with mixed cata­
lysts of metal acetates and sodium bromide in acetic acid at 100—150 °G, accompanied by small amounts of 
benzaldehyde and benzoic acid. The product distribution was greatly dependent on the NaBr concentration, 
which can be explained in terms of the high oxidizing ability of the copper (I I) ion coordinated by the bromide 
ion. A synergistic effect was found on the yield of benzyl acetate upon the addition of copper (I I) acetate with 
a high NaBr concentration, the maximum yield being obtained at the Co:Cu:NaBr ratio of 1:1:5—10. A change 
in the oxygen partial pressure also varied the product distribution, suggesting that the competitive reaction of 
the copper(II) ion with the oxygen molecule for the benzyl radical was simultaneously taking place at a dif­
fusion-controlled rate. Benzyl acetate was considered to result from the oxidation of the benzyl radical by cop-
per(II) bromide and the subsequent solvolysis by acetic acid. The addition of acetic anhydride had a negative 
effect on the formation of benzyl acetate. 

The transition metal ion-catalyzed autoxidation of 
alkylbenzenes, especially with the cobalt(II) ion and 
the bromide ion, in acetic acid has been widely 
studied.1-6^ The autoxidation of /^-xylene catalyzed 
by the cobalt (II) ion and the bromide ion to tere-
phthalic acid is important from the viewpoint of the 
petrochemical industry. The oxidation products, 
however, are mainly acids or carbonyl compounds, 
although in rare cases in the presence of acetic an­
hydride,2»3) they also include acetoxylated compounds. 

Hay2) has reported that methylbenzenes were con­
verted to the acetoxylated compounds in the oxidation 
catalyzed by the cobalt (II) ion and the bromide ion 
in the presence of acetic anhydride, e.g., the oxidation 
of toluene gave benzyl acetate in a 4 4 % yield, but not 
in the absence of acetic anhydride. On the other 
hand, copper(II) acetate is well known to act as an 
inhibitor9) in the cobalt (I II) ion-catalyzed autoxida­
tion and to behave as an oxidizing reagent for alkyl 
radicals.8) 

We previously suggested that the deactivation of 
cobalt (II I) acetate by copper (I I) acetate in the oxida­
tion of toluene is due to the formation of a binuclear 
complex.9) Therefore, it seems difficult to obtain 
benzyl acetate by the oxidation of toluene, which 
has a relatively high ionization potential, by copper (I I) 
acetate. Recently, Imamura reported the oxidation 
of 1,2,3,4-tetrahydronaphthalene catalyzed by copper-
(II) acetate with a high LiCl concentration; in this 
case, the copper (I I) ion, bearing the CI ion, was con­
sidered to be a monomer species that is capable 
of oxidizing 1,2,3,4-tetrahydro-l-naphthyl hydroper­
oxide.10) 

We attempted to obtain benzyl acetate by means 
of the oxidation of toluene in the presence of cobal t -
copper catalysts and found that a side-chain acetoxyla­
tion of toluene occurred and that the yield was de­
pendent on the reaction conditions. 

Exper imenta l 

Materials. The acetic acid, copper(II) acetate, co­
balt (I I) acetate, and other metal acetates were used without 
further purification. The sodium bromide were dried under 

a vacuum at 150 °G for 5 h. The toluene was purified by 
the usual method : distillation after washing with concentrated 
sulfuric acid, an aq alkaline solution, and water and drying 
over (CaCl2 and sodium metal). 

Procedure. The oxidation was carried out with two 
methods. 

Method A: A 200 ml three-necked round-bottomed flask 
equipped with a gas inlet, a thermometer, and a condenser 
was used. Oxygen was blown onto the surface of the reaction 
mixture. 

Method B: A 200 ml autoclave made of Ti was used. 
The reaction was carried out with a batch method; the 
total pressure of the mixed gas was 40 kg/cm2. 

Analysis. The reaction mixture, with an internal 
standard (1-chloronaphthalene), was poured into ice water 
and then extracted with ether. The extract was submitted 
to GG analysis after having been washed with water and 
aqueous Na2GOs and then dried (Na2S04). The benzoic 
acid was analyzed by GG directly or after esterification 
with a MeOH-BF3 reagent. The products were identified 
by means of IR, NMR, and GG-MS. PhCHO: 9.9 ppm 
(1H), 7.7 ppm (5H), 2750 cm-1, 1690 cm-1, M+ 106 {MW 
106). PhCH2OCOCH3: 7.3 ppm (5H), 5.1 ppm (2H), 2.1 
ppm (3H), 1730—1760 cm-1, 1220—1260 cm"1, M+ 150 
{MW 150). PhCH2Br: M+ 171 {MW 171). A gas Chro­
matograph (Shimadzu GG-3BT) was mainly used for the 
analysis of the products. 

Column: PEG 20 M 10% on Gelite 545, 1 m, 2 m, 145 °G, 
180 °G, He gas, 40 ml/min. 

R e s u l t s a n d D i s c u s s i o n 

Effect of Bromide-ion Concentration on the Co-Cu Catalysis. 
The effect of the Br-ion concentration on the product 
distribution in the presence of cobalt(II) acetate and 
copper(II) acetate was investigated (Fig. 1). The 
ratio of the bromide ion to the cobalt(II) ion drastically 
affected the product distribution. At ratios lower than 
four, the major product was benzoic acid, while benzyl 
acetate was formed in only a minor amount . When 
the ratios were higher than five, the major products 
were benzyl acetate and benzyl bromide. 

O n the oxidation of alkyl radicals by copper (I I) 
salts, Kochi8) clarified that there is an equilibrium 
between the monomeric and dimeric copper (I I) ion, 
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T A B L E 1. EFFECT OF SODIUM SALTS ON THE REACTION 

PRODUCTS IN THE OXIDATION OF TOLUENE 

BY THE G o - G u SYSTEM 

5.0 10.0 

[NaBr]/[Co(OAc)2] 

Fig. 1. Oxidation products of toluene catalyzed by 
Co-Cu-Br as a function of the ratio of [NaBr]/ 
[Go(OAc)2]. 
Reaction conditions: 100 °C, 20 h, [Co(OAc)2] = 
[Gu(OAc)2] =5 .71 X 10-2 M, [toluene] = 1.39 M, 
method A. a) Based on initial toluene. 
O : PhCH2OAc, # : PhCH2Br, 3 : PhCHO, 
€ : PhCOOH. 

^ 2.0 

[Go(OAc)2]/10-2M 

Fig. 2. Oxidation products of toluene catalyzed by 
Co-Cu-Br as a function of catalyst concentration. 
Reaction conditions: 100 °C, 20 h, [Co(OAc)2]: 
[Cu(OAc)2] : [NaBr] = 1:1:7, [toluene] = 1.39 M, 
method A. a) Based on initial toluene. 
O : PhCH2OAc, # : PhCH2Br, 3 : PhCHO. 

and that the active species in the oxidation is the 
monomeric one. Upon the addition of the acetate 
ion8) or the chloride ion,10-12) this dimer-monomer 
equilibrium becomes favorable to the monomer side. 
In our experiments, this equilibrium may be present, 
and the monomer with the bromide ion is predominant 
upon the addition of the bromide ion to the cobal t -
copper system at ratios higher than five; thus, the 
benzyl radical was oxidized by the monomeric copper-
(II) ion to benzyl acetate and benzyl bromide. O n 
the other hand, Gaevskii13) recently discussed the active 
species in the oxidation of ethyl benzene catalyzed 
by the cobalt(II) ion and the bromide ion; he con­
cluded that cobalt ( I I I ) monobromide is an active 
species, for it has a high stability constant. Accord­
ingly, at a low ratio of the bromide ion to the cobalt-
(II) ion, the main reaction may be an abstraction of 
the a-hydrogen of toluene by cobalt(III) monobromide. 
Figure 1 indicates that the ratio of the amount of 
benzyl acetate to that of benzyl bromide retains con-

Sodium salts 

None 
NaOAc 
NaCl 
NaBr 

Nal 

Products (mol%)a> 

—*>) 

— 
PhCH2OAc (64.3) 
PhCH2Br (11.4) 
PhCHO (1.2) 
PhCOOH (23.1) 
PhCOOH (100) 

Reaction conditions: Method A, 100 °C, 24 h, [Co(OAc)2] 
= [Cu(OAc)2] =5.71 X 10-2 M, [NaX] =0.4 M, [tolu­
ene] =1.39 M. a) Based on the total amounts of all 
oxidation products, b) No reaction occurred. 

stant, even when the bromide-ion concentration is 
increased by a factor of two. This fact suggests that 
the oxidation of the benzyl radical proceeds not through 
the carbonium ion but through a so-called ligand-
transfer reaction. 

Effect of Catalyst Concentration. Figure 2 shows 
the effect on the oxidation of the catalyst concentration 
at the ratio of Co : Cu : B r ~ = l : 1 : 7. The maximum 
yield of benzyl acetate was obtained at the 0.08 M 
cobalt concentration. 

According to Kochi,8) this ligand-transfer reaction 
determines the rate of diffusion control. I t seems 
that a higher catalyst concentration is required since 
the copper (I I) ion and oxygen will be competing for 
the benzyl radical. However, when the concentration 
of the catalyst was higher than 0.08 M , low yields 
of benzyl bromide and benzyl acetate were observed. 
This phenomenon can be explained in terms of an 
aggregation of metal acetates14) or a complex formation 
between metal acetates and hydroperoxide.15) 

As the concentration of a catalyst becomes higher, 
the ratio of benzyl acetate to benzyl bromide increases, 
suggesting that the reaction of benzyl bromide with 
cobalt (I I) acetate is playing a part, an idea supported 
by Hay.2) 

Effect of Sodium Salts. The effect of sodium 
salts on the product distribution was also investigated. 
As may be seen from Table 1, it is obvious that the 
bromide ion is the most effective for the synthesis 
of benzyl acetate. According to the studies by 
Imamura 1 0 - 1 2 ) of the liquid-phase oxidation catalyzed 
by the Cu-Cl system, the main reaction is a decomposi­
tion of hydroperoxide by Cu-Cl compounds and no 
significant oxidation by the Co-Cu-C l system seems 
to occur, since hydrogen abstraction is important in 
this reaction. The addition of sodium acetate did 
not change the oxidizing activity of the Co-Cu system 
and resulted in the recovery of toluene. These results 
may be attributed to their redox potentials being lower 
than that of the Co-Cu-Br systems. 

When sodium iodide was added to the Co-Cu 
system, a small amount of benzoic acid was obtained, 
perhaps for the same reason as in the case of the chloride 
ion. 
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Recycling of the Bromide Ion in the Course of the Oxidation. 
Figure 3 shows the time dependence on the yield of 
products in the oxidation of toluene in acetic acid 
at 100 °C. In the early stage of the oxidation, benzyl 
bromide was primarily formed and benzyl acetate 
increased gradually. After 20 h, benzyl acetate turned 
into the major product. Many workers1-6) have sug­
gested that the reaction of benzyl bromide with acetic 
acid proceeds easily at 100 °C. In our study, however, 
this reaction was very slow, presumably because of 
the high bromide-ion concentration. The formation 
of benzyl bromide in the early stage suggests that the 
ligand transfer by the copper (II) ion is mainly bromide-
ion transfer; consequently, the structure o f thecopper -
(II) ion might be CuBr™~. Here, m=0—2 and n= 
2—4, according to Imamura. 1 0 - 1 2) The Br ion con­
centration decreases in the course of the oxidation; 
hence, the activity of the copper (I I) ion is gradually 
lost. Under these conditions (method A), benzoic 
acid and benzaldehyde were minor products, since 
the oxygen concentration in the reaction media was 
very low. The dependence of the reaction temper­
ature on the product distribution was also investigated 
(Table 2). 

It was found that the selectivity changes drastically 

2 

Time/h 

Fig. 3. Oxidation products of toluene catalyzed by 
Go-Gu-Br as a function of reaction time. 
Reaction conditions : 100 °C, [Go (OAc) 2] = [Gu-
(OAc) J = 5.71 x 10-2 M, [NaBr] = 0.4 M, [toluene] 
= 1.39M, method A. a) Based on initial toluene. 
O: PhCH2OAc, # : PhCH2Br, 3 : PhCHO, 
€ : PhCOOH. 

with the reaction temperature and that benzyl bromide 
disappears at temperatures above 140 °C. As reported 
by Hay,2) the solvolysis of benzyl bromide in the oxida­
tion catalyzed by the cobalt(II) ion and the bromide 
ion in acetic acid is quite difficult at temperatures 
lower than 100 °C. In our study, benzoic acid was 
formed at low reaction temperatures; that is, the 
oxidizing ability of the cobal t (III) ion was maintained 
because of the high additional bromide-ion concentra­
tion. The amount of products which can be regarded 
as resulting from the oxidation of the benzyl radical 
by the copper(II) ion was relatively small because 
of the deterioration of the copper(II) ion. At low 
temperatures, the monomeric copper (I I) ion gradually 
turns to a dimer, becoming inactive for the oxidation 
of the benzyl radical in the course of the oxidation, 
because the bromide ion in the reaction media de­
creases because of the slow rate in the solvolysis of 
benzyl bromide. At 150 °C for 1—5 h, the yield of 
benzyl acetate was at its maximum. The solvolysis 
of benzyl bromide may proceed easily at these tem­
peratures. 

Therefore, the activity of the catalyst in the oxida­
tion can be maintained. O n the other hand, at tem­
peratures higher than 150 °C, the oxidation of benzyl 
acetate and benzyl bromide can not be ignored, for 
it results in a lower yield of benzyl acetate. 

According to the study by Howard and his co­
workers16) of the hydrogen abstraction at the a-position 
of toluene, benzyl bromide, and benzyl acetate by 
the Z-butylperoxyl radical at 30 °C, though there 
is a small difference in the reactivity between the 
/-butylperoxyl radical and cobal t (III) bromide acetate, 
their rates are 0.012, 0.0075, and 0.006 M " 1 s"1 re­
spectively. 

Benzyl acetate is oxidized to benzaldehyde via ben-
zylidene diacetate. Thus , it is obvious that the opti­
m u m reaction temperature is about 150 °C for the 
synthesis of benzyl acetate. 

Effect of the Oxygen Partial Pressure. The de­
pendence of the oxygen partial pressure on the product 
yields is shown in Table 3. As has been mentioned 
above, the ligand-transfer is a competitive reaction 
with the oxygen molecule for the benzyl radical. 
Therefore, when a low oxygen partial pressure was 
used, the yield of benzyl acetate was high. However, 
it should be mentioned that the oxidant in this reaction 

TABLE 2. EFFECT OF THE REACTION TEMPERATURE ON THE REACTION PRODUCTS IN 

THE OXIDATION OF TOLUENE BY THE GO-GU-BR SYSTEM 

Temperature 
°G 

80 
100 
120 
140 
150 
170 

Toluene conversion 

/o 

12 
54 
66 
64 
77 
61 

PhCH2OAc 

2 
17 
42 
44 
49 
48 

Products 

PhCH2Br 

9 
12 
2 

— b ) 

— 

(mol o/0)a) 

PhCHO 

34 
49 
29 
23 
15 
21 

PhCOOH 

54 
20 
26 
43 
33 
30 

Reaction conditions: method B, 5 h, total pressure, 40 kg/cm2, (0 2 /N 2 =l /3) , [Co(OAc)2] = [Cu(OAc)2] —5.71 X 
10~2M, [NaBr] =0.4 M, [toluene] = 1.39 M. a) Based on toluene consumed, b) Not detected. 
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TABLE 3. EFFECT OF THE PARTIAL PRESSURE OF OXYGEN ON THE REACTION PRODUCTS 

IN THE OXIDATION OF TOLUENE BY THE Go-Gu-Br SYSTEM 

Partial pressure of oxygen Toluene conversion Products (mol /k)a) 
k § / c m 2 % PhCH2OAc PhCHO PhCOOH 

— _ _ _ _ 

10 77 49 15 33 
5 34 60 27 12 
0 0 Trace 0 0 

Reaction conditions: method B, 150 °C, 5 h, [Co(OAc)2] =[Cu(OAc)2] =5.71 X 10~2 M, [NaBr] = 0.4 M, [toluene] 
= 1.39 M. a) Based on toluene consumed. 

TABLE 4. EFFECT OF THE [Cu(OAc)2]/([Go(OAc)2]-f [GU(OAC) 2 ] ) RATIO ON THE REACTION 

PRODUCTS IN THE OXIDATION OF TOLUENE BY THE G o - G u - B r SYSTEM 

[Gu]/([Go] + [Cu]) Toluene conversion Products (mol %) 
m o l % % PhCH2OAc PhCHO PhCOOH 

0.00 98 6 2 88 
0.25 91 25 8 66 
0.50 77 49 15 33 
0.75 76 45 15 37 
1.00 65 38 13 48 

Reaction conditions: method B, 150 °G, 5 h, [Co(OAc)2]-f [Gu(OAc)2] = 1.14 x 10"1 M, [NaBr] =0.4 M, [toluene] = 
1.39 M ; total pressure, 40 kg/cm2 (0 2 /N 2 =l /3) . a) Based on toluene consumed. 

is ultimately oxygen; hence, benzyl acetate was not 
obtained under a nitrogen atmosphere, that is, the 
active species could not be generated from the reaction 
between cobalt(II) acetate bromide and the benzyl-
peroxyl radical. 

Effect of the Ratio of [CÜ\j([Co] + [Cu\). The 
effect of the copper (I I) acetate concentration in the 
constant NaBr and metal acetate concentrations on 
the oxidation was also studied (Table 4). 

A remarkable synergistic effect was observed at the 
[Cu]/([Co] + [Cu]) ratio of 0.5; that is, Co : C u = l : 1. 
With an increase in the concentration of copper (I I) 
acetate, the products changed from benzoic acid to 
benzyl acetate and the conversion of toluene went 
down little by little. In the region of [Cu]/([Co] + 
[ C u ] ) = 0 — 0 . 5 , the benzyl radical may react with the 
oxygen molecule; consequently, the main product was 
benzoic acid. 

O n the other hand, the product distribution was 
similarly changed in the ratio of the 0.5—1.0 region. 
In the copper (I I)-ion and bromide-ion system, although 
the oxidizing ability was small, as has been shown 
by Shigeyasu,17) benzyl acetate was also obtained as 
well as a large amount of benzoic acid, and precipitates 
of presumably copper(II) oxide or hydroxide were 
formed in a manner similar to the oxidation of naph­
thalene catalyzed by the pal ladium-copper-chloride 
system in acetic acid.18) The reason for the synergistic 
effect is not clear, but it might be due to the formation 
of a binuclear complex between cobalt(III) acetate 
and copper(II) acetate. In a study of the additive 
effect of metal acetates to cobalt ( III) acetate, Kawai9) 
suggested that the formation of the binuclear complex 
was caused by the lowering of the activity and the 
redox potential of cobalt(III) acetate. 

We found that toluene can not be oxidized by cobalt-
copper system without the bromide ion, although it 
was easily oxidized to benzyl acetate by the addition 
of NaBr. 

Additive Effect on the Product Distribution. The 
additive effects of other transition-metal acetates, acetic 
anhydride, ethyl methyl ketone, and paraacetaldehyde, 
were also investigated. 

No remarkable effects on the product selectivity 
were found upon the addition of Ni (OAc) 2, Ce(OAc)3 , 
Cr(OAc) 3 , and Mn(OAc) 2 . 

The synergistic effect of M n 2 + in the oxidation of 
alkylbenzenes catalyzed by the cobalt ion and the 
bromide ion has previously been reported.5) 

In our study, however, no additive effect of M n 2 + 

on this system was observed, suggesting that the reac­
tion between the peroxyl radical and the metal ion is 
not very important. Replacing 0.01 part of acetic 
acid partly with acetic anhydride reduced the yield 
of benzyl acetate at 150 °C for 5 h. The same effect 
was observed with ethyl methyl ketone and para­
acetaldehyde. 

A reaction between these additives and catalyst 
seems to occur. 

Mechanistic Consideration. A plausible mechanism 
is shown in the Scheme except for the formation of 
a binuclear complex between cobalt ( III) acetate and 
copper(II) acetate. The present reaction is considered 
to be substantially a ligand transfer of the benzyl 
radical with the copper (I I) ion based on the studies 
by Kochi8) in Eqs. 6 and 7. Very recently, the oxida­
tion of methylbenzenes with cerium(IV) pyridinium 
salt was reported by Roi;19) a ligand-transfer reaction 
similar to that in the case of the copper (I I) ion occurs 
and arylalkyl chloride and arylalkyl methoxide were 
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obtained. The active species in a hydrogen abstrac­
tion has been proposed by many workers.2_6> 

One of the present authors20) also clarified that the 
active species, cobalt (III) acetate bromide, produced 
by the reaction of cobalt(II) acetate bromide with 
the peroxyl radical has a reactivity similar to that 
of the Br radical toward various alkylbenzenes (Eqs. 
1 and 3). 

PhCH3 + Go(III)Br > PhCH2- + Go(II)BrH (1) 

PhCH2- + 0 2 ; F = ± P h C H 2 0 0 . (2) 

P h C H 2 0 0 . + Go(II)BrH > 

PhCHO + Go(III)Br + H 2 0 (3) 

PhCHO + 0 2 > PhGOOH + H 2 0 (4) 

[Gu(OAc)2]2 + j;NaBr ^ = ± 

2Cu(OAc)a.Br„ + jNaOAc (5) 

PhGH2. + Cu(OAc)*Bry > 

PhGH2OAc -f Gu(I) (6) 

PhGH2. -f Cu(OAc)JBry > 

PhGH2Br -f Gu(I) (7) 

PhCH2Br + AcO- PhCH2OAc + Br- (8) 

Gu(I) -f 0 2 + HX > GuCIIJCOAcJ^Bry (9) 

(HX = HOAc, HBr. *=0,1,2,3,4. y = 0,1,2,3,4.) 

Scheme 1. Oxidation mechanism of toluene catalyzed 
by Go-Gu-Br. 

The coupling reaction between the benzyl radical 
and the oxygen molecule proceeds at the rate of dif­
fusion control, although it is considered that this reac­
tion may proceed to the reverse side in Eq. 2 and the 
concentration of the benzyl radical in the reaction 
media will be high at higher temperatures.21> 
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( + )~ß-(2-Furyl)-/^-alanine and ( + )-/?-(2-thienyl)-/^-alanine were obtained by resolving the iV-benzyloxy-
carbonyl-DL-amino acids with quinine and by removing the protecting group from them. It was concluded, 
from the changes in their ORD curves depending on the pH, and also from the sign of the Cotton effects of their 
DGHA salts of the iV-ethylthiocarbonothioyl derivatives, that both the compounds belong to the L-series. This 
conclusion was supported by the fact that the aspartic acid obtained by the oxidation of these amino acids be­
longs to the D-series. 

In connection with /?-(2-thiazolyl) -ß-alanine,1) 
present in a peptide antibiotic bottromycin as a Ci-
terminal amino acid, we had an interest in the ß-
amino acids bearing a heterocycle in the ^-position. 
Among these amino acids, we attempted to prepare 
/?-(2-furyl)- and /?-(2-thienyl) -^-alanine as analogs 
of the thiazolylalanine. Both the compounds are 
known,2»3) but no at tempt has been made to resolve 
them or to determine the absolute configuration of 
their optically active form. 

These /?-amino acids were prepared by the reaction 
of 2-furaldehyde or 2-thiophenecarbaldehyde with 
malonic acid in the presence of ammonium acetate 
according to the literature.2a»3b) The racemates could 
be successfully resolved by treating the iV-benzyloxy-
carbonyl derivatives with quinine in ethyl acetate or 
ethanol. From the crystalline quinine salts, separated 
out from the solution, the alkaloid base was removed; 
the following optically active compounds were 
thus obtained : iV-benzyloxycarbonyl- ( -f ) -ß- (2-furyl) -ß-
alanine, m p 123—125 °C, [a]2D° +55 .9° (c 1, M e O H ) , 
iV-benzyloxycarbonyl- ( + ) -ß- (2-thienyl) -ß-alanine, m p 
128—129 °C, [a]2D° +45 .4° (c 1, M e O H ) . The N-
protecting group could be removed by hydrobromic 
acid in acetic acid in the usual way, though the yields 
were unexpectedly low in both cases. The amino 
acids obtained were: ( + )-/?-(2-furyl)-^-alanine, [a]2

D
0 

+ 12.9° (c 1, H 2 0 ) , ( + )-£-(2-thienyl)-£-alanine, [a]2D° 
+ 15.3° {c 1, H 2 0 ) . By hydrogenolytic deprotection, 
the former amino acid of [a]2D° +13 .7° (c 1, H 2 0 ) 
was obtained in a much better yield than in the case 
of acidolysis. 

In previous papers we proposed two empirical rules 
for the determination of the absolute configuration 
of the ß-amino acid. One is that the value of the 
molecular rotation of L-/?-amino acid4) in water at 
various p H decreases in the order of neutral > acidic > 
alkaline media.5) The other is that the dicyclohexyl-
amine (DCHA) salt of the iV-ethylthiocarbonothioyl 
(ETCT) derivative of the L-^-amino acid shows a 

** Present address: Star Rubber Ind. Co., Ltd., No. 
2-3, 1-Chôme, Nishishiriike-cho, Nagata-ku, Kobe 658. 

*** Present address: The Green Cross Corporation, 
2-2-11, Gokodori, Fukiai-ku, Kobe 651. 

**** Present address: Amagasaki Chemical Industries 
Co., Ltd., 24-1-Chôme, Rinkaicho, Izumiotsu-shi 595. 

TABLE 1. COTTON EFFECTS OF JV-ETCT-L-/?-AROMATIC 

X 

CAMINO ACIDS (C2H5SSC-NHCHCH2COOH) AND 
THEIR D C H A SALTS IN SEVERAL SOLVENTS 

X 

Phenyl-6) 
2-Thiazolyl-
2-Thienyl 
2-Furyl-

Free acid 
y "̂  ^ 

MeOH C6H6 CHClg 

— — — 
- - , + + 

+ + 
+ + + 

DCHA salt 

MeOH C6H6 CHC]3 

— — -
— — -
- - -
- - -

negative Cotton effect.6) In order to apply these rules 
to the optically active /?-amino acids obtained here, 
their O R D spectra in water at different p H values 
were measured; it was found that the values decreased 
in both the /Camino acids in the order of neutral > 
acidic > alkaline media. O n the other hand, the CD 
spectra of the D C H A salts of the N-ETCT-ß-amino 
acids in some solvents showed negative Cotton effects 
in all the cases, as is shown in Table 1. Both the 
results denote that these ß-amino acids belong to the 
L-series. I t should be pointed out that solvents have 
a remarkable influence on the Cotton effects of the 
iV-ETCT-ß-aromatic ß-amino acids, depending on the 
structure of the aromatic ring (Table 1). 

Terent 'ev reported that iV-benzoyl-DL-/?-(2-furyl)-/?-
alanine or its amide was oxidized with alkaline per­
manganate to the benzoyl derivative of aspartic acid7) 
or asparagine2c) in a good yield. We also observed 
that ß- (2-furyl) -a-alanine was easily converted into 
aspartic acid.8) These facts suggest another route for 
determining the configuration of /?-(2-furyl)- or ß-(2-
thienyl)-ß-alanine by oxidizing it and by examining 
the chirality of the resulting aspartic acid. The ß-
amino acids belonging to the L-series should give D-
aspartic acid upon the oxidation. 

The oxidation of iV-benzyloxycarbonyl-( + )-/?-(2-
furyl)-/?-alanine with alkaline permanganate proceeded 
very smoothly and afforded iV-(benzyloxycarbonyl) 
aspartic acid almost quantitatively; it was determined 
to be the D-isomer by a comparison of the optical 
rotation of the dimethyl ester with that of a sample 
derived from L-aspartic acid. O n the other hand, 
the oxidation of iV-benzyloxycarbonyl-(+)-/?-(2-
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t h i eny l ) -ß - a l an ine to a n a s p a r t i c a c i d d e r i v a t i v e d i d 

n o t p r o c e e d so s m o o t h l y , a n d it w a s a c c o m p a n i e d 

b y m a n y b y - p r o d u c t s . F r o m t h e o x i d a t i o n p r o d u c t s 

o b t a i n e d a t 40 °C , iV- (benzy loxycarbonyl ) a s p a r t i c a c i d 

was isola ted in a 1 2 % yie ld af ter r e p e a t e d pu r i f i ca t i on 

b y p r e p a r a t i v e silica gel T L C ; b e n z o i c ac id w a s also 

isolated in a 5 1 % yie ld . T h e con f igu ra t i on of t h e 

a spa r t i c a c id o b t a i n e d h e r e w a s con f i rmed to b e t h e 

D-form, q u i t e s imi la r to t h e a b o v e case . C o n s e q u e n t l y , 

t he o r ig ina l ( + ) - £ - ( 2 - f u r y l ) - a n d ( + ) - ß - ( 2 - t h i e n y l ) -

ß - a l a n i n e cou ld b e a t t r i b u t e d to t h e L-series. 

T h e i d e n t i t y of t h e conc lus ions d e d u c e d b o t h f rom 

the e m p i r i c a l ru les a n d f rom t h e c h e m i c a l ev idences 

w o u l d d e m o n s t r a t e t h e usefulness of these ru les . 

E x p e r i m e n t a l 

The melting points are uncorrected. T h e optical rotations 
were measured on a J A S C O DIP-4 Polarimeter. T h e O R D 
and C D curves were recorded on a J A S C O O R D / U V - 5 
spectropolarimeter. 

m.-ß-( 2-Furyl)-ß-alanine (I). This compound was 
synthesized in a 2 8 % yield by the condensation of 2-fur-
aldehyde, malonic acid, and ammonium acetate according 
to the literature;2a> m p 199—201 °C (dec), lit,2a> m p 200— 
201 °C (dec). 

~N-Benzyloxycarbonyl-DL-ß-(2-furyl)-ß-alanine (II). I 
was acylated with benzyloxycarbonyl chloride and sodium 
hydroxide as usual; 79% yield; m p 143—143.5 °C (from 
aq E t O H ) . 

Found: C, 62 .31; H , 5.29; N , 4 . 7 1 % . Calcd for C15-
H 1 5 N 0 5 : C, 62.28; H , 5.23; N , 4 .84%. 

Optical Resolution of Tn^-ß-f 2-Furyl)-ß-alanine. N-Ben-
zy loxy carbony l-(+)-ß-( 2-fury l)-ß-alanine (III): I I (8.7 g) and 
quinine (9 g) were dissolved in ethyl acetate ( 150 ml) 
and then allowed to stand for several days in a re­
frigerator. T h e crystals thus separated were collected and 
recrystallized from ethyl acetate: m p 109—111°C, [a]2

D° 
- 8 6 . 0 ° (c 1, M e O H ) . 

By the removal of quinine from this salt with hydrochloric 
acid, optically active JV-benzyloxycarbonyl-/?-(2-furyl)-/?-
alanine was obtained; m p 123—125 °C (from aq E t O H ) , 
[a]2

D° +55 .9° (c 1, M e O H ) . T h e overall yield from I I 
was 70%. 

(-\-)-ß- (2-Fury l) -ß-alanine (IV). Debenzyloxycarbonyla-
tion by Acidolysis: A 2 5 % hydrogen bromide solution in 
acetic acid was added to I I I (600 mg), which dissolved 
immediately, forming a deep blue solution. After about 
ten minutes, the solution was concentrated under reduced 
pressure, and the resulting residue was washed with dry 
ether several times. After the remaining viscous, deep blue 
material had been dissolved in water and decolorized, the 
aqueous solution was passed through an Amberlite CG-120 
( H + form) column. T h e amino acid was then eluted with 
aq ammonia, and the eluate was, after decolorization, con­
centrated to dryness under reduced pressure; yield, 4 4 % . 
Recrystallization from water afforded large plates; m p 205— 
207 °C (dec), [a]2

D° +12 .9° (c 1, H 2 0 ) . 
Debenzyloxycarbonylation by Hydrogenolysis'.^ In a quant i ­

tative hydrogénation apparatus, a solution of I I I (723 m g ; 
2.5 mmol) in a mixture of 1 M N a O H (7 ml) and methanol 
(4 ml) was hydrogenated in the presence of 5 % P d - C (80 mg) 
at room temperature. Hydrogénation was stopped when 
50 ml of hydrogen (ca. 2.2 mmol) had been absorbed. T h e 
reaction mixture was then filtered, and the catalyst was 
washed thoroughly with water. T h e filtrate and the washings 

were combined, acidified with hydrochloric acid, and extract­
ed with ethyl acetate. T h e aqueous layer neutralized with 
1 M N a O H to p H 6, was passed through the Amberlite 
CO-120 (H+ form) column, which had been thoroughly 
washed with water. T h e amino acid was eluted with aq 
ammonia , and the eluate was concentrated to dryness under 
reduced pressure: 360 mg (93%). T h e N M R spectrum of 
this compound was identical with that of the ( + )-/?-(2-
furyl) -ß-alanine obtained by acidolysis and showed no peak 
at tr ibutable to the tetrahydrofuran ring. Recrystallization 
from water afforded large plates; [a]2

D° +13 .7° (c 1, H 2 0 ) . 
DL-ß-f2-Thienyl)-ß-alanine (V). This compound was 

synthesized in a 4 3 % yield by the condensation of 2-thio-
phenecarbaldehyde,10* malonic acid, and ammonium acetate 
according to the literature;3b> m p 199—201 °C (dec), lit,3b> 
m p 201—203 °C. 

~N-Benzyloxycarbonyl-T>L-ß- (2-thienyl) -ß-alanine ( VI). V 
was benzyloxycarbonylated as usual in an 8 6 % yield; 
m p 118—118.5 °C (from aq E t O H ) . 

Found : C, 59.02; H , 4.94; N , 4.34%,- Calcd for C15-
H 1 5 N 0 4 S : C, 59.00; H , 4 .95; N , 4.59%, • 

Optical Resolution of DL-/?-('2-Thienyl)-ß-alanine. The 
resolution was carried out in a manner similar to that used 
in the case of the furan derivative. 

Easily crystallizable quinine salt of iV-benzyloxycarbonyl-
ß-(2-thienyl)-ß-alanine was obtained in a 6 0 % yield; m p 
155—156 °C (from E t O H ) , [a]2

D° - 2 9 . 3 ° (c 1, M e O H ) . 
~N-Benzyloxycarbonyl- ( -\-)-ß- (2-thienyl) -ß-alanine ( VII). 

Yield, 9 5 % ; m p 128—129 °C (from aq E t O H ) , [a]2
D° +45 .4° 

(c 1, M e O H ) . 

(+)~ß-('2-Thienyl) -ß-alanine (VIII). V I I was de-
benzyloxycarbonylated with hydrogen bromide in acetic 
acid and worked up similarly to the case of furylalanine. 
Yield, 5 4 % ; m p 206—208 °C (dec), [a]2

D° + 1 5 . 3 ° (c 1, 
H 2 0 ) . 

Measurement of CD Spectra of N-ETCT-amino Acids and 
Their DCHA Salts. Both ß-amino acids,*IVfand V I I I , 
and ( + )-ß-(2-thiazolyl) -ß-alanine1) were converted to the 
corresponding ethyl dithiocarbamates as well as their D C H A 
salts according to the literature.11) T h e signs of the Cotton 
effects of their C D spectra in several solvents are summarized 
in Table 1. 

Oxidation of ~N-Benzyloxycarbonyl-(-}-)-ß-(2-furyl)-ß-alanine. 
I l l (289 mg) was dissolved in a sodium hydroxide solution 
( N a O H 40 mg, H 2 0 5 ml) , into which an alkaline potassium 
permanganate solution ( K M n 0 4 1.6 g, N a O H 0.5 g, H 2 0 
50 ml) was added, drop by drop, under ice-cooling until 
the violet color of the reaction mixture had come to persist. 
T h e residual permanganate was destroyed with aqueous 
sodium sulfite, the precipitated manganese dioxide was filter­
ed off, and the filtrate was extracted with ethyl acetate after 
having been acidified with hydrochloric acid. T h e organic 
layer was then washed with water and dried over anhydrous 
sodium sulfate. T h e evaporation of the solvent gave white 
crystals (mp 110—114°C), the I R spectrum of which agreed 
well with that of JV-benzyloxycarbonyl-L-aspartic acid; the 
yield was 266 mg (quantitative). T h e optical rotation was 
measured after converting it to dimethyl ester with diazo-
methane ; [a]2

D° +15 .3° (c 1.7, M e O H ) , [a]2
D° - 2 9 . 5 ° (c 

1.3, CHC13). (iV-Benzyloxycarbonyl-L-aspartic acid dimethyl 
ester:12) [a]2

D° - 2 0 . 4 ° (c 1, M e O H ) , [a]2
D° + 2 7 . 5 ° (c 1, 

CHCI3)). 

Oxidation of N-Benzyloxycarbonyl- (-\-)-ß- (2-thienyl) -ß-alanine. 
V I I (600 mg) was oxidized with alkaline permanganate 
similarly to the case of the furan derivative, except that the 
reaction temperature was kept at about 40 °C. T h e color 
change of the reaction mixture was very slow compared 
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with that of the furan derivative, so a large excess of the 
oxidizing reagent was added to ensure the oxidation. T h e 
separation of the crude oxidation products was carried out 
by preparative T L G (adsorbent: Merck silica gel GF 2 5 4 ; 
developing solvent, C H C l 3 : M e O H : A c O H = 9 5 : 1 5 : 3 ) . T h e 
zone of the chromatogram containing JV-(benzyloxycarbonyl)-
aspartic acid was scraped off and extracted with methanol . 
T h e extract was then concentrated and purified again in 
the same manner . T h e methanol extract was then dissolved 
in ethyl acetate, and the solution was washed with water 
and dried over sodium sulfate. T h e subsequent evaporation 
of the solvent gave white crystals (mp 114—115°C), the 
I R spectrum of which agreed well with that of JV-benzyloxy-
carbonyl-L-aspartic acid; the yield was 64 mg ( 1 2 % ) ; di­
methyl ester, [a]2

D° +17 .7° (c 1.2, M e O H ) , [a]2
D° - 2 0 . 3 ° 

(c 1.2, CHC13). Another component of the oxidation prod­
uct, with a larger R{ value than that of the aspartic acid 
derivative, was also isolated in a similar manner . This 
compound melted at 119—121 °G after recrystallization from 
water and showed no depression of the melting point when 
admixed with benzoic acid. T h e yield was 122 mg (51%). 
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Pyrrolizidine Alkaloids. The Synthesis and Absolute Configuration 
of All Stereoisomers of Monocrotalic Acid 
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All stereoisomers (3a, b—6a, b) of monocrotalic acid have been synthesized. Methylation of (±)-cis-2,3,4-
trimethyl-2-pentenedioic acid with diazomethane followed by m-hydroxylation with potassium permanganate 
afforded two epimeric y-lactone esters in a ratio of ca. 1:5. These esters were then hydrolyzed with dilute hy­
drochloric acid to the corresponding acids, (=t)-3 and racemic monocrotalic acid (4). Optical resolution of 
(±)-3 with brucine afforded 3a (2R,3R,4:S) and 3b (2S,3S,4:R). The racemic monocrotalic acid was also resolv­
ed by means of brucine to give natural monocrotalic acid (4a: 2R,3R,4R) and its enantiomer (4b: 2S,3S,4S). 
Subsequently, (rt)-/rawj-2,3,4-trimethyl-2-pentenedioic acid was resolved with cinchonidine to give 8a and 8b, 
whose stereochemistry was assigned respectively as S- and /^-configuration by correlation to the known (R)-( — )-
2-phenylpropanoic acid. Methylation of 8a followed by m-hydroxylation and hydrolyses afforded y-lactone 
acids, 5a (2R,3S,4S) and 6b (2S,3R,4S). Similarly, the enantiomer 8b was also converted into the corresponding 
acids, 5b (2S,3R,4R) and 6a (2R,3S,4R). The stereochemical course of the above hydroxylations with potassium 
permanganate was well explained by a modification of Gram's rule of asymmetric induction. The CD spectra 
of 3a,b—6a,b were also discussed. 

The pyrrolizidine alkaloid monocrotaline (1) has 
been isolated from Crotalaria spectabilis Roth.,1»2) C. 
retusa L.,2~4) and C. grahamiana Wight et Arn.5) 
Hydrogenolysis of 1 produced a necic acid component, 
monocrotalic acid (2), which possesses three asym­
metric carbons in the molecule. Therefore, eight 
stereoisomers (3a,b—6a,b) are possible for 2. The 
structure of monocrotalic acid was established by deg­
radation and synthesis by Adams et Ö/.8»7) O n the 
basis of the stereospecificity of the synthetic reaction,7) 
they assigned the relative configuration of methyl groups 
on C-2 and C-3 to be eis (2R,3S or 2S,3R). This 
means that the stereostructure of monocrotalic acid 
is shown as one of four diastereomers (5a, 5b , 6a, 
and 6b) . 

Me Me Me 

0=C OH C=0 
0 

Me Me 

Me OH 
H -Me 

L-Me 
0 ^ o ^ C 0 2 R 

3a R=H 
IIa R=Me 

o ^ > 

OH 
Me 

Me--

0 C02H 

QH 
-Me 
.Me 

0 * X *CT %HC02R 

4a R=H 

12a R=Me 

Cervinka et al.8>9) also studied the stereochemistry 
of monocrotalic acid and assigned the absolute con­
figuration of C-2 to be R by the method of asymmetric 
transformation and by means of the optical rotatory 
dispersion. O n the other hand, Grout et al.10*11) dis­
agreed with the result of Adams et al?) and found the 
chirality of three asymmetric centers in monocrotalic 
acid to be 2R,3R,4R (4a) by comparing the rate 
constant of dehydration of methyl monocrotalate with 
those of methyl trichodesmate,12) 3-hydroxy-4-butyro-
lactone, and mevalonolactone, and by correlation 
of C-2 and C-4 to the known compounds, (2R,3S)-
2,3-dihydroxy-2-methylbutanoic acid and (£)-3-hy-
droxy-2-methylpropanohydrazide. Although this dis­
crepancy concerning the configuration of C-3 had 
been explained by Crout et al.,10) it was desirable to 
obtain the direct confirmation of the stereochemistry 
of C-3 by an unambigous synthesis. The key step 
in the reported synthesis7) was the stereospecific hy-
droxylation of (=t)-a'i ,-2,3,4-trimethyl-2-pentenedioic 
acid (7) with pertungstic acid, which is known to 
give predominantly Jrawj-hydroxylation of olefinic 
double bonds. However, Crout et <z/.10) have reported 
that the above hydroxylation actually proceeded in 
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a stereospecifically eis manner . This confusion about 
the stereochemical course of the synthetic reaction 
seemed to have occurred because of using the acidic 
compound (7) which did not react with potassium 
permanganate or osmium tetraoxide.7) In previous 
papers,13) we have reported that similar compounds, 
methyl £rawi^3-methoxycarbonyl-2-methyl-3-pentenoate 
and its w-isomer, were easily hydroxylated with potas­
sium permanganate in a eis manner . Therefore, it 
was of interest to study the hydroxylation of dimethyl 
a'i ,-2,3,4-trimethyl-2-pentenedioate (9) and its trans-
isomer (10) with potassium permanganate . We were 
further interested in studying the steric course of the 
hydroxylation to the olefinic double bonds directly 
bonded to asymmetric carbon atoms. This paper de­
scribes the syntheses and absolute configurations of 
all stereoisomers of monocrotalic acid, and the stereo­
chemistry of the potassium permanganate hydroxyla-
tions. In addition, the relationship between the ab­
solute configurations and the circular dichroism (CD) 
spectra of the synthetic y-lactone acids was also dis­
cussed. 

A mixture ofracemic eis- (7) and £rans-2,3,4-trimethyl-
2-pentenedioic acid (8) was prepared by the procedure 
of Adams et al. and then successfully separated by 
column chromatography on silica gel. The N M R 
spectrum of ( ± ) - 7 showed a methine proton quartet 
at ô 4.43 p p m and two methyl singlets at ô 1.75 and 
1.90 ppm, while that of ( ± ) - 8 showed the corresponding 
signals at ô 3.74 (q) p p m and at ô 1.94 (6H, s) ppm. 
The appearance of the methine proton signal of ( ± ) - 7 
in the field lower than that of ( ± ) - 8 suggested that 
these dioic acids, ( ± ) - 7 and ( ± ) - 8 , have respectively 
eis- and ^^ -con f igu ra t ion . Methylation of the cis-
isomer, ( ± ) - 7 , with diazomethane afforded the di­
methyl ester (9), which was submitted to oxidation 
with aqueous potassium permanganate in the presence 

Subsequently, our attention was directed toward 
the syntheses of the other four diastereomers. For 
this purpose, ( ± ) - 8 was resolved by means of cin-
chonidine to give 8a, [a]D + 1 2 1 ° (ether), and 8b , 
[a]D —120° (ether), which were methylated with diazo-

of magnesium sulfate at —20 °C. Purification of the 
crude product by column chromatography on silica 
gel produced, as expected, two epimeric y-lactone 
esters, ( ± ) - I l and (± ) -12 , in a ratio of ca. 1: 5. The 
I R and N M R spectra of the major product, (=t)-12, 
were identical with those of natural methyl mono-
crotalate. Since it is well known that potassium 
permanganate reacts with olefins to add two hydroxyl 
functions to the double bond in a cis manner, the 
relative configuration of the methyl groups on C-2 
and C-3 in both ( ± ) - l l and (± ) -12 is trans, sup­
porting the assignment of Crout et al.10) The y-lactone 
esters, ( ± ) - l l and (rt)-12, were hydrolyzed with dilute 
hydrochloric acid to the corresponding acids, ( ± ) - 3 
and ( ± ) - 4 , which were subsequently methylated back 
into ( r t ) - l l and (± ) -12 with diazomethane. This 
proved that there was no configurational change during 
the hydrolyses. The ( ± ) - 4 acid was then resolved 
by means of brucine to give monocrotalic acid (4a), 
M D —5.6° (E tOH) , and its enantiomer (4b), [a]D 

+ 5.3° (E tOH) . Methylation of 4a and 4 b with 
diazomethane, followed by dehydration of the resulting 
esters, 12a and 12b, with phosphoryl chloride in 
pyridine afforded respectively methyl (Ä)-( + )-anhy-
dromonocrotalate (15a),10»11) [a]D +205° (CHC13), 
and its (S) -(—) -enantiomer (15b), [a]D —195° 
(CHC13). From the above synthesis the absolute con­
figuration of monocrotalic acid was conclusively as­
signed as being 2R,3R,4R (4a). The ( ± ) - 3 acid 
was also resolved by means of brucine to give 3a, 
[ a ] p - 3 2 ° (E tOH) , and 3b , [a]D + 2 2 ° (EtOH),14) 
which, after methylation with diazomethane, were 
dehydrated with phosphoryl chloride in pyridine to 
afford 15a and 15b respectively. Thus, the absolute 
configurations of 3a and 3 b were also assigned as 
being 2R,3R,4S and 2S,3S,4R respectively. 

methane to yield dimethyl esters, 10a and 10b. The 
absolute configurations of 8a and 8 b were determined 
by the following correlation. Reduction of 10a15) with 
lithium aluminium hydride, followed by acetylation 
of the resulting diol (16) with acetic anhydride in 
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pyridine, afforded a diacetate (17), [a]D + 9 . 1 ° (CHC13). 
This was then submitted to ozonization to yield 
4-acetoxy-3-methyl-2-butanone (18). The Grignard 
reaction of the crude 18 with methylmagnesium iodide 
gave a diol (19a) which was characterized as its mono-
acetate, 3-hydroxy-2,3-dimethylbutyl acetate (20a), 
[a]D +16.9° (CHC13). Transformation of the known 
(Ä)-( — )-2-phenylpropanoic acid (21 )16> into 20a or 
its enantiomer (20b) was also carried out as follows. 
Methylation of 21 with diazomethane afforded the 
corresponding methyl ester (22), which was converted 
into (Ä)-(—)-2-phenylpropyl acetate (24) by reduction 
with lithium aluminium hydride and subsequent acet-

ylation of the resulting alcohol (23) with acetic an­
hydride in pyridine. Ozonization of 24 followed by 
methylation of the resulting acid (25) with diazo­
methane afforded methyl (£)-( + )-3-acetoxy-2-methyl-
propanoate (26), [a]D +18 .2° (GHC13), which was 
then converted into (£)-( — )-3-hydroxy-2,3-dimethyl-
butyl acetate (20b), [a]D - 2 7 . 1 ° (CHC1?), by the 
Grignard reaction with methylmagnesium iodide and 
subsequent acetylation. The I R and N M R spectra 
of 20b was identical in every respect with those of 
20a. Thus, the stereochemistry of 20a was assigned 
to be ^-configuration and 8a and 8 b consequently 
have S- and /^-configuration respectively. 

Me H 

AcOH2C 

Me H 
^ b \ .OH 

R0H2(T ^ C ^ 
sC0Me , / \Â 

Me Me 
19a R = H 
20a R=Ac 

H Me 

ROoC *Ph 

21 R=H 
22 R = Me 

H Me 

ROHoC KPh 

23 R-H 
24 R=Ac 

H Me 

ÂcOH 2 C "COoR 

25 R=H 
26 R = Me 

H Me 

R0H2C 
.OH 

A 
Me Me 

19b R = H 
20b R = Ac 

Oxidation of 10b with potassium permanganate af­
forded two y-lactone esters, 13b and 14a, in a ratio 
of ca. 5:2. The N M R spectrum of 13b showed a 
quartet at ô 3.04 p p m due to a methine proton at 
C-4, while that of 14a showed the corresponding signal 
at ô 2.61 ppm. These chemical shifts suggested that 
the relative configuration of the methine proton and 
a hydroxyl group at C-3 is eis in 13b and trans in 14a. 
From the above spectral data and the consideration 
of the stereochemical course of the oxidation, the 

absolute configurations of 13b and 14a were assigned 
as 2S,3R,4R and 2R,3S,4R respectively. These as­
signments were further supported by the dehydration 
of 13b and 14a with phosphoryl chloride in pyridine, 
yielding 15b and 15a respectively. Hydrolyses of 13b 
and 14a with dilute hydrochloric acid yielded the 
corresponding acids, 5b (2S,3R,4R), [a]D + 6 0 ° (E tOH) , 
and 6a (2R,3S,4R), W D - 5 . 1 ° (E tOH) . The enan-
tiomers, 5a (2R,3S,4S) and 6 b (2S,3R,4S), were also 
synthesized from 10a by oxidation and subsequent 
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Fig. 3. The CD spectra of 3a, b and 5a, b in H 2 0 . 

hydrolyses of the resulting y-lactone esters, 13a and 
14b. Further, (± ) -10 prepared from (=t)-8 was also 
converted into ( ± ) - 5 and ( ± ) - 6 via (zfc)-13 and (=t)-
14. Resolution of ( ± ) - 5 by means of cinchonidine 
afforded 5a and 5b , whereas that of ( ± ) - 6 was unsuc­
cessful. Thus , the syntheses of all stereoisomers of 
monocrotalic acid were successfully achieved. 

The stereochemical course of the potassium per­
manganate hydroxylation of olefinic esters having an 
asymmetric carbon atom adjacent to the double bond 
can be well explained by a modification of Cram's 
rule of asymmetric induction (open-chain model)17»18) 
as shown in Figs. 1 and 2. For example, in the trans 
ester 10b and its m-isomer 9 which is shown only one 
enantiomer of the racemate, the A and C conformations 
should be more stable than the corresponding B and 
D conformations, as has been reported by Karabatsos,18) 
because the effective steric size of three substituents 
on the asymmetric carbon atom is M e > C 0 2 M e > 
H.19) Therefore, the double bonds in the A and B 
conformations are attacked by the permanganate anion 

ro 

+ 12 

10 

8 

6 

4 

2 o 
X 0 

S 
" 2 

4 

6 

8 

10 

-12 
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Fig. 4. The CD spectra of 4a, b and 6a, b in H 2 0 . 

from the side of the smallest hydrogen atom, as pictured, 
leading to the major product 13b and the minor one 
14a. Similarly, the C and D conformations also lead 
to the major product 12a and the minor one l i b 
respectively. 

It has been reported that the sign of the Cotton 
effect in the CD spectra of y-lactones depends on the 
configuration of C-4,20-22) while in the cases of y-
lactones possessing a carboxyl group at C-2 it depends 
on the configuration of C-2.8»9) O n the other hand, 
we have also reported that when y-lactones possess 
a carboxyl group at C-3, the sign is influenced by the 
configuration of C-4.13) In connection with these 
previous works, the CD spectra of our synthetic acids 
(3a9b—6a,b) were also measured to obtain further 
information on the relationship between the absolute 
configuration and the sign of the CD spectrum. The 
CD spectra of the present samples may be divided 
into two classes. The compounds of the first class, 
3a,b and 5a9b, which have the opposite absolute 
configurations at C-2 and C-4 (2R,4S or 2S,4R), 
show two distinct Cotton effects at 204 and 224 nm; 
these respectively represent the configurations of C-2 
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and C-4. Those of the second class, 4a,b and 6a,b, 
which have the same absolute configurations at C-2 
and C-4 (2R,4R or 25,45), exhibit only one efTect at 
204 nm. It is clear that when the absolute configura­
tion of C-2 or C-4 is R, the sign is negative, and when 
S, it is positive. It is also evident that the Cotton 
effect due to the configuration of C-2 is superior to 
that of C-4, as has been reported by Cervinka et al.8>9) 
In the cases of 4a,b and 6a9b, the two Cotton effects 
are apparently overlapped and, consequently, only 
the strong effect due to the configuration of C-2 is 
observed at 204 nm. These results in the C D study 
seemed to be very useful for the prediction of the 
absolute configurations of both C-2 and C-4 in y-
lactones carrying a carboxyl group at C-2. 

Exper imenta l 

All melting points are uncorrected. The IR spectra and 
optical rotations were measured in chloroform, and the NMR 
spectra in carbon tetrachloride at 60 MHz, with tetra-
methylsilane as the internal standard, unless otherwise stated. 
The chemical shifts are presented in terms of ô values; s: 
singlet, bs: broad singlet, d: doublet, dd: double doublet, 
q: quartet, m: multiplet. The CD spectra were recorded 
on a JASGO J-40GS spectropolarimeter. Column chroma­
tography was performed using Merck silica gel (0.063 mm). 

(±)-cis-2,3\4-Trimethyl-2-pentenedioic Acid (7) and Its (±)-
trans-Isomer (8). A mixture of (±)-7 and (±) -8 prepar­
ed by the procedure of Adams et al?^ was chromatographed 
on silica gel24> using acetone-benzene (3:97) as the eluent 
to give an anhydride of (=fc)-7; IR: 1790, 1736, 1657 cm"1; 

NMR: 1.51 (3H, d, 7 = 7 Hz, CH3CH-), 1.95 and 2.01 

(each 3H and s, 2=CCH3), 3.25 (1H, q, 7 = 7 Hz, CH3CH-). 
Further elution gave (it)-7, which was recrystallized from 
ether-petroleum benzine: mp 118—120 °C; NMR (CD3-

COGD3): 1.20 (3H, d, 7 = 7 Hz, CH3CH-), 1.75 and 1.90 

(each 3H and bs, 2=CCH3), 4.43 (1H, q, 7 = 7 Hz, CH3CH-). 
Found: G, 55.71; H, 7.18%. Galcd for G8H1204: G, 55.80; 
H, 7.03%. 

Further elution with acetone-benzene (1:9) afforded (±)-8, 
which was recrystallized from ether-petroleum benzine: mp 
132—133 °G; NMR (GD3GOGD3): 1.23 (3H, d, 7 = 7 Hz, 

GH3GH-), 1.94 (6H, s, 2=GCH3), 3.74 (1H, q, 7 = 7 Hz, 

GH3GH-). Found: G, 55.97; H, 6.96%. Galcd for 
G8H1204: G, 55.80; H, 7.03%. 

The above anhydride was hydrolyzed with aqueous sodium 
hydroxide at 40 °G for 2 h to give (±)-7. 

Dimethyl (±)-cis-2,3,4-Trimethyl-2-pentenedioate (9) and Its 
(±)-trans-Isomer (10). a): A sample of (rfc)-7 in 
ether was methylated with diazomethane to give die cor­
responding dimethyl ester (9); NMR: 1.20 (3H, d, J= 

7 Hz, GH3GH-)? 1.68 and 1.85 (each 3H and s, 2=CCH3), 
3.60 and 3.68 (each 3H and bs, 2-G02GH3), 4.34 (1H, 

q, 7 = 7 H z , GH3GH-). 
b) : Similarly, (rfc)-8 was methylated with diazomethane 

to afford the corresponding ester (10); NMR: 1.16 (3H, 

d, 7 = 7 Hz, GH3GH-), 1.79 and 1.81 (6H, m, 2=GGH3), 
3.58 and 3.62 (each 3H and s, 2-G02GH3), ca. 3.6 (1H, 

overlap, GH3GH-). 
Oxidation of (±)-9 with Potassium Permanganate. A 

solution of potassium permanganate (182 mg) and magnesium 

sulfate heptahydrate (254 mg) in water (9.0 ml) was added 
at - 2 0 ± 2 °G into a solution of (±)-9 (170 mg) in methanol 
(5.0 ml) with stirring. The mixture was further stirred for 
3 h at this temperature, and sodium hydrogensulfite was 
then added. After the methanol had been evaporated under 
a vacuum, the mixture was extracted with ether. The 
ether extract was washed with brine, dried over sodium 
sulfate, and then evaporated under a vacuum. The residue 
was purified by column chromatography on silica gel using 
ether-benzene (15:85) as the eluent to give a y-lactone ester 
(11) (19 mg: 11.1%) as an oil; IR: 3590, 3450, 1777, 1737 
cm-1; NMR (GDG13) : 1.16 (3H, d, 7 = 7 Hz, G4-GH3), 
1.23 (3H, s, G3-GH3), 1.59 (3H, s, G2-GH3), ca. 2.4 (1H, 
bs, -OH) , 2.76 (1H, q, 7 = 7 Hz, G4-H), 3.77 (3H, s, 
-G02GH3) . Found: G, 53.20; H, 7.06%. Galcd for 
G9H1405: G, 53.46; H, 6.98%. 

Further elution gave another y-lactone ester (12) (91 mg: 
53.0%o) which was recrystallized from ether-petroleum 
benzine: mp 76—77 °G; IR: 3580, 3450, 1780, 1732 cm"1; 
NMR (GDGI3): 1.18 (3H, d, 7 = 7 Hz, C4-CH3), 1.19 (3H, 
s, G3-GH3), 1.62 (3H, s, G2-GH3), ca. 2.5 (1H, bs, -OH) , 
2.87 (1H, q, 7 = 7 Hz, G4-H), 3.78 (3H, s, -G02GH3) . 
Found: G, 53.47; H, 6.97%. Galcd for G9H1405: G, 53.46; 
H, 6.98%. The IR and NMR spectra of (±)-12 were 
identical with those of natural methyl monocrotalate. 

Hydrolyses of (±)-H and (±.)-12. a): A mixture 
of ( ± ) - H (826 mg) and dilute hydrochloric acid (4 mol dm"3: 
33 ml) was refluxed for 2 h and then evaporated with benzene 
under a vacuum to dryness. The residue was chromato­
graphed on silica gel24) using acetone-benzene (1:4) as the 
eluent to give an acid (3) (587 mg: 76.4%) which was recrys­
tallized from acetone-petroleum benzine; mp 156—158 °G; 
NMR (GD3GOGD3): 1.13 (3H, d, 7 = 7 Hz, C4-CH3), 1.38 
(3H, s, G3-GH3), 1.57 (3H, s, G2-GH3), 2.80 (1H, q, J= 
7 Hz, G4-H). Found: G, 51.16; H, 6.51%. Galcd for 
G8H1205: G, 51.06; H, 6.43%. Methylation of (±) -3 with 
diazomethane yielded (rfc)-ll. 

b) : A mixture of (±)-12 (1.738 g) and dilute hydrochloric 
acid (4 mol dm - 3 : 65 ml) was refluxed for 2 h and then 
treated as described for the preparation of (=fc)-3. The 
crude product was recrystallized from acetone-petroleum 
benzine to give the racemic monocrotalic acid (4) (659 mg : 
40.8%o); mp 187—189 °G; NMR (GD3GOGD3) : 1.14 (3H, 
d, 7 = 7 Hz, G4-GH3), 1.27 (3H, s, G3-GH3), 1.62 (3H, 
s, G2-GH3), 2.84 (1H, q, 7 = 7 Hz, G4-H). Found: G, 
51.30; H, 6.53%. Galcd for G8H1205: G, 51.06; H, 6.43%. 
The mother liquor of the above crystallization was evaporated 
under a vacuum and the residue was chromatographed on 
silica gel24) using acetone-benzene (1:4) as the eluent to 
give some additional (±)-4 (451 mg: 27.9%). Methylation 
of (rfc)-4 with diazomethane afforded (it)-12. 

Resolution of (±)-3. A mixture of (±) -3 (551 mg) 
and brucine dihydrate (1.262 g) was dissolved in ethanol 
(100 ml) by heating. The solution was concentrated, al­
lowed to stand at room temperature, and then filtered to 
give colorless crystals (870 mg), which were recrystallized 
three times from ethanol to give a brucine salt (464 mg) ; 
mp 218—225 °G dec; [a]D -39.4° . 

The salt was suspended in dilute hydrochloric acid and 
extracted with ether. The ether extract was washed with 
brine, dried over sodium sulfate, and then evaporated to 
dryness. The residue was purified by column chromato­
graphy on silica gel24) to give 3a (2Ä,3Ä,45) (120 mg); [a]D 

- 3 2 ° (EtOH); GD (H 2 0) : [<9]204 -15000, [<9]224 +2700. 
The filtrate from the above salt was evaporated under 

a vacuum and the residue was recrystallized from ethanol 
to yield another brucine salt (550 mg) ; mp 165—168°G; 

file:///4-Trimethyl-2-pentenedioic
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[a ] D - 1 1 . 1 ° . 
This salt was also treated with dilute hydrochloric acid 

as described above and the crude product was purified by 
column chromatography on silica gel24) to give 3 b (2S,3S,4:R) 
(103 m g ) ; [a ] D + 2 2 ° (E tOH) ; C D ( H 2 0 ) :23> [<9]204 + 9 2 0 0 , 
[<9]224 - 1 8 0 0 . 

Resolution of (±)-4. A mixture of ( ± ) - 4 (1.112 g) 
and brucine dihydrate (2.545 g) in ethanol (150 ml) was 
refluxed, concentrated, and then allowed to stand at room 
temperature. T h e crystals (1.790 g, m p 207—208 °G dec) 
were collected by filtration and recrystallized twice from 
ethanol to give a brucine salt (1.165 g) ; m p 208—209 °G 
dec; [a ] D - 1 1 . 4 ° . 

T h e salt was suspended in dilute hydrochloric acid, extract­
ed with ether, and the ether extract was washed with brine. 
After drying over sodium sulfate, the solution was evaporated 
to afford a colorless solid (210 mg) , which was recrystallized 
from acetone-petroleum benzine, giving monocrotalic acid 
(4a) (2R,3R,4R); m p 185—187 °G; [ a ] D - 5 . 6 ° (E tOH) 
(lit, m p 181—182°C,2> [a ] D - 4 . 6 5 ± 0 . 5 ° (E tOH) 7 ) ) ; C D 
( H 2 0 ) : [<9]204 - 1 1 0 0 0 . 

T h e filtrate from the above salt was evaporated and the 
residue was recrystallized from ethanol to give another salt 
(1.145 g ) ; m p 214—216 °G dec; [a ] D - 3 2 ° . 

This salt was also treated with dilute hydrochloric acid 
and the product (228 mg) was recrystallized from ace tone-
petroleum benzine to give 4 b (2S,3S,4:S) ; m p 185—187 °G; 
[a ] D + 5 . 3 ° ( E t O H ) ; GD ( H 2 0 ) : [<9]204 +11000 . 

Dehydration of 11a and lib. a) : A sample of 3a 
(59 mg) was methylated with diazomethane to yield the 
corresponding methyl ester ( H a ) , which was dissolved in 
a mixture of phosphoryl chloride (246 mg) and pyridine 
(0.6 ml) . T h e solution was refluxed for 30 min, cooled, 
diluted with a mixture of ice and dilute hydrochloric acid, 
and then extracted with ether. T h e ether extract was washed 
with brine, dried over sodium sulfate, and evaporated. T h e 
residue was chromatographed on silica gel using e ther -
benzene (2:98) as the eluent to give methyl (R)-( + )-an-
hydromonocrotalate (15a) as an oil (35 m g : 6 0 % ) ; [a ] D 

203°; I R : 1757, 1732, 1675 cm" 1 ; N M R (GDG13) : 1.64 

(3H, s, G 2 -GH 3 ) , 1.83 and 1.99 (each 3 H and s, 2=CCH 3 ) , 
3.76 (3H, s, - G 0 2 G H 3 ) . Found : G, 58.58; H , 6 .67%. 
Galcd for G 9 H 1 2 0 4 : G, 58.69; H , 6 .57%. 

b): A sample of 3 b (60 m g : [ a ] D + 1 8 ° (E tOH)) was 
methylated with diazomethane to afford a methyl ester 
( l i b ) , which was refluxed with a mixture of phosphoryl 
chloride (248 mg) and pyridine (0.5 ml) for 30 min. After 
the same work-up as described in a) above the crude product 
was purified by column chromatography on silica gel to 
give methyl (S)-( — )-anhydromonocrotalate (15b) (47 m g : 
76%) as an oil, [ a ] D —101°, whose I R and N M R spectra 
were identical with those of 15a. 

Dehydration of 12a and 12b. a) : A sample of mono­
crotalic acid (4a) (143 mg) was methylated with diazomethane 
to give methyl monocrotalate (12a), which was refluxed 
with phosphoryl chloride (560 mg) in pyridine ( 1.2 ml) for 
30 min. After the same work-up as described above, the 
crude product was purified by column chromatography on 
silica gel to afford an oil (100 m g : 7 2 % ) , [ a ] D + 2 0 5 ° , whose 
I R and N M R spectra were identical with those of methyl 
(R) - ( + ) -anhydromonocrotalate ( 15a) . 

b) : Methylation of 4 b (43 mg) with diazomethane gave 
the corresponding methyl ester (12b), which was dehydrated 
with phosphoryl chloride (170 mg) in pyridine (0.5 ml) as 
described above. Purification of the crude product by 
column chromatography on silica gel afforded methyl (S)-
( — )-anhydromonocrotalate (15b) (35 m g : 83%) as an oil, 

[a ] D - 1 9 5 ° . 
(S)-(-\-)-3-Acetoxy-2-methylpropanoic Acid (25). (R)-

( - ) -2 -Phenylpropano ic acid (21)16> (6.136 g, [a ] D - 6 3 . 8 ° ) 
was methylated with diazomethane to give a methyl ester 
(22) (6.701 g), [a ] D - 8 5 ° . 

A sample of 22 (6.137 g) was reduced with lithium alu­
minium hydride (852 mg) in ether (60 ml) at room temper­
ature for 2 h. After the usual work-up, the crude alcohol 
(23) (5.038 g : [ a ] D +4 .5° ) was immediately acetylated at 
80 °G for 1.5 h with acetic anhydride (19 ml) in pyridine 
(25 ml) to give (# ) - ( - ) -2 -pheny lp ropy l acetate (24) (6.254 

g ) ; W D - 4 . 5 ° ; N M R : 1.30 (3H, d, J=l Hz, G H 3 G H - ) , 

1.96 (3H, s, - O G O G H 3 ) , 3.05 (1H, m, C H 3 G H - ) , 4.10 
(2H, bd, / = 7 Hz, - G H 2 0 - ) , 7.21 (5H, s, - G 6 H 5 ) . 

A solution of 24 (5.810 g) in chloroform (30 ml) was ozoniz­
ed at 0—15 °G for ca. 70 h. The solution was evaporated 
under a vacuum and the residue was chromatographed on 
silica gel24) using ether-benzene (1:9) as the eluent to afford 
an acid (25) as an oil (1.813 g ) ; [ a ] D + 1 6 . 2 ° ; N M R : 1.25 

(3H, d, / = 7 Hz, G H 3 G H - ) , 2.23 (3H, s, - O G O G H 3 ) , 2.78 

(1H, m, G H 3 G H - ) , 4.16 (2H, d, / = 7 H z , - G H 2 0 - ) . 
Methyl (S)-(+)-3-Acetoxy-2-methylpropanoate (26). A 

solution of 25 (1.508 g) in ether (10 ml) was methylated 
with diazomethane to give the corresponding methyl ester 
(26) (1.567 g ) ; [a ] D + 1 8 . 2 ° ; N M R : 1.19 (3H, d, / = 7 H z , 

C H 3 C H - ) , 2.00 (3H, s, - O G O G H 3 ) , 2.70 (1H, m, G H 3 G H - ) , 
3.69 (3H, s, - G 0 2 G H 3 ) , 4.13 (2H, d, 7 - 7 Hz, - G H 2 0 - ) . 

(S)-(-) -3-Hydroxy-2,3-dimethylbutyl Acetate (20b). 
The Grignard reagent, prepared from methyl iodide (5.0 ml) 
and magnesium (1.306 g) in dry ether (10 ml) , was diluted 
with dry benzene (15 ml) , and then the ether was distilled 
off. After the addition of a solution of 26 (1.323 g) in dry 
benzene (3.0 ml) , the mixture was stirred at room temper­
ature for 30 min and then refluxed for 1.5 h. The reaction 
mixture was poured into a mixture of ice and dilute hydro­
chloric acid, and extracted with ether. The aqueous layer 
was further extracted continuously with ether for ca. 2.5 h. 
The ether extracts were combined, washed successively with 
aqueous sodium thiosulfate and brine, dried over sodium 
sulfate, and then evaporated. The residual oil (925 mg) 
was purified by column chromatography on silica gel using 
ether-chloroform (1:1) as the eluent to give (<S')-2,3-dimethyl-
1,3-butanediol (19b) (615 m g ) ; N M R : 0.82 (3H, d, J= 

7 Hz, G H 3 G H - ) , 1.12 and 1.19 (each 3 H and s, (GH 3 ) 2G-), 
3.58 (2H, d, / = 7 Hz, - G H 2 O H ) . 

T h e above diol 19b (64.8 mg) was acetylated with acetic 
anhydride (0.3 ml) in pyridine (0.5 ml) at room temperature 
for 36 h. After the usual work-up, the crude product was 
purified by column chromatography on silica gel using 
ether-chloroform (1:9) as the eluent to give (£)-( — )-3-
hydroxy-2,3-dimethylbutyl acetate (20b) (54.3 mg) as an 
oil: [ a ] D - 2 7 . 1 ° ; I R : 3605, 3460, 1725 cm" 1 ; N M R : 0.94 

(3H, d, / = 7 Hz, G H 3 G H - ) , 1.12 and 1.17 (each 3H and 

s, (CH 3 ) 2 G-) , 2.00 (3H, s, - O G O G H 3 ) , 3.6—4.4 (2H, m, 
- G H 2 0 - ) . Found : G, 59.69; H , 9 .78%. Galcd for 
G 8 H 1 6 0 3 : G, 59.98; H , 10.07%. 

Resolution of (±)-trans-2,3,4-Trimethyl-2-pentenedioic Acid 
(8). A mixture of (=t)-8 (3.455 g) and cinchonidine 
(11.812 g) was dissolved in ethyl acetate (2.3 1) by refluxing, 
concentrated to about half volume, and then allowed to 
stand at room temperature. T h e colorless crystals (8.14 g) 
were collected by filtration and recrystallized twice from 
ethyl acetate to afford a cinchonidine salt (5.537 g) ; m p 
185—187 °G; [ a ] D - 6 4 ° . 
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An aliquot of the above salt (500 mg) was suspended in 
dilute hydrochloric acid, extracted with ether, and the ether 
extract was washed with brine. After drying over sodium 
sulfate, the solution was evaporated to give (S)-( + )-trans-
2,3,4-trimethyl-2-pentenedioic acid (8a) (121 mg), which was 
recrystallized from ether-petroleum benzine; m p 108—110 
°G; [a ] D + 1 2 1 ° (ether). 

T h e filtrate from the above salt was evaporated under 
a vacuum and the residue was recrystallized several times 
from ethyl acetate to give another cinchonidine salt (1.787 g) ; 
m p 166—168 °G; [a ] D - 9 7 ° . 

This salt was also treated with dilute hydrochloric acid 
to afford (#)-( —)-*raw^-2,3,4-trimethyl-2-pentenedioic acid 
(8b) (375 m g ) ; m p 108—110 °G; [a ] D - 1 2 0 ° (ether). 

Methylation of 8a and 8b. a) : Methylation of 8a 
with diazomethane afforded dimethyl (S)-(-\-)-trans-2,3,4:-
trimethyl-2-pentenedioate (10a) as an oil, [ a ] D + 1 1 4 ° (ether), 
whose I R and N M R spectra were identical with those of 
( ± ) - 1 0 . 

b) : Methylation of 8 b with diazomethane afforded 
dimethyl (R)-( — )-*rarc.s-2,3,4-trimethyl-2-pentenedioate (10b) 
as an oil, [a ] D —111° (ether), whose I R and N M R spectra 
were identical with those of ( ± ) - 1 0 . 

(S) -(+)-1,5-Diacetoxy-2,3,4-trimethyl-2-pentene (17). 
A solution of 10a (1.670 g, [ a ] D + 1 0 2 ° (ether)) in dry ether 
(15 ml) was added dropwise to a suspension of li thium alu­
minium hydride (950 mg) in dry ether (20 ml) with stirring. 
The mixture was refluxed for 2 h, poured into a mixture of 
ice and dilute hydrochloric acid, and extracted with ether. 
The ether extract was washed with brine, dried over sodium 
sulfate, and then evaporated to give a diol (16) (1.101 g) 
as an oil, [a ] D + 7 . 4 ° (ether). 

The above crude diol (16) (1.101 g) was immediately 
acetylated with acetic anhydride (4.4 ml) in pyridine (6.0 
ml) at 80 °G for 2 h. After the usual work-up, the crude 
product was purified by column chromatography on silica 
gel using ether-benzene (2:98) as the eluent to give a diacetate 
(17) (665 mg) as an oil: [a ] D + 9 . 1 ° ; I R : 1725 cm" 1 ; N M R : 

0.98 (3H, d, 7 = 7 Hz, C H 3 G H - ) , 1.70 (6H, br, 2=GCH 3 ) , 
1.95 and 1.99 (each 3H and s, 2 - O G O G H 3 ) , 3.92 (2H, 

d, 7 = 7 Hz, - G H 2 0 - ) , 4.51 (2H, s, = C C H 2 0 - ) . Found : 
G, 63.02; H , 9 .13%. Galcd for C1 2H>0O4 : G, 63.13; H , 
8.83%. 

(R)-(+)-3-Hydroxy-2,3-dimethylbutyl Acetate (20a). A 
solution of 17 (323 mg) in chloroform (10 ml) was ozonized 
at —10 °G for 3 h and then evaporated to give a crude ketone 
(18) (331mg) . 

A solution of the above ketone (18) (321 mg) in dry benzene 
(3.0 ml) was refluxed for 1.5 h with the Grignard reagent, 
prepared from methyl iodide (1.1 ml) and magnesium (345 
mg) in dry ether (5.0 ml) and benzene (5.0 ml) . After 
the same work-up as described for the preparat ion of 19b, 
the crude product was purified by column chromatography 
on silica gel using ether-chloroform (1:1) as the eluent to 
give a diol (19a) (83 mg) whose I R and N M R spectra were 
identical with those of 19b. 

The above diol 19a (68 mg) was acetylated with acetic 
anhydride (0.3 ml) in pyridine (0.5 ml) at room temperature 
for 36 h. After the same work-up as described for the prep­
aration of 20b, the crude product was purified by column 
chromatography on silica gel to afford (i?)-( + )-3-hydroxy-
2,3-dimethylbutyl acetate (20a) (52 mg) as an oil, [ a ] D 

+16 .9° , whose I R and N M R spectra were identical with 
those of 20b. Found: G, 59.73; H , 10.17%. Galcd for 
G 8 H 1 6 0 3 : G, 59.98; H , 10.07%. 

Oxidation of 10b with Potassium Permanganate. A solu­

tion of 10b (355 mg) in methanol (10 ml) was oxidized at 
— 2 0 ± 2 °G with a solution of potassium permanganate (380 
mg) and magnesium sulfate heptahydrate (531 mg) in water 
(18 ml) as described above. T h e crude product was purified 
by column chromatography on silica gel using ether-benzene 
(15:85) as the eluent to give a y-lactone ester (13b) (2S,3R,4R) 
(104 mg) , which was recrystallized from ether-petroleum 
benzine; m p 93—95 °G; [ a ] D + 2 8 . 5 ° ; I R : 3450, 1780, 
1740 c m - 1 ; N M R (GDG18) : 1.19 (3H, d, 7 = 7 Hz, G 4 -GH 3 ) , 
1.28 (3H, s, G 3 -GH 3 ) , 1.58 (3H, s, G 2 -GH 3 ) , 3.04 (1H, q, 
J==l Hz , C 4 - H ) , 3.82 (3H, s, - G 0 2 G H 3 ) . Found : G, 53.62; 
H , 6 .84%. Galcd for G 9 H 1 4 0 5 : G, 53.46; H , 6 .98%. 

Fur ther elution gave another y-lactone ester (14a) (2R, 
3S,4:R) (44 mg) which was recrystallized from ether; m p 
133—135 °G; [a ] D + 5 . 1 ° ; I R : 3450, 1780, 1730 cm" 1 ; N M R 
(GDGI3): 1.22 (3H, d, 7 = 7 Hz , C 4 - C H 3 ) , 1.53 (3H, s, 
G 3 -GH 3 ) , 1.58 (3H, s, C 2 - C H 3 ) , 2.61 (1H, q, 7 = 7 Hz, 
G 4 - H ) , 3.83 (3H, s, - C 0 2 C H 3 ) . Found : G, 53.58; H , 
7.18%. Galcd for G 9 H 1 4 0 5 : G, 53.46; H , 6 .98%. 

Dehydration of 13b and 14a. a) : A sample of 13b 
(86 mg) was dehydrated with phosphoryl chloride (324 mg) 
in pyridine (0.8 ml) as described above. T h e crude product 
was purified by column chromatography on silica gel to 
afford methyl (£)-( — )-anhydromonocrotalate (15b) (40 m g : 
51%) as an oil, [ a ] D —199°. 

b) : A sample of 14a (39 mg) was also dehydrated with 
phosphoryl chloride (148 mg) in pyridine (0.5 ml) to yield 
methyl (#)-( +) -anhydromonocro ta la te (15a) (13 m g : 35%) 
as an oil, [ a ] D + 1 7 0 ° . 

Hydrolyses of 13b and 14a. a) : A sample of 13b 
(88 mg) was refluxed with dilute hydrochloric acid (4 mol 
d m - 3 : 4 . 0 ml) for 2 h. T h e product (71 mg) was recrystal­
lized from acetone-petroleum benzine to give the correspond­
ing y-lactone acid (5b) (2S,3R,4R); m p 185—188 °G; [a ] D 

+ 60° ( E t O H ) ; N M R (CD 3 COCD 3 ) : 1.11 (3H, d, 7 = 
7 Hz , C 4 - C H 3 ) , 1.28 (3H, s, G 3 -GH 3 ) , 1.53 (3H, s, G 2 -GH 3 ) , 
3.09 (1H, q, 7 = 7 Hz, G 4 - H ) . Found : G, 51.08; H , 6.46%. 
Galcd for G 8 H 1 2 0 5 : G, 51.06; H , 6 .43%. 

Methylat ion of 5b with diazomethane gave 13b. 
b) : A sample of 14a (39 mg) was hydrolyzed with dilute 

hydrochloric acid. T h e product (27 mg) was recrystallized 
from acetone-petroleum benzine to give the corresponding 
y-lactone acid (6a) (2R,3S,4R); m p 185—187.5 °G; [a ] D 

- 5 . 1 ° ( E t O H ) ; GD ( H 2 0 ) : [<9]204 - 5 5 0 0 ; N M R (GD3-
G O G D 3 ) : 1.13 (3H, d, 7 - 7 Hz, C 4 -CH 3 ) , 1.53 (3H, s, 
C 3 - C H 3 ) , 1.56 (3H, s, G 2 -GH 3 ) , 2.82 (1H, q, 7 = 7 Hz, 
C 4 - H ) . Found : G, 51.10; H , 6 .45%. Galcd for G 8 H 1 2 0 5 : 
G, 51.06; H , 6 .43%. 

Methylation of 6a with diazomethane gave 14a. 

Oxidation of 10a with Potassium Permanganate. A solu­
tion of 10a (1.075 g) in methanol (32 ml) was oxidized at 
— 2 0 ± 2 °G with a solution of potassium permanganate 
(1.150 g) and magnesium sulfate heptahydrate (1.607 g) in 
water (60 ml) , as described for (=t)-9. T h e crude product 
was chromatographed on silica gel using ether-benzene 
(15:85) as the eluent to give a y-lactone ester (13a) (2R, 
3S,4S) (432 mg) , which was recrystallized from ether-petro­
leum benzine; m p 94—96 °G; [ a ] D - 2 9 . 6 ° . T h e I R and 
N M R spectra of 13a were identical with those of 13b. 

Further elution gave another y-lactone ester (14b) (2S, 
3R,4S) (188 mg) , which was recrystallized from ether: m p 
133—135 °G; [ a ] D - 5 . 4 ° . T h e I R and N M R spectra of 
14b were identical with those of 14a. 

Hydrolyses of 13a and 14b. a) : A sample of 13a 
was refluxed with dilute hydrochloric acid for 2 h. Purifica­
tion of the product gave 5a (2R,3S,4S) ; m p 186—189 °G; 
[a ] D - 6 9 ° ( E t O H ) . T h e N M R spectrum of 5a was identical 
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with that of 5b . 
Methylation of 5 a with diazomethane gave 13a. 
b) : A sample of 14b was hydrolyzed with dilute hydro­

chloric acid to afford 6b (26*,3R,4S) ; m p 185.5—188 °G; 
M D +6-3° ( E t O H ) ; C D ( H 2 0 ) : [0]ao4 + 5 4 0 0 . T h e N M R 
spectrum of 6b was identical with tha t of 6a. 

Methylation of 6b with diazomethane gave 14b. 
Oxidation of (±)-10 with Potassium Permanganate. A 

sample of (rfc)-lO was oxidized with potassium permanganate 
as described for ( r t ) -9 . Chromatographic purification of 
the crude product yielded a y-lactone ester, ( ± ) - 1 3 , which 
was recrystallized from ether-petroleum benzine: m p 9 3 — 
94.5 °G. Found : G, 53.73; H , 6.96%. Galcd for G 9 H 1 4 0 5 : 
G, 53.46; H , 6 .98%. 

Further elution gave another y-lactone ester, ( ± ) - 1 4 , 
which was recrystallized from ether, m p 110—111.5°G. 
Found : G, 53.55; H , 7.06%. Galcd for G 9 H 1 4 0 5 : G, 53.46; 
H, 6 .98%. 

Hydrolyses of (±)-13 and (±)-14. a): A sample of 
( ± ) - 1 3 was hydrolyzed with dilute hydrochloric acid to 
give ( ± ) - 5 , m p 161—165 °G. Found : G, 50.78; H , 6.50%. 
Galcd for G 8 H 1 2 0 5 : G, 51.06; H , 6 .43%. 

b) : A similar hydrolysis of (rfc)-14 afforded ( ± ) - 6 , m p 
199—203 °G. Found : G, 51.10; H , 6 .45%. Galcd for 
G 8 H 1 2 0 5 : G, 51.06; H , 6 .43%. 

Resolution of (±)-5. A mixture of ( ± ) - 5 (1.048 g) 
and cinchonidine (1.639 g) was dissolved in hot ethyl acetate 
(600 ml) and then concentrated. T h e crystals were col­
lected by filtration and recrystallized from ethyl acetate to 
afford a cinchonidine salt (930 mg) ; m p 199.5—201 °G dec ; 
[a ] D - 7 7 . 2 ° . 

T h e salt was suspended in dilute hydrochloric acid and 
extracted with ether. The ether extract was washed with 
brine, dried over sodium sulfate, and then evaporated to 
give 5 b (2S,3R,4:R) (311 mg), which was recrystallized from 
acetone-petroleum benzine; m p 186—189 °G; [ a ] D + 7 0 . 0 ° 
( E t O H ) ; GD ( H 2 0 ) : [<9]204 +12000 , [<9]224 - 4 2 0 0 . 

The filtrate from the above salt was evaporated and the 
residue was recrystallized from ethyl acetate to give another 
cinchonidine salt (788 mg) ; m p 187—189 °G; [a ] D —62.9°. 

This salt was also treated with dilute hydrochloric acid 
to give 5 a (2R,3S,4:S) (279 mg), which was recrystallized 
from acetone-petroleum benzine; m p 186—189 °G; [ a ] D 

- 6 9 . 4 ° ( E t O H ) ; GD ( H 2 0 ) : [<9]204 - 1 2 0 0 0 , [<9]224 + 4 2 0 0 . 

T h e a u t h o r s wish to express t he i r t h a n k s to Professor 
D . H . G. C r o u t , U n i v e r s i t y of E x e t e r , for his g e n e r o u s 
gift of m o n o c r o t a l i c ac id . T h i s w o r k was s u p p o r t e d 
b y a G r a n t - i n - A i d for Scientif ic R e s e a r c h f rom t h e 
M i n i s t r y of E d u c a t i o n . 
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Acyl Cyanide. VI. The Synthesis of 1-Cyano-l-alkenyl Esters 
by the Reaction of Acyl Cyanides with Acid Chlorides. 

Synthesis and Mechanism 
Akira O K U * and Shingo A R I T A 

Department of Chemistry, Kyoto Institute of Technology, Matsugasaki, Sakyo-ku, Kyoto 606 
(Received March 16, 1979) 

The reactions of enolizable acyl cyanides (acetyl, propionyl, isobutyryl, and diphenylacetyl cyanide) with 
acid chlorides (acetyl, propionyl, benzoyl, />-nitrobenzoyl, diphenylcarbamoyl, and dimethylcarbamoyl chloride) in 
the presence of tertiary amines gave the corresponding 1-cyano-l-alkenyl carboxylates or carbamates in good 
yields. Among several solvents and amines examined in the reaction of acetyl cyanide with propionyl chloride, 
benzene and pyridine seem to be most appropriate. The maximum yield (98%) of the ester was attained in 
benzene when both the chloride and pyridine were used in excess amounts (1.2—1.4 times the amount of the 
cyanide). The rate of reaction depended little on the concentration of the chloride but on both the cyanide 
and the amine being of first order in each reactant; it was also influenced by the basicity of tertiary amines 
and, in the case of weak bases, additionally by their nucleophilic power. 

In the preceding paper,1) we reported that 1-cyano-
l-alkenyl esters can be easily synthesized by simply 
mixing acid anhydrides with primary or secondary 
acyl cyanides under the influence of amine catalysts. 
In the present study, we have extended the choice of 
acylating reagent from acid anhydride to acyl chloride 
including not only carboxylic acid chlorides but also 
carbamoyl chlorides, and have carried out their reac­
tions with potentially enolizable acyl cyanides in the 
presence of stoichiometric amount of tertiary amines. 
In this report, solvent effects, base catalysis, and reac­
tion mechanisms are discussed together with the 
synthesis. 

R e s u l t s and D i s c u s s i o n 

The results of the reactions between four enolizable 
acyl cyanides and nine acid chlorides are listed in 
Table 1. Tertiary amines were adopted as the base, 
tetrahydrofuran (THF) and dichloromethane were used 
as solvents. The yields listed in this table are based 
upon the products isolated by fractional distillation 
and are not necessarily the best ones (as for improving 
product yields, see the following sections). 

amine 

R W C H - C O - C N + R3-CO-Cl > 

100 

RiRX^CtClNO-OCOR3 + amine-HGl 

Although a stoichiometric amount of amine is re­
quired in this reaction in contrast to its catalytic amount 
in the reaction with acid anhydrides,1) the product 
esters were obtained in relatively high yields and in 
pure states not contaminated by such by-products 
as the dimer of acyl cyanide. 

Solvents. In order to increase the reaction rates 
and also the product yields in this synthesis, the choice 
of appropriate solvents is important . As a model 
reaction, the reaction of acetyl cyanide with propionyl 
chloride in the presence of pyridine was chosen and 
the effect of solvents (acetonitrile, dichloromethane, 
benzene, and T H F ) were examined by plotting the 
product yields against reaction time (see Fig. 1 ). With 
this figure it becomes evident that the solvent effect 
on the rate of reaction is in the following order 
CH 3 CN « CH2C12 > G6H6 > THF.2) O n the other 
hand, the yield was the highest in benzene (80% 

o 

O 

50 h 

Time/h 

Fig. 1. The effect of solvent on the formation of 
1-cyanovinyl propionate.a) 
CH3CN ( • ) , GH2C12 (O), C A _ ( t ) , THF ( • ) • 
a) Reactant ratio : cyanide/chloride/pyridine = 1 /1 / 1 , 
0.02 mol/18 ml for each reagent, at 25 °G. Product 
yields were determined by VPG using the method 
of calibration curves. 

when the reactant ratio was cyanide/chloride/amine = 
1/1/1) but in CH 3 CN or CH2C12 the yield hit a ceiling 
at ca. 6 0 % , possibly due to the faster consumption of 
the chloride3) than of the cyanide. Therefore, benzene 
seems to be most useful among the four solvents examin­
ed. 

Reactant Ratios. At the last stage of average 
reactions where the initially charged reactant ratios 
were [cyanide]/[chloride]/[amine] —1/1/1 as in the cases 
of the reactions of Table 1, usually the chloride was 
completely consumed while some amount of the cyanide 
remained unreacted. This implied that some side reac­
tions were taking place competingly to consume the 
chloride.3) Thus we thought that the increase in the 
initial amount of chloride relative to that of the cyanide 
would improve the yield. We inspected this effect 
in the reaction of acetyl cyanide with propionyl chloride 
in the presence of pyridine, and the results are shown 
in Table 2. This table clearly indicates that acetyl 
cyanide can be converted into 1-cyanovinyl propionate 
almost quantitatively when an excess amount of the 
chloride and amine (both 1.2—1.4 times more than 
the cyanide) are used. Proved also is the necessity 
of an equivalent amount of amine to that of chloride 
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TABLE 1. PREPARATION OF 1-CYANO-1-ALKENYL CARBOXYLATES BY THE REACTION 

OF ACYL CYANIDES W I T H ACYL CHLORIDES 

R i R ^ C f C N J O C O R 8 

Compd 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

R1 

H 
H 
H 
H 
H 
H 
H 
H 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

C6H5 

R2 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

CH3 

CH3 

CH3 

CH3 

G6H5 

R3 

CH3 

CH2C1 
C2H5 

OC2H5 

G6H5 

/>-N02-C6H4 

N(CH3)2 

N(C6H5)2 

CH3 

CH3 

CH3 

CH2C1 
OC2H5 

/>-N02-C6H4 

N(CH3)2 

N(C6H5)2 

CH3 

/>-N02-C6H4 

N(CH3)2 

N(C6H5)2 

CH(C6H5)2 

Amined) 

Pyr 
DMA 
Pyr 
Pyr 
Pyr 
Pyr 
Pyr 
Pyr 
Pyr 
Dabco 
DBU 
DMA 
Pyr 
Pyr 
Pyr 
Pyr 
Pyr 
Pyr 
Pyr 
Pyr 
Crowne> 

Solvent 

CH2C12 

CH2C12 

C«H2C«12 

CH2C12 

CH2C12 

THF 
THF 
THF 
CH2C12 

CH2C12 

CH2C12 

CH2C12 

CH2C12 

THF 
THF 
THF 
THF 
THF 
THF 
THF 
DME 

Time/h 

24 
21 
24 
20 
25 
24 
24 
24 
24 

2 
2 

28 
21 
24 
24 
24 
21 
24 
24 
24 
20 

Yield/%b> 

65 
76 
56 
36 
68 
49 
c ) 
c ) 
70 
75 
61 
77 
50 
60 
33 
25 
78 
68 
33 
50 
48 

a) Reactant molar ratio: cyanide/chloride/amine = 1.0/1.0/1.0. b) Isolated yields after distillation or column 
chromatography, c) Only a trace amount of the corresponding cyanoalkenyl carbamate was formed whereas the 
major product was the dimer of the cyanide, d) Pyr = pyridine, DMA = i\T,i\T-dimethylaniline, Dabco = 1,4-diazabi-
cyclo[2.2.2]octane, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, Grown = dicyclohexyl-18-crown-6. e) This ester was 
prepared directly by the reaction of diphenylacetyl chloride with potassium cyanide in the presence of crown 
ether catalyst. 

TABLE 2. T H E INFLUENCE OF REACTANT RATIOS 

ON THE ESTER FORMATION*) 
CH3COCN + pyridine > [GH3GOGN] [pyridine] (2) 

slow 

R u n 
Relative reactant ratio 

21 

CH3COCN G2H5GOGl G5H5N 

Yield of esterb> 
%/Time(h) 

[GH3GOGN] [pyridine] + G2H5GOGl 
fast 

1 
2 
3 
4 

1.0 
1.0 
1.0 
1.0 

1.0 
1.4 
1.4 
1.6 

1.0 
1.0 
1.4 
1.4 

80/10 
81/10 
96/10, 
90/10, 

98/26 
97/24 

a) In dry benzene at 25 °G. Standard reactant con­
centration for the cyanide was 0.02 mol in 16 ml of 
benzene, b) Determined by VPG analysis, calibrating 
with authentic compounds. 

in this improved method. 
Reaction Rate. In Table 3 are shown the effects 

of reactant ratios on the initial rates of reaction. 
Evidently, the rates seem to be dependent on the 
concentration of both the cyanide and the amine, 
being of first order in the concentration of each of 
these reactants, and hardly dependent on the con­
centration of the chloride. 

Based on the above observations and subsidiarily 
on the fact that the chloride reacts rapidly with the 
amine to form a pyridinium salt 20,4'5> the following 
reaction channel is proposed. 

GH2=G(GN)OGOG2H5 + pyridine-HG1 (3) 

Equation 1 means a rapidly established equilibrium 
prior to the condensation reaction. In Eq. 2 an 
intermediate (or a transition state) 21 consisting of 
the cyanide and pyridine is formed, whose structure 
will be discussed in the following section. 

According to this mechanism, the initial rate of 
reaction R0 is calculated and expressed by 

k 
Rn IK 

A0[-{l+K(E0-P0)} + 

G2H5GOGl + pyridine [G2H5GO-pyridine]+Gl- (1) 
20 

V{l+K(E0-P0)}^4KP0] (4) 

where E0, P0, AQ are the initial concentration of the 
chloride, pyridine, and cyanide respectively. By 
substituting the observed values of Runs 1 and 4 in 
Table 3 for Eq. 4, £ = 3 . 0 6 X 10~2 L/mol-s and K= 
0.10 were obtained. With these two constants we 
calculated the initial rates i?0(calcd) which agreed 
well with the observed 7?0(obsd), thus the reaction 
channel proposed above seems to be compatible with 
the experimental results. 

Base Catalysis. In this reaction it must be no­
ticed that the rate of reaction depends markedly upon 
the choice of amine catalysts. To find a general 
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TABLE 3. EFFECT OF THE MOLAR RATIOS OF REACT ANTS ON THE INITIAL RATES OF REACTION R0 

Reactant molar ratio i?0(obsd) Rel. 

1 
2 
3 
4 
5 

Cyanide 

0.396 
0.770 
0.382 
0.384 
0.371 

Chloride 

0.396 
0.385 
0.764 
0.384 
0.742 

Pyridine 

0.396 
0.385 
0.382 
0.762 
0.742 

mol • L _ 1 • min - 1 

4 . 7 x l 0 - 3 

8.2 Xl0- 3 

4 . 5 x l 0 - 3 

8 . 5 x l 0 - 3 

9 . 3 x l 0 - 3 

rate 

1.0 
1.7 
0.95 
1.8 
1.95 

•̂ ov. <ai / 

4 .6x10-3 
8.7x10-3 
4.2x10-3 
8.6x10-3 
7.9x10-3 

2 50 

3 
O 

Time/h 

Fig. 2. The effect of tertiary amines on the rates of 
formation of 1-cyanovinyl propionate in benzene.a) 
2-Picoline (A), pyridine (O), 2,6-lutidine ( • ) , 1,4-
diazabicyclo[2.2.2]octane ( # ) . 
a) Reactant ratio: cyanide/chloride/amine = 1/1/1, 0.02 
mol/18 mL for each reagent, at 25±0 .5 °C. Product 
yields were determined by VPC using the method of 
calibration curves. 

rule in this catalysis along the line of solving the reac­
tion mechanism, the influence of five tertiary amines, 
i.e., l,4-diazabicyclo[2.2.2]octane (Dabco), 4-(dimethyl-
amino)pyridine, 2,6-lutidine, 2-picoline, and pyridine, 
upon the reaction rate were examined by means of 
direct measurements by N M R and also by V P C anal­
ysis using the internal reference technique. The tend­
encies of the base catalysis obtained in triplicate 
experiments were reproducible and the same in both 
methods. Results are shown in Fig. 2. Amines with 
strong basicity (and possibly with strong nucleophi-
licity), e.g., Dabco ( p ^ a 8.7) and 4-(dimethylamino)-
pyridine ( p ^ a 9.71),6) showed the greatest rate-en­
hancement whereas the product yields were relatively 
low, probably due to some side reactions such as poly­
merization of the ester. In contrast, the best yield 
was attained when pyridine, a weaker base than the 
others, was adopted. 

Looking at Figure 3, one notices that the effect of 
methyl-substituted pyridines on the rate acceleration 
is in the order of 2,6-lutidine (pK& 6.75) > pyridine 
(5.27) >2-picoline (5.97),6> which is not in laccord 
with the order of basicity nor nucleophilic power. 
Therefore, the rate is not solely dependent on either 
character of amines but seems to be controlled by 
both of them. 

As a rational structure of the transition state which 
is compatible not only with the behavior of bases but 
also with the rate Eq. 4, a base-catalysis model 22 is 

postulated where the proton-abstraction composes the 
rate-determining step. According to Eq. 1 the con­
centration of free amine must depend upon its 
nucleophilic power which, in the reaction of methyl-
substituted pyridines toward acyl chloride, seems to 
be in the order of 2-picoline (steric factor is con-
formationally negligible with regard to its pyridinium 
structure) > pyridine > 2,6-lutidine. Therefore, the 
equilibrium constant K must be small for 2,6-lutidine, 
and large enough for 2-picoline to cancell out its 
higher basicity than pyridine's. As for strong bases 
above p ^ a Ä 8 , the nucleophilicity may not change 
so much as the pK& does that the basicity plays an 
important role in the transition state. 

R1-. 
^^ÇXJ^ 

Co 
R3 

I-

22 

*CN 

H 
R2 CN 

© 
-B 

23 

Scheme 1. 

As an alternative transition state, a push-pull model 
23 seems to be proposable where the ionic character 
of the N - C O bond in pyridinium ion plays a par t of 
the rate acceleration. In this, 2,6-lutidine acts as a 
strong base and simultaneously as a weak nucleophile 
that enhances the ionization of the N - C O bond, 
whereas 2-picoline acts in the opposite way. The 
nucleophilicity of pyridine, though being a weaker 
base than picoline, may lie in between the other two 
amines as explained above. Although, at a glance, 
the rate seems to be dependent on the concentration 
of the chloride in this sort of general acid-base catalysis, 
the possibility of rate acceleration by the increase in 
acyl chloride must be cancelled out by the decrease 
in free amine concentration at the other reacting 
terminus. Therefore, the rate may become almost in­
sensitive to the change in the chloride concentration. 

E x p e r i m e n t a l 

General. NMR chemical shifts and coupling constants 
are expressed by ô and Hz unit respectively. Acyl cyanides 
(acetyl, propionyl, isobutyryl, and diphenylacetyl cyanide) 
were prepared according to the reported method.1) Other 
reagents were commercially available. 

Reaction of Acyl Cyanide with Acyl Chloride; A General Synthetic 
Procedure. Under ice-cooling, tertiary amine (0.04 mol) 
dissolved in 10 mL of a solvent was added to a mixture of 
an acyl cyanide (0.04 mol) and an acyl chloride (0.04 mol) 
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both dissolved in 10 mL of the same solvent. Immediate 
formation of the pyridinium salt was observed. After stirring 
the mixture at ambient temperature for several hours, the 
solution was filtered, the filtrate was washed with water 
three times and dried over anhyd MgS04 . Fractional distil­
lation of the solution gave the expected 1-cyano-l-alkenyl 
ester. The product yields and amines used are listed in 
Table 1. In the following paragraphs, the spectroscopic 
data of some 1-cyano-l-alkenyl esters are listed. For the 
other esters, see the preceding report.1) 

1-Cyanovinyl Chloroacetate (2) : Bp 70—75 °G/4 Torr. IR 
2240, 1780 cm-1. NMR (GDG13) 5.93 (2H, a pair of d, 
7=3 .2 ) , 4.27 (2H, s). 

1-Cyanovinyl Ethyl Carbonate (4): Bp 46—50 °G/3 Torr. 
IR 2230, 1765 cm-1. NMR (GDG13) 5.70 (2H, a pair of 
d, 7=3.0) , 4.25 (2H, q, 7=7.3) , 1.40 (3H, t, 7=7 .3) . 

1-Cyanovinyl p-Nitrobenzoate (6): Mp 132—135 °G. IR 
1760 cm-1. NMR (GDG13) 8.47 (4H, m), 6.03 (2H, a 
pair of d, 7=3 .5) . 

1-Cyanovinyl Benzoate (5): Mp 35.5—38 °G. Bp 88— 
95 °G/0.4 Torr. IR 2220, 1740 cm"1. NMR (GDG13) 8.2— 
7.3 (5H, m), 5.87 (2H, a pair of d, 7=2.5) . 

1-Cyano-1-propenyl Chloroacetate (10): Bp 75—84 °G/3 
Torr. IR 2220, 1780 cm"1. NMR (GDG13) Z-isomer 6.30 
(1H, q, 7=7.3) , 4.27 (2H, s), 1.80 (3H, d, 7=7 .3 ) ; ^-isomer 
6.35 (1H, q, 7=7.4) , 4.23 (2H, s), 2.00 (3H, d, 7=7 .4 ) . 
Z/E=5. 

1-Cyano-1-propenyl Ethyl Carbonate (11): Bp 67—69 °G/5 
Torr. NMR (GDG13) Z-isomer 6.20 (1H, q, 7=7 .1) , 4.35 
(2H, q, 7=7.0) , 1.85 (3H, d, 7=7 .1) , 1.40 (3H, t, 7=7 .0 ) ; 
^-isomer 6.85 (1H, q, 7=7.1) , 4.32 (2H, q, 7=7 .0) , 1.97 
(3H, d, 7=7.1) , 1.37 (3H, t, 7=7 .0) . Z/E=7.0. 

1-Cyano-1-propenyl p-Nitrobenzoate (12): Mp 153—154 °G 
(Z-isomer). IR 2220, 1780 cm-1. NMR (GDG13) Z-isomer 
8.35 (4H, s), 6.38 (1H, q, 7=7 .3) , 1.87 (3H, d, 7=7 .3 ) ; 
^-isomer 8.32 (4H, s), 6.47 (1H, q, 7=7.3) , 2.09 (3H, d, 
7=7 .3) . Z/E=6.7. 

1-Cyano-1-propenyl Dimethylcarbamate (13) : Bp 75—78 °G/ 
0.6 Torr. IR 2230, 1725 cm-1. NMR (GG14) Z-isomer 1.77 
(3H, d, 7=7 .1) , 3.01 (6H, bs), 6.08 (1H, q, 7=7 .1 ) ; E-
isomer 1.99 (3H, d, 7=7.4) , 2.98 (6H, bs), 6.11 (1H, q, 
7=7 .4) . Z/E=2A. 1,1-Dicyanopropyl dimethylcarbamate 
was also formed (8%), NMR (GG1J 1.30 (3H, t, 7=7 .2) , 
2.35 (2H, q, 7=7.2) , 3.00 (6H, bs), MS {m/e) 181 (M+). 

1-Cyano-1-propenyl Diphenylcarbamate (14): Mp 213—216 
°G. IR 2220, 1720 cm-1. NMR (GG1J Z-isomer 7.25 
(10H, s), 5.92 (1H, q, 7=7.1) , 1.60 (3H, d, 7 = 7 . 1 ) ; E-
isomer 7.25 (10H, s), 6.04 (1H, q, 7=7.1) , 1.80 (3H, d, 
7=7 .1) . Z/£=2.8 . 

1-Cyano-2-methy1-1-propenyl Dimethylcarbamate (17) : IR 
2220, 1720 cm-1. NMR (GDG13) 1.83 (3H, s), 2.05 (3H, 
s), 3.01 (6H, bs). 

1-Cyano-2-methyl-1-propenyl Diphenylcarbamate (18) : Mp 
110—112 °G. IR 2230, 1730 cm"1. NMR (GDG13) 7.27 
(10H, s), 1.98 (3H, s), 1.73 (3H, s). 

1-Cyano-2,2-diphenylvinyl Diphenylacetate (19) : Mp 126— 
126.5 °G. IR 2220, 1773 cm"1. NMR (GDG13) 5.03 (1H, 
s), 7.1—7.4 (10H, m). Found: G, 84.03; H, 4.79; N, 3.17%. 
Galcd for G29H21N02: G, 83.83; H, 5.09; N, 3.37%. 

Examination of Solvents. To a mixture of purified 
acetyl cyanide and propionyl chloride (0.02 mol each) in 
10 mL of purified solvent (acetonitrile, THF, GH2G12, 
or benzene) was added the solution of pyridine (0.02 mol) 
dissolved in the same solvent (8 mL), and successively isobutyl 
isobutyrate (0.02 mol, as the internal standard for VPG 
analysis). The reaction mixture was kept at 25 or 0 °G 
and an aliquot of the mixture was sucked up by a syringe 

at specified time intervals and analyzed by VPG. 
Kinetics. Reagents: Methyl benzoate (as the internal 

standard) and acetyl cyanide were dried over anhyd GaS04 

and distilled. Propionyl chloride was purified according 
to Paul's method.7) Pyridine was purified by the reported 
method.8) Each of the reagents thus purified was divided 
into several 0.5 mL portions which were stored in ampule 
tubes. In each experimental run, reagents from new ampules 
were used. 

Procedure: Into a NMR tube which was preliminarily 
flushed by dry N2 and sealed with a septum cap, the specified 
amounts of benzene-d/6, methyl benzoate, acetyl cyanide, 
and propionyl chloride were injected and mixed. Then 
pyridine was added, the solution was vigorously mixed for 
a few seconds at 25 °G, the tube was inserted into the NMR 
cavity whose temperature was controlled at 35 °G. The 
rates of formation of 1-cyanovinyl propionate (3) were meas­
ured at specified time intervals by integrating the relative 
intensity of the methylene protons to the internal standard. 
The number of data collections per reaction was more than 
eight in all cases. 

Data Analysis: Molar change of 3 vs. reaction time was 
plotted and from this curve the fractions of yield per minute 
(AY/At) for the first 6 min were measured. These fractions 
were extrapolated to £=0 to obtain A [product] /A*=-ß0, the 
initial rate of reaction. These Ä0(obsd) values are listed in 
Table 3. 

Derivation of K0(calcd) : Based on the reaction Eqs. 1, 
2, and 3, the initial rate of reaction i?0(calcd) was derived 
as follows. Abbreviations: E, P, A are the concentrations 
of propionyl chloride, pyridine, and acetyl cyanide respec­
tively, E0, P0, A0 are the corresponding initial concentrations. 

Since the equilibrium (Eq. 1) is established at the initial 
stage of the reaction and the concentrations of 21, 3, and 
pyridine «HCl are negligible, P0, E0, and A0 are expressed 
by 

E0 = E 4- KPE, P0 = P+ KPE, A0 = A (6) 

From Eq. 6, P is expressed by the following equation 

V{\+K(E0-P0)y + 4KP0i (7) 

Substituting Eqs. 6 and 7 for Eq. 5, R0 is obtained as expressed 
by Eq. 4. 

Examination of the Effect of Amines. Reagents: Three 
amines (2,6-lutidine, 2-picoline, pyridine) were purified by 
the reported method.8) Purified o-dichlorobenzene was used 
as the internal standard in VPG analysis. For the other 
reagents, see the preceding paragraph. 

Procedure : In a 50 mL flask equipped with a septum cap, 
a 0.02 mol each of acetyl cyanide, propionyl chloride, and 
o-dichlorobenzene were mixed in 10 mL of dry benzene 
under dry N2 atmosphere. The flask was held in a bath 
controlled at 20 ±0.5 °G, and then the solution of a tertiary 
amine (0.02 mol in 8 mL of benzene) was added to the 
mixture at one time. An aliquot of the solution was then 
periodically analyzed by VPG by means of calibration curves 
independently prepared from authentic compounds. 

The authors are indebted to Dr. Masaaki Teramoto 
of Kyoto Institute of Technology for his helpful discus­
sion on the results of kinetics. 



November, 1979] Akira O K U and Shingo A R I T A 3341 

References 

1) A. Oku, S. Nakaoji, T . Kadono , and H. Imai , Bull. 
Chem. Soc. Jjm., 52, 2966 (1979). 

2) T h e rate-acceleration effect of GH2G12 seems to be 
explainable in terms of the gausche effect proposed by Y. 
Imami, J. Am. Chem. Soc, 83 , 4745 (1961). 

3) The reason is ascribed to the hydrolysis of acid chloride 
(or to the carboxylic acid in the chloride) as demonstrated 
by the formation of propionic anhydride as a by-product. 
The formation of the anhydride can be minimized, but not 
completely, by using purified reagents and consequently 
the yield of the ester can be increased. For the formation 

of anhydride, see D. P. U . Satchell and R. S. Satchell, " T h e 
Chemistry of Acyl Hal ides ," ed by S. Patai , Interscience 
(1972), pp . 123—124. 

4) D. Cook, Can. J. Chem., 40, 2362 (1962). 
5) S. L. Johnson, J. Phys. Chem., 68, 3149 (1964). 
6) (a) H . C. Brown and X . R. Mihm, J. Am. Chem. 

Soc, 77, 1723 (1955); (b) J . M . Essery and K. Shofield, 
J. Chem. Soc, 1961, 3939. 

7) R. C. Paul , D . Singh, and S. S. Sandhu, J. Chem. 
Soc, 1959, 315. 

8) P. J . R. Bryant and A. W . H . Wardrop , J. Chem. 
Soc, 1957, 895. 



3342 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (11), 3342 3345(1979) [Vol. 52, No. 11 

Syntheses of Alkylphosphonic Esters by the Reactions of 
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Aliphatic thiones were found to react with trialkyl phosphites to give (alkylthio)- and/or mercapto-alkylphos-
phonic esters. The reaction is interpreted in terms of the carbophilic attack with trialkyl phosphites at the carbon 
atom of the thiocarbonyl group, and the subsequent migration mechanism via the betaine intermediate. 

Reactions of thiocarbonyl compounds with nucleo-
philes are different from those of carbonyl com­
pounds.1) For example, though Grignard reagents 
normally attack at the carbon atom of a carbonyl 
group (carbophilic attack), they may attack at the 
sulfur atom of a thiocarbonyl group (thiophilic attack) 
rather than at the carbon atom.2) The reactions of 
thiocarbonyl compounds with phosphites have been 
the focus of interest in the past several years, because 
phosphites have both "carbophilicity" and "thio-
philicity"3) toward organosulfur compounds. When 
trivalent phosphorus compounds such as phosphines 
and phosphites are employed as nucleophiles, they 
have generally been regarded as thiophiles, not as 
carbophiles, in the previously reported works.4) 
However, in our preceding papers,5) it was elucidated 
that cycloalkanethiones react with trialkyl phosphites 
at the carbon atom of the thiocarbonyl group to give 
phosphonic esters. 

In this work, we have carried out the reactions 
of aliphatic thiones with trialkyl phosphites and suc­
ceeded in the syntheses of sulfur-containing phosphonic 
esters. This reaction is also explained by the initial 
carbophilic attack of phosphites at the thiocarbonyl 
carbon atom to form the betaine intermediate. 

R e s u l t s a n d D i s c u s s i o n 

The syntheses of 1-(alkylthio)- and 1-mercapto-
cycloalkylphosphonic esters by the reactions of cyclo­

alkanethiones with trialkyl phosphites were reported 
in our previous papers.5) Similar reactions of aliphatic 
thioketones with trialkyl phosphites successfully yielded 
new sulfur containing alkylphosphonates. 

In our preceding papers,5) cycloalkanedithiols were 
utilized as precursors of cycloalkanethiones because of 
the instability of the latter. Cycloalkanethiones were 
easily generated from the corresponding dithiols at 
elevated temperatures. Similarly, the gm-dithiols6) 
(1—4), as precursors of thioacetone, methyl ethyl 
thioketone, diethyl thioketone, and methyl isopropyl 
thioketone, were also employed in this study. 

When a solution of propane-2,2-dithiol (1) and 4 
equiv of trimethyl phosphite in toluene was heated 
under refluxing, hydrogen sulfide evolved vigorously 
and the reaction mixture became pink. The evolution 
of hydrogen sulfide and the pink coloration indicate 
the formation of thioacetone. After the complete 
decoloration, distillation gave a mixture of 0,0-
dimethyl 1 -methyl-1 - (methylthio) ethylphosphonate (5a) 
and 0,O-dimethyl 1 -mercapto-1 -methylethylphos-
phonate (6a), which were separated by gas chro­
matography. The structures were determined by the 
elemental analyses and spectral data. 

The reaction of 1 with triethyl phosphite also gave 
a mixture of 0,0-diethyl 1-(ethylthio)-l-methylethyl-
phosphonate (5b) and 0,0-diethyl 1-mercapto-1 -
methylethylphosphonate (6b). The reaction of 1 with 
triisopropyl phosphite gave only 0,0-diisopropyl 1-
mercapto-1-methylethylphosphonate (6c), but no esters 

1: 
2: 
3: 
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4: R ^ M e , R2 = *Pr 

P(OMe)3 

P(OEt)3 

P(0*Pr)3 

MeS< 

O 

x / Î P ( O M e ) . 

G 

R / \R 2 

EtS. 
\ / 

G 

R / \R 2 

o 
P(OEt)2 

+ 

+ 

5: R1 = R2 = Me 
7: R ^ M e , R2 = Et 
9: R ^ R ^ E t 

11: R ^ M e , R2 = *Pr 

Scheme 1. 

HS 

O 

x / P f O M e ) 

G 

R / \R 2 

HS 

R 

HS 

O 

x / P t O E t ) , 

G 

/ \ R 

o 
x / P t O P r ) , 

G R / \R 2 

6: R ^ R g ^ M e 
8: R ^ M e , R2 = Et 

10: R ^ R a ^ E t 
12: R ^ M e , R2 = *Pr 



November, 1979] Syntheses of Alkylphosphonic Esters 3343 

T A B L E 1. REACTION CONDITIONS AND YIELDS OF PRODUCTS IN THE REACTIONS OF 

ALIPHATIC ALKANEDITHIOLS WITH TRIALKYL PHOSPHITES 

Substrates 
(Dithiols) 

Reactants 
(Phosphites) 

Reaction 
time/h 

Products (Yield/% 

Alkylthio Mercapto 

Propane-2,2-dithiol (l)a> 

Butane-2,2-dithiol (2) 

Pentane-3,3-dithiol (3) 

2-Methylbutane-3,3-dithiol (4) 

f P(OMe)3 
P(OEt)3 
P(0*Pr)3 

( P(OMe)3 
P(OEt)3 
P(OPr) 3 

( P(OMe)3 
P(OEt)3 
P(0*Pr)3 

P(OMe)3 
P(OEt)3 

( P(O^Pr)3 

20 
20 
20 

20 
25 
20 

30 
30 
20 

30 
35 
25 

23 
25 

0 

35 
17 
0 

43 
24 

0 

22 
18 
0 

23 
17 
62 

18 
24 
76 

11 
29 
80 

10 
10 
46 

a) Hexamethyltrithiane was obtained in 30—40% yields. 
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Fig. 1. Projection formulas of 7a with respect to the 

G-P bond (staggered conformers). 

having an alkylthio group were obtained. 
In these reactions, a side reaction (trimerization) 

also occurred to afford hexamethyltrithiane in 30— 
4 0 % yield. 

The reactions of butane-2,2-dithiol (2) with trialkyl 
phosphites were carried out under similar conditions. 
The reaction with trimethyl phosphite gave a mixture 
of 0,0-dimethyl 1 -methyl-1 - (methylthio) propylphos-
phonate (7a) and 0,0-dimethyl 1-mercapto-1-me thyl-
propylphosphonate (8a). In the N M R spectrum of 
7a, the protons of the methyl group attached to the 
oxygen atom appeared as two doublets at ô 3.73 and 
3.79 in the ratio 1 : 1 with y p _ H = 1 0 . 0 H z . As seen 
in Fig. 1, in the staggered conformer of the projection 
formulas of 7a with respect to the G-P bond, the two 
methyl groups attached to the oxygen atoms are situat­
ed in different environments, which accounts for the 
appearance of two doublets in the N M R spectrum. 
In addition, the attacks of trimethyl phosphite at the 
thiocarbonyl group of methyl ethyl thioketone from 
the different sides of the molecular plane should also 
yield two isomers possessing different configurations 
(R- and S-) in the ratio 1 : 1 . Such an indication 
could be obtained with the aid of chiral shift reagent 
[europium (III) -tris ( 3 - trifluoroace tyl - 1 R - campherate) ] , 
that is, the methyl protons attached to the oxygen 
atom appeared as two kinds of two doublets.7) 

The reactions of pentane-3,3-dithiol (3) and 2-
methylbutane-3,3-dithiol (4) with trialkyl phosphites 
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were carried out under similar conditions.8) The 
results are summarized in Scheme 1 and Table 1. 

The mechanistic interpretation of the reactions of 
aliphatic thioketones with trialkyl phosphites is outlined 
in Scheme 2. The reaction is initiated by the removal 
of hydrogen sulfide from gm-dithiols to form the cor­
responding thioketones (A). The resulting thioketones 
might immediately react with excess trialkyl phosphites. 
The phosphites should attack at the carbon atom of 
thiocarbonyl group and from the betaine intermediate 
(B). From the intermediate B the migration of an 
alkyl group or proton would afford the phosphonic 
esters containing a sulfur a tom in alkylthio and/or 
mercapto groups. When the phosphites are trimethyl 
and/or triethyl phosphites, the negatively charged sulfur 
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a t o m w o u l d i n t r a m o l e c u l a r l y a t t a c k t h e a lky l g r o u p 
a t t a c h e d to t h e o x y g e n a t o m ; this w o u l d resul t in 
t h e f o r m a t i o n of a lky l th io p h o s p h o n i c esters . W h e n 
t r i i sopropy l p h o s p h i t e was used , this n u c l e o p h i l i c a t ­
t a c k shou ld b e h i n d e r e d , a n d so t h e p r o t o n m i g r a t i o n 
w o u l d o c c u r to afford t h e m e r c a p t o p h o s p h o n i c esters . 

H o w e v e r , e v e n w h e n t h e t r i m e t h y l p h o s p h i t e w a s 
used , t h e m e r c a p t o p h o s p h o n i c esters w e r e o b t a i n e d 
in fair y i e ld s ; t he i r f o r m a t i o n c a n b e e x p l a i n e d b y 
S c h e m e 3 . 

E x p e r i m e n t a l 

T h e infrared spectra were recorded on a Hitachi EPI -G3 
grating infrared spectrophotometer; the XH N M R spectra 
were recorded on a Var ian Associates AH-100 spectrometer 
with T M S as an internal s tandard. Mass spectra were 
taken on a Hitachi R M U - 6 G mass spectrometer. Gas-
liquid chromatography was carried out with a Shimadzu 
gas Chromatograph Model GG-6A, using a stainless steel 
column packed with 2 0 % silicon DG-550 on Gelite 545, 
and the preparative VPG was carried out with a Var ian 
Aerograph Model 920 using 2 0 % Silicon DG-550. Elemental 
analyses were carried out at the Elemental Analytical Center 
of Kyoto University. 

Materials. Propane-2,2-dithiol (1), butane-2,2-dithiol 
(2), pentane-3,3-dithiol (3), and 2-methylbutane-3,3-dithiol 
(4) were prepared from the ketimines and hydrogen sulfide 
according to the literature procedure by Magnusson,6* and 
distilled under reduced pressure at temperatures below 70 °G. 
Trimethyl and triethyl phosphites were commercial matrials 
and were used after distillation. Triisopropyl phosphite 
was prepared utilizing the procedure of Ford-Moore.9> 

General Procedure for the Reactions of Alkanedithiols (1—4) 
with Trialkyl Phosphites. A mixture of 0.01 mol of 
alkanedithiol (1—4) and 0.04 mol of trialkyl phosphite in 
30 ml of toluene was heated at reflux temperature under 
nitrogen for 20—30 h. W h e n the temperature of the mixture 
exceeded 80 °G, gas evolution and pink coloration were 
observed. After removal of toluene and excess phosphite, 
the residue was distilled under reduced pressure to give a 
colorless viscous liquid. In the reactions with trimethyl 
and triethyl phosphites, the distillates were mixtures of the 
(alkylthio)- and mercapto-alkylphosphonates. They were 
separated by gas chromatography to determine the yields. 

T h e boiling points, IR , 1 H N M R , and mass spectral data , 
and the results of elemental analyses are as follows. 

0,0-Dimethyl 1 -Methyl-1 -(methylthio) ethylphosphonate (5 a) : 
Bp 78—80 °G (14 Torr) as a mixture of 5 a and 6 a ; 2 3 % 
yield; I R (Neat) 1255 ( P = 0 ) , 1180, 1060, 1030, 830, and 
800 cm- 1 . N M R (GG14) 6 = 1 . 4 9 (d, 6H , y P _ H = 1 5 . 5 H z , 
GH 3 ) , 2.28 (s, 3H, SGH3) and 3.80 (d, 6H, y P _ H = 1 0 . 0 H z , 
P O G H 3 ) ; M S m/e 198 (M+). Found : G, 36.53; H , 7.86; 
P, 15.66%. Galcd for G 6 H 1 5 0 3 P S : G, 36.36; H , 7.63; P, 
15.63%. 

0,0-Dimethyl 1 -Mercapto-1 -methylethylphosphonate (6a) : 
2 3 % yield; I R (Neat) 2500 (SH), 1250 ( P = 0 ) , 1180, 1060, 
1025, 830, and 790 cm" 1 . N M R (GG14) 6 = 1 . 5 9 (d, 6H, 

7 P _ H = 1 5 . 5 H Z , GH 3 ) , 2.16 (d, 1H, y P _ H = 4 H z , SH) and 

3.78 (d, 6H , y P _ H = 1 0 . 0 H z , P O G H 3 ) ; M S m/e 184 (M+). 
Found : C, 32.43 ; H , 7.07 ; P, 16.85%. Galcd for G 5 H 1 3 0 3 PS : 
G, 32.60; H , 7.11; P, 16.82%. 

0,0-Diethyl l-(Ethylthio)-1-methylethylphosphonate (5b): 
Bp 82—83 °G (9 Torr) as a mixture of 5 b and 6 b ; 2 5 % yield; 
I R (Neat) 1250 ( P = 0 ) , 1060, 1030, and 963 cm"1 . N M R 
(GG14) 6 = 1 . 1 3 (t, 3H, 7 = 7 . 5 Hz, SCH 2 CH 3 ) , 1.25 (t, 6H, 
Ju_n=7.0Hz, P O C H 2 C H 3 ) , 1.30 (d, 6H, 7 ^ = 15 Hz, 

GH 3 ) , 2.78 (q, 2H, 7 = 7 . 5 Hz , SCH 2 CH 3 ) , and 4.03 (dq, 
4H, 7 H _ H = 7 . 0 H Z , 7 P _ H = 8 . 0 H Z , P O C H 2 C H 3 ) ; M S m/e 

240 (M+). Found: G, 44.65; H , 9.08; P, 12.69%. Galcd 
for G 9 H 2 1 0 3 P S : G, 44.98; H , 8.81; P, 12.89%. 

0,0-Diethyl 1-Mercapto-1-methylethylphosphonate (6b): 17% 
yield; I R (Neat) 2503 (SH), 1245 ( P = 0 ) , 1050, 1023, and 
955 cm- 1 . N M R (GG14) 6 = 1 . 2 6 (t, 6H, 7 H _ H = 7 . 0 H z , 
P O C H 2 C H 3 ) , 1.40 (d, 6H, 7 P _ H = 1 5 H z , GH 3 ) , 2.16 (d, 
1H, 7 P _ H = 4 H Z , SH) , and 4.05 (dq, 4H , 7 H - H = 7 . 0 H z , 

7 P _ H = 8 . 5 H Z , P O G H 2 G H 3 ) ; M S m/e 212 (M+). Found: 
C, 39.67; H , 8.11; P, 14 .41%. Galcd for G 7 H 1 7 0 3 P S : G, 
39.61; H , 8.07; P, 14.59%. 

O,0-Diisopropyl 7-Mercapto-1-methylethylphosphonate (6c) : 
Bp 92—93 °G (11 T o r r ) ; 6 2 % yield; I R (Neat) 2500 (SH), 
1250 ( P = 0 ) , 1005, and 985 cm"1 . N M R (GG14) 6 = 1 . 3 3 
[d, 12H, 7 H - H = 6 . 5 H Z , P O G H ( G H 3 ) 2 ] , 1.45 (d, 6H, 7 P _ H = 
15 Hz, GH 3 ) , 2.24 (d, 1H, 7 P _ H = 4 Hz, SH) , and 4.64 [dsep, 
2H, 7 H _ H = 6 . 5 H Z , 7 P _ H = 8 . 5 H Z , P O G H ( G H 3 ) 2 ] ; M S m/e 

240 (M+). Found : G, 44.65; H , 9.13; P, 12 .51%. Galcd 
for G 9 H 2 1 0 3 P S : G, 44.98; H , 8.81; P, 12.89%. 

0,0-Dimethyl 1-Methyl-1-(methylthio)propylphosphonate (7a) : 
Bp 98—99 °G (13 Torr) as a mixture of 7a and 8 a ; 3 5 % 
yield; I R (Neat) 1249 ( P = 0 ) , 1185, 1060, 1031, 823, and 
780 cm- 1 . N M R (GG14) 6 = 0 . 9 7 (t, 3H, 7 = 7 . 1 Hz, 
CH 2 GH 3 ) , 1.27 (d, 3H, 7 P _ H = 1 5 . 5 H z , GH 3 ) , 1.58—1.97 
(m, 2H, GH 2 GH 3 ) , 2.19 (s, 3H, SGH3) , and 3.73 and 3.79 
(two d, 6H, 7 P _ H = 1 0 . 0 H Z , P O G H 3 ) ; M S m/e 212 (M+). 

Found : G, 39.58; H , 8.14; P, 14.49%. Galcd for G 7 H 1 7 0 3 P S : 
G, 39 .61; H , 8.07; P, 14.59%. 

0,0-Dimethyl 1 -Mercapto-1 -methylpropylphosphonate (8a) : 
18% yield; I R (Neat) 2520 (SH), 1252 ( P = 0 ) , 1186, 1060, 
1034, 830, and 782 cm- 1 . N M R (CG14) 6 = 1 . 0 4 (t, 3H, 
7 = 7 . 5 Hz, GH 2 GH 3 ) , 1.40 (d, 3H, 7 P _ H = 1 5 . 0 H z , GH 3 ) , 
1.61—2.01 (m, 2H, GH 2 GH 3 ) , 2.07 (d, 1H, JF-K=5 Hz, 
SH) , and 3.76 and 3.80 (two d, 6H, 7 P _ H = 10.5 Hz, POGH 3 ) ; 
M S m/e 198 (M+). Found : G, 36.52; H , 7.42; P, 15.28%. 
Galcd for G 6 H 1 5 0 3 P S : G, 36.36; H, 7.63; P, 15.63%. 

0,0-Diethyl 1 -(Ethylthio) -1 -methylpropylphosphonate (7b) : 
Bp 98—103 °G (5.5 Torr) as a mixture of 7 b and 8 b ; 17% 
yield; I R (Neat) 1245 ( P = 0 ) , 1058, 1030, and 960 cm"1 . 
N M R (GGI4) 6 = 0 . 9 8 (t, 3H , 7 = 7 . 0 Hz, GH 2 GH 3 ) , 1.20 
(t, 3H, 7 = 7 . 5 Hz , SGH 2 GH 3 ) , 1.28 (d, 3H, 7 P _ H = 1 5 H z , 
GH 3 ) , 1.32 and 1.33 (two t, 6H, 7 H _ H = 7 . 0 Hz, P O C H 2 C H 3 ) , 
1.61—1.97 (m, 2H, GH 2 GH 3 ) , 2.73 and 2.83 (two q, 2H, 
7 = 7 . 5 Hz , SGH 2 CH 3 ) , and 4.08 and 4.13 (two dq, 4H, 
7 H _ H = 7 . 0 H z , 7 P _ H = 8 . 0 H z , P O G H 2 G H 3 ) ; M S m/e 254 
(M+). Found : G, 47.10; H , 9.23; P, 12.25%. Galcd for 
C 1 0 H 2 3 O 3 PS: G, 47.23; H , 9.12; P, 12.18%. 

0,0-Diethyl 1-Mercapto-1-methylpropylphosphonate (8b) : 
2 4 % yield; I R (Neat) 2510 (SH), 1250 ( P = 0 ) , 1055, 1030, 
and 963 cm"1 . N M R (GG14) 6 = 1 . 0 6 (t, 3H, 7 = 7 . 0 Hz, 
GH 2 GH 3 ) , 1.34 (t, 6H, 7 H - H = 7 . 0 H z , POGH 2 GH 3 ) , 1.40 
(d, 3H, 7 P _ H = 1 5 . 5 H Z , GH 3 ) , 1.60—1.93 (m, 2H, GH 2 GH 3 ) , 
2.04 (d, 1H, 7 P _ H = 6 H Z , SH) , 4.12 and 4.15 (two dq, 4H, 

7 H _ H = 7 . 0 H z , 7 P _ H = 8 . 0 H z , P O G H 2 G H 3 ) ; M S m/e 226 
(M+). Found : G, 42.62; H , 8.64; P, 13.47%. Galcd for 
C 8 H 1 9 0 3 P S : G, 42.46; H , 8.46; P, 13.69%. 

O,0-Diisopropyl 1-Mercapto-1-methylpropylphosphonate (8c) : 
Bp 100—101 °G (6.7 T o r r ) ; 76% yield; I R (Neat) 2505 
(SH), 1246 ( P = 0 ) , 1108, 1005, and 980 cm"1 . N M R (GG14) 
6 = 1 . 0 4 (t, 3H, 7 = 7 . 0 Hz, GH 2 GH 3 ) , 1.32 [d, 12H, 7 H - H = 
6 Hz, P O G H ( G H 3 ) 2 ] , 1.40 (d, 3H, 7 P _ H = 1 3 . 0 H z , GH 3) , 
1.54—1.97 (m, 2H, GH 2 GH 3 ) , 2.07 (d, 1H, 7 P _ H = 6 Hz, 
SH) , and 4.35—4.96 [m, 2H, P O G H ( G H 3 ) 2 ] ; M S m/e 254 
(M+). Found : G, 47 .31 ; H , 9.36; P, 11.92%. Galcd for 
C 1 0 H 2 3 O 3 PS: G, 47.23; H , 9.12; P, 12.18%. 

0,0-Dimethyl 1 -Ethyl-1 -(methylthio)propylphosphonate (9a) ; 
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Bp 111—112 °G (6.5 Torr) as a mixture of 9a and 10a; 
4 3 % yield; I R (Neat) 1246 ( P = 0 ) , 1182, 1060, 1031, 824, 
and 770 cm- 1 . N M R (GC14) (5=0.95 (t, 6H, 7 = 7 . 1 Hz , 
CH 2 CH 3 ) , 1.54—1.97 (m, 4H, C H 2 C H 3 ) , 2.18 (s, 3H, SGH 3 ) , 
and 3.76 (d, 6H, 7 P _ H = 1 0 . 2 H z , P O G H 3 ) ; M S m/e 226 
(M+). Found : G, 42.37; H , 8.62; P, 13.90%. Galcd 
for G 8 H 1 9 0 3 P S : G, 42.46; H , 8.46; P, 13.69%. 

0,0-Dimethyl 1-Ethyl-1-mercaptopropylphosphonate (10a) : 
1 1 % yield; I R (Neat) 2500 (SH), 1245 ( P = 0 ) , 1060, 1030, 
820, and 770 cm"1 . N M R (GG14) (5=1.00 (t, 6H, J= 
6.5 Hz, C H 2 C H 3 ) , 1.73 and 1.87 (dq, 4H, 7 H _ H = 6 . 5 H Z , 
y P _ H = 1 3 . 5 H z , C H 2 C H 3 ) , 2.03 (d, 1H, y P _ H = 6 Hz, SH) , 
and 3.77 (d, 6H, y P _ H = 1 0 . 1 Hz, P O G H 3 ) ; M S m/e 212 
(M+). Found: G, 39.51; H , 8.00; P, 14.79%. Galcd for 
G 7 H 1 7 0 3 P S : G, 39.61; H , 8.07; P, 14.59%. 

0,0-Diethyl 1-Ethyl-1-(ethylthio)propylphosphonate (9b) : 
Bp 123—124 °G (6.7 Torr) as a mixture of 9b and 10b; 
2 4 % yield; I R (Neat) 1250 ( P = 0 ) , 1060, 1032, and 960 
cm- 1 . N M R (GG14) Ô 0.98 (t, 6H, 7 = 7 . 0 Hz, GH 2 GH 3 ) , 
1.21 (t, 3H, 7 = 7 . 5 Hz, SGH 2 GH 3 ) , 1.33 (t, 6H, 7 H _ H = 
7.0 Hz, POGH 2 GH 3 ) , 1.73 and 1.88 (dq, 4H, 7 H - H = 7 . 0 Hz, 
7 P _ H = 14 Hz, GH 2 GH 3 ) , 2.78 (q, 2H, 7 = 7 . 0 Hz, SGH 2 GH 3 ) , 
4.05 (dq, 4H, 7 H _ H = 7 . 0 H z , 7 P - H = 8 . 1 H Z , P O G H 2 G H 3 ) ; 
M S m/e 268 (M+). Found: G, 46.24; H , 8.97; P, 10 .71%. 
Galcd for G n H 2 5 0 3 P S : G, 46.16; H , 8.80; P, 10.82%. 

0,0-Diethyl 1-Ethyl-1-mercaptopropylphosphonate (10b) : 
2 9 % yield; I R (Neat) 2500 (SH), 1245 ( P = 0 ) , 1060, 1025, 
and 965 cm- 1 . N M R (GC14) (5=1.01 (t, 6H, 7 = 7 . 0 Hz , 
GH 2GH 3 ) , 1.32 (t, 6H, 7 H - H = 7 . 0 H z , POGH 2 GH 3 ) , 1.74 
and 1.87 (dq, 4H, JK-K=7.0 Hz, 7 P _ H = 1 3 . 5 Hz, GH 2 GH 3 ) , 
2.10 (d, 1H, 7 P _ H = 5 . 5 H Z , SH) , and 4.03 (dq, 4H, 7 H - H = 

7.0 Hz, 7 P _ H = 8 . 0 H Z , P O C H 2 C H 3 ) ; M S m/e 240 (M+). 

Found: C, 45.11 ; H , 8.90; P, 12.67%. Galcd for G 9 H 2 1 0 3 P S : 
G, 44.98; H , 8.81; P , 12.89%. 

O,0-Diisopropyl 1-Ethyl-1-mercaptopropylphosphonate (10c) : 
Bp 120—121 °G (5.5 T o r r ) ; 8 0 % yield; I R (Neat) 2502 
(SH), 1243 ( P = 0 ) , 1108, 1004, and 980 cm"1 . N M R (GG14) 
(5=1.00 (t, 6H, 7 = 7 . 0 Hz, GH 2 GH 3 ) , 1.32 [d, 12H, 7 H - H = 
6.1 Hz, P O G H ( G H 3 ) 2 ] , 1.71 and 1.84 (dq, 4H, 7 H - H = 
7 Hz, 7 P _ H = 1 3 . 4 H z , GH 2 GH 3 ) , 2.05 (d, 1H, 7 P _ H = 6 Hz, 
SH), and 4.63 [dsep, 2H, 7 H - H = 6 . 1 Hz, 7 P _ H = 7 . 2 Hz, 
P O G H ( C H 3 ) 2 ] ; M S m/e 268 (M+). Found : G, 46.29; H , 
9.01; P, 10.57%. Galcd for G n H 2 5 0 3 P S : G, 46.14; H , 
8.80; P, 10.82%. 

0 , 0 - Dimethyl 1,2- Dimethyl -1 - (methylthio)propylphosphonate 
(11a) : Bp 101—104 °G (7.8 Torr) as a mixture of 11a 
and 12a; 2 2 % yield; I R (Neat) 1250 ( P = 0 ) , 1178, 1060, 
and 1030 cm- 1 . N M R (GG14) (5=1.04 [d, 6H, 7 = 6 . 5 Hz , 
(GH 3 ) 2 GH], 1.23 (d, 3H, 7 P _ H = 1 5 . 5 H z , GH 3 ) , 1.75—2.45 
[m, 1H, (GH 3 ) 2 GH], 2.19 and 2.20 (two s, 3H, SGH 3 ) , 
3.73 and 3.79 (two d, 6H, 7 P _ H = 1 0 . 0 H z , P O G H 3 ) ; M S 
m/e 226 (M+). Found : C, 42.26; H , 8.66; P, 13.58%. 
Galcd for G 8 H 1 9 0 3 P S : G, 42.46; H, 8.46; P, 13.69%. 

0,0-Dimethyl 1-Mercapto-1,2-dimethylpropylphosphonate (12a) : 
10% yield; I R (Neat) 2500 (SH), 1248 ( P = 0 ) , 1180, 1060, 
and 1028 cm- 1 . N M R (CG14) 6 = 1 . 0 3 and 1.13 [two d, 
6H, 7 = 6 . 5 Hz, (GH 3 ) 2 GH], 1.41 and 1.43 (two d, 3H, 
7 P _ H = 1 5 . 5 H Z , GH 3 ) , 1.7—2.4 [m, 1H, (GH 3 ) 2 GH], 2.04 
(d, 1H, 7 P _ H = 7 H Z , SH) , 3.77 and 3.85 (two d, 6H, 7 P _ H = 

10.1 Hz, P O G H 3 ) ; M S m/e 212 (M+). Found : G, 39.45; 
H , 8.17; P, 14.55%. Galcd for G 7 H 1 7 0 3 P S : G, 39.61; 
H, 8.07; P, 14.59%. 

0,0-Diethyl 1,2-Dimethy1-1-(ethylthio)propylphosphonate (lib) : 
Bp 98—101 °G (6.2 Torr) as a mixture of l i b and 12b; 

18% yield; I R (Neat) 1250 ( P = 0 ) , 1055, and 1030 cm"1 . 
N M R (CC14) 6 = 1 . 0 0 and 1.10 [two d, 6H, 7 = 6 . 5 Hz, 
(GH 3 ) 2 GH], 1.21 (t, 3H, 7 = 7 . 5 Hz , SGH 2 GH 3 ) , 1.32 and 
1.34 (two t, 6H , 7 H _ H = 7 . 0 H Z , P O G H 2 G H 3 ) , 1.33 and 

1.35 (two d, 3H, 7 P _ H = 1 5 . 5 H Z , GH 3 ) , 1.8—2.4 [m, 1H, 

(GH 3 ) 2 GH], 2.79 and 2.88 (two q, 2H, 7 = 7 . 5 Hz , SCH 2 CH 3 ) , 
4.07 and 4.11 (two dq, 4H, 7 H - H = 7 . 0 H z , 7 P - H = 8 . 1 Hz, 

P O G H 2 G H 3 ) ; M S m/e 268 (M+). Found : G, 46.22; H , 
8.96; P, 10.67%. Galcd for G n H 2 5 0 3 P S : G, 46.14; H , 
8.80; P, 10.82%. 

0,0-Diethyl 1 -Mercapto-1,2-dimethylpropylphosphonate (12b) : 
10% yield; I R (Neat) 2510 (SH), 1250 ( P = 0 ) , 1058, and 
1030 cm- 1 . N M R (GG14) 6 = 1 . 0 4 and 1.15 [two d, 6H, 
7 = 6 . 5 Hz , (GH 3 ) 2 CH] , 1.30 and 1.31 (two t, 6H, 7 H - H = 
7.0 Hz , P O C H 2 C H 3 ) , 1.35 and 1.38 (two d, 3H, 7 P _ H = 
15.5 Hz , GH 3 ) , 1.7—2.4 [m, 1H, (CH 3 ) 2 CH] , 2.05 (two 
d, 1H, 7 P _ H = 6 . 5 H z , SH) , 4.01 and 4.05 (two dq, 4H, 
7 H - H = 7 . 0 H Z , 7 P _ H = 8 . 0 H Z , P O G H 2 G H 3 ) ; M S m/e 240 

(M+). Found : G, 44.73; H , 9 .01; P, 12.79%. Galcd for 
C 9 H 2 1 0 3 P S : G, 44.98; H , 8 .81; P, 12.89%. 

0 , 0 - Diisopropyl 1 - Mercapto -1,2- dimethylpropylphosphonate 
(12c): Bp 105—106 °G (6 T o r r ) ; 4 6 % yield; I R (Neat) 
2505 (SH), 1243 ( P = 0 ) , 1003, and 980 cm" 1 . N M R (GC14) 
6 = 0 . 9 9 and 1.08 [two d, 6H, 7 = 6 . 5 Hz, (GH 3 ) 2 GH], 1.30 
and 1.33 [two d, 12H, 7 H - H = 6 . 3 Hz, P O G H ( G H 3 ) 2 ] , 1.37 
and 1.38 (two d, 3H, 7 P _ H = 1 5 . 5 H z , GH 3 ) , 1.7—2.4 [m, 
1H, (GH 3 ) 2 GH], 2.06 (two d, JF-K=7 Hz , SH) , and 4.44— 
5.04 [m, 2H, P O G H ( G H 3 ) 2 ] ; M S m/e 268 (M+). Found: 
C, 45.98; H , 9 .01; P, 10.88%. Galcd for G n H 2 5 0 3 P S : 
C, 46.14; H , 8.80; P, 10.82%. 
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Replacement of Methoxyl Group on the Grignard Reaction 
of iV-(o-Methoxybenzylidene)aniline 

Masao O K U B O * and Sonoko U E D A 

Department of Chemistry, Faculty of Science and Engineering, Saga University, Honjo-machi, Saga 840 
(Received March 17, 1979) 

The methoxyl group of the title imine was replaced by the phenyl group on treatment with PhMgBr, the 
same group of iV-benzylidene-o-anisidine remaining. The result was discussed on the basis of radical chain 
mechanism involving the initial electron-transfer. 

The Grignard reaction of ) C = N - compounds has 
not been extensively studied. Gilman and his co­
workers reported that N- (diphenylmethylene) aniline 
(1) on the "forced" reaction with phenylmagnesium 
bromide (PhMgBr) affords the o-phenylation product 
(2) as the result of 1,4-addition (Scheme l).1) The 
characteristic deep-red coloration of the reaction mix­
ture seems to indicate the presence of radical species. 
From the results of recent studies on the Grignard 
reaction of hindered benzophenones,2»3) a similar, more 
facile o-phenylation is expected if the substrate has 
an o-methoxyl group. We thus at tempted to realize 
the replacement reaction of Scheme 2. 

\ PhMgBr 

=N<o> 
IO I 

IOI 

IO 

Scheme 1. 

\ PhMgBr 

OMe 

Scheme 2. 

For the preparation of 3, however, attempts to condense 
the benzophenone and aniline by use of some Lewis' 
acid catalysts (POCl3,4> ZnCl2,5> and BF3

6)) were unsuc­
cessful. In the course of studies on the Grignard 
reaction of o-methoxy-substituted 7V-benzylideneanilines 
in order to find another preparative route (Scheme 
3), an interesting replacement of o-methoxyl group 
was found. The results are reported in this paper. 

OMe 
_ _ / _ _ / O M e _ 

< / Q ) > - C H = N - < ^ O ) > J ^ î f L , < ^ o ) > - G H - N H - ^ o ) > 

O 

( 

o 
OMe 

: o : 

Scheme 3, 

i<o C=N-
y 

oi 3 

R e s u l t s and D i s c u s s i o n 

Preparation of o-Methoxy-substituted N-Benzylideneani-
lines. N- (o-Methoxybenzylidene) aniline (5) and 
7V-benzylidene-o-anisidine (7) were prepared by the 
condensation of the corresponding benzaldehydes and 
anilines in methyl alcohol.7) However, in both cases 
the colorless crystalline products obtained after recrys-
tallization from the same solvent were found by N M R 
to be 1:1-molecular complexes, 5 with methyl alcohol 
and 7 with o-anisidine. In order to obtain purified 
pale-yellow imines, the alcohol combined with 5 should 
be removed by evacuation at 70 °G for about 1 h and 
7 distilled under reduced pressure. 

Grignard Reaction. The reaction was carried out 
in tetrahydrofuran(THF) under N2 . O n reaction of 
5 with five molar equivalents of PhMgBr at 50—55 °G 
for 5 h, the products isolated by column chromato­
graphy on silica gel (petroleum ether : diethyl ether : 
benzene = 10 :1 :1) were the Gilman product 2 (58%) 
and the dimer 8 (0.5%) (Scheme 4). 2 5 % of 5 

IOI 
/—\ / ~ ~ \ PhMgBr \ / \ /—\ 

<^0/>-GH=N-<QO/> > GH-NH-<^0/> 

IOI 

Ol 

OMe 

/ \ / /s o Ol 

+ 

Scheme 4. 

-CH-NH-! 

^ , - G H - N H - , 0 , 

\ / \ \ / 
OMe 8 

recovered. Formation of 2 is obviously the result of 
the methoxy-replacement accompanied by 1,2-addition. 
Absence of the simple addition product 6 was confirm­
ed by comparing the thin-layer chromatogram of 
the product mixture of this reaction with that of 

the independent reaction: < ^ 0 / - C H = N - < ^ O y + 

_ / O M e _ "" 

<f O y>-MgBr->6 and other products. 7V-(2-Biphenyl-

ylmethylene) aniline (9), prepared according to Scheme 
5,8) was not detected in the reaction mixture, nor 
recognized as an intermediate product. Formation 
of 8 suggests that the radical chain mechanism is 
involved, 
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(ÇS E t O G H = N - / o ) > 
I u !-Mgi + x — x 

Scheme 5. 

o -CH=N-< O 

Ol o 

In contrast, the o-methoxyl group of 7 was not 
replaced at all even by treatment with five molar 
equivalents of PhMgBr at 50—55 °G for 5 h (Scheme 
6). A fair yield of the secondary amine l l 9 ) (64%) 
and the dimer 12 (0.8%) were isolated. 2 8 % of 7 
recovered. Two isomeric dimers giving the same T L G 
spot were obtained: 12a, m p 135—138 °G, N M R 
(CDClg), (5=6.24—7.22 (18H, m, aromatic), 5.15 (2H, 
broad d, N H ) , 4.9 (2H, d, >CH) , and 3.80 (6H, s, 
OGH3); 12b, m p 198—201 °G, N M R (GDG13), 0 = 
6.22—7.22 (18H, m, aromatic) , 5.15 (2H, broad s, 
N H ) , 4.58 (2H, d, >GH), and 3.80 (6H, s, OGH 3 ) . 
No stereochemical assignment was made. Formation 
of 12 suggests the intermediate formation of the radical 
derived from 7 via initial electron-transfer. 

101 
^ 0 ^ > - C H = N - < O 

MeO 

\ PhMgBr 

IOI 

C H - N H - / Ç ) 

/ 
MeO 

11 

MeO 

I O L C H - N H J O I 

+ 
IOI C H - N H - U D | 

MeO 12 

Scheme 6. 

The low reactivity of JV-benzylideneanilines and N-
(diphenylmethylene) anilines towards PhMgBr should 
be noted. This is demonstrated by the fact that no 
heat evolution usually observed in the reaction of 
) G = 0 compounds was detectable in all the reactions 
of / G = N - compounds examined, and about 5 0 % of 
7 was recovered after it had been treated with 1.3 
molar equivalents of PhMgBr at 50—55 °G for 30 
min. Such a low reactivity of )G=N- compounds 
can be interpreted by their much lower electrophilic 
character as compared to that of ) G = 0 compounds 
due to the lower electronegativity of nitrogen atom. 

ESR Study. Attempts to detect radical species 
in the reaction of 5 and 7 were unsuccessful. No 
ESR signal was detected at lower temperatures (—20 
°G and — 40 °G) and at higher one ( + 4 0 °G) even 
by the use of concentrated reaction solutions. 

However, in the reaction of Scheme 1, an E S R 
signal gradually became very strong at room temper­
ature accompanied by deep purple coloration; no 
resolvable hyperfine splitting was observed probably 
because of the non-planarity of the diphenylmethylene 
moiety. In the reaction of iV-fluorenylidene-p-ani-

sidine(13) with PhMgBr (Scheme 7), a strong ESR 
signal accompanied by deep green coloration was de­
tected, hyperfine splitting being observed when the 
reaction mixture was diluted. The well-resolved 
spectrum consists of 45 lines expected solely from 
the number of protons of the planar fluorenylidene 
moiety (14, 2p-\-2o-\-4m). The same hyperfine split­
ting was observed in the reaction of JV-fluorenyl-
ideneaniline.6) 

101 
I C=N-< O >-OMe 

/ \ / 
I O I 

13 

PhMgBr 

IOI 

Ol 

C - N - < " 0 > - O M e 

MgBr 

14 

Scheme 7. 

General Discussion. From the observation of 
strong ESR signals in the reactions of 1 and 13, the 
original suggestion that Gilman's reaction of 1 (Scheme 
1) proceeds via initial electron-transfer was verified. 

O n the basis of discussion on the steric hindrance 
effect on the amount of radicals detectable in the 
Grignard reaction of ) G = 0 compounds,2) failure to 
detect radical species in the reactions of 5 and 7 is 
at tr ibuted to their less crowded molecular structures 
as compared to those of 1 and 13. The radical formed 
as the result of initial electron-transfer would ac­
cumulate if the subsequent reactions involving the 
attack of another Grignard molecule are hindered by 
the crowded molecular structure of substrate such as 
1 and 13. In contrast, the radicals formed from the 
less crowded 5 and 7 would be rapidly consumed 
by the subsequent reactions. 

The failure to detect ESR signals in the cases of 
5 and 7 is also at tr ibutable to their low electrophilicity 
in contrast to that of ) G = 0 compounds. The success 
to detect ketyl radicals of unhindered benzophenones 
at lower temperatures2) is due to their high electro­
philicity and to the suppression of the subsequent 
reactions by the lowered temperature. In cases of 
much less electrophilic ) G = N - compounds, it is rea­
sonable to consider that even the application of low 
temperature is ineffective since the velocity of electron-
transfer is retarded. The higher temperature is inef­
fective due to the shortened life time of radicals. 

Attempts to detect G I N D P signal were abandoned 
since a similar a t tempt on the reaction of hindered 
benzophenones failed in spite of very high radical 
concentrations detected by ESR. The reaction prob­
ably proceeds via "radical-anion" mechanism of SRN-
type10»11) and not via "radical-pair" mechanism. 

Scheme 8 could be proposed for explaining the 
formation of Gilman product 2 in the reaction of 
Scheme 4, Formation of the dimeric product 8 indi-
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ca tes t h a t t h e in i t i a l e l ec t ron- t r ans fe r (s tep i) a n d 
t h e d i m e r i z a t i o n (s tep ii) a r e i nvo lved . T h e fate of 
P h - p r o d u c e d b y a s tep s imi l a r to i was discussed. 2) 
T h e s tep s u b s e q u e n t to t h e in i t i a l e l ec t ron- t r ans fe r 
s h o u l d b e t h e r e p l a c e m e n t (steps iii a n d iv) b u t n o t 
t h e 1 ,2-addi t ion. I f t h e l a t t e r is t h e case , t h e r a d i c a l 
c h a i n will t e r m i n a t e l e a d i n g to t h e o r ig ina l ly e x p e c t e d 
p r o d u c t 6 . H o w e v e r , this w a s n o t t h e case . T h e 
re lease of t h e m e t h o x y l a n i o n (s tep iv) s h o u l d b e easy 
d u e to its c o o r d i n a t i o n to + M g B r species.3) T h e final 
a d d i t i o n (s tep v) l eads to t h e f o r m a t i o n of t h e m a i n 
p r o d u c t 2 . 

T h e resu l t of E S R m e a s u r e m e n t in t h e r e a c t i o n of 
1 3 i nd i ca t e s t h a t t h e free sp in of t h e r a d i c a l 1 4 d e -
local izes m a i n l y o n t h e fluorenylidene m o i e t y . T h u s 
in t h e r e a c t i o n of S c h e m e 1, t h e s u b s e q u e n t a d d i t i o n 
of a n o t h e r P h M g B r to t h e in i t ia l ly f o r m e d r a d i c a l 
in t h e 1 ,4 -manne r c o u l d b e fac i l i t a ted b y t h e re la t ive ly 
h i g h sp in -dens i ty a t t h e or^Ao-position. S imi l a r ly , t h e 
free sp in in t h e r a d i c a l 1 0 a n d t h a t d e r i v e d f rom 7 
a r e cons ide red to de loca l ize m a i n l y o n t h e respec t ive 
b e n z y l i d e n e moie t i es . T h i s m o d e of s p i n - d i s t r i b u t i o n 
is respons ib le for t h e effective re lease of t h e m e t h o x y l 
a n i o n f rom t h e b e n z y l i d e n e m o i e t y as wel l as for t h e 
su rv iva l of t h e g r o u p o n t h e a n i l i n e m o i e t y . 

E x p e r i m e n t a l 

All melting and boiling points are uncorrected. 
Materials. Commercial benzophenone, fluorenone, 

benzaldehyde, o-anisaldehyde, aniline, o- and />-anisidine 
(reagent grade) were used. JV-Fluorenylidene-p-anisidine 
(13) was prepared by the method of Taylor and Fletcher:6) 
m p 135—136 °G. iV-(o-Methoxybenzylidene) aniline (5) was 
prepared by the usual method.7) T h e molecular complex 
with methyl alcohol melted in the range 85—88 °G, and 
the purified imine at 42—43 °G: N M R (GDG13), 6 = 8 . 8 5 
(1H, s, - C H = ) , 6.80—8.18 (9H, m, aromatic) , and 3.82 
(3H, s, OGH 3 ) . iV-Benzylidene-o-anisidine (7) was prepared 
by the same method. T h e molecular complex with o-anisidine 
melted in the range 62.5—74 °G, and the oily pure imine 

was obtained by distillation: b p 158—159 °G/2 m m H g ; 
N M R (GDGI3), 6 = 8 . 3 0 (1H, s, - C H = ) , 6.70—7.88 (9H, 
m, aromatic) , and 3.78 (3H, s, OGH 3 ) . iV-(2-Biphenylyl-
methylene) aniline (9) was prepared by the method of Smith 
and Nichols.8) T h e method has been established for alde­
hyde synthesis, but the treatment of the Grignard reaction 
mixture with aqueous NH4G1 and not aqueous HG1 directly 
afforded 9 : m p 137—138 °G; N M R (CDC13), 6 = 8 . 1 6 (1H, 
s, - G H = ) , and 6.86—7.36 (14H, m, aromatic) . Tetrahy-
drofuran for the ordinary Grignard reaction was dried over 
sodium wire, distilled, and stored on sodium wire. The 
same solvent for ESR measurement was dried by sodium 
hydride, frozen, degassed repeatedly, and distilled into the 
storage vessel on a vacuum line containing sodium-potassium 
alloy. 

Procedures. Phenylmagnesium bromide (0.05 mol) 
was prepared in the usual way in T H F (25 ml) , imine 7 
(0.01 mol) dissolved in T H F (20 ml) being added at room 
temperature . No heat evolution took place. T h e resulting 
yellow mixture was stirred at 50—55 °G for 5 h, and quenched 
with saturated aqueous NH4G1. The residue obtained after 
the usual work-up was chromatographed on silica gel. Ap­
propriate fractions were combined, solvent was removed, 
and the residue was recrystallized from methyl alcohol: 
11, m p 90.5—92 °G; N M R (GDG13), 6=7.12—7.36 (10H, 
m, phenyl) , 6.20—6.72 (4H, m, o-substd phenyl), 5.40 
(1H, s, - G H ) , 4.65 (1H, broad s, N H ) , and 3.75 (3H, s, 
O G H 3 ) . 

T h e reaction of 5 and product separation were carried out 
in a similar way. The Gilman product 2 : m p 140 °G; 
N M R (CDC13), 6=6.20—7.60 (19H, m, aromatic), 5.52 
(1H, s, ^ G H ) , and 4.0 (1H, s, N H ) . The dimeric product 
8 : m p 206—209 °G; N M R (GDG13), 6=6.44—7.20 (18H, 
m, aromatic) , 5.35 (2H, d, $ G H ) , 4.84 (2H, broad s, N H ) , 
and 3.68 (3H, s, O G H 3 ) . 

ESR-Spect rum was recorded on J E O L M E - I X model 
spectrometer. The apparatus for the measurement was 
constructed and used as reported.12) 
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Halogenated Sesquiterpene Phenols and Ethers from the Red Alga 
Laurencia glandulifera Kutzing0 
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Several brominated sesquiterpene phenols and the related ethers were isolated from the red alga Laurencia 
glandulifera Kützing. The structures of these compounds were determined on the basis of spectroscopic evidence 
and chemical correlation. 

In the course of our continuing studies of the con­
stituents of the red algae genus Laurencia (Rhodo-
melaceae), we have reported a variety of metabolites 
which have been isolated from L. glandulifera Kützing, 
i.e., laurencin,2) several halogenated chamigrenes,3»4) 
spirolaurenone,5) two bromocuparenes,6) and laurene.7) 
In a previous communication8) we reported the isola­
tion and structural elucidation of three brominated 
aromatic sesquiterpene ethers as minor components 
from this alga. The isolation of these ethers prompted 
us to investigate the remaining portion of the neutral 
oil of this alga, and three brominated phenols were 
isolated. We wish to report herein the isolation and 
structures of these minor brominated sesquiterpene 
phenols, ( l a ) , (2a), and (3a), and the related ethers, 
(8), (9), and (10). 

Freshly collected and half-dried algae were extracted 
with M e O H in the usual manner. The neutral M e O H 
extracts, which, on silica gel TLG, reveal a chroma-
togram similar to that of the previous extracts, were 
fractionated by column chromatography on neutral 
alumina. 

Sesquiterpene Phenols: Diethyl ether fractions, which 
consisted of a mixture of alcohols, were rechromato-
graphed on a silica-gel column. The earlier benzene 
eluates afforded a mixture of phenols which, following 
acetylation, was further submitted to preparative T L G 
on silica gel to yield three acetylated products, ( l b ) , 
(2b), and (3b). 

The major compound (2b) was identified as the 
acetate of laurenisol (2a), isolated from L. nipponica 
Yamada,9) by a direct comparison of their physical 
properties. 

One of the minor compounds, l b , C1 7H2 0O2Br2 

(m/e 418, 416, and 414; M + ) , had the following spectral 
characteristics: *>max 1760 cm- 1 ; ô 0.73 (3H, d, J= 
7.Hz), 1.14, 2.25, 2.36 (each 3H, s), 2.85 ( I H , q, 
7 = 7 ) , 6.01 ( IH , br s), 6.85, and 7.27 (each I H , s). 
The I R and N M R spectra of l b are very similar to 
those of laurenisol acetate (2b). In the N M R spectra 
of l b and 2b , however, distinct differences were ob­
served in the lower-field region; e.g., in the spectrum 
of 2b , absorptions due to three aromatic protons ap­
peared at 6.75 ( IH , br s), 6.85 ( IH , br d, 7 = 8 ) , and 
7.01 ( IH , d, J=8) instead of two aromatic protons 
in the spectrum of l b . Hence, l b must be a bromo 
analog of laurenisol acetate (2b). Saponification of 
l b with 5 % methanolic K O H gave the original phenol 
( l a ) . The structure of l a was confirmed by the 
following reaction: laurenisol (2a) was treated with 
bromine in acetic acid under the same conditions as 
the bromination of debromolaurinterol (6a)10) to yield 

a brominated product, which was found to be identical 
with l a in all respects. 

Another minor compound (3b), C 1 7 H 2 1 0 2 Br (m/e 
338 and 336; M+), [a]2

D
6 + 4 5 ° , indicates in its I R 

and N M R spectra the presence of a secondary methyl 
group [0.66 (3H, d, J=l) and 2.70 ( I H , q, 7 = 7 ) ] , 
which was shifted to the higher magnetic field as same 
as l b and 2b , a tertiary methyl group [1.12 (3H, 
s)], an aromatic methyl group [2.27 (3H, s)], a 2,4,5-
trisubstituted phenyl acetate grouping [1763 c m - 1 ; 2.36 
(3H, s), 6.84 and 7.25 (each I H , s)], and a terminal 
methylene group [1655 and 885 cm- 1 ; 4.80 and 4.90 
(each I H , br s)]. These spectral data reveal that 
3b has a structure similar to that of l b except for 
a terminal methylene group instead of a bromo-
methylene group in l b and would, therefore, be re­
presented by formula 3b , an isomer of laurinterol 
acetate (5b) and isolaurinterol acetate (7b).10) The 
spectral properties were identical to those reported11) 
for the acetate of allollaurinterol (3a), isolated from 
L. filiformis as a major metabolite11 '12) and L. subopposita 
as a minor one.13) Debromoallolaurinterol (4a) was 
also isolated from L. subopposita.1^ 

Although the stereochemistry of a double bond be­
tween G-3 and G-6 in 2a has remained unsettled, 
the assignment of the Z-configuration to this double 
bond can now be made with the aid of chemical shifts 
of the proton at G-2 in the N M R spectra of l a , 2a, 
3a, and 4a. In these spectra, the signals of G 2 -H 
in l a (ô 3.11 q) and 2a (ô 3.15 q) appear in a lower-
field region than those in 3a (ô 2.95 q) and 4a (ô 
2.95 q) . These low-field chemical shifts in l a and 
2a are due to the deshielding being caused by G6-Br, 
which is situated close to G 2 -H. 

Sesquiterpene Ethers: The hexane fraction was re­
peatedly chromatographed on a silica-gel column and 
subsequently on a PLC to yield three bromo ethers, 
(8), (9), and (10), along with laurene, isolaurene, 
bromocuparenes, and halo-chamigrenes.4) 

One of the three bromo ethers, 8, G15H19OBr (m/e 
296 and 294; M + ) , was identified as the ether isomeriz-
ed from laurenisol (2a)9) by comparisons of the spectral 
data. 

The second bromo ether, 9, mp 86—87 °G, [a]2
D

3 

+ 2 2 ° , C15H18OBr2 (m/e 376, 374, and 372; M+), 
shows in its N M R spectrum the presence of three 
methyl groups at 0.74 (3H, d, 7 = 7 ) , 1.38 (3H, s), 
and 2.29 (3H, s), a BrCH2-group at 3.41 and 3.55 
(each I H , AB-q, J=10), and two aromatic protons 
at 6.55 and 7.08 (each I H , s). The I R and N M R 
spectra of 9 are very similar to those of 8, suggesting 
that 9 must be a bromo analog of 8, The structure 
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of 9 was confirmed by the following reactions. 
Treatment of 8 with bromine in acetic acid yielded a 
dibromo compound, which was identical with 9 in 
all respects. Although, on. treatment with />-toluene-
sulfonic acid in acetic acid at room temp (2 h) , l a 
was recovered, treatment of l a with T s O H in acetic 
acid under reflux gave 9 in a low yield. 

The third bromo ether, 10, m p 125—126 °G, [a]2
D

x 

+ 79°, C1 ?H1 8OBr2 (m/e 376, 374, and 372; M+) , 
shows in its I R and N M R spectra the presence of 
three methyl groups [0.68 (3H, d, 7 = 7 ) , 1.35 (3H, 
s), and 2.22 (3H, s)], a Br2GH-group [5.65 (1H, s)] , 
and a 2,5-substituted aryl ether moiety [1622, 1577, 
1505, 1245, and 815 cm- 1 ; 6.50 (1H, br s), 6.50 (1H, 
br d, 7 - 8 ) , and 6.82 (1H, d, 7 - 8 ) ] . 

The N M R spectrum of 10 displays signals comparable 
to those of 8 except for the absorptions due to a two-
proton quartet a t ô 3.40 and 3.52 (attributed to the 
BrCH2-group in 8) instead of a one-proton singlet 
a t Ô 5.65 (attributed to the Br2GH-group in 10). Thus , 
formula 10 can completely interpret all spectral prop­
erties. The related compounds, filiformin (11) and 
filiforminol (12), were also isolated from L.filiformis.11*12) 

1a: X = Br,R = H 
1b: X = Br,R = Ac 
2 a : X = H ,R = H 
2b: X=H ,R = Ac 

3 a : X = Br,R = H 
3b: X = Br,R=Ac 
4a: X=H ,R = H 

5a: X = Br,R = H 
5b: X=Br ,R = Ac 
6a: X=H ,R = H 

7a: R = H 
7b: R= Ac 

8: X = H i R = CH2Br 
9 : X = Br, R = CH2Br 

10 : X = H , R = CHBr2 

11 : X = Br,R= CH3 

1 2 : X = Br, R = CH20H 

Exper imenta l 

All the mps were uncorrected. The IR spectra were 
measured on a Nihon-Bunko IR-S spectrometer in a GHG13 

soin. The NMR spectra were recorded on a JEOL JNM-
PS-100 spectrometer, TMS being used as the internal reference 
in a GG14 soin. The optical rotations were measured in 
a GHGlg soin. Alumina (Merck, activity II—III) and 
silica gel (Mallinckrodt, 100 mesh) were used for the column 
chromatography. Silica gel (Merck, Kieselgel GF254 (Type 
60)) was used for the preparative TLG (PLC). 

Isolation. L. glandulifera was collected at Oshoro Bay 
Hokkaido, early in August, 1978. The half-dried algae 
(600 g) were extracted with methanol. After the separation 
of the acidic and basic components by shaking with IM 
aqueous KOH and IM aqueous HG1 respectively, a neutral 
oil (7.3 g) was obtained; this oil was subsequently chro­
matographed on a neutral alumina column. Elution with 
hexane gave an oily substance, which consisted of a mixture 
of hydrocarbons, aromatic ethers, and fatty acid methyl 
esters. Elution with ether gave a mixture of alcohols, which 
was then rechromatographed on a silica-gel column. The 
earlier benzene eluates gave a mixture of phenolic com­
pounds, which was acetylated with acetic anhydride in 
pyridine at room temp in the usual manner and subsequently 
chromatographed on a PLC plate to give l b (0.5% of neutral 
oil), 2b (0.2%), and 3b (0.07%). These acetates were 
converted to the original phenols, (la), (2a), and (3a), by 
treatment with 5% KOH in methanol. The above oily 
substance eluted with hexane was rechromatographed on 
a silica-gel column. The later hexane eluates were further 
repeatedly chromatographed on a PLC plate to yield 8 
(0.07%), 9 (0.05%), and 10 (0.05%). These phenols and 
ethers were also obtained from the previous extracts but 
in different ratios. 

la : Colorless oil; [a]2
D

2 +74° (c 0.58); IR, vm&x 3680, 
3360, 1640, 1610, 1500, 1397, 1380, 1255, 1150, 1070, and 
885 cm-1; NMR, ô 0.73 (3H, d, 7 = 7 Hz), 1.19 (3H, s), 
2.28 (3H, s), 3.11 (1H, q, 7 = 7 Hz), 4.60 (s: OH), 5.98 
(1H, br s), 6.47 (1H, s), and 7.13 (1H, s); MS, m/e (rel. 
intensity) 376, 374, 372 (7, M+), 361, 359, 357 (2), 295, 
293 (21), 253, 251 (7), 214 (53), 199 (21), 149 (47), 115 
(16), 91 (18), 77 (18), 71 (58), 57 (55), and 43 (100). Acetate 
l b : colorless oil; [a]2D° +76° (c 0.95); IR, vm&x 1760, 1642, 
1375, 1190, 1147, 1070, and 908 cm-1; MS, m/e 418, 416, 
414 (4, M+), 403, 401, 399 (1), 376, 374, 372 (10), 337, 
335 (46), 295, 293 (53), 294, 292 (51), 279, 277 (23), 265, 
263 (14), 214 (100), 201 (25), 199 (28), 159 (10), 145 (11), 
115 (11), 91 (13), 77 (10), and 43 (65). 

2a and 3a: 2a and 3a were identified as laurenisol and 
allolaurinterol respectively by comparisons of the spectral 
data of the corresponding acetates, 2b and 3b. Attempts 
to crystallize 3b [white solid, [a]2

D
5 +45° (c 0.35)] failed; 

allolaurinterol acetate,11) mp 86.6—89.1 °G (from methanol), 
[a]D +48.2° (c 1.03 in GHG13). 

8: The IR and NMR spectra were superimposable on 
those of an authentic sample (8).9> 

9: Mp 86—87 °C (from methanol); [a]2
D

3 +22° (c 1.16); 
IR, *Wx 1612, 1557, 1395, 1380, 1357, 1240, 1152, 1085, 
1020, 935, and 880 cm"1; MS, m/e 376, 374, 372 (8, M+), 
295, 293 (17), 239, 237 (14), 214 (29), 201 (13), 199 (15), 
107 (100), 95 (43), and 91 (27). 

10: Mp 125—126 °G (from methanol); [a]S +79° (c 
0.38); IR, vmax 1622, 1577, 1505, 1390, 1355, 1308, 1245, 
1175, 1150, 1083, 1017, 965, 872, and 815 cm"1; MS, m/e 
376, 374, 372 (46, M+), 295, 293 (35), 214 (40), 213 (100), 
201 (50), 159 (51), 135 (30), 133 (20), 121 (30), 105 (15), 
and 91 (20). 

Conversion of 2a to la. One molar equivalent of 
bromine (8 mg) in acetic acid (2 ml) was added to a soln 
of 2a (15 mg) in acetic acid ( 1 ml). The mixture was al­
lowed to stand at room temp for 15 min and then extracted 
with ether. The ether soln was successively washed with 
water, 5% aqueous NaHG03 , and saturated brine, and 
dried over Na2S04 . A crude substance obtained after the 
removal of the solvent was chromatographed on a PLC 
plate to give l a (18 mg); The IR and NMR spectra were 
superimposable on those of natural la. 
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Conversion of 8 to 9. One molar equivalent of bromine 
(21 mg) in acetic acid (2 ml) was added to a soln of 8 (40 mg) 
in acetic acid (1 ml). The mixture was allowed to stand 
at room temp for 15 min and then worked up as has been 
described above. Crude crystalline products were chro­
ma tographed on a PLC plate to give 9 (38 mg); crystals; 
mp 85 °C; The IR and NMR spectra were superimposable 
on those of natural 9. 

Conversion of la to 9. A soln of l a (16 mg) and p-
toluenesulfonic acid (15 mg) in acetic acid (1 ml) was refluxed 
for 30 min. The mixture was then poured into water and 
extracted with ether. The ether soln was successively washed 
with water, 5% aqueous NaHCO s , and saturated brine, 
and dried over Na2S04 . Crude products were chromato-
graphed on a PLC plate to give 9 (6 mg). 
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Halogenated and Non-halogenated Aromatic Sesquiterpenes 
from the Red Algae Laurencia okamurai Yamada0 

Minoru SUZUKI and Etsuro KUROSAWA* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received March 31, 1979) 

The taxonomic reexamination of the red alga 6L. intermedia Yamada,' previously collected at Oshoro Bay, 
Hokkaido, showed that this alga consistd of a mixture of L. intermedia Yamada, L. capituliformis Yamada, and 
L. okamurai Yamada. Within the Japanese species of genus Laurencia, laurinterol and debromolaurinterol were found 
to be characteristic metabolites of L. okamurai, not of L. intermedia. In the course of this examination, dibromo-
phenol and debromoaplysinol were newly isolated. 

Red algae of the genus Laurencia (Rhodomelaceae) 
are a rich source of halogenated sesquiterpenes, di-
terpenes, and non-terpenoid G15 acetylenic ethers,2-5) 
and various species of Laurencia contain unique halo­
genated metabolites with some overlap ("species-
specific"). Since species separation in the genus 
Laurencia is complicated by the high degree of mor­
phological variation within the species, halogenated 
secondary metabolites might be useful for taxonomic 
purposes at the species level.6) 

Previously we reported that laurinterol (1) and 
debromolaurinterol (2) were the major components 
of L. okamurai Yamada, specimens of which were 
collected in two different locations, Hakata-shima, the 
Inland Sea of Japan 7) and Okino-shima, Kochi 
Prefecture,8) and also of 'L. intermedia Yamada , ' col­
lected at Oshoro Bay, Hokkaido.9) Recently we col­
lected L. intermedia Yamada at Inomisaki, Tosa Bay, 
and examined its neutral oil. There was no halogenat­
ed compound in this alga. The above-mentioned 
results conflicted with the concept of "species-speci­
ficity." Therefore, we carried out a taxonomical re­
examination of the alga CZ. intermedia,' previously col­
lected at Oshoro Bay, to reveal that this material 
consisted of a mixture of L. intermedia Yamada , L. 
capituliformis Yamada, and L. okamurai Yamada. An 
examination of fresh algae L. intermedia and L. capitu­
liformis, collected at Oshoro Bay, showed that these 
species did not contain any halogenated compound. 
O n the other hand, the freshly collected alga L. okamurai 
was extracted with methanol, and the methanol ex­
tracts were subjected to separation by a combination 
of column and thin-layer chromatography to give 
laurinterol (1), debromolaurinterol (2), isolaurinterol 
(3), debromoisolaurinterol (4), aplysinol (9), isoaplysin 
(11), cuparene-type ether (13), bromocuparene (23), 
isobromocuparene (24), and isolaurene (25). Fur­
thermore, dibromophenol (5) and debromoaplysinol 
(10) were newly isolated. 

T h e structure of debromoisolaurinterol (4), G1 5H2 0O, 
[a]o3 —104°, which has not been obtained in the 
pure state,9) was confirmed by the chemical correlation 
with aplysin (7). Treatment of 4 with bromine in 
acetic acid afforded a bromo compound, which was 
found to be identical with aplysin (7) by a comparison 
of the spectral data. The structure of debromoaply­
sinol (10), G1 5H2 0O2 , [a]2D —32°, was deduced by a 
comparison of the spectral data with those of aplysinol 
(9).') 

Dibromophenol (5), C15H18OBr2 {mje 376, 374, 372; 

H 
-$h 

1 : X = Br 
2: X = H 

Br 0 / V 
H 

5 : X = Br 
6: X = H 

7 : X = Br, R = CH3 

8: X = H ,R=CH 3 

9: X = Br, R=CH20H 
10: X = H,R=CH20H 
11 : X = H ,R=CH2Br 
12: X = Br, R=CH0 

13 

M+), m p 50—52 °G, [a]2
D

3 + 8 ° , exhibited the same 
intense sharp hydroxyl absorption in the I R spectrum 
at i>max 3570 c m - 1 as that of neolaurinterol (6), isolated 
from L. okamurai in Okino-shima.8) The N M R spec­
t rum exhibited the signals due to a cyclopropane ring 
at ô 0.2—1.1 (3H, m) , two tertiary methyl groups 
at 1.30 and 1.38 (each 3H, s), an aromatic methyl 
group at 2.51 (3H, s), and one aromatic proton at 
7.59 (1H, s). The signal of the aromatic methyl 
group was shifted to a lower magnetic field region than 
those due to the methyl groups of 1 (Ô 2.22), 6 (Ô 2.33), 
and other bromophenols. The I R and N M R spectra 
suggest that dibromophenol should be represented by 
formula 5. T h e structure of 5 was confirmed by 
the chemical correlation with laurinterol (1). Treat­
ment of 1 with iV-bromosuccinimide in GG14

8) gave 
a dibromo compound, which was found to be identical 
with natural 5 in all respects. 

The similarities of the components (Table 1 ) between 
the algae L. okamurai in Okino-shima8) and in Oshoro 
Bay led to a reexamination of the previous extracts 
of L. okamurai in Hakata-shima7) and 'Z. intermedia9 

in Oshoro Bay.9) The results of the reexamination 
will be described in the experimental section and 
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TABLE 1. AROMATIC SESQUITERPENES FROM Laurencia SPECIES 

Species Location Compounds 

L. okamurai Oshoro Bay (Japan) 
L. okamurai Okino-shima (Japan) 
L. okamurai Hakata-shima (Japan) 
L. pacifica La Jolla, Calif. (USA) 
L. pacifica Ensenada (Mexico) 
L. nidifica Kahala Reef, Hawaii (USA) 
L. desidua Alpha Helix Baja (Mexico) 
L. nipponica Moheji, Hokkaido (Japan) 
L. glandulifera Oshoro Bay (Japan) 
L. filiformis Port MacDonnell (Australia) 
L. subopposita La Jolla, Calif. (USA) 
L. species (?) Cape Omaezaki (Japan) 

1, 2, 3, 4, 5, 9, 10, 11, 13, 23, 24, 25 
1, 2, 3, 4, 6, 11, 13, 23, 24, 25 
1, 2, 5, 7, 8, 9, 10, 11, 13, 23, 24, 25 
1 
3 

1, 7 
1, 3, 7, 9 
15, 24, 25, 26 
14, 15, 16, 18, 19, 20, 23, 24, 25, 26 
16, 21, 22, 26 
16, 17, 26 
1, 3, 7, 9, 12 

summarized in Table 1. As shown in Table 1, laurin-
terol (1) and debromolaurinterol (2) are characteristic 
major metabolites of Japanese species L. okamurai, and 
several aromatic compounds are common metabolites 
with only slight differences. Only Hakata-shima's 
species contained a chamigrene-type sesquiterpene, 
johnstonol.10) 

-Q-b 
o 
H 

14: X = Br 
15: X = H 

Br 

-$h 
H 

16 : X = Br 
17: X = H 

-Q-
V n2 

23: R1 =H ,R 2 = Br 

24: R1 =Br,R2 = H 

-o-b 
26 

Laurinterol (1) was also isolated from L. pacifica,11) 
L. nidifica12^ and L. desidua13) Isolaurinterol (3) was 
also isolated from L. pacifica1*) and L. desidua13) O n 
the other hand, allolaurinterol-type phenols and the 
related ethers have been obtained from several L. 
species. Allolaurinterol (16) and the related ethers, 
21 and 22, were isolated from L. filiformis.15*16) 16 
was also isolated from L. subopposita11) along with 
debromoallolaurinterol (17). L. nipponica1*) a Japanese 
species of Laurencia, contained a bromo phenol, 
laurenisol (15), which was also isolated from L. 

glandulifera20) together with other bromo phenols, 14 
and 16, and the related ethers, 18, 19, and 20. It 
is interesting to note that these Laurencia species contain­
ed not only allolaurinterol-type metabolites but also 
halo-chamigrene derivatives,19»20) other halo-sesqui-
terpene derivatives,16»17) and G15 acetylenic ethers.17»19»20) 

Among other Japanese species of the genus Laurencia, 
L. papulosa and L. undulata did not contain any halo-
genated compound, and L. majuscula contained only 
halo-chamigrene derivatives.21»22) O h ta and Takagi 
have reported the isolation of several aromatic ses­
quiterpenes, 1, 3, 7, 9, and 12, from the red algae 
Marginisporum aberrans, Amphiroa zonata, and Corallina 
pilulifera (Gorallinaceae), collected at Gape Omaezaki, 
Shizuoka Prefecture, Japan.2 3) As has been described 
by the authors, these compounds may be derived 
from Laurencia species, for some Laurencia species grow 
in the vicinity of Gape Omaezaki. 

E x p e r i m e n t a l 

All the mps were uncorrected. The IR spectra were 
measured on a Nihon-Bunko IR-S and a A-102 spectrometer. 
The NMR spectra were recorded on a JEOL JNM-PS-100 
spectrophotometer, TMS being used as the internal reference 
in a GG14 soin. The optical rotations were measured in a 
GHGlg soin. Alumina (Merck, activity II—III) and silica 
gel (Mallinckrodt, 100 mesh) were used for the column 
chromatography. Silica gel (Merck, Kieselgel GF254 (Type 
60)) was used for the preparative TLG (PLC). 

Isolation. L. okamurai was collected at Oshoro Bay, 
Hokkaido, early in August, 1978. The half-dried algae 
(250 g) were extracted with methanol and then worked up 
as has previously been described.9) After the separation of 
the acidic and basic components, a neutral oil (4 g) was 
obtained and submitted to column chromatography on 
neutral alumina. 

Hexane Fraction: This fraction consisted of a mixture of 
hydrocarbons, aromatic ethers, and fatty acid methyl esters. 
Repeated chromatography on a silica-gel column and a 
PLC plate yielded isoaplysin (11) (0.4% of the neutral oil), 
cuparene-type ether (13) (0.8%), bromocuparene (23) (2%), 
isobromocuparene (24) (0.2%), and isolaurene (25) (0.6%). 

Hexane J Benzene (10 : 1 ) Fraction: This fraction was rechro-
matographed on a silica gel column to give dibromophenol 
(5) (0.3%) upon elution with hexane. A benzene eluate 
gave a mixture of fatty acid methyl esters. 

Benzene Fraction: This fraction consisted of laurinterol 
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(1), debromolaurinterol (2), isolaurinterol (3), and debromo-
isolaurinterol (4). As has previously been described,9) 
the isolation and purification of these compounds were car­
ried out via their acetates by repeated silica-gel column 
chromatography and P L C ; 1 (40%) , 2 (15%) , 3 (3 .5%) , 
and 4 (2.5%) were thus obtained. 

Ether Fraction: This fraction consisted of aplysinol (9), 
debromoaplysinol (10), and cholesterol. Repeated chro­
matography on a P L C plate gave 9 (0.3%) and 10 (0 .3%) . 

Previous Extracts: The neutral oil of 'L. intermedia/ which 
was previously collected at Oshoro Bay9) and stored in an 
ice box in a N 2 atmosphere, was subjected to separation as 
described above to give 1 (20%) , 2 (10%) , 3 (0 .6%), 4 
(0 .3%), 9 (0 .1%), 10 (0 .2%), 11 (0 .1%), 13 (0 .7%), 23 
(1 .1%), 24 (0 .3%), and 25 (1 .3%) . T h e neutral oil of 
L. okamurai, collected at Hakata-shima,7) was subjected to 
separation to give 1 (30%) , 2 (13%) , 5 (0 .1%), 7 ( 3 % ) , 
8 ( 3 % ) , 9 (0 .7%), 10 (0 .2%), 11 (0 .3%), 13 (0 .4%) , 23 
(0 .3%), 24 (0 .1%), 25 (1 .7%), and johnstonol (0 .7%) . 

Debromoisolaurinterol (4): Colorless oil; [a]2
D

3 —104° (c 
1.10); I R (film), vm&x 3490, 3070, 1642, 1620, 1575, 1505, 
1380, 1291, 1247, 1160, 1138, 950, 901, 889, and 807 cm" 1 ; 
N M R , Ô 1.20 (3H, d, 7 = 7 Hz) , 1.43 (3H, s), 2.23 (3H, 
s), 4.91 (1H, br s), 5.05 (1H, br s), 5.20 (br s: O H ) , 6.52 
(1H, br s), 6.56 (1H, br d, J=S), and 7.08 (1H, d, J=S); 
M S , m/e (rel. intensity) 216 (34, M+) , 201 (100), 173 (15), 
160 (20), 159 (60), 115 (3), 91 (45), and 77 (4). 

Acetate: Colorless oil; [a]2
D

3 -91° (c 1.43); I R (film) vm&x 

3075, 1773, 1650, 1622, 1577, 1510, 1380, 1200, 1143, 1070, 
1020, 955, 900, and 822 cm" 1 ; N M R , Ô 1.13 (3H, d, 7 = 7 ) , 
1.23 (3H, s), 2.19 (3H, s), 2.30 (3H, s), 4.71 (1H, br s), 
4.99 (1H, br s), 6.70 (1H, br s), 6.79 (1H, br d, J=S), and 
7.20 (1H, d, 7 = 8 ) ; M S , m/e 258 (8, M+) , 216 (20), 201 
(100), 173 (6), 160 (8), 159 (16), 115 (3), 91 (4), 77 (3), 
and 43 (10). 

Dibromophenol (5) : M p 50—52 °C (from M e O H - H a O ) ; 
M S + 8 ° (c 1.0); I R (CHC13), vm&x 3570, 1593, 1395, 
1380, 1315, 1290, 1187, 1160, 1130, and 890 cm" 1 ; N M R , 
ô 0.2—1.1 (3H, m ) , 1.30 (3H, s), 1.38 (3H, s), 2.51 (3H, 
s), 5.66 (s: O H ) , and 7.59 (1H, s ) ; M S , m/e 376, 374, 372 
(45, M+) , 361, 359, 357 (67), 319, 317, 315 (20), 308, 306, 
304 (100), 280, 278 (28), 254, 252 (50), 212 (24), 199 (25), 
173 (66), 158 (28), 115 (33), 109 (32), 93 (30), 91 (30), and 
77 (30). 

Debromoaplysinol (10) : M p 85—87 °C (from hexane) ; 
M S - 3 2 ° (c 0.44); I R (CHC13), v m a x 3590, 1620, 1595, 
1501, 1280, 1267, 1159, 1100, 1081, 1035, 1000, 948, 855, 
and 805 c m - 1 ; N M R , ô 1.07 (3H, d, 7 = 7 ) , 1.24 (3H, s), 
2.26 (3H, s), 3.57, 3.75 (each 1H, br AB-q, 7 = 1 2 ) , 6.44 
(1H, br s), 6.52 (1H, br d, 7 = 8 ) , and 6.78 (1H, d, 7 = 8 ) ; 
M S , m/e 232 (86, M+) , 201 (55), 199 (38), 173 (15), 159 
(100), 115 (4), 91 (4), and 77 (3). 

Conversion of 4 to Aplysin (7). One molar equivalent 
of bromine (9 mg) in acetic acid (2 ml) was added to a soln 
of 4 (12 mg) in acetic acid (1 ml) . T h e mixture was allowed 
to stand at room temp for 15 min and then extracted with 
ether. T h e ether soln was successively washed with water, 
5 % aqueous NaHCOg, and saturated brine. After drying 
over N a 2 S 0 4 , the solvent was removed to yield a colorless 
oil, which was purified by P L C to give aplysin (7) (11 mg) ; 
crystals; m p 85 °C (from M e O H ) . T h e I R and N M R 
spectra were superimposable on those of an authentic sample 
(7). 

Conversion of 1 to 5. A soln of 1 (30 mg) and N-
bromosuccinimide (18 mg) in CC14 (2.5 ml) was stirred for 
1 h at room temp, and then ether was added. T h e subse­
quent removal of the solvent, after filtering from an insoluble 
substance, gave a residual substance, which was chroma-
tographed on a PLC plate to give dibromophenol (5) (33 
m g ) ; crystals; m p 50 °C (from M e O H - H a O ) . T h e I R 
and N M R spectra were superimposable on those of natural 
5. 

T h e a u t h o r s a r e gra te fu l to D r . H i r o s h i Y a b u a n d 
D r . Y u z u r u Sa i to , F a c u l t y of Fisher ies , H o k k a i d o 
U n i v e r s i t y , for co l lec t ing a n d ident i fy ing t h e a lgae 
Laurencia species. 
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Diels-Alder Reaction of 2-Substituted Tropones with Ethylene. 
HMO Level Aspect of the Regioselectivity 
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2-Chloro-, 2-methoxy-, 2-phenyl-, and 2-methyltropones (2,4,6-cycloheptatrien-l-ones) and benzoate of 
tropolone (2-hydroxy-2,4,6-cycloheptatrien-l-one) reacted with ethylene affording Diels-Alder type 1,4-ad-
dition products, bicyclo[3.2.2]nona-3,6-dien-2-ones. The regioselectivities of the cycloaddition are quite random, 
while they are reproduced by the calculated interaction energies based on Salem's PMO equation which includes 
the closed-shell repulsion term. 

Recently we have reported that tropone (2,4,6-
cycloheptatrien-1-one, 1) reacts relatively easily with 
alternant hydrocarbons (neutral olefins), such as 
ethylene, styrene and acenaphthylene giving Diels-
Alder type 1,4-addition products.1) The H O M O -
L U M O orbital arrangements of the reactions indicate 
that the interaction between H O M O d i e n o p h i l e — 
L U M O t r o p n e is dominant in each case. O n the basis 
of Sustmann's classification,2) those reactions are of 
the "inverse electron d e m a n d " type. 

From a theoretical point of view, a diene synthesis 
utilizing ethylene as the dienophile is of interest. We 
can treat the Diels-Alder reaction quantitatively because 
of absence of complicated secondary interactions. W e 
now like to describe the regioselectivities of the Diels-
Alder reaction of 2-substituted tropones with ethylene 
and perturbational M O (PMO) approach to the 
selectivities based on Eqs. 1 and 2. 

The stabilization energy through the interconjuga-
tion between a diene and a dienphile at the transition 
state is evaluated by Eq. 1, based on which the frontier 
orbital approach was derived.3) 

occ unocc unocc occ (C.1 C* -X-C1 C} \* 

A £ = 2C£ S - s a ) l ^ ' + ^ J y2 (1) 

Equation 2, derived by Salem,4) consists of the closed-
shell repulsion term (the first term, Z£rep) and the 
overlap stabilization terms (£ß t a b) which are similar 
to Eq. 1. Here subscripts r and r ' refer to a pair 

occ unocc 

-2 S S E C J A V W W Ä - ^ J ) 
j k ' r r ' 

+ ( iv -£ j ) /4 ] 
occ unocc 

- 2 S S ÇSCtoCysS^nPKEt-Ey) 
j ' k r r ' 

(2) 

+ (Ek-Ey)/4] 

of atoms in a diene and a dienophile at which a bond 
is formed, q is the charge density and S denotes the 
overlap integral, k is the value of the ratio of interac­
tion integral to overlap integral. 

R e s u l t s and D i s c u s s i o n 

The dienophile, ethylene, is able to add to the 
4- and 7-positions of 2-substituted tropones giving 3-
substituted bicyclo[3.2.2]nona-3,6-dien-2-ones (A-type 

adducts) and to the 2- and 5-positions affording 1-
substituted ones (B-type adducts). A reaction of 2-
substituted tropones (2—6) with ethylene was carried 
out in a stainless steel autoclave. The reaction condi­
tions and the results are listed in Table 1. 

TABLE 1. THE REACTION CONDITIONS AND THE RESULTS 

OF DIELS-ALDER REACTION OF 2-SUBSTITUTED 

TROPONES WITH ETHYLENE 

Tropone Conditions 
(°C, day) 

Product (ratio) a> Total yield») 

2 
3 
4 
5 
6 

135, 
140, 
135, 
140, 
135, 

3.5 
3 
3 
3 
3 

2a (40.5), 2b (59.5) 
3a (12.3), 3b (87.7) 
4a (100) 
5a (58), 5b (42) 
6a (60), 6b(40)b) 

100 
100 
87.5 
91.5 
78 )̂ 

a) By VPG analysis using 1 m X 3 mm columns contain­
ing 5% PDEGS on Diasolid H or 10% SE-30 on 
Diasolid H. b) After isolation. 

f 
V 

X = H 
X - G l 
X = OCH3 

X = Ph 
X = CH3 

X - O C O P h 

X 
> 

1 
2 
3 
4 
5 
6 

,0 

-X er° 
A> 
A-type 

2a 
3a 
4a 
5a 
6a 

tCx 
A5 

B-type 
2b 
3b 

(4b) 
5b 
6b 

t Deceased February 4, 1976. 

A reaction of 2-chlorotropone (2) with ethylene 
gave the two types of adducts (2a and 2b) in a ratio 
of 40.5 to 59.5, which were separated by chromato­
graphy on silica gel. Struture elucidation of the prod­
ucts was performed easily by means of their N M R 
spectra. A reaction of 2-methoxytropone (3) with 
ethylene proceeded regioselectively giving 3a (12.3%) 
and 3 b (87.7%). 2-Phenyltropone (4) afforded only 
the A-type adduct (4a), while 2-methyltropone (5) 
gave both types of adducts (5a and 5 b : 58 and 4 2 % 
respectively). The adducts (6a and 6b) were obtained 
from benzoate of tropolone (6) in 60 and 4 0 % , re­
spectively. Thus, regioselectivities of the Diels-Alder 
reactions are quite random. The cycloadditions should 
be kinetically controlled: compound 2 b was completely 
recovered under the cycloaddition conditions, and when 
it was heated in G6D6 (in a sealed tube) at 135 °G 
for 3 d. 
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TABLE 2. GALUCULATED INTERACTION ENERGIES (ß) 

BASED ON E q . 2a> 

Adduct 

2a 
2b 
3a 
3b 
4a 

(4b) 
5a 
5b 

•Eint 

0.0125 
0.0128 
0.0116 
0.0123 
0.0101 
0.0024 
0.0093 
0.0087 

•^repul 

-0 .4393 
-0 .4382 
-0 .4395 
-0 .4372 
-0 .4401 
-0 .4400 
-0 .4400 
-0 .4367 

•^st ab 

0.4518 
0.4510 
0.4511 
0.4495 
0.4502 
0.4424 
0.4493 
0.4454 

a) The overlap integral is 0.2. The ratio of the inter­
action integral to the overlap integral is 2.85 ß. 

The frontior orbital approach2) to the regioselectivity 
of the reaction of the tropones (2—5) did not reproduce 
the experimental results, when we used the Hückel 
M O calculations based on Streitwieser's parameters.5) 
Our calculations6) based on Eq. 1 indicated preferred 
formation of the A-type adduct in every case. In 
reality, 2a and 3a are not predominant adducts. Thus 
the stabilization energy concept through the inter-
conjugation is not sufficient to explain the regioselec-
tivities. 

It has been mentioned by Salem that the repulsion 
energy term must be included in a quantitative evalua­
tion of interaction energies.4) The interaction energies 
calculated from Eq. 2 for the transition states of the 
present Diels-Alder reactions are shown in Table 2. 
The differences in Elnt between the A- and B-type 
adduct formations are uniformly small, and yet they 
are qualitatively in line with the observed prepon­
derance of one adduct isomer over the other. 

The overlap energies (£ s t a b), from the second and 
third terms of Eq. 2, also show that the predominant 
adducts are A-type ones in all cases. Thus, the closed-
shell repulsion is not negligible in PMO approach to 
the regioselectivities. 

Experimental 

General. Melting points were determined on a 
Thomas Hoover MP apparatus, and are not corrected. 
Infrared spectra were recorded on Hitachi EPI-3 and Model 
215 spectrophotometers. Ultraviolet spectra were recorded 
on a Hitachi EPS-2T spectrometer. NMR spectra were 
obtained on Varian A-60 and HA-100 spectrometers equip­
ped with spin decouplars, using tetramethylsilane as the 
internal standard. The mass spectral studies were conducted 
using a Hitachi RMU-6D spectrometer. VPC analyses were 
carried out on a Hitachi gas Chromatograph K-53 equipped 
with a FID. Preparative GLG were done on a Varian 
Aerograph Model 700 gas Chromatograph equipped with 
a TGD. 

Diels-Alder Reaction of Tropones (2—6) with Ethylene. A 
solution of a tropone (1—2.5 g) in toluene (10—15 ml) was 
placed in a stainless steel autoclave (100 ml), and heated 
with excess of ethylene (ca. 13 MPa, at 130 °G). After 
removal of the solvent in vacuo, the adducts were isolated 
by respective way. 

3- and 1-Chlorobicyclo[3.2.2]nona-3,6-dien-2-ones (2a and 2b, 
respectively). A mixture of 2a and 2b, obtained from 

1.65 g of 2-chlorotropone, was chromatographed on silica 
gel (Wako C-200, 50 g). Elution with hexane gave 245 mg 
of 2a and that with benzene gave 450 mg of 2b. 2a : 
Colorless oil; UVmax (GH3OH) 238 (loge 3.69), 265 (3.44)sh 

and 330 nm (1.94); IR (GG14) 1689, 1630 and 1600 cm"1; 
NMR (GG14) 6=7.23 (d, 7=9.4 Hz, H4), 6.54 (ddd, J= 
8.0, 7.2 and 1.2 Hz, H6), 6.06 (ddd, 7=8.2, 7.6, and 1.2 Hz, 
H7), 3.65 (m, Hj), 3.40 (m, H5), and 2.1—1.5 (4H, m). 
2,4-DNP of 2a: 203—205 °G (dec). Found: G, 51.70; H, 
3.92; N, 15.69%. Galcd for G15H13G1N404: G, 51.51; H, 
3.75; N, 15.62%. 2b: Colorless needles; mp 55—56 °G; 
UVmax (GH3OH) 226.5 (loge 3.82) and 330 nm (1.97); 
IR (KBr) 1680 and 1615 cm"1; NMR (GDG13) 6=7.12 
(dd, 7=11.2 and 8.9 Hz, H4), 6.55 (dd, 7=9.0 and 7.2 
Hz, H6), 6.01 (dd, 7=9.0 and 0.8 Hz, H7), 5.89 (dd, 
7=11.2 and 0.8 Hz, H3), 3.43 (m, H5), 2.4 (2H, m), and 
1.9 (2H, m). Found: G, 64.08; H, 5.35%,. Galcd for 
G9H9G10: G, 64.10; H, 5.38%. 

3- and 1-Methoxybicyclo[3.2.2]nona-3,6-dien-2-ones (3a and 3b, 
respectively). Isolation of the adducts was performed 
by preparative GLG using a 10 ft X 3/8 in aluminium column 
containing 5% PDEGE on Diasolid H at 180 °G. 3a: 
Colorless prisms (from hexane-ether) ; mp 48—49 °G; UVmax 

(CH3OH) 234.5 (log e 3.64), 276.5 (3.68) and 335 nm 
(2.43)sh; IR (GC14) 1686, 1635 and 1620 cm"1; NMR 
(GDC13) 0=6.60 (ddd, 7=8.3, 7.5 and 1.0 Hz, H6), 6.06 
(bd, 7=9.5 Hz, H4), 5.95 (ddd, 7=8.3, 6.5 and 1.0 Hz, 
H7), 3.65 (m, Hj), 3.52 (3H, s), 3.40 (m, H5), and 2.0—1.6 
(4H, m). Found: M+, 164. Galcd for C10H12O2: M, 164. 
2,4-DNP of 3a: mp 207 °G (dec). 3b: Colorless oil; 
UVmax (CH3OH) 228 (loge 3.77) and 340 nm (2.22); 
IR (GC14) 1685 and 1635 cm"1; NMR (CDC13) 0=7.02 
(dd, 7=11.1 and 8.5 Hz, H4), 6.54 (dd, 7=9.0 and 7.1 
Hz, H6), 6.03 (dd, 7=9.0 and 0.9 Hz, H7), 5.83 (dd, J= 
11.4 and 0.8 Hz, H3), 3.49 (3H, s), 3.38 (m, H5), and 
2.2—1.7 (4H, m). 2,4-DNP of 3b: mp 217 °G (dec). 
Found: G, 55.71; H, 4.79; N, 16.64%. Calcd for G16H16-
N405 : G, 55.81; H, 4.68; N, 16.77%. 

3-Phenylbicyclo[3.2.2]nona-3,6-dien-2-one (4a). Recrys-
tallization of the crude product, from 1 g of 2-phenyl-
tropone (4), was performed from hexane-ether yielding 
750 mg of 4a. The mother liquor gave 270 mg of 4a and 
trace of 4, after chromatography on silica gel. 4a: Colorless 
needles (from ethanol) ; mp 93—95 °G; UVmax 223.5 (log 
s 4.07), 275 (3.56) and 335 nm (2.05)sh; IR (KBr) 1670 
and 1628 cm"1; NMR (CDG13) (5=7.24 (5H, m), 7.07 (d, 
7=9.0 Hz, H4), 6.58 (ddd, 7=8.1 , 7.2 and 1.0 Hz, H6), 
6.13 (ddd, 7=8.1 , 8.1 and 1.1 Hz, H7), 3.68 (m, Hj), 3.46 
(m, H5), and 2.15—1.6 (4H, m). Found: C, 85.97; H, 
6.86%. Galcd for G15H140: C, 85.69; H, 6.71%. 

3- and 7-Methylbicyclo[3.2.2]nona-3,6-dien-2-ones (5a and 5b, 
respectively). A mixture of 5a and 5b, and unreacted 
2-methyltropone (5, 8.5%) were separated by preparative 
GLG (5% PDEGS). The adducts 5a and 5b were separated 
by preparative GLC using a 20 ft X 3/8 in column containing 
20% SE-30, at 180 °G. 5a: Colorless oil; UVmax (GH3OH) 
231.5 (log s 3.82), 255 (3.68)sh and 330 nm (2.10); IR (CG14) 
1668 and 1638 cm"1; NMR (CDG13) 0=6.91 (dq, 7=9.0 
and 1.5 Hz, H4), 6.53 (ddd, 7=8.3, 6.3 and 1.2 Hz, H6), 
6.06 (ddd, 7=8.3, 7.3 and 1.0 Hz, H7), 3.55 (m, HJ , 3.30 
(m, H5), 2.0—1.6 (4H, m), and 1.72 (3H, d, 7=1.5 Hz); 
MS (25 eV), m/e (rel intensity), 148 (69, M+), 133 (96), 
131 (73), 106 (62), 105 (99), 93 (48), 92 (100), and 91 (89). 
2,4-DNP of 5a: mp 193—194.5 °G. Found: C, 58.22; H, 
4.81; N, 16.94%. Galcd for C16H16N404: G, 58.53; H, 
4.91; N, 17.07%. 5b: Colorless oil; UVmax (GH3OH) 227.5 
(log e 3.90) and 326 nm (2.17); IR (CG14) 1665 and 1633 
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cm- 1 ; N M R (GDG13) (5=7.01 (dd, 7 = 1 1 . 2 and 8.6 Hz, 
H 4 ) , 6.53 (dd, 7 = 8 . 8 and 6.2 Hz , H 6 ) , 5.77 (dd, 7 = 8 . 8 
and 1.0 Hz, H 7 ) , 5.65 (dd, 7 = 1 1 . 2 and 0.5 Hz, H 3 ) , 3.30 
(m, H 5 ) , 2.0—1.6 (4H, m) , and 1.29 (3H, s) ; M S (25 eV), 
m/e (rel intensity), 148 (69, M+) , 133 (96), 131 (73), 106 
(62), 105 (99), 93 (48), 92 (100), 91 (89), 79 (64), and 55 
(60). 

2-Oxobicyclo[3.2.2]nona-3,6-dien-3-yl and 7-yl Benzoates (6a 
and 6b, Respectively). Chromatography of a mixture of 
6a and 6b , obtained from 1 g of benzoate of tropolone (6), 
on 50 g of silica gel (elution with benzene-ether , 10:1) gave 
320 mg of 6a and a mixture of 6a and 6b . T h e latter was 
chromatographed on Florisil (eluted with benzene) yielding 
165 mg of 6a, 363 mg of 6 b and 95 mg of 1 : 1 mixture 
of them. 6 a : Colorless needles; m p 104—105 °C (from 
ethanol) ; U V m a x (CH 3 OH) 232 (log e 4.37) and 330 n m 
(2.04); I R (KBr) 1740, 1675, 1643, and 1625 cm" 1 ; N M R 
(CDC13) 0=8 .2—7.95 (2H, m) , 7.65—7.4 (3H, m) , 6.87 
(d, 7 = 9 . 8 Hz, H 4 ) , 6.67 (ddd, 7 = 8 . 7 , 7.2 and 1.0 Hz, 
H 6 ) , 6.15 (ddd, 7 = 8 . 7 , 7.6 and 1.0 Hz, H 7 ) , 3.72 (m, H x ) , 
3.45 (m, H 5 ) , and 2.2—1.7 (4H, m ) . Found : C, 75.57; 
H , 5.57%. Calcd for C 1 6 H 1 4 0 3 : C, 75.57; H, 5 .55%. 6 b : 

Colorless needles (from e thanol ) ; m p 74—75 °C; U V m a x 

(CH3OH) 230.5 (log s 4.33) and 333 n m (1.83); I R (KBr) 
1722, 1672 and 1635 cm" 1 ; N M R (CDC13) 0=8 .2—8.0 
(2H, m) , 7.6—7.35 (3H, m ) , 7.00 (dd, 7 = 1 1 . 2 and 8.5 Hz, 
H 4 ) , 6.52 (dd, 7 = 9 . 0 and 7.0 Hz, H 6 ) , 6.28 (bd, 7 = 9 Hz, 
H 7 ) , 5.92 (d, 7 = 1 1 . 2 Hz, H 3 ) , 3.42 (m, H 5 ) , and 2.8—1.75 
(4H, m ) . Found : C, 75.52; H , 5 .48%. Calcd for C16-
H 1 4 0 3 : C, 75.57; H, 5 .55%. 
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The crystal and molecular structure of (rt)-2-methylamino-4,5-bis(/>-chlorophenyl)-4-hydroxy-4//-imidazole 
has been determined by the single-crystal X-ray diffraction method. The crystals are monoclinic with space 
group P2J/C, cell dimensions: a-14.872(5), 0-9.216(7), *= 12.945(11) A, $=99.53(5)°, and Z = 4 . The struc­
ture was determined by the symbolic addition method and refined by the least-squares method to give the final 
R factor of 0.072 for 1616 non-zero reflections. 

In conection with the development of the new 
synthetic method of 2-aminoimidazoles,1-3) 4,5-diaryl-
4-hydroxy-4i/-imidazoles (1) were prepared by the 
reaction of the corresponding benzils with methyl-
guanidine.4) The N M R spectra of these compounds 
(1) show a slightly broad singlet for the TV-methyl 
protons indicating the structure of 4,5-diaryl-4-hydroxy-
2-imino-l-methyl-5-imidazoline (lb).4) O n the other 
hand, the fact that hydrogénation of 1 produced 4,5-
diaryl-2-methylaminoimidazoles suggests isomeric 4,5-
diaryl-4-hydroxy-2-methylamino-4i/-imidazoles ( l a ) as 
the structure of l.4) Since structural interconversion 
between l a and l b in solution is possible,2) it is difficult 

NHCH-

OH y GH 3 
I—N< 

NH 

l a l b 

cor-to determine which isomeric structure l a or l b 
responds to compounds (1). Thus , an X-ray crystal-
lographic analysis of the bisQfr-chlorophenyl) derivative 
(1, R = G 1 ) was undertaken to determine the position 
of the methyl group and the conformation of the mole­
cule. 

E x p e r i m e n t a l 

Preparation of 2-Methylamino-4,5-bis(p-chlorophenyl)-4-hydroxy-
4H.-imidazole (1). A mixture of 4,4/-dichlorobenzil 
(2.70 g) and methylguanidine (0.73 g) in 16 ml of meth­
anol was stirred at room temperature for 30 min. The 
presipitate was filtered, washed with methanol, chloroform, 
and then ether and air-dried at room temperature. Colorless 
powder, mp ca. 295 °G dec (gradual darkening ;>125°C), 
yield 3.03 g (91%). Recrystallization of 1 with methanol 
gave pale yellowish crystals; mp >280 °G (gradual darkning 
^126 °G); NMR (DMSCW6) (5=2.87 (3H, s, NGH3), 3.19 
(3H, s, OGH3), ca. 4.1 (2H, broad, disappeared on addition 
of D 2 0 , OH), ca. 7.1 (1H, broad, disappeared on addition 
of D 2 0 , NH), 7.30 (4H, s, 4-G6H4Gl), 7.50 (2H, d, J= 9.3 
Hz, H3(5 of 5-G6H4Gl), 7.97 (2H, d, 7 = 9 . 3 Hz, H2>6 of 
5-G6H4Gl). The NMR spectrum v/as recorded with a 
Hitachi R-24 (60 MHz) spectrometer. The size of crystal 
used for obtaining X-ray data was 0.3 X 0.2 X 0.4 mm. The 
data are given in Table 1. The cell constants were determin­
ed by the least-squares procedure from the 20 values of 25 
reflections measured on a difFractometer using monochromat-

ed Mo Ka radiation. The density was determined by the 
flotation method. The integrated intensities of the reflec­
tions were collected on a Rigaku automatic four circle dif-
fractometer with Mo Kcc radiation monochromatized by a 
graphite plate. Background was counted for 10 s at both 
sides of each peak. Three standard reflections were meas­
ured every 50 reflections during the couse of collection. 
The intensities of unique reflections with 20 values than 
69° were collected, a total of 1616 reflections with | F | > 
3cr(|F|) being obtained. The data were corrected for 
Lorentz and polarization factors, but not for absorption. 
The atomic scattering factors for G, O, N, and Gl were given 
by Gromer and Mann,5) and that for H by Stewart et al.*) 

TABLE 1. CRYSTAL DATA 

Monoclinic 
a= 14.872(5) Â 
b= 9.216(7) Â 
c= 12.945(11) Â 
ß= 99.53(5)° 
V= 1749.7 Â3 

Space group P2j/c 
Z)m = 1.39g-cm-3 

Z) c=1.391g.cm-3 

Z = 4 

D e t e r m i n a t i o n o f Structure 

The structure was determined by the symbolic ad­
dition method.7) The distribution and statistics of 
IE |s agree with the theoretical values for the centrosym-
metric case. The resulting E map revealed the loca­
tion of all the 24 non-hydrogen atoms including meth­
anol molecule. Several cycles of least-squares refine­
ment of the coordinates with isotropic temperature 
factors gave an R value of 0.15. Anisotropic thermal 
parameters were introduced for all non-hydrogen atoms, 
the R value being reduced to 0.11. Of seventeen 
hydrogen atoms, the two hydrogen atoms of the hydroxyl 
group of compound 1 and the methylamino group 
were located on the difference map , but the other 
hydrogen atoms could not be identified. Refinement 
of the coordinates with anisotropic temperature factors 
for non-hydrogen atoms and isotropic thermal factors 
for hydrogen atoms gave the final R value 0.072. 
At the final stage of the refinement the difference 
electron density map showed only featureless peaks, 
which were about half of those of the two hydrogen 
atoms H ( l ) and H(2) . The complete FQ-FC data are 
deposited as Document No. 7932 at the Chemical 
Society of J apan . 
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TABLE 2. 

The Crystal and Molecular Structure of 4//-Imidazole 

FINAL ATOMIC PARAMETERS (xlO4), WITH THEIR STANDARD 
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DEVIATIONS IN PARENTHESES 

(a) Fractional atomic coordinates and anisotropic temperature factorsa> for non-hydrogen 

Atom 

Gl(l) 

Gl(2) 
G(l) 

G(2) 

G(3) 

G(4) 

G(5) 

G(6) 

G(7) 

G(8) 

G(9) 

G(10) 
G(ll) 

G(12) 

G(13) 

G(14) 

G(15) 

G(16) 

G(17) 

O(l) 

0(2) 
N(l) 

N(2) 

N(3) 

X 

175(2) 

809(2) 

5142(5) 

3981(4) 

3004(4) 

3390(4) 

2315(4) 

1944(5) 

1274(6) 

999(5) 

1349(5) 

2014(5) 

2686(4) 

1986(5) 

1388(5) 

1528(5) 
2213(5) 

2805(5) 

6286(6) 

3849(3) 

5644(3) 

4446(4) 

3351(4) 

4037(4) 

y 

-230(2) 

8649(2) 
7836(8) 

6011(7) 

4414(7) 

5109(7) 

3266(7) 

2834(8) 

1745(9) 

1127(7) 

1515(8) 

2612(7) 

5896(7) 

6638(8) 

485(8) 

7539(8) 
6762(9) 

5926(8) 

4735(9) 

4064(5) 

3633(5) 

6733(6) 

4943(6) 

6176(6) 

z 

3129(2) 

-435(2) 

4830(6) 

4170(5) 

3529(5) 

2632(5) 

3417(6) 

4304(6) 

4231(7) 
3244(7) 

2345(6) 

2434(6) 

1829(5) 

2170(6) 

1452(6) 

432(6) 

63(6) 

788(6) 

2661(7) 

2105(4) 

2840(4) 

4981(4) 

4420(4) 

3197(4) 

Un 

703(15) 

747(15) 

684(54) 

423(41) 

437(42) 

461(42) 

407(42) 

613(53) 

744(59) 
393(44) 

534(50) 

519(46) 

367(40) 

452(45) 

546(48) 

465(45) 

538(51) 

591(48) 

805(63) 

465(30) 

495(30) 

592(39) 

519(37) 

455(34) 

un 
559(15) 

732(14) 

550(45) 

355(36) 

350(35) 

454(38) 

356(35) 

582(48) 

530(49) 
372(39) 

477(44) 

417(38) 

408(36) 

524(42) 

574(46) 

516(42) 

722(52) 

641(48) 

587(51) 

517(28) 

556(30) 

473(33) 

444(32) 

473(32) 

u33 
1195(20) 

767(16) 

564(53) 

476(45) 

453(47) 

352(44) 

588(50) 

736(58) 

828(65) 

989(66) 

806(61) 

538(48) 

418(44) 

526(51) 

541(50) 

504(47) 

556(54) 

401(48) 

822(67) 

541(32) 

482(32) 
436(39) 

403(38) 

331(34) 

u12 
217(11) 

-205(12) 

229(40) 

-11(30) 

-14(29) 

9(31) 

0(30) 

128(41) 

171(44) 

31(32) 

98(37) 

38(33) 

41(29) 

-76(35) 

-58(37) 

-2(33) 

-146(41) 

-64(40) 

-110(46) 

-87(24) 

75(24) 

54(30) 

28(28) 

27(27) 

atoms. 

U\z 

272(14) 

-29(12) 
-41(39) 

78(31) 

0(31) 

79(30) 

62(33) 

169(43) 

137(47) 
89(41) 

56(41) 

46(35) 

26(30) 

75(34) 

35(36) 

-72(34) 

58(38) 

73(35) 

154(49) 

67(23) 

28(23) 

-42(28) 

50(27) 

24(25) 

u2, 
103(13) 

-243(12) 
4(39) 

29(32) 

-5(31) 

70(32) 

-19(33) 

-19(43) 

64(44) 
-2(40) 

-24(41) 

-5(35) 

-10(31) 

87(36) 
-3(38) 

-110(36) 

-103(42) 

-74(38) 

16(46) 

167(25) 

-34(24) 

51(29) 

2(28) 

47(27) 

a) The anisotropic temperature factors are expressed in the 
2U12hka*b* + 2Ulshla*c* + 2UsJclb*c*)]. 

from: exp [-2n2{Unh
2a*2 + *72«A*2 + Uzzl

2c*2 + 

(b) Atomic coordinates (xlO3) and isotopic temperature factors (xlO2) for hydrogen atoms. 

Atom U 

H(l) 
H(2) 

459(6) 
434(5) 

421(10) 
633(9) 

226(7) 
571(6) 

14(4) 
11(3) 

C(D 
N(2) .w>vO wer 

CC17) 
0(2) / S ' 

Ö H(2) 

Fig. 1. The molecular structure and numbering of 
( ±) -2-methylamino-4,5-bis (/>-chlorophenyl) -4-hydroxy-
4i/-imidazoles. 

P-c 

1 
Fig. 2. The molecular arrangement in this crystal 

viewed along the b axis. The dotted lines show the 
hydrogen bonds. Their distances are given in Â. 
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Fig. 3. Stereoscopic view of the compound 1. 

TABLE 3. BOND ANGLES AND THEIR STANDARD DEVIATIONS 

C(3)rC(4)-C(ll) 114.6(6; 
G(3)-G(5)-G(6) 119.0(6; 
C(3)-C(5)-C(10) 120.7(7 
G(4)-G(ll)-G(12) 119.0(6 
G(4)-G(ll)-G(16) 119.1(6; 
G(4)-G(3)-G(5) 125.2(6; 
G(5)-G(6)-G(7) 121.0(7 
G(6)-G(7)-G(8) 116.7(8; 
G(7)-G(8)-G(9) 124.4(7 
G(8)^G(9)-G(10) 118.0(7 
G(9)-G(10)-G(5) 119.6(7; 
G(10)-G(5)-G(6) 120.3(6; 
G(ll)-G(12)-G(13) 119.4(7 
G(12)-G(13)-G(14) 118.3(7 
G(13)-G(14)-G(15) 123.2(7; 
G(14)-G(15)-G(16) 117.8(7 
G(15)-G(16)-G(ll) 119.5(7 
G(16)-G(ll)-G(12) 121.7(6; 

G(l)-N(l)-G(2) 
G(2)-N(2)-G(3) 
G(2)-N(3)-G(4) 
G(3)-G(4)-N(3) 
G(3)-G(4)-0(l) 
G(4)-G(3)-N(2) 
G(5)-G(3)-N(2) 
C(ll)-C(4)-N(3) 
G(ll)-G(4)-0(1) 
G(7)-G(8)-G1(1) 
G(9)-G(8)-G1(1) 
G(13)-G(14)-G1(2) 
G(15)-G(14)-G1(2) 
G(l)-N(l)-H(2) 
G(2)-N(l)-H(2) 
C(4)-0(1)-H(l) 
N(l)-G(2)-N(2) 
N(l)-G(2)-N(3) 
N(2)-G(2)-N(3) 
N(3)-G(4)-0(l) 

121.2(6)° 
104.0(6) 
104.6(5) 
102.3(5) 
110.7(5) 
112.4(6) 
122.5(6) 
109.2(5) 
108.9(5) 
117.8(7) 
117.8(6) 
117.7(6) 
119.1(6) 
125.1(43) 
113.1(44) 
112.1(49) 
116.0(6) 
127.2(6) 
116.8(5) 
110.8(5) 

TABLE 4. BOND LENGTHS AND THEIR STANDARD DEVIATIONS 

C(3)-C(4) 
C(5)-C(6) 
G(6)-G(7) 
G(7)-G(8) 
\G(8)-G(9) 
O(9)-G(10) 
G(l l ) -G(12) 
Q(12)-C(13) 
c \ l 3 ) - C \ l 4 ) 
Cfl4)-G(15) 
G(Ï5)-G(16) 
G (à)-G (5) 
G(4)-G( l l ) 
G(5).-G(10) 
C(ir j -C(16) 

519(10) Â 
412(11) 
406(11) 
397(12) 
398(12) 
406(10) 

1.378(10) 
1.411(10) 
1.372(11) 

.392(11) 

.405(11) 

.463(9) 

.530(9) 

.412(10) 

.389(10) 

G ( l ) -
C(2)-
G(2)-
G(2)-
G(3)-
G(4)-
C(4)-
G(17) 
G (8)-
G(14) 

N( l ) 
N( l ) 
N(2) 
N(3) 
N(2) 
N(3) 
O( l ) 
- 0 ( 2 ) 
Gl(l) 
-Gl (2) 

N(l)-H(.2) 
0 (1 ) -H(1 ) 

1.487(10) Â 
1.335(8) 
1.432(9) 
1.309(9) 
1.279(9) 
1.473(8) 
1.419(8) 
1.439(10) 
1.740(7) 
1.747(7) 

1.05(8) 
1.10(8) 

R e s u l t s and D i s c u s s i o n 

The molecular structure and numbering are shown 
in Fig. 1. The methyl group was found to be bonded 
with the 2-amino group. The final atomic coordinates 
and thermal parameters with their standard deviations 

TABLE 5. EQUATIONS OF LEAST-SQUARES PLANES IN THE 

AX+BY+CZ+D = W FORM DISPLACEMENTS 
( 1 / Â ) OF ATOMS FROM THE PLANES ARE 

GIVEN IN SQUARE BRACKETS 

Benzene plane I 
0.690X+ 0.693 F + 0.207Z= 7.075 

[G(5) 0.002, G (6) 0.000, G (7) 0.000, G (8) 0.002, G(9) 
0.004, G (10) 0.004] 

Benzene plane II 
0.581X+ 0.788 F + 0.205Z= - 0.422 

[G(11) 0.012, G(12) -0.007, G(13) -0.007, G(14) 
0.014, G(15) -0.008, G(16) -0.005] 

Imidazole plane 
0.719X+ 0,689 F + 0.090Z= 6.626 

[G(2) 0.004, N(2) -0 .001 , G(3) -0.002, G(4) 0.004, 
N(3) -0.004] 

a) X, F, and Z are orthogonal coordinates in Â related 
to the crystal axes by 

I ax I X' 

Y 

Z 
= 

"1 0 

0 1 

0 0 

cos/r 
o 

s mß. 

TABLE 6. SELECTED DIHEDRAL ANGLES (°) 

G(5)-G(3)-
G(l)-N(l)-
G(l)-N(l)-
G(3)-N(2)-
G(4)-N(3)-
G(2)-N(3)-
N(2)-G(3)-

Dihedral 
Benzene 
Benzene 
Benzene 

G(4)-G(ll) 61.55 
-G(2)-N(2) 1.96 
-G(2)-N(3) 2.24 
-G(2)-N(l) 0.26 
-G(2)-N(l) 0.50 
-G(4)-0(l) 62.61 
-G(4)-0(l) 62.28 
angles between the planes (°) 

plane I and benzene plane II 
plane I and imidazole plane 
plane II and imidazole plane 

G(3)-G(4)-0(1)-H(l) 71.8 
G(l l )-G(4)-0(1)-H(l) 55.1 
N(2)-G(2)-N(l)-H(2) 6.6 
N(3)-G(2)-N(l)-H(2) 
N(3)-G(4)-0(1)-H(l) 

6.3 
4.7 

95.9 
6.9 

96.2 

are given in Table 2, and bond distances and angles 
with their standard deviations in Tables 3 and 4, re­
spectively. The sum of the bond angles around the 
N ( l ) a tom is 359.4°, and the bond length of N ( l ) -
C(2) is 1.34 Â. The values suggest that the atomic 
configuration of N ( l ) is sp2 hybridized, and that 
the N ( l ) - C ( 2 ) bond is conjugated with the imidazole 
ring. The crystal structure projected along the b 
axis is shown in Fig. 2. The crystal of compound 1 
contains four methanol molecules in an unit cell. The 
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oxygen atom of the methanol molecule is hydrogen-
bonded with the hydrogen atom of the hydroxy group 
of compound 1 and the methylamino group. The 
N(3) atom is also hydrogen-bonded with the H ( l ) 
atom. A stereoscopic view of compound 1 is shown 
in Fig. 3. The dihedral angles are given in Table 
6. The dihedral angle between two phenyl groups 
is 95.5° and that between the imidazole ring and the 
phenyl group attached to G(3) and the phenyl group 
attached to G(4) is 6.88° and 96.2°, respectively. 
The least-squares planes and deviations of atoms from 
these planes are given in Table 5. The benzene 
ring attached to G(3) and the imidazole ring are 
nearly coplanar. G ( l ) , N ( l ) , and H(2) are almost of 
the imidazole ring plane, and H(2) is on the N(2) 
side and C( l ) on the N(3) side of the imidazole 

ring. 
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Syntheses of Cationic Mononucleotide Analogs and Their Interaction 
with Polynucleotide and Polynucleotide Analogs 
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Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 
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Cationic mononucleotide analogs were synthesized through a quaternization reaction of i^-halogenoethylated 
derivatives of nucleic acid bases or 5'-halogeno-5'-deoxynucleoside. When they interacted with polynucleotide 
and polynucleotide analogs with negative charges, base-base interactions were observed. The interactions be­
tween complementary bases were stronger than the others. It is suggested that an anionic field originating from 
the polynucleotide or polynucleotide analog contributes to the interaction of complementary bases. 

Several polynucleotide analogs with positive charges 
have been synthesized.1 '2) Their interactive properties 
with nucleic acid bases,3) nucleotides,2»4) polynucleo­
tides,3) and nucleotide analogs with negative charges5»6) 
have also been investigated. In these studies, the 
mode of interactions was predominantly the base-base 
stacking. This evidence for the contribution of stack­
ing interaction has also been found in the interaction 
of nucleotides or nucleotide analogs with negative 
charges in the cationic polyelectrolyte.5) The mode 
of the interaction was also affected by the hydrophobic 
polymer domain. The cross-linked cationic polynucleo­
tide analogs have a tendency to interact with the 
complementary nucleotide,4) and so template-directed 
syntheses of oligonucleotides were carried out.7) 

In comparison with those phenomena, it is significant 
to elucidate the effect of the ionic field originating 
from the polynucleotide. For this purpose, some nucleo­
tide analogs with the charge opposite to that of the 
nucleotide were synthesized. The present paper will 
give the details of the syntheses of the cationic 
mononucleotide analogs and the interactive properties 
with polynucleotides and their analogs with negative 

charges. Some consideration regarding the contribu­
tion of the ionic field to the base-base interaction 
will also be paid. 

R e s u l t s a n d D i s c u s s i o n 

The cationic mononucleotide analogs shown in Fig. 
1 were synthesized in the following manner. Nucleic 
acid bases were first converted to the corresponding 
iV-halogenoethylated derivatives by the literature 
method.8) 5'-Halogeno-5'-deoxynucleoside was synthe­
sized by the literature procedure.9) To iV-halogeno-
ethylated derivatives and 5'-halogeno-5'-deoxynucleo-
sides, pyridine and trimethylamine were added; 
cationic mononucleotide analogs were then obtained 
through a quaternization reaction. In general, it is 
recommended that the reactions are carried out with­
out any solvent. In the case of trimethylammonium 
derivatives, though, a good result was also yielded 
by using ethanol as a solvent. The precipitates during 
the reaction were almost purely the desired substances. 
These derivatives were hygroscopic. 

The U V characteristics, R{ values, and electropho-

CH 3 

C H 3 - N - C H 3 

C H 2 

C 1 " C H 2 

H •OL "A 

CH 3 

C H 3 - N - C H 3 
I 
C H 2 

C1~ j )H 2 

T M A - C 2 - A d e T M A - C ^ - T h y 

NH 2 

TMA-C 2-Cyt 

I 
C H 2 

C H 2 

N 

Br" 

N> <ri N 

N H 2 

P y - C 2 - A d e 

+ 

C H 2 

C H 2 
I 

CT 

"< OL 
N^>~CH3 

0 

CHa 

C H 3 - N — • 

CHa 
HO OH 

C H 3 - N ".0 
H7K-4^ 

•N-H 
> 0 

HO OH 

Py-Cj-Thy TMA-Ado TMA-Urd 

Fig. 1. Cationic mononucleotide analogs. 
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T A B L E 1. Xn 

MOBILITIES OF CATIONIC MONONUCLEOTIDE ANALOGS 

Analog 
(H20)*> 

Paper Paper 
chromatography13) electrophoresis6) 

Solvent 
A 

Solvent 
B 

Relative 
mobility 

TMA-C;-Ade 

T M A - Q - T h y 

TMA-C;-Cyt 

Py-Q-Ade 

Py-Q-Thy 

TMA-Ado 

T M A - U r d 

261 
266 
272 
260 
266 
261 
262 

0.35 

0 .65 

0 .57 

0 .10 

0 .28 

0 .53 

0 .24 

0.46 
0.35 
0.55 
0.44 
0.66 

0.62 

- 2 , 

- 2 . 

- 1 . 

- 2 . 

- 2 . 

- 2 . 

- 1 . 6 

a) The U V measurements were carried out in water. 
The p H of the unbuffered solutions were 5.4—5.6. 
b) The solvent systems have been shown in the text. 
c) Electrophoresis was carried out in a 0.1 M phosphate 
buffer(pH 7.0). The relative mobility was based on 
the corresponding nucleotides. 

T A B L E 2. A P P A R E N T HYPOCHROMICITIES IN THE MIXING 

CURVES OF CATIONIC MONONUCLEOTIDE ANALOGS 

AND POLYNUCLEOTIDES3-) 

Polynucleotide 
Hypochromicityb) 

Poly A 

Poly U 

TMA-Q-Ade 
TMA-Q-Thy 
TMA-Q-Cyt 
Py-Q-Ade 
Py-Q-Thy 
TMA-Ado 
TMA-Urd 
TMA-Q-Ade 
TMA-C;-Thy 
TMA-C;-Cyt 
Py-C^-Ade 
Py-C;-Thy 
TMA-Ado 
TMA-Urd 

% 
2.8 
4.5 
3.3 
3.3 
5.0 
4.9 
5.6 
2.6 
1.5 
0.0 
4.3 
3.0 
2.1 
2.5 

The total concentration of nucleic acid bases in the 
mixture was 5.4 X 10 - 5 mol d m - 3 . 
a) Potassium salts of polynucleotides were used, b) 
The hypochromicities were calculated at 260 nm. 

re t ica l mobi l i t i es of ca t ion ic m o n o n u c l e o t i d e a n a l o g s 
a r e s h o w n in T a b l e 1. T h e i r mobi l i t i e s w e r e a l m o s t 
twofold in t h e oppos i t e d i r e c t i o n , b a s e d o n t h e cor ­
r e s p o n d i n g nuc leo t ides . T h i s resul t i nd i ca t e s t h a t t h e y 
h a v e a ca t ion ic c h a r g e even i n n e u t r a l a q u e o u s m e d i a . 

T h e i n t e r ac t i ve p rope r t i e s of t h e p r e s e n t c a t i o n i c 
m o n o n u c l e o t i d e ana logs h a v e also b e e n inves t iga t ed . 
E v i d e n c e for i n t e r a c t i o n b e t w e e n ca t i on i c m o n o n u c l e o ­
t ide ana logs a n d po lynuc l eo t ide s c a m e f rom t h e a p ­
p a r e n t h y p o c h r o m i c i t i e s in m i x t u r e s of t h e m . W h e n 
solut ions of po lynuc leo t ides w e r e m i x e d w i t h so lu t ions 
of ca t ion ic m o n o n u c l e o t i d e a n a l o g s , a p p a r e n t h y p o ­
chromic i t i es d o w n to a low p e r c e n t a g e w e r e obse rved . 
T h e results a r e s h o w n in T a b l e 2 . G e n e r a l l y , a U V 
h y p o c h r o m i c i t y is n o t obse rved in a m i x t u r e of po ly ­
nuc l eo t ide a n d n u c l e o t i d e a t t h e p r e s e n t c o n c e n t r a t i o n 

T A B L E 3. A P P A R E N T HYPOCHROMICITIES IN THE MIXING 

CURVES OF CATIONIC MONONUCLEOTIDE ANALOGS 

AND ANIONIC POLYNUCLEOTIDE ANALOGSA) 

Anionic polynucleotide 
analog 

Cationic 
mono­
nucleotide 
analog 

Hypochro-
micityb) 

/o 

PAA-Ado8 

—{CH-CHiJi ( Ç H - C H ^ 

COO-i COOH 

(XA 

W 
HO OH 

P A A - U r d r 

(ÇH-CH.^ (CH-CH, )^ 

COO-i COOH 

<KV 
N 

HO ÖH 
Çr 

TMA-C^-Ade 

TMA-C; -Thy 
TMA-C;-Cyt 
Py-Q-Ade 
P y - Q - T h y 
TMA-Ado 
T M A - U r d 

TMA-C^-Ade 

T M A - Q - T h y 

T M A - Q - C y t 

Py-C;-Ade 
Py-C;-Thy 
TMA-Ado 
T M A - U r d 

1.0 
5 .8 
2 .5 
0 .0 
1.5 
1.0 
2 . 3 

2 .5 
1.0 
0 . 0 
1.6 
0 .0 
2 . 4 
0 .0 

The total concentration of nucleic acid bases in the 
mixture was 5.4 x 10~5 mol d m - 3 . 
a) Anionic polynucleotide analogs were synthesized by 
the condensation reaction of poly (acrylic acid) with 
nucleoside. T h e content of adenine or uridine was 
determined by a U V measurement, b) The hypo­
chromicities were calculated at 260 nm. 

r a n g e . S u c h a n i n t e r a c t i o n suggests a d o m i n a n t con­
t r i b u t i o n of G o u l o m b i c forces i n t h e i n t e r a c t i o n b e t w e e n 
t h e c a t i o n i c m o n o n u c l e o t i d e a n a l o g a n d t h e po ly ­
n u c l e o t i d e . 

T h e obse rved h y p o c h r o m i c i t i e s of t h e c o m p l e m e n t a r y 
base ' s sets (Po ly A - T d e r i v a t i v e , Po ly A - U d e r i v a t i v e , 
a n d P o l y U - A de r iva t ive ) w e r e l a r g e r t h a n those of 
t h e i n c o m p l e m e n t a r y base ' s sets (Po ly A - A d e r i v a t i v e , 
P o l y A - G d e r i v a t i v e , a n d P o l y U - C d e r i v a t i v e , P o l y 
U - T d e r i v a t i v e , a n d P o l y U - U d e r i v a t i v e ) . T h i s fact 
i nd i ca t e s t h a t b o t h a b a s e s t a ck ing a n d a h y d r o g e n 
b o n d i n g c o n t r i b u t e to t h e m o d e of i n t e r m o l e c u l a r 
b a s e - b a s e i n t e r a c t i o n . 

T h e a p p a r e n t h y p o c h r o m i c i t i e s in t h e m i x i n g curves 
of t h e ca t i on i c m o n o n u c l e o t i d e a n a l o g s a n d t h e a n i o n i c 
p o l y n u c l e o t i d e a n a l o g s a r e s h o w n in T a b l e 3 . A m o d e 
of i n t e r a c t i o n s imi la r to t h a t of p o l y n u c l e o t i d e w a s 
obse rved . T h i s shows t h a t h y d r o g e n b o n d i n g b e t w e e n 
c o m p l e m e n t a r y bases takes p l a c e in t h e i n t e r m o l e c u l a r 
i n t e r a c t i o n of t h e bases . As t h e c o n t r a r y , p r ev ious 
s tudies of t h e i n t e r a c t i o n b e t w e e n nuc l eo t ide s a n d 
ca t i on i c p o l y n u c l e o t i d e a n a l o g s s h o w e d t h a t t h e s tack­
i n g i n t e r a c t i o n was overwhelming. 2 » 4 ) 

N o w w e c a n d e d u c e t h a t t h e a n i o n i c field o r i g i n a t i n g 
f rom p o l y n u c l e o t i d e s a n d p o l y n u c l e o t i d e a n a l o g s m a k e s 
a l a r g e c o n t r i b u t i o n t o t h e ba se -base i n t e r a c t i o n ; t h e 
a n i o n i c field c o n t r i b u t e s to t h e h y d r o g e n b o n d i n g in 
t h e c o m p l e m e n t a r y b a s e - b a s e i n t e r a c t i o n . 

E x p e r i m e n t a l 

General Method. Paper chromatographies were car­
ried out by the descending technique using W h a t m a n 3 M M 
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paper in the following solvent systems: A, 2-propanol-con-
centrated ammonia-wate r (7:1:2, v /v) ; B, ethanol-1 M am­
monium acetate ( pH 7.5) (7:3, v/v). Paper electrophoresis 
was carried out on the same paper at 35 V c m - 1 in a 0.1 M 
phosphate buffer ( pH 7.0). The U V absorption spectra 
were obtained on a Hitachi EPS-3T spectrophotometer. 
T h e N M R spectra were recorded with a Var ian HR-220 
spectrometer. 

Reagents. T h e pyridine was distilled by a general 
method. A 30% tr imethylamine-ethanql solution, was 
obtained by dissolving a dry tr imethylamine gas dn ice-
cooled ethanol. " 

Materials. The 9-(2-bromoethyl) adenine, 9-(2-chloro-
ethyl) adenine, and 1-(2-chloroethyl) thyminîe ivjere synthe­
sized by the literature procedure.8) T h e * l-(2-chloro-
ethyl)cytosine was synthesized by the modification of the 
literature method :8) 15 cm3 of thionyl chloride was added 
to 1 g of l-(2-hydroxyethyl)cytosine, and the mixture was 
stirred for 90 min at 35 °G and then was refluxed for 30 
min. After the removal of the excess thiony chjoride under 
reduced pressure, the residue was dissolved in| water and 
treated with 5 % of a sodium carbonate solution, and the 
precipitate thus formed was filtered off and dried. Recrystal-
lization from ethanol gave l-(2-chloroethyl)cytosine as pale 
yellow needles (48% yield). Found : G, 41.38; H , 4.69; 
N , 23 .81; Gl, 19 .63%. Galcd for C 6 H 8 N 3 OCl : G, 41 .51 ; 
H , 4.65; N , 24.20; Gl, 20 .42%. T h e S'-bromo-S'-deoxy-
uridine was synthesized by the literature method.9) T h e 
5'-chloro-5'-deoxyadenosine was kindly given by the T a n a b e 
Pharmacy Company, Ltd . 

2-(Adenin-9-yl)ethyltrimethylammonium Chloride, TMA-C2-
Ade: In 25 cm3 of a 3 0 % tr imethylamine-ethanol solution, 
0.6 g of 9-(2-chloroethyl)adenine was dissolved. T h e mix­
ture was sealed in a thick glass tube and then heated at 
80 °G for 48 h. A white precipitate was filtered, washed 
with ethanol, then dried ( 6 3 % yield). Found : G, 44.24; 
H , 6.86; N , 31.43; Gl, 13.48%. Galcd for C 1 0H 1 7N 6C1: 
G, 46.78; H , 6.62; N, 32.74; Gl, 13.84%. N M R ( D 2 0 ) 
ô 8.45 ( I H , s, 2 position of adenine), 8.43 ( I H , s, 8 position 
of adenine), 4.93 (2H, t, 2 position of ethylene), 4.23 (2H, 
t, 1 position of ethylene), 3.23 (9H, s, t r imethylammonium). 

2-(Thymin-1-yl)ethyltrimethylammonium Chloride, TMA-C2-
Thy: In 10 cm3 of a 3 0 % tr imethylamine-ethanol solution, 
0.5 g of 1-(2-chloroethyl)thymine was dissolved. T h e mix­
ture was sealed in a thick glass tube and then heated at 
80 °G for 70 h. A white precipitate was obtained after 
cooling. I t was washed with ethanol and then dried (26% 
yield).' Found : G, 43.26; H , 7.44; N , 15.29; Gl, 12.70%. 
Galcd for C 1 0 H 1 8 N 3 O 2 Cl: G, 47.74; H , 7.16, N , 16.70; Gl, 
14.12%. N M R ( D 2 0 ) Ô 7.92 ( I H , s, 6 position of thymine) , 
4.74 (2H, t, 2 position of ethylene), 4.12 (2H, t, 1 position 
of ethylene), 3.69 (9H, s, t r imethylammonium). 

2- (Cytosin-1 -yl) ethyltrimethylammonium Chloride, TMA-C2-
Cyt: In 15 cm3 of a 3 0 % tr imethylamine-ethanol solution, 
0.2 g of l-(2-chloroethyl)cytosine was dissolved. T h e mix­
ture was sealed in a thick glass tube and then heated at 
80 °G for 72 h. Pale yellow needles were filtered out, washed 
with ethanol, and then dried (52% yield). F o u n d : G, 45.45; 
H , 7.37; N , 23.89; Gl, 14.96%. Galcd for C 9 H 1 7 N 4 OCl : 
G, 46.45; H , 7 .31; N , 24.09; Gl, 15.27%. N M R ( D 2 0 ) 
ô 7.98 ( I H , d, 6 position of cytosine), 6.30 ( I H , d, 5 position 
of cytosine), 4.49 (2H, t, 2 position of ethylene), 3.86 (2H, 
t, 1 position of ethylene), 3.41 (9H, s, t r imethylammonium). 

1-[2-(Adenin-9-yl)ethyt]pyridinium Bromide, Py-C'2-Ade: I n 
2 cm 3 of a freshly distilled pyridine, 0.11 g of 9-(2-bromoethyl) -
adenine was dissolved. T h e mixture was sealed under nitro­
gen and then heated in boiling water for 78 h . A white 

precipitate was filtered out, washed with ethyl acetate, and 
then dried (28% yield). Found : G, 44.80; H , 3.97; N , 
26.02; Br, 25 .03%. Galcd for C1 2H1 3N6Br: G, 44.87; H , 
4.08; N , 26.17; Br, 24 .88%. N M R ( D 2 0 ) ô 8.86 (2H, 
d, a proton of pyridinium), 8.80 ( I H , dd, y proton of pyri­
dinium), 8.29 ( I H , s, 8 position of adenine), 8.18 (2H, dd, 
ß proton of pyridinium), 8.10 ( I H , s, 2 position of adenine), 
5.29 (2H, t, 2 position of ethylene), 5.02 (2H, t, 1 position 
of ethylene). 

1-\2-(Thymin-1-yl)ethy[]pyridinium Chloride, Py-C'2-Thy: In 
5 cm3 of a freshly distilled pyridine, 0.1 g of 1-(2-chloroethyl)-
thymine was dissolved. The mixture was then refluxed on 
a steam bath for 5 h. White needle crystals were obtained 
after cooling. They were washed with ethanol and then 
dried (17% yield). Found : G, 52.33; H , 5.34; N, 15.14; 
Gl, 13.15%. Galcd for C 1 2H 1 4N 30 2C1 : G, 53.84; H, 5.27, 
N , 15.70; Gl, 13.24%. N M R ( D 2 0 ) ô 9.09 (2H, d, oc proton 
of pyridinium), 8.82 (1H, dd, y proton of pyridinium), 8.30 
(2H, dd, ß proton of pyridinium), 7.57 (1H, s, 6 position of 
thymine), 5.09 (2H, t, 2 position of ethylene), 4.05 (2H, 
t, 1 position of ethylene). 

(AdenosinS'-yl) trimethylammonium Chloride, TMA-Ado: In 
15 cm3 of a 3 0 % tr imethylamine-ethanol solution, 0.2 g 
of 5'-chloro-5'-deoxy adenosine was dissolved. The mixture 
was sealed in a thick glass tube and then heated at 55 °G 
for 70 h. A white precipitate was filtered, washed with 
ethanol, and then dried (38% yield). Found: G, 45.63; 
H , 6.35; N , 23.96; Gl, 10.43%. Galcd for C1 3H2 1N603C1 : 
G, 45.28; H , 6.10; N , 24.38; Gl, 10.30%. N M R (D 2 0) 
ô 8.16 ( I H , s, 8 position of adenine), 8.14 ( I H , s, 2 position 
of adenine), 3.18 (9H, s, t r imethylammonium). 

(Uridin-ß'-yI) trimethylammonium Bromide, TMA-Urd: In 
20 cm3 of a 3 0 % trimethylamine-ethanol solution, 0.7 g of 
S'-bromo-S'-deoxyuridine was dissolved. T h e mixture was 
sealed in a thick glass tube and then heated at 55 °G for 
70 h. A white precipitate was filtered, washed with ethanol, 
and then dried (12% yield). Found : G, 38.74; H, 5.65; 
N, 10.96; Br, 22 .36%. Galcd for C1 2H2 0N3O5Br: G, 39.36; 
H, 5.74; N, 11.48; Br, 21 .84%. N M R ( D 2 0 ) ô 7.50 ( IH , 
d, 6 position of uracil), 6.82 ( I H , d, 5 position of uracil), 
3.19 (9H, s, t r imethylammonium). 

UV Measurements. T h e measurements were carried 
out in water at 15 °G. T h e p H of the unbuffered solutions 
was 5.4—5.6. Absorbances were obtained in a 10-mm quartz 
cell. T h e apparent hypochromicity was calculated accord­
ing to the following equation:10) 

% Hypochromicity = (l / a + b
 r \ X 100 

\ m/a + w/b / 

where m and n are the volume fractions of the solutions of 
Compounds a and b, and where 7a, Ih, and 7 a + b are the ab­
sorbances of the solutions of Compound a, Compound b, 
and the mixture of Compounds a and b respectively. 

T h e a u t h o r s a r e i n d e b t e d to Prof. K e n i c h i F u k u i 
for his e n c o u r a g e m e n t . T h i s inves t iga t ion was s u p ­
p o r t e d b y a G r a n t - i n - A i d of t h e M i n i s t r y of E d u c a t i o n . 
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A Synthesis of 7a-Methoxycephalosporins through Selenenamides 
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The o-nitrobenzeneselenenamides were oxidized with active manganese dioxide to give the imines, which 
were converted to the 7a-methoxycephalosporins 3 by the reaction with lithium methoxide. The selenenamides 
3 were acylated with phenoxyacetyl chloride to afford the desired eephamycin derivatives 4 via tertiary amide 
5, which was not isolable. This methoxylation reaction was also carried out in penicillin series to give the desired 
6a-methoxypenicillin 8 although the ring opening compound 9 was a major product. The difference between 
sulfenamides and selenenamides in their acylation reactions was discussed. 

Much attention has been focused on 7a-methoxy-
cephalosporins after isolation of cephamycins from cul­
tures of streptomyces species1) and subsequent modifica­
tion of the original compound to those with enhanced 
activity.2) Several methods have been developed for 
introduction of a methoxyl group at the seven position 
of cephalosporins starting from 7-aminocephalosporins 
or 7-acylaminocephalosporins.3) However, some dif­
ficulties still remain in the synthesis of 7a-methoxy-
cephalosporins having a complex 7/?-acylamino side 
chain.4) Recently, we have shown that 7/?-sulfen-
amidocephalosporins and 7^-sulfinamidocephalosporins 
were converted to 7a-methoxycephalosporins via the 
intermediacy of novel 7-sulfenylimine /^-lactams.5) 

As a par t of program to device a new method for 
introduction of a methoxyl group at the seven position 
of cephalosporins, we were interested in a synthesis 
of an analog of the sulfenamide in which the sulfur 
a tom is suitably substituted by selenium atom. We 
now describe a method for a synthesis of 7a-methoxy-
cephalosporins utilizing selenenamidocephalosporins via 
selenenylimine intermediates. 

The chemistry of selenenamides (amide of selenenic 
acid) has been little studied and only a very limited 
number of examples of this class are known6 - 8) owing 
to the lack of the stabilities of those compounds. In 
view of the scope and limitations of selenenamides, 
a study of selenenamidocephalosporins is of considerable 
interest. A recent study of selenenamides has sug­
gested that the Se-N bond is hydrolyzed slowly at 
room temperature and rapidly with acids or at an 
elevated temperature.6) The method generally used 
for the preparation of selenenamides is the reaction 
of corresponding amines with selenenyl halides. Of 
several possible starting materials, first, we chose 
benzeneselenenamidocephalosporins. Treatment of t-
butyl 7/?-amino-3-methyl-3-cephem-4-carboxylate with 
benzeneselenenyl chloride in the presence of tri-
ethylamine gave a spot ascribable to the benzene-
selenenamide l c on silica gel thin layer chromato­
graphy, by short time development, but this spot vanish­
ed on further development. The isolation of the ben-
zeneselenenamide l c also failed by chromatography 
on silicic acid. Difficulty in isolation of benzene-
selenenamide l c probably results from the known 
instability of Se-N bond. 

I t is frequently observed that benzeneselenenyl com­
pounds without tf-substituent exhibit properties dif­
fering from those of the corresponding o-substituted 
derivatives with higher stabilities.9) Thus we exam­
ined 0-nitrophenylselenenamidocephalosporin which 

has an electron-withdrawing group on the ortho 
position of the aromatic ring, expecting more stable 
Se-N bond. Treatment of /-butyl 7/?-amino-3-methyl-
3-cephem-4-carboxylate with o-nitrophenylselenenyl 
chloride in the presence of triethylamine afforded o-
nitrophenylseleneamide l a in 79.0% yield after silica-
gel chromatography. This procedure using ortho-
nitrophenylselenenyl compound, also worked well in 
the case of benzhydryl 3-acetoxymethyl-7/?-amino-3-
cephem-4-carboxylate and />-bromophenacyl 6/9-amino-
penicillanate to give l b and 6 in 60 .0% and 53 .3% 
yields, respectively. When jb-nitrophenylselenenyl 
bromide was used in place of o-nitrophenylselenenyl 
chloride in the reaction with /-butyl 7^-amino-3-methyl-
3-cephem-4-carboxylate, a clear spot ascribable to the 
desired selenenamide was observed in thin layer chro­
matography; however, attempted isolation of sele­
nenamide I d by chromatography on silica gel resulted 
in decomposition of the product. Thus the synthesis 
of selenenamides of cephalosporins and penicillin de­
rivatives was successful only in o-nitrophenylselenen-
amide series. 

Next our effort was directed to the conversion of 
selenenamides 1 to selenenylimines 2. Only a few 
selenenylimines have been reported in the literature 
and they were prepared by addition of benzeneselenenyl 
and ^-nitrophenylselenenyl chlorides to l,l-di-/>-
tolylmethanimine in the presence of triethylamine.8) 
These crystalline selenenylimines were observed to 
decompose to an oil after several weeks under nitrogen 
in the dark. So, we had a great concern about the 
stability of the selenenyliminocephalosporins. Treat­
ment of o-nitrophenylselenenamidocephalosporins l a 
and l b with active manganese dioxide in benzene 
solution according to the sulfenamide oxidation5a) gave 
the corresponding selenenyliminocephalosporins 2a and 
2 b in 60 .0% and 41 .0% yields, respectively, which 
were crystalline solids and stable on exposure to air 
at room temperature for several weeks. The structure 
of the imines 2a and 2 b was unambiguous on the basis 
of their N M R spectra which showed a sharp singlet 
at 5.32 and 5.42 ppm, respectively, due to the hydrogen 
at the six position. In the penicillin series the reaction 
leading to the selenenylimine took place similarly as 
in the cephalosporin series. Thus, the reaction of the 
selenenamidopenicillin 6 with active manganese dioxide 
gave the selenenyliminopenicillin 7 as an amorphous 
solid in 49 .7% yield, which was also stable under 
the same conditions as the selenenylimines of cepha­
losporins. 

Treatment of the selenenylimines 2a and 2b with 
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Chart 1. 

excess of lithium methoxide in methanol and tetra-
hydrofuran at —78 °G for 3 h afforded 7a-methoxy-
selenenamidocephalosporins 3a and 3 b in 8 7 . 1 % and 
21.6% yields, respectively. The low yield of 3 b was 
due to the production of 2-cephem isomer (benz-
hydryl 3-acetoxymethyl- 7a-methoxy- lß-o -nitrophenyl-
selenenylamino - 2 - cephem - 4 - carboxylate) (26.8 % ) , 
whose formation was frequently observed in the com­
pound having 3-acetoxymethyl group in a basic 
medium. As in the case of the sulfenyliminocephalo-
sporins5a) only a-methoxy isomers were obtained by 
attack of methoxide anion from less hindered a-face 
of the molecules. Methoxylation of the selenenyl-
iminopenicillin 7 under the same reaction conditions 
gave the desired 6a-methoxy-6/?-(selenenylamino)-
penicillin 8 only in 8 .8% yield together with the ring 

opened diester 9 (79.9%) as a major product. I t 
should be noted that the ratio of 8/9 (8.8/79.9) was 
significantly small as compared with the case of the 
corresponding sulfenyliminopenicillin in which the 
ratio of the methoxylated product to the ring cleaved 
compound was 30.9/58.4. This difference might arise 
from the less effective overlapping of the d-orbital 
of the selenium of the compound 7 with the imine 
part and o-nitrobenzene ring. Thus, electrophilicity 
at the six position of 7 would decrease as compared 
with the corresponding sulfenyliminopenicillin. We 
should also note that the ring opened selenenylimine 
9 was not attacked by methoxide any more. 

Acylation of 7a - methoxyselenenamide 3a with 
phenoxyacetyl chloride in dichloromethane in the 
absence of any base gave 5 judging from silica gel thin 
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R=o-N02 >X=S 

p-ni t robenzenesulf enamide( 10 b) 
R=p-N02 ,X=S 

2,4 - d i ni t robenzenesul fenamide(TOc) 
R=2 ,4 -N02 ,X=S 

o-n i t robenzenese lenenamideOa) 
R=o-N02 , X=Se 

cond i t ion 

r t , 2 4 h 

0°C,90min 

r t , 2 4 h 

0°C,30min 

product (11 ) 

t r a c e a ) I 

9 6 . 3 % b ) 

t r a c e a ) 

9 2 . 9 % b ) 

a) the reaction was checked by s i l i c a gel TLC plate 
b ) i solated yie ld 

layer chromatography, which showed a less polar spot 
ascribable to the tertiary amide 5. Attempted puri­
fication of 5 by chromatography on silica gel resulted 
in decomposition. Therefore the obtained compound 
was used in the subsequent reaction without further 
purification. The crude compound 5 was treated with 
lithium methoxide or sodium benzenethiolate to fur­
nish 7a-methoxy-7/?-phenoxyacetamidocephalosporin 4 
in 18% and 1 5 % yields, respectively. The physical 
properties of 4 were identical in all respects with an 
authentic sample.5) 

A comparison of selenenamidocephalosporins with 
sulfenamidocephalosporins in the reaction with an acyl 
chloride is interesting in connection with the bonding 
character between nitrogen and sulfur or selenium. 
Thus we examined the reaction of sulfenamides and 
selenenamide with phenoxyacetyl chloride in dichlo-
romethane. Results are summarized in Table 1. o-
Nitrophenylselenenamide l a was found to be more 
reactive than />-nitrophenylsulfenamide 10b, which was 
the most reactive in the sulfenamide series. Namely, 
ortho-substituted benzenesulfenamides 10a and 10c did 
not react with phenoxyacetyl chloride, while the p-
nitro derivative 10b, was easily converted into pheno-
xyacetamide 11, and in the case of the selenenamide 
ortho-substitution gave no effect on the reaction with 
phenoxyacetyl chloride to afford the desired amide 
11 with great ease without detection of the tertiary 
amide corresponding to 5. 

Although the Se-N bond in selenenamide is generally 
unstable and sensitive to nucleophiles, the method via 
the intermediacy of selenenyliminocephalosporins pro­
vides a versatile and useful alternative to functionaliza-
tion at the 7(6) position of cephalosporins (penicillins). 

E x p e r i m e n t a l 

All melting points are not corrected. IR spectra were 
recorded on a JAS CO A-2 spectrometer. NMR spectra 

were measured on Hitachi R-24 spectrometer using tetra-
methylsilane as an internal standard. The abbreviations in 
the NMR spectra are as follows: s, singlet; bs, broad singlet; 
d, doublet; dd, doublet of doublets; q, quartet; m, multiplet. 

t-Butyl 3-Methyl-7ß-o-nitrophenylselenenylamino-3-cephem-4-car-
boxylate (la). A solution of *-butyl 7/?-amino-3-
methyl-3-cephem-4-carboxylate (6.50 g, 24 mmol) and tri-
ethylamine (3.36 ml, 24 mmol) in chloroform (150 ml) 
was stirred and cooled to 0—5 °G. To this solution was 
added o-nitrophenylselenenyl chloride (4.73 g, 20 mmol) dis­
solved in chloroform (50 ml) over a period of 10 min. The 
mixture was then stirred for an additional 2 h at 0—5 °G. 
The mixture was diluted with ethyl acetate, washed suc­
cessively with saturated NaHGO s solution and water. 
Evaporation of the dried (MgS04) organic phase in vacuo 
provided a residue, which was chromatographed on silica 
gel using benzene-EtOAc (10:1) to give o-nitrophenylsele-
nenamide la (7.25 g, 79.0%) as yellow crystals, la: mp 
133—134 °G (EtOAc-diisopropyl ether); IR (GHG13) 1780 
cm-1; NMR (GDG13) 0=1.55 (9H, s), 2.10 (3H, s), 3.35 
and 3.60 (2H, ABq, 7 = 1 8 Hz), 3.53 (1H, d, 7=13.5 Hz), 
4.95 (1H, dd, 7=13.5 and 4.5 Hz), 5.08 (1H, d, 7=4 .5 
Hz), 7.3—8.7 (4H, m). 

Benzhydryl 3 - Acetoxymethyl - 7ß -o- nitrophenylselenenylamino -3-
cephem-4-carboxylate (lb). To a mixture of benzhydryl 
7/?-amino - 3 - acetoxymethyl-3-cephem-4-carboxylate hydro­
chloride (10.4 g, 22 mmol) and triethylamine (5.85 ml, 42 
mmol) in dry chloroform (150 ml) under nitrogen was added 
o-nitrophenylselenenyl chloride (4.73 g, 20 mmol) in chloro­
form (25 ml) at 0—5 °G over a period of 10 min. The 
mixture was stirred for 3 h at 0—5 °G, and then EtOAc 
was added. The organic phase was washed with saturated 
NaHG0 3 solution and water, dried over MgS04 , and 
evaporated in vacuo to give a residue. Subsequent chro­
matography on silica gel using benzene-EtOAc (10 : 1) 
provided o-nitrophenylselenenamide l b (7.61 g, 60.0%) as 
yellow crystals: l b : mp 124—125 °G (GHGl3-diisopropyl 
ether); IR (GHG13) 1780cm"1; NMR (GDG13) 0=1.90 
(3H, s), 3.35 and 3.50 (2H, ABq, 7 = 18 Hz), 3.50 (1H, 
d, 7=13.5 Hz), 4.75 and 4.98 (2H, ABq, 7 = 13.5 Hz), 
4.90 (1H, dd, 7=13.5 and 4.5 Hz), 4.93 (1H, d, 7=4 .5 
Hz), 6.97 (1H, s), 7.1—8.5 (14H, m). 
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p - Bromophenacyl 6ß-o- Nitrophenylselenenylaminopenicillanate 
(6). T o a stirred solution of /^-bromophenacyl 6ß-
aminopenicillanate hydrochloride (4.95 g, 11 mmol) and 
triethylamine (2.79 ml, 20 mmol) in GHG13 (75 ml) was 
added a solution of o-nitrophenylselenenyl chloride (2.36 g, 
20 mmol) in GHG13 (25 ml) at 0 °G. After 3 h at 0 °G, 
EtOAc was added and organic solution was washed suc­
cessively with saturated N a H G O s solution and water, and 
then dried ( M g S 0 4 ) . Evaporation of the organic par t and 
chromatography of the residue using benzene-EtOAc (5 : 1) 
afforded o-nitrophenylselenenamide 6 (3.27 g, 53.3%) as 
amorphous solid. 6: I R (GHG13) 1780 cm" 1 ; N M R (GDG13) 
0 = 1 . 7 3 (3H, s), 1.77 (3H, s), 3.58 ( I H , d, 7 = 1 2 Hz) , 4.63 
( I H , s), 4.75 ( I H , dd, J = 1 2 and 4.5 Hz) , 5.38 and 5.53 
(2H, ABq, J= 16.5 Hz) , 5.65 ( I H , d, 7 = 4 . 5 Hz ) , 7.3—8.6 
(8H, m) . 

t - Butyl 3 - Methyl-7 - o - nitrophenylselenenylimino-3-cephem-4-car-
boxylate (2a). T o a solution of selenenamide l a 
(2.0 g, 4.25 mmol) in benzene (100 ml) was added active 
manganese dioxide (100 g) at room temperature and reaction 
mixture was stirred at room temperature for 60 min. T h e 
solid substance was filtered off, washed with benzene, and 
evaporation of the combined filtrates in vacuo afforded sele-
nenylimine 2a (1.20 g, 60.0%) which was practically pure 
judging by N M R and used for the next step without any 
purification. 2 a : m p 185—186 °G (CHCl3-diisopropyl 
e ther) ; I R (GHG13) 1780cm" 1 ; N M R (GDG13) 0 = 1 . 5 8 
(9H, s), 2.17 (3H, s), 3.25 and 3.52 (2H, ABq, 7 = 1 8 Hz) , 
5.32 ( I H , s), 7.2—8.8 (4H, m ) . 

Benzhydryl 3 - Acetoxymethyl - 7 - o - nitrophenylselenenylimino -3-
cephem-4-carboxylate (2b). A solution of selenenamide 
l b (2.3 g, 3.6 mmol) in benzene (100 ml) was stirred at 
room temperature with active manganese dioxide (115 g) . 
After 1 h the reaction mixture was filtered and active man­
ganese dioxide was washed with benzene. The combined 
filtrates were evaporated in vacuo to give selenenylimine 2 b 
(944 mg, 41 .0%) , which was pure judging by N M R and 
used in the next reaction without further purification. 2 b : 
m p 126—127 °G (EtOAc-diisopropyl e ther) ; I R (GHG13) 
1790 cm- 1 ; N M R (GDG13) (5=2.03 (3H, s), 3.45 and 3.61 
(2H, ABq, 7 = 1 8 Hz) , 4.90 and 5.08 (2H, ABq, 7 = 1 3 . 5 Hz) , 
5.42 ( IH , s), 6.26 ( I H , s), 7.3—8.9 (14H, m) . 

p-Bromophenacyl 6-o-Nitrophenylselenenyliminopenicillanate (7). 
A solution of selenenamide 6 ( 1.0 g, 1.63 mmol) in benzene 
(50 ml) was stirred at room temperature with active man­
ganese dioxide (50 g) for 60 min. Active manganese dioxide 
was filtered off and the filtrate was evaporated in vacuo to 
give selenenylimine 7 (497 mg, 49 .7%) , which was found 
to be pure by N M R and used in the subsequent reaction 
without further purification. 7 : amorphous solid; I R 
(GHG18) 1780 c m - 1 ; N M R (GDG18) 0 = 1 . 6 0 (3H, s), 1.67 
(3H, s), 4.85 ( I H , s), 5.50 (2H, s), 5.98 ( I H , s), 7.3—8.8 
(8H, m) . 

t - Butyl 7en - Methoxy -3- methyl-7ß-o-nitrophenylselenenylamino-3-
cephem-4-carboxylate (3a). A stirred solution of sele­
nenylimine 2a (939 mg, 2.0 mmol) in dry M e O H (30 ml) 
and dry T H F (60 ml) was cooled to — 78 °G, and li thium 
methoxide (prepared from 77 mg of lithium, 11 mmol) in 
dry M e O H ( 10 ml) was added with vigorous stirring. T h e 
mixture was stirred for 3 h at — 78 °G, and then glacial 
A c O H was added. After dilution with EtOAc, the organic 
solution was washed successively with water, saturated 
N a H G 0 3 solution, and water, dried ( M g S 0 4 ) and evaporated 
in vacuo to afford a residue. Purification by chromatography 
on silica gel using benzene-EtOAc (10:1) gave 7a-methoxy-
selenenamide 3 a (870 mg, 87.1%) as a yellow oil. 3 a : 
I R (GHGI3) 1770 c m - 1 ; N M R (GDG13) 0 = 1 . 5 0 (9H, s), 

2.12 (3H, s), 3.18 and 3.35 (2H, ABq, 7 = 1 8 Hz) , 3.58 
(3H, s), 4.18 ( I H , s), 4.93 ( I H , s), 7.2—8.6 (4H, m) . 

Benzhydryl 3-Acetoxymethyl-7 oc-methoxy-7 ß-o-nitrophenylselenenyl-
amino-3-cephem-4-carboxylate (3b). T o a solution of 
selenenylimine 2 b (204 mg, 0.32 mmol) in dry M e O H (5 ml) 
and dry T H F (10 ml) was added li thium methoxide in 
methanol (5 ml) (from 14.7 mg of li thium, 2.1 mmol) at 
— 78 °G and the solution was vigorously stirred for 3 h. 
T h e reaction mixture was quenched with glacial A c O H 
and diluted with E tOAc. T h e organic solution was washed 
with water, aqueous N a H G O s , and again water. Evapora­
tion of the solvents (dried over M g S 0 4 ) and chromatography 
of the residue gave 7a-methoxy-o-nitrophenylselenenamide 
3 b (46.0 mg, 2 1 . 6 % ; 7? f =0.39: benzene-EtOAc 10:1) and 
benzhydryl 3-acetoxymethyl-7a-methoxy-7/?-o-nitrophenyl-
selenenylamino-2-cephem-4-carboxylate (57.3 mg, 26 .8% ; 
i ? f = 0 . 3 3 : benzene-EtOAc 10:1), which were eluted from 
the column with benzene-EtOAc (10:1). 3 b : yellow oil; 
I R (GHGI3) 1770 c m - 1 ; N M R (GDG13) 0 = 2 . 0 5 (3H, s), 
3.38 and 3.53 (2H, ABq, 7 = 18 Hz) , 3.63 (3H, s), 4.33 ( I H , 
s), 4.90 and 5.03 (2H, ABq, 7 = 1 3 . 5 Hz) , 4.98 ( I H , s), 7.03 
( I H , s), 7.3—8.7 (14H, m) . Benzhydryl 3-acetoxymethyl-
7a - methoxy -lß-o- nitrophenylselenenylamino-2-cephem-4-car-
boxylate: yellow oil: I R (GHG13) 1775 cm" 1 ; N M R 
(GDGI3) 0 = 1 . 9 7 (3H, s), 3.50 (3H, s), 4.22 ( I H , s), 4.67 
(2H, bs), 5.22 (2H, s), 6.48 ( I H , bs), 6.98 ( I H , s), 7.2—8.6 
(14H, m) . 

^-Bromophenacyl 6oc-Methoxy-6ß-nitrophenylselenenylaminopenicil-
lanate (8). T o a cold solution of selenenylimine 7 
(201 mg, 0.33 mmol) in dry M e O H (5 ml) and dry T H F 
(10 ml) was added l i thium methoxide (prepared from 17.4 
mg of li thium, 2.5 mmol) in dry M e O H (5 ml) at - 7 8 °G. 
After vigorous stirring for 3 h, glacial A c O H was added. 
After dilution with E tOAc the organic solution was washed 
successively with water, saturated N a H G O s solution, and 
again water. T h e organic phase was dried ( M g S 0 4 ) , evapo­
rated, and the residue was chromatographed on silica gel. 
7a-Methoxy-tf-nitrophenylselenenamide 8 (18.7 mg, 8 .84%; 
Rf=0A7: benzene-EtOAc 5:1) and diester 9 (169 mg, 79 .9%, 
i ? f = 0 . 5 6 : benzene-EtOAc 5:1) were eluted with benzene-
E tOAc (5:1). 8 : yellow oil; I R (GHG18) 1780 cm" 1 ; N M R 
(GDG13) 0 = 1 . 5 8 (3H, s), 1.62 (3H, s), 3.53 (3H, s), 4.28 
( I H , s), 4.67 ( I H , s), 5.40 (2H, s), 5.48 ( I H , s), 7.3—8.7 
(8H, m ) . 9 : yellow oil; I R (GHG13) 1755 cm" 1 ; N M R 
(CDC13)

10> 0 = 1 . 4 9 (3H, s), 1.63 (3H, s), 3.98 (3H, s), 4.26 
( I H , s), 5.59 (2H, s), 5.93 ( I H , s), 7.2—8.9 (8H, m ) . 

t - Butyl 7<x - Methoxy -3- methyl - 7 ß-phenoxyacetamido-3-cephem-4-
carboxylate (4). T o a solution of 7a-methoxyselenen-
amide 3 a (50.0 mg, 0.10 mmol) in GH2G12 (5 ml) was 
added phenoxyacetyl chloride (0.08 ml, 0.58 mmol) . The 
mixture was stirred for 3 h at room temperature and then 
the solvent was evaporated. T h e residue was dissolved 
again in dry T H F (5 ml) , and lithium methoxide (prepared 
from 8 mg of l i thium, 1.2 mmol) in dry M e O H (3 ml) was 
added. T h e reaction mixture was stirred vigorously at 
— 78 °G for 2.5 h, and quenched with glacial A c O H . After 
dilution with E tOAc the organic solution was washed with 
water, aqueous N a H G O s , and water, and dried over M g S 0 4 . 
Evaporation of the solvents in vacuo and chromatography 
(solvent: benzene-EtOAc 10:1) afforded phenoxyacetamide 
4 (8.0 mg, 18.0%). 4 : I R (GHG13) 1780 cm" 1 ; N M R 
(GDG13) 0 = 1 . 5 3 (9H, s), 2.12 (3H, s), 3.08 and 3.33 (2H, 
ABq, 7 = 18 Hz) , 3.55 (3H, s), 4.60 (2H, s), 5.07 ( I H , s), 
6.8—7.5 (6H, m) . 

t-Butyl 3 - Methyl - 7ß -phenoxyacetamido -3- cephem-4-carboxylate 
(11). A stirred solution of £-butyl 3-methyl-7/?-o-
nitrophenylselenenylamino-3-cephem-4-carboxylate l a (47.8 
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mg, 0.10 mmol) in dry dichloromethane (5 ml) was 
cooled to 0 °G, and phenoxyacetyl chloride (0.06 ml , 0.35 
mmol) was added under vigorous stirring. T h e mixture 
was stirred 30 min at 0 °G. Evaporat ion of the solvent 
in vacuo gave a residue, which was purified by preparat ive 
chromatography on silica gel to provide 7/?-phenoxyacetamide 
11 (38.2 mg, 92.9%) using benzene-EtOAc (5:1). 11: oil: 
I R (GHG13) 1780 c m - 1 ; N M R (GDG13) 6 = 1 . 5 3 (9H, s), 
2.10 (3H, s), 3.15 and 3.50 (2H, ABq, J = 1 9 H z ) , 4.57 
(2H, s), 5.01 (1H, d, 7 = 4 . 5 Hz) , 5.85 (1H, dd, 7 = 4 . 5 and 
10 Hz) , 6.8—7.8 (6H, m ) . 

W e a r e gra te fu l to D r . Y . K i s h i d a , t h e d i r e c t o r of 
c h e m i c a l r e s e a r c h , for his e n c o u r a g e m e n t t h r o u g h th is 
w o r k . 
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Enantioface-differentiating Reactions Using (2S,2'S)-2-Hydroxymethyl-
l-[(l-alkyl-2-pyrrolidinyl)methyl]pyrrolidines as Chiral Ligands. 

Addition of Lithium Derivatives of Methyl Phenyl Sulfide, 
Acetonitrile, iV-Nitrosodimethylamine, and 

2-Methylthiothiazoline to Aldehydes 
Kenso SOAI and Teruaki MUKAIYAMA* 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received May 2, 1979) 

Optically active oxiranes, ^-hydroxy nitrile, ^-hydroxy JV-nitrosoamine, and thiirane were obtained (up 
to 72% optical purity) by the enantioface-differentiating addition of lithium derivatives of methyl phenyl sulfide, 
acetonitrile, JV-nitrosodimethylamine, and 2-methylthiothiazoline to aldehydes using (2S,2'S)-2-hydroxymethyl-
l-[(l-alkyl-2-pyrrolidinyl)methyl]pyrrolidines (la—f) as chiral ligands. Optical purity of the products depended 
greatly on the reaction medium (dimethoxymethane or dimethyl ether gave the best results) and the structure of 
pyrrolidine moieties of la—f.) 

One of the current interests in organic chemistry 
is asymmetric syntheses, and recently there have been 
many investigations reported on various types of asym­
metric synthesis.1) Among these, enantioselective reac­
tions are one of the most difficult problems. 

Concerning the enantioselective asymmetric reactions 
of organolithium compounds, several reports have been 
given on asymmetric reductions using metal hydride 
complexes.2) However, on the enantioselective addi­
tion of organolithium compounds to aldehydes, very 
few investigations have been reported.3) Recently, 
(+)-2,3-dimethoxy-iV,iV,iV , ,iV ,-tetramethyl-l,4-butane-
diamine (2) was reported as an effective chiral ligand 
for the enantioface-differentiating addition of butyl-
lithium to aldehydes by Seebach et aW In the syn­
thesis, the highest optical yield of the alcohols obtained 
is 4 0 % , probably due to the rather weak interaction 
of the chiral ligand 2 with the reactants. 

In the preceding papers,5) it was shown that 1 
and (26 , ,2 ,6 , ,2 , ,6 ,)-2-hydroxymethyl-l-[[l-[(l-methyl-2-
pyrrolidinyl) methyl] - 2 -pyrrolidinyl] methyl] pyrrolidine 
(3), easily derived from (S)-proline, are very effective 
chiral ligands for the enantioface-differentiating addi­
tion of alkyl-, alkynyllithium, and dialkylmagnesium 
to aldehydes, and that the corresponding secondary 
alcohols of very high optical purity are obtained 
(Fig. 1). The explosive increase of the use of lithium 
compounds in organic synthesis6) during the last 
decade prompted us to extend the above enantioface-
differentiating reaction to addition of some lithium 
derivatives of various functionalized organic com-

R1 R2 

1a H H 
1b Me H 
1c t-Bu H 
1d H Me 
1e H Et 
1f Et H 

pounds such as methyl phenyl sulfide, acetonitrile, 
N- nitrosodimethylamine, and 2 - methyl thiothiazohne 
(Eq. 1). 

O 

RGH + R L i 

4a—d 

lithium salt of 1 or 3 

R' 
a: -CH2SPh 
b: -CH2CN 
c: -CH 2 -N-NO 

OH 

R-G*-H 

R' 
5a—d 

CH, 

d: -CH 2 -S 
N— 

S — 
(1) 

In this paper, we wish to describe the scope and 
limitations of the enantioface-differentiating additions 
of these functionalized lithium compounds to aldehydes. 

Optically active 5 a — d are known to be converted 
respectively to the corresponding optically active com­
pounds (oxirane, thiirane, etc.). The conventional 
methods are as follows. 

Optically active ^-hydroxy sulfides (5a) can be con­
verted to optically active oxiranes with little racemiza-
tion by the use of trimethyloxonium tetrafluoroborate 
and aq sodium hydroxide (Eq. 2).7a) 

5a 

R 
i) Me3ÔBF4 \ _ 

> *\ 
ii) aq NaOH o 

/ + PhSGH3 (2) 

Fig. 1. 

Since optically active oxiranes play an important 
role in metabolic processes,8) many attempts have been 
reported on the asymmetric syntheses of the oxiranes.9) 
For example, epoxidation of olefins by optically active 
peroxy acids,9a) or by hydrogen peroxide in the presence 
of an optically active phase transfer catalyst,9b) nucleo-
philic alkylidene transfer by optically active oxo-
sulfonium ylides,9c) and optically active metal complex 
catalyzed epoxidation of allylic alcohols with alkyl 
hydroperoxide,9d) however, optical yields of oxiranes 
obtained by these methods are not high in general 
(maximum 5 0 % e.e.9d)). 

As to the formation of ^-hydroxy nitrile (5b), a 
report was given in 1974 utilizing aldehydes and the 
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T A B L E 1. EFFECTS OF SOLVENTS IN THE ENANTIOFACE-DIFFERENTIATING ADDITION 

OF PHENYLTHIOMETHYLLITHIUM TO BENZALDEHYDE 

OH 

PhSGHg + BuLi 
lithium salt of l a PhCHO 

II Ph 

SPh 

II 
i j x i t i y ' 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Solvent 

M e a O 

E t a O 

Pr a O 

T H F 

Hexane 

G H 2 ( O M e ) 2 

G H 2 ( O M e ) 2 

G H 2 ( O M e ) 2 

G H 2 ( O M e ) 2 

G H 2 ( O M e ) 2 

G H 2 ( O M e ) 2 

Temp/°G 

- 4 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Time/h 

2 

overnight 

overnight 

1 

overnight 

overnight 

overnight 

overnight 

overnight 

overnight 

overnight 

Solvent0) 

M e a O 

E t a O 

P r a O 

T H F 

Hexane 

G H 2 ( O M e ) 2 

GH2(OMe)2d) 

GH2(OMe)2e) 

CH 2 (OMe)„ 
M e a O ( l : 1) 

1,3-Dioxolane 

DMEO 

Temp/°G 

- 1 2 3 

- 1 2 3 

- 1 2 3 

- 7 8 

- 7 8 

- 1 0 0 

- 1 0 0 

- 1 0 0 

- 1 2 3 

- 9 5 

- 7 8 

Yield/% 

22 

68 

67 

85 

50 

72 

67 

63 

74 

74 

80 

Opt . yield/% e.e.b> 

12 

10 

0 

21 

15 

60 

25 

24 

33 

15 

11 

a) Molar ratio of the reactants. [PhCHO] : [PhSGH3] : [BuLi] : [la] = 1.0 : 2.7 : 6.7 : 4.0. b) Optical yields 
were determined by quantitative analyses of NMR spectra of the corresponding esters of (i?)-( + )-a-methoxy-a-
trifluoromethylphenylacetic acid, c) Otherwise noted, the amount of solvent was 20 ml. d) The amount of 
solvent was 120 ml. e) The amount of solvent was 10 ml. f) 1,2-Dimethoxyethane. 

lithium salt of l a . I t was also found that the enan­
tiomeric excess of 8 depended on the concentrations 
and ^-hydroxy carboxylic acid (Eq. 3), no report has 
appeared on the asymmetric synthesis of 5 b itself, 
to our knowledge. 

NH2 <^> 5b o (3) 

Moreover 5c is obtained by the reaction of aldehydes 
and the lithium derivative of iV-nitrosodimethylamine, 
a masked nucleophilic a-(alkylamino)methylating re­
agent11) (Eq. 4). 

OH 

À/NH 
5c O R / X / | 

GHa 

Halostahine 11 
(R = Ph) 

(4) 

Seebach et al. reported the asymmetric synthesis of 
5c ( 1 5 % optical purity) by the enantioface-differentiat­
ing addition of 4c to benzaldehyde using 2 as a chiral 
media.6) 

The compound 5d is known as an intermediate 
for the formation of thiirane.12) Concerning the asym­
metric synthesis of thiirane, there have been two 
methods reported, namely, (a) the reaction of chiral 
2-methylthiooxazoline (6)13a) and (b) the reaction 
utilizing the chiral lithiocarboxylate (7).13b) Reactants 
possessing a chiral moiety are employed in both methods 
(a) and (b), and as yet no method for the preparat ion 
of optically active thiiranes by enantioface-differentiat­
ing reactions utilizing chiral ligands has been reported. 
Therefore this report deals with the first example 

of enantioface-differentiating reactions using chiral 
ligands. 

R e s u l t s and D i s c u s s i o n 

Oxiranes. As for the generation of phenylthio-
methyllithium (4a) from methyl phenyl sulfide, Corey 
and Seebach reported a method using 1,4-diazabicyclo-
[2.2.2]octane (DABCO).14) However, it was found 
in the preliminary study, that the reaction of equimolar 
amounts of methyl phenyl sulfide, butyllithium, and 
the lithium salt of (2£2^)-2-hydroxymethyl- l - [ ( l -
methyl-2-pyrrolidinyl)methyl]pyrrolidine ( l a ) in T H F 
at 0 °C for 45 min or in dimethoxymethane at 0 °C 
overnight produced 4a in 9 5 % yield, as determined 
by subsequent quenching with deuterium oxide and 
quantitative N M R analysis. 

To a mixture of 4a and the lithium salt of l a , formed 
under the above reaction conditions, benzaldehyde in 
various solvents was added at low temperatures ( — 78— 
—123 °C), and the reaction mixture was stirred for 1 h. 
Usual work-up gave 1-phenyl-2-phenylthioethanol (8), 
of which enantiomeric excess was determined by 
quantitative analysis of N M R spectra of the corre­
sponding esters of ( + )-a-methoxy-a-trifluoromethyl-
phenylacetic acid (Table 1). 

As shown in Table 1, effects of solvents were remark­
able. The best result was obtained when the reaction 
was carried out in dimethoxymethane (entry 6). 
Moreover it is noted that the enantiomeric excesses 
of the alcohols obtained became higher as the solvating 
ability of the reaction media increased (entry 1, 2, 
and 3), and this tendency was the same as that of 
alkyllithium, reported in the preceding papers.5b»d) 
This might suggest that solvation plays an important 
role in the formation of the complex of 4a and the 
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T A B L E 2. EFFECTS OF STRUCTURES OF CHIRAL LIGANDS 
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Entry 

1 

2 
3 

4 

5 

PhSGHg + BuLi 

Chiral ligand 

l a 

l b 

l c 

I d 

3 

lithium salt of 1 

CH 2 (OMe) 2, 0 °C , over 

Yield/% 

72 

56 

30 

48 

31 

night 

PhCHO 
^ Q l 

- 1 0 0 °C, l h 

8 

Op t . yield/% 

60 

54 

72 

28 

60 

O H 
i 

P h / ^ w -

e.e. 

-Bu 

1-•Phenyl-1 -pentanol 

Yield/% 

— 
20 

34 

— 
29 

T A B L E 3. ASYMMETRIC SYNTHESIS OF OXIRANES 

PhSGHg + BuLi 
lithium salt of l c RCHO 

C H 2 ( O M e ) 2 

5a 
i) Me 3 OBF 4 

» 
ii) aq NaOH 

R s 

o 
5 a Oxirane 

Ra> 
Yield/% [a ] D (c, GH2G12) Enantiomeric 

ratiob> Yield/% [a ] D (c, solvent) Op t . pur i ty /% 

Ph 8 

ï-Pr 9 

w-GnH2 3 10 

83 

57 

54 

[a] 2 8 +7 .96° (8.7) 

[a] 2 8 -28 .2° (3 .8 ) 

[a] 2 9 -6 .79° (2 .7 ) 

8 4 : 

70 : 

69 : 

: 16 

: 30 

: 31 

54 

83 

[a]2 6 +4.5°(4 .0 , acetone) 

[a] 2 8 +3.3°(1.2 , T H F ) 

68c> 

35d> 

a) Molar ratio of reactants. [ R G H O ] : [BuLi] : [PhSGH3] : [Ligand l c ] = 1.0 : 6.7 : 2.7 : 4.0. b) Determined 
by quantitative analysis of N M R spectra of the corresponding esters of ( + )-a-methoxy-a-trifluoromethylphenyl-
acetic acid, c) Calculated from optical rotation based upon the value available. [a]2

D
2 -f6.64° (c 4.9, acetone), 

See Ref. 7b . d) Calculated from optical rotation based upon the value available. [a]2
D

2 +9 .61° (c 1.2, T H F ) . 
J . L. Coke and A. B. Richon, J. Org. Chem., 4 1 , 3516 (1976). 

l i t h i u m de r iva t i ve of ace toni t r i le . 1 0 ) T h o u g h 5 b is a 
syn the t i c e q u i v a l e n t to op t i ca l ly ac t ive y - a m i n o a l coho l 
of t h e r e a c t a n t s ( en t ry 6, 7, a n d 8 ) , a n d t h a t t h e m o s t 
su i t ab le c o n c e n t r a t i o n of b e n z a l d e h y d e w a s f o u n d to 
b e 5 M (en t ry 6 ) . I n t h e p r e c e d i n g p a p e r 5 ) i t w a s 
s h o w n t h a t op t i ca l p u r i t y of s e c o n d a r y a lcohols o b t a i n ­
ed b y a s y m m e t r i c a d d i t i o n of a l k y l l i t h i u m or d ia lky l -
m a g n e s i u m to a l d e h y d e s a r e g r e a t l y in f luenced b y t h e 
s t r u c t u r e of c h i r a l l i gands . T h e r e f o r e w e e x a m i n e d 
a s y m m e t r i c a d d i t i o n of 4 a to b e n z a l d e h y d e in d i -
m e t h o x y m e t h a n e us ing v a r i o u s k inds of c h i r a l l i gands 
( l a — d , 3 ) . ( T a b l e 2 ) . 

T h e h ighes t e n a n t i o m e r i c excess ( 7 2 % e.e.) of 8 w a s 
ach i eved b y t h e use of (2*S' ,2 /6')-2-hydroxymethyl- l -
[ ( 1 - n e o p e n t y l - 2 - p y r ro l id iny l ) m e t h y l ] p y r r o l i d i n e ( 1 c) 
w h i c h has b u l k y n e o p e n t y l s u b s t i t u e n t a t t h e n i t r o g e n 
a t o m (en t ry 3 ) . H o w e v e r , in this case , 1 -pheny l -1 -
p e n t a n o l w a s also p r o d u c e d in 3 4 % yie ld b y t h e s ide 
r eac t ion of b u t y l l i t h i u m w i t h b e n z a l d e h y d e . T h e s e 
results suggest t h a t s ter ic h i n d r a n c e of t h e n e o p e n t y l 
g r o u p a t t h e n i t r o g e n a t o m of l c d e c r e a s e d t h e r a t e 
of t h e f o r m a t i o n of 4 a . After a n u m b e r of u n s u c ­
cessful a t t e m p t s to d e v e l o p a sa t is factory m e t h o d , w e 
devised a n excel len t m e t h o d ; t h e f o r m a t i o n of t h e 
c o m p l e x of 4 a w i t h l c w a s c a r r i e d o u t in p e t r o l e u m 
e the r a t 2 5 — 3 0 °G o v e r n i g h t , a n d t h e a s y m m e t r i c 
a d d i t i o n w a s c a r r i e d o u t a t —100 °C after t h e subs t i t u ­
t ion of p e t r o l e u m e t h e r for d i m e t h o x y m e t h a n e . 

W h e n b e n z a l d e h y d e was e m p l o y e d u n d e r t h e a b o v e 
m e n t i o n e d r e a c t i o n cond i t i ons , op t i ca l ly ac t ive ( + ) -8 

w a s o b t a i n e d in 8 3 % yie ld [a]2
D

8+ 7.96° (c 8 .7, GH 2G1 2) 
a n d its e n a n t i o m e r i c r a t i o (84 :16) w a s d e t e r m i n e d b y 
q u a n t i t a t i v e N M R (100 M H z ) analys is of t h e cor­
r e s p o n d i n g ester of ( + ) - a - m e t h o x y - a - t r i f l u o r o m e t h y l -
p h e n y l a c e t i c ac id . A c c o r d i n g to t h e p r o c e d u r e of 
S h a n k l i n et al.,7*) t h e c o m p o u n d 8 t h u s o b t a i n e d w a s 
c o n v e r t e d w i t h o u t r a c e m i z a t i o n to ( / ? ) - ( + ) - 2 - p h e n y l -
o x i r a n e ( 5 4 % , [a]2

D
6 + 4 . 5 ° (c 4 .0 , a c e t o n e ) , 6 8 % 

op t i c a l pu r i t y ) . 7 b ) 

I n a s imi la r m a n n e r , severa l op t i ca l ly ac t ive 2-
s u b s t i t u t e d ox i r anes w e r e o b t a i n e d f rom t h e co r r e ­
s p o n d i n g a l d e h y d e s a n d t h e resul ts a r e s u m m a r i z e d 
in T a b l e 3 . 

Lithium Derivatives of Acetonitrile and N-Nitrosodimethyl-
amine. I t is wel l k n o w n t h a t t h e a b s t r a c t i o n of 
a p r o t o n f rom ace ton i t r i l e b y b u t y l l i t h i u m a t —78 °G 
easily p r o d u c e s l i t h i u m de r iva t ives (4b) . 1 0 ) T h e r e a c ­
t ion cond i t i ons of t h e enan t io face -d i f f e ren t i a t ing a d ­
d i t i on of 4 b to b e n z a l d e h y d e w e r e s t u d i e d b y v a r y i n g 
b o t h , t y p e of solvents a n d s t r u c t u r e of c h i r a l l i gands . 
T h e resul ts a r e s u m m a r i z e d in T a b l e 4 . 

T h e h ighes t e n a n t i o m e r i c excess ( 4 0 % e.e.) of ß-
h y d r o x y n i t r i l e (5b ) w a s a c h i e v e d w h e n t h e r e a c t i o n 
w a s c a r r i e d o u t in d i m e t h y l e t h e r a t —123 °G us ing 
t h e l i t h i u m sal t of I d as a ch i r a l l i g a n d ( T a b l e 4 , 
e n t r y 3 ) . 

As to t h e a s y m m e t r i c a d d i t i o n of t h e l i t h i u m d e r i v a ­
t ive of iV-n i t ro sod ime thy l amine (4c) to b e n z a l d e h y d e 
in d i m e t h o x y m e t h a n e a t — 100 °G, t h e c o r r e s p o n d i n g 
2 - ( 7 V - n i t r o s o m e t h y l a m i n o ) - l - p h e n y l e t h a n o l (5c)1 5) w a s 



3374 Kenso SOAI and Teruaki MUKAIYANÎÀ [Vol. 52, No. 11 

Entrya) 

TABLE 4. ENANTIOFACE-DIFFERENTIATING ADDITION OF LITHIUM DERIVATIVE OF ACETONITRILE 

OH 
lithium salt of chiral ligand | 

LiCH2CN + PhCHO > Ph-C*-CH2CN 

4b H 5b 

Ligand Solvent Temp/°G =ld/% 

80 
94 
76 
52 
78 
86 
83 
76 

Opt. yield/%b> 

26 
35 
40 

9 
17 
16 
0 
0 

1 
2 
3 
4 
5 
6 
7 
8 

lc 
Id 
Id 
Id 
le 
If 
3 
l c 

GH2(OMe)2 

GH2(OMe)2 

MeaO 
EtaO 
GH2(OMe)2 

GH2(OMe)2 

GH2(OMe)2 

GH2(OMe)2 

- 1 0 0 
- 1 0 0 
- 1 2 3 
- 1 2 3 
- 1 0 0 
- 1 0 0 
- 1 0 0 
- 1 0 0 

a) Molar ratio of the reactant; [PhCHO] : [BuLi] : [GH3GN] : [Ligand] = 1.0 : 6.7 : 2.7 : 4.0. b) Determined by 
quantitative analysis of NMR spectra of the corresponding ester of ( + )-a-methoxy-a-trifluoromethylphenylacetic 
acid. 

obtained in 96% yield ([a]2
D

5 +12.46°), and sub­
sequent denitrosation gave 2-methylamino-l-phenyl-
ethanol (11) Halostahine, [a]2D

4 +11.9° (c 1.68, EtOH), 
opt. purity 25%.16) 

The reason that enantiomeric excesses of the ad-
ducts 4b and 4c are not so high as those of the addition 
of alkyllithium as reported in the previous papers5) 
may be explained as follows; it is clear that efficient 
complexes of lithium derivatives with chiral ligand 
should be tight and stable for achievement of higher 
enantioselectivity. It is also well known that ionic 
character of the lithium-carbon bond of lithium deriva­
tives increases as the pK& value of the parent com­
pound decreases. Hence, the lithium-carbon bond of 
4b and 4c becomes looser than that of alkyllithium. 
Therefore, the enantiomeric excesses of the adducts 
obtained may depend on the decrease in the stability 
of the chelated complexes of 4b and 4c with chiral 
ligand 1 as compared with that of alkyllithium. 

Thiirane. Enantioface-differentiating addition of 

lithium compound (4d) to benzaldehyde was carried 
out in dimethoxymethane at — 100 °G for 1 h in the 
presence of lithium salt of la. The optical purity 
of the obtained (#)-( —)-2-methylthiirane was 20%17> 
(Eq. 5). 

Li-.-N-

i) lithium salt of l a 

ii) PhCHO 

Ph> 
V / + o=/ 

: V 

4 d 49% 

(opt. purity 20%) 

N—I 
H 

(5) 

It is noticeable that 4d has a rather rigid structure 
because of the coordination between the nitrogen atom 
and the lithium atom.18) 

This rigidity of 4d may interfere in the formation 
of the complex between 4d and the lithium salt of 
la, and decreases enantioselectivity. Though optical 
purity of this procedure is comparable to that of the 
previously reported method using chiral 6,13a) this 
procedure has an advantage over previous methods 
in that there is no need to synthesize chiral thiazoline 
derivatives. 

In conclusion, the chiral ligands 1 and 3, easily 
prepared from (S)-proline, are efficient for the en­
antioface-differentiating addition of a wide variety 
of organolithium compounds to aldehydes. Optical 
yields of the various products thus obtained are 
higher than those illustrated in the previous methods. 
Furthermore, this method has an advantage over pre­
vious methods of asymmetric syntheses, in the simplicity 
of the reaction procedure, namely, there is no neces­
sity of introducing and removing chiral moieties in 
the reactants at any stage. 

Experimental 

General. NMR spectra were taken on a Hitachi 
R-24B Spectrometer. Infrared spectra were taken on a 
Hitachi EPI-G2 spectrometer. Optical rotation was taken on 
a JASGO DIP-SL automatic Polarimeter. THF, dimeth-
oxyethane, dimethoxymethane, diethyl ether, and dipropyl 
ether were distilled from LiAlH4 prior to use. Dimethyl 
ether was dried by passing the gas through a tube packed 
with calcium chloride. Reactions involving air-sensitive 
compounds were carried out under an atmosphere of 
argon. For evaporative bulb-to-bulb distillation, a Biichi 
Kugelrohrofen was used. According to the reported proce­
dure,50) preparation of chiral ligands from (S) -proline and 
recovery of them after the asymmetric reactions were carried 
out. 

Asymmetric Addition of Phenylthiomethyllithium (4a) to Aldehydes 
Using lc as Chiral Ligand. Methyl phenyl sulfide (0.670 
g, 5.4 mmol) in 8 ml of petroleum ether (bp 37 °G) was 
added to a mixture of hexane (8.65 ml) solution of butyl-
lithium (13.5 mmol) and petroleum ether (36 ml) solution 
of lc (2.057 g, 8.1 mmol) at 0 °G, and the mixture was 
stirred at room temperature (25—30 °G) for 17 h. Solvent 
was removed by evaporation with vacuum pump (1 mmHg) 
for 10 min at room temperature.19) The residue was dissolved 
in 40 ml of dimethoxymethane, and was added a dimeth­
oxymethane solution (4 ml) of benzaldehyde (0.212 g, 2 
mmol) at —100 °G, and the stirring was continued for 1 h. 
The reaction was quenched with 3 M hydrochloric acid, 
extracted with ether and dried over Na2S04. After removal 
of the solvent, the residue was purified by silica-gel TLG 
(GH2G12) and the isolated product was further purified 
by short-path distillation. l-Phenyl-2-phenylthioethanol (8) 
(0.384 g, 83%, [a]2D

8 +7.96° (c 8.7, GH2G12), optical yield 
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68%e.e.) was obtained as a yellow oil of which enantiomeric 
excess was determined according to Mosher's method.20) 
In a similar manner , isobutyraldehyde and dodecanal were 
employed and the spectra data of the adducts were as follows ; 
8 ; I R (neat) 3400, 3050, 2900, 1580, 1485, 1475, 1450, 1435, 
1055, and 1025 cm" 1 ; N M R (GDG13) (5=2.77—3.30 (3H, m) , 
4.66 (1H, m) and 7.23 (10H, m) . 9 ; I R (neat) 3420, 3050, 
2960, 2950, 2870, 1590, 1480, 1440, 1100, 1050, 1030, and 
1000 cm- 1 ; N M R (GDG13) (5=0.90 (6H, d, 7 = 6 Hz) , 1.46— 
2.06 (1H, m) , 2.30—3.65 (4H, m) , and 7.16 (5H, m) . 10; 
M p 52—53 °G I R (KBr) 3380, 2920, 2840, 1585, 1475, 
1460, 1435, 1345, 1090, 1065, 1060, 735, 730, and 690 cm- 1 , 
N M R (GDG13) (5=1.22—1.60 (23H, m) , 2.44 (1H, broad) , 
2.75—3.35 (2H, m) , and 3.70 (1H, m) . 

Optically Active 2-Substituted Oxiranes. According to 
the procedure of Shanklin et al.,1*-) 8a was converted to 
2-phenyloxirane (0.107 g, 5 4 % , optical purity 68%0).

7b> 
Optically active 2-undecyl oxirane was obtained in a similar 
manner . T h e structures of these compounds were identified 
by their I R and N M R spectra. 

Asymmetric Addition of Lithium Derivative of Acetonitrile to 
Benzaldehyde Using Id, Diethyl ether (0.5 ml) solution 
of I d (0.915 g, 4.0 mmoj) was added to dimethyl ether (20 ml) 
at — 78 °G, and butylli thium (6.7 mmol) was added sub­
sequently. After the reaction mixture was stirred for 15 
min, acetonitrile (0.111 g, 2.7 mmol) in E t a O (1ml ) was 
added. Stirring was continued for further 15 min, then 
benzaldehyde (0.106 g, 1.0 mmol) in E t a O (1 ml) was added 
at —123 °G to the reaction mixture. After the mixture 
was stirred for 30 min, the reaction was quenched by adding 
3 M hydrochloric acid, and the mixture was extracted with 
diethyl ether, dried over N a 2 S 0 4 . T h e organic layer was 
concentrated under reduced pressure. T h e residue, subjected 
to preparative T L G on silica gel (GH2G12) yielded 3-hydroxy-
3-phenylpropanenitrile (0.111 g, 76%) , [a]S + 2 4 . 4 ° (c 4 .1 , 
GH2G12). The enantiomeric exess (40%e.e.) was determined 
by Mosher's method.20) T h e structure was identified by 
I R and N M R . 

Asymmetric Addition of Lithium Derivative of N-Nitrosodimethyl-
amine Using la as Chiral Ligand. Butyllithium (6.7 mmol) 
was added to dimethoxymethane (12 ml) solution of l a 
at 0 °G, and the mixture was stirred for 30 min. Then , 
iV-nitrosodimethylamine21) (0.200 g, 2.7 mmol) in dimethoxy­
methane (4 ml) was added to the mixture at —100 °G and 
the stirring was continued for 10 min. T o the reaction 
mixture, benzaldehyde (0.106 g, 1.0 mmol) in dimethoxy­
methane (1.5 ml) was added at —100 °G. After the reaction 
mixture was stirred for 1.5 h, the reaction was quenched 
with water (5 ml) , then the aqueous layer was adjusted to 
p H 5. The mixture was extracted with diethyl ether, and 
the extract was dried over anhydrous sodium sulfate. After 
the extract was concentrated under reduced pressure, 
the residue was purified by preparative T L G on silica 
gel [GH 2Gl 2-AcOEt (1 : 1)]. 2-(iV-nitrosomethylamino)-l-
phenylethanol (5c) (0.172 g, 9 6 % , [ a ] ï +12 .5° (c 5.8, 
GH2G12) was obtained which was further purified by short-
pa th distillation. T h e structure of 5c was identified by 
I R and N M R spectra. 

Halostahine (H). According to the procedure of 
denitrosation15) reported by Seebach and Enders, 5c was 
converted to halostahine. [a]2

D
4 +11 .9° (c 1.7, E t O H ) . 

Optical purity 2 5 % [based upon the reported rotation [a ] D 

-47.03°].16> M p 74—75 °G [lit, 75—76 °C]16> I R (KBr) 
3320, 1445, 1345, 1200, 1140, 1115, 1085, 1065, 930, 760, 
750, and 700 cm"1 . N M R (GDG13) (5=2.40 (3H, 5), 2.72 
(2H, d, 7 = 6 Hz) , 3.56 (2H, s), 4.75 (1H, t, 7 = 6 Hz) , 
and 7.34 (5H, s). 

Asymmetric Addition of Lithium Derivative of 2-Methylthio-
thiazoline to Benzaldehyde. Butyllithium (6.7 mmol) was 
added to a dimethoxymethane (15 ml) solution of l a (0.803 g, 
4.0 mmol) at 0 °G, and the mixture was stirred for 30 min. 
After the mixture was cooled to — 78 °G, 2-methylthio-
thiazoline22) (0.359 g, 2.7 mmol) in dimethoxymethane (2 ml) 
was added, and the stirring was continued for 1 h. Then, 
benzaldehyde (0.106 g, 1.0 mmol) in dimethoxymethane 
(2 ml) was added at —100 °G to the reaction mixture. T h e 
mixture was stirred for 1 h, the reaction was quenched with 
water ( 15 ml) . Organic layer was extracted with ether, 
and the extract was dried over anhydrous sodium sulfate. 
After the concentration of the extract under reduced pressure, 
the residue was subjected to silica gel column chromatography 
(GH2G12) to remove chiral ligand l a . Fur ther purification 
utilizing preparative silica-gel T L G (hexane) gave 2-phenyl-
thiirane (0.067 g, 50%) [a]2

D
7 - 8 . 8 ° (c 2.6, heptane) . Optical 

purity 2 0 % [based upon the reported value, lit [ a ] D —43.85° 
(heptane)].17) I R (neat) 2930, 1600, 1500, 1495, 1450, 
1070, 1045, 760, 695, and 665 cm- 1 , N M R (GDG13) 0= 
2.43 (1H, dd, 7 = 6 Hz, 2 Hz) , 2.70 (1H, dd, 7 = 6 Hz, 
2 Hz) , 3.70 (1H, t, 7 = 6 Hz) , and 7.05 (5H, s). 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y a 
G r a n t - i n - A i d for Scientif ic R e s e a r c h f rom t h e M i n i s t r y 
of E d u c a t i o n . 
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The reaction products of F-propene and dialkylamines, mixtures of a,a-difluoroalkylamine and a-fluoro 
enamine, were found to be useful fluorinating agents for alcohols and carboxylic acids. These reagents were 
superior to the adduct of chlorotrifluoroethene and diethylamine, the so-called Yarovenko reagent, for their 
readier preparation and higher stability. 

2-Chloro-l,l,2-trifluorotriethylamine (1), the adduct 
of chlorotrifluoroethene and diethylamine, has been 
known as a useful fluorinating agent for alcohols.1) 

This agent, which is sometimes called as "Yarovenko 
reagent,"2) can replace a hydroxyl group with a fluorine 
atom under mild conditions and has been used especially 
for the syntheses of fluoro steroids.1) 

122 

Et2NH + CF2=CFC1 Et2NGF2GHFGl 
1 

ROH + 1 • R-F -f Et2NGGHFGl + HF 
ii 

O 

However, the addition reaction of chlorotrifluoro­
ethene with diethylamine to give (1) is not so easy 
and it requires rather long time in a sealed vessel 
in order to get a good yield. Further, the adduct 
(1) is not so stable at room temperature and it can 
not be stored more than a few days. 

For the past several years, we have been studying 
on the nucleophilic reactions of F-propene and its 
oligomers, and it has been known that F-propene 
reacts with dialkylamines much more easily than 
with chlorotrifluoroethene. We now wish to report on 
the utility of the reaction products of the F-propene 
and dialkylamines as fluorinating agents of alcohols 
and carboxylic acids. 

R e s u l t s and D i s c u s s i o n 

Reaction between F-Propene and Dialkylamines. 
Many years ago the nucleophilic reaction of F-propene 
with diethylamine giving addition and substitution 
products was reported by Knunyants et al., though 
not in detail.3) We carried out the reaction of F-
propene with a number of secondary amines in diethyl 
ether, and determined the ratios of fluoroalkylamine 
(2) to fluoro enamine (3) from the signal intensities 
of 19F N M R spectra. 

R2NH + GF2=GFGF3 • 

R2NGF2GHFGF3 + 
R2N F 

GF, 

The assignment of the N M R signals for 2 and 3 ( R = 
Et) was done as shown in Fig. 1. Regarding the 
geometric isomers of 3, only F-isomer was found in 
the product. Thus the F-F coupling constant was 
determined as 117 Hz ( R = E t ) , which agrees to the 
expected value for trans F-F coupling constant, 109— 
131 Hz, and is quite different form that for eis F-F, 
19—58 Hz.4) 

The formation of F-form rather than Z-form can 

6 

i / 
E t 2 N - C F J V C H 

* î N 

11 

GFa 

131 

14Hz 

2 (R = Et) 3 (R = Et) 

Fig. 1. The 19F NMR spectra for 2 and 3 (R=Et) . 
(Chemical shifts are given in ô ppm up field from 
external CF3C02H). 

be explained by considering the conformation of the 
intermediate carbanion (4). The F-isomer should be 
formed by the /^^ -e l imina t ion of fluoride ion from 
4a, whereas the Z-isomer should be from 4b. However, 
4 b must be less stable than 4a due to the electronic 
replusion between lone pair electrons of the nitrogen 
atom and those of the fluorine atom of CF3 . Thus 
the formation of (F)-3 through 4a would predominate 
over the formation of (Z)-3 through 4b . W e have 
already observed similar phenomenon in the case of 
nucleophilic aryloxylation of F-propene.5) 

R2NH + CF2=CFX 

1 (X , 
2 (X , 

R2N 

- H - / 

ci3) 
= GFa) 

\ - F -

\ 
R2N-GF=GFX 
3 (X = CF3) 

R2N 

F3C 

4a 4b 

As was shown in Table 1, the ratio 2 to 3 in the 
reaction products increased in the order of the bulkiness 
of the used amines, i.e., p iperazine<die thylamine< 
dibutylamine. Thus the bulkier the nucleophile is, 
the more enamine (3), which is more released from 
the steric hindrance than alkylamine (2), is formed. 

Nucleophilic Reactivities and Reaction Products. 
Several methods for the preparation of 1, the 
"Yarovenko reagent," were reported in the literature. 
A typical procedure is to have diethylamine and chlo­
rotrifluoroethene react in a sealed vessel at room tem­
perature for 48 h using dichloromethane as solvent6) 
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T A B L E 

R 2 N 

Et 2N 

w-Bu2N 

Piperidino 

1. G 3 F 6 / R 2 N H REACTION PRODUCTS 

Product 

Bp/°G (mmHg) 2 : 3a> 

56—57(58) 3 : 1 

55—57(5) 2 : 1 

49—50(7) (2 only) 

Yield/%*) 

72 

78 

80 

T A B L E 2. FLUORINATION OF PRIMARY-ALCOHOLS 

CaFg/R^NH 

R 

R - O H 

Yields*) 

Et20, 20 h, 
- -» R 
r.t. 

of R F with R'< 

-F 

>N 

Et 2N w-Bu2N Piperidino 

Ref. for 
R - F 

a) Determined by 19F N M R . b) Isolated yield. 

o r w i t h o u t solvent .7) A n o t h e r p r o c e d u r e is to b u b b l e 
c h l o r o t r i f l u o r o e t h e n e gas t h r o u g h d i e t h y l a m i n e a t 
a t m o s p h e r i c pressure . 2 ) H o w e v e r , w e obse rved a l m o s t 
n o r e a c t i o n o c c u r r e d b y t h e l a t t e r p r o c e d u r e . I n 
con t r a s t , w e found t h a t F - p r o p e n e r e a c t e d m u c h m o r e 
easi ly w i t h d i e t h y l a m i n e , a n d t h e perf luoroolef in w a s 
e x o t h e r m a l l y a b s o r b e d a t r o o m t e m p e r a t u r e b y a solu­
t ion of d i e t h y l a m i n e in d i e t h y l e the r . As a resul t 
t h e r e a c t i o n m i x t u r e itself c o u l d b e used as a fluorinat-
i n g a g e n t w i t h o u t fu r the r pu r i f i ca t ion b y d is t i l l a t ion . 

T h e r e a c t i o n p r o d u c t of F - p r o p e n e a n d d i e t h y l a m i n e 
w a s , as m e n t i o n e d a b o v e , a m i x t u r e of fluoroalkylamine 
2 a n d fluoro e n a m i n e 3 ( R = E t ) , w h e r e a s t h a t of 
c h l o r o t r i f l u o r o e t h e n e w a s a l m o s t p u r e fluoroalkylamine 
1. T h e s e facts c a n b e e x p l a i n e d b y t h e di f ference 
b e t w e e n e l ec t ron ic effects of a CI a n d a C F 3 g r o u p . 
C h l o r i n e as a s u b s t i t u e n t g r o u p is k n o w n to mani fes t 
a n e l e c t r o n - d o n a t i v e R-effect (or e l ec t ron - r epe l l i ng Iff 

effect b y lone pa i r s ) as we l l as a n e l e c t r o n - w i t h d r a w i n g 
Ia effect. O n t h e o t h e r h a n d , a t r i f l uo rome thy l g r o u p 
b e h a v e s solely as a n e l e c t r o n - w i t h d r a w i n g g r o u p b y 
its s t r o n g n e g a t i v e la effect. T h e r e f o r e , t h e i n t e r m e ­
d i a t e c a r b a n i o n 4 ( X = C F 3 ) f o r m e d b y t h e r e a c t i o n 
of F - p r o p e n e a n d d i a l k y l a m i n e s h o u l d b e r a t h e r s t ab le 
t h a n t h a t of c h l o r o t r i f l u o r o e t h e n e a n d d i a l k y l a m i n e , 

E t O G H 2 G H 2 

w-C8H17 

0-C16H33 

HOG 1 0 H 2 0 

P h C H 2 C H 2 

60 

87 

78 

82b> 

89 

76 

90 

72 

72b> 

82 

78 

76 

91 

81b> 

80 

c ) 

d ) 

e ) 

f ) 

g ) 

a) Yields were determined by 19F N M R unless other­
wise noted. b) The product was FC 1 0H 2 0F, of 
which the yield was determined by GLG. c) E. G. 
Trochimouski, A. Sorzynski, and J . Wnuk, Reel. Trav. 
Chim. Pays-Bas, 66, 413 (1947). d) Y. Kobayashi and G. 
Akashi, Chem. Pharm. Bull. (Tokyo), 16, 1009 (1968). 
e) E. D. Bergmann and A. M . Cohen, Isr. J. Chem., 8, 
925 (1970). f) R. G. Woolford, F. L. M. Pattison, J . B. 
Stothers, and A. I . Vogel, J. Am. Chem. Soc, 78, 2255 
(1956). g) J . Hayamizu, N . Mizuno, and A. Kaji, 
Nippon Kagaku Zasshi, 92, 87 (1971). 

4 ( X = C 1 ) . T h e s e effects shou ld resul t in t h e h i g h e r 
r eac t iv i ty of F - p r o p e n e c o m p a r e d w i t h t h a t of chlo­
r o t r i f l u o r o e t h e n e . F u r t h e r , t h e nega t i ve c h a r g e of t h e 
c a r b a n i o n 4 ( X = C 1 ) is less de loca l i zed t h a n t h a t of 
4 ( X = C F 3 ) , a n d h e n c e t h e fo rmer shou ld b e m o r e 
s t rong ly p r o t o p h i l i c . C o n s e q u e n t l y , ch loro t r i f luoro­
e t h e n e g a v e p r e d o m i n a n t l y t h e a l k y l a m i n e 1, wh i l e 
t h e F - p r o p e n e g a v e a m i x t u r e of t h e a l k y l a m i n e 2 
a n d t h e e n a m i n e 3 . 

T h e c h l o r o t r i f l u o r o e t h e n e - d i e t h y l a m i n e a d d u c t , 1, 
is a r a t h e r u n s t a b l e l i qu id , a n d it co lored g r a d u a l l y 

T A B L E 3. FLUORINATION OF SECONDARY AND TERTIARY-ALCOHOLS 

C3F6/Et2NH 
R - O H > R - F + alkene + R 2 0 

Reaction conditions Product yieldsa>/% Ref. for 

C ô H 1 3 CH(Me) 

G 6H 1 3GH(Me) 

Gyclohexyl 

2-Me-cyclohexyl 

P h C H ( M e ) 

PhCH(Et ) 

P h C H 2 

P h C H ( C 0 2 E t ) 

Bornyl 

Gholesteryl 

*-Bu 

1-Adamantyl 

Solv. 

E t a O 

M e C N 
E t a O 

E t a O 

E t a O 

E t a O 

E t a O 

E t a O 

E t 2 0 

CH2C12 

GG14 

T H F 

Temp/°G 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

0—5 

r.t. 

refl. 

T ime /h 

20 

20 

10 

20 

20 

20 

20 

20 

5 

16 

20 

5 

R - F 

62 (57) 

18 

— 
— 

56 (57) 

65 (62) 

60 

66 

58c> 

83d> 

78 (61) 

81 

Alkene 

Octene,b) 25 (25) 

Octene,b) 52 

Gyclohexene, 78 

1- & 3-Methyl-
cyclohexene, 31 & 

— 
— 
— 
— 

Gamphene, 19 

— 
Isobutylene, 9 (8) 

— 

R 2 0 

— 
— 
— 

27 

29 (25) 

27 (20) 

25 

— 
— 
— 
— 
— 

R - F 

e ) 

f ) 

O 
g ) 
h ) 

i ) 

J) 
k ) 

1) 

a) Yields were determined by 19F and XH N M R , or by GLG, unless otherwise noted. Figures in parentheses are 
those obtained with "Yarovenko reagent" under similar conditions, b) trans-2-Octene : cis-2-octene : l-octene = 
4 : 3 : 1 . c) The product is 3-fluoro-2,2-dimethylbicyclo[2.2. l ]heptane . d) Isolated yields, e) E. D. Bergmann 
and I . Shahk, Bull. Res. Counc. Isr. 10A, 91 (1961). f) K. Wiechert, Z. Chem., 8, 64 (1968). g) Ref. 6). h) 
K. Fendenberg, Ann., 601, (1933). i) W. J . Middleton, J. Org. Chem., 40 (5), 575 (1975). j) J . G. Brial and 
M . Mousseron-Canet, Bull. Soc. Fr., 1968, 3321. k) K. A. Coper and E. D. Hughes, J. Chem. Soc, 1973, 1183. 
1) G. A. Olah , M . Nojima, and L Kerckes, Synthesis, 1973, 786. 
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TABLE 4. THE YIELDS OF ACYL FLUORIDES 

C3F6/Et2NH 
RG0 2 H > RGOF 

Et20, 2h, r.t. 

18F NMR 
(5/ppmc) 

- 1 1 6 
- 1 1 8 
- 9 0 
- 9 1 
- 9 2 
- 8 8 

Ref. for 
RGOF 

e ) 
f) 
g ) 
M 
h) 
i ) 

Et 
w-C6H13 

Ph 
/>-MeC6H4 

m-MeC6H4 

/>-HOC6H4 

Ia> 

64 
73 
86 
71 
88 
75 

a) Yields determined by 19F NMR. b) Isolated yield. 
c) Upfield from ext. GF3G02H. d) Yield obtained 
with the "Yarovenko reagent." e) Ref. 2. f) G. A. 
Olah, S. Kuhn, and S. Beke, Chem. Ber., 89, 862 
(1956). g) Z. Arnold, Collect. Czech. Chem. Commun., 
28, 2047 (1963). h) H. S. Albert, Act. Phys. Aust., 1, 
352 (1948). i) R. W. Taft, Jr., J. Chem., Phys., 38, 
380 (1963). 

in several days even by storage in a refrigerator. I t 
also fumed strongly by contact with atmospheric mois­
ture, and it is recommended to be prepared just before 
the use.1) In contrast, the F-propene-diethylamine 
reaction product ( 2 + 3 ) was so stable that no coloration 
was observed by storage at room temperature. Even 
after half a year, it could be used without any deteriora­
tion, and it could be handled much easier than 1. 

Fluorination of Alcohols. Fluorination of various 
alcohols using the F-propene-diethylamine reaction 
product ( 2 + 3 ) mentioned above was carried out. In 
these reactions, we found that the pure 3, which was 
prepared in another route, has no fluorinating ability. 
Nevertheless, when a mixture of 2 and 3 was used, 
hydrogen fluoride which was formed by the reaction 
of 2 and an alcohol added to 3 giving 2. As a whole, 
all of 3 was consumed as a fluorinating agent through 2. 

ROH + Et2NGF2GHFGF3 > 
2 

RF + Et2NGGHFGF3 + HF 
ii 

O 
6 

Fluorination of Carboxylic Acids. Carboxylic acids 
are known to be converted directly to their fluo­
rides by using chlorotrifluoroethene-diethylamine re­
agent.2 '10) The F-propene-diethylamine reagent could 
also be used for the fluorination of aliphatic or aromatic 

Et2NCF=CFCF3 + HF > 2 

Several other F-propene-dialkylamine reagents were 
also examined for fluorination, however, there were 
no differences among their abilities as a fluorinating 
agent. From the practical point of view, however, 
it was necessary to choose an appropriate amine com­
ponent, otherwise the fluorinated product and the 
formed amide might have similar boiling points, which 
would make the separation of them difficult. 

Various primary alcohols were subjected to the flu­
orination using F-propene-dialkylamine reaction prod­
ucts, using diethyl ether as a solvent. After 20 h's 
reaction at room temperature, the yields of the flu­
orinated products were determined based on the signal 
intensities of 19F N M R (Table 2). Most of the primary 
alcohols were fluorinated in good yields. However, 
benzyl alcohol, which readily gives a benzyl cation, 
formed 2 5 % of dibenzyl ether. 

Secondary and tertiary alcohols, which also tend 
to form carbonium ions, gave considerable amounts 
of alkenes and dialkyl ethers (Table 3). For example, 
2-octanol in diethyl ether gave 2 5 % of a mixture 
of /raw.y-2-octene, aV-2-octene, and 1-octene ( 4 : 3 : 1 ) , 
besides 6 2 % of 2-fluorooctane. When the reaction 
was carried out in acetonitrile, a highly polar solvent, 
the formation of alkene reached up to 5 2 % . 

Borneol gave a fluorinated product formed through 
carbonium rearrangement. a-Hydroxycarboxylic acid 
ester such as ethyl DL-mandelate gave a-fluoro car­
boxylic acid ester in a good yield. Choresterol also 
afforded the expected cholesteryl fluoride by fluorina­
tion in dichloromethane at low temperature. The 
fluorination of /-butyl alcohol was notable, as it afforded 
/-butyl fluoride in 7 8 % of yield. 1 -Adamantanol also 
gave 1 -fluoroadamantane in a high yield. 

The reaction mechanism of the fluorination by chlo-
rotrifluoroethene-diethylamine reagent is suggested to 
involve 6*N1, 6*N2, or £*Ni, though no diethylamine reagent 
is suggested to involve 6*N1, 6*N2, or 6*Ni, though no 
kinetic investigation has been done. 

T h e fluorination of alcohols with the F-propene-
diethylamine reagent should also undergo through the 
following pathway. 

carboxylic acids into their fluorides (Table 4). 

Exper imenta l 

Reaction of F-Propene with Diethylamine. a) Reaction 
under Pressure: Diethylamine (11 mg, 0.15 mol) and dried 

HO-R 
ROH | 

Et2NGF2GHFGF3 > Et2N-GFGHFGF3 -f F -

i 
Et 2 N v sNi E t 2 N v / O - R 

HF + F - + >C=0 + R+ < >G< + H + + F-
GFaGHF/ GFaGHF/ x F 

R O H / \ - H + I ç 9 M ç . 
< — 5N2 or 5Ni 

> = < > C = 0 + R F + HF R2o , ^ 
GF.GHF 
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diethyl ether (30 ml) were placed in a glass pressure-vessel, 
and the whole was cooled to Ä — 70 °G by means of a Dry 
Ice-acetone bath . Liquefied F-propene (25 g, 0.17 mol) was 
introduced to the vessel and sealed. T h e cooling ba th was 
removed and the mixture was brought to room temperature 
with magnetical stirring. After stirring over a night, the 
reaction mixture was filtered to remove the crystals of diethyl-
amine hydrofluoride, and the solvent was evaporated. 
Resulting residue was subjected to distillation in a vacuum, 
and a liquid (23.7 g, 72%) bp 56—57 °G/58 m m H g , was 
obtained. T h e 19F N M R spectrum revealed that this oil 
is a mixture of 2 and 3 in a ratio 3 : 1 . When the vessel 
is stoppered tight, this material could be stocked at room 
temperature for more than half a year with only a slight 
discoloration. 

b) Reaction at Atmospheric Pressure: A solution of dieth­
ylamine (105 g) in dried diethyl ether (200 ml) was placed 
in a three-necked flask which was equipped with a Dry 
Ice-acetone-cooled reflux condenser and a gas inlet tube. 
T h e whole was cooled to 0—5 °G with an ice-bath and F -
propene gas (240 g) was bubbled through the mixture. 
Vigorous stirring was continued throughout this process and 
the temperature was kept below 10 °G. T h e whole gas 
was completely absorbed by 2 h's bubbling. After removing 
the ice-bath, the reaction mixture was allowed to stand 
overnight. The mixture thus obtained can be used as a 
fluorinating agent. However, for further purification, the 
solvent was evaporated and the residue was distilled in a 
vacuum giving an oil (273 g, 8 9 % ) , bp 51—53 °G/40 m m H g . 
This liquid was a mixture of 2 and 3 in the ratio 1 : 1 . 

1-Fluorooctane. A solution of the F-propene-diethyl-
amine reagent ( 13 g, 60 mmol) in diethyl ether (50 ml) 
was dropped into a solution of 1-octanol (6.5 g, 50 mmol) 
in diethyl ether (30 ml) at 0—5 °G. After stirring for 4 h, 
the reaction mixture was thrown into water and an oily 
layer was extracted with diethyl ether. The extract was 
washed with water, dried over magnesium sulfate, and evap­
orated to remove the solvent. T h e residue was distilled to 
give 1-fluorooctane (5.4 g, 8 2 % ) , bp 145—146 °G. 

Other pr imary alcohols were fluorinated in similar man­
ners. 

2-Fluorooctane. Fluorination of 2-octanol was carried 
out similarly to that of 1-octanol. T h e reaction product 
was subjected to gas chromatographic analysis using bea-

zotrifluoride as a standard material. Following products 
were found in the reaction mixture: 2-fluorooctane 
(62%), 2-octene (22%, trans I eis =31 \), and 1-octene (3%) . 

Cholesteryl Fluoride. In to a solution of cholesterol 
(1.17 g) in dichloromethane (7 ml) , a solution of F-propene-
diethylamine reagent (0.81 g) in dichloromethane (3 ml) was 
dropped at 0—5 °G. Stirring was continued further several 
hours at that temperature, and the reaction mixture was 
thrown into water. An oily layer was extracted with dichlo­
romethane, and the extract was washed with water, dried 
over magnesium sulfate and subjected to column chromato­
graphy on silica gel. Petroleum ether was used as the eluent, 
and the main elution was subjected to evaporation, affording 
white crystals (0.96 g, 83%) of cholesteryl fluoride, mp 
92—93 °G (lit,11) m p 93—94 °G). 

Propionyl Fluoride. In to F-propene-diethylamine re­
agent (11.9 g, 56 mmol) , propionic acid (3.9 g, 50 mmol) 
was dropped at room temperature. The mixture was stirred 
at 60 °G for 1 h and subjected to distillation. Propionyl 
fluoride (2.4 g, 62%) came out at bp 43—45 °G (lit,1) bp 
44 °G), followed by JV,JV-diethyl-2,3,3,3-tetrafluoropropion-
amide (10.5 g, 8 9 % ) , b p 86—89 °G/11 m m H g . 
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Reactions of 1-Halo-l-nitroso- and 1-Halo-l-nitrocycloalkanes with 
Triphenylphosphine. A New Synthesis of Lactam0 

Ikuo SAKAi,tt Norio K A W A B E ^ and Masaji O H N O * ' * 

Basic Research Laboratories, Tor ay Industries, Inc., Tebiro, Kamakura 248 
(Received May 16, 1979) 

Reactions of 1-halo-1-nitroso- and 1-halo-l-nitrocycloalkanes with triphenylphosphine have been carried 
out. The Perkov reaction and Beckmann rearrangement occurred successively with the formation of lactams in 
high yields. The reaction of cycloalkanone oxime with halogen in the presence of triphenylphosphine also gave 
lactams in one step. 

Many works have been carried out on the Perkov 
reaction since 1955.2> However, little is known about 
the reaction of halonitroso- and halonitroalkanes with 
trivalent organophosphorus compounds. The reac­
tions of 2-chloro-l-nitrosopropane with 1 mol of triethyl 
phosphite and 2-chloro-2-nitropropane with 2 mol of 
triethyl phosphite afforded diethyl isopropylideneamino 
phosphate, but no Beckmann rearrangement product 
was obtained by its pyrolysis.3) The reaction of 
bromonitromethane and triphenylphosphine smoothly 
forms a phosphonium salt that gives triphenylphosphine 
oxide and fulminic acid4) with aqueous alkali at 0 °G. 
Treatment of 1-bromo-l-nitroalkanes with triphenyl­
phosphine generally gives nitriles.5) However, no 
investigation has been carried out on the Perkov type 
reaction of 1-halo-1-nitroso- and 1-halo-l-nitrocyclo­
alkanes with trivalent organophosphorus compounds.2) 

We wish to report the first successful Beckmann 
rearrangement of 1-halo-1-nitroso- and 1-halo-l-nitro­
cycloalkanes (2 and 6) with triphenylphosphine. 

All 1-halo-l-nitrosocycloalkanes (2) were prepared 
by the reaction of cycloalkanone oximes (1) with 
halogens according to the method of Piloty and Stork.6) 
1-Chloro-l-nitrocyclohexane was prepared by the reac­
tion of sodium salt of nitrocyclohexane and chlorine 
according to the method of Robertson.7) 1-Ghloro-
1-nitrocycloalkanes of 8- and 12-membered rings were 
prepared by the oxidation of the corresponding com­
pound 2 with nitric acid according to the method 
of Iffland et al*) 

Reaction of 1-Halo-l-nitrosocycloalkanes. 1-Ghloro-
1-nitrosocycloalkanes (2) were dissolved in nonpolar 
solvents such as benzene, toluene, ether, or tetrahy-
drofuran, and treated with 1 mol equivalent of tri­
phenylphosphine at room temperature. The reaction 
was exothermic, the deep blue color characteristic of 
the nitroso group disappearing gradually. The reac­
tion temperature reached 40—70 °G. After 30—60 
min, the reaction mixture was hydrolyzed, the cor­
responding lactams (5) being obtained in moderate 
to excellent yields. When the temperature was kept 
at 0—10 °G, a very hygroscopic precipitate (the I R 
spectrum shows an absorption at 1655 c m - 1 , charac­
teristic of C=N group) was formed, which was then 

t Present address: Faculty of Pharmaceutical Sciences. 
The University of Tokyo, Hongo, Tokyo 113. 

tt Present address: Toray Research Center, Inc., Tebiro, 
Kamakura 248. 

ttt Present address: Pioneering R & D Labs., Toray 
Industries, Inc., Sonoyama, Otsu 520. 

heated in dry benzene at 60 °G. The reaction mix­
tures were worked up in the same way as described 
above. Lactam (5) and triphenylphosphine oxide were 
obtained in high yields. The results of reactions of 
compound 2 with triphenylphosphine are summarized 
in Table 1. 

/ \=N0H — 
<CH2)n 

1 

n = l # 2 , 3 , A , 8 

1) Ph3P, X2 

1) H20
 > 

VHA° 
1 

CXo <-^L 
(CHfc-NH 

5 

Scheme 1. 
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V=N0PPh. 

H2)n 

3 

A 

y 

/ \ _ f ~ i j . tou t-n~i 
— \ j—\A + Pn3P0 

(CHzVN 

In order to simplify the reaction, compounds 1 were 
directly treated with halogens in the presence of equiv­
alent amount of triphenylphosphine. The correspond­
ing lactams 5 were obtained in good yields in the 
case of chlorine and bromine, and in fair yields in 
the case of iodine. The results are also summarized 
in Table 1. 

Reaction of 1-Halo-l-nitrocycloalkanes. O n the 
basis of the reaction of compound 2 with triphenyl­
phosphine, reactions of 1-chloro-l-nitrocycloalkane (6) 
with triphenylphosphine were studied. 1-Ghloro-l-
nitrocyclohexane was treated with 2 mol of triphenyl­
phosphine in benzene under reflux for 5 h. After 
the reaction mixture had been treated with 2 M hydro­
chloric acid, the benzene solution afforded triphenyl­
phosphine oxide in 8 6 % yield and the aqueous solution 
afforded e-caprolactam in 55—60% yield. Treatment 
with 1 mol and 3 mol of triphenylphosphine gave e-
caprolactam in 34 and 7 7 % yields, respectively. I t 
seems reasonable to assume that 2 mol of triphenyl­
phosphine are required to remove two oxygen atoms 
of the nitro group. The same reaction of 1-chloro-
1-nitrocyclooctane and 1-chloro-l-nitrocyclododecane 
with 2 mol of triphenylphosphine afforded perhydro-
azonin-2-one in 4 3 % yield and azacyclotridecan-2-one 
in 3 2 % yield, respectively. 

Mechanisms. The reactions of 1-chloro-l-nitroso-
and 1-chloro-l-nitrocycloalkanes with triphenylphos­
phine provide a new synthetic method of lactams. 
The mechanisms of the new reactions are explained 
in Schemes 1 and 2. 

file:///_f~i
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T A B L E 1. REACTIONS OF 1-HALO-1-NITROSO- AND 1-HALO-1-NITROCYCLOALKANES WITH TRIPHENYLPHOSPHINE 

Starting material Reagent Product*1) Yield/% 

1 -Chloro-1 -nitrosocyclopentane 

1 -Chloro-1 -nitrosocyclohexane 

1 -Ghloro-1 -nitrosocycloheptane 

1 -Ghloro-1 -nitrosocyclooctane 

1 -Ghloro-1 -nitrosocyclododecane 

Gyclopentanone oxime 

Cyclohexanone oxime 

Cyclohexanone oxime 

Cyclohexanone oxime 

Cyclooctanone oxime 

Cyclooctanone oxime 

Cyclododecanone oxime 

Cyclododecanone oxime 

1 -Chloro-1 -nitrocyclohexane 

1 -Chloro-1 -nitrocyclooctane 

1 -Chloro-1 -nitrocyclododecane 

(cyHWßP 
(C6H5)3P 
(G6H5)3P 
(C6H5)8P 
(C6H5)3P 
(G6H5)3P,C12 

(G6H5)3P,C12 

(C6H5)3P,Br2 

(C6H5)3P,I2 

(C6H5)3P,Br2 

(C6H5)3P,I2 

(C6H5)3P,Br2 

(C6H5)3P,I2 

(G6H5)3P 
(C6H5)3P 
(G6H5)3P 

(5-Valerolactam 
e-Caprolactam 
Perhydroazonin-2-one 
Perhydroazonin-2-one 
Azacyclotridecan-2-one 
(5-Valerolactam 
e-Caprolactam 
e-Caprolactam 
e-Caprolactam 
Perhydroazonin-2-one 
Perhydroazonin-2-one 
Azacyclotridecan-2-one 
Azacyclotridecan-2-one 
e-Caprolactam 
Perhydroazonin-2-one 
Azacyclotridecan-2-one 

57 
96 
76 
83 
78 
76 
86 
74 
39 
74 
60 
81 
48 
77 
42 
32 

a) All lactams were confirmed to be identical with authentic samples prepared by the usual Beckmann rearrangement. 

\XU0* X(CH2)f N0PPh3 \ C H 2 ) f 
6 7 3 

n = 2 , A , 8 

(~~\o < _ M _ ^ ya + Ph3po 
(CH2)-NH (CH2)-N 

5 l* 

Scheme 2. 

I n t h e case of c o m p o u n d 2 , t h e m e c h a n i s m inc ludes 
in i t ia l a t t a c k of p h o s p h o r u s o n o x y g e n to g ive p h o s -
p h o n i u m salts (3) d i r ec t ly fol lowed b y t h e r m a l r e a r ­
r a n g e m e n t to c h l o r o i m i n e (4) w h i c h c o u l d n o t b e 
i so la ted , a n d in l ine w i t h t h e p r e s e n t u n d e r s t a n d i n g 
of t h e r eac t ions of a - b r o m o k e t o n e w i t h t r i p h e n y l ­
phosph ine . 9 ) 

T h e r e a c t i o n of c o m p o u n d 6 w i t h t r i p h e n y l p h o s p h i n e 
differs a g r e a t d e a l f rom t h a t of c o m p o u n d 2 . T h e 
fo rmer is e n d o t h e r m i c , r e q u i r i n g d r a s t i c c o n d i t i o n s , 
b u t t h e l a t t e r is e x o t h e r m i c a n d c a n b e c a r r i e d o u t 
s m o o t h l y a t r o o m t e m p e r a t u r e . T h e ev idences c o m ­
b i n e d w i t h t h e fact t h a t n o b l u e c o l o r a t i o n takes p laces 
d u r i n g t h e course of r e a c t i o n suggest t h a t t h e r e a c t i o n 
m e c h a n i s m is n o t b y w a y of c o m p o u n d 2 , b u t b y t h e 
f o r m a t i o n of P e r k o v t y p e i n t e r m e d i a t e (7) fol lowed 
b y t r a n s f o r m a t i o n i n t o a p h o s p h o n i u m sal t (3) a n d 
t h e n t h e B e c k m a n n r e a r r a n g e m e n t . 

E x p e r i m e n t a l 

Melting points and boiling points are uncorrected. I R 
spectra were taken on a Hitachi EPI-S2 spectrometer. 

7 -Chloro-7 -nitrosocyclohexane. In a 1-litre three-necked, 
round-bottomed flask, equipped with a gas inlet tube and 
a mechanical stirrer, were placed 500 ml of cyclohexane 
and 56.5 g of cyclohexanone oxime. T h e flask was covered 

with a black cloth so as to prevent exposure to sun-light. 
Chlorine gas was passed into the solution with stirring at 
room temperature in the course of about 2 h. A solution 
of a deep blue color was obtained. T h e excess chlorine 
remaining in the flask was removed under reduced pressure. 
The solution was washed successively with water, 1 M sodium 
hydroxide, and water ; dried over anhydrous sodium sulfate. 
Cyclohexane was removed by distillation, and the residue 
was distilled under reduced pressure. T h e yield of 2 was 
63.5 g (86%) of dark blue liquid, bp 75 °G/41 m m H g . I R 
(liquid film): 1570cm" 1 (NO) . 

Of 1-chloro-1-nitrosocycloalkanes prepared by the same 
procedure, 5-, 6-, 7-, and 8-membered ring compounds are 
dark blue liquids. Only 1-chloro-1-nitrosocyclododecane is 
a blue crystalline material which melts at 53—55 °C after 
recrystallization from ethanol. 

Thei r infrared spectra show an absorption at 1570— 
1580 c m - 1 , characteristic of monomeric nitroso group. 

Reaction of 7-Chloro-7-nitrosocyclohexane with Triphenylphosphine. 
In a 300 ml three-necked, round-bottomed flask fitted with 
a condenser, a dropping funnel, and a mechanical stirrer 
were placed 10 g (0.068 mol) of 1-chloro-1-nitrosocyclohexane 
and 100 ml of benzene. A solution of 17.8 g (0.068 mol) 
of triphenylphosphine in 100 ml of benzene was slowly added 
from the dropping funnel, with stirring for 30 min at room 
temperature . T h e deep blue color of the solution disap­
peared within 15 min and the temperature rose as high as 
70 °C. After 30 min, the reaction mixture was treated with 
100 ml of 1 M hydrochloric acid. Triphenylphosphine oxide 
was obtained in 9 5 % yield (18.5 g) from the organic layer. 
T h e aqueous fraction was evaporated to dryness under reduced 
pressure on a water bath . T h e residue was neutralized 
with 2 M sodium hydroxide, and extracted with three 100 ml 
portions of dichloromethane-ether (1 : 1 ). T h e extract was 
dried with anhydrous sodium sulfate and evaporated to 
dryness under reduced pressure on a water bath. The 
residual solid was 7.6 g (99%) of crude e-caprolactam and 
was distilled under reduced pressure. T h e main fraction 
was distilled at 165—167 °C/33 m m H g . Its infrared spec­
t rum and m p were identical with those of an authentic sample. 

Other 1-halo-1-nitrosocycloalkanes were treated with 
triphenylphosphine in a similar way. Lactams of 6- to 
8-membered ring showed a single characteristic absorption 
(1650—1660 c m - 1 ) . Those of 9- and 13-membered ring 
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showed two characteristic absorptions (1635—1655 cm - 1 and 
1535—1550 cm-1). 

Reaction of Cyclohexanone Oxime with Chlorine in the Presence 
of Triphenylphosphine. In a 300 ml three-necked, round-
bottomed flask, fitted with a gas inlet tube, a mechanical 
stirrer, and a condenser, were placed a solution of 5.7 g (0.05 
mol) of cyclohexanone oxime and 13.1 g (0.05 mol) of tri­
phenylphosphine in 100 ml of benzene. Chlorine gas was 
passed into the solution with stirring at room temperature, 
the reaction temperature rising as high as 50—60 °C. After 
the temperature had fallen to room temperature, bubbling 
of chlorine was stopped. The reaction mixture was worked 
up in a similar way to that above. e-Caprolactam was 
obtained in 86% yield (4.9 g) from the aqueous layer and 
triphenylphosphine oxide being obtained quantitatively from 
the benzene layer. A solution of bromine or iodine in ben­
zene could also be used instead of chlorine gas. 

1 -Chloro-1 -nitrocyclohexane. In a 100 ml Erlenmeyer 
flask provided with a magnetic stirrer was placed 10 g (0.08 
mol) of nitrocyclohexane. A solution of 5 g (0.123 mol) 
of sodium hydroxide in 60 ml of water was added dropwise 
with stirring at room temperature. After being stirred for 
3 h, the reaction mixture became homogeneous. Chlorine 
gas was then passed into the solution which had been cooled 
to —5—0 °C in an ice-salt bath. Pale blue oil separated 
out after 1.5 h. The reaction mixture was extracted three 
times with 60 ml portions of dichloromethane-ether (1 : 1). 
The extract was dried with anhydrous sodium sulfate and 
evaporated to dryness. The oily residue (12.3 g) was distilled 
under reduced pressure. The principal fraction was 10 g 
of 1-chloro-l-nitrocyclohexane, a colorless oil boiling at 
53.5 °G/1 mmHg. 

1 -Chloro-1 -nitrocyclododecane. In a 200 ml separatory 
funnel was placed a solution of 5.00 g (0.022 mol) of 1-
chloro-1-nitrosocyclododecane in 50 ml of cyclohexane, and 
12.5 ml of concentrated nitric acid was added. The funnel 
was then shaken until the blue color of the solution disap­
peared. The reaction mixture was washed successively with 
50 ml of water, 50 ml of 5% aqueous sodium hydroxide, 
and 50 ml of water. After being dried over anhydrous 
sodium sulfate, the cyclohexane was removed under atmos­
pheric pressure, and 5.44 g of the oily residue was distilled 
under reduced pressure. The product of 1-chloro-l-nitro­
cyclododecane was 3.62 g (68%) of colorless crystal boiling 

at 118—119 °C/0.2 mmHg and melting at 49.5—50.5 °C 
after recrystallization from acetone. IR (KBr) : 1556, 1348 
cm - 1 (NOa). 1-Chloro-l-nitrocyclooctane was also prepared 
in a similar way. The product was 5.52 g (44.2%) of colorless 
liquid boiling at 74 °C/0.6 mmHg. IR (liquid film): 1563, 
1333 cm-1 (N02) . 

Reaction of 1-Chloro-1-nitrocyclohexane with Triphenylphosphine. 
In a 100 ml flask fitted with a reflux condenser was placed 
a solution of 4.8 g (0.0294 mol) of 1-chloro-l-nitrocyclohexane 
in 40 ml of benzene and a solution of 16.2 g (0.0618 mol) 
of triphenylphosphine in 20 ml of benzene. The mixture 
was refluxed for 4 h on a steam bath. The reddish reaction 
mixture was washed three times with 180 ml portions of 
2 M hydrochloric acid. The yellow organic layer was dried 
with anhydrous sodium sulfate and evaporated. Triphenyl­
phosphine oxide was obtained in 86% yield (14.0 g). The 
aqueous layer was evaporated. The oily residue was made 
basic to litmus with 2 M sodium hydroxide and was extracted 
with dichloromethane-ether (1 : 1). After the extract had 
been dried over anhydrous sodium sulfate, the dichloro-
methane and ether were removed by distillation. e-Capro-
lactam was obtained in 58% yield (1.93 g). 

Reactions of 1-chloro-l-nitrocyclooctane and 1-chloro-1-
nitrocyclododecane with triphenylphosphine were also car­
ried out in a similar way. 
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The mechanism of the reactions of arylthiotrimethylsilanes with carboxylic acids has been studied kinetic-
ally. The reaction was found to obey a second-order kinetic equation. The substituent effects of the aryl moiety 
(p — — 2.4) and of the silicon atom, the hydrogen-deuterium kinetic isotope effect of the acid (knlkD==3) were 
observed. A mechanism involving the 5-coordination of the silicon atom prior to the rate-determining protona­
tion of the sulfur atom has been suggested for the reaction. A remarkable base catalysis was observed. The 
formation of the coordinated intermediate has been suggested to be the slow step in the presence of a bese. 

The kinetic behavior of silicon-sulfur bond cleavage 
has scarcely been studied at all. Only one kinetic 
study, to the best of our knowledge, has been reported 
dealing with the hydrolysis of the Si-S bond in aqueous 
dioxane.1) O n the other hand, we have ourselves 

R3Si-SAr + H+ ^ = ^ R3Si-S+(H)Ar 
slow 

R3Si-S+(H)Ar + wH20 • 
R3Si-OH + ArSH + H+ + ( w - l ) H 2 0 

reported a kinetic aspects of the acyloxy-exchange 
reaction of acyloxysilane with carboxylic acid, which 
involves S i -O bond fission.2) In the mean time, an 
analogous reaction of carboxylic acid with thiosilane 

RCOO-SiR'3 + R"COOH ^ = i 

+OH 
ll slow 

RGOO-Si-(R ,
3)-OGR , / > 

+OH 

RGO-Si-(R ,
3)-OGOR , / ^ = ± 

RGOOH + R'3Si-OCOR" 

has also been known to give the acyloxysilane in a 
Si-S bond cleavage reaction.3) We have now extended 
our kinetic study to this reaction: i.e., the reaction of 

RGOOH + (Me3Si)2S • H2S + 2RGOO-SiMe3 

RGOOH + EtS-SiMe3 • EtSH + RGOO-SiMe3 

arylthiotrimethylsilane with carboxylic acid in order 
to obtain more knowledge about the mechanism of 
the Si-S bond fission. 

R e s u l t s and D i s c u s s i o n 

The reaction of arylthiosilane with carboxylic acid 
in chloroform was found to proceed smoothly at room 
temperature to give arenethiol and acyloxytrimethyl­
silane in high yields. The product was isolated and 

Me3Si-SAr + RGOOH > Me3Si-OGOR + ArSH 

characterized. The reverse reaction, i.e., that giving 
the thiosilane from the acyloxysilane and arenethiol, 
was not found to proceed at all under the conditions 
used. Small amounts of hexamethyldisiloxane (8— 
10%) and trimethylsilanol (2%) were detected in the 
reaction mixture by N M R analysis, as in the acyloxy 
exchange reaction,2) but the amounts were found to 
be unchanged during the reaction. This suggests that 
these side products are independent of the reaction 

of thiosilane with acid. They may be formed by 
the interaction of the thiosilane with moisture, giving 
silanol, while the subsequent dehydration of the silanol 
results in the formation of the disiloxane.4) 

The rate of the reaction of thiosilane with two equiv­
alents of carboxylic acid was measured by monitoring 
the decrease in the 1 H N M R trimethyl signal of the 
starting thiosilane (ô 0.25—0.27 ppm) and the increase 
in that of acyloxysilane (ô 0.32—0.40 ppm). A good 
second-order rate constant was obtained with satis­
factory reproducibility. The rate of the reaction with 
acetic acid could not be obtained by this kinetic proce­
dure because the trimethyl signal of acetoxytrimethyl-
silane (ô ca. 0.3 ppm) appeared rather close to that 
of the starting material, therefore, the amounts of the 
two components could not be measured with a high 
accuracy. Accordingly, chloro-, dichloro-, and tri­
chloroacetic acids were used in the present study. The 
results are given in Table 1. Good Hammet t cor­
relations were found for the reactions with each car­
boxylic acid with apparently negative p value (p{„) = 
- 2 . 4 , with C H C l 2 C O O H ) . The value thus obtained 
appeared quite similar in magnitude to those of the 
dissociation constants of arenethiols with the opposite 
sign (/0 = -|-2.24).5) This would suggest that the pres­
ent reaction involves the formation of a sulfonium ion. 

The effect of the acid strength of the attacking car­
boxylic acids was observed on the rate of the reaction. 
A plot of the results given in Table 1 against the o* 
constants gave a straight line with a p* value of +1-34 
( X = O C H 3 ; y = 0 . 9 6 8 ; similar p* values were obtained 

TABLE 1. RATE CONSTANTS FOR THE REACTIONS OF 

/>-X-C6H4-S-SiMe3 (0.60 mol/dm3) WITH RGOOH 
(1.20mol/dm3) IN GHG13 AT 34 °Ca> 

&2/dm3 mol -1 s - 1 

R in RGOOH 

X 

OGH 3 

GH3 

H 

Gl 

GH2G1 (x lO 4 ) 

2 .58±0 .07 

1.13±0.05 

0 .50±0.02 

0 .15±0 .01 

GHG12 (XlO3) 

1.47±0.14 

0 .64±0 .01 

0.3C±0.01 

O.lOztO.01 

/*<.> = - 2 . 4 

y = 0.993 

GG13 (XlO2) 

4 .70±0 .80 

1.65±0.03 

0 .64±0.03 

0 .30±0.03 

a) NMR probe temperature, Hitachi-Perkin Elmer R-
20 spectromerer. 
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TABLE 2. RATE CONSTANTS AND ACTIVATION PARAMETERS 

FOR THE REACTION OF Me3SiSPh (0.60 mol/dm3) 
WITH GHGl2GOOH (1.20 mol/dm3) IN GHG13 

Temp/°Ga) k2 X 104/dm3 mol"1 s" 
kcal/mol 

AS* 
e.u. 

28 
38 
45 
56 

2.89±0.21 
3.89±0.16 
6.99±0.27 

10.9 ± 1 . 1 
8.8 -45.6 

a) JEOL PS-100 VT probe; the temperatures were cali­
brated by measuring the chemical shift of 1,2-ethanediol 
at the temperatures. 

TABLE 3. RATES OF THE REACTIONS OF Me2RSiSPh 

(0.60 mol/dm3) WITH GHGl2GOOH AND GHGl2GOOD 
(1.20 mol/dm3) IN GHG13 AT 34 °Ca> 

R A:aXlOVdm8mol-1s- Me2RSiOAcb) 

GH3 

GH3 

PhGH2 

Ph 
Ph 

2.96±0.09 (H) 
1.08±0.05 (D) 
*H/*D = 2.7 

1.15±0.09 (H) 

0.96±0.04 (H) 
0.29±0.01 (D) 
*W*D = 3.3 

3.08 

1.20 

1.00 

2.66 

( * H / * D = 1 . 6 ) 

1.11 

( W * D = 1 - 7 ) 

1.00 

a) NMR probe temperature (Hitachi-Perkin Elmer, R-
20). b) Rate of Me2RSiOAc + GHGl2GOOH ~> 
Me2RSiOGOGHGl2 + AcOH.2) 

for each substituent, X) . The p* value appeared 
quite similar to that observed for the acyloxy exchange 
reaction of acyloxytrimethylsilane with various car-
boxylic acids.2) 

In order to obtain the activation parameters, the 
rate of the reaction of trimethyl(phenylthio)silane with 
dichloroacetic acid in chloroform was measured at 
various temperatures. The results are shown in Table 
2. An Arrehnius plot of the data gave 8.8 kcal/mol 
(4.184 J ) and —45.6 e.u. for the enthalpy and entropy 
values respectively. Here again, the values appeared 
to be quite similar to those observed for the acyloxy 
exchange reaction.2) The large negative entropy value 
suggests a tight transition state for the reaction, but 
it does not suggest a 4-centered reaction, since a re­
markably negative p value was observed in the present 
study, as has been mentioned above. The tight transi­
tion state may be explained in terms of an ionic reac­
tion which is forced to proceed in a nonpolar solvent, 
as was suggested for the reaction of thiostannane with 
haloalkane, in which a large negative entropy value 
was observed when the reaction was carried out in 
a nonpolar solvent, while the value fell to a normal 
magnitude in a polar solvent.6) 

The steric and electronic effects of the silicon sub­
stituent were examined by carrying out the reaction 
of dichloroacetic acid with alkyl (or aryl) dimethyl -
(phenylthio)silanes. The results obtained can be ex­
plained in terms of the steric effect rather than the 
electronic effect of the substituent. The hydrogen-
deuterium kinetic isotope effect was also examined, 

TABLE 4. EFFECT OF BASE ON THE RATE OF THE 

REACTION OF Me3SiSPh (0.60 mol/dm) with 
GHGl2GOOH (1.20 mol/dm3) IN 

CHCL AT 34 °Ca> 

Base 

None 
Et3N 
G5H5N 

Mole ratio 
Base/Sulfide 

0 
0.1 
0.1 

ÂJ2 

dm3 mol - 1 s - 1 

3.0±0.1XlO" 4 

1.3±0.1XlO~2 

7.6±0.8X10~ 3 

^rel 

1.0 
43 
25 

a) NMR probe temperature (Hitachi-Perkin Elmer R-
20). 

TABLE 5. RATES OF THE REACTIONS OF />-X-C6H4SSiMe3 

(0.31 mol/dm3) WITE GHGl2GOOH (0.65 mol/dm3) IN 
GHG13 AT 34 °Ga> IN THE PRESENCE OF 

G5H5N (0.03 mol/dm3) 

X ^XlOVdn^mol - i s - 1 

OGH3 

GH3 

H 
Gl 

2 .05±0.13 
2 .53±0.11 
2 .86±0.27 
4 .61±0.15 

/9 ( a ) = +0 .74 
y = 0.983 

a) NMR probe temperature (Hitachi-Perkin Elmer R-
20). 

and a positive isotope effect was observed. The results 
are summarized in Table 3. The positive kinetic 
isotope effect and the negative p value suggest a rate-
determining protonation of the sulfur atom. In the 
meantime, the steric effect of the bulky substituent 
on the silicon atom appeared almost the same as those 
observed in the acyloxy exchange reactions of the 
corresponding acyloxysilanes, as is shown in Table 
3. These results, together with the similarity of the 
p* value, the activation parameters, and the positive 
kinetic isotope effect to those of the acyloxy exchange 
reaction,2) strongly suggest that these two reactions 
are similar in their mechanisms; i.e., the reaction 
involves the 5-coordination of the silicon atom prior 
to the rate-determining proton transfer. Thus, the 
most plausible mechanism for the reaction can be 
formulated as follows. The first step of the reaction 

ArS-SiMe3 -f RGOOH ^ = ^ 
+OH1 

ll slow 

ArS-Si-(Me3)-0-GRj • 

H O l 

.ArS+-Si-(Me3)-0-GRj • 

O 

ArSH + Me3Si-0-GR 

would be the formation of a 5-coordinated intermediate 
by a reversible reaction. Thus, the bulky substituent 
on the silicon atom disfavors the formation of the 
intermediate. The second step is the rate-determining 
proton migration from the carbonyl oxygen to the 
sulfur atom. An electron-withdrawing substituent on 
the aryl moiety would destabilize the second inter­
mediate of the sulfonium ion, resulting in a decelera­
tion of the reaction and bringing forth a negative p 
value. The sulfonium intermediate would rapidly col-
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l apse i n to t h e p r o d u c t s . 
A c c o r d i n g to t h e m e c h a n i s m , o n e c a n expec t t h e 

base catalysis of t h e r e a c t i o n , s ince t h e c a r b o x y l a t e 
ion w o u l d b e a b e t t e r r e a g e n t t h a n t h e c o n j u g a t e ac id 
for t h e f o r m a t i o n of a 5 - c o o r d i n a t e d sil icon a t o m . 
F u r t h e r m o r e , a n oppos i t e s u b s t i t u e n t effect of t h e a r y l 
r i n g , t h a t is, a pos i t ive p v a l u e , w o u l d b e e x p e c t e d 
for t h e b a s e - c a t a l y z e d r e a c t i o n b e c a u s e of t h e l ack 
of t h e p r o t o n a t i o n s tep . T h e r a t e of t h e r e a c t i o n 
w a s found to b e m a r k e d l y a c c e l e r a t e d b y t h e a d d i t i o n 
of a base , as is s h o w n in T a b l e 4 . T h e ra tes of t h e 
r eac t ions of a r y l t h i o t r i m e t h y l s i l a n e s w i t h d i c h l o r o a c e t i c 
a c id in t h e p r e s e n c e of p y r i d i n e as t h e base a r e g iven 
in T a b l e 5. As e x p e c t e d , a sma l l b u t c lear ly pos i t ive 
s u b s t i t u e n t effect (/o = -f-0.74) was obse rved . T h e r e a c ­
t i on s c h e m e in t h e p r e s e n c e of a b a s e is f o r m u l a t e d 
b e l o w : 

R G O O H + :B ^ = ± R G O O - + BH+ 

R G O O - -f Me 3Si-SAr ^ = ^ R G O O - S i - ( M e 3 ) - S A r 

R G O O - S i - ( M e 3 ) - S A r • R G O O - S i M e 3 + A r S " 

T h e s u b s t i t u e n t o n t h e a ry l r i n g affects t h e s tab i l i ty 
of t h e c o o r d i n a t e d sil icon a t o m w i t h a fo rma l a n i o n i c 
c h a r a c t e r t h r o u g h t h e sulfur l i nkage . As a resul t , a 
pos i t ive p v a l u e w o u l d resul t in a m o d e r a t e m a g n i t u d e . 

E x p e r i m e n t a l 

Materials. T h e arylthiotrimethylsilanes were pre­
pared from chlorotrimethylsilane and lead arenethiolates.7) 
Benzyl (or phenyl) dimethyl (phenylthio) silane was prepared 
similarly from the corresponding chlorodimethylsilane ; bp 
142—146°G/1 m m H g (133.332 Pa) , N M R (GDG13) <S(ppm), 
0.46 s(6H), 2.36 s(2H), and 7.00—7.23 m(10H) . T h e 
car boxy lie acids were purified by distillation. Dichloro­
acetic aeid-öf was obtained by the hydrolysis of the correspond­
ing anhydride with D 2 0 . T h e deuter ium content was 
measured by the integration of the N M R signals (90%). 

Product Analysis. Tr imethyl (phenylthio) silane (48 mg, 
0.26 mmol) and dichloroacetic acid (70 mg, 0.56 mmol) 
were dissolved in chloroform-^ (0.37 cm3) , and then the 
mixture was allowed to stand for 5 h at room temperature . 
Trimethyl (dichloroacetoxy) silane ( 75 % ), benzenethiol (81%), 
haxamethyldisiloxane ( ~ 10 % ), and trimethylsilanol (2 % ) 
wew detected in the reaction mixture by N M R analysis. 
No other compound was detected. T h e assignmemt of these 

signals was performed by comparing them to those of the 
authentic samples. T h e latter two compounds were found 
in almost the same amounts even at the beginning of the 
reaction and in the absence of the acid. Thus , these two 
compounds were concluded to be formed by the hydroly­
sis of the thiosilane during work-up. Trimethyl (dichloro­
acetoxy) silane was isolated by GLG separation (SE-30, 
2 m, 150°G), and the structure was characterized by com­
parison with an authentic sample.8> 

Kinetics. Trimethyl (phenylthio) silane (48 mg, 50 mm3 , 
0.26 mmol) was dissolved in chloroform (0.37 cm3) , after 
which the solution, in a sample tube was placed in a 
N M R probe. Dichloroacetic acid (70 mg, 46 mm 3 , 0.56 
mmol) was then added to the solution. Immediately after 
the addition, trimethyl signals of the starting thiosilane 
(ô 0.25 ppm) and the product (ô 0.36 ppm) were recorded 
repeatedly at short time intervals. Twenty to thirty meas­
urements were done for each run until the completed con­
version exceeded a half. After the reaction, the total volume 
of the solution was measured, and the concentrations of 
each component were calculated. The second-order rate 
constant, k, was obtained by means of the following equa­
tion, where a and b are the initial concentrations of the thio-

/ _ a(b — x) 
kt = - I n - ) (-

b — a o(a — x) 

silane and the acid respectively, and where x is the amount of 
the acetoxysilane formed at time t. A good reproducibility 
was obtained ( ± 1 0 % error established by a duplicate run) . 
The kinetics of the base-catalyzed reactions were done by 
using half concentrations of the starting materials. 
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1,3-Dipolar Cycloadditions to 2-Phenyl-l-azaspiro[2.2]pent-l-ene1) 

Otohiko TSUGE,* Hiroyuki WATANABE, and Yöko K I R Y U 

Research Institute of Industrial Science, Kyushu University 86, Hakozaki, Higashi-ku, Fukuoka 812 
(Received May 19, 1979) 

Benzonitrilium-^-nitrobenzylide undergoes 1,3-dipolar cycloaddition to highly strained 2-phenyl-1-azaspiro-
[2.2]pent-l-ene, yielding the cycloadduct which is thermally converted to the dihydrobenzo[/]quinazoline and 
pyrimidine. In the reaction with a,iV-diarylnitrone, the spiroazapentene gives l-(benzylideneamino)-l-(iV-
phenylbenzamido) cyclopropane arising from the initial cycloadduct. 

I t seemed of interest to investigate the cycloadditions 
of highly strained 2-phenyl-l-azaspiro[2.2]pent-l-ene 
(l)2) having an 1-azirine moiety, because it is known 
that 1-azirines are useful reagents for the synthesis 
of a large number of heterocyclic systems.3> However, 
no studies on the cycloadditions to 1 have so far been 

/Ph 

./Il 

Although 1H- and 1 3 C-NMR spectra of 3 (see Scheme 
2 and Experimental Section) do not permit a clear 
assignment as to which structures, 2'-Qb-nitrophenyl)-
4', 5'-diphenylspiro [cyclopropane-1,6'- [1,3] diazabicyclo-
[3.1.0]hex-3'-ene] (3A) or 4'-(/>-nitrophenyl)-2',5'-di-
pheny lspiro [cyclopropane -1,6'- [1,3] diazabicyclo [3.1.0]-
hex-2'-ene] (3B), would be more reasonable for 3, 3 
was assigned to be 3A on the basis of results of 
chemical conversions which will be described below. 

reported. We now wish to report on the reactions 
of 1 with benzonitrilium-p-nitrobenzylide (2) and a,iV-
diarylnitrones (8). 

Reaction with Benzonitrilium - p - nitrobenzylide. 
Schmid and his co-workers4) reported that benzonitri-
lium-/?-nitrobenzylide (2) undergoes 1,3-dipolar cycload­
dition to 2-phenyl- and 2,3-diphenyl-1-azirines, yield­
ing the bicyclic adducts. However, 3,3-dimethyl-2-
phenyl-1-azirine does not react with 2. Although 1 
is a 3,3-disubstituted 2-phenyl-1-azirine, 1 might react 
with 2 due to its highly strained structure. 

When 1 was allowed to react with 1 equivalent of 
2 generated in situ from JV-/?-nitrobenzylbenzimidoyl 
chloride and triethylamine in benzene under nitrogen 
at room temperature, the 1:1 cycloadduct 3 was ob­
tained as the major product, along with by-products 
4, 5, and 6 (Scheme 1). Structural elucidation of 
these products, 3—6, was accomplished on the basis 
of their spectral data and chemical correlations. 

P r / x h / \ 'Ar 

3 + 0~CfAr 

4 

51% A% 

PhJ^N 
EfSl^Ar 

5 

1% 

Ar 
Phs>N 
EfSAph 

6 

9% 

Ar = p-0 2NC 6H 4 

PhH 

21ppm) 

172.3ppm(s) 

Ph H 

92.4ppm (d) 
2-endo, 6-exo0 

Ph-^N^-H (6.12ppm) 

2-endo, 6-exo5) 

>Ph 

ixt 
/ \ ,H (5.22ppm) 

PhSi^Ph 
2-exo, 6-exo 

Scheme 2. 

(3.57ppm) 

Ph 

Ph 
V—7<H (2.97ppm) 

i 
Ph 

The stereochemistry of 3A is hereinafter described. 
As illustrated in Scheme 2, the value of chemical 
shift of benzylic methine proton in 3A is situated 
between those of endo- and ^o-benzylic methine protons 
in other reported l,3-diazabicyclo[3.1.0]hex-3-enes. 
O n the other hand, the benzylic methine proton 
of l,2-diphenyl-l-azaspiro[2.2]pentane6) appears at a 
lower field than that of 1,2-diphenylaziridine,7) because 
of anisotropy effect of cyclopropyl ring of the aza-
spiropentane. From a consideration of anisotropy ef­
fect of cyclopropyl ring in 3A, it seems most reasonable 
to conclude that 3A is the 2-exo structure. 

Hydrolysis of 3 with 10% hydrochloric acid afforded 
3,4-dihydro-5,6-diphenyl-2-pyridone (7) and ^-nitro-
benzaldehyde in 26 and 2 0 % yields respectively. The 
structure of 7 was confirmed by the identification with 
an authentic sample prepared by a modification of 
the reported method.8) This result strongly supports 
that 3 is 3A but not 3B.9) The pathway for the forma­
tion of 7 from 3A is illustrated in Scheme 3. The 
compound 3A undergoes hydrolysis with concurrent 
ring expansions to form C through A and then B. 
This is followed by further hydrolysis of the cyclic 
amidine C to yield the benzaldehyde and amide D, 
and subsequent cyclization of D with dehydration 
leads to the formation of 7. 
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3A Haô  r r> N
+ T A r f vAr 

-Ph Ph Ph Ph 

B 

0 H 

y-4 -ArCH 

3A 

V * J -H20 Ph^N^Q 

Ph Ph 

C 

H2so4 PhÇHCOPh 

ArCHO 

Ph Ph 

D 

H 

7 

Scheme 3. 

CH2CH2CN 

Ar = p-02NC6H4 

3B 

Contrary to the formation of pyridazine compound 
from the bicyclic adduct of 2 to 2,3-diphenyl-l-azirine,4> 
thermolysis of 3A in boiling xylene afforded 5,6-dihydro-
3-/?-nitrophenyl-l-phenylbenzo[/]quinazoline (4) and 
6-ethyl-2-^-nitrophenyl-4,5-diphenylpyrimidine (5) in 
64 and 8 % yields respectively. I t is thus evident that 
the products 4 and 5 of the reaction are derived from 
3A. 

The product 6 which is an isomer of 5 was deduced 
to be 6-ethyl-4-/?-nitrophenyl-2,5-diphenylpyrimidine. 

The pathways for the formation of 4, 5, and 6 are 
illustrated in Scheme 4. The initial adduct 3A is 
subjected to ring expansion to form E. This is fol­
lowed by homolytic rupture of the cyclobutane ring 
of E to yield biradical F, which can lead to 4 through 
G and to 5. The formation of 6 can be also interpreted 
as arising from the initial reversed cycloadduct 3B 
through biradical H . It is thought that 3B whose 
structure is a cyclic amidine could not be isolated 
owing to its lability. 

Reaction with oc,N-Diarylnitrones. Although nitrones 
undergo 1,3-dipolar cycloaddition to O N bonds of 
heterocumulenes such as isocyanates, isothiocyanates, 

H Ar H Ar 

•Ph H2CH20^|£ph J " 

Ar=p-02NC6H4 

Scheme 4. 

and carbodiimides,10) no studies on the cycloaddition 
of nitrones to simple O N bonds have been reported. 
As mentioned above, the O N bond of 1 exhibited 
high reactivity toward 2. Thus our attention was 
directed to the reaction of 1 with a,iV-diarylnitrones 
(8). 

After 1 was allowed to react with 1 equivalent of 
a,iV-diphenylnitrone (8a) in boiling benzene, the reac­
tion mixture was chromatographed on silica gel 
to give 1-amino-l-(iV-phenylbenzamido) cyclopropane 
(10), benzaldehyde, and benzanilide. A similar reac­
tion of 1 with a-(/?-nitrophenyl)-iV-phenylnitrone (8b) 
afforded 1 : 1 adduct, l-(/?-nitrobenzylideneamino)-
l-(iV-phenylbenzamido) cyclopropane (9b), /?-nitro-
benzaldehyde, and benzanilide (Scheme 5). Structural 
elucidation of 9b and 10 was accomplished on the 
basis of spectral data as well as of chemical conversions. 
Hydrolysis of 9b gave 10 and j&-nitrobenzaldehyde, 
while 10 reacted with the benzaldehyde to give 9b. 

0 
Î 

1 + ArCH=NPh • 

8 

a : Ar=Ph 
b : Ar=/>-02NC6H4 

Ph 

v NGOPh 

/ N=CHAr 
9 

— 
16% 

9b ^ = ± 10 + Ar( 

Scheme ' 

Ph 

v NGOPh 
> < 
X NH2 

10 

5 1 % 

3HO 

3. 

+ ArCHO + P 

14% 
33% 

hCONI 

39% 
23% 

The pathways for the formation of products are 
assumed as depicted in Scheme 6. The nitrone 8 
undergoes 1,3-dipolar cycloaddition to 1, yielding labile 
cycloadduct I. The formation of 9 can be understood 
as proceeding through the oxaziridine J which is arising 
from I, since it is known that C,iV-diaryloxaziridines 
are readily isomerized into the amides.11) 

As described above, hydrolysis of 9b afforded 10 
and the benzaldehyde, but not benzanilide. This fact 
suggests that benzanilide obtained from the reaction 
is derived from hydrolysis of a compound other 
than 9. Although mechanistic considerations iare still 
speculative, a possible pathway is also shown in Scheme 
6. The rearrangement of I to the diaziridine K, 

1 • 8 
Ph, Â 

N^Ar 
Ph 

I 

^ N = C H A r 
ArCHO 

eft ^ 

Y 
H Ar 

H 

Scheme 6. 

- C H - N C 0 P h - * ( A r C H 0 

Jr Ph lPhC0NHPh 

M 
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followed b y a nuc l eoph i l i c a t t a c k of t h e n i t r o g e n a t o m 
o n the c a r b o n y l c a r b o n a t o m yields t h e t r icycl ic b e t a i n e 
L . T h i s is fol lowed b y r i n g c l eavage to g ive M , w h i c h 
o n hydrolys is gives t h e b e n z a l d e h y d e a n d b e n z a n i l i d e . 
T h e process ( K - » L - » M ) is s imi la r to t h a t p r o p o s e d 
for t h e f o r m a t i o n of iV,iV-dibenzoylani l ine f rom t h e 
p h o t o o x y g e n a t i o n of l , 2 - d i p h e n y l - 2 - ( p h e n y l i m i n o ) - l -
e thanone . 1 2 ' 1 3 ) 

E x p e r i m e n t a l 

All melting points are uncorrected. IR , N M R , and mass 
spectra were obtained on a J A S G O IRA-1 spectrometer, 
Hitachi R-40, J E O L SX-100 spectrometers, and a Hi tachi 
RMS-4 spectrometer, respectively. 

Materials. Azaspiropentene 1,2> iV-^-nitrobenzylbenz-
imidoyl chloride,14) and a,iV-diarylnitrones 8a,15> 8b16> were 
prepared by the reported methods respectively. 

Reaction of Azaspiropentene 1 with Benzonitrilium-p-nitrobenzylide 
(2). T o a vigorously stirred solution of 1 (0.44 g, 
3 mmol) and iV-^-nitrobenzylbenzimidoyl chloride (0.85 g, 
3 mmol) in benzene (30 ml) was dropwise added a solution 
of NEt 3 (1.75 g, 17.3 mmol) in benzene (10 ml) at 0 °G 
over a period of 1 h under nitrogen. The reaction mixture 
was stirred at room temperature for 24 h, and then filtered 
to remove formed tr iethylammonium chloride. The filtrate 
was concentrated in vacuo, and the residue was chromato-
graphed on silica gel (Wako gel G-300) using benzene as 
the eluent. 

The first fraction gave crystals which were recrystallized 
from benzene to give 53 mg (4%) of 5,6-dihydro-3-/?-nitro-
phenyl- l-phenylbenzo[/]quinazoline (4), m p 225—226 °G, 
as yellow needles. ^ - N M R (GDG13) ô 3.09 (s, 4H) , 6.8— 
7.8 (m, 9H) , 8.28 8.73 (each d, 2H, J=9 Hz) . ^ - N M R 
(G6D6) ô 2.4—3.0 (m, 4H) , 6.6—7.4 (m, 7H) , 7.6—7.8 
(m, 2H) , 8.08, 8.67 (each d, 2H, J = 9 Hz) . 1 3 G-NMR 
(GDG13) ô 28.3 (t), 32.0 (t), 123.5, 125.1, 126.1, 127.9, 128.4, 
128.6, 128.9, 129.5, 129.6, 130.5, 138.3, 138.9, 143.3, 149.0, 
159.2, 162.1, 169.3. M S m\e 379 (M+, base peak). Found : 
G, 76.05; H , 4 .43; N , 10.92%. Galcd for G 2 4 H 1 7 N 3 0 2 : 
G, 75.97; H , 4.52; N , 11.08%. 

The second fraction afforded crystals which were recrystal­
lized from hexane to give 108 mg (9%) of 6-ethyl-4-^-nitro-
phenyl-2,5-diphenylpyrimidine (6), m p 134—135 °G, as 
colorless needles. ^ - N M R (GDG13) à 1.28 (t, 3H, J= 
7 Hz) , 2.75 (q, 2H, J = 7 H z ) , 6.9—7.7 (m, 10H), 8.03 
(d, 2H, 7 = 9 Hz) , 8.45—8.80 (m, 2H) . 1 3 G-NMR (GDG13) 
ô 12.7, 28.9, 122.8, 128.0, 128.5, 128.8, 129.9, 130.8, 135.7, 
137.5, 145.0, 147.5, 161.1, 162.8, 171.0. M S m/e 381 (M+), 
380 (base peak). Found: G, 75.50; H , 4.85; N , 10.89%. 
Galcd for G 2 4 H 1 9 N 3 0 2 : G, 75.57; H , 5.02; N, 11.02%. 

The third fraction gave 12.3 mg (1%) of 6-ethyl-2-^-
nitrophenyl-4,5-diphenylpyrimidine (5), m p 194—195 °G, as 
colorless needles (from E t O H ) . ^ - N M R (GDG13) ô 1.28 
(t, 3H, y = 7 . 6 Hz) , 2.76 (q, 2H, J = 7 . 6 H z ) , 6.6—7.5 (m, 
10H), 8.27, 8.77 (each d, 2H, 7 = 9 Hz) . 1 3 C-NMR (GDG13) 
ô 12.7, 28.9, 123.5, 127.8, 128.5, 128.8, 129.0, 129.8, 130.0, 
130.9, 136.2, 138.2, 143.9, 149.1, 160.4, 163.8, 170.8. M S 
m/e 381 (M+), 380 (base peak). Found : G, 75.42; H , 5.05; 
N, 11.13%. Galcd for G 2 4 H 1 9 N 3 0 2 : G, 75.57; H , 5.02; 
N, 11.02%. 

The fourth fraction gave crystals which were recrystallized 
from ether to give 2 /-(/>-nitrophenyl)-4 /,5 /-diphenylspiro-
[cyclopropane-],6'-[l,3]diazabicyclo[3.1.0]hex-3'-ene] (3A), 
m p 167—169 °G, as colorless prisms. I R (KBr) 1602 (G=N), 
1575, 1339 cm- 1 . *H-NMR (GDG13) ô 0.8—1.2 (m, 2H) , 
1.4—2.1 (m, 2H) , 5.82 (s, 1H), 7.2—7.5 (m, 8H) , 7.5—7.9 

(m, 4H) , 8.22 (d, 2H, J=9 Hz) . 1 3 G-NMR (GDG13) ô 
0.6 (t), 9.4 (t), 49.7 (s), 64.6 (s), 92.4 (d), 123.7, 128.0, 128.4, 
128.5, 129.0, 131.1, 131.9, 135.1, 147.5, 148.0, 172.3. M S 
m/e 381 (M+). Found : G, 75.60; H , 4.98; N , 11.08%. 
Galcd for G 2 4 H 1 9 N 3 0 2 : G, 75.57; H, 5.02; N , 11.02%. 

Hydrolysis of 7 : 7 Adduct 3 A. A suspension of 3A 
(110 mg) in 10% HG1 (10 ml) was stirred at room temper­
ature for 30 h. Filtration gave crystals which were recrystal­
lized from E t O H to give 18.2 mg (26%) of 3,4-dihydro-
5,6-diphenyl-2-pyridone (7), m p 220—221 °G, as colorless 
needles. This compound was identical with an authentic 
sample prepared by the method described below. 

T h e filtrate was concentrated in vacuo, and the residue was 
chromatographed on silica gel using benzene as the eluent, 
giving 9 mg (20%) of />-nitrobenzaldehyde. 

3,4-Dihydro-5,6-diphenyl-2-pyridone (7). A solution of 
deoxybenzoin (3.0 g) in T H F (50 ml) was treated with N a H 
(0.8 g, 5 0 % suspension in oil) at 60—70 °G for 1 h, and then 
a solution of 3-chloropropionitrile (1.4 g) in T H F (10 ml) 
was added to the resultant solution at 0 °G. T h e reaction 
mixture was stirred at room temperature for 2 h, and refluxed 
for 2 h, and then poured into water to give solid (1.9 g). 
After a solution of the solid (1.9 g) in coned H 2 S 0 4 (50 ml) 
was stirred at room temperature for 12 h, the solution was 
poured into water to give crystals which were recrystallized 
from E t O H to afford 1.95 g (51%) of 7, m p 220—221 °G 
(lit,8> m p 218—219 °G). Found : G, 81.79; H , 5.83; N , 
5.72%. Galcd for G 1 7 H 1 5 NO: G, 81.90; H, 6.06; N, 5.62%. 

Thermolysis of 7 : 7 Adduct 3 A. A solution of 3A (100 
mg) in xylene (4 ml) was refluxed for 15 h. T h e solvent 
was evaporated in vacuo to leave the residue which was chro­
matographed on silica gel using benzene as the eluent to 
give 64 mg (64%) of 4 and 8 mg (6%) of 5. 

Reaction of Azaspiropentene 1 with oc,N-Diarylnitrones (8). 
A solution of 1 (326 mg, 2.28 mmol) and a,iV-diphenylnitrone 
(8a) (450 mg, 2.28 mmol) in benzene (10 ml) was refluxed 
for 3 h under nitrogen. T h e reaction mixture was con­
centrated in vacuo, and the residue was chromatographed on 
silica gel using GHG13 as the eluent. From the first and 
second fractions, 40 mg (14%) of benzaldehyde and 78 mg 
(39%) of benzanilide were obtained respectively. T h e third 
fraction gave 215 mg (51%) of 1-amino-l-(iV-phenylbenz-
amido) cyclopropane (10) as colorless oil. I R (neat) 3400, 
3320 (NH) , 1650 c m - 1 (G=0) . *H-NMR (GG14) ô 0.5— 
1.4 (m, 4H) , 2.27 (broad, 2H) , 6.8—7.5 (m, ÎOH). M S 
m/e 252 (M+), 147 ( M + - P h C O , base peak), 105. 

A similar reaction of 1 (400 mg, 2.81 mmol) and oc-(p-
nitrophenyl)-iV-phenylnitrone (8b) (680 mg, 2.81 mmol) in 
benzene (10 ml) for 5 h afforded 140 mg (33%) of ^-nitro-
benzaldehyde, 184 mg (23%) of benzanilide, and 170mg 
(16%) of 1 - (p - nitrobenzylideneamino) - 1 - (N- phenylbenz-
amido) cyclopropane (9b), m p 185—186 °G, as colorless 
prisms (from E t O H ) . I R (KBr) 1662 c m - 1 ( G = 0 ) . XH-
N M R (GDGI3) ô 1.20—1.83 (m, 4H) , 6.8—7.5 (m, ÎOH), 
7.90, 8.25 (each d, 2H, J=9 Hz) , 8.51 (s, 1H, N=GH). 
1 3 G-NMR (GDGI3) ô 21.3, 62.6, 123.7, 126.5, 127.9, 128.6, 
128.8, 129.0, 130.1, 135.9, 141.5, 142.9, 151.9, 170.7. M S 
m/e 385 (M+). Found: G, 71.72; H, 4 .93; N, 10.84%. 
Galcd for G 2 3 H 1 9 N 3 0 2 : G, 71.67; H , 4.97; N , 10.90%. 

T h e reaction of 10 with 1 equivalent of ^-nitrobenzaldehyde 
in boiling E t O H for 3 h afford 9 b in 36% yield. 

Hydrolysis of 7 : 7 Adduct 9b. A suspension of 9 b (47 
mg) in E t O H (6 ml) was stirred with coned HG1 (2 drops) 
at room temperature. After 1 h the suspension turned to 
a clear solution. After the solution was concentrated in 
vacuo, water was added to the residue and then the mixture 
was extracted with ether. T h e extract was concentrated 
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to give 7 mg (38%) of ^-nitrobenzaldehyde. The aqueous 
layer was made basic with N a O H aq solution, and then 
extracted with ether. T h e extract was evaporated in vacuo 
to leave 30 mg (100%) of 10. 
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Fourier transform 1 7 0 NMR spectra have been measured for a number of alcohols, ethers, acetals, formates, 
acetates, and esters of inorganic acids in natural abundance at 10.8 MHz. The 1 7 0 chemical shifts which cover 
a range as large as several hundred ppm are primarily governed by the sum of electronegativity of the first 
atoms or groups attached to the central oxygen. The downfield shift due to ^-methyl groups in alcohols and 
ethers is in parallel with decrease in their ionization potentials, demonstrating the importance of the para­
magnetic screening term in the 1 7 0 shifts of these compounds. Diamagnetic shift due to y-carbons and -oxygens 
has also been disclosed. 

The first observation of 1 7 0 nuclear magnetic reso­
nance signals was reported as early as in 1951.2> 
Chemical shifts of more than one hundred organic 
compounds of relatively small molecular weight were 
documented by Christ et al. in 1961.3> Wider ap­
plications of the 1 7 0 N M R technique have since been 
hampered both by a low natural abundance (0.037%) 
and by an appreciable electric quadrupole moment 
( Q = — 2.6X 10~26 cm2) which effects line broadening 
of the 1 7 0 isotope. Recent advances in F T - N M R 
instrumentation together with rf units with a frequency 
synthesizer and probe heads with a tunable preamplifier 
have made observation of 1 7 0 N M R routinely available 
on samples with 1 7 0 isotope in natural abundance.4) 
In view of an important role of oxygen-containing 
functions in chemistry, establishment of a useful 1 7 0 
N M R shifts vs. structure correlation is indispensable. 
We wish to report here the 1 7 0 N M R shifts of a variety 
of alcohols, ethers, acetals, formates, acetates, and esters 
of inorganic acids, and review a number of empirical 
rules governing the shift data of these compounds as 
well as the literature values4) for some typical com­
pounds with dicoordinated oxygen functions. 

R e s u l t s and D i s c u s s i o n 

A General Trend in 170 Shifts. The 1 7 0 N M R 
shift data of dicoordinated oxygen functions are given 
in Table 1. Firstly we note that the 1 7 0 shifts have 
a wide range of several hundred ppm. This is quite 
large in reference to 10 and 200 ppm of the 1 H and 
13C shift ranges, respectively, of ordinary organic com­
pounds and will give the impression that 1 7 0 N M R 
spectra can be most informative as a structural probe. 
Strictly speaking, however, we have also to take into 
account of the wide 1 7 0 N M R line-width unprecedent­
ed in *H and 13C N M R . The amount of information 
derivable from chemical shift is approximately given 
by the shift range (A) divided by the spectral line width 
(A1/2). When the *H, 1 3C, and 1 7 0 N M R are com­
pared, A can be taken as 0.8, 4, and 8 kHz for ex­
ample and /d1/2 may be typically 1, 1, and 100 Hz, 
respectively. Therefore, the capacity of information 
derivable from chemical shift da ta of 1 H , 1 3C, and 
1 7 0 N M R spectroscopies would be ( J / J 1 / 2 = ) 800, 
4000, and 80, respectively. The widest shift range 
observed for the 1 7 0 N M R should not necessarily be 
over emphasiz ed. 

It may be noted in the second place that the water 

molecule has the oxygen atom which resonates at 
one of the highest field region,5) and the resonance 
for the central oxygen atom of ozone appears at the 
extreme downfield. Other data on the oxygens at­
tached to various kinds of elements are scattered in 
between. Changes in the oxygen-17 chemical shift 
appear to be due primarily to alterations in the electron 
density at oxygen caused by changes in the electro­
negativity of a-atoms attached to the central oxygen 
atom. As illustrated by an approximately linear cor­
relation in Fig. 1, downfield shift is produced as more 
electronegative atoms are introduced. The line has 
a slope of about 270 ppm/electronegativity unit which 
is about six times as steep as those obtained by similar 
plots of the 13C shifts vs. the electronegativity of the 
adjacent hetero atoms.6) We point out that, whereas 
the diamagnetic electric current which is directly af­
fected by the electronegativity of ligands plays a major 
role in controlling the chemical shifts of 1 H , the 13C 
and 1 7 0 N M R shifts are governed by the paramagnetic 
screening and decrease of shielding with the increasing 
electronegativity of the substituents may be provided 
by increase in the mean inverse cube of the 2p electron 
radius <>-3>oxygen

 a n d t n e orbital term £ A A (vide 
infra).1) 

6.0 7.0 

S X 
Fig. 1. Plots of 1 7 0 NMR shifts vs. the sum of the 

electronegativities for dicoordinated oxygen com­
pounds. Electronegativities (which are group values 
where relevant) are from Ref. 20. 
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T A B L E 1. 1 7 0 CHEMICAL SHIFTS (ppm DOWNFIELD FROM WATER) OF DICOORDINATED OXYGEN COMPOUNDS 

Alcohols and phenols 

Methaol 

1 -Butanol 

1 -Butanol 

3-Methyl-l-butanol 

Benzyl alcohol 

Citronellol 

Ethanol 

2-Pentanol 
2-Butanol 

Cyclohexanol 

2-Propanol 

2-Methyl-2-butanol 

2,3-Dimethyl-2-butanol 

a-Terpineol 

£-Butyl alcohol 

£-Butyl alcohol 
Phenol 

o-Nitrophenol 

Hydrogen peroxide 

Ethers 

Ethylene oxide 

Dimethyl ether 

Oxetane 

Tet rahydropyran 

Oxepane 

Diethyl ether 

Tetrahydrofuran 

Tetrahydrofuran 

Anisole 

Diisopropyl ether 

7-Oxanorbornane 

Di-/-butyl ether 

Di-f-butyl ether 

1,2-Dimethoxyethane 

Diethylene glycol 
dimethyl ether 

1,4-Dioxane 

15-Crown-5 

Furan 

Furfural 

Trimethyloxonium 
tetrafluoroborate 

Diethyl e ther -BF 3 

Hexamethyldisiloxane 

(5l7 0 

- 3 8 

- 3 

- 1 

- 2 
4 

5 

8 

30 

36 

36 

39 

55 

55 

55 

63 

68 

79 

87 

174 

- 4 9 

- 4 2 

- 1 2 

10 

14 

16 

18 

18 

50 

64 

86 

88 

90 

- 2 3 

- 2 7 (center) 
- 3 (end) 

0 

0 

240 

237 

- 2 9 

31 

43 

A/2 C) 

Hz 

60 

172 

168 

244 

128 

160 

280 

200 

200 

180 

48 

80 

180 

140 

85 

180 

Solvent 

neat 

C C l 4 ( l : l ) a ) 

neat 

neat 

CC14(1:1) 

CC14(1:1) 

neat 

CC14(1:1) 

CC14(1:1) 

CC14(1:1) 

neat 

CC14(1:1) 

CC14(1:1) 

CC14(1:1) 

CC14(1:1) 

neat 

C 6 H 6 (1 :2 ) 

G 6 H 6 (1 :2) 

3 0 % aq. 

neat 

CDC13(1:1) 

neat 

CDC13(1:1) 

neat 

neat 

neat 

CDC13(1:1) 

neat 

neat 

CDC13(1:1) 

CC14(1:1) 

neat 

neat 

neat 

CDC13(1:1) 

D M F 

neat 

neat 

C H 3 N 0 2 

neat 

neat 

T e m p 

^C 

a m b 

70 

62 

75 

70 

80 

a m b 

70 

70 

70 

a m b 

70 

70 

70 

68 

a m b 
76 

76 

a m b 

a m b 

- 4 0 

a m b 

a m b 

a m b 

a m b 

a m b 

a m b 

a m b 

a m b 

a m b 

a m b 

a m b 

a m b 

70 

a m b 

128 

a m b 

a m b 

a m b 

a m b 

a m b 

Acetals and orthoestes 

Dimethoxymethane 

1,3-Dioxolane 

1,3-Dioxane 

1,3-Dioxane 

Bis (methoxymethyl) ether 

1,3,5-Trioxane 

(2//-)l53-Benzodioxole 

Trimethyl orthoformate 

2,8,9-Trioxaadamantane 

10 
34 
37 
38 
65 (center) 

10 (end) 

65 

82 

30 

67 

60 

100 
100 

200 

neat 

CDC13(1:1) 

CDC13(1:1) 

neat 

neat 

3 CDC1; 

CDC13 

neat 

CDCL 

amb 
amb 
amb 
amb 
amb 

amb 
amb 
amb 
amb 
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1,4,6,9-Tetraoxaspiro [4.4] nonane 

T A B L E 1. 

(5l7 0 

75 

(Continued) 

A/2 
Hz 

Solvent 

neat 

T e m p 

a m b 

Esters 

Methyl formate 

Ethyl formate 

Isopropyl formate 

£-Butyl formate 

Methyl acetate 

Ethyl acetate 

Isopropyl acetate 

£-Butyl acetate 

Methyl aery late 

Diethyl oxalate 

y-Butyrolactone 

Diethyl carbonate 

Trimethyl phosphite 

Trimethyl phosphate 

2,8,9-Trioxa-1 -phospaadamantane 

Methyl nitrite 

Propyl nitrite 

Isopentyl nitrite 

£-Butyl nitrite 

Dimethyl sulfate 

Others 

O-Methylhydroxylamine 

f-Butyl hypochlorite 

Di-J-butyl peroxide 

( G F 3 0 ) 2 0 

F O O F 

F 2 0 

Ozone 

143 (364) b> 

173 (364) 

200 (364) 

212 (380) 

148 (355) 

169 (363) 

196 (363) 

207 (375) 

132 (345) 

166 (359) 

176 (335) 

123 (242) 

44 ( J 0 - p = 1 8 3 H z ) 

65 C / 0 - p = 1 6 4 H z ) 
(19) 

82 

420 (790) 18> 

455 (803) 3> 

467 (819) 

513 (838)3) 

142 (101) 

353) 

79 

276 
2693) 

479 (center)19) 
321 (end) 

64719) 

83019) 

1032 (center)19) 
1598 (end) 

neat 
neat 
neat 
neat 
neat 
neat 
neat 
neat 
neat 
neat 
neat 
neat 
neat 

GDGL 

GDG13(1:1) 

GDG13(1:1) 

amb 
amb 
amb 
amb 
amb 
amb 
amb 
amb 
amb 
amb 
amb 
amb 
amb 
amb 

amb 

amb 

amb 

a) An approximate ratio in volume, b) Shift values in parentheses are 
window function was applied for the measurement except for alcohols where 
was set at —0.02 s throughout. 

for doubly bonded oxygens, c) No 
a sensitivity enhancement parameter 

Simple Alcohols and Ethers. Shifts to lower field 
in the 1 7 0 resonance are observed as the a-carbon is 
substituted with alkyl groups. Primary, secondary, and 
tertiary alcohols, for example, have their characteristic 
shift ranges: —3—10 (except for — 38 ppm of meth­
anol), 30—40 and 55—70 ppm downfield relative to 
water, respectively. We have so far met no exception 
to the above rule on the 1 7 0 shifts brought about by 
the alkyl substitution. The presence of diamagnetic 
y-effect is suggested by a slightly high field shift of 
1-butanol and 2,3-dimethyl-2-butanol as compared to 
ethanol and £-butyl alcohol, respectively. An example 
which would violate the above shift ranges could be 
found in sterically congested alcohols. Changes in 
chemical shifts are steeper in ethers than in alcohols 
and esters. 

The findings have two facets of importance. One is 
as a new method for differentiating among primary, 

secondary, and tertiary structures of unknown alcohols, 
ethers and esters. The method appears quite unique 
and useful, but let us point out that there is a certain 
limitation to the practical application of this rule to 
the structural elucidation of complex organic molecules. 
Since the oxygen-17 nucleus (7=5/2) has electric quad-
rupole moment and the line width of resonance signals 
is directly proportional to correlation time r c for the 
overall rotation of the molecules which in turn is cor­
related to solution viscosity J?, a fairly fluid sample 
solution must be employed. When isotropic molecular 
tumbling is rapid on the N M R time scale, the line 
width ( l / 7 \ ) determined by quadrupole relaxation is 
given by Eq. 1, where q and t) stand for the electric 
field gradient and the asymmetry parameter at the 
nuclear site. The Stokes-Einstein-Debye equation (Eq. 
2) relates rc to temperature T. The measurement at 
elevated solution temperature is thus preferred. A 
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sample of relatively large molecular weight (M > 150) 
for which a solution of considerably high concentration 
may be required by the sensitivity of the present in­
strument often tends to be hard to measure because 
of line-broadening. The limitation could be avoided 
in principle by the use of a spectrometer with higher 
magnetic field and/or isotopically enriched samples. 

The other is on the origin of the observed ordering 
of chemical shifts. There are ample examples which 
show that electron density at the oxygen atom increases 
as we go from methanol via ethanol and 2-propanol 
to /-butyl alcohol. The polar substituent, constants 
<7* for the methyl, ethyl, isopropyl, and /-butyl groups 
are 0 (by definition), —0.1 , —0.19, and —0.3, re­
spectively. The observed shifts in Table 1 show that 
1 7 0 screening decreases on going from methanol to 
/-butyl alcohol, and is not compatible with the electron 
density at oxygen dominating the 1 7 0 shifts as was 
the case in the previous section. 

According to the Pople-Karplus theory on para­
magnetic screening,7^ the screening constant of atom 
A bound to other atom B is given by Eq. 3. The 
Q,'s are orbital terms related to charge density on atom 

A and bond order between A and B, and AE is a mean 
or effective excitation energy. If the diamagnetic scre­
ening or the <r~3> and QA A terms in the paramagnetic 
screening were the determining factor, tertiary alcohols 
and ethers which have highest electron density at 
oxygen should have given the highest field shifts in 
the 1 7 0 resonance. Resonance can move downfield 
as the lowest-energy electronic transition is shifted to 
longer wavelength. The n -»^* transition has been 
shown to be crucial to the shift differences in the 1 7 0 
N M R of carbonyl compounds.8) In the present case 
of aliphatic alcohols and ethers, the excited states to 
be mixed with the ground state by an external magnetic 
field is either the n-»ff* or Rydberg states.9) Since 
the corresponding transition appears in the vacuum 
ultraviolet region and is not unambiguously charac­
terized, let us take the adiabatic ionization potentials 
of these compounds as a measure of AE. A reasonably 
smooth correlation is found in the 1 7 0 chemical shifts 
vs. the inverse of the ionization potentials plots both 
for alcohols and ethers as shown in Fig. 2. 

Whereas there is no strict meaning in the apparent 
linearity of the plots, the correlation appears to dem­
onstrate that the energy levels of the oxygen n-electrons 
are more sensitive to the structural changes in the 
alkyl groups than the terminating orbital levels of 
oxygen and that AE gets smaller on going from the 
methyl through ethyl and isopropyl to /-butyl groups. 
The paramagnetic contribution to the total screening 
constant is concluded to be important in simple alcohols 
and ethers. 

Simple cyclic ethers present no anomaly in that 

100 

tu 
0^ 50 

9 o 

- 5 0 

0.90 0.95 1.00 1.05 1.10 
10-1 IP-1 leV-1 

Fig. 2. Plots of 1 7 0 chemical shifts vs. the inverse of 
adiabatic ionization potentials (from Ref. 11) of 
alcohols and ethers. 

their 1 7 0 shifts vs. 1 jIP plots conform to a line given 
by acyclic ethers. Oxiranes form a conspicuous ex­
ception to this trend. Just as the well-known case 
of the 1H and 13C shielding of three membered rings, 
the 1 7 0 resonance of oxiranes shows a marked shielding 
effect. The diamagnetic shielding is, however, not 
as strong as it should be expected from the 1 7 0 shifts 
vs. 11 IP plots for other ethers. These anomalies of 
oxiranes will be discussed separately in the forthcoming 
paper in view of the importance of the epoxide functions 
in many fields of chemistry. 

Acetals and Orthoesters. When the ß-methylene 
group in methyl propyl ether (ô —18)10) is replaced 
by oxygen to make dimethoxymethane (fi 10), downfield 
shift by 28 ppm is obtained. The downfield shift of 
a similar amount (A<5 27 ppm) is observed on going 
from tetrahydropyran (ô 10) to 1,3-dioxane (ô 37). 
An approximate additivity appears to hold for this 
downfield shift due to introduction of the /^-oxygen 
atoms. A shift by 56 ppm on going from dipropyl 
ether (ô 7)10) to bis(methoxymethyl) ether (ô 65) is 
just twice as large as 28 ppm. The 1 7 0 resonances 
for 1,3,5-trioxane and 2,8,9-trioxaadamantane appear 
at 54 and 56 ppm downfield of tetrahydropyran, re­
spectively. 

y-Effects. Effects of the y-carbon atom on the 
1 7 0 N M R shifts have been pointed out;10) replacement 
of ^-hydrogens in ethyl methyl ether with the methyl 
groups produces a stepwise highfield shift by 6, 1.5, 
and 2.5 ppm. Now, replacement of the y-carbon atom 
in butyl methyl ether (ô —18)10) by oxygen to give 
1,2-dimethoxyethane accompanies 5 ppm upfield shift. 
Similar upfield shifts are observed also in diethylene 
glycol dimethyl ether (6.5 ppm from dibutyl ether (<5 
3.5)) and jfr-dioxane (11 ppm from tetrahydropyran). 

The observed diamagnetic shifts of 6 and 12 ppm 
of ethylene glycol and 2-chloroethanol, respectively, 

/ 

/O!Bu0H y 

j/iPrOH r-v / 

9/EtOH ° /6 E t 0 E t 

yO 0 /OMeOMe 
/MeOH V 7 / 

1 1 1 1 

y6 tßuOtBu 

é 'PrO'Pr 

1 
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re la t ive to 1-propanol (ô 0) m a y b e a d d i t i o n a l e x a m p l e s 
of y-effect d u e to a h e t e r o a t o m . 

Esters. T h e effect of a lkyl g r o u p s o n 1 7 0 shifts 
of t h e e the rea l o x y g e n of esters is s imi la r to t h a t i n 
a lcohols a n d e thers b u t is less p r o n o u n c e d . T h e shift 
differences b e t w e e n t w o e x t r e m e a lkyl g r o u p s , n a m e l y , 
t he m e t h y l a n d £-butyl de r iva t ives , a r e 130 a n d 106 
in e thers a n d a lcohols , respec t ive ly , a n d o n l y 9 3 , 70, 
a n d 60 p p m in n i t r i t es , fo rmates , a n d ace t a t e s , r e spec ­
tively. T h e results m a y b e a man i f e s t a t i on of r e s o n a n c e 
i n t e r a c t i o n as d e p i c e d in E q . 4 se rv ing as a buf fe r 
of t h e e lec t ron ic effect of a lkyl g r o u p s R . C o n t r i b u t i o n 
of t h e zwi t t e r ion ic c a n o n i c a l s t r u c t u r e in e a c h r e s o n a n c e 
h y b r i d will b e in t h e o r d e r : a c e t a t e s > f o r m a t e s > n i ­
tr i tes . 

R ' _ C - 0 - R < - > R ' - C = 6 - R 
M i 

O O- (4) 

O - N - O - R «-* - O - N Ô - R 

W e c o n c l u d e t h a t , in spi te of s o m e difficulties in ­
h e r e n t in n a t u r a l - a b u n d a n c e 1 7 0 N M R m e a s u r e m e n t s , 
this n e w t e c h n i q u e has a n u m b e r of mer i t s w o r t h t h e 
effort. F i rs t ly , t h e t e c h n i c a l difficulties a r e p a r t l y c o m ­
p e n s a t e d b y t h e sho r t sp in - l a t t i ce r e l a x a t i o n t imes 
of t he q u a d r u p o l a r 1 7 0 w h i c h e n a b l e us to a c c u m u l a t e 
a l a rge n u m b e r of t r ans ien t s in a g iven t i m e . O f t e n 
a s p e c t r u m w i t h g o o d S/N ra t ios is o b t a i n e d w i t h i n 
a t i m e p e r i o d sho r t e r t h a n t h a t necessary for m e a s u r i n g 
1 3G N M R signals d u e to q u a t e r n a r y c a r b o n s of r e la t ive ly 
l o n g 7 \ a n d w i t h a lmos t n o N O E effect. Second ly , 
w e h a v e p o i n t e d o u t t h a t 1 7 0 N M R spec t r a a r e h i g h l y 
in fo rma t ive as a s t r u c t u r a l p r o b e . Shift r a n g e s as 
l a rge as 1000 p p m for d i c o o r d i n a t e d oxygens a r e gov­
e r n e d b y t h e p a r a m a g n e t i c s c r een ing a n d c a n b e in ­
t e r p r e t e d in t e r m s of e m p i r i c a l ru les bas ica l ly s imi la r 
to t he fami l ia r ones e m p l o y e d in 1 3 C N M R spec t roscopy . 

E x p e r i m e n t a l 

Spectral Measurements. The measurements were made with 
the 1 7 0 nuclei in natural abundance (0.037 %) on a Var ian 
FT-80A spectrometer at 10.782 M H z . For a 8000 Hz 
spectral width, 320 data points in the t ime-domain spectra 
were used, the Fourier number being kept at 16384. T h e 
number of transients accumulated with a 90° pulse and an 
acquisition time of 0.02 s was in the range 104—105 to get 
spectra of reasonable S/N ratios. W h e n a longer acquisition 
time (A T) of 0.1 s was employed, the number of da ta points 
(DP) increased to 1600 according to equation DP=2AT-SW 
(SW is a spectral width) . The measurement under these 
conditions was found to be worse with respect to the S/N of 
spectra, not only because it required the accumulation time 
five times as long as the previous one to get the same sum of 
the number of transients, but also because it sampled mostly 
noise signals after the free induction signals practically de­
cayed at 5 T 1 ( < 0 . 0 2 s ) . The 1 7 0 shifts and half-band-
widths did not differ at all from those obtained under the 
standard conditions. Since quadrupole relaxation of 1 7 0 
nuclei is rapid, the use of long delay times between the end 
of each rf pulse and the beginning of da ta collection is not 
in principle necessary. However, some baseline distortions 
in transformed frequency-domain signals often resulted due 
to incomplete spectrometer recovery following rf pulse, 

when too short delay times were employed.12) This was 
more pronounced in 1 7 0 N M R , as the rf frequency was 
lower than those of *H and 13G spectroscopy. Alpha delay 
was usually set at 800—1000 JJLS. 

Chemical shifts were measured as frequency shifts from 
the rf synthesizer frequency (8.532000 M H z ) and expressed 
in p p m relative to the oxygen of water which resonated at 
10.78321 M H z when measured in a capillary tube placed 
concentrically within a sample tube of 10 m m o.d. Che­
mical shifts are accurate to ± 1 ppm. T h e sample tempe­
rature was at 34—36 °C unless otherwise stated in Table 1. 
T h e half-band-widths of alcohols and ethers were 60—280 
Hz under these conditions. 

Materials. T h e following compounds were prepared 
according to the literature and their purity was confirmed 
by V P C and/or spectral d a t a : di-^-butyl ether,13) trimethyl-
oxonium tetrafluoroborate,14> bis (methoxymethyl) ether,15) 
2,8,9-trioxaadamantane,1 6) and 2,8,9-trioxa-l-phosphaada-
mantane.1 7) T h e samples of (2//-)l ,3-benzodioxole and 
l,4,6,9-tetraoxaspiro[4.4]-nonane were kindly supplied by 
Prof. Dr. S. Smolinski of Jagellonian University, Krakow, 
Poland. Pure samples from commercial sources were used 
otherwise. 

R e f e r e n c e s 

1) Presented in par t at the ACS/CSJ Chemical Congress, 
Honolulu, Hawaii , April 2—6, 1979. For Par t I I , see: 
Y. Kawada , T . Sugawara, and H . Iwamura , J. Chem. 
Soc, Chem. Commun., 1979, 291. 

2) F. Alder and F. C. Yu, Phys. Rev., 81, 1067 (1951). 
See also: H . E. Weaver, B. M . Tolbert , and R. C. LaForce, 
J. Chem. Phys., 23, 1956 (1955). 

3) H . A. Christ, P. Diel, H R . Schneider, and H. Dahn , 
Helv. Chim. Acta, 44, 865 (1961). 

4) T . Sugawara, Y. Kawada , and H . Iwamura , Chem. 
Lett., 1978, 1371; W. G. Klemperer , Angew. Chem. Int. Ed. 
Engl., 17, 246 (1978) and the papers cited therein. 

5) J . Reuben, J. Am. Chem. Soc, 91, 5725 (1969). 
6) P. C. Lauterbur , Ann. N. Y. Acad. Sei., 70, 841 (1958); 

J . B. Lamber t , D. A. Netzel, H . Sun, and K. K. Lilianstrom, 
J. Am. Chem. Soc, 98, 3778 (1976). 

7) M. Karplus and J . A. Pople, J. Chem. Phys., 38, 2803 
(1963). 

8) C. Delseth and J . -P . Kintzinger, Helv. Chim. Acta, 
59, 466 (1976); D. J . Sardella and J . B. Stothers, Can. J. 
Chem., 47, 3089 (1969); B. N . Figgis, R. G. Kidd, and R. 
S. Nyholm, Proc. R. Soc. London. Ser. A., 269, 469 (1962); 
K. K. Ebraheem and G. A. Webb , J. Magn. Reson., 25, 399 
(1977). 

9) M . B. Robin, "Higher Excited States of Polyatomic 
Molecules," Academic Press, New York and London (1974), 
Vol. 1, Chap . 3. 

10) C. Delseth and J . -P . Kintzinger, Helv. Chim. Acta, 61 , 
1327 (1978). Shift da ta in this paper are referenced to the 
oxygen of acidified water5) in an external capillary and 
should be displaced by 10.5 p p m downfield to compared 
with our data . 

11) B . J . Cocksey, H . H . D. Eland, and C . J . Danby, J. 
Chem. Soc, B, 790 (1971); F. Broglim, E. Heilbronner, J . 
Wirz, E. Kloster-Jensen, R. G. Bergman, K. P. C. Voll-
hardt , and A . J . Ashe I I I , Helv. Chim. Acta, 58, 2620 (1975). 

12) D. Canet , C. Goulon-Ginet, and J . P. Marchai , J. 
Magn. Reson., 22, 537 (1976). 

13) J . L. E. Erickson and W. H . Ashton, J. Am. Chem. 
Soc, 63, 1769 (1941). 

14) H . Meerwein, Org. Synth., Coll. Vol. V, 1096 (1973). 



3396 Tadashi SUGAWARA, YUZO K A W A D A , Morimatsu K A T O H , and Hiizu IWAMURA [Vol. 52, No. 11 

15) L. R. Evans and R. E. Mar t in , J. Org. Chem., 23, 
744 (1958). 

16) r-l,c-3,c-5-Cyclohexanetriol was prepared according 
to the method of Smith and Stump (J. Am. Chem. Soc., 83 , 
2739 (1961)), and the triol was treated with triethyl ortho-
formate under the catalysis of />-toluenesulfonic acid. 
17) T . L. Browm, J . G. Verkade, and T . S. Piper, J. 

Phys. Chem., 65, 2051 (1961). 
18) L. - O . Andersson and J . Mason, J. Chem. Soc, Dalton 

Trans., 1974, 202. 

19) I. J . Solomon, A. J . Kacmarek, and J . Raney, Inorg. 
Chem., 11, 195 (1972); I. J . Solomon, J . N . Keith, A. J . 
Kacmarek, and J . K. Raney, J. Am. Chem. Soc., 90, 5408 
(1968); I. J . Solomon, J . K. Raney, A. J . Kacmarek, R . M. 
Maguire , and G. A. Noble, ibid., 89, 2015 (1967). 

20) J . Hinze and H . H . Jaffe, J. Am. Chem. Soc, 84, 540 
(1962); J . Hinze, M. A. Whitehead, and H . H . Jaffe, ibid., 
85, 148 (1963); J . E. Huheey, J. Phys. Chem., 69, 3284 (1965); 
J . R. V a n Wazer and J . H . Letcher, "Topics in Phosphorus 
Chemistry," Interscience, New York (1967), Vol. 5, Chap. 3. 



November, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (11), 3397—3399 (1979) 3397 

The Stereoisomerization of JV^-Diacyl Derivatives of Indigo 
Yoshimori O M O T E , * Satoshi IMADA, Ryuichi MATSUZAKI, Kiyoko FUJIKI,^ 

Takehiko NISHIO, and Choji KASHIMA 

Department of Chemistry, University of Tsukuba, Sakuramura, Niihari, Ibaraki 300-31 
t Department of Agricultural Chemistry, Faculty of Agriculture, 

Meiji University, Ikuta, Kawasaki 214 
(Received June 11, 1979) 

The aj-isomers of 7V,7V'-diacylindigo {e.g., m-iV^iV'-diacetyl-, distearoyl-, dibenzoyl-, and bis(3,5-dinitro-
benzoyl)-indigo) were found to separate out in a crystalline form from a solution of the corresponding trans-isomer 
upon irradiation. The kinetics of the cis-to-trans isomerization of these four cû-iVjiV'-diacylindigos was studied, 
the relative rates being 7.9, 11.0, 1.0, and 5.1 respectively. Several amines were found to accelerate the 
cis-to-trans isomerization in the order of: Et2NH>PrNH2>Et3N>z-Pr2NH in the case of cis-N,N'-diacetylindigo 
and in the order of: Et2NH>z-Pr2NH>PrNH2>Et3N in the case of m-^TV'-dibenzoylindigo. 

Photochemical and thermal isomerizations are of 
interest in the field of natural products, includ­
ing retinal,1) bilirubin,2) phytochrome,3) and tricho-
chrome.4) During the course of an investigation of 
melanins, we have interested indigoid pigments as 
model compounds of trichochromes. 

Indigo is a trans compound: attempts to convert 
it photochemically to the corresponding cis-isomcr have 
been unsuccessful.5) This photostability was first ex­
plained by hydrogen-bonding,6) and the explanation 
was substantiated by the observation that the N,N'-
diacetyl-5»7) and TVjTV^-dimethylindigo8'9) show photo-
tropic behavior. Wyman10) later suggested the con­
tribution of a fast proton transfer in the excited state, 
and also reported the existence of a photochemical 
equilibrium between eis- and trans-thioindigo in an 
inert solvent. Recently, the preparation and spectro­
scopic properties of a basic chromophore of thioindigo 
have been reported.11) 

As far as indigo derivatives are concerned, the 
separation of the m-isomer has been unsuccessful, 
while the isomerization of cis-N,N'-diacylindigo has 
not yet been examined. This paper will be concerned 
with the isolation of m-isomers of TVjTV^-diacylindigo 
and with a kinetic study of the cis-to-trans isomerization 
in the dark as well as the effect of amines on the cis-
to-trans isomerization of TVjTV^-diacylindigo. 

R e s u l t s and D i s c u s s i o n 

Isolation of cis-N,N'-Diacylindigo. We found that 
cis-N,N'-dia.cety\-, distearoyl-, dibenzoyl-, and bis(3,5-
dinitrobenzoyl) indigo separated in crystalline form 
from a solution of the corresponding trans-isomer on 
irradiation. The yield of the m-isomer was almost 
quantitative after repeated irradiation and concentra­
tion. 

The structure of each m-isomer was confirmed by 
elemental analyses and U V and I R spectra. The 
I R spectra show two carbonyl bands characteristic 
of the m-isomer.11) The U V spectrum of cis-N,N'-
diacetylindigo was almost superimposable with the 
calculated spectrum.12) All four m-TV^'-diacylindigos 
changed quantitatively into the corresponding trans-
isomers when dissolved in a solvent. 

The cis-to-trans Isomerization of cis-N,N'-Diacylindigo. 
It is generally accepted that the size and the structure 

of substituents on the two nitrogen atoms of the indigo 
molecule (I) sterically affect the eis-trans isomerization 
of this compound. In order to ascertain the effects 
of the substituents, we prepared benzene solutions of 
cis-N,N'-dia.cety\-, distearoyl-, dibenzoyl-, and bis (3,5-
dinitrobenzoyl)indigo, which were then kept at a con­
stant temperature in the dark. The change in the 
absorption curve with the time showed the isomeriza­
tion of the m-isomer to the trans-isomer. From the 
change in the m-isomer percentage with the time, 
the reaction-rate constants were calculated: the other 
kinetic parameters were also calculated, as is shown 
in Table 1. 

O O ^ / R O O 

II I II II ^ 
I II > = < II l ; = M II > = < II I 
\/xN/ X/\X dark \ / X N / x N/\ / 

I II II 
R u R u ^ R 

I II 

a. R = CH3 b. R = CH3(CH2)16 c. R = C6H5 

d. R = 3,5-(N02)2C6H3 

r °~ ° x 

I II 
I II > ^ < » I 
\ / x N / i ^ N A / 

I RsN [ 

l R̂ O 0% J 
H i 

The relative rate shows that alkyl substituents cor­
respond to a faster rate than do the aryl substituents. 
The value of the activation free energy is almost 20 
kcal/mol, while the activation energy is between 19 
and 23 kcal/mol. The value of the activation energy 
is far less than that of stilbene, 42.8 kcal/mol,13) or 
methyl cinnamate, 41.6 kcal/mol.14) Substituents on 
stilbene decrease the activation energy.15) These facts 
reveal that m-^A^'-diacylindigos are less stable than 
m-stilbene or m-cinnamate because the structure of 
the latter can be planar. 

Effects of Amines on the cis-to-trans Isomerization of 
cis-N,N'-Diacylindigo. We found that amines ac­
celerate the cis-to-trans (Ha to la) isomerization of 
m-TVjTV'-diacetylindigo. In order to clarify the rela-
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T A B L E 1. K I N E T I C DATA FOR cis-TO-trans ISOMERIZATION 

OF ds-N,N'-T>lACYI,TNT>IGOS ( l i a d ) 

TT 

a 
b 
c 
d 

s-1 

4 . 9 2 x l 0 - 4 

6.84X10-4 

6.21 x lO- 5 

3.14X10-4 

Rel. 
rate 

7.9 
11.0 
1.0 
5.1 

AG*a> 
kcal/mol 

23.5 
23.3 
24.5 
23.8 

E& 

kcal/mol 

19.5 
19.9 
23.1 
19.4 

AH* 
kcal/mol 

18.8 
19.2 
22.4 
18.8 

a) At 45.2 °G. 

T A B L E 2. R E L A T I V E RATES OF cis-TO-trans ISOMERIZATION 

OF m-JVjiV'-DIACETYL- AND DIBENZOYLINDIGO 

IN THE PRESENCE OF AMINES 

Aminea> Diacetylindigob) Dibenzoylindigoc> 

Et 3N 3.7 1.0 

z-Pr2NH 3 .4 1.7 

E t 2 N H 18.2 6.1 

PrNH 2 14.7 1.5 

P h N H 2 1.1 1.0 

None 1.0 1.0 

a) Equimolar amount of amines. b) At 25.0 °G. c) 
At 50.0 °G. 

t i on b e t w e e n t h e effectiveness a n d t h e a m o u n t of 
a m i n e s for t h e cis-to-trans i s o m e r i z a t i o n , t h e r a t e w a s 
m e a s u r e d in t h e p r e s e n c e of a n e q u i m o l a r a m o u n t of 
t r i e t h y l a m i n e u n d e r v a r i o u s c o n c e n t r a t i o n s . T h e r e a c ­
t ion w a s found to b e pseudo- f i r s t -o rde r for t h e i n d i g o , 
a n d t h e a m i n e c o n c e n t r a t i o n w a s c o n s t a n t d u r i n g t h e 
r eac t i on . T h e s e facts r evea l t h a t t h e a m i n e ac t s as 
a ca ta lys t . 

Also , t h e o b s e r v e d r e a c t i o n r a t e c o n s t a n t w a s p r o ­
p o r t i o n a l to t h e c o n c e n t r a t i o n of t r i e t h y l a m i n e . T h i s 
suggests t h a t e q u i m o l a r a m o u n t s of t h e i n d i g o a n d 
t h e a m i n e m a k e u p t h e r e a c t i o n i n t e r m e d i a t e ( I I I ) . 

F u r t h e r m o r e , t h e effects of severa l k inds of a m i n e s 
w e r e c o m p a r e d in t h e case of rû-TVjAf'-diacetylindigo 
( H a ) as wel l as in t h e case of m-TVjAf ' -dibenzoyl indigo 
( l i e ) . T h e i r r e l a t ive ra tes a r e s u m m a r i z e d in T a b l e 
2. I t c a n b e c o n c l u d e d t h a t t h e o r d e r of a c c e l e r a t i o n 
b y these a m i n e s is r o u g h l y in a c c o r d w i t h t h e bas i c i ty 
of t h e a m i n e s e x c e p t w h e n s ter ic h i n d r a n c e p l ays a n 
i m p o r t a n t ro le , as in t h e case of d i i s o p r o p y l a m i n e o r 
t r i e t h y l a m i n e . 

E x p e r i m e n t a l 

tra.ns-N,N'-Diacetylindigo (la). l a was prepared by 
the modified method reported by Blanc and Ross12) and 
was recrystallized from benzene: m p 256—257 °G. I R 
(KBr) : 1690, 1680, 1595 cm- 1 . U V (G6H6) m a x : 562 n m 
(s 7000). 

trans-N,ÏN'-Distearoylindigo (lb). A mixture of indigo 
(1.0 g) and stearoyl chloride (11.6 g) in pyridine (10 ml) 
was refluxed for 20 min to give l b , which was then recrystal­
lized from petroleum ether: 2 8 % yield: m p 101—102 °G. 
I R (KBr) : 1690, 1670, 1600cm- 1 . U V (G6H6) m a x : 567 
nm (e 7100). Found : G, 78.28; H , 9.65; N , 3 .43%. Galcd 
for C 5 2 H 7 8 N 2 0 4 : G, 78.54; H , 9.88; N , 3.52%. 

tra.ns-N,N'-Dibenzoylindigo (Ic). Ic was prepared by 
the modified method reported by Posner.12b> M p 256— 
257 °G. I R (KBr) : 1700, 1660, 1590cm- 1 . U V (G6H6) 
m a x : 574 nm (e 7700). 

tra.ns-Bis(3,5-dinitrobenzoyl)indigo (Id). Id was pre­
pared from indigo (1.0 g) and 3,5-dinitrobenzoyl chloride 
(8.89 g) and was recrystallized from hexane-chloroform. 
5 0 % yield. M p 249—252 °G. I R (KBr) : 1700, 1680, 1620, 
1600, 1550, 1345 cm- 1 . U V (G6H6) max : 552 nm (e 6200). 
Found : G, 55.38; H , 2.14; N , 12.23%. Galcd for C30-
H 1 4 N 6 0 1 2 : G, 55.39; H , 2.16; N , 12.92%. 

General Method for the Isolation of cis-N,N'-Diacylindigo. 
The trans-isomer was dissolved in a slightly soluble solvent, 
such as benzene, petroleum ether, or hexane, and was then 
irradiated with visible light, the wave length being more 
than 550 nm, the light source being a mercury lamp (100 W) , 
and the filter solution being cobalt sulfate 60 g -f potassium 
Chromate 3.24 g-f sodium carbonate 12 g/750 ml water, for 
an appropriate period. This afforded precipitates of the 
corresponding m-isomer. 

cis-N,N'-Diacetylindigo (IIa). l a was dissolved in ben­
zene by heating, and then an equivalent volume of hexane 
was added (5 X 10~4 mol/1). T h e solution was irradiated 
with visible light for 5 h. Crimson needles; m p 244— 
246 °G. I R (KBr) : 1720, 1690, 1590 cm- 1 . U V (G6H6) 
max : 438 nm (e 4500). Found : G, 69.29; H , 3.95; N , 
7.99%. Galcd for C 2 0 H 1 4 N 2 O 4 : G, 69.36; H , 4.07; N , 
8.08%. 

cis-N,N'-Distearoylindigo (lib). l b was dissolved in 
petroleum ether by heating, and an approximately saturated 
solution was irradiated by visible light for 30 min. Orange 
needles; m p 101—103 °G. I R (KBr) : 1720, 1700, 1600 
cm- 1 . U V (G6H6) m a x : 435 nm (s 3900). Found: G, 
78.58; H , 9.92; N , 3 .48%. Galcd for G 5 2 H 7 8 N 2 0 4 : G, 
78.54; H , 9.88; N , 3.52%. 

cis-N,N'-Dibenzoylindigo (He). Ic was dissolved in 
benzene by heating, and then petroleum ether was added to 
the mixture. After cooling, precipitates were filtered off, 
and the filtrate was irradiated with visible light for 10 h : 
m p 245—247 °G. I R (KBr) : 1725, 1675, 1595 cm- 1 . U V 
(G6H6) m a x : 460 nm (s 3900). Found: G, 76.01; H , 3.71; 
N, 5.82%. Galcd for G 3 0 H 1 8 N 2 O 4 : G, 76.58; H , 3.85; 
N, 5 .95%. 

cis-N,N'-Bis (3,5-dinitrobenzoyl) indigo (Hd). Id was 
dissolved in benzene by heat ing ( 4 x 10~4 mol/1), and then 
the solution was irradiated with visible light for 4 h to afford 
orange needles; mp 205—210 °G. I R (KBr) : 1730, 1680, 
1620, 1600, 1540, 1340 cm- 1 . U V (G6H6) max : 436 nm 
(e 2800). Found : G, 55.93; H , 2.18; N , 12.48%. Galcd 
for C 3 0 H 1 4 N 6 O 1 2 : G, 55.39; H , 2.16; N , 12.92%. 

Kinetics for the cis-to-trans Isomerization of N,N'-Diacylindigo. 
T h e £Ù-isomer was dissolved in benzene, the concentration 
being in the order of 10~4 mol/1. The sample solution was 
sealed in several ampoules, each aliquot being 3 ml. Each 
ampoule was wrapped in a luminum foil and kept in a ther­
mostat. After an appropr ia te time, each ampoule was 
pulled out from the thermostat and the £Ù-isomer percentage 
was measured from the change in the visible absorption 
curve of each ampoule solution. From the change in the 
a.y-isomer percentage with the time pseudo-first-order rate 
constant, k, was calculated at 45.2 °G, from which the activa­
tion free energy, AG*, was subsequently calculated. The 
activation enthalpy, AH*, was derived from the activation 
energy, E&, which was itself calculated from the rate constants 
at different temperatures, 45.2 °G and 54.6 °G. 

Acceleration Effect of Amines on the cis-/o-trans Isomerization 
of cis-N,N'-Diacetylindigo. Concentration of Amines: A 
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benzene solution (5 ml) of a^-TVjTV'-diacetylindigo (IIa) with 
a concentration of 6.54 x l 0 ~ 4 , 7.52 X 10~4, 8.18 X 10~4, and 
1.02X 10~3 mol/1, and a benzene solution of triethylamine 
with an equivalent mol/1 concentration were prepared. Each 
indigo solution was mixed with 5 ml of a triethylamine 
solution of the corresponding concentration. T h e n the ab-
sorbance at 562 nm was scanned by the recorder at time 
intervals of 15 min. For each concentration, the rate con­
stants were found to be 3.85 x 10~5, 4.90 X 10~5, 5.74 x 10~5, 
and 7 .74x l0- 5 / s~ 1 . 

Acceleration Effect and Structure of Amines. T h e relation 
between the acceleration effect and the structures of the 
amines was examined by measuring the reaction rate of the 
cis-to-trans isomerization of m-iVjiV'-diacetylindigo or cis-
JV,7V'-dibenzoylindigo in a benzene solution to which an 
equimolar amount of each amine had been added. 
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The use of molten salt as the solvent made it possible to carry out the carbonization process throughout in 
the liquid state. The process proceeded at a lower temperature than conventional ones, resulting in higher 
yields. The carbon was deposited from the reaction mixture as powder or flakes; it was similar to "raw coke" 
in its composition. Thus, 12.8 g of naphthalene was treated in a mixed melt (mp 95 °G) of A1G13, NaCl, and 
KCl (60:26:14 mol%) at 300 °G for 10 h, yielding 11.3 g of carbon. Anthracene, phenanthrene, substituted 
naphthalene, and biphenyl also gave carbon in yields 69—99% of the theoretical yields, while N-containing 
heterocycles hardly reacted at all. The X-ray parameters of the carbons, the d002 spacing and the crystal 
thickness, Lc, varied with the kind of compound used and with other factors; after heat-treatment at 2800 °G, 
these values were 3.37—3.52 and 20—700 Â respectively. As the mode of reaction, an acid-catalyzed ionic 
mechanism was proposed, and the role of hydrogen-disproportionation was discussed. 

Carbonization in a homogeneous liquid system is 
interesting in many aspects. I t would seem to favor, 
at least, theoretical studies facilitating the introduction 
of powerful analytical methods into the carbon chem­
istry. The coking of pitch is a typical process involving 
liquid carbonization, but in this case the whole system 
can not avoid solidifying as the reaction proceeds, 
since the reaction solvent is the reactant itself. 
Therefore, an inert solvent which is not incorporated 
into the resulting carbon is desirable for the carboniza­
tion in question. 

Lewis and Singer2) presented m-quinquephenyl as 
an inert solvent for carbonization, but according to 
Evans and Marsh3) this compound polymerized and 
pyrolysed and did react with the reactant during 
carbonization. This seems to indicate that an organic 
material ultimately can not be an inert carbonization 
solvent. 

O n the other hand, some Lewis acids are known 
to be effective catalysts for the polycondensation of 
aromatic compounds.4 - 6) One of the present authors 
previously studied the effect of the aluminium chloride 
catalyst on the carbonization of coal-tar pitches.7) 
The catalyst acted to lower the carbonization tem­
perature and to give graphitizable carbon. Recently 
Mochida and his coworkers8) reported similar effects 
of this catalyst on the carbonization of aromatic com­
pounds. 

O n the basis of these facts, we at tempted carboniza­
tion in an inorganic melt containing aluminium chloride 
as the reaction solvent. Among many reports on the 
use of inorganic melts for organic reactions, only a 
few9) have mentioned the formation of carbonaceous 
matter as an undesired by-product, and none have 
mentioned the use of a melt specially planned for 
the purpose of carbonization. 

As the melt, a mixture of 60 m o l % of anhydrous 
aluminium chloride and 40 mol % of alkali metal chlo­
rides was used. The reasons for this choice were its 
relatively low melting point, its strong acidity, its 
low cost, and the ease of handling. According to 
Kikkawa et <z/.,10) this molten system is believed to 
be in an equilibrium state, as is shown in Scheme 1, 
and to exhibit the catalytic action of aluminium chlo­
ride only when its content is over 50 m o l % because 

of the very large equilibrium constant. In this melt, 
therefore, about 20 mol % of aluminium chloride can 
be expected to be present as active Lewis acid. 

0.6 A1G13 + 0.4 MG1 ; = ± 

0.4 A1G14- + 0.4 M+ + 0.2 A1G13 (1) 

M: K and Na 

As the raw material, naphthalene was mostly used, 
among other carbocyclic and heterocyclic aromatic 
compounds. 

In consequence, carbonization was successfully car­
ried out throughout in the liquid state; a remarkable 
lowering of the carbonization temperature as well as 
a high carbon yield also resulted. Here we wish to 
describe this quite new method of carbonization. 

Exper imenta l 

Materials. Phenanthrene: Prepared from a raw pro­
duct of technical grade (90% pure) by purifying11) it to a 
purity of 99% or more; mp 99 °G (ethanol). 

Tetrabenzo[a.,c,h,]\phenazine{PZ) : Prepared according to 
Pschorr;12) mp 480 °G(nitrobenzene). 

Other Aromatic Compounds and Inorganic Salts: Commer­
cially available reagents of an extra pure and guaranteed 
grade were used without further purification. 

Standard Procedure. A 100-cm3 three-necked flask 
was fitted with a stirrer, a thermometer, and an air con­
denser with a calcium chloride tube on the top. In the 
flask a mixture of 0.6 mol of anhydrous aluminium chloride, 
0.26 mol of sodium chloride, and 0.14 mol of potassium 
chloride was placed, after which the mixture was heated to 
melt (mp 95 °G). With vigorous stirring 0.01 mol of a raw 
material was then added at once. The temperature was 
raised to 300 °G for 2 h at a constant rate, and held there 
( ± 5 °C) for an additional 10 h. After some cooling, but 
before solidification, the mass was poured into a mixture of 
500 g of crushed ice and 50 cm3 of 1 mol dm_3-hydrochlo-
ric acid. The resulting black precipitate was filtered with 
suction, washed thoroughly with 0.1 mol dm-3-hydrochlo-
ric acid and distilled water successively, and dried on cal­
cium chloride in a vacuum. The crude product thus ob­
tained was refluxed with 100 cm3 of benzene for 1 h and 
filtered while still hot to separate it into benzene-soluble (BS) 
and benzene-insoluble (BI) portions. The BI was dried 
in air and then on phosphorus pentaoxide in a vacuum. 
Hereafter, the BI shall be called "carbon" for reasons to be 
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No. 
of runs 

1 
2 
3 
4 
5C> 
6s) 
7d) 
8 
9 

10*) 
11 
12J) 
13h> 
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T A B L E 1. YIELDS 

R a w material 

Anthracene 
Phenanthrene 
Naphthalene 
Biphenyl 
1 -Bromonaphthalene 
1-Naphthol 
1 -Nitronaphthalene 
1 -Methylnaphthalene 
PZe> 
Quinoline 
Jraraj-Stilbene 
Benzene 
Naphthalene 

Molten L Salt as Solvent 

AND ELEMENTAL ANALYSES 

Yield of products 

BS (%)*) ^BI (%) b ) 

6 
22 
10 
19 

trace 
7 

trace 
7 

46f) 
0 

11 
trace 

6.3 

96 
71 
92 
69 
98 
92 
99 
91 
59 
0 

89 
0 

94.1 

( 

87 
86 
83 

93 
51 
33 

84.86 
82 96 
83.82 
70 
82 
77 

84 

85 

20 
96 
08 

.32 

92 

H 
(%) 

3.64 
3.48 
3.27 
3.71 
2.76 
3.22 
2.02 
3.51 
2.69 
— 

3.34 
— 

3.28 

OF PRODUCTS 

Elemental 

N 
(%) 

— 
— 
— 
— 
— 
— 

4.35 
— 

3.23 
— 
— 
— 
— 

analysis 

Ash 
(%) 

3.40 
0.51 
0.66 
1.36 
0.27 
0.47 
0.50 
0.44 
3.84 
— 

0.54 
— 

0.61 

of BI 

Total 
(%) 

94.97 
90.50 
87.26 
89.93 
85.99 
87.51 
77.07 
86.91 
86.84 

— 
88.20 

— 
89.81 

3401 

N 

Atom, ratio 
H/G 

(K5Ö 
0.48 
0.47 
0.52 
0.40 
0.46 
0.35 
0.51 
0.42 

— 
0.48 
— 

0.45 

a) Calcd for the amount of the raw meterial used, based on the assumption that BS is the unchanged raw 
material, b) Galcd for the theoretical amount of carbon in the raw material used, based on the assumption 
that BI consists of pure carbon. c) The evolution of HBr was obserbed at 150 °G. d) The evolution of a 
brown gas was observed at 120 °G. e) Tetrabenzo(a,c,A,j)phenazine. f) Extracts by nitrobenzene (not by 
benzene), almost pure PZ. g) The evolution of HG1 was observed soon after the mixing, h) A run specially 
designed to obtain precise quantitative data with a scale 10 times the others, i) No reaction, j) Almost no reaction. 

described later. 
All the runs were carried out by this procedure unless 

otherwise stated. 
Estimation of the Reactivity of the Raw Materials. 
During the reaction, a series of specimens of the reaction 

mixture were taken out at regular intervals and poured into 
0.1 mol dm~3-hydrochloric acid; the mode of the resulting 
precipitate was observed. The first substance to be yield­
ed was a floating brown precipitate, which consisted of 
tar or pitch; then a sinking black precipitate was yielded, 
with an increase in the reaction time. The time necessary 
for the first appearance of such a heavy precipitate was 
regarded as a measure of the reactivity of the raw materials. 

Evaluation of Graphitizability of the Carbon. The car­
bons obtained were heated at 2800 °G in an argon stream 
for 15 min. The X-ray parameters for the carbons before 
and after the heat-treatment were calculated from the 002-
diffraction profiles. 

R e s u l t s and D i s c u s s i o n 

Properties of the Carbon Obtained. Outline: Most 
of the BI's formed black powder or flakes, and most 
were insoluble in usual organic solvents. Even upon 
hot-quinoline extraction they lost only a small per­
centage of their weight. At red-heat they were in­
fusible, and they only slowly disappeared after prolong­
ed heating. As is shown in Fig. 1 as an example, the 
X-ray diffraction profile of every BI exhibited a rather 
broad peak near the diffraction angle (20) of 25°, 
indicating that every BI has a layer structure similar 
to those of known carbon materials. The results of 
the elemental analysis of the BI's, given in Table 1, 
show that the values of the atomic hydrogen-to-carbon 
ratio (H/G) fall mostly within a range of 0.4—0.5.13) 
These values correspond with those of carbonaceous 
mesophase isolated from various carbon materials made 
by simple heating in the temperature range of 390— 

1200 

Hiooo 

800 

H600 

400 

H200 

14 16 18 20 22 24 26 28 30 32 34 

20 (GuKa) /degree 

Fig. 1. 002-Diffraction profiles of a BI from naphthalene 
a) before and b) after heat-treatment at 2800°G. 

490 °G.14) Raw coke15a) and so-called carboid coke15b> 
have been reported to have similar H/G values, 0.49 
and 0.41 respectively. All these facts support the 
idea of calling the BI's "carbon material" or "ca rbon" 
in a broader sense. 

The total value of the elemental analysis of each 
BI is short of 100%. The deficiency can be partly 
ascribed to the water and oxygen content. For ex­
ample, the BI from anthracene (Run 1 in Table 1) 
lost 5 .5% of its weight when heated in a glass tube 
over a small flame, yielding water drops on the cold 
wall of the tube. Regarding the oxygen content, no 
direct evidence has yet been obtained. However, as 
will be described below, some facts suggest that the 
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TABLE 2. X - R A Y PARAMETERS OF BI 'S BEFORE AND AFTER HEATING AT 2800 °C 

Parameters (A)b> 

No. of runs 

1 
2 
3 
4 
5 
6 
7 
8 

9 

11 

Raw Material 

Anthracene 
Phenanthrene 
Naphthalene 
Biphenyl 
1 -Bromonaphthalene 
1-Naphthol 
1 -Nitronaphthalene 
1 -Methylnaphthalene 

PZ 

trans-Stilbene 

Before heating After heating 

[Vol. 52, No. 11 

Graphitizability 

A> 
3.50 
3.70 
3.56 
3.68 
3.74 
3.45 
3.72 
3.56 

3.62 

3.56 

15 
20 
10 
10 
15 
20 
10 
15 

10 

15 

3.42 
3.37 

.37 

.45 

.40 

.40 
3.52 
3.40 
3.36a> 
3.44 
3.46 

150 
700 
700 
60 

200 
200 
20 

200 

70 

medium 
high 
high 
low 
medium 
medium 
low 
medium 

low 

low 

a) A composite profile, b) Throughout this paper 1 A = 0.1 nm. 

BI's have a tendency to take in oxygen in some way. 
Graphitizability: The results of the X-ray analysis, 

given in Table 2, show that the graphitizability of 
the carbons ranged widely. As factors influencing 
the graphitizability, besides the kind of raw material, a 

the atmosphere during the reaction and the after-
treatment proved important. An oxidative atmosphere 
showed a tendency to make the carbon nongraphitiz-
able. About this problem a detailed investigation is 
now in progress. 

Shape and Size: As Fig. 2 shows, the carbons were 
of various types as to their shape and size; that is, 
one type formed a fine powder, and another, rough 
films or plates. Some of the largest of the latter were 
4—5 mm in diameter. The type seems to be deter- b 

mined mainly by the kind of raw material. The 
more reactive raw materials, such as bromonaphthalene 
and naphthol, gave large flakes, while the moderately 
reactive ones, such as naphthalene and anthracene, 
yielded fine particles. However, this is not always 
the case. A compound could often give different types 
of carbons when the reaction conditions are modified. 

These results, considered together with those of the 
graphitizability, indicate the possibility of controlling c 
the properties of the carbon by a proper combination 
of raw material and reaction conditions. 

Mode of the Reaction. The standard melt is a 
colorless, clear liquid of a low viscosity in the temper­
ature range of 95—400 °G, while it is immediately 
colored by the addition of a raw material. Only a 
few miligrams of every compound were enough for 
the coloration. The hue varied depending on the 
nature of the raw material ; for example, it was deep 
blue with anthracene and dull orange with biphenyl. 
At the same time, the temperature of the reaction 
mixture rose by several degrees. No appreciable gas 
evolution was observed during all the period of reaction 
except in the cases described in the footnote in Table 
1. 

The temperature rise mentioned above indicates the 
dissolution of the raw material with a large heat of 
solution due to the strong solvation, and suggests, 
together with the coloration, the formation of some 

4 

5mm 
Fig. 2. Shape of BI's from a) 1-bromonaphthalene, 

b) 1-naphthol, and c) anthracene. 

reactive intermediate. 
In the majority of cases, a reaction period of 4—8 h 

at 300 °G was almost enough for the first appearance of 
carbon in the reaction mixture. A longer reaction 
time increased the carbon yield. 

In the case of naphthalene, during the first 1—2 h 
the reaction mixture was a homogeneous brown liquid, 
which yielded a tarry matter after the salts have been 
washed off; after 30 h, the mixture separated into 
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black precipitates and a clear, almost colorless medium. 
The BS from naphthalene, represented in Table 1, 
proved soluble in the melt at 100 °G, with a brown 
color. 

From these facts, the reaction seems to proceed in 
solution, at least during the important stages. 

Generally, in the precipitation polymerization of a 
linear polymer, the precipitating polymer does not 
grow further because the reactive chain end is deactivat­
ed by the entanglement of the chain. O n the other 
hand, carbon is usually constructed from planar poly­
mer, which is thought to be free from entanglement. 
The carbon here obtained is probably like this. 
Therefore, the fringe of the plate of carbon just pro­
duced should be still reactive for further polymeriza­
tion, and the plate will continue to grow. Secondary 
aggregation among the plates may also be important 
for the growth to a visible size. 

Regarding the mode of reaction, another possible 
one is as follows: the molten raw material is dispersed, 
not dissolved, in the melt as small oil drops, and inside 
of these oil drops the reaction proceeds under the 
catalytic action of aluminium chloride. In this case, 
the character of the reaction is essentially the same as 
that of the reactions mentioned above.4 - 8) We can, 
however, find little support for this mode of reaction, 
but much counterevidence. For example, it can hardly 
explain why anthracene reacts far below its melting 
point, and yet more actively than naphthalene. 

Reactivity of the Raw Materials. A rough evalua­
tion of the reactivity of the raw materials was made 
from the estimation of the ease of carbonization. The 
carbon yields were also taken to consideration. 

About this problem, an additional series of experi­
ments were carried out with a shortened reaction time 
and at various reaction temperatures. The carbon 
(BI) yields of these runs, as is given in Table 3, clearly 
indicate the differences in reactivity among the com­
pounds used. 

From these results, the following sequences as to 
the reactivity may be drawn; 

a) anthracene > naphthalene > phenanthrene > stilbene 
> biphenyl > PZ > benzene > quinoline 
and b) 1 -nitronaphthalene > 1 -bromonaphthalene > 1 -
naphthol> l-methylnaphthalene> naphthalene. 

The a) sequence indicates roughly that the larger 
conjugation system of the aromatic skeleton makes 
the compound more reactive. One of the reasons 
for the very small reactivities of PZ and quinoline is 
their general properties being inactive toward an elec-
trophilic reagent. Another is probably the lack of 
a neutral molecule as the substrate for electrophilic 
attack. This lack can be caused by the almost com-

+ 
plete formation of such a type of complex as [-N=---
A1C13~]. The b) sequence is not likely to reflect 
simply the polar effect of substituents, but to show 
the reactivity of an individual compound in a com­
plicated specific reaction involving the displacement 
and/or decomposition of the substituent itself. This 
view is based on the facts that nitronaphthalene de­
composed soon after the mixing with the melt, evolving 
a brown gas; similarly, bromonaphthalene evolved 

TABLE 3. REACTION TEMPERATURES AND THE 

YIELDS OF PRODUCTS*1) 

r " Raw material 
of runs 

14 

15 

16 

17 

18 

19c> 

20 

21 

Naphthalene 

Naphthalene 

Phenanthrene 

Phenanthrene 

Quinoline 

Quinoline 

1 -Bromonaphthalene 

1 -Bromonaphthalene 

Reaction 
temp (°G) 

350 

300 

350 

300 

350 

300 

250 

200 

Yield of products 

8 

23 

11 

56 

trace 

— 
trace 

8 

92 

67 

83 

42 

3 

— 
100 

92 

a) All the runs were carried out in the same way as 
in the standard procedure, except that various reaction 
temperatures and a fixed reaction time of 2 h were em­
ployed and except that the raw material was added to 
the melt when the temperature of the melt became 
constant at the desired point b) Galcd, respectively, 
as stated in Table 1. c) No reaction. 

TABLE 4. COMPOSITIONS OF MELTS AND THE 

YIELDS OF PRODUCTSA> 

No. -r» . . , Composition of 
r Raw material .^ 1N of runs melt (mol) 

Yield of products 

BS (%)»> BI (%)»> 

22°) 

ld> 

23 

24 

25 

26 

Anthracene 

Anthracene 

Anthracene 

Anthracene 

Biphenyl 

Naphthalene 

ZnCl 2 -NaCl-KCl 
( 0 . 6 : 0 . 2 : 0 . 2 ) 

AlCl 3 -NaCl-KCl 
( 0 . 6 : 0 . 2 6 : 0 . 1 4 ) 

AlCl 3 -NaCl-KCl 
( 0 . 4 9 : 0 .35 : 0 . 1 6 ) 

AlCl 3 -NaCl-KCl 
( 0 . 4 : 0 . 3 : 0.3) 

AlCl 3 -NaCl-KCl 
( 0 . 4 : 0 . 3 : 0 .3) 

AlCl 3 -NaCl-KCl 
( 0 . 4 : 0 . 3 : 0 .3) 

— 

6 

19 

25 

91 

80 

— 

96 

84 

76 

2 

16 

a) All the runs were carried out in the same way as 
in the standard procedure, except for the use of melts 
of different compositions. b) Calcd, respectively, as 
stated in Table 1. c) The anthracene was recovered 
quantitatively, d) Transferred from Table 1 for the 
convenience of comparison. 

hydrogen bromide. Moreover, bromonaphthalene gave 
carbon in a good yield at such a low temperature 
as 200 °G, as is shown in Table 3. These two com­
pounds are generally less reactive toward the elec­
trophilic reagent than naphthalene. These particular 
reactions present a tangential but interesting problem. 

Effect of the Acidity of Melt. Table 4 shows the 
effect of the acidity of various melts on the carbon 
yield. In the cases with [AlCl 3 -NaCl-KCl] systems, 
the decreasing content of aluminium chloride resulted 
in a decrease in the yield of carbon. A melt containing 
60 mol % of zinc chloride, known as a weaker Lewis 
acid than aluminium chloride, was quite inactive. 
These facts indicate the critical importance of the 
acidity of the melt. 

I t is also noteworthy that, although weaker, the 
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J 
10 20 

120 temp, rise 
rate:10°C/min 

i/min 
30 40 

270 

Column temp/°G 

Fig. 3. Gas liquid partition chromatogram of a tar 
obtained from naphthalene by a reaction at 100 ° G 
for 30 min. a : Solvent, b : />-dichlorobenzene as an 
internal standard, c: low boiler (Y: 1.02 mol%), d: 
naphthalene (Y: 2.78 mol%), e: high boiler (Y: 
24.7 mol%). 
Column: OV-17 5% on Chromosorb WAW DMCS 
80—100 mesh, 3 mmX 3 m; carrier gas: He, 60 cm3/ 
min; détecter: TGD. 

activity of the melt still remained when the content 
of aluminium chloride was lower than 50 mol%. This 
can be ascribed partly to the small amounts of alumi­
nium chloride free in the equilibrium, and partly to the 
strong affinity of the compounds used to the Lewis 
acid. In the melt containing 40 mol % of aluminium 
chloride, anthracene, naphthalene, and biphenyl gave 
carbons, in yields decreasing in that order, in ac­
cordance with their decreasing basicity. 

Products in the Earlier Stage of Reaction. Some 
runs with naphthalene were carried out with the 
standard procedure but. at a fixed low temperature 
of 100 °G to yield the titled products. The tarry 
products were analyzed by TLG, GLPG, I R , U V , 
and N M R . 

The results from GLPG, given in Fig. 3 as an ex­
ample, show that the naphthalene reacted very fast, 
diminishing to a small percentage of the original 
amount during the first 30 min of the reaction. The 
products can be classified into three groups. The 
first (low-boiling, 1.02%) and the second (high-boiling, 
24.7%) consists of substances with shorter and longer 
retention time than naphthalene respectively. The 
third (ca. 70%) consists of substances which did not 
give any peaks in the chromatogram because of their 
small volatility. The last two groups together form 
the greater par t of the tar and can be accepted as 
consisting of polymerization products. The low-boil­
ing group will be dicussed below. 

The N M R spectrum of the tar, given in Fig. 4, 
shows that the tar contains aliphatic hydrogen atoms 
amounting to 50—60% for aromatic ones. This in­
dicates that the polymerized naphthalene is partially 
hydrogenated. The I R spectrum of the tar supports 
this view. It shows a strong absorption band at 2920 
c m - 1 which can be assigned to the aliphatic G - H 
stretching vibration. 

10 8 0 6 5 4 3 2 

<5/ppm 

Fig. 4. *H-NMR Spectrum (60 MHz, in CDC13) of 
a tar obtained from naphthalene by a reaction for 
30 min at 100 °C. 

By TLG with the [silica gel-hexane] system, the 
tar was revealed to contain a number of substances 
which enamate a strong visible fluorescence when 
irradiated with ultraviolet rays. This indicates the 
formation of an aromatic condensed-ring structure with 
four or more rings. In fact, perylene was detected 
by a T L G - U V combined technique (Rf: 0.22, blue 
fluorescence ; / im a x : 434 nm in ethanol). 

The formation of the low-boiler is noteworthy, 
though the amount was small. The GLPG analysis 
of the tar using a glass capillary column revealed 
that the low-boiler consists of 1,2,3,4-tetrahydro-
naphthalene, 1,2-dihydronaphthalene, and several 
other compounds. 

Possible Reaction Mechanism and Pathway. Many 
of the facts mentioned above all indicate that the reac­
tion proceeds through an ionic mechanism. No evi­
dence has been obtained to support a radical mech­
anism, which is believed to control the carbonization 
by simple heating. 

The first step in the polycondensation toward carbon 
must be a C-Q bond formation between two aromatic 
nuclei. This reaction probably involves an elec-
trophilic attack by a positively charged aromatic 
nucleus, which is produced from an aromatic molecule 
and Lewis acid or proton, on a remaining neutral 
aromatic molecule. Similar ideas have been present­
ed6) and supported16) by several authors concerning 
the condensation of aromatic compounds in the presence 
of Lewis acid. In the present system the mechanism 
is thought to be essentially the same. The coloration 
of the melt seems consistent with this mechanism. 
This assumption regarding the coloration finds sup­
ports in Morita and Hirosawa's report17) and in the 
studies18-19) referred to therein. 

In parallel with the G-C bond formation, hydrogen 
disproportionation must take place. The hydrogen 
atoms necessary for the formation of the hydronaph-
thalenes must be supplied from the condensation. This 
reaction is probably also catalyzed by acids, probably 
in a manner similar to that described by Wristers20) 
in the hydrogénation of benzene in superacid systems. 
It is important to recognize that this hydrogen transfer 
occurs not only between monomers, but also between 
any organic species in the system, and that, therefore, 
it plays a certain role in all stages of the reaction. 

From these facts, the reaction, for example, with 
naphthalene should proceed as is shown in Scheme 2. 
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H A" 

H A 

A : AlCl3 or H 

or 

H A 

H A" 

« polymer 

HA" H A H 

H H 

Scheme 2. 

The 1,1'-type of condensation product may be pre­
dominant at first, while it may rearrange to the 2,2'-
type in a thermodynamically controlled reaction.6) 

The fluorescent substances mentioned above seem 
to be formed by the intra- and intermolecular con­
densation of the naphthalene polymers. This type 
of condensation will become more important in the 
middle and later stages of reaction, and the combina­
tion of all the types of reactions mentioned above 
should produce carbon at last. 

The true character of the catalyst is not clear. 
Throughout this series of experiments the invasion of 
the reaction system by moisture could not be prevented, 
and as a result the evolution of hydrogen chloride 
occurred. Therefore, it is reasonable to postulate that 
the catalytic action of the melt is partly attributable 
to that of a superacid system of [hydrogen chloride-
aluminium chloride]. 

Features of This Process. The present process is 
characterized as a solution reaction through an ionic 
mechanism, resulting in a low carbonization temperature 
and a high carbon yield. 

When simply heated, most polycyclic aromatic com­
pounds first begin to be carbonized near 500 °C;21) 
therefore, the compounds boiling below that temper­
ature can not be carbonized under an ordinary 
pressure. The addition of aluminium chloride lowers 
the carbonization temperature. For example, by the 
AlCl3-addition process Mochida et a/.8) succeeded in 
obtaining "coke" from polycyclic aromatic compounds 
with 2—4 rings under an ordinary pressure at 300 
and/or 380 °G. However, the carbon yield does not 
appear to be high.22) In our experiment, by the 
AlCl3-addition process with naphthalene under condi­
tions (with 5 m o l % of aluminium chloride at 300 °G 
for 10 h) similar to those employed by Mochida et al., 

the yields of BI and quinoline-insoluble matter (QI) 
were 39 and 7 % respectively for the theoretical yield 
of carbon, while by the present process these yields 
were determined to be 94 and 8 5 % (Run 13). The 
observed high yield—in other words, the high reaction 
velocity— in the present process can be ascribed 
mostly to the highly ionic character of the solvent, 
including the strong acidity, although the details of 
how these properties influenced the reaction machanism 
are not clear. The molten salt system should, at least, 
be more favorable for the formation of the positively 
charged species, the assumed reaction intermediates, 
than the organic system in the AlCl3-addition process. 
One of the reasons for the occurrence of nongraphi-
tizable carbons in the present study may be the too 
fast reaction, which is believed often to prevent the 
growth of a layer structure. 

In practice, being a solution reaction makes the 
inspection of a reaction easy. The low carbonization 
temperature made the use of an autoclave unnecessary 
for the carbonization of materials with low boiling 
points. 

This process can be modified in use. When the 
reaction stops halfway, tar or pitch is generally obtain­
ed. For example, naphthalene gave a pitch suitable 
for making graphitizable carbon. Methylnaphthalenes 
proved to isomerize and disproportionate quickly 
through the migration of the methyl group in the 
earlier stage of reaction; as a result, tars with a fixed 
composition were obtained from the different isomers.23) 
These may be of importance for the commercial use 
of this process. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Education. Project Number 155315 (1977). 
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The crystal structure, electrical conductivity and magnetic properties of (HMHDA) (TCNQJ4 are studied. 

It appears that this ion-radical salt consists of planar arrays of (TCNQJ2~ dimers (diads) in weak interaction. 
The structure may thus be considered as quasi two-dimensional, the magnetic behavior being in line with two-
dimensionality. 

Organic radical-ion salts and charge transfer com­
plexes, especially those based on tetracyanoquinodi-
methane (TCNQ,) , have received considerable attention 
in recent years.1) As shown by crystallographic studies 
these compounds are often formed in linear chains 
of molecules. Physical properties such as electrical 
conductivity exhibit a high degree of anisotropy, makes 
these systems considered as quasi one-dimensional 
electronic substances. 

Some questions have arisen as to the existence of 
a real electronic one-dimensionality.2) There is always 
some interchain coupling whatever the mechanism 
is, and at 0 K the system must be three-dimensional. 
Many experimental and theoretical works deal with 
the cross-over from a one-dimensional behavior to a 
three-dimensional one, but at the present stage the 
situation is far from clear. 

Our purpose was to investigate the dimensionality 
effects by synthesizing an homologous series of com­
pounds, in which we would be able to vary the distance 
between the radical-ion chains. One way to accom­
plish this could be the use of cations such as polymeth-
ylene-diammoniums : R 3 N + - ( C H 2 ) n - N + R 3 . According 
to the length of the polymethylene chain we could 
expect a gradual variation of distances between T C N Q , 
stacks. Thus the larger the number of C H 2 groups, 
the more rigorous should be the one-dimensionality 
of the electronic or magnetic system. 

Hadek et al.3> synthesized a series of T C N Q , salts 
with N, N, N, N', N', iV'-hexamethylpolymethylenediam-
monium cations model compounds for polymeric T C N Q , 
salts. However, only the electrical conductivity was 
measured on powdered samples. This study incited 
us to prepare T C N Q salts of cations (CH3) 3 N+-(CH 2 ) n -
N + ( C H 3 ) 3 and examine their crystal structure and 
physical properties on single crystals. 

In this paper we will report a detailed study of the 
salt with w = 6 : 

TABLE 1. CRYSTAL DATA FOR (HMHDA) (TCNQJ4 

(G12H30N2)(G12H4N4)4—Molecular mass= 1016 
Triclinic—Space group PI 

a= 14.172 (8) Â a = 77.67 (5)° V= 1371.2 Â3 

b= 13.487 (8) Â £ = 99.20 (5)° Z=\ 
c=7.785 (4) A y = 75.51 (5)° De = 1.304g-cm"3 

F(000) = 530 Gu K*(X= 1.5418 A) ju = 6.33 cm-1 

[(GH3)3N+-(GH2)6-N+(CH3)3](TCNQ)4
2-

or ( H M H D A ) ( T C N Q ) 4. Contrary to our expecta­
tion T C N Q molecules in this salt do not crystallize 
in one-dimensional stacks. Actually the structure 
consists of diads with two-dimensional magnetic in­
teractions. 

Exper imenta l 

Preparation of (HMHDA) ( TCNQ, ) 4. To a hot metha­
nol solution (40 ml) of Li-TCNQ, (420 mg) was added a hot 
methanol solution (20 ml) of JV,#,iV,^^NMiexamethyl-
hexamethylenediammonium diiodide (460 mg). The solu­
tion was allowed to cool slowly down to room temperature. 
The resulting complex (700 mg) was collected and washed 
with water, methanol and ether. A deep blue crystalline 
product of (HMHDA) (TCNQ)2 was obtained. 

To a hot acetonitrile solution (40 ml) of (HMHDA)-
(TCNQ) 2 obtained as above was added a solution (40 ml) 
of neutral T C N Q (408 mg) in acetonitrile heated at the same 
temperature. After being cooled down to room temperature 
the crystalline precipitate (600—700 mg) was filtered and 
washed successively with acetonitrile and ether. 

The stoichiometry of the complexes was checked by elec­
tronic absorption spectroscopy with a Gary spectrophotometer, 
using acetonitrile as a solvent. 

Crystal Data. The space group and unit cell dimen­
sions were obtained initially from oscillation and Weissenberg 
photographs by using Gu Ka radiation. The cell constants 
were subsequently refined on a Siemens computer-controlled 
three-circle diffractometer. Intensity data of 4763 independ­
ent reflexions were collected on this diffractometer from a 
crystal of dimensions 0.1 X 0.22 X 0.35 mm with a 0/20 scan, 
a scintillation counter and Cu Koc radiation; 2793 reflexions 
are significantly above zero. The c direction is the growth 

(010) 

(T00)J 

(100) 

(010) 

Fig. 1. Crystal morphology. 
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0 . 2 1 1 5 * + 0 . 9 4 5 8 y - 0 . 2 4 6 3 z = 1.6033 

T C N Q , A 

Fig. 2. Details of molecular pi; 

T A B L E 2. FINAL POSITIONAL AND THERMAL PARAMETERS 

FOR NON-HYDROGEN ATOMS 

(The figures in~parentheses indicate s tandard deviations.) 

G( l ) 
G (2) 
G (3) 
G (4) 
G (5) 
G (6) 
G (7) 
G (8) 
G (9) 
G (10) 
G (11) 
G (12) 
N(13) 
N(14) 
N(15) 
N(16) 

G (21) 
G (22) 
G (23) 
G (24) 
G (25) 
G (26) 
G (27) 
G (28) 
G (29) 
G (30) 
G (31) 
G (32) 
N(33) 
N(34) 
N(35) 
N(36) 

G (41) 
G (42) 
G (43) 
G (44) 
G (45) 
G (46) 
N(47) 

X 

0.0736(3) 
0.0693(3) 

-0.0188(3) 
-0.1117(3) 
-0.1070(3) 
-0.0189(3) 

0.1651(3) 
-0.2024(3) 

0.1714(3) 
0.2559(3) 

-0.2082(3) 
-0.2940(3) 

0.1754(3) 
0.3285(3) 

-0.2132(3) 
-0.3685(3) 

0.1748(3) 
0.1740(3) 
0.0875(3) 

-0.0066(3) 
-0.0058(3) 

0.0810(3) 
0.2647(3) 

-0.0952(3) 
0.2683(3) 
0.3582(3) 

-0.0964(3) 
-0.1907(3) 

0.2705(4) 
0.4325(3) 

-0.0974(3) 
-0.2681(3) 

0.5038(6) 
0.4876(5) 
0.3445(4) 
0.4775(5) 
0.4286(6) 
0.4492(4) 
0.4524(3) 

y 

0.1081(3) 
0.1114(3) 
0.1327(3) 
0.1517(3) 
0.1489(3) 
0.1281(3) 
0.0852(3) 
0.1720(3) 
0.0815(3) 
0.0631(4) 
0.1745(4) 
0.1889(4) 
0.0783(4) 
0.0455(4) 
0.1765(4) 
0.2034(4) 

0.5907(3) 
0.5933(3) 
0.6117(3) 
0.6313(3) 
0.6306(3) 
0.6111(3) 
0.5663(3) 
0.6493(3) 
0.5581(4) 
0.5394(4) 
0.6472(4) 
0.6701(4) 
0.5513(4) 
0.5167(4) 
0.6458(4) 
0.6862(4) 

0.3337(6) 
0.2096(6) 
0.3098(5) 
0.1747(6) 
0.1028(7) 
0.0294(6) 
0.2561(3) 

z 

0.1639(5) 
0.3453(5) 
0.3967(5) 
0.2708(5) 
0.0890(5) 
0.0385(5) 
0.1129(6) 
0.3230(5) 

-0.0667(6) 
0.2406(6) 
0.5036(6) 
0.2016(6) 

-0.2115(6) 
0.3463(6) 
0.6485(5) 
0.1029(6) 

-0.0094(5) 
0.1728(5) 
0.2287(5) 
0.1088(5) 

-0.0746(5) 
-0.1310(5) 
-0.0653(6) 

0.1692(5) 
-0.2441(6) 

0.0596(6) 
0.3528(6) 
0.0536(6) 

-0.3860(6) 
0.1620(6) 
0.4987(6) 

-0.0352(6) 

-0.0403(1) 
-0.5829(8) 
-0.5133(8) 
-0.0262(1) 
-0.0233(1) 
-0.0361(8) 
-0.4413(5) 

£/Â2 

3.7 
4.0 
4.1 
3.6 
3.8 
3.7 
4.2 
4.0 
4.1 
4.6 
4.9 
4.9 
6.1 
6.3 
6.3 
6.9 

3.8 
4.0 
4.1 
3.9 
3.9 
3.8 
4.1 
4.1 
4.6 
4.9 
5.2 
4.4 
6.4 
6.7 
7.0 
6.2 

8.6 
7.3 
6.7 
8.4 
9.3 
7.1 
5.0 

0 . 2 0 6 1 * + 0 . 9 4 8 6 y - 0 . 2 4 0 2 z = 8 . 2 2 9 6 

T G N Q B 

and equations to the planes. 

T A B L E 3. FINAL POSITIONAL AND THERMAL PARAMETERS 

FOR HYDROGEN ATOMS 

(The figures in parentheses indicate standard deviations.) 

H (17) 
H (18) 
H (19) 
H (20) 
H (37) 
H (38) 
H (39) 
H (40) 
H (54) 
H (64) 
H (55) 
H (65) 
H (56) 
H (66) 
H (71) 
H (81) 
H (91) 
H (73) 
H (83) 
H (93) 
H (72) 
H (82) 
H (92) 

X 

0.133(3) 
-0 .021(3) 
-0 .168(3) 
-0 .019(3) 

0.239(3) 
0.089(3) 

-0 .070(3) 
0.080(3) 
0.547(4) 
0.452(4) 
0.354(4) 
0.453(4) 
0.432(4) 
0.407(4) 
0.563(4) 
0.474(4) 
0.515(4) 
0.332(4) 
0.312(4) 
0.310(4) 
0.547(4) 
0.441(4) 
0.501(4) 

y 

0.098(3) 
0.135(3) 
0.159(3) 
0.128(3) 
0.580(3) 
0.610(3) 
0.645(3) 
0.611(3) 
0.156(4) 
0.232(4) 
0.132(4) 
0.053(4) 
0.076(4) 

-0 .020(4) 
0.299(4) 
0.408(4) 
0.338(4) 
0.380(4) 
0.263(4) 
0.327(4) 
0.160(4) 
0.175(4) 
0.263(4) 

z 

0.438(5) 
0.526(5) 

-0.002(5) 
-0.087(5) 

0.259(5) 
0.358(5) 

-0.162(5) 
-0 .256(5) 
-0 .214(7) 
-0 .165(7) 
-0 .266(7) 
-0.300(7) 

0.051(7) 
-0.028(7) 
-0 .428(7) 
-0 .483(7) 
-0 .272(7) 
-0 .612(7) 
-0 .574(7) 
-0.418(7) 
-0 .514(7) 
-0 .640(7) 
-0.682(7) 

£/A2 

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
8.5 
8.5 
9.0 
9.0 
7.0 
7.0 
8.6 
8.6 
8.6 
6.7 
6.7 
6.7 
7.5 
7.5 
7.5 

direction of the crystals; the a and b directions, which belong 
respectively to the large and small lateral faces of the crystal, 
are tilted from the plane perpendicular to the c direction 
(Fig. 1). 

Structure Determination. T h e structure was solved from 
a three dimensional Patterson synthesis and refined by block 
diagonal least squares. Refinement of the positional and 
isotropic thermal parameters of the 39 non-hydrogen atoms 
gave the residual R=0A5. 

Positional parameters of the 23 hydrogen atoms were 
found on the difference Fourier synthesis. Further refinement 
of the non-hydrogen and hydrogen atoms with the aid of 
anisotropic and isotropic thermal parameters respectively 
gave a final value of 0.07 for R. The following weighting 
scheme was used 

V~^=\ if \P0\<Pi 

V/^ = A if |P0 |>A 

\vhere ^ , = 40, 

file:///vhere
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TCNQ, A 

T G N Q B 

Cation 

Fig. 3. Bond lengths (Â) and angles of T C N Q (A), TCNQ (B) and the cation. 

The final positional and thermal parameters, together 
with their standard deviations, are listed in Tables 2 and 3. 

Least squares planes were calculated through each quino-
noid ring of the T C N Q molecules;** the distances of the 
atoms from these planes are shown in Fig. 2. 

Electrical and Magnetic Measurements. The d.c. con­
ductivities of single crystals (typical dimensions : 2 X 0.2 X 
0.05 mm) were determined by using a classical four-electrode 
technique. The electrical contacts were made with silver 
wires and silver paint. 

Magnetic susceptibilities were obtained on microcrystal-
line samples by using Faraday's method in the temperature 
range 2.5—362 K. The core diamagnetism ( —5.7xl0~4 

emu/mol) was calculated from Pascal's constants and from 
the value measured for TCNQ molecule.4) 

EPR measurements were carried out on single crystals 
with a Varian X-band spectrometer equipped with thermal 
variation accessories. 

R e s u l t s 

Molecular and Crystal Structure. The dimensions 
of the two crystallographically independent types 
of T C N Q moiety are shown in Fig. 3. The average 
bond lengths of molecules A and B are nearly equal 
within experimental error, the differences between 
the averaged lengths of chemically equivalent bonds 

** XYZ are orthogonal atomic coordinates in Â where 
X is along a, Y in the (ab) plane orthogonal to a 
and Z orthogonal to the (XY) plane, 

not exceeding 0.01 Â. The electronic charge of each 
T C N Q , calculated by the method developed by 
Flandrois and Chasseau,5) is 0.46 electron and 0.50 
electron for A and B, respectively. The negative 
charge is thus delocalized, leaving a half negative 
charge on each T C N Q molecule. 

TCNQ A: The carbon atoms of the quinonoid 
ring are nearly in the same plane, the C- (CN) 2 groups 
being out of this plane and on the same side (Fig. 2). 
The dihedral angles between the plane of the quin­
onoid ring and the planes of the C(7) - (CN) 2 and 
C(8 ) - (CN) a groups are respectively 1.8° and 1.6°. 
The twist angles of the cyanomethylene groups around 
the C ( l ) -C (7 ) and C(4)-C(8) bonds are respectively 
0.8° and 0.3°. 

TCNQ B : The carbon atoms of the quinonoid ring 
are in the same plane : the C- (CN) 2 groups are clearly 
out of this plane, particularly the C(27) - (CN) 2 group, 
and on the same side. The dihedral angles between 
the plane of the quinonoid ring and the planes of the 
C(27) - (CN) a and C(28) - (CN) a groups are respectively 
7.1° and 2.2°. The twist angles of the cyanomethylene 
groups around the C(21)-C(27) and C(24)-C(28) 
bonds are respectively 0.5° and 1.2°. 

In each T C N Q , both - C ( C N ) a groups lie entirely 
on the same side of the quinonoid skeleton of the T C N Q , 
molecule, so that the molecule has the shape of a shallow 
boat. In T C N Q B, the stronger deformation may 
be explained by a very short intermoleçular distance 
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a) 

Fig. 4a. Projection of the crystal structure along the 
a axis. 

Fig. 4b. Projection of the crystal structure along the 
c axis. 

between the N(34) atom and the G (41) atom of a cation 
methyl group (C-N=.3.21 Â). 

These results also confirm the general correlation 
found between the rotation of the C(CN) 2 groups 
and the length of the G-G bond adjacent to the quin-
onoid ring:5) if this bond is shorter t l w i 1,41 Â as 

b) 

Fig. 5. Projection along the normal to the quinonoid 

ring of TGNQ molecules: a) "B+b on A; b) "B+b on 

B; c) A and A + c on A. Some short distances between 
atoms of neighboring molecules are given. 

in the present case the rotation is sligth, always less 
than 2°. 

In the methylene chain, we found unusual and 
anomalous bond lengths (Fig. 3) ; the very short distance 
(1.32 Â) between the G(44) and G(45) atoms does 
not characterize a localized double bond; in the same 
way, the distance 1.40 Â of C(46)-C(46), cannot be a 
conjugated bond. Disorder, suggested by the high 
values of the temperature factors, may be a good ex­
planation of these anomalous results. For the sake 
of comparison, the G-G bond lengths are 1.48, 1.56, 
and 1.48 Â in N,N,N,N',N',N'-hexa.methy\hexa.meth-
ylenediammonium dibromide6) and 1.53, 1.55, and 
1.50 A in N,N,N,N\N',N'-hex^methylhexzinethylenc-
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diammonium dichloride dihydrate.7) 
Figures 4a and 4b show a general view of the crystal 

structure projected respectively along the a and c axes. 
The unit cell contains one cation and four roughly 
parallel T C N Q , molecules, A, B, B, Ä,*** with two 
crystallographically independent molecules; the di­
hedral angle between the planes of the molecules A 
and B is 0.6°. 

Cations, centered at 1/2, 0, 0 alternate in the a direc­
tion with the T C N Q , groups; these groups make an 
angle of 56° with the best plane through the hexa-
methylene chain and an angle of 38° with the N ( 4 7 ) -

N(47) direction. 
A good insight of the molecular arrangement is 

given by the projection of T C N Q , moieties along the 
normal to the quinonoid ring (Fig. 5). This figure 
gives evidence for the pairing in (A, B + b ) diads. 
Within the (A, B + b ) dimer, the mode of overlap looks 
like those found, for example, in morphol in ium-TCNQ, 
salts:8,9) the double bond of the quinonoid ring of 
one molecule is placed above the ring of the second 
one. The interplanar distance is 3.22 Â. 

Between dimers there is only very weak overlap. 
The centrosymmetric pair of molecules B and B + b 
has an interplanar separation of 3.38 Â. Only two 
short intermolecular contacts exist: 

G25(B) - C25(B+b) = 3 . 4 2 Â 

N36(B) _C 2 7 (B + b) = 3.32Â 

Between molecules A and A, related by the symmetry 
operation — x, — y, —z, there is no real overlap, but 
the interplanar spacing is short (3.22 Â) . Two short 
intermolecular contacts of 3.48 Â and 3.56 Â exist be­
tween C(9, A) -C(2 , A) and C(6, A) -C(3 , A) respec­
tively. Similarly the A + c molecule, related to A by 
the symmetry operation — x, — y, — z + 1 , has a short 
contact of 3.46 Â between the C(6, A + c ) and C(3, A) 
atoms, the interplanar spacing A — A + c being 3.38 Â. 

Thus the lattice appears to be constituted of diads 
in weak interaction in a plane parallel to the (b c) 
plane. Each diad Z) 1 =(A, B + b ) is surrounded by 
five other diads in this p lane : D2=(A, B—b), D3= 

( A + c , B - b + c ) , Z > 4 = ( A + b , B), Z > 5 = ( A + c , B + b + c ) 

and D6=(A—c, B+b—c) , t t the distances between 
the centres of gravity of these diads being respectively 
D 1 - D a = 7 . 4 4 A , ^ - 1 ) 3 = 7 . 9 5 Â, Z ) 1 - Z ) 4 = 7 . 1 7 Â, 
D 1 -Z> 5 =7 .78 A=D1-D6. 

The planes containing these arrays of diads are 
separated by sheets of N^t^N^N^N'-hexamethyl-
hexamethylenediammonium cations, giving rise to a 
quasi two-dimensional molecular lattice. 

*** Ä and B are related to A and B respectively by the 
symmetry operation — x, — y, — z. 

tt A, B x, y, z B + b —x, — y + 1 , —z 

A, B —x, —y, —z Ä + c —x, —y, —z+1 
A + c x, y, z—1 B —b + c x, —y+1 , —z 
A—c x, y, z—1 B —b+c x, y—1, z + 1 

B—b x, y— 1, z B + b —c —x, —y+1 , —z—1 

>%• 

t' 
1-

I' 
/• 

I-
t 1 / 

r */ 
_J 1 

77K 

Fig. 6. Temperature dependence of paramagnetic sus­
ceptibility. The continuous line is a singlet-triplet 
fitting with 7=0.028 eV. 

In this way, ( H M H D A ) (TCNQ,) 4 differs from most 
other radical anion salts in which the T C N Q , molecules 
occur in continuous columns within which there is 
closer molecular contact than between adjacent col­
umns. Nevertheless a structure exhibiting similar 
features has already been observed in some other 1:4 
T C N Q , salts such as JV,iV-Diethyl-4,4'-bipyridiniuni-
(TGNQ r)4.1°) 

Electrical Conductivity. The conductivity at 300 K 
along the long crystal axis (c axis, Fig. 1) is ca. 4 x 
10 - 3 (£2 c m ) - 1 . The radical-anion salt behaves as a 
typical semiconductor in the range 150—330 K, with 
an exponential dependence of conductivity on temper­
ature obeying the equation: <r = 0o exp (—EJkT), 
with a continuous dependence of E on temperature 
from 0.15 eV at ca. 150 K to 0.30 eV near room 
temperature. 

Magnetic Properties. The temperature depen­
dence of paramagnet ic susceptibility is shown in Fig. 6 
after substracting the diamagnetic par t from the mea­
sured susceptibility. The curve exhibits a maximum 
at ca. 210 K, Below this temperature the susceptibility 
decreases to zero, although a slight increase appears 
at very low temperatures ( T ' > 1 0 K ) . The behavior 
is typical for semiconducting T C N Q , salts 10> and may 
be interpreted in terms of an excited triplet state lying 
above the singlet diamagnetic ground state. The 
X upright at low temperatures is probably due to 
impurities or lattice defects and corresponds to ca. 
0 . 1 % of the spins giving a slight Curie contribution. 

For a compound with two electrons per mole, the 
susceptibility due to an excited triplet state is given by 

%M = 2NgW/ttT(3+exp(J/kT)] (1) 

where J is the energetic singlet-triplet separation, 
juB the Bohr magneton, g the ^-factor, N the Avogadro 
number and k the Boltzmann constant. 

The paramagnetic susceptibility of ( H M H D A ) -
(TCNQ,) 4 can be fitted by this expression within a 
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Fig. 7. Temperature dependence of EPR linewidth 
for the orientation of single crystal giving the largest 
variation with temperature. 

good approximation (Fig. 6 ) ; the continuous line 
corresponds to a y-value of 0.028 eV. 

T h e triplet character of the paramagnetic excitation 
is generally evidenced by a splitting of E P R spectra, 
caused by the dipole-dipole interaction of the electrons 
in the triplet state: u> at high temperatures E P R spec­
tra show an exchange-narrowed single line, but as 
the temperature is lowered the line broadens until 
finally it splits into a doublet. Actually no fine struc­
ture splitting could be detected in (HMHDA) ( T C N Q ) 4 . 
The spectra showed a single line at all temperatures, 
although a rapid increase of linewidth was observed 
for some crystal orientations, when the temperature 
was lowered below 100 K (Fig. 7). The sharp maxi­
m u m between 30 and 40 K reflects the disappearance 
of the activated par t of the susceptibility and the 
prominence of the Curie contribution. 

The linewidth exhibited a temperature dependent 
anisotropy. The variations shown in Fig. 8 correspond 
to rotations of the crystal around the c axis. When 
0 = 0 the magnetic field is along b ' axis (Fig. 1). Similar 
results were obtained at Q-band with a Varian spec­
trometer: the linewidth behavior is thus field inde­
pendent. Figure 8 shows that the results can be fitted 
with the empirical expression: 

AH = a + £(3cos20- 1) + c(3cos20- l)2 (2) 

where a, b, and c are temperature-dependent param­
eters. 

D i s c u s s i o n 

Electrical Conductivity and Structure. Since the 
structure is two-dimensional the electrical conductivity 
should be isotropic in the corresponding plane. How­
ever, because of the smallness of crystals it was impos­
sible to measure the conductivity along the b'-direc-
tion (Fig. 1). 

The value of a at room temperature along the c 
axis is very close to that of T G N Q , salts of 1 ;4 stoi-

O 
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' • = 0.21 
110 K j b = - 0.14 

, c = 0.10 

a = 0.15 
150K l b = -0 .09 

c = 0.09 

( i = 0.19 
298 K b = -0.01 

( c = 0.05 

e/° 
Fig. 8. Angular variation of the EPR linewidth at 

different temperatures for a single crystal. The rota­
tion axis is the c axis. The parameters a, b, and c 
are in: A / /=a+^(3cos 2 0- l)+£(3cos20-l)2 . 

chiometry with similar crystal structures.10) This 
value is surprisingly high in comparison with other 
diadic compounds having a very weak overlap between 
the diads. 

From a systematic examination of conductivities 
and structural data12) it appears that the electrical 
conductivity depends on the plane-to-plane distances 
of T G N Q , molecules, their types of overlap and the 
electronic charge distribution between T G N Q molecules 
(for a number of electrons smaller than the number 
of T G N Q molecules). A non-uniform distribution 
indicates that some charge localization occurs, leading 
to a smaller conductivity. In (HMHDA) ( T G N Q ) 4 

the charge seems to be distributed uniformly, each 
T G N Q bearing a half electronic charge. The ap­
parent derea l iza t ion compensates for the poor mo­
lecular overlaps and some rather large distances (3.38 Â) 
(Fig. 4), giving rise to a conductivity value better 
than expected. 

Magnetic Properties and Structure. Thermal Varia­
tion of %p: A singlet-triplet behavior of %p is generally 
found for T G N Q salts in which each spin interacts 
strongly with only one adjacent spin. This occurs 
when T G N Q molecules form alternating stacks, com­
posed of diads, triads or tetrads. The triplet character 
of the magnetic excitations is well understood11) and 
clearly indicated experimentally by the dipolar splitting 
observed in E P R spectra at lowexcitati on concentra-
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tion. 
Another class of radical-anion salts and charge 

transfer complexes is known to crystallize in regular 
stacks with equal exchange interaction between neigh­
bors along a given stack. In some of them an activated 
paramagnetic susceptibility xvocT~x exp (—AEJkT) 
has been found. To our knowledge only charge 
transfer complexes with mixed stacks (•••AD AD---) are 
concerned, such as TMPD-chloranil ,1 3) PD-chloranil14) 
or T M P D - T C N Q . 1 5 ) No satisfactory explanation has 
been given concerning the origin of AEp, bu t experi­
mental results are interpreted by assuming a Wannier 
spin exciton model16) where spin excitations are 
spatially uncorrelated. 

At first view (HMHDA) ( T C N Q ) 4 seems to belong to 
none of the above classes. The lattice appears to be 
constituted of diads in weak interaction inside a plane. 
Moreover each diad bears an £ = 1 / 2 spin which is 
equally distributed on the two T C N Q molecules. 
So the spins appear to be delocalized on diads, the 
closest contacts of which are nearly van der Waals 
distances (3.42 Â to 3.51 Â) . However, careful ex­
amination of the structure for C - C distances shows 
that there are more numerous close contacts between 
B molecules of two successive diads than between A 
molecules. So a slight tendency to the formation 
of tetrads AB BA is observed. If we calculate the 
zero-field parameter D for this arrangement from the 
approximately known spin-density distribution,17) we 
get a value of several gauss. The value is small, but 
a splitting should be observed on the E P R spectra, 
which is not realized and thus seems to confirm the 
magnetic two-dimensionality of this system. 

Angular Dependence of EPR Linewidth: The angular 
dependence of E P R linewidth shown in Fig. 8 is unusual. 
However, several similar features have been found 
for some T C N Q , salts18»19) and for charge transfer 
complexes of T M P D with TCNQ,15) and chloranil.20) 
Two explanations have been proposed. 

I t has been shown that the angular variation, AH(0), 
of E P R linewidth in two-dimensional magnetic systems 
such as K2MnF4

2 1) or (C2H10N2) (Mn Cl4)22) is ap­
proximately described by an expression of the form 
A # ( 0 ) = A + B ( 3 c o s 2 0 — l) 2 , where 0 is the angle be­
tween the applied magnetic field and the normal to 
the plane of the two-dimensional magnetic systems. 
For several T C N Q salts Takagi and Kawabe1 8 , 1 9) 
fitted their results with the empirical relation: 

AH{6) = a(3cos20- l)2 + #>in40 (3) 

In spite of the lack of detailed structural information 
they inferred that the T C N Q salts studied are two-
dimensional. 

O n the other hand, Soos and coworkers20) showed 
that the linewidth anisotropy of TMPD-ch loran i l 
for which the one-dimensionality is firmly established 
was accurately reproduced by the secular par t of the 
electron dipolar interaction. The angular dependence 
could be expected for spatially uncorrelated spin ex­
citations. 

Both explanations could be convenient for ( H M H D A ) -
( T C N Q ) 4 . From the crystal stucture data it looks 
like a nearly two-dimensional magnetic system. How­

ever, it is quite certain that the angular dependence 
of linewidth could be fitted by the angular dependence 
in the second moment of the secular par t of the electron 
dipolar interaction, if the spin-densities distributions 
were accurately known, which is not the case.20) The 
thermal variation of the angular dependence of linewidth 
could reflect either a change of spin distribution with 
temperature or a continuous thermal modification of 
the lattice, or, more probably, both together. 

Contrary to the recent assertion of Takagi and 
Kawabe,23) the temperature dependence of the linewidth 
does not seem to be related to the structural symmetry 
of the cation. From the study of several T C N Q salts 
with cyanine dyes as cations they deduced that for 
symmetrical cations the linewidth decreases when 
the temperature is lowered, while it increases for salts 
with unsymmetrical cations. Actually H M H D A is 
structurally symmetrical and the linewidth increases 
sharply with decreasing temperature (Fig. 7). Thus 
the behavior of ESR linewidths is not well understood, 
for both semiconducting salts as well as conducting 
ones.24) 

g-Tensor Anisotropy: Since two-dimensionality could 
not be evidenced by electrical measurements for ex­
perimental reasons, we thought that it could be 
reflected by the fir-tensor anisotropy. Actually the 
results show that the principal axis directions cor­
respond to the molecular symmetry axes and not to 
the crystal axes. 

The g-value perpendicular to the T C N Q molecular 
plane is found to be £ z z=2.0021 ±0 .0003 , the Rvalue 
along the in-plane molecular long axis is g y y = 2 . 0 0 2 8 ± 
0.0003 and the third value £ x x =2 .0033±0 .0003 . The 
average of this tensor: £ - 1 / 3 (gxx+g77+g„) =2.0027 
±0.0003 corresponds closely to the isotropic g-value 
of T C N Q anions in solution: 2.00263±0.00005.25) 

Conclus ion 

From structural data it appears that ( H M H D A ) -
( T C N Q ) 4 consists of planar arrays of ( T C N Q ) 2 ~ dimers 
(diads) in weak interaction. Thus the structure may 
be considered as quasi two-dimensional, unlike most 
other T C N Q compounds for which a quasi one-di­
mensionality is generally assumed and sometimes 
established. The magnetic properties are in line 
with the two-dimensionality, although the linewidth 
behavior could be interpreted differently. 

The study of this compound is interesting from another 
point of view. We recently obtained 26) a T C N Q salt 
with a parent cation: N, N,N',N'- te t rame thy lhexa-
methylenediammonium ( T M H D A ) . The salt, the stoi­
chiometric formula of which is: ( T M H D A ) ( T C N Q ) 2-
(I)2 , has a metallic behavior above 120 K and con­
tains iodine chains, although the method of preparation 
is the same. The reason why iodine is retained in 
the structure is not clear. The only difference with 
H M H D A is the substitution of two C H 3 groups by 
hydrogen atoms. A structural comparison between 
these compounds will be very useful. The study is 
in process. 

W e are grateful to Mrs, M. Joussot-Dubien and 
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Polarographie Determination of Bismuth, Copper, Iron(III), Palladium, and 
Uranium(VI) after Extraction into Molten Naphthalene with Oxine 
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A rapid extraction-polarographic method has been developed for the direct determination of bismuth, cop­
per, iron(III), palladium, and uranium(VI) extracted into the organic phase. Oxinates of metals were extracted 
into molten naphthalene at different pH values. With lowering of temperature, naphthalene separated out 
as a solid containing the metal oxinates. The solid mass was dissolved in DMF and the polarograms were re­
corded in the presence of a suitable supporting electrolyte. The metal oxinates give well defined waves. The 
relation between diffusion current and concentration is linear over a wide range of concentration with an average 
relative error not more than 1.05%. Interferences of various ions have been studied of the anions studied, only 
EDTA interfered in the extraction of bismuth, copper, iron(III), and uranium(VI). Of the cations studied, 
palladium interfered in the determination of bismuth, copper, iron (III), and uranium (VI). However, the 
intereference was eliminated by carrying out extraction first at low pH. In the determination of bismuth only 
copper interfered but its interference can also be eliminated as in the case of palladium. In the case of copper 
determination, only iron(III) interfered. In the determination of iron, copper interfered but interference can 
be eliminated by using a suitable masking agent. The determination of palladium and uranium (VI) is free 
from all interferences. 

Of the heterocyclic nitrogen compounds, 8-quinolinol 
(oxine) reacts with more than fifty elements.1) Studies 
on the use of this reagent in solvent extraction revealed 
that even with proper control of p H , the reagent is 
not selective in extracting specific elements, although 
many masking agents have also been examined.2) The 
selectivity can be achieved by Polarographie deter­
mination of metals after extracting into the organic 
phase. All the methods involve the use of mixed 
solvents, i.e. the extract is mixed with some other 
solvent in order to obtain well defined waves.3-5) 
There are two disadvantages: (a) the sensitivity is 
much decreased since the amount of organic solvent 
used for the extraction is large, (b) the p H of the 
extract has to be readjusted in order to match the 
conditions with the standard. 

We have developed a new method in which the 
metal complex is extracted with molten naphthalene 
and separated from the aqueous phase by solidification 
and subsequent Alteration or décantation. Since the 
extraction is carried out at high temperature, the 
equilibrium in the two phases is attained rapidly and 
the complexes are extracted merely by contact with 
molten naphthalene. The main advantage is that a 
very small amount of the organic phase is required 
for complete extraction in order to get well defined 
waves and better sensitivity. The method has been 
tested and found successful for the extraction and 
Polarographie determination of cadmium,6) lead,6) 
molybdenum,7) indium,8) and nickel.9) In the present 
study, bismuth, copper, iron (111), palladium, and 
uranium (VI) have been extracted by this technique 
and determined polarographically. Elements such as 
Be(II), Hg( I I ) , Sn(IV) , T i ( IV) , V(V) , Cr ( I I I ) , W ( V I ) , 
Ge(IV), Go(II) , Ga ( I I I ) , M n ( I I ) , Zn( I I ) , and Zr(IV) 
can also be extracted by this technique, but they are 
not reduced at the dropping mercury electrode under 
these conditions, i.e. from 0.0 to —1.1 V. Above 
this potential oxine itself starts giving its own current. 
Interferences of various ions have been studied in 
detail. The method can be applied to the determina­

tion of these metals in complex materials. 

E x p e r i m e n t al 

Reagents. All the metal salts solutions were prepared 
from G. R. samples in double distilled water, metal contents 
being controlled by classical methods (10). 0.1 M solution 
of oxine was prepared in alcohol. 2 M solution of pyridine, 
sodium Perchlorate and perchloric acid were prepared as 
according to indicated in Table 2. Naphthalene and N,N-
dimethylformamide (DMF) were also of G.R. grade and 
tested polarographically before use. Ammonia and perchlo­
ric acid were used for controlling the pH of the solutions. 

Equipment. Polarograms in all cases were recorded 
at 25±0.5 °G with a Yanagimoto polarograph P-8 with 
three electrode systems. An H-type cell with fine porosité 
sintered glass disk between the two compartments was used. 
A saturated calomel electrode used as a reference electrode 
was connected to one compartment of the Polarographie 
cell through potassium chloride agar-b ridge. Dropping 
mercury electrode had the following characteristics, m: 1.52 
mg/s, t: 4.78 s, and H: 60 cm in DMF with open circuit. 
In all instances the solution was deaerated with nitrogen 
for five minutes before recording the polarogram. A Hitachi 
pH-meter with glass electrode was used. 

Metal Oxinates Standard in DMF. Aliquots of metal 
solutions were taken and precipitated with oxine,11) filtered, 
washed with cold water, dissolved in DMF, transferred to 
100 ml measuring flasks and made exactly 100 ml with DMF 
in each case. The solutions were used for studying the 
Polarographie behaviour of metal oxinates in DMF. 

General Procedure. An aliquot of each metal solution 
was taken separately. To this was added 1.0 ml of the 
reagent (oxine), the pH being adjusted as given in Fig. 2 
after being transferred to round bottomed flasks with stopper 
and heated in a water bath at about 60 °G, 2 g of naphthalene 
was added, heating in the water bath being continued till 
naphthalene melted and formed a separate liquid layer. 
This was stirred vigorously till the naphthalene separated 
out as a solid mass. Once again the contents were heated 
in the water bath to remelt the naphthalene, shaken vigor­
ously and allowed to stand. Naphthalene was separated 
from the aqueous phase by Alteration, dried in the folds of 
the filter paper and dissolved in warm DMF (ca. 40 °G). 
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T A B L E 1. EFFECT OF NAPHTHALENE ON T H E POLAROGRAMS OF IRON ( I I I ) AND PALLADIUM OXINATES 

Amount of 
naphthalene 

added, g 

Amount of Fe( I I I ) added : 168.00 y.g 
Perchloric acid: 0 .1 M 
Pyridine : 0 .1 M 

Amount of Pd( I I ) added : 106.00 pg 
Sodium Perchlorate : 0 .1 M 
Pyridine: 0 .1 M 

Specific 
conductivity 
ß - 1 

c m - at 
35 °G 

Viscosity of 
the solution 
centipoise at 

35 °G 

id for Ei/z for 
Fe( I I I ) Fe( I I I ) 
in m m in V 

Specific 
conductivity 
ß " cm~x 

35 °G 
at 

Viscosity of 
the solution 
centipoise at 

35 °G 

id for 
Pd( I I ) 

•Ei/2 for 
Pd(I I ) 
in V 

0 .00 

0 .30 

0 .60 

0 .90 

1.20 

1.50 

1.80 

2 .10 

4 . 0 0 0 X 1 0 - 3 

3 . 9 0 6 x 1 0 - 3 

3 . 8 4 6 x 1 0 - 3 

3 . 7 8 7 x 1 0 - 3 

3 . 6 7 6 x 1 0 - 3 

3 . 5 2 1 x 1 0 - 3 

3 . 3 3 3 x 1 0 - 3 

3 . 1 8 4 x 1 0 - 3 

1.164 

1.205 

1.210 

1.218 

1.234 

1.247 

1.284 

1.320 

76.00 
76.00 
76.00 
76.00 
75.00 
72.00 
68.00 

- 0 . 1 0 

- 0 . 1 0 

- 0 . 1 0 

- 0 . 1 2 

- 0 . 1 2 

- 0 . 1 2 

- 0 . 1 2 

4 . 5 4 5 x 1 0 - 3 

4 . 1 6 6 x 1 0 - 3 

4 . 0 0 0 x 1 0 - 3 

3 . 9 3 7 x 1 0 - 3 

3 . 8 4 6 x 1 0 - 3 

3 . 7 0 3 x 1 0 - 3 

3 . 5 9 7 x 1 0 - 3 

3 . 4 4 8 x 1 0 - 3 

1.036 

1.055 

1.063 

1.073 

1.095 

.109 

.129 

1.145 

78 .00 

70.00 

69 .00 

68 .00 

68 .00 

66 .00 

63 .00 

- 0 . 2 5 

- 0 . 2 0 

- 0 . 1 8 

- 0 . 1 8 

- 0 . 1 8 

- 0 . 1 8 

- 0 . 1 8 

0.2 - 0 . 2 - 0 . 6 

E/V vs. SGE 

1.0 

Fig. 1. Polarographic waves of metal oxinates in D M F . 
Bismuth: 82.80 [ig, perchloric acid: 0.1 M , naph tha ­
lene: 1.0 g drope t ime: 4.78 s, H: 60 cm and the re­
corder sensitivity: 5 x l O _ 9 A / m m . Copper : 79.37 [ig, 
sodium Perchlorate: 0.1 M , recorder sensitivity: 10X 
1 0 _ 9 A / m m , rest of the conditions are the same as 
for bismuth. I ron ( I I I ) : 168.00 [ig, pyr idine: 0.1 M 
-4-0.1 M perchloric acid, recorder sensitivity: 7 x 
10 - 9 A/mm, rest of the conditions are the same as 
for bismuth. Pal ladium: 106.00g, 0.1 M sodium 
Perchlorate4-0.1 M pyridine, recorder sensitivity: 3 x 
10 - 9 A /mm, rest of the conditions are the same as 
for bismuth. Uran ium(VI ) : 95.21 [ig, recorder sen­
sitiv tiy: 3 x l O - 9 A / m m , rest of the conditions are the 
same as for i ron ( I I I ) . 

A supporting electrolyte of appropriate type was added in 
each case, the volume being made exactly 20 ml with D M F 
in a measuring flask. 10 ml of the solution was taken sepa­
rately in the Polarographie cell and deaerated with pure 
nitrogen for 5 min. T h e polarogram was recorded, in each 
case id being referred to the calibration curve prepared 
under similar conditions. 

Preliminary observations indicated that the metal oxinates 
give well defined waves (Fig. 1). Bismuth: 0.1 M perchloric 
acid (solution prepared in D M F ) , copper : 0.1 M N a C 1 0 4 

(solution of N a C 1 0 4 in H 2 0 ) , iron and u ran ium: both in 
0.1 M H G 1 0 4 in D M F + 0 . 1 M pyridine in H 2 0 (waves 

were not diffusion controlled when both the electrolytes 
solutions were prepared in D M F ) and pal ladium: 0.1 M 
pyr id ine+0 .1 M N a C 1 0 4 (both electrolytes in D M F , aqueous 
solutions of the electrolytes gave distorted waves for pal­
ladium). In the case of pal ladium two waves appeared 
in the supporting electrolytes. Only the first wave was 
used for the analysis since a large maximum appeared on 
the second wave which was not supressed with the use of 
common maxima supressors. 

Effect of Naphthalene on the Polarograms of Metal Oxinates. 
Aliquots of the metal oxinates solutions were taken individ­
ually (Bi: 82.80 (jig, Gu: 79.37 jzg, F e ( I I I ) : 168.00 jjtg, P d : 
106.00 (i,gj and U ( V I ) : 95.21 [ig) in the Polarographie cell. 
T h e amount of naphthalene was varied from 0.0—2.1 g 
by adding a different volume of its 30% solution in D M F . 
T h e supporting electrolytes were added, the final volume 
being made 10 ml with D M F . T h e solution was deaerated 
and the polarograms were recorded. In case of bismuth, 
copper and u ran ium(VI ) , id remained constant up to 1.8 g 
of naphthalene added. Above this amount , id started de­
creasing slightly due to the increase in the viscosity of the 
medium given in Table 1. T h e wave for i ron(I I I ) and 
pal ladium developed only in the presence of naphthalene, 
i.e. in the absence of naphthalene a large current appeared. 
T h e large current might be due to the streaming effect elim­
inated in the presence of naphthalene which increases the 
viscosity of the medium (Table 1). In case of i ron( I I I ) , 
id remained constant in the range 0.3—1.5 g of naphthalene 
and 0.6—1.5 g of pal ladium. In general, Ex/Z remained 
almost constant in all cases but id started decreasing when 
the amount of naphthalene exceeded a certain amount, 
obviously due to the further increase in the viscosity of the 
medium. 

Effect of the Chelating Agent on the Polarograms of Metal Oxinates. 
Aliquots of the metal oxinates solutions were taken under 
conditions similar to those described above. T o these were 
added supporting electrolytes, 1 g of naphthalene in the 
form of 3 0 % solution. T h e amount of oxine being varied 
from 0.0—75.0 mg by adding different volume of its 5 % 
solution in D M F . In all the cases except palladium, Ex/Z 

shifted towards negative direction. This indicates that the 
metals form stable oxinate complexes in the presence of 
excess of oxine, while pal ladium oxinate might be decompos­
ed under these conditions. id remained constant in the 
range 0 .0—11.5mg for bismuth, 0.0—18.25 mg for copper, 
0.0—15.0 mg for i ron( I I I ) , 0.0—75.0 mg for palladium and 
uranium (VI) . Above this concentration of the oxine added, 
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T A B L E 2. POLAROGRAPHIC CHARACTERISTICS OF METAL OXINATES IN T H E PRESENCE OF 1 g OF 

NAPHTHALENE IN D M F 

Metal Supporting 
electrolyte 

•E1/2/V from j 
log plot 

Range of Value of slope Average 
concentration from log Remarks relative 
in (i.g/20 ml plot in m V error % 

Bismuth 

Copper 

Iron(III) 

Palladium 

Uranium (VI) 

0.1 M HG104 
in DMF 
0.1 M NaC104 
in H 2 0 
0.1 M HG104 
in DMF + 
0.1 M Pyridine 
in H 2 0 
0.1 M Pyridine + 
0.1 M NaC104 
both in DMF 
0.1 M HG104 
in DMF + 
0.1 M Pyridine 
in H 2 0 

- 0 . 0 5 

- 0 . 1 4 

- 0 . 1 1 

- 0 . 1 8 

- 0 . 4 5 

2.399 10.35—248.40 65.0 Irreversible 

3 .858 3 .96—198.40 3 8 . 0 Slightly 
irreversible 

1.466 11.20—324.80 8 7 . 0 Irreversible 

1.259 

1.398 

10.60—212.00 

5 .95—190.40 

76.85 Irreversible 

64 .75 Reversible 

0 .95 

0 .78 

0 .97 

0.05 

0.88 

Drop t ime: 4 . 7 8 s, m: 1.52 mg/s, H: 60 cm. Recorder sensitivity, b ismuth: 5 x l 0 - 9 A /mm, copper: l O x l O - 9 A/mm, 
i ron ( I I I ) : 7 x l O " 9 A / m m , pal ladium: 3 x l 0 " 9 , and u r a n i u m ( V I ) : 3 x l O " 9 A / m m . 

the lower plateau in the case of bismuth and iron (I I I ) became 
distorted. A prewave might start appearing in the presence 
of higher amount of oxine before the actual wave which 
was not fully developed. In the case of copper a max imum 
appeared in the higher amount of oxine added. 

Effect of Water on the Polarograms of Metal Oxinates: Aliquots 
of each metal oxinate solution were taken separately in a 
Polarographie cell. T h e amount of water was varied from 
0.0—1.5 ml in different steps. T h e total volume of the 
solution was kept 10 ml in each case. In the case of bismuth 
0.4 ml of water had no effect on id on the shape of the polaro-
gram but above this amount of water, id started decreasing. 
A par t of naphthalene might be separated in the colloidal 
state which would hinder the diffusion of the metal ions. 
T h e wave was drawn out at 1.5 ml of the water added. For 
this amount of water, naphthalene was separated out which 
increases the resistance of the medium, giving a drawn out 
wave for bismuth. 0.5 ml of water can be tolerated in 
case of copper, above this volume id started decreasing but 
Et/2 remained constant. In the case of i ron( I I I ) , 0.7 ml 
of water can be tolerated but above this volume a max imum 
appearing might be due to the streaming effect. Only 
0.2 ml of water can be tolerated in the case of pal ladium 
above this amount id started decreasing though Ex/2 remained 
constant. T h e wave of palladium is very sensitive to water 
as indicated in the preliminary observations. In the case 
of u ran ium(VI) , id started decreasing and Exj2 started shift­
ing towards positive potential when the amount of water 
exceeded 0.4 ml. T h e uranium complex might be decom­
posed under these conditions. 

T h e linear dependence of the limiting current on the 
square root of the height of mercury column indicates that 
the rate of reduction of these metal oxinates is diffusion 
controlled. T h e plot of log i/id — id vs. E gives a straight line. 
The values of slopes and Ex/2 calculated from the plot are 
given in Table 2. Copper undergoes reduction slightly 
irreversible with two electron change while u ran ium (VI) 
undergoes reduction reversibly with one electron change, 
bismuth, iron ( I I I ) , and pal ladium are reduced irreversibly. 
T h e graph plotted between the concentrations of metal 
oxinates and diffusion currents give straight lines over ä 
wide range of concentration. T h e diffusion current constants 
were calculated using the Ilkovic equation, / = id/Ctn2/3tV6 

Fig. 2. Effect of p H on the extraction of bismuth, 
copper, iron ( I I I ) , pal ladium, and uran ium (VI) . 
Naphtha lene taken for each extraction: 2.0 g. Oxine 
used in each case : 1.0 ml of 1 % solution in ethanol. 
Rest of the conditions are the same as Fig. 1. 

and are also given in Table 2. They are constant, indicating 
that the method is as sensitive as most of the Polarographie 
method in the aqueous media. T h e average relative error 
did not exceed 1.05%. 

Effect of p H on the Extraction of Metals. Extraction was 
carried out by the general procedure but at different p H . 
T h e effect is shown in Fig. 2. 

Effect of the Chelating Agent on the Extraction of Metals. 
Extraction was carried out a t different concentration of 
oxine. I t was found that extraction was complete; Bi: 
7—20 mg, Gu : 2.5—15.0 mg, Fe( I I I ) : 4.0—20 mg, P d : and 
U ( V I ) : 6.0—18 mg of the oxine added. 

Effect of Naphthalene on the Extraction of Metals, Extrac­
tion was complete in all cases when the amount of naph­
thalene used was higher than 0.8 g, so 2.0 g was used for 
safe side. 

Effect of Aqueous Phase on the Extraction of Metals. T h e 
volume of the aqueous phase was varied from 20 ml to 250 
ml. T h e extraction was more than 9 9 % when the volume 
of the aqueous phase did not exceed the following amounts : 
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T A B L E 3. EFFECT OF ANIONS ON THE DETERMINATION OF BISMUTH, COPPER, I R O N ( I I I ) , 

PALLADIUM, AND URANIUM ( V I )A> 

Salt added 

Sodium citrate 

Sodium oxalate 

Sodium borate 
Sodium azide 
Sodium fluoride 

Sodium thiosulfate 

Sodinm phosphate 

Disodium EDTA 

Sodium potassium 
tartrate 

Sodium sulfate 

Amount of 
ion added 

in mg 

31.45 
7.85 

33 .60 
3 .36 

20 .20 
32 .30 

22 .60 
11.30 
21 .10 

25 .00 
6 .50 

40 .00 

39 .40 
10.00 

40 .00 

Potassum thiocyanate 29.85 
Potassium chloride 

Potassium bromide 
Potassium iodide 

23 .80 

33 .60 
38.25 

Bismuth 
found in 

V& 

80 .50 

80 .75 

81 .25 
80 .00 
81 .00 

81 .75 

80 .75 

nil 

80 .25 

80 .00 

80 .50 
80 .50 

80 .00 
82 .25 

Gopper 
found in 

M-g 

42 .50 
79 .50 

65 .20 
80 .50 

79 .50 
79.25 

75.25 
79 .50 
79.25 

50 .75 
79 .00 

nil 

50 .25 
79 .00 

79 .50 

79 .00 
79 .50 

79.75 
79 .00 

Iron 
found 
in y.g 

160.50 
167.50 

122.50 
166.66 
168.00 
168.50 
167.75 

167.00 

166.75 
168.00 

nil 

167.50 

168.50 

168.00 
167.50 

167.75 
168.50 

Palladium 
found in 

V-8 

106.00 

105.50 

106.00 
105.00 
105.50 

105.75 

106.50 

105.00 

105.50 
105.50 
106.00 

105.75 
105.75 

106.50 
107.00 

Uranium 
found 
in [ig 

30.25 
94 .50 

35 .50 
94 .00 

95 .50 
95 .00 
35 .40 
94 .00 
84 .50 

35.75 
94.25 

10.25 

60.25 
94 .00 
95 .25 

95 .50 
95 .50 

96 .00 
94 .50 

Remarks 

Extraction completed 
at low concentration 

Same as above 

— 
— 

Extraction complete 
at low concentration 

— 
Extraction complete 
at low concentration 

No extraction in case 
of Gu, Bi, and Fe 
Extraction complete 
at low concentration 

— 
— 
— 
— 
— 

a) Conditions the same as those given in Fig. 2. 

TABLE 4. EFFECT OF CATIONS ON THE DETERMINATION OF BISMUTH, COPPER, IRON (III), 

PALLADIUM, AND URANIUM ( V I )a> 

Salt 

Palladium chloride 

Uranyl acetate 

Tin(IV) chloride 
Lead(II) nitrate 
Sodium tungstate 

Chromium(III) nitrate 

Iron(III) chloride 

Gopper(II) sulfate 

Sodium vanadate 
Bismuth nitrate 

Thallium (I) nitrate 
Mercury (I I) chloride 
Sodium molybdate 

Nickel chloride 

Cadmium chloride 
Zinc nitrate 

Manganese sulfate 

Amount of 
foreign ion 

added in mg 

00 .60 

00 .56 

00 .42 
0 .66 

00 .56 

00 .36 

00 .20 

00 .25 

00 .43 

00 .43 
00 .76 
00 .70 
00 .39 

00 .25 

00 .66 

00 .22 
00 .27 

Bismuth 
found 
in (j,g 

81.50b> 
80 .50 

80 .00 

81 .00 

80 .50 

80 .75 

81 .75 

81.00b> 

80 .75 

— 
80 .50 

81 .00 

80 .25 

81 .00 

80 .75 
79.75 

80 .50 

Copper 
found 
in (j,g 

80.75b> 
80 .00 

79.25 

79 .50 

79 .00 

79.75 

c ) 

79.75 
79 .50 

79 .00 

80 .25 

79 .00 

78 .50 

79 .50 
80 .00 

80 .25 

Iron 
found 
in [ig 

169.50b> 

168.25 

168.00 

169.00 

169.50 

166.50 

c ) 
168.00 
168.75 
168.25 

168.50 

167.50 

167.50 

168.00 
169.00 

169.75 

Palladium 
found 
in jxg 

— 
106.50 

107.00 

106.25 

106.50 

106.00 

107.00 

107.25 

106.50 
106.75 
106.00 

106.50 

105.00 

106.75 

106.50 
106.00 

107.50 

Uranium (VI) 
found 
in (j,g 

95.00b> 
— 

95.00 

95.75 

95.25 

95 .50 
95 .50 
95 .00 
95.25 
95 .00 

95 .50 

96 .00 

94 .50 

96 .00 

95.25 
95.25 

96 .00 

a) Conditions the same as those given in Fig. 2. b) Interfering cation removed by extraction at low pH. c) 
Determination not possible. 

Bi: 120 ml, Cu: 100 ml, Fe(III) : 105 ml, Pd: 190 ml, and 
U ( V I ) : 150 ml. Extraction was not quantitative above the 
volume of the aqueous phase. 

Effect of Diverse Ions on the Determination of Metals. T h e 
effect is given in Tables 3 and 4. Among the anions examin­
ed the extraction of bismuth, copper, iron(III), and uranium-
(VI) is not possible in the presence of EDTA. In the presence 
of citrate, oxalate, tartrate, phosphate, and fluoride, the 
results are low in the case of copper, iron (III), and uranium-

(VI). However, they are satisfactory in the presence of 
a relatively low concentrations of the anions. In the deter­
mination of bismuth, copper, iron(III), and uranium(VI), 
palladium interfered, but its interference can be eliminated 
by extracting palladium first at low pH and then the other 
metal ions were extracted from the aqueous phase at their 
proper pH values (Fig. 2). In the determination of bismuth 
only copper interfered but its interference can be eliminated 
as in the case of palladium. In the determination of copper, 
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only i ron(III ) interfered while in the determination of iron-
(III), only copper interfered. T h e interference can be 
eliminated by using suitable masking agents.12) There is 
no interference in the determination of pal ladium and ura­
nium (VI) . 
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A compound of the type Gu(AcLeu)2 and its amine adducts of the type Gu(AcLeu)2Bw (AcLeu=iV-acetyl-
DL-leucinato ion; w=2 and B=pyridine, 3- and 4-methylpyridine, iV-methylpiperazine, morpholine, and piper-
idine; n=\ and B=l,10-phenanthroline, 2,2'-bipyridyl, piperazine, and pyridazine) were prepared and inves­
tigated by means of electronic, infrared and EPR spectroscopy and magnetic moment measurements. The 
results suggest a tetragonal configuration for the Gu(AcLeu)2 complex and the amine adducts with Gu0 4 and 
Gu02N2 chromophores, respectively. For the green Cu(AcLeu)2-pid complex a binuclear configuration similar 
to that observed for the bis (acetato) copper(II) monohydrate complex is suggested. The amino acid in all the 
complexes is found to coordinate toward the carboxylato group. In the assignment of the way in which the 
carboxylato group coordinates, in addition to the difference between their antisymmetric and symmetric stretch­
ing frequencies, we also pay special attention to the position of the symmetric stretch, which is directly connected 
with the oxygen atom linked to the metal ion. 

The amino acids containing terminal iV-acetyl 
residues are of great interest not only because they 
are present in protein, albumin, mosaic virus, oval­
bumin, cytochrome G, and other natural proteins and 
peptides, but also because it is possible that an acetyl-
amino acid might be the starting unit in the biosynthesis 
of some peptide chains which grow the stepwise ad­
dition of acylamino residues to the acetylated N-
terminal amino acid.1) 

Being interested in the donor properties of amino 
acids as models for metal-protein interaction, we have 
paid particular attention to the interaction of some 
transition metal ions with simple iV-protected amino 
acids containing a peptide group, as the JV-acetyl and 
JV-benzoyl derivatives of the glycine, alanine and 
valine.2) 

In this paper we have now investigated the coordina­
tion properties of the iV-acetyl-DL-leucine (hereafter 
abbreviated as AcLeuH) with the copper(II) ion and 
the effect of additional ligands, such as saturated and 
aromatic heterocyclic amines, on the amino acid co­
ordination. 

E x p e r i m e n t a l 

All the reagents used were of the best chemical grade. 
Preparation of the Compounds, The Cu(AcLeu)2 complex, 

which was used as starting material for the adduct prepara­
tions, was obtained by adding a copper(II) Perchlorate 
hexahydrate (2x l0 _ 2 mol) solution in anhydrous ethanol 
(10 ml) to a iV-acetyl-DL-leucine (4x l0 _ 2 mol) solution (50 
ml) neutralized with a stoichiometric amount of potassium 
hydroxide. From the cooled solution (4—5 °G) the potas­
sium Perchlorate precipitated was filtered off and the green 
solution was slowly concentrated (20 ml). A blue solid 
compound separated by cooling after 24 h. Cu(AcLeu)2Bn 

(n=\ and B=bpy, phen pid; w=2 and B=py, Mepipz, 
morph, pipd) complexes were prepared by adding an excess 
of amine to a methanolic Gu(AcLeu)2 solution. Solid 
compounds precipitated from the concentrated solutions on 
adding diethyl ether and on cooling. Cu(AcLeu)2B2 (B= 
3-pic and 4-pic) complexes were prepared in ethanol as 
reported above. Cu(AcLeu)2*pipz complex instantaneously 
precipitated on mixing Gu(AcLeu)2 (1.5 X 10-3 mol) and 
piperazine (3xl0~3mol) in ethanol. 

Physical Measurements. The IR spectra of the com­

pounds in KBr or Nujol (4000—250 cm-1) were recorded 
with a Perkin-Elmer 180 spectrophotometer. The room 
temperature spectra of the solid compounds were recorded 
as mull transmission spectra with a Shimadzu MPS 
50L spectrophotometer. The room temperature magnetic 
moments were measured with the Gouy method, using Ni-
(en)3S203 as calibrant and correcting for diamagnetism with 
the appropriate Pascal constant. The EPR spectra were 
recorded on a JEOL PE-3X spectrometer. Quartz sample 
tubes were employed for polycrystalline samples. Spectra 
were calibrated with 2,2/-diphenyl-l-picrylhydrazyl (DPPH, 
£=2.0036) as a field marker. 

Analyses. Nitrogen, carbon, and hydrogen were 
analyzed by Mr. Giuseppe Pistoni, using a Perkin-Elmer 
240 Elemental Analyser. 

R e s u l t s a n d D i s c u s s i o n 

The analytical results are reported in Table 1. 
The room temperature E P R spectrum of the bis(iV-
acetyl-DL-leucinato) copper(II) complex (Table 2 and 
Fig. 1), which is of axial type, shows g values of a 
typical isolated compound having a G u 0 4 chromo-
phore.3»4) The broad E P R line excludes the pos­
sibility of exchange interaction between copper ions.5) 
Its room temperature electronic spectrum (Table 1 
and Fig. 2) also strongly resembles those reported 
for tetragonal copper(II)-oxygen systems.4) By cor­
relating the g values and the electronic spectrum, 
which shows two d-d bands at 12990 and 16950 c m - 1 

tentatively assigned to the dxy->dx3_ya and dXZi yz-> 
dxa_y2 transitions,4) respectively, values of the molec­
ular orbital coefficients (ku = 0 . 5 8 , Ä±=0.61) are obtain­
ed. Since k±>k\\, this indicates the presence of more 
n bonding of the dx y orbitals than of the dxz, dyz 

orbital. A tetragonal distortion in our complex greater 
than that found for some copper (I I)-oxygen systems4) 
may be suggested from the comparison of their g and 
k values and d-d band positions. 

All the amine adducts, which have "normal" mag­
netic moments, show E P R spectra (Table 2) of axial 
type, except the pipd adduct which presents a rhombic 
spectrum. For these adducts the observed E P R line 
shapes are quite similar to each other and indicate 
a normal elongated tetragonal structure, while for 
the pipd adduct they indicate a rhombically-distorted 
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TABLE 1. CONVENTIONAL CHEMICAL ANALYSIS 
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Cu(AcLeu)2 

Cu(AcLeu)2(py)2 

Cu(AcLeu)2(3pic)2 

Cu(AcLeu)2(4pic)2 

Cu (AcLeu) 2-pid 
Cu(AcLeu)2 • bpy 
Cu(AcLeu)2 • phen 
Cu(AcLeu)2 • pipz 
Cu ( AcLeu) 2 (Mepipz) 2 

Cu (AcLeu) 2 (morph) 2 

Cu(AcLeu)2(pipd)2 

blue 
blue 
blue 
blue 
green 
blue 
blue 
lilac 
blue 
lilac 
blue 

Abbreviations : AcLeu = JV-Acetyl-DL-
zine; bpy _ 2,2'-bipyridyl ; 

c , % 

calcd found 

47.55 47.75 
55.13 54.82 
56.57 57.24 
56.57 57.20 
49.20 48.65 
55.33 55.19 
57.16 56.83 
48.59 47.97 
50.77 51.31 
49.49 50.04 
53.98 54.28 

eucinato ion; py=pyridine; ! 

H , 

calcd 

5.99 
6.77 
7.13 
7.13 
6.61 
6.43 
6.17 
7.76 
9.04 
7.97 
8.72 

3- or 4-pic = 

% 
N ^ 

found 

6.02 
7.08 
6.80 
7.02 
6.25 
6.52 
6.23 
7.86 
8.62 
8.53 
8.93 

N , 

calcd 

6.94 
9.91 
9.43 
9.43 

11.49 
9.93 
9.53 

11.35 
13.75 
9.63 
9.69 

= 3- or 4-methylpyridine ; pid-
phen =1,10-phenanthroline ; pipz = piperazine ; Mepipz = N-

morpholine; pipd = piperidine. 

TABLE 2. ELECTRONIC SPECTRA, MAGNETIC MOMENTS, AND 

Cu (AcLeu) 2 

Cu(AcLeu)2(py)2 

Cu(AcLeu)2(3pic)2 

Cu (AcLeu) 2 (4pic) 2 

Cu(AcLeu)2-bpy 
Cu (AcLeu) 2 »phen 
Cu (AcLeu) 2 • pipz 
Cu (Ac Leu) 2 (Mepipz) 2 

Cu (AcLeu) 2 (morph) 2 

Cu (AcLeu) 2 (pipd) 2 

Cu (AcLeu) 2*pid 

d-d 

12990 
13330sh 
13330sh 
13330sh 
14290 sh 
14290sh 
15390sh 
13160sh 
14820 sh 

9520 sh 

bands/cm-1 juefffà-M. 

16950 1.78 
16670 1.89 
16000 1.80 
16390 1.85 
16670 23810 sh 1.83 
17390 1.80 
19420 1.78 
15630 1.86 
17860 1.77 

14290 1.85 

13510 24390sh 1.38 

methylpiperazine ; 

E P R SPECTRA OF THE SOLID COMPLEXES 

£1 
2.297 
2.202 
2.238 
2.203 
2.257 
2.234 
2.222 
2.223 
2.249 

2.201 

g± 

2.051 
2.048 
2.041 
2.059 
2.053 
2.055 
2.050 
2.051 
2.053 

£2 

2.133 
Monomer 

£11 
2.234 

g± 
2.066 

go 

2.133 
2.098 
2.107 
2.107 
2.121 
2.115 
2.107 
2.108 
2.118 

gi go 
2.048 2.127 

Dimer 

g\\ g± 
2.40 2.09 

% 

found 

6.47 
9.95 

10.03 
9.62 

11.20 
10.04 
9.65 

11.24 
13.82 
9.95 
9.88 

= pyrida-
morph = 

D 
cm - 1 

0.39 

a) ^ = - 8 2 5 cm"1. 

-) and 

200 G I 1 

2 _ ^ V 
3000 G 

Fig. 1. EPR spectra of the Cu(AcLeu)2 (-
Cu (AcLeu) 2 ' pipz ( ) complexes. 

tetragonal configuration. Their g values are lower 
than those found for the bis(iV-acetyl-DL-leucinato)-
copper(II) complex, suggesting a chromophore change 
from G u 0 4 to C u 0 2 N 2 as a consequence of the amine 
coordination.4»6) From the shape and positions of the 
d-d bands (Table 2) a tetragonal distortion in the 
aliphatic heterocyclic amine adducts greater than in 

the aromatic heterocyclic amine adducts may be gener­
ally proposed, in agreement with the pÄ"a values of 
the former amines greater than those of the latter. 

A correlation between E P R and electronic spectra7) 
gives an approximate measure (k0

2=0A5—0.58) of 
the degree of covalency for the copper(I l ) - l igand bond­
ings, which are strictly similar to those reported for 
copper (II) complexes of other amino acids with an 
essentially G u 0 2 N 2 chromophore.7) 

The narrow E P R line in the pipz adduct (Fig. 1) 
( A i / n = 2 0 G ; AH±=5G) is suggestive of a fairly 
strong spin exchange interaction through the piperazine 
molecules "br idging" two copper (I I) ions.5»8) 

The "anomalous" room temperature magnetic 
moment and the E P R spectrum (Fig. 3) of the green 
Cu (AcLeu) 2-pid complex are indicative of a binuclear 
structure.9»10) In particular the E P R spectrum shows 
zero field splitting of 0.39 c m - 1 and the presence of 
magnetically dilute copper (I I) impurities. Its room 
temperature electronic spectrum (Fig. 2) are also strict­
ly similar to those of the dimeric carboxylates.9»11»12) 
I t also presents a band at 24390 c m - 1 , which is consid­
ered characteristic of dimeric carboxylate and similar 
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TABLE 3. RELEVANT IR BANDS (cm-1) OF THE SOLID COMPLEXES 

v(NH) v(OCO)a v(OGO)8 Av 

AcLeuH 
AcLeuNa 
AcLeuK 
Gu(AcLeu)2 

Gu(AcLeu)2(py)2 
Gu(AcLeu)2(3pic)2 
Gu(AcLeu)2(4pic)2 
Cu(AcLeu)2-bpy 
Gu ( AcLeu) 2 • phen 
Gu (AcLeu) 2 • pipz 
Gu(AcLeu)2(Mepipz)2 

Gu (AcLeu) 2 (morph) 2 
Gu (AcLeu) 2 (pipd) 2 
Gu(AcLeu)2»pid 

3380 vs 
3285 s 
3278 s 
3250 m 
3282 s 3250 m 
3328 m 3293 m ! 
3300 m 3245 m 
3242 m 
3250 s 
3240 s (3195 mb)a> 
3275 s (3135 mb)»> 
3240 s (3188 s)a> 
3275 s (3230 m)a> 
3252 s 

3245 m 

1694vs 
1590 vs 
1590 vs 
1580 vs 
1600 vs 
1615 vs 
1590 vs 
1600 vs 
1590 vs 
1586 vs 
1580 vs 
1582 vs 
1588 vs 
1614 vs 

1238 vs 
1403 s 
1390 s 
1390 vs 
1390vs 
1368 vs 
1373 vs 
1400 vs 
1393 vs 
1396 vs 
1382 vs 
1390 vs 
1390 vs 
1410 vs 

456 
187 
200 
190 
210 
247 
217 
200 
197 
190 
198 
192 
198 
204 

a) v(NH) of the saturated heterocyclic amines. 

5000 G 

300 400 500 600 700 800 9001000 nm 

33333 20000 12500 
1 -1 

10000 cm 

Fig. 2. Exemplifying electronic spectra of the Gu-
(AcLeu)2 ( ), Cu (AcLeu) 2-pid ( ), and Gu-
(AcLeu)2 (pyridines)2 ( ) complexes. 

complexes.9»11»12) 
The electronic spectrum (14140 cm - 1 , £ = 1 8 8 

1-mol - 1-cm - 1) of the green methanolic solution of the 
Gu (AcLeu) 2 complex is very different to that of the 
solid state complex. The blue Gu (AcLeu) 2B2 ( B = 
py, 3pic, 4pic, morph, Mepipz, pipd) adducts in 
methanolic solution ( 1 -i- 3 • 10~2 mol • d m - 3 ) also give 
rise to green solutions, which show electronic spectra 
(14100—14600 c m - 1 and £ = 7 5 - ^ 9 0 1-mol"1 •cm"1) dif­
ferent to those of the solid state complexes. The 
color of the solutions and the position of the d-d bands 
suggest the presence of binuclear species due to a 
dissociation equilibrium involving the solvent molecules 
of this type: 

2Gu(AcLeu)2B2+2Solv— [Cu (AcLeu) 2 -Solv] 2 +4B 

This may be confirmed as an amine excess addition 

Fig. 3. EPR spectrum of the Gu (AcLeu) 2-pid com­
plexes. 

in the methanolic adduct solutions results in a blue 
shift of the d-d band (15350—15870 cm"1) and gener­
ally in a decrease of the molar extinction (57—80 
1 • m o l - 1 • c m - 1 ) . The lower d-d band positions of the 
blue solution complexes than those of the solid com­
plexes (16000—17800 cm-1) indicate that they are dif­
ferent and a lower tetragonal distortion in the former 
than in the latter complexes, being probably four 
amines entered in the coordination sphere around the 
metal ion. 

The assignments of the more relevant infrared bands 
(Table 3) for emphasizing the amino acid coordina­
tion are made by comparing the amino acid, its sodium 
and potassium salts and their deuterated analogues. 
The coordination sites of the amino acid may be securely 
evidentiated, as the I R spectra of the complexes are 
very similar in shape and position to those of the sodium 
and potassium JV-acetyl-DL-leucinato salts (Table 3). 

This suggests that the carboxylato group is the 
only group of the ligand involved in the coordination 
of the metal ion, confirming the previous results 
obtained from the electronic spectra. 

Trends in positions of and separation (Av) between 
antisymmetric and symmetric carboxylate stretching 
bands provide a useful observation for assigning its 
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coordination type. In fact a large splitting of the 
carboxylate stretching frequencies is often an indica­
tion of a monodentate coordination, as the G O bonds 
become inequivalent, and a small splitting is indicative 
of bidentate coordination or bidentate "br idging" co­
ordination.10»13) In bidentate coordination Av values 
consistent with the above considerations may be obtain­
ed only in the absence of any strong hydrogen bonding 
effects.13*14) 

For the assignment of bidentate or monodentate 
coordination of our complexes we have also taken 
into consideration the position of the symmetric stretch­
ing band of the carboxylato group, as this band is 
directly connected with the oxygen atom certainly 
linked to the metal ion. Values of v (OGO) s a t the 
same or lower energies than those found for the alkali 
metal salts are considered indicative of the presence 
of "symmetric" or "asymmetr ic" bidentate coordina­
tion of the carboxylato group, while values greater 
than 1410 c m - 1 may be associated with a bridging 
bidentate behaviour of the carboxylato group, as has 
been experimentally found in some polynuclear com­
plexes.10) This also agrees with a greater double bond 
character of the symmetric G O bond when the car­
boxylato group links two metal ions, acting as "bridg­
ing" bidentate ligand, than when it links one metal 
ion, acting as a simple bidentate ligand. 

By considering the Av values and the v(OGO) g 

position we may suggest the presence of "br idging" 
bidentate carboxylato groups in the Gu(AcLeu)2*pid 
complex and "asymmetric" bidentate groups in all 
the other complexes. These conclusions are also in 
agreement with the E P R and electronic results, and 
confirm the presence of an essentially G u 0 2 N 2 chro-
mophore in the amine adducts. 

The coordination of the amines is confirmed by 
the shift to lower frequencies of the *>(NH)B (Table 
3), with respect to the free amines,15»16) in the saturated 
heterocyclic amine adducts, and by the shifts of 
the bands in the 800—500 c m - 1 region, with respect 
to the free amines,17-19) in the aromatic amine adducts. 

The Authors are grateful to the Gentro Strumenti 
of the University of Modena for the recording of the 
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I R spectra and to the Gonsiglio Nazionale delle 
Ricerche of Italy for a financial support. 
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Super Exchange in Copper(II) Dimers. II. Synthesis, Characterization 
and Magnetic Properties of Binuclear Adducts of Copper(II) 

Halides with 1,2-Benzoquinone Dioximes. Ligand-
induced Ferromagnetic Exchange Coupling 

Michel Megnamisi BÉLOMBÉÏ 

Department of Physics, Stanford University, Stanford, California 94305, U. S. A. 
(Received April 26, 1979) 

Various 1,2-benzoquinone dioximes (bqdH) have been combined with GuGl2 or GuBr2 to afford the following 
new dimeric adducts: di-//-chlorobis[chloro( 1,2-benzoquinone dioxime)copper(II)], [CuCl2(bqdH)]2; d\-fi-
chlorobis[chloro(4-chloro-1,2-benzoquinone dioxime) copper (II)], [GuGl2(GlbqdH)]2 ; di-^-chlorobis[chloro(4-
methyl-1,2-benzoquinone dioxime) copper (II)], [GuGl2(MebqdH)]2 ; di-^-chlorobis[chloro(4,5-dimethyl-1,2-
benzoquinone dioxime) copper (I I)] , [GuGl2(Me2bqdH)]2; di-^-bromobis[bromo( 1,2-benzoquinone dioxime)-
copper(II)], [GuBr2(bqdH)]2; di-^-bromobis[bromo(4-chloro-1,2-benzoquinone dioxime)copper(II)], [GuBr2-
(GlbqdH)]2; di-//-bromobis[bromo(4,5-dimethyl-1,2-benzoquinone dioxime)copper(II)], [GuBr2(Me2bqdH)]2. 
These brown solids were characterized by variable-temperature magnetic susceptibility measured within 4.2—300 
K, as well as by room temperature near infrared and electron spin resonance spectra from which the dimeric structure 
of the compounds was inferred. The intradimer magnetic exchange interaction was found to occur by a super 
exchange mechanism mediated by the valence p wave functions of the bridging halide ions. It was observed 
that the electrophilic character of the benzoquinonoid ligands affects the magnetic exchange via backbonding 
and through mesomeric n electron delocalization. It was found, most interestingly, that the tendency to ferro­
magnetic exchange interaction within a dimer is the stronger, the more electrophilic the bqdH ligands can be 
made. 

We present here part I I of our investigations of 
magnetic super exchange in di-//-halobridged copper (II) 
dimers. In part I1) we showed that this category of 
magnetic clusters provides the simplest solids that appear 
to be best suited for reliable studies of magnetic exchange 
effects within the frame of the molecular field approxi­
mation or Heisenberg-Dirac-Van Vleck ( H D W ) 
model.2) T o test the existing theoretical models,2»3) 
new materials with possibly flexible properties are 
needed.4) We therefore focus our efforts primarily on 
the development of novel synthetic routes aimed at 
establishing a means for bringing about desirable 
changes in the magnetic properties of solids by a systema­
tic chemical modification of the constituent molecules. 
Thus , part I of this research series dealt with the isomor-
phous dimers,5»6) [CuX 2 (dmgH)] 2 , where X = C 1 ~ or 
Br - , and dmgH=dimethylglyoxime (or 2,3-butanedione 
dioxime). The results obtained there had revealed that 
the substantial difference noted in the super exchange 
effects of the two dimers ought to be linked to the 
nature of the halogen atom involved in the bridges, a 
result which is, in fact, quite consistent with a general 
trend.7) 

In the present work as well as in a recent note,8) we 
have employed a series of 1,2-benzoquinone dioxime 
(bqdH) ligands (Fig. 1) instead of dimethylglyoxime 
(dmgH). The purpose is to check that the reported 
nephelauxetic effect9) induced at the central metal site 
by the electrophilic benzoquinonoid ligands is likely to 
affect the intradimer exchange coupling. This ligand-
induced nephelauxetic effect was first observed while 
searching for new Krogmann type one-dimensional 
conductors,9-11) of interest in the study of high tempera­
ture superconductivity according to the hypothetical 

t Present address : Department of Chemistry, University 
of Ife, Ile-Ife, Nigeria. 

excitonic model of Little.12) I t was shown that the 
effect arises because the electrophilicity of the partially 
oxidized aromatic ligands couples more or less to the 
d-shell electron density of the central metal ions by 
means of backbonding13) and mesomeric delocalization 

Fig. 1. Sketch of inferred molecular structure of the 
[GuX2(RR /bpdH)]2 dimers, with the planes of the 
individual molecules nearly perpendicular to the 
plane of the drawing. The molecular planes and the 
intermodular Cu-X bond direction are taken roughly as 
the perpendicular ( J_ ) and parallel (//) orientations, 
respectively.8* 
X=C1~: 

a ) R = R ' = H 
b ) R=C1, R ' = H 
c ) R=Me(=CH3) , R ' = H 
d ) R = R ' = M e 

X=Br~: 
e ) R = R ' = H 
f ) R=C1, R ' = H 
g ) R = R ' = M e 

[CuCl2(bpdH)]2 

[GuGl2(GlbpH)]2 

[GuGl2(MebpdH)]2 

[GuGl2(Me2bpdH)]2 

[GuBr2(bpdH)]2 

[GuBr2(GlbpdH)]2 

[GuBr2(Me2bpdH)]2 
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of 71 electrons.9) The effect is reminiscent of the through-
bond phenomenon developed by Hoffmann.14) Thus , 
the coupling between metal d-shell and ligand jr-system 
provides a mechanism for d-shell "electron clouds" to 
be delocalized on to the spheres of the electrophilic 
benzoquinonoid rings. The degree of derea l iza t ion may 
be enhanced or reduced by appropriate substitution of 
these rings with electron withdrawing or electron 
releasing groups. 

The objective of the present contribution, therefore, 
is three-fold: first to describe the synthesis of new di-/*-
halobridged copper (I I) dimers, second to examine the 
role of the bridging halide ion, third and most impor­
tantly, to check the impact of the ligand-induced 
nephelauxetic effect upon the super exchange coupling. 

E x p e r i m e n t a l 

Preparation of Materials. The Reactants: The commercial­
ly available anhydrous GuBr2 crystals (Baker Analyzed 
Reagents, 99.4%) were used without further purification. 
CuCl2-2H20 crystals (90% + ) from the same source were 
recrystallized from 99.5% acetone, finely ground and dehy­
drated at 105 ° G over three consecutive nights to yield a dark-
brown powder. The 1,2-benzoquinone dioxime ligands used 
were of analytical grade.9) 

Synthesis of the Compounds: The complexes listed in 
Table 1 were prepared according to the method reported 
earlier.8) A general trend, however, was observed in the 
reaction yield which was found to be highest for the derivatives 
with less electrophilic bqdH ligands. The compounds decom­
pose when heated above 200 °G. 

Spectroscopic Experiments and Magnetic Susceptibility Measure­
ments. The molar magnetic susceptibility data were 
collected at 36 closely spaced temperature points in the range 
4.2—300 K, and near infrared and X-band electron spin 
resonance spectra were recorded at room temperature with 
the techniques described earlier.1»15) A non-linear least-squares 
fitting procedure with a double-precision computer 
program1»16) was employed to fit the susceptibility data to the 
conventional singlet-triplet Heisenberg equation. 

R e s u l t s 

The Compounds. All the complexes listed in 
Table 1 crystallize as shiny, dark-brown tiny prisms or 

TABLE 1. MICROANALYTICAL DATA 

Compound 

GuGl2(bqdH) 

GuGl2(GlbqdH) 

GuGl2(MebqdH) 

GuGl2(Me2bqdH) 

GuBr2(bqdH) 

GuBr2(GlbqdH) 

GuBr2(Me2bqdH) 

G 

26.35 
(26.44) 
23.52 

(23.47) 
29.47 

(29.34) 
31.29 

(31.96) 
20.09 

(19.96) 
18.20 

(18.20) 
25.92 

(24.68) 

H 

2.19 
(2.22) 
1.55 

(1.64) 
2.81 

(2.81) 
3.36 

(3.35) 
1.64 

(1.67) 
1.33 

(1.27) 
2.63 

(2.60) 
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flakes. The ease of complex formation is apparently 
determined by the electrophilic character of the benzo­
quinonoid rings involved, since the reaction yield 
decreases noticeably with increasing electrophilic 
character of these rings (87% for the derivatives with 
methyl-substituted, and about 5 4 % for those with 
chloro-substituted b q d H ligands). T h e stability of the 
complexes decreases in the same sense, particularly in 
the case of bromine-containing derivatives whose 
decomposition is obvious after a few weeks of exposure 
to air and light. The black body that results from this 
decomposition very probably consists of molecules with 
the Cu ions chelated by the quasi-coplanar 1,2-benzo-
quinone dioximate ligands, much like in Cu(bqd)2

17) or 
in Cu(dmg)2 .18) Note that the dimeric clusters reported 
here are very stable in vacuum or in a nitrogen atmos­
phere at room temperature. In solution, however, the 
likelihood of their decomposition increases considerably, 
especially at temperatures appreciably above ambient . 
For this reason, it is recommended that the syntheses be 
carried out at room temperature or lower. 

In general the new materials are poorly soluble in the 
cold, even in water or in acetone and similar organic 
solvents. When a powdered sample of [CuCl 2 (bqdH)] 2 , 
for instance, is stirred for a while in H 2 0 at room 
temperature, it is rather transformed into the equally 
sparingly soluble Cu(bqd) 2 complex, presumably accord­
ing to the reaction 

(2HaO) 
[GuGl2(bpdH)]2 > 

Gu(bpd)2 + CuCl 2 2H 2 0 + 2HG1, 

as the resulting greenish-brown solution is strongly 
acidic. In hot acetone, the solubility is substantially 
higher, but the likelihood of chemical decomposition at 
that temperature is increased as well. T h e chemical 
decomposition taking place in the solution is recogniz­
able by the formation of tear-causing bromoacetone in 
the case of the bromine-based derivatives. This suggests 
a redox reaction similar to the one noted previously on 
the related [CuX 2 (dmgH)] 2 dimers.1) The occurrence 
of this reaction is also indicated by the change in color 
of the solution which turns from dark-brown to light 
yellow-green after a few days. The true nature of this 

THE GuX2(RR /bqdH) COMPOUNDS 

Element, % a ) 

N 

10.16 
(10.28) 

8.84 
(9.12) 
9.44 

(9.77) 
9.16 

(9.32) 
7.68 

(7.75) 
6.95 

(7.08) 
6.97 

(7.19) 

Br 

43.63 
(44.21) 
40.12 

(40.37) 
39.73 

(41.03) 

Gl 

25.82 
(26.01) 
34.64 

(34.64) 
24.56 

(24.74) 
23.45 

(23.59) 

8.90 
(8.95) 

Gu 

23.11 
(23.31) 
20.30 

(20.70) 
21.98 

(22.17) 
20.65 

(21.14) 
17.50 

(17.58) 
15.70 

(16.50) 
15.80 

(16.31) 

a) Calculated values are given in parentheses. 
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Fig. 2. Virtually identical near infrared spectra of [GuGl2(bpdH)]2 and [GuBr2(bpdH)]2 

reflecting the matching structures of the compounds. 

[CuCl2(dmgH)]2 

flitotr." 2.095 

[CuCl2 (bqdH)]2 

9i«otr."2.l06 

[CuBr2(dmgH)]2 

fliwtr.* 2-035 

[CuCl2 (ClbqdH)]2 
9iiotr."2.l04 

[CuBr2(ClbqdH)]2 

fliwtr." 2-050 

[CuCl2(Me2bqdH)]2 

Fig. 3. Row on the left: Polycrystalline X-band ESR 
spectra of three representative chloro dimers, [GuGl2-
(RR /bpdH)]2, recorded at room temperature. The 
striking resemblance with the spectrum of the well-
characterized dimer,6> [GuGl2(dmgH)]2 (top of the 
row), reflects the dimeric structural similarity. 
Row on the right: ESR spectra of two representative 
bromo dimers, [GuBra(RR /bpdH)] demons ta ting 
their structural analogy to the well-characterized 
[CuBr2(dmgH)]2 dimer1»5* (top of the row). 

chemical process has not been established as yet. 
Spectroscopic Results. Figure 2 shows the near 

infrared spectra19) of [CuCl 2 (bqdH)] 2 and 
[CuBr 2 (bqdH)] 2 , which exhibit a striking resemblance 
reminiscent of that observed previously on the 
[CuX 2 (dmgH)] 2 dimers.1) Nevertheless, the doublet 
splitting of the O - H stretching absorption band charac­
teristic of the latter is not observed in the former pair 
of dimers. 

In Fig. 3 are displayed the ESR spectra of both the 
[CuX 2 (dmgH)] 2 and the [ C u X 2 ( R R ' b q d H ) ] 2 dimeric 
clusters. T h e absorption lines of four chloro compounds 
are presented in the row on the left, and the lines of 
three bromo derivatives in the row on the right side of 
the figure. In either case, the line shapes are charac­
terized by their remarkable similarity. For the chloro 
compounds, the anisotropy of the g tensor is well-
resolved into the parallel (g//) and the perpendicular 
(g±) components. Note, in particular, that gn remains 
equal to 2.207 as the ligand is varied from compound to 
compound, whereas g± does change markedly. The line 
shapes of the bromo derivatives, on the other hand, 
exhibit no obvious evidence for such a resolution of the 
g tensor which appears rather isotropic with the lines 
being considerably broader. In both categories of the 
[ C u X 2 ( R R ' b q d H ) ] 2 dimers, however, a significant 
narrowing of the lines is observed. This is obviously the 
result of substituent effects induced at the benzo-
quinonoid rings. Hence, the linewidth for the perpen­
dicular absorption varies, e.g., from AH±=70 G in 
[CuCl 2 (bqdH)] 2 to AH±=50 G i n [CuCl 2 (Me 2 bqdH)] 2 . 
Likewise the width decreases from À i / i s o t r = 3 3 0 G 
in [CuBr 2 (bqdH] 2 to A t f i s o t r = 2 3 0 G in [CuBr2-
(ClbqdH)] 2 . 

Static Magnetic Results. The variable-temperature 
diamagnetic molar susceptibility of Pt(bqd)2

9»10) (Table 
2), along with Pascal's constants for H , Cl~, and B r -
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TABLE 2. VARIABLE-TEMPERATURE DIAMAGNETIC 

MOLAR SUSCEPTIBILITY OF P t ( b q d ) 2 

Temp 
K 
4.2 
4.8 
5.7 
6.9 
8.0 
9.4 

10.6 
12.5 
15.0 
16.2 
17.6 
19.7 
21.8 
23.8 
25.7 
27.6 
29.8 
31.9 

io- 3%m 
cgs emu mol - 1 

0.057 
0.033 
0.021 
0.004 

- 0 . 0 0 9 
- 0 . 0 1 7 
- 0 . 0 2 4 
- 0 . 0 3 4 
- 0 . 0 4 1 
- 0 . 0 4 1 
- 0 . 0 4 1 
- 0 . 0 4 6 
- 0 . 0 4 1 
- 0 . 0 4 1 
- 0 . 0 4 4 
- 0 . 0 3 7 
- 0 . 0 2 6 
- 0 . 0 2 4 

Temp 
K 

34.1 
36.2 
38.3 
40.4 
45.4 
50.4 
55.3 
60.3 
65.3 
70.1 
80.2 

100.2 
120.2 
150.3 
179.9 
220.4 
259.8 
298.9 

io- 3%m 
cgs emu mol - 1 

- 0 . 0 3 1 
- 0 . 0 3 5 
- 0 . 0 3 5 
- 0 . 0 4 4 
- 0 . 0 4 4 
- 0 . 0 6 1 
- 0 . 0 4 4 
- 0 . 0 2 6 
- 0 . 0 1 3 
- 0 . 0 1 7 
- 0 . 0 2 0 
- 0 . 0 3 9 
- 0 . 0 3 5 
- 0 . 0 4 4 
- 0 . 0 4 4 
- 0 . 0 5 0 
- 0 . 0 5 2 
- 0 . 0 6 8 

TABLE 3. VARIABLE-TEMPERATURE MOLAR MAGNETIC 

SUSCEPTIBILITY (CORRECTED) £ M , AND EFFECTIVE 

MOMENT, ^eff/Gu(II), FOR [CuBr2(ClbqdH)]2 

atoms were used to correct for the diamagnetism of 
the ligands. 

The corrected molar susceptibility data , xm , and the 
corresponding effective moments, / i e f f /Cu(II) , of three 
representative dimers are listed in Tables 3, 4, and 5. 
The magnetic behavior of all three compounds is very-
similar over the temperature range examined. No 
maximum susceptibility is observed above 4.2 K, 
suggesting small J values in these materials. The trend 
in jie{{ data , on the contrary, is noticeably different. 
Whereas the effective moment per Cu(I I ) ion in 
[CuCl 2 (bqdH)] 2 and in [CuBr 2 (bqdH)] 2 remains 
virtually unchanged and close to the spin 1/2 value 
throughout the temperature range, the / / e f f /Cu(II) of 
[CuBr 2 (ClbqdH)] 2 drops rather sharply in the lowest 
temperature region. A similar, though less dramatic , 
dropoff was observed in [CuGl 2 (ClbqdH)] 2 as well. In 
all three cases, plots of inverse molar susceptibilities, 
1/Xm> versus temperature yielded nearly straight lines. 
From the slopes of these lines, the Curie constants of 
0.804 for [CuBr 2 (ClbqdH)] 2 , 0.761 for [CuBr 2 (bqdH)] 2 , 

TABLE 4. VARIABLE-TEMPERATURE MOLAR MAGNETIC 

SUSCEPTIBILITY (CORRECTED) £ M , AND EFFECTIVE 

MOMENT, //eff/Gu(II) FOR [CuBr2(bqdH)]2 

Temp 
-~K 

4^2 
4.8 
5.7 
6.9 
8.0 
9.4 

10.6 
12.5 
15.0 
16.2 
17.6 
19.7 
21.8 
23.8 
25.7 
27.6 
29.8 
31.9 
34.1 
36.2 
38.3 
40.4 
45.4 
50.4 
55.3 
60.3 
65.3 
70.1 
80.2 

100.2 
120.2 
150.3 
179.9 
220.4 
259.8 
298.9 

10-3 

cgs emu 
s 

Exper. 

100.144 
94.308 
85.195 
77.292 
69.150 
61.597 
56.510 
48.738 
42.203 
39.751 
36.681 
33.411 
30.547 
28.296 
26.459 
24.616 
22.990 
21.770 
20.747 
19.928 
18.792 
17.743 
15.779 
14.358 
13.009 
12.157 
11.348 
10.432 
8.993 
7.237 
6.029 
4.969 
4.126 
3.506 
3.104 
2.748 

*» 
mol - 1 

Theor. 

100.556 
94.090 
85.599 
76.153 
69.001 
61.512 
56.210 
49.394 
42.537 
39.865 
37.136 
33.668 
30.786 
28.462 
26.555 
24.886 
23.197 
21.785 
20.479 
19.370 
18.375 
17.477 
15.655 
14.178 
12.979 
11.948 
11.069 
10.339 
9.081 
7.321 
6.135 
4.936 
4.144 
3.401 
2.899 
2.530 

Mett 

Exper. 

1.296 
1.345 
1.393 
1.459 
1.486 
1.521 
1.546 
1.559 
1.590 
1.603 
1.605 
1.620 
1.630 
1.639 
1.647 
1.646 
1.653 
1.664 
1.679 
1.695 
1.693 
1.690 
1.689 
1.697 
1.692 
1.707 
1.716 
1.705 
1.692 
1.695 
1.693 
1.717 
1.710 
1.742 
1.778 
1.792 

/Gu(II) 
B.M. 

^ 
Theor. 

1.299 
1.343 
1.396 
1.449 
1.485 
1.519 
1.542 
1.570 
1.596 
1.605 
1.615 
1.627 
1.636 
1.644 
1.650 
1.655 
1.660 
1.664 
1.668 
1.671 
1.674 
1.677 
1.682 
1.686 
1.690 
1.693 
1.695 
1.697 
1.700 
1.705 
1.708 
1.712 
1.714 
1.716 
1.717 
1.718 

Temp 
K 

4.2 
4.8 
5.7 
6.9 
8.0 
9.4 

10.6 
12.5 
15.0 
16.2 
17.6 
19.7 
21.8 
23.8 
25.7 
27.6 
29.8 
31.9 
34.1 
36.2 
38.3 
40.4 
45.4 
50.4 
55.3 
60.3 
65.3 
70.1 
80.2 

100.2 
120.2 
150.3 
179.9 
220.4 
259.8 
298.9 

10-3 

cgs emu 

Exper. 

176.114 
154.271 
127.168 
105.738 
89.986 
77.463 
68.587 
57.888 
47.997 
44.567 
41.752 
36.090 
33.070 
30.449 
28.235 
26.219 
24.212 
22.401 
21.395 
20.182 
19.166 
17.137 
15.939 
14.135 
12.930 
11.929 
11.133 
10.335 
8.920 
6.908 
5.903 
4.760 
4.012 
3.560 
3.007 
2.535 

Xva 
L moi - 1 

Theor. 
176.044 
153.349 
128.505 
105.682 
90.889 
77.148 
68.299 
57.804 
48.086 
44.496 
40.932 
36.543 
33.005 
30.219 
27.977 
26.045 
24.117 
22.526 
21.071 
19.847 
18.758 
17.782 
15.824 
14.256 
12.995 
11.920 
11.010 
10.258 
8.972 
7.190 
6.002 
4.811 
4.029 
3.299 
2.808 
2.448 

Met 
] 

Exper. 

1.719 
1.720 
1.702 
1.707 
1.696 
1.705 
1.704 
1.700 
1.695 
1.698 
1.713 
1.684 
1.696 
1.700 
1.701 
1.699 
1.696 
1.688 
1.705 
1.706 
1.710 
1.661 
1.697 
1.684 
1.687 
1.691 
1.700 
1.697 
1.685 
1.656 
1.675 
1.680 
1.686 
1.756 
1.749 
1.720 

f/Gu(II) 
B.M. 

-^ N 

Theor. 
1.719 
1.715 
1.711 
1.707 
1.704 
1.702 
1.700 
1.699 
1.697 
1.696 
1.696 
1.695 
1.694 
1.694 
1.693 
1.693 
1.693 
1.692 
1.692 
1.692 
1.692 
1.692 
1.691 
1.691 
1.691 
1.691 
1.690 
1.690 
1.690 
1.690 
1.690 
1.689 
1.689 
1.689 
1.689 
1.689 
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TABLE 5. VARIABLE-TEMPERATURE MOLAR MAGNETIC 

SUSCEPTIBILITY (CORRECTED) £ M , AND EFFECTIVE 

MOMENT, /zeff/Cu(II) FOR [CuCl2(bqdH)]2 

4.2 
4.8 
5.7 
6.9 
8.0 
9.4 

10.6 
12.5 
15.0 
16.2 
17.6 
19.7 
21.8 
23.8 
25.7 
27.6 
29.8 
31.9 
34 
36 
38 
40 
45 
50 
55 
60 
65 
70 
80 

100 
120 
150 
179.9 
220.4 
259.8 
298.9 

Temp 
io-3zm 

cgs emu mol - 1 

Exper. Theor. 

/ W C u ( I I ) 
B.M. 

Exper. Theor. 

162.086 
143.859 
120.282 
101.503 
86.410 
74.630 
65.801 
55.869 
46.486 
43.733 
39.868 
35.825 
32.516 
30.128 
27.739 
25.902 
24.072 
22.608 
20.949 
20.031 
18.919 
17.999 
15.423 
13.780 
12.681 
11.582 
10.855 
10.129 
8.933 
7.175 
6.000 
4.717 
3.980 
3.296 
2.958 
2.589 

162.475 
142.929 
121.084 
100.591 
87.084 
74.376 
66.109 
56.219 
46.975 
43.539 
40.117 
35.888 
32.466 
29.764 
27.584 
25.702 
23.821 
22.266 
20.841 
19.642 
18.574 
17.616 
15.690 
14.146 
12.902 
11.840 
10.941 
10.198 
8.924 
7.158 
5.979 
4.795 
4.017 
3.290 
2.801 
2.442 

1.649 
1.661 
1.655 
1.673 
1.662 
1.674 
1.669 
1.670 
1.668 

1.651 
1.656 
1.660 
1.665 
1.668 
1.671 
1.673 
1.675 
1.677 

682 
673 

678 
679 

1.678 
1.682 
1.691 
1.686 
1.688 
1.691 

1.680 
.680 
.681 

1.681 
1.682 
1.682 

1.696 1.683 
687 
700 
699 
702 
670 
662 

1.670 
1.666 
1.679 
1.680 
1.686 
1.688 
1.689 
1.673 
1.679 

1.683 
.683 
.683 

1.684 
1.684 
1.684 

.685 

.685 

.685 

.685 

.686 

.686 
1.686 

.687 

.687 
.688 
.735 
.738 

1.687 
1.687 
1.687 

TABLE 6. ROOM TEMPERATURE PARAMAGNETIC MASS 

SUSCEPTIBILITY, £G , AS A FUNCTION OF THE APPLIED 

FIELD, H FOR THE [CuCl2(bqdH)]2 DIMER 

H/kG 

2.10 
3.13 
4.11 
5.12 
6.12 
7.13 
8.10 

10- 6 Xg/emu g- i 

4.36 
4.20 
4.16 
4.19 
4.17 
4.36 
4.24 

and 0.754 for [CuCl 2 (bqdH)] 2 were calculated. 
Table 6 shows the field-dependence of the mass 

susceptibility, xg, for [CuCl 2 (bqdH)] 2 at room 
temperature.19) I t is clearly seen that the magnetic 
susceptibility is independent of the applied field, H. 

D i s c u s s i o n 

By analogy to the previously well-characterized 
[CuX 2 (dmgH)] 2 dimers,1»5»6) the spectroscopic results 
of this study reflect conclusive evidences for a closely 
related dimeric structure of the present [CuX2-
( R R ' b q d H ) ] 2 clusters sketched in Fig. 1.8> 

The observations of a constant parallel g value in the 
ESR spectra of all chloro-bridged dimers (Fig. 3, row 
on the left) may be taken as good grounds to believe 
that the axial C u - X bonds (which coincide roughly 
with the molecular parallel orientation) do not vary in 
character, no matter how radically the organic ligands 
lying in the horizontal direction (perpendicular orienta­
tion of the molecule) may be chemically modified. In 
other words, the structural element defined by the 
C u X C u X quadrangle in Fig. 1 remains virtually the 
same for all the dimers. From the well-known structure 
of [CuCl 2 (dmgH)] 2 dimer,6) therefore, it is reasonable 
to conclude that the present chlorobridged clusters have 
fairly the same structure, the specific difference residing 
merely in the replacement of the dmgH by the R R ' b q d H 
ligands. 

Likewise the ESR spectra of the bromobridged dimers 
(Fig. 3, row on the right) suggest that the structure of 
these derivatives is analogous to that of [CuBr2(dmgH)]2 

(top of the row) which, in turn , has been shown to be 
isomorphous with the [CuCl 2 (dmgH)] 2 dimer.1»5»6) 

Jus t as was found in that pair of dimers, it is demon­
strated here that the new pair, [CuCl 2 (bqdH)] 2 and 
[CuBr 2 (bqdH)] 2 , exhibit quasi-identical infrared spectra 
(Fig. 2) . Yet, the doublet splitting of the O - H stretching 
absorption band characteristic of the former pair is not 
observed in the latter pair of dimers, thus suggesting 
that in the latter case, the hydroxyimino hydroxyl 
groups of the b q d H ligands find themselves in crystal-
lographically equivalent positions. O n the basis of these 
matching spectroscopic results, the dimeric structure of 
the new clusters is most reasonably assumed to be as 
sketched in Fig. 1, with the bridging angle GuXGu 
approximately 85°—88°. 

Bearing in mind this structural similarity, it appears 
interesting next to examine the role of the halogen 
ligands in the super exchange effect. Considering, again, 
the pair of dimers, [CuCl 2 (bqdH)] 2 and [CuBr 2(bqdH)] 2 

(which differ only in their halogen ligands), it is seen 
that the variation of the exchange parameter, J, 
between the two compounds follows consistently the 
trend observed previously on the pair, [CuCl 2 (dmgH)] 2 

and [CuBr2(dmgH)]2 .1) For either dimer pair, the 
exchange coupling in the bromo derivative turns out to 
be antiferromagnetic (J= —1.51 c m - 1 for the dmgH-
based dimer, J=— 0.11 c m - 1 for the bqdH-based 
dimer) , whilst in the chloro derivative it is found to be 
ferromagnetic ( / = + 0 . 3 1 c m - 1 for the dmgH-based 
dimer, J= + 0 . 1 4 c m - 1 for the bqdH-based dimer). 
These observations indicate that , at least for the par­
ticular dimeric structure sketched in Fig. 1, bromo 
ligands are more likely to induce antiferromagnetic 
exchange coupling, while chloro ligands tend to drive a 
ferromagnetic coupling of the single electron spins at 
very low temperatures. 
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When, however, the ligand-induced nephelauxetic 
effect introduced above is modulated by appropriate 
substitutions of the benzoquinonoid rings, remarkable 
variations in the value of the exchange parameter 
result.8) Considering the following dimers: [CuCl2-
(MebqdH)] 2 , [CuCl 2 (bqdH)] 2 , [CuCl 2 (ClbqdH)] 2 , 
where the electrophilic character of the benzoquinonoid 
rings is progressively enhanced in the same order, the 
corresponding J values of —3.32 c m - 1 , + 0 . 1 4 cm" 1 and 
+ 0 . 3 8 cm- 1 are observed. For [CuBr 2 (bqdH)] 2 and 
[CuBr2(ClbqdH)]2 likewise, the exchange coupling 
constant changes from / = — 0.11 cm" 1 to / = + 4 . 6 3 
cm - 1 , respectively. Clearly, electron releasing groups 
such as Me (methyl) at the b q d H moitiés are likely to 
induce antiferromagnetic exchange coupling, whereas 
electron withdrawing substituents such as CI definitely 
drive the exchange process towards a ferromagnetic 
ordering of the intradimer single electron spins. In 
other words, the more electrophilic the b q d H ligands 
can be made, the more ferromagnetic the exchange 
coupling at lowest temperatures is expected to be. This 
finding constitutes the innovation of central interest in 
the present research. 

The overall magnetic behavior of the binuclear Cu(I I ) 
clusters studied here is very much alike for the tempera­
ture region appreciably above 4.2 K . In particular the 
fleff/Cufll) for [CuCl 2 (bqdH)] ? and [CuBr 2 (bqdH)] 2 

remains comparable to the spin 1/2 value over the 
temperature range considered. This indicates Curie-like 
behavior and agrees well with the small J values 
observed on these derivatives. The / i e f f /Cu(II) for 
[CuBr2(ClbqdH)]2 , by contrast, departs markedly from 
this behavior at lowest temperatures, which is consistent 
with the larger y value found for this compound. Thus , 
it turns out that when the effect of the bridging halogen 
and the ligand-induced nephelauxetic effect are con­
sidered together with respect to their impact upon the 
exchange interaction within a dimer, the latter effect 
dominates overwhelmingly. 

Although the dmgH-based copper (I I) dimers on the 
one hand, and the bqdH-based dimers on the other 
hand, exhibit very similar magnetic and hence analogous 
structural features, the colors of the two compound 
classes differ radically. The blue-green crystals of the 
first class exhibit a color that is common to and charac­
teristic of copper (I I) derivatives of this type. The 
dark-brown color of the second class of compounds, by 
contrast, is rather unusual for such copper (I I) 
derivatives. 

The observed narrowing of the ESR lines upon 
substitution of the b q d H ring may be interpreted as a 
tangible manifestation of the ligand-induced nephelauxe­
tic effect acting at the microscopic level. These observa­
tions indicate that there is a finite degree of involvement 
of the paramagnetic electrons in the phenomenon of 
ligand-induced nephelauxetic effect. 

As a novel aspect of scientific interest, one may view 
the experimental evidence gained here on the basis of 
this nephelauxetic effect as a potential input to guide 
new developments in the field of magnetism. It is 
hoped that such developments might lead to the deriva­
tion of a model generally valid for predicting the 

occurrence of ferromagnetism in magnetic coordination 
compounds. Other effects such as the degree of 
coplanarity of the individual molecules, the magnitude 
of the bridging angle, the degree of the copper-halogen 
bondings, as well as the extent of the C u - C u contacts, 
considered together or separately, may play a non-
negligible role in the intradimer exchange interactions. 
Detailed structural analyses, however, must be awaited 
in order to assess the importance of these factors. For 
more accurate and quantitative correlations of 
anisotropic spin-lattice relaxation processes, magnetic 
measurements on single crystals—possibly supplemented 
by neutron diffraction studies— are needed. 
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Studies on Xanthylium Salts. 
Behaviour of 9-Vinylidenexanthenes in Acid Media 
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Unsymmetrical aliènes namely, l,l-diaryl-2-(9/-xanthenylidene)ethylenes (1) reacted readily with perchloric 
acid, hydrogen chloride, and acetic acid to give the corresponding highly coloured 9-vinylxanthylium salts (3). 
The latter derivatives (3) thermally rearranged in acid media to give spiro [indene-l,9'-xanthene] s (7). Structures 
of compounds 3 and 7 were established from chemical and spectral evidences. A new route for synthesis of aliènes 
(1) was reported. 

Orientation of polar addition of acids to substituted 
aliènes to give carbonium ions has been shown to be 
controlled by the nature of substituents present.1»2) A 
study is now reported on the behaviour of unsym­
metrical aliènes3»4) (1) namely, l , l-diaryl-2-(9'-xanthen-
ylidene)ethylenes in acid media. These aliènes (1 , R = 
H , C H 3 0 , C 2 H 5 0 , or 2-C3H70) added perchloric acid 
(in either acetic acid or methanol) to give crystalline, 
deeply coloured mono-perchlorate derivatives namely, 
9'-[2,2-bis(/>-substituted phenyl)vinyl]xanthylium Per­
chlorates (3, R = H , CH3O, C 2 H 5 0 , o r / - C 3 H 7 0 ; X = 
C104) . T h e structure of 3 ( X = C 1 0 4 ) was established 
from analytical data and from the following findings: 
(i) The Perchlorate 3 ( R = H ; X = C 1 0 4 ) , derived from 
the corresponding aliène (1 , R = H ) , was identical with 
an authentic sample prepared by treatment of 1,1-
diphenyl-2-(9'-hydroxy-9'-xanthenyl)ethylene (2, R = 
H) with perchloric acid in methanol at —5 °C; (ii) 
Reduction of perchlorate 3 ( R = C 2 H 5 0 ; X = C 1 0 4 ) with 
sodium borohydride gave mainly l,l-bis(/>-ethoxy-
phenyl)-2-(9'-xanthenyl)ethylene (6, R = C 2 H 5 0 ) ; (iii) 
N M R spectrum of the jb-alkoxy perchlorate 3 ( R = z -
C 3 H 7 0 ; X = C 1 0 4 ) revealed the equivalency of the 
2,2-diaryl residues. 

Aliène 1 ( R = H ) added hydrogen chloride to yield 
deep red crystals of 9-(2,2-diphenylvinyl)xanthylium 
chloride (3, R = H ; X = C 1 ) . Synthesis of an authentic 
sample of 3 ( R = H ; X = C 1 ) was achieved by adding 
9,9-dichloroxanthene (4) to 2,2-diphenylethylene (5, 
R = H ) . The reaction likely proceeded via an inter­
mediate (scheme) which spontaneously eliminated 
hydrogen chloride on heating. T h e latter addition 
reaction was extended to prepare aliènes 1 ( R = H , 
CH3O, C 2 H 5 0 , or i -C 3 H 7 0) by using the appropriate 
ethylene (5, R = H , C H 3 0 , C 2 H 5 0 , or f -C 3 H 7 0) , and 
treatment of the intermediate products, without being 
isolated, with pyridine. 

Electrophilic addition of hydrogen halides to sub­
stituted aliènes has been reported to give monohalo-
genated products that were probably derived from vinylic 
cations formed by protonation of central carbon atom 
of these aliènes.1»2»5) Selective addition of acids to n 
bond attached to xanthene residue of aliènes (1) seemed 
to take place initially via a similar mechanism that 
followed by cyclic conjugation6) to give xanthylium 
derivatives (3). The deep colour of such Perchlorates or 
chlorides (3, X = C 1 0 4 or CI) in crystalline form or in 
solution might account for such conjugation. A similar 
chromophoric effect was noticed when colourless aliènes 

(1) were dissolved in acetic acid (deep red, R = H , and 
bluish violet, R = a l k o x y ) . This was probably due to 
similar type of protonation to give xanthylium acetate 
derivatives (3, X = O A c ) . U V spectra for both Per­
chlorates (3, X = C 1 0 4 ) and acetates (3, X = O A c ) were 
consistent with this observation. 

- H C l 
)OH /O-R 

0 C-CH=C 
(X=C1) 

j-HCl 

7C\ 
0 C-CH2-C 

Q /> 
0 C=C=C 

Ö \ > Ö 2 t>R 
! |Ha 

l + HX -, i 

,Q XT 
-H20 

0H3 X > '(OH, 
:0^vC-CH=C 

X=C104 )Cl,Br,or OAc 

l-HX ^ Q 0 R 
XJKR 

0 CH-CH=C 

W/Cl A J « K y C' a:R=H 
°wC^Cl+ H 2 C = (< CïY*) b:R=CH30 
\J \_>R U d:R=.-C8H70 

a:R=H Ö W " R 

Aliènes 1 ( R = H , C H 3 0 , C 2 H 5 0 , or z-C3H70) 
rearranged in boiling acetic acid to afford colourless 
crystalline products namely, 6-substituted-3-(/>-substi-
tuted phenyl)spiro[indene-1,9'-xanthene]s (7, R = H or 
alkoxy). This rearrangement could also be brought 
about by heating a solution of aliène 1 ( R = H , C H 3 0 
or C 2 H 5 0 ) in either ethanol containing hydrochloric 
acid or in ether saturated with hydrogen bromide. The 
reaction pathway for this rearrangement would require 
an initial formation of xanthylium ion intermediate 
(3, X = O A c , Gl, or Br) that cyclized through an internal 
electrophilic substitution7»8) of one of the 2,2-diaryl 
residues to give spiroindene (7). This was evidenced by : 
(i) the perchlorate 3 ( R = H or C 2 H 5 0 ; X = C 1 0 4 ) 
converted in boiling acetic acid to yield typical indene 
7 ( R - H or C 2 H 5 0 ) ; (ii) l , l-diphenyl-2-(9 /-hydroxy-9 /-
xanthenyl)ethylene (2, R = H ) cyclized in acid medium 
to give indene 7 ( R = H ) , and (iii) N M R of />-alkoxy 
indenes (7, R = a l k o x y ) revealed the nonequivalency of 
the two />-alkoxyphenyl residues, and that one of them 
became trisubstituted. For example, the methoxyl 
groups of 7 ( R = C H 3 0 ) appeared as two singlets (ô, 
3.71 and 3.53, each 3H) , whereas the same groups were 
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shown as overlapped singlet in the spectrum of each of 
the parent aliène (1, R = C H 3 0 , ô, 3.90, 6H) and of 
1,1 -bis (/>-methoxyphenyl) ethylene (5, R = C H 3 0 , ô, 
3.75, s, 6H) . The above findings were also in support of 
structure 7 for indenes rather than the alternative 
structure 8. Furthermore, the latter 8, by analogy with 
the behaviour of 9-xanthenylidene derivatives,9»10) might 
be expected to add acids to give the corresponding 
xanthylium salt. This was not the case with our indenes; 
they failed to add acetic acid or perchloric acid and 
recovered mainly unchanged. Further relevant evidence 
was obtained from U V measurements in methanol or 
in acid medium (in acetic acid or in acetic acid/ 
perchloric acid). Indene 7 ( R = H ) showed the same 
single absorption maximum at Amax 290 n m in either 
solvent, whereas 9-benzylidenexanthene, as a reference 
example, showed: Am a x (CH 3 OH) 341 n m ; and Amax 

(AcOH) 288, 336 n m ; and Amax (AcOH/HC10 4 ) 296, 
384, 474, and 500 (shoulder) n m . 

Q 
O G = GH 

<^>-C(C 6 H 5 R-/>) 2 

8 

E x p e r i m e n t a l 

NMR spectra were measured with a Varian T 60 instrument 
and mass spectra with an A.E.I. MS9 spectrometer, and UV 
spectra with a Beckman DK-1 spectrophotometer. The 
infrared spectra were recorded with a Pye-Unicam SP 1000 
spectrometer. All melting points were determined in open 
capillary tubes. 

9,9-Dichloroxanthene (4). This was prepared by refluxing 
a solution of xanthone (2 g) in excess of thionyl chloride (10 ml) 
for 5 h. Excess thionyl chloride was recovered by distillation 
under reduced pressure. The residue obtained was mixed 
with 10 ml of petroleum ether (bp 60—80 °G), and the 
solvent was again removed under reduced pressure. The 
procedure was repeated for 5 times. All the processes were 
carried out under complete protection of moisture, and the 
final residue kept under dry conditions, mp 101—103 ° G 
(lit, mp11) 103 °G).11> 

1,1-Diary1-2- ( 9-xanthenylidene) ethylene (la—d). A 
mixture of 9,9-dichloroxanthene (prepared from 2 g xanthone) 
and 1,1-diphenylethylene (1.8 g) was heated on a steam bath 
for 2 h. The mixture was further heated in benzene for 
15 min and filtered. The insoluble reddish-brown material, 
mp 155—157 °G (dec) showed no depression in mp when 
admixed with an authentic sample. The sample was 
prepared by passing hydrogen chloride for 10 min into a 
solution of 1,1-diphenyl(9-xanthenylidene)ethylene (la, 0.5 g) 
in benzene (15 ml) and the deep red crystals formed were 
collected by filtration to give 3a (X=G1), mp 157 °G. 

After a solution of 3a (0.5 g) in pyridine (10 ml) had been 
refluxed for 10 min, water was added to the reaction mixture 
and worked up in the usual way. The product was recrys-
tallized from methanol to give la , mp and mixed mp3) 
205 °G in ca. 50% overall yield. 

In the case of a mixture of 1,1 -bis(/>-alkoxyphenyl) ethylene 
(0.01 mol) and 9,9-dichloroxanthene (0.01 mol), extensive 
evolution of hydrogen chloride was observed on heating, and 
the reaction mixture was directly treated with pyridine and 

worked up to give l,l-bis(/?-alkoxyphenyl)-2-(9-xanthylidene)-
ethylene (1): l b , mp and mixed mp3) 125 °C; lc , mp and 
mixed mp3) 125 °C; and Id, mp and mixed mp3) 147 °C in 
ca. 40% yield. IR spectra of these aliènes were superimposable 
with that of authentic samples. UV and visible spectra 
measurements which performed in glacial acetic acid showed 
for la : Amax: 515, 371, 346, 330, 257 nm and for l b : Amax: 628, 
478, 373, 355, 277 nm. 

9-(2,2-DiarylvinyI) xanthylium Perchlorates (3a—d). 
Perchloric acid (2 ml, 70%) was added gradually to a stirred 
solution of l,l-diaryl-2-(9-xanthenylidene)ethylene 1 (1.0 g) 
in either acetic acid or methanol (25 ml) and the mixture was 
further stirred for 30 min. The mixture diluted with ether and 
cooled to give the corresponding Perchlorates 3a—d, which 
separated as highly coloured crystals in ca. 90% yield. Thus 
were obtained: 3a, mp 181 °G, Amax (AcOH): 533, 380, 278 
nm; Found: Gl, 7.8%. Galcd for G27H19G105: Gl, 7.73%. 
This Perchlorate (3a) could be prepared by adding perchloric 
acid (0.5 ml) to a cold solution (— 5 °G) of compound (2a) 
(0.2 g) in methanol (25 ml). The mixture was stirred for 
10 min and the red crystals deposited were collected by 
filtration, mp and mixed mp 181 °G. 

3b, mp 170 °G, Amax (AcOH): 612, 497, 367, 271 nm; 
Found: CI, 6.9%. Galcd for G29H23G107: Gl, 6.83%. 

3c, mp 172 °C, Amax (AcOH): 619, 490, 367, 271 nm; 
Found: Gl, 6.6%. Galcd for G31H27G107: Gl, 6.48%. 

3d, mp 157 °G, Found: Gl, 6.2%. Galcd for G33H31G107 Gl, 
6.17%. 

Reduction of 9-(2,2-Diarylviny I) xanthylium Perchlorates (3a, c). 
To a cold stirred suspension of each of the title compound 
(0.5 g) in methanol (10 ml), sodium borohydride (0.2 g) was 
added at once. The deep colour (red or blue violet) disap­
peared immediately and colourless crystals deposited. After 
stirring for 15 min, the mixture diluted with water (2 ml) was 
cooled and the solid precipitated was collected by filtration. 
It was crystallized from methanol to give the corresponding 
l,l-diaryl-2-(9,-xanthenyl)ethylene (6) in ca. 90% yield. Thus 
were obtained: 6a, mp and mixed mp3) 164 °G and 6c, mp 
and mixed mp3) 115 °G. 

Action of Pyridine on 9'-( 2,2-Diarylviny I) xanthylium Perchlorates 
(3). A solution of the Perchlorate 3a—d (1.0 g) in 
pyridine (10 ml) was heated to boiling for 10 min. The 
mixture diluted with water was extracted with ether. The 
ether phase was washed thoroughly with water, separated, 
dried (MgS04), and the solvent was distilled off. The residue 
crystallized from methanol, from which the aliène (1) separated 
as colourless crystals in ca. 90% yield. Thus were obtained: 
la , mp and mixed mp3) 205 °G; l b , mp and mixed mp3) 
125 °G; lc , mp and mixed mp3) 125 °G; and Id, mp and 
mixed mp3) 147 °G. 

ß-Substituted-3-(^-substituted phenyl)spiro[indene-1,9/-xanthene]s 
(7). These compounds were obtained as follows: A 
solution of l,l-diaryl-2-(9/-xanthenylidene)ethylene (0.5 g) in 
acetic acid (20 ml) was heated to boiling until the deep colour 
developed on dissolution (red in case of la, and blue violet 
with lb—d) almost discharged (ca. 4h) . The solution was 
cooled, diluted with water and extracted with ether. The 
extract was washed successively with water, sodium carbonate 
solution (5%), and water and dried (MgS04). The residue 
obtained by evaporation of the solvent was crystallized from 
methanol to give colourless crystals of compound 7 in ca. 90% 
yield. Thus were obtained: 7a, mp 174 °G, ô (GG14) 7.07 
(s, G6H5) superimposed on 7.51—6.61 (m, 8H, of xanthene 
plus 3H, indene), m/e 358 (M+); Found: G, 90.5; H, 5.1%. 
Calcd for G27H180: G, 90.47; H, 5.06%. Amax 290 nm 
(AcOH/Ac20, 9 : 1 , v/v) or in AcOH/Ac20/HG104 (70%) 
(9:0.9:0.1,v/v/v). 
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7b, mp 174°C;12> Ô (GG14) 7.67—6.42 (m, 15H, Ar), 6.35 
(s, 1H, indene H-2) and 3.71, 3.53 (2s, 6H, 2CH sO); m/e 418 
(M+); Found: G, 83.3; H, 5.4%. Calcd for G29H2203: G, 
83.23; H, 5.30%. 

7c, mp 157 °G; ô (GG14) 7.58—6.46 (m, 15H, Ar), 6.41 
(s, 1H, indene H-2), 3.94, 3.78 (2 overlapped q, 7 = 8 Hz, 
each 2H of G2H60), 1.38 and 1.24 (2 overlapped t, 7 = 8 Hz, 
each 3H of G2H60) ; m/e 446 (M+) ; Found: G, 83.4; H, 5.8%. 
Galcd for G31H2603: C, 83.38; H, 5.87%. 

7d, mp 122 °C, m/e 474 (M+); Found: G, 83.4; H, 6.4%. 
Galcd for C33H30O3: G, 83.51; H, 6.37%. 

When a solution of 3a or 3c (0.5 g) in acetic acid (20 ml) 
heated to boiling for 5 h and worked up as above, spiro-
indenes 7a, mp and mixed mp 174 °C and 7c, mp and mixed 
mp 157 °G were obtained respectively in ca. 80% yield. 

To each solution of l a or l c (0.5 g) in ethanol (10 ml) 
concentrated hydrochloric acid (2 ml) was added. Each 
mixture was heated to boiling for 10 h. The colourless crystals 
separated on cooling the mixture were collected by filtration 
and were recrystallized from methanol to give the correspond­
ing indenes 7a and 7c, mp and mixed mp 174 and 157 °G 
respectively. 

Hydrogen bromide was bubbled in a cold ethereal solution 
of l b (0.5 g in 15 ml ether) until no more absorption of gas 
was observed. The mixture was refluxed for 30 min and left 
overnight. The solvent was recovered and the residue obtained 
was recrystallized from methanol to give 7b, mp and mixed 
mp 174 °G. 

9-Benzylxanthylium Perchlorate. To a cold solution of 
9-benzylidenexanthene (0.5 g) in a mixture of acetic acid 
(4 ml)/acetic anhydride (1 ml), perchloric acid (70%, 0.5 ml) 
was added. The mixture was left for 30 min at room tempera­
ture and then was diluted with ether. The deep yellow 
crystals precipitated were collected by filtration and were 
washed with ether. They had mp 226 °G which showed no 
depression when admixed with an authentic sample of 9-
benzylxanthylium Perchlorate prepared from 9-benzyl-9-
hydroxyanthene according to the procedure reported by 
Gonant et A/.;13) Amax 288, 336 nm (AcOH/Ac20, 9: 1 v/v) and 

K*x 296, 384, 474, and 500 (shoulder) nm (AcOH/Ac20/ 
HC104, 8.9: 1:0.1 v/v/v) were shown in the spectra of 9-
benzylidenexanthene. The same absorption maxima in acetic 
acid perchloric acid, were obtained when 9-benzylxanthylium 
Perchlorate was measured in acetic acid. 

We are indebted to Dr . R . S. Atkinson, Depar tment 
of Chemistry, University of Leicester, England, for his 
help to carry out mass and N M R spectra. 
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Some new m-1-(arylsulfonyl)-2-phenylcyclopropanes have been synthesized by the addition of arylthiocar-
benes to styrene in presence of excess potassium f-butoxide at low temperatures. The (arylthio) cyclopropanes 
thus obtained are subsequently oxidized with 30% hydrogen peroxide in acetic acid to corresponding sulfones. 
The IR and PMR spectra of all these compounds were recorded. Their IR spectra displayed bands in the 
region 1033—1008 cm - 1 which are considered to be the most characteristic of the cyclopropane ring. They 
have also exhibited bands in the region 850—820 cm - 1 characteristic of m-configuration. The PMR spectra 
gave complex multiplets in the region 1.4—3.1 ppm. A study of these chemical shifts for ring protons and other 
substituents reveals that all the substituents tend to cause protons cis-to them to appear at higher fields than those 
trans-to them. Thus the differences of the chemical shifts can be used as a criterion to distinguish between eis­
end trans-1 - (arylsulfonyl) -2-phenylcyclopropanes. 

One of the important methods1) of preparing cyclo-
propanes is by the utility of dimethylsulfoxonium 
methylide (I) and dime thy lsulfonium methylide (H) . 2 ) 

A wide variety of Michael acceptors have been explored 
with I and I I . a,ß-Unsaturated ketones, nitriles, iso-
cyanides and nitro compounds gave good to excellent 
yields for the preparation of cyclopropanes.3) The 
utility of I I as a co-reactant with a,/?-unsaturated 
sulfones for the synthesis of cyclopropyl sulfones4-8) 
seemed to be stereoselective and the cyclopropane 
derivatives thus obtained appeared to have trans-con-
figuration. 

T h e reaction of carbenes, derivatives of bivalent 
carbon with carbon-carbon multiple bonds provides 
one of the important methods for the preparation 
of cyclopropane compounds. Schoellkopf et a/.9-13) 
reported the preparation of cyclopropanes by treating 
olefins with chloromethyl phenyl ether (PhOCH 2 Cl) 
and chloromethyl phenyl sulfide (PhSCH2Cl) through 
phenoxycarbene and phenylthiocarbene intermediates 
respectively. These reactions were considered to 
proceed stereospecifically eis. 

Although the synthesis and study of quite a 
number of trans-l-(arylsulfonyl)-2-arylcyclopropanes are 
known,4 - 8) there are no reports about the synthesis 
and study of corresponding m-compounds in the 
literature except m-l-(phenylsulfonyl)-2-phenylcyclo-
propane.4) I t was therefore felt that the preparation 
of cis-1- (arylsulfonyl) -2-arylcyclopropanes would be of 
quite interest and of significance. 

R e s u l t s a n d D i s c u s s i o n 

The first synthesis14) of cyclopropyl sulfones was 
reported by a,y-dehydrohalogenation of 3-chloropropyl 
sulfones. A few more cyclopropyl sulfones were re­
ported according to various methods.4»9»15»16) The 
synthesis of eis- and £ra;w-l-(phenylsulfonyl)-2-phenyl-
cyclopropane was reported first, by Truce and 
Badiger4) in 1964. 

A series of new cis-l-(arylsulfonyl)-2-phenylcyclo-
propanes (see Table 1) were synthesized by the ad­
dition of different aryl chloromethyl sulfides to excess 
of styrene at low temperature (—5 to —10 °C) in 
presence of excess potassium £-butoxide. The cis-l-
(arylthio)-2-phenylcyclopropanes thus formed were 

subsequently oxidized with 3 0 % hydrogen peroxide in 
acetic acid to obtain cis-l -(arylsulfonyl) -2-phenylcyclo-
propanes. Fairly high yields of cis-l -(arylsulfonyl) -2-
phenylcyclopropanes have been obtained by refluxing 
for longer periods during the oxidation. 

The I R spectra of most of these compounds showed 
medium to weak intensity bands in the region 1033— 
1008 c m - 1 (see Table 2) which were considered to 
be the most characteristic of the cyclopropane deforma­
tion mode of the ring.8»17-20) These compounds also 
displayed two high frequency bands in the region 
3085—3060 c m - 1 (v CH 2 symmetric) and 3025—3000 
c m - 1 (v C H 2 asymmetric) which in addition to the 
1033—1008 c m - 1 bands confirm the presence of cyclo­
propane ring system. All these compounds exhibited 
strong to medium intensity bands in the region 852— 
820 c m - 1 , characteristic of cis-l-(arylsulfonyl)-2-phenyl-
cyclopropanes.21) These compounds have also ex­
hibited very strong peaks characteristic of sulfonyl 
groups22-25) in the regions 1342—1300 c m - 1 and 1150— 
1136 cm- 1 . 

T h e P M R spectra of the compounds under present 
investigation exhibited complex multiplets in the region 
1.40 to 2.45 ppm (methylene) and 2.36 to 3.12 ppm 
(methine) (see Table 3). The phenyl and arylsulfonyl 
groups showed signals in the regions 6.96 to 8.20 ppm. 
The chemical shifts data have been used26-28) for the 
structural problems of cyclopropane derivatives. A 
study of the chemical shifts for ring protons and other 
substituent groups in cyclopropanes has indicated gen­
erally that all substituents tend to cause protons cis-
to them to appear at higher fields than those trans-
to them. 

In the structure I I I both H A and H B are having 
substituents cis-to them. Hence HA and H B resonate 
at higher frequency with a small difference of chemical 
shifts between them, as is observed7) in trans-l-(2-
thienylsulfonyl)-2-phenylcyclopropane (HA 1.50 ppm; 
H B 1.89 p p m ; H c 2.77 p p m ; H D 2.89 ppm) . Where 

HD G6H5S02 C6H5 

H B / | 
H o \ I / C6H6 

I 
HA 

III 

\ HA / 
H c HE 

HB 

IV 
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TABLE 1. eis-1 - (ARYLSULFONYL) -2-PHENYLCYCLOPROPANES 

R 
x3"s°2 ^ 

\\ A 
H \y H 

S. No. 

1. 
2. 
3 . 
4. 
5. 
6. 
7. 

R 

H 
p-Cl 
p-Br 
p-CH3 

p-OCH3 

/>-N02 

3,4-Gl2 

Yield/% 

88.5 
78.6 
80.3 
82.2 
86.1 
83.7 
78.1 

Mp/°G 

65.5— 66a> 
90— 91 

109—110 
80— 81 

114—115 
144—145 
95— 96 

Formula 

Ci5H13C102S 
C16H13Br02S 
Ci6H1602S 
Ci6H1603S 
G15H13N04S 
C15H13C1202S 

Analysis 

Galcd 

G 

61.53 
53.41 
70.36 
66.64 
59.39 
55.05 

H 

4.47 
3.88 
5.92 
5.59 
4.33 
3.70 

(%) 

Founc 

G *~ 

61.40 
53.26 
70.33 
66.59 
59.00 
54.99 

1 

H 

4.58 
3.82 
5.93 
5.59 
4.41 
3.77 

a) W. E. Truce and Badiger, J. Org. Chem., 29, 3277 (1964); report mp 67—68 °C, yield 83%. 

T A B L E 2. CHARACTERISTIC IR BANDS EXHIBITED BY 

R 
x, ^>-so2 

II I 

l\ A 
H \y H 

S. No. 

1. 
2. 
3 . 
4. 
5. 
6. 

R 

H 
p-Cl 
p-Br 
p-CH3 

p-OCH3 

/>-N02 

v GH2 

3100—3070 
region 

— 
3085 (w) 
3060 (w) 
— 
— 

3084 (w) 

(cm-1) 

3033—2955 
region 

3010 (m) 
3025 (m) 
3000 (w) 
3020 (w) 
3010(w) 
3020 (w) 

Ring deformation 
(cm-1) 1026 

region 

1020 (w) 
1033 (w) 
1030 (w) 
1015(w) 
1022 (m) 
1008 (w) 

v S0 2 

1300 
region 

1308(s) 
1328(s) 
1300(s) 
1315(s) 
1320 (m) 
1342(s) 

(cm-1) 

1150 
region 

1136(s) 
1150(s) 
1140(s) 
1142(s) 
1142(s) 
1140(s) 

Absorption 
band at 

848 (cm-1) 

835 (m) 
830 ( s ) 
8 2 0 ( s ) 
850 (m) 
842 (m) 
855 (m) 

TABLE 3. CHEMICAL SHIFTS OF 

S. No. 

1. 
2 . 
3 . 
4 . 
5. 
6. 
7. 

R 

H 
p-Cl 
p-Br 
P-CH3 

p-OCH3 

/>-N02 

3,4-Gl2 

E 
xJ>"s°2 \ 

k HA / 
H \ y i 

i 

) 

I 

1 
HB Solvent: GDG13, ô in ppm. 

GH2(A) 

1.42—1.64 
1.44—1.79 
1.46—1.74 
1.26—1.67 
1.42—1.72 
1.58—1.84 
1.42—1.84 

Gyclopropyl 

GH2(B) 

2.00—2.24 
2.10—2.38 
2.08—2.32 
2.06—2.30 
2.00—2.27 
2.20—2.42 
2.12—2.45 

GH 

2.36—2.88 
2.46—2.92 
2.52—2.93 
2.40—2.88 
2.52—2.90 
2.53—2.92 
2.54—3.12 

Aryl and arylsulfonyl 

6.97—7.58 
7.06—7.38 
7.00—7.94 
7.00—7.94 

6.72—6.86; 7.05—7.36 
6.95—7.50; 8.02—8.20 

7.00—7.57 
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Fig. 1. 100 MHz 1H NMR spectrum of 3 in the high 
field region (measured in GDG13). 

as in I V H A has substituents cis-to it but H B is not 
having likewise. As a result of this, the chemical 
shift of H A is observed at higher fields. There is a 
marked difference between chemical shifts of H A and 
H B in I V in comparison to I I I . 

A representative spectra of these compounds in high 
field region in CDC13 is given in Fig. 1. Thus the 
chemical shifts data of ring protons of cyclopropane 
derivatives discussed above may be used as a criterion 
for the configurational assignments of eis- and trans-
1 - (arylsulfonyl) -2-phenylcyclopropanes. 

The stereospecific synthesis adopted for these aryl 
cyclopropyl sulfones, I R and P M R spectral data, con­
firm that all these compounds are m-isomers. 

Exper imenta l 

All melting points were determined on a Mel-Temp ap­
paratus and are uncorrected. The elemental analyses were 
performed by Dr. R. D. MacDonald, Australian Micro 
Analytical Service. The IR spectra were recorded on Perkin-
Elmer model 257 in KBr discs. The PMR spectra were 
obtained at 100 MHz and on a Varian XL-100 spectrometer 
in deuteriochloroform using TMS as an internal reference. 
Chemical shifts were recorded in parts per million downfield 
from tetramethylsilane and IR frequencies in cm -1 . 

Starting Materials. Styrene is obtained commercially 
and purified by distillation under reduced pressure. 

Thiophenols. The arenesulfonyl chlorides were obtain­
ed by the chlorosulfonylation of the corresponding hydro­
carbons as described by Huntress and Garten.30) The 
arenesulfonyl chlorides were reduced to the corresponding 
thiophenols with zinc dust and dilute sulfuric acid. The 
procedure adopted was a modification of the method describ­
ed by Vogel.31) To a mixture of crushed ice and concentrat­
ed sulfuric acid the arenesulfonyl chloride was added with 
stirring. The zinc dust was added in portions as rapidly 
as possible to the cooled mixture without allowing the temper­
ature to rise above 10 °G. The distillate obtained after 
the steam distillation of the mixture was extracted with ether. 
The product obtained after evaporation of ether was purified. 
Thiophenol: bp 168—169 °G, />-chlorothiophenol : mp 52— 
53 °G, />-bromothiophenol: mp 74—76 °G, />-thiocresol : bp 
195—196 °G, />-methoxythiophenol: bp 225—227 °G, 3,4-
dichlorothiophenol: bp 80—81 °G/8 mmHg. The p-nitvo-

thiophenol: mp 73—74 °G, was prepared according to the 
procedure of Price and Stacy.32) 

Aryl Chloromethyl Sulfides: The aryl chloromethyl sulfides 
were prepared following the procedure of Francher.33) A 
mixture of paraformaldehyde and benzene was taken in 
a conical flask and to this, concentrated hydrochloric acid 
was added rapidly with stirring. After a while, the mixture 
was kept at 40 °G and the appropriate thiol in benzene was 
added slowly. The resulting mixture was maintained slightly 
above 40 °G for 2 h. After removing the solvent the products 
were purified by distillation under reduced pressure. Phenyl 
chloromethyl sulfide: bp 109—110 °G/11 mmHg, />-chloro-
phenyl chloromethyl sulfide: bp 131—132 °G/12 mmHg, 
/>-bromophenyl chloromethyl sulfide: bp 164—165 °G/18 
mmHg, />-methoxyphenyl chloromethyl sulfide: bp 175— 
176 °G/20 mmHg, />-nitrophenyl chloromethyl sulfide: mp 
54—55 °G, 3,4-dichlorophenyl chloromethyl sulfide: bp 144— 
145 °G/8 mmHg. 

General Procedure for the Preparation of eis-/-(Arylsulfonyl)-
2-phenylcyclopropanes : In a 250 ml three necked flask equip­
ped with magnetic stirrer and fitted with a dropping funnel 
and calcium chloride guard tube was placed 25 ml of styrene. 
Small portions of potassium J-butoxide (5 g, 20% excess 
than 0.025 mol) was added with stirring to styrene at —5 
to —10 °G. The aryl chloromethyl sulfide was added drop-
wise to the above mixture. After the complete addition 
the reaction mixture was stirred for 3 h and was diluted 
with water. The oily layer was separated and dried over 
anhydrous calcium chloride. It was then subjected to frac­
tional distillation under reduced pressure and the product 
^w-l-(arylthio)-2-phenylcyclopropane was collected. 

The sulfide (2.0 g) was dissolved in 20 ml of glacial acetic 
acid and 9 ml of 30% hydrogen peroxide was added to the 
mixture at ice-cold temperature. The mixture was refluxed 
for 25 to 48 h. It was then poured on to crushed ice and 
the solid separated was filtered off and dried. The product 
cis-l -(arylsulfonyl) -2 -pheny ley clopropane was recrystallized 
from 2-propanol. The relevant data on the compounds 
synthesized are given in Table 1. 

O n e of the authors (T.B.) is thankful to GSIR, 
India, for awarding him a Junior Research Fellowship. 
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Stereochemistry of Diels-Alder Reactions at High Pressure. II. Influence 
of High Pressure on Asymmetric Induction in Condensation of 

( —)-Di-(i2)-menthyl Fumarate with Butadiene and Isoprene^ 
Janusz JURCZAK 

Institute of Organic Chemistry, Polish Academy of Sciences, 01-224 Warszawa, Poland 
(Received December 18, 1978) 

The high-pressure Diels-Alder condensation of ( — )-di-(i?)-menthyl fumarate with butadiene and isoprene, 
followed by reduction of the adducts with lithium aluminium hydride, produced (l»S',2»S')-( + )-4-cyclohexene-
1,2-dimethanol and (16,,26')-( + )-4-methyl-4-cyclohexene-l,2-dimethanol in 6.2—12.8% optical yield, depend­
ing on the pressure applied. Results of asymmetric synthesis were discussed in light of the concept of parallel 
transition states. An interpretation of the thermal and Lewis-acid-catalyzed asymmetric Diels-Alder condensa­
tions using ( —)-di-(i?)-menthyl fumarate was proposed. 

The Diels-Alder reaction is one of the best known 
organic reactions.2) In recent years the effect of pres­
sure on the course of the ( 2 + 4 ) cycloaddition reaction 
has been widely studied.3) Gycloaddition reactions 
are characterized by negative values of activation 
volume AV* defined as the difference between the 
volume occupied by the transition state and that oc­
cupied by the reactants. The large negative activa­
tion volume means that the reaction ought to be ac­
celerated by an increase in pressure. Although this 
concept is very clear and simple from the theoretical 
standpoint, there are so far few studies dealing with 
the utilization of high pressure in organic synthesis.4-6) 
This is due to the relative inaccessibility of high-pres­
sure equipment permitting work on a preparative 
scale. 

High-pressure kinetics are much more frequently 
studied.3»7»8) High-pressure kinetics in solution permit 
observation of the activation volume AV* whose 
changes are a convenient tool for interpretation of 
the mechanism of the reaction. 

AV* -RT{d In k/dP)T 

McCabe and Eckert7) have shown that the mech­
anism of the Diels-Alder reaction is of the nature 
of a concerted process, according to Woodward and 
Hoffmann.9) The ( 2 + 4 ) cycloaddition reaction is 
characterized by a large negative activation volume, 
and in some cases the activation volume is more nega­
tive than the volume change of reaction, AVT (AVT = 
products— Yreactants)- T h a t 1 S > i n t h i s case, the transi­
tion state is actually more compact than the product, 
probably due to the occurance of secondary n interac­
tions in the transition state.10) 

Recently we have observed an effect, heretofore 
unreported, of high pressure on the direction and 
magnitude of asymmetric induction in the Diels-Alder 
condensation of 1-methoxy-1,3-butadiene with (R)-
(—)-menthyl glyoxylate.1) Satisfactory results of these 
preliminary investigations led us to undertake system­
atic studies on the effect of high pressure on the stereo­
chemistry of the Diels-Alder reaction, especially on 
asymmetric induction. 

In the present study we report the reaction between 
butadiene or isoprene and (—)-di-(Ä)-menthyl fuma­
rate. Historically, this is the system for which Korolev 
and Mur11) first demonstrated the possibility of asym­
metric induction in diene synthesis in 1948. 

R e s u l t s 

The pioneering work of Korolev and Mur11) was 
repeated and extended by Walborsky et al.12) who 
studied the effect of a Lewis acid catalyst on asymmetric 
induction. Thermal condensation of butadiene or 
isoprene with (—)-di-(i?)-menthyl fumarate was car­
ried out by these authors at 25—180 °G in benzene 
as solvent (Scheme 1). 

c 
R ^ 

1. R = H 

2. R = CH3 

— Ç 
R ' V 

3. 
A. 

+ 

) 

R = 

R: 

w 
II 

0 C 

II 
0 

M = ^ ^ 

0 

J L JA ^\^CH20H 
^"H u LAH m ff y^H 

II 
0 

= H 5.R = H 

=CH3 6.R=CH3 

Scheme 1. 

Optical yield and the direction of asymmetric induc­
tion were studied by measurements of the optical 
rotation of glycols 5 and 6 whose absolute configura­
tions were established to be ( — )-(\R,2R) by chemical 
correlations. Specific rotations of pure enantiomers 
were for 5 [ot]ll9 —70.4° {c 3.0, in chloroform) and 
for 6 [a]& - 7 8 . 8 ° (c 3.4, in chloroform). In non-
catalyzed reactions carried out at room temperature 
the products showed no induced optical activity. 
Elevation of temperature brought about formation of 
optically active products (0 .8% optical yield at 65 °G 
and 3 % at 180 °G), with predominance of the adduct 
with a \R,2R configuration. Longer reaction time 
increased the total yield of the product, without chang­
ing the optical yield. The effect of solvent on the 
optical yield was slight. Reactions carried out in 
the presence of Lewis acids afforded predominantly 
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TABLE 1. 

Stereochemistry of Diels-Alder Reactions of High Pressure 

CONDENSATIONS OF BUTADIENE (1) AND/OR ISOPRENE (2) WITH ( —)-DI-(JR)-MENTHYL FUMARATE 

IN DIFFERENT SOLVENTS UNDER HIGH PRESSURE AT 25 °G 

3439 

Diene 

1 
1 
1 

2 
2 
2 
2 

2 
2 
2 
2 

i r ^ 

Solvent 

G6H5GH3 

GH2G12 

GH2G12 

C6H5CH3 

C6H5CH3 

C6H5CH3 

G6H5GH3 

GH2G12 

GH2G12 

GH2G12 

GH2G12 

U H 
-^^COOM 

AP/kbar 

6.9 
6.9 
7.4 

4.0 
6.1 
7.5 
8.4 

4.5 
5.9 
7.0 
7.8 

Yield/% 

100 
100 
100 

75 
88 

100 
100 

69 
81 

100 
100 

[a]6
2
8°9 in GHG13 

+ 9.0° 
+ 5.2° 
+ 5.7° 

+ 4.9° 
+ 7.2° 
+ 8.7° 
4-9.8° 

+ 5.0° 
+ 6.7° 
+ 7.8° 
+ 8.8° 

i r ^ 

c 

3.14 
3.22 
3.14 

3.20 
3.22 
3.05 
3.00 

3.08 
3.10 
3.27 
3.34 

v^CH2OH 

LfxH 
/N*CH2OH 

Abs. conf. 

IS,2S 
\S,2S 
IS,2S 

\S,2S 
\S,2S 
\S,2S 
IS,2S 

IS,2S 
\S,2S 
\S,2S 
\S,2S 

Optical yield/% 

12.8 
7.4 
8.1 

6.2 
9.2 

11.0 
12.4 

6.4 
8.5 
9.9 

11.2 

a. 
O 

s* 

12 H 

s s 

2 

R 
P/kbar 

Fig. 1. Dependence of optical yield on pressure in the 
reactions between isoprene and ( — )-di-(i?)-menthyl 
fumarate carried out in toluene (A) and dichloro-
methane (B). 

the adducts with opposite absolute configuration, 
\S,2S; optical yields of the asymmetric synthesis 
were very high—about 7 5 % . 

For high-pressure studies of the stereochemistry of 
the Diels-Alder reaction, earlier observations13) and 
preliminary experiments showed that the optimal condi­
tions for the reactions of (—)-di-(i?)-menthyl fumarate 
with dienes is at 25 °G and about 7 kbar for 20 h, 
which afforded a V l 0 0 % yield of the product. 
These conditions were accepted for all high-pressure 
reactions presented in this study. 

In the present studies toluene and dichloromethane 
were employed as solvents (solidification pressures at 
room temperature are about 8.8 kbar and about 8 
kbar, respectively). We selected these two solvents 
also because previous work14) showed that there is 

a change in the direction of asymmetric induction 
in the Diels-Alder reaction of l-methoxy-l,3-butadiene 
with (Ä)-(—)-menthyl glyoxylate upon changing from 
an aromatic solvent to dichloromethane or chloroform. 
Results are presented in the Table showing the yields 
of adducts 3 or 4, optical yields and configurations 
at C-l and C-2. 

The reaction of butadiene (1) with (—-)-di-(Ä)-
menthyl fumarate in toluene or dichloromethane at 
approximately 7 kbar gives adduct 3 in a quantitative 
yield. In all cases S configuration is induced at C-l 
and C-2; the optical yield is higher in toluene than 
in dichloromethane. For systematic studies of the ef­
fect of pressure on the optical yield of the reaction, 
isoprene (2) was selected as a solvent. In all four 
reactions carried out in toluene (4.0—8.4 kbar) , we 
obtained product 4 with predominance of the dia-
stereomer of \S,2S configuration. The optical yield 
increased from 6.2% at 4.0 kbar to 12.4% at 8.4 kbar. 
Similar results were obtained in reactions carried out 
in dichloromethane. Comparison of the dependence 
of optical yield on pressure in both solvents is presented 
graphically in Fig. 1. 

The plots clearly testify to the same linear nature 
of the dependence of optical yield on pressure for 
both solvents; under the same pressure, optical yields 
are somewhat higher in toluene than in dichlorometh­
ane. 

D i s c u s s i o n 

Walborsky12) has accepted the conformational model 
of Prelog15) for ( — )-di-(i?)-menthyl fumarate as well 
as the concept of a rigid transition state in the Diels-
Alder reaction2) (Scheme 2). 

The dienophile and diene approach each other in 
parallel planes, which results in two possible transition 
states of the reaction: " A " , in which the diene is situat­
ed above the dienophile plane from the side of the 
smaller substituent M , giving an adduct of \R,2R 
configuration, and " B " , in which the diene is situated 
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s- ° "Üb 

" T T ° A 

0 - K ; 

Ç--'-" II • 

ST ° 
Scheme 2. 

0 

H 

0 

1R:2R 

1S : 2S 

under the dienophile plane, from the side of larger 
substituent L, giving an adduct of 1.9,25 configuration. 
The optical activity of the product is due to the dif­
ference in the steric ease of mutual approach of the 
reactants from one or the other side. 

Conformational analysis of dienophile leads to the 
conclusion that three low-energy conformations are 
prefered: s-trans, s-trans (7), s-cis, s-cis (8), and s-trans, 
s-cis (9) (Scheme 3). Transoid-transoid conformation 
7 prefers the approach of diene "from above," yield­
ing the \R,2R product. Gisoid-cisoid conformation 8 
brings about formation of the 1.9,2.9 product. In 
case of the transoid-cisoid conformation 9, no asym­
metric induction can be expected in reactions with 
symmetric dienes (e.g. butadiene). 

, > C 0 ^ H 

H -cAs L 
II 0 

"-f"*M 
0 L M Il \ > M 

»±r H L 

S 

c 

8 

Scheme 3. 

Acceptance of the concept of parallel transition 
states, as proposed by us,14) permits elucidation of the 
stereochemical course of asymmetric diene synthesis, 
without severe deviation from the rules of Prelog15) 
and Gram.16) 

For interpretation of the present results of condensa­
tions at room temperature, we assume that the optical 
yield is the result of the population of conformers 7 
and 8 in the ground state. I t is intuitively obvious 
that the probabilities of formation of transition states 
with the participation of conformers 7 and 8 are almost 
the same, and thus the difference between the activa­
tion energies of both transition states is only slight. 
Therefore, asymmetric induction should depend on 
the population of conformers 7 and 8, which at constant 
temperature ought to be affected by the solvent used. 
Indeed, we found differences between the absolute 
configuration and optical yields of the products of the 
reaction of isoprene with ( — )-di-(i?)-menthyl fumarate 
run in toluene (2.9,6i9, 0.6%) and in dichloromethane 

(2RfiR, 0.4%) ;17) this seems to confirm the accepted 
assumption. 

Similar results have been obtained by Sauer and 
Kredel18) in reactions of cyclopentadiene with (—)-
di-(i?)-menthyl fumarate (Scheme 4), carried out at 
35 °G in several solvents. Using acetone and dioxane, 
these authors have obtained product 10 with optical 
yields of 2 . 8 % and 1.5%, respectively; the resulting 
glycols 11 were dextrorotatory. Upon use of dichloro­
methane, the optical yield was 3.6%, and the resulting 
glycol was levorotatory. 

II 

H^ ^COOM 

C00M 

C00M 

10 

LAH - itf^ 
CH20H 

11 

Scheme 4. 

Results of the high-temperature condensations of 
Walborsky12) can be interpreted using the above con­
cept. Elevation of temperature changes the conforma­
tional equilibrium of the dienophile, in this case in 
favor of transoid, transoid form 7, which is responsible 
for the formation of the adduct of IR,2R configuration. 
The tendency for an increase in optical yield with 
elevation of temperature12) confirms our interpretative 
approach. 

In high-pressure reactions we obtained, irrespective 
of the solvent, adducts of 1.9,2.9 configuration, with 
optical yields much higher as compared with atmo­
spheric-pressure reactions carried out at the same tem­
perature. Optical yields increase distinctly with an 
increase in pressure. We shall consider these facts 
in light of the concept of parallel transition states14) 
(Scheme 5). 

^ II Adduct 1S : 2S 

Mx S 

0 L 
M 

M 

D 

Adduct 1R:2R 

Scheme 5. 
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Fig. 2. Sketch of high-pressure apparatus. 

Induction of the \S,2S configuration in the high-
pressure reaction indicates clearly that the active com­
plex of the " C " type is favored, which suggests that 
it is more compact than " D " . The probability of 
formation of active complex " C " increases with in­
creasing pressure which is in practice the sole parameter 
determining the optical yield. 

The direction of asymmetric induction in high-pres­
sure reactions is identical to that in the reactions 
catalyzed by Lewis acids; in either case adducts of 
absolute \S,2S configuration are formed. This may 
suggest that in both cases transition states of a similar 
type, i.e. with a cisoid-cisoid conformation of the 
dienophile, are preferred. 

This conclusion is supported by high-pressure studies 
of the catalyzed Diels-Alder reaction between 2,3-
dimethyl-l ,3-butadiene and butyl acrylate, carried out 
by Poling and Eckert.19) According to these authors, 
the activation volume for the reaction catalyzed by 
A1C13 is AV* = — 25.7cm3 /mol and for the non-catalyz­
ed reaction it is AV* =—28.6 cm3/mol. Comparison 
of these two values clearly points to similarities in 
the structures of the transition states of both reactions. 

E x p e r i m e n t a l 

Bps refer to air-bath temperatures. Mps (uncorrected) 
were determined on a Kofler block. Polarimetrie measure­
ments were performed with a Perkin-Elmer 141 automatic 
Polarimeter. Silica gel G Merck was used for TLG, and 
silica gel 100—200 mesh Macherey-Nagel for column chro­
matography. All reactions and chromatographic separations 
were monitored in TLG. All high-pressure reactions were 
carried out in a piston-cylinder type apparatus. Initial 
working volume was about 10 ml. The details of this ap­
paratus, previously applied to various investigations on the 
metal-hydrogen system,20»21) are presented in the Fig. 2. 
The internal part (E) consisted of a beryllium brass vessel 
supported by two external steel rings (G,D). A jacket (G) 
supplied by flowing water served thermostatic conditions. 
It could be maintained within ± 1 °G. The electrical leads 
for pressure and temperature measurements (manganine 
manometer, thermocouple) were led through a conical elec­

trode placed in the stopper (H) of beryllium brass. The 
mobile piston (A) was made of special steel composition 
with an ending of beryllium brass. The sealing (F) of the 
mobile piston and the stopper was conventional character 
(O-ring and metallic Bridgeman type sealing) as described 
previously22). The reaction can be done under any gaseous 
atmosphere. The gas was introduced into the working 
volume through the capillary inlet (B), being initially com­
pressed to 1—1.5kbar in a separate multiplier.21) The 
pressure inside the working volume was measured by a 
calibrated manganine coil with accuracy rfcO.l kbar. 

Butadiene and isoprene were redistilled commercial 
(Fluka) reagents. ( —)-Di-(i?)-menthyl fumarate was pre­
pared according to earlier procedure,11) mp 59—60 °G, 
[a]6

2
8°. -103.1° {c 1.55, in chloroform). 

Condensations of butadiene and/or isoprene with ( — )-
di-(jR)-menthyl fumarate. 

Partial asymmetric synthesis of £ran.y-4-cyclohexene-l,2-
dimethanol (5) and Jran.y-4-methyl-4-cyclohexene-1,2-di-
methanol (6) was effected using both the atmospheric- and 
high-pressure methods. 

Procedure A; Atmospheric-pressure Method. To a solution 
of 1.96 g (5 mmol) ( —)-di-(i?)-menthyl fumarate and 10 mg 
hydroquinone in 20 ml of toluene, 0.68 g (10 mmol) isoprene 
was added and the mixture was left at room temperature 
for 300 h. Solvent was removed and residue was dissolved 
in anhydrous ether and added to a refluxing slurry of 2.2 g 
(6 mmol) lithium aluminium hydride in 100 ml anhydrous 
ether. The reaction mixture was dried (MgS04) and filter­
ed. The solvent was evaporated and the product isolated 
by column chromatography. Menthol was eluted using a 
mixture of ligroin and ether ( 9 : 1 , v/v) and the glycol 6 
was eluted using a mixture of ligroin and ether ( 7 : 3 , v/v). 
After removal of the solvents the residue was distilled to 
give 6 (70%), bp 128—130 °G/0.2, mp 54—57 °G (from 
ether). 

Procedure B; High-pressure Method. The high-pressure 
apparatus, closed on the bottom with a stopper, was filled 
with the reaction mixture (2.5 mmol ( —)-di-(i?)-menthyl 
fumarate, 5 mmol butadiene and 5 mg hydroquinone in 
10 ml of dichloromethane) and a mobile piston was inserted. 
Then the whole assembly was placed between the pistons 
of a hydraulic press and the pressure was elevated up to 
7.3 kbar. After stabilization of the pressure the heater was 
switched on, whereupon the temperature was raised to 25 °G 
and pressure to 7.4 kbar. The reaction mixture was kept 
under these conditions for 20 h. Pressure was released and 
the solvent was evaporated. The residue (100% yield of 
adduct 3) was treated with 1 g (2.7 mmol) of lithium alu­
minium hydride in anhydrous ether for 12 h and the glycol 
5 isolated (78%), bp 103—105 °G/0.2. The glycol 5 solidifi­
ed on standing, mp 49—53 °G. 

T h e author is very indebted to Professors B. 
Baranowski and A. Zamojski for stimulating interest 
and helpful discussions and to Mrs. M. Zajaczkowska 
and Mr. M. Tkacz for fruitful cooperation. This 
work was supported by grants from the Polish Academy 
of Sciences ( M R 1-12.1.1.1 and 03.10.7.01.01). 
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Synopsis. The generation of Brönsted acid sites by 
S02-adsorption on alkaline earth X zeolites has been examined 
by infrared spectroscopy. The S02-induced catalytic activ­
ities of the zeolites in the double-bond isomerization of 
butènes can be ascribed to both the increase in the number 
of acidic hydroxyl groups and the enhancement in the catalytic 
activities of the groups after the S0 2 adsorption. 

The kinetic studies of the S0 2 - induced isomerization 
of 2-butene over various cation-exchanged X zeolites 
have been reported in the previous paper.1»2) I t was 
inferred that the promoting action of SO a on the rate 
of double-bond isomerization of butènes is caused by 
the generation of acidic hydroxyl groups. The forma­
tion of acidic hydroxyl groups by the adsorption of 
N 0 2 , S 0 2 , or Cl2 has been confirmed on CaY zeolites, 
and the induced catalytic acitivity of the zeolite in 
dehydration of 2-propanol by these inorganic gases 
has been attributed to the formation of the acidic 
hydroxyl groups.3) The object of the present work 
is to examine these suggestions by studying the genera­
tion of the Brönsted acid sites after S02-adsorption 
by infrared spectroscopy. 

Exper imenta l 

The alkaline earth X zeolites used were prepared by a 
conventional ion exchange of a NaX zeolite ( 13X from Linde) 
with aqueous solution of the appropriate chlorides. The 
percentages of cation exchange, expressed by 100 ([Al] — 
[Na])/[A1], were as follows: MgX (78), GaX (78), SrX 
(94), and BaX (93). 

The apparatus and the materials used and the analysis 
of butène isomers were described elsewhere.1) 

Prior to every run, the catalyst in the reactor was degassed 
under vacuum for 2 h at the required temperature. After 
the adsorption of S0 2 at 25 °G for 30 min, the isomerization 
was started at the same temperature by feeding cis-2 -butène 
(1.29 X 10~3 mol) and circulating the gas through the catalyst 
bed. 

Infrared-spectra measurements were made with the zeolite 
in the form of a self-supporting wafer (3—4mg/cm2). The 
sample wafer was calcined in dried oxygen at 400 °G in 
the IR-cell and degassed in a vacuum at the same temper­
ature for 1 h. The wafer was then brought into contact 
with 15 Torr of D 2 0 vapor for 1 h at 200 °G to exchange 
OH by OD groups, because the broad OH stretching band 
around 3600 cm -1, probably due to adsorbed water molecules 
on the zeolites, makes it difficult to identify the different 
kinds of OH groups. After this treatment, the wafer was 
outgassed again in a vacuum for 1 h at 400 °G. The spectra 
of the wafer were recorded, before and after a required 
amount of S0 2 was adsorbed at 100 °G, using a Shimadzu 
IR-430 grating spectrometer. It was confirmed that all 
the S0 2 introduced was adsorbed on the zeolites under 

the experimental conditions applied here. 

R e s u l t s a n d D i s c u s s i o n 

Figure 1 shows the infrared spectra of the zeolites 
at the region of OD-stretching vibration, taken before 
and after the adsorption of S 0 2 . For all the zeolites, 
the intensities of the bands for O D groups around 
2695 c m - 1 , corresponding to the band at « 3640 c m - 1 

due to acidic O H groups in the super cage for the 
undeuterated alkaline earth faujasites,4-6) increased 
after the adsorption of S 0 2 . The shift in the frequency 
of the acidic O D band to a lower frequency of about 
4 c m - 1 has been confirmed by repeated experiments 
for the infrared spectra of the M g X zeolite. This 
shift caused by S 0 2 was not clear within experimental 
error ( ± 2 cm - 1 ) for the other three zeolites. 

The increase in the absorbance of the acidic O D 
band at the maximum caused by the S02-adsorption 
and the rate of S0 2 - induced double-bond isomeriza­
tion of aV-2-butene have been plotted in Fig. 2 as 
functions of the amount of S 0 2 on the zeolites. T h e 
dotted-lines or curve for the rate of the isomerization 
were from the data for the zeolites pretreated at 500 °C 
in the previous work.2) For the C a X zeolite pretreated 

MgX 

SrX 

^ 

BaX 

Fig. 1. The effect of S0 2 on the OD stretching bands 
of the alkaline earth zeolites : , without adsorbed 
S 0 2 ; - after the addition of SO«. The amount 
of S0 2 adsorbed (10~4 molg"1): MgX, 1.3; GaX, 
1.5; SrX, 3.2; BaX, 1.3. 
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Fig. 2. The optical density of the acidic OD band 
generated by S0 2 and the rate of the double-bond 
isomerization as a function of the amount of pre-
adsorbed S 0 2 : O, optical density of the S02-induced 
acidic OD band; # , the rate of double-bond con­
version, i?c->i5 °ver the GaX pretreated at 400 °G; 

, Rc-^1 obtained for the zeolites pretreated at 
500 °G. 

at 400 °C, the catalytic activity in the isomerization 
increases with a rise in the concentration of S 0 2 ad­
sorbed in the similar way as that of the increase for 
the absorbance of acidic O D groups. Although the 
pretreatment temperatures for M g X , SrX, and B a X 
zeolites are different in the experiments of activity 
test and infrared spectra measurement, the identical 
order observed in the S0 2 - induced activities among 
the four zeolites, i.e., C a X ~ S r X > M g X > B a X , has 
been confirmed in the generation of acidic O D groups. 

The schemes proposed for the formation of Brönsted 
acid sites are as follows:2»3) 

M*+(H20)x + S 0 2 > 

or 

M2+[S03]2- + 2H+ + ( H O ) , ! , (1) 

/ O 
M2+(OH)- + S 0 2 > M+-0 -S 0 + H+ (2) 

S O 

where, M 2 + ( H 2 0 ) a r is the divalent cation coordinated 
by water, and M2+(OH)~~ is the basic hydroxyl groups 
formed through the following reaction:5»7) 

M2+ + H 2 0 ^ = ± M2+(OH)- + H+ (3) 

Mirodatos, Pichat, and Barthomeuf have suggested that 
the O H band at 3685 (MgY) (2710 c m - 1 in the case 
of the corresponding Ö D band) or 3675 c m - 1 (CaY) 
should be attributed to the basic O H group of M2+-
(OH)~ which is responsible for the generation of 
acidic O H group after C 0 2 addition.8) The O D bands 
at 2725—2710 c m - 1 shown in Fig. 1 correspond to 
the band due to the basic O D groups. In fact, for 
M g X , SrX, and BaX, the intensities of these O D 
bands decreased after the introduction of S 0 2 , ac­
companying the increase in intensities of acidic O D 

groups at « 2695 c m - 1 as shown in Fig. 1. However, 
the relatively greater increase in the intensities of the 
latter bands compared to the decrease in the former 
bands suggests that the generation of acidic O H groups 
cannot be attributed only to the reaction of Scheme 
2. We believe that Scheme 1 is also important for 
the generation of the acid sites. 

The spectra in Fig. 1 demonstrate the presence of 
O D groups at «2695 c m - 1 even in the absence of 
S 0 2 on M g X , GaX, and SrX. These O D groups, 
however, do not catalyse the isomerization of cis-2-
butene at 100 °G. The reactivity of the acidic O H 
group at « 3 6 4 0 c m - 1 with m-2-butene has been ex­
amined at 100 °C for M g X before and after the adsorp­
tion of S 0 2 . In the absence of S 0 2 , the intensity of 
the O H band did not change by the addition of eis-
2-butene. O n the other hand, the intensity of the 
band decreased considerably with time in the presence 
of S 0 2 . These results suggest that the reactivity of 
the acidic O H group at «3640 c m - 1 or of the O D 
group at « 2 6 9 5 c m - 1 increases after the addition of 
S 0 2 . Hence, the favorable action of S 0 2 on the 
catalytic activities of the zeolites can be ascribed not 
only to the increase in the number of acidic hydroxyl 
groups but also to the enhancement in the catalytic 
activities of the groups. T h e little or no change in 
the frequency of the O D band after the adsorption 
of S 0 2 does not give us any information about the 
difference in the nature of the O D groups in the pres­
ence and absence of S 0 2 . A possible explanation for 
the increase in the reactivities of O D groups is that 
the acidic strength of the O D groups has been totally 
enhanced through the inductive effect of S 0 2 adsorbed 
on the surface. An alternative explanation is that 
S 0 2 may release the O D or O H groups which had 
been inhibited in regard to catalysis by the basic 
M 2 +(OD)~ or M 2 +(OH)~ species (Eq. 3).9) Further 
studies are needed to clarify these points. 

Addition of S 0 2 onto alkaline earth hydroxides, 
such as M g ( O H ) 2 , Ca (OH) 2 , and Sr (OH) 2 , which 
contain a large number of basic hydroxyl groups and 
water molecules, causes neither the catalytic activities 
of these compounds in the double-bond isomerization 
of butène nor the generation of new hydroxyl groups. 
These tests have been carried out at 25 °C on the 
hydroxides pretreated at various temperatures between 
100 and 400 °C. These results indicate that the reac­
tions of Schemes 1 and 2 are found specifically on 
zeolites. A strong electrostatic field in the zeolite 
cavity must play an important role for the generation 
of the acidic O H groups. 
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Koichiro MIYAJIMA,* Shigeo NAKANISHI, and Masayuki NAKAGAKI 

Faculty of Pharmaceutical Sciences, Kyoto University, Yoshida-shimoadachi-cho, Sakyo-ku, Kyoto 606 
(Received April 10, 1979) 

Synopsis. Activity coefficients and molar conduc­
tivities of biguanide salts (Bg-HX) in aqueous solutions 
were determined at 25 °G. The values of mean activity 
coefficients of these salts were relatively low and lay in the 
order Bg.HOAc>Bg.HGl>Bg.HBr>ButylBg.HGl. These 
results were discussed in terms of the ion-ion interactions 
and the concomitant structural change of water. 

Biguanide is a condensed compound of two mole­
cules of guanidine and its salts are known to induce 
a significant change of conformation of protein in 
aqueous solutions.1) Some of its alkyl and arylalkyl 
derivatives have been used clinically as hypoglycemic 
agents. 

In a previous paper,2) we reported that there was 
a close relation between y± values and the denaturation 
abilities of various guanidinium salts with different 
counter anions, that is, the lower the y± values are, 
the stronger the denaturation abilities are. The mini­
mum concentration of a biguanide salt to produce 
the denaturation of BSA is about a half of that of 
the guanidinium salt.3) O n the basis of the similarities 
of functional group and the molecular structure between 
these two kinds of salts, the denaturation mechanism 
of biguanide salts seems to be similar to that of the 
guanidinium salts. As for the protein denaturation, 
the structure breaking action of the guanidinium salt 
is considered to be the most important factor. From 
these points of view, we determined the osmotic and 
activity coefficients of some biguanide salts and discuss­
ed their effects on the structure of water by using 
the cosphere overlap model of Desnoyers.4) 

Exper imenta l 

Materials. Biguanide hydrochloride, hydrobromide, 
and acetate were prepared from biguanide sulfate mono-
hydrate obtained from Aldrich Chemical Co., Ltd. The 
crude compounds were recrystallized twice or more from 
ethanol. Butylbiguanide hydrochloride was obtained from 
Sankyo Co., Ltd. and used without further purification. 
The purities of these salts were described elsewhere.3) These 
salts were dissolved in redistilled and deionized water. 

Methods. Osmotic and activity coefficients were 
determined at 25±0.02 °G by the isopiestic comparison 
method described elsewhere.2) From the osmotic coefficient 
(<f>), mean activity coefficient (y±) was calculated from 
Eq. 1. 

l n y ± = ( 0 - l ) + 2 / ~y--àVm (1) 
j o V m 

where m is the molality of salt. Buoyancy corrections were 
made for biguanide salts using the densities of solid salts 
reported previously.3) For the determination of isopiestic 
molality, buoyancy correction was also made to the aqueous 
solution on the assumption that the densities of aqueous 

solutions were all unity. The isopiestic molalities of aqueous 
solutions of potassium chloride (reference solute) and the 
biguanide salts are shown in Table 1. The experimental 
determination of isopiestic concentrations is precise to ±0 .2%. 
Conductance was measured by the universal bridge manu­
factured by Yokogawa-Hewlet-Packard Co., Ltd. at 2 5 ± 
0.05 °C. The conductance of the solution was obtained 
by subtracting the experimental value of conductance of 
water from that of the solution to avoid the effect of C 0 2 

dissolved in water. The molar conductivity at infinite dilu­
tion was obtained graphically by using the Fuoss-Onsager 
equation.5) 

R e s u l t s a n d D i s c u s s i o n 

The values of <f> and y± are shown in Table 2. The 
values of log y± vs. "[/m(mol kg - 1 ) 1 / 2 curves for various 
biguanide salts approach the Debye-Hückel limiting 
line (DHL-L) from above at low concentration, in­
dicating the absence of such ion pairs as seen in the 
case of cadmium sulfate. The relatively low values 
of log y± for Bg-HOAc, Bg-HCl, and Bg-HBr as 
compared with the alkali metal salts with the same 
counter anions, may be attributed to the nature of 
structure breaking of the biguanide ion. The values 
of log y± for three biguanide salts lie in the same order 
(OAc~>Cl~>Br~) as the guanidinium salts with the 
corresponding counter anions.2) The values of log 
y± for Bg-HCl and Bg-HBr are smaller than those 
of guanidinium chloride and bromide respectively, 
while the value of log y± of Bg • H O Ac is larger than 
that of guanidinium acetate. The order of log y± 
is consistent with the order predicted by the cosphere 
overlap model on the assumption that the biguanide 
ion is a structure breaker and cation-anion interaction 
predominate over the other interactions. The dif­
ferences of log y± values between biguanide and guani­
dinium salts imply that the biguanide ion breaks 
water structure more significantly than the guanidinium 
ion does. Butyl Bg-HCl shows the lowest value among 
the four salts. O n the basis of the cosphere overlap 
model, this result can be attributed to the hydrophobic 
cation-cation interaction. As the concentration in­
creases and two butylbiguanide ions approach each 
other, the water-structure-enforced ion pairing would 
occur to compensate the decrease of the entropy based 
on the hydrophobic hydration, leading to the decrease 
of y± value. Therefore cation-cation interaction is 
the most predominant factor for the decrease of y± 
value of butylbiguanide hydrochloride, while cation-
anion interactions for the other three salts. 

The molar conductivities of biguanide salts and 
ions at infinite dilution are shown in Table 3. Using 
the A° values in Table 3, the Stokes' radius (yB) of 
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TABLE 1. MOLALITY OF ISOPIESTIC SOLUTIONS 

m/mol kg - 1 

(KCl) 
0.1214 
0.2031 
0.3328 
0.3487 
0.4383 
0.5267 

/n/mol kg - 1 

(KCl) 
0.1214 
0.2031 
0.3328 
0.4054 
0.4383 
0.5267 
0.5514 

m/mol kg~l 

(KCl) 
0.1214 
0.2031 
0.3328 
0.4383 
0.5514 
0.5891 

m/mol kg - 1 

(KCl) 
0.1319 
0.2031 
0.3328 
0.4383 
0.5514 

m/mol kg - 1 

(Bg-HCl) 
0.1229 
0.2085 
0.3488 
0.3666 
0.4657 
0.5669 

m/mol kg-1 

(Bg.HBr) 
0.1229 
0.2085 
0.3486 
0.4346 
0.4709 
0.5723 
0.6040 

m/mol kg - 1 

(Bg.HOAc) 
0.1214 
0.2040 
0.3367 
0.4425 
0.5595 
0.5971 

m/mol kg - 1 

(ButylBg-HCl) 
0.1354 
0.2117 
0.3579 
0.4797 
0.6207 

m/mol kg - 1 

(KCl) 
0.5891 
0.6785 
0.7071 
0.7777 
0.8101 
0.9370 

m/mol kg_x 

(KCl) 
0.5891 
0.6785 
0.7074 
0.7777 
0.8101 
0.9370 
0.9658 

m/mol kg - 1 

(KCl) 
0.6785 
0.7074 
0.7777 
0.8101 
0.9370 
0.9658 

m/mol kg - 1 

(KCl) 
0.6785 
0.7074 
0.7777 
0.8101 
0.9370 

m/mol kg - 1 

(Bg-HCl) 
0.6384 
0.7440 
0.7808 
0.8639 
0.9047 
1.0615 

m/mol kg - 1 

(Bg.HBr) 
0.6469 
0.7551 
0.7940 
0.8795 
0.9204 
1.0853 
1.1261 

m/mol kg_x 

(Bg.HOAc) 
0.6914 
0.7207 
0.7932 
0.8272 
0.9614 
0.9923 

m/mol kg - 1 

(ButylBg-HCl) 
0.7780 
0.8200 
0.9123 
0.9557 
1.1338 

m/mol kg_x 

(KCl) 
0.9658 
0.9895 
1.0092 
1.0255 
1.0578 
1.3766 

m/mol kg - 1 

(KCl) 
0.9895 
1.0092 
1.0255 
1.0578 
1.2384 
1.3766 

m/mol kg_x 

(KCl) 
0.9895 
1.0092 
1.0578 
1.2384 
1.3766 

m/mol kg_x 

(KCl) 
0.9658 
0.9895 
1.0092 
1.0578 
1.3766 

m/mol kg - 1 

(Bg-HCl) 
1.0986 
1.1262 
1.1524 
1.1747 
1.2153 
1.6380 

m/mol kg - 1 

(Bg.HBr) 
1.1536 
1.1797 
1.2006 
1.2457 
1.4954 
1.6917 

m/mol kg_x 

(Bg-HOAc) 
1.0138 
1.0350 
1.0862 
1.2764 
1.4223 

m/mol kg - 1 

(ButylBg-HCl) 
1.1774 
1.2088 
1.2371 
1.3086 
1.8094 

TABLE 2. ACTIVITY AND OSMOTIC COEFFICIENTS 

OF BIGUANIDE SALTS AT 2 5 ° G 

m 
mol kg-1 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

Bg-HCl 

4> 
0.760 
0.693 
0.649 
0.614 
0.585 
0.561 
0.541 
0.524 
0.508 
0.493 
0.468 
0.447 
0.429 
0.412 

y± 

0.918 
0.891 
0.872 
0.856 
0.843 
0.832 
0.822 
0.813 
0.804 
0.797 
0.782 
0.770 
0.759 
0.748 

Bg. 

* 
0.753 
0.684 
0.635 
0.601 
0.571 
0.547 
0.526 
0.508 
0.491 
0.475 
0.450 
0.426 
0.406 
0.389 

HBr 

y± 

0.914 
0.885 
0.864 
0.847 
0.836 
0.822 
0.811 
0.801 
0.792 
0.783 
0.767 
0.752 
0.739 
0.726 

Bg-HOAc 

<> 
0.771 
0.714 
0.681 
0.655 
0.637 
0.621 
0.608 
0.597 
0.587 
0.579 
0.565 
0.553 
0.543 
0.531 
0.528 

7± 

0.926 
0.908 
0.898 
0.892 
0.887 
0.884 
0.881 
0.879 
0.877 
0.876 
0.874 
0.872 
0.871 
0.871 
0.871 

ButylB 

0.744 
0.670 
0.619 
0.581 
0.550 
0.524 
0.501 
0.480 
0.462 
0.446 
0.418 
0.393 
0.372 
0.344 

g-HCl 

7± 

0.908 
0.876 
0.853 
0.834 
0.817 
0.802 
0.789 
0.777 
0.766 
0.756 
0.736 
0.718 
0.701 
0.678 

each biguanide ion and butylbiguanide ion calculated 
from Eq. 2 were 2.57 and 3.52 Â. 

where z and ?0 are the valency of ion and the viscosity 
of water, respectively. Partial molar volumes at in­
finite dilution of biguanide ion and butylbiguanide 
ion were 69.8 and 137.1 cm3/mol at 25 °C, respec­
tively.3) Assuming that these ions are spherical, the 
ionic radii of biguanide ion and butylbiguanide ion 

TABLE 3. MOLAR CONDUCTIVITIES OF BIGUANIDE IONS 

AND SALTS AT 25 °G 

Bg-HCl 112.4 
Bg-HBr 114.3 
Bg-HOAc 76.2 
ButylBg-HCl 102.5 
Bg-H+ 35.8 
ButylBg.H+ 26.2 

are calculated to be 2.55 and 3.20 Â, respectively. 
The ionic radius of the biguanide ion obtained from 
the partial molar volume is almost the same as that 
obtained from Eq. 2. But as for the butylbiguanide 
ion, the former is smaller than the latter indicating 
the hydrophobic hydration of butyl group. 

The denaturation abilities for the three biguanide 
salts lie in the order B r _ > C l ~ > O A c ~ , which is the 
reverse order of y± values. This fact supports that 
the structure breaking actions of the biguanide salts 
contribute to the denaturation of protein in aqueous 
solutions. As reported previously,3) butyl Bg-HCl has 
the strongest denaturation ability, but the denaturation 
mechanism may be different from the other three 
salts on the basis of the consideration of the mean 
activity coefficients. In other word, the hydrophobic 
interaction between the butyl group of butylbiguanide 
and the hydrophobic moiety of protein may play an 
important role as observed in the interaction of tetra-
alkylammonium salts and DNA.6) 

From the analysis of viscosity ^-coefficients, the 
biguanide ion was concluded to be neither a structure 
maker nor a structure breaker.3) But thermodynami-
cally the biguanide ion should be a structure breaker. 
We have no idea to account for the discrepancy at 
the present stage. Now we are planning N M R study 
for solving this problem. 
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Synopsis. In solid ion radical salts, the ion radical 
molecules form a segregated stacking into columns, and 
the charge-transfer interaction occurs between ion radicals. 
The resonance energy stabilization due to the charge-transfer 
interaction was estimated for non-alternant one-dimensional 
system of solid ion radical salts. 

The prominent magnetic, electrical, and optical prop­
erties of solid ion (cation or anion) radical salts have 
been the subject of many theoretical and experimental 
investigations over the past seventeen years.1-5) In 
such solid ion radical salts, the planar ion radical 
molecules are known to form, in themselves, a segregat­
ed stacking into columns so as to make a large overlap 
between their half-occupied molecular orbitals.2»3) In 
this case, any individual radical molecule interacts 
through charge transfer most strongly with other neigh­
boring radicals, and the electronic and magnetic prop­
erties of the solid salts differ distinctly from those 
of ion radical monomer. In previous papers,4>5) we 
applied half-filled Hubbard Hamiltonian to one-dimen­
sional system of ion radical molecules, and explained 
the optical and magnetic properties of solid ion radical 
salts in terms of such a model. In the present paper, 
by using the same model, we examine the magnitude 
of the resonance energy stabilization due to the charge-
transfer interaction in one-dimensional system of solid 
ion radical salts and apply this approach to certain 
crystalline ion radical salt such as Würster 's Blue 
Perchlorate cation radical salt. 

Since every ion radical salt belongs to a kind of 
ionic crystals, Madelung energy is the most important 
factor for the cohesive energy. However, in contrast 
to typical ionic crystals such as alkali halides, resonance 
energy stabilization due to intermolecular charge-
transfer interaction between ion radical molecules is 
the next important factor for the total cohesive energy 
in solid ion radical salts. In other words, because 
of half-occupied molecular orbital of the ion radical, 
there acts intermolecular covalent bonding between 
the ion radicals along infinite one-dimensional column. 
Calculation of the Madelung energy of solid ion radical 
salt is rather difficult, but we have found a way to 
estimate the magnitude of the resonance energy stabi­
lization on the basis of a many-body problem. For 
this purpose, we consider only one-dimensional column 
of ion radicals in simple ion radical salt, where each 
ion radical carries one unpaired electron. The half-
occupied molecular orbital of unpaired electron is 
taken for one site of ion radical molecule. We assume 
a model of non-alternant one-dimensional system com­
posed of infinite number of such sites and neglect the 
effect of intramolecular electronic transitions of ion 
radical. In this model, each ion radical site has one 
identical molecular orbital with equal energy level, 
and there is one electron per each site. Along such 

one-dimensional column, an unpaired electron transfers 
from one site to another site, but a strong repulsive 
potential will take place when an electron happens 
to come onto a site which is already occupied by another 
electron with opposite spin. Let us denote the intra-
site Coulomb repulsive energy as 7, and consider 
a system of electrons described by the following 
Hamiltonian, which is often called the Hubbard 
Hamiltonian,6) 

SP = S Tifiu+Cj, + / S nünih (1) 

where nia = Ci<r
+Ci<r, and Ci<r

+ and Cia are the 
creation and annihilation operators of an electron with 
tf-spin at the i-th site, respectively, and where TtJ 

is the transfer matrix element between the i-th and 
j - t h sites, and the repulsive potential, I, appears only 
when two electrons with up and down spins are at 
the same site. Since each ion radical has identical 
molecular orbital with equal energy level, we pu t 
Tit=0 without loss of generality. In the case of 
non-alternant one-dimensional model, we further as­
sume that the transfer matrix elements exist only 
between nearest neighbor sites, and the value of this 
transfer matrix element is denoted by T ( < 0 ) . 

I t is rather difficult to obtain the ground state energy 
of Eq. 1 in general case. However, Takahashi showed 
that, in the case of half-filled Hubba rd model with 
ly\T\, the Hamiltonian of Eq. 1 becomes equivalent 
to the following effective Hamiltonian,7) 

JTeff = ^ S ( Ä - « + 1 - J ) + 0 ( ~ ) (2) 

where Sv ( 5 = 1 / 2 ) , is the spin operator of an electron 
at the i-th site. In other words, in the limit of Ij\T\ = 
oo, we can neglect such higher terms as 0{TzjP), and 
the one-dimensional half-filled Hubba rd model is 
reduced to one-dimensional Heisenberg antiferromag-
netic model with exchange interaction, J=2T2/I. 
Hereafter, we denote the number of sites in one-dimen­
sional system as N. If we know the ground-state 
energy of the following non-alternant one-dimensional 
Heisenberg antiferromagnet, 

&' = V S & * „ (J=2T*II>0), (3) 

we can obtain the value of the ground-state energy 
of Eq. 2 in the limit of Ij\ T\=co. I t is well known 
that the exact ground-state energy of Eq. 3, as indicated 
by E', was obtained by Be the and Hulthén.8) For 
infinite number of sites, the value of E' is given by 

E'= -2NJln2 + jNJ. (4) 

Therefore, if in the limit of Ij\T\=oo we denote 
the exact ground-state energy of Eq. 2 as E, we can 
obtain 
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E = E'-jJJll = E'-jNJ 

= -2NJln2 = -4N^-ln2. (5) 

When we go back to our original system of ion radicals, 
we can see that the magnitude of E in Eq. 5 cor­
responds to the resonance energy stabilization due to 
charge-transfer interaction between ion radicals in one-
dimensional system of solid ion radical salts and that the 
value of E/N=— A{T2jI) In 2 is the resonance energy 
per one site of ion radical molecule. Obviously, if 
J T = 0 , that is, if no electron transfer occurs between 
ion radical molecules, we have E=0 in Eq. 5, and no 
resonance energy stabilization takes place in such a 
system. 

In the following, we shall estimate the magnitudes 
of E and EjN for certain system of solid ion radical 
salt. For example, we apply the present method to 
the high-temperature phase of Wurster's Blue Per­
chlorate crystal, which is one of stable cation radical 
salts derived from N,N,N',N'~ te t rame thyl-/?-phenylene-
diamine. Although a solid-state phase transition occurs 
at 186 K,3 '9) the crystal structure of the high-tem­
perature (room-temperature) phase of Wurster 's Blue 
Perchlorate is known to be orthorhombic and to be 
built up from non-alternant one-dimensional columns 
composed of segregated stacking of equivalent Wurster 's 
Blue cation radicals along the a-axis, the intermolecular 
spacing between nearest neighbor cation radicals being 
3.550 Ä.3) In a previous paper,5) we examined the 
electronic state of the system of the cation radicals 
on the basis of the above-mentioned non-alternant 
one-dimensional Hubba rd model. We could well 
understand the optical and magnetic properties of 
this Wurster 's Blue perchlorate salt in terms of the 
parameter values o f / = 11900 c m - 1 and T= —650 c m - 1 . 
In this case, since the magnitude of I/\T \=18.3 is 
much larger than unity, we can apply, in place of 
Eq. 1, the effective Hamiltonian of Eq. 2 to the one-
dimensional system of Wurster 's Blue cation radicals. 
Then, in the approximation of Ij\T\=co limit, the 
magnitude of E in Eq. 5 was estimated by using the 
7=11900 cm" 1 and T=— 650 cm" 1 values. The cal­

culated resonance energy of the high-temperature phase 
of Wurster 's Blue perchlorate was E=— 277 cal/mol 
or EjN =—91 c m - 1 per one site of the cation radical. 
O n the other hand, for this salt, Metzger performed 
calculation of Madelung energy by using Ewald's 
method in order to clarify the mechanism of the phase 
transition at 186 K.10) Although the Madelung energy 
is rather sensitive to details in the atomic charge dis­
tribution, he estimated the Madelung energy for the 
300 K (high-temperature phase) Wurster's Blue per­
chlorate crystal to be — 94550±690 cal/mol. There­
fore, the total cohesive energy is found to be —9482 7 ± 
690 cal/mol by summing the Madelung energy and 
the resonance energy. Although the resonance energy 
is very small compared to the Madelung energy and 
is only 0 .29% of the total cohesive energy in Wurster's 
Blue perchlorate, it is important to note that the reso­
nance energy stabilization does not take place in usual 
ionic crystals but only takes place in solid ion radical 
salts. 
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Synopsis. The photolysis of water was demonstrated 
in an illuminated strontium titanium trioxide suspension. 
Electrochemical mechanism takes place in the decomposition 
reaction. 

The photolysis of water by the use of light from a 
xenon lamp was accomplished by Fujishima and Honda 
in a photoelectrochemical cell using a semiconducting 
titanium dioxide photoanode.1) I t was found that 
the photolysis occurs at illuminated t i tanium dioxide 
suspended in an aqueous solutions.2) Schrauser and 
Guth3> reported the quantitative photodecomposition 
of chemisorbed water on ti tanium dioxide. 

It has been revealed from electrochemical studies 
on photocatalysis of n-type semiconductors4-11) that 
electrochemical mechanisms are occasionally involved 
in heterogeneous photocatalytic reactions using semi­
conductor catalysts. In these cases, the photocatalytic 
reaction consists of a photosensitized oxidation process 
coupled with a reduction process thermodynamically 
regulated, the onset potential of the photosensitized 
oxidation being more negative than that of the reduction 
process. The coupled processes proceed spontaneously 
on an illuminated n-type semiconductor accompanied 
by local cell action. This principle is basically the 
same as that for construction of photoelectrochemical 
cells.12) 

If such a mechanism prevail in photolysis of water 
at illuminated n-type semiconductor catalysts, the fol­
lowing reaction schemes are established for pure water. 

photosensitized oxidation 
H 2 0 + 2p+ • l /20 2 + 2H+ (1) 

reduction 
2H 2 0 + 2e- • H2 + 2 0 H " (2) 

overall 
H 2 0 > H2 + l /20 2 (3) 

where p+ and e~ represent a positive hole in the valence 
band and an electron in the conduction band, re­
spectively. The oxidation of water (Reaction 1) should 
then occur at potentials negative to the reversible 
hydrogen electrode potential (RHE) . 

I t is well known in semiconductor electrochem­
istry12"14) that photosensitized oxidation on a semi­
conductor electrode sets on at its flat-band potential. 
Thus, photodecomposition of water is expected if a 
semiconductor having a flat-band potential more nega­
tive than R H E is used as a photocatalyst. Strontium 
titanium trioxide (Strontium titanate) satisfies this pre­
requisite for the flat-band potential.14-16) 

Exper imenta l 

The decomposition experiments were carried out in an 
air-tight cell made of pyrex glass, with gas inlet and outlet, 

a flat window (dia. 30 mm) and a mouth in a tubular form 
for sampling the gas. The mouth was sealed in the lower 
portion with silicone rubber packing (dia. 5 mm, height 
8 mm), water being filled on the packing (height 10 mm) 
in order to make a perfect seal during the course of gas sampl­
ing. 

Strontium titanium trioxide powder, purity 99.9%, was 
reduced by hydrogen at 900 °G for 3 h, giving the surface 
area 0.67 m2/g, and stored in a desiccator under humid 
nitrogen for a week. 1 g was suspended in 20 cm3 of distilled 
water and the suspension was magnetically stirred overnight 
in the cell into which prepurified nitrogen was continuously 
bubbled. Stop cocks of the gas inlet and outlet were then 
closed, and the light from an 1 kW xenon lamp was illuminat­
ed on the suspension. The light was so focused as to fit 
with the cell window, its intensity being ca. 3 W as measured 
by a laser power meter (Coherent Radiation, model 201). 
The gas was analyzed at intervals with a gas Chromatograph 
using a molecular sieve 5A coloum. 

A strontium titanium trioxide single crystal (Nakazumi 
Crystal Co., Ltd.) was used as an electrode in order to con­
firm govering of photodecomposition by the electrochemical 
processes given by Eqs. 1 and 2. The electrode was prepared 
in the same way as reported by Watanabe et a/.15> The 
effective area of the electrode was 0.3 cm2. 

R e s u l t s a n d D i s c u s s i o n 

Figure 1 shows the evolution of gases as a function 
of illumination time. With no illumination, no gas 
evolution took place. Illumination without strontium 
titanium trioxide caused no decomposition. The re­
sults (Fig. 1 ) satisfy the stoichiometry of the decomposi­
tion reaction. However, the rate of the decomposition 
showed a tendency to diminish with illumination time. 

The cause of the decline in the evolution rate is 
not clear. This may reflect some change in the surface 
condition of the catalyst. However, judging from the 
volume ratio of the evolved gases, the reduction of 
the catalyst surface does not seem probable. I t might 

ei 

"o 
> 

0 2 4 6 8 10 
Illumination time/h 

Fig. 1. Amount of oxygen and hydrogen evolved as 
a function of illumination time. — # — : H2, 
— O — : Oa . 
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Fig. 2. Polarization curves of a single crystal SrTiOs 

electrode in 0.5 mol-dm"3 Na2S04 (pH = 6.4). 
— # — : Anodic curve under illumination, —O—: 
cathodic curve in the dark, O.G.P. : open circuit 
potential under illumination. Illumination: 1 kW 
xenon lamp. 

be postulated that the mode of reaction changed from 
water decomposition to a cycled reaction of oxygen 
evolution and reduction of the evolved oxygen. How­
ever, this does not seem to be the case. From Henry's 
law, the amount of evolved oxygen seems to be too 
small to dissolve into water in an appreciable amount . 

Figure 2 shows polarization curves of the single 
crystal electrode in 0.5 m o l - d m - 3 N a 2 S 0 4 . The anodic 
curve obtained under illumination (a) is related to 
the oxygen evolution reaction. 14»15) O n the other hand, 
the cathodic curve in the dark (b) seems to be due to 
the hydrogen evolution reaction, since small bubbles 
were observed to stick on the electrode surface when 
a relatively high cathodic polarization was made. T h e 
open circuit potential of the illuminated strontium 
titanium trioxide electrode shown by arrow was in 
the potential region where the hydrogen evolution is 
thermodynamically feasible. Although these polariza­
tion curves were obtained in the solution of p H = 6 . 3 
and not in the pure water, almost the same situation 
should take place in pure water. The flat-band po­
tential at which the oxidation of water sets on has 
the same p H dependency as R H E . 

The decomposition rate is 0.03—0.05 fxA/cm2 (Fig. 
2), corresponding to the water photolysis of 0.001 
(xmol/h per unit surface area of the catalyst at most. 
Since light was concentrated into a cell window of 
ca. 7 cm2, the decomposition rate of 0.007 [xmol/h 
can be expected for a single crystal having an area 
equal to that of the cell window. However, the rate 
estimated is low, suggesting that the quan tum yield 
of water photolysis is too low to be significant. The 
potential at which the photolysis proceeds is near 

the flat-band potential, resulting in a weak field 
strength to anihilate photo-generated carriers. 13> 

The surface area can be increased greatly with 
use of powder catalyst. However, attempts to increase 
the surface area do not always bring about a pro­
portional increase in the photodecomposition rate. 
The decomposition rate of 0.1 (xmol/h was observed 
in the initial stage of the experiment (Fig. 1). This 
gives only fourteen times the value estimated above 
for the single crystal catalyst having the area of the 
cell window. The increase in the surface area can 
in principle enhances the cathodic process, but the 
anodic process is usually controlled by the number 
of incident photons rather than by the surface area. 
Thus, the result seems to be reasonable. 

This suggests that the photolysis of water can be 
carried out on illuminated n-type semiconductors 
having flat-band potentials more negative than R H E , 
if they are stable against both anodic and cathodic 
decomposition. 
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Synopsis. UV-irradiation of bis (/-butyl isocyanide) -
dichlorobis(triphenylphosphine) ruthenium (I I) brings about 
isomerization. The composition of the photo-stationary state 
is wavelength-dependent. A mechanism via the photo-
elimination of triphenylphosphine is proposed. 

Photochemical redox and ligand substitution reac­
tions of ruthenium complexes have been extensively 
investigated.1»2) However, only a few studies have 
been done on the photoisomerization. JefFery and 
Mawby observed the isomerization of dicarbonyldi-
iodobis(triphenylphosphine)ruthenium(II) by sunlight.3) 
We report here the photochemical mutual conversion of 
bis (/-butyl isocyanide) dichlorobis (triphenylphosphine) -
ruthenium(II) isomers with light from 254 to 436 nm. 

Exper imenta l 

Materials. o/'-Bis (/-butyl isocyanide) -bd-dichXoro-ce-
bis(triphenylphosphine)ruthenium(II) (1) was prepared by 
the reaction of dichlorotris (triphenylphosphine) ruthenium-
(II) with /-butyl isocyanide. ad-ltis(/-butyl isocyanide)-bf-
dichloro-^-bis(triphenylphosphine)ruthenium(II) (2) was 
prepared by refluxing 1 in benzene for 2 days according to 
the preparation of corresponding ethyl isocyanide complex.4) 
Elemental analyses: 1, Found: G, 63.85; H, 5.65; N, 3.34%. 
2, Found: G, 63.75; H, 5.50; N, 3.00%. Galcd for G46-
H48Gl2N2P2Ru: G, 64.03; H, 5.61; N, 3.25%. The 
structures of 1 and 2 were established from the comparison 
of their IR spectra and color with those of dichlorobis (ethyl 
isocyanide)bis(triphenylphospine)ruthenium(II).4) 1, Yellow; 
IR: 2110 (vNC) and 320 cm"1 (*>RuCi). 2, Colorless; IR: 2135 
and 2090 cm - 1 (vNC) ; no absorption of *>RUCI w a s observed 
above 300 cm -1. Ruthenium(II) complexes in which two 

Fig. 1. Dependence of the composition of products on 
irradiation time (Irradiated with 254 nm). 
Products in the irradiation of 1 —O—, 1; —D—5 

2; —A—, X. Products in the irradiation of 2 

- • - , i; - • - , 2, - A - , x. 

chlorine atoms are situated in /raw^-position have an IR 
band above 300 cm"1 and those in which two chlorine 
atoms are in «V-position have two IR absorption bands 
below 300 cm-1.4'5) 

Photoreaction. The photoreaction was followed by the 
change of NMR spectra. Solutions containing 5.8—8.5 
mmol dm"3 of 1 or 2 in CD2C12 in quartz NMR sample tubes 
were irradiated with UV-light. For the irradiation with 
254 nm, a low pressure mercury lamp was employed. For 
the irradiation with 313, 365, and 436 nm, the light from 
a high pressure mercury lamp was filtered with interference 
filters M-313, M-365, and M-436 of Karl Zeiss Co., respec­
tively. 

After the irradiation, five proton NMR peaks wqre ob­
served. The peak at 6=7.75—8.06 (multiplet) is assigned 
to the o-proton of coordinated triphenylphosphine (PPh3), 
and the peak at 6=7.29—7.57 (multiplet) to m- and />-protons 
of coordinated and o-, m-, and jb-protons of free PPh3. The 
peaks at 6=0.76 (singlet) and 1.04 (singlet) are due to /-
butyl of 2 and 1, respectively. The peak at 6=1.34 is as­
cribed to /-butyl of an unidentified product (X). 

R e s u l t s a n d D i s c u s s i o n 

UV-irradiation of bis (/-butyl isocyanide) dichlorobis-
( triphenylphosphine) ruthenium (II) isomers brings 
about the mutual isomerization and the formation of 
a complex X . No reaction occurs in the dark at 
room temperature. Over the wide range of the wave­
length of the irradiating light (254—436 nm) , almost 
no other photoproducts are formed. 

Complex X which has an N M R peak at 6 = 1 . 3 4 
can be assigned to a dimer of the five-coordinate 
complex 3 or 4, which is formed by the photochemical 
elimination of a molecule of PPh 3 from 1 or 2. The 
area of the N M R absorption ascribed to /-butyl of 
X corresponds well with the increase in the area as­
cribed to the free PPh3 . T h e shift of the /-butyl peak 
to lower field can be explained by the increase in the 
positive charge of the central metal caused by the 
elimination of a PPh 3 molecule. 

The change in the composition of the products with 
the irradiation time is shown in Fig. 1, as exemplified 
by the 254 n m irradiation. T h e prolonged irradiation 
gives photo-stationary mixtures, the composition of 
which depends on the wavelength of the irradiating 
light. Results are summarized in Table 1. 

Photochemical conversion of X to 1 and 2 is sug­
gested, because the quantity of X showed a maximum 
or saturation at the earlier stage of the photoreaction. 
The mechanism shown in Scheme 1 is proposed. The 
intermediacy of the five-coordinate complexes (3 and 
4) is supported by the suppression of the formation 
of X by the addition of excess PPh3 . Similar five-
coordinate complexes have been postulated in the 
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TABLE 1. PHOTOREACTIONS OF BIS (/-BUTYL ISOCYANIDE)-

DICHLOROBIS(TRIPHENYLPHOSPHINE) RUTHENIUM (II) 

W a V C l e n g t h a S t a r t i ^ Additive r i i nm ex complex [1] 

Composition at photo-
stationary state 

[X] s 

[2]s [ l ] s+[2]s+[X] s 

254 1.3 1 1.3 
2 1.5 
1 PPh3

a> 1.5 
313 0.85 1 0.11 

2 0.05 
365 6.7 1 5.4 

2 3.0 
436 0.01 1 0.05 

2 « 0 

0.17 
0.22 
0.07 
0.04 
0.03 
0.11 
0.06 
0.02 

« 0 

a) [PPh3]/[l] = 10. 

photoisomerization of tetracarbonylbis(triphenylphos-
phine)molybdenum(0).6> The fact that the addition 
of PPh 3 does not retard the photoisomerization of 
the ruthenium complex indicates that the conversion 
between 3 and 4 occurs efficiently. 

If the reaction giving the dimer is neglected, we can 
obtain an approximate equation for the composition 
at the photo-stationary state as 

[ l ]s _ k2k5k-7 {k^-^rk-jj e2 

LAI s k-Jc^k-j (k^'T k<2j £j 

where suffix s represents the stationary state, the A;'s 
are rate constants of the specified reactions in Scheme 
1, and ex and e2 are the molar absorption coefficients 
of 1 and 2, respectively. In the equation, [ l ] s / [ 2 ] s 

is independent on the concentration of free PPh3 . 
The fact that the addition of PPh 3 does not change 
the value supports the mechanism in Scheme 1. 

Complex 1 has three electronic absorption bands 
at 268 (e=26900 dm 3 mol" 1 cm- 1 ) , 315 (e=3200 d m 3 

m o l - 1 c m - 1 ) , and 439 nm (£=165 dm 3 m o l - 1 c m - 1 ) , 
which could be assigned to the excitations of co­
ordinated PPh3 , GT, and d-d, respectively. For 2 
the separation of G T and d-d bands is not enough, 
and 2 has no absorption in the visible region. 

T h e value [ l ] s / [ 2 ] s does not follow the ratio of 

PPh, 

[ 1 r 

k3 k,X PPh3 

B ^ N C ^ ^ C l k5 B^NC^ ^ C l 

Cl\J /CNBu1 ^ PPh3 Cl\J /CNBu* 

PPh3 

( 1 ) 
( 3 ) 

k,IL7 Dimer(X) 

PPh3 PPh3 

C K R [ / C « ^ P P h 3 _ C K R I / C . 

ButNC^ I ^CNBu* k6 B^NC^ ^CNBir* 
PPh3 

( 2 ) hv^ 
& k2. PPh, 

( A ) 

[ 2 1 

Scheme 1. 

molar absorption coefficients. Especially, in the ir­
radiation with 313 nm, the isomerization from 1 to 
2 occurs efficiently, whereas almost no reverse reaction 
occurs. This suggests that the irradiation with dif­
ferent wavelength produces different excited states, 
and each excited state has different efficiency of the 
elimination of PPh3 . For 254 nm irradiation, by which 
1 and 2 are brought to excited states of a similar char­
acter (the excitation of coordinated PPh3) , [ l ] s / [2 ] s 

is almost equal to £2/£i- This indicates that the overall 
efficiency from 1 to 2 is equal to that from 2 to 1 in 
the photoisomerization with 254 nm light. 
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Synopsis. The pK& value of [Go(edda) (H2NCH2-
GH2OH)]+at 25 °G has been determined spectrophotome-
trically to be 5.01 ±0.05. The volume change for the equi­
librium: [Go(edda) (H2NGH2GH2OH)]++OH-= [Co(edda)-
(H2NGH2GH2O)]0+H2O has been found to be 16.9±0.7 
cm3/mol at 25 °G at an ionic strength of ca. 5 mM (1 mM 
= 10-3moldm-3). 

The volume change (AT) for the neutralization 
equilibrium of a complex ion is essential for the 
interpretation of the activation volume for a reaction 
of a complex ion, proceeding via the £N1 CB mecha­
nism.1»2) Values of A V for three such equilibria of 
trivalent complex ions are known: 

[Go(NH3)5H20]3+ + O H - = [Go(NH3)5OH]2+ + H 2 0 (1) 

AF X =20 .6 cm3/mol at 30 °C;3> 
[Cr(H20)6]3+ + O H - = [Cr(H20)5OH]2+ + H 2 0 (2) 

A F 2 = 1 8 . 3 cm3 /mol at 25 °G;4) 

[Fe(H20)6]*+ + O H - = [Fe(H20)5OH]2+ + H 2 0 (3) 

A 7 3 = 2 0 . 9 cm3/mol.5) 
A value of A F for the analogous equilibrium of a 
univalent complex ion is however not known and 
is of interest with respect to the charge effect on the 
magnitude of AV. 

oc - eis - Ethylenediamine - N, JV'- diacetato (2-aminoetha-
nol)cobalt(III) Perchlorate, a-a.y-[Co(edda) (Harne)]-
C10 4 was obtained by Kuroda.6) The aqueous solution 
of this complex gives a low p H value (3.94 in a 2.5 
m M solution) and the indication is that in water 
there exists an acid dissociation equilibrium:6) 

[Go(edda)(Hame)]+ = [Go(edda)(ame)]° + H+, (4) 

where H a m e = H 2 N C H 2 C H 2 O H and a m e = H 2 N C H 2 -
C H 2 0 -

The determination of the pK& value of 4 is significant 
per se, since the pK& values of Go (III) complex ions are 
known only for ones with the aqua ligand so far.7) 
The volume change (AV5) for the equilibrium: 

[Go(edda)(Hame)]+ + OH" 

= [Go(edda)(ame)]° + H 2 0 (5) 

has been measured in relation to the interpretation 
of the activation volume for the base hydrolysis reac­
tions of a-, /?-m-[Go(edda)(NH3)2]+.8) 

Exper imenta l 

a-aV-[Go(edda)(Hame)]G104 was obtained by the stan­
dard method and identified by the visible absorption spec­
trum of a 5 mM aqueous solution.6) The Amax (em&x) values 
were 536nm(89.2), 380nm(84.4) which compare to the 
values reported by Kuroda of 535 nm(90.3), 377 nm(85.1) 
respectively. A Hitachi-Horiba M-5 pH meter was used 
and a Garlsberg dilatometer for the measurement of the 

volume change. The procedures were essentially the same 
as those described by Spiro et a/.3) Two liquids separated 
by kerosene were mixed and the volume change obtained 
from the change of the kerosene level in the capillary. 10 
min was required for the establishment of the thermal equi­
librium. In some experiments slow linearly time-depend­
ent variations of the kerosene level were observed before and 
after mixing. The dilatometer readings were extrapolated 
to the time of mixing. The radius of the capillary was 
calibrated with mercury (0.0202 ±0.0003 cm) and the ker­
osene level read by a cathetometer. The thermostat was 
maintained at 25.02±0.02 °G with a variation of less than 
0.002 °G. Boiled out water was used. The kerosene was 
purified. 

R e s u l t s a n d D i s c u s s i o n 

The color of a solution of [Co(edda)(Hame)]C10 4 

in 0.01 M HCl is reddish pink and in 0.01 M K O H 
it is pale blue violet (1 M = l mo ldm~ 3 ) . T h e color 
changes instantaneously and reversibly by the ad­
dition of an acid or an alkali, which indicates that 
the color change is caused by a shift of the chemical 
equilibrium. The absorption spectrum is illustrated 
in Fig. 1. The absorption maxima (ca. 570 and 384 
nm) of [Co(edda)(ame)]° (in 0.01 M K O H ) lie at 
longer wavelengths relative to those (536 and 380 nm) 
of [Co(edda)(Hame)]+ (in 0.01 M HCl) . This tend­
ency is analogous to the relative position of bands 
of the complexes with a hydroxo ligand to those of 
the corresponding complexes with an aqua ligand. 
In pure water the spectrum is similar to that in 0.01 M 
HCl and the complex exists mostly in the acid form, 
[Co(edda)(Hame)]+. 

T h e pK& value was determined from the optical 
densities (OD) at 300 n m in a 1 m M solution of the 
complex in acetate buffers (Table 1). T h e absorption 
coefficients at 300 n m of [Co(edda) (Hame) ] + and [Co-

300 400 500 600 700 

A/nm 

Fig. 1. Visible absorption spectra of 5 mM-[Go (edda)-
(Hame)]G104. : in 0.01 M HCl, : in 
0.01 M KOH. 
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TABLE 1. SPECTROPHOTOMETRIC DETERMINATION OF 

THE pK& VALUE AT 2 5 °G 

Solvent») 

5.5/54.5 
8.0/52.0 

12.0/48.0 
16.7/43.3 
23.1/36.9 
30.0/30.0 

0.008 M HCl 
0.008 M KOH 

pH*>) 

5.60 
5.42 
5.26 
5.05 
4.86 
4.67 
2.18 

11.75 

OD1» 

0.701 
0.660 
0.613 
0.563 
0.505 
0.457 
0.290 
0.842 

pK& 

5.06 
5.03 
5.03 
4.99 
4.99 
4.96 

a) CH3COOH(mM)/CH3COONa(mM). b) Measured 
at 25 °G. 

(edda)(ame)]° are 290 and 842 1 m o l - 1 c m - 1 , respec­
tively. The activity coefficients of H + may be estimated 
according to the method of Davies.9) The magnitude 
of pKK 5.01 ± 0 . 0 5 is small compared with those of a 
Go (III) complex with an aqua ligand.7) 

An aqueous solution of [Co(edda)(Hame)]C10 4 (25 
cm3) was mixed with 0.035 M K O H (10 cm3) . Values 
of the volume change were [given as the initial con­
centration of the complex/mM, volume change/[xl] : 
5.21, 2 .31; 5.13, 2.10; 5.20, 2.25; and 5.14, 2.18. 
Heat was evolved in the mixing. As a blank test, 
water (25 cm3) was mixed with 0.035 M K O H (10 
cm3) and the volume change found to be negligibly 
small (O.OOzfcO.ll (xl, average for five runs). Thus , 
a value of 17.1 ± 0 . 7 cm3 /mol is obtained for ocAV-
( H 2 0 ) + ( l - a ) A F 5 , where A F ( H 2 0 ) is the volume 
change (22.07 cm3 /mol at 25 °G) for the equilibrium, 
H + - f - O H _ = H 2 0 and a is the degree of dissociation 
(0.04) of [Co(edda)(Hame)]+ in the 5.2 m M solu­
tion.10) Thus , AV5 at 25 °G is evaluated as 16 .9± 
0.7 cm3/mol. T h e magnitude of AV5 is comparable 
to those of AVl9 AV2, and AVS, which indicates that 
the difference between the molar volume of water 
and the part ial molar volume of O H ~ (ca. 1.4 cm3/mol) 
is the major contribution for the volume changes.11) 
The intrinsic volumes of the complex ions would be 
little affected by protonation and hence the somewhat 
smaller magnitude of AV5 compared to those of AVl9 

AV2, and AVZ may be qualitatively explained by the 
smaller contribution of the electrostrictive volume 
change (AVel) of the complex in Equilibrium 5. T o 
a first approximation, neglecting the compressibility 
of the complex ion5) and the dielectric saturation of 

water,12) the electrostrictive volume (Vel) for an ion 
of radius r and charge Ze in water is given by; 
V%l=-(NZV)(dDldP)l(2rD*), where N and D rep­
resent Avogadro's number and the bulk dielectric 
constant for water, respectively.5) Hence, AVel in 
Equilibria 1, 2, and 3 ( A Z 2 = — 5 ) is larger than that 
in Equilibrium 5 ( A Z 2 = — 1). This difference in AVel 

is evaluated as 5.5 cm3 /mol for r = 3 Â, using the value 
of (\/D*)(dD/dP) at 1 bar (6.0X 10"7 bar"1).13) The 
water molecules around the ion however are under 
high pressure due to the électrostriction and this pres­
sure is higher for ions of higher valency.5) Thus, 
values of ( 1 jD2) (dDjdP) at high pressures must be 
used. Since, ( 1 jD2) (dD/dP) decreases with increase 
in pressure, the difference in AVel would be smaller 
than as simply estimated above.13) 

T h e author would like to thank Professor Kashiro 
Kuroda of Ehime University for his continuous interest 
in the present work. 
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Synopsis. A new rare earth-ion selective electrode 
with a cerium(IV) oxide membrane has been prepared. 
The electrode was selective for the trivalent rare earths 
with a slope as great as 58 mV. The electrode was less 
selective for bi- and quadrivalent cations. 

The conventional cation-selective electrodes with 
solid-state membranes have been prepared from insol­
uble salts, the iron(III)-selective electrode with a chal-
cogenide glass membrane1) being the only exception. 
The fluoride-selective electrodes, containing lan thanum 
fluoride as the membrane, are possibly sensitive to 
lanthanum(II I ) ion,2) but are of little analytical im­
portance because of a small slope of 20 mV. T h e 
solid-membrane electrodes containing either a quadri-
or bivalent rare-earth compound are possible sensors 
for the rare earths ( I I I ) , with a slope as great as 59 mV. 
The present work includes the preparation and prop­
erties of the cerium(IV) oxide membrane electrodes 
as rare-earth (III) sensors. Since the trivalent rare 
earths behave similarly in aqueous solutions, the new 
electrodes should have identical selectivity for any of 
the rare earths. 

Exper imenta l 

All the rare-earth oxides of 99.9% or higher purity were 
supplied by Shin-etsu Chemical Industries Co., Ltd. 
The solutions of rare-earth(III) nitrates were prepared by 
dissolving the respective oxides with nitric acid. Cerium-
(III) Perchlorate and nitrate solutions were prepared from 
the corresponding salts of I. C. N. Pharmaceuticals Inc. 
Other reagent solutions were prepared from reagent-grade 
chemicals. 

The electromotive force measurements were performed on 
a Beckman Model 3500 pH meter with an Orion 90-02 
double junction reference electrode. The pH measure­
ments were made by a Denki Kagaku Keiki Model HG-3 
pH meter. Electric resistances of the membranes were 
measured by a Yokokawa Denki Model L-6B insulation-resis­
tance tester. 

The appropriate amounts of cerium (IV) oxide and Rapid 
Araldite, an epoxy adhesive from Ciba-Geigy, were mixed 
homogeneously, and coated on the copper plate of the elec­
trode body, as shown in Fig. 1. All the electrode behav­
iors were studied at 25.0°C with an electrode system of: 
Ce0 2 electrode | Solution X|Salt bridge | Ag-AgCl reference 
electrode. 

R e s u l t s a n d D i s c u s s i o n 

The values of the activity coefficients of the rare-
earth ions were selected3*4) assuming that the mean 
activity coefficients of the rare-earth ions do not vary 

t Present address: Japan Scientific Instrument Co., 
Ltd., Ichiban-cho, Chiyoda-ku, Tokyo 102. 
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-Acrylic tubing 

-12 mm 

-Copper disc 

Fig. 1. A cerium(IV) oxide membrane electrode. 
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Fig. 2. Response of cerium(IV)-oxide electrode to the 
cerium(III) activity. 

appreciably from ion to ion under identical conditions. 
Of the electrodes having membranes of various 

cerium(IV) oxide concentrations, the ones containing 
5 5 % oxide and 4 5 % adhesive in weight exhibited 
the closest response to the Nernstian theory. The 
slope of the electrode for cerium (III)-ion concentration 
ranged from 43 to 58 m V within a concentration range 
of 1 0 - 1 to 10~6 mol d m - 3 , while the linear relation­
ship between the response and concentration held 
only in a range of 1 0 - 3 to 10 - 5 mol d m - 3 with a slope 
of 58 m V . By taking the activity scale, however, 
the linearity extended from 1 0 - 1 to 10~5, as shown 
in Fig. 2. Considering the overall properties studied, 
the 5 5 - % electrode was found to be superior to the 
other electrodes of 30—70%, and has thus been used 
in subsequent work. 

The response time of the electrode was determined 
for several cerium (III) concentrations as 5 to 10 min. 
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Fig. 3. Response curves of cerium(IV)-oxide electrode 
for some rare-earth (111) ions. 
# : Lanthanum, O : praseodymium, D : dysprosium, 
©: lutetium, 3 : yttrium. 

T h e effect of the membrane thickness at 5 5 - % cerium-
(IV) oxide concentration was also examined, and an 
electrode having a 0.100 g membrane, i.e. a 0.13 g 
c m - 2 thickness, exhibited the opt imum response. The 
electric resistance of the membrane ranged from 0.2 
to 9 M ß . No appreciable variation in the response 
behavior was observed within several months of repeat­
ed use. 

The response behavior of the electrode against five 
trivalent rare-earth ions, including lanthanum, pra­
seodymium, dysprosium, lutetium, and yttrium, were 
investigated, and the activity-response relations are 
shown in Fig. 3. I t is remarkable that lan thanum 
and praseodymium, both adjacent elements to cerium, 
exhibited lower responses than the heavy rare earths, 
while yttrium exhibited the highest response among 
the rare earths examined. 

The effect of p H was studied within the p H range 
of 2 to 9, where it was shown that the electrode could 
be useful in solutions of p H 3 to 5.5. Both higher 
hydrogen-ion concentrations and hydroxide precipita­
tion apparently interfere in the measurements in solu­
tions of p H less than 2 and above 6, respectively. 

The selectivity coefficients for several cations, deter­
mined by separate and mixed solution methods,5 - 9) 
are shown in Table 1. As might be expected, the 
rare-earth (III) ions exhibited selectivity coefficients as 
great as unity. Though bar ium (I I) and zirconium (IV) 
ions did not interfere appreciably, the alkali metals, 
such as sodium and potassium, did interfere consider­
ably. T h e latter fact is apparently not desirable when 
using the electrode in determining stability constants 
of the rare-earth complexes, where the solutions usually 
contain appreciable amounts of alkali metal salts, such 
as potassium nitrate, as the supporting electrolyte. 

Though the present results are not sufficient for 
elucidating the response mechanism, it is probable that 
the oxidation-reduction reaction of cerium in the mem­
brane and in solution predominates, at least in the 

Cation 

Na(I) 
K(I) 
Ba(II) 
Fe(III) 
Zr(IV) 
La (III) 
Ce (III) 
Pr(III) 
Dy(III) 
Lu(III) 
Y(III) 

Selectivity 

Separate solution 
method 

l .OxlO" 2 

2 . 5 x l 0 - 2 

0.11 
0.20 

— 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

coefficients 

Mixed solution 
method 

0.44 
0.10 

3 . 5 x l 0 - 3 

1.4xl0- 2 

1.4x l0- 3 

— 
— 
— 
— 
— 
— 

case of cer ium(III) solutions. 
The cerium (IV) oxide-membrane electrode may 

thus be used as a sensor for the rare-earth (III) ions, 
with further possible improvements. The current work 
also includes research on the application of quadri-
and bivalent rare-earth compounds as sensing mate­
rials, which would account for the response mechanism 
of the electrodes of the present type. 

The authors wish to express their thanks to Shin-
etsu Chemical Industries Co., Ltd. for supplying the 
rare-earth oxides, to Dr. Kazuo Hiiro, Government 
Industrial Research Institute, Osaka, for his helpful 
advice, and to Mr . Hiroshi Itoh, Department of 
Electrical Engineering, Meiji University, for his as­
sistance in the measurements of membrane resistance. 
The present work was partially supported by a Grant-
in-Aid for Scientific Research from the Institute of 
Science and Technology, Meiji University. 
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Semiconducting Bis(dialkyldithiocarbamato)copper(III) Cation-TCNQ 
Radical Anion and -Bis(l,2wiicyano-l,2-ethylenedithiolato)nickel(III) 

Anion Salts: [Cuf&CNR^rTCNQ and [Ca($£NR,)J+-
[NitSAlCNWJ- (R=Et, n-Pr, and n-Bu) 

Yoshiji YUMOTO and Toshio T A N A K A * 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565 
(Received May 25, 1979) 

Synopsis. The title salts were synthesized. 
Segregated columnar structures of the salts are suggested 
from their electronic spectra and electrical resistivities; 104— 
1 0 5 ß c m range at 25 °C with activation energies of 0.24— 
0.33 eV as compact samples. 

In a previous paper, a report was given on the 
preparation and electrical resistivity of simple and 
complex salts formed by the reaction between bis-
(dialkyldithiocarbamato)gold(III) cations and T C N Q , " 
radical anion; [Au(S 2 GNR 2 )2] + TGNQ/ ( R = M e , Et , 
n-Pr, n-Bu, n-C6H13, n-C8H17, and CH 2 C 6 H 5 ) , [Au-
(S2GN(GH2G6H5)2)2]+(TCNQ,)2" and [Au(S 2CN(CH 2 -
C 6 H 5 ) 2 ) 2 ] + ( T C N Q ) 2 ^ M e C N , all of which showed 
semiconducting behavior.1) This paper describes the 
preparation, electronic spectra, and electrical resis­
tivity of some bis(dialkyldithiocarbamato)copper(III) 
c a t i o n - T C N Q radical anion and -bis( l ,2-dicyano-l ,2-
ethylenedithiolato)nickel(III) anion simple salts; 
[Cu(S 2 CNR 2 )2] + TCNQ7 and [Cu(S 2CNR 2 ) 2 ]+ [Ni-
(S2C2(CN)2)2]- ( R = E t , n-Pr, and n-Bu). 

Exper imenta l 

Bis(dialkyldithiocarbamato)copper(III) Perchlorates, 
[Cu(S2CNR2)2]+C104- (R=Et , rc-Pr, and >*-Bu),2> and 
tetraethylammonium bis ( 1,2-dicyano-1,2-ethylenedithiolato) -
nickelate(III), [Et4N]+[Ni(S2C2(CN)2)2]-,3) were prepared 
by the methods reported. 

Bis(dialkyldithiocarbamato)copper(III)-TCNd, [Cu(S2-
CNR2)2]+TCNQ: (R=Et (1), n-Pr (2), and n-Br^ (3)). 
To a boiling ethanol (30 ml) solution of Li+TCNQ/ (0.39 g, 
1.8 mmol) was added a hot acetonitrile (40 ml) solution of 
[Cu(S2CNEt2)2]+C104- (0.82 g, 1.8 mmol). The mixture 
was allowed to stand in a refrigerator overnight to afford 
dark green needles of 1 in a 60% yield. 2 and 3 were similarly 
obtained both as dark green needles in 58 and 55% yields, 
respectively, by the equimolar reaction of TGNQJ in ethanol 
with the appropriate bis(dialkyldithiocarbamato)copper(III) 
cations in acetonitrile. 

No complex salt was obtained by the reaction of 1—3 
with neutral T C N Q in acetonitrile, only the starting materials 
being recovered. 

Bis (dialkyldithiocarbamato) copper (HI) Bis (1,2-dicayno-l ,2-
ethylenedithiolato) nickelate(III), \Cu(S2CNR2) 2]

+[Ni(S2C2-
(CNJJJ- (R=Et (4), n-Pr (5), and n-Bu (6)). 

To an acetone (50 ml) solution of [Cu(S2CNEt2)2]+C104-
(0.67 g, 1.5 mmol) was added [Et4N]+[Ni(S2C2(CN)2)2]-
(0.68 g, 1.5 mmol) in acetone (30 ml). After being stirred 
for 1 h, the mixture was concentrated to about half the 
volume under reduced pressure, followed by cooling to 
ca. 5 °G to give dark brown microcrystals of 4 in a 80% yield. 
Two analogues with R=w-Pr and n-Bu were similarly prepared 
as black and dark brown microcrystals in 71 and 85% yields, 

respectively. 
Physical Measurements. Electrical resistivities, elec­

tronic spectra, and magnetic susceptibilities were measured 
as described previously.1) 

R e s u l t s a n d D i s c u s s i o n 

Linearity holds between log p (p: electrical resis­
tivity) and \jT for all the salts in the range 293— 
373 K (Table 1), indicating semiconducting behavior. 
Figure 1 shows the electronic absorption spectra of 
1 and 4 in the solid state and 4 in acetonitrile; solid 
1 exhibits three absorption maxima at 8800, 14800, 
and 24500 c m - 1 . Similar spectra were observed in 
2 and 3. The spectral patterns of 1—3 closely resemble 
those of gold analogues, [Au(S 2CN(n-Bu) 2 ) 2 ]+TCNQ/ 
(Amax: 8900, 13900, and 22400 cm"1) and [Au(S2CN-
(n-G 8 H 1 7 ) 2 ) 2 ] + TGNQJ (Amax: 10800, 14500, and 25100 
cm - 1 ) , both of which have been reported to involve 
dimeric ( T C N Q ^ 2 " . 1 * The existence of the ( T C N Q ) 2

2 " 
dimer in 1—3 is supported by their diamagnetic prop­
erties at room temperature. Thus, 1—3 seem to have 
a segregated columnar stacking of T C N Q / " radical 
anion in the crystalline state. This is in line with 
the p values of these salts in the order of 1 0 4 ß c m . 
The columnar structure of 1 and 2 is in contrast to 
the corresponding gold salts, [Au(S 2 CNR 2 ) 2 ] + TCNQ/ 
( R = E t and n-Pr), in which the cation and the anion 
are stacked alternatively: D+A^D+A"-- . 1 ) 

The electronic spectrum of solid 4 shows absorption 
maxima at 8000, 13500, 16800, 22600, and 30200 
c m - 1 , of which the 22600 cm" 1 band is due to the 
[Cu(S 2 CNEt 2 ) 2 ] + cation and the remaining four bands 
to the [Ni(S2C2(CN)2)2]~ anion. Thus, the solid state 
spectrum of 4 coincides with a superimposition of the 
spectra of the cation and anion moieties, indicating 

T 1 1 1 r 

-i i H i i L-
5 10 15 20 25 3 0 

Wave number/10 3 cm-1 

Fig. 1. Electronic absorption spectra of 1 (a) and 4 
(b) in Nujol mulls, and 4 in acetonitrile (c). 
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TABLE 1. ANALYTICAL DATA, ELECTRICAL RESISTIVITY (p), AND ACTIVATION ENERGY (E&) OF THE SALTS*) 

No. 

1 

2 

3 

4 

5 

6 

Salt 

[Gu(S2GNEt2)2]+TGNQ7 

[Cu(S2CN(n-Pr)2)2]+TCNQ7" 

[ C U ( S 2 C N ( H - B U ) 2 ) 2 ] + T C N Q J 

[Gu(S2GNEt2)2]+[Ni(S2G2(GN)2)2]-

[Gu(S2GN(n-Pr)2)2]+[Ni(S2G2(GN)2)2]~ 

[Gu(S2GN(w-Bu)2)2]+[Ni(S2C2(CN)2)2]-

Found 
(Calcd) 

47.11 
(46.83) 
50.05 

(50.34) 
53.08 

(53.26) 
30.59 

(30.92) 
34.88 

(34.99) 
38.20 

(38.49) 

% H 
Found 

(Calcd) 

4.15 
(4.29) 
5.17 

(5.20) 
5.80 

(5.96) 
2.86 

(2.88) 
3.69 

(3.74) 
4.20 

(4.47) 

% N 
Found 
(Calcd) 

14.66 
(14.89) 
13.70 

(13.55) 
12.30 

(12.42) 
11.61 

(12.02) 
11.09 

(11.13) 
10.17 

(10.36) 

P2S°C 

û c m 

4.6x10* 

7 . 1 x l 0 4 

8 . 5 x l 0 4 

3.1X105 

4 . 0 x l 0 5 

8 . 9 x l 0 5 

£a
b> 

eV 

0.24 

0.28 

0.30 

0.31 

0.31 

0.33 

a) Mp (dec) >300°C for all the salts, b) Calculated by the equation p = p0exp (EJkT). 

that in the solid state the anion and the cation are 
segregated from each other. This is supported by 
the fact that 4 in acetonitrile exhibits an additional 
band at 25000 cm" 1 (Fig. 1), which may be due to 
an anion-cation interaction. The interaction of this 
type has been reported in some double complex salts, 
such as [P t (CNR) 4 ] 2 +[Pt (CN) 4 ] 2 - ( R = M e , Et, and 
t-Bu), in solution.4) Segregation between the anion 
and the cation is suggested also for solids 5 and 6 
on the basis of their electronic spectra. Some bis (1,2-
dithiolato)nickel(III) salts such as [Et4N]+[Ni(S2C2-
( G N ) 2 ) ? ] " ( / 0 = 3 . 5 x l O 5 and 4 . 9 x l 0 7 ß c m for two 
crystalline forms) have been reported to adopt a seg­
regated columnar structure.5) Such a structure can 
be assumed in the crystals of 4—6, since the p values 
(Table 1) are of the same orders as or smaller than 
those of [Et4N] + salts. 

In both series 1—3 and 4—6, the p and E& values 
trend to increase to some extent as the alkyl substituents 
on the carbamato nitrogen atom become bulky. A 
similar trend has been reported for a series of N,N-
dialkyl-l ,3-dithiolan-2-iminium-TCNQ/~ simple salts.6) 

(GH2)2
 XC=NR2 • TGNQ7 

\ s / 
(R = Me, rc-Pr, TZ-C6H13, and TZ-C8H17) 

The interplanar distance between the cation moieties 
in segregated columnar structures significantly in­
fluences electrical conduction, where the cation be­

haves as a matrix for the arrangement or packing of 
the planar anion moieties.7) It can be concluded 
that bulky substituents on the nitrogen atom of the 
cationic moieties increase the interplanar distances not 
only between the cation moieties but also between 
the anion moieties, raising electrical resistivity of the 
present salts. 

The authors wish to express their thanks to the 
Central Research Institute, Matsushita Electric 
Industrial Co., Ltd. for supplying a sample of TCNQ,. 
This work was carried out with a Grant-in-Aid for 
Scientific Research No. 347066 from the Ministry of 
Education, Science and Culture. 
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Synopsis. Cobalt (II) -manganese (II) -cobalt (II) 
trinuclear complexes were synthesized by reacting N9N'-
disalicylidenealkanediaminatocobalt(II) and manganese (I I) 
halide in a 2:1 mole ratio. Gryomagnetic measurements 
indicated an antiferromagnetic spin-exchange interaction 
operating between the low-spin cobalt (I I) and the high-spin 
manganese (II) ions, exchange integrals being estimated at 
- 8 12 cm-1. 

Recently we have reported the preparation and the 
characterization of the mixed-spin trinuclear cobalt (II) 
complexes with TVjTV'-disalicylideneethylenediamine 
and its homologues.1) A considerably strong antiferro­
magnetic spin-exchange interaction ( y = —10 14 
cm - 1 ) in these complexes prompted us to synthesize 
new trinuclear complexes of G o ( I I ) ( j = l / 2 ) - M n ( I I ) 
( ,y=5/2)-Co(II)(,y=l/2) system in order to obtain 
further informations of spin-exchange in polynuclear 
complexes containing low-spin cobalt(II) ion. 

TVjTV'-Disalicylidenealkanediamines are abbreviated 
as H2(R l 5R2-L) ( R l 5 R 2 = H , C H 3 ; L = e n , pn) , where 
R-L and R 2 denote the substituents attached to the 5-
and the a-positions of salicylaldehyde moiety, respec­
tively, and L is the chain connecting two imino-
nitrogens. 

Exper imenta l 

Syntheses. Mononuclear cobalt(II) complexes were 
obtained by the method of Bailes and Calvin.2) Syntheses 
of the trinuclear complexes are practically the same and 
exemplified by [Go(H,H-en)]2MnBr2. A mixture of Go(H, 
H-en) (500 mg) and manganese(II) bromide tetrahydrate 
(287 mg) in ethanol (80 ml) was stirred for 3 h under reflux 
in an atmosphere of nitrogen and allowed to stand overnight. 
Orange crystals which separated were collected by suction, 
washed with ethanol and dried. 

Elemental analyses of the complexes are given in Table 1. 
Measurements. Electronic spectra of powder samples 

were measured with a Shimadzu multipurpose spectropho­
tometer Model MSP-5000. Infrared spectra were measured 
with a Hitachi grating infrared spectrophotometer Model 
215 in the region 4000—650 cm - 1 on a KBr disk. Magnetic 
susceptibilities were measured by the Faraday method over 
the range from liquid nitrogen temperature to room temper­
ature. Effective magnetic moments were calculated from 
the equation, [xeff=2.828(%M- T)1/2, where %M is the molar 
magnetic susceptibility corrected for diamagnetisms using 

TABLE 1. ELEMENTAL ANALYSES OF COMPLEXES 

Found (%) Calcd (%) 

C H N Co Mn H N Co Mn 

Pascal's constants. 

R e s u l t s a n d D i s c u s s i o n 

Infrared spectra of the complexes display a skeletal 
vibration around 1530—1545 cm"1 , which is higher 
in frequency compared with that of the mononuclear 
cobalt(II) complexes. T h e high-frequency shift of this 
band has been utilized as a diagnosis of the bridging 
mode of the phenolic oxygen.3) The similarity in 
infrared spectrum between [Co(R 1 ,R 2 -L)] 2 MnX 2 and 
[Co(R1 ,R2-L)]2CoX2

1) are indicative of the same struc­
ture between them. Since two molecules of Co(R l 5 

R2-L) can not coordinate to a metal in a square plane 
because of the steric requirement of the molecule,1»4»5) 
the most likely structure of the trinuclear complexes 
is m-octahedral around the central manganese(II) 
ion (Fig. 1). 

Co-N 

[Co(H,H-en)]2MnBr, 
[Co(H,Me-en)]8MnCla 

[Co(Me,Me-en)],MnCla 

[Co(H,H-pn)]2MnBr2 

44.38 3.32 6.41 13.89 6.13 
51.74 4.49 6.60 14.76 6.55 
53.50 4.96 6.17 12.82 6.23 
45.43 3.53 6.19 13.70 6.40 

44.42 3.26 6.47 13.62 6.34 
51.94 4.35 6.73 14.16 6.60 
54.07 4.99 6.30 13.26 6.18 
45.71 3.61 6.27 13.19 6.15 

Fig. 1. Probable structure of [Go(R1,R2-L)]2MnX2. 

Powder reflectance spectra of the trinuclear com­
plexes are nearly the same as those of the mononuclear 
cobalt(II) complexes except for Co(H,H-en) , showing 
d-d bands at 8000 and 19000 cm"1 . Monomeric 
square-planar6) and dimeric square-pyramidal7) modi­
fications are known for Co(H,H-en) , and the electronic 
spectra of the present complexes are substantially the 
same as that of monomeric Co(H,H-en).8) Since high-
spin manganese (I I) complexes show no spin-allowed 
d-d bands, the electronic spectra indicate that the 
electronic configuration of the low-spin cobalt (I I) in 
[Co(R 1 ,R 2 -L)] 2 MnX 2 is identical with that of Co(H, 
H-en), whose (dx

2_y
2)2(dy z)1 ground state electronic 

configuration was already demonstrated.9»10) 
Magnetic moments of the trinuclear complexes de­

pend upon temperature (Table 2). This fact can be 
attributed to an antiferromagnetic spin-exchange in­
teraction between the cobalt (II) and the manganese (II) 
ions. Molar magnetic susceptibility for the Co(II) 
( j = l / 2 ) - M n ( I I ) ( j = 5 / 2 ) - C o ( I I ) ( j = l / 2 ) system is given 
by 
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TABLE 2. TEMPERATURE VARIATION OF MOLAR MAGNETIC SUSCEPTIBILITY (c.g.s./mol) 

AND MOLAR MAGNETIC MOMENT(B.M.) 

[Co(H,H-en)] 
T/K 
%MX10* 

Meff 

[Co(H,Me-en 
T/K 
%MX10« 

yWeff 

2MnBr2 

81.1 
53664 
5.90 

)]2MnGl2 

82.8 
46261 
5.53 

[Co(Me,Me-en)]2MnCl 
T/K 81.7 
%MX10« 

//eff 

[Co(H,H-pn)] 
r/K 
%MX10* 

yWeff 

_ i ^ 2 

*M 4£T 
35+10exp ( -

x—-— £—̂— 

54620 
5.97 

2MnBr2 

83.4 
50857 
5.82 

95.1 
46543 
5.97 

102.5 
38907 
5.65 

2 

93.0 
50750 
6.14 

102.0 
42979 
5.92 

-7J/kT) + 35 exp( 

115.6 
40131 
6.09 

122.5 
34559 
5.82 

113.2 
43996 
6.31 

121.1 
37638 
6.04 

135.4 
35006 
6.16 

141.9 
30764 
5.91 

134.5 
38064 
6.40 

140.7 
33150 
6.11 

-2y/A:r) + 84exp 

155.6 
31399 
6.25 

161.3 
28380 
6.05 

154.4 
34415 
6.52 

160.0 
29946 
6.19 

(5J/kT) 

176.2 
28307 
6.32 

180.9 
25808 
6.11 

175.1 
30841 
6.57 

179.2 
27335 
6.26 

196.1 
25993 
6.38 

200.5 
23943 
6.20 

195.1 
27750 
6.58 

198.3 
25193 
6.32 

216.7 
23814 
6.42 

219.6 
22308 
6.26 

215.5 
25375 
6.61 

217.3 
23312 
6.37 

236.5 
22180 
6.48 

239.5 
20707 
6.30 

236.1 
23262 
6.63 

237.6 
21693 
6.42 

256.3 
20721 
6.52 

258.4 
19492 
6.35 

256.8 
21468 
6.64 

256.5 
20230 
6.44 

276.6 
19379 
6.55 

278.3 
18250 
6.37 

277.3 
19973 
6.66 

276.3 
19133 
6.50 

296.6 
18212 
6.57 

297.6 
17223 
6.40 

297.1 
18776 
6.68 

296.1 
17984 
6.53 

The present complexes quite differ from the cobalt-
( I I ) -manganese (I I) complexes, CoMn(fsaR)(py)3,12) 
in magnetic property (where H4fsaR represents N,N'-

3 + 2exp {-7J/kT) + 3exp (-2j/kT) + 4exp (5J/kT) 
+ Na, u> 

where J is the exchange integral between the 
low-spin cobalt(II) and the high-spin manganese(II) 
ions and other symbols have their usual meanings. 
This expression is applicable to the present complexes. 
Agreement between the theoretical and the experi­
mental %M versus T curves is satisfactory. An example 
of this is shown in Fig. 2. The magnetic parameters, 
g and J, were determined by the best fit technique on 
estimating the temperature-independent paramagnet­
ism, Ntx, at 120 X 10~6 c.g.s./mol. The results are as 
follows. [Co(H,H-en)] 2MnBr 2 : £ = 2 . 1 3 , J=-10; 
[Co(H,Me-en)] 2 MnCl 2 : g = 2 . 1 2 , / = - 1 2 ; [Co(Me, 
Me-en)] 2 MnCl 2 : £ = 2 . 1 4 , / = - 8 ; [Co(H,H-pn)] 2 -
MnBr 2 : £ = 2 . 1 3 , / = — l l c m " 1 . 

o 

NJ 

r/K 
Fig. 2. Temperature variation of inverse molar magne­

tic susceptibility of [Go(H,H-en)]2MnBr2. The solid 
line represents the theoretical inverse susceptibility 
with ^ - l O c m - 1 , £=2 .13 and iVa = 120x 10"6 

c.g.s./mol. 

bis(3-carboxysalicylidene)alkanediamines). In CoMn-
(fsaR)(py)3 the low-spin cobalt(II) ion possesses an 
unpaired electron in its dz

2 orbital and no spin-exchange 
interaction is operating between the metal ions. Thus, 
we may conclude that an antiferromagnetic spin-
exchange interaction in the present complexes results 
from the rc-superpathway of dn (CoJ -p^O) -d s (Mn) 
overlapping. 
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Synopsis. In the presence of catalytic amounts of 
several amines, N,N'-thiodiphthalimide has been allowed 
to react with a-toluenethiol in benzene and dichloromethane 
giving iV-(benzyldithio)phthalimide. iV-(Benzyldithio)-
phthalimide has been obtained in excellent yields with 2,4-
or 2,6-lutidine as the catalyst in benzene. 

Harpp et al.2) prepared the TV-(alkyldithio)- and N-
(aryldithio)phthalimides in good yields by the reaction 
of thiols with 7V,7Vr/-thiodiphthalimide(2) in refluxing 
benzene. In a previous paper,3) it was shown that 
a catalytic amount of imidazole markedly accelerates 
Harpp 's reaction in dichloromethane. This has lead 
to the present examination as to whether amines act 
as catalysts in the present reaction. 

A mixture of a-toluenethiol (1) (5 mmol), 2 (5 
mmol) , and amine (0.5 mmol) was refluxed for 30 
min in benzene (100 ml). The starting material 2 
was not sufficiently soluble in hot benzene, but the 
product, 7V-(benzyldithio)phthalimide (3), and phthal-
imide were soluble. Consequently, the dissolution of 
2 promotes the reaction. The product 3 was isolated 
from the reaction mixture by fractional dissolution in 
cold benzene and cold ethanol, and weighed. The 
remaining reaction mixture was subjected to column 
chromatography. The eluate obtained gave a mixture 
of the unchanged thiol and a by-product, dibenzyl 
trisulfide (4), which were identified and evaluated 
from N M R analysis,4) the results of which are sum­
marized in Table 1. As shown in the material balance 
of the benzyl group in Table 1, the compounds stem­
ming from 1 collected exceeded 9 0 % with few excep­
tions. 

The unchanged thiol (93%) was recovered in the 
absence of amine in the reaction mixture (Run 1). 
Regardless of the functional group, i.e., primary, 
secondary, or tertiary, all amines accelerated the present 
reaction. The product distribution varied with the 
amine employed, the results of which are given in 
Table 1. The results can be classified into three 
categories: (1) the thiol remaining practically un­
changed (Runs 1—5) ; (2) the thiol being quantitatively 
changed into 3 (Runs 6—10); (3) the thiol being 
consumed to give mainly 3 but the remaining (over 
20%) was changed into 4 (Runs 11—16). The variety 
in product distribution appears directly related to the 
pK& value of the amine used. With the amine having 
a pX a value of 5.06 or less, the unchanged thiol was 
recovered in over 25 % of the initially charged amount . 
When 2,6- or 2,4-lutidine having a pK& value of 6.75 
or 6.79, respectively, was applied to the reaction 
system, 3 was obtained almost quantitatively. A pK& 

value of 6.95 or greater caused a decrease in the yield 
of 3. The yield of 4 increased with an increase in 
the pK& value of the amine.5) 

Recently, Yamabe et <z/.6) reported that 1 : 1 S - H - N 
type hydrogen bonding is formed between 1-propane-
thiol and several amines, and that the strength of 
the hydrogen bonding enhances with increase in the 
pK& value of the amine. Therefore, the present reac­
tion is expected to proceed rapidly to give 3 in a good 
yield since the nucleophilicity of the thiol toward 2 
would increase in the presence of a strongly basic 
amine. 

Table 1 shows that, in spite of the reaction of 2 
with one equivalent of 1, an undesirable trisulfide 
4 was produced. This suggests that the thiol reacted 
competitively with the starting material 2 and product 
3 (Eqs. 1 and 2). The thiol predominantly reacted 

©CH2SH + ( ^ s £ g ) 

0 0 
©CH 2SSN^ + ( g ^ H ( 1 ) 

0 0 
3 

0 
©CH2SH + © œ ^ s ^ g ) 

0 
1 3 

0 

* ©CH2SSSCH2<^ + (Ql^NH ( 2 ) 
0 

A 

with 2 to give 3 when the nucleophilicity was suitable; 
this corresponds to a pK& value of the amine of ap­
proximately 6.7 (Runs 7 and 8). As the nucleophilicity 
of the thiol increases, the two reactions occur giving 
both 3 and 4. A second interpretation in formation 
of 4 is as follows. The starting material 2 does not 
dissolve adequately in hot benzene, and consequently 
the reaction rate of the thiol having a large nucleo­
philicity toward 2 may be limited by the rate of 
solution 2 into the benzene, and thus the reaction with 
3 will increase giving 4. The formation of 4 in the 
case of weak amines (Runs 2—6) is impossible to 
explain completely by the above reaction mechanisms. 
Amines having large pK& values abstract protons from 
arylalkyl hydrodisulfide but amines having small pK& 

values attack the sulfur atoms of the compound.7) 
There is a possibility in the present reaction that the 
amine having a small pK& value attacks the electron-
deficient sulfur atom of 2 and 3 as a nucleophile but 
the actual reaction mechanism remains obscure.8) 

In order to increase the yield of 3 but to decrease 
that of 4, a mixture of 1 and 2 was refluxed for 20 
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TABLE 1. REACTIONS OF 1 WITH 2 IN THE PRESENCE OF AMINES8-) 

Run Amine P*a Solvent 
Recovered 
1 (mmol) 

Products 

3 (mmol)b> 4 (mmol) 

Material 
Balance of 

benzyl group0) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

None 
Aniline 
2-Aminophenold) 
JV-Methylaniline 
N, JV-Dimethylaniline 
Pyridine 
2,6-Lutidine 
2,4-Lutidine 
Imidazole 
iV-Methylmorpholine 
Morpholine 
Butylamine 
Triethylamine 
Tributylamine 
Piperidine 
Dibutylamine 
None 
Aniline 
Imidazole 
Triethylamine 
Piperidine 

— 
4.60 
4.72 
4.85 
5.06 
5.17 
6.75 
6.79 
6.95 
7.41 
8.36 

10.60 
10.67 
10.87 
11.22 
11.25 

— 
4.60 
6.95 

10.67 
11.22 

Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Dichloromethane 
Dichloromethane 
Dichloromethane 
Dichloromethane 
Dichloromethane 

4.65 
3.01 
2.04 
2.48 
1.08 
Trace 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3.60 
0 
0 
0 
0 

0.12 
1.09 
2.38 
0.79 
1.55 
3.44 
4.84 
4.82 
4.45 
4.47 
3.92 
3.20 
1.98 
2.70 
0.82 
2.14 
0.44 
4.43 
4.26 
3.60 
2.96 

(3) 
(22) 
(48) 
(16) 
(31) 
(69) 
(97) 
(96) 
(89) 
(89) 
(78) 
(64) 
(40) 
(54) 
(16) 
(43) 

(9) 
(89) 
(85) 
(72) 
(59) 

0 
0.32 
0.09 
0.43e> 
0.49 
0.68f) 
0.08 
0.09 
0.31e) 
0.20 
0.50 
0.90 
1.52 
1.15 
2.02 
1.39 
0 
0.08 
0.17 
0.70 
0.81 

4.89 
4.74 
4.60 
4.13 
3.61 
4.80 
5.00 
5.00 
5.07 
4.87 
4.92 
5.00 
5.01 
5.00 
4.86 
4.93 
4.04 
4.61 
4.60 
5.00 
4.58 

a) All the reactions were performed by the use of 1 (5 mmol), 2 (5 mmol), amine (0.5 mmol) in a solvent (100 ml) 
at boiling point for 30 min in benzene and 20 min in dichloromethane. b) Values in parentheses show the yield 
based on 2 used, c) Summation of mmol of recovered 1 and 3 and two-fold mmol of 4. The Theoretical 
value is 5.00. d) The pK& value of phenol group is 9.71. e) The product unidentified was detected other than 
listed, f) The value includes dibenzyl polysulfide besides trisulfide. 

min in dichloromethane which is able to dissolve 2 
completely. I t is expected that the nucleophilicity 
of the thiol in polar solvents increases because the 
hydrogen bonding between thiol and amine is enhanced 
by the polar solvent.6) As seen in R u n 17 of Table 
1, the reaction without amine proceeded hardly as 
in benzene. Even with amines possesing small pK& 

values, the reaction was significantly accelerated and 
gave 3 in good yield (Run 18). The formation of 
the by-product 4 was not sufficiently depressed by use 
of this reaction system. 
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Synopsis. Diethoxy disulfide (1) reacted with 
arylhydrazines to give arylbenzenes, diaryl sulfides, and aryl 
ethoxy tetrasulfides. The reaction of 1 with hydrazobenzenes 
gave azobenzenes in quantitative yields. The treatment of 
1 with 1,5-diphenylthiocarbonohydrazide or 1,5-diarylthio-
carbazones afforded 2,3-diaryltetrazolium-5-thiolates. 

Dialkoxy disulfides (1) are reactive toward some 
nucleophilic reagents.2»3) Previously, we have also 
found that the alkoxyl group of 1 is readily displaced 
by secondary amines,1) thiols,1) or thiocarboxylic acids4) 
to give several unsymmetrical polysulfides. Further , 
the reaction of primary amines with 1 afforded N-
thiosulfinylamine (2a) by the intramolecular elimina­
tion of alcohol (Scheme l).1) W e have now studied 
the reaction of 1 with hydrazine derivatives, and 
found that not only the substitution of the alkoxyl 
group, but also the elimination of sulfur and nitrogen, 
takes place. 

XH YH 
ROSSOR > ROSSX > YSSX 

- R O H - R O H 
1 

(XH, YH: R'2NH, R'SH, R'C(=0)SH) 

1 + R'NH2 • [R'NH-S-S-OR] • R'N=S=S 
- R O H - R O H 

2 
Scheme 1. 

4-Nitrophenylhydrazine was allowed to react with 
1 in refluxing benzene. Ethanol was eliminated, and 
4-nitrobiphenyl, ethoxy 4-nitrophenyl tetrasulfide, and 
bis(4-nitrophenyl) disulfide were obtained. T h e other 
monosubstituted hydrazines reacted similarly. T h e 
results are shown in Table 1. Considering the forma­
tion of the thiosulfinyl compound (2a) from 1 and 
primary amines, it seems reasonable to assume that 
the reaction of 1 with hydrazines proceed via a thio­
sulfinyl intermediate (2b) in the following way: aryl­
hydrazines and 1 initially afford 2b , followed by the 
transfer of a proton to give an azo intermediate (3). 

EtOSSOEt (1) 
Ar-NHNH2 > 

- 2 EtOH 

[Ar-NH-N=S=S ^ = ± Ar-N=N-S-S-H] 

2b 

[Ar-N=N-S4-OEt] 

4 

Ar- + < g > > 
Ar- +EtOSSSS- -

2 Ar-S4-OEt -

-Eton 

Ar- + EtOSSSS-

Ar -<o> + H-

• Ar-S4-OEt 

Ar-S4-Ar + 1 + 2 S 

Scheme 2. 

TABLE 1. REACTION OF DIETHOXY DISULFIDE (1) 

WITH MONOSUBSTITUTED HYDRAZINE 

Hydrazine Benzene reflux-
(ArNHNH2) ing time 

Products 
Isolated yield/% 

Ar ~~ 

4-N02G6H4 

2-ClC6H4 

4-BrC6H4 

G6H5 

4-GH3G6H4 

2-G10H7 

h 

10 
30 
20 
12 
15 
15 

Ar-C6H5 

21 
27 

0b> 
8b> 

20 
5b> 

Ar-S4-OEt Ar-S^-Ar 

29 
10 
5b> 
0b> 
0b> 
0b> 

13 (*:=2)a> 
48 (*=4) 
39 (*:=4)a> 
37 (*=4) 
31 (*=4) 
47 (A?=4) 

a) Diaryl tetrasulfides are relatively unstable compounds, 
and especially careful handling is necessary for bis (4-
bromophenyl) tetrasulfide to prevent its thermal de­
composition to the disulfide during recrystallization. 
Presumably, the formation of bis (4-nitrophenyl) disulfide 
is due to the elimination of sulfur from the tetrasulfide 
during the operation, b) In these cases, the complete 
separation of the products by chromatography is ex­
tremely difficult. The low yields of the biphenyl and 
aryl ethoxy tetrasulfide are mainly the result of the loss 
of these products during the operation. 

The azo intermediate (3) then replaces the ethoxyl 
group in 1 to give the intermediate arylazo ethoxy 
tetrasulfide (4) (Scheme 2). T h e formation of the 
aryl radical by the decomposition of diazonium salts 
is well known.5) Therefore, the intermediate, 4, pre­
sumably decomposes to the aryl radical with the evolu­
tion of nitrogen, and the resulting radical reacts im­
mediately with benzene (solvent) or the ethoxy tetra-
sulfanyl radical to give biphenyl or aryl ethoxy tetra­
sulfides respectively. Symmetrical diaryl sulfides would 
be formed by the thermal decomposition of aryl ethoxy 
tetrasulfides. 

O n the other hand, hydrazobenzene reacted with 
1 to give azobenzene in a quantitative yield, with the 
elimination of ethanol and sulfur. 2,2'-Dibromo-
hydrazobenzene reacted similarly. I t can be assumed 
that hydrazobenzene reacts with 1 to give a cyclic 
disulfide (5), followed by the elimination of sulfur 
to form azobenzene (Scheme 3). In these reactions, 
the sulfur of 1 serves as an oxidizing agent, whereas 
divalent sulfur compounds such as dialkyl sulfoxylates 

Ar-N-N-Ar 
i i 

H H 

Ar-N-N-Ar 
i i 
S-S 

EtOSSOEt (1) r 

-EtOH 
Ar-N-N-Ar 

H S-S-OEt 
-EtOH 

• Ar-N=N-Ar 

Ar: G6H5, 2-BrC6H4 

Scheme 3. 
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are known as reducing agents.6»7> Such conflicting dual 
properties of sulfur compounds has aroused interest. 

In contrast to hydrazobenzene or Phenylhydrazine, 
1,1-diphenylhydrazine and 1 gave. diphenylamine with 
ethanol and sulfur. However, the mechanism of the 
reaction has not yet been elucidated. 

A related compound of hydrazine 1,5-diphenylthio-
carbonohydrazide (6a) reacted with 2 mois of 1 to 
give 2,3-diphenyltetrazolium-5-thiolate (9a).8> Simi­
larly, 1,5-diphenylthiocarbazone (7a) or l,5-di-2-
naphthylthiocarbazone (7b) reacted readily with 1 
to give 9a or 2,3-di-2-naphthyltetrazolium-5-thiolate 
(9b). I t is considered that these reactions proceed 
via azo compounds (7,8), much like the formation of 
azobenzene from hydrazobenzene. 

Ar-N-N-C-N-N-Ar 
i i n i i 

H H S H H 

> Ar-N=N-C-N-N-Ar 
-EtOH,S n I I 

S H H 
7 

- E t O H , S 
Ar-N=N-C-N=N-Ar 

ii 
S 
8 

Ar-N=NX 
. X C-S-

Ar-N-N^ 

a) Ar: b) Ar: 2-G10H7 

Scheme 4. 

E x p e r i m e n t a l 

The IR spectra were measured with a Hitachi 260-10 
spectrometer. The NMR spectra were determined in a 
GDGlg solution with a JEOL JNM-PMX-60 spectrometer. 
The mass spectra were obtained on a Hitachi RMU-7 M 
at 70 eV. Diethoxy disulfide (1)3> and 2,2'-dibromohydrazo-
benzene9> were prepared by the method of the literature. 

Reaction of 1 with Arylhydrazine. A solution of aryl-
hydrazine (0.02 mol) and 1 (0.04 mol) in 50 cm3 of benzene 
was refluxed for 10—30 h. The reaction mixture was then 
evaporated, and the residue was chromâtographed on silica 
gel, using hexane or benzene-hexane (1:2) as an eluent, 
to give arylbenzene, aryl ethoxy tetrasulfide, and diaryl 
sulfide. Ethoxy 4-nitrophenyl tetrasulfide: light yellow liq.; 
NMR (GDGlg) Ô 1.32 (m, 3H), 3.93 (m, 2H), 7.36—8.40 
(aromatic, 4H); MS m/e 295 (M+). Found: N, 4.80; S, 
43.74%. Galcd for G8H9N03S4: N, 4.74; S, 43.41%. Bis-
(4-nitrophenyl) disulfide, mp 180 °G. Found: G, 46.90; 
H, 2.68%. Galcd for G12H8N204S2: G, 46.74; H, 2.62%. 
2-Chlorophenyl ethoxy tetrasulfide; light yellow liq., NMR 
(GDGlg) Ô 1.28 (m, 3H), 3.98 (m, 2H), 7.03—8.00 (aromatic, 
4H). Found: G, 33.48; H, 2.92%. Galcd for G8H9OGlS4: 
G, 33.73; H, 3.18%. Bis(2-chlorophenyl) tetrasulfide, light 
yellow liq. Found: G, 41.10; H, 2.50%. Galcd for 
G12H8G12S4: G, 41.02; H, 2.30%. 4-Bromophenyl ethoxy 
tetrasulfide; light yellow liq., NMR (GDG13) ô 1.30 (m, 
3H), 3.95 (m, 2H), 7.20—7.67 (aromatic, 4H). Found: 
G, 28.92; H, 2.52%. Galcd for G8H9OBrS4: G, 29.18; 
H, 2.75%. Bis(4-bromophenyl) tetrasulfide, light yellow 
liq. Found: G, 32.95; H, 2.01%. Galcd for G12H8Br2S4: 
G, 32.74; H, 1.83%. Diphenyl tetrasulfide, light yellow 
liq. Found: G, 50.88; H, 3.66%. Galcd for G12H10S4: 
G, 51.03; H, 3.57%. Ditolyl tetrasulfide, light yellow liq. 
Found: G, 54.03; H, 4.32%. Galcd for G14H14S4: G, 54.15; 
H, 4.55%. Dinaphthyl tetrasulfide, light yellow liq. Found: G, 
62.56; H, 3.41%. Galcd for C20H14S4: G, 62.79; H, 3.69%. 

Reaction of 1 with Hydrazobenzene. A solution of 9.2 g 

(0.05 mol) of hydrazobenzene and 7.7 g (0.05 mol) of 1 
in 50 cm3 of benzene was refluxed for 20 h. The color of 
the solution turned red. The reaction mixture was then 
evaporated, and 60 cm3 of hexane was added. The pre­
cipitated sulfur (2.3 g) was filtered off, and the filtrate was 
evaporated. The residue was chromatographed on silica 
gel, using hexane as an eluent, to give 9.03 g (99%) of azo­
benzene (mp 67—68 °G) and 0.2 g of sulfur. A total of 
2.5 g (78%) of sulfur was obtained. Similarly, 2,2'-dibromo-
hydrazobenzene (3.42 g, 0.01 mol) and 1 (1.54 g, 0.01 
mol) gave 2,2/-dibromoazobenzene (3.35 g, 99%) by column 
chromatography. 2,2,-Dibromoazobenzene; mp 131—132 
°G; reddish orange needles from ethanol. A total of 0.63 
g (98%) of sulfur was obtained. 

Reaction of 1 with 1,1-Diphenylhydrazine. To a sus­
pension of 2.21 g (0.01 mol) of 1,1-diphenylhydrazine hydro­
chloride in 30 cm3 of benzene, a solution of 1.51 g (0.01 mol) 
of triethylamine was added. After that, a solution of 1.54 g 
(0.01 mol) of 1 in 10 cm3 of benzene was added to the reaction 
mixture and the mixture was refluxed for 3 h. Triethylamine 
hydrochloride was then filtered off, and the filtrate was 
evaporated. The residue was chromatographed on silica 
gel, using benzene-hexane (1:2) as an eluent, to give 1.36 g 
(80%) of diphenylamine; mp 52 °G. 

Reaction of 1 with 1,5-Diphenylthiocarbonohydrazide (6a). 
A suspension of 2.58 g (0.01 mol) of 6a and 3.08 g (0.02 mol) 
of 1 in 50 cm3 of benzene was refluxed for 3 h. The color 
of the solution gradually turned reddish brown. Upon 
cooling to room temperature, a red solid precipitated from 
the solution. This red solid was collected and was recrystal-
lized from ethanol to give 2.1 g (83%) of 9a as red needles; 
mp 180 °G dec (lit,8) 180 °G); MS m/e 254 (M+, 18), 226 
(M+-N 2 , 18), 167 (11), 105 (25), 77 (100); IR (KBr) 1320 
cm-1 (very strong). Found: G, 61.25; H, 4.01%. Galcd 
for G13H10N4S: G, 61.40; H, 3.96%. 

Reaction of 1 with 1,5-Diphenylthiocarbazone (7a). A 
suspension of 2.56 g (0.01 mol) of 7a and 1.54 g (0.01 mol) 
of 1 in 50 cm3 of benzene was refluxed for 0.5 h. The color 
of the suspension immediately turned from dark green to 
red. A red solid was collected and recrystallized to give 
2.38 g (94%) of 9a. Similarly, l,5-di-2-naphtylthiocarba-
zone (7b) (1.1 g, 0.003 mol) and 1 (0.48 g, 0.003 mol) gave 
9b (0.8 g, 73%); red prisms from ethanol; mp 167—168 °G 
dec; MS m/e 354 (M+, 11), 326 (M+-N 2 , 18), 267 (15), 
131 (18), 127 (100); IR (KBr) 1310cm"1 (very strong). 
Found: G, 71.33; H, 4.14; N, 15.66%. Galcd for G21H14N4S: 
G, 71.16; H, 3.98%; N, 15.81%. 
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Synopsis. Irradiation of ethyl acetate solution of 
anisole and ethyl chloroacetate in the presence of ZnCl2 

gave ethyl o-, m-, and /^-methoxyphenylacetates (3) (28.6— 
48%). The similar ethoxycarbonylmethylation in anisole-
ethyl acetate (9:1) resulted in higher yields (80—81%) of 
3. The results on the positional and substrate selectivities 
imply that ZnCl2-participated attacking species would play 
an important role in the present ethoxycarbonylmethylation. 

I t has been well known that in the Friedel-Crafts 
reactions of ordinary carboxylic acids or their esters 
with aromatic compounds a carboxymethylation or 
alkoxycarbonylmethylation is difficult. In previous 
studies,1) however, we reported that the photochemical 
ethoxycarbonylmethylation of benzene with ethyl 
chloroacetate in the presence of metallic halides, such 
as SbCl3, AlClg, ZnCl2 , and FeCl3 , was possible and 
gave ethyl phenylacetate (2.3—24.4%) as a sole prod­
uct. We assumed that the reaction might proceed 
via an electrophilic aromatic substitution by such a 
C-T exciplex as ( M C l - n + 1 + C H 2 C 0 2 E t ) * . If this 
is the case, the similar reaction of anisole, one of 
electron rich benzenes, could occur more efficiently 
and show a high positional selectivity. Thus, it was 
hoped that this reaction would provide greater mecha­
nistic insight into the course of the photochemical 
ethoxycarbonylmethylation of aromatic compounds 
with ethyl chloroacetate in the presence of metallic 
halides. Herein we wish to report the results of our 
study on the photochemical ethoxycarbonylmethyla­
tion of anisole with ethyl chloroacetate in the presence 
of ZnCl2 and discuss a probable mechanism. 

Reaction Products, Irradiation of ethyl acetate 
solution of anisole (1) and ethyl chloroacetate (2) in 
the presence of ZnCl2 with an unfiltered low pressure 
mercury lamp at room temperature for 37 h gave 
isomeric ethyl methoxyphenylacetates (28.6—48.1% 
yield) (3) accompanied by a trace of diethyl succinate 
(4). As shown in Table 1, addition of ZnCl2 to the 

TABLE 1. PHOTOCHEMICAL REACTION OF 1 WITH 2 

[ZnClJ/M 

0a> 
0.09a> 
0.18a> 
0.5a> 
0b> 
0.1*» 
0.5b> 

Gonvn of 2 
07 
/o 

48 
50 
44 
38 
33 
51 
57 

3 yield0) 
0 / 
/o 

14 
29 
38 
48 
38 
80 
81 

Isomer 
S 

0-

61.0 
66.1 
69.2 
74.4 
66.1 
69.8 
70.5 

distribution/% 

m-
25.5 
19.2 
12.5 
9.1 

14.6 
10.2 
11.4 

*\ 
P-

13.5 
14.7 
18.3 
16.3 
19.3 
20.2 
18.1 

a) Used ethyl acetate solutions of 1 M 1 and 0.1 M 2. 
b) Used anisol-ethyl acetate ( 9 : 1 ) solutions of 0.1 M 
2. c) Based on consumed 2. 

reaction significantly increases the yield of ethyl 
methoxyphenylacetates (3), which increases as the con­
centration of ZnCl2 increases, and at the same time 
produces noticeable change in the isomer distribution. 
No photochemical interconversion between each meth-
oxyphenylacetate was observed. The similar ethoxy­
carbonylmethylation was performed in anisole-ethyl 
acetate (9 : 1). This resulted in higher yields (80— 
81%) of methoxyphenylacetates (3) and no detection 
of 4 which eliminates the participation of ethoxy-
carbonylmethyl radicals. In absence of ZnCl 2 4 was 
detected, but only in a trace. 

Positional and Substrate Selectivities. Data of 
Table 1 show the effect of ZnCl 2 on positional selectivity 
(as shown with isomer distributions). The isomer 
distributions did not show any measurable change 
during irradiation from 3 to 37 h. Thus , the positional 
selectivity is safely shown with the isomer distribution. 
Addition of ethyl vinyl ether as a radical scavenger 
to the reaction without ZnCl 2 gave no detectable 
amounts of 3. This result, together with the formation 
of 4 derived from ethoxycarbonylmethyl radicals and 
results for related reaction,2) suggests the radical nature 
of the reaction without ZnCl2 . Thus , the relative 
high proportion of meta isomer in the absence of 
ZnCl2 may be attributed to a radical' substitution by 
the ethoxycarbonylmethyl radicals. 

As shown in Table 2, striking is the significant in­
crease in the values for the Selectivity Factor (S{), 
as defined by Brown and Smoot,3) in the reactions with 
ZnCl2 , when compared with those in the absence of 
ZnCl2 . From the Sf values it is possible to say that 
the reactions in the presence of ZnCl 2 proceed via 
competitive radical and non-radical mechanisms, the 
relative contributions of which depend on the con­
centration of ZnCl2 . The £anisole/A;benzene rate ratio 
(=kjkh) in the presence of ZnCl2 is found to be 5.9 
from the competitive method. The lower substrate 
selectivity in the form of low kjkb suggests the reaction 
to be an electrophilic aromatic substitution involving 
strongly electrophilic reagent.4) These results on the 
positional and substrate selectivities imply that in the 
non-radical mechanism the carbon atom undergoing 
attack develops a partial positive charge and may 
have considerable carbonium ion charactor. Thus, 
ZnCl2-participated attacking species, as expected pre­
viously,1) would play an important role in the present 
reaction. 

Fluorescence Quenching of Anisole by Ethyl Chloroacetate. 
In order to examine whether the reactions are induced 
by energy transfer from singlet anisole to 2, fluorescence 
quenchings of 1 by 2 were carried out in cyclohexane 
and cyclohexane-ethyl acetate (1:1) containing ZnCl2 . 
Both solutions showed structureless fluorescence spectra 
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with a maximum at 296 nm. The fluorescences of 
1 in cyclohexane and cyclohexane-ethyl acetate con­
taining ZnCl2 are quenched by 2 to give linear Stern-
Volmer plots, whose slopes are 185) and 7.0 M - 1 at 
13 °G, respectively. The fluorescence quenching with 
the different efficiency cannot be inferred from the 
different viscosities of the solutions. The lower ef­
ficiency in the presence of ZnCl 2 may be attr ibuted 
to weak interaction between ZnCl2 and 2 in the ground 
state, although it has been shown that the basicity of 
ethyl acetate is higher than that of 2.6> No fluorescence 
quenching by only ZnCl2 was observed. Thus , it 
seems likely that the present reactions are induced by 
energy transfer from singlet anisole to 2 or that interact­
ing weakly with ZnCl2.7) 

Reaction Schemes. Prior to discussing the reaction 
schemes, the U V spectra of ethyl acetate solutions 
of anisole in the presence of ZnCl 2 were measured. 
The results show that the spectra do not change by 
addition of ZnCl2 . This implies that there is no 
interaction between a ground state anisole and ZnCl 2 

in ethyl acetate. O n the basis of the facts mentioned 
above and before, the possible reaction schemes are 
outlined as follows: 

: without ZnCls 

hv 

Anisole • 
(1)8 + 2 • 

s : 

( l ) s 

(2)s 

/ 

•> CI- + .CH2C02Et > 

/ radical aromatic substitution 

radical substitution 

( 2 ) T 

: with ZnCl2 : 

2* > CI- + -CH2COaEt 
s or T 

(l)s + (ZnCl2.--ClCH2C02Et) • 
ground state 

(ZnCl2-..Cl-..CH2C02Et)* 

2a 

• electrophilic aromatic substitution 

Thus, in the presence of ZnCl2 , an electrophilic aro­
matic substitution by electronically excited attacking 
species (2a) having considerable carbonium ion char-
actor may compete with a radical substitution by 
ethoxycarbonylmethyl radicals. 2a can be produced 
by an energy transfer from singlet anisole to 2 interact­
ing weakly with ZnCl2 , assuming that the low-lying 
reactive excited state for 2 is n,7r*.8) 

TABLE 2. S£ IN ETHYL ACETATE 

[ZnClJ/M 

0 
0.09 
0.18 
0.5 

[1]/M 

0.9 
1.0 
1.0 
1.0 

[2]/M 

0.09 
0.1 
0.1 
0.1 

£f
a> 

0.025 
0.185 
0.476 
0.560 

a) Calculated from the isomer distribution (Table l).3) 

Exper imenta l 

Materials. Ethyl chloroacetate (2), bp 142—143 °C, 
and authentic diethyl succinate, bp 108—108.5 °G/19 Torr, 
were prepared as previously described.la> Authentic ethyl 
jfr-methoxyphenylacetate was prepared by the conventional 
esterification of /?-methoxyphenylacetic acid: bp 136—139 
°G/9.5Torr. />-Methoxyphenylacetic acid, mp 85—86 °G 
(lit, 84; 87 °C9>) was prepared by hydrolysis of />-methoxy-
benzyl cyanide obtained by cyanation of />-methoxybenzyl 
chloride. Authentic ethyl o- and m-methoxyphenylacetates 
were similarly prepared: ethyl o-methoxyphenylacetate, bp 
137 °G/14 Torr; ethyl m-methoxyphenylacetate, bp 135— 
138 °G/7 Torr. The o- and m-methoxybenzyl chlorides were 
prepared by crossed Gannizzaro reaction between the 
corresponding anisaldehydes and formaldehyde followed by 
chlorination with hydrochloric acid. 

Irradiation for Analytical Purposes. The irradiations were 
conducted using a Halos 30 W low-pressure mercury lamp 
without filter. The solutions (5 mL) outlined in Table 1 
were placed in 12 mm o.d. quartz tubes, and these were 
capped with polyethylene-stopples after flushing with nitrogen 
for about 5 min, then irradiated at 13—23 °G for 37 h. 
After irradiation, analysis of the reaction mixtures was per­
formed by means of GG. 

Fluorescence Quenching of 1. A stock solution of 1 in 
cyclohexane was prepared and varying amounts of 2 were 
added to aliquots of the stock: [l] = 30mM, [2] = 3.8—30 
mM. Five solutions were used for the quenching experiment. 
The fluorescence spectra were recorded at about 13 °G and 
the relative intensities {I0/I) at 296 nm in the absence and 
presence of 2 were plotted with concentration of 2. A 
linear Stern-Volmer plot was obtained. Similarly, fluores­
cence quenching of 1 by 2 containing ZnCl2 (molar ratio= 
1:1) was carried out in cyclohexane-ethyl acetate (1:1). 
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Synopsis The BF3 catalyzed decomposition of diazo 
Compounds such as a-diazoacetophenones, ethyl diazoace-
tate, and diphenyldiazomethane in the presence of cyclic 
/?-diketones gave the corresponding enol ether. Used as a 
substrate, cyclohexanone gave the ring expanded homolo­
gation product. 

The reactions of diazo compounds with carboxylic 
acids have been extensively studied as a preparative 
method for esters.1) Few papers have however been 
published on the Lewis acid catalyzed reaction of 
diazo compounds with carbonyl compounds. For 
example, the BF3 catalyzed decomposition of ethyl 
diazoacetate in carbonyl compounds was reported to 
give homologation products (1).2_5> 

R-G-R + N2GHGOOG2H5 
H 

O 

BF3 
R-G-GH-R 

6 GOOG2H5 

(1) 

In this paper a further type of reaction observed 
in the BF3 catalyzed decomposition of diazo compounds 
in the presence of ß-diketones such as dimedone (5,5-
dimethyl-l,3-cyclohexanedione) and 1,3-cyclohexane-
dione will be reported. A catalytic amount of BF 3 

etherate when added to a solution of a-diazoaceto-
phenone and dimedone ( 1 : 3 molar ratio) in benzene 
at 60 °G gave a vigorous evolution of nitrogen gas. 
Column chromatography (silica gel-benzene) of the 
reaction mixture gave two products. The first fraction 
was identified as a-hydroxyacetophenone (3a, 28%) 
by comparison of the I R and N M R spectra with those 
of authentic samples prepared by the decomposition 
of the diazoacetophenone in dilute sulfuric acid. T h e 
second product was characterized as 5,5-dimethyl-3-
phenacyloxy-2-cyclohexene-l-one (2a: R 1 = P h , R 2 = 
CH 3 , 63%) on the basis of the results of elemental 

TABLE 1. YIELDS, MELTING POINTS, AND ANALYTICAL 

DATA OF THE PRODUCTS (2 a n d 3) 

Run R1 
Ra Yield 

% 
Mp 
°C 

2 

Found (%) 

G H 

Calcd (%) 

cT r "jrf 

3 

XT , , Y i e l d 

Molecular ——— 
r i °/ formula /o 

CH3 C,H6 

/,-BrC6H4 
/,-N02C,H4 
/>-CH3OH,H4 
/>-CH3C6H4 
wi-CH^CjH 4 
C2H50 
C6H6 H 
/>-BrCflH4 
/>-N02C6H4 
C2H50 

63 
72 
60 
65 
53 
44 
55 
73 
49 
40 
40 

109—110 74 
182—183 56 
187—189 63 
102—105 70 
133—134 74 
57—58 

oil 
140—141 
182—183 54 
193—194 61 

oil 

74 

72, 

18 7 
79 5 

.32 5 
97 6 
71 7, 

.61 7 

96 6, 
15 4. 
21 4 

06 74, 
.15 56, 
.66*) 63, 
92 70. 

74 

82b> 61 

39 7.02 
99 5.05 
36 5.65 
81 6.99 
97 7.40 

02 6.13 
39 4.24 
09 4.76 

C16H1803 28 
CieH1703Br 20 
CieH1705N 11 
C17H20O4 23 
C17H20O3 18 

29 

C14H1403 25 
C14H1303Br 43 
C14H1305N 25 

analysis and spectral properties. T h e I R spectrum 
shows the carbonyl band of the benzoyl group at 
1700 cm" 1 and bands of the enone group at 1650 and 
1600 cm"1 . T h e N M R spectrum exhibits a singlet 
of the vinyl proton at ô 5.22 and three methylenes at 
5.12, 2.43, and 2.22 p p m besides two methyl signals 
and a phenyl signal. Similar results were observed 
in the reactions of substituted diazoacetophenones with 
dimedone or 1,3-cyclohexanedione (Table 1, Runs a—f 
and h—j). Ethyl diazoacetate gave the corresponding 
enol ethers (2g and 2 k : R 1 = O G 2 H 5 ) in the reactions 
with dimedone and 1,3-cyclohexanedione. 

O ^ - ^ O BF3 0r-y)CH2C0R1 

R'COCHN, + H - ^ L J 

(2) 

In these reactions, no ring expanded homologation 
product, e.g., 4 or 5 was found in detectable amounts 
despite detailed inspection of the reaction mixture by 
column chromatography. 

rVCOCHzOH 

(3) 

•COR1 
CHPh 2 

An excess of BF3 etherate,6) did not give the homolo­
gation product. In these cases 2 and 3 were accom­
panied by a-ethoxyacetophenone (9) which is thought 
formed by attack of the reaction intermediate (6) on 
diethyl ether through betaine (8). An increase in 
the amount of BF 3 etherate used caused a decrease 
in the yields of 2 and 3 an increase in the yield of 9. 
The use of a five molar amount of BF3 etherate gave 
only one product 9, (69%), 2 and 3 were not detected. 

TABLE 2. T H E IR AND NMR DATA OF 2 

Compd 
IR (KBr, v/cmr1) NMR (CDC13, <Vppm) 

C=0 enone CH3 CH2 CH2 OCH2 =CH Others») 

a) N: Found 4.53%, Calcd 4.62%. b) N: Found 4.92%, Calcd 5.09%. 

2a 
2b 
2c 
2d 
2e 
2f 
2g 
2h 
2i 
2j 
2k 

1700 1650,1660 
1710 1640,1600 
1710 1630,1595 
1690 1645,1600 
1700 1650,1600 
1705 1655,1600 
1760 1660,1600 
1695 1640,1600 
1695 1640,1600 
1705 1635,1600 
1760 1650,1605 

1.07 
1.02 
1.10 
1.10 
1.40 
1.07 
1.07 

2.22 
2.20 
2.23 
2.23 
2.20 
2.20 
2.22 

2.43 
2.42 
2.47 
2.43 
2.40 
2.40 
2.38 

5.12 
5.13 
5.23 
5.14 
5.03 
5.20 
4.47 
5.20 
5.20 
5.18 
4.45 

5.22 
5.27 
5.30 
5.31 
5.24 
5.30 
5.23 
5.28 
5.30 
5.30 
5.23 

3.88(s) OCH3 

2.40(s) CHS 

2.40(s) CH3 

1.29(t),4.29(q)CH8CH, 

1.27(t),4.23(q)CHaCH8 

a) Signals of the aromatic protons have been omitted. 
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HCL^sJD 

R'COCHty 

1^0 

R-Ç-CH2OH 

0 

(3) 

sCzH^O-CaHg 

1 + / C 2 H 5 

6 N C 2 H 5 
NBF3 

(8) 

Scheme 1. 

0 

(9) 

+ |2 

O-BF,. FjB-0 CHCOR1 I -N2 t k J -BF3 0 I I « ^ Ip F3B-0vèK 
-BF3 -BF3 ^ ^ V A BF3j ^ R'COCHN, ^ C 

(6) w (2) ^ ^ ^ 
/ \ R2=CH3. H 

-N2 • 0 •BF3 

Scheme 2. 

(i l) 

The reactions are explained in terms of the attack 
of the diazonium ion type intermediate (6) on the 
enol oxygen of the ß-diketones to give the intermediate 
7 which by the elimination of BF 3 and hydrogen migra­
tion gives the product 2. An alternative mechanism 
which can not be excluded is the attack by 6 on the 
carbonyl oxygen of the keto form of the ß-diketones. 
T h e formation of a-hydroxyacetophenones (3) may 
be explained by the attack of 6 on the water contained 
in the reaction system. Diphenyldiazomethane also 
gave the corresponding enol ether (10, 44%) in a 
similar reaction accompanying benzhydryl alcohol and 
tetraphenylethylene. Cyclohexanone however changes 
the mode of the reaction. T h e decomposition of p-
methoxydiazoacetophenone in cyclohexanone in the 
presence of catalytic amounts of BF 3 occurs vigorously 
even at temperatures as low as 0 °G, affording the 
homologation product (11 : R1=p-CHsOGeU4, 9 2 % ) . 
A small broad singlet at 16.6 p p m in the N M R spectrum 
shows the partial existence of the enol form in 11. 
This reaction may be initiated by the attack of BF 3 

on the oxygen of cyclohexanone as shown in the fol­
lowing Scheme 2. 

The difference in reaction between cyclohexanone 
and the cyclic /?-diketones may be attributed to dif­
ferences in affinity of these ketones to BF3 . T h e 
affinity appears to be in the order: cyclohexanone> 
diazoacetophenone> d imedone« 1,3-cyclohexanedione. 

Exper imenta l 

All melting points are not corrected. The IR spectra 
were measured on a Hitachi Spectrometer Model 215. 
The 1H-NMR spectra were recorded in GDG13 solution at 
60 MHz on a Varian Spectrometer Model EM-360 using 
TMS as an internal standard. 

Materials. All diazo compounds were prepared by 
the methods described in the literature.7»8) 

General Procedure of the BF3 Catalyzed Decomposition of Diazo-
acetophenones in the Presence of Cyclic ß-Diketones. 
To a benzene solution (50 ml) of diazoacetophenone (5 
mmol) and the carbonyl compound (15 mmol) a catalytic 
amount of BF3 etherate (20 mg) was added under magnetic 
stirring at 60°G. Vigorous evolution of N2 occurred and 
the reaction mixture changed from yellow to dark red. The 
reaction mixture was added to water (50 ml) and the ben­

zene layer washed with H 2 0 (10 ml), dried over Na2S04, 
and column chromatographed on silica gel. 

The BFZ Catalyzed Decomposition of Diphenyldiazomethane in 
the Presence of Dimedone. To a benzene solution (50 
ml) of diphenyldiazomethane (0.51 g, 2.6 mmol) and dimed­
one (0.63 g, 4.5 mmol) two drops of BF3 etherate were 
added and the mixture stirred at room temperature. After 
the evolution of N2 ceased, the reaction mixture was treated 
as described above. Column chromatography of the reac­
tion mixture gave three products. Benzhydryl alcohol (35%) 
and tetraphenylethylene (8%) were characterized by direct 
comparison with authentic samples. Enol ether (10): 
colorless crystals; yield 44%; mp 57—58°G; IR (KBr) 
1650, 1600 cm-1 (enone); NMR (GDG13) Ô 1.03 (s, 6H, GH3), 
2.17 (s, 2H, GH2), 2.45 (s, 2H, GH2), 5.41 (s, 1H, =GH), 
6.17 (s, 1H, OGH), and 7.33 ppm (s, 10H, Ph). Found: 
G, 82.10; H, 7.31%. Galcd for C21H2202: G, 82,37; H, 
7.24%. 

Reaction of p-Methoxydiazoacetophenone with Cyclohexanone. 
To a solution of/>-methoxydiazoacetophenone (0.53 g, 3 mmol) 
in cyclohexanone (5 ml) three drops of BF3 etherate were 
added. After the usual workup, 2-(/>-anisoyl)cycloheptan-
one (11: R^/j-CHgOCeHJ was obtained; yield 92%, 
colorless needles; mp 125.0—126.5°G; IR (KBr) 1700, 
1670 cm-1 (G=0); NMR (CDG13) Ô 1.2—2.9 (m, 10H, 
GH2), 3.85 (s, 3H, OGH3), 4.5 (broad t, 1H, GH), 6.95, 
7.97 (ABq, 4H, Ar), and 16.6 ppm (broad s, 0.1H, enol-H). 
Found: G, 72.94; H, 7.32%. Galcd for G15H1803: G, 
73.14; H, 7.37%. 
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Synopsis. Reactions of thiobenzamide, jfr-methyl-
thiobenzamide, jfr-methoxythiobenzamide, and jfr-chlorothio-
benzamide with 4 equivalents of phenyl-, jfr-tolyl-, jfr-methoxy-
phenyl-, and jb-chlorophenylmagnesium bromides gave the 
corresponding diphenylmethyleneamine and thiobenzo-
phenone as 1,2-addition produsts in good yields. 

Thiones, thioesters, and dithioesters are known to 
react with organometallic reagents to give thioethers 
and their derivatives.1) However little is known of 
reactions of thioamides with organometallic reagents.2) 

iV-Phenyl-2,2-diphenylthioacetamide does not react 
with excess ethylmagnesium bromide.2*) However, 
highly basic carbanions such as phenyllithium react 
with iVjiV-dimethyl thiobenzamide to give N,N-di-
methyltriphenylmethylamine, triphenylmethanol, and 
a small amount of benzophenone.2b> JV,JV-Dialkyl-
oc,ß-unsaturated thioamides undergo the 1,4-addition 
reaction with organolithium and magnesium com­
pounds.26) We were interested in the reaction of 
thioamides with Grignard reagents as par t of our 
study on thiocarbonyl compounds.3) 

Treatment of iV-substituted thioamide such as 
iV-morpholino (thiobenzamide) or iV-methyl(thiobenz­
amide) with excess phenylmagnesium bromide in ether 
at room temperature resulted in the recovery of un­
changed thioamide. In contrast, the reaction of pri­
mary thioamides with arylmagnesium bromides pro­
ceeded readily under the same conditions. When thio­
benzamide was allowed to react with 4 equivalents 
of phenylmagnesium bromide, diphenylmethyleneamine 
(5a) and thiobenzophenone (6a) were obtained. 
Hydrogen sulfide was evolved after being hydrolyzed 
with aqueous ammonium chloride. The results are 
summarized in Table 1. 

The formation of 5 and 6 can be explained by the 
following mechanisms. 

When thiobenzamide was treated with 2 equivalents 
of phenylmagnesium bromide, unchanged thioamide 
was recovered. This indicates that the reaction pro­
ceeds via an initial dimetallation of the thioamide 
affording an intermediate (3).4a) T h e reaction of 3 
with 2 would give the intermediates (4) and/or (7)4b»4c) 
(Scheme 1). 

Path A involves the addition of 2 to the ca rbon-
nitrogen double bond of 3 to give an intermediate 
(4) which cleaves to afford 5 and 6 by hydrolysis. 

Alternative path B involves the replacement of the 
sulfur moiety of 3 by the aryl group of 2 to give 7 
and 8 which afford 5 and hydrogen sulfide by hydroly­
sis. In this pathway, 6 may be formed by the reaction 
of 5 with hydrogen sulfide.5) 

If the reaction proceeds along either path A or B, 
the ratio of the products (Imine/Thione) in run b 
(or c) is approximately equal to that in run e (or f ) 

since both runs b and e (c and f ) give rise to the forma­
tion of an identical intermediate. However, the actual 
ratios are quite different as shown in Table 1. 

An explanation is given by assuming that the reaction 
proceeds via both pa thway A and B. T h e ratio of 
the products (Imine/Thione) from the intermediate 
4 would not be the same as that from the intermediate 
7, the formation ratio of 4 and 7 depending on the 
nucleophilicity of the Grignard reagents. 

S 

ArCNH2 + 2 
-2Ar ' 

A r ' M t r R r * 
rXl ivxgJJi * 

[" SMgBr 

ArC=NMgBr 

1 2 3 

Path A: 

3 + 2 • 

' SMgBr 1 
i 

Ar-C-N(MgBr)2 

Ar' J 

H* 

- H 2 S 
NH 

• ArCAr' 

o s 
- N H 3 ii 

^ A-nA*.' 

4 6 

Path B: 

3 + 2 > 

" Ar' 

Ar-G=NMgBr + (MgBr)2S 
H* 

7 8 

5 + H2S • 6 + NH3 

Scheme 1. Reaction route. 

E x p e r i m e n t a l 

Thiobenzamide (la—d)6> and iV-morpholino( thiobenz­
amide)7) were synthesized by the methods reported. 
iV-Methyl (thiobenzamide) was prepared by the reaction 
of methyl isothiocyanate with phenylmagnesium bromide.4> 

A Typical Procedure for the Reaction of Thiobenzamides with 
Arylmagnesium Bromides. Thiobenzamide (0.1 mol) was 
added gradually to a solution of phenylmagnesium 
bromide (0.4 mol) in 300 cm3 dry ether at room tempera­
ture under nitrogen atmosphere. After being allowed to 
stand overnight, the reaction mixture was quenched with 
saturated aqueous ammonium chloride at —10 °G and 
filtered, the solvent then being evaporated. The deep blue 
residue was dissolved in 150 cm3 petroleum ether. Dry 
hydrogen chloride was bubbled into the solution until 
precipitation was complete. Precipitated diphenylmeth­
yleneamine hydrochloride (13.56 g) (sublimed at 230—270 °G 
(230—250 °C)8b>) was filtered off and the filtrate was 
evaporated. The deep blue residue was distilled to give 
thiobenzophenone (2.97 g) (120 °G/1 Torr (120—125 °G/1 
Torr)8a>). 

The products (Table 1) were identified by comparing 
their boiling points, IR spectra, and/or GLG (Silicone Gum 
SE-30) with those of authentic compunds.8) 
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TABLE 1. REACTION OF THIOBENZAMIDES WITH ARYLMAGNESIUM BROMIDES 

Run No. 
Thioamide 

Ar 

Grignard 
reagent 

Ar' 

Yield/%a> 

Imine Thione 
Imine/Thione 

a 
b 
c 
d 
e 
f 

G6H5 

/>-CH30-C6H4 

/>-Cl-C6H4 

/>-CH3-C6H4 

C6H6 

G6H5 

G6H5 

GeH5 

G6H5 

G6H5 

/>-CH30-C6H4 

/>-CI-C6H4 

66 
58 
63 
56 
87 
52 

15 
12 
26 
22 
6 
6 

4.4 
4.8 
2.4 
2.5 

14.5 
8.7 

a) Yields of diphenylmethyleneamines and thiobenzophenones were determined by conversion into their hydro­
chlorides and oximes, respectively. 
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Synopsis. 13G-NMR chemical shifts and the rates 
of thermal E-Z isomerizations of iV-cyclohexylideneanilines 
have been determined and the substituent effects discussed. 

In a previous paper the existence of two types of 
conjugation1) in iV-benzylideneanilines ( l a ) was re­
ported. One is conjugation between the jr-electrons 
of the carbon-nitrogen double bond and aromatic 
ring ( l b ) , and the other is conjugation between the 
lone pair electrons of the nitrogen and aromatic ring 
( l c ) . 

Ox>"®4*®«®<o 0 
1b 1a 1c 

There is no type l c conjugation when the dihedral 
angle between the )G=N- plane and imino benzene 
ring is 0°, whereas an angle of 90° represents the 
optimum conditions. iV-Cyclohexylideneanilines appear 
to be suitable compounds to study this type of 
conjugation since the imino benzene rings are known 
to rotate by about 90° out of the >G=N- plane.2) 
The 1 3 C-NMR spectra of substituted iV-cyclohexyl-
ideneanilines (2—6) have been studied at several 
temperatures and the substituent effects discussed in 
connection with the thermal isomerism between the 
E and Z forms. 

R e s u l t s a n d D i s c u s s i o n 

Thermal isomerization between the E and Z forms 
of the iV-benzylideneanilines is known to readily occur. 
In iV-cyclohexylideneaniline, thermal isomerization 
between the forms A and B shown below is expected. 

5'6' 5' 6' RVg3 

3 ' 2 R3-
* 

3' 2 

R1 

R2 

R3 

2 
H 
N 0 2 

H 

3 4 
H H 
GOOEt H 
H H 

B 

5 6 
H Me 
OMe N 0 2 

H Me 

The 1 3 C-NMR spectra of 2—5 were measured at 
room temperature in CDC135 and the ôc values for 
2—5 are given in Table 1. The differences in value 
of <5C_2' and <5C_6' (or <5C_3' and <5C_5') for 2—5 indicates 
that the configurations of 2—5 are fixed within the 
N M R time scale at room temperature. As shown in 
Fig. l b the 1 3 G-NMR of C-2'-6' of compound 6 could 

a ) 

^MWJ VA iv 

b) 

*W~vv^V J 'Vv i 

c ) 

Sc 
ßw?! wflvwAH 

40 30 20 10 
Fig. 1. "C-NMR spectra of compound 6 at a) —50 °G 

in GDC13, b) at room temperature in CDG13, and 
c) at 100 °C in DMSO-rf,. 

TABLE 1. CARBON-13 CHEMICAL SHIFTS OF 2—6 

AT ROOM TEMPERATURE 

C-1 
G-2,6 
G-3,5 
G-4 

c-r 
C-2' 
C-3' 
C-4' 
C-5' 
C-6' 

a) At 

2 

157.0 
120.0 
125.0 
143.5 
176.4 
32.1 
27.8 
25.6 
27.8 
39.3 

- 5 0 °C. 

3 

154.9 
119.3 
130.4 
124.9 
175.2 
31.5 
27.4 
25.4 
27.6 
39.0 

4 

150.0 
119.6 
128.5 
122.7 
174.5 
31.1 
27.4 
25.6 
27.7 
39.2 

5 

144.0 
120.9 
114.1 
155.7 
175.2 
31.2 
27.7 
25.9 
27.9 
39.5 

6a> 

154.5 
127.2 
123.1 
142.2 
175.6 
32.1 
26.9 
25.2 
27.7 
38.3 

not be observed as a set of five signals. Five 1 3 C-NMR 
signals of each G-2'-6' were observed at —50 °G, 
while at 100 °G the signals of G-2' and G-6' (also 
C-3' and C-5') coalesced and the 1 3 G-NMR signals 
of C-2'-6' appeared as three signals. This indicates 
that the thermal isomerization between 6A and 6B 
is slower at —50 °G and faster at 100 °G than the 
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TABLE 2. COALESCENCE TEMPERATURES (Te) OF C2 ' , 

C 6 ' AND AG* VALUES FOR 2—6 a> 

2 
3 
4 
5 
6 

vC2'-vC6' 

106.20 
109.86 
118.14 
124.51 
92.77 

rc/K
b> 

348 
398 

>413 
>413 

328 

AG#/kcal r 

16.7 
19.2 

>19 .7 
>19 .7 

15.7 

a) Solv. DMSO-</6 for 2—5 and GDG13 for 6. b) Ac­
curacy: ± 5 K. 

N M R time scale. Consequently, at elevated tem­
peratures, the thermal isomerizations in 2—5 are ex­
pected to be observable by N M R . The 1 3 C-NMR 
spectra of 2—6 were measured at several temperatures, 
and the coalescence temperatures (Tc) for G-2' and 
C-6' signals determined, and the AG* values calcu­
lated. The results are summarized in Table 2. 

Type l b conjugation should not be possible when 
the imino benzene ring is rotated out of the >C=N-
plane by approximately 90°. Interaction between the 
iV-lone pair and imino benzene ring however becomes 
important. Table 1 shows that ôc^ is very little 
affected by the substituants of the aromatic ring 
in comparison with ôc_a of JV-benzylideneanilines 
(PhCH=N-C6H4-R-/>) whose imino benzene rings are 
rotated approximately 50°.3) This suggests that the 
substituents of the aromatic ring do not affect the 
electron density on the carbon atom of >C=N- when 
the imino benzene ring is rotated out of the >C=N-
plane by approximately 90°. As shown in Table 2, 
the AG" of 2 and 3 having electron-withdrawing groups 
are smaller than those of 4 and 5. This can be ex­
plained by assuming a linear transition state C for 
the thermal isomerization between forms A and B.4> 

QÎ=Oe 
C 

In this transition state, the hybridization of the N 
atom is of the sp type. The transition state (C) should 
be stabilized by the electron-withdrawing substituent 
on the imino benzene ring to a greater extent than 
in the ground state, since the dereal izat ion of the 
iV-lone pair into the imino benzene ring will be easier 
with a linear structure. Electron-withdrawing sub­
stituents on the imino benzene ring will assist this 
dereal izat ion and decrease AG". 

'Experimental 

iV-Gyclohexylideneanilines2) were prepared by condensa­
tion between the corresponding anilines and cyclohexanone 
diethyl acetal:5) bp (mp): 2; 176 °G/6 mmHg, 3 ; 187 °G/5 
mmHg, 4; 140 °G/18 mmHg, (lit,2) 156 °G/30 mmHg), 5; 
76—77 °G (mp), 6; 57—58 °G (mp). 

13G-NMR chemical shifts were determined at room tem­
perature in GDG13 with a JEOL Fx-60 FT spectrometer. 
The accuracies of chemical shifts were approximately 0.1 
ppm (data points; 4096, sampling time; 900 ms, pulse flipping 
angle; 45°). The coalescence temperatures were determined 
in DMSO-</6 well-dried with molecular sieves, and the values 
of the activation free energy calculated using the following 
equation,6) 

h = nv^lVT = (KT/h) exp (-AG«/RT). 
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Synopsis. Potassium or pyridinium salts of alloxan 
radical anion were isolated by the one-electron reduction 
of alloxan monohydrate with potassium cyanide or 1-benzyl-
4-cyano-l,4-dihydronicotinamide at room temperature, re­
spectively. 

Alloxan (A) is known as one of vicinal tricarbonyl 
compounds, of which central carbonyl group activated 

by adjacent two carbonyl groups is so reactive that 
easily combines one mole of water to form hydrate 
(A-hydrate) .*> I t has been also reported that A-hydrate 
can be easily reduced by hydrogen sulfide2) or 1-
alkyl-l,4-dihydronicotinamide3) (NADH model) to 
obtain A T and dialuric acid(D) by one-electron or 
two-electron reduction of A-hydrate, respectively. 

H O O H 

H O H O >s 

>JL OH JLAN 

/ I N — \ H 2 0 / I N — 

o=< > o ^=± o=< 
^N— - / H2° ^N—|j 

V O H 

/ \ O H 

H O 

(A) 

N 
i n 

H O 

(A-hydrate) 

/ 

\ 2 e 
\ 

i il 
H O 

O H -N' 
Il i 

O H 

(AT) 

H O 

°<:>SH 
i n 

H O 

A is also known as one of "reductones" as same as 
ascorbic acid which plays important roles in the bio­
logical oxidation-reduction system. 

In this paper, we wish to report the isolation of 
alloxan radical anion salts obtained by the reduction 
of A-hydrate with potassium cyanide and 1-benzyl-1,4-
dihydronicotinamide. 

Reduction of A-Hydrate by Potassium Cyanide. The 
reduction of nitro compounds4) and sulfoxides5) by 
cyanide ion have been reported. We found that A-
hydrate could be reduced by potassium cyanide in 
water (pH 6.8) at room temperature to give a yellow 
precipitate in good yield. T h e esr spectrum of the 
precipitate in bulk showed the broad singlet line at 
25 °G, as shown in Fig. 1. The precipitate was shown 
to be the 1 : 1 salt of potassium ion and alloxan radi­
cal anion by elemental analyses. Upon treating the 
precipitate with aq hydrochloric acid, A T was ob­
tained in excellent yield. Based on the results de­
scribed above, the reasonable structure of the pre­
cipitate is considered to the salt (A'~~ K+) of potas­
sium ion and alloxan radical anion. 

H O 

NJI 
A-hydrate + KCN • 0 = / V ° K + + 1/2 (GN) 

ESR spectrum of potassium salt (A*~K+) of 
ical anion (bulk, 25 °G). 

Fig. 1. ESR spectrum of potassium 
alloxan radical anion (bulk, 25 °G). 

-r 
H O 

(A-K+) 

aq HCl 

AT + KG1 

Cyanogen (bp - 2 1 . 2 °G, m p - 2 7 . 9 °G6)) could be 
also detected by I R (2200 cm"1) qualitatively by t rap­
ping in ethanol by bubbling nitrogen gas into the 
reaction mixture during the reaction. 

T h e formation of alloxan radical anion (A ) has 
been observed by the reduction of A-hydrate with 
sodium dithionite in water or methylsulfinylmethanide 
(CH 3 SOCH 2 - ) in dimethyl sulfoxide (DMSO) , and 
the esr was analyzed in detail. Further, A'~~ was 
effectively produced by the dissociation of A T in 
DMSO. 7) 
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AT 

H O 
l ii 

,N-

O H 

-o JLN, 
°<N-VC>° 

H O O H 

11 
H O 

°<N_>° 
( A - ) 

A K+ was also prepared by treating A T with tri-
e thy lamine in the presence of excess potassium chloride. 

Et 3 N 

AT ^ = ± 2[A-] -f 2KG1 • 2A*~K+ + 2Et3N.HCl 

Reduction of A-Hydrate by l-Benzyl-4-cyano-l,4-dihydro-
nicotinamide. Whereas 1 -benzyl-4-cyano-1,4-dihy-
dronicotinamide (BNA-CN) shows the absorption 
maximum at 333—337 n m (dihydro form) in ace-
tonitrile or dichloromethane, it exhibits both 337 
(BNA-CN) and 265 nm (BNA+CN-) bands in metha­
nol or ethanol, indicating the presence of equilibrium 
between B N A - C N and BNA+CN". 

H GN 

^ / G O N H 2 

II II 

I 

/ \ / C O N H 2 

N+GN-

GH2C6H5 

(BNA-GN) (BNA+GN-) 

The reaction of A-hydrate and B N A - C N was tried 
in ethanol at room temperature to yield a yellow 
precipitate in a good yield. The yellow precipitate 
was found to be the pyridinium salt (A'~Py+) of al­
loxan radical anion which was obtained by the reduc­
tion of A-hydrate with 1 -benzyl-1,4-dihydronicotin-
amide (BNAH) or the reaction of A T and l-benzyl-3-
carbamoylpyridinium chloride (BNA+C1-) in the pres­
ence of trie thy lamine.3) The production of cyanogen 
during the reaction was also detected by I R spectrum 
qualitatively. A'~Py+ was treated with aq. HCl to 

AT + BNA+G1-

aq HCl 1' 
A-hydrate 

+ 
BAA-GN 

A-hydrate v 

+ 
/ \ / C O N H 2 

II II 

CH2Ph 
(BNAH) 

H O 

MA 
/CONfL 

o=/N~y°~*S> + 1/2(GN)a 

CHjjph 

/ 
/ H O 

AT 

(A-Py+) 

| E t 3 N 

2 [A-] -f BNA+C1-

give and BNA+C1 - in excellent yields. A"~K+ and 
A Py+ are insensitive to oxygen in solid state, but 
they are easily oxidized in solution to give alloxan. 

Exper imenta l 

Materials, Alloxan monohydrate (A-hydrate) (mp 
253 °G (dec)) was prepared by the oxidation of barbituric 
acid with chromium trioxide.8) Alloxan tin (AT) (mp 230— 
231 °G) used in this study was prepared by the reduction 
of A-hydrate with hydrogen sulfide.9) l-Benzyl-3-carbamoyl-
pyridinium chloride (BNA+G1") (mp 230—232 °C)10> was 
synthesized by the reaction of benzyl chloride and nicotin­
amide in iV,iV-dimethylformamide. l-Benzyl-4-cyano-l,4-
dihydronicotinamide (BNA-GN) was prepared by the reac­
tion of BNA+Cl- and potassium cyanide in water and recrys-
tallized from acetonitrile. Mp 113—133 °G (dec).11) 

The Reaction of A-Hydrate and Potassium Cyanide. To 
a solution of 0.8 g (5 mmol) of A-hydrate in 30 ml of water 
(buffer solution; pH 6.8), was added a solution of potassium 
cyanide (0.39 g, 6 mmol) in 10 ml of distilled water with 
stirring at room temperature to yield a precipitate imme­
diately. After stirring for 2 h, the precipitate was filtered 
off and dried in vacuo to give alloxan radical anion salt 
(A--K+) in 65% yield. Mp 270—273 °G (dec). IR (KBr, 
cm"1): 3250 (N-H), 1670 (G=0). Found: G, 26.31; H, 
1.61; N, 15.26%. Galcd for C A O ^ : G, 26.50; H, 
1.67; N, 15.46%. 
AT (mp 229—231 °G) was also isolated from the filtrate 
in 15% yield. 

The Reaction of AT and Potassium Chloride in the Presence 
of Triethylamine. To a solution of 1.6 g (5 mmol) of 
AT and 1.8 g (25 mmol) of potassium chloride in 100 ml 
of water, was added a solution of 1 g (10 mmol) of triethyl-
amine dropwise with stirring at room temperature to obtain 
A--K+ (5.6 g, 70%). 

The Reaction of A-Hydrate and BNA-CN. To a solution 
of 0.8 g (5 mmol) of A-hydrate in 20 ml of ethanol, was 
added a solution of 1.2 g (5 mmol) of BNA-GN in 20 ml 
of ethanol in the atmosphere of nitrogen at room temperature 
to give 1.1 g (70%) of pyridinium salt (A , -Py+) of alloxan 
radical anion. IR (KBr, cm"1): 3350, 3180 (N-H), 1700, 
1590 (G=0). Found: G, 57.30; H, 4.57; N, 15.72%. 
Galcd for C17H1605N2: G, 57.25; H, 4.52; N, 15.46%. 
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Myodaiji, Okazaki 444 

(Received June 4, 1979) 

Synopsis. Fourier transform 1 7 0 NMR spectra have 
been measured for a number of meta and para substituted 
anisoles in natural abundance at 10.8 MHz. The shielding 
of the methoxyl oxygen nucleus decreases as the electron-
withdrawing substituents are introduced to the ring. A 
good linear correlation is obtained for a plot of the 1 7 0 shifts 
versus the Hammett a~ constants. 

Proton nuclear magnetic resonance studies have 
shown that methoxyl proton shifts are linearly related 
to the Hammet t a parameter.2) A similar but only 
a slight dependence of methoxyl 13G shifts on the 
nuclear substitution has been reported.3) In order 
to investigate the effects of nuclear substitution on the 
methoxyl oxygen shielding, we have now measured 
the 1 7 0 N M R shifts of a series of sixteen anisoles. 

I t is apparent from the observed data collected in 
Table 1 that the oxygen shifts are highly sensitive to 
meta and para substitution on the r ing; they cover a 
rather wide total range of 30 ppm. I t is easily expected 
that electron-withdrawing groups on the ring decrease 
the shielding at the oxygen nucleus, since the conju-
gative electron release from the oxygen will be en­
hanced. This general trend is exactly what was 
observed for the 1 7 0 chemical shifts of anisoles. A 
plot of the methoxyl oxygen shifts versus the Hammet t 
o- values reveals a good linear correlation between 
the two parameters (/0 = 16.2 ppm, correlation coef-

TABLE 1. 1 7 0 N M R SHIFTS OF p- AND m-SUBSTITUTED 

ANISOLES 

Substituent 

/>-NH2 

/>-OCH3 

/>-C(CH3)3 

/>-CH3 

p-F 
H 
p-Cl 
p-Br 
p-CFz 

/>-CN 
P-N02 

m-NH2 

m-Gl 
m-Br 
m-F 
m-N02 

(5170/ppm 

139a> 
141 
147 
147 
148 
151 
151 
154 
157 
163 
170 
149 
154 
155 
156 
166 

7T-Bond order 
XlO2 

¥703 
4.16 

4.32 
4.27 
4.36 

4.49 
4.72 

7T-Electron 
density 

1.905 
1.902 

1.899 
1.900 
1.898 

1.894 
1.888 

ficient r of 0.963). Analyses of the data according to 
the Yukawa-Tsuno equation, Aa = p{o0-\-y{a~—Oh 
give the following values: p = \7.2 p p m and y=0.881.4) 
A quantitative measure of the resonance interaction 
of the methoxyl group with para substituents is thus 
obtained. These results may be compared with the 
Hammet t a dependence of the methoxyl hydrogen 
(p=0.24 ppm)2) and carbon chemical shifts.3) 

Theoretical reasoning of the shielding pat tern ob­
served here is not so easy as it would be understood 
intuitively. The diamagnetic electric current about 
the nucleus which is directly affected by polar sub­
stituents play a major role in governing the chemical 
shifts of 1U N M R , but not of 13G and 1 7 0 nuclei. The 
paramagnetic screening is considered to dominate the 
chemical shifts of the latter nuclei. Decrease of shield­
ing with the increasing electron-withdrawal should 
be explained by increase in the mean inverse cube 
of the 2p electron radius <r~3>OXygen and/or in the 
orbital terms [ Q , A A + 2 Q , A B ] m t n e Karplus-Pople 
expression of the paramagnet ic screening (Eq. I).5) 

^ ? ~[Q,AA+ S (Q,AB)] (1) o% = - • 
2mV(AE) A#B 

a) Subtract 103 ppm from the shift values to convert 
them into the data referenced to external H«0. 

Decreasing charge density at the oxygen is expected 
to lead to a contraction of the 2p orbitals and thereby 
an increase in the paramagnet ic screening. The good 
linear correlations were obtained between the observed 
1 7 0 chemical shifts on the one hand and the 7r-electron 
densities at the oxygen (2040 ppm/^-electron, r=0.993) 
or the 7r-bond orders between the oxygen and the 
aromatic carbon attached to it (4770 ppm/rc-bond 
order, r=0 .974) calculated by the CNDO/2 methods 
on the other.6) 

The trend observed here for the anisoles is just the 
opposite to that of the oxygen nuclei of the aliphatic 
ethers in which the more electron-donating tertiary 
alkyl ethers are deshielded compared to less electron-
donating pr imary alkyl ethers.7) Whereas the change 
in the effective excitation energy AE in Eq. 1 was a 
dominant factor in the paramagnetic screening there,7) 
both the w- and TT* -levels would be affected simul­
taneously by the ring substituents in the anisoles, 
leaving the effect of AE term less obvious. 

We conclude that one of the most direct experimental 
evidence for the dependence of the electron density 
about the methoxyl oxygen nucleus on the ring sub­
stituents was obtained by the 1 7 0 N M R shifts. 

E x p e r i m e n t a l 

Pulsed Fourier transform spectra were obtained on a 
Varian FT-80A spectrometer at 10.8 MHz. A pulse width 
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of 35 {jt.s with an acquisition time of 0.02 s was employed 
with a spectral width of 8000 Hz. Anywhere between 3 X 
106 and 4 x 107 transients were accumulated depending on 
the sample. Chemical shifts were read as frequency shifts 
from the synthesizer setting (8.53200 MHz), expressed in 
ppm, and judged to be accurate to ± 1 ppm (the Fourier 
number was at 1,6384). The spectra were run at 80 °G 
on pure, natural-abundance samples (1.0—1.4g) dissolved 
in chloroform-^ (0.9—1.2 ml) which also provided an internal 
deuterium lock signal. 

p-t-Butyl- and m-chloroanisoles were prepared from the 
corresponding phenols by the standard methylation with 
dimethyl sulfate. The others were commercial samples of 
reliable grade and were used directly. 

The 7T-electron densities and 7T-bond orders were calculated 
by the GNDO/2 methods with the aid of the program No. 
141 of QGPE on a HITAG M-180 system of this institute. 
Molecular geometries employed for the framework of anisoles 
were basically those reported for 4,4'-anisoin8> and the 
standard bond lengths and angles6) were used otherwise. 
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A semi-empirical method recently proposed for the calculation of the potential energy surface of the H3 system 
is extended to a larger polyatomic H4 system. The energy formula is based on the valence-bond formulation and 
is expressed as functions of many multiple exchange integrals. These integrals can be decomposed into "diatomic" 
contributions by using the Mulliken approximation. The diatomic contributions are estimated from accurate 
values of the H2 molecule. Calculations of the H4 potential energy for the symmetric linear, linear equidistant, 
and square planar configurations are presented. The present method is of use for dynamical studies of the H 2 + D 2 

exchange reaction. 

In a previous paper, the author has proposed a new 
semi-empirical method for the calculation of the H 3 

potential surface,1) and has shown that this simple 
method yields a satisfactory and useful surface when 
compared with Liu's detailed ab initio calculation of the 
H 3 system.2) I t is interesting to extend the method to 
the case of larger polyatomic systems. In the present 
note the application to the H 4 potential surface calcula­
tion is presented. 

There have been many ab initio calculations of the 
H 4 system at its special configurations, and the results 
have been discussed in connection with the mechanism 
of the H2-f D2—>2HD exchange reaction. Experimental 
results for this reaction have often been interpreted in 
terms of a vibrational excitation mechanism,3) which 
assumes a four-center H 4 transition state. T h e recent 
extensive ab initio calculation of Silver and Stevens 
(SS)4) yielded potential barriers for the four-center 
transition state larger than the H 2 dissociation energy, 
which is in disagreement with the experimental activa­
tion energy, 42 kcal/mol.3) Thus we are very much 
interested in the reaction dynamics study of the H 2 + D 2 

reaction, in order to examine the effect of vibrational 
activation on the reaction cross section. For such a 
study, we must have a complete reliable potential 
surface of the H 4 system. The author believes that 
the present note provides a practically useful method 
of calculating the surface, since it requires less computer 
time than ab initio calculations. 

In the following section, we proceed in much the same 
way as the case of H3.1) By making use of the Mulliken 
approximation,5) Slater's energy formula6) is shown to 
be expressed in terms of "d ia tomic" contributions, i.e., 
diatomic Coulomb (Qi), exchange (a,), and overlap 
(Si) integrals. Hence we obtain the energy formula 
involving several empirical parameters. The surface 
thus calculated is compared wi th the results of the ab 
initio calculations of the H 4 surface,4»7) in the last 
section. 

Theoret ica l 

Slater's energy formula6) for the four-orbital four-
electron system corresponding to H 4 is 

E± = (iicjl-c&m-c&y/*]. (i) 
The quantities Cl9 C2, C3 are expressed in terms of the 
matrix elements : 

d = (I |I)(II | II) — (I|II)», 

C2 = ( I | / / | I I ) ( I | I I ) - 1{(I |J/ |I)(II |II) 
1 (2) 

- ( I I | / / | I I ) ( I | I )} , 

C 3 = ( I | / / | I ) ( I I | / / | I I ) - ( I | / / | H ) 5 

where the bond functions W\ and Wu correspond to the 
bonding schemes (a—b, c—d) and (a—d, b—c) respec­
tively, and H is the Hamil tonian of the system, 

4 / 1 4 1 1 \ e 1 

tf = S ( - 4 - V . t - 2 T - + 2 T - ) + 2 - i p (3) 
1=1 \ I v=i rtv j>i rtj J <=i KK 

The subscripts i, j refer to the electrons, v = a, b , c, d 
represent the four hydrogen nuclei, and Rl9 R29 RS9 /?4, 
R5, and R6 are the a—b, a—c, a—d, b—c, b—d, and 
c—d internuclear distances respectively. In terms of 
the functions ¥j and ¥u, the matr ix elements can be 
written as 

(l\H\I) = 4 £ + 2 ( 2 a 1 ' - a 2 ' - a 3
, - « 4 , - « 5

, + 2 a 6 ' ) 

+ 4(ßiB + ßu + ßu) ~ 4(^214 + 7153 + 7326 + 7465) 

+ 4(^2 543+^3425) ~ 2(<51525 + ^2165 ^3146 " ~ 0 1 4 6 3 ) , 

(II|Jf|II) = 4 ( £ - 2 (« 1 ' +« 2 ' - 2a 3 ' - 2« 4 ' +a 5 ' +« 6 ' ) 

+ 4(016 +&5 +Aw) - 4(yai4 + y46S + yi6S + yS2«) (4) 

+ 4(02165+^1526) ~~ 2(02543 + Ö3425+Ö3146 + ^146n)5 

(II|H|I) = - 2 a - 2 K ' - 2 « 2 ' + a 3 ' + « 4 ' - 2 « 5 ' + 0 

- 2(ß1M + ßM+ßtJ + 2(y 4 6 6 +2y 1 5 3 +y 3 2 6+y2i4 

—7315—Vson) + 2(253146 + 51463—52X65—51526 

— 0 2 5 4 3 — 0 3 4 2 5 ) , 

(ill) = 2{(i-J1»)(i-V) + ( I - V K I - S . 1 ) 

+ (JA-JA)» - 2(S1-.SA)PA-'Si) 
+ O S A - J A ) 1 - 2P.-.SAW.-S.)}, 

(II|II) = 2 { ( l -J 1 ») ( l -J i ») + (l-S^(l-S^) 

+ ( S A - ^ A ) * - 2 A - J A W 6 - S 4 ) 

+ (SA-SA)1 - 2A-JA)(^A-^)>, 
(I|II) = 2{(Sl-S1S2)(S,Se-Si) + A - JA) (SA-S3) 

+ A-JA)(JA-JX) + A-JA)(JA-JC) 
— (S2—£A) (£3^6 ~~ ^2) — (s&—S^Q) (SXS3—s5) 

- ( ^ A - ^ 4 ) 2 - ( l - ^2 2 ) ( l - ^5 2 ) } 5 

where (Ms the Coulomb integral, a / are single-exchange 
integrals, /?# are double-exchange integrals, yijk are 
triple-exchange integrals, èijkm are quadruple-exchange 



3478 Noboru TANAKA [Vol. 52, No. 12 

integrals, and Si are overlap integrals. These are 
defined by the relations, 

a = (abcd|//|abcd), 

ai = (abcd|//|bacd), St = (a|b), 

ai = (abcd|// |cbad), S2 = (a|c), 

a / = (abcd|i/|dbca), S3 = (a|d), 

ai = (abcd|// |acbd), S4 = (b|c), 

ai = (abcd|//|adcb), S5 = (b|d), 

a6
f = (abcd|// |abdc), S6 = (c|d), 

ßu = (abcd|//|badc), 

ß25 = (abcd|//|cdab), (6) 

ßu = (abcd|//|dcba), 

y 142 = (abed | H | bead) = y214, 

7153 = (abcd|// |bdca), 

y263 = (abcd|i/|cbda) = y326, 

7315 = (abcd|// |dacb), 

7465 = (abcd|//|acdb) = y546, 

2̂165 = (abcd|//|cadb) = <51526, 

1̂463 = (abcd|//|bcda) = <53146, 

2̂543 = (abcd|//|cdba) = <53425. 

The Coulomb integral Q is written as a sum of the 
diatomic Coulombic contributions Q,,-: 

a=^H + s ^ (7) 

where EK represents the energy of a hydrogen atom. 
T h e exchange integrals a,', /?y, y ^ , and <5yftOT can 

also be decomposed into "d ia tomic" contributions 
Qi, a,-, and Si by using the Mulliken approximation:5) 

«/-«, +^(0.-0.,), 
ßtl = st*s*{at/st*+aJis?+(a- a*- a,)>, 

-(&+&,+a*)}, 
(8) 

+2d-(ai+a^+a.+a,)}. 
Eventually, the energy, Eq . 1, is evaluated in terms of 
the diatomic integrals Q,;> a» a n d S,-. Following Porter 
and Karplus,8) we write the Q,„ a,-, and .S1, as 

«4 = [ ( £ * - £ » ) + ^ ( J B i + £ 3 ) ] / 2 ; 

where 

£* = D^exp [_2« (Ä < -Ä e ) ] -2 exp [ - a ( Ä , - Ä . ) ] } , 

£» = D3{cxp l-2ß(Rt-Re)] + exp [-ß(Rt-Re)]}, 

and 

St = ( l + C A + C W / S ) exp ( - C A ) , 

where 

C,= 1.0 + «exp ( - J / y . 

(9) 

(10) 

(11a) 

( l ib) 

R e s u l t s a n d D i s c u s s i o n 

The parameters Z)l5 Z)3, a, /?, and /?e in Eqs. 10 have 

TABLE 1. THE PARAMETERS USED TO CALCULATE 

THE H 4 POTENTIAL ENERGY
a) 

Dx=0. 174475 a.u. 
D3=0.072900 a.u. 
a =1.050000 a.u.-1 

ß= 1.036000 a.u.-1 

R«= 1.401000 a.u. 

*=1 .00 
A=0.40 

a) For definitions see the text. 

TABLE 2. COMPARISON OF THE VALUES OF THE 

SCREENING PARAMETER ÇT 

Rr C« c«. 
(present paper) (Porter and Karplus) 

1.5 
2.0 
2.5 
3.0 
4.0 
5.0 
6.0 

1.549 
1.449 
1.368 
1.301 
1.202 
1.135 
1.091 

1.226 
1.164 
1.118 
1.085 
1.045 
1.023 
1.012 

been determined from the results of the accurate ab 
initio calculation on H 2 by Kof os and Wolniewicz9) (see 
Ref. 1 for details). The screening parameter Ç,- appear­
ing in Eq. 11a for the overlap integral Si is given as a 
function of the internuclear distance /£,- by Eq. l i b , 
which involves two parameters K and A. In their 
calculation of the H 3 system, Porter and Karplus8> 
determined the values of ic and X from early calcula­
tions of the H 2 molecule by Wang and Rosen.10) In the 
present paper, however, K and X have been determined 
by fitting Eq. 1 to the ab initio calculations on the linear 
symmetric H 4 by Bender and Schaefer I I I (BS).7) The 
values of the parameters thus determined are shown in 
Table 1. The values of the screening parameter Ç,-
determined by Eq. l i b with the values of ic and X in 
Table 1 are slightly higher than the values of Ç,- by 
Porter and Karplus (Table 2). This difference of the 
two sets of C; values seems to be due to the difference 

-2.1 h 

-2.2 h 

-2.3 

05 1.0 2.0 3.0 40 

R (bohrs) 

Fig. 1. Potential energies of symmetric linear H4 as a 
function of distance of approach R with two H2 mole­
cule at equilibrium. 
BS oooo ;7> , the present work. 
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-1.9 

-2.0 

-2.1 

-2.2 

-2.3 

mR gR # R 9 

^ 

Of 

\y 
. . . i . i i i 

1.0 20 30 4.0 5.0 

R (bohrs) 

Fig. 2. Potential energies of linear equidistant H4 as a 
function of R. R is the distance between H atoms. 
BS oooo;7) •, the present work. 

-1.& 

-1.9 

£ ~2.0 

^ -21 

-2.2 h 

• —• 
L R R 

1 R 1 

\ ° 
I \ : » o o » 

1,4 1.8 2.2 2.6 

R (bohrs) 

Fig. 3. Potential energies for square planar H4. R 
measures the side of the square. 
SS oooo, used orbital basis s,s'; SS • • • • , used orbital 
basis s,s', p;4>— , the present work. 

in the methods by which the values of K and A have 
been determined (see above). 

In the case of linear symmetric and linear equidistant 
configurations, the results obtained here are compared 
with those of BS7) in Figs. 1 and 2 : The agreement is 
satisfactory. A similar calculation for square planar 
configuration is shown in Fig. 3, where we compare 
the results with those of SS.4) The agreement is not 
so good as in the case of Figs. 1 and 2. I t should be 
remembered that the values of tc and A have been 
adjusted for the linear symmetric H 4 . However it 
does not seem worthwhile to try to improve the above 
disagreement by readjusting the values of /c and A for 
the square H 4 , because the precision of the SS calcula­
tion is not as high as that of the BS calculation. In fact, 
it has been pointed out that the SS energies can be 
lowered by more than 0.025 hartrees by extending the 
orbital basis and by optimizing the orbital exponents.4) 

The author wishes to thank Professor T . Nakamura 
of Hokkaido University for many helpful discussions 
and suggestions. The numerical calculations were 
performed on the F A C O M 230-75 computer at the 
Hokkaido University Computing Center. 
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Modifying a general theory of antiferromagnetism proposed by Oguchi, the parallel and perpendicular magnetic 
susceptibilities (%,, and %± respectively) of antiferromagnetically interacting spin-pair systems have been formulated. 
As the parameter of the equations, K=Z\J/\/\J\, approaches zero, both of them coincide with a familiar equation of 
isolated spin-pairs. In the 0<^£<Ç1 range the maximum susceptibility and the Weiss constant are compared with 
those estimated exactly by the alternating antiferromagnetic linear-chain model. For 1<V<Ç2? they can be 
characterized by a broad maximum and a transition to the antiferromagnetically ordered state. For K^>2, in 
and x± show curves similar to those of a typical three-dimensional antiferromagnet. The %//a and %±a of the 2,2-
diphenyl-1-picrylhydrazyl-benzene (1:1) complex have been examined based on the theoretical results for £=1.3. 
The magnetic susceptibilities of the other organic free radicals have been compared with the results calculated 
in the 0 Q < ^ 1 range. 

Since the first observation of two-spin clusters in 
C u ( C H 3 C O O ) 2 by means of electron paramagnetic 
resonance (EPR) and magnetic susceptibility (%) 
measurements, many examples of such spin-pair 
systems in organic and inorganic materials have been 
studied by a number of investigators.1) The % or the 
E P R intensity has usually been characterized by a 
familiar equation : 

N(gß)*S(S+l) , 
2*r[3 + e x p ( 2 | 7 | / * r ) ] l ; 

where J is the interaction between two spins coupled 
antiferromagnetically; /*, the Bohr magneton, and g, 
the Lande ^-factor, and where the other notations have 
the usual meanings. This equation, however, cannot 
be applied to systems with comparatively large inter-
pair interactions. In 1955 Oguchi2) developed a 
general theory of ferromagnetism and antiferromagnet­
ism, based on the Heisenberg model of two-spin 
clusters. Modifying this theory, one can calculate 
analytically and tractably the susceptibility of interacting 
spin-pair systems. In this paper this theory will be 
extended to antiferromagnetically interacting spin-pair 
systems in order to understand qualitatively their 
physical behavior by relatively simple formulations. 
Based on the theoretical results thus derived, first we 
will examine the magnetic susceptibility of 2,2-diphenyl-
1-picrylhydrazyl-benzene (1 :1 ) complex (DPPH-Bz) 
measured by Fujito.3) Recently it was shown for the 
complex that none of the isolated spin-pair, linear 
chain, or quadrat ic net Heisenberg models give a 
satisfactory agreement with the experimental results.4) 
The main object of applying our model to DPPH-Bz , 
therefore, is to examine its magnetic property in relation 
to spin-cluster models. Secondly, the x values of some 
organic free radicals with small or intermediate inter-
pair interactions are compared with the theoretical 
results obtained by our model and the alternating 
linear-chain model developed by Duffy and Barr.5) 

Theoret ica l 

We treat here a spin-pair, whose spin operators are 
denoted by £,- and Sj, interacting with each other with 
a negative exchange interaction — \J\. For the sake of 
simplicity, it is assumed hereafter that g is isotropic and 

S is 1 /2 . Such assumptions can reasonably be accepted 
in spin systems consisting of usual organic free radicals. 
In addition to J inter-pair exchange interaction, 
J'(| J'Kl/l), is introduced in the system. Then, the 
Hamiltonian can be written as 

œ = 2\j\(srSj) + 2|y'|[2(srs,)+2(srs,)] 
k I 

+ g/iH'W+s;), (2) 

where the sums k and / go over the nearest neighbors 
of the /-spin except for the j - sp in , and of the 7-spin 
except for the /-spin, respectively. Here, the last term 
is the Zeeman energy of the system with an external 
magnetic field, Hz, along the easy axis, hereafter 
denoted as the z-axis. According to the usual molecular 
field approximation, Sk and Si are replaced by their 
thermal mean expectation values, —S and -\-S, respec­
tively, which change to ^S+ôS2 by the application of 
the magnetic field along the z-axis. Thus, the 
Hamiltonian can simply be written as 

œ = 2\J\(Si.Sj)+aSi* + bSj\ (3) 

where a = 2\J'\z(-S+ÔS*) - gliH\ 

b = 2\J'\z(+S+ÖS*)-gnH\ W 

and where z is the number of the nearest neighbors of 
the /-spin, excluding thej -spin . Next, we define a new 
parameter, £ = z\J'\l\J\, which means the strength of 
the molecular field. For simplicity in the description, 
we adopt the exchange interaction, \J\, as the unit of 
the energy. Then, 

# = 2(5,-5,) + l2K(-S+dS*)-h]St* 

+ i2K(S+ds*)-h\s;, (30 

where h=gjuHI\J\. Using the spin states a/ay, ( 1 / A / 2 ) 
(Kißj+ßiKj), ß-ßj and (1/V2") (o^ißj—ßi^j), the eigen 
values of Eq. 3 ' are derived as 

E±= (l+4KÔSz-2h)/2, 

E2=(-\/2)+R, 

E3= (\-4KÔSz + 2h)/2, 

E,= ( -1/2) -R, 
where 

R= (1+4/rtf2)1/-2. (6) 

Now the magnetization in the external magnetic 
field along z-axis is defined self-consistently as 
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S + ÖS* = TrS^-M/Tre-P* (?) 

where ß=\jt=\J\lkT. By substituting Eq. 5 into Eq. 7, 
we obtain 

1 ^ & ' s i n h 0 Ä + sinh(A-2*d5a) 
S+ôS* = y — ^ ( ^ 2 ^ ^ (8) 

As the terms containing A and 5 Z are small quantities 
of the first order, one can divide Eq. 8 into two parts . 
The zeroth-order term is 

r, _ tcS sinhßR ,~> 
1 ~ R(e-? + coshßR) ^' 

which leads to the non-zero solution of 5. At the limit 
of R=\, the Néel temperature, T^=\J\lkßV(, can be 
calculated from : 

e-/}N + coshßN = K sinhßN (10) 

As a function of tc, the solution of this equation is shown 
in Fig. 1. The lower part of the solid line of the figure 
is the antiferromagnetically ordered state, denoted as 
AF, while its upper part is the paramagnetic region (P). 
I t should be noted here that in the 0 < £ < 1 range no 
antiferromagnetic transition occurs.6) 
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Fig. 1. The reduced Néel temperature (fN: solid line), 
Weiss temperature (6: broken line), and temperature 
showing broad maximum of the susceptibility (/m: 
dotted broken line) versus the molecular field parame­
ter K. AF: Antiferromagnetic state, P: Paramagnetic 
state. 

From the first-order term of Eq. 8: 

y -N*J™L\ - l N^)2ß (11) /cß+\+eßcoshßR 

By a manner similar to that used with X//> the magnetic 
susceptibility perpendicular to the z-axis (x±) is given 
as: 

(R- 1) V coshftR + 2R- (R2 + l)e'a-*> 
X± {2K[(R- 1) V coshßÄ + 2R(R2 + l)e^Q-Ä)] 

+ 2 Ä ( Ä 2 - l ) ( l + e ^ c o s h ^ ) } . (12) 

In the paramagnetic region ( 5 = 0 ) , Eq. 12 coincides 
with Eq. 11 if we take the limit of R=\J

rô as ô 

approaches 0. Furthermore, for /c=0 Eqs. 11 and 12 
coincide with Eq. 1 for 5 = 1 / 2 . In Fig. 2 the powder 
susceptibilities % = (%//+2%j.)/3, are shown as functions 
of the reduced temperature, t. The numbers in the 
figure are the values of ic. 

We will now show some typical cases of Eqs. 11 and 
12. At high temperatures (QT/Ä;), x becomes a simple 
form : 

Y =
 N(S.u)2 1 (13) 

• ( - © ) ' 

where 6{ = (tc-\-\)j2k) is called the Weiss temperature. 
The dependence of & on K is also shown in Fig. 1 by a 
broken line which coincides with the asymptote of the 
solid line. 
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Fig. 2. The powder magnetic susceptibility versus the 
reduced temperature for A:=0.0 to 3.0. The Néel 
temperatures are indicated by the circles in the figure. 
The inset shows the Weiss temperature divided by tm 

and the product of maximum susceptibility times /m, 
p=Xmktm/Ng2ju2, versus the molecular field parameter 
K (broken line) compared with the alternating linear 
chain model (solid line) (Ref. 5). 

At moderate temperatures comparable to \J\/k, x 
depends sensitively on K. For 0 < £ < 1 , 6 shows a broad 
maximum at a constant temperature, / m ( = 1.2473/A), 
without any phase transition. The inset in Fig. 2 shows 
the variations in the dimensionless Sjtm and of 

P = XmktJN(gM)2 (14) 

as functions of A:. In this range of K for z= 1, our results 
can be compared with the magnetic susceptibility of the 
alternating linear chain calculated exactly by Duffy 
and Barr.5) Also shown by the solid line in the inset of 
Fig. 2 are the results of their theoretical calculations. 
Sjtm is in good agreement with their value, while p 
deviates upward as K increases, the deviation being 
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about 10% at tc=\. For A : < 0 . 3 , however, our suscep­
tibility calculations agree well with those by Duffy 
and Barr with the deviation of only 2 %. The deviation 
of p for K values larger than 0.3 in the inset is mainly 
due to the energy separation between the singlet ground 
state and the excited triplet states (A). In our model, 
A can be derived from Eq. 5 for A = 0 and R= 1 as A=2 
in units of \J\. This constant value of A in the para­
magnetic state is one of the features of our simple model. 
For a more quantitative analysis of %, it is desirable 
that A be explicitly expressed as a function of J' or K, 
as will be discussed later. In the case of the alternating 
linear-chain model, on the other hand, A for h=0 
depends on the continuous-energy spectrum, which is 
expressed as A(k)=2—£cos&.5) 

T 1 1 i ! . 1 1 1 1 1 1 . i 1 r 

Fig. 3. The magnetic susceptibilities of the DPPH-Bz 
complex along a-axis (square) and perpendicular to 
a-axis (full circle) versus the reduced temperature / 
for | J| jk=0.54 K. Solid lines are the theoretical 
calculations by Eqs. 11 and 12 for /c=0.0 and 1.3. 

In the antiferromagnetic region {t^>t^ /Ç>1) Xu 
decreases rapidly with a decrease in the temperature, 
while x± gives a constant value near absolute zero. Its 
magnitude depends approximately on K as follows : 

^ ( 0 ) = (*- l ) /4* 2 (15) 

As an illustrative example, the calculated Xu and x± 
values for K = 1 . 3 are shown in Fig. 3 as functions of/. 
Such special susceptibilities can be experimentally 
visualized by a stable free radical, DPPH-Bz , as will 
be shown in the following section. In the antiferro­
magnetic region, Eq. 5 explicitly includes J', even for 
A = 0 . Therefore, our model is considered to be a good 
approximation compared with the case in the para­
magnetic region mentioned above. 

By a comparison of Eqs. 11 and 12 with the experi­
mental results, one can estimate J' in addition to J, 

provided that z can be derived crystallographically. It 
should be noted, however, that the estimated J' is 
fundamentally not the real value, because, in the 
approximation treated here, we use a mean value of 
the molecular field produced by the neighbors. 

C o m p a r i s o n w i t h E x p e r i m e n t s 

Magnetic Susceptibility of DPPH-Bz Single Crystal. 
We will examine here the magnetic susceptibilities 
along the a-axis and perpendicular to the a-axis of the 
DPPH-Bz complex, hereafter denoted as %//a and x±a 
respectively.3) In a previous paper7) the powder suscep­
tibility of DPPH-Bz at temperatures lower than 1.7 K, 
which were measured by a bridge method in a zero 
static field, were fitted to the value at 1.7 K measured 
by a force method in the field of 0.829 T. By this 
procedure, however, the values below 1.7 K were 
overestimated, because the %//(also x±) values of spin-
pair systems with a singlet ground state depends on 
the applied magnetic field. In the paramagnetic region 
( A = 0 ) , for example, one can simply derive the % as a 
function of the external field from Eq. 8 as 

UlxMO = ßß (l6) 
N(gju)2 1+Kß+dcouißlcashßh' V ; 

where h'=h—2icôSz is the effective field including the 
contribution from the induced magnetization. At 
temperatures higher than \J\/k, this contribution can 
be neglected (h'=h). \J\jk was estimated to be 0 . 5 4 ^ 
0.02 K from the temperature (Tm) at which x reached 
Xm. By substituting this value into Eq. 16, the Z of 
DPPH-Bz at 1.7 K in 0.829 T is estimated to be 10% 
larger than that in the zero field. The experimental 
data in Fig. 3, measured by the bridge method were, 
therefore, calibrated by the value measured by the 
force method at 4.22 K which was corrected using Eq. 
16. The anisotropy of the susceptibility (%//a—%±a) 
appeared at around 0.42 K at which the low-field EPR 
absorption line disappeared.3) This behavior coincided 
with that which occurs around the Néel temperature of 
antiferromagnetic materials.8) Therefore, we tentatively 
adopted 0.42 K as the TN of DPPH-Bz . The ratio of 
Tm to 7"N, 1.62, was used to determine the value of A:. 
The theoretical susceptibilities calculated for \J\jk= 
0.54 K and £ = 1 . 3 are compared with x±a a n d X//& 
in Fig. 3. x± reproduces well the temperature depend­
ence of X//2L- X±a a l s o shows a value similar to %//a at t 
near £N, but approaches a finite value as the temperature 
decreases. This is probably due to the lack of coincid­
ence of the observed axis with the easy axis of the 
crystal. 

Above /N? on the other hand, the experimental values 
in Fig. 3 are just in the middle between those for /c=0 
and 1.3. Such a deviation from our theoretical calcula­
tions for £ = 1 . 3 in the paramagnetic region may 
indicate: 1) a cooperative phenomenon caused by J' 
and similar to those in the magnetic linear-chain and 
quadrat ic net Heisenberg models, or 2) the energy 
splittings of the degenerate triplet states by J', even in 
the range of the paramagnetic state. Recently Duffy, 
Strandburg and Deck4) reported the susceptibility and 

file:///J/jk
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TABLE 1. MOLECULAR-FIELD PARAMETER, K, ESTIMATED 

FROM THE MAXIMUM SUSCEPTIBILITY OF SOME 

ORGANIC FREE RADICALS 

r/K 
Fig. 4. Comparison of theoretical calculations of heat 

capacity with experimental data of DPPH-Bz meas­
ured by Duffy et al. (Ref. 4). A: Eq. 17, B: Two-spin-
pair model calculated by Duffy and Barr (Ref. 5), 
0 : total heat capacity, /S magnetic part of the heat 
capacity. 

the heat capacity (Cv) of DPPH-Bz from 0.4 K to room 
temperature, with which neither the linear-chain nor 
the quadratic net Heisenberg model gives satisfactory 
agreement. Therefore, the latter possibility described 
above may contribute to the deviation from the theore­
tical values. 

Their heat-capacity data, shown in Fig. 4, are 
helpful in understanding the magnetic interactions of 
DPPH-Bz. Using Eq. 5, Cv of our model can be 
derived as 

Cv = 6A;^2 |7 |2 / (3e-^ l + e^1)2 (17) 

which coincides with the C v of the isolated spin-pair 
systems, because in the paramagnetic state the energy 
levels under consideration are equal to those of the 
isolated spin-pair systems. A in Fig. 4 is calculated by 
means of Eq. 17 for |y |=0 .54A: . As has already been 
pointed out for the susceptibility data , the experimental 
data of Cv also deviate upward from A. For the linear-
chain model, the magnitude of the theoretical heat 
capacity and the XmTm values are quite low.4) One of 
the possible ways to interpret both the susceptibility 
and heat capacity is to include J' in Eq. 5 explicitly, 
even in the paramagnetic region. Dußy and Barr5) 
calculated the Cy of an alternative four-membered ring 
with J'=0.8 J, a kind of two-spin-pair model, which 
is also shown in Fig. 4 as B for the sake of comparison. 
The agreement of B with the experimental results is 
better than that of A. The two-spin-pair model, there­
fore, is an improvement of the model for DPPH-Bz . 
Thus, one can conclude that our simple model well 
explains the appearance of /N in addition to the tempera­
ture dependence of the magnetic susceptibilities of 
DPPH-Bz if we adopt 0.42 K as the TN of D P P H - B z . 
For the quantitative agreement of the susceptibilities, 
however, it is desirable to take into account the energy 
splittings in the triplet states. Some formulations 
according to such a modification are now in progress. 

Compound 
K 

_LZL 
K 

,X10^) \J\Xm 

Sulfite*) 
DPPH-freeb> 
DPPH-freec> 
TEMPADd> 
Porphyrexidee) 

PACf> 
D(N02)/> 

15 
11 
10.5 
16.5 
7.2 

70 
9.7 

12 
8.8 
8.75 

13.2 
5.8 

55 
7.8 

127 
170 
177 
100 
228 
23.3 
167 

0.101 0.02 
0.10 0.05 
0.099 0.06 
0.089 0.72 
0.088 0.73 
0.087 0.77 
0.0863 0.82 

a) A. Nakajima, H. Ohya-Nishiguchi, and Y. Deguchi, 
Bull. Chem. Soc. Jpn., 45, 713 (1972). b) Ref. 6. c) P. 
Grobet, L. Van Gerven, and A. Van den Bosch, J. Chem. 
Phys., 68, 5225 (1978). d) A. Nakajima, H. Nishiguchi, 
and Y. Deguchi, J. Phys. Soc. Jpn.3 24, 1175 (1968). 
e) T. Fujito, H. Nishiguchi, Y. Deguchi, and J. 
Yamauchi, Bull. Chem. Soc. Jpn., 42, 3334 (1969). f) W. 
Duffy and D.L. Strandburg, J. Chem. Phys. 46, 456 
(1967). g) Corrected for the magnetic "impurities" as 
required. 

Examples of Other Organic Free Radicals. In order 
to show the applicability of our model, the % values of 
other compounds are compared with those calculated 
by means of Eq. 11. Table 1 summarizes the compounds 
with the values of /c<^ 1. We can also derive the values 
of the parameter from 6, but this method is not so 
reliable because of the large experimental errors. The 
| y | values were estimated from Tm. I t has been 
concluded that the sulfite and the DPPH-free are 
mostly isolated spin-pairs, while the others have com­
paratively large inter-pair interactions. For comparison 
with the experimental results on 2,2-bis(jfr-nitrophenyl)-
1-picrylhydrazyl (D(N0 2 ) 2 ) , Duffy and Barr estimated 
the alternation parameter (a) of the alternating linear-
chain model as a=0.6, which corresponds to our value 
of K=0.9 in the inset of Fig. 2. Thus, the molecular-
field approximation of interacting spin-pair systems 
is useful for a physical understanding of complicated 
organic free radicals. 
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Polarized Two-photon Absorption Spectra of Naphthalene in Durene 
Single Crystal with Two Synchronized Tunable Dye Lasers 
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(Received February 15, 1979) 

Polarized two-photon absorption spectra of naphthalene in a single crystal of durene were observed with one 
and two beams of tunable dye lasers. Diagonal elements of the two-photon transition tensor were determined 
by one beam experiments with different incident polarizations on different faces of an oriented single crystal. 
The off-diagonal elements of the two-photon transition tensor were determined with two synchronized beams of 
different wavelengths and polarizations on the same sample. It was found that most of the vibronic states have 
large <7LL consistent with an overall vibronic Ag symmetry and a long axis polarized xB2u intermediate state. The 
intermediate states of the two-photon process of the strongest vibronic origin have been discussed on the basis of the 
observed values of the two-photon transition tensor elements. The band also has a small but non-vanishing off-
diagonal tensor element (<7LM). A crystal field perturbation due to reduced site symmetry by a B3g two-photon 
allowed state is postulated. 

Two-photon spectroscopic measurements of poly­
atomic molecules have become popular for observing 
new states inaccessible to the usual one-photon spectro­
scopy. A considerable amount of work has been done on 
the lowest singlet state of benzene.1 - 7) The two-photon 
excitation spectra of a benzene crystal at very low 
temperature and of benzene vapor reveal new vibronic 
structures identified as u-type vibrations in the electro­
nically two-photon forbidden state. In order to deter­
mine the symmetry species of these vibrations in the 
excited state, polarization measurements in the gas 
phase were performed with high resolution. Unlike 
one-photon spectroscopy, two-photon spectroscopy has 
the advantage that the polarization effects can be 
measured in isotropic media such as gases, since a 
molecule interacts with two photons simultaneously. 
Assignments of the vibronic transition in benzene vapor 
via polarization measurements have been carried out 
by several groups.4 - 7) 

Similarly, polarization measurements of two-photon 
spectra in crystals provide us direct and detailed 
information concerning tensors of two-photon transition 
amplitudes for crystals or molecules in the crystals. 
The tensor is composed of nine elements. Each element 
in the tensor can be determined uniquely by polarization 
measurements on crystals.8'9) Studies on the polarized 
two-photon spectra have been made for crystals of 
aromatic molecules such as naphthalene,10) pyrazine14) 
and biphenyl.1*) However, the experiments were carried 
out by using only one exciting beam. Hochstrasser and 
Sung12) utilized crystal birefringence to obtain two 
beams of identical photon energies but different polariza­
tions inside the crystal and were able for the first t ime 
to obtain information on both the diagonal and off-
diagonal elements of the two-photon transition tensors. 
If the diagonal elements of the tensor for a particular 
transition are large as compared with the off-diagonal 

t Present address: Department of Chemistry, Faculty of 
Science, Tohoku University, Sendai 980. 

tt The research was supported by the Division of Physical 
Research of the U. S. Energy Research and Development 
Administration. This paper is Document No. NDRL-1777 
from the Notre Dame Radiation Laboratory. 

elements, the two-photon signals are dominated by the 
absorption of the two photons of the same polarization. 
The determination of a small off-diagonal contribution 
due to the absorption of two photons of different 
polarizations becomes difficult. Thus, a two beam 
experiment with independent photons in frequencies and 
polarizations is particularly suitable for the detection of 
off-diagonal elements of the two-photon transition 
tensors. The frequencies of the two beams should be so 
chosen that neither 2vx and 2v2 are in resonance with 
the transition but v1-\-v2 is. This requires sharp transi­
tions and clear window area. Only mixed crystals 
at low temperatures such as naphthalene in durene 
reported here are amenable. 

The only experiment using two different light sources 
on an unisotropic crystal was carried out by Froehlich 
and M a h r on the single crystal of anthracene.16) The 
two beam experiment of the two-photon transition of 
benzene vapor was carried out by Hampf, Neusser and 
Schlag.17) 

We have measured polarized two-photon excitation 
spectra of the lowest singlet excited state of naphthalene 
in a durene single crystal at very low temperature by 
using two exciting light beams of different wavelength 
and polarization. The two-photon spectra of naph­
thalene in this spectral region has been thoroughly 
studied in the gas phase18) and crystalline phase at low 
temperature.12»13) The strongest false origin is known 
to be vibronically induced by a u-type vibration of 
b 2 u symmetry in the excited state, all experimental 
evidence being consistent with this assignment. 
However, there is some uncertainty as to the mechanism 
for the appearence of the false origin. Careful polariza­
tion measurements of both the single crystals of naph­
thalene and naphthalene in a durene single crystal by 
Hochstrasser and Sung12) shed some light on the nature 
of intermediate states, crystal field mixing and vibronic 
coupling in these systems. O u r two beam experiment 
is complimentary to their one beam experiments. The 
polarization measurements include not only all the 
possible crystal faces but also new results with two 
synchronized dye laser beams of different wavelength 
and polarization. I t is thus possible to obtain informa­
tion on the relative ratio of the individual elements of 
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the two-photon transition tensor. We will discuss the 
intermediate states of the two-photon process of the 
strongest vibronic origin and also the crystal field 
perturbation on two-photon states based on our results 
for the two-photon transition tensor. 

E x p e r i m e n t a l 

Apparatus for the two-photon excitation spectra with two 
beams of parallel incidence is shown in Fig. 1. Two dye lasers 
were pumped simultaneously by a nitrogen laser (Molectron 
UV-1000) with a beam splitter, reflection-transmission ratio 
being ca. 2 : 3 . A home-made dye laser (laser 1) of almost 
the same design as Molectron DL-200 generated a lasing line 
with a fixed wavelength. After passing through a 90° prism 
and an iris, the output beam (beam 1) was polarized horizon­
tally by a Glan-Thompson prism (Pi). A halfwave plate (H) 
made of thin mica was used in order to change the polariza­
tion of beam 1. Suitable selection of the angle between the 
axis of the plate and the horizontal axis afforded a horizon­
tally or vertically polarized beam without any beam walk-off. 
A neutral density filter Nx was used to control the light inten­
sity. Beam 2, frequency of which was tuned continuously and 
which exits from dye laser 2 (Molectron DL-200), was polar­
ized vertically by another Glan-Thompson prism (P2). The 
two beams were adjusted close to each other, the distance 
between centers being ca. 1 mm, and kept parallel to each 
other by a mirror M2. Mirrors Mx and M2 constitute an 
optical delay line to synchronize the two light pulses. The 
two beams were focused onto a sample by a spherical mirror 
M3 of 300 mm focal length, spatial matching between the two 
beams also being accomplished at the same time. As long 
as the angle between the axis of the incident beam and the 
normal axis of the mirror is small « 5 ° ) , good focusing can 
be achieved. Polarization of the two beams was carefully 
checked at the point where the dewar was to be placed. No 
scrambling of polarization was observed. The sample was 

held on a rotatable holder and suspended in a sample com­
partment of a variable temperature cryostat (Cryogenic Asso­
ciate GT-72) which was cooled by thermal conduction of cool 
helium gas down to ca. 5 K. 

The optical arrangement using two beams with 90 degree 
incidence is shown in Fig. 2. The crystal should be carefully 
placed at the exact position where the two beams cross each 
other since only in this small area do we have sufficient inten­
sities in both beams to observe two-photon signals. 

SAMPLE 

LASER I 
P, H N, F,' 

&-S+H 

LASER 2 

Fig. 2. Optical arrangement for two-photon excitation 
spectra by two beams with 90 degree incidence. 

The fluorescence from the sample was focused onto a small 
monochromator (Bausch and Lomb) and detected with a 
photomultiplier (EMI 9635QB) connected to a boxcar inte­
grator (PAR 162). A UV cut-off filter (Fx; Schott GG-22) 
and a visible cut-off filter (F2; Corning 7-54) were used to 
eliminate undesirable photons. The output intensity of beam 
2 was monitored by a biplanar photodiode (ITT FW114 with 
S-20 spectral response). Wavelength of the lasing line was 
calibrated by a monochromator (Spex 1402). 

RECORDER 
BOXCAR 

INTEGRATOR 
PAR-162 

HP II00A 
DELAY 
LINE 

HP-4220 
PIN-PHOTO DIODE 

O 

nil n^s: 

CRYOSTAT ^SAMPLE 

B a t 
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963500Î 

RECORDER 

SAMPLE 
AND 

HOLD 
CIRCUITRY 
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FWII4 
S-20 
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DOUBLE 

MONOCHROMATOR 
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C3I034AI 

Fig. 1. Experimental set-up for two-photon excitation spectra by two synchronized 
tunable dye lasers with parallel beam incidence. Notice that the laser beams 
actually enter the cryostat from the bottom window. The last mirror reflects 
the beam propagation vector from horizontal to vertical. 
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Dye solutions were as follows: Gresyl violet Perchlorate 
+ Rhodamine-B in EtOH 6600—6200 Â, Rhodamine-B in 
EtOH 6450—5900 A, Rhodamine-6G in EtOH 6050—5700 
Â. Line width of dye laser 1 in these spectral region was 
0.5—0.7 A, that of laser 2 being less than 0.5 A. 

Naphthalene was purified by fusion with sodium followed 
by zone refining. Durene (1,2,4,5-tetramethylbenzene) was 
also purified by the zone melting method. Mixed crystals of 
durene with ca. 1% of naphthalene were grown by the simple 
Bridgman method. The actual concentration of naphthalene 
in durene is presumed to be less than 10~2 mol/mol. The (ab) 
crystal plane of durene was cleaved easily. Extinction direc­
tions on the (ab) plane were observed under a polarizing 
microscope. A cube of the crystal with edges parallel to the 
two extinction axes in the (ab) face (a and b axes) was cut 
with a razor blade. Examination of the conoscopic pattern 
of a small flake of the plane showed axis a to differ from axis 
b. All the directions along the edges of the crystal cube were 
therefore identified as a, b, and c' (perpendicular to (ab) face) 
axes. The X-ray diffraction pattern in precession photographs 
along each axis confirmed the optical determination of these 
axes. 

One of the principal axes denoted by X is almost parallel 
to axis a (the angle between it and axis X is known to be 
— 0°54' in Robertson's axis choice).19»20) Since axis b coin­
cides with the optical axis Y, all the three crystallographic 
axes a, b and c', parallel to the edges of the crystal cube in 
this work, are parallel to the optical axes X, Y, and Z, respec­
tively. We were able to use the crystallographic axes as 
reference axes for the polarization experiments. 

R e s u l t s 

One Beam Experiment. The two-photon fluores­
cence excitation spectra of naphthalene in durene 
crystal with one laser beam was first observed by 
Hochstrasser, Sung, and Wessel.10) We have observed 
almost the same spectra (Figs. 3 and 4). The relative 
intensities of these absorption peaks are not normalized 
with respect to the intensity distribution of the dye 
laser output , since the polarization ratios of the partially 
polarized laser output varied considerably in the tuning 
range. The 0-0 transition in this spectral region was 

Dye Laser Wavelength (A) 

Fig. 3. Unpolarized two-photon excitation spectrum of 
naphthalene on the (be') face of durene crystal at 5 K 
taken with one laser beam. The smooth curve 
indicates the intensity distribution of the dye laser 
(rhodamine-B). The arrow indicates the position of 
the 0-0 transition. 

i « i i i i ' i • » I i » i i i i i i i l i i i i i i i i i i i i i i i 
5700 5800 5900 6000 

Dye Laser Wavelength ( Â ) 

Fig. 4. Unpolarized two-photon excitation spectrum of 
naphthalene on the (be') face of durene crystal at 5 K 
by using one laser beam. The smooth curve indicates 
the intensity distribution of the dye laser (rhodamine 
6G). The arrows indicate the frequency of the high 
energy photon in two beam experiments. 

measured at 31554 c m - 1 by McClure.21) The arrow 
in Fig. 3 shows the position of the 0-0 transition forbidden 
in two-photon transition. Energy differences of the 
main bands from the 0-0 band are summarized in 
Table 1. Many bands observed in the lower energy side 
of the strongest false origin at 0 + 1 5 3 8 c m - 1 can be 
attr ibuted to vibronic bands induced by non-totally 
symmetric vibrations of u-type. Most bands at the 
higher energy side of the false origin can be attributed 
to combinations of u-vibrations and totally symmetric 
vibrations in the excited state. 

The polarized excitation spectra with one beam 
(Figs. 5—7) are essentially the same as those observed 
by Hochstrasser and Sung.12) Due to the wavelength 
dependence of the polarization of the laser output, 
the spectra had to be taken in four sections separately 
for comparison of the two spectra. Usually, one polarized 
component of the dye laser output is attenuated with 
respect to the other so that the two polarizations have 
comparable intensities. The attenuation ratio changes 
from one spectral section to another, so that one should 
not compare the intensities of two peaks from diffèrent 
spectral sections. Figure 5 shows a part of the polarized 
spectra of the strongest vibronic origin at 0 + 1 5 3 8 c m - 1 

and a band at 0 + 1 4 3 0 c m - 1 taken on the three principal 
crystal faces of durene. In the spectra on the (ab) face 
in which the propagation vector of the incident light 
is parallel to the c' axis (£//c'), the peak intensity of the 
a-polarized spectrum (JE//a) of 1538 c m - 1 is as intense 
as that of the b-polarized component (E/jb). However, 
in the (ac') spectra the a-component of the band is 
more than twice as intense as the c'-component. O n 
the other hand, the 1430 c m - 1 band is the opposite 
of that of the 1538 c m - 1 band in polarization behavior, 
being predominantly polarized along the c ' axis. 
Similar characteristics of the polarization spectra in 
the lower energy regions than the 1430 c m - 1 band can 
be seen in Figs. 6 and 7. The polarization ratios are 
given in Table 2. 
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T A B L E 1. OBSERVED FREQUENCIES OF TWO-PHOTON EXCITATION SPECTRA 

OF NAPHTHALENE IN DURENE CRYSTAL 

"AT 
6232.2 
6271.6 
6262.7 

6223.6 
6196.2 
6194.3 
6182.9 
6173.3 
6169.6 
6155.0 

6149.7 

6139.2 
6132.7 
6126.7 
6124.5 
6117.5 
6104.1 
6091.6 
6079.4 
6074.4 

6071.1 
6061.8 
6058.3 
6049.4 
6042.0 
6037.0 
6035.1 
6029.7 

2lW 
cm - 1 

31621 
31881 
31926 

32127 
32269 
32279 
32338 
32389 
32408 
32485 

32513 

32569 
32603 
32635 
32647 
32684 
32756 
32823 
32889 
32916 

32934 
32984 
33003 
33052 
33092 
33120 
33130 
33160 

Ava> 
cm-1 

67~ 
327 
372 

573 
715 
725 
784 
835 
854 
931 

959 

1015 
1049 
1081 
1093 
1130 
1202 
1269 
1335 
1362 

1380 
1430 
1449 
1498 
1538 
1566 
1576 
1606 

Assignment ^ j £ £ l ) 

372 

715 

854 
931 

931+28 
(lattice mode) 

1081 

1130 
1202 
1269 

1430 

1538 
1538+28 

X 
A 

6023.3 
5989.9 

5975.8 
5952.5 
5938.3 
5936.6 
5917.5 
5912.0 
5903.8 
5900.7 
5896.9 
5887.4 
5882.6 
5877.5 
5873.0 
5868.2 
5864.8 
5850.3 
5838.0 
5831.8 
5826.3 
5815.7 

5809.6 
5800.7 
5796.3 
5792.2 
5784.0 
5777.0 
5747.0 

2gyac 

cm - 1 

33196 
33380 

33459 
33590 
33670 
33680 
33789 
33820 
33867 
33885 
33907 
33961 

33989 
34019 
34045 
34073 
34092 
34177 
34249 
34285 
34318 
34380 

34416 
34469 
34495 
34520 
34569 
34610 
34791 

Asa ) 

cm - 1 

1642 
1826 

1905 
2036 
2116 
2126 
2235 
2266 
2313 
2331 
2353 
2407 

2435 
2465 
2491 
2519 
2538 
2623 
2695 
2731 
2764 
2826 

2862 
2915 
2941 
2966 
3015 
3056 
3237 

Assignment 

1130 + 697 

1202 + 697 
1538 + 498 
1130 + 981 
1430+697 
1538+697 
1538+697+28 

931 + 1403 

1430+981 

1538+981 
1538 + 981+28 
1430+498+697 

1538+498+697 

1430+2x697 

1538+1403 
1538+1403 + 28 
1538+498+981 

As(obsd) — 
Ai>(calcd) 

- 1 

+ 6 
0 

+ 5 
- 1 

0 
+ 3 

- 3 

- 4 

0 
- 9 
- 2 

- 2 

+ 2 

0 
- 3 
- 2 

1538+698+981(?) +21 

a) Frequency difference from the 0-0 transition at 31554 cm-1.21) 

Dye Laser Wavelength (Â) 

Fig. 5. Polarized two-photon spectra of the strongest vibronic origin in three 
different crystal faces of durene, with one laser beam. Smooth curves indicate 
intensity distributions. 
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E II a ; k | b 

—i—P4T—i—i—r i^f i {" r w r i I—ri—r-

vyv^ry, 
Dye Laser Wavelength (A) 

Fig. 6. A par t of polarized two-photon excitation 
spectra in the (ac') face of durene. Smooth curves 
indicate dye laser intensity distributions. O n e cannot 
compare the relative intensities in different spectral 
regions. 

E II b ; k II a 

Dye Laser Wavelength (A) 

Fig. 7. A par t of the polarized two-photon excitation 
spectra in the (be') face of durene. Smooth curves 
indicate dye laser intensity distributions. One cannot 
compare the relative intensities in different spectral 
regions. 

k,//a,k2//a 
E,//b,E2//b 

k, / /a ,k 2 / / a 
E,/ /c\E2^b 

k,//a,k2//a 
E,//b E2//c' 

X,*57I6.0A gl 
(k», » 17487 cm'1) 

*rtly^ 

k,//a,k2//a / l s \ 
E,//c\E2//c' / * 

X|* 5821.0 A 
(hr, > 17174 cm'1 ) 

X, > 5941.1 X 
(hv.> 16827 cm'1) 

6400 6500 6400 6500 6400 

Dye Laser Wavelength X 2 (Â) 

6500 

Fig. 8. A par t of the polarized two-photon excitation spectra with two 
dye lasers of different frequencies and different polarizations and parallel 
beam incidence. The spectra were taken on the (bcr) face of durene 
at 5 K . k19 E19 and Xx indicate the ^-vector, the polarization and the 
wavelength of the incident photon with higher energy, respectively. h2, 
E29 /l2 indicate those of the lower energy photon. O n e cannot compare the 
relative intensities in different spectral regions. Smooth curves indicate 
intensity distributions of dye laser with lower-energy (Cresyl v io le t+ 
Rhodamine-B) . 
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k , / / a t k 2 / / c ' 
E,//b ,E 2 / /b 

X, = 5716.0 Â 
(hv, =17487 cm1] 

Ä \jAfW 

X, = 5821.0 A 

(hy, «17174 cm1 ) 

X, « 5941.1 A 

(hv, = 16827 cm"1} 

k,//a,k2 / /c 
E,^c\E2//b 

6400 6500 6400 6500 6400 6500 

Dye Laser Wavelength X 2 (A) 

Fig. 9. A part of the polarized two-photon excitation spectra using two beams with 90 
degree incidence. k19 k2 indicate A;-vectors of the high energy photon Ax with the 
polarization Ex and the lower energy photon A2 with the polarization E2 respectively. 

We can distiguish at least three kinds of bands with 
different polarization behavior (Figs. 5—7). The 
vibronic bands at 372, 715, 854, 1202, and 1269 c m - 1 

(type I) are polarized predominantly along the a-
component on the (ac') spectra and also along the 
b-component on the (be') spectra. Another group 
including 931, 1130, and 1430 c m - 1 (type I I I ) are 
apparently polarized along the c'-component in the 
(ac') or (be') spectra. The strongest false origin at 
1538 cm- 1 and a band at 1081 c m - 1 (type I I ) which 
are polarized weakly along the a axis in the (ac') plane 
and also along the b axis in the (be') plane. 

Two Beam Experiment. The excitation spectra 
taken with two beams of different frequencies and 
polarizations are shown in Figs. 8 and 9. Xx refers to 

the wavelength of the laser beam with higher energy 
and A2 to that of lower energy photons (Fig. 1). The 
sum of the frequencies of these two lights should coincide 
with the excitation energy of the transition. Since the 
lower frequency photon (A2) was tuned in the range 
where the molecule was not excited by the absorption 
of the two quanta of A2, the two-photon energy of Xx 

should always be higher than the transition energy. 
Thus, Xx beam necessarily induces a constant background 
on the excitation spectra. However, we were able to 
find suitable wavelengths of Xx to minimize the back­
ground (the wavelength Xx is indicated by arrow in 
Fig. 4) . 

Figure 8 shows the observed spectra using two beams 
of parallel incidence. The top two spectra in each 

TABLE 2. OBSERVED INTENSITY RATIOS OF THE MAIN VIBRONIC BANDS 

AP 

cm-1 

372 > 
715 
854 
931 

1081 
1130 
1202 
1269 
1430 
1538 

' /(bb) 1 

[/(c'c')J 

a) 

1 

' / ( be ' ) " 
7(bb)_ 

b) 

2 

r/(c'b)i 
7(c'c') _ 

b) 

2 

f /(bb) 1 

/ ( c V ) . 

b) 

2 

' J(aa) V 

[/(c'c')J 

a) 

1 

[ /(ac') 1 
/(aa) 

b) 

2 

' /(c'a) * 
7(c'c')_ 

b) 

2 

' /(aa) * 
/ (c ' c ' )_ 

b) 

2 

>25 — — — > 8 0 — — — 
7.9 0.48 0.91 1.9 7.7 — — — 

11 0.27 5.0 19 38 — — — 
<1.2 0.82 0.34 0.41 0.31 — — — 

1.5 0.86 1.27 1.5 3.5 0.68 1.60 2.35 
<1 .4 0.81 0.62 0.76 2.3 0.88 1.64 1.86 

6.7 0.42 1.82 4.5 7.7 1.13 > 3 . 0 > 2 . 6 5 
4.6 0.15 2.78 18 — — — — 
0.32 2.69 1.05 0.38 0.84 > 1 . 6 0 0.67 < 0 . 4 2 
1.8 0.62 1.25 2.0 2.5 0.68 1.57 2.31 

a) Value taken from one beam experiment, b) Value taken from two beam experiment. 

file:///jAfW
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column were taken by simply changing the polarization 
of beam 1 without disturbing the optics or changing 
the sensitivity of the detection system. The lower two 
spectra were taken after a 90° rotation of the crystal 
along the axis of incident beams (the incident beams 
enter the cryostat from the bottom window, see Fig. 1). 
Thus we can directly measure the ratio for an individual 
band, / ( b c ' ) / / ( b b ) , by using the normarized peak of 
the upper two spectra and also 7(c 'b) / / (c 'c ' ) by using 
the lower two spectra in Fig. 8. We can assume that 
the middle two spectra, i.e. Z(bc') and / ( c ' b ) , are 
identical when the frequency difference between the 
photons Xx and A2 is so small that the asymmetric 
property of the two-photon transition tensor can be 
neglected. We can then obtain the polarization ratio 
7(bb)/ / (c 'c ' ) with two beams on the (be') plane. 
Observed polarization ratios in the two beam experi­
ment are summarized in Table 2 together with the 
ratios in the one beam experiments. The reproduced 
intensity ratios 7(bb)/ / (c 'c ' ) or / (aa ) / / (c ' c ' ) for the two 
beam experiments are in line with those measured 
directly from the one beam experiment. 

A part of the polarized spectra using two beams with 
90 degree incidence is shown in Fig. 9. Each spectrum 
is similar to its counterpart in Fig. 8. I t can be concluded 
that the polarized spectra do not depend on the direc­
tion of propagation of the incident laser beams. 

D i s c u s s i o n 

Estimation of the Two-photon Transition Tensor. 
Polarization dependence of two-photon transition can 
be expressed in terms of a 3 x 3 tensor. Consider the 
probability of a two-photon transition i-»f. A com­
ponent of the matr ix element of the two-photon transi­
tion is expressed as follows : 

(aif) AB - 2 erM e 
êA|e><e|p»cB|f> 

tiù)A+ire 

+ 
<i|p-cBle)<e]p-êA|f) 

) • 
(1) 

where | e > is an intermediate state for the two-photon 
process with its excitation energy AEie and a line 
width Te. A and B denote the polarization of the 
incident photons with energy ÈcoA and ftcoB, respectively. 
The complete form of the tensor can be expressed by 
using molecular symmetric axes (L, M , N) as basis 
axes. We have 

a11 = 

^LN 

L ^NL 

(2) 

Generally, <rlt is an asymmetric tensor. I t can be split 
into two parts,8) symmetric and antisymmetric: 

a" = 

^LL 

(^ML + ^LM) 
2 

(^NL + ^LN) 
2 

(^LM + ^ML) 
2 

<*UU 

(^NM + ^MN) 
2 

(^LN + ^NL) 
2 

(^MN + ^NM) 
2 

^NN 

(3) 

* i f = 

(^LM-^ML) ( ^ L N - ^ N L ) 
2 

fall (*MN — * N M ) 

( ^ N L - ^ L N ) (^NM-^MN) 0 

(4) 

If the energy separation between the initial state and 
the intermediate state AE[e is large as compared with 
the incident photon energies, i.e. off-resonance condition 
or energy difference between the two photons fîcoA and 
fleuß is negligible as compared with the AE-ie, o{* can 
be neglected. Therefore, au will be adequately 
approximated by the symmetric form a^. We assume 
that the transition tensor is symmetric even in the 
case of the two beam experiment with different photon 
energies, because the difference of these photon energies 
is very small as compared with the AEie. 

The electronic state in the crystal can be described 
in terms of molecular states in the crystal lattice, i.e. 
the oriented gas model. Knowing the direction cosines 
of the molecular axes in the crystal, we can express 
the polarization characteristics of the two-photon 
transition in an oriented crystal in terms of the molecular 
two-photon transition tensor. The intensity ratio 
between the two polarized spectra I(<xß) and I (yd) 
can be written as 

I(aß) = EAB<rABCOSÖ£cosög|2 

UV*) |SAB^ABCOS0A C O S Ö B|2 ' (5) 

where a, ß, or y, ô denote the crystal axes, and A and 
B the molecular axes. oAB denotes the AB elements 
of molecular tensor of the two-photon transition am­
plitude in Eq. 2, cos 6a being the direction cosine 
between the crystal axis a and molecular axis A. Orien-
tational factor of the two-photon transition of naph­
thalene in durene crystal can be easily obtained since 
the guest molecules are known to be embedded sub­
s t i tu t ional^ in the lattice. L and M indicate the 
molecular long and short axes, respectively, in the 
molecular plane of naphthalene, a, b , and c' indicate 
the crystal axes of durene which are very close to the 
optical axes. Since the projection of axis N, which is 
perpendicular to the molecular plane, are very similar 
to those of axis L, we cannot distinguish their contribu­
tions. However, the contribution from axis N can be 
safely neglected since there are no dipole allowed 
transitions along it for the low-lying electronic states 
of the molecule. Under these conditions, we can easily 
find a leading term of the molecular tensor component 
in the two-photon spectra. As an example, 

/(bb) = C(0.317)*JL 

/(c'c') = C.(0.972)tflM 

/(c'b) = /(be') = C.(0.555){^M + ^ L } 

/(aa) = C.(0.184)<7*L 

/(ab) = /(ba) = C.(0.241)CJ2L 

7(ac') = /(c'a) = C(0.423)frL. + 4 i } 

where C is a constant. 
We can estimate the relative magnitudes of the 

squared elements of the tensor in the first approxima-

(6) 
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tion. If the relative signs of the elements are known, 
iterations using Eq. 5 can be employed to obtain more 
precise values. However, our experimental values are 
not sufficiently accurate to do so and the signs of the 
elements are not known. Corrections on the first 
approximation cannot exceed 10% of the original 
values and are thus ignored. The relative magnitude 
of the squared molecular two-photon transition am­
plitudes are given in Table 3. 

T A B L E 3. RELATIVE MAGNITUDE OF THE TENSOR 

ELEMENTS FOR TWO-PHOTON TRANSITIONS 

At 
cm-1 

715 
854 
931 
1081 
1130 
1202 
1269 
1430 
1538 

2 

0.04 0.14 
0.02 0.08 
0.78 0.23 
0.22 0.25 
0.42 0.23 
0.07 0.12 
0.02 0.04 
0.86 0.77 
0.16 0.18 

2 

Type 

I 
I 
III 
II 
III 
I 
I 
III 
II 

We can draw the following conclusions : ( 1 ) The gross 
features of the polarization measurements indicate that 
ahh is the predominant tensor element. This might be 
due to the fact that most intense low-lying transitions 
of naphthalene are long-axis polarized. Since two-
photon transition should gain intensity from one-photon 
transitions, the behavior is not unexpected. (2) Type I 
bands can be associated with the smallest <rMM; type I I 
with slightly larger <rMM and type I I I with even larger 
^MM, with respect to <7LL. The naphthalene guest 
molecules are so oriented that even a small 

^MM gives 
rise to a large Z(c'c'). (3) The relatively large <rLM is 
somewhat unexpected. For type I and I I bands, all 
the assignments so far are in line with a b 2 u vibration 
in a 1B2u electronic state to yield an overall A g vibronic 
state. No <rLM is expected within the oriented gas model. 
We can either relax the symmetry selection rules by 
introducing the crystal field perturbations or assume 
higher order radiation field-molecule coupling schemes. 
It appears that the former interpretation is more 
reasonable. (4) Type I I I bands can be interpreted as 
either a (LL + M M ) mechanism of an A g vibronic 
symmetry or L M mechanism of a B3 g vibronic sym­
metry. The crystal field perturbation could be operating 
here also with the net effect that polarization behavior 
becomes less distinct. 

Assignments for Prominent Lines Based on the Dominant 
Tensor Elements. Assignments have been made by 
Hochstrasser and Sung12) and by Mikami and Ito13) 
for the individual vibronic transitions of naphthalene 
based on polarization experiments on crystals and by 
Boesel et A/.18) for the spectrum in vapor. Let us discuss 
these assignments (Table 3). 

( 1) 1538 cm"1 : This is the strongest vibronic 
origin of the spectrum. The dominant tensor element 
is ^LL of an A g two-photon tensor, which confirms the 
results reported by the others 1538 c m - 1 in this work 

corresponds to 1540 c m - 1 in durene crystal and 1542 
c m - 1 in neat crystal given by Hochstrasser and Sung, 
to 1535 c m - 1 in pure crystal given by Mikami and Ito, 
and to 1559 c m - 1 in vapor spectrum given by Boesel 
et al. The vibrational assignment of this band seems 
to be well established, i.e. 1538 c m - 1 in the excited 
state has been assigned to a b 2 u species which corre­
sponds to 1375 c m - 1 (vu) of a b 2 u type vibration in 
the ground state. Although this is polarized strongly 
along the LL-component in the neat crystal, we have 
observed a non-vanishing amount of MM-component 
(^MM) in the durene crystal. In the study by Hochstrasser 
and Sung the same characteristics have been observed 
(cf. Réf. 12, Table IV) while the ratio of <rMM to <rLL 

in the neat crystal should be much less than the ratio 
in durene (cf. Réf. 12, Table V) . Another remarkable 
point is existence of the unexpected off-diagonal two-
photon tensor element <rLM. This would not be the 
case on the basis of the assignment described above. 

(2) 1430 cm-1 : Two-photon tensor shows mixed 
polarization. Like other type I I I bands, assignment 
of this band could not be made unequivocally. This 
could be attr ibuted to LM-polarization, characteristic 
of a B 3 g tensor with a b l u vibration. Hochstrasser and 
Sung assigned their 1433 c m - 1 band to a b 2 u vibrat ion 
with a dominant MM-component of an A g tensor. No 
corresponding band was observed in the gas phase. 

(3) 1269 cm'1 : This is polarized dominantly in 
LL-component which means an A g tensor with a b 2 u 

vibration. This agrees with the assignment by 
Hochstrasser and Sung for their 1276 c m - 1 band. No 
corresponding band was observed in vapor. 

(4) 1202 cm'1 : This polarized in the LL-component 
of an A g tensor although an unnegligible amount of 
LM-component was observed. This corresponds to 
1207 c m - 1 by Hochstrasser and Sung and 1206 c m - 1 in 
vapor by Boesel et al., which have also been assigned as 
an A g vibronic transition with a b 2 u vibration. 

(5) 1130 cm-1: Mixed components were observed. 
The polarization characteristics of this band are similar 
to those of 1430 c m - 1 . This could be assigned as L M -
mechanism of a B 3 g vibronic state, although an A g 

tensor with mixed components (LL + M M ) are also 
possible. Hochstrasser and Sung also observed 1140 
c m - 1 band with a similar polarization behavior to 
their 1433 c m - 1 . They pointed out that the appropriate 
tensor is an A g type on the basis of polarization in the 
neat crystal. 

(6) 1081 cm-1 : The tensor pat tern is similar to that 
of 1538 c m - 1 . No corresponding band was observed 
by others. 

(7) 931cm-1: Mixed polarization was observed. 
The tensor pat tern is similar to that of 1430 c m - 1 . We 
assigned this to A g with mixed polarization (LL + M M ) 
confirming the assignment for their 941 c m - 1 by 
Hochstrasser and Sung. Boesel et al. assigned their 
940 c m - 1 band in vapor spectrum to a B 3 g vibronic 
band induced by b l u vibration, and Mikami and Ito 
also assigned their 901 c m - 1 band in neat crystal to a 
B3 g state. The discrepancy might be due to the com­
plicated tensor pat tern of this band which cannot be 
clarified by simple one beam experiments. 
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TABLE 4. ASSIGNMENTS AND MECHANISMS OF TWO-PHOTON TRANSITIONS OF 

T H E MAIN VIBRONIC BANDS ( i n C m 4 ) 

Hochstrasser 
and Sunga) 

(in durene) 

Mikami 
and Itob^ 

(in pure crystal) 

Boesl, Neusser 
and Schlage 

(in gas) 

This work 
(in durene) 

390(blu) 

863 (b3u) 
941 (b2u) 

1102 
1140(blu) 
1194(blu) 
1207(b2u) 
1276(blu) 
1433(b2u) 
1506(blu) 
1540(b2u) 

365 (blu) 

847 (b2u) 
901 (blu) 

1029(b2a) 

H07(b2u) 

1203(b2u) 

1397(b2u) 

1535(b2u) 

355(blu) 
592(b2u) 

865(b3u) 
940(blu) 

1206(b2u) 

1559(b2u) 

372 
573 
715(b2u) LL 
854(b2u) LL 
931(b 2 u )LL+MM 

1081(b2u)LL 
1130(b2ll or b lu) L L + M M or LM 

1202(b2u) LL 
1269(b2J LL 
1430(bltt or b2u) LM or L L + M M 

1538(b2J LL 

a) Ref. 12. b) Ref. 13. c) Ref. 18. 

(8) 854 cm-1 : This band is polarized dominantly 
along LL-component which corresponds to an A g 

tensor, if we assume that the contribution from the N 
axis of the molecule can be neglected. Hochstrasser 
and Sung assigned their 863 c m - 1 in durene to a B l g 

vibronic band on the basis of the anisotropy of the two-
photon signal of the corresponding bands 853 and 857 
c m - 1 in the neat crystal. Boesel et al. also assigned 
their 865 c m - 1 in vapor spectrum to a B l g state induced 
by b 3 g vibration in the excited state. In our analysis 
we cannot distinguish the difference in polarization 
characteristics of LL and NN, because of the orientation 
of the molecule in durene crystal. 

(9) 715 cm-1 : This is polarized along LL-com­
ponent. This band might correspond to 727 c m - 1 in 
the neat crystal spectra by Hochstrasser and Sung. No 
corresponding band was observed in vapor. 

(10) 372, 573 cm-1 and Other Weak Bands: No two 
beam experiments was carried out on these bands 
because of weakness of their two-photon signal. The 
results are summarized in Table 4. 

Intermediate States of the Two-photon Processes in the 
1538 cm'1 Band. The strongest false origin at 
1538 c m - 1 in the spectrum is one of the key bands 
which characterize the two-photon spectrum in the 
lowest excited singlet state ( ^ J of naphthalene. The 
mechanism of the vibronic coupling for this band has 
been discussed in detail based on the polarization 
experiment of the neat crystal. I t was emphasized that 
the vibronic coupling between the excited state and 
the ground state through the b 2 u vibration of 1538 c m - 1 

is involved.13) Let us consider the intermediate states 
for the two-photon transition processes of the band . 
From Eq. 1 we get the following expressions of the 
matr ix element for the two-photon transition. 

{& & \ „ = S i 
# . ( l ) # / / 2 ) 

+ -
„ ( 2 ) . ..(1) 

AEgh - fia)! + irh AEgh - fio)2 + irh 

(^f)MM=2M{ 
. . ( D . / 2 ) 
A*gM A*Mf 

+ " 
# / 2 ) . . ( l ) 

A£gM - fc»i + *TM A£gM - fuo2+iT] d 
(7) 

Where ^ 1
I ? = < g | r - ê 1 | L > , tf8s<M|r-êa|f> etc. L 

denotes an intermediate state of the two-photon process 
with B2 u symmetry and M a state with B l u symmetry. 

/*Lf5 /*Mf denote the transition moment from the inter­
mediate states to the final vibronic level at 1538 c m - 1 

above the origin of the lowest singlet state. We do not 

known the values of ^Lf or fim. However, we adopt 
the vibronic coupling involving the ground state 
described above. The transition moment can be 

estimated from the known values of /*gL or //gM which 
are the transition moments from the ground state to 
the L or M states. The electronic wave function of the 
vibronic state in the first excited state can be expressed 
by a linear combination of the zeroth order wave 
function of the state and that of the ground state with 
the coupling constant of Herzberg-Teller type along 
the normal coordinate of the b 2 u vibration. Transition 
moment from a higher electronic excited state L or M 
to the vibronic state expressed by such an approxima­
tion can be split into two terms, the transition moment 
from L or M to the zeroth order first excited state, and 
that from L or M to the ground state multiplied by a 
Herzberg-Teller coupling constant. Since the L or M 
state is an optically allowed state from the ground state 
and should have an ungerade symmetry, the former 
term in the transition moment would vanish in the 
framework of approximation. The second term con-

tributes to the transition moment /*Lf or /*Mf. We can 
safely assume that the transition moments from a higher 
electronic excited state L or M to the vibronic state are 
proportional to the transition moments from the L 
or M state to the ground state. Neglecting the differ­
ence between fico^ and ftco2 in Eq. 7, we have the following 
expressions for the two-photon tensor elements : 

) • ( 

ftgL'/^Lg 

K 0 M M = 2 1 ] M 

AEgh-tia) + irh 

Mgu'Mug 
\ A £ g J \A£gM-Aû> + i r M 

)i 
(j&-

(8) 
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where Hf
ge denotes the matrix element of the Herzberg-

Teller coupling. 
By means of the expressions we can estimate (^MM/^LL) 2 

by using the observed values of the oscillator strength 
f and the excitation energies of the low-lying TZ-TZ* 
excited states. The values are as follows22) 

S ^ B ^ : L-polarization) / = 0.002 AE = 32200 cm"1 

S2(xBlu: M-polarization) / = 0.18 AE = 35000 

Sa^B^: L-polarization) / = 1 . 7 0 AE = 45300 

S4(
1B2u : L-polarization) f&O .2 AE = 52500 

S5(
1Blu : M-polarization) f**0.6 AE = 59800 

Taking 16500 c m - 1 as the photon energy of the incident 
photon fico and neglecting the line width /""s, we have 
1 .7x l0~ 8 cm 2 for the (a)lL with unit Herzberg-Teller 
constant. The contribution to the two-photon tensor 
element arises mainly from S3 and S4 with constructive 
sum. For the MM-component the constructive sum 
of the contributions from the two M-polarized excited 
states S2 and S5 has also been considered, (^)MM being 
found to be 2 . 2 x l 0 ~ 9 c m 2 with the same unit . The 
calculated ratio (^MM/^LL)2 is then 0.13, the value 
observed being 0.16. In spite of the simple estimation 
agreement between the estimate and observed values 
is fairly good. The ratio calculated with a contribution 
from a single excited state to each component turns 
out too large or too small as compared with the value 
obtained. The destructive interference between the 
contributions in each tensor component from any two 
excited states can be neglected because neither excited 
state is below the energy of the incident photon. From 
the results we conclude that all the low-lying electronic 
states contribute as the intermediate states for the two-
photon transition to the 1538 c m - 1 vibronic state in the 
lowest singlet state. This seems to be reasonable since 
the energies of both incident photons co1 and co2 in this 
experiment are far from the excitation energies of the 
intermediate states, viz., the off-resonance condition 
in the two-photon absorption processes. In the off-
resonance condition all the low-lying electronic states 
should contribute to the two-photon processes, as in 
the case of the off-resonance condition in R a m a n 
processes. 

Crystal Field Effects on the Two-photon Transition. 
If we assume the oriented gas model for two-photon 
spectra in the crystal, we should have no off-diagonal 
matrix element <rLM (and <rML) of the molecular two-
photon tensor of A g type. However, as shown in 
Table 3, a considerable amount of off-diagonal com­
ponent was observed even in A g vibronic states. For 
example, the 1538 c m - 1 band has already been assigned 
to the A g vibronic state composed of b 2 u vibration in 
the 1B2 u electronic state from both crystal and vapor 
spectra. For the sake of confirmation we have carried 
out detailed polarization measurement of the band using 
two beams on the three different crystal faces of durene. 
The ratios of intensities of different polarizations as 
compared to the strongest component / ( ab ) are given 
in Table 5, together with calculated ratios using the 
estimated values of the squared ratio of the two-photon 
tensor elements (Table 3) ; <7LL=1.00, tfMM—0.16, ^LM = 

TABLE 5. RELATIVE INTENSITIES OF THE STRONGEST 

FALSE ORIGIN AT 1538 CM"1 IN THE POLARIZED 

SPECTRA OF DIFFERENT CRYSTAL FACES 

/(aa) /(bb) /(c'c') /(ab) /(be') 7(ac') 

Obsd ratio 0.97 0.65 0.38 1.00 0.41 0.68 
Calcd ratio 0.38 0.66 0.32 1.00 0.41 0.32 

0.18. We see that the estimated values of the squared 
tensor elements reproduce the polarization ratios for 
different crystal faces fairly well. The predicted behavior 
and that of observed polarization of the vibronic states 
are more or less in agreement. 

In order to understand the strange polarization effect 
of the two-photon transition in the crystal, we should 
take into account the crystal field effect on the molecular 
states. Group-theoretically the tensor of the molecule 
embedded in the site of the durene crystal is no longer 
diagonal since the site symmetry of the crystal is Ci 
and all the g molecular states fall into A g symmetry 
in the Ci site group. In this case three different crystal 
field mixing processes of the states in the crystal can 
be considered. (1) Mixing of the normal modes of the 
molecular vibrations in the crystal due to molecular 
deformation. For example, the vibrational mode 
mixing between b 2 u vibration and b l g vibration causes 
mixing of the two-photon states of A g symmetry and 
of B 3 g symmetry. In this process, redistribution of the 
two-photon intensity among all the vibronic states of 
the same electronic state would take place. This is 
not very likely since no intense bands with a <rLM com­
ponent can be identified that can share <rLM with the 
A g vibronic state. (2) Mixing among the intermediate 
states of the two-photon processes is possible. One 
intermediate state with B2 u symmetry (L-polarization), 
for example, will interact with the other intermediate 
state with B l u symmetry (M-polarization) in the 
presence of the crystal field or due to the molecular 
deformation in the crystal. In this case, the apparent 
LM-component of the tensor due to the crystal field 
perturbation Vc can be expressed as 

- * • - * • 

, ovn | X M - 2 L ( > * 
+ 2^\AEgH-fuo + irJ (9) 

where ALM==<L|FclM>/AisLM stands for the interac­
tion between the intermediate states L and M . Using 
the same assumption and oscillator strengths for the L 
or M states employed in the preceding section, we 
require a very large value of ALM (more than unity) for 
any pair of the states L and M to reproduce the observed 
ratio (^LM/^LL)2- Such a large coupling is not likely. 
(3) The third process is interstate coupling between 
the vibronic state and other two-photon allowed 
electronic state with g symmetry. At least two g-
electronic states in near U V region have been 
observed.11»23) The lower one has been assigned to a 
B 3 g electronic state in consideration of theoretical 
calculations. The other state has been assigned to an 
A g electronic state. We can expect the mixing of wave 
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functions of the vibronic state A g with that of the 
electronic B 3 g and/or of the electronic A g states. Such 
a mixing could provide a mechanism for the appearance 
of ^LM in an A g vibronic state. The perturbed wave 
function of the vibronic A g state in the B2 u state (with 
a reduced symmetry of A) can be found by application 
of perturbation theory using the crystal flield pertur­
bation Vc and the perturbing electronic state B which 
has originally a B 3 g symmetry. Two-photon transition 
tensor of the true crystalline state of the vibronic A 
state can be expressed as 

' L L 'LM 

I aUh 0MM J crystal 

' L L 0 

0 ÖMM Jmol 

, <A|Fe|B> 
AE, 'AB 

^LM 

UML 0 J 
(10) 

mol 

where the perturbation on the ground state is neglected 
and contributions from axis N are omitted. From 
Table 3, the ratio of the K M | 2 to K total) | 2 ( H * L L | 2 + 2 -
K M | 2 + K M | 2 ) is found to be 0.12. The strength of the 
two-photon transition to the B 3 g electronic state (located 
at about 44400 cm - 1 ) is about ten times that of the 
A g vibronic state.11) The mixing coefficient, 
< A | F C | B > / A J E ' A B 5 is therefore estimated to be 0.11 or 
less. If we take the energy separation between the 
vibronic state and the B 3 g state as A£ ,

A B = 9 3 0 0 c m - 1 , 
the interaction energy <^A|FC|B^> due to the crystal 
field is estimated to be about 990 c m - 1 . 

In order to ascertain the possibility of the crystal field 
mixing mechanism (3), there are no other suitable 
physical quantities in the excited state of the molecule 
which is directly related to the perturbation. However, 
if we assume that the stabilization energy of the excited 
molecular state in the crystal is almost of the same 
order of magnitude as that of the ground state, we can 
estimate the order of magnitude of the crystal field 
effect in the excited state. The total energy of an 
excited molecule A in a crystal can be written as 

^(crystal) = £A(gas) + <A|FC|A> + B , -l<AlFelB>l« 
A£AB 

(H) 

if we regard the [isA(crystal)— EA(gas)] as the heat of 
sublimation of naphthalene (or durene). We have 
6 x 103 c m - 1 / molecule for the stabilization energy of a 
molecule in crystal from the gas phase.24) Since excited 
states are generally more polarizable, the value probably 
represents a lower limit of the stabilization energy of 
an excited molecule in the crystal. Actually the polari-
zability of the lowest singlet excited state of naphthalene 
is slightly larger than that of the ground state.25»26) 
Considering only one perturbing state B and taking 
the value 990 cm" 1 for < A | F C | B > , we have 105 cm"1 / 
molecule for the second order polarization energy term 
in Eq. 11, which is one or two orders of magnitude less 
than the total stabilization energy in the crystal. 
Although it is not known what percentage of stabilization 
energy is due to the second order contribution in Eq. 11, 
the estimated value may not exceed the total second 
order polarization energy. O u r estimate of the strength 
of crystal field perturbation on the guest molecules 
appears to be reasonable. 

In the absorption study of the first singlet excited 
state of naphthalene in durene, McClure27) reported an 
unexpected polarization behavior of many vibronic 
bands. Crystal field mixing on the one-photon spectra 
causes only reduction in the polarization ratios. In 
order to confirm the effect, very accurate measurements 
on the relative intensities of the spectra are required. 
O n the other hand, in the two-photon experiments we 
have more degrees of experimental freedom on the 
polarization measurements than in the case of one-
photon spectra. I t is easy to find out the crystal field 
effects from the unexpected polarization. Two-photon 
transition tensors depend on more precise electron 
distributions in the ground and excited states than the 
one-photon transition dipoles. Crystal perturbation on 
the molecular wave function will give rise to more 
effects on the two-photon tensors. 

Possibility of Optical Kerr Effect. Another possible 
cause for the unexpected off-diagonal component of the 
two-photon transition tensor in the crystal can be 
attr ibuted to the occurrence of electric field-induced 
birefringence by optical light beam, i.e., optical Kerr 
effect.28) A strong polarized monochromatic laser beam 
at frequency v1 induces birefringence change in a 
medium so that the other polarized light beam at 
frequency v2 becomes partially depolarized when the 
two beams pass through the medium simultaneously. 
Resonance enhancement of the Kerr effect can efficiently 
depolarize the beam originally polarized. The resonance 
effect occurs when the photon energy 2vl9 2v2, \v1—v2\, 
or v1-\-v2 coincides with the proper molecular transitions. 
In the case of R a m a n resonance, i.e., when \v1—v2\ 
corresponds to the molecular vibrational energy of a 
R a m a n active mode, this resonance enhancement of 
the optical Kerr effect has been observed and is known 
as Raman-induced Kerr effect.29). We can expect a 
similar enhancement effect on the two-photon resonance, 
when v1-\-v2 matches the energy of a strong two-photon 
allowed molecular transition. If this is the case, / /b-
polarization of vx photon produces //b-polarization of v2 

polarized originally along ± b . As a result, apparent 
signal / ( / / b , ± b ) is nearly a mixture of 7(/ /b, //b) and 
7 ( ± b , ± b ) factorized by the ra t ioof the generated light 
intensity divided by the original intensity. Since the 
factor is supposed to be very small, the anomalous 
polarization observed is too large to be explained 
completely as a result of the effect. 

One of the authors (N. M.) wishes to thank Professor 
M . I to, Tohoku University, for his encouragement. 
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The mean activity coefficients of Methyl Orange (MO), Ethyl Orange (EO), Propyl Orange (PO), and 
Butyl Orange (BO) in aqueous solutions ranging in concentration from 10~3 to 10~2 mol kg - 1 have been determined 
by means of isopiestic measurements at 50 and 60 °G respectively. It has been found that the mean activity coeffi­
cients of MO being the largest, and those of BO, the smallest. The coefficients have been found to decrease with 
an increase in the dye concentration. The examination of the results by Milicéivic treatment suggests that MO, EO, 
and PO are present as a monomer or a dimer, while BO exists as a trimer at 60 °G. 

Most of the anionic dyes are sodium salts of aromatic 
sulfonic acids. In aqueous solutions, they have been 
known to be dissociated completely and to be capable 
of intermolecular interactions through the hydrophobic 
groups of the dyes.1-3) Consequently, the mean activity 
coefficients of such dyes in aqueous solutions may be 
governed by the hydrophobic groups in the dye anions. 

Since there have been few reports on the mean 
activity coefficients from the above-mentioned point of 
view, it seemed that it might be worthwhile to examine 
the mean activity coefficients of the dyes with various 
alkyl groups in the dye molecules. 

In this paper, the mean activity coefficients of Methyl 
Orange and its homologs, such as Ethyl Orange, Propyl 
Orange, and Butyl Orange, in aqueous solutions will 
be determined by means of isopiestic measurements, 
and the results will be examined by Milicéivic treatment. 

E x p e r i m e n t a l 

Materials. Methyl Orange (MO), Ethyl Orange (EO), 
Propyl Orange (PO), and Butyl Orange (BO) were used in 
this experiment. The MO was prepared by coupling diazo-
tized sulfanilic acid with JV,iV-dimethylaniline in a weakly 
acetic acid solution; it was recrystallized three times from 
water. The EO, supplied by the British Drug House Co., 
was of a reagent grade; it was isolated by column chroma­
tography on activated alumina and then further purified by 
recrystallization from ethanol. The PO was synthesized from 
sulfanilic acid and iVjiV'-di-n-propylaniline by procedures simi­
lar to those used for M O ; it was then purified in a manner 
similar to that used for EO. The BO, supplied by the 
Eastman Kodak Co., was also of a reagent grade; it was 
purified by procedures to those used for EO. 

Vapor-pressure Osmotic Measurements. The vapor-pressure 
osmometry may also be applicable to the examination of the 
physical properties of such electrolyte solutions as a dye solu­
tion. All the vapor-pressure osmotic measurements were 
carried out at 50 and 60±0.1 °C4> using a Hitachi molecular-
weight apparatus, Model 115. The difference in electrical 
resistance of a pair of matched thermistors is measured when 
a drop of a dye solution on one thermistor and a drop of water 
on the other thermistor evaporate isothermally in a closed 
compartment saturated with water vapor. From this value, 
the resistance difference when water drops are placed on both 
thermistors is subtracted; the resulting value, AR, is known to 
be dependent linearly upon the osmotic concentration of the 
dye solution :5»fl> 

ARk = - In (plp0) = v^>m2lm1 (1) 

where A; is a constant dependent on the temperature of the 

solution and the instrumental characteristics; p and/>0 are the 
partial pressures of the solvent over the solution and over the 
pure solvent ; v is the number of the particles into which the 
solute dissociates; <j> is the osmotic coefficient, and m2 and m1 

are the solute and solvent molarities respectively. Urea was 
used in order to determine the numerical values of £,7»8> so 
the 0 values could be obtained by means of Eq. 1. 

The evaluation of the mean activity coefficient of an elec­
trolyte can be made as follows.9) The Gibbs-Duhem equation 
is applied to the derivation of the interrelation between the 
osmotic coefficient and the mean activity coefficient, y±. 

(2) 

(3) 

d l n y ± = à<j> -f (<j>— l )dlnm 2 

lny±= (0-1) + £(0-l)dlni 

The integration can be carried out graphically from the 
plot of (1— 0)m2

-1 vs. m2. 
Table 1 gives the measured resistance differences, AR, of 

urea solutions at 50 and 60 °G respectively. The numerical 
values of k are also shown in Table 1. 

TABLE 1. MEASURED RESISTANCE DIFFERENCES, AR, AND 

CONSTANTS, k, OF UREA SOLUTIONS AT 5 0 AND 6 0 °G 

10-3m2 

mol kg - 1 

2.0 
4.0 
6.0 
8.0 

10.0 

Mean 

AR 
Q 

5.2 
9.9 

15.2 
19.6 
24.7 

50 °G 

I O - 6 * 

Q-1 

6.92 
7.27 
7.10 
7.34 
7.28 

7.18 

AR 
Q 

3.6 
7.6 

11.4 
14.9 
18.4 

60 °G 

I O - 6 * 
ß - 1 

9.99 
9.47 
9.47 
9.67 
9.77 

9.67 

R e s u l t s and D i s c u s s i o n 

Measured Resistance Differences. The measured 
resistance differences, AR, of M O , E O , P O , and BO 
solutions at 50 and 60 °C are plotted against m2 in Figs. 
1 and 2 respectively. From Figs. 1 and 2 it may be seen 
that the plots of urea solutions are almost linear, while 
the plots of the dye solutions display slight downward 
curvatures. I t is noteworthy that the AR values of 
M O solutions are the largest, while those of BO solutions 
are the smallest. All of the AR values of the dye solutions 
are smaller than twice the AR values of urea solutions. 

Osmotic Coefficients. The osmotic coefficients, <j>, of 
M O , E O , P O , and BO solutions ranging in concentra­
tion from 1 0 - 3 to 10 - 2 mol k g - 1 were obtained from the 
AR values given in Figs. 1 and 2 by means of Eq. 1 ; 
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TABLE 2. OSMOTIC COEFFICIENTS OF METHYL ORGANGE, ETHYL ORANGE, PROPYL ORANGE, 

AND BUTYL ORANGE AQUEOUS SOLUTIONS AT 50 AND 60 °G 

10-3 m2 
Methyl Orange Ethyl Orange Propyl Orange Butyl Orange 

mol kg - 1 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 

50 °G 

0.918 
0.888 
0.858 
0.848 
0.854 
0.853 
0.830 
0.823 
0.821 
0.822 

60 °G 

0.994 
0.941 
0.932 
0.914 
0.908 
0.900 
0.895 
0.894 
0.884 
0.881 

50 °G 

0.918 
0.858 
0.818 
0.798 
0.782 
0.772 
0.761 
0.756 
0.750 
0.747 

60 °G 

0.994 
0.927 
0.925 
0.868 
0.855 
0.842 
0.825 
0.816 
0.806 
0.798 

50 °G 

0.878 
0.818 
0.792 
0.768 
0.758 
0.748 
0.747 
0.736 
0.730 
0.729 

60 °G 

0.994 
0.927 
0.896 
0.856 
0.849 
0.838 
0.818 
0.810 
0.797 
0.793 

50 °G 

0.858 
0.768 
0.719 
0.694 
0.687 
0.672 
0.664 
0.656 
0.652 
0.649 

60 °G 

0.914 
0.779 
0.744 
0.705 
0.693 
0.685 
0.672 
0.665 
0.657 
0.656 

200] 

5.0 

10~3 m2/mol kg - 1 

Fig. 1. Measured resistance differences of solutions of 
Methyl Orange and its homologs at 50 °G. 
O : Methyl Orange, A : Ethyl Orange, Q : Propyl 
Orange, £ : Butyl Orange, : urea. 

5.0 

10~3 m2/mol kg"1 

10.0 

of Fig. 2. Measured resistance differences of solutions 
Methyl Orange and its homologs at 60 °G. 
O : Methyl Orange, A : Ethyl Orange, Q : Propyl 
Orange, 0 : Butyl Orange, : urea. 

they are shown in Table 2. All of the <j> values of the 
four dyes are seen to be much smaller than unity. The 
<j> values of the M O solution are the largest, while those 
of the BO solution are the smallest. These results 
strongly suggest that the aqueous solutions of these dyes 
deviate from the ideal. 

Determination of Mean Activity Coefficients. The 

5.0 10.0 
10~3 m2/mol kg - 1 

Fig. 3. Plots of (1— <f>)m2~
1 against m2. 

O-* Methyl Orange, A : Ethyl Orange, •*. Propyl 
Orange, £ : Butyl Orange. 

determination of the mean activity coefficients, y±, was 
made as follows. The (1—^)w - 1 at 50 °C was plotted 
against m2 as is shown in Fig. 3 . After the plot has 
been extrapolated to zero concentration, the area under 
the curve was measured and the y± values were calculat­
ed according to Eq. 3. The y± values of M O , E O , P O , 
and BO at 50 and 60 °C are shown in Table 3. These 
values are comparable to those of C. I . Direct Blue 
1 io,ii) i n Table 3 it may be seen that the y± values 
are much smaller than unity and decrease with an 
increase in the chain length of the alkyl groups in the 
dye molecules. These results strongly suggest that the 
mean activity coefficients are influenced by the hydro­
phobic parts of the dye molecules: i.e., the differences 
in the y± values among these four dyes are at tr ibutable 
to the association of the dye anions. 

Examinations of Results by Milicêivic Treatment. 
Since these dyes are known to dissociate completely in 
aqueous solutions, and since the ionic strengths of these 
solutions are small, the Debye-Hückel limiting law may 
be supposed to hold. The relation between the mean 
activity, a±, and the mean association number of the 
dye anions, w, can be derived from the Debye-Hückel 
limiting law:12) 

log a± = log m2 - — — log n - Anm2/J^^- (4) 

where; a± — y±m2 (5) 
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TABLE 3. MEAN ACTIVITY COEFFICIENTS OF METHYL ORANGE, ETHYL ORANGE, PROPYL 

ORANGE, AND BUTYL ORANGE AT 50 AND 60 °C 

10-1 m2 
Methyl Orange Ethyl Orange Propyl Orange Butyl Orange 

mol kg-1 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

50 °G 

0.850 

0.776 

0.722 
0.702 
0.691 
0.683 

0.684 

0.684 

0.674 

60 °G 

0.960 

0.879 

0.858 

0.826 

0.807 
0.793 

0.807 

0.792 
0.761 

50 °G 

0.838 

0.737 

0.664 

0.632 
0.603 
0.591 

0.568 

0.563 
0.548 

60 °G 

0.945 

0.846 

0.800 

0.740 
0.723 

0.712 
0.671 

0.662 
0.623 

50 °G 

0.771 

0.666 

0.627 

0.582 
0.569 
0.543 

0.559 

0.538 

0.518 

60 °G 

0.934 

0.831 

0.773 
0.716 

0.719 
0.694 

0.658 

0.658 

0.616 

50 °C 

0.743 

0.601 

0.527 
0.485 

0.484 
0.460 

0.452 
0.438 

0.431 

60 °G 

0.795 

0.623 

0.555 

0.507 

0.484 
0.481 

0.459 

0.453 

0.433 

2.0 2.5 

- l o g m2 

Fig. 4. Mean activities of Methyl Orange and its 
homologs at 50 °G. 
O : Methyl Orange, A : Ethyl Orange, Q : Propyl 
Orange, £ : Butyl Orange. 

Also, if the electronic charge and the gas constant are 
taken as 4.80 x 10"10 esu and 8.31 x 10~7 erg °G mol"1 

(1 e r g = l x 10~7 J ) respectively, 

1.825x10« MM1 r (6) 

where D0 and p0 are the dielectric constant and the 
density of the solvent at a temperature, T, respectively. 

The mean activities of M O , EO, PO, and BO at 
50 and 60 °C are plotted against log m2 in Figs. 4 and 5 
respectively. The solid lines in Figs. 4 and 5 are theore­
tical lines drawn according to Eq. 4. In Fig. 4, the 
plots for M O and E O are seen to be close to the dimer 
line (n=2), the plots for PO, close to the trimer line 
(n = 3), and the plots for close to the tetramer line 
(n=4). These results indicate that the M O and EO 
dye anions are present as dimers, the P O anions, as 
trimers, and the BO dye anions, as tetramers, on the 
average, at 50 °C. From Fig. 5, M O , E O , and PO are 
seen to exist as monomers or dimers, and BO, as trimers, 
at 60 °G. 
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2.5 

- l o g m2 

Fig. 5. Mean activities of Methyl Orange and its 
homologs at 60 °G. 
O-* Methyl Orange, A : Ethyl Orange, Q : Propyl 
Orange, 0 : Butyl Orange. 
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Simultaneous Measurement of Photoacoustic and Excitation Spectra 
for the Evaluation of Quantum Efficiencies of 

Uranium-mica Type Compounds 
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(Received April 3, 1979) 

A new method of estimating the absolute quantum efficiency of a phosphor material based on the simultaneous 
measurement of photoacoustic and fluorescent excitation spectra is presented. The method is distinguishable 
from previous methods in that a reference material is not required. The method has been successfully applied to 
uranium-mica compounds. The transition rate constants for the radiative and non-radiative processes have 
been obtained on the basis of the quantum efficiency and fluorescence life time data. 

The determination of the absolute quan tum efficiency 
of fluorescence may be achieved either by determination 
of a defined fraction of the fluorescent radiation, or by 
the measurement of the complementary part of the 
non-radiative process by calorimetry.1) The former 
optical method appears to be more popular due to the 
relatively sensitive detection of the fluorescent radiation, 
which is more sensitive than thermal detection. Elec­
tronic units and components are also readily available. 
The actual determination of quan tum efficiency, 
however, consists of various processes and the necessary 
corrections, and results are generally of low accuracy. 

Determination with the aid of photoacoustic spectro­
metry belongs to the latter case. Lahmann and 
Ludewig2) compared the photoacoustic signal of the 
sample solution of rhodamine 6G with that of a reference 
solution of K 2 C r 2 0 7 which is nonfluorescent but has 
comparable absorption coefficients. Adams et Û/.3) 
determined the quan tum efficiency of quinine bisulfate 
in aqueous solution utilizing the quenching effect of 
fluorescence by halide ions. 

A study of photoacoustic spectra combined with 
fluorescence spectra enables the flow of the relaxed 
energy passing through both processes, radiative and 
non-radiative, to be traced.4) Simultaneous detection 
of the photoacoustic and excitation signals as a function 
of the wave length of the exciting light enables the 
determination of the absolute quan tum efficiencies of 
fluorescence, as discussed on the uranium-mica type 
compounds in the present study. 

E x p e r i m e n t a l 

Apparatus. The system for the simultaneous measure­
ment of photoacoustic and excitation spectra is shown in Fig. 
1, where the system for measuring emission spectra and 
luminescence life times is also shown. The exciting light from 
the xenon lamp (300 W) is chopped (CHI) at 80 Hz and 
monochromated at SPl(JASCO, GT-25N) and irradiated on 
the sample cell (PFC), the details of which are reported in 
this journal.5) The photoacoustic signal is detected by a 
microphone (SONY, Electlet condenser type, FET buffer 
included, parts number 8-814-196-50) attatched on the cell, 
amplified at PI, introduced to a lock-in amplifier L2 (NF 
Circuit Design Block, LI-574) and recorded on R2. The 

t Present address : National Chemical Laboratory for Indus­
try, 1-1 Yatabe-cho Higashi, Tsukuba-gun, Ibaraki 305. 

Si S2 Evh 
PFC r 0 ^ SP2 

F 2 l n 
XFL' 

HgL 
SPi 

LT 

L<4> 0 CHi 

Li H R 1 

XYR 

CMT 

-f>L 
- ^ ^ - X e L 

L2 H R 2 

XY0 

Fig. 1. Block diagram showing the system for simulta­
neous measurement of photoacoustic and fluorescent 
excitation spectra. The system for measuring emission 
spectra and fluorescent life time are also shown. 
XeL: Xenon arc lamp, L: lenses, CHI and CH2: 
light choppers, HgL: mercury lamp, Fl and F2: 
filters, PFC: sample cell, SI and S2: sample position, 
THV: trigger circuit and power supply for xenon 
flash lamp, XFL: xenon flash lamp, PM: photomulti-
plier, PI, P2, and P3: preamplifiers, LI and L2: lock-
in amplifiers, Rl and R2: recorders, LT: signal 
processor unit with a microcomputer, XYR: XY-re-
corder, CMT : magnetic cassette tape, XYO : XY-oscil-
loscope, SPI and SP2: spectrometers. 

optical signal is filtered at SP2, detected by a photo-
multiplier (PM), amplified (P3 and LI) and recorded on R l . 

In the measurement of emission spectra, the sample is 
irradiated with UV light (365 nm) from a mercury lamp 
(HgL) and the fluorescent emission is monochromated by the 
spectrometer SP2 (NIKON, P-250), chopped (CH2), and 
detected by the photomultiplier PM. With the luminescence 
life time measurement, the sample specimen is placed in the 
S2 position instead of the SI position and, is excited by a 
xenon flash lamp XFL. The fluorescent signal is detected 
(PM), amplified (P2), and introduced to the life time meas­
uring system LT, the details of which will be published 
elsewhere.6) 

All measurements in the present study were taken at room 
temperature. 

Samples. The samples used in the present study are 
the same as those described previously.7»8) 

R e s u l t s a n d D i s c u s s i o n 

Procedure for Determining Quantum Efficiency. In a 
system which is not chemically reactive to visible light 
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LU 

Fig. 2. An energy diagram tentatively given for derivat-
ing the relations of quantum efficiency calculation. 
F: Radiative process, N: non-radiative process. 

irradiation, photoacoustic spectrometry provides a 
complementary system to fluorescent spectrometry 
which deals with the radiative process. A method of 
estimating the absolute quan tum efficiency of fluores­
cence Q F is presented in Fig. 2, based on a simple model 
of energy diagram where the ground state G and the 
excited state B of a broad band is given with a separa­
tion of AE. Assuming the system absorbs light energy 
E larger than AE, the system will release heat energy 
and will return to the bottom of the band, from which 
the system will relax to the ground state G by a radiative 
(F) and/or non-radiative (N) transition. The intensity 
of the fluorescent emission IF(E) caused by the excitation 
of light with energy E is given by 

IF(E)=k.ß(E).(lF-IEX(E), (1) 

where A: is a measuring constant, ß(E) is an absorption 
coefficient for the light energy E, and IEx(E) is the 
intensity of the exciting light at energy E. T h e photo-
acoustic signal is proportional to the output of thermal 
energy, which is given as the sum of the excess energy, 
E—AE, and the energy released in the non-radiative 
process N . Thus the photoacoustic intensity IP(E) is 
given by 

LU 

JU. 

LU 

a. 

,_, 
LU 
U. 

N> 
LU 

a. 

a. 

b. 

c. 

^-

AE 

AE 

_^E 

- — E 

Eo AE 

Fig. 3. Expected intensities of fluorescent (a) and 
photoacoustic (b) output based on the diagram of 
Fig. 2, and their ratios (c) as a function of the exciting 
energy E. 

Ir(E) = l.ß(E)-IE%(E).[(E-AE) + AE(l-(lF)] 

= l-ß(E)-IEX(E).(E-AE.QT), (2) 

where / is a measuring constant. Supposing that ß(E) 
and IEX(E) are taken as invariant, the IF(E) and Ir(E) 
will be given as functions of the energy E as in Fig. 3 . 
Taking the ratio of Ip(E) and IF(E), the ß(E) and 
IEX(E) terms vanish giving: 

h{E) k 
E-AE.QT 

(3) 

The IF(E)IIF(E) ratio will be directly related to E as 
shown in Fig. 3c. Extrapolation leads to an energy of 
£"0 as in the following; 

k Or h(E) 
i.e., 

E0 = AE.QF 

(4) 

(5) 
The quan tum efficiency will be given as 

dF = EJAE. (6) 

Experimentally, the E0 value will be obtained as a 
crossing point on the E axis in the extropolation of the 
plots of IP(E)/IF(E) versus E, and the AE value will be 
obtained as the center of the gravity of the emission 
spectra. 

The method of estimating the quantum efficiency 
presented here is an improvement of those reported 
to date,2»3) in that reference materials and quenched 
samples are not required. In addition, the simultaneous 
measurement followed by the plotting of intensity ratios 
of both spectra removes the need for corrections for the 
power spectrum and the drift of the exciting light. 

Quantum Efficiencies of Uranium-micas. A series of 
uranium-mica type compounds containing uranyl ions 
as fluorescent centers may be considered as one of those 
which have an energy diagram similar to that discussed 
above. Figure 4 shows an energy level diagram for the 
uranyl (VI) ion based on the paper of Bell and Biggers9) 
which appears to be the most widely accepted diagram 
for uranyl salts. The totally symmetric singlet ground 
state 12J is split into five sublevels due to symmetric 

E 
o 

St 
O 

\ 
LU 

M 

±m 

% 

Fig. 4. Energy level diagram showing the transitions of 
excitation and fluorescent process for uranyl(VI) ion.9> 
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stretching in the ground state, while the lowest excited 
state 3IIU and the second lowest excited state 3AU are 
also split into the twelve and seven sublevels, respec­
tively, due to the symmetric stretching in the excited 
state. The average spacings of the sublevels are approxi­
mately 750—860 c m - 1 depending on the respective 
sample*10-12) The luminescence appears to occur from 
the lowest one or two sublevels to the ground state 
sublevels showing six emission peaks. The emission 
peak at the shortest wavelength has a relatively small 
intensity of about 1 /30 of the total intensity suggesting 
that the contribution to the emission from the second 
lowest sublevel is negligibly small. 

600 500 

500 400 

Fig. 5. Fluorescent emission spectra (a), fluorescent 
excitation spectra (b), and photoacoustic spectra (c) 
of Ba(U02)2(P04)2wH20. The latter two spectra 
was simultaneously measured. 

The emission spectra of B a ( U 0 2 ) 2 ( P 0 4 ) 2 - w H 2 0 , one 
of the prepared uranium-mica samples, are also shown 
in Fig. 5. The main features of the three spectra for 
other uranium-mica samples are very similar except for 
shifts in the peak values of approximately 5 n m in the 
respective spectra. 

Plots of the Ip(E)jlF(E) ratios versus the exciting 
energy E for the case of Ba-containing uranium-mica 
samples are given in Fig. 6, where the six points in the 
lower energy region fall on a straight line giving the 
experimental E0 value on the abscissa. The experimental 

0.6| 

g 

0.2h 

r o 

/ • • • 1 
r / 
L / 

1 ! / i ! i f 1 
"0 1 Eo 2 3 

E/Wcm-1 

Fig. 6. Plots of the intensity ratios of photoacoustic and 
fluorescent excitation signals as a function of the 
exciting energy E. 

AE value has been tentatively evaluated as 1.92 X 10* 
c m - 1 (520 nm) from the peak position of the envelope 
curve of the emission spectra (Fig. 5a). The value of the 
quan tum efficiency, calculated from Eq. 6 is 0.7. The 
value of quan tum efficiency obtained using similar 
procedures for the other uranium-micas are given in 
Table 1. The E0 value of 1 . 9 2 x l 0 4 c m " 1 has been 
constantly applied in the estimation of quan tum 
efficiencies of other uranium-micas. The error from this 
approximation is estimated as ± 4 % . Table 1 includes 
the fluorescence life times and the transition rate 
constants which will be discussed later. 

In Fig. 6, some of the data in the higher energy 
region deviate from linearity. This deviation was also 
found in other unanium micas, where the number of 
points falling on the line ranges from 4 to 7 out of 
fifteen. 

The reason of the observed deviation appears to be 
due to the grain size ô of the sample powder. For a 
photoacoustic signal Ps from a solid sample,11) Ps varies 
as a rather complex function of the parameters concern­
ing the sample and/or experimental conditions such as 
absorption coefficient ß, thermal conductivity, grain 
size ô, chopping frequency a>, etc. For the samples 
studied here the relation between ô and the optical 
penetration distance, ju, which is defined as l/ß, appears 
to be responsible for the deviation. 

In the situation that n is larger than ô, the acoustic 
signal Ps is proportional to ß, whereas if ju is comparable 
to or smaller than ô, the acoustic signal Ps remains 
constant and independent of ß. This indicates that 
in the energy region with a relatively large ß around 
400—450 nm, the optical penetration distance ß is equal 
to or smaller than <5, so that the intensity of the photo­
acoustic signal will be reduced to some extent, resulting 
in deviation from linearity. The plots in the higher 
energy region appear closer to the line than those in 
the middle energy region which appears to correspond 
to a lower ß value in this region. Samples having a 
large grain size such as M g ( U 0 2 ) 2 ( P 0 4 ) 2 n H 2 0 : M n 
(0.03 mol%) show large deviations, while fine grain 
samples such as Z n ( U 0 2 ) 2 ( P 0 4 ) 2 w H 2 0 : Cu (0.01 
mol%) do not show deviations. It may be concluded 
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T A B L E 1. D A T A OF QUANTUM EFFICIENCY Q, F , FLUORESCENCE 

LIFE TIME T, AND TRANSITION RATE CONSTANTS KT AND 

KN OF THE RESPECTIVE RADIATIVE AND NON-RADIATIVE 

PROCESSES, FOR A SERIES OF URANIUM-MICA COMPOUNDS 

M ( U 0 2 ) 2 ( X 0 4 ) 2 . H H 2 0 

M 

1 (H30)2 
N a 2 
K 2 

Mg 

Mg:Mn 

Ca 

Sr 

Ba 

1 Zn:Cu 

Zn:Cu 

X=P 

(%) 
0 

86* 

86 

86 

58 

78* 

75* 

70 

75* 

10 

T 

-4 
10 s 

-
2.4 

2.8 

2.8 

1.7 

2.6 

3.4 

2.8 

1-4* 

1-6* 

IOV1 

0 

3.6* 

3.1 

3.1 

3.4 

3.0* 

2.2* 

2.5 

5.4* 

0.6* 

k 
n 

ioV1 

' -
0.6* 

0.5 

0.5 

X=As 

(%) 
72 

90 

79* 

92 

T 

-4 
10 s 

1.4* 

0.82 

i.o* 

1.2 

kf 

ioV1 

5.1* 

12.0 

7.9* 

7.7 

ioV1 

2.0* 

1.2 

2.1* 
0.7 ] 

2.5 Mn:0.03mol% | 

0.8* 

0.7* 

1.0 

- 1 W - 1 -
73 | 1.9 | 3.9 | 1.3 1 

1.8* Cu:0.01mol% | 

5.6* Cu:0.1mol% 1 

* l e s s r e l i a b l e da t a 

that a sample with a smaller grain size gives greater 
linearity and thus more reliable results in terms of 
estimation of the quan tum efficiency. 

Transition Rate Constants kf and kn for the Radiative 
and Non-radiative Processes. The combination of the 
values of quan tum efficiency QF and the fluorescence 
life time allows the transition rate kf for the radiative 
process and kn for the non-radiative process to be 
evaluated. The values are related in the following 
equations ; 

r = l/(kt + kn) (7) 

dF = kt/(kt + kn), (8) 

which may be rewritten : 

kt = (IF/* (9) 

* n = ( l - ß F ) / * . 0 ° ) 

The results calculated from Eqs. 9 and 10 are given in 
Table 1. The life time data in Table 1 have been 
measured in this study, and are slightly different from 
those previously reported.8) The difference is considered 
to be within experimental error so far as the room 
temperature data are concerned. As seen in Table 1, 
the phosphate samples have Q,F, kf, and kn values of 
approximately 8 0 % , 3 X 103 s"1, and 0.5—1.0 x 103 s"1, 
respectively. The arsenate samples have a shorter r , 
a slightly larger Q,F, and a larger kf value than in the 
phosphate samples. The kn values are comparable for 

the phosphate and arsenate samples. This suggests 
that the fast radiative process (large kf) makes the life 
time short for the samples without the quencher ions 
such as Cr and M n . The sample with quencher ion 
M g ( U 0 2 ) 2 ( P 0 4 ) 2 w H 2 0 : M n (0.03 m o i % ) , however, 
has a shorter T and lower Q,F leading to a larger value of 
kn. I t is considered that the effect of the doping ion 
M n 2 + receives part of the excited energy of the U 0 2

2 + 

ion making the r value shorter as well as making the 
(£F value lower. The effect of the doping ion Gu2+, as 
seem in Table 1, is to decrease the value of Q,F without 
changing the life time data . This indicates that the 
Cu2 + ions absorb almost all the excited energy of the 
nearest U 0 2

2 + ions making the Q,F value low, while the 
other U 0 2

2 + ions which are free from the Gu2 + neighbors 
decay within their own relaxation mechanism. 

T h e authors wish to express their thanks to Professor 
Kozo Nagashima for his kind support and encourage­
ment during this work. 
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The Rate Constants for H and D-Atom Additions to 02, NO, 
Acetylene, and 1,3-Butadiene 
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Pulse radiolysis has been combined with Lyman-a absorption spectroscopy for the measurement of absolute 
rate constants for the addition reactions of H and D-atoms to oxygen, nitrogen monoxide, acetylene-J0 and -d2, 
and 1,3-butadiene at room temperature. The rate constants obtained with 0 2 and NO were in good agreement 
with the results previously reported and no H/D isotope effect was found. With acetylenes and 1,3-butadiene, 
the following rate constants were obtained (units of cm3 molecule-1 s-1) : (3.8±0.4) X 10~13 for H+C 2 H 2 ; (2.6 ± 
0.2) X 10-13 for D + C2H2; (3.8±0.2) X 10~13 for H + C 2 D 2 ; (2.5±0.2) X 10~13 for D+C 2 D 2 ; (8.5±1.5) X 10~ia for 
H + 1,3-C4H6; (7.5±0.6) X 10~12 for D + 1,3-C4H6. These results are compared to previous studies, and the H/D 
isotope effect discussed. 

In previous papers the absolute rate constants for 
the addition reactions of H and D-atoms to seven 
mono-olefins were reported.1 '2) The technique used for 
the measurement can readily be extended to the reac­
tions with other reactants. This paper describes the 
results obtained with oxygen, nitrogen monoxide, 
acetylene-*/0 and -d2, and 1,3-butadiene. 

E x p e r i m e n t a l 

The apparatus and procedures used in this study are the 
same as those previously described for the reactions of hydro­
gen and deuterium atoms with olefins.1'8* 

Research grade oxygen, nitrogen monoxide, acetylene-</(), 
and 1,3-butadiene (Takachiho Shoji Co.) were used with­
out further purification. Acetylene-^ was synthesized by the 
reaction of D 2 0 (99.99% up; Merck Co.) with CaC2 (Tokyo 
Kasei Co.), which was heated at approximately 500 °C for 
70 h in vacuum prior to use. The acetylene-^ thus obtained 
was introduced into a flask containing sulfuric acid and shaken 
for 1 h to remove hydrogen sulfide, ammonia, and phosphine. 
The mass and infrared spectra showed that the purity of 
acetylene-^ was better than 99%. 

R e s u l t s and D i s c u s s i o n 

Reaction with Oxygen. Figure 1 shows the oscillo­
gram for the time dependence of the concentration of 
H-atoms obtained with 747 Torr (1 Torr -133 .322 Pa) 
hydrogen containing 0.93 Torr oxygen, and the first 
order decay rates thus obtained are plotted as functions 
of the initial pressures of hydrogen and oxygen in Figs. 2 
and 3, respectively. The linear relationships obtained 
are consistent with the widely accepted reaction mecha­
nism, i.e., a third order combination reaction of hydrogen 
atoms with oxygen: 

H + 0 2 + H2 • H 0 2 + H2 

The rate constant was calculated to be (3 .0^0 .6) X 10~32 

cm6 molecule - 2 s - 1 , a value somewhat smaller than that 
reported by Hikida et al., ( 4 . 7 ± 1.1) X 10 - 3 2 cm6 

molecule - 2 s-1.3) 
A similar experiment employing deuterium in place 

of hydrogen gave a rate constant for the reaction, 

D + 0 2 + D2 D02 + D2 

as (2 .9± 1.3) X 10-32 cm6 molecule-2 s" 
isotope effect was found. 

No H / D 

O 

0 

1 

2 

-o£o0 

X 
\ 

% x 
\ 

\ 
1 I 1 1 1 1 1 1 1 

100 200 

//[AS 

Fig. 1. The decay curve of hydrogen atoms due to the 
reaction of H + 0 2 + H2—>H02+H2, and the first order 
plot of this decay curve. Temperature is 298 K. The 
pressure of hydrogen is 747 Torr; pressure of oxygen 
0.93 Torr. 

o 

PH2 /Torr 

Fig. 2. The decay rate as a function of the pressure 
of hydrogen. The pressure of oxygen is 0.95^0.02 
Torr. 
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2 3 

P0,/Torr 

Fig. 3. The decay rate as a function of the pressure 
of oxygen. The pressure of hydrogen is 750±4 Torr. 

Reaction with Nitrogen Monoxide. This is a well 
documented third order reaction. Thir ty measurements, 
in which the hydrogen and deuterium pressures were 
changed from 100 to 900 Torr and the nitrogen 
monoxide pressure from 0.05 to 0.85 Torr , gave the 
following rate constant: (4 .6^0 .6 ) X 10~32 cm6 

molecule - 2 s _ 1 for the reaction : 

H + NO + H2 > HNO + H2 

and ( 4 . 4 = h l . 0 ) x l 0 " 3 2 cm6 molecule"2 s"1 for the 
reaction : 

D + NO + D2 DNO + D2 

Again no isotope effect could be observed. Table 1 
compares previous studies for this reaction where it 
can be seen that agreement is within experimental error. 

TABLE 1. THE RATE CONSTANT OF REACTION FOR 

H + NO + H2—>HNO+H2 AT ROOM TEMPERATURE 

Author3^ P to ta l/Torr Technique15 */io- cm° 
molecule " 

3 - i 
Ref. 

CT 0.7—3 DF-CL 
HT 0.4—3 DF-CL 
HED 100—1500 PR-RA 
Present 100—900 PR-RA 

4 . 1 ± 0 . 4 6,7) 
5 . 7 ± 0 . 5 8) 
3 .9±0 .6 3) 
4 . 6 ± 0 . 6 

a) CT: Clyne and Thrush; H T : Hartley and Thrush; 
HED: Hikida, Eyre, and Dorfman. b) DF: Discharge 
flow; PR: pulse radiolysis; CL: chemiluminescence of 
HNO*; RA: resonance absorption. 

Reaction with Acetylene. Figure 4 shows the 
oscillogram for the time-dependence of hydrogen atom 
concentration obtained with 752 Torr hydrogen con­
taining 47 mTorr acetylene after irradiation of pulsed 
electrons, and the first order plot for the optical density, 
from which the decay rate of hydrogen atoms was 
estimated. The decay rates thus obtained with various 
pressures of hydrogen, from 300 to 1200 Torr , and with 
a constant pressure, 73 mTorr , of acetylene are plotted 
in Fig. 5. The decay rate appears to be independent of 
hydrogen pressure in the range studied. 

O 

//ms 

Fig. 4. The decay curve of hydrogen atoms due to the 
reaction of H + C2H2—>C2H3, and the first order plot 
of this decay curve. Temperature is 298 K. The 
pressure of hydrogen is 752 Torr ; pressure of acetylene 
47 mTorr. 

i>H,/Torr 

Fig. 5. The rate constant of reaction of hydrogen atoms 
with acetylene as a function of the pressure of hydro­
gen. The pressure of acetylene is 73 mTorr. 

I t is known that the apparen t decay rate of hydrogen 
atoms in the reaction with acetylene is pressure depend­
ent at low total pressure, because the reverse reaction: 
C2H3*~->H + C2H2 cannot be ignored.4) The present 
result suggests that such a reverse reaction becomes 
important only below 300 Torr in hydrogen. Unfor­
tunately, the present method cannot be applied to low 
pressures, since the amount of hydrogen atoms produced 
by pulse irradiation is proportional to the total pressure 
and the concentration obtained below 300 Torr is too 
small for decay measurement. 

Figures 6 and 7 show the decay rates of H and D-
atoms as functions of the pressure of acetylene-</0 and 
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T A B L E 2. T H E RATE CONSTANTS OF THE REACTIONS OF 

HYDROGEN OR DEUTERIUM ATOMS WITH ACETYLENE-*/« 

0.05 0.10 0.15 

^c jHt/Torr 

Fig. 6. The decay rates of hydrogen (O) and deuterium 
( 0 ) atoms as a function of the pressure of acetylene-*/,,. 

0.1 0.3 

Fig. 7 

(•) 

0.2 

^o.D./Torr 

The decay rates of hydrogen ( • ) and deuterium 
atoms as a function of the pressure of acetylene-*/*. 

-d2, where the pressure of hydrogen and deuterium is 
approximately 750 and 600 Torr respectively. I t 
should be noted here that in the reaction of D + C2D2 , 
the acetylene-<i2 pressure could be raised to 1.56 Torr , 
which is approximately 10 times that used in the other 
three reactions. The absorption coefficient of acetylene-
d2 appears to be very small at the resonance line of D-
atoms. 

The rate constant for the reaction of hydrogen atoms 
with acetylene is one order of magnitude smaller than 
those obtained with olefins. Consequently it was 
presumed that the vinyl radicals produced in the 
reaction of hydrogen atoms with acetylene participate 
in the decay of hydrogen atoms.1) However, the fact 
that a linear relationship between the decay rate of 
D-atoms and the C2D2 pressure exists up to 1.56 Torr of 
acetylene-*/2, suggests that the decay rates observed in 

Reactant 

C2H2 

C2D2 

OR -d2 AT ROOM T E M P E R A T U R E 

1013£H 

cm3 molecule _1 s _1 

3 . 8 ± 0 . 4 
3 .8±0 .2 

1013£D 

cm3 molecule-1 s_1 

2 . 6 ± 0 . 2 
2 . 5 ± 0 . 2 

T A B L E 3. T H E RATE CONSTANT OF REACTION FOR 

H + G 2 H 2 AT ROOM TEMPERATURE 

Authora> .i/Torr Tech­
nique1 b) 

kj\0-
molecule-1 s_1 cm° Ref. 

TL 
DL 
GGM 
MW 
MN 
HWW 
IT 
PS 
Present 

1.0—15 (H2) 
3.5 (Ha) 
3.0 (H2) 
0.7—17.3 (He) 
1.67 (He) 
0.5—30 (He) 
650 (H2) 
10—700 (He) 
200—1100 (Ha) 

DF-CP 
DF-CP 
DF-WG 
DF-RA 
DF-MS 
DF-ESR 
Hg-PA 
FP-RF 
PR-RA 

0.86 
0.134 
2.66 
5.98 (oo)c> 
0.37 
0.57(oo) 
0.91 
1.56(oo) 
3.8 

9) 
10) 

H) 
12) 
4) 

13) 
14) 
15) 

a) TL: Tollefson and LeRoy; DL: Dingle and LeRoy; 
GGM : Girouard, Graber, and Myers ; MW : Michael and 
Weston; MN: Michael and Niki; HWW: Hoyermann, 
Wagner, and Wolfrum; IT : Ibuki and Takezaki; PS: 
Payne and Stief. b) DF: Discharge flow; Hg: mercury 
photosensitization; FP: flash photolysis; PR: pulse ra-
diolysis; CP: catalytic probe; WG: Wrede gauge; RA 
resonance absorption; MS: mass spectrometer; ESR 
electron spin resonance; PA: product analysis; RF 
resonance fluorescence, c) Obtained by extrapolating to 
infinite pressure. 

the present experiments do correspond to the reactions 
of H or D-atoms with acetylene-d0 or -d2. 

Table 2 summarizes the rate constants obtained in the 
present experiments, and Table 3 compares some 
previous studies in the reaction of H + C 2 H 2 . Most 
previous measurements were conducted using the 
discharge flow system under low pressures, where the 
reverse reaction, i.e., the decomposition of excited vinyl 
radicals reproducing hydrogen atoms, may be important . 
Therefore, the value obtained here must be compared 
with those obtained by extrapolation to infinite pressure. 

In a previous paper,1) the rate constant in the reaction 
of H + C 2 H 4 was reported and compared with previous 
studies. The value reported by Payne and Stief was in 
very good agreement with that of the present authors. 
The value for H + C 2 H 2 obtained by Payne and Stief 
however, was less than a half. No proper interpretation 
for this discrepancy has been found. 

Reaction with 1,3-Butadiene. The rate constants 
of hydrogen and deuterium atoms with 1,3-butadiene 
at room temperature were measured by an analogous 
method. The hydrogen pressure was 500 to 600 Torr 
and the 1,3-butadiene pressure from 0.02 to 0.09 Torr . 
The decay rates of hydrogen and deuterium atoms were 
found to be linearly proportional to the pressure of 1,3-
butadiene. The rate constants obtained were as follows 
(units of cm3 molecule - 1 s -1) : 
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£(H+l,3-butadiene) = (8 .5±1.5) X KT12 

£(D+l-3-butadiene) = (7.5±0.6) X 10"12 

These results are in fair agreement with those reported 
by Daby et al., (8 .3±1.1) X 10"12 for the reaction of H 
+ l,3-butadiene and (5 .3±1.1) X10" 1 2 for D + 1 , 3 -
butadiene.5* Daby et al. used a discharge flow system 
combined with a mass spectrometer. This agreement 
suggests that vibrationally excited radicals formed by 
the addition reaction do not release a hydrogen atom 
under low total pressure. 
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The thermal gas-phase decomposition of vinyl bromide in Ar has been studied behind reflected shock waves 
over the temperature range between 1300 and 2000 K and the density range of 5.2 X 10~6 — 3.8X 10~5 mol cm"3 

by monitoring the UV absorption of C2H3Br and the IR emission of HBr. The decomposition proceeds via the 
molecular elimination of HBr, and the unimolecular process is in the low-pressure region under the present experi­
mental conditions. The low-pressure-limit rate constant was obtained as 

ri2nd 10i3.98±o.2i e x p {_ (41.5-f-l .6 kcal mol^/ÄT} cm3 mol"1 s" 

The collision efficiency factor, ßc, was obtained as about 2x 10~4, considerably lower than that of vinyl chloride. 

The thermal decomposition of vinyl fluoride was 
investigated in a single-pulse shock tube over the 
temperature range of 1174—1353K.1) The reaction 
proceeded via HF elimination, and the unimolecular 
process was in the high-pressure region in the total 
density range of (3.7—4.8) X 10"5 mol cm"3. The 
decomposition of vinyl chloride was measured by 
means of a time-resolved U V absorption method behind 
reflected shock waves over the range of 1350—1900 K.2) 
The reaction proceeded via HCl elimination and was 
in the fall-off region in the density range between 
7 x l 0 " 7 a n d 1.6 x 10~3 mol cm"3. 

In the case of vinyl bromide, the following two 
channels are probable for the initiation reaction: 

C2H3Br( + M) 

C2H3Br( + M) 

C2H2 + HBr( + M) 

A//r°2fl 26.5 kcal mol"1 

C2H3 + Br( + M) 

A// r°2 76.7 kcal mol 1 . 

( i ) 

(2) 

From the large difference in the heat of reaction? 
Reaction 1 seems preferable for the initiation reaction, 
although its preexponential factor is relatively small 
because of the four-center reaction. An estimation 
based on the semiempirical method of Benson and 
Haugen3> suggests that the HBr elimination is much 
faster than the G-Br bond fission. However, it is not 
certain whether or not all alkenyl halides decompose 
via molecular elimination, since the difference in the 
heat of reaction between the two channels becomes 
small as the halogen changes from F to Br. Thus, at 
high temperatures, the simple bond fission becomes 
important as the initiation reaction. 

In this work, we measured the concentration profiles 
of the reactant and HBr produced in order to determine 
the overall decomposition rate of C2H3Br and the 
production rate of HBr. 

Experimental 

The experiments were performed in a shock tube made of 
stainless steel (SUS-304). The test section was 4.52 m long 
and 9.4 cm in inner diameter, and it was evacuated to less 
than 5 X 10~6 Torr (1 Torr= 133.322 Pa) by means of a 6-inch 
oil-diffusion pump. The leak and outgassing rate of this 
section in the stage just before the run was about 2 X 10~7 

Torr 1/s. The driver section (1.8 m long and 8.5 cm in inner 
diameter) was evacuated to about 1 X 10~2 Torr. Hydrogen 

was used as the driver gas at pressures of 2—6 atm (1 atm 
= 101325 Pa). Tetoron sheets of 100, 75, 50, and 25 ^m were 
used as diaphragms to separate the two sections. Shock waves 
were generated by bursting the diaphragm with a needle 
driven by a solenoid. 

cross section 

Fig. 1. Experimental arrangement. T: Shock tube, 
E : end plate, B : pressure gauge, L : deuterium lamp, 
G : grating monochromator, P : photomultiplier, Mx— 
M3: concave mirrors, F: filter, D: InSb detector, 
Wx: quartz window, W2 and W3: CaF2 windows. 

At a distance of 4.44 m from the diaphragm, two sets of 
windows were mounted in the tube in order to observe the 
physical properties of the shocked gas. Figure 1 shows the 
experimental arragement for the absorption and emission 
experiments. Light from a deuterium lamp (HTV, L544) 
was focussed on the center of the tube through an inlet slit 
(4 mm wide and 8 mm high), and the light from an outlet 
slit (2 mm wide and 8 mm high) was focussed again on the 
entrance slit (1 mm wide) of a monochromator (Jarrell-Ash, 
0.25 M). The average width of the light beam in the tube 
was 3 mm, while the hight was 8 mm. The light passed 
through the exit slit ( 1 mm wide) of the monochromator was 
detected by a photomultiplier (HTV, R106UH) supplied with 
a voltage of — 800 V. The output signal was fed into a 
pre-amplifier (IWATSU, DA-2A) and then to a wave-memory 
(Kawasaki Electronica, M-50E), which was connected to an 
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oscilloscope and a pen-recorder. The response time of the 
optical-electrical system was less than 10 [is enough for the 
present study. The IR emission was detected by an InSb 
photo-voltaic element (HTV, P839A) at 77 K through a filter 
of 3.9^0.05 (xm. The signal-recording system was the same 
as in the absorption experiment. The response time of this 
system was about 10 [is. Measurements of the incident shock 
velocity were performed by counting the time intervals of 
shock-arrival signals between two pressure gauges mounted 
on the walls, 32 cm apart from each other, with a universal 
counter (Takeda Riken, TR-5104G) having an accuracy of 
0.1 [is. The attenuation in the shock velocities was estimated 
to be less than 1% per meter of travel. The measured incident 
shock velocities were then used to compute the non-reaction 
conditions behind the reflected shock. 

Liquid C2H3Br (99.5% stated minimum purity) was puri­
fied by trap-to-trap distillations. Ar (99.998%) was used as 
the diluent, without any further purification. Several mixture 
(0.03—3.0 mol% C2H3Br in Ar) were prepared in a 30-1 glass 
flask. They were allowed to stand for more than 12 h before 
use. 

R e s u l t s 

The experiments were performed behind reflected 
shock waves over the temperature range between 1300 
and 2000 K and the density range of 5.2 X 1 0 ~ 6 - 3 . 8 x 
10~ 5 molcm~ 3 . Vinyl bromide has an absorption 
spectrum in the vacuum ultraviolet region with a 
maximum at 52200 cm - 1 .4) At the high temperatures 
available in shock waves, the absorption may be detected 
at higher wavelengths. In this work, the absorption 
experiment was performed at 250 nm with F W H M = 
1.7 nm. The absorption coefficient at this wavelength 
was in the range of (1—2) X 105 cm2 m o l - 1 over the 
temperature range studied, and Lambert-Beer's law 
was ascertained to hold. Figure 2 shows typical U V 

100// s time 
Fig. 2. Typical absorption and emission record in the 

same experimental run. 1.5 mol % C2H3Br in Ar, 
Temperature = 1430 K, Pressure=2.10 atm, klst=7.7S 
x W s - 1 , A: i r=2.75xl03s-1 . 

absorption (a) and I R emission (b) profiles obtained 
simultaneously in one experimental run. The absorption 
profile clearly reveals a decay of the reactant with the 
time, and the emission profile shows an increase of a 
product immediately behind the reflected shock front. 
The polyacetylenes which may be produced in the 
later par t of the reaction have an absorption at this 
wavelength.5) However, it is likely that at low tempera­
tures the decay curve does not involve the absorption 
of products. At high temperatures the effect of the 
products was seen as a very slow increase in the absorp­
tion after a large consumption of the reactant. The 
decay rate of the reactant was first-order in [C2H3Br] 
up to at least 2 5 % decrease in the reactant. Thus, the 
first-order rate constant, £ l s t , was obtained by means 
of this definition: £ l s t=—d(lnZ))/d£, where D = 
[C2H3Br] x e X L, e=absorp t ion coefficient, and L= 
inner diameter of the shock tube. Figure 3 shows an 

5i 1 1 1 1 

_l l l I 
5.0 6.0 7.0 8.0 

io4 r-VK-1 

Fig. 3. Arrhenius plot of the first order rate constant 
klst. Total density (mol cm-3) : A = 5.2xl0"6 , # = 
l.OxlO-5, O = l - 9 x l 0 - 5 , A = 3 . 6 x l 0 - 5 . Straight 
lines denote the precise change of klst with the density 
(relative) assuming that klst is proportional to the 
total density. 

Arrhenius plot of klst for four different total densities. 
I t appears that the first-order rate constant depends 
on the total density and that the data corresponding 
to each constant density are parallel to, but apart from, 
each other because of the density change. Thus, the 
apparent decomposition rate is expressed as 

-d[C2H3Br]/d* = U C Ä B r ] [ M ] . 
Figure 4 shows an Arrhenius plot of the second-order 
rate constant, k2nd. The best-fitting line gives an 
Arrhenius expression as 

k2nd= i()i*-»8±o.8i e x p { - ( 4 1 . 5 ± 1 . 6 k c a l mol-1)/AT} 
cm3 mol -1 s 1 , 

where the error limits denote the standard deviations. 
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5.0 6.0 7.0 

104 T-VK-1 

Fig. 4. Arrhenius plot of the second order rate constant. 
Straight line is the least square evaluation. 

The I R emission intensity at 3.9 yon is assumed to be 
proportional to the HBr concentration, since, at this 
wavelength, there exists no emission by possible products 
other than HBr. If HBr is produced only by Reaction 1 
and does not react subsequently, the time history of the 
intensity may be expressed as: I=It=œ{\— exp(— k-irt)}. 
At first sight, the emission profile seems to follow the 
above relation. Figure 5 shows the values of £ i r / [M] 
obtained for the various mixtures studied. I t may be 
seen from Fig. 4 that the values of £ i r / [M] for mixtures 
of 0.1—3.0 mol % C2H3Br are somewhat larger than 
those of £2 n d (straight line), especially at high tempera­
tures. This implies that, at the later par t of the reaction, 
the dissociation of HBr by secondary reactions cannot 
be neglected in these relatively high concentration 
mixtures. T h a t is, the concentration of HBr, [HBr] / ? 

cannot be described by the simple relation: [ H B r ] , = 
[C2H3Br]0—[CaHgBr]^ when there is much decomposi­
tion. Thus, in order to control the secondary reactions, 
further experiments were performed for a highly diluted 
mixture (0.03 mol % C2H3Br in Ar) . In these additional 
experiments, the apparatus for the I R observation was 
modified so as to detect a weak emission. T h a t is, the 
emission intensity was increased by setting a concave 
mirror on the opposite side of the tube so as to focus the 
light on the slit at the detecting side. The emission 
profile for this mixture is shown in Fig. 6, which is 
essentially the same as those for the high C2H3Br 
mixtures (Fig. 2(b)) . The values of * i r / [M] were 
obtained again for this series, as plotted in Fig. 5, they 
show a good agreement with the absorption data 
(straight line). This suggests that, in highly diluted 
mixtures such as [C2H3Br]/[Ar] ^ 3 X 10~4, the consump-

o 

bo 
o 

5.0 6.0 7.0 

io4 r-VK-1 

Fig. 5. Arrhenius plot of the second order rate constant 
kir/[M] obtained from IR profiles. V = 3.0%, A = l - 5 
% O = 0 . 5 % , A = 0 . 2 5 % , # = 0 . 1 % , B = 0.03%. 
Straight line denotes the least square evaluation of 
A2nd shown in Fig. 4. 

m 
50/is time 

T 
r.shock 

Fig. 6. Typical IR emission profile for the mixture of 
0.03% C2H3Br in Ar. Temperature = 1760 K, total 
density = 1.99 X 10'5 mol cm"3, * l r/[M] = 7.2 X 108 cm3 

mol -1 s -1. 

tion of HBr by the secondary reactions is negligibly 
small, even after long reaction times. 

D i s c u s s i o n 

The initial decomposition rate of vinyl bromide was 
expressed as first-order in [C2H3Br] and first-order in 
the total density. From the absorption profile, it seems 
that the decomposition of C2H3Br is not so complicated 
as the chain process, even for mixtures involving a 
relatively high C2H3Br concentration. Also, the fact 
that the initial rate of the C2H3Br consumption is just 
equal to the HBr production rate for the highly diluted 
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mixture means that the decomposition at the early stage 
of the reaction occurs via a simple reaction. Thus , the 
following discussion will be made on the basis of the 
assumption that the decomposition rate constant, A:2nd, 
corresponds to the unimolecular low-pressure-limit rate 
constant of the pr imary reaction. 

According to the Arrhenius parameters of Â:2nd, the 
value of the preexponential factor is somewhat low if 
the initial process is a single-bond fission, in this respect, 
the activation energy is much lower than the bond 
dissociation energy of C-Br, which is the weakest bond 
in this molecule. This discrepancy (about 35 kcal mol - 1 ) 
between the activation energy and the bond dissociation 
energy is too large to be explained by the lower-limit 
unimolecular process of Reaction 2. If Reaction 2 is 
the main initiation step, a sequence of rapid consecutive 
reactions may be expected to occur: 

C2H3(+M) > C2H2 + H ( + M ) (3) 

C2H3Br + H • C2H3 + HBr (4) 

C2H3Br + Br > C2H2Br + HBr (5) 

C2H2Br( + M) > C2H2 + Br( + M). (6) 

These consecutive reactions would compose a chain 
cycle and would give rise to an acceleration of the vinyl 
bromide consumption as the reaction proceeded. In 
some experiments, such an acceleration was observed 
in the absorption and emission records at long reaction 
times and at low temperatures. However, in such cases 
no unique correlation of the acceleration with the 
C2H3Br concentration could be detected. Therefore, 
although the possibility of the above reaction scheme 
(Reactions 2—6) cannot be rejected completely, from 
the fact that the decomposition rate constant, k2n^, is 
not changed by the variation in the mixture composition 
the contribution of the above reactions to the initial 
decomposition rate may be considered to be negligible 
under the present conditions. Thus , Reaction 2 is not 
important as the initiation step. 

For Reaction 1 an activation energy much higher 
than AHr may be expected, as is the case for other well-
known four-center reactions. In this case, possible 
subsequent reactions are the decompositions of acetylene 
and hydrogen bromide. The unimolecular dissociation 
of HBr below 2000 K is negligibly small,6) though, and 
thus it is not important as the secondary reaction. The 
decomposition of acetylene has a very high activation 
energy (124 kcal mol - 1) ,7) therefore, the effect of the 
C2H2 decomposition is also negligible. 

A theoretical calculation of the low-pressure-limit rate 
constant was performed by using a refinement of the 
equation of the R R K M theory presented by Troe8) 
(Eq. 2.11 in Ref. 8). The molecular constants of 
C2H3Br were taken from Ref. 9, while the parameters 
appearing in the equation were calculated as in Ref. 10. 
T o obtain the threshold energy, EQ, of the initiation 
reaction, we first assumed that the collision efficiency, 
ßc, was constant regardless of the temperature. Thus , 
we obtained £"0=55.5 kcal m o l - 1 when jffc=1.6x 10~4. 
This value is the lower limit of EQ, because ßc has a 

slightly negative temperature dependence.11) An 
estimate for the reverse reaction of Reaction 1 according 
to the semiempirical method by Benson and Haugen3) 
leads to 59.5 kcal m o l - 1 for the high-pressure activation 
energy, Eaoo, of Reaction 1 at 1600 K, the middle 
temperature of the present experiment. Thus , the value 
of EQ (55.5 kcal mol - 1 ) obtained as the lower limit 
seems to be reasonable compared with the value of 
Eaœ. By using this relation: Ea0=Eaoo — (Seff-\-0.5)RT, 
Ea0 is calculated to be 41.0 kcal m o l - 1 at 1600 K, where 
Seff9 the number of the effective vibration, is 6.31 at 
1600 K. This value of Ea0 is very close to the experi­
mentally obtained activation energy (41.5 kcal mol - 1 ) . 

The value of ßc (1.6 x l O - 4 ) is unexpectedly low 
compared with that of vinyl chloride (/?c=0.04).2) I t is 
recongnized that the unimolecular process of vinyl 
halides tends toward the low-pressure region as the 
halogen changes from F to Br under similar conditions, 
as has been shown by previous experiments1»2) and also 
in this work. The fact that the decomposition process 
of C2H3Br is in the low-pressure region is probably 
the result of the low efficiency of the energy transfer per 
collision. Nevertheless, at the present time, we cannot 
explain why, for the C2H3Br decomposition, the collision 
efficiency is extremely small compared with similar 
reactions. 
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Absorption spectra of the CT band of I2 complexes were observed in several nonpolar solvents at 1 bar, and in 
heptane up to 4400 bar. All solvent shifts were red with an increase in (n2— l)/(2w2+ 1), the refractive index (n) 
function of solvents, consistent with the solvent shift theory. On the other hand pressure caused a variety of shifts, 
that is, red shifts in benzene-, toluene-, and mesitylene-I2 complexes, an inversion shift from red to blue in HMB-I2 

complex, and blue shifts in Et3N-, w-Pr3N-, and w-Bu3N-I2 complexes, though increase in pressure invariably 
raises the (n2— l)/(2n2-\- 1) value of solvent. The pressure shifts of I2 complexes seem to be interpreted by a sum 
of two effects. One is the increased polarity of the solvent, which causes a red shift. The other is the decrease 
in the bond distance between a donor and an acceptor, which contributes to a blue shift in a strong GT complex 
and to a red shift in a week one. The pressure and solvent shifts of I2 complexes were compared with those of 
rc-donor-TCNE complexes. 

Recently, we found the pressure shifts of charge 
transfer (CT) absorption band of n-donor (diethyl 
sulfide (Et2S) and diethyl selenide (Et2Se))-iodine (I2) 
complexes in heptane, changing from red to blue at ca. 
2500 bar.1) Such an inversion shift is known only in the 
Ti-Tt complex between hexamethylbenzene (HMB) and 
tetracyanoethylene (TGNE).2~4> The other C T bands 
of Ti-Tt complexes2-5) and 7r-donor-I2 complexes6»7) in 
solution shifted only to red. 

In the present work we have found blue shifts of well-
defined C T band of amine- I 2 complexes in heptane. 
In polymer matrix the blue shift of C T band was 
reported by Offen and Nakashima8) in two TI-TC com­
plexes between fr-<my-stilbene and phenanthrene as 
donors and 2,3-dichloro-5,6-dicyano-/>-benzoquinone 
(DDQJ as an acceptor. However, it seems to be obscured 
by a strong overlap with another absorption band. 

The red shift of C T band has been interpreted by an 
increase in the polarity of the solvent with increase in 
pressure.6»9'10) Two different interpretations have been 
proposed for the blue shift : ( 1 ) Offen and Nakashima8) 
tried to explain the blue shift of D D Q complexes by a 
decrease in the bond distance between a donor and 
an acceptor. (2) Nakayama et al.*) ascribed the blue 
shift of H M B - T C N E complex to an increase in the 
polarity of solvent caused by pressure, the relevance 
of the interpretation being examined by a comparison 
of the pressure shift of C T band with the solvent shift. 

In the present work we measured the pressure shifts 
of CT bands of I2 complexes with several n- and n-
donors up to 4400 bar. In order to interpret them, the 
observed pressure shifts, red, red to blue, or blue, were 
compared with the solvent shifts. 

Exper imenta l 

I2 was sublimed from a mixture of I2, calcium oxide, and 
potassium iodide, and then was done under nitrogen atmos­
phere. TGNE was sublimed under reduced pressure (10 
mmHg). The purification of diethyl ether (Et20), Et2S, and 
Et2Se was reported.1) HMB was recrystallized twice from 
ethanol. Triethylamine (Et3N), tripropylamine (w-Pr3N), and 
tributylamine (w-Bu3N) were shaken with acetic anhydride, 
dried over potassium hydroxide and sodium metal successively, 

and distilled over sodium metal (under reduced pressure for 
the last two amines, 34—36 °C/6 mmHg and 51—52 °C/2 
mmHg, respectively). The other donors (benzene, toluene, 
and mesitylene) and the solvents (pentane, heptane, cyclohex-
ane, carbon tetrachloride, decalin, and carbon disulfide) were 
purified by the usual method.11) The method of measuring 
the absorption spectra under high pressure was reported1) 

R e s u l t s 

Solvent Shift. The dielectric constant or refractive 
index (n) of solvent has been often used as a measure 
of the property of solvent for interpretation of the 
solvent shift of the electronic spectrum. Theories given 
by Ooshika12) and McRae1 3) on solvent shift predicted 
that the wavenumber at absorption maximum (^max) of 
electronic spectrum depends linearly on the value of 
(n2 — l ) / (2 /z 2 +l) of nonpolar solvents. The linear 
relation between *>max of C T band and (n2— l ) / ( 2 n 2 + l ) 
has been reported for several 7Z-donor-TCNE14 '15) and 
7T-donor-I2

6) complexes. Pressure shifts to red in the 
latter complexes were interpreted by Ham6) in com­
parison with the solvent shifts using the function of 
( B ' - 1 ) / ( 2 » « + 1 ) . 

The *>max values of I2 complexes in several nonpolar 
solvents at 1 bar are plotted as a function of (n2 — \)j 
(2n2+\) of solvents, including that of H M B - T C N E 
complex, in Figs. 1 and 2. All C T bands shift linearly 
to red with increase in the (n2 — l ) / (2 f l 2 +l) values of 
solvents. The red shift in H M B - T C N E complex 
observed by Voigt14) was confirmed. The ^ m a x values of 
mesitylene-, and Et 2 S-I 2 complexes in gaseous state 
fit the lines. The values of the slopes (Figs. 1 and 2) 
are given in Table 1 as C s o l v 5 together with the data of 
j r -donor-TCNE complexes. For the I2 complexes with 
a series of jz-donors (Table 1-A) the values of C s o l v 

increase with an increase in the bond energy ( — AH). 
A similar trend is seen for n-donor- I 2 and jz-donor-
T C N E (Table 1-B and C, respectively) but not so 
marked in the latter. 

Pressure Shift. Absorption spectra of the C T 
band of TZ-BU 3 N-I 2 complex under various pressures are 
shown in Fig. 3. The absorption maximum shifts toward 
blue with increase in pressure. Similar well-defined 
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Fig. 1. Solvent shifts on CT absorption maxima of the 
I2 complexes with ^-donors, including HMB-TCNE 
complex. Donors are, 0 : benzene, ••* toluene, A : 
mesitylene, and Q : HMB in I2 complexes. Solvents 
arepentane ({n2- l)/(2rc2+ 1)=0.179), heptane (0.190), 
cyclohexane (0.203), carbon tetrachloride (0.214), 
decalin (0.220), and carbon disulfide (0.261), adding 
the data in gaseous state (0.000) of Ref. 16 for mesity-
lene-I2 complex. The values of n of solvents were 
cited from Ref. 11. 

absorption spectra were also observed in E t 3 N - and 
7Z-Pr3N-I2 complexes, causing blue shifts. 

Figures 4 and 5 show the pressure shifts of absorption 
maxima of several I2 complexes as a function of (n2— 1)/ 
(2fl2+l) of heptane. Various pressure shifts were 
observed: red shifts in benzene- , toluene-, mesitylene-, 
and E t 2 0 - I 2 complexes, inversion shifts from red to blue 
in H M B - , E t 2 S- , and Et 2 Se-I 2 complexes, and blue 
shifts in E t 3 N- , n-Pr3N-, and n-Bu3N-I2 complexes. 
The values of the initial slope in Figs. 4 and 5 are given 
in Table 1 as C p r e s s , with the values of rc-donor-TCNE 
complexes given by Nakayama et alJ^ 

In I2 or T C N E complexes with benzene, toluene, and 
mesitylene (Table 1), each slope estimated from the 
pressure shift (Cp r e s s) is smaller than that estimated 
from the solvent shift (C s o l v ) . The reverse is found in 
other C T complexes, except in the case of comparable 
values in E t 2 0 - I 2 complex. In the series of ji:-donor-I2 

complexes, C p r e s s becomes large accompanied by an 
increase in the bond energy (—AH). A similar relation 
between C p r e s s and —AH is found in n-donor- I 2 

complexes and jz-donor-TCNE complexes, though less 
explicit in the former. 
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Fig. 2. Solvent shifts on CT absorption maxima of the 
I2 complexes with n-donors. Donors are, 0 : Et 20, 
• : Et2S, A : Et2Se, # : Et3N, A : w-Pr3N, and V : 
w-Bu3N. Solvents are the same as Fig. 1, adding 
benzene (0.227) instead of carbon disulfide. Gaseous 
data for E t 2 0 - and Et2S-I2 complexes are cited from 
Refs. 16 and 17, respectively. 

TABLE 1. SLOPES OF SOLVENT (CSO1V) AND PRESSURE 

(Cpress) SHIFT AND THE BOND ENERGY 

( — AH) OF SEVERAL G T BANDS 

Complex 

(A) 7r-Donor-I2 

Benzene-I2 

Toluene-I2 

Mesitylene-I2 

HMB-I2 

(B) n-Donor-I2 

Et 2 0-I 2 

Et2S-I2 

Et2Se-I2 

Et3N-I2 

w-Pr3N-I2 

w-Bu3N-I2 

(G) 7r-Donor-TCNE 
Benzene-TGNE 
Toluene-TGNE 
Mesitylene-TGNE 
HMB-TGNE 

103 cm-1 

- 2 0 ± 2 
- 1 9 ± 2 
- 1 6 ± 2 
—12±2 

- 1 6 ± 2 
- 9 ± 2 

- 1 0 ± 2 
- 9 ± 2 
- 9 ± 2 
- 8 ± 2 

-12h> 
— 

_ 7 h ) 

-5h> 
- 7 ± 2 

C a> 
103 cm-1 

- 2 9 ± 3 
- 2 4 ± 2 
- 2 2 ± 3 

-8dz2 

- 1 7 ± 4 
- 5 ± 2 
- 4 ± 2 
+ 3 ± 2 
+ 8 ± 3 

+4±2 

- 1 7 
- 1 5 
- 1 2 

0 

-AH 
kj mol-1 

6b> 
8C) 

12b> 
16b) 

18d) 
33 e) 
410 
50g) 
51g) 

52g) 

101) 
l l 1 ) 
19*> 

321) 

a) Estimated from the straight line through the two 
points at 1 and 1100 bar in Figs. 4 and 5. Values for 
(G) complexes were estimated with data taken from 
Ref. 4 at 1 and 1500 bar in CC14. b) Ref. 18. c) Réf. 
19. d) Ref. 20. e) Ref. 21. f) Ref. 22. g) Ref. 23. 
h) Ref. 14. i) Ref. 24. 
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Ö 0.5 

X / nm 

Fig. 3. Absorption spectra of CT band of w-Bu3N-I2 

complex in heptane. tt-Bu3N: 5 X 10-4 mol dm - 3 , I2: 
3.5 x 10-5 mol dm-3. (1) 4.4 kbar, (2) 2.2 kbar, (3) 
1 bar. Dotted lines show the absorption maxima at 
each pressure. 
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Fig. 5. Pressure shifts of CT absorption maxima of the 

I2 complexes with n-donors in heptane. The marks 
are the same as in Fig. 2. A^ and A[(n2— l)/(2^2-j- 1)] 
are defined in Fig. 4. The data of E t 2 0- , Et2S-, and 
Et2Se-I2 complexes are cited from Ref. 1. 
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Fig. 4. Pressure shifts of CT absorption maxima of the 

I2 complexes with ^-donors in heptane. The marks 
of 7r-donors are the same as in Fig. 1. Av=vmgiX (at 
P bar)— vm&x (at 1 bar). The value of n of heptane 
under high pressure was cited from the dielectric 
constant (e) of heptane in Ref. 25 using the relation 
of Maxwell {e=n2). A[(n2- l)/(2w2+ 1)] = {n\- 1)/ 
(2» 'p+ i ) - (» : - i ) / (2» :+ i ) . 

D i s c u s s i o n 

Linear red shift of C T bands in Figs. 1 and 2 are in 
line with the solvent shift theory as in the case of n-
donor-TCNE 1 4 ' 1 5) and jr-donor-I2

6) complexes. The 
result that C s o l v values (Table 1-A, B, and C) increase 
accompanied by an increase in —AH would be inter­
preted by the solvent shift theory regarding —AH as a 
measure of the C T interaction, since the excited state 
of C T band becomes less polar and the dipole moment 
of the ground state increases with increasing C T 
interaction.26 '27* 

In Figs. 4 and 5 the values of (n2-1)/(2n2 + 1 ) of 
heptane are 0.190 at 1 bar 0.216 at 4400 bar . The 
values are covered by those in Figs. 1 and 2, viz., 0.179 
for pentane to 0.261 for carbon disulfide. If the pressure 
shifts of C T bands are at tr ibuted to only the increasing 
polarity of solvent, red shifts similar to those given in 
Figs. 1 and 2 can be expected in Figs. 4 and 5, respec­
tively. In H M B - , E t 2 S- , and Et 2 Se-I 2 complexes, 
however, the observed inversion shifts differ from the 
expected ones, the blue shifts of E t 3 N-, n-Pr3N-, and 
fl-Bu3N-I2 complexes (Fig. 5) being a striking contrast 
to the red shifts (Fig. 2). The solvent shift of H M B -
T C N E complex (Fig. 1) is not in line with the inversion 
shift caused by increase in pressure. Though the 
increasing polarity of the solvent caused by compression 
may contribute to a red shift, another effect causing 
a blue shift should participate in at least H M B - , 
E t 2 S- , Et 2Se-, E t 3 N-, n-Pr3N-, and n-Bu3N-I2 com­
plexes, and F IMB-TCNE complex. 

As a plausible effect causing a blue shift, a decrease 
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in the bond distance (7?DA) between a donor and an 
acceptor proposed by Offen and Nakashima8) may be 
taken into account. The effect is interpreted by means 
of the Mulliken's equation27) for the C T transition 
energy hcPCT • 

ncvCT — — — — — Ç2 
"°01 

ßo = Wix - W$n 

ßi = Woi - W A i 

(i) 

(2) 

where M7
0 and W1 are the energy of no-bond and dative 

structure, respectively, and W01 is the interaction matrix 
which is approximately proportional to the overlap 
integral S01. \ß0\ and \ßt\ increase with increase in S01. 
When RDA decreases by compression, S01 increases and 
so ß0ß± does. A is the energy accompanied by the 
transfer of an electron from a donor to an acceptor. 
I t is approximately expressed as follows, decreasing 
with reduction in RDA. 

An 
(3) 

where 7D is the ionization potential of a donor, EA the 
electron affinity of an acceptor, and e the charge of an 
electron. The denominator (1—»Soi) and the first term 
in the square root (^ß0ßi) in Eq. 1 might contribute 
to a blue shift and the second term in the square root 
(A2) to a red shift with increasing pressure, the shifts 
overlapping the red shift caused by an increase in the 
polarity of the solvent. 

T A B L E 2. REASONABLE VALUES OF 

AND A2 FOR I 2 COMPLEXES 

Complex 4 ^ > } 

ev2 

Et3N-I2
b> 12—42 

Benzene-I2
c) 1—7 

4&Ä 

J2 

eV2 

0—1 
13—21 

a) 4ßoßi=4ßo{ßo-dS01), deduced from Eq. 2. b) Mul-
liken's "Reasonable Values"28) are S01=0.4—0.5, (ID-A) 
-6.5—7.5 eV, and -ß0= 1.7—3 eV. 7D = 7.50 eV.29) c) 
Mulliken's "Reasonable Values"28) are Sol=0—0.15, 
(ID-A) =4.7—5.7 eV, and -# ,=0.5—1.0 eV. ID = 
9.24 eV.3°) 

In a strong C T complex of a large —AH value such 
as E t 3 N-I 2 complex, the value of ̂ ßQßi should be large 
as compared with J 2 in view of the C T theory.27) The 
reverse holds for a weak C T complex such as benzene-I 2 . 
The values of ^ßQßx and A2 given in Table 2 are roughly 
estimated from the values of 7D and Mulliken's 
"Reasonable Values" for S01, ID — A, and ß0 of the I2 

complexes from Eq. 2. In E t 3 N - I 2 complex A2 is 
negligible as compared with 4:ß0ßv Thus in a strong 
C T complex the contribution to a blue shift by the 
term of ^ß0ßx with reducing RDA is expected to be 
effective. The observed blue shift may be attr ibuted 
to this effect. O n the other hand, in a weak C T complex 
a decrease in RDA may contribute to a red shift since 
4ß0ß1 is small or negligible as compared with A2. The 
excessive red shift caused by pressure as compared with 
the solvent shift in I2 or T C N E complexes with benzene, 

toluene, and mesitylene, may be due to such a contribu­
tion of A2. 

In conclusion, the observed pressure shifts of CT 
bands could be interpreted by a sum of two effects, the 
increased polarity of the solvent causing a red shift, 
and the decrease in 7?DA contributing to a blue shift 
in a strong C T complex and to a red shift in a weak one. 

We wish to thank Mr . Hisashi Mizuno for his 
assistance in the experiments. 
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The molecular force field in terms of the local symmetry coordinates was determined for unbranched dialkyl 
selenides. Twenty-six important force constants associated with the selenium part were adjusted by using about two 
hundred observed vibrational wave numbers for a total of twelve conformational isomers of ethyl methyl selenide, 
diethyl selenide, methyl propyl selenide, butyl methyl selenide, and ethyl propyl selenide. Remaining force 
constants of the selenides were assumed to be equivalent to those for unbranched dialkyl sulfides and alkanes. 
The least-squares calculation gave an overall root-mean-square deviation of 6.7 cm - 1 between the observed and 
calculated wave numbers. The force constants and the results of the normal coordinate treatment are given in 
this paper. 

The molecular force field of molecules is fundamen­
tally important for studying various problems in 
chemistry and physics. To establish the force field, 
vibrational spectra have been extensively investigated 
for a number of compounds. The force constants 
deduced from the experimental data were, however, 
reliable only, in general, for relatively small molecules. 
T o conquer the difficulty in determining the molecular 
force field of larger molecules, various attempts have 
been made.1 - 4) One of the approaches is to assume the 
transferability of the force constants for similar atomic 
groups in different molecules.5) This assumption allows 
ones to reduce the number of force constants to deter­
mine. In this model, the symmetry coordinates in each 
of the atomic groups, namely the local symmetry 
coordinates, are used to express the molecular force 
field, as most of organic molecules, which we are 
interested in, give characteristic group vibrations. 

Recent systematic studies6-15) on the vibrational 
spectra of unbranched organic compounds made 
possible to determine the force constants, in terms of 
the local symmetry force field, for alkanes, dialkyl 
ethers, dialkyl sulfides, halogenoalkanes, and alkyl-
silanes.16'17) In the present study, the molecular force 
field of unbranched dialkyl selenides was treated by 
utilizing the experimental data which have been 
accumulated in our laboratory.18) The force constants 
thus obtained are reported in this paper and are dis­
cussed in comparison with those for related compounds. 
A preliminary result of the normal coordinate treat­
ment has been reported previously.19) 

Calculat ion o f N o r m a l Coordinates 

The calculation of the normal coordinates for 
unbranched dialkyl selenides was carried out by a 
program system MVIB20> with a H I T A C 8700 com­
puting system at Hiroshima University. The force field 
adopted in the M V I B system is the local symmetry 
force field which has been successfully applied to a 
number of unbranched organic compounds.16 '17) 

Initial values of the force constants for the selenium 
part and for the alkyl parts next to the selenium atom 
were transferred or estimated from the results for the 
sulfides.16) The force constants for the unbranched 
alkyl part, not directly associated with the selenium 
atom, were the same as those obtained for the alkanes.16) 

Some of the important force constants for the selenium 
and neighboring parts were adjusted by a least-squares 
procedure by utilizing the observed vibrational wave 
numbers for the trans and gauche isomers of ethyl methyl 
selenide CH 3 SeCH 2 CH 3 , the trans-trans, trans-gauche, and 
gauche-gauche isomers of diethyl selenide CH 3 CH 2 Se-
CH 2 CH 3 , and the trans-trans, trans-gauche, gauche-trans, 
and gauche-gauche isomers of methyl propyl selenide 
CH3SeCH2CH2CH3 .1 8> 

The force field thus obtained was applied to butyl 
methyl selenide C H 3 S e C H 2 C H 2 C H 2 C H 3 and ethyl 
propyl selenide CH 3 CH 2 SeCH 2 CH 2 GH 3 to study the 
rotational isomerism. The force field was then refined 
by using the additional observed data for the gauche-
gauche-trans isomer of butyl methyl selenide and the 
gauche-gauche-trans and gauche-gauche-gauche isomers of 
ethyl propyl selenide,18) which have been shown to 
exist in the solid state.19) At the final stage of the 
calculation, twenty-six important force constants 

TABLE 1. ATOMIC MASSES AND STRUCTURAL PARAMETERS 

USED IN THE CALCULATION 

Property 

Atomic masses, u 
Hydrogen (H) 
Carbon (C) 
Selenium (Se) 

Bond lengths, A 
r(C-H) 
r(G-C) 
r(C-Se) 

Bond angles, degree 
Z(C-C-C) 
Zl(C-C-Se) 
Zl(C-Se-C) 
Z(G-G-H) 
Zl(Se-C-H) 

Quantity 

1.007825 
12.011 
78.96 

1.100a) 

1.539a) 

1.943b) 

112.2a) 

113.6C) 

96.18b) 

110.4a) 

108.8d) 

Dihedral angles of molecular skeleton, degree 
trans conformation 180 
gauche+ conformation 60 
gauche~ conformation —60 

a) Ref. 16. b) Taken from dimethyl selenide (Ref. 
21). c) Assumed to be equal to ^ ( C - C - S ) (Ref. 
16). d) Assumed to be equal to ^ ( S - C - H ) (Ref. 
16). This value is close to an average value, 108.2°, 
of two unequivalent X (Se-C-H) of dimethyl seleni­
de (Ref. 21). 
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Atomic 

Description 

T A B L E 2. DEFINITION AND SYMBOLISM OF ATOMIC GROUPS AND LOCAL 

group 

Symbol Description 

Local symmetry coordinate 

Symbol 

SYMMETRY 

Definition8 

COORDINATES 

.,b) 

CH3-(X) 1 CH3 symmetrical stretching 1 (Arx+ A r 2 + A r 3 ) / A / y 
CH3 symmetrical deformation 2 a (Aa23 + Aa3 1+Aa1 2) — b (Aßx + Aß2 + Aft) 
CH3 degenerate stretching (in-plane) 3 (2Ar1 — Ar2 — Ar3)/*/6 
CH3 degenerate deformation (in-plane) 4 (2Aa23—Aa3i—Aoc12)l\/ 6 
CH3 rocking (in-plane) 5 (2 A& - Aft - Aß3) /*/~6 
CH3 degenerate stretching (out-of-plane) 6 (Ar2—Ar^)l*/~2 
CH3 degenerate deformation (out-of-plane) 7 (Aa31 —Aa i 2)/v /X 
CH3 rocking (out-of-plane) 8 ( A & - A # j ) / y T 

(X)-CH2-(Y) 2 CH2 symmetrical stretching 1 (Arx+ Ar2)/*/~2 
CH2 scissoring 2 cAa-</(Aß l x + Aß2X)-£(A/?iy + Aß2Y) 
CH2 antisymmetrical stretching*0 3 (Ar1—Ar2)/\/^2 
CH2 rockingc) 4 (Aßlx-Aß2X + Aß1Y- A&Y)/2 
CH2 wagging^ 5 f(Aßlx+Aß2X)-g(Aß1Y+Aß2Y)/2 
CH2 twisting 6 (Aßlx-Aß2X- Aß1Y+AAY)/2 
X-C-Y deformation D hAy-iAoc-j(Aßlx + Aß2X)-k(AßlY+Aß2Y) 

(X)-Se-(Y) W X-Se-Y bending B Ay 

Skeleton-(X)-(Y)- — Stretching S ArXY 

Torsiond) T AtXY 

a) a=0.403003 and 6=0.413427 for X=Se . c=0.908651, </=0.211232, *=0.206297, /=0.494055, £=0.505875, h= 
0.896458, z = 0.185032, ;=0.203690, and £=0.198931 for X = C and Y=Se. b) Definition of the internal coordinates of 
the methyl group. The hydrogen atoms in the CH3-(X)-(Y) group are numbered in the following way (Refs. 16 and 
22). The hydrogen atom located at the trans position relative to Y is numbered as 1. The atoms numbered 2 and 3 
are defined in the clockwise direction, viewing the atoms along the bond X-C with the atom X nearer to the observer 
(see Fig. 1 of Ref. 16). r ^ K C - H , ) , r2=r(C-H2) , r ,=r(G-H,) , «„=Z.(H.}-C-H2), a 2 3 =Z(H 2 -C-H 3 ) , a 3 1 = Z ( H 3 -
C-Hi), ßi = /(H^-C-X), /?9 = X(H9-C-X), and /?? = X(H ? -C-X) . Definition of the internal coordinates of the methylene 
group. The hydrogen atoms in the (X)-CH2-(Y) group are numbered in the following way (Ref. 16). Viewing the 
(X)-CH2-(Y) group from the direction perpendicular to the HCH plane with the atom X nearer to the observer, the 
hydrogen atoms located at the ten o'clock and two o'clock positions (or, for example, at the four o'clock and eight 
o'clock positions, respectively) are numbered as 1 and 2, respectively (see Fig. 1 of Ref. 16). r1 = r(C-H1), r„ = r(C-
H2), a = Z ( H i - C - H 2 ) , A x = Z ( H 1 - C - X ) J ^ 2 X = ^ ( H 2 - C - X ) , / 1 Y = Z ( H 1 - C - Y ) , /?2Y=z:(H2-C-Y), and y = 2 ( X - C -
Y). c) The signs of the CH2 antisymmetrical stretching, rocking, and wagging coordinates of the (Y)-CH2-(X) group 
(viewing the atomic group from the direction perpendicular to the HCH plane with the atom Y nearer to the observer) 
are opposite to those of the corresponding coordinates of the (X)-CH2-(Y) group (viewing the atomic group with the 
atom X nearer to the observer) (Refs. 16 and 22). The signs of the other coordinates in this table are invariable with 
the viewing direction, d) For the definition of the torsional coordinate, see Refs. 22 and 23. 

associated with the selenium and neighboring parts the conventions recommended by IUPAC.2 2) The 
were determined from a total of 196 observed wave coordinates for the methyl group with a neighboring 
numbers with non-zero weights for the twelve con- carbon atom, C H 3 - ( C ) , and the methylene group with 
formers of the five compounds. neighboring carbon atoms, (C ) -C H 2 - (C ) , have been 

In the normal coordinate calculation, the observed defined previously16) on the basis of z l ( C - C - C ) and 
wave numbers in the liquid phase were used, so that the z l ( C - C - H ) values given in Table 1. 
origin of the experimental data for any one isomer is According to the coordinate definition mentioned 
consistent with that for any other. above, the signs of the C H 2 antisymmetrical stretching, 

The atomic masses and structural parameters used in rocking, and wagging coordinates for the (X) -CH 2 - (Y) 
the calculation are listed in Table 1. The structural group are opposite to those of the corresponding coor-
data for the selenium part were taken from a microwave dinates for the (Y) -CH 2 - (X) group. The signs of other 
study on dimethyl selenide.21) coordinates given in Table 2 are invariable with the 

Local Symmetry Coordinates. The local symmetry direction of ordering the atomic groups. One must be 
coordinates defined in Table 2 were used as basis careful in defining the coordinates, since the signs of 
coordinates in the normal coordinate treatment. The the off-diagonal force constants in terms of these coor-
deformation coordinates for the methyl or methylene dinates depend directly upon the signs of the 
group were constructed in accordance with the bond coordinates concerned. 
angles, given in Table 1, around a central carbon atom, Force Constants. The force constants in the local 
so that the redundant coordinate was properly elimi- symmetry force field are expressed on the basis of the 
nated from the coordinate system. The definition of local symmetry coordinates.5) In a series of studies on 
the local symmetry coordinates adopted in this study the local symmetry force field,16'17) force constants have 
for the methyl and methylene groups is in accord with been denoted by symbols, which are suitable for com-
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Constant1^ 

01W-1 
01W-2 
01W-3 
01W-4 
01W-5 
01W-6 
01W-7 
01W-8 
01W-45 
01W-78 

12W-1 
12W-2 
12W-3 
12W-4 
12W-5 
12W-6 
12W-D 
12W-25 
12W-2D 

Î12W-46 
Î12W-5D 

12W-SS 

1W2-B 
1W2-SS 

22W-1 
22W-2 
22W-3 
22W-4 
22W-5 
22W-6 
22W-D 
22W-25 
22W-2D 

Î22W-46 
Î22W-5D 
22W-SS 

2W2-B 
2W2-SS 

012W-S 

012W-T 
012W-22 

T012W-25 
012W-2D 
012W-2S 

T012W-45 
012W-52 

Î012W-55 
012W-5D 

Î012W-84 
012W-86 

Î012W-S5 

012W-SD 

TABLE 3. 

Valuec) 

- 014-1(4.715) 
0.527±0.005 

= 014-3(4.637) 
0.533±0.002 
0.566±0.003 

= 01W-3 
= 01W-4 
= 01W-5 
= 014-45 ( - 0 020) 
= 01W-45 

= 22W-1 
= 22W-2 
= 22W-3 
= 22W-4 
= 22W-5 
= 22W-6 

0.865±0.036 
= 22W-25 
= 22W-2D 
= 22W-46 
= 22W-5D 
= 22W-SS 

1.158±0.042 
= 2W2-SS 

-224-1(4.689) 
0.549±0.003 

= 224-3(4.637) 
0.754± 0.006 
0.582±0.003 
0.596±0.004 
0.891±0.026 

= 224-25(0.054) 
= 224-2D (0.161) 
= 224-46 (-0.030) 
= 224-5D(0.113) 
= 224-SS (0.473) 

1.257±0.054 
-0 .054±0 .036 

= 0124-S 
= 2224-S (4.424) 
=0124-T(0.110) 
= 0124-22 (-0.022) 
=0124-25(-0.041) 
= 0124-2D (-0.040) 
= 0124-2S (-0.345) 
= 0124-45(0.025) 
= 0124-52(0.016) 
= 0124-55 (-0.058) 
= 0124-5D (0.067) 
= 0124-84 (-0.064) 
= 0124-86(-0.117) 
= 0124-S5 
= -2222-5S (0.304) 
= 222W-SD 

Molecular Force Field of Dialkyl Selenides 

FORCE CONSTANTS FOR UNBRANCHED DIALKYL SELENIDES*0 

Constant^ Valuec) 

122W-S =222W-S 
122W-T =222W-T 

T122W-5S =222W-5S 
122W-DS =222W-DS 

Î122W-S5 =222W-S5 
122W-SD =222W-SD 
122W-2D-t =222W-2D-t 
122W-44-t =222W-44-t 

t l22W-46-t =222W-46-t 
122W-55-t =222W-55-t 

1122W-5D-t =222W-5D-t 
t l22W-64-t =222W-64-t 

122W-66-t =222W-66-t 
122W-D2-t =222W-D2-t 

1122W-D5-t =222W-D5-t 
122W-DD-t =222W-DD-t 
122W-44-g+=222W-44-g+ 

*122W-45-g+=222W-45-g+ 
1122W-46-g+ = 222W-46-g+ 

*t 122W-4D-g+=222W-4D-g+ 
* 122W-54-g+ = 222W-54-g+ 

122W-55-g+=222W-55-g+ 
*t 122W-56-g+ = 222W-56-g+ 
1122W-5D-g+=222W-5D-g+ 
1122W-64-g+ = 222W-64-g+ 

*t 122W-65-g+=222W-65-g+ 
122W-66-g+ = 222W-66-g+ 

*122W-6D-g+ = 222W-6D-g+ 
*t 122W-D4-g+ = 222W-D4-g+ 

1122W-D5-g+ = 222W-D5-g+ 
* 122W-D6-g+ = 222W-D6-g+ 

122W-DD-g+=222W-DD-g+ 

12W1-S =22W2-S 
12W1-T =22W2-T 

Î12W1-5S =22W2-5S 
12W1-DS =22W2-DS 
12W1-SB =22W2-SB 
12Wl-2B-t =22W2-2B-t 

t l2Wl-5B- t =22W2-5B-t 
12Wl-DB-t =22W2-DB-t 

*t 12Wl-4B-g+ = 22W2-4B-g+ 
112Wl-5B-g+ = 22W2-5B-g+ 
*12Wl-6B-g+ = 22W2-6B-g+ 

12Wl-DB-g+=22W2-DB-g+ 

12W2-S =22W2-S 
12W2-T =22W2-T 

Î12W2-5S =22W2-5S 
12W2-DS =22W2-DS 
12W2-SB =22W2-SB 
12W2-2B-t =22W2-2B-t 

t l2W2-5B-t =22W2-5B-t 
12W2-DB-t =22W2-DB-t 

*t 12W2-4B-g+ = 22W2-4B-g+ 
112W2-5B-g+ = 22W2-5B-g+ 
*12W2-6B-g+ = 22W2-6B-g+ 

12W2-DB-g+=22W2-DB-g+ 

Constant^ 

222W-SD 
222W-2D-t 
222W-44-t 

t222W-46-t 

222W-55-t 
t222W-5D-t 
t222W-64-t 

222W-66-t 
222W-D2-t 

T222W-D5-t 

222W-DD-t 
222W-44-g+ 

*222W-45-g+ 

T222W-46-g+ 

*t222W-4D-g+ 
*222W-54-g+ 

222W-55-g+ 
*t222W-56-g+ 

1222W-5D-g+ 
t222W-64-g+ 

*t 222W-65-g+ 

222W-66-g+ 
*222W-6D-g+ 

*t222W-D4-g+ 

1222W-D5-g+ 

*222W-D6-g+ 

222W-DD-g+ 

22W1-S 
22W1-T 

T22W1-5S 
22W1-DS 
22W1-SB 
22Wl-2B-t 

t22Wl-5B-t 
22Wl-DB-t 

*t22Wl-4B-g+ 
t22Wl-5B-g+ 
*22Wl-6B-g+ 
22Wl-DB-g+ 

22W2-S 
22W2-T 

T22W2-5S 
22W2-DS 
22W2-SB 

3517 

Valuec) 

0.013±0.057 
= 2224-2D-t ( -0 .050) 

0.058±0.024 
=2224-46-t 
=2222-46-t(0.063) 

- 0 . 0 5 3 ± 0 . 0 0 7 
= 2224-5D-t ( -0 .034) 
=2224-64-t 
= -2222-46-t ( -0 .063) 

- 0 . 0 7 6 ± 0 . 0 0 8 
= 2224-D2-t 
= 2222-2D-t (0.042) 
= 2224-D5-t 
= -2222-5D-t ( -0 .039) 

- 0 . 0 5 2 ± 0 . 0 5 7 
0.007±0.025 

= 2224-45-g+ 
= 2222-45-g+(0.063) 
= 2224-46-g+ 
= 2222-46-g+(-0.029) 
= 2224-4D-g+(-0.026) 
= 2224-54-g+ 
= 2222-45-g+(0.063) 

0.038±0.009 
= 2224-56-g+ 
= 2222-56-g+(0.026) 
= 2224-5D-g+(-0.036) 
= 2224-64-g+ 
= -2222-46-g+(0.029) 
= 2224-65-g+ 
= -2222-56-g+(-0 .026) 

0.040±0.017 
= 2224-6D-g+(0.162) 
=2224-D4-g+ 
= -2222-4D-g+(0.074) 
=2224-D5-g+ 
= -2222-5D-g+(0.017) 
= 2224-D6-g^ 
= 2222-6D-g+ (0.079) 

0.021±0.040 

= 22W2-S 
= 22W2-T 
= 22W2-5S 
= 22W2-DS 
=22W2-SB 
= 22W2-2B-t 
= 22W2-5B-t 
= 22W2-DB-t 
= 22W2-4B-g+ 
= 22W2-5B-g+ 
= 22W2-6B-g+ 
= 22W2-DB-g+ 

2.621±0.037 
= 2242-T (0.045) 
=2242-5S (-0.217) 

0.252±0.031 
- 0 . 1 3 4 ± 0 . 0 3 8 
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TABLE 3. (Continued) 

Constant10 

01W2-S 
01W2-T 
01W2-2B 
01W2-2S 
01W2-5B 
01W2-SB 

Valuec) 

= 22W2-S 
= 0142-T (0.045) 
= 0142-2B (0.194) 
=0142-2S (-0.340) 
= 0142-5B (0.003) 
= 22W2-SB 

Constant^ 

222W-S 
222W-T 

t222W-5S 

222W-DS 

t222W-S5 

Valuec) 

=2224-S (4.424) 
= 2224-T(0.113) 
= 2224-5S 
=2222-5S (-0 .304) 
=2224-DS 
=2222-DS (0.213) 
=2224-S5 
= -2222-5S (0.304) 

Constantb) 

22W2-2B-t 
t22W2-5B-t 
22W2-DB-t 

*t22W2-4B-g+ 
t22W2-5B-g+ 
*22W2-6B-g+ 
22W2-DB-g+ 

Valuec) 

=2242-2B-t (-0.169) 
= 2242-5B-t (-0.091) 

0.001 ±0.048 
= 2242-4B-g+(0.415) 
= 2242-5B-g+(-0.035) 
=2242-6B-g+(0.070) 

0.020±0.022 

a) Only the force constants with non-zero values are given in this table. Force constants not found in the table 
have zero values. The atomic-group symbol "4" denotes -Se-, b) Values for the intergroup force constants for 
the g~ {gauche~) conformation are the same as those for the corresponding force constants for the g+ {gauche+) 
conformation, unless they are marked with *. For those marked with *, the absolute values for the g+ and g- force 
constants are the same but their signs are opposite to each other. For example, 222W-6D-g+=— 222W~6D-g~. 
For those force constants marked with t, their signs are reversed if they are denned by ordering the atomic groups 
in an opposite direction. For example, 012W-84——W210-48. c) Units are mdyn A"1 for the diagonal stretch­
ing and off-diagonal sretching-stretching constants, mdyn for the off-diagonal stretching-bending constants, and 
mdyn Â for the diagonal bending, off-diagonal bending-bending, and diagonal torsional constants. 

puter input and output , under a systematic nomencla­
ture rule. Details of the force constant symbols have 
been described previously.16) Only fundamental 
aspects are quoted here with some examples for dialkyl 
selenides. The symbols for dialkyl selenides are found 
to be analogous to those for dialkyl sulfides or ethers. 

The symbol for the intragroup force constant on the 
diagonal has a general form abc-d and that on the off-
diagonal abc-de, where a, b, and c are symbols for the 
atomic groups, b being the group in question and a and 
c the two adjacent groups, and d and e are symbols for 
the local symmetry coordinates in question. The 
symbols for the atomic groups and the local symmetry 
coordinates applicable to dialkyl selenides are given in 
Table 2. In cases where the atomic group in question 
is a terminal group (for example, methyl group), a 
nonexistent adjacent group is denoted by 0. 

The symbols for the intergroup force constant on the 
diagonal has a general ïormfghi-j and that on the off-
diagonal fghi-jk or fghi-jk-l, where f9 g, h, and i are 
symbols for the atomic groups, g and h being the two 
groups in question and f and i their adjacent groups, 
and j and k are symbols for the local symmetry coor­
dinates in question. The coordinates j and k belong, 
respectively, to the atomic groups g and h. The symbol 
/, if any, denotes the conformation of the molecular 
skeleton given by the atomic groups f9 g, h, and i. 
Possible symbols for / are t (for trans conformation), 
g + (gauche+), g~ (gauche"), c (eis), s+ (skew+)9 and s~ 
\skew~). 

Some examples of the symbols for dialkyl selenides are 
given below. 

01W-2: the diagonal force constant for the C H 3 

symmetrical deformation in the C H 3 group of the 
C H 3 S e - par t . 

22W-46 : the off-diagonal force constant for the CH 2 

rocking and twisting within the C 6H 2 group of the 
-C ö H 2 C*H 2 Se- par t . 

2W2-SS: the off-diagonal force constant for the 
C*-Se stretching and the Se-C 6 stretching of the 
-C ö H 2 SeC*H 2 - par t . 

01W2-S: the diagonal force constant for the C"-Se 
stretching of the C a H 3 SeC*H 2 - part . 

12W2-5S: the off-diagonal force constant for the 
CÔH2 wagging and the Cô-Se stretching of the 
C ö H 3 C*H 2 SeC c H 2 - par t . 

22W2-SB: the off-diagonal force constant for the 
Cô-Se stretching and the CôSeC c bending of the 
-C ö H 2 C*H 2 SeC c H 2 - par t . 

222W-46-g+: the off-diagonal force constant for the 
of the 
skeletal 

C 6H 2 rocking and the 
part 

CCH2 twisting 
in the gauche+ -C ö H 2 C*H 2 C c H 2 Se-

conformation. 
The coordinates d, e,j, and k are defined so that their 

signs are positive when one views the successive atomic 
groups from a to c for the intragroup force constant 
or from f to i for the intergroup force constant. I t 
should be noticed that the signs of some of the force 
constants are reversed if the force constants are defined 

T A B L E 4. OBSERVED AND CALCULATED WAVE NUMBERS, 

IN C M - 1 , AND VIBRATIONAL ASSIGNMENTS FOR 

ETHYL METHYL SELENIDEA) 

V u b ) 
y obsd 

763* 
737 
597 
577* 
562 
300 
240 
199 
174* 

tran 

761 (a") 

594(a') 
572(a') 

303(a') 
2 5 0 ( 0 

191 (a') 
156(a") 
71(a") 

Scaled a n d as 

is form (Cs) 

CH2 rock 

CH3-Se stretch 
Se-CH2 stretch 

SeCC deform 
CH2-CH3 torsion 

CSeC bend 
CH3-Se torsion 
Se-CH2 torsion 

isignment 

gauche form (Gt) 

741 CH2rock 
595 CH3-Se stretch 

560 Se-CH2 stretch 
298 SeCC deform 
251 CH2-CH3 torsion 
203 CSeC bend 

154 CH3-Se torsion 
70 Se-CH2 torsion 

a) Only the vibrations below 800 cm-1 are given in 
the table. 
liquid state 
numbers are 
tion. 

b) The observed wave numbers in the 
are given. The bands whose wave 
marked with * disappear on solidifica-

file:///skew~
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T A B L E 5. OBSERVED AND CALCULATED WAVE NUMBERS, IN cm- 1 , AND VIBRATIONAL 

ASSIGNMENTS FOR D I E T H Y L S E L E N I D E a ) 

fj b ) 
yobsd 

7 7 2 c ) 

761* 

755* 

741* 

720* 

581 

577 

568* 

559* 

314 

304* 

277 

247 

181* 

160* 

139c) 

a ) , b ) 

V u ^ yobsd 

trans-trans form (G2v) 

|762(b2) C H 2 r o c k 
l758(a2) C H 2 r o c k 

582 ( a i) S e - C H 2 stretch 

567 ( b j S e - C H 2 stretch 

306 (bi) SeCC deform 

292 (aa) SeCC deform 

f251(b2) C H 3 - C H 2 torsion 
[249 (a2) C H 3 - C H 2 torsion 

140( a i) C S e C b e n d 
84(a2) S e - C H 2 torsion 

49 (b2) S e - C H 2 torsion 

See footnotes a) and b) , respectively, 

Pca l cd and assignment 

trans-gauche form ( C ^ 

761 C H 2 rock 

740 CH 2 rock 

574 Se -CH 2 stretch 

564 S e - C H 2 stretch 

315 SeCC deform 

278 SeCC deform 

J251 C H 3 - C H 2 torsion 
[249 C H 3 - C H 2 torsion 

164 CSeC bend 

69 S e - C H 2 torsion 
59 Se-CHo torsion 

gauche-gauche form (C2) 

760(b) 

722(a) 

575(b) 

552(a) 

306(a) 

285(b) 

f249(b) 
[246(a) 
175(a) 

80(b) 

46(a) 

to Table 4. c) Observed in the solid state. 

T A B L E 6. OBSERVED AND CALCULATED WAVE NUMBERS, IN cm- 1 , 

ASSIGNMENTS FOR M E T H Y L P R O P Y L S E L E N I D E a ) 

trans-trans form (Cs) trans-gauche 

^caicd a n d assignment 

C H 2 rock 

C H 2 rock 

Se -CH 2 stretch 

S e - C H 2 stretch 

SeCC deform 

SeCC deform 

C H 3 - C H 2 torsion 
C H 3 - C H 2 torsion 

CSeC bend 

S e - C H 2 torsion 

S e - C H 2 torsion 

AND VIBRATIONAL 

form (Cj)^ gauche-trans form (C1)d) gauche-gauche form (C t) 

773* 

766* 

731* 

716 

660* 

646 

591 

576* 

559* 

403* 

312 

288* 

263 

221 

208* 

195 

773 CHo rock 

766 C H 2 rock 

728(a") C H 2 r o c k 

653(a') Se -CH 2 stretch 

593(a') CH 3 -Se stretch 

316(a') C C C deform 

268(a') SeCC deform 

228 (a77) C H 2 - C H 3 torsion 

159(a") CH 3 -Se torsion 
154(a') C S e C b e n d 
106 (a") CH 2 C H 2 torsion 
66(a") S e - C H 2 torsion 

594 CH 3 -Se stretch 

578 S e - C H 2 stretch 

405 C C C deform 

271 C H 2 - C H 3 torsion 

215 C S e C b e n d 

172 SeCC deform 

156 C H 3 - S e torsion 

99 C H 2 - C H 2 torsion 

48 S e - C H 2 torsion 

719 C H 2 r o c k 

649 S e - C H 2 stretch 

590 CH 3 -Se stretch 

309 C C C deform 

256 SeCC deform 

230 C H 2 - C H 3 torsion 

191 C S e C b e n d 

151 C H 3 - S e torsion 

96 C H 2 - C H 2 torsion 
65 S e - C H 2 torsion 

595 CH 3 -Se stretch 

564 S e - C H 2 stretch 

402 C C C deform 

291 SeCC deform 

210 C H 2 - C H 3 torsion 

171 C S e C b e n d 

154 CH 3 -Se torsion 

103 C H 2 - C H 2 torsion 

46 S e - C H 2 torsion 

a) , b) See footnotes a) and b) , respectively, to Table 4. 
C S e - C - C C , respectively, d) gauche and trans conformations 

c) trans and gauche conformations about the axes 
about the axes C S e - C - C C , respectively. 
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by ordering the atomic groups in a different direction. 
These force constants are indicated in Table 2. 

R e s u l t s o f the N o r m a l Coordinate 
T r e a t m e n t 

The force constants for unbranched dialkyl selenides 
are given in Table 3. In this table only the force constants 
with non-zero values are given and force constants not 
found in the table have zero values. Most of the force 
constants have been assumed to be equivalent to those 
for unbranched dialkyl sulfides and alkanes, and only 
twenty-six important force constants have been deter­
mined by a least-squares procedure. Results of the 
normal coordinate calculation for ethyl methyl selenide, 
diethyl selenide, and methyl propyl selenide are given 
in Tables 4—6. In these tables, only the vibrations 
below 800 c m - 1 , which are more important in examining 
the rotational isomerism than those with higher wave 
numbers, are listed in comparison with the observed 
ones. Assignments of the vibrations are given on the 
basis of the calculated potential-energy distributions. 

The calculation gave an overall root-mean-square 
deviation of 6.69 c m - 1 between the observed wave 
numbers vohsd

 an<^ t n e calculated wave numbers ^caicd 
for 196 experimental data . Distribution of the wave 
number differences ^0bsd~~^caicd 1S shown in Fig. 1. 
The result indicates that 134 calculated wave numbers 
(68% of the total number 196) are within ± 5 c m - 1 of 
the observed values and 173 (88%) are within ^ 1 0 
c m - 1 . 

, 111 II n 1 IILIHM. M 

Fig. 1. Distribution of the wave number differences 
Av=vohsd —^caicd f° r t n e unbranched dialkyl selenides. 

D i s c u s s i o n 

In this study, the local symmetry force field for 
unbranched dialkyl selenides has been deduced from 
experimental data for the fundamental selenide molec­
ules. The force constants listed in Table 3 fully cover 
any dialkyl selenide compound consisting of the following 
molecular fragments: CH 3 CH 2 Se- , CH 3 SeCH 2 - , 
- C H 2 C H 2 S e - , and - C H 2 S e C H 2 - . The present experi­
ence in studying the molecular force field indicates 
that most of the off-diagonal force constants for the 
dialkyl selenides and the dialkyl sulfides have similar 
values to each other. Common values have been, in 

fact, assumed for many constants for these compounds 
(Table 3). According to the previous16) and present 
results, the difference of the force field is more significant 
between the sulfides and the ethers than between the 
sulfides and the selenides. This must be related to a 
closer resemblance of the chemical nature between 
sulfur and selenium atoms than between sulfur and 
oxygen atoms. 

The diagonal force constants, which have been 
determined by the least-squares method, show a systema­
tic variation of the values going from the ethers to the 
sulfides and the selenides. Their values have been 
compared and discussed in a previous letter.19) 

A comparison is made between the force constants 
for the dialkyl selenides and the bromoalkanes24) and 
between those for the dialkyl sulfides and the chloro-
alkanes.24) The methylene deformation diagonal 
constants (in units of mdyn Â) for the (C) -CH 2 - (X) 
groups are as follows. CH 2 scissoring: 0.549, 0.535, 
0.551, and 0.537 for X = Se, Br, S, and CI, respectively; 
CH 2 rocking: 0.754, 0.700, 0.804, and 0.756; CH 2 

wagging: 0.582, 0.621, 0.607, and 0.662; CH 2 twisting: 
0.596, 0.613, 0.626, and 0.649; C C X deformation: 
0.891, 0.977, 0.846, and 0.984. These data show that 
the values for the Group V I and Group V I I compounds 
are not necessarily similar to each other, though the 
structural parameters and atomic masses are close. It 
is interesting to note that for the scissoring and rocking 
constants, the values for Se or S are larger than those 
for Br or CI, while for the wagging, twisting, and CCX 
deformation constants, the values for Br or CI are 
larger than those for Se or S. O n the other hand, the 
diagonal C - X stretching force constants are 2.621, 
2.609, 2.959, and 2.983 mdyn Â - 1 for X = Se, Br, S, 
and CI, respectively, indicating that the values for Se 
and Br coincide and those for S and CI coincide within 
errors in the values. 

The present set of the force constants reproduced 
about two hundred observed wave numbers for the 
dialkyl selenides with a root-mean-square deviation of 
6.7 cm^1 . This accuracy of the normal coordinate 
calculation is good enough to analyze the observed 
spectra and to study the rotational isomerism. The 
distribution of wave number differences ^0bsd—^caicd 
(Fig. 1) is close to the normal distribution. This means 
that the least-squares calculation has been made on the 
basis of the proper vibrational assignments of the 
observed spectra and that the force field obtained has 
high validity in the normal vibration study. 

The authors wish to thank Dr. Keiichi Ohno of 
Hiroshima University for his helpful discussions. 
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The Molecular and Crystal Structure of the Green Form of 
Bis(iV-cyclohexylsalicylideneaminato)copper(II) 

Hatsue TAMURA, Kazuhide O G A W A , * Akira TAKEUCHI, and Shoichiro YAMADA 

College of General Education, Osaka University, Toyonaka, Osaka 560 

(Received January, 16, 1979) 

Bis(iV-cyclohexylsalicylideneaminato)copper(II) crystallizes in two forms: one is a brown crystal (Form I), and 
the other is a green one (Form II). The crystal structure of Form II has been determined by X-ray analysis. The 
green crystals are monoclinic; space group, P2i/n. The cell dimensions are a = 23.134(6), 6 = 9.525(3), £=21.472(8) 
Â, ß= 99.42(1)°, and Z = 8 . The structure was deduced by the heavy-atom method and was refined to a final R 
value of 0.082 for 1883 observed reflections by the block-diagonal least-squares method. The molecular structure 
in Form II is dimeric, in contrast with the case of Form I, which is composed of a monomeric molecule. The 
two monomeric halves are joined by two Gu-O bonds with distances of 2.60(1) and 2.64(1) A. Each copper(II) 
ion is penta-coordinated in a distorted square-pyramidal configuration. The molecular structures in Form I and 
II have been compared with those of the related Gu(II) compounds. 

Among the crystal structures of various kinds of 
copper(II) complexes with TV-substituted derivatives of 
salicylideneaminates (abbreviated as Cu(7V-R5 salim)2 

hereafter) so far determined, the following derivatives 
have been reported to have polymorphic crystals: the 
polymorphs of a-1) and y-forms2) of bis(7V-methyl-
salicylideneaminato)copper(II) (Cu(7V-Me5 salim)2) 
have a relation of the monomer and the dimer, while 
the polymorphism of bis(TV-ethylsalicylideneaminato)-
copper(I I ) , which has monoclinic3) and orthorhombic 
forms,4) is due to the different coordination geometry. 
I t seems to be significant to examine related copper(II) 
complexes with isopropyl and cyclohexyl groups, which 
are bulkier than methyl and ethyl groups. 

Two of the present authors (A.T. and S.Y.) previously 
synthesized the green (low-temperature form) and the 
brown (high-temperature form) complexes of bis(7V-
isopropyl-3-methoxysalicylideneaminato)copper(II) (Cu-
(N-i-Pr, 3-CH30-sal im)2) and reported their struc­
tures on the basis of the absorption spectra, thermal, and 
X-ray data.5) Recently two modifications of bis(7V-
cyclohexylsalicylideneaminato)copper(II) (Cu(N-Ch, 
salim)2) were also obtained by the two authors (A.T. 
and S.Y.) ; one is brown, and the other, green. Hereafter, 
the former and the latter will be designated as Form I 

Atom numbering scheme of the one half ([Cu(A)]) of 
the dimer. The same atom numbering as [Gu(A)] was 
used for [Gu(B)], and the distinction between the atoms 
in [Gu(A)] and those in [Cu(B)] was made by the letters 
A and B. 

and Form I I respectively. Wi th a rise in the tempera­
ture, the brown crystal melts at 165—166 °G and 
crystallizes in the green Form I I , which melts at 176— 
177 °C. Crystals of Form I I are also obtained by the 
slow evaporation of a chloroform solution of Form I. 
The crystals of Form I I obtained by this method gave 
the same X-ray diffraction pattern as that of crystal 
obtained by heating crystals of Form I on an oil-bath at 
170—180 °C. The crystal structure of Form I was 
reported previously.6) In the present work, the crystal 
structure of Form I I has been determined and compared 
with that of Form I. 

Exper imenta l 

The green crystals of Cu(iV-Ch, salim)2 were obtained by 
the slow evaporation of a chloroform solution of Form I at 
a temperature below 10 °G. The crystal and experimental 
data of Form II are listed in Table 1 and compared with 
those of Form I. The X-ray intensity data were measured 
on a Rigaku-Denki four-circle diffractometer with Zr-filtered 

TABLE 1. CRYSTAL AND EXPERIMENTAL DATA 

Form II Form I 

Color 
Crystal system 
Space group 
a 
b 
c 
oc 

ß 
y 
V 

z 
£ m 

Dx 

ß 
Scan method 
Scan speed 
Scan width 
Background 
20max 

green 
monoclinic 
P21/n 
23.134(6)A 
9.525(3) Â 
21.472(8) A 

99.42(1)° 

4668(2) A3 

8 
1.33 gem- 3 

1.336 g cm-3 

10.0 cm-1 (for MoK<x) 
Ö-2öa> 

4°min- 1 

1.2° + O.4°tan0 

2 x 5 s 

45° (Mo Koc) 

brown 

triclinic 

PÏ 
12 .035(5)A 

7.810(3) A 

6.475(3) A 

104.86(1)° 

102.06(1)° 

97.67(1)° 

563.9(4) A3 

1 
1.37 g cm- 3 

1.379 g cm- 3 

11.5 cm- 1 (for Ci 
0-20 

2°min-1 

1.5° + O.15°tan0 
2 x 1 0 s 
115°(Cu/Ca) 

a) For weak reflections with \F0\ <^3a(FQ), the peak scan 
was repeated four times. 
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TABLE 2. FINAL ATOMIC COORDINATES ( X 104) AND TEMPERATURE FACTORS, 

WITH THEIR STANDARD DEVIATIONS IN PARENTHESES 

Atom 

Gu(A) 
O(IA) 
N(1A) 
G(1A) 
G (2 A) 
G (3 A) 
G(4A) 
G (5 A) 
G (6 A) 
G(7A) 
G(8A) 
G (9 A) 
G(10A) 
G(JA) 

G(QA) 
G(KA) 
0(12A) 
N(12A) 
G(12A) 
G(22A) 
G (32 A) 
G (42 A) 
G (52 A) 
G (62 A) 
G(72A) 
G (82 A) 
G (92 A) 
G(02A) 
G(J2A) 
G(Q2A) 
G(K2A) 

X 

4854(1) 
4191(5) 
5408(5) 
5240(7) 
4632(7) 
4552(8) 
3984(8) 
3500(8) 
3559(8) 
4150(8) 
6060(7) 
6453(8) 
7095(8) 
7218(8) 
6811(9) 
6168(8) 
5477(4) 
4429(5) 
4645(8) 
5247(7) 
5409(7) 
5973(7) 
6344(7) 
6186(7) 
5619(7) 
3812(7) 
3831(8) 
3209(9) -
2796(8) -
2796(8) 
3435(7) 

y 

1674(2) 
1259(12) 
1436(14) 
1377(19) 
1401(19) 
1400(20) 
1486(21) 
1454(20) 
1388(20) 
1332(19) 
1348(19) 
1611(23) 
1543(23) 

93(23) 
-272(24) 
-152(23) 
2532(12) 
1151(14) 
1213(19) 
1738(18) 
1607(19) 
2101(19) 
2723(18) 
2854(18) 
2362(18) 
612(19) 

-971(22) 
-1481(23) 
-1167(22) 

390(20) 
898(19) 

z 

7555(1) 
7950(5) 
8388(6) 
8928(8) 
9045(8) 
9679(8) 
9813(9) 
9315(8) 
8684(9) 
8541(9) 
8362(8) 
9017(9) 
8889(9) 
8636(9) 
8011(10) 
8136(9) 
7204(5) 
6690(6) 
6171(8) 
6123(7) 
5534(8) 
5439(8) 
5958(8) 
6542(8) 
6644(8) 
6639(8) 
6782(9) 
6823(10) 
6179(9) 
6037(9) 
5976(8) 

a) Anisotropic temperature factors (x 105) 
with parameters 

Gu(A) 
Gu(B) 

* i i 
125(6) 
116(6) 

TABLE 3(a). BOND 

# 2 2 

1269(35) 
1386(37) 

B 

äT~~ 
4.1(3) 
3.6(3) 
4.0(4) 
4.2(4) 
4.5(4) 
5.2(5) 
4.6(4) 
5.0(5) 
4.6(4) 
3.9(4) 
6.1(5) 
6.2(5) 
5.8(5) 
6.7(5) 
6.0(5) 
3.7(2) 
3.5(3) 
4.5(4) 
3.3(4) 
4.2(4) 
4.5(4) 
3.9(4) 
3.5(4) 
3.5(4) 
3.9(4) 
5.6(5) 
6.5(5) 
5.9(5) 
4.8(4) 
4.0(4) 

in the form of 

# 3 3 

219(7) 
239(8) 

Atom 

Gu(B) 
O(IB) 
N(1B) 
G(1B) 
G(2B) 
G(3B) 
G(4B) 
G(5B) 
G(6B) 
G(7B) 
G(8B) 
G(9B) 
G(10B) 
G(JB) 
G(QB) 
G (KB) 
0(12B) 
N(12B) 
G(12B) 
G(22B) 
G(32B) 
G(42B) 
G(52B) 
G(62B) 
G(72B) 
G(82B) 
G(92B) 
G(02B) 
G(J2B) 
C(Q2B) 
G(K2B) 

X 

5203(1) 
6017(4) 
5202(6) 
5659(8) 
6261(7) 
6728(8) 
7298(8) 
7440(7) 
7014(7) 
6412(7) 
4606(8) 
4608(10) 
3948(9) 
3750(10) 
3763(10) 
4404(9) 
4459(4) 
5071(5) 
4585(7) 
4026(7) 
3513(8) 
2965(8) 
2939(8) 
3428(8) 
3994(7) 
5576(7) 
5617(7) 
6201(7) 
6222(7) 
6119(7) 
5542(7) 

expl-iB^ + B^k^+l 

Bu 
-89(25) 

-160(25) 

* 1 8 
48(9) 1 
63(9) - 1 

y 

5115(2) 
5442(12) 
5553(15) 
5751(21) 
5639(19) 
5770(22) 
5722(21) 
5585(19) 
5493(19) 
5514(18) 
5762(21) 
5578(26) 
5893(24) 
7290(25) 
7428(27) 
7174(23) 
4232(12) 
5652(14) 
5558(18) 
5017(20) 
5179(21) 
4690(22) 
4177(21) 
3970(20) 
4404(19) 
6248(18) 
7816(19) 
8401(20) 
8214(20) 
6665(20) 
6091(18) 

z 

7495(1) 
7583(5) 
8417(7) 
8841(9) 
8701(8) 
9232(9) 
9145(9) 
8550(8) 
8005(8) 
8089(8) 
8622(9) 
9299(8) 
9396(10) 
9158(11) 
8477(11) 
8345(10) 
7434(5) 
6567(6) 
6193(8) 
6404(8) 
5926(9) 
6079(9) 
6679(9) 
7158(9) 
6996(8) 
6318(8) 
6513(8) 
6359(8) 
5649(8) 
5444(8) 
5608(8) 

hsl'2 + B12hk+B13hl+B23kl)] 

B23 

51(30) 
51(30) 

LENGTHS ( / / A ) , W I T H ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

B 

a) 
4.3(3) 
4.6(3) 
5.0(5) 
3.9(4) 
5.6(5) 
5.0(5) 
4.4(4) 
4.0(4) 
3.9(4) 
5.3(5) 
8.3(7) 
6.7(5) 
7.8(6) 
8.2(6) 
6.4(5) 
4.0(2) 
3.1(3) 
3.8(4) 
4.0(4) 
5.3(5) 
5.8(5) 
5.4(5) 
4.9(5) 
4.0(4) 
3.6(4) 
4.3(4) 
4.5(4) ' 
4.2(4) 
4.5(4) 
3.7(4) _ 

Gu(A)-0(lA) 
Gu(A)-N(lA) 
0(1A)-G(7A) 
N(1A)-G(1A) 
N(1A)-G(8A) 
G(1A)-G(2A) 
G(2A)-G(3A) 
G(3A)-G(4A) 
G(4A)-G(5A) 
G(5A)-G(6A) 
G(6A)-G(7A) 
G(7A)-G(2A) 
G(8A)-G(9A) 
G(9A)-G(10A) 
C(10A)-C(JA) 
G(JA)-G(QA) 
G(QA)-G(KA) 
G(KA)-G(8A) 

1.91(1 
2.04(1 
1.29(2 
1.28(2 

.52(2; 
•47(3 

1.40(3 
1.39(3 
1.42(3 
1.39(3 
1.45(3 
1.42(3 
1.56(3 
1.56(3 
1.53(3 
1.55(3 
1.56(3 
1.54(3 

Gu(A)-0(12A) 
Gu(A)-N(12A) 
0(12A)-G(72A) 
N(12A)-G(12A) 
N(12A)-C(82A) 
G(12A)-G(22A) 
G(22A)-G(32A) 
G(32A)-G(42A) 
G(42A)-G(52A) 
G(52A)-G(62A) 
C(62A)-C(72A) 
G(72A)-G(22A) 
G(82A)-G(92A) 
G(92A)-G(02A) 
G(02A)-G(J2A) 
G(J2A)-G(Q2A) 
G(Q2A)-G(K2A) 
G(K2A)-G(82A) 

1.92(1) 
2.02(1) 
1.31(2) 
1.30(2) 
1.50(2) 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

.50(3) 

.38(3) 

.43(3) 

.42(3) 

.37(2) 

.44(2) 

.42(2) 

.54(3) 

.54(3) 

.58(3) 
1.51(3) 

.58(3) 

.57(3) 

Gu(B)-0(lB) 
Gu(B)-N(lB) 
0(1B)-G(7B) 
N(1B)-G(1B) 
N(1B)-G(8B) 
G(1B)-G(2B) 
G(2B)-G(3B) 
G(3B)-G(4B) 
G(4B)-G(5B) 
G(5B)-G(6B) 
G(6B)-G(7B) 
G(7B)-G(2B) 
G(8B)-G(9B) 
G(9B)-G(10B) 
G(10B)-G(JB) 
G(JB)-G(QB) 
G(QB)-G(KB) 
G(KB)-G(8B) 
Gu(A)-Gu(B) 
Gu(A)-0(12B) 
0(12A)-Gu(B) 

89(1) 
02(2) 
30(2) 
29(3) 
53(3) 
48(3) 

1.44(3) 
.36(3) 
.38(3) 
.40(3) 
.43(3) 
.42(3) 
.46(3) 

1.60(3) 
•47(3) 
.47(3) 
,57(3) 
,51(3) 
,383(3) 
60(1) 
.64(1) 

Gu(B)-0(12B) 
Gu(B)-N(12B) 
0(12B)-G(72B) 
N(12B)-G(12B) 
N(12B)-G(82B) 
G(12B)-G(22B) 
G(22B)-G(32B) 
G(32B)-G(42B) 
G(42B)-G(52B) 
G(52B)-G(62B) 
G(62B)-G(72B) 
G(72B)-G(22B) 
G(82B)-G(92B) 
G(92B)-G(02B) 
G(02B)-G(J2B) 
G(J2B)-G(Q2B) 
G(Q2B)-G(K2B) 
G(K2B)-G(82B) 

1.90(1 
2.03(1 
1.32(2 
1.27(2 
1.48(2 

53(3 
44(3; 
44(3; 
39(3; 
4i(3; 

1.47(3 
1.41(3; 
1.55(3 
1.55(3 
1.54(3 
1.55(3 
1.54(3 
1.52(3 
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TABLE 3(b). BOND ANGLES (0/°), WITH ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

0 ( 1 A ) - G U ( A ) - N ( 1 A ) 91.3(5) 
0(lA)-Cu(A)-0(12A) 166.6(5) 
0(lA)-Gu(A)-N(12A) 93.0(5) 
Gu(A)-0(lA)-G(7A) 128(1) 
Gu(A)-N(lA)-G(lA) 124(1) 
Gu(A)-N(lA)-G(8A) 117(1) 
G(1A)-N(1A)-G(8A) 119(1) 
N(1A)-G(1A)-G(2A) 126(2) 
G(1A)-G(2A)-G(7A) 122(2) 
G(3A)-G(2A)-G(7A) 122(2) 
G(2A)-G(3A)-G(4A) 119(2) 
G(3A)-G(4A)-G(5A) 120(2) 
G(4A)-G(5A)-G(6A) 123(2) 
C(5A)-C(6A)-C(7A) 117(2) 
0(1A)-G(7A)-G(2A) 125(2) 
C(2A)-C(7A)-C(6A) 119(2) 
N(1A)-G(8A)-G(9A) 113(1) 
N(1A)-C(8A)-C(KA) 106(1) 
G(9A)-G(8A)-G(KA) 109(2) 
G(8A)-G(9A)-G(10A) 105(2) 
C(9A)-C(10A)-C(JA) 110(2) 
C(10A)-C(JA)-C(QA) 113(2) 
C(JA)-C(QA)-C(KA) 107(2) 
G(8A)-G(KA)-G(QA) 109(2) 

0(lB)-Gu(B)-N(lB) 91.7(6) 
0(lB)-Gu(B)-0(12B) 163.2(5) 
0(lB)-Gu(B)-N(12B) 92.5(5) 
Gu(B)-0(lB)-G(7B) 130(1) 
Gu(B)-N(lB)-G(lB) 126(1) 
Gu(B)-N(lB)-G(8B) 117(1) 
G(1B)-N(1B)-G(8B) 117(2) 
N(1B)-G(1B)-G(2B) 122(2) 
G(1B)-G(2B)-G(7B) 125(2) 
G(3B)-G(2B)-G(7B) 118(2) 
G(2B)-G(3B)-G(4B) 120(2) 
G(3B)-G(4B)-G(5B) 121(2) 
G(4B)-G(5B)-G(6B) 123(2) 
C(5B)-C(6B)-C(7B) 117(2) 
0(1B)-G(7B)-G(2B) 122(2) 
G(2B)-G(7B)-G(6B) 121(2) 
N(1B)-G(8B)-G(9B) 114(2) 
N(1B)-G(8B)-G(KB) 104(2) 
G(9B)-G(8B)-G(KB) 117(2) 
G(8B)-G(9B)-G(10B) 105(2) 
C(9B)-C(10B)-C(JB) 112(2) 
C(10B)-C(JB)-C(QB) 112(2) 
G(JB)-G(QB)-G(KB) 110(2) 
G(8B)-G(KB)-G(QB) 108(2) 
0(lA)-Gu(A)-0(12B) 86.8(4) 
N(lA)-Gu(A)-0(12B) 110.6(5) 
0(12A)-Cu(A)-0(12B) 80.5(4) 
N(12A)-Cu(A)-0(12B) 91.7(5) 
Gu(A)-0(12A)-Gu(B) 94.5(4) 

N(lA)-Gu(A)-0(12A) 89.3(5) 
N(lA)-Gu(A)-N(12A) 157.5(6) 
0(12A)-Gu(A)-N(12A) 91.5(5) 
Cu(A)-0(12A)-G(72A) 129(1) 
Gu(A)-N(12A)-G(12A) 126(1) 
Gu(A)-N(12A)-G(82A) 118(1) 
G(12A)-N(12A)-G(82A) 117(1) 
N(12A)-G(12A)-G(22A) 125(2) 
C(12A)-G(22A)-G(72A) 122(2) 
G(32A)-G(22A)-G(72A) 123(2) 
G(22A)-G(32A)-G(42A) 119(2) 
G(32A)-G(42A)-G(52A) 118(2) 
C(42A)-G(52A)-G(62A) 123(2) 
G (52 A)-G (62 A)-G (72 A) 120 (2) 
0(12A)-G(72A)-G(22A) 124(2) 
G(22A)-G(72A)-G(62A) 118(2) 
N(12A)-G(82A)-G(92A) 109(1) 
N(12A)-G(82A)-G(K2A) 113(1) 
G(92A)-G(82A)-G(K2A) 110(2) 
G (82 A)-G (92 A)-G (02 A) 109 (2) 
G(92A)-G(02A)-G(J2A) 109(2) 
C(02A)-C(J2A)-C(Q2A) 110(2) 
C(J2A)-C(Q2A)-C(K2A) 110(2) 
C(82A)-G(K2A)-G(Q2A) 105(1) 

N(lB)-Gu(B)-0(12B) 90.7(6) 
N(lB)-Gu(B)-N(12B) 152.1(6) 
0(12B)-Gu(B)-N(12B) 93.1(5) 

Gu(B)-0(12B)-G(72B) 128(1) 
Gu(B)-N(12B)-G(12B) 125(1) 
Gu(B)-N(12B)-G(82B) 117(1) 
G(12B)-N(12B)-G(82B) 118(1) 
N(12B)-G(12B)-G(22B) 123(2) 
G(12B)-G(22B)-G(72B) 125(2) 
C(32B)-C(22B)-C(72B) 122(2) 
G (22B)-G (32B)-G (42B) 117 (2) 
G(32B)-G(42B)-G(52B) 120(2) 
G(42B)-G(52B)-G(62B) 125(2) 
G(52B)-G(62B)-G(72B) 115(2) 
0(12B)-G(72B)-G(22B) 122(2) 
G(22B)-G(72B)-G(62B) 121(2) 
N(12B)-G(82B)-G(92B) 107(1) 
N(12B)-G(82B)-G(K2B) 114(1) 
G(92B)-G(82B)-G(K2B) 111(1) 
C(82B)-C(92B)-C(02B) 108(1) 
G(92B)-G(02B)-G(J2B) 110(2) 
C(02B)-C(J2B)-C(Q2B) 111 (2) 
C(J2B)-C(Q2B)-C(K2B) 112(2) 
C(82B)-C(K2B)-C(Q2B) 107(1) 
0(lB)-Gu(B)-0(12A) 84.5(4) 
N(lB)-Gu(B)-0(12A) 117.6(5) 
0(12B)-Gu(B)-0(12A) 79.7(4) 
N(12B)-Cu(B)-OQ2A) 90.3(5) 
Cu(A)-0(12B)-Cu(B) 96.2(5) 

Mo KOL radiation. Of 3231 independent reflections collected 
by the 26-6 scan technique, 1348 reflections with \FQ\<^3a-
(|F0|) were not used in the subsequent calculation. The data 
were corrected for Lorentz and polarization effects, but not 
for absorption. The crystal size was 0.15 X 0.20 X 0.30 mm. 

Structure Determination. The crystal structure was solved 
by the heavy-atom technique, and the refinement was per­

formed by a block-diagonal least-squares calculation. The 
function minimized was ^w(F0— \FC\)2, with w— 1.0 for all 
reflections. All the atomic scattering factors were taken from 
"International Tables for X-Ray Crystallography."7) The 
computations were carried out on a NEAG 2200-700 com­
puter at Osaka University. The computer programs used in 
the calculations were RSSFR-5,8) HBLS-V,9> and DAPH10) 



December, 1979] Crystal Structure of Green Form of Cu(iV-Ch, salim)2 3525 

in the UNIGS. The final R value was 0.032. A list of 
observed and calculated structure factors is preserved by the 
Chemical Society of Japan (Document No. 7938). 

R e s u l t s and D i s c u s s i o n 

Table 2 lists the final atomic and thermal parameters, 
along with the estimated standard deviations. The 
bond distances and angles are also listed in Table 3. 

Fig. 1. Dimeric structure. 

The molecular structure is shown in Fig. 1. The two 
crystallographically independent Cu(7V-Ch, salim)2 

molecules are joined by two C u - O bonds, with distances 
of 2.60 and 2.64 Â, forming a dimer. Hereafter, the 
two halves of the dimer will be denoted by [Cu(A)] and 
[Cu(B)]. Each copper(II) ion in [Gu(A)] or [Gu(B)] 
is penta-coordinated in a distorted square-pyramidal 
configuration. The basal plane of the pyramid is 
tetrahedrally distorted; the angle between the plane 
through Cu(A), O ( I A ) , N(1A), and the plane through 
Cu(A), 0 ( 1 2 A ) , N(12A) in [Cu(A)] is 26°, and the 
corresponding angle in [Gu(B)] is 32°. The coordina­
tion geometry is different from that in Form I : the 
Cu(II) ion in Form I has a planar coordination and the 
molecule is bent or stepped, so that the distance (step 
height) between the salicylideneamine planes is 1.28 Â. 
[Cu(A)] has almost the same structure as [Gu(B)]. The 
equations of the best planes through the three selected 

TABLE 4(a). EQUATIONS OF BEST PLANES 

lX+mY+nZ=pV 

Plane / m 
[Gu(A)] 
IA 
IIA 
IIIA 
la 
Ha 
I l ia 

[Gu(B)] 
IB 
IIB 
HIB 
lb 
IIb 
I l lb 

0.131 
- 0 . 0 0 1 

0.031 
- 0 . 4 8 4 
- 0 . 3 6 3 
- 0 . 3 7 5 

- 0 . 1 3 9 
- 0 . 0 0 8 
- 0 . 0 0 3 

0.446 
0.230 
0.267 

- 0 . 9 7 2 
- 1 . 0 0 0 
- 0 . 9 9 9 

0.873 
0.894 
0.891 

0.963 
- 0 . 9 9 6 
- 0 . 9 9 6 
- 0 . 8 6 7 
- 0 . 9 0 2 
- 0 . 8 9 2 

- 0 . 1 9 8 
0.028 
0.021 

- 0 . 0 5 8 
- 0 . 2 6 2 
- 0 . 2 5 5 

- 0 . 2 2 9 
0.093 
0.092 

- 0 . 2 2 1 
- 0 . 3 6 6 
- 0 . 3 6 5 

- 3 . 5 9 5 
- 0 . 8 1 1 
- 0 . 6 5 9 
- 3 . 6 8 8 
- 5 . 5 5 5 
- 5 . 5 7 1 

- 0 . 2 5 2 
- 3 . 7 4 6 
- 3 . 7 1 5 
- 3 . 5 3 5 
- 7 . 6 7 9 
- 7 . 3 1 6 

TABLE 4(b). DISPLACEMENTS OF ATOMS FROM 

BEST PLANES ( x 102 Â) 

IA IIA IIIA la Ha I l ia 

[Cu(A)] 
Gu(A) 0 
O(IA) 0 
N(1A) 0 
G(1A) 
G (2 A) 
G (3 A) 
G(4A) 
G (5 A) 
G(6A) 
G(7A) 

-35a> 
7 

- 7 
1 

- 0 
4 

- 4 
- 3 
- 1 

4 

- 3 
3 

- 3 

32a> Gu(A) 0 
4 0(12A) 0 

N(12A) 0 
G(12A) 
G (22 A) 

-la> G (32 A) 
13a) G (42A) 
15a) G (52A) 
10a) G (62A) 
-1 G (72 A) 

-33a> 
o 
O 

- 5 
4 
0 
1 

- 0 
- 1 
- 1 
- 0 

-31a> 
2 

- 3 
4 

- 1 
_2a) 
- 6 a ) 

- 6 a ) 

_ 5 a ) 

- 2 

IB IIB HIB lb IIb I l lb 

[Cu(B)] 
Gu(B) 0 29a) 29a) Gu(B) 0 - 3 6 a ) - 3 1 a ) 

O(IB) 0 - 2 - 1 0(12B) 0 5 3 
N(1B) 0 6 5 N(12B) 0 - 1 0 - 5 
G(1B) - 5 - 5 C(12B) 4 6 
G(2B) 1 2 C(22B) 3 - 1 
C(3B) - 1 2a) C(32B) 3 - 5 a ) 

C(4B) 0 2a) C(42B) 2 - l l a ) 

G(5B) 1 3a ) G(52B) - 6 - 2 1 a ) 

G(6B) 0 2a) C(62B) - 3 - 1 5 a ) 

C(7B) 1 2 C(72B) 3 - 3 

a) Not included in the estimations of the equations. 

TABLE 4(c). DIHEDRAL ANGLES (°) 

IIA IIIA la Ha I l ia 

[Gu(A)] 
IA 
IIA 
la 
Ha 

165 166 
178 

26 

166 167 
179 

IIB HIB lb IIb I l l b 

[Cu(B)] 
IB 
IIB 
lb 
IIb 

167 168 
180 

32 

165 167 
178 

a) X=ax+czcosß, Y=by, Z=czsinß. 

sets of atoms in each salicylideneamine moiety are 
given in Table 4(a) . The displacements of the atoms 
from these planes and the dihedral angles between them 
are given in Tables 4(b) and 4(c) respectively. The 
dihedral angle between Plane (I I) of the salicylidene­
amine moiety and the plane through the copper, 
oxygen, and nitrogen atoms ranges from 165° to 167°. 
(The corresponding angle in Form I is 153.5°). As 
may be seen in Fig. 1, the cyclohexyl groups lie outside 
the basal planes so as to avoid the non-bonded repulsion 
between the groups in one Cu(7V-Ch, salim)2 moiety 
and the atoms of the opposite moiety. The bond 
distances and angles in Form I I are almost in complete 
agreement with those in Form I, within the limits of 
experimental accuracy. 

The crystal structure is shown in Fig. 2. There are no 
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(a) b axis projection. 

(b) c axis projection. 

Fig. 2. Crystal structure. 

that of the Type ii ligand in each monomeric unit, and 
the disposition of the donor atoms become tetrahedral. 

The dimeric molecular structure of Form I I is 
similar to that of the y-form of Cu(7V-Me, salim)2, but 
the configuration of atoms at the basal plane in Form I I 
is much more distorted tetrahedrally than that in the 
y-form of Cu(7V-Me, salim)2, because the 7V-substituents 
of Form I I are bulkier than those of the y-form of 
Cu(7V-Me, salim)2 : the angle between the plane through 
Cu(A), O ( I A ) , N(1A) and the plane through Cu(A), 
0 ( 1 2 A ) , N(12A) in [Gu(A)] is 26°, and the correspond­
ing angle in [Cu(B)] is 32°, as has been described above; 
on the other hand, the corresponding angles in the 
y-form of Cu(7V-Me, salim)2 are 11 and 12°. 

The polymorphism in Cu(7V-Ch, salim)2 is caused by 
such a chemical change. O n the other hand, in the 
case of Cu(N-i-Pr, 3-CH30-sal im)2 , which has two 
crystal forms—the green complex (low-temperature 
form)11) and the brown one (high-temperature form),12) 
it has become apparent that its polymorphism is not 
due to dimerization, but to the difference between the 
coordination configurations about the Cu(II) ions (the 
dihedral angle between Cu, O, N planes in the low-
temperature form is 47.4° and the corresponding angle 
in the high-temperature one is 57.9°), and also to the 
difference between the molecular geometry (twisted-
umbrella shape in the low-temperature form and 
twisted-stepped shape in the high-temperature one). 

TABLE 5. 

R 

Me(a-form) 
H 
Propyl 
Butyl 
Phenyl 
Ch(Form I) 

STEP-•HEIGHTS IN SQUARE-PLANAR 

Cu(JV-R, , salim)2 

Step-height (I/A) Ref. 

0 1 
0.29 13 
0.32 14 
0.74 15 
0.89 16 
1.28 6 

intermolecular distances less than 3.65 Â in the crystal 
structure. 

Most of the monomeric Cu(7V-R, salim)2-type 
complexes whose coordination geometry is square-planar 
are bent or stepped. Table 5 lists the step heights in 
a series of square-planar salicylideneaminato complexes. 
The bulkier the 7V-substituents (R) are, the larger the 
step heights are, except for the case of Cu(iV-H, salim)2 . 
The large step height (1.28 Â) in Form I probably 
results from the interligand interaction between the 
bulky cyclohexyl substituent and the opposite ligand. 
The dimerization of the two Cu(iV-Ch, salim)2 molec­
ules of Form I occurs by means of the formation of the 
C u - O bands. Of the two ligands in a monomeric 
molecule, the O atom of one ligand (Type i) participates 
in the C u - O bond, but that of the other ligand (Type ii) 
does not. In the Type i ligand the bond formation gives 
rise to an approach of the salicylideneamine portion 
to the opposite molecule, while the 7V-cyclohexane 
portion becomes somewhat distant from the opposite 
one because of the non-bonded repulsion. Consequently, 

the C u < n plane of the Type i ligand slants against 

The authors wish to express their thanks to Dr. N . 
Kamijo of the Government Industrial Research Institute, 
Osaka, for the use of the Rigaku-Denki automatic 
diffractometer. 
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The Synthesis of Crystalline Zirconium Phosphate with Large 
Particle Size by the Direct-precipitation Method 

Yasushi INOUE and Yoshimune YAMADA* 
Department of Nuclear Engineering, Faculty of Engineering, Tohoku University, Aramaki, Sendai 980 

(Received January 23, 1979) 

The direct-precipitation method was studied as a possible way to synthesize crystalline zirconium phosphate 
of a large and uniform crystal size. The yield and the crystal size were examined as functions of the initial hydro­
fluoric-acid and phosphoric-acid concentrations and the warming temperature. The conditions for preparing the 
largest crystal were: ZrOCl2-8H20, 0.13 M; hydrofluoric acid concentration, 0.715 M; phosphoric acid concen­
tration, 5 M; temperature, 50 °C. Those for preparing the material with uniform crystal-size distribution and a 
possibly large-mean crystal size were: ZrOCl2-8H20, 0.13 M; hydrofluoric acid concentration, 0.715 M; phos­
phoric acid concentration, 9 M; temperature, 60 °C. The product was confirmed to be crystalline Zr(HP04)2-
H 2 0 by means of chemical, thermal, and X-ray analyses, and by an examination of the titration curve. 

The crystalline zirconium phosphate (ZP) cation 
exchanger has been extensively studied since the work 
of Clearfield and Stynes,1) who first prepared the 
material by refluxing amorphous zirconium phosphate 
for a long t ime in a phosphoric acid solution. The 
investigation of ion-exchange kinetics, however, has 
just started, and only a little information2 - 9) is available 
to date. The present authors intend to carry out 
kinetic studies for elucidating the ion-exchange mecha­
nism of ZP. To accomplish this purpose, it is necessary 
to prepare a material which has not only a high degree 
of crystallinity, but also a large and uniform size and 
an excellent yield. Horsley and Nowell10) have com­
pared four alternative methods for preparing Z P : (A) 
the reflux method proposed by Clearfield and Stynes;1) 
(B) the direct precipitation method proposed by 
Alberti and Torracca;1 1) (C) the rapid precipitation 
method, which is a modification of (B), and (D) the 
method of direct precipitation in the presence of oxalic 
acid. They concluded that Method (C) was the best, 
mainly because the crystallinity of its products was the 
best. However, no detailed investigations from the 
point of view of the crystal-size distribution of the 
products have yet been reported. T h e present authors 
have at tempted to establish a good procedure for 
obtaining material with a large and uniform crystal 
size. A preliminary experiment suggested that Method 
(B) above was most promising, for it provided crystals 
larger than those obtained by the other methods. 

This report will describe the results of the investiga­
tion undertaken to establish the best conditions for the 
synthesis based on Method (B) by varying such factors 
as the concentrations of hydrofluoric acid and of 
phosphoric acid and the temperature of precipitation. 

E x p e r i m e n t a l 

Procedure for the Preparation of ZP. Five and a half 
grams of ZrOCl2 • 8H 2 0 were dissolved in distilled water in a 
polyethylene beaker (5.5 cm in inside diameter, 6.7 cm high). 
The desired amounts of hydrofluoric acid as a complexing 
agent for zirconium and of phosphoric acid were added succes­
sively with vigorous stirring, to make the total volume 130 
cm3. The solution thus prepared was then allowed to warm 
in a thermostatic water bath for longer than 100 h in order 
to decompose the fluoro-complex of zirconium. The volume 
of the solution gradually decreased during the warming and 

reached about 70 cm3 under the recommended conditions : 
hydrofluoric acid concentration; 0.13 M, phosphoric acid con­
centration; 9 M, temperature; 60 °C (see below). The white 
flaky product was separated centrifugally, washed with distilled 
water until the pH of the filtrate became about 5, and stored 
over P 2 0 5 for two weeks. The yield was calculated on the 
basis of the zirconium recovery. 

Measurement of Crystal Size. The flaky product was 
observed to be composed of many crystals of rectangular 
platelets, 50—450 y.m in length and 8—90 \im in width. 
About a hundred well-shaped crystals were randomly selected 
from them, and their cross sections were measured by means 
of an optical microscope. 

Analysis. Zirconium was precipitated by cupferron 
from a dil hydrofluoric acid solution in which 0.5 g of ZP 
had been dissolved, and was determined by ignition to the 
oxide.12) The phosphate ion was precipitated as ammonium 
molybdophosphate from the above filtrate, reprecipitated as 
ammonium magnesium phosphate, and determined by igni­
tion to Mg2P207.13) The water content was calculated from 
the weight loss on ignition. 

Titration Curve. A half gram of ZP was immersed in 
100 cm3 of a solution (ionic strength 0.1 M, (1 M = l mol/ 
dm3)) for a week at a room temperature, followed by the pH 
measurement and by the chemical analysis of the solution. 
To obtain a titration curve, this procedure was undertaken 
for various solutions which had been prepared by the desired 
combinations of 0.1 M NaOH and 0.1 M NaCl (forward 
titration) or of 0.1 M HCl and 0.1 M NaCl (backward titra­
tion). The amount of ion taken up by the exchanger was 
evaluated from the difference between the initial and the final 
concentrations of the Na+ ions present in the solution. The 
Na+ ions were converted to the corresponding pure chlorides 
and indirectly determined by titrating Cl~ ions by means of 
Fajans' method. 

Apparatus. The thermal analysis was undertaken with a 
Shimadzu micro thermal analyzer, Model DT-20B, connected 
to a thermal balance, Model TGC-20H, for thermogravimetric 
analysis (TGA), and a high-temperature sample-holder, Model 
MDH-20, for differential thermal analysis (DTA). oc-Alumina 
was used as the standard for DTA. The measurement was 
carried out in air at a heating rate of 5 °C/min. X-Ray 
diffraction patterns were taken using Ni-filtered Cu Kot radia­
tion. 

R e s u l t s a n d D i s c u s s i o n 

In the direct precipitation method, there is a lower 
limit of the molar ratio of F/Zr in the mixed solution 
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Fig. 1. Dependence of lower limit of F/Zr molar ratio 
on the concentration of H 3 P0 4 . 
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Fig. 3. Dependence of the initial concentration of H3PO4 
on the formation rate of precipitate. 
Conditions: F/Zr, 5.5; T, 70 °C. Concn of H 3P0 4 , 
O : 1 M, • : 5 M , A : 10 M. 

for obtaining crystalline material . When the F/Zr was 
lower than this limit, amorphous zirconium phosphate 
was precipitated. Figure 1 indicates that the limit 
depended slightly on the concentration of phosphoric 
acid. If the ratio is higher than 4.5, the crystalline 
form will be precipitated, irrespective of any other 
factors. 

//h 
Fig. 2. Effect of F/Zr ratio on the rate of precipitation. 

Conditions: T, 70 °C; concn of H 3P0 4 , 5 M. F/Zr, 
• :4.8, Q : 5 . 5 , A : 6.8, <>:11.9. 

The effect of the F/Zr ratio on the rate of precipitation 
was measured at an initial phosphoric acid concentra­
tion of 5 M and at 70 °C. Figure 2 indicates that the 
time needed for the first appearance of the precipitate 
(induction period) tended to become longer with the 
increase in the F/Zr ratio, while the progress of the 
precipitation, once it set in, was independent of the 
F/Zr ratio in the 4.8—6.8 region. From these results, 
a F/Zr ratio of 5.5 was selected by taking into account 
the margin for producing crystalline material and the 
rapidity of the procedure. 

The dependence of the initial concentration of 
phosphoric acid on the formation rate of precipitate was 
investigated; the results are shown in Fig. 3. The 
progress of precipitation was little affected by the 
phosphoric acid concentration, but the induction period 
became longer with a decrease in the initial concentra­
tion of phosphoric acid. 

As to the effect of the temperature, Fig. 4 reveals 

Fig. 4. Effect of temperature on the formation rate of 
precipitate. 
Conditions: F/Zr, 5.5; concn of H 3P0 4 , 5 M. 
T, O : 5 0 ° C , A : 6 0 ° C , • : 7 0 ° C , <>:80°C. 

that, in addition to the shortening in the induction 
period, the progress of precipitation became faster as 
temperatures became warmer. These results suggest 
that, among the three factors examined, only the 
increasing temperature governs the progress of precipi­
tation, while the concentrations of both hydrofluoric 

2 4 6 8 10 
Initial concn of H 3P0 4 /M 

Fig. 5. Yield as functions of H 3 P0 4 concentration and 
temperature. 
F/Zr, 5.5. 
T, O : 5 0 ° C , A : 6 0 ° C , • : 7 0 ° C , <>:80°C. 



3530 Yasushi INOUE and Yoshimune YAMADA [Vol. 52, No. 12 

acid and phosphoric acid affect only the length of the 
induction period. Furthermore, it is obvious from 
Figs. 3 and 4 that the precipitation reaction was com­
pleted within 100 h, whatever the conditions. Therefore, 
the yield after warming for longer than 100 h was 
measured as functions of the phosphoric acid concentra­
tion and the temperature. Figure 5 shows that the 
yield decreased a little with the concentration of phos­
phoric acid, but that it was higher than 9 0 % under 
any conditions except in the case of 80 °C, where the 
yield decreased considerably when the concentration 
of phosphoric acid exceeded 7 M . Thus , the tempera­
ture should be fixed below 80 °G. 

O n the other hand, it is very important to ascertain 
the effect of the preparative conditions on the crystal 
size of the precipitate. The mean size of the crystals 
is plotted as a function of the initial concentration of 
phosphoric acid at different temperatures in Fig. 6, 
while its s tandard deviations under several represent­
ative conditions are shown in Table 1. The mean 

0 10 2 4 6 8 
Initial concn of H3P04 /M 

Fig. 6. Mean size of the crystals as functions of H a P0 4 

concentration and temperature. 
F/Zr, 5.5. 
T, O 5 0 ° C , z \ : 6 0 ° C , • : 7 0 ° C , <>:80oC. 

TABLE 1. MEAN CRYSTAL SIZE OF ZP AND 

ITS STANDARD DEVIATION 

Concn of H 3 P 0 4 

M 

1 
5 a ) 

5 

9 

10 

WS 
(Jim2 

1.4 

31 .5 

10.1 

6 .5 

6 . 3 

Standard deviation X 2 

(i .m 2 

0 .7 

18.1 

4 . 9 

2 . 3 

3.1 

Conditions of synthesis : F/Zr ; 5.5, T; 60 °C except 
fora), a) F/Zr; 5.5, T; 50 °C. 

crystal size was at its maximum near 5 M phosphoric 
acid. When we compared the two sides of the maximum, 
the mean crystal size was larger for the higher than 
for the lower concentrations of phosphoric acid. Fur­
thermore, it decreased as the temperature rose. A 
comparison of the mean crystal size and its standard 
deviation shows that, in the case of 5 M phosphoric 
acid, though the mean crystal size was the largest, 
the uniformity of the crystals was poor, but in other 
cases it was comparatively good. 

These observations can be understood as follows. 
The precipitate did not appear until the concentration 
of phosphoric acid approached about 8—9 M by the 
evaporation of water with hydrofluoric acid. This 
observation seems to reflect the length of the induction 
period. As the precipitation results from the decom­
position of fluoro-complex of zirconium, the fact that 
the progress of precipitation depends only on the 
warming temperature, and not on the initial hydro­
fluoric acid and the phosphoric acid concentrations, 
can be understood if free hydrofluoric acid is considered 
to be expelled during the induction period. As a 
natural consequence, the lower the initial concentration 
of phosphoric acid, the higher the concentration of 
zirconium at the stage of precipitation. This fact 
makes it possible to interpret the slight decrease in the 
yield with the increase in the initial concentration of 
phosphoric acid. The higher rate of the generation of 
the free zirconium ion at the stage of precipitation— 
this corresponds to the conditions of a lower initial 
concentration of phosphoric acid and a higher tempera­
ture—facilitates the formation of many nuclei of the 
precipitate and leads to the small crystals. This argu­
ment is compatible with the observations of the mean 
crystal size except for the occurrence of the maximum 
in Fig. 6. Further investigations should be carried out 
to learn the reason for this important irregularity. 

O n the basis of these results, the conditions for the 
synthesis which provides the largest crystals are found 
to be ; phosphoric acid concentration, 5 M ; warming 
temperature, 50 °C. If the uniformity of the crystal 
size is required in addition to the large size of the 
crystals, the most favorable conditions a re ; phosphoric 
acid concentration, 9 M ; warming temperature, 60 °C. 

The following fact is worth noticing. The Z P thus 
prepared was in the form of flakes consisting of crystals 
of various sizes which adhered closely together. When 
converted to the sodium form, the flakes were broken 
down into fine particles. The ZP flakes, as prepared, 
were coverted to the sodium form by treating them with 
a mixture of 0.1 M NaCl and 0.1 M N a O H solutions 
(pH = 11 at equil ibrium). The particle-size distribution 
of the sodium-form exchangers thus prepared was 
examined by sieving, as is shown in Table 2. It is 

Mesh size 

( i ) a 5 

(2)w 

T A B L E 2. 

> 7 0 

1 

0 

PARTICLE-SIZE DISTRIBUTION OF 

70—100 

4 

3 

100—145 

13 

9 

SODIUM-FORM EXCHANGERS 

145—200 

22 

31 

200—280 

20 

35 

2 8 0 > 

40 

22 

Conditions of synthesis: a) F/Zr, 5.5; concn of H3P04 , 5 M; T, 50 °C; b) F/Zr, 5.5; concn of H 3 P0 4 

9 M ; T, 60 °C. 
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evident from this table that (2) possessed a better 
uniformity in particle size than (1), though there 
existed very few particles larger than 100 mesh. More­
over, (2) contained fine powder, which cannot be used 
for column operation, only a half as much as ( l ) . 
This particle-size distribution corresponds roughly to 
that of the crystals in the hydrogen form. Further 
breaking was not observed by reconversion to the 
hydrogen form or by repeated regeneration cycles. 
This phenomenon may be due to the separation of 
crystals by the stress exerted by the change in the 
interlayer distance in the structure of ZP by conversion. 

Chemical, thermal, and X-ray analyses were per­
formed in order to characterize the materials which 
had been prepared by the procedures recommended 
above. 

The composition of the product was independent of 
the conditions for synthesis and was found to be 
Z r ( H P 0 4 ) 2 - H 2 0 . (Found: Z r 0 2 , 41.23; P 2 0 5 , 47.27; 
H 2 0 , 11.88%). 

^ 0 
V) 

o 

an 
"510 

200 400 600 
T/°C 

800 1000 

Fig. 7. TGA and DTA curves of ZP. Heating rate: 
5 °C/min. 

Figure 7 shows the T G A and D T A curves of the 
product. The T G A curve indicates that the product 
lost weight rapidly up to about 200 °C and then gradual­
ly up to 400 °C, where the weight became constant. 
The weight loss in this stage corresponds to one mole 
of water for each mole of ZP. Fur ther heating to 650 °C 
gave rise to the release of a second mole of water, which 
resulted in the formation of pyrophosphate. In the 
D T A curve, there appeared a large and sharp endo-
thermic peak at 150 °C, which was considered to 
correspond to the release of water. An exothermic peak 
attributed to the recrystallization by Clearfield and 
Stynes1) did not appear. These curves closely resemble 
those of Sample (B) prepared by Horsley and Nowell.10) 

The results of X-ray analysis agreed well with the 
published data of a-ZP reported by Clearfield and 
Stynes.1) 

Forward and backward titration curves of ZP with 
sodium ion were constructed, as is shown in Fig. 8. 
The titration curves show two reversible exchange stages. 

£ 6 

O J 

I PI 
I cj J J\ 
lj 
LO—E OO-hrO OD>° 1 

0 1 2 3 A 5 6 
Exchange capacity of NaVmmol g_1 

Fig. 8. Titration curves of ZP with sodium ion. 
O : Forward titration, 0.1 M (NaOH+NaCl) ; A : 
Backward titration, 0.1 M (HCl + NaCl). 

On the contrary, Clearfield et al.1*) reported that the 
titration curves exhibited a hysteresis loop, which 
resulted from the presence of different phases in the 
forward and backward titrations. These differences 
in titration and D T A curves can be explained by 
assuming that the crystallinity of the present product is 
better than that of Clearfield's. 
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Kinetics and Mechanism of the Oxidation Reactions of Dialkyl-
dithiocarbamatocopper(I) Tetramer and -silver(I) 

Hexamer with Tetraalkylthiuram Disulfide 
Hidetoshi KITA, Shin-ichi MIYAKE, Koji TANAKA, and Toshio TANAKA* 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565 
(Received February 19 1979) 

Kinetics of the oxidations of dialkyldithiocarbamatocopper(I), [{Cu(S2CNR2)}4] (R = Et, w-Pr), and -silver(I), 
[{Ag(S2GNR2)}6] (R = Et, rc-Pr, z-Pr), with the corresponding tetraalkylthiuram disulfide, [(R2NC(S)S)2], were 
investigated in dichloromethane employing a stopped-flow technique. The reactions are interpreted to proceed 
by a mechanism involving a rapid equilibration (i) (the multi-step equilibrium constant= K0) to form adduct, 

[{M(S2CNR2)}J 
+ [(RaNC(S)SW 

[M(S2CNR2){(R2NC(S)S>2>] 

+ [{M(S2CNR2)}X_1] 
(M=Cu, * = 4 ; M=Ag, *=6) 

+ [(RSNC(S)S^1; 

(«) 

[M(S2GNR2)-[(R2NC(S)S)2}], which are decomposed in a rate-determining step (the rate constant=k) yielding 
the final products, [M(S2CNR2)2]. According to this mechanism, the rate law in the presence of excess 
[(R2NG(S)S>2] is expressed as ^=^[[(R2NG(S)S>2]][[{M(S2CNR2)}J]/(1+^0[[(R2NG(S)S>2]]), where 
K0k(25 °G) = 1.17X 104 (Et), 5.70X 103 (w-Pr) M"1 s"1 (M=mol dm-3) for the copper system, and K0(25 °C) = 28.2 
(Et), 49.1 (n-Pr), 86.7 (i-Pr) M- 1 and £(25 °G)=2.17 (Et), 1.50 (n-Pr), 6.56 (i-Pr) s"1 for the silver system. The 
activation parameters also were determined and the nature of transition states is discussed. 

The dithiocarbamate ligand can stabilize transition 
metal ions in unusually high formal oxidation states by 
derea l iza t ion of electronic charges1) and S-S interligand 
interactions,2) as shown in the canonical structures of 
b and c, respectively. 

^ S x / S \ 
R2N-G _ Mn + C-NR2 

R2N=G _ Mn+_ G=NR2 

b 

R2N-G M(w"2)+ C-NR2 

This interesting property seems to facilitate a number 
of studies3-9) on the reaction of di thiocarbamato 
complexes of metals in the normal oxidation state with 
oxidizing agents such as halogens, boron trifluoride 
etc. All the works reported in this field, however, had 
been of a preparative nature until recently. Thus , we 
have reported the kinetics and mechanism of the 
oxidation reactions of di thiocarbamato complexes of 
tin(IV),10) zinc(II),11) and gold(I)12) with halogens. 
These reactions have well been described to proceed 
via a charge-transfer complex formed by electrophilic 
attack of halogen on the sulfur atom of the dithiocarba­
mate ligand. As an extension of these studies to more 
complicated systems, the present paper reports kinetic 
and mechanistic studies on the oxidation reactions of 
dialkyldithiocarbamatocopper(I) tetramer and -silver-
(I) hexamer with tetraalkylthiuram disulfide, giving 
bis(dialkyldithiocarbamato)copper(II) and -silver(II), 
respectively. 

E x p e r i m e n t a l 

Materials. Dialkyldithiocarbamatocopper(I), [{Gu-
(S2GNR2)}4] ( R = E t and rc-Pr),13> dialkyldithiocarbamatosil-

ver(I), [{Ag(S2GNR2)}6] ( R - E t , rc-Pr, and z-Pr),14> and 
tetraalkylthiuram disulfide, [(R2NG(S)S>2] (R = Et, w-Pr, and 
i-Pr),14> were prepared according to the literature methods. 
Analytical data for these complexes (G, H,.N) were satisfac­
tory. Dichloromethane used as a solvent was purified as 
described previously.12) 

Spectra and Kinetics. Electronic spectra were recorded 
on a Hitachi 124 spectrophotometer. Rapid scanning spectra 
were measured with a Union RA-413 stopped-flow rapid 
scanning spectrophotometer equipped with a 2 mm quartz cell 
in a cell holder thermostated within ±0.2 °G. The rate of 
reaction was followed by monitoring the absorbance at a 
fixed wavelength in the electronic spectra of the reaction 
mixture under pseudo-first-order conditions, using at least a 
ten-fold excess of tetraalkylthiuram disulfide. Absorbance-
time data were accumulated at least five times on a Union 
System-71 data processor and average absorbance-time curves 
were recorded on a National VP-6421A X-Y recorder. 
Pseudo-first-order rate constants, kohsd, were calculated from 
the slope of a linear part of the \n(A„ — At) vs. time plots by 
the least-squares method, where Aœ and At are absorbances 
at the end of reaction and at a time t, respectively. 

R e s u l t s a n d D i s c u s s i o n 

Reaction of [{Cu(S2CNR2)}^] with [(R2NC(S)S}2]. 
The reaction of [{Cu(S2CNR2)}4] with [(R2NC(S)S>2] 
rapidly proceeds to give bis(dialkyldithiocarbamato)-
copper( I I ) , [Cu(S 2 CNR 2 ) 2 ] , in quantitative yields.15) 
The stoichiometry of reaction can, therefore, be express­
ed as Eq. 1. 

l[{Gu(S2GNR2)}4] + y[(R2NG(S)S>2] 

• [Gu(S2GNR2)2] (1) 

A typical rapid scanning spectrum after mixing the 
reactant solutions is shown in Fig. 1. An absorption 
maximum at 303 n m observed immediately after 
mixing is identical in wavenumber with that of the 
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Fig. 1. Rapid scanning spectra after mixing [{Gu(S2-
GNEt2)}4] (5.1xlO-5M) with [(Et2NC(S)S>2] (l.Ox 
10~4M) in GH2C12 at 25 °C; cell length=2 mm. 
1: 0.5 s, 2: 1.0 s, 3: 2.0 s, 4: the end of reaction. 

Time/ms 

Fig. 2. Plots of ln(Aœ-At) us. 
(S2CNEt2)}4]] = 1.0xlO-4 M, 
X 10-2 M; cell length-2 mm. 

time at 25 °C: [[{Gu-
[[(Et2NC(S)S}2]] = 1.0 

T A B L E 1. PSEUDO-FIRST-ORDER RATE CONSTANTS FOR THE REACTION OF 

[{Cu(S2CNR2)}4] WITH [(R2NG(S)S>2] IN GH2C12 

R Temp 
°C 

~~Et 10.5 

12.5 

15.5 

16.9 

20.1 

25.0 

104 

[[{Gu(S2CNR 
M 

0.501 

1.00 

0.501 

1.00 

0.501 

1.00 

0.505 
1.51 
0.625 
0.505 

1.00 

104 

. )}J] [[(R2NG(S)S>2]] 
M 

2Ö7Ö 
40.0 
59.7 
80.9 

100 
100 
200 
301 
400 
500 
20.0 
40.0 
59.7 
80.9 

100 
100 
200 
301 
400 
500 
20.0 
40.0 
59.7 
80.9 

100 
200 
301 
400 

10.0 
20.1 
25.0 
40.0 
50.1 
80.0 

100 
200 
301 

^obsd 

S " 1 

12.8 
28.0 
44.3 
59.3 
73.5 
82.8 

156 
264 
314 
413 

18.4 
33.6 
48.8 
70.4 
89.0 

100 
214 
317 
450 
523 
24.9 
43.9 
65.4 
83.1 

115 
243 
312 
481 

14.3 
18.8 
38.2 
52.3 
66.3 
93.4 

127 
245 
349 

R Temp 
~ ° C ~ 

rc-Pr 10.9 

15.8 

20.3 

25.0 

104 

[[{Cu(S2CNR 
M 

0.529 

0.529 

0.513 

0.529 

1.08 

1.28 
0.513 
1.28 
0.513 
1.28 
0.513 
1.28 
0.513 

1.08 
0.513 
1.08 

104 

. )}J] [[(R2NG(S)S>2]] 
M 

2CL8 
40.0 
60.4 
79.7 
99.8 
20.8 
40.0 
60.4 
79.7 
99.8 
20.1 
40.0 
50.1 
61.5 
60.4 
79.7 

100 
100 
203 
302 
401 
500 
20.1 
39.8 

50.1 

61.5 

79.7 
100 
100 
123 
203 
302 
401 
500 

^obsd 

S " 1 

6.37 
13.6 
21.3 
28.2 
35.3 

7.31 
17.3 
23.7 
32.1 
42.3 
11.5 
23.0 
29.1 
36.8 
31.6 
39.7 
50.4 
51.9 
94.4 

151 
195 
221 

14.7 
25.5 
28.7 
33.1 
37.0 
44.3 
42.3 
53.7 
65.5 
63.4 
74.7 

134 
192 
244 
276 
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reactant [{Cu(S2CNR2)}4] (A m a x =303 nm, e m a x = 4 . 5 x 
1 0 4 M - 1 c m - 1 ( M = m o l d m - 3 ) in CH2C12). The final 
spectrum with three absorption peaks at 270, 290, and 
435 nm is assigned to [Cu(S2CNR2)2] ( £ m a x =3 .1 X 104, 
1.8X104, and 1.2 X 104 M " 1 cm" 1 in CH2C12 , respec­
tively).15-18) Half-lives of these absorption bands were 
almost identical with one another, and isosbestic points 
are found at 295 and 370 nm. 

The rate data of reaction 1 (R = Et and n-Pr) were 
obtained from increase of the absorbance at 435 n m 
after mixing [{Cu(S2CNR2)}4] with excess [ (R 2 NC-
(S)S)2] . Figure 2 shows a typical example of \n(Aœ—At) 
vs. t ime plots. Except for the period of initial several 
milliseconds, a good linear relation between them is 
obtained for at least 8 0 % completion of the reaction. 
The linear par t of plots was used to determine the 
values of pseudo-first-order rate constants. Table 1 
lists the rate data at various concentrations of 
[{Cu(S2CNR2)}4] and [(R2NC(S)S>2] . All the plots 
°f ^obsd vs- t n e concentration of [(R 2NC(S)) 2] at 
each temperature yielded straight lines with zero 
intercepts. This result may be interpreted by assuming 
the reaction pathways of 2 to 4. 

+ [(R2NC(S)S|2] 
[{Gu(S2GNR2)}4] < 

[Gu(S2GNR2){(R2NG(S)S>2}] + [{Gu(S2CNR2)}3] 
+ [(R2NC(S)S}2] 

Kn (2) 

[Gu(S2GNR2){(R2NG(S)S>2}] • 

[Cu(S2GNR2)2] + [R2NCS2.] (3) 

2[R2NGS2.] 
fast 

[(R2NC(S)S>2] (4) 

Equation 2 consists of multi-step equilibrium reactions, 
where the tetrameric compound [{Cu(S2CNR2)}4] 
dissociates by the attack of [(R 2NC(S)S) 2] to form an 
adduct [Cu(S2CNR2){(R2NC(S)S>2}] and a tr imer 
[{Cu(S2CNR2)}3] , the latter of which successively 
reacts with [ (R 2NC(S)S) 2 ] to give the adduct in a 
similar manner . The initial curvature of\n(Aœ—At) vs. 
t ime plots (Fig. 2) may correspond to a preequilibrium 
immediately after mixing, where the concentration of 
the adduct does not reach a steady state. The formation 
of the adduct as an intermediate may be supported 
by the fact that several metal complexes of thiuram 

disulfide have been isolated,19-21) although there is no 
direct evidence in the present study. Thus, two possible 
structures, 1 and 2, are proposed for the adduct formed 
between the copper (I) complex and thiuram disulfide. 

R 2 N-C-
ii 
S 

s-s 
s 
II 

-C-NR2 
R 2 N-C-

ii 
S 

s-s- NR2 

Cu+1 

S S 

1: S S=S2GNRo 

Cu+1 

/ \ 
S S 

In either structure the adduct may be decomposed 
in a rate-determining step (Eq. 3), which involves 
homolytic cleavage of the S-S bond of tetraalkyl-
thiuram disulfide to give the oxidized copper(II) 
product, [Cu(S 2 CNR 2 ) 2 ] , and the [R2NCS2-] radical. 
The resulting radical may rapidly dimerize to regenerate 
tetraalkylthiuram disulfide as reported by Cauquis and 
Lachenal,22) who have estimated the rate constant of 
dimerization for R = Et to be 2 X 105 M - 1 s - 1 in aceto-
nitrile. 

According to the pathways of 2—4, the kohsd value 
in the presence of excess tetraalkylthiuram disulfide is 
expressed by Eq. 5, 

^[[(R 2NC(S)S> 2 ] ] 
obsd l+tf0[[(R2NC(S)S>2]] > (5) 

where K0 stands for the multi-step equilibrium constant 
in Eq. 2. If one assumes X 0 [ [ (R 2 NC(S)S> 2 ] ]<1 , Eq. 5 
can be reduced to Eq. 6, 

*obsd = *o*[[(R2NC(S)S>2]] (6) 

which predicts a linear relationship between £0bsd and 
the concentration of [(R2NC(S)S)2] with the slope of 
K0k and the zero intercept. This is consistent with the 
observed rate profile. Table 2 lists the K0k value and 
activation parameters determined from the Arrhenius 
plot onn(K0k) vs. I jT. 

Reaction of [{Ag(S2CNR2)}6] with [(R2NC(S)S}2]. 
The addition of a dichloromethane solution of 
[(R2NC(S)>2] to [{Ag(S2CNR2)}6] in dichloromethane 
immediately causes a blue color, which becomes more 
intense as more [(R2NC(S)S)2] is added. The elec­
tronic spectrum of the blue solution displayed an 

TABLE 2. KINETIC AND ACTIVATION PARAMETERS FOR THE REACTION OF 

[ { C U ( S 2 C N R 2 ) } 4 ] W I T H [(R2NC(S)S>2] IN GH2Cl2
a) 

R 
Temp K0k AH* 

M- kj mol-1 

AS* 

Jmol - iR- 1 

Et 

rc-Pr 

25.0 
20.1 
16.9 
15.5 
12.5 
10.5 
25.0 
20.3 
15.8 
10.9 

(1.17±0 
(1.17±0 
(1.08±0 
(8.86±0 
(8.19±0 
(7.60±0 
(5.70=1=0 
(4.52±0 
(4.29=1=0 
(3.67±0 

.02 )x l0 4 

.05)xl0* 

.05 )x l0 4 

. 35 )x l0 3 

. 44 )x l0 3 

.11)X103 

. 09 )x l0 3 

. 10 )x l0 3 

. 1 9 ) x l 0 3 

. 03 )x l0 3 

20.6=1=4.4 

18.2=1=3.1 

-97=1=10 

- 1 1 2 ± 1 0 

a) Errors quoted are standard deviations. 
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T A B L E 3. EQUILIBRIUM CONSTANTS AND THERMODYNAMIC PARAMETERS FOR THE 

REACTION OF [{Ag(S2GNR2)}6] WITH [(R2NC(S)S>2] IN CH 2 Cl 2
a ) 

R 
T e m p AH° AS° 

°c 
25.8 
20.5 

15.1 
10.0 

24.7 
20.4 

15.5 
9.7 

24.6 
20.6 

15.3 
11.0 

MV<* 

(4 .46±0 .23 )x l0 - 4 

(3 .80±0 .22 )x l0 - 4 

(3 .8x l0- 4 ) b ) 

(3 .14±0 .24 )x l0 - 4 

(2 .71±0 .27 )x l0 - 4 

(4 .85±0 .32 )x l0 - 4 

(4 .16±0 .34 )x l0 - 4 

(5.5xl0-4)b) 
( 3 .51±0 .29 )x l0 - 4 

(2 .66±0 .34 )x l0 - 4 

(9 .21±0 .13 )x l0 - 3 

(8 .43±0 .34 )x l0 - 3 

( l . l x l 0 - 2 ) b ) 

(7 .35±0 .35 )x l0 - 3 

(6 .65±0 .26 )x l0 - 3 

kj mol-1 

23 .0±1 .0 

27 .9±0 .4 

16 .4±0.4 

J mol^K"1 

12.9±7.4 

30 .2±3 .1 

16 .2±3.3 

Et 

rc-Pr 

z-Pr 

a) Errors quoted are s tandard deviations. 
b) In CHC1 3 at 20 °C ; Ref. 15. 

T A B L E 4. PSEUDO-FIRST-ORDER RATE CONSTANTS FOR THE REACTION OF 

[{Ag(S2CNR2)}6] WITH [(R2NG(S)S>2] IN GH2C12 

R 
104 104 

T e m p [[Ag{(S 2CNR 2)} 6]] [[(R2NG(S)S>2]] ^obsd 

°G M M 

Et 10.6 

15.2 

20.3 

25.0 

>z-Pr 10.3 

15.2 

20.0 

5.02 

5.02 

5.02 

5.02 

5 .00 

5 .00 

5.00 

100 
200 
300 
400 
500 
100 
200 
300 
400 
500 
100 
200 
300 
400 
500 
200 
300 
400 
500 
100 
200 
299 
400 
500 
100 
200 
299 
400 
500 
100 
200 
299 

0 .108 
0.187 

0.221 
0.262 
0.270 
0.179 
0.271 
0.357 

0.421 
0 .468 

0.302 
0.456 
0.562 
0 .669 
0 .724 
0 .788 

0.980 
1.13 
1.30 
0 .0993 
0.136 
0.164 
0 .205 
0 .235 
0.163 
0.261 
0 .315 

0.321 
0.360 

0.289 
0 .414 

0.482 

R Temp 
°C 

rc-Pr 25.1 

25.1 

z'-Pr 10.2 

14.9 

20.0 

25.1 

104 

[[{Ag(S2CNR 
M 

5.00 
10.0 
5.00 

10.0 
5.00 

10.0 
5.00 

10.0 
5.00 

10.0 
4.99 

4.99 

5.00 

5.00 

104 

2)}6]] [[(R.NG(S)S>J] *obsd 

M 

400 
500 
100 

200 

300 

400 

500 

100 
201 
301 
400 
501 
100 
201 
301 
400 
501 
100 
201 
301 
400 
501 
100 
201 
301 
400 
501 

S " 1 

0.585 
0.670 
0.503 
0.501 
0.673 
0.786 
0.942 
0.828 
1.04 
0.952 
1.04 
1.11 
0.762 
1.01 
1.17 
1.32 
1.40 
1.15 
1.55 
1.84 
2.01 
2.22 
1.91 
2.55 
2.92 
3.13 
3.36 
3.03 
4.12 
4.68 
5.05 
5.54 
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absorption maximum at ca. 600 nm, which has been 
assigned to the [Ag(S2CNR2)2] complex.15»18) Thus , 
stoichiometry for the reaction of [{Ag(S2CNR2)}6] 
with [(R2NC(S)S>2] (R = Et, rc-Pr, and f-Pr) is 
expressed as Eq. 7. The equil ibrium constants K in 

i-[{Ag(S2CNR2)}6] + 1 [(R2NG(S)S>2] 

« = ± [Ag(S2GNR2)2] (7) 

chloroform at 20 °C (see Table 3) were determined 
spectrophotometrically by Akerström.15) We determined 
the K value in dichloromethane at four different 
temperatures by the same method (Table 3). Plots of 
In K vs. \jT for each system gave a linear relation, from 
which thermodynamic parameters of the reaction 7 
were obtained. The results are given in Table 3, which 
indicates that the equilibrium lies so far to the left. 
The fact that the K value for R = z-Pr is larger than 
those for R=rc-Pr and Et may be due to a larger induc­
tive effect of the isopropyl group than the propyl and 
ethyl groups of the dithiocarbamate ligands, resulting 
in increasing stability of [Ag(S2CNR2)2] by d e r e a l i ­
zation of electronic charges from the dithiocarbamate 
ligand to Ag( I I ) . 

C 

< 

1.5 

1.0 

0.5 

0 

4 

/ 3 

s ^ ^ ^ 2 ^ S s s \ 

^ / \ ^ ^ \ ^ ^ ^ 1 | 

r z n ^ . 1 i i i l 
450 500 550 600 650 

Wavelength/nm 

Fig. 3. Rapid scanning spectra after mixing [{Ag(S2CN-
z - P ^ M (5.0xlO- 4M) with [(i-PraNC(S)S)a] (5.0 X 
10-2 M) in CH2C12 at 25 °C; cell length=2 mm. 1 : 
0.1s, 2:0.2 s, 3:0.3 s, 4: 1.0 s. 

A typical change of electronic spectra in the visible 
region after mixing of the reactants is depicted in Fig. 3, 
which clearly shows the formation of [Ag(S2CN-z-Pr2)2] 

in CH 2C1 2 ; (4 = 620 nm, e m a x = 1.3 X 104 M " 1 cm-
lit,15) A m a x =620 nm in CHC13). The rate of reaction 
was, therefore, followed by measuring the absorbance at 
620 nm (R = i-Pr) or 600 nm (R = Et and rc-Pr). Plots 
of \n(Aœ—At) vs. t ime were found to be linear to at 
least 8 0 % completion except for the initial short period 
after mixing, as in the case of copper complexes (Fig. 2). 
Pseudo-first-order rate constants obtained from a linear 
region of the plots are listed in Table 4. Plots of kohsd 

vs. the concentration of [(R2NG(S)S)2] showed pro­
nounced curvature at high concentrations of 
[ (R 2 NC(S)S) 2 ] . A typical example is shown in Fig. 4, 
which is in contrast with the linear relationship for the 

102[[(Et2NC(S)S)2]]/M 

Fig. 4. Plots of kohsd vs. [[(EtaNC(S)S)a]] for the 
reaction of [{Ag(S2GNEt2)}6] with [(Et2NC(S)S>2] in 
CH2C12; [[{Ag(S2CNEt2)}6]]-5.0xl0-4M. 1: 10.6 
°C, 2: 15.2 °C, 3: 20.3 °C, 4: 25.0 °G. 

copper system. This notable difference can be explained 
by the assumption that the multi-step equilibrium 
constant K0 appearing in Eq. 5 is larger in the silver 
system than in the copper system. 

The mechanism proposed above for the copper 
complexes is, therefore, applicable to the silver com­
plexes; the reaction pathways can be postulated as 
Eqs. 8 and 9, followed by dimerization of the [R2NCS2«] 

+ [(R2NC(S)S}a] 
[{Ag(S2GNR2)}6] < 
[Ag(S2GNR2){(R2NG(S)S>2}] + [{Ag(S2GNR2)}5] 

+ [(R2NC(S)S}21 
*o, (8) 

[Ag(S2GNR2){(R2NG(S)S>2}] • 

[Ag(S2GNR2)2] + [R2NGS2.] (9) 

radical (Eq. 4). Moreover, the bivalent silver complex, 
[Ag(S2CNR2)2] , formed by Eq. 9 is expected to degrade 
because of its instability around room temperature. 
Similar instability has been reported for bis(diethyl-
thiocarbamato)copper(II) ,2 3) which rapidly rearranges 
into a hexameric univalent copper complex according 
to Eq. 10. By analogy with this, [Ag(S2CNR2)2] is 
suggested to rearrange as shown in Eq. 11. Equation 
11 displays a unimolecular rearrangement of the 

[Gu(SOGNEt2)2] • 

l[{Gu(SOGNEt2)}6] + y[(Et2NG(0)S)2] 

[Ag(S2GNR2)2] 

1 
6 [{Ag(S2CNR2)}6] + y[(R2NG(S)S>2] 

(10) 

(H) 

Ag(II) complex into the hexameric Ag(I) complex 
and tetraalkylthiuram disulfide with the rate constant 
of k', though the mechanism has not been clarified 
in the present work. The Ag(II) complex is possible 
also to react with the dialkyldithiocarbamato radical 
produced by Eq. 9, bimolecularily with the rate 
constant of £", affording the Ag(I) hexamer, as shown 
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in Eq. 12. I t is not obvious, however, which of Eqs. 11 

[Ag(S2GNR2)2] + [R2NGS2.] - ^ > 

~[{Ag(S2GNR l)}6] + [(R2NG(S)S>2] (12) 

and 12 is predominant in the silver system. If one 
assumes £ > £ ' and/or k", then £ o b s d in the presence 
of excess [(R2NC(S)S^2] also is given by Eq. 5. I t is 
apparent from Eq. 5 that the plots of £ o b s d vs. the 
concentration of [(R2NC(S)S>2] show a curvature 
at so high concentrations of [(R2NC(S)S>2] as 
^o[[(R2NC(S)S}2]] can not be neglected against unity. 
This is consistent with the observed kinetics (Fig. 4) . 
Equation 5 can be transformed to Eq. 13, which predicts 
that there should be a 

1 1 
^obsd tf0*[[(R2NC(S)S>2]] + (13) 

linear relationship between l /£ o b s d vs. 1/[[(R2NC-
(S)S>2]]5 with the intercept of \/k and the slope of 
XjKJc. As an example of the plots is depicted in Fig. 5, 

[[Et2NC(S)S>2]]-1/M-1 

Fig. 5. Plots of l/*ob8d ÜS. l/[[(Et2NC(S)S>2]] for the 
reaction of [{Ag(S2GNEt2)}6] with [(Et2NC(S)S>2] in 
GH2G12; [[{Ag(S2GNEt2)}6]] = 5 .0x lO- 4 M. 1: 10.6 
°G, 2: 15.2 °G, 3: 20.3 °G, 4: 25.0 °G. 

which shows a linear relation over the observed range of 
[(R2NC(S)S}2] concentrations. The rate and equilib­
rium constants for the [{Ag(S2CNR2)}6]-[(R2NC(S)S>2] 
system are summarized in Table 5. 

Thermodynamic and activation parameters calculated 

TABLE 5. EQUILIBRIUM AND RATE CONSTANTS FOR 

THE REACTION OF [{Ag(S2CNR2)}-6] WITH 

[(R2NG(S)S>2] IN CH2Cl/> 

R 

Et 

n-Pr 

z'-Pr 

Temp 

25.0 
20.3 
15.2 
10.6 
25.1 
20.0 
15.2 
10.3 
25.1 
20.0 
14.9 
10.2 

*o 
M- 1 

28 .2± 4.2 
38 .4± 3.9 
31 .8± 5.0 
30 .4± 4.7 
49.1=1=12.3 
48 .8± 9.0 
45 .6± 6.5 
47.9=1=11.6 
86 .7± 5.3 
89 .4± 4.6 
71.2± 6.5 
79.6± 8.3 

k 
s-1 

2.17=1=0.30 
1.08=1=0.10 
0.74=1=0.11 
0.47=1=0.07 
1.50=1=0.34 
0.87=1=0.15 
0.53=1=0.68 
0.30=1=0.07 
6.57=1=0.31 
4.03=1=0.16 
2.73=1=0.21 
1.70=1=0.13 

a) Errors quoted are standard deviations. 

from K0 and k at four different temperatures (Table 5) 
are listed in Table 6, which reveals that the AH°(Kt) 

values are near to zero. The AS0^^ term is, therefore, 
a dominant factor to cause the reaction 8. The positive 
AS°(Kt) values are consistent wi th the stepwise dissocia­
tion of [{Ag(S2CNR2)}6] by the attack of [ (R 2 NC-
(S)S)2] . The small negative AS*^ values suggest 
that the configuration of the adduct formed between 
monomeric [Ag(S2CNR2)] and thiuram disulfide, as 
shown in 3 or 4, is essentially maintained in the transi­
tion state of reaction 9. 

ii 

S 

- S - C - N R 2 R 2 N - C - S -
ii 
S 

- S - C - N R 2 
II 
S 

Ag+1 

S S 

3: S S=S 2 GNR 2 

Ag+1 

S S 

Finally, it should be mentioned that the K0k values 
for the copper system are about two orders greater than 
those for the silver system under similar experimental 
conditions (Tables 2 and 5). In addition, a linear 
dependence of k0^sd on the concentration of thiuram 
disulfide observed for the copper system predicts that 
the KQ value is not so large as that for the silver system, 
as described above. Thus , the k values for the copper 
system must be more than two orders greater than those 
for the silver system. This is in agreement with the fact 
that the oxidation to a bivalent state is easier in Cu(I) 
complexes than in Ag(I) complexes.24) 

R 

Et 
rc-Pr 
2-Pr 

TABLE 6. THER 

OF [{Ag(S2 

k j mol-1 

- 1 ± 7 
2=1=1 
6=1=4 

MODYI 

CNR 
STAMI 

•)}J 
C AND ACTIVATION PARAMETERS FOR T H E 

WITH [(R2NG(S)S>2] IN GH2G12 AT 25 

ASV.) 
Jmol^K-1 

29 ±50 
38=1=10 
59=1=29 

Aff* t t, 
kj mol"1 

70=1=4 
74=|=1 
59 ± 1 

REACTION 
o G a ) 

J m o l ^ K - 1 

-4=|=28 
- 2 ± 5 

- 3 2 ± 8 

a) Errors quoted are standard deviations. 
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An X-ray diffraction study has been carried out at 25 °C for aqueous ethylenediamine(en) solutions of zinc(II) 
nitrate, the mole ratios, en/Zn, in the solutions being 2.252 and 3.204. In the former solution bis (ethylenediamine) -
zinc(II) complex existed as the main species, while in the latter tris(ethylenediamine)zinc(II) complex was predom­
inant. The X-ray scattering data of the solution containing the bis-complex showed that four nitrogen atoms 
within the two ethylenediamine molecules were tetrahedrally coordinated to the zinc (I I) ion at a distance of 2.131 
(9) Â. The nonbonding Z n - C distance was also determined to be 2.89(2) Â. In the tris-complex in which 
the zinc(II) ion was coordinated with the six nitrogen atoms, the Zn-N and Zn---C distances were 2.276(5) Â 
and 3.00(1) Â, respectively. Raman spectra of the solutions supported the structures of the complexes. 

X-Ray diffraction studies on complexes in solution 
have been markedly developed in these years, and the 
structural data of metal complexes with various uniden-
tate ligands, such as halide and hydroxide ions and 
water and ammonia molecules, have been accumulated 
to provide the most fundamental knowledge on elucidat­
ing behavior of metal complexes in solution. Recent 
progresses in techniques and apparatus for X-ray 
diffraction analysis allow to investigate structures of 
polynuclear complexes containing relatively heavy 
metals. However, structures of metal chelates in 
solution have never been examined by the X-ray 
diffraction method. 

In the present work, as a first step of investigation of 
structures of metal chelates, we choose ethylenediamine 
complexes of zinc(II) ion, because ethylenediamine is 
one of the simplest chelating agents. T o find the 
structural difference, if it presents, of the complexes 
with varying numbers of the ligand coordinated is 
another aim of this investigation, since no cristallo­
graphie study of these complexes has been made so far. 

R a m a n spectroscopic measurements have been em­
ployed to provide a supplement to the structural 
determination of the complexes. 

E x p e r i m e n t a l 

Preparation and Analysis of Sample Solutions. Anhydrous 
ethylenediamine of guaranteed reagent grade was obtained 
from Tokyo Kasei Co., Ltd. and was purified by refluxing 

TABLE 1. THE COMPOSITION (g-atom/dm3) AND 

THE STOICHIOMETRIC VOLUME V PER 

ZINC ATOM IN THE SOLUTIONS 

Zn 
N 
C 
O 
H 

en/Zn 
F/A3 

Density/g cm-3 

A 

1.846 
15.52 
11.83 
47.11 

119.4 
3.204 

899.5 
1.239 

Solutions 

B 

1.295 
8.422 
5.832 

49.28 
106.4 

2.252 
1282 

1.171 

and distilling over sodium (bp 167 °C). Zinc(II) nitrate of 
reagent grade was purchased from Wako Pure Chemical Co., 
Osaka and was recrystallized twice from water. The samples 
were prepared by dissolving zinc nitrate into aqueous ethylene-
diamine solutions. 

The concentration of zinc (I I) ions in the test solutions was 
determined by EDTA titration and gravimetry as ZnNH4P04 . 
The results of the two independent methods agreed each 
other within 0.2%. 

The concentration of the nitrate ion was determined from 
the stoichiometry of the zinc(II) nitrate. 

s/A-

Fig. 1. Coherent scattering intensities of the sample 
solutions A and B. Experimentally obtained intensities 
Icoh are shown by circles and calculated independent 
scattering intensities by solid lines. 
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s /A-1 

Fig. 2. The reduced intensities multiplied by s for solu­
tions A and B. Open circles indicated experimentally 
obtained s*i(s) values and full lines are calculated ones 
by using parmeter values finally proposed. 

The density of the test solutions was measured pycno-
metrically. 

The composition of the test solutions is given in Table 1. 
Method of Measurements and Treatment ofX-Ray Scattering Data. 
The method of measurements and the apparatus used were 

essentially the same as those in previous papers.1) Coherent 
and reduced intensities of the test solutions are given in Figs. 
1 and 2, respectively. The radial distribution function D(r) 
was calculated by the following equation : 

D{r) = 4nr2p0 + _2rfs» 
71 J0 

s'i(s)-M(s)-sin (rs)ds, (1) 

where p0 is the average scattering density in the stoichiometric 
volume V of the solution per Zn atom, and ^max denotes the 
maximum s-value attained in the measurements (Jmax=16.7 
Â). M(s) represents the modification function2) and the 
reduced intensities i(s) are given by 

i(s) = r*(s) - SHCt/fr)+A//)2+(A//')2}, (2) 
where nt is the number of atom i and ft(s) denotes the scat­
tering factor of atom i at s. Af/ represents the real part 
of the anormalous dispersion, whereas Af" is the imaginary 
one.3) The radial distribution curves D(r) of the solutions 
were drawn after the Fourier transform of the reduced inten­
sities which had been smoothed by the method described 
previously.1) 

The theoretical scattering intensities due to atom pairs of 
all possible combinations in the system were given as follows : 

••«i-to = S2»*^(/«(') + A/,') (/}(*)+A//) 
- J 

+ (A/ / ' ) (A / /0>- S i" ( r f ) -e*P (-*• 
( V ) 

2 ) , (3) 

where rtJ, bip and ntj denote the distance, the temperature 
factor, and the frequency factor of an atom pair i-j, 
respectively. 

All calculations were performed with the aid of electronic 
computers M 160 and M 180 by means of KURVLR pro­
gram.4) 

Raman Spectroscopic Measurements. A JEOL JRS-S1 
Raman spectrometer was employed with the use of the 4880 
Â excitation line of Ar+ laser. 

R e s u l t s a n d D i s c u s s i o n 

Since no formation constants of the complexes has 
been reported in the literature in such concentrated 
solutions examined here, distributions of the zinc ( I I ) -
ethylenediamine complexes in the solutions were not 
estimated in advance of the X-ray measurements. 
However, we can approximately evaluate the formation 
constants of the ethylenediamine zinc(II) complexes 
in the solutions used in the present work by simply 
extrapolating the literature values.5) The extrapolated 
values, as well as the literature values obtained in 
relatively low ionic strengths, suggested that both bis-
and tris (ethylenediamine)zinc (II) complexes may coexist 
in each solution. In solution A the tris-complex may be 
the main species, whereas the bis-complex may be 

o < 

50 4 

40 | 

30 

20 

10 

H - 5 

Zn-N r\ Zn---C y\y^H^ „, 

r/A 
Fig. 3. (a) The radial distribution curve for solution A. 

(b) The theoretical peak shapes for the O-H bond 
within water, the N-H, C-H, C-C, C-N, and C-.-N 
pairs within ethylenediamine molecule, and the N-O 
and 0- - -0 contacts within nitrate ion. (c) The 
theoretical peak shapes for the Zn-N, Zn---C, and 
N---N pairs within the Zn(en)2

2+ complex, (d) The 
theoretical peak shapes for the Zn-N, Zn---C, and 
N---N pairs within the Zn(en)3

2+ complex, (e) The 
corresponding {D(r)—4:7ir2p0) curve to the D(r) in (a). 
The dotted lines in (a) and (e) show the residual radial 
and residual differential radial distribution curves, 
respectively, after subtraction of these theoretical peaks. 
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predominant in solution B. In the analyses of the radial 
distribution curves of solutions A and B, the both 
complexes were taken into consideration at the same 
time in the following manner ; at a first approximation 
the D{r) curve of solution A was analyzed by assuming 
that the only tris-complex was contained. The parameter 
values for the structure of the complex thus estimated 
was used for analyzing the D(r) curve of solution B in 
order to determine the structural parameters of the 
bis-complex so as to obtain a smooth background of the 
D(r) curve. The parameter values thus obtained for the 
bis-complex were turned back to the calculation of the 
D(r) curve of solution A in order to evaluate better 
parameter values of the tris-complex. The improved 
values of the tris-complex were again used for analyzing 
the D{r) curve of solution B. The successive approach 
of the analysis was continued until no appreciable peak 
was left in the background of the radial distribution 
curves of both solutions A and B. 

The parameter values, the bond distance(r), tempera­
ture factor(b), and frequency factor(w) of the models 
used for calculations of intensities due to intramolecular 
interactions were refined by using the data at high angle 
regions of the s-i(s) curves of solutions A and B. The 
refinements were carried out so as to obtain an error-
square sum U=^s2{iob3d(s) — z'caicdGO}2 to be a mini­
mum. The lower s limit in the calculation was varied 
in order to avoid introduction of errors to the refined 
parameters from intermolecular interactions. The least-
squares calculations were performed by using the 
NLPLSQ, program.1) 

Solution A. The radial distribution curve of 
solution A showed four major peaks over the range r= 
1—5Â (Fig. 3a). A small peak at about 1.3 Â is 
composed of peaks due to the O - H bond within water, 
the N - H , C - H , C - C , and C - N bonds within ethylene-
diamine molecules and the N - O bond within nitrate 
ions (Fig. 3b). The second peak appearing at around 
2.2 Â may be attr ibuted to the interactions between 
zinc(II) ion and the nitrogen atoms of the ethylene-
diamine molecules coordinated to the central metal ion 
(Fig. 3, c and d) . The distances corresponding to the 

TABLE 2. BOND DISTANCES (r) AND TEMPERATURE 

FACTORS (b) FOR WATER AND ETHYLENEDIAMINE 

MOLECULES AND NITRATE IONS 

O-H 
N-H 
C-H 
C-C 
C-N 
C - N 

N-O 

o . o 

r/A 
0.955a> 

0.870b> 

l . l l b > 

1.55b> 

1.47b> 

2.47b> 

1.26c> 

2.19c> 

b/A* 

0.010a> 
0.003b> 
0.003b> 
0.001b> 
0.001b> 
0.003b> 
0.0009d> 
0.002e> 

a) R. Triolo and A. H. Narten, J. Chem. Phys., 63, 3624 
(1975). b) A. Yokozeki and K. Kuchitsu, Bull. Chem. Soc. 
Jpn., 44, 2926 (1971). c) R. Caminiti, G. Licheri, G. 
Piccaluga, and G. Pinna, J. Chem. Phys., 68, 1967 (1968). 
d) M. Maeda, Y. Maegawa, T. Yamaguchi, and H. 
Ohtaki, Bull. Chem. Soc. Jpn., 52, 2545 (1979). e) Estimated 
from the value of £N_0. 

nonbonding C---N pair in ethylenediamine molecules 
and the 0 - - - 0 contact within N 0 3 ~ ion may also 
partly contribute to the peak. The third peak at 
2.95—3.05 A may be mainly ascribed to the nonbonded 
interactions of zinc(II) ion with the carbon atoms 
within ethylenediamine molecules coordinated. The 
broad peak at around 4—5 A may include contributions 
among the complexes, free ligand and solvent molecules, 
which we will not discuss in this paper. 

We assumed that the bond lengths of the N - H , C - H , 
C - C , C - N and C - N pairs within the ethylenediamine 
molecules are practically the same as those within free 
ligand molecules in the gas phase.6) The structural 
parameters of nitrate ion were taken from the work 
by Maeda , et al.1) and Caminit i , at at.8) T h e values 
used in this work are summarized in Table 2. The 
Z n - N and Z n - C distances within the bis- (Fig. 3c) 
and tris-complexes (Fig. 3d) were estimated from 
the radial distribution curve of solution A. Successive 
approaches for the estimation have been employed 
as mentioned previously. T h e Z n - N and Zn---C 
bond lengths within the tris-complex were thus 
estimated to be 2.28 and 3.02 A, respectively. The 
temperature factor of the former was determined to 
be 0.003 A2 , while that of the latter was 0.006 A2 . 
The area under the peak at 2.28 A corresponded to six 
Z n - N bonds (see Fig. 3d), which were expected from 
the composition of the tris-complex. Subtraction of 
the peaks due to Z n - N and Zn---C interactions from 
the residual radial distribution curve led to a smooth 
background having no appreciable peak over the range 
r < 4 À , except for the peak at about 2.9 A which was 
ascribed to the adjacent 0 - - - 0 interactions in the bulk 
water and hydrated nitrate ions8) (Fig. 3, a and e). 

The parameter values thus estimated from the 
analysis of the radial distribution curve were refined 
by the least-squares method for the intensity curve 

TABLE 3. RESULTS OF THE LEAST-SQUARES REFINE­

MENTS OF SOLUTION A 

The refined parameters for the bond, distance (r), 
temperature factor (b) and frequency factor (n) are 
obtained from the reduced intensity curve. The units 
of r and b are A and A2, respectively. Standard 
deviations are given in parentheses. 

Interaction 

0 . . . 0 ( N 0 3 ) 
C..-N(en) 

Bis-complex 
Zn-N 
N..-Na> 
Z n - C 

Tris-complex 
Zn-N 

N—N*> 
Z n - C 

Parameter 

r 
r 

r 
r 
r 

r 
b 
n 
r 
r 
b 
n 

A-l 

2.19(2) 
2.41(4) 

2.16(3) 
4.2(8) 
2.89(7) 

2.276(5) 
0.0029(3) 
6.2(1) 
3.16(6) 
3.00(1) 
0.0053(6) 
6.1(2) 

A-2 

2.19(2) 
2.41(4) 

2.17(3) 
4.1(8) 
2.90(7) 

2.276(5) 
0.0028(3) 
6b> 
3.16(6) 
3.00(1) 
0.0053(6) 
6b> 

a) The temperature factor of this interaction is estimated 
to be 0.01, quoted from Ref. 6. b) Fixed. 
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(Fig. 2). Two types of refinement (A-l and A-2) were 
performed for solution A. 

In type A-l5 all the twelve parameters listed in Table 
3 were allowed to change independently, a tetrahedral 
structure of the bis-complex being assumed. The 
frequency factors of the Z n - N bond and the nonbonding 
Zn---C interaction were close to six as expected in all 
the sets of data examined over the different ^-regions 
from 5.0, 6.0, and 7.0 to 16.7 A" 1 . 

In type A-2, an octahedral structure of the tris-
complex as the main species was also assumed and the 
distances and the temperature factors of the Z n - N 
and nonbonding Zn---C interactions were refined. Since 
no appreciable difference was found in the results of the 

r/A 
Fig. 4. (a) The radial distribution curve for solution B. 

(b) The theoretical peak shapes for the O-H bond 
within water, the N-H, C-H, C-C, C-N, and C - N 
pairs within ethylenediamine molecule, and the N - O 
and 0- - -0 contacts within nitrate ion. (c) The 
theoretical peak shapes for the Zn-N and Zn---C and 
N---N pairs within the Zn(en)2

2+ complex, (d) The 
theoretical peak shapes for the Zn-N, Zn---G, and 
N---N pairs within the Zn(en)3

2+ complex. (e) The 
corresponding (D(r) — 47ir2p0) curve to the D(r) in (a). 
The dotted lines in (a) and (e) show the residual radial 
and residual differential radial distribution curves, 
respectively, after subtraction of these theoretical peaks. 

two calculations, the octahedral structure of the tris-
complex having the parameter values given in Table 3 
was concluded. 

Solution B. The essentially same procedure as 
that used for solution A was employed for analyzing 
the radial distribution curve of solution B. The con­
tribution of the tris-complex coexisting to the curve was 
taken into account in the analysis. The structural 
parameters of the N - H , C - H , C-C , C-N, and C - N 
bonds within ethylenediamine molecules in the com­
plexes were the same as those used in the previous 
section. The peaks due to the Z n - N and Zn---C distances 
within the tris-complex were eliminated from the radial 
distribution curve by the trial-and-error method. 

The Z n - N and Zn---C distances within the biscom-
plex were evaluated as 2.14 and 2.93 A, respectively, 
from the analysis of the radial distribution curve 
(Fig. 4). The area under the peak at 2.14 A showed 
the four-coordinated zinc atom. A peak still remained 
at about 2.9 A in the radial distribution curve (dotted 
lines in Fig. 4, a and e) was attr ibuted to the structure 
of the bulk water and hydrated nitrate ions8) as has been 
discussed in the previous section. 

TABLE 4. RESULTS OF THE LEAST-SQUARES REFINEMENTS 

OF SOLUTION B 

The refined parameters of the bond distance (r), 
temperature factor (b), and frequency factor (n) are 
obtained from the reduced intensity curve. The 
units of r and b are Â and A2, respectively. Standard 
deviations are given in parentheses. 

Interaction Parameter B-1 B-2 B-3 

0 . . . 0 ( N 0 3 ) 
C.-.N(en) 

Bis-complex 
Zn-N 

N..-Na> 
Z n - C 

r 
r 

r 
b 
n 
r 
r 
b 
n 

2.20(2) 2.18(2) 
2.31(5) 2.37(5) 

2.113(7) 2.134(7) 
0.0035(4) 0.0027(4) 
4.10(8) 4.09(8) 
3.9(2) 4.0(2) 
2.90(1) 2.90(2) 
0.0057(6) 0.006b> 
4.7(2) 4b> 

2.18(2) 
2.29(6) 

2.131(9) 
0.0026(5) 
4b) 

3.8(2) 
2.89(2) 
0.006b> 
4b) 

a) The temperature factor of this interaction is estimated 
to be 0.01, quoted from Ref. 6. b) Fixed. 

The least-squares refinements were carried out for 
the parameter values of the bis-complex in order to 
obtain the best-fit curve to the experimentally obtained 
S'i(s) curve. In the case of solution B, three types of 
refinement (B-l, B-2, and B-3) were examined. In 
type B-l , all the nine parameters given in Table 4 
were changed simultaneously. The frequency factor 
of the Z n - N bond of the bis-complex was always close 
to four in the various sets with lower s limits of 5.0, 6.0, 
and 7.0 A - 1 . In type B-2, the temperature and frequency 
factors of the nonbonding Z n - C interaction were held 
constant and the parameters for the Z n - N bond were 
refined because the frequency factor was strongly 
correlated to the temperature factor in the nonbonding 
Z n - C interaction. The possibility of the existence of 
Z n ( e n ) 2 ( H 2 0 ) 2

2 + as the bis-complex instead of Zn(en) 2
2 + 

could also be checked by this t reatment ; if the former 
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complex were formed, the frequency factor of the 
Z n - N in the calculation of B-2 would be six, because 
no distinction between Z n - O and Z n - N bonds was 
possible in the calculation. In type B-3, a tetrahedral 
structure of the bis-complex was assumed and the 
distances and temperature factors for the Z n - N and 
nonbonding Zn---C interactions were refined. The 
refined parameter values in the B-3 set were almost 
the same as those in the B-2 set. 

The observed intensities are compared with the 
calculated ones (Eq. 3) by using the parameter values 
in Tables 3 (A-2) and 4 (B-3) (see Fig. 2). The agree­
ment between the two curves is satisfactory except 
at the low-angle part of the curves where the inter-
molecular interactions significantly contribute to the 
s-i(s) curves. From the independent refinements of the 
parameter values for solutions A and B5 the bis- and 
tris-complexes were confirmed to be tetrahedrally and 
octahedrally constructed in aqueous solution. 

The Z n - N bond within the bis-complex was shorter 
than that within the tris-complex. The results are 
consistent with those reported in the literature9) that 
the crystal ionic radius of a zinc(II) ion having the 
coordination number of 4 is smaller than that of a 
zinc(II) ion of the six-coordination. 

Raman Spectra of Solutions A and B. R a m a n 
spectra of the tris (ethylenediamine) zinc (II) complex in 
aqueous solution have been studied by Krishnan and 
Plane.10) They reported that the line at 423 c m - 1 was 

Wave number/cm -1 

Fig. 5. Raman spectra of solutions A and B. The 
lines are the components parallel ( || ) and perpendicu­
lar ( J_), respectively, to the direction of polarization 
of the incident light. 

due to the totally symmetric Z n - N stretching vibration 
of the tris-complex. In solution A of the present work 
(Fig. 5) we also found the line at 427 c m - 1 . Since the 
line is strongly polarized, it is distinguishable from the 
skeletal deformation vibration band of free ethylene-
diamine of the trans-conformation which would appear 
at 475 c m - 1 in solution.11) Another strong line was 
observed at 883 c m - 1 , for which Krishnan and Plane 
gave no assignment (in their work the line appeared 
at 878 c m - 1 ) . The line may be ascribed to the rocking 
vibration of the - C H 2 - groups11) within the ethylene-
diamine molecules. The band at 722 c m - 1 was assign­
able to the r4-band of the nitrate ion. In the low frequen­
cy region of 170—300 c m - 1 , some R a m a n lines were 
observed. However, no reasonable assignments to the 
lines were given. 

Krishnan and Plane have also measured the R a m a n 
spectrum of the bis-complex.10) However, since their 
measurements were carried out in a very diluted 
solution (ca. 0.1 mol d m - 3 for zinc(II) ion) and the 
test solution contained both bis- and tris-complexes to 
some extent, assignments of the bands observed for the 
bis-complex may be less reliable. Solution B in the 
present work contained the bis-complex with a relatively 
high concentration, which might be suitable for measur­
ing the R a m a n spectrum of the bis-complex. The 
spectrum of solution B showed three major lines at 
447, 722, and 879 c m - 1 (Fig. 5B). The 722 and 879 
c m - 1 bands were readily assigned to the nitrate-^4 and 
CH2-rocking vibrations, respectively, as have been 
described previously. The polarized line at 447 c m - 1 , 
which was ascribed to the Z n - N sterching in the bis-
complex, was in good agreement with the line found 
at about 450 c m - 1 by Krishnan and Plane.10) The 
frequency of the line was apparently higher than those 
of the corresponding lines of the tris-complex (427 or 
423 cm- 1 1 0 ) ) and the Zn(NH3)4

2+ complex (4292) or 
427 c m - 1 1 2 ) ) . These results indicated that the bis-
complex has a stronger metal-nitrogen interaction than 
the other two complexes. This conclusion is supported 
by the fact that the bis-complex has a shorter Z n - N 
bond than the tris-complex. The Z n - N distance 
within the bis-complex is, however, longer than the 
Z n - N H 3 distance within the te t raammine-zinc(II) 
complex. The stronger interaction between zinc(II) ion 
and amino groups within the ethylenediamine molecules 
may be due to a greater basicity of the NH2-groups in 
the ethylenediamine molecules by donating electrons 
from the C H 2 groups to the amino groups. 
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Kinetics of Ligand Exchange between Tris(acetylacetonatoC2-14C])cobalt(III) 
and Acetylacetone in Acetonitrile, Evidence for SNI Mechanism 
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Tris(acetylacetonato[2-14C])cobalt(III) undergoes ligand isotopic exchange with acetylacetone (Hacac) in 
acetonitrile at 85—100 °G without decomposition and solvolysis. The exchange rate is proportional to the complex 
concentration (0.002—0.007 M, 1 M = l mol dm - 3 ) , the first-order rate constant k0 being independent of [Hacac] 
(0.001—0.97 M). k0= 1.6 X 10~5 s"1 at 93.2 °G. The activation enthalpy and entropy are 38±4 kcal mol"1 (1 cal = 
4.18 J) and 23 ± 8 cal K - 1 mol -1, respectively. Trichloroacetic acid (<^0.02 M) gives acid catalysis. The rate-
determining step should be the £N1 Go-O cleavage in a chelate ring to give a five coordinate intermediate. 

The complexes of Co(II I ) along with those of Cr ( I I I ) 
and Ni (II) have played an essential role for enabling 
us to understand the mechanism of octahedral sub­
stitution.1»2) A number of kinetic studies were carried 
out on C o ( I I I ) N 5 0 type complexes represented by 
[Co(NH3)5(H20)]3+.3> However, little information is 
available concerning kinetics and mechanisms of ligand 
substitution processes of spin-paired Co(I I I ) complexes 
containing C o ( I I I ) 0 6 core. Kinetics of aquation of 
[Co(ox)3]3 _ 4) and [Co(mal)3]3~ 5) (ox=oxala te , mal = 
malonate) are complicated for discussing the substitution 
mechanism around the metal ion. Water exchange6) 
and the anation of chloride7) for [ C o ( H 2 0 ) 6 ] 3 + were 
kinetically studied only in the presence of [ C o ( H 2 0 ) 6 ] 2 + . 

In a previous paper, we discussed the mechanism of 
the ligand exchange between Cr(acac[2-1 4C])3 and 
acetylacetone (Hacac) in acetonitrile.8) The rates of 
the ligand exchange of the present complex in toluene, 
anisole, and chlorobenzene under conditions involving 
partial decomposition of the complex were observed.9) 
We have found that the decomposition of Co(acac)3 

in acetonitrile subsides on elimination of dissolved 
oxygen, and have reinvestigated the ligand exchange 
kinetics to disclose the substitution mechanism at the 
low-spin C o ( I I I ) 0 6 core. 

Materials. Acetylacetone[2-14C] was prepared and 
purified as reported.10) Acetylacetone was dehydrated with 
calcium sulfate and distilled. Go(acac[2-14C])3 and Go(acac)3 

were synthesized from the labelled and the commercial ligand, 
respectively, by the usual method,11) and sublimed in vacuo at 
ca. 130 °G. Deuterium oxide (spectroscopic grade, E. Merck, 
99.75%) was used without further purification. Trichloro­
acetic acid was sublimed in vacuo. Acetonitrile was distilled 
twice in the presence of phosphorus pentaoxide. 

Kinetic Procedure. Two ml portions of acetonitrile solution 
containing Go(acac[2-14C])3 (0.0017 to 0.0070 M, 1 M = 1 mol 
dm-3), Hacac (0.001 to 0.97 M), and water (0.02 to 0.12 M), 
were degassed and sealed in 3—5 Pyrex glass tubes (diam. 
10 mm, length 80 mm) in vacuo (10~3mmHg). The tubes 
were simultaneously heated in a silicone oil bath at 85—101 
°G, withdrawn one by one at appropriate time intervals and 
put into a cold water bath. Hacac, water and acetonitrile 
were collected individually from the 1 ml portions by distilling 
into small tubes in a liquid nitrogen bath in vacuo at room 
temperature to leave Go(acac)3 in the original tubes. (Tri­
chloroacetic acid, whenever present in the reaction mixture 

also remained in the original tubes.) Both Hacac and 
Go(acac)3, quantitatively recovered and found to be spectro-
scopically pure, were separately dissolved in anisole containing 
0.1% />-terphenyl and 0.04% p-bis(5-pheny 1-2-oxazolyl)ben­
zene (POPOP), the counting rate being measured with a 
Nuclear Chicago Unilux IIA Liquid Scintillation Counter. 
The specific counting rate was calculated from the counting 
rate and the original weight of the compounds. The water 
content of the reaction mixture was determined by the Karl 
Fischer titration before and after the kinetic run; it remained 
unchanged within experimental error. 

Calculation of the Exchange Rate. The rates were calcu­
lated by the McKay equation 

R a t e = -3[Co][Hacac] In(l-F) 
3[Co] +[Hacac] t 

where [Co] and [Hacac] stand for the concentrations of the 
complex and the free ligand, respectively, t is the lapse, of 
time in seconds, and F the fraction of reaction which is 
expressed by (x0—xt)/(x0—xm), x being the specific counting 
rate of the complex or the free ligand at the time indicated 
by subscript. 

Hacac is in tautomeric equilibrium between enol and keto 
form, but the intercoversion rate is ca. 10—100 times as great 
as the exchange rate in the given temperature range. The 
total concentration of Hacac, therefore, was taken to be 
[Hacac]. 

The absorption spectra of the reaction mixtures 
remained unchanged throughout the reaction. The 
M c K a y plots gave straight lines up to at least 7 5 % 
completion of the exchange. The F values individually 
calculated from the measured specific counting rates of 
Hacac and Co(acac)3 coincide with each other within 
experimental error. Thus no reactions other than the 
isotopic exchange 

Co(acac)3 + Hacac < > Co(acac)3 + Hacac (1) 

took place during the course of heating. No significant 
zero time exchange was observed. The rate is propor­
tional to the complex concentration (0.0017—0.0070 M) 
as shown in Table 1, and expressed by 

Rate = *0[Co], (2) 

where k0 is the observed first-order rate constant. The 
k0 value is independent of the water (0.017—0.119 M, 
Table 1) and the free ligand concentrations (0.001—1 M, 
Fig. 1). Thus we have 

E x p e r i m e n t a l R e s u l t s 
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TABLE 1. RATES AND OBSERVED FIRST-ORDER RATE CONSTANTS 

FOR THE ISOTOPIC EXCHANGE BETWEEN G o ( a c a c ) 3 AND H a c a C 

IN ACETONITRILE AT 101.1 °G ([Hacac] = 9.75 x 10-3 M) 

[Go] [H20] R 
10-3M 

1.74 
3.48 
6.59 
3.48 
3.48 

10-3M 

69 
66 
72 
17 

119 

l O ^ M s - 1 

8 .9±0 .4 
18 ± 1 
38 ± 2 
17 ± 1 
18 ± 1 

lO-ss-1 

5 .1±0 .2 
5 .1±0 .2 
5 . 4 ± 0 . 3 
4 . 9 ± 0 . 3 
5 . 3 ± 0 . 3 

-4.0rr 

-4.5 

Î - 5 . 0 
o 

-5.5 

1 

• 

Li, 

— i 

-*-

0 

M 1 

—•-

W 

• 

-JtL 

• 

• 

-| 1 

101.1°C 

• 
93.2°C 

85.1°C 

j I 

i n 

• 

J 

-3 ~2 ~1 
log([Hacad/M) 

Fig. 1. Log-log plots of the observed rate constant k0 

vs. the concentration of the free ligand, [Hacac], for 
the ligand exchange of Go(acac[2-14C])3 in acetonitrile. 
([Go] = 3.5X 10-3 M (circles), 9 .9xlO" 3 M (square). 
[H2O] = 7 x l 0 - 2 M . ) 

^[HacacrtHaO]0 . (3) 

When D 2 0 was added to the reaction mixtures in place 
of H 2 0 , no change occured in kQ. 

In the presence of trichloroacetic acid, the exchange 
proceeded apparently by 20—30% at zero time, which 
would be separation induced exchange. The k0 value 
depends on the acid concentration at given concentra­
tions of the complex (0.0035 M ) , the free ligand (0.0097 
M) and water (0.07 M) (Fig. 2). The solid lines have 
intercepts, which coincide with k\ values obtained in 
the absence of the acid. Thus we have 

[CC13C00H1/M 
Fig. 2. Influence of trichloroacetic acid and deuterium 

oxide on the exchange rate. ([Go] = 3.5x 10~3 M, 
[Hacac] = 9.7XlO-3 M and [HaO] = 7x 10"2 M for 
open circles. DaO(5 X 10"2 M) + H 2 0 ( 2 X 10"2 M) as 
the original ingredients for full circles.) 

K = kt + *a[CCl3COOH]. (4) 

When D 2 0 was added to the reaction mixture in place 
of H 2 0 , k0 increased significantly in the presence of the 
acid (Fig. 2). Rat io of the rate constants (£(H)/A;(D)) 
was calculated on the assumption that equilibrium was 
attained for all the dissociable protons and deuterons 
in the reaction system. 

The rate constants are summarized in Table 2 
together with the activation parameters and A:(H)/A:(D) 
values. 

D i s c u s s i o n 

Equation 4 indicates that the exchange (Eq. 1) 
proceeds by the two paths, k{ and ka . 

Rate-determining Steps of the k-x Path. Equations 2 
and 3 indicate the participation of only the complex 
in the rate-determining step of the kj pa th . 

The k\ value is similar to that of the first-order rate 
constant £ r a c of the racemization of Co(acac)3 in 
chlorobenzene in a similar temperature region.12) 
Their activation enthalpies and entropies are also very 

TABLE 2. KINETIC DATA FOR LIGAND EXCHANGE, RACEMIZATION AND ISOMERIZATION 

OF TRIS (/?-DIKETONATO) COBALT ( I I I ) IN ORGANIC SOLVENTS 

Exchange* >e> 

Racemizn.b>f> 

Isomerizn.g> 

Parameters 

^/lO-Ss-1 

^ / l O ^ M ^ s - 1 

kTJ10-*s-i 

*iso/10-4s-i 

Rate constants 

85.1 °G 

0.51±0.02 
2.9 ± 0 . 2 
1.4e> 

1.83±0.12b> 
1.89±0.09a> 

93.2 °C 

Go(acac)3 

1.56±0.02 
7.2 ± 0 . 5 
4.0C> 

/^-Co(bzac)3
d> 

(96.1 °G) 
(95.8°C) 

101.1 °G 

5.14±0.21 
22 .9±0 .4 
13°) 

*(H) 
k(D) 

1.0 
0.4 

AH* 
kcal mol -1 

38 ± 4 
34 ± 3 
34 .1±0 .6 

32 .0±0 .5 

AS* 
cal K-1 mol-1 

23 ± 8 
18 ± 7 
14 ± 2 

11.0±1.3 

a) In acetonitrile. b) In chlorobenzene. c) Interpolated value, d) bzac~ = benzoylacetonate. e) This work, f) Ref. 12. 
g) Ref. 13. 
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route A 

0.. 1 ..Q A . 
JCn - A 

^ 0 

0 0 * 
O-Co-0-^ 

vi 

• Hacac 

v. * 
- Hacac 

• s 

-x-
^ - 0 

+ acac 

CLs I ,-acacH 

^ 0 

II III 

-5 1 ^ 5 

IV Y 

route B 
Fig. 3. Proposed mechanism for the ligand exchange of Go(acac[2-14C])3 in 

acetonitrile. (The structure of II is provisional. Asterisks denote 14G 
labelling. Arcs and S represent acetylacetonate and acetonitrile or H aO, 
respectively.) 

similar (Table 2). This suggests a common rate-
determining step for the reactions, despite the difference 
in solvent. The mechanism of the racemization has not 
been verified, but it is anticipated to be very similar 
to that of the racemization and the isomerization of 

fac- and m^r-tris(benzoylacetonato)cobalt(III) (Co-
(bzac)3) in chlorobenzene,13) on the basis of similar 
values of AH* and AS*. Girgis and Fay verified that 
these reactions of Co(bzac)3 proceed by an intramole­
cular mechanism and found that the rates are independent 
of solvents including chlorobenzene and acetonitrile. 
The racemization of Co(acac)3 in these solvents might 
proceed similarly. The present k\ value was also 
insensitive to the variation of solvent, e.g. no change 
by use of acetylacetone as solvent.14) Thus , there 
should be a common rate-determining step for these 
inter- and intra-molecular reactions. I t should be the 
first cleavage of C o - O bond. The bond break would 
take place by the £N1 mechanism, since the solvent-
assisted £N2-like pa th does not seem feasible in these 
reactions. Consequently, five-coordinate intermediate 
containing a unidentate acetylacetonate would be formed 
(I—»Il in Fig. 3).15) The intermediate might have an 
achiral structure, e.g., a trigonal bipyramid shown in 
Fig. 3. 

Mechanism for k-x Path. After the rate-determin­
ing step, the k{ pa th can proceed via two possible routes 
A and B (Fig. 3). In route A, I I interacts with free 
Hacac to form I I I containing both unidentates, a c a c -

and Hacac, as ligands. I l l is converted into I I I * by a 
proton transfer process, and I I I * turns to I* . In route 
B, I I loses one a c a c - to give V. The solvent molecule 
or water may occupy the vacant site. V can pick up 
a c a c - . However, route B is unlikely. If the dissociation 
of the unidentate a c a c - proceeded fast, direct exchange 
of a c a c - between the complex molecules could take 
place at a measurable rate even in the absence of free 
Hacac. Such an interchange for Co(bzac)3 was much 
slower than the isomerization.13) The intermediate IV, 
even if it is formed, might be in equilibrium only with I I 
as a dead end species. Therefore, the k{ pa th must 
proceed via route A. The exchange of the k{ pa th is 

understood to consist of the substitution processes 
(I—>III and III*—>I*) connected with a proton transfer 
process (III—>III*). The substitution processes should 
be identical with each other, since reaction routes of 
exchange reactions are symmetrical. 

The substitution process can be reckoned to proceed 
by the £N1 mechanism. The mechanism is also in line 
with the observed activation parameters, a large 
positive value of AS* and a rather large value of AH*. 
I t is thus demonstrated for the first t ime that a low-spin 
complex with C o ( I I I ) 0 6 core undergoes ligand sub­
stitution by the £N1 mechanism, as almost all other 
complexes with different ligating atoms.1) 

Structure of the Intermediate. The intermediate I I 
seems stable towards the C o - O bond cleavage of the 
unidentate ligands. Even in the absence of free Hacac , 
I I undergoes racemization but not dissociation. Such a 
stability may be at tr ibuted to the conjugated structure 
of the l igand. The C o - O bond may be stabilized by 
concentration of negative charge on the coordinated 
oxygen, which is partly neutralized with positive charge 
on the central metal ion. Hence, the structure C o - O -
C ( C H 3 ) = C H - C ( C H 3 ) = 0 , is presumed for the unidentate 
in I I , I I I , I I I * , and IV. This structure is found in 
frtf/zj-[Ptn(C5H702)2(PEt3)2] in solution (CDCl3) and 
crystals.17) 

The structure of the intermediates I I I and I I I * could 
not be determined exactly. The enol form of the 
incoming Hacac is more feasible than the keto form. 
Enol was found to be much more reactive over keto 
in the ligand exchange of Ti I V(acac)3

+ in acetonitrile.18) 
The keto oxygen of enol Hacac could coordinate to 
Co( I I I ) . Coordination of enolic acetylacetone as a 
unidentate is found in crystals of Mn nBr 2 (Hacac) 2 . 1 9 ' 2 0 ) 

The two unidentates in I I I (and I I I* ) should be 
eis to each other, at least when the proton is exchanged. 
The presence of a trans isomer cannot be excluded, but 
it does not seem to play an important role in the ligand 
exchange reaction. I t may be a dead end species, even 
if it is formed. 

ka Path. The exchange reaction (Eq. 1) is 
catalyzed by trichloroacetic acid (Eq. 4) . A remarkable 
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deuterium isotope effect (A:(H)/A:(D)=0.4) was found for 
the acid catalyzed ka pa th (Table 2). A A:(H)/A:(D) value 
less than unity indicates the participation of a proton 
in a pre-equilibrium step.21) A plausible mechanism is 
proposed in the following. 

Go(acac)3 + H + 

I 

(acac)2Go | 

fast 
(acac)2Go 

-O 

r.d.s. 
(acac)2Go-0—OH+ 

IF 

(5) 

(6) 

where O - O - denotes acac~, and I I ' is a five-coordinated 
intermediate. T h e fate of I I ' is considered to be similar 
to that of I I in the k{ pa th (Fig. 3). The observed 
AH* value for ka slightly lower than that for k\ may 
be due to an easier cleavage of a C o - O bond with the 
a i d o f H + . 

Comparison with Cr(acac)z. The ligand exchange 
of Cr(acac) 3 in acetonitrile in high [Hacac] Q>0.1 M) 
region was considered to proceed via I I I type inter­
mediate (Fig. 3) by the £N2 attack of the free ligand, 
in view of the first-order dependency of k0 on [Hacac] 
and the values of the activation parameters.8) However, 
the present k-x value did not change with the increase 
of [Hacac] up to 1 M (Fig. 1). This indicates that an 
£N1 operates in the kj pa th even in the high [Hacac] 
region. The difference in mechanism is in line with 
that in the general understanding of substitution 
mechanisms of these two kinds of metal complexes 
containing N 5 0 core (Cr( I I I ) : SN2; Co(I I I ) : ^ l ) . 1 ) 

The work was carried out with a Grant-in-Aid from 
the Ministry of Education. 
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The products formed by the heating of VC120 in an oxygen stream at various temperatures were examined 
by chemical and X-ray analysis. The reaction products between VC13 and oxygen were examined in the same 
manner. The reaction process between VC120 and oxygen may be represented as follows: VG120 reacts with 
oxygen above ca. 170 °C to form V 2 0 5 and VC130, 12VCl20(s) + 302(g)->2V205(s) + 8VCl30(g), and this reaction 
is accompanied by the reaction, 4VCl20(s)-|-302(g)~->2V205(s)-l-4Cl2(g). The reaction process between VC13 

and oxygen may be represented as follows: VC13 reacts with oxygen above ca. 100 °G to form VC130, 2VCl3(s)-f 
°2(g)->2VCl30(g), and this reaction is accompanied by the reaction, 2VCl3(s) + 02(g)->2VCl20(s) + Cl2(g). 

Vanadium trichloride oxide (VC130) which is 
dissolved in crude t i tanium tetrachloride (TiCl4) 
prepared by the chlorination of t i tanium ores is com­
mercially removed as a non-volatile vanadium-contain­
ing precipitate by bubbling hydrogen sulfide through the 
crude TiCl4 . The present authors1) have previously 
reported that the vanadium-containing precipitate 
formed by the reaction between VC1 3 0 and hydrogen 
sulfide is a mixture of vanadium dichloride oxide 
(VCl^O) and a small amount of vanadium trichloride 
(VC13). From the view point of waste reclamation, it is 
necessary to understand the chemical process for the 
preparation of divanadium pentaoxide (V 2 0 5 ) and 
chlorine by the oxidation of the mixture of VCl a O and 
VCI3 with oxygen (air). 

There has been no report on the reaction process 
between VC1 2 0 and oxygen. Regarding the reaction 
between VC13 and oxygen, RufT and Lickfett2) have 
reported that VC1 3 0 is formed by heating VC13 at ca. 
500—600 °C in an oxygen stream. Lamprey and 
Forsyth3) have briefly described that the reaction, 
V C l 3 + l / 2 0 2 - » V C l 3 0 , mainly occurs above 250 °C on 
heating VC13 in air. Pechkovskii and Vorob'ev4) have 
reported that the reaction between VC13 and oxygen 
to form VC1 3 0 mainly occurs above 200 °C on heating 
VC13 in an oxygen stream, and that onyl a small par t 
of the VC13 is oxidized to V 2 0 5 . 

In this paper, the reaction processes of VC1 2 0 and 
VC13 with oxygen will be revealed. 

Exper imenta l 

The VC120 used was prepared from VC13, divanadium 
trioxide (V203), and VClsO by the method based on the 
literature.5) Chemical analysis of the VC120 obtained gave 
V, 37.0; CI, 51.4% (Calcd for VC120: V, 36.96; CI, 51.44 
%) ; it was confirmed to be VC120

6) by X-ray analysis. VC13 

was obtained by the thermal decomposition of VC14, which 
was prepared by the reaction between vanadium (V, 99.8% 
up) and chlorine at 500 °C,7) at 180 °C in an argon atmos­
phere.8) The chemical analysis gave V, 32.4; CI, 67.6% 
(Calcd for VC13: V, 32.38; CI, 67.62%); it was confirmed 
to be VC13

9) by X-ray analysis. The oxygen was dried by 
passing it through cone, sulfuric acid and over diphosphorous 
pentaoxide. 

The sensitivity of the quartz helix used for thermogravime-
try (TG) was approximately 67 mm/g. The sample (0.15 g) 

was heated at a rate of 2.5 °C/min and the flow-rate of argon 
or oxygen was maintained at 50 cm3/min. 

X-Ray analysis of the solid sample was performed using 
Ni-filtered Cu radiation. The sample chamber of the diffrac-
tometer was maintained under dry nitrogen atmosphere to 
prevent the contamination of the sample with moisture in air 
during the irradiation. 

The products obtained by heating VC120 and VC13 in an 
oxygen stream at various temperatures were examined by 
the following procedures: The sample (1.0 g) in a quartz 
boat (60 mm length, 13 mm width, 7 mm depth) was placed 
in a straight reaction tube (16 mm i. d.) with a water-cooled 
condenser. Oxygen was introduced into the reaction tube 
at a flow-rate of 50 cm3/min. The sample part was then placed 
in the centre of an electric furnace (300 mm in heating length) 
maintained at a specified temperature for a specified period. 
The temperature of the sample part was controlled to within 
±2°C. 

The liquid product (VC130) was collected in a trap cooled 
in solid carbon dioxide through the condenser. The chlorine 
formed was absorbed in KI solution through the trap and 
determined by iodometry. The total amount of chlorine 
formed during the reaction was determined by adding the 
above value and the amount of chlorine dissolved in the 
liquid product in the solid carbon dioxide trap.10) The deter­
mination of the amount of chlorine dissolved in the liquid 
product will be described later. 

Chemical analysis of the solid and liquid products was 
performed as follows: The vanadium content in the sample 
was determined by chelatometric titration,11) while the chlo­
rine content was gravimetrically determined as AgCl, after 
dissolving the sample in dilute nitric acid. 

The amount of chlorine dissolved in the liquid product in 
the solid carbon dioxide trap was determined as follows: 
After the reaction was over, the liquid product was allowed 
to warm to room temperature in an argon atmosphere in 
order to liberate the chlorine from the liquid product. The 
liberated chlorine was absorbed in NaOH solution. A small 
amount of the liquid product which vaporized during the 
above procedure was also absorbed in the NaOH solution. 
The total amount of chlorine in the NaOH solution was 
gravimetrically determined as AgCl and the vanadium content 
in the NaOH solution was also determined by chelatometric 
titration. From the vanadium content, the amount of the 
liquid product absorbed in the NaOH solution was calculated. 
The amount of chlorine dissolved in the liquid product was 
calculated by subtracting the amount of chlorine correspond­
ing to the liquid product absorbed in the NaOH solution 
from the total amount of chlorine in the NaOH solution. 
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The total amount of liquid product formed was corrected 
by adding the amount of liquid product absorbed in the 
NaOH solution to the amount of liquid product in the trap. 

Throughout this work, the chlorides and chloride oxides 
of vanadium were handled in an argon atmosphere or in 
vacuo to prevent any contamination with moisture in air. 

Results and Discussion 

Reaction Process between Vanadium Bichloride Oxide and 
Oxygen. I t has been reported that on heating 
VC1 2 0 in an inert atmosphere, the disproportionation 
occurs above 300 °C12> or 330 °C,4> according to the 
reaction, 2VC1 20(s)-»VC10 (s) + VC1 3 0 (g). 

Prior to the examination of the reaction between 
VCl a O and oxygen, the behavior of VCl a O on heating 
in an argon stream was examined. The T G curve 
showed that VC1 2 0 lost weight continuously above ca. 
295 °C and the weight reached a constant value at ca. 
380 °C. The sample heated up to 380 °G was shown 
to be VCIO13) by X-ray analysis. The weight loss at 
380 °C was 6 2 . 9 % . This value was in good agreement 
with the calculated value, 62 .86%, based on the 
disproportionation of VC1 2 0 . The gaseous product was 
confirmed to be VC1 3 0 by chemical analysis of the 
product obtained by heating VC1 2 0 (1.0 g) in an argon 
stream at 370 °C for 3 h. From these results, it is 
confirmed that VC1 2 0 disproportionates above ca. 
295 °C according to the reaction, 2VCl 2 0(s)-»VC10(s) 
+ V C l 3 0 ( g ) . 

The T G curve of VC1 2 0 in an oxygen stream showed 
that VC1 2 0 reacted appreciably with oxygen above ca. 
180 °C before disproportionating. T o obtain more 
detailed information on the reaction between VC1 2 0 
and oxygen, the products formed by heating VC1 2 0 
at various temperatures for 0.5—3 h in an oxygen 
stream were examined by X-ray and chemical analysis. 

At 160 °C, no reaction product was observed. The 
reaction products obtained at various temperatures 

above 170 °C and their weight percentages to the initial 
VC1 2 0 were determined by chemical and X-ray 
analysis.6»14»15) The results are summarized in Table 1. 

The most stable oxide phase of vanadium under the 
conditions of this work is V 20 5 . 1 6) Tr ivanadium 
heptaoxide (V 3 0 7 ) was not formed below 240 °C as 
shown in Table 1, but a small amount of V 3 0 7 was 
formed in addition to V 2 O s above 260 °C. As shown 
in Table 1, the reaction between VC1 2 0 and oxygen 
proceeded markedly above 260 °C to form a large 
amount of gaseous VC1 3 0 . Consequently, the reaction 
between VC1 2 0 and oxygen has been thought to 
proceed under a low oxygen concentration to form V 3 0 7 

in addition to V 2 0 5 . The solid products obtained by 
heating VC1 2 0 (1.0 g) at 290 °C under various flow-
rates of oxygen for 1 h were examined. The results 
are shown in Table 2. 

TABLE 2. SOLID PRODUCTS BETWEEN VC120 AND OXYGEN 

0 2 flow-ra 
cm3 min 

50 
100 
200 

AT VARIOUS FLOW-RATES OF OXYGEN 

tte/ 
- i 

Solid 

v 2 o 5 

66 
71 
73 

product/% 

v 3 o 7 

3 
1 

Unreacted 
VGl20/% 

31 
28 
27 

From the results, it was observed that V 3 0 7 was not 
formed under a high flow-rate of oxygen. This confirms 
the above consideration on the formation of V 3 0 7 . 

The experimental results for the reaction products 
between VC1 2 0 and oxygen at various temperatures, 
shown in Table 1, indicated that V 2 0 5 and VC1 3 0 were 
the main products. This fact was considered to indicate 
that the main reaction on heating VC1 2 0 in an oxygen 
stream was the reaction, 

12VCl20(s) + 302(g) • 2V205(s) + 8VCl30(g). (1) 

TABLE 1. REACTION PRODUCTS BETWEEN VCLO AND OXYGEN AT VARIOUS TEMPERATURES 

Temp/°G 

170 
200 
220 

240 

260 

280 

290 

Reaction 
time/h 

3 
3 
3 

f 0.5 

1 
I 3 
( 0.5 

1 
I 3 
f 0.5 

1 
I 3 
( 0.5 

1 
I 2 

v 2 o 5 

< 1 
1 
7 
4 
7 

15 
8 

14 
22 
10 
19 
23 
15 
21 
23 

In the boat 

v 3 o 7 

— 
— 
— 
— 
— 
— 

< 1 
< 1 

1 

< 1 
< 1 
< 1 
< 1 

1 
1 

Product/% 

VGl^O 

0.4 
2.8 

21.6 
12.6 
23.6 
48.9 
26.3 
46.0 
75.7 
33.7 
63.4 
77.6 
50.5 
70.8 
78.4 

Outside the 
heating zon< e 

Cl2 

< 0 . 1 
< 0 . 1 

0.9 
0.5 
0.8 
1.7 
0.9 
1.6 
2.6 
1.1 
2.3 
2.7 
1.8 
2.5 
2.8 

Unreacted 
VGl20/% 

> 9 9 
96 
72 
83 
69 
38 
66 
41 

3 
57 
19 

< 1 
35 
10 
0 
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Temp/°C 

100 
110 

130 

150 

160 

( 

f 

I 
f 

I 

Reaction 
time/h 

6 
6 
3 
6 
1 
3 
6 
1 
3 
6 

In the boat 

vci2o 

< 1 
< 1 
< 1 

1 

< 1 
1 
2 

< 1 
2 
3 

Product/% 

Outside the 
heating zone 

VC130 

6.8 
14.3 
19.4 
37.5 
17.2 
43.8 
75.7 
31.0 
87.4 

105.2 

Cl2 

< 0 . 1 
0.2 
0.2 
0.3 
0.1 
0.3 
0.5 
0.2 
0.6 
0.8 

Unreacted 
VGla/% 

93 
86 
81 
64 
83 
58 
29 
70 
17 
0 

The possible reactions giving the chlorine (in Table 1 ) 
were considered to be the reaction, 

4VCl20(s) + 302(g) • 2V205(s) + 4Gl2(g), (2) 

and the reaction between gaseous VC1 3 0 formed by 
Reaction 1 and oxygen, 

4VGl30(g) + 302(g) • 2V205(s) + 6Cl2(g). (3) 

As reported in the previous report,17) Reaction 3 does 
not proceed below 400 °C. Consequently, the formation 
of a small amount of chlorine obtained by heating 
VC1 2 0 in an oxygen stream was considered to be due to 
Reaction 2. 

Based on this assumption, the amount of V 2 0 5 

formed by Reaction 2 was calculated from the amount 
of chlorine formed (in Table 1). The molar ratio of 
the amount of VC1 3 0 to the amount of V 2 0 5 obtained 
by subtracting the amount of V 2 0 5 formed by Reaction 
2 from the total amount of V 2 0 5 formed was calculated 
to be approximately 4 : 1. In this calculation, the 
amount of V 3 0 7 formed was converted into that of 
V 2 0 5 on the assumption that V 3 0 7 was oxidized to 
V 2 0 5 . These results confirmed that the main reaction 
which occurred by heating VC1 2 0 in an oxygen stream 
was Reaction 1 and that this reaction was accompanied 
by Reaction 2. 

The above-mentioned results reveal that VC1 2 0 
reacts with oxygen above ca. 170 °C according to 
Reaction 1 and that this reaction is accompanied by 
Reaction 2. As a result, V 2 0 5 (under a low oxygen 
concentration, V 3 0 7 is formed in addition to V 2 0 5 ) , 
VCI3O, and a small amount of chlorine are formed. 

Reaction Process between Vanadium Trichloride and Oxygen. 
O n heating VC13 in an argon stream, the VC13 

disproportionates above ca. 350 °C according to the 
reaction, 2VCl3(s)~>VCl2(s)+VCl4(g), as previously 
reported by the present authors.17) 

The T G curve showed that VC13 reacted appreciably 
with oxygen above ca. 110 °C before disproportionating. 
To obtain more detailed information on the reaction 
between VC13 and oxygen, the products formed by 
heating VC13 at various temperatures for 1—6 h in an 
oxygen stream were examined. 

At 90 °C, no reaction product was observed. The 
reaction products obtained at various temperatures 

above 100 °C and their weight percentages to the 
initial VC13 were determined by chemical and X-ray 
analysis.6»9) The results are summarized in Table 3. 

The experimental results shown in Table 3 indicated 
that VC1 3 0 was the main product by the reaction 
between VC1 3 and oxygen. This fact was considered 
to indicate that the main reaction on heating VC13 in 
an oxygen stream was the reaction, 

2VCl3(s) + 02(g) • 2VCl30(g). (4) 

Small amounts of VC1 2 0 and chlorine were formed 
in addition to VC1 3 0 . The molar ratio of the amount 
of VC1 2 0 to the amount of chlorine was calculated 
to be approximately 2 : 1 . This fact was considered to 
indicate that the reaction, 

2VCl3(s) + 02(g) • 2VCl20(s) + Cl2(g), (5) 

occurred in addition to Reaction 4. 
Based on the assumption that the formation of 

VC1 2 0 and chlorine was due to Reaction 5, the amount 
of VC1 3 consumed by Reaction 5 was calculated from 
the amount of chlorine formed (in Table 3). The molar 
ratio of the amount of VC1 3 0 formed to the amount 
of the reacted VC13 obtained by subtracting the amount 
of VC13 consumed by Reaction 5 from the total amount 
of the reacted VC13 was calculated to be approximately 
1 : 1 . These results confirmed that the main reaction 
which occurred by heating VC1 3 in an oxygen stream 
was Reaction 4 and that this reaction was accompanied 
by Reaction 5. 

The above-mentioned results reveal that VC13 reacts 
with oxygen above ca. 100 °C according to Reaction 4 
and that this reaction is accompanied by Reaction 5. 
As a result, VC1 3 0 and small amounts of VC1 2 0 and 
chlorine are formed. 

As mentioned above, Pechkovskii and Vorob'ev4) 
have reported that on heating VC13 in an oxygen 
stream, a small par t of the VC13 is oxidized to V 2 0 5 . 
From the results of this work, it is probable that the 
V 2 0 5 is formed by the reaction of VC1 2 0 , formed by 
Reaction 5, with oxygen. 
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Circular Dichroism and Stereochemistry of Tetranuclear Cobalt(III) 
Complexes of Hexol Type. II.1) Hexakis(ethylenediamine)-hexa-

/j-hydroxo-tetracobalt(III) Ion, [Co{(OH)2Co(en)2}3]6+ 

Tomikatsu KUDO* and Yoichi SHIMURA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received May 24, 1979) 

The theoretically possible eight optical isomers of hexakis(ethylenediamine)-hexa-/*-hydroxo-tetracobalt(III) 
ion, [Co{(OH)2Co(en)2}-3]a+, were separated by column chromatography, absorption and circular dichroism 
spectra being measured in the visible and ultraviolet region in 0.01 mol dm - 3 HCl and 0.15 mol dm - 3 Na2Se03 

solutions. Absolute configurations were determined by means of circular dichroism spectra and the characteriza­
tion of mononuclear cobalt(III) ions produced by decomposition of the tetranuclear isomers in an acid solution. 
The additivity of the two main circular dichroism contributions due to the chiral Co0 6 and CoN402 chromophores 
is discussed, and the configurational chirality of Co0 6 chromophore is expressed by summing up the contributions 
from three pairs of CoN402 chromophores as in the so-called ring-pairing method. 

Hexakis(ethylenediamine)- hexa - pt - hydroxo - tetraco-
bal t ( I I I ) complex salt was prepared by Werner for 
the first time.2) For this tetranuclear hexol-type complex 
there are eight possible optically active isomers which 
then compose four racemic isomers. The structures of 
two of the four racemic isomers have been found by 
X-ray analysis of the salts of A(AAA)/A(AAA) and 
A{AAA)jA{AAA) isomers.3-5) However, little success 
has been made concerning the optical resolution of this 
complex ion.6,7) Kern and Wentworth reported that 
four of the eight possible optical isomers of [Co{(OH) 2 -
Co(en)2}3]6+ are formed in solution, only two of them 
(a couple of enantiomers) being obtained in pure 
fractions.6) They could not assign the configurations 
of the isomers. The present paper deals with successful 
separation of all the eight isomers and assignments of 
their configurations. Discussion is given on their 
circular dichroism (CD) spectra including CD change 
by ion-pairing with some oxoanions as compared with 
the spectra of the corresponding dodecaammine 
complex.1) 

Exper imenta l 

Preparation and Separation of the Isomers of [Co-[(OH)2Co-
(en)Q-z\

6+. The complex was prepared by a modification 
of the method of Werner.2) To 14.5 g of Co(N03)2-6H20 
in 15 cm3 of water was slowly added 30 cm3 of a 10% solution 
of ethylenediamine with stirring. The mixture was stirred 
vigorously by blowing compressed air on the surface for about 
one hour at room temperature, the remaining solid being 
filtered off and washed with a small amount of water. The 
filtrate and washings were poured into a column (5x120 
cm) of strong-acid exchanger (SP Sephadex C-25, Na+ form). 
After a broad pink-red band had been swept out with 0.1 M 
( 1 M = 1 mol dm -3) sodium d-tartrate solution, the adsorbed 
band was eluted with 0.3 M sodium ^-tartrate solution. During 
the course of elution the column was cooled by flushing cold 
water of 5 °C. Eight brown bands eluted were numbered 
f-1, f-2, •••, and f-8 in the order of elution. At this stage, it 
was confirmed by measurements of CD spectra that each pair 
of isomers f-1 and f-2, f-3 and f-4, f-5 and f-6, and f-7 and f-8 
represents a couple of enantiomers. Each eluate was concen­
trated in a vacuum rotatory evaporator at 20 °C, when 
necessary, and then a saturated aqueous sodium tetraphenyl-
borate solution was added to the eluate to precipitate the 

desired product. The precipitate was collected by filtration 
and washed with cold water and then air-dried. The precipi­
tate was dissolved in cold ethanol. The solution was filtered, 
and a cold ethanol solution of calcium nitrate was added to 
the filtrate. A voluminous pale-brown nitrate immediately 
precipitated was filtered off and washed with ethanol several 
times and then dried in the air. The product was dissolved 
in a small amount of water, and powdered sodium nitrate was 
added to the solution which was kept in a refrigerator 
overnight. Fine brown needle crystals which appeared were 
collected by filtration and recrystallized from a small amount 
of water by adding powdered sodium nitrate, and then dried 
in a vacuum desiccator over calcium chloride. Found for 
isomer f-3: C, 13.01; H, 5.35; N, 22.12%. Calcd for [Co-
{(OH)2Co(en)2>3](N03)6-3H20=C12H54N18024Co4.3H20:C, 
12.82; H, 5.38; N, 22.42%. Found for isomer f-4: C, 12.96; 
H, 5.38; N, 22.26%. Calcd for C12H54N18024Co4.3HaO: C, 
12.82; H, 5.38; N, 22.42%. Found for isomer f-5: C, 12.91; 
H, 5.10; N, 22.72%. Calcd for C12H54N18024Co4.1.5H20: 
C, 13.13; H, 5.24; N, 22.97%. Found for isomer f-6: C, 
12.96; H, 5.32; N, 22.36%. Calcd for C12H54N18024Co4. 
3H 2 0 : C, 12.82; H, 5.38; N, 22.42%. Found for isomer 
f-7 : C, 12.49; H, 5.34; N, 22.03%. Calcd for C12H54N18024Co4. 
3.5H20: C, 12.72; H, 5.42; N, 22.24%. Found for isomer 
f-8: G, 12.76; H, 5.09; N, 22.94%. Calcd for C12H54024Co4. 
1.5H2O.0.5NaNO3: C, 12.64; H, 5.04; N, 22.73%. Isomers 
f-1 and f-2 were not obtained as solid salt because of low yields, 
and partial overlapping of the chromatographic bands of f-1 
and f-2 with those of the A and A isomers, respectively, of a 
by-product complex, [Co(en)3]3+. 

Measurements, The visible and ultraviolet absorption 
spectra were measured with a Shimadzu UV-200 spectro­
photometer. The CD spectra were recorded with a JASCO 
MOE-1 spectropolarimeter. Measurements were carried out 
at room temperature in 0.01 M HCl, 0.15 M Na2Se03, and 
aqueous solutions. 

R e s u l t s a n d D i s c u s s i o n 

Characterization of Isomers. The absorption and 
CD data of eight isomers are summarized in Table 1. 
It is evident that the isomer f-1 is enantiomeric to the 
isomer f-2, as is f-3 to f-4, f-5 to f-6, and f-7 to f-8. The 
CD curves of isomers f-1, f-3, f-5, and f-7, all of which 
have a positive CD band at about 16400 c m - 1 , are 
shown in Fig. 1. Isomers f-1 and f-2 were not obtained 
as solid salt, their CD values being estimated on the 
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bas is of t h e c o n c e n t r a t i o n c a l c u l a t e d f rom t h e a b s o r b -
a n c e a t 620 n m a s s u m i n g t h e m o l a r a b s o r p t i o n coefficient 
s62o= 113 m o l - 1 d m 3 c m - 1 ; t h e a b s o r p t i o n in tens i t i e s of 
a l l t h e o t h e r i s o m e r s w e r e a l m o s t e q u a l t o th i s v a l u e 
(F ig . 1 a n d T a b l e 1). T h e a b s o r p t i o n a n d C D s p e c t r a 
r e m a i n e d u n c h a n g e d in 0 .3 M s o d i u m ^ - t a r t r a t e 
( e lu t i ng so lu t ion ) a t r o o m t e m p e r a t u r e for a b o u t 2 4 h , 
b e i n g t h e s a m e i n 0.01 M H C l a n d i n H 2 0 , i n w h i c h 
t h e c o m p l e x , e x c e p t for i s o m e r f-7, is c o n s i d e r a b l y 
s t a b l e to m u t a r o t a t i o n . I s o m e r s f-3 a n d f-5 a r e c o n ­
s i d e r a b l y s t a b l e a g a i n s t m u t a r o t a t i o n also i n 0 .15 M 
N a 2 S e 0 3 i n a s h a r p c o n t r a s t t o t h e case of t h e d o d e c a -
a m m i n e c o m p l e x , [ C o { ( O H ) 2 C o ( N H 3 ) 4 } 3 ] 6 + , w h i c h 
u n d e r g o e s m u t a r o t a t i o n i n 0 .17 M N a 2 S e 0 3 a n d i n 
H^O. 1 ) I s o m e r s f-7 u n d e r g o e s m u t a r o t a t i o n i n 0 .15 M 
N a 2 S e 0 3 a n d i n H 2 0 , b u t i t is c o n s i d e r a b l y s t a b l e 
a g a i n s t m u t a r o t a t i o n i n 0.01 M H C l . J u d g i n g f rom 
t h e c h r o m a t o g r a p h i c b a n d s t r e c h a n d t h e d e g r e e of 

c o l o r a t i o n o n t h e c o l u m n , t h e yields of i somers a r e i n 
t h e o r d e r f-3 ( f -4 )> f -5 ( f -6 )> f -7 ( f - 8 ) > f - l (f-2). T h e 
i somers r e p o r t e d b y K e r n a n d W e n t w o r t h 6 ) a n d 
M a s o n a n d W o o d 1 0 ) c o r r e s p o n d to t h e p r e s e n t i somers 
f-5 a n d f-6. 

Configuration of Co06 Chromophore. T h e hexak i s -
(e t h y l e n e d i a m i n e ) -hexa - /* -hydroxo- t e t r acoba l t (111 ) ion , 
[ C o { ( O H ) 2 C o ( e n ) 2 } 3 ] 6 + , is r e g a r d e d as b e i n g c o m p o s e d 
of a C o ( O H ) 6 a n d t h r e e C o ( O H ) 2 (en) 2 c h r o m o p h o r e s . 
I n t h e fo l lowing d iscuss ion t h e f o r m e r c h r o m o p h o r e is 
a b b r e v i a t e d to C o 0 6 , a n d t h e l a t t e r to C o N 4 0 2 . T h e 
C o 0 6 c h r o m o p h o r e h a s a c o n f i g u r a t i o n a l ch i r a l i t y , A o r 
A, d u e to t h e t r i s - che la t e t y p e a r r a n g e m e n t of t h r e e 
C o ( O H ) 2 C o f o u r - m e m b e r e d r i n g s . E a c h C o N 4 0 2 

c h r o m o p h o r e a lso h a s a c o n f i g u r a t i o n a l ch i r a l i t y , A o r 
A, d u e to t h e t r i s - che la t e t y p e a r r a n g e m e n t of t w o 
e t h y l e n e d i a m i n e c h e l a t e r i ngs a n d a C o ( O H ) 2 C o four-
m e m b e r e d r i n g . T h u s e i g h t i somers a r e poss ib le in 

T A B L E 1. T H E ABSORPTION 

Wave numbers are 

AND C D DATA OF [Co{(OH)2Co(en)2}3]6+ IN 

given in 103 c m - 1 unit and log e or Ae values 
0 .01 M H C l UNLESS OTHERWISE 

(in parentheses) m o l - 1 dm 3 cm 
STATED 
- 1 

Isomer Absorption 
^ a x (log e) 

f-3 

f-3a> 

f-4 

f-1 < 

f-2 < 

16.12 
20.31 

32 .36 

49.02 

16.14 
20 .29 

32.36 

48 .90 

16.13 (2.04) 
20 .33 (2.56) 

32.36 (3.77) 

48.78 (4.76) 

16.26 (1.99) 
20 .20 (2.59) 

31 .95 (3.76) 

16.13 (2.05) 
20 .33 (2.56) 

32.36 (3.77) 

49.02 (4.75) 

CD 
(Ae) 

Isomer 

14.77 ( 
16.64 
20.41 
26.25 
30.96 
38.96 
45.77 
14.73 
16.61 ( 
20.37 ( 
26.16 ( 
30.96 ( 
38.76 
45.87 ( 
14.53 ( 
16.31 ( 
20.16 ( 
25.84 ( 
31.45 ( 
37.04 ( 
40.32 ( 
45.15 ( 
14.63 ( 
16.37 ( 
20.16 ( 
25.97 ( 
30.86 ( 
37.60 ( 
39.92 ( 
14.52 
16.31 ( 
20.14 ( 
25.77 ( 
31.35 ( 
37.04 ( 
40.40 ( 
45.25 ( 

r— 
r+ 
[ — 
:+ 
r— 
;+ 

2.99) 
18.1 ) 
31.8 ) 

1.57) 
8.41) 

10.3 ) 
[+114 ) 
:+ 
'— 
;+ 
'— 
'+ 
r— 
r— 
[— 
r+ 
'— 
r+ 
r— 
,Jr 
'— 

2.95) 
18.2 ) 
32.0 ) 

1.58) 
8.43) 

10.2 ) 
110 ) 

2.31) 
18.4 ) 
28.9 ) 

1.23) 
7.16) 
3.55) 
8.26) 

;+i39 ) 
[— 
r+ 
'— 
r+ 
'— 
;+ 
'— 
;+ 
'— 
r+ 
r— 
+ 
'— 
;+ 
- ] 

2.46) 
15.2 ) 
30.1 ) 
2.72) 
3.57) 
6.05) 
1.11) 
2.28) 

19.0 ) 
29.3 ) 

1.30) 
7.25) 
3.62) 
8.31) 

135 ) 

f-5 

f-5a> 

f-6 

f-7 

f-8 

Absorption 
tfmax O o g e ) 

16.13 

20 .37 

32.36 

49 .14 

16.18 
20 .28 

31.95 

16.16 
20.33 

32.36 

49.02 

16.16 
20.28 

32.36 

49.02 

16.16 
20.33 

32.36 

48.90 

(2.05) 
(2.51) 

(3.75) 

(4.74) 

(2.05) 
(2.54) 

(3.77) 

(4.75) 

(2.05) 
(2.54) 

(3.77) 

(4.75) 

2.05) 
2.50) 

3.74) 

4.73) 

2.01) 
'2.52) 

3.74) 

C D 
(Ae) 

14.56 
16.37 
20 .16 
25.71 
31.60 
40 .73 
45 .35 
14.64 
16.39 
20 .16 

' 2 5 . 7 7 
31.20 
35.78 
40 .49 
14.56 
16.39 
20 .18 
25.71 
31.65 
40.82 
45 .25 
14.64 
16.53 
20 .28 
25.87 
31.70 
41 .15 
46 .19 
14.66 
16.53 
20 .33 
25.87 
31.65 
40 .98 
46 .08 

- 2 .52 
+ 17.3 
- 21 .9 
+ 1.30 
- 10.9 
- 33.7 
+ 103 

2.61 
13.5 
21 .5 

2.38; 

7.01 
0.18; 

19.6 
2.58; 

16.8 
;+ 22 .4 

1.41 
10.5 
33 .6 
98 .7 

2 .37 
17.2 
19.6 

1.41 
12.4 

- 49 .1 
[-85.9 

2 .34 
17.1 
19.4 

1.44 
12.0 
48 .6 

- 88 .0 

:+ 

+ 

+ 

+ 

+ 

a) I n 0 . 1 5 M N a 2 S e O 3 . 
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J 1 1 I L 

<7/103 cm-1 

Fig. 1. Absorption (AB) and CD curves of isomer f-1 
( ), f_3 ( ), f_5 ( ), a n d f.7 ( . . . . ) Qf [Co-
{(OH)2Co(en)2}3]«+ in 0.01 M HCl. 

total: A(AAA), A(AAA), A(AAA), A(AAA), A(AAA), 
A(AAA), A(AAA), and A(AAA); the chirality symbols in 
parentheses denote the configurations of C o N 4 0 2 

chromophores. The eight isomers are classified into 
four geometrical isomers, since each of them finds its 
enantiomer in themselves. 

Since the first and second d-d transition bands of 
[Co(H 20) 6] 3+ are located at 16500 and 24700 cm- 1 , 
respectively,8) and those of M.y-[Co(en)2(H20)2]3+ at 

15 20 25 JO 35 10 45 50 

tf/Wcm-1 

Fig. 2. Absorption (AB) and CD curves of isomer f-7 
of [Co{(OH)2Co(en)2}3]«+ ( ) and >[Co{(OH)2-
Co(NH3)4}3]6+ (••••) in 0.01 M HCl. 

20200 and 27700 cm-1 ,9) the absorption bands of 
[Co{(OH)2Co(en)2}3]6+ at ca. 16100 and 20300 c m - 1 

are assigned to the first d-d transition bands of C o 0 6 

and C o N 4 0 2 chromophores, respectively. T h e second 
d-d transition bands of both chromophores seem to be 
masked by an intense band at 32360 c m - 1 , which is 
due to the charge transfer transition from the oxygen 
atom of the O H bridge groups to the central metal , 
PTT(O)—>eg(Co). The assignments are in line with 
those for those of similar hexa-/i-hydroxo-tetracobalt-
( I I I ) type ions.1»6'10»11) For all four geometrical isomers, 
the band positions and intensities are almost equal for 
the C o 0 6 chromophore region, but not for the C o N 4 0 2 

chromophore region (Fig. 1 and Table 1). 
Similarly the intensities of the longer or shorter 

wavelength CD peak of C o 0 6 chromophore are almost 
equal for isomers f-1, f-3, f-5, and f-7: A e e x t = — 2.3— 
— 3.0 and + 1 7 . 1 [-18.4 m o l - 1 dm 3 c m - 1 , respectively. 
The CD intensity of C o N 4 0 2 chromophore band at 
about 20300 c m - 1 varies widely: A e e x t = —18.7— 
— 33.0 mol" 1 dm 3 cm- 1 . The CD patterns in the d-d 
transition region are similar to each other, while those 
in the charge transfer transition region differ. From the 
close similarity (Fig. 2) between the CD spectra of 
isomers f-1, f-3, f-5, and f-7 and spectrum of vl-[Co-
{(OH)2Co(NH3)4}3]6+ previously reported,1) it is con­
cluded that isomers f-1, f-3, f-5, and f-7 have A configura­
tion and the remaining isomers f-2, f-4, f-6, and f-8 A 
configuration. 

Configurations of CoN/k02 Chromophores. Acid 
hydrolysis of one mole of [Co{(OH) 2Co(en) 2} 3] 6 + ion is 
expected to produce one mole of [ C o ( H 2 0 ) 6 ] 2 + (via 
[Co(H 2 0) 6 ] 3 + ) and 3 mol of mononuclear [Co(en)2-
( H 2 0 ) 2 ] 3 + . While the former ion has no chirality, the 
latter has a configurational chirality, A or A, due to 
the bis-chelate type structure. The isomers A (A A A) 
or A(AAA) will produce three <4-[Co(en)2(H20)2]3 + 

ions, A (A A A) or A(AAA) two A and one A, A (AAA) or 
A(AAA) one A and two A, and A (AAA) or A(AAA) three 
A. 

TABLE 2. THE Ae488 VALUES AFTER DECOMPOSITION BY 6 M 

HCl (Ae values are given in mol - 1 dm3 cm-1 unit.) 

Isomer 

f-1 
f-3 
f-5 
f-7 

Ae488 

( + 1 . 5 ) a ) 

- 2 . 2 
- 0 . 8 
+ 0.7 

Ratio 

(+2.0) 
- 2 . 9 
- 1 . 1 
+ 0.9 

Assignment 

(AAA) 
(AAA) 
(AAA) 
(AAA) 

a) The original tetranuclear complex was not isolated in 
solid salt, but concentration was estimated from the 
absorbance at 620 nm. 

The As values at 488 n m after decomposition in 6 M 
H C l solution are given in Table 2. Each isomer was 
dissolved in 6 M HCl and warmed on a water ba th at 
45 °C for two hours with stirring. The CD intensity of 
yl-[Co(en)2(H20)2]3+ was reported to be 1.0 m o l - 1 

dm 3 c m - 1 at 486 nm.4) The observed Ae488 values as a 
whole are smaller than the reported value, which can be 
at tr ibuted to partial racemization, isomerization, and/or 
decomposition of the generated [Co(en) 2 (H 2 0) 2 ] 3 + in 
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presence of Co 2 + ions. From the data in Table 2, the 
absolute configurations of isomers f-1, f-3, f-5, and f-7 
are assigned to A(AAA), A(AAA), A(AAA), and A(AAA), 
respectively. Thus isomers f-2, f-4, f-6, and f-8 are 
assigned to the configurations, A(AAA), A (AAA), 
A(AAA), and A(AAA), respectively. 

The CD spectra of ^-[Co{(OH) 2Co(NH 3 ) 4} 3 ] 6+ 
might be expected to be more similar to those of the 
isomers A(AAA) and A(AAA) than to those of A(AAA) 
and A(AAA). Isomers f-5 and f-7 show a similar CD 
pat tern ( —, —, and + ) in the charge transfer transition 
region, which is similar to that of ^l-[Co{(OH)2Co-
(NH3)4>3]6+ (Fig. 2). From the order of yields, A(AAA) 
>A(AAA)>A(AAA)>A(AAA), the stability of isomers 
seems to decrease with increase in the number of A-
configuration for C o N 4 0 2 chromophore in the A series 
of C o 0 6 chromophore. A molecular model examination 
shows that the ̂ -configuration of C o N 4 0 2 chromophore 
gives a slight repulsion between a proton of ethylene-
diamine chelate ring and an O H bridge group. 

CD Change by Ion-pairing. The absorption peak 
of the C o 0 6 chromophore of isomers f-3 and f-5 shifted 
to higher energy side in 0.15 M N a 2 S e 0 3 and then the 
intensity decreased, the shift being larger for f-3 than 
f-5. The peak of C o N 4 0 2 chromophore shifted to lower 
energy side and the intensity increased. The intensity 
change is larger for f-3 than f-5. For the CD spectra, 
the longer wavelength extremum of C o 0 6 chromophore 
shifted to higher energy side and the intensity increased 
for both isomers (Fig. 3 and Table 1). The intensity 
of the shorter wave-length CD extremum of C o 0 6 

chromophore decreased for both isomers. The C o N 4 0 2 

chromophore CD band (at 20160 c m - 1 for both isomers) 
did not shift, the intensity increasing for f-3 and slightly 
decreasing for f-5. The difference in CD curves of 0.01 

+ 20h 
B 
o 

"a 
rH +10h 

1 

- 1 0 

<r/103 cm-1 

Fig. 3. Absorption (AB) and CD curves of isomer f-3 
of [Co{(OH)2Co(en)23]6}+ in 0.01 M HCl ( ) and 
in0.15MNa 2 SeO 3 ( ). 

<T/103 cm-1 

Fig. 4. The ion-pairing effect curves, {Ae(ln 0#15 M Nai8e00 

— Aecin 0#01 M H C 1 ) } , of isomer f-3 ( ) and f-5 ( ) 
of [Co{(OH)2Co(en)2}3]6+, and ^l-[Co{(OH)2Co-
(NH3)4}3]6+ ( . . . . ) (in 0.17 M Na2Se03). 

M HCl and 0.15 M N a 2 S e 0 3 (Fig. 4) show the ion-
pairing effect of S e 0 3

2 _ ion on the CD of [Co-^OH^Co-
^ n ^ s ] 6 4 " - The curves have six extrema at ca. 14200, 
16000, 19800, 22400, 24500, and 28000 cm" 1 in the d-d 
transition region. The CD spectra of ^t-[Co(en)3]3+ with 
D 3 symmetry show strong ion-pairing effect12-14) in the 
region of the first d-d absorption band when an oxoanion 
species such as P 0 4

3 _ or S e 0 3
2 _ is added to form the 

so-called Mason type ion-pair,13-17) the CD intensity 
of Ea component of the first d-d transition decreasing 
and that of A2 component increasing. Thus the first 
positive and next negative extrema, at 14200 and ca. 
16000 c m - 1 , correspond to the increment of the negative 
A2 component and the decrement of the positive Ea 

component, respectively, of the first d-d transition of 
CoO e chromophore. 

In [Co{(OH)2Co(en)2}3]6 + , hydrogen bond formation 
occurs between Se0 3

2 ~ and the O H bridge groups as 
for the corresponding dodecaammine complex.1) The 
hydrogen bond formation may occur between the 
oxoanion and the coordinated - N H 2 groups of ethylene-
diamine of C o N 4 0 2 chromophores. Thus chiral oxygen 
and nitrogen centers are stereospecifically produced 
by the ion-pair formation. The axial disposition of 
O H groups in the tetranuclear complex of A configura­
tion of C o 0 6 chromophore constrains an (R) chirality 
for the ' ' asymmetr ic" oxygen atoms,1) and the axial 
hydrogen bonding of the N H 2 groups in A(AAA) 
configuration constrains an (S) chirality for the 
' ' asymmetr ic" nitrogen atoms. The ion-pairing effect 
curves in Fig. 4 are regarded as having their origin in 
the vicinal effect of chiral oxygen and/or nitrogen 
centers stereospecifically produced by the ion-pair 
formation. A molecular model consideration shows that 
in the isomer A(AAA) a. set of three O H groups is 
available each on the upper face and below the down­
ward face (two A sites, 2 x 3 (R) oxygens) and six sets 
of one O H group and two amino groups (six B sites, 
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• Co @ N 
® 0 O C 
O Se • H 

Fig. 5. The possible hydrogen bond formation site for 
the isomer A(AAA) with a selenite ion, A site (top) 
and B site (bottom), viewed normal to the C3 axis of 
Go06 chromophore. 

6 x 1 (R) oxygens and 6 x 2 (S) nitrogens) for hydrogen 
bond formation (Fig. 5). In the isomer A(AAA), two 
A sites with 2 x 3 (R) oxygens and only four B sites with 
4 x 1 (R) oxygens and 4 x 2 (S) nitrogens are available 
for hydrogen bonding. As shown in Fig. 4, the ion-
pairing effect curve of isomers f-3, A(AAA), shows a 
similar CD pat tern to that of ^l-[Co{(OH)2Co-
(NH3)4}3]6+ which has the origin of the effect only in 
the asymmetric oxygens, which show a negative ex-
tremum at ca. 19800 cm"1 . Thus the ion-pair formation 
in the present A(AAA) complex occurs between Se0 3

2 ~ 
and one or two A sites rather than B sites. The ion-
pairing effect curve of isomer f-5, A(AAA), shows a 
positive extremum at 19400 c m - 1 (Fig. 4). The B sites 
may play a role in this case of ion-pair formation. 

Additivity of CD Contributions. If the observed 
CD curve of [Co{(OH)2Co(en)2}3]6+ can be simply 
divided into the contributions of C o 0 6 and C o N 4 0 2 

chiralities as has been established for configurational 
and vicinal chiralities of many other mononuclear 
cobalt(III) complexes,18) the following relations are 
expected to hold: 

A(AAA) = A + 3(A) 

A(AAA) = A + 2(A) + (A) = A + (A) 

A(AAA) = A+(A) + 2(A) = A - (A) 

A(AAA) = A + 3(A) = A- HA) 
where A (or A) and (il) (or (A)) are CD contributions 
of C o 0 6 and C o N 4 0 2 chiralities, respectively, and A= 
— A and (A) = — (A). The individual A and (A) can be 
derived from the observed CD curves from the following 
relations : 

A= [A(AAA)+A(AAA)]/2, 

A=[A(AAA) + A(AAA)]/2, 

(A) = [A(AAA)-A(AAA)]/6, and 

(1) 

(A) = [A(AAA)-A(AAA)]/2. 
However, the calculation (Fig. 6) shows that the 
separation of A and (A) (or (A)) contributions are very 
unsatisfactry and that Eq. 1 in this simple form 
inadequate for evaluating the CD contributions. 

is 

T3 

+ 20h 

+ 10 

- 2 0 h 

20 25 

<r/103 cm-1 

Fig. 6. Inadequacy of Eq. 1 is shown by the cal­
culated curves of (A): [A(AAA)-A(AAA)]/6 ( ) 
and [A(AAA)-A(AAA)]/2 ( ) (upper curves) ; and 
of i l: [A(AAA)+A(AAA)]/2 ( ) and [A(AAA) + 
A(AAA)]/2 ( ) ; and observed curve of A in the 
dodecaammine complex (••••) (lower curves). 

As shown by X-ray analysis of the racemic salts of 
A.(AAA)/A(AAA)*>V and A(AAA)/A(AAA)V isomers, the 
four isomers of A series A(AAA), A(AAA), A(AAA), 
and A(AAA) have different dispositions of three C o N 4 0 2 

chromophores. The model of the isomer A(AAA) is 
rather flat, the pseudo C 3 axes of tris-chelate type 
C o N 4 0 2 chromophores being parallel (p) to the C 3 

axis of the C o 0 6 one; the structure of A(AAA) isomer 
is thus written as yl(pjpjpj) . The model of the isomer 
A(AAA) is not flat but tall, the pseudo C3 axes of C o N 4 0 2 

chromophores being oblique (q) to the C 3 axis of the 
CoO ß one. The structure of A(AAA) isomer is thus 
written as -4(q^q^q^). The remaining two isomers 
A(AAA) and A(AAA) have a mixed (structure, -4(pjpjq^) 
and A(Y>JC\AC[A), respectively. Kojima et al.19) showed 
that the CD spectra of the mixed complexes [Co(en)A:-
(tn)y(tmd)z]

3+ can be expressed by summing up the 
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contributions from three pairs of chelate rings, as has 
been made in the so-called ring-pairing method20* (tn = 
trimethylenediamine and tmd = tetramethylenedi-
amine) . By this treatment, Eq. 1 can be rewritten as 
follows : 

CD intensities in this region is in the order Aqq^>Avv^> 
ylpq>ylaa. The AQQ contribution can be calculated i in 

A(AAA) = A(qAqAqA) = 3Aqq + 3(A) 

A(AAA) = A(pjq.iq.i) = 2Apq + Aqq + (A) 

A{AAA) = A(pjpjqA) = App + 2Am - (A) 

A{AAA) = ^(pjpjpj) = 3APP - 3(A) 

(2) 

where vlpp etc. denote the CD contribution of a ring-pair 
of two p-oriented C o N 4 0 2 chromophores etc. 

O 
S 

ff/103 cm-1 

Fig. 7. Calculated curves of Aqq ( ), Am ( - - - ) , 
), and observed curve of 
••) (the right ordinate). 

App ( ), and A^ (••• 
yl-[Co(TeOöH4)(en)2]+ (-

Equation 2 can be solved by assuming that the CD 
contribution (A) is equal to the observed CD of A-
[Co(Te0 6 H 4 ) (en) 2 ] + . 2 1 ) The results are shown in Fig. 7. 
For the dodecaammine complex the CD contribution 
A is expressed by 3^1aa which denotes CD contributions 
of three ring-pairs of two C o N 4 0 2 chromophores of 
te t raammine type. The calculated CD contributions 
of four kinds of ring-pairs Apv, Am, Aqq, and vlaa differ 
from each other in the region of the first d-d absorption 
band of C o N 4 0 2 chromophore. The absolute value of 

two ways from Eq. 2, one from the third formula of the 
equation (Fig. 7) and the other from the second formula. 
The results do not differ much, showing the adequacy 
ofEq. 2. 
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Kinetics of the Ligand Substitution Reactions of the Copper(II) 
Chelates of l-(2-Pyridylazo)-2-naphthol Analogs with EDTA 
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The rates of the substitution reactions of copper (I I) chelates of metallochromic indicators such as l-(2-pyridyl-
azo)-2-naphthol (PAN, Hpan), l-(2-thiazolylazo)-2-naphthol (TAN, Htan), 2-(2-pyridylazo)-4-methylphenol 
(PAC, Hpac), 2-(2-thiazolylazo)-4-methylphenol (TAC, Htac), 4-(2-pyridylazo)resorsinol (PAR, H2par), and 

4-(2-thiazolylazo)resorcinol (TAR, H2tar) were determined. The rate laws can be written as — 
d* ^edta' 

[CuL][edta'] for PAN, TAN, PAC, and TAC in the pH range of 4 to 6.5, and - d ^ C
J

u L ^ = ( ^ S t
L

a ' [ C u L ] + 
at 

^St
H

aL[CuHL])[edta/], where [(CuL)'] = [CuL] + [CuHL], for PAR and TAR in the pH range of 3.5 to 6.5. 

In the pH range lower than 3.5 the laws are written as d[CuL] 
d* 

= (A5&[cd ta1+^[H]) [GuL] for PAN, 

and as — 
d[CuHL] 

d* 
= (ASä*[edta']+Ä§^L[H]) [CuHL] for PAR and TAR. The rate constants (^ = 0.1, 25 °C, 

dioxane 2 vol% or 5 vol% (PAN and TAN) (dm3 mol"1 s-1)) are ö n ) = 2 . 8 x 104, Ägfä,M>=8.0x 104, A§fi*c>=4 
x 106, ^ucpar)=2.ox 103, A£j«P>=6.3x 104, k$igPu>=1.2x 104, ^ f f a r ) = 7 . 9 x 105, icc

H
u(Pan)=6.5x 10, ^u(HPaD=6>6 

X 102, and/£uCHtar)= 1.2 X 104. The rate constants, k^t^, a r e inversely proportional to the basicities of the donor 
atoms of indicators. Thus, the rate of color change of thiazolylazo compound is larger than that of corresponding 
pyridylazo compound in the chelatometry of copper(II). 

In the chelatometric titrations using metallochromic 
indicators, the rate of substitution reaction of the metal-
indicator chelate with E D T A is one of the important 
factor in obtaining the sharp color change at the 
equivalence point.1) Several papers have been pub­
lished on the substitution reactions of metallochromic 
indicator chelates with complexans. The mechanisms 
of the substitution reactions of some metal chelates of 
4-(2-pyridylazo)resorcinol with l,2-bis(2-aminoethoxy)-
e thane-JV^iV' ,^ ' - te t raace t ic acid or 1,2-cyclohexane-
diamine-JV^JV^iV'-tetraacetic acid have been 
elucidated by Tanaka and Funahashi .2 - 4) In our 
previous work, the kinetics of the substitution reac­
tion of copper(II)- l-(2-pyridylazo)-2-naphthol(PAN) 
chelate with E D T A was investigated.5) The structure 
of indicator influences the rate of the color change in 
the chelatometric titrations. In the case of heterocyclic 
azophenols, the rate of color change of a pyridylazo-
phenol indicator is slower than that of a thiazolylazo-
phenol indicator. For example the rate of color change 
of 4-(2-pyridylazo)resorcinol is smaller than that of 
4-(2-thiazolylazo)resorcinol in copper ( I I ) -EDTA titra­
tions. 

In this work the rates of the substitution reactions of 
copper (I I) chelates of the several l-(2-pyridylazo)-2-
naphthol derivatives with E D T A have been determined, 
and the reaction mechanisms and the influences of the 
indicator structure on the rate of the substitution 
reaction are discussed. 

Exper imenta l 

Reagents. Copper(II) nitrate solution: Copper metal 
(99.99%) was dissolved in dilute nitric acid. Indicator solu­
tions: TAN, PAC, TAC, PAR, and TAR synthesized and/or 
purified as described in previous papers6-9) were dissolved in 
dioxane. Commercial Na2H2edta • 2H 2 0 was recrystallized. 

Dioxane was purified as described in the previous paper.5) 
Buffers: 0.1 mol dm~3 ClCH2COOH-ClCH2COOK (pH<4.5), 
and 0.1 mol dm - 3 2-morpholino-l-ethanesulfonicacid(MES)-
KOH (pH 4.5—7) were used. Ionic strength was maintained 
at 0.1 with KN0 3 . AH experiments were carried out in 2 or 
5 vol % dioxane-H20 solutions at (25±l) °C. 

Apparatus. A Union Giken Stopped-Flow Spectropho­
tometer Type RA-401 (dead time 3 ms), a Hitachi Rapid 
Scan Spectrophotometer Type TSP-2 (dead time 20 ms), and 
a Radiometer pH Meter Type 26 were used. 

R e s u l t s 

Substitution Reactions of Copper(II) Chelates of TAN, 
PAC, and TAC with EDTA. When a small excess 
of the indicator compared with copper(II) ion is added, 
these indicators form the 1: 1 chelates with copper (I I) 
at p H values lower than 6.5. The rate of the substitution 
reaction of indicator chelate, CuL, with a large excess 
of E D T A was determined under the experimental 
conditions shown in Table 1. The rate law is expressed 
as (Charges are omitted for simplicity.) 

d[CuL] 
dt ° d[CuL], (1) 

where k0^sd is the conditional rate constant.5) Decrease 
in the absorbance of CuL chelate was measured as a 
function of the reaction t ime. The pseudo first-order 
plots were obtained for at least 9 0 % of the total reaction. 
In every case k0^sd was proportional to the total 
concentration of E D T A not combined with copper(I I ) , 
[edta ' j , while no dependence on the concentration of 
excess indicator and hydrogen ion concentration was 
observed, the same result as in the case of PAN.5) 
Hence the rate law can be written as 

— ^ T 1 = *X.[edta'][CuL]. (2) 
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T A B L E 1. EXPERIMENTAL CONDITIONS EMPLOYED FOR THE DETERMINATION OF THE RATE CONSTANTS 

PAN 
TAN 
PAG 
TAG 
PAR 
TAR 

Wavelength 
nm 

550 
575 
570 
605 
542 
557 

io*cCu 

mol dm - 3 

5.0 
4.0 

10.0 
5.0 

10.0 
10.0 

105CL 

mol dm - 3 

0.5 —1.5 
0.48—0.78 
1.5 —3.0 
0.75—1.5 
1.5 —3.0 

1.5 

10 C7EDTA 

mol dm - 3 

1.0 —2.0 
0.40—1.0 
1.0 —1.4 

0.50 
1.0 —2.0 
1.0 —5.0 

pH range 

2.5—5 
4.5—5.2 
4.4—5.1 
4.0—4.6 
2.8—6.5 
2.5—6.5 

Dioxane 
vol% 

5 
5 
2 
2 
2 
2 

The rate constants obtained are summarized in Table 2. 
In the case of T A C , since the substitution reaction 

was too fast to be measured accurately on the stopped-
flow apparatus employed in this work, the value of the 
rate constant was roughly estimated. 

Substitution Reactions of Copper(II) Chelates of PAR, 
and TAR with ED TA. In the cases of PAR and 
T A R , copper(II) forms a chelate, CuHL, with PAR 
at p H < 4 and with T A R at p H < 3 . 5 . The protonation 
constants, XCUHL? had been determined as 105-07 for 
PAR8) and 104-37 for TAR6) (dioxane 2 v o l % ju=0 .1 , 
15 °C). The absorption maxima of Cu(Hpar) and 
Cu(par) are at 525 and 515 nm, respectively, and the 
isosbestic points appear at 440 and 542 nm. The 
absorption maxima of Gu(Htar) and Cu(tar) are at 
560 and 520 nm, respectively, and the isosbestic points 
appear at 450 and 557 nm. The rates of the substitutions 
of copper (I I) chelates of PAR or T A R with large 
excess of E D T A were determined in the p H range 
from 2.5 to 6.5 by measuring the decrease in the absorb-
ance of the chelates at an isosbestic point as a function 
of reaction time under the conditions shown in Table 1. 

T o examine the influence of buffer, in the p H range 
from 3 to 4.5 both C l C H 2 C O O H - C l C H 2 C O O K buffer 
and M E S - K O H buffer were used. No difference in 

Fig. 1. Plots of kohsd vs. pH for PAR and TAR. 
Q : P A R , # : T A R . 

^obsd obtained at various concentrations of EDTA 
were converted to the values at 1.0 X 10~4 mol dm - 3 

CEDTA. The lines are the theoretical curves calculated 
with the values obtained by curve fitting. 

the rate of the reactions was observed. 
As seen from Fig. 1, the marked increases in the rates 

of the substitution reactions were observed with decreas­
ing p H between p H 3.5 and 6. At the various p H values 
the conditional rate constants, £0b sd , were proportional 
to the concentration of EDTA, but independent of the 
concentration of PAR or T A R . As described above, 
the protonation equilibrium, 

CuL + H+ <=± CuHL, (3) 

exists in the p H range from 4 to 6 for PAR or from 3.5 to 
5.5 for T A R . Thus , the substitution reaction proceeds as 

CuL + edta' <=± Cu(edta) + L' (4) 

I-
CuHL + edta' <=± (Cuedta)' + L'. (5) 

If the total concentration of GuHL and CuL is expressed 
as [ (CuL) ' ] , the rate law is given by 

= ( « . - [ C u L ] + *XV[CuHL])[edta'] 

) [(CuL)'] [edta'], ( î-CuL _ Î . C u H L 

Ä e d t a ' "I 

where 

1+*C H UHL[H] 

_ [CuHL] 
AC»HL- [ C u L ] [ H ] 

(6) 

(7) 

The plot of kohsd
 vs- p H in each case was compared 

with a family of normalized functions y=pj(\-{-x) = 
/ ( l o g x). As shown in Fig. 1, the plot fits well one of the 
theoretical curves. The values of föa', and AJS5/ are 
listed in Table 2. 

As seen in Fig. 1 the rate of substitution reaction of 
C u H L further increased at p H values lower than 3.5 
for PAR and 3.0 for T A R . In these p H ranges Cu-

TABLE 2. RATE CONSTANTS OF SUBSITUTION REACTIONS OF 

Cu(I I ) CHELATES WITH E D T A AT /Z = 0.1 , AT 25 °C 

Cu(pan) 
Cu(tan) 
Cu(pac) 
Gu(tac) 
Cu(par) 
Cu(Hpar) 
Cu(tar) 
Cu(Htar) 

^edta' o r ^edta' 

dm3 mol - 1 s - 1 

1.9xl0 3 

2 . 8 x l 0 4 

8.0X104 

4 xlO« 
2 . 0 x l 0 3 

1.2X104 

6 . 3 x l 0 4 

7 . 9 x l 0 5 

*§uL or A£uHL 

dm3 mol -1 s - 1 

6.5x10 

6 . 6 x l 0 2 

1.2xl0 4 
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[H]/10-4 mol dm-

Fig. 2. Plots of log kohsûvs. [H]. 
0 : P A R , # : T A R . 

CEDTA=1-0X10- 4 (a), 1.2 xlO"4 

(c), 2 . 0 x l 0 - 4 m o l d m - 3 (d). 
(b), 1.5x10-* 

(Hpar) or Cu(Htar) is predominantly formed. Plots 
of 

^obsd vs- the concentration of hydrogen ion yielded 
straight lines with intercepts on the y-axes. (Fig. 2). 
Thus the rate law can be expressed as 

_ d[CuHL] = (^StHaHedta'] + ^uHL[H])[CuHL]. (8) 

The values of fâti/ and £HUHL were obtained from the 
intercepts and the slopes of the straight lines, respec­
tively : 

£edta<par) = 1.1 X 104 dm3 mol"1 s"1, 

* S ' t a r ) = 7.0X 105dm3 mol"1 s"1, 

yxu(npar) = 6.6X 102 dm3 mol"1 s-1, 

£cu(Htar) = l .2 x 104 dm3 mol"1 s"1. 

The values of A£35/ obtained were approximately 
equal to the values previously obtained by the curve 
fitting method. 

Substitution Reaction of Copper(II) Chelate of PAN with 
EDTA. In our previous work,5) the rate of the 
substitution reaction of Cu(pan) with E D T A was 
determined in the p H range from 5.0 to 6.3, in which 
PAN can be used as an indicator for the chelatometric 
titrations of copper(I I ) . In this p H range, the substitu­
tion reaction is of first-order with respect to E D T A and 
Cu(pan) , while there is no dependence on p H as in the 
cases of TAN, PAC, and T A C . In this study, in the 
lower p H range the rate of the substitution reaction of 
Cu(pan) with E D T A was examined. At p H lower than 
4 the rate of the reaction gradually increased with 
decreasing p H , as in the cases of PAR and T A R . The 
conditional rate constants, kohsd, depended on [H] and 
[edta ' j , hence the rate law can be written as 

~ d [ C " U d r n ) ] = (^dUtCaP'an)[edta'] + A^Pa^[H])[Cu(pan)]. 

(9) 

The values of fâ&an) and ££uCpan) obtained are shown 

in Table 2. The values of tätaan) determined in this 
study agrees with that obtained in the previous study:5* 

*edtl/an) = 1 • 7 X 103 dm3 mol - 1 s"1. 

D i s c u s s i o n 

The constant rates were observed in the following 
p H ranges: p H 3.5—6.3 for Cu(pan) , p H 4.5—5.2 for 
Cu( tan) , p H 4.4—5.1 for Cu(pac) , p H 4.0—4.6 for 
Cu(tac) , p H 6—6.5 for Cu(par) and for Cu(tar) , 
while the fraction of H2edta, Hedta , and edta changes 
in these p H ranges. Cassatt and Wilkins reported that 
in the reaction of E D T A with nickel(II) ion Hedta is 
lOMbld more reactive than H2edta.1 0 ) From our results, 
however, no difference in the rate of substitution 
reaction with different protonated forms of E D T A was 
observed. Copper(II ) chelates, CuL, of PAN, TAN, 
PAC, T A C , PAR, and T A R are substituted by E D T A 
in these p H regions according to the following mecha­
nism, as proposed by Tanaka and Funahashi : 

CuL + edta' CuL (edta) 
r.d.s. 

Cu(edta) + L'. (10) 

The values of log AJSta' were plotted against the sum 
of the dissociation constants of protonated pyridine or 
thiazole and phenolic o-hydroxyl groups (p£NH + 
P^O-OH)- (Fig. 3). A straight line was obtained. This 

14 16 

Fig. 
vs, 

8 10 12 

( P * N H + P * O - O H ) 

3. Plots of log A&L
a„ and log « 

(P*NH + P*o - O H / ' 

O . Z-CuL A . JTCuHL 
• ^ed ta '* W' ^ e d t a " 

result indicates that the rate of the substitution reaction 
of CuL chelate is inversely proportional to the basicities 
of the donor atoms of the leaving ligands. However, 
the values of log fât

L
a< for Cu(pan) and Cu(tan) 

chelates are smaller than those of other indicators, 
probably due to the steric effect of the naphthalene ring 
in PAN or T A N . Since the basicities of donor atoms 
in the thiazolylazo compounds are weaker than those of 
corresponding pyridylazo compounds, the rate of the 
substitution reaction of copper(II) chelates of thiazolyl­
azo compounds is, generally speaking, faster than that 
of corresponding pyridylazo compound chelates. Thus , 
as regards the rate of color change, the thiazolylazo 
compounds are more favorable for use as metallochromic 
indicators than the pyridylazo compounds. 

The reaction rate of C u H L chelate with PAR or 
T A R is faster than that of CuL by one order. In the 
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chelatometric titrations of copper(II) with E D T A using 
T A R as an indicator, the opt imum p H range is from 4 
to 6. The large rate of the substitution reaction of 
Cu(Htar) chelate with E D T A gives a great advantage 
for the sharp color change of the indicator at the 
equivalence point. 
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Trimethylenediamine Complexes. VIII.1) Some Cis-Trans Isomeric Pairs 
of the Bis(trimethylenediamine)chromium(III) Complexes 

Mamoru NAKANO and Shinichi KAWAGUCHI* 

Department of Chemistry, Faculty of Science, Osaka City University, Sumiyoshi-ku, Osaka 558 
(Received June 28, 1979) 

The cis-trans isomeric pairs of diisothiocyanato-, dinitrito-, diazido-, diaqua-, and aquahydroxo-bis(trimeth­
ylenediamine) chromium (II I) complexes have been obtained as crystals and characterized by infrared and electronic 
absorption spectra. The eis isomers of diisothiocyanato and diazido complexes as well as [Cr(N3)2(en)2]C104 

were resolved and the absolute configurations of ( + )589-m-[Cr(NCS)2(tn)2]SCN, ( + )589-m-[Cr(N3)2(tn)2]C104, 
and ( — )589-cù-[Cr(N3)2(en)2]C104 were all assigned to A. 

Comparative Chemistry of the five-membered ethyl -
enediamine (en) chelates and the six-membered trimeth­
ylenediamine (tn) chelates is interesting from both the 
structural and kinetic viewpoints. Absolute configura­
tions of several optically active cobal t (III) complexes 
containing trimethylenediamine as a ligand have been 
established by X-ray analysis,2) and the empirical 
criterion of McCaffery et al.3) relating the absolute 
configuration to the CD-spectral feature in the first 
d-d band region has been shown to hold in these com­
plexes. O n the other hand, optically active chromium-
(III) trimethylenediamine complexes are rather 
few, and only four examples, ( — )589-[Cr(tn)3]3+,4) 
(+)589-^-[CrCl 2 ( tn) 2 ]C10 4 , 5 ) ( + )5 8 9-[Cr(acac)(tn)2]I2 . 
O.öKLA1) and ( - ) 5 8 9 - [Cr (acac ) 2 ( t n ) ] I -H 2 0 1 ) have been 
reported so far, and further development in this field 
is desirable. 

The aquation rates of trans-[CoC\2(tn)2]
+ and trans-

[CoBr2(tn)2]+ are extraordinarily large as compared 
with those of the corresponding ethylenediamine 
complexes,6) but /rafl.y-[CrCl2(tn)2]+ hydrolyzes in acid 
solution with a rate comparable to that of trans-[CvC\2-
(en)2]+.7) The eis isomer of [CoCl2(tn)2]+ is unknown,8) 
although m-[CoCl 2 (en) 2 ] + is easily prepared by heating 
the trans isomer in aqueous solution. O n the other hand, 
m-[CrCl 2 ( tn) 2 ]C10 4 -0 .5 H 2 0 was obtained as violet 
crystals, although it is liable to isomerize to the trans 
form in solution.5) Thus further comparison of the 
thermodynamic and kinetic ring-size effects in the 
chromium(III) and cobalt(III) complexes may be 
interesting. 

In previous papers we have prepared and charac­
terized several cis-trans isomeric pairs of dianionbis-
(trimethylenediamine)cobalt(III) complexes,9) and com­
pared the ligand substitution rates of some trimethyl­
enediamine cobalt(III) complexes with those of the 
corresponding ethylenediamine complexes.10) The 
present paper reports preparation and characterization 
of some bis(tr imethylenediamine)chromium(III) com­
plexes inclusive of the optically active m-[Cr(NCS) 2 -
( tn) 2 ]+ and m-[Cr(N 3 ) 2 ( tn ) 2 ] + complexes. 

E x p e r i m e n t a l 

Preparation and Optical Resolution of Complexes. The 
starting compounds, a^-[CrGl2(tn)2]Cl-H20 and trans-[CrCl2-
(tn)2]Cl were prepared by the method of Pedersen.5) Com­
mercially available potassium antimony (111) (R,R) -tartrate 
was used without further purification. Another resolving 

agent, (R,R)-di-0-benzoyltartaric acid was prepared by the 
reaction between (R,R) -tartaric acid and benzoyl chloride11) 
and used after partial neutralization with one-half equivalent 
of sodium hydroxide. 

cis-Diisothiocyanatobis (trimethylenediamine) chromium (III) Thio-
cyanate Hydrate, cis-[Cr(NCS)2(tn)2]SCN*H20: Aqueous solu­
tion (10 ml) of aj-[CrCl2(tn)2]Cl.H20 (1.1 g) was heated at 
70 °C on a water-bath for 10 min to result in a red-orange 
solution, to which was added sodium thiocyanate (1.6 g) and 
heating was continued for about 1 h to obtain an orange 
precipitate. After cooling to room temperature, another 
portion (1.0 g) of sodium thiocyanate was added to the 
mixture, which was then allowed to stand overnight. The 
crude product was filtered, washed with cold water and air-
dried. The yield was 1.2 g (92.6%). Recrystallization from 
hot water gave orange needles. 

trans-Diisothiocyanatobisftrimethylenediamine) chromium (III) 
Thiocyanate, trans-[Cr(NCS)2(tn)2]SCN: The reaction of trans-
[CrCl2(tn)2]Cl (1.0 g) with sodium thiocyanate was performed 
in a similar manner as above to obtain orange crystals in an 
80.9% (1.0 g) yield. Recrystallization from hot water gave 
orange plates. 

cis-Diaquabis (trimethylenediamine) chromium (III) Nitrate, cis-
[Cr(H20)2(tn)2\(N03)3: A solution (5 ml) of silver nitrate 
(1.7 g) was added to an aqueous solution (10 ml) of m-[CrCl2-
(tn)2]Cl»H20 (1.1 g) and the mixture was stirred at room 
temperature for 1 h to complete the reaction. A precipitate 
of silver chloride was filtered. Concentrated nitric acid (20 
ml) and ethanol (50 ml) were added to the combined washings 
and the solution was left in a refrigerator to deposit an orange 
precipitate in a 69.8% (1.0 g) yield. The crude product was 
dissolved in a minimum amount of water and a few drops of 
concentrated nitric acid was added to the solution. On cooling 
in ice orange plate precipitated. 

eis-Aquahydroxobis( trimethylenediamine) chromium (III) Nitrate 
Hemihydrate, cis-[CrOH(H2O)(tn)2](NO3)2-0.5H2O: To an 
aqueous solution (5 ml) of «\y-[Cr(H20)2(tn)2](N03)3 (1.0 g) 
was added aqueous ammonia drop by drop to adjust pH to 
ca. 1, color of the solution changing from orange to red. 
Ethanol (50 ml) was poured into the solution to deposit a 
red precipitate. The yield was 0.8 g (94.0%). Recrystalliza­
tion from water-ethanol gave red needles which are slightly 
hygroscopic. 

trans-Aquahydroxobis( trimethylenediamine) chromium (III) Nitrate, 
trans-[CrOH(H20)(tn)2](NOJ2: One gram of trans-[CrCl2-
(tn)2]Cl was dissolved in hot water. A solution (5 ml) of 
silver nitrate (1.7 g) was added and the mixture was kept at 
50 °C for 2 h to complete the reaction. After cooling to room 
temperature, silver chloride was filtered. On addition of 
aqueous ammonia dropwise to the combined washings to 
attain pH«?7 (solution turning red), red-brown thin crystals 
precipitated. The yield was 0.3 g (25.6%). After separation 
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of the product , concentrated nitric acid (20 ml) and ethanol 
(50 ml) were added to the filtrate and the mixture was kept 
in a refrigerator to deposit an orange precipitate, which was 
identified as m - [ C r ( H 2 0 ) 2 ( t n ) 2 ] ( N 0 3 ) 3 on the basis of I R 
and electronic spectra. T h e yield of the cis-diaqua complex 
was 0.6 g (43.6%). 

trans-Diaquabis (trimethylenediamine) chromium (III) Nitrate, 
trans-[Cr(H20)2(tn)2\(N03)3: The aquahydroxo complex 
/ ra>w-[CrOH(H 2 0)( tn) 2 ] (N0 3 ) 2 (1.0 g) was dissolved in ca. 
8 M nitric acid (20 ml) and the solution was stirred for a 
while to separate out a red-brown precipitate in an 8 5 . 1 % 
(1.1 g) yield. T h e crude product was dissolved in a min imum 
amount of water. After filtration, the solution was kept in 
ice and concentrated nitric acid was added dropwise to it to 
precipitate red-brown needles. 

cis-Dinitritobis( trimethylenediamine) chromium (III) Perchlorate, 
cis-[Cr(ONO)2(tn)2\ClOi: Sodium nitrite (0.5 g) was added 
to an aqueous solution (10 ml) of m - [ C r ( H 2 0 ) 2 ( t n ) 2 ] ( N 0 3 ) 3 

(1.0 g) and the mixture was stirred for 10 min in an ice ba th . 
After filtration, sodium Perchlorate (2.0 g) was added to the 
filtrate and the solution was kept overnight in a refrigerator 
to deposit orange prisms. T h e yield was 0.74 g (79.8%). 
T h e product is slightly hygroscopic and was recrystallized 
from hot water . T h e compound is not so stable against light, 
bu t changes slightly to red on long standing. 

trans-Dinitritobis (trimethylenediamine) chromium (III) Perchlorate, 
trans-[Cr(ONO)2(tn)2]ClOi: The reaction of trans-[Cr(H20)2-
( t n ) 2 ] (N0 3 ) 3 (1.0 g) with sodium nitrite (0.5 g) was performed 
in the same manner as above to obtain orange crystals of the 
trans isomer in a 91 .6% (0.85 g) yield. Orange plates were 
obtained by recrystallization from hot water. 

cis-Diazidobis(trimethylenediamine) chromium (III) Perchlorate, 
eis- [Cr (N3) 2 (foJ2]C704: An excess amount (15.0 g) of sodium 
azide was added to a solution of « > - [ C r ( H 2 0 ) 2 ( t n ) 2 ] ( N 0 3 ) 3 

(15.0 g) in a mixture of acetic acid (10 ml) and water (30 ml) 
and the solution was heated at 50 °G for 10 min to turn deep 
violet. Sodium Perchlorate (5.0 g) was added after cooling 
to room temperature and the mixture was kept in a refrig­
erator overnight to precipitate red plates. The yield was 4.8 
g (35.2%). Recrystallization from acetone-ethanol gave red 
needles. 

trans-Diazidobis(trimethylenediamine)chromium(III) Perchlorate, 
trans-lCrfNJzftnjc^ClOi: Sodium azide (1.0 g) was added 
to an aqueous solution (10 ml) of / r f l« j - [Gr(H 2 0) 2 ( tn) 2 ] (N0 3 ) 3 

(1.0 g) and the mixture was heated at 50 °G for 5 min to 
afford a red solution, to which was added sodium Perchlorate 
(2.0 g) and heated at 50 °G for further 1.5 h to turn violet. 
After cooling to room temperature , 6 0 % perchloric acid was 
added to adjust p H to ca. 1 and the solution was kept in a 
refrigerator overnight to deposit violet needles. T h e yield 
was 0.2 g (22.0%). Recrystallization from hot water gave 
deep violet plates. 

Caution: Synthesis of the azido complexes must be per­
formed in a good hood, since gaseous hydrazoic acid is evolved. 

(+) 589-cis-Diisothiocyanatobis( trimethylenediamine) chromium (III) 
Thiocyanate, (+)589-cis-[Cr(NCS)2(tn)2]SCN: A solution (100 
ml) of sodium hydrogen (i?,i?)-di-O-benzoyltartrate (1.2 g) 
was added slowly to an aqueous solution (100 ml) of cis-[Cr-
( N C S ) 2 ( t n ) 2 ] S C N . H 2 0 (1.2 g) with stirring at 50 °C. After 
cooling to room temperature , a pink precipitate was filtered, 
washed with water and air-dried. T h e yield was 0.8 g. 
Found : G, 44.90; H , 4.94; N , 11.95%. Galcd for [Gr(NGS)2-
( t n ) 2 ] [ H G 1 8 H 1 2 0 8 ] . H 2 0 = G 2 6 H 3 5 N 6 0 9 S 2 G r : G, 45.14; H , 
5.16; N , 12.14%. T h e diastereoisomer (0.8 g) was dissolved 
in a solution (10 ml) of sodium thiocyanate (2.0 g) and sodium 
hydroxide (0.1 g) , and the mixture was stirred in an ice ba th 
for 5 min. An orange precipitate was filtered, washed with 

water and air-dried. T h e yield was 0.4 g. Recrystallization 
from acetone-diethyl ether gave orange needles. In order 
to assure the optical puri ty, the resolution process was repeat­
ed. Molar rotations in methanol are [ M ] 5 8 9 = + 312° and 
[ M ] 4 3 6 = - f 9 3 7 ° . 

(—) 589-cis-Diisothiocyanatobis(trimethylenediamine) chromium 
(III) Thiocyanate, (—)589-cis-[Cr(NCS)2(tn)2]SCN: A solution 
(50 ml) of potassium ant imony (R,R)-tartrate (0.8 g) was 
added to a solution of m - [ G r ( N G S ) 2 ( t n ) 2 ] S G N . H 2 0 (1.0 g) 
in a mixture of acetone (40 ml) and water (40 ml) , and the 
solution was left standing in a refrigerator for two days. 
Orange needles of diastereoisomer were filtered, washed with 
a small amount of cold water and air-dried. The yield was 
0.6 g. Found : G, 23 .31 ; H , 4 .23; N , 13 .11%. Calcd for 
[ G r ( N G S ) 2 ( t n ) 2 ] S b G 4 H 2 0 6 . 2 H 2 0 = G 1 2 H 2 6 N 6 0 8 S 2 SbGr: C, 
23.24; H , 4 .23 ; N , 13.55%. T h e diastereoisomer was added 
to a solution (5 ml) of sodium thiocyanate (2.0 g) and the 
mixture was stirred for 10 min to deposit orange and white 
precipitates, which were filtered, washed with cold water and 
air-dried. Acetone dissolved the orange precipitate, leaving 
the insoluble white one. Diethyl ether was added to the 
combined washings to precipitate the ( — )5 8 9 isomer (0.3 g) . 
T h e resolution procedure was repeated once again to assure 
the optical purity. T h e observed values of molar rotation 
in methanol , [ M ] 5 8 9 = — 3 1 4 ° and [Af] 4 3 6=—936°, show an 
excellent coincidence with those of the ( + ) 5 8 9 isomer which 
was obtained above by the resolution with sodium hydrogen-
(R,R) -di- O-benzoyltartrate. 

(+) 589-cis-Diisothiocyanatobis (ethylenediamine) chromium (III) 
Thiocyanate, (+)589-cis-[Cr(NCS)2(en)2]SCN: This complex 
has already been resolved by House,12) and both of pure 
(+)589 a n d ( —)589 isomers were isolated in solution. Now 
for comparison with the corresponding trimethylenediamine 
complex, the ethylenediamine complex was resolved by potas­
sium ant imony (R,R) - tartrate and isolated as crystals of which 
the molar rotations are [ M ] 5 8 9 = + 2 2 ° , [ M ] 5 4 6 = - f 4 0 2 ° and 
[M]436=-704° in methanol and [M]5 8 9-= + 1 0 0 ° , [ M ] 5 4 6 = 
- 4 3 4 ° and [ M ] 4 3 6 = - 8 1 0 ° in water. 

( + ) 589~C1S " Di*1 zidobis(trimethylenediamine) chromium (HI) Per­
chlorate, (-t-)589-cis-[Cr(N3)2(tn)2]ClOt: A solution (200 ml) 
of sodium hydrogen (i?,/?)-di-0-benzoyl tar t rate (4.8 g) was 
added slowly to an aqueous solution (250 ml) of the racemic 
complex (4.8 g) . A red precipitate, which deposited from the 
solution kept in an ice ba th for 1 h, was filtered, washed with 
cold water and air-dried. T h e yield was 2.7 g. Found : G, 
44.08; H , 5.09; N , 21 .16%. Galcd for [Gr(N3)2( tn)2]-
[ H G 1 8 H 1 2 O 8 ] . H 2 O = G 2 4 H 3 5 N 1 0 O 9 G r : G, 43.70; H , 5.35; N , 
21 .24%. A mixture of the diastereoisomer (0.9 g) and silver 
acetate (0.4 g) was stirred in water (10 ml) for 5 min. Acetone 
(50 ml) was added to the solution to precipitate the silver 
salt of resolving agent. Sodium Perchlorate (2.0 g) was dis­
solved in the filtrate and acetone was distilled away under 
reduced pressure to deposit a red precipitate (0.35 g) . Repeat­
ed resolution assured the optical puri ty of the product , of 
which the molar rotations are [ A f ] 5 8 9 = + 76° and [Af]436 = 
+ 1 5 9 0 ° in water. 

( ~ ) 589-ci^-Diazidobis (ethylenediamine) chromium (III) Perchlo­
rate, (—)589-cis-[Cr(N3)2(en)2]ClOi: Racemic «j-[Gr(N3)2-
(en)2]G104 (2.0 g) prepared according to the literature13) was 
resolved by sodium hydrogen (R,R)-di-O-benzoyltartrate and 
worked up to obtain the optically active Perchlorate as red-
violet plates (0.3 g) . Repeated resolution assured the optical 
puri ty. T h e molar rotations are [M]589= — 754° and [M] 4 3 6 = 
+ 710° in water . 

Measurements. T h e electronic absorption spectra were 
measured by a Hi tachi EPS-3T spectrophotometer, and the 
I R spectra by J A S C O I R - E (4000—600 cm"1) and Hitachi 
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EPI-L (700—200 cm-1) spectrometers. The optical rotations 
were determined with a Yanagimoto OR-50 Polarimeter, and 
the CD spectra with a JASGO J-20 recording spectrometer. 

R e s u l t s a n d D i s c u s s i o n 

Several kinds of cis-trans isomeric pairs of the bis-
(trimethylenediamine) chromium (III) complexes were 
prepared by the ligand substitution reactions of eis- and 
trans-[CvC\2(tn) 2]

+ in aqueous solution. Results of the 
elemental analysis for the products are collected in 
Table 1. The ligand substitution reactions of these 
chromium (I II) complexes proceeded with steric reten­
tion except in one case. As was described in Experiment, 
the yield o f / r f ln j - [GrOH(H 2 0) ( tn ) 2 ] (N0 8 ) 2 from trans-
[CrCl2(tn)2]Cl was as low as 25 .6% and acidification 
of the mother liquor gave ^ - [ C r ( H 2 0 ) 2 ( t n ) 2 ] ( N 0 3 ) 3 in 
a 43 .6% yield. Thus the hydrolysis of trans-[Crd2-
(tn)2]+ induced by the silver ion resulted in ca. 5 0 % 
isomerization under the synthetic conditions. For the 
sake of comparison, the reaction of /raw.y-[CrCl2(en)2]+ 
with silver nitrate was examined, and only trans-
[Cr(H 20) 2(en) 2]+ was obtained. 

The spontaneous solvolysis of dihalogenobis (diamine)-
chromium (III) complexes usually occurs with essentially 
complete retention of configuration.14) However the 
secondary hydrolysis of /raw.y-[CrCl2(tn)2]+ was reported 
to be complicated by isomerization.7) The silver (I) -
induced aquation of the [CrCl 2 ( tn) 2 ]+ complexes seems 
to proceed via the D mechanism by analogy with the 
mercury (I I)-catalyzed aquation of [ C r X ( H 2 0 ) 5 ] 2 + ( X = 
F, CI, Br, and I).15) It is noteworthy and deserves 
detailed investigation that the silver (I)-assisted complete 
aquation of m-[CrCl2( tn)2]+ occurs stereoretentively 
under the present synthetic conditions, while trans-
[CrCl 2( tn) 2]+ gives a mixture of eis- and Jraw.y-diaqua 
complexes. 

The eis- and Jrawj'-dinitritobis(ethylenediamine)-
chromium(III ) complexes have been synthesized and 
characterized by Garner and his coworkers.16) Now 
the trimethylenediamine analogues are reported. When 

excess sodium nitrite was used, eis- and trans-[Cr(ONO)2-
( t n ) 2 ] N 0 2 were obtained as hemihydrate and anhydrous 
salt, respectively. The eis nitrite salt is even more 
unstable than the Perchlorate. Thus the crude product 
was obtained as lustrous brown plates, but lost lustre 
on washing with alcohol, decomposing rapidly. Optical 
resolution of the m-[Cr(ONO) 2 tn 2 ]+ salts by means 
of sodium hydrogen (i£,i£)-di-0-benzoyltartrate was un­
successful because of instability of the complex. 

Wendlandt prepared o j - [Cr(NCS) 2 ( tn) 2 ]SCN by the 
thermal matr ix reaction.17) In the present study the 
«.y-diisothiocyanato complex was obtained as a hydrate 
by the reaction in aqueous solution, but changed 
curiously to anhydrous salts after optical resolution. 
Resolution of m-[Cr (NCS) 2 (en) 2 ] + was successful only 
by means of the antimony (R,R) - tartrate, and the values 
of molar rotation in aqueous solution nearly coincide 
with those reported by House.12) Rotations in methanol 
were also recorded for comparison with (+) 5 8o- and 
( —) 5 8 9-m-[Cr(NCS) 2( tn) 2]SCN whose solubilities in 
water are very poor. 

Both eis- and fra7w-[Cr(N3)2(tn)2]C104 were obtained 
although ^wj - [Cr (N 3 ) 2 (en) 2 ] + has not yet been reported. 
Both isomers are rather stable and can be recrystallized 
from hot water. The optical rotation of ( + ) 5 8 9-^-
[Cr(N8)2(tn)2]+ as well as that of ( + )5 8 9-m-[Cr(NCS)2-
( tn) 2 ] + shows no change after leaving for one day in 
aqueous solution at room temperature. 

Infrared Spectra. Infrared spectra of the di-
anionobis (diamine) metal complexes are useful for dis­
tinguishing linkage18) and geometrical19) isomers, eis­
end ^f l«j-[Cr(ONO)2( tn)2]C104 exhibit the r ( N = 0 ) 
bands at 1500 and 1470 c m - 1 , respectively and no 
band assignable to the |0W(NO2) vibration, although 
the r ( N - O ) bands which are expected to appear 
around 1100 c m - 1 are masked by the absorption of the 
Perchlorate anion. Thus the N 0 2 ~ ligand is considered 
to have the C r - O linkage in both isomers as is known 
for all other chromium (111 )-ni tri te complexes. The 
C r - N linkage of the thiocyanate ligand in eis- and 
*raw.y-[Cr(NCS)2(tn)2]SCN is also suggested by I R 

TABLE 1. ANALYTICAL DATA FOR THE BIS (TRIMETHYLENEDIAMINE) CHROMIUM (111) COMPLEXES 

Complex 
Found, % Calcd, % 

C 

27.80 
28.35 
28.55 
28.89 
24.65 
17.27 
17.06 
19.56 
20.01 
18.15 
18.51 
18.81 
18.77 
18.45 
13.76 

H 

5.80 
5.41 
5.29 
5.55 
4.66 
5.80 
5.81 
6.57 
6.42 
5.15 
5.30 
5.32 
5.25 
5.29 
4.42 

N 

24.79 
25.65 
25.92 
25.53 
27.90 
23.13 
23.30 
22.68 
23.07 
20.95 
20.79 
36.13 
36.09 
36.10 
39.00 

1 

J 

) 

) 
) 

J 

C 

27.53 

28.87 

24.27 

17.07 

19.57 
20.06 

18.40 

18.78 

13.51 

H 

5.64 

5.38 

4.66 

5.76 

6.57 
6.45 

5.15 

5.25 

4.53 

N 

24.99 

26.18 

28.30 

23.33 

22.82 
23.39 

21.46 

36.50 

39.38 

cw-[Cr(NCS)a(tn)JSCN.HaO 
(+)589-^-[Cr(NCS)2(tn)2]SCN 
(-)589-^-[Cr(NCS)2(tn)2]SCN 
*rfl/u-[Cr(NCS)a(tn)a]SCN 
( + )589-^-[Cr(NCS)2(en)2]SCN 
m-[Cr(H20)2(tn)2](N03)3 

frfl/u-[Cr(HaO)a(tn)a] (N03)3 

m-[CrOH(H20) (tn)J (N0 3 ) 2 .0 . 5H 2 0 
*raw-[CrOH(H20) (tn)J (N03)2 

cw-[Cr(ONO)a(tn)a]C104 

frafu-[Cr(ONO)a(tn)a]C104 

m-[Cr(N3)2(tn)2]C104 

(+)589-^-[Cr(N3)2(tn)2]C104 

*ra/w-[Cr(N8)a(tn)a]ClC>4 
(-)589-^-[Cr(N3)2(tn)2]C104 
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spectra, the v(C=N) and d(NCS) bands appearing at 
around 2090 and 480 c m - 1 , respectively in either 
isomer. 

Baldwin's criterion20) to distinguish between geo­
metrical isomers was successful for many dianionobis-
(trimethylenediamine)cobalt(III) complexes,9 '21) trans 
isomers exhibiting one peak and eis isomers two in the 
CH2-rocking (880—900 cm - 1 ) region. However all of 
the present chromium (111) complexes except trans-
[Cr (ONO) 2 ( tn ) 2 ]C10 4 have single peak in the 880—895 
c m - 1 region irrespective of the geometrical structure, 
invalidating the Baldwin's criterion. 

Hughes and McWhinnie examined the I R spectra of 
eleven bis(ethylenediamine)chromium(III) complexes 
including four cis-trans couples, and found the clearest 
distinction in the band pattern in the 550—395 c m - 1 

region.22) Figures 1 and 2 show the I R spectra in the 
lower frequency region of four isomeric pairs of bis-
(tr imethylenediamine)chromium(III) complexes. The 
complexity in the band pat tern for each eis isomer 
compared with that for the corresponding trans isomer 
is apparent in the 550—330 c m - 1 region. Thus dis­

crimination between eis and trans isomers seems 
possible in these cases if the couple is presented, whereas 
it will be quite difficult to assign the geometrical struc­
ture on the I R data when only one isomer is obtained.23) 

Absorption and CD Spectra. Table 2 collects the 
absorption data for the present complexes. The molar 
absorbance of each eis isomer in the first d-d band is a 
little larger than that of the trans isomer except for the 
diazido complexes. Similar trend has frequently been 
reported for bis (ethylenediamine) chromium (111) com­
plexes.24) I t is noteworthy in the present complexes 
that the energy difference between the first and second 
bands is larger for the trans isomer than for the eis 
isomer (Table 2). 

In the case of dianionobis (trimethylenediamine) -
cobalt (I II) complexes, the absorption maxima of the 
first band exist in appreciably lower energy region as 
compared with those of the corresponding ethylene-
diamine complexes, indicating the weak ligand field of 
trimethylenediamine relative to ethylenediamine.9 '21) 
In the case of chromium(II I ) complexes, the same 
trend is observed but the difference is quite small. 

TABLE 2. ELECTRONIC ABSORPTION DATA FOR THE BIS (TRIMETHYLENEDIAMINE) CHROMIUM (111) COMPLEXES 

Complex 

eis- [Cr (NGS) 2 (tn) J SGN. H 2 0 

fra/w-[Cr(NCS)a(tn)JSCN 

m-[Gr(H20)2(tn)2](N03)3 

fra/w-[Cr(HaO)a(tn)J (N03)3 

eis- [Cr (ONO) 2 (tn) 2] G104 

trans- [Cr (ONO) 2 (tn) J C104 

m-[Gr(N3)2(tn)2]C104 

trans- [Gr (N3) 2 ( tn) 2] G104 

Solvent 

CH3OH 

GH3OH 

1 M H N 0 3 

IM H N 0 3 

H 2 0 

H 2 0 

H 2 0 

H 2 0 

V i x / emax \ 

nm \ 1« mol"1 «cm-1 / 

498 (109) 
380 (66.4) 
318 (6560) 
268 (4720) 
233 (13500) 
510 (94.5) 
378 (69.7) 
316 (10000) 
263sh (4950) 
237 (15400) 
490 (41.8) 
366 (37.0) 
520sh(19.6) 
452 (28.8) 
368 (42.1) 
488 (49.7) 
358 (103) 
245sh 
235sh 
485 (43.2) 
366sh 
330 (174) 
266sh 
250sh 
237sh 
520 (136) 
400 (115) 
270 (5670) 
225 (12100) 
544 (157) 
398 (97.1) 
278 (5290) 
250sh 
228 (10100) 

Av12
a> 

103 cm-1 

6.23 

6.85 

6.91 

7.94 

7.44 

9.68 

5.77 

6.74 

a) Difference in wave numbers between the first and second absorption maxima. 
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500 

Wavelength/nm 

400 300^ 200 

Wave number/cm -1 

Fig. 1. Infrared spectra (700—200 cm-1) in Nujol of 
aj-[Cr(ONO)a(tn)a]C104 (1), fra/w-[Cr(ONO)a(tn)a]-
C104 (2), m-[Cr(NCS)2(tn)2]SCN (3), and trans-[Cr-
(NCS)2(tn)2]SCN (4). 

Wave number/cm1 

Fig. 2. Infrared spectra (700—200 cm"1) in Nujol of 
m-[Cr(H20)2(tn)2](N03)3 (1), fra/u-[Cr(HaO)a(tn)a]-
(N03)3 (2), m-[Cr(N3)2(tn)2]C104 (3), and trans-[Cr-
(N3)2(tn)2]C104 (4). 

Thus the largest value of difference in ^ m a x is 14 nm 
observed between trans-[CrC\2(tn)2]Cl (590 nm) and 
/raw.y-[CrCl2(en)2]Cl (576 nm) , and in the case of cis-
diisothiocyanato and m-diazido complexes depicted in 
Figs. 3 and 4, respectively, the difference is negligibly 

20 30 40 50 

Wave number/103 cm - 1 

Fig. 3. Absorption and CD spectra of ( + )589"^-[Cr-
(NCS)2(tn)2]SCN ( ) and (+)589-m-[Cr(NCS)2-
(en)2]SCN ( ) in methanol. 

Wavelength/nm 

500 400 300 200 

S 2 

Wave number/103 cm - 1 

Fig. 4. Absorption and CD spectra of ( + )589-^-[Cr-
(N3)2(tn)2]C104 ( ) and (-)589-m-[Cr(N3)2(en)2]-
C104 ( ) in water. 

small (2 nm) . 
Figures 3 and 4 also compare the CD spectra of the 

diisothiocyanato- and diazido-bis(diamine) complexes. 
Although the intensity of the positive CD band of 
( + )5 4 6-[Cr(tn)3](C104)3 in the first d-d absorption 
band region ( A g = + 0 . 3 4 at 2 0 . 9 x l 0 3 c m - 1 in water) 
is remarkably smaller than that of ( + )546-[Cr(en)3]-
(C104)8 ( A s = + 1.49 at 2 1 . 9 x l 0 3 c m - 1 in water),25) 
the intensities of CD bands in the same region of ( + )589-
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Fig. 5. CD bands in the first d-d absorption region of 
(+)546-[Cr(tn)3](C104)3 in water (1),») ( + )U9-cis-[Cr-
(NCS)2(tn)2]SCN in methanol (2), ^-(-)589-rij-[Co-
(NGS)2(tn)2]SGN in water (3),9> (+)589-™-[Cr(N3)2-
(tn)JG104 in water (4), ( + )546-[Cr(en)3](C104)3 in 
water (5),25> ( + )589-m-[Gr(NGS)2(en)2]SGN in meth­
anol (6), and ( —)589-^-[Cr(N3)2(en)2}C104 in water (7). 

m-[Gr(NCS) 2 ( tn) 2 ]SCN and ( + )5 8 9-m-[Cr(N3)2( tn)2]-
C10 4 are rather larger than those of the corresponding 
ethylenediamine complexes. Another feature to be 
noted is that (+ )5 8 9 -^ - [Cr (N 3 ) 2 ( tn ) 2 ]C10 4 exhibits two 
CD components in this region, whereas ( — )sgQ-cis-
[Cr(N3)2(en)2]C104 only one. 

Figure 5 compares the CD spectra of the bis (diamine) 
complexes in the first d-d absorption region with those 
of the tris (diamine) complexes. The CD pattern of 
( + ) 5 8 9-m-[Cr(NCS) 2( tn) 2]SCN is just opposite to that 
o f ( - ) 5 8 9 - ^ - [Co(NCS) 2 ( tn ) 2 ]SCN 9 ) which was con­
firmed by X-ray analysis to have the A configuration.26) 
Thus the absolute configuration of ( + ) 5 8 9-m-[Cr(NCS) 2-
(tn)2]SCN is readily assigned to A. O n the same 
reasoning ( + ) 5 8 9 -m-[Cr(NCS) 2 (en) 2 ] + was concluded to 
be A by House.12) The dominant CD band of this 
ethylenediamine complex is positive in accord with the 
CD band of ^ - [Cr(en) 8 ] (C10 4 ) 8 in this region.25) O n 
the contrary ( — ) 5 8 9-m-[Cr(N 3) 2(en) 2]C10 4 exhibits a 
negative band, suggesting the 4 configuration. The 
spectral pat tern of ( + ) 5 8 9 -^ - [Cr(N 3 ) 2 ( tn ) 2 ]C10 4 closely 
resembles that of ( + ) 5 8 9-m-[Cr(NCS) 2( tn) 2]SCN, both 
having the dominant negative component in the higher 
energy region. Thus the absolute configuration of 
( + ) 5 8 9-m-[Cr(N 3) 2( tn) 2]C10 4 is assigned to A in 
accordance with the A configuration of ( — )5gQ-cis-
[Cr(N3)2(en)2]C104 . 

The authors wish to thank Mr . J . Gohda for the 
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Education. 
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Rotational Isomerism in Fluorene Derivatives. III.1) The Conformation 
of 9-(9-Fluorenyl)-9-(2-substituted 9-fluorenyl)fluorene Derivatives 

Shoji KAJIGAESHI,* Shizuo FUJISAKI, Ichishi Aizu, and Hiroshi H A R A I 
Department of Industrial Chemistry, Faculty of Engineering, Yamaguchi University, Tokiwadai, Ube 755 

tTokuyama Technical College, Kume, Tokuyama 745 
(Received September 8, 1978) 

The conformations of 9,9-di (9-fluorenyl) fluorene derivatives (1) with substituents at the 2- or 2,7-positions 
in a terminal fluorene ring were illustrated by the gauche-gauche forms at room temperature. DNMR studies of 1 
gave the values of about 85—88 kj/mol for the free energy of activation ( AG#) for the restricted rotation around 
the G(9)-G(9) bonds. The conformation of 9,9-di(9-fluorenyl)fluorene, the parent compound of 1, was also shown 
to the only gauche-gauche (-\-sc, -\-sc or — sc, —sc) form at room temperature. 

We have recently reported2) that the N M R signal of 
9-(9-fluorenyl)-9-(2-methyl-9-fluorenyl)fluorene ( l a ) at 
room temperature showed the existence of two con-
formers which were caused by restricted rotation around 
the C(9)-C(9) bonds, and that both the conformations 
were illustrated by the more stable form, the gauche-
gauche form. In this paper, we would like to describe 
the conformations of 9,9-di(9-fluorenyl)fluorene deriva­
tives (1) with methyl, ethyl, methoxy, acetyl, and 
bromo substituents at the 2- or 2,7-positions in a terminal 
fluorene ring, and also the conformation of the parent 
9,9-di (9-fluorenyl)fluorene (4). 

The derivatives 1 were prepared from the Michael 
reactions3) of 9,9 /-bifluorenylidene (2) with 2 (or 2,7-di)-
substituted fluorene derivatives 3 , catalyzed by a base 
in D M F or D M S O at room temperature. The *H-NMR 
data of 1 are shown in Table 1. 

O J O 

P i p 
(2) 

KOH (or T r i t o n B) 

i n DMF (or DMSO) 
a t R .T . 

+ 

F 

H2 

o; 
1 CHP> 

§f Yp 

The N M R spectra for the 2-substituents in 1 have 
shown the set of signals illustrated in Table 1, suggesting 
that the rotation around the C(9)-C(9) bonds in 
l b — l g , as well as in la,2) is frozen at room temperature 
on the N M R time scale. The restricted rotation around 
the C(9)-C(9) bonds of 1 was investigated by tempera­
ture-dependent N M R spectroscopy: some typical 
D N M R spectra of l b are shown in Fig. 1. The values 
of the free energy of activation (AG*) for the rotation 
around the bonds in 1 were obtained by means of the 
usual line-shape analysis4) on their D N M R spectra of 

Fig. 1. Temperature dependence of XH-NMR spectra 
of l b (solvent: HCB). 

TABLE 1. ^ - N M R DATA OF 1 IN CDC13 (ppm) 

DmpQ 

la2) 

lb2) 

lc2> 

Id 

le 

If 

lg 

R1 

GH3 

GH8 

C2H5 

OCH3 

COCH:i 

OCII3 

OCH3 

R2 

H 

CH3 

H 

H 

H 

GOCH, 

Br 

R1 and/or R2 

Aa> 

1.76s 

1.76s 

0.68t(CH2CH3) 
2.03q(CH2CH3) 

3.08s 

1.90s 

2.71s(GOGH3) 
3.15s(OGH3) 

3.20s 

Cb) 

2.55s 

2.55s 

1.32t(CHaCH,) 
2.83q(CH2CH3) 

3.88s 

2.68s 

1.91s(GOGH3) 
3.98s(OGH3) 

3.80s 

Kc) 

0.9/1 

1/1 

0.8/1 

0.4/1 

0.3/1 

1.6/1 

0.9/1 

9-H 

5.32s 
5.38s 
5.28s 
5.40s 
5.34s 
5.38s 
5.32s 
5.37s 
5.34s 
5.40s 
5.36s 
5.41s 
5.18s 
5.25s 

Aromatic 
protons 

5.00—8.60 m 

5.00—8.60m 

5.10—8.50m 

5.00—8.60m 

5.20—8.60m 

5.00—9.00m 

4.80—8.50m 

a) A: Conformation A. b) C: Conformation C. c) K: Equilibrium constants for the A^±C systems in 1, K=NC/NA. 
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TABLE 2. FREE ENERGIES OF ACTIVATION FOR THE 

ROTATION AROUND THE G(9)-G(9) BONDS IN 1 

Compd 

la2) 
l b 
l c 
Id 
le 
If 

lg 

Solvent^ 

o-DCB 
HCB 

o-DCB 
o-DCB 
o-DCB 

HCB 
HCB 

AGJFa>/kJmol-1(77°C) 

85.4 (145) 
84.5 (140) 
84.5 (135) 
86.2 (140) 
85.4 (120) 
87.9 (120) 
84.5 (140) 

a) The estimated errors of AG* are ±1.3—1.7 kj/mol. 
b) o-DCB: o-dichlorobenzene. HCB: hexachlorobutadiene. 

2-substituents, which did not directly hinder the rotation 
around the C(9)-C(9) bonds, as shown in Table 2. 

Figure 2 shows two conformations, (A) (ap, -{-sc) and 
(C) (-{-sc, —sc)9 both of them gauche-gauche forms, and 
their interconversion process. The conformation C is 
derived from A via an unstable intermediate (B) (-{-ac, 
sp) by the rotation of the two C(9)-G(9) bonds in a 
conrotatory manner . In the conformation A, the 
substituent R 1 at the 2-position in the terminal fluorene 
ring b is located in a shielding zone of the central 
fluorene ring a. Thus, it is reasonable to assume that 
the R 1 gives the 1 H - N M R signal at a higher field than 
the R 2 at the 7-position, which is located in a deshielding 
zone of the two fluorene rings a and c. The same thing 
can also be said for the 1 H - N M R signals of R 1 and R 2 

in the conformation C or D (enantiomer of C) . Table 1 

illustrates the assignments of the conformations A and C 
based on these 1 H - N M R signals, and also shows the 
equilibrium constants K (NCINA) for the equilibria 
A ^ C o f l . 

Recently, Suzuki and Minabe reported that 9,9-
di(9-fluorenyl)fluorene (4), the parent compound of 1, 
has two conformational isomers occuring as a result 
of the restricted rotation around the C(9)-C(9) single 
bonds, and proposed, on the basis of the 1 H - N M R data 
at room temperature, that the two rotamers can exist 
in the s-cis, s-cis form (mp 291—293 °C) (corresponding 
to our gauche-gauche form) and the s-cis, s-trans form 
(mp 256—257 °C).5> However, we could not confirm 
any isomers of the above s-cis, s-trans type from 1. 
Actually, the reaction of 2 with fluorene catalyzed by 
potassium hydroxide in D M F gave the sole product 4 
(mp 291—293 °C).3> The D N M R spectra of 4 in HCB 
are shown in Fig. 3. 

The spectrum of 4 is almost analogous to that of 1 
(Fig. 1) except for the region of the substituents, support­
ing the gauche-gauche form as the stable conformation 
of 4 by analogy with 1. The isomerization process 
between the -{-sc, -{-sc and —sc, —sc (enantiomer of 
-{-sc, -{-sc) forms of 4 can be well demonstrated in a 
manner similar to that described in the case of 1. The 
AG* value for the restricted rotation around the G(9) -
C(9) bonds in 4 may also be about 85—88 kj/mol, by 
analogy with that of 1. Unfortunately, we could not 
find the s-cis, s-trans isomer6) which was reported by 
Suzuki and Minabe in these D N M R process. 

gauche-gauche (ap>+so) eclipsed-ecltpaed (+ac3sp) gauche-gauche (+sc,-sc) gauche-gauche (sci+ac) 
\ v <> 

enantiomer 

Fig. 2. The process for isomerization of 1 by rotation around the C(9)-C(9) bonds. 

4,5-H. 1,8-H 9,9"-H 

7 6 5 

Fig. 3. Temperature dependence of ̂ - N M R spectra of 4 (solvent: HCB). 
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From the behavior of the D N M R spectra of 4, the 
doublets of (5=5.22 ( 7 = 8 Hz) and (5 = 8.40 ( 7 = 8 Hz) 
at room temperature were identified as protons at the 
l ' , 8" - and 8 / , r /-posit ions, respectively. These two 
doublets are broadened, and are observed to approach 
each other gradually with an increase in the temperature, 
and are then hidden in the region of other aromatic 
protons at 165 °C. O n the other hand , the doublets 
of (5 = 6.22 ( 7 = 8 Hz) and (5 = 7.44 ( 7 = 8 Hz) which are 
observed clearly at high temperatures are identified as 
protons at the 1,8- and 4,5-positions in the central 
fluorene ring, respectively. Then, 9,9-di(9-fluorenyl)-
fluorene was prepared by the Michael addition of 
fluorene to 2 with sodium ethoxide in ethyl alcohol 
by the same method as that described by Suzuki and 
Minabe.5) The two products, 4 (mp 291—293 °C) and 

5 (mp 255—257 °C), were obtained just as has been 
described in the literature. 

8 7 6 5 4 0 
ppm 

Fig. 4. 1H-NMR spectra of 4, 5, and 6 at room 
temperature (solvent: C6D6). 

The i H - N M R spectra of 4 and 5 in C6D6 at room 
temperature are shown in Fig. 4, together with that of 
9,9/-bifluorenyl (6).5> In this case, the shape of spectrum 
of 5 was in fair agreement with the overlapped shape 
of the spectrum of 4 with 6. The chemical shift (4.60 
ppm) in 5 is the same as that of methine protons in 6, 
and the signal is amplified by the addition of 6. The 
equimolar mixture of 4 and 6 was recrystallized from 
ethyl acetate to give crystals with the melting point 
of 255—257 °C; its ^ - N M R spectrum was identical 
with that of 5. Furthermore, the product 5 was con­
firmed to be an equimolar mixture of 4 and 6 by high­
speed liquid-chromatographic analysis. 

O n the Michael reaction of 2 with fluorene, if alkoxide 
is used as a catalyst, 5 is obtained as the product. In 
this case, 6 should be produced along with 4 in the 
reaction mixture. T h a t is, the alkoxide should act on 
2 as a reductant. The reaction of 2 with fluorene using 
other bases (e.g., K O H in DMF,3> Tri ton B in D M S O , 
and K O H in pyridine5)) instead of alkoxide gave 4 as 
the sole product. Actually, the reaction of 2 with 
sodium ethoxide in ethyl alcohol in a sealed tube gave 
6 in a substantial yield. 

I t is known that, in the case of AG#<^96 kj/mol 
rotamers are unstable at room temperature.7) If the 
AG* value for 4 is estimated as 85—88 kj/mol as in the 

case of 1, we should not be able to isolate the s-cis, 
s-trans rotamer of 4 stably at room temperature. 

E x p e r i m e n t a l 

All the melting points are uncorrected. The NMR spectra 
were run on a JEOL-MH-100 spectrometer with a JEOL 
model JES-VT-3 variable-temperature controller. The chemi­
cal shifts are expressed in ppm, with tetramethylsilane as the 
internal standard. Signal-shape-analysis was done by matching 
the experimental spectra with the spectra calculated from the 
computer program given by Nakagawa.8) High-speed liquid-
chromatographic analysis was carried out on a Töyö Soda 
TSK-HLC-803 apparatus equipped with a UV monitor using 
an LS-410K (4 mm i.d. X 30 cm) column, with acetonitrile as 
the mobile phase, at room temperature. 

Syntheses of 1. A Typical Synthetic Procedure for 1: The 
starting material, 2-acetyl-7-methoxyfluorene (3f), was pre­
pared by the reaction of 2-methoxyfluorene with acetyl chlo­
ride, using AlClg as the catalyst, by the procedure reported 
by Gray et A/.;9) mp 131—132 °C (lit, 134.5 °G); IR (KBr) 
1670 cm-1 (C=0); NMR (GDG13) 0 = 2.60 (3H, s, COCH3), 
3.83 (2H, s, 9-methylene), 3.84 (3H, s, OCH3), 6.70—8.20 
(6H, m, aromatic protons). 

To a mixture of 2 (1.6 g, 0.005 mol) and 3f (1.2 g, 0.005 
mol) in DMF (2 ml), we added Triton B (0.1 ml) at room 
temperature. The solution was stirred for 5 min, during 
which the color changed from red to dark brown, and was 
then poured into dil hydrochloric acid (10 ml). The precipi­
tate thus obtained was filtered, washed with water, and 
recrystallized from acetone to give colorless crystals If; 2.0 g 
(70%);mp 244—248 °G. Found: G, 89.43; H, 5.07%. Galcd 
for C42H30O2: C, 89.02; H, 5.34%. 

Id, mp 237—242 °C; Found: C, 91.82; H, 5.36%. Calcd 
for C40H28O: C, 91.57; H, 5.38%. 

le , mp 251—255 °C; Found: C, 91.51; H, 5.15%. Calcd 
for C4 1H2 80: C, 91.76; H, 5.26%. 

lg , mp 260—263 °C; Found: C, 79.24; H, 4.48%. Calcd 
for C40H27OBr: C, 79.60; H, 4.51%. 

Reaction of 2 with Sodium Ethoxide. Metallic sodium (0.23 
g, 0.01 g-atom) was treated with 20 ml of absolute ethanol, 
and then there was added 0.33 g (0.001 mol) of 2. The 
mixture was heated in a sealed tube at 95—98 °C for 14 h. 
After cooling, the precipitate was filtered off and dissolved 
in benzene. The benzene solution was chromatographed on 
alumina. The eluent was evaporated to dryness under reduc­
ed pressure, and the residue was recrystallized from benzene-
ethanol (1: 1) to afford 6: 0.20 g (61%); mp 246—247 °C. 
This compound was confirmed by direct comparison with an 
authentic sample. On the other hand, 2 was recovered 
unchanged from the red ethanolic solution; 0.05 g (15%). 

We wish to express our thanks to Mr . Atsushi Aiura 
and Mr. Katsuyuki Tanaka , Töyö Soda Manufacturing 
Co., Ltd. , for the high-speed liquid-chromatographic 
analysis. 
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Catalytic Efficiency of Cationic Micellar Catalysts Bearing a Mercapto 
Group as the Reaction Centert 

Yukito MURAKAMI,* Akio NAKANO, Kiyoshi MATSUMOTO, and Kiyoshi IWAMOTO 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812 
(Received February 2, 1979) 

In order to clarify micro-environmental effects on the reactivity of mercapto groups in enzymes, cationic 
surfactants bearing a mercapto group, iV-hexadecyl-Aröf-(3-trimethylammoniopropionyl)-L-cysteinamide bromide 
(CM-Cys-1) and iV-dodecyl-A^öf-(6-trimethylammoniohexanoyl)-L-cysteinamide bromide (CM-Gys-2), were 
synthesized and their kinetic behavior investigated. The surfactants above their critical micelle concentrations 
markedly catalyzed the decomposition ofjb-nitrophenyl hexanoate (PNPH) and acetate (PNPA), the concentration-
rate profiles being found to be those for typical micelle-catalyzed reactions. The rate constants for the degradation 
of PNPH as catalyzed by CM- Gys-1 and -2 in the micellar phase are 0.482 and 0.197 s_1, respectively, in 9.8% (v/v)-
ethanol-1.0%(v/v)dioxane-1.0%(v/v)methanol-water at 30.0±0.1 °G, pH 8.65, and// 0.10 (KCl). The difference 
in catalytic activity can be attributed partly to the micro-environmental effect on the pK& value of the mercapto 
group lying at the reaction center. The rate constants for the thiolate anions (true reactive species) of 
CM- Gys-1 and -2 to react with PNPH were identical with each other irrespective of the nature of the surfactants. 
The electrostatic effect provided by the cationic charge in the Stern layer, which acts to reduce the pK& value of 
the reactive mercapto group, seems to play a more important role than the desolvation effect on the thiolate anion 
by the hydrophobic field. 

Functionalized surfactants involving a reactive group 
such as the imidazolyl,1) carboxyl,2) or hydroxyl group3) 
have been developed as enzyme models. However, only 
a limited number of surfactants bearing a mercapto 
group have been synthesized; their catalytic activity 
for degradation of />-nitrophenyl carboxylates has been 
examined.4) The active mercapto group of these 
surfactants seems to be located in the electrostatic 
Stern layer judging from their molecular structures. 
In spite of the fact that the catalytically active groups 
of enzymes are located in their hydrophobic pockets, no 
successful at tempt has been made to locate the catalytic 
groups in the hydrophobic micellar core so as to simulate 
the function of an enzymatic reaction center. The 
anionic surfactants involving a L-cysteinyl residue as the 
reaction center markedly accelerate the degradation of 
jb-nitrophenyl carboxylates below their critical micelle 
concentrations, the reactivity of the mercapto group 
being lost upon formation of the anionic micelles.5) 
The surfactants show pronounced reactivity even in a 
neutral p H region when mixed with hexadecyltrimethyl-
ammonium bromide (CTAB) in the micellar phase. 
The electrostatic field effect provided by the cationic 
head of CTAB micelle enhances the nucleophilicity of 
the mercapto group in the mixed micelles for such 
reactions. 

In order to develop novel surfactants which can 
incorporate the multi-functions provided by the comi-
celle constructed by CTAB and 7V-hexadecyl-7Va-
glutaryl-L-cysteinamide, we have prepared cationic 
surfactants bearing a mercapto group, 7V-hexadecyl-7Va-
(3-trimethylammoniopropionyl) -L-cysteinamide bromide 
(CM-Cys-1) and iV-dodecyl-JVa-(6-trimethylammonio-
hexanoyl)-L-cysteinamide bromide (CM-Cys-2). The 
mercapto group is expected to be placed in a hydro­
phobic core of the micellar phase. The micro-environ­
mental effect on the nucleophilicity of the mercapto 
group provided by the present cysteine-containing 

cationic surfactants has been investigated as regards 
the deacylation of />-nitrophenyl carboxylates. The 
synthetic procedure for CM-Cys-1 is shown in Scheme 
1. 

BocCys(Bzl) 

DCC I NH2(CH2)18CH3 

CH2SCH2Ph 

(CH3)3COCONHCHCONH(CH2)15CH3 

CF3C02H 

CF3COO- NH3CHCONH(CH2)15CH3 

t Contribution No. 512 from this Department. 

Br(CH2)2COCl 

CH2SCH2Ph 

Br (CH2) 2CONHCHCONH (CH2) 15CH3 

3 

(CH3)3N 

CH2SCH2Ph 

(CH3)3N(CH2)2CONHCHCONH(CH2)15CH3 

i H F 

CH2SH 

(CH3)3N(CH2)2CONHCHCONH(CH2)15CH3 

CM-Cys-1 

(Boc, f-butoxycabonyl; Bzl, benzyl; Ph, phenyl) 

Scheme 1. 

CH2SH 

(CH3) 3N ( CH2) 5CONHCHCONH (CH2) n C H 3 

CM-Cys-2 

Br~ 

Br" 

Br-
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Exper imenta l 

Spectroscopic da ta were taken on a JAS GO DS-403G 
grating I R spectrophotometer, a Var ian A60 N M R spec­
trometer, and a Hitachi 124 spectrophotometer. pH-Meas-
urements were carried out with a T O A HM-9A p H meter 
equipped with a T O A GG-125 combined electrode after 
calibration with a combination of appropriate aqueous stand­
ard buffers. 

/?-Nitrophenyl carboxylates were prepared by the reaction 
of the corresponding carbonyl chlorides with jb-nitrophenol. 
The esters were identified by elemental analyses and spectro­
scopic measurements.6) 2,2 /-Dinitro-5,5 /-dithiodibenzoic acid 
(DTNB, Nakarai Chemicals, bio-analytical grade) was used 
without further purification. 

T h e synthetic procedure for Af-hexadecyl-JVa-(3-trimethyl-
ammoniopropionyl)-L-cysteinamide bromide (CM-Cys-1) is 
outlined in Scheme 1. iV-Hexadecyl-iVa-£-butoxycarbonyl-
£-benzyl-L-cysteinamide (1) was prepared as described 
previously.5) 

N-Hexadecyl-Na- ( 3-bromopropionyl) -S-benzyl-L-cysteinamide (3). 
Trifluoroacetic acid (25.0 g) was added to a dichlorometh-

ane solution (17 ml) of 1 (2.4 g) and the mixture was stirred 
at room temperature for 1 h. Evaporat ion of excess trifluoro­
acetic acid in vacuo gave pale yellow oil (2); yield 2.5 g 
(quanti tat ive). Elimination of the J-butoxycarbonyl group was 
confirmed by means of N M R spectrum. Amine component 
2 (1.74 g) and triethylamine (0.97 g) were dissolved in dichlo-
romethane (20 ml) and cooled down to 0 °G. 3-Bromopro-
pionyl chloride (1.09 g) dissolved in dichloromethane (5 ml) 
was added to the solution in 10 min at this temperature . 
T h e mixture was stirred for 30 min at 0 °G and at room 
temperature for 2 h. T h e reaction mixture, after dichloro­
methane (50 ml) had been added, was washed with water 
(50 m i x 3), 5 % aqueous sodium hydrogencarbonate (50 ml 
X3) , 5 % aqueous citric acid (50 m i x 3), and saturated 
aqueous sodium chloride (50 m i x 3). After being dried over 
anhydrous sodium sulfate, the mixture was evaporated in 
vacuo at 40 °G to give a glassy solid of pale yellow; yield 
1.65 g (99%) , m p 86—88 °G. N M R (GDG13, T M S ) : ô 0.88 
(3H, broad t, C H 3 ( C H 2 ) 1 4 C H 2 - ) , 1.25 (28H, s, CH 3 (CH 2 ) 1 4 -
C H 2 - ) , 2.65—2.95 (4H, m, B r C H 2 C H 2 C O - and - C H 2 S C H 2 -
Ph) , 3.22 (2H, broad t, C H 3 ( C H 2 ) 1 4 C H 2 N H - ) , 3.65 (2H, 
t, B r C H 2 C H 2 C O - ) , 3.80 (2H, s, - C H 2 S C H 2 P h ) , 4.55 (1H, 
broad t, - C H ( C H 2 S C H 2 P h ) C O - ) , and 7.37 (5H, s, phenyl 
H's ) . 

N-Hexadecyl- N a -(3-trimethylammoniopropionyl) - S -benzyl- L-cyst-
einamide Bromide (4). Dry tr imethylamine gas was intro­
duced into a benzene solution (60 ml) of 3 (1.6 g) for 6 h, 
and the solution was stirred at room temperature for 14 h. 
After benzene had been evaporated off in vacuo, methanol 
was added to the residue and removed in vacuo. T h e treat­
ment with methanol was repeated three times. A white solid 
was recovered and recrystallized from ethyl acetate-petroleum 
ether; yield 1.60 g (86%) , mp88—95 °G, DragendorfTpositive. 
N M R (methano l -^ , T M S ) : Ô 0.88 (3H, broad t, CH3(CK>)1 4-
C H 2 - ) , 1.25 (28H, s, C H 3 ( C H 2 ) U C H 2 - ) , 2.60—3.05 (4H, m, 

( C H 3 ) 3 N C H 2 C H 2 C O - and - C H 2 S C H 2 P h ) , 3.18 (9H, s, 

(GH 3 ) 3 N-) , 3.04—3.41 (4H, m, ( C H 3 ) 3 N C H 2 C H 2 C O - and 
C H 3 ( C H 2 ) 1 4 C H 2 N H - ) , 3.80 (2H, s, - C H 2 S C H 2 P h ) , 4.55 (1H, 
broad t, - G H ( G H 2 S G H 9 P h ) C O - ) , and 7.35 (5H, s, phenyl 
H's ) . 

N - Hexadecyl - N a - ( 3 - trimethylammoniopropionyl) -L- cysteinamide 
Bromide (CM-Cys-1). Anisole (1.0 ml) and 4 (700 mg) 
were placed in a reaction vessel into which hydrogen fluoride 

(10 ml) was introduced. T h e mixture was stirred at 0 °G 
for 1 h, at 15 °C for 30 min, and then evaporated in vacuo 
to remove hydrogen fluoride completely. Methanol (30 ml) 
was added to the residue and white precipitates were recov­
ered by filtration. After methanol had been evaporated off, 
2-mercaptoethanol (5 ml) was added to the residue and the 
mixture was stirred at room temperature for 14 h. Methanol 
(10 ml) was added to the mixture and the product was purified 
by gel-filtration chromatography (Sephadex LH-20, methanol 
as eluant) to give a hygroscopic solid; yield 180 mg (30%), 
nitroprusside positive. I R (neat) : 3240 (NH str.) ; 2900 and 
2840 (GH str . ) ; 1655 and 1545cm- 1 ( C = 0 str.). N M R 
(methanol -^ , TMS) : Ô 0.90 (3H, broad t, GH 3 (GH 2 ) 1 4 GH 2 - ) , 

1.30 (28H, s, GH 3 (GH 2 ) 1 4 GH 2 - ) , 2.65—3.20 (6H, m, GH3-

(GH 2 ) 1 4 GH 2 NH- , - G H 2 S H , and (GH 3 ) 3 NGH 2 GH 2 GO-) , 3.18 

(11H, s, ( C H 3 ) 3 N C H 2 C H 2 C O - ) , and 4.35 (1H, broad, - G H -
( G H 2 S H ) G O - ) . Found : G, 56.25; H , 9.46; N, 6.99%. 
Calcd for C 2 5 H 5 2 BrN 3 0 2 S : G, 55.79; H , 9.72; N , 7.80%. 

N- Dodecyl-iVa - (6 - trimethylammoniohexanoyl) - L - cystein -
amide bromide (CM-Cys-2) was prepared in a manner 
similar to that described for G M • Gys-1. 

N-Dodecyl-Na-t-butoxycarbonyl-S-benzyl-L-cysteinamide. Yield 
5 1 % , needles (recrystallized from ethyl acetate), m p 57—59 
°G. N M R (CDC13 , TMS) : ô 0.88 (3H, broad t, CH 3 (CH 2 ) n - )> 
1.25 (20H, s, C H 3 ( C H 2 ) 1 0 C H 2 - ) , 1.45 (9H, s, (CH 3 ) 3 GO-) , 
2.76 (2H, broad d, - C H 2 S G H 2 P h ) , 3.25 (2H, m, CH 3 -
(GH 2 ) 1 0 GH 2 - ) , 3.75 (2H, s, - C H 2 S C H 2 P h ) , 4.21 (1H, broad 
t, - C H ( C H 2 S C H 2 P h ) C O - ) , and 7.37 (5H, s, phenyl H's) . 

N-Dodecyl-Na- ( 6-bromohexanoyl) S-benzyl-L-cysteinamide. 
Yield 8 1 % , pale yellow oil. I R (neat) : 3250 (NH str.) ; 2900 
and 2830 (GH str . ) ; 1635 and 1535 cm" 1 ( G = 0 str.). N M R 
(GDG13, T M S ) : ô 0.88 (3H5 broad t, GH 3 (GH 2 ) 1 1 - ) J 1.26 
(20H, s, GH 3 (GH 2 ) 1 0 GH 2 - ) , 1.90 (6H, m, BrCH 2 (CH 2 ) 3 -
C H 2 G O - ) , 2.50 (2H, broad t, B r C H 2 ( C H 2 ) 3 C H 2 C O - ) , 2.78 
(2H, d, - C H 2 S C H 2 P h ) , 3.19 (2H, broad t, CH 3 (CH 2 ) 1 0 -
C H 2 - ) , 3.42 (2H, t, B r C H 2 - ) , 3.76 (2H, s, -CH 2 SCH 2 Ph) 5 

4.51 (1H, broad t, - C H ( C H 2 S C H 2 P h ) C O - ) , and 7.33 (5H, 
s, phenyl H 's ) . 

~N-Dodecyl- N a - ( 6-trimethylammoniohexanoyl) - S -benzyl- L -cystein­
amide Bromide. Yield 9 7 % , hygroscopic glassy solid of pale 
yellow (recrystallized from ethyl acetate-petroleum ether), m p 
68—75 °G, DragendorfT positive. I R (Nujol) : 3260 (NH 
str . ) ; 1630 and 1540cm" 1 ( C = 0 str.). N M R (methanol -^ , 
T M S ) : ô 0.88 (3H, broad t, G H 3 ( G H 2 ) U - ) , 1.25 (20H, s, GH3-

(GH 2 ) 1 0 GH 2 - ) , 2.00 (6H, m, (GH 3 ) 3 NGH 2 (GH 2 ) 3 CH 2 GO-) , 

2.31 (2H, broad t, (GH 3 ) 3 N(GH 2 ) 4 GH 2 GO-) , 2.75—3.20 (4H, 
m, - G H 2 S G H 2 P h and GH 3 (GH 2 ) 1 0 GH 2 NH-) , 3.40 (11H, s, 

(GH 3 ) 3 NGH 2 - ) , 3.75 (2H, s, - G H 2 S G H 2 P h ) , 4.60 (1H, broad, 
- G H ( G H 2 S G H 2 P h ) C O - ) , and 7.35 (5H, s, phenyl H's) . 

~N-Dodecyl-Na- (6-trimethylammoniohexanoyl) -L-cysteinamide Bro­
mide (CM-Cys-2). Yield 3 2 % , glassy solid, m p 133— 
145 °G, nitroprusside positive. I R (Nujol): 3260 ( N H str .) ; 
1630 and 1530 cm" 1 ( C = 0 str.). N M R (methanol -^ , TMS) : 
ô 0.90 (3H, broad t, C H 3 ( C H 2 ) n - ) , 1.30 (20H, s, GH3(GH2)1 0-

C H 2 - ) , 1.10—2.00 (6H, m, (CH 3 ) 3 NCH 2 (CH 2 ) 3 CH2-) , 2.40 

(2H, broad, ( C H 3 ) 3 N ( C H 2 ) 4 C H 2 C O - ) , 2.65—3.10 (4H, m, 
- G H 2 S H and CH 3 (CH 2 ) 1 0 CH2NH-) , 3.18 (11H, s, (GH3)3-

N C H 2 - ) , and 4.35 (1H, broad, - G H ( G H 2 S H ) G O - ) . Found: 
C, 55.23; H , 9.12; N, 7 .08%. Calcd for G2 4H5 0BrN3O2S: 
C, 5 4 . 9 5 ; H , 9 .61; N , 7 .08%. 

Kinetic Measurements. The concentration of free thiol 
for CM-Gys-1 and -2 was determined by using Ellman's 
reagent (DTNB)7) before kinetic runs. Unde r the conditions 
employed, the reaction between surfactant and ester species 
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was fast enough to neglect oxidation of the mercapto group 
of the surfactants. Rates of />-nitrophenol liberation from 
jb-nitrophenyl esters were measured at 400 nm with a Hitachi 
124 spectrophotometer. Each run was initiated by adding a 
dry dioxane solution (30 (xl) of a substrate ester to a mixture 
of a reaction medium (3.0 ml) and a dry methanol solution 
(30 (xl) of a catalyst which was pre-equilibrated at 30.0^0.1 
°G in a thermostatted cell set in the spectrophotometer. The 
reaction medium was prepared as follows: 10.0 ml of 1.0 M 
aqueous potassium chloride, 10.0 ml of an appropriate aqueous 
buffer, and 10.0 ml of dry ethanol were placed in a 100-ml 
volumetric flask; the flask was filled with deionized and 
distilled water. Aqueous buffer solutions adopted in the 
present study were prepared by combining 1/10 M potassium 
dihydrogenphosphate and 1/20 M sodium borate. 

The mole fractions of CM-Cys-1 and -2, which bear the 
free mercapto group and were used for kinetic runs, were 
0.63 and 0.67, respectively. Thus, all the rate data were 
corrected to a 100% content of the free mercapto group. 
In order to find the effect of disulfide content on kinetic 
behavior, the thiol surfactants involving the free mercapto 
group in the mole fraction range 0.33—0.67 were also exam­
ined for their catalytic activity. All the kinetic data thus 
obtained after correction for the disulfide content were identi­
cal regardless of disulfide content. The substrate-binding 
ability of the surfactants was not affected by the disulfide 
content. 

R e s u l t s and D i s c u s s i o n 

Degradation of jb-nitrophenyl carboxylates as 
catalyzed by CM-Cys-1 and -2 has been studied in 
9.8 % (v/v) ethanol-1.0 % (v/v) d ioxane-1 .0% (v/v) metha-
nol-water at 30 .0±0 .1 °C and [i 0.10 (KCl) . Apparent 
first-order rate constants (k0^sd) were obtained by 
measuring the amount of liberated jb-nitrophenol. The 
first-order kinetics was found to hold up to 90 % conver­
sion of the substrate for each kinetic run, no noticeable 
hydrolysis of the acylated thiol ester being observed. 

[CM.Cys-2]xl04 /M 

Fig. 1. Plots of apparent first-order rate constant vs. 
surfactant concentration (CD) for the deacylation of 
jb-nitrophenyl hexanoate (PNPH, O) a n d acetate 
(PNPA, %) as catalyzed by CM-Cys-2 in 9.8%(v/v)-
ethanol-1.0% (v/v)dioxane-1.0% (v/v) methanol-water 
at 30.0±0.1 °C, pH 8.65, and ß 0.10 (KCl). Initial 
concentrations: PNPH, 0.992 X 10~5 M ; PNPA, 0.990 
X lO"5 M. 

Rate (£obsd) -concentration profiles (Fig. 1) for the 
degradation of jb-nitrophenyl hexanoate (PNPH) and 
acetate (PNPA) as catalyzed by CM-Cys-2 at p H 8.65 
are typical for the micellar catalysis. The reaction 
pathway for the degradation of jb-nitrophenyl carbox­
ylates as catalyzed by the thiol surfactants is given by 
Scheme 2, where S denotes an ester substrate (PNPH or 
PNPA), M a micelle constructed by a thiol surfactant 

M + S 
Kh 

MS 

Scheme 2. 

(CM-Cys-1 or -2), M S a complex formed with the 
micelle and the substrate, and P and P ' denote reaction 
products. The ks and km values are defined as follows. 

*s = *hyd + *SH (monomer) (1) 

*m = k™ + *BH(micelle) (2) 

where khyd denotes the rate constant for the alkaline 
hydrolysis, kSH(monomer) that for the acyl transfer 
from a substrate to the mercapto group of a monomeric 
surfactant in the bulk phase, £âH that for the alkaline 
hydrolysis by concentrated hydroxide ions in the Stern 
layer of the micelle, and £SH (micelle) that for the acyl 
transfer from a bound substrate to the mercapto group 
of the micellar surfactant. The observed first-order 
rate constant (kohsd) is given by the following equation 
on the basis of Scheme 2.8) 

_ ks + Khkm[M] 
o b s d ~ l+Kh[M] 

This can be rearranged to give 

1 1 N 
+ 

(3) 

(4) 
(*obsd-*s) (km-ks) (km-kB)Kh(CD-CMC) 

where N denotes the aggregation number and CD total 
concentration of the thiol surfactant. The critical 
micelle concentration (CMC) was kinetically estimated 

o 
x 

1 - x l O ^ / M - 1 

(CD-GMG) 

Fig. 2. Plots of l/(/cob£d-£s) vs. 1/(CD-CMC) for the 
deacylation of PNPH (O) and PNPA ( 0 ) as catalyzed 
by CM-Cys-2 in 9.8%(v/v)ethanol-1.0%(v/v)dioxane-
1.0% (v/v)methanol-water at 30.0±0.1 °C, pH 8.65, 
and ß 0.10 (KCl). Initial concentrations: PNPH, 
0 .992x l0 - 5 M; PNPA, 0.990 X 10~5 M. 
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TABLE 1. KINETIC PARAMETERS FOR THE DEACYLATION OF ^-NITROPHENYL HEXANOATE 

AND ACETATE AS CATALYZED BY THE THIOL SURFACTANTS*1) 

CM-Cys-1 
CM-Cys-2 

CM-Cys-1 
CM-Cys-2 

£ s x l 0 3 

s-1 

0.91 
1.03 

1.15 
0.99 

s-1 

0.482 
0.197 

0.0586 
0.0508 

M-1 

PNPH 
2560 

884 
PNPA 

962 
485 

^m/^hyd 

3680 
1500 

376 
326 

Z-max 
^obsd 

S " 1 

0.224 
0.066 

0.0211 
0.0109 

k b) 

S - 1 M - 1 

424 
99 

31.9 
16.7 

a) In9.8%(v/v)ethanol-1.0%(v/v)dioxane-1.0%(v/v)methanol-water at 30.0±0.1 °C, pH 8.65, and//0.10 (KCl). 
Initial concentrations : PNPH, 0.992 x l O 5 M ; PNPA, 0 . 9 9 0 x l 0 5 M . Apparent first-order rate constants for the 
alkaline hydrolysis: PNPH, 1.31 x 10~4 s-1; PNPA, 1.56x 10~4 s 1 . Approximate CMC's: CM-Cys-1, 4 x 10~5 M; 
CM-Cys-2, 9 x 10-5M. 1 M = 1 mol dm-3, b) kc&t=km^/[surfactant]max ; kf^, maximum observed rate constant 
under present conditions with a surfactant concentration, [surfactant]max. 

from the corresponding rate-concentration profile. The 
apparent first-order rate constants observed at the 
critical micelle concentrations were referred to the 
ks values. Linearity holds between the left-hand side 
term of Eq. 4 and the reciprocal concentration of 
micellized surfactant (CD —CMC) as shown in Fig. 2 
for the CM-Cys-2 catalysis as an example. The kinetic 
parameters are summarized in Table 1. The ks values 
for the reaction between thiol surfactants and ester 
substrates indicate that the reactivity of CM-Cys-1 is 
identical with that of CM-Cys-2 in the bulk phase. 
The pseudo-intramolecular rate constant (km) and the 
binding ability (Kh/N) reflect the catalytic activity of 
CM-Cys-1 and -2 in the micellar phase. In order to 
clarify the difference in catalytic activity, km and KhfN 
values for the degradation of P N P H as catalyzed by 
CM-Cys-1 and -2 were evaluated at several pH's from 
the corresponding data of saturation kinetics (Fig. 3, 
CM-Cys-2 catalysis). The kinetic parameters obtained 
are given in Table 2. The pH-ra te profiles (Fig. 4) 
suggest that the reactive species is the thiolate anion 
in the micellar phase as shown by 

TABLE 2. KINETIC PARAMETERS FOR THE DEACYLATION 

OF J^-NITROPHENYL HEXANOATE AS CATALYZED 

BYCM-CyS-1 AND-2a> 

pH 

8.98 
8.69 
8.45 
8.06 

8.95 
8.67 
8.47 
7.94 

*hydXl04 

s-1 

2.15 
1.40 
0.92 
0.47 

2.29 
1.31 
0.94 
0.41 

£ s x l 0 3 

s-1 

CM Cys-1 
1.66 
0.91 
0.55 
0.24 

CM Cys-2 
1.66 
1.04 
0.87 
0.28 

km 

s-1 

0.546 
0.483 
0.248 
0.121 

0.407 
0.198 
0.099 
0.034 

KJN 
M 1 

1760 
2570 
5260 
4150 

950 
880 

1620 
1710 

a) In 9.8%(v/v)ethanol-l .0% (v/v) dioxane-1.0%(v/v)-
methanol-water at 30.0±0.1 °C and// 0.10 (KCl). 
Initial concentrations: PNPH, 0.992 X 10-5 M; C M -
Cys-1, (0.660—6.60) x 10-4 M; CM-Cys-2, (0.664—6.64) 
X 10 4 M. Approximate CMC's : CM • Cys-1, 4 x 10 ~5 M ; 
CM-Cys-2, 9 x l O - 5 M . 

12 

o 
x 

r~ i i 

/ / 
L ° 

r / • J*"^ 

At* 

p 
/ 

-©"" 

1 ^ 1 
p H 8 . 9 5 ^ ^ 

y° 

o 

pH8.67 

^ H 
pH 8.47 

pH 7.94 1 
- 0 — 5 — 0 

1 

[CM-Cys-2] Xl04/M 

Fig. 3. Plots of apparent first-order rate constant vs. 
surfactant concentration (CD) for the deacylation of 
PNPH as catalyzed by CM-Cys-2 in 9.8%(v/v)etha-
nol-1.0%(v/v) dioxane-1.0%(v/v) methanol-water at 
30.0±0.1 °C and ß 0.10 (KCl); initial concentration 
of PNPH, 0.992 X10~5M. 

X 
B 

Fig. 4. pH-rate profiles for the deacylation of PNPH 
as catalyzed by CM-Cys-1 ( 0 ) and -2 (O) in 9.8%-
(v/v)ethanol-1.0% (v/v)dioxane-1.0% (v/v) methanol-
water at 30.0±0.1 °C and // 0.10 (KCl); initial 
concentration of PNPH, 0.992 X 10~5 M. 
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S-M(SH) ^=± S-M(S-) • P 

Scheme 3. 

where M(SH) and M(S~) denote micellar surfactants 
bearing neutral mercapto and anionic sulfido groups, 
respectively. Tlie following relations are established. 

*m{[S.M(SH)] + [S-M(S-)]} = ** [S-M(S-)] (5) 

[S-M(S-)][H^] 
[S-M(SH)] (6) 

By combination and rearrangement of Eqs. 5 and 6, we 
obtain the relation between the km and £* values: 

1 ..L + JiüL 
km Km &a 

(?) 

Plots of \jkm against [H+] for the deacylation of P N P H 
as catalyzed by CM-Cys-1 and -2 provide kt, and pKa 

values (Table 3). 

TABLE 3. TRUE RATE CONSTANTS (£*) AND KINETIC pK& 

VALUES FOR THE DEACYLATION OF j^-NITROPHENYL 

HEXANOATE AS CATALYZED BY CM-CyS-1 AND -2a) 

Surfactant * Ï / S - pA'a 

CM-Cys-1 
CM-Cys-2 

1.36 
1.28 

9.09 
9.52 

a) Calculated from data given in Table 2. 

Catalytic Efficiency of the Micellar Thiol Surfactants. 
The more effective micellar catalyst was provided by 
CM-Cys-1, the km value for the deacylation of P N P H 
being 3680 times as large as the corresponding khyd 

value (Table 1). The remarkable efficiency of CM- Cys-
1 is comparable to that of the mixed micelle formed with 
CTAB and JV-hexadecyl-TV^-glutaryl-L-cysteinamide 
(AM-Cys-1); kjkhyd, 3080.5> For the degradation of 

GH2SH 

HOOC(CH2)3CONHGHCONH(CH2)15CH3 

AM-Cys-1 

GH2SH" 

CH3(GH2)15N(GH3)2GH2GH2NHGOGHNH2 

AS-Cys 

Gl-

PNPA, CM-Cys-1 shows large catalytic efficiency as 
compared with [2-(cysteinylamino)ethyl]hexadecyldi-
methylammonium chloride (AS-Cys) reported by Moss 
and his coworkers (kcat, 26.0).4b) The catalytic 
efficiency (km) of CM-Cys-1 for the degradation of 
PNPH is larger than that of CM-Cys-2 by 2.44-fold 
at p H 8.65. Nevertheless, both micelles show similar 
reactivity toward the substrate in terms of £* (Table 3). 
The result suggests that the reactivity of the thiolate 
anion of these surfactants does not depend on the depth 
of its location in a hydrophobic micellar core. O n the 
contrary, the pKa value for the mercapto group of 
CM-Cys-2 increases by 0.5 pKa unit relative to that 
for CM-Cys-1. Moss and his coworkers reported pKa 

for the dissociation of the thiol proton of AS-Cys (at 
2 X lO"4 M) as 8.9.4c> The mercapto group of AS-Cys 
is presumably located in the cationic Stern layer. The 

results suggest that the pKa value is affected by the 
depth of the active group in the micellar phase and its 
micro-environment is subject to the electrostatic field 
effect as well as to the hydrophobic effect. The differ­
ence of the catalytic efficiency among CM-Cys-1 and -2 
at p H 8.65 for the deacylation of P N P H can be explained 
by the pKa effect. O n the other hand, the catalytic 
efficiency of CM-Cys-1 is nearly comparable to that of 
CM-Cys-2 for the deacylation of PNPA. The catalytic 
efficiency of these surfactants for the deacylation of 
PNPA seems to be affected by its orientation behavior 
in the micellar phase which is different from that of 
P N P H . P N P H would be so arranged in the micellar 
phase that an attack of the mercapto group on it is 
facilitated in the hydrophobic core, PNPA being 
incorporated into the electrostatic Stern layer as shown 
in Fig. 5. This is in line with the results reported by 
Brown and Schofield.9) They indicated that hexane 
is solubilized in the micellar interior, enforcing tighter 
packing and reduced mobility, while benzene and 1-
pentanol disrupt the micellar structure by binding close 
to the Stern layer. 

Electrostatic Stern layer 

PNPH 

>p Lc4V o 7* 

°v rrrnlm,, 
G, Reaction y 

%\ s IU center HN / 
', ? / ill L-'Ji-L/TH;1 

l£~p \ < 
Hydrophobic core 

Fig. 5. Schematic representation for the orientation of 
ester substrates (PNPH and PNPA) in the CM-Cys-2 
micelle. 

Substrate-binding Ability of the Micellar Thiol Surfactants. 
The KblN values (Table 1) indicate that both micelles 
have stronger binding ability for P N P H than for 
PNPA, and that C M • Cys-1 has stronger binding ability 
for both substrates than CM-Cys-2. The result suggests 
that the bulky side chain (mercaptomethyl group) 
located in the hydrophobic micellar core disturbs the 
micelle structure; i.e., the hydrophobicity of micelles. 
The binding ability due to the hydrophobic interaction 
between the substrate and the micelle seems to be 
affected by the depth of the bulky branched group 
along the hydrophobic alkyl chain of the surfactant 
molecule. The KhjN value decreases with increasing 
p H of the medium (Table 2). Thus , the binding ability 
decreases with increasing the fraction of the anionic 
sulfido group, indicating that the ionic charge on the 
hydrophobic chain perturbs the structure of micellar 
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core so as to reduce the hydrophobic micro-environ­
mental efTect. The critical micelle concentration of 
these surfactants is practically not affected by p H under 
the present conditions. 

Conclusion. Both CM-Cys-1 and -2 show profound 
catalytic efficiency for the degradation of carboxylic 
esters to an extent comparable to that of the C T A B -
A M • Cys-1 comicelle.5) The large efficiency of C M • Cys-
1 and -2 in the micellar phase is due to the electrostatic 
field effect provided by the cationic charge placed in 
the Stern layer which acts to stabilize the anionic 
transition state and to reduce pKa of the mercapto 
group. An anionic nucleophile in general would be 
subjected to the desolvation effect in the hydrophobic 
micellar core. However, the reactivity of the anionic 
sulfido group of CM-Cys-1 is comparable to that of 
C M C y s - 2 in the micellar phase. This indicates that 
the desolvation effect does not play a pr imary role 
for the development of the thiol reactivity. Being a 
soft nucleophile, the thiolate anion would not sustain 
the solvation effect by water molecule as effectively as a 
hard nucleophile, such as the carboxylate anion. 
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Studies on 2-Aziridinecarboxylic Acid. II.1) A Novel Synthesis of Threonine 
O-Peptide Derivatives via (2S,3iS)-3-Methyl-2-aziridinecarboxylic Acid 

Takumi TANAKA, Kiichiro NAKAJIMA, Toru MAEDA, Akihiro NAKAMURA, 

Noboru HAYASHI, and Kenji OKAWA* 

Department of Chemistry, Faculty of Science, Kwansei Gakuin University, Nishinomiya 662 
(Received March 23, 1979) 

A new synthesis of threonine O-peptides via the ring opening reaction of aziridine peptide with carboxylic acid 
has been investigated. Benzyl (26,,36,)-l-[iV-(benzyloxycarbonyl)glycyl]-3-methyl-2-aziridinecarbonylglycinate was 
treated with several iV-protected amino acids or dipeptides at their mixed melting point, and the corresponding O-
aminoacyl or dipeptidyl esters of L-threonine peptide derivative were obtained in good yields without racemization. 

Depsipeptide represents a major part of the biological 
active cyclic peptides. Many studies on an effective 
synthetic method of these peptides have been carried 
out. So far total synthesis, except in some cases, has 
been accomplished by the usual cyclization under 
peptide bond formation after performance of ester 
linkage at the first step in the synthetic procedure. 
Synthetic approaches in this field are limited. It is 
therefore desirable to establish a convenient synthetic 
method for O-peptide without racemization. 

In a previous paper,2) it was reported that iV-tosyl-O-
acetyl-L-threoninanilide is obtained quantitatively via 
the ring opening reaction of (2S,3S)-l-tosyl-3-methyl-
2-aziridinecarboxanilide by the action of acetic acid 
in the presence of BF3 . 

CH3-CH—CH-CO-Gly-OBzl 
\ / 

N 

COR 

1 RCO = Z-Gly-
2 RCO = Z-D-Gly(ph)-

CII3COOH O-COCHg 

HUC-CH3 
I 

RCO-NH-CH-CO-Gly-OBzl 

5 RCO = Z-Gly-
pyridine^ 6 RCO = Z-D-Gly(ph)-

Ç * H ^ ( C H 8 C O ) 2 0 

H-C-CH3 
RCO-NH-CH-CO-Gly-OBzl 

3 RCO = Z-GIy-
4 RCO = Z-D-Gly(ph)-

Scheme 1. 

The method was applied to aziridine peptides such 
as Z-Gly-3-Me-Azy-Gly-OBzl (1) and Z-D-Gly(ph) -
3-Me-Azy-Gly-OBzl (2).3> The corresponding 0 -
acetylthreonine peptide derivatives (5, 6) were easily 

obtained in the absence of any catalyst as shown in 
Scheme 1 and Table 1. O n the other hand, authentic 
samples of 5 and 6 were prepared from Z-Gly(or D-
Gly(ph)) -L-Thr-Gly-OBzl (3, 4) according to the 
usual O-acetylation procedure. The yields of the 0-
acetylthreonine peptide derivatives were equally good, 
no remarkable differences being observed between the 
two methods. The configuration of /?-carbon atom of 
threonine residue was retained in its original threo 
form, double inversion being encountered through the 
formation and cleavage reaction of the aziridine ring 
(Scheme 2). 

CO-Gly-OBzl 
Tos -0 U^ C H 3 

NH-Trt 

CO-Gly-OBzl 
CH3 

N-Trt 

(L-threo) 

CO-Gly-OBzl 

R C O O . x ^ ^ X / C H s RCOOI, 

CO-Gly OBzl 
CH3 

NH-Gly-Z 

N Gly-Z 

(L-threo) 

Scheme 2. 

The above results prompted us to at tempt effective 
preparation of O-peptides which might be used as an 
important intermediate of depsipeptide synthesis. A 
preliminary test using Z - G l y - O H to Z -G ly -3 -Me-A zy -
Gly-OBzl (1) with BF3 in CH2C12 at 25 °C, gave low 
yield (about 20%) . The aziridine ring showed unex­
pected resistance against Z - G l y - O H . However, the 
reaction proceeded with greater facility under drastic 

TABLE 1. FORMATION OF O-ACETYLTHREONINE PEPTIDE DERIVATIVES (5, 6) 

Compd Starting 
compd 

Reaction 
temp/°C Yield/% Mp/°C MV 23 a) 

5 ( 

• I 
c 1.0 in DMF. 

1 
3 
2 
4 

25 
0 
25 
0 

82.5 
85.7 
88.8 
80.4 

133—134 
134—135 
235—236 
235—236 

+ 10.5 
+ 9.7 
+ 18.5 
+ 18.9 
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TABLE 2. FORMATION OF THREONINE O-PEPTIDE DERIVATIVES (7a—j) 

Compd RCOOH Route Reagent J ^ î ™ Yield/% Mp/°C MÎ 

7a 

7b 

7c 
7d 
7e 
7f 
7g 
7h 

7i 

7j 

Z-Gly-OH 

Boc-Leu-OH 

Boc-Pro-OH 
Boc-Phe-OH 
Z-Ser-OH 
Boc-Met(0)-OH 
Boc-Glu(OBzl)-OH 
Z-MeVal-OH 

Boc-Leu-Leu-OH 

Boc-Pro-Sar-OH 

f 
i 

f 

I 

A 
B 
A 

B 
A 
A 
A 
A 
A 
A 
A 
B 
B 
A 

CDI 
— 

CDI 
— 
— 
— 
— 
— 
— 
— 

CDI 
DCC 
— 

no 
0 

85 

0 
125 
100 
96 

100 
100 
110 
115 

0 
- 1 0 

85 

97.0 
21.6 
90.8 

16.0 
92.3 
73.9 
84.5 
95.5 
82.7 
93.0 
80.0 
17.6 

1.5 
92.0 

135—136 
136—137 
powder 

powder 
powder 
100—102 
123—125 
powder 
powder 
117—118.5 
powder 
powder 
powder 
95—96 

+ 10.3(* 1.0, DMF) 
+ 11.9(*0.4, DMF) 
-\9.7(c 1.0, MeOH) 

- 1 9 . 6 ( ^ 0 . 8 , MeOH) 
-26 .2 (^0 .85 , MeOH) 
- 6.2{c 0.93, MeOH) 
-12 .3 (^0 .97 , MeOH) 
- 9.2{c 1.05, MeOH) 
-\0.7(c 1.07, MeOH) 
f 36.8(<; 0.98, MeOH) 

-26 .8 (*0 .91 , MeOH) 
-20 .2 (^0 .62 , MeOH) 
-24 .0 (^0 .88 , MeOH) 
- 2 3 . 1 ( ^ 0 . 5 , MeOH) 

O-COR 
RCOOH I RCOOH + CDI (or DCC) 

1 • Z-Gly-Thr-Gly-OBzl « 3 
(route A) 

7 a - j 
Scheme 3. 

(route B) 

conditions, i.e., at the mixed melting point of the two 
reactants in the absence of catalyst or solvent as shown 
in Scheme 3 (via route A). Several iV-protected amino 
acids and dipeptides were used as the carboxylic acid 
component. All the reactions through the ring opening 
(via route A) were accomplished in a short time (2—4 h) , 
threonine 0-peptide derivatives (7a—j) being obtained 
in good yields. The yields and physical characteristics 
of 7a—j are given in Table 2. 

Special attention was paid to racemization during the 
course of heating, but none was observed : 7i (via route 
A ) ; [<x]*3 - 2 6 . 8 ° (c 0.91, M e O H ) , ([a]£3 - 2 7 . 4 ° (c 0.9, 
MeOH)) . 4 ) Partial racemization might occur by the 
usual method (via route B), using activating reagent 
(CDI or DCC) , during the course of direct introduction 
of iV-protected dipeptide. 

From the results, it was concluded that the new 
method would become a convenient means for the 
synthesis of biological active depsipeptides. 

E x p e r i m e n t a l 

All the melting points are uncorrected. The optical rota­
tions were measured on a Parkin-Elmer 141 Polarimeter. 
Purity of the synthetic compounds was confirmed by thin 
layer chromatography on silica gel G. 

Synthesis of O-Acety [threonine Peptide Derivatives. Z-Gly-^L- Thr-
(OAc)-Gly-OBzl (5). From 1 : Z-Gly-3-Me-Azy-Gly-
OBzl (l)3b> (220 mg, 0.5 mmol) was dissolved in acetic acid 
(5 ml) and the solution was left to stand at room temperature 
for 3 days. After removal of acetic acid, the crystals obtained 
were collected and recrystallized from ethyl acetate-ether-
hexane (206 mg). Found: C, 59.78; H, 5.36; N, 8.39%. 
Calcd for C25H2908N3: C, 60.11; H, 5.85; N, 8.41%. 

From 3: Acetic anhydride (708 mg, 4 mmol) was added 
with stirring to a solution of Z-Gly-L-Thr-Gly-OBzl (3)5) 
(458 mg, 1 mmol) in pyridine (5 ml) at 0 °C. After being 
stirred for 12 h, the reaction mixture was concentrated in 
vacuo. The residue was dissolved in ethyl acetate and the 
solution was washed with 10% citric acid, 1 M sodium hydro-

gencarbonate and water, dried over Na2S04 , and concentrated 
in vacuo. The residual product was crystallized from ethyl 
acetate-ether-hexane (428 mg). Found: C, 59.96; H, 5.73; 
N, 8.36%. The results are summarized in Table 1. 

Z-n-Gly(ph)-*L-Thr(OAc)-Gly-OBzl (6). From 2: 
Compound 6 was obtained in the same way as described 
above from Z-D-Gly(ph)-3-Me-Azy-Gly-OBzl (2)3b> (515 
mg, 1 mmol) and acetic acid (3 ml). Compound 6 was 
crystallized from ethyl acetate (511 mg). Found: C, 63.09; 
H, 5.86; N, 7.16%. Calcd for C31H3308N3• H 2 0 : C, 62.72; 
H, 5.94; N, 7.08%. 

From 4: Compound 6 was obtained in the same way as 
described above from Z-D-Gly(ph)-L-Thr-Gly-OBzl (4)6) (267 
mg, 0.5 mmol) and acetic anhydride (100 mg, 1 mmol) in 
pyridine (3 ml). Compound 6 was crystallized from ethyl 
acetate-ether (231 mg). Found: C, 62.67; H, 5.87; N, 7.01 
%. The results are summarized in Table 1. 

Z-Gly— -

Synthesis of Threonine O-Peptide Derivatives. Z-Gly-'L-Thr-
Gly-OBzl (7a). Via Route A: A mixture of 1 (45 mg, 
0.1 mmol) and Z-Gly-OH (45 mg, 0.22 mmol) was heated 
at 110 °C in an oil bath. After being heated for 2 h, the 
reaction mixture was dissolved in ethyl acetate. The solution 
was washed with 1 M sodium hydrogencarbonate and water, 
dried over Na2S04 , and concentrated in vacuo. The residual 
product was crystallized from ethyl acetate-ether-hexane (63 
mg). Found: C, 61.07; H, 5.43; N, 8.52%. Calcd for 
C33H36O10N4: C, 61.10; H, 5.59; N, 8.64%. 

Via Route B: CDI (194 mg, 1.2 mmol) was added with 
stirring to a solution of Z-Gly-OH (250 mg, 1.2 mmol) in 
THF (5 ml) at - 1 0 °C. After 1 h, a solution of 3 (320 mg, 
0.7 mmol) in dioxane (5 ml) was added to the reaction 
mixture with stirring at 0 °C. After being stirred for 4 h, 
the solvent was removed in vacuo. The residual product was 
dissolved in ethyl acetate and the solution was washed with 
1 M sodium hydrogencarbonate and water, dried over Na2S04, 
and concentrated in vacuo. The residual product was purified 
by column chromatography on silica gel in benzene-ethyl 
acetate (1:1 v/v). Compound 7a was crystallized from ethyl 
acetate-ether-hexane (99 mg). Found: C, 60.95; H, 5.54; 
N, 8.54%. The results are summarized in Table 2. 
Boc-L-Leu—| 

Z-Gly--L- Thr-Gly-OBzl (7b). Via Route A : A mixture 
of 1 (104 mg, 0.24 mmol) and Boc-L-Leu-OH (166 mg, 0.72 
mmol) was heated at 85 °C for 2 h, and then worked up as 
described for 7a. The residual oily product was purified by 
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column chromatography on silica gel in CHCl 3 -e thyl acetate 
( 1 : 1 v/v) to give an amorphous powder (146 mg) . Found : 
C, 59.97; H , 6.92; N , 8 . 3 1 % . Calcd for C 3 6 H 4 6 O 1 0 N 4 . H 2 O : 
C, 60.66; H , 6.79; N , 7.86%. 

Via Route B: CDI (1.49 g, 9.20 mmol) was added with 
stirring to a solution of Boc-L-Leu-OH (1.94 g, 8.37 mmol) 
in T H F (7 ml) at - 1 0 °C. After 1 h, compound 3 (2.74 g, 
6.0 mmol) in D M F (5 ml) was added to the reaction mixture 
with stirring at 0 °C. After being stirred for 3 days, it was 
worked up as described for 7a . T h e residual product was 
purified by column chromatography on silica gel in C H C 1 3 -
ethyl acetate ( 1 : 1 v/v) to give an amorphous powder (646 
mg). Found: C, 60 .51 ; H , 7.13; N , 8 .44%. T h e results are 
summarized in Table 2. 
Boc-L-Pro—« 

Z-Gly-L- Thr-Gly-OBzl (7c). Via Route A : A mixture 
of 1 (659 mg, 1.5 mmol) and Boc-L-Pro-OH (1.29 mg, 6.0 
mmol) was heated at 125 °G for 3 h , and then worked up 
as described for 7a . T h e residual product was purified by 
column chromatography on silica gel in CHCl 3 -e thyl acetate 
( 1 : 1 v/v) to give an amorphous powder (906 mg"). Found : 
C, 59.66; H , 6.56; N , 8.19%. Calcd for C 3 3 H 4 2 O 1 0 N 4 .1 /2-
H 2 0 : C, 59.72; H , 6.53; N , 8 .44%. T h e results are sum­
marized in Table 2. 
Boc-L-Phe—| 

Z-Gly-L- Thr-Gly-OBzl (7d). Via Route A : A mixture 
o f l (220 mg, 0.5 mmol) and Boc-L-Phe-OH (531 mg, 2 mmol) 
was heated at 100 °C for 3 h, and then worked up as described 
for 7a . Compound 7d was crystallized from ethyl ace ta te -
ether-hexane (260 mg) . Found: C, 61.15; H , 6.35; N , 7.38 
% . Calcd for C 3 7 H 4 4 O 1 0 N 4 . H 2 O : C, 61.48; H , 6.42; N , 7.75 
% . The results are summarized in Tab le 2. 

Z-L-Ser—. 

Z-Gly-L- Thr-Gly-OBzl (7e). Via Route A : A mixture 
of 1 (800 mg, 1.82 mmol) and Z - L - S e r - O H (1.74 g, 7.28 
mmol) was heated at 96 °C for 4 h, and then worked up as 
described for 7a . Compound 7e was crystallized from hot 
ethyl acetate (1.05 g) . Found : C, 59.01 ; H , 5.64; N , 8 .05%. 
Calcd for C 3 4 H 3 8 O n N 4 . 1 / 2 H 2 0 : C, 59.36; H , 5.72; N , 8 . 5 1 % . 
The results are summarized in Tab le 2. 
Boc--L-Met(0)—i 

Z-Gly-L-Thr-Gly-OBzl (7f). Via Route A: A 
mixture of 1 (800 mg, 1.82 mmol) and B o c - L - M e t ( 0 ) - O H 
(1.93 g, 7.28 mmol) was heated at 100 °C for 4 h , and then 
worked up as described for 7a . T h e residual product was 
purified by column chromatography on silica gel in ethyl 
a c e t a t e - M e O H - C H C l 3 ( 1: 1:8 v/v) to give an amorphous 
powder (1.22 g) . Found : C, 55.11; H , 6.26; N , 7.73; S, 
4 . 3 1 % . Calcd for C 3 3 H 4 3 O n N 4 S . l / 2 H a O : C, 55.53; H , 6.35; 
N , 7.85; S, 4 .49%. T h e results are summarized in Tab le 2. 
Boc-L-Glu(OBzl)—, 

Z-Gly-*L-Thr-Gly-OBzl (7g). Via Route A: A 
mixture of 1 (300 mg, 0.68 mmol) and B O C - L - G 1 U ( O B Z 1 ) - O H 
(922 mg, 2.73 mmol) was heated at 100 °C for 4 h, and then 
worked up as described for 7a . T h e residual product was 
purified by column chromatography on silica gel in C H C 1 3 -
ethyl acetate ( 1 : 1 v/v) to give an amorphous powder (439 
mg). Found: C, 61.72; H , 6.30; N , 7 .35%. Calcd for 
C4 0H4 8O1 2N4 : C, 61.84; H , 6 .23; N , 7 . 2 1 % . The results are 
summarized in Table 2. 
Z-\.-MeVal—, 

Z-Gly-L- Thr-Gly-OBzl (7h). Via Route A : A mixture 
of 1 (300 mg, 0.68 mmol) and Z - L - M e V a l - O H (724 mg, 2.73 
mmol) was heated at 110°C for 4 h, and then worked u p 
as described for 7a . Compound 7h was crystallized from ethyl 

aceta te-e ther-hexane (446 mg) . Found : C, 63 .11 ; H , 6.85; 
N , 8.02%>. Calcd for C 3 7 H 4 4 O 1 0 N 4 : C, 63.05; H , 6.29; N , 
7 .95%. T h e results are summarized in Table 2. 
Boc-L-Leu-L-Leu—. 

Z-Gly-\,-Thr-Gly-OBzl (7i). Via Route A: A 
mixture of 1 (300 mg, 0.68 mmol) and Boc-L-Leu-L-Leu-OH 
(941 mg, 2.73 mmol) was heated at 115 °C for 4 h , and then 
worked up as described for 7a . The residual product was 
purified by column chromatography on silica gel in C H C 1 3 -
ethyl acetate ( 1 : 1 v/v) to give an amorphous powder (426 
mg) . Found : C, 60.70; H , 7.50; N , 8 .30%. Calcd for 
C 4 0 H 5 7 O n N 5 . l / 2 H 2 O : C, 60.59; H , 7.37; N , 8 .83%. 

Via Route B: CDI (135 mg, 0.83 mmol) was added with 
stirring to a solution of Boc-L-Leu-L-Leu-OH (236 mg, 0.69 
mmol) in T H F (3 ml) at —10 °C. After 95 min, compound 
3 (158 mg, 0.35 mmol) in T H F (3 ml) was added to the 
reaction mixture with stirring at 0 °C. After 7 days, it was 
worked up as described for 7a . T h e residual product was 
purified by column chromatography on silica gel in C H C 1 3 -
ethyl acetate ( 1 : 1 v/v) to give an amorphous powder (48 
mg). Found : C, 61.12; H , 7.67; N , 8 .87%. Calcd for 
C 4 0 H 5 7 O n N 5 : C, 61.28; H , 7.33; N , 8 .93%. 

Via Route B: Compound 3 (915 mg, 2 mmol) and Boc-
L-Leu-L-Leu-OH (689 mg, 2 mmol) were combined with 
D C C (413 mg, 2.2 mmol) in absolute pyridine (8 ml) at —10 
°C for 3 days. Isolation and washing procedure gave an oil, 
which was purified by column chromatography on silica gel 
in CHCl 3 -e thy l acetate ( 1 : 1 v/v) to give an amorphous 
powder (23.6 mg) . Found : C, 58.67; H , 7.12; N , 7.74%. 
Calcd for C 4 0 H 5 7 O n N 5 . H 2 O : C, 59 .91; H , 7.42; N , 8 .73%. 
The results are summarized in Table 2. 
Boc--L-Pro-Sar—, 

Z-Gly-L-Thr-Gly-OBzl (7j). Via Route A: A 
mixture of 1 (55 mg, 0.13 mmol) and Boc-L-Pro-Sar -OH 
(143 mg, 0.5 mmol) was heated at 85 °C for 4 h, and then 
worked up as described for 7a . Compound 7j was crystal­
lized from CHCl 3 -e ther -hexane (83.3 mg) . Found : C, 58.27; 
H , 6.50; N , 9 .15%. Calcd for C 3 6 H 4 7 O n N 5 . H 2 0 : C, 58.27; 
H , 6.64; N , 9 .42%. T h e results are summarized in Tab le 2. 
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Reaction of Diazo Ketones in the Presence of Metal Chelates. VII. 
1,3-Dipolar Cycloaddition of l-Methoxybenzo[c]pyrylium-4-olate 

with Acetylenic Dipolarophiles 
Toshikazu IBATA* and Kimiko JITSUHIRO 

Institute of Chemistry, College of General Education, Osaka University, Toyonaka, Osaka 560 

(Received March 28, 1979) 

The Cu(acac)2 catalyzed decomposition of o-methoxycarbonyl-oc-diazoacetophenone (3) in the presence of 
acetylenic dipolarophiles gave cycloadducts of the dipolarophiles with l-methoxybenzo[c]pyrylium-4-olate generated 
by the intramolecular carbene-carbonyl reaction of the corresponding carbene. The direction of the cycloadditions 
of unsymmetrically substituted acetylenes has been determined on the basis of the NMR coupling pattern and 
chemical shift of the bridgehead methine protons of the adducts. Treatment of 3 with strong dipolarophiles such 
as dibenzoylacetylene or dimethyl acetylenedicarboxylate gave spiro pyrazoles by the direct cycloaddition of 3 
and acetylenes followed by the elimination of methanol. 

The 1,3-dipolar cycloaddition of pyridinium-3-olates 
(1) have recently been extensively studied by Katri tzky 
et a/.1) Only a few papers exist however on the reaction 
of pyrylium-3-olates (2),2) having isoelectronic structures 
with pyridinium-3-olate, due to the low stability and 
difficulty formation of 2. The reported methods for the 
formation of pyrylium-3-olates were the thermal and 
photochemical cleavage of the corresponding epoxides.2) 
In the previous paper the formation of benzo[^]-
pyrylium-4-olate (5) was reported in which the contribu­
tion of the carbonyl ylide type resonance formula (5b), 
in the copper chelate-catalyzed decomposition of o-
methoxycarbonyl-a-diazoacetophenone (3) via intra­
molecular carbene-carbonyl reaction.3) In this paper 
the cycloaddition of the carbonyl ylide with acetylenic 
dipolarophiles will be described. 

9" 
R 
i 

0 €f 

R e s u l t s and D i s c u s s i o n 

The Cu(acac)2 catalyzed decomposition of o-methoxy-
carbonyl-oc-diazoacetophenone (3) in benzene at 80 °C 
in the presence of 1.2 mol equivalents of dibenzoyl­
acetylene gave two products. The main product (66% 
yield) was assigned as 5,6-dibenzoyl-4-methoxy-4,7-
epoxy-2,3-benzo-2,5-cycloheptadien-l-one (6a) on the 
basis of the spectral and analytical data . The I R 
spectrum of 6a shows carbonyl bands of cyclic ketone 
and benzoyl groups at 1710 and 1660 c m - 1 , respectively, 
together with an ethylenic band at 1630 c m - 1 . The 
N M R spectrum of 6a has a singlet signal of the methoxyl 
group at ô 3.73 and that of a bridgehead proton at ö 
5.75 together with the multiplet signal of the aromatic 
protons. 

The formation of 6a is reasonably explained by the 
1,3-dipolar cycloaddition of dibenzoylacetylene with 
l-methoxybenzo[V]pyrylium-4-olate (5) which is derived 
by the intramolecular carbene-carbonyl reaction of the 
o-methoxycarbonylbenzoylcarbene intermediate (4) gen­
erated by the Cu(acac)2 catalyzed decomposition of 3 
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(Scheme 1). 
The other product contains nitrogen and has a 

molecular formula C 2 5 H 1 4 0 4 N 2 which corresponds to 
the compound obtained by the elimination of C H 3 O H 
from a 1: 1 adduct of the diazo ketone and dibenzoyl­
acetylene. The absence of methoxyl and methine 
signals in the N M R spectrum agrees with the molecular 
formula. The I R spectrum shows strained carbonyl 
and benzoyl bands at 1748 and 1680 c m - 1 respectively 
and also shows an ethylenic band at 1650 c m - 1 . Heating 
of the 1: 1 mixture of the diazo ketone and dibenzoyl­
acetylene in xylene at 120 °C without Cu(acac)2 

catalyst gave the same product in high yield. The 
nitrogen containing product was assigned as 4 ' ,5 ' -
dibenzoylspiro[indan-2,3'- [3//]pyrazole]-1,3-dione (9a) 
on the following basis. The cycloaddition of diazo 
ketones toward electron-deficient acetylenes has been 
reported to give pyrazoles.4) The cycloaddition of the 
diazo ketone (3) towards dibenzoylacetylene gives 
pyrazole (7a) which may be in equilibrium with 
pyrazole (8a) by a 1,3-proton shift. The intramolecular 
elimination of methanol from the pyrazole (7a) may 
give 4' ,5 '-dibenzoylspiro[indan-2,3'-[3//]pyrazole]-l ,3-
dione (9a). The structure of the spiro pyrazole (9a) 
was confirmed by comparison of the spectral properties 
with an authentic sample prepared by the cycloaddition 
of 2-diazo-l,3-indandione with dibenzoylacetylene.5) In 
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order to ascertain the intermediacy of the pyrazole 7a 
and 8a, an absolute benzene solution of equimolar 
amounts of the diazo ketone (3) and dibenzoylacetylene 
was heated at 60 °C for 6 h. In the I R spectrum of the 
reaction mixture (after evaporation of benzene under 
reduced pressure below 50 °G) the characteristic 
absorption of the diazo group at 2150 c m - 1 disappeared. 
The carbonyl bands at 1710 and 1660 cm"-1 (broad) 
remained unchanged and a broad band appeared at 
3270 cm - 1 . The N M R spectrum exhibited a singlet 
of the methoxyl methyl group at ô 3.70 together with 
a multiplet of aromatic protons. Column chromato­
graphy of the reaction mixture on silica gel did not 
isolate the intermediate 7a or 8a but gave the spiro 
pyrazole (9a) in high yield. Fractional recrystallization 
of the reaction mixture from a mixture of benzene-
heptane below 60 °C gave colorless crystals, which were 
assigned to pyrazole (8a) on the basis of analytical and 
spectral data (see experimental section). Trea tment of 
the pyrazole (8a) on silica gel or heating it at 110 °C 
for 5 h gave the spiro pyrazole (9a) quantitatively. 

The reaction of 3 with dimethyl acetylenedicarbox-
ylate with Cu(acac)2 catalyst gave a small amount (4%) 
of the corresponding spiro pyrazole (9a) together with 
cycloadduct (6b; 73%) of the benzopyrylium-4-olate 
(5). The spiro pyrazole (9b) was also confirmed by 
comparison with an authentic sample prepared by a 

similar method as cited above. 
In the reactions with asymmetric acetylenes there 

exist two possibilities in the direction of the cycloaddition 
giving two isomers. Methyl propiolate however gave 
only one adduct (6c: R ^ C O O C H g , R 2 = H ) in 4 4 % 
yield despite a detailed inspection of the reaction mix­
ture by column chromatography. The structure of 6c 
was characterized by the N M R coupling pat tern of two 
methine protons of the adduct . Both bridgehead 
methine protons (H a) and vinyl protons (Hb) show 
doublet signals coupled with one another ( y = 2 . 8 H z ) 
at ô 5.16 and 7.21 ppm, respectively. This indicates 
that H a and H b are located in vicinal positions (C-7 
and C-6).6) 

Phenylacetylene gave two adducts (6d: R ^ P h , 
R 2 = H and 6 e : R ^ H , R 2 = Ph) in 4 5 % and 1 3 % yields 
respectively, together with isochroman-l,4-dione (10; 
8%) and a 1: 2 adduct (11; in 5 % yield). The structure 
of the major adduct 6d was assigned on the basis of the 
coupling pat tern of the methine protons similar to that 
with 6c (Table 1 ). The minor adduct 6e showed singlet 
methine proton signals at ô 5.61 and 6.80 ppm indicating 
that the vinyl proton is located on C-5 and consequently 
the phenyl group is at tached to C-6. The 1: 2 adduct 
is tentatively assigned as 11 on the basis of the elemental 
analysis and spectroscopic data . The N M R spectrum 
shows the chemical shifts of two methoxyl groups at 
ô 3.86 (s) and 3.53 (s) and those of methine protons at 
ô 6.50 (d), 5.38 (d), and 5.27 (s) and a singlet signal of 
phenyl protons at ô 7.23 except for a multiplet of 
aromatic protons. The value of the coupling constant, 
t / = 2 . 4 H z , for the two doublet methine protons indi­
cates that the two vicinal protons are in a trans con­
figuration.7) The precise configuration of the 1: 2 
adduct has however not been determined. 

OCBj Ph H g 

0 H H OCH, 

i l 

Methyl phenylpropiolate gave a small amount (6%) 
of an adduct (6f ) and isochromandione (10, 58%) in 

TABLE 1. YIELDS AND XH-NMR DATA OF 1,3-DIPOLAR CYCLOADDUCTS (6) 

Adduct 

6a 
6b 
6c 
6d 
6e 
6f 
6g 
6hb> 

R i 

PhCO 
COOCH3 

COOGH3 

Ph 
H 
GOOGH3 
Ph 
COOH 

R. 

PhCO 
COOCH3 
H 
H 
Ph 
Ph 
COOCH3 
Ph 

Yield/% 

66 
73 
44 
9(45)a> 
0(13)a> 
6(39)a) 
0( 9)a> 

OCH3 

3.73 
3.83 
3.70 
3.49 
3.65 
3.73 
3.72 
3.74c) 

OCH3 

— 
3.67 
3.53 
— 
— 

3.63 
3.40 
— 

NMR (d/ppm, in CDC13) 

Ha 

5.75 (s) 
5.46 (s) 
5.16 (d) 
5.21 (d) 
5.61 (s) 
5.55 (s) 
5.48 (s) 
5.67 (s)c) 

Hb( = R2) Hc 

— 
— 

7.21 (d) 
6.68 (d) 
— 
— 
— 
— 

( = R i ) 

— 
— 
— 
— 

6.80(s) 
— 
— 
— 

Jab/Hz 

2.8 
2.6 
— 
— 
— 

" — 
a) Neat dipolarophile was used as the solvent instead of benzene. 
c) The NMR spectrum was measured in CDCl3-pyridine solution. 

b) 6h was obtained by the hydrolysis of 6f. 
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the reaction according to the general procedure (in 
benzene). When the decomposition was conducted in 
neat methyl phenylpropiolate (large excess), the yield 
of the adduct (6f) was improved (39%) and the yield 
of 10 decreased (7%) . Moreover, another isomer (6g) 
was obtained in 9 % yield. In the previously cited 
adducts (6a—6g), the chemical shifts of the bridgehead 
protons (H a) are revealed to be affected by the sub­
stituents on C-6. The deshielding effect of the C-6 
substituent on the chemical shift of H a decreases in the 
following order, phenyl (6e5 5.61 ppm) , methoxy-
carbonyl (6b, 5.46), hydrogen (6c, 5.16; 6d, 5.12). 
The major adduct (6f ) shows the chemical shift of H a 

at 5.55 ppm which is closer to the value for 6e than 6 b . 
The value of the minor adduct (6g) corresponds to that 
of 6 b (5.46 ppm) which has a methoxycarbonyl group 
on C-6 indicating that the methoxycarbonyl group is 
on C-6 in the minor adduct (6g). These assignments 
were confirmed by means of conversion of the major 
adduct (6f) into 6e via hydrolysis followed by the 
decarboxylation. 

The reactions when conducted in benzene solution 
as is shown in the general procedure, the yields of the 
adducts of these acetylenic dipolarophiles decrease in 
the order: dimethyl acetylenedicarboxylate^>dibenzoyl-
acetylene^> methyl p rop io l a t e^ methyl phenylpropiolate 
^phenylacetylene.^diphenylacetylene (no reaction). 
The order of the reactivities of the dipolarophiles are 
consistent with their reactivities toward 3-methyl-2,4-
diphenyloxazolium-5-olate having an azomethine ylide 
system.8) The intermediate benzopyrylium-4-olate (5) 
reacts competitively with the dipolarophile or water (a 
contaminant in the reaction system) affording the adduct 
or isochromandione due to the low dipolarophilicity of 
methyl phenylpropiolate and phenylacetylene. 

The preferential formation of the cycloadduct (6c) 
in the reaction of methyl propiolate is reasonably 
explained by the dipolar interaction between the dipole 
and the dipolarophile considering the dipolar structure, 

8 + 8-

H - C = C - C O O C H 3 , of methyl propiolate and a resonance 
formula 5b for benzopyrylium-4-olate. The regioselec-
tivity of the reaction of phenylacetylene and methyl 
phenylpropiolate with 5 is difficult to explain only on 
the basis of the dipolar interaction as cited above. 3-
Phenylphthalazinium-1-olate, having an isoelectronic 
system with benzopyrylium-4-olate (5), has been 
reported to give two cycloadducts in the reaction with 
phenylacetylene.9) The steric factor and n-n interac­
tion10) between the substituents of the dipole (5) and 
dipolarophiles may also effect the direction of 
cycloaddition. 

E x p e r i m e n t a l 

All melting points were taken with a Yanagimoto Melting 
Point Apparatus and are uncorrected. The IR spectra were 
measured on a Hitachi Infrared Spectrometer model EPI-S2. 
Unless otherwise indicated 1H-NMR spectra were recorded 
in CDC13 solution at 60 MHz on a Varian Spectrometer 
model A-60 or EM-360 using tetramethylsilane as an internal 
standard. 

Materials. o-Methoxycarbonyl-oc-diazoacetophenone (3) 
was prepared by the method of Hudson;11) mp 62.0—62.5 °C. 

Dipolarophiles. Dibenzoylacetylene,12) dimethyl acety-
lenedicarboxylate,13) and methyl phenylpropiolate11) were 
prepared by procedures described in the literature. Methyl 
propiolate, phenylacetylene, and diphenylacetylene were used 
after purification of commercial reagents by distillation or 
recrystallization. 

General Procedure of the Cu(acac)2 Catalyzed Decomposition of 
o-Methoxycarbonyl-oL-diazoacetophenone (3) in the Presence of Acety­
lenic Dipolarophiles. To an absolute benzene solution (50 
ml) containing a catalytic amount of Cu(acac)2 and a 1.2— 
2.0 molar amount of the dipolarophile was added a benzene 
solution (20 ml) of the diazo ketone (3) with magnetic stirring 
at 80 °C. Almost quantitative amounts of nitrogen gas were 
evolved and the reaction mixture turned colorless. After 
heating for 2 h the benzene was removed under reduced 
pressure, and the residue fractionated by column chromato­
graphy (silica gel-benzene). 

Decomposition of 3 in the Presence of Dibenzoylacetylene by General 
Procedure: In the reaction of 3 (2.0 g, 9.8 mmol) and diben­
zoylacetylene (2.75 g, 12 mmol) two products were obtained. 

Cycloadduct (6a) : Colorless crystals; yield 2.65 g (66%); 
mp 146—148 °C; IR (KBr) 1710, 1660 (G=0), 1630 cm"1 

(G=G). Found: C, 75.90; H, 4.28%. Calcd for C26H1805: 
G, 76.09; H, 4.42%. 

Spiro Pyrazole (9a) : Pale yellow crystals; yield 0.38 g (10 
% ) ; mp"234—235 °C; IR (KBr) 1748, 1680 (G=0), 1650 
cm-1 (G=G). Found: C, 73.56; H, 3.48; N, 6.89%. Calcd 
for C25H1404N2: C, 73.88; H, 3.47; N, 6.90%. 

Reaction of 3 with Dibenzoylacetylene at High Temperature Without 
Catalyst: A xylene solution of 3 (0.21 g, 1 mmol) and diben­
zoylacetylene (0.24 g, 1 mmol) was heated at 120 °C for 7 h. 
Evaporation of xylene under reduced pressure and recrystal­
lization gave 9a in 95% yield. 

Reaction of 3 with Dibenzoylacetylene at Low Temperature With­
out Catalyst: A benzene solution of 3 (0.21 g, 1 mmol) and 
dibenzoylacetylene (0.24 g, 1 mmol) was heated at 60 °C for 
6 h. Two careful recrystallizations of the product from a 
mixture of benzene-heptane below 60 °C gave colorless crys­
tals (8a); yield 0.328 g (81%); mp 67.5—68.5 °C; IR (KBr) 
3270 (NH), 1710 (ester C=0), 1660 cm-1 (C=0); NMR (in 
CDCI3) Ô 3.73 (s, 3H, OCH3), 7.3—7.7 (m, 14H, aromatic), 
and 12.2 ppm (broad s, 1H, NH). Found: C, 71.11; H, 4.16; 
N, 6.63%. Calcd for C2(.H1805N>: C, 71.22; H, 4.14; N, 
6.39%. 

Thermal Decomposition of 8a: Treatment of 8a (0.086 g, 0.2 
mmol) at 110 °C for 5 h yielded spiro pyrazole (9a) in 
quantitative yield after the evaporation of the solvent under 
reduced pressure. 

Reaction of 2-Diazo-l,3-indandione with Dibenzoylacetylene: A 
mixed solution of 2-diazo-l,3-indandione (0.344 g, 2 mmol) 
and dibenzoylacetylene (0.468 g, 2 mmol) in xylene was heated 
at 140 °C for 5 h. Evaporation of the solvent gave a pale 
yellow crystalline product in quantitative yield. The IR 
spectrum of the product was identical to that of 9a obtained 
in the reaction of 3 and dibenzoylacetylene. 

Decomposition of 3 in the Presence of Dimethyl Acetylenedkarboxyl-
ate by General Procedure: The reaction of 3 (2.0 g, 9.8 mmol) 
and dimethyl acetylenedicarboxylate (1.7 g, 12 mmol) gave 
two products. 

Cycloadduct (6b): Yield 2.0 g (73%); mp 79—80 °C; IR 
(KBr) 1720 (broad, ester and ring C-O), 1650 cm-1 (G=G). 
Found: C, 60.24; H, 4.34%. Calcd for C1GH14Ov: C, 60.38; 
H,4 .43%. 

Spiro Pyrazole (9b): Yield 0.12 g (4%); mp 187.5—188.5 
°C; IR (KBr) 1745 (broad, ester and indandione C-O), 1675 
cm-1 (G=G); NMR (in CDC13) Ô 4.05 (s, 3H, OCH3), 4.09 
(s, 3H, OCH3), 7.1—8.2 ppm (m, 4H, aromatic). Found: 
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C, 57.13; H , 3.40; N , 8 .87%. Galcd for G 1 5 H 1 0 O 6 N 2 : C, 
57.33; H , 3 .21; N , 8.92%. 

Reaction of 2-Diazo-l,3-indandione with Dimethyl Acetylenedicar-
boxylate: A xylene solution of 2-diazo-l ,3-indandione (0.344 
g, 2 mmol) and dimethyl acetylenedicarboxylate (0.31 g, 2.2 
mmol) was heated at 140 °G for 6 h. Evaporat ion of the 
solvent under reduced pressure gave a crystalline product 
(0.540 g, 85%) which showed no mixed melting point depres­
sion with 9 b obtained in the reaction of 3 and dimethyl 
acetylenedicarboxylate. 

Decomposition of 3 in the Presence of Methyl Propiolate by General 
Procedure: Reaction of 3 (0.284 g, 1.4 mmol) and methyl 
propiolate (0.22 g, 2.5 mmol) gave an adduct (6c) ; yield 
0 .160g ( 4 4 % ) ; m p 87—88 °G; I R (KBr) 1710 ( C = 0 ) , 1630 
c m - 1 (C=G). Found : G, 64.57; H , 4 . 6 3 % . Galcd for 
C 1 4 H 1 2 O s : G, 64 .61; H , 4 . 6 5 % . 

Decomposition of 3 in the Presence of Pheny[acetylene by General 
Procedure: Reaction of 3 (0.61 g, 3 mmol) and phenylacety-
lene (0.61 g, 6 mmol) gave cycloadduct (6d) together with 
isochroman-l,4-dione (10, 0.10 g, 20%) and unidentified 
intractable products. 

Cycloadduct (6d) : Yield 0.070 g ( 9 % ) ; colorless oil; I R 
(liquid film) 1705 c m - 1 ( G = 0 ) . Found : C, 77.53; H , 5 .24%. 
Calcd for C 1 8 H 1 4 0 3 : G, 77.68; H , 5 .07%. Isochromandione 
(10) was characterized by comparison of the I R spectrum 
with that of an authentic sample.3) 

The Cu(acac)2 Catalyzed Decomposition of 3 in Neat Phenyl-
acetylene (Large Excess) : T h e diazo ketone 3 (0.408 g, 2 mmol) 
was decomposed at 80 °G in a large excess of phenylacetylene 
(5 g, 50 mmol) and a catalytic amount of Gu(acac)2 . Column 
chromatography of the reaction mixture gave another cyclo­
adduct (6e) and a 1: 2 adduct (11) together wi th 6d (45%) 
and 10 (8%) . 

Cycloadduct (6e) : Yield 0.070 g ( 1 3 % ) ; colorless oil; I R 
(liquid film) 1705 cm" 1 (G=0) . Although the elemental 
analysis of 6e did not show a satisfactory result, the structure 
was confirmed by the similarity of the I R spectrum with that 
of an isomeric cycloadduct (6d) . The N M R spectrum also 
supported the structure. 

1: 2 Adduct (11) : Yield 0.045 g (10%) ; m p 244—246 °G; 
I R (KBr) 1710 c m - 1 ( G = 0 ) ; N M R (in GDG13) Ô 3.53 (s, 
3H, OGH 3 ) , 3.86 (s, 3H , O C H 3 ) , 5.27 (s, 1H, methine) , 5.38 
(d, 7 = 2 . 4 Hz, 1H, methine) , 6.50 (d, 7 = 2 . 4 Hz , 1H, 
methine), 7.23 (s, 5H, Ph) and 7.0—8.0 p p m (m, 8H, aro­
matic). Found : G, 74.19; H , 4 .92%. Calcd for G 2 8 H 2 2 0 6 : 
C, 74.00; H , 4 . 8 8 % . 

Decomposition of 3 in the Presence of Methyl Phenylpropiolate by 
General Procedure : Two products were obtained in the reaction 
of 3 (0.61 g, 3 mmol) and methyl phenylpropiolate (0.64 g, 
4 mmol) . The main product was confirmed to be isochro­
mandione (10, 0.28 g, 5 8 % ) . 

Cycloadduct (6f): Yield 0.097 g ( 9 % ) ; m p 112—113 °C; 
I R (KBr) 1710 ( G = 0 ) , 1640 cm" 1 (G=G). Found : C, 71.37; 
H , 4 .79%. Galcd for C 2 0 H 1 6 O 5 : G, 71.42; H , 4 .80%. 

The Cu(acac)2 Catalyzed Decomposition of 3 in Neat Methyl 
Phenylpropiolate (Large Excess) : T h e diazo ketone (3) (0.408 
g, 2 mmol) was decomposed in neat methyl phenylpropiolate 
(1.28 g, 8 mmol) in the presence of a catalytic amount of 

Cu(acac)2 at 80 °G. Column chromatography of the reaction 
mixture isolated three products, isochromandione (10, 0.022 
g? 7%) , the cycloadduct (6f, 0.261 g, 3 9 % ) , and an isomeric 
cycloadduct (6g) : yield 0.058 g ( 9 % ) ; colorless crystals; m p 
124—127 °G; I R (KBr) 1710 ( C = 0 ) , 1640 cm" 1 (G=G). Ele­
mental analysis of 6g did not show a satisfactory result. 

Hydrolysis of 6f: T h e cycloadduct 6f (0.103 g, 0.3 mmol) 
was hydrolyzed in E t O H (2 ml) and 4 0 % aqueous N a O H 
solution (2 ml) at room temperature with vigorous stirring 
for 5 h. Acidification of the reaction mixture with 3 M HCl 
after evaporation of E t O H gave colorless crystals (6h) : yield 
0.090 g, ( 9 3 % ) ; m p 260—262 °C (from E t O H - H 2 0 ) ; I R 
(KBr) 3450, 3000, 2500, 1690, 930 ( C O O H ) , 1710 ( C = 0 ) , 
1640 cm" 1 (G=G). Found : C, 70.55; H , 4 .32%. Calcd for 
C 1 9 H 1 4 0 5 : G, 70.80; H , 4 . 3 8 % . 

Decarboxylation of 6h: A quinoline solution (10 ml) of 6 h 
(0.040 g, 0.12 mmol) was heated at 200—210 °C for 5 h with 
a suspension of copper powder (0.10 g) . After cooling the 
reaction mixture was poured into water (50 ml) and acidified 
with 3 M H C l in order to dissolve the quinoline. Column 
chromatography of the ether extract gave 0.010 g (27%) of 
6d , which was identified on the basis of the I R and N M R 
spectra. 
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Anthracene is selectively chlorinated with solid copper(II) chloride to give a quantitative yield of 9-chloro-
anthracene. The tentative reaction mechanisms so far proposed fail to explain the nonreactivity of some other 
hydrocarbon homologues, e.g. naphthalene and phenanthrene, toward copper(II) chloride. The present study 
revealed that the oxidative half-wave potentials (£i/2OX) of all reactive hydrocarbon homologues were less than 1.26 
V. On the basis of this finding we postulate a reaction mechanism involving one electron transfer from hydrocarbon 
to copper(II) chloride. 

Solid copper(II) chloride has been used to regio- and 
chemospecific synthesis of 9-chloroanthracene from 
anthracene. This binary phase chlorination which is 
performed under heterogeneous conditions gives a high 
yield of the regiospecific product : 

Gl 
i 

/ \ / \ / \ 2CuCl2 / X / \ / \ 
I 0\ O I O j • fO I O I OJ + Cu2ci2 + HGP 

While solid copper (I I) chloride is effective also for 
chlorination of pyrene,2) the reagent was found to be 
entirely nonreactive toward some of other homologous 
hydrocarbons, e.g. naphthalene and phenanthrene. 
Furthermore, a solution of copper (I I) chloride in 
acetone or in acetonitrile failed to react with those 
hydrocarbons which react under the binary phase 
conditions. Such an outstanding contrast has not been 
fully explained by tentatively proposed mechanisms, 
e.g. ionic3) or ligand transfer4) mechanisms. 

The present work deals with the binary phase chlori­
nation of a wide variety of aromatic hydrocarbons by 
solid copper (I I) chloride. The results evidently showed 
that their reactivities were closely related with their 
oxidative half-wave potentials (E1/20x), but for some 
substituted anthracenes steric effects were a dominant 
factor controlling the reactivity. 

R e s u l t s and D i s c u s s i o n 

Reactivities of Aromatic Hydrocarbons toward Solid 
Copper(II) Chloride. In a typical procedure, aroma­
tic hydrocarbon ( 5 x l 0 ~ 4 m o l ) was refluxed with 
pulverized copper(II) chloride (1 X 10~3 mol) in chloro-
benzene. The reaction proceeds under heterogeneous 
binary phase conditions. The chlorination was followed 
by means of gas Chromatograph and the products were 
identified by elemental analysis, M S and N M R . The 
chlorination products obtained are summarized in 
Table 1. In general, single product was obtained in a 
high yield under the conditions. Active and inactive 
hydrocarbons toward solid copper (I I) chloride are 
tabulated in Table 2 together with their E1/.20x values. 

Voltammetric Measurement of E1/20x of Aromatic Hydro­
carbons. T o investigate a correlation between Elj20X 

and the reactivity of hydrocarbons toward solid copper-

TABLE 1. CHLORINATION BY COPPER(II) CHLORIDE 

Compound 

Anthracenea»c ) 

Anthracenea>d> 

Anthraceneb»d) 

Pyreneb»c) 

Benz[fl]pyrenea 

Perylenea>c> 

Perylenea>d) 

Reaction 
time/h 

2 
8 

4 

3 
,c> 8 

7 

7 

Naphthaceneb>d> 1.5 

Azuleneb'd> 0 . 5 

Product 

9-Chloroanthracene 

9-Chloroanthracene 

9,10-Dichloroanthracene 

9,10-Dichloroanthracene 
1 -Chloropyrene 

6-Chlorobenz [ß] pyrene 

Chloroperylenee ) 

Dichloroperylene0) 

5,11-Dichloronaphthacene 

1,3-Dichloroazulenef) 

Yield 

% 

80 

88 

12 

87 

90 

90 

90 

90 

:f> 75 

95 

Solvent: a) benzene, b) chlorobenzene. Molar ratio 
(CuCl2: compound): c) 2: 1, d) 4: 1. e) Product was 
the mixture of isomers. f ) Mono chlorides of naph-
thacene and azulene could not be isolated in pure 
state. 

(II) chloride, E1/2ox measurements of aromatic hydro­
carbons were carried out in an acetonitrile solution 
containing tetraethylammonium Perchlorate (TEAP), 
using a rotatory plat inum disk electrode (2000 rpm). 
The voltage sweep rate was 0.2 V/min. The data are 
summarized in Table 2. The correlation between 
E1/2ox and the reactivity of an aromatic hydrocarbon 
for solid copper(II) chloride, if any, is not immediately 
clear, but it should be emphasized that of the aromatic 
hydrocarbons examined only those with E1/20X below 
ca. 1.26V were reactive toward solid copper(II) 
chloride. E1/20x correlates linearly with the ionization 
potential (IP) of aromatic hydrocarbons as proposed by 
Pysh and co-workers,5) and Ei/20X value of 1.26 V 
corresponds to 7.68 eV of I P value, which is in a close 
agreement with that obtained by photoelectroscopy (ca. 
7.5 eV).6 ) This fact suggests that initial one electron 
transfer from aromatic ^-system to solid copper (I I) 
chloride is a key step required for the initiation of the 
reaction. The electron transfer may trigger off the 
reaction. The oxidation potential is obviously lowered 
by the introduction of electron-donating methyl group 
to aromatic ring. 

I t is known that anhydrous solid copper(II) chloride 
is in covalent state and consists of planar CuCl4 groups.7) 
In the binary phase chlorination performed in a non-
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TABLE 2. OXIDATIVE HALF-WAVE POTENTIALS ( £ I / 2 0 X / V 
vs. SCEa> ) AND REACTIVITIES IN THE CHLORINATION 

OF HYDROCARBONS BY COPPER(II) CHLORIDE 

Compound E1/20x/V Reactivity 

a) Solvent: acetonitrile. Supporting electrolyte : 0.1 M 
tetraethylammoniumperchlorate. Working electrode : 
rotatory platinum disk electrode (2000 rpm). Voltage 
sweep rate : 0.2 V/min. 

polar solvent, the planar chloro ligands of anhydrous 
copper (I I) chloride presumably occupies a favorable 
position for one electron transfer from hydrocarbons to 
copper(II) clusters. The plane of aromatic ring could 
approach to solid copper(II) chloride in the fashion 
parallel with the CuCl4 surface, and the electron 
transfer from the approaching hydrocarbon could 
occur at a critical distance where the aromatic ring 
plane would come in a close contact with the acceptor 
orbital of copper (I I) chloride. Although E1/20x of 
7- and 12-methylbenz [a] anthracene were 1.26 and 
1.22 V (vs. SCE), respectively, they were hardly reactive 
toward solid copper(II) chloride. Presumably, steric 
repulsion due to rotating methyl group could prevent 
the molecule from closely approaching to copper (I I) 
chloride surface in the transition state. 

Competitive halogenation of anthracene gives us a 
further insight of the reacting aspect. Halogenation of 
anthracene (3.8 X 10~4 mol) by solid copper (I I) bromide 
(7.6 X 10~4 mol) in the presence of tetraethylammonium 
chloride (3.8 X 10~4 mol) dissolved in chlorobenzene 
(30 ml) afforded 9-bromoanthracene nearly as a sole 
product, whereas the halogenation using an equimolar 
mixture of solid copper(II) chloride and bromide gave 
a higher yield of 9-chloroanthracene than 9-bromo­
anthracene (11: 1). These facts will readily suggest 
that the binary phase halogenation proceeds in a closely 
contacted state of reacting substrate with the surface of 
solid copper (I I) halide. 

Chlorination of substituted anthracenes with methyl 
or chloro groups by solid copper(II) chloride in chloro­
benzene resulted in the formation of chlorinated 
products. The yields and structures of the products 
together with their 1 H - N M R data are summarized in 
Table 3 and 4. 

From the results of chlorination of substituted 
anthracenes it is concluded that the rate of chlorination 
is enhanced by methyl substituent, but in contrary, 
chloro substituent retarded it. Since the electron-
donating substituents lower the oxidation potential of 
aromatic hydrocarbons, the observation supports the 
view mentioned above that the reaction is initiated by 
an electron transfer. In addition, steric effect of the 
substituents controlls the product . Though the mono-
chlorination of substituted anthracenes occurs at 9- or 
10-position, less hindered position is more favorable for 
the chlorination; e.g. 1-methyl or 1-chloroanthracene 
was chlorinated at 10-position. Chlorination of dichloro-
anthracenes provides a good example to show both 
steric and electronic effects are operating together. 
Since £ 1 / 2 0x values of 1,8- (1.48 V) (1), 2,3- (1.40 V) 

CI CI CI CI 
i i i i 

I O I O I O > IO IOJOI 

(1) Cl 

(2), 1,4- (1.48 V) (3), and 1,5-dichloroanthracene 
(1.40 V) (4) were comparable, they are expected 
to be similarly reactive toward solid copper(II) 
chloride. However, 1 and 2 were reactive, but 3 
and 4 were not. These results clearly indicates 
that chlorine atom occupying peri position against 
9- or 10-position of anthracene affects a strong steric 
inhibition on the chlorination. 

Hydrogen Abstraction by Solid Copper(II) Chloride. 
Diphenylmethane, xanthene, tetrahydronaphthalene, 
and cumene were recovered after refluxing for 14 h 
with solid copper(II) chloride in cyclohexane, whereas 
anthracene was chlorinated under the same reaction 
conditions (Table 5). I t is noteworthy that under the 
present reaction conditions no hydrogen abstraction 
occurred with those hydrocarbons which allow, in 
general, an easy hydrogen abstraction by a radical, 

Benzene 

Biphenyl 

Naphthalene 

Triphenylene 

Phenanthrene 

Acenaplithylene 

Chrysene 

Dibenz [a,h] anthracene 

Benz [a] anthracene 

7-Methylbenz [a] anthracene 

Anthracene 

Pyrene 

1 -Methylanthracene 

12-Methy lbenz [a] anthracene 

2-Methylanthracene 

Benz [a] pyrene 

1,5-Dimethylanthracene 

1,4-Dimethylanthracene 

9-Methylanthracene 

1,4,5-Trimethylanthracene 
Perylene 

Naphthacene 

Azulene 

2 .43 

1.86 

1.72 

1.72 
1.67 

1.62 
1.54 

1.41 

1.36 

1.26 

1.26 

1.23 

1.23 

1.22 

1.21 

1.18 

1.18 

1.17 
1.15 

1.04 

1.00 

0 .94 

0 .88 

no 

no 

no 

no 

no 
no 

no 

no 

no 

no 
yes 

yes 

yes 

no 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 
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T A B L E 3. 

(A) Substituted anthracenes 

PROTON CHEMICAL SHIFT IN GG14 <5(ppm from T M S ) . 

Substituent 

— 
1-Gl 
2-G1 
9-C1 
1,4-Dichloro 
1,5-Dichloro 
1,8-Dichloro 
2,3-Dichloro 
1-Me 
9-Me 
1,4-Dimethyl 
1,5-Dimethyl 
1,4,5-Trimethyl 

H(9-) 

8.31 
8.77 
8.28 
— 
8.81 
8.76 
9.24 
8.25 
8.39 
— 
8.34 
8.38 
8.37 

H(10-) 

8.31 
8.32 
8.36 
8.24 
8.81 
8.76 
8.38 
8.25 
8.28 
8.15 
8.34 
8.38 
8.46 

H(l-) 

7.88 
— 

~ 7 . 9 
8.38 
— 
— 
— 
8.06 
— 
8.08 
— 
— 
— 

(B) Chlorination products of substituted anthracenes 

Substituent H(9- or 10-)a> 
— 
1-Gl 
2-G1 

9-G1 
1,8-Dichloro 
2,3-Dichloro 
1-Me 

9-Me 
1,4-Dimethyl 
1,5-Dimethy 

1,4,5-Trimethyl 

8.24(10-) 
8.76(9-) 
8.22(9-) 
— 
— 
9.24(9-) 
8.08(10-) 
8.46(9-) 
— 
— 
8.26(10-) 
8.18(10-) 
— 
8.46(10-) 

H(l-)a> 
8.38 
— 

Ä . 7 . 8 5 

8.48 
8.41 

— 
8.48 
— 
— 
8.42 
— 
— 
— 
— 

H(8-)a> 
8.38 
8.02 

^ 7 . 8 5 
Ä * 8 . 4 4 

8.41 

— 
8.36 
7.96 

«*8.45 
8.42 
8.45 
8.32 

«*8.4 
8.4 

H(8-) 

7.88 
«*7.9 
^ 7 . 9 

8.38 
8.04 
7.93 
— 
7.94 

Ä . 7 . 8 

8.08 
7.85 
7.78 
7.76 

H(Me-)a> 
— 
— 
— 
— 
— 
— 
— 
2.81 
3.22 
3.06 
2.70 (4-Me), 3 
2.70 (5-Me), 3 
3.14 ( l - a n d 5 -
2.76 (lMe), 2. 

H(M 

— 
— 
— 
— 
— 
— 
— 
— 
2.80 
3.07 
2.79 
2.84 
2.82 

.14 (1-Me) 

.14 (1-Me) 
•Me) 

82(lMe) ; , 3.16( 

e-) 

(2Mc) 
(2Me) 
(1-Me) 

1-Me) 

,2 .82 (lMe), 2.85 (lMe) 

Substituents in product 
9-G1 
1,10-diCl 
2,10-diCl 
2,9,10-triCl 
9,10-diCl 
1,8,10-triCl 
2,3,9-triGl 
9-Gl-4-Me (10-Cl-1-Me)a> 
9,10-diGl-l-Me 
9-Cl-10-Me (10-Cl-9-Mc)a> 
9-Gl-l,4-diMe 
9-Gl-l,5-diMe 
9,10-diGl-l,5-diMe 
9-Gl-l,4,5-triMe 

a) Position is numbered after substituted anthracene before chlorination. 

T A B L E 4. CHLORINATION OF SUBSTITUTED ANTHRACENES BY COPPER(II ) CHLORIDE 

Anthracene Reaction t ime/h Product Yield/% Mp/°C 

1-Chloro 

2-Chloro 

1,8-Dichloro 

2,3-Dichloro 

1,4-Dichloro 
1,5-Dichloro 
1-Methyl 

9-Methyl 
1,4-Dimethyl 
1,5-Dimethyl 

1,4,5-Trimethyl 

16a) 

4b) 

la> 

10b) 

6 a ) 

10b) 

4 8 a ) 

2 3 b ) 

1 0a,b) 

1 0a,b) 

0.5 a ) 

8b) 

0.5a>b) 

30 a ) 

8a) 

4Qb) 

2 6 a ) 

1,10-dichloroanthracene 

1,10-dichloroanthracene 

2,10-dichloroanthracene 

2,9,10-trichloroanthracene 

1,8,10-trichloroanthracene 

1,8,10-trichloroanthracene 

2,3,9-trichloroanthracene 

2,3,9-trichloroanthracene 

no reaction 

no reaction 

9-chloro-4-methylanthracene 

9,10-dichloro- l -methylanthracene 

9-chloro-10-methylanthracene 

9-chloro-1,4-dimethylanthracene 

9-chloro-1,5-dimethylanthracene 

9,10-dichloro-1,5-dirnethylanthracene 

9-chloro-1,4,5-trimethylanthracene 

75 
90 
90 
90 
90 

100 
90 
90c) 

90 
5 

90 
80c) 

60 
10 

40 

126—127 

115—116 
181—182 
191—192 

172—173 

66—68 
132—134 
177—178 
41.5—44 
111—114 
154—156 

120—122 

Reaction conditions: solvent; chlorobenzene, reaction t e m p ; 132 °C, molar ratio (GuCl2 : an thracene) ; a) 2 : 1 b) 4 : 
1. c) A product produced by the further chlorination was detected by G L C , but could not be isolated for its low 
yield. 
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TABLE 5. HYDROGEN ABSTRACTION BY COPPER(II) CHLORIDE 

Compound Recovery/% 

1,2-Dihydronaphthalenea) 10C) 

9,10-Dihydroanthracenea) 35d) 

1,2,3,4-Tetrahydronaphthaleneb) 95 
Xanthenew 98 
Cumeneb) 90 
Diphenylmethaneb) 100 

Reaction time: a) 10 min, b) 14 h. Product: c) naphthalene 
(yield 90%), d) anthracene (yield 65%). Solvent: cy-
clohexane 10 ml; reaction temp: 80 °C; compound: 2.5 x 10 -3 

mol; GuCl2: 5 x 10~3 mol. 

although 1,2-dihydronaphthalene or 9,10-dihydroan-
thracene reacted under the same conditions, yielding 
naphthalene or anthracene together with evolution of 
hydrogen chloride. 

Reaction Scheme. As has been shown above, 
hydrocarbons with I P value lower than ca. 7.5 eV were 
reactive for solid copper (I I) chloride chlorination. 7-
and 12-Methylbenz [A] anthracene, both nonreactive, 
may be the borderline case, where spatial repulsive 
effect due to the methyl group presumably inhibits 
the initial electron transfer from the hydrocarbons to 
copper (I I) chloride. The electron transfer will trigger 
the chlorination. This is strongly supported by the 
above-mentioned electronic effect of methyl and chloro 
substituents. Once an electron is transferred to copper-
(II) chloride from a hydrocarbon, the resulting cation 

Reaction scheme, 

radical of the aromatic hydrocarbon could be im­
mediately attacked by chloride anion at the less 
hindered, but the highest positively charged position 
to give (I) . Although copper(II) chloride is a typical 
ligand-transfer oxidation reagent toward a radical, 
under the present reaction conditions the reagent may 
abstract a hydrogen atom from the radical (I) and 
convert it into the stable chlorinated aromatic molecule 
(see Reaction scheme). 

E x p e r i m e n t a l 

Melting points were measured on a micro hot-stage manu­
factured by Mitamura Riken Kogyo Inc. and were uncorrect­
ed. 1H-NMR spectra were recorded on a JEOL MH-100 
spectrometer with Me4Si as an internal standard. GLC 
analyses were carried out on a JEOL Model JGC-1100 using 
a 1 m column packed with Apiezone L grease 3 wt % on 
Celite 545 NAW. HPLC analyses were performed on a 
Shimadzu liquid Chromatograph Model LC-2F equipped with 
a Shimadzu-Du Pont Permaphase ODS column. Voltam-
metry was carried out in an acetonitrile solution on a 
Yanagimoto Model P-8 polarograph. The working electrode 
was a rotatory platinum disk electrode (2000 rpm). An 
aqueous saturated calomel electrode (SCE) and a platinum 
electrode were used as a reference and a counter electrode, 
respectively. Voltage sweep rate was 0.2 V/min. Tetraethyl-
ammonium Perchlorate (Eastman) was used as supporting 
electrolyte (0.1 M). 

Materials. Anhydrous copper(II) chloride was prepared 
by heating copper (I I) chloride dihydrate in an oven at 110 
°C for 20 h. 1,2-Dihydronaphthalene (Aldrich) was used 
without further purification. 

The following substrates were prepared according to the 
procedure described in literature. 

1-Methylanthracene:8) Mp 85 °C (lit, mp 86 °C); NMR 
(CC14) 6-2 .80 (3H, s, 1-Me), 7.20—7.50 (2-, 3-, 6-, and 
7-H, m), 7.6—8.1 (4-, 5-, and 8-H, m), 8.28 (10-H, s) and 
8.39 (9-H, s). 

l,4-Dimethylanthracene:V Mp 73—74 °C (lit, mp 74 °C); 
NMR (CC14) 6-2.79 (6H, s, 1- and 4-Me), 7.03 (2- and 
3-H, s), 7.30 (6- and 7-H, dd, / = 8 and 2 Hz), 7.85 (5- and 
8-H, dd, J=8 and 2 Hz) and 8.34 (9- and 10-H, s). 

1-Chloroanthracene:9) Mp 84—85 °C (lit, mp 81— 82 °C); 
NMR (CC14) 6-7.18—7.58 (2-, 3-, 6-, and 7-H, m), 7.76— 
8.12 (4-, 5-, and 8-H, m), 8.32 (10-H, s) and 8.77 (9-H, s). 

2-Chloroanthracene:^ Mp 223 °C (lit, mp10) 223 °C); NMR 
(CC14) 6=7.28—7.60 (3-, 6-, and 7-H, m), 7.80—8.05 (1-, 
4-, 5-, and 8-H, m), 8.28 (9-H, s) and 8.36 (10-H, s). 

1,4-Dichloroanthracene:11) Mp 179—181 °C (lit, mp 180 °C); 
NMR (CC14) 6=7.44 (2- and 3-H, s), 7.50 (6- and 7-H, dd, 
J=8 and 2 Hz), 8.04 (5- and 8-H, dd, J=8 and 2 Hz) and 
8.81 (9-and 10-H, s). 

1,5-Dichloroanthracene:*) Mp 181—182 °C (lit, mp 185 °C); 
NMR (CC14) 6=7.32 (3- and 7-H, t, / = 8 Hz), 7.55 (2- and 
6-H, d, / = 8 H z ) , 7.93 (4- and 8-H, d, / = 8 Hz) and 8.76 
(9-and 10-H, s). 

1,8-DichloroanthraceneW Mp 151—153 °C (lit, mp 156 °C); 
NMR (CC14) 6=7.35 (3- and 6-H, t, / = 8 Hz), 7.59 (2- and 
7-H, d, / = 8 Hz), 7.87 (4- and 5-H, d, / = 8 Hz), 8.38 (10-H, 
s) and 9.24 (9-H, s). 

2,3-Dichloroanthracene:11) Mp 265—265.5 °C (lit, mp 261 
°C); NMR (CC14) 6=7.3—7.58 (6- and 7-H, m), 7.94 (5- and 
8-H, dd, / = 8 and 2 Hz), 8.06 (1- and 4-H, s) and 8.25 (9-
and 10-H, s). 

7-Methylbenz[a.]anthracene:12) Mp 138.5—139.5 °C (lit, mp13) 
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140.5—141.5 °G). 
12-Methylbenz[a.]anthracene:12) M p 136—137 °G (lit, m p 

138—139 °G). 

1,5-Dimethyl- (5) and 1,4,5- Trimethylanthracene (6): Synthe­
sis of 6 was performed as follows. 3,6-Dimethylphthalic 
anhydride (7) was obtained from maleic anhydride and 
2,5-dimethylfuran.14) T h e reaction of 7 and 2-methylphenyl-
magnesium bromide afforded 2-(2-methylbenzoyl)-3,6-di-
methylbenzoic acid (8) by a similar procedure described for 
2-benzoyl-3-methylbenzoic acid.15) By the heating of 8 and 
concentrated sulfuric acid for 1.5 h in a steam bath , 1,4,5-tri-
methylanthraquinone (9) (mp 142—147 °G, lit, mp16) 143 °G) 
was obtained. T h e reduction of 9 by zinc dust and aqueous 
ammonia afforded 6. 1,5-Dimethylanthracene was prepared 
by a similar method. 5 : m p 139—140 °G (lit, mp17) 139— 
140 °G) ; N M R (GG14) 6 - 2 . 8 4 (6H, s, 2Me) , 7.12—7.30 (2-, 
3-, 6-, and 7-H, m) , 7.78 (4- and 8-H, dd , / = 8 and 2 Hz) 
and 8.38 (9- and 10-H, s). 6 : m p 107.5—108.5 °G; N M R 
(GG14) 6 - 2 . 8 2 (6H, s, 2Me) , 2.85 (3H, s, lMe) , 7.07 (2-
and 3-H, s), 7.18—7.32 (6- and 7-H, m) , 7.76 (8-H, dd, 
J = 8 and 2 Hz) , 8.37 (9-H, s) and 8.46 (10-H, s). Found : 
G, 92.83; H , 7 . 3 8 % ; M+, 220. Galcd for G1 7H1 6 : G, 92.68; 
H , 7 .32%; M 220. 

General Reaction Procedures. Anhydrous copper(II) chlo­
ride (2.2 or 4.4 mmol) and aromatic hydrocarbons (1 mmol) 
was refluxed with stirring in 10 ml of chlorobenzene for 
appropriate reaction t ime. T h e reaction was stopped when 
the yield of product , which was followed by GLG, reached 
to a maximum. T h e reaction of azulene was followed by 
H P L G , in which methanol -water was used as the eluent at 
a rate of 1 ml/min. After usual work-up the crude product 
was dissolved in benzene and eluted by petroleum ether on 
a Florisil column. 

Identification of Products. 9-Chloroanthracene : M p 103 °G 
(lit, mp18> 105.2—107 °G) ; N M R (GG14) 6 = 7.3—7.6(2-, 
3-, 6-, and 7-H, m) , 7.87 (4- and 5-H, dd , J=S and 2 Hz) , 
8.24 (10-H, s) and 8.38 (1- and 8-H, dd , J=8 and 2 Hz) . 
(Found: G, 79.20; H , 4 .32%) . 

9,10-Dichloroanthracene: M p 210 °G (lit, mp19) 209 °G) 
N M R (GG14) 6 = 7 . 5 (2-, 3-, 6-, and 7-H, dd, J = 8 and 2 
Hz) and 8.41 (1- , 4-, 5-, and 8-H, dd , J = 8 and 2 Hz) . 
(Found: G, 67.88; H , 3.11%). 

1-Chloropyrene: M p 116—118 °G (lit, mp20) 119°G). 
(Found: G, 80 .71 ; H , 3 .69%; M+ 236). 

6-Chlorobenz[a]pyrene: M p 212 °G (lit, mp21) 210 °G). 
(Found: G, 83.17; H , 3 . 7 1 % ; M+ 286). 

Chloroperylene: M p 243—246 °G. (Found: G, 80.96; H , 
3 .65%. Galcd for C 2 0 H U C 1 : G, 83.77; H , 3 .87%). 

Dichloroperylene-. M p 222—226 °C.22> (Found: G, 73.97; 
H , 3 .04%. Galcd for G2 0H1 0G12 : G, 74.74; H , 3 .14%). 

5,11-Dichloronaphthacene: M p 227—228 °G (lit, mp23) 220 
°G); N M R (GDG13) 6=7 .4—7.7 (2-, 3-, 8- and 9-H, m) , 
8.10 (1- and 7-H, d, J = 8 Hz) , 8.50 (4- and 10-H, d, 
7 = 8 Hz) and 9.12 (6- and 12-H, s). (Found: G, 72.70; 
H 3 .25 e / ) . 

' l,3-Dichloroazulene\ M p 93—94 °G; N M R (GG14) 6 = 7.13 
(5- and 7-H, t, / = 1 0 H z ) . Found : G, 61.02; H , 2 . 9 5 % ; 
M+, 197. Galcd for G1 0H6G12 : G, 60.95; H , 3 .07%; M , 197. 

1,10-Dichloroanthracene: M p 126—127 °G (lit, mp24) 127— 
128 °G has been reported as the m p of 1,9- or 1,10-dichloro-
anthracene) ; N M R (GG14) 6=7 .32—7.68 (2-, 3-, 6-, and 
7-H, m) , 8.02 (8-H, dd , J = 8 and 2 Hz) , 8.42 (4- and 5-H, 
dd , 7 = 8 and 2 Hz) and 8.76 (9-H, s). Found : G, 68.20; 
H , 3 .29%; M+, 246. Galcd for G1 4H8G12 : G, 68.04; H , 3.26 
% ; M , 2 4 6 . 

2,10-Dichloroanthracene: M p 115—116 °G; N M R (GG14) 
6=7 .3—7.7 (3-, 6- and 7-H, m) , 7.78—7.96 (1- and 8-H, 

m) , 8.22 (9-H, s), 8.3—8.5 (4- and 5-H, m) . Glose examina­
tion of N M R data showed that the sharp peak due to 1-H 
at ô=ca. 8.5 was characteristic of 2,9-dichloro substituted 
anthracenes. Accordingly, the lack of this peak necessarily 
indicates that the present product is 2,10-dichloroanthracene. 
Found : G, 68.24; H , 3 . 3 3 % ; M+, 246. Galcd for G14H8G12: 
G, 68.04; H , 3 .26%; M , 246. 

2,9,10-Trichloroanthracene: M p 181—182 °G (lit, mp24) 178 
°G); N M R (GG14) 6=7 .5—7.7 (3-, 6-, and 7-H, m) , 8.4— 
8.55 (4-, 5-, and 8-H, m) and 8.48 (1-H, s). 

1,8,10-Trichloroanthracene: M p 191—192 °G (lit, mp25) 194 
°G); N M R (GG14) 6=7 .4—7.7 (2-, 3-, 6-, and 7-H, m) , 8.40 
(4- and 5-H, d, J = 8 Hz) and 9.24 (9-H, s). 

2,3,9-Trichloroanthracene: M p 172—173 °G; N M R (GG14) 
6 - 7 . 4 — 7 . 7 (6- and 7-H, m) , 7.86 (5-H, dd , J=8 and 2 Hz) , 
7.95 (4-H, s), 8.08 (10-H, s), 8.36 (8-H, dd, J=8 and 2 Hz) 
and 8.48 (1-H, s). Found : G, 59.84; H , 2 .52%; M+, 281. 
Galcd for G1 4H7G13 : G, 59.72; H , 2 . 5 1 % ; M , 281. 

9-Chloro-10-methylanthracene: M p 177—178 °G; N M R (GG14) 
6 = 3 . 0 6 (3H, s, 10-Me), 7.3—7.6 (2-, 3-, 6-, and 7-H, m) , 
8.15 (4- and 5-H, dd, j = 8 and 2 Hz) and 8.42 (1- and 8-H, 
dd, 7 = 8 and 2 Hz) . Found : G, 79.20; H , 5 .12%; M+, 226. 
Galcd for G 1 5 H n G l : G, 79.47; H , 4 . 8 9 % ; M , 226. 

9-Chloro-4-methylanthracene: M p 66—68 °G; N M R (GG14 

6 = 2 . 8 1 (3H, s, 4-Me), 7.15—7.60 (2-, 3-, 6-, and 7-H, m) , 
7.96 (5-H, dd , J = 8 and 2 Hz) , 8.32 and 8.50 (1- and 8-H, 
dd, 7 = 8 and 2 Hz) and 8.46 (10-H, s). Found : G, 79.25; 
H , 5 .08%; M+, 226. Galcd for G 1 5 H n G l : G, 79.47; H , 4.89 
% ; M , 2 2 6 . 

9,10-Dichloro-l-methylanthracene: M p 132—134 °G; N M R 
(GG14) 6 = 3 . 2 2 (3H, s, 1-Me), 7.2—7.64(2-, 3-, 6-, and 7-H, 
m) and 8.3—8.6 (4-, 5-, and 8-H, m) . Found : G, 69.89; 
H , 3 .70%; M+, 260. Galcd for G1 5H1 0G12: G, 68.99; H , 
3 .86%; M , 260. 

9-Chloro-l,4-dimethylanthracene: M p 41.5—44.0 °G; N M R 
(GG14) 6 = 2 . 7 0 (3H, s, 4-Me) , 3.14 (3H, s, 1-Me), 7.04 (2-
and 3-H, s), 7.3—7.56 (6- and 7-H, m) , 7.8 (5-H, dd, J = 8 
and 2 Hz) , 8.26 (10-H, s) and 8.45 (8-H, d, J=-8 Hz) . Found: 
G, 79.45; H , 5 .40%; M+, 240. Galcd for G1 6H1 3G1: G, 79.83; 
H , 5 .44%; M , 240. 

9-Chloro-l,5-dimethy[anthracene: M p 111—114 °G; N M R 
(GG14) 6 = 2 . 7 0 (3H, s, 5-Me), 3.14 (3H, s, 1-Me), 7.1—7.4 
(2-, 3-, 6-, and 7-H, m) , 7.5—7.7 (4-H, m) , 8.18 (10-H, s) 
and 8.32 (8-H, d, / = 8 H z ) . Found : G, 80.12; H , 5 .48%; 
M+, 240. Galcd for G1 6H1 3G1: G, 79.83; H , 5 .44%; M , 240. 

9,10-Dichloro-l,5-dimethylanthracene: M p 154—156 °G; N M R 
(GG14) 6 = 3.14 (6H, s, 1- and 5-Me), 7.2—7.40 (2-, 3-, 6-, 
and 7-H, m) and 8.3—8.5 (4- and 8-H, m ) . Found: G, 
70.18; H , 4 . 6 3 % ; M+, 274. Galcd for G16H12G12: G, 69.84; 
H , 4.40%o ; M , 274. 

9-Chloro-l,4,5-trimethylanthracene: M p 120—122 °G; N M R 
(GG14) 6 = 2 . 7 6 (3H, s, Me) , 2.82 (3H, s, Me) , 3.16 (3H, s, 
1-Me), 7.1 (2- and 3-H, s), 7.1—7.5 (6- and 7-H, m) , 8.4 
(8-H, d, y = 8 H z ) and 8.46 (10-H, s). Found : G, 80.40; 
H , 6 .10%; M+, 254. Galcd for G1 7H1 5G1: G, 80.15; H , 
5 .94%; M , 254. 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y a 
R e s e a r c h G r a n t f rom K y o t o W o m e n ' s U n i v e r s i t y . 
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Reaction of iV,iV-Dialkylanilines with Palladium (II) Compounds 
Tsutomu SAKAKIBARA,* Yoko DOGOMORI, and Yuichiro TSUZUKI 

Institute of Chemistry, College of Liberal Arts, Kagoshima University, Korimoto, Kagoshima 890 
(Received April 20, 1979) 

The reaction of iV,iV-dialkylaniline with palladium(II) acetate or di-^-acetato-bis[a-(dimethylamino)-o-tolyl]-
dipalladium (B) gave 4,4/-bis(dialkylamino)diphenylmethane as a major product. It was elucidated that the origin 
of-GH 2 - in the product might be methyl group of palladium acetate and the primary reaction product might be 
iVjiV-dialkyltoluidine. The absorption spectra of the initial reaction mixture of iV,iV-dimethylaniline with B in 
acetic acid at room temperature showed the absorption maximum at 470 nm and at 750 nm. The latter peak 
was tentatively assigned to iV,iV-dimethylaniline radical cation-palladium (I) acetate complex, which was suggested 
as a key-intermediate for the formation of diarylmethanes. 

A large number of studies on the reactions of many 
aromatic compounds with pal ladium(II) salts have been 
actively done,1) since van Helden and Verberg presented 
the oxidative coupling of aromatic rings with palladium-
(II) chloride.2) In exploring the synthetic utility of 
palladium-assisted aromatic substitution, two types of 
investigation have been carried out. One is concerned 
with substitution of vinylic hydrogen by aryl groups,3»4) 
and another is on the functionalization of aromatic 
rings by other nucleophiles.5) In both studies, various 
monosubstituted aromatic compounds have been used 
as reactants. However, to our knowledge, no informa­
tion on the reaction of aniline derivatives with 
pal ladium(II) salts have been presented so far.6) 

iV,iV-Dialkylanilines have relatively low ionization 
potential . For example, those of iV,iV-dimethylaniline 
and iV,7V-diethylaniline are 7.12 and 6.99 eV, respec­
tively.7) These values are much smaller than the 
ionization potentials of other aromatic compounds such 
as nitrobenzene (9.92 eV), methyl benzoate (9.35), 
benzene (9.24), chlorobenzene (9.07), toluene (8.82), 
anisole (8.21), and so on. Thus , we might expect some 
different reactivity of aniline derivatives for palladium-
(II) salts. 

We have already communicated that N,N-dialkyl­
anilines react with pal ladium(II) acetate to give 
diarylmethanes as a major product.8) The reaction was 
quite different from generally known aromatic oxidative 
coupling or aromatic functionalization with palladium-
(II) salts. The reaction involves some novel reaction 
paths such as aromatic methylation and benzylic 
arylation.9) Therefore, further investigation was carried 
out on the reactions of iV,iV-dimethylanilines with some 
palladium (I I) compounds. In this report, the detailed 
information and the spectroscopic data will be presented 
and some reaction intermediates will be also suggested. 

R e s u l t s and D i s c u s s i o n 

iV,iV-Dimethylaniline ( l a ) reacted with a half 
equimolecular pal ladium(II) acetate (A) in acetic acid 
at 80 °C to give />-toluidine ( Id) (trace), 4,4'-bis-
(dimethylamino)diphenylmethane (2a) (72.1%), and 
Crystal Violet (3a) (16.8%). A was quantitatively 
reduced to metallic pal ladium and all of l a was con­
sumed. However, no iV^iV^iV'-tetramethylbenzidine 
was detected on GLG of the organic product mixture. 
Although a mixture of l a (0.02 mol) and acetic acid 

(1.0 mol) was heated in the absence of A at 80 °C for 
5 h under nitrogen atmosphere, none of 2a was obtained 
and 9 6 % of the used l a was recovered. The results 
of reactions of iV,7V-dialkylanilines with A are sum­
marized in Table 1. 

0 > - C H 3 

CH3X 
N-

C H / 

Mol 
l a 

ar ratio 
l a : A = 

A 

:2: 1 

CH3X 

N 

civ Id 

CH3X ,—. .—. /CH 3 

+ N-<oycH r(oyN 
C H / \ — / \ — / \CH 3 

2a 
CH. CH, 

(1) 

In acetonitrile or dioxane, the reaction of l a with A 
proceeded similarly to that in acetic acid to give diaryl-
methane (2a) as a major product. However, it can be 
seen in Table 1 that the reaction in aprotic solvent is 
relatively slower than in acetic acid. Furthermore, the 
yield of some by-products such as N,N, N', N'- teramethyl-
benzidine (6) or dimethylaminobenzoic acid (7) some­
what increased in aprotic solvents (14.7% and 2 .15%, 
respectively). 

These results clearly show that formation of diaryl-
methane is the major pa th in the reaction of N,N-
dialkylanilines with pal ladium(II) acetate (A), and that 
the charactor of solvents has some influence on the 
reaction sequences. 

The conversion of l a to 2a has been reported in the 
electrochemical oxidation at high concentration of l a 
in acetonitrile,10) in which the origin of - C H 2 - in 2a 
has been explained to be iV-methyl group of l a , since 
the yields of 2a never exceeded 5 0 % . 

In the present reaction, the yield of 2a was usually 
higher than 5 0 % (Table 1). Moreover, the reaction 
of l b with A gave 2 b , although in relatively low yield 
due to the accompanied dealkylation.8) These facts 
suggest that the origin of - C H 2 - group in 2a is not the 
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T A B L E 1. T H E REACTION OF iV,iV-DiALKYLANiLiNES WITH A 

Reactanta) 

l a 
l a 
l a 
l a 
l b 
l c 
Id 

Sovlent 

Acetic acid 
Acetic acid 
Acetonitrile 
Dioxane 
Acetic acid 
Acetic acid 
Acetic acid 

Reaction 
time/h 

5 
1 
5 
5 
5 
5 
5 

Conversion10 

o f l / % 

100 
75 
46 
17 
40 
70 
69 

Id (trace), 
Id (trace), 
Id (trace), 
l d ( 2.2), 
l e (tiace), 
2c (11.0), 
2d ( 8.2), 

Products, 
(yield/%)c> 

2a (72.1), 
2a (76.3), 
2a (54.0), 
2a (55.7), 
2b (~5) , 
3c (21.0) 
4(2 .7) 

3a (16.3) 
3a (18.6) 
6 (14.7) 
7 (21.5) 
3b (small) 

a) A (0.01 mol) and 1 (0.02 mol) were heated in the solvent (1.0 mol) at 80 °C under nitrogen atmosphere, b) Calculated 
from the unreacted 1. c) The yields are based on the reacted 1. 

CH. CH3X 
N-

C H a / 
O V C O O H 

O 

[X-Pd(II)OCCH3]„ 

A : X = O C O C H 3 (w=l) 

CH2N(CH3)2 

\A 
B: = | O l ("=2) 

R, Rr. 

R i - ^ 0 ^ - C H 2 - ^ 0 
/ 

R3 

2 a : R 1 = R 4 = - N ( C H 3 ) ä , 

-R. 

R2 

R t \ ) — . 
N - < 0 > - R 3 

R/ \ - / 
l a : R1 = CH3, R2 = R3 = H 
b : R1 = C2H5, R2 = R3 = H 
c : R1 = R2 = CH3, R3 = H 
d: R1 = R3 = CH3, R2 = H 
e : R1 = C2H5, R2 = H, 

R 3 = C H 3 

CH3 

IOI IOI 
C H / X / ^ C H j N ' 

CH, 

b : R 1 =R 4 =-N(C 2 H 5 ) 2 , R2 = R 3 = R 5 = H 
c : R 1 = - N ( C H 3 ) 2 , R 3 =-NH(CH 3 ) , 

R 2 =CH 3 , R 4 = R 5 = H 
d: R 1 =R 3 =-N(CH 3 ) 2 , R2 = R 4 = H , R 5 = C H 3 

N(CH3 

CH2 
i 

Ol 

-OAc 

3a: R1 = R3=-N(CH3)2 , R 2 = R 4 = H 
b : R1 = R3 = -N(C2H5)2, R2 = R4 = H 
c : R 1 = R4 = -N(CH3)2, R2 = CH3, R3 = H 

TV-methyl group of the reactant ( l a ) , but methyl group 
of pal ladium(II) acetate (A). As the formation of I d 
or l e was always observed in the reactions of l a or l b , 
the aromatic methylation by A, followed by further 
arylation of the product ( I d or l e ) , might occur to give 
2a or 2b . Thus , the reaction of a mixture of l a and I d 
with A was carried out, in order to know the possibility 
of the further arylation of I d . Namely, a 1: 1 mixture 
of l a and I d in acetic acid was heated in the presence 
of A at 80 °C for 5 h, and the yields of produced diaryl-
methane (2a) were calculated according to both Eqs. 2 
and 3 as in Table 2. The yields of 2a were higher than 
quantitative yield based on Eq. 1, which meant that 
Eq. 2 is at least partly operative. Thus , I d should be 
one of reactants for the formation of 2a . 

2 l a • 2a (2) 

l a + i d • 2a (3) 

Further supporting evidences for benzylic arylation 
are that the reaction of I d with A in acetic acid gave 
diarylmethane (2d), along with cyclic dimer (4) and 
that l c yielded 2c together with 3c (Table 1). 

Consequently, it is likely that the first product in the 
reaction of iV,iV-dialkylaniline ( l a or l b ) with A should 
be iV,iV-dialkyltoluidine ( I d or l e ) . I d or l e might be 
furthermore oxidized by A to give diarylmethane (2a 
or 2b ) , followed by reoxidation into Crystal Violet (3a 
or 3b) . However, another problem remains since the 
stoichiometry of l a shows that a formation of 1 mol of 
2a from l a should result in a reduction of 1 mol of A to 
metallic pal ladium (Table 1 ). The successive oxidation 
mechanism might possibly consume 2 mol of A for a 
formation of 1 mol of 2a . 

Di-//-acetato - bis [a - (dimethylamino) - o - tolyl] dipalla -
dium (B) can also oxidize l a in acetic acid under mild 
conditions. Even at room temperature, B was gradually 
decomposed to give diarylmethane (2a). The results 
of reactions in various conditions at 80 °C are sum­
marized in Table 3. I t clearly elucidates that the 

CH3 

CH9 

CH3 

N O 
/ \ / 

CH3 

K 
o 

CH3 

Pd ^Pcf~~XCH2 + l a 
*s / \ / 

O O N 

^C CH3 

CH3 

B 
Molar ratio 

B : l a = l : 1 
2a + 3a + 

CH2N(CH3) 

(4) 

reaction of l a with B undergoes remarkably large 
effect of proton on the reaction rate. Namely, in 
aprotic solvents such as iV,iV-dimethylaniline, dioxane, 
or tetrahydrofuran the reaction never went on even at 
96 °C. However, in the presence of proton, the oxida-
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TABLE 2. OXIDATION OF MIXED l a AND Id WITH A 

Reactants/mola) 
Yield of 2ab)/% 

Based on Eq. 2 Based on Eq. 3 

l a (0.01), Id (0.01) 109.8 
l a (0.02), Id (0.02) 99.3 
l a (0.05), Id (0.05) 116.6 

54.9 
49.4 
58.3 

a) The reaction of the reactants with A (0.02 mol) in 
acetic acid (1.0 mol) was carried out at 80 °C under 
nitrogen atmosphere, b) The yields are based on the 
reacted l a . 

tion completely proceeded to give 2a in good yields. 
The poor yield of 3a might possibly be expalined by 
steric hindrance in the contact between 2a and palla­
dium complex by benzylamine ligand. Therefore, the 
result suggests that the oxidation of l a with B may 
proceed via similar reaction sequences to the case of A. 

The U V spectrum of l a in acetic acid shows a long-
wavelength absorption maximum at 290 nm (e 2.0 X 
102), while pal ladium complex (B) has it at 330 n m 
(e 1.0 xlO 3 ) (Fig. 1). These compounds have no 
absorption maximum in the longer wave region. 

O 
Ö 
«J 

300 350 400 450 
Wavelength/nm 

500 

Fig. 1. Absorption spectra of l a (1) and B (2). 
The spectra were measured in 1.0 X 10-3 M acetic acid 
solution at room temperature. (1 M = l mol dm - 3) . 

es 

800 

Wavelength/nm 

Fig. 2. Spectral change of reaction mixture of l a and 
B in acetic acid at room temperature under nitrogen 
atmosphere. Reaction time (min); 1:0.5, 2: 10, 3: 
3 0 , 4 : 5 0 , 5 : 6 0 , 6 : 8 0 7 : 100. 

However, when B and l a were mixed at room tempera­
ture (23 °G) in acetic acid under nitrogen atmosphere, 
a new absorption appeared at 470 nm, which could 
not be observed after about 50 min due to strong 
absorption enhancement in shorter wave region. 
Furthermore, another strong peak in a visible region 
appeared about 10 min after mixing. The visible 
spectra of a mixture of l a and B in acetic acid are shown 
in Fig. 2. The spectra indicate a clear appearance of 
new absorption maximum at 750 nm. Figure 3 shows 
the time dependent change of the 750 n m peak. The 
absorption had maximum in 48 min under measurement 
conditions and afterwards gradually decayed. 

The peak at 470 n m appears immediately after 
mixing of l a and B, and its intensity looks relatively 
weak. Therefore, the formation rate of the intermediate 
related with 470 nm peak might be relatively rapid. 

TABLE 3. THE SOLVENT EFFECT ON THE REACTION OF l a WITH Ba ) 

Solvents 

Acetic acid (1.0) 
Acetic acid (0.5) 

and l a (0.5) 
l a (1.0) 

l a (1.0), HCl(0.06)d) 

Tetrahydrofuran (1.0) 
Dioxane (1-0) 
Dioxane (1.0) 

Reaction 
temp/°C 

80 

80 

80 
80 
65 
80 
96 

Recovered 
B/% 

8 

0 

100 
0 

100 
100 
98 

2aa) 

43 

99 

0 
81 
0 
0 
0 

Product yields/% 

3ab) 

3 

0 

0 
0 
0 
0 
0 

5C) 

60 

84 

0 
75 
0 
0 
0 

a) B (0.01 mol as the dimeric form) and l a (0.04 mol) were used, if not indicated in the table, b) Isolated yields 
based on the reacted la . c) Yields based on the reacted B. They were determined by NMR analyses of reaction 
mixture, d) 5 ml of 12 M HCl was used. 
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Time/min 

Fig. 3. Time dependence of the absorbance at 750 nm. 

The well-known primary intermediates in the reaction 
of aromatic compounds with pal ladium(II) salt are n-
or (T-complexes between aromatics and palladium, which 
are readily formed in a rapid process.2) Thus , the 
origin of 470 n m peak might be tentatively assigned to 
the complex C t or C2 . However, another possibility 
can not be completely eliminated that the absorption 
at 470 nm12) might be concerned with a radical cation 
intermediate, in relation to the assignment of 750 nm 
peak. 

CH3-N-CH3 CH, -N-CH, 

[O}--Pd(0Ac)X 

H / NPdOAc 

The second peak at 750 nm has appeared after some 
induction period and has some life t ime. It is noteworthy 
that the absorption was in a remarkably long wave 
region and the intensity was considerably strong. The 
analogous peak has also been observed in the reaction 
of l a under different conditions; first, electrochemical 
study of l a in acetic acid showed the absorption peaks 
at 469 nm and at 750 nm, which were assigned to 
oxidized N, N, N', N'- te trame thylbenzidine (TMBOx) 
and 2 : 1 l a : T M B O x adduct, respectively.15) Second, 
the oxidation of l a with copper(II) chloride in ethanol 

showed Amax at 472 n m and 740 nm, in which the latter 
peak was assigned to the 1: 1 l a : copper(II) chloride 
complex (D).16) 

In the present reaction in acetic acid, N,N,N',N'-
tetramethylbenzidine (6) was never a product . It is 
also unlikely that a similar pal ladium (I I) complex to 
D may have such a long-wavelength absorption. 
Therefore, we would suggest the formation of a radical 
cat ion-pal ladium (I) complex (E) and tentatively assign 
the peak at 750 nm to the complex (E).17) 

/C l x /CI 
Cu Cu 

^CK XC1 

Me-N-Me 

Pd(I)OAc 

The radical cation complex (E) could be formed via 
cr-complex (C2) because of a low ionization potential of 
7V,iV-dialkylaniline (Eqs. 5, 6, and 7). 

X-Pd-OAc + H+ • +PdOAc + HX (5) 
A or B 

la + +PdOAc 
Me. 

N= 

Me x + 
N= 

Me^ 

Me 7 

= v Pd(II)OAc 

H 

= v PdOAc 
(6) 

-Pd(I)0Ac 
(7) 

In conclusion, the complex (E) is suggested to be a 
key-intermediate to the products ( Id , 2a, and 3a) . 

Eorld 

2a 

Id 

2a 

3a 

E x p e r i m e n t a l 

Materials. Palladium(II) acetate (A) and di-/*-acetato-
bis[a-(dimethylamino)-o-tolyl]dipalladium (B) were prepared 
according to the methods of Stephenson et al.ls>> and R. Heck 
et 0/.,19) respectively. Commercially available iV,iV-dialkyl-
anilines were used after distillation under a reduced pressure 
and drying on anhydrous sodium sulfate before use. 

TABLE 4. 1 H NMR DATA OF ISOLATED PRODUCTS 

Compound 

2a 
2b 
2c 
2d 
3a 
4 

/ 

N-CH3 (or C2H5) 

7.06 (s, 12H) 
8.90 (t, 12H), 6.70 (q, 8H) 
7.33 (s, 6H), 7.14 (s, 3H) 
6.01 (s, 6H), 7.49, 7.13 (s, 3H, resp.) 
6.90—7.40 (m, 18H) 
7.19 (s, 6H) 

T-Value 

Other-CHg 

7.93 (s, 3H) 
7.66 (s, 3H) 
8.74 (s, 3H) 
7.70 (s, 6H) 

- C H 2 -

6.11 (s, 2H) 
6.23 (s, 2H) 
6.02 (s, 2H) 
6.08 (s, 2H) 

5.80 (s, 4H) 

s 

Aroma-H 

2.94 (q,8H) 
3.04 (q, 8H) 
2.73—3.60 (m, 7H) 
2.47—3.29 (m, 7H) 
2.43—3.32 (m, 12H) 
2.66—3.20 (m, 6H) 

a) Measured in CDC13 using TMS as internal standard. 



3596 Tsutomu SAKAKIBARA, Yoko DOGOMORI, and Yuichiro TSUZUKI [Vol. 52, No. 12 

Measurements. U V and visible spectra were measured 
by Shimadzu multipurpose MPS-50L spectrophotometer. I R 
and P M R measurements were carried out by J A S C O IRA- I 
and J E O L J N M 6 0 apparatus , respectively. T h e N M R da ta 
of obtained products are summarized in Tab le 4. 

T h e spectral change of the reaction of l a with B was 
recorded a t an appropria te t ime after adding 15.18 mg of 
l a to 25 ml of 1.0 X 10~3 M acetic acid solution of B under 
nitrogen atmosphere at room temperature (23 °C). T h e scan 
t ime (410—800 nm) was 1.5 min. 

Reaction of N,N-Dimethylaniline (la) with Palladium (II) Ace­
tate (A). A stirred mixture of l a (2.4 g, 0.02 mol) and 
A (2.2 g, 0.01 mol) in acetic acid (60 g, 1.0 mol) was heated 
at 80 °C for 5 h under nitrogen atmosphere. A filtration of 
the reaction mixture gave metallic pal ladium (1.1 g, 0.01 
mol) . T h e filtrate was evaporated to remove the solvent. 
I t was confirmed by T L C and G L C of the evaporated residue 
that all of used l a was consumed and that trace of N,N-di-
methyl-/>-toluidine ( Id ) was obtained. T h e residue was 
column-chromatographed using 90 g of Wacogel. T h e elution 
by benzene gave 1.83 g of 4,4 '-bis(dimethylamino)diphenyl-
methane (2a) (72.1%), which was recrystallized from ben­
zene-petroleum ether: plates, m p 86.5—87.0 °C (lit,16) m p 
89.5—90.5 °C), U V ; A£™ 261.8 nm (e 3 .04x 104), Mass (m/e); 
254 (M+—Me2) , 134. T h e elementary analyses for G, H , 
and N were correctly analyzed. Fur ther elution by a mixed 
solvent of ethyl ether and ethanol gave 0.483 g of Crystal 
Violet (acetate salt) (3a) : U V ; Agg- 596.2 nm (lit, as chloride 
salt,20) 590 n m ) , I R (KBr disk, in c m " 1 ) ; 1660—1550 (br, 
aromatic C=C and C H 3 C O O ~ ) . T h e reactions of N,N-di-
alkylaniline with A or B in various solvents were similarly 
treated as described above. T h e yields of 2a in the reactions 
of l a and I d mixture with A were determined by G L C 
analysis using SE 30 on chromosorb (270 °C, carrier gas H2) 
and using the identified 2a sample as an authentic material . 
6 and 7 were identical with their specimen on I R and N M R 
spectra and G L C . 

Reaction of N ,N-Dimethyl-p-toluidine (Id) with A. A 
stirred mixture of I d (2.7 g, 0.02 mol) and A (2.2 g, 0.01 
mol) in acetic acid (60 g, 1.0 mol) was heated at 80 °C for 
5 h under nitrogen atmosphere. T h e filtration of the reaction 
mixture gave metallic pal ladium (IA g, 0.01 mol) . T h e 
filtrate was distilled under a reduced pressure to remove the 
solvent and the unreacted toluidine. T h e distillate contained 
0.84 g of unreacted I d , from the result of G L C analysis. 
T h e distilled residue was column-chromatographically sepa­
rated using 300 g of Wacogel. T h e elution by a mixed solvent 
of petroleum ether (50%) and chloroform (50%) gave 44 mg 
of the solid which was recrystallized from dichloromethane. 
I t was identified with dibenzodiazocine derivative (4) from 
following d a t a : m p 147.0—147.5 °C, Mass {m/e); 266 (M+), 
254 ( M + - C H 3 ) , 146, 134. 

Found : C ; 81.27, H ; 8.39, N ; 10.39%. Calcd for C 1 8H 2 2N 2 : 
C ; 81.20. H ; 8.27, N ; 10 .53%. T h e N M R da ta are shown 
in Tab le 3. Fur ther elution by petroleum ether (30%) and 
chloroform (70%) gave 86 mg of diarylmethane (2d) (8 .2%), 
followed by 86 mg of N, />-dimethylacetoanilide (3.8%) which 
were identified with authentic materials by G L C , I R , and 
N M R . 

T h e a u t h o r s w i s h to t h a n k Professor T . H a s e of 
K a g o s h i m a U n i v e r s i t y for h is v a r i o u s s u p p o r t s t h r o u g h ­
o u t t h e s t u d y . T h e y a r e a lso g ra te fu l to Professor Y . 
O d a i r a a n d his l abora to ry -s ta f f s of O s a k a U n i v e r s i t y 
for mas s a n d e l e m e n t a l ana lyses . 
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The BFg-catalyzed decomposition of diazo carbonyl compounds in nitriles have afforded the corresponding 
oxazoles in high yields. This method is applicable to diazo carbonyl compounds such as m- and ^-substituted 
diazoacetophenones, ethyl diazoacetate, l,2-diphenyl-2-diazoethanone, dibenzoyldiazomethane, and dimethyl 
diazomalonate. Bis(diazo ketone)s such as terminal bis(diazoacetylated) alkanes ( I I I j ^ : w=6, 8, 10, 12) and m-
and jfr-bis(diazoacetyl)benzenes also gave the corresponding bisoxazoles in a similar reaction. The reaction has 
been interpreted in terms of a stepwise mechanism via betaine intermediates initiated by the attack of BF3 on the 
carbonyl oxygen of diazo carbonyl compounds. The emission spectra of oxazoles are described. 

The synthesis of oxazoles has been the subject of 
numerous studies in connection with the pharmaceutical 
properties of oxazole derivatives.1) Most of the methods 
reported however are not satisfactory as a general 
method for the synthesis of oxazoles because of the low 
yield of oxazoles and the difficulties in obtaining the 
starting materials. 

R 2 T.2 
I - N a K \ N 

R 1 -G-G=N 2 4- NEEC-R3 • | ,, 

The 1,3-dipolar cycloaddition of carbonylcarbene to 
the carbon-nitrogen triple bond of the cyano group 
was first proposed by Huisgen et al. to give oxazoles (II) 
having arbitrary substituents on C-2, C-4, and C-5 
positions.2) In accordance with this working hypothesis, 
the thermal,2»3) phtochemical,4) and transition metal 
catalyzed2»3) decomposition of diazo carbonyl com­
pounds in nitriles were studied. The yields of oxazoles 
were not high even though the use of copper2»33) and 
^-allylic palladium5) catalysts which were employed 
to prevent the Wolff rearrangement of the diazo carbon­
yl compound. Nozaki et al. improved the yield (up to 
66%) using WC16 as a catalyst.6) The by-product 
formation of a-chlorinated ketones was not inevitable in 
this reaction. Recently Doyle et al. reported the A1C13-
catalyzed reaction of a-unsubstituted diazo ketones and 
nitriles giving oxazoles in high yields.7) In a previous 
paper in this series the BF3-catalyzed decomposition of 
diazo carbonyl compounds in nitriles to give oxazoles 
in high yields was reported.8) In this paper this method 
has been employed to the synthesis of several substituted 
oxazoles. 

R e s u l t s and D i s c u s s i o n 

The BF3-catalyzed decomposition of a-diazoaceto-
phenone in an excess of acetonitrile proceeded with 
vigorous evolution of nitrogen and gave 2-methyl-5-
phenyloxazole (II-J in 9 4 % yield. This method is 
applicable to other nitriles. Propionitrile, isobutyro-
nitrile, phenylacetonitrile, benzonitrile, />-methoxyben-
zonitrile, cinnamonitrile, and chloroacetonitrile gave 
oxazoles in high yields. (Phenylthio) acetonitrile afforded 

iV-phenacyl-a-(phenyl thio) acetamide (12%) together 
with 2-phenylthiomethyl-5-phenyloxazole ( I I 9 ) . Under 
these circumstances neither the expected cyanomethyl-
phenylsulfonium phenacylide nor the (cyanomethyl)-
phenacylphenyl sulfonium salt was obtained despite 
a detailed inspection of the reaction mixture by column 
chromatography.9) This indicates the higher reactivity 
of the cyano group towards the diazonium type inter­
mediate (VII) than that of the sulfur a tom. Methyl 
cyanoacetate yielded oxazole (II10) in moderate yields 
with accompanying intractable oily products. The elec­
tron at tracting substituent on the nitrile lowered the 
yield of oxazole, £.g.,/>-nitrobenzonitrile gave the oxazole 
(II7) in lower yield than in the cases of benzonitrile 
and jfr-methoxybenzonitrile. 

The m- and /^-substituted a-diazoacetophenones, 12-
cyano-l-diazo-2-dodecan-2-one, ethyl diazoacetate, and 
l,2-diphenyl-2-diazoethanone also gave 5-aryl-2-meth-
yloxazoles ( I I ^ - ^ ) * 5-(/>-methoxyphenyl)-2-ethyloxazole 
(II2 4) , 5-(co-cyanodecyl)-2-methyloxazole (II2 5) , 5-eth-
oxy-2-methyloxazole ( I ^ ) ? a n d 3,5-diphenyl-2-methyl-
oxazole (II27) respectively. Both the electron-attracting 
and electron-releasing substituents on a benzene ring 
of diazoacetophenones do not effect the yield of the 
oxazoles and the rate of the reaction. A benzoyl group 
or a methoxycarbonyl group attached to a diazomethyl 
carbon atom however suppressed the reaction and 
consequently elevated temperatures were necessary 
for completion of the reaction. Some dimethyl diazomal­
onate was recovered even after prolonged heating of the 
reaction mixture (80 °C, 50 h) and caused a low yield 
of oxazole (II2 9) . 

The N M R data shows that the chemical shift of the 
oxazole ring proton (G4-H) is effected by the substituent 
on C5 rather than that on C2 (Table 1). Electron-
attracting groups on the benzene ring attached to G5 

deshielded the C 4 - H and an alkyl group on C5 shielded 
the C 4 - H . 

Bis (diazo ketone) s such as a,û>-bis(diazoacetyl) alkanes 
( I I I 1_ 4 : n=6, 8, 10, 12) and m- and jb-bis(diazoacetyl)-
benzenes (V l t 2) gave bisoxazolyl compounds ( I V ^ ) 
and (VI1>2: R = C H 3 ; V I 3 : R = P h ) in the reaction with 
acetonitrile or benzonitrile. 

In the experimental work conducted here an excess 
of BF 3 was used although a catalytic amount of BF3 is 
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Compd R1 

ïh 
II2 

II3 

II4 

II5 

n. 
II7 

n8 
n« 
H i o 

U n 
H12 

I I l 3 

n14 
1I15 

H l 6 

n17 
H i s 

H i s 

H20 

n 2 i 
n22 
i i 2 3 

n24 

n25 
n26 
n27 
n28 
n29 

G6H5 

C 6 H 5 
G6H5 

G6H5 
G 6 H 5 
G6H5 

C6H5 

G6H5 

C 6 H 5 
C 6 H 5 
G6H5 

/>-CH3OC6H4 

/>-CH3C6H4 

/>-ClC6H4 

/>-BrC6H4 

j&-GNG6H4 

/>-N02C6H4 

m-CH3OC6H, 
m-CH3C6H4 

m-ClC6H4 

m-BrC6H4 

m-CNC6H4 

m-N02C6H4 

/>-CH3OC6H4 

NG(GH2)10 

G2H50 
G6H5 

G6H5 

CH3 
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T A B L E 1. YIELDS, MELTING POINTS, 

R2 

~~H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

1 H 
H 
H 
H 
H 
H 
H 

H 
H 
C^Ho 

Ü 3 Reaction 
K temp/°G 

CH3 

GH3GH2 

(CH3)2CH 
C6H5CH2 

C6H5 

/,-CH3OC6IV> 

p-NOfisHf 
G6H5GH=GH 
C6H5SGH2 

CH3OOCGH2 

G1CH2 

GH3 

CH3 

GH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

GH3 

C2H5 

CH3 

CH3 

CH3 

C6H5GO GH3 

CH3OOC CH3 

5 
5 
5 
5 
5 
5 
5 

10 
10 
10 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

5 
20 

5 
80 
80 

Yield 
/o 

94 
99 
82 
77 
92 
82 
17 
76 
44 
46 
86 
95 
96 
83 
88 
76 
84 
94 
93 
91 
83 
95 
89 
87 

83 
62 
68 
79 
32 

AND N M R DATA OF OXAZOLES ( I I ) 

- Mp/°G 

58—59 
oil 
oil 

91—92 
74—75 

104—105 
215—216 
103—104 
48—49 

oil 
74—75 

107—108 
56—57 
86—87 
98—100 

125—126 
167—168 

oil 
oil 
oil 
oil 

95—96 
100—101 
61—62 

oil 
oil 
oil 
oil 
oil 

NMR(<5/ppm, 

G4—H G2—GH3 

7.15 
7.13 
7.15 
7.20 

b) 
b) 
b) 

7.05 
b) 

7.24 
7.30 
7.08 
7.08 
7.17 
7.18 
7.33 
7.45 
7.12 
7.13 
7.20 
7.20 
7.28 
7.35 
7.12 

6.58 
5.95 

— 
— 
— 

2.48 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

2.50 
2.45 
2.47 
2.52 
2.53 
2.42 
2.40 
2.45 
2.48 
2.43 
2.55 
2.50 

— 

2.38 
2.02 
2.55 
2.50 
2.35 
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GDC13) 

Others'0 

1.33(t), 2.80(q)G2H5 

1.35(d), 3.12(sep) f-Pr 
4.10 CH2 

3.85 OCH3 

d) 
4.20 SCH2 

3.90 GH2, 3.73 OCH3 

4.65 GH2G1 
3.83 OCH3 

2.30 GH3 

3.77 OGH3 
2.32 CH3 

3.83 OCH3 

1.37(t),2.84(q)C2H5 

d) 
1.40(t),4.08(q)C2H5 

3.85, 4.13 OGH3 

a) The signals of aromatic protons are omitted, and the signal patterns are singlet unless otherwise indicated, b) The 
signal of C4-H was not distinguishable from those of the aromatic protons, c) Five molar amount of nitrile was 
reacted in benzene solution, d) The signals of viny] and polymethylene protons are omitted. 

TABLE 2. YIELDS, MELTING POINTS, AND NMR DATA OF BISOXAZOLYL COMPOUNDS 

Oxazole 

IVx 
iv2 
IV, 
IV4 

IVX 

VIa 

VI3 

Diazocarbonyl 
Gompound 

N2CHCO(CH2)6COCHN2 

N2CHCO(CH2)8COCHN2 

N2CHCO (CH2) 10GOCHN2 

N2GHCO (GH2) 12GOGHN2 

m-N2CHCOC6H4COCHN2 

/>-N2CHCOC6H4COCHN2 

/>-N2CHCOC6H4COCHN2 

R-GN 

CH3CN 
CH3CN 
GH3CN 
GH3CN 
GH3GN 
CH3CN 
G6H5GN 

Reaction 
temp/°C 

5 
5 
5 
5 
5 

60 
60 

Yield 
/o 

95 
96 
95 
95 
98 
78 
80 

Mp/°G 

60—61 
70—71 
70—71 
73—75 

103—104 
233—234 
236—237 

NMR ((5/ppm, 

C4-H 

6.58 
6.55 
6.57 
6.55 
7.27 
7.28 

b) 

CDC13) 

G2-GH3 

2.40 
2.38 
2.37 
2.40 
2.53 
2.55 

— 
a) Signals of aromatic and polymethylene protons are omitted, b) Signal of C4-H was not distinguishable from those 
of the aromatic protons. 

sufficient for completion of the reaction. The reaction 
is reasonably explained by a stepwise mechanism via 
betaine intermediates, unlike the 1,3-dipolar cycloaddi­
tion of carbonylcarbene towards the carbon-nitrogen 
triple bond of nitrile proposed for the thermal and 
transition metal catalyzed reactions.2>3> The reaction 
is initiated by the attack of BF 3 on the carbonyl-oxygen 
of the diazo carbonyl compound affording a diazonium 
type intermediate (VII).9) The intermediacy of V I I 

was supported by the facts that a-hydroxy or a-ethoxy 
ketones ( IX, X) were obtained when the reaction was 
conducted in the presence of water or diethyl ether.10»11) 
The electrophilic attack of the intermediate (VII) on 
the nitrogen atom of the nitrile may form a betaine 
intermediate (VIII) with the elimination of nitrogen. 
The electron-attracting substituent on the nitrile may 
retard this step and subsequently lower the yield of 
oxazole (Table 1 run 7). The reaction conducted in 
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R2 

R i - C - G = N o 
n 

O 

(I) 

R-

R i - C - G H O H 
n 

O 

(IX) 

R 2 

BF3 | + 

> R i - G = G - N a 
! 

Ü 
XBF3 

(VII) 

R2 
N E C - R 3 I + 

> R i - G = G - N 
- N , I III 

O G 
XBF3

 NR3 

(VI I I ) 

C2H5-0-C2H5 JH2O 

R 2 R 2 

R i - C - G H - O C . ^ R i - C - G H - N -
11 11 11 o o c 

(X) H * / R a 

R i / \ 0 / \ R 3 

(II) 

R 2 

R Î - C - C H N H C O R 3 

11 
O 

(XII ) 

(XI) 

Scheme 1. 

N 2 C H G O - ( G H 2 ) n - C O G H N 2 + 2GH 3 CN 
( I I I : w = 6, 8, 10, 12) 

B F 8 

?-i r? - Na C H 3 / \ O / X ( C H 2 ) / \ O ^ C H 3 

(IV) 

, - v C O G H N 2 

N 2 C H C O - < f ^> + 2 R C N 

(V) 

BF3 

• n IL 
-N , R / \ O x 

i r~N 

"XxO/\R 

(VI) 

ace ton i t r i l e c o n t a i n i n g a t r a c e a m o u n t of H a O g a v e 
i V - ( a r o y l m e t h y l ) a c e t a m i d e ( X I I : R ^ A r , R 2 = H , R 3 = 
C H 3 ) t o g e t h e r w i t h oxazo le a n d a - h y d r o x y a c e t o p h e n o n e 
( I X ) . T h e f o r m a t i o n of X I I s u p p o r t s t h e ex i s t ence of a n 
i n t e r m e d i a t e ( V I I I ) as s h o w n in S c h e m e 1. T h e 
a t t a c k of V I I I o n a w a t e r m o l e c u l e c o m p e t e s w i t h 
t he i n t r a m o l e c u l a r cyc l i za t ion of V I I I w h i c h gives t h e 
oxazo le . 

Severa l oxazo le de r i va t i ve s h a v e b e e n f o u n d t o 
exh ib i t fluorescence p r o p e r t i e s a n d h a v e b e e n used as 
l i qu id scintillators.1 1 3) T h e b i soxazo ly l c o m p o u n d , 1,4-
b i s (5 -pheny l -2 -oxazo ly l ) b e n z e n e ( V I 3 ) , is a n i s o m e r of 
t he wel l k n o w n sc in t i l l a to r P O P O P , l , 4 - b i s ( 2 - p h e n y l - 5 -
oxazolyl) b e n z e n e , a n d shows s t r o n g emiss ion b a n d s a t 
405 n m . T h e U V a n d fluorescence spec t r a l d a t a of 
oxazoles a r e l i s ted in T a b l e 3 . 

E x p e r i m e n t a l 

All melting points were taken with a Yanagimoto Melt ing 
Point Apparatus and are uncorrected. T h e I R spectra were 
measured on a Hi tachi Infrared Spectrometer model 215. 
The X H-NMR spectra were recorded in CDG13 solution at 
60 M H z on a Var ian Spectrometer model EM-360 using 
T M S as an internal s tandard. U V spectra were measured 
on a Hitachi Spectrometer model 323 in ethanol solution. 
Emission spectra were recorded on Hitachi Emission Spec­
trometer model MPE-2A in ethanol solution ( 1 — 5 x l 0 " 6 

mol/1). 

Materials. Diazoacetophenones,12> ethyl diazoacetate,13) 
l,2-diphenyl-2-diazoethanone,14> dibenzoyldiazomethane,1 5) 
and dimethyl diazomalonate1 6 ) were synthesized by the 

T A B L E 3. U V AND EMISSION DATA OF OXAZOLES 

Oxazole 

C.IVNCK \ = / ^ O ^ C 6 H 5 

r? s~\ ?-| 
C,H,~CK \ = / - ^ O ^ C , H , 

CH/^CK \ _ / \CK\CH3 

C 0 H/^ O /\CH=CH-C6H5 

— N 
C 6 H 5 A 0 A C 6 H 5 

I i — N 

C , H , ^ O ^ C H , 
| — N 

p-BrCçtl/^O^Clls 
— N 

p-ClCeîi/^O^CH3 

—N 

m-CNC 0 H/^O / x CH 3 

/ - -CH30C c H/\ O <^CH3 

^-CH3OC6H/NO^C2H5 

j j — N 
/ > N 0 2 C 6 H / \ O ^ C H 3 

jj—N 
ni-NO sC,H,A O Â C H 3 

( 

{ 
{ 
i 
{ 
{ 
{ 

1 

1 

I 

tmax/n 

341 
353 

346 
360 
369 
298 
310 
325 
261 
338 

305 
316 
265 
272 

273 
279 

271 
280 

274 

275 

275 
233 
327 

262 

JV 

m log e 

4.67 
4.74 

4.68 
4.74 
4.52 
4.61 
4.70 
4.56 
3.75 
4.22 

4.41 
4.38 
4.29 
4.29 

4.33 
4.35 

4.36 
4.37 

4.29 

4.32 

4.36 
4.02 
4.26 

4.42 

Emission 
A/nm 

405 

417 

348 

405 

360 

315 

320 

326 

342 

332 

332 
a) 

a) 

a) Emission spectrum was not measured. 

methods described in the l i terature. Liquid nitriles were 
purified by distillation of commercial reagents after refluxing 
over P 2 0 5 . /?-Methoxybenzonitrile and ^-nitrobenzonitrile 
were purified by recrystallization. 

General Procedure of the BF.À Catalyzed Reaction of Diazo Car­
bonyl Compounds in Acetonitrile. A solution of the diazo 
carbonyl compound (3 mmol) in acetonitrile (3 ml) was added 
dropwise to acetonitrile (10 ml) containing BF 3-etherate (1.0 
ml) under magnetic stirring at temperatures described in the 
Tables. After the vigorous evolution of N 2 ceased the reac-
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Compd 

ïh 
i i . 

H» 
Us 

I I . 
H u 

I I« 
His 

IIl4 

I I » 

" I . 
II17 

H22 

" M 

U M 

I I . . 
IVt 

IV, 
IV, 

IV« 
VIX 

VI, 

VI , 

Molecular 
formula 

C16H13ON 

C16H1302N 

C15H10O3N2 

C17H13ON 

C16H13ONS 

C10H8ONC1 

CuHuPJI 
C u H u O N 

C10H8ONC1 

C10HeONBr 

CnH8ON2 

C10H8O3N2 

C u H , O N , 
C10H8O3N2 

C12H1302N 

C7H904N 

C14H20O2N2 

C1(jH2402N2 

Ci8H2802N2 

C20H32O2N2 

G14H1202N2 

C14H1202N2 

G24H1602N2 

Toshikazu IBATA and Ryohei SATO 

TABLE 4. 

C 

81.58 

76.43 

67.87 

82.52 
72.04 

62.06 

69.85 

76.27 

62.08 

50.60 

71.93 

58.54 

71.70 

59.06 

70.78 

49.38 

67.59 

69.32 
70.73 

71.97 

70.06 

70.01 

79.10 

ANALYTICA DATA OF OXAZOLES 

Found (%) 

H 

5^65 

5.22 
3.86 

5.27 

4.89 

4.25 

5.90 

6.34 

4.16 

3.42 

4.40 

3.91 

4.44 

4.05 

6.46 

5.45 

8.00 
8.74 

9.10 

9.58 

4.97 

4.95 

4.43 

N 

5798 

5.53 

10.38 

5.76 

5.20 

7.25 

7.48 

8.09 

7.30 
5.88 

15.31 

13.75 

15.17 

13.72 

6.97 

8.25 

11.12 
9.87 

9.11 

8.30 

11.68 

11.66 

7.72 

C 

81.68 

76.47 

67.66 

82.57 

71.88 

62.03 

69.82 
76.27 

62.03 
50.44 

71.72 

58.82 

71.72 

58.82 

70.91 

49.12 

67.71 

69.53 

71.01 

72.25 

69.99 

69.99 

79.10 

Calcd (%) 

H 

5^37 

5.22 

3.79 

5.30 

4.90 

4.16 

5.86 

6.40 

4.17 

3.39 

4.38 

3.95 

4.38 

3.95 

6.45 

5.30 

8.12 

8.75 

9.27 

9.70 

5.03 

5.03 

4.43 
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N 

5^95 

5.57 

10.52 

5.66 

5.24 

7.23 

7.40 

8.09 

7.23 

5.88 

15.21 

13.72 

15.21 

13.72 

6.89 

8.18 

11.28 
10.14 

9.20 

8.43 

11.66 

11.66 

7.96 

12 

tion mixture was poured into H 2 0 (50 ml) and ether (50 ml) . 
T h e ether layer was extracted twice with 3 M H C l and the 
combined aqueous solution made basic with N a H G 0 3 . T h e 
separated oxazole was extracted with ether and purified by 
r ecrystallization. 

General Procedure of the BF3 Catalyzed Reaction of Diazo Carbonyl 
Compounds in Liquid Nitriles. T h e Diazo carbonyl compound 
(3 mmol) was treated in the similar manner described above 
in an excess of l iquid nitrile. T h e oxazoles ( R 3 ^ G H 3 ) could 
not be extracted with 3 M H C l and therefore the reaction 
mixture was treated with H 2 0 and extracted twice with ether 
(2 X 20 ml) after the solution was made basic with N a H G 0 3 . 
T h e ether extract was dried over N a 2 S 0 4 , the ether evapo­
rated, and column chromatographed over silica gel. 

Reaction with Solid Nitriles. A five molar equivalent of the 
nitri le was reacted with a-diazoacetophenone in dried benzene 
(20 ml) . T h e reaction mixture was separated by column 
chromatography after the usual work up . 

Reaction of m-Chloro-ct-diazoacetophenone in Water Containing 
Acetonitrile. m-Chloro-oc-diazoacetophenone (1 mmol) 
was decomposed in water containing acetonitrile17) (20 ml) at 
5 °C. Column chromatography of the reaction mixture gave 
three products : 5-(m-chlorophenyl)-2-methyloxazole (H2 0 j 55 
% ) , a-hydroxy-m-chloroacetophenone (12%), and iV-(m-chlo-
rophenacyl) acetamide ( X I I : R ^ m - G I G ^ , R 2 - H , R 3 = 
C H 3 ) : colorless crystals; m p 118—119 °C ; yield 0.057 g, 27 
% ; I R (KBr) 1690 ( G = 0 ) , 1650, 3 2 8 0 c m " 1 (amide) ; N M R 
(GDG13) ö 2.41 (s, 3H , GH 3 ) , 4.97 (d, 2 H , GH 2 ) , 6.8 (broad 
s, 1H, N H ) , 7.4—8.2 p p m (m, 4 H , Ar) . Found : C, 56.66; 
H , 4 .80; N , 6 . 6 3 % . Galcd for G1( 

4.76; N , 6 .62%. 
, 1 0 H 1 0 O 2 NCl : G, 56.75; H , 

W e a r e i n d e b t e d t o Professor S. K a t o a n d D r . A . 

Y o s h i m u r a of th is I n s t i t u t e for t h e i r v a l u a b l e sugges t ions 

a n d d iscuss ion c o n c e r n i n g t h e m e a s u r e m e n t of emiss ion 

s p e c t r a of t h e oxazo le s . 
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Derivatives. Reductive Ring Cleavage and Novel Rearrangements 

of the Carbon Skeleton1} 

Kimitoshi SAiTot and Tadashi SATO* 
Department of Applied Chemistry, Waseda University, Ookubo, Shinjuku-ku, Tokyo 160 

(Received May 11, 1979) 

The irradiation of thiolane-2,4-dione (thiotetronic acid) and its derivatives, la—Id, in methanol in the presence 
of bases induced the reductive ring cleavage to give ß,ß'-diketo esters. The base-induced reductive ring cleavage 
was also observed in aprotic solvents, such as acetonitrile or acetone, although the products were obtained 
as /?,ß'-diketo amides in these cases. On the other hand, the irradiation of la—Id in water in the presence 
of bases induced a rearrangement of the carbon skeleton to give succinic thioanhydrides, y-keto amides or 
succinamides, along with the reduction products. When pyridine was used as a base in the photolysis in water, 
two 3-acetyl derivatives, l a and lb , gave y-keto thiols and the corresponding disulfides, resulted from another 
type of rearrangement of the carbon skeleton. Conceivable reaction mechanisms were discussed. 

I t has previously been reported that the photoreac­
tions of sulfur-containing carbonyl compounds depend 
on the relative positions of the sulfur and carbonyl 
groups.2) Previous investigations have shown that the 
U V spectra of cyclic keto sulfides are substantially 
different from those of alkyl or aryl ketones or acyclic 
keto sulfides, and this difference has been attr ibuted 
to the transannular interaction of a lone pair of electrons 
on sulfur with the carbonyl group, the coupling being 
strongly dependent on the orientation of the two 
groups.3) Several types of photoreactions—rearrange­
ment of the ring system,4) ring contraction,5) fragmenta­
tion,6) and some others7)—have been known for cyclic 
ß- or y-keto sulfides, and these reactions have been 
interpreted as involving different degrees of interaction 
between sulfur and carbonyl groups. 

I t is well known that photoreactions in the presence 
of an amine proceed through a charge-transfer complex 
to form reduction products. Previously, we reported 
on the reductive cleavage of the isoxazole ring by 
irradiation in the presence of triethylamine.8) We have 
now undertaken the photoreactions of thiolane-2,4-
dione (thiotetronic acid) and its derivatives, l a — I d , 
in the presence of bases, expecting an unusual photo-
reaction caused by the intramolecular charge-transfer 
interaction of the two chromophores and also the 
intermolecular interaction of l a — I d with the bases. 

R e s u l t s and D i s c u s s i o n 

When methanol solutions of 3-acetylthiolane-2,4-
dione ( la ) and its derivatives, l b — I d , containing an 
equal amount of such bases as piperidine, triethylamine, 
or sodium hydroxide (10% aqueous solution) were 
irradiated with Pyrex-filtered light for 8—12 h, methyl 
2-acetylacetoacetate (2a) and its derivatives, 2b—2d, 
were obtained. When pyridine was used as a base in 
the reaction of l a , deacetylation occurred and methyl 
acetoacetate (2c) was identified as a product along with 
2a . The corresponding ethyl ester was obtained in a 
2 9 % yield upon the irradiation of l a in ethanol in the 
presence of piperidine. The base-induced reductive 

T Present address : School of Pharmaceutical Science, Toho 
University, Miyama 2-2-1, Funabashi, Ghiba 274. 

ring cleavage was also observed in aprotic solvents, such 
as acetonitrile or acetone, although the products were 
obtained as amides, 3, in these cases. The details are 
shown in Table 1. I t should be noted that diethylamine 
and triethylamine gave an identical product, N,N-
diethyl-2-acetylacetamide (3aD), upon the irradiation 
of l a in acetonitrile. The deethylation could proceed 
as is shown in 4, a similar type of deethylation having 
been speculated about in the photolysis of 3,5-dimethyl-
isoxazole in the presence of triethylamine.8) The 
presence of the bases is essential for these reactions to 
proceed; the starting materials are recovered under the 
irradiation in the absence of bases, except in the case 
of l c , in which 2c was obtained in a 2 2 % yield as well 
as the main product, 4-methoxy-2-oxo-2,5-dihydrothio-
phene (5c), under irradiation in methanol. 

The compounds l a — I d have enolizable protons and 
are acidic. Actually, l a formed a stable crystalline salt 
with piperidine, and the salt, when irradiated in 
methanol or in acetonitrile, afforded 2a (24% in 
methanol) or piperidyl 2-acetylacetoacetamide (3aP, 
10% in acetonitrile). I t might be considered that the 
present reaction proceeds from the anion forms of 
l a — I d , but it was confirmed that the presence of an 
enolizable proton is not necessary because the 3,3-
dimethylthiolane-2,4-dione (6) also afforded the corre­
sponding reductive ring-cleavage products, as a mixture 
of methyl 2,2-dimethylacetoacetate (7R, 27%) and 
piperidyl 2,2-dimethylacetoacetamide (7P, 2 5 % ) , when 
irradiated in methanol in the presence of piperidine. 

In contrast to the reductive ring cleavage in the 
organic solvents described above, the reaction in an 
aqueous solution proceeded in a different way. The 
irradiation of l a in water containing three equivalents 
of piperidine gave 2-acetylsuccinic thioanhydride (8a) 
and piperidyl levulinamide (9aP) along with the 
reduction product, 3aP. Similarly, the methyl deriva­
tive l b gave the corresponding products, 8 b and 9bP. 
The piperidine-induced photolysis of l c and I d , on the 
other hand, gave two derivatives of succinamide, lOcP 
and lOdP, as well as the corresponding succinic thio­
anhydrides, 8c and 8d. I t is evident from the results 
shown in Table 1 that the products 9 and 10 are secon­
dary products from 8, since the yields of 9 and 10 
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TABLE 1. 

Compound 

Ï?L 

l b 

l c 

Id 

Kimitoshi SAITO and Tadashi SATO 

PRODUCTS AND YIELDS (%) IN THE PHOTOLYSES OF THIOLANE-2,4-

Bases 

Piperidine 

Morpholine 
Diethylamine 
Triethylamine 
Pyridine 
10% N a O H 

Aniline 
Butylamine 
Gyclohexylamine 
Piperidine 

Morpholine 
Diethylamine 
Pyridine 
Piperidine 

Pyridine 
Piperidine 

Pyridine 

in M e O H 

2a (88) 

2a (63) 
2a(28) 2c(31) 
2a (24) 
14A(94) 

2b(31) 3bP(15) 

3cP(81) 

3dP(47) 5d(19) 

Products (%) 

in MeCN 

3aP(41) 
3aP(45)b ) 

3aM(76) 

3aD(32) 
3aD(46) 
N.R. 
N.R. 
14A(81) 
14B(85) 
14C(62) 
3bP(40) 

3bD(15) 

3cP(68) 

3dP(76) 
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-DIONE DERIVATIVES ( l a—Id) FOR 12 h 

8a(12) a ) 

3aP(31) 

3aM(12) 
3aD(46) 
3aD(27) 
12a (3) 
12a(t) 
14A(13) 
3aB(24) 
3aC(23) 
8b(46)a ) 

9bP(70) 
9bM(18) 

13b(25) 
10cP(3)a ) 

10cP(18) 
10cO(51) 
1 0 d P ( l l ) 
10dP(20) 
10dO(55) 

i n H 2 0 

9aP(7) a ) 

8a(7) 
8a(10) 
8a(t) 
8a(t) 
13a (36) 
13a ( 7) 

9aB(14) 
9aC(10) 
9bP(t) a ) 

8c(63)a> 
8c(48) 

° 8 d ( 7 1 ) a ) 

8d(65) 

9aP(35) 
9aM(32) 
9aD(17) 
9aD(30) 

14B( 4) 15B(24) 
14C( 4) 15C(35) 

a) Yields for 4 h. b) Yields in an acetone solution. 

increased at the expense of those of 8 upon the 12 h 
irradiation as compared with the 4 h irradiation. 
Actually, 9aP and 9bP were obtained from 8a and 8b 
in 8 6 % and 7 2 % yields respectively, upon irradiation 
in water in the presence of piperidine for 8 h. Similarly, 
lOcP and lOdP were obtained from 8c and 8d in 31 % 
and 3 6 % yields respectively under the same conditions. 

The solubility of l a in water is low, and three equiva­
lents of the base were necessary to prepare homogeneous 
aqueous solutions. When the amount of piperidine 
was increased tenfold, the reductive ring-cleavage 
product, 3aP (33%), was obtained in preference to the 
rearrangement product, 9aP (22%). 

When pyridine was used as a base in the photolysis 
in water ( 1 : 1 by volume), l a and l b gave y-ketobutane-
thiol (12) and the corresponding disulfide, 13, instead 
of 8 and 9. The same reaction was also observed in the 
irradiation of l a in a 10% aqueous sodium hydroxide 
solution, but the reaction was slow in this case. No 
abnormality of pyridine was, however, observed in the 
reactions of l c and I d , and the corresponding succinic 
acid derivatives, lOcO and lOdO, were obtained. 

The reactions in aqueous solutions are notable in that 
the products have a carbon skeleton which was not 
present in the starting materials. In our preliminary 
report,1) we proposed two mechanistic paths for the 
carbon skeleton rearrangement. One mechanism 
involved the radical fission (a or b ; see Scheme 1) of 
the ring, followed by the elimination of CSO or C O 
to give observed products, 9 and 12, via cyclopropanone, 
17, or thietanone, 18, intermediates, respectively. This 
mechanism is analogous to that reported by Kooi and 
Wynberg in the ring contraction of non-enolizable 
a-diketo sulfides.9) More recently, Yates and Toong6) 
reported the formation of disulfides by the photoreac-

*7-"' 
0 
3 

CH: 

X 

0 
7 

COCHa 

0 

0 
11 

CH3COX 

HS 

R2 COCH3 

>-CH2 

12 

PhCH 

V-1 
COCHa 

15 

a j R ^ C O C H g , Ra = H A; X - N H P h 
b ; R1 - COCH3, B ; X = NHBu 

R2 = CH3 

c; R1 = Ra = H 
d j R ^ H , R - - C H 3 

e; R i - C O P h , Ra = H 
f; R ^ C C ^ E t , R2 = H 

C; X - N H -

D; X = NEt2 

Fig. 1. 

16 

M ; X = N O 

P ; X = N 

R ; X = O M e 

tion of tetrahydrothiophene-3-one through a radical 
cleavage of the ring. The other mechanism involved 
thiophene-type transposition reactions, assuming 1 to be 
thiophenediol, 19, as is shown in Scheme 2. I t was 
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11 

Scheme 2. 

considered that the piperidine-induced reactions leading 
to 9 proceeded through the intermediacy of 8, which, 
in turn, might have been formed through 4,5-transposi-
tion of 1, while the pyridine-induced reactions leading 
to 12 and 13 could be explained in terms of involving 4-
acetylthiolane-2,3-dione, 11, as intermediates, resulting 
through the 3,4-transposition of 1. This mechanism 
now seems preferable to the radical mechanism because 
(i) 8a and 8 b were actually identified as intermediates 
in the reactions of l a and l b , and (ii) the formation of 
10c and lOd from l c and I d respectively could not be 
explained by the radical mechanism. 

When primary amines, such as aniline, cyclohexyl-
amine, and butylamine, were used as the base in the 
reaction of l a in methanol or acetonitrile, the condensa­
tion products, 14, became the major products and no 
reduction products or rearrangement products were 
identified at all. In an aqueous solution, however, 
appreciable amounts of the reduction products (3aC, 
3aB) and the rearrangement products (9aB, 9aC) were 
identified, as well as the condensation products (14B, 
14C) and a fission product, 15C. Since the condensation 
product, 14A, was intact under the present reaction 
conditions, the reduction and rearrangement are 
considered to have proceeded prior to the condensation. 

In contrast to the base-induced reductive ring 
cleavage in organic solvents, where the presence of 
enolizable proton was unnecessary, it was concluded 
that the base-induced reactions in an aqueous solution 
required the presence of the enolizable proton, because 
the dimethyl derivative, 6, underwent fragmentation to 
aflord 7V-formylpiperidine, without giving any reduc­
tion product or rearrangement product. Most of the 
starting material, 6, was recovered in pyridine-water. 

I t is presumable that the reductive ring cleavage 
proceeds via a charge-transfer complex in organic 
solvents, while the carbon-skeleton rearrangements 
proceed through the excitation of the anion form of the 
substrate, which is predominant only in an aqueous 

solution. 
The irradiation of 3-benzoyl and 3-ethoxycarbonyl 

derivatives ( l e and I f ) in the presence of piperidine or 
pyridine resulted in the recovery of the starting materials 
(62—81%) in water, methanol, or acetonitrile. 
Previously we demonstrated that unsymmetrical cyclic 
/?,/?'-diketo esters such as 1 may generally exist in 
"external" tautomers ( A ^ B ) in solution, as is shown 
in Scheme 3.10) The presence of the "external" 

rH 

O 

ö R 
A 

0 P 

Scheme 3. 

tautomers in 3-acylthiolane-2,4-dione ( l a — l b ) was 
evident in view of the presence of two singlets of the 
ring methylene protons in their P M R spectra:11) 
A: B = 2 4 : 76 for l a and A: B = 2 8 : 72 for l b . O n the 
contrary, it was confirmed that l e and I f exist exclusive­
ly in Form A, as revealed by the single methylene signal 
in their P M R spectra. I t is assumed that the lack of 
the reactivity of l e and I f might be at tr ibutable to a 
fixation of the tautomeric system to the Form A through 
the interaction of 3-benzoyl or 3-ethoxycarbonyl 
groups. In addition, 3-acetyl-5-benzylidenethiolane-
2,4-dione (16) and 14A, which have an exo-double 
bond on the ring, were also recovered unreacted under 
the same irradiation conditions. Presumably, the 
difficulty in attaining the thiophene chromophore 
might deprive these compounds of the photoreactivity. 

E x p e r i m e n t a l 

The mass spectra were obtained with a Hitachi RMS-4 
spectrometer; the IR spectra, with a Hitachi 215 spectrom­
eter; the PMR spectra, with a JEOL MH-60 (60 MHz) or 
PS-100 (100 MHz) spectrometer (with Me4Si as the internal 
standard), and the CMR spectra, with a JEOL FX-10 spec­
trometer operated at 25.1 MHz. 

The starting materials, la,12) lb—Id,13) le,12) If,13) and 
16,14) were prepared according to the procedures described 
in the literature cited. 

General Procedure for the Photolysis. Unless otherwise 
noted, a solution (3—5 mmol, 0.033 M) of the starting 
material containing a base (one equivalent in the cases of 
the reactions in organic solvents, three equivalents in the 
cases of the reactions in aqueous solutions) was irradiated 
in Pyrex test tube by means of a high-pressure mercury 
lamp [Ushio UM 452 (450 W)] for 4—12 h. After the 
irradiation, the solution was poured into water, acidified 
with 6 M hydrochloric acid, and then extracted with chloro­
form (Procedure A). In some cases, the irradiated solution 
was concentrated in vacuo, and the crude residue, after having 
been dissolved in chloroform, was washed with dilute aqueous 
hydrochloric acid (Procedure B). The chloroform solution 
after Procedure A or B was dried over sodium sulfate and 
evaporated in vacuo. The residue was treated as indicated 
below. 

Photolysis of la. In Alcohols: The crude material obtained 
by Procedure A was placed in a silica-gel column and then 
eluted with chloroform. Upon removing the solvent in vacuo 
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from the eluate, 2a (in methanol) or the corresponding ethyl 
ester (in ethanol) was isolated; the 2a was further purified 
by vacuum distillation. 2a; Bp, 47—48 °G (3 m m H g ) . M S , 
mle 158 (M) , 126, 98 (base peak), and 85. I R (CC14), 1700 
and 1550 cm- 1 . P M R (CC14), Ô 2.32 (s, 6H) , 3.74 (s, 3H) , 
and 18.5 (bs, I H ) . G M R (CDC13), Ô 26.0, 51.5, 108.3, 167.5, 
and 196.8. Found : C, 51.20; H , 6 .48%. Galcd for G 7 H 1 0 O 4 : 
C, 52.14; H , 6 .37%. T h e I R and P M R spectra of the ethyl 
ester were identical with those of an authentic sample.15) 

In Acetone or Acetonitrile in the Presence of Piperidine, Morpholine, 
Diethylamine, or Triethylamine : T h e viscous residue obtained 
by Procedure B was purified on a preparat ive T L G (silica 
gel, 10% methanol in chloroform). 3aP, 3aM, and 3 a D 
were isolated depending on the bases used. 3aP: I R (CC14), 
1630 cm- 1 . P M R (CC14), ô 1.4—1.6 (b, 6H) , 1.95 (s, 6H) , 
3.2—3.8 (b, 4H) , and 16.8 (bs, I H ) . 3 a M : I R (CC14), 1635 
cm- 1 . P M R (CC14), ô 1.98 (s, 6H) , 3.3—3.6 (b, 4H) , and 
16.8 (bs, I H ) . G M R (CDC13), ô 23.2, 44.2, 47.3, 66.6, 66.7, 
110.5, 166.5, and 189.1. 3 a D : I R (CC14), 1630 cm" 1 . P M R 
(CC14), ô 0.98 (t, 7 - 8 Hz , 3H) , 1.06 (t, 7 - 8 Hz , 3H) , 1.98 
(s, 6H) , 3.19 (q, 7 - 8 Hz , 2H) , 3.24 (q, 7 - 8 Hz , 2H) , and 
16.6 (bs, I H ) . G M R (CDC13), ô 14.1, 14.2, 23.1, 40.2, 41.8, 
107.3, 109.5, and 188.8. The amide-type structure of 3aP 
was also confirmed by hydrolyzing it with a 10% aqueous 
potassium hydroxide solution to acetylacetone and piperidine. 

In Acetonitrile in the Presence of Aniline, Cyclohexy lamine, or 
Butylamine: After the irradiation, the solvent was removed 
in vacuo. I n an aniline-induced reaction, 14A was obtained 
when the crude solid was washed with carbon tetrachloride. 
I n a cyclohexylamine-induced reaction, 14C and 15C were 
isolated by preparat ive T L G (silica gel, 2 % methanol in 
chloroform). In a butylamine-induced reaction, the crude 
oil obtained was placed in a silica-gel column and then 
eluted with chloroform. U p o n removing the solvent in vacuo 
from the eluate, a colorless oil of 14B was isolated in a pure 
state. T h e spectra of 14A and 15C were identical with 
those of authent ic samples.14) 14B: I R (CC14), 1680, 1600, 
and 1135 cm- 1 . P M R (CC14), ô 0.95 (t, 7 = 7 Hz , 3H) , 
1.2—1.6 (m, 4H) , 2.38 (s, 3H) , 3.2—3.5 (m, 4H) , 3.42 and 
3.36 (s, s, 2H) , and 11.05 and 11.95 (bs, bs, I H ) . 14C: 
I R (CC14), 1685, 1600, and 1360 cm" 1 . P M R (CC14), ô 
1.2—2.0 (m, ÎOH), 2.46 (s, 3H) , 3.42 and 3.50 (s, s, 2H) , 
3.4—3.6 (m, I H ) , and 11.2 and 12.2 (bs, bs, I H ) . T h e 
P M R analysis indicated that Compounds 14A, 14B, and 
14C existed as mixtures of external tautomers, as shown in 
Scheme 3 ; the A form/B form ratio was calculated to be 
0.35 for 14A, 0.43 for 14B, and 0.33 for 14C. 

In Water in the Presence of Piperidine, Morpholine, Diethylamine, 
or Triethylamine : After the irradiation, the solution was shaken 
with chloroform (Extract A) . T h e aqueous solution was 
acidified with 6 M hydrochloric acid and further shaken with 
chloroform (Extract B). Extract B, after the evaporation 
of the solvent, was purified by preparat ive T L G (silica gel, 
10% methanol in chloroform). 3aP, 3aM, and 3 a D were 
thus obtained along with 8a and the unreacted starting 
material . Extract A, after purification by preparart ive T L G 
(10% methanol in chloroform), gave 9aP, 9aM, and 9aD. 
8 a : M p 35—37 °C. M S , mle 158 (M) , 98 (base peak) , 75, 
70, and 43. I R (CC14), 1740, 1715, 1625, and 1600 cm" 1 . 
P M R (CG14), ô 1.95 (s, 3H) 3.52 (s, 2H) , and 12.3 (bs, I H ) . 
T h e I R and P M R spectra of 9aP and 9 a D were identical 
with those of authent ic samples.16) 9 a M : M S , mle 185 (M) , 
99, 98, 86 (base peak), 84, and 69. I R (CC14), 1720 and 
1630 cm- 1 . P M R (CC14), ô 2.0—2.3 (m, 4H) , 2.12 (s, 3H) , 
3.3—3.6 (m, 4H) , and 3.62 (s, 4 H ) . 

In Water in the Presence of Aniline, Cyclohexy lamine, or Butyl­
amine: After irradiation, the solution was shaken with 

chloroform (Extract A) . T h e aqueous solution was acidified 
with 6 M hydrochloric acid and further shaken with chloro­
form (Extract B). When Extract A was purified by 
preparative T L C (silica gel, 10% methanol in chloroform), 
3aB and 3aC were isolated. From Extract B, 15B, 15C, 
9aB, and 9aC were obtained, along with the condensation 
products, 14B and 14C. 3aB: I R (CC14), 1630 and 1590 
cm- 1 . P M R (CC14), ô 0.97 (t, 7 - 7 Hz, 3H) , 1.2—1.6 (m, 
4H) , 2.09 (s, 6H) , 3.29 (q, 7 - 7 Hz , 4H) , 7.52 (bs, IH) , 
and 10.58 (bs, I H ) . 3aC: I R (GG14), 1630 and 1590 cm"1 . 
P M R (CDC13), ô 1.2—2.0 (m, ÎOH), 2.04 (s, 6H) , 3.3—3.4 
(m, I H ) , and 7.4 (bs, I H ) . 9aB: I R (CC14), 1670 and 1630 
cm- 1 . P M R (CC14), ô 0.97 (t, 7 - 7 Hz , 3H) , 1.2—1.6 (m, 
4H) , 2.30 (s, 3H) , 2.0—2.15 (m, 4H) , 2.95—3.05 (m, 2H) , 
and 7.4 (bs, I H ) . 9aC: I R (CC14), 1670 and 1630cm"1 . 
P M R (GDGI3), ô 1.2—2.0 (m, ÎOH), 2.11 (s, 3H) , 2.0—2.2 
(m, 4H) , 3.3—3.4 (m, I H ) , and 6.8 (bs, I H ) . 

In Pyridine-Water : A solution of l a in pyridine-water (1:1 
by volume) was irradiated for 12 h. When the viscous residue 
obtained by Procedure B was chromatographed on prepara­
tive T L G (silica gel, 5 % methanol in chloroform), 12a and 
13a were isolated; 13a was further purified by vacuum distilla­
tion at 50—55 °G (3 m m H g ) . T h e I R and P M R spectra of 
12a and 13a were identical with those of authentic samples.17) 

Preparation and Photolysis of 3-Acetylthiotetronic Acid Piperidinium 
Salt. When 0.17 g (2 mmol) of piperidine was added 
to a stirred solution of 0.16 g (1 mmol) of l a in 30 ml of 
dry benzene at room temperature , a white solid crystallized 
out in 1—2 h. T h e solid was filtered and recrystallized from 
benzene to give 3-acetylthiotetronic acid piperidinium salt; 
yield 175 mg ( 7 2 % ) ; M p 98—100 °G, I R (KBr), 3400, 1680, 
and 1590 cm" 1 . P M R (CDC13), ô 1.7 (b, 6H) , 2.28 (s, 3H) , 
3.3 (b, 4H) , 3.42 (s, 2H) , and 7.6 (b, 2H) . 

A solution of the salt in methanol or in acetonitrile was 
irradiated for 12 h. After the irradiation, the solvent was 
removed in vacuo. T h e formation and yield of 2a (42% in 
methanol) or 3aP (10% in acetonitrile) were determined by 
means of their P M R spectra (tetrachloroethane was used as 
the internal s tandard) . 

Photolysis of lb. In Methanol or Acetonitrile: When the 
viscous residue obtained by Procedure B was purified by 
preparat ive T L G (silica gel, chloroform), 2b and 3bP were 
isolated. 3bP was isolated as a single product when the 
irradiation was carried out in acetonitrile. 2b: I R (CC14), 
1715 and 1550 cm- 1 . P M R (CC14), ô 1.12 (t, 7 - 7 . 5 Hz, 
3H), 2.02 (s, 3H) , 3.35 (q, 7 - 7 . 5 Hz , 2H) , 3.65 (s, 3 H ) ; 
no enolic proton could be observed. 3 b P : I R (CC14), 1635 
cm- 1 . P M R (CDC13), ô 1.15 (t, 7 - 8 Hz, 3H) , 1.4—1.6 
(b, 6H) , 2.20 (s, 3H) , 2.44 (q, 7 - 8 Hz , 2H) , 3.2—3.8 (b, 
4H) , and 16.5 (bs, I H ) . 

In Water: T h e crude product obtained by Procedure A 
was purified by preparat ive T L G (silica gel, chloroform). 
9bP and 9 b M were obtained, along with 8 b . 8 b : I R (CC14), 
1730, 1705, 1640, 1595, and 1220 cm"1 . T h e P M R analysis 
indicated that the compound existed as a mixture of 24% 
of the keto form and 76% of the enol form in carbon tetra­
chloride. P M R (CC14), for the keto form, ô 1.32 (d, 7 - 7 
Hz , 3H) , 2.40 (s, 3H) , 3.94 (q, 7 - 7 Hz , I H ) , for the enol 
form, ô 1.44 (d, 7 - 7 Hz , 3H) , 2.02 (s, 3H) , 3.64 (q, 7 - 7 
Hz , IH) and 12.6 (bs, I H ) . 9 b P : I R (CHC13), 1717, 1640, 
and 1470 cm" 1 . P M R (CDC13), ô 0.97 (d, 7 - 7 Hz , 3H), 
1.35—1.80 (m, 6H) , 2.00 (s, 3H) , 2.06—3.06 (m, 3H) , and 
3.15—3.18 (m, 4H) . 9 b M : I R (GHG13), 1720, 1645, and 
1550 cm- 1 . P M R (CDG13), ô 1.03 (d, 7 - 7 Hz, 3H) , 2.06 
(s, 3H) , 2.15—3.21 (m, 3H) , and 3.49—3.79 (m, 8H) . 

In Pyridine-Water : W h e n a solution of l b in pyridine-water 
( 1 : 1 by volume) was irradiated for 12 h, a solid was obtained 
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upon the removal of the solvent in vacuo. T h e crude residue 
was purified by preparat ive T L C (silica gel, chloroform) to 
give 13b, along wi th an unreacted mater ia l . 13b: I R 
(GHG18), 1720, 1635, and 1155 cm" 1 . P M R (CDC13), Ô 
1.24 (d, y = 7 Hz , 6H) , 2.10 (s, 6H) , and 2.30—3.55 (m, 6 H ) . 

Photolysis of lc or Id. In Methanol: T h e crude solid 
obtained by Procedure B were purified by preparar t ive T L C 
(silica gel, 5 % methanol in chloroform). 3cP or 3dP was 
isolated. A by-product, 5d , was also isolated in the case of 
the reaction of I d . T h e I R and P M R spectra of 3cP and 
3dP were identical with those of authent ic samples. W h e n the 
reaction was carried out in acetonitrile, the same products 
(3cP and 3dP) were obtained. 

In Water in the Presence of Piperidine : T h e oil obtained from 
l c by Procedure A gave white crystals of 8c and a pale yellow 
oil of lOcP upon vacuum distillation. T h e I R and P M R 
spectra of 8c corresponded to those previously reported.18) 
lOcP: I R (CC14), 1640, 1440, and 950 cm" 1 . P M R (CDC13), 
Ô 1.6 (b, 12H), 2.48 (s, 4H) , and 3.5 (m, 8H) . 

T h e crude material obtained from I d by Procedure A was 
placed in a silica-gel column and then eluted with chloroform. 
Upon removing the solvent in vacuo from the first eluate, an 
oil, 8d, was isolated. Similarly, crystals of lOdP were obtained 
from the second eluate. 8d : I R (CC14), 1700 cm" 1 . P M R 
(CC14), ô 1.42 (d, 7 - 7 Hz , 3H) , 2.56 (ABq, 1H), 3.18 (ABq, 
1H), and 3.12 (m, 1H). lOdP: I R (CC14), 1640 and 1440 
cm- 1 . P M R (CC14), ô 0.95 (d, 7 = 7 Hz , 3H) , 1.6—1.8 (b, 
12H), 2.1—2.5 (m, 3H) , and 3.4—3.6 (b, 8H) . 

In Pyridine-Water : A solution of l c and I d in pyridine— 
water ( 1 : 1 by volume) was i rradiated for 12 h. After the 
irradiation, the solution was evaporated in vacuo. T h e residue 
was dissolved in dry methanol containing a few drops of 
coned hydrochloric acid, and then refluxed for 4 h. T h e 
reaction mixture was poured into water and extracted with 
chloroform to afford lOcR and lOdR. T h e I R and P M R 
spectra of lOcR and lOdR corresponded to those previously 
reported.19^ 

Preparation of 6. A mixture of 1.02 g (10 mmol) of 
l c , 3.0 g (20 mmol) of methyl iodide, 1.40 g of anhydrous 
potassium carbonate, and 50 ml of dry acetone was heated 
under reflux for 20 h and then allowed to cool. T h e insoluble 
material was removed by filtration and washed with acetone. 
T h e combined filtrate and acetone washings were evaporated 
in vacuo. T h e residue was chromatographed on a silica-gel 
column. T h e subsequent elution of the column with chloro­
form afforded 0.48 g of pale yellow crude oil, which was 
further purified by vacuum distillation to give 6 in the pure 
state; 0.6 g (42%), Bp 78—80 °G (3 m m H g ) . P M R (CDC13), 
ô 1.21 (s, 6H) and 3.94 (s, 2H) . 

Photolysis of 6. In Methanol: T h e reaction mixture 
obtained by Procedure A was chromatographed on a prepara­
tive T L C plate. Subsequent elution with 10% me thano l -
chloroform afforded 7R (27%) and 7P (25%) . 7R: I R 
(CC14), 1725 and 1630 cm" 1 . P M R (CC14), ô 1.48 (s, 6H) , 

2.30 (s. 3H) , and 3.66 (s, 3H) . 7P: I R (CC14), 1630 and 
1610 cm- 1 . P M R (GG14), ô 1.38 (s, 6H) , 2.07 (s, 3H) , and 
3.4—3.6 (b, 4 H ) . 

In Water in the Presence of Piperidine : T h e brown oil obtain­
ed by Procedure A was chromatographed on a preparat ive 
T L C (silica gel, 5 % methanol in chloroform). T h e removal 
of the solvent from the upper band afforded a pale yellow 
oil, whose I R and P M R spectra indicated it to be iV-formyl-
piperidine. 
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Enhanced Reactivity of a Flavin Bound to Quaternized Poly(4-vinyl-
pyridine) via 8-Position. A Model System of a Flavin 

Coenzyme Covalently-linked to Enzymest 
Seiji SHINKAI,* Kenji MORI, Yumiko KUSANO, and Osamu MANABE 

Department of Industrial Chemistry, Faculty of Engineering, Nagasaki University, Nagasaki 852 
(Received May 15, 1979) 

The rate constants for the reaction of the title flavin and the monomeric analogues with 1-benzyl-1,4-dihydro-
nicotinamide (BzlNH), 1-nitroethanide ion, glutathione (GSH), and thiophenol (PhSH) were determined at 
30 °C. Although the reactivity of 8a-AcHisFl is slightly improved as compared with that of unmodified flavin, the 
rate constants for 8a-PyFl which is expected to mimic the reactivity of protonated 8a-AcHisFl were significantly 
increased. The rate constants for the oxidation of anionic reductants( 1-nitroethanide ion, GSH, and PhSH) were 
further increased by immobilization of the 8a-PyFl structure in quaternized 4VP polymers. The kinetic results 
implicate that (1) with regard to the action of a flavin covalently-linked to enzymes via histidine residue, the flavin 
must be more reactive in acidic pH region due to protonation of the histidine than in basic pH region, (2) the 
cationic polyelectrolyte environment accelerates selectively the oxidation of anionic reductants, and (3) the title 
flavin serves as a strong, selective oxidizing agent under ambient reaction conditions. 

Suggestion has been made that a fourth flavin exists 
in nature in addition to riboflavin, F M N , and FAD. 
In 1955, Kearney and Singer1) presented unequivocal 
evidence that succinate dehydrogenase contains 
covalently-linked FAD which is not extracted from 
tissues by the conventional denaturation methods. The 
claim has been further supported by their subsequent 
studies.2-4) In the last five years, it has been established 
that no less than ten flavoenzymes contain the covalently-
linked flavin in the active sites and that the covalent 
linkage occurs in most cases at Cga position, e.g., via 
the imidazole group of the histidine residue of the 
enzymes.5) 

-NHCHCO-
i 

CH, 

N'N R 
i 

- N - C H ^ X V N ^ N ^ O 

CK,- \ N ^ \ NH 

O 

The influence of 8-substituents on the reactivity of 
the isoalloxazine ring has been estimated in detail by 
several groups,6-10) but studies on 8a-substitution are 
very limited. Edmondson et a/.11»12) reported, on the 
basis of flash photolysis and oxidation-reduction poten­
tials, that 8a-substitution by histidine or cysteine gives 
rise to the electron-withdrawing influence on the 
isoalloxazine ring system. Except for their study, little 
is known with certainty about the influence of 8a-
substitution on the reactivity of flavin despite its im­
portance in connection with the behavior of covalently-
linked flavin. 

The rate constant for the reaction of sulfite ion with 

t Coenzyme Models 22. Abbreviations employed are: 
GSH, glutathione; PhSH, thiophenol; BzlNH, 1-benzyl-1, 
4-dihydronicotinamide ; 3-MeFl, 3-methyltetra-O-acetylribo-
flavin ; 8a-AcHiFl, 3-methyl-8a-[iVa-acetyl-(iV1-histidinyl)]-
tetra-O-acetylriboflavin ; 8a-PyFl, 3-methyl-8a-( 1 -pyridinio)-
tetra-O-acetylriboflavin bromide; FAD, flavin adenine dinu-
cleotide ; FMN, flavin mononucleotide ; NADH, reduced form 
of nicotinamide adenine dinucleotide ; 4VP, 4-vinylpyridine. 

8a- (A^-histidinyl)flavin is greater by a factor of only 
1.4 than that with unmodified flavin.12) This suggests 
that the 8a-(iV1-histidinyl) group may slightly affect the 
reactivity of the isoalloxazine ring. However, two 
important effects, reaction environment and protonation 
of the imidazole group, remain to be clarified in order 
to generalize the conclusion with respect to the 
covalently-linked flavin systems. Both effects should 
cause a significant change in the reactivity of covalently-
linked flavin. With these objects in view, we have 
synthesized the following flavins and estimated the 
oxidative reactivity toward 1 -benzyl-1,4-dihydronicotin-
amide (BzlNH), 1-nitroethanide ion ( C H 3 C H N 0 2 ) , 
glutathione (GSH), and thiophenol (PhSH) ( R ' = t e t r a -
O-acetylribityl group). 

,3-MeFl: X = H 

8a-AcHisFl: 

X=CHoCONHCHCOoH R' 
X C H ^ ^ / N ^ N 

I II I 
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N-CH 3 
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(8a-PyFl: X = Br~ 
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Flavin unit (Fl) 

4VP-Fl-Dod-0 

(Dod) 
Propyl unit 
(Pr) 

Fl, 6 mol% ; Dod, 0 mol% ; 
Pr, 88mol%. 

4VP-Fl-Dod-20 : Fl, 6 mol% ; Dod, 20 mol% ; 
Pr, 67mol%. 

R e s u l t s 

Oxidation of 1-Benzyl-l,4-dihydronicotinamide. 
Flavin oxidation of BzlNH (Eq. 1) is a typical model 
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reaction for the inter-coenzyme hydrogen transfer 
between N A D H and flavin, the rate constants being in 
line with the Polarographie half-wave potentials of 
flavins.13»14) The second-order rate constant (k2) for 

R' 

XCH2 

CH3 
lXN I N-CH3 + 

11 
O 

-INK 
1 

CHoCfiHR 

Fl 

R' 
1 

X C H 8 N X \ / N v N v O „CONH* 
. II II 

C I V X / ^ N / V , 

H » 

F1H-

N-CHo + 
I 

CH2G6H5 

(i) 

the oxidation by 8a-AcHisFl is 1.5 times greater than 
that by unmodified flavin, 3-MeFl (Table 1 ). The small 
rate augmentation is in line with the observation of 
Edmondson et al.12) that the 8a-(7V1-histidinyl) group 
behaves as a weak electron-withdrawing substituent. 

TABLE 1. RATE CONSTANTS FOR THE OXIDATION BY 

MONOMERIC AND POLYMER-BOUND FLAVINS 

Flavin 

3-MeFl 
8a-AcHisFl 
8a-PyFl 
4VP-Fl-Dod-0 
4VP-Fl-Dod-20 

10 

kJM-1 s- AV/M-2 s-1 

BzlNHa) GH3CHN02
b ) GSHc) PhSHb) 

32.4 
48.1 

363 
277 
301 

« 1 0 - 7 ) 

« 1 0 - 7 ) 
4.8 x lO-4 

0.642 
1.31 

St-Fl-Dod-22° 201 0.501 

1.98 
2.59 
4.29 

9500 
56100 

833d) 

« 1 ) 
(<1) 
152 

31100 
110000 

6240 

a) pH 9.00,ju=0.02 with KCl. b) pH 8.60, #=0.05 with 
KCl, [GH3GHN02] = 0.01—0.05 M. c) pH 8.65, #=0.02 
with KCl, [GSH] = 1.00xl0-3M. d) pH 8.80, #=0.02 
with KCl : cited from Ref. 26. e) pH 6.70, 40 vol% 
ethanol, #=0.02 with KCl, [PhSH] = 1.00x 10~3 M. f) 
The preparation of this polymer is described in Ref. 26. 
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NADH analogues decompose rapidly into tetrahydro-
nicotinamides in acidic p H region where imidazole is 
protonated,15) making it impossible to evaluate directly 
the rate constant for the reaction of BzlNH with 
protonated 8a-AcHisFl. We thus employed 8a-PyFl 
as an analogue of protonated 8a-AcHisFL 8a-PyFl 
oxidizes BzlNH 11.2 times faster than 3-MeFl. O n the 
other hand, immobilization of the 8a-PyFl unit in the 
quaternized 4VP polymers is insignificant as regards 

the enhancement of the oxidative reactivity of flavin 
toward BzlNH. The reaction is presumably accelerated 
by protonation of 8a-histidyl group and almost unaffect­
ed by polyelectrolyte reaction environments. 

Oxidation of 1-Nitroethanide Ion. Although D-
amino acid oxidase (flavoenzyme) rapidly oxidizes 1-
nitro-1-alkanide ion to the corresponding aldehydes and 
nitrite ion (Eq. 2),16) no corresponding nonenzymatic 
reaction is considered to occur under ambient reaction 
conditions.6) Neither 3-MeFl nor 8oc-AcHisFl can oxidize 

Fl + CH3CHNO0 
OH-

FIH" + CH3CHO + N 0 2 - (2) 

1-nitroethanide ion under the present reaction condi­
tions, the second-order rate constant being presumed to 
be smaller than 10~7 M " 1 s"1 (Table 1). O n the other 
hand, oxidation of 1-nitroethanide ion by 8a-PyFl was 
easily detected under the same reaction conditions, the 
rate constant being augmented by more than three 
orders of magnitude relative to that of 3-MeFl. Yokoe 
and Bruice6) reported that 3,10-dimethyl-8-cyanoiso-
alloxazine, an electron-deficient isoalloxazine with a 
positively-shifted poralographic half-wave potential, is 
able to oxidize 1-nitro-1-alkanide ion with k2— (2—5) X 
10-3 M - i s_i # T h e £2 v a l u e for 8a-PyFl (4.8 X 10~4 M " 1 

s_1) is thus smaller by only one order of magnitude than 
that for 3,10-dimethyl-8-cyanoisoalloxazine. 

The second-order rate constants were further 
enhanced by immobilization of the 8a-PyFl unit in the 
quaternized 4VP polymers. For example, the k2 value 
for 4VP-Fl-Dod-20 is augmentated by 107 fold and 
3 x 103 fold in comparison to those of 3-MeFl and 8a-
PyFl, respectively, exceeding even that of 3,10-dimethyl-
8-cyanoisoalloxazine by two to three orders of mag­
nitude. The result is in contrast to the trend observed 
in flavin oxidation of BzlNH. Since the reaction rate 
for polymer-bound flavin was first-order in flavin and 
1-nitroethanide ion under the employed reaction 
conditions (footnotes, Table 1), the reaction route is not 
apparently changed by immobilization of the 8a-PyFl 
unit in the cationic polymers. 

Oxidation of Thiols. The oxidation of thiols by 
the conventional flavins (Eq. 3) is first-order in flavin 
and second-order in thiols.6»17) The reaction of the 

Fl + 2RSH 
- H + 

F1H- + RSSR (3) 

monomeric flavins with G S H was confirmed to be of 
second-order in GSH (Fig. 1), the apparent third-order 
rate constants (k3'=vohsdl [flavin] [RSH]total) increas­
ing in the order, 3-MeFl<8a-AcHisFl<8a-PyFl . Al­
though aliphatic thiols such as GSH and 2-mercapto-
ethanol are slowly oxidized by flavin, thiophenol is 
not oxidized under ambient reaction conditions unless 
the electron-deficient isoalloxazine is employed.6) As 
expected, oxidation of PhSH by 3-MeFl and 8a-AcHisFl 
could not be detected under the present reaction condi­
tions, but that by 8a-PyFl was detected accurately to 
give kz' = \52 M~2 s"1. The A8' value for 3,10-dimethyl-
8-cyanoisoalloxazine determined under the comparable 
reaction conditions is 5 X 104 M - 2 s-1,6) so that the £3 ' 
value for 8a-PyFl is smaller by about two orders of 
magnitude than that for the electron-deficient iso-
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-ho 

en 

0 2 4 6 8 
CGSH3 X10 3 /M 

Fig. 1. Plots of kx' as a function of GSH concentration. 
( # ) 8a-PyFl; (Q) 4VP-Dod-0; O ) 4VP-Fl-Dod-20. 

H1 > 

) 1 2 3 

CPhSH] x103/M 

Fig. 2. Plots of kx' as a function of PhSH concentration. 
( # ) 8a-PyFl; (Q) 4VP-Fl-Dod-0 ; O ) 4VP-Fl-Dod-20. 

alloxazine with an 8-cyano group. 
Plots of pseudo first-order rate constant (k1

, = vohsâl 
[flavin]) vs. thiol concentration are given in Figs. 1 and 
2. In contrast to the second-order dependence of 
conventional flavin on thiol concentrations, the pseudo 
first-order rate constants (£ / ) for 4VP-Fl-Dod-0 and 
4VP-Fl-Dod-20 showed a saturation phenomenon 
which is essentially approximated by sigmoid curves. 
The result indicates that the oxidation by polymer-
bound flavins (polymer-Fl) proceeds via complexation 
as shown by 

polymer-Fl + 2RSH polymer-Fl-(RSH)2 

• polymer-FlH- + RSSR (4) 

where Km is the equilibrium constant for dissociation of 
polymer-Fl• R S H 2 complex( = [polymer-Fl] [RSH]2

0 t a l / 
[polymer-Fl-(RSH)2]) and kcat the first-order intra-
complex reaction rate constant. If we assume that 
[ f l av in ]C[RSH] t o t a l , the corresponding rate equation 
can be expressed by 

= /^'[polymer-Fl] = .[poIymer-FlHRSH]?,,,.. 
tfm + [RSH]?otal 

(6) 

The theoretical plot of £ / vs. [ R S H ] t o t a l gives a 
sigmoid curve. Following the derivation of the 
Lineweaver-Burk equation from the Michaelis-Menten 
equation, Eq. 5 can be re-written as follows which gives 
the linear relation between 1/Ä;/ and 1/[RSH]2 . 

_4 = _!_ + _£-. L__ 
W K&t ^cat [RSH] to ta l 

The plots (Figs. 3 and 4) show fairly good linearity 
( r<0 .98) . The slope (Km(kcat) and the intercept ( 1 jkcat) 
were determined by least-squares computation. The 
kcat and Km values are summarized in Table 2. The 
apparent third-order rate constants (^ '^^obsd ' 
[Polymer-Fl] [RSH]t

2
0tal) at [ R S H ] t o t a l = 1.00 x 10~3M 

are given in Table 1. 

V- 10 

rGSH3" x10 / M " 

Fig. 3. Plots of A:/-1 versus [GSH]~2. (O) 4VP-F1-
Dod-0; O ) 4VP-Fl-Dod-20. 

(5) 

CPhSH]** X10" 6 /M" 2 

Fig. 4. Plots of A:/-1 versus [PhSH]-2. (O) 4VP-F1-
Dod-0; O ) 4VP-Fl-Dod-20. 

Examination of the apparent third-order rate 
constant (A:3') reveals that (1) the rate augmentation of 
103—104 fold is achieved by immobilization of 8a-PyFl 
unit in the quaternized 4VP polymers and (2) the rate 
constants increase with increase in the dodecyl group 
content. 

Flavin immobilized in the quaternized 4VP polymers 
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TABLE 2. KINETIC PARAMETERS FOR THE OXIDATION OF GSH AND PhSH BY POLYMER-BOUND FLAVINS 

a) k2' at pH 8.80: cited from Ref. 18. b) kz' at pH 6.70: cited from Ref. 19. 

Flavin 

4VP-Fl-Dod-0 
4VP-Fl-Dod-20 
St-Fl-Dod-22 

^ca t 

s-1 

0.0606 
0.169 

GSH 

Km 
M2 

5 . 3 6 x l 0 - 6 

2 . 1 5 x l 0 - 6 

^ c a t / ^ m 
M - 2 s - l 

1.14x10* 
8.05x10* 

833a) 

k 
^ca t 

S " 1 

0.0645 
0.263 

PhSH 

Km 
M2 

8.00X10-7 

1.13x10-6 

^catA^-m 
M-2 s - i 

8.06x10* 
2 .33x10 s 

6.24x10 s b) 

via 8oc-position gives rate constants greater than flavin 
immobilized in cationic polystyrene via 3-position.18) 
Since oxidation of GSH and PhSH by flavin immobilized 
in cationic polystyrene shows a simple second-order 
dependence upon GSH and PhSH under the comparable 
reaction conditions,18»19) the improved reactivity of 
8a-PyFl unit in 4VP polymers should be rationalized in 
terms of the efficient complexation with thiol substrates. 
Kinetic parameters (Table 2) indicate that 4VP-F1-
Dod-20 which is classified as a more hydrophobic 
polymer possesses £ c a t values greater than 4VP-Fl-Dod-
0 by factors of 3—4. On the other hand, no significant 
difference could be found for Km values. This suggests 
that the hydrophobicity of 4VP polymer is related to 
the efficiency of intra-complex reaction and not to the 
binding efficiency. 

D i s c u s s i o n 

The oxidative reactivity of flavin was not largely 
improved by introduction of histidine into 8a-position.12> 
The present study established that 8a-PyFl employed 
as an analogue of protonated 8a-AcHisFl exhibits 
enhanced reactivities toward several substrates. This 
indicates that the reactivity of flavin covalently-linked 
to enzymes via the histidine residue can also be enhanced 
in acidic p H region (pKa of histidine linked to the 8a-
position is estimated to be 6.9).20) 

Shinkai et al. reported the micellar effects on flavin 
oxidation.21-23) In general, the reaction of flavin and 
NADH analogue is affected to a smaller extent by 
surfactant micelles,21) whereas flavin oxidation of 
anionic species such as carbanions and thiolates is 
remarkably facilitated by cationic micelles.22'23) The 
marked rate acceleration is rationalized in terms of 
enhanced local concentration of anions by interaction 
with micellar cationic surface and activation of anions by 
desolvation in micellar hydrophobic environment.24»25) 
The results (Table 1) indicate that oxidation of 1-
nitroethanide ion, GSH, and PhSH is facilitated 
considerably by immobilization of 8a-PyFl structure 
in the cationic 4VP polymer, the k2 value for flavin 
oxidation of BzlNH being hardly improved. T h e trend 
is in line with the micellar effects. The marked rate 
acceleration might be caused by the high cationic 
charge density along the polymer chain which concen­
trates anionic reactant species and by polymeric hydro­
phobic environment. 

Cationic polystyrene polymers which immobilize 
flavin via 3-position were synthesized (Scheme l).26) 
The reaction of N A D H (polyanionic species) with the 
immobilized flavin proceeded according to Michaelis-

Menten kinetics.26) However, oxidation of 1-nitro-
ethanide ion, GSH, and PhSH showed no saturation 
phenomenon.18 '19»27) This indicates that the reaction 
proceeds according to a simple second-order path, or 
the dissociation constant (^ m ) is greater than the 
employed reactant concentrations even if the reaction 
occurs via complexation. In contrast, oxidation of 
GSH and PhSH by flavin immobilized in the 
cationic 4VP polymers gave distinct saturation curves 
under comparable reaction conditions (Figs. 1 and 2). 
It is not clear why quaternized 4VP polymers adsorb 
GSH and PhSH more efficiently than cationic poly­
styrene polymers. A possible explanation is that the 
flavin unit in the 4VP polymers is immobilized as a 
cationic unit and that in the polystyrene polymers as a 
neutral unit . The flavin unit in cationic polystyrenes 
may exist, due to the hydrophobicity, in a hydrophobic 
domain of the polymer which is isolated from a cationic, 
substrate-binding site, the enhanced substrate concen­
tration at the cationic site thus not being reflected 
advantageously by the subsequent flavin oxidation 
process. 

The results can be summarized as follows: (1) the 
reactivity of isoalloxazine ring is enhanced by protona­
tion of à a - ^ - h i s t i d i n y l ) group, (2) the oxidation of 
carbanion and thiols is facilitated by cationic polymer 
environment, and (3) as a result of combination of (1) 
and (2), flavin immobilized in cationic 4VP polymers 
via 8a-position acts as an excellent oxidizing agent for 
anionic species. 

E x p e r i m e n t a l 

Materials. Preparation of BzlNH and 3-MeFl was 
reported.26) 8-Methyl group of 3-MeFl was brominated 
accoding to the method of Walker et A/.20) The content of 
3-methyl-8a-bromotetra-0-acetylriboflavin was estimated from 
the decrease of the C(8)-CH3 peak in the NMR spectrum20) 
(d=2.58 ppm in CDC13) to be 64%. The mixture was used 
without further purification for the preparation of 8a-PyFl, 
8a-AcHisF], and 4VP-bound flavins. 

In a 100 ml flask covered with aluminium foil were placed 
0.3 g of brominated flavin mixture containing 3.2 X 10~4 mol 
of 3-methyl-8a-bromotetra-0-acetylriboflavin and 0.4 ml (4.8 
X 10-4 mol) of pyridine which were dissolved in 60 ml of 
ethanol. The mixture was then heated under reflux and the 
progress of the reaction was monitored by TLC method 
(silica gel and ethyl acetate). The spot for 3-methyl-8a-
bromotetra-O-acetylriboflavin(/?f=0.20) disappeared and a 
new spot attributed to 8a-PyFl appeared at the origin. After 
6 h, the spot for 3~methyl-8a-bromotetra-0-acetylriboflavin 
became undetectable. Solvent ethanol was evaporated in 
vacuo, and the yellow residue was recrystallized three times 
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from ethanol-diisopropyl ether; m p 85—97 °C (hygroscopic), 
yield 0.3 g. N M R (Me2SO-</6) : GOGH 3 , 1.60 p p m (3H), 
2.40 p p m (3H), 2.20 p p m (6H) ; 7-CH3 , 2.52 ppm, 3 H ; N ( 3 ) -
CH 3 , 3.39 p p m , 3 H ; N(10) -CH 2 , 4.40 ppm, 2 H ; C H 2 in 
ribityl group, 4.95 p p m , 2 H ; C H in ribityl group, a round 
5.4 ppm, 3 H ; 8-CH2 , 6.24 p p m , 2 H ; 6-H, 7.78 p p m , 1H; 
9-H, 8.14 p p m , 1H; pyridine, 8.3—9.2 p p m , 5H. Found : C, 
48.50; H , 4 .98; N , 9 .02%. Calcd for C3 1H3 4N5O1 0Br: 2.84 
H 2 0 : C, 48.50; H , 4.84; N , 9 .12%. 

T h e preparat ion of 8a-AcHisFl was carried out according 
to the method of Walker et a/.20) 0.20 g (1.0 X 10"3 mol) of 
^-ace ty l -L-h is t id ine , and 1.28 g of brominated flavin mixture 
containing 1.3 X 10 _ 3 mol of 3-methyl-8a-bromotetra-0-acetyl-
riboflavin were dissolved in 30 mol of A^iV-dimethylformamide, 
and the mixture was stirred at 50 °C in the presence of 1.38 g 
(1.0 X 10~~2 mol) of powdered potassium carbonate . T h e prog­
ress of the reaction was monitored by T L G method (silica 
gel and ethyl acetate) . T h e spot of 3-methyl-8a-bromotetra-
0-acetylriboflavin became undetectable after 48 h. T h e 
solvent was evaporated in vacuo, the orange residue being 
taken with 100 ml of chloroform. T h e chloroform layer 
separated was washed with 50 ml of 0.5 M phosphate buffer 
solution to extract 8a-AcHisFl and unreacted A^-acetyl-L-
histidine. T h e aqueous layer was then adjusted to p H 4 
with acetic acid, saturated with ammonium sulfate, and then 
extracted four times with 100 ml of 1-butanol. T h e 1-butanol 
solution was dried over sodium sulfate for one day. T h e 
solvent was evaporated in vavuo, the residue being recrystal-
lized twice from ethanol-diisopropyl ether; m p 244—247 °C, 
yield 0.45 g. Found : C, 49.97; H , 5.43; N , 12.02%. Calcd 
for C 3 4 H 3 9 N V 0 9 . 3 H 2 0 : C, 50.62; H , 5.25; N , 12.15%. 

Polymer-bound flavins (4VP-Fl-Dod-0 and 4VP-Fl-Dod-20) 
were prepared from 3-methyl-8a-bromotetra-0-acetylribofla-
vin and poly(4-vinylpyridine) ( M W 100000; Ko-ei Kagaku 
K o g y o C o . ) . T w o grams of poly(4-vinylpyridine) were dis­
solved in 10 ml of A^iV-dimethylformamide and mixed with 
1.8 g of brominated flavin mixture containing 1.9 X 10 - 3 mol of 
3-methyl-8a-bromotetra-0-acetylriboflavin. T h e reaction mix­
ture was heated under reflux for 4 h and then poured into 
diisopropyl ether. T h e recovered polymer became orange 
plates when dried under reduced pressure. T h e composition 
of flavin uni t was determined by the absorption spectrum 
method, assuming tha t the molar absorbancy index is equal 
to that of 8a-PyFl (e= 10040 in A^-d ime thy l fo rmamide ) . T h e 
flavin content thus determined was 6 mol % . T h e polymer 
was further quaternized by propyl bromide and dodecyl 
bromide according to the method employed for the prepara­
tion of polysoaps.28) T h e quaternized polymers were purified 
by extensive dialysis and the composition was estimated by 
means of N M R for the dodecyl unit28) and Potentiometrie 
t i trat ion for the propyl uni t . T h e results are given in terms 
of the structure of polymer-bound flavins. 

Kinetics. T h e rates for flavin oxidation of BzlNH were 
estimated under aerobic conditions by following the decrease 
in the absorption band of BzlNH at 357 nm. T h e other 
flavin oxidation reactions were performed under anaerobic 
(N2) conditions by following that of flavins at ca. 445 nm. 
Details of the methods were described in previous papers.18 '26 '27) 
All the reactions were carried out at 30 °C (Tables 1 and 2). 

As reported earlier,6'13»22'26) flavin oxidation of BzlNH and 
1-nitroethanide ion is first-order in flavin and substrate, while 
that of G S H and P h S H is second-order in thiol.18) O n the 
other hand , plots of oxidation rate versus thiol concentration 

for 4 V P polymer-bound flavins show sigmoidal curves (Figs. 
1 and 2). 
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Ring-opening Reaction of Oxiranes, Oxetanes, and Tetrahydropyran 
by Mercury(II) Salts and Alkyl Halides 
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The reaction of primary and secondary alkyl halides with mercury (I I) acetate in oxiranes, oxetanes, and 
tetrahydropyran results in ring-opening to give the corresponding alkoxyalkyl acetates. Similar reactions with 
mercury(II) thiocyanate in oxetanes afford alkoxyalkyl isothiocyanate and thiocyanate, ROCH2C(R')2CH2NCS and 
ROCH2C(R /)2CH2SCN, where the isomer ratios (N/S ratios) are 82—96/4—18. It is suggested that the reactions 
involve the initial formation of a three-, four-, or six-membered 0 -alkyloxonium ion intermediate and subsequent 
attack by XHgZ2~. 

It has been established that pr imary and secondary 
alkyl halides react with mercury(II) thiocyanate, 
acetate, and chloride in tetrahydrofuran (THF) to give 
the THF-incorporated compounds, R [ 0 ( C H 2 ) 4 ] w Z 
(/2=1, 2; Z - S C N , NCS, OAc, CI). The reaction was 
thought to proceed through an O-alkyltetrahydrofura-
nium ion intermediate as shown in Scheme l.1»2) In 
the case of mercury (I I) thiocyanate the products were 

RX + HgZ2 + 
M > 

i 
R 

• R[0(CH2)4]nZ (1) 

the isomeric alkyl thiocyanate and isothiocyanate, the 
results revealing the ambident reactivity of the mercury 
salt.1) I t is of interest to ascertain whether similar 
reactions occur with three-, four-, and six-membered 
ring cyclic ethers and how the ambident character of 
thiocyanate ion is reflected in the products. The results 
of the reactions of several alkyl halides with several 
mercury(II) salts in oxiranes, oxetanes, and tetrahydro­
pyran will be described. 

R e s u l t s and D i s c u s s i o n 

The reaction of alkyl iodides with mercury (I I) 
acetate or chloride in several oxiranes afforded the 
isomeric ring-opening products (1 and 2) in a good 
to moderate yield (Scheme 2). In the cases of 1,2-
epoxypropane (R' —Me) and 1,2-epoxybutane (R' = Et) 
the yields of 1 and 2 were nearly equal, while 1 was 
the sole product in the case of epichlorohydrine (R ' = 

RI + HgZ2 + R'-CH—CH2 

R'CH-CH2 + R'CH-CH2 
i i i 

(2) 
OR Z Z OR 

1 2 

C1CH2). Prom the reaction of cyclohexene oxide only 
/r<my-product was formed. Typical results are sum­
marized in Table 1. 

Treatment of alkyl halide with mercury(II) acetate 
in several oxetanes afforded the oxetane-incorporated 
compounds (3) as shown in Scheme 3. Such ring-
opening reaction also occurred with mercury(II) 

R' 
R'-

RX + Hg(OAc)2 + 
—O 

ROCH2C (R') 2CH2OAc (3) 
3 

thiocyanate to give the isomeric oxetane-incorporated 
alkoxyalkyl isothiocyanate (4) and thiocyanate (5) 
(Scheme 4), and the isomer ratio (N: S = 82—96: 4—18) 
differed very much from that of the products obtained 
in T H F solvent (N: S=ca. 1: l).1) Typical results are 
shown in Table 2. 

R 
R'-|-

RX + Hg(SCN)2 + 
-O 

ROCH2C(R')2CH2NCS + ROCH2C(R ,)2CH2SCN (4) 
4 5 

The reaction in tetrahydropyran gave similar ring-
opening compounds such as 6, 7, and 8 in low yields 

Alkyl iodide 
R(5 mmol) 

Et 
f-Pr 
Et 
Et 
Et 
Et 
Et 

TABLE 1. 

Mercury(II) salt 
(5 mmol) 

Hg(OAc)2 

Hg(OAc)2 

HgCl2 

Hg(OAc)2 

Hg(OAc)2 

Hg(OAc)2 

Hg(OAc)2 

REACTION OF ALKYL IODIDE WITH MERCURY(II) SALT IN 

Oxirane 
R' (10 ml) 

Me 
Me 
Me 
Et 
C1CH2 

C1CH2 

b) 

React temp 
" ^C 

36 
36 
36 

55—60 
35—40 

75 
70—78 

React time 
h 

48 
20 
26 
15 
48 

7 
5 

OXIRANE 

Yield/%a) of 
1 + 2 

64 
62 
19 
74 
50 
54 
66c) 

Isomer ratio 
1 : 2 

47 : 53 
52 : 48 
44 : 56 
45 : 55 

100 : 0 
100 : 0 

a) Determined by GLC analysis. b) Cyclohexene oxide. c) fraw.y-l-Acetoxy-2-ethoxycyclohexane. 
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Alkyl halide 
(5 mmol) 

E t I 

E t I 

*-PrI 

f-PrBr 

CH 2 =CHCH 2 Br 

PhCH 2 Br 

Et I 

f-Prl 

E t I 

E t I 

z-Prl 

E t I 

f-Prl 

Nanao WATANABE, Sakae U E M U R A , and Masaya O K A N O 

T A B L E 2. REACTION 

Mercury( I I ) salt 
(5 mmol) 

Hg(OAc) 2 

Hg(OAc) 2 

Hg(OAc) 2 

Hg(OAc) 2 

Hg(OAc) 2 

H g ( O A c ) 2 

Hg(OAc) 2 

Hg(OAc) 2 

Hg(SGN) 2 

Hg(SGN) 2 

Hg(SCN) 2 

Hg(SGN) 2 

Hg(SGN) 2 

[Vol. 52, No. 

OF ALKYL HALIDE WITH M E R C U R Y ( I I ) SALT IN OXETANE 

Oxetane 
R ' (10 ml) 

H 

M e 

M e 

M e 

M e 

M e 

C1CH2 

C1CH2 

H 

M e 

M e 

C1CH2 

C1CH2 

React 
temp/°G 

45—48 

78 

73—77 

60—62 

69—72 
67—73 

64—69 

65—70 

46—51 

73—75 

69—71 

67—71 

71 

React 
t ime/h 

7 

5 

7 

20 

5 

5 

5 

5 

28 

5 

5 

8 

5 

Yield/% of product 
and isomer ratio10 

3 51 

3 76 

3 53 

3 52 

3 45 

3 75 

3 70 

3 66 

4 + 5 trace 

4 + 5 2 9 ( 9 6 : 4 ) 

4 + 5 3 2 ( 9 6 : 4 ) 

4 + 5 74(82 : 18) 

4 + 5 82(85 : 15) 

12 

a) Determined by GLC analysis. 

(Schemes 5 and 6). In the reaction with mercury(II) 

thiocyanate the main products were 9 and 10 and the 

yields of the tetrahydropyran-incorporated compounds 

(7 and 8) were ca. one-fifth of those of 9 and 10. The 

EtI + Hg(OAc)2 + 

o/ 
EtO(CH2)5OAc 

6 
(5) 

rc-BuI + Hg(SCN)2 + —* rc-BuO(CH2)5NCS 
x o /

 7 
+ rc-BuO(CH2)5SCN 

8 

+ rc-BuNCS + rc-BuSCN (6) 

9 10 

N/S ratios of 7 and 8 was almost the same as that of the 

products obtained in T H F solvent. 

For reactions in oxiranes, the isomer ratios of 1 and 2 

are consistent with the directions of ring-opening in the 

addition of alcohol to such oxiranes in acidic conditions,3) 

where reaction proceeds through the formation of a 

protonated oxirane followed by either direct attack by a 

nucleophile or nucleophilic attack on a carbonium ion 

after ring-opening.4) The basicity of oxygen of oxiranes 

is known to be lower than that of THF.5) Nevertheless 

the presence of the O-alkyloxonium ion of ethylene 

oxide has been confirmed by 1 H-NMR 6 ) and also 

assumed in the case of its acid-catalyzed polymeriza­

tion.4) The following pathways are thus conceivable 

TABLE 3. BOILING POINTS AND ANALYTICAL DATA OF THE PRODUCTS 

Compound 

1 + 2 ( R ' = M e , R = E t , Z = O A c ) 

1 + 2 ( R ' = M e , R = z - P r , Z = O A c ) 

1 + 2 ( R ' = E t , R = E t , Z = O A c ) 

1 ( R ' = C 1 C H 2 , R = E t , Z = O A c ) 

trans-1 -Acetoxy-2-ethoxycyclohexane 

1 + 2 ( R ' = M e , R = E t , Z=G1) 

3 ( R ' = H , R = E t ) 

3 ( R ' = M e , R = E t ) 

3 ( R ' = M e , R = f - P r ) 

3 ( R ' = M e , R = C H 2 = C H C H 2 ) 

3 ( R ' = M e 3 R = P h C H 2 ) 

3 ( R ' = C 1 C H 2 , R = E t ) 

3 ( R ' = C 1 C H 2 , R==z-Pr) 

4 + 5 ( R ' = M e , R = E t ) 

4 + 5 ( R ' ^ M e , R = f - P r ) 

4 + 5 ( R ' ^ C l C H j , R = E t ) 

4 + 5 ( R ' ^ C l C H j , R = z - P r ) 

E t O C H 2 C ( M e ) 2 C H 2 B r 

E t O C H 2 C (CH aCl) 2CH 2Br 

6 

7 + 8 

Bp 
°G/mmHg 

59/20 a ) 

78—83/62 
95—97/57 

105—110/30 

102/19b) 

35—40/53°) 

60—70/20d ) 

87—88/40 

82—83/20 

100—101/27 

122—124/2 

98—99/2 

104—105/2 
80—83/20 

95—98/17 

112—116/2 
116—120/2 

85—87/60 

106—107/10 

55—60/6 e ) 

105—109/2 

C 

59 .76(59 .97) 

59 .82(59 .97) 
46 .08(46 .55) 

61 .98(62 .04) 

63 .60(63 .80) 

64 .60(64 .49) 

71 .26(71 .16) 

44 .52(44 .46) 

46 .84(46 .71) 
55 .51(55 .45) 

58 .01(57 .71) 

39 .59(39 .68) 

42 .18(43 .19) 

43 .01(42 .09) 

31 .87(31 .85) 

59 .60(59 .66) 

Found ( C a l c d ) , % 

H 

10.20(10.07) 

10.32(10.07) 

7.32 ( 7.25) 

10.61(10.41) 

10.64(10.71) 

9 . 5 0 ( 9.74) 

8 .24 ( 8.53) 

6.80 ( 6.63) 

7 .07 ( 7.06) 

8 .95 ( 8.73) 

9 . 1 9 ( 9.15) 

5 .38 ( 5.41) 

5 .90 ( 5.90) 

7 .88 ( 7.75) 

4 .90 ( 4.96) 

9 . 6 6 ( 9.51) 

N 

7 .81(8 .08) 
7 .55(7 .48) 

5 .50(5 .78) 

5 .49(5 .47) 

6 .71(6 .96) 

a) Lit,6) bp for 2 77—80 °C/50 mmHg. 

113—115°C.13) d) Lit,14) bp 174.5—175 

b) Lit,115 bp 91—92 °C/10 mmHg, c) Lit, 

.5 °G. e) Lit,15) bp 105 °C/14 mmHg. 
bp for 1 117—118 °C,12) bp for 2 
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( n e u t r a l o r s l ight ly a c i d i c c o n d i t i o n ) ; (a) t h e in i t i a l 
f o r m a t i o n of a n O - a l k y l o x o n i u m ion i n t e r m e d i a t e , 
fol lowed b y t h e £ N 2- l ike a t t a c k b y X H g Z 2 ~ as h a s b e e n 
p r o p o s e d in t h e r e a c t i o n in T H F , 1 ) a n d (b) t h e £ N l - l i k e 
r e a c t i o n of t h e o x o n i u m i o n w i t h X H g Z 2 ~ (a m o r e 
c a r b o n i u m ion- l ike m e c h a n i s m t h a n ( a ) ) . B o t h p a t h ­
w a y s (a) a n d (b) o c c u r r e d c o n c u r r e n t l y in t h e cases of 
1 ,2 -epoxypropane a n d 1 , 2 - e p o x y b u t a n e , w h i l e p a t h w a y 
(a) p r e d o m i n a t e d i n t h e case of e p i c h l o r o h y d r i n e . 

T h e r eac t ions i n o x e t a n e s a n d t e t r a h y d r o p y r a n 
a p p e a r to p r o c e e d via a n O - a l k y l o x o n i u m ion i n t e r ­
m e d i a t e ( I , I I I ) as i n t h e case of t h e r e a c t i o n in T H F , 
s ince the bas i c i ty of oxygen i n these cycl ic e the r s is 
k n o w n to b e s imi la r . 5 ) T h e d i f ference of t h e N / S i s o m e r 
r a t i o of t h e p r o d u c t s o b t a i n e d in o x e t a n e s w i t h t h a t 
o b t a i n e d i n T H F m a y reflect t h e s t ab i l i t y differences 
b e t w e e n the i n t e r m e d i a t e o x o n i u m ions . I n t h e r e a c t i o n 
of a lkyl ha l ides w i t h m e r c u r y ( I I ) t h i o c y a n a t e , i t w a s 
found t h a t t he N / S r a t i o of t h e i s o m e r i c p r o d u c t s 
b e c a m e l a r g e r as t h e 6^1 r e a c t i v i t y of t he a lkyl h a l i d e 
i n c r e a s e d : i.e., N / S = 21 /79 for zz-Bu, 85 /15 for z'-Pr, a n d 
99/1 for P h C H ( M e ) . 7 ) By c o m p a r i n g t he s t ab i l i t y of 
I , I I , a n d I I I , i t m a y b e seen t h a t I is t h e m o s t u n s t a b l e 

r~# m (Cï 
\ „ \ C K x O ' 

•K- i i 

j R R 

I I I I I 

a n d a p t to r e a c t via a -S^l-like p a t h w a y , r e s u l t i n g i n 
t h e p re fe r red f o r m a t i o n of a lky l i s o t h i o c y a n a t e . T h e 
a lmos t s i m i l a r N / S r a t i o in t h e p r o d u c t s o b t a i n e d i n 
T H F a n d t e t r a h y d r o p y r a n m a y reflect a s i m i l a r s t a ­
b i l i ty of I I a n d I I I . T h a t t h e N / S ra t ios in t h e 
p r o d u c t s o b t a i n e d in t he r e a c t i o n s of m e r c u r y ( I I ) 
t h i o c y a n a t e w i t h 4 - a l k o x y b u t y l b r o m i d e a n d 5 -e thoxy-
p e n t y l b r o m i d e (via I I a n d I I I respec t ive ly) 1 ) w e r e 
a lmos t the s a m e s u p p o r t s th is c o n s i d e r a t i o n . 

E x p e r i m e n t a l 

The isomer ratios in the products were determined by G L C . 
The GLC analyses were conducted on a Shimadzu 4BMPF 
and Yanagimoto G800-T apparatus , using SE-30(1 m) , D E G S 
( l m ) , PEG-6000 (2 m) , T E A (3 m) , and EGSS-X (1 m) 
columns (carrier gas, H 2 and N 2 respectively). T h e ^ - N M R 
spectra were recorded with a J E O L MH-100 (100 M H z ) and 
a Hitachi R-24 (60 MHz) spectrometer in CC14, using T M S 
as the internal s tandard. 

Materials. All the organic substances were used after 
distillation. T h e commercial mercury(II) salts were used 
without further purification. Oxetane (bp 47—48 °C),8) 3,3-
dimethyloxetane (bp 79—80 °C),9> and 3,3-bis(chloromethyl)-
oxetane (bp 80 °C/10.5 mmHg)1 0) were prepared from 3-chlo-
ropropyl acetate, 2,2-dimethyl-l ,3-propanediol, and 3-chloro-
2,2-bis(chloromethyl) propyl acetate, respectively, by the 
reported methods. All compounds except 1 and 2 ( R ' = M e , 
R = E t , Z = O A c or Cl) , /ra/u-l-acetoxy-2-ethoxycyclohexane, 
3 ( R / = H , R = E t ) , and 6 are new and were isolated by 
distillation or preparart ive G L C ; the boiling points and 
analytical data of the new compounds are shown in Table 3. 
The 1 H - N M R spectra for all compounds supported each 
structure. 

Reaction of Alkyl Halide with Mercury (II) Acetate in Oxirane 
or Oxetane. T h e following example shows a typical 
procedure. A suspension of Hg(OAc) 2(1.62 g, 5.1 mmol) and 
ethyl iodide (0.78 g, 5.0 mmol) in 1,2-epoxybutane (10 ml) 
was stirred at 55—60 °C for 15 h, and the mixture subse­
quently treated as described in a previous report.1) Distillation 
afforded a mixture of 1 and 2 ( R ' = E t , R = E t , Z = OAc) 
which was analyzed by 1 H - N M R spectroscopy. T h e proton 
signals of - C H 2 O A c at ô 3.88—4.14 and those of - ( ^HOAc 
at ô 4.70—4.96 were characteristic for 1 and 2, respectively. 
G L C analysis of the crude reaction mixture using triethanol-
amine (TEA) column (3 m) revealed the isomer ratio of 1: 2 
to be 55 : 45 and that using SE-30 column ( 1 m) (this column 
did not separate the two products) with 4-ethoxybutyl acetate 
as the internal s tandard showed the combined yield of products 
to be 74% (3.68 mmol) based on ethyl iodide charged. 

Reaction of Alkyl Iodide with Mercury(II) Thiocyanate in 
Oxetane. T h e following example shows a typical proce­
dure. T o a suspension of Hg(SCN) 2 (1 .58 g, 4.97 mmol) in 
3,3-dimethyloxetane (10 ml) was added ethyl iodide (0.87 g, 
5.54 mmol) at 73—75 °C and the resulting homogeneous 
solution stirred for 5 h. After the work-up as described 
above, G L C analysis of the ether extract using P E G 6000 
(2 m) column with diphenyl ether as the internal s tandard 
revealed the presence of 4 and 5 ( R ' = M e , R = E t ) (0.27 g, 
1.58 mmol , 2 9 % yield, 4 : 5 = 9 6 : 4) . Analytically pure 4 and 
5 were obtained by simple distillation and determined by 
1 H - N M R spectroscopy. 

Authentic samples of 4 and 5 ( R ' = M e , R = E t ) and 4 
and 5 ( R ' ^ C I C H ^ R = E t ) for G L C analysis were prepared 
as follows. A mixture of ethyl iodide (4 g, 25 mmol) , HgBr2 

(9 g, 25 mmol) , and 3,3-dimethyloxetane (2.2 g, 25 mmol) 
in 1,2-dichloroethane (10 ml) was maintained a t 70—75 °C 
for 4 h with stirring. After the work-up described above, 
distillation gave 3-ethoxy-2,2-dimethylpropyl bromide (0.8 g 
4.1 mmol , 16% yield) which reacted with K S C N (25 mmol) 
in D M F (5 ml) at 75—80 °C for 30 h to give two products, 
the retention times of which were identical with those of 4 
and 5 ( R ' = M e , R = E t ) on several different columns ( 4 : 5 
= 17: 83). A similar procedure using 3,3-bis(chloromethyl)-
oxetane afforded l-bromo-2,2-bis(chloromethyl)-3-ethoxypro-
pane ( 2 3 % isolated yield) which then reacted with K S C N 
to give 4 and 5 ( R ' = C 1 C H 2 , R = E t ) ( 4 : 5 = 1 : 9 9 ) . 

Reaction of Alkyl Iodide with Mercury (II) Salt in Tetrahydro­
pyran. Trea tment of ethyl iodide (5 mmol) and Hg(OAc) a 

(5 mmol) in te t rahydropyran (10 ml) at reflux temperature 
for 24 h afforded 6 in 3 0 % isolated yield. Similarly, the 
reaction of butyl iodide (40 mmol) with Hg(SCN) 2 (40 mmol) 
in te t rahydropyran (15 ml) at 85—90 °C for 2 h gave 7 and 
8 (7% isolated yield, 7 : 8 = 4 9 : 5 1 ) and 9 and 10 (39% 
isolated yield, 9 : 1 0 = 3 8 : 62). 
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Chemistry of iV Thiosulfinylanilines. IV.1) Reactions of iV-Thiosulfinyl-
anilines with Electrophilic Reagents 

Yoshio INAGAKI, Renji OKAZAKI, and Naoki INAMOTO* 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received May 24, 1979) 

Reaction of 2,4-di-£-butyl-6-methyl-iV-thiosulfinylaniline (1) with m-chloroperbenzoic acid (MGPBA) afforded 
the corresponding aniline and iV-sulfinylaniline. Reaction of MGPBA with 2,4,6-tri-J-butyl-7,8-dithia-9-azabicyclo-
[4.3.0]nona-2,4,9-triene equilibrated with 2,4,6-tri-^butyl-N-thiosulfinylaniline gave 2,4,r-6-tri-J-butyl-7,8-dithia-
9-azabicyclo[4.3.0]nona-2,4,9-triene J-7-oxide (12), 4,6-di-J-butyl-3i/-l,2,3-benzodithiazole 2-oxide (13), and 
2,4,6-tri-^-butyl-iV-sulnnylaniline (14). The oxide 13 was considered to be produced via a primary product 2,4,r-
6-tri-^-butyl-7,8-dithia-9-azabicyclo[4.3.0]nona-2,4,9-triene *-8-oxide which was found to be unstable above —30 °G. 
Thermolysis of 12 affording 13, 14, and 2,4,6-tri-J-butylaniline demonstrated oxygen or sulfur migration in the 
thiosulfinate type compound. Bromine reacted with 1 to give bis(2,4-di-^-butyl-6-methylphenyl)sulfur diimide 
probably via a thionitroso intermediate. Neither trimethyloxonium tetrafluoroborate nor trimethylsilyl chloride 
reacted with 1. 

The synthesis of stable thiosulfinylamino compounds 
containing a new functional group (-N=S=S) has 
recently been reported by Barton's group2) and us,3) 
and the thermal2»3) and photochemical behavior3) has 
been delineated. Since the reactivity of thiosulfinyl­
amino group towards electrophilic reagents has not 
been explored except for acid hydrolysis,2) we inves­
tigated the reaction of stable N-thiosulfinylanilines with 
w-chloroperbenzoic acid, bromine, and other electro-
philes, which is the subject of this paper.4) 

R e s u l t s and D i s c u s s i o n 

Reaction with vci-Chloroperbenzoic Acid (MCPBA). 
Reaction of 2,4-di-^-butyl-6-methyl-iV-thiosulfinylaniline 
(1) with an equimolar amount of MCPBA afforded 
2,4-di-^butyl-6-methyl-iV-sulfinylaniline (2) and 2,4-di-
*-butyl-6-methylaniline (3) in 30.8 and 4 1 . 3 % yields, 
respectively, along with recovered 1 (14.9%). 

Probable mechanism of formation of 2 and 3 is 
depicted in Scheme 1. 

The reaction of aniline 3 with MCPBA has been 
reported to give 2,4-di-£-butyl-6-methylnitrosobenzene 
(4).5) Therefore, the absence of 4 in the products 
suggests that 3 did not exist in the reaction mixture 
but was produced during the work-up procedure 
(probably hydrolysis of 8 or 9 with aqueous sodium 
hydrogencarbonate, see Experimental) . The sulfinyl-
aniline (2) was stable under the work-up conditions 
not to be hydrolyzed to the aniline (3). 

Since a peroxy acid is known to attack sulfur atom of 
a thioketone,6) the initial formation of 5 seems probable. 
The intermediate 5 would rearrange into 9, which is 
considered to be hydrolyzed to give thiohydroxylamine 
(10), sulfur dioxide, and m-chlorobenzoic acid in 
analogy to acid hydrolysis of an acid anhydride. As 

RC03H 

Ar-N=S=S 

1 

•> Ar-N=s' I - r > Ar-N=S=0 
N 0 2 

H S 
•> Ar-N-S-S-0-O-C-R 

U S 0 
H 11 11 

Ar-N-S-OO-OR 

• Ar-N-SrS-OiC-R 
-SO2 

tru H Ar-ft-! 
H P -RC0*H IO 

•SH 
- S 

**Ar-NH2 

3 

- S 0 so2 
Ar-N-S-0-0-OR ° a» AI-NTS-C^C-R ^Ar-NH2 

7 ^ l-^oV^H 3 
8 

Ar=2,4-dW-butyl-6-methylphenyl 
R = w-chloropheny 1 

Scheme 1. 

thiohydroxylamine (10) has been reported to be unstable 
to give the corresponding amine and sulfur,7) 10 would 
produce 3 as a final product . Since a peroxycarboxylic 
acid is a relatively strong nucleophile as to add to 
organic isocyanate,8) nucleophilic attack on 1 to give 
6 seems also reasonable. The intermediate 6 would lose 
one sulfur a tom to give 7.9) Here also 7 probably 
rearranges into 8, whose hydrolysis would give 3 , sulfur 
dioxide, and m-chlorobenzoic acid. We think that both 
mechanisms are plausible and have no experimental 
evidence at present to determine which is correct. 

As the compound 11a exists as a tautomeric mixture 
with i^-thiosulfinylaniline ( l i b ) as the minor com­
ponent,3) products arising from l i b as well as 11a are 
expected to be obtained in this case. 

H a l i b 
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TABLE 1. YIELDS OF THE PRODUCTS 

Temp 
°G 

39 
22 
0 

- 2 3 
- 7 8 

Time 
min 

3 
30 
20 
20 
40 

Conversioj 

92 
91 
98.5 
99.5 
94.3 

i 

12 

44.8 
36.3 
34.3 
36.7 
20.6 

Yield/% 

13 

43.9 
44.0 
42.9 
50.6 
62.2 

14 

1.3 
5.8 
6.2 
5.8 
2.9 

13/12 

0.98 
1.21 
1.25 
1.38 
3.02 

Treatment of the dithiazole (11) with slightly deficient 
amount of MCPBA in dichloromethane gave 12, 13, 
and 14. Yields and reaction conditions are shown in 
Table 1. 

11 
MCPBA 

The structure of a new type of thiosulfinate (12) was 
determined by X-ray crystallographic analysis,10* 
because conclusive evidence for that could not be 
obtained by spectroscopic and chemical behavior. The 
identity of 13 was established by the spectral data and 
by alkaline hydrolysis affording 1 5 . n ' 1 4 ) The N-
sulfinylaniline (14) was identified by comparison of the 
spectral data with those of an authentic sample obtained 
by the reaction of 2,4,6-tri-£-butylaniline with thionyl 
chloride. Formation of 14 is most likely at tr ibutable 
to the oxidation of l i b because 1 was found to be 
oxidized by MCPBA under similar conditions to give 
the corresponding iV-sulfinylaniline (vide supra). The 
major products 12 and 13 obviously result from the 
oxidation of the cyclized form 11a. Although 11a is 
the major component in the tautomeric mixture (e.g., 
[ l l a ] / [ l l b ] = 14.2 in CD2C12 at 35 °C),3> much higher 
yields of 12 and 13 than that of 14 suggest that the 
reactivity of N-thiosulfinylaniline ( l i b ) towards MCPBA 
is lower than that of 11a. 

As the compound 12 is stable in refluxing dichloro­
methane even in the presence of m-chlorobenzoic acid, 
13 cannot be formed via 12 under the reaction conditions. 
Since the peroxy acid would attack 11a also on the 

sulfur S2 to give 16, it is likely that 13 was produced via 
16 which was unstable under the reaction conditions 
towards fast retro-ene type decomposition. Direct 
evidence for intermediacy of 16 was provided by 
monitoring the reaction spectroscopically : N M R spec­
t rum of a mixture of 11 and MCPBA in CD2C12 at 
—50 40 °C showed a set of signals which seemed to 
be due to 1612) [d 0.87 (s, 9H) , 1.20 (s, 9H) , 1.42 (s, 9H), 
6.11 (d, y = 2 H z > 1H), and 6.98 (d, J=2 Hz, 1H)] 
besides two sets of signals due to 11 and 12 (the molar 
rat io; 1 1 : 1 2 : 1 6 = 1 : 0 . 6 7 : 0 . 8 ) . Upon raising the 
temperature, decomposition of 16 into 13 and 2-
methylpropene started at —30 °C, and the intensity 
of the N M R signals due to 16 gradually decreased with 
concomitant increase in intensity of the signals due 
to 13 and 2-methylpropene. Finally, at 34 °C, the 
signals of 16 were completely replaced by those of 13 
and 2-methylpropene. 

This unusual instability of 16 with respect to retro-ene 
reaction is in marked contrast with the stability exhibited 
by related compounds 11 and 12.13) 

Under forced conditions (in refluxing benzene for 
3.5 h) , 12 gave 13 (11.6%), 14 (24.4%), and 2,4,6-tri-
*-butylaniline (28.7%) along with recovered 12 (14.1 % ) . 
Formation of 13 and 14 is noteworthy, because it 
indicates the occurrence of oxygen migration from S1 

to S2 during the thermolysis. Thermal behavior of a 
thiosulfinate has recently attracted considerable atten­
tion because of its intriguing decomposition mode and 
the conclusion has been drawn from Block's extensive 
studies that £-alkyl thiosulfinates do not undergo oxygen 
migration like R S ( 0 ) S R V R S S ( 0 ) R ' . 1 5 > 

In view of this conclusion and the reversible cycliza-
tion between 11a and l ib , 3 ) the most attracting route 
to 13 and 14 is that involving cycloreversion of 12 to 
12' as shown in Scheme 2,16) the driving force of which 
is aromatization. There still remain, however, other 
possibilities, because 12 is not a simple 6-alkyl thio­
sulfinate for which the above conclusion by Block was 
obtained.17) For example, isomerization of 12' to 12" ' is 
also possible via 12", which proceeds through sulfur 
migration.18) We have no experimental evidence to 
conclude which mechanism is actually operative. In 
any case, however, this reaction represents a new mode 
of isomerization in thiosulfinate type compounds. 

, N ^ S = 0 
i 

Ar 

12 

refluxing 
in benzene 

12' 

S-migration 

o 
II 

T ^ S ^ - ^ O O-migration - ^ S ̂  

I 

Ar 

16 
Ar 

12' 12" above -30°C 
-(CH3)2C=CHa 

13 
14 

Ar = 2,4,6-tri-J-butylphenyl 

Scheme 2. 
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Reactions with Bromine and Other Electrophiles. 

R e a c t i o n of 1 w i t h a n e q u i m o l a r a m o u n t of b r o m i n e 
afforded A f , A f ' - b i s ( 2 , 4 - d i ^ b u t y l - 6 - m e t h y l p h e n y l ) sulfur 
d i i m i d e (17) i n 6 4 . 4 % y ie ld a n d sulfur i n 1 7 . 2 % y i e l d . 
C o n s i d e r i n g t h e f o r m a t i o n of a sulfur d i i m i d e via a 

Br9 + Sp 

17 

th ion i t roso i n t e r m e d i a t e d e m o n s t r a t e d i n t h e r e a c t i o n 
of iV-thiosulf inylanil ines w i t h t r i p h e n y l p h o s p h i n e , 1 9 ) t h e 
r e a c t i o n m e c h a n i s m ( S c h e m e 3) s t a r t i n g w i t h e l ec t ro -
ph i l i c a t t a c k of b r o m i n e o n t h e t e r m i n a l sulfur a t o m 
seems p r o b a b l e . 

:/C\ (* 
Ar-N=S=S * BrTBr ^Ar-N-STS-Br ^Ar-N=S + SBr2 

S - S 
2Ar-N=S -Ar-N? >-Ar • - Ar-N=S=N-Ar 

or 

Ar-N=5 
Ar-N=S=S .S - 2 S 

. _ » _ Ar-N^ NN-Ar * - Ar-N=S=N-Ar 
Ns-s 

Ar=2,4-di-£-bulyl-6-methylphenyl 

Scheme 3. 

I n c o n t r a s t to t h e a b o v e r e a c t i o n s , e l e c t r o p h i l i c 
r eagen t s s u c h as t r ime thy l s i l y l c h l o r i d e o r t r i m e t h y l -
o x o n i u m t e t r a f l u o r o b o r a t e d i d n o t r e a c t w i t h 1 a t r o o m 
t e m p e r a t u r e . 

E x p e r i m e n t a l 

All melting points were uncorrected. T h e I R and U V 
spectra were recorded with Hi tachi EPI-G2 and EPS-3 
spectrophotometers, respectively. T h e N M R spectra were 
measured with a Hitachi R-20B (60 M H z ) spectrometer using 
tetramethylsilane as an internal s tandard. T h e mass spectra 
were recorded with a Hitachi R M U - 6 L mass spectrometer 
(70 eV). Chromatographic separations were carried out using 
dry column chromatography (Woelm silica gel for dry column 
chromatography). 

Reactions of N-Thiosulfinylanilines with m-Chloroperbenzoic Acid 
(MCPBA). In each of the following reactions, a slightly 
deficient amount of MCPBA was used assuming the puri ty 
o f M C P B A a s 8 0 % . 

1) Reaction of2}4-Di-t-butyl-6-methyl-N-thiosulfinylaniline (1) : 
T o a dichloromethane solution (15 ml) of 1 (503 mg, 1.79 

mmol),3) was added dropwise at 0 °C a dichloromethane 
solution (8 ml) of MCPBA (395 mg) cooled to ca. 0 °G. 
After being stirred for 1.5 h at 0 °C and 1.5 h at room tem­
perature, the reaction mixture was shaken with aq N a H C O a , 
washed with water, and dried over M g S 0 4 . Removal of the 
solvent followed by dry column chromatography (DCC, silica 
gel, hexane) gave 75 mg (14.9%) of 1, 146 mg (30.8%) of 

2, and 162 mg (41.3%) of 3 . These products were identified 
by comparison of the I R and N M R with those of authentic 
samples. 

2) Oxidation of 2,4,6-tri-t-butyl- 7,8-dithia-9-azabicyclo\4.3.0]-
nona-2,4,9-triene (11a) : Reaction at 22 °C was described 
below as a typical example and the reactions at other tem­
peratures were carried out similarly. T o a dichloromethane 
solution (20 ml) of 11a (496 mg, 1.53 mmol)3) was added 
MCPBA (280 mg) in the same solvent. T h e mixture was 
stirred for 30 min, shaken with aq N a H C O s , washed with 
water, and dried over M g S 0 4 . After removal of the solvent, 
the residue was treated with hexane to give 166 mg of 4,6-di-
J-butyl-3i/-l ,2,3-benzodithiazole2-oxide (13) as colorless crys­
tals, which showed I R and N M R spectra identical with those 
of an authentic sample obtained by thermolysis of 11a.14) 
T h e hexane-soluble par t was subjected to D C C (silica gel, 
hexane) and three fractions (a brownish yellow fraction with 
the highest Rt value, an orange fraction and a yellow fraction) 
were obtained. From the brownish yellow fraction was 
recovered 44.8 mg (9.0%) of 11a. T h e orange fraction gave 
25 mg (5 .8% based on consumed 11a) of 14, which was 
identified by comparing the I R and N M R spectra with those 
of an authentic sample. T h e most polar yellow par t was 
again chromatographed on silica gel with hexane-CH 2 Cl 2 

(1 :4 ) as eluent and divided into two fractions. A yellow 
fraction gave 172 mg (36 .3% based on consumed 11a) of 
2,4,r-6-tri-^-butyl-7,8-dithia-9-azabicyclo[4.3.0]nona-2,4,9-tri-
ene £-7-oxide (12) as pale yellow crystals, which were recrys-
tallized three times from aq methanol , m p 124.7—125.7 °C ; 
I R (KBr) : 1080 c m - 1 (v s o ) ; N M R (CC14) : Ô 1.05 (s, 9H) , 
1.18 (s, 9H) , 1.37 (s, 9H) , 6.01 (d, 7 = 1 . 5 Hz , 1H), and 6.22 
(d, J= 1.5 Hz , 1H) ; A^a

x
x
ane (e) : 233 (9490) and 345 n m (2030), 

the latter band was very broad (293—450 nm) ; m/e: 339 (M+, 
0 .7%) , 307 (0.4), 291 (30.7), 266 (100), and 250 (24.6). 

Found : C, 63.46; H , 8.85; N , 3.90; S, 18.82%. Calcd for 
C 1 8 H 2 9 NOS 2 : C, 63.67; H , 8 .61; N , 4 .13; S, 18 .88%. 

Another fraction gave 8 mg of 13. Thus total yield of 13 
was 174 mg (44.0% based on consumed 11a) . 

Thermolysis of 12. A benzene solution (10 ml) of 13 
(163 mg, 0.480 mmol) was refluxed for 3.5 h under nitrogen. 
Removal of the solvent followed by preparat ive T L C (silica 
gel, hexane-CH 2 Cl 2 ( 3 : 7)) afforded four fractions. An orange 
fraction with the highest Rf value gave 88.0 mg of orange 
crystalline material , which was purified by preparat ive T L C 
(silica gel-hexane, followed by silica gel-CCl4) to give 36 mg 
(24.4%) of 14 and 21 mg of 2,4,6-tri-*-butylaniline (18). A 
pale yellow fraction gave 15 mg of 18. Thus total yield of 
18 was 36 mg (28.7%). From another pale yellow fraction 
was recovered 23 mg (14.1%) of 12. A colorless fraction 
with the lowest Rt value gave 16 mg (11.6%) of 13. 

Examination of Stability of 2,4,r~6-tri-t-butyl-7,8-dithia-9-azabi-
cyclo[4.3.0]nona-2,4,9-triene t-7-Oxide (12). A solution of 
12 (126 mg, 0.37 mmol) and m-chlorobenzoic acid (66 mg, 
0.42 mmol) in dichloromethane (6 ml) was allowed to stand 
for 3 h at room tempera ture . At this point , 13 was not 
detected on T L C (silica gel, CH2C12). Although the reaction 
mixture was subsequently refluxed for 3 min, no 13 was 
detected on T L C . T h e reaction mixture was washed with 
aq N a H C 0 3 and dried over M g S 0 4 . Removal of the solvent 
followed by preparat ive T L C (silica gel, CH2C12) afforded 
120 mg (96%) of 12, which was identified by the I R and 
N M R spectra. 

Examination of Stability of lia. A solution of 11a (145 
mg, 0.45 mmol) and m-chlorobenzoic acid (79 mg, 0.50 mmol) 
in dichloromethane (6 ml) was stirred for 1 h at room tem­
perature . However, neither 13 nor 12 was detected on T L C . 

Reaction of 1 with Bromine. T o a solution of 1 (204 



3618 Yoshio INAGAKI, Renji OKAZAKI, and Naoki INAMOTO [Vol. 52, No. 12 

mg, 0.725 mmol) in carbon tetrachloride (10 ml) was added 
0.8 ml of carbon tetrachloride solution of bromine (0.909 M). 
The mixture was stirred for 1.5 h at 0 °G. Removal of the 
solvent followed by treatment with preparative TLG (silica 
gel, GG14) afforded three fractions. The first fraction gave 
8 mg of sulfur. The next orange fraction gave 109 mg (64.4 
%) of 17. The third fraction gave 214 mg of partly crystal­
line brown tar. Its crystallization from ethyl acetate afford­
ed 23 mg of white crystals, which could not be identified. 
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New Methods for Synthesis of «^-Unsaturated Carboxylic Esters from 
Carbonyl Compounds Using Monoanions of Dithiocarbonates, and Di-

anions of Ethyl Mercaptoacetate and Ethyl 2-Mercaptopropionate 
K a z u h i k o T A N A K A , * N o b u y u k i Y A M A G I S H I , R i k u h e i T A N I K A G A , a n d A r i t s u n e K A J I 

Department of Chemistry, Faculty of Science, Kyoto University, Sakyo-ku, Kyoto 606 

(Received M a y 29, 1979) 

T h e li thium enolates of O-alkyl «S'-alkoxycarbonylmethyl dithiocarbonates and monothiocarbonates were 
found to be efficient reagents for the synthesis of oc,/?-unsaturated esters from carbonyl compounds by single-step 
procedure. T h e dianions of ethyl mercaptoacetate and ethyl 2-mercaptopropionate were successfully generated 
by t reatment with 2.2 equivalents of li thium diisopropylamide (LDA) in the presence of iV, iVjiV'jJV'-tetramethyl-
ethylenediamine (TMEDA) at — 78 °C in T H F . T h e dianions so formed are highly reactive toward various electro-
philes. T h e procedure leads to a novel one-pot synthesis of oc,ß-unsaturated carboxylic esters from carbonyl com­
pounds. 

S y n t h e t i c r ou t e s t o oc,/?-unsaturated c a r b o x y l i c esters 
h a v e a t t r a c t e d c o n s i d e r a b l e a t t e n t i o n r e c e n t l y b e c a u s e 
of t h e i r i m p o r t a n c e as useful s y n t h e t i c i n t e r m e d i a t e s 
a n d t h e i n c r e a s e i n t h e n u m b e r of n a t u r a l l y o c c u r r i n g 
subs tances s u c h as insec t p h e r o m o n e s a n d pigments . 1 » 2 ) 
E t h o x y c a r b o n y l m e t h y l e n e t r i p h e n y l p h o s p h o r a n e , a n 
efficient r e a g e n t for t h e d i r e c t syn thes i s of oc,/?-unsatu-
r a t e d esters f rom c a r b o n y l c o m p o u n d s , w a s i n t r o d u c e d 
b y W i t t i g a n d H a a g i n 1955.3) S i n c e t h e n c o n s i d e r a b l e 
efforts h a v e b e e n m a d e t o u t i l i z e t h e r eagen t . 2 ) 
W a d s w a r t h a n d E m m o n s f o u n d t h a t s o d i u m e n o l a t e of 
d i e t h y l e t h o x y c a r b o n y l m e t h y l p h o s p h o n a t e r e a c t e d w i t h 
c a r b o n y l c o m p o u n d s to g ive oc,/?-unsaturated esters i n 
g o o d yields.4) H a r t z e l l et al.b) a n d S h i m o j i et al.*) f o u n d 
a n e w m e t h o d for t h e c o n v e r s i o n of a l d e h y d e s o r k e t o n e s 
i n t o oc,/?-unsaturated esters u t i l i z i n g l i t h i u m e n o l a t e of 
( t r imethyls i ly l ) a c e t a t e . 

W e w i s h to r e p o r t a n o v e l a n d g e n e r a l m e t h o d for t h e 
o n e - p o t synthes i s of oc,/?-unsaturated c a r b o x y l i c esters 
u s ing su l fur -s tabi l ized c a r b a n i o n s a n d d i a n i o n s . 7 ) 

R e s u l t s a n d D i s c u s s i o n 

T h e s t r u c t u r e of 3 w a s c o n f i r m e d b y its e l e m e n t a l 
ana lys i s a n d s p e c t r a l ( I R , N M R ) p r o p e r t i e s (see 
E x p e r i m e n t a l ) . N o i s o m e r i z e d / ^ - u n s a t u r a t e d esters 
w e r e d e t e c t e d b y N M R a n a l y s i s . T h e EjZ r a t i o of 3 
w a s d e t e r m i n e d b y G L G a n d N M R a n a l y s i s ; e.g., t h e 
r a t i o of Zs-isomer to Z - i s o m e r of e t h y l 3 - p h e n y l - 2 -
b u t e n o a t e (3e) d e t e r m i n e d b y i n t e g r a t i o n of t h e olefinic 
p r o t o n a t ô 6 .04 a n d ô 5 .78 , r e spec t ive ly , is 4 2 : 5 8 . 
Ana lys i s of th is m a t e r i a l b y G L G i n d i c a t e s a 4 3 : 5 7 
m i x t u r e of E-3e a n d Z - 3 e . T h e m e c h a n i s m of th is 
r e a c t i o n consis ts of t h e i n t r a m o l e c u l a r c y c l i z a t i o n t o 

Li 

R O C S - C H - C O O E t + R 1 R 2 C = 0 
ii 

X 

-78 °C 

2 ( X = O o r S ) 

R O C — S - C H - C O O E t 
II i 

X - O - C - R i 
i 

R 2 

X R t 

R O C — 0 - C - R 2 

- S - C H - C O O E t 

5 

Lithium Enolates of Dithiocarbonates and Monothio­
carbonates. A ye l low s o l u t i o n of t h e c a r b a n i o n 2 a 
is o b t a i n e d b y t r e a t m e n t of O-e thy l 6*-ethoxycarbonyl-
m e t h y l d i t h i o c a r b o n a t e ( l a ) w i t h L D A a t — 7 8 °G i n 
T H F . I t is s t a b l e a t th i s t e m p e r a t u r e for severa l h o u r s . 

R O C S C H 2 C O O E t 
II 

X 

l a : R = E t ; X = S 
l b : R = E t ; X = 0 
l c : R = i - P r ; X = S 

1.1 equiv LDA 
• 

-78 °C/THF 

Li 

R O C S - C H - C O O E t 
II 

X 

2 a : R = E t ; X = S 
2 b : R = E t ; X = 0 
2 c : R = 2-Pr; X = S 

W h e n t h e l i t h i u m e n o l a t e (2a) w a s a l l o w e d t o r e a c t 
w i t h a v a r i e t y of c a r b o n y l c o m p o u n d s , oc, /?-unsaturated 
esters (3) w e r e o b t a i n e d i n g o o d y ie lds ( T a b l e 1 ) . S ince 
t h e s t a r t i n g m a t e r i a l s a r e r e a d i l y p r e p a r e d f r o m i n e x ­
pens ive c o m m e r c i a l r e a g e n t s , t h e s e q u e n c e c o n s t i t u t e s 
a useful o n e - p o t syn thes i s of 3 f rom c a r b o n y l c o m p o u n d s . 

2 + R ! R 2 C = 0 
1) -78 'C /THF 

• 

2) r.t./H+ 

R H 

V=< + ROH + s 
R 2 C O O E t 

3 
+ C O S (or C 0 2 

o 
-ROCX- R i S H 

\ / \ / 
\ 

- s R1 H 

R 2 C O O E t r.t. R 2 C O O E t 
6 3 

Scheme 1. 

t h i i r a n e 6 as a n i n t e r m e d i a t e , fo l lowed b y s p o n t a n e o u s 
e x t r u s i o n of sulfur t o 3 ( S c h e m e 1) . A c t u a l l y , a n i n t e r ­
m e d i a t e s u c h as 6 c o u l d b e i s o l a t e d . T h u s , t r e a t m e n t 
of l i t h i u m sa l t of 0-trans- (4 -£-buty lcyc lohexyl ) ^ - m e t h y l 
d i t h i o c a r b o n a t e (7) w i t h h e p t a n a l as d e s c r i b e d before 
g a v e 2 - h e x y l t h i i r a n e (8) i n 7 1 % yie ld . 8 ) 

( C H 3 ) 3 C - / _ Y - O C S - C H 2 L i + C H 3 ( C H 2 ) 5 C H O 

7 

-78 *C 

T H F 
C H 3 ( C H 2 ) 6 - / - \ 

8 

T h i i r a n e s c o n t a i n i n g s t r o n g l y e l e c t r o n - a t t r a c t i n g s u b -
s t i t uen t s s u c h as a l k o x y c a r b o n y l o r c y a n o g r o u p s 
r e a d i l y e x t r u d e sulfur t o afford olefins.9) 

W h e n a - a l k y l - s u b s t i t u t e d d i t h i o c a r b o n a t e s I d a n d l e 
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TABLE 1. SYNTHESIS OF (^-UNSATURATED ESTERS (3) FROM CARBONYL COMPOUNDS AND CARBONATES (la—lc) 

Carbonate ( l) a ) 

R X 

Et 
Et 
Et 
Et 
i-Pr 
Et 

Et 

Et 

Et 

Et 

z-Pr 

Et 

Et 

S (la) 
S (la) 
S (la) 
O(lb) 
S (lc) 
S (la) 

S (la) 

S (la) 

S (la) 

O(lb) 

S (le) 

S (la) 

S (la) 

Carbonyl 
compound 

Propanai 
Acetone 
2-Butanone 
2-Butanone 
2-Butanone 
3-Pentanone 

Acetophenone 

Cyclopentanone 

Cyclohexanone 

Cyclohexanone 

Cyclohexanone 

4-Methylcyclohexanone 

4- Me thy ley clohexanone 

Solvent 

THF 
THF 
THF 
THF 
THF 
THF 

THF-HMPA 
(8: 1 v/v) 
THF 

THF 

THF 

THF 

THF 

THF-HMPA 
(8: 1 v/v) 

Productb) 

(3) 

EtCH=CHCOOEt(3a) 
Me2C=CHCOOEt(3b) 

Me(Et)C=CHCOOEt(3c) 
Me (Et) C=CHCOOEt (3c) 
Me(Et)C=CHCOOEt(3c) 
Et(Et)C=CHCOOEt(3d) 

Ph(Me)C=CHCOOEt(3e) 

1 \=CHCOOEt(3f) 

/ \=CHCOOEt(3g) 

/ \=CHCOOEt(3g) 

/ \=CHCOOEt(3g) 

- / \=CHCOOEt(3h) 

- / \=CHCOOEt(3h) 

Yield 

52 
85 
74 
71 
67 
69 

76 

88 

78 

61 

81 

69 

87 

£/Z c ) 

ratio 

E only 

39/61 
47/53 

43/57 

a) All reactions carried out at —78 °C on a 20 mmol scale using LDA as a base, b) Isolated yields, c) Determined by 
!H-NMR and GLC. 

TABLE 2. SYNTHESIS OF ^-UNSATURATED ESTERS (3) FROM CARBONYL 

COMPOUNDS AND DITHIOCARBONATES ( I d — l e ) 

Dithiocarbonate ( l) a ) ^ , t , c * Productb) 

T> v J Carbonyl compound boivent ,«>, 
Yield 

/o 

£/Z c ) 

ratio 

Me (Id) 
Et (le) 
Me (Id) 

Me (Id) 

Et (le) 

Et (le) 

Benzaldehyde 
Benzaldehyde 
2-Methylpropanal 

2- Methylpropanal 

2-Methylpropanal 

2-Methylpropanal 

THF 
THF 
THF 
THF-HMPA 
(8: 1 v/v) 
THF 
THF-HMPA 
(8: 1 v/v) 

PhCH=(Me)COOEt (3i) 
PhCH=(Et)COOEt (3j) 
z-PrCH=C(Me)COOEt (3k) 

z-PrCH=C(Me)COOEt (3k) 

f-PrCH=C(Et)COOEt (31) 

z-PrCH=C(Et)COOEt (31) 

82 
82 
78 

84 

82 

91 

21/79 
37/63 
59/41 

11/89 

42/58 

46/54 

a) All reactions carried out at — 78 °C using LDA as a base on a 20 mmol scale, b) Isolated yields, c) Determined 
by *H-NMR and GLC. 

were allowed to react with LDA at —78 °C in T H F , 
l i thium enolates 2d and 2e were readily formed. These 
reagents also react with various aldehydes to produce 3 
(Table 2). 

EtOCS-CHCOOEt 
ii i 
S R 

Id: R = Me 
l e : R = Et 

Li 

-78 *C 

LDA 

EtOC-S-CCOOEt 
RxCHO H 

II 

s 
I 

R R; 
\_ /-

COOEt 

2d: R = Me 
2e: R = E t 

The enolates 2d and 2e do not react with ketones, 
presumably due to steric hindrance or enolization of 
ketones. 

Formation of Dianions and Their Synthetic Applications. 
We have found that the hitherto unknown dianion 10 
derived from ethyl mercaptoacetate (9) can be 
generated, undergoing regioselective alkylation depend­
ing on electrophiles used. Trea tment of 9 with 2.2 
equiv of LDA in the presence of 2.2 equiv of T M E D A 
in T H F at —78 °G gave soluble dianion 10, stable at 
— 78 °G for at least several hours. When a solution of 
10 in T H F was treated with an excess of alkylating 
agent, a facile reaction occurred both at carbon and at 
sulfur. 

HS-CH2COOEt 

LiS-CH-COOEt 
I 
Li 

2.2 LDA-TMEDA 

RX 

10 

RS-CH-COOEt 
(excess) I 

R 
RX = MeI ;86%( l l a ) 
R X = E t I ; 6 6 % ( l l b ) 
RX=CH2=CHCH2Br; 64% (lie) 
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TABLE 3. SYNTHESIS OF ^-UNSATURATED ESTERS (3) FROM CARBONYL COMPOUNDS AND DIANION (10) 

Carbonyl compound Product80 

(3) 
Yieldb) 

ratio 

Cyclohexanone 

Cyclopentanone 

3-Pentanone 

Acetophenone 

Propiophenone 

2-Butanone 

2-Pentanone 

2-Hexanone 

Methylcyclohexyl ketone 

6-Methyl-5-hepten-2-one 

4-Methyl-3-penten-2-one 

3,3-Dimethylcyclohexanone 

Benzaldehyde 

Butanal 

Heptanal 

H 
=< (3g) 

COOEt 
H 

< (3f) 
COOEt 
H 

=< (3d) 
COOEt 
H 

=< (3e) 
COOEt 
H 

< (3m) 
COOEt 
H 

< (3c) 
COOEt 
H 

< (3n) 
COOEt 
H 

< (3o) 
COOEt 
H 

< (3p) 
COOEt 

(3q) 
H 

= / 
NCOOEt 
H 

=< (3r) 
COOEt 

= <
H (3s) 

NCOOEt 
H 

=< (3t) 
COOEt 
H 

=< (3u) 
COOEt 
H 

_/ 
NCOOEt 

(3v) 

60 

74 

61 

58 

51 

64 

62 

67 

53 

70 

64 

32d) 

57 

34 

19 

97/3 

100/0 

43/57 

45/55 

38/62 

41/59 

38/62 

66/34 

44/56 

100/0 

100/0 

95/5 

a) All reactions carried out at — 78 °C on a 20 mmol scale, b) Isolated yields, c) Determined by 1H-NMR and 
GLC. d) A mixture of THF and HMPA (8: 1 v/v) was used as a solvent. 

Dianion 10 undergoes aldol-type reaction with carbonyl 
compounds. Thus , reaction of 10 with a variety of 
carbonyl compounds gave the adduct 12, which, upon 
treatment with ethyl chloroformate at — 78 °G, afforded 
3 as the sole product in good yields after the usual work­
up. Generality of this new methodology is apparent 
from the results summarized in Table 3. T h e use of 
ethyl chloroformate is important since no oc,/?-unsatu-
rated esters can be isolated from the reaction of 10 and 
carbonyl compounds with diethyl carbonate. The low 
yields of monosubstituted propenoates, i.e., 3u and 3v, 
are ascribed to the polymerization at the stage of 
thiirane formation.10) The initial step of this reaction 
might be the formation of adduct 12 as shown in 
Scheme 2. 

LiS-CH-COOEt + R1R2C=0 
i 

Li 
10 

EtOC—S-CHCOOEt 
ii i 

O -O-C-R! 
i 

R, 

"S-CH-COOEt 
| CICOOEt 

— • " O - C - R i • 
i 

12 
-S-CH-COOEt 

EtOCO-C-Ri 
II i 

O R2 

14 
13 

Rx S H H 

R, 
\ / \ / 

COOEt 

Scheme 2. 

R / NCOOEt 
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The adduct 12 should react with ethyl chloroformate to 
afford *9-ethoxycarbonylated intermediate 13, since a 
thiolate anion is a more powerful nucleophile than an 
alcoholate anion. Another intermediate such as 12 
could be trapped when the reaction mixture of 10 and 
acetone was quenched with aqueous NH4C1 solution at 
- 7 8 °C. 

HS-CHCOOEt 

TABLE 5. EFFECT OF SOLVENT ON THE E/Z RATIO OF 3q 

HS-CH2COOEt 

9 

HO-CH2COOEt 

16 

1) 2.2 equiv LDA-TMEDA 

2) Acetone/H+ 

1) 2.2 equiv LDA-TMEDA 

2) Acetone/H+ 

HO-C-CH3 

CH3 

15 (82%) 

HO-CHCOOEt 

HO-C-CH3 

CH3 

17 (15%) 

+ GH3CCH2C(CH3)2 
11 1 

O OH 
18 

In contrast, no such selective reaction of 10 was observed 
for oxygen analogue. The reaction of ethyl glycolate 
(16) with a base gives the addition product only in 1 5 % 
yield along with the condensation product of acetone 
and some other unidentified products. T h e inter-
mediacy of 13 in Scheme 2 is in line with the fact that 
l i thium enolate of dithiocarbonate 2 b gives 4 ( = 13) on 
treatment with carbonyl compound. The regioselec-
tivity of 10 depends upon the electrophiles used. Thus , 
the reaction of 10 with 1 equiv of alkyl halides afforded 
£-alkylated products in good yields, whereas 10 reacted 
with carbonyl compounds on a-carbon of dianion as 
described before. 

LiS-CHCOOEt 

Li 

10 

1) electrophile 
• 

2) H+ 
19 

Electrophile E Yield of 19 
Mel Me 89% (19a) 
EtBr Et 81% (19b) 
Propylene oxide MeCHCH2- 49% (19c) 

OH 

I n order to clarify the mechanism, we have inves­
tigated the effects of reaction t ime, temperature, and 
solvents in the case of 6-methyl-5-hepten-2-one. T h e 
results (Tables 4, 5, and 6) indicate that the reaction of 
dianion 10 is kinetically controlled process since there 
is no obvious effect on the E/Z ratio of 3q. Dianion is 
highly reactive toward carbonyl compounds since even 
the a-methylsubstituted dianion 21 reacts with various 
ketones (Table 7), in contrast to monoanion 2d . 

T A B L E 4 . E F F E C T O F R E A C T I O N T I M E O N 

THE E/Z RATIO OF 3 q 

Reaction time/h 

0.5 
2.0 

16.0 

Yield of 3q 

% 

61 
70 
65 

E/Z ratio 
of3q 

43/57 
38/52 
42/58 

Solvent 
Yield of 3q 

0/ 
/o 

E/Z ratio 
of 3q 

T H F a ) 

DMEb) 

Diethyl ethera) 

Hexanea) 

70 
62 
62 
55 

38/62 
45/55 
51/49 
51/49 

a) At -78 °C. b) At -65 °C. 

TABLE 6. EFFECT OF REACTION TEMPERATURE 

ON THE E/Z RATIO OF 3q 

Reaction temp/°Ga) 

- 7 8 
- 1 0 0 

Yield of 3q 

70 
64 

E/Z ratio 
of3q 

38/62 
40/60 

a) Reaction carried out in THF. 

Li 
2.2 equiv LDA-TMEDA | 

HS-CHCOOEt • LiS-C-COOEt 
I -78 .C/THF . 

20 

21 + R1R2C=0 

21 

CICOOEt R i C H 3 

-78 'C R 2 

\ / 
COOEt 

The methodology employed here is particularly 
useful synthetically since the conversion of ketones into 
trisubstituted propenoates is difficult.11) In order to 
demonstrate the utility of our novel reactions, we have 
carried out the synthesis of the key intermediates for 
insect pheromones such as boll weevil sex pheromone 
(22), and a component of ant mandibular gland secre­
tions (23). 

LDA/THF-HMPA 
= 0 + 2a > 

-78 *C—r.t. 

H 

COOEt 

H 

CHO 
3s 22 

Treatment of 3,3-dimethylcyclohexanone with 2a at 
— 78 °C gave the key intermediate for sex pheromones 
in 8 4 % yield. Separation of Z-3s and £ -3s , and 
conversion into the target pheromones have been 
established.12) Utilizing the dianion 21 , a,/?-unsaturated 
ester 3B was isolated in 6 7 % yield. The E- and Z-
isomers of 3B were separated by GLC in 9 8 % and 9 5 % 

ÇH3 
LiS- G -COOEt 

1 
Li 

21 

1) 2-Methylbutyraldehyde 
• 

2) CICOOEt 

CHa 

All reactions carried out at —78 °C in THF. 

H COOEt 

3B 
E/Z = 55/45 

CHa 

H ' XCOOH 

23 
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T A B L E 7. SYNTHESIS OF ( ^ - U N S A T U R A T E D ESTERS (3) FROM CARBONYL COMPOUNDS AND DIANION (21) 

Carbonyl compound Product1 0 (3) 
Yieldb) 

£ / Z c ) 

ratio 

Acetone 

2-Butanone 

2-Hexanone 

Cyclohexanone 

Heptanal 

Benzaldehyde 

Me 
\ = 

Me 7 

Me \= 
E / 

Me 
\_ 

n-Bu 

o 
H 

\_ 
/-

w-C6H13 

H 
\_ 
/-

Ph 

Me 

XCOOEt 
Me 

—/ 
NCOOEt 
Me 

—/ 
XCOOEt 
Me 

XCOOEt 
Me 

_/ 
XCOOEt 

Me 

XCOOEt 

(3w) 

(3x) 

(3y) 

(3z) 

(3A) 

(3i) 

57 

59 

51 

43 

55 

45 

23/77 

24/76 

58/42 

53/47 

a) All reactions carried out at —78 °C on a 20 mmol scale, b) Isolated yields, c) EjZ ratio determined by 
! H - N M R and G L C . 

p u r i t y , respec t ive ly , e x h i b i t i n g N M R a n d I R s p e c t r a 
i d e n t i c a l to t h e r e p o r t e d da t a . 1 3 ) H y d r o l y s i s of E-3B 
to t h e des i r ed a n t m a n d i b u l a r g l a n d sec re t ion has b e e n 
repor ted . 1 3 ) 

E x p e r i m e n t a l 

General. Infrared spectra were determined on a Hi tachi 
Model-215 spectrophotometer. Nuclear magnetic resonance 
spectra were determined on a J E O L C O PS-100 spectrometer. 
Chemical shifts are given in ô units, parts per million relative 
to tetramethylsilane as an internal s tandard. Gas chroma-
tograms were obtained using a Var ian Aerograph Model 920 
instrument with a 0.15 cm X 120 cm glass column (20% 
Silicone DC-550 on Celite 545). Tetrahydrofuran (THF) 
was dried by distillation calcium hydride and by subsequent 
distillation from li thium a luminum hydride. Hexamethylphos-
phoric triamide (HMPA) , diisopropylamine, and N9N9N',N'-
tetramethylethylenediamine (TMEDA) were distilled from 
calcium hydride and stored over molecular sieves. All reac­
tions were performed under a nitrogen atmosphere. 

General Procedure. Reaction of Carbanion 2a with Carbonyl 
Compounds: A solution of 20 mmol of l a in 3 ml of T H F 
was added to a stirred solution of 22 mmol of L D A in 40 
ml of T H F at —78 °G. After the yellow solution had been 
stirred at — 78 °C for 30 min, 24 mmol of carbonyl compound 
in 2 ml of T H F was added over a 5 min period. Stirring 
was continued at — 78 °C for 1 h and at room tempera ture 
for 1 h before it was quenched with aqueous NH 4C1 (10 ml) . 
The mixture was poured into dilute H C l and extracted four 
times with ether, the combined organic layer being washed 
twice with brine, dried (anhydrous N a 2 S 0 4 ) , and concentrat­
ed under reduced pressure. Distillation gave oc,/?-unsaturated 
esters (3). 

Reaction of Dianion 10 with Carbonyl Compounds. T o a 
mixture of LDA (44 mmol) and T M E D A (44 mmol) in 40 
ml of T H F was added a solution of 2.4 g (20 mmol) of ethyl 
mercaptoacetate (9) in 7 ml of T H F at —78 °C. After being 
stirred for 1 h, a solution of 22 mmol of carbonyl compounds 
in 5 ml of T H F was added and the reaction mixture was 
stirred at — 78 °G for 2 h. Ethyl chloroformate (20 mmol) 

in 5 ml of T H F was then added portionwise to the above 
solution with stirring and the mixture was kept at — 78 °C 
for 30 m i n and at room tempera ture for 1 h before it was 
quenched with aqueous NH 4 C1 (10 ml) . T h e reaction mixture 
was poured into dilute H C l and extracted four times with 
ether, the combined organic layer being washed twice with 
brine, dried (anhydrous N a 2 S 0 4 ) , and concentrated under 
reduced pressure. Distillation of the resulting oil gave 3 . 
T h e following oc,/?-unsaturated esters were prepared in a 
similar manner . 

Physical Properties. Ethyl 2-Pentenoate (3a) : Bp 86— 
87°C/70 Torr . ! H - N M R (CC14); Ô 6.86 (m, 1H, CH=C) , 
5.68 (m, 1H, CH=C) , 4.08 (q, J = 7 H z , 3H, CH 2 ) , 2.22 (m 
2H, C H 2 1.10 (t, / = 7 Hz, 1.24 (t, / = 7 Hz , 3H, CH 3) . 
3H, CH 3 ) . I R (neat ) ; 1650 c m - 1 (G=G). 

Ethyl 3-Methyl-2-butenoate (3b) : Bp 90—92 °C/100 Torr . 
! H - N M R (CC14); ô 5.52 (m, 1H, CH=C) , 4.00 (q, J = 7 Hz , 
2 H , CH 2 ) , 2.08 (s, 1H, CH 3 ) , 1.78 (s, 1H, CH 3 ) , 1.16 (t, 
/ = 7 Hz , 3H, CH 3 ) . I R (nea t ) ; 1675 cm" 1 (G=G). Spectral 
da ta were identical with those of an authentic sample prepared 
from 3-methyl-2-butenoic acid and ethyl bromide in the 
presence of DBU in benzene.14) 

Ethyl 3-Methyl-2-pentenoate (3c): Bp 93—97 °C/60 Torr . 
X H - N M R (CC14); ô 5.50 (m, CH=C) , 4.04 (q, J = 7 Hz , 2 H , 
CH 2 ) , 2.60 (q, J = 8 H z , C H 2 for Z-isomer), 2.14 (q, / = 
8 Hz , C H 2 for ^- isomer) , 2.06 (m, C H 3 for ^- isomer) , 1.84 
(m, C H 3 for Z-isomer), 1.24 (t, J = 7 H z , 3H, CH 3 ) , 1.04 (t, 
y = 8 H z , 3H, CH 3 ) . I R (nea t ) ; 1 6 4 0 c m - 1 (G=G). Found : 
C, 67.40; H , 10.15%. Calcd for C 8 H 1 4 0 2 : C, 67.57; H , 
9 .92%. 

Ethyl 3-Ethyl-2-pentenoate (3d) : Bp 84 °C/22 Torr . i H - N M R 
(CC14); ô 5.58 (bs, 1H, CH=C) , 4.03 (q, J=7 H z , 2 H , CH 2 ) , 
2.56 (q, J = 8 H z , 2H, CH 2 ) , 2.14 (q, J = 8 H z , 2 H , CH 2 ) , 
0.9—1.3 (m, 9H, 3CH 3 ) . I R (neat ) ; 1 6 4 0 c m - 1 (G=G). 
Found : C, 68 .91 ; H , 10.50% 
H , 10.32%. 

Ethyl 3-Phenyl-2-butenoate (3e): Bp 132 °C/12 Torr . XH-
N M R (CC14); ô 7.24 (m, 5H, aromatic) , 6.04 (m, CH=C for 
^- isomer) , 5.78 (m, CH=C for Z-isomer), 4.10 (q, J = 7 H z , 

Calcd for C 9 H 1 6 0 2 : C, 69.20; 

C H 2 for ^- isomer) , 3.88 (q, / = for Z-isomer), 2.50 
(brs, C H 3 for £"-isomer), 2.05 (brs, C H 3 for Z-isomer), 1.24 
(brs, C H 3 for £"-isomer), 1.00 (brs, C H 3 for Z-isomer). I R 
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(neat); 1625 cm"1 (G=G). Found: C, 75.76; H, 7.42%. Calcd 
for C12H1402: C, 75.76; H, 7.52%. 

Ethyl Cyclopentylideneacetate (3f) : Bp 93—96 °C/20 Torr. 
iH-NMR (CC14); Ô 5.70 (m, 1H, CH=C), 4.04 (q, 7 = 7 Hz, 
2H, CH2), 2.74 (m, 2H, CH2), 2.40 (m, 2H, CH2), 1.68 (m, 
4H, 2CH2), 1.24 (t, J = 7 Hz, 3H, CH3). IR (neat); 1645 
cm-1 (C=G). Found: C, 70.33; H, 9.23%. Calcd for 
C 9 H 1 4 0 2 :C , 70.10; H, 9.15%. 

Ethyl Cyclohexylideneacetate (3g): Bp 110—112 °C/20 Torr. 
*H-NMR (GG14); ô 5.50 (brs, 1H, CH=C), 4.05 (q, 7 = 7 Hz, 
2H, CH2), 2.84 (m, 2H, CH2), 1.62 (m, 6H, 3CH2), 1.24 
(t, 7 = 7 Hz, 3H, CH3). IR (neat) ; 1620 cm"1 (G=G). Found: 
C, 71.61; H, 9.44%. Calcd for C10H16O2: C, 71.39; H, 
9.59%. 

Ethyl 4-Methylcyclohexylideneacetate (3h) : Bp 123—125 °C/23 
Torr. !H-NMR (CC14) ; ô 5.54 (brs, 1H, CH=C), 4.05 (q, 
7 = 7 Hz, 2H, CH2), 3.80 (m, 1H, CH), 0.8—2.4 (m, 8H, 
4CH2), 1.25 (t, J = 7 Hz, 3H, CH3), 0.94 (d, 7 = 6 Hz, 3H, 
CH3). IR (neat); 1645cm"1 (G=G). Found: C, 72.76; H, 
10.13%. Calcd for C n H 1 8 0 2 : C, 72.49; H, 9.95%. 

Ethyl 2-Methyl-3-phenyl-2-propenoate (3i) : Bp 115—117 °C/12 
Torr. !H-NMR (CC14); ô 7.62 (brs, CH=C for E-isomer), 
7.26 (m, 5H, aromatic), 6.60 (brs, CH=C for Z-isomer), 4.18 
(q, J = 7 Hz, CH2 for ^-isomer), 4.00 (q, 7 = 7 Hz, CH2 for 
Z-isomer), 2.04 (s, 3H, CHS), 1.28 (t, 7 = 7 Hz, CH3 for 
E-isomer), 1.02 (t, y = 7 H z , CH3 for Z-isomer). IR (neat); 
1635 cm-1 (G=G). Found: C, 75.95; H, 7.54%. Calcd for 
C 1 2H 1 40 2 :C, 75.76; H, 7.42%. 

Ethyl 2-Ethyl-3-phenyl-2-propenoate (3j) : Bp 135—137 °C/11 
Torr. XH-NMR (CC14); ô 7.52 (s, CH=C for E-isomer), 7.15 
(m, 5H, aromatic), 6.48 (brs, CH=C for Z-isomer), 4.16 (q, 
7 = 7 Hz, CH2 for E-isomer), 4.00 (q, 7 = 7 Hz, CH2 for 
Z-isomer), 2.40 (m, 2H, CH2), 1.10 (m, 6H, 2CH3). IR 
(neat); 1640cm-1 (G=G). Found: C, 76.28; H, 7.90%. 
Calcd for C13H1602: C, 76.44; H, 7.90%. 

Ethyl 2,4-Dimethyl-2-pentenoate (3k) :15> Bp 90—97 °C/55 
Torr. !H-NMR (CC14); ô 6.45 (dq, CH=C for ^-isomer), 
5.60 (dq, CH=C for Z-isomer), 4.10 (m, 2H, CH2), 3.24 (m, 
CH for Z-isomer), 2.60 (m, CH for E-isomer), 1.80 (m, 3H, 
CH3), 1.28 (t, / = 7 Hz, 3H, GH3), 1.00 (t, 7 = 7 Hz, 6H, 
2CH3). 

Ethyl 2-Ethyl-4-methyl-2-pentenoate (31) : Bp 94—100 °C/63 
Torr. XH-NMR (GG14); ô 6.44 (m, CH=C for ^-isomer), 
5.54 (m, CH=C for Z-isomer), 4.14 (m, 2H, CH2), 3.12 (m, 
CH for Z-isomer), 2.64 (m, CH for E-isomer), 2.24 (m, 2H, 
CH2), 1.28 (t, 7 = 7 Hz, 3H, CH3), 1.00 (m, 9H, 3CH3). 
IR (neat); 1620cm-1 (G=C). Found: C, 70.51; H, 10.58%. 
Calcd for C10H18O2: C, 70.55; H, 10.65%. 

Ethyl 3-Phenyl-2-pentenoate (3m) : Bp 98 °C/1.5 Torr. 1H-
NMR (CC14); ô 7.2—7.5 (m, 5H, aromatic), 5.96 (s, IH, 
CH=C), 4.15 (q, 7 = 7 Hz, 2H, CH2), 3.11 (q, 7 = 7 Hz, 2H, 
CH2), 1.30 (t, 7 = 7 Hz, 3H, CH3), 1.08 (t, 7 = 7 Hz, 3H, 
CH2). IR (neat); 1620cm"1 (C=G). 

Ethyl 3-Methyl-2-hexenoate (3n): Bp 75—76 °G/17 Torr. 
iH-NMR (CC14); ô 5.61 (brs, 1H, CH=C), 4.09 (q, 7 = 7 
Hz, 2H, CH2), 1.88—2.62 (m, 5H, CH2 and CH3), 1.3—1.7 
(m, 2H, CH2), 1.25 (t, 7 = 7 Hz, 3H, CH3), 0.96 (m, 3H, 
CH3). IR (neat); 1640cm-1 (G=G). Found: G, 69.04; H, 
10.32%. Calcd for C9H l 0O2: G, 69.20; H, 10.32%. 

Ethyl 3-Methyl-2-heptenoate (3o): Bp 97—98 °C/13 Torr. 
XH-NMR (CC14); ô 5.40 (brs, 1H, CH=C), 3.95 (q, 7 = 7 Hz, 
2H, CH2), 1.03—2.32 (m, 5H, CH2 and CH3), 1.2—1.6 (m, 
4H, 2CH2), 1.22 (t, 7 = 7 Hz, 3H, CH3), 0.92 (m, 3H, CH3). 
IR (neat); 1640 cm"1 (C=C). Found: C, 70.66; H, 10.68%. 
Calcd for C10H18O2: C, 70.54; H, 10.66%. 

Ethyl 3-Cyclohexyl-2-butenoate (3p) : Bp 121—123 °C/18 Torr. 
iH-NMR (CC14); ô 5.54 (m, 1H, GH=G), 4.06 (q, 7 = 7 Hz, 

2H, CH2), 3.4—3.7 (m, IH, CH), 1.0—2.1 (m, 13H, CH2 

and CH3), 1.24 (t, 7 = 7 Hz, 3H, CH3). IR (neat); 1640 
cm-1 (G=G). 

Ethyl 3J-Dimethyl-2,6-octadienoate (3q) : Bp 75—80 °C/2.3 
Torr. ^ - N M R (CC14); ô 5.52 (m, IH, CH=C), 4.9—5.2 
(m, IH, CH=C), 4.03 (q, 7 = 7 Hz, 2H, CH2), 1.86—2.58 
(m, 7H, 2CH2 and CH3), 1.68 (s, 3H, CH3), 1.61 (s, 3H, 
CH3), 1.24 (t, 7 = 7 Hz, 3H, CH3). IR (neat); 1640 cm"1 

(G=G). Found: C, 73.43; H, 10.11%. Calcd for C12H20O2: 
C, 73.43; H, 10.27%. 

Ethyl 3,5-Dimethyl-2,4-hexadienoate (3r) : Bp 90 °G/23 Torr, 
^-isomer: ^ - N M R (CC14); ô 5.64 (m, IH, CH=C), 5.52 (m, 
IH, CH=C), 4.07 (q, 7 = 7 Hz, 2H, CH2), 2.19 (s, 3H, CH3), 
1.83 (m, 6H, 2CH3), 1.25 (t, 7 = 7 Hz, 3H, CH3). IR (neat); 
1625 cm-1 (G=G). Z-isomer: XH-NMR (CC14); ô 6.42 (brs, 
IH, CH=C), 5.52 (brs, IH, CH=C), 4.02 (q, 7 = 7 Hz, 2H, 
CH2), 2.00 (s, 3H, CH3), 1.85 (s, 3H, CH3), 1.73 (s, 3H, 
CH3), 1.22 (t, 7 = 7 Hz, 3H, CH3). IR (neat); 1630 cm"1 

(C=C). 
Ethyl 3,3-Dimethylcyclohexylideneacetate (3s) : A solution of 

LDA~ (22 mmol) in a mixture of 40 ml of THF and 5 ml of 
HMPA was stirred under nitrogen at — 78 °C and 20 mmol 
of 0-ethyl -S'-ethoxy car bony lmethyl dithiocarbonate (la) in 3 
ml of THF was added drop wise. After the yellow solution 
had been stirred for 30 min, 2.78 g (20 mmol) of 3,3-dimethyl-
cyclohexanone in 2 ml of THF was added over a 5 min 
period. The mixture was stirred at —78 °C for 1 h and at 
room temperature for 1 h. The usual work-up and distilla­
tion gave 3s in 84% yield. Bp 113 °C/23 Torr. XH-NMR 
(CC14); ô 5.52 (m, 1H, CH=C), 4.06 (q, 7 = 7 Hz, 2H, CH2), 
1.2—2.8 (m, 8H, 4CH2), 1.24 (t, 7 = 7 Hz, 3H, CH3), 0.92 
(m, 6H, 2CH3). MS (20 eV) m/e 196 (M+). IR (neat); 
1645 cm"1 (G=G). 

Ethyl (E)-3-Phenyl-2-propenoate (3t): Bp 86 °C/0.7 Torr. 
XH-NMR (CC14); ô 7.64 (d, 7 = 1 6 Hz, IH, CH=C), 7.2—7.6 
(m, 5H, aromatic), 6.36 (d, 7 = 16 Hz, IH, CH=C), 4.20 (q, 
7 = 7 Hz, 2H, CH2), 1.32 (t, 7 = 7 Hz, 3H, CH3). IR (neat); 
1630 cm"1 (G=G). Found: C, 74.86; H, 7.03%. Calcd for 
G n H 1 2 0 2 : C, 74.98; H, 6.86%. 

Ethyl (E)-2-Hexenoate (3u) : Bp 61 °G/17 Torr. ^ - N M R 
(CC14); ô 6.80 (dt, 7 = 7 Hz, 16 Hz, IH, CH=C), 5.72 (d, 
7 = 16 Hz, IH, CH=C), 4.11 (q, 7 = 7 Hz, 2H, CH2), 2.20 
(m, 2H, CH2), 1.4—1.8 (m, 2H, CH2), 1.28 (t, 7 = 7 Hz, 3H, 
CH3), 0.98 (t, 7 = 7 Hz, CH3). IR (neat); 1650 cm"1 (G=G). 

Ethyl 2-Nonenoate (3v): Bp 50 °G/1 Torr. XH-NMR 
(CC14); ô 6.88 (dt, 7 = 7 Hz, 16 Hz, CH=C), 5.72 (d, 7 = 1 6 
Hz, IH, CH=C), 4.12 (q, 7 = 7 Hz, 2H, CH2), 2.0—2.2 (m, 
2H, CH2), 1.1—1.8 (m, 8H, 4CH2), 0.9 (m, 3H, CH3). IR 
(neat); 1645 cm"1 (G=G). 

Ethyl 2,3-Dimethyl-2-butenoate (3w) : Bp 105—106 °C/100 
Torr. XH-NMR (CC14); ô 4.10 (q, 7 = 7 Hz, 2H, CH2), 
1.8—2.0 (m, 9H, 3CH3), 1.28 (t, 7 = 7 Hz, 3H, CH3). IR 
(neat); 1635 cm"1 (G=G). 

Ethyl 293-Dimethyl-2-pentenoate (3x) : Bp 67—72 °C/14 Torr. 
^ - N M R (CC14); ô 4.15 (q, 7 = 7 Hz, 2H, CH2), 2.28 (m, 
2H, CH2), 1.93 (m, 6H, 2CH3), 1.28 (t, 7 = 7 Hz, 3H, CH3), 
1.04 (t, 7 = 7 Hz, 3H, CH3). IR (neat); 1630 cm"1 (G=C). 

Ethyl 2i3-Dimethyl-2-heptenoate (3y) : Bp 90—94 °C/13 Torr. 
E-isomer: XH-NMR (CC14); ô 4.02 (q, 7 = 7 Hz, 2H, CH2), 
2.09 (m, 2H, CH2), 1.93 (m, 3H, CH3), 1.80 (m, 3H, CH3), 
1.2—1.6 (m, 4H, 2CH2), 1.26 (t, 7 = 7 Hz, 3H, CH3), 0.93 
(m, 3H, CH3). IR (neat); 1630cm-1 (G=G). Z-isomer: 
iH-NMR (CC14); ô 4.03 (q, 7 = 7 Hz, 2H, CH2), 2.30 (m, 
2H, CH2), 1.74 (m, 6H, 2CH3), 1.2—1.6 (m, 4H, 2CH2), 1.25 
(t, 7 = 7 Hz, 3H, CH3), 0.91 (m, 3H, CH3). IR (neat); 1630 
cm-1 (G=G). Found: C, 71.72; H, 11.00%. Calcd for 
GuH2 0O2 : G, 71.70; H, 10.94%. 
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Ethyl 2-Cyclohexylidenepropionate (3z): Bp 104—107 °C/10 
Torr. !H-NMR (GG14) ; ô 4.10 (q, 2H, CH2), 2.0—2.6 (m, 
4H, 2CH2), 1.80 (s, 3H, CH3), 1.58 (m, 6H, 3CH2), 1.26 
(t, 7 = 7 Hz, 3H, CH3). IR (neat) ; 1625 cm"1 (G=G). 

Ethyl 2-Methyl-2-nonenoate (3A) : Bp 109—114 °G/14 Torr. 
IR (neat); 1650cm"1 (G=C). ^-isomer: iH-NMR (CC14); 
ô 6.64 (m, 1H, CH=C), 4.10 (q, 7 = 7 Hz, 2H, CH2), 2.16 
(m, 2H, CH2), 1.98 (s, 3H, CH3), 1.1—1.6 (m, 11H, CH2 

and CH3), 0.89 (m, 3H, CH3). Z-isomer: ^ - N M R (CC14); 
ô 5.83 (m, 1H, CH=C), 4.12 (q, 7 = 7 Hz, 2H, CH2), 2.42 
(m, 2H, CH2), 1.86 (s, 3H, CH3), 1.0—1.6 (m, 11H, CH2 

and CH3), 0.90 (m, 3H, CH3). 
Ethyl 2,4-Dimethyl-2-hexanoate (SB) : A solution of ethyl 

2-mercaptopropionate (20) (20 mmol) in 3 ml of THF was 
added dropwise to a magnetically stirred solution of LDA 
(44 mmol) and TMEDA (44 mmol) at — 78 °C. After the 
mixture had been stirred at this temperature for 1 h, a 
solution of 2-methylbutyraldehyde (24 mmol) in 3 ml of THF 
was added and the resulting pale yellow mixture was main­
tained at — 78 °C for 2 h. After the addition of a solution 
of ethyl chloroformate (20 mmol) in 5 ml of THF was 
complete, the reaction mixture was stirred at —78 °C for 
30 min and then at room temperature for 1 h. Work-up and 
distillation gave a mixture of E- and Z-isomers of 3B in 67% 
yield, which was readily separated by GLC. Bp 110—115 
°C/68 Torr. IR (neat); 1645 cm"1 (G=G). ^-isomer: 1H-
NMR (CC14); ô 6.36 (m, IH, CH=C), 4.08 (q, 7 = 7 Hz, 2H, 
CH2), 2.37 (m, IH, CH), 1.76 (s, 3H, CH3), 1.25 (m, 5H, 
CH2 and CH3), 0.98 (d, 7 = 7 Hz, 3H, CH3), 0.86 (t, 3H, 
CH3). Z-isomer: iH-NMR (CC14); ô 5.52 (m, 2H, CH2), 
4.10 (q, 2H, CH2), 3.00 (m, IH, CH), 1.86 (s, 3H, CH3), 
1.29 (m, 5H, CH2 and CH3), 0.7—1.0 (m, 6H, 2CH3). 
Found: C, 70.42; H, 10.79%. Calcd for C10H18O2: C, 70.55; 
H, 10.65%. 

Alkylation of Dianion. A solution of alkyl halide (80 
mmol for dialkylation ; 20 mmol for monoalkylation) was 
added dropwise to a solution of dianion (20 mmol) generated 
at — 78 °C in THF in the same way as described above. 
After the solution had been stirred at — 78 °C for 30 min 
and at room temperature for 1 h, the mixture was quenched 
with 10 ml of aqueous solution of NH4C1. The product was 
purified by distillation. 

Ethyl 2-Methylthiopropionate (11a) : Bp 66—68 °C/15 Torr. 
iH-NMR (CC14); ô 4.12 (q, 7 = 7 Hz, 2H, CH2), 3.18 (q, 
J = 7 Hz, 1H, CH), 2.10 (s, 3H, CH3), 1.2—1.4 (m, 6H, 
2CH3). IR (neat); 1725cm"1 (COO). Found: C, 48.70; 
H, 8.36; S, 21.61%. Calcd for C6H1202S: C, 48.62; H, 
8.16; S, 21.63%. 

Ethyl 2-Ethylthiobutanoate (lib) : Bp 91—92.5 °G/14 Torr. 
!H-NMR (CC14); ô 4.09 (q, 7 = 7 Hz, 2H, CH2), 3.00 (t, 
7 = 7 Hz, 1H, CH), 2.55 (q, 7 = 7 Hz, 2H, CH2), 1.6—2.0 
(m, 2H, CH2), 1.1—1.4 (m, 6H, 2CH3), 0.97 (t, 7 = 7 Hz, 
3H, CH3). IR (neat); 1720cm"1 (COO). 

Ethyl 2-Allylthio-4-pentenoate (lie): Bp 115°C/16 Torr. 
!H-NMR (CC14); ô 5.40—5.90 (m, 2H, CH=C), 5.05 (m, 
4H, 2CH2=C), 4.09 (q, 2H, CH2), 3.00—3.30 (m, 3H, CH2 

and CH), 2.2—2.8 (m, 2H, CH2), 1.27 (t, 7 = 7 Hz, 3H, 
CH3). IR (neat); 1720 (COO), 1635cm"1 (C=G). 

Ethyl 3-Hydroxy-2-mercapto-3-methylbutanoate (15): Bp 115 
°C/27 Torr. ^ - N M R (CC14); "<5 4.22 (q, 7 = 7 Hz, 2H, 

CH2), 3.00—3.20 (m, 2H, OH and CH), 2.22 (d, 7 = 9 Hz, 
IH, SH), 1.0—1.4 (m, 9H, 3CH3). Found: C, 47.36; H, 
8.01; S, 17.76%. Calcd for C7H1 403S: C, 47.17; H, 7.91; 
S, 17.99%. IR (neat); 3500 (OH), 2550 (SH), 1710cm"1 

(COO). 
Ethyl 2,3-Dihydroxy-3-methylbutanoate (17) : XH-NMR (CC14) ; 

ô 4.26 (q, 7 = 7 Hz, 2H, CH2), 3.83 (s, 1H, CH), 3.0—3.3 (m, 
2H, 20H) , 1.34 (t, 7 = 7 Hz, 3H, CH3), 1.24 (s, 3H, CH3), 
1.16 (s, 3H, CH3). IR (neat); 3400 (OH), 1720 cm"1 (COO). 

Ethyl (Methylthio)acetate (19a): Bp 111 °C/20 Torr. XH-
NMR (CC14); ô 4.10 (q, 7 = 7 Hz, 2H, CH2), 3.06 (s, 2H, 
CH2), 2.19 (s, 3H, SCH3), 1.29 (t, 7 = 7 Hz, 3H, CH3). IR 
(neat); 1730 cm"1 (COO). 

Ethyl (Ethylthio)acetate (19b) : Bp 81 °C/15 Torr. iH-NMR 
(CC14); ô 4.02 (q, 7 = 7 Hz, 2H, CH2), 3.02 (s, 2H, CH2), 
2.55 (q, 7 = 7 Hz, 2H, CH2), 1.22 (t, 7 = 7 Hz, 6H, 2CH3). 
IR (neat); 1730 cm"1 (COO). 

Ethyl (2-Hydroxypropylthio)acetate (19c) : Bp 112 °C/10 Torr. 
!H-NMR (GG1J; ô 4.16 (q, 7 = 7 Hz, 2H, CH2), 3.85 (m, 
1H, CH), 3.48 (m, 1H, OH), 3.22 (s, 2H, SCH2), 2.46 (m, 
2H, CH2), 1.1—1.4 (m, 6H, 2CH3). IR (neat); 3450 (OH), 
1720 cm"1 (COO). 
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Neamine and its position isomer were synthesized from 3,4-di-0-acetyl-2-deoxy-2-(/>-rnethoxybenzylidene-
amino)-6-0-tosyl-oc-D-glucopyranosyl bromide and racemic 5,6(4,5)-0-cyclohexylidene-2-deoxy-l,3-bis-iV-(ethoxy-
carbonyl) streptamine. Influence of the JV-protecting groups of 2-deoxystreptamine derivatives for glycosylation 
was discussed. The unusual A[M]TAOu value of the position isomer of neamine was ascribed to the interaction 
between the 6'-amino group and other groups. 

Neamine1) isolated from Streptomyces cultures is a 
constituent of several aminoglycoside antibiotics includ­
ing neomycins, kanamycin B and butirosins. Its first 
synthesis starting from paromamine2) was reported by 
Umezawa et a/.3) Kohno et al.*) also reported a synthesis 
of neamine from a protected 2,6-diamino-2,6-dideoxy-a-
D-glucopyranosyl bromide and a blocked deoxystrept-
amine derivative, using the 2,4-dinitrophenyl group as a 
non-participating group at C-2 of the glycosyl bromide. 
Interest in neamine synthesis lies in the efficient and 
stereocontrolled synthesis of a-glycoside having an amino 
group at C-2 of the glycosyl portion. This paper reports 
another total synthesis of neamine with the use of a 
glycosyl bromide carrying a j&-methoxybenzylidene 
group (Schiff base) at C-2 as a non-part icipating group. 

We used 3,4-di-0-acetyl-2-deoxy-2-(/>-methoxybenzyl-
ideneamino)-6-0-tosyl-a-D-glucopyranosyl bromide5) (1) 
and racemic 5,6(4,5)-0-cyclohexylidene-2-deoxy-l,3-bis-
iV-(ethoxycarbonyl) strep tamine6) (5). Condensation of 

TsO 

AcO^—fBr 
N=CH-^-OCH3 

R-, NHC02C2H5 
J— 0 /—^HCOzCzHg 

AcO^KoW 
NHCO2C2H5 OH 
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2 R = C02CHAHs 

4 R= C02CH2CH=CH2 

5 R=C02C2H5 
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•0 . HÖ Î 
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NHCO2C2H«; 
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T R = N3 

NH2 

Ho4^o47H2 Hot^^i 
NH2 OH " ^ 

1 and 5 in the presence of mercury (I I) cyanide and 
Drierite in benzene-dioxane followed by treatment of the 
condensation product with dilute sulfuric acid and 
reaction with ethyl chloroformate gave a mixture of 
two a-glycosides, viz., 4-0-[3,4-di-0-acetyl-2-deoxy-2-
(ethoxycarbonylamino) - 6 - O-tosyl-a-D-glucopyranosyl]-
2-deoxy-l,3-bis-iV-(ethoxycarbonyl) strep tamine (6) and 
its 6-0-isomer (6') in 4 7 % yield based on 5. 

Trea tment of the above mixture with sodium azide 
gave a mixture of 6'-azido derivative (7, 7'). Hydrolysis 
with sodium hydroxide gave a mixture of 8 and 8', 
which, by catalytic hydrogénation followed by chromato­
graphic separation, afforded neamine (9) and its 6-0-
isomer (9'). Separation of 8 and 8' was troblesome. 
However, they were separated in low yields for the 
structural determination of 9 and 9'. a-Anomeric 
configurations of 8 and 8' were confirmed by means 
of the P M R spectrum C/ i , 2 =3.5 Hz each). The 
physical properties of 9 were identical with those of 
natural neamine. The synthetic neamine (9) also gave 
an antibacterial spectrum identical with that of natural 
neamine, the isomer (9') showing very weak anti­
bacterial activity. The azido derivatives (8 and 8') 
showed no antibacterial activities. 

In order to confirm the structure of 9 and 9', rotations 
of 9 and 9 ' in TACu7) were measured. Neamine and 
synthetic 9 gave expected A[M]TAcu values («**—200°), 
indicating copper-complexing between 1-NH2 and 6-OH 
and between 2 ' -NH 2 and 3 ' -OH, respectively. The 
contributions of both rotations are approximately equal 
in magnitude and opposite in sign, thus cancelling 
the values. However, 9 ' gave A[M] T ACU —990° and 
not the expected value (—1800°). An explanation is 
that the copper-complexing between 3-NH2 and 4-OH 
is disturbed by the presence of the 6 ' -NH2 group. For 
the sake of confirmation the A[M]T A C u values of 8 and 
8' were measured. Since 8 and 8' have no 6'-NH2 

group, they should give the expected A[M]T A O u values 
which were found to be —190° and —1820°, respective­
ly, as expected, showing that 8 and 8' are 4 -0 - and 
6-O-glycosyl isomers of 2-deoxystreptamine, respectively. 

H2N-j6^_ NH2 

NH2 OH 
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NH2 

H2N-i / VflH2 

NH2 
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,-NH2 

O T ' ) \NH2 
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D i s c u s s i o n 

Use of the />-methoxybenzylidene group as a non-
participating group at the C-2 amino group of glycosyl 
halide is based on the fact that a Schiff base derivative 
gives a-glycosides in the synthesis of paromamine6) in an 
excellent yield. 

We have examined the influence of several N-
blocking groups of the 2-deoxystreptamine (aglycon) on 
the glycosidation. Condensation of l,3-bis-iV-(benzyl-
oxycarbonyl) -4,5 (5,6)- 0-cyclohexylidene-2-deoxystrept-
amine8) (2) with 1 under similar conditions gave the 
condensation product in a smaller yield ( ^ 3 0 % ) which 
was also led to neamine.9) 1,3-Bis-iV-(allyloxycarbonyl) -
4,5(5,6)-0-cyclohexylidene-2-deoxystreptamine (4) was 
prepared from 2-deoxystreptamine by the reaction with 
allyl chloroformate and subsequent cyclohexylidenation. 
Condensation of 4 with 1, however, did not proceed 
satisfactorily (condensation yield, ca. 30%) . The iV-
ethoxycarbonyl group was thus found to give the best 
condensation yield among the protecting groups tested. 

E x p e r i m e n t a l 

Thin-layer chromatography (TLG) was carried out on 
Wakogel B-5 with sulfuric acid spray for detection. For 
column chromatography, silica gel (Wakogel C-200) was used. 
Paper chromatography (PPG) was performed on Toyo-Roshi 
No. 50 with 1-butanol-pyridine-water-acetic acid ( 6 : 4 : 3 : 1) 
and spots were visualized by spraying 0.5% ninhydrin in 
pyridine. PMR spectra were recorded at 90 MHz with a 
Varian EM-390 spectrometer. 

7,3-Bis-N- (allyloxycarbonyl) -2-deoxystreptamine (3). Allyl 
chloroformate (3 ml) was added dropwise under stirring to 
an ice-cold suspension of 2-deoxystreptamine dihydrochloride 
(2.0 g) and anhydrous sodium carbonate (5.2 g) in aqueous 
acetone (1 :1 , 40 ml). The mixture was stirred for 3 h at 
room temperature. The reaction mixture was concentrated and 
the residue extracted with hot dioxane. The dioxane solution 
was then concentrated, the residue being washed with ether 
to give a solid (2.4 g). Recrystallization from water gave 
needles, 1.8 g (65%), mp 223—224 °G; IR (KBr): 1700 (v 
NHCOO), 1650 (sh, v G=C), 1550 (amide II), 990 (Ô GH=) 
cm-1. PMR (pyridine-^): Ô 1.95 (1H q, / = 1 2 Hz, H-2ax), 
2.83 (1H double t, / = 4 . 5 , 4.5 and 12 Hz, H-2eq), 4.6—4.8 
(4H m, Ci/2CH=CH2), 5.0—5.5 (4H m, CH2CH=Ci/2), 5.98 
(2H double quintet,10) CH2-Ci/=CH2), 8.12 (2H d, J&l Hz, 
NH; disappeared on deuteration). 

Found: G, 51.01; H, 6.66; N, 8.35%. Galcd for 
G14H22N207: G, 50.90; H, 6.71; N, 8.48%. 

Racemic 1,3-Bis-N- (allyloxycarbonyl) -4,5(5,6) -O-cyclohexylidene-
2-deoxystreptamine (4). A mixture of 3 (2.0 g), 1,1-dimeth-
oxycyclohexane (1.3 ml) and />-toluenesulfonic acid (200 mg) 
was refluxed for a while, half the volume of the solvent then 
being distilled. The distillate was treated with Molecular 
Sieves 5A in order to remove methanol co-distilled, and then 
returned to the reaction vessel. The reaction mixture was 
treated likewise twice. After addition of triethylamine (4 ml), 
the mixture was concentrated to give a syrup. The syrup was 
dissolved in chloroform, washed with water, dried over sodium 
sulfate, and concentrated to give a solid. Recrystallization 
of the solid from acetone-hexane gave granular crystals, 1.66 
g (67%), mp 106—108 °G: PMR (pyridine-^) : ô 1.1—2.2 
(HH,cyclohexylideneandH-2ax), 2.80 (1H double t, H-2eq); 

4.6—4.8 (4H), 5.0—5.45 (4H) and 5.7—6.2 (2H) (allyl); 8.25 
(1H d) and 8.48 (1H d) (NH; disappeared on addition of 
D 2 0) . 

Found : G, 58.28 ; H, 7.42 ; N, 6.55%. Galcd for G20H30N2O7 : 
G, 58.52; H, 7.37; N, 6.82%. 

4-0- and 6-0-\_3,4-Di-0-acetyl-2-deoxy-2-( ethoxycarbonylamino) -
6-O-tosyl- a-B-glucopyranosyl] -2 -deoxy-1,3-bis- N - (ethoxycarbonyl) -
streptamine (6 and 6'). A mixture of 1 (991 mg, 1.66 
mmol), 5 (400 mg, 1.04 mmol), mercury(II) cyanide (757 mg), 
and calcium sulfate (Drierite, 600 mg) in dry benzene-dioxane 
(2 :1 , 4 ml) was stirred at room temperature overnight. 
Mercury(II) cyanide (300 mg) was added and the mixture 
was stirred for 20 h. The mixture was centrifuged, the 
insoluble matter being washed with dioxane. The organic 
solution combined was concentrated to give a syrup which 
was washed with water to give a pale-yellow solid (1.35 g). 
The solid, on TLG with benzene-acetone (5: 1), showed 
major spots at R{ 0.42 and 0.49, and weak spots at Rt 0.22 
(5) and 0.77 (1). 

0.5 M sulfuric acid («*2 ml) was added (pH»2) to a 
solution of the solid in acetone (27 ml), and the resulting 
suspension was stirred at room temperature overnight. The 
cyclohexylidene and the />-methoxybenzylidene groups of the 
condensation products were removed by this procedure. The 
reaction mixture was concentrated and the residue was washed 
with ether to give a solid (TLG, R{ 0). To a suspension 
of the solid in aqueous acetone (1:1) were added ethyl 
chloroformate (0.22 ml) and anhydrous sodium carbonate 
(240 mg) and the mixture was stirred at room temperature 
overnight. The resulting mixture was concentrated and the 
residue was dissolved in chloroform. The solution was washed 
with water, dried over sodium sulfate, and concentrated to 
give a syrup. Addition of benzene to the syrup gave a precipi­
tate which was removed by centrifugation. Concentration of 
the benzene solution gave a syrup (927 mg). The syrup on 
TLG with benzene-acetone (1 : 1) gave spots of Rt 0.51 and 
0.45 (6, 6') and 0.34 (slight) and 0.26 (slight). The syrup 
was chromatographed with benzene-acetone (2:1) to give 
the syrup of a mixture of 6 and 6', 376 mg (47% based on 
5). IR (KBr): 1750 (v CH3CO), 1710 (v NHCOO-), 1530 
(amide II) , 1240 (v GH3CO), 1180 (vs S02) cm"1; PMR 
(GDG13): triplet-like signals centered at ô 1.23 (9H, J&8 
Hz, COCH2Ci/3); ô 1.84 (1.5 H), 1.90 (1.5 H) and 1.98 (3H) 
(each s, Ac), 2.47 (3H s, Ci/3C6H4S02). 

Found: G, 49.29; H, 5.87; N, 5.24; S, 3.83%. Galcd for 
C32H47N3017S: G, 49.42; H, 6.09; N, 5.40; S, 4.12%. 

4-0- and 6-0-\3,4-Di-0-acetyl-6-azido-2,6-dideoxy-2-(ethoxy~ 
carbonylamino) -a-B-glucopyranosyf] -2-deoxy-1,3-bis-N- (ethoxycarbon­
yl) streptamine (7, 7'J. Sodium azide (290 mg) was added 
to a solution of a mixture of 6 and 6' (350 mg) in DMF (7 
ml), and the mixture was stirred at 80 °G for 3 h. The 
solution on TLG with benzene-acetone (1:1) gave a single 
spot at Rf 0.47. Concentration gave a syrup which was 
dissolved in chloroform. The solution was washed with a 
saturated sodium chloride solution, then with water, dried 
over sodium sulfate, and concentrated to give a syrup. The 
syrup was dissolved again in benzene-ethyl acetate (3: 1, 40 
ml) and the solution was washed with water, dried (sodium 
sulfate), and concentrated to give a syrup, 234 mg (80%). 
IR (KBr): 2100 (N3), 1740, 1700, 1530, 1240cm-1; PMR 
(GDG13): ô 1.27 (9H t, / = 7 H z , C02CH2Ci/3), 2.05 (6H 
m, half-height width is 4.5 Hz, Ac). 

Found: G, 46.54; H, 6.12; N, 12.69%. Galcd for 
G25H40N6O14: G, 46.29; H, 6.22; N, 12.96%. 

4-0- and 6-O- (2-Amino-6-azido-2,6-dideoxy-a-T>-glucopyranosyl) -
2-deoxystreptamine (8, 8'). A suspension of a mixture of 
7 and 7' (91.6 mg) in 1 M sodium hydroxide solution (5 ml) 
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was refluxed. The resulting clear solution after 15 min was 
refluxed for further 2 h. Dowex 50 WX 2 (H+ form) resin 
was added until the solution became neutral and the mixture 
was poured into a column containing the same resin (NH4+ 
form, a&l ml). The column after being washed with water 
(100 ml) was treated with 0.5 M aqueous ammonia. The 
fractions containing ninhydrin-positive products were collect­
ed and concentrated to give a pale-brown syrup (42 mg). 
The syrup on PPG gave two spots at Rt 0.20 and 0.18 and 
a faint spot at 0.32. The syrup was charged on a column 
of GM-Sephadex G-25 (NH4+ form, 6 ml) and the column 
was washed with water. A ninhydrin-positive syrup (9.1 mg) 
was obtained from the washings. Its absorption spectrum 
(IR, 1640 cm -1) indicated the product to be a 1,3-ureylene 
derivative.11) The column was then treated with aqueous 
ammonia with gradual increase in concentration (0—»0.15 M) 
to give a colorless syrup of 8 and 8', 28.1 mg (52%). 

The syrup (59.3 mg) was charged again on a column of 
GM-Sephadex G-25 (NH4+ form, 23 ml) and eluted with 
aqueous ammonia (0—>0.1 M). The elution was checked by 
PPG. Compound 8 {Rt 0.18) was eluted between 170—180 
ml, 8' (Rt 0.20) between 190—200 ml and the mixture of 
8, 8' between 180—190 ml. Goncentration of the respective 
fractions gave syrups of 8 (15.7 mg), 8' (16.0 mg) and a 
mixture of both (23.4 mg). 

8: [a]« +71° (c 1, water), A[M]^ u . N H | t - 190° . IR 
(KBr): 2100 (N3), 1590 (broad, Ô NH2) cm"1. PMR (D20 
+ ND3): Ô 1.18 (1H q, / = 1 2 Hz, H-2ax), 1.97 (1H double 
t, / = 4 . 5 , 4.5 and 12 Hz, H-2eq), 2.5—3.1 (3H m, H-1, 3,2'), 
5.23 (1H d, / = 3 . 5 Hz, H-1'). Irradiation at ô 2.8 turned 
the doublet of H-1 ' into a singlet. 

Found: C, 39.36; H, 6.50; N, 21.37%. Galcd for 
C1 2H2 4N606 .1/2H2C03 : G, 39.58; H, 6.64; N, 22.15%. 

8': M2
D

5 +85° (e 1, water), A[M]f3
A«u_NH, -1820°. IR 

(KBr): 2100, 1590cm"1. PMR (D 2 0+ND 3 ) : Ô 1.24 (1H 
q, / = 12 Hz, H-2ax), 1.98 (1H double t, J = 4 . 5 , 4.5 and 
12 Hz, H-2eq), 2.5—3.1 (3H m, H-1, 3,2'), 5.13 (1H d, 
7 = 3 . 5 Hz, H-1'). Irradiation at ô 2.8 turned the doublet 
of H-1 ' into a singlet. 

Found: G, 39.44; H, 6.53; N, 21.56%. Galcd for 
G12H24N606 .1/2H2G03: G, 39.58; H, 6.64; N, 22.15%. 

Neamine (9) (4-0- (2,6-Diamino-2,6-dideoxy-a-T>-glucopyranosyl) -
2-deoxystreptamine) and Its Isomer(9') (6-0-(2,6-Diamino-2,6-dide-
oxy-oL-i>-glucopyranosyl)-2-deoxystreptamine). A few drops 
of acetic acid were added to an aqueous solution (7 ml) of 
a mixture of 8 and 8' (67.2 mg) obtained after the first 
Sephadex column treatment. The solution (pH«^3) was then 
treated with hydrogen at atmospheric pressure for 30 min in 
the presence of palladium black. The solution on TLG 
(DG-Fertigplatten Kieselgel 60, E. Merck, Darmstadt) with 
l-butanol-ethanol-chloroform-17% aqueous ammonia=4: 7: 
2: 7 showed two major spots at Rt 0.17 (9') and 0.28 (9), 
and minor spots at Rt 0.66, 0.72 and 0.82. The spots 
corresponding to 8 and 8' (Rt 0.51 and 0.48, respectively) 
completely disappeared. Goncentration of the solution gave 
a syrup, which, by chromatography on a GM-Sephadex G-25 

•j* A small amount of aqueous ammonia was added12) to 
the TAGu solution of the sample until the solution gave a 
constant [ M ] | ^ u value. 

(NH4+ form) column with aqueous ammonia (0—>0.25 M), 
gave 9 (25 mg, 36%) and 9' (23 mg, 34%) which were eluted 
in this order. 

9: [a]l5 +69° (c 0.8, water), A[M]««Cu_NHi -180° (natural 
neamine, -210°) . PMR (D 2 0+ND 3 ) : ô 1.22 (1H q, J = 1 2 
Hz, H-2ax), 2.01 (1H double t, /«*4.5, «*4.5 and 12 Hz, 
H-2eq), 2.5—3.1 (5H, H-1, 3, 2', 6', 6?) , 5.33 (1H d, / = 3 . 5 
Hz, H-1'). All signals were superimposable on those of 
natural neamine carbonate. 

Found: G, 40.68; H, 7.21; N, 14.24%. Galcd for 
C1 2H2 6N406 .H2C03 : G, 40.62; H, 7.34; N, 14.58%. 

9': M£5 +71° (*0.6, water), A[M]^Cu.NHl -990° . PMR 
(D 2 0+ND 3 ) : ô 1.27 (1H q, / = 1 2 Hz, H-2ax), 1.98 (1H q, 
7 ^ 4 . 5 , «*4.5, and 12 Hz, H-2eq), 2.5—3.2 (5H), 5.17 (1H 
d , / = 3 . 5 Hz). 

Found: G, 40.64; H, 7.54; N, 14.89%. Galcd for 
C1 2H2 6N406 .H2C03 : G, 40.62; H, 7.34; N, 14.58%. 

Antibacterial spectra of the synthetic neamine (9), natural 
neamine and the isomer (9') expressed by minimal inhibitory 
concentration (mcg/ml) : Staphylococcus aureus FDA 209P: 6.25, 
12.5, 25; Bacillus subtilis NRRL B-558: <1.56, <1.56. 6.25; 
Klebsiella pneumoniae PGl 602: 25, 25, 100; Escherichia coli 
NIHJ: 25, 25, 200; Escherichia coli K-12: 25, 25, 200; Salmo­
nella typhi T-63: 6.25, 6.25, 50; Pseudomonas aeruginosa A3: 
>200, >200, >200. 

The authors wish to thank Mr . Saburo Nakada, 
Depar tment of Chemistry, Keio University, for the 
microanalysis, and Dr. Masa Hamada , Institute of 
Microbial Chemistry, for the bioassay. 
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Elimination Reactions of Halohydrin Derivatives with 
a Palladium (0) Complex 

Toshio SUGITA,* Yoshimi SHIRAIWA, Masayuki HASEGAWA, and Katsuhiko ICHIKAWA 

Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606 
(Received June 1, 1979) 

Stilbene bromohydrin derivatives (Ph-CHBr-CHY-Ph : Y=OAc, OS02CH3 , OGH3, SGH3) and stilbene 
dibromide underwent ß-elimination reaction with tetrakis(triphenylphosphine)palladium(0) to give stilbene. 
The stereochemistry of eliminations is nonselective except in the case of dibromide, where arcfr'-selectivity is observed. 
A coupling reaction occurred favorably in the case of Y=OCH 3 . 

Organometallic compounds substituted by oxygen 
groups at the ^-position have well been known as 
oxymetallation adducts when the metals are heavy ones 
such as mercury and thall ium, and it is clear that the 
acid-catalyzed deoxymercuration proceeds in anti 
fashion. In the case of pal ladium, oxypalladation 
adducts of olefins have been postulated as intermediates 
of the Wacker oxidation of ethylene to acetaldehyde and 
many other palladium(II)-catalyzed reactions of olefins. 
Although unusually stable alkoxypalladation adducts of 
ethylene have been isolated,1) the oxypalladation 
adducts are usually not isolable except for some atypical 
examples, in which the complexes are stabilized by the 
chelation of intramolecular double bonds,2) because of 
their propensity to undergo elimination. 

Previously, we reported that ^ - e l i m i n a t i o n was 
favored when bromohydrin derivatives were treated 
with butyllithium, and that, particularly, l-bromo-2-
methoxy-l,2-diphenylethane (5) gave a stereospecific 
^ - e l i m i n a t i o n product in nonpolar solvents. In this 
reaction, we postulated a /?-methoxylithium compound 
as a transient intermediate.3) 

Phosphine complexes of palladium (0) undergo oxida­
tive addition reaction with alkyl halides, making a 
carbon-pal ladium a-bond. If bromohydrin derivatives 
undergo oxidative addition to palladium complexes, 
the oxypalladation compounds should be produced. In 
this paper, we wish to report the results of the reactions 
of stilbene bromohydrin derivatives and dibromide with 
a palladium(0) complex. 

R e s u l t s and D i s c u s s i o n 

The reactions of stilbene dibromide (2) and bromo­
hydrin derivatives, l-bromo-2-acetoxy-l,2-diphenyl-
ethane (3), l-bromo-2-methylsulfonyloxy-l,2-diphenyl-
ethane (4), l-bromo-2-methoxy-l,2-diphenylethane (5), 
and l-bromo-2-methylthio-l,2-diphenylethane (6), with 
tetrakis(triphenylphosphine)palladium (0) (1) in degas­
sed benzene produced only stilbene (7) in good yields, 
except in the case of 5. In the case of 5, a coupling 
product, l ,4-dimethoxy-l,2,3,4-tetraphenylbutane (8), 
was the pr imary product, accompanied by a small 
amount of trans-1. The structure of 8 was identified by 
means of its analytical and spectral data . As the N M R 
spectrum is simple, the 8 obtained seems to be diastereo-
merically not so complex, but its stereochemical struc­
ture has not yet been confirmed. 

Oxypalladation adducts of olefins almost without 
exception eliminate palladium, accompanied by ß-

Ph-CH-CH-Ph 
i i 

Br Y 

2 Y=Br 
3 Y=OAc 
4 Y = O S 0 2 G H 3 

5 Y = O G H 3 

6 Y=SGH 3 

PdL4 
• 

1 L=Ph 3 P 

Ph-CH—CH-Ph 
i i 

PdL2 Y 
I 

Br 

Ph-CH=CH-Ph 

7 

OGH3 

Ph-CH-GH-Ph 

Ph-CH-CH-Ph 

OGH, 

8 

TABLE 1. REACTION OF STILBENE BROMOHYDRIN 

DERIVATIVES WITH PALLADIUM(0) COMPLEX*0 

Subst 
(mrr 

dl-2 
meso-2 
threo-3 
erythro-3 
threo-é 
erythro-é 
threo-5 
erythro-5 
erythro-5 
erythro-6 

rate 
10I) 

(0.88) 
(0.89) 
(0.87) 
(0.87) 
(0.87) 
(0.88) 
(0.87) 
(0.75) 
(1.76)d) 

(0.88) 

(Ph3P)4Pd 
(mmol) 

0.89 
0.87 
0.87 
0.90 
0.87 
0.87 
0.87 
0.75 
1.76 
0.87 

Product 

trans-1 

60 
94 
45c) 

4 8 o 
84 
70 

(12) 

(H) 
(trace) 

98 

yield (%)b> 

Others 

cis-1 20 

8 (60) 
8 (67) 
8 (20) 

a) Unless otherwise noted, in degassed benzene (100ml) 
at 80 °G under argon for 2 h. b) Isolated yields. The 
values in parentheses were determined by GLPG. c) The 
actual yields were higher than those indicated because 
incomplete chromatographic separations were achieved, 
d) In 100 ml of degassed benzene at room temperature 
for 30 h. 

hydrogen, to produce olefins on which the oxygen 
groups remain. Only one report on the deoxypallada-
tion-type eliminations has, to our knowledge, been made 
by Heck.4) In contrast with the usual behavior of 
oxypalladation adducts, stilbene was the only elimina­
tion product , and no vinyl ether, esters, or other products 
derived from them were detected in the present case. 
If the reactions occurred by a series of steps, the oxidative 
addition of substrates to the palladium (0) complex to 
produce /?-oxypalladium intermediates and the subse-
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quent elimination of pal ladium from these intermediates, 
stilbene should be formed by the elimination of the 
palladium and the /?-substituents. 

Whether the present elimination proceeds via ß-
oxypalladium intermediates or by another mechanism, 
e.g., the palladium-catalyzed synchronous elimination 
of the bromine and the heteroatom groups, is yet 
uncertain. When the leaving group is methoxyl, 
however, a coupling reaction takes place, together with 
elimination. Stille and Lau reported that the oxidative 
additions of 9-bromofluorene and a-bromophenyl-
acetate to 1 gave, as the coupling products, 9,9'-
bifluorenyl and ethyl 2,3-diphenylsuccinate respec­
tively.6) They concluded that these coupling products 
were at tr ibutable to the decomposition of transient 
alkylpalladium intermediates. An analogous reaction 
can be expected in the case of methoxy bromide (5), 
which undergoes oxidative addition to 1 to give the 
coupling product (8) and dibromobis(triphenylphos-
phine)pal ladium(II ) . Since methoxyl group is a poor 
leaving group, the coupling reaction is favored over the 
elimination. In the reactions of the other substrates, 
only the elimination reaction takes place, because the 
acetoxyl, methylsulfonyloxy, and methylthio groups as 
well as bromide are better leaving groups. 

From these considerations, it is plausible to consider 
that the /?-oxy- and /?-thio-substituted bromides undergo 
oxidative addition to the pal ladium (0) complex to 
afford the /?-oxy- and /?-thiopalladium(II) complexes, 
which then eliminate the pal ladium accompanied by 
the /?-substituents. As the pal ladium of the pal ladium-
complex intermediates is coordinatively saturated by a 
strong phosphine ligand in the present case, it is con­
sidered to be difficult to abstract the /?-hydrogen as a 
hydride, and so deoxypalladation-type elimination 
occurs. 

Since both erythro and threo isomers of the bromohydrin 
derivatives gave only trans-7, the eliminations are 
considered to proceed nonstereoselectively. Stille and 
his co-workers reported that the oxidative addition of 
optically active phenethyl bromides to pal ladium (0) 
complexes proceeded with inversion of configuration 
at the carbon bearing bromine,6) and that the decom­
position of the oxidative addition products in the 
coupling reactions proceeded via a radical mechanism.6) 
The loss of stereoselectivity in the elimination reactions 
of the bromohydrin derivatives with 1 can be con­
sistently explained. The /?-oxy- and /?-thiopalladium 
complexes formed with inversion of configuration at 
the carbon bearing bromine eliminate the pal ladium 
via a radical mechanism, though no G I D N P could be 
observed, and the stereoselectivity is lost during the 
process of decomposition of the pal ladium complexes. 

As contrasted with the other substrates, dl-2 under­
went a elimination reaction with 1 to give cis-1 in a 
2 0 % yield. The fact that the thermodynamically very 
unstable cis-1 was obtained from the <//-isomer as well 
as the fact that meso-2 gave only trans-7 indicates that 
the reaction proceeds with anti stereoselectivity. Since 
bromide is a better leaving group, the reaction seems to 
proceed more concertedly. An analogous result was 
obtained from the reaction of 2 with butyllithium.3) 

Exper imenta l 

The substrates were prepared as previously reported.3) 
Tetrakis(triphenylphosphine) palladium (0) (1) was prepared 
by the reduction of diem* orobis(triphenylphosphine) pal ladium-
(II) with hydrazine.7) 

General Procedure of the Elimination Reactions. A solution 
of 0.300 g (0.88 mmol) of dl-2 and 1.032 g (0.89 mmol) of 1 
in 100 ml of degassed anhydrous benzene was heated at 80 
°G under argon for 2 h. The mixture was cooled and poured 
into water, and then extracted with ether. The ether extract 
was dried over magnesium sulfate, and a yellow complex 
precipitated was removed by filtration. GLPG analysis (150 
°G, 5% Silicone SE-30 on Ghromosorb W, 1 m) of the con­
centrated filtrate showed the presence of eis- and trans-7. 
The concentrated filtrate was dissolved in warm hexane, the 
undissolved crystal was filtered off, from which 33 mg of 
triphenylphosphine oxide was isolated. The filtrate was again 
concentrated and chromatographed by means of a silica-gel 
(Wakogel G-200) column, using hexane as an eluant; 32.1 
m g (20%) of eis- and 95.4 mg (60%) of trans-7 were isolated, 
their identities were confirmed by GLPG and NMR. 

Reaction of l-Bromo-2-methoxy-l,2-diphenylethane (5) with 1. 
Formation of 1,4-Dimethoxy-1,2,3,4-tetraphenylbutane (8). (a) 
A2.67g (9.17 mmol) sample of erythro-5 was allowed to react 
with 10.58 g (9.15 mmol) of 1 in 400 ml of degassed anhydrous 
benzene at 70 °G under argon for 4 h. The reaction mixture 
was then worked up as described above. GLPG analysis (150 
and 250 °G, SE-30 on Ghromosorb W, 1 m) indicated that 
several components were present in the hexane-soluble product 
(0.96 g). trans-Stilbene and biphenyl were confirmed by the 
retention-time comparisons with authentic samples. The main 
peak, appearing at a longer retention time, was isolated as 
follows: the hexane-soluble product was chromatographed by 
means of a silica-gel (Wakogel G-200) column using mixed 
elutants the compositions of which were gradually changed 
from pure hexane to pure benzene. The fractions eluted 
with mixtures of benzene: hexane=7: 3 and 9: 1 were com­
bined and concentrated. The product was purified twice 
more by means of the column Chromatograph and finally 
by recrystallization with hexane to give 8, mp 139—139.5 
°G, yield 85.5 mg. Found: G, 85.48; H, 7.06%. Galcd for 
G30H30O2: G, 85.27; H, 7.16%. IR (GHG13) 1600, 1490, 
1450, 1100, 695, 585 cm-1. NMR (GDG13) 0=7.20—6.67 
(m, 20, G6H5), 4.45 (d, 2, 7 = 6 Hz, CH-OR), 3.65 (d, 2, 
J = 6 Hz, GH-Ph), 3.15 (s, 6, OGH3). MS (75 eV), m/e 
(relative intensity), 422 (M+, 0.03), 407 (0.02), 390 (0.03), 
389 (0.03), 375 (0.01), 358 (0.7), 301 (0.3), 300 (0.3), 270 
(1), 211 (17), 179 (43), 165 (26), 122 (78), 121 (98), 105 
(59), 91 (100), 77 (93). 

(b) To 100 ml of a degassed benzene solution of 2.03 g 
(1.76 mmol) of 1 was added 0.512 g (1.76 mmol) of erythro-5. 
The solution was allowed to stand at an ambient temperature 
under argon. After 30 h, an orange-red crystalline precipitate, 
dibromobis(triphenylphosphine)palladium(II), was isolated 
by filtration, mp 283 °G (dec) (lit,5) mp 230—250 °G dec), 
Found: G, 54.68; H, 3.88%. Galcd for G36H30Br2P2Pd: G, 
54.66; H, 3.82%. 

The filtrate was concentrated to give a mixture of crystal­
line solids, which were then taken up in hexane. The 
undissolved substance was filtered off, and the filtrate was 
concentrated. The residue was taken up in ether and washed 
with water. The ether solution was passed through a short 
alumina column, bis(2-ethylhexyl) phthalate was added as 
an internal standard, and then it was submitted to GLPG 
analysis (230 °G, 5%> SE-30 on Ghromosorb W, 1 m). The 
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analysis showed the presence of trans-7 (a small amount) and 
8 (20% yield). 
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Treatment of bromocyclopropanes with excess dibutylcopperlithium in tetrahydrofuran at — 48 °G gives the 
respective organocopper intermediates which upon quenching with excess alkyl halides afford alkylated cyclo-
propanes with retention of the configuration. This process is applied to the synthesis of methyl cascarillate. Bromo­
arenes are also reduced with dibutylcopperlithium and allylarenes are prepared therefrom. 

Organocopper reagents are widely used for C - C bond 
formation including addition reaction to unsaturated 
compounds1) and coupling reaction with organic halides, 
tosylates, acetates and epoxides.2) Synthetically versatile 
is the alkylation reaction of organocuprates (dialkyl-
coppermetals). Stereochemical studies have stimulated 
arguments on the mechanism of alkylation,2) i.e. 6*N2 
like alkyl transfer pathway or oxidative addition 
followed by reductive coupling pathway. In both cases 
the ligand of the copper reagent and organic residue 
of substrates combine to give the alkylated products. 
The third mechanism is transmetallation suggested 
earlier by Whitesides et al.3) for the reaction of dialkyl-
copperlithium (R2CuLi) and aryl haldies (ArX), 
wherein a mixed homocuprate (ArCuRLi) is initially 
formed which subsequently gives an equilibrium mixture 
(Ar2CuLi, ArCuRLi , R 2CuLi) of cuprates.2) Therefore 
this process has been of no synthetic value. However, 
the synthetic utility of the transmetallation is suggested 
recently in the ^m-dialkylat ion of 1,1-dibromocyclo-
propanes with dialkylcopperlithium.4) This process 
involving a cyclopropylcopper intermediate is now 
proved to be general and useful especially for the 
stereocontrolled synthesis of substituted cyclopropanes.5) 

Bromocyclopropanes l a — l h were stereoselectively 
prepared by protonating or alkylating the carbenoid 
derived from the corresponding g^m-dibromide.6) When 
bromocyclopropane 1 was treated with 4 to 5 equivalents 

R 1 \ / R A 1)n-Bu2CuLi R \ / 

R^Z^XBr 2) CH2=CHCH2Br R?/^X( 
\ (or Mel) J 
R3 R3 

tH2CH=CH2 

Me 

a 
b 
c 
d 
e 
f 

g 
h 

R1 

H 
H 
H 
H 
H 
~(CH2)4-
-(CH 2) 4-
-(CH 2) 4-

R2 

C6H5 

H 
C6H5 

tt-C6H13 

C6H5CH2OCH2 

R3 

H 
G 6 H 5 

H 
H 
H 
H 
H 

CH3 

R4 

H 
H 

CH3 

H 
H 
H 

C«H2C«H=C*H2 

H 

of dibutylcopperlithium in tetrahydrofuran (THF) at 
—48 °C to 0 °C, the starting bromide was all consumed. 
Quenching with excess allyl bromide (or methyl iodide) 
at the same temperature afforded allylcyclopropane 2 
(or methylcyclopropane 3) in good yield. The results 
are summarized in Table 1. In sharp contrast to the 

TABLE 1. ALKYLATION OF BROMOCYCLOPROPANE 1 

Bromocyclopropane 
(mg) (mmol) 

l a (289) (1.5) 
l a (193) (1.0) 
l a (294) (1.5) 
l b (131) (0.66) 
l c (199) (0.94) 
l d ° (411) (2.0) 
l e (360) (1.5) 
If (264) (1.5) 
lg (217) (1.0) 
l h (199) (1.0) 
l h (152) (0.80) 

Dibutylcopper­
lithium (mmol) 

6.0 
4.0 
6.0 
2.7 
3.8 

10 
6.0 
6.0 
5.0 
5.0 
5.0 

Alkyl halidea) 

(ml) 

A (1.5) 
M (1.0) 
A (1.0) 
A (0.8) 
A (1.0) 
A (1.5) 
A (1.5) 
A (1.5) 
M (1.0) 
A (1.5) 
O (1.0)w 

Temp of alkylation 
(°G) 

- 4 8 
- 4 8 
- 4 8 
- 4 8 

0 
- 4 8 
- 4 8 
- 4 8 

0 
0 
0 

Product yieldb) 

(mg) (%) 

2ac) (224) (97) 
3a (117) (91) 
6+7(269) (97)d) 

2b (96) (91) 
2c ( l l l ) (68) e ) 

2d*> (319) (96) 
2e (197) (65) 
2f (119) (57) 
3g (145) (96) 
2h (102) (65) 
4 ( - ) ( 5 0 ) ° 

a) A : allyl bromide, M : methyl iodide, O : octyl bromide, b) Yield of purified product unless otherwise stated, c) The 
stereochemical assignment is based on the general observation that PMR absorption of the substituent eis to the phenyl 
group appears at higher field than that of the trans isomer. See Ref. 6. d) A 7: 3 mixture of 6 and 7. e) r-1-Butyl-1-
methyW-2-phenylcyclopropane (Ref. 4) was a by-product (36mg, 20%). f) An 83: 17 mixture of Id and its eis isomer. 
g) An 84: 16 mixture of 2d and its eis isomer, h) Octyl bromide dissolved in HMPA (1 ml) was added. In the absence 
of HMPA the yield of 4 was ca. 30%. i) The yield was estimated by GLC. 
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conventional alkylation of organic halides with dibutyl­
copperlithium, no trace of butylated products were 
formed in the present reaction. 

The salient features of this alkylation process a re : 
(1) The net retention of configuration is observed 

in the allylation of l a and l b furnishing 2a and 2b 
respectively as the sole product. 

(2) Even tertiary halides (e.g. l c and lg ) are 
alkylated to give the ^m-dialkylated cyclopropanes. 
Thus, the two different alkyl groups are introduced both 
as electrophiles in contrast to the previous method.4) 

(3) The reaction reported here is sometimes more 
efficient than that which employs bromine-lithium 
exchange reaction.7) Treat ing l a with £-butyllithium 
and then with excess allyl bromide gave only a 2 3 % 
yield of 2a . The ^ö-bromonorcarane derivative l h did 
not afford 2h in the organolithium reaction. 

(4) As the bromocyclopropanes are not reduced in 
ether, the highly coordinating T H F is indispensable for 
the reaction. 

(5) Control experiments using l h as the substrate 
revealed that at least 3.5 mol of dibutylcopperlithium is 
required for the complete consumption of l h . All 
attempts to reduce l a with n-Bu(PhS)CuLi (2 mol), 
n-Bu(*-Pr2N)CuLi (2 mol) or *-Bu2CuLi (4 mol) failed 
and the recovery of the starting bromide was observed. 
Although an excess of dibutylcopperlithium (generally 
4 to 5 mol) is required for the bromocyclopropanes and 
the excess cuprate also reacts with alkyl halides, such 
by-products are fortunately removed readily by simple 
distillation or chromatography. 

(6) Alkylation of l h by use of an unactivated 
bromide such as octyl bromide turned out rather slug­
gish. The yield was somewhat improved by adding 
hexamethylphosphoric triamide (HMPA) as the cosol­
vent. The stereochemistry of the product was unambi­
guously determined by the synthesis of the authentic 
specimen as shown in Scheme 1. 

Me HC(COOEt)2 

n-CgHi7 a,b,c 

.COCHN2 

OH 

n-CgHi7 d,e,f, g 

Me 

n-C8H17 

Me 

n-CûH -8n17 

a: CH2I2, Zn-GuGl; b : 48% HBr: c: NaCH(COOEt)2; 
d :OH~; e: AcOH; f: SOCl2; g: CH2N2; h: CuS0 4 -
Cu, A; i :N 2 H 4 ,KOH. 

Scheme 1. 

(7) Dibutylcopperlithium treatment of I d followed 
by alkylation with methyl bromoacetate gave methyl 
cascarillate (10),8) a component of an essential oil of 
Croton eluteria Benett. This compound was alternatively 
obtained by permanganate-periodate oxidation of 2d 
followed by esterification. The resulting ester was 

completely identical with the authentic sample spectro-
metrically and chromatographically. 

>C6H13, 

7^ Br 
a, b 

nC6H13 

^ V a ;00Me-
c, d 

n"^6^13, >0 
1d 10 2d 

a:rc-Bu2CuLi; b : BrCH2COOMe; c : K M n 0 4 - N a I 0 4 ; 
d: CH2N2. 

(8) Alkylation by means of vinyl bromide was very 
slow and this reaction turned out futile practically. 

Following experiments serve to give insight of the 
reaction intermediates. Metallation of l a and quenching 
with 3-methyl-2-butenyl bromide gave an £N2' coupling 
product 11 mainly. Trea tment with benzoyl chloride 
yielded frïm.y-l-benzoyl-2-phenylcyclopropane (95%) and 
the reaction with methyl propiolate gave methyl trans-
3-(2-phenylcyclopropyl )acry la te (46%), whereas at­
tempted reaction with benzaldehyde gave only a 2 6 % 
yield of the adduct and the one with acetone failed to 
succeed. Decomposition of the intermediary species 
occurred at 60 °C to give phenylcyclopropane (56%), 
while oxidation with air yielded trans-1 -butyl-2-phenyl-
cyclopropane (14)9) (60%) . These results favor a mixed 
homocuprate 13 as an intermediate which is ascribed 
to the C-Cu bond formation with retention of configura­
tion. Such bromine-copper exchange reaction is not 
unprecedented.3) However, it should be noted that 
butyl-cyclopropyl coupling is almost completely sup­
pressed in 13. Discrete existence of such mixed cuprate 

C6H5. 

^ B r 

1)n-Bu2CuLi C e H 5 ' 

•y^^\ •Br 

1a 

CcH •6n5, 

CuLi 

13 14 

is suggested recently in the reaction of propargyl acetate 
with dimethylcopperlithium at low temperature.10) 

The reaction of m-l-chloro-2-phenylcyclopropane 
with dibutylcopperli thium took 4 days at room tempera­
ture, and the product proved to be 14. GLC monitoring 
revealed that chlorine was directly substituted with 
butyl group in sharp contrast to the reaction of l a . I t is 
noteworthy that the substitution occurs under inversion. 

Bromoarenes underwent the Br-Cu exchange reaction 
under the same conditions in sharp contrast to the 
results by Whitesides et a/.3) who used ether as the 
solvent. Upon quenching with allyl bromide allyl-
arenes were produced in good yields. For example, 
bromobenzene was treated successively with dibutyl­
copperlithium and allyl bromide to give allylbenzene 
in 6 4 % isolated yield. Some results are listed in Table 2. 
H M P A cosolvent improved somewhat the yield of the 
allylated products. Again butylbenzene was not 
produced to any extent, and 15 and 16 were produced 
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T A B L E 2. ALLYLATION OF BROMOARENES*0 

Bromoarene 
(mg) (mmol) 

Allyl bromide b ) 

(1.0 ml each) 
Product yieldc) 

(mg) (%) 

C6H5Br(157)(1.0) 

C6H5Br(158)(1.0) 
C6H5Br(157)(1.0) 
C6H5I (204) (1.0) 
1 -Bromonaphthalene 

(200) (0.97) 

A 

B 
Be> 
Be) 

Ae) 

C6H5CH2—CH=CH2 

(77) (64) 
15+16 (100) (68)d) 

15+16 (113) (77)f) 
15+16 (88) (60)° 
1 -Allylnaphthalene 

(122) (75) 

a) Dibutylcopperl i thium (4.0 mmol) was used for haloarene 
(1.0 mmol) , b) A : allyl bromide. B:3-methyl-2-butenyl 
bromide, c) Isolated yield, d) 7 3 : 2 7 . e) Dissolved in 
H M P A (2 ml) . f) 7 0 : 3 0 . 

i n t h e r e a c t i o n w i t h 3 - m e t h y l - 2 - b u t e n y l b r o m i d e , t h e 
.SN2' p r o d u c t 15 b e i n g t h e m a j o r o n e . T h u s t h e m i x e d 
c u p r a t e of t y p e A r C u ( n - B u ) L i a p p a r e n t l y is a n i n t e r ­
m e d i a t e r e s p o n s i b l e for t h e o b s e r v e d r e a c t i v i t y . T h e s 
c h a r a c t e r of C - B r b o n d is t h e key for t h e B r - C u e x c h a n g e 
r e a c t i o n . 

CT-- C& • OX 
15 

E x p e r i m e n t a l 

16 

All the reactions were carried out under an argon a tmo­
sphere and the temperatures are uncorrected. T h e cold ba th 
of —48 °G was prepared by mixing Dry Ice with m-xylene. 
T h e I R spectra were recorded on a Shimadzu spectrometer 
27-G, MS on a Hi tachi R M U - 6 L , and P M R on a J E O L 
J N M - P M X 60 or Var ian E M 390 spectrometer. Butylli thium 
was purchased from Aldrich Chemical Go. Ltd . Tet rahy-
drofuran (THF) was dried on benzophenone ketyl and 
freshly distilled before use. 

Standard Procedure for Dibutylcopperlithium Reduction of Cyclo-
propyl Bromides and Alkylation. Butyll i thium hexane solution 
(1.65 M , 7.2 ml , 12.0 mmol) was added over 5 min period at 
— 48 ° G to a suspension of copper (I) iodide (1.13 g, 6.0 mmol) 
in T H F (20 ml) under an argon atmosphere. After 10 min 
cyclopropyl bromide (1.5 mmol) in T H F (2 ml) was added 
to the resulting black solution of dibutylcopperl i thium, and 
the reaction mixture was stirred further for 30 min, then 
treated with excess of an electrophile. After 30 min the 
reaction mixture was quenched a t — 48 °G with methanol 
(1 ml) , diluted with aq sat. ammonium chloride and extracted 
with ether. Product was purified by preparar t ive T L G . 

trans-1-AllyI-2-phenyIcyclopropane (2a) : Bp 55—60 °G (bath 
temp)/15 Tor r . P M R (CC14) : ô 0.6—1.5 (m, 3H) , 1.5—1.9 
(m, 1H), 2.0—2.4 (m, 2H) , 4.9—6.3 (m, 3H) , 6.8—7.4 (m, 
5 H ) ; I R (nea t ) : 1639, 1605, 1030, 995, 913, 790, 756, 700 
c m - 1 ; MS m/e (rel intensity): 156 (M+, 6), 117 (100), 104 
(36), 91 (35). Found : G, 90.84; H , 9 . 0 1 % . Galcd for C 1 2 H 1 4 : 
G, 91.08; H , 8 .92%. 

ck-l-Allyl-2-phenylcyclopropane (2b) : Bp 70—75 °G (bath 
temp)/20 T o r r ; P M R (CC14) : ô 0.5—2.4 (m, 6H) , 4.7—6.0 
(m, 3H) , 7.10 (s, 5 H ) ; I R (nea t ) : 1640, 1605, 1501, 1026, 
990, 9 1 0 c m - 1 ; M S m/e (rel intensity): 158 (M+, 4), 117 
(83), 115 (100), 104 (35), 91 (23). Found : G, 90.80; H , 
9 .15%. Galcd for C 1 2H 1 4 : G, 91.08; H , 8 .92%. 

r-1-Allyl-l-methyl-t-2-phenylcyclopropane (2c): Bp 60—63 °G 

(bath temp)/14 Tor r ; P M R (GG14) : ô 0.7—0.9 ( m + s (ô 
0.75), 5H) , 1.7—2.3 (m, 3H) , 4.8—5.3 (m, 2H) , 5.5—6.3 
(m, 1H), 7.12 (s, 5 H ) ; I R (neat ) : 3060, 1640, 1604, 1500, 
1068, 1022, 992, 912, 790, 7 0 0 c m - 1 ; MS m/e (rel intensity): 
172 (M+, 1), 131 (100), 104 (17), 91 (39). Found: G, 90.34; 
H , 9 .52%. Galcd for C 1 3H 1 6 : G, 90.64; H , 9 .36%. 

tra.ns-l-Allyl-2-hexylcyclopropane (2d). A T H F (2 ml) 
solution of I d and its eis isomer6) (83: 17 as assayed by GLG) 
(411 mg, 2.0 mmol) was added to dibutylcopperlithium (10 
mmol) in T H F (30 ml) at —48 °G. After 30 min allyl bromide 
( 1 ml) was added, and 30 min thereafter the reaction mixture 
was worked up . Preparative T L G (silica gel, hexane, Rt 

0.7—0.9) of the crude product gave a mixture of 2d and its 
eis isomer (84: 16 as revealed by GLG) (319 mg, 96% yield). 
Each product was separated and characterized. 2 d : bp 70— 
75 °G (bath temp)/20 Tor r ; P M R (CC14) : ô 0.0—0.6 (m, 
4H) , 0.6—1.7 (m, 13H), 1.93 (t, J=5 Hz , 2H) , 4.7—5.2 (m, 
2H) , 5.4—6.1 (m, 1H). I R (neat ) : 3060, 1638, 1022, 994, 
9 1 2 c m - 1 ; M S m/e (rel intensity): 166 (M+, 0.9), 138 (11), 
125 (11), 124 (11), 96 (24), 95 (23), 81 (50), 69 (80), 67 
(93), 56 (97), 54 (87), 41 (100). Found: G, 86.92; H , 13.43 
% . Galcd for C 1 2H 2 2 : G, 86.66; H , 13.34%. 

eis-1-Allyl-2-hexyIcyclopropane. This compound was 
characterized by spectrometric da t a : P M R (CC14) : ô —0.2— 
0.0 (m, 1H), 0.6—1.8 (m, 16H), 1.8—2.3 (m, 2H) , 4.8—5.3 
(m, 2H) , 5.6—6.1 (m, 1H). I R (neat) : 3060, 1640, 1024, 
995, 9 1 3 c m - 1 ; MS m/e (rel intensity): 166 (M+, 0.4), 96 
(24), 95 (21), 81 (50), 67 (91), 55 (86), 54 (78), 41 (100). 

trans-l-Allyl-2-(benzyloxymethyl)cyclopropane (2e) : Bp 80— 
85 °G (bath temp)/15 Tor r ; P M R (CC14) : ô 0.2—1.1 (m, 
4H) , 2.00 (t, 7 = 6 Hz, 2H) , 3.2—3.4 (2H, ABM), 4.43 (s, 
2H) , 4.8—5.4 (m, 2H) , 5.5—6.2 (m, 1H), 7.23 (s, 5 H ) ; I R 
(neat) : 3080, 1638, 1496, 1095, 1028, 996, 914, 740, 703 cm- 1 ; 
M S m/e (rel intensity): 202 (M+, 0), 173 (1), 117 (7), 107 
(8), 91 (100). Found : G, 82.98; H , 8 .99%. Galcd for 
C 1 4 H 1 8 0 : G, 83.17; H , 8.97%. 

7-exo-Allylnorcarane (2f) : Bp 52—55 °G (bath temp) / l 8 
Tor r ; P M R (CC14) : ô 0.2—0.9 (m, 3H), 0.9—2.3 (m, 10H), 
4.8—5.3 (m, 2H) , 5.6—6.3 (m, 1H) ; I R (neat) : 3080, 1635, 
990, 910 c m - 1 ; MS m/e (rel intensity): 136 (M+, 8), 121 (13), 
107 (18), 95 (76), 79 (47), 67 (100). Found : G, 88.02; H , 
11.99%. Galcd for C 1 0H 1 6 : G, 88.16; H , 11.84%. 

7-endo-Allyl-7-exo-methylnorcarane (3g). T o a T H F 
(10 ml) solution of dibutylcopperli thium (5.0 mmol) at —48 
°G was added l g (217 mg, 1.0 mmol) dissolved in T H F (2 
ml) . After stirring at — 48 °G for 30 min and at 0 °G for 
30 min methyl iodide ( 1 ml) was added. Fifteen min there­
after the reaction was stopped by usual work-up. T L G 
purification (silica gel, hexane) gave 3g (Rt 0.8—0.9, 145 
mg, 9 6 % ) . Bp 65—72 °G (bath temp)/22 Tor r ; P M R (CC14) : 
ô 0.4—2.2 ( m + s (Ô 1.88), 15H), 4.5—6.0 (m, 3 H ) ; I R 
(neat ) : 3050, 1635, 995, 9 1 0 c m - 1 . MS m/e (rel intensity): 
150 (M+, 0.9), 135 (13), 109 (96), 67 (100). Found: G, 
87.95; H , 12.36%. Galcd for C n H 1 8 : G, 87.92; H , 12.08%. 

7-exo-Allyl-l-methylnorcarane (2h) : Bp 70—75 °G (bath 
temp)/20 Tor r ; P M R (CC14) : ô 0.2—0.7 (m, 2H) , 0.7—2.3 
( m + s (ô 1.03), 13H), 4.7—5.2 (m, 2H) , 5.5—6.2 (m, 1H); 
I R (neat ) : 1635, 990, 905 c m - 1 ; M S m/e (rel intensity): 150 
(M+, 4) , 121 (9), 109 (61), 96 (87), 81 (80), 67 (100). Found: 
G, 88.13; H , 12.20%. Galcd for G n H 1 8 : G, 87.92; H , 12.08%. 

Methyl Cascarillate (10). A T H F (2 ml) solution of 
I d (stereochemically pure) (208 mg, 1.0 mmol) was added 
to a T H F (10 ml) solution of dibutylcopperlithium (5.0 mmol) 
at - 4 8 °G. After stirring at - 4 8 °G for 30 min and at 0 °G 
for 5 min methyl bromoacetate (1.5 ml) was added all at 
once, and the reaction mixture was allowed to warm to 
room temperature in 20 h. Preparative T L G (silica gel, 
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hexane) of the crude product gave 10 (Rf 0.6—0.7, 151 mg, 
75% yield). IR (neat): 3060, 1740, 1168, 1013cm-1; PMR 
(CDC1,): Ô 0.1—1.7 (m, 17H), 2.15 (d, J = 6 H z , 2H), 3.57 
(s, 3H);MSm./e: 198 (M+). 

Alternative Synthesis of Methyl Cascarillate (10). To a 
well-stirred mixture of 2d (and its eis isomer, 84: 16) (63 mg, 
0.38 mmol), potassium carbonate (20 mg) in /-butyl alcohol 
(6 ml) and water (4 ml) was added an aqueous solution (10 
ml) of sodium metaperiodate (550 mg) and potassium per­
manganate (20 mg). The resulting mixture was vigorously 
stirred for 3 h at room temperature, and then extracted with 
chloroform. Concentration of the chloroform extract gave 
an oil which was dissolved in ether (10 ml) and mixed with 
excess diazomethane ether solution. Usual work-up and 
purification (preparative TLG, silica gel, hexane-dichloro-
methane 3 : 1 , Rf 0.2—0.3) gave a mixture of 10 and its 
eis isomer (85: 15) (53 mg, 67% yield). Each product was 
separated by preparative GLC and compared with the authen­
tic sample. 8> 

trans-l-( l,l-Dimethyl-2-propenyI) -2-phenylcyclopropane (11) and 
trans-1- (3-methyl-2-butenyl) -2-phenylcyclopropane (12). To 
dibutylcopperlithium (6.0 mmol) solution prepared as above 
was added 2a (294 mg, 1.5 mmol) dissolved in THF (2 ml) 
at —48 °G. After 30 min 3-methyl-2-butenyl bromide (1 ml) 
was added and the reaction mixture was stirred for 30 min 
and worked up. Preparative TLG (silica gel, hexane, Rf 

0.4—0.5) gave a mixture (7: 3) of 11 and 12 (269 mg, 97% 
yield). Each product was separated by preparative GLG 
(Apiezon L, 10% on Gelite 545, 3 m, 180 °G). 11: bp 55— 
60 °G (bath temp)/14 Torr; PMR (CC14) : Ô 0.6—1.5 (m+s 
(Ô 1.03), 9H), 1.65 (t, J=6 Hz, 2H), 4.7—5.2 (m, 2H), 5.75 
(dd, J = 1 8 , 10 Hz, 1H), 6.8—7.3 (m, 5H); IR (neat): 1635, 
1605, 1004, 914cm-1; MS m/e (rel intensity): 186 (M+, 3), 
143 (9), 132 (21), 117 (72), 115 (44), 104 (100), 91 (72), 
82 (88), 41 (78). Found: G, 90.19; H, 9.88%. Galcd for 
C14H18: G, 90.26; H, 9.74%. 12: bp 55—60 °G (bath temp) 
/14 Torr; PMR (CC14) : ô 0.5—1.8 fm+2s (Ô 1.60, 1.70), 
11H), 2.07 (t, 7 = 6 Hz, 2H), 5.17 (t, 7 = 6 Hz, 1H), 6.7— 
7.3 (m, 5H); IR (neat): 1670, 1605, 1500, 1030cm-1; MS 
m/e (rel intensity): 186 (M+, 4), 171 (3), 145 (21), 130 (27), 
l i7 (100), 115 (39), 104 (40), 95 (38), 91 (48). Found: G, 
90.23; H, 9.99%. Galcd for C14H18: G, 90.26; H, 9.74%. 

l-Methyl-7-exo-octylnorcarane (4). A THF (2 ml) solu­
tion of l h (152 mg, 0.80 mmol) was added dropwise at —48 
°G to dibutylcopperlithium (5.0 mmol) in THF (10 ml). 
After stirring for 10 min at — 48 °G and 2 h at 0 °G octyl 
bromide (1 ml) in HMPA (1 ml) was added to the reaction 
mixture which was stirred at 0 °G for 1 h and then worked 
up. As the crude product was contaminated with the 
recovered bromide, dodecane and hexadecane, the yield of 
4 (50%) was estimated by GLG. Preparative GLG gave a 
pure sample to 4 completely identical with the authentic 
specimen. PMR (CC14) : ô 0.2—0.4 (m, 2H), 0.7—2.1 (m+s 
(ô 1.01), 28H); IR (neat): 2920, 2850, 1463, 1370cm-1; MS 
m/e (rel intensity): 222 (M+, 18), 123 (15), 109 (72), 96 
(68), 81 (100), 67 (74), 55 (64). 

Synthesis of Authentic Specimen of 4. Octylmagnesium 
bromide was prepared from octyl bromide (58 g, 0.30 mol) 
and magnesium (8.0 g, 0.33 mol) in ether (150 ml). The 
magnesium reagent was cooled to 0 °G and methacrylaldehyde 
(14.0 g, 0.20 mol) dissolved in ether (20 ml) was added 
dropwise over 30 min. After the addition was completed 
the reaction mixture was stirred at room temperature for 
1 h, heated to reflux for 1 h, then cooled to room temperature 
and worked up. Distillation of the product at 83—84 °G/1.1 
Torr gave 6 (35.0 g, 94% yield). PMR (GG14) : ô 1.70 (s, 
3H), 3.8—4.2 (m, 1H), 4.6—4.9 (m, 2H); IR (neat): 3350, 

1660, 898 cm-1. Found: G, 78.49; H, 13.36%. Galcd for 
C 1 2 0 , 4 0 : G, 78.19; H, 13.13%. 

A mixture of 6 (18.4 g, 0.10 mol), copper(I) chloride (4.95 
g, 0.05 mol) and zinc powder (32.7 g, 0.50 mol) and ether 
(80 ml) was heated for 30 min, mixed with diiodomethane 
(67.0 g, 0.25 mol) and again heated to reflux overnight. 
Filtration and concentration gave a crude cyclopropylmethyl 
alcohol derivative which was added to 48% hydrobromic 
acid (100 ml) cooled at 0 °G in 3 min, and the mixture was 
vigorously stirred for 7 min. Extractive work-up with ether 
and distillation at 90—92 °C/0.06 Torr gave an unstable 
homoallyl bromide (5.65 g, 22% yield). 

The homoallyl bromide dissolved in ethanol (6 ml) was 
added at 0 °G to diethyl sodiomalonate (prepared from diethyl 
malonate (4.80 g, 0.030 mol) and sodium ethoxide (0.030 mol) 
in ethanol (20 ml)). After stirring at 0 °G for 30 min and 
at reflux temperature for 4 h, the solvent was evaporated in 
vacuo. The residue was triturated with water and extracted 
with ether. Purification of the crude product gave 7 (3.27 g, 
44% yield). Bp 130—133 °G/1 Torr. PMR (CC14) : ô 0.7— 
2.2 (m+br s (ô 1.60), 30H), 3.0—3.2 (m, 1H), 4.13 (q, J=l 
Hz, 4H), 5.10 (t, 7 = 7 Hz, 1H); IR (neat): 1730, 1250, 1145, 
1030 cm-1. MS m/e (rel intensity): 295 (M+-OEt , 11), 249 
(14), 173 (100), 160 (93), 133 (43), 95 (45), 81 (88), 68 (84), 
55 (70), 40 (59). Found: G, 70.50; H, 10.75%. Galcd for 
C20H36O4: G, 70.54; H, 10.66%. 

The malonate 7 (3.27 g) in 95% ethanol (13 ml) was 
mixed with potassium hydroxide (3.0 g) and heated at reflux 
temperature for 3 h, and then the solvent was evaporated 
in vacuo. To the residue was added acetic acid and the 
mixture was heated to reflux for 2 days. Work-up was 
performed by adding water, extracting with ether 4 times, 
washing the ethereal extracts with brine, drying the organic 
phase with sodium sulfate and by concentrating under reduced 
pressure. Distillation gave the corresponding monocarboxylic 
acid (1.47 g, 57%), bp 130—140 °G (bath temp)/0.03 Torr; 
PMR (CC14): ô 0.7—2.4 (m+s (Ô 1.58), 26H), 5.10 (t, 7 = 7 
Hz), 11.7 (br s, 1H); IR (neat): 3600—2400, 1705cm-1. 
Found: G, 75.21; H, 12.01%. Galcd for C1 5H2 802: G, 74.95; 
H, 11.74%. 

Thionyl chloride (0.82 g, 6.9 mmol) was added to the 
carboxylic acid obtained as above and dissolved in benzene 
(8 ml), and the solution was heated to reflux for 1 h. Subse­
quent distillation gave the corresponding acid chloride (1.06 
g, 74% yield). Bp 125 °G (bath temp)/0.05 Torr. The acid 
chloride was allowed to react with excess diazomethane ether 
solution at 0°C overnight. Concentration in vacuo gave a 
crude diazo ketone 8 which was dissolved in cyclohexane 
(24 ml) and this solution was added over 1 h to the suspen­
sion of copper powder (110 mg) and copper(II) sulfate (7 
mg) in cyclohexane (9 ml) heated at the reflux temperature. 
After 2 h the reaction mixture was cooled and filtered. 
Concentration of the filtrate and preparative TLG of the 
residue gave the norcaran-2-one derivative 9 (166 mg, 19% 
yield from the acid chloride). Bp 70—73 °C (bath temp)/l 
Torr. IR (neat): 1678cm-1; MS m/e: 236 (M+). 

The ketone 9 (160 mg, 0.68 mmol) was mixed with 80% 
hydrazine hydrate (2.82 g, 45 mmol), hydrazine hydrochloride 
(577 mg, 5.5 mmol) and methylene glycol (15.3 g). The 
mixture was heated at 130 °G for 2.5 h, mixed with potassium 
hydroxide (842 mg) and further heated at 210 °C for 2.5 h, 
while volatile compounds were distilled off. The residue and 
the distillate were mixed with water and extracted with ether. 
Concentration of the organic phase and subsequent prepara­
tive TLG gave 4 (82 mg, 54% yield). This compound was 
completely identical with the product obtained from lh . 
Bp 100—105 °C (bath temp)/13 Torr. Found: G, 86.18; H, 
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13.90%. Galcd for G1 6H3 0 : G, 86.40; H , 13.60%. 
Thermal Decomposition of the Intermediate 13. T o di-

butylcopperli thium (4.0 mmol) in T H F (10 ml) was added 
l a (193 mg, 1.0 mmol) dissolved in T H F (2 ml) at - 4 8 °G. 
T h e reaction mixture was stirred at —48 °G for 30 min and 
subsequently heated to reflux for 1 h. Usual work-up and 
preparat ive T L G (silica gel, hexane-ether 10: 1, R{ 0.8) gave 
phenylcyclopropane (65 mg, 56%) characterized spectromet-
rically. 

Air Oxidation of the Intermediate 13. Dibutylcopperl i thium 
(4.0 mmol) and l a (199 mg, 1.0 mmol) were mixed at —48 
°G as above and after 30 min dry air was bubbled into the 
reaction mixture for 1 h. T h e initially black solution gradu­
ally turned to green, when the reaction mixture was quenched 
with methanol . Work-up and T L G analysis showed 7 U V 
sensitive products which were separated by preparat ive T L G . 
Three of them were characterized: trans-l-butyl-2-phenylcy­
clopropane (14)9> (Rt 0.5—0.65, 106 mg, 6 0 % ) , trans-l-iodo-
2-phenylcyclopropane (Rf 0.45, 21 mg, 12% yield) and 
2,2 /-diphenyl- l , l /-bicyclopropane (R{ 0.25, 9.2 mg, 8%) . T h e 
last compound showed bp 110—115°C (bath temp)/0.05 
Tor r ; P M R (GG14) : ô 0.6—1.9 (m, 8H) , 6.7—7.3 (m, lOH); 
I R (neat ) : 3070, 3030, 3000, 1605, 1502, 1030, 905, 755, 
7 0 0 c m - 1 ; M S m/e (rel intensity): 234 (M+, 1.6), 180 (18), 
143 (100), 128 (53), 115 (34), 91 (34). Found : G, 92 .33 ; 
H , 7.79%. Galcd for C 1 8H 1 8 : G, 92.26; H , 7.74%. 

Th Reaction of the Intermediate 13 with Methyl Propiolate. 
T o the intermediate 13 prepared by the s tandard procedure 
from l a (196 mg, 1.0 mmol) and dibutylcopperl i thium (4.0 
mmol) at — 48 °G was added methyl propiolate (0.8 ml) . T h e 
reaction mixture was stirred at — 48 °G for 2 h, and then 
worked up . Preparat ive T L G (silica gel, hexane-e ther 20 : 3) 
gave phenylcyclopropane (Rf 0.7—0.8, 17 mg, 14%) and 
methyl £ra>?.y-3-(2-phenylcyclopropyl) aery late (Rt 0.3—0.4, 93 
mg, 46%) which showed bp 110—115 °G (bath temp)/2 
T o r r ; P M R (CC14) : Ô 1.1—2.3 (m, 4 H ) , 3.61 (s, 3H) , 5.80 
(d, 7 = 16 Hz , I H ) , 6.48 (dd, J=9, 16 Hz , 1H), 6.8—7.3 
(m, 5 H ) ; I R (nea t ) : 1710, 1638, 1605, 1503, 1250, 1142, 
978, 753, 7 0 0 c m - 1 ; M S m/e (rel intensity): 202 (M+, 9), 
169 (13), 142 (98), 128 (84), 111 (100), 98 (71), 91 (35). 
F o u n d : G, 77.44; H , 6 .98%. Galcd for C 1 3 H 1 4 0 2 : G, 77.20; 
H , 6 .98%. 

The Reaction of the Intermediate 13 with Benzaldehyde. 
Benzaldehyde (0 .81ml , 8.0 mmol) was added to the inter­
mediate 13 prepared from l a (196 mg, 1.0 mmol) and di­
butylcopperl i thium (4.0 mmol) . After 30 min the reaction 
mixture was worked up . Preparat ive T L G purification 
(silica gel, hexane-e ther 3 : 1 ) gave phenylcyclopropane (Rf 

0.7—0.8, 41 mg, 3 5 % ) , and an adduct (Rf 0.1—0.2, 57 mg, 
2 6 % ) . T h e adduct was a mixture of two diastereomers, each 
isomer being separated by preparar t ive T L G (silica gel 
hexane-ether 1:1) . T h e one of Rf 0.5—0.6 (11 mg) showed 
following propert ies: bp 140—145 °G (bath temp)/0.07 T o r r ; 
P M R (CC14): ô 0.6—1.6 (m, 3H) , 1.6—2.1 (m, I H ) , 2.20 
(br s, I H ) , 4.31 (d, 7 = 6 Hz , I H ) , 6.7—7.5 (m, 10H); I R 
(nea t ) : 3350, 3060, 3030, 1605, 1500, 1031, 765, 7 0 0 c m - 1 ; 
M S m/e (rel intensity): 206 ( M + - H 2 0 , 12), 120 (100), 107 
(33), 91 (38), 79 (35), 77 (25). F o u n d : G, 85.95; H , 7 .44%. 
Galcd for C 1 6 H 1 6 0 : G, 85.68; H , 7 .19%. T h e second 
diastereomer (Rf 0.4—0.5, 39 mg) gave b p 138—141 °G (bath 
temp)/0.05 T o r r ; P M R (CC14) : ô 0.6—1.7 (m, 3H) , 1.7— 
2.1 (m, 2H) , 4.15 (d, J=l Hz , 1H), 6.8—7.4 (m, 10H); I R 
(nea t ) : 3350, 3040, 1603; 1505, 1018, 760, 7 0 0 c m - 1 ; M S 
m\e (rel intensity): 206 ( M + - H 2 0 , 25), 120 (100), 107 (38), 
91 (44), 79 (38), 77 (31). Found : G, 85.83; H , 7 .19%. Galcd 
for C 1 6 H 1 6 0 : G, 85.68; H , 7.19%. Stereochemical assignment-
was not accomplished. 

Quenching the Intermediate 13 with Benzoyl Chloride. Benzoyl 
chloride (0.93 ml , 8.0 mmol) was added to 13 prepared from 
l a (192 mg, 1.0 mmol) and dibutylcopperli thium (4.0 mmol) 
at —48 °G, and the mixture was stirred at —48 °G for 30 
min. Usual work-up and preparat ive T L G (silica gel, hexane-
ether 20 : 3, double development) gave 1-phenylbutanone (Rf 

0.5—0.7, 802 mg, 5.0 mmol) and l-benzoyl-2-phenylcyclo­
propane (Rf 0.4—0.5, 220 mg, 9 5 % pure, 9 5 % yield) which 
exhibited m p 43.5—44.0 °G; P M R (GG14) : ô 1.2—1.6 (m, 
I H ) , 1.6—2.0 (m, I H ) , 2.3—2.9 (m, I H ) , 7.03 (s, 5H), 
7.2—7.5 (m, 3H) , 7.6—8.1 (m, 2 H ) ; I R (Nujol): 3100, 1660, 
1601, 1593, 1578, 1502, 1215, 1028, 985, 779, 766, 746, 700 
c m - 1 ; M S m/e: 222 (M+). 

Attempted Reaction of 13 with Vinyl Bromide. Dibutyl­
copperli thium (6.0 mmol) prepared from copper(I) iodide 
(1.14 g, 6.0 mmol) and butyll i thium (2.01 M hexane solution, 
6.0 ml , 12 mmol) in T H F (20 ml) was mixed with a T H F 
(2 ml) solution of l a (299 mg, 1.5 mmol) at - 4 8 °G. After 
30 min vinyl bromide (1 ml) and 1 h thereafter H M P A (1 ml) 
were added, and the reaction mixture was allowed to warm 
to room temperature over 20 h. Work-up followed by 
preparat ive T L G (silica gel, hexane) gave 14 (Rf 0.6—0.65, 
35 mg, 13%,), l-phenyl-2-vinylcyclopropane (Rt 0.4—0.5, 38 
mg, 18%), and 2,2 /-diphenyl-l , l /-bicyclopropane (Rf 0.2— 
0.3, 79 mg, 4 5 % ) . 

Alkylation of Bromobenzene with 3-Methyl-3-butenyl Bromide. 
Bromobenzene ( 158 mg, 1.0 mmol) dissolved in T H F (2 ml) 
was added to dibutylcopperl i thium (4.0 mmol) at —48 °G, 
and the mixture was stirred for 30 min at —48 °G, then 
warmed to 0°C, treated with 3-methyl-2-butenyl bromide (1 
ml) and allowed to react for 40 min. Usual work-up followed 
by column chromatography on silica gel gave an oil (100 
mg, 68%) consisted of 15 and 16. T h e ratio (73:27) was 
estimated by P M R . 15 showed singlet at ô 1.37, vinylic 
absorption at ô 4 .7—6.3, and 16 broad singlet at ô 1.70 and 
doublet at ô 3.23. 

1-Allylnaphthalene. A Typical Procedure of Allylation of Bromo-
arenes. U n d e r an argon atmosphere at —48 °G butyl-
l i thium (1.8 M hexane solution, 4.4 ml , 8.0 mmol) was added 
to T H F (10 ml) suspension of copper (I) iodide (760 mg, 4.0 
mmol) . After 15 min 1-bromonaphthalene (200 mg, 0.97 
mmol) was added, and the reaction mixture was warmed 
to 0 °G and stirred for 2 h unti l the bromide was all consumed. 
Then allyl bromide (970 mg) dissolved in H M P A (2 ml) and 
T H F (3 ml) was added and the reaction mixture was stirred 
for 2 h. Work-up was effected by adding water (10 ml) and 
aq sat ammonium chloride (15 ml) , filtering the mixture 
through Gelite pad and by extracting with ether. T h e organic 
phase was dried (Na 2 S0 4 ) , concentrated and purified by 
column chromatography (silica gel, 75% yield). Bp 138— 
150 °G (bath temp)/27 Tor r . P M R (GG14): ô 3.72 (d, J=6 
Hz, 2H) , 4.7—6.4 (m, 3H) , 6.8—8.1 (m, 7 H ) ; I R (neat) : 
1595, 1506, 990, 910 c m - 1 ; M S m/e: 168 (M+). 

T h i s r e s e a r c h w a s financially assis ted b y t h e M i n i s t r y 
of E d u c a t i o n , Sc i ence a n d C u l t u r e , J a p a n e s e G o v e r n ­
m e n t ( G r a n t - i n - A i d for Scient i f ic R e s e a r c h N o . 2 4 7 0 7 7 ) . 
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Kinetic Study for the Reaction of (Arylthio)trimethylstannane with 
Benzoyl Chloride Giving S-Aryl Thiobenzoate. 
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A kinetic study has been conducted on the reaction of (arylthio)trimethylstannane with benzoyl chloride 
giving chlorotrimethylstannane and £-aryl thiobenzoate. The reaction has been found to obey a second order 
kinetic equation. A mechanism involving bimolecular nucleophilic attack of the sulfur atom on the acyl carbon 
has been suggested for the reaction based on the substituent effects of arylthio and benzoyl moieties. 

Several different mechanisms are conceivable for the 
cleavage reactions of group I V b - V I b bonds with various 
reagents as expressed by the following general formula. 
Namely, the I V b element can form a coordinated 

=M-Y- + E-Nu • =M-Nu + E-Y-

M = Si, Ge, Sn etc., Y = 0 , S, Se etc. 
E-Nu = H 2 0 , ROH, RCOOH, RX, RCOX, 

RS(0)X*fc. 

intermediate and the complex has been suggested as 
the reaction intermediate in the reactions of silyl ether 
hydrolysis,1) acetoxysilane2) and thiosilane3) with 
carboxylic acids on the basis of kinetic results. 
Assuming the nucleophilicity of the V I b element 

R3 'SiOCOCH3 (or R3
/SiSR//) + RCOOH <=± 

O + OH 

CH3COSi-(R3
/)OCR 

slow 
+ OH O 

CH3COSi-(R3
/)OCR 

<=± R3 'SiOCOR + CH3COOH (or R"SH) 

played an important role in the course of reaction, a 
nucleophilic reaction involving an onium intermediate 
would result instead of the 5-coordination of the I V b 
element. T h e reaction of thiostannane with haloalkane 

a typical reaction of this type.4) i s 

slow 
R3 'SnSR" + R X 

[R3 'SnS+(R")R X-] R3 'SnX + RSR" 

Another possible mechanism for the reaction is a 4-
centered cyclic process.5) Thus , different mechanisms 
would be expected for individual reactions based on the 
coordination ability of the group I V b element, nucleo­
philicity of the group V I b atom and also the nature 
of the reactant, E - N u . In this paper, the mechanism 
of the reaction of (arylthio) tr imethylstannane with 
benzoyl chloride will be reported. 

R e s u l t s a n d D i s c u s s i o n 

Product Analysis. T h e reactions of (arylthio)-
trimethylstannanes with benzoyl chlorides have been 
found to give tf-aryl thiobenzoate and chlorotrimethyl­
stannane quantitatively. No other product in the 
reaction mixture was found by N M R analysis. The 
products were isolated and identified. The reaction 

Me3SnSC6H4-X-/> + />-Y-C6H4COCl • 
Y-C6H4COSC6H4-X + Me3SnCl 

X, Y = H , CH3, CI, OCH3 

thus appeared to be similar to analogous reactions of 
this type.6) This reaction provides a novel route to 
prepare thiocarboxylic acid «S'-esters. 

Kinetics and Mechanism. Rate of reaction of 
(arylthio) trimethylstannanes with benzoyl chlorides in 
carbon tetrachloride solutions were measured by 
monitoring the relative ratio of 1 H - N M R trimethyl 
signals of the thiostannane (<5 0.33—0.38 ppm) and 
chlorostannane (<5 0.63 ppm) with t ime. Second order 
rate constants were obtained with good reproducibility, 
the results of which are summarized in Table 1. 

TABLE 1. RATE CONSTANTS FOR THE REACTION OF 

/>-XC6H4SSnMe3 (0.48 mol/dm3) WITH 

/>-YC6H4COCl (0.57 mol/dm3) IN CC14 

Temp £ 2xl0* 
dm3 mol -1 s - 1 Remarks 

MeO 
Me 
H 
Cl 
H 
H 
H 
H 
H 
H 

H 
H 
H 
H 
H 
H 
H 
MeO 
Me 
Cl 

34.0 
34.0 
34.0 
34.0 
42.9 
50.7 
61.9 
34.0 
34.0 
34.0 

6 .6±0 .2 
4 . 5 ± 0 . 1 
2 . 3 ± 0 . 1 
1.2±0.02 
5 . 2 ± 0 . 4 

10 ± 0 . 1 
20 ± 2 . 0 

1.3±0.05 
1.5±0.1 
4 . 6 ± 0 . 1 

yx(<0 = - 1 . 6 
y=0.999 

AH* 
AS* 

:14.0kcal/mcl 
= - 3 4 . 0 e.u. 

I°YOO = ± 1 . 1 
7=0.996 

The large negative entropy value observed in the 
present study is in accordance with those of reactions 
of this type.2 - 5 3) This may be recognized in terms of 
an ionic reaction which is conducted in a nonpolar 
solvent, rather than pTi-dn bonding1) since the large 
negative value observed for the reaction of thiostannane 
with haloalkane in a nonpolar solvent has been shown 
to fall in a normal magnitude for a bimolecular reaction 
when conducted in a polar solvent.4) 

T h e Hammet t plot of the rates of reaction of sub­
stituted arylthiostannanes (substituent X) gave a 
straight line with a negative p value which is reasonable 
in magnitude for a reaction involving sulfonium ion 
formation positioned a- to the phenyl ring bearing the 
substituent.7) A quite comparable p value was also 
observed for the reaction of the same thiostannane with 
haloalkane and the reaction has been suggested to 
proceed via a sulfonium intermediate.4) As an analogy, 
the mechanism of the reaction of the thiostannane with 
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acyl halide can be formulated as following, involving a 
nucleophilic attack of the sulfur atom on the acyl 

Me3SnSC6H4X-/> + />-YC6H4COCl • 

Me3Sn-
o-

S—C-C6H4Y 
i i 

XCßH4 Cl 

Products 

carbon. The positive and smaller p value due to 
the substituent Y on the benzoyl moiety is consistent 
with the mechanism since the negative charge in the 
intermediate is localized in the /9-position to the aryl 
ring bearing the substituent. 

Exper imenta l 

Materials. Preparation of the thiostannanes have 
previously been reported.4) All solvents and benzoyl chlorides 
were purified prior to use. 

Product Analysis. Trimethyl (phenylthio)stannane (1.40 
g) and benzoyl chloride (0.70 g) were dissolved in CC14 (10 
cm3) and heated at 60 °C for 16 h in a sealed tube. NMR 
analysis confirmed the presence of only chlorotrimethylstan­
nane and ^-phenyl thiobenzoate. Chlorotrimethylstannane 
was obtained by distillation (65%, bp 59 °C/18 mmHg; 1 
mmHg= 133.322 Pa) and ^-phenyl thiobenzoate was isolated 
from the residue by recrystallization (72%, mp 55 °C from 
CHC13-C6H14, lit,8) 56 °C, IR vc=0 1662 cm"1). Other thiol 
esters were isolated similarly: C6H5COSC6H4Cl-/>, 70%, mp 
75—76 °C, lit,8) 74—75 °C; />-ClC6H4COSC6H5, 72%, mp 
80—82 °C, lit,9) 81.5—83 °C; C6H5COSC6H4OCH3-/>, 66%, 
mp 93—94 °C, lit,9) 93—95 °C; />-CH3OC6H4COSC6H5, 75 
%, mp 99—100 °C, lit,8) 99—100 °C. All the yields are based 
on the isolated compound in pure form. 

Kinetic Procedure, The procedure is essentially the same 

as that employed for the acyloxy exchange reaction of acet-
oxysilane.2) Trimethyl (phenylthio)stannane (40 mm3, 59 mg) 
and benzoyl chloride (30 mm3, 36 mg) were dissolved in CC14 

(370 mm3) and the reaction monitored by following the XH-
NMR trimethyl signals of the starting material and the 
product with time. The second order rate constant was 
obtained with an experimental error of 5%. 
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Synthesis and Properties of o-Thioquinone Methides Having Ketene Aminal, 
Ketene Acetal, Ketene Monothioacetal, or Ketene Dithioacetal Group 

Kyung-Tae K A N G , Renji OKAZAKI, and Naoki INAMOTO* 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received June 15, 1979) 

Reaction of l,2-benzodithiole-3-thione with iVjiV'-dialkyl-l^-ethanediamine afforded o-thioquinone methides 
with a ketene aminal group (6) in high yields. Two similar thionaphthoquinone methides were also prepared. 
o-Thioquinone methide derived from iVjiV'-dimethyl-o-phenylenediamine was prepared from 3-chloro-l,2-benzo-
dithiol-3-ylium chloride (10). These compounds were found to exist as a monomer of a considerable betaine 
nature. Reactions of 6a (iV^iV'-dimethyl derivative) with dimethyl acetylenedicarboxylate and dibenzoylacetylene 
led to [4+2] adducts. o-Thioquinone methides with a ketene acetal group were obtained from desulfurization of 
spiro[l,3-benzodioxole-2,3'-[l,2]benzodithiole] with trimethyl phosphite, which are equilibrated with two kinds of 
aggregates; one is a dimer and the other is a trimer or a higher oligomer. Reactions of 10 with o-mercaptophenol 
and 1,2-benzenedithiols gave spiro[l,2-benzodithiole-3,2/-[l,3]benzoxathiole] (29) and spiro[l,2-benzodithiole-
3,2'-[l,3]benzodithiole] (39 and 40), respectively. o-Thioquinone methide with a ketene monothioacetal group 
(30) was prepared by desulfurization of 29. The violet compound 30 is equilibrated with a colorless dimer. This 
o-thioquinone methide reacted with olefins and an acetylene having electron-withdrawing groups to give 1,4-
cycloaddition products. Similar desulfurization of 39 and 40 gave o-thioquinone methides with dithioacetal 
group. Their properties were very similar to those of o-thioquinone methides with dithioacetal group prepared 
by the photoreaction of 2 with olefins. 

Chemistry of o-quinonoid compounds (1) has been a 
subject of increasing interest in recent years because of 
their interesting, chemical and physical properties and 
synthetic applications.1 '2) For thioquinone methide (1, 
Z = S ) , however, there has been only a few reports which 
demonstrated its existence as a transient species.3) 

Y 
1 

Recently, de Mayo4) and we5) described the synthesis 
of stable o-thioquinone methides with a ketene dithio­
acetal group (3) from the photoreaction of 1,2-benzodi-
thiole-3-thione (2) with olefins, 3 being equilibrated 
with a colorless head-to-head [ 4 + 4 ] dimer (4). 

In this paper we report the synthesis and properties 
of other types of o-thioquinone methides (1, Z = S) 
which have a ketene aminal (1, X , Y = N R 2 ) , a ketene 
acetal (1, X , Y = O R ) or a ketene monothioacetal 
group (1, X = O R , Y = S R ) . o-Thioquinone methides 
of type 3 (1, X = Y = S R ) derived from 1,2-benzene­
dithiols are also described. These o-thioquinone methides 
were found to show significantly different properties 
from one another.6) 

R e s u l t s and D i s c u s s i o n 

o-Thioquinone Methides with a Ketene Aminal Group. 
Reaction of l,2-benzodithiole-3-thione (2) with N,Nf-
dialkyl-l ,2-ethanediamine (5) in ethanol afforded 6 in 
high yields.7) In the reaction of 2 with 5a, the formation 
of hydrogen sulfide (91 % as PbS) and sulfur (94%) was 
also confirmed. 

2 + RNHCH2CH2NHR • M N
; + H2S + 1/8S, 

N-V 
/ 

R 
5 6 

a 
b 
c 
d 
e 
f 

R = Me 
R = Et 
R = n-Pr 
R = /-Pr 
R = n-Bu 
R = n-G6H] 

o-Thioquinone methides (7 (78%) and 8 (85%)) were 
also prepared in a similar way from 3//-naphtho[l,2-£]-
[l,2]dithiole-3-thione and 3#-naphtho[2,3-c] [1,2]-
dithiole-3-thione, respectively.8) 

Me 

ccçr oàfiL 
Me 
7 8 

Compound 9 (69%) was synthesized by the reaction 
of the more reactive 3-chloro-l,2-benzodithiol-3-ylium 
chloride (10)9) with iV^iV'-dimethyl-o-phenylenedi-
amine10) using ion exchange resin as a base. The use 
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of the resin made the isolation of the water soluble 9 
easier. 

LOÖ 
cr HMe 

CI 
10 

Dowex 1-X8 (OH- form) 
• 

MgS04, CH2C12, 0° C—r.t. 
(«• 

X-& 
These thioquinone methides (6—9) were not develop­

ed on silica gel even if ether was used as an eluent, 
suggesting their polar nature. The color of the solution 
of 6 is pale yellow or colorless, depending on the solvent. 
The electronic spectra of 6 b in benzene and ethanol 
showed no concentration dependence, indicating that 
it exists as a monomer in solution. This is in marked 
contrast with 3 which is in equilibrium with the dimer. 
The N M R spectra of 6—9 are very similar to one 
another, implying that other thioquinone methides 
synthesized here are also monomeric in solution. 

TABLE 1. NMR SPECTRA (Ô) OF 6—9, 11, 

AND 1 3 IN METHANOL-^ 

Compound iV-Alkyl Ethylene Aromatic 

6a 

6b 

6c 

6d 

6e 

6f 

7 

8 

9 

11 

13 

2.91(s) 
1.18(t) 
3.27(q) 
0.81(t) 
1.61(sext) 
3.20(t) 
1.12(d) 
1.34(d) 
3.70 (sept) 
0.6— 1.9(m 
3.25(t) 
0.6— 1.9(m 
3.15(t) 

2.93(s) 

2.90(s) 

3.78(s) 

2.92(s) 
2.86(s) 
3.55(s) 

4.00(s) 

4.04(s) 

6.9—7.4 

6.9—7.6 

4.05(brs) 6.9—7.9 

3.96(brs) 

4.04(br s) 

) 4.06(brs) 

4.06(s) 

4.01(s) 

4.14(s) 

3.62(m) 
3.91(m) 

6.85—7.74 

6.9—7.7 

6.9—7.7 

7.20—8.97 
6.87—7.84(5H) 
8.85—9.15(1H) 
7.65—8.15 
7.4—7.8 
2.61a)(3H, s) 
7.39(5H, s) 
5.77W(1H, s) 

a) SMe protons, b) Methine proton. 

TABLE 2. ELECTRONIC SPECTRA OF 6b IN VARIOUS SOLVENTS 

Solvent 4 a x / n m loge 

Water 
Acetic acid 
Ethanol 
Acetonitrile 
N, iV-Dimethy lformamide 
Dichloromethane 
Benzene 

252 
263 
278 
299 
303 
299 
307 

4.00 
3.57 
4.18 
4.26 
4.18 
4.06 
4.27 

In the N M R spectra (CD 3 OD) of 6a, 7, 8, and 9, 
the iV-methyl protons exhibit very far downfield shift 
(Table 1). These chemical shifts are almost the same 
as that of 11 prepared from 6a and methyl iodide, 
indicating the large contribution of an ionic canonical 
structure (e.g., 12 for 6) . This is reflected in the 

11 12 

solubility of these compounds ; for example, 6a is very 
soluble in water and alcohols, but only slightly soluble 
in chloroform and benzene. The importance of the 
ionic contribution (12) to the ground state of 6 was 
also shown by the solvent efFect of the U V spectra of 
6b (Table 2). The more polar the solvent, the shorter 
the absorption maximum, which indicates the stabiliza­
tion of the ionic ground state by polar solvents. Here 
again, these o-thioquinone methides are quite different 
from those with a ketene dithioacetal group (3) whose 
electronic spectra show no essential solvent 
dependence.50) 

In the N M R spectra of 6a, the ethylene protons of 
the imidazolidine ring appear as a sharp singlet at ô 
4.00. At —80 °C it becomes broad but no coalescence 
occurs, which shows that the imidazolidine ring is 
rotating freely at this temperature. O n the other hand, 
the ethylene protons of 13 prepared from the reaction 
of 5-phenyl-l,2-dithiole-3-thionen) with 5a appear as 
AA'BB' multiplet centered at ô 3.62 and 3.91, suggesting 
the higher double bond nature of the exo methylene 
bond of the imidazolidine. 

Y>* 
Me 

13 

Me 

00^ 
14 

In the case of 6, when R is bulkier than the w-propyl 
group (i.e., 6c—6f) , the ethylene protons appear as a 
broad singlet. In the isopropyl derivative (6d), the 
methyl and ethylene protons appear as a broad singlet 
at ô 3.96 and a doublet of doublet at ô 1.12 and 1.34 in 
methano l -^ , respectively. In 1-chloronaphthalene, 
however, the ethylene protons appear as AA'BB' 
multiplet centered at ô 2.72 and 2.98, indicating that 
the imidazolidine ring is not rotated on N M R time 
scale. The most reasonable explanation of these observa­
tions is that the ring is perpendicular to the benzene 
ring. In this conformation, the two methyl groups of 
the isopropyl group are magnetically nonequivalent if 
the rotation is restricted. The methyl protons of 14, 
prepared from the photoreaction of 3/ /-naphtho[l ,2-c]-
[l,2]dithiole-3-thione with 2,3-dimethyl-2-butene in 
benzene,12) appear as two singlets at ô 1.56 and 1.62. 
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Since this type of o-thioquinone methide is known to 
exist as a monomer,13) the observation of the two 
singlets indicates the restricted rotation of the dithiole 
ring. This is in sharp contrast to the fact that the 
imidazolidine ring in 8 is freely rotating and we regard 
this as another demonstration of the higher betaine 
nature of the o-thioquinone methides with a ketene 
aminal group. 

Of particular interest is the isolation and stability of 
7, since compounds with 2,3-naphthoquinone structure 
are usually very unstable2g'14> and can be isolated only 
in special cases.15) 

The o-thioquinone methides (6) are strong enophiles 
and react with acetylenes having electron-withdrawing 
groups at room temperature to afford 1,4-cycloaddition 
products. The reaction of 6a with dimethyl acetylene-
dicarboxylate and dibenzoylacetylene gave 15 (76%) 
and 16 (53%), respectively, and that with iV-phenyl-
maleimide afforded rapidly 17 (80%) at 7—8 °C in 
benzene. The structure of 17 was tentatively assigned 
by the spectral da ta ; the N M R spectrum showed the 
iV-methyl protons as a singlet at ô 3.02 and a broad 
peak due to six methylene protons at ô 4.0, two protons 
of which disappeared upon addition of D 2 0 . 

(Ö 
Me-N N-Me 

15: X = G 0 2 M e 
1 6 : X = C O P h 

N-Ph 

17 

o-Thioquinone Methides with a Ketene Acetal Group. 
We considered that 3,3-disubstituted 3i/- l ,2-benzodi-
thiole would be a suitable precursor of o-thioquinone 
methides (1, Z = S ) with hetero atoms X and Y, because 
we previously found12) that desulfurization of spiro 
compound (18) with trivalent phosphorus compound 
gave in a high yield o-thioquinone methide (19) which 
actually exists as a dimer. The only reported example 
of a compound with a general formula (20; X , Y = 
hetero atom) is 21 which was prepared by the reaction 
of 2 with o-chloranil.16) 

Ph3P 

-Ö 
19 

X Y 

20 

Reaction of the dithiolium salt (10) with pyrocatechols 
gave spiro compounds (22 and 23). This reaction has 
also been applied successfully to the synthesis of spiro 
compounds, 29, 39, and 40 {vide infra). 

The spiro compounds (22 and 23) reacted rapidly 
with trimethyl phosphite in benzene at room tempera­
ture to give white crystals, 24A and 25A, respectively. 
When the filtrate was evaporated and the residue was 
left for some time, other white crystals (24B and 25B, 
respectively) were formed. 

10 
Et3N 

2 2 : R = H 83% 
23: R = M e 53% 

24: R = H 
25: R = M e 

• B 

24A88% 24B 3% 
25A 50% 25B 28% 

The N M R spectra, melting points, and reactivity of A 
and B were different from each other both for 24 and 
25; however, the same 1,4-cycloadducts (i.e., 26 and 27) 
were obtained by the reaction with iV-phenylmaleimide 
irrespective of whether the starting material was A or 
B. Their U V spectra depend upon the concentration, 
indicating that these aggregates, A and B, are 
equilibrated with the monomer 24 and 25 in both cases. 

to N-Ph 

0' 0 0 26: R = H 
27: R = Me 

From A From B 
85% 91% 
85% 79% 

O n the basis of molecular weight determination by 
vapor pressure osmometry in benzene (Found 440, 
Calcd 456), it was found that the aggregate 24B was a 
dimer. High resolution mass spectrum of 24B also 
showed the parent peak as a dimer at mje 456.0509 
(Calcd for C 2 6 H 1 6 0 4 S 2 : 456.0491). 

Since the aggregates 24A and 25A decomposed in 
benzene a t room temperature, the correct molecular 
weight could not be determined. For example, the 
molecular weight of 24A was observed to be 662 at the 
beginning of the measurement but it decreased gradually 
by decomposition. Since it takes some time to make a 
sample for the measurement and 24A might decompose 
during this t ime, we infer that 24A is a trimer or a 
higher oligomer. 

The N M R spectrum (GDG18) of 25B showed its 
methyl signal at à 2.30 as a singlet. However, 25A 
showed a sharp and weak singlet at à 2.30 and a broad 
and strong singlet at ô 2.07 in the methyl region at the 
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beginning of measurement, but the spectral pat tern 
changed very rapidly; the intensity of the peak at ô 
2.30 increased and that of the peak at ô 2.07 decreased. 
After several hours the N M R pat tern of 25A became 
very similar to that to 25B, suggesting the occurrence 
of the change 25A-»25B probably via the monomer. 

The existence of two types of aggregates is an interest­
ing phenomenon, although their structures could not be 
determined exactly. However, it is clear that the 
equilibrium between the aggregate A and the monomer 
is more favorable toward the monomer than the equilib­
rium for the aggregate B, because the afore-mentioned 
reaction with iV-phenylmaleimide proceeds much more 
rapidly for A (1 h for A vs. 20 h for B in refluxing 
benzene) and it is reasonably assumed that the monomer, 
not the aggregates, reacts with iV-phenylmaleimide. 

The reaction of 24A with dimethyl acetylenedi-
carboxylate in refluxing benzene for 5 h gave 28 in 
8 0 % yield. The formation of these [ 4 + 2 ] adduct 
clearly indicates the presence of the monomer in 
solution, but we could not find any spectroscopic 
evidence for it. 

o-Thioquinone Methides with a Monothioacetal Group. 
Spiro compound 29, prepared from 10 and o-mercapto-
phenol, reacted with trimethyl phosphite at room 
temperature to afford 31 in 9 2 % yield. The structure 
of 31 was established by its cycloaddition leading to 
[ 4 + 2 ] adduct {vide infra), as in the case with all other 
o-thioquinone methides. 

,o + LOI -> ( o r > 
O S 

31 

The color of the solution of 31 depends on solvent 
and temperature. For example, 31 shows violet in 
dichloromethane or benzene at room temperature, but 
the cyclohexane solution is almost colorless. Recrystalli-
zation of 31 from benzene-ethanol afforded white 
crystals but the dissolution of the crystals in an appro­
priate solvent {e.g., dichloromethane) led to a violet 
solution. The colorless cyclohexane solution turned 
violet when heated, but the violet color was discharged 
when the solution was left at room temperature. These 

facts and the dependence of U V spectrum of 31 on the 
concentration suggest that the colorless aggregate 31 
is also equilibrated with a monomer 30. The molecular 
weight determination (vapor pressure osmometry) 
indicates that the aggregate is a dimer (Found 480, 
Calcd 488). Although we do not have any experimental 
evidence for the structure of the dimer, we infer that 
31 is a head-to-head dimer by analogy with the equilib­
r ium between 3 and 4.5) 

The o-thioquinone methide 30 also reacted with N-
phenylmaleimide, fumaronitrile and dimethyl acetylene-
dicarboxylate to afford 32, 33, and 34 in 99, 81 , and 8 5 % 
yields, respectively. 

Two methine protons a to the cyano group in 33 
appeared as two sets of doublet of doublet of A X type 
in the N M R spectra of the crude product. The intensity 
ratio of the two was about 5 : 1 (yAx=6.6 Hz for the major 
one and JAX = 7-& Hz for the minor one). In the light 
of the reported value50'd> for 35a ( / A X = 3 . 4 H z ) and 
35b C / A X = 9 - 1 H Z ) , the coupling constants observed for 
33 imply that it is a trans adduct , suggesting the stereo­
selectivity of the cycloaddition, although the results 
for reaction of 30 with maleonitrile is necessary for 
definite conclusion. The two sets of the doublets of 

32 33 34 

f o T X-FO a: Rl=GN> R 2 = H 

S S b : R ^ H , R 2 = C N 

35 

doublet observed for 35 are considered to correspond 
to two isomers with respect to the direction of the 
oxygen and sulfur atoms of the thioxolane ring. 

o-Thioquinone Methides Derived from 1,2-Benzenedithiols. 
o-Thioquinone methides (36) derived from 1,2-benzene-
dithiols were prepared with an expectation that they 
might exist as 38 because of the large contribution of the 
canonical structure of \8TZ system as in the case of 
trithiapentalene systems.18) There was also another 
anticipation that there might be a large contribution 
from the ionic canonical structure (37) which would 
favor the equilibrium between the monomer and the 
dimer, like 3 ^ 4 , for the monomer. 

36 37 38 
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R e a c t i o n of t h e d i t h i o l i u m sal t (10) w i t h 1 ,2-benzene-
d i th io l s g a v e n e w sp i ro c o m p o u n d s 3 9 a n d 4 0 . Desu l fu r i -
z a t i o n of 3 9 a n d 4 0 w i t h t r i m e t h y l p h o s p h i t e g a v e 4 1 
a n d 4 2 , r e spec t ive ly , i n h i g h y i e lds . 

10 

R=H or Me 

3 9 R=H 55% 
4 0 R=Me 62 % 

R 

4 1 R=H 91% 
4 2 R = Me 96% 

4 3 R=H 
4 4 R=Me 

C o n t r a r y t o t h e a b o v e e x p e c t a t i o n s , t h e p r o p e r t i e s 
of 4 1 a n d 4 2 w e r e f o u n d to b e v e r y s i m i l a r to those of 3 , 
a n d b o t h 4 1 a n d 4 2 exis t as a n e q u i l i b r i u m m i x t u r e 
b e t w e e n t h e m o n o m e r a n d t h e d i m e r . T h e s t r u c t u r e 
of t h e d i m e r s 4 3 a n d 4 4 w a s a s s igned a h e a d - t o - h e a d 
d i m e r b y a n a l o g y w i t h t h e case of 3.5) 

o - T h i o q u i n o n e m e t h i d e (41) r e a c t e d w i t h iV-phenyl-
m a l e i m i d e t o g ive a [ 4 + 2 ] c y c l o a d d u c t (45) . 

N-Ph 

E x p e r i m e n t a l 

N M R spectra were recorded with a Hitachi R-20B or 
R-24B spectrometer, using tetramethylsilane as an internal 
s tandard unless otherwise stated. U V and I R spectra were 
recorded on Hi tachi ESP-3 and E P I G-2 spectrometers, 
respectively. Mass spectra were determined on a Hitachi 
R M U - 6 L mass spectrometer (70 e V ) . High resolution and 
chemical ionization mass spectra were taken with a J E O L 
J M S - D 3 0 0 . Molecular weights were measured with a Hi tachi 
117 Molecular Weight Appara tus (vapor pressure osmometry 
in benzene at 40 °G). All the melt ing points were not 
corrected. 

Preparation of o-Thioquinone Methides (6—8). An 
ethanol solution (4 ml) of 219> (567 mg, 3.08 mmol) and 
iVjiV'-dimethyl-l^-ethanediamine (320 mg, 3.64 mmol) was 
refluxed for 4 h. Concentrat ion of the reaction mixture 
followed by addit ion of benzene and cooling yielded 6a (621 
mg> 99%) as yellow solid, which was recrystallized from 
benzene-e thanol ; m p 153—155 °G; M S : mje 206 (M+, 100 
% ) , 173 (39), and 135 (16). Found : G, 63.94; H , 7.14; N , 
13.39; S, 15 .88%. Galcd for C n H 1 4 N 2 S : G, 64.04; H , 6.84; 
N , 13.58; S, 15.54%. 

Thioquinone methides 6 b , 6c, 6e , 6f, 7, and 8 were also 
prepared in a similar way from the corresponding dithiole-
thiones, the yield being 64, 61 , 72, 56, 78, and 8 5 % , 
respectively. In the case of 6d , it was necessary to heat at 
160 °G for 30 h in a sealed tube (78% yield). These o-thio-
quinone methides were purified by recrystallization from 
benzene-ethanol . Since 6c , 6e, and 6f could not be obtained 
as crystals, the resultant oils were purified by washing with 
benzene-hexane. 

6 b : m p 148—149 °G; M S : mje 234 (M+, 100%), 201 (87), 
and 135 (55). Found : G, 66.45; H , 8.00; N , 11.84; S, 
13.86%. Galcd for C 1 3 H 1 8 N 2 S: G, 66.63; H , 7.74; N , 11.95; 
S, 13.68%. 6 d : N M R (1-chloronaphthalene) : Ô (hexameth-
yldisiloxane) 0.25 (6H, d, 7 = 6 . 6 Hz) , 0.90 (6H, d, 7 = 6 . 6 
Hz) , 2.6—2.85 (2H, m) , 2.85—3.10 (2H, m) , and 3.60 (2H, 
sept, y = 6 . 6 H z ) ; M S : mje 262 (M+, 100%), 230 (98), 220 
(43), and 188 (43). 7 : m p 230—232 °G; U V m a x (EtOH) 
(log e): 218 (4.82), 262 (4.58), and 314 n m (4.31); M S : 
mje 256 (M+, 100%), 233 (70), and 200 (12). Found: G, 
65.63; H , 6.68; N , 10.17; S, 11 .71%. Galcd for C 1 5H 1 6N 2S. 
H 2 0 : G, 65.66; H , 6 .61 ; N , 10.21; S, 11.68%. 8 : m p 204— 
206.5 °G; U V m a x (E tOH) (log e) : 223 (4.78), 245 (sh) (4.44), 
and 348 n m (4.11); M S : mje 256 (M+, 9 2 % ) , 233 (100), 
200 (12), and 185 (21). Found : G, 70.02; H , 6.32; N , 10.71; 
S, 12.77%. Galcd for C 1 5 H 1 6 N 2 S: G, 70.28; H , 6.29; N , 
10.93; S, 12 .51%. 

Preparation of 9. To a cold (0 °G), stirred mixture of 
A^iV'-dimethyl-o-phenylenediamine (594 mg, 4.37 mmol) , ion 
exchange resin (Dowex 1-X8 O H ~ form, 10 g), anhydrous 
magnesium sulfate (638 mg) in dichloromethane (30 ml) , was 
added the dithiolium salt (10) (792 mg, 3.55 mmol) in small 
portions for 1 h and the mixture was stirred at room 
temperature for 11 h. T h e resins were collected by filtration 
and washed with ethanol thoroughly. After removal of the 
ethanol , the residue was tr i turated with ethyl acetate to 
afford 9 (620 mg, 6 9 % ) ; m p 221.5—223 °G; M S : mje 254 
(M+, 41%) and 239 (100). 

Preparation of 11. An acetone solution (7 ml) of 6a 
(207 mg, 1.01 mmol) and methyl iodide (1.58 g, 11 mmol) 
was refluxed for 1.5 h. Evaporat ion of the solvent gave a 
crystalline material (329 mg, 94%) whose puri ty was con­
firmed by the N M R spectrum. M p 178.5—180 °G (C 6 H 6 -
E t O H ) ; N M R (GDG18) : Ô 2.57 (3H, s), 2.93 (6H, s), 4.13 
(2H, m) , 4.52 (2H, m) , 7.3—7.7 (3H, m) , and 8.05—8.22 
(1H, m ) ; U V m a x ( E t O H ) (log e) : 217 (4.52), 247 (4.21), 
and 297 (sh) n m (3.29). Found : G, 41.34; H , 5.02; N , 7.95; 
S, 9.69; I , 36 .25%. Galcd for C 1 2 H 1 7 N 2 SI: G, 41.39; H , 
4.92; N , 8.04; S, 9 .21; I , 36 .44%. 

Preparation of 13. An ethanol solution (10 ml) of 
5-phenyl-l,2-dithiole-3-thione (597 mg, 3.01 mmol) and 5a 
(293 mg, 3.33 mmol) was refluxed for 4 h. After removal 
of the solvent, the residue was recrystallized from benzene-
ethanol (430 mg, 6 2 % ) . A specimen for elemental analysis 
was obtained by recrystallization from methanol ; m p 186— 
187.5 °G; U V m a x (E tOH) (log e): 235 (3.98) and 351 nm 
(4.36); M S : mje 232 (M+, 100%) and 200 (28). Found: 
G, 67.52; H , 7.10; N , 11.93; S, 14.28%. Galcd for C 1 2H 1 6N 2S: 
G, 67.20; H , 6.94; N , 12.06; S, 13.80%. 

Reaction of 6a with Dimethyl Acetylenedicarboxylate. An 
acetonitrile solution (10 ml) of 6a (207 mg, 1.00 mmol) and 
dimethyl acetylenedicarboxylate (148 mg, 1.04 mmol) was 
stood for 10 h at room temperature . After removal of the 
solvent, the crystalline residue was recrystallized from 
benzene-hexane to give 15 (264 mg, 7 6 % ) ; m p 148.5—150 
°G; N M R (CDC13); ô 2.31 (6H, s), 3.1—3.4 (4H, m) , 3.89 
(3H, s), 3.95 (3H, s), and 7.23 (4H, s) ; M S : mje 348 (M+, 
6 % ) , 290 (100), and 206 (70). Found : G, 58.79; H , 5 .91; 
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N, 8.11; S, 9 .57%. Galcd for C1 7H2 0N2O4S : G, 58.60; H , 
5.79; N , 8.04; S, 9 .20%. 

Reaction of 6a with Dibenzoylacetylene. An acetonitrile 
solution (10 ml) of 6a (281 mg, 1.37 mmol) and dibenzoyl­
acetylene (358 mg, 1.53 mmol) was stood for 4 days at room 
temperature. After removal of the solvent, the oily residue 
was tr i turated with methanol to give 16 (316 mg, 53%) as 
yellow crystals. A pure specimen could not be obtained 
since this was partial ly decomposed by heating in ethanol . 
M p 124—125.5 °G ( E t O H ) ; N M R (GDG13) : Ô 2.27 (6H, s), 
2.93 (4H, s), and 7.0—8.0 (14H, m) ; M S : m/e 440 (M+, 
trace), 335 (6%) , 234 (37), and 206 (100); I R (KBr) : 1730 
and 1740 cm" 1 (G=0) . 

Reaction of 6a with N-Phenylmaleimide. To a cold (7—8 
°G), stirred benzene solution (10 ml) of iV-phenylmaleimide 
(154 mg, 0.89 mmol) was added 6a (175 mg, 0.85 mmol) in 
portions over a period of 1 h to form red crystals. Stirring 
was continued at room temperature for 10 h to give 17 (265 
mg, 8 0 % ) . T h e purification was impossible since it decom­
posed to an unidentifiable material even when simply washed 
with ethanol, but the structure was tentatively established 
by the spectral da ta . M p 131—135 °G (dec); N M R ( D M S O -
ds): ô 3.02 (6H, s), 3.99 (6H, br s), and 6.6—7.7 (14H, m ) ; 
M S : m/e 348 (2%) , 289 (2), 206 (100), 205 (50), and 173 
(54); I R (KBr) ; 1710cm" 1 (G=0) . 

Preparation of 22 and 23. To a cold (0 °G) and stirred 
dichloromethane solution (20 ml) of pyrocatechol ( 1.02 g, 
9.30 mmol) and triethylamine (5 ml) was added the salt 10 
(1.68 g, 7.56 mmol) in small portions during 1 h, and the 
solution was stirred at room tempera tu re for 4 h . T h e 
reaction mixture was washed with water and the dichloro­
methane layer was evaporated. T h e oily residue was 
subjected to dry column chromatography (DGG) (silica gel, 
CH2C12-CC14 ( 1 : 3)) to give 1.63 g (83%) of 22; m p 140.5— 
141.5 °C (ethyl acetate) ; M S : m/e 260 (M+, 66%) and 196 
(100). Found: G, 60 .11; H , 2 .81 ; S, 2 4 . 5 3 % . Galcd for 
C 1 3 H 8 0 2 S 2 : G, 59.98; H , 3.10; S, 24.63%0. 

Compound 23 was prepared similarly in 5 3 % yield using 
3,6-dimethyl-l,2-benzenediol.2°) DGG (silica gel, C H 2 C 1 2 -
GG14 ( 1 :9 ) ) , P L C (silica gel, e ther-hexane ( 1 : 3)) and recrys-
tallization from ethanol gave pure 2 3 ; m p 119—120 °G; N M R 
(CDC13): ô 2.24 (6H, s), 6.73 (2H, s), and 7.2—7.6 (4H, 
m ) ; M S : m/e 288 (M+, 93%) and 224 (100). Found : G, 
62.35; H , 4.06; S, 22 .13%. Galcd for C 1 5 H 1 2 0 2 S 2 : G, 62.47; 
H , 4.20; S, 2 2 . 2 3 % . 

Preparation of 24 and 25. A benzene solution (2 ml) 
of 22 (342 mg, 1.32 mmol) and tr imethyl phosphite (168 mg, 
1.35 mmol) was stirred at room temperature for 20 min. 
The color of the solution turned from yellow to colorless, 
and white precipitates were formed. Dry ether was added 
into this solution with stirring and the crystalline material 
(24A) was collected and washed with ether (264 mg, 8 8 % ) . 
The nitrate was evaporated, and stood for some t ime to 
obtain another crystalline material , 24B (8.0 mg, 3 % ) . 24A: 
m p 111.5—113 °G (benzene-ether) ; M S (GI) : m/e 457 (dimer 
+ H + ) and 485 (dimer-)- C2H5+) were observed, but fragments 
higher than the dimer were not observed. Found : G, 68.30; 
H , 3.26; S, 13.89%. Galcd for C 1 3 H 8 0 2 S : G, 68.40; H , 
3.53; S, 14.05%. 24B: m p 212—213 °G (ethyl acetate) ; MS 
(GI) : m/e 456 (M+, 5%) , 365 (3), 231 (49), 229 (13), 197 
(2), 153 (3), 137 (47), 123 (7), and 111 (100). Found : G, 
67.84; H , 3.18; S, 14.20%. Galcd for C 1 3 H 8 0 2 S : G, 68.40; 
H , 3.53; S, 14.05%. 

Compounds 25A and 25B were prepared similarly in 5 0 % 
and 2 8 % yields, respectively. 25A: m p ,130—131 °G (C 6 H G -
E t a O ) ; N M R (CDC13); <5 2.30 (s) and 2.07 (bs containing 
a sharp singlet at ô 2.14) (6H in total) , and 6.3—8.0 (6H, 

m ) ; M S : m/e 512 (trace) and 256 (100%). 25B: m p 187.5— 
188 °C (AcOEt ) ; N M R (GDG13) : ô 2.30 (6H, s), 6.69 (2H, 
s), 7.14—7.33 (2H, m) , and 7.5—7.8 (2H, m ) ; M S : m/e 512 
(trace) and 256 (100%). 

Reactions of 24 and 25 with N-Phenylmaleimide. A benzene 
solution (1.5 ml) of 24A (116 mg, 0.51 mmol as a monomer) 
and iV-phenylmaleimide (97 mg, 0.56 mmol) was refluxed for 
1 h under argon. Addit ion of ethanol to the cooled, stirring 
solution gave 173 mg (85%) of 26, which was also prepared 
(91%) in a similar manner from 24B, but in this case refluxing 
for 20 h was necessary. T h e identity of the adduct 26 from 
24A and 24B was confirmed by the I R and N M R spectra. 
M p 205 °G (dec); M S : m/e 401 (M+, 4 7 % ) , 292 (72), and 
228 (100); I R (KBr) : 1715 cm" 1 ( G = 0 ) ; N M R (G6DC) : 
ô 3.16 (1H, d, / = 9 . 6 Hz) , 3.83 (1H, d, J=9.6Hz), 6.4— 
7.2 (12H, m) , and 7.5—7.7 (1H, m ) . 

27 was prepared from both 25A (reflux for 1 h, 85%) and 
25B (reflux for 50 h, 7 9 % ) . T h e adduct 27 from 25A and 
25B was also confirmed to be the same by the spectral da ta 
( IR and N M R ) and the fact that there was no depression 
of mixed melting point. M p 208—209.5 °G ( A c O E t - E t O H ) ; 
N M R (GDGI3): ô 2.18 (3H, s), 2.29 (3H, s), 3.95 (1H, d, 
/ = 9 . 6 Hz) , 4.59 (1H, d, / = 9 . 6 H z ) , 6.63 (2H, s), and 6.9 
—7.9 (9H, m ) ; I R (KBr) : 1720cm" 1 ( G = 0 ) ; M S : m/e 429 
(M+, 3 1 % ) , 292 (23), and 256 (100). F o u n d : C, 70.12; H , 
4.32; N , 3.08; S, 7.52%. Galcd for C 2 5 H 1 9 N 0 4 S : G, 69 .91; 
H , 4.46; N , 3.26; S. 7 .46%. 

Reaction of 24A with Dimethyl Acetylenedicarboxylate. A 
benzene solution (3 ml) of 24A (204 mg, 0.89 mmol as a 
monomer) and dimethyl acetylenedicarboxylate (141 mg, 1.00 
mmol) was refluxed for 5 h under argon. After removal of 
the solvent, the oily residue was t r i turated with methanol 
to give 264 mg (80%) of 28 as white crystals; m p 118—119 
°C ( E t O H ) ; N M R (CDC13) : ô 3.53 (3H, s), 3.79 (3H, s), 
and 6.7—7.8 (8H, m ) ; M S : m/e 370 (M+, 4 5 % ) , 311 (100), 
and 228 (15); I R (KBr) : 1745cm" 1 ( G = 0 ) . F o u n d : C, 
61.72; H , 3.70; S, 8 . 8 1 % . Calcd for C 1 9 H 1 4 0 6 S : C, 61.62; 
H , 3 .81 ; S, 8.66%0. 

Preparation of 29. T h e dithiolium salt 10 (213 mg, 
0.95 mmol) was added in portions at 0 °G to a stirred dichloro­
methane solution (5 ml) of o-mercaptophenol (140 mg, 1.11 
mmol) and triethylamine (0.8 ml) . Stirring was continued 
at room temperature for 3 h, after which the reaction mixture 
was washed with water. After removal of the solvent, the 
residue was subjected to P L C (silica gel, CH2C12-CC14 ( 1 : 3)) 
to give yellow crystals of 29 (159 mg, 6 1 % ) ; m p 134—135 
°C (E tOAc) ; M S : m/e 276 (M+, 100%), 244 (17), 212 (56), 
and 184 (53). Found : C, 56.77; H , 2.62; S, 34.39%0. Galcd 
for C 1 3 H 8 OS 3 : G, 56.49; H , 2.92; S, 34 .80%. 

Preparation of 31. A benzene solution (2 ml) of 29 
(563 mg, 2.04 mmol) and tr imethyl phosphite (275 mg, 2.21 
mmol) was stirred at room temperature for 20 min. T h e 
color of the solution turned from yellow to violet, and pale 
violet precipitates were formed. Ethanol was added to this 
solution with stirring and the crystalline material was collected 
(486 mg, 9 2 % ) . M p 117 °C (dec) (C 6 H 6 ) ; M S : m/e 456 
( M + - S , 2 % ) , 276 (M+/2 + S, 53), 244 (M+/2, 100), 213 
(32), and 184 (45). 

Reaction of 31 with N-Phenylmaleimide. A mixture of 
31 (116 mg, 0.24 mmol) and iV-phenylmaleimide (88 mg, 0.51 
mmol) in benzene (2 ml) was stirred at room temperature 
for 12 h. After removal of the solvent, the oily residue was 
t r i turated with ethanol to give 32 (193 mg, 9 9 % ) , m p 193 
°G (dec) (C 6 H 6 ) ; N M R (C6D6) : ô 3.58 (2H, s), 6.5—7.3 
(12H, m) , and 7.7—7.9 (1H, m ) ; I R (KBr) : 1720cm" 1 

( G = 0 ) ; M S : m/e 417 (M+, 12%) and 244 (100). Found : 
C, 66.52; H , 3.49; N , 3.54; S, 15.02%. Galcd for 
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C 2 3 H 1 5 N 0 3 S 2 : G, 66.17; H , 3.62; N , 3.55; S, 15.36%. 
Reaction of 31 with Fumaronitrile. A mixture of 31 

(248 mg, 0.51 mmol) and fumaronitrile (89 mg, 1.14 mmol) 
was refluxed in benzene (2 ml) for 40 min. After removal 
of the solvent, the N M R (in CDC13) of the residue was 
measured for the methine protons of the dihydrobenzothio-
pyran ring. T h e two methine protons appeared as two sets 
of A X type doublet of doublet whose intensity was 5 : 1 ; the 
major one : ô 4.13, 4.24, 4 .53, and 4.64 and the minor one : 
ô 3.88, 4 .01, 4.53, and 4.64. I n order to remove excess 
fumaronitrile the crude product was twice washed with 
ethanol giving 33 (280 mg, 8 5 % ) . T h e major isomer was 
obtained by repeated recrystallization from ethanol ; m p 138.5 
—140 °C (dec); N M R (GDG18) : ô 4.18 (1H, d, J=6.6 Hz ) , 
4.58 (1H, d, / = 6 . 6 Hz ) , and 6.8—8.1 (8H, m ) ; I R (KBr) : 
2250 c m - 1 (G=N); M S : m/e 322 (M+, 37%) and 244 (100). 

Reaction of 31 with Dimethyl Acetylenedicarboxylate. A 
benzene solution (2 ml) of 31 (123 mg, 0.25 mmol) and 
dimethyl acetylenedicarboxylate (87 mg, 0.62 mmol) was 
stirred at room tempera ture for 13 h and refluxed for 5 min. 
After removal of the solvent, the residue was subjected to 
P L C (silica gel, CH2C12-CC14 ( 1 : 1)) to give 34 (158 mg, 
8 1 % ) , m p 140—141 °G ( E t O H ) ; N M R (GDG18) : ô 3.76 
(3H, s), 3.88 (3H, s), and 6.9—7.9 (8H, m ) ; M S : m/e 386 
(M+, 21%) and 327 ( M + - C O a M e , 100). 

Preparation of 39 and 40. T o a cold (0 °G) and stirred 
dichloromethane solution (10 ml) of 1,2-benzenedithiol (332 
mg, 2.33 mmol) and tr iethylamine (1 .5ml) was added the 
salt 10 (463 mg, 2.07 mmol) in portions over a period of 1 h 
and stirring was continued at room temperature for 4 h. 
T h e reaction mixture was washed with water and the organic 
layer was evaporated. T h e oily residue was subjected to 
P L C (silica gel, CH2C12-CC14 ( 1 : 3)) to afford 335 mg (55%) 
of 39; m p 144.5—146 °G (AcOEt ) ; M S : mje 292 (M+, 98%) 
and 228 (100). Found : G, 53.80; H , 2.50; S, 43 .30%. Galcd 
for C 1 3 H 8 S 4 : G, 53.39; H , 2.76; S, 4 3 . 8 5 % . 

40 was prepared similarly in 6 2 % yield using 3,6-dimethyl-
1,2-benzenedithiol, which was synthesized by the same method 
as tha t of the unsubsti tuted derivative. M p 117—117.5 °G 
(AcOEt ) ; N M R (GDG13) : ô 2.24 (6H, s), 6.91 (2H, s), 7.2— 
7.5 (3H, m) , and 7.8—8.0 (1H, m ) ; M S : mje 320 (M+, 9 1 % ) , 
288 (46), and 255 (100). Found : G, 56 .33; H , 3.64; S, 39.60 
% . Galcd for C 1 5 H 1 2 S 4 : G, 56 .21 ; H , 3.78; S, 4 0 . 0 1 % . 

Preparation of 43 and 44. A benzene solution (1.5ml) 
of 39 (203 mg, 0.69 mmol) and tr imethyl phosphite (112 mg, 
0.90 mmol) was stirred at room temperature for 1 h. T h e 
color of the solution turned rapidly from yellow to blue, and 
pale blue precipitates were formed. T o this solution was 
added ethanol and the crystalline material 41 (probably 
mainly 43) was collected by filtration (165 mg, 9 2 % ) . M p 
184.5 °C (dec); M S : m/e 488 ( M + - S , 4 % ) , 456 ( M + - 2 S , 2), 
292 (M+/2 + S, 99), 260 (M+/2, 20), and 238 ( M + / 2 - S , 100). 
Because the solubility of 43 was very low in any solvent, it 
could not be recrystallized, bu t the structure of 43 was 
confirmed by its cycloaddition with iV-phenylmaleimide lead­
ing to [ 4 + 2 ] adduct , 45. 

44 was synthesized similarly in 9 6 % yield; m p 196.5— 197 
°G ( C 6 H 6 - E t O H ) ; N M R (CDC13) : ô 2.66 (6H, s) and 6.7— 
7.4 (4H, m ) ; M S : m/e 544 ( M + - S , 2 % ) , 320 (M+/2 + S, 28) , 
288 (M+/2, 100), and 273 ( M + / 2 - C H 3 , 65). Found : G, 62 .51 ; 
H , 4 .05; S, 32 .94%. Galcd for C 3 0H 2 4S 6 : G, 62.46; H , 4.19; 
S, 33 .34%. 

Reaction of 43 with N-Phenylmaleimide. A toluene solution (10 
ml) of 43 (131 mg, 0.25 mmol) and iV-phenylmaleimide (88 
mg, 0.51 mmol) was refluxed for ,1.5 h. After removal of the 
solvent, the residue was recrystallized from ethanol-benzene 
to give 45 (177 mg, 8 2 % ) , m p 178—179 °G; N M R (CDC13) : 

ô 4.37 (1H, d, / = 15 Hz) , 4.84 (1H, d, / = 15 Hz) , and 6.8— 
8.2 (13H, m ) ; I R (KBr) : 1720cm" 1 ( G = 0 ) ; M S : m/e 433 
(M+, 15%) and 260 (100). Found : G, 63.79; H , 3.19; N , 
3.25; S, 22 .20%. Galcd for C 2 3 H 1 5 N 0 2 S 3 : G, 63.72; H , 3.49; 
N , 3.23; S, 22 .18%. 

R e f e r e n c e s 

1) For reviews, see R . Gompper , Angew. Chem. Int. Ed. 
Engl., 8, 312 (1969); H . U . Wagner and R. Gompper, " T h e 
Chemistry of the Quinonoid Compounds ," ed by S. Patai , 
J o h n Wiley and Sons, (1974), Chap . 18; R. Okazaki, Yuki 
Gosei Kagaku Kyokai Shi, 34, 439 (1976). 

2) a) T . Kametan i , H . Nemoto, H . Ishikawa, K . 
Shiroyama, and K. Fukumoto, J. Am. Chem. Soc, 98, 3378 
(1976); b) T . Kametan i , C. V. Loc, T . Higa, M. Koizumi, 
M . Ihara , and K. Fukumoto, ibid., 90, 2306 (1977); c) K. P . 
G. Vol lhardt , Ace. Chem. Res., 10, 1 (1977); d) W. Oppolzer, 
Angew. Chem. Int. Ed. Engl., 16, 10 (1977); e) T . Kametani , 
H . Matsumoto , H . Nemoto, and K. Fukumoto, J. Am. Chem. 
Soc, 100, 6218 (1978); f) R. P. Steiner, R . D . Miller, H . J . 
Dewey, and J . Michl , ibid., 101, 1820 (1979); g) W. R. 
Dolbier, J r . , K . Masui , H . J . Dewey, D . V. Horâk, and J . 
Michl , ibid., 101, 2136 (1979) and references cited therein. 

3) a) G. J acqu im , J . Nasiélski, G. Billy, and M . Remy, 
Tetrahedron Lett., 1973, 3655; b) R. S. Becker and J . Kolc, 
J. Phys. Chem., 72, 997 (1968). 

4) P . de Mayo and H . Y. Ng, J. Chem. Soc, Chem. Commun., 
1974, 877; Can. J. Chem., 55, 3763 (1977). 

5) a) R . Okazaki and N . Inamoto , Chem. Lett., 1974, 
1439; b) R . Okazaki , F . Ishii, K . Sunagawa, and N . Inamoto, 
ibid., 1978, 5 1 ; c) R . Okazaki , K . -T . Kang , K . Sunagawa, 
and N . Inamoto , ibid., 1978, 55 ; d) R . Okazaki, K . 
Sunagawa, K . -T . Kang , and N . Inamoto , Bull. Chem. Soc 
jpn., 52, 496 (1979). 

6) Par t of this paper was published in a preliminary form : 
R. Okazaki , K . -T . Kang , and N . Inamoto, Heterocycles, 9, 
1741 (1978). 

7) There have been some reports on the reaction of 2 
with diamines: J . P. Brown, J. Chem. Soc, Perkin Trans. 1, 
1974, 869; R . W . Hoffmann and S. Goldmann, Chem. Ber., 
111,2716 (1978). 

8) L. Learand , Bull. Soc. Chim. Fr., 1599 (1959). 
9) J . Faust and R. Mayer , Justus Liebigs Ann. Chem., 688, 

150 (1965). 
10) O . Fischer, Ber., 34, 938 (1901). 
11) E. Klinsberg, J. Am. Chem. Soc, 83, 2934 (1961). 
12) R . Okazaki , K . Sunagawa, K . -T . Kang , and N . 

Inamoto , unpublished results. 
13) R . Okazaki , K . Sunagawa, M . Kotera , and N . 

Inamoto , Tetrahedron Lett., 1976, 3815. 
14) J . E. Shields and J . Bornstein, Chem. Ind. (London), 

1967, 1404; M . P. Cava, N . M . Pollack, O . A. Mamer , and 
M . J . Mitchell , J. Org. Chem., 36, 3932 (1971); cf., G. J . 
Gleicher, D . D . Newkirk, and J . G. Arnold, J. Am. Chem. 
Soc, 95, 2526 (1973). 

15) M . P. Cava and J . P* V a n Meter , J. Org. Chem., 34, 
538 (1969). 

16) N . Latif, A. Nada , H . El-Namaky, and B. Haggag, 
Chem. Ind. (London), 1975, 706. 

17) I . Degani and R . Fochi, Synthesis, 1976, 471. 
18) E . Klingsberg, Quart. Rev. Chem. Soc, 23 , 537 (1969); 

N . Lozac 'h, Adv. Heterocycl. Chem., 13, 161 (1971). 
19) F . S. Fowkes and E. W. McClel land, J. Chem. Soc, 

1941, 187. 
20) W. Baker, H . F. Bondy, J . G u m b , and D. Miles, J. 

Chem. Soc, 1953, 1615. 



December, 1979] BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (12), 3647—3653 (1979) 3647 

Catalytic Hydrolysis of p-Nitrophenyl Esters in the Presence of Representa­
tive Ammonium Aggregates. Specific Activation of a Cholesteryl 

Nucleophile Bound to a Dialkylammonium Bilayer Membrane1) 
Yoshio OKAHATA, Reiko ANDO, and Toyoki KUNITAKE* 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Fukuoka 812 
(Received June 16, 1979) 

Catalytic hydrolysis of />-nitrophenyl esters (acetate and nonanoate) by hydroxamate and imidazole 
nucleophiles was studied at 30 °G in the presence of aqueous aggregates of single-chain (hexadecyl), double-chain 
(didodecyl and dioctadecyl) and triple-chain (trioctyl) ammonium amphiphiles. These three types of ammonium 
salts give rise to very different aggregate morphologies. The rate constant of ester cleavage by the nucleophiles 
was enhanced several hundred folds in the presence of these hydrophobic aggregates. Simple long-chain nucleo­
philes possessed esterolytic reactivities which reflect the hydrophobic microenvironment of the respective aggregates : 
single-chain<^double-chain<^triple-chain. On the other hand, the cholesteryl ester of imidazolecarboxylic acid 
showed an especially high reactivity when bound to the didodecylammonium bilayer. Gholic acid-derived nucleo­
philes showed normal reactivity patterns. Apparently, specific binding of the cholesterol derivative to the bilayer 
is responsible for the unusual catalytic behavior. 

The reactivity of hydrophobic, anionic nucleophils 
toward />-nitrophenyl esters is greatly enhanced in the 
presence of cationic micelles of hexadecyltrimethyl-
ammonium bromide (CTAB).2) An additional rate-
enhancing effect of ca. 100 fold has been observed with 
the aqueous aggregate of trioctylmethylammonium 
chloride.3) These results can be explained by the 
formation of hydrophobic ion pairs between anionic 
nucleophiles and cationic surfactants.4»5) 

Recently we found that a series of dialkylammonium 
amphiphiles formed stable bilayer structures in dilute 
aqueous solution(10-2—10~4 M)( l M = l mol dm" 3 ) . 6~8> 
According to the electron microscopic examination, 
these structures are quite similar to that of phospholipid 
membranes and further aggregation of the bilayer 
resulted in the vesicle and lamellar structures. 

Thus, we have three distinct types of ammonium 
aggregates. An ammonium amphiphile which contains 
single, long alkyl chain (conventional surfactant) forms 
fluid, globular micelles at 10~2—10 - 3 M . Alkylammo-
nium salts with two long alkyl chains produce huge 
(106—107 daltons) aggregates with highly organized 
structure at 10 - 2—10~4 M . An ammonium salt with 
three octyl chains forms fairly tight, small aggregates 
at 10 -4—10~5 M . Therefore, it is important to compare 
the influences of these ammonium aggregates on micelle-
catalyzed reactions. In addition, the catalytic behavior 
in the ammonium bilayer would be interesting as a 
model of the action of membrane-bound enzymes. 

In the present study, the catalytic hydrolysis of 
phenyl esters were examined in the presence of repre­
sentative, aqueous aggregates. jfr-Nitrophenyl acetate 
(PNPA) and />-nitrophenyl nonanoate (PNPN) were 
used as substrate. Nucleophiles employed were N-
dodecylbenzohydroxamic acid (C12-BHA), iV-dodecyl-
4-imidazolecarboxamide (C1 2-ImAm), iV-methylcholo-
hydroxamic acid (chol-HA), JV-(4-imidazolylmethyl)-
cholohydroxamic acid (chol-ImHA), iV-[2-(4-imidazol-
yl) ethyl] cholamide(chol-His) and cholesteryl 4-
imidazolecarboxylate(cholest-Im). The first two nucleo­
philes contain a long alkyl chain and the rest contain 
the steroidal skeleton. Their structures and abbrevia­
tions are shown below, together with those of substrates 

and surfactants. 

Nucleophile 

GH3(GH2)11-N 

O 
ii 

- C -

OH 

G12-BHA 

o O 
CH 3 (CH 2 ) U -N-G-

H 

C12-ImAm 

N NH 

H C X X / 

H O ' X / X / N D H 

chol-ImHA 

HO ^ O H N NH 

chol-His 

cholest-Im 
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Substrate 

R - C - O -

Ô 
Ammonium salt 

-N0 2 

GH, 

-N-CH 3 
i 

CH3-(CH2)15-
GH3 Br~ 

GTAB 
(GX.N+3G,) 

GH3-(GH2 

/R = CH3; PNPA 
iR = GH3(GH2)7; PNPN 

Br~ 
GH3-(GH2)W_1\+/GH3 

N 
CH 3-(CH 2)„_/ \CH 3 

«=12; 2C12N+2G1 
«=18 ; 2C18N+2G1 

GH3-(GH2)7-N-GH3 ^ Q N + C ) 
GH 3 - (GH 2 ) / c i " 8 

E x p e r i m e n t a l 

N-Methylcholohydroxamic Acid (chol-HA). Gholic acid 
(4.09 g, 0.010 mol) was dissolved in a mixture of 80 ml of 
dry tetrahydrofuran (THF) and 20 ml of dry acetonitrile, 
and 1.38 g (0.012 mol) of JV-hydroxysuccimide was added. 
To the resulting homogeneous solution were added dropwise 
2.06 g (0.010 mol) of dicyclohexylcarbodiimide in 20 ml of 
dry THF at 10—15 °G. The mixture was stirred at room 
temperature for 2 h and the precipitates of iVjiV'-dicyclohex-
ylurea were removed. Chloroform (300 ml) was added to 
the filtrate and the solution was washed with aqueous sodium 
carbonate (100 mix2) and with water (100 mix2) and dried 
over sodium sulfate. Chloroform was removed in vacuo and 
the white solid was recrystallized two times from a 1: 1 mixture 
of ethyl acetate and hexane: mp 119—120 °C, yield 2.50 g 
(55%). The product was confirmed by IR and NMR 
spectroscopies. 

The succimide ester of cholic acid thus obtained (2.50 g, 
0.005 mol) was dissolved in 50 ml of dry iV,iV-dimethylform-
amide (DMF) and added dropwise at 0 °C to 100 ml of dry 
DMF which contained 1.70 g (0.020 mol) of JV-methylhy-
droxylamine hydrochloride and 2.0 g (0.020 mol) of triethyl-
amine. Stirring was continued for 13 h at room temperature. 
The precipitates of triethylamine hydrochloride was separated 
and the solvent was removed in vacuo. The yellowish solid 
residue was recrystallized two times from a 1: 1 mixture of 
ethanol and water to give colorless needles: mp 215—216 
°C, yield 1.8 g (41%). Found: C, 68.32; H, 10.04; N, 3.41%. 
Calcd for C25H4305N: C, 68.65; H, 9.84; N, 3.20%. 

N-[2-( 4-Imidazolyl) ethyl]cholamide (chol-His). This com­
pound was prepared from the succimide ester of cholic acid 
and histamine dihydrochloride in the presence of triethylamine 
by a procedure similar to that mentioned above: colorless 
granules, yield 78%, mp 125—126 °C. Found: C, 69.49; H, 
9.08; N, 8.48%. Calcd for C29H4704N3: C, 69.46; H, 9.38; 
N, 8.38%. This procedure gave a better yield with higher 
purity than the previous method9* in which methyl chloro-
formate was used as the condensation agent. 

N-(4-Imidazolylmethyl) cholohydroxamic Acid (chol-ImHA). 
The succimide ester of cholic acid and iVr-(4-imidazolylmeth-
yl)-0-benzylhydroxylamine dihydrochloride10) was allowed to 
react similarly to give benzyl iV-(4-imidazolylmethyl)cholo-
hydroxamate, which was then hydrogenated over 5% Pd/ 
SrC0 3 in ethanol. Colorless granules were obtained by 
recrystallizations (twice) from acetonitrile: mp 166—168 °C, 
yield 49%. Found: C, 66.52; H, 8.78; N, 8.14%. Calcd 
for C28H4505N3: C, 66.80; H, 8.95; N, 8.35%. 

Cholesteryl 4-Imidazolecarboxylate (cholest-Im). 4-Imidazole-
carbonyl chloride11) (2.8 g5 0.016 mol), 5.3 g (0.01 mol) of 

cholesterol and 6 g (0.06 mol) of triethylamine were added 
to 50 ml of chloroform and the mixture was refluxed for 4 h. 
Solvent was removed in vacuo, and the residual yellow solid 
was washed with a small amount of water and recrystallized 
three times from ethanol: pale yellow granules, mp 225— 
230 °C. Found: C, 76.68; H, 9.90; N, 6.00%. Calcd for 
C31H4802N2: C, 76.86; H, 9.92; N, 6.08%. 

Other Materials. />-Nitrophenyl acetate (PNPA) (mp 
78 °C),12> />-nitrophenyl nonanoate (PNPN) (bp 165 °C/0.3 
mmHg (1 mmHg= 133.322 Pa))13> were prepared by the 
procedure reported before. 

Commercial hexadecyltrimethylammonium bromide(CTAB) 
was recrystallized twice from water, and commercial trioctyl-
methylammonium chloride (TMAC) (Dojin Chemicals, Co.) 
was used without further purification. Didodecyldimethyl-
ammonium bromide ^ C ^ N ^ C ^ (Eastman Kodak) was 
recrystallized two times from ethyl acetate; mp 55—56 °C. 
Dioctadecyldimethylammonium bromide ^ C ^ N ^ C ^ was 
prepared by reaction of iV^iV-dimethyloctadecylamine and 
octadecyl bromide in refluxing ethanol in the presence of 
sodium carbonate and purified by repeated recrystallizations 
from ethyl acetate: colorless granules, mp 90—93 °C. Found: 
C, 70.04; H, 12.78; N, 2.18%. Calcd for C38H80NBr.H2O: 
C, 70.32; H, 12.73; N, 2.15%. 

Kinetics. The hydrolysis was carried out mostly in 3 
v/v % E tOH-H 2 0 at 30 °C, /z=0.01 (KCl), 0.01 M borate 
buffer (pH 7—10). The reaction rate was determined by 
using the absorbance of />-nitrophenolate at 401 nm (Amax) 
with a Hitachi 200 UV-visible spectrophotometer. The pH 
value of the reaction medium varied less than 0.05 pH during 
the reaction (HM-10B digital pH meter, Toa Electronics). 

R e s u l t s 

Dye Binding to Ammonium Aggregates. The absorp­
tion maximum of Methyl Orange shows hypsochromic 
shifts in less polar media : 465 n m in water and 420—430 

80 100 120 
Time/h 

Fig. 1. Dialysis of Methyl Orange which are bound to 
ammonium aggregates. 
pH 8.5, 0.01 M borate buffer, [Methyl Orange] =2 X 
10-5 M. 
A : No ammonium salt, Amax = 465 nm. 0 : 2C18N+2C1 

(1 x 10-3 M), Amax = 410 nm. © : 2C18N+2C1(1 X 10"5 

M), Amax = 450 nm. # : 2C12N+2C1(1 X 10"3 M), Amax 

= 420 nm. /\: CTAB(1 x 10"2 M), Amax = 430 nm. Q : 
TMAC(2x l0" 4 M), , 
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nm in organic media. Therefore, this compound has 
been used frequently for estimating the microscopic 
polarity of micelles3) and polymers.14»15) Methyl 
Orange (2 X 10 - 5 M) was dissolved in 10 ml of aqueous 
ammonium salts (10 - 3 —10 - 5 M) and these solutions in 
cellulose tubing (Visking Co.) were dialyzed against 
water. The residual Methyl Orange was determined 
at its absorption maximum. 

As shown in Fig. 1, Methyl Orange is retained even 
after 120 h in the presence of 10~3 M of 2 ^ , ^ + 2 ^ or 
2C18N+2C1. Interestingly, however, Methyl Orange is 
rapidly lost in the presence of 1 X 10~5 M of 2C18N+2C1. 
Methyl Orange passes through the cellophane tube 
easily in the case of 2 x l O ~ 4 M of T M A C , but the 
dialysis rate was slower in the presence of 10 - 2 M of 
C T AB. 

-1 h 

-5 -4 -3 
log ([Ammonium salt]/M) 

Fig. 2. Influence of hydrophobic ammonium salts on 
the dissociation of 2,6-dichlorophenolindophenol. 
30 °G, 3 v/v % EtOH-H 2 0 , /z=0.01 (KCl), 1 x 10"4 

M 2,6-dichlorophenolindophenol sodium salt, 3 x 10~4 

M hydrochloric acid. 
O : 2GX8N+2G!. # : 2 0 ^ + 2 0 ^ • : TMAC. A : 
CTAB. 

Dissociation of 2,6-dichlorophenolindophenol (N-(p-
hydroxyphenyl)-2,6-dichloro-/>-benzoquinone 4-imine) is 
often used for the measurement of the critical micelle 
concenctration (CMC) of cationic micelles:3»16) A m a x = 
500—520 n m for the undissociated species and Amax — 
600—650 n m for the dissociated species. Figure 2 
shows the dependence of the absorbance at 620 nm, 
Abs620, on the concentration of ammonium salts. In the 
case of CTAB, Abs620 starts to increase at ca. 5 X 10~4 M . 
The dissoication is facilitated at a lower concentration 
(5 X 10-5 M) of 2C12N+2C!. The effects of 2C18N+2C1 

and T M A C are similar to each other, and Abs620 starts 
to increase at 1 X 10 - 5 M in both cases. 

Alkaline (Spontaneous) Hydrolysis of p-Nitrophenyl Esters. 
The alkaline hydrolysis of jfr-nitrophenyl esters was 
studied at p H 10.0±0.1 in the presence of ammonium 
aggregates. The jfr-nitrophenol release obeyed the 
pseudo first order rate law for more than 9 0 % comple­
tion. The logarithm of the pseudo first order rate 
constant, &spont, was plotted against the logarithm of 

7 "2 

bo 

o 

-3 

r *^*~ 
^~-—/ * 

Jv J'"°' 

A 

* ' 

' ^ y PNPA.no ammonium salt / 

PNPN.no ammonium salt 

! I . 

-5 -A -3 
log ([Ammonium salt]/M) 

Fig. 3. Spontaneous (alkali) hydrolysis of />-nitrophenyl 
esters. 30 °C, pH 10.1±0.1, /z=0.01 (KCl), 3 v/v % 
E tOH-H 2 0 . : PNPN (2.00 X 10"5 M). :PNPA 
(2.00xlO"5M). O : 2C18N+2C1. # : 2C12N+2C1. 
Z\ : CTAB. • : TMAC. 

the ammonium concentration in Fig. 3 . In the absence 
of ammonium salts, Ajspont was 0.003 s 1 for PNPA and 
0.00026 s-1 for PNPN. The T M A C aggregate did not 
affect the hydrolysis of PNPA, but micellar CTAB 
(1 X 10 - 3 M) increased the rate about two-fold. The 
bilayer aggregates of 2C1 2N+2C! and 2C1 8N+2C t 

accelerated the reaction by factors of 2.7 and 10 at the 
same concentration. 

The rate enhancement was much greater with more 
hydrophobic P N P N substrate. £ s p o n t increased by a 
factor of more than 100 fold upon micellization of 
CTAB. This must be due to efficient binding of P N P N 
to micellar CTAB and due to concentration of O H ~ 
at the cationic micellar surface. The rate enhancement 
was observed at much lower concentrations « 1 0 ~ 5 M) 
in the presence of other ammonium aggregates, but was 
saturated at 10~4 M . The rate saturation could not be 
confirmed with the T M A C aggregate because of its 
limited solubility. 

The alkaline hydrolysis of PNPN was efficiently 
retarded by the increase in ionic strength: the rate 
decreased to 1/70 to 1/150 of the original value upon 
increase in ionic strength from 0.01 to 0.5 (KCl) . The 
influence of ionic strength was larger in the bilayer 
systems than in the CTAB micelle. 

Catalytic Hydrolysis of p-Nitrophenyl Esters. The 
catalytic hydrolysis by hydroxamate and imidazole 
nucleophiles proceeds via the acyl intermediate as in 
Eq. 1. 

Nu: + R-CO-
ii 

O 

Nu+-CR + " 0 -
ii 

O 

-N0 2 

-N0 2 

(1) 

Nu: + CH3C02H 

PNPA.no
PNPN.no
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The apparent second-order rate constant of acylation is 
obtained by 

h —h i " ' total "'spont 
"a .obsd r-jvr T 

[Nu]T 

(2) 

where £ t o t a l and £ s p o n t are overall first order rate 
constants with and without catalyst, respectively. 
[Nu]T is the total concentration of nucleophile. The 
reaction obeyed the pseudo first order rate law for up 
to 9 0 % completion. The rate constant of acyl transfer 
was obtained from these experiments, since excess 
catalyst was present in all cases relative to substrate 
molecules. 

3000 

i- i 

C/3 

1-1 

L 2000 

•o 
,n 
o 

-s*- 1000 

/ So / 

jL^"""""*^? 

Q^ I I ! I 

A ' 

1 

8 10 12 

[Ammonium salt]/10~4 M 

Fig. 4. Catalytic hydrolysis of PNPA by chol-HA in 
the presence of ammonium aggregates. 
30 °G, 3 v/v % EtOH-H 2 0 , /z=0.01 (KCl), pH 8.9± 
0.1, [PNPA] = 3.79 x lO"6 M, [chol-HA] = 3.02 x 10"5 

M. O : 2C18N+2C1. # : 2 ^ , ^ + 2 ^ . Zi : GTAB. • : 
TMAC. 

When chol-HA was used as nucleophilic catalyst 
^a.obsd increased in similar ways (100—300 fold) in 
the presence of all four ammonium aggregates as shown 
in Fig. 4. The rate enhanching effect is apparently 
related to the C M C , since efficient acceleration is noted 
at (2—6) X 10~4 M for C T AB and at lower concentra­
tions for the other ammonium salts. Similar trends 
were observed for other steroidal (chol-ImHA) and 
long-chain (C12-BHA and C1 2-ImAm) nucleophiles 
with rate enhancements of 100—300 fold. 

3000 

l 

2 
2000 

SP 1000 4 

0 1 2 3 

[Ammonium salt]/10~3 M 

Fig. 5. Catalytic hydrolysis of PNPA by cholest-Im in 
the presence of ammonium aggregates. 
30 °C, 3 v/v % EtOH-H 2 0 , /z=0.01 (KCl), pH 8.9± 
0.1, [PNPA] = 3.79X lO"6 M, [cholest-Im] =3.10X 10"5 

M. 
#:2C1 2N+2C1 . A : CTAB. Q : T M A C 

In contrast, the rate-enhancing effect for cholest-Im 
catalyst was more specific than those for the above-
mentioned nucleophiles. As shown in Fig. 5, the 
nucleophilic reactivity of cholest-Im is much increased 
by the aggregate of T M A C and 2C12N+2C l5 but the 
CTAB micelle produced a very small effect. I t is 
interesting that cholest-Im could not be solubilized by 
the 2C18N+2C1 bilayer. 

Chol-His catalyst could not be activated by any of the 
ammonium aggregates and ka o b s d was 6.5—9.2 M _ 1 s_ 1 

at p H 8.9 and 30 °C. 
The L 

»obsd values obtained for various nucleophiles 
in the presence of representative ammonium aggregates 
are collected in Table 1. The concentration of ammo­
nium salt is 1 X 10~3 M except for T M A C in which case 
the concentration is 1 X 10~4 M because of its low 
solubility. The corresponding, less hydrophobic com­
pounds were used to estimate £a>obsd in the absence 

TABLE 1. REACTION OF HYDROXAMATE AND IMIDAZOLE NUCLEOPHILES WITH PNPA 

IN T H E PRESENCE OF R E P R E S E N T A T I V E AMMONIUM AGGREGATES* 0 

Nucleophile 

C12-BHA 
C12-ImAm 
chol-HA 
chol-ImHA 
chol-His 
cholest-Im 

None 

15b) 

0.09c) 

10 
2.8 e ) 

3.5 
0.09c) 

CTAB 
( I x l 0 - 3 M ) 

1900 
105 

2770 
113 

6.5 
61 

^a.obsd/M^S"1 

TMAC 
( l x l O ^ M ) 

6700d) 

1200d) 

2500 
— 

6.8 
650 

2C12N+2C1 

( I x l 0 - 3 M ) 

4500 
155 

1600 
320 

9.2 
2570 

2C18N+2C1 

(1 X10-3M) 
— 

810 
2800 

— 
8.7 

— 

a )30°C , pH 8.90±0.05, //=0.01(KC1), 0.01 M borate, [PNPA] = 3.79 X 10~6 M, [nucleophile] = (4.18—6.72) X 10~6 

M. b) iV-Benzylbenzohydroxamic acid was used as nucleophile. Cited from Ref. 10. c) N9N-Dimethyl(4-imidazole-
carboxamide) was used as uncleophile. Cited from Ref. 11. d) From Ref. 3. e) iV-(4-imidazolylmethyl)benzohydro-
xamic acid was used as nucleophile. Cited from Ref. 10. 
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PH 

Fig. 6. pH-rate profile of the catalytic hydrolysis by 
chol-HA. 
30 °C, 3 v/v % EtOH-H 2 0 , /z=0.01 (KCl), [PNPA] = 
3.79 X lO"6 M, [chol-HA] = 3.02 x 10"5 M. 
A : No ammonium salt. A : CTAB (1.00X 10"3 M). 
O : 2C18N+2C1(1.00x 10"3 M). # : 2C12N+2C1( 1.14x 
10"3M). 

Fig. 7. pH-rate profile of the catalytic hydrolysis by 
cholest-Im. 
30 °C, 3 v/v % EtOH-H 2 0 , //=0.01 (KCl), [PNPA] 
= 3.79x lO"6 M, [cholest-Im] = 3.10 X 10"5 M. 
# : 2C12N+2C1 (1.14xlO"3M). /\: CTAB (l.OOx 
10~3M). 

of the ammonium aggregate when hydrophobic nucleo­
philes were not soluble in water. 

Figures 6 and 7 are pH-ra te profiles for chol-HA and 
cholest-Im nucleophiles, respectively, in the presence 
and absence of some ammonium aggregates. In all 
cases, log £a > o b s d increases linearly with slope of + 1 in 
the low p H region and plateaus are observed at the 
high p H . Acid dissociation constants of nucleophile, 
Ka, and the true second-order rate constant of the 
anionic species, ka, can be estimated by curve fitting of 
^a.obsd values to the following theoretical equation. 

K* 
^a.obsd ' 

%+*« 
•K 

^a.obsd — a'k&, 

(3) 

(4) 

where aK is the activity of hydrogen ion and a is the 
fraction of the dissociated nucleophile species. Solid 
curves in Figs. 6 and 7 are obtained by using Ka and ka 

values. The agreements between the calculated curves 
and the corresponding experimental plots are excellent. 

Table 2 summarizes pKa and ka values thus obtained. 
In the presence of the ammonium aggregate, pKa 

values are lowered and ka values are enhanced by 
factors of 100 to 400. The ka value for C1 2-ImAm is 
similar in the CTAB micelle and in the 2C 1 2N+2C 1 

bilayer; however, ka for chol-HA is larger in CTAB 
than in 2C 1 2N+2C 1 and ka for cholest-Im is some 20 
times larger in 2C12N+2C1 than in CTAB. These 
results are suggestive of the specific interaction of 
nucleophiles and ammonium aggregates. 

D i s c u s s i o n 

Microenvironments of Ammonium Aggregates. As 
briefly mentioned in the Introduction, the three types 
of ammonium salts form quite different aggregates. 
Some of their physicochemical properties are sum­
marized in Table 3. The critical micelle (aggregate) 
concentrations as determined by the surface tension 
measurement are in the range of 5 X 10 - 6 to 1 X 10~3 M , 
and decrease approximately with increasing carbon 
numbers . Therefore, the critical micelle concentration 
is predominantly determined by the hydrophobic-
hydrophilic balance of a given ammonium salt without 
regard to the structural specificity. O n the other hand, 
the mass of the ammonium aggregates is varied con­
siderably, depending on their structural characteristics. 

T A B L E 2. ACIDITY AND RATE CONSTANTS FOR HYDROXAMATE AND IMIDAZOLE NUCLEOPHILES 

Ammonium salts 
(1X10-3M) 

None 
CTAB (GxeN+SGx) 
2C12N+2C1 

2C18N+2C! 
TMAC (SCgN+Ci)^ 

Cl2" 

P * a 

9.5b> 
8.4 
— 
— 
— 

•BHA 

K 
M- 1 s-1 

20b) 

2560 
— 
— 
— 

G12-

P * a 

13c) 

10.3 
9.7 

— 
9.3 

ImAm 

K 
M _ i s - i 

1 2 c ) 

1620 
1430 

— 
5200 

chol-HA 

P * a 

9.2 
8.5 
8.0 
8.6 

— 

K 
M-^s- 1 

25 
4600 
1250 
7000 

— 

cholest-Im 

P * a 

13c) 

8.9 
8.7 

— 
— 

K 
M ^ s - 1 

1 2 c ) 

194 
3980 

— 
— 

a) 30 °C, 3 v/v%EtOH-H 20, /z=0.01 (KCl), b) iV-benzylbenzohydroxamic acid was used as nucleophile. Cited from 
Ref. 10. c) iV,iV-dimethyl(4-imidazolecarboxamide) was used as nucleophile. Cited from Ref. 11. d) From Ref. 3. 
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Ammonium salts 

Single-chain 
GTAB (G^N+SGxBr-) 

Double-chain 
2GiaN+2G1Br-
2G18N+2G1Br-

Triple-chain 
TMAG(3G8N+G1G1-) 

Yoshio OKAHATA, Reiko ANDO, and Toyoki KUNITAKE 

T A B L E 3. PHYSICOCHEMICAL PROPERTIES OF AMMONIUM AGGREGATES 

Total 
carbon number 

19 

26 
38 

25 

Aggregate 
morphology 

globular micelle 

bilayer 
bilayer 

small, tight aggregate 

104GMG 
M 

8 

0.5b> 
0.05c> 

: ca. 0.3 

10 -^ Aggregate weight 
dalton 

4 

100d) 

1000d) 

< 1 

[Vol. 52, No. 12 

Methyl Orange 
Amax/nm 

430(1 x lO- 2 M) a ) 

420(1 Xl0- 3 M) 
410(1 Xl0-»M) 
450(1 Xl0- 5 M) 

430(2 x lO- 4 M) 

a) Am&x is estimated at the ammonium concentration given in the parentheses, b) A. W. Ralston, D. N. Eggenberger, 
and P. L. DuBrow, J. Am. Chem. Soc., 70, 977 (1948). c) H. Kunieda and K. Shinoda, J. Phys. Chem., 82, 1710 (1978). 
The value for the chloride salt, d) Determined by the light scattering method: Union Giken Go., Ltd., Model LS-600. 

The aggregate weight of T M A C is estimated to be less 
than 104 dal tons and that of CTAB is 4 x 104 dal tons. 
In contrast, the double-chain ammonium salts form 
huge aggregates of 1—10 million dal tons. The hydro­
phobic nature of these aggregates can be estimated from 
Âmax of Methyl Orange . The Amax values given in Table 
1 correlate roughly with the total carbon numbers . 
However, Amax was closer to that in water when 1 X 10~5 

M of 2C18N+2C1 was present, probably due to incom­
plete formation of the stable aggregate. 

The facilitated dissociation of 2,6-dichlorophenolindo-
phenol appears to reflect the critical micelle concentra­
tion. Thus , Abs620 abruptly increased at ca. (4—8) X 
10~4 M of CTAB, but it increased at ammonium 
concentrations as low as 10~5 M in the case of other 
ammonium salts. 

The dialysis experiments indicate that Methyl Orange 
is retained in the dialkylammonium bilayers most 
effectively as shown in Fig. 1. The CTAB micelle is 
much less effective and the T M A C micelle lacks in the 
retention capability almost completely. These trends 
can be correlated with the aggregate weight. 
Undoubtedly, the dialkylammonium aggregates can 
retain Methyl Orange very well because of their highly-
organized, stable structures. This capacity is lost at 
concentrations close to the C M C , as shown by the data 
obtained in the presence of 1 X 10~5 M of 2 0 ^ + 2 0 ! -

Specific Activation by Ammonium Bilayers. The 
spontaneous (alkali) hydrolysis of phenyl esters is 
accelerated in the presence of cationic micelles. This is 
usually explained by assuming that hydroxide ions 
concentrated in the Stern layer act on the phenyl ester 
bound to the micellar phase.17) The results of Fig. 3 
endorse this explanation. I t is clear that PNPA is 
weakly bound to the ammonium aggregate in contrast 
to the tight binding for more hydrophobic PNPN, 
since acceleration of the spontaneous hydrolysis is 
200—300 times for P N P N but is at most 10 times for 
PNPA. 

As shown in Table 1, the catalytic hydrolysis of PNPA 
is remarkably accelerated in the presence of all the 
ammonium aggregates: 100—1000 times rate enhance­
ments. The pKa values of the hydroxamate and 
imidazole nucleophiles are lowered by 0.3—3 pK units 
when they are bound to any of the aggregates of the 

single-chain, double-chain and triple-chain ammonium 
salts. At the same time, their ka values are enhanced 
by factors of several hundred (Table 2). These results 
violate the Brönsted relationship and is explained by 
the concept of "hydrophobic ion pair."*'5'18) 

According to this concept, prominent activation of 
some anionic nucleophiles is at tr ibuted to the formation 
of ion pairs between anionic nucleophiles and ammo­
nium surfactants in the hydrophobic microenvironment, 
which usually results in pKa lowering of the conjugate 
acid of the nucleophile (increase in the amount of the 
effective nucleophile) and the increased reactivity of 
the anionic nucleophile (ka increase). The data of 
Table 2 clearly show that large enhancements of katQhsd 

(Table 1) are derived from pKa lowering and the 
increase in ka. Chol-His nucleophile is not activated 
because it is not an anionic nucleophile under the 
reaction conditions used. 

The extent of rate acceleration for long-chain 
hydroxamate and imidazole nucleophiles (C12-BHA 
and C1 2-ImAm) of Table 1 appears to be in general 
agreement with the trend of facilitated dissociation of 
2,6-dichlorophenolindophenol : T M A C > 2 C 1 8 N + 2 C 1 > 
2C 1 2 N+2C 1 >CTAB. The rate-enhancing effect of the 
ammonium aggregate is somewhat different in the case 
of chol-HA, and the CTAB micelle is more effective 
than the 2 0 ^ + 2 ^ bilayer. O n the other hand, 
cholest-Im is ca. 40 time more activated in the 2 0 ^ ^ + 2 ^ 
bilayer than in the CTAB micelle. Furthermore, the 
bilayer-bound cholest-Im is more reactive than that 
bound to the T M A C aggregate. The reverse is true 
for other nucleophiles. These results cannot be explained 
by the hydrophobicity of the aggregate alone. 

Aqueous solutions of the dialkylammonium aggregate 
can solubilize cholesterol, and the bilayer structure is 
retained in electron micrographs upon addition of one 
third molar cholesterol.7) I t is well known that chole­
sterol is an important ingredient of plasma membranes 
and affect the membrane fluidity.19) Therefore, cholest-
Im is conceivably bound to the ammonium bilayer in a 
specific manner . The specific nature of cholesterol 
binding may be related to the inability of the 2C1 8N+2C1 

bilayer to solubilize cholesterol. O n the other hand, 
cholic acid acts as a surfactant that disintegrates the 
phospholipid bilayer.20) Similarly, the lamella structure 
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of the 2G1 8N+2C1 aggregate is destroyed when one third 
molar cholic acid is added.21) Then, nucleophiles 
derived from cholic acid must be bound to the ammo­
nium bilayer non-specifically. 

The rate-enhancing effect of CTAB and T M A C 
aggregates appears to be determined predominantly 
by the hydrophobicity of nucleophiles and ammonium 
aggregates. Specific binding cannot be expected 
because of the fluid nature of these aggregates. In 
contrast, dialkylammonium salts form the stable bilayer 
structure similar to the phospholipid bilayer, and 
specific binding is quite conceivable. Why the con­
ceivably specific binding of a cholesteric nucleophile 
produces better rate enhancement is not yet clear. 
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The Reactions of l,2-Diphenyl-l-azaspiro[2.2]pentane and 2-Phenyl-l-
azaspiro[2.2]pent-l-ene with CiV-Diarylnitrilimines1) 

Otohiko TSUGE,* Hiroyuki WATANABE, and Yoko KIRYU 

Research Institute of Industrial Science, Kyushu University 86, Hakozaki, Higashi-ku, Fukuoka 812 
(Received June 20, 1979) 

The reactions of highly strained l,2-diphenyl-l-azaspiro[2.2]pentane (1) and 2-phenyl-l-azaspiro[2.2]pent-
1-ene (2) with C,iV-diarylnitrilimines (3) were described. The reaction of 1 with 3 gave the corresponding 4,5,7,8-
tetraphenyl-4,6,7-triazaspiro[2.5]oct-5-ene, l,5,7,8-tetraphenyl-5,6,8-triazaspiro[3.4]oct-6-ene, l,3,5-triphenyl-2-
pyrazoline, 1,3,4-triphenyl-1,2,4-triazolin-5-one, and/or 1,3,4,6,8-pentaphenyl-1,2,4,6,7-pentaazaspiro[4.4]nona-
2,7-diene, whose yields depended on the reaction conditions. The pathways for the formation of products are 
also postulated. The azaspiropentene 2 readily reacted with 3 to give the corresponding l,2,4-triphenyl-2,3,5-
triazabicyclo[4.2.0]octa-3,5-diene arising from the rearrangement of initial 1,3-cycloadduct. 

I t has been reported that highly strained 1,2-diphenyl-
l-azaspiro[2.2]pentane (1) is susceptible to rupture of 
the peripheral C - N bond. Upon photolysis or pyrolysis 
the azaspiropentane 1 isomerizes to the (phenylimino) -
cyclobutane,2) whereas the [3 + 3] cycloadduct is form­

ai/ or J _^ f~T P h 

t>4 
Ph 

ed from the reaction in the presence of <x,iV-diphenyl-
nitrone.3) O n the other hand, 2-phenyl-l-azaspiro-
[2.2]pent-l-ene (2) exhibited high reactivity toward 
1,3-dipoles such as nitrile ylide and nitrone.4) 

In the present paper we wish to report on the reactions 
of these highly strained heterocycles, 1 and 2, with 
C,iV-diarylnitrilimines, generated in situ from the 
corresponding N- (a-chlorobenzylidene) - iV'-phenyl-
hydrazines and triethylamine. 

Reaction of l,2-Diphenyl-l-azaspiro[2.2]pentane (1). 
When the azaspiropentane 1 was allowed to react with 
1 equivalent of C,iV-diphenylnitrilimine (3a) in chloro­
form at room temperature for 60 h, a 1:1 adduct 4 a 
was obtained in 19 .5% yield, together with small 
amounts of 1,3,5-triphenyl-2-pyrazoline (6a)5) and 1,3,4-
triphenyl-l,2,4-triazolin-5-one (7a).6) However, the 
reaction employed 2 equivalents of 3a in boiling chloro­
form for 1 h afforded a new 1: 1 adduct 5a and 
pyrazoline 6a in 54 and 2 3 % yields respectively. 

Although purification of the 1: 1 adduct 4 a was 
difficult, 4 a was deduced to be the expected [3 + 3] 
cycloadduct, 4,5,7,8-tetraphenyl-4,6,7-triazaspiro[2.5]-
oct-5-ene, on the basis of its 1 H - N M R spectrum display­
ing signals at ô 0.50—1.85 (m, 4H) and 4.69 p p m (s, 
1H) besides aromatic protons. O n the other hand, the 
X H-NMR spectrum of the 1: 1 adduct 5a showed 
signals at Ô 1.81—2.40 (m, 3H) , 2.72—3.20 (m, 1H), 
and 4.54 p p m (t, 1H, y = 1 2 H z ) besides aromatic 
protons. T h e adduct 5a was thus assigned to be the 
1,3-cycloadduct of 3a to 1-phenyl-2-(phenylimino) -
cyclobutane, l,5,7,8-tetraphenyl-5,6,8-triazaspiro[3.4]-
oct-6-ene7) (Scheme 1). 

Next, the reaction of 1 with C-(jfr-chlorophenyl)-iV-

phenylnitrilimine (3b) was investigated in chloroform 
under various conditions. The results are summarized 
in Table 1. As shown in Table 1, the kinds and yields 

rPh [ x f * Arc*.*.* — ph^r 7 x 
1 R 

A 5 

Ph_ Ar ph *? Hh 

PK%^Ar
 N.N>O A rO<NJLAl 

6 Ph Ph 

7 8 

a: Ar=Ph ; b : Ar=p-C1C6H4 

Scheme 1. 

of products greatly depended on the reaction conditions. 
The reaction at room temperature gave the expected 
[3 + 3] cycloadduct 4 b as the major product, whereas the 
isomeric 1: 1 adduct 5 b was formed as the sole product 
in the reaction under reflux. When excess of 3b was 
employed, 3- (/>-chlorophenyl) -1,5-diphenyl-2-pyrazoline 
(6b), 3-(/>-chlorophenyl)-1,4-diphenyl-1,2,4-triazolin-5-
one (7b), and/or a new product 8 b were formed together 
with 1: 1 cycloadducts 4 b and/or 5 b . The structures 
of 6 b and 7 b were confirmed by the identification with 
authentic samples prepared from the 1,3-dipolar 
cycloadditions of 3b to styrene and phenyl isocyanate 
respectively. 

The molecular formula of 8 b agreed with that of the 
compound derived from a 1: 2 adduct of 1 to 3b with 
the elimination of styrene. The 1 H - N M R spectrum 

TABLE 1. REACTION OF AZASPIROPENTANE 1 WITH 

NITRILIMINE 3 B IN CHLOROFORM 

l/3b Reaction Reaction 
(mol/mol) temp time/h 

Product yield/% 

4b 5b 6b 7b 8b 

1 
1 
1 

1/2 
1/3 

r.t. 
reflux 
reflux 
reflux 
reflux 

60 
1 
4 
2 
6 

43 
— 
— 
29 
10 

trace 
21 
38 
17 
— 

— 
— 
— 

3 
60 
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of 8 b displayed two doublets (each I H , J=20 Hz) at 
ô 3.20 and 3.78 ppm besides aromatic protons. O n the 
basis of the above facts and of a consideration of the 
mode of formation, 8 b was deduced to be 3,8-bis(/>-
chlorophenyl) -1,4,6- triphenyl -1 ,2,4,6,7- pentaazaspiro-
[4.4]nona-2,7-diene. 

Ph 

r - rPh 
L-/-N-Ph 

5b 

PhC=N-NPh 

3a 

^ N ^ . ^ P h 
Ph W 

6a 

6a 

A£-N-Ph 
Nx N >0 

7b 
PhPh 

Ph 

IN \ / " IN 
kAr 

Ph 

Ar=/>-ClC6H4 

Scheme 2. 

The above results suggest that the products, 6, 7, and 
8 might be arisen from the 1: 1 adduct 5. In fact, when 
a chloroform solution of the 1: 1 adduct 5b was heated 
with 1 equivalent of the nitrilimine 3a for 4 h, the 
pyrazoline 6a was formed in 2 3 % yield along with a 
trace amount of the triazolinone 7 b . In the same 
reaction in degassed chloroform under nitrogen, how­
ever, 6a and the pentaazaspiro[4.4]nonadiene 9 were 
obtained in 23 and 3 0 % yields respectively (Scheme 2). 

O n the basis of the above facts, the pathways for the 
formation of products are outlined as depicted in 
Scheme 3. A species generated by the rupture of the 
peripheral C - N bond of the azaspiropentane 1 reacts 
with the nitrilimine 3 to give the [3 + 3] cycloadduct 4, 
and/or isomerizes to the (phenylimino)cyclobutane. 
The nitrilimine 3 undergoes 1,3-dipolar cycloaddition to 

I—LN-
• 3 

•Ph 
• ^ 5 

-+ PhCH=CH2 

H2WP h 

Scheme 3. 

- > 6 

02 - * 7 

-> 8 

the (phenylimino) cyclobutane to yield the isomeric 
1: 1 adduct 5, which partially decomposes to styrene 
and methylenetriazoline. The 1,3-cycloaddition of 3 to 
styrene or methylenetriazoline gives the pyrazoline 6 or 
pentaazaspirononadiene 8 respectively. O n the other 
hand, oxidation of the methylenetriazoline intermediate 
with oxygen leads to the formation of the triazolinone 7. 
A similar oxidation of methylene group with oxygène 
has been reported by Woerner et al.8) 

Reaction qf2-Phenyl-l-azaspiro[2.2]pent-l-ene (2). 
Several 1,3-dipolar cycloadditions to 1-azirines have 
been investigated.9) However, no studies on the cyclo­
additions of nitrilimine to 1 -azirines seem to have been 
reported, although it is known that nitrilimines undergo 
cycloadditions to C=N bonds.6) 

The azaspiropentene 2 readily reacted with C,N-
diarylnitrilimines, 3a and 3b , in benzene at room 
temperature, giving the corresponding 1: 1 adducts, 10a 
and 10b, in excellent yields respectively. O n the basis 
of spectral data as well as of the chemical conversions, 
the 1: 1 adducts 10 were assigned to be the correspond­
ing l,2,4-triphenyl-2,3,5-triazabicyclo[4.2.0]octa-3,5-
dienes which corresponded to the rearranged compounds 
of initial 1,3-cycloadducts (Scheme 4). 

fPh 
[ X j [ • ArCsN-NPh fPh 

Ar-4N„N-Ph 

P.h 

10 

a : A r = P h ; b : Ar=/>-ClC6H4 

Scheme 4 

The ^ - N M R spectra of 10a and 10b displayed four 
double double doublets (each IH) indicating the 
presence of a cyclobutane r ing. An inspection of the 
Dreiding models of 10 indicated that the fused cyclo-
butane ring in 10 is substantially fixed. O n the basis 
of values of chemical shifts and coupling constants,10) 
the protons of cyclobutane ring in 10 are assigned as 
shown in Table 2. 

Reduction of 10a with sodium borohydride in tetra-
hydrofuran gave the dihydro compound 11 in good 
yield. Structural elucidation of 11 was accomplished 
on the basis of spectral data . In addition, it was found 
that 10a was converted to 2,4,5-triphenyl-1,3,4-triaza-
bicyclo[3.3.0]oct-2-en-8-one (12) and 5-(2-benzoylethyl)-
l,3-diphenyl-l,2,4-triazole (13) on treatment with silica 
gel or 1 % aqueous acetic acid in benzene (Scheme 5).11) 

Ph 

Ha Ph ^ 

TABLE 2. XH-NMR SPECTRAL DATA OF 10a) H b M M 
He H — V . > A r 

H d , 0
N 

10a 
10b 

Ha 

2.85 
2.88 

Chemical shift, d/ppm 

Hb Hc 

3.16 3.80 
3.22 3.84 

Hd 

3.36 
3.36 

i /ab 

11.0 
10.5 

Ja.c 

9.8 
10.0 

Coupling const/Hz 

Jad Jbc 

8.5 10.0 
8.5 10.4 

i /bd 

3.2 
3.3 

J e d 

16.2 
16.3 

a) Measured in CDC13. 
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10a 

10 a 

S i0 2 (r.t. ,4h) 
1% AcOH(r.t , 72 h) 

PhCOCH2CH2CN — 

•eft* 
H H 

11 

PhP.h 

Œ> 
0 Ph 

12 

79% 
24% 

NvN^-CH2CH2COPh 

Ph 

13 

8% 
76% 

c 0 Ph 

( / VCH2CH2CN 

14 

14 
<n> Ph 

N . N > C H 2 C H 2" c " P h 

Ph 

13 

15 
Scheme 5. 

T h e s t r u c t u r e of 12 w a s as s igned o n t h e bas i s of t h e 
spec t r a l d a t a , a n d 13 w a s c o n f i r m e d b y t h e iden t i f i ca t ion 
w i t h a n a u t h e n t i c s a m p l e p r e p a r e d b y t h e r o u t e s h o w n 
i n S c h e m e 5 . 

E x p e r i m e n t a l 

All melt ing points are uncorrected. I R , N M R , and mass 
spectra were obtained on a J A S G O IRA-1 spectrometer, 
Hitachi R-40, J E O L SX-100 spectrometers, and a Hitachi 
R M S - 4 spectrometer, respectively. 

Reaction of Azaspiropentane 1 with C,N-Diphenylnitrilimine (3a). 
A solution of iV-(a-chlorobenzylidene)-iV /-phenylhydrazine6) 

(1.0 g, 4.34 mmol) in GHG13 (10 ml) was added , drop by 
drop, to a stirred solution of the azaspiropentane 12> (0.89 g, 
4.02 mmol) and NEt 3 (2.1 g, 20.8 mmol) in GHG13 (30 ml) , 
under nitrogen, at room temperature . T h e reaction mixture 
was stirred at room tempera ture for 60 h, and then filtered 
to remove the formed t r ie thylammonium chloride. T h e 
filtrate was concentrated in vacuo, and the residue was chro­
ma tographed on silica gel. From the fraction using hexane -
benzene (1 :2 ) as eluent, 0.325 g (19.5%) of the [3 + 3] 
cycloadduct 4a , m p ca. 100 °G, as yellow crystals, and 3 mg 
of l ,3,5-triphenyl-2-pyrazoline (6a) , m p 137—138 °G (lit,5) 
m p 137—138 °G), as colorless needles were obtained. T h e 
fraction using GHG13 as eluent gave 5 mg of 1,3,4-triphenyl-
l,2,4-triazolin-5-one (7a), m p 224—225 °G (lit,6) m p 223— 
224 °G), as colorless needles. 

Recrystallization of 4a was difficult. I R (KBr) 1560 c m - 1 

(G=N). ^ - N M R (GDG13) Ô 0.50—1.85 (m, 4H) , 4.69 (s, 
I H ) , 6.25—7.75 p p m (m, 20H) . M S m/e 415 (M+). 

T h e azaspiropentane 1 (0.89 g) reacted wi th the nitri l imine 
3a , generated from the chloride (2.0 g, 8.68 mmol) and NEt 3 

(4.2 g, 41.6 mmol) , in GHG13 (40 ml) under reflux for 1 h, 
giving 0.90 g (54%) of the isomeric 1: 1 adduct 5a and 0.276 
g (23%) of 6a . ^ 

Recrystallization of 5a from E t O H afforded yellow plates, 
m p 128—130 °G. I R (KBr) 1555 cm" 1 (G=N). *H-NMR 
(GDGI3) Ô 1.81—2.40 (m, 3H) , 2.72—3.20 (m, 1H), 4.54 (t, 
I H , 7 = 1 2 Hz) , 6.60—7.64 p p m (m, 20H) . M S m/e 415 
(M+). Found : G, 83.82; H , 6.06; N , 10 .11%. Galcd for 
G2 9H2 5N3 : G, 83.55; H , 6.04; N , 9 .99%. 

Reaction of Azaspiropentane 1 with C-(p-Chlorophenyl)-N-phen-
ylnitrilimine (3b). T h e reaction of 1 with 3b , generated 
from iV-(a,jfr-dichlorobenzylidene)-iV'-phenylhydrazine12) and 
NEt 3 , was carried out under various conditions. T h e reaction 
mixture was worked up in a similar manner as above. From 
the fraction using hexane-benzene (1 :2 ) as eluent the [ 3 + 3 ] 
cycloadduct 4 b and 3-(/>-chlorophenyl)-l,5-diphenyl-2-pyrazo-
line (6b) were obtained. T h e second and third fractions using 
benzene and GHC13 as eluents afforded the isomeric 1: 1 
adduct 5 b , and 3-(/>-chlorophenyl)-l,4-diphenyl-l,2,4-triazo-
lin-5-one (7b) and the pentaazaspirononadiene 8 b respec­
tively. T h e results are summarized in Tab le 1. 

The 1:1 Cycloadduct 4b: M p 203—204 °G as colorless 
prisms (from hexane). I R (KBr) 1560 cm" 1 (G=N). ̂ - N M R 
(GDGI3) ô 0.50—2.05 (m, 4H) , 4.69 (s, I H ) , 6.21—7.52 ppm 
(m, 19H). M S mje 451, 449 (M+). Found : G, 77.70; H , 
5.40; N , 9 .32%. Calcd for G2 9H2 4N3G1: G, 77.40; H , 5.38; 
N , 9 .34%. 

The 1:1 Adduct 5b: M p 134—135 °G as yellow plates 
(from M e O H ) . I R (KBr) 1560 cm" 1 (C=N). *H-NMR 
(GDGI3) ô 1.51—2.49 (m, 3H) , 2.52 (m, I H ) , 4.48 (m, IH) , 
6.52—7.76 p p m (m, 19H). M S m/e 451, 449 (M+), 347, 345 
( M + - P h C H = C H 2 , base peak) . Found : G, 77.36; H , 5.47; 
N , 9 . 4 1 % . Galcd for G2 9H2 4N3G1: G, 77.40; H , 5.38; N , 
9 .34%. 

The Pyrazoline 6b: M p 150—151 °G as pale greenish needles 
(from E t O H ) . This compound was identical with an authetic 
sample prepared from the following method. A solution of 
styrene (1.0 g, 9.62 mmol) and iV-(a,/?-dichlorobenzylidene)-
iV'-phenylhydrazine (2.6 g, 9.81 mmol) in benzene (10 ml) 
was stirred with NEt 3 (4.3 g, 42.5 mmol) at 60 °G for 2 h. 
T h e reaction mixture was filtered to remove the formed 
t r ie thylammonium chloride, and the filtrate was concentrated 
in vacuo to leave the residue. Recrystallization from M e O H 
gave 0.83 g (63%) of 6 b , m p 150—151 °G. I R (KBr) 1550 
c m - 1 (G=N). X H-NMR (GDG13) ô 3.06, 3.78, 5.25 (each 
dd , I H , 7 = 7 . 5 , 12.5, 17 Hz) , 6.64—7.68 p p m (m, 14H). 
Found : G, 75.83; H , 5.05; N , 8.62%. Galcd for G21H17-
N2G1: G, 75.79; H , 5 .11; N , 8.42%. 

The Triazolinone 7b: M p 185—186 °G as colorless needles 
(from E t O H ) . This compound was identical with an 
authentic sample prepared from the reaction of iV-(a,^-dichlo-
robenzylidene)-iV-phenylhydrazine (1.0 g, 3.77 mmol) with 
phenyl isocyanate (0.5 g, 4.20 mmol) in the presence of 
a luminum oxide (0.3 g) according to the Huisgen's method,6) 
I R (KBr) 1720 (G=0) , 1580 cm" 1 (G=N). X H-NMR (CDC13) 
ô 7.08—7.58 (m, 12H), 7.90—8.16 p p m (m, 2H) . Found: 
G, 68.89; H , 4 .25 ; N , 12 .13%. Galcd for G2 0H1 4N3OG1: G, 
69.06; H , 4 .03; N , 12.08%. 

The Pentaazaspirononadiene 8b: M p 174—175 °G (dec) as 
colorless needles (from E t O H ) . I R (KBr) 1595 cm" 1 (G=N). 
*H-NMR (GDGI3) ô 3.20, 3.78 (each d, 1H, 7 = 2 0 Hz) , 
6.61—7.75 p p m (m, 23H) . M S m\e 511, 575, 573 (M + ) , 

347, 345, 343 ( M + - A r C = N - N P h ) . Found : G, 70.86; H , 
4.37; N , 11.99%. Galcd for G3 4H2 5N5G12 : G, 71.08; H , 
4.39; N , 12.19%. 

Reaction of the 1:1 Adduct 5b with the Nitrilimine 3a. ï) : 
A solution of NEt 3 (0.1 ml , 0.69 mmol) in GHG13 (5 ml) was 
added, drop by drop, to a stirred solution of 5 b (0.3 g, 0.67 
mmol) and iV-(a-chlorobenzylidene)-iV /-phenylhydrazine (0.16 
g, 0.69 mmol) in CHG13 (10 ml) at room temperature . The 
reaction mixture was then refluxed for 4 h, and concentrated 
in vacuo to leave the residue. Benzene was added to the 
residue, and the resultant mixture was filtered to remove the 
formed t r ie thylammonium chloride. The filtrate was concen­
trated in vacuo and the residue was chromatographed on silica 
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gel using hexane-benzene ( 1 : 1) and benzene as eluents, giving 
46.3 mg (23%) of 6 b and 7 mg of 7b . 

ii) : T h e same reaction was carried out in degassed GHG13 

under nitrogen. After removal of t r ie thylammonium chloride, 
the residue was t r i turated with E t O H to give 0.108 g (30%) 
of the pentaazaspirononadiene 9. T h e E t O H solution was 
chromatographed on silica gel to give 31.9 mg (23%) of 6a . 

The Pentaazaspirononadiene 9: M p 184—186 °G as colorless 
needles (from cyclohexane). I R (KBr) 1560 cm" 1 (C=N). 
X H-NMR (GDG13) Ô 3.35, 3.86 (each d, 1H, 7 = 2 0 Hz) , 
6.73—7.04 (m, 4H) , 7.08—7.48 (m, 18H), 7.54—7.80 p p m 

(m, 2H) . M S m/e 541, 539 (M+), 347, 345 ( M + - P h C = N -

NPh) . Found : G, 75.53; H , 4 .89; N , 13.03%. Galcd for 
C3 4H2 6N5C1: C, 75.64; H , 4 .82; N , 12.97%. 

Reaction of Azaspiropentane 2 with C,N-Diphenylnitrilimine (3a). 
A solution of iV-(a-chlorobenzylidene)-iV''-Phenylhydrazine 

(1.37 g, 5.94 mmol) in benzene (40 ml) was added, drop by 
drop, to a stirred solution of the azaspiropentene 213) (0.85 g, 
5.94 mmol) and NEt 3 (2.88 g, 28.4 mmol) in benzene (15 ml) 
under nitrogen at room temperature . T h e reaction mixture 
was then stirred for 24 h, and filtered to remove the formed 
tr iethylammonium chloride. T h e filtrate was concentrated 
in vacuo to leave the residue, which on recrystallization from 
hexane afforded 1.13 g (97%) of the triazabicyclooctadiene 
10a, mp 153—154 °G, as yellow needles. I R (KBr) 1675 
c m - 1 (G=N). 1 3 C-NMR (GDG18) Ô 36.2, 38.5, 66.7, 116.2, 
121.7, 125.5, 126.0, 127.9, 128.2, 128.5, 128.8, 129.0, 134.9, 
136.3, 142.6, 146.0, 165.1. M S m/e 337 (M+). Found : G, 
81.85; H , 5.64; N , 12.46%. Galcd for G2 3H1 9N3 : G, 81.87; 
H , 5.18; N , 12.45%. 

A similar reaction of 2 (0.37 g, 2.6 mmol) with the nitril-
imine 3b , generated from the corresponding chloride (0.68 g, 
2.6 mmol) and NEt 3 (1.26 g, 13 mmol) , in benzene (35 ml) 
afforded 0.89 g (94%) of the triazabicyclooctadiene 10b, m p 
178—180 °G (dec), as yellow needles. I R (KBr) 1673 cm" 1 . 
1 3 G-NMR ( G D G y f5 36.2, 38.5, 66.6, 116.3, 121.9, 125.9, 
126.7, 127.9, 128.4, 128.8, 129.0, 133.4, 134.3, 136.1, 142.3, 
145.1, 165.2. M S m/e 373, 371 (M+). Found : G, 74 .31 ; 
H , 4 .83 ; N , 11.16%. Calcd for C2 3H1 8N3G1: C, 74.28; H , 
4.88; N , 11.30%. 

Reduction of 10a. After a solution of 10a (0.1 g) in 
T H F (2 ml) was stirred with NaBH 4 (26 mg) at room 
temperature for 5 h, water (5 ml) was added to the reaction 
mixture. T h e mixture was acidified with 1.8% HG1 to give 
a solid, which on recrystallization from cyclohexane gave 96 
mg (95%) of the dihydro compound 11, m p 181—182 °G, 
as colorless needles. I R (KBr) 3470 (NH) , 1630 cm" 1 (C=N). 
i H - N M R (GDGI3) ô 1.4—2.75 (m, 4H) , 3.85 (broad, 1H, 
after exchange with D 2 0 , the signal changed to a double 
doublet , 7 = 7 . 0 , 8.8 Hz) , 4.95 (broad, 1H, exchanged with 
D 2 0 ) , 6.50—7.50 (m, 13H), 7.60—7.85 (m, 2H) . 1 3 G-NMR 
(GDGI3) ô 23.1, 29.2, 54.5, 61.8, 115.8, 118.3, 124.8, 125.6, 
126.7, 128.1, 128.6, 134.9, 138.1, 142.7, 144.6. M S m/e 339 
(M+), 311 (base peak), 235, 219, 207, 180, 207, 180, 144, 
104, 91 . Found : G, 81.36; H , 6 .33; N , 12.50%. Galcd for 
G2 3H2 1N3: G, 81.38; H , 6.24; N , 12.38%. 

Treatment of 10a with Silica Gel. A solution of 10a 
(0.1 g) in benzene (2 ml) was stirred with silica gel (Wako-
gel C-200, 0.5 g) at room temperature for 4 h. T h e mixture 
was filtered and the filtrate was concentrated in vacuo to 
leave a residue. T h e residue was chromatographed on silica 
gel using benzene as eluent to give 82.7 mg (79%) of the 
triazabicyclooctenone 12 and 8.4 mg (8%) of the 1,2,4-tri-
azole 13. 

The Triazabicyclooctenone 12: M p 96—97 °G as colorless 
prisms (from benzene). I R (KBr) 1735 c m - 1 ( G = 0 ) . 1 H -

N M R (GDGI3) ô 2.60—3.40 (m, 4H) , 6.70—7.40 (m, 14H), 
7.70—7.90 (m, 1H). 1 3 G-NMR (GDG13) ô 34.3, 35.4, 90.4, 
114.4, 120.3, 125.5, 127.2, 127.8, 128.1, 128.2, 129.0, 129.7, 
139.3, 140.9, 142.0, 174.5. M S m/e 353 (M+), 298, 276, 194, 
165, 103, 91 . Found : G, 78.24; H , 5.43; N , 11.67%. Galcd 
for G 2 3 H 1 9 N 3 0 : G, 78.16; H , 5.42; N , 11.89%. 

The 1,2,4-Triazole 13: M p 115—116 °G as colorless needles 
(from E t O H ) . I R (KBr) 1682 c m - 1 ( G = 0 ) . ^ - N M R 
(GDGI3) ô 3.10—3.35 (m, 2H) , 3.50—3.75 (m, 2H) , 7.20— 
7.65 (m, 11H), 7.90—8.20 (m, 4H) . 1 3 C-NMR (CDC13) 
ô 21.1, 36.1, 125.2, 126.4, 128.0, 128.5, 128.6, 128.9, 129.1, 
130.8, 133.2, 136.5, 137.4, 155.8, 198.0. M S m/e 353 (M+), 
248 ( M + - P h C O , base peak) , 105, 91 . Found : G, 78.19; 
H , 5.34; N , 11.88%. Galcd for G 2 3 H 1 9 N 3 0 : G, 78.16; H , 
5.42; N , 11.89%. 

Treatment of 10a with 1% Aqueous AcOH. A solution 
of 10a (40 mg) in benzene (2 ml) was stirred with 1 % aqueous 
A c O H (1 ml) at room tempera ture for 4 days. T h e benzene 
solution was concentrated in vacuo to leave a residue. Chroma­
tography of the residue on silica gel (benzene) afforded 10 
mg (24%) of 12 and 32 mg (76%) of 13. 

Preparation of 5- (ß-Benzoylethyl) -1,3-diphenyl -1,2,4- triazole 
(13). A mixture of /?-benzoylpropionitrile14) (4.0 g), 
ethylene glycol (6.0 g) , and a catalytic amount of jfr-toluene-
sulfonic acid in benzene (70 ml) was boiled with azeotropic 
removal of water. After being boiled for 50 h, the reaction 
mixture was concentrated in vacuo to give 5.3 g (100%) of 2-(2-
cyanoethyl)-2-phenyl-1,3-dioxolane (14) which on recrystal­
lization from hexane afforded colorless needles, m p 62.5— 
63.5 °G. Found : G, 70.88; H , 6.54; N , 6 .77%. Galcd 
G 1 2 H 1 3 N 0 2 : G, 70.91; H , 6.45; N , 6 .89%. 

A solution of iV-(a-chlorobenzylidene)-iV'-phenylhydrazine 
(1.9 g, 8.24 mmol) in benzene (30 ml) was added, drop by 
drop, to a stirred solution of the above dioxolane 14 (1.7 g, 
8.37 mmol) and NEt 3 (5.9 g, 83.4 mmol) in benzene (20 ml) , 
under nitrigen, at room temperature . After being refluxed 
for 65 h, the reaction mixture was filtered, and the filtrate 
was concentrated in vacuo to leave a residue. T h e residue was 
chromatographed on silica gel using benzene as eluent to 
give 0.329 g (10%) of 2-[2-(l ,3-diphenyl-l ,2,4-triazol-5-yl)-
ethyl]-2-phenyl-1,3-dioxolane (15), along with recovery of 1.5 
g (88%) of 14. 

The Triazole 15: M p 104—105 °G as colorless needles 
(from hexane) . Found : G, 75.64; H , 5.87; N , 10 .61%. 
Calcd for G 2 5 0 2 3 N 3 0 2 : C, 75.54; H , 5.83; N , 10.57%. 

A suspension of the triazole 15 (50 mg) in 5 % aqueous 
H C l (5 ml) was stirred at room tempera ture for 22 h. Fil tra­
tion gave crystals which were washed with N H 4 O H and 
water, and then recrystallized from E t O H to give 42.3 mg 
(95.5%) of 13, m p 115—116 °C. 
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Effect of Alcohols on the Thermal Denaturation of Lysozyme as 
Measured by Differential Scanning Calorimetry 

Yukihisa FUJITA,* Akihiko MIYANAGA, and Yukinao NODA 

Department of Chemistry, Hyogo College of Medicine, Mukogawa, Nishinomiya, Hyogo 663 
(Received June 30, 1979) 

The thermal denaturation of lysozyme in aqueous alcohol solution has been investigated by differential scanning 
calorimetry. The alcohols employed were methanol, ethanol, isomeric propyl alcohols and butyl alcohols as 
monohydric alcohols, and ethylene glycol and glycerol as polyhydric alcohols. In monohydric alcohols, the 
temperature of denaturation, Td, of lysozyme decreased linearly with increasing alcohol concentration, which 
became pronounced with an increasing in the hydrophobic character. The enthalpy of denaturation, AHd, of 
lysozyme showed a complex dependence on the solvent composition; the AHd first increased with increasing alcohol 
concentration and then started decreasing at different concentrations for each alcohol. The branching of the alkyl 
chain decreased the destabilizing effect of the alcohol on the native conformation of the protein. In polyhydric 
alcohols, both Td and A// d increased with increasing alcohol concentration. The polyhydric alcohols stabilized the 
native conformation of the protein in contrast with the monohydric alcohols. The results are discussed in terms 
of the hydrophobic and hydrophilic characters of the alcohols. 

In an earlier work, the hydration, the ordering of the 
water molecules around the protein molecule, were 
reported to play an important role in the stabilizing the 
native structure of the globular protein.1»2) T h e addition 
of alcohol to a protein solution is expected to affect the 
stability of the native structure of the protein due to 
alteration in the characteristic structure of water. The 
effect of alcohols on the stability of globular proteins 
have been extensively investigated by spectroscopic 
measurements.3-5) The studies have revealed that the 
effectiveness of the alcohols as protein dénaturants 
increased with increasing chain length or hydrocarbon 
content. Hamaguchi et ö/.6'7) have, however, found that 
the CD and difference spectra of the lysozyme in 
aqueous alcohol solutions depend nonlinearly on the 
concentration of alcohol at a concentration below that 
required to unfold the protein. Moreover, Parodi et 0/.8) 
have reported from different spectrophotometric and 
O R D studies of the thermal denaturat ion of lysozyme 
in aqueous alcohol solutions that the van ' t Hoff enthalpy 
of denaturation showed a complex dependence on 
alcohol concentration. 

In this paper, the effect of mono- and polyhydric 
alcohols on the thermal denaturat ion of lysozyme as 
measured by differential scanning calorimetry (DSC) 
will be reported. 

E x p e r i m e n t a l 

Materials and Methods. The hen egg-white lysozyme 
used in the present study was a six-times recrystallized pre­
paration obtained from Seikagaku Kogyo Co. The alcohols 
employed were methanol, ethanol, the isomeric propyl alcohols 
and butyl alcohols, ethylene glycol and glycerol. The alcohols 
employed were spectroscopic grade or analytical grade re­
agents and were used without further purification. The concen­
tration of the stock solution of the lysozyme, which dissolved 
with the 0.1 M glycine-HCl buffer (pH 3), was determined 
spectrophotomerically using an extinction of £J^m=26.9 at 
280 nm. The sample solution were prepared by mixing 
suitable aliquots of stock solution with the alcohol. 

Calorimetric measurements were conducted with a Rigaku 
Denki standard-type differential scanning calorimeter at a 
heating rate of 10 K/min and a concentration of 15—25 mg/ 
cm3. The molecular weight of lysozyme was taken as 14300.9) 

R e s u l t s a n d D i s c u s s i o n 

T h e thermal denaturat ion of lysozyme in aqueous 
alcohol solutions was measured with a differential 
scanning calorimeter. For each solution, a reproducible 
endothermic peak was observed occurring over a 
temperature range of 15—20 K . The temperature, Td> 
and the enthalpy, AHd, of denaturat ion were estimated 
from the peak temperature and the peak-area in the 
thermogram obtained. 

The Td and AHd in solutions containing methanol, 
ethanol, 1-propanol, and 1-butanol are plotted as a 
function of the alcohol concentration in Figs. 1 and 2, 
respectively. The Td decreased gradually with increas­
ing alcohol concentration, which became more pro­
nounced with an increase in length of the alkyl chain. 
A similar dependence of the Td on the concentration 
and/or length of the alkyl chain of alcohols has been 
reported earlier for ribonuclease3»10) and lysozyme8'10) 
from spectroscopic studies of thermal denaturat ion. The 
AHd showed a complex dependence on the solvent 
composition; the AHd first increased with increasing 

£A/mol dm - 3 

Fig. 1. The temperature of denaturation, TA9 of lyso­
zyme as a function of the alcohol concentration, cA. 
Q , Water; O î m e t h a n o l ; A , ethanol; A? 1-propanol; 
® , 1-butanol. 
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Fig. 2. The enthalpy of denaturation, AHd, of lysozyme 
as a function of the alcohol concentration, cA. Q , 
Water; Q, methanol; .A,, ethanol; A> 1-propanol; 
0 , 1-butanol. 

alcohol concentration and then started decreasing at a 
different concentration for each alcohol. The maximum 
in the values of AHd occurred in the order of methanol, 
ethanol, 1-propanol, and 1-butanol, that is, increasing 
hydrophobic character of the alcohol added. Moreover, 
the maximum value of AHd decreased with increasing 
length of the alkyl chain and all values of AHd observed 
in aqueous 1-butanol solutions were smaller than that 
in the aqueous solution. 

This observation was similar to that for van ' t Hoff 
enthalpies of denaturat ion obtained by Parodi et <z/.8> 
from spectroscopic studies of lysozyme in aqueous 
alcohol solutions. Recently, Velicelebi and Sturtevant11) 
have reported similar plots for the enthalpies of denatura­
tion determined from high sensitivity calorimetric 
measurements of the thermal denaturat ion of lysozyme 
in similar alcohol-water mixtures at p H 2. The AHd 

cA /mol dm - 3 

Fig. 3. The temperature of denaturation, Td, of lyso­
zyme as a function of the concentration, cA. (a) 
Isomeric propyl alcohols, Q , water; Q, f-PrOH; A? 
w-PrOH. (b) Isomeric butyl alcohols, 0 , water; 0> 
*-BuOH; A , J-BuOH; © , w-BuOH. 

£A/mol dm - 3 

Fig. 4. The enthalpy of denaturation, A//d , of lysozyme 
as a function of the alcohol concentration, cA. (a) 
Isomeric propyl alcohols, Q , water; 0> *-PrOH; A? 
n-VrOH. (b) Isomeric butyl alcohols, 0, water; 0> 
/-BuOH; A , J-BuOH; © , w-BuOH. 

values obtained in our present work appear to be in 
fairly good agreement with those reported by Velicelebi 
and Sturtevant. The Td values, however, in our 
work were considerably higher. The differences probab­
ly result from the large difference in the heating rate. 

The effect of branched-chain alcohols was also 
investigated and the results are showed in Figs. 3 and 4 
together with the results of the corresponding straight-
chain alcohols. The lowering of the Td by the branched-
chain alcohols was smaller than that by the correspond­
ing straight-chain alcohols. The AHd in the branched-
chain alcohol solutions showed a complex dependence 
on the solvent composition, as found in the case of 
straight-chain alcohols. The maximum in the values 
of AHd occurred at a higher alcohol concentration than 
that in the corresponding straight-chain alcohol. The 
results indicate that branching of the alkyl chain 
reduces the effectiveness of the alcohol as protein 
dénaturants . 

Aliphatic alcohols can be regarded either as hydro­
carbons containing hydrophilic hydroxyl groups or as 
water in which one hydrogen atom has been replaced 
by a hydrophobic alkyl group. The effect of alcohols 
on the stability of the native structure of protein in 
terms of the hydrophobic, destabilizing, and hydro­
philic, stabilizing, effects. In the monohydric alcohols 
the results indicate that the hydrophobic effect, which 
enhances with chain length of the alkyl groups, 
dominates the hydrophilic effect. The selective binding 
of alcohols to the nonpolar groups of protein in water -
alcohol mixtures has been experimentally verified.12) I t 
is well documented that alcohols perturb the charac­
teristic water structure around the protein molecule.13) 
The binding of alcohols to the nonpolar side chains of 
proteins which become exposed during denaturation 
may reduce the ordering effect of the nonpolar side 
chains on the water molecules, simultaneously leading 
to the weakening hydrophobic interaction between the 
nonpolar side chains, which favors the denatured state. 
Therefore, the depression of Td by the addition of 
alcohols which increases with increasing alcohol concen­
tration and/or length of the alkyl chain appears to be 
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associated to a predominance of an increasing entropy 
of the denaturation. This result is in agreement with 
that of Schrier et al.2* suggesting that the lowering of 
the denaturation temperature of ribonuclease by 
alcohols is largely entropy dependent. 

The complex dependence of the AHd on the alcohol 
concentration and/or length of the alkyl chain may also 
be discussed in terms of the hydrophobic effect of 
alcohols. At lower alcohol concentration, the alcohol 
molecules interact selectively with the nonpolar groups 
of protein, and thus the hydrophobic interaction 
between the nonpolar groups of protein is weakened. 
As suggested by Privalov,14) rupture of the hydrophobic 
bond is accompanied by liberation rather than absorp­
tion of heat. I t appears resonable to consider weakening 
of the hydrophobic bond by the addition of alcohol 
reduces the exothermic contribution of hydrophobic-
bond rupture to the total AHd. In addition, it has been 
experimentally shown that the secondary structure of 
polypeptide was stabilized more in water-alcohol 
mixtures than in water.15) This suggestes that the 
disordering of the water molecules around the protein 
molecule due to the binding of alcohol to the nonpolar 
groups of protein enhances the stability of the secondary 
structure of protein which is created essentially by the 
interaction between the polar groups of protein. The 
addition of alcohol will lead to an increase in AHd 

because the rupture of the polar interaction is an 
endothermic reaction. At higher alcohol concentration, 
however, alcohol may increase the ordering of water 
molecules, leading to not only stronger hydrophobic 
interaction but a weakening of the polar interaction. 
The rise in the temperature of maximum density of 
water by the addition of alcohol has been accounted 
for by the ordering of water molecules by alkyl groups.16) 

The Td and AHd in solutions containing ethylene 
glycol and glycerol are plotted as a function of the 
alcohol concentration in Fig. 5. In contrast with the 
case of monohydric alcohols, the Td in the solutions of 
polyhydric alcohols increased with increasing alcohol 

£A/mol dm - 3 

Fig. 5. The temperature, Td, and the enthalpy, AHd, 
of denaturation of lysozyme as a function of the alcohol 
concentration, cA. 
Q , Water; Q, ethylene glycol; A , glycerol. 

concentration. The AHd increased also with increasing 
alcohol concentration. The increase in the Td and AHd 

became more pronounced in the order: ethylene glycol, 
glycerol, that is, increasing the number of hydroxyl 
groups of the polyhydric alcohol added. I t is apparent 
that polyhydric alcohols stabilize the native structure 
of protein; the hydrophilic effect of polyhydric alcohols 
dominate the hydrophobic effect. When the methylene 
group was present in equimolar quantities the poly­
hydric alcohol stabilized the native structure of protein 
in contrast to the monohydric alcohol. This is to be 
expected if the hydrophobic interaction between the 
nonpolar group of protein and the nonpolar part of 
the alcohol molecule is an important factor in destabili-
zation. A higher degree of interaction exists between 
polyhydric alcohol and water than monohydric alcohol 
and water. Introduction of a second and third hydroxyl 
group into a monohydric alcohol increases the interac­
tion with water, whereas the hydrophobic properties 
are less pronounced. 

Gerlsma and Stuur10) have suggested that there was 
no direct molecular interaction between protein and 
polyhydric alcohol from the studies on the thermal 
denaturation of ribonuclease and lysozyme in the 
present of polyhydric alcohols. This suggests that the 
hydrophilic effect of alcohols on the stability of protein 
appears mainly to be of an indirect kind, viz. either a 
strengthening of the polar interaction by a lowering 
of the dielectric constant, an increasing of the enthalpic 
change of denaturat ion, and/or an intensifying of the 
hydrophobic interaction of protein by altering the water 
structure, which principally is entropically controlled. 
The addition of polyhydric alcohol may lead to the 
strengthening of the polar interaction by reducing the 
interactions with water molecules and by lowering the 
dielectric constant of the medium. I t is well known 
that hydrophobic interactions are intensified by an 
increase in temperature.14) Therefore, it is also probable 
that the addition of polyhydric alcohol may enhance 
the hydrophobic interactions. The hydrophilic effect 
increases the hydrophobic contribution to the stabilizing 
of the native structure of protein. This may be induced 
not only by the hydrophilic groups of the added alcohols 
but the polar groups of the protein molecule itself 
will exert a similar effect on the surrounding water 
molecules. 
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Restricted Rotation Involving the Tetrahedral Carbon. XXVII. Rotamers of 
9-(l-Cyano or l-Methoxycarbonyl-l-methylethyl)triptycene Derivatives 

Carrying a Substituent in 1-Position1) 
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The title compounds were prepared by the reaction between 9-(l-cyano or 1-methoxycarbonyl-1-methylethyl)-
anthracene and substituted benzynes and their rotational isomers were isolated. The barriers to rotation of these 
compounds were found to be 35—36 kcal/mol and 32—34 kcal/mol for the processes dl-^meso and meso—+dl, respec­
tively. 

Triptycenes carrying a tertiary carbon in the 9-
position are known to exhibit unusually high barriers 
to rotation about the G 9 -G s u b s t bond.2) Thus various 
rotational isomers of this type have been isolated. The 
highest barrier to rotation has been realized with 9,9'-
bitriptycyl derivatives (1).3) The second highest 
barrier known to date is that of 9,10-bis(l-cyano-l-
methylethyl)triptycene (2).4) We have felt that it 
will be interesting to see whether triptycenes carrying a 
tertiary carbon in 9-position, one of which substituents 
is an sp2 or sp hybridized carbon atom, exhibit high 
barriers to rotation in general. Since the barrier to 
rotation is the difference in energy between the ground 
and the transition states, the sp2 or sp hybridized 
carbon might fit well in the triptycene skeleton to lower 
the ground state. 

(1) 

CH: 3Jlt 

CH 3 Ä ^ C ^ ' 
CN 

CH3r \ 

(2) 

CN 

S y n t h e s e s 

Syntheses of triptycenes are usually carried out by 
the Diels-Alder reaction of a substituted anthracene 
with a benzyne. The first problem, therefore, was to 
synthesize appropriately substituted anthracenes. This 
posed a problem, because this kind of compounds are 
usually prepared by the Grignard reaction with anthrone 
followed by dehydration. The electronegative groups 
such as cyano and methoxycarbonyl would not survive 
under the reaction conditions. Literature search 
indicated that, although there was a method to introduce 
a tertiary carbon carrying two electronegative groups 
to the 9-position of anthracene,5) there was no method 
to give the desired anthracenes. Various attempts were 
made, such as Reformatsky reaction, reaction of 
anthrone with the li thium derivative of isobutyronitrile, 
and methylation of 9-cyanomethylanthracene, but they 
all failed probably for steric reasons. Finally we were 
able to introduce 1-cyano- or 1-methoxycarbonyl-1 -
methylethyl group to the 10-position of anthrone by 
allowing the latter to react with azobisisobutyronitrile 
or dimethyl azobisisobutyrate under basic conditions.6) 
The substituted anthrone (3) was reduced with sodium 
borohydride and the product (4) was dehydrated with 
phosphorus pentaoxide. The 9-substituted anthracene 
(5) was treated with benzynes to give desired triptycenes 

CH, CH, 
I I 

Z-C-N=N-C-Z 
I 

CH, CH, 

X=C1, CH3, or H 
Y= CI or H 
Z=CNorCOOCH 



3664 Soichi OTSUKA, Tsutomu MITSUHASHI, and Michinori Ö K I [Vol. 52, No. 12 

(6 ) . R e a c t i v e b e n z y n e s s u c h as t e t r a c h l o r o b e n z y n e 
r e a c t e d to afford 1 ,4-addi t ion p r o d u c t s i n a d d i t i o n to 
t h e des i r ed 9 , 1 0 - a d d u c t s . T h e f o r m e r was f o u n d v e r y 
difficult to r e m o v e f rom t h e l a t t e r . T h u s t h e olefinic 
b o n d of t h e f o r m e r was o x i d i z e d w i t h p e r f o r m i c 
a c i d a n d t h e r e su l t ed o x y g e n a t e d c o m p o u n d s w e r e 
r e m o v e d b y c h r o m a t o g r a p h y . 

E x p e r i m e n t a l 

10-(l-Cyano-l-methylethyl)anthrone (3, Z=CN). A solution 
of 3.07 g (15.8 mmol) of anthrone and 6.0 g (37 mmol) of 
azobisisobutyronitrile in 30 ml of pyridine-piperidine (2: 1) 
was heated at 90 °G for 6 h with stirring. T h e mixture was 
poured into excess of hydrochloric acid after cooling and the 
precipitate was collected. Tetramethylsuccinonitri le was 
removed by steam distillation of the precipitate and the 
residue taken up in dichloromethane. After drying, the 
solvent was evaporated and the residue was heated in vacuo 
unti l no sublimate was observed. T h e residue was chroma-
tographed on a lumina using hexane-benzene as an eluent. 
T h e desired product , m p 152 °C, was obtained as colorless 
crystals in 3.63 g (88%) yield. Found : C, 82.57; H , 5.79; 
N , 5 .47%. Galcd for G 1 8 H 1 5 NO: G, 82.73; H , 5.79; N , 5.36 
% . 1H N M R (GDG13, ô): 1.15 (6H, s), 4.27 (1H, s), 7 .3— 
7.7 (6H, m) , 8 .1— 8.4 (2H, m ) . I R (KBr) : 2235, 1675, 
710 cm- 1 . 

9-( 1-Methoxycarbonyl- 1-methylethyl) anthrone (3, Z = COOCHz), 
m p 89—90 °C, was similarly obtained in 6 2 % yield from 
anthrone and dimethyl azobisisobutyrate. Found : G, 77.53; 
H , 6 .16%. Galcd for G 1 9 H 1 8 0 3 : G, 77.49; H , 6 .14%. i H 
N M R (GDGI3, ô): 0.89 (6H, s), 3.61 (3H, s), 4.52 ( I H , s), 
7.3—7.6 (6H, m) , 8.0—8.3 (2H, m ) . I R (KBr) : 1730, 1670, 
1317, 705 cm- 1 . 

9- ( 1-Cyano- 1-methylethyl) anthracene (5, Z— CN). A solution 
of 0.807 g (3.1 mmol) of 3 (Z = GN) in 15 ml of ethanol was 
refluxed for 2 h, while a solution of 0.9 g (24 mmol) of sodium 
borohydride in 10 ml of 9 0 % ethanol was added in 10 min. 
Wate r was added and the mixture extracted with dichloro-
methane . After evaporation of the solvent, 4 (Z = GN) was 
obtained in 0.77 g yield as a roughly equimolar mixture of 
eis and trans isomers. T h e alcohol (4, Z = CN) in 20 ml of 
carbon tetrachloride was heated under reflux for 1 h with 5 g 
of phosphorus pentaoxide and the mixture was filtered. T h e 
solvent was evaporated from the filtrate and the residue was 
chromatographed on a lumina . A small amount (ca. 4%) of 
anthracene was eluted first and then came 0.46 g (61%) of 
5 ( Z = G N ) , m p 138 °G (recrystallized from ethanol) . Found : 
G, 87.83; H , 6.18; N , 5 .69%. Galcd for G 1 8H 1 5N: G, 88.13; 
H , 6.16; N , 5 . 7 1 % . XH N M R (GDG13, <5): 2.37 (6H, s), 
7.3—7.6 (4H, m ) , 7.8—8.1 (2H, m) , 8.40 ( I H , s), 8.4—8.7 
(2H, m ) . I R (KBr) : 2230, 735 cm" 1 . 

9- ( 1-Methoxycarbonyl- 1-methylethyl) anthracene (5, Z= C00CHz), 
m p 123—125 °G, was similarly prepared in 4 1 % yield. Found : 
G, 81.74; H , 6 .46%. Galcd for G 1 9 H 1 8 0 2 : G, 81.98; H , 
6 .52%. 1H N M R (CDC13 , <5): 2.12 (6H, s), 3.46 (3H, s), 
7.2—7.6 (4H, m ) , 7.8—8.3 (4H, m) , 8.37 ( I H , s). I R (KBr) : 
1715, 1258, 1143,717 cm- 1 . 

9-(1-Carbamoyl-1-methylethyl)anthracene. A solution of 
1.0 g of 5 ( Z = G N ) and 5.0 g of potassium hydroxide in 50 
ml of 2-ethoxyethanol was heated under reflux for 3 h under 
a nitrogen atmosphere. T h e mixture was treated with dilute 
hydrochloric acid after cooling and the precipitate was taken 
up in benzene. Evaporat ion of the solvent and recrystalliza-
tion of the residue from tetrahydrofuran-hexane gave the 
amide, m p 226—227 °G. Found : G, 82 .11; H , 6.45; N , 

5 .38%. Galcd for C 1 8 H 1 7 NO: G, 82.10; H , 6 .51; N , 5.32%. 1U 
N M R (GDGI3, Ô): 2.13 (6H, s), 5.0 (2H, broad) , 7.2—7.6 
(4H, m) , 7.7—8.1 (2H, m) , 8.35 ( I H , s), 8.1—8.5 (2H, m) . 
I R (KBr) : 3450, 3300, 3170, 1640, 735 cm- 1 . 

9-(1-Cyano-1-methylethyl) triptycene (6: X=Y=H, Z=CN). 
A solution of 2.00 g (8.16 mmol) of 5 (Z = GN) and 1.6 ml 
of isopentyl nitrite in 60 ml of dichloromethane was refluxed 
under a nitrogen atmosphere, while 1.45 g (10.6 mmol) of 
anthranil ic acid in 40 ml of acetone was added in 50 min. 
T h e mixture was refluxed for further 30 min and the solvent 
was evaporated. T h e residue (2.40 g or 9 2 % yield) was 
recrystallized to afford the desired material , m p 308—310 °G. 
Found : G, 89.42; H , 5.66; N , 4 .26%. Galcd for C 2 4H 1 9N: 
G, 89.68; H , 5.96; N , 4 .36%. 1U N M R (GDG13, <5): 2.42 
(6H, s), 5.30 ( I H , s), 6.9—7.7 (10H, m) , 7.8—8.0 (2H, m ) . 
I R (KBr) : 2225 cm"1 . 

9- ( 1-Methoxycarbonyl- 1-methylethyl) triptycene (6 : X= Y= H, Z= 
C00CH3), m p 230—232 °G, was prepared similarly in 86% 
yield. Found : G, 84.75; H , 6 .14%. Galcd for C 2 5 0 2 2 0 2 : 
G, 84 .71; H , 6 .26%. XH N M R (GDG13, Ô) : 2.31 (6H, s), 
3.75 (3H, s), 5.26 ( I H , s), 6.8—7.5 (11H, m) , 7.6—7.8 ( IH , 
m ) . I R (KBr) : 1740, 1715 cm" 1 . 

9- ( 1-Cyano- 1-methylethyl) -1,2,3,4-tetrachlorotriptycene (6 : X= 
Y= CI, Z = CN). Similar t reatment of 1.00 g of 5 (Z = GN) 
with tetrachloroanthranilic acid7) afforded a mixture of prod­
ucts. T h e mixture was oxidized overnight with 1.75 ml of 
3 0 % hydrogen peroxide in 30 ml of formic acid at room 
temperature and di luted with water. T h e mixture was 
extracted with dichloromethane and the excess of peroxide 
was decomposed with i ron(II ) sulfate. Evaporation of the 
solvent followed by chromatography on alumina afforded the 
dl and the meso isomers of the desired compound in 0.407 g 
or 2 2 % yield. The ratio dl/meso was ca. 11. T h e dl isomer 
was eluted first and was purified by recrystallization. The 
pure meso isomer was not obtained even though careful 
chromatographies were carried out. 

T h e dl form, m p 289—291 °G. Found : G, 62.94; H , 3.02; 
N , 3.12; CI, 30.72%. Galcd for G2 4H1 5NG14 : G, 62.78; H , 
3.29; N , 3.05; Gl, 30 .88%. XH N M R (CDC13 , Ô): 2.43 (3H, 
s), 2.58 (3H, s), 6.08 ( I H , s), 7.0—7.9 (7H, m) , 8.3—8.5 
( I H , m ) . I R (KBr) : 2230 cm- 1 . 

T h e meso form exhibited the following signals in 1 H N M R 
spectrum, when those due to the dl form were subtracted 
from a spectrum of a dl-meso mixture (GDG13, ô): 2.71 (6H, 
s), 6.08 ( I H , s), 7.0—7.6 (6H, m) , 7.9—8.1 (2H, m) . 

9- ( 1-Methoxycarbonyl- 1-methylethyl) -1,2,3,4- tetrachlorotriptycene 
(6: X=Y=Cl, Z=COOCHz) was similarly prepared in 24% 
yield in total . The ratio dl/meso was 3.4. 

T h e dl form, m p 286—288 °G. Found : G, 61.17; H , 3.74; 
Gl, 29 .14%. Galcd for G 2 5 H 1 8 0 2 G1 4 : G, 61.00; H , 3.69; CI, 
2 8 . 8 1 % . 1K N M R (GDC13 , Ô) : 2.27 (3H, s), 2.48 (3H, s), 
3.5—4.0 (3H, broad) , 6.09 ( I H , s), 6.9—7.6 (7H, m) , 7.7— 
8.0 ( I H , m ) . I R (KBr) : 1740, 1720 cm- 1 . 

T h e meso form, m p 200—202 °G, solidified again on heating 
above the melting point and melted at the melting point of 
the dl form. High resolution M S : Found, M+ 490.0001; 
Calcd for G 2 5 H 1 8 0 2 C1 4 , 489.9943. 1U N M R (CDC13 , à): 
2.47 (6H, s), 3.70 (3H, s), 6.09 ( I H , s), 6.9—7.6 (8H, m) . 
I R (KBr) : 1740, 1715cm" 1 . 

9-( 1-Cyano- 1-methylethyl) -1,4-dimethyltriptycene (6: X=CHZ, 
Y=H, Z—CN) was similarly prepared from 5 ( Z = G N ) and 
3,6-dimethylanthranilic acid8»9> in 6 8 % yield. T h e formation 
of the meso form was not detected by 1 H N M R spectra. 
Recrystallization of the product from tetrahydrofuran-hexane 
afforded pure dl form, m p 244—246 °G. Found : C, 89.66; 
H , 6.64; N , 4 . 0 4 % . Galcd for C 2 6H 2 3N: G, 89.36; H , 6.63; 
N, 4 . 0 1 % . m N M R (CDG13 , ô): 2.45 (3H, s), 2.47 (3H, 
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s), 2.51 (3H, s), 2.89 (3H, s), 5.61 (IH, s), 6.75 (2H, s), 
6.9—7.7 (7H, m), 8.1—8.3 (IH, m). IR (KBr) : 2225 cm"1. 

The meso form was obtained in the following way. The dl 
form (0.717 g) was dissolved in 50 ml of o-dichlorobenzene 
and the solution was refluxed overnight. The solvent was 
evaporated and the residue was chromatographed on alumina 
to afford 0.047 g (7%) of the meso form. Recrystallization 
from tetrahydrofuran-hexane gave a pure material, mp 256 
—257 °G. High resolution MS: Found, M+ 349.1802; Galcd 
for G26H23N, 349.1776. XH NMR (GDG135 Ô): 2.55 (3H, s), 
2.61 (3H, s), 2.62 (6H, s), 5.64 (IH, s), 6.82 (2H, s), 6.9— 
7.5 (6H, m), 7.8—8.1 (2H, m). IR (KBr): 2220cm-1. 

9- ( 1-Methoxycarbonyl- 1-methylethyl) -1,4-dimethyltriptycene (6 : 
X=CH3. Y=H, Z=C00CHz) was similarly prepared. For the 
purification, the oxidation with performic acid was applied. 
A mixture of dl and meso forms was obtained in 60% yield. 
The ratio dllmeso was 11. 

The dl form, mp 264—265 °G. Found: G, 84.74; H, 
6.84%. Calcd for G27H2602: C, 84.78; H, 6.85%. 1H NMR 
(GDClg, <5): 2.29 (6H, s), 2.43 (3H, s), 2.52 (3H, s), 3.73 
(3H, s), 5.62 (IH, s), 6.73 (2H, s), 6.8—7.5 (7H, m), 7.7— 
7.9 (IH, m). The signal at the highest field split into two 
in 1-chloronaphthalene at 70 °C. IR (KBr) : 1740, 1710 cm"1. 

The meso form, mp 203—204 °G, was obtained by thin 
layer chromatography of a mixture which was rich in the 
meso form. The meso form resolidified at temperatures above 
the melting point and melted at the melting point of the 
dl form. High resolution MS: Found, M+ 382.1853; Galcd 
for G27H2602, 382.1775. JH NMR (GDG13, Ô) : 2.40 (6H, 
s), 2.52 (3H, s), 2.65 (3H, s), 3.71 (3H, s), 5.61 (IH, s), 
6.76 (2H, s), 6.8—7.5 (8H, m). IR (KBr): 1740, 1715 cm-1. 

Measurement of Spectra. 1H NMR spectra were obtained 
with a Hitachi R-20B spectrometer, operating at 60 MHz. 
The temperature was 34 °G. IR spectra were obtained with 
a Hitachi EPI-G2 grating spectrophotometer and the wave 
numbers were calibrated with a polystyrene film. High 
resolution MS were obtained with a Hitachi RMH-1 spec­
trometer. 

Measurement of Barries to Rotation and Equilibrium Constants. 
Isomerization of the stable rotamers were carried out by 
heating solutions of the rotamers in 1-chloronaphthalene by 
immersing the samples in appropriate baths. The tempera­
ture of the baths was controlled by using the boiling points 
of solvents. The solvents were dimethyl sulfoxide (189 °G), 
o-dichlorobenzene (179 °G), mesitylene (162 °C), and cumene 
(152 °G). Analyses of the isomers were performed by either 
1H NMR spectroscopy or high pressure liquid chromatog­
raphy using benzophenone as an internal standard. The 
chromatography apparatus was a Waters M-6000A equipped 
with a UV detector. The rate constants were obtained as 
usual.10) Some of the rate constants were obtained by using 
the rate constants of the forward reaction and the equilibrium 
constant from the relation k_1=k/K. The kinetic parameters 
were obtained by both the Arrhenius plot and the Eyring plot 
and the thermodynamic parameters by the common practice. 

R e s u l t s and D i s c u s s i o n 

Conformational Equilibria. The equil ibrium 
constants of the rotamers at various temperatures are 
given in Table 1 and the thermodynamic parameters 
obtained from these results in Table 2. Clearly all the 
dl isomers are strongly favored over the meso. Since 
it is known that compounds, which do not have a 
substituent in the peri position, give values very close to 
2 which is a statistical factor,11»12) the equilibrium 

TABLE 1. EQUILIBRIUM CONSTANTS (K=dl/meso) OF 6 AT 

VARIOUS T E M P E R A T U R E S IN 1 - C H L O R O N A P H T H A L E N E 

Substituents 

Z 

GN 
GN 

GOOGH3 
GOOGH3 

X Y 

Gl Gl 
GH3 H 
Gl Gl 
GH3 H 

189 

7.5 
15 
21 
8.4 

TABLE 2. THERMODYNAMIC 

Temp/ 

179 

8.4 
16 
26 
14 

°G 

162 

8.8 
16 
29 
16 

152 

9.6 
17 
28 
14 

PARAMETERS F O R 

EQUILIBRIA (meSO ^ dl) OF ROTAMERS OF 

Z 

GN 
GN 

GOOGH3 

GOOGH3 

X 

Gl 
GH3 

Gl 
GH3 

Y A#/kcal mol 

Gl 
H 
Gl 
H 

- 2 . 3 
- 1 . 1 
- 2 . 9 
- 4 . 9 

- 1 

6 

AS/eu 

- 1 . 0 
3.1 
0.1 

- 6 . 0 

constants in Table 1 are unusual . The unusuality must 
be caused by the presence of the peri-substituent which 
is close to the substituent in the 9-position. The pre­
ference of the dl form must be attr ibuted to the steric 
repulsion between the substituents in 1 and 9 positions, 
because methyl is a larger group than the sp2 or sp 
moieties.13) 

Close examination of the data in Table 1 discloses, 
however, an interesting point. Namely, the chloro 
group favors the dl form to a sizable extent relative to 
the methyl group in the methoxycarbonyl compounds. 
The tendency is reversed in the cyano compounds, 
however. Since the chloro group is smaller than the 
methyl in its size, the consideration of repulsive interac­
tions predicts that the methyl group should disfavor 
the meso form relative to the chloro group. This is the 
case of the cyano compounds but , in the methoxy­
carbonyl compounds, the methyl group favors the meso 
form. The anomaly in the population ratio of the 
compound 6 ( X = Y = G 1 , Z = C O O C H 3 ) may be at 
least partly at tr ibuted to atrractive interactions between 
the chloro group and the methoxycarbonyl group14) 
which favor the dl form. 

Barriers to Rotation. Ra te constants of isomeriza­
tion of the rotamers at 189 °C are summarized in Table 
3 and activation parameters obtained from the rate 
constants at the 4 temperatures are shown in Table 4. 
Arrhenius parameters are added to facilitate the 
comparison of the data with those of 2. 

I t is interesting to note that barriers to rotation of 
the compounds examined here are all lower than that of 
compound 2. I t is especially so in the case of the pro-

TABLE 3. RATE CONSTANTS FOR ISOMERIZATION 

OF ROTAMERS OF 6 AT 189 °G 

z 

CN 
GN 

GOOCH3 
COOGH3 

X 

Gl 
GH3 

Gl 
GH3 

Y 

Cl 
H 
Gl 
H 

k/s 

/ 
(dl—>meso) 
6 . 3 0 x l 0 - 5 

4 . 9 4 x l 0 - 5 

2.40X10-4 

3.81X10-4 

- 1 

(meso—>dl) 

4.71 Xl0- 4 

7.24X10-4 

4 . 9 4 x l 0 - 4 

3.19X10-4 
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TABLE 4. ACTIVATION PARAMETERS FOR INTERNAL ROTATION OF 6 AND 2 

X Process 
AH* AS* 

kcal/mol 

36.1 
33.8 
36.7 
35.4 
34.4 
31.2 
29.1 
24.3 

37.7 

±<J£ XL 

12.9 
12.7 
13.1 
13.6 
12.6 
12.4 
10.2 
9.0 

13 

kcal/mol 

35.3 
32.9 
35.8 
34.6 
33.5 
30.3 
28.2 
23.4 

eu 

- 2 . 3 
- 3 . 3 
- 1 . 6 

1.0 
- 3 . 6 
- 4 . 4 

- 1 4 . 5 
- 2 0 . 3 

GN 

CN 

GOOGHg 

GOOGHg 

Compound 24) 

Gl 

CH3 

Gl 

GHg 

Gl 

H 

Gl 

H 

dl—>meso 
meso—+dl 
dl—>meso 
meso—±dl 
dl-^meso 
meso—±dl 
dl-^meso 
meso—+dl 

cesses meso-^dl. I t is tempting to consider that the 
interaction between the peri-substituent and the methyl 
group in the 9-substituent is much larger than that 
involving the cyano or the methoxycarbonyl group. 
Thus the ground state is raised relative to the transition 
state for rotation to lower the barrier. The tendency is 
reverse with the case of 9-isopropyltriptycenes,15) where 
the introduction of a larger substituent in the peri-
position led to the increase in the barrier height. 9-
Benzyltriptycenes exhibited higher barriers to rotation 
by introducing substituents in two peri positions.16) 
The congestedness of the molecule in the ground state 
is evident from the molecular models and the fact 
that the rotational isomers are isolated. X-Ray analysis 
of 9-^butyl-l ,2,3,4-tetrachlorotriptycene supports the 
idea: the molecule has unusual bond lengths and bond 
angles.17) Therefore, relief of the steric strain to a 
small extent will lower the energy level of the ground 
state to a fair extent. This is reflected in the equil ibrium 
constants discussed above. The higher barriers of the 
nitriles relative to the esters may be at tr ibuted to the 
lowering of the ground state also. A report by Anderson 
et Ö/.18> gives the similar explanation for the fact that the 
cyano group exhibited the highest barrier to rotation 
among compounds (CH 3 ) 3 C-C(CH 3 ) 2 X where X was 
CN, C H O , C 0 2 H , CH3CO, or C(CH 3 )=CH 2 . 

Compound 6 ( X = Y = G 1 , Z = C O O C H 3 ) was expect­
ed to show a higher barrier than others because the 
ground state is stabilized due to the attractive interac­
tion between the chloro and the methoxycarbonyl 
groups. However, the barriers are by and large the 
same. Although the phenomenon must partly be 
at tr ibuted to the raise in the ground state due to steric 
reasons, other possibilities like solvation effects may 
not be ruled out. One notes that the frequency factors 
(and entropies of activation) and activation energies of 
compound 6 ( X = C H 3 , Y = H , Z = C O O C H 3 ) are 
unusually small. The reasons for this phenomenon are 
not well understood at the present t ime. 

I t now seems to be necessary to remove the peri-
substituents in order to raise the barriers to rotation of 

9-(1-cyano or 1 -methoxycarbonyl-1-methylethyl) tripty-
cenes. A work along this line is in progress. 

This work was supported by a Grant-in-Aid for 
Scientific Research from the Ministry of Education. 
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Restricted Rotation Involving the Tetrahedral Carbon. XXVIII. 
Barriers to Rotation about a CsP3-C(=0) Bond in 9-(l-Methoxy-

carbonyl-l-methylethyljtriptycenes1»2) 
Soichi OTSUKA, Hiroshi KIHARA, Tsutomu MITSUHASHI, and Michinori ÔKI* 

Department of Chemistry, Faculty of Science, The University of Tokyo, Tokyo 113 
(Received June 30, 1979) 

Restricted rotation about a Gsp3-C(=0) bond in title compounds is found by XH NMR spectra of the dl forms. 
The barriers to rotation are obtained by the DNMR method to be ca. 15 kcal/mol. Infrared spectra which exhibit 
two conformations in the dl and the meso forms are also reported. 

Rotational isomers of esters have been discussed with 
the use of vibrational spectra,3) rotational spectra,4) 
electron diffraction,5) dipole moment,6) and N M R 
spectra.7) Infrared spectrum was a favorite technique 
for physical organic chemists and rotational isomerism 
about the C s p s -C(=0) bond of methyl chloroacetate 
was extensively studied by Josien.8) The chloro 
group exerts large influences on the frequency and the 
intensity of the carbonyl stretching bands and makes 
it convenient to study by this method. Although the 
presence of two conformations of the ester group about 
a C s p8-C(=0) bond was deduced from the behaviors 
in the C - C - O stretching region of propionates and 
butyrates,9) it has become possible to study the 
phenomenon from the C = 0 stretching region only 
recently.10) 

Since the rates of isomerization of rotamers are large, 
N M R spectra usually give information as a weighted 
mean of the possible ro tamers. The rates of rotation 
may be made slow in the cases of sp2-sp2 bonds and 
there are numerous examples of this sort involving the 
carbonyl.11) There had been only one example reported 
when we launched the project of synthesizing substi­
tuted 9- ( 1 -methoxycarbonyl-1 -methylethyl) triptycenes : 
Masamune et al. reported an exceptional case that a 
maleic anhydride adduct of methyl tri-£-butyl[4]-
annulenecarboxylate (1) showed bifurcation of the 
methoxyl signal in 1 H N M R spectrum at —60 °C.12) 
Although it is not an ester, restricted rotation about 
a C8p3-C(=0) bond has been found by N M R spectro­
scopy while our study has been in progress: Har t et al. 
concluded that the rotation of an acetyl group in 
compound 2 was frozen on the N M R time scale, 
because the two methyls in 4 and 5 positions of the 
cycloheptatriene system became nonequivalent at — 12 
°C.13) Very recently, restricted rotation of bis(di-£-
butylmethyl) ketone has been reported.14) 

X 

X ^ 1 COOCH3 5 

(1) (2) 

During the purification of 9-( 1-methoxycarbonyl-1 -
methylethyl)-1,2,3,4-tetrachlorotriptycene (3, X = Y — 
CI) we have encountered a phenomenon that the 
methoxyl signal of this compound in 1 H N M R spectrum 

operating at 60 M H z appears as a broad band, if it is 
the dl form. In this paper, we wish to report a detailed 
investigation of the restricted rotation about a C s p s -
C(=0) bond, triggered by finding the broadened band 
for the methoxyl group. 

(efZ-3) 

E x p e r i m e n t a l 

Materials. The preparation of materials in this study 
has been reported elsewhere.1) Pure samples of respective 
rotamers after separation by chromatography were used for 
the measurements. 

1H NMR Spectra. The spectra were obtained on a 
Hitachi R-20B spectrometer with a temperature variation 
accessory, operating at 60 MHz, unless otherwise specified. 
Chloroform-^/ was used as a solvent for compounds which 
showed coalescence of signals at the higher temperature, 
whereas chloroforms-carbon disulfide (1:1) was a solvent 
for those which required deep cooling. Temperature was 
calibrated using the chemical shifts of methanol and ethylene 
glycol at the lower and the higher temperatures, respectively. 

Calculation of Spectra and Kinetic Parameters. The 1H NMR 
spectra at various temperatures were calculated with the use 
of a modified Binsch program15) and the best fit of the calcu­
lated spectra with the observed was determined by visual 
fitting. The rate constants thus obtained were put into the 
Eyring equation to obtain kinetic parameters. The popula­
tions which were necessary for the calculation of the spectra 
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were obtained by using the thermodynamic parameters deriv­
ed from the populations at low temperatures. 

Infrared Spectra. The spectra were obtained on either 
a JEOL JIR-03F FT-IR or a JASCO DS-403G spectrometer. 
The samples were dissolved in either carbon tetrachloride or 
chloroform to make up ca. 10~3 mol/1 solutions. 

R e s u l t s a n d D i s c u s s i o n 

Assignment of the Spectra. T h e 1 H N M R spectra 
of dl-3 ( X = Y = C 1 ) at three temperatures are shown 
in Fig. 1. At a low temperature the methoxyl signal 
which had been broad at 34 °C split into a pair of 
sharp singlets, whereas the signal for the methoxyl at a 
high temperature was a sharp singlet. Methyl signals 
which had been a pair of singlets at room temperature 
split into a pair of doublets at the low temperature as 
well. 

71°C 

^WWv*rf NNm*»fr'»SVw»l*i'>V 

_w^J V-WV..W^-J»Wv*/ *\**#+*W 

34°C 

W^«VSMM*AiMfJ 

-2°C 

\f¥M^^^ ^UHMMAHJ 

8.0 2.0 0.0 6.0 4.0 

«5/ppm 

Fig. 1. *H NMR spectra of dl-3 (X=Y=C1) at three 
temperatures (GDG13, 60 MHz). 

T h e temperature dependence of the spectra might be 
explained by two ways. One is to use the Z^E con­
formational change (Eq. 1) and the other is the rotation 
about the C s p 3-C(=0) bond (Eq. 2). The first possi­
bility is unlikely, however. Esters are known to 
assume Z conformation in general and it is an ex­
ceptional case that the esters take E conformations. 
The E conformations are realized in esters which carry 

-C CH, 

XT 

\ /° 
CH3 

(1) 

<f—\ CH* (2) 

a small group as an acyl part and a large group as an 
alkoxyl part.16) Since the compound in question carries 
a large acyl par t and a small alkyl group, the possibility 
of the E conformation may be rejected. 

Although the process is now said to be represented 
by Eq . 2, there remain minor problems to be discussed. 
Carbonyl groups are in general to be more stable if 
they assume conformations in which a carbonyl group 
eclipses one of the single bonds involving the adjacent 
carbon.17) T h e conformations written in Eq. 2 do not 
necessarily conform to this generality. We justify the 
conformations from two points, however. The first is 
that there is a report which successfully interpreted the 
microwave absorption data of methyl acetate by 
assuming a C = 0 staggered conformation.18) In addition, 
large groups associated with the a-carbon in this 
compound and the triptycyl group will make regular 
conformations, which are otherwise stable, unstable. 
We call the conformations represented by Eq. 2 as 
CH 3 0- ins ide and CH 3 0-outs ide in this paper. 

GHoO-outside CHoO-inside 

Another problem is the assignment of the N M R 
signals to the respective conformations. We take 
advantage of the ring current effects19) of the benzene 
ring for the assignment. Since the methoxyl signal of 
methyl acetate is at ô 3.67, one of the two signals of 
dl-3 ( X = Y = C 1 ) is at a higher field and the other is 
at a lower field than that of the methyl acetate. Thus 
the methoxyl signal at the higher field corresponds to 
the CH 3 0- ins ide conformation and the other at the 
lower field to the CH 3 0-outs ide . 

dl-3 (X = CH 3 , Y = H ) showed a similar phenomenon 
except that the splitting of the methoxyl signal occurred 
at a lower temperature. The coalescence temperature 
was - 4 °C, while that of dl-3 ( X = Y = G 1 ) was 34 °C. 

Any of the meso forms of these compounds and 3 
( X = Y = H ) failed to show splitting of the methoxyl 
signals, although the temperature was lowered to 
—80 °C. Since they all showed broadening of the 
signals, spectra of 3 ( X = Y = H ) were examined at 
200 M H z . They did not show splitting at —50 °C, 
however. 
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TABLE 1. THERMODYNAMIC PARAMETERS FOR THE 

E Q U I L I B R I A ( C H 3 0 - O U T S I D E : F ± C H 3 0 - I N S I D E ) 

OF dl-3 IN CDC1, 

X Aß/kcal mol-1 AS/eu AG/kcal mol-1 

at 25 °C 

Gl Gl 
GH, H 

-0.43 
-0.34 

1.9 
1.8 

0.15 
0.18 

Populations and Thermodynamic Parameters. T h e 
1 H N M R spectra of dl-3 were obtained at various 
temperatures and, from the integration of the spectra, 
the populations of the CH 3 0- ins ide and CH 3 0-outs ide 
conformations were obtained. Usual treatment of the 
data afforded the thermodynamic parameters shown 
in Table 1. The free energy difference at 25 °C is also 
included in the Table . T h e data suggest that the 
CHgO-inside conformation is favored in terms of 
enthalpy while it is disfavored by entropy factors. And, 
as a whole, the CH 3 0-outs ide conformation is slightly 
favored at 25 °G. 

X Form fmax(e) in CC14 vm&x{e) in GHG13 

H H 

Gl Gl 

GH, H 

- ( 
dl 

dl 

meso 

1747(450) 
1720(360) 
1743(630) 
1725(480) 
1747(510) 
1720(280) 
1746(390) 
1717(370) 
1748(270) 
1717(220) 

1739(340) 
1712(190) 
1734(370) 
1718(310) 
1741(410) 
1714(240) 
1739(330) 
1712(260) 
1740(390) 
1709(210) 

Infrared absorptions due to the C = 0 stretching are 
tabulated in Table 2. Each conformer possesses two 
absorptions. The possibility of the bifurcation due to 
the Fermi resonance may be ruled out because the 
shift due to the solvent change, from carbon tetra­
chloride to chloroform, is very similar with the case of 
methyl acetate.20) Thus the results support the existence 
of the CHgO-inside and CH 3 0-outs ide conformations 
deduced by the N M R spectra. We tentatively assign 
the absorptions at higher frequencies to the C H 3 0 -
outside conformations and those at lower frequencies 
to the CHgO-inside conformations because of the 
correspondence between populations and intensities. 
Bond dipoles are known to affect the C = 0 stretching 
frequencies and intensities21) but the effects seem small 
here. The separation of the two bands is abnormally 
large in these compounds, compared with the ordinary 

* t o V | | * ^ ^ 

Fig. 2. Observed (left) and calculated (right) spectra of 
dl-3 (X=Y=C1) at four temperatures. The upper 
numbers of A;'s correspond to the rates of GH30-inside 
—>GH30-outside processes and the lower the CH 3 0-
outside—>GH30-inside. The upper numbers of /?'s 
correspond to populations of the GH30-outside confor­
mation and the lower the GH30-inside conformation. 

esters, probably due to the steric effect of the conforma­
tions concerned. 

Barriers to Rotation. An example of the results 
of band shape simulations is shown in Fig. 2. The 
populations calculated by the thermodynamic values 
in Table 1 were used as constants and the rates of 
forward rotation were varied in the calculation. The 
rates of backward rotation are determined by the rates 
of forward rotation and the population automatically. 
The kinetic parameters obtained by this method are 
tabulated in Table 3 . 

T h e parent compound 3 ( X = Y = H ) and the meso 
forms of 3 failed to give split signals even at low tempera­
tures. Therefore, it is not possible to perform the total 
line shape analysis. However, since the lines due to 
methoxyl and methyl groups show line broadening at 
low temperatures, it is possible to obtain rough estimates 
of barriers to rotation, by assuming the chemical shift 
differences. I t may be argued that the chemical shift 
differences might be very small in these series, although 
the barriers are high. We rule out this possibility from 
the fact that dl-3 ( X = Y = C 1 ) , ô 3.58 and 3.90, and 
dl-3 ( X = C H 3 , Y = H ) , Ô 3.58 and 3.89, give almost 

X 

TABLE 3. KINETIC PARAMETERS FOR ROTATION ABOUT THE Csp3-C(=0) BOND IN dl-3 IN GDC13 

Process 
AH* 

kcal mol -1 

13.7 
14.1 
10.9 
11.2 

AS* 
eu 

- 7 . 4 
- 5 . 4 

- 1 0 . 5 
- 8 . 9 

AG*(25°C) 
kcal mol - 1 

15.8 
15.7 
14.0 
13.8 

Cl 

GH, 

Gl 

H 

CH30-out->CH30-in 
GH30-in->GH30-out 
CH30-out->CH30-in 
CH30-in-»CH,0-out 
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the same chemical shift differences. If the chemical 
shift difference were affected by the peri-substituents, 
the change in the peri-substituent would have resulted 
in a larger difference. Assuming that the chemical 
shift difference of the two forms of meso-3 ( X = Y = C 1 ) 
is the same with that of dl-3 ( X = Y = C 1 ) and that 
populations are 50: 50, we can use Eq. 3 for estimating 
the rates of rotation.22) 

*-{fH7te--k) (3> 
where \jT2' is obtained from the line width at a given 
temperature and l/T2 from that where exchange is fast. 
Thus AH*, AS*, and AG* at 25 °C were obtained as 
4.2 kcal/mol, —21.8 eu, and 10.7 kcal/mol, respectively. 
meso-3 (X = CH 3 , Y - H ) and 3 ( X = Y = H ) gave 
similar values. Although the reliability of these values 
is limited, these may be used as a first approximation in 
discussion. 

T h e barriers obtained thus far indicate that , in order 
to exhibit high barriers to rotation, it is necessary to 
have a peri-substituent. Barriers to rotation are deter­
mined by the relative energies of the ground and the 
transition states. Since no special stabilization or 
destabilization of the ground state is apparent , the high 
barriers for the dl form may be at tr ibuted to the peri-
substituent which gives a strong repulsion in the transi­
tion state of rotation to raise the transition state. Close 
examination of the data in Table 3 reveals that dl-3 
( X = Y = C 1 ) gives higher barriers to rotation than dl-3 
( X = C H 3 , Y = H ) in spite of the fact that the van der 
Waals radius of the methyl group is larger than the 
chloro. This may be ascribed to the attractive interac­
tion between the carbonyl moiety and the chloro 
group23) which are located closely with each other. 

We wish to thank people in Brucker for the measure­
ment of the *H N M R spectra at 200 M H z . O u r thanks 
are also due to the Ministry of Education for a Grant-
in-Aid for Scientific Research. 
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The Jacobsen rearrangement of tribromobenzenes was investigated at 110—180 °C in concentrated sulfuric 
acid. The reaction proceeds exclusively via the intramolecular 1,2-migration of the bromine atom, which is 
accelerated by the steric repulsion of the neighboring group. Sulfonation of both the reactant and the products 
occurs simultaneously with the rearrangement. The migration of bromine atoms in the sulfonic acids proceeds far 
more slowly, the rearranged products not being formed to any considerable extent by sulfonic acids. 

The migration of alkyl groups and/or halogen atoms 
in alkylhalobenzenes and polyhalobenzenes, assumed to 
be modifications of the Jacobsen rearrangement, occurs 
under similar conditions. Alkyl migration has been 
extensively studied and its mechanism elucidated in 
detail.1-3) O n the other hand, only a few investigation 
have been reported on the migration of halogen atoms 
on the aromatic nuclei.4-8) 

At least in cases of alkyl migration, the rearrangements 
are supposed to be acid-catalyzed reactions, proceeding 
via protonated or S 0 3 H + - a d d e d benzene derivatives, 
i.e. benzenium cations. However, no details of the 
halogen-migration have been confirmed so far. 

During the course of investigations on the reactions, 
spectroscopic and chromatographic properties of poly-
halogenated aromatic hydrocarbons,9 - 1 1) we have 
studied the sulfuric acid-catalyzed rearrangements of 
polybromobenzenes as discussed the mechanism of the 
reaction. 

Exper imenta l 

Materials. 1,2,3-Tribromobenzene was prepared by 
the method previously reported by Furuyama and Fukushi.12) 
Dibromochloro- and bromodichloro-benzenes were prepared 
by the Sandmeyer reaction from the corresponding dihalo-
anilines. Other compounds were used after purification of 
the commercially available materials. All the polyhaloben­
zenes were identified by means of their melting and boiling 
points and spectral properties. 

Reactions. The reactants polyhalobenzene ( l .OxlO - 4 

mol) and concentrated sulfuric acid (0.2 ml, special grade) 
were sealed in Pyrex tubes (6 mm d ia .x50mm length). A 
number of the sealed tubes thus prepared were heated in a 
thermostatic oil bath under efficient mixing with a magnetic 
vibrator. The polyhalobenzenes are sparingly soluble in 
sulfuric acid at room temperature, and are not completely 
miscible under the reaction conditions (at 110—180 °G). 
Thus, sufficient mixing should be carried out to avoid the 
effect of diffusion on the reaction rates. Absence of such 
effects under experimental conditions was confirmed by the 
fact that approximately the same apparent rate constants were 
observed for the decrease of the amount of reactant poly­
halobenzenes in preliminary runs carried out with varying 
efficiency of mixing. 

The reactions were carried out at 110—180 °C for 10—24 
h. Each sealed tube was taken out at appropriate intervals 
of time, cooled immediately and quenched by pouring into 
an excess of water. The halogenated hydrocarbon component 
was extracted by cyclohexane and analyzed by gas chro­

matography. 
Spectral and Chromatographic Measurements. The 1H-NMR 

spectra were recorded on a JEOL JNM-C60H spectrometer 
operating at 60 MHz, the chemical shifts being given in 
terms of parts per million (ppm) upfield from the signal of 
internal 1 H 2 S0 4 reference. The infrared and mass spectra 
were measured with JASCO DS-402G and Hitachi RMU-6L 
spectrometers, respectively. Gas chromatographic analyses 
were carried out on a Shimadzu GG-6A apparatus equipped 
with a polyethylene glycol 20M column (3 mm X 2 m). 

R e s u l t s a n d D i s c u s s i o n 

Formation of the Rearranged Products. Isomeric 
tribromobenzenes and their sulfonated products were 
obtained by the action of concentrated sulfuric acid on 
tribromobenzenes. However, the rates of reaction for 
the isomeric tribromobenzenes differ remarkably. T h e 
decrease in the reactant apparently shows first-order 
rate in each case (Table 1), 1,2,3-tribromobenzene (1) 

TABLE 1. APPARENT FIRST ORDER RATE CONSTANTS 

FOR THE DECREASE OF TRIBROMOBENZENES 

GH3Br3 

1,2,3 

1,2,4 

1,3,5 

Temp/°G 

160 
180 
160 
180 
160 
180 

^ / s - 1 

2.94X10-4 

9.00x10-* 
3.55X10-5 

2.17x10-* 
a) 

4.4x10-« 

a) The reaction is very slow under these conditions. 

being most reactive. The amounts and proportions of 
tribromobenzene isomers present in the reaction system 
changed during the course of reaction. The relative 
amounts of three isomers 1—3 are given as a function 
of the reaction period in Fig. 1. 

Br Br Br 

BrNX\/Br J\^ J\ 

(1) 

^ 
i 

Br 

(2) 

B r ^ X / ^ B r 

(3) 

Formation of the sulfonic acids in the reaction medium 
causes loss in the total amount of tribromobenzenes. 
In the runs employing 1,2,3-tribromobenzene (1), the 
amount of the 1,2,4-isomer (2) produced increases 
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4 6 8 
Time/h 

Fig. 1. Amounts of consumed and produced tribromobenzenes relative to the starting material 
are plotted as a function of time with the runs starting from (a) 1,2,3-tribromobenzene (1), 
tribromobenzene (2), and (c) 1,3,5-tribromobenzene (3) and carried out at 180°C (except 
otherwise stated). 

(=100%) 
(b) 1,2,4-
the cases 

steeply in the earlier stage of the reaction process, 
decreasing gradually later (Fig. l a ) . We see that very 
fast rearrangement from 1 to 2 is succeeded by con­
siderably slower sulfonation of 2. 

In order to examine whether the rearrangement is 
intramolecular or intermolecular, crossover experiments 
with toluene, m-dichlorobenzene, trichlorobenzene, and 
naphthalene were carried out. No cross-products were 
obtained. This strongly suggests the intramolecular 
nature of the rearrangement. Another evidence in 
favor of intramolecularity of the rearrangement comes 
from the fact that the rate for consumption of the 
reactant, as well as that for the increases in the products, 
is linearly dependent on the initial concentration of the 
reactant. A quadrat ic relation is expected if the rear­
rangement is intermolecular. 

1,2-Migration of the bromine substituent was found 
to occur exclusively in the rearrangement by the runs 
on bromodichloro- and dichlorobromo-benzenes (Table 
2). No rearranged products were detected after 48 h 
reaction of 2,6-dichlorobromobenzene (6) at 180 °C. 
In contrast, 2,6-dibromochlorobenzene (4) rearranged 
nearly as fast as 1, producing 2,5-dibromo- and 3,5-
dibromo-chlorobenzenes. The proportion of products 
is similar to the case of 1. The only reasonable explana­
tion for the different behavior between 4 and 6 is that 
the migration of the chlorine substituent is negligible 
under the experimental conditions and that the migra­
tion of the bromine substituent in 6 is blocked by the 
chlorine atoms on the neighbor carbon atoms. In the 
case of 2,3-dichlorobromobenzene (5), the rearrange­
ment to form 3,4-dichlorobromobenzene occurred with 
a rate slightly lower than that of 1. However, the 
decrease in the rate of 5 is not remarkable, probably 
because the migration occurs considerably faster in 
bromobenzenes of 1,2,3-trihalosubstituted type than in 

that of 1,2-dihalo-substituted type. Migration of the 
chlorine substituent is not evident throughout the 
polyhalobenzenes (Table 2). This is also true in the 
case of 1,2,3-trichlorobenzene under similar conditions. 

In conclusion, the rates of bromine migration decrease 
in the following order, the 1,2-migration being the 
only detectable pathway of the rearrangement. 

Br 

H / 

X 
i 

,x 
> 

Brv 

H ' 

X H X 
i i i 

B i \ X \ Br. 

H'V/ X 
0 

Under more drastic conditions (above 250 °C in 
concentrated or fuming sulfuric acid), the intermolecular 
halogen migration to produce dibromo- and tetrabromo-
benzenes proceeds to a considerable extent.7) However, 
the mechanism of these reactions evidently differs from 
that of the intramolecular rearrangement under discus­
sion. In the runs carried out in phosphoric acid, 
polyphosphoric acid, selenic acid, concentrated hydro­
chloric acid, and fluorosulfuric acid13) at temperatures 
110—200 °G for 1—10 h, no rearranged products were 
detected. The results suggest the important role of 
sulfuric acid in the rearrangement. 

Sulfonic Acids Formed During the Reaction and Their 
Possibility as Intermediates of the Rearrangement. In 
the reaction medium, considerable amounts of both 
the starting and the produced tribromobenzenes were 
sulfonated, resulting in a decrease in the total amount 
of tribromobenzene with the elapse of reaction period 
(Fig. 1). The sulfonic acids produced during the course 
of reaction were pursued by means of N M R and 
infrared spectroscopic methods. Figure 2a shows the 
N M R spectrum of a mixture of the produced sulfonic 
acids in the sulfuric acid layer of the reaction system 
separated from the organic layer after 1 h duration 
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T A B L E 2. T H E REARRANGEMENTS OF BROMODICHLORO» 

AND DIBROMOCHLORO-BENZENESA) 

Reactant 

CI 

B r x ^ \ / B r 
1 fl 

(4) 
CI 

B r ^ ^ x / C l 
1 II 

x/ 
(5) 
Br c i v X \ / C i 

1 II 

x/ 
(6) 
CI 

X/xci 
(7) 
CI 

X / x B r 

(8) 
Br 

X/ N CI 
(9) 
CI 

1 II 
C K X / ^ B r 

(10) 

Product (s) 

CI CI 

B r ^ X / B i ^ V ^ B r 

CI 

X \ / C i 
1 II 

B i / \ / 

b) 

CI 

B r / s V / v C l 

b) 

b) 

b) 

a) The reaction was carried out at 180 °C, the products 
being separated after 5—10 h. b) The starting trihalo-
benzene was recovered nearly quantitatively after diges­
tion. 

of the reaction at 165 °C. This is a typical example of 
the N M R spectra of the sulfonic acids in sulfuric acid, 
the signals being assigned by comparing them with 
those (Figs. 2b and 2c) of authentic tribromobenzene-
sulfonic acids. All the spectra (Figs. 2 and 3) were 
measured at 120 °C to avoid the crystallization of 
sulfonic acids. The N M R spectrum of 2,3,4-tribromo-
benzenesulfonic acid (11) shows an AB quartet ( y = 6 . 9 
Hz) which can be assigned to the two hydrogen atoms 
on the adjacent carbon atoms. However, only a singlet 
was observed at 4.50 ppm upfield from the acidic 1 H 
signal of sulfuric acid when the spectrum of the same 
sulfonic acid was measured in concentrated sulfuric 
acid at 120 °G immediately after dissolution. This 
signal, corresponding to signal a in Fig. 2a, is assigned 
to 11. The N M R spectrum of 2,4,5-tribromobenzene-
sulfonic acid (13) shows two signals at 4.08 and 3.87 
ppm from the 1 H signal of H 2 S 0 4 (Fig. 2c), which 
correspond to signals b and c, respectively, in Fig. 2a. 

Fig. 2. NMR spectra of sulfonic acids in the reaction 
mixture, (a) Sulfuric acid layer of the reaction mix­
ture starting from 1,2,3-tribromobenzene (1) and 
separated after 1 h's reaction at 165 °C. The organic 
layer was separated off after the reaction period, (b) 
2,3,4-Tribromobenzenesulfonic acid (11) in water and 
sulfuric acid, (c) 2,4,5-Tribromobenzenesulfonic acid 
(13) in sulfuric acid, (d) Spectrum measured after 
heating 2,3,4-tribromobenzenesulfonic acid (11) in sul­
furic acid without the contact of the organic layer 
(tribromobenzenes). Isomerization to produce 3,4,5-tri-
bromobenzenesulfonic acid alone was observed. 

Signals observed in Fig. 2a were thus assigned to the 
sulfonic acids. However, much higher intensity of 
signal b than that of c indicates the overlap of another 
signal at 4.08 ppm. Prolonged heating (at 165 °G) of 
the sulfuric acid solution of 11 resulted in the appearance 
of a signal at 4.08 ppm in addition to signal a in its 
N M R spectrum. The new signal is located at 4.08 ppm, 
approximately the same frequency as the higher fre­
quency signal of 13, and assigned to 3,4,5-tribromo-
benzenesulfonic acid (12) for the following reasons. 
(i) Electrophilic substitution on 1,2,3-tribromobenzene 
usually occurs predominantly on the 4-carbon atom, 
when the reaction is kinetically controlled, to form 11 
in the case of sulfonation. However, sulfonation at 
higher temperature is often reversible and the more 
stable isomer 12 is expected to become the major 
product gradually, (ii) Under the reaction conditions, 
formation of 1,2,4-tribromobenzene (2) after quenching 
and digestion of the reaction mixture was shown to be 
negligible, no measurable amount of sulfonated 1,2,4-
tribromobenzene being expected to be present in the 
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HgSC^ 

J -J\ u p w * * r 30min 

Br 
Br, 

^ W 4 5 min 

J 60mm 

Fig. 3. Changes in NMR spectrum of the sulfuric acid 
layer during the process of the rearrangement of 
1,2,3-tribromobenzene (1). 

reaction mixture. No 2,4,6-tribromobenzenesulfonic 
acid was detected in either runs, and its formation from 
1 is supposed to be a slow reaction. 

The quanti tat ive changes of these sulfonic acids during 
the course of reaction were determined by means of 
a H - N M R spectrometry.14) When the reaction of 1 was 
carried out at 165 °C, the N M R spectrum of the 
sulfuric acid layer changed as a function of the reaction 
period (Fig. 3). As expected, sulfonic acid 11 was 
produced from 1 initially, amounts of sulfonic acids 12 
and 13 increasing gradually. In the presence of tri-
bromobenzenes, formation of 13 proceeds considerably 
faster than the isomerization to form 13 from the 
mixture of sulfonic acids 11 and 12, which takes several 
hours to produce a detectable amount of 13 at the same 
reaction temperature. Thus , most of sulfonic acid 13 
in the sulfuric acid layer is derived by sulfonation of the 
rearranged product 2 . Isomerization starting from 
2,4,5-tribromobenzenesulfonic acid (13) also gave a 
mixture of sulfonic acids (12, 13, and a small amount 
of 2,4,6-tribromobenzenesulfonic acid)15) after heating 
for a longer period, the products being in slow equilibria 
in sulfuric acid solutions. Thus the migration of bromine 
atoms also proceeds with sulfonic acids, the rate being 
considerably lower than that of the runs in the presence 
of tribromobenzenes. 

Actually the sulfonation to form 11, 12, and 13 
proceeds simultaneously and/or successively with the 
rearrangement to form 2 and 3, when 1 is treated with 
sulfuric acid. Thus the reaction of 1 at 180 °C was 

1.0i 

0.8 

'S 0.6 
S 
i o 

Eo4| 

0.2 

[ 

/ 
/ B r v ^ 

L> 
?r 

V 
^ S 0 3 H 

Br*rirBr 

SO3H 

- S - T Ï 
V^er 

SO3H 

u 2 4 6 8 10 12 

Time/h 

Fig. 4. Amounts of the produced sulfonic acids contain­
ed in the sulfuric acid layer are plotted as a function 
of time with the run starting from 1,2,3-tribromoben­
zene and carried out at 180 °C. 

carefully reproduced and the sulfuric acid layer 
analyzed. The amounts of the sulfonic acids formed are 
plotted against the reaction period in Fig. 4. By com­
paring Fig. 4 with Fig. la , reactant 1 is supposed to 
undergo both sulfonation to 11 and isomerization to 2 
and, to a less extent, to 3 initially, even if it is not 
certain whether compounds 1 and 11 are formed via a 
common intermediate or not. 

The compositions of the sulfonic acids produced were 
determined also from the infrared spectra of the products 
in the sulfuric acid layer measured after their trans­
formation into sodium salts. An example of the infrared 
spectra is shown in Fig. 5 together with the assignment 
of the bands to each sulfonic acid. Approximately the 
same results as in Fig. 4 were obtained from the changes 
in the infrared absorption intensities, leading to the 
same conclusion as obtained from the N M R spectra. 

Mechanism of the Rearrangement. The rearrange­
ment does not proceed in the presence of Brönsted acids 
other than sulfuric acid, and is not general-acid-
catalyzed. Sulfonic acids 11—13 cannot be inter-

2 
Z 
< 
cc iooo 2000 1500 

WAVE NUMBER/Cm1 

1000 600 

Fig. 5. Infrared spectrum of the mixture of sodium 
tribromobenzenesulfonates separated from the sulfuric 
acid layer after the reaction for 2 h at 180 °C. The 
absorption bands are assigned to 2,3,4-tribromoben-
zenesulfonate ( 0 ) , 3,4,5-tribromobenzenesulfonate(0)> 
and 2,4,5-tribromobenzenesulfonate ( 0 ) by comparing 
with the spectra of authentic samples. 
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(a) 
gra t ion ^ ^ " V ^ B r B r m i g r a t i o n ^^~ 

(15b)^ ' 

S03H SO3H 

(11) (12) (13) 

(b) 

Br Br Br 

XNT^VSO3!L
 xr^Srs°3!LxY^S 

a: X = B r , Y = H. b: X = H, Y « B r . 

Fig. 6. (a) The whole reaction scheme including both 
isomerization and sulfonation. (b) Reaction mechanism 
for the bromine migration. 

mediates of this rearrangement, since the isomerization 
to form bromine-migrated sulfonic acids is by far 
slower than the rearrangement itself. Moreover, the 
formation of tribromobenzenes from the sulfonic acids 
does not proceed to a considerable extent, probably 
because the equilibria among tribromobenzenes and the 
sulfonic acids are more favorable to the latter. Thus 
the possible intermediate or transition state for the 
reaction is a sulfonated benzenium cation (14) which is 
produced by the ipso attack of S 0 3 H + , or more probably 
S 0 3 , and the subsequent formation of the three-
membered ring containing bromine atom. The 1,2-shift 
proceeds more easily when the migrating bromine atom 
is sterically crowded. The formation of the bromonium 
cation might be assisted by the repulsion caused by 
the neighboring halogen atom. The repulsive force 
operating is of steric as well as electrostatic nature . The 
whole reaction is explained by the following scheme 
(Fig. 6). The desulfonation after rearrangement is 
expected to be a prompt reaction, since the sulfonic 
acid group is repelled sterically by the two bromine 
atoms on the neighboring carbon atoms. This is in 
line with the fact that it is difficult for 1,3,5-triboromo-
benzene to transform into the corresponding sulfonic 
acid and that 2,4,6-tribromobenzenesulfonic acid 
undergoes very fast desulfonation in sulfuric acid. 

The rearrangement from 2 proceeds more slowly than 
that from 1, giving 1 and 3. The interconversion among 
the isomeric tribromobenzenes is reversible, thermo-
dynamically controlled products being obtained after 

a very long period of reaction. Original Jacobsen 
rearrangements of polyalkylbenzenes tend to vicinal 
orientation, contrary to the rearrangements of poly-
halobenzenes, and seem to proceed through a different 
mechanism. 

The authors are grateful to Miss Hiroko Endo for 
her technical assistance in the measurements of the 
N M R and mass spectra. 
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The spin-lattice relaxation time, Tl9 of carbons was measured for various types of carbons in ring-type fractions 
separated from coal-derived oil. The 7\ for most carbons in the coal-derived oil was less than 2 s because of the 
existence of free radicals, while the X '̂s of aromatic non-protonated carbons in the monocyclic and bicyclic aromatics 
fractions were approximately 12—15 s. The effects of a relaxation reagent on the Tx were also discussed. 

In recent years, 1 3 C-NMR spectrometry has been 
applied to the study of coal chemistry1 - 7) and has 
proved to be a powerful tool for the investigation of the 
structure of coal-derived oil, since it makes the direct 
observation of the hydrocarbon skeleton possible. 

The determination of various structural parameters 
for coal-derived oil requires a quanti tat ive N M R 
spectrum. The peak intensity in the F T - N M R proton 
decoupling spectrum is generally affected by two 
factors, the nuclear Overhauser enhancement (NOE) 
and the spin-lattice relaxation time, 7 \ . The former, 
the N O E , can be fully suppressed by the gated-decoupl-
ing technique,6 - 8) whereas the latter, 7\3 can not be, 
since it is closely related to the structure and has a 
definite value for each carbon in the coal-derived oil. 

The F T - N M R method requires a pulse repetition 
time much larger than 7 \ in order to avoid the progres­
sive saturation of signals. I t is necessary, therefore, to 
have information on the T1 of the sample prior to the 
N M R spectrum measurement. Unfortunately, however, 

there have not yet been any reports on the 7 \ of coal-
derived oil, as far as we know. In the present work, 
the 7Ys of various types of carbons and other structural 
information of coal-derived oil have been obtained from 
the partially relaxed Fourier transform (PRFT) spectra. 

E x p e r i m e n t a l 

The coal sample used in the present work is from Akabira, 
Hokkaido. The sample was hydrogenated over an Adkins 
catalyst at 400 °G for 60 min under the initial hydrogen 
pressure of 100 kg/cm2. The hydrogenated product was 
extracted with hexane in a Soxhlet extractor. The extracted 
coal-derived oil was separated into five fractions by liquid 
chromatography, a modification of the Bureau of Mines-API 
60 method:9) saturates (Fr-P), monocyclic aromatics (Fr-M), 
bicyclic aromatics (Fr-D), tri- and tetracyclic aromatics (Fr-
T), and polycyclic aromatics and polar aromatics (Fr-PP). 

The coal-derived oil and ring-type fractions (Fr-M, D, T, 
and PP) were used for the Tx measurement. The samples 
were dissolved in deuteriochloroform, and the solution was 

3.0 

20.0 

160 140 120 100 80 GO 40 20 0 

ppm 

Fig. 1. Partially relaxed Fourier transform spectra for Fr-M. 
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CARBONS FOR RING-TYPE FRACTIONS OF COAL-DERIVED OIL 

Chemical shift Spin-lattice relaxation time, 7 \ 
^ a i u u u «-yp^ 

Aromatic 
A. Substituted 
B. Bridge head 
G. Protonated 

Aliphatic 
D. Methylene bridge 

<5/ppm 

138.6 
131.8 
126.8 

37.9 
E. e or further GH2 from end 29.6 
F. a-GH3 to ring 
G. end-GHg to ring 

21.3 
14.0 

Fr-M 

12.7 
12.0—13.0 
1.2 

0.7— 0.9 
0.6— 0.7 
1.2 
2.4 

Fr-D 

10.9 
12.9—14.7 
1.6— 2.6 

0.8 
0.9— 1.0 
1.3— 1.7 
2 . 1 — 2.5 

Fr-T 

2.8 
4.1 
0.4—0.8 

0.4 
0.3—0.4 
0.5—0.9 
0.9—1.3 

Fr-PP 

1.8 
1.9 
0.8—1.0 

0.6 
0.5 
0.8—1.1 
1.6—2.0 

Goal-derived oil 

1.1—1.4 
1.3 
0.6—1.0 

0.5—0.6 
0.4 
0.7—0.9 
1.2 

not degassed. Tris(acetylacetonate)chromium(III)(Cr(acac)3) 
was used as the relaxation reagent. 

The spectra were obtained with a JNM-FX60 Fourier 
transform spectrometer (JEOL Ltd.) and were measured over 
a range of 4000 Hz, with 8192 data points at 15 MHz. The 
7\ measurement was performed using an inversion recovery 
pulse sequence (180°-*-90°)n,

10> where t stands for the 
interval time between 180° and 90° pulses. The waiting 
time between pulse sequences was 20 s. The width of the 
90° pulse was 16 [xs. The NOE was fully suppressed by the 
gated decoupling technique. 

R e s u l t s a n d D i s c u s s i o n 

In the 1 3 C-NMR method, the progressive saturation 
of signals should be avoided by making the excited 
spins completely relaxed. Therefore, a pulse-repetition 
time of at least five times the largest relaxation time, Tl9 

is needed. In general, the 7 \ values for quar ternary 
carbons of standard hydrocarbons are several decades 
of seconds, and the pulse-repetition time required for 
their quantitative spectra becomes extremely long. 
Fortunately, coal-derived oil contains an adequate 
amount of free radicals ( ^ 1 0 1 8 - 1 9 spins/g),11) and its 
Tx turns out to be much smaller than those for s tandard 
chemicals. The P R F T spectra of the Fr -M fraction is 
shown in Fig. 1. The 7 \ depends on the molecular 
size, the number of hydrogen atoms bonded to the 
carbon nucleus, the molecular motion, etc. Therefore, 
the difference in the relaxation rates of carbons can 
give structural information and the P R F T spectra are 
helpful for the assignment of signals. As can be seen 
in Fig. 1, the aromatic carbons are clearly divided at 
about 129 ppm into two groups of slowly relaxing 
nonprotonated and fast relaxing protonated carbons. 
O n the other hand, the aliphatic carbons, though not 
conclusively, are also divided into two groups at about 
22 ppm. The low-field group, for which the relaxation 
rate is fast, is assigned to cycloparafnnic, methylene 
bridge, and alkyl carbons except for the methyl and the 
terminal methyl groups. The T\ values of these carbons 
are presumed to be relatively short because of their 
" r ig id" structures. The high-field one is assigned to 
alkyl substituents (methyl, ethyl, and terminal methyl 
groups), and these carbons are presumed to have longer 
7 \ values because of their loose bondings. Thus , T1 

often provides information supplemental to the assign­

o r 0.6 0.8 

Interval time/s 

Fig. 2. Relationship between li^Af«,— Mt) and interval 
time. 

ment of the signal. 

7 \ is calculated by means of the following equation : 

In (Mm-Mt) = \TL2M„ - t/^ 

where Mœ is the signal intensity when the carbon 
nucleus is completely relaxed. In the spectrum of a 
multi-component mixture such as coal-derived oil, the 
relation between \n(Mm—Mt) and the interval time 
generally has a tendency to deviate from a straight line, 
for each signal in the spectrum corresponds to some 
carbons with various 7 \ values and the change in the 
signal intensity with the interval time may show the 
overall relaxation rates of these carbons. Therefore, 
the Tx value calculated from the gradient of the straight 
line in Fig. 2 often varies the range of interval time 

TABLE 2. CHANGE IN THE AROMATICITY ( / J OF COAL-

D E R I V E D OIL WITH THE PULSE-REPETITION TIME 

Pulse-repetition 
time/s 

Aromaticity 
( / a ) 

0.7 
1.0 
2.0 
4.0 
6.0 

25.0 

0.53 
0.57 
0.60 
0.61 
0.61 
0.61 
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TABLE 3. CHANGE IN THE SPIN-LATTICE RELAXATION TIME, Tl9 WITH THE AMOUNT OF Gr(acac)3 ADDED 

Carbon type 

Aromatic 
A. Substituted 
B. Bridge head 
C. Protonated 

Aliphatic 
D. Methylene bridge 

Chemical shift 
<5/ppm 

E. e or further CH2 from end 
F. a-CH3 to ring 
G. end-CHg to ring 

138.6 
131.8 
126.8 

37.9 
29.6 
21.3 
14.0 

None 

1.1—1.4 
1.3 
0.6—1.0 

0.5—0.6 
0.4 
0.7—0.9 
1.2 

Spin-lattice relaxation time, 7\ 

10 mga) 

0.3—0.4 
0.4—0.6 
0.2—0.3 

0.4—0.5 
0.3—0.5 
0.5—0.7 
0.7—0.8 

20 mga) 

0.3 
0.3—0.4 
0.2—0.3 

0.5 
0.2 
0.2—0.4 
0.3 

30 mga) 

0.2 
0.1—0.2 
0.2 

0.2—0.4 
0.2 
0.2—0.4 
0.2—0.4 

a) Amount of Cr(acac)3 added to about 0.5 g of coal-derived oil in 0.53 ml of deuteriochloroform. 

employed. We calculated the T1 values from the 
gradient in the range of interval time from 0.1 to 1.0 s. 
The 7 \ values of various types of carbons in the ring-type 
fractions of coal-derived oil are summarized in Table 1. 
The 7 \ of aromatic non-protonated carbons is the 
longest among the T^s of all the types of carbons. In 
particular, their 7 \ values for the Fr -M,D fractions 
are much longer than those for Fr -T,PP. The great 
difference in the 7 \ values of various types of carbons 
between the Fr -M,D and Fr -T ,PP fractions may be 
attr ibuted not only to their molecular sizes but also 
to the concentration of free radicals contained in the 
fractions. The components in the Fr -M,D fractions are 
presumed to be sufficiently hydrogenated compared 
with those in Fr -T,PP. The T1 of coal-derived oil is 
nearly equal to that of the Fr-PP fraction. O n the 
whole, the T1 of coal-derived oil (hexane Soxhlet's 
extract) is moderately short, al though some of the 
components have considerably long T1 values. Table 1 
shows that the pulse-repetition time required for the 
quantitative spectrum of coal-derived oil is approxi­
mately 5—6 s. This value is confirmed by the change 
in the aromaticity (fa) of coal-derived oil with the pulse-
repetition t ime, as is shown in Table 2. Wi th a short 
pulse-repetition t ime, aromatic non-protonated carbons 
are not yet completely relaxed and fa may have been 
underestimated because of the progressive saturation. 
Table 2 shows that the pulse-repetition time of 5—6 s is 
necessary to obtain a quanti tat ive spectrum within the 
limits of experimental errors. This result is in good 
agreement with the 7 \ data . 

Thus , the quantitative spectrum for coal-derived oil 
requires a significantly long measurement t ime. There­
fore, the addition of a relaxation reagent to samples 

often used in time-effective measurements.3»6-8) i s 
Table 3 shows the change in T1 with the amount of 
relaxation reagent (Cr(acac)3) added. The addition 
of Cr(acac) 3 shortens the T1 values of all carbons 
considerably. Wi th 20 mg of Cr(acac)3 , the T1 of 
aromatic non-protonated carbons was nearly equal to 
those of other carbons. The addition of 10—20 mg of 
Cr(acac) 3 is found to be very effective for the reduction 
of 7 \ . However, more than 30 mg of Cr(acac) 3 should 
not be added, since such an addition will result in the 

broadening of the signals. In conclusion, the pulse-
repetition time can be reduced from 5—6 s to about 2 s 
by the addition of a relaxation reagent, as can be seen 
in Table 3. 

Finally, the NMR 1 2 ) and field desorption (FD) 
mass13) spectrometric studies for the structural analysis 
of these ring-type fractions made it clear that alkyl-
naphtenomonocyclic aromatics were predominant for 
the Fr -M fraction ; alkylnaphtenobicyclic aromatics, for 
the Fr-D fraction; alkylnaphtenotri- and tetracyclic 
aromatics, for the Fr -T fraction; and alkylpolycyclic 
aromatics, for the Fr-PP fraction. Thus , the Fr -M and 
D fractions have considerably saturated structures, that 
is, "mob i l e" structures, whereas the Fr -T and PPf Tac­
tions have " r ig id" structures. The difference in ring 
size and chemical structure, as well as the concentra­
tion of free radicals present in the fractions, is consi­
dered to affect the 7 \ values. 
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Synthesis of Some 3-Methylbut-2-enylated 1,3,5-Trihydroxyxanthones 
Vinod GUJRAL and S. R. GUPTA* 

Department of Chemistry, University of Delhi, Delhi-7, India 
(Received October 9, 1978) 

1,3,5-Trihydroxyxanthen-9-one reacts with 2-methylbut-3-en-2-ol in presence of a catalytic amount of BF3-
etherate to yield a mixture of l,3,5-trihydroxy-2,4-bis-(3-methylbut-2-enyl)xanthen-9-one, in poor yield, identical 
with natural 8-desoxygartanin along with l,3,5-trihydroxy-4-(3-methylbut-2-enyl)xanthen-9-one (3), in good 
yield, and l,3,5-trihydroxy-2-(3-methylbut-2-enyl)xanthen-9-one (4) in poor yield. Compounds 3 and 4, the 
probable biogenetic precursors of 6-desoxyisojacareubin and 6-desoxyjacareubin, have been reported to occur 
in nature as such but were characterised as their dimethyl ethers. Compounds 3 and 4 on oxidative cyclisation 
with D D Q gave 6-desoxyisojacareubin and 6-desoxyjacareubin respectively, completely identical with authentic 
natural samples. 

8-Desoxygartanin, isolated from both fruit hulls and 
ripe fruits of Garicinia mangostana Linn.1) and from the 
bark and heartwood of Madura pomifera^ was as­
signed the structure (2) on the basis of its spectral 
data and its conversion to a bicyclo-derivative. 6-
Desoxyisojacareubin and its possible biogenetic pre­
cursor, 1,3,5-trihydroxy-4-(3-methylbut-2-enyl)xanthen-
9-one have very recently been isolated3) from the 
heartwood of Pentaphalangium solomonse Warb . 6-
Desoxyjacareubin, a linear isomer of 6-desoxyisojaca­
reubin and its probable biogenetic precursor, 1,3,5-
trihydroxy-2- (3-methylbut-2-enyl) xanthen-9 - one, were 
reported4) to occur in the heartwood of Calophyllum 
scriblitifolium. Both these probable biogenetic pre­
cursors were characterised as their dimethyl ethers 
and their structures were confirmed by comparison 
with the synthetic samples of the dimethyl ethers, 
prepared by indirect methods. 

The synthesis of 4-(3-methylbut-2-enyl) and 2-
(3-methylbut-2-enyl) derivatives of 1,3,5-trihydroxy-
xanthen-9-one have now been achieved for the first 
time with 2-methylbut-3-en-2-ol using catalytic amount 
of BF3-etherate at room temperature. 

l,3,5-Trihydroxyxanthen-9-one (1), prepared5) from 
anhydrous phloroglucinol and 2,3-dihydroxy benzoic 
acid in the presence of phosphorous oxychloride and 
freshly fused zinc chloride, on condensation with 2-
methylbut-3-en-2-ol using a catalytic amount of the 
Lewis acid boron trifluoride etherate in dry dioxane 
at room temperature gave a semi-solid mass. Th in 
layer chromatography indicated the formation of a 
number of products along with a large amount of 
unreacted xanthone (1). The major amount of un-
reacted xanthone was removed by extracting with 
2 % aq N a 2 C 0 3 . The remaining mixture product on 
column chromatographic purification gave the follow­
ing main fractions designated as compounds A, B, C, 
and D (unreacted xanthone). 

Compound A, obtained in 2 % yield, gave a green 
colour with alcoholic ferric chloride. Elemental and 
spectroscopic data confirmed it to be bis-C-(3-methyl-
but-2-enyl)xanthone. NMR(CDC13) exhibited the 
resonance signals of two 3-methylbut-2-enyl groups 
along with the expected signals of other protons (see 
Experimental). I t was established to be 2,4-bis-(3-
methylbut-2-enyl) derivative (2) because its physical 
characteristics and spectral data was found to be in 
complete agreement with the data cited for natural 

8-desoxygartanin.1) O n formic acid treatment it gave 
a bisdihydropyrano derivative (5), as indicated by 
its N M R which showed characteristic multiplets of 
four methylene protons at the expected chemical shifts 
(see Experimental) along with the signals for other 
protons. Other characteristics (mp and UV) were 
found to be in complete agreement with that of known 
bicycloderivative,1) prepared from natural 8-desoxy­
gartanin. 

Compound B, obtained in nearly 8 % yield, was 
soluble in dilute aq N a 2 C 0 3 and gave a green colour 
with alcoholic ferric chloride. Elemental analysis in­
dicated the presence of one 3-methylbut-2-enyl group 
and its nuclear placement was indicated by the re­
sonance signals shown in its N M R spectrum (see 
Experimental). It was methylated by using 2 mol of 
freshly distilled acid free dimethyl sulphate in acetone-
potassium carbonate medium to give dimethoxy 
derivative (6) as indicated by its elemental data and 
confirmed by its N M R spectrum ( 2 x s , à 3.8 and 
3.88). I t gave a green colour with alcoholic ferric 
chloride. It did not undergo any change on formic 
acid treatment (indicated by T L C ) , confirming 
thereby, beyond doubt, the presence of a 3-methylbut-
2-enyl group at 4-position in the dimethyl derivative 
(6) and hence in compound B. Further data was 
found to be completely identical (mmp; T L C and 
superimposable IR) with that of an authentic sample 
of dimethyl ether. Complete identity of these two 
dimethyl ethers confirmed, beyond doubt, the structure 
(3) for compound B. 

Compound C, obtained in 3 % yield, gave a green 
colour with alcoholic ferric chloride, was soluble in 
dilute aq N a 2 C 0 3 . Elemental analysis indicated the 
entry of one 3-methylbut-2-enyl group into the xan­
thone nucleus which was confirmed by its N M R spec­
t rum (see Experimental). O n methylation with acid 
free freshly distilled dimethyl sulfate (2 mol) in acetone-
potassium carbonate medium it gave a dimethoxy 
product (7), as indicated by its elemental analysis 
and confirmed by the two methoxyl singlets shown 
in its N M R spectrum ( 2 x s , Ô 3.98 and 4.12). I t 
gave a positive alcoholic ferric chloride test. Its com­
plete identity (mmp; T L C and co-TLC) with an 
authentic sample of dimethyl ether confirms the struc­
ture (4) assigned to compound C. Formic acid treat­
ment yielded a product which did not give any colour 
change with alcoholic ferric chloride. I t clearly in-
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dicated the involvement of 1-hydroxyl in cyclisation 
with the 3-methylbut-2-enyl group, present at the 2-
position. Therefore the 3-methylbut-2-enyl group in 
dimethyl ether and hence in compound C could only 
be present at the 2-position. This confirms the struc­
ture (4) for the compound C beyond any doubt. 

Compound B (3) on oxidative cyclisation with 2,3-
dichloro-5,6-dicyano-p-benzoquinone ( D D Q ) in dry 
toluene afforded a product along with a very minute 
quantity of unreacted starting material. I t was sepa­
rated by preparative T L C and was identified as an 
angular mono-chromene as indicated by the two dou­
blets for the olefinic protons shown in N M R (2 X d, 
ô 5.70 and 6.78). Its structure (8), was confirmed 
by its complete identity (mp; U V ; IR) with the natural 
6-desoxyisojacareubin. Its formation has also served 
as an additional proof for the structure (3) of compound 
B. 

Similarly, compound G (4) on refluxing with D D Q 
in dry toluene yielded a mixture, from which a 
chromenoxanthone, as a major product, was separated 
by preparative T L C . Its N M R spectrum showed two 
doublets for the olefinic protons of the chromene ring 
( 2 x d , ô 5.72 and 7.02) along with the signals for 
other protons. The complete agreement of its physical 
characteristics and spectroscopic data with that of 
natural 6-desoxyjacareubin4) confirms its structure (9) 
which again confirms the structure (4) of compound 
C. 

Exper imenta l 

Unless otherwise stated, all mps are uncorrected and were 
taken with a Kofler's mp apparatus; UV spectra were taken 
in MeOH; IR spectra were recorded using KBr disc and 
Perkin-Elmer infra-cord spectrophotometer and NMR in 
CDC13, CD3COCD3, CD3COCD3-CDCI3 using 60 MHz 

spectrophotometer; silica gel 'Jai' was used for column 
chromatography and TLC was carried out on silica gel 'Jai' 
chr omatoplates. 

3-Methylbut-2-enylation of 1,3,5-Trihydroxyxanthen-9-one (1) 
with 2-Methylbut-3-en-2-ol. To a well stirred solution 
of l,3,5-trihydroxyxanthen-9-one (1, 1 g) in dry dioxane 
(20 ml) was added boron trifluoride etherate (0.7 ml) and 
2-methylbut-3-en-2-ol (0.430 g). The solution was stirred 
for 4 h at room temperature under anhydrous conditions. 
Moist ether was added and the ethereal solution stirred for 
48 h at room temperature, then washed with water and dried 
over anhydrous MgS04 . Removal of the solvent gave a 
solid which was extracted with 2% aq Na2C03 to remove 
the large amount of unreacted xanthone. The remaining 
mixture was subjected to column chromatography over 
silica gel and the following three main fractions, designated 
as compound A, B, C, and D (unreacted xanthone), were 
obtained. 

Compound A crystallised from benzene-petroleum ether 
mixture as a yellow powder (36 mg) ; mp 166—167 °C; 
green colour with alcoholic ferric chloride; Amax 244, 261, 
322, 375 nm; vmax 1650 cm"1 (>G=0). Found: C, 72.4; 
H, 6.6%. Calcd for C23H2405: C, 72.6; H, 6.4%. NMR 
(CDCI3): ô 1.68 and 1.80 (2xs, 12H, two (CH3)2C(), 3.50 
(m, 4H, two -CH 2 - ) , 5.22 (m, 2H, two -CH=), 7.32 (m, 
2H, H-6 and H-7), 7.64 (q, 7 = 6 . 5 Hz and 4 Hz, 1H, H-8). 
This agreed in all respects with the data cited for natural 
8-desoxygartanin.1) Compound A (2, 20 mg) in formic acid 
( 1 ml) was heated on a steam bath for 30 min. The resulting 
pale yellow solution was poured over crushed ice, extracted 
with EtOAc and then dried and evaporated under reduced 
pressure. The solid so obtained crystallised from a benzene-
hexane mixture as yellow needles (15 mg); mp 258—260 
°G; Amax 257, 310 nm; NMR (CDC13) : ô 1.40 and 1.44 
(2xs, 12H, two (CH3)2C< of pyran rings), 1.84 and 2.82 
(2xm, 8H, four -CH 2 - of two pyran rings), 7.22 (m, 2H, 
H-6, and H-7), 7.70 (q, 7 = 6 . 5 Hz and 4 Hz, 1H, H-8). 
This data was found to be in complete agreement with that 
of bicyclo-8-desoxygartanin.1) Thus the structure (2), as-
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signed to compound A, is fully established. 
Compound B crystallised from ethyl acetate-benzene 

mixture as a yellow fluffy powder (120 m g ) ; m p 199— 
202 °C soluble in 5 % aq N a 2 C O s and giving green colour 
with alcoholic ferric chloride. Am a x 245, 285 n m ; v m a x 

1655 cm- 1 (>G=0). Found: C, 68.8; H , 5 .5%. Calcd for 
C 1 8 H 1 6 0 5 : C, 69.2; H , 5 . 1 % . N M R ( C D 3 C O C D 3 + CDCl3) : 
Ö 1.66 and 1.74 ( 2 x s , 3 H each, (CH 3 ) 2C() , 3.47 (d, 7 = 
7.5 Hz, 2H, - C H 2 - ) , 3.66 (br s, I H , 5 - O H ; exchangeable 
with D 2 0 ) , 5.20 (m, I H , - G H = ) , 6.22 (s, I H , H-2) , 7.20 
(m, 2H, H-6, and H-7), 7.72 (q, 7 = 6 . 5 Hz and 4 Hz, I H , 
H-8). An acetone solution of compound B (50 mg in 5 ml) 
containing freshly distilled acid free dimethyl sulphate (0.030 
ml) and freshly ignited K 2 G 0 3 (nearly 200 mg) was refluxed 
for 4 h. The acetone was removed under reduced pressure, 
water added and the solid obtained was filtered. This 
solid was purified by repeated crystallisations from a ethyl 
acetate-benzene-hexane mixture to yield yellow needles (36 
mg) ; mp 182—184 °C ; Am a x 239, 242, 256, 312, and 368 n m ; 
v m a x 1660 c m - 1 ( )G=0) . Found: C, 70 .1 ; H, 6 .2%. Calcd 
for C 2 0 H 2 0 O 5 : C, 70.6; H , 5 .8%. N M R (CDC13) : ô 1.62 
1.78 ( 2 x s , 6H, (CH 3 ) 2C() , 3.46 (d, 7 = 7 . 5 Hz, 2H, - C H 2 - ) , 
3.8 and 3.88 ( 2 x s , 3 H each, - O C H 3 at 3- and 5-positions), 
5.2 (m, 2H, H-6 and H-7), 7.68 (q, 7 = 6 . 5 Hz, and 4 Hz, 
IH , H-8). I t was found to be identical in all respects ( m m p ; 
T L C and superimposable IR) with the sample of 1-hydroxy-
3,5 - dimethoxy - 4 - (3 - methylbut- 2 -enyl)xanthen-9-one. O n 
formic acid treatment, it did not undergo any change (as 
indicated by T L C ) . Thus the structure (6) could be as­
signed to above dimethyl ether and hence the structure 
(3) to compound B. 

Compound C crystallised from a ethyl ace ta te -benzene-
petroleum ether mixture as light yellow needles (46 mg) ; 
mp 182—184°C; soluble in 5 % aq N a 2 C 0 3 ; green colour 
with alcoholic ferric chloride; Am a x 242, 258, 300 n m ; v m a x 

1650 c m - 1 (>G=0). Found: C, 69.4; H, 5 .5%. Calcd for 
G i 8 H 1 6 0 5 : C, 69.2; H , 5 . 1 % . N M R ( C D 3 C O C D 3 + 
CDC13): Ô 1.78 (m, 6H, (CH3)2C<), 3.44 (d, 7 = 7 . 5 Hz, 
2H, - C H 2 - ) , 3.65 (br s, I H , 5 -OH; exchangeable with D 2 0 ) , 
5.24 (m, IH , - C H = ) , 6.72 (s, IH , H-4) , 7.28 (m, 2H, H-6, 
and H-7), 7.94 (q, 7 = 6 . 5 Hz and 4 Hz, IH , H-8). Its 
dimethyl ether, prepared as above, crystallised from a ethyl 
acetate-benzene-petroleum ether mixture as a yellow powder 
(60%) ; m p 167—168 °C; insoluble in 5 % aq N a 2 C 0 3 ; 
positive ferric reaction; Am a x 245, 258, 308 n m ; v m a x 1660 
cm- 1 ( )G=0) . Found : C, 71.0; H , 5.9%. Calcd for 
C 2 0 H 2 0 O 5 : C, 70.6; H, 5 .8%. N M R (CDC13) : ô 1.80 (m, 
6H, (CH3)2C(), 3.46 (d, 7 = 7 . 5 Hz, 2H, - C H 2 - ) , 3.98 and 
4.12 ( 2 x s , 3H each, - O C H 3 a t 3- and 5-positions), 5.35 
(m, IH , - C H - ) , 6.70 (s, IH , H-4) , 7.36 (m, 2H, H-6 and 
H-7), 7.92 (q, 7 = 6 . 5 Hz and 4 Hz, IH , H-8). I t was 
found to be in complete agreement ( m m p ; T L C ; co-TLC) 
with the sample of l-hydroxy-3,5-dimethoxy-2-(3-methylbut-
2-enyl)xanthen-9-one. This dimethyl ether (2 mg) in 
formic acid (3 drops) was heated on steam bath for 30 min. 
After working up as usual, the product obtained gave no 
colour change with alcoholic ferric chloride. Thus the 
3-methylbut-2-enyl group in methyl ether is confirmed to 
be present at C-2, and involved in cyclisation with the 1-

O H . Therefore the structure (7) could be assigned to 
methyl ether and hence the structure (4) to compound C. 
Compound D was recovered starting material (1 , 878 mg). 

Oxidative Cyclisation of Compound B (3) and Compound C 
(4) with DDQ. 6-Desoxyisojacareubin (8) : A solution of 
compound B (3, 20 mg) in dry toluene (1.5 ml) was refluxed 
with D D Q , (3 mg) for 1 h. I t was filtered hot and the residue 
(colourless hydroquinone) washed with toluene. The re­
moval of solvent under reduced pressure from the filtrate 
gave a solid mass which was purified by preparative T L C 
(solvent; ethyl acetate: benzene (1 : 9)). T h e product , so 
obtained, crystallised from ethyl acetate-benzene-petroleum 
ether mixture as a light yellow powder (12 mg) ; m p 250— 
251 °C; Am a x 233, 250, 266, 310 n m ; v m a x 1650 c m - 1 (>G= 
O ) . Found : C, 69 .3 ; H , 4 . 8 % . Calcd for C 1 8 H 1 4 0 5 : C, 
69.6; H, 4 . 5 % . N M R (CD 3 COCD 3 ) : ô 1.46 (s, 6H, 
(CH3)2C<), 3.60 (br s, 1H, 11 - O H ; exchangeable with 
D 2 0 ) , 5.70 and 6.78 ( 2 x d , 7 = 10 Hz each, I H each, - C H = 
C H - ) , 7.18 (m, 2H, H-9, and H-10), 7.62 (q, 7 = 6 . 5 Hz 
and 4 Hz, IH , H-8). This da ta was found to be in complete 
agreement with the data cited for natural 6-desoxyisojaca-
reubin.3) 

6-Desoxyjacareubin (9): Compound C (4, 18 mg) in dry 
toluene (1.5 ml) was refluxed with D D Q , (3 mg) for 1 h. 
The progress of the reaction was checked with T L C . 
After working up as above it gave a product , which was 
purified by preparative T L C (solvent; ethyl acetate: benzene 
(1 : 9)) . The compound, so obtained, crystallised from a 
ethyl acetate-benzene-petroleum ether mixture as a orange 
yellow solid (12 m g ) ; m p 212—214 °C; Am a x 241, 272 sh, 
288, 310 sh, 370 n m ; v m a x 1650 c m - 1 (>C=0). Found : C, 
69.2; H , 4 . 9 % . Calcd for C 1 8 H 1 4 0 5 : C, 69.6; H , 4 . 5 % . 
N M R ( C D 3 C O C D 3 ) : ô 1.47 (s, 6H, (CH 3) 2C(), 3.58 (br s, 
IH , - O H ; exchangeable with D 2 0 ) , 5.72 and 7.02 ( 2 x d , 
7 = 10 Hz each, I H each, - C H = C H - ) , 7.2 (m, 2H, H-7, 
and H-8) , 7.68 (q, 7 = 6 . 5 Hz and 4 Hz, I H , H-9). This 
data agreed completely with the data cited for natural 6-
desoxy-jacareubin.4) 

W e express o u r ve ry s incere t h a n k s to Prof. F . 
S c h e i n m a n n for t h e a u t h e n t i c s amp le s of 1-hydroxy -
3,5 - d i m e t h o x y - 4 - (3 - m e t h y l b u t - 2 - e n y l ) x a n t h e n - 9 - o n e 
a n d l - h y d r o x y - 3 , 5 - d i m e t h o x y - 2 - ( 3 - m e t h y l b u t - 2 - e n y l ) -
x a n t h e n - 9 - o n e . 
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X-Ray examination, chemical analyses and electrical conductivity measurements have been conducted on 
the partially oxidized platinum complex Rbj 67[Pt(C204)2] • 1.5H20 (RbDOX). The cell constants are a = 
12.690(10), ^=17.108(14), £=11.357(3) A; <x= 102.04(4), 0=115.17(3), y=43.58(4)°, and the space group is 
PI. The planar bis(oxalato)platinate ions stack along the crystallographic b axis and the Pt atoms form a sixfold 
distorted chain. RbDOX is the first example of a sixfold structure. Three independent Pt-Pt distances are 
2.717(3), 2.830(3), and 3.015(3) A. The Pt-Pt distance of 2.717 A is the shortest spacing so far observed in partially 
oxidized platinate salts and shorter than the 2.77 A interatomic separation in Pt metal itself. The oxalate ligands 
are staggered (46°, 55°, 80°) with respect to the ligands directly above and below them along the chain. Sixfold 
modulated superstructure of RbDOX is confirmed as the newly found commensurate Peierls structure based on 
agreement with the period of the Peierls distorted superlattice determined by the degree of partial oxidation. The 
calculation of Coulomb energy shows that RbDOX has a crystal lattice in which the interchain Coulomb energies 
are at a minimum indicating the strong tendency of the anti-phase ordering of the nearest-neighbour Pt chains. 

In recent years there has been considerable interest 
in the partially oxidized quasi-one-dimensional cyano-
platinates and bis(oxalato)platinates because of their 
high, newly metallic electrical conductivities and they 
provide experimental results which greatly aid the 
development of the theory of the one-dimensional state. 
The prototype compounds of cyanoplatinates groups are 
the anion deficient derivatives, K 2[Pt(CN)] 4Br 0 3* 
3 . 2 H 2 0 referred to as K C P . Since the original discovery 
by Comès et al.1) of X-ray diffuse scattering associated 
with the Peierls instability in K C P , the nature of the 
sinusoidal modulation of one-dimensional plat inum 
chain has been studied by many authors.2 '3) 

In one-dimensional metals, modulation waves (charge 
density waves: CDWs) have a wave vector q=2kF in 
the chain direction, where kF is the Fermi wave vector, 
and in the insulating state, the CDWs are correlated to 
form a three-dimensional static Peierls distortion, that 
is, the lattice modulation waves give rise to a three-
dimensional superstructure at low temperature.4) The 
period of the lattice modulation wave in the Peierls 
phase is commensurate or incommensurate with the 
period in the high-temperature metallic phase. 

There has been much research on K C P salts and 
T T F - T C N Q , ( tetrathiafulvalene-7,7,8,8- tetracyano-
quinodimethane),5) however, the crystal structure deter­
mination of the Peierls state of the one-dimensional 
conductors appears to be very limited. The modulated 
superstructure of K 1 # 8 1 [P t (C 2 0 4 ) 2 ] -2H 2 0 (y-KDOX)6>7> 
is the first example of the incommensurate Peierls state 
determined by X-ray analysis and it is at t r ibuted to the 
condensation of the 2kF phonon of the one-dimensional 
metallic system. In the present work the sixfold modu­
lated commensurate Peierls structure of a new salt 
Rb 1 . 6 7 [P t (G 2 0 4 ) 2 ] -1 .5H 2 0 ( R b D O X ) will be reported. 

E x p e r i m e n t a l 

RbDOX was prepared from Rb2[Pt(C204)2] and Rb2PtCl6 

by a diffusion method. The solution was allowed to stand 
for a month and copper-colored needle-shaped crystals depos­

ited. Many of the crystals were twinned, the twin axis being 
the needle axis. A suitable untwinned specimen was selected 
for data collection. The crystal needle axis was chosen as 
the axis for mounting and the crystallographic b axis. Oscilla­
tion photographs showed reciprocal lattice layers for which 
k=6n were especially strong and all others were very weak. 
This feature clearly indicates the existence of a Pt chain with 
Pt atoms stacked b/6 apart. 

Collection and Reduction of the Data. The crystal selected 
for data collection had dimensions of 0.28 X 0.10x0.038 mm. 
The data were collected on a Rigaku automated diffractom-
eter equipped with a graphite monochromator. A least-
squares fit of the diffractometer angles obtained by automati­
cally centering reflections in the range 3OO<^20<^4O° (Mo Ka 
radiation, A=0.71069Â) yielded the following crystal data: 
ö=12.690 (10), £=17.108 (14), c= 11.357 (3) A, a = 102.04 
(4), 0=115.17 (3), r =43 .58 (4)°, V= 1518.6 A», Z = 6 , </calcd 

= 3.549 g cm-3, //(Mo Ka) = 230.6 cm"1. 
Intensity data were collected with monochromatized Mo 

Ka radiation by the co-20 scan technique up to 20=60°. 
Reflections were scanned at the rate of 4° per minute in 26. 
Background counts of 10s were taken at each end of the scan 
range. The diffracted intensity gradually decreased to 93% 
of the initial value during X-ray radiation. The data were 
corrected for deterioration, but no corrections were made for 
absorption owing to the irregurality of the crystal shape. 

Solution and Refinement of the Structure. The structure 
was solved using a Patterson map. Space group PÏ was 
provisionally chosen and Pt(l) and Pt(4) were assigned to 
special positions at (0, 0, 0) and (0, 1/2, 0), while Pt(2) and 
Pt(3) were initially placed at general positions. The atomic 
parameters were refined by the block-diagonal least-squares 
method, using anisotropic temperature factors for Pt and Rb 
atoms and isotropic factors for O and C atoms. The final 
R values are ^ = 0 . 0 6 9 for F0>Zo{F0) and i?2=0.084. The 
agreement indices are defined as Ri=^jw\\F0\ — \F0\\l^]w 
l^ol, * 2 = I > | l^ol2- l ^ d 2 | / S ^ o | 2 - The weighting schemes 
used were: w= l/[a+b\F0\+c\F0\*\ for |F0 |>45.64 (absolute 
scale), 0=91.28,6=1.0, and £=0.00289; w=0.l otherwise. 
As the exact Rb ion composition and those of the water 
molecules are uncertain, the multipliers were varied in one 
of the final refinements with the full matrix least-squares 
method. The multipliers converged to approximately 1.0 for 
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R b ions indicating that the R b ion sites are fully occupied. 
The exact H 2 0 content could not be determined from the 
X-ray crystal structure refinement. T h e ambiguity in the 
H 2 0 composition may be related to the deterioration of the 
crystal. Large R values and abnormal bond lengths and 
angles were obtained by the noncentrosymmetric refinement 

in PI and thus P Î was confirmed as the correct space group. 
Positional and thermal parameters determined from the 

final least-squares cycle are presented in Tables 1 and 2. 
The atomic scattering factors and the values of A / ' , A / " , 
were taken from Internat ional Tables for X-Ray Crystallog­
raphy.8) T h e F0—FQ Tables are kept a t the office of this 

T A B L E 1. FRACTIONAL COORDINATES ( x 10000) 

Atom 

pt ( i ) 
Pt(4) 
Pt(2) 
Pt(3) 
Rb(l) 
Rb(2) 
Rb(3) 
Rb(4) 
Rb(5) 
O (1) 
0(2) 
C (1) 
C (2) 
O (3) 
O (4) 
O (5) 
O (6) 
C (3) 
C (4) 
O (7) 
O (8) 
O (9) 
O (10) 
C (5) 

X 

0 
0 
21(1) 
172(1) 

2670 (4) 
4616(4) 
7128(4) 
8651 (5) 
5134(4) 
-441(23) 
2367 (22) 
968 (32) 

2634(31) 
1044(27) 
4012(25) 
2527 (22) 
1325(24) 
3681 (32) 
2902 (30) 
5139(28) 
3846 (26) 

-1009(20) 
-2177(23) 
-2588(30) 

y 
0 

5000 
1581(1) 
3166(1) 
-697(3) 
4011(3) 
3361 (2) 

-3216(4) 
-1174(3) 
-29(15) 

-1235(15) 
-851(21) 
-1537(20) 
-1060(18) 
-2240(17) 
1918(15) 
2872(16) 
1507(21) 
2111(20) 
725(19) 
1887(17) 
3510(13) 
4375(16) 
4294 (20) 

z 
0 
0 
33(1) 
132(1) 

-4627(3) 
-1270(3) 
4238 (3) 

-4986(3) 
881 (3) 

-1948(18) 
282(17) 

-2098(26) 
-852(25) 

-3209(21) 
-809(20) 
311(17) 

2106(19) 
1494(25) 
2560 (24) 
1852(23) 
3756(21) 

-1869(16) 
-56(19) 

-2328(24) 

Atom 

C 
O 

o 
o 
o 
c 
c 
o 
o 
o 
o 
c 
c 
o 
o 
o 
o 
c 
c 
o 
o 

(6) 
(H) 
(12) 
(13) 
(14) 

(7) 
(8) 
(15) 
(16) 
(17) 
(18) 

(9) 
(10) 
(19) 
(20) 
(21) 
(22) 

(H) 
(12) 
(23) 
(24) 

H.O(l) 
H20(2) 
H 2 0 (3) 

X 

-3278(32) 
-3460(23) 
-4777(25) 
2056(23) 

-1257(24) 
1623(42) 

-140(45) 
2759(38) 
-712(41) 
1241(21) 

-2075(20) 
-1(36) 

-1769(29) 
511(27) 

-2826(24) 
-1477(25) 
1888(23) 

-501 (37) 
1373(34) 

-1160(29) 
2331(31) 
4963(31) 
6264 (40) 
1429(39) 

y 

4738(21) 
4580(15) 
5368(17) 
712(16) 

2470(16) 
1117(28) 
2180(30) 
583 (26) 

2837(28) 
784(14) 

2454(13) 
1310(24) 
2132(19) 
1080(18) 
2444(16) 
5498(17) 
3964(15) 
5060 (25) 
4203 (22) 
5225(19) 
3798(21) 
7146(21) 
5642 (27) 
2280(27) 

z 
-1215(25) 
-3445(18) 
-1564(20) 
1692(19) 
1203(19) 
2734(34) 
2429 (36) 
3859 (30) 
3254 (33) 

-1170(17) 
-1634(16) 
-2495(29) 
-2679(23) 
-3329(21) 
-3785(20) 
-1963(20) 
-574(18) 
-2617(30) 
-1827(27) 
-3849(23) 
-2363(25) 
-2952(25) 
4072 (32) 

-2983(31) 

T A B L E 2. ATOMIC THERMAL PARAMETERS UtJ AND THEIR STANDARD DEVIATIONS (10~4 Â2 UNITS) 

THE TEMPERATURE FACTOR IS DEFINED AS exp[—2n2 r^ i jh ih ja ia jU t j \ , z, # ;=1,2 ,3 

Atom 

p t ( i ) 
Pt (4) 
Pt (2) 
Pt(3) 
Rb(l) 
Rb(2) 
Rb(3) 
Rb(4) 
Rb(5) 

O(l) 
0(2) 
C (1) 
C (2) 
0(3) 
0(4) 
0(5) 
0(6) 
C (3) 
C (4) 

0(7) 
0(8) 
0(9) 

187 
291 
313 
287 
434 
534 
394 
928 
548 

2.4(0.3) 
2.2(0.3) 
2.2(0.4) 
2.0(0.4) 
3.4(0.4) 
3.0(0.4) 
2.2(0.3) 
2.6(0.3) 
2.2(0.4) 
1.8(0.4) 
3.7(0.4) 
3.1(0.4) 
1.8(0.3) 

^ii 

(5) 
(7) 
(5) 
(5) 
(16) 
(18) 
(14) 
(28) 
(19) 

^22 

173 
314 
304 
265 
384 
605 
413 
851 
578 

(5) 
(6) 
(4) 
(4) 
(14) 
(18) 
(14) 
(25) 
(19) 

U^ 
137 
163 
133 
175 
336 
345 
241 
343 
471 

(5) 
(6) 
(4) 
(4) 
(14) 
(15) 
(12) 
(16) 
(18) 

U 

-132 
-232 
-244 
-228 
-241 
-449 
-265 
-745 
-417 

12/2 

(4) 
(6) 
(4) 
(4) 
(13) 
(16) 
(12) 
(24) 
(17) 

Isotropic vibration parameters of light atoms 
O(10) 
C ( 5) 
C (6) 
O(ll) 
0(12) 
0(13) 
0(14) 
C ( 7) 
C ( 8) 
0(15) 
0(16) 
0(17) 
0(18) 

2.5(0.3) 
1.9(0.4) 
2.1(0.4) 
2.4(0.3) 
3.0(0.4) 
2.6(0.3) 
2.6(0.3) 
3.6(0.6) 
4.0(0.7) 
5.8(0.6) 
6.7(0.7) 
1.9(0.3) 
1.8(0.3) 

C (9) 
G (10) 
0(19) 
O (20) 
0(21) 
O (22) 
C (11) 
C (12) 
O (23) 
O (24) 
H20(1) 
H20(2) 
H20(3) 

2 
1 
3 
2 
3 
2 
2 
2 
3 
4 
4 
6 
6 

UJ2 
84 ( 4) 
105 ( 5) 
114( 3) 
137 ( 4) 
168(13) 
262(14) 
151(11) 
419(18) 
292(16) 

.8(0.5) 

.7(0.4) 

.3(0.4) 

.8(0.3) 

.0(0.4) 

.4(0.3) 

.9(0.5) 

.5(0.4) 

.8(0.4) 

.3(0.5) 
4(0.5) 
5(0.7) 
3(0.7) 

UJ2 

-47(4) 
-44 ( 5) 
-79( 3) 

-109( 3) 
-119(12) 
-174(13) 
-42(10) 
-331(16) 
-182(15) 
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Bulletin as Document No. 7936. All calculations were per­
formed on a H I T A C 8700/8800 computer at the Computer 
Center, University of Tokyo using a local version of U N I CS. 9> 

Chemical Analyses. The selected crystals were subjected 
to chemical analyses. T h e contents of the R b a tom and Pt 
a tom were determined with the aid of atomic emission spec­
trometry and atomic absorption spectrophotometry. Nitric 
acid was added to increase solubility. For the atomic absorp­
tion spectrophotometer, a Nippon-Jarrel l Ash FLA 100 
equipped with an air-acetylene flame and a carbon rod 
furnace was used. Ja r re l l Ash AA-1 M K - I I was used for 
by atomic emission spectrometry. Carbon and hydrogen 
were analyzed by the usual procedure, the results of which 
are given in Tab le 3. The stoichiometry indicated by the 
formula Rb 1 # 6 6 [P t (C 2 0 4 ) 2 ] • 1 .5H20 has been obtained for 
R b D O X . There will be some uncertainty in the water 
content. 

T A B L E 3. CHEMICAL ANALYSES OF R b D O X 

Expected (%) Found (%) 

Rb 
Pt 
C 
H 

26.39 
36.07 
8.88 
0.56 

27.1 
37.5 
9.0 

0.56 

a) Rat io of R b to Pt 1.66±0.07. 

Electrical Conductivity Measurements. D.c. conductivity 
was measured using the four probe method. T h e measure­
ments were made on several specimens along the needle axes 
parallel to the Pt chains of the crystals. T h e electrical 

TABLE 4a. 

Pt(l). . . 
Pt(l) . . 
P t ( 2 ) -
P t ( 2 ) -
P t ( 2 ) -
Pt(2)». 
P t ( 3 ) -
Pt(3)..-
Pt(3).-. 
Pt(3)-.. 
Pt(4)-.. 
Pt(4).-. 
O(l ) . . . 
0 ( 2 ) -
C ( l ) -
C ( l ) -
C ( 2 ) -
0 ( 5 ) -
0(6) . . . 
C(3)-.. 
C ( 3 ) -
C(4)- . 
0(9).- . 
O(10).. 
C(5)..-
C(5)... 
C ( 6 ) -

. . . 0 ( 1) 
- 0 ( 2) 
- 0 ( 1 3 ) 
•••0(14) 
- 0 ( 1 7 ) 
...0(18) 
- 0 ( 5) 
- 0 ( 6) 
- 0 ( 9) 
- 0 ( 1 0 ) 
- 0 ( 2 1 ) 
• ••0(22) 
...C( 1) 
...C( 2) 
-C( 2) 
- 0 ( 3) 
- 0 ( 4) 
- C ( 3) 
- C ( 4) 
-C( 4) 
••0( 7) 
- 0 ( 8) 
- C ( 5) 
...•C( 6) 
..G( 6) 
. .O(l l ) 
-0(12) 

INTRAMOLECULAR BOND DISTANCES/A 

2.04(2) 
1.97(2) 
1.97(2) 
2.03(2) 
2.02(2) 
2.01(1) 
1.99(2) 
2.01(2) 
2.03(2) 
1.98(2) 
2.03(2) 
2.00(2) 
1.31(4) 
1.37(4) 
1.55(3) 
1.26(4) 
1.19(4) 
1.29(3) 
1.26(3) 
1.59(4) 
1.17(3) 
1.26(3) 
1.26(3) 
1.26(3) 
1.59(5) 
1.16(3) 
1.23(4) 

0(13).. 
0(14).. 
C( 7).. 
C( 7)» 
C( 8).-
0(17).. 
0(18).. 
G( 9)-. 
C( 9)-. 
C(10)-. 
0(21)-. 
0(22)» 
C(ll) .-
C( l l ) . . 
C(12).. 

....C( 7) 

....C( 8) 
...C( 8) 
...0(15) 
...0(16) 
...•C( 9) 
• -G(IO) 
...C(10) 
...0(19) 
•••O(20) 
. . . .C(ll) 
....C(12) 
-C(12) 
•••0(23) 
...0(24) 

1.36(5) 
1.34(4) 
1.46(4) 
1.25(4) 
1.27(5) 
1.43(3) 
1.29(4) 
1.49(5) 
1.21(5) 
1.21(3) 
1.36(6) 
1.30(4) 
1.51(4) 
1.25(4) 
1.25(6) 

0 ( l ) -P t ( l ) -0 (2 ) 
0(13)-Pt(2)-0(14) 
0(17)-Pt(2)-0(18) 
0(5)-Pt(3)-0(6) 
O(9)-Pt(3)-O(10) 
0(21)-Pt(4)-0(22) 
Pt ( l ) -0(1)-C(l ) 
Pt(l)-0(2)-C(2) 
Pt(3)-0(5)-C(3) 
Pt(3)-0(6)-C(4) 
Pt(3)-0(9)-C(5) 
Pt(3)-O(10)-C(6) 
Pt(2)-0(13)-C(7) 
Pt(2)-0(14)-C(8) 
Pt(2)-0(17)-C(9) 
Pt(2)-O(18)-C(10) 
Pt(4)-0(21)-C(ll) 
Pt(4)-0(22)-C(12) 
0(1)-C(1)-C(2) 
0(2)-C(2)-C(l) 
0(5)-G(3)-G(4) 
0(6)-C(4)-C(3) 
0(9)-C(5)-C(6) 
O(10)-C(6)-C(5) 
0(13)-C(7)-C(8) 
0(14)-C(8)-C(7) 
O(17)-G(9)-G(10) 
O(18)-C(10)-C(9) 
0(21)-C(11)-C(12) 
0(22)-C(12)-C(ll) 

TABLE 4b. 

84.3(8) 
85.7(8) 
85.4(7) 
81.4(8) 
80.8(8) 
84.6(9) 

110.7(1.6) 
114.6(1.6) 
116.8(1.7) 
114.8(1.9) 
115.3(1.7) 
116.0(1.8) 
109.7(2.1) 
107.1(2.0) 
107.3(1.5) 
112.6(1.6) 
107.7(2.3) 
112.3(1.7) 
118.3(2.3) 
111.8(2.3) 
111.4(2.4) 
115.5(2.2) 
112.7(2.2) 
114.4(2.8) 
116.3(2.6) 
117.9(3.0) 
116.6(3.0) 
117.3(2.3) 
117.9(2.7) 
115.7(3.2) 

INTRAMOLECULAR BOND ANGLES/0 

0 ( l ) - C ( l ) - 0 ( 3 ) 
0(2)-C(2)-0(4) 
0(5)-C(3)-0(7) 
0(6)-C(4)-0(8) 
0 (9 ) -C(5) -0 ( l l ) 
O(10)-C(6)-O(12) 
0(13)-C(7)-0(15) 
0(14)-C(8)-0(16) 
0(17)-C(9)-0(19) 
O(18)-C(10)-O(20) 
0(21)-C(l l ) -0(23) 
0(22)-C(12)-0(24) 
0(3)-C(l)-C(2) 
0(4)-C(2)-C(l) 
0(7)-C(3)-C(4) 
0(8)-C(4)-C(3) 
0(11)-C(5)-C(6) 
0(12)-C(6)-C(5) 
0(15)-C(7)-C(8) 
0(16)-C(8)-C(7) 
O(19)-C(9)-C(10) 
O(20)-C(10)-C(9) 
0(23)-C(ll)-C(12) 
0(24)-C(12)-C(ll) 

123.4(2.2) 
120.8(2.3) 
129.2(2.8) 
124.6(2.6) 
124.4(2.8) 
127.9(3.2) 
117.7(3.0) 
116.8(3.1) 
115.8(3.0) 
124.2(2.8) 
117.9(3.4) 
123.3(2.9) 
118.0(2.6) 
127.4(2.6) 
119.1(2.5) 
119.6(2.6) 
122.4(2.9) 
117.7(2.4) 
126.0(3.5) 
125.2(3.2) 
127.5(2.6) 
118.6(2.8) 
122.9(3.2) 
120.9(2.9) 
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centres of symmetry (0,0,0) and (0,1/2,0), while Pt(2) 
and Pt(3) lie at the general positions (0.0021, 0.1582, 
0.0033) and (0.0172, 0.3166, 0.0132). The stacking of 
P t ( C 2 0 4 ) 2 complexes is shown in Fig. 1. 

The three independent P t -P t distances are P t ( l ) -
Pt(2) =2.717(3) Â, Pt(2)-Pt(3) =2.830(3) Â and P t ( 3 ) -
Pt(4) =3.015(3) Â. The P t - P t - P t angles are P t ( l ) -
Pt(2)-Pt(3) = 177.83(8) ° and Pt (2)-Pt (3)-Pt (4) = 
174.23(5)°. The P t -P t distances in partially oxidized 
tetracyanoplatinate and bis (oxalato) platinate salts so far 
reported are shown in Table 5. The P t -P t distance of 
2.717(3) Â found in R b D O X is the shortest spacing so 
far observed in partially oxidized platinate salts and 
shorter than the 2.77 Â interatomic separation in Pt 
metal itself. The P t - O distances are 2.007(5) Â on 
average. Table 6 shows the averaged molecular struc­
tures of the four independent anions based on the 
assumption of D 2 h symmetry. There appears to be a 
slight difference between the structure of the 3rd 
molecule and those of the others. Regarding the 3rd 
molecule, the O - P t - O angle is 81.1(6)°, the C - O bond 
distance in the five membered ring is 1.27(2) Â and the 
C - C distance is on average 1.59(3) Â. This C - O bond 
is in the region of the C - O double bond. Regarding 
the other three molecules, the O - P t - O angles are 
85.0(4)° and the C - O distance is 1.35(1) Â. This bond 
length is close to that of the C - O single bond. The 
terminal C - O distances are in both cases 1.21(2) Â 
and 1.24(2) Â i.e., those of normal double bonds. The 
structure of the third molecule is approximately equal 
to those of the molecules in K2[Pt(C2O4)2]-2H2O,2 0> 
Co0 .8 3[Pt(C2O4)2] . 6H 2 0 / 8 > and Mg0 .8 2[Pt(C2O4)2] • 
5.3H20.17> 

Figure 2 shows the mode of overlapping of platinate 
complex anions. The oxalate ligands are staggered 
with respect to the ligands directly above and below 
them along the chain. The staggered angles are approxi­
mately 46°, 55°, and 80°, while alternate ligands are 
eclipsed or staggered ^ 9 0 ° . The 45° conformation has 
been found in the crystal of y - K D O X . The 60° con­
formation has been observed in y - K D O X and similar 
magnesium or cobalt defficient bis (oxalato) platinate 
complexes. I t has been observed that these conforma-

TABLE 5. COMPARISON OF THE Pt-Pt DISTANCES IN PARTIALLY OXIDIZED 
T E T R A C Y A N O P L A T I N A T E AND BIS (OXALATO) P L A T I N A T E SALTS 

K 2 [P t (CN) 4 ]Br 0 3 .3H 2 O a > 

R b 2 [ P t ( C N ) 4 ] C l 0 3 . 3 H 2 O b ) 

(NH4)2[Pt(CN)4]Cl0 < 3 .3H2O c> 

K 1 < 7 5[Pt(CN) 4] .1 .5H 2O d> 

K 2 [ P t ( C N ) 4 ] ( F H F ) 0 3 . 3 H 2 O e ) 

Rb2[Pt(CN)4](FHF)0 .4 0
f> 

Cs2[Pt(CN)4](FHF)0<39s> 

Mg 0 . 8 2 [Pt (C 2 O 4 ) 2 ] .5 .3H 2 O h > 

Co 0 8 3 [P t (C 2 O 4 ) 2 ] . 6H 2 O» 

K1<81[Pt(C204)2].2H2CM> 

Cs 2 [P t (CN) 4 ] (N 3 ) 0 . 2 5 . 0 .5H 2 O k ) 

R b i . 6 7 [ P t ( G a 0 4 ) a ] . 1 . 5 H a 0 1 ) 

Crystal system 

tetragonal 

tetragonal 

tetragonal 

triclinic 

tetragonal 

tetragonal 

tetragonal 

orthorhombic 

orthorhombic 

triclinic 

tetragonal 

triclinic 

P t - P t distance/A 

2 .888 , 2.892 

2 .877, 2 .924 

2 .910, 2 .930 
2 . 9 6 7 , 2 . 9 7 6 

2 . 9 1 8 , 2 . 9 2 8 

2 .798 

2 .833 

2 .85 

2 .841 

2 . 9 6 1 , 2 .965 

2 .877 

2 . 7 1 7 , 2 . 8 3 0 , 3 .015 

Chain structure 

twofold structure 

twofold structure 

twofold structure 

fourfold structure 

twofold structure 

twofold structure 

twofold structure 

twofold structure 

twofold structure 

superstructure 

twofold structure 

sixfold structure 

a) Reference 10. b) Reference 11. c) Reference 12. d) Reference 13a, 13b. e) Reference 14. f) Reference 15. 
g) Reference 16. h) Reference 17. i) Reference 18. j) Reference 6. k) Reference 19. 1) this work. 

contacts were made by four 0.025 mm gold wires attached 
with aquadag. RbDOX behaves as a semiconductor from 
305 K to 83 K. The room temperature conductivity is 7 X 
10~3 (Qcm)-1 and the activation energy is 0.077 eV. 

R e s u l t s and D i s c u s s i o n 

The intramolecular distances of the P t ( C 2 0 4 ) 2 

complexes are given in Table 4a and the intramolecular 
angles are listed in Table 4b. The distorted nonlinear 
sixfold Pt atom chain is formed along the crystallo-
graphic b axis and involves six bis (oxalate) groups in 
one repeating unit of 17.11(1) Â. There are four 
nonequivalent Pt atoms. P t ( l ) and Pt(4) lie at the 

2 b -
G-<^ 

S3-C 

°-^9^-o 

0 - L 

^ Pt3 

pnbzAo-o 

Fig. 1. The stacking of Pt(C204) 2 ions along the b axis. 
Two wavelengths of the Pt chain is shown. 
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TABLE 6. THE AVERAGED MOLECULAR STRUCTURES OF THE FOUR INDEPENDENT Pt ANIONS 

I 
II 
III 
IV 
A 
B 
C 

I 
II 
III 
IV 
A 
B 
C 

a/A 
2.00(1) 
2.01(1) 
2.00(1) 
2.02(2) 
2.00 
2.013(5) 
2.00 

«/° 
84.3(8) 
85.6(6) 
81.1(6) 
84.6(9) 
82 
82.7(3) 
83 

b/A 
1.34(3) 
1.36(2) 
1.27(2) 
1.33(3) 
1.28 
1.26(1) 
1.29 

ßl° 
112.6(1.1) 
109.2(9) 
115.7(9) 
110.0(1.4) 
115 
113.1(4) 
113 

c/A 
1.55(3) 
1.48(3) 
1.59(3) 
1.51(4) 
1.55 
1.57(2) 
1.54 

vl° 
115.1(1 
117.0(1 
113.5(1 
116.8(2 
115 
115.7(7) 
116 

6) 
4) 
2) 

0 

d/A 
1.23(3) 
1.24(2) 
1.21(2) 
1.25(3) 
1.22 
1.23(1) 
1.22 

01° 
122.1(1.6) 
118.6(1.5) 
127.0(1.4) 
120.6(2.2) 
126 
124.5(7) 
124 

el° 
122.7(1.8) 
124.3(1.5) 
119.7(1.3) 
121.9(2.2) 
120 
120.0(7) 
120 

A: Mg0 8 2[Pt(C204)2] .5.3H20; Pt(C204)2-1-64 B: Co0 8 3[Pt(C204)2] .6H20; PtfCO«),-1-«« C: K2Pt(C204)2 .2H20; 
Pt(C204)2-2. 

o—cö?)—o^e—cs>-o 

Fig. 2. The mode of overlapping of platinate complex 

anions. 

tions are suitable for intermolecular stabilization due 
to the overlapping of the higher occupied molecular 
orbitals of one molecule and the lower unoccupied 
molecular orbitals of the neighbouring molecule. The 
importance of the charge transfer interactions in the 
stabilization of the molecular overlapping was first 
suggested in Miller's molecular back bonding theory.21) 
The 80° conformation observed in this crystal is a new 
type conformation. 

The equations of the best planes, perpendicular 
distances from these planes and the dihedral angles 
between these planes are listed in Tables 7a and 7b. 
The dihedral angles between the P t ( l ) , Pt(2), and Pt(3) 

Fig. 3. Short intermolecular contacts « 3 . 1 Â) within 
the Pt chain. 
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TABLE 7a. LEAST-SQUARES PLANE FOR THE Pt(C204)2 PLANES 

AND DEVIATIONS FROM THE PLANES (X, Y AND Z REFER TO 

THE ORTHOGONAL COORDINATE SYSTEM (Â) WITH X ALONG 

a. Y is PERPENDICULAR TO X IN ab PLANE) 

1) Pt(l) plane: 
- 0 .7152X+( -0 .6980 )F+0 .0355Z=0 
Atom 
Pt(l) 
O(l) 
0(2) 
C(l) 
C(2) 
0(3) 
0(4) 

Deviation/A 
0.0 

- 0 . 0 7 
- 0 . 0 4 

0.02 
0.01 
0.01 

- 0 . 0 3 
2) Pt(2) plane: 

- 0 . 7 4 1 4 X + ( - 0 . 6 7 0 7 ) F + 0 
Atom 
Pt(2) 
0(13) 
0(14) 
0(17) 
0(18) 
G(7) 
C(8) 
C(9) 
C(10) 
0(15) 
0(16) 
0(19) 
O(20) 

Deviation/A 
0.11 
0.13 
0.11 

- 0 . 0 0 
0.14 
0.13 

- 0 . 1 1 
- 0 . 0 9 

0.12 
0.28 

- 0 . 4 7 
- 0 . 4 1 

0.28 
3) Pt(3) plane: 

-0 .7054X+( -0 .7079) F+0.0354Z+5.5226=0 
Atom 
Pt(3) 
0(5) 
0(6) 
0(9) 
O(10) 
C(3) 
C(4) 
C(5) 
C(6) 
0(7) 
0(8) 
O( l l ) 
0(12) 

4) Pt(4) plane: 
-0.6229AT+( 

Atom 
Pt(4) 
0(21) 
0(22) 
C(l l ) 
C(12) 
0(23) 
0(24) 

Deviation/A 
- 0 . 0 1 

0.06 
- 0 . 0 2 
- 0 . 0 6 
- 0 . 0 2 

0.04 
- 0 . 0 2 
- 0 . 1 1 

0.04 
0.17 

- 0 . 1 7 
- 0 . 1 1 

0.22 

- 0 . 7 8 1 2 ) F + ( -
Deviation/Â 
0.00 
0.07 
0.19 

- 0 . 0 5 
0.03 
0.03 

- 0 . 1 2 

planes are 0.8—3.1°, but the Pt(4) plane is inclined to 
the other planes at 7.7—10.0°. Table 8 shows the short 
interatomic distances within the Pt chain and Figure 3 
shows the short intermolecular contacts within the Pt 
chain. 

TABLE 7b. DIHEDRAL ANGLES FOR THE Pt(C204)2 PLANES 

Dihedral angles/0 

plane 1 plane 2 2.3 
plane 1 plane 3 0.8 
plane 1 plane 4 8.4 
plane 2 plane 3 3.1 
plane 2 plane 4 10.0 
plane 3 plane 4 7.7 

TABLE 8. SHORT INTERATOMIC DISTANCES/A 

WITHIN THE PT CHAINS (<^3.1Â) 

O(l) . 
O( l ) . 
O( l ) . 
O( l ) . 
C(l) . . 
C(l) . . 
C(l) . . 
G(l). . 
C(2)-
C(2).. 
0(6). . 
0(6). . 
0(6) . . 
Pt(l) . 
Pt(2). 
Pt(3). 

• •C(10) 
- C ( 9) 
- C ( 7) 
-0(17) 
..0(14) 
..0(17) 
..G( 9) 
..C( 8) 
..0(17) 
•0(14) 

•-C(ll) 
-C( 7) 
••0(21) 
• •Pt(2) 
• •Pt(3) 
-Pt(4) 

2.87(5) 
2.95(7) 
2.95(7) 
3.08(5) 
2.87(6) 
2.99(5) 
3.00(6) 
3.03(9) 
2.99(4) 
2.99(6) 
2.87(7) 
2.95(7) 
2.97(5) 
2.717(3) 
2.830(3) 
3.015(3) 

0 ( 6). 
0 ( 6). 
0 ( 9 ) . 
0 ( 9 ) . 
0 ( 9).. 
0 ( 9).. 
O(10). 
O(10).. 
G( 5)-. 
C( 5).. 
C( 6)-. 
O( l l ) . . 

..C( 8) 

..0(13) 

-cno) 
..C( 9) 
-0(21) 
-0(18) 
• •0(14) 
-0(22) 
• •0(18) 
..C(10) 
••0(18) 
• •O(20) 

2.99(8) 
3.07(4) 
3.00(5) 
3.00(5) 
3.02(5) 
3.04(5) 
3.01(5) 
3.03(5) 
2.93(5) 
3.01(5) 
3.00(4) 
3.09(4) 

The P t ( l ) plane is nearly planar but the Pt(2) plane 
is concave (Fig. 3). The Pt(2) atom is 0.11 Â shifted 
from the best plane toward the P t ( l ) plane and the 
terminal oxygen atoms of the ligands O ( 16) and O ( 19) 
are 0.47 Â and 0.41 Â from the plane, respectively. 
The large deviation of these atoms from the plane is 
attr ibuted mainly to the shortening of the P t -P t distance 
and partly to the interaction between the oxygen atoms 
of oxalate ligands and surrounding atoms. Figure 2 
shows direct overlapping of the terminal oxygen atoms 
of the Pt(2) plane, 0 (16) and 0 (19) , with 0 (3 ) and 0 ( 3 ' ) 
atoms of the P t ( l ) plane. The 46° staggered overlapping 
of the P t ( l ) plane and the Pt(2) plane will be a very 
stable form considering the large intermolecular over­
lapping and the short interatomic distances within the 
chain. Many short interatomic contacts indicate that 
the charge transfer interactions between the ligands of 
the neighbouring molecules will have influence on the 
mode of overlapping. The Pt(3) plane is more planar 
than the Pt(2) plane but the terminal oxygen atoms of 
the ligands are shifted 0.11—0.22 Â from the plane. 
As to the Pt(4) plane, the oxygen atom in the five-
membered ring shows a 0.19 Â deviation from the least-
squares plane and the terminal oxygen atom is 0.12 Â 
distant from the plane. The Pt(4) plane has little 
overlapping with the molecules directly above and 
below. The inclination of the least-squares plane of the 
Pt(4) plane with respect to the other planes will be 
caused mainly by the longest P t -P t distance, small 
intermolecular overlapping and the interaction with 
R b cations and the weak hydrogen bonding with water 
molecules. The short interatomic distances between 
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H20 Rb 

Fig. 4. Three-dimensional structure of RbDOX. 

the terminal oxygen atoms of the Pt(4) plane and the 
R b atoms or water molecules are as follows: 0(23)---
H 2 0 ( 2 ) 2.74 Â, 0 ( 2 3 ) - R b ( 4 ) 3.01 Â and 3.09 Â, 
0 ( 2 4 ) - R b ( 4 ) 2.99 Â, 0 ( 2 4 ) - R b ( 2 ) 2.89 Â. The crystal 
structure is shown in Fig. 4. The structure contains 
five independent R b ions. Table 9 lists the interatomic 
distances within the coordination spheres to 3.3 Â 
around the R b cations and the oxygen atoms of the 
water molecules. R b ( l ) , Rb(4) and Rb(5) are seven-
coordinated ions, while Rb(2) and Rb(3) are eight-
coordinated ones. Figures 5 and 6 show the c* axis and 
a* axis projections of the structure of R b D O X . The 
neighbouring Pt chains are not linked by hydrogen 
bonding of the water molecules but are linked by the 
coordinations of the terminal oxygen atoms to the R b 
cations. The chain-chain interaction through R b ions 
and water molecules do not appear to be so strong. 
Almost all the R b + - - - 0 distances exceed the R b + - - - 0 
van der Waals sum (2.88 Â). 

Peierls Distortion. A one-dimensional metallic 
system is unstable in the presence of changes in the 
crystal lattice period which split a partly filled band into 
completely filled and empty sub-bands. When the 
temperature is lowered, a one-dimensional metal should 
exhibit lattice distortions with a wave number equal to 
twice the Fermi momentum. The period of the Peierls 
distorted cell is determined by the degree of part ial 
oxidation (DPO).22> 

Six Pt atoms and ten R b atoms are found in the unit 
cell of R b D O X and the ratio of the content of R b 

TABLE 9. SHORT INTERATOMIC DISTANCES/A WITHIN THE 

COORDINATION SPHERES TO 3 . 3 A AROUND THE R B 

CATIONS AND OXYGEN ATOMS OF WATER MOLECULES 

atoms to Pt atoms is 1.67, while the result of chemical 
analyses show that this ratio is 1.66. Thus the D P O 
of R b D O X is about 0.33. The possible period of the 
superlattice along the P t ( C 2 0 4 ) 2 chain is 6wb0(=2wb()/ 
D P O ; w=l,2,3---) , where b 0 is the average Pt -Pt 
distance. The case for n=\ (Ä*17.1 Â) corresponds to 
the "2Ä;F-instability" of a one-dimensional metal. Thus 
the sixfold superstructure of R b D O X is confirmed as 
the structure of the commensurate Peierls state, pro­
duced by the condensation of 2kF phonon, on the basis 
of the crystal structure determination, chemical analyses 

Rb(l ) . . -H 2 0(l ) a ) 

0(19) 
0 ( 8)*> 
O(20)° 
0(15)e ) 

0 ( 3)» 
0 ( 7)*> 

Rb(2)..-0(24) 
HaO(2)J> 

0(12)d ) 

O(10)b) 

0 ( 4)*> 
0(18)d ) 

0(12)b ) 

0 ( 2)g) 

2.89(3 

Rb(3)< 

Rb(4). 

• •0(16)d) 

0(12)b ) 

O(20)° 
0 ( l l ) b ) 

0(ll) f> 
0 ( 3)*> 
HaO(l)J> 

H20(2) 

• •0(16)g) 

0(24)k ) 

HaO(3)k> 
0(23) ] ) 

0 ( 8)g) 

0(23)k ) 

0 ( 6)g) 

a ) 
b ) 
c ) 
d ) 
e) 
f) 
g) 
h ) 
i ) 
J) 
k) 
1) 

90(2 
96(3 
07(3 
14(6 
16(2 
17(3 

2.89(5 
2.92(4; 
3.04(4 
3.05(2 
3.10(3 
3.12(2 
3.14(2 
3.27(2 

2.86(6; 
2.92(2 

95(4; 
98(2 
99(2 
07(2 
07(5 
23(5 

Rb(5)..-0(4) 3.00(3) 
H20(3)g ) 3.06(4) 
0 ( 5)g) 3.08(3) 

H20(1). 

0 ( 7)g) 

0(13) 
0 ( 7) 
0(17) 

•0( 4)c) 

0(21)d) 

Rb( l) c ) 

Rb( 3)j) 

0 ( l l ) d ) 

3.17(3) 
3.18(2) 
3.21(4) 
3.25(2) 

2.84(4) 
2.86(4) 
2.89(3) 
3.07(5) 
3.29(4) 

H20(2). •0(23)f) 2.74(5) 
O(20)b) 2.90(4) 
Rb( 2) j) 2.92(4) 
Rb( 3) 3.23(5) 

H 20(3) . . -0( 9) 
0(19) 
Rb(4)° 
Rb(5)g) 

C(12) 

2.90(5) 
2.91(7) 
3.00(6) 
3.06(4) 
3.24(7) 

2.95(5) 
2.99(3) 
3.00(6) 
3.01(4) 
3.03(3) 
3.09(2) 
3.19(2) 

Symmetry code 
- l + J , 

\+y, 
y, 
y, 
y, 

-y, 
i-y, 
-y, 

i-y, 

— x, 

x, 

1+*, 
1 - * , 
1 - * , 

— x9 

1 - * , 
1 - * , -y, - i -
i+^, -\+y, 

z 
—z 

z 
z 

1 + z 
l + z 
—z 

\-z 
-\-z 

— z 
-z 
z 
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Fig. 5. The c* axis projection of the structure of 
RbDOX. Broken lines indicate some short interatomic 
contacts « 3 . 3 A). 

and the measurements of electrical conductivity. The 
longitudinal displacements of the Pt modulation wave 
from the point [(0.0, w/6, 0.0); w=0 , •••5] are (0.0, 0.14, 
0.16, 0.0, —0.16, — 0.14 Â) respectively. These displace­
ments can be approximately expressed in terms of the 
sinusoidal modulation wave. The amplitude of the 
modulation wave on the l-th p lat inum atomic position 
in the n-th cell \n=(n1}n2,n3)~\ is given by 0.17sin{(2jr/6)-
(/— \)-\-n2y(l=\,'"6). The transverse displacements 
of the Pt atoms are (0.0, 0.04, 0.16, 0.0, - 0 . 1 6 , —0.04 
Â). I t is logical that the transverse displacements can 
not be described as a simple sinusoidal wave, considering 
that the longitudinal displacements will be mainly 

0-Q3Q 

0—03 

Fig. 6. The a* axis projection of the structure of 
RbDOX. Broken lines indicate some short interatomic 
contacts « 3 . 3 A). 

influenced by interchain interactions whereas the 
transverse displacements will be also influenced by 
interchain interactions. Table 10 shows a comparison 
of the modulation waves in y - K D O X , R b D O X , and 
K C P . The amplitudes of the modulation waves in 
R b D O X and y - K D O X are approximately 0 .17Â, i.e. 
seven times as large as that of K C P . The correlation of 
the phase of the lattice modulation waves on the differ­
ent chain is incomplete in K C P , while the superstruc­
tures of bis(oxalato)platinate complexes indicate com­
plete correlation. 

In the Peierls phase, the charge density along the 
plat inum chain varies periodically with the wave 
number of 2kF. In order to gain the stabilization energy, 
Peierls gap is developed at the Fermi level to involve 
two holes in one repeating unit of the Pt chain. Besides 
the simple Peierls structure with wavelike charge 

TABLE 10. COMPARISON OF THE STRUCTURES OF RbDOX, y-KDOX,a) AND KCPb) 

RbDOX y-KDOX KCP(Br) 

Chemical formula 
Crystal system 
Pt-.-Pt distance 
Modulation wave 

amplitude 

period 
Orderness of the 
chain distortion 

Rbi.6 7[Pt(C204)2].1.5H20 
Triclinic 
2.72,2.83, 3.02 A, 
Longitudinal (and transverse) 

0.17Ä (atR.T.) 

6xÄ P t . . . P t (17 . lA) 
Complete 
(sixfold superstructure) 

K 1 . , 1 [Pt(C 10 4 )J .2H 10 
Triclinic 
2.84, 2.87 A 
Transverse and longitudinal 
0.17 A (atR.T.) (0.20, - 0 
0.11)A 
10.5xÄPt . . .p t(30.0A) 
Complete 
(superstructure) 

.08, 

K2[Pt(CN)4]Br0<3-3H2O 
Tetragonal 
2.89A 
Longitudinal 

0.025 A (T<100K) 

6 .5xi? P t . . . r t (18.8 A) 
Incomplete (fluctuation 
of the lattice distortion) 

a) Refs. 6 and 7. b) Ref. 3. 



3690 Akiko KOBAYASHI, Yukiyoshi SASAKI, and Hayao KOBAYASHI [Vol. 52, No. 12 

distribution, a sixfold superstructure of mixed valence 
configuration may be supposed,23) that is, 6Rbi 67-
[P t (C 2 0 4 ) 2 ] • 1.5H20 = (Rb+)10(Pts+)5(Pt4+)(C2CV-)'12 . 
9 H 2 0 . This model is consistent with the fact that 
the Pt atom is apt to be in the Pt2 + and Pt4 + ionic states, 
but the mixed valence model of the superstructure is 
opposed to the structural characteristics of platinate com­
plexes: 1. This model is inconsistent with the appear­
ance of a incommensurate superstructure like y - K D O X . 
2. Pt4 + has an octahedral configuration and Pt2 + has a 
square planar configuration. Owing to the difference in 
these coordination types, the distortion of the Pt chain 
will be localized around the Pt4 + site assuming " the 
mixed valence model" is valid. 

The displacements of the Pt atoms in R b D O X or 
y - K D O X are in fact described as sinusoidal waves. 
Based on this reasoning, the mixed valence model is 
not suitable for R b D O X and y - K D O X . 

Coulomb Interaction between Pt Chains with Charge 
Density Waves. The lattice distortion waves give 
rise to a periodical variation of the charge density 
along the Pt chains.24) Since the charge density wave 
thus produced on the Pt chains interact with each other, 
the phase of the periodical distortion wave is considered 
to be governed by the interchain Coulomb coupling 
between the charge density waves. The superstructure 
formation accompanied by successive phase transitions 
between 54 K and 37 K in T T F - T C N Q , and the 
development of the diffuse-scattering at (n/a, n\a> 2kF) 
in the K C P salt with lowering of temperature indicate 
that the chains are anti-phase ordered so as to minimize 
the Coulomb energy.25) Figure 5 is the c* axis projection 
of the structure of R b D O X . The interchain distance 
is 8.75 Â which is the shortest in all the interchain 
distances. Assuming that charge density waves or 
some periodical charge distribution exists along the 
sixfold Pt chains, the phase difference between the 
neighbouring positions on these two chains must be 
about 180°. The wave length of CDW is considered to be 
equal to the periodicity of the Pt chain (6Xrft...pt) and 
the phase difference between the lattice points must be 
2jrw(n=0,l,2,---). Figure 5 seems to indicate that the 
nearest-neighbour chains tend to be anti-phase ordered. 
Figure 6 is the a* axis projection of the structure and the 
interchain spacing is 11.1 Â. The phase difference 
between the neighbouring positions on two Pt chains 
is about 50°. 

Coulomb interaction between two chains with charge 
density waves pl=pocos0l may be estimated by the 
following equation;26) 

Oint = (114e±)p0*[2K0(2kFd)l cos (0t-0j) 

= ( l /4e±) io0V^/2Ze-x cos (0t-0j) Xy 1 

where e± is the perpendicular static dielectric constant, 
K0(X) is the complete Elliptic Integral of the First 
Kind and d is the interchain spacing. 0 is the phase 
difference between the origin and the lattice point in 
the two dimensional lattice, the unit vectors of which 
are a± and c ± which are perpendicular to the Pt chains 
(Fig. 7). (2) is expressed by the use of the phase param­
eters (5a and ôc, d>m,ni=2n{danl-{-öcn2). The next 
examination was to establish whether the crystal lattice 

sU^^WSc) n1n2 

Fig. 7. The phase difference 0 between the platinum 
chains. 

of R b D O X coincides with the structure which minimizes 
the Coulomb energy. The total Coulomb energy Utot 

is proportional to 

13 H ^ K , n2) = 2 H VTÂÇ^e- ' - . . - . cos 2n0nun„ 
ni n% ni rit 

where dnunt( = \n1a±-\-n2c±\) is the interchain distance 
between the origin (0,0) and the lattice point («l5w2). 
In this calculation, the lattice constants a, b, c and the 
angle between a± and c± are fixed. The result of the 
calculation for several values of (5a and ôc are shown in 
Fig. 8. The point where the total energy is a minimum 

SlU^.n^xlO 

Fig. 8. Total Coulomb energies for various da and dc. 
The point with the minimum total energy is indicated 
by a cross. Plus sign indicates the position of the 
parameters ô& and ô0 derived from the lattice con­
stants. 

is indicated by a cross. A plus sign indicates the position 
of the parameters (5a and ôc derived from the lattice 
constants. The X-ray values of ôa and ôc can be 
calculated as (Fig. 9). 

<5a = RA/OB = 0.537, 3C = - R ' C / O B = - 0 . 1 3 8 . 

The agreement is satisfactory. A similar calculation 
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R 
5a=RA/0B 

R' 
C 

X-RAY 
&a= 0.5374 

^ " ^ O B 

CAL. 
0.542 

£c=-0.1384 . -0.236 
Fig. 9. The projection of the unit cell of RbDOX and 

the interchain phase differences ô& and ôc. 

was made for y - K D O X . The lattice of y - K D O X is 
modulated by incommensurate distortion wave. The 
lattice constants of the fourfold fundamental structure 
of y - K D O X are a=9.749(9), i = 11.403(18), c = 
10.694(8) Â, oc=99.54(9), ß= 115.81 (9), y = 102.32(17)°. 
The modulation wave is described by P s i n (K*R), 
where P and K[=(2n^l9 2n<i>2, 2TT^ 3)] are the am­
plitude and the wave vector, respectively. The com­
ponents of Ä/2 along the reciprocal axes a*, b * , and c* 
are ^ = 0 . 3 0 , 0 2 = — 0 . 3 8 and 03=O.O5. X-Ray values 
of ôa and dc have two terms. ô a = R A / O B + ^ 1 = 0 . 4 0 3 , 
(5C=RC/OB + 03=O.25O, <f>1 and 0 3 are the contributions 
from the sinusoidal modulation wave. The calculated 
values of ôa, ôc are (5a = 0.482, (5C=0.206. Good agree­
ment was again obtained. The calculations show that 
y - K D O X and R b D O X have crystal lattices in which 
the interchain Coulomb energies are minimum. The 
total energy is almost independent of ôc around the 
position of the energy minimum which indicates the 
strong tendency of the anti-phase ordering of the 
nearest-neighbour chains. 
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Selective Electrosyntheses on Chemically Modified Electrode. II. 
Anodic Chlorination of Anisole with Cyclodextrin on 

Electrode Surfaces and in Solution 
Tomokazu MATSUE, Masamichi FUJIHIRA, and Tetsuo OSA* 

Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980 
(Received June 22, 1979) 

The anodic chlorination of anisole on an a-cyclodextrin (a-CD) chemically modified electrode via ether 
linkage (a-CD-CME) and a naked graphite electrode with a-CD or ß-CD in solution was studied. In the presence 
of CD, the p- to o-chloroanisole ratio, formed in the reaction, was higher than that in the absence of CD since o-
positions of anisole included in CD are blocked by the inner wall of CD. Especially, a-CD had a profound effect 
on the /^-isomer formation. Increasing the concentration of NaCl added as a supporting electrolyte in the presence 
of a-CD resulted in a decrease in the ratio because of the inhibition effect of chloride ion on the inclusion of anisole 
in a-CD, whereas such effect was small in the presence of /?-CD. The ratio on a-CD-CME was slightly higher than 
that on the naked electrode. This indicates that a-CD was introduced on the graphite surface but the surface 
coverage of a-CD was low, which was in accord with the ESCA results of a-CD-CME. 

Many studies of chemically modified electrodes 
(CMEs) have been developed in order to enhance or to 
change the characteristics of electrodes, but there have 
been only a few papers1 - 4) on selective electrosyntheses 
with CMEs . Miller and his co-workers carried out 
asymmetric reductions1»2) and asymmetric oxidations2»3) 
with CMEs prepared by attaching optically active 
compounds on the electrode surfaces. However, the 
optical yields in their works were not high. In order 
to realize high selectivity in electrolysis with C M E , it is 
necessary that the attached species strongly interact 
with the substrates as well as resist oxidation or reduc­
tion. Cyclodextrins (CDs) meet such requirements. 
These molecules are cyclic 1,4-linked D-glucopyranose 
oligomers containing several glucose units and can 
include various compounds in their cavities in aqueous 
solution.5) Especially, a-CD (containing of 6 glucose 
units) and /?-CD (containing of 7 glucose units) have 
cavities whose sizes are suitable for including benzene 
and naphthalene rings, respectively. Therefore, these 
compounds have been studied in various fields because 
of their catalytic abilities as enzyme models.6»7) Taking 
advantage of the environment of a-CD's cavity, Breslow 
et al. carried out the selective chlorination in the presence 
of a-CD8) and O-alkylated polymer of a-CD.9) 

Such selective chlorination would proceed in the 
anodic chlorination in the presence of CD (Scheme 1). 
Chloride ion is first oxidized at the anode to chlorine 

-2e 

2ci~ > ci2 

Cl2 + H20 > HOCl + HCl 

f \# —-% \ HOCl /""\,™ \ 

, CH30<g> + CH30<g)cl 

(o-isomer) (p-isomer) 

Scheme 1. Mechanism of the anodic chlorination of 
anisole in the presence of CD. 

gas, and second, the nascent state of chlorine is reacted 
with H 2 0 to form hypochlorous acid (HOCl).10) The 
H O C l formed attacks the anisole included in CD 
preferentially at the jfr-position because the ö-positions 
of anisole are blocked by the inner wall of CD;11) 
whereas free anisole is subject to substitution at the 
o-positions as well as at the/>-position. Our preliminary 
results of the anodic chlorination of anisole with a-CD-
C M E (via ester linkage) showed that the chlorination 
occurred preferentially at the jfr-position.4) 

We report here the selective anodic chlorination of 
anisole on an a -CD-CME (via ether linkage) and a 
naked graphite electrode with a-CD or ß-CD in solution 
in detail. In comparison with Breslow's method of 
homogeneous or heterogeneous reactions,8»9) the anodic 
chlorination in this work has following merits. (1) No 
reagents such as H O C l difficult to handle are required 
because the reagent is formed quite easily by electrolysis 
of chloride salts added as a supporting electrolyte. (2) In 
a homogeneous reaction, a high concentration of CD is 
required to attain high selectivity. However, in the 
anodic chlorination with a -CD-CME, a certain selec­
tivity is expected even in the absence of CD in solution, 
because the reaction proceeds at electrode surface on 
which a-CD is introduced by covalent bonding. (3) In 
Breslow's method with O-alkylated polymer of a-CD, 
an aqueous solution of H O C l should be passed through 
a column packed with the polymer which was loaded 
with anisole beforehand. However, in the present work, 
the above troublesome stepwise operation is omitted, 
because the reagent (HOCl) is produced electro-
chemically. 

E x p e r i m e n t a l 

A graphite plate (Tokai Carbon Co. G 2080) was cut into 
30 X 20 X 2 mm plates for electrolyses and 1 7 x 5 x 2 mm plates 
for ESCA measurements. An AEI model ES 200 was used 
for ESCA measurements with a Mg anode under a vacuum 
of 10~8—10~9 Torr. The binding energies were computed 
and corrected by the method reported.12) All electrolyses 
were carried out with a Yanaco VE-8 controlled potential 
electrolyzer. The supporting electrolyte was NaCl, and the 
reference electrode was a saturated calomel electrode (SCE) 
inserted near the anode. The electrolysis cell was a divided 
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H-type with a graphite anode (30 X 20 X 2 mm) and a Pt 
gauze cathode. The anolyte consisted of anisole and NaCl 
dissolved in 50 ml of water (non-buffered), and was stirred 
with a magnetic bar. The cell was set in a thermostat kept 
at constant temperature. After electrolysis, the anolyte was 
extracted with ether three times and dried with Na2S04 and 
then concentrated with an evaporator for gas chromatography 
(Shimadzu GC-6A). The injection and column temperatures 
of the gas Chromatograph were 210 °C and 150 °C, respec­
tively. The column was 2 m x 3 ^ SUS packed with 10% 
Carbowax 20 M on Chromosorb W. Quantitative analyses 
of the chloroanisoles formed were carried out by comparison 
with a calibration line of authentic samples. The ratios of 
para- to or^o-isomer (p-/o- ratios), the conversion of anisole, 
and the yields of monochloroanisoles of all products were 
determined using these gas chromatographic data. 

Synthetic Procedure for a-CD-CME. The graphite plates 
were first dipped in water for 2 h to remove water soluble 
impurities on the surface and were then treated with a solu­
tion of 0.2 M K2Cr207 in coned H 2S0 4 for 2 h to introduce 
the surface functional groups containing oxygen. 13> The 
oxidized electrodes were reduced electrochemically at —1.5 
V vs. SCE in aqueous 0.5 M Na2S04 solution to increase 
the hydroxy 1 groups on the graphite surface.13) The reduced 
graphite electrodes were reacted with tosyl chloride (TsCl) 
in dry pyridine for several weeks and then treated with an 
aqueous solution of 0.1 M a-CD in 0.1 M KOH for 4 days. 
After the reaction, the electrodes were washed with water 
repeatedly to remove the adsorbed a-CD on the graphite 
surfaces. Another method for the modification of graphite 
electrodes with a-CD was as follows. Reduced graphite was 
reacted with a-CD tosylate14) in 0.1 M KOH solution (pyri­
dine : H 2 0 = 30: 70) for a week, followed by thorough washing 

.(CH2)nOH CDOH 

(type c) 

t dipped in CDOH solution 

OH TsCl , 

OH 

CDOTs 

(type d) 

I CDOH 

-(CH2)nOCD 
CDOH; a-cyclodextrin 

TsCl; tosyl chloride 

n = 0,1 (type b) (type a) 

Scheme 2. Synthetic procedure for a-CD-CME and 
a-CD adsorbed electrode. 

with water. To compare these a-CD-CMEs with a physi­
cally adsorbed a-CD electrode, the reduced graphite electrode 
was dipped into 0.1 M KOH aqueous solution containing 
a-CD (0.1 M) for 10 h, and then washed with water 
(Scheme 2). 

R e s u l t s a n d D i s c u s s i o n 

The potential range in the anodic chlorination must 
be carefully chosen because the substrate, anisole, is 
oxidized when the anode potential exceeds ca. 1.3V 
vs. SCE in aqueous NaCl solution. At such a high 
potential, side reactions can also occur and p-jo- ratio 
or other values become inaccurate, and furthermore, 
the graphite electrode itself is oxidized. Consequently, 
it is desirable to set the anodic potential as low as 
possible. However, at low anodic potentials, the 
chlorination cannot occur or proceeds very slowly 
because chlorine generation starts at 0.9—1.0 V vs. 
SCE in aqueous NaCl solution, so that the anodic 
potential of 1.20 V vs. SCE was used. 

In the Absence of CD. Increasing the concentra­
tion of anisole resulted in an increase in the p-jo- ratio 
and also an increase in the yields of chloroanisoles 
(Table 1, expts. 1 and 2). The p-/o- ratio was gradually 
decreased with increasing conversion of anisole during 
the electrolysis both on the untreated graphite (expts. 
3, 4, and 5) and on the oxidized graphite (expts. 6 
and 7). But a higher p-jo- ratio was observed on the 
untreated graphite electrode than the oxidized one. The 
yield of chloroanisoles was independent of the mode of 
preparat ion of the electrode, i.e. whether graphite 
electrode was oxidized or not. The influence of the 
concentration of NaCl added in the anolyte at low 
conversion of anisole was not great (expts. 2, 3, and 8). 
A slight tendency of the p-jo- ratio to increase was 
observed with a decrease in the concentration of NaCl . 
The temperature during electrolysis did not affect the 
p-jo- ratio in the temperature range 0—30 °C, but did 
affect the yield of chloroanisoles (expts. 8 and 9). I t 
took ca. \0 min to convert 10% of anisole in the anolyte 
and the current efficiency was ca. 5 0 % . The p-jo- ratios 
in the present work are a little lower than those in the 
previous report.4) This might be at tr ibuted to the 
difference in the surface properties of the graphite plates 
used. The ratios on the oxidized electrodes in the 
present work, however, showed only slight deviations. 
After electrolysis (10% conversion of anisole), the p H 

TABLE 1. ANODIC CHLORINATION OF ANISOLE IN THE ABSENCE OF CD 

Expt. 

1 
2 
3 
4 
5 
G 
7 
8 
9 

Conv/%a) 

10.6 
4.2 
4.3 

19 
48 

7.9 
24 

5.1 
7.0 

p-lo-» 

5.9 
2.3 
2.4 
2.3 
1.8 
2.1 
1.6 
2.6 
2.7 

Mono/%c) 

90 
82 
83 
79 
78 
81 
80 
82 
70 

Conen of 
NaCl/M 

1.0 
1.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.1 
0.1 

Conen of 
anisole/103M 

2.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

Anode 

untreated 
untreated 
untreated 
untreated 
untreated 
oxidized 
oxidized 
untreated 
untreated 

Temp/°C 

20 
20 
20 
20 
20 
20 
20 
20 
0 

Anodic potential: 1.20 V us, SCE. a) Conversion of anisole in the course of electrolysis, b) Ratio of^- to o-chloroanisole 
in the electrolysis, c) Yield of monochloroanisoles. 



3694 Tomokazu MATSUE, Masamichi FUJIHIRA, and Tetsuo OSA [Vol. 52, No. 12 

TABLE 2. ANODIC CHLORINATION OF ANISOLE IN THE PRESENCE OF ß-CD 

Expt. Conv/% p-jo- Mono/% Conen of 
NaCl/M 

Conen of 
ß-CD/103M 

Includeda) 

anisole/% Temp/°C 

10 
11 
12 
13 
14 
15 

8.5 
7.3 
7.1 
3.0 
5.0 
4.0 

3.2 
3.3 
3.5 
3.2 
2.6 
4.1 

85 
82 
88 
82 
74 
73 

1.0 
0.5 
0.1 
0.1 
0.1 
0.1 

10.0 
10.0 
10.0 
5.0 
1.0 

10.0 

34 
34 
34 
20 
4.8 

20 
20 
20 
20 
20 

0 

Anode: untreated graphite electrode. Anodic potential: 1.20 V vs. SCE. Concentration of anisole in anolyte: 
10~3 M. a) Calculated by using the dissociation constant of /?-CD-anisole complex, 1.9 X 10-2 M. 

1.0X 

of the anolyte became 2.0 since hydrochloric acid was 
generated in the course of the electrolysis. 

In the Presence of ß-CD. The variations in p-jo-
ratios and yields of chloroanisoles in the presence of 
ß-CD, together with the percentages of included anisole 
in the /?-CD solution, are shown in Table 2. The table 
shows a slight increase in the p-jo- ratio with increasing 
concentration of /?-CD, which indicates that the p-
isomer was formed preferentially in the presence of 
jff-CD in solution (expts. 12, 13, and 14). This supports 
the idea described above that the reagent (HOC1) can 
scarcely attack the o-positions of anisole included in 
/?-CD.n> The temperature had some influence on the 
p-jo- ratio. When electrolysis was carried out at 0 °C, 
the ratio was 4.1 which was higher than the 3.5 value 
observed at 20 °C (expts. 12 and 15). This phenomenon 
may be a reflection of the thermodynamic nature in 
that CD includes substrate more easily at low tempera­
tures.15) The yield of monochloroanisoles was low at low 
temperature in a similar manner as in the absence of 
CD (Table 1, expts. 8 and 9). As the dissociation 
constant of /?-CD-anisole complex is 1.9 X 10~2 M,16> 
only 3 4 % of the anisole is included in the 10"2 M ß-CD 
solution which is almost the maximum concentration 
of /?-CD in aqueous solution. This low complex forma­
tion of anisole with ß-CD might be a cause for the low 
regioselectivity in the anodic chlorination of anisole in 
the presence of ß -CD. The effect of the concentration 
of NaCl on the p-jo- ratios was small, but a slight 
tendency of the ratio to decrease with enhancement of 
the concentration of NaCl was observed (Table 2, 
expts. 10, 11, and 12). 

In the Presence ofcu-CD. The results of the anodic 
chlorination of anisole in the presence of oc-CD are given 

in Table 3. The electrolytic conditions were the same 
as those in the presence of ß-CD. The p-jo- ratios 
became greater as the concentration of oc-CD increased, 
i.e. the jfr-isomer was formed selectively at high concen­
trations of oc-CD in solution. The yield of monochloro­
anisoles in the presence of a-CD was almost the same 
as that in the presence of ß-CD, but selectivity of p-
isomer formation was much higher. This is explained 
by the fact that oc-CD binds anisole about 5 times 
stronger than ß-CD. The dissociation constant of the 
oc-CD-anisole complex is 3.75 X 10~3 M.9> The table 
also shows that the p-jo- ratio increases significantly 
with decreasing NaCl concentration at a constant 
concentration of oc-CD (Table 3, expts. 16, 18, and 22). 
This indicates that the inhibition effect of CI -17) on the 
inclusion of anisole in oc-CD is very great. On the 
other hand, the concentration of NaCl had only a 
small effect on the p-jo- ratios in the anodic chloriantion 
in the presence of ß-CD (Table 2, expts. 10, 11, and 12), 
which is explained by the fact that C I - is not included 
in ß-CD.17) I t is also shown that the selectivities in this 
work in the presence of oc-CD are higher than those in 
the homogeneous reactions reported by Breslow and 
Campbell (Table 4).8) The differences in p-jo- ratios 
(Table 3, expts. 16, 18, and 22) were greater than those 
expected from the percentages of included anisole in 
solution. These phenomena may reflect surface effects 
in which the concentrations of reagents on the graphite 
electrode surface are different from those in the bulk 
solution. The difference in the ratios in the presence of 
oc-CD and in the presence of ß-CD at the same percent­
age of included anisole in the bulk solution (e.g., the 
difference between expt. 12, Table 2 and expt. 19, 
Table 3) may be accounted for by the following possi-

TABLE 3. ANODIC CHLORINATION OF ANISOLE IN THE PRESENCE OF a-CD 

Expt. 

16 
17 
18 
19 
20 
21 
22 
23 

Conv/% 

6.1 
6.0 
4.9 
5.7 
6.4 
6.4 
2.0 
3.2 

p-jo-

9.1 
7.9 

12.6 
8.2 
6.5 
2.5 

25 
22 

Mono/% 

81 

85 
81 
87 
87 
74 
70 

Conen of 
NaCl/M 

1.0 
1.0 
0.5 
0.5 
0.5 
0.5 
0.1 
0.1 

Conen of 
a-CD/103M 

10.0 
5.0 

10.0 
5.0 
1.0 
0.1 

10.0 
5.0 

Includeda) 

anisole/% 

42 
26 
54 
36 
9.6 
1.0 

66 
49 

Anode : untreated graphite electrode. Anodic potential : 1.20 V vs. SCE. Concentration of anisole in anolyte : 1.0 X 
10 -3 M. a) Calculated by using the dissociation constant of a-CD-anisole complex, 3.72 X 10-3 M, under the consi­
deration of the inhibition effect of CI -. 
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TABLE 4. 

P-Io-

RESULTS OF HOMOGENEOUS CHLORINATION OF 

ANISOLE IN BRESLOW'S REPORT8) 

Included anisole/% 

3.43 
5.49 
7.42 
11.3 
15.4 

20 
33 
43 
56 
64 

bilities. 
(1) oc-CD is more strongly adsorbed on the graphite 

surface than ß-CT) at this potential. 
(2) Slight movement of the included anisole in 

ß-GD is allowed since the size of the ß-GD cavity is a 
little larger than that of the anisole molecule; whereas, 
the anisole included in a-CD is not free to move. 

T 

Expt. 

24 

25 

26 

27 

ABLE 5. ANODIC CHLORINATION OF ANISOLE WITH 

Conv/% 

8.0 

4 . 5 
7.1 

8 .9 

a - C D - C M E (via ETHER BOND) 

P-Io-

3.1 

1.9 
1.8 

2 .1 

M o n o / % 

80 
75 

79 

83 

Type of electrode 

a) 
b) 

c) 
a) treated with 
K 2 C r 2 0 7 

a) Obtained by the reaction between the tosylated graphite 
and a-CD. b) Obtained by the reaction between the reduced 
graphite and tosylated a-CD. c) Obtained by dipping the 
reduced graphite in a-CD aqueous solution followed by 
washing with water. 

Anodic Chlorination with OL-CD-CME. The results 
of the anodic chlorination with a -CD-CME (via ether 
linkage) obtained by the reaction between the tosylated 
graphite and a-CD (type a) , by the reaction between 
the reduced graphite and tosylated a-CD ( typeb) , and 
a-CD adsorbed graphite (type c) are given in Table 5. 
Type a shows a slight higher p-jo- ratio than the others, 
but its value is low compared with those in the presence 
of a-CD and on a-CD-CME (via ester linkage).4) This 
indicates that the surface coverage of a-CD introduced 
by the chemical modification was low on type a. Type 
b showed no selectivity. The at tachment of a-CD on 
the graphite surface by the reaction between the 
reduced graphite and a-CD tosylate was very difficult. 
The reaction may be hindered by the intra- or inter-
molecular reaction of tosylated a-CD. No selectivity 
was also obtained on type c. The adsorbed a-CD on the 
reduced graphite electrode was removed by washing 
with water. The yields of chloroanisoles formed in the 
anodic chlorination with the above three types of 
electrodes were the same as those with unmodified 
electrodes. When type a was treated with K 2 C r 2 0 7 for 
1 h to remove a-CD on type a, the p-jo- ratio became 
lower than that of the electrode of type a not subject 
to the treatment. 

ESCA Results. Three types of electrodes, type 
a, the tosylated graphite (type d), and the oxidized 
graphite (type e), were examined by ESCA. Fig. 1 

Ols 

Cls 

(type e) 

S2p 

S2s 

,(type d) 

-H **-(type a) 
— 1 

600 400 200 0 

Binding energy / eV 

Fig. 1. ESCA spectra of the a-CD-CME (type a), the 
tosylated (type d), and the oxidized (type e) graphite 
electrodes. 

shows wide ESCA spectra obtained. There are strong 
peaks of O Is at 532 eV and C Is at 285 eV on type e, 
which are almost the same as those of glassy carbon 
baked in the air.18) No peaks based either on Cr or 
on K of K 2 C r 2 0 7 appears. The ESCA spectrum of 
type d shows small S 2s at 233 eV and S 2p at 170 eV 
in addition to the above peaks. These sulfur peaks 
originate from sulfur atoms in the tosyl group intro­
duced on the graphite surface, and the peaks disappear 
with further modification with a-CD. This indicates 
that the tosyl group was removed by the reaction 
between the tosylated graphite (type d) and a-CD. 
Higher resolution ESCA spectra of O Is in type a and 
type e are shown in Fig. 2. The peak intensity of type 
a is larger than that of type e and the peak is shifted 
toward a higher binding energy compared with that 
of type e. I t is, however, difficult to assign the chemical 
shift, since various types of oxygen atoms exist on the 

540 535 530 

Binding energy / eV 

Fig. 2. O Is ESCA spectra of the a-CD-CME (type a) 
and the oxidized (type e) electrode. 



3696 Tomokazu MATSUE, Masamichi FUJIHIRA, and Tetsuo OSA [Vol. 52, No. 12 

( type a) 

( type e) 

( type d) 

295 290 285 
Binding energy / eV 

Fig. 3. C Is ESCA spectra of the a-CD-CME (type a), 
the tosylated (type d), and the oxidized (type e) 
electrodes. 

graphite surfaces. The changes in higher resolution 
ESCA spectra of C Is of types a, d, and e are shown in 
Fig. 3. By performing chemical modification with 
a-CD on the graphite surface, a shoulder at the higher 
binding energy side of the main peak at 285 eV appeared 
but its height was lower than that of the previous 
results.4) This shoulder may be accounted for by 
consideration of the charge on the carbon atoms in 
oc-CD. All carbon atoms in a-CD adjoin oxygen atoms 
which have a higher electronegativity compared with 
the carbon atoms.19) The surface coverage by a-CD 
on type a is not large because the shoulder is small. 
The C Is of type d appeared at the same binding energy 
as type e and has no shoulder. These results also 
support the conclusion that the shoulder in the spectrum 
of type a is at tr ibuted to a-CD on the graphite surface. 
Fig. 4 shows S 2s ESCA spectra of types a, d, and e. 

240 235 230 

Binding energy / eV 

Fig. 4. S 2s ESCA spectra of the a-CD-CME (type a), 
the tosylated (type d), and the oxidized (type e) 
electrodes. 

The peak of type d appeared at ca. 233 eV which is 
shifted toward the higher binding energy side compared 
with 229 eV, the binding energy of 2s electron in free 
sulfur.20) The shift of the S 2s is in agreement with 
that of the S 2p of sulfonated compounds, i.e. the peaks 
of these compounds shift to a higher binding energy 
than those of the sulfide or disulfide compounds because 
the calculated charges on the sulfur atoms in sulfonated 
compounds are high.19) On the other hand, the S 2s 
peak on type e could not be observed, which indicates 
that the surface is free from contamination by sulfur 
compounds on type e. O n type a, small S 2s peak still 
remained. Most of tosyl group were removed by the 
reaction between the tosylated graphite (type d) and 
a-CD, but some unreacted tosyl groups remained on 
type a. 

This work was partially supported by a Grant-in-
Aid for Scientific Research from the Ministry of Educa­
tion (No. 247072). 
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New Potassium and Ammonium Lead(II) Chromates with a Higher 
Lead Content and Iso-structural with Potassium 

Lead(II) Chromate, K2Pb(Cr04)2 

Tsutomu FUKASAWA* and Masaaki IWATSUKI 

Department of Applied Chemistry, Faculty of Engineering, Yamanashi University, Takeda, Kofu 400 
(Received April 16, 1979) 

An unknown yellow precipitate, similar to lead(II) Chromate in appearance, has been reported. The pre­
cipitate was formed in the detection process of lead(II) ions using Chromate ions by a classical qualitative analytical 
method. The present paper describes the elucidation of the unknown precipitate, and the presence of a series 
of new chromâtes iso-structural with the known potassium lead(II) Chromate, K2Pb(Cr04)2 . The new chromâtes 
are explained as new stoichiometric chromâtes, K4Pb4(Cr04)6 and (NH4)4Pb4(Cr04)6 [=K2Pb2(Gr04)3 and (NH4)2-
Pb2(Cr04)3], and solid solutions (K, NH4)6_2aPb3+z(Gr04)6 (z= +0.3 |-l-2) among the new stoichiometric 
chromâtes and the known chromâtes, K6Pb3(Cr04)6 and (NH4)6Pb3(Cr04)6 [=K 2 Pb(Cr0 4 ) 2 and (NH4)2Pb-
(Gr04)2]. The compositions of the new chromâtes are dependant on the precipitating conditions. Relationships 
between compositions, lattice constants, and precipitating conditions are given together with indexed powder 
diffraction data for references to identification, and the results of thermal analyses. 

I t was described in a previous paper1) that fine 
particles of an unknown yellow compound, similar to 
lead(II) Chromate in appearance, precipitated under 
certain conditions in the reaction leading to the forma­
tion of lead (I I) Chromate, a substance used for the 
detection of lead(II) ions in classical qualitative analysis. 
The particles were unstable and changed into needle 
crystals of monoclinic lead(II) Chromate when left in 
the mother liquor. In general, this unknown compound 
precipitated when a potassium Chromate solution was 
added to a hot and dilute lead(II) solution containing 
a relatively large amount of ammonium acetate. 

The present study was conducted to elucidate the 
unknown compound, and to obtain the powder X-ray 
diffraction data for identification. Precipitates were 
prepared by adding an ammonium Chromate solution 
to an ammonium acetate solution of lead (I I ) , or a 
potassium Chromate solution to a potassium acetate 
solution of lead(II) at different concentrations and p H . 
X-Ray diffraction, chemical analysis, density measure­
ment, and thermal analysis were conducted on the 
precipitates. 

I t was found that the unknown compound described 
was one of a series of new chromâtes, which were 
higher in lead content than the known potassium or 
ammonium lead(II) Chromate K 2 P b ( C r 0 4 ) 2 or (NH4)2-
Pb(Cr04)2 5

2) and iso-structural with known chromâtes. 
These new chromâtes have been expressed as K 2Pb 2 -
(Cr0 4 ) 3 , (NH 4 ) 2 Pb 2 (Cr0 4 ) 3 , and (K,NH 4 ) 2 + 2 j Pb 2 _,-
( C r 0 4 ) 3 (y=—0A h0.3) from the construction rule 
of chemical formulas and the analytical results, and as 
(K,NH4)2_2*Pb1 +*(Cr04)2 ( * = + 0 . 1 — + 0 . 4 ) when 
the conventional formula of the known Chromate, 
K 2 Pb(Cr0 4 ) 2 , was followed. The relationship between 
the new and known stoichiometric chromâtes is con­
veniently explained by the common formulas containing 
six Chromate ions from the viewpoint of iso-structure : 
The new Chromate are explained as new stoichiometric 
chromâtes, K 4 P b 4 ( C r 0 4 ) 6 and (NH 4 ) 4 Pb 4 (Cr0 4 ) 6 , and 
solid solutions, (K,NH 4 ) 6 _ 2 2 Pb 3 + 2 (Cr0 4 ) 6 (z=+0.3— 
+ 1.2), among the new stoichiometric chromâtes and 
the known chromâtes, K 6 P b 3 ( C r 0 4 ) 6 and (NH4)6Pb3-

( C r 0 4 ) 6 . The relationships between the compositions, 
lattice constants, and precipitating conditions of the 
new chromâtes are given with the indexed powder 
X-ray diffraction data , and the results of thermal 
analyses. 

E x p e r i m e n t a l 

Sample Preparation. Several differing lead(II) acetate 
solutions were prepared by the dissolution of appropriate 
quantities of lead(II) sulfate in ammonium or potassium 
acetate solutions of 1 to 6 M (1 M = l mol dm - 3) , followed 
by pH adjustment. The precipitates were prepared using 
each lead(II) acetate solution as follows: A small excess of 
a 1.5 M ammonium or potassium Chromate solution was 
gradually added via a 5 cm3 pipet to a lead(II) acetate solu­
tion in a 200 cm3 or 1 dm3 beaker at about 80 °G with stirring. 
The precipitate formed was filtered off, and dried at 105 °G 
in an electric oven. 

All the precipitates prepared were yellow or yellow-orange, 
and fine particles smaller than 1 (xm except that monoclinic 
lead (II) Chromate occasionally precipitated in size of above 
1 [im. 

The precipitate samples used for the chemical analyses 
were identified by powder X-ray diffraction analysis. 

Methods of Analysis. Powder X-Ray Diffraction Analysis : 
The X-ray diffraction analyses were conducted by use of 

an X-ray diffractometer (Rigaku) equipped with a copper-
target tube and nickel filter. The sample was mounted in 
a standard aluminum specimen holder. The intensities were 
measured from the peak heights of the line profiles. The 
accurate diffraction angle for determination of the lattice 
constants was measured from the center of gravity of the line 
profile recorded at a low scanning speed. The diffraction 
angle was corrected by use of high-purity silicon powder as 
an internal standard. 

Chemical Analysis : X-Ray fluorescence analysis and Nessler's 
test confirmed that the samples contained lead, chromium, 
potassium, and/or ammonium, but no sulfur. Lead, chro­
mium, potassium, and ammonium were quantitatively deter­
mined as follows: For the determination of lead and 
potassium, the sample was dissolved in nitric acid (1-fT), 
followed by dilution with water. Ascorbic acid was then 
added to reduce the Chromate to chromium(III) ions. After 
an appropriate dilution, lead and potassium were determined 
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by the standard addition-atomic absorption method and by 
the standard addition-flame photometric method, respectively. 
For the determination of chromium, the sample was dissolved 
in nitric acid (1 + 1), and sodium hydroxide solution added 
until the solution became alkaline. The Chromate ion was 
photometrically determined at 366 nm. The ammonium ion 
was determined by the micro-diffusion method.3) The deter­
mination of each constituent was repeated at least twice and 
the average taken. 

Density: "Observed density" was determined by use of a 
pycnometer with carbon tetrachloride. "Calculated density" 
was evaluated from lattice constants and the number of 
constituent ions in a unit cell. 

Thermal Analysis: Thermal analysis was conducted by use 
of a thermobalance (Rigaku) with a differential thermal 
analyzer. 

R e s u l t s and D i s c u s s i o n 

Chemical Composition and Crystallographic Consideration. 
Table 1 shows the results of chemical analyses of the 
representative samples prepared under different condi­
tions, and chemical formulas obtained from the analyt­
ical results. The number of oxygens in the chemical 
formulas has been taken as 12, because the elemental 
ratio in the formula of sample K-0 was successfully 
expressed in the smallest integer when the conventional 
rule was applied to the construction of chemical 
formulas ; the ratios in the formulas of the other samples 
were not successfully expressed in integers. 

The lead contents of the prepared samples were 
higher than those of the known chromâtes, K 2 P b ( C r 0 4 ) 2 

and (NH 4 ) 2 Pb(Cr0 4 )2 . The chemical formulas of 
some samples were approximated to K 2 Pb 2 (Cr0 4 )3 or 
(NH 4 ) 2 Pb 2 (Cr0 4 ) 3 . The other samples were nonstoichio-
metric, and have been expressed as (K,NH4)2+2.yPb2_ :yr 

( C r 0 4 ) 3 (j=—OA 1-0.3). Some however have a 
slightly unbalanced charge. The charge unbalance in 
some formulas may be explained by the formation of 
nonstoichiometric compounds of lattice-defect type, 
and/or the presence of undetectable amounts of lead 
oxide which may be formed by heating lead hydroxide 
at 105 °C; the lead hydroxide may be produced together 
with the Chromate in the precipitating process. 

The X-ray powder patterns of the newly found 
chromâtes were similar to those of the known chromâtes 
(hexagonal), K 2 P b ( C r 0 4 ) 2 , (NH 4 ) 2 Pb(Cr0 4 ) 2 , etc, and 
indexed successfully by the hexagonal system by use 
of the Bunn-Bjurström chart . Table 2 shows the X-ray 
diffraction data of the representative samples. I t 
appears that the crystal structures of all the newly 
found chromâtes are iso-structural with the known 

chromâtes. The compounds previously expressed as 
K 2 P b 2 ( C r 0 4 ) 3 , (NH 4 ) 2 Pb 2 (Cr0 4 ) 3 , and (K,NH4)2 + 2 V-
Pb2_ : y(Cr04)3 may be expressed as K2 ggPbi 3 3 (Cr0 4 ) 0 , 
(NH4) ; .3 3Pb1 .3 3(Cr04)2 5 > and (K,NH 4 ) 2 _ 2 ,Pb 1 + , (Cr0 4 ) 2 

assuming the conventional formulas of the known 
chromâtes are followed. The formulas Kj ggPbj 33-
( C r 0 4 ) 2 and (NH4)2 .3 3Pb1 # 3 3(Cr04)2 do not however 
adhere to the construction rule of chemical formulas. 
The common formulas containing six Chromate ions 
(oxygen=24) appear to fit both the new and known 
chromâtes which are stoichiometric and iso-structural 
with each other. The chromâtes K 2 P b 2 ( C r 0 4 ) 3 and 
(NH 4 ) 2 Pb 2 (Cr0 4 ) 3 are explained conveniently as the 
new stoichiometric chromâtes K 4 P b 4 ( C r 0 4 ) 6 and 
(NH 4 ) 4 Pb 4 (Cr0 4 ) 6 iso-structural with the known 
chromâtes K 6 P b 3 ( C r 0 4 ) 6 and (NH 4 ) 6 Pb 3 (Cr0 4 ) 6 . The 
nonstoichiometric chromâtes expressed by (K,NH4)2+2:y-
Pb2_3,(Cr04)3 are thought to be substitutional solid 
solutions lying between the new and known stoichio­
metric chromâtes, and are expressed by the general 
formula, (K,NH 4 ) 6 _ 2 z Pb 3 + , (Cr0 4 ) 6 ( * = + 0 . 3 — + 1 . 2 ) . 
The latter formulas will be used in the subsequent 
discussion except for the thermal analysis. 

Tables 3 and 4 show the precipitating conditions, 
lattice constants, chemical formulas, and densities of 
the representative compounds prepared; the lattice 
constants were calculated from accurate diffraction 
angles of appropriate lines and their assigned indices. 
The compositions of the compounds changed depending 
on the precipitating conditions; such changes were also 
supported by the differences in lattice constants. The 
relationships between the compounds formed and the 
precipitating conditions may be summarized as follows : 
( 1 ) the lead content of the formed compound increased 
with decreasing concentration of ammonium or potas­
sium acetate solution; (2) the lattice constant, a, of the 
compound increased with increasing lead content, while 
the lattice constant, c, decreased except in compounds 
obtained with potassium acetate solution; (3) monoclinic 
lead(II) Chromate was preferentially formed when 
ammonium or potassium acetate solution of lower 
concentration was used; (4) the p H , and amounts 
of ammonium or potassium acetate solution per gram 
of lead(II) sulfate do not appear to affect the composi­
tion. 

The number of chemical units in the unit cell, 
which was calculated from the observed density and 
lattice constants, was one for a series of the new 
chromâtes, (K,NH4)6_22Pb3 + z(Cr04)6 , as well as for 
the known chromâtes, K 6 P b 3 ( C r 0 4 ) 6 and (NH4)6Pb3-
( C r 0 4 ) 6 . 

T A B L E 1. RESULTS OF CHEMICAL ANALYSES AND CHEMICAL FORMULAS OF THE REPRESENTATIVE SAMPLES 

Sample — 
K+ 

NK-0 1.0 
N-0 — 
N-5 — 
N-15 — 
K-0 9 
K-8 13 

NH4
+ 

4.6 
5.7 
5.9 
3.9 
— 
— 

wt% 

Pb2+ 

52 
51 
46 
54 
49 
46 

Gr0 4
2 - Sum 

45 102 
44 101 
47 99 
42 100 
41 99 
42 101 

Chemical formula 
(0=12) 

K„.2(NH4)2.0Pb1.9(CrO4)3.0 

(NH4)2.4Pb1.9(CrO4)3.0 

(NH4)2.6Pb1.7(CrO4)3.0 

(NH4)1.8Pb2.1(CrO4)3.0 
K2.0P b2.o(C r°4)3.0 
K ^ P b ^ t C r O ^ . o 

Unbalance of charge 

± 0 . 0 
+ 0.2 
- 0 . 1 
± 0 . 0 
± 0 . 0 
+ 0.3 
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TABLE 2. POWDER X-RAY DIFFRACTION DATA FOR THE REPRESENTATIVE 

PREPARED SAMPLES, (NH4)2Pb(Cr04)2, AND K2Pb(Cr04)2
a:> 

hklw 

003" 
101 
012 
104 
006 
015 
110 
113 
107 
021 
202 
009 
018 
024 
116 
205 
1010 

027 
211 
122 
119 
208 
0111 

0012 

125 
300 
02K) 

303 

217 
1013 

128 
20.H 

1112 

306 
220 

0015 

2110 

309 
315 
1115 

Sample NK 
K0.2(NH4)2.0P1 

( G r O ^ 

" c a l c d "obsd 

A A 

7724T 773Ô 
4.889 
4.554 
3.685 
3.620 
3.284 
2.896 
2.689 
2.639 
2.492 
2.444 
2.414 
2.388 
2.277 
2.262 
2.172 
1.993 

1.951 
1.889 
1.868 
1.854 
1.8431 
1.838J 

1.810 

1.738 
1.672 
1.642 

1.629 

1.618 
1.585 

1.5551 
1.552J 

1.535 

1.518 
1.448i 

1.448J 

1.428 

1.375 
1.325 
1.295 

4.91 
4.57 
3.69 
N.D. 
3.29 
2.90i 
2.686 

2.64! 
2.492 

2.445 

2.417 

2.39i 
2.278 

2.262 

2.17, 
1.994 

1.952 
1.889 
1.868 
N.D. 

1.842 

1.810 

1.738 
1.672 
1.642 

1.629 

1.618 
1.584 

1.554 

1.535 

N.D. 

1.447 

1.427 

1.378 
1.325 
1.294 

-0 

b 1 . 9 " 

* obsd 3Ï~ 
17 
60 

2 
— 

100 
70 
47 
13 
2 
3 
2 
3 

15 
15 
22 
13 

2 
4 
9 

9 

1 

14 
6 
4 

7 

5 
2 

3 

2 

6 

6 

2 
3 
2 

Sample N-C 
(NHJwPth. 

(CrO4)3.0 

^ca l cd ^ obsd 

A A 

7T24Ö 
4.890 
4.556 
3.686 
3.620 
3.285 
2.898 
2.690 
2.639 
2.493 
2.445 
2.413 
2.388 
2.278 
2.262 
2.173 
1.993 

1.951 
1.890 
1.869 
1.854 
1.8431 
1.837J 

1.810 

71.39 
1.673 
1.642 

1.630 

1.619 
1.585 

1.5551 
1.552J 

1.535 

1.519 
1.449i 

1.448J 

1.429 

1.375 
1.326 
1.295 

7.28 
4.90 
4.55 
3.69 
N.D. 
3.29 
2.894 

2.69i 
2.644 

2.49x 

2.442 

2.415 

2.392 

2.276 

2.265 

2.17! 
1.997 

1.953 
1.888 
1.866 
N.D. 

1.843 

1.814 

1.737 
1.670 
1.642 

1.626 

1.621 
1.590 

1.555 

1.537 

N.D. 

1.447 

1.429 

1.378 
1.324 
1.297 

) 

.9" 

* obsd ~~ëï~ 
16 
65 

3 
— 

100 
61 
43 
13 
2 
2 
2 
3 

10 
14 
21 
14 

2 
3 
8 

8 

2 

11 
5 
3 

5 

3 
1 

2 

2 

4 

6 

2 
3 
2 

Sample K-0 
K2.0Pb2.o(Cr04)3.0 

" c a l c d 

A 

77017) 
4.844 
4.499 
3.615 
3.505 
3.213 
2.874 
2.659 
2.572 
2.472 
2.422 
2.337 
2.325 
2.250 
2.222 
2.142 
1.937 

1.917 
1.874 
1.852 
1.8131 
1.807J 
1.785 

1.753 

1.717 
1.659 
1.6061 

1.615[ 

I.595] 
1.539 

1.530 
1.516 

1.496i 

1.500J 
1.437 

1.402i 

I.402) 

1.353 
1.312 
1.260 

" o b s d 

A 
~N!D! 

4.85 
4.50 
3.61 
3.51 
3.21 
2.875 

2.659 

2.573 

N.D. 
2.422 

2.335 

N.D. 
2.25x 

2.222 

2.140 

1.937 

N.D. 
1.875 
1.853 

1.810 

1.785 

1.754 

1.717 
1.659 

1.606 
(Broad) 

N.D. 

N.D. 
N.D. 

1.498 

1.437 

1.402 

1.353 
1.311 
1.260 

* obsd 

13 
12 

1 
3 

100 
53 
13 
5 

— 

ii 
— 

's) 
16 
17 

— 
2 
2 

: i 
1 

9 
4 

1 
— 

=) 

1 

3 

5 

1 
1 
3 

JCPDS card 
No. 19-66 
(NH4)2Pb-

(Gr04)2 
/ ~"~ ~\ 
d/A I\IX 

~T.30 
4.88 
4.54 
N.D. 
N.D. 
3.30 
2.885 
2.684 
2.653 
2.483 

2.436 

2.402 

2.270 

2.172 
2.008 

1.954 
1.882 
N.D. 
1.861 

1.848 

1.827 

1.735 
1.666 
1.648 

1.621 
(Broad) 

1.598 

1.557 

1.544 

N.D. 
1.443 

1.461 

1.431 

1.375 
1.322 
1.304 

10 
6 

35 
— 
— 
95 
95 
80 
20 
10 

10 

16 

85 

70 
60 

16 
16 
— 
80j 

60) 

16 

80 
45 
30i 

7o) 

20 

30 

30i 

60 

30i 

lOo) 
35 
70 
60 

JCPDS 
No. 1! 

K2Pb(( 

djk 

~77o2 
4.82 
4.48 
3.609 
3.512 
3.208 
2.858 
2.646 
2.571 
2.459 
N.D. 
2.349 
N.D. 
2.240 
2.217 
2.134 
1.938 

N.D. 
N.D. 
N.D. 

1.808 

N.D. 

1.756 

1.710 
1.650 

1.605 

N.D. 

N.D. 

N.D. 
N.D. 

1.495 

1.429 

1.401 

N.D. 
1.305 
1.260 

5 card 
9-971 
>o4)2 

^ y ? i 

8 
5 

18 
3 
3 

100 
79 
24 
11 
8 

— 
20 
— 
26 
20 
60 
61 

— 
— 
— 

16 

12 

72 
30 

39 

— 
— 
— 

20 

58 

74 

— 
35 
36 

a) N.D. : Not detected. dcalcd was calculated with lattice constants measured in this work, b) Miller's indices are shown 
as one of hexagonal lattice. 

Comparison of the lattice constants in Table 3 
appears to indicate that the substitution of one Pb 2 + 

ion for two NH^1 ions causes a slight decrease in c, 
and a slight increase in a, but no appreciable change 
in the volume of the unit cell. The Table 4 shows that 
the substitution of one Pb21 ion for two K+ ions has 
little eftect on c, but causes a slight increase in a. In 
terms of the differences in number and size of the 

cations in their unit cells, the newly found chromâtes 
appear to be less compact in structure than the known 
chromâtes. The instability of the new chromâtes in 
their mother liquors may be explained by the less 
compact structures. 

Thermal Analysis. Figure 1 shows the results of 
thermogravimetric (TGA) and differential thermal 
(DTA) analyses of sample NK-0. The endothermic 
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TABLE 3. PRECIPITATING CONDITIONS, LATTICE CONSTANTS, CHEMICAL FORMULAS, AND 

DENSITIES OF THE COMPOUNDS FORMED USING AMMONIUM ACETATE SOLUTIONS80 

Sample 

NK-0 

N-0 

N-1 

N-2 

N-3 
N-4 

N-5 

N-14 b ) 

N-15 

N-13 c ) 

d) 

Lead acetate soin. 

P b S 0 4 

g 

1.00 

0 .20 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

N H 4 O A c 

Conen 

M 

caA 

caA 

6 

6 

6 

6 

6 

3 

3 

2 

Amount 

cm 3 

100 

18 

25 

50 

100 

200 

400 

200 

400 

400 

N H 4 + / P b f 

mole ratio 

caA.2 

caA A 

0 .45 

0 .90 

1.8 

3 .6 

7.2 
1.8 

3 .6 

2 . 4 

p H 

6—7 

6—7 

7 .0 

7 .1 

7 .0 

7 .0 

7.1 

7.2 

7 .2 
7 . 3 

Li 
cons 

a 

5.793 

5.796 

5.784 

5.785 

5.785 

5.783 

5.781 

5.792 

5.791 

5.777 

ittice 
tants/A 

c 

21.72 

21.72 

21 .80 

21 .80 

21 .83 
21 .84 

21 .85 

21 .61 

21 .62 

21 .939 

Chemical formula 
( 0 = 24) 

K0 .4(NH4)4 .0Pb3 .8(CrO4)6 .0 

(NH4)4 .8Pb3 .8(CrO4)6 .0 

(NH4)5 .0Pb3 .4(CrO4)6 > 0 

(NH 4) 3 . 6Pb 4 . 2(CrO 4) 6 . 0 

(NH 4 ) 6 Pb 3 (Cr0 4 ) 6 

[ = ( N H 4 ) 2 P b ( C r 0 4 ) 2 ] 

Den 

g/c 

Obsd 

4 . 0 5 

4 .26 

3.71 

isity 

m 3 

Galcd 

4 .133 

4.062 

3.734 

1.5MK 2 Cr0 4 for a) A given amount of PbS0 4 was dissolved in a hot solution of NH4OAc, and 1.5 M (NH4)2 C r0 4 

NK-0) was added, b) A trace amount of PbCr0 4 (mon.) was detected, c) A large amount of PbCr04(mon. 
detected, d) JCPDS card No. 19-66 and Ref. 2. 

was 

TABLE 4. PRECIPITATING CONDITIONS, LATTICE CONSTANTS, CHEMICAL FORMULAS, AND 

DENSITIES OF THE COMPOUNDS FORMED USING POTASSIUM ACETATE SOLUTIONS0 

Sample 

K-0 

K - l 

K-4 

K-5 

K-6 

K-8 

K-7 

K-9 
K - l l b ) 

K-2 

K-3 

c) 

Lead acetate soin. 

P b S 0 4 

g 

0 .60 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

K O A c 

Conen 

M 

ca.3 

4 

4 

4 

4 

4 

3 

2 
1 

4 

4 

Amount 

cm 3 

75 

150 

150 

150 

150 

125 

125 

125 

125 

300 
600 

K+/Pb2+ 
mole ratio 

HP 

caA A 

1.8 

1.8 

1.8 

1.8 

1.5 

1.1 

0 . 8 
0 . 4 

3 .6 

7.2 

Added 
amount of 

coned H O A c 

cm3 

0 

0 

1.0 

3 .0 

10.0 

0 

0 

0 

0 

0 
0 

p H 

6—7 

8.9 

7 .5 

6 .6 

5 .9 

8 .8 

8 .4 

8.1 

7 .7 

8.9 

8 .8 

Latt ice 
constants/A 

a 

5.748 

5.729 

5.728 

5 .728 

5.727 

5.730 

5.742 

5.751 

— 
5.736 

5.740 

5.716 

c 

21 .03 

21 .04 

21 .04 

21.02 
21 .03 

21 .04 

21 .06 

21.07 

— 
21 .03 

21 .03 

21.065 

Chemical 
formula 
( 0 = 2 4 ) 

K 4 .oPb 4 . 0 (Cr0 4 ) 6 . 0 

K 5 . 4Pb 3 . 6 (CrO 4 ) 6 . 0 

K 6 P b 3 ( C r 0 4 ) 6 

[ = K 2 P b ( C r 0 4 ) 2 ] 

Density 

g/cm3 

Obsd Calcd 

4 .76 4 .639 

4 .30 4 .324 

a) A given amount of PbS0 4 was dissolved in a hot solution of KOAc, HOAc was added if required, and 1.5 M 
K 2 Cr0 4 was added, b) A large amount of PbCr0 4 (mon.) and a small amount of Pb2 (OH)2Cr04 were detected. 
c) JCPDS card No. 19-971 and Ref. 2. 

peak at approximately 205 °C, which was accompanied 
by a weight loss over the range 140 to 220 °C, was 
at tr ibuted to the evolution of ammonia ; the evolution 
was confirmed by Nessler's test and the experimental 
and theoretical weight losses. The exothermic peak at 
approximately 245 °C, which was accompanied by a 
weight loss over the range 220 to 270 °C, may be 
attr ibutable to the formation of water by the oxidation 
of ammonia, since, when the sample was heated to 
approximately 220 °C in a test tube attached with a 
conduit pipe, water drops were produced inside the 
pipe. High-temperature X-ray diffraction analysis 
showed a definite transition of sample NK-0 to mono-

clinic lead(II) Chromate and the formation of an 
intermediate compound in the couse of this transition. 
Although this intermediate compound could not be 
identified, it appears to be a compound formed by the 
escape of ammonia from sample NK-0. The exothermic 
peak free from weight loss at approximately 405 °C 
appears due to a crystal transition. The transition 
could not, however, be detected by high-temperature 
X-ray diffraction analysis. 

Several samples changed to known compounds with 
weight loss, when heated up to approximately 400 °C 
in an electric furnace, the results of which are sum­
marized in Table 5. The residues obtained by heating 
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TABLE 5. THE RESULTS OF HEATING TO 400 °G FOR SOME SAMPLES 

3701 

Sample 

NK-0 
N-0 
K-0 

Weight loss/% 

9 
12 
0.7 

Color of the residue 

Yellow-green 
Yellow-green 
Orange 

Crystalline phase in the residue 

Major component Minor component 

PbCr04(mon.) K2Pb(Cr04)2 

PbCr04(mon.) -— 
K2Pb(Cr04)2 PbCr04(mon.), PbCr04-PbO 

100 200 300 400 

Temperature/0 C 

Fig. 1. Thermal analysis of K0#2(NH4)2#o)Pb1#9(Cr04)3 0 

(sample NK-0). 
Heating rate: 3 °C/min; T : transition of sample NK-0 
to PbCr04 (mon.); A: evolution of ammonia; W: 
evolution of water. 

samples NK-0 and N-0 mainly consisted of monoclinic 
lead (I I) Chromate; small amounts of the known 
Chromate, K 2 P b ( C r 0 4 ) 2 , were also detected in the 
residue of sample NK-0 containing small amounts of 
potassium ions. Amorphous chromium (111) oxide 
appears to be present in both residues judging from the 
color (yellow-green). This chromium(II I ) oxide may 

be formed by the reduction of Chromate ions by 
ammonia . Sample K-0 was decomposed by heat-treat­
ment to known compounds, K 2 P b ( C r 0 4 ) 2 , PbCrO-
(mon.), P b C r 0 4 - P b O , etc. 

The thermal analyses described above, together with 
the differences in X-ray diffraction patterns and lattice 
constants, also support the conclution that the com­
pounds prepared here differ from the known chromâtes, 
K 2 P b ( C r 0 4 ) 2 and (NH 4 ) 2 Pb(Cr0 4 ) 2 . 
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The Crystal Structures of (+)s89- and (—)589-frans(0)-Ethylene-
diaminebis(glycinato)cobalt(III) Hydrogen-d-tartrates 

and Their Thermal Behavior 
Masahiro KURAMOTO 

Department of Chemistry, Faculty of Science, Hiroshima University, Higashi-senda-machi, Hiroshima 730 
(Received October 27, 1978) 

The crystal structures of two diastereoisomeric salts, ( + )589-fro^(0)-[Co(gly)2en]H-âkart«3H2O (1) and 
( — )589-^ö^(Ö)-[Go(gly)2en]H-öf-tart«H20 (2), have been determined by three-dimensional X-ray analysis. 
The less-soluble salt (1) is monoclinic; space group, P2X; Z = 2 , 0=12.351(5), 0=7.671(3), *= 10.189(5) A, and 
ß= 110.71 (4)° (i?=0.043, 2241 reflections). The more-soluble salt (2) is monoclinic; space group, P21 ; Z = 2 , a = 
11.135(4), 0=10.037(3), £=7.716(3) A, and £=98.61(3)° (#=0.064, 2076 reflections). A comparison of the 
(unit cell volume)/Z values of the two crystals shows that the crystal 1 is more tightly packed than the crystal 2. 
In both salts, adjacent complex cations form quite similar chain structures linked by (N-H---0) hydrogen bonds. 
The H-öf-tart anions in 1 take a characteristic "head-to-tail" arrangement of an infinite chain of {H-^-tart}^ along 
the b-axis. In contrast, this arrangement is not found in the more-soluble salt (2). From these findings, it can 
be considered that the discrimination of optical isomers in the H-öf-tart system originates from the spiral chain 
structure of {H-âf-tart}^. The absolute configurations of ( + )589- and ( — )589-fow.y(0)-[Co(gly)2en]+ are deter­
mined to be A-à and A-X respectively. TG and DSC measurements were carried out for both salts, and the kH 
values of the dehydration step were estimated to be 64.4 kj mol - 1 for 1 and 73.0 kj mol - 1 for 2. 

Optical resolutions of metal complex ions are per­
formed mostly through fractional crystallization utilizing 
the difference in solubilities of diastereoisomeric salts. 
However, no general rule has yet been established to 
judge what sort of a resolving agent is most effective 
for a particular racemic complex. To approach this 
problem, the X-ray crystal analysis of a pair of dia­
stereoisomeric salts is indispensable. A comparison of 
the crystal structures of the less- and more-soluble 
diastereoisomeric salt pair will give an important clue 
for elucidating the mechanism of optical resolution. 

With this expectation, the crystal structures were 
investigated recently for a pair of a less-soluble salt, 
( + )589-[Go(ox)en2]H-^-tart-H20 (3), and a more-
soluble salt, ( — )5 8 9-[Co(ox)en2]H-</-tart-2H20 (4);1»2) 
their thermal behavior was also examined. I t was 
found that, in 3 , complex cations are locked tightly in a 
space formed by four spiral chains of H-*/-tart(*/-
C 4 H 5 0 6 ~, abbr . H-*/-tart) anions related by a twofold 
screw axis, while in 4, complex cations are packed 
loosely in the four chains of the H-*/-tart anion formed 
by a translation operation.2) 

In the present study the crystal structures were 
determined for another pair of diastereoisomeric salts, 
( + )589-/rawj(0)-[Co(gly)2en]H-rf-tart*3H2O (1) and 

( - )B89-^^(0)- [Go(gly) 2 en]H-rf - tar t -H 2 O (2). The 
complex, /m^(0) - [Co(g ly) 2 en] + , is actually resolved by 
way of these diastereoisomeric salts, both of which have 
been reported to be obtained easily as single crystals.3) 
In addition, since trans(0)-[Co(g\y)2en]+ and [Co-
(ox)en2]+ have the same chemical formula, 
C 6 H 1 6 N 4 0 4 Co, the volumes of both cations can be 
expected to be nearly equal. Thus, the present dia­
stereoisomeric pair is considered to be one of the most 
suitable examples for clarifying the nature of discrimina­
tion by the H-*/-tart anion. 

Contrary to the diastereoisomeric salts, [Co(ox)en2]-
H-*/-tart«rcH20, the number of the water of crystalliza­
tion of trans (0)-[Co (gly)2en]Iï-d-ta.rt*riH.20 is larger 
in the less-soluble salt than that in the more-soluble 
one. To see the role of the water of crystallization in 
their crystal packing, the thermal behavior of both 
crystals was investigated by means of T G and DSC 
measurements. 

Exper imenta l 

Preparation of Compound. (a) The Less-soluble Salt, (-{-)5S9-
trans(0)-[Co(gly)2en]H-d-tart. 3H20 (l) : The less-soluble salt 
(1) was prepared by the method of Dabrowiak and Cooke.3) 

TABLE 1. CRYSTAL PARAMETERS OF TWO DIASTEREOISOMERIC PAIRS 

Diastereoisomers 
b 

"A" 
ß 

A 
Space Dm 
group gem-

Dn 

gem-

V 
A3 

V/Z 
A3 

( + ) 5 8 9 - ^ ^ 12.351(5) 7.671(3) 10.189(5) 110.71(4) P2X 1.72 2 1.73(1) 903.0(7) 451.5(4) 

( - ) 5 8 9 ^ ^ ^ ^ 11.135(4) 10.037(3) 7.716(3) 98.61(3) P2j 1.67 2 1.69(1) 852.7(5) 426.4(3) 

( + ) 5 8 9 ^ o ( o x ^ 2 ] ^ 8.256(3) 14.588(4) 7.009(1) 104.73(2) P2X 1.74 2 1.77(1) 816.4(4) 408.2(2) 

^~^ 6 8 9HStot .C2H O (4)a) 16-583(5)14.186(5) 7.403(2) P2A2 1.72 4 1.73(1)1741.5(10)435.4(3) - 2 - (4)a 

1, 3 : The less-soluble salt. 2, 4: The more-soluble salt, a) The crystal data of 3 and 4 were remeasured in a 
manner similar to that used for 1 and 2. 
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The crystals are hexagonal rods. Found: C, 25.52; H, 5.84; 
N, 11.80%. Calcd for C10H27N4O13Co: C, 25.54; H, 5.79; 
N, 11.91%. 

(b) The More-soluble Salt, (—)589-trans(0)-[Co (gly)2eri]H-d-
tart *H20 (2) : After the removal of the precipitated crystals of 
the (+)589_salt,3) the filtrate was cooled in a refrigerator. The 
crystals 2 were thus separated out as rhombic plates. Found: 
C, 27.79; H, 5.40; N, 12.90%. Calcd for C10H23N4OnCo: 
C, 27.66; H, 5.33; N, 12.90%. 

X-Ray Data Collection. Weissenberg photographs 
indicated a monoclinic unit cell with the systematic absence 
of (0A0) when k=2n+\ for both 1 and 2. Of the two 
possible space groups, P2X and P21/m, the latter was elimi­
nated because of the optical activity of these compounds. 
The crystal sizes used for the cell constant and intensity 
measurements were 0.25 X 0.50 X 0.40 mm3 for 1 and 0.15 x 
0.20x0.30 mm3 for 2. All the cell constants were determined 
by a least-squares treatment of the setting of 15 reflections 
measured on a Syntex R3 computer-controlled four-circle 
diffractometer with Mo Ka radiation (A=0.7107Â) mono-
chromated by a graphite plate. All the cell constants are 
summarized in Table 1. The intensity data for 1 and 2 were 
collected by the o)-26 scan technique to a maximum 20 value 
of 55° at a scan rate of 3°/min. The intensities of 2366 and 
2234 independent reflections were collected for 1 and 2 
respectively. Reflections for which the intensities were less 
than three times their standard deviations were regarded as 
"unobserved" and were not included in subsequent calcula­
tions. Thus, 2241 and 2076 independent reflections were 
used for the structure determination for 1 and 2 respectively. 
Their intensities were corrected for Lorentz and polarization 
factors, but no absorption corrections were made since the 
^-values (10.7 cm - 1 for 1 and 11.2 cm - 1 for 2) were low. 

Thermogravimetric Analysis (TG). The TG data were 
obtained with a Rigaku Thermal Analyzer (Model 8005). 
A heating rate of 3 K/min and a static air atmosphere were 
employed, and 7.65—11.13 mg samples were used in each run. 

Differential Scanning Calorimetry (DSC). A Rigaku 
Differential Scanning Calorimeter (Model-8055C1) was used 
to record the DSC curves. In order to determine the AH 
values of the dissociation of the water of crystallization for 
both diastereoisomers, the instrument was calibrated using 
the AH values of the fusion of pure indium, tin, and lead 
metals as standards. The weights of the samples were 9.20— 
13.75 mg. A heating rate of 10 K/min was used in each 
run. The dry nitrogen gas (25 ml/min) was used as the 
furnace atmosphere. 

D e t e r m i n a t i o n a n d Ref inement o f 
Crysta l Structures 

The Less-soluble Salt, (-\-,)589-trans (0)-[Co(gly)2en\H-d-
tart* 3H.fi (1). A three-dimensional Patterson 
function revealed the position of the cobalt a tom. The 
remaining nonhydrogen atoms were located by an 
application of the Fourier method. Several cycles of 
block-diagonal least-squares refinement using isotropic 
thermal parameters reduced the R value (defined as 
S l l ^ o l - I ^ c l l / S l ^ o l ) to 0.118. Further refinement 
using both positional and anisotropic thermal param­
eters for the nonhydrogen atoms reduced the R value 
to 0.061. A difference map at this stage revealed the 
positions of all hydrogen atoms. The final refinement 
including the contribution of these hydrogen atoms 
with the fixed positions and isotropic temperature 

TABLE 2. FINAL ATOMIC PARAMETERS WITH THEIR e.s.d.'s 

FOR ( + ) 589-trans( 0) - [Go (gly ) 2en] H-öf-tart • 3H 2 0 

Atom x y z 

a) The averaged e.s.d.'s of hydrogen atoms are; <r(x) = 

0.008, ^(7) = 0.0175 and ö ^ = 0 . 0 1 3 . 

Go 
O(Gl) 
0(G2) 
0(G3) 
0(G4) 
O(Tl) 
0(T2) 
0(T3) 
0(T4) 
0(T5) 
0(T6) 
O(Wl) 
0(W2) 
0(W3) 
N(G1) 
N(G2) 
N(E1) 
N(E2) 
G(G1) 
G(G2) 
C(G3) 
C(G4) 
G(E1) 
G(E2) 
G(T1) 
G(T2) 
G(T3) 
G(T4) 
H(NGll)a:> 

H(NG12) 
H(NG21) 
H(NG22) 
H(NE11) 
H(NE12) 
H(NE21) 
H(NE22) 

H(GG21) 
H(CG22) 
H(GG41) 
H(CG42) 
H(GE11) 
H(GE12) 
H(GE21) 
H(CE22) 
H(CT2) 
H(CT3) 
H(OWll ) 
H(OW12) 
H(OW21) 
H(OW22) 
H(OW31) 
H(OW32) 
H(OT2) 
H(OT3) 
H(OT4) 

0.95978(4) 0.75000(15) 
1.0157(3 
1.1642(3 
0.9150(3 
0.9144(5 
0.4805(6 
0.4541(4 
0.4164(V 
0.6187(3 
0.5280(4 
0.3716(3 
0.8057(4 
0.2421(4 
0.3159(4 
1.1145(3; 
1.0025(4; 
0.8068(3; 
0.8985(4) 
1.1174(4; 
1.1787(5; 
0.9266(4; 
0.9578(5; 
0.7430(6; 
0.7718(5) 
0.4554(5; 
0.4230(4; 
0.5073(4; 
0.4643(4; 
1.159 
1.107 
1.089 
0.968 
0.762 
0.817 
0.933 
0.918 
1.264 
1.185 
1.021 
0.884 
0.654 
0.769 
0.732 
0.740 
0.340 
0.512 
0.810 
0.726 
0.300 
0.282 
0.380 
0.352 
0.472 
0.488 
0.670 

) 0.9326(5) 
) 1.1084(6) 
) 0.5634(5) 
) 0.2769(5) 
) 1.1188(8) 
) 1.1484(6) 
) 0.7776(5) 
) 0.7852(5) 
) 0.4693(6) 
) 0.5788(6) 
) 0.8685(7) 
) 0.6179(11) 
) 0.9126(9) 

0.7530(7) 
0.5731(6) 
0.7697(7) 
0.9086(6) 

) 0.9886(7) 
0.9083(8) 
0.4103(7) 
0.4037(7) 
0.9177(11) 
0.9183(12) 
1.0577(7) 
0.8696(7) 
0.7794(6) 
0.5934(7) 
0.649 
0.761 
0.570 
0.606 
0.663 
0.796 
1.030 
0.868 
0.874 
1.002 
0.310 
0.374 
0.904 
1.038 
0.814 
1.037 
0.870 
0.846 
0.833 
0.867 
0.570 
0.700 
0.933 
0.880 
1.250 
0.763 
0.833 

0.73971(5 
0.6554(3) 
0.6820(4) 
0.8314(4) 
0.8447(5) 
0.3802(5) 
0.1508(5) 
0.3446(4) 
0.2747(5) 
0.1915(5) 
0.0285(4) 
1.0940(5) 
0.6641(9) 
0.5350(5) 
0.8859(4) 
0.6299(4) 
0.5903(4) 
0.8470(5) 
0.7248(5) 
0.8689(5) 
0.7861(5) 
0.6535(5) 
0.6241(7) 
0.7783(7) 
0.2620(6) 
0.2257(5) 
0.1673(5) 
0.1239(5) 
0.881 
0.981 
0.656 
0.526 
0.582 
0.498 
0.851 
0.946 
0.879 
0.948 
0.665 
0.567 
0.572 
0.592 
0.809 
0.809 
0.145 
0.077 
1.160 
1.052 
0.725 
0.640 
0.595 
0.485 
0.165 
0.412 
0.287 

3H.fi
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T A B L E 3. ANISOTROPIC TEMPERATURE FACTORS ( X 103Â2) EXPRESSED IN THE FORM exp[—27r2(C/11A
2fl*2+C722Â;2^*2-

U33lh*2 + 2UJïka*b* + 2U13hla*c* + 2U23klb*c*)] FOR ( + ) 5 8 9 - ^ ^ ( 0 ) - [ G o ( g l y ) 2 e n ] H - ^ t a r t . 3 H 2 O 

Atom t/„ u„ u„ u,. Uu u„ 
Go 
O(Gl) 
0(G2) 
0(G3) 
0(G4) 
O(Tl) 
0(T2) 
0(T3) 
0(T4) 
0(T5) 
0(T6) 
O(Wl) 
0(W2) 
0(W3) 
N(G1) 
N(G2) 
N(E1) 
N(E2) 
G(G1) 
G(G2) 
C(G3) 
G(G4) 
G(E1) 
G(E2) 
G(T1) 
C(T2) 
G(T3) 
G(T4) 

20.4(2) 10.8(2) 
24(2) 
28(2) 
30(2) 
77(3) 

104(4) 
57(3) 
40(2) 
20(2) 
42(2) 
32(2) 
37(2) 
33(2) 
32(2) 
27(2) 
32(2) 
24(2) 
28(2) 
23(2) 
31(2) 
33(2) 
37(2) 
35(3) 
29(3) 
34(3) 
24(2) 
22(2) 
26(2) 

21(2) 
19(2) 
13(2) 
12(2) 
34(3) 
19(2) 
23(2) 
21(2) 
18(2) 
27(2) 
39(3) 
79(5) 
60(3) 
16(2) 
16(2) 
23(2) 
11(2) 
15(2) 
29(3) 

9(2) 
10(2) 
52(4) 
52(4) 
13(3) 
15(2) 
10(2) 
16(2) 

14.6(2; 
i9(i; 
37(2; 
25(2, 
37(2; 
36(2; 
40(2) 
27(2; 
50(2; 
39(2; 
3i(2; 
39(2; 

104(5; 
46(2; 
21(2; 
24(2; 
16(1 
30(2 
14(2; 
10(2' 
29(2 
17(2 
38(3^ 
44(3 
27(2 
22(2 
30(2 
29(2 

TABLE 4. FINAL ATOMIC PARAMETERS WITH THEIR e.s.d 

Atom 

~~Co^ 0 
O(Gl) 0 
0(G2) 1 
0(G3) 0 
0(G4) 0 
O(Tl) 0 
0(T2) 0 
0(T3) 0 
0(T4) 0 
0(T5) 0 
0(T6) 0 
OW 0 
N(G1) 0 
N(G2) 0 
N(E1) 0 
N(E2) 0 
G(G1) 1 
C(G2) 1 
G(G3) 0 
G(G4) 0 
G(E1) 0 
G(E2) 0 
G(T1) 0 
G(T2) 0 
G(T3) 0 

X 

.85377(8) 

.9259(5) 

.0975(6) 

.7926(5) 

.7904(8) 

.4776(7) 

.5172(10; 

.3919(6) 

.1960(5) 

.1116(6) 

.2719(6) 

.3480(7) 

.9973(6) 

.9271(6) 

.7090(6) 

.7656(6) 

.0314(7) 

.0701(8) 

.8159(9) 

.8709(10^ 

.6388(8) 

.6345(8) 

.4696(7) 

.3971(7) 

.2698(7) 

y 

0.75000(20) 
0.8542(6) 
0.8810(7) 
0.6438(6) 
0.6223(7) 
0.9791(8) 
0.9229(11) 
0.6892(7) 
0.8569(6) 
0.6420(7) 
0.6367(7) 
0.7995(9) 
0.6361(7) 
0.8602(7) 
0.8637(8) 
0.6359(7) 
0.8157(7) 
0.6770(8) 
0.6880(9) 

) 0.8252(9) 
0.8280(12) 
0.6748(12) 
0.8968(11) 
0.7740(8) 
0.8084(8) 

z 

0.69785(10) 
0.5361(8) 
0.4260(9) 
0.8687(7) 
1.1514(8) 
0.1414(9) 

-0.1222(13) 
-0.1213(8) 
-0.0894(8) 

0.0641(9) 
0.2764(8) 
0.5518(9) 
0.7105(9) 
0.8937(8) 
0.6614(10) 
0.5155(8) 
0.5095(9) 
0.5782(12) 
1.0268(10) 
1.0485(10) 
0.4896(14) 
0.4854(12) 
0.0049(12) 
0.0282(10) 
0.0651(10) 

- 1 

— 

.1(2) 
0(1) 

-6(2) 
-4(1) 
-3(2) 
13(3) 

-5(2) 
1(2) 
3(1) 

-1(2) 
-6(2) 

6(2) 
15(3) 
9(2) 
2(2) 

-3(2) 
-5(2) 
-2(2) 

5(2) 
-9(2) 
-2(2) 
-3(2) 
14(3) 
7(3) 
2(2) 

-3(2) 
-3(2) 
-4(2) 

's FOR ( — )589-trans 

Atom 

G(T4) 

7.3(0) 
8(1) 

14(1) 
17(1) 
31(2) 
22(3) 
23(2) 
17(1) 
4(2) 
7(2) 
3(2) 

11(2) 
31(3) 
11(2) 
8(1) 

17(2) 
4(1) 

16(2) 
6(2) 

- 8 (2 ) 
12(2) 
9(2) 
1(2) 
8(2) 
7(2) 
8(2) 
9(2) 

11(2) 

(0)-[Co(gly)2en]H-^-tart 

X 

0.2135(8) 
H(NGll ) a ) 0.972 
H(NG12) 
H(NG21) 
H(NG22) 
H(NE11) 
H(NE12) 
H(NE21) 
H(NE22) 
H(CG21) 
H(CG22) 
H(GG41) 
H(CG42) 
H(GE11) 
H(CE12) 
H(CE21) 
H(CE22) 
H(CT2) 
H(CT3) 
H(OWl) 
H(OW2) 
H(OTl) 
H(OT3) 
H(OT4) 

1 046 
0.913 
1. 
0 
0 
0 

018 
734 
659 
773 

0.800 
1 
1 
0 

059 
163 
804 

0.938 
0.681 
0 
0 
0 
0 
0 
0 

550 
590 
589 
440 
276 

.330 
0.290 
0 
0 

525 
393 

0.230 

y 
0.6848(8) 
0.543 
0.647 
0.959 
0.847 
0.962 
0.852 
0.542 
0.650 
0.610 
0.680 
0.898 
0.829 
0.868 
0.871 
0.642 
0.639 
0.723 
0.889 
0.753 
0.875 
1.050 
0.743 
0.943 

-1 .0 (2 ) 
5(1) 
4(2) 

-3 (1 ) 
2(2) 

-14(2) 
-1 (2 ) 

6(2) 
-8 (2 ) 

5(2) 
-5 (2 ) 

15(2) 
38(4) 

-11(3) 
4(2) 

-4 (2 ) 
-1 (2 ) 
-6 (2 ) 

5(2) 
8(2) 

-4 (2 ) 
-4 (2 ) 
-9 (3 ) 

-14(3) 
-2 (2 ) 

0(2) 
-5 (2 ) 
-2 (2 ) 

•H 2 0 

z 
0.1366(10) 
0.692 
0.830 
0.864 
0.918 
0.661 
0.756 
0.551 
0.403 
0.475 
0.634 
1.066 
1.162 
0.387 
0.477 
0.363 
0.584 
0.137 
0.159 
0.467 
0.520 
0.085 

- 0 . 2 1 3 
- 0 . 0 9 3 

a) The averaged e.s.d.'s of hydrogen atoms a re ; <r(x) = 0.008, <r(y)=0.014, and tf(z) = 0.015. 
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TABLE 5. ANISOTROPIC TEMPERATURE FACTORS ( X 103A2) EXPRESSED IN THE FORM exp[—2n2(U11h
2a*2-f U22k

2b*2 

+ UJ2c^2-\-2U12hka*b^ + 2U13hla^c^ + 2U23klb^c^)] FOR (-)589-frawj(0)-[Go(gly)aen]H-flr-tart.HaO 

Atom 

"ai 
O(Gl) 
0(G2) 
0(G3) 
0(G4) 

O(Tl) 
0(T2) 
0(T3) 
0(T4) 
0(T5) 
0(T6) 

ow 
N(G1) 
N(G2) 
N(E1) 
N(E2) 

C(G1) 
C(G2) 
C(G3) 
C(G4) 
C(E1) 
C(E2) 
C(T1) 
C(T2) 
C(T3) 
C(T4) 

Un 
24.0(3) 

33(3) 
35(3) 
37(3) 
90(6) 

60(4) 
94(7) 
43(3) 
29(3) 
37(3) 
47(4) 

41(4) 

31(3) 
30(3) 
24(3) 
36(3) 

31(4) 
35(4) 
56(5) 
67(6) 
31(4) 
33(4) 
16(3) 
29(3) 
26(3) 
36(4) 

u22 
16.2(4) 

19(3) 
28(3) 
23(3) 
28(3) 

42(4) 
74(7) 
32(3) 
24(3) 
29(3) 
30(3) 

66(5) 

20(3) 
21(3) 
24(3) 
20(3) 

16(3) 
18(4) 
18(3) 
24(4) 
46(6) 
52(6) 
46(5) 
27(5) 
21(4) 
19(4) 

^ 3 3 

16.4(3) 
31(3) 
49(4) 
22(2) 
24(3) 

38(4) 
66(6) 
35(3) 
31(3) 
42(3) 
28(3) 

39(3) 

32(3) 
22(3) 
38(4) 
19(3) 

20(3) 
42(4) 
24(4) 
16(3) 
47(5) 
36(4) 
41(4) 
26(3) 
26(3) 
26(4) 

u12 
0.2(1) 

3(2) 
- 1 ( 3 ) 
- 8 ( 2 ) 

-14(4) 

-15(4) 
-34(6) 

16(3) 
- 3 ( 2 ) 
- 8 ( 3 ) 

0(3) 

- 9 ( 4 ) 

2(3) 
2(3) 
4(3) 

- 3 ( 3 ) 

- 4 ( 3 ) 
1(3) 
0(4) 

- 7 ( 4 ) 
5(4) 

- 5 ( 4 ) 
4(3) 
3(3) 
0(3) 
0(3) 

u13 
5.2(3) 

10(2) 
16(3) 
8(2) 

21(3) 

18(3) 
54(5) 

6(3) 
- 2 ( 2 ) 

2(3) 
0(3) 

2(3) 

10(3) 
- 2 ( 2 ) 

12(3) 
5(2) 

6(3) 
25(3) 
14(3) 
18(3) 

- 9 ( 4 ) 
- 6 ( 3 ) 

0(3) 
2(3) 
2(3) 

10(3) 

u« 
0.4(4) 

4(2) 
6(3) 

- 3 ( 2 ) 
-2 (3 ) 

- 4 ( 3 ) 
-19(5) 

- 3 ( 3 ) 
4(3) 
5(3) 
6(3) 

3(4) 

2(3) 
- 1 ( 3 ) 

1(3) 
- 3 ( 3 ) 

- 2 ( 3 ) 
- 5 ( 3 ) 
- 2 ( 3 ) 
- 6 ( 3 ) 

4(5) 
-12(4) 

5(4) 
1(3) 
9(3) 
8(3) 

TABLE 6. BOND DISTANCES AND ANGLES (e.s.d.'s IN PARENTHESES) FOR ( + )589-£ra^(0)-[Co(gly)2en]H-âf-tart«3H2O 

Bond distances [//A] 
Go-O(Gl) 
CoO(G3) 
Go-N(Gl) 
Co-N(G2) 
Go-N(El) 
Co-N(E2) 
0(G1)-C(G1) 
0(G2)-C(G1) 
0(G3)-C(G3) 
0(G4)-C(G3) 

Bond Aangles[0/°] 

1.897(4) 
1.896(4) 
1.964(6) 
1.947(5) 
1.969(5) 
1.958(5) 
1.278(6) 
1.244(7) 
1.288(7) 
1.220(8) 

N(G1)-C(G2) 
N(G2)-C(G4) 
N(E1)-C(E1) 
N(E2)-C(E2) 
C(G1)-C(G2) 
C(G3)-C(G4) 
C(E1)-C(E2) 

1.475(8) 
1.465(7) 
1.490(10) 
1.473(10) 
1.523(8) 
1.531(8) 
1.483(12) 

0(Gl)-Co-N(Gl) 
0(G3)-Co-N(G2) 
N(El)-Co-N(E2) 
Co-0(Gl) -C(Gl) 
Co-0(G3)-C(G3) 
Co-N(Gl)-C(G2) 
Co-N(G2)-C(G4) 
Co-N(El)-C(El) 
Co-N(E2)-C(E2) 

0(T1)-C(T1)-0(T2) 
0(T1)-C(T1)-C(T2) 
0(T3)-C(T2)-C(T1) 
0(T4)-C(T3)-C(T2) 
0(T5)-C(T4)-C(T3) 
C(T1)-C(T2)-C(T3) 

85.5(2) 
86.7(2) 
86.0(2) 

116.2(3) 
115.0(4) 
109.9(4) 
109.3(3) 
108.8(4) 
108.8(4) 

124.2(6) 
124.0(6) 
110.8(5) 
106.9(4) 
117.1(5) 
111.6(5) 

0(G1)-C(G1)-C(G2) 
N(G1)-C(G2)-C(G1) 
0(G3)-C(G3)-C(G4) 
N(G2)-C(G4)-C(G3) 
N(E1)-C(E1)-C(E3) 
N(E2)-C(E2)-C(E1) 
0(G1)-C(G1)-0(G2) 
0(G3)-C(G3)-0(G4) 
0(G2)-C(G1)-C(G2) 
0(G4)-C(G3)-C(G4) 
0(T5)-C(T4)-0(T6) 
0(T2)-C(T1)-C(T2) 
0(T3)-C(T2)-C(T3) 
0(T4)-C(T3)-C(T4) 
0(T6)-G(T4)-G(T3) 
C(T2)-C(T3)-C(T4) 

0(T1)-G(T1) 1.226(10) 
0(T2)-G(T1) 1.324(8) 
0(T3)-C(T2) 1.429(7) 
0(T4)-G(T3) 1.425(7) 
0(T5)-G(T4) 1.272(7) 
0(T6)-C(T4) 1.217(7) 
G(T1)-G(T2) 1.508(8) 
C(T2)-C(T3) 1.536(8) 
G(T3)-G(T4) 1.532(8) 

117.0(5) 
109.6(5) 
116.1(5) 
110.0(5) 
107.4(7) 
108.7(7) 
122.8(5) 
122.7(5) 
120.2(5) 
121.2(5) 
126.2(6) 
111.8(5) 
110.8(4) 
113.2(4) 
116.7(5) 
108.6(4) 
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T A B L E 7. BOND DISTANCES AND ANGLES (e.s.d.'s IN PARENTHESES) FOR ( —)589-/ra7?j(0)-[Co(gly)2en]H-^-tart«H20 

Bond distances [//A] 
Go-O(Gl) 
Co-0(G3) 
Go-N(Gl) 
Co-N(G2) 
Go-N(El) 
Co-N(E2) 
0(G1)-C(G1) 
0(G2)-C(G1) 
0(G3)-C(G3) 
0(G4)-C(G3) 

Bond angles [0/°] 

1.897(6) 
1.899(6) 
1.955(7) 
1.950(7) 
1.960(8) 
1.960(7) 
1.281(10) 
1.236(10) 
1.287(12) 
1.234(13) 

N(G1)-C(G2) 
N(G2)-C(G4) 
N(E1)-G(E1) 
N(E2)-G(E2) 
G(G1)-G(G2) 
G(G3)-G(G4) 
G(E1)-G(E2) 

1.455(11) 
1.472(13) 
1.479(14) 
1.496(14) 
1.528(12) 
1.506(15) 
1.539(17) 

0(Gl)-Go-N(Gl) 
0(G3)-Co-N(G2) 
N(El)-Go-N(E2) 
Go-0(Gl)-G(Gl) 
Go-0(G3)-G(G3) 
Go-N(Gl)-G(G2) 
Go-N(G2)-G(G4) 
Co-N(El)-C(El) 
Go-N(E2)-G(E2) 

0(T1)-G(T1)-0(T2) 
0(T1)-G(T1)-G(T2) 
0(T3)-G(T2)-G(T1) 
0(T4)-C(T3)-C(T2) 
0(T5)-G(T4)-G(T3) 
G(T1)-G(T2)-G(T3) 

86.1(3) 
86.2(3) 
85.7(3) 

115.3(5) 
114.9(6) 
109.7(3) 
108.3(6) 
107.5(6) 
109.4(6) 

121.4(11) 
112.9(9) 
110.5(7) 
110.9(7) 
120.4(8) 
111.6(7) 

0(G1)-C(G1)-C(G2) 
N(G1)-C(G2)-C(G1) 
0(G3)-C(G3)-C(G4) 
N(G2)-C(G4)-C(G3) 
N(E1)-G(E1)-G(E2) 
N(E2)-G(E2)-G(E1) 
0(G1)-G(G1)-0(G2) 
0(G3)-G(G3)-0(G4) 
0(G2)-G(G1)-G(G2) 
0(G4)-G(G3)-G(G4) 
0(T5)-G(T4)-0(T6) 
0(T2)-G(T1)-G(T2) 
0(T3)-C(T2)-C(T3) 
0(T4)-G(T3)-G(T4) 
0(T6)-G(T4)-G(T3) 
C(T2)-C(T3)-C(T4) 

Fig. 1. Projection of the crystal structure along the c-axis of the less-soluble salt, ( + ) 5 8 9 - ^ ^ ( Ö ) -
[Co(gly)2en]H-öf-tart«3H20. Possible hydrogen bonds are indicated by broken lines. 

0 ( T 1 ) - C ( T 1 ) 1.330(4) 
0 ( T 2 ) - C ( T 1 ) 1.211(16) 
0 ( T 3 ) - C ( T 2 ) 1.428(11) 
0 ( T 4 ) - C ( T 3 ) 1.428(11) 
0 ( T 5 ) - C ( T 4 ) 1.262(11) 
0 ( T 6 ) - C ( T 4 ) 1.269(11) 
G(T1)-G(T2) 1.499(13) 
C(T2) -C(T3) 1.527(12) 
G(T3)-G(T4) 1.530(12) 

115.9(7) 
110.0(7) 
116.2(9) 
110.1(8) 
105.8(9) 
103.4(9) 
123.7(7) 
121.1(9) 
120.3(7) 
122.6(10) 
124.0(8) 
125.7(10) 
111.1(7) 
111.2(7) 
115.4(7) 
109.0(7) 
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S^H^Q 
Fig. 2. Projection of the crystal structure along the b-axis of the more-soluble salt, ( — )b89-trans(0)-

[Co(gly)2en]H-^-tart«H20. Possible hydrogen bonds are indicated by broken lines. 

N/VL "V S^\J 

Fig. 3. Projection of the crystal structure along the b-axis of the less-soluble salt, (-\-)589-trans(0)-
[Go(gly)2en]H-^-tart«3H20. Possible hydrogen bonds are indicated by broken lines. 



3708 Masahiro KURAMOTO [Vo .52, No. 12 

factors ( J5=4.0Â 2 ) converged to R=0.043 (the refine­
ment of the inverted structure gave R=0.045). A final 
difference m a p showed no peaks higher than 0.5 
electron/Â3. The quanti ty minimized was w(\F0\ — 
A:|FC|)2. Gruickshank's weighting scheme4) was used, 
where w=ll(a + \F0\+b\F0\

2), with a=6.50 and b = 
0.019. The atomic scattering factors from the Inter­
national Tables for X-Ray Crystallography5) were used. 
The effect of the anomalous dispersion of the Co atom 
was included in the calculation: the values of Af=0.299 
and A / " = 0 . 9 7 3 for Mo KOL radiation were also taken 
from the International Tables for X-Ray Crystal­
lography.6) 

The More-soluble Salt, (—Jssg-transfOJ-fCofg/)^^]-
H-d-tart'H20 (2). The determination and the 
refinement of the structure were made in a way similar 
to those used for 1. The final refinement converged 
to i ?=0 .064 (the inverted structure gave i ?=0 .067) . 
A final difference m a p revealed no peaks higher than 
0.4 electron/Â3 . A weighting scheme similar to that 
used in the case of 1 was used, with a= 15.00 and b = 
0.016. 

All the computations were carried out by a H I T A C -

8700 computer at the Hiroshima University Computer 
Center. The computer programs used were F O U R - 2 / M 
(Fourier synthesis)7) and HBLS-IV (Least-square calcu­
lation), with a slight modification.8) The final atomic 
parameters and temperature factors (with their estimated 
standard deviations) for both salts are listed in Tables 
2—5. For both salts, complete lists of the 10|Fo | and 
lOl^d values have been preserved by the Chemical 
Society of J a p a n (Document No. 7937). 

R e s u l t s and D i s c u s s i o n 

Geometry and Absolute Configuration of Cations. The 
bond distances and angles within the complex cation 
of the less- and more-soluble salts are listed in Tables 6 
and 7. All the distances and angles are in good agree­
ment with the reported values.1 '2 '9-12) 

The absolute configuration of the ( + ) 589-trans (0) -
[Co(gly)2en]+ cation was identified as A-ô1^ on the 
basis of that of the hydrogen-*/-tartrate used as an 
internal reference.14»15) Similarly, that of the ( — )589-
/r<mr(0)-[Co(gry)2en]+ cation was identified as A-X. 
These assignments are in accordance with those proposed 

TABLE 8. INTERMOLECULAR DISTANCES (<[3.28 A) FOR (4-)589-^ö^(Ö)-[Co(gly)2en]H-^-tart«3H20 

D-H..-Aa) 

N(E1)-H(NE11)...0(W3)* 
N(E1)-H(NE12)...0(T4) 
N(El)-H(NE12).. .0(G2) t t 

N(E2)-H(NE21)...0(G4) t t i 

N(E2)-H(NE22)...0(W1) 
N(G1)-H(NG11)...0(W1)V 

N(G1)-H(NG12)---0(G4)»1 

N(G2)-H(NG21)...0(W2)V" 
N(G2)-H(NG22)..-0(G1)W 

N(G2)-H(NG22)...0(G2) t t 

0(G2)- . .0(T4) v i" 
0 ( W i r - H ( O W l ) . . . 0 ( G 2 ) 
0(G2). . .0(W3)V" 
G(E2)...0(W1) 
C(G3). . .0(Wl) r 

C(G4)-H(CG42)...0(W3)* 
C(G4)...0(W1)V 

0(G4)...C(E2) f* 
N(G1)-H(NG11)...0(T6)™ 
0(T1). . .0(W3)* 
0(T3)*-H(0T3). . .0(T1) 
0(T2)-H(OT2). . .0(T5) t t i 

0(W3)-H(OW32)---0(T3) 
0(W2)*-H(OW21)...0(T4) 
0(W3)*-H(OW31)...0(T5) 
0(W1)-H(0W12). . .0(T6)* 
0(W2)-H(OW22).. .0(W3) 

D...A(//A) 

3.173(8)b) 

3.235(7) 
3.171(7)b) 

2.833(7)b) 

3.128(7)b) 

3.094(8)b) 

2.896(8)b) 

2.875(10)b) 

3.033(6) 
3.128(6)b) 

2.895(6) 
2.955(7)b) 

3.161(8) 
3.117(10) 
3.110(8) 
3.244(9) 
3.148(8) 
3.207(10) 
3.274(7) 
3.258(10) 
2.906(9)b) 

2.608(7)b) 

2.843(8)b) 

3.017(10)b) 

2.806(8)b) 

2.650(7)b) 

2.919(ll)b ) 

H-..A (//A) D-H-. 

2T29 
2.69 
2.41 
1.91 
2.38 
2.19 
1.88 
1.90 
2.35 
2.17 

— 
2.30 

— 
— 
— 

2.33 

— 
— 

2.58 

— 
2.30 
1.80 
2.03 
2.40 
2.09 
2.02 
2.07 

Roman numerals as superscripts refer to the following equivalent positions relative to the 
reference molecule at x, 

i(\—x, -
iii( x, 
v(2-x, -

vii(\-\-x, 
ix( x, 

y, z: 
-l/2+J>, 1-

1+J>, 
- l /2+J>,2-

y> 
- I + J > , 

-z)> 
z), ; 

-z)> ^ 

ii(2-x, -
iv(\-\-x, 
ri(2 — x, 

z), viii(2 — x, 

_zh x(l-x, 

-\/2+y,l-z) 
y, 1+*) 

1/2 +y, 2-z) 

\ß+y9\-z) 
l/2+.y, \-z) 

'A W°) 
150 
114 
132 
150 
130 
153 
178 
163 
124 
155 

— 
154 

— 
— 
— 

145 

— 
— 

128 

— 
124 
173 
171 
130 
145 
124 
159 

a) D, hydrogen donor; A, hydrogen acceptor, b) Possible hydrogen bonds. 
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by Dabrowiak and Cooke3) based on the CD spectral correspond to the figure viewed along the guasi-threefold 
pattern. The projections of the crystal structure of 1 axis of each complex cation. 
along the c-axis and that of 2 along the b-axis are Anion Geometry. The bond distances and angles 
shown in Figs. 1 and 2 respectively. These projections of the H-*/-tart anions in both crystals are in accordance 

NET 

•W0G4 " ^ 

cf^P Q •/K cf^P c 
Fig. 4. Projection of the crystal structure along the c-axis of the more-soluble salt, 

( — )589-trans(0)-[Co (gly)2en] H-of-tart« H 2 0 . Possible hydrogen bonds are in­
dicated by broken lines. 

TABLE 9. INTERMOLECULAR DISTANCE (<3.28 Â) FOR ( —)589-/ra^(0)-[Co(gly)2en]H-d-tart-H2O 

D-H..-Aa) 

~ N(~EÎy^H(NEll)...0(T6)" 
N(E1)-H(NE12)...0(T2)Ü 

N(E2)-H(NE21)...0(G2)m 

N(E2)-H(NE22)...0(G4)vi i i 

N(Gl) -H(NGll ) . . .0 (G2) m 

N(G1)-H(NG12)...0(T5)V 

N(G2)-H(NG22)...0(T4)V 

N(G2)-H(NG22)...0(T5)V 

OWv i-H(OW2). .0(G2) 
0(T4) i-H(OT4).. .0(G4) 
OW-H(OWl). . .0(T6) 
OW...O(T2)n 

0(T3)ü-H(OT3). . .OW 
0(Tl) v i i -H(OTl) . . .0 (T3) 

D...A (//A) 

2.785(10)b) 

2.962(14)b) 

2.978(10)b) 

2.867(ll)b ) 

2.907(10)b) 

2.833(10)b) 

2.978(10)b) 

3.152(10) 
2.929(12)b) 

2.715(ll)b ) 

2.713(12)b) 

3.161(15) 
2.731(12)b) 

2.579(ll)b ) 

Roman numerals as superscripts refer to the following 
reference molecule at x,y, 

i ( 1 - * , -
iii ( 2 - * , -
v (1+*, 

vii(l — x, -

z: 
-1 /2+J , 
-l/2+J>, 

y, 
-l/2+J>, 

1-«) , ü ( 
1-*), i v ( -
1 + *), Vi( 
— Z), viii ( 

H-..A (1/A) 

T82 
2.08 
2.16 
1.95 
1.96 
1.84 
2.00 
2.50 
2.16 
1.86 
1.91 

— 
1.90 
1.68 

equivalent positions relative 

x, y9 1 + z) 
-1 + x, y,-\+z) 

i + * , y> z) 
*, y, —i+z) 

D-H-..A (^/°) 

155 
148 
140 
150 
161 
168 
164 
122 
132 
149 
174 

— 
155 
145 

to the 

a) D, hydrogen donor; A, hydrogen acceptor, b) Possible hydrogen bonds. 
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with the previously reported values.1'2»16) The five 
nonhydrogen atoms of each a-hydroxycarboxylate 
moiety lie approximately on a plane. The angle between 
the planes of the two a-hydroxycarboxylate moieties in 
the less-soluble salt (1) is nearly equal to the corre­
sponding angle of the H-*/-tart anion in 3 (55.4° vs. 
55.801)). O n the other hand, the corresponding value 
in the more-soluble salt (2) is 60.9° (61.3° for 42>). 

Crystal Packing. (a) The Less-soluble Salt (1) : The 
crystal structure consists of discrete (-{-) $89-trans (0)-
[Co(gly)2en]+ cations, H-*/-tart anions, and water 
molecules. Figures 1 and 3 show the projections of the 
crystal structure along the c- and b-axes respectively. 
The intermolecular distances and angles are summarized 
in Table 8. 

In the crystal there are two distinct layers, as is 
shown in Figs. 1 and 3. The first layer is formed by 
H-*/-tart anions. The H-*/-tart anions are arranged to 
form a double-chain structure along the twofold screw 
axis at ( # = 1 / 2 , z=l/2). Here, each component chain 
itself has a "head-to-tai l" arrangement formed by a 
unit translation of the H-*/-tart anion along the b-axis. 
The 0(T2)- - -0(T5)» V distance, 2.608 Ä, is slightly 
longer than those in 3 and 4 (2.44 and 2.47 Â respec­
tively).1,2) The two-component chains, moreover, are 
linked to each other through the hydrogen bonds 
(0 (T1) - - -0 (T3) X 2.906 Â) and are related by the 
twofold screw axis. These double-chain structures, then, 
are related to each other by the twofold screw axis at 
( # = 1 / 2 , -€=0) to form the layer parallel to the be plane. 

The second layer is built up of the complex cations. 
The layer of the complex cation is constructed by the 
same symmetry operation as in the case of the H-*/-tart 
anion, as is shown in Figs. 1 and 3 . 

The first and second layers are not only directly 
adjoined with each other by short contacts: N(E1)---
0 ( T 4 ) 3.235, 0 ( G 2 ) " - 0 ( T 4 ) 2.895, and N ( G 1 ) -
0 ( T 6 ) i v 3.274 Â, but are also indirectly joined together 
by hydrogen bonds via the waters of crystallization: 
0 ( T 6 ) - 0 ( W 1 ) - 0 ( G 2 ) , 0 ( T 6 ) - 0 ( W 1 ) - N ( E 2 ) , 
0 ( T 6 ) - 0 ( W 1 ) - N ( G 1 ) , 0 ( T 4 ) - 0 ( W 2 ) - N ( G 2 ) , 
0 ( T 3 ) - 0 ( W 3 ) - N ( E 1 ) , and 0 ( T 5 ) - 0 ( W 3 ) - N ( E 1 ) . 

(b) The More-soluble Salt (2) : Figures 2 and 4 show the 
projections of the crystal structure of 2 along the b- and 
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(1) 
H-d-
(0)-

. TG and DSC curves of both diastereoisomers : 
the less-soluble salt, ( + )589-^^(0)-[Go(gly)2en]-
•tart«3H20; (2) the more-soluble salt, ( — ) 589-trans-
[Co(gly)2en]H-ökart. H 2 0 . 

& $ \ 

7 . 6 7 A 7.63 A 

°/CV^ 
(a) (b) 

Fig. 6. A schematic drawing of the bounded projections of the less- and more-soluble diastereoisomers: 
(a) ( + )589-^o^(0)-[Go(gly)2en]H-^-tart.3H2O(c-axis projection), (b) ( — )589-*rawj(0)-[Co(gly)2en]-

H-fi?-tart»H20(b-axis projection). 
Broken lines denote hydrogen bonds and small circles indicate water molecules. 



December, 1979] Crystal Structures of (+)5 8 9-and ( —)589-£ra^(0)-[Co(gly)2en]H-âf-tart«flH2O 3711 

c-axes respectively. The structure consists of the 
discrete ( —)589-^mwj>(0)-[Co(gly)2en]+ cations, the H-d-
tart anions, and the water molecules. The intermolec-
ular distances and angles are listed in Table 9. In the 
crystal, the complex cations are stacked to form a chain 
by hydrogen bonds along the c-axis. The hydrogen 
bond distance, N(E2) — 0 (G4) W " , is 2.867 Â. Along 
the c-axis, the H-*/-tart anions do not form the "head-to-
tai l" chain structure, though they are connected to 
each other through the water of crystallization. 

Thermal Behavior of the Water of Crystallization. 
The results of the T G and DSC measurements of both 
diastereoisomers are shown in Fig. 5. The crystals of 
the less-soluble salt (1) begin to release the water of 
crystallization at 327 K, and the dehydration ceases at 
347 K. The weight loss accompanying this dehydration 
is found to be 9 .7%. This value is very close to the 
value expected for the dehydration of 2 . 5 H 2 0 (9 .6%). 
The DSC peak is observed from 329 K to 354 K. The 
AH value for the dehydration is calculated to be 64.4 
k j mol"1 . 

O n the other hand, the more-soluble salt (2) loses 
0.7 mol of the water of crystallization in the temperature 
range between 368 K and 382 K (TG curve). The 
DSC peak corresponding to this step is observed from 
347 K to 389 K. The AH value for the dehydration step 
is found to be 73.0 k j mol - 1 , slightly larger than that 
of the less-soluble salt. The gradual decrease in both 
DSC curves in the range of about 420—470 K is probab­
ly due to the loss of the remaining water of crystallization 
(0.5H2O for 1 and 0.3H2O for 2). The DSC peak was 
also found at about 500 K in both samples. While the 
T G measurement was being carried out, the samples 
got black and swelled above 490 K. The measurements 
was impossible above this temperature. I t seems that 
the decomposition of both samples occurs at 490 K . 

Thus, the less-soluble salt (1) (containing more 
water, trihydrate) has been proved to release water 
more easily than the more-soluble salt (2) (containing 
less water, monohydrate) . 

Comparison of the Packing Modes of the Less- and More-
soluble Salts. The two crystal structures are shown 
schematically in Fig. 6, where the H-*/-tart anions are 
depicted in a cylindrical form and the complex cations 
are represented as a large circle. There are some 
resemblances and differences between the packing modes 
of the two structures. The resemblances are : (1) The 
complex cations are stacked along the longitudinal axis 
in the figure, making a chain structure by the N - H - - - 0 
hydrogen bonds in both crystals. (2) Uni t translation 
along both longitudinal axes are quite similar; the 
distances are 7.67 Â for 1 and 7.63 (c Xsin/?) for 2. The 
differences are : (1) In Fig. 6(a), the H-*/-tart anions 
are linked with hydrogen bonds ( - C O O H - - - O O C - ) 
just as the dry cells are arranged in a series circuit. 
In contrast, the H-*/-tart anions in Fig. 6(b) are con­
nected to each other via water molecules, C O O ••-water 

" i c o o f 5 J u s t a s ^ e ^ y c e ^ s a r e p^e<^ si(^c ky si<^e 

in a parallel form. (2) A layer of water molecules exists 
in Fig. 6(a), but not in Fig. 6(b). 

The crystal parameters of the two diastereoisomeric 

pairs are listed in Table 1. Since 2 and 3 have the same 
chemical formula, C1 0H2 3N4O1 1Co, the VjZ value of 2 
should be nearly equal to that of 3 . However, the 
volume of 3 is 18.2 Â 3 smaller than that of 2 . The 
volume difference between 1 and 3 is 43.3 Â3 . This 
difference is nearly equal to twice the reported molecular 
volume of the water of crystallization (2 X20.6 Â3),17> 
and can be attr ibuted to the two excess water molecules 
in 1. Hence, 1 is as dense as 3 . Consequently, in spite 
of the presence of more water of crystallization, the 
less-soluble salt (1) is more tightly packed than the 
more-soluble salt (2). 

The situation is quite similar to the case in the 
diastereoisomeric pair of 3 and 4 . The volume difference 
between 3 and 4 is 27.2 Â3 . Since 4 has one more water 
molecule than 3 , this volume difference corresponds to 
the volume of one water molecule in 4. The observed 
volume difference (27.2 Â3) is 6.6 Â 3 larger than the 
expected volume for one water molecule.17) Therefore, 
it may be inferred that 3 is more tightly packed than 4. 

The crystal structures of the less-soluble salts, 1 and 
3, contain the spiral chain of H-âf-tart. I n contrast, 
the more-soluble salts, 2 and 4, do not have such spiral 
chains. Therefore, it can be considered that the tight 
packing in the less-soluble salt is caused by the existence 
of this spiral chain of H-*/-tart. In other words, the 
existence of this spiral chain of H-*/-tart plays a decisive 
role in the discrimination between A and A enan-
tiomers. This conclusion is supported by the fact that 
several less-soluble salts of organic bases, ( —)-adrenali-
nium H-öf-tart,16) ( + )-[( — )-l-methyl-3-benzoylpiperidi-
nium H-</-tart]H20,18> and ( — )-[( — )-1-methyl-3-ethyl-
3-benzoylpiperidinium H-*/-tart],19> contain similar 
spiral chains of the H-*/-tart anion in the crystal 
structures. 

Additionally, a pitch of the spiral chain is considered 
important in the discrimination due to the H-*/-tart 
anion. The observed length of the chain pitch (7 .1— 
7.8 Â)* is nearly equal to the diameter of the complex 
cations, [Co(ox)en2]+ and [Co(gly)2en]+ . These 
complex cations can themselves form a chain by 
hydrogen bonds ( N - H - O ) within the range of this 
pitch (7.1—7.8Â). Other complex cations so far 
resolved by the H-*/-tart anion are as follows: ß-cis(O)-
[Co(gly)2en]+,3> j-m-[Co(edda)(NH3)2]+,2 0> trans-[Co-
(edda) en]+,21> and s-cis- [Co (dmedda) (NH3) 2]+.20) > * * 
The sizes and the skeletons of these complexes have a 
close resemblance to those of the [Co(ox)en2]+ and 
/r<mr(0)-[Co(gly)2en]+ cations, as is shown in Fig. 7. 
The figure shows that the monovalent complex cation 
satisfying the following conditions has a great chance 
of optical resolution by way of the diastereoisomeric salt 
formation with the H-*/-tart anion: (1) the complex 
cation has carboxyl and amino groups at the trans or eis 
positions of octahedral coordination, so that cations 

* The chain pitches of the H-d'-tart anion have values 
within 7.1—7.8 Â in Refs. 1, 2, 16, 18, and 19. 

** The abbreviations used for the ligands are as follows: 
gly, glycinate anion; en, ethylenediamine; edda, ethylene-
diamine-iVjiV'-diacetate anion; dmedda, dimethylethylenedi-
amine-iV,Ar,-diacetate anion. 
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Bobierrite, M g 3 ( P 0 4 ) 2 « 8 H 2 0 , could be synthesized from mixed solutions of N a 2 H P 0 4 and M g S 0 4 at an initial 
p H of 6.4—7.0 with the addition of C a ( N 0 3 ) 2 , C u S 0 4 , N i S 0 4 , gelatin, or agar, by heating at 8 0 - 9 0 °C for 2—48 h. 
X-Ray studies indicated the coexistence of two kinds of lattice in each synthetic M g 3 ( P 0 4 ) 2 « 8 H 2 0 crystal. One 
phase (Phase 1) is monoclinic, space group P2i /m or P21? with 0=10 .08(2 ) , £=27 .86(3) , £=4.656(7) A, and /?= 
105.0(2)°. T h e other phase (Phase 2) is monoclinic, space group C2/m, C2, or Cm, with a = 10.07(2), 6 = 13.38(2), 
^=4.656(7) Â, and ß= 105.0(2)°. If a centrosymmetric space group C2/m is assumed for the latter, Phase 2 may 
be considered to be a new polymorph of M g 3 ( P 0 4 ) 2 « 8 H 2 0 , one belonging to the vivianite series. Newberyite, 
M g H P 0 4 • 3 H 2 0 , was also formed in the above synthetic procedure. This phosphate was precipitated under 
slightly more acidic conditions than those where M g 3 ( P 0 4 ) 2 « 8 H 2 0 was obtained. 

Bob ie r r i t e , M g 3 ( P 0 4 ) 2 - 8 H 2 0 ( T M P 8 ) , has b e e n 
found chiefly in g u a n o depos i t s as m i n u t e c rys ta l s , 
assoc ia ted w i t h n e w b e r y i t e , M g H P 0 4 - 3 H 2 0 ( D M P 3 ) , 
a n d severa l m a g n e s i u m a m m o n i u m o r t h o p h o s p h a t e s . 
T M P 8 was first d e s c r i b e d b y B o b i e r r e in 1868;1* X - r a y 
a n d op t i c a l s tud ies of th is m i n e r a l w e r e m a d e b y B a r t h 
in 1937.2> A c c o r d i n g to B a r t h ' s d e t e r m i n a t i o n s , T M P 8 
be longs to a di f ferent s p a c e g r o u p f rom t h a t of t h e 
v iv i an i t e series ( A 3 ( X 0 4 ) 2 # 8 H 2 0 ; A = F e , C o , N i , Z n , 
M g : X = P , A s ) , a n d t h e b -ax i s of t h e u n i t cell is d o u b l e d 
c o m p a r e d w i t h t h e 8 H 2 0 fami ly . H o w e v e r , t h e c rys ta l 
s t r u c t u r e of T M P 8 h a s n o t ye t b e e n d e t e r m i n e d a t 
p r e s e n t . T h e r e f o r e , w e h a v e i n v e s t i g a t e d t h e crys ta l 
g r o w t h of T M P 8 a n d its X - r a y d i f f rac t ion d a t a in 
o r d e r to clarify t h e c r y s t a l l o g r a p h i c a l r e l a t i o n b e t w e e n 
T M P 8 a n d t h e v i v i a n i t e g r o u p . 

T h e p r e p a r a t i o n s of T M P 8 h a v e b e e n r e p o r t e d b y 
d e S c h u l t e n (1903),3> Basset t a n d Bedwe l l (1933),4> 
F r a z i e r et al. (1963),5> a n d t h e p r e s e n t a u t h o r s (1974 , 
1976) . 6 - 8 ) H o w e v e r , w e h a v e seen n o re fe rence to t h e 
crys ta l g r o w t h of th is m i n e r a l . T h e p r e s e n t p a p e r wi l l 
dea l w i t h a n e w m e t h o d of syn thes i z ing T M P 8 f rom 
m i x e d solu t ions of M g S 0 4 a n d N a 2 H P 0 4 i n a n in i t i a l 
p H of 6 .4—7.0 a t 8 0 — 9 0 °G for 2 — 4 8 h b y u s i n g 
i n o r g a n i c a n d o r g a n i c a d d i t i v e s , a n d t h e n a d d i t i o n a l l y 
p r e p a r i n g t h e crys ta ls i n a s u i t a b l e size for t h e X - r a y 
W e i s s e n b e r g m e t h o d . T h e X - r a y osc i l l a t ion a n d 
W e i s s e n b e r g p h o t o g r a p h s h a v e i n d i c a t e d t he coex i s t ence 
of t w o m o n o c l i n i c la t t i ces ( P h a s e 1 a n d P h a s e 2) i n e a c h 
syn thes ized T M P 8 c rys ta l , as wi l l b e d e s c r i b e d b e l o w . 

E x p e r i m e n t a l 

Preparation. Syntheses without Additives: A mixed solution 
of 4.1—8.3 g of M g S 0 4 . 7 H 2 0 and 4.0—8.0 g of N a 2 H P 0 4 -
1 2 H 2 0 in 1500 ml of water was prepared. In each run, 
M g S 0 4 . 7 H 2 0 and N a 2 H P 0 4 - 1 2 H 2 0 were mixed in the 
ratios given in Table 1. T h e p H of the mixture was then 
adjusted to 6.0—7.0 by adding H C l (about 2%) or acetic 
acid (HAc) (2%) . T h e mixture thus prepared was heated 
in a water ba th with a reflux at 90 °C for 2 h. T h e precipi­
tates thus formed were filtered, washed with water, and 
dried in air and then in a silica gel desiccator for several days. 
The run products of the synthetic experiments are summa­
rized in Table 1. 

Syntheses with Inorganic Additives: A mixed solution of 4.1 

T A B L E 1. SYNTHETIC CONDITION OF 

T M P 8 WITHOUT ADDITIVES 

Solutions 

Starting materials Initial Phases founda 

R u n (g/1500 ml of water) p H of in products 
v solution 

1 
2 
3 
4 
5 
6 
7 

12H20 

8.0 
6.0 
8.0 
4.0 
4.0 
4.0 
4.0 

7H 20 

8.3 
6.2 
8.3 
4.1 
4.1 
4.1 
4.1 

6.0 
6.2 
6.2 
6.4 
6.6 
6.8 
7.0 

a) D M P 3 = M g H P 0 4 . 3 H 2 0 ; T M P 8 = Mg 3 (P0 4 ) 2 . 8 H 2 0 ; 
U = unidentified crystalline material . 

g of M g S 0 4 . 7 H 2 0 and 4.0 g of N a 2 H P 0 4 - 1 2 H 2 0 in 1500 
ml of water was prepared. T h e solution was adjusted with 
H C l or H A c to each p H value given in Tab le 2. T o this 
mixture, each inorganic addit ive ( C a ( N 0 3 ) 2 « 4 H 2 0 , CuS0 4 « 
5 H 2 0 , N i S 0 4 . 6 H 2 0 , C o S 0 4 . 7 H 2 0 , M n S 0 4 . 4 H 2 0 , and 
Z n S 0 4 - 7 H 2 0 ) in a molar ratio to M g S 0 4 of about 1: 100, 
was then added. The mixture thus prepared was heated in 
the same manner as in the syntheses without additives. 

Syntheses with Gelatin: T h e same procedure as in the 
syntheses with inorganic additives was carried out except for 
the replacement of inorganic additives with 10—50 g of 

T A B L E 2. SYNTHETIC CONDITION OF T M P 8 

WITH INORGANIC ADDITIVES 

Additive 

Ca(N0 3 ) 2 .4H 20 

CuS0 4 . 5H 2 0 
NiS0 4 .6H 2 0 
CoS0 4 .7H 2 0 
CoS0 4 .7H 2 0 
CoS0 4 .7H 2 0 
MnS0 4 . 4H 2 0 
ZnS0 4 . 7H 2 0 

Acid 

HCl 
HAca) 

HCl, HAc 
HCl, HAc 
HCl 
HCl 
HAc 
HCl, HAc 
HCl, HAc 

a) HAc=acetic acid. 

Initial pH 

6.6—7.0 
6.4—7.0 
6.4—6.6 
6.4—6.6 
6.4—6.6 
6.8—7.0 
6.4—7.0 
6.4—7.0 
6.4—7.0 

Phases found 
in products 

TMP8 
TMP8 
TMP8 
TMP8 
TMP8, U 
U 
U 

u 
u 
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gelatin, the narrowing of an initial pH region from 6.4—7.0 
to 6.6—6.8, and the extension of a heating time from 2 h 
to 4—24 h. 

Syntheses with Agar: First, a solution of 4.0 g of Na2HP04« 
12H20 in 1200 ml of water was prepared, and then 5—10 g 
of agar were added to the solution. The solution was then 
heated up to about 80 °C until the agar was dissolved. To 
this, a solution of 4.1 g of MgS04^7H20 in 300 ml of water, 
adjusted to an acidic condition by adding an appropriate 
amount of HCl or HAc, which had been determined by 
experiments, was then stirred in. The mixture thus prepared 
was set aside to gel for several hours. The agar gel solution 
was heated by the same procedure as in the above syntheses 
at 80—90 °C for 4—48 h. The crystals thus obtained were 
washed by boiling them mildly in water, and dried in air 
and then in a silica gel desiccator for several days. 

TABLE 3. CHEMICAL COMPOSITION OF SYNTHETIC TMP8a ) 

M g O ( % ) P 2Q 5(%) H 2 Q ( % ) Mg/Pb) 

~~Found 29^8 35^3 34.9C) T49 
36.41) 

Calcd 29.7 34.9 35.4 1.5 

a) Prepared by the addition of agar, b) Mole ratio, 
calculated by the use of this formula: H2O=100— 
(MgO + P205) . d) Calculated from weight loss on 
heating. 

Measurements. The run products were identified by 
X-ray powder diffractometry (Cu Abc, Ni filter), refractive 
index measurement (the immersion method), optical micro­
scopy, and chemical analysis. Chemical analysis was per­
formed on TMP8 grown in an agar-containing solution; the 
magnesium was determined by the chelatometric titration 
method; the phosphorus, by molybdovanadate colorimetry, 
and the water contents, as loss on ignition to about 800 °C. 
The chemical compositions of the synthetic TMP8 are shown 
in Table 3. The lattice constants of the synthetic TMP8 
were obtained by the least-squares calculation on the basis 
of the results of the Weissenberg method (Cu Kcc, Ni filter, 
and Si standard). Weissenberg photographs were taken with 
regard to zero-, first-, and second-layer lines about the c-axis, 
and the zero-layer line about the a- and b-axes. 

R e s u l t s a n d D i s c u s s i o n 

General Remarks. As is shown in Table 1, no pure 
phase of T M P 8 was precipitated on syntheses of this 
compound from a mixed solution of N a 2 H P 0 4 and 
M g S 0 4 without additives. In this case, only a small 
amount of T M P 8 appeared in the products. Under the 
syntheses without additives, it seemed rather diffcult 
to form. Therefore, we investigated tentatively the 
effects of inorganic and organic additives on the T M P 8 
formation, and then the influence of those additives 
on the size and morphology of the crystals. Inorganic 
additives ( C a ( N 0 3 ) 2 - 4 H 2 0 , C u S 0 4 - 5 H 2 0 , or N i S 0 4 -
6 H 2 0 ) and organic additives (gelatin or agar) were 
found to be effective on the formation of T M P 8 . The 
habits of the synthetic T M P 8 crystals obtained both 
with and without additives were plates, with (010) 
being the dominant forms and elongated along the 
c-axis. The size of the T M P 8 crystals obtained inclined 
to increase as the initial p H of the mixture was lowered 
and as the heating temperature and time increased. The 
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Fig. 1. Photographs of TMP8, DMP3, and U obtained 
without additives. 
a) TMP8 and U obtained at initial pH 6.2 using HCl. 
TMP8=parallelepiped platy crystals. U=spherically 
aggregated materials, b) DMP3 obtained at initial 
pH 6.O. 

p H of the mixture was observed to be lowered after 
the precipitation of crystals. 

Crystals from the Solution without Additives. In the 
syntheses without additives, T M P 8 was found in only 
small amounts in the products at initial p H values of the 
mixture of 6.2—6.4, as is shown in Table 1. Figure 1-a 
shows T M P 8 crystals coexisting with unidentified 
crystalline materials (U) . Under slightly more acidic 
conditions, namely, at the initial p H 6.0, sometimes 
D M P 3 (Fig. 1-b) containing U was obtained, while U 
was precipitated at the initial p H values of the mixture 
of 6.6—7.0. 

Crystals from the Solutions with Inorganic Additives. 
The run data of the synthetic experiments with inorganic 
additives are given in Table 2. Below the initial p H 
value of 6.2, no precipitate was formed. Above each 
initial p H shown in Table 2, U tended to be precipitated 
predominantly. 

The maximum size of the crystals obtained by the 
addition of C a ( N 0 3 ) 2 - 4 H 2 0 and C u S 0 4 - 5 H 2 0 were 
as large as 2.8 by 1.4 and 2.2 by 1.2 mm, respectively, 
while that of the crystals obtained by the addition of 
N i S 0 4 - 6 H 2 0 was relatively small (about 0.12 by 0.08 
mm) . The dimension in the direction of b-axis was 
usually below about 0.02 m m . The synthetic T M P 8 
crystals are shown in Figs. 2-a, b , and c. O n the other 
hand, U was precipitated from the mixture to which 
M n S 0 4 - 4 H 2 0 or Z n S 0 4 - 7 H 2 0 had been added, under 
the synthetic conditions studied here, and both T M P 8 
and U were precipitated from a mixture to which 
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Fig. 2. Photographs of TMP8 obtained with additives at initial pH 6.6 using HCl. 
a) Ca(N0 3 ) 2 .4H 20, b) CuS0 4 .5H 2 0, c) NiS0 4 . 6H 2 0 , d) gelatin (10 g/1500 ml), 
e) gelatin (45 g/1500 ml), f) agar. 

G o S 0 4 » 7 H 2 0 was added at an initial p H of about 
6.4—6.6. These results might be interpreted as follows: 
since Mg ions in the T M P 8 structure are inferred to be 
octahedrally coordinated in all their sites,9) the presence 
of Cu2 + and Ni2 + , which tend to prefer octahedral 
coordination,10) will be effective on the stabilization of 
those cation sites of T M P 8 and, as a result, on the 
promotion of its nucleation and crystal growth. 
Crystals from the Solutions with Organic Additives. 
The T M P 8 crystals grown in the gelatin solution heated 
for 6 h were in the form of colorless and transparent 
fragments. The crystals were plates about 0.1 m m long 
as a maximum. When the heating time ranged to 24 h, 
the crystals with a maximum length of about 0.3—0.4 
m m were obtained (Fig. 2-d). In this case, the 
smoothness of the surfaces of the crystals was generally 
inferior to that of the crystals obtained from the mix­
tures heated for 6 h described above. As the concentra­
tions of gelatin were increased (40—50 g/1500 ml) , the 

crystals obtained were more elongated along the c-axis 
and altered from a plate-like shape into a needle-like 
appearence (Fig. 2-e). 

The crystals grown in the agar solution heated for 
6 h were about 0.08 m m long as a maximum. Heat 
treatment for 24—48 h yielded crystals as large as 
0 . 5 x 0 . 2 5 x 0 . 0 4 m m in maximum size (Fig. 2-f). The 
surface smoothness of T M P 8 crystals grown in the 
agar solution were, in general, superior to that of 
crystals in the gelatin solution microscopically. This 
is probably due to the difference in the stability of gel 
between the gelatin and agar solutions at 80—90 °C. 

A New Crystal Phase of TMP8. Each crystal 
examined here showed the coexistence of two monoclinic 
lattices (Phase 1 and Phase 2), judging from the results 
of the oscillation and Weissenberg photographs. Table 4 
shows the lattice constants and possible space groups of 
Phase 1 and Phase 2 in comparison with those of the 
natural T M P 8 and vivianite, respectively. The axial 
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TABLE 4. CRYSTALLOGRAPHIC DATA FOR PHASE 1 AND PHASE 2 

[Vol. 52, No. 12 

a/A b/A c/A ßl° Space group 

Phase 1 
Bobierrite 
Phase 2 
Vivianite 

10.08 (2) a) 

9.946b) 

10.07(2) 
10.08 

27.86(3) 
27.654 
13.38(2) 
13.43 

4.656(7) 
4.639 
4.656(7) 
4.70 

105.0(2) 
104.02 
105.0(2) 
104.50 

P21/m, P2X 

P21/c
1> 

C2/m, C2, Cm 
C2/m13) 

a) Parenthesized figures represent the estimated standard deviation (esd) ; 10.08 (2) indicates an esd of 0.02. b) kX. 

orientations of the unit cell of Phases 1 and 2 in each 
crystal are parallel to each other, and the b-dimension 
of Phase 1 is approximately twice that of Phase 2. The 
lattice constants for Phase 1 are slightly larger than 
those determined by Barth. Those dimensions observed 
by us agree rather well with those obtained by the use 
of the indexed powder data described in the J . C. P. D . S. 
File.11) The systematic absences for Phase 1 lead to a 
space group of P21/m or P2X because of the presence 
of a weak reflection of hOl with both h and / odd, instead 
of the P2J/C1) assigned to natural T M P 8 . In this syn­
thetic crystal, however, there are a number of extra 
extinctions that are beyond the criteria demanded by 
those space groups. The lattice dimensions for Phase 2 
are very similar to those of vivianite, and the systematic 
absences for Phase 2 indicate a space group of C2/m, 
C2, or Cm. If we assume the centrosymmetric space 
group C2/m, the space group for Phase 2 is identical 
to that for vivianite series. 

In comparison with the J . C.P. D . S. File,11) the X-ray 
powder pat tern of the synthetic T M P 8 is especially 

TABLE 5. X-RAY POWDER DIFFRACTION DATA OF PHASE 1 

AND PHASE 2 COMPARED WITH THOSE OF BOBIERRITE 

AND VIVIANITE RESPECTIVELY 

20 30 

20 / ° CUÄOC 

Fig. 3. X-ray diffraction patterns of TMP8 obtained 
with additives. 
a) Agar, b) gelatin, c) Ca(N0 3 ) 2 .4H 2 0, d) CuS0 4 . 
5H 2 0, e) NiS0 4 .6H 2 0. Marks i«> show relatively 
strong diffraction peaks of Phase 2. 

h 

0 
1 
0 
2 
1 
I 
2 

0 
3 
Ï 
2 
2 

0 
4 

1 
0 
2 

Ï 
1 
2 
2 

0 

ï 
3 
2 
0 
3 
2 
4 

2 

k 

2 
2 
4 
0 
6 
3 
4 

8 
2 
7 
1 
8 

9 
0 

1 
2 
0 

1 
3 
2 
0 

4 
3 
1 
0 
4 
3 
4 
0 

4 

/ 

0 
0 
0 
0 
0 
1 
0 

0 
0 
1 
1 
0 

1 
0 

0 
0 
0 

1 
0 
0 
1 

0 
1 
0 
1 
1 
0 
1 
0 

1 

"obsd ^calcd 

Phase 1 
13.87 
7.96 
6.96 
4.86 
4.18 
4.09 
3.97 

3.47 
3.15 
3.00 
2.93 
2.81 

2.56 
2.41 

13.93 
7.98 
6.97 
4.87 
4.19 
4.09 
3.99 

3.48 
3.16 
3.00 
2.93 
2.83 

2.55 
2.43 

Phase 2 
7.88 
6.72 
4.86 

4.32 
4.05 
3.93 
3.83 

3.35 
3.19 
3.13 
2.95 
2.69 
2.62 
2.52 
2.41 

2.21 

7.87 
6.69 
4.86 

4.31 
4.05 
3.93 
3.83 

3.35 
3.19 
3.15 
2.94 
2.68 
2.62 
2.52 
2.43 

2.21 

III, 

2 
4 

100 
1 
1 
1 
1 

2 
1 
4 
3 
1 

3 
6 

9 
100 

2 

5 
1 
3 
3 

2 
7 
4 

12 
15 
2 

11 
6 

4 

"obsd Ilh 
Bobierrite 

8.04 
6.96 
4.87 
4.19 
4.11 
4.00 
3.81 
3.48 
3.16 
3.02 
2.94 
2.81 
2.66 
2.61 
2.57 
2.41 
2.35 

18 
100 

2 
6 
4 
4 
2 
8 
4 

10 
25 
14 
4 
6 

10 
12 
4 

Vivianite 
8.00 
6.80 
4.91 
4.50 
4.32 
4.09 

3.84 
3.65 
3.33 
3.20 

2.97 
2.71 
2.64 
2.52 
2.42 
2.31 
2.23 

27 
100 
40 
13 
4 

13 

40 
5 
3 

53 

67 
67 
8 

33 
40 
27 
20 

characteristic in the presence of the prominent peak at 
13.1—13.2° in 20. This can be explained as the strongest 
reflexion (020) of Phase 2. Figure 3 shows the X-ray 
diffraction patterns of T M P 8 obtained by the addition 
of inorganic and organic compounds. The T M P 8 
obtained by adding N i S 0 4 gives, in general, well-
defined X-ray peaks of Phase 2 (Fig. 3-e). The X-ray 
powder diffraction data were indexed, using the lattice 
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TABLE 6. REFRACTIVE INDICES OF TMP8 SYNTHESIZED BY THE ADDITION OF INORGANIC AND ORGANIC COMPOUNDS 

Additive oc ß y Reference 

Ca(N0 3) 2 .4H 20 1.512 (3)a) — 1.548(4) This work 
CuS0 4 .5H 2 0 1.512(4) — 1.549(4) This work 
NiS0 4 .6H 2 0 1.523(3) — 1.561(3) This work 
Gelatin 1.508(4) — 1.539(4) This work 
Agar 1.514(3) — 1.548(4) This work 
Synthetic 1.501 (2) 1.513 (2) 1.536 (2) Frazier et al fi 
Synthetic 1.510 — 1.543 Barth2) 

Natural 1.510 1.520 1.543 Grüner et al fi 

a) Parenthesized figures indicate the error in the final decimal places. 

parameters shown in Table 4 and comparing the data 
with those of the Weissenberg photographs. The 
calculated and prominently observed interplaner spac-
ings and indices of Phases 1 and 2 are shown in Table 5, 
compared with those of T M P 8 and vivianite, respec­
tively, in the J . C. P. D . S. File.12) The reflexions of hOl 
in Phases 1 and 2 overlap each other completely. There­
fore, the apparent intensities of the reflexions of each 
phase were measured on the basis of the X-ray diffrac­
tion data of T M P 8 , in which the intensities of the diffrac­
tion lines of Phase 1 or Phase 2 are relatively predomi­
nant . The indices and the intensities of each reflexion 
of Phase 2 correspond with those of each reflexion of 
vivianite. Phase 2 is considered to be a polymorph of 
T M P 8 and is supposed to be isomorphous with vivianite. 
The calculated densities are 2.14 for Phase 1 and 2.23 
for Phase 2, assuming a formula weight of 4 per unit 
cell for Phase 1 and a formula weight of 2 per unit 
cell for Phase 2. 

The refractive indices of the synthetic T M P 8 are 
shown in Table 6 in comparison with those determined 
by some other authors. The optic elasticity axis, Z, 
in the synthetic crystal is oriented in a direction of 
about 30° with the crystallographic c-axis. The optical 
properties measured by us approximate those reported 
by Barth, and Grüner et al fi The discrepancies among 
the refractive indices observed by us may be attr ibuted 
to the coexistence of Phases 1 and 2 in each synthetic 
T M P 8 . The presence of two lattices in the crystal is 
probably due to the superposition of the thermodynami-
cally stable regions of each phase and to the fact that 
there is hardly any difference in the potential energies 
between those phases. 

Conclus ion 

From the studies of the synthetic conditions of 
M g 3 ( P 0 4 ) 2 - 8 H 2 0 (TMP8) and the results of the X-ray 
single crystal method of the octahydrate, the following 
conclusions were obtained : 

1) T M P 8 was synthesized from the mixed solutions 
of N a 2 H P 0 4 and M g S 0 4 at 80—90 °C for 2—24 h, in 
an initial p H of 6.4—7.0, with the addition of C a ( N 0 3 ) 2 -
4 H 2 0 , C u S 0 4 - 5 H 2 0 , N i S 0 4 . 6 H 2 0 , gelatin, or agar. 

2) Two phases (Phase 1 and Phase 2) of T M P 8 were 
found by means of the X-ray Weissenberg technique 
to coexist in each synthesized crystal particle. 

3) The above Phase 2 is considered to be a new 
polymorph o f T M P 8 . 

4) Newberyite, M g H P 0 4 - 3 H 2 0 , was also formed 
in the synthetic procedure of T M P 8 . This phosphate 
was precipitated under slightly more acidic conditions 
than those where T M P 8 was obtained. 

The authors are indebted to Dr. Hideki Monma of 
the National Institute for Researches in Inorganic 
Materials, and to Mr. Hiroshi Kawazoe of Tokyo Metro­
politan University, for their helpful suggestions with 
regard to synthetic procedures. Thanks are also due 
to Dr. Fujio Okamura of the National Institute for 
Researches in Inorganic Materials and to Dr. Kazuyori 
Urabe of the Tokyo Institute of Technology for their 
valuable advice with regard to X-ray studies. 

References 

1) C. Palache, H. Berman, and C. Frondel, "Dana's 
System of Mineralogy," 7th ed, John Wiley and Sons, New 
York (1951), Vol. II, p. 753. 

2) T. F. W. Barth, Am. Mineral, 22, 325 (1937). 
3) M. A. de Schulten, Bull. Soc. Fr. Mineral., 5, 81 (1903). 
4) H. Bassett and W. L. Bedwell, J. Chem. Soc, 1933, 871. 
5) A. W. Frazier, J . R. Lehr, and J . P. Smith, Am. 

Mineral., 48, 635 (1963). 
6) T. Kanazawa, T. Umegaki, and E. Wasai, Chem. Lett., 

1974, 817. 
7) T. Kanazawa, T. Umegaki, and E. Wasai, Gypsum & 

Lime, No. 140,4 (1976). 
8) T. Kanazawa, T. Umegaki, M. Chikazawa, M. 

Takahashi, and S. Sato, Gypsum & Lime, No. 145, 3 (1976). 
9) M. Shimizu, H. Hosono, H. Kawazoe, T. Umegaki, 

and T. Kanazawa, Preprint of the 54th Annual Meeting of 
the Institute of Gypsum & Lime Research (1977), p. 13. 

10) F. A. Cotton and G. Wilkinson, "Advanced Inorganic 
Chemistry," 2nd ed, John Wiley and Sons, New York (1966), 
p. 688. 

11) J . C. P. D. S. X-Ray Powder Data File 16-330. 
12) J . C. P. D. S. X-Ray Powder Data File 3-0070. 
13) H. Mori and T. Ito, Acta Crystallogr., 3, 1 (1951). 



3718 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 (12), 3718—3720 (1979) [Vol. 52, No. 12 
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Dithizone and 1,10-Phenanthroline 
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Cadmium(II) has been quantitatively separated from zinc (I I) by an ion-pair extraction system. An ion-pair 
consisting of cadmium (II) and 1,10-phenanthroline (phen) was found to be preferentially extracted into chloroform 
from an aqueous chloride solution containing zinc(II). The extracted species in chloroform reacted with dithizone 
(H2Dz) to give the reddish mixed complex Gd(HDz)2(phen) having an absorption maximum at approximately 
505 nm. The resulting calibration curve obeys Beer's law, the Sandell sensitivity being 0.0013 [ig cm -2 . The 
effect of diverse ions has been examined, and a new highly selective method for the spectrophotometric determina­
tion of trace amounts of cadmium in metallic zinc established. 

The spectrophotometric determination of cadmium-
(II) with dithiozone (H2Dz) is well known as a highly 
sensitive method.1 ) The separation of cadmium(II ) 
from zinc(II) however remains a difficult problem. 
Dur ing the studies on the mutual separation of zinc(II) 
and cadmium (I I) employing the synergistic extraction 
systems,2"4) 1,10-phenanthroline (phen) was found to be 
the most suitable among several synergists. A new 
method of separation and determination of cadmium(II ) 
was briefly reported.5) In the preceding paper, it was 
stated that the species extracted with a mixture of 
dithizone and 1,10-phenanthroline at a p H of ca. 2 was 
a green complex. The reported procedure for the 
separation and determination of cadmium(II ) is still 
feasible, however the previous observation concerning 
the extracted complex was found to be erroneous by 
additional detailed studies. Cadmium(I I ) is not 
extracted as a green complex but as a colorless ion-pair. 
This conclusion leads to the preferential and quanti ta­
tive extraction of cadmium(II ) using 1,10-
phenanthroline alone, and in this case, zinc(II) was 
shown to remain in the aqueous phase. As a result, a 
highly selective method for the spectrophotometric 
determination of trace amounts of cadmium(II ) with a 
mixture of dithizone and 1,10-phenanthroline has been 
established. 

E x p e r i m e n t a l 

Materials and Apparatus. 65Zn and 115mCd were obtained 
from Nippon Isotope Kyokai. Dithizone and 1,10-phenan­
throline were purchased from Wako Pure Chemicals and all 
organic solvents were of guaranteed grade. 

The y-ray activities of 65Zn and 115mCd were measured with 
a y-ray spectrometer consisting of a Nal(Tl) well crystal and 
a Hitachi RAH 403 type 400 channel pulse height analyser. 
The percent extraction (E) was obtained as a function of pH. 
The measurements of pH were conducted using a Hitachi-
Horiba F-5 type pH meter. The absorbance of the organic 
phase was measured with a Hitachi 200-10 type spectro­
photometer. 

Extraction Procedure (A) : The aqueous phase containing 
0.01 mol dm~3 1,10-phenanthroline, 0.1 mol dm"3 sodium chlo­
ride, 1.0 X 10~6 mol dm-3 metal ions, 65Zn and 115mCd tracers 
was vigorously shaken for 10 min in a separatory funnel with 
an equal volume of the organic phase containing 0.002% 
dithizone. After the phases were allowed to separate, the 
y-ray activity of each phase and the pH of the aqueous phase 

were measured. 
Spectrophotometric Determination of Cadmium (II) (B) : An 

aliquot of the sample solution containing less than 20 [ig of 
cadmium (I I) was taken in a separatory funnel, and 0.04 mol 
dm~3 1,10-phenanthroline in water (5 cm3) and 5 mol dm - 3 

sodium chloride (2 cm3) added. The pH of the aqueous 
solution was adjusted to ca. 3 by the addition of hydrochloric 
acid or ammonia with Methyl Orange as the indicator. 
After the volume of the aqueous phase was adjusted to ca. 
20 cm3 with water, chloroform (10.0 cm3) was added and the 
mixture shaken for 10 min. Each 5.00 cm3 of the resulting 
organic phase and 0.002% dithizone in chloroform was 
transferred to another separatory funnel containing 5 mol 
dm - 3 ammoniacal solution (20 cm3), and the mixture shaken 
for 3 min. After the phases were allowed to separate, the 
absorbance of the organic phase was measured at 505 nm 
against the reagent blank. 

R e s u l t s a n d D i s c u s s i o n 

Separation of Cadmium (II) from Zinc (II). Extrac­
tion curves for cadmium(II ) and zinc(II) obtained 
according to procedure (A) are shown in Fig. 1, in 
which the selectivity for the separation of both elements 
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Fig. 1. Extraction curves, H2Dz: 0.002%, phen: 0.1 
mol dm - 3 . 
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log [Extractant] 

Fig. 2. Effects of dithizone and 1,10-phenanthroline 
concentrations on the extraction of cadmium (I I). 
1: log D vs. log[H202], phen: 1.0 X 10~3 mol dm"3, 
pH: 2.1. 2: log D vs. logfphen], H2Dz: 0 .1%, pH: 
2.1. 

PH 

Fig. 3. Effect of pH on the extraction of cadmium (I I). 
1: E vs. pH, H2Dz: 0.002%, phen: O.lmoldm-3 . 
2: Absorbance vs. pH, H2Dz: 0.001%, phen: 0.01 
mol dm - 3 . 

is affected by the nature of the organic solvent. 
Chloroform and 1,2-dichloroethane both having rela­
tively high polarities were the most suitable solvents 
for separation, based on the difference in the half 
extraction p H between cadmium(II) and z inc(II ) . By 
employing e.g. chloroform as a diluent, the quantitat ive 
separation of cadmium(II ) from zinc(II) could be 
attained in the p H range of 2.0 to 4.0. 

The Extracted Species of Cadmium (II). In order 
to examined the composition of cadmium(II ) in chloro­
form, the logarithmic plots are given in Fig. 2, where 
D denotes the distribution ratio of cadmium(I I ) . The 
slope analysis of the plots shows that Cd(HDz) 2 (phen) 
may be extracted at high concentration of dithizone. 
However, the extraction curve of 1 1 5 mCd did not agree 
with that obtained by the spectrophotometric method, 
as is seen in Fig. 3. I t is thought that a colorless species, 
i.e., Cd(phen)3Cl2 is extracted at a p H of ca. 2.0, while 
the reddish Cd(HDz) 2(phen) observed above p H 3.5. 
1,10-phenanthroline itself extracts cadmium (I I ) , leaving 
zinc(II) quantitatively in the aqueous phase. In 
addition, the opt imum concentrations of sodium chloride 
and 1,10-phenanthroline for the determination of 

600 

Wavelength/nm 

Fig. 4. Absorption spectra of the chloroform phase 
after shaking with 5 mol dm - 3 ammoniacal solution. 
Gd(II): 50(jig, H2Dz: 0.001%. 
[phen]/mol dm~3 1: none, 2: 1.0 X 10~5, 3: 2.5 X 10~5, 
4: 7.5Xl0-5 , 5: 5.0X 10~4. 

cadmium(II ) according to procedure (B) were found to 
be greater than 0.4 mol d m - 3 and 5.0 X 10~3 mol d m - 3 , 
respectively. 

The Absorption Spectra of the Extracts. The effect 
of the 1,10-phenanthroline concentration on the absorp­
tion spectrum of cadmium(I I ) dithizonate is shown in 
Fig. 4 . An increase in the 1,10-phenanthroline concen­
tration leads to a decrease in the absorbance at approxi­
mately 505 nm, and the isosbestic point appears at 
455 nm, indicating that two colored species, namely 
Gd(HDz) 2 and Cd(HDz) 2 (phen) may exist in chloro­
form. T h u s ; 

Cd(HDz)2 o r g -f phen0 Gd(HDz)2(phen) 

and 

log At-A 
A-Aa 

log it-f- log [phen] 0 

(1) 

(2) 

bo 
O 

- 0 .5h 

-5.0 -4 .0 -4.5 

log [phen] 

Fig. 5. Composition of the extracted species. 
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TABLE 1. EFFECTS OF DIVERSE IONS 

Metal ions Added as Diverse ions Cd (II) Error 
added ([ig) found(fxg) ([ig) 

Co2+ 

Fe3+ 

Fe2+ 
Pb-ii 

Mn2+ 

Ni2+ 

Sn2+ 

A g + 

Ag+ 
PIg2+ 

Hg2+ 
Hg2+ 

Gu2+ 
Cu2+ 

Cu2+ 

Gu2+ 

Zn2+ 

Zn2+ 

Zn2+ 

Zn2+ 

Acetate 

Chloride 

Sulfate 

Nitrate 

Sulfate 

Chloride 

Chloride 

Acetate 

Acetate 

Nitrate 

Nitrate 

Nitrate 

Sulfate 

Sulfate 

Sulfate 

Sulfate 

Chloride 

Chloride 

Chloride 
Chloride 

100 

100 

100 

100 

100 

100 

100 

100 

10 

100 
10 

100a) 

100 

25 

100w 

100c) 

100 

1000 

10mgd) 

100mge) 

12.7 

12.0 

12.3 

11.9 

12.0 
12.3 

12.6 

2 5 . 0 

16.1 

33 .5 

17.9 

12.0 

13.9 

12.9 

13.1 

12.0 

12.1 

13.2 

12.0 

12.1 

+ 0 .7 

0 

+ 0 . 3 

- 0 . 1 

0 

+ 0 . 3 

+ 0 .6 

+ 13.0 

+ 4 . 1 

+ 21 .5 

+ 5 .9 

0 

+ 1.9 

+ 0 . 9 

+ 1.1 
0 

+ 0 .1 

+ 1.2 

0 

+ 0 .1 

12.0 \Lg of cadmium(II) was taken, a) 2 cm3 of 1 mol dm-3 

thiosulfate soin was added, b) 1 cm3 of 1 mol dm-3 thiourea 
soin was added, c) 2 cm3 of 1 mol dm-3 thiourea soin was 
added, d) The initial extraction of Cd (I I) was performed 
in the presence of 0.1 mol dm-3 phen. soin, e) The initial 
extraction of Cd(II) was performed in the presence of 0.25 
mol dm~3 phen. soin. 

in the spectrum of Cd(HDz) 2(phen) was observed 
within one hour, Cd(HDz) 2 (phcn) is considered to be 
useful for analytical purposes. 

Calibration Curve. The calibration curve prepared 
according to procedure (B) was linear in the range of 
zero to 20 [ig of cadmium(I I ) , and passed through the 
origin. The molar absorptivity at 505 nm was shown 
to be 65000 dm 3 m o l - 1 c m - 1 , the Sandell sensitivity 
being 0.0013 [ig cm~2. The reproducibility test taking 
12.0 [Lg of cadmium(II ) gave an average absorbance of 
0.361 from 7 determinations, the relative standard 
deviation being 0.0050. 

Effect of Diverse Ions. The experimental results 
are summarized in Table 1. Each 100 [ig of cobalt(II) , 
i ron(I I , I I I ) , lead(I I ) , manganese(II) , nickel(II), and 
t in(II) did not interfere with the determination. Inter­
ferences caused by the presence of mercury (I I) and 
copper(II) could be eliminated by the addition of 
thiosulfate and thiourea, respectively. 

Analytical Result. The above procedure (B) was 
applied to the analysis of cadmium in a metallic zinc, 
which was found to contain 2 2 1 + 6 ppm as the average 
value of 5 determinations. The result agrees with the 
value obtained by the atomic absorption spectrometry 
(223 ppm) . 

This work was supported in part by a G rant-in-Aid 
for Scientific Research from the Ministry of Education, 
No. 147033. 
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The Modification of Porous Polymer Beads; Use Packing 
Material in Gas Chromatography 
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A new method of the surface modification of a porous polymer has been developed and applied to packing 
materials for gas chromatography. T h e porous polymer was coated with a a,^-unsaturated polyester solid polymer, 
which had a high acid value and which was cross-linked on the porous polymer by polymerization. By using 
this in gas chromatography, formic acid peaks are completely separated from acetic acid and water peaks without 
any apparent tailing. This polyester layer was not extractable and could stably be used at 230 °G or higher. 
If the diallyl phthala te polymer is used instead of the oc,ß-unsaturated polyester, propionic acid and acrylic acid, 
which are very diffecult to separate, were resolved. T h e present method may be applicable to some components 
of composite materials. 

I t is we l l k n o w n t h a t t h e q u a l i t y of t h e p a c k i n g 
m a t e r i a l i n gas c h r o m a t o g r a p h y d e p e n d s sens i t ive ly 
u p o n its surface p r o p e r t i e s . H e n c e , t h e m a t e r i a l , s u c h 
as d i a t o m a c e o u s e a r t h a n d p o r o u s po lymer , 1 ) is t r e a t e d 
w i t h acids2) o r s i l y l a t i ng agents 3 ) to mod i fy i ts sur face 
p r o p e r t i e s . S tud i e s of t he sur face m o d i f i c a t i o n a r e v e r y 
i m p o r t a n t n o t on ly in t h e field of gas c h r o m a t o g r a p h y 
b u t also in o t h e r r eg ions , for i n s t a n c e , t h a t of c o m p o s i t e 
m a t e r i a l s . I n t he p r e s e n t w o r k , as a first s t e p , s tud ies 
w e r e m a d e of t he m o d i f i c a t i o n of t h e surface p r o p e r t i e s 
of t he p o r o u s c o p o l y m e r of s t y r e n e d i v i n y l b e n z e n e . Also 
its q u a l i t y as a p a c k i n g m a t e r i a l i n gas c h r o m a t o g r a p h y 
was s t u d i e d . 

U s u a l l y , surface a c i d i t y a n d p o l a r i t y a r e i n t r o d u c e d 
b y a d d i n g t he p r o p e r m o n o m e r r a w m a t e r i a l s of t h e 
p o l y m e r . T h i s m e t h o d , h o w e v e r , is v e r y c u m b e r s o m e , 
s ince the s t ab i l i t y of the suspens ion p o l y m e r i z a t i o n 
sensi t ively d e p e n d s u p o n t h e c o n d i t i o n s of t h e l i q u i d . 
Sur face p r o p e r t i e s m a y also b e modi f i ed b y c o a t i n g 
t h e surface l o w - m o l e c u l a r w e i g h t s u b s t a n c e s . H o w e v e r , 
such a c o a t i n g m a t e r i a l eas i ly e v a p o r a t e s i n gas c h r o ­
m a t o g r a p h y a n d dissolves i n t o t h e m o b i l e p h a s e i n 
l i q u i d c h r o m a t o g r a p h y o r i n t o t h e o r g a n i c m a t r i x of 
compos i t e m a t e r i a l s . 

W i t h these facts in m i n d , w e used c u r a b l e s u b s t a n c e s 
to c o a t t h e sur face of t h e p o r o u s p o l y m e r b e a d s a n d so 
modif ied t h e i r sur face p r o p e r t i e s . By c h o o s i n g t h e 
p r o p e r c u r a b l e s u b s t a n c e s , w e c o n t r o l l e d t h e n u m b e r 
of a c i d po in t s a n d also o b t a i n e d a n e u t r a l a n d p o l a r 
su r face . T h e b e a d s t h u s o b t a i n e d w e r e h i g h l y s u i t a b l e 
as t h e p a c k i n g m a t e r i a l for gas c h r o m a t o g r a p h y . T h e 
p r e s e n t m e t h o d m a y b e a p p l i e d to t h e p r e t r e a t m e n t of 
p o l y m e r s for c o m p o s i t e m a t e r i a l s . 

E x p e r i m e n t a l 

Diaion H P 30 (manufactured by the Nippon Rensui Co. , 
a subsidiary of Mitsubishi Chemical Industry) consists of 
nonpolar porous polymer beads, nominally made of styrene 
and divinylbenzene. I t is supplied in a wet state. T h e wet 
polymer was air-dried at room temperature and further 
heated to a constant weight in nitrogen flow at 140 °G. 
About 210—220 g of dry polymer, in spherical form (30— 
50 mesh), were obtained from 1000 ml of the wet polymer. 
T h e apparent density of the dried polymer was 0.275 g/cm3 . 

About 33 g of the oc,/?-unsaturated polyester solid polymer, 
Espol TVF-5704-0 (supplied by the Mitsubishi Gas Chemical 

Co.) were dissolved in 400 ml of benzene. This solution was 
then poured onto 150 g of the dried Diaion H P 30 in a flask 
of a rotary evaporator. Then , a 100-ml port ion of a benzene 
solution containing 1 ml of /-butyl perbenzoate (TBPB) was 
added to this mixture. T h e benzene was evaporated to 
dryness under reduced pressure. This dried polymer was 
packed in a glass pipe ( 1 m length ; 34 m m inside diameter) 
and heat- t reated in about a 100 ml/min nitrogen flow at 140 
°C for 5 h. Thus the polymer was modified by the polyester 
(PMP) . I n this process, care must be taken of the following 
point ; beads sticking on the wall have unfavourable properties 
and must be discarded. 

R e s u l t s a n d D i s c u s s i o n 

Gas Chromatography for Free Fatty Acid (FFA). 

P M P w a s p a c k e d in l m x 3 m m i .c l . s ta inless steel 
c o l u m n a n d tes ted b y m e a n s of a S h i m a d z u M o d e l - 3 B T 
T C D gas C h r o m a t o g r a p h w i t h a m i x t u r e of C j - , C 2 -ac ids 
a n d w a t e r , t h e i r p e a k s b e i n g efficiently s e p a r a t e d b y 
P M P w i t h o u t a n y se r ious ta i l s . F o r c o m p a r i s o n , d r i e d 
D i a i o n H P 30 was tes ted i n a s i m i l a r w a y . E x c e p t for 
w a t e r , i t g a v e p e a k s w i t h l o n g tai ls as is s h o w n i n 
F i g . 1 ( b ) . 

(b) b (a) 
I 

I I I L J I I L 

9 6 3 0 9 6 3 0 

RJmin RJmin 

Fig. 1. Gas chromatograms of free fatty acids on (a) 
Diaion H P 30 modified by T V F 22 .5% (see Tab le 2, 
Expt . No . 1) and (b) Diaion H P 30 unmodified. All 
packed in l m x 3 m m i. d. stainless steel columns. 
Other conditions: (a) H e flow-rate, 15 ml /min ; 
column temperature , 150 °G; isothermal; sample load, 
0.5 JJLI; recorder span, 4 m V . (b) H e flow-rate, 16 
ml /min ; column temperature , 170 °G; isothermal; 
sample load, 2 JJLI; recorder span, 16 m V . 
Peaks: a, a i r ; b , water ; G1? formic acid; G2, acetic 
acid; G3, propionic acid; G4, butyric acid. 
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U s u a l l y , a n a d d e d t a i l i ng r e d u c e r r e d u c e s t h e r e t e n t i o n 
v o l u m e , b u t th is is n o t t h e case w i t h S a m p l e s N o s . 1 
a n d 2 rows i n T a b l e 2 . T h e r e a s o n for th i s is t h a t t h e 
T V F a d d e d i n these p r e s e n t case is n o t a u s u a l t a i l i n g 
r e d u c e r , b u t essent ia l ly c h a n g e s t h e sur face p r o p e r t i e s , 
t h a t is , i t i nc reases t h e affinity t o F F A a n d dec reases 
t h e r a d i u s of t h e sur face p o r e s . T h e l a t t e r c h a n g e m a y 
resu l t in t h e d e c r e a s e of t h e r e t e n t i o n t i m e of m o l e c u l e s 
w i t h l a r g e r d i a m e t e r s s u c h as C 4 - a c i d . 

Usable Maximum Temperature. T h e packed c o l u m n 
w i t h P M P was k e p t a t 230 ° C in a n i t r o g e n flow for 
2 4 h . Af ter th is t r e a t m e n t , t h e P M P was tes ted as 
ha s b e e n d e s c r i b e d a b o v e . As a r e su l t , a b o u t a 5 % 
s h o r t e n i n g of t h e r e t e n t i o n t i m e w a s o b s e r v e d for a l l 
p e a k s , b u t t h e r e w a s n o c h a n g e in t h e p e a k s h a p e s . 
S ince a s i m i l a r s h o r t e n i n g w a s a lso o b s e r v e d in d r i e d 
D i a i o n H P 30 , t h e effect m a y b e a t t r i b u t e d to t h e 
s h r i n k a g e of D i a i o n H P 3 0 . F u r t h e r m o r e , af ter t h e 
a b o v e test , t h e P M P c o u l d b e t a k e n o u t of t h e c o l u m n 
s m o o t h l y , i.e. w i t h o u t a n y s t i ck ing to t h e c o l u m n w a l l 
o r to e a c h o t h e r . I t s co lor c h a n g e d to a l i g h t ye l l owi sh 
b r o w n f rom its o r i g i n a l w h i t e ye l low co lor . I t m a y b e 
c o n c l u d e d f rom these e x p e r i m e n t a l resul t s t h a t t h e 
u s a b l e m a x i m u m t e m p e r a t u r e of P M P w a s a b o u t 
230 ° C . 

Superiority of the a,/?- Unsaturated Polyester Solid Polymer. 
I t m a y b e sa id , f rom o u r e x p e r i e n c e w i t h d i a t o m a c e o u s 
e a r t h , t h a t t h e c h a r a c t e r of a p a c k i n g m a t e r i a l is 
p r i m a r i l y d e t e r m i n e d b y t h e l i q u i d p h a s e o n i t . W i t h 
th is fact i n m i n d , t h e p o r o u s p o l y m e r was s i m i l a r l y 
c o v e r e d w i t h a c i d i c s u b s t a n c e s of a l o w e r m o l e c u l a r 
w e i g h t , a n d its p r o p e r t i e s as a s u p p o r t w e r e i n v e s t i g a t e d . 
T h e f a v o u r a b l e a c i d m u s t satisfy t h e c o n d i t i o n s t h a t i t 
does n o t d e s t r o y t h e base p o l y m e r a n d n o t b e v o l a t i l e , 
even a t 240 ° C . A s m a l l a m o u n t of a d d e d H 3 P 0 4 

c h a n g e d t h e co lo r of D i a i o n H P 30 h o m o l o g e n e o u s l y to 

g r a y f rom t h e o r i g i n a l wh i t e -ye l l ow . S e b a c i c , s t ea r ic , 
a n d i s o p h t h a l i c ac ids d i d n o t c h a n g e t h e color of t he 
base p o l y m e r , b u t b e g a n t o e v a p o r a t e a t t e m p e r a t u r e s 
b e l o w 200 ° C . T h u s , i t is p r e s u m e d t h a t th is shor t ­
c o m i n g m a y b e o v e r c o m e b y t h e use of p o l y m e r ac ids . 

As for t h e <x,/?-unsaturated polyes te r , a m e t h o d has 
b e e n e s t ab l i shed for c o n t r o l l i n g t h e a m o u n t of ca rboxy l i c 
a c i d i n i t . W e c a n o b t a i n , b y p o l y m e r i z i n g th is polyes te r 
on t h e b e a d s , a film w i t h a l a r g e n u m b e r of a c i d po in t s 
a n d a h i g h e r m o l e c u l a r w e i g h t ; t h e film is s t ab le even 
a t 230 ° C o r so . F o r t h e p r e s e n t p u r p o s e , howeve r , 
t h e po lyes t e r used m u s t b e as p u r e as poss ib le . T h e 
c o m m e r c i a l l y a v a i l a b l e , in t h e fo rm of a l i q u i d , con­
ta ins 4 0 — 5 0 % of t h e s t y r e n e m o n o m e r , a n d its a c id 
va lues r a n g e b e t w e e n 5 a n d 16. I f o n e uses s u c h a n 
i m p u r e po lyes te r , t h e film o b t a i n e d is infer ior in its 
c h a r a c t e r , t h a t is , i t is t h e r m a l l y u n s t a b l e a n d gives a 
p e a k s w i t h s o m e t a i l i n g . H e n c e , i t is h i g h l y adv i s ab l e 
to use a so-ca l led sol id (crysta l ) p o l y m e r w i t h a h i g h 
a c i d v a l u e . So l id p o l y m e r s , T V F - 5 7 0 4 - 0 a n d Espo l 
M G - 1 0 1 2 , w e r e chosen as modi f ie rs in t h e p r e s e n t 
w o r k . T h e specif ica t ions of these m a t e r i a l s a r e g iven 
in T a b l e 1. 

Effect of the Polyester Concentration. T h e depend­
ence of t h e p a c k i n g c h a r a c t e r u p o n t h e po lyes te r 
c o n c e n t r a t i o n w a s s t u d i e d . F u r t h e r m o r e , t h e effect of 
coex i s t ing d ia l ly l i s o p h t h a l a t e ( D A I P ) w a s s t ud i ed , 
s ince th is inc reases t h e d e g r e e of c ross - l inkage a n d t h e 

T A B L E 1. SPECIFICATIONS OF ( ^ - U N S A T U R A T E D 

POLYESTER SOLID POLYMERS*0 

Item Espol TVF-5704-0 
Acid value 29.8 
Softing point (°G) 99 

Espol MG-1012 
21.4 
96 

a) Both solid polymers were supplied by the Mitsubishi 

Gas Chemical Go. 

T A B L E 2. PERCENTAGES OF OC^-UNSATURATED POLYESTER AND D A I P ON DIAION H P 30 

Modifier 
Digests of resulta ) 

Expt . T V F 

No. 0 / 
M G -
1012 

s D A I P in 
D A I P modifier V'jV' •' w 

C i C4 
^eff /n 

Overlap 
percentages 
between Cx 

and C2 peaksd) 

Note 

1 22 .5 

2 

3 

4 

5 

6 

8 44.5 

4 4 . 5 

2 2 . 5 

17.8 

9 .0 

26 .7 

13.5 

44.5 

0 

0 

60 

60 

100 

0.281 0 .480 1.97 

0 .170 e ) 0 .392 2 .32 

0.329 0.520 1.85 

0 .357 e ) 0 .547 1.88 

0 .457 e ) 0 .589 1.84 

714 

710 

462 

650 

470 

677 

626 

434 

0 
see Fig. 1 (b) 

4 .92 

7.10 

15.8 

2 1 . 3 

36 .1 

0 

peaks, sharp and well separated 
Cj peaks, very long tail 
peaks, ra ther b road ; C1? C2 peak 
separation, good 
C t peak, short tail ; G1? C 2 peak 
separation imperfect 
Gx tail, ra ther long; G1? C2 peak 
separation considerably poor 
Cx tail, much more long; G1? G2 

peak separation, poor 
Gx peak was observed as a 
shoulder on the C2 peak, hav­
ing a considerable tail 
peaks, ra ther broad ; G1? C2 peak 
separation good 

a) Each run was tested in a 50cm x 3 m m i. d. stainless steel column at 150 °C, and each sample load was 0.5—1 
(jd. b) V'\ corrected retention volume, c) C x : formic acid, G2 : acetic acid, G3 : propionic acid, C4 : butyric acid. 

Peak-heisrht from the valley between two overlapinsr peaks x _ .,. 
d) TJQ ;„U+ ~ r n i. * e ) r a i l i n g P e a k -Height of G2 peak 
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solvent stability of the polymerized polyester, i.e., the 
modifier film, but decreases its acid value. Wi th a 
decrease in the acid value of the modifier film, the peak 
tailing became remarkable and the separation of the 
peaks assigned to Ct- and C2-acids became difficult. 
The peak-width was almost independent of the polyester 
concentration on the base polymer in the region of 
below about 2 5 % , but became slightly broader with 
an increase in the concentration above this limit. 

In connection with the above facts, the character of 
DAIP films of 44.5 and 66 .8% (by weight) of the base 
polymer gave a sharp peak with a long tailing for C5 

acid, but sharp pekas for C 2 -C 3 acids; the latter is 
shown in Fig. 2. In this case, there was no unfa­
vourable effect, i.e., broadening, caused by higher 
concentrations of DAIP . 

These results are summarized in Table 2. 
This difference between the concentration effects of 

DAIP and the polyesters may be at tr ibuted to that 
between their dispersive states on the base polymer. As 
for the polyester film before polymerization, films on 
beads stick to each other, and some beads become 
bare when they are prepared in a rotary evaporator; 
thus, the heterogeneous dispersion state is realized. 
This model is partly supported by the fact that the 
unfavourable concentration effect was not observed 
if the film was prepared in a beaker without any 
mechanical stirring. Also such phenomena were not 
observed with DAIP . 

The degree of cross-linkage of the polyester on base 

RJmin 

Fig. 2. Profile of propionic acid and acrylic acid on 
Diaion HP 30 modified by DAIP 44.5% (see Table 2, 
Expt. No. 7). Packed in a 50 cmX 3 mm i. d. stainless 
steel column. He flow-rate, 16 ml/min; column tem­
perature, 140 °C; isothermal; sample load, 0.1 yd; 
recorder span, 2 mV. Peaks: G3, propionic; C3', acryl­
ic acid; a and others; see Fig. 1. 

beads was estimated by the following method. The 
P M P was put into a Soxhlet extractor and treated 
with benzene, and then the weight of extract was 
measured. T h e bare beads (Diaion H P 30) were 
similarly treated, but their weight loss was negligible. 
Hence, only partial T V F and TBPB were extracted 
from the coated beads. Since TBPB is easily extracted 
completely, one can estimate the amount of T V F 
extracted if the initial content of TBPB is known. The 
experimental results showed that only 6 % of the T V F 
present was extracted. This means that the T V F film 
is highly cross-linked and stable. 

Separation of Propionic Acid and Acrylic Acid. As 
can seen from Fig. 2, the peaks ascribed to propionic 
(G3) and acrylic (C3 ') acid were separated. This 
chromatogram was obtained with a short column 50 cm 
in length, much better separation can be expected with 
a column of the usual length. This separation may be 
at tr ibuted to the effect of polar groups in the D A I P 
molecule. 

Conc lus ion 

It has been established that a,/?-unsaturated poly­
esters are good modifiers of prorous polymer beads, and 
that the higher the acid value, the better a modifier 
for the separation of FFA. In the present work, the 
best results were obtained with 2 5 % T V F on the base 
beads. However, this value may depend upon the 
surface area of the base beads. The Diaion H P 30 
used in the present work has a BET area of 200 m2 /g. 
The opt imum concentration increases with the increase 
in the surface area. 

The conventional modifiers presently used are apt 
to evaporate or be extracted in gas chromatography and 
liquid chromatography respectively. These unfa­
vourable effects can be avoided by the use of the present 
techniques. 

In the present work, we were mainly interested in 
the separation of FFA with an acidic modifier, not in 
the separation of amines. The latter may, however, be 
successfully done by basically modified packing, which 
can be obtained by an extension of the present 
techniques. 

The author wishes to thank Professor Tetsuo Takaishi 
for his discussion. 
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Metal Halide Catalyst for Reduction of Nitric Oxide with Ammonia 
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Counter anions of active components on catalysts were found to affect catalytic activities for NO reduction 
with NH3. Halide ions promoted activity in copper and iron catalysts, but lowered it in chromium and manganese 
catalysts. The most favorable electronic state of a cation on catalysts was investigated by changing counter anions 
and/or carriers. 

In the catalytic reduction of nitrogen oxides with 
ammonia the reduction rate is markedly accelerated by 
the presence of oxygen, no undesirable by-product 
being found by the reaction between reducing agents 
and components in flue gas. The method seems to be 
most advantageous for the reduction of nitrogen oxides 
(NO*) emissions from stationary combustion equip­
ments.1 - 3) Metal oxide supported catalysts such as 
F e 2 0 3 , V 2 0 5 , C u O , and M o 0 3 on A1 2 0 3 or T i 0 2 are 
being employed. However, they are used at reaction 
temperatures above 300 °C in order to obtain effective 
reduction of NO^. From an economical viewpoint, 
catalysts active at lower temperatures are desirable, 
since temperatures of flue gases emitted from a coke 
oven or sintering furnace are lower than 200 °C. 

We have explored new catalysts having higher 
activity at low temperature and found that the activity 
of metal sulfate catalysts in the lower temperature region 
is higher than that of metal oxide catalysts.4) This 
indicates that the anion of these metal compounds 
affects the catalytic activity for N O reduction. We 
have examined the effect of the counter anions and 
found that the halide catalysts are effective for producing 
activity at lower temperatures.5) 

In order to find the most favorable electronic state 
of cations of the catalysts, a study on metal halides has 
been made by changing anion species of the catalysts 
and carries. 

E x p e r i m e n t a l 

Catalyst. Metal halide and metal sulfate catalysts were 
prepared by impregnating preformed y-Al2Os (diam. 1.5 mm) 
with aqueous solutions of halides and sulfates, respectively. 
After being impregnated at 40 °C for 5 h, the catalysts were 
dried at 120 °C for 3 h, and then calcined at 200 °G for 3 h. 
In the case of metal oxide catalysts, the catalysts were 
prepared by calcining at 500 °C for 3 h, after being impreg­
nated with metal nitrates, the cation contents being kept 
constant (8 wt % and 4.7 wt %) in order to examine the 
effect of counter anions. The copper catalysts used were 
CuBr2-Al203, CuS04-Al203 , CuCl2-Al203, and Cu0-Al 2 0 3 . 
In order to examine carrier effects on the catalytic activities, 
15 wt % of CuBr2 supported on Si02 , active carbon and 
A1203 were used. 

Activity Measurement. Figure 1 shows a flow diagram 
of the apparatus. The reactor is a stainless steel tube, length 
200 mm, diam. 15 mm, set in a tubular furnace, length 250 
mm. After introducing 10 ml of the catalyst into the reactor, 
activity measurements were carried out under space velocity 
of 15000 h_1. As a standard feed stream, a gas mixture 
consisting of NO 300 ppm, NH3 300 ppm, 0 2 5 vol %, and 

NOx 
Anal. 

SOx 
Anal. 

Fig. 1. Flow diagram of apparatus used. 
1 | : Rotor meter, |^><] : variable valve. 
Each cylinder contained 1 vol % of NO, NH3 or SO«. 

N2 balance gas was used. Analyses of NO, N 0 2 , and NH3 

were made by means of chemiluminescence type NO,,, and 
NH3 analyzer. 

Property of Catalyst. The amounts of NH3 and NO 
adsorption on the catalysts were measured using a thermo-
gravimeter (Shimadzu Co. DT 20) in N2 feed stream (1 1/h) 
containing 5 vol % 0 2 . An X-ray photoelectron spectrometer 
(XPS) (Dupont Co. 650B) was used to measure the electronic 
states of the cations and anions in active components. 
Mg K<x radiation was used to obtain XPS spectra. All bind­
ing energy values were refered to C Is of contaminant carbon 
(285.0 eV). 

R e s u l t s 

Copper Salt Catalyst. Effect of Anion on Catalytic 
Activity : In the reaction of N O removal, the activities 
of the catalysts increased with cation content, reaching 
a maximum at a certain cation content. Thus, for the 
measurement of relative activities the catalysts with 
lower cation content whose activity does not reach 
maximum were used. In the case of C u O - A l 2 0 3 , 
C u S 0 4 - A l 2 0 3 , and CuCl 2 -Al 2 0 3 , Cu content was 8 
w t % . In the case of CuBr 2 -A l 2 0 3 with 8 w t % of Cu, 
however, the activity attained saturation. The cupric 
ion content of 4.7 w t % was selected for a comparison 
of the anion effect of Br~ with that of Cl~ on the catalytic 
activities of CuBr2 and CuCl2 catalysts. The effect of 
anions on the catalytic activity is shown in Fig. 2. The 
activity order of the catalvsts in lower temperature 
region was: C u B r 2 > C u C l 2 > C u S 0 4 > C u O . 

Effect of Carrier on Catalytic Activity: The effect of 
carriers on catalytic activity was investigated using y-
A1203 , S i 0 2 , and active carbon (AC). The results are 
shown in Fig. 3. The activities decreased in the order: 
A C > y - A l 2 0 3 > S i 0 2 . 

Amount of Adsorption of NO and NH3: I t was found 
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Reaction temperature/ 0 C 

Fig. 2. Effect of anion on catalytic activity of copper 
salt supported catalyst. 
Carrier: y -Al 2 0 3 . 
Active component : 

Cu content ; 8 wt % , 
O : C u O , • : C u S 0 4 , A : CuCl2 . 

Cu content; 4.7 wt % , 
A : C u C l 2 , * : C u B r 2 . 
Gas composition: 
N O 300 ppm, N H 3 300 ppm, 0 2 5 vol % , N 2 balance. 
Space velocity: 15000 h _ 1 . 
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Fig. 3. Effect of carrier on catalytic activity of copper 
salt supported catalyst. 
Carrier : 
• *. S i 0 2 , 0 : y-Al2Os, ^ : active carbon. 
Active component : CuBr2 (15 wt % ) . 
Gas composition : 
N O 300 ppm, N H 3 300 p p m , 0 2 5 vol % , N 2 balance 
Space velocity: 15000 h _ 1 . 

T A B L E 1. AMOUNTS OF N H 3 AND N O 

ADSORBED ON THE CATALYSTS 

Amount of N H 3 

mmol/1 g of cat. 

Amount of N O 

mmol/1 g of cat. 

CuO-ALOo 

0.29 
0.21 
0 .16 

0 .14 
0 .20 
0 .25 

Measurements were carried out with a thermogravimeter 
at 150 °C in N 2 feed stream containing 5 vol% of 0 2 . Cu 
content of each catalyst was 3.7 w t % . 

T A B L E 2. ELECTRONIC STATES OF COPPER 

IONS IN THE CATALYSTS 

A) Effect of anions 

C u S 0 4 - A l 2 0 3
a ) 

CuBr 2 -A l 2 0 3
a ) 

C u O - A l 2 0 3
a ) 

B) Effect of carriers 
C u B r 2 - A l 2 0 3

w 

Cu 

CuBr2-Active carbonb ) 

CuBr 2 -S i0 2
b ) 

2p3 /2 binding energy/eV 

933 .6 
934.2 
934 .9 

934.2 
934 .5 

934 .8 

a) Cu content of each catalyst was 3.7 w t % . b) 15 w t % 
of CuBr2 was supported on each carrier. 

T A B L E 3. BINDING ENERGIES OF N IS FOR ADSORBED 

N H o AND N O ON THE COPPER CATALYSTS 

N Is binding 
energy/eV 

Assignment 

C u O - A l 2 0 3 + N H 3 

C u S 0 4 - A l 2 0 3 + N H 3 

C u B r 2 - A l 2 0 3 + N H 3 

NH 4 Br 

V 2 0 5 + N H 3 

C u O - A l 2 0 3 + N O + 0 2 

C u S 0 4 - A l 2 0 3 + N O + 0 2 

C u B r 2 - A l 2 0 3 + N O + 0 2 

V 2 0 5 + N O + H 2 0 
N H 4 N 0 3 

402.1 
401 .8 
402 .0 
401 .9 

400.9 8 ) 

407 .5 
407 .3 
407 .4 

406.2 8 ) 

4 0 1 . 8 , 4 0 7 . 4 

NH 4 + 
NH 4+ 

NH 4+ 

NH 4+ & 

N 0 3 -

N 0 3 ~ 
N 0 3 -

N 0 3 - 8 ) 

t h a t t h e a m o u n t of N H 3 a d s o r b e d o n C u S 0 4 - A l 2 0 3 

ca t a lys t is 1.8 t imes t h a t o n C u O - A l 2 0 3 c a t a ly s t ( T a b l e 
1). T h e a m o u n t of N H 3 a d s o r b e d o n C u B r 2 - A l 2 0 3 

ca ta lys t , w h i c h s h o w e d t h e h ighes t a c t i v i t y for N O 
r e d u c t i o n a t l ower t e m p e r a t u r e , is 1.3 t i m e s t h a t o n 

100 

> ö o o 
O 

60 

10 

20 h 

/ / / / / 

I 1 n r i . . i 
100 200 300 

Reaction temperature/ 0 C 

Fig. 4. Effect of anion on catalytic activity of iron salt 
supported catalyst. 
Carr ier : y-Al2O s . 
Active component : 

Fe content; 7 wt %, 
0 : F e 2 0 3 , n : F e 2 ( S 0 4 ) 3 , A : FeCl3 . 

Fe content ; 3.7 wt %, 
A : F e C l 3 , * : FeBr3. 
Gas composition: 
N O 300 p p m , N H 3 300 ppm, 0 2 5 vol % , N a balance. 
Space velocity: 15000 h _ 1 . 
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Reaction temperature/0 C 

Fig. 5. Catalytic activity of chromium, cerium and 
manganese halide supported catalyst. 
Carrier: y-Al203. 
Active component: 
O : GeCl2, • : M n C l 2 , /\: CrBr3. 
Cr, Ce and Mn content were 5 wt %. 
Gas composition: 
NO 300 ppm, NH3 300 ppm, 0 2 5 vol %, N2 balance. 
Space velocity: 15000 h-1. 

C u O - A l 2 0 3 catalyst. The order of the amount of 
N H 3 adsorption is C u S 0 4 - A l 2 0 3 > C u B r 2 - A l 2 0 3 > C u O -
A1203 , and that of N O adsorption on these three 
catalysts C u O - A l 2 0 3 > C u B r 2 - A l 2 0 3 > C u S 0 4 - A l 2 0 3 . 

Electronic State of Cation and Adsorbed NH3 and NO: 
The effect of anions and carriers on electronic states of 
the cation in the catalysts obtained by using X-ray 
photoelectron spectrometer is given in Table 2. The 
electronic state of copper ions was found to depend on 
the kind of both anion and carrier. The electronic 
states of copper ions become electropositive in the order: 
G u S 0 4 > C u B r 2 > C u O . O n the other hand, when 
carriers were changed the electronic states of copper 
ions become A l 2 0 3 > A C > S i 0 2 . Binding energies of 
N Is for adsorbed N H 3 and N O on the copper catalysts 
are given in Table 3. The binding energies of adsorbed 
N H 3 and N O agree with those of NH4+ and N 0 3 " , 
respectively. 

Iron Salt Catalyst. Similar experiments were 
carried out on iron salt catalysts. Figure 4 shows the 
result obtained for ferric salt supported catalysts. The 
effect of anions on activity was found to be in the same 
order as cupric salt catalysts: F e B r 3 > F e C l 3 > F e 2 ( S 0 4 ) 3 

> F e 2 0 3 . 
Other Metal Salt Catalyst. Effects of anions on 

catalytic activity were also investigated for transition 
metal compounds. Some metal halide catalysts such 
as CeGl2 or MnGl 2 were found to show high activity at 
lower temperatures (Fig. 5). No activity was observed on 
CrBr3, ZnBr2, and NiBr2 supported catalysts at lower 
temperatures. In the case of chromium salt catalysts, 
the activity order of the catalysts is: C r 2 0 3 ] > C r 2 ( S 0 4 ) 3 

>CrBr 3 . 

D i s c u s s i o n 

In the cases of Cu, Fe, and Ce, it was shown that the 
activity of metal halide supported catalysts is higher 

than that of oxide and sulfate supported catalysts. This 
indicates that among the anions we investigated, halide 
anions are the most effective for producing active 
states. However, catalytic activity and the activity 
order (Cu, C e > F e > M n > T i ) obtained on metal 
halide suppored catalysts were found to differ from 
those of metal oxide suppored catalysts ( M n > C r > 
C u > F e ) . In contrast, in the case of chromium metal, 
the activity of the halide supported catalyst was lower 
than that of oxide or sulfate supported catalyst. I t 
seems that both cation and anion species of active 
components affect activity for N O reduction and that 
the selection of appropriate combination of a cation 
and an anion is essential for producing a highly active 
state. 

Both copper oxide and halide supported catalysts 
show high activity at lower temperatures. Thus copper 
compound supported catalysts were studied in detail. 

N O was predominantly reduced by N H 3 to N2, no 
N 2 0 being detected. This is the most characteristic 
difference from the case in which CO or H 2 is used as a 
reduction agent. According to Ot to and Shelef, in the 
reduction by C O or H 2 , the participation of two mole­
cules of N O is needed for the selective production of N2 ; 
when N H 3 is used as a reduction agent, N - N bond is 
easily produced in the reaction of N O and NH3 .6 ) In 
fact, Shelef found by using nitrogen isotope, that 
15N14N is mainly produced by the reaction of 1 4NO and 
15NH3.7> This indicates that adsorption of both N H 3 

and N O in the neighboring sites on the catalyst is 
necessary for reaction. 

According to the results obtained by XPS, N H 3 and 
N O seem to undergo adsorption on the catalysts in the 
form NH4+ and N 0 3 ~ , respectively.8) I t seems that the 
amount of N H 3 adsorbed on the catalysts decreases 
when the electronic state of the cation changes from an 
electropositive state to an electronegative one, and that 
the amount of N O adsorbed decreaes when the electronic 
state of the cation changes from an electronegative 
state to an electropositive one. Actually, the order of 
the amounts of N H 3 and N O adsorbed on the catalyst 
(Table 1) agreed with those of the electropositivity and 
the electronegativity of the cation (Table 2-A). 

From the results we realize that the most favorable 
electronic state of the cation should be selected by 
changing counter anions in order to obtain proper 
amounts of both adsorbates of N H 3 and N O . In fact, 
the catalytic activity decreased when the electronic 
state of the cation changed to the electronegative 
(CuS0 4 ) or to the electropositive one (CuO) as com­
pared with CuBr 2 -A l 2 0 3 catalyst (Fig. 2 and Table 2-A). 

In these supported catalysts, A1 20 3 or AC is usually 
employed as a carrier. The carriers are also considered 
to affect the electronic state of the cation of active 
components. When we change the carriers, the elec­
tronic state of the cation changes considerably (Table 
2-B). The relation between the catalytic activity (Fig. 
3) and the electronic states of the cation (Table 2-B) 
was the same as that obtained by changing counter 
anions. The result seems to support the above conclusion 
that the most favorable electronic state of the cation 
can be obtained by a proper combination of the cation 
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with a counter anion and a carrier for high activity. 
From a practical viewpoint, catalysts are required 

to be resistant against water vapor or S 0 2 in a reaction 
gas, since they are usually contained in a flue gas 
emitted from stationary combustion equipments. The 
metal halide catalysts which show high activity at lower 
temperatures were not poisoned by water vapor, but 
their catalytic activity was found to decrease gradually 
when S 0 2 was contained in the reaction gas. This is 
due to the change of the active component from CuBr2 

to C u S 0 4 . The electronic state of copper ions in 
deactivated CuBr 2 -A l 2 0 3 catalysts was found to be the 
same as that of C u S 0 4 - A l 2 0 3 catalyst. 
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Isothiocyanates. I.1} Addition of Urea to Aroyl Isothiocyanates 
and Conversion of the Monoadducts into Monothiobiuret, 

4-Thioxo-l,3,5-triazin-2-ones and l,2,4-Thiadiazol-3-ones 
Mohamed Nabih BASYOUNI* and Abdel-Momen E L - K H A M R Y 

Chemistry Department, Faculty of Science, Ain Shams University, Abbassia, Cairo, Egypt 
(Received March 17, 1979) 

The hitherto unknown l-aroyl-2-thiobiurets were synthesized by addition of urea to aroyl isothiocyanates. 
Treatment of l-benzoyl-2-thiobiuret with concentrated hydrochloric acid effected hydrolysis to monothiobiuret. 
On the other hand, treatment of l-aroyl-2-thiobiurets with alkali gave 6-aryl-4-thioxo-l,2,3,4(or 2,3,4,5)-tetra-
hydro-l,3,5-triazin-2-ones.t Oxidation of the l-aroyl-2-thiobiurets with hydrogen peroxide in the presence of 
hydrochloric acid gave 5-aroylamino-2;3-dihydro-l,2,4-thiadiazol-3-ones. 

Amidines, isoureas, isothioureas and guanidines l a — 
d have been added to aroyl isothiocyanates I I to give 
1,3,5-triazinethione derivatives I l ia—d. 2 ) Combination 
of weakly basic amidino compounds with weakly 

X-C(=NH)-NH, f A r C O N C S 

I II 

_H2o ArX/^N 
I I 

N NH 

V 
I 

X 
III 

X = alkyl 
or aryl 

X = OR 
X = SR 
X = N R 2 

electrophilic isothiocyanates gave I I I in good yields. 
In other cases formation of aroylamidines predominat­
ed,2) e.g. 

X-C(=NH)-NH2 + Ar -GONGS > 

Ar-GON=G(X)-NH 2 + HSGN 

Such an aroylation reaction during the course of 
addition of alkylamines3) and hydrazines4) to benzoyl 
isothiocyanate has been reported. 

In the present investigation urea, a weaker nucleo-
phile, was choosen for the study of its reaction with 
some aroyl isothiocyanates of varying electrophilicity, 
i.e. of different carbonyl activity, in order to obtain 
more precise information on the mode of addition of 
nucleophiles to the C=S and/or to C = 0 of the aroyl 
isothiocyanates. Reactions, e.g. actions of acids and 
alkalies and oxidation with hydrogen peroxide, on the 
monoadducts from the reaction under investigation 
were also carried out. 

t Although the 2-phenyl derivative exists as tautomers 
(A) and (B),2> it was erroneously named 6-oxo-2-phenyl-
4-thioxo-l,4,5,6-tetrahydro-l,3,5-triazine. The present nam­
ing of this compound and its aryl analogs indicates that 
they can exist in two tautometric forms. 

1 1 
HN Ni l v 

6 
(A) 

» 

H 
P K / N ^ S 

II 1 
N NH v 

6 
(B) 

R e s u l t s and D i s c u s s i o n 

Urea was added to the aroyl isothiocyanates Ha—f 
in dry acetone to give good yields {cf. Table 2) 
of the hitherto unknown l-aroyl-2-thiobiurets IVa—f. 
Although equimolar amounts of the reactants were 
used, a small amount (see Experimental) of a diadduct 
V was obtained in the case of the addition of urea 
to benzoyl isothiocyanate Ha . However, when the 
addition was repeated using two moles of the benzoyl 
isothiocyanate the amount of the diadduct did not 
increase, the predominant product being the monoad-
duct IVa. The monoadducts IVa—f obtained from 
such a reaction could be obtained from urea by the 
reaction with the aroyl isothiocyanates prepared in 
situ from the corresponding aroyl chloride and am­
monium thiocyanate in dry acetone (cf. Experimental). 

HoN-GO-NH, A r C O N C S 
II 

A r . G O N H G S N H G O N H 2 + (PhCONHCSNH)2CO 
IV V 

a ; Ar = phenyl 
b ; Ar=j&-tolyl 
c ; Ar =/>-methoxyphenyl 
d ; Ar =/>-bromophenyl 
e ; Ar = o-chlorophenyl 
f ; Ar —styryl 

The structure of the monoadducts IVa—f was con­
firmed by their analytical data, infrared and electronic 
spectra. Thus, the strong absorption bands in the 
region 3360—3100 c m - 1 can be correlated with ^NII 

of primary and secondary amides (bonded NH) ;5> 
those in the regions 1700—1680 cm" 1 and 1740—1715 
c m - 1 can be attributed to the presence of acyclic thio-
imide groupings, namely A r C O N H C S and CSNHCO.5) 
The absence of a band at 2570 c m - 1 suggests that the 
l-aroyl-2-thiobiurets IVa—f exist in the thione form 
(thiolactam). The electronic spectra of IVa—c support 
their structural similarity. The infrared and electronic 
spectral data are given in Table 1. l-Benzoyl-2-thio-
biuret IVa was desulfurized6) with aqueous chloroacetic 
acid to give benzoylbiuret7) as an analytically pure 
sample. 

Formation of the l-aroyl-2-thiobiurets IVa—fin good 
yields by the addition of urea to the aroyl isothio­
cyanates Ha—f indicates that urea exclusively attacks 
the C=S function of the aroyl isothiocyanates. The 
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TABLE 1. SPECTRAL DATA FOR COMPOUNDS IV, VII. and X 
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Compound 

IVa 

IVb 

IVc 

IVd 

IVe 

IVf 

Vila 

Vl lb 

VIIc 
Vlld 
Vile 

Xa 

Xb 

Xc 

Compound 

IVa 

IVb 
IVc 
IVd 
IVe 
IVf 

*'c 

Infrared spectra 

= 0 

cm - 1 

1690, 

1680, 

1690, 

1680, 

1700, 

. 1650, 

1675, 

1690, 

1700, 

1680, 
1700, 

1660, 

1670, 

1675, 

1725 

1720 

1740 

1720 

1740 

1700 

1735 

1740 

1740 

1760 
1720 

1720 

1730 

1732 

^NH 

cm - 1 

3200, 3290 
3360 

3100, 3200 
3350 

3100, 3300 
3350 

3100, 3200 
3330 

3140, 3200 
3320 

3120, 3200 
3220, 3400 

3050—3200 

2900—3200 

3100—3200 

2900—3200 

3100—3210 

3100—3200 

3120—3210 

3110—3215 

TABLE 2. 1-AROYL-2-

Yield/% 
Melting * ~ s v , 

point Method Method r o r m u l a 

A B 

185--186a> 
Yellow 
178-
185-
192-
175-
213-

-179a> 
-187a> 
-195b> 
-177a> 
-215a> 

92 

90 
85 
87 
94 
80 

85 

83 
80 
81 
88 
71 

C9H9N302S 

C10HnN3O2S 
C10HuN8O,S 
C9H8BrN302S 
C9H8C1N302S 
C n H n N 3 0 2 S 

^max 

nm 

243.5 

253.5 

255 

256 

236 

232 

260 

260 

260 

271.5 
260 

244.5 

229 
268.5 

231 

•THIOBIURETS 

c 
48.5 

51.0 
47.6 
35.3 
42.3 
53.2 

IV 

Found 

H 

4. 

4. 
4. 
2. 
3. 
4. 

,2 

,9 
,6 
.8 
.5 
.7 

Electronic 

^max 

19695 

22750 

23500 

24160 

17510 

27555 

23085 

14100 

15170 

26410 
19400 

19005 

11480 
7650 

16810 

(%) 

N S 

19.2 14.6 

18.0 13. 
16.2 12. 

,6 
,8 

14.0 10.4 
16.3 12. 
16.8 12. 

.6 

.85 

spectra 

^mak 

nm 

285.5 

286 

287 

286.5 

285.5 

287.5 

330 

294 

295 

310.5 

316.5 

309 

y 

c 
48.4 

50.6 
47.4 
35.8 
41.9 
53.0 

Calcd 

] 

4, 

4, 
4 
2, 
3 
4 

H 

.1 

.6 

.35 

.6 

.1 

.4 

£max 

15420 

16350 

16100 

15400 

14805 

23130 

7890 

23250 

25580 

11050 

9180 

5810 

(%) 

N S 

18.8 14.3 

17.7 13.5 
16.6 12.6 
13.9 10.6 
16.3 12.4 
16.9 12.7 

a) From ethanol. b) From acetic acid. 

fact that no aroylureas were formed supports the 
view that no competing aroylation reaction, i.e. the 
direct nucleophilic substitution at the carbonyl function 
of the aroyl isothiocyanates IIa—f, of varying carbonyl 
activity, took place. This supports the previous 
conclusion3»4) that only strong nucleophilic reagents 
such as alkylamines and hydrazines are capable of 
attacking the C = 0 function of the aroyl isothio­
cyanates to give the aroylated nucleophiles. The 
results show that the magnitude of the electro-
philicity of the aroyl isothiocyanate makes a small 
contribution, if any, in determining the mode of 
addition of nucleophiles to the O O and/or to the 
C=S of the dielectrophilic reagent, i.e. the aroyl 
isothiocyanate. 

Treatment of an ethanolic solution of l-benzoyl-2-
thiobiuret IVa with concentrated hydrochloric acid 
(see Experimental) gave monothiobiuret VI , which is 
particularly useful as an intermediate in the production 

of thermoplastic and water-repellent resins and which 
may serve as a rubber accelerator, a plasticizer and 
an insecticide. The present route for the synthesis 
of V I from readily accessible starting materials is, 
therefore, superior to and more convenient than the 
reported procedures.8-10) 

O n the other hand, treatment of an ethanolic solu­
tion of each of IVa—e with aqueous 4 M sodium 
hydroxide afforded, after acidification, 6-aryl-4-thioxo-
l,2,3,4(or 2,3,4,5)-tetrahydro-l,3,5-triazin-2-ones V i l a 
—e in a good yield. 

The structure of the 4-thioxo-l,3,5-triazin-2-one 
derivatives V i l a — e was confirmed by analytical data, 
infrared and electronic spectra. Their infrared 
spectra (cf. Table 1) exhibit bands in the regions 
3210—3050 c m - 1 (vNH) and 1740—1675 cm" 1 (v0ss0) 
and their electronic spectra reflect their structural 
similarity (cf. Table 1). 
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Ar • CO • NH • CS • NHGONH2 

IV 

u+ 

H2NGSNHGONH2 

1) 4M-NaOH A r \ ^ N \ ^ S 
> 1 1 

2) H* HN NH 

o 

a ; Ar = phenyl 

b ; Ar=/>-tolyl 

; = ± 

VII 

Ar N H S 
ii i 

N NH 

O 

d ; Ar =/?-bromophenyl 

e ; Ar = o-chlorophcnyl 

V I 

A l t h o u g h 6 - p h e n y l - 4 - t h i o x o - l , 2 , 3 , 4 ( o r 2 ,3 ,4 ,5 ) - t e t r a -
h y d r o - l , 3 , 5 - t r i a z i n - 2 - o n e V i l a , m p 2 6 4 — 2 6 6 ° C , h a s 
b e e n p r e p a r e d 2 ) b y a different r o u t e w h i c h involves 
a c i d i c hydro lys i s of I I I ( A r = p h e n y l ; X = O C 2 H 5 ) a n d 
is r e p o r t e d to h a v e m p 2 4 6 — 2 4 8 ° C , t he s t r u c t u r e of 
t h e c o m p o u n d in o u r h a n d s w a s es tab l i shed f rom t h e 
fol lowing c h e m i c a l e v i d e n c e : 1) it w a s desulfur ized 6 ) 
w i t h a q u e o u s c h l o r o a c e t i c ac id to give 6 -pheny l -1 ,2 ,3 ,4 -
t e t r a h y d r o - l , 3 , 5 - t r i a z i n - 2 , 4 - d i o n e V I I I , w h i c h w a s 

c ; Ar =/>-methoxyphenyl 

a n a l y t i c a l l y p u r e a n d its m p w a s in g o o d a g r e e m e n t 
w i t h t h a t - r e p o r t e d previous ly 7 ) for t h e s a m e c o m p o u n d 
p r e p a r e d b y a dif ferent r o u t e , a n d 2) b e n z y l a t i o n 
w i t h b e n z y l c h l o r i d e in t h e p re sence of s o d i u m h y ­
d r o x i d e g a v e 4 - b e n z y l t h i o - 6 - p h e n y l - l , 2 ( o r l , 4 ) -d ihy -
d r o - l , 3 , 5 - t r i a z i n - 2 - o n e I X w h i c h w a s iden t i ca l ( m p , 
m i x e d m p a n d in f ra red spec t roscopy) w i t h a n a u t h e n t i c 
s p e c i m e n p r e p a r e d b y a different route . 2 ) 

V i l a 

C1CH 2 C0 2 H 

H 2 0 

PhCH 2 Cl 

NaOH 

P h ^ N ^ O 
1 1 

HN NH 

o 
VIII 

PhN^NN/SCH„Ph 
1 II 

HN N 

o 

^ 
Vh N H 

II II 
N N 

o 

SGH 2 Ph 

I X 

O x i d a t i o n of I V a , c, a n d e w i t h h y d r o g e n p e r o x i d e 
in t h e p r e s e n c e of h y d r o c h l o r i c ac id g a v e 5 - a r o y l a m i n o -
2 , 3 - d i h y d r o - l , 2 , 4 - t h i a d i a z o l - 3 - o n e s (or 5 - a r o y l i m i n o -
t e t r a h y d r o - l , 2 , 4 - t h i a d i a z o l - 3 - o n e s ) X a — c w h o s e s t r u c ­
tu res w e r e con f i rmed b y a n a l y t i c a l d a t a , in f ra red a n d 
e l ec t ron ic spec t roscopy . T h u s , t h e in f ra red s p e c t r a of 
t h e p r o d u c t s X a — c s h o w b a n d s in t h e r a n g e s 3 2 1 5 — 
3100 c m - 1 (vmî) a n d 1 7 3 2 — 1 6 7 5 c m " 1 (vCz=0) a n d t he i r 
e l ec t ron i c s p e c t r a reflect t he i r s t r u c t u r a l s imi la r i ty . 
T h e p r e s e n c e of t h e t h i a d i a z o l e r i n g w a s in fe r red 
f rom the i r b e h a v i o r t o w a r d s t h e a c t i o n of s o d i u m 
p l u m b i t e as c o m p a r e d w i t h t he i r p r ecu r so r s , n a m e l y 
l - a r o y l - 2 - t h i o b i u r e t s I V a , c, a n d e. T h e l a t t e r o p e n -
c h a i n a d d u c t s depos i t ed b l a c k l ead sulfide a t r o o m 
t e m p e r a t u r e , b u t t h e t h i a d i a z o l e de r iva t ives X a — c 
depos i t ed l e ad sulfide after b e i n g bo i l ed for a few 
m i n u t e s . 

5 - A r o y l a m i n o - 2,3 - d i h y d r o - 1,2,4 - t h i a d i a z o l - 3 - ones 
X a — c c a n exist i n t h e t a u t o m e r i c forms i n d i c a t e d . 

IVa, c, and e 
H 2 0 2 

A r C O N H N / / N X / / 0 
I I 
S — N H 

A r C O N X /
N ^ 0 

I I 
S — N H 

X 
A r C O N H X / ; N N / O H a ; Ar = phenyl 

I II b ; Ar =/>-methoxyphenyl 
^ N c • Ar = 0-chlorophenyl 

E x p e r i m e n t a l 

All melting points are uncorrected. Infrared and electronic 
spectra were measured on a Un icam SP 1200 spectrophotom­
eter (KBr discs) and Beckmann DK-2A Rat io Recording 
spectrophotometer (in dioxane), respectively. 

Preparation of Aroyl Isothiocyanates Ha—f. These were 
prepared by known procedures. 

a) Benzoyl Isothiocyanate H a , bp 105—110 °G/5 m m H g . Bp 
95—100 °G/2—3 m m H g by Kurzer and Hanks;11) bp 143 
° C / 2 0 m m H g by Smith and Kan.1 2) 

b) p-Toluoyl Isothiocyanate l i b , bp 110—113 °C/1 m m H g ; 
bp 92 °G/0.4 mmHg.1 2) 

c) p-Anisoyl Isothiocyanate He , bp 160—166 °G/4 m m H g ; 
bp 148—152 °G/1 mmHg.1 1) 

d) p-Bromobenzoyl Isothiocyanate l i d , m p 54—55 °G (from 
chloroform) ; m p 55 °G.13) 

e) o-Chlorobenzoyl Isothiocyanate He , bp 130—135 °G/5 
m m H g ; bp 119 °G/2 mmHg.1 4) 

f) Cinnamoyl Isothiocyanate Ilf, bp 1 2 5 — 1 3 0 ° G / 4 m m H g ; 
bp 119 °G/2 mmHg.1 2) 

Addition of \ Urea to Aroyl Isothiocyanates II. General Procedure 
Method A. To a solution of aroyl isothiocyanate (0.05 
mol) in dry acetone (100 ml) was added urea (0.05 mol) 
portionwise with stirring. The reaction mixture was then 
refluxed for 2—3 h until all of the urea had dissolved. 
Evaporat ion of the acetone solution followed by trituration 
of the residue with hot water gave a crystalline solid. 
Recrystallization from an appropriate solvent gave 1-aroyl-
2-thiobkirets IV . T h e results are given in Table 2. 
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Compound 

Vila 
Vl lb 
VIIc 
Vlld 
Vile 

79] 

TABLE 3. 

Melting 
point 

264—266a> 
250—253b> 
258—260°) 
264—266d> 
210—212e) 

6-ARYL-4 

Yield 

80 
85 
78 
82 
75 

Isothiocyanates 

-THIOXO-1,2,3,4(OR 2,3,4,5) 

Formula 

G9H7N3OS 
G10H9N3OS 
C10H9N3O2S 
G9H6BrN3OS 
G9H6GlN3OS 

G 

52.3 
55.2 
51.5 
38.4 
44.7 

-TETRAHYDRO 

Found 

H 

3.6 
4.4 
4.2 
2.5 
2.8 

(%) 

N 

20.7 
19.6 
18.0 
15.1 
17.3 

1,3,5-TRIAZIN-2-ONES 

S 

15.3 
14.4 
13.5 
11.5 
13.2 

G 

52.7 
54.8 
51.1 
38.0 
45.1 

VII 

Galcd 

H 

3.4 
4.1 
3.8 
2.1 
2.5 

(%) 

N 

20.5 
19.2 
17.9 
14.8 
17.5 
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S 

15.6 
14.6 
13.6 
11.3 
13.3 

a) From ethanol, Ref. 2, m p 246—248 °G. b) From ethanol, Ref. 16, m p 246—247 °G. c) From acetic acid, 
Ref. 16, m p 257—259 °G (from DMF/wa te r ) . d) F rom acetic acid, e) From ethanol. 

Compound 

Xa 
Xb 
Xc 

Melting 
point 

225—228a> 
261—264b) 
251—253b) 

TABLE 4. 

Yield 

88 
83 
90 

5-AROYLAMINO-2,3-DIHYDRO- 1,2,4-

rormula s 
G 

G9H7N302S 48.5 
C10H9N3O3S 47.5 
G9H6C1N302S 42.7 

Found 

H 

3.2 
4.0 
2.6 

•THIADIAZOL-3-ONES 

(%) 

N 

18.8 
16.3 
16.4 

S 

14.2 
12.6 
12.4 

X 

G 

48.9 
47.8 
42.3 

Calcd 

H 

C
M

 
C

D
 

C
O

 

C
O

 
C

O
 

C
M

 

(%) 

N 

19.0 
16.7 
16.4 

S 

14.5 
12.75 
12.5 

a) From 1-butanol. b) From acetic acid. 

The mother liquor obtained after separation of I V a deposit­
ed colorless crystals of the diadduct V, mp 175—178 °G 
(from aqueous methanol) , in 3 % yield. Found : C, 52.8; 
H, 4.0; N , 14.6; S, 16.6%. Galcd for C 1 7 H 1 4 N 4 0 3 S 2 : G, 
52.8; H, 3.6; N, 14.5; S, 16.6%. 

Method B. Urea (0.05 mol) was added to an acetone 
solution of the aroyl isothiocyanate I I [prepared in situ16) 
from the corresponding aroyl chloride (0.05 mol) and am­
monium thiocyanate (0.08 mol) in acetone (100 ml) by 
rcfluxing for 15 min followed by filtration of inorganic solid] 
and the reaction mixture refluxed for 2—3 h. T h e reaction 
mixture was worked up as described in Method A. T h e 
yields of the monoadducts l-aroyl-2-thiobiurets I V obtained 
by this method are included in Table 2. 

Desulfurization of 7'-Benzoyl-2-thiobiuret IVa with Aqueous 
Chloroacetic Acid. A solution of chloroacetic acid (4 g) 
in water (10 ml) was mixed with l-benzoyl-2-thiobiuret I V a 
(2 g) and heated on an oil ba th at 150—160 °C for 30 min. 
After being cooled to room temperature, the product was 
filtered off and recrystallized from methyl cellosolve to give 
benzoylbiuret almost quantitatively, m p 220—221 °G (lit,7) 
m p 220 °G). Found : C, 52.4; FI, 4 .7; N , 20.1Ç Galcd 
for C 9 H 9 N 3 0 3 : G, 52 .1 ; H, 4 .3 ; N , 2 0 . 3 % . 

Action of Concentrated Hydrochloric Acid on 7 -Benzoyl-2-thio-
biuret IVa. Isolation of Monothiobiuret VI. Ethanol {ca. 
10 ml) was added to a suspension of l-benzoyl-2-thiobiuret 
IVa (2 g) in concentrated hydrochloric acid. T h e reaction 
mixture was then refluxed until most of the benzoic acid 
(mp and mixed m p 121 °G) had sublimed into the condenser. 
The solution was evaporated in vacuo and the residue was 
neutralized with sodium hydrogencarbonate and then re­
crystallized from water to give monothiobiuret V I in 6 5 % 
yield, mp 185—186 °G (lit,10) m p 187—189 °G). I t gave 
the biuret reaction and showed its infrared spectrum bands 
for vmî at 3540, 3440, 3380—3300, 3280—3140 c m - 1 and 
for vc=0 at 1730, 1700, 1660 and 1640 cm- 1 . Its electronic 
spectrum showed Am a x 256 nm (e 15490). Found : N , 30.25; 
S, 22.9%. Galcd for G 2 H 5 N 3 OS• H 2 0 : N, 30.65; S, 23 .35%. 

Action of Aqueous Sodium Hydroxide on 7-Aroyl-2-thiobiurets 
IVa—e. Synthesis of6-Aryl-4-thioxo-7,2,3,4(or 2,3,4,5')-tetrahydro-
7 ß,5-triazin-2-ones Vila—e. l-Aroyl-2-thiobiuret (0.01 
mol) was dissolved in aqueous 4 M sodium hydroxide (60 ml) 

and ethanol (30 ml) and the reaction mixture was left to 
stand at room temperature overnight. Acidification with 
I M aqueous sulfuric acid (pH 6) gave a precipitate (quanti­
tative yield) which was recrystallized from an appropriate 
solvent to give 6-aryl-4-thioxo-l,2,3,4(or 2,3,4,5)-tetrahydro-
l,3,5-triazin-2-one V I I as yellow to orange crystals. The 
results are given in Table 3. 

Desulfurization of 6-Phenyl-4-thioxo-1,2,3,4 (or 2,3,4,5)-tetra-
hydro-7,3,5-triazin-2-one Vila to 6-Phenyl-7,2,3,4-tetrahydro-7,3,5-
triazin-2,4-dione VIII. Compound V i l a (2 g) was 
desulfurized with a solution of chloroacetic acid (4 g) in 
water (10 ml) to give 6-phenyl-1,2,3,4-tetrahydro-1,3,5-
triazin-2,4-dione (quantitative yield). I t was recrystallized 
from water, m p 286—288 °G; m p 286—287 °C.7> Goerdeler 
and NeufTer16) reported m p 283—285 °G for the same com­
pound recrystallized from ethanol. Found : C, 57.4; H , 
4 . 1 ; N , 2 2 . 1 % . Galcd for G 9 H 7 N 3 0 2 : C, 57 .1 ; H , 3.7; 
N, 22 .2%. 

Preparation of 4-Benzylthio-6-phenyl-7,2(or 7,4)-dihydro-7,3,5-
triazin-2-one IX. Benzyl chloride (0.011 mol) was added 
while being warmed to a stirred solution of 6-phenyl-4-
thioxo-l,2,3,4(or 2,3,4,5)-tetrahydro-l,3,5-triazin-2-one V i l a 
(0.01 mol) in aqueous 0.5 M sodium hydroxide (30 ml) 
and ethanol (70 ml) over a period of 10 min. After the 
addition had been completed, stirring was continued for 
1 h. The reaction mixture was then diluted with water 
and the precipitate was filtered off and recrystallized from 
ethyl acetate to give the title compound in 8 0 % yield, m p 
229 °G (lit,2) m p 229 °C). Found : G, 65.0 H , 4 .6; N , 14.0; 
S, 10.6%. Calcd for C 1 6 H 1 3 N 3 OS: G, 65 .1 ; H , 4.4; N , 
14.2; S, 10.9%. 

Oxidation of 7-Aroyl-2-thiobiuret IV to 5-Aroylamino-2,3-
dihydro-7,2,4-thiadiazol-3-ones X with Hydrogen Peroxide. 
Hydrogen peroxide (10%, 15 ml) was added to a boiling 
solution of each of IVa, c, or e (0.01 mol) in ethanol (20 ml) 
containing concentrated hydrochloric acid (1 ml) over a 
period of 5 min. After being cooled to room temperature, 
the precipitated solid was filtered off and recrystallized from 
a suitable solvent to give the thiadiazoles Xa , b, or c. 
The results are given in Table 4. 

Action of Sodium Plumbite on 7-Aroyl-2-thiobiurets IV and 
5-Aroylamino-2,3-dihydro-7,2,4-thiadiazol-3-ones X. When 
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sodium plumbite was added to IV, a black precipitate (lead 
sulfide) was formed immediately. O n the other hand, no 
precipitate was formed at room temperature on addition 
of sodium plumbite to X ; the black lead sulfide separated 
after being warmed, its amount increasing by boiling for 
3—5 min. 
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Cell Design for Simultaneous Measurement of Photoacoustic 
and Fluorescence Spectra 

Kenji KATO* and Yoshinori SUGITANI* 
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(Received April 3, 1979) 

Synopsis. A simple and convenient sample cell has been 
designed for the simultaneous detection of photoacoustic 
and fluorescent signals. Spectral measurement of natural 
zircon, using the designed cell, is presented. 

There has been a growing interest in photoacoustic 
spectroscopy as a method for the characterization of 
solid materials, in addition to the conventional methods 
including fluorescence spectroscopy. Since photoacous­
tic spectroscopy depends on the radiationless process of 
de-excitation, it is complementary to fluorescence 
spectroscopy which deals with the radiative process of 
de-excitation. A combination of the two methods, and 
particularly the simultaneous measurement of photo­
acoustic and excitation spectra will be of great use in 
the study of the de-excitation process. 

In this note, a cell design for the simultaneous detec­
tion of photoacoustic and fluorescent signals is presented 
together with a spectral measurement on natural zircon 
Z r S i 0 4 . 

Cell D e s i g n 

Figure 1 shows the sample cell which is designed for 
the simultaneous detection of photoacoustic and fluores­
cent signals of powdered specimens. The cell is composed 
of a cell body and a sample base. O n the sample base, 
the powder specimen is spread with the aid of water, 
acetone, or alcohol. In the measurement, the cell body 
and the sample base are tightly coupled using a packing 
material such as P A R A F I L M (American Can Co., 
USA). The air space in the cell is approximately 0.4 
cm3 in the coupled state. The electlet-microphone 
attached onto the cell body is connected to the sample 
position via a channel (2 m m 0 x 40 m m L ) . The amount 
of sample necessary for the measurement is approxi­
mately 0.05 g. 

Figure 2 shows the photoacoustic signal intensity of 
carbon black at the output terminal of the microphone 
with respect to the chopping frequency. The spectrom­
eter was set at 500 nm as a filter with a slit width of 
3.0 m m . The photoacoustic signal intensity is inversely 
proportional to the chopping frequency in the range 7 
to 320 Hz. 

The photoacoustic signal is considered to be generated 
in the boundary layer of gas (air) surrounding the 
sample. The thickness of the layer is given as 

t Present address: National Chemical Laboratory for 
Industry, 1-1 Yatabe-cho Higashi, Tsukuba-gun, Ibaraki 
305. 

|/-:--v[ Aluminum 

Fig. 1. Sample cell for simultaneous measurement of 
photoacoustic and fluorescent spectra. S: Sample, 
W: quartz window, St: sticky packing, Sb: sample 
base, Ch: channel, M: microphone, P: acoustic pro­
tector. 
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Fig. 2. Photoacoustic signal of carbon black at the 
output terminal of the microphone vs. chopping fre­
quency. 

2jr(2a/ft>)1/2,1) where co is the chopping frequency and a, 
the thermal diffusivity of the gas. I t is approximately 
1 mm, at a chopping frequency of 100 Hz for example. 
This suggests that there is a limitation to the smallest 
air space in the coupled cell as well as to the lowest 
chopping frequency for effective detection of the 
photoacoustic signal. Beyond the limitation, losses 
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occur in thermal generation, resulting in a reduction 
of the signal intensity.2 '3) The opt imum chopping 
frequency was found to be approximately 100 Hz. 

J . F. McClelland et al. have discussed the influence 
of scattered light in the photoacoustic cell.4) They have 
suggested that the scattered light was absorbed by the 
microphone diaphragm and a resultant spurious signal 
was detected. In the sample cell designed here, the 
microphone is isolated from the sample, so that the 
obtained spectra are completely free from the scattered 
light, as seen in the Fig. 3. 

Other properties of the designed cell are ; i) the 
system of the cell body and the sample base are of a 
simple type, so that spare parts, especially of the sample 
base, can be readily provided, ii) the quartz sample base 
allows the observation of transmitted light, iii) since 
the sample base is inserted in the cell body, the air 
volume in the cell is very small contributing to the 
enhancement of signal intensity. 

S i m u l t a n e o u s M e a s u r e m e n t 

Figure 3 shows the photoacoustic and excitation 
spectra simultaneously measured at room temperature 
for zircon Z r S i 0 4 at a chopping frequency of 80 Hz . 
The scanning rate was 25 nm/min, and the slit of the 
spectrometer for incident light was 0.5 m m which 
corresponds to a resolution of 3 nm, and that for the 
emitted light was 1 mm. The time constant was 3 s 
for both of the lock-in amplifiers. Corrections for the 
light source intensity were not made, and the excitation 
spectra was monitored at 520 nm fluorescence output . 
The contrast between the photoacoustic and the 
excitation spectra is clearly seen and no additional 

WaveLength/nm 

Fig. 3. Photoacoustic (A) and fluorescent excitation (B) 
spectra of natural zircon ZrSi04 . 

signal due to the diaphragm was observed. 

The authors wish to thank Prof. Kozo Nagashima 
of the University of Tsukuba, Institute of Chemistry, 
for his kind support during the course of this work. 
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Synopsis. Semiempirical MG-LGAO-MO calculations 
have been made on the ground-state coronene. The inclusion 
of the off-diagonal terms in the MC bond-order formula is, 
in this case, essential to improve the bond orders and the 
bond lengths over the usual single configuration calculation. 

The geometrical structures of unsaturated hydro­
carbons have long been yielded by computing the C - C 
bond distances through the linear relationship1) between 
the bond length, r k b and the jr-bond order, Pkl: 

rki = r0-cPkl. (1) 

The adequacy of the use of this relationship has been 
theoretically demonstrated by Julg2> using a semi-
empirical SCF-MO formalism. 

In a previous paper proposing a semiempirical M G -
LGAO-MO method,3) we introduced the multi-configu­
ration (MG) jr-bond order for a bond between two 
carbon atoms, k and 1 : 

Y\A*mPW + 2E2'AmAnPër (2) 

where Am is the coefficient of the configuration function 
(CF), m, and Pffi are the bond orders obtained from 
the mth CF, and PJ3f,n) are those between the CF's m 
and n; henceforth, the first and second terms will be 
called the diagonal and off-diagonal terms respectively. 
Note that P^f'n) are non-vanishing only when the 
CF's m and n differ in a pair of M O ' s for the same 
counterpart of an electron. 

Julg2) has proposed an M C bond-order formula which 
omits the off-diagonal terms from Eq. 2. McCoy and 
Ross4) included all the terms in their singly-excited 
configuration interaction calculations for excited states 
of benzene, naphthalene, azulene, and anthracene. T o 
our knowledge, however, no examination has been 
made concerning the effect of the off-diagonal terms. 

In the present study we have made M C - L C A O - M O 
calculations on the ground-state coronene using the full 

form of Eq. 2 (Case I) and the formula without the off-
diagonal terms (Case I I ) . The computed Pk\ values 
are used to calculate the bond length, rk l , by means of 
Eq. 1, with r 0 = 1 . 5 2 3 Â and £=0 .193 . As in previous 
papers,5) Approximation (1), /?ki=/?0exp.[—.(rkl — b)ja], 
and Approximation (2), /?ki= — iTSkl(l 1.290 eV), are 
used w i t b 0 O = - 2 . 3 8 eV, « = 0 . 3 9 3 8 Â , i== 1.397 Â, and 
iv=0 .86291 . The CI treatment includes 24 singly-
excited configurations, 68 doubly-excited configurations, 
and 16 triply-excited configurations, together with the 
ground configuration. (Note that the M O ' s are of the 
Hückel type and not of the SCF type). These configura­
tions were chosen successively from the energetically 
lowest configuration in each type belonging to the gerade 
representation of the D 6 h point group. The explicit 
formulas of these functions are listed in Ref. 6. 

This CI calculation yielded energy depressions of 
—0.529 0.550 eV, depending on the approximations 
for ßkl and which case was used, I or I I . Table 1 
shows the bond lengths and jr-bond orders calculated 
with and without the CI for the ground state of coronene. 
Bonds a, b , c, and d are illustrated in Fig. 1. I t may be 
seen from the table that in Case I I the bond orders 
obtained from the CI calculation are little different 
from those obtained without CI , with the largest 
difference being about 0.005 at bond d, while in Case I 
the differences between the bond orders computed with 
and without CI are quite large, being 0.017—0.043. In 

Fig. 1. Carbon skeleton of coronene. 

T A B L E 1. BOND LENGTHS (Â) AND 7T-BOND ORDERS OF THE GROUND-STATE CORONENE*0 

Bond 
Approximation (1) Approximation (2) 

No CI Case I Case II No CI Case I Case II 
Exptl. 

1.425 
(0.5097) 
1.414 

(0.5655) 
1.423 

(0.5175) 
1.375 

(0.7689) 

1.430 
(0.4802) 
1.406 

(0.6086) 
1.428 

(0.4920) 
1.370 

(0.7908) 

1.425 
(0.5092) 
1.415 

(0.5609) 
1.423 

(0.5182) 
1.376 

(0.7635) 

1.424 
(0.5155) 
1.416 

(0.5529) 
1.421 

(0.5265) 
1.377 

(0.7590) 

1.428 
(0.4922) 
1.410 

(0.5867) 
1.425 

(0.5066) 
1.373 

(0.7762) 

1.424 
(0.5148) 
1.417 

(0.5491) 
1.421 

(0.5268) 
1.378 

(0.7537) 

1.432 

1.407 

1.430 

1.354 

a) The "no CI" refers to the calculation with the ground configuration alone. The values 
in parentheses are the 7T-bond orders. The experimental values are averaged from the X-
ray7) and electron-diffraction8) data. 
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Case I, the a and c bonds are lengthened, while the b 
and d bonds are contracted, because of CI . Thus , the 
CI effect on the bond orders in the ground state of 
coronene is significant only when the full Eq. 2 is 
employed, indicating that the off-diagonal terms are 
not necessarily negligible. The bond lengths predicted 
from the CI mixing in Case I are in good agreement 
with the experimental values except for the case of 
bond d. The bond lengths obtained without CI agree 
closely with the results obtained by Golebiewski9) from 
the perturbed Hückel method. 

Further, we have made several CI calculations 
including larger numbers of doubly-excited configura­
tions (10—26 more functions), but without triply-excited 
configurations. The results were, however, not very 
different from those presented here; the differences in 
bond orders were, for all the bonds, less than 0.005 in 
Case I and less than 0.001 in Case I I . 

One of the present authors (Nakayama) is grateful 
to Dr. Tai-ichi Shibuya of Shinshu University for his 
helpful discussions. Thanks are also due to the referee 
for making valuable suggestions. The calculations were 
carried out on the TOSBAC-5600 Computer at the 

University of Tsukuba. The present work was partially 
supported by a Grant-in-Aid for Scientific Research 
from the Ministry of Education. 
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The Singlet-excitation-energy Migration in an Amorphous-state 
Film of l,3-Di(9-carbazolyl)propane 
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Synopsis. The singlet-excitation-energy migration in 
an amorphous film of l,3-di(9-carbazolyl)propane(DCzP(a)) 
was studied by means of a fluorescene-quenching experiment. 
The results were compared with those of amorphous poly-
(9-vinylcarbazole)(PVCz) and poly[2-(9-carbazolyl)ethyl vinyl 
ether] (PCzEVE) films. The numbers of carbazolyl chromo-
phores covered by a singlet exciton during the lifetime were 
in the following order: DCzP(a)>PCzEVE>PVCz. 

l,3-Di(9-carbazolyl)propane (DCzP) is known as a 
dimeric model compound of poly(9-vinylcarbazole) 
(PVCz), which has received considerable interest in 
recent years in connection with the highly photoconduc-
tive vinyl polymers. DCzP forms an amorphous state 
by the fast evaporation of the solvent.1) I t is important 
to investigate singlet exciton migration in a DCzP (a) 
film and to compare it with that in a PVCz film, because 
the efficiency of the singlet exciton migration in a vinyl 
polymer is known as one of the factors determining 
whether or not the polymer has a large photoconduc­
tivity. 

A few investigations have been carried out to ascertain 
how the efficiency of the singlet exciton migration 
changes when going from a crystalline to an amorphous 
state.2) However, a comparison of the optical properties 
of an amorphous film of a model compound with the 
optical properties of an amorphous film of a corre­
sponding vinyl polymer has not hitherto been performed. 

In a previous paper,1) the absorption and fluorescence 
spectra of a DCzP (a) film were investigated and com­
pared with those of polycrystalline DCzP (DCzP (c)) 
and amorphous PVCz films. In the present work, the 
migration of the singlet excitation energy in a DCzP(a) 
film has been investigated in comparison with that of an 
amorphous PVCz film. 

Experimental 

The model compound (DCzP) and polymers (PVCz and 
poly[2-(9-carbazolyl)ethyl vinyl ether] (PCzEVE)) were the 
same as those used before.1»3) The dimethyl terephthalate 
(DMTP)and perylene were recrystallized twice from benzene 
and />-bis (trichloromethyl) benzene (TCB) from hexane. 
Subsequently, they were sublimed in vacuo. The DCzP (a) and 
polymer films were cast onto quartz or Pyrex-glass plates 
from a benzene solution. The fluorescence spectra were 
observed by front-surface excitation with the apparatus 
described in a previous paper.4) 

R e s u l t s and D i s c u s s i o n 

In a previous paper1) we reported that the fluorescence 
spectrum of a DCzP(a) film seems to be composed of 
three components, monomer-like, second excimer (vmax : 
ca. 26700 cm- 1 ) , and sandwich-like excimer (vm a x : 

23900 cm - 1 ) fluorescences, while a DCzP(c) film seems 
to show the monomer-like and second excimer fluores­
cences. 

The presence of the second excimer and monomer 
fluorescences was supported also by the investigation 
of the temperature dependence of the fluorescence 
spectrum of a DCzP(a) film. As is shown in Fig. 1, 
the intensity of the second excimer fluorescence of a 
PVCz film increased with a decrease in the temperature, 
showing that the second excimer site is a shallow trap 
and acts more effectively as a t rap at low temperatures. 
This is consistent with the results obtained by the 
investigation of the excitation-energy-migration.4) The 
temperature dependence of the fluorescence spectrum 
of a DCzP (a) film was similar to that of a PVCz film, 
as is shown in Fig. 2. In the case of a DCzP(a) film, the 
structure band in the shorter-wavelength region, which 
appears with an increase in the temperature, is the 
monomer fluorescence, which increases with a decrease 
in the concentration of the t rap sites. 

By the doping of perylene, TCB, and D M T P , the 
host fluorescence decreased. The fluorescence spectra 
of DCzP (a) films doped with various concentrations of 
D M T P are shown in Fig. 3. The fluorescence in the 
longer-wavelength region (vm a x : 21620 cm-1) is at t r ib­
utable to the exciplex formed between D M T P and an 
excited Cz chromophore. The dipole-dipole resonance 
cannot be responsible for the energy transfer to TCB 
and D M T P , because these guest molecules have no 
absorption in the wavelength region where the fluores-

Fig. 1. Temperature dependence of the fluorescence 
spectra of a PVCz film. Excitation wavelength; 330 
nm. (1) 121 K, (2) 140 K, (3) 163 K, (4) 187 K, (5) 
210 K, and (6) 234 K. 
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Fig. 2. Temperature dependence of the fluorescence 
spectra of a DCzP(a) film. Excitation wavelength; 
330 nm. (1) 129 K, (2) 144 K, (3) 163 K, (4) 192 K, 
(5) 213 K, and (6) 236 K. 
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Fig. 3. Fluorescence spectra of DCzP(a) films doped 
with DMTP at room temperature. Excitation wave­
length; 335 nm. DMTP concentration; (1) 0, (2) 
3.54X10-4, (3) 8.85X10-4, (4) 1.80X10"3, (5) 3.02X 
10-3, and (6) 8.85 xlO" 3 (mol/mol basic unit). 

cense of the host film is observed. Therefore, the random-
hopping model of monomer-exciton migration, in which 
both the intrinsic t rap site and the guest molecule act 
competitively as exciton traps, is applicable. Then, 
the quenching factor of the host fluorescence, QKi is 
expressed by the following equation:4»5) 

&H = (7HO-7H) /7H = nc/(l+ncT) = n'c, (1) 

where J?HO and ^H are the quan tum efficiencies of the 
host fluorescence in the absence and in the presence 
of the guest molecule in a concentration of c (mol/mol 
basic unit) ; n and n' are the numbers of Cz chromophores 
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covered by an exciton during the lifetime in the absence 
and in the presence of the intrinsic trap sites (second 
and sandwich-like excimer sites) in a concentration of 
cT (mol/mol basic unit) . The quenching factor of 
monomer fluorescence, Q,M, is expressed by 

ÛM = WT- (2) 

The bilogarithmic plots of ££H and c gave a straight 
line with a slope of 1.0. The values of n were obtained 
from the lines according to Eq. 1; they are listed in 
Table 1. The value of n' is dependent on the guest 
molecule. In the case of perylene, an energy migration 
with a subsequent long-range energy transfer seems 
to be observed.6) This is why the value of n' for perylene 
is larger than those for the others. 

In the case of polymer film, where no monomer 
fluorescence was observed, Qj&^\, as has previously 
been reported.4 '5) Therefore, Q,H=C/CT. Then, cT=\ln'. 
Although ££M could not be obtained for a DCzP(a) film, 
the value of £T for the film seems to be smaller than 1/rc'. 
The values of cT are also listed in Table 1. 

T A B L E 1. ENERGY TRANSEFR BY THE EXCITON-

DIFFUSION PROCESS 

cTx 10a 

No. Host Guest n' (mol/mol 
basic unit) 

PVCz 
PCzEVE 
DCzP(a) 
PVCz 
PCzEVE 
DCzP(a) 
PVCz 
PCzEVE 
DGzP(a) 

Perylene 
Perylene 
Perylene 
TCB 
TCB 
TCB 
DMTP 
DMTP 
DMTP 

1200 
3700 
5900 
690 

2000 
3600 
420 

2900 
1300 

0.83 
0.27 

< 0 . 1 7 
1.4 
0.50 

< 0 . 2 8 
2.4 
0.34 

< 0 . 7 7 

Concerning amorphous films, the value of cT increases 
in the following order, irrespective of the guest molecule, 
except for PCzEVE film doped with D M T P : DCzP(a) < 
P C z E V E < P V C z . T h a t is, the concentration of the 
t rap sites for a DCzP(a) film is smaller than that for a 
PVCz film and that for a PCzEVE film, where it is 
difficult for Cz chromophores to form the intrinsic trap 
sites because of the large distance between neighboring 
Cz chromophores. This suggests that the excimer sites 
in a polymer film are formed with greater ease than the 
excimer sites in an amorphous film of the model com­
pound, even if Cz chromophores arc widely spaced on 
the skeletal chain. 
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Synopsis. Two charge-transfer complexes of a,a,a',a'-
tetracyanodiphenoquinodimethane (TCNDQ), i.e., iV-meth-
ylphenazinium (NMP)-TCNDQ and iV-methylquinolinium 
(NMQ)-TCNDQ, were synthesized. The electrical resistivi­
ties with pressed pellet samples were 7.1 X 108 Q cm for NMP+-
TCNDQr and 6.9X 107 Q cm for NMQ+TCNDQ-; they are 
thus much less conductive than the corresponding T C N Q 
complexes. 

Great attention has been paid to the high electrical 
conductivities of tetracyanoquinodimethane ( T C N Q ) 
complexes.1) The highly conductive properties of T C N Q 
complexes were analysed by means of the Hubba rd 
model.2) I t was suggested that a large transfer integral 
(t) and a small Coulomb repulsion energy (£/eff) are 
needed for high conductivity. The large t is realized by 
the large overlap of the 7z-electron cloud between 
adjacent T C N Q anion radicals, and the small Z7eff 

by the distant location of cyano groups in T C N Q and 
also by the polarization stabilization caused by the 
donor cation. 

NCk 

N C 

/CN NCX /==-
= C G = 

= x /CN 

TCNQ 
^CN NC^ \ = ' 

TCNDQ 
\CN 

The separation of cyano groups in tetracyanodi-
phenoquinodimethane ( T C N D Q ) is greater than in 
T C N Q , thereby possibly resulting in a smaller Z7eff 

than in T C N Q . Thus , the T C N D Q complexes are 
expected to be good candidates for highly conductive 
organic materials. However, no electrical property is 
known for T C N D Q . 3 ) We have synthesized two 
complexes, N-methylphenazinium ( N M P ) - T C N D Q and 
N-methylquinolium ( N M Q ) - T C N D Q , and measured 
their electrical resistivities, electronic absorption spectra, 
and ESR spectra. 

R e s u l t s a n d D i s c u s s i o n 

Synthesis of Na+TCNDQj. N a + T C N D Q - has 
usually been synthesized through several step-reactions 
starting from 4,4'-bis(bromomethyl)biphenyl (1).3> 
However, the yield of 1 was low (4%),4) thus limiting 
the total yield of N a + T C N D Q - . O n the other hand, 
the yield of 4,4 /-bis(chloromethyl)biphenyl (2)5> was 
much higher (60%).4> We succeeded in obtaining 
4,4 /-bis(cyanomethyl)biphenyl (3) (the second step 
material for the synthesis of Na+TCNDQf) from 2 
(50% yield). Thus , 2 should be used as a starting 
material for the synthesis of Na+TCNDQf. We also 
tried another route for the synthesis of TCNDQ/ . 

H O - "V -OH 
H, 

Ni 
HO-< -OH 

4 

CrOâ 

o= :0 

5 

CH2(CN)a 

NCX 
C: 

NC/ 

,CN 
= C 

\CN 

NBS 
— / / — 

or NIS 
TCNDQ 

However, the at tempted dehydrogenation of 4,4'-bis-
(dicyanomethylene)- l , r-bicyclohexane (7) by N-
bromosuccinimide (NBS) or iV-iodosuccinimide (NIS) 
was unsuccessful, recovering only 7. 

Syntheses of NMP+TCNDQj and NMQ+TCNDQj 
Complexes. We have succeeded in obtaining 
N M P + T C N D Q r and N M Q + T C N D Q r by the following 
ion-exchange reactions : 

| || + | + Na+TCNDQ~ > 

6 H . l~ 

^N/N. 

\/w\x 

NMQ + TCNDQ- + Na+I" 

+ Na+TCNDQ~ • 

CH3 CH,sor 
NMP+TCNDQ- + Na+CH3S04 

We also tried other ion-exchange reactions of several 
systems, i.e., the te t rabutylammonium iodide-
N a + T C N D Q - , quinolinium iod ide -Na+TCNDQ- , and 
N, N, N', N'- te t ramethylbenzidinebromide-Na+TCNDQ" 
systems. However, all these systems gave polymer 8 : 

CN 

- - C -

CN 

CN\ 

GN/n 

8 

The at tempt to obtain the complex salt 
N a + T C N D Q - T C N Q by mixing the methanol solutions 
of N a + T C N D Q - and T C N Q also gave polymer 8. 

T A B L E 1. E L E C T R I C A L R E S I S T I V I T I E S O F T H E P R E S S E D P E L L E T 

SAMPLES OF T C N D Q AND T C N Q COMPLEXES 

TCNDQ a ) TCNQ a ) 

Na 
NMP 
N M Q 

3 . 3 x l 0 3 b ) 

7 .1x10 s 

6 . 9 x l 0 7 

3 . 0 x l 0 4 d ) 

5 . 0 x l 0 - l c ) 

1 .0x l0 7 d ) 

a) Q cm. b) Ref. 3. c) Ref. 10. d) Ref. 11. 
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3 

<ü 
ü 

^2 

Wave number/103 cm - 1 

Fig. 1. Electronic absorption spectra of TCNDQ com­
plexes. Na+TCNDQ- (in acetonitrile solution); 

Na+TCNDQr (KBr) ; NMP+TGNDQr 
(KBr); NMQ+TCNDQ- (KBr). 

Properties of NMP+TCNDQ- and NMQ + TCNDQ-
Complexes. Table 1 shows the electrical resistivities 
of the pressed pellet samples of N a + T C N D Q r , 
N M P + T C N D Q - , and N M Q + T C N D Q r , together with 
those of the T C N Q complexes for the sake of comparison. 
Na+TCNDQf is one order of magnitude more conduc­
tive than N a + T C N Q r . However, N M P + T C N D Q r and 
N M Q + T C N D Q f are much less conductive than the 
corresponding T C N Q , complexes. Although we have 
no cristallographie data of T C N D Q , complexes, one 
possibility is that the six-membered rings in T C N D Q 
may not be co-planar, thus leading to the poor 
conductivity. 

The electronic absorption spectra of N a + T C N D Q - , 
N M P + T C N D Q r , and N M Q + T C N D Q - , as measured 
by the KBr disk method, are shown in Fig. 1. The 
spectrum of N a + T C N D Q - in an acetonitrile solution 
is also shown in this figure. The solid-state spectrum of 
Na+TCNDQr" shows a broad absorption band peaking 
at 2 3 . 5 x l 0 3 c m _ 1 possibly ascribable to the local 
excitation band of T C N D Q - . The 12000 cm" 1 band 
may be a charge-transfer band between adjacent 
T C N D Q anion radicals in the crystal. Thus , the 
interaction between T C N D Q anion radicals in 
N a + T C N D Q - is expected to be large, suggesting the 
stacking structure of the anion site. N M P + T C N D Q -
and N M Q + T C N D Q " also have two absorption bands in 
the I R and VIS regions, although in the latter spectrum 
the peak position of the lower energy band is not clear. 

The ESR spectra of the powdered N a + T C N D Q - , 
N M P + T C N D Q - and N M Q + T C N D Q - showed strong 
single-line signals, with g-values of 2.003. 

E x p e r i m e n t a l 

Measurements. The electrical resistivity of the compac­
tion sample was measured by means of a Takeda-Riken 8651 
electrometer. The details of the measurements have been 
described before.6) The electronic absorption spectra were 

measured by means of a Shimadzu MPS 50 L apparatus. 
The ESR spectra were measured by means of a Japan 
Electric Optics Laboratory Co., Ltd., JES-ME 2X apparatus. 

Materials. 4,4'-Bis(cyanomethyl)biphenyl (3) : The title 
compound was synthesized by the same procedure as that 
used in the synthesis of l,4-bis(cyanomethyl)-2,5-diisopropyl-
benzene.7) 

4,4'-Bis(dicyanomethylene)-l,r-bicyclohexane (7): The starting 
material, 1, r-bicyclohexane-4,4'-dione was synthesized accord­
ing to the literature.8) 1, r-Bicyclohexane-4,4'-dione (6g), 
malononitrile (11.5 g), ammonium acetate (0.8 g), and acetic 
acid (2.4 ml) were added to benzene (80 ml) in a reaction 
vessel, and then the mixture was refluxed using a water 
separator until no water came out. The precipitate was 
collected, washed several times with water, and finally washed 
with ethyl acetate. The white powder product was dried 
under a vacuum to obtain 4,4'-bis(dicyanomethylene)-1,1 '-bi-
cyclohexane (7) (6 g, 67%); mp 229—231 °C; Found: C, 
74.55; H, 6.17; N, 19.29%. Calcd for C18H18N4: C, 74.49; 
H, 6.20; N, 19.31%. IR (KBr) 2200 (G=N), 1580 cm-1 

(G=C). 
NMP+ TCNDQ- and NMQ+ TCNDQ-. Na+TCNDQ-

(100 mg)3) was dissolved in methanol (100 ml), and the solu­
tion was filtered. To the filtrate we then added a methanol 
solution of iV-methylphenazinium methylsulfate or JV-methyl-
quinolinium iodide (50% excess molar ratio) from the 
dropping funnel under a nitrogen atmosphere and at the 
room temperature. The solution was then stirred for an 
additional 2 h under a nitrogen atmosphere. The precipitate 
(powder) was collected and washed with diethyl ether. 
NMP+TCNDQ,-: Found:9) C, 76.32; H, 3.85; N, 17.15%. 
Calcd for C31H19N6: C, 78.32; H, 4.00; N, 17.68%. NMQ+-
TCNDQr: Found:9) C, 78.04; H, 4.22; N, 16.51%. Calcd 

C, 79.25; H, 4.25; N, 16.13%. 
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Synopsis. In a TEA C 0 2 laser-induced reaction of 
1,1-dichloroethane, the relative quantities of the products, 
C2H2 and C1HC=CH2, were found to vary with the laser 
wavelength, indicating that the C2H2 molecules are produced 
by two processes, directly and indirectly from C12HC-CH3 

within the duration of a single laser pulse. 

There have been a number of investigations demon­
strating that infrared laser-induced reactions differ from 
thermal reactions. However, their reaction processes and 
mechanisms have not been elucidated. In a previous 
paper, we reported on T E A C 0 2 laser-induced photo-
reactions of chloroethylene and chlorinated ethanes. 1> 
The experimental results for chlorinated ethanes have 
shown that rather larger amounts of acetylene than 
their thermal reaction products were obtained in 
addition to the major product of ethylene or chloro­
ethylene. The acetylene may be produced by the 
following two processes, the direct process and the 
indirect 2-step process : 

(a) The C2H2 molecules are directly produced from 
the ethane derivative by the irradiation of a single 
laser pulse. 

(b) In the first process of the reaction, C 2H 4 or its 
chlorine derivative is produced; a subsequent infrared 
laser reaction of those molecules gives rise to the produc­
tion of the C2H2 molecule. 
In the previous study, no quantitative discussions of 
these reaction processes were made. Since the C1 2 HC-
C H 3 molecule has infrared absorptions at the wave-
engths of four regions of the C 0 2 laser, i.e., at P and R 

branches of both the 9.4 [xm and 10.4 [xm bands, their 
wavelengths are 9.6 fjim, 9.3 [xm, 10.6 fjim, and 10.2 fxm 
respectively. The irradiation of one of these lasers 
gives rise to the production of C2H3C1 and C2H2 in 
various concentrations. The T E A C 0 2 laser-induced 
reaction of chlorine derivatives of hydrocarbons gives 
rise to the elimination of HCl from those molecules, and 
C2H3C1 molecules may be produced in the first stage 
of the present experiment. As the reaction product, 
C2H3C1, has no absorption at the wavelength of 9.3 [xm, 
the C2H2 molecule must be produced by the direct 
process in the 9.3 fxm laser-induced reaction. 

Recently we have made an analysis of the infrared 
laser-induced multiphoton dissociation of C2F3C1 by 
the phenomenological model calculation based on the 
Rice-Ramsberger-Kassel-Marcus statistical theory for 
unimolecular dissociation.2) We thus confirmed that 
the observed results were in good agreement with the 
calculation. Together with the theoretical analysis of 
the infrared multiphoton dissociation of the SF6 molecule 
by Grant et al.^ our analysis of the reaction of C2F3C1 
can help to understand the reaction mechanism of the 

infrared photochemistry of C1 2 HC-CH 3 . 
For a detailed analysis of the reaction mechanism, 

we have observed the relative yields of the reaction 
products of C2H3C1 and C 2H 2 by the irradiation of 
various C 0 2 laser lines; the analysis of the results 
enable us to understand the process of the production of 
C2H2 . 

The T E A C 0 2 laser used in the present experiment 
was described in a previous paper.1) The power output 
was about 1 J , with a pulse durat ion of 100 ns, its 
repetition rate being almost 1 Hz. For a selective 
oscillation of the appropriate line among the P and R 
branches of the 9.4 [xm or 10.4 fxm band, SF6 or C2H3C1 
gas of various pressures was introduced into a small 
cell in the laser cavity. A reaction cell was 50 m m in 
length and 20 m m in diameter. The sample gas in the 
reaction cell was irradiated by the laser pulse focused 
with a germanium lens of f—5 cm. The peak power 
of the laser at the focus was 1 GW/cm 2 when the laser 
of 1 J was used. The pressure of the sample gas was 10 
Torr . 

The relative amounts of the products obtained by the 
infrared photoreaction induced by the various branches 
of the C 0 2 laser with the same power output of 500 
m j are listed in Table 1. The experimental results 
for the P branch of 10.4 [xm band is not shown here, 
because the absorption at the wavelength of this region 
is weak for this molecule, and hence the yield of the 
reaction is relatively small. 

The total amounts of the products, C2H3G1 and 
C2H2 , depend upon the laser line used in the reaction, 
the yield being greatest for the 9.6 fxm laser and least 
for the 9.3 p laser; the ratio of the yields is 48 : 100: 22 
for the 10.2 [xm, 9.6 [xm, and 9.3 [xm lasers respectively. 

The ratio of the C2H3C1 to the C2H2 were determined 
to be 5 5 : 4 5 , 72 :28 , and 8 0 : 2 0 respectively in the 
products of 10.2 [xm, 9.6 [xm, and 9.3 [xm laser reactions. 
As was described above, the productions of the C2H2 

TABLE 1. RELATIVE QUANTITIES OF MOLECULES PRODUCED BY 

THE INFRARED PHOTOREACTIONS OF C 1 2 H C - C H 3 INDUCED 

BY VARIOUS BRANCHES OF THE COO LASER 

Laser wavelength 

Relative quantities of 
products 

% of products 

CoH3Cl 

C 2 H 2 

% of C 2 H 2 produced by 

(1) direct process 

(2) 2-step process 

10.2 [xm 

48 

55 

45 

20 

25 

9 .6 [im 

100 

72 
28 

20 

8 

9 .3 [xm 

22 

80 

20 

20 

0 
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molecules in the present experiment can be brought 
about by the two processes, the direct and indirect ones. 
I t is appropriate to define the present classification of 
the reaction more rigidly. The infrared laser action 
gives rise to the cleavage of the C-Cl bond, producing 
the ClHC-CHg radical in an quasicontinuum state 
when the vibrational quan tum number, v, is larger than 
3. The interaction between CI and the C 1 H C - C H 3 

radicals eliminates the H atom from the latter, resulting 
in the production of the C1HC=CH2 molecule in 
various vibrational states. The C1HC=CH2 molecules 
in the quasicontinuum state can absorb infrared lasers 
of any frequency. Though the C1HC=CH2 molecules 
in the ground state have no absorption at the 9.3 (Jim 
line of the C 0 2 laser, the molecule in the quasicontinuum 
state absorb its infrared laser. Hence, if the laser field 
is still present for a sufficiently long t ime after the 
formation of the C1HC=CH2 molecule in the quasi­
continuum state, these molecules can readily absorb 
additional photons and the subsequent reaction may 
occur, producing the C2H2 molecule. The reaction 
process presented here is the direct production of the 
G2H2 . 

O n the other hand, the indirect process is defined as 
the 2-step reaction in which the C2H3C1 molecules in 
the vibrational ground state or the discrete vibrational 
level (generally its vibrational quan tum number y<C3) 
are produced at the first stage of the reaction, and the 
successive absorption of the laser by C2H3C1 molecules 
gives rise to the reaction of these molecules. However, 
in the 9.3 (Jim laser-induced reaction of C1 2 HC-CH 3 , 
the indirect process is prohibited, because the C2H3C1 
molecule in the ground state or in the discrete levels 
(lower vibrational state) cannot absorb the 9.3 fxm laser 
radiation. I t is suggested, therefore, that all of the 
C 2H 2 molecules, 2 0 % of the products, were produced 
directly from C1 2 HC-CH 3 when the 9.3 [xm laser was 
used. 

For the laser reaction of the 10.2 (Jim or 9.6 (Jim line, 
the rates of the C 2 H 2 in the total amount of the products 
were 4 5 % and 2 8 % respectively. If we assume that 
the direct process in the 10.2 fjun or 9.6 [xm laser-
induced reaction produces the same rate of the C 2H 2 

as in the reaction of the 9.3 [im laser, the differences 
in the proportions of C 2H 2 between the reactions 
induced by the former lasers and the latter, (45—20) % 
and (28—20) %, are the proportions of the indirectly 
produced C2H2 by the 10.2 (xm and 9.6 {Am lasers 
respectively. The ratio of the amounts of C2H2 produced 
by the 2-step process with the 10.2 fjun laser and that 
of the 9.6 (jun laser is 0.25/0.08 = 3.1, while the ratio 
of the amounts of C 2H 2 produced from C2H3C1 by the 
10.2 fxm laser and the one produced by the 9.6 (Jim 
laser irradiation was 2.8. These values are almost 

equal, supporting our assumption presented here. 
The relative concentrations of the C2H3C1 and C2H2 

products were unaffected even when the repetition rates 
of the laser pulse were varied from 1 Hz to 0.1 Hz. In 
the latest repetition of the laser, the time interval of 
the two pulses is 10 s; therefore, the molecules, which 
have been dissociated by the first pulse at around the 
focus of the lens, may diffuse from this region before 
the second pulse is irradiated. This indicates that the 
2-step reaction, C12HC-CH3->G1HC=GH2->C2H2 , may 
occur within a very short duration of 100 ns of the single 
laser pulse. 

The conclusion derived above is supported by the 
theoretical analysis of the multiphoton dissociation, 
which has recently been applied to the 9.4 (Jim laser-
induced chemical reaction of C2F3C1. O u r model 
calculation of the infrared photochemistry of C2F3C1 
showed that if the rectangular pulse of 500 m j with a 
100 ns duration was employed, the following results 
were obtained: 

1) Almost 8 0 % of the molecules dissociate within 
50 ns. 

2) The decomposed molecules or radicals have 
excess energy in the range of v=8—16, the maximum 
distribution being in v—12. The average energy 
distribution in these molecules or radicals depends on 
the power output of the exciting laser. 
These results have been obtained from the model 
calculation of the reaction yield for the 9.4 (jim laser-
induced photodissociation of C2F3G1. It should be 
mentioned that the qualitative aspect of the infrared 
multiphoton reaction of any molecule can be deduced 
from the consideration presented here. The experimental 
results of the T E A C 0 2 laser-induced reaction of 
C1 2 HC-CH 3 suggest that its reaction process is similar 
to that of C2F3C1. 

It may be concluded that the C2H2 molecules, 2 0 % 
of the total products of the C 0 2 laser-induced photo­
chemistry of C1 2HC-CH 3 , are directly produced from 
the parent molecule, another part of the C2H2 being 
produced by the 2-step process within the time duration 
of the single laser pulse. 

This research was supported partly by a Grant-in-Aid 
from the Ministry of Education, Science, and Culture. 
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Synopsis. ESR or ENDOR spectra were observed 
for the 2,6-di-£-butyl-4-methyl-, 4-ethyl-, 4-isopropyl-, and 
4-cyclohexylphenoxyl radicals. From the analyses of the 
temperature dependence in /?-proton splittings, the energy 
barriers to internal rotation of the alkyl group were estimated. 

For a number of aromatic radicals, the restricted 
rotation of an alkyl group has been extensively studied 
by using ESR spectroscopy1) and the rotational barrier 
of an alkyl group has been estimated based on the 
statistical procedure of observed /S-proton splitting and 
its temperature dependence, in terms of the cos2ö rule.2) 

In previous papers,3) the hindered rotation of the 
alkyl groups in the 4,4'-dialkybiphenyl anions was 
studied in detail. One interesting view is the fact that 
the secondary alkyl groups are likely to undergo a 
restricted rotation in a double-well potential function. 
In this work, the hindered internal rotation of the alkyl 
groups in the 2,6-di-£-butyl-4-alkylphenoxyl radicals 
was studied in order to affirm the validity of applying 
the ESR approach to the study on the restricted rotation 
of an alkyl group. The results obtained have been 
compared with those for the 4,4'-dialkylbiphenyl anions 
previously studied.3) 

E x p e r i m e n t a l 

General. The melting points and boiling point are 
uncorrected. The ESR and ENDOR spectra were recorded 
by JEOL-ME-3X and JEOL-EDX-1 spectrometers respec­
tively. The operating conditions were similar to those des­
cribed elsewhere.4) 

Materials. The 2,6-di-^-butyl-4-methylphenol is 
commercially available. The other 2,6-di-/-butyl-4-alkylphe-
nols were prepared by the method previously described.5) 
2,6-Di-*-butyl-4-ethylphenol: bp 105— 110°C/5 Torr (lit,5) 
135—138 °C/10 Torr), 2,6-di-*-butyl-4-isopropylphenol: mp 
38.0—38.5 °G (lit,6) 38—42 °G), 2,6-di-*-butyl-4-cyclohexyl-
phenol: mp 97.0—98.2 °G (lit,5) 98—99 °C). 

Each phenoxyl radical was prepared in vacuo by the oxida­
tion of the phenol with lead dioxide in toluene. 

Computations. The numerical computations were carried 
out on the HITAG 8700 system in the Hiroshima University 
Computing Center. 

R e s u l t s and D i s c u s s i o n 

The ESR spectra of the 2,6-di-£-butyl-4-methyl-
phenoxyl (Radical-I) ,7) 2,6-di-/-butyl-4-ethylphenoxyl 
(Radical-II),7) 2,6-di-/-butyl-4-isopropylphenoxyl 
(Radical-Ill) ,8) and 2,6-di-£-butyl-4-cyclohexylphenoxyl 
(Radical-IV)9) radicals were observed. The E N D O R 
spectra of I I I and IV were measured in the temperature 
range from - 1 0 0 °C to - 6 0 °G. 

The proton hyperfine coupling constants of these 
radicals, measured under the identical conditions, are 
summarized in Table 1. The alkyl /?-proton splitting 
{At) of each radical was precisely measured as a func­
tion of the temperature. The /S-proton splittings for 
I I , I I I , and I V show a large temperature dependence 
(see Fig. 1). In addition, the experimental results in­
dicate that both Ai'Bn and A% remain almost unchanged 
upon the variation of the temperature and that no 
important deviations of these coupling constants can 
be detected for these radicals. 

As has been explained in detail in previous works,3) 
the /S-proton splitting at any temperature was calculated 
by using following equations:10) 

A J = Bpftcos* By 6 = a + 0o (1) 

TABLE 1. PROTON HYPERFINE COUPLING CONSTANTS OF 

THE 2,6-DI-/-BUTYL-4-ALKYLPHENOXYL RADICALS (G) 

Alkyl A* AÏ Ai 

Methyla> ESR — 
Ethyl ESR 0.06 
Isopropyl ENDOR 0.07 
Cyclohexyl ENDOR 0.08 

1.63 
1.60 
1.66 
1.60 

— 
— 

0.38 
0.60,0.47 

11.22 
8.21 
4.05 
4.09 

The observed temperature is —60 °C. a) At —45 °G. 

5. 

-100 -80 -60 -40 

t/°C 

Fig. 1. Temperature dependence of the ß-proton split­
tings observed with the 2,6-di-/-butyl-4-alkylphenoxyl 
radicals. I : Methyl, I I : ethyl, I I I : isopropyl, IV: 
cyclohexyl. 

• > • , • > • ; ESR data, Q 9 A ; ENDOR data. 
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<cos2 0> 
E < & ( « ) | c o s 2 (a + ö 0 ) | ^ (a )>c- '< /* r 

t = 0 _ _ _ _ _ _ _ _ _ _ _ 

(ÄV2/)(dVt/da») + [F(a) - £_& = 0 

(2) 

(3) 

w h e r e />_" is t h e s p i n dens i t y a t t h e ^ - p o s i t i o n a n d w h e r e 
0 is t h e so-ca l led d i h e d r a l a n g l e . T h e v a l u e of Bp\ was 
e s t i m a t e d to b e 2 x 1 1 . 2 0 G f rom t h e m e t h y l p r o t o n 
s p l i t t i n g of I . A free r o t a t i o n is a s s u m e d for t h e m e t h y l 
g r o u p , b e c a u s e t h e m e t h y l p r o t o n sp l i t t i ng shows n o 
d e t e c t a b l e c h a n g e t h r o u g h o u t t h e e n t i r e t e m p e r a t u r e 
r a n g e . T h e m o m e n t of i n e r t i a , / , of t h e m o l e c u l a r 
f r a g m e n t , A r - R , c a n b e c a l c u l a t e d t o b e 5 .0 , 8 .8 , a n d 
17 ( X l 0 - 3 9 ) g e m 2 for I I , I I I , a n d I V respec t ive ly . 

W i t h re fe rence to t h e r o t a t i o n a l func t ions of t h e a lky l 
g r o u p s for t h e 4 , 4 ' - d i a l k y l b i p h e n y l an ions , 3 ) w h e r e t h e 
s te r ic fac tor a f fec t ing t h e r o t a t i n g a lkyl g r o u p s w o u l d 
b e i d e n t i c a l w i t h those c o n s i d e r e d for t h e a l k y l p h e n o x y l 
r a d i c a l s , t h e p o t e n t i a l b a r r i e r , V(<x)9 of e a c h a lky l ­
p h e n o x y l ha s b e e n a s s u m e d as fol lows. F o r t h e e t h y l 
g r o u p , t h e p o t e n t i a l func t ion , V(<x), is a p p r o x i m a t e l y 
t h e two-fold p o t e n t i a l ( E q . 4 ) , a n d for t h e i s o p r o p y l 
a n d cyc lohexy l g r o u p s , w i t h a d o u b l e - w e l l p o t e n t i a l , 
w h e r e i n o n e of t h e m i n i m a lies h i g h e r i n e n e r g y ( E q . 5) : 

V(a) = (F 0 /2)(( l - c o s 2a) 

3 

V(a) = F „ 2 f l i cos 2ia 

a0 = (1/18)(9 _/K,.+ 4) a, = - 4 / 9 

(4) 

(5) 

a2
 : -2/9 a 8 = ( l / 1 8 ) ( 8 - 9 F m / F „ ) 

I n E q . 4 , V0 is t h e e n e r g y d i f ference b e t w e e n t h e lowest 
p o t e n t i a l s t a t e (a) a n d t h e h ighes t o n e ( b ) , as d i s p l a y e d 
i n F i g . 2 . I n E q . 5 , VQ a n d Vm a r e t h e e n e r g y differences 
b e t w e e n t h e lowes t p o t e n t i a l a t s t a t e (c) a n d t h e h ighes t 
o n e a t s t a t e ( d ) , a n d b e t w e e n t h e lowes t o n e a t s t a t e (c) 
a n d t h e m e d i u m o n e a t s t a t e (e ) , r e spec t ive ly , as is 
i l l u s t r a t e d i n F i g . 2 . A t t h e m o s t s t ab l e c o n f o r m a t i o n , 
e a c h of t h e e q u i l i b r i u m d i h e d r a l ang l e s , 00, is e q u a l 
to JZ/3, n\2, a n d n\2 for I I , I I I , a n d I V respec t ive ly 
(see F i g . 2 ) . T h e H a m i l t o n i a n m a t r i x <Ci\#P\$^> was 
d i a g o n a l i z e d b y e x p a n d i n g t h e w a v e func t ion i n t o a 
F o u r i e r ser ies . 

W e h a v e c a l c u l a t e d t h e t e m p e r a t u r e d e p e n d e n c e of 
t h e < c o s 2 ö > as a f u n c t i o n of t h e p o t e n t i a l b a r r i e r s , 
V0 a n d Vm, for these r a d i c a l s . T h e bes t a g r e e m e n t 

(A) Me H 

H ^ ' H ""'/ Me" 
aromatic 

plane 

(a) (b) 

(B) 

-H-

• Me H 

(C) 

Me' 

Me 
Me 

aromatic 
plane 

Me 

(d) (e) 

Fig. 2. Conformations of the alkyl groups in the 2,6-di-
£-buty 1-4-alky lphenoxy 1 radicals. 
A : Ethyl, B : isopropyl, and cyclohexyl. 

T A B L E 2. T H E VALUES OF ROTATIONAL BARRIERS FOR THE 

2,6-DI- / -BUTYL-4-ALKYLPHENOXYL AND 4 ,4 ' -DIALKYL-

BIPHENYL ANION RADICALS ( k c a l / m o l ) 

Alkyl < c o s 2 0 > 

Phenoxyl 
ethyl 0 .37 (at - 6 0 °G) 1.1 — 
isopropyl 0 .18 (at - 60 °C) 1.6 0 .7 
cyclohexyl 0 .18 (at - 60 °C) 1.6 0 .7 

( ethyl 0 .36 ( a t - 9 0 °C) 1.0 — 

anion i s o p r o p y l 0 2 1 ( a t - 8 5 °C) 1.2 0 .5 
i cyclohexyl 0 .20 (at - 85 °G) 1.2 0 .6 

Non-bonded 
interaction 
energy3 

ethyl 

isopropyl 
1.3 — 

1.4 0 .7 

b e t w e e n t h e c a l c u l a t e d a n d e x p e r i m e n t a l t e m p e r a t u r e 
d e p e n d e n c e s of < c o s 2 ö > is o b t a i n e d w i t h t h e cho ice 
of F 0 = l . l , F 0 = 1 . 6 , F m = 0 . 7 , K 0 = 1 . 6 , a n d F m = 0 . 7 
k c a l / m o l as t h e p a r a m e t e r s for I I , I I I , a n d I V respec­
t ive ly . T h u s , e a c h p o t e n t i a l b a r r i e r o b t a i n e d for t h e 
p h e n o x y l r ad i ca l s co inc ides w i t h t h e o n e for t h e 4 ,4 ' -
d i a l k y l b i p h e n y l a n i o n s , f u r t h e r m o r e , these va lues a g r e e 
w i t h those o b t a i n e d f rom t h e c a l c u l a t i o n of t h e n o n -
b o n d e d i n t e r a c t i o n b e t w e e n t h e r o t a t i n g a lkyl g r o u p 
a n d t h e a r o m a t i c p ro tons 3 ) (see T a b l e 2 ) . 

F r o m t h e a b o v e resu l t s , w e c o n c l u d e d t h a t t h e e thy l 
g r o u p a t t a c h e d to t h e b e n z e n e r i n g m a y u n d e r g o a 
r e s t r i c t ed r o t a t i o n i n t h e two-fold p o t e n t i a l , w h i c h has 
a b a r r i e r h e i g h t of 1.0—1.2 k c a l / m o l , a n d t h a t t h e 
r o t a t i o n of i s o p r o p y l a n d cyc lohexy l g r o u p s res t r i c ted 
in a d o u b l e - w e l l p o t e n t i a l , w h i c h h a s , as p o t e n t i a l 
b a r r i e r h e i g h t s , V0= 1.2—1.6 a n d Vm=-0.6—0.7 kca l / 
m o l . T h e s e resu l t s , f u r t h e r m o r e , sugges t t h a t t h e 
r o t a t i o n a l b a r r i e r of t h e a lky l g r o u p is m a i n l y d u e to 
t h e s te r ic r e p u l s i o n b e t w e e n t h e r o t a t i n g a lkyl g r o u p 
a n d t h e n e i g h b o u r i n g a r o m a t i c r i n g p r o t o n s i n t h e case 
of b o t h a n i o n a n d n e u t r a l free r a d i c a l s . 
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Reduction of Transition-metal Salts by iV-Propyl-l,4-dihydronicotinamide 
Tadashi OKAMOTO,* Atsuyoshi OHNO, and Shinzaburo OKA 

Institute for Chemical Research, Kyoto University, Uji 611 
(Received May 18, 1979) 

Synopsis. It was found that iV-propyl-1,4-dihydro-
nicotinamide reduces bis(benzonitrile)dichloropalladium, pal­
l a d i u m ^ ) acetate, and chlorides of rhodium(III), platinum-
(IV), and ruthenium(III) smoothly in organic solvents 
affording a facile method for the preparation of low valent 
catalysts in situ. 

Many reagents are known to reduce high valent 
transition-metal salts to metals or metal complexes of 
lower oxidation state, typical ones being metal hydrides, 
alkylmetals, ethanolic potassium hydroxide, metals, and 
hydrazine.1^ They are used for the preparat ion of low 
valent transition-metal catalyst. Mild reducing agents 
not attacking other organic molecules in the system are 
desirable in the preparation of a catalyst in situ. Zinc 
powder is a mild reductant but its heterogeneity often 
gives irreproducible results. W e would like to report 
that a well-known 1,4-dihydropyridine derivative, mild 
and soluble in organic solvents, behaves as an effective 
organic reductant of some transition-metal salts. 

Palladium(II) acetate and bis (benzoni true) dichloro-
palladium were reduced to pal ladium metal by N-
propyl-l,4-dihydronicotinamide (PNAH), but not phos-
phine complexes of pal ladium(II) such as dichlorobis-
(triphenylphosphine) palladium (I I) or dichloro-l,2-bis-
(diphenylphosphino)ethanepalladium(II). This might 
suggest that the dissociation of a ligand(s) is essential 
for the reaction. Plat inum(IV) chloride and ruthenium-
(III) chloride were reduced to plat inum (I I) and 
ruthenium (I I ) , respectively. No reduction was observed 
for copper(I) chloride, nickel(II) acetate, or i ron(II) 
nitrate.2) For iron(II) chloride and cobalt(II) nitrate, 
change takes place in the spectrum in methanol in 
contrast to the case in water.3) Attempt to identify 
the product was unsuccessful. A complex (or salt) of 
PtCl4(PNA+)2 was isolated ( 6 5 % yield) by the reduction 
of plat inum(IV) chloride hydrate. 

In the presence of triphenylphosphine, which stabilizes 
the low oxidation state of transition metals, reduction by 
PNAH gives low valent complexes such as chlorotris-
(triphenylphosphine) rhodium (I) (87%) and tetrakis-
(triphenylphosphine)palladium(0) (63 % ) . 

Lutidine 
RhCl3 .3H20 + PNAH • 

PCi8H1 6 

RhCl(PC18H15)3 + PNA+ 

This procedure affords a facile method for the prepara­
tion of catalytically active low valent transition-metal 
complexes in situ because the reagent is insensitive to 
air and moisture, not attacking organic compounds 
except activated carbonyl compounds and cationic 
compounds.4) Since the standard reduction potential 

t Presented at the 35th National Meeting of the Chemical 
Society of Japan, Sapporo, August 1976. 

for P N A H is —0.387 V,5) reduction of metal ions or 
complexes with higher electrode potentials than the 
value could be achieved by this reagent. The resulting 
low valent complexes or metals were stable under the 
reaction conditions. P N A H did not attack chlorotris-
(triphenylphosphine) rhodium (I) even under reflux in 
ethanol. 

E x p e r i m e n t a l 

Changes of the spectra in the reactions were monitored with 
a Union Giken SM 401 spectrophotometer in organic solvents 
such as benzene, acetonitrile, ethanol, and methanol, which 
were purified by the usual manner. Products were identified 
by elemental analyses, NMR and IR. 

Reduction of Bis ( benzonitrile) dichloropalladium( II) or Palladium-
(II) Acetate. PNAH was added to a solution of the 
palladium species in order to precipitate black palladium 
powder quantitatively. 

Preparation of Tetrakis (triphenylphosphine)palladium (0). 
Palladium(II) acetate, 0.89 mmol, triphenylphosphine, 4.96 
mmol, and PNAH, 1.80 mmol were placed in a flask and 
deaerated. Benzene (30 cm3) and 2,6-lutidine (0.1 cm3) were 
injected into the flask and the solution was stirred overnight. 
The resulting precipitate was filtered off, the filtrate being 
concentrated and then treated with ethanol. Brown precipi­
tate was washed with ether to give tetrakis (triphenylphos­
phine) palladium (0), 648 mg (0.56 mmol, 63%), which showed 
a spectrum identical with that of the authentic sample (Found: 
G, 73.61; H, 5.28%). 

Preparation of Chlorotrisftriphenylphosphine) rhodium (I). 
A solution of rhodium(III) chloride hydrate, 0.38 mmol, 
triphenylphosphine, 1.53 mmol, PNAH, 0.42 mmol, and 
2,6-lutidine, 0.38 mmol in ether was stirred under nitrogen 
at room temperature for 2.5 h. The precipitate was collected 
and washed with 5 cm3 of ethanol, and with three portions 
of 5 cm3 of ether. After being dried under nitrogen, 305 mg 
(0.33 mmol, 87%) of the complex was obtained, which showed 
a spectrum identical with that of the authentic sample (Found: 
G, 69.42; H, 4.79%). 

Reduction of Platinum(IV) Chloride. Platinum(IV) 
chloride hydrate (0.12 mmol) was dissolved in 5 cm3 of metha­
nol, and a solution of PNAH (0.60 mmol) in 3.5 cm3 of 
methanol was added to the solution. After being stirred for 
3 h under nitrogen, the white precipitate was collected and 
washed with methanol to give 52 mg of PtCl4(PNA)2 (0.08 
mmol, 65%). Found: G, 31.85; H, 3.94; N, 8.12%. Galcd 
for G18H26N4Gl402Pt: G, 32.29; H, 3.92; N, 8.04%. IR(KBr) 
3390 (amide), 3195 (amide), 3060 (=G-H), 2940 (G-H), 1688 
(G=0), and 1618 (C=G) cm-1. 

Reduction of Other Salts. Experimental conditions were 
the same as in the case of PtCl4. Ruthenium (I I) chloride 
hydrate was reduced to blue Ru(II) which turned yellow 
(Run(NH3)4) in the presence of aqueous ammonia. No 
further attempt was made to isolate the product. Pink solu­
tion of cobalt(II) nitrate turned orange on addition of PNAH 
solution. The solution obtained was air sensitive but gave 
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no characteristic color of CoI(bipy)3 by the addition of 
2,2,-bipyridine.6> 

References 

1) L. Malatesta and S. Genini, "Zerovalent Compounds 
of Metals," Academic Press, London (1974), p. 77. 

2) Reduction of N0 3 ~ was not observed. 

E S [Vol. 52, No. 12 

3) A. Stoke, E. Sann, and G. Pfielderer, Ann, 647, 188 
(1961). 

4) Y. Ohnishi and A. Ohno, Kagaku No Ryoiki, 110, 57 
(1976). 

5) K. E. Taylor and J . B. Jones, / . Am. Chem. Soc, 98, 
5689 (1976). 

6) A. A. Vlcek, Nature, 180, 753 (1957). 



December, 1979] N O T E S 

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 52 ( 1 2 ) , 3 7 4 7 — 3 7 4 8 (1979) 

The Effect of Halo Ligand on the Rate of Hydrogénation of 
Coordinated Olefin in Dihydrido-olefin Complexes 

RhXH2(ol) (PPh3)2 (X=C1, Br, I) 
Yoshimi OHTANI,* Akihiko YAMAGISHI, and Masatoshi FUJIMOTO* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received November 18, 1978) 

3747 

Synopsis. The formation constant of RhXH2(ol)-
(PPh3)2 (ol=acrylonitrile or styrene, X=G1, Br, or I) and the 
rate of hydrogénation of coordinated olefin in RhXH2(ol)-
(PPh3)2 were determined. The effects of halo ligand on the 
equilibrium and rate constants showed a different trend for 
the two olefin complexes. 

Knowledge of the effect of halo ligand on the catalytic 
activity of Wilkinson's complex is necessary for under­
standing electronic factors of individual steps in the 
catalytic hydrogénation reaction (Scheme 1). 

1 RhX(PPh3)3 - ^ -RhXH2(PPh3)3 2 

*PPh3 
H» JV pph3 

3 RhX(ol)(PPh3)2 ^ -RhXH2(ol)(PPh3)2 4 

Hydrogénation 
of olefin 

Scheme 1. 

The effects of halo ligand and other tertiary phosphine 
ligand analogs were studied,1 - 3) but in most investiga­
tions only the overall rate of catalytic reactions were 
reported. Since both the complex formation constants 
and hydrogénation rate of coordinated olefin may vary 
with change of ligand, discussions based only on the 
observed rate constants of the overall reaction sometimes 
leave ambiguities. Thus, it is necessary to know the 
effects of ligands on the complex formation and on the 
rate of the hydrogénation of coordinated olefin, separate­
ly. In particular, information concerning a catalytically 
active intermediate (4) is required to elucidate the 
nature of Wilkinson's complex as a catalyst. 

Recently, we detected a catalytically active inter­
mediate, RhClH 2 (ol ) (PPh 3 ) 2 (ol = acrylonitrile or 
styrene), in benzene under anaerobic conditions.4 '5) 
Detection of the intermediate made it possible to 
determine accurately the equil ibrium and/or rate 
constants of the individual steps in Scheme 1. We have 
studied a bromo and an iodo complex in a manner 
similar to that for the chloro complex to elucidate the 
effects of halo ligand on each step composing the cata­
lytic reaction. 

The results are summarized in Table 1. The effects 
of halo ligand on equilibrium and rate constants differ 
largely for acrylonitrile and styrene. The values of KM 

(and also Ä"24), stability constants of dihydrido-olefin 

complex, increase in the order C l < B r < I for acrylo­
nitrile, and decrease in the order C l > B r > I for styrene. 
The difference might be at t r ibuted to that in the 
coordinating properties of the two olefins. The coordina­
tion of acrylonitrile, which has an electron-withdrawing 
cyano group, would decrease the electron density of 
rhodium atom. O n the other hand, the coordination 
of styrene, which has an electron-releasing phenyl 
group, would increase the electron density of rhodium. 
In the case of acrylonitrile, the iodo complex with the 
least electronegative ligand gives the largest stability 
of RhXH 2 ( ac ) (PPh 3 ) 2 . In the case of styrene, the 
chloro complex with the most electronegative ligand 
gives the largest stability of RhXH 2 ( s t ) (PPh 3 ) 2 . The 
most stable dihydrido-olefin complex would be formed 
by the halo ligand, which offsets the change in electron 
density of central rhodium atom induced by the coordi­
nation of olefin. 

As regards the effect of halo ligand on £45, it is 
concluded that the complex which has a larger value of 
KM gives the smaller value of A:45, a less stable dihydrido-
olefin complex having a larger rate constant for the 
hydrogénation of coordinated olefin. The rate of the 
migratory insertion of olefin into R h - H bond would 
be slowed down as the R h - H bond becomes strong. 

The effects of coordinated halo ligand on the stability 
constants of dihydrido-olefin complex may also be 
interpreted by the Dewar-Chatt-Duncanson model.6) 
Figure 1 shows tentative schematic diagrams of energy 
levels. The energy level of rhodium atom is taken to be 
consistent with the present experimental results. In the 
case of acrylonitrile complex, back-donation from 
rhodium atom to acrylonitrile would be predominant 
for the coordination of acrylonitrile, as the JZ* energy 
level of acrylonitrile lies near the highest occupied 

- 1 0 

RhXH2(PPh3)2 

styrene 

t Present address : The Institute of Physical and Chemical 
Research, Wako-shi, Saitama 351. 

acrylonitrile 

Fig. 1. A tentative energy level diagram. The energy 
levels of of rhodium are taken arbitarily so as to be 
consistent with the experimental results. 
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TABLE 1. EQUILIBRIUM AND RATE CONSTANTS OBSERVED 

[Vol. 52, No. 12 

X 

CI 
CI 

Br 
Br 

I 
I 

ol 

ac 
St 

ac 
St 

ac 
St 

^ 1 2 

mol_1 dm3 

2.1X104 

2.1x10* 

3.3X104 

3.3X104 

6 . 3 x l 0 4 

6.3X104 

^ 1 3 

0.22 
2.4X10-4 

0.20 
3.3X10-4 

0.19 
7.6X10-4 

K a) 

-^24 

3.7xl0-3 

3.7xl0-5 

1.2xl0-2 

«*1.7xl0-5 

2.1xl0-2 

^ l . i x i o - 5 

^ 3 4 

mol - 1 dm3 

3.5X102 

3.2X103 

1.9X103 

^ 1 . 9 x l 0 3 

7 . 0 x l 0 3 

^ 9 . 0 x l 0 2 

^ 3 4 

moi - 1 dm3 s_1 

1.5xl0 4 

— 

3.9xl04 

— 

3.2xl04 

— 

^43 

S"1 

43 
— 

21 
— 

4.6 
— 

^ 4 5 

s-1 

0.50 
2.7 

0.15 
^ 9 . 7 

0.050 
«*35 

ac=acrylonitrile and st=styrene. Ktj and ktJ denote the equilibrium and rate constants of the reactions 
from species i to species j , respectively, shown in Scheme 1. a) Calculated from K2i=KlsKsJK12. 

energy level of rhodium. Since the electron density of 
central rhodium atom increases in the order chloro<^ 
bromo<^iodo complex, the highest occupied energy 
level of rhodium atom would be the highest for iodo 
complex. The distance between n* energy level of 
acrylonitrile and the highest occupied energy level of 
rhodium would be the shortest for the iodo complex, 
RhXH 2 ( ac ) (PPh 3 ) 2 thus being the most stable for iodo 
complex. In contrast, donation from styrene to rhodium 
would be predominant for the coordination of styrene. 
RhXH 2 ( s t ) (PPh 3 ) 2 is the most stable when X = C 1 . 

In the case of acrylonitrile, the value of k45 was found 
to be 100 times as small as that of A:43 for all three halo 
complexes. I t should be noted that both Â:43 and A;45 

decrease in the same order Cl^>Br^>I. A:43 corresponds 
to the dissociation rate of hydrogen from the R h X H 2 -
(ac)(PPh3)2 complex, while £45 corresponds to the 
migratory insertion rate of coordinated olefin into 
R h - H bond in the same complex. I t is suggested that 
both reactions proceed through a similar activated state, 
where R h - H bond becomes weak. 

E x p e r i m e n t a l 

All measurements were carried out at 20db 1 °G in oxygen-
free benzene. Solutions of RhCl(ol)(PPh3)2 and RhBr(ol)-

(PPh3)2 were prepared as described.4) A solution of Rhl(ol)-
(PPh3)2 was prepared by dissolving RhI(PPh3)3 in benzene 
containing acrylonitrile or styrene. A small amount of free 
PPh3 dissociated from RhI(PPh3)3 was neglected for the 
stopped-flow measurements. For the measurements of hydro­
gen gas uptake, the total concentration of PPh3 was taken as 
the sum of the concentration of added PPh3 and RhI(PPh3)3. 
The procedure of measurements is described in previous 
papers.4'5) 
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Synopsis. A few derivatives of cycloiridated 2-(2-thien-
yl)pyridine were prepared and characterized by infrared and 
XH NMR spectra. 

Numerous cyclometallation reactions of benzene 
derivatives with transition metal compounds have been 
reported,1»2) but only a few cases are known of cyclo-
palladation and cycloplatination of thiophene deriva­
tives.3»4) Since various chemical properties of thiophene 
are similar to those of benzene, cyclometallation 
reactions found for benzene derivatives might occur 
also for thiophene derivatives. We have studied reactions 
of 2-(2-thienyl) pyridine with some platinum-metal 
halides and found the first example of cycloiridation 
of the thiophene ring. The results are reported in this 
paper. 

2-(2-Thienyl) pyridine (abbreviated as H(2-thpy)) 
reacted with hydrated iridium (I II) chloride in boiling 
2-methoxyethanol to give an orange complex, 
[{IrCl(2-thpy)2}2]. The complex reacted easily with 
unidentate ligand (L) to give the adducts, [ I rClL(2-
thpy)2] (L =pyr id ine (py), tributylphosphine (PBu3), 
and dimethyl sulfoxide (dmso)). The new complexes 
are air-stable; spectral data are given in Table 1 and 
Fig. 1. 

The infrared spectrum of free H(2-thpy) shows 
bands at 844, 856, and 894 c m - 1 characteristic of 2-
substituted thiophene in the region of C - H out-of-plane 
deformation vibrations.5) These bands are replaced by 
a single band at 884 c m - 1 in the spectrum of [{IrCl (2-
thpy)2}2], indicating that the thiophene ring is 2,3-
disubstituted.3) The 60 M H z 1H N M R spectrum of 
free H(2-thpy) is complicated. Only one signal of 
6-H(py)6) is distinctly separated from the main signals, 
lying at (5=8.61 ppm (as a doublet of triplets, y = 5 . 0 ; 
1.3 Hz) . The m N M R spectrum of [{IrCl(2-thpy)2}2] 
is shown in Fig. 1 and Table 1 together with assignments. 
A sharp doublet with a relative intensity 1 H at 5.94 

ppm becomes a singlet upon irradiation of a sharp 
doublet with an intensity 1 H at 7.17 p p m ( y = 4 . 9 Hz) 
and vice versa. The two doublets are assigned to thiophene 
ring protons. Each of the signals assigned to 5-H(py) 
and 6-H(py) has an intensity 1 H and the relative 
intensity of the multiplet assigned to 3-H(py) and 
4-H(py) amounts to 2 H . The results, together with 
the infrared spectra and the evidence for cyclopalladated 
cycloplatinated 2-thpy complexes3) suggest that 3-H(th) 
of H (2-thpy) is lost and that the two 2-thpy ligands of 
[{IrCl (2-thpy) 2}2] are equivalent. Significant shielding 
seems to be operative for 4-H(th) . This can be explained 
in terms of Structure I,7) where 4-H(th) is nearly above 
the pyridine ring of the other 2-thpy ligand, thus being 

CL 

x 
ag ê S 
TT ? ? 
00*4- in m 

L| 
10 

Fig. 1. 60 MHz 1U NMR spectra of [IrCl (2-thpy)2]2 

in CDoGl2 (A) and [IrCI (dmso) (2-thpy)2] in DMSO-
d. (B).~ 

TABLE 1. INFRARED AND 1 H NMR SPECTRA OF THE COMPLEXES 

Complex 

[IrCl(2-thpy)2]2 

[IrCl (dmso) (2-thpy)2] 

[IrCl(py)(2-thpy)2] 

[IrCl(PBu3)(2-thpy)2] 

[IrBr(PBu3)(2-thpy)2] 

[IrI(PBu3)(2-thpy)2] 

v(lr-

245, 
255 

243 

253 

Cl)a) 

224 

Solvent 

CD2C12 

dmso-<f 

CDC13 

CDCI3 

CDCI3 

CDCI3 

-"" 4-H(th) 

5.94d(4.9) 
5.77d(4.8) 
6.23d(4.8) 
6.12d(4.6) 
6.24d(4.6) 
5.92dd(4.8; 
6.27d(4.8) 
5.93dd(4.8; 
6.22d(4.8) 
5.96dd(4.8; 
6.14d(4.8) 

<5/ppmb) 

1.5) 

1.5) 

1.5) 

~̂-6-H(py) 

9.07d(5.8) 
9.45d(5.6) 
9.77d(5.6) 
7.94d(5.6) 
9.72d(5.6) 
8.78d(5.6) 
9.77d(5.6) 
8.76d(5.6) 
9.91d(5.6) 
8.75d(5.6) 

10.11d(5.6) 

a) Nujol mulls, cm-1, b) Values in parentheses are coupling constants in Hz. 
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shielded by the aromatic ring current . Structure I is 
in line with low v(Ir-Cl) frequency, since the chloride 
ligand is coordinated trans to a a-carbon donor with 
strong Jww-influence. 

TABLE 2. YIELDS, MELTING POINTS AND ANALYTICAL RESULTS 

" " Yidd Mp^ Found (Calcd), % 

[IrCl(2-thpy)2]a 31 310 (dec)*5 39.33(39.45) 2.23(2.21) 4.80(5.11) 
[IrCJ(py)(2-thpy)2] 73 300 (dec) 44.07(44.05) 2.52(2.73) 6.60(6.70) 
[IrCl(dmso)(2-thpy)2] 75 240 (dec) 38.34(38.36) 2.91(2.90) 4.20(4.27) 
[IrCl(PBu3)(2-thpy)2] 77 122—124 48.60(48.02) 5.30(5.24) 3.73(3.73) 
[IrBr(PBu3)(2-thpy)2] 64 203—205 45.65(45.33) 4.88(4.95) 3.20(3.52) 
[IrI(PBu3) (2-thpy) 2] 83 230 (dec) 43.01(42.80) 4.62(4.67) 3.03(3.33) 

Structure I I is proposed for the complexes [IrClL(2-
thpy)2] on the basis of the following spectral data . In 
the *H N M R spectra of the complexes, the signal due 
to 4-H(th) splits into two doublets with a relative 
intensity 1 H (Fig. 1), that due to 6-H(py) also splitting 
into two apparent doublets with an intensity 1 H . The 
remaining protons give a complicated pat tern with an 
intensity 8 H . Thus the two 2-thpy iigands are not 
equivalent in [IrCIL(2-thpy) 2 ] . In the case of L = PBu3, 
an additional small splitting ( y ( P - H ) = 1.5 Hz) is 
observed for one of the two doublets of 4-H(th) and the 
doublet, which shifts hardly upon exchange of halide 
donors, is assigned to 4-H of the thiophene ring coor­
dinated trans to PBu3. However, the other downfield 
doublet shifts to higher field in the order C l < B r < I , 
and is assigned to 4-H of the thiophene ring coordinated 
trans to halide donors. 

The separation of two doublets of 6-H(py) depends 
upon L. In the case of L = p y , one of the two doublets 
is significantly shielded. This might be caused by 
anisotropic shielding by a pyridine (L) donor, since its 
least sterically hindered coordination brings the 
pyridine (L) ring nearly perpendicular to one of the 
chelated 2-thpy Iigands. One 6-H(py) lies, therefore, 
nearly above the pyridine (L) ring. The other 6-H(py) 
is directed toward a CI donor and the chemical shifts 
are almost independent of L. 

The chemical shifts of 6-H(py) of [ I rX(PBu 3 ) (2-
t h p y ) 2 ] ( X = C l , Br, I) are of interest. The positions 
of higher field doublets are nearly constant irrespective 
of the nature of halide donors, while the lower field 
doublets shift to a lower field in the order Cl<CBr<I 
with increasing van der Waals radius of halide ions. 
The same trend was reported for square-planar 

pal ladium (II) complexes of pyridine derivatives,8) the 
origin being interpreted as the result of spatial crowding 
between 6-H(py) and a halide ligand. The low v(Ir-Cl) 
frequencies are in line with Structure I I . The band at 
1109 c m - 1 of [IrCl(dmso) (2-thpy) 2] is assigned to 
i>(S=0), suggesting ^-coordination of dmso. 

The ligand H (2-thpy) behaves in a similar way to 
that of the corresponding benzene derivatives such as 
2-phenylpyridine and benzo[A]quinoline.7) H (2-thpy) 
has also been cyclorhodated to give [{RhCl (2-thpy) 2}2] 
like 2-phenylpyridine and benzo[/z]quinoline.9) Struc­
tures I and I I proposed above correspond to those of 
the complexes of these benzene derivatives. 

Exper imenta l 

Measurements. Measurements were carried out by the 
methods reported.10) 

Synthesis of the Complexes. Yields, melting points and 
analytical results are given in Table 2. 

[{IrCl('2-thpy) 2}2] : A mixture of 3 mmol of hydrated 
iridium(III) chloride with 9 mmol of H(2-thpy) in 50 cm3 

of 2-methoxyethanol was refluxed for 6 h to give a brown 
powder. The product was washed with ethanol, dried in 
air, and dissolved in dichloromethane. Addition of hexane 
to the filtered, concentrated dichloromethane solution gave 
an orange powder. 

[IrClL(2-thpy)2](L=py or PBu3) : To a solution of [{IrCl-
(2-thpy2}2] in dichloromethane was added a stoichiometric 
amount of PBu3 or 3-fold excess of pyridine. The mixture 
was stirred on a hot plate for 1 h. Hexane was added to the 
concentrated dichloromethane solution to precipitate a yellow 
orange product. 

[IrCl(dmso) (2-thpy) 2] : One-fifth mmol of [{IrCl (2-thpy) 2}2] 
was dissolved in 1 cm3 of dimethyl sulfoxide on a steam bath. 
To the solution was added 20 cm3 of ethanol to precipitate 
an orange yellow product. 

[IrX(PBu3)( 2-thpy) 2](X=Br or I): To a solution of one-
fourth mmol of [IrCl(PBu3) (2-thpy) 2] in a mixture of 20 cm3 

of dichloromethane and 10 cm3 of ethanol was added 1 mmol 
of lithium bromide or lithium iodide. The mixture was 
warmed on a hot plate for 3 h and concentrated to a small 
volume to give bromide or iodide complex. 
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Synopsis. The adducts listed in the title have been 
prepared, and their trimeric nature confirmed on the basis 
of elemental analysis and IR and electronic spectra. The 
magnetic properties of the MnCl2 and NiCl2 adducts have 
been analyzed in terms of a linear trimer model. 

Ghloro[^-(2-dimethylaminoethyl)salicylideneaminato]-
copper(II) , Gu(sal-en*NMe2)Gl, was originally syn­
thesized and investigated by Sacconi et al. ; a monomeric 
planar structure, I, was proposed for this complex 
based on the electronic reflectance spectrum.1) T h e 
monomeric nature was confirmed by cryomagnetic and 
I R spectral studies.2) Based on the monomeric structure 
and the knowledge that phenolato and chloro ligands 
form bridges between pairs of metal ions, it is expected 
that the complex can be used as a bidental complex-
ligand3) in the synthesis of polynuclear metal complexes. 
In the reaction of Cu(sal -en-NMe 2 )Cl with metal salts 
M C l a ( M = C u ( I I ) , Mn( I I ) , and Ni( I I ) ) 2 : 1 adducts of 
[Cu(sal -en-NMe 2 )Cl] 2 .MCl 2 were formed. A similar 
adduct of chloro[J\r-(2-methylaminoethyl)salicylidene-
aminato]copper(II) , Cu(sa l -en-NHMe)Cl , wi thcopper-
(II) chloride has also been prepared. 

The spectral and magnetic studies will be reported in 
this paper. 

E x p e r i m e n t a l 

Synthesis. A typical synthetic method is as follows. 
A solution of one of the metal salts MC12 (10 mmol) in ethanol 
(50 ml) was added to a solution of one of the parent com­
plexes, Gu(sal.en.NMe2)Cl and Cu(sal.en.NHMe)Cl, and 
the mixture stirred on a hot plate for 1/2 h. The crystals 
thus precipitated were collected, washed repeatedly with 
ethanol and dried. Anal. 1. [Gu(sal.en.NMe2)Gl]2.CuCl2. 
Found: G, 36.84; H, 4.19; N, 7.86; Gu, 26.43%. Galcd for 
C22H30N4O2Gl4Gu3: C, 36.96; H, 4.23; N, 7.84; Gu, 26.66%. 
2. [Gu(sal.en.NHMe)Gl]2.CuCl2. Found: G, 34.75; H, 
3.85; N, 8.17; Cu, 27.55%. Calcd for C20H26N4O2Cl4Cu3 : 
C, 34.97; H, 3.82; N, 8.16; Cu, 27.75%. 3. [Cu(sal.en. 
NMe2)Cl]2.MnCl2. Found: G, 37.54; H, 4.37; N, 7.80; Gu, 
17.95; Mn, 7.82%. Galcd for C22H30N4O2Gl4Cu2Mn: G, 
37.41; H, 4.28; N, 7.93; Cu, 17.99; Mn, 7.78%. 4. [Cu(sal. 
en.NMe2)Cl]2.NiCl2. Found: C, 37.01; H, 4.20; N, 7.91; 
Cu, 17.78; Ni, 8.58%. Calcd for C22H30N4O2Cl4Cu2Ni: C, 
37.21; H, 4.26; N, 7.89; Cu, 17.90; Ni, 8.27%. 

Physical Measurements. The IR spectral measurements 
were made with a Hitachi EPI-G2 IR Spectrophotometer 
in the 400—4000 cm-1 region in Nujol. The reflectance 
spectra were recorded with a Hitachi Recording Spectro­
photometer 323. The magnetic susceptibilities in the tem­
perature range 80—300 K were determined by the Faraday 
method using HgCo(SCN)4 as a calibrant. 

R e s u l t s a n d D i s c u s s i o n 

The I R spectra of the adducts prepared in this study 
all show an intense band in the range 1550—1555 cm" 1 

(1, 1555; 2, 1554; 3 , 1550; 4, 1551 cm-*), while the 
band in the spectra of the parent complexes, Cu(sal-en-
NMe 2 )Cl and Cu(sa l -en-NHMe)Cl , appears at 1534 
and 1531 c m - 1 respectively. This band shift towards 
higher frequencies (15—20 cm- 1) indicates the presence 
of bridging phenolic oxygen atoms in the adducts.2) 

A remarkable feature in the reflectance spectra of the 
GuCl2 adducts (1 and 2) is the appearence of a band 
in the 9000—10000 c m - 1 region (Fig. 1) which is 
absent in the spectra of the parent complexes.1»2) This 
feature indicates the presence of Gu(II) in pseudo-
tetrahedral coordination.2»4) The MnCl 2 adduct 
spectrum shows a broad band at ca. 15000 c m - 1 with a 
shoulder at ca. 11000 cm" 1 (Fig. 1). This band has been 
at tr ibuted to the d-d transition of Gu(II) since M n ( I I ) 
complexes have no d-d band below 15000 cm" 1 regard­
less of stereochemistry (octahedral or tetrahedral) or 
spin-states (high- or low-spin). This type of spectra is 
indicative of five-coordination around Gu(II) and is 
to be compared with the spectra reported for some 
distorted square-pyramidal Gu(II) complexes.2»5) The 
spectrum of the NiCl2 adduct shows a broad band at ca. 
15000 c m - 1 with a shoulder at ca. 11000 c m - 1 and a 
weak band at ca. 6500 c m - 1 (Fig. 1). Assignment of 
the former band could not be unambiguously performed 
since the d-d bands of both Ni ( I I ) and Gu(II) appear 

10 15 20 25 

Wave number/103 cm - 1 

Fig. 1. Reflectance spectra of [Cu(sal.en.NMe2)Cl]2. 
CuCl2 (1), [Cu(sal.en.NHMe)Cl]2.CuCl2 (2), [Cu-
(sal.en.NMe2)Cl]2.MnCl2 (3) and [Cu(sal.en.NMeo)-
Cl]2.NiCl2 (4). 
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in this region. The latter band has been at tr ibuted to 
the transition in the Ni( I I ) in this adduct and may be 
assigned to the d-d band in the Ni( I I ) with a pseudo-
tetrahedral geometry. The assignment has been based 
on the following observations: 1) in the region below 
8000 c m - 1 , no band was observed in the spectra of the 
other adducts (1—3) and 2) the position, shape and 
absorption intensity of the band closely resembles the 
bands observed at ca. 6700 c m - 1 for pseudo-tetrahedral 
bis ( TV-alkylsalicylideneaminato) nickel (II) complexes.6) 

O n the basis of the analytical and spectral da ta the 
adducts have been assigned a trinuclear structure 
represented schematically by I I . Each of the terminal 
Gu(II) ions (five-coordination) is bridged to the central 
metal ion (pseudo-tetrahedral four-coordination) with 
one phenolic oxygen atom and one chloro donor. 

The variable-temperature magnetic susceptibility 
data observed for the CuGl2 adducts (1 and 2) followed 
the Curie-Weiss law (xM=C/T'— 0) with 0 = — 7 and 
-f-6K respectively, indicating no appreciable magnetic 
interaction in the adducts. The pseudo-tetrahedral 
geometry of the central Gu(II) in the adducts would be 
expected to be the main structural factor for the 
magnetism.7) The cryomagnetic data of the MnCl 2 

adduct has been analyzed using the theoretical equation 
l3) based on a symmetric linear tr imer of C u - M n (£ = 
5/2)-Cu, assuming no magnetic interaction between the 
terminal Gu(II) ions. Similarly, the data for the NiCl2 

adduct may be expressed by Eq. 23) for a C u -
N i ( £ = l ) - C u trimer (Fig. 2 ) ; 

Xu — 
Wi 

Xu 

4*(r-öT [35+84exp ( 5 ^ r ) + 35exP (-VlkT) 
+ 10 exp ( - 7 / / * r ) ] / [ 3 + 4exp (5J/kT) 

+ 3 exp (~2J/kT) + 2exp (-7J/kT)] + Na (1) 

k\r-Î) t 1 + 5 e x P ( 2 7 / * m e x p (-2J/kT)]/ 

[3 + 5 exp (27/* T) + 3 exp ( - 2J/k T) 

+ exp(-4JlkT)] + Na (2) 

where Xu represents the molar susceptibility corrected 
for diamagnetism ( —384x10~ 6 and — 382x10~ 6 cgs 
emu respectively) using Pascal's constants, J represents 
the exchange integral between the central and terminal 
metal ions, g represents the average g value over the 
three metal ions, 0' represents the Weiss constant term 
for inter-cluster interaction, and JVa=T. I .P . per 

£ 

T/K 

Fig. 2. Variation of reciprocal magnetic susceptibilities 
with temperature. (%) [Cu(sal• en»NMe2)Cl]2. MnCl2, 
(O) [Gu(sal.en.NMe2)Cl]2.NiCl2. 
The solid curves were calculated from Eqs. 1 and 2 
respectively. 

Cu 2 Mn or Cu 2Ni. Using Eq. 1, the best fit of the 
experimental data observed for the MnCl 2 adduct gave 
the following values: y = + 19 .4cm - 1 , g = 1.997 and 

0' = - 2 5 . 7 K w i t h / ? = 6 . 6 3 x 10-3(i?=[2(Zexp-Zcaicd)2/ 
S3Xexp2]1/25 discrepancy index), assuming JVbc=120x 
10~6 cgs emu.3) Similarly, the NiCl2 adduct gave the 
following values: / = + 3 6 . 4 cm- 1 , £ = 2 . 1 3 0 and d' = 
- 1 7 . 8 K with # = 4 . 8 1 x IO-3, assuming i\fo=320 x 10~6 

cgs emu.3) The positive J values indicating an intra­
molecular ferromagnetic interaction may also be 
related to the geometry of the central metal ion in the 
adducts. In the case of the NiCl2 adduct, the close 
agreement between the observed and calculated tem­
perature dependence with very low value of R indicates 
a negligible orbital contribution to the magnetic 
susceptibility. This factor may be primarily due to the 
pseudo-tetrahedral geometry of the central Ni (II) ion.8) 
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Synops i s . Some complexes of zinc-group metals with 
8-amino-2-methylquinoline have been synthesized. They are 
seemed to have a monomeric tetrahedral form except for the 
mercury (I) complex containing a Perchlorate ion as a counter 

8 - A m i n o - 2 - m e t h y l q u i n o l i n e ( a m q ) is o b t a i n e d b y t h e 
r e d u c t i o n of 8 - n i t r o - 2 - m e t h y l q u i n o l i n e . 1 - 2 ) A l t h o u g h 
it is e x p e c t e d t h a t t h e q u i n o l i n e is a b l e to c o o r d i n a t e to 
m e t a l ions , i n a n a l o g y w i t h 8 - a m i n o q u i n o l i n e , w h i c h 
has essent ia l ly t h e s a m e s t r u c t u r e as t h e a m q s o m e 
differences m i g h t exis t for t h e m e t h y l g r o u p o n t h e 
2-pos i t ion . T h e p r e s e n t a u t h o r s , the re fo re , syn thes i zed 
z i n c - g r o u p m e t a l c o m p l e x e s of a m q a n d s t u d i e d t h e i r 
p r o p e r t i e s b y e l ec t ron ic , I R a n d / o r far I R s p e c t r a , a n d 
m o l a r c o n d u c t a n c e s . T h e e x p e r i m e n t a l resul ts s h o w 
t h e m e t a l complexes to h a v e a t e t r a h e d r a l fo rm, di f ferent 
f rom the z inc c o m p l e x syn thes i zed b y L i t z o w a n d his 
c o w o r k e r s . 3 - 7 ) 

E x p e r i m e n t a l 

Physical Measurements. T h e I R spectra in the NaCl 
region were measured with a J A S G O IRA-1 type spectro­
photometer as a nujol mull or a KBr disk. T h e far-IR spectra 
were obtained by means of a nujol mull using a J A S G O 
DS 403G I R spectrophotometer. T h e reflectance spectra 
were obtained with a Shimadzu Double-beam UV-200 spec­
trophotometer. T h e electronic conductivities were measured 
using a Toa Conduct Model G M - I D B and a cell with a cell 

constant of 0.9845 cm- 1 . T h e measurements were made at 
25 °G by employing a 10~3 mol /dm 3 iV,iV-dimethylformamide 
solution. 

Materials. Metal Perchlorate and halide of a GR-grade 
reagent of the Wako Chemical Go., Ltd, , were used as starting 
materials without any further purification. 8-Amino-2-methyl-
quinoline of the Tokyo Kasei Go., L td . , was used after 
recrystallization with ligroin. 

Syntheses. T h e metal complexes were prepared the 
following manner . T o an ethanol solution containing 0.0025 
mol of metal salt, about 0.0065 mol of a l igand in ethanol 
was added, after which the mixture was allowed to stand 
for several hours. T h e precipitate thus formed was filtered 
off. After washing with ethanol , it was dried in a vacuum 
desiccator over anhydrous calcium chloride. 

R e s u l t s a n d D i s c u s s i o n 

T h e co lor a n d e l e m e n t a l ana lyses of t h e m e t a l 
c o m p l e x e s a r e g i v e n i n T a b l e 1, t o g e t h e r w i t h t h e 
yields b a s e d o n t h e s t a r t i n g m a t e r i a l s . 

As is s h o w n i n T a b l e 2 , t h e m o l a r c o n d u c t a n c e s m a y 
b e classified i n t o t w o v a l u e s . T h e va lues of t h e t y p e of 
M ( a m q ) 2 ( C 1 0 4 ) 2 a n d H g 2 ( a m q ) 2 ( C 1 0 4 ) 2 l ie i n t h e 
1 3 0 — 1 7 0 S c m 2 m o l - 1 r a n g e . T h e v a l u e s a r e r e p r e ­
s e n t a t i v e for 1: 2 e lec t ro ly tes i n 7V ,^ -d ime thy l fo rm-
a m i d e . 8 ) O n t h e o t h e r h a n d , t h e c o n d u c t a n c e s of 
M ( a m q ) X 2 a r e al l u n d e r 30 S c m 2 m o l - 1 e x c e p t 
Z n ( a m q ) I 2 . C o n s e q u e n t l y , these c o m p l e x e s s e e m to b e 
essent ia l ly n o n - e l e c t r o l y t e , a n d t h e y s e e m to b e i n t e r a c t 
w i t h so lven t m o l e c u l e s . I n t h e case of Z n ( a m q ) I 2 , i t 

T A B L E 1. ELEMENTAL ANALYSES (Figures are given in w t % ) 

Compound Color 
Galcd (Found), % Yield 

G 

40, 
(40 
31, 
(31. 
25. 
(25. 
41, 
(41. 
35. 
(35. 
27. 
(28. 
22. 
(23. 

.79 

.79 

.33 

.62 

.16 

.39 

.37 

.52 

.14 
,29 
,91 
,12 
90 
,12 

38.27 
(38. ,12 
27.93 
(28. 23 
26.21 
(26. ,45 

H 

3.41 
3.41 
2.63 
2.65 
2.11 
2.34 
3.47 
3.54 
2.95 
3.07 
2.34 
2.36 
1.92 
2.30 
3.21 
3.21 
2.35 
2.46 
2.20 
2.23 

N 

9.51 
9.52 
7.51 
7.38 
5.87 
5.91 
9.65 
9.59 
8.20 
8.32 
6.51 
6.52 
5.34 
5.33 
8.93 
8.81 
6.52 
6.53 
6.11 
6.06 

M 

22 
22 
.20 
.31) 

17.05 
17 
13 
13 
11 
11 
32 
32 
26 
26 
21 
21 
17 
17 

.10) 

.69 

.33) 

.26 

.19) 

.91 

.98) 

.11 

.26) 

.43 

.57) 

.91 

.80) 
46.68 
47, 
43, 
43, 

.09) 

.77 

.97) 

Zn(amq)Cl 2 

Zn (amq) Br 2 

Zn(amq) I 2 

Zn(amq) 2 (C10 4 ) 2 

Cd(amq)Gl 2 

Cd f amq) Br 2 

Cd(amq) I 2 

Gd(amq) 2 (C10 4 ) 2 

Hg(amq)Gl 2 

Hg 2 (amq) 2 (C10 4 ) 2 

Brown 

Yellow-brown 

Dark-pink 

Brown 

Yellow-green 

Green-yellow 

Yellow-green 

Yellow-green 

Brown 

Pink 

75 

85 

79 

76 

69 

81 

72 

58 

78 

31 

a m q : 8-amino-2-methylquinoline. 
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TABLE 2. MOLAR CONDUCTANCES 

(0.001 mol/dm3 in DMF) 

Compound 

Zn(amq)Cl2 

Zn(amq)Br2 

Zn(amq)I2 

Zn(amq)2(C104)2 

Cd(amq)Cl2 

Cd(amq)Br2 

Cd(amq)I2 

Cd(amq)2(C104)2 

Hg(amq)Cl2 

Hg2(amq)2(C104)2 

in S cm2 mol - 1 

3.1 
10.4 

102.4 
163.2 
16.7 
21.9 
25.5 

156.4 
4.3 

168.8 

amq : 8-amino-2-methylquinoline. 

appears that the complex undergoes considerable 
solvolysis in the solution the following manner , 

Zn(amq)I2 
DMF 

[Zn(amq)I(DMF)]+ + I" (1) 

[Zn(amq)I(DMF)] + DMF 
[Zn(amq)(2DMF)]2+ + I" (2) 

The I R spectra of free amq show two peaks, at 3440 
and 3320 cm"1 , of vNHt, The peaks shift to the 3120— 
3280 c m - 1 range in the metal complexes. A peak about 
1340 c m - 1 in the free ligand also shifts to the lower-
wave-number side in 15—20 cm- 1 . In these metal 
complexes, therefore, the quinoline seems to bond to 
the metal ion, with its two nitrogen atoms as a bidentate 
ligand.9) The strong bands in the range 950—1140 and 
about 620 c m - 1 in the complexes containing a Per­
chlorate group are regarded as simple perchlorate 
ions.6-7»10-11) In general, terminal M - X stretching 
bands of metal complexes with a metal-halogen bond 
appear in the regions of 200—400 cm" 1 for MCI, 200— 
300 cm- 1 for MBr, and 100—200 cm" 1 for MI.12) The 
wave number observed in the 150—600 c m - 1 region 
can be assigned to that of the terminal M - X bands. 

The reflectance spectral data in the visible region are 
shown in Table 3. The bands are all regarded as C T 
bands. The absorption peaks of the bands change in 
accordance with the bathochromic effect in the 
M ( a m q ) X 2 type of complexes.13) 

From the experimental results presented above, it is 
presumed that the metal complexes obtained are in a 
tetrahedral configuration, since the four coordinated 

zinc-group metal ions are usually in the tetrahedral 
form.14) 

In the case of Hg 2 (amq) 2 (C10 4 ) 2 , the mercury is + 1 
of the oxidation state. I t is qualitatively confirmed in 
the usual manner that H g ( l ) forms a black color when 
reacted with an alkali solution. Therefore, the complex 
appears to be dimeric with the (Hg-Hg)2+ ion, and the 
dimers appear to interact with each other in the solid 
state with mercury, but the structure has not been 
revealed. 
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grati tude to Dr. Yukichi Yoshino of Tokyo University 
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Drs. K a n Kimura and Yoshimitsu Hirao of Aoyama-
Gakuin University for their useful discussions. 
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TABLE 3. REFLECTANCE SPECTRAL DATA (Figures are given in cm-1) 

Compound 

amq 
Zn(amq)Cl2 

Zn (amq) Br 2 

Zn(amq)I2 

Zn(amq)2(C104)2 

Cd(amq)Cl2 

Cd (amq) Br 2 

Cd(amq)I2 

Cd(amq)2(C104)2 

Hg(amq)Cl2 

Hg2(amq)2(C104)2 

24150, 
23530, 
23700, 
23810, 
23530, 
23360, 
23620, 
23700, 
23700, 
23700, 
23700, 

23700, 
23360, 
22990, 
22720, 
22830, 
22930, 
22900, 
22830, 
22990, 
22990, 
22990, 

19920(sh), 
19920(sh), 
19800(sh), 
19760(sh), 

19880(sh), 
19800(sh), 
19760(sh), 
19720(sh), 
19800(sh), 
19420(sh), 

18520(sh), 

18520(sh), 

18520(sh), 

16890 
16670 
16530 
16390, 
16390 
15870 
15500 
16390, 
16260 
16390, 

14180(sh) 

13793(sh) 

13920(sh) 

amq: 8-amino-2-methylquinoline, sh: shoulder. 
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Synopsis. Treatment of guaioxide with iV-bromo-
succinimide gave 4-bromoguaioxide, which was dehydrobro-
minated to yield 3-dehydroguaioxide. The olefin was then 
converted into 8-deoxytorilolone and 8-deoxy-l-epitorilolone 
by the known procedures. Dehydration of these deoxy deriv­
atives in benzene in the presence of /?-toluenesulfonic acid gave 
4,6-guaiadien-3-one and l-epi-4,6-guaiadien-3-one, respec­
tively. 

Guaioxide ( 1 ; C l 5H2 60)2> was isolated from guaiac 
wood oil as a minor constituent, and also obtained by 
acid-catalyzed cyclization of guaiol.2 '3) Because of the 
absence of hydrogen on the two carbons attached to an 
ether oxygen atom, the sesquiterpene ether (guaioxide) 
is particularly inert towards common chemical reagents. 
By the microbial oxidation technique, hydroxyl groups 
were successfully introduced to the molecule. This led 
to the elucidation of the structure of guaioxide (1).4) 

In this paper we wish to report on the introduction of a 
functional group into guaioxide by chemical method. 
The reaction of guaioxide (1) with 7V-bromosuccinimide 
(NBS) gave a monobromide (2) which in turn afforded 
an olefin (3). Conversion of 3 into two diastereomeric 
a,/?: y,<5-unsaturated ketones (4 and 5) is also described. 

Friedelane reacts with NBS or bromine to give 
friedel-18-ene which may be formed via 18-bromo-
friedelane.5) When guaioxide (1) was treated with 
1—1.2 mol equivalent of NBS in carbon tetrachloride 
under reflux, a monobromide (2) and an olefin (3) 
were obtained in isolation yields 3—10% and 5—15%, 
respectively.6) Bromide (2) was heated under reflux 
with potassium hydroxide in ethanol to give the same 
olefin (3) in 4 5 — 6 5 % yield which was found to be 
identical with 3-dehydroguaioxide (3).4) This shows 
that the bromination of 1 took place on Ci(4) to give 2. 
Bromination of 1 in carbon tetrachloride with a large 
excess of NBS or bromine resulted in the formation of a 
complex mixture of reaction products, separation of 
which was unsuccessful. 

By the known procedures,4) olefin (3) was converted 
via 3/?-hydroxyliguloxide (6)4'7) and 3-oxoliguloxide (7), 
into a hydroxy oc,/?-unsaturated ketone (8; 8-deoxy­
torilolone), which isomerized into a diastereomeric 
hydroxy oc,/?-unsaturated ketone (9; 8-deoxy-l-epi­
torilolone).4) These hydroxy unsaturated ketones (8 
and 9) were dehydrated to give 4,6-guaiadien-3-one (4) 
and l-epi-4,6-guaiadien-3-one (5), respectively, in a 
quantitative yield, by refluxing with />-toluenesulfonic 
acid in benzene. When 4 was heated under reflux with 
methanolic potassium hydroxide, no isomerization 
detectable by N M R measurement took place, while 
more than 9 0 % of 5 isomerized into 4 by the same 
treatment.8) In the N M R spectra, the C (10 )-methyl 
signal of 5 appears at a fairly higher field (ô 0.73) as 
compared with the corresponding signal (d 1.06) of 4 . 
This suggests that the C (10 )-methyl of 5 is shielded by 
TT-electron cloud of the oc,/8 : ^^-unsa tura ted ketone 
moiety. This is in line with the U V spectra of 4 and 5 
which show that the molecular extinction coefficient 
(e) at 293 nm of 5 is smaller by ca. 2 0 % than that of 4. 

E x p e r i m e n t a l 

IR and UV spectra were measured with a Hitachi EPI-G2 
spectrometer and a Hitachi 340 spectrophotometer, respec­
tively, XH-NMR spectra with a Varian EM-390 (90 MHz) 
or a Hitachi R-20B (60 MHz) spectrometer in deuteriochlor-
oform solution containing tetramethylsilane as an internal 
standard, single-focus mass spectra with a Hitachi RMU-
6-Tokugata mass spectrometer, and double-focus mass spectra 
with a JEOL D-300, with direct inlet system operating at 
70 eV. Measurements of optical rotation were carried out 
with a JASCO Polarimeter DIP-SL. CD spectra were taken 
on a JASCO model J-20. For column chromatography 
Wakogel C-200 (Wako Pure Chemical Industries) was used. 
Thin-layer chromatography (TLC) was carried out on 
Kieselgel GF254 (E. Merck, Darmstadt) in 0.25 mm thickness. 
Vapor-phase chromatographic (VPC) analyses were perform­
ed on a Shimadzu gas Chromatograph model GC-6A. 

Bromination of Guaioxide (1) with NBS. NBS (3.32 g; 
18.7 mmol) was added to a solution of guaioxide (1; 4.00 g; 
18.0 mmol) in carbon tetrachloride (20 ml), and the mixture 
was heated under reflux for 1.5 h by means of an infrared 
lamp. The reaction mixture was then cooled and filtered. 
The solvent was removed under reduced pressure to give a 
residue which was chromatographed on a column of silica gel. 
Elution with petroleum ether-benzene (4: 1) gave a ca. 1:1 
mixture (800 mg) of 4-bromoguaioxide (2) and unchanged 
guaioxide (1). Though 2 decomposed easily on contact with 
silica gel, a small amount of 2 was isolated from the mixture 
of 1 and 2 by rechromatography. 4-Bromoguaioxide (2) : 
an oil, [a]|2 +1.4° (c 3.25; EtOH); IR (film): 1140, 1060, 
875, 800, and 740 cm"1; NMR (CDC13); Ô 0.85—0.95 (3H, 
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diffused d; Cc l 0 )-CH8),<5 1.32, 1.34 (each 3H, s ; C ( 1 1 ) - (CH 3 ) 2 ) , 
and ô 1.88 (3H, s; C C 4 ) -CH 3 ) ; M S : m/e 302 and 300 (relative 
abundance , each 2 % ; M+), m/e 287 and 285 [each 2 0 % ; 
( M - C H 3 ) + ] , m/e 221 [ 2 5 % ; ( M - B r ) + ] , and 205 [100%, 
(C 1 4 H 2 1 0)+] . Found : m/e 302.1075. Calcd for C 1 5 H 2 5 0 8 1 Br: 
M , 302.1069. Found : m/e 300.1108. Calcd for C 1 5 H 2 5 0 7 9 Br: 
M , 300.1089. T h e bromide showed one spot on thin-layer 
chromatogram. T h e fact that the N M R spectrum shows no 
other methyl signals suggests tha t bromide (2) contains no 
epimer on C ( 4 ) . However, the configuration at C ( 4 ) of 2 
remained undetermined due to its easy decomposition as 
previously stated. 

Successive elution with the same solvents gave the starting 
compound ( 1 ; 3.1 g ; 78%) and a dehydrobrominated material 
( 3 ; 2 4 0 m g ; 6 . 1 % ) ; 

W h e n the reaction of 1 wi th NBS was carried out under 
a nitrogen stream in order to remove the hydrogen bromide 
generated during the course of reaction, olefin (3) could be 
obtained in better yield (15—35%). 

Dehydrobromination of 4-Bromoguaioxide (2). T h e bromide 
(2; 100 mg ; 0.33 mmol) in an ethanolic potassium hydroxide 
( K O H 220 mg, E t O H 5 ml) was heated under reflux for 2.5 
h and the reaction mixture was treated as usual to give a 
residue which was chromatographed on a column of silica gel. 
Elution with petroleum ether-benzene (2: 1) gave the olefin 
(3 ; 36 m g ; 0.17 mmol ; 5 0 % yield), an oil, [ a ] | 2 + 1 5 . 0 ° (c 
1.45; E t O H ) ; I R (film): 1660, 1640, 1130, 1040, 1010, 885, 
and 815 c m - 1 ; N M R (GDG18) : ô 0.85—0.95 (3H, diffused 
d; C ( 1 0 ) - C H 3 ) , ô 1.23, 1.34 (each 3H, s; C ( 1 1 ) - (CH 3 ) 2 ) , ô 
1.67 (3H, d, J= 1.3 H z ; C ( 4 ) - C H 3 ) , and ô 5.39 (1H, q, J= 1.3 
H z ; C c 3 ) - H ) ; M S : m/e 220 ( 2 1 % ; M+), m/e 205 [ 1 0 0 % ; 
( M - C H 3 ) + ] , m/e 202 [ 5 6 % ; ( M - H 2 0 ) + ] , m/e 187 [ 2 6 % ; 
(C1 4H1 9)+], and m/e 159 [ 5 3 % ; (G1 2H1 5)+]. Found : m/e 
220.1814. Calcd for G 1 5 H 2 4 0 : M , 220.1827. This olefin was 
found to be identical with 3-dehydroguaioxide (3)4> and also 
with the olefin obtained by the reaction of 1 with NBS. 

Conversion of 3-Dehydroguaioxide (3) into 8-Deoxytorilolone (8) 
and 8-Deoxy-1-epitorilolone (9). According to the procedures 
described by Ishii et al.fi the olefin (3) was converted, via 
the alcohol (6)4'7> and the ketone (7), into 8-deoxytorilolone 
(8), which was isomerized into a 1: 1 mixture of 8 and 
8-deoxy-1-epitorilolone (9). T h e formation of each compound 
(6, 7, 8, and 9) was confirmed by identity of their spectral 
da ta with those of authentic samples (6, 7, 8, and 9) . 

Dehydration of 8-Deoxytorilolone (8). />-Toluenesulfonic 
acid (67 m g ; 0.35 mmol) was added to a solution of oc,ß-un-
saturated ketone (8; 56 m g ; 0.23 mmol) in benzene (17 ml ) , 
and the solution was heated under reflux for 3.5 h . T h e 
reaction mixture was treated as usual to give a single product , 
4,6-guaiadien-3-one (4; 52 m g ; quant i ta t ive yield), an oil, I R 
(film): 1690, 1625, 1590, 1340, 1285, 1050, and 8 7 0 c m " 1 ; 
U V ( E t O H ) : Amax 293 nm (e 20700); C D (c 6 . 4 3 x l O " 4 , 
E t O H ) : [0]365 ± 0 , [0]2 9 5 + 1 8 3 0 0 , and [0]24O ± 0 ; N M R 
(GDGls) : ô 1.06 (3H, d, J=6 H z ; C ( 1 0 ) - C H 3 ) , ô 1.09 (6H, d, 
J=l H z ; G ( 1 1 ) - (GH 3 ) 2 ) , ô 1.75 (3H, s; C ( 4 ) - C H 3 ) , and ô 
6.35 (1H, b r s; G ( C ) - H ) ; M S : m/e 218 (100%; M+), m/e 
203 [ 3 2 % ; ( M - C H 3 ) + ] , and m/e 175 [ 7 3 % ; ( M - C 3 H 7 ) + ] . 
Found : m/e 218.1662. Calcd for C 1 5 H 2 2 0 : M , 218.1671. 

Dehydration of 8-Deoxy-1-epitorilolone (9). By the same 
t reatment as above, 9 was transformed quantitatively into 
l-epi-4,6-guaiadien-3-one (5), an oil, I R (film): 1690, 1630, 
1590, 1330, 1290, 1055, and 8 8 0 c m - 1 ; U V ( E t O H ) : Amax 

293 n m (e 16500); C D (c 9.70X 10"5, E t O H ) : [0]38O ±0, 
[01.85 - 6 0 8 0 , [0]317 ± 0 , [0]297 + 5 0 5 0 , and [0]265 + 0 ; N M R 
(GDG18): ô 0.73 (3H, d, 7 = 6 . 5 H z ; C ( 1 0 ) -CH 3 ) , ô 1.11 (6H, 
d, 7 = 6 . 5 H z ; C ( 1 1 ) - (CH 3 ) 2 ) , ô 1.73 (3H, s; C ( 4 ) - C H 3 ) , and 
ô 6.34 (1H, br. s; C c 6 ) - H ) ; M S : m/e 218 (100%; M+), m/e 
203 [ 1 8 % ; ( M - C H 3 ) + ] , and m/e 175 [ 5 0 % ; ( M - C 3 H 7 ) + ] . 
Found : m/e 218.1649. Calcd for C 1 5 H 2 2 0 : M , 218.1617. 

Alkaline Treatment of the cc,ß: y,ô- Unsaturated Ketones (4 and 
5). 4,6-Guaiadien-3-one (4; 13 mg) was treated with 
potassium hydroxide (100 mg) in methanol (5 ml) under 
reflux for 2 h under a nitrogen atmosphere. T h e reaction 
product (8 mg) was obtained after the usual t reatment , and 
found by N M R measurement to consist of only the unchanged 
4. W h e n l-epi-4,6-guaiadien-3-one (5) was subjected to the 
same alkaline t reatment , N M R measurement showed that 
more than 9 0 % of 5 isomerized into 4. Since the retention 
times for 4 and 5 were too close to each other, the accurate 
ratio of the products could not be determined by V P C 
measurement (column: Dexsil-300, SP-1000, and SE-30). 

T h e a u t h o r s w i sh to t h a n k D r . H i r o s h i I sh i i , S h i o n o g i 
R e s e a r c h L a b o r a t o r y , O s a k a , for t h e spec t r a l d a t a of 
a u t h e n t i c c o m p o u n d s (3 , 6, 7, a n d 8 ) . 
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Synopsis. The title compound was hydrogenolyzed 
over PdO or Raney nickel. The C2-C3 bond of the cyclo­
propane ring underwent cleavage exclusively over PdO. 
Cleavage of the 0^0^ and C2-C3 bonds occurred competi­
tively over Raney nickel. A probable pathway is suggested. 

The position of ring cleavage on the catalytic hydro-
genolysis of cyclopropanes is determined by sub­
stituants.1 '2) However, little attention has been given 
to the role of negative substituents such as halogens in 
the regioselectivity of the ring cleavage. The hydro-
genolysis of 1 -bromo-1 -fluoro-2-phenylcyclopropane over 
palladium oxide catalyst (PdO) has been investigated.3) 
Cleavage of the C 2 -C 3 bond of the cyclopropane ring 
occurred exclusively, two olefins being obtained as 
intermediates. In order to clarify the behavior of 
halogens in the regioselective hydrogenolysis of cyclo­
propane ring, we have studied the hydrogenolysis of 
1, l-dichloro-3-methyl-2-phenylcyclopropane (1). 

The results of catalytic hydrogenolysis of 1 are given 
in Table 1. When P d O was used as a catalyst, hydro­
genolysis of 1 was reduced in the presence of potassium 
hydroxide, but proceeded smoothly in the absence of 
potassium hydroxide, giving butylbenzene (5) exclusive­
ly. O n the other hand, with use of Raney nickel (R-Ni) , 
only in the presence of potassium hydroxide, it gave a 
mixture of stereoisomeric l-chloro-r-3-methyl-£-2-phen-
ylcyclopropane (2) (r-l-chloro-c-3-methyl-£-2-phenyl-
cyclopropane (2t) and r-l-chloro-£-3-methyl-c-2-phen-
yl cyclopropane (2c) ), r-2-methyl-1-1 -phenyl cyclopro­
pane (3), isobutylbenzene (4) and 5. In the presence 
of potassium hydroxide, the product composition for 
R-Ni catalyzed hydrogenolysis varied with the progress 
of reaction. The main products in the early stage of the 
hydrogenolysis were 2 and 4. After 1 almost disappeared, 
2 decreased gradually, 5 increasing in proportion to the 
decreased amount of 2 . 2 and 3 were hydrogenolyzed 
over R-Ni in a manner similar to that observed in 
the case of 1. Hydrogenolysis of 2 gave 4 (15.2%) and 
5 (64 .2%); that of 3 gave predominantly 4 (83.0%) 
with a small amount of 5 (3 .1%). PdO catalyzed 

TABLE 1. HYDROGENOLYSIS OF 1 

Catalyst Additive 

PdO — 
PdO KOH 
R-Ni — 
R-Ni KOH 

Composition of products/mol % 

5 4 3 2 1 

65.2 
3.3 
2.3 

35.0 

a) 2t/2c ratio is 39/61. 

0.5 0.7 
0.9 — 

37.9 1.1 

— 34.8 
— 95.5 
— 96.8 

25.0a) — 

** Present address: Department of Dental Engineering, 
School of Dental Medicine, Tsurumi University, Tsurumi, 
Tsurumi-ku, Yokohama 230. 

hydrogenolysis of 1-bromo-l-fluoro-2-phenylcyclopro­
pane (6) gave 2-fluoro-3-phenylpropene (7) and (Z)-2-
fluoro-1-phenylpropene (8) as intermediates.3) They 
were finally hydrogenolyzed to propylbenzene (9) and 
2-fluoro-1-phenylpropane (10). The formation of these 
olefins can be explained by assuming that 6 adsorbed 
on the catalyst by C 2 -C 3 bond undergoes cleavage 
accompanied by elimination of bromide ion. Hydro­
genolysis of 1 over P d O seems to proceed in a similar 
manner to that above, a plausible pathway being 
shown in Scheme 1. Since pal ladium catalyst has 
greater affinity to carbon-carbon jr-bond than to 
negative groups such as oxygen or nitrogen,4 '5) and the 
affinity to chlorine lone pairs is not very high,6 '7) the 
hydrogenolysis occurs selectively through the adsorption 
state (A) chemisorbed by the C 2 -C 3 bond of the cyclo­
propane ring and phenylgroup followed by the forma­
tion of C2 ,C3-diadsorbed species (B). The elimination 
of chloride ion (or chlorine atom) from (B) is caused 
by the electron transfer from C 2-metal or C3-metal 
bond to give (C) or (D). Since (D) forms jr-benzyl 
complex with catalyst, elimination of the chlorine atom 
seems to prefer course (b). Absence of the expected 
olefins in the reaction mixture seems to be due to their 
rapid hydrogénation to the final product 5 under the 
experimental conditions. 

The R-Ni catalyzed hydrogenolysis of 1 is com­
plicated. Predominant formation of 2 and 4 at the 

0 

* Cl ,"? <? > " CC? 
155- ^ 5 y £ i — * ^ 4 

CH3 

(A) 

•*&* - ,0 
CH3 

(B) 

Scheme 1. 

CH3 

( D ) 

CH3 s* .r* 
0' Cl-' 

- A 

-*• 5 

CH3 

(Or) 
fml / # Cl ' .-& rfl / 

*"CH3 CH3 

(H) 

Scheme 2. 

( I ) 
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early stage of the hydrogenolysis of 1 is ascribed to the 
adsorption by the chlorine atom which has high affinity 
to nickel catalyst,6 '7) phenyl group and Cj-Ca bond of 1, 
followed by competitive hydrogenolysis of C^-Ca bond 
(path I) and C-Cl bond (path II) as shown in Scheme 
2. The hydrogenolysis of C-Cl bond from the adsorbed 
species (F) seems to occur readily, giving 4. The 
formation of 5 is mainly due to the hydrogenolysis of 2 
via adsorbed species (H) since the stepwise hydrogeno­
lysis of 2 via adsorbed species (G) gives predominantly 4. 

The adverse effect of potassium hydroxide in the 
PdO and R-Ni catalyzed hydrogenolysis of 1 might be 
explained in terms of the adsorption states of substrate. 
When PdO is used as a catalyst, the presence of potas­
sium hydroxide prevents adsorption of the phenyl group 
and cyclopropane (adsorption state (A)) as in the case 
of carbon-carbon rc-bond. The accelerating effect of 
potassium hydroxide in the case of R-Ni catalyzed 
hydrogenolysis is due to the inhibition of the production 
of Ni 2 + ion, viz. poison of nickel catalyst, caused by 
removal of chloride ion as a salt. 

E x p e r i m e n t a l 

l,l-Dichloro-r-3-methyl-t-2-pheny [cyclopropane (1). To a 
mixture of petroleum ether (200 ml), ß-methylstyrene (29.5 
g, 0.25 mol) and potassium £-butoxide prepared from 10 g 
of potassium metal was added dropwise 30 g (0.25 mol) of 
chloroform at —10 °C over a period of 3 h. 1 : bp 86.5— 
88 °C/3.5 mmHg, 19.5 g (39% yield) was obtained. Rt: 29.0 
min, MS m/*: 200 (M+). Found: C, 59.76; H, 4.90%. Calcd 
for C10H10C12: C, 59.72; H, 5.01%. 

Catalysts. Palladium oxide (Nippon Engelhard Co.) 
and Raney nickel alloy NDH (Kawaken Fine Chemical Co.) 
were used. The alloy was treated according to the W-5 
method8) and washed with water until the washings showed 
no coloration with Phenolphthalein. 

Catalytic Hydrogenolysis of 1. 1 (5 mmol) was hydro-
genated for 24 h over R-Ni (1 g, as Ni) or PdO (0.2 g) in 
methanol (25 ml) at room temperature under atmospheric 
pressure in the presence or absence of potassium hydroxide 
(10 mmol). The composition of products was determined 
by VPC (TCP 2 m: 130 °C) at appropriate time intervals. 

Identification of Products. 1 was hydrogenolyzed over 

R-Ni under similar conditions to those described above. 
Hydrogénation was stopped after 1 h, the reaction mixture 
was subjected to measurement of GC-MS. For measurement 
of NMR and elementary analysis, each component of the 
products was separated preparatively by VPC. 

r-l-Chloro-c-3-methyl-t-2-phenylcyclopropane (2t): Rt: 17.3 
min, MS m/e: 166 (M+), NMR (CC14) : 6=1.86 (1H, dd, 
H a-C-Ph), 3.30 (1H, dd, HX-C-C1, J (H a -H x ) = 3.8 Hz). 
Found: C, 72.27; H, 6.80%. Calcd for C1 0HnCl; C, 72.09; 
H,6.66%. 

r-l-Chloro-t-3-methyl-c-2-phenylcyclopropane (2c) : Rt: 19.8 
min, MS m/e: 166 (M+), NMR (CC14) : 6=2.04 (1H, dd, 
H a-C-Ph), 3.08 (1H, dd, HX-C-C1, J (Ha-Hx) = 7.8Hz). 
Found: C, 72.18: H, 6.67%. Calcd for C10HUC1: C, 72.09; 
H, 6.60%. 

Y-2-Methyl-t~l-phenylcyclopropane (3): Rt: 4.2 min, MS m/e: 
132 (M+). Found: C, 90.16; H, 9.3%. Calcd for C10H12: 
C, 90.58;H, 9.15%. 

Isobutylbenzene (4) : Rt : 2.2 min, MS m/e: 134 (M+), NMR 
(CC14): 6=0.91 (6H, d, -CH(CH3)2), 1.84 (1H, m, -CH-
(GH3)2). 

Butylbenzene (5): Rt: 3.0 min, MS m/e: 134 (M+), NMR 
(CC14): 6=0.90 (3H, t, -CH3) , 1.4 (4H, m, -CH2-CH2-) . 

Catalytic Hydrogenolysis of 2 and 3. 2 (2t/2c=44/56) 
and 3 were hydrogenolyzed in a similar manner to that for 
hydrogenolysis of 1, respectively. 

The authors are grateful to J a p a n Spectroscopic Co., 
Ltd. Tokyo, for the GC-MS measurements. 
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Synopsis. The title compounds were prepared by 
pyrolysis of disulfones. The absorption spectra depend rather 
on the stacking mode between two naphthalene rings than 
ring-to-ring distance, whereas for the emission spectra the 
reverse is the case. A [4+4] photocycloaddition and a reverse 
reaction were observed between anti-îorm and its photoisomer. 

4h 
In order to clarify the effects of ring-to-ring distance 

and stacking mode between two naphthalene rings on 
the naphthalene excimer emission,2»3) the title com­
pounds were studied as more suitable models than syn-
and 0wft'[2.2](l,4)naphthalenophanes (1 and 2)4> because 
the [3.3]phane system with longer ring-to-ring distance 
must be less strained than the [2.2]phane system. 

The two isomeric [3.3](l ,4)naphthalenophanes {syn 3 
and anti 4)5> were prepared by our method in which 
pyrolytic desulfurization of disulfone was the key step 
of [3.3]phane formation.6) l ,4-Bis(bromomethyl)naph­
thalene 57> was converted to l,4-bis(2-mercaptoethyl)-
naphthalene 10 in the conventional way of five steps. A 
coupling of 5 with mercaptan 10 gave 2,17-dithia[4.4]-
( l ,4)naphthalenophane 11. T h e N M R spectrum of 11 
shows the anti-conformer to be predominant though 
both conformers are easily interconvertible. After 11 
was oxidized with m-chloroperbenzoic acid, pyrolysis of 
the resulting disulfone 12 led to a mixture of the desired 
phanes 3 and 4 with a 2 : 3 ratio. The separation into 
the two isomers was performed by fractional crystalliza­
tion and column chromatography on silica gel. 

The structures of 3 and 4 were determined by N M R 
data characteristic of syn- and awft'-conformers, respec­
tively. Thus, the ring current effect due to the opposite 
naphthalene ring brings about upfield shifts of all the 
aromatic protons for syn-form 3 and of only H a proton 
for anti-form 4 . These upfield shifts are, as expected, a 
little less, compared to those of syn- and anti[2.2]analogs 
1 and 2. 

Fig. 1 shows electronic absorption spectra of 1—4. 
Evidently, the spectra depend rather on the stacking 
mode of two naphthalene rings than on the ring-to-ring 
distance. Thus , the spectral shapes of both conformers 
3 and 4 are markedly different, whereas each spectrum is 
quite similar to that of the same conformer of [2.2]-
analog. This phenomenon can be interpreted by only 
exciton interaction of the two chromophores although a 
contribution of charge-transfer interaction is not 

5 R=CH2Br 

7 R=CHaCp2Et 

8 R-CH2CH2OH 

9 R=CH3CH2Br 

•JO «=CH2CH2SH 
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Electronic spectra of 1—4 in tetrahydrofuran. 

neglected.3»8) 
The emission spectra of 3 and 4 show a broad fluores­

cence band of excimer type (Amax 430 nm for 3 and 420 
nm for 4) and a phosphorescence band with fine struc­
ture (Amax 494, 530, 570 n m for 3 and 530, 570 n m for 
4) . These data suggest that the naphthalene excimer 
(Amax 400—410nm) has not necessarily a closely fixed 
sandwich structure, that is, the ease of the excimer 
formation is not correlated to the extent of overlapping 
between two naphthalene rings. The naphthalene 
excimer is presumed to be in a parallel slided conforma­
tion with a distance comparable to the ring-to-ring 
distance in [3.3]phane system. 

Although anti-form 2 with [2.2]system undergoes two 
types of intramolecular photocycloaddition, i.e., a 
formally two-fold [ 4 + 2 ] cycloaddition to dibenzo-
equinene9) and a [4+4]cycloaddition,1 0) anti-form 4 with 
[3.3]system undergoes onyl [4+4]photocycloaddit ion 
to afford photoisomer 13 in quantitative yield. Cycload-
duct 13 is stable at room temperature and undergoes a 
reverse aromatization above 130 °G to regenerate 4.5> 
The retro-conversion of 13 to 4 also was accomplished 
on irradiation with light at 253.7 nm. 
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E x p e r i m e n t a l 

Melting points are uncorrected. N M R (CDC13), M S , U V , 
and emission (degassed EPA) spectra were recorded with a 
J E O L FX-100 (100 M H z ) , a Hitachi R M U - 7 , a Hitachi 
EPS-3T, and a Hitachi MPF-2A ( H I V R-446 photomult i -
plier) spectrometers, respectively. 

l,4-Bis(2-hydroxy ethyl)naphthalene 8. The reduction of 
diester 7 (7.6 g, 25 mmol) , which was derived by cyanation 
of l ,4-bis(bromomethyl)naphthalene 5,7) followed by esterifi-
cation, in dry T H F (200 ml) with LiAlH 4 (4.8 g, 127 mmol) 
in dry T H F (270 ml) and recrystallization of the resulting 
glycol from ethyl acetate gave 8 9 % (4.8 g) yield of 8, colorless 
plates, m p 119.5—120 °C. N M R (5=3.31 (2H, t, 7 = 6 . 1 Hz , 
CH 2 ) , 3.97 (2H, t, 7 = 6 . 1 Hz , CH 2 ) , 7.30 (2H, s, A r H ) , 7.50 
(2H, m, A r H ) , and 8.11 (2H, m, A r H ) . Found : C, 77.97; 
H , 7.54%. Galcd for C 1 4 H 1 6 0 2 : C, 77.75; H , 7 .46%. 

1,4-Bis( 2-bromoethyl) naphthalene 9. Dibromide 9 waà 
obtained by refluxing a mixture of glycol 8 (3.5 g, 16 mmol) , 
4 7 % HBr (200 ml ) , and cone H 2 S 0 4 (90 ml) for 2 h. T h e 
mixture was worked up and chromatographed on silica gel 
with benzene. 9 : colorless plates from benzene-hexane, yield 
2.6 g (47%), m p 131—131.5 °C. N M R (5=3.65 (8H, m, 
CH 2 ) , 7.35 (2H, s, A r H ) , 7.65 (2H, m, A r H ) , and 8.10 (2H, 
m, ArH) . F o u n d : G, 49.32; H , 4 .41 ; Br, 46 .27%. Calcd 
for C1 4H1 4Br2: G, 49.15; H , 4 .13 ; Br, 46 .72%. 

l,4-Bis(2-mercaptoethyl) naphthalene 10. A mixture of 9 
(4.5 g, 13 mmol) , thiourea (2.6 g, 34 mmol) , and ethanol 
(180 ml) was treated in the same way as the preparat ion 
of 1,4-bis(2-mercaptoethyl)benzene.*> T h e resulting oil crys­
tallized after chromatography on silica gel with benzene, 
yield 1.0 g (31%) , m p 108.5—109.5 °C. The dithiol was 
essentially pure and used in the next step without further 
purification. N M R (5=1.44* (2H, t, J = 7 . 8 H z , SH) , 3.06 
(4H, m, CH 2 ) , 3.40 (4H, m, CH 2 ) , 7.25 (2H, s, A r H ) , 7.49 
(2H, m, A r H ) , and 8.05 (2H, m, A r H ) . 

2,17-Dithia[4.4]( 1,4) naphthalenophane 11. T h e coupling 
of dibromide 5 (700mg, 2.3 mmol) with dithiol 10 (600 mg, 
2.4 mmol) in benzene (400 ml) was carried out according to 
the general procedure in the preceding paper.1) 11: colorless 
plates from benzene-hexane, yield 200 mg (22%), m p 256— 
257 °C. N M R (5=3.18 (8H, A2B2m, CH 2 ) , 3.78 (4H, s, CH 2 ) , 
6.00 (2H, s, A r H ) , 6.37 (2H, s, A r H ) , 7.47 (4H, m, A r H ) , 
and 7.90 (4H, m, A r H ) . Found : C, 77.72; H , 6.05; S, 16.29 
% ; M S m/e 400 (M+). Calcd for C 2 6 H 2 4 S 2 : C, 77.95; H , 
6.04; S, 1 6 . 0 1 % ; M 400. 

2,17-Dithia[4.4] ( 1,4) naphthalenophane 2,2,17,17- Tetraoxide 12. 
The preparat ion of disulfone 12 was carried out according 
to the general procedure (with m-chloroperbenzoic acid) in 
the preceding paper.1) 12 : quant i ta t ive yield, m p 324 °C 
(dec). I t was used for the next step without purification. 

[3.3]( 1,4) Naphthalenophanes, syn 3 and ant i 4. Pyrolysis 
of disulfone 12 (50 mg, 0.108 mmol) was carried out by the 
same method as previously reported (650 °C, 0.2 mmHg).6> 
T h e collected product was purified by column chromatogra­
phy on silica gel with benzene and then gel-permeation liquid 
chromatography to give a mixture of syn- and «w^'-isomers 
with a 2 : 3 ratio, yield 10 mg (28%) . Recrystallization from 

hexane afforded pure «n/f-isomer 4, colorless needles, m p 214 
—216 °C. N M R (5=2.32 (4H, m, CH 2 ) , 2.72 (4H, m, CH 2 ) , 
3.43 (4H, m, CH 2 ) , 5.99 (4H, s, H a ) , 7.51 (4H, q, 7 = 7 . 0 , 
2.0 Hz , He ) , and 8.06 (4H, q, 7 = 7 . 0 , 2.0 Hz , H b ) . Found : 
C, 92.80; H , 7 . 2 1 % , M S m/e 336 (M+). Calcd for C2 6H2 4 : 
C, 92.81 ; H , 7 .19%; M 336. 

Careful column chromatography of the mother liquid of 
above recrystallization on silica gel with CC14 afforded pure 
syn-isomer 3 after the elution of anti-isomer. Recrystalliza­
tion from ethanol gave colorless plates, m p 229—229.5 °C. 
N M R (5=2.80 (8H, m, CH 2 ) , 3.60 (4H, m, CH 2 ) , 6.93 (4H, 
s, H a ) , 6.98 (4H, q, J=7.6, 2.0 Hz, H c ) , and 7.12 (4H, q, 
7 = 7 . 6 , 2.0 Hz , H b ) . Found : m/e 336.18601. Calcd for 
C 2 6H 2 4 : M , 336.18779. 

Photoisomer 13. anti[3.3] ( 1,4)Naphthalenophane 4 ( 1 . 6 
mg) was dissolved in 5 ml of benzene in a Vycor tube. The 
solution was irradiated with a high pressure mercury lamp 
(400 W) for 2 h under a nitrogen atmosphere. Evaporation 
of the solvent gave colorless solid of photoisomer 13 in a 
quanti tat ive yield. N M R (5=1.79 (4H, m, CH 2 ) , 2.16 (4H, 
m, CH 2 ) , 2.71 (4H, m, CH 2 ) , 5.47 (4H, s, olefin), 7.16 (4H, 
q, 7 = 6 . 1 , 2.8 Hz , H b ) , and 7.36 (4H, q, 7 = 6 . 1 , 2.8 Hz 
H a ) . Found : m/e 336.18645. Calcd for C 2 6H 2 4 : M 336.18779. 

I t melted at 130 °C, resolidified above the temperature, 
and remelted at the melt ing point of 4 . T h e regeneration 
of 4 was confirmed by heating 13 at 132 °C in D M S O for 
20 min and also by irradiat ing 13 with a low pressure mercury 
lamp for 4 h under a nitrogen atmosphere. 
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Synopsis. Nitrosodurene was allowed to react with 
alkyl- and arylmagnesium halides and the reaction was fol­
lowed by ESR. The spectrum of nitrosodurene anion radical 
was observed, the stability sequence of alkyl duryl nitroxides 
being discussed on the basis of the coupling constants of 
a-hydrogen atoms of alkyl groups. 

Study on the reaction of nitrosobenzenes with 
Grignard reagents started early,1»2) the formation of 
diphenyl nitroxide radical on the reaction with phenyl-
magnesium bromide (PhMgBr) being studied precisely 
by ESR, but no resolvable spectrum was obtained on 
the reaction with methyl- and ethylmagnesium bromide 
(MeMgBr and EtMgBr) even at lower temperatures.3) 
O n the other hand, the development of spin-trapping 
studies4) shed light on nitrosodurene as an especially 
useful spin-trap because of its stability and also the 
simple ESR spectra of the corresponding nitroxide 
radicals.5) We wish to report the results obtained on the 
Grignard reaction of nitrosodurene. 

The reaction was carried out in tetrahydrofuran 
(THF) . Since the solubility of nitrosodurene dimer in 
ordinary solvents is very low, the substrate had to be 
added as a suspension in T H F . When the suspension 
was added to an equimolar solution of PhMgBr at 0 °C, 
almost all of the solid nitrosodurene remained undis­
solved. The reaction started when the mixture was 
warmed up to about 30 °C, the solid dissolving gradually 
giving reddish brown coloration. Dark brown crystalline 
needles (1) were obtained by quenching the reaction 
mixture with saturated aqueous NH 4C1 followed by 
extraction with diethyl ether and removal of the solvent : 
m p 96—98 °C after recrystallization from petroleum 
benzine. A dilute solution of 1 in T H F gave an ESR 
spectrum consisting of a set of coupling constants 
agreeing with that of phenyl duryl nitroxide: <zN=9.93 
G, <Z 0 . P -H=2 .76 G and <2m_H=0.90 G. However, the 
magnetic susceptibility measurement gave only a 51 % 
free spin, and the I R spectrum showed a broad and 
strong VQB. absorption band at 3240 c m - 1 . Thus the 
crystalline product 1 was suggested to be a hydrogen-
bonded dimeric nitroxide-hydroxylamine complex. This 
was confirmed by conversion of 1 into deep red "free" 
nitroxide (crude, m p 116—123 °C, 8 8 % free spin) by 
oxidation with A g 2 0 in anhydrous diethyl ether.6) 

The coupling constants obtained directly from the 
reaction mixture with jb-fluoro- and />-methoxyphenyl-
magnesium bromides are given in Table 1. The spin 

O, . X3 
| N-Ô— -H-O-N 

coupling with the j&-hydrogen atom of the duryl group 
is usually unresolvable. However, it was resolved in 
the case of />-methoxyphenyl duryl nitroxide. The 
radical concentration of this nitroxide increased much 
faster than that of the jö-fluoro derivative, indicating 
that the electron-donating substituent facilitates the 
reaction. 

In the reaction with alkyl Grignard reagents, easily 
analyzable ESR spectra were obtained at room tempera­
ture. The results are summarized in Table 2. Since 
the nitroxyl oxygen atom coordinates to the + MgBr 
species present in our reaction system, all the <zN values 
are smaller than those obtained in the cases of "free" 
nitroxides obtained photolytically.5) The <zN value 
(9.93 G) of the molecular complex 1, in which the 
nitroxyl oxygen atom coordinates to the hydrogen atom, 
is also smaller than that obtained previously (10.11 G5)). 

When an equimolar MeMgBr was allowed to react 
with nitrosodurene, the ESR-spectrum obtained at the 
initial stage of the reaction consisted of a broad triplet 
signal due to the nitrogen atom (<zN= 12.69 G), the 
spectrum changing rapidly into a set of weak signals of 
methyl duryl nitroxide.5) When six molar equivalents 
of MeMgBr were used, the signals disappeared much 
faster. Three molar equivalents proved to give the 
strongest signals of the nitroxide, which disappeared 
in ca. 1 h. The triplet signal observed at the initial 
stage of the reaction could be ascribed to the anion 
radical of nitrosodurene formed as the result of electron-
transfer from the Grignard reagent.7) A similar phe­
nomenon was observed in the reaction with isopropyl-
magnesium bromide. A set of broad quintet was 
observed at the initial stage the spectrum changing 
rapidly into a set of doublets of triplet assignable to 
isopropyl duryl nitroxide. Since a quintet ( 1 : 2 : 3 : 2 : 1 ) 
signal is observable when a free spin is delocalized on 
two equivalent nitrogen atoms,8) the quintet could be 
assigned to the dimeric anion radical illustrated below. 
The appreciably small <zN value (9.6 G) is compatible 
with the proposed structure 2 . 

The correlation of the order of the value of aa-n 

T A B L E 1. COUPLING CONSTANTS OF ARYL DURYL NITROXIDES 

FORMED ON THE REACTION WITH A r M g B r 

ArMgBr 

F-<g>-MgBr 

MeO-/(5\-MgBr 

flN aF ao-B. am-K 

10.19 6.57 2.78 0.92 

10.44 — 2.78 0.83 

< - H 

0.42 
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TABLE 2. COUPLING CONSTANTS OF ALKYL DURYL NITROXIDES 

FORMED IN THE REACTION WITH R M G X 

RMgX " a - H 

Order of 
radical 
concna) 

AN of "free" 
nitroxides5) 

CH3MgBr 
PhCH2MgCl 

(CH3)2CHMgBr 

13.60 12.08 
13.58 7.92 
13.58 6.69 

3 
2 

1 

13.70 
13.61 
13.72 

a) One indicates the highest concentration observed. 

with that of radical concentration (Table 2) is of 
interest. The largest aa-n value for methyl duryl 
nitroxide is responsible for its instability due to decom­
position probably involving hydrogen-abstraction. The 
medium aa-n value for benzyl duryl nitroxide is unam­
biguously due to the spin-delocalization on the phenyl 
group giving fair stability to the nitroxide. The smallest 
aa-n value for isopropyl duryl nitroxide seems to be 
due to the steric effect of the two a-methyl groups. 
Since the degree of spin-distribution on these methyl 
groups should be very low, the small aa-n value can be 
understood by considering the direction of the orbital 
of free spin on the nitrogen atom to be not parallel 
with that of the Ca-Ha bond. The low value is in line 
with the great stability of the radical. 

Nitrosodurene was found to be a useful spin-trap 
also in the reaction with Grignard reagents. The 
hindered nitrosobenzene made it possible to observe 
easily analyzable spectra of nitroxides as well as the 
initially formed anion radical . A similar steric hindrance 
effect was discussed in detail.7) 

E x p e r i m e n t a l 

Materials. Nitrosodurene was prepared by the method 
of Smith and Taylor9) through mercuriation of durene follow­
ed by nitrosation: mp 160 °C. For the Grignard reaction 
tetrahydrofuran was dried over sodium wire, distilled, and 
stored on sodium wire. For ESR measurements it was dried 
by sodium hydride, frozen, degassed repeatedly, and distilled 
in a solvent reservoir on a vacuum line containing Na-K 

alloy. />-Fluorobromobenzene was prepared from fluoroben-
zene10) (Daikin Industrial Co.). Commercial halogen com­
pounds were used (reagent grade). Half molar stock solutions 
of Grignard reagents in THF were prepared and stored under, 
N2. 

Procedures for Measurements. The apparatus used for 
the measurements was constructed according to the method 
reported by Maruyama.3) Nitrosodurene (0.0136 g, 0.25 
mmol) was weighed and introduced into a reaction vessel, 
5 ml of THF being distilled into it from a solvent reservoir 
using vacuum line. Only a small portion of nitrosodurene 
went into the solution with weak green coloration. When 
the two reactants were mixed by breaking the seal, the color 
of the resultant mixture turned yellow or orange due to the 
formation of nitroxide radical accompanied by the dissolution 
of the solid nitrosodurene dimer. In order to obtain hyperfine 
structures, a small part of the reaction mixture transferred 
into the measurement cell was diluted by distilling the solvent 
from the reaction vessel. 

The authors wish to thank Dr. Shuji Emori, Saga 
University, for the measurement of magnetic 
susceptibility. 
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Synopsis. iV-Benzyl-a-ethoxycarbonylnitrone (1) was 
prepared from ethyl glyoxylate and iV-benzylhydroxylamine. 
The reactions of 1 with isobutylene, methyl acrylate, and 
methyl crotonate are described. 

In the course of our synthetic studies of the hydroxy 
amino acid moiety via 1,3-dipolar cycloaddition,1 '2) 
N-benzyl-a-alkoxycarbonylnitrone {e.g., 1) was expected 
to be a suitable 1,3-dipole, especially for the preparat ion 
of the y-hydroxy oc-amino acid. 

The removal of the benzyl group and the fission of 
the N - O bond in the adduct , a, would be attained 
simultaneously under such conditions of catalytic 
hydrogenolysis, and the stereochemistry of the product, 
b , would directly reflect the regio- and stereospecificities 
in the 1,3-dipolar cycloaddition of the nitrone.3) 

A hitherto unknown nitrone, 1, was prepared by the 
condensation of ethyl glyoxylate and JV-benzylhydroxyl-
amine in the presence of calcium chloride.4) 1 crystal­
lized easily, but it was found to be a mixture of -Z(la) 
and E(lh) isomers ( Z : 2 ? = l : 2 ) , as is shown in its 
N M R spectrum. The two singlets at 5.69 and 4.96 
are assignable to the methylene protons at the benzylic 
position in l b and l a respectively. The difference in 
chemical shift can be explained by the effect of the 
neighboring ester group. The ratio depends slightly 
on the reaction and/or recrystallization conditions. 

When the nitrone 1(Z: E=\:2) and isobutylene in 
benzene were heated at 80 °C for 3 d, only a single 
adduct was isolated by distillation. The structure of the 
adduct was characterized as 2-benzyl-5,5-dimethyl-3-
ethoxycarbonylisoxazolidine (2) from its spectroscopic 
properties and its conversion to the known5) y-hydroxy-
leucine lactone hydrochloride (3) by hydrogenolysis 
over Pd(OH)2 .6) 

The reaction of the nitrone 1 (Z: E=\:2) with 
methyl acrylate proceeded at room temperature, and 
two adducts, 4 and 5 (4: 5 = 4 : 1), were isolated in 8 4 % 
yield. Two pairs of doublets, at 4.68 and 3.78, in the 
N M R spectrum of 4, and similar pairs at 4.65 and 3.61 
in 5, reveal the substitution pat tern on the isoxazolidine 
ring in both 4 and 5 to be a 2,3,5-trisubstituted one. 
The stereochemistry of 4, assumed to be trans from the 
pseudocontact shift with Eu(fod)3 (see Experimental) , 
was confirmed by subjecting 4 to catalytic hydro­
genolysis over Pd (OH) 2 , followed by hydrolysis with 
6 M (1 M = l mol d m - 3 ) hydrochloric acid. In the 
amino acid chromatogram7) of the products, almost 
all ( > 9 4 % ) of the y-hydroxyglutamic acids and their 
lactones were recognized as having the JAr^o-configu­
ration. 

Among the various dipolarophiles reported, the 
cycloadducts from the crotonic ester have been shown 
to have a "reverse" regioselectivity.8) This was observed 

GOOR 

GH 

N + il P h - C H / ^ O \ R ' 

1 R = GH2GHo 

ROOG N 3 4 

Ph-GH2 

1 15 

O'NR' 

ROOC-CH-CH 2 -CH-R' 

NH2 OH 

b 

CH3CH2OOC 

GH3 

C H / X 

/NH2.HG1 

•I J \ oAo 
3 

r//R2 
•R3 

Ph-CH 2 ^ N ° / % R 4 
2 R1 = R2 = H, R3 = R4 = CH3 

4 R1 = R 2 = R 3 = H, R 4 =GOOGH 3 

5 R1 = R2 = R 4 = H , R3 = GOOGH3 

6 R ^ G O O G H g , R2 = R3 = H, R4 = CH3 

7 R 1 = R 4 = H , R2 = COOCH3, R3 = GH3 

also in the present case. The mixture of 1 (Z: E= 1: 3.5) 
and methyl crotonate was allowed to stand at room 
temperature to give 6 and 7 (4.4: 1) in 8 3 % yield. 
The arrangement of substituents and the stereochemistry 
of 6 and 7 were assumed from the analyses of the N M R 
spectra. Of the three protons on the isoxazolidine ring, 
H 5 is the most downfield in both 6 (ô at 4.40) and 7 
(ô at 4.56) and is assignable to the partial structure 
- 0 - C H 5 ( C H 3 ) - C H - on the basis of the chemical 
shifts and multiplicities. The differences in the chemical 
shifts of H 3 (A 0.35) and H 4 (A 0.40) of 7 as compared 
with those of 6 are at tr ibutable to a deshielding effect 
of the neighboring ester group, which is eis to the 
protons in question in the case of 7. The two ester 
groups, thus, can be arranged eis to each other in 6 
and trans in 7. The trans relationship between G4 and G5 

was assumed from the reaction mechanism.9) 

E x p e r i m e n t a l 

All the melting points are uncorrected. The IR spectra 
were recorded on a Hitachi 215 grating spectrophotometer, 
and the NMR spectra were obtained on a Hitachi H-60 and 
a JEOL MH-100 spectrophotometers, using TMS as an 
internal standard. 

N-Benzyl-oi-ethoxycarbonylnitrone (1). To an ice-cooled 
mixture of 5.3 g of JV-benzylhydroxylamine and 1.5 g of 
calcium chloride in 40 ml of ether,4) 4.5 g of ethyl glyoxylate 
was added drop wise, after which the whole was stirred at 
0 °G for 1 h. The solids were removed by filtration through 
an anhydrous sodium sulfate layer, and the filtrate was 
evaporated to give crystalline 1 (7.8 g, 88%). Two recrys-
tallizations from benzene afforded an analytical sample of 

. 1 : mp 84.0—86.5 °G; v(KBr) : 1720, 1560, 1200 br, 1045, 
965, 825, and 700 cm-1; ô (GDG13) : 7.4 (m, 5H), 7.17 (lb) 
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and 7.09 ( l a ) (s, 1H), 5.69 ( l b ) and 4.96 ( l a ) (s, 2H) , 4.25 
( l b ) and 4.22 ( l a ) (q, 2H, 7 = 7 Hz) , and 1.30 ( l b ) and 
1.27 ( l a ) (t, 3H, 7 = 7 Hz) . Found : G, 63.93; H , 6 .31 ; N , 
6 .82%. Galcd for G n H 1 3 N 0 3 : G, 63.75; H , 6.32; N , 6 .76%. 
T h e ratio of Z ( l a ) and E(lh) was calculated as 1: 2 from 
the peak areas of the benzylic methylene signals. T h e ratio 
changed between 1: 2 and 1: 3.5 according to the difference 
in preparat ion and/or recrystallization, bu t at tempts at the 
separation of each isomer were unsuccessful, and so the 
mixture of a known ratio was used in the subsequent reac­
tions. 

2-Benzyl-5,5-dimethyl-3-ethoxycarbonylisoxazolidine (2). A 
mixture of 535 mg of 1 (Z : E= 1: 2) , 3.1 g of isobutylene, and 
12 ml of benzene in a sealed tube was heated at 80 °G for 3 d. 
T h e subsequent evaporation of the solvent gave 2(630 mg) . 
An analytical sample was obtained by Kugelrohr distillation 
(bath t e m p : 144—145 °G/2 m m H g ) . v(GHCl 3 ) : 1730, 1600, 
1375, and 1365 cm" 1 ; Ô (GDG18) : 7.3 (m, 5H) , 4.07 (s, 2H) , 
4.07 (q, 2 H , 7 = 7 Hz) , 3.52 (dd, I H , 7 = 7 . 5 and 9.5 Hz , 
G par t of ABG), 2.3 (m, 2H, AB par t of ABG), 1.38 (s, 3H) , 
1.30 (s, 3H) , and 1.21 (t, 3H, 7 = 7 H z ) . Found : G, 68.39; 
H , 7.97: N , 5 .40%. Galcd for G 1 5 H 2 1 N 0 3 : G, 68 .41 ; H 
8.03; N , 5 . 3 1 % . 

y-Hydroxyleucine Lactone Hydrochloride (3). A mixture 
of 188 mg of 2, 90 mg of Pd(OH)2 ,6> and 40 ml of methanol 
was shaken under a hydrogen atmosphere (3 atm) for 3 d . 
After the removal of catalysts by filtration, the filtrate was 
concentrated to give an oily solid ( 1 1 8 m g ) ; v(CHCl3) : 1760 
cm- 1 . A par t of the oily solid was dissolved in ethanol , and 
1.1 eq of hydrochloric acid was added . T h e whole was left 
in a desiccator in vacuo to give 3 : m p 206—207 °G (from etha­
nol) ; the I R spectrum (KBr disk: 3500—2400 br, 1765, 1575, 
and 1490 c m - 1 ) of 3 was coincident with that of the authent ic 
y-hydroxyleucine lactone hydrochloride (mp 208—209 °C).5> 

trans - 2 - Benzyl-3-ethoxycarbonyl- 5- methoxycarbonylisoxazolidine 
(4) andcis-2-Benzyl-3-ethoxycarbonyl-5-methoxycarbonylisoxazolidine 
(5). A solution of 200 mg of the nitrone 1 (Z : E= 1: 2) 
and 175 mg of methyl acrylate in 3 ml of benzene was stirred 
at room tempera ture for 36 h . T h e subsequent evaporation 
of the solvent gave an oil (285 mg) , which showed three spots 
on T L G (Merk silica gel 60, 0.25 m m ; hexane-ethyl acetate 
= 3 : 1). T h e oil was chromatographed on silica gel (30 g) 
with benzene-ethyl acetate (100: 2) to give an unidentified 
compound ( # f = 0 . 3 0 , 6 mg) , 158 mg of 4 ( i ? f =0.22) , 55 mg 
of a mixture of 4 and 5 (2 : 1), and 27 mg of 5 ( / ? f =0 .17) . 
Analytical samples were prepared by a flash chromatogra­
phy10) (hexane-ethyl a c e t a t e = 3 : 1), followed by Kugelrohr 
distillation. 

4 : Bath temp 131—134 °G/0.08 m m H g ; v (GG14) : 1755 
sh, 1735, and 1190 cm" 1 ; ô (CDC13 , 100 M H z ; A values show 
the pseudocontact shifts upon the addit ion of 0.8 eq of Eu-
(fod)8): 7.3 (m, 5H) , 4.68 (dd, I H , 7 = 6 and 8 Hz , A 0.18), 
4.16 (AB center, 2H , 7 = 13 H z , A 0.52), 4.14 (q, 2 H , 7 = 7 
Hz , A 0.02), 3.78 (dd, I H , 7 = 6 and 8 Hz , A 0.66), 3.76 
(s, 3H , A 0.06), 2.92 (ddd, I H , 7 = 8 , 6 and 14 Hz , A 0.38), 
2.68 (ddd, I H , 7 = 6 , 8, and 14 Hz , A 0.48), and 1.24 (t, 
3H , 7 = 7 H z , A 0.00). Found : G, 61.29; H , 6.47; N , 4 .92%. 
Galcd for G 1 5 H 1 9 N 0 5 : G, 61.42; H , 6.52; N , 4 .77%. 

5 : Bath temp 140—145 °G/0.1 m m H g ; v (GG14) : 1769 sh, 
1730, and 1190 c m - 1 ; ô (CDC13 , 100 M H z ) : 7.4 (m, 5H) , 
4.65 (dd, I H , 7 = 5 . 5 and 8.5 H z ) , 4.15 (q, 2H , 7 = 7 H z ) , 
4.15 (s, 2H) , 3.77 (s, 3H) , 3.61 (dd, I H , 7 = 6 and 8 H z ) , 
2.6—3.1 (m, 2H) , and 1.24 (t, 3 H , 7 = 7 Hz) . F o u n d : G, 
61.55; H , 6.50; N , 5 .08%. Galcd for G 1 5 H 1 9 N 0 5 : G, 61.42; 
H , 6.52; N , 4 .77%. 

Amino Acid Analysis.1^ A solution of 364 mg of 4 in 

50 ml of methanol was hydrogenolyzed over 100 mg of 
P d ( O H ) 2 under a hydrogen atmosphere (3 atm) for 2 d. 
After the catalysts had then been removed, the filtrate was 
concentrated to give an oil. T h e oil was refluxed for 4 h 
with 20 ml of 6 M hydrochloric acid. After decolorizing 
with activated carbon, the solution was concentrated to give 
crystals (234 mg) . The amino acid chromatogram of the 
crystals showed the presence2) of /Ara?-y-hydroxyglutamic acid 
(0.270 mmol) , tfry/Aro-y-hydroxyglutamic acid (0.023 mmol) , 
and /Ara?-y-hydroxyglutamic acid lactone (0.113 mmol) . 

2-Benzyl-r-3-ethoxycarbonyl-c-4- methoxycarbonyl-t- 5 -methylisoxa-
zolidine (6) and 2-Benzyl-r-3-ethoxycarbonyl-t-4-methoxycarbonyl-c-
5-methylisoxazolidine (7). A mixture of 205 mg of the 
nitrone 1 (Z: E= 1:3.5), 198 mg of methyl crotonate, and 
5 ml of benzene was stirred at room temperature for 3 d. 
T h e subsequent removal of the solvent gave an oil containing 
some crystals. VPG analysis ( 5 % O V - 1 , 1.7 m, 180 °G) 
showed that two components of Rt=6 min and i ? t = 7 m i n 
were present in the product . They were separated by column 
chromatography on silica gel (33 g) . Elution with benzene-
ethyl acetate (98 :2) afforded 47 mg of 7 ( i ? t = 6 m i n ) and 
206 mg of 6 ( Ä t = 7 m i n ) . 

6: M p 41.5—42.5 °G (from pentane) ; v (GHG18) : 1735 
c m - 1 ; ô (GDG12, 100 M H z ) : 7.3 (m, 5H) , 4.40 (dq, I H , 
7 = 8 and 6 Hz ) , 4.14 (q, 2H, 7 = 6 Hz) , 4.10 (AB center, 
2H, 7 = 14 Hz) , 3.78 (d, I H , 7 = 8 Hz) , 3.66 (s, 3H) , 3.12 
(t, I H , 7 = 8 Hz) , 1.36 (d, 3H, 7 = 6 Hz) , and 1.22 (t, 3H, 
7 = 6 H z ) . Found : G, 62.43; H , 6.72; N , 4 .50%. Galcd 
for G 1 6 H 2 1 N 0 5 : G, 62.52; H , 6.88; N , 4 . 5 5 % . 

7 : Liquid, ba th temp 105—109 °G/0.09 m m H g ; *(CHC13) : 
1735 c m - 1 ; ô (GDG13, 100 M H z ) : 7.4 (m, 5H) , 4.56 (quint, 
I H , 7 = 6 Hz) , 4.18 (q, 2 H , 7 = 7 Hz) , 4.14 (s, 2H) , 4.13 
(d, 1H, 7 = 8 Hz) , 3.79 (s, 3H) , 3.52 (dd, I H , 7 = 6 and 
8 Hz) , 1.44 (d, 3H, 7 = 6 H z ) , and 1.24 (t, 3H, 7 = 7 Hz) . 
Found : G, 62.92; H , 6.94; N , 4 . 56%. Galcd for G 1 ( i H 2 1 N0 5 : 
C, 62.52; H , 6.88; N , 4 . 5 5 % . 

W e a r e d e e p l y i n d e b t e d to D r . M i n o r u T a m u r a , 
T h e U n i v e r s i t y of T s u k u b a , for his m e a s u r e m e n t s of 
t h e a m i n o a c i d c h r o m a t o g r a m s . 
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Synopsis. 2,5-Diphenylbicyclo [4.2.0] octa-2,4-diene 
has been found to exist exclusively in the bicyclic form, 
giving rise to questioning the reported structure of 2,5-diphen-
yl-l,3,5-cyclooctatriene. The structure of 1,4-diphenyl-1,3,6-
cyclooctatriene is proposed for the compound. 

Courtot and Rumin reported that reduction of the 
dimesylate of m-5,6-bis(hydroxymethyl)-l ,4-diphenyl-
1,3-cyclohexadiene (1) with li thium aluminum hydride 
gives 2,5-diphenyl-l,3,5-cyclooctatriene (2) along with 
5,6-dimethyl-1,4-diphenyl-1,3-cyclohexadiene (3) and 
1,4-diphenyl-5-methylbicyclo[4.1.0]hept-3-ene (4) .*) 

In the course of studies on unsaturated eight-
membered ring compounds, we prepared 2,5-diphenyl-
bicyclo[4.2.0]octa-2,4-diene (5), a valence isomer of 2, 
and found that compound 5 exclusively exists in the 
bicyclic form at room temperature to 100 °C. This 
gave rise to questioning the reported structure of 2. 
A reasonable alternative structure for the compound 

H-OMs 

Scheme 1. 

HO Ph H04 Ph 

M s V s V s l /? 

of Courtot and R u m i n seems to be 1,4-diphenyl-1,3,6-
cyclooctatriene (6) for several reasons. 

Reaction of bicyclo[4.2.0]octane-2,5-dione (7)2) with 
phenylmagnesium bromide (five equivalents) gave 2,5-
diphenylbicyclo[4.2.0]octane-r-2,£-5-diol (8) and 5-
hydroxy-5-phenylbicyclo[4.2.0]octan-2-one (9). The 
stereochemistry of these compounds was assigned from 
a steric point of view. Dehydration of 8 with phosphoryl 
chloride in pyridine gave 5 and l,6-diphenyl-9-oxatri-
cyclo[4.2.1.02 '5]nonane (10). 

The i H - N M R spectrum of 5 (CC14) exhibits signals 
at à 2.3—2.8 (4H, m, H-7,8), 3.92 (2H, m, H-1,6), 6.38 
(2H, s, H-3,4), and 7.0—7.5 (10H, m, aromatic protons), 
in line with the bicyclic structure. The spectrum did 
not change even after heating the solution at 100 °C 
for 4 h. Trea tment of 5 with 2,3-dichloro-5,6-dicyano-/?-
benzoquinone readily gave 2,5-diphenylbicyclo[4.2.0]-
octa-l,3,5-triene (11). 

The results indicate that between the bicyclic struc­
ture (5) and the ring-opened structure (2), the former 
is thermodynamically favorable. Thus , the reported 
structure of 2 is questionable. The reasonable structure 
of Courtot 's compound is probably 1,4-diphenyl-1,3,6-
cyclooctatriene (6) for the following reasons: (i) The 
methylene protons of 2 appear at ô 3.20 in the 1 H - N M R 
spectrum. The chemical shift is 0.77 ppm lower than 
that of 1,3,5-cyclooctatriene itself (ô 2.43),3> being 
nearer to that of 1,3,6-cyclooctatriene (ô 2.70).4) In 
structure 6, the phenyl group would exert relatively 
large down-field anisotropy effect on the adjacent 
methylene protons, whereas, in structure 2, no such 
large effect is expected, (ii) Similar reduction of the 
trans isomer of 1 was reported to give a trans-bis-v-
homobenzene derivative as the main product.1) There­
fore, it would be highly probable that Courtot 's com­
pound was obtained from the a^bis-a-homobenzene 
derivative (12) by [ ^ s + o ^ s + o ^ J cycloreversion. 
cw-Bis-tf-homobenzenes have been reported to undergo 
cycloreversion readily.5) 

The reason for compound 5 exclusively existing in the 
bicyclic form should be noted. 1,3,5-Cyclooctatriene 
itself is at equilibrium with bicyclo[4.2.0]octa-2,4-diene 
with free energy difference of only 1.1 kcal m o l - 1 

(89.2: 10.8 at 60 °C).6> The ratio is largely affected by 
introduction of substituents.6»7) Since the cyclohexadiene 
moiety of 5 should be almost planar, the gain of con-
jugative energy by the introduction of the phenyl groups 
at C-2 and -5 might be sufficient to favor the bicyclic 
form. Such an effect by phenyl has also been observed 
in cycloheptatriene-norcaradiene equilibrium.8) 

Scheme 2. 
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E x p e r i m e n t a l 

Melting points were determined with a Thomas-Hoover 
apparatus and are uncorrected. I R , U V , and X H-NMR 
spectra were recorded with a Hi tachi 215, a Hi tachi 323, 
and a J E O L P M X 60 spectrometer, respectively. Micro­
analyses were performed at the Microanalytical Laboratory 
in this depar tment . 

Reaction of Bicyclo[4.2.0]octane-2,5~dione (7) with Phenylmagne­
sium Bromide. An ethereal solution (20 ml) of 7 (1.38 
g, 10 mmol) was added drop wise at room temperature over 
a period of 15 m m to an ethereal solution {ca. 100 ml) of 
phenylmagnesium bromide prepared from bromobenzene 
(7.85 g, 50 mmol) and magnesium (1.21 g, 50.4 mmol).9) Dry 
tetrahydrofuran (150ml) was added and the mixture was 
stirred under nitrogen for 16 h. 1 M Sulfuric acid (20 ml) 
and then water (200 ml) was added. T h e products were 
extracted ethyl acetate (2 X 50 ml ) . T h e extracts were washed 
with water, and brine, and dried over M g S 0 4 . After removal 
of the solvent the residue was chromatographed on silica gel. 
Elution with dichloromethane gave, in the order of elution, 
2,5-diphenylbicyclo[4.2.0]octane-r-2,c-5-diol (8) (0.640 g, 20.5 
%) and5-hydroxy-5-phenylbicyclo[4.2.0]octan-2-one (9) (1.18 
g, 54 .6%) . (8) : colorless crystals from benzene-dichlorometh-
ane ; m p 140—142 ° C ; I R (KBr) v 3300, 1498, 1453, 1006, 
753, 703 c m - 1 ; X H - N M R (CDC13) Ô 1.9—2.4 (8H, m) , 3.03 
(2H, m) , 3.57 (2H, s, O H ) , 7.2—7.6 (10H, m ) . Found : C, 
81.69; H , 7 .78%. Calcd for C 2 0 H 2 2 O 2 : C, 81.60; H , 7 .53%. 
(9) : colorless crystals from benzene-dichloromethane ; m p 
162—162.5 ° C ; I R (KBr) v 3350, 1695, 967, 752, 698 cm" 1 ; 
X H-NMR (CDC13) Ô 1.9—2.7 (8H, m) , 3.0—3.5 (2H, m ) , 
7.2—7.5 (5H, m ) . F o u n d : G, 77 .71; H , 7 .65%. Calcd for 
C 1 4 H 1 6 0 2 : G, 77.75; H , 7 .46%. 

Dehydration of the Diol (8). A solution of the diol (8) 
(318 mg, 1.08 mmol) and phosphoryl chloride (1.67 g, 11 
mmol) in pyridine (5 ml) was heated under nitrogen at 50 
°C for 3.5 h. T h e cooled mixture was poured into cold 6 M 
hydrochloric acid (15 ml) and extracted with benzene (2 X 
20 ml) . T h e extracts were washed with water and dried. 
T h e solvent was removed and the residue was chromatogra­
phed on silica gel. Elution with benzene-hexane gave, in 
the order of elution, 2,5-diphenyl-bicyclo[4.2.0]octa-2,4-diene 
(5) (120 mg, 43%) and l,6-diphenyl-9-oxatricyclo[4.2.1.02»5]-

nonane (10) (45.6 mg, 15%). (5) : yellow needles from 
ethanol-dichloromethane; m p 131—133 °C; I R (KBr) v 1590, 
1546, 1495, 1450, 850, 765, 745, 684 cm" 1 ; U V (cyclohexane) 
I 233 (log e 4.06), 358 (4.36), 366 nm (sh. 4.34). Found: 
C, 92.84; H , 7.32%. Calcd for C2 0H1 8 : C, 92.98; H , 7.02%, 
(10) : colorless crystals from hexane; m p 83—84 °C; I R (KBr) 
v 1600, 1010, 967, 754, 700 c m - 1 ; X H-NMR (CC14) ô 1.5— 
1.9 (4H, m) , 1.97 (4H, s), 2.97 (2H, m) , 7.0—7.5 (ÎOH, m ) . 
F o u n d : C, 86 .81 ; H , 7 .38%. Calcd for C 2 0 H 2 0 O: C, 86.92; 
H , 7 .29%. 

Dehydrogenation of the Diene (5). A mixture of the 
diene (5) (30.3 mg, 0.117 mmol) and 2,3-dichloro-5,6-dicyano-
/>-benzoquinone (28.3 mg, 0.124 mmol) in benzene (2 ml) was 
stirred at room temperature for 40 h. Filtration gave 
2,3-dichloro-5,6-dicyanohydroquinone (22.5 mg) . T h e filtrate 
was chromatographed on silica gel, eluted with benzene, to 
give 2,5-diphenylbicyclo[4.2.0]octa-l,3,5-triene (11) (17.7 mg. 
5 9 % ) ; colorless crystals from hexane-dichloromethane ; mp 
182—183 °C; I R (KBr) v 3050, 1590, 1472, 1451, 1067, 1021, 
777, 759, 752 c m - 1 ; U V (cyclohexane) A 289.5 nm (log e 
4.47); i H - N M R (CDC13) ô 3.45 (4H, s), 7.2—7.8 (12H, m) . 
Found : C, 93.43; H , 6 .48%. Calcd for C2 0H1 6 : C, 93.71; 
H , 6 .29%. 
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The Reaction of 2,4,6-TriphenyM,3-thiazinylium Perchlorate 
with Active Methylenes 
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Synopsis. The reaction of 2,4,6-triphenyl-1,3-thiazin-
ylium Perchlorate (4) with several active methylenes was 
studied. Methyl cyanoacetate or benzoylacetonitrile reacted 
with 4 to give 3-cyano-2,4,6-triphenylpyridine, while malono-
nitrile led to l-mercapto-l,3-diphenyl-4,4-dicyanobutadiene 
and cyanoacetamide led to 2-hydroxy-3-cyano-4,6-diphenyl-
pyridine. The reaction of diethyl malonate, nitromethane, 
or nitroethane with 4 gave 2-[bis(ethoxycarbonyl)methyl]-, 
2-nitromethyl-, or 2-(l-nitroethyl)-2,4,6-triphenyl-2//-l,3-
thiazine respectively. These results showed that the reac­
tion manner of 4 to these active methylenes is significantly 
different from that of 2,4,6-triphenyl-l,3-oxazinylium salt. 

Concerning the reaction of 2,4,6-triphenylpyrylium 
salt (1) and its S-analog, 2,4,6-triphenylthiopyrylium 
salt (2), with active methylenes, 1 and 2 usually lead 
to the same products, 1-substituted 2,4,6-triphenyl-
benzenes; however, with malononitrile and nitro­
methane 1 and 2 lead to different products.1»2) This 
fact suggested that the reactivities of 1 and 2 are slightly 
different from each other. The reaction of 2,4,6-
triphenyl-l,3-oxazinylium Perchlorate (3) with active 
methylenes gives various pyridine derivatives via 
butadienes as intermediates;3»4) however, the reactivity 
of the S-analog of 3, 2,4,6-triphenyl-l,3-thiazinylium 
Perchlorate (4) has not yet been investigated. In this 
study, the reaction of 4 with several active methylenes 
was examined, and the reactivity of 4 was compared 
with those of 1, 2, or 3. 

R e s u l t s a n d D i s c u s s i o n 

O n treatment with methyl cyanoacetate, 1 or 2 leads to 
2,4,6-triphenylbenzonitrile (5),1'2) while 3 gives 2-be-

nzoylamino-3-methoxycarbonyl-4,6-diphenylpyridine.3) 
When 4 was refluxed with this reagent in M e O H -
M e O N a , 3-cyano-2,4,6-triphenylpyridine (6) was given 
in a good yield. 6 is the N-analog of 5 ; consequently, 
the behavior of 4 in response to this reagent is different 
from that of 3, but similar to that of 1 or 2. Two courses 
may be supposed for this reaction, as is shown in 
Scheme 1 ( R = C O O C H 3 ) . 

O n treatment with benzoylacetonitrile, 1 and 2 also 
give 5. O n the other hand, it has been shown that 3 
with this reagent undergoes the reaction of Scheme 2 
and leads to 6 ' (Ar=Ph) . 4 ) The reaction of 4 with this 
reagent also gave 6. This indicates at least three courses 
in Scheme 1 ( R = P h ) and Scheme 2 ( A r = P h ) . In 
order to check the course, 4 was treated with />-chloro-
benzoylacetonitrile, and the resulting product was 
identified as 6. The reaction course in Scheme 2 was, 
thus, obviated, and one of the two ways of Scheme 1 
was suggested to be the reaction course. Therefore, 4 is 
different from 3 in its behavior in reaction to this 
reagent. 

Cyanoacetamide leads to 5 on treatment with 1 or 2 . 
The reaction of 3 with this reagent gives 2-hydroxy-3-
cyano-4,6-diphenylpyridine (7).4) O n the other hand, 
treatment with 4 resulted in 7; for this reaction, the 
two courses may also be supposed. I t is, however, dif­
ficult to study their reaction courses more closely because 
the reactions of these three reagents with 4 proceed very 
readily without the isolation of their intermediates. 

Malononitrile behaves quite differently in response 
to 1, 2, or 3 to give different products.1 - 3) The reaction 
of 4 with this reagent gave 8, with a small amount of 6. 
The reaction course for 6 was supposed to be as is shown 
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in Scheme 1 (R = CN), while 8 was identified as 1-
mercapto-l,3-diphenyl-4,4-dicyanobutadiene, which is 
given on the treatment of 3,5-diphenyl-l,2-dithiolylium 
salt with this reagent ;5> it was found that this reaction 
mode was unique, as is shown in Scheme 3. 

Ph CW 
/CN 

4 + GH2: 
.CN -HCIO4 

^CN 

\CN 
/ X N 
Il n 

Ph / X S / x P h 

Ph Ph 
- P h C N i i C N 

> Ç = C H - C = C ( C N 

SH 

(8) 

Scheme 3. 

Diethyl malonate, nitromethane, and nitroethane 
reacted with 4 in dioxane-triethylamine to afford 9, 10, 
and 11 respectively. Their analytical data and the 
molecular weights by M S spectrometry showed that 
they were adducts of the 1,3-thiazinylium cation and 
the carbanion of active methylenes. Since their I R 
spectra had no absorption assigned to N - H and S -H 
stretching, it was suggested that these products were 
not chain compounds. The U V spectra were closely 
similar to each other (A m a x =244nm, £=25800—27600) ; 
consequently, they were thought to have the same 
skeletal structure. According to their C M R spectra, 
which was checked by means of the 1H-off-resonance 
method, 9, 10, and 11 were confirmed to be 2-[bis-
(ethoxycarbonyl) methyl]- , 2-nitromethyl-, and 2-( l -
nitroethyl)-2,4,6-triphenyl-2//-1,3-thiazine respectively. 

Ph 9: 
i 

/*> R 1 

{ N C H 7 10: 
II 1/ VR2 

Ph^S^Ph K
 n . 

(9, 10, 11) 

R ^ C O O C a H s 
R 2 =COOC 2 H 5 
R ^ H 
R2 = N 0 2 

R ^ C H g 
R2 = N 0 2 

The reaction of 4 with other active methylenes, such 
as dibenzoylmethane, ethyl benzoylacetate, benzoyl-
acetamide, and ethyl carbamoylacetate, gave no 
product. 

Hence, it is proved that 4 is less active than 3 against 
several active methylenes, and that the reaction manners 
of 3 and 4 are significantly different from each other. 

E x p e r i m e n t a l 

3-Cyano-2,4,6-tripheny[pyridine (6). Into a solution of 
3 mmol of methyl cyanoacetate, benzoylacetonitrile, or p-ch\o-
robenzoylacetonitrile in 4 ml of 1.0 mol dm - 3 MeOH-MeONa, 
0.86 g (2 mmol) of 4 was stirred at room temperature for 10 
min, and then the mixture was refluxed for 1 h. The reaction 
mixture was poured into dilute hydrochloric acid. The 
resulting precipitate was collected by filtration and recrystal­
lized from acetic acid to give 0.54 g (81%), 0.58 g (87%), 
or 0.39 g (59%)) of 6 (mp = 225.3 °C) respectively. The IR 
spectrum of 6 was completely superimposed on that of an 

authentic sample.4) 
2-Hydroxy-3-cyano-4,6-diphenylpyridine (7). Cyanoacet-

amide was treated with 4 by the procedure described above. 
The resulting precipitate was purified by reprecipitation from 
aqueous sodium hydroxide-hydrochloric acid to give 0.39 g 
(72%) of 7 (mp>300 °C). The IR spectrum of 7 agreed 
with that of an authentic sample.3* 

l-Mercapto-l,3-diphenyl-4,4-dicyanobutadiene (8). Into a 
solution of 0.20 g (3 mmol) of malononitrile in 4 ml of 1.0 
mol dm~3 MeOH-MeONa, 0.86 g (2 mmol) of 4 was stirred 
at room temperature for 10 min, and then the mixture was 
refluxed for 1 h. The reaction mixture was allowed to stand 
overnight and then filtered to separate the resulting crystalline 
(0.12 g, 18%) of 6. The filtrate was poured into dilute 
hydrochloric acid, and the resulting precipitate was recrystal­
lized from acetonitrile to give 0.34 g (59%) of 8 (mp=225.5 
CC).5> Found: S, 11.09%. Calcd for C18H12N2S: S, 11.12%. 

2-[Bis(ethoxycarbonyl)methyl]-, 2-Nitromethyl-, or 2-( 1-Nitroeth-
yl)-2,4,6-triphenyl-2H-l,3-thiazine (9, 10, 11). Into a 
solution of 3 mmol of diethyl malonate, nitromethane, or 
nitroethane and 0.4 ml of triethylamine in 4 ml of dioxane, 
0.86 g (2 mmol) of 4 was stirred at room temperature, after 
which the solution was allowed to stand for 5 d. The reaction 
mixture was poured into dilute hydrochloric acid, and the 
resulting precipitate was recrystallized from methanol (9) or 
acetic acid (10, 11) to yield 0.71 g (73%), 0.48 g (62%), or 
0.44 g (55%) respectively. Their data are shown as follows. 

9: Mp, 118.0 °C; MS, 485 (M+), 412 ([M-COOC2H5]+). 
326 (C22H16NS+), 237 (C15HnNS+), and 121 m/e (C6H5CS+); 
IR (KBr), 1750, 1625, 1490, 1445, 1360, 1325, and 1300 
cm-1; UV (EtOH), Amax 244 nm (25800); CMR (CDC13), 
167.19 (-COOR), 142.27, 137.46, 137.34, 132.71—126.13 

(arom.), 120.13 (=CH-), 69.04 (-C-), 64.00 (-CH-), 61.18 

(-CH2-), 14.05 (-CH3), and 13.75 ppm (-CH3). Found: C, 
71.74; H, 5.69; N, 2.82; S, 6.56%. Calcd for C29H27NS04: 
C, 71.73; H, 5.61; N, 2.89; S, 6.60%. 

10: Mp, 165.3 °C; MS, 386 (M+), 339 ( [ M - H N O J + ) , 
326, 237, and 121 m/e; IR (KBr), 1630, 1530, 1490, 1445, 
and 1375 cm-1; UV (EtOH), /lmax 244 nm (27600); CMR 
(CDC13), 140.85, 136.90, 135.12, 131.58—126.46 (arom.), 

117.99 (=CH-), 84.88 (-CH2-), and 67.25 ppm (-C-). Found: 

C, 71.41; H, 4.69; N, 7.05; S, 8.55%. Calcd for C23H18N2S02: 
C, 71.48; H, 4.69; N, 7.25; S, 8.30%,. 

11: Mp, 156.2 °C; MS, 400 (M+), 353 ( [M-HN0 2 ]+) ? 

326, 237, and 121 m/e; IR (KBr), 1630, 1530, 1490, 1445,' 
1380, and 1355 cm-1; UV (EtOH), Amax 244 nm (26000), 
CMR (CDCI3), 140.86, 137.14, 135.19, 131.57—126.47 

(arom.), 117.17 (=CH-), 91.85 (-CHN02), 69.69 (-C-), and 

15.37 ppm (-CH3). Found: C, 71.78; H, 4.98; N, 6.95; 
S, 8.00%, • Calcd for C24H20N2SO2: C, 71.98; H, 5.03; N, 
6.99; S, 8.01%. 
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Synopsis. One of the four stereoisomers of 2,3-
dicarboxycyclopentylacetic acid, the t-2, t-3, r-1 -isomer, has 
been synthesized from (1RS, 5SR, 6£7?)-6-ethoxycarbonyl-
methyl-3-oxabicyclo[3.3.0]octan-7-one in five steps. 

The three stereoisomers of 2,3-dicarboxycyclopentyl-
acetic acid, c-2, c-3, r -1- , c-2, t-3, r -1- , and t-2, c-3, r-\-
isomers (1, 2, and 3), have been synthesized as the key 
compounds in the determination of the carbon skeleton 
of aucubin.1 '2) Attempts to synthesize the t-2, t-3, 
r-1-isomer (4) have however been unsuccessful. In 
this paper, the synthesis of 4 from (\RS,5SR,6SR)-6-
ethoxycarbonylmethyl - 3 -oxabicyclo [3.3.0] octan - 7 - one 
(5)3,4) w j u b e reported according to the following 
scheme. 
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( 1 ^ jo^ jô^^G-Ethoxycarbonylmethy l -S-oxab icyc lo-
[3.3.0]octan-7-one (5) was converted into thioacetal 
6 with 1,2-ethanedithiol in the presence of boron 
trifluoride etherate, and 6 was desulfurized with Raney 
Nickel in dilute ethanol to give ethyl (1RS, 5SR, 6RS)-3-
oxabicyclo[3.3.0]octane-6-acetate (7). The ester (7) 
was hydrolyzed to the carboxylic acid 8 by heating 
with 2 M hydrochloric acid. Oxidation of 8 with 
potassium permanganate gave the lactone carboxylic 
acid 9 or 10, which was further oxidized with chromium 
trioxide to give t-2, ^-3-dicarboxy-r-l-cyclopentylacetic 
acid (4). The overall yield of 4 based on the ester (5) 
was 2 0 % . 

The structure of 4 was confirmed by elemental 
analysis and by conversion into the anhydride l l . 5 ) 
Compound 4 showed a melting point depression in 
agreement with those of the other three stereoisomers, 
(1, 2, and 3). The synthesis of the four stereoisomers 
of 2,3-dicarboxycyclopentylacetic acid (1, 2, 3, and 4) 
is now completed. 

E x p e r i m e n t a l 

All boiling and melting points are uncorrected. The IR 
spectra and mass spectra were recorded with a Hitachi 135 
spectrophotometer and a Hitachi RMU-6M mass spectrom­
eter, respectively. The PMR spectrum was recorded with a 
Hitachi R-22 spectrometer (90 MHz), using tetramethylsilane 
as an internal standard. 

(7RS,5SR, 6SR)-6- Ethoxycarbonylmethyl- 3- oxabicyclo[3.3.0]-
octan- 7-one (5). The keto ester was prepared as conducted 
in a previous report.4) Bp 140—144 °C/4 mmHg, IR (neat) 
1730cm-1 (G=0). Found: C, 61.89; H, 7.44%; M+, 212. 
Galcd for C n H 1 6 0 4 : C, 62.25; H, 7.60%; M, 212. 

Ethyl (lRS,5SR,6RS)-3-oxabicyclo[3.3.0]octane-6-acetate (7). 
To a mixture of 1,2-ethanedithiol (5 ml) and boron trifluoride 
etherate (5 ml) was added 5 (3.0 g), and the reaction mixture 
stirred for 20 min. After removal of the excess reagents in vacuo, 
the resulting thioacetal (6) was refluxed in 70% ethanol 
(300 ml) for 14 h in the presence of Raney Nickel prepared 
from 90 g of alloy. The reaction mixture was filtered and 
the filtrate evaporated in vacuo. The remaining oil was extract­
ed with ether and the solvent removed. After drying over 
anhydrous Na2S04 , the yield of 7 was 0.7 g (35%) ; bp 82—83 
°G/3 mmHg, MS m/e 198 (M+), IR (neat) 1730 cm-1 (G=0). 
PMR (CDC13) Ô 1.22 (3H, t, J = 7 . 6 H z , -CH2CH3), 1.70— 
2.90 (9H, m), 3.67 (4H, m, -CH2OCH2-) , 4.18 (2H, q, J= 
7.6 Hz,-(GH2CH3). 

t-2,t-3-Dicarboxy-r-l-cyclopentylacetic Acid (4). A 
mixture of 7 (0.4 g) and 2 M hydrochloric acid (10 ml) was 
refluxed for 3 h. The reaction mixture was evaporated in 
vacuo to yield ( \RS,5SR,6RS) -3-oxabicyclo [3.3.0] octane-6-
acetic acid (8). The compound 8 was used in the subsequent 
reaction without purification. 

To a solution of 8 (0.32 g) in water (10 ml) was added 
dropwise and with stirring K M n 0 4 (0.6 g) dissolved in water 
(20 ml) over a period of 9 h at room temperature. After 
decomposition of the excess K M n 0 4 with ethanol, the reaction 
mixture was heated at 80 °G and filtered using a glass filter 
packed with Celite-545 (Johns-Manville Sales Corp). The 
filtrate was acidified with 6 M hydrochloric acid and extracted 
several times with hot ethyl acetate. The ethyl acetate solution 
was washed with water, dried over anhydrous Na2S04 , and 
freed from ethyl acetate to give the lactone carboxylic acid 
(9 or 10) (0.3 g, 84%) as a viscous oil. IR (neat) 1710 and 
1755 cm-1 (G=0). 

To a solution of the above oxidation product (0.3 g) in 
acetic acid (50 ml) was added a mixed solution of chromic 
anhydride (0.4 g), coned H 2 S0 4 (0.7 ml), and water (1.4 ml) 
over a period of 1 h cooling by ice-cold water. The reaction 
mixture was allowed to stand for 5 days and the remaining 
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chromium trioxide decomposed with methanol (2 ml) . After 
removal of the solvent in vacuo, the residue was extracted with 
ethyl acetate. T h e ethyl acetate solution was dried over 
anhydrous N a 2 S 0 4 and freed from ethyl acetate to give crude 
crystals (0.26 g) . Recrystallization from ethyl acetate gave 
4 ( 1 1 5 mg, 4 2 % yield from 7) as colorless prisms; m p 167—168 
°C. I R (KBr) 3230, 1710, 1422, 1223, 1187, 923, and 780 
cm- 1 . Found : C, 49.70; H , 5 .70%; M+, 216. Calcd for 
C 9 H 1 2 0 6 : C, 50.00; H , 5 .56%; M, 216. T h e carboxylic 
acid 4 showed melting point depression with the other three 
stereoisomers ( 1 , 2 , and 3) , respectively. 

t-3- (Carboxymethyl) -r-2,c-3-cyclopentanedicarboxylic Anhydride 
(11). Tricarboxylic acid 4 (16 mg) was heated in an 
oil ba th at 175—195 °C under reduced pressure (3 m m H g ) to 
yield the anhydr ide 11 (14 m g ) ; m p 141—142 °G (benzene-
petroleum ether) . I R (KBr) 2940, 1852, 1784, 1682, 1438, 
1417, 1343, 1280, 1226, 1103, 1072, 1032, 978, 928, and 812 
c m - 1 . Found : C, 54.28; H , 5 . 2 5 % ; M+, 198. Calcd for 
C 9 H 1 0 O 5 : C, 54.54; H , 5 . 0 5 % ; M , 198. 

T h e a u t h o r s w i s h to express t h e i r t h a n k s to M r . 
T a k a s h i S a i t o for t h e m i c r o a n a l y s e s . 
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